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In this thesis, a decoding system comprising a turbo decoder and a burst detector is
proposed for a two-state additive white Gaussian noise Markov channel in which one state
represents good state with high E,/N; and the other state represents bad state or burst state
with low E /N,. As the Gaussian noise model allows soft information from the channel to be
used, it enables an improved performance over the commonly used binary-input binary-
output channel model in which hard decision of the output is performed before decoding. In
the proposed decoding structure, the burst detector is employed to estimate the probabilities
of the channel states and pass them on to the turbo decoder, so that these extra informations
can assist the turbo decoder to perform a more effective decision for each received symbol
by adjusting the likelihood function properly in accordance with the channel states. Two key
aspects of this decoding system highlighted in the thesis are as follows. Firstly, only extrinsic
information of the channel states should be passed from the burst detector to the turbo
decoder. Secondly, the entire information both the intrinsic information and the extrinsic
information of the estimated transition probabilities of the.channel states should be passed
from the Baum-Welch algorithm block to the MAP algorithm block of the burst detector.
Through computer simulations, it is found.that the performance of this decoding system is

clearly mare superior to the conventional turbo decoder in all aspects.
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Feyayausunauiiu mnL%ﬁuﬁm&xmﬁmﬁzﬁuﬂuﬁmmﬁmﬁlﬁ& R, Faannni (2.1)
Rk=2k+nk ' : (2.1)
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. 4
SP(ZE) = (P(Zy ). P(Zy ) PZagn)s - P(Zy,)) W 1<K <k, <K
(2.5)
waZATIA L
SP(Z) = (P(Z),P(Z),P(Zy), ., P(Z ) - (2.6)
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fuan & viseuaserNduRuslARaannng (2.7)

P, =P(B,=1|B,,=0) (2.7)
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10
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P(B, =1|SP(Z),R) _ o P(B, = ,SP(Z),R)

L(B,) =1 = 2.9)
B = Ity s oS R) B B(B, = 0,5(Z).R) (2.9)
Walduannizeasmnuthaziduiuunndaiua (marginal probability) azler
2. P(By =9q,By =1 SP(Z),R)
L(B,) = logL2 2.10
B =% Y. P(By =By = 0,SP(Z),R) (210)
q'e®
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P(B, =1|SP(Z),R)

L(By) =log P(B, =0|SP(Z),R)

L‘channel(Bk) +chr (Bk) (21 1)
4 .

LB

P(Ry | By =1L,P(Z))

P(Ry | By =0,P(Z)

221 (@) P(By = 1| By = q) b (D)

Loa(B)  =logLt2 o
ex(By) 08 ,Zeak—l(ql) P(B = 0By =q) b, (0) | |
q:

L chanmet (By) = log (2.'].2)

ag(q) = 'Zeck (q59)-2,,(q) (2.14)
q'e
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1
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-
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‘ 7 12 ) .
PRy By = 9,2, =d) = Ry —Z) | (2.18)
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wigna ldfillasainsiaaniadudiinsldfeaiduaansniasiilu pez) Telinaaldauulss
3 gol v =~ oo 1 =y 1 9
Aaen lULAAZIAL189N199UTY uazi R T iduAuUTuese PR, |B, = q) toaldls

ladeuly pz) deangaeand favnudnliuabaoiudsi

PRy |B, =q) =.dZAP(Rk,Zx— =d|By=q)
=dZ‘2\P(Zk =d|B, =q)- PR, | B, =q,2Z, =d)

ZdZAP(Zk =d)-P(Ry | By =q,Z, =)
€,



nsuaniavredadAlsznau s ) reefaddunoinidduaian i ludsas

a a’ A
amnweiuanslddagih 2.3

fp, (1)
4 P(Z, = 0) P(Zy =1)

\i

51% 2.3 nrsuanuasradasAlszneusng o eeeeidunminiuag e Lol

o ol =
LWFARALNNIABT

a1l a,(q) WAZ by(q) ARANNINAzITURIdD Wzt N ufiaaT & Wanaia
ununnsadarestasdygradudreniuasdrendamnuansu
Py o v o 2 o \ o
Wasan p, wae p, WauALa) & uaziiuuelitedty ey lusniazassa

WA (steady state) azlfid1@aulaaevian (boundary condition) 1849 a,(q) WA b(q)

Il imnuaunnsdsd
wo [ 219
O ot e

Tnel

P(good_state) = (P_:’fﬂ—) (2.21)
P

P(bad _state) = m (2.22)

a 1 [ ‘4 1 as ]
WA P(good _state) WAT P(bad_sate) ARANNUNAzITuNdaedyny1niazeduan1ushuay
ADULIANAGL Wadadyan et Tuaniazassi
e 4 = 4 -
asinmuaReularetmilulymiuannisd (2.19) uaz (2.20) Hiaan a,(q)
URT be(q) AamNtaziduassan uztesdyiuiinatBusularAugaTeauun W

= o o A& 0 2 1 ¢ d‘
MIARAAINANAU AN ay(q) WAE by (@ HuAMNUNaziluaasan urdasdyynuile
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FalaildRanrandyyindléfuee Geasiduvinduanutiraniusesannuzdasdynin

dl 1 i o’
Wedadnyayrodedluaninzaesn

a

WA ¢ (q,q) WWANNIIA (2.16) AafariFuiun3nanan (branch metric function) 184

WHUNWInraddTasiasdyiuinal « fudsznaudiaanuiiaziiluresnislasy
ADUETRIRTUYINS P(B, = q By, =) WATHIATUANUNUNTUATS PR, | B, = . P(Z,)) A1
) 2 & ar a < ' o | cd o
nanaldaWeiduarsnananmraaniianiuseinaildsuanuzdesdypnnaiienivug
' | o 5o | a
&yanuiladu r, waziaridumnuiianiy rz,)
Tunszuaunisawtn 1oarnandvisuinanidsasimmninesazgnlddmiulseanm

) 1 as I o s s A
Apadihazsifiuresesdyanliudsnessiawmesiussannisi (2.23) uaz (2.24)

P(By =1) [+ exp(L . (By)) (223)

{

RS~ L 8 W
(B =0) 1+ exp(L (By))

(2.24) .

& b

A‘J o [ & 1 ) o g
AUNTTY (2.23) A (2.24) WannuamNtesReiduauitasiufadiayiniunile (10]

a o as

avndsasamniraisasduanizdnaindndvsuinlifudinessiamasiy

A | a 9 o sl 5 & ' = o ar I v
HAIRINTNAT LyaBy) N A NsaAR MRS TN 8155 nansTamasuiieudy

=iy v

- ) , S P | f al el v u , e a
Weawsinrdaei i ntnfAuans1eiy FaRasninldannWaddunarnuduadanldlu
fnnaasiamaflusaanni (3.11) wazAn i lunsaasunminlugunisf (2.17) Aldun

ANNI3GAZ U 0an I amailu Aeliatsdetnast s nenmiamailuan waziila

1
I o/ =l

sruvnansiagdn anturrestesdyniniing k awnsasaduliantiaulafiannisd

o

(2.25) uaz (2.26)

]

B, =1 01L(B)20 (2.25)
B, =0 a1 L(B,) <0 {2.26)

o H o o= & 2 o ‘:‘l .
mﬁmm:zﬁwmmﬂmLm@mmmnmeLLﬁmimmgﬂw 2.4

e cht (B)

SP(Z) — Burst Detector
L(B)

uj>4_|_|J

514 2.4 mefuuardednaasrendisansmnisesd



o
Unn' 3

suaAasiy T &

W as IL
3.1 N5 HRINasly

v a/ ) :// 9 as = e v ar o dAa
n1sdnsvamaesiutueAunisdisianuuissunassadisiauuuaeuitaduind

LY

n171laun &y (recursive systematic convolutional encoder: RSC) Fawmdassqdulilutse

s

= X [ g4 A 0‘/ o o/ o’ A 3 8
usntssastumafaneifegl 3.1 naialludasadnsvanuuaaulgdunldlianiy

¥ = o = p 24 ' & =l .
saswmileuiu indeyaazeanlddusdwauuuiissuy (systematic outout) Tae

|
° e 4 =l £ o -4 as

a
v
nasidsia uiazgnadusrduneunazidasiauuuauudos fadsiauuuasulagduii
nstleundu nsaduaisurssindeyaazldisastumaianines lunndrsdadulndays
azgnutaiiluge uwssvgpansdindeyaargnizundt udeansesindeys vieusandeya (data
block) n1sidrswasznssiinnarudandaya Inefauinsesudendeyaasivniuauinues
=y o=l 3

3suResaniaes

3117 3.2 flusivet waessadnsiame Tunddnsnasidneia (coding rate) vl 1/3
< Y - ~ o ¥ o e - w
Tarlsynevdtaesnaruuiissuuuasiadsdauuypeulagdunfinnslaunduiimileuty
aaefanTaNsefusiadunesanioes udendays u = u,u,,..u) 218 N TRazgnds

o o = =] 1 (% ¢ @ © o
20N TUTUFEWARUUTTZUY X, = (Koo XozoXoy) W08 LIHNEIWA uiazgnaduasy
AoeasRiaeianieed o) WaY n() neudisiawuusuussind s ruupauligtu
R - S o o a oo . , g
mimmmwmm@mmm@wmww;‘m (sequence of parity bits) 1l X, = (X,;,X, X, y) HBE

X, = (%51, X520 Xp ) AINAGL

Interleaver 1 —#= RSC 1 bel

B Interleaver 2 —# RSC 2 r’xz

# Interleaver M —# RSC M Xu

5191 3.1 nsdreiamesiu



15

v ] 2/

wdsanidnsiausendaysndaazsosdsiayasafitedeazFandnioung (tail bit)

@

v
as 74

weRisvin e uzaesiadsiaunyreuligiuiommilugue udiasansiadsdanld

o

dhinuusadnsdauuuyreulagiuniinistleundy Addanisavinldanucassindnsia
' :,/ Lol 4 o v o = s as ’:/ ° G A L e ' 2 d‘
eioeviaunadugudwiasnfusa Danieganeaiu seiuandunazsieddinmasieniieiine
= a 2/ o W L3 ar el o -=j “ d' o Y ar
nazinliantuzaawsadsisreuligiuduguinassn anuendeudnmaielisadaia

' as

@ -ﬂ, o b 74 ar i o di el o (3 o as
dausinlafanils Fadsdadanfau o arliinisitnuuddsznigie lunisdeansia

¥
v o

4 2 o = add‘ a I } % i 3 2/ Q o o
tuaiunavdesdelnmnauazinnzananaininmelldoslnedsiainuansia Geay
Fundauildn 491m19289A 994 (tail code) wUUgLURIUMINIBIA9Y (tail code pattern)
azilanuuanseiuluet danivun duneunisdadamisuasdiunnaesnnsiaiansfag

&
# 3.3

u T X,
m
D= ({‘
A 4
Y
s D > D = D
¥
. SO w N
. > X,
% = B
4 a4
¥ r
> D —>{ D —#{ D [
¥
D : unit delay = X,

§ g 1 o oo o
7U% 3.2 shatwresmadrsiamesiunidnsiniadnsia 1/3

u 2> —p X,
T, —® TBA [—# RSC1 [ — X
TCA
B T, TBA [—#{ RSC2 [ —> X,
.
B Ty TBA |[—¥ RSCM - — Xy

TBA: nM93atmA1g (TAIL BIT ASSIGNMENT)
TCA: NM9AAEIUIINT89ANTUEA (TAIL CODE ASSIGNMENT)

< o = . ° o o
5191 3.3 nsdndanauasdtuniarasinsiazasnisidnsiamesiy
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3.2 msdesvanasiuriudasdanaiuuiniaan

o o da o . -
51U 3.4 uamanisdesiamelunidnsanisidieia 1/3 iaudesdnyoyrninuy

e d ae & o o L o e e
wFpan Al lun74eil deudesasfamaslududesdyynirnsdamadlu x,,x,X,) A%

ar o a ° v ¥

ndadwand (mulitiplex) lnadasinantaas (multiplexer: MUX) WATAALAYAL R8449S

as

g
a - o . | a ,
faul,m@ﬁwmm‘*ﬁ@maﬁmm (channel interleaver) A LW@Lﬂu@u"V‘gm Z URNTRIRCYTUN

LAY

o .
a4

A ar L3 ] as o o o .
nAuiy WBIFNE R Mwmmymwmwzﬁ'mgﬂmumm‘u%ﬂm‘qmm\iw

= Ie « A > |
fumaiannaddasdyqynnd (channel deinterleaver) A Anuudyarauildazgn

= g = o [

dafmandsaaadanwanias (demultiplexer: DEMUX) IiiluAsdaidanenielsfy

5 =

(YY) waziiuuald @, o uaz Q, \uarfusesaniusdesdyyine B 7ign
ala o=t A o o & o 3’/ =2 &) o s nll
pauwafanLazadaswand Ay Q, Q WAy Q, Auflua AuTIeIAn1Uzdeed Yyt

ARAARAIALIAIAL Y, Y, WAY Y, ATNAIAL

i Channel Channel
Kog— Interleaver A Deinterieaver — Yy Qq
F Markov :
Xj—> MUX x? DEMUX —* Y, Q
Channel B S
Xp— —Y, Q,

< o | ; -
319 3.4 nsdesviawmesiushutesdnygrniuunniaen

3.3 nsnansnainaiiv

P a v G Al A oA @ = a 3
Lu@ﬁ@'\ﬂum“ﬂ@ﬂuﬂ u, Lﬂu"limg@LLLI‘IJ‘lU%Wi‘ﬂ@NLWM‘H@NﬂﬂvO HAT 1 ’&l\iﬂzﬂ']ﬂ'ﬂqzlﬁ

Wertdusani3iuaesdnmdiulaiagn (Log-Likelinood Ratio: LLR) wiedasidiuaaa

s oo as

unfluade esinduiindays v, a1nRNAane (observation) O, = (0,,,0,,,,0,,) A1UFU

o o 1 el B p
FIDAATVALIREN 1 ANANNIIYN (3.1)

ig - (un =I|Ol)
Li{u,) bg_P(un 00, (3.1)

[

Tnedafidana o, = (0,,0,-0 Uszneaudedynailsfulsrdnaisaesaniue

o
dasdyaurnrinnsindulareadsanpimniaaifsaunisi (3.2)

Oi,n = (YD,n;l (n)>Yi,n’P(Qoln;l(n))zp(Qi,n))v ’ (32)
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(Al

o P P . o *
naunsh (3.2) o, dudhdanadamiusinensiadash i Anan o Terszneusng

iL/n
o

wazdunnouaeelianish v,  wazdndnsresdnius

i,n

Foyouuaesdedana v

a O,ni_l(n)

| A a [7) & ) Y
dasdrynyrniviiieadaspa P(Qy 1) WAT PQ,,) ANHATAL

[ Y

= I's A 3 o o5 ] v L4
A1s9LATYEA LLR luaunnsd (3.1) 4nsnsald8anesniuuuy BCIR MAP Faliinasail

(gAANUIN N)

ity = log oy =110
Lity) =g P(u, =0]0;)
P,=10) ©3)
P(u, =0,0;) .
= Lipriari (uu) +Lichamicl (Uu) +Li°x‘ (u") (34)
e
i Plu, =1)
LPmn(uﬂ) o8 Pl(Un =0) (3 )
. P(Yy, lu, =LP(Q,,))
L B s | (3.6)
b l(u ) gP(YOn [.‘Jn = O,P(QO,H))
o 1 6 PO [ X3 P(Qu) By 9)
Lim (uni_l(n)) = log e ) (3.7)

Tl 1) P(Yiy | X, P(Q0)) - Bia(5)]

(s',s): u“i_l(n)zo

él' [l a 17 19 1 a = . P -
annnei (3.4) dnasrelndayaarilsrnaunandni@nswdees (oriori information)

L oa(uy) 3198793094400 0104 (channel information) Lip.(e,) Wazd19812andviiudn

)
P =

Lo (uy) Toe1d19499 L, udnarsaesdndayaninsunnnsuasutiiaindnngns

al

o = ar ar i s A
L@ﬂsnmwnnmmwm@mm%u i [10] PN&NNT9N (3.8)

!"iprimi(ug) = chx( (un) Lﬁ@ J # 1 (38)

ANANNIN (3.5) WAz (3.8) Anntiazifluniess pw,) Auansldanndisansiendvisudn

1095 nansRAtaLRY ] FIannIg (3.9) uaz (3.10)

pi(u, = 1) = —SPLen () e i (3.9)
L+ exp(Liy (2,))
P'(u, = 0) IR S Lﬁ"a j#i {3.10)

1+ exp(LL, (u,))
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P98 N IRIR UL L

[~ chanael

@,) IV TIRRrT (3.6) fudnaansildannnisia
Aryryrouueailn u, ANNTeIdY YU HENANNIHAINYD TN AN THBRETUATN987997N
HaedtyyrnudagniEandt 41aans8unEudn (intrinsic information)

11819 L, (u,) Tuannish (3.7) dugnansfisumilasaisseaindsiad i de
Wmmmﬂmmsw?ﬂ@?u@zﬁmm’xmmmﬁm%‘uj anduaeils u,

N8NV TSl TaNATIAR LA T EINTRIANNTT (3.7) aznsrialanzn Ay
s ltindeys Tuniuagudauansy

WU P(Yy,0 | Xop = d,PQy,)) bIAN sl (3.6) Wa (Y, | %o = 4,P(Q;,) Tugunish
(3.7) Wudariduaruuiiluasy (ikelihood function) m@qﬁmn&mmﬁiéﬁu Yy, WAY Y, AN
éﬂéfmﬁfaﬁwumLfi'@u‘lwmﬁzyﬁwa‘iﬁzduﬂu d wazmvuaWsiduatazidurasanius
1R4d Y04 P(Q,,) Tednnlfaindnasdndidudnaeadsasfinnnes faluaunsi
(2.23) uax (2.24)

WqﬁcﬁummmLﬂu@?‘qﬁé'\mmié’mnmwmquﬁaﬁmmmmﬁdwﬂwﬁnc-ﬁ’w

Authaziflurasaonuzdesdnyyins feaunish (3.11)

o

P(Yi,u | Xi,n = G‘P(an)) = ZP(Qi,n = q) 2 P(Yi,n | Xi.n = d’Qi,n = q) (31 1)
qe®
=
LB
<. 2
P(Y,, | Xy =d,Q;p =) oL { (¥ =X,
\/2“53,(1 : 2004 Jx, =

[P i 6" as 1 (=1 < é’ 2 ar A
nTuaniatrasadAlsznausig 7 mmﬁaﬂﬂnummmLﬂmiqmmm‘lmmgﬂw 3.5

fy,t,, ()

i

P(Q;, = good)

P(Q;,, = bad)

o 5 ' oo Vg a o
719 3.5 muanuassaseddisznansing o sesiaiiuarusiniluadan iy

AnaATHAMATIL
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WAl o, (5) WOT B (o) WaNmaf (3.7) Avuandlsiann

a;,(s) = Zym(s 8)- 0t (5 (3.12)

s'eg;

Bi,n(s) = ZYn (8,8 B1n+l(s) (313)

SE]

Yi,n(sl!s) = P(Si.n =5 | Si,nfl = S‘)

P( 0,[4(“) | Sl - 1 =3, | 2 3, P(Qo ﬂ‘l(n)))
P(Y ISllL mp =i ln _SP(QIU)) (314)
A
LR
S| & v LM al o I
& WU AYDIANI UL TWALIDEN | LLﬂzﬂTﬂu’ﬂlu s, €

luaunsh (3.12) wail o, () ABAINUNAzLTURG dswadand i azagluaniue s
o ! 3
f1aan o denaneludeuiunusuninmsada luaned pe twaunisd (3.13) Ae
. W AEr A , N 4 v
arazifluiisadasiadesd i azegluaoius s Iuan o Wenaeaindrandeuy

LHUATWINTARE

4 . ol L k. = c o ¥ od
WavandadasianndagnimvualiiFusuiasfugananiuzgud fiutouls

q
1

a - =4 < 4
BALARUEN o, o(s) WAE B (o) LINAUENS s =0 usnifluniiaie s = o
anaunsi (3.14) §rnsuldsuulasdniuzancindneia ¢s Gullbilg wad
P(S,, =5 S =5) A TUANEINIA v, (v, luAudsny weid Anmsuasuanuzululy us

Ly = = o 2 as é’
RTWAUNNUNDUDIANNTN (3.14) gruntnAanilAsell

P, =58, =5) = P'(u e ') (3.15)
P(YO,n;l(n) l Si,n——l ’ 1 n =S P(Qo fl(n )) = P(YO,ni‘l(r'.) I un;l(u)’P(QO,n;l(n))) . (31 6)
'Sln 1 =5, |n_br(Q1u)) T *1u|X1n’P(an)) (317)

e L, WAT X, Lduum@umm”umwwmmmﬂmﬂ HUBDIUL (5,5) fan

aeandnsatenT | Faiuaunisn (3.14) ansodesdmllE sl

Yials,9) = P(u1_1(n)) PV, ety ¥y PQ i)+ PV 1 X3 P(Q1) (3.18)
neAanARIt AaITNe MaaneNNLLY BCJR MAP mmummmau’l@umwwa‘m X; , @”1@
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; PXi, =10 P(X;, = LG
I‘I(Xi,n) =10g ( in | 1) =log ( i,n 1)
P(X;, =0]0) P(Xi, =0,0)
= Lichanm-;] (Xi,n) + Liext (Xi,n) (31 9)
=
B ,
. P(Y.. | X, . =LP(Q n
L‘chamlcl (Xi,n) = 10g ( - |X1,D (Ql‘n)) (320)
P(Yi,n |Xi,n = O! P(an))
| LT a0 PO g 1 Py ) B
Lex(Xin) =log———= ; (3.21)
<>§ n=o[a""“(s VP ) Py 1y W10y P Q) Bim (S)}

Tunszuaunisug Avauiazitueesdian3an M ludisadnmnmasfasaiunniann

o

Aaaslendvsuinaaslinwiis Aaaunis (3.22) uaz (3.23)

e exp(Licx! (Xi,n ))
1+ exp(Liy (X))

o o ) 0 (3.23)
: I+exp(Ly,, X, 0

P(X;, =D (3.22)

Wanszununisuddugess dedeys o, @ wisognindulsaindinaissnassindoys

n

o a o o W e a
andanensiatassaleasanil fadeulaluannisi (3.24) uaz (3.25)

u, =1 07 L(,) 20 (3.24)

w, =0 87 Litu,) <0 (3.25)

. . o i o - o id
2R wIessanensiamefiuidnsnindaeia 173 uandldifegln 36 uas

Tassairaesfianensiatetiantlifegn 3.7
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Llpriori (u )

L Lo ) Liron (u)l Lo (W) |,

2
Dec1 — L' (1) \ Dec2 Ew
N Luxt (Xl) - e Lext (XZ)
-— T L A A
Sp SP
Y, Y| SP(Qy) @) Y,| Y,| SP(Qp) Q)
I
YO T\ ‘
Y, .
u
YZ

s s 4 ar o
519 3.6 sanenmimmesluntdnsinisdisia 1/3

Decoder No. i

Lll:)n (ni (u ))

= e Lo (u)
. L'{m; (u)) |
Loiori (W) —* MAP No.i » ! L—r» Liu)
> Lo (Xi)

£

nSPQYT ]
i

1
Yo Y SP(Qq) SP(Qy)

L. =(1} i iy
Li{m;(u) V- (Unl ,(1)),L (un;l(z))r'"L (Jni"(N)))

Lo (1 (9)) = (L (41 ): L (15 o i (81 )

< o a
519 3.7 Taneafwressnnansiatias
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unn 4

nstszanuAwIsRinasIDItasR N

a’l’ t S ac | = L3 d’ 1 ¥ 1 .
unilaznanqdelsnnsdsraindinimiiinesiestesdayqyinidadsznausng A1
Annthazifluseninldauaniuzdesdynin uazananuulslsauresdyginruniu

dwiuan1ursng 7 1eetesdeyaynnd

1 t ) = ar
4.1 nsdssrauAanniesiduresinsulagusaiusdasdy i

L& e e v o
anuhaziluaesnisilfausorvsdasdyyinuamnsalssanalalag ddane i
WULILON-1989 (Baum-Welch algorithm) dsldiuatinendsaansluntsfandes (speech
recognition) [8] ArrnUnazilusen1siddsuanuzangniuy ¢ ldddanus q 189

deedryeyrassnunsadszannslesiel

BB, = » _E{P(B,. =d\B, =q|SP(Z),R)}
e NN R0 @
_BPB =B =0 SPOR] 0

E{P(B, , = ¢,SP(2),R)}

ﬁlakq(q')-ck(q',q)-bk(q)

e ) ) (4.3)
Elak—i(q )} b (@)
=
LA
EP(e, /B =aSPOR)] = XPB. =0B, =aSPZLR) (4.4)
1 K "
k= I—{Elak—-l(q’)'ck(q,q)'bk @ (4-5)
] K
E{P(B,_, = ¢, SP(Z),R)} = 2PBis =9 SPELR) (4.6)
1 K r r
Zzgak (@) -by (6 (4-7) .

WAl EP(B, | =q.B, =q|SP@),R)} tuann1sh (4.1) dudraands (expectation) 484
Anuaviiundasdnnyimuaragluaniue ¢ LemINMBANINE

WA BB, =q[SP2)R)} Waunisd (4.1) Wudrpandsaesnnudiaziiud
] ar ] ﬂ“’ o lﬁl g ar ) & o fd’ .
dasdyaruasetluaniue ¢ WeinuaRewluresisiduaniianiiugedydnewoii
’ ar Y vor ) = 2 oo P ‘@
44 SP(z) wazdtygnnidiuanndesdtyn R wazdieldngreaudiuaunih (4.1) faz

LHRafIaNnNgT (4.2)
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a1l BB, , = q,B, = q,SP(Z),R)} WAY E{P(B, , =q,SP(2),R)} A N1snAudasliann
o , . J
NI5LAALAINLIRT (ime average) TUE291981 K Asudansluaunsy (4.4) was (4.6) AN
°© ar dl' ] 4 3 1 <3| A 3
aau esandesdny yrugninualiiasiudianiluaesnisuldauaniuzly
& o ) oy = .. d | mal a
wWasuulasmnuna uazimualiilananiBieedingn (ergodicity) Tuiluguaniifivg
InsaRenuF18ene (ensemble average) (Fadun1suiA1A1aNA) armnsognunuiae
NTRRYATNLINT
Tun1s3ae il iariienudnd sreanislszanaiatmntiazifluresnislfeuann

o o
ADUY ¢ FANANNITN (4.8)

: P(B, =1|B;, =¢
L(Bk|Bk_1=q):log~};((B _Ol'B“_z,)) (4.8)
oL k-1~

o

' P o -~ P Py ' \ a a
d1aansluannied (4.8) iunisFaudaudnsdiuaesnuiiasifunidesdyynnias
i ar Y a s LT S P
wanuangauy ¢ lWdanusiasseaniusd Insarnlanluauiunan waziiiaununal
P(B, =q| B, =q) AMNANN1 (4.3) aeluaunish (4.8) Inaldmaududusainannnsh

(2.16) lonanail

L(By | By, =4 = men(Bk [ Brey =9q) +Ley (B | By =q) (4~9)
o
LN
P(B, =1|B,_, =q)
P(B, =0|B, , =q)
K
Yay 1(q) - PRy | By =LP(Z,))- b (1)
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P.(Yi,n | Si,n—l = S')Si,n = S’P(Qi,n» = P(Yti,n | X[.n ’P(Qi,n )) (ﬂ1 5)



48

[ 4 - aa
Wutndayauasdanispaaenigidl

in al

< < <
WA WAZ X RUUAOTIUE (¢,s) IR n

@)

paesadnsation® i setiuannid (n.12) arnnradaulnalasel

Yin(S9) = P'(u_, 0 Qg i)~ PV [ X PQ) (1116)

o (n)

) P(Y,

m7 (1)

o

P § ! o , 1%
HEUNY v,,(s,5) INANNTN (0.16) avluannisht (n.3) wazuendalseneudanazfnanadl

=1) POY, i lu o =LPQ, . )
) & iOg i T n log ,O,ni (n) T {n) 0,7 (n)
P (u‘ o =0) POUJ,“(n) |uz;‘ i O’P(Qo,n;‘(n)))
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Abstract

In this paper, a decoding system comprising of a
turbo decoder and a burst detector is proposed for two-
state additive white gaussian noise Markov channel in
which one state represents good state with high Ey/N; and
the other state represents bad state or burst state with low
EyNg. As the gaussian noise model allows soft
information from the channel to be used, it enables an
improved performance over the commeonly used binary-
input binary-output channel model. In the proposed
decoding structure, the burst detector is employed to
estimate the probability of the channel states and pass it
on to the turbo decoder, so that these extra informations
assist the turbo decoder to perform a more effective
decision for each received symbol by adjusting the
likelthood function properly in accordance with the
channel states. Two key aspects of this decoding system
highlighted in the paper are the followings. Firstly, only
extrinsic information of the channel states should be
passed from the burst detector to the turbo decoder.
Secondly, the entire information both extrinsic and
intrinsic of the estimated transition probabilities of the
channe! states should be passed from the Baum-Welch
algorithm block to the MAP algorithm block of the burst
detector. Through computer simulations, it is found that
the performance of this decoding system is clearly more
superior to the conventional turbo decoder.

Keywords: turbo decoding, iteration decoding, Baum-
Welch algorithm, BCIR MAP algorithm

Introduction

Channel coding is generally an important and
effective technique for controlling random errors.
However, errors that found in wireless communications
tend to be clustered and commonly referred to as burst
error. Traditional channel coding techniques can become
ineffective when applied to this type of channels,
especially when the burst error length is long. At present
turbo decoding is considered a promising technique to
combat this kind of errors. Usually, studies of channel
decoding over bursty channels are based on the Gilbert-
Elliot channel model. This channel is a two-state
symmetrical binary-input binary-output Markov model.
Various techniques such as decision feedback decoder [1-

3} and supertrellis diagram that jointly describes the channel
and encoder [4] have been proposed to improve the
decoding performance. Although the Gilbert-Elliot channel
is appropriate and widely used, it gives a hard decision at the
channel output. Accordingly, some channel information is
lost and the optimal decoding may not be reached. More
recent studies [2,5] consider two-state additive white
gaussian noise Markov model in which one state represents
good state with high E/Nj and the other state represents bad
state or burst state with low Ey/N,. This model allows soft
information at the output of the channel to be used in
decoding process, hence better performance can be obtained
in comparison to the Gilbert-Elliot channel. However the
likelihood function for the channel state estimation in [5] is
not appropriate and it cannot extract - the extrinsic
information from the channel state detection, so, the near
optimal result cannot be reached.

In this paper, we propose a decoding system that
composes of two separate blocks, namely a turbo decoder-
and a channel state detector, for two-state additive white
gaussian noise Markov channel. The function of the channel
state detector is to estimate the probability of channel states. .
Since the channel has only two states, we will refer the
channel state detector as a burst detector. This channel state
information is passed on to the turbo decoder so that the
decoder can appropriately adjust the likelihood functions in
accordance to the channel state. In return, the turbo decoder
informs the burst detector of the probabilities of code
symbols. The main feature of this proposed decoding system
lies in its superior performance over conventional turbo
decoding systems. In addition, the added burst detector does
not cause much changes in the structure of the turbo decoder
as it is a separated block from the turbo decoder. Therefore,
the decoding system complexity is not substantially -
increased whilc it provides extra and useful mformaflon
regarding the channel states.

An important issue that must be addressed in the-
burst detector is how to estimate the transition probabilities
of the channel states. We show that the Baum-Welch

- algorithm [6], as a commonly used algorithm in the field of

speech recognition, can be effectively applied to obtain the
estimates. We also point out the similarities and differences
between the Baum-Welich algorithm and the BCIR MAP
algorithm. Although both algorithms use the forward and
backward recursions and have similar composition of the
informations, their utilizations of these informations differ.



We introduce a definition of the log ratio of the estimated
transition probabilities of the channel states. This
definition allows the separation of the intrinsic and
extrinsic informations of the Baum-Welch algorithm,
simnilar to the composition of the information from the
BCJR MAP algorithm. However, in the Baum-Welch
algorithm, the entire information must be passed to be the
next priori transition probabilities of the channel states
for the next iteration step, as opposed to the BCIR MAP
algorithm where only the extrinsic information is
transferred to the next iteration,

The remainder of this paper is organized as
follows. In the second section, detail of decoding system
is explained. In the third section, some simulation results
and discussion are presented.

Decoding System

In this section, a turbc encoder system with a
code rate of 1/3 as shown in Figure 1 is considered as an
example for the decoding analysis. In the Figure the turbo
interleavers n, and =, are used to decorrelate the data bit
streams u =(u,,u,,..,uy) fed to the two constituent
encoders, where N is the data block size. The channel
transmission model is depicted in Figure 2. Notice that a
channel interleaver A is employed to satisfy two
requirements: one is to achieve statistical independence
" between the turbo decoder and the burst detector and the
other is to distributedly scatter the burst errors over the
transmitted symbols providing statistical independence of
consecutive received symbols. Before transmission, the
codeword X -=(X,,X,,X,) is grouped and interleaved to
be the channel input Z =(Z,,Z,,....,Z¢ ) . At the receiver,
the channel output R =(R,,R,,...,Ry) is deinterleaved
and  demultiplexed to be received  symbol
Y =(Y, Y. Y5) . Q =(Q;,,Q2,--Q) is 2 sequence of
the channel states associated with Y; =(Y[,,Y, 3, ¥ n)

where i =0, 1 or 2. P(Q) =(P(Q;),P(Q; )., P(Q 1)) is
a sequence of channel state probabilities of @, .

Figure 1: Turbo encoder of rate 1/3

Q =(Q,,Q,,...Qx) is a sequence of all the channel states
and also the channel interleaved and multiplexed version
of (Qp,Q1,Q;). Py =P(Q, =1\Q,_, =0) is the transition
probability from the good state to the bad state.
P, = P(Q, =0\Q,_, =1) is the transition probability from
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the bad state to the good state. Both P,and P, do not

depend on the channel time index k. For the channel state
information, ‘it is estimated by the burst detector. The
decoding and detection algorithms adopted in our analysis
are the BCJR MAP algorithm [7]. The combination of the
turbo decoding and the burst detection is shown in Figure 3.

Channel . Channel
> D
X 0 YU Q o

Z R
X, —{ Grouping Markov Channel (—a» 37} DEMUX — Y, Q,
Q —
XZA»‘ Y, Q,

Figure 2: Channe! transmission

Ll (W)

L Lo () Liea(u)
LW

Dect b L' (u) Dec2 L (w)

o Lo (X1) L (Xg)
trer it
Yo Y, PQu) P(Q)

Yo Y, B(Qq) B(Q,)

Figure 3: Combination of turbo decoding and burst detection

The log likelihood ratios of data bit symbols from the i -th
decoder are calculated as follows.

_ P, =110)
L' (u =lo i 1.1
{ ﬁll(n)) gP(u L =0\0,) ( )
' (n) .
. L]priuri (un; l(n)) + L’chnmm] (u‘lli_l(n)) + Dcxt (uﬂfi(ﬂ)) (1 2)
when
P(un._‘(n) =1 5
Lo (0 = log————
pnorl( nix(n)) gP(U . - 0) ( )
. o {n)
L (u_, ) =log P(Y°~"T‘("> \uﬂa“ w I’P(Qo.ﬂ; o)
~channel \2_ - 1(,‘) A _
. POV, oty Mt oy = O P (Q )
Lic«\t (uﬂ:l(n)>
> 211 (6) Py \ Ky PQ10)) B (5]
R
=log——2 - @
2[00 1) PO \ X Q) By 9)]
(s',s):uﬂf|("):0
U is the data bit of branch (S, , =55, =s) of the
i - th constituent encoder at the time n
Xin is parity bit of branch (S;, , =+, =s) of the i-
th constituent encoder at the time n v '
Sin is the encoder state of the i-th constitient encoder

at the time n



Oin = ((P(Q)rP(Q ) T (Xo)s Vi)

= (PQy 1 PQin) ¥y o Vi)

is the observation associated with the i-th
decoder at the time n .

O; = (Oi,l’oi,zr"’oi,N) = (T[i@(QO))!P(Qi)xni(Yo)le)
O;‘,lzn = (Oi,n, 5Oi,n1+l>0i.n\+2""’Oi,n2)
G 1s the set of encoder states; s,s € &
ai,n (S) = ,zlyi,n(s"s)'a‘i,n—l(s,) (5)
Bi,n(s) = ‘ZC‘Yi,nH (sys,)"Bi,nH (S') (6)
yi,n (SI’S) = P(Sl 0= s\ xn 1= SI)

POy 10y Vs =810 =S PQ 1))

P(Y, NS, =88, =5,P(Q,)) (7)

The equation (1.2) show that the information of a data bit
composes of the intrinsic and extrinsic informations. The
infrinsic  information has the priori and channel
informations as shown in (2) and (3) respectively. The
priori information is the log ratio of the priori
probabilities of the data bit in which is estimated from the
extrinsic information of the other constituent decoder.
The channel information depends on the received signal
of the systematic data bit and the characteristic of the
channel. The extrinsic information in (4} comes from the
structure of the coding regarding other bits. The
summations in {4) are taken over all possible branches at
time n that give the associated data bits to be one and
zero in numerator and denominator respectively. If
branch (S;,., =¢,8;,=s) is possible, thc transition

probabilities of the encoder states, the likelthood
functions of the systematic and parity bits in (7) can be
simplified as follows.

P, =s\S;, =5) = P(un_—l(n)) ()
P(Yo,n“(n) \Si-"*l =880 = S’P(Qo,xr'(u))) |
=Py 1y VBt P(Q i) €

and

P(Y \S”1 \ —s,Sln =5,P(Q; )
= P(Yi,n \Xi,an(Qi,n ))Xa,n = parity cf(Siynﬁlzs',S;'“;s)‘ (10)

The likelihood functions given by the probability mass
function of the channel state in (9) and (10) are the sum
of gaussian probability density functions with different
noise variances and weighed by the probability mass
function of the channel state as follows.

P(Yi, \X,n =d,P(Q,,))

= Z@P(Qi,n = q) ' P(Yi,n \Xi.n = d!Qi.n = q) (l l)
qe!

when

P(Yvi,n \ Xi,n =d, Qi,u = q) =

xp( _ ha —ii,,,f]

27us§‘d'- \ Z‘Tf].d x.,,_c;
(12)

=1 thenX;, =1. If

X, is mapping signal of X; . If X,
X,, =0 then X, =-1
channel state is g and input symbol is d. By using the
conditional likelihood function defined in (11), it is easy to
extract the common factors of the right term of equation

{1.1) as intrinsic information (2,3). Because all constituent
encoders begin and end with zero state, «;,(s) and

Bin(s)are zero for s=0 otherwise they are ome. For

. o4 is the noise variance when

simplicity of expression, analysis of tail bits is not shown in
this paper.

The log likelihood ratios of the parity bit symbols
from the i -th decoder are caleulated as follows.

: P(X,,=1\0O)) P(X,, =1,0)

LX) =log =log :

' P(X,n =0\0)) PXi, =0,0) _
=3 Lch;mucl \Xi.n) +L‘|:xx (Xi,n) (13)

when

i P(Y| \Xin=l)P(Qin))
L hanuvl( 111) :lOg = - .

P(Yi,n \Xi,u = 0>P(Q1n))

14

L’lcxt(Xi,n)
T [ B ) PO )V P ) B
=log D -
3 s P ) PO, 1 V1 P Qg ) B )

- (15) .
Equation (13) shows that the mformatmn of the
parity bit composes of extrinsic information and intrinsic
information from the channel. There is no priori information
in this case. When BCJR MAP algorithm is applied to the
burst detection, the log likelihood ratio of the channel states -
attime k can be calculated as follows.

PQ.=1\PZ),R) _ '

L(Qk) 3 log P(Qk -—O\P(Z),R) charmcl(Qk) +L x.\(Qk) |
(16)
when E
; = P(Rk \Qk =—!5P{Zk))
channe :1 . 17
Egpamnet (Qi) OgP(Rk\Qk=O,P(Zk)) (17)
oy (@) PQ =1\ Q. =q) by (D)
Loy (Qy) = log-i< ©(18)
K o) PQ=000 =0 0@
af@ = zeck(q,q)-ak_lm ' (19)
g'e
bk(q) = Zcm(q,q’)‘bm(q') _ (20)

¢ (9',9) “P(Qk'—q\le q) - P(Rk\Qk_q;P(Zk)) 2



0 . is the set of the channel states; q,q' e ®

The term PR, \Q, =q,P(Z,))in (17) and {21) is the
conditional likelihood function given by the propability
mass function of the channel input. It is the sum of the
gaussian probability density functions with the different
channel inputs and weighted by probability mass function
of the channel input as follows.

PR, \Q, =q,P(Z,)) = ZP(Z =) PR, \Qy =q,Z, =d)

(22)
when
~ N
: 1 R, -Z)*
P(R,\Q =q,Z =d) = - uxp{—( ‘; . 3) (23)
‘/chq,d Ogq,d )2, -4
Zk is the mapping signal of the input symbol Z,
A is the set of the channel input symbols; de A

The channel is assumed to be statistically stationary and
in steady state condition, so the boundary conditions of
~ ay(q) and b (q) are

2@ = {P(good _state), q=0 (24.1)
P(bad _state) , q=1

bo@ = {P(good_state), q=0 (24.2)
P(bad _state) , q=1

when

P,
P(good _state) = =

P
and P(bad_state) = —L2— (25)
P, + P, P, +P

2 b

Equation (16) shows that the information of the channel
state Q, composes of the extrinsic and intrinsic

information and also notice that the intrinsic information
contains only the channel information; no priori
information is involved. Based on owr analysis, the
exchange of only the extrinsic information between the
turbo decoder and the burst detector allows burst
detection to be performed in every iteration step of turbo
decoding without waiting for the convergence of the
turbo decoding loop. This reduces the number of iteration
steps without sacrificing the performance of the
decoding. Structures of the turbo decoding and burst
detection are shown in Figures 4 and 5, respectively.

" When the channel parameters are unknown, the
parameters must be estimated by using the decisions
made by the turbo decoder and the Markov chain of
channel model. The channel model is assumed to be
statistically stationary and ergodic, so the time average
can be used as the ensemble average. The average
transition probabilities of the Markov channel can be
estimated from. '
5@y ~a\Oy — gy = B Qi =00, = 9\ PR

EP(Q.; =q \P(2),R)f
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_BPQus = 9.0 =0 F@),R))
EP(Qs = ¢, P@)R)]

K
k§ak~1(q')-ck(q’,q) by (@)

= < . (26}
Zak-x(q') : bk-1(q’) ’
. k=l
when
BP(Qyor =90 = 0, F@),R)]
1 K. L - :
% 2PQ, =1q,Q, =q,P(Z),R)
k=1
1 K ’ I .
:Ekzakfl(Q)'Ck(qu)‘bk(Q) (27
=1 .
g . 1 kK. R
EPQ =4, P@LR) = 2PQur =4 FAR)
: =1
i K ’
== E 2.8,1(9) b (q) . {28)
AN k=] .
Decoder No. i U ()
e > L)
Lo (1) —-..LK_‘.JJ MAP No. %’ tw
Lea (%)
(Yo ] 7 (P(Qy)) | :
r —F—
Y, Y B(Qs) Q)
STCACH IRETE{CHR R CHNI S ¢ R )

L @) = U (1 Wl (01 o L (8 1)

Figure 4: Structure of decoder No.i

The log ratic of the estimated transition probability
from state q'is defined as follows.
E(Qk =1 \Qk—x =q) (29)
PQy=0\Q, =q) :
Substitute P(Q, =q\Q, ; =q) from (26) in (29) and use
(21), we obtain. .

L(Qk \Qk—i =q) =log

L(Q\ Qe =) .
= LPriori(Qk \ QH =q)+ Lexl(Qk \Qk—; =q) (30)

when

Lprion’(Qk \Qk—[ =q') =log

P(Qk .y 1\.{.21(4 . q’) (31)
P(Qk:O\Qpl:q) s
« |
. , 2oa(q) PR, \Qy =LP(Zy))-b (1)~
Lew (Q\ Qi = @) = log2=! - —
kz_lak_l(ff) PR AQy = 0,P(Z,))- b, (0)

| | (32)

From equation (30) it is seen that the Ba_um-Wélch

algorithm has both intrinsic-and exirinsic informations.




Notice that the intrinsic information only contains priori
information. Our investigation reveals that it is essential
for the Baum-Welch algorithm to pass both informations
to the MAP algorithm block of the burst detector; this 1s
depicted in Figure 5. )

It is fortunate that a,(q) and by{q)  are already
available in the burst detection. Hence, the estimation of
the transition probabilities is the byproduct of burst
detection. Moreover, in our investigation, it is found that
the forward and backward recursions of the Baum-Welch
can also be calculated by the entire information from
turbo decoder. In this case, the estimated transition
probabilities of the channel states will not change.
However, in such calculation, a,(q) and b,(q) are not

available from the burst detection. It must be note that the
forward and backward recursions of the burst detection
must be calculated by the extrinsic information of the
turbo decoder. The noise variance when channel state is
q and input symbol is d can be calculated as follows.

SPQ =) Py = &) Ry~ Z) by o
PR = (33)
SR =) P, =

P(Z,) and P(Q,) in (33) must be calculated by the
log liketihood ratio of code symbol from (1,13) and of
the channel state from (16), respectively. The noise
variance estimation is shown in Figure 5. The calculation
by the extrinsic information is prohibited. Noise variance
should be updated when iteration loop of turbo decoder
and burst detector converges otherwise over updating of
the noise variance can deteriorate the decoding
performance.

Simulation Results and Discussion

To evaluate the performance of the proposed
decoding systems with known and unknown channel
parameters, a simulation result over the two-state additive
white gaussian noise Markov model is given and
discussed using the following configuration. The first and
second turbo interleavers are random interleavers. The
channel interleaver is random interleaver. Data block size
is 300 bits. It is assumed that noise variances do not
depend on the channe! inputs. The low E, /N, are fixed

at two values, i.e. —10 dB and —4 dB while the high
E,/N, are varied from 2 dB to 6 dB. The recursive

convolutional encoders are all the same. The feed
forward and backward generator polynomials are 9gu
and 154, respectively. The memory size is set to three.
The performance of the systems is measured in terms of
bit error rates. :

Figures 6 and 7 illustrate the performance
results of the proposed decoding systems with known and
unknown channel parameters, the conventional technique
and the maximum performance limit that can be achieved
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under an ideal condition. In Figure 6, P, is 0.1 and P, 15 0.3
whereas in Figure 7, P, is 0.033 and P, is 0.1. For the

maximum achievable performance limit, the turbo decoder is
provided with complete and accurate states of the channel at

~all time. Note that for decoding of the conventional

technique, the noise variance. taken in the analysis is the
average of the noise variances in the good and bad states
with the weighting factors of state probabilities. It is
apparent that the proposed decoding systems both with
known and unknown parameters outperform - the |
conventional techniques in all channel conditions. It can be
seen that the bit error rates between the proposed-decoding
systems with known and unknown parameters are-almost
identical.

E(XGrchng ] L
) .
LefXo) o : = Q) .
N[ Lot@) _
LX) ,_ o 1= B
Lu(@) o
L3 11 2l . > oy
B Welch - A
qu \Ok I)
-1 > PuME
Burst Detector channel siste transioon probabiltes By, Py cnleuintion

_Roise variance

PMF: Pronabity Mzss Furction

LX) = (LG LK) LG ) HO[ pMF ;
ol | Nese calcudation LQ

Leu(Q) =L@ b (Quads b (Qund) valince | -

extimaton | P(Z)

LQ) = {Q) Qe L(Qy))

PQY =i, P(Qia ) PIQin)) Channal

‘nlerieaver

R Grouping

, B(Xy)
UXo. —j
PMF

LX) 21 caicutation

LX) —»

Figure 5: Structure of burst detector and noise variance
estimation

‘When comparing the performance of the proposed
decoding systems with the maximum . achievable
performance limit, a rather big difference between them is
observed and the difference tends to get wider as the value
of high E, /N, is increased. This is as expected because the ™
performance limit is obtained with the condition that all ‘the
channel states and the actual noise variances are perfectly
known at all time as opposed to the proposed decoding
systems in which the decoder with known parameters must
acquire the channel states by itself through the burst detector
whereas the decoder with unknown parameters does ot
have any information regarding the channel at all except for -
the two-state Markov model] assumption. .

Another interesting observation that worth
mentioning is that the gap between the maximum achievable
performance limit and the proposed decoding schemes
becomes smaller when the channel states change less often,
i.e. P,and P, are small. This is because the burst detector is



more effective when the channel states do not change
frequently.

In Figure 8, the bit error rate performances of
the decoding system when the first turbo interleaver is
used {random interleaver) and not used (i.e. identity) are
compared. The data block size is 900 bits and low E, /N,

1s fixed at —10 dB. The bit error rate is improved when

the first turbo interleaver is used, because the channel .

interleaver performs interleaving process by symbol
shuffle (ie. group of (X,..X,,,X,,)) instead of bit

shuffle. If the first turbo interleaver is not used, the data
and parity bits from the same trellis branch of the first
constituent encoder will be transmutted consecutively and
both bits are more probably corrupted in bursty channel,
especially, when P, and P, are smaller.

In addition, the Baum-Welchk algorithm can be
performed in every iteration step and does not necessarily
wait for the decoding system to converge before updating
the transition probability estimates.
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