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I nvention The present invention relates generally to error- correct BoifN 2005
coding and, nore particularly, to a decoder for concatenated codes, e.g.,

t urbo godes. Background of the Invention Data signals, in particular those
transmitted over a typically hostile RF interface, are susceptible to
errors caused by interference. Various mgthods of error correct j
have been devel oped in order to mnimze the adverse effects t MMHM@EME‘W
interface has on the integrity of comuni cated data. This is al

to as lowering the Bit Error Rate (BER), which is generally definedi&%5t he

ratio of incorrectly recei i |ts tothetotal nunber of
received information bits. ﬁ?ﬁb%qﬁet Q@Br ally in
representing digital data in ways designed to be robust with remmwmmwmmm
errors. Error correction coding enables a communication systemto rg

original data froma signal that has been corrupted. Typically, the greater
t he expect egggﬁl%ﬂ%eﬁ Eﬁ\trtl cul ar comruni cation link, the greater the

conpl exity rection coding necessary to recover the original
data. In general, the greater the conplexity of the error correction
coding, the greater the | eff:gél ency of the data communi catjon. The greater

i nef fici ency MeRIPIRNt PYGRUQN, KyRfes | Genesnlly: AR SrEQTOMBEtiq 1ooeiRgt PBH 1H1ATe t o
total bits qmmmur@at@aideeodehmr@eﬁwtmwd'cwestétg Qlirbtoddy. r ection codi ng

i ncreases. The additional information introduced into the original body of
data by error correction coding consunes spectrum bandw dth and processor

cycl es on boBickihamtofifeInbédtivg and recei ving ends of the comunication. In
cases where the expected BER of a particular conmunication link is
substantially higher than the acceptable BER, a concatenated set of error

correcting cogasidr, Wp&ﬂ@ulh@ﬂo&@trﬁﬁ@nﬂ@& %vérna oitelly hsthO Rl infelacd

accept abl e | evel s, Concat enat ed - grerror correction co ng

refers to set{SceRtible & erpEs frpsed %I”&i‘feé?nqeeé/@t ioupwnathedsdphegret eprsection
performed Orbo@hr@aﬁ@vesﬁée@\adave%%% %Fb%tr%i nﬁﬂmliegthgaéﬂvgﬁepé?fet:%rtﬂgf?glg @Er i es,

where encoded data is subjected further encodin or I n para ere
the origi nalNgdese |h§‘ss‘lfbjﬂ&:t'8%9rttb Oﬂlwwat%@étﬂ g@l%dﬂtémsref@rqﬁetq esm

i nter medi at goReMRS thdi Bih EXoP RQ@”?EIER)" RiictP i@ lgaﬂéa&?m@&’@é gl rbf;cs g)ecoded

serial stream Parallel and seria concatenat s are sonetime

using iter at'P%@T&é‘%ﬁ%déP@W'f‘tﬂ%@ts tortke é@ﬁ*{ﬂ@iﬂﬂ@eré}fﬁew ln&rmeuloroblts
iterative deg@sH dogredt ligvahRsod er
out put netrics. ar eef e%lr{ %ﬁ% ?%rfeltrﬂg Iﬁ\ﬁput O?Fes@ﬁl‘i?f?e erd\é%?@?eﬁ godl ng
i s performed®i ReafPhuskrith vesnest hico ity gtrprs. t Hor casrmeskipm peding @nableer ations
have been prJnﬂﬁHfﬂQatloh%yQt@ﬁﬁb ré&dvef Bﬁ‘glﬁﬁ%@@frorﬁra%‘? tat h&s g@éTrPg@rertl]ﬁd

encoded i np data at the sane rate as_the Input data Is arr|V|n?
decoder proc Iy, et gﬁ?rﬁt%etﬁg Q’qﬁéc@ﬁc’%’é@dddatr@r%&u'%f eaoreunigatiosr linkyathet he

rate of the gr@é@ﬂﬂé&dﬁﬁé}(l@bf &eféﬁrgbrré&tldn%ghg%@esahptotr@@o%‘r‘w&t@ﬁal

iterations essar th this nethod of iterative decodin t he eed of
t he decoder %ﬁ%d@é’@ grah dh arestes thy epnplextyAfithe eiren qarmegtioraeading, ithe greatesyst em

design. Tur ke Qlﬁﬁﬁ@er@dtyeoﬁhér@tﬁ%oﬂfnﬁﬁfa%ﬁ efhé@%?érﬁﬁéﬁlégncﬁpmsﬂﬂs aah gre

used as a technique of error correction in practlca

i
cormmuni cat i JREUCtiPROT &g eatie of information bits tn Pﬂﬁaltbééﬁﬁm}@l@?eQQﬁm GooteXitys to
produce sof tofdRgierioP RoREERIM Sodirg A ééb&é efr%ﬁ& i}
describe the different reliabi II |gtycr | evel s of .tl eergﬁlmc?\ﬁ%q&??dmg%?tgh can
be fed back 18 originakpagy obdatarky s Faestion e@%gs CP@ﬁH"ﬂﬁﬁr%ﬂﬁ@trtJﬁilebandWldfh
reliabilitiemdofprodessy dyeles. off hbsthi Qhé‘nﬁéﬁﬁhnﬂﬁ hg t 0
t echni que. Turbop decodi ﬁehas been shown to pelpéorrr}?c ose ;Qgétﬁﬁg 8 e
theoretical $9MM¥N€Bhnon Iinit) of error correction performance after 18
iterations - C. Beerou) A GIaV| eux, and P. Thitimjshim, "Near Shannon

Limt Error- Corre%tﬁ}‘ %ECOdl ng Turbo Codes." In Proc. |IEEE Int. Conf.
Conmun. , GerlB\f@sessyhe ?‘Pz%aectﬁ@%'? ef2 Pattigulan pqromumisation linkds mubstantiajly

algorithmi shighetahah ﬂ@%c‘é}stdbfeSEERS a'donEétEﬁ&eHl%e?ot @Fr&ecﬁf@:ﬂﬁ'é cBles ma

conputation time and consunmes a | ot of menory resources bo encoder is
shown in fi ifr @Prlied iethesdaiaiin ades tg lower de BERAP 1asrertable develfaCancatenated
convol utional encoders (12, 13) separated by an interleaver (11 ), where
the interleaver plays a role to shuffle (interleave) its input sequence in
a pre-determ ned - 6 JAN 2005 3



-order. It accepts an input binary {0, 1} sequence of a specified .code bl ock
of size N synbols) and produces three types of encoded out put f or ~BadAN 2005
synbo|l when the coding rate is 113. . . . Referring to figure 2, a turbo
decodef receives the encoded signals and uses all three types of signal s
when the coding rate is 113 to reproduce the original bit sequence of the
turbo encoder . input. Two MAP decoders and 24, associated with the
convol utional encoders 12 and 13 respecti‘vely, performthe decoding
calculations. In addition to an interleaves 22 to mrror the interleaver.|1
of the encoding side, the turbo decoder also consists of a deinterleaver 23

to reconstruct the c rrect arrangenent of the bit sequence to be fed back
from24 to Zelrrorﬁ?érea 8%&#'%[#@5 ¢ sequangas of peding t"b‘f"@@h 8hleastetwogntoding

deci si ons, isteps atd pef meaacw Sﬁ‘ﬂ#@ﬁé‘@n{@ f VAP
decoder uses tﬂe B p or ﬂﬁéﬁge %Rahloﬁ&a)terﬁﬁ?é@b&ﬁg? Mé%”%e’—ﬁsrforggadﬁn

Jelinek and.F"&3vYW r&ﬁf\c § d%l?%‘ﬂe ¢d Iq fvether mémgf oF innpaaliel whare @ynbol
Error Rate. | orightadcdata EsEEubjat:tedQ@nalffe@ﬁmaodm@@.aﬁé/rﬁes MBI AdrmddA3) PP

1064- 1070 - ct:o co 'f}t fs Ft outputs, or Likelihood. Using the received
signal s x, y-&i§gwWric ﬂ?ﬁ’bHFt eHRfP ¢ fed CP’HP@édt"Vﬁésseﬁﬁl sbie8mabi lities: a,
~3 and J~. In a sense a represents the likelihood probability of a synbol

changi ng fro[g%)r lstat(g Ito an her state mas the tine interval
progresses frafaleang sergl c nated GRdes 1are yomaimesederaded wsingi iterative
corresponds ddvedingksddriternsl (pm@b@hhiohty}’erﬁélo?eoﬁh‘@%ki &%%NB%&B&RH& Aifledt € M
tom fromt 5ngeng?lnte rval t Jf are al so known as rvvar

and backwar {9der REoCessRy "?”Pﬁr?l he dﬁ‘é‘i"if‘ésoult%’rt raetgesiarg fesl bagkqtovihe

because t he laputtoéﬁ'naadiedolder nbaéésoarmbdobmgwﬁerﬂfmfehﬁn Bh R6katide fa%h%niﬁﬁll fhg zero
in the. turb oder rob blllbé%usesaan ~i together to obtain

one neasure %s'rﬁﬁk’é‘fm%%oaf |tef%pn§ |pertprpad. {mheordenafer| thee degedat t o

conmput e t he protessbr td)ﬂectdﬁle threneodiar peer d%lémhé\ﬂslaheb@teeh& fi‘ﬁ‘é mtp'i]ﬁ a5l ik
deci si ons (feedba hese ree

he hard deci si ons (t .
probabi I iti e 'Wﬂ%t é’ee C%ﬁSlH UpSSUNEstAragasy, h%ﬁﬂc‘?ﬁ%’rﬁaﬂtﬁ' zba ratg fagtercthan

symbol . The tuemtatth@mmamewé factor-ht lRASk e‘cldaﬁtd)fHeeﬁdrﬁbﬁr@%rétlb Eigure
3. The statetran5|t a.and Al ha co ation are own in Ig gure

4. The ei ght"®°®ss whzﬁb% ”l‘eil‘ogt%ft tera Yﬁr@ﬁ@ﬁm the tslﬁée‘él‘g’hthestdaﬁ@@rof

the consti tLmnd:eseunclﬁmbbnfesla%@mlf@tlﬁmmﬂg'T aotbriin tHd systfldBsighate. There are
two eight state constituent encoders and 13, in Turbo Encoder which

foll ow the polynom als: gp(D) = 1+DZ+p3 and gl (D) = 1+D+D3 respectively.
The Next [ nj [ Ulrbancbd¥sxarengiaingles of grardliel RexdatSizAée céaln,goanoa'aﬂa used asTE

re 0 re e state ,as "0" and
Br a\nE:hni La]t r ﬁggg@ u%'rq {;oer?LHFCtﬁdec?rT&' V‘?'Q't GPINBWnigqtions. Jihe qslsamrsq efithAs in
Fi gure 4. Asdecadlngeedmdqmeldf tttve dfdﬂfeé@f&@robﬁ@é"%of@ﬁeéblbn duﬂfhté‘ |%n‘éllffe'rerﬁr e

ndependent h ot her ut | ete
Ial gorpl thmr egl e‘jgél Vﬂ'&?st\gﬂ@b}a daar?ﬁr'tf‘? qﬁ?dﬂgﬂﬁm {&@glllfyoﬂe\lgﬁq %%ﬁﬁoﬂ%cqgeﬂo be
l[J)Zeddt 0 caLmthbts wnlch/hancbe:lieggbagﬂ tcb(lfjhie _genevf #he &&Udlﬁwcéﬂsg@r,hrprgpeqﬁe;rg; bo
coder, t ur ec to calculate [I val ues
to cal cul at gelga{ vggggg n%Y"( S. q-(g"s 'ﬁ%ﬂwataé tﬁgftﬁﬂy?ﬁeﬁgd'%ﬁﬁﬁﬁnnwFT‘dij
Fi gure 5 shalgsodihg hay deah lshewn te perfemf closd fetheahsorbfiddl amet (Sharrion IWﬂgrog tEe
ac

[ 3 conput ati ormal i.zati on or ned whagse resuIts are fe

to the [3 C(?(rPr'%ﬂt gﬂe‘g‘h "pa?'ﬂ%magcm?* ag 'gﬁr'?tfot"én EniReeie A4 Claxioyxy adshiReh
will beI r ead hitimajshimah &NearxSharmseLitit Bier- ©o:¢myt@édlﬂ%) TuTB@ G&ie@'"' ynand
critical pat tation and, nornalizatjo hown in

Fi gure 6. n'ﬁé? QEEE IEﬁ%!H #@"Lr%‘lm ?ﬂet"@c%m%eriaﬂp E?r%% O égﬁ‘aﬂp%smﬁ a.
The detai | s Tamzb Detodicgalgosithns isoé varycecsmpnémaskna@rteaﬁééow al [Brgel bt oF2-
There is a @% &%&arai{l on, the normallzatlon for [3 and a calculation to
reduce the RREFRN Ys AN CORBHMET PIotET BIPMQUY FRSOYESESt 0 avoi d t he overfl ow
of [3 and a conputation. As shown in Figure 6 and 12, normalization process
consi sts of ( m val ues selection fromthe ei ght state val ues and
(2) subt ract {quﬁ C{%ﬁ ?RHWQ/QIP eqr%}?.n?%%feeé. pRIr gf paraliglgopeatengif ch

w || be fedcbhaekutional lencoders aanmﬁ)a*semmeaeayauae m@ﬂaé@rop‘hy WHefS gpked in
t he maxi num, i_kel i.ho lit]es, th|s normal | zation i s very
ef fective toﬁi%le%% rB(aM% aﬂol %Pﬁ@a(g?er{ )[‘gs IORHE SPAUSRERItLR iPArdetermaingdt hs
and various kinds of nenories. Because the total calculation (a and a val ue
conputation and the normalization) is conposed of fairly long critical

paths as shown in Figure 6 for (3 calculation and Figure 12 for a

cal cul ation, the slower conputation speed will be obtained. Figure 11 shows

the overall structure for the cal cul ati ons of J~. The details and critical
pat hs of ~ corrput atlon pat hs are aI SO shown |n Fi gure 12 (Shaded - 6 JAIV
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-The timng sequence of ~3 conputation is shown in the upper half p.oFtJAwnzggs
(Beta Conputation Stages Before Pipelining) of Figure 9 as an exanple. As
can be seen in this Figure 9, each a conputation and nornalization is
sequentially perfornmed in one clock cycle, and the normalized (3 feedback
is perforned .at the beginning of the next clock cycle. Simlarly, each a
conputation and its nornmalization or ~3corrput ation and its LLR sel ection
are sequentially perforned in one clock cycle period. As shown in Figure 6
and Figure 12, the long critical path limts the speed of operating clock
frequencyd' Th(l?t cal c‘%l ation speed limtation of. this architecture is caused
by this 1 3AFer 259G 2y inpat pinenofd, 1) sesuence wha ehetified alisiemborforapand (3 are
cal cul at exymbdts, neat preages j eed issue of turbo decoder

i npl enent at i on 'ts. tﬁe I nﬂrgigiéglkﬁ%#fc%@%(d%gpo It f%ﬁéaﬁlﬂ s¥mbehubaniteedeci ded
by its cycofj@gpf@ﬁ'ﬁd@-n whi ch the values of :a-and ~3 are calculated. This is
the critical path of the LSI inplenentation (or called nmaxi numdelay tine
of the ¢ eulat itopé[ There are two main operations (1 ) value cal cul ation
for a, (3, and9eT8Ne % 2)turkerdasrienreceined the encaded Mighalsaind UsbRaf @86t i ON
for A intyes oflsigHalCyrd | ' e the critical path as shown in
Figure 6, Fig re9 and F'?éﬁ%d"%gg Fa%nisgﬁéﬁﬁgepc;?d%c@q@&?{'ﬂ%al hEPRINEaLfsI ow
down t he 8 ddf Os fReRfler aguht Tyo MAPt detmiecodiinginds 2appbicshtb® w@althsyst ens
f or hi ghéoneatittonapbfedded$Hi5gI need to enploy faster turbo decoding
. while kggi?i ng_the buffe?g]s?t?%r@ggsﬁr{%&g%y mgtge%ﬁp‘sl'”%@]ﬁél?ﬂpw-éﬂ
sunmary 6FtRR P Ahelhtareavama2 fe eeient thenintertdaoer ai e the ePceNhg sside, RENOd and
appar at usurbor dédaeieat 41¥8! ¥o i« Lanal.s..encgded with copcat enated codes,
Rt g oot ST, YAURR SSCE BARER G D
recursi \4’31 TR NiNg R sapmnsettobe fed batk fgm 2ditadn The Heed desrsltsaatesr

non- nor ntilei firead it idkioh iaR® Aer ' N L1ty . estimates (of  received
synbol s) ,as feedback val ugé@%dﬁégsﬁée'néﬁpaﬁ'éérr t°on e ¢O|' e%’?tﬁ&?&' from § AN
2005 6 values. For exanple in a MAP algorithmfor decoding turbo encoded
signal synbols, the decoder is arranged to switch between nornalised and

- non- nornRI i'ﬁFd val ues of the aJI{E{)ha and beta values. This could also be
appl i ed r‘?1 é;:g h&§°o4RG deet ik BGUR sidosthrar ¢ seefEankyermtit L. REB&J URbé@ats on
funct i of 300 | e Rashit-Gatireadl. tDecodtrb F i TEREATHE FSAlG IS %QTbLi’E&Ei R 'g‘?g,der |

to obtai E{:.gor Hgi%éed val ues of next state |ikelihood values whi oh” - Then

fed back™F& f | &P Geneva, Switzerartd)d988xpp.i 1084at070N. td\@é'rﬂ?bﬂézati on

i s needdte tsoftam@patst BE i 0 -a, comput ati on., However this

requires %Arygn BI ock c%ﬁggéb}%@ cthgir?ggﬁ?q SW?‘E%anc}ﬁ and . e tagortnec k

speed avall ‘F%@hf%wpﬁﬁ@éﬁtqb@hlliﬁwmﬁ @ae of the calculation time

associated with normalising each state's |ikelihood val ues by bypassing the
normal i sa r%}on function in the feedback circuit for some states using the
switch. For %Xt & rapyesants thrylikeiibrod mrgbabiityraf iss egmivell ctemgirey frbfeal ast

tate, tstatespees | i £ hard) 1ikelihgod val
essentfally o Voo e g i Rl el B58tarses P ddert e are
|

still ¥oOheRBrinemhend estespondsities likdlthicodi probaBiRGIoS BEKS S|

det er m rhaggihferdm kedtd | i s particularly, advantageous i'h nodern
wireless ¢ b%ati ontgqgsg%&grfr@ﬁ?v\ﬁgrtgﬁgﬂrstSWaL%i ’f\%b ¢ and &gt lse knpwp where

mu

't must e CNEBHANY Sieliwaid erabpbiitieenThadnitiaicvaiass fer adamt R8O knBivan
bandwi dtbecaiiseeiresia@R R i i S vjid nes and web-browsing. In
particular, in E fir s?tggﬁ%%ﬂ%@%%?eﬂﬁh? ﬁ&@ﬁ& I 5t & rEesindhadebger f or
decod ng 'EHeTuBe davamae wsadend paogsthes b dnRrARSaRlis W AAcal | 10Ut
arr anged t&t caly@fjl.a't e}s1 %rtﬁgz\ﬁl"%ypsggtt? ﬁﬁ?‘@é‘{%%ﬁ Quipt of jhtireo dacederext

i t er at | WG Willde eithentia sdafhgemians(mwmdtkp@fmlﬂaﬁe%ie%@io%gm @Eg’!}t es
estimates; a switch that receives both said nornalised an éa% :

unnor mal j sed next state estimates, the output of the switch being coupled

to the iTHPSE f@ﬁetm_ebpbitbﬁmsdmst behigiuted ReqS¥itay, hSd HohRBERY fR Sy ch
et “?e”s9r'ﬂ%oﬂofﬁ'@kbr§1$9ta%8n sequences of o, B and A is briefly shown in Figure 3. The

state transitions in Beta and Alpha computation are shown in Figure 4. The eight



.unnormal i sed next state estimates depending on the iterative state. - 6

; JAN 2005 ,. 7 In another aspect the present invention provides a ugodteflls
for decodi ng encoded data, the decoder conprising: a processor having an

i nput “yphi ch receives probability estimtes for a block of symbols, and
which s arranged to calculate probability estimates for said symbols in a
next iterative state; normalising neans gpupled to the processor which
normal i ses said next states estimates; wherein the decoder further

conpri ses pipelining nmeans between the processor and the nornalising means
for providing non-nornalised next state estimates. These non-nornalised
next state estjmates can, then be fed back into the processor input to

cal cul ate t hitaIRS,GOMesRINds tosthe eightistates of therganstiiuent ercedarseinhkurke Encoderusual

critical patWith ms)c&wﬁg)me.ambrafa?@twwﬁmﬁ{ bt GomSiR[ant BALIHRPs 1@5@%2@, ihhi s

critical signal propagation delay is halved, the clock speed can
doubl ed, andTwéadcoder whieh fallow fhepelypsuniaspgee(®) f=ot+DHO3deciapgD) &3+D+D3

' . Pref b he d furth onpri ses svmtchi‘n, maqnmsthat
ocer ves bot t6Sass Re ThaNETENand Netlplabrn tosext aisie at8 angots Fisos,

the output opreving[03 \entl grelM[NPreferRl pevib@s bt bEPYt akd “’P’h?h;@rb‘?ﬁ'ﬁ:ﬁsrgéfrix
wherein the svm't(i .is arra F?\(E(g to switch between the normalised an
unnor nal i sed® B aréoﬂ'a‘?fé’%ﬁ] Lfellow s stale fgnsitionsia Figuss 4t i ve st ate. In
anot her aspect there is provided a processor for a decoder for decoding

encoded data, the processor .conprising: neans for calculating probability
esti mates for dQ%F%URe geernsip i rederenceiBabh#dillsther anthB are independentofaashe:

other, but A is dependent on a and B. A complete algorithm requires that the a and B
probabilities for all symbols L to be used to calculate A.

According to the general SubLogMAP Algorithm of Turbo Decoder, the
procedure of Turbo decode is (a) to calculate B values, (b) to calculate a values and
(c) to calculate A finally as shown in Figure 3. Figure 5 shows the overall structure for
the calculations of B, where the B computation and normalization are performed
whose results are fed back to the B computation paths as well as written into the B
memory which will be read out on the next phase (o and A computation). The details
and critical paths of § computation and normalization paths are shown in Figure 6.
Figure 10 shows the LSI architecture for the calculations of a. The details and critical
paths of a computation are shown in Figure. 12. There is a key operation, the
normalization for B and a calculation to reduce the hardware amount. Normalization
is needed to avoid the overflow of B and a computation. As shown in Figure 6 and
12, normalization process consists of (1) maximum values selection from the eight
state values and (2) subtract of this maximum values from these eight state values,
which wiil be fed back to the next computation. Because we are only interested in the
maximum values of likelihood capabilities, this normalization is very effective to
reduce the bit widths of the B and a computation data paths and various kinds of
memories. Because the total calculation (B and a value computation and the
normalization) is composed of fairly long critical paths as shown in Figure 6 for B
calculation and Figure 12 for a calculation, the slower computation speed will be
obtained. Figure 11 shows the overall structure for the calculations of A. The details
and critical paths of A computation paths are also shown in Figure 12 (Shaded



' pi eI I ni ng means whi ch receives the next state estimates; and normalisin
ﬁegns whi gh normal i ses said next states estimates. As thIS part of =héAN %005
processor represents the critical path, by splitting this path wth

pi pel |)1| ng nmeans, the clock speed can be increased and hence the overall
decoder - 6 JAN 2005 8 performance is enhanced, at the relatively nodest
hardware cost of adding sonme pipeline re% sters betvveen the cal cul ating
means and the normalising neans. Brief Description of the Draw ngs

Enbodi ments of the invention will now be described with reference to the
fol |l owi ng draw ngs, by way of exanple only and wi thout intending to be

imti h a schematic of a basic turbo code encoder:
i gur e 3 i & 9Pl in e Ml Asceai5q Bafbnddase die 8ulek of 4edgth earbs ShaRBne.

sequence scheatweére thef aadmhi ,cob@tx&uan dTherghsl alszoh %Hgﬁbmt%ﬁ patﬁ' fidth & dalgbows
state transi e 5 shows a prior art

i n.al utation;
bet a comput a"tt "g[?’iﬁ%tlogéﬂ Lgﬁgb eﬁlﬁ?%ﬁé{% CORpatign |f95ggh%9¥|mﬂétﬂc§‘5&5hput ation
and critical path diagram Figure 7 shovvs beta conputation and cr|8t [ ﬁal
ath diagra ording to an he invention; gure 8 shows a
Eet a conput an:t ﬁmﬂ]goﬁ%ud’inﬁ% 5%8'@81"@ '? éhawn dfriBel urRt hGF RQH@TI (Retat i on;
Fi gure 9 shd®smpltatidri Sfaggs Befons Rtﬁeﬂfﬁm%)"ﬁf FSQL#Q@SasQin &@%I&@(Qﬁﬂé\aééh%&g Igr
both prior i nvention; . ure S
prior art aﬁbﬁf @%ﬁ??ﬁ@?@ﬁ%ﬁ@m&@a normalization & %muw@mpaﬂﬁme&m ane
| anbda conputledk eyolebhnd khechargiaiirad B feedback is performed at the beginning of the next
clock cycle. Similarly, each a computation and its normalization or A computation and
its LLR selection are sequentially performed in one clock cycle period. As shown in
Figure 6 and Figure 12, the long critical path limits the speed of operating clock
frequency. The calculation speed limitation of this architecture is caused by this
longer clock cycle period time, in which the values of a and B are calculated.

As mentioned previously, the speed issue of turbo decoder implementation is the
limitation of clock speed. The clock speed is decided by its cycle period in which the
values of a and B are calculated. This is the critical path of the LS| implementation (or
called maximum delay time of the calculation). There are two main operations (1)
value calculation for a, 8, and A and (2) normalization for a and B, and LLR selection
for A in one clock cycle period to increase the critical path as shown in Figure 6,
Figure9 and Figure 12. This kind of sequential operations slow down the clock speed.
Recently, as turbo coding is applied to real systems for higher data rate transmission,
we need to employ faster turbo decoding .while keeping the buffer storage
requirement as small as possible.

Summary of the Invention

The present invention aims to provide a method and apparatus for iteratively
decoding signals encoded with concatenated codes, including turbo codes.

In general terms, the present invention provides a recursive decoder having means
for switching between normalised and non-normalised likelihood values or probability
estimates (of received symbols) as feedback values for the next iteration of likelihood
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critical path diagram Figure 13 shows al pha and | anbda conputati on
critical path diagramaccording to an enbodi nent of the invention; Figure
14 shoyws a al pha conputation bl ock di agram according to an enbodi nent of
the invention; Figure 15 shows a | anbda conputation bl ock di agram accordi ng
to an enbodi nent of the invention; Fi gur%)16 shows BER v SNR sinul ation
results for a prior art decoder and an enbodi nent of the invention (Bl ock

| ength = 3856 bits); and Figure 17 shows BER'v SNR sinulation results for a
prior art decoder and an enbodi nent of the invention (Block |ength = 5114
bits). Detailed scri%on R%e':;r}gnﬁ to Figure 6, the critical paths of ~3
conput at i on YFAEE: pSt FXamRIC fb? MR 2igeithm fendscosinchtughaenroded piasaLambolgt ual

| ogi ¢ synt hetbie tleteddHlié arramguy toklitch Betveaa\RrmbiiSeatandonSiiiMaf<enatas &N
delay. Simlar | 0Q the crjtical paths of a conputation

| in t FLgure 12, | ]
data path and®i @ar‘?&d%@%&'??}hﬂ'w}%ﬁls%"e?H@'eértPPm?éP'QBEW“W- of A
conputation data path and its LLR selection path are nearly equal. A first
enbodi ment provides that we can divide these |long critical paths into two
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(Beta Conputation Stage %TO[?G Pi g&LJ ni ng) of Fl_r(h;_ure . One stage is
assi gned forreg'é'f?feal%ﬁpﬁ? 51§ TR aachibrrAtQN, whighoimits the firckesnesd @vaiiable.
Because the The inGedtidN avofiisdbned bf theadalduitioh tinie ddsosrRtEUiv hemalBRgtdMRAe i N
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paths. Increasing the bit width added a little nore hardware such as the
regi sters and adders bit wi dth. However this increases the system

per f or mance Inipartidalaghinspfist asmerp tHeapriessnt imiention ProvidessarabtodanBardecdting
har dwar e add
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conputation for first seven (3 value conputations, and just to use < BeJAN 2005
normal i zed value for the last (i value conmputation, for every eight actual
cal cul &tions. That neans every eight calculations) there is an idle or
no-operation cycle (invalidated pipeline cycle) in order to performthe (3
val ue conputation with the normalized feedback for the last (i calcul ation.
The procedure of (i calculating is pipelined to reduce the |ength of
critical path into the half of the previous procedure. The speed of
operating cl ock is 2 ti mes faster than the previous design, which can be
seen fromthf-z %Hre The total throughput of (i conputation, therefore,

i s i ncreased aBoUPeRTASCE theapresent) 'ﬁqut'ﬁglFﬁ%ﬁ"ﬁsaﬁl%‘ioﬁ%f fapgpc@dm gneasieda and
A conput ati odatpaﬂ\bsdecEdgwompthgM and 15 show t he pipelined structure of
the a and A corrput ation ere the shaded operators are showing the A
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conput ati on estinkedes.it is suitable to insert the pipeline registers between
the ~ conputation path and LLR sel ection path. The detail ed description of
the timng sequence for the previous design and this proposal for a

cal cul ati on Tisesgamnm- mrﬁahﬁed)ﬁ@(t efaté eSthatES 3hh ®bn M!‘féél"bdcﬁ iSBAHE pHZ:egécgur e
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That neans every eight calculations, there is an idle cycle in order to
performthe a value conputation with the nornalized feedback for the last a

cal cul ati on. Pr'éfmalpiy Qh@dlub@dabffumereddmﬂri%bs @Wltbﬁn@'nﬁds NASt Fe!éer’v@gI %ﬁhEQ@
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tic 0
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i npl enent ation €effect on the performance of the decoder

because the cal lepéllnmgsneénst\hlﬁicrpf&b&bbkhém&@s&weétmﬁi’até@%das the ones used
in the prior art ure 17 showthe BER per f or mance
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si mul ati on corrparrf°§'3% %’i‘l W{?@ﬁsn‘”htchg‘°8'f‘?'{?@ﬁéla' dshetetes astivatese heme
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+CLAIMS 1. A decoder for decoding encoded data, the decoder conprising: a
processor having an i nput which receives probability estimtes for g JANH
of synbols, and which is arranged to cal culates probability estimates for
said synbols in a next iterative state; normalising nmeans which normalises
sai d next states estimates; a switch that receives both said normalised and
sai d unnornmalised next state estimates, tshe out put of the switch being
coupled to the input of the processor; wherei'n the switch is arranged to
swi tch between the normalised and unnormalised next state estimates
depending on the iterative state. 2. A decoder according to claim 1l wherein
sai d decoder_c rises a MAP algorithmwherein the probability estinates
are a and (SPV&qﬁ@E?e? e’lt‘?i’éﬁ@dgtr{hﬁc@g“m)‘ud“?‘@si:Pa\' afe gpstof,pdding §owgi d
decoder has pipgiime regietees betwesh tHecsalduMting d6dhrsRPRItNG o gk 4. A
decoder according to any preceding claimwherein the ratio between said
unnormal i sed and said normalised next state estimates is 7:1. 5. A decoder
accordi ng t oBaefDegsceiptich ofthe Dahwingerein said switch is a nultiplexer. 6. A
decoder according to any preceding claimfurther conprising pipeline

regi sters between said processor and said normalising function. 7. A turbo

decoder CcONPEMBOMItheAtsISFARE GiveRBSHP Wil Ely b8 Yt EGRT i -éAN
2005 14 8. A, decoder for decodi ng encoded %gt%, tﬁgﬁéée*g%eg‘gét%“d%ff‘?'%‘?'ﬂ -

processor haVPHIISnPY WaYief eampe paly and adthewtintanding tq/be imitingsinavhic: a bl ock
of synbols, and which is arranged to calculate probability estimtes for

said synbols_in a next iterative state; normalising neans coupled to the
processor whi'@enbis Aachewatic af basix turkq eedesencoderinat es:

Figure 2 is a schematic of a basic turbo code decoder;

Figure 3 is shows a sequence schematic of alpha, beta and lambda calculations;
Figure 4 shows state transitions in alpha and beta computation;

Figure 5 shows a prior art beta computation block diagram;

Figure 6 shows prior art beta computation and critical path diagram:;

Figure 7 shows beta computation and critical path diagram according to an
embodiment of the invention;

Figure 8 shows a beta computation block diagram according to an embodiment of the
invention;

Figure 9 shows the timing diagram of the stages of beta computation for both prior art
and an embodiment of the invention;

. Figure 10 shows a prior art alpha computation block diagram;

Figure 11 shows a prior art lambda computation block diagram;



-wherein the decoder further conprises pipelining neans between the

processor and the normalising means for providing non-nornelised negtJsN 2008
estimates. 9. A decoder as clainmed in claim8 further conprising swtching
means }hat receives both said normalised and said unnormalised next state
estimates, the output of the switch being coupled to the input of the
processor; wherein the swtch is arrangeq)to swi tch between the normalised
and unnornal i sed next state estimates depending on the iterative state. 10.
A decoder according to claim8 or 9 wherein said pipelining neans is a

pi peline register coupled between outputs of said processor and inputs of
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Figure 16 shows BER v SNR simulation results for a prior art decoder and an
embodiment of the invention (Block length = 3856 bits); and ’

Figure 17 shows BER v SNR simulation results for a prior art decoder and an
embodiment of the invention (Block length = 5114 bits).

Detailed Description

Referring to Figure 6, the critical paths of B computation data path and normalization
data path are nearly equal. Actual logic synthesis results show that they have almost
the same propagation delay. Similarly, looking at Figure 12, the critical paths of a
computation data path and its normalization paths, or the critical paths of A
computation data path and its LLR selection path are nearly equal. A first

embodiment provides that we can divide these long critical paths into two pipeline
stages.

Figure 7 and Figure 8 show the new architecture of the B calculation for the proposed
implementation. As can be seen in Figure 7, the pipeline registers are inserted
between the B computation and its normalization, which means the calculation of Bis
finished in two clock cycles instead of one cycle as previously shown in the upper
half portion (Beta Computation Stages before Pipelining) of Figure 9. One stage is
assigned for value computation and another is for the normalization. Because the
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10983& () - f7c?rl ica 8&?15 m@ computation and those in normalizer are equally balanced as
described above, the clock speed will be doubled to improve the system
performance. The clock speed can be doubled because the propagation delay is
halved, but the calculation and the normalisation are still required, Their processing is
pipelined. The splitting the critical path and/or doubling the clock speed speeds up
the whole system performance with the similar hardware architecture. It means the
new architecture has more powerful processing capabilities which is very important
for Turbo Decoder, but without a significant increase hardware complexity. In order to
reduce the latency from feedback loop, we have added another feedback loop from
the unnormalized B values. This feedback selection is performed by MUX
(multiplexer) in Figure 8 to optionally choose the unnormalized B values (BetaU[t][0],
BetaU[t][1], ..., BetaUt][7]) or normalizaed B values (betalt][0], beta[t][1],

betal[t][7]).

Because the normalized feedback is not performed for every B computation, we need
to increase the bit width of the B computation data paths. Increasing the bit width
added a little more hardware such as the registers and adders bit width. However this
increases the system performance with high speed computation, with only a small
amount of hardware added. However because the normalization is performed for

every B value to be stored to the B memory,. it is not necessary to widen the B
memory bit width.

Preferably the feedback ratio of normalized values to the unnormalized values is set
to 1/8, i.e., if a normalized feedback cycle is inserted after every eight unnormalized
feedback cycles. According to simulation results, only two-bit increase of the
computation data path is required. Whilst normalization is needed to avoid the
overflow of B and a computation, system simulation shows that the performance is
not affected (see Figure 16 and 17).

The lower half portion of Figure 9 provides the detailed description of the timing
sequence for this proposal for B calculation. The implementation architecture for
original beta calculation is divided into two stages pipeline. The normalized feedback
frequency is reduced to one time per every eight B value's computation. That's to use
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the unnormalized feedback value for next B value computation for first seven B value
computations, and just to use the normalized value for the last § value computation,
for every eight actual calculations. That means every eight calculations, there is an
idle or no-operation cycle (invalidated pipeline cycle) in order to perform the B value
computation with the normalized feedback for the last B calculation. The procedure of
B calculating is pipelined to reduce the length of critical path into the half of the
previous procedure. The speed of operating clock is 2 times faster than the previous
design, which can be seen from the Figure 9. The total throughput of B computation,
therefore, is increased about double.

A similar implementation is applied to the a and A computation paths. Figure 13, 14
and 15 show the pipelined structure of the a and A computation paths, where the
shaded operators are showing the A computation path. The pipeline registers are
inserted between the a computation and its normalization path, and also inserted
between the A computation and LLR selection paths as shown in the Figure 13. The
unnormalized a feedback is performed as shown in Figure 14 by implementing MUX
(multiplexer) to optionally choose the unnormalized o values (AlphaUlt][0],
AlphaU[t][1], ..., AlphaU[t]{7]) or normalizaed a values (alpha(t][0], alpha[t][1], ...,
alpha[t][7])..

Because there is no feedback loop is needed for the A computation path, we can
divide this path into two stages at any arbitrary portion of the A computation As can
be seen in Figure 13, the A computation path is very similar with the B or a
computation paths, it is suitable to insert the pipeline registers between the A
computation path and LLR selection path.

The detailed description of the timing sequence for the previous design and this
proposal for a calculation is same as the one of B calculation, which is shown in
Figure 9. The implementation architecture for original a calculation is modified as two
stages pipeline. The normalization feedback frequency is reduced to one time per
every eight a value's computation. That's to use the unnormalized feedback value for
next a value computation for first seven a value computations, and just to use the
normalized value for the last a value computation, for every eight actual calculations.
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That means every eight calculations, there is an idle cycle in order to perform the a
value computation with the normalized feedback for the last a calculation. The
procedure of a calculating is pipelined to reduce the length of critical path into the half
of the previous procedure. The speed of operating clock is 2 times faster than the
previous design, which can be also seen from the Figure 9.

From the above description and the architectures diagrams in Figure 5, 6, 7, 8 and 9,
the processing speed can be improved by two time faster compared with the
implementation of the prior art. This is achieved by using the embodiment of pipeline
computation implementation architecture and reduced normalization feedback
computation for the values of B computation. We can save a lot of hardware
resources (adders, max, and registers) by enabling the resource sharing between the
Beta and Alpha computation to reduce the hardware amount. Beta and Alpha
computations are timing sharing to use the same hardware module by timing control
switch. The embodiment uses the same minimum memory storage of the prior art.

Furthermore, the proposed implementation will not have any effect on the
performance of the decoder because the calculations of the probabilities are the
same as the ones used in the prior art. Figure 16 and Figure 17 show the BER
performance simulation comparison between the original normalization scheme
(normalization feedback for every calculation) and the new normalization scheme for
block bit length 3856 and 5114.

The various features of the described embodiments of the invention may be freely
combined. Alterations and modifications as would be obvious to those skilled in the
art are intended to be incorporated within the scope hereof.
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CLAIMS

1. A decoder for decoding encoded data, the decoder comprising:

a processor having an input which receives probability estimates for a block
of symbols, and which is arranged to calculates probability estimates for said
symbols in a next iterative state;

normalising means which normalises said next states estimates;

a switch that receives both said normalised and said unnormalised next state
estimates, the output of the switch being coupled to the input of the processor;

wherein the switch is arranged to switch between the normalised and
unnormalised next state estimates depending on the iterative state. '

2. A decoder according to claim 1 wherein said decoder comprises a MAP
algorithm wherein the probability estimates are o and B values.

3. A decoder according to claim 1 or 2 wherein said decoder has eight iterative
states for each received symbol block.

4, A decoder according to any preceding claim wherein the ratio between said
unnormalised and said normalised next state estimates is 7:1.

5. A decoder according to any preceding claim wherein said switch is a
multiplexer. ‘
6. A decoder according to any preceding claim further comprising pipeline

registers between said processor and said normalising function.

7. A turbo decoder comprising a decoder according to any preceding claim.
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8. A decoder for decoding encoded data, the decoder comprising:

a processor having an input which receives probability estimates for a block
of symbols, and which is arranged to calculate probability estimates for said symbols
in a next iterative state;

normalising means coupled to the processor which normalises said next
states estimates;

wherein the decoder further comprises pipelining means between the
processor and the normalising means for providing non-normalised next state
estimates.

9. A decoder as claimed in claim 8 further comprising switching means that
receives both said normalised and said unnormalised next state estimates, the output
of the switch being coupled to the input of the processor;

wherein the switch is arranged to switch between the normalised and
unnormalised next state estimates depending on the iterative state.

10. A decoder according to claim 8 or 9 wherein said pipelining means is a
pipeline register coupled between outputs of said processor and inputs of said
normalising means.



