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## 4471836521 : MAJOR ELECTRICAL ENGINEERING
KEY WORD: DIFFERENTIAL MODULATION / MSDD / SPACE-TIME MODULATION / TURBO CODES

PISIT VANICHCHANUNT : APP DEMODULATOR FOR TURBO CODED
DIFFERENTIAL UNITARY SPACE-TIME MODULATION. THESIS ADVISOR : ASSOC.
PROF. LUNCHAKORN WUTTISITTIKULKIJ, Ph.D., 78 pp. ISBN 974-14-2545-7.

In this dissertation, an iterative multiple symh;ﬂ differential detection for turbo coded
differential unitary space-time medulation using @ posteriori probability (APP) demodulator is
investigated. Two approaghes of different complexity based on linear prediction are
presented to utilize the temporal correlation ef fading for the APP demodulator. The first
approach intends to take accaunt of all pessible previous symbols for linear prediction, thus
requiring an increase of the number of trellis states of the APP demodulator. In contrast, the
second approach applies Viterbi algorithm to assist the APP demodulator in estimating the
previous symbols, hence significantly reducing the decoding complexity. These two
approaches are found to provide a frade-off between performance and complexity. It is
shown through simulation that both’ approaches can offer significant BER performance
improvement over the €enventional differential detection under both correlated slow and fast
Rayleigh flat-fading channels. In addition, when comparing the first approach to a modified
bit-interleaved turbo ceded differential space-time modulation counterpart of comparable
decoding complexity, the proposed.decoding structure can offer performance gain over 3

dB at BER of 107 for the narmalized maximum Doppler frequency range of 0.01-0.1.
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(space-time trellis code) [7] [8] lunisduavnansviamlsgiuazinaiiuuuaaniuay
o a [3 1 [~3 |¢=4I v [ dl 1 v o a a
nszinazuden  Tasusiavudenazlinaodesiu  Sensannisdnsiadielsguazioan

s Ao d : 4 A4 o v o= e
wUUWeada  Nsvanta luwiaznatazinaatiesiulilnenaen lunnsnensiadslEniuay



N

WAL TnasldfamsadanLLRmest (Viterbi detector) WAZANNNANIINEN

dunuandliiiudy  sladefiguaznaisaesuuuiiannsnldlane fndaBnluas
% ] = a Aa d”@'q/ = a o dl o

a1 biaealLsrAnEnn uazuananIidiannddy [131-[15] Nuuanetsiand s

a alld ! o 3 Y o v a a

AAnaIANRAINAINITIgAEY samesTu (turbo code) [18] [19] Wil ldiuswaigaLFnH

A a v X =
LL@3L’J@'ﬁ’]qgﬁL"WN@N??ﬂugm@Q?ZUUIWﬂﬂﬁmu1ﬂﬂﬂ

1.2 AnNdrALazANIaasilum lun1saae

1A URIITATNLTARUAZIIA1A9NINTY [4]-[17] dnazanyRdIn1AFuNI LA

&

dutlsz@naminng  (fading coefficient) 289NALAUNINTEUINANLBINARILATTUBEN9EN

q

fea Tnelunedfimuds ﬁﬁﬁmﬂizaw%‘rmmﬁﬁﬁ'qL‘fluﬂ'ﬂLmmﬁmmﬂ@mmumﬁmﬁagmﬁm
(channel state information) ‘L%ummmmiﬁmﬂﬂ’l‘iﬂ?zmmﬁmﬁmiy’]m (channel
estimation) Iman1slEdnyansndtia (pilot symbol) NI LALIE VAT I AU LASR L
atalsfiA Wedesdtuanidnmaanuudadliagnmnta WeminnsndeuiinEtuaes

glisng A Tiniadeaailusiesdedmyaneaiinimusnay  waliniaduldlunig

dszannutasdynnatiesan Wiiusaenislaauulasesiduilsz@nsmnbs uazsonimveg

o 1% a a

dl v ] ¢ ©° d” é/ = ° 2 2 = 74 4 [ Y%
NABIAIATUANTULUININT LY @QV]WIVL‘M@@LQ@’]ELuﬂ'Wﬁ‘ZN?J’ﬂH@uﬂEI@Q Wunaldse@nsnin

o

1
=

Tunslduuudindideass tafazutlatioymisangann asouidaluenanssneded [20]-

[23]  FUAUBIDNIITNONAAENLEANUAZINAMULIANNARNS  (differential  space-time

o

modulation) A lEA1ATUA1N130 19n19M9999AEIEARNS - (differential  detection) U
o/ dl Yo al o/ o L8 dl o 1 o/ s o‘d‘ ] -7 o/
Fuoomnldfunazaasdyanenl  iavsiauasusazdyansnidanlilnglifasande
ANGNUZANTIN AR FrannetU g T Tunnmsaad ey aifaur (noncoherent
detection) BgiNanila msmqmmL%\‘iﬂ?‘gﬁmemme?mmwmmmm@‘hLLuﬂ@@ﬂiﬁ iy
aavlsznmae LUUNRADUAWIGGU (constellation) ungil (group) [20] [21] wazuUL
m@umm@%ﬂmﬂuﬂqﬂ [22] [23] 5@LLﬁfhmm@@Laﬁuﬁmﬂ?‘gﬁuama%muL?ﬂ\m@ﬁiw,mu
tﬂld o/ 3| = o v A Yo £ o o 1 dld o/
npeusatudunglazil | Aauaugluuyliiaenldreuingardnnduuuniaauamiady
[~ nﬂl v o o [~ 1 o/ a a
134Lﬂuﬂﬁ;ﬂ iesanndeniuunresAuantinsidungt  win1snegadulielTgRuazioan
a \ prp o o sy aa o
wuLEsHasRU LN NAeuaadilung ANdenndAnye ngvilane mmmmmﬂmﬂm
°Lum@mm@muummmmﬁﬂ miwmmmmmmﬂmwﬁﬂL@ﬂﬂumi@mm?ﬂm?q I i
FetnaaanisAuanadliIdesinaunn AumuziuszULININeg AN AN lFBIN1IANNY
dudaunniin [24] wazdasmeianuidalidnednusaliutiasanlaenne nsuegIaniEs

ifuazauuuifas widaeuamaduiiungl



Wunsuiuadn  sruunisueg@adeli)RuasnawuLEINas N1 ATUaNAt
N9 AITNNARNLLUAILAN (conventional differential detection) Talddty oA lasy

~ o o e Y S = ~ Ly =
NATAIATYAN LU 1‘1/1@34’3"3‘01&5‘1/]@LN@%@\‘]Z&QQ&IWMNHW?L‘]J@EIMLL‘]J@Q@EI’N‘H’W 7] NN

NN9AIATALTINAANULLL HN1FANNAIN AN s AnTmpRalANA ludese ez a1 I89499

q

o

Arydnwoiedfniu  usidedesdoyonainadasuilasionniy - anssouraessEuL

[

o 1 [-3 v 1 = d”d = a o U a dl

pananafazsaaatldatraunn wazinaudlatlymiddisnndaluenansdnsded [25] uay
[26] M@ nalianIATRdaEHamaaduanenl  (multiple  symbol  differential
detection: MSDD) @ailundaniudluszuuangainidiaen (single antenna system) [32]-

a

[35] mﬂﬁ‘tzﬂﬂmﬂ%ﬁﬁmzuumammWmamammﬁ (multi-antenna system) Iﬂ&lﬂ%‘LﬁIN
SrunudeydneniFluntsnmadaliunnniiaes %qﬁﬂﬁmma‘mﬁuﬂa;mmmumm
MAFIR R TALLLAmAsT (Viterbi detector) WiRTwld

RN AN TN UTS AR ANAATIF (bit error rate performance) UR43UL
nsnegeadigiuesauuudmai e iiiaullen.  AdlAseiiiiensiautle
ANEANANAT NI N ATT AL (iterative decoding) uwanld  Taaanidqelu
enanadnaded (271 ave msveganidnsiauazasudnsudln  (bitinterleaved
coded modulation: BICM) athadngfiviie paLtnsvianaulagdis (convolutional encoder)

waz faaduaALEeln (bit-wise interleaver) NIF@MLLLBYNTY (serially concatenated)

o a a = J dl tzll Ddgl v 4 o Y °I I o 4
ﬂ'i.lﬂ'?'i‘ll'ﬂ@]LZW]L‘IN‘LE‘QNLL@ZLQ@WLLU‘]_JL‘I]\‘]N@WN wzuumimﬂuﬁfnmumum LN

|
[

1s2@n5nnlunsauunsI N A InalasaaF9re9ssLLnaATHALL LYW ANIATL
Usenaudag MUENNIATUIAINFTNNIIATIAIATNKHAR N a8 Ayanend (MSDD  metric)
WAZAIATIADRATTALLLAMASTNNNNFAAUlAwLUENFA (hard-decision Viterbi decoder)
vnuthiinenasianaulagdiu. ainnasssiidaniamansuaznisaaassaanauiomes
Tnadnszuusainanalfanssouenndmidesd o oimnnesnu@aunuylsd (Ricean flat-
. a o ¥ a tﬂl v ¥ o o v o 1
fading channel) s34 lulanansdneden [28] lAaueliindadnsiamaiiuniseaynsy
o a a a [} d' o 74 a
AunTaNeagen TN F)NuazIa ULEINAsNY - InennIAFuRNsUssans MussNN19R999
TANHARNNLLULANLAN (conventional differential detection metric) LAZLNFTNNTATIAIA
TaRAFNvaIEdyanenl  (MSDD  metric)  uNAUAINEAIRANNINEAARA  (modulation
decoder) alildszuunisnensiauindanssauzgadnindlinaninaiiug  (capacity
e e 4 A N o 4 -
limit) & wiuszuv@eansiiiuanuii@aials (reliability) vesdoya Feszuusnananli
o o v o o 4 -
ANTTOUTANINTTULNE U aNa1387989R [27] Wiegannangnnialunisud lmanuie

napassamesluNwtandnsianauligdi adwlsfia nisdmasiiusEnniInmadnid



N

nasenanedydneninldluenansdeged [28] HauyAgiudndndlsz@naulamaiaindm

[ %

AARATI989NNI4UNA (observation interval) N lunnsmadadanas1sanadyans

=N

dl [ % ¥ 1 dll ] o = dl 1 @
fenn Wanssnuzaasssuufesadlilagnann Wetesdnyyniniadasuulaseesniia
nuAAeTuanan8198en [29] 18awmsei ssuunisneganiiaigiuazna uiLiEaNasng
4:4‘ ¥ o a o A 17 o i’/
ndnsautlapouiionain  auauawgluuy (scheme)  Aa  nsudnsviavanedu
(multilevel coding: MLC) NM3Naganidnsiauazadua1Aud@aiia (bitinterleaved coded
modulation: BICM) Lmem@@L@m‘ﬁLiﬁ?ﬁmmumu (hybrid coded modulation: HCM)
Tneinasuldnismsadadnasimaedyansnl uazlaldaranqiludaiinanssnue
29T ULTIANIILLY  wanANREN lEuIANInUITIER I ANNEANAI AT ATDITTLILIT
a1 Tnenn99na03satAaNNALAas ANEANNIAATIZIN LANULG N19ATIATALTINARNIIATE

a a

dnyaneniazlidsz@ninand nitazuy MLC uay HCM uwaNlsy@nsnadaaasdnuiusyuy

BICM Tanaminatniuamdliidfiudn nnasiaziiinismsadaidsnasinanaadryansolld 1491H
S P A 4%\ . .
Tnanatiu anflunniadesiasiglituunis@ansessidenisuenian waznisdnsiaudla
ANEANAATMNNZAN  wAedlsisenRdsliendnseneden  [29]  Asaldldtinien
WNUNINNIARAUBINITNDLAATILINHEAZIAIMN 1HN Tun19mgaadnlTenas1euane
dnyaneniusadneln g Wsznudsldanunsanieuldatiuan widesdnyoynndinng
wasuwlasasinemmdy aRdeluengnsa1easi [30] Hauanistinensiandlananuiie
wapetwieLty sianeuligdu uavaiauden (block code) N1 ldAUNINDALAMTILENH
wazaULLLEINAsN uazldianeliniaiuldnsnansiauasanesanuuLaugn (iterative
decoding/demodulation)  Taensuanulasuaianiiazifuiiaswas @  POSterior
probability: APP) szudnefianNanianes uazsanensia (decoder) TAMKANIIANABINL
1 [ % 1 4 dlt:l zﬂl Y @ % 1 v o
dnszuvssnanlianssousipunieldusendeyauinlug)  warldaususauaesnismu
% d’ o 1 U dld < d‘ U aaa I's
NN NITITUVAINAAWNII0 WANTsnUA  fillasuiannnisldiaiinanesames
(APP  demodulator) %ﬂgﬁﬂ@zimﬂ@mLLmumwmmammmmﬂ@,@mﬁqﬁqﬁmem

Usznaunudnislddyansniindaalunislscannudasdynione - usedelaia  d1des

o = o

Ay ufinalasuudaafaunnauinn Idfesdedyaneniiiunniu  iunaldiniadedas

o

mﬁﬁyﬁﬂmﬁﬁﬂﬁmﬁumﬁu avin sz avanwlunnslduundinianas  wenannii
sddeluenansdneded [30] AdelalldRnnsdaennisnanadadawasiiaang fryansniun
usitlaznngle lulenansdnesan [31] 1§Lmu@3‘:§nﬂﬁm@@Lam?ﬂwwmﬁl%@émwﬁlﬁ
mm*ummmﬁﬂmimwimﬁiyﬁﬂmﬁ'mmimmﬂ% NFUENANBNT U (singular value

" ‘ill ! A o o o e—z:; Yar o [ dtﬂld
decomposition) L‘Wfamﬂ@mmﬁmusﬁﬂuslummmmmmanwmwimn ANNTUNTUNU



Auansdtyaneoidinnn uiaeslsia Aanssenanazldansnusinilaniaiuldans
21NIAFLAUAUNIN wazANANLYANE R Rvestasdty oy nuiiniaanuutlasaginedn o

andanaasnimmadaduanaratadyanenl [25] [26] Aanusoudtoymnlu

N o s £ a = = \ = » = N s o o

natunduisv@nawpaeiinisilasuilasesnemniie wardenreaeinanegiamas d1mis

sruuansanAnenluenasdneded [321-[35] delilszdninngalunisuanilaauang

AsduiuNNInansALasANagwaLUUEY  9udde ludnentinuseiuiaeiuuAnay
[ ?/ Y v o a e AdaaA rdl ¥ v A
puanuannisieaeadndeeiy  Taaauladinssileiianagamefilinisnsaadnime

AaraadryaneniduiuszuudaiaainiAvaiagiaand lealdinislddyaneaiin (G

¥ a a

graendneninusiliinaueluenaisdsaad [36]) waziauansisilszlamiansmannisil
= Y o a a a a a 1 ndl v 0% dl Y
avldimuszuunsnegandivilagiuazinauuuginingassidnsiamasiu  Gali

L 1)

[

fnaAuRanaadnfa widienadindnnnmadniinsuniu (signal to noise ratio:

o =

SNR) azflAntias d1u5unsaindndssdnaaneinisdasuilaaduazdn nanaasu 16
al o 2 o a 1 o %3 Ll o alaa raid
AnsimunsrynAlin19n9RIRENKARA AN AtUANHRlTINAL  leRiANBRIa e
Adl I o o o % I = a a
nguanilasdng1siudnnanaiamasiulaatinetilss@nanaw ANNNANITNAZAL
ansrnusinan1sanaadnaeitlsknsnAaNNILRa s MINATN 2XUUFINAIAINTON LS

| a2 Ao a £ A A = @ %
AUNATINNTUNANUT AN ARINNITL A WL a9LT AT

1.3 miseasn

1) WaNULENAANBAIAMES  INaNNIRIINALNITAIATALTINA AN doy ANl
AmFunsnagrmdsigiuaznawunginanmiasadnsiamasiu el
seuvaunsainarldneldtesdyonounamenuGeunuueds Alnnnaeu
wlasAndudsz@nsinafetazisn

2) UATLATIAUAAGAT DTN AT ALTHA A1 TA ATy AN niun TEeNu
' o N p
SounuANANDAIAMAS

'AY ! a P | ' PP -

3) ‘wisnavisegluuunmsnzanlunisuanilauwainaanssznd e NiANagaImas

WAZARNDATHALNATIL

4) Anewansznuaasauaudyaneninldludesniadann (observation interval) 184
Ay

[ %

NNTHATINTALTINAFNIAAE 0l ANARANIINUZIAIT ULNAAT AN le



1.4 5218128978

Anmnnsneg AL BLaziaa
AnsnnsnegaadBnuaznauuudkasdisiauilaaulianaia

= o ' o o Aﬂl Lﬂl o Y o
ANEINNIAPRTALLILAN ] dnFuszuuangeInIAmas ivetunlssensldiy
FTULANYNIANANEAIAINIA N N sNegIanTaiiuaziian

a

APLATNARIAAIAATTUNN TR NIRRT AEsHaAs AN edyanenl  1nldeu
! o A -
FINALRANNAND QLA DT
ApziivnnetNesTILNIINe AR R Nuazna uLLEINasng  dneia
A o N iy o
waslu et e eNnaNeg e e i laxneaaL
Aeullsunsupaniaradinen e UaNI TN UL
Wusausmunanimagausmslilsunsupaauiamas
= a c
WiEeay 3eanzi tagagiuaniamaget

AN HnusaTaNy Il

1.5 ARLLAAUDIINETANUS

1)

ApnziindanasiNauiLnisie e ANas e asi lEusaNil N9msadn

[ c ©° o a

Fanasnananedyanenl dmiunisnissegandieByuasnaiuuuginsiaaus

BN

AURITULNINERATNIBARIAZ DA LU BT Nase  Mdnsdamasiun
mauldaneldtesdyanaudanenuFauuuueda ialdidusnednglidnlata
aa ndl 1 dl % o a a
Aannalasudnnanmnnzanlusruunansia WALV AFDLINITNNIUTBILDNN
Auagamasiidautdas HaN I U 1T TULINRATEARE ]

a a a a a a 1 nzll
WREUINUANIIOUZTEY  SeUUNTINARLARIENLB)NUAZ A UL HN T TINAG 197
dinswamafiuiauelude < 2 | Aussuun TnagEaTIEnRLazRaN LULE N 31T

N -LbY o Z oo
HafedsviamesTuuLLauNNAE]
AnEuansznuaasanuIudyansni I ludanisdunnueinineadaieauasing
nanadyansnd IfldeanssnuzaassrLLnansidatels

ANHNANIZNLUBAIRNUIUANEAINIASL TN ARANIIOULARITLULDDATT AN 13



1.6 Uszlagunaininazlasu

1) danasnuduiuieinanegameinldnisnmadndiaasisuaadyansnl 4wy
NNINBALAATNENUAZIA LI BN FTNHARN
a a a a a 1 -dl % %3 QII
2) sruunINeg@waEaBnuaznauLugin adnasidsiamesly - faunsn
manuldanelddesdy oy nunaneeuFauunnLeea

3) soetensdssgndld  eiiaNegameildnisnsadadanasananadoydanend

AMFUNINaRLAALTN )R LA TR UL INTIT N AR



UNN 2

NTNAAAALTILTHLALIIA UL LEUNTLITINARATS

TULUNHAZNADINANNNITBINNINO A AT BN AULAZ A UL UNTTINAAI  #

o

andundnnisresngd  dwiulddudunisuegiandwiussuuanseniAnaeateeIniA

]
= |

UL AN1AINNI9NEUANNI989N1INaRLaaTUNE (phase shift keying: PSK) datilu

v o

nianfuiueden uszuuaisainiAbos InaBuLsNAzasUNLLLANADTaATyfI

afall
afall

wnAesuFeuuuLLeea (Rayleigh flat-fading channel) anniiaznanafaiannsdedty

=

a . A A o o« o ol Y Sy o
BUULTINARTN L‘W’E‘VI’J’]JWﬂﬁ“].l@%@’m’]‘iﬂm?'mqﬁﬁ/ﬂg@ﬂﬂmmﬁﬂﬂdqiﬂ Inensasande

ANUs=@NTN AR

2.1 WUUANADITRINEY YUY

- o J g ) o
Nansansruvdeanslugln 1 MlszneumisdisainiAgeanuan T waraieeInaA
o o -dl o LN o a = ol o %
fuanuaK R aeingnunae latesdryonosnnneeuEaunuiLeda [6] [20]-[21] nvua i
X, ={X; ()} wnuvisnd (matrix) sasdyaneliinsgiuazioaaunn Tx L de
nandoydnmnd (symbol time) 1 N iila X, (1) unudnioiundeainaiteiniAgan j o
daaan (time slot) # k A<k <L) llfagrgen1Asud i Taed L unusiwiuaestes
AN (VFanan) aedusazdnyanenlaiigiuazoan wasnnaiunmuali Y, = {y, ()}

a G o dl Yo o/ o A a = tﬂl
wnuvisndaasdtynaniilasuawin - Rx L sesdyansadiiiligivazioati n Teed

1%

. A . 4 A

y, (n) unudyonomidfuaingiaanidiun i o degnann k anduazldandyoin
Vi (n) PlAFuasiunamuesdoynamds x, (n) aldnanssnuaindaingnisaliasa
wazLaniudtynnisunoy M lFauyAgIul 11a1H1I0EEuANNIAMNANTLE InuuLY

ANADNANYALUAULNA (baseband equivalent model) AntasdnyynndlAmsil
T
Yic(n) =/ p/T zhi?(n)xjk(n) + 17 (n) (1)
i1

Tnen hf(n) unudndse@nawameainatseniaden j lldsareeiniadud i o desoan
t:ll o o rndl t:ll o/ a v =] a
7 k pavadyanend® n luaush g, (n) wudyyiusunaudsdeuuuuinddadids

19N (complex additive white Gaussian noise) NANLANIATLN | WAZ p WNUEAINEIY

1 o

Aynnusadtyoyinusunausiadaeniaiy uayld o = p/T  Tudtlaziavualien

-
a a

dudlsz@namlane hf(n) wiulsdudefoununinmdniidadedugud wazilrinw



wls1lsqudlunile IneRdmandunug (autocorrelation) WlwlANLLULANA29U89 Jakes A4

aunnssielli [32] [37]

A(m=mL+1-K) - EE (! (m)}
= Jo (27, Ty (M-n)L+1-k)) (2)

Tne E{} ununizmiauda (expectation) () wnudagALTetal (complex conjugate)
Jo () wnuisiduaatianntisafungaul (zeroth-order Bessel function of the first
kind) f, Lmummﬁm@ﬂm@@ﬁgmm (maximum Doppler frequency) T, WNWTINTTEZIAT

1 1 = 1 dl '8 6 e
IIUAATTNNAT  uavarBEnRaAn T, saAndaeililaesqegauuuuasiualad
(normalized maximum Doppler frequency) uazfnanymdndntsc@nsinnaeilanaalugos

naTRuAnsAANENIEe hijk(n) = h; (n) e 1<k<L d5unn i (L<i<R) way j

q

Y o

(1< j<T) wazamnsadauannisi (1) Weglugluumamsnd i

Yo pTann+Nn (3)

Tnen H, ={h, ()} WNTBNT AL AnEmaRemn RxT uas N, ={n, (M} uwnu

wyisnddnyeunndsunauauIn Rx L

h¥,(n)
R hﬁ(n) L
Xy () hi%a(n) Ya (n)
Jor ; ] My ()
h¥;(n)
hk (n)
. D .
Xj () Yik (n)
4 ; .
Jor . hi: (n) byt (n) . e ()
hkr (n)
xr () Yre(n)
Jor Nre (M)

5UN 1 Te9d Ty NTBNTTLLANERINANAILAEAN A

u AR~
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2.2 svangduuuginis  uaznisuagandelFoinaziaauuug NG

NAMNY

a z:lld } © ¥ o dl [
NANTUNTLLLNNANEAINIAZIRNUIU T waslirauamad C  zaiummnues

1 1
)

dyoyrodeanduldifdviuusazanaainid nuuald L>T  (uanswaugednan L

q

w0dnyAnealida Bniuarnandesnnanvzainduaiuauaaeiniads T Aive sy

ansnldlanefanniaBniliduauuaisdaid [7]) uarld G Wunglaewinduuy

a =

gun3mun LxL tiupe GG =G"G =1, dwiunnuvind GeG a ()" ununng

a

8 o e

aauladuuuiaasin (Hermitian transpose) iav I unuuvsndlanansnd (identity matrix)

1
(=

1a LxL andwimuald A duswEndawn TxL flauand&on AGeCT
Amfunnvisnd G e G dupennaamwiaesnindianns  AG  feufluaniinues

ARLENLaTYL C IﬂﬁLi"]@:lﬁ‘E}ﬂL"ﬁm
AG = {AG:G € G} (4)

dilusiiangll (A mfuandesdtyanne) (multi-channel) group code) NdAINENY L 1w

AAUAWLATY C [21] fR9N191dN9Ta109994 T v laannAauduiussasalilil
i
r= Ilogz|G| (5)

e [G| unu A ausnan (cardinality) 229 G

1
cal ¥

iNanazuaganEHasImNEndnsasnisdelildadiaiuiu  nsueganEana
[33] Tuduusnaznuuald G iilummrasdydnenl (uvisng) Teunudnaansianuanduldl
Tensasnsds TuasusialisazEudednyanenidusi X, = A antdudnnas G, € G
dl ] = { a ¢ o ! [ % o‘d‘ a
(@ssinlilazFandwvisndsia) azgnaseanlllunaidydneni n Inansueganidug

AnasaaNngsalilil

X, =X_G, (6)

n

iesanludnentinusiiaziouue i n1sneglanE i Lasna LuUEINasNg

v
v o K A

afeNnangiangluuugiinds AwiasiaoudduseainRenladnan AG umneg

WYBNFULLY INTAIENNIS
X XM =L, X, €AG (7)

] |
X A ] A

y o 1 a é’ P2
EIN L\‘]‘ﬂubl,“ﬂﬁﬂﬂ@’]']"wm ﬁ“ﬂuiﬁﬂ ABLND

AA" =LI, (8)
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Taed 1. uny wvsndiandneniawia T xT anaunisi (6) 1914181300 8uau&NAUs

sl
X, =X,GG, G,
= X,D,, n>0 9)
Tnef
D, =GG,~G, =[[G. n=x1 (10)

LS
D, =1, (11)

AINUANNI9TesiAngUR lAna1aNdnesil w@mnsauansiiiugn nsaganEunauas

'
o o 1 =

a o 1 d’ S| dIQJn/ o | o ¥ o dl
ﬂ’Wﬁ‘Nﬂ@L@ﬁlLﬂQﬁ]’]LmuﬂWLﬂuV}?@ﬂﬂuﬂ ZQ’]N’]?Q@@Lﬂuﬁ‘ﬂ@ﬂﬁ;ﬂi@ﬂ\‘]mwﬂﬁl’]\‘ﬁ’l 1 UaE 2 N

a

nanasiall duiudaeden 3 uaz 4 Naznansellis Wudietnsessiangldmiusyuy

1
aa

ANEIRNIANANEANE AN AN RN I A1989 119113 RE)

o

Aaade 1 Wa T =L =1 nsuagamndanand M dydnenl (M -ary PSK) flusiia

o

ﬂ‘a;ﬂﬁ?i G={L o, 0., .oy }iaz A=1 Taeid w,, =exp(-27 /M)

paatne 2 1We T =1 uar L=M nisuagaadsiumisnd M dyanend (M-ary pulse
position modulation) tlusangn A=[vM 0,...,.0],., waz G={l,, 0,0}, .08 '}

Tned o, duwysndnliuianniadeuaysndiendneniaun M x M Tinisaauils

Fruagasie 1y
0
0
100 - 0f

faaenedi 3 15a T = L = 2 wmsasiellil [21]

RGP P T R ]
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LAZLNYIFNG

S

Husanguumeuaniadi QPSK (quaternary phase shift keying) C={1, j,~1,~j}.

Aaa1ed 4 Al T =L way V,, dwisviEndnussyusisil [20]

i@r/Ns) 0 0
jCziNu,
VNS S O / ; 0
0 0 . el |
Taei
u,€40,1,2,...,Ng -1}, m=12,...,N
azlddnam

0 F=02 AN
N¥2pst

A =+/LI,

dusiangduumeuamiadi

C c{J/Lel® M) 1=01,2,..,N -3 u{0}

wazauluieaneim s C ={J/L e/® ™)' [1=0,1,2,...,N. —3U{0} AAa N, il
o o o o . . dl = o Q; a ¢ 1
RUIULRNIZANNND (relatively prime number) tHamaunl U, A lunsnd VNS N

0y < o
UAEUNUIA

2.3 NNSASIAVALLLUTINUE (coherent detection) wazn1gmsaaIALULLNSIN
148 (noncoherent detection)
WanAfunsuAduilss@naane  nafuiazanunsanmadaiamdyansnin

gannTnsanAeusINNN9RIRsALLLFINIR (coherent detection metric) lasaannngsiallil

[71[21]
M I'(]:Oherem (x n) = Pr{Yn | X n ’Yn—l}

1
:Fexp{_ Yn —4/Pr Han

2
} (12)
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5% o | ! a £ a o @ o o P P o ' o
wigA1AFU NI uANdds@anawlane Asdunniasuassiesldnisnsaadmauusluisaniie
ddelwenansdnedan 211 Auawssnnisamadanuylisonds  (noncoherent

detection metric) IataABNNIANNAIANsZANDBINARINAAIN UTNTT TR 1TB9ADY

[

dyanwnd  (Y,,,Y,) Wedfaduuer T =L TBawssnnisnmadataiunsnangihily

a

1 1% 1
a o

= '8 A a o 6 Yo ay yoo | o
ARTTLALNEAT (correlator) LL@zLum@’mLum‘ﬂmﬁ‘mmmmuﬁlma&m&nmm ATURANWLITWANWIU

ansdryanenllundazaag amusasdyanenindinn AuFanummsnianusInniImema

TATNNAFNLLULAILAN (conventional differential detection metric)

PI(Y, 1 Y, 1G,) 2 _Re{Trl, G, ]}} (13)

1
= ex
72 det® (%) p{1+(2pL/T)

Tnen Re(-) unudiuass (real part) Tr() uni ned (trace) uaz det(’) uni AnaFuuwwy

iD-? —

(determinant) e det(2) mlianauduiuses
det(x) = det{IZL +$[xn_l, NG AL xn_lc;n]}

= dets I, +$[Xn_l, X, 4G X, ., X,,G. 1" }

= det

£ 12a
4 det{lT +_|_ (2LIT)}
2pL
{(1+—T )IT}

/
=(1+%j (14)

¢£I a 6 © o o/ 6 o/ 1 dSI
Fennsfigailinldlnuanduandnsalsssialldl

det(l a + Aaxb Bbxa) = det(l b + BbxaAaxb) <1 5)

T A, waz B, Wwwvsndauia axb uas bxa mna1du uazendunmuaniis

YuNg (unitary property) a84939aNgl nasanA A NuEEn IS Ldowas i I 1d

a o o L

v 'y o . X o A o ~
mmgmﬂm uazlifaeuanidasudniansinuszuuaudn wignnrosrduddneoindaun

7

G, uwuuana (hard decision) lfanaunissssialilil

~

Gn = maX{Pr(Yn—l’Yn |Gn)} (16)
Gn

Taed G, unudtyansnissduldrasuvisndsia G, awinld Pr(Y, .Y, |G,) HAw1nd

4n



unN 3

NN ANDYLANASN I NNTATIAIALTINA BN WA EA YA N BT

luunflazedunefe wmsnn1Insadadsuasaranadyuanenl (multiple symbol
differential detection metric) MauagIMILNITNOAIAATILENNUAZIAMLLEHNTEING
AN AINTUAZIEUIENTeAINNNIATRT AT AR AN adtyanenifananann Idaw
] o aaal r¢=4| Y o a e‘lg a a r::llo as dll £
aufiu LeiNANe W ldWauInazAa s ful N InuEiawIuaewis el
o val % 1 o a = o=l dld 4dl
szuuaNsoneuldanaldanmdesdnainemlafesuBeuuuueda  ARnsnany
173 < é’ { KX o o ¥ a -Qll -ﬁl |
waeTuazisd wenaniaznaatemananIidn1TNagLan anenasenadn [28] dailu
Fansadndyn o usinnimadadnannatsdyanenl  Tnafllfendalaseadng
LHUNNINIARATBINIINBRLAATNLENN AL DA MULIENAAN  Tudiugaingaesunilas
aglannududanlunisAamnnmeseinane glamesiaue WReuWeusianensiang
wagan  drunnsin hllfeinanenawmesniaueitlldnusniusiamasiuazaiunusie

Wluund 4 maulouiouanssauzi@sdnaenuiananinssndeiauegamasi

D

waue AufanensianIsnegaaieriNi liusaniumiamesTu azuandluumi 5

3.1 LNAINNITASARIALTINAFTNUABR YA N0

TuanuddeaaRne BN USUIARBUILAZAAIZT  WATNNNIATIATALTINARMANE
fyanend A mdunasnegiandieiligiuazna uuuginasdwasiie Tnanisaenenisldan
WETNNNIATIATATINasaNadyanEd A nanaNseeasd [32] alddmiuseuuans

t:ll Y o a zda 1 1 1
aneden WEETuszuuarseniAvatsaaainig Tneumanidfanudniudimnuin

| = dll () . a ca d' o o o a s
azifluluudNaule (conditional probability) 489uaNTIL Y, [HANMUAAIALIIBUNTENE
W8 G, = (G, ,..,G, ;.p:G,) THANMNLNY Z UAZIMUAAIALTIBINVINGT LN DY

wiienne Yo = (g, Y, Y, ) 6l

M n (9:-2+1) = PI’{Yn | g:—zu’xg_l}
Pr{Y, |Gy ;0. Yz (17)

2

1 YA
——expi-—|Y. -Y'P,B
7Z'RLO'§RL O'; n Z—ll z-n,z

TpeI?
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G

1=1

(19)

n—-z+l

afiiRng (operator) |l wnuuafuuuuWslitiga (Frobenius norm) P, unulavisnd

z

Audsc@nBnainuned@adusion z Tslauian RxR @il 1<2<Z Uay o2 unu Al

ANTNRANAIANIAIADIRRLANGATDINIIVNUIEY  (minimum  mean-squared  prediction

4 1
error) WA HGn_Z+, NNAUTIITIBIANNTN (19) mmmmmmﬁ@’mmiwmi@mmm
1=1

dll = Aﬂl o a o ! o o j
ﬂﬁ;ﬂ LL@SLN@LL@EULVIHU@NﬂW?W (18) NUANNITUBINATNNNTATIRIALLITINUE ﬂ\‘iﬁ]ﬂiﬂu

Pr{Y, | H,, X, } - %exp{— } (20)
T

Yn - ptHan

Z 1
gnusaidlddwad T S PB,,  lusunisn (18)  luviEndnisinuneveanail
7=1

a o

Vo H X, Tuaunisi (20) Tagldnnsvinunandiaduaisun Z wazdnasymidnliduilszans
wameluudazdun sz ude@anee N AgeLaEiy. HanuluBasuniu uasipAAs luws
avdaatewiEndas arlddumyisnd P, dandu 1<z < Z (wmvisnduuadunuesu

o

X
U (ANIANYIN N)

P, = p,lx (21)

z

Toedl p, 4 wdU 1<z<Z UnuAanaa1faesdutlsydnsnisinunadadu deldunain

Y N o X
naufszuLannaEadunase

$,(0) + 4 (L) o g ((Z-DL) || by ¢, (L)
¢ (L) $.0+4 - #(Z=-2)L)| p, | _ ¢h(2L) (22)

$(Z-DL) 4. (2-2L) - 40 +24 | p; ¢, (ZL)

=b_

gl

ANANNEANAIANIAIABSRALANGATEINITNUIY 62 AWIlEAIN

o7 =1+ p (4, (0) =D p.4,(2L)) (24)

a o A

AmFunstinl Z =1 azfiiienwisndnliiumaiume Y, uay Y, iesasamvisndgnldlu

n

A D e A PRy P o o o X, o a '
ANNTN (18) WNUU sﬁﬁﬁluVIuL?qqg"ﬂfﬂL?ﬂﬂﬂ'ﬁ\l}ﬁ\’)@qﬂ@qV?Uﬂ?muqqﬂ’]?m?Q@QﬂL‘INN@W’]\?

WULAGLAN (conventional differential detection) waasinglafia wmsnAMTLNILATILAN
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AL AINNIAIRT AT AU L AAAN TUaNA19N (13) Baaualiangnsgneden [21]
1 A a -é/ v % aa 1 o o/ a £ o a ¥
nanpe  wesnillianineatfuestesdyoyaluglaesdulss@nanisinunagadu

wsisinluanniei (13) laldldaanuisainaqusilsznisle

o [-4

3.2 PANWNANBDALALNDT

A o N s & Ao 9 ao ! a o
21N 2 UAAINIINNUIBULNNANBALANES TINNMUNNTL ANNATNNIINTIAR
uaseuanadyansnd M (Gl L) AINnUENITANUALNEEN  (metric  calculation
unit) wazduAtAuazihuiiessiu @ Pror probability) Pr{G,} wavwuvisndsia G,
ansanensiau’laauianaIn AINUWBNNANDAIAINEFAZATINIANTNENS
landvsuEn (extrinsic information) I(G,) @uifuaraanuiraziduvaeswnindsia G,
4‘4' 1 o Y o % a [ a R
WwadsnaulWisnanasauilanauianain tagaddadanasiiuuuy BCIR [38] ULazuEil
NININIARATDINTNAAMTNEHUAZIA UL INITANHAFN  IHaNANINANNITH
(4)~(6)  BIANIIDTLUUNUNININIARATBINTHBALAATN TN UAZIAMLILII TN TS
fwls laeld D, unuaniugresvegameiinan n uavliwvsndsia G, unu
Aydneninniduaian (D, ,, D,) assnialagudaniuzain D, hlds D, Tunillfiaua
ABN1749 Nz NNAINNNIAITALTESNAsNsate Aty AN e Idsauiy WA
a o | ddall dl ' | Y a & o dl a
wmIadaAINa1n tnednugIuniainnfie lnsnasmtdarEndsia G, AldluwsiEn
v a ] % o r&i 2 i G| o [ % ad =2 ¥ azal
n3RAdRIaKasanansdanenignaes dafludnydnunils  Fsusnasliiaus A
a dl 4:4‘ a dd‘ % o o a ¢ o
ADUTTRIUNUNNINGARE LNaTiazRanmuannsnsmituillfaessdureauvisndsva G,

N lusTnninadadnaaraadyanenl AU NARIAZ RN ANBINN LY

ANAFINTILAANITATUINIUBNFANEINLLL BCIR TatdanasnuuuLdmasiiasnInuig

1
o o

= o a g a o o A | [ % c dl a dl
AARAUMNIAIALUBILNNTNT Gn W@ﬂﬂumimmmmmmmwawﬁﬁy@ﬂwm PNBRUVRNLALEN

NNINFBUANIIUIUADULUDILHUAINNIARE TazTIeanANNFUtaulLN1TA U DLLES
= o aa o aaa ' k% o 1
WREUWEUALABUIN  N9ATUARIINENAANBALANEFATLlTZNALIAIENIAIUIUAIAIN
naziiulidnamiis (forward probability) o, (?) wazAmaNtiazilulidauas (backward

probability) 4, () aniuiasazAuuAiautiaziy T (G, )
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1 n
Yn MetI’IC- M n (gn—z +1) APP 1—‘n (Gn)
—> Calculation > —
Unit Demodulator

Pr{G,} |
i ° A aa o1 o o a 1 o -«
gﬂ‘ﬂ 2 ﬂ’mm’mumml,ﬂwwmm@ul,@mmmmumﬁ‘mqmmmmamwmm@aﬂwm

oA ooy ¥ a o a A =
3.2.1 LQWWWINQE’;IL@L'Vlﬂ‘a‘m“ﬁﬂ']?LWquuqu@ﬂqugmﬂﬂuﬂuﬂqwL‘Vﬁﬂﬂﬂ Gﬁ'ﬂ“usﬁ)

'
o [ e

inpNegamefiiunagamestiauiingmadadydnuniids Inaedaudnnig

o G

1 (= dgj o o d‘?J o o t:ll Vo %’/
‘H’ﬂ\‘iﬁﬂl’mu’]@ZL‘IJHLU@\?W@Q%I@Q@QJ@TWHMWmﬂﬂﬂ’]ﬁ‘ﬂﬁ"ﬁ’]@ G, AN m;q;mmwimumwm

n

23
Yo a

Yo deaunsndawduannaslaseil

Pr{G, Yo}  Pr{G, Y.}

e T ey T ee, v

(25)

unN153LAZHANN9T (25) AN ABAaNaI NN UL BCJR HUINALANANAIUIUAD UL U
WNUNININIAAE W lidanan e uaInN1TATIad Al Has1saadyaneninnldeu
16 andasgilunianuan @ agilladidraeandaazsidulidrsiuazaiaauiasdulil
v o o ¥ o o o dy
F19183 @anunsoAuanldmuaIALAaEl

an(Dn,Qﬂ_m) = Z ZMn(§2—2+1)an—l(Dn—1’§2:lZ+l

anl Gn—Z +1
PHG,}PHD, | D,,, G}, (26)

A

ﬁn (Dn ’Q:—Z+2) I Z Z M n+1 (§2t12+2) ﬂn+1(Dn+1’§2:rlz+3

D,1G

n+l “Pn+l

Pr{Gn+l}Pr{Dn+l | Dn ' Gn+1}1 (27)

1 v !
T Pr{G,} unurpnuiaziiulessuaasuvsndsia G, BlasuNIandanansia
wilaponuianan (9gU7 2 uazgili 4 lwundaliilsynan) sadu (D,,G) ,,,) luaunis
.:ll a dld QI o dl dl L4 ¥ o
1 (26) WNUANIULIBIUNUNINNIARANHNITNHANUIUADIULANAY N LN ligenAdRaiy
nsldiwesn M (G ,,,) Tasnisteiaisduaeswvsnd  GP ., duiuuaniuaniue
a I 1 | dl
W D, uaz Pr{D, |D,,,G .} uwnuaArAuiaziiuaasnisdasuaniuzain D, 1

n

faanur D, Wanwuawvisndsiaily G, @ Pr{D, | D, ,,G,} ludrnuanieaaa

n
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duldldvzald asminddsusniuzdingin Taanadnsfasaamindsia G, Annuua
V&J
SO
P{D. [D..G.} 1, winnsaimilula i
r ,.G}= i (28)
oo, winnsaiiulyldlé

[ %

wasaINtusansnAuIniAARiuasavsng G, ldainauduiugasil

Z Zan—l(Dn—l’Q::]iﬁ-l)M n (QE—ZH)ﬂn (Dn ’QE—ZQ) Pr{Dn | Dn—l’Gn}
[,(G,)=_LuCrza -\ 4 g (29)
Z Z Zan—l(Dn—llgn—Zﬂ)M n (9n—2+1)ﬂn (Dn ! Qn—2+2) Pr{Dn | Dn—l'Gn}
G

n n-1
n DnaGhza

watldouluannisi (29) wueminliuasonaes I,(G,) damduynivisndsia G, Midu

WA dunilenungrespenniiasniy 4 1uiunstiin1snsadndana A uULARNT
f\// o ¥ n - Y n

Z =11 yagld «,(D,) wu «,(D,, G, ,.,) wazld B (D,) wu B.(D,,G, .,)

dl ddﬁl < ! 5 = QI o a !
Gﬁﬂiuﬂ?muqtmu'}qiﬁdﬁ]@QNﬂ’]?L‘WN@’]u'ﬁu‘ﬂﬂ\?@ﬂquﬁii‘uumuﬂ’]wL'Vlﬁ‘@@@LLWﬂﬁ‘E’,ﬂ’]ﬁ‘Iﬁ

3.2.2 laWiNANagaWasNaAEaanasiNLLLIWasl (3ENaa)

dl = dll al o a ai aaa I8 ada
L‘W“ﬂ‘lﬂ@ﬂL@ﬂﬂﬂ’]ﬁ‘LWﬂJ@'ﬁuﬁu@ﬂ’]u&’ﬂ”ﬂ\?LLNuﬂ’]WLW?@@@WI@HL@WW@N@@L@L‘V]‘ﬂﬁ‘ ki)

Naasazfansunenzadlresaisndsia G, Nazldlumssnnisamadaiduasisans

1% c

fouanenl M (G),,,) lenzidannaasiudumisesaslanes (survivor path) Feleunann

Y o asR a a dltglj o Y o alk a a6 Y ¥ a
nsldeanesnuuLLLAmest  luniiazanilaslFganasnudmesd liannnsaldAiuman
nsnadnisHassnanedansnl tazAaNhasiutassiurewviing G, 14 s
PANNTVRIB ANBINNLULAMSTHUIE UMY N1TRZANIBLNATNEUNNG (path metric)

A, (D,) 199a07uz D, ludun1andaiauiiaziiluniniigaiaenadesiuannisaail

A,(D;) = max (A, (Dyy)+ 10 PG, } +10g M , (6.6, .1 (D, 1)) (30)

InenazFandunaNdaandadiuaNn13n (30) Jludunivmaslnesaasaniuy D

n

- A n-1 { ) ' a & o i L
wal G, ., (D,,) "N1911898un139N (30) WnuRIALTaNvsNTsaANaanAReiULAY

~An-1

' dl :J/ = = 1 dl

neaflinasuesaniue D uaziNaANazaInNLNASasilisuiiesla G, ., Inaasi
g o -QIIALI Y o aKR a A

AZLAAINITUIUNLANIUE Dn_1 ’rﬂ’rﬂﬂiﬂ SLuVIuL?W'Q?JELﬁﬂ@ﬂ@?VINLLUUQLVI@?UVJﬂ?@U‘H@Qﬂ’]?

pamsiaLLLNugY  HalddanasnulLLRmeslaTaluuAaIaULAY  1T1ATNIUAGL

~An

G

=n-Z+

dl = t:ll ¥ o ¥ Iy Q;
, TNNAIINENT Z-1 ‘V]'&‘ﬂ@@ﬂ\‘iﬂ‘]_lL'ZQ‘LL‘VI’NLT@ﬂ’)LQ@?‘H@\?VJﬂ@ﬂ’]HZ D NINNIRT N

n
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Tnaansumaniiazgniiuldldlunismunndimnuiagiiiulidewd  wazAipuiiag

Wulydandamiuansusatl

an (Dn) = ZZMn(Gn’C_’;::;ﬂ)an—l(Dn—l) Pr{Gn}Pr{Dn | Dn—l’Gn} <31)

D1 G,
Y3 by

ﬂn(Dn) = ZZ M n+1(Gn+l’é:—Z+2)ﬂn+1(Dn+1) Pr{Gn+1}Pr{Dn+l | Dn'Gn+l} <32)

D,.1G

n+1 ~n+1

AntiuazaNITnAaAANasiduaesrEndsia G, ldainaunissesaliil

Zan—l(Dn—l)M n (Gn 1@::1Z+1)ﬂn (Dn) Pr{Dn | Dn—l’Gn}
I (G,)=_05u: = _
Z Zan—l(Dn—l)M n (Gn ’gn—Zﬂ)ﬂn (Dn) Pr{Dn | Dn—l’Gn}
G

nDf

=n-1

(33)

o o dd‘ 1 1 © 1 7 Y o a R a caca 1 Qdd‘ dQJG
AvTunIin Z =1 ’Qt‘W‘UQ’]VLN@']Lﬂuﬁlﬂxﬂﬁlﬂf\m‘ﬂﬁ‘ﬂﬂLL‘].I‘LI'JLVI@‘J“U@ﬂ[ﬂ@T]J LAZAENARIUN

avanglaafununineaiudsiviime Z =1 aAmasunslluiadedn 3.2.1

3.3 AI0AATUANITNARALAR (modulation decoder) (AENAN)

° [

Tuuddeannienaisdsdsn (28] Wiauesonessvanisuagan 4 mdung

[ e

AuagandtyyInTaligiuazioa  Aldeuganiunisnmadadaassmansdnyansn

o

Tnaldldanduunmninimsafaneinisnegamaitiiuazna uuuginadmasie - a9

1
a A

lafa  wesnnnmadadsnassiaaduansninaualuanasanten 28] Al lAlE

a ol o

AN AR ATasTesdyy I uasiaidaaNyRdndulssAnsin A A lutaseanis

| o a v A

funm Tufuszaznaireamyisndiuanuaun Z +1 wyisnd BmA1eiUWAINNNIRIIaTAT

¥ o
o

] o o a a o Ay a (- a £ a A A:II ]
N@l?]”l\?ﬁ@qﬁl@ﬂ&]@ﬂiﬂmﬂu’]%ﬂuwuﬁ’ﬂuuumﬁﬂlﬂﬂﬂﬁilﬂ")’] ANANLIEANTINARASH AN AT L2

FLULNATIIUAAZ NN AT S UUAAZAOWINTN  FaneAsiANNTNARAATL  ATWITWAN

psiagifivaasvEndsia Tasanduwmyvsndsy Y ), Pt ludasvaziaisasnisdauns

Fagunnasiells
n-1
r,(G,)= > MG, [[P{G} (34)
Gh L. I=n-Z+1

% '

Tnaaunisdrauuteglugiiuasondwiuynvisndsia G, delsiiunils Ganevinliing

1
o o A

& < o v ' Al o ada o
’i‘fJNLﬂuﬂu\?ﬂﬂqim@ﬂﬂ’]ﬁ‘ﬁﬂﬁ‘ﬁﬁﬂﬁ’]ﬁ\‘WWlLVN'WZ’&NﬁQQﬁ‘VIﬂ@WEI U UWLL@@QIMﬂWﬁNuQﬂ gl

¥
= ¥

AMNANNNTN  (34) %Lﬁudﬂﬂﬂi’mgmﬂ%mmmm%lﬂummmu Pr{G,} veuuvind
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wa G, Tunanndeassannis  iWananiagenisasanaansitaunauligisinnanaia

Y o

uilaponuianan &mFunstin Z AAvwindunileannisi (34) azangllsaail

rn(Gn) = Mn(Gn) (35)

1
o

2 |al o @ w o o o \ LA A | o R aa
uuﬂﬂiﬂﬂﬁqql}@’]L'ﬂuﬁ]@\ﬂﬁﬁmﬂﬂmﬁ‘ﬂﬁﬂqﬁ‘ﬂﬂaL@ﬁ]LLmﬂﬂq\ﬂﬁ NANIABLNE Z ININLIUS 25

De

Hazdamssn M, (G,) Weanansaanuiianaalaans Inaldfinnslszunanalusonan

IWAN1INDALAALFDENN 1A

3.4 AnNdutaulunITAINITIAINEFIE 9

A Iy 0 o o ° aa Y Aaal -
AT 1NN 1 1@'&ﬁ:ﬂﬂqﬁqqﬂsﬁusﬁ@uﬁluﬂq?ﬂquqmmﬂﬁ rJﬁﬂ']?I‘ﬂL‘ﬂWWﬂN@@L@LVI@? ELu

] a

Padaf 3.2.1 way 3.2.2 feazizaningciadn AaNNNLardasnNasy InelFauiauiing

=2 =

-QII Y o o o v dl 1 { thﬂl { o Y
mimmmmmamsm@L@mﬁlum‘u@m 3.3 @vazizanlaeeiadn 15Na N AvAmdudanlunig
[ [ o ) ) = dl ]
ANURLAzLIENaLAQE AMWIUNTTALY A1UIUNTTLIN LL@Z’,@’]uQuﬂ’]?LLﬁHMLVIEILIVII%THLLL‘]@%

sauTeINIsnansiauulougl 1nan Ny unusnuwudnsansaidulllsvisnesesnsilaes

]
= =KX &

WYTNEUUUEHENTT  BIARZNANUIUADTUETURUNINNTARE  TBINNTNEQLARMTNLT)H
azinA UL EINTIEINaas  Inefdelilaintsuetsauouaniuy uar N wnuauou
dyaneoldddasldiumminddeEudy - Gaiazidunainenivzaanuauian  (number  of
sections) TBIUNUNININIARAVBINITHOQAMTNLTYHUAZIIANAINGIY NITATUIUAIAIIN
dudaulunimed 1 SagldsaunisAiuanAussnnianaadndnassaadyanenily
‘ﬂl 2 ¥ i i ada ¥ o 1 Iﬁ A o a
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ATUANIANUIUNTLAN NNTATY UATNITLBEUTEULMDINNIUATARY ATAARNITAN TN
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fanesnNLULIMe TN T liAENaes aznuualildnisguAiastiaziiu ununagldnig
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AMENNTasuAen No Wil 934 (Mndeya N, windu 930 dnuaniudaniean 4 de) @9
[~ 1 rzi 173 dl o a
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ANUFUANRFLNNIN UL T R U D A AamN97199 2

A1519% 2 AnduteulunisAuanzedge - e Ny windu 8 uaz N ity 934

Z=1 =7 Z=3

?ﬁj ng N9 n1g
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th:;
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dl a a & o nglj dl ] o dl Y o a a dld
waflueualidveinuseriul  iedmFunisaedyunlddnsanuianandnna
malddesdynmanemenuFeuuwuueda AN nlaeuudasiuazise Tneinaiu 16
aualpsea¥ieszuunisnansiand dess@nsnanlunisuanilfeudinansszndnssanansia
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WMeflU WAZIENNANBALALNES Eluﬂ']ﬁ‘ﬂﬁu’lm‘ﬂ’m@%‘ﬂ’ﬂﬂL@WW@N@@L@ NBTACAVALILLNUAIN

a

1 1
%

a a = a a a 1 o 1 = 2
LV]?@@@‘H@\?T]’]?N’I’J@L@[5]L“TJ\‘I‘LEQNLL@ZL’JZ\]’]LL‘].I‘].I%MVI’]?L‘NN@WN @QV]iﬁﬂ@”l’ﬂﬂIMUVlVILL@’J Tu
o Y

Wdagavinaaasuntl  aznananNazLUNIINagEaLTNLEgRna i siama Slunad AL

el luengnsdnadedl [28] Beazunsn i Faumsuanssausiuszuuidualuundn iy

4.1 ARTITUANITNAALAALTILETYNLAZLIAILLLE BNSITINA AL THA

S a
WMASITUNLAUD

77 3 uansdadaanasuagaaEiv)HLaTauLLg INTEHasandn A
nzllazd a a ré’ b2 v a nzi d‘ v o %
waslunFiasuineinusiuaranizldiaualulanasdwdsy [36] Telsznausae i
sRmasunNemINgda 1/3 (@ailusadnsiamesiusuusaanntanldiwialy) #a
ulaa@sdryanend (symbol-mapper) AAGALAIALTANAEIAYNITS  (channel interleaver) A
LAzHanAMaSIEINARIN (differential modulator) PAsEngMdAznszinNazuRendaya Tng
Avunliudendayaiiauin Ny dn Fadauwnuson d;" =(d,,d,,...dy ) 6Funiadl
siasaasadnsiamesiunlsznauson  fadnsianaulgduwundarinuniniinistlau
nay (recursive systematic convolutional encoder) AMUIUGBIFIAD RSCT waz RSC2 isa
AURULIUNUEREFRdAuAAUTaDA (bit-wise. interleaver) T luiiniuual#saaduansy

AN P \ P ANEN/ . . A g o
I1 Lﬂummummumam@ummmmm (simile odd-even helical interleaver) [39] e e
Foudinsviates RSC1 uay RSC2 anwnsnaunisdnsiananiuzaudlslaanisldinmng
(tail bits) LABAfl AaINUweIFNATes RSC2 azldfunisaduaisusasadusiduau

. _l zﬂl -dln [ o a aa 2 t:ll % o o [ o a 9

(deinterleaver) (IT) tWandnaduaasinnehn p? nldazasaiuiuasuaesindeya d,

a aa

4dl ° V a 2 ?:/ o o ] o a o/ o Ly a ¥ %
M RadAN TN p, WU Tuanausian mLL‘]J@Nmey@ﬂwm%uﬂmumm@ dn WIDH

v Y

dANsa (parity) pt war p? @uiaanidadeya d,) nldainsadnsiates RSC1 uay

1% o Ly

RSC2 mwansu avldluwuviandaia G! wneaiu Inasulandsdyaneniaziaanivsnd

o



24

1
aAaa

e G, mefi\uﬁiwﬁqmnn@ﬂmmLuw?‘ﬂsﬂmuqﬁmiwmmm Lx L Tneldnisurlasuuy
W3¢l (Gray mapping) [27] ANTUAN AL TR YT YA G/ fazldunnsaduansusaesi
ANUANALTANA YIS A L‘ﬁ@ﬁl%@mn@um@m:mmmﬂ@mgm‘;‘tﬁﬂmﬁa LL@ﬂuﬁ@ﬁ
veguamefiduarinaiazueganduamiedduresavindsia G, aeldSunsasudnsy

WAQ faaNngsalilil

X, =X, G, (36)

n

e X, unuavisndaaEusi (initial transmitted matrix) FeidulilauReularesnmuants
gunie X X/ =Ll waziiesainluniiisnasfiansaneniviwvisndsia G, ixnainngl
PevEnduugEInEIa - LxL (GG =1,) wazldin X XM =Ll &wy

0<n<N Wa N unidtuwuasauvisndds X, laslddumvsnddeGusii

Symbol n Channel n Differential n
Mapper "1 Interleaver (A) Modulator

\ 4
A

RSC1

A 4

Y

I—» RSC2 » 1t pﬁ

\ 4

51 3 lnssa¥aesdadnsianisiegamaNLEniuazna L ULy in T @ nasi19 g ava

wafluaue

(>4 ¢ o [

4.2 NSODASUALULIUGIN LENITATIAIALTINAANUANLRUAN B RIUS

o

STUUNLAUD

917N 4 uapssiiunaneasiauLouan N lEN 1R T Nas At dtu ANl &

N aa '8

Usznausiaiefinanegamas Miien1sAIUIRINGSN (metric calculation unit) FRaAL

ANPLTesduIns A FRAAUANAUTeSATytU WAL (channel deinterleaver) A7 Uay

= &

Menangia (decoding unit) ATUAUARINURE  IALUUIENITIANUIDANFAINRUTING

FUAN

Anuiazifuiiioesiu Pr{G, } 1aqmvindsiia G, uarAUIMINATNNIIATIAIALTINARNY

aaa '8

wanedyanend M, (Gh ) Wiuediauegamas antdueiianagamefazaiuan

Aratailu T, (G,) 1eamvisndsia G, Tsanansiiatas (constituent decoder)
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dnsviapeulagiudan m Tnwendoununinmeadareanisdnsiaaaulogdu  aintiuen
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pntazilumatazgnuanilaauszudesonensiiates uazieianagamas asngls
[~3 ! Aﬂlv o 1 o tﬁl o 1 1 | m t:ll % o
fgnuneunsinensiatiessonilsazainsntinaiasiiaziiu W (d,, pr) #ldunainsa
nansvatiasdnda 14 liin Araauhaniuliazfesgnamusaarimnuiiaaiy T, (G))
a ¢ o ’ A:II o o o A ¥ o @ 0 o ] o A ' -dl ¥
(reavisndsdia G NaduAdUAUSIAAAUARLITaSATYIIUAL) Naw wazaRud s

a o o o

o 2 . i B r S 2 a aay A v )
’QtQﬂN’]ﬁ“ﬂLLu@VL@Gﬁ (marginalize) LW’ﬂﬂ”W91[31'3LLU?U[}‘]W’]TVW]PLNLﬂﬂ’)“ll'ﬂ\m'}ﬂ‘j“]_lm'lﬂ‘ﬂﬁﬁ‘ﬁ

o

gaginidaanansanaanil  wanantlina i LunanIidfanang  NaNsI0usURINIT0an

L%

sana nisuanilasuinaansssnderiaesing o lwszuunensiauuLaugni azfesdaiiies

a

wAN9aNseNgVFUEN (extrinsic information) winti [18] [19] (aRenaInaunis (2.10) lu

LA - 4 ) @ Al ve w ' L e A o
MANWIN 1) Na1RelIsaNIseAnANLnanunla U arligndanduauasnlli
Aumdsendenndnan eadanisldiiaaiandgdan an1InensiaIudAugaas Fafndwy
(decision device) azfpAudndays d, aindAtpuazfwiewmds @ posterior
probability)  Pr{d |Yo} Iesnisulfauidaudnin  Pr{d, =1|Yo} Hdrwminndn

N a i i | ] a | :J/ a i
Pr{d, =0|Y, } fazlilndeyansngy d, unil widhdduwduiu Addadeyanss

au d, ueued

Mn(Gp_.0) I (Gn) .
d,
Metric
Y,—» Calculation —» P —> . Channel 1 T
Unit Demodulator Deinterleaver (A )
n Decision
Pr {G“}T Device
Pr{d, |Y
Channel LL(G}) (Yo}
Interleaver (A ) ot
A A
Pr{G;} !
:®—> 20
Constituent P Constituent
Decoder Y Decoder
©) < 2"
| pZ <)< I
First Decoding Unit Second Decoding Unit
Wi (dy. Pr)
W (dy, P3)

o
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4.2.1 N5ILASIZNAINDATHREDEI

]
v A

ﬁqn@mﬁzﬁﬂmﬁ@q"lmﬂmmmﬁmLLﬁi@zrﬁTfJ NutihnAIAANENAzIT U
2asiintaya meﬁmwﬁﬁmmﬁQL%@ﬁm@uif;@ﬂmﬁmaﬁuﬁfam@mﬁmﬂmﬁu TneianAe
FanenuuLL BCJR uazilenruazaanlunisesuns Aza71Un1991A9ILI FEN19AUINLAN
Azl lunszuaunisnessiauuLauinesssuLfiaue Wz miLfanensia
donfusniwmsaiudadnaia RSC1 windu dwdunistmesiiianeamiddenfngesis
pearusiadngia RSC2 awnsavinldludnsnzimaaiulaanisAnianarassinad s Auis

a 3 % I 1 3| éj o a £ o Y o é’
UR IT Lﬂlqiﬂﬁ'ﬂlﬁl mmmm@f:l,ﬂummmwmummﬂ@mmmmmmimmu

Pr{d, |Yo} = D Pr{S.S,IYo} (37)
(Sn—llsn):dn
Zan—l (Sn—l) 7/n (Sn—11 Sn) :Bn (Sn)
(Sn-1.Sn):dy
E (38)
Z Zan—l(sn-l) 7n(Sn—l’Sn)ﬁn (Sn)
dn (Sn—llsn):dn

Toeil @10 (oranch) (S,.,S,):d, wiunislasuaniuzaesfdnsianauiagiuain
anue S, , hifdsaniue S, Nlunannainnisdnsiaseaiindeya d, wez 7,(S,4,S,)

UWNULNFATNADN (branch metric) dmsLfanenvades @A nldann
Va(SasSy) =Pr{d,, pr}
- YL CIW, (@, p2)
Pn
= > L, Py, PR W, (d,, ) (39)
Pa
Taei Pr{d , pi} nptnazflugatesdi @ Priof joint probability) aasdindaya

d

p? Feinnarsudldnandanansiatensanass (griada 4.2.2 Wseneu) dauls «,(S,)

wazdnwsn pd uar W(d,, p?) uwnupnuihasiludnaesndeya d, uasinnisn

n
way  £.(S,)  wnuAranuthazdulildreuiuazarmnuaziulidrvdssesaniuy
S, aevFLdsatien TennusnlAangasiuuiaia (recursive formula) ANNAIA A9

an (Sn) = Z}/n (Sn—l’ Sn) an—l(Sn—l) <4O)

n-1
N¥2pst

ﬂn (Sn) = zyml(sn ! Sn+l) ﬂn+1(sn+1) (41)

Sn+1
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dl o 2% o/ ¥ o ] 2’/ QI % % L a dl [~3
iasanienimue i FadnsiatiesissesiFusulazauassauaniuzaud  (Daniule
A Nagasdadnsiatiaaiaunaduague) AuluaAueures «,(S,) uaz f,(S,)

auifluldpuianlusa

0, S, #0
a, (So) = {1’ So -0 (42)
(Y2 bt
0, S, #0
ﬂN(SN):{l, SN -0 (43)

4.2.2 U419A1SANENTUTNUDIAIDDATINAL Dl

o o 1 o ° 2 ai ° 1 [l (= ! 1 a
FanansideatfaLInNINUINA T WIAIANLNAZITuN W (d,, p;)  1esin

doya d, uazdenwian pt 299 RSC1 TneenAaacuduiusisannissialiil

Zan—l(sn—l) /Bn (Sn)
Wn(dn:pi)_ (8n-1.51):(dy . P3) (44)

ZZ 205 —l(Sn 1) Ba(S,)

dn pn (Sn IS )(d pn

Taedl @191 (S,,S,):(d,, p}) wunsasuaniuzaassadnga RSC1 ananiie
S, Weanue S, Milunaniaannisdisiasaiindeya d, aeldensnmiduinnqsy
P! uarlpedBrdandeiy  AanansviadesfanaastiasagnAuInAIANtinaziilug

W, (d,, p?) sesdadaya d, wazdanwisn p? 1ae RSC2 lnsannissialiil

2.1 (S01) Ba(S,)

(Sn-1.50)(dy . P2) (45)

W, (d,. p?) = ZZ > a,4(5,1) Ba(S,)

dn pn (Sn 1 S )(dn pn)

%

wasansanansiataaisdasldAuaAtatuiugan Wo(d,, p}) waz W (d,, p?)

UA2 AAEABNAIUITLANARTNINAY Lﬂumﬂmu Pr{G!} aasiunind G/ Ineldaanudusiug

he

K

Pr{G,} =Pr{d,, p,, P}
W, (d,, py)W,(d,, p¥)

) ZZZWH (dn’ pi)Wn(dn’ pr?)
do Pr P
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Aantiu arduzesAimNtiaziily Pr{G'} fazldfunisaduanfusoasaaduanfudes
o o o 1 ] dl Yo o o o % < L4
Aryrynns uavasuaesAtaNiiaziily Pr{G,} dsléfuntsaduansuudn fazgnilanld

o Naa '
NURANANDALALNDT

4.3 STULNSNAALALEILISTANUALIIAT  WUUEHNNSEINAFANINS A
wWasluNgauaIALEln

o

Wanazuans I uiuresszuuiaue lianssougia  agldvianisnlzaume

] 1
a v

AUANIIOUIDITT LN TN AT HLAZ AT wWuginaTanasdsamesiy 7
aduanauels (bit-interleaved turbo coded differential unitary space-time
modulation system) lulanansenedan [28] delin ssiafwand (multiplex: MUX) waz

o O o a a o o ' = a o o = a & o o
nsadua AN TnAsRame iy neunazulasdinuesnnsia c, Wilwwvsndsia G, f
7 5 (Weruazeanlunglddouls awelddauls n o udstinardwiuvisiadeys
(d,) deawiadi (p™) dmvesAsvia (c,) wyisndaia (G, ) waziuviandds (X ) Beaanuilu

A3LANIIAALNALAZANUIUA A YA DA LA LNYIINF a1 e AL [ nTariw)

\ 4

1 MUX
p n and Cn Gn Differential X n
A AN A A )
RSCE Bit-Wise SyMOCEERERS) Modulator
A 4 Interleaver

2
Pn
RSC2

Y

5191 5 lnsssdsasssuudnaiadaniinsneguanda i Huazna uULg BN TENA s

dl v o dl o o s a a
NATFANDTIUNRAUAALNTIT

o

sruLnansALLUAEN A mIuNadnsialugln 5 uandldaegli 6 deszuunen

S aa '8

o dgl Yo [ = a o‘d” 73 Y o o
salafunnsliulgsludnentinusilifldiennanegiames wnun13 kFnensianig

¥
2

A g9 aX < Ay o A o v o a
N@@L@m [28] LW@W'&N??GLL::WIM Gﬁﬂ?$UUW1@quﬁJﬂqusﬂusﬂﬂu1ﬂ@LﬂﬂQﬂU?ZUUVIL@uﬂiu
v Y dl ¥ o :j/ o o Yas o a a 1 dl
ula 4.2 LL@ZLu'ﬂ\‘i'ﬂ’meLuﬁ‘Z‘LluL‘ﬂ’]‘imﬁuu ﬂ’ﬁ"ﬂ@LW@ﬂUVL@?UﬂW?@@ULﬂﬂumﬂ@um@gﬁuﬂ@\ﬂﬂ

Huvisndaia asinlisnensiadesvesszuunensialugly 6 fesruinAiAnmiag
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urssdindeyauazAraruiiiazilugasionisnuanainiy. uwnuiazAuluAIANLag
3| 1 a f:/ tgv ¥ Y o 1 . . . 4‘4' 1
Wusanaesdnivaes wanaindesiadldmouandinans (information splitter) Liauae
punaiilu T (G, ) peswviandsvia G, liiluaduiiazdu Pric } aasinuasasisa
¢, (InansunfPuualaddanldlsnidasiansuneanty) uazldsasndnagns (information
combiner) tvautlasAiauiaziily Pric } aasdinaasaisiia c, lilifuAipnuiazily

Pr{G,} 1eumvisndsia G, (lmenisgauaiaauiiazifluaasdaninaadesiu wyisndsia

1
v a

G, Anaaiansoun) welifinansidmesiu (turbo decoder) @ unsauanilaguinggns
n

o Naa 1%
NULAWNANDALR L‘V]’ﬂ‘ﬂ@

Turbo Decoder

N
MaGhz) T(Gy) Prc,} peli) Pr{d, 1Yo}
Metric q Bit-Wise ] . I . . a4
" APP Information: § Pr{p;} Constituent Constituent Decision n
Y,—>» Calculation —>| —> 4 Deinterleaver 1 Pr{d,} — 3 —>
Unit Demodulator Splitter and DEMUX | PrPZ} Decoder - Decoder Device
Pr-
R
|
erign) Pr{d,}
n
Information '\éﬁ:(/ﬁgg Pe{pL}
O Interleaver Pr{pi}

517 6 TaseairsresszuunansviadIUILITLLN TN QLAMTILENRILAZI0AY

ULy IS EIRassndnsame SlUNaAUANAUE e
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NANITAINRDIANTTOULUDITEULNLEUD

o

Un199RaNITUTARITT UL LA DaA T aNE U UL 4 Az lE9aRNIIANNRANANA

'
a % =

a IS4 ¢=ll o ¥ = o ¥ ° ¥
UATNLALRYINOD @?12]’&1@ L‘].G‘EI‘LILVIEI‘LIWLI‘LIWH@N@V]Qﬂ Fas  Iaanisanaassnalilsungu

a

a ' j v o Y o % o o ?.'/ A o a
ARNNILLIRT ﬁluﬂqimﬁﬂ'ﬂ‘uu IﬂﬂquuﬁlﬁmqLTW?M@V‘W@MIQQ%HW\?@@QL‘V]Nﬂuﬂu IWHNW‘VZHWN
Tldautin (forward polynomial) 1w 1+D* uazwyunileundy (feedback polynomial)
& 2 3 _4 A i ~ | . G Y ~
\flu 1+D+D*+D’+D" 1ila D ununistnenauilamiog (unit delay) udandaya N,

15 930 Tn FrdduaAUENTAZMTUANsTame s TuTlufaaduA ALINALNA LA AL

aaa 1 o

TUAUUNA 30x31 FadLAIALTasATy I DA TULLLLAAN WA 41x23 (LNAUMLAARINY
Tl lunseuuaziliowdoya) A ldluenassnsdsd [32] Adnandouaasnaasuis

FAAINULNLULIAAANUILINNL (ratio of bit energy over the noise spectral density)

¢ o

Fudeuunuson E, /N, mldainaauduiusasil [28]

Ep 4o\ 47)
N R

S

o

o

17

Tal R, umudmaseuy (system rate) Hepuanslsaindnsndonaesindayandalalsidn
sriamanslddasdtynunns (uncoded information bits per channel use) Tuniinvuali L
winduges  wazlienuaugngainiadedvsunianeageuluumilvindugeauniy el
A o4 = a N &£ P Vs, D 2 Ao Y o
wvisnddelzunaludnia uaziiasannenlasadnaiamasiugeidnsdngia (code rate)
Wiy 173 wazldmsudasdnyansaiiar 3 dasawvsndsia Aaiusnsszuuazyingy
R, = (code rate) x (bits per matrix) x L™ =1/3 x 3 x 1/2 =1/2 fimsianslddasdryryins

o

(Inanleanianednmig) Deuddn199As i1 1w Eads N1191N19R 9993 ATIEA s

a ~

uaednyaneal | aranyR WdNlsyAnsunaei Anasi ludasssazinanagusasyindds
a G (] o A 3’/ % o a o a

WAZIVINTSL  witedrynynnn g lunnmesaniiu azaenlidulsc@nsininlasuulas

nelugnassaznane N nddauaziNysNdIUANANNNIN | (1) iNeTAzgDNNANTENLITEY

tzll - a s a da} v o o o a
pNdpelilaeifeanssouzaessuy  nytueayiEnduuuginian i miumoulasid

o sple Sl ofli

i a 6 o

nsulasiiadeya (d,) wardewisn (p! uar p?) dluwvisndsia G! aevdoulacids

o/ o/ 6 G| o/ dgj
Aoyaneadiilusie
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s 3 nsulasindeyauasinniiduamindsvisvesiulasdedoydneal
pﬁ p,? code matrix (G )
10
0 0
01
0 i
j 0
- 0 T
1 0 . .
{0 — 1
0 1
1 1 -
-1 0]
0 1}
0 0
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APP Demodulator for Turbo Coded Multiple Symbol Differential Detection
under Correlated Rayleigh Fading Channels

Pisit Vanichchanunt, Chantima Sritiapetch, Suvit Nakpeerayuth, and Lunchakorn Wauttisittikulkij
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Abstract—In this paper, Multiple Symbol Differential
Detection (MSDD) with iterative decoding (turbo decoding) of
code rate 1/2 is developed to work under correlated slow and
fast Rayleigh fading channels by using an APP demodulator
with two different approaches. The first approach is to
increase the number of the trellis states of differential
encoders. In the second approach, the VA is modified and used
to find a QPSK symbol sequence associated with each state for
the APP demodulator.

Keywords—MSDD, Rayleigh fading, iterative decoding

I. INTRODUCTION

Digital signal transmission over fading channels suffers not only
from varying loss but also from phase ambiguity. At the receiver,
the fading process needs to be known or estimated in order to
recover the carrier and compensate for the corrupted signal, and
this is referred to as coherent detection. Alternative approaches
without using carrier acquisition are so called non-coherent
detection. Conventionally, in a differential phase shift keying
(DPSK) system with non-coherent detection, the transmitted signal
is differentially encoded (modulated), and then it is differentially
detected by comparing the phases between the two adjacent
symbols without using the recovered carrier. This is referred to as
differentially encoded differentially detected PSK (DDPSK).
Coherent detection can still be applied, resulting in differentially
encoded coherently detected PSK (DCPSK). Although the channel
state information is not needed for differential detection, its
performance is degraded compared to that of coherent detection.
To overcome this problem, the conventional differential detection
should be extended, that is, more than two consecutive symbols are
used. This is referred to as multiple symbol differential detection
(MSDD). Because it uses more information, MSDD can bridge the
gap of performance between DDPSK and DCPSK systems,
depending on the number of observed symbols and the number of
phases used in multiple-phase shift keying (MPSK) systems.
Example works of MSDD for AWGN channel can be found in[1]
and [2], and for Rayleigh fading channel can be found in [3].

Research in the error-correction coding area has been receiving
much attention since the success of the near Shannon limit
performance of turbo codes over an AWGN channel [4]. This has
invited researchers to investigate its application for digital
communication over fading channels. Early researches begin with
the assumption of perfect knowledge of uncorrelated fading
channels [5] and follow with the assumption of correlated slow
fading channels [6]. In the latter case, the channel information is
estimated through the channel characteristic model of the fading
process. More recently, very interesting works of combining
iterative decoding/detection with MSDD have been studied for a
correlated slow fading channel in [7] with convolutional codes, and
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for a correlated fast Rayleigh fading channel in [8] with turbo
codes. In [7], it is assumed that the amplitude of fading channel is
constant over a block of transmitted symbols and the phase of the
channel is constant or changes very slowly. These assumptions are
valid only for slow fading channels. The fading channel model in
[8] is more general. The amplitude and the phase of fading
channels can both be varied according to the Jake’s Doppler power
spectrum. This allows the system in [8] to work well for fast fading
channels where the amplitude and the phase of the channel are
varied rapidly. A modified system of the work in [8] is presented in
[9]. In this work, the modified system has a better performance for
slow fading but for fast fading, a better performance can be
achieved with a sufficiently large number of observed symbols.
Although the trellis structure of the differential encoder is used for
calculating the channel metric function of received symbols in [8]
and [9], the extrinsic information of modulation symbols is not
extracted from the structure nor utilized in decoding/detection.

In this paper, we develop a turbo coded QPSK MSDD system for
code rate 1/2 in [8] to work for correlated slow and fast Rayleigh
fading channels. In the decoding system, the extrinsic information
of modulation symbols is calculated from the trellis structure of the
differential encoder by using a detector called a posteriori
probability (APP) demodulator. There are two approaches to
handle multiple symbols in the demodulator. The first approach is
to increase the number of states of the trellis diagram. The
forward/backward recursions also involve those with the increased
number of the states. In the second approach, the multiple symbols
are extracted from the survivor associated with each state by using
a modified Viterbi algorithm (VA). Although the complexity of the
latter approach-is reduced, the performance may be degraded.

The remainder of this paper is organized as follows: the encoding
system is shown in Section II, the channel model is defined in
Section Ill, the developed decoding system is explained and
analyzed in Section IV, and the performance results are shown and
discussed in Section V. Finally, the conclusions are in Section V1.

11 ENCODING SYSTEM

In this section, we modify the encoding system in [8] as shown in
Fig. 1. The encoding system comprises a parallel concatenated
convolutional encoder (turbo encoder) punctured for code rate 1/2,
a parity bit interleaver (P1) 11, a signal mapper (SM), a channel
interleaver (Cl) A, and a differential encoder (DE). A data bit
sequence a,a,,...,ay, denoted a)» where N, is the data block
length, is encoded twice by two identical recursive systematic
convolutional encoders (denoted as RSC1 and RSC2) of the turbo
encoder with different orders through the parallel convolutional
interleaver (PCI) =. A simile odd-even helical interleaver is used
for the PCI to ensure that both RSCs can be driven to the state zero
with the same tail bit sequence [10]. The parity bit sequence of the
RSC?2 is reordered to match the order of data bit sequence gle by

the parallel convolutional deinterleaver =~*. A parity bit of the



same branch of a data bit will be called the associated parity bit
with the data. Next, two parity bit sequences of the RSC1 and the
RSC2 are punctured at odd and even positions respectively in order
to achieve overall code rate of 1/2. The puncturing and the
interleaving/deinterleaving of the turbo encoder are performed in
such a fashion that for each data bit, there is an associated parity
bit from the same trellis branch of one of the RSC1 and RSC2, to
be transmitted. Then the punctured parity bit sequence of p,’s is
shuffled to be a sequence of py,’s by a parity bit interleaver i so
that each data bit and its associated parity bit will not be mapped
by the SM into the same QPSK symbol. The scheme of
transmitting each data bit and its associated parity bit into the same
QPSK symbol can also be performed by using an identity
interleaver for the parity bit interleaver. The mapped QPSK

symbol sequence is shuffled to be a sequence l{‘ by the CI where
N=N,+L and L is the number of tail bits. Then, it is

differentially encoded to be a DQPSK symbol sequence Qg‘ by

the DE as follows:
Dn = Dpaly - (1)
The CI is used to decorrelate the fading effect of the channel

whereas the DE is used to provide that MSDD can bhe performed at
the receiver.

Channel
Interleaver (Cl)

Signal In Differential | D,
Mapper A Encoder F——>
(SM) (DE)

Real signal

Complex signal

Fig. 1. Encoding system

111. CHANNEL MODEL

The discrete-time, complex-baseband equivalent model of the
channel is assumed to be a correlated flat Rayleigh fading channel
with additive white Gausssian noise (AWGN) as follows

Ry = FaDp + N, . @)
The channel fading process Eg is modeled by a zero-mean
complex Gaussian discrete random process satisfied to the
autocovariance ¢ (m = E{FrFy.m} = Jo(2nBTm) where E{} is
the expectation, J, () is the zero-order Bessel function of the first
kind, B is the Doppler spread, and T is the symbol time duration.
ug‘ is the AWGN process and also modeled by a zero-mean
Gaussian discrete random process with the autocorrelation
E{N;N,.n}=Ngd(m) , ne[0,N]; where 5() is the Kronecker delta
function. N, is the single-sided noise power spectral density.

I\VV. DECODING SYSTEM

The developed decoding system shown in Fig. 2 comprises an
APP detector, a metric calculation unit (MCU), and two decoding
units. The MCU calculates the reduced-complexity channel metric
of maximum likelihood sequence estimation (MLSE) for correlated
Rayleigh fading channels. In the case that the data bit and its
associated parity bit are transmitted into different symbols, the
constituent decoder (CD) uses the metric sequence with two
different orders. One is matched to the order of the data bit
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sequence. The other is matched to the order of the parity bit

sequence by using the parity bit deinterleaver 11*. Each CD is
used to calculate the a posteriori probability (APP) of data bits and
parity bits for the other CD, and also used to calculate the APP of
QPSK symbols for the APP demodulator. The information is
calculated in such a way that the extrinsic information is only
exchanged among two decoding units and the APP demodulator.

A. Review of Metric Calculation Unit (MCU)

The metric of MSDD is defined as the conditional probability of
a received symbol R, given by the previously transmitted QPSK

symbol sequence of length z or I ., and all previously

received symbols 33’1 as follows [8]:

Mﬂ(lg- Z+l) = Pr{Rﬂ ||—2—Z+1’3871} (3)

2
= 12 exp _iz (@)
TGz Gz
where P, is the linear prediction coefficient and o2 is the
variance of the minimum mean-squared prediction error.

YA z-1
Rn_ ZPan—znln—k In
z=1 k=1

B. APP Demodulator

The APP demodulator receives the metric sequence M.’ from
the MCU and calculates the extrinsic information T, (1,) of QPSK

symbols for two decoding units, based on the structure of the DE.
The differential encoding (1) can be represented by a trellis
diagram. The DQPSK symbol D, is the state of the trellis diagram

at time n while the QPSK symbol 1, is the label of branch
(D,_1,D,) . Hence, the BCJR algorithm [11] can be applied to the
APP demodulator. Before calculating the extrinsic information, the
APP demodulator must recursively calculate the forward o, and
backward B, probabilities. In this subsection, the summary of the

analysis of the APP demodulator is presented for the two
approaches.

Decision 3
Device n

Pra, |R)'}

Pr{a,}

Wi (1n) Wn(In)

MCU : Metric Calculation Unit
CD : Constituent Decoder

Fig. 2. The developed decoding system



B.1 APP Demodulator with Increasing The Number of States
(Approach 1)

In the first approach, the recursive formulae for the forward and
backward probabilities, and the extrinsic information of a QPSK
symbol for MSDD are respectively given by

Oﬁn(Dnvlzfmz) =2 ZMn(I_gfzﬂ)O‘n—l(Dn—lrlg:lzﬂ)

Dngln-z41
Pr{1,}P{D,, | Dy_s. 1}, (5)
1 1
Bn(Dnvl_g_zQ) = Z ZMn+1(lﬂr2+2)Bn+l(Dn+11|_Etz+3
Dn+1 I|'|+1
Pr{|n+l}Pr{Dn+1| Dnv |n+1}l (6)
and
Tn(ly)
Y Y oa(Dan 105 I ) Ba(Dn 10 5, 5) Pr{Dy | Dy g, 1o}
L
Iz Y ¥ sl S Ma(ln 5. )Ba(Dp 105 ) PH{Dy [ Dy, 1}
"92—112:z+1

(@)
where Pr{D, |D,,1,} is the transition probability of the trellis

diagram of the DE where the associated QPSK symbol 1, is given,
as follows:

,possibleevent
,otherwise;

(8)
and Pr{l,}is the a priori probability of a QPSK symbol which can

1
Pr{Dn [ Dn—l* In}: {0

be supplied by using the extrinsic information W,(l,) (see
Subsection D) from the CD whose associated parity bit is not be
punctured. The denominator in the right-hand side of (7) is a
normalization factor which makes the summation of I, (I,) over
all possible symbols 1, equal to one. The tuple (DI ,,,) may
be viewed as the extended state at time n. If Z is one, use a,(D,)

and B,(D,) for a,(D,. 17 ,.,) and B,(D,. 17, ,) respectively.

B.2 APP Demodulator Cooperated with VA (Approach 2)

In the second approach, the VA is modified to receive the a
priori information Pr{l,} from the two CDs. The path metric

Aq(Dn) = max (An-1(Dn_1) + log Pr{l} + log Mn(lnli::]iH_(Dn—l)))
©)

is recursively calculated and used to determine the survivor of each
state D,. I ::1z+1(Dn,l) is the QPSK' symbol sequence of the

survivor associated with state D,_,. For shorter notation, we

~n-1
I—n—Z+1 A

would like to omit D,_; ‘and use only After the VA is

i ., oflength z -1 of
the survivors associated with all states at all times are known.
These sequences are kept and used for the forward/backward
recursions

on(Dy) = X ZMn(Invi::lzﬂ)an—l(Dn—l)
D1 ln

finished, the QPSK symbol sequences

Pr{ln}Pr{Dn | Dn—lr In} (10)
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and
~n
ﬁn(Dn) = DZ IZMn+1(|n+1iln_z+2)[3n+1(Dn+1)
n+l 'n+l
Pr{|n+J}Pr{Dn+l | Dni |n+l} (11)
where [:Jﬂ in (11) is the QPSK symbol sequence of the

survivor associated with state D, . The extrinsic information of a
QPSK symbol is

S tn (D Mo (1,075 ) Ba(Dy) PD, Dy, 10}
a(ly) = Dot ] .
Z Z 0‘n—l(Dn—l)Mn(lnvln,ZJrl)Bn(Dn)Pr{Dn | Dn—lv In}

| n
n En—l

(12)

C. Analysis of Constituent Decoder

There are two constituent decoders. Each is in a decoding unit.
All constituent decoders are analyzed based on the BCJR
algorithm. This algorithm includes the forward and the backward
recursions. Before the process of the forward/backward recursions,
the branch metric functions of all discrete times must be calculated.
The branch metric function y,(S,.1,S,) of a state transition of the

CDs comprises the a priori probability of a data bit a, and the a
priori probability of a modulation symbol 1, associated with the

state transition. The a priori probability of a data bit is determined
by the extrinsic information of the data bit from the other CD. The
a priori probability of a modulation symbol is determined by the
extrinsic information of the modulation symbol from the APP
demodulator. In the scheme that a data bit a, and its associated

parity p, are not transmitted into the same QPSK symbol, the
extrinsic information T (1,) of a modulation symbol must be used

with two different orders in the decoding process. The first order of
the sequence is matched to the order of the data bit sequence
driving the constituent encoder and denoted r(l;'). The second

order of the sequence is matched to the order of the parity bit

sequence and.denoted T'(7, ) .

In this subsection, the summary of the analysis of constituent
decoders is presented. For convenience of expression, only the first
constituent decoder is considered. The second constituent decoder
can be analyzed by taking the effect of the PCI into account. The
APP of a data bit can be calculated as follows:

Pria, [Ry} . = 2SS, IR} (13)
n-1:9n)@n
2.0n-1(Sn-1) Yn(Sn-1,Sn) Bn(Sn)
(Sn-1,5n):an (14)

Ty Yapa(Sn1) Ya(Sa1Sn) Bn(Sn)

ay (Sp-1,5n):an
where (S,.1,S,):a, s state transition where the data bit driving
the constituent encoder is a,, .
The APP of a parity bit can be calculated as follows:

Pr{p, Ry} = o ZPrShaSy IRy} (15)
n-1:5n):Pn
2. 0n1(Sn-1) Yn(Sn-1:Sn) Bn(Sn)
_ (Sn-1,5n):Pn (16)

Z Zan—l(sn—l) Yn(Sn1,Sn) Bn(Sh)

Pn (Sn-1:5n):Pn



where (S,4,S,):p, is state transition from S,; to S,, whose
parity bit is p,. a,(S,) and B,(S,) are the forward and

backward probabilities for the CD respectively [5], [11].

In the scheme of transmitting each data bit and its associated
parity bit into different symbols (denoted Scheme 1), the branch
metric function is calculated by
Yn(Sh-1,Sn) = Pr{as} 2Tn(@n, pr)Pr{pn} 2 Lh(an, po)Pr{an}, (17)

Ph a
where a, and p, are a data bit and a parity bit of branch
(Sn_1,Sn) , respectively. If p, is punctured, Zl:n(a;],pn)Pr{ag}

aj
will not be used in (17). ay, is the deinterleaved version of a, with
the parity bit deinterleaver.

When each data bit and its associated parity bit are transmitted
into the same symbol (denoted Scheme 2), the branch metric
function is calculated by

Yn(Sn-1,Sn) = Pr{a,} zrn(am Pn) Pr{pn [Sha,an}- (18)
Pn

From (18), if the associated parity bit p, with the transition
(Sp_1,S,) is punctured, Pr{p,|S,4,a,} will be substituted by
0.5. If p, is not punctured, Pr{p,|S,.1,a,} Will be one for each

possible event otherwise it will be zero. Equation (14) can also be
used to calculate the APP of a data bit in Scheme 2. The APP of a
parity bit is not needed for this scheme.

D. The Extrinsic Information from Constituent Decoder

For information exchange in the iterative decoding, the extrinsic
information of a data bit from a CD will be used as the a priori
probability of the corresponding data bit for the other CD in the
next iteration step. For Scheme 1, the extrinsic information of a
data bit can be calculated from

Pr{a, | Ry}
Va(ay) = ~ R (19)
e Pr{a, > Pr{py Y (an, Pn)
Ph
The extrinsic information of a parity bit can be calculated as
follows:

__ Pdp IRy}
2.Pr{as}y (an, Pn)
a
In Scheme 1 that each data bit and its parity bit are not transmitted
into the same QPSK symbol, it may be also assumed that each data
bit and its non-associated parity bit transmitted in the same QPSK
symbol are statistically independent at the outputs of the CDs.
Thus, the extrinsic information of a  QPSK symbol 1, can be
calculated from the product of the extrinsic information of a data
bit and a parity bit of the same QPSK symbol 1, as follow:
Wn(ln) :Wn(an|p;1) :Vn(an) Vn(ph) . (21)
For Scheme 2 where each data bit and its associated parity bit are
transmitted into the same symbol, the extrinsic information of a
data bit a,and a symbol 1, is respectively given by [8]

Vi (Pn) (20)

N
Vo(an) = lRod 22)

S Pra Y T e o)
Pn

1

and
W, (1) =W, (a,, pn)
2. 001(Sna) Bn(Sn)

_ (Sn-1,5n)1n ) 23
S S iGnn) B (23)

In (Sn-1.Sn):1n

The extrinsic information of a QPSK symbol at a time should be
calculated from the CD whose parity bit at that time is not
punctured.

V. SIMULATION RESULTS

The performance of the decoding system is evaluated based on
computer simulation. The two RSCs are identical with the feed
forward polynomial 1+D* and the feedback polynomial
1+D+D?+D%D* The data block size N, is 930. The channel

interleaver is the odd-even block interleaver of size 41x23 as in
[8]. The performances of the decoding systems are measured in
terms of the bit error rate (BER) of decoded data bits. The first
approach in Subsection B.1 of Section 1V is denoted Approach 1
while the second approach in Subsection B.2 is denoted as
Approach 2.

A. Performance for Each Iteration

The performance curves of the decoding system with Approach 1
are plotted in Figs. 3 and 4. The curves of Scheme 1 are in Fig. 3
while those of Scheme 2 are in Fig. 4. The order of linear
prediction (Z) is fixed at two. From simulation results, the
developed decoding system can offer better performance than that
of the decoding systems in [8] and [9] except for the case of
Approach 1 with Scheme 1 in Fig. 3(a). At normalized Doppler
frequency 0.01 in Fig. 4(a), a BER of 10°° can be achieved at Ey/N,
6.7 dB with five iterations.
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Fig. 3. BER of a decoding system with Approach 1, data and its
parity bit are not transmitted into the same symbol (Scheme 1). Z=2
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Fig. 4. BER of a decoding system with Approach 1, data and its
parity bit are transmitted into the same symbol (Scheme 2). Z=2
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Fig. 5. BER of a decoding system with Approach 2, data and its
parity bit are transmitted into the same symbol (Scheme 2). Z=2

From the Figs. 3 and 4, Scheme 2 can offer better performance in
slow fading (BT =0.01) while Scheme 1 can offer better
performance in fast fading (BT =0.20) if the E,/N, is beyond a
value. This may come from the effect of the extrinsic information
from the structure of the DE. In slow fading the extrinsic
information can provide more degree of reliability than that in fast
fading. The advantage of Scheme 1 should come from the time
diversity while that of Scheme 2 should come from partially joint
detection/decoding at each branch of the DE trellis. From the
statement, it would be thought that the time diversity of Scheme 1
should give better performance in slow fading where deep fade
occurs. However, from the results in slow fading, it seems that the
reliability degree of the extrinsic information from the joint
detection/decoding of Scheme 2 dominates the performance of the
decoding system than that from the diversity advantage of Scheme
1. In fast fading, the reliability degree from Scheme 2 may be
weaker while the diversity advantage from Scheme 1 become more
dominant in high E,/N, region.

Fig. 5 illustrates the performance curves of the decoding system
with Approach 2 and Scheme 2. In fast fading, the rate of
convergence may be slower than that of Approach 1.

B. Performance Comparison

The performance comparison of the decoding systems with
Approach 1 and Approach 2 (VA is denoted in the Figure.) is
illustrated in Fig. 6. Only Scheme 2 is explored in this subsection.
The normalized Doppler frequency is varied as 0.01 and 0.20 in
Figs. 6(a) and 6(b) respectively. The order of linear prediction (Z)
is varied as 1, 2, 3, and 4. The number of iterations is ten.

From the Fig. 6, the decoding system with Approach 2 cannot
offer better performance than that of Approach 1 with-z =2, even
though the linear prediction order z of Approach 2 is increased.
This may mean that the complexity from the number of the trellis
states determines the limit of the performance.
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Fig. 6. Performance comparison between decoding systems with
Approach 1 and Approach 2.
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VI. CONCLUSIONS

In this paper, a turbo coded QPSK MSDD system has been
developed to work under correlated slow and fast Rayleigh fading
channels by using an APP demodulator with two different
approaches. The first approach is to increase the number of the
trellis states of the DE. The BCJR algorithm has also been
analyzed according to the state increasing. In the second approach,
the demodulator has been analyzed to operate with a modified VA.
The function of the VA is to determine the sequences of multiple
symbols for the BJCR algorithm in each iteration. The second
approach may be thought as an embedded decision feedback.
Although the second approach uses less computational burden, its
decoding performance is significantly degraded especially in fast
fading and it cannot offer better performance than that of the first
approach with z =2.
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Abstract—In this paper, an iterative multiple symbol
differential detection (MSDD) for turbo coded differential
unitary space-time modulation (DUSTM) is developed by using
an a posteriori probability (APP) demodulator under correlated
slow and fast Rayleigh flat fading channels. The metric function
necessary for the detection operates based on the linear
prediction. Two approaches are presented to utilize the metric.
In the first approach, the BCJR algorithm is modified to deal
with the increased-state trellis of the differential modulation. In
the second approach, the VA is modified to find the symbol
sequences associated with the survivors for the BCJR algorithm.

Index Terms—Turbo codes, MSDD, space-time codes.

|. INTRODUCTION

Recent information theoretic results [1], [2] have demonstrated that
the capacity of wireless systems over Rayleigh fading channels can
be improved significantly by using multiple antennas. The capacity
improvement comes from transmit and receive (antenna) diversity of
each pair of transmit-receive antennas. When a path of the pair
experiences fading, others may not. A successful technique called
space-time coding, to utilize the transmit and receive diversity was
introduced by Tarokh et al. [3]. Examples of early research works on
space-time coding can be found in [4]-[9]. In these works, the fading
gain of the channels must be known or estimated by using pilot
insertion. In [10]-[13], differential space-time modulation (DSTM)
has been introduced for multiple antenna systems without the
knowledge of channel state information (CSI). DSTM can be
classified based on group designs [10]-[11] and non-group designs
[12]-[13]. Hochwald et al. [10] and Hughes [11] have proposed
DSTM based on group designs in which group codes form groups of
unitary matrices under matrix multiplication. We refer to the DSTM
as differential unitary space-time modulation (DUSTM). DSTM with
group designs has an advantage that the matrix multiplication
necessary for differential modulation can be performed by employing
the table of group operation. This avoids actual matrix multiplication
and also reduces the calculation in demodulation. In the conventional
differential demodulation, two consecutive symbols are used. to
detect a transmitted symbol differentially. Although the fading gain
is not needed for the differential demodulation, the performance loss
is about 3 dB in very slow fading, comparing to that of the coherent
detection case where the fading gain is known at receivers. When the
fading changes rapidly, the performance. loss is significant. To
improve the performance, a well-known technique called multiple
symbol differential detection (MSDD) used in single-transmit single-
receive antenna systems has been extended and developed for DSTM
in [14] and [15]. In MSDD systems, more than two consecutive
symbols are observed and used to detect a transmitted symbol.

To obtain a better performance, the concept of iterative decoding of
turbo codes has been applied to the MSDD for DSTM. Various
works of iterative MSDD systems for binary coded DSTM have been

This work was supported by the Royal Golden Jubilee Ph.D.
Program of the Thailand Research Fund and the Cooperation Project
between the Department of Electrical Engineering and Private Sector
for Research and Development.

reported in [16]-[18]. Although the works in [16]-[18] have
considered MSDD, none of these works uses a posteriori probability
(APP) demodulators [22]-[23]. If APP demodulator is not used, the
information utilization in the detection/demodulation, involves only
the symbols in the observation interval and the system may operate
well only under slow fading channels.

In [19], an iterative system for non-binary convolutional coded
DUSTM is proposed. The APP demodulator in the system uses the
conventional noncoherent metric proposed in [11] for the first
iteration and uses the coherent metric [3] for the rest of iterations.
For the rest of iterations, the fading gain is estimated with a strategy
of filtering and pilot insertion. The objective of the work is to reduce
the number of pilot symbols by using differential detection while
preserving the system performance close to coherent detection
systems. However, when the fading varies very rapidly, the number
of pilot symbols must be increased. Then, available time for data is
reduced. The fading coefficients in [19] are assumed to be piece-wise
constant over the time duration of each space-time matrix. This
assumption may not be valid in fast fading.

In this paper, we develop an iterative MSDD system for binary
turbo coded DUSTM to work under correlated slow and fast
Rayleigh flat fading channels by using an APP demodulator. No pilot
insertion is used for our system. The encoding system and the MSDD
metric used in the APP demodulator are developed from single-
antenna systems reported in [20]-[22]. The APP demodulator
calculates soft outputs based on the trellis diagram of DUSTM. We
present two approaches to utilize the MSDD metric in the APP
demodulator. In the first approach, the number of the trellis states is
exponentially increased with the order of the linear prediction. The
forward/backward recursions of the BCJR algorithm [25] also
involve those with the increased number of the states. In the other
approach, the complexity of the APP demodulator is reduced by
using the Viterbi algorithm (VA). In each iteration, the VA is used to
find the symbol sequences associated with the survivors. Then these
sequences are supplied to the BCJR algorithm. Although the number
of the trellis states is not increased and the computation burden is
reduced compared to the first approach, the performance of the
second approach may be degraded especially in fast fading. In this
paper, we ‘consider DUSTM based on group design, therefore the
group matrix multiplication can be calculated by using its group
operation table.

The rest -of this paper is organized as follows. A correlated
Rayleigh flat fading channel model for multiple antenna systems is
defined in Section I1. An encoding system is explained in Section III.
The analysis of a developed decoding system is summarized in
Section IV. Computer simulation results are shown in Section V.
Finally, some conclusions are given in Section VI.

Il. CHANNEL MODEL

Consider a multiple-antenna system over a flat fading channel in
which signals are sent from T transmit antennas to R receive
antennas. Let X, = {x;(n)} denote the n-th transmitted DUSTM
symbol defined by a TxL matrix where L is the number of time
slots per DUSTM symbol, L>T, x(n) denote a complex
constellation point which is selected from a unit-energy scalar
constellation [11], Y, = {y;(n)} denote the n-th received matrix of



size RxL, N, = {n;(n)} denote the n-th noise matrix of size RxL,

and HY ={hf(n)} denote the RxT fading matrix for the k-th
column of X,,1<k<L. Signal y;(n) received at the i-th receive
antenna in the k-th column of the matrix Y, is a superposition of the
T transmitted signals and noise as follows

T
Vi) = hEMxMyfor + nic(n) (1)

=1
where p, = p/T and p is the signal-to-noise ratio (SNR) per receive

antenna. The fading gain hi‘}(n) and noise m; (n) are modeled to be

zero-mean, unit-variance complex Gaussian random variables. The
noise process is assumed to be white whereas the fading process has
auto-correlation given by

dn((m—mL+1-k) = E{hi (M’ (m)}
= Jo(2nfyTg((Mm=n)L + 1 -K)) (2)
where E{} and ()" denote expectation and complex conjugate
respectively, Jo() is the zeroth-order Bessel function of the first
kind, f; is the maximum Doppler frequency spread, and T, is the

time duration of each x;(n). The product f4Ty is known as

normalized Doppler spread.
If the fading gain is constant in the DUSTM symbol duration, i.e.,

the fading process is piece-wise constant in which HX = H, for
1<k <L, then (1) can be expressed by the well-known matrix form

Ya :\/EHan"'Nn- (3)

I11. ENCODING SYSTEM

The encoding system developed from [20]-[22] is shown in Fig. 1.
The system comprises a turbo encoder of code rate 1/3, a symbol
mapper, a channel interleaver A and a differential modulator. A data

bit sequence d,,d,,....dy, denoted as d;» where N, is the data

block length, is encoded by two identical recursive systematic
convolutional (RSC) encoders (denoted as RSC1 and RSC2) of the
turbo encoder with different orders. The data sequence is not shuffled
for RSC1 but shuffled for RSC2 by the parallel convolutional
interleaver (PCI) = . A simile odd-even helical interleaver is used as
the PCI to ensure that both RSC encoders can be driven to the state
zero with the same tail bit sequence [20]. The parity bit sequence of

RSC2 is reordered to match the order of data bit sequence d_le by

the parallel convolutional deinterleaver =™ . When a RSC encoder is
considered, a parity bit of the same branch of a data bit will be called
the associated parity bit with the data bit, with respect to the RSC

encoder. The data bit d, and two associated parity bits pk and p2

from RSC1 and RSC2 respectively, are mapped into a code matrix
G, of size Lx L, which is uniquely selected from a group of unitary

matrices by the symbol mapper. The Gray mapping should be used.
The sequence of G;, ’s is then shuffled to be the matrix sequence of

G, ’s by the channel interleaver. Subsequently, the code matrices G,

are differentially modulated by the differential modulator as follows:
Xn = X6y (4)

where X, is the reference symbol in which X X = LI, I is the

T xT identity matrix. Because G,G! =1, for 1<n<N, X XH =

4

LIy for 0<n<N where N is the total number of the transmitted
codes G, . From (4), one can formulate

Xn = XoDp N0 ®)
where
GG, -G, ,n>0
D, :{ e ©)
L ,n—O.

I\VV. DECODING SYSTEM

The developed decoding system shown in Fig. 2 comprises an APP
demodulator, a metric calculation unit (MCU), a channel interleaver

A , a channel deinterleaver A™*, and two decoding units. The MCU
calculates the reduced-complexity channel metric of maximum
likelihood sequence estimation (MLSE) for correlated Rayleigh flat
fading channels. Each constituent decoder (CD) in a decoding unit is
used to calculate the a posteriori probabilities (APP) of data bits for
the other CD as well as the joint probabilities of data bits and their
associated parity bits of the same branches for the APP demodulator.
Each CD performs the calculation based on the structure of the
corresponding RSC encoder. The information is calculated in such a
way that the extrinsic information is only exchanged among two
decoding units and the APP demodulator.

A. Metric Calculation Unit

In this subsection we extend the MSDD metric for a single antenna
system reported in [20] to the case of DUSTM. The MSDD metric
for DUSTM is defined as the conditional probability of a received

symbol Y, given by the transmitted code sequence G, , ., of length
Z and all previously received symbols 13’1 as follows:

Ma(Ch_z.1) = PralGh 5.0 Yo}

2
_ 1 1 4
— = expl-—|v,- S P,B ]
nRLG%RL p{ G% n ZLZ n,z }
where
z
Bn,z = Yn2Gn 741Gn 742Gy = Yn—zll_[Gn—z+I ) (8)
=1

[{| is the Frobenius norm, P, is the zth RxR linear prediction

coefficient matrix, 1<z<Zz , and G% is the variance of the minimum

mean-squared prediction error for each element of received matrices.
Z

The term []G,_,,, in theright-hand side of (8) can be calculated by
1=1

using the table of group multiplication. For the case where all fading

processes are-spatially uncorrelated, the matrices P,, 1<z<Z , are

diagonal matrices P, = p,lg where p,’s are scalar values which

are obtained by solving linear system

Channel
Interleaver

o

Differential | Xn
Modulator

pt | Symbol | Gn
» | Mapper

binary signal

matrix symbol

Fig. 1: Encoding system.



on(0) + 2 on(L) oh((Z-DL) || Py on(L)
on(L) on(0) + 2 (@ -2L) | P2 | _ | dn(2L) (9)
oh((Z -DL) on((Z -2)L) on(0)+2 | pz on(ZL)

where % = 1/p. The variance o2 of the minimum mean-squared
prediction error is given by

VA
6% =1+p(p(0)— X pyon(aL)) . (10)
z=1

B. APP Demodulator

The APP demodulator receives the metric sequence M,' from the
MCU and calculates the extrinsic information I,(G,) of codes G,

for two decoding units, based on the structure of the differential
modulation. The differential modulation in (4)-(6) can be
represented by a trellis diagram where D, is the state of the diagram

at time n while the code G, is the label of branch (D, 4,D,).

Hence, the BCJR algorithm [25] can be applied to the APP
demodulator. Before calculating the extrinsic information, the APP
demodulator must recursively calculate the forward o, and

backward B, probabilities. In this subsection, the summary of the
analysis of the APP demodulator is presented for the two approaches.

B.1 APP Demodulator with Increasing The Number of States
(Approach 1)

In the first approach, the recursive formulae for the forward and
backward probabilities, and the extrinsic information of a code G,

for MSDD are respectively given by
@(DnGh ;.5) = X XMa(Gy ;.10 1(Dn 1,605 )
Dp1 Gn72+1
Pr{Gn}Pr{Dn | Dn—lan} 1 (11)

1 1
Bn(Dng,zg) = Z ZMn+l(§rrt2+2)Bn+1(Dn+1vgziZ+3)

Dn+1Gn+1
Pr{Gn+1}Pr{Dn+1 ‘ DniGn+l}v (12)
and
Ih(Gy) =
DI tn1(Dn1.Gh S IM (G, )Ba(Dy Gh ., ,)Pr{Dy D, 1, G}
DN 1Gnza
GZD; Gn_zl oty 1(Dp 1, G5 IML(Gh , )Ba(Dy,G) , ) PHD, | Dy p.Gp}
"Ph1Znza
(13)

where Pr{D, |D,_1.G,} is the transition probability of thetrellis
diagram where the associated code G, 'is given. It will be one for
possible events otherwise it will be zero. Pr{G,}is the a priori

probability of the code which can be supplied by using the extrinsic
information from the two CD’s (see Subsection D). The denominator
in the right-hand side of (13) is a normalization factor which makes
the summation of I,(G,) over all possible codes G, equal to one.

The tuple (D,.G, ,.,) may be viewed as the extended state at time
n. If z is one, use a,(D,) and B,(D,) for o,(D,,G, ,.,) and

Bn(Dn.Gp ,.,) respectively.
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Fig. 2: Decoding system.

B.2 APP Demodulator Cooperated with VA (Approach 2)

In the second approach, the VA is modified to receive the a priori
information Pr{G,} from the two CD’s. In each iteration of the

decoding/detection, the path metric

Aq(Dy) = L7y (An-1(Dn_1) + log Pr{Gp} + log Mn(Gn'é:::LZ+1(Dn—l)))
(14)

is recursively calculated and used to determine the survivor of each

state D, . é::lzﬂ(Dn_l) is the sequence of the survivor associated

with state D, ;. For shorter notation, we would like to omit D,_,

d | ~n-1
ana use only gn—Z+l'

After the VA is finished, the sequences

~n
gn—Z+2
all times are known. These sequences are kept and used for the

forward/backward recursions

(D) = 3 MGG 5. )1 (Dyy)

of length z —~1 of the survivors associated with all states at

Dn-1Gn
Pr{Gn}Pr{Dn | Dn—lan} (15)
and
~n
Bn(Dn) 3 Z zMn+1(Gn+1'§nfz+2)Bn+1(Dn+1)
Dn+1Gnaa
Pr{Gn+1}Pr{Dn+1| DniGn+l}v (16)
where gh:fzﬂ in (16) is the sequence of the survivor associated with

state D, . The extrinsic information of acode is given by

~n-1
Z op-1(Dp_1)M n(Gnvgn_Z+l)Bn (D) Pr{Dy | Dp_1,Gp}
In(Gy) = —=t

~n-1 :
> an—l(Dn—l)Mn(Gnvgn,zﬂ)Bn(Dn)Pr{Dn [Dn-1,Gn}
GnDp

(17

C. Analysis of Constituent Decoders

There are two constituent decoders (CD). Each is in a decoding
unit. All CD’s are analyzed based on the BCJR algorithm. This
algorithm includes the forward and the backward recursions. Before



the process of the forward/backward recursions, the branch metric
functions of all discrete times must be calculated. The branch metric
Yn(Sn_1,S,) Of abranch (s,_;,S,) of the CD’s comprises the a priori

probability of a data bit d, and the a priori probability of the branch
which is calculated by marginalizing 1,,(G;) over all possible non-

associated parity bits with respect to the considering CD. The a
priori probability of a data bit is determined by the extrinsic
information of the data bit from the other CD. In this subsection, the
summary of the analysis of constituent decoders is presented. For
simplicity of expression, only the first constituent decoder is
considered. The second CD can be analyzed in a similar way by
taking the effect of the PCI into account. The APP of a data bit can
be calculated as follows:

S Pr{Sy 1,5, 1Yo}
(Sn-1,Sn):dn

n-. Sﬂ* n Sﬂ* vSn n Sn
_ (sn,Enﬁdnl( 1) ¥n(Sn1:5n) Bn(Sn) 18)
z 2 0n-1(Sn-1) Yn(Sn-1:Sn) Bn(Sn)

dy (Sn-1.5n):dn
where branches ((Snl_l,)sn):dn are all possible state transitions from
S, to S, whose data bits driving the constituent encoder are d, .
The branch metric is calculated by

Yn(Sn-1,S0) = Pr{dy} %rn(ea) = Pr{dn} %r‘n(dn, pr PR)  (19)

where Pr{d,} is the a priori probability of the data bit and

Pr{d, Y} =

ST (dy, pr, p2) is the a priori probability of the branch.

pa

D. The Extrinsic Information from Constituent Decoders

For information exchange in the iterative decoding, the extrinsic
information of a data bit from a CD will be used as the a priori
probability of the corresponding data bit for the other CD in the next
iteration step. The extrinsic information of a data bit can be
calculated from (without normalization)

Pr{d, Y
Vn(dn) = { ﬂl—O} 1 N (20)
Pr{d,}2 2T (dn, P, Pn)

Ph PR

The joint extrinsic information of a data bit and its associated parity
bit of RSC1 and RSC2 can be calculated by the CD’s in the first and
second decoding units respectively, as follows:

zo‘n—l_(sn—l) Bn(Sh)
(Sn-1,50):(dn, Ph) 21
55 Yona(o) Bo(S) *)

dn Ph (Sn-1.8n):(dn. Ph)
where i=1,2. The a priori information of a group code for the APP

demodulator can be calculated by “using the " joint -extrinsic
information of the corresponding bits from the two CD’s as follows:

1 2
Wn(dnvpn)V\in(dnipn) = (22)
Zzzwn(dnipn)wn(dnvpn)

dy i p2

W, (dy, Ph) =

Pr{G;} = Pr{d,, ;. pi} =

V. SIMULATION RESULTS

The performance of the decoding system is evaluated through
computer simulation. Two RSC encoders are identical with the feed
forward polynomial 1+D* and the feedback polynomial
1+D+D*D*D* The data block size N, is 930. The channel

interleaver is the block interleaver of size 41x23 as in [20]. The
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performances of the decoding system are measured in terms of the bit
error rate (BER) of decoded data bits. The BER is measured for the
bit energy over the noise spectral density E, /N, , which is define as

Ep/Ng = p/Rg [17], where Rg is the system rate given in uncoded

information bits per channel use. In simulation, we employ two
transmit and two receive antennas. The set of unitary group matrices
used for the symbol mapper and the reference DUSTM symbol [11],
[19] are respectively

IR R )

A. Performance for Each Iteration

The performance curves of the decoding system with Approach 1
and Approach 2 are plotted in Figs. 3 and 4 respectively. The
normalized Doppler spread is 0.01 for Figs. 3(a) and 4(a), and 0.10
for Figs. 3(b) and 4(b). The order of the linear prediction is fixed at
two. In Approach 1, the performance curves beyond the sixth
iteration offer insignificant improvement. In Approach 2, for slow
fading as in Fig. 4(a), the number of iteration required is about 6-7.
However, if the fading changes rapidly as in Fig. 4(b), the rate of the
system convergence is slower and the decoding requires more
number of iteration.

1.00E+00 1.00E+00
I——_|§
1.00E-01 = 1.00E-01
X3 ™S N 4
© 1.00E-02 @ 1.00E-02 Ko <
& \ \k & \ N
= 1.00E-03 X = 1.00E-03 A
5 =S 5 —— N N
= |—e— iteration #1 \ = |—e— iteration #1 [T\ 4
& 1.00E-04 41y _iteration # \ [ & LO0E04 1 uiteration #2f
! 1.00E-05 ||~ — iteration #3 @ 1.00E-05 |~ — iteration #3
--%-- iteration #4 |--%-- iteration #4
1.00E-06 —%— iteration #5 1.00E-06 -—x— iteration #5 \:\ \.
|—e— iteration #6 4 |—e— iteration #6
1.00E-07 1.00E-07
0 1 2 3 4 5 5 6 7 8 9 10

Eb/No (dB) Eb/No (dB)

(a) ded =0.01 (b) ded =0.1O

Fig. 3: The BER performance of Approach 1 for two transmit and
two receive antennas, z =2.
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Fig. 4: The BER performance of Approach 2 for two transmit and
two receive antennas, z =2.
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two transmit and two receive antennas, Z = 1, 2, 3.



B. Performance Comparison

The performance comparison of the decoding system with
Approach 1 and Approach 2 for the linear prediction order z =1, 2,
and 3 is illustrated in Fig. 5. In the figure, the term “VA” is denoted
for Approach 2. The normalized Doppler spread is varied as 0.01 in
Fig. 5(a), and 0.10 in Fig. 5(b). The number of iteration is fixed at six
for Approach 1. For Approach 2, the number of iteration is six in Fig.
5(a) and fifteen in Fig. 5(b).

For slow fading as in Fig. 5(a), at the BER of 10°%, the decoding
system with Approach 1 and Z =2 and 3 has the performance gain
of 1.5 and 1.9 dB over that with z =1, respectively. For fast fading
as in Fig. 5(b), these gain differences are significantly increased. This
result highlights the usefulness of MSDD.

From the results in Fig. 5, the decoding system with Approach 2
cannot give better performance than that with Approach 1 and z =2,
even though the linear prediction order is increased. This may mean
that the complexity of the number of the trellis states determines the
limit of the decoding performance.

V1. CONCLUSIONS

An iterative MSDD system for turbo coded DUSTM has been
developed to work under correlated slow and fast Rayleigh flat
fading channels by using an APP demodulator. No pilot insertion is
used. In the demodulator, the BCJR algorithm has been modified to
utilize the MSDD metric with the linear prediction. There are two
approaches to utilize the MSDD metric. In the first approach, the
number of the trellis states of differential modulation is exponentially
increased with the linear prediction order. In the second approach; in
each iteration of the decoding, the symbol sequences needed for the
MSDD metric are determined by a modified VA. Then these
sequences are used in the BCJR algorithm. The VA is modified to
receive the a priori information of codes in order to provide better
survivors for each iteration. From the simulation results, the first
approach can give better performance at the expense of complexity.

REFERENCES

[1] G. J. Foschini and M. J. Gans, “On limits of wireless
communications in a fading environment when using multiple
antennas,” Wireless Pers. Commun., vol. 6, no. 3, pp. 311-335,
Mar. 1998.

[2] 1. E. Telatar, “Capacity of multi-antenna Gaussian channels,”
Eur. Trans. Telecommun., vol. 10, no. 6, pp. 585-595,
Nov./Dec. 1999.

[3] V. Tarokh, N. Seshadri, and A: R. Calderbank, “Space-time
codes for high data rate wireless communication: performance
criterion and code construction,” IEEE Trans. Inform. Theory,
vol. 44, no. 2, pp. 744-765, Mar. 1998.

[4] V. Tarokh, A. Naguib, N. Seshadri, and A. R. Calderbank,
“Combined array processing and space-time' coding,” 1EEE
Trans. Inform. Theory, vol. 45, no. 4, pp. 1121-1128, May
1999.

[5] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time
block codes from orthogonal designs,” IEEE Trans. Inform.
Theory, vol. 45, no. 5, pp. 1456-1467, July 1999.

[6] H.-J. Su and E. Geraniotis, “Space-time turbo codes with full
antenna diversity,” IEEE Trans. Commun., vol. 49, no. 1, pp.
47-57, Jan. 2001.

[71 Y. Liu, M. P. Fitz, and O. Y. Takeshita, “Full rate space-time
turbo codes,” IEEE J. Select. Areas Commun., vol. 19, no. 5, pp.
969-980, May 2001.

[8] A. Stefanov and T. M. Duman, “Turbo-coded modulation for
systems with transmit and receive antenna diversity over block

7

fading channels: system model, decoding approaches, and
practical considerations,” IEEE J. Select. Areas Commun., vol.
19, no. 5, pp. 958-968, May 2001.

[91 H. E. Gamal and A. R. Hammons, Jr., “A new approach to
layered space-time coding and signal processing,” IEEE Trans.
Inform. Theory, vol. 47, no. 6, pp. 2321-2334, Sept. 2001.

[10] B. M. Hochwald and W. Sweldens, “Differential unitary space-
time modulation,” IEEE Trans. Commun., vo. 48, no. 12, Dec.
2000.

[11] B. L. Hughes, “Differential space-time modulation,” IEEE
Trans. Inform. Theory, vol. 46, no. 7, pp. 2567-2578, Nov.
2000.

[12] V. Tarokh and H. Jafarkhani, “A differential detection scheme
for transmit diversity,” IEEE J. Select. Areas Commun., vol. 18,
pp. 1169-1174, July 2000.

[13] H. Jafarkhani and H. Tarokh, “Multiple transmit antenna
differential detection from generalized orthogonal designs,”
IEEE Trans. Inform. Theory, vol. 47, pp. 2626-2631, Sept.
2001.

[14] R. Schober and L. H.-J. Lampe, “Noncoherent receivers for
differential space-time modulation,” IEEE Trans. Commun.,
vol. 50, no. 5, pp. 768-777, May 2002.

[15] C. Ling, K. H. Li and A. C. Kot, “Noncoherent sequence
detection of differential space-time modulation,” IEEE Trans.
Inform. Theory, vol. 49, no. 10, pp. 2727-2734, Oct. 2003.

[16] L. H.-J. Lampe and R. Schober, “Bit-interleaved coded
differential space-time modulation,” IEEE Trans. Commun.,
vol. 50, no. 9, pp. 1429-1439, Sept. 2002.

[17] A. Steiner, M. Peleg, and S. Shamai, “Iterative decoding of
space-time differentially coded unitary matrix modulation,”
IEEE Trans. Signal Proc., vol. 50, no. 10, pp. 2385-2395, Oct.
2002.

[18] L. H.-J. Lampe, R. Schober, and R. F. H. Fischer, “Coded
differential space-time modulation for flat fading channels,”
IEEE Trans. Wireless Commun., vol. 2 no. 3, pp. 582-590, May
2003.

[19] C. Schlegel and A. Grant, “Differential space-time turbo codes,”
IEEE Trans. Inform. Theory, vol. 49, no.9, pp. 2298-2306, Sept.
2003.

[20] I. D. Marsland and P. T. Mathiopoulos, “Multiple differential
detection of parallel concatenated convolutional (turbo) codes in
correlated fast Rayleigh fading,” IEEE J. Select. Areas
Commun., vol. 16, no. 2, pp. 265-275, Feb. 1998.

[21] P. Vanichchanunt, C.-Sritiapetch, S. Nakpeerayuth, and L.
Wauttisittikulkij, “Turbo coded multiple symbol differential
detection for correlated Rayleigh fading channel,” in Proc.
IEEE ISCAS’03, vol. 4, pp. 1V-397-1V-400, May 2003.

[22] P. Vanichchanunt,. C. Sritiapetch, S. Nakpeerayuth, and L.
Wauttisittikulkij, “APP demodulator for turbo coded multiple
symbol differential detection under correlated Rayleigh fading
channels,” to be published in Proc. IEEE GLOBECOM 2004.

[23] P. Hoeher, and J. Lodge, “Turbo DPSK iterative differential
PSK demodulation and channel decoding,” IEEE Trans.
Commun,, vol. 47, no. 6, pp. 837-843, June 1999.

[24] A. S. Barbulescu and S. S. Pietrobon, “Terminating the trellis of
turbo-codes in the same state,” IEE Elect. Letters, vol. 31, pp.
22-23, Jan. 1995.

[25] L. R. Bahl, J. Cocke, F. Jelinek, and J. Raviv, “Optimal
decoding of linear codes for minimizing symbol error rate,”
IEEE Trans. Inform. Theory, vol. 20, pp. 284-287, Mar. 1974.



78

UssiRglauInainusg

o % 4

WIERAT Alar I Aaledun 11 &amAn W.A.2513 NAIUIANTEmMNEIUAS 1

49

AN TUMANgATANITNANERITIUTR  A1973ANIININIANWIAN  ATUAAINITNANARS
antumalulagnszasundn Winnmmsatansziia lutnisdnen 2530 wazidnAnmsie

TUNANgRITAINIINANARTNUNTITUNR N1ATTRANITH AN Nqrinasnsaluuanandt Tull

NN9ANIEN 2541



	ปกภาษาไทย
	ปกภาษาอังกฤษ
	หน้าอนุมัติ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	กิตติกรรมประกาศ
	สารบัญ
	รายการคำย่อ
	บทที่ 1 บทนำ
	1.1 ความเป็นมาเบื้องต้น
	1.2 ความสำคัญและที่มาของปัญหาในการวิจัย
	1.3 วัตถุประสงค์
	1.4 ระเบียบวิธีวิจัย
	1.5 ขอบเขตของวิทยานิพนธ
	1.6 ประโยชน์ที่คาดว่าจะได้รับ

	บทที่ 2 การมอดูเลตเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่าง
	2.1 แบบจำลองช่องสัญญาณ
	2.2 รหัสกรุปแบบยูนิทารี และการมอดูเลตเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่าง

	บทที่ 3 เอพีพีดีมอดูเลเทอร์ที่ใช้การตรวจวัดเชิงผลต่างหลายสัญลักษณ์
	3.1 เมตริกการตรวจวัดเชิงผลต่างหลายสัญลักษณ์
	3.2 เอพีพีดีมอดูเลเทอร์
	3.3 ตัวถอดรหัสการมอดูเลต (modulation decoder) (วิธีที่สาม)
	3.4 ความซับซ้อนในการคำนวณของวิธีต่าง ๆ

	บทที่ 4 ตัวเข้ารหัสการมอดูเลตเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่างที่เข้ารหัสเทอร์โบและการถอดรหัสวนซ้ำที่ใช้การตรวจวัดเชิงผลต่างหลายสัญลักษณ์
	4.1 ตัวเข้ารหัสการมอดูเลตเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่างที่เข้ารหัสเทอร์โบที่เสนอ
	4.2 การถอดรหัสแบบวนซ้ำที่ใช้การตรวจวัดเชิงผลต่างหลายสัญลักษณ์ สำหรับระบบที่เสนอ
	4.3 ระบบการมอดูเลตเชิงปริภูมิและเวลา แบบยูนิทารีเชิงผลต่างที่เข้ารหัสเทอร์โบที่สลับลำดับเชิงบิต

	บทที่ 5 ผลการจำลองสมรรถนะของระบบที่เสนอ
	5.1 สมรรถนะของระบบที่เสนอในแต่ละรอบของการถอดรหัสแบบวนซ้ำ
	5.2 การเปรียบเทียบสมรรถนะของระบบที่เสนอ เมื่อใช้วิธีต่าง ๆ ในการถอดรหัส
	5.3 การเปรียบเทียบสมรรถนะของระบบที่เสนอ กับระบบการมอดูเลตเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่างที่เข้ารหัสเทอร์โบที่สลับลำดับเชิงบิต
	5.4 ผลกระทบของขนาดบล็อกข้อมูลที่มีต่อสมรรถนะของระบบ
	5.5 ผลกระทบของจำนวนสายอากาศรับที่มีต่อสมรรถนะของระบบ

	บทที่ 6 การประยุกต์ใช้เอพีพีดีมอดูเลเทอร์ กับการมอดูเลตที่เข้ารหัสเทรลลิสแบบเทอร์โบ
	6.1 การมอดูเลตที่เข้ารหัสเทรลลิสแบบเทอร์โบ
	6.2 การมอดูเลตที่เข้ารหัสเทรลลิสแบบเทอร์โบเชิงปริภูมิและเวลาแบบยูนิทารีเชิงผลต่าง
	6.3 ผลการทดสอบสมรรถนะ

	บทที่ 7 บทสรุปและข้อเสนอแนะ
	7.1 บทสรุป
	7.2 ข้อเสนอแนะ

	รายการอ้างอิง
	ภาคผนวก
	ประวัติผู้เขียน

