. ;e3espt Xd6PTQ_s METHOD OF ESTI MATI NG RELI ABI LI TY OF DECODED MESSAGE BI TS
FI ELD OF TH Whe present invention relates to a nethod of
estimating j&‘l‘“mm“mu f decoded nessage bits at a decoder side in digital
conmuni cat i on, rrg cpespecially, to estimating reliability of viterbi
decoded nessage TS, BACKGROUND OF THE | NVENTION *~cm cn* In di gital
communi cations, the viterbi decoding algofithmis used to decode io
convol uti onal coded b| ts. Convol utronal coded bits are generat ed b passi ng
the nmessage biMEZHQDR Of ESTIMAJING AL DEGOREDIMES SAGE 14
synbol at a tine. The convol ut i onal encoder S char acterized by the | engt h
of the shift register, nunber of input and output bits, and the connections
bet ween the shift registers. The viterbi decodi ng al gori t hm cal cul ates the

| og IikelihopgtlipioH TR INVENTIONCh path at each |evel of the trellis
di agram f or € recelrved sequence, and sel ects t he path having the |argest

l og likelih

di scardi ng ?ﬂ% g er tpA;vtgﬁﬁOH%Ie és%o peegﬁ ?‘é’ﬂétg]liq]Péd'abﬁ'!‘ﬁﬁﬁ%%&%pat h.
Thereupon the nost, likely ﬁﬁel v.g .nrassa bit sequence is dedu ec{ 20 A
conmon prlactMEssage bits.at a decader side in digitakcorg @"a”%ﬁr?éﬁ@@'am Per o
bits to the nessage bits to force the convol utional encoder nenory into
state zero. SiEratiggigliaeiityndf viterki desopadhessagedits. bits, and they are of
the sane length as the encoder nenory. The viterbi decoder uses- 'the taiI
bits as a priori 2|nformat|onto construct a conclusive trelli Y,
the trellis can be "terninated", which means that the num@m‘mﬂm“ﬂwmnvr ng
pat hs at theBRORGROU'I\ﬂDUFETHESIN\ﬁEN'b@WOgreSSIVe|y red

possibilities. The nmethod of decoding tail bits is simlar tothkat of
decodi ng me I r t he
nmetrics forﬁﬁ?ﬁﬁbé?gh@hm@hrg?@&d&a?@%ﬁg ddgﬁ%drﬁg aldﬂ @ﬁm S ukggrtég Hg{jj%v' Vi ng

paths at : a'éonvo}utrro%gfecodesd lgr?s Coonc\’/o'iutronal coded bits are generated by passing the

message bit sequence through a linear finite-state shift register one symbol at a
time. The convolutional encoder is characterized by the length of the shift
register, number of input and output bits, and the connections between the shift
registers. The viterbi decoding algorithm calculates the log likelihood function

15  for each path at each level of the trellis diagram for the received sequence, and
selects the path having the largest log likelihood among those merging at each
node of that level, while discarding the other paths. The selected path is called
a surviving path. Thereupon, the most likely received message bit sequence is
deduced.

20
A common practice at the transmitter side is to append a sequence of zero bits
to the message bits to force the convolutional encoder memory into state zero.
Such sequence of bits is known as tail bits, and they are of the same length as

the encoder memory. The viterbi decoder uses the tail bits as a priori




.equal to the constraint length (i.e., the nunber of stages in the

convol utional encoder), because the nunber of branches is reduced
exponentially at each io node. The nunber of surviving paths at tail bit
nodes is half of the nunber of branches at that node. This is because for

bi nary decoding algorithnms, there are two,paths at each node of the trellis
diagram and only one branch survives at each node during decoding. is
Error detection is needed to detect errors, in decodj i s usually done
by appendi ngnfimatiogriaicopstryct a genclusivetiellis; pam lbt*‘?ng'epr@s%lﬁe bits at the
encoder side, and correspondi ngly addi ng additional functions, such as a
CRC checker ,“teafmieatetdﬁ,ewhiebaﬂeans tHattheenumben of sdnvivingypaiks atithe end of dheet i mes
not a favourable option. In order to avoid transmtting such additional CRC
bits, it is tiém@baﬁ%ambgréssmgrfearuaeano@hlyouwcdp@mmum process using only
convol utional coded message and tail bits. This requires the viterbi
algorithmto be slightly nodified. 3 An exanple of such a requirenent is
t he 3GPP HSDPA HS- SCCH part | decoding. The decoder at this stage is

ot Cff'h%‘dtfﬁ‘%ﬁ*ﬂi@?%ghﬁé@&ﬂéiﬁﬁié“ﬁéifbﬂ?r RfBEEAnghesAue B AL

cal cul ate the reliabi of .the decoded bits at s node, i ncl udi ng
those at the®3¢ nodg pll %st?thbﬁﬁin he féelfl% rteetraﬂr'cs.fersgwfﬁapheﬁ?f% are known
to be all zeros, therefore, if the decoded tail bits are not all zeros,
this means t@culaadomm\@r,rtbe murberqf sungdingrpaths at mlllbiiuntn@saiamcnlaygeri n
the nmessage bits. to The Yamanoto-ltoh algorithmis a nodified decodi ng

met hod whi chequldl tovthe benstrdietr lbhgtal (er, ithd muiber af stdgeisan the combolativnalt y of
t he decoded nessage bits. At every level of the trellis, the Yamanoto-Itoh

al gorit hm | ayiciiePRBRCAGSE tHe niMBet 8MSYangResid ﬂé@lﬁcé@‘é&ﬁéﬁéhtﬁall?ratfe%'chur e.
This is done by calculating the difference between the netrics of the two

pat hs Fh@tconscﬁgfh’ét bt sur{n(/‘nég??tﬂ%faft RS Rods |sshélfat§fgtﬂ[atntdﬁ?r§15raof

specifie ode 1's B RIe 2R}

| abel ed as failure on5| ered t o be err nodes
are | abel ed Q@nf"éﬁ ﬁFG‘agpoéﬁer hlg\;%Eec °5|b§'tﬁr}’ grrpding i}Hmfgﬁfﬁn in
addition to the viterbi algorithmat every 20 |level (i.e. at t he decodi ng
of every neswegeatss abeash mmd@mﬂaﬁ t,relllsrdéagfamalaévduery@ﬂethﬁaacrasgrdmetsrﬁh
increases linearly with the nunber of nessage bits. SUMVARY OF THE

| N\VENTI ON  each node during decoding.

15 Error detection is needed to detect errors in decoding. It is usually done by
appending additional bits, such as CRC bits, to the message bits at the encoder
side, and correspondingly adding additional functions, such as a CRC checker,
after the decoder. However, transmitting CRC bits is sometimes not a
favourable option. In order to avoid transmitting such additional CRC bits, it is

20 preferable to perform an error detection process using only convolutional coded

message and tail bits. This requires the viterbi algorithm to be slightly modified.




. 4 The present invention provides an inproved nethod of estimating
reliability of the decoded nessage bits with | ess conputation conplexity
and high accuracy. The nethod of the invention uses the observation of only
the decoded tail bits to calculate the reliability of the decoded nessage
bits. In accordance with the present invegtion, there is provided a nethod
of estimating the reliability of decoded message bits in a digital

conmuni cat i oQs ising the steps : ' and tail
bits; trans ﬁ P‘f%efﬁtg‘ﬁéa r%@%@"ﬁﬁgﬁ? ggP%F@@g,I-EE@S ni cati ons
channel ; decodl n the to coded nessage and tail bits; and determ ning that
t he decoded qle@gg@gﬂmq@emﬂé ah#his stage isHeauired tusekaadecisionsf whethere at

| east one error. Preferably, the nethod further conprises the step of
assum ng t hathetdesodedditsdarewskatde obnbf withoat the belpasf GRErbitshe decoded t ai |
bits have no error. is Preferably, the nethod further conprises the step of

statistical | X \ferisird8coding d??@ﬁih@rﬁ céﬁ%ali@ﬁlé%’e FEIRBABE oPtHeSddubdRdMits! ast

one error or no error whe he decoded tail bi ts are determ ned to have at

| east one, erygy nodo iAEBARGARbYe af 1 BB Risitidls (8! HIMBNBISD ToibiRsE DY

bef or ehand si 1'ons 0 e ra I'0 o |ty he "event of
havi ng decoded bits g nQ.errors. a in ded t bits
havi ng at 33'51 rbfpeggfap&prosré qc)lg ?6’1%9 ?W%%Bﬂatﬁqrgﬂp?éﬁ 2B Zbént of
havi ng decoded message bits having at | east one error and havi ng decoded
tail bits haﬂﬁﬁﬁ@sHiatld@&é?ﬂ"@r@r@'rhaﬁOCCUVMde'ﬂéhQM'i/b'tQ aed maykednitiiet her
conprises the steps of: counting nunber of errors in sets of the decoded
tail bits; duessagenbitsy t he decoded nessage bits to be error free if the
nunber of errors in a set of the decoded tail bits is zero; conputing the

| i kel i hood of the set of the decoded tail bits if the nunber of errors in
the set of the decoded tail bits is non-zero; conparing the likelihood with

a predet gr mAgdyhif &8' Itbh élpgnfiﬁw‘iiiéj%%dﬁﬂé‘(ﬁ}ﬁ@éodihgnﬁﬁ’cﬁ%%i&féﬁé\ﬂf th tS
are er;ogoinr)ee acco ing to e result o e conparison. Preferab er£2$
igs gggrl es o e{tﬁ' Q%@BHL{? #AE@%& t‘ﬁ%’%&é@ﬁt& °§§§§§3§3?3¢ &%@%gé rgg 81 cll at i ng
probabi [Tty eo\}cent/ ?eeve Lﬁ\rerﬁr\f;se tﬁtfa Yeaarr?ahmg{o Poh aﬁ;orﬁﬁdﬁabglgle%% o d’é in the

level as either successful or failure. This is done by calcuiating the difference

between the metrics of the two paths that merge into a node. If the difference is
15 larger than a specified constant, the node is labeled as successful; if not, it is
labeled as failure. The decoding is considered to be erroneous if all nodes are

labeled as failure at any level.

This algorithm requires computation in addition to the viterbi algorithm at every
20 level (i.e. at the decoding of every message symbol). Therefore, the complexity

of this algorithm increases linearly with the number of message bits.

SUMMARY OF THE INVENTION




. probability of the occurrence of each set of the decoded tail bits for each
error category; calculating the likelihood of the set of the decoded tai
bits by using the probabilities obtained. is Preferably, the error
categories include the event of nessage bits having no errors and tail bits
having at |east one error, and the event gf nessage bits having at |east
one error and tail bits having at |east one error. 20 Preferably, the

| i kel i hood of the set .of the dec ded tail rati o of the

b obabi 11 11 ENERTeRaT IMaRIBS Ripviges Andriesovadhfelind Of ehtuahcliaiabiit of
decoded tail bits Pr ef er abl t he step of conputi ng the Iikelihood of
the set of tthe dﬁQﬁﬁi@ddﬂe\‘éﬁag%bX%Wltb Iemmw@@awwn&x";v andrpigheancuracyB?| t)
/| P(event A2-B2~t) _ (P(t-~event Al-B2) P(event Al-B2)) | (P(tlevent A2-B2)
P(event A2-B2)), where, event Al B2 is the event of message bits having no
errors and tail bits having at | east one error, event A2-B2 is the event of

nmessage Dbi t STh@ydtHodlof EH@ﬁWeﬁf@'\ ﬁééé’fhea&gsér@éﬁorpbf SniP e Becéded %Sénsqae
error, P(event Al-B2[err]t) is the probability of the occurrence of the

event' AL-E2 Lo, i @..ga...wgtns S50l Mdslbgyh, P(EVeNt A2 B2lerr]0) is

t he probd |I| e occCu nce o e even B2 for the set of the

decoded tail b| ts tl eyent Al- B2 r obabi of ,ocC rence of
the set of 19 34r0raRncsli {57 prasent rventon dbeff R ATousletia Bt o 52 <
the probability of occurrence of event Al-B2, P(t[err] event A2 B2) is the
probabi | i ty estiragling theneliabilityofdlesededmessageditsdn@ digital ennamunicationeyent
A2-B2, P(event A2-B2) is the probability of occurrence of event A2-B2. is
Pr ef er abl y, $ystersitopnmrisinkg thelsteps wiicddding triessdge anddairbits stgandmittingathe err or
free according to the result of the conparison includes deciding the

decoded ”Essé’dﬁ%&mte%sééb BRd ¢4il Bits éél@@s'afcdrﬁﬁluhidé@ibhg%ﬁﬂnﬁél tBeodiAg teé the
decoded tall bits is larger than the threshold. 20 Pref ferably, the decoded

oosads N, te@o[)el‘?j HlebEA0L aﬁ iﬁﬂ@ﬁ,?ﬁs@é&&rﬂhﬁ@ that HPhéSded rtnggsgﬁéBﬁ’Ed tail

bits are deco

have no error when the decoded tail bits have at least one error.

Preferably, the method further comprises the step of assuming that the decoded
message bits have no error when the decoded tail bits have no error.

15
Preferably, the method further comprises the step of statistically determining
whether the decoded message bits have at least one error or no error when the

decoded tail bits are determined to have at least one error.

20  Preferably, the statistical determination is made by beforehand simulations of
the ratio of: a) the probability of the event of having decoded message bits
having no errors and having decoded tail bits having at least one error, relative
to b) the probability of the event of having decoded message bits having at least

one error and having decoded tail bits having at least one error.




. I n accordance with a second aspect of the present invention, there is
provided a digital comunications systemfor estimating the reliability of
decoded nessage bits in a digital conmunications system conprising: neans
for coding nmessage and tail bits; nmeans for transmtting the coded nessage
and tail bits across a conmunications chagnel; neans for decoding the coded
nmessage and tail bits; and neans for determ ning that the decoded nessage
bits have no_error when the coded tail biEs have at | east one error. In
accor dance wPteferably.ithe methe hejrcomprisasdae ftenps ok seHBYNg BUMBSE Sfiecoder
for io estimating the reliability of decoded nmessage bits in a digital
conmmuni cat i oegorsyintsets ot thepdecoided:tairbiisisddterminingeihel derodedadessageaijts tond
tail bits froma conmunications channel; neans for decodi ng the coded

nessage and pé@ietroPfred:if feaimber oftBtiars i Bl 9ed of i dédsietiidne iseefage bits
have no error when the decoded tail bits have at | east one error; and neans

for outputti Qzﬂp@ﬂﬁng theHfkefhhBbd 8 itlfé‘sétetff‘thé deE&&é@fq?llbé/it@ Jf HHENFRBBE of OF

determ ni ng er- conprises nmeans for statistica eterm ning whet her

t he decoded i ve, at . Qr. no _err th
decoded th | SHpRIIpE shE ol ol B il Bere” saltReigthe SREMARE  ap ¢,
the nmeans for statisticall eternini ng canpri ses neans for beforehand

si mul ating tW&h @aﬁrpeetﬂfm"aé’d &@W@itﬂ!ﬂg ﬁ?@'gpn&wﬁﬂgeéﬁ@n@e%dwdvﬁﬁﬁa%coded
message bits having no errors and having decoded tail bits having at |east
one error, rkitnateverroniréd acterdingotodbelresyit of thergonapanisonof havi ng decoded
nessage bits having at | east one error and having decoded tail bits having

at | east one error. The nethod of the present invention reduces the
conput ati on conplexity because it possesses the followi ng attributes: 1.

The net hod } i 1 i .n the event
OP}défen%g){E Fﬂw%?stéé of eaﬁlg%ﬁlfﬂgggét: mgb:l]ilg@igg %oﬁ%%%%té@of

that the decoded t bits have or. This situation occurs
only aboyt 109 -t ' i L1 - axi Ly of
thi s mosth ¢ deeBbitii e Eakitits FERe fRaemehi i g MRFod ST
nunber of tail hits, instead nessage bits. Tail bits are ysually nuch
Chorter t harcaledatis prstiabTtger e Baenesiaheach orieE qosamicasips gtind 1
illustrates four different possible routes@fgi ven two different outcones is
for each mesprebabiibcoidthepcgienee of pach geteldhgflecedgd tail bits foreach@irahar t
illustrating the procedure of estimating the reliability of decoded nessage

bi ts in accocategosy; valichlating the likeliheodosfitheset of thehdeqodeddail bitsbgnusingy. 20
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS OF THE | NVENTI ON The

net hod of esthibbasilifidieob@inedpi | ity of the decoded message bit is now
expl ained in accordance wth the first enbodi nent of the present invention.
15
Preferably, the error categories include the event of message bits having no
errors and tail bits having at least one error, and the event of message bits

having at least one error and tail bits having at least one error.

20  Preferably, the likelihood of the set of the decoded tail bits is the ratio of the
probabilities of occurrences of each error category for the set of the decoded tail

bits.




.9 Certain values need to be cal cul ated beforehand (i.e. not at real tine).
The reliability of the nessage bits can be conputed using the decoded tai
bits out put by hard-decision and a table for nenorizing the values. s Here,
we define message bits b={bl,b2,b3,...,bN} and tail bits
t={t~t2,t3,...,tT} (with N=nessage length and T=tail length) as decoded
bits with the Viterbi algorithm Errors, 1f any, nmay occur in either
nmessage bits_b or tai] bits t, but since.t js not part of the intended
Tessage, t hePHISbGhesStaR ot EaaPuling fie ikellbaed G the setehthe deonaed taip:
free. io Gven the viterbi decoded bits gi.e. bot h decoded nessage and tai
bits), we cabitaisdmpirmerieddut LA Plsvest 1t3)2|t)r/)P(BUe@t9‘t2-|B@|té=\/ﬁé€¢mntat

| east one error had occurred in the decoded nessage bits b. W now define
four events A¢-BP(esentA1B2)y A(P(HoventA2-BR) Pievert AR BR))hivherd, evemnt Ad: |
bits b. Nanely, event Al is Bl represents that nessage bits are error free

and tail bi tB%"E ﬁ1eeé\[)é?ft of ﬁg{/&'esagté% HabirigPné SRORS 8R4 Sail bitd h&iﬂﬁé%@feé%it bpeare

error free and tail bits | east one error; event A2-Bl represents

cvent o0 9 BuBt 22 s AR euBREofirp8tadt s Reliod sl o aifr i, P

event A2-B2 ?r%
bits al so have at | east one error._The ree di agr in 20 Figure |
i | lustrates Ritfcha\pg %i@épﬁﬁ@r@yeﬁ’l@é’eﬂgxﬁ%b' Bﬁ%ag’g) %af e and tail
bit decoding. The nethod of the present invention has the ability to count

t he nunmber odcasirrence df the suvent A1-B2for e selrof the dacoded kil bits t, PéeventA2-t he
encoder side. 10 Determ ning whether or not that t has at | east one error

i's hel pful tB2|tyistke besbabifity ofi thevecdurrdricesdfithe edenhAZiBRifoe tHe batlofatheur r ed.
Event Al -Bl is a desired event, and it should occur very often (nearly 90%

or s nore of yddmRicditaE bits't P(t[b@éﬂleA1Jt§§22i§ fBﬁléﬂlﬁi%bfébﬂW of Gérrecel sTiRe BasF 0. 1

). But it can be confused with even whi ch is an undesirabl e event -

Chat t e ngelibeRa o ErRVER} &% REFeREAT AR RATR KR of = =11 10

oceurrence Ogcc%\fr%rr]\tce o} _eetlan{ /§\1-BZ, P(tlevent A2-B2) is the probability of occurrence of

the set of the decoded tail bits t for event A2-B2, P(event A2-B2) is the

probability of occurrence of event A2-B2.

15 Preferably, the step of deciding whether the decoded message bits are error
free according to the result of the comparison includes deciding the decoded
message bits to be error free if the likelihood of the set of the decoded tail bits is
larger than the threshold.

20  Preferably, the decoded message bits are Viterbi decoded message bits.

Preferably, the decoded tail bits are Viterbi decoded tail bits.




. much | ower than of even Al-Bl, the nmethod of the present invention assunes
to that the decoded nessage bits are error free if the decoded tail bits
have no errors. Simlarly, event Al-B2 and event A2-B2 al so cannot be

di stingui shed just by detecting that t has at |east one error. Therefore,
in order to distinguish between is events,Al-B2 and A2-B2, the
probabilities of occurrence of events Al-B2 and A2-B2 based on the
observati on

A1 =( 11 Pachoidangs win B dectd depBelcr i n@%ﬁB@atywerﬁ%%e%i%?éﬁg hoidambs |

P(t={t,,t2,...,tT}) (1) 20 P(event A2-B2~t={t, T})
P(t={t. .tz .digitagasennications pysteaviaitestimating themhab{llttyofgecoded message
where a set of t is one of { {0,0, 0,0,0}, {0,0, 0, 0, 0}, .

{0, 0, , 0, Obitg in}fa digitel cmmwﬁcal'ﬁnsmybtemtcwnpnsmgdaeadetbrtcmdmd)iﬁeg)s e 11
The Iikelihood of t, whichis the ratio of (1 ) over (2), indicates I ch

event is norgnd tai‘ileéiié n‘iéér)s f6r %%ﬁrﬁin@’ch@@o&éd héﬁ%ﬁyé%d"fgn Bﬁs ta){-r%ss é-( t ) >|

=> event Al-B2 is nore haS no error (event
event A2-B2 I
equat i onsﬁ( 1&@%&?@ o'ﬁ@ ciﬁanﬁelgnni%s%l: aéc&ﬁﬁﬁe ?Aéa%é:ﬂﬂ% géﬁ%.tégs'tfi( t)
(P(t~event Al vent, Al-: B2 /éét%j t A2-B2 P event A2- B2
L Pt cevent ga8 isefeiaa? éwwesiﬁza PN IRSAROB DI NaNp Pl oDIRY ) { 4
The ratios (P(t~event Al-B2 g ~event A2-B2)) and (P( event Al-B2) /
P(event is Abesipcodedtaibbite awea ieaatgne@moy simul ations bef orehand or
conputed theoretically as described in 'Di gital Conmunications', 3rd
edition, by John G Proakis et. The sinulations here refer to conputer
simul ations of a basic conmmunication system consisting of all the rel evant
conponent s digsgddorfthde’with the third aspect of the present invention, a post-decoder for
10 estimating the reliability of decoded message bits in a digital communications
system, comprising: means for receiving coded message and tail bits from a
communications channel, means for decoding the coded message and tail bits;
means for determining that the decoded message bits have no error when the
decoded tail bits have at least one error; and means for outputting the

15 determination result.

Preferably, the means for determining further comprises means for statistically
determining whether the decoded message bits have at least one error or no
error when the decoded tail bits are determined to have at least one error.

20
Preferably, the means for statistically determining comprises means for
beforehand simulating the ratio of: a) the probability of the event of having
decoded message bits having no errors and having decoded tail bits having at

least one error, relative to b) the probability of the event of having decoded




. the present invention (i.e. convolutional encoder, viterbi decoder, etc...
). They 20 are dependent on SNR, nessage |ength) and encoder type.
Generally) the possibility of t having at | east one error would be
different for different encoders at different SNR For exanple, a better
encoder (i.e., nore conplex encoder) w thglonger nmessage | ength at higher
SNR woul d reduce the possibility of t haV|ng at | east one error. 12 For a

fixed set of SNR e, | ength and encode e, there are 2T val ues of
(P(tLorr] eveResaaonbls Pauing aieast Alie orror- ass) haviRg deeded talLbiss havins At
Al-B2) P(event A2- B2)). s The flowchart in Figure 2 illustrates the
procedur e of leaston@enos of the present i nvention for one frame of decoded
nmessage bits and tail bits (i.e. one set of b and t), starting fromright
after the Viterbi decodi ng. Be|OMIiS an exanpl e of the inplenmentation of
the nethod of the present to invention: Sequences of nessage bits and tai

bits (for eag ﬁ?élHS&%?tlTéP@sleﬁP%Bnﬁ’én QQh@ gdﬂt?%tcgﬂ Qgéltfngt h of

tail bits T=8) are convo i onal | encod accor echni cal

Channel o "ﬁ%ca?%éfp%%%%%%é@ﬁagﬁ%ﬁm%%o'zs The encoded bi £ are

BPSK nodul at ed an tra mtt across,an AWGCN (Add Wi te Gaussi an, Noi se)
channel . At thd- d-glﬂ 9‘1"8’8 ?Sﬁ%m%tawemwml&@wamwh&ct ed

according to 20 the speC|f| catl on of "Digital Communications' by John G
Proakis, 3rd editewsntthat tb@é@cpdedé@bhlés gme akleast/eae srignalhis sitpation de
sequences of decoded nessage bits and tail bits. 13 From si mul ati ons
(beforehand) at EbhddursdnhBabdutel 0% bf the tirpe ndeadiekirable coaditionbt ai ned by

counting the nunber of occurrences of events Al-Bl, Al-B2, A2 Bl, and
A2- B2: 2. The complexity of this most time-consuming computation increases
10 exponentially with the number of tail bits, instead of message bits. Tail

bits are usually much shorter than message bits.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates four different possible routes given two different outcomes

15 for each message decoding and tail bit decoding.

Figure 2 is a flow chart illustrating the procedure of estimating the reliability of
decoded message bits in accordance with the first embodiment of the present
invention.

20

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS OF THE

INVENTION
The method of estimating the reliability of the decoded message bit is now

explained in accordance with the first embodiment of the present invention.




. P(A1-B1) = 0.8557 s P(A1-B2) = 0.1173 P(A2-B1) = 0.00004 P(A2-B2) = 0.027
Then, the frame error rate (FER) is P(A2-Bl)+P(A2-B2)=0.02704. to Fromthe
sanme beforehand sinulation, the values of P(t~Al-B2) and P(t~A2-B2) for all
28=256 sets of t are al so obtained by counting the nunber of occurrences of
t whenever Al-B2 or A2-B2 occurs - for exgrrpl e,

P(t={o0,0,0,0,0,0,0, 0} ~A2-B2) =0. 0013 P(t={0,0,0,0,0,0,0,1 } ~A2- B2) =0. 0019 is

P(t={0,0,0,0.0,0 1 The ,sum of 56P ~Al- B2
or ' Bt 0. o SHalvalled regg e be éaatcu@e@d%ﬁfqrenaed o4 regld@reIaTher nese.
probabilities (except P(Al1-Bl ) and P(A2-B1 whi ch can be obtained 20
bef or ehand, gliab Hﬂ%@frm@éaewageh@tsﬁmbe@@ﬁmmgsmsdhe@pcpded &il bikgen, t he

nunber of errors in each set of t is obtained by counting the nunber of 1's
in the set obutput by harddecisiosraraf adablefer menwrizirig thie values.zer o, t hen event
Al Bl is chosen as the nost likely event. If not, the |ikelihood of t,
L(t), is 14 conputed. Taking a set of t={1,1,0,1,0,0,0,0} as an exanpl e,
t he procedure of conputation of L(t) is expl ained: L(t) = P(event

Al- B2~ 1 =

P( t {1t 1{5(15 1ng%"geg?€'ﬁh¥§f/faﬁé@{$%t:ﬁ% %2 3 5’{"& édgﬁ"l %505219% 5{3}@'@2) /
PR B2) o Pitbdat GhtRhob b iehed) e o dA@'FSZ\Z{Fﬁ#PéVt&O I Sigstas s
can be |nplenented by a post-decoder which is positioned in the receiver.

I n ot her mrﬁgor&,ufearp/omawwen ejteeimegsage b§$ Preittall bt utisinseltiis pobf ¢ he

nessage bits after viterbi decoding and output the result for is the
estimation. Fant of thesintermaal reessagerdive decoding lis suecessfud Vfattisastb BknownAl- B2

to be error free.

10
Given the viterbi decoded bits (i.e. both decoded message and tail bits), we can
use the decoded tail bits t to try to estimate whether at least one error had
occurred in the decoded message bits b. We now define four events to
represent the reliability of the message bits t and tail bits b. Namely, event A1-

15 B1 represents that message bits are error free and tail bits are error free; event
A1-B2 represents that message bits are error free and tail bits have at least one
error; event A2-B1 represents that message bits have at least one error and fail
bits are error free; and event A2-B2 represents that message bits have at least
one error and tail bits also have at least one error. The event tree diagram in

20  Figure | illustrates the four different events for each message decoding and tail

bit decoding.

The method of the present invention has the ability to count the number of

errors in the t since they are known to be all zeros at the encoder side.




.is estimated to be nost likely event, the post-decoder declares that the
decoded nessage bits are error free. If event A2-B2 is estimted to be nost
i kely event, nanely, in the case that L(t)<1, then the post-decoder

decl ares that the decoded nessage bits have at | east one error. 20 As

expl ai ned before, the invention has a | owconputation conplexity because
the post- decoder: 1. Uses the observation of only the decoded tail bits;
is 2. Executﬁs its ,nost cor‘rlpl ex conputation of deternining Lgt) only for
sel ected eveReterpuRipgwhetherr nptdhabt has alieast ona-airobis Relpivbia traceback t he
time); 3. Most of the tinme, executes only a very sinple conputation by
counting s twbichwavest ilustrated inFigareh! bad cstutredevent Al-Bl and A2-Bl, about
90% of the time) The nost conplex conputation is exponential with the
nunber of decoded tail bits T, because the nunber of sets of tail bits is
exponential wth the nunber of to decoded tail bits T. The follow ng five

tables (Ebl ’\Eiéﬁi%ﬂ —B14¢ E)déégéh.é\)éﬁt,sérm't epama dﬁ%?ﬁ{’%’ﬁ’e&f%’% @gaﬂg%‘ovﬂ%?"der

operati on using the same conditions as expl al ne a exanpl e. For

all sets of il .bi ctual pro il of, .Ls,oceurrence
of events atmate SRERIIeB! & etuhirER el dhes figF8test At ha) RETERA Tade
by the post-decoder. It can be seen that the nunber of agreenents between
the nunber ofe ﬁe'f‘flh'ﬁﬁdWMY@H@@SBanWhméS@@di@%Hahﬁﬁv%\?-tbﬁca;%gtth@%%oder
is high. 20 For exanple, at Ebl No=2dB (corresponding to the acceptable FER
per f or mance two eveIty pre datectexsby the sae way, namély, by deliectisg éhatrithadindB1 100%
of the tine, event Al-B2 97% of the tine, and event A2-B2 82% of the tine.
16 error. In view of this, as well as the possibility of occurrence of event A2-B1 is

much lower than of even A1-B1, the method of the present invention assumes

10 that the decoded message bits are error free if the decoded tail bits have no

errors.

Similarly, event A1-B2 and event A2-B2 also cannot be distinguished just by

detecting that t has at least one error. Therefore, in order to distinguish between
15 events A1-B2 and A2-B2, the probabilities of occurrence of events A1-B2 and

A2-B2 based on the observation of a set of t are calculated using Bayes'

Theorem:

P(event A1-B2|t={t,t2,....tr})

= P(t={t,t,... tr}Jevent A1-B2) P(event A1-B2) / P(t={t\t2,....t1}) (1)
20

P(event A2-B2|t={t.t2.....tt})

= P(t={t,t2,...,tr}jevent A2-B2) P(event A2-B2) / P(t={t.tz,...,tr}) (2)

where a set of t is one of { {0,0,...,0,0,0}, {0,0,...,0,0,0}, ..., {0,0,...,0,0,0} } (i.e.

any of 2T combinations of decoded tail bits).




. Eb/ No=CdBEvent Al-Event Al-Event A2-Event A2-B1B2B1B2Act ual
occurrenceb8. 7523. 440. 0417. 78( 9% Post - decoder

deci si on58. 7923. 950. 0017. 27( % Nunber of

agreenent s100. 0090. 640. 0084. 81bet ween act ual andpost-decoder (%
Eb/ No=1dBEvent Al-Event Al-Event A2-Event;;A2- 81B2B1B2Act ual
occurrence74.0117.910. 028. 61( % Post - decoder

deci sion74. 0218, .007.,70( % Nunber of oo . .
agreement s 10%'?‘% 6@8‘@@ Qi &Eﬂ‘g&% eatioRfi (11 Pvar@dedicataswhichexent is
Eb/ No=2dBEvent Al-Event Al-Event A2-Event A2-B1B2B1B2Act ual
occurrence( %n98e bkely:. 730. 0042. 70Post - decoder

deci si on85. 5711. 920. 002. 51( % Nurber of

agreenent s100. 0097. 380. 0081. 65bet ween act ual andpost-decoder (% 17
Eb/ No=3dBEvent Al-Event Al-Event A2-Event A2-B1B2B1B2Act ual

occurrence92. (¢ pgg.gérggp,._g%t P hiae £
deci si on92. 766. 500. 000. 74(9 f(l?m%?ﬁ of ?g%e)enent s$100. 0097. 260. 0092. 57b(g?ween

act ual argdpost -decoder (% Eb/No=4dBEvent Al-Event Al-Event A2-Event
A2- B1B2BIB2Act ual occurrence96. 603. 320. 000. 09( % Post - decoder

deci si on96. 6 0. 000. A Nunber of agreenent s100. 0098. 820. 0093. 62bet ween
act ual andpdgﬁ(tg’ Eﬁo%wr&%q{%ﬁl'%B'l%ﬁ@kﬁlbﬂg)?dpI'P@ﬁt"%?"?%@vﬁ%éght i nventi on,

t he post-decoder nenorize all the sets of t's which correspond to L(t)>1.
For exanpl e,if L)<l rerevent A22B3 is; grose dkely' =, b hiaseregri(eventtA®) 256 L(t) val ues
are nenorized. Therefore, only the sets of t's, whose corresponding L(t) is

| arger than 1, are selected and nenorized. Using this technique, we can
skip the conmputation of L(t) during real tine, and al so do not have to

menor i ze P(AdoRgderitH égudtidhs (1) aRd km,bﬂhéﬁoﬁ(@qgfi@sl&naﬁe&'&? present

i nvention, the post-decoder nenorizes the sets of whi ch cofrespond to

L(t)>C, er i constant larger than 1. Using this technique, the
menory sl:l(\{ge (f\oﬁ%@&ged (since there are fewer t's) while the error

det ecti on rfor ce can_still ' pned a igh | eve s In
sumary, tﬁg-({)n?t(ﬁg@vﬁm '%s‘??)r%é}’gﬂ%'@)gw quﬁn'céz'gggg&kfﬁntrﬁ?s‘é%e bits has
i ntai ning. hi GHPAevRN A2 AT EDE A5 S} (evenATB DU (S BRNS | e

mai nt ai ni ng hi . 1iP4 -DeEpstri ¢tled to
t he descri bed enbodi nents. For exanple, the nethod of the present invention

can be extended to other encoding and decoding algorithnms. The definition
of the to likelihood of tail bits, L(t), can be reversed into the ratio of

equati on (2)Trveitios YPItleveatB1YB2)AP}jevem AZBY)) AAd BR(eveht PI-B2)(Reeeht
A2-B2~t). Then, the post-decoder determ nation event Al1-B2 is nore |ikely

(V) 38, AR PR B A B GR B Bim A BRSoro g gl 1
]9 glo?ng: 28 I:Irt ?ﬂrtbe_ttllga ycgg gegérit}e%elnpf)%sltgpbo'mnr}llﬁrrllltcéa lcglnsa,s3’@|gfdlltircIJ?l,Olb)l?yloﬁrr11 ©.

Proakis et. The simulations here refer to computer simulations of a basic

communication system consisting of all the relevant components described in

the present invention (i.e. convolutional encoder, viterbi decoder, etc...). They

20 are dependent on SNR, message length, and encoder type. Generally, the
possibility of t having at least one error would be different for different encoders
at different SNR. For example, a better encoder (i.e., more complex encoder)

with longer message length at higher SNR would reduce the possibility of t

having at least one error.




.19 CLAIMS A nethod of estimating the reliability of decoded nessage bits in
a digital comrunications system conprising the steps of: coding nessage and
tail bits; transmtting the coded nessage and tail bits across a
comuni cati ons channel ; decodi ng the coded nessage and tail bits; and
determ ning that the decoded nessage bitg%have no error when the decoded
tail bits have at least one error. 10 2. The nethod of daim1, further

conpri si ng t t hat 't he decoded ne sag bits ve no error
when the dec '1‘%’ Fetb?afséﬁﬁlavgsﬁé%r'?’lﬁ h agd efgodgbiyRed thare@re; a"f lugsyr t her
conprising the step of statistically determ ning whether the decoded
message Dbi tsofhéR/(éleuenﬂAhﬁ&2)@hl?étle\rertirA?oBZ))canctom valuewdfdR (avent ddeB2kH t ai |
bits are determ ned to have at |east one error. 4. The nmethod of Caim 2,
wherein the B(teavtansAchlz))det erm nation is nmade by beforehand sinulations of
the ratio of: a) the probability of the event of having decoded nessage
bits having no errors 20 and having decoded tail bits having at | east one
error, relative to b) the probability of the event of having decoded

message hQit j : ' el DI vi ng
2t 1 oast Jono s fopehdtt st PERhe 2R sEiE S8 B BiodB 4o ﬂﬁgﬁﬁﬁtﬂpﬁ%m?ht%ﬁ&ﬂ he
steps of: caountin unber, of errors,ipn sets of .the tail b|t
et or m i ng IHEMIRLDAGAS feare GEU8Haded messaws biss Prdal BRS (ks Ana AR
errors in a set of the decoded tail bits is zero; conputing the |Ike|lh00d
of the set dnd festagingdsemiright after the Yitensedacedieg. of errors in the set of
the decoded tail bits is non-zero; conparing the likelihood with a
predet erm ned threshol d; and deci di ng whet her the decoded nessage bits are
error free according to the

Below is an example of the implementation of the method of the present

10 invention:;

Sequences of message bits and tail bits (for each sequence, the length of
message bits N=8 and the length of tail bits T=8) are convolutionally encoded
according to the 3GPP technical specification, TS 25.212 v5620 (2002-09), titled
15 “Multiplexing And Channel Coding (FDD) (Release 5)", September 2002. The
encoded bits are BPSK modulated and transmitted across an AWGN (Add

White Gaussian Noise) channel.

At the decoder side, a soft-decision Viterbi decoder constructed according to
20 the specification of ‘Digital Communications’ by John G. Proakis, 3" edition, is
used to decode the received signal to provide sequences of decoded message

bits and tail bits.




. result of the comparison. io 6. The nethod of Caimb5, wherein the step of
conputing the |ikelihood conprises steps of: determning error categories
of the decoded nessage bits and decoded tail bits; calculating probability
of the occurrence of each error category; is calculating probability of the
occurrence of each set of the decoded tah% bits for each error category;
calculating the likelihood of the set of the decoded tail bits by using the

probabiliti obtai ned. 2 . The et hod. of im6, wherein the error

cat egori es ﬁ%f@%ﬂ@‘ﬁ%@@/&@forﬁhaﬂ%% R@"‘?s&éb?rﬁ@"%”@rprr%p%b' A& | bits
having at |east one error, and the event of nessage bits having at |east
one error arabtained by catintingithe nambes of ocoursergasoof eventsl A3-B heT-B2; A2d of
Claim6, wherein the likelihood of the set of the decoded tail bits is the
rati o of thaé3pramephPiB2:i es of occurrences of each error category for the
set of the decoded tail bits. 9. The nethod of (A aimb5, wherein the step of

conputing trmAI—]i_gq?} thoggk70f the set of the decoded tail bits is inplenented
by: L(t) = P(event®” Al-B2~t) / P(event A2-B2~t) _ (P(t~event Al-B2) P(event

Al-B2)) [ (RXt=5eysnt B2) P(event A2-B2)) to where, event Al-B2 is the
event of Srreé:"s(?‘deggftm ing no errors and tail bits having at | east one

error, event - is t event of nessage bits having at | east one error
and tail bi tpﬁagﬁﬁ%ﬁgﬁéast one error, P(event Al-B2~t) is the
probability of the occurrence of the event Al-B2 for the set of the decoded
tail is bitPAR-BLevON27A2-B2~t) is the probability of the occurrence of
the event A2-B2 for the set of the decoded tail bits t, P(t~event Al-B2) is
the probability of occurrence of the set of the decoded tail bits t for
event Al-B2, P(event Al-B2) is the probability of occurrence of event
Al-B2, P(t-~eyil tH2frBile érforfate (FER) is P(A2-BIl)+P(A2-B2)=0.02704.
10  From the same beforehand simulation, the values of P(t/A1-B2) and P(t|A2-B2)
for all 28=256 sets of t are also obtained by counting the number of occurrences
of t whenever A1-B2 or A2-B2 occurs — for example,
P(t={0,0,0,0,0,0,0,0}JA2-B2)=0.0013
P(t={0,0,0,0,0,0,0,1}jA2-B2)=0.0019
15 P(t={0,0,0,0,0,0,1,0}JA2-B2)=0.0015, etc...
The sum of all 256 P(tjA1-B2) or P(t|A2-B2) must be 1. Here, one set of t has

T=8 tail bits.

All these probabilities (except P(A1-B1) and P(A2-B1)), which can be obtained

20 beforehand, are memorized in the above-mentioned look-up table.

Then, the number of errors in each set of t is obtained by counting the number
of 1’s in the set of t. If the number of errors in a set of t is zero, then event A1-

B1 is chosen as the most likely event. If not, the likelihood of t, L(t), is




. probability of occurrence of the set of the decoded tail bits t for event
A2-B2, 20 P(event A2-B2) is the probability of occurrence of event A2-B2.
10. The method of Caim5, wherein the step of deciding whet her the decoded
nmessage bits are error free according to the result of the conparison 22
i ncl udes deci ding the decoded nessage bitg to be error free if the

| i keli hood of the set of the decoded tail bits is larger than the
threshold. 11. The t hod of C . ai , erein the decoded nessage bits are
Vterb s decinBUeRelShe pelor T, T9b0LIAbaEN QIEnme] theoraina ofo
decoded tail bits are Viterbi decoded tail bits. io 13. A digital

communi cat i oegmpytatiomof bft) éisexptainedy the reliability of decoded message
bits in a digital conmunications system conprising: neans for coding
nmessage and tail bits; nmeans for transmtting the coded nessage and t ai
bits across a conmunications channel; is neans for decoding the coded

ressage and [y Pibidit ANBAIERENS of oD Glolony MBEge Abazlie, sqasled, opssage

bits have no error e deco all “bit ave at ast one er

2o arg 1a) commmEan bhe- SR AR BRI o AT REL AL U0 coged” ©

nmessage and tail bits froma communi cations channel; neans for decoding the
coded nessage anc ¢RA1-BR) EP(A2-B2)peans for deternining that the decoded
nmessage bits have no error when the decoded tail bits have at |east one

error; and nmeans (0@r129u.0019) 0¢0.1HE3 dot0R7y=gR 4on result. s 15. The
post - decoder of claim 14, wherein the nmeans for determ ning further

>1
10 Therefore, event A1-B2 is chosen as the most likely event.

All of the above process can be implemented by a post-decoder which is
positioned in the receiver. In other words, the post-decoder is used to estimate
the reliability of the message bits after viterbi decoding and output the result for
15 the estimation. For this example, no matter which one of events A1-B1 or A1-B2
is estimated to be most likely event, the post-decoder declares that the decoded
message bits are error free. If event A2-B2 is estimated to be most likely event,
namely, in the case that L(t)<1, then the post-decoder declares that the
decoded message bits have at least one error.
20
As explained before, the invention has a low computatioh complexity because
the post- decoder:

1. Uses the observation of only the decoded tail bits;




. conprises nmeans for statistically determ ning whether the decoded nessage
bits have at | east one error or no error when the decoded tail bits are
determ ned to have at |east one error. io 16. The post-decoder of claim15,
wherein the nmeans for statistically determ ning conprises neans for
bef orehand sinmulating the ratio of: a) the probability of the event of
havi ng decoded nessage bits having no er r'ors and havi ng decoded tail bits
having at |east one error, relative to is b) the probability of the event
of havi ng deco@edEmﬁegdsmmﬁ compilex)camputation afrdetenminingdc(t) drdy forg decoded
tail bits having at |east one error. 20 . A&@ A9
. A& y. A9E. A9. A9y. M@cté&%véﬁt’f(e&&n%mzﬁan&%%ﬁwhlch occur only about 10% of
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of 0.027), the post-decoder correctly predicts eventA1 1 100% of the time,

event A1-B2 97% of the time, and event A2-B2 82% of the time.
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Eb/No=1dB Event A1- Event A1- Event A2- Event A2-

B1 B2 B1 B2

Actual occurrence 74.01 17.91 0.02 8.61

(%)

Post-decoder decision | 74.02 18.28 0.00 7.70

(%)

Number of agreements | 100.00 94.73 0.00 78.44

between actual and

post-decoder (%)

Eb/No=2dB Event A1- Event A1- Event A2- Event A2-

B1 B2 B1 B2

Actual occurrence(%) | 85.57 11.73 0.004 2.70

Post-decoder decision | 85.57 11.92 0.00 2.51

(%)

Number of agreements | 100.00 97.38 0.00 81.65

between actual and

post-decoder (%)
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In second embodiment of the present invention, the post-decoder memorize all

the sets of t's which correspond to L(t)>1. For example, if there are 256 sets of

5

t's, then all of the 256 L(t) values are memorized. Therefore, only the sets of t's,

whose corresponding L(t) is larger than 1, are selected and memorized. Using

this technique, we can skip the computation of L(t) during real time, and also do

not have to memorize P(A1-B2) and P(A2-B2).
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high accuracy. The scope of the invention is not restricted to the described

embodiments. For example, the method of the present invention can be

extended to other encoding and decoding algorithms. The definition of the

10 likelihood of tail bits, L(t), can be reversed into the ratio of equation (2) over (1),

namely, L(t) = P(event A1-B2|t) / P(event A2-B2|t). Then, the post-decoder

determination event A1-B2 is more likely if L(t)<1.

Numerous other modifications, changes, variations, substitutions and
15 equivalents will therefore occur to those skilled in the art without departing from

the scope of the present invention as defined by the following claims.
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5 transmitting the coded message and tail bits across a communications channel;

decoding the coded message and tail bits; and
determining that the decoded message bits have no error when the decoded tail

bits have at least one error.

10 2. The method of Claim 1, further comprising the step of assuming that the

decoded message bits have no error when the decoded tail bits have no error.

3. The method of Claim 1, further comprising the step of statistically
determining whether the decoded message bits have at least one error or no

15 error when the decoded tail bits are determined to have at least one error.

4. The method of Claim 2, wherein the statistical determination is made by

beforehand simulations of the ratio of:

a) the probability of the event of having decoded message bits having no errors
20 and having decoded tail bits having at least one error,

relative to

b) the probability of the event of having decoded message bits having at least

one error and having decoded tail bits having at least one error.
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result of the comparison.
10
6. The method of Claim 5, wherein the step of computing the likelihood
comprises steps of:
determining error categories of the decoded message bits and decoded tail bits;
calculating probability of the occurrence of each error category;
15 calculating probability of the occurrence of each set of the decoded tail bits for
each error category;

calculating the likelihood of the set of the decoded tail bits by using the

probabilities obtained.

20 7. The method of Claim 6, wherein the error categories include the event of
message bits having no errors and tail bits having at least one error, and the
event of message bits having at least one error and tail bits having at least one

error.
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8. The method of Claim 6, wherein the likelihood of the set of the decoded
tail bits is the ratio of the probabilities of occurrences of each error category for

the set of the decoded tail bits.

5 9. The method of Claim 5, wherein the step of computing the likelihood of

the set of the decoded tail bits is implemented by:

L(t) = P(event A1-B2|t) / P(event A2-B2jt) = (P(tjevent A1-B2) P(event A1-B2)) /
(P(tlevent A2-B2) P(event A2-B2))
10
where, event A1-B2 is the event of message bits having no errors and tail bits
having at least one error, event A2-B2 is the event of message bits having at
least one error and tail bits having at least one error, P(event A1-B2|t) is the
probability of the occurrence of the event A1-B2 for the set of the decoded tail
15 bits t, P(event A2-B2|t) is the probability of the occurrence of the event A2-B2
for the set of the decoded tail bits t, P(tjevent A1-B2) is the probability of
occurrence of the set of the decoded tail bits t for event A1-B2, P(event A1-B2)
is the probability of occurrence of event A1-B2, P(tjevent A2-B2) is the
probability of occurrence of the set of the decoded tail bits t for event A2-B2,

20 P(event A2-B2) is the probability of occurrence of event A2-B2.

10. The method of Claim 5, wherein the step of deciding whether the

decoded message bits are error free according to the result of the comparison
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communications channel;
15 means for decoding the coded message and tail bits; and
means for determining that the decoded message bits have no error when the

decoded tail bits have at least one error.

14. A post-decoder for estimating the reliability of decoded message bits in a
20 digital communications system, comprising:

means for receiving coded message and tail bits from a communications

channel;

means for decoding the coded message and tail bits;
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