COVPUTATI ONALLY EFFI Cl ENT CONVOLUTI ONAL A% Na-aw 1l / 001 4687
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Provi sional Application No. 60/942,770, filed June 8,
2007, the disclosure of which is incorporated herein
by reference. TECHNI CAL FI ELD The present invention
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transmission rate of the communication channel. Rate matching allows a single
encoder to be used for a plurality of data channels with different data transmission
rates.

In a conventional rate-matching circuit, an encoder receives an input bit stream
and generates two or more coded bit streams. An interleaver interleaves each coded
bit stream. A rate matching circuit bit-multiplexes the coded bits in each interleaved
bit stream and outputs a single bit stream to the transmitter having a desired number
of bits to match the data transmission rate of the communication channel. The bit-
multiplexing performed by the rate matching circuit intermixes the interleaved bits from
all interleaved bit streams. [f the number of bits output by the encoder is greater than
the number required, some of the interleaved bits are punctured. Conversely, if the
number of bits output by the encoder is less than required, some of the bits may be
repeated. The rate matching circuit may be implemented using a circular buffer, or a
real-time multiplexing circuit.

While rate matching circuits used in the past provide good performance, there
remains a need for new rate matching circuits for convolutional codes with lower

complexity that provide good performance.
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provi de good performance, there remains a need for new
rate matching circuits for convol utional codes wth
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The present invention relates to a nmethod and
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Fig. 2 illustrates a coding circuit according to one exemplary embodiment of the

invention.

Fig. 3 illustrates a first exemplary rate-matching circuit according to one
exemplary embodiment.

Fig. 4 illustrates a second exemplary rate-matching circuit according to another
exemplary embodiment.

Fig. 5 illustrates the order of the parity bits output by an exemplary rate
matching circuit.

Fig. 6 illustrates a exemplary method for coding an input bit stream for

transmission.

DETAILED DESCRIPTION

Fig. 1 illustrates the main components of a communication terminal 10 for a
mobile communication system. The communication terminal 10 comprises a system
controller 12 to control the overall operation of the communication terminal 10, a
memory 14 to store programs and data needed for operation, a transmitter 20 to

transmit signals to a remote device, and a receiver 30 to receive signals from a remote
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stream for transm ssion. DETAILED DESCRIPTION Fig. 1
illustrates the main conponents_of a comuni cation

terminal 10 for a nobile conmurtcation system The

conmuni cation termnal 10 conprises a system

controller 12 to control the overall operation of the
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recerves signals transmtt
f r meeiwer 30 inchudes evdemodulaior B channel decoder 34, and a source decoder

36. The demodulator 32 processes the received signal and generates a received bit
sequence, which may comprise hard or soft values for each received bit or symbol. If
the received signal is transmitted without error through the communication channel,
the received bit sequence would be identical to the transmit bit sequence at the
transmitter. In actual practice, the passage of the received signal through the
communication channel introduces transmission errors into the received signal. The
channel decoder 34 uses the redundancy added by the channel encoder 24 at the
transmitter 20 to detect and correct the bit errors. A measure of how well the
demodulation 32 and a channel decoder 34 perform is the frequency with which bit
errors occur in the decoded information sequence. As a final step, a source decoder
36 reconstructs the original information bit stream from the information source.

Fig. 2 illustrates an exemplary channel encoder 24 according to one
embodiment of the invention. Channel encoder 24 includes an encoder 40,
interleaving circuit 42, and a rate matching circuit 44. The channel encoder 24 may,
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P, corresponds to the generator polynomial [165] . As will be described in greater

detail below, group multiplexing of the parity bits allows identical interleavers 42a, 42b,
42c¢ to be used for each of the parity bit streams P4, P,, P3, respectively. The ability to

25 use the same interleaver structure for each coded bit stream P,, P,, P3 reduces the
complexity of the channel encoder 24. In contrast, rate matching circuits that
implement bit level multiplexing require that different interleavers be used for the
different parity bit streams P4, P,, P; . While the ability to use an identical interleaver
for each parity bit stream is one advantage of the invention, those skilled in the art will

30 appreciate that the interleaving circuit 42 could comprise different interleavers 42a,
42b, 42c for each of the parity bit streams.
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reduce the conplexity of the channel encoder 24. The
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cogioap wrderrsl previowsiedestibed Thes, dorempat@n§2 convolutional code, the rate
matching circuit 44 punctures all of the bits corresponding to parity bit stream P3. To
obtain a code rate between 1/2 and 1/3, the rate matching circuit 44 punctures some,
but not all, of the parity bits corresponding to parity bit stream P3;. To obtain code rates
greater than 1/2, the rate matching circuit 44 punctures all of the parity bits
corresponding to parity bit stream P;and some of the parity bit streams corresponding
to parity bit stream P..

When code rates less than 1/3 are required to match the data communication
channel, the rate matching circuit 44 outputs the parity bits in each parity bit stream in
P,, P,, P; group multiplexed order as previously described and then repeats the same
output sequence in order until the desired number of bits have been output. That is,
after all of the parity bits in all three parity bit streams P4, P,, P; have been output, the
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To accommodate arbitrary parity bit stream length, the BRO interleaver is commonly
used as the column permutation pattern for a rectangular interleaver that is large
enough to contain the parity bit stream. That is, for a parity bit stream of length Np, the
interleavers 42a, 42b, 42c are defined as rectangular interleavers of 32 columns and
ceil(Np/32) rows. If the size of the rectangular interleaver (given by Ni=32*ceil(Np/32))
is larger than the parity bit stream length, Np=N,-Np dummy bits are padded to the
front of the parity bit stream. The input stream (including parity bits and potentially
dummy bits) are written into the interleaver row by row starting from the first row and

first column. The 32 columns are then permuted based on the chosen column

Vs
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parity bits is reached. Figs. 3 and 4 illustrate two

exenpl ary i npl ementations of th; rate matching circuit

44, The rate matching circuit 44 shown in Fig. 3

includes a circular buffer 50. The interleaved parity

bit streans P1,P2,P3 , are read into correspondi ng
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%R#r}étg %%\%érbltrary parity bit stream|ength, the
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0 16 8 24 4 20 12 28 2 18 10 26 622 14 30]
The cyclically-shifted BRO interleaver is implemented by shifting the output bits of a
conventional BRO interleaver by sixteen places.

In a third embodiment, the interleavers 42a, 42b, 42¢ for the interleaving circuit

42 may comprise a modulo-offset BRO interleaver for column permutation. An
exemplary modulo-offset interleaver is given by:
MO-BR0O32=[ 3 19 11 27 7 23 15 31 5 21 13 29 9 256 17 1 Eq. 4

4201228 8 24 16 0 6 22 14 30 10 26 18 2]
The modulo-offset interleaver represented by Eq. 4 may be implemented by adding a
predetermined offset to the output index of the conventional BRO interleaver modulo
the length of the interleaver 42. The offset added to the interleaver addresses should
be an odd number.
Because of the interleaving performed on the parity bit streams output from the
encoder 40, the output sequence from the rate matching circuit 44 has a fairly

randomized order. However, due to the group multiplexing of the rate matching circuit



ceil (NP/32) rows. If the size of the rect ?ggi_ul ar
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bits are padded to the front of the parity bit stream
The input stream (including parity bits and
potentially dumy bits) are widten into the
interleaver row by row starting fromthe first row and
first colum. The 32 colums are then pernuted based

on44, Rerehig St iMt@ridavinp estvéert tiengaps etfrparil‘yf bies. Therefore, in some
col.umm per nut, t| o the&ﬁ%nt ent.s,of the

rl eav .
c af'HESIAnLES: o' 9 'Uﬂﬂd%?a?'ﬁnﬂal lPF efledyer & s following the
f | tasd mé@:hlﬂ@’t:uaﬂldﬂ einfprovet the depth @ thve/cHainhel, intefleaving. For example,

gf‘enb‘ﬁ@ﬁ‘f’ﬁL@&ﬁ%ﬁ@%pwﬁge\feﬁgta&gﬁ?r 0{:8?% bits to each modulation
Cmd”t" BIpissibledeBvehlh elivide theToutmit hits Ifrog't EB@ate matching circuit 44

interleavers should preferably be nodifi that
od'atq e RigRrblorks (Fomcne‘évthp%ﬂq t(%/bFW/zgpﬁm(é eJWPp%{b'b'OCkS may

glq b%.l.t?“gl?n%lt Ye%d'%%e tg tﬁes' {r#d?jut)al?tfrssagﬁ élk %@Lﬁdatlon as an

gro I'ng " of e par stra

! ne)@ntble Sthel ﬁsomm@nmlsgm}bolembddtermifnbd tt)he: and c,,, the second
i nterl eavers 42a, 42b, 42c for the interleaving

ci modilatich2symenol isalgtermiredrgverad &R and eo bsaver s for
col um pernutation. The reverse BRO i nterl eaver

gi ven byig. & Breisates gn gxemplgny methady 199 my)lgn@eqyyzﬂ!@ channel
o gnrbogfrlﬂ hcEdtding tggné‘bnﬁ?odﬁn&ﬁ ot thel fvéntidh. 1@0395541%1%@% when

8 16 he reverse BRO interl eaver is inplenented
noai injarmgtian searanae i loisdnPEROtheehannehergodspn24-hdhe ph%nnel encoder

bidpe cﬁjegl‘tftggggrﬁbti%nrsl%\ﬁﬁér% ?rt%e%e ferdig S%rtrﬁor@ parlty bit streams

conve I ona i nterl eaver enbodi nent
t hibldckt ¥12) ea&esarpsevmly ﬂ@bd thecerfcodinghie petfoened byi c'ngton systematic

Fh?rq%‘lﬁj’wg}j{?%ql §n¥%cfergg'r hg &él? {ﬁ}[ el Isy ﬁs m f éﬁgqgﬁﬁqtg t%]the interleaving
Qg TR Bl Bt g orr

3 ihteHgavedl Paidy Bit 24redm20 P12, 23, 2(bldk10046 Gh22inlstledddd parity bit

The cyclically-shifted BRO interleaver is inplenented
bysteganst aragherhsuppliegta theirate reatching eircuitft4. othe ratsRmatching circuit 44

| N, @PhtE 3 Sblet¥d Hutiber Bf BleAg&y bits to match the data channel (block 106).
The parity bits are output in group order as previously described. That is, all the parity
bits corresponding to parity bit stream P, are output before any parity bits are output
from the group corresponding to parity bit stream P,, and so forth. If less than all of
the parity bits are required to match the data channel, parity bits are punctured first

from the group corresponding to parity bit stream Py, before any parity bits are

punctured from the group corresponding to parity bit stream P,_,, and so forth. If the

number of parity bits needed to match the data channel exceeds the number of parity
bits output by the channel encoder 24, all of the parity bits are output ordered by group
as previously described, and then the output sequence is repeated until the required
number of parity bits has been reached. In some embodiments of the invention, the
output sequence C from the rate matching circuit 44 may be interleaved by the
channel interleaver 42 to improve the depth of interleaving (block 108). This final

interleaving step is, however, optional.



In a third enbodi nent, the interleavers 42a, 42b, 42c L 67
for the interleaving circuit 42 may cotl?ﬂﬂilseu 3’ 001

worowahe2od f set BRO i nterl eaver for col um per nRCEIB2008/001467
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An exenpl ary nodul o-of fset interleaver is given by:
MOBRO32 = [ 3 19 11 27 7 23 153 152 1 13 29 9 25
17 1 Eq. 4 4 20 12 28 8 24 16 6 22 14 30 10 26 18 2]
The nodul o-of fset interleaver represented by Eq. 4 may
be i nmpl emented by adding a predeterm ned offset to the
out put Vvhilexheobreisbrt inoamnt hﬁlaéerBB&drlbbemh elae/ebntext of a specific
nmodul o t e.Ie th of . the. i rleav r 42, Q
ndbieeo: fiogh Ritbdrin, et eE P apsicinly angl, Biate matohing
n uwblailqummhem(ﬁart eeapplicd td eavodeys pith diffensed rates,tdrel interleavers

pard t Stheanms, ut fr the od
ool et SR iR Wl dMerGiiag ipeditpr #Sas,n idenial
a |hmrleh\;er If@mlldhneemdmtyr lmlEstredmm“a possihie ta apphhdiffgrentiipterleavers to
ﬁlg f |§€ ﬁ rthe rate matching circuit44, there is
e R PR S Sveen the groups of parity bits.
Ther ef ofleg preaerﬁament:mrr maysdf aoose, be tarmey ottan dter spaxdifec ways than

R DR 2 PR ol B ST sl R A3 AP ch b eristcs of

c htihanialentiohe rlheapiesgnt Emboémaamm are,i thetdierendao ubeatcoosidered in all

format .ma eve p . .
rogapes o nwSaE Eha Mo Budle B Yot SO G g meaning

oudnléquinaency rangetdi eher a;bmendad chimgjareiintended tdbei envlaracedbtherein.

sub-blocks (CO Cp C 2 1) and (cN2 ,c N2+ ,cN_)

The two sub-bl ocks may then be bit nultipl exed and

sent to the nodulator. Using QPSK nodul ati on as an

exanple, the first nodul ated synbol is determ ned by

cO and cN 2 , the second nodul ation synbol is

determ ned by ¢, and cN 2+i and so on. Fig. 6

illustrates an exenplary nmethod 100 i npl enented by the

channel encoder 24 according to one enbodi nent of the

I nvention. Processing begins when an information

sequence / is input to the channel encoder 24. The

channel encoder 24 encodes the infornmation sequence /

to generate two or nore parity bit streams (bl ock

102). As previously noted, the encoding is perforned

by a non-systematic convol utional encoder. The parity

bit streans P1 ,P2 ,...PN are input to the

interleaving circuit 42. The interleaving circuit 42

interl eaves each parity bit streamto generate



interleaved parity bit streans P ,P2, ... RCTbbocB8/ 001467
104). The interleaved parity bit streans are then

weamplliet to the rate matching circuit 44. ThePCHIB2008/001467
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mat ching circuit 44 outputs a sel ected nunber of the
parity bits to match the data channel (block 106). The
parity bits are output in grouﬂobrder as previously
described. That is, all the parity bits correspondi ng
to parity bit stream P1 are out put before any parity
bigsamms out put fromthe group corresponding to parity
bit stream P2, and so forth. If less than all of the
parity bits are required to match the data channel,
parity Mé&or&foalr@mnwwﬂprﬁsjirrgst fromthe group

corresponding to bjt streamP bef ore an ;

par i typ%|'1°§' 5%?@”}5@30‘?% gIH{quairﬁnch@?er Fléu?f ol rags'ﬁ'éﬂtdpﬁgsueam to
t;pr@@ﬁdettwdbrfmcﬁégmnsslamaﬁtyam; sg forth I f the nunber

of parit tch t

neede a ch | e
excbod<T REETRAHB RO s pPRSAEIoL Vi, Bl 1)) SRR aroup of pariy bits;
chanel encoder 24 all of the parity bits are output

or der ed as_.previ ously,.described, and then_the

out put & ddadrachng SrBLEfercoifedfin S hesries it gl Prerieave
of pgvidy bitsyorbéred Hy@od;ﬂembtma llesired ¢codeoate. enbodi nent s

of the invention, the output sequence C fromthe rate

mat ching circuit 44 nmay be interleaved by the channel

i rg.er | ephveeérrerZodingi dirpuidufeclaiet diptdin sdid irate enatelging pigeuit includes a

o etes PO st e P Been P B sG e Bylope "

descri bed in the context of a specific inplenentation,

rrarE? chin e( %réwn%ogwbgc?raglg 8fr (‘ﬁ%@b %EF&S@%@% Srfxtlg E@étglﬁﬁ& cf}c?ljtitecomprises

enggaap snuMigléxin Eiforitent rates, and interleavers of

different lengths. Further, while the preferred

enbodi nent uses an identical interleaver for all three

pa¢ ity Thd esbr aaling, cinctit bSpriussivhieeein caippleyleaNer fcecwehis configured

[ ff h
or ot Heten isflenld BLbadibl Pl b€ TCE o0t i

ot her specific ways than those herein set forth

\émhéilp gg: E%eg ? rrt (I:odg]gf{ el E)Pce,laﬁrf ?(%e?‘%lﬂ esgiéf’lgt%g%%\ler circuit is configured

ffe" Phven
e nb applyadtiffesentriaterlédvingefooeash groupef pavitysbitker ed i n al |
respects as illustrative and not restrictive, and all

changes com ng wthin the nmeaning and equi val ency
r ahige ofhd beompungl eidcuit] ofi alaimat evhiergir sdigdrate madching circuit outputs

Cg%{) aer%hf) tge\Mﬁ{ ﬁe%%@p ngloAQ eboh Bgn@%ﬂé ng circuit

7. The error coding circuit of claim 6 wherein said interleaver circuit is configured
to order parity bits such that the odd parity bits precede the even parity bits within each
group of parity bits.

8. The error coding circuit of claim 7 wherein said interleaver circuit implements a

reverse bit reverse order interleaver for column permutation.

9. The error coding circuit of claim 7 wherein said interleaver circuit implements a

cyclically-shifted bit reverse order interleaver for column permutation.
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parity bits within each group of parity bits; and a
rate-matching circuit for outputting a sel ected nunber

of said interleaved parity bi t S 1or der ed by group to

obtain a desired code rate. 2. The error coding

circuit of claim1 wherein said rate matching circuit

i ned. udePBhederedr wdlr@rcu’ﬁuhi beclaint Dwheeeirs aaid intatexviee aivaedt implements a

b der ed dj
C o2t PSS qinr Bt @updor R BRI cui

conprises a group nultiplexing circuit. 4. The error

ci Thut Kteitiglef oo s iy Bk cand ol lherspo

for eacdsodgfgouadohpatabittgtrebnt n abnonFiystematior comaiutignal encoder to

circalt of claim1 wh r}giﬂldlnterleaver circuit is
coRPAYTR g %“%ar‘iwa.“(?@? Sinterleaving for each
group ohteplaavihgy paity sitd witfineaeh yaupad garity bits;ramudi t  of

E'a?: t y 1‘PH @‘['R(}eﬁ ¢ ﬁﬁﬁc%gr at"g’reé BLS?% ?@?fﬁ%’@&g%bérg? &g%’ ,%fo?rgod By group to

bi élstaina deblred evdeoratecodi ng circuit of claim6 wherein

said interleaver circuit is configured to order parity

bits such that the odd parity bits precede the even

pat2.ty The mettiddhofrclaiac i glrtbvep corhp;jsimg stpribg tsaid iBterl€aeed parity bits

: n?'@?ieg’os% groy % @a tcnrcﬁlsr éﬁe mﬁérgl'nnsaﬁ w‘f{erleaved panty bits are

reverse reve
or elgputifrunesadie averarfbuffec ol umm per mut at i on. 9. The error

coding circuit of claim7 wherein said interl eaver

circuit inplenments a cyclically-shifted bit reverse

or ter i Tiueamletmmg:f cfam 1d durdiran cpeprisingtg'raw ra@tipl@xieg eaid garity bits in

c19 ofite Sttt bl il S L5 PSS Putpll 7 oo e

interleaver for colum perrrutatlon 11. A nethod for

er L%r C'Pfgé Ht%th% df %%% 1§ \Lhéﬁ'&%qé‘éﬂtlcgﬂhgrlgg\ﬂw % applied to each group

rising. |ng sai Stream
noof;mylwtlmsatl c convol uti onal encoder to produce two or
nmore groups of parity bits;
15. The method of claim 11 wherein different interleaving is applied to each group
of parity bits

16. The method of claim 11 wherein outputting a selected number of said
interleaved parity bits ordered by group to obtain a desired code rate further comprises
outputting odd parity bits within each group before outputting even parity bits.

17. The method of claim 16 wherein said interleaving orders parity bits such that
the odd parity bits precede the even parity bits within each group of parity bits.

18. The method of claim 17 wherein said interleaving comprises a reversed bit

reverse order interleaving for column permutation.

19. The method of claim 17 wherein said interleaving comprises a cyclically-shifted

bit reverse order interleaving for column permutation.



interleaving parity bits within each grodg'UP“ﬁaPﬁﬂyngf L67
bits; and outputting a selected nunber of said

WO piosnieaved parity bits ordered by group to ORPCHIBR0EB/001467
desired code rate. 12. The nethod of claim 11l further
conprising storing said interleaved parity bits
ordered by group in a circul ar-lBuffer, and wherein
said interleaved parity bits are output from said
circular buffer. 13. The nethod of claim 11l further
conprising group nultiplexing said parity bits in a

gr.oup | tiplexing citrcuit whil.e.said bits are bein .
ot be "henBinpd 'of a7 Bheraraif Piiaal GrfiiSet § piulo-ofset bt
| 'fe@érse awieh thtérfeavimglforasbliron paedutatiopup of parity bits.
15. The nmethod of claim 11 wherein different
interleaving is applied to each group of parity bits
16. The method of claim 11 wherein outputting a

sel ected nunber of said interleaved parity bits
ordered by group to obtain a desired code rate further
conprises outputting odd parity bits within each group
before outputting even parity bits. 17. The nethod of
claim 16 wherein said interleaving orders parity bits
such that the odd parity bits precede the even parity
bits within each group of parity bits. 18. The nethod
of claim 17 wherein said interleaving conprises a
reversed bit reverse order interleaving for colum
pernmutation. 19. The nmethod of claim 17 wherein said
interleaving conprises a cyclically-shifted bit
reverse order interleaving for columm permnutation. 20.
The method of claim 17 wherein said interleaving
conprises a nodul o-offset bit reverse order
interleaving for column pernutation.



