;hie3ekh|"P6TDI1 p 1 |MROVED TURBON DECODER Field of the Invention The
present invention relates generally to error-correction coding and, nore
particularly, to a decoder for concatenated codes, e.g., turbo codes.
Backgr nvention Data signals, in particular those transmtted
over a @B Mwnﬂ Estile RF interface, are susceptible to errors caused by
interfer s nethods of error correction coding have been devel oped
in order t&°M2him ze the adverse effects that a hostile interface has on
the integrity of conmunicated data. This is also referred to as | owering
the Bit Error Rate (BER), which is generally defined as the ratio of

|ncorr ed information blts to the total nunber of received
i nfor Error cor ROV QEE@QDEHﬂ ves representing
di glta ys designed to be robust W th respect to bit errors.

Error corré’&'t‘? on codi ng enables a comuni cati on systemto recover original
data froma signal that has been corrupted. Typically, the greater the
expected BER of a particular comunication link, the greater the conplexity
of the errorFfd 6fht BRnESEI Ng necessary to recover the original data. In
general, the greater the conplexity of the error correction coding, the
greater the inefficiency of the data comunication. The greater

i neffici encyTheSpfebént rREhton felbes g@nétsuyﬂ he éﬁér‘-ébn%tldmf&b%t aA8, thda to
total bits conmuni cated as e conplexit the error correction coding

i ncreases. ThRatiggdanly, T%ﬁé?"‘?dﬁiﬁ*’rﬁﬁf‘ﬁiﬂ"@@%ﬁ%s@@ e Cefies.or i gi nal body of
data by error correction coding consumes spectrum bandw dth and processor
cycl es on both t he transmttl ng and receiving ends of the communication. In
cases wher e Backesqundafdhe Ippentign o particular comunication link is
substantially hi gher t han the acceptabl e BER, a concatenated set of error
correcting codes may be applied to the data in order to |lower the BER to
accept abl e | Batal signatiyric sagicuiaethose ansmitted vecaitypically bostde RMmigteriateraret o
sequences of s%%%tﬂ:?e It & 'rsCE &"}ed' @gﬁ&%&ét@n@wc\mfogg rﬁétﬁ&&s 6f @rr\?\ﬁbf)ﬁé&%q on a

data stream enate |ng e performed in se ere encoded
data i s subj eedirgihae begn ﬁevelcmdomqr@er tomihimizeathel atbflerwte‘f@ta that arhogtilaal
data i s subj t dj f f fOr g e
codes whi ch @?éer%aﬁer%sf B'ﬁ tt émg?'ﬂgessggqnéﬁ%g@naaﬁée)dﬂﬁt% aggos}eé?t&{%?gdt r%%am
Paral | el andlos\ermgtltheoaltaﬁreqtaRe@ (RIR)s whieh dorganerally deftnededs dbe rgtio of
Iterative deﬁﬁgﬂr@éil q'legé?v%ot ﬂgﬁma&}?b@mglt&aﬁﬁﬂbﬂé@& r@@é \Vlébdlnfgrm'atlgﬁ Bﬂg ve
decoding utilizes sin ecoder processor er ecoder out

metrics are E&@r Mtﬁctlormcodtec gﬁlpﬁrallyomvwes @@t&ﬁ@éﬂnqﬂ@&@s@tﬂ in \m@odﬂsweﬂs
per f or med | iAol L8k Niftn f RSBEANGHIHi lorlohe EfrSH T EAeRIGH ooty idngbRE! ANS
have been perforned. In order for the decoder processor to décode

encoded i npugordewugication systesiarepexeas obgingliiata ﬂﬁmta ignal thad has ppen ﬁ‘gf"UFtt%
decoder procegsodly i gRiRGeHs SipRcRRCBERIoOA! Sarfduldr Edth@uhRElG nﬁubamet he
rate of the incomng data by a factor at |east equal to the nunber of

i terations n@keates e complexitytaithe erariemestion qasing:nagessasy. taliegaverdnordgieald of
the decoder QLACRSRMCrdAAE GRAE thd BEhpIekiB b1l the birBF LdrRibRESAIRG, itRe bReBtstY St em

desi gn.

the inefficiency of the data communication. The greater inefficiency results from a
reduction of the ratio of information bits to total bits communicated as the complexity
of the error correction coding increases. The additional information introduced into
the original body of data by error correction coding consumes spectrum bandwidth
and processor cycles on both the transmitting and receiving ends of the

communication.

In cases where the expected BER of a particular communication link is substantially
higher than the acceptable BER, a concatenated set of error correcting codes may
be applied to the data in order to lower the BER to acceptable levels. Concatenated



Turbo codes are exanpl es of parallel concatenated coding and are used as a
techni que of error correction in practical digital conmunications. The
essence of the decoding technique of turbo codes is to produce soft

deci sion outputs, i.e. different nunerical val ues which describe the
different reliability levels of the decoded synbols, which can be fed back
to the start of the decoding process to inprove the reliabilities of the
synbols. This is known as the iterative d%coding t echni que. Turbo decodi ng
has been shown to performclose to the theoretical limt (Shannon Iimt) of
error correction performance after 18 iterations - C. Beerou, A Jd avieux,
and P. Thitimajshima, "Near Shannon Limt Error-Correcting Coding: Turbo
Codes. " | n Pemor cdriection nbding eaférs tCasquences Géveding iSwhich at leastitwal&ddingp.

1064-1070. Thg Turbo coding alqgorjthmis a. very conplex task gs it,takes
up a I ar ge aRBERETOPeRRIAR O Poretd e GongHETHIES C8Me iy B3 epfifnea i
resour ces. Asérigshawhercertoted dataiownbjected itg furthed emacodlingo op M saralleh whete thef
paral | el - concat.enat ed .conyol uti on encoder 12, 13) .se ated b n

ot or | caver ORARS! aiih Jf Fubfsted B AL AnBrdpe SEnemPt 1§ Felhfp Aiteedite

(i nterl eave) codes whighubresthepufunther processet andebmbineddato a seBiabstrtbam. |t accepts
an input binary {0,1 } sequence of a specified code block of size N

synbol s, and produces three types of encoded output for each synbol when
t he codi ng r ®amllek atd 3serigefcencaterptéd dodgsirae 2sonsetimesb decteizdd asing eteeatives t he

ded si | d | h f i | .th i ) i
TrSorel, epro Bt b8 S, nb hF i EmpBYed ML of farAtvk HosEiRb MR’ 5,.0°
M§P decodterSafslnmmdeféuerq?ﬁmgatwdgrﬂ théa cfebe?erousutt mhtuh&laminalaé@mdaatﬂetol&eand
1 respectili ve ItT,or e eco n cal.cCu | ONS. n a I T1I ON 0,.

e oever it oftfp RidHer RibcPRicE, by i§ PedbniHatn ahdsfitis ashibe effe, o
decoder al sodfeﬂ:eﬁli au_m:)eﬂ of it:tehﬁlir?r ha\aa/;tfee%pértknr:cmdong?r:ien fbmeh_l_ar:]dege@érd g

t e | seqgquence e ac, rom (0] .. code
ol 1N Tent | Rlockfeh b jeBfdk i eheoBed fynt Gali & ik s3Me fatd B il il SRR
sequence {0, arrivingptieadevederf procesddr mist\viBeekscthd @ncodeesddta at BCafe fastgothahhm -

By ror oy eothenfatesgtfie feBiting abte e & bl B el Baualt e RUBBRPS derfidns
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| i kel i hood probability of a symbol changing froma state ni to anot her
state mas t

tine,nterval gr.ess from t+1. Th rohabi Lity,

on the ot ner T Foges aie 53 rmBled e Paral deDBkenaBa chtingl 9 el UsBHER =
changi ng fr otechnisitetéerrot corrdctiom onprabtical digitali comenwridations.olhe dsseacantithe3 ar e
al so known a : rs R Nt Y I:t-ﬁﬁ or a
and ~i are kﬁ%%/\%%r' ggr&@gg‘? ?ﬁﬁ}g%[: Sehse%a'? q?%tédsl{tgfsg ftad-rE" E{drqeéﬁh%g’o'fét e %’ﬁtock L
are set to zeumeficalt veduasumihiche desatibe. thehdiffergnt olehdhility tlgvélsisafsthe decbded
together to I I j i r : e ~
w11 be used STBSS I BRRBYGE) Book toifie sHRPSr h8 ueBAffy PIITASE fo (kb B
ei t her the sddliabititiesi ofitbe symhbeledbhis ks knownt asetheadtedativecddesbding t¢ghdjque. Tuibot s) .
These three jlity | o i for
each synbol . B%%ﬂgo%su%%ﬁ %ﬂr#%ne@&eeﬁ@gﬂg%ogngwﬁgh%%kéli}igmwgﬁ ﬁé/m@hhvxﬁd in
Fi gure 3. Therrst atreedtionrperforroance aftédeth itenationd pia Bearpuit At Glavieauxe aptidhn i n
Figure 4. The &i N esh i,.gh f the
consti tuent gﬂﬁt’%gﬁ“sm?’n NFS?[)SEIEEIF\%%&@{ vI\En? 't%ge%?' §E®§é?§8ﬁbat g‘."%ﬁ%g@esar elht o]
ei ght state PowsikEEEdmt Confc oQemmunl2Ganeval wiizarland, 1993, pp. 1064-1070. The

Turbo Decoding algorithm is a very complex task as it takes up a large amount of

computation time and consumes a lot of memory resources.

A turbo encoder is shown in figure 1 and comprises a pair of parallel-concatenated
convolutional encoders (12, 13) separated by an interleaver (11), where the
interleaver plays a role to shuffle (interleave) its input sequence in a pre-determined



Turbo Encoder which follow the polynonials: gp(D) = 1+D2+p3 and gl(D) =
1+D+D3 respectively. The Next[n][O0] and Next[n]j[1l] refer to next state as
"0" and "1". The prev[m[t)] and prev[n][1 ] refer to previous state as "0"
and "1 ". The branch matrix conputation of a and [3 will follow the state
transitions in Figure 4. As can be seen in the reference [Bahl et.al], the
a and [i are independent of each other, but A is dependent on a and [i. A
conplete algorithmrequires that the a and a probabilities for all synbols
L to be used to calculate ~. According to the general SubLogMAP Al gorithm
of Turbo Decoder, the procedure of Turbo decode is (a) to calculate p

val ues, (b) to calculate a values and (c) to calculate A finally as shown
in Figure 3. ordegutt ecEemhemm;idnemv;e{(m}l seRjuencd off & shecifidcheodzablock af sizadl of

[i, where the n orrral zatlo ar e erforrred ose results
are fed backsy%gf"ﬁen%) P ﬁ?Z}EPSHyEEﬁ?l ﬁgqum&g A PAGLRYTRR oWlP?ﬂeﬁﬁ
menory whi chcwu.hg réte ig ¥3d out on the next phase (a and ~ conputation). The
details and critical paths of ~i conputation and normalization paths are
shown in Figure 6. Figure 10 shows the LSI architecture for the

cal cul ati ons Referfing o RyueeR 2d tusbcdstoder lfelcélaés tmtdm:oaéd SighAisRhd Bsew4ll tAfeR
shown in Figure 1 Therewls a 5&% égeraﬁf mallza]tlon for 3 and
a cal cul at i oAYRe§ 9 signgls Whea the Fadiag r?ft° r ﬁPf'g'Ha kit $RAVBRGE P
avoi dI t he _OV@Hié |th00énc(oaeﬁﬁﬁbLm TRBPMAR idebodefs mh;am 24 Es@.zraeeofsfmﬂndthbz
normal i zati on cess consi st a ctign from

ei ght state \?8 |ogﬂloertc2§er§l}§[qrﬁé&ﬁsp?&wglyn& %#FGQF&%‘@"Q F%ﬁ\"?ti'?e@e "ei ght
state val ues ,adwhbnllﬁo \aml |htehea\fe$¢2bt@0rh|rito® thd intevindver oM ttaé iencodinip sidles thewe
are only i ntﬁrgst i,n the maxi rrum[\r/a ues . of i k?3iMpood capabilities, this

nor mal i zat i of*"P8 eL A0 (FPP-SIE o OF &y FEInteTIFaVE; UtTREOGITUCH e, ofgch
conput ati on @aaAgdméntdf mwblw@rquen@ tioibected bhckizom2das 21 BEsadesddel dits after

cal cul ati on i_an utatian and nor mal i osed
of fai t1y 1 oMp W feupn pikhard A8t sROR & ALprbFeNFeRe Yol B dripied BRRGnG
Figure 12 fomr4a cal cul ation, the slower conputation speed wll be obtai ned
Figure 11 shows the overall structure for the calculations of A The
details and critical paths of ~ conputation paths are also shown in Figure

12 (Shaded A Nﬂ\lroﬁectwe'r ses Ithé BEJR gygorithm Assenal. lBaemerAiGlaFiegm and P, a

| ot of adder sh, red The,r s al so
2% ong ocitl dnitaiehig, ReRt GGG tah bihePRRcts (e TP codrr hankTes | o)
conput ati on ﬂR—)EEﬂdneCc:aﬂ ccmnav:'humns(;«a'rfevéy Switeeriand; msquummaoob -atccampptitet i on

is shown in al rtl Beta Co utatlon St ages Bef or .

Pi pel i ni ng) ﬁ?ﬁ@i‘@”g 2% llelinggd, %'Bg fi FRERV R RS, X; 1 3R (?&? 5&%‘"@‘,‘
each ~i corrpmbmpumstmdtmsrmpmbabllum. uspaaqwentl ally performed in one
clock cycle, and the nornalized ~i feedback is performed at the beginning

of the next clock cycle. Simlarly, each a conputation and its
normal i zati on br a-senseputepresentsatie liketihadd_pobhsitityi afra ayrabslmagm'gaﬂdny a
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cl ock speed. Recently, as turbo coding is applied to real systens for
hi gher data rate transm ssion, we need to enploy faster turbo decodi ng
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i ncl udi ng t urshe (mdeﬂons in Beta and Alpha computation are shown in Figure 4. The eight



In'general terms, the present invention provides a recursive decoder having
means for sw tching between normalised and non-normalised |ikelihood val ues
or probability estimtes (of received synbols) as feedback val ues for the
next iteration of |ikelihood 6 values. For exanple in a MAP algorithmfor
decodi ng turbo encoded signal synbols, the decoder is arranged to switch
bet ween nornmal i sed and non-normal i sed val ues of the al pha and beta val ues.
This could al so be applied to other algoré4thms. In prior art arrangements a
normal i sation function is inplenented after the iterative calculation
function in order to obtain normalized values of next state |ikelihood

val ues which are then fed back to the cal culation function for the next

i teration. Netated taradspond te theeeigistdstates af thel contitueve ehtaaiaron TirbarEhcader
alo for, eac ion,

i .k 1 hi i | | k | i
whioh L s iR e Shdibd cBier ieforaTe Afp &0 tate onfitfert enbiisie T abT 02 i

cal cul ati on bR AR3AG} #heR ok tB BolFRbinR GoRHEH 1862153 and 4 i(8) Ligskpeel ues

by bypassing the normalisation functiron i n the feedback cir for sone
st at es usi ngrédpectivatyt dime Next[rmj0hmpd Nexth][f1E esfenty bextlstatalas 100 randl“1’s ethe

val ues for the state, t speed of. cal cyl ating the final, (hard),.
i kel i hood varﬂheaﬁ 1§@2@8¥W1g$|'?/gh§ﬁ pByoURsiate el ?H& hor Rﬁﬂ?é’éﬁ‘ U%Frﬁ‘es
for each statempution of d aid B Wilcfolléw tHestate)transitibheintFgudk 4manner. Thi s

i ncreased speed of determning the Iikelihood values is particularly

advant ageous in nodern wirel ess conmuni cati ons systens where error codi ng
is essential . bk c\ahefeﬁém iﬂtgéfr%fbggaé@%mb}.ﬁhmb QHPQBW@MQ‘eﬁénddﬁﬁof eac_hd

i ncreasi ng adgption. o | andwi rel ess lications,s as_yi.deo
bhones and wePbrUbAT dEbsPAem Y i B, A Goimelete it FRaufres it .S and

i nventi on pr wbablities faealpsibdioL talbe ased® calvtixded. dat a, the decoder
conprising: a processor having an i nput which receives probability

estimates for a block of synbols, and which is arranged to cal cul ates
probability estiAcedraingf to thai gersaraib SubLogMAP naldorithner 6ft iTuebcs tddcdder, the

nor mal i si ng neansg whi nor mal i ses . sai ext states estimates; a swtch

That 1 ecel veraBRWERS Tarioidrade 3ol 10 0ot B HEe AP BuiHAlR oofueg and

estimates, t ¢ toohpulbted firaly aswhowh irRige I Figured shows liige ovepalt stafcturddor
between the nornalised

D e o V. G ublS e A bebfe LB huioR A RoREHEE R, AT oB bR =,

I n anot her ayhesd rdésuits areefeeitiack ity ¢d B womputation paths atewellias written deto ablé Bg

encoded dat a1'netrrt]oery gv?ncc%dv%ﬁ bg?ggcf iOLSIti or}'lgthe next phase (a and A computation). The details
and critical paths of 8§ computation and normalization paths are shown in Figure 6.
Figure 10 shows the LS| 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 will 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 (3 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



a processor having an input which receives probability estimates for a

bl ock of synbols, and which is arranged to cal culate probability estimates
for said synbols in a next iterative state; normalising nmeans coupled to
the processor which normalises said next states estinates; wherein the
decoder further conprises pipelining neans between the processor and the
normal i sing rneans for providing non-normalised next state estinates. These
non-normal i sed next state estimates can then be fed back into the processor
input to calculate the next next state estimates. This architecture hal ves
the usual critical path into before and after pipelining neans hal ves.
Because this critical signal propagation delay is halved, the cl ock speed

can be doubl egerafiod inPBGRUE)EAS SN BE IseBih AF BRIGAY 13 RERE of Sdddréeasleeahared S
i ncreased. Pref erablé t he gecoder furh_her conpri ses SVVI,t(fhi g{; neans t hat
nd h al patly &

recei ves bot ReWweaen thehand deepmpitation; Jherenis- 330 2slend wale ORS¢ Videtes,

the out put OEoﬁmFetaﬁw torin Fogioadikeiepl RhtibPcdrsutatipiior e chlkalaBoRESISOr ;
wherein the switch is arranged to switch between the nornmalised and

unnormal i sed next state estinmates depending on the iterative state. In

anot her aspeqhettfihg sequéricevbidg toomnpUtalipASiE 0shoh@r inathéegiste rhdifoporties qBetag
encoded data, the processor_conprisi ,n%: E%ians for cal cul aténg r%obabl Jity
estimat es foCoMPytRion YagesRaferel irelinings ohbigute 9 s an fXaPle; A% 521 9@ Seem e

pi pel i ni ng Mga@ Figote 9 Nedch Eéomsutativn diiiorfhfittion 5 setRieRtally PeefofBédl drii Ng
nmeans whi ch norpal i ses sgud ne%_t 3 ?@eﬁbe tlrrar*es. A% this part of the
processor r e§l0SK E¥EIR anddhe ppimalize b Béd %‘E isperiarmed gt the 9 ¢fi the next
pi pel i ni ng MgRRR cydiSiMIIABK eabteq dompltalien bhE its ASEShliRAKbMGICcorfigatneinal |
decoder 8 pertormance i s enhanced, % thg, rel at bveli{ nndﬁéémgsar dwar e cost
of adding softe LhRalechan kg, sequsntiallyheroaned ik ope, PGk £Y5ia fe shvn e
normal i si Ng PRAKS 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, B, 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



Brief Descri~, tion of the Draw ngs Enbodi nents of the invention will now be
described with reference to the follow ng drawi ngs, by way of exanple only
and without intending to be limting, in which: Figure 1 is a schematic of
a basic turbo code encoder; Figure 2 is a schematic of a basic turbo code
decoder; Figure 3 is shows a sequence schematic of al pha, beta and | anbda
cal cul ations; Figure 4 shows state transitions in alpha and beta

comput ation; Figure 5 shows a prior art Beta conputation bl ock diagram
Figure 6 shows prior art beta conputation and critical path diagram Figure
7 shows beta conmputation and critical path diagramaccording to an

enbodi nent of the invention; Figure 8 shows a beta conputation bl ock

di agr amdaccovdhéfj Froﬁemﬁamdil\?mﬂ;talgoﬁthhhmr idBy&dig ';’unbo gh@'ﬁiéd s%n&h@)«ﬁbdlé]g
tlmng I agram the stages, O e corrputatlon or ot rj,or, art a an
enbodr men; oMeIRSORFTIE ATAGSRY 1 o DEBVATH M ARG A1 DA noalSECL YRS Ot i on
bl ock di agr atRe diptiidr Peta 951086 ThisXduld algé be ppidiao @eHEpR digatitheds, bl ock

di agram 9 Figure 12 shows prior art al pha and | anbda conputati on and

critical path diagram
In prior art arrangements a normalisation function is implemented after the iterative

calculation function in order to obtain normalized values of next state likelihood
values which are then fed back to the calculation function for the next iteration.
Normalization is needed to avoid the overflow of B and a computation. However this
requires a long clock cycle for each iteration, which limits the clock speed available.
The invention avoids some of the calculation time associated with normalising each
state's likelihood values by bypassing the normalisation function in the feedback
circuit for some states using the switch. For example, by feeding back only
normalised values for the last state, the speed of calculating the final (hard) likelihood
values is essentially halved. Meanwhile the normalised values for each state are still

written to memory in the usual manner.

This increased speed of determining the likelihood values is particularly
advantageous in modern wireless communications systems where error coding is
essential, but where it must be accomplished quickly given the increasing adoption of
high bandwidth wireless applications such as video phones and web-browsing.

In particular, in a first aspect the present invention provides 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.



Fi gure 13 shows al pha and | anbda conputation and critical path diagram
according to an enbodi nent of the invention; Figure 14 shows a al pha
conput ati on bl ock di agram according to an enbodi nent of the invention;
Figure 15 shows a | anbda conputati on bl ock di agram according to an

enbodi ment of the invention; Figure 16 shows BER v SNR sinulation results
for a prior art decoder and an enbodi nent of the invention (Block |length =
3856 bits); and Figure 17 shows BER v SNRsinulation results for a prior
art decoder and an enbodi nent of the invention (Block length = 5114 bits).
Detail ed Description Referring to Figure 6, the critical paths of ~i
conputation data path and nornmalization data path are nearly equal. Actual
| ogi ¢ synt hesh an6thet hisecs wvpiddaht inbentioAaprevidésrasdedotier foRdRcHdIAY RAB6de

del ay. Sirrilng/ | poki,ng at Fjgure 12, the critical paths of a conputation
data path and? @%%ﬁﬁﬁ?i%’mnfﬁw paths, or the critical paths of A
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Dol ne st habbimgals, and whidh,§ Hhrenord KEcanTRe mEtHhiY astiote Y SRl SymbRls
cal cul ati on fip4 nektatepitopessfsl | npl enentation. As can be seen in Figure 7,

the pipeline registers, are inserte etween the a cqonputation and its
normal i zati on, whieFN3HERGsMeRRs c?&Pg'GE Y\@ﬁ grocagsor th&hingﬁgﬂlspﬁ $alb nexock

cycl es i nst eaehted etiifatésycl € as previously shown in the upper half portion
(Beta Conputation %t@a es before Pid})el i ni ng) of Fi,gu,re 9. One stage is
assi gned for val u® Eﬁg’bu‘f‘ﬁt Aecrden JfuBther rePiprises GiiPslinign MeRRei batwesn. the

Because the prod@ssdri hhd ahe PRrhalidifly an6aHEP ¥dra bt i ohlMRFRalised NRETBStaRET
are equal ly bal anced as descri bed above, the clock speed will be doubled to

i nprove the §§¥P&&Pperformance. The cl ock speed can be doubl ed because the
propagation delay is halved, but the calculation and the nornalisation are

still required, Their processi i.S pj.peJined. Th jttin he critical

pat h and/ or ] mance
Thten Poiynomiaess B0 SerE Folelen Lol hombe Jtb st bpdtees
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Decoder but CTNGABEIR 10 detaie At afte” PiRRlnDadmeans Akas: BeBaHse R cyiical sigpplder
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every eight [i value's conputation. That's to use

As this part of the processor represents the critical path, by splitting this path with

pipelining means, the clock speed can be increased and hence the overall decoder



11 the unnornalized feedback value for next [i value conputation for first
seven [3 val ue conputations, and just to use the nornalized value for the

| ast [i val ue conputation, for every eight actual cal culations. That neans
every eight calculations, there is an idle or no-operation cycle
(invalidated pipeline cycle) in order to performthe a value conputation
with the normalized feedback for the last [3 cal culation. The procedure of
(3 calculating is pipelined to reduce theéBlength of critical path into the
hal f of the previous procedure. The speed of operating clock is 2 tines
faster than the previous design, which can be seen fromthe Figure 9. The
total throughput of ~i conputation, therefore, is increased about double. A
simlar i (rjrpl eeﬂasmwnicﬁris ieahavqlmldi atltHeoreldtively ra]gdeslﬁ haodmmrgactoisbnf pddiihg .sofiegur e
13, 14 and 15.show t ' i n strycture of t a and A conputation

pai hs, wher o PP fraBR® BBfiesn e EpUSkid et %NS nBRBHBREATRR pac . The
pi peline registers are inserted between the a conputation and its

normal i zatio 2 hé and al.so Anserted between the ~ conputation and LLR

sel ection paE¥§L2§J§ﬁgﬁﬁgkﬁ§#hgﬁﬁ¥§ure 13. The unnornalized a feedback is
performed as shown in Figure 14 by inplenmenting MJX (nultiplexer) to
optionally choose the upnormalized a values (Al phalt][0], Alphalt][1],
..., Al phay fpbepimess HEWPY%’}S'@B wl VQWLF@Sd?sg%gfémtE' [rge,"‘;'!&Pﬁﬂé'["% fc{llg%vgng_ .
al pha[t] [ 7]) draviegs2b§ wval e egarhsie RalyfMAAAMRGL ihPRINgIo BE ARl Rrwhisie A
conputation path, we can divide this path into two stages at any arbitrary
portion of the h conputation As can be seen in Figure 13, the h conputation
path is veryFfrgjurd & a ¥éHem4tiBf hibaSic t@b6 eBBe'bAddden paths, it is suitable to
insert the pipeline registers between the ~ conputation path and LLR
selection path. The detailed description of the timng sequence for the
previ ous desFgare Pk 4 StHenititio P& dasit Nirbd c6dé Bsdcer;0n i s sane as the one of a
cal culation, which is shown in Figure 9. The inplenentation architecture
for original a calculation is nodified as two stages pipeline. The

nor mal i zat i oRigured RPeHoWs LsHHRBAYE $chehRiib 6E8Ipha tetLartd EhbaacaRVREi¥NET ght a
val ue's conputation. That's to use the unnornalized feedback val ue for next
a value conputation for first seven a val ue conputations, and just to use

t he nor mal i zegyurel éRol®statd arlsitivhs i alphalend BétaEbabuttionf or every ei ght
actual cal cul ations. 12 That nmeans every eight calculations, there is an
idle cycle in order to pertormthe a value conputation with the nornalized
feedback for Figue b ahéwsia prbCatt Béta@dmplistiopblerdisgrandf a cal culating is

pi pelined to reduce the Iength of critical path into the half of the

previ ous procedure. The speed of operating clock is 2 tinmes faster than the
previ ous desFigure 88heWs pridr dttbetd B6mpetatior antriticgl gatiydiagran; From t he above
description and the architectures diagrans in Figure 5 6, 7, 8 and 9, the
processi ng speed can be inproved by two tinme faster conpared with the

i npl ement at i elyued 7 Ibows i Bétaatdmputhiich iahdactiticay gt ydiagramg atberdiagbrdiament

of pipeline co Iat'qq ir Ieﬁentation architecture and reduced
nornalizatioﬁ"%ggﬂﬁﬁtﬂ EBH%@F ®on for the values of (3 conputation. W can
save a |l ot of hardware resources (adders, max, and registers) by enabling
the resource_sharing between the ta, and. Al pha conputation . .tqg. redu t he
har dunr o amolERS BATAVSAFER CamPURD ARk e AeSTRES =0 REHeREE SLe ¢ he
same har dwar thventibm, € by timng control switch. The enbodi nent uses the sane
m ni nrum nmenory storage of the prior art. Furthernore, the proposed

i npl enentation will not have any effect on the performance of the decoder
because the ERjupad showsithedimihddiaprapbettne istages ofibétatcompatation fs botteprivrest used
in the prior art. E%ﬁgre 6, and Figure 17 show the BER pertormance

simul ati on c8APHAPE ﬁ@?&@% eIMEBM:gi nal nornalization schene
(normal i zation feedback for every cal culation) and the new nornmalization
schenme for block bit |length 3856 and 5114. The various features of the
descri bed en%l?ﬂ'f‘:frg@?réovfﬁgf’ﬂ%r g glehq F%p‘#ﬁrﬂprbtgmf'?%@ﬁ"?"ﬁonbi ned. Alterations
and nodifications as would be obvious to those skilled in the art are

i ntended t i ted within th f. 13 CLAIMS 1. A
tecader for HELIET hEaNcs Bl HHAboe REAUEDNR AL ABELPng.



a processor having an i nput which receives probability estimates for a

bl ock of synbols, and which is arranged to cal cul ates probability estinates
for said synbols in a next iterative state; normalising neans which

normal i ses said next states estimates; a switch that receives both said
normal i sed and said unnormal i sed next state estimates, the output of the
switch being coupled to the input of the(porocessor; wherein the switch is
arranged to switch between the nornalised and unnornali sed next state
estimates depending on the iterative state. 2. A decoder according to claim
1 wherein said decoder conprises a MAP al gorithmwherein the probability
estimates are a and p values. 3. A decoder according to claim1l or 2

wher ei n sai dFidaeotizshdwssprier ghttalphacanatiambds terhpatafior arebariticalqeath diadrasy,nbol

bl ock. 4. A decoder according to any preceding claimwherein the ratio

bet ween said unnornmalised and said normalised next state estimates is 7:1.
5. A decoder Frguumm'smtgn/s alpban yn¢ lanctedtl cognmlitatiom avdeeritical [sath disgvarh abcarding

mul tipl exer. g {foder ¢ ccordltwg_to any preceding claimfurther

conpri si ng p°p%r|?rﬁ o @Sptscf SN¥EM®en said processor and sai d normalising
function. 7. A turbo decoder conprising a decoder according to any

precedi ng cI ecaoder f.or decodi ng encoded dat a decqder
Conpri'si ng: - Boia 4.8 3 APNAGOUIatR ek e A AL TE P by ot o
esti mat es f othedndantiol of synbols, and which is arranged to cal cul ate
probability estimates for said synbol S in a next iterative state;

nor mal i si ng neans coupled to the processor which normalises said next
states esti nbigass 15\skeoves a ldrhiedzdeampletatidrublbbie diagamp aceedingitp @hiembuglime#ns
bet ween t he gfr R%@?R and the nornmalising nmeans for providing

non- nor mal i s&d Mte estimates. 9. A decoder as claimed in claim8
further conprisi ng swi tching neans that receives both said normalised and

sai d unnormali s ext st the, switch bej
coupled to t Ui n 3& ¥V§ ﬁ%ﬁp\f %ﬁﬁ&la\,@pgfes%ﬁgqﬁ é\? %rt dgcé; aﬂbdegﬂto
switch bet weennbbdhmenmfrtbé invextionn(@lock tengthes 38861 bitg) xandst at e est i mat es
depending on the iterative state.

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 § 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  computation and its normalization, which means the calculation of B is
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



10. A decoder according to claim8 or 9 wherein said pipelining means is a
pi pel i ne regi ster coupl ed between outputs of said processor and inputs of
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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], ..., BetaU[t][7]) or normalizaed B values (beta[t][0], beta[t][1], ...,

beta[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 8
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 B 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 a values (AlphaUJt][0],
AlphaUlt][1], ..., AlphaU[t][7]) or normalizaed a values (alphalt][0], alpha[t][1], ...,
alphal[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.



105 1057 109%& ()-L3 109%& ()-g90109%%& ()-9- 109B& () -

1096& ()-..L///[33dEYNC 1098 " 10% & ()-, 10% & ()-,10% & ()- 10% & ()-,
10% & ()-t10% & () - 34556\ 66aBYNC 1098 410% & ()-f110% & ()-Sf110% & ()-S! " L*
10%t& ()-L* 10% & ()-'$ 10% & ()-6657677787: 7T7KSb@10% !, 10% & ()-g@
10% & ()-Ss10% & ()- 10t 10t 10t710% & ()-f &610% & () - K8f 888N9Y99aBb@ 109 !

10% & ()-10% & ()-! 10% & ()-T, 10% & ()-10% & ()-,10% & ()-9:|;;; 1<<dEb@
1098 ! L- 10(V&'() TL*10% & ()-y(10% & ()-12ml0% & ()- $ 10% & () -
10% & () - S<==5>6>7>8>: >>~_@10% 10%& ()-10%& ()- 10° 10" 107

10% & () - z&3t 10% & ()-f190 10% & () - g>>>K??? @E~ @
10% 109V () - 0%V () - 9109 () - 1% ()-S109%VE ()-y109%v& ()-
@Y @aoiAc AAD E~ TRAELAAI & dht célculations, there is an idle cycle in order to perform the

ig%o%,&(y%? (\)%%p 1%g%mzltqt on&\g(tl)] théL 0r‘?ormal@ed %edbaél? foAr‘At'l‘i\\gBl)a(EthBEalgulétlolr\OI\'/Il'he
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 3 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 hormalised 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.



