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PRUKSA TANSONGCHAROEN : FREQUENCY OFFSET CORRECTION FOR
MULTICARRIER CDMA SYSTEMS OVER FREQUENCY SELECTIVE FADING
CHANNEL. THESIS ADVISOR : ASSOC. PROF. SOMCHAI JITAPUNKUL,
Dr.Ing. 113 pp. ISBN 974-53-1710-1.

This thesis presents the novel method for carrier frequency offset (FO)
estimation in Multi-carrier Code Division Multiple Access (Multi-carrier CDMA, MC-
CDMA) with multipath Rayleigh fading channel. The proposed estimator is composed
of two methods for improving the existing FO estimation techniques. First, the CIR
length estimation technigue is introduced in order to enhance the accuracy of
fractional FO (FFO) estimation. Second, the new pilot design is proposed for acquiring
an integer FO (IFO) value. The estimation of FFO (values is between -0.5 and 0.5) is
carried out in the first stage. After the compensation of FFO, the estimation of IFO is
then performed in the following stage. This new design overcomes the limit of the other
previous FO value estimation techniques and very suitable for practical implement-
tation.

From the simulation results, this new design significantly reduces the
estimation error compared with the previous techniques. This confirms the advantages

of proposed techniques.
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Chang Wa% Visser [15-16] l@uasanasnsuuwuulfusalsalia LMS uaz

NLMS paanau @a NLMS 181305 an1xnnfstlassuilasAimanndaenmnwazilszannsds

a o !

uwlugingn wanannil Dongming, B. WAz Xinying, Y [16] lilauadanesnuniansnizyg

- , 4 . 3 i . . 9
\iu (over-sampling) Wieaenedesa N neani AN Neana3nNwL LA a1 N1saUseunslé

AN (0.5, 0.5) flu (-1, 1) usidanesnuianuanna N iiliatnsalszin A Ngnaes

A = = = = =
Watad N ulnISR A ARSLLLABNAIND

®  WNATUAULIUNANIZTINLINIANNY

A3k LLTA N0 U s AN AN NDeaNEa Lenne ludag +0.5

WN19992 821U AR UN I HElaei 1Tl 91BN LEuA Ul sz AN A IND

b

aavndiunnnaanun ludasusn @A lanansenuaastesdyonns fnldAAND

b

I~ 3 o o I = )y
ﬂ‘ﬂ‘V\lLsﬁﬁWl‘]J?Zﬂﬁmslﬁmﬂvlﬂgﬂm‘ﬂﬂ\l’muﬂiﬁﬁL'ﬂ‘W’?Z@EI’]\?ﬁ\iLN@W@’W?M"]‘V]@I‘IWQtLL'TJ@@‘ﬂN‘Vl

] Qs =

fasdtyry uianuudnuIn wesandyynndassiuninanldlunisAiuangnsunaulag

(%
o o o

desdtyoynnd aatiu 1 A.A. 2003 Songping, W uaz Bar-Ness, Y [26] asléiuiniguaianig

Uszunnudasdny oy niivannannuidun19aastasdy yrumans

s~

aa

0 (multipath channel)
wuudfusale TenssaRanislssunuaiwidunisaastesdyoiaufianududen wazsld
nanlunistszananaiiuatnaunn aetiuasldiunsdmiudesdyyruninindasuulag

88119990159 (fast varying channel)
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wanannil 1 A.A. 2002 Jiao, Y., Hong, C., Sun, X. 4az Zhou, Z [20] 1418
an . 4 4 e X ae o 4
18N19U 72N UANAND AN ITAN ATEL AQNTINNTINTUAINIIUITE AR UNYN TI4I1N19D
UszannuAlalugag £0.5 Winredszazinessudemauniitias Inenennislseunnimanug
aaWaeaniu 2 4o Ae Uszanmdipudeanmanegludes £0.5 Winressvaziiig

1 dl 1 o dlo/ Y a 1 % o/
sendnemauniitas Tulniuuinan Imﬂﬂﬁ?xmmmnmgagﬁmmuimummmqmm@mu

|

a A o = =
wartszunnimnunaan AN AT WA KRN 11 IALNLAND

(% |
Yo A o a KR ' =

aniinananisunagInisananalasagy i@l danasniusing - Agniaue

a
'

[8-19] liannsndsennauAAaNdae WAL NaNaNT NG9 inA9nan (-0.5, 0.5) wazly
N

AN TN UANDN AR HANATUNTZU LN AN AR LLILIARN AN

Ll

1.4 WUINNADIINLIRNUS

szl MC-CDMA  ifluszuunlasuariuaulaifluasinauindniy

srUUARANIYAT 4 1HasanainnsnliEnisivainuanaiasAaNiage uaznusatiom

'
o Al

NNAAANARILLILLAANAINT AINUARERRIUNINLINTZ UL MC-CDMA lanumnusianis
Aaanudeavian dupediszuuliaiuisadelasludnienanudls azidailoym 1IC1 Bl
v a a v = a [ 3 :I/ XK A o 3| 1 QI dl % = aa
nsfndudndeyailnnianans AeiuAsiAINATue 198N ssULAeINNINAT TUNIg
dsznnauazudlapandeanion danesnueg o Agniaveliainisndszunuaiaaad

dl 1% dl a dl a a A all z 2
@@‘V‘lL"I]B’W]QﬂF]@\‘iLN@W@’]?M’]?$UU‘V]W®L‘V\I®®\1LL‘LI‘]_IL@@ﬂﬂ’]’]ND UaNAINU [26] 1®L@u®

] o

FANDINNNNTUs TN AR NN AN IR LARBILFIZNIUNNI VN LARDLALAIAAA IR N

v o

v & o I o

asaastesdnyorunen Tadunsradinduden Aaduingflnusauauasane N uiy

o

Aty (significant path , resolvable path, CIR length) Taglianilugasnsiuan

o

| aao
NIANINAN

HaRaUAUaIAR AT IR WAS 1A TaeA T I tWaanANd gy wazialFuilgs

1s2@Ansnnaesdanesnui ldlssuiraA A N e AR b T WA BARLAN LU ALAN

a

(Fractional Frequency Offset; FFO Estimation) #anainiitlananssiiiNanunuaauniyg

- P & | ¥ a = gy =<
gagMANuINTU dangsnabilanialiuniaiinArunaan AN NAININNINATINLNT A

v
ol R

2L UNITENINAAUNITE BN ANANNINTU AITUAN LI AN U HANEUDDANATNHLNE
ansnnilszannianuteanias lutdasind i Tnalddyoyrnninsamigduuuiey e ld
al

TunnsdszunmmanuneeniaaniANduawIuWinreInaunIites (Integer Frequency

Offset: IFO Estimation)
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1.5 IngiszasArasinendnusg

® imun uaziliuilgeaNssnuraeIITUUARANILUL MC-COMA  Taaudlanany

~ N =~
NANATALUAIRIN AN DDA NLTER

® 1FlpdanasnuilidszunnAiaaudasian

1.6 UALLUAUDIINENTNUS

thiauesanednudmsunistszann tazulaanudeeian Wean IC1 61
iassnannnisifiannnafeaniaalusziin MC-CDMA tnafiansannisiiodnssemdneganil
gmMﬂ”@@ﬂﬂmil,m?i@uﬁﬂm&mq (downlink) 1’71'53mmmmummﬁmﬁﬁyﬁyﬁmmuLa@m
AuE Tng N1 TN AN s LIGAN 12 As 10908 A9 ANEI89189ANNTANANA (Mean
Squared Error: MSE) 8ag1A27:HNANA ATR (BER) kaziasazaamanngnsaaiunnsily

1990 WAL FUTL AN NN URIP AN N

1.7 Uszlaminaininazlasy

1. ladanasnudwiuuilatiymenuneenimaluszuunisdaansuuy MC-CDMA Lila
WANTUHA TN TASA Y0

2. lunwnnelunisddeduiunisnliuilpanssouzaesszuudeans MC-CDMA sia'ldl

1.8 AUABULATITNITANLUUNG

1. AnsAusdsyuudedns MC-CDMA uazansanlaseaing ”mmﬁmﬁqmamﬁu LAY
NIAANIRNIELL

2. CANENANITNLIEIANNDaEWITAREIYLLNTABANTULLIANS y TnelenizszuuAndns
W11 MC-CDMA Tagienneszuinidednsuuy MC-CDMA

3. Anwuavdusdidaneiiudildlumsszunn wazudlamnudeanimadiususyiy

NRBATULILIAN ]
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a ¢ % a R ] d‘d ¥ ¥ o 4 a L
4. AATIEN LATNARDAUAANDTNHENG | ‘V]NELZQ'H@LL@'J AUUTZNAUAILILATIZWUNLRA
P : o a= Y o ~ o ax
LAIRLALIDILARZEANDINN  TINNIUWILTUNTHANADITZULNANARDLOANDINN
AN

5. diuilgs Wmundanesnulusiieiinilszansnmduiunisdszunniaaunesnis

a v X

6. NARDUIANDINNNAAAUIU LAZLILRUNS

7. a1 3a190] LATIILIINNANIANABITTULNARNNAI NN TNUaTTuANY In]

1.9 NMINSINURIINLIANUE

‘i’ B a o é’ 1 | I
HaNIa9INeNUNUs 2 TUN tiaantilu 5 un Aa

= 1

d‘ o =® aa ‘i’ o a = g
Und 1 unidn danasnanansdszdnaruitluun Wuﬂﬁuﬂ‘ﬂﬂiZUUN@ﬁ]LLﬂLﬁ‘ﬂﬁ‘

o

A @ ao A A o M, TR: . -
FALANLD INUIALNNIUN LLEININNUILA LR @’]ﬂuuiﬂﬂ@qng Qﬁ]ﬁlﬂﬁ\:ﬁ@\‘]ﬂ AAULANTUB

AFanRuNNIa9uIN e szlamiiiaindnazlasu dunaun1sainanw wazn19ieny

£ 1%
¥ A

A aa A My =K ° .
unn 2 VIE]HQV]LﬂE]"NJ@\T Lu@ﬁqlu‘l_]ﬂullﬂﬂ@qqnﬂ BUUANADINTARAILAS

a ]

NASUL99T2UU MC-CDMA  davdty cynndangiadaud uuusiaastesdyoyiuinldlunig

(787 El

o o 6 ©

ANA8TTUL N1sAmAtaya sWaLN 19919a7ANAR sLuuuN BRNAyAnEaiinges AND

o

paNmR TTade NANUAAAENIINULUBIILLL LAZNITIRLABSN LA AR NI TN IBITLLA

1 v 1 1
1 3 Tuunillénananeszuy MC-CDMA A1HN13U 91N UlAZ A AN D

a R o a R 1 d' o
aaWLEa I8 as LML INAANE NN ] NULAUD

'
alkx o

U7l 4 NANINPASIARIENITDHr e anesNNtaaue TuRewlasing o

all a o v k7 % o a KR dl o b
uUnn 5 @ﬁ:ﬂmﬂﬂ’]ﬁ’]‘ﬂﬁl 1AALAZLDADUUDIDANATNHNUIAUS LLAZUDLALR-

WUEAMFUN N1 Al
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1.10 Aenudyansol

N lULAAZIIAN VEaUNUANNTNUAAS
FaaaussndvrarIninas

o o o a 6 @ d‘d ¥ 1 =) o o & = &
3n! m:rmmwuwmﬂwm@u@gmu@ EUANEL HIETNLINIART

o o o a 1 =2 a &
3! ﬂﬂmeWNWﬁlﬂﬁy UHIBON LURTND

co a

Aoyanmnifa

il s = = Ny % = o A
NW‘FLVEQV]@EI”IHQ\TL@ULL@gﬁJmﬁ‘ﬁ‘ﬂ]uu‘ﬂﬂm’]ﬁlﬁﬂqﬁm\jﬁﬂﬂuﬁ‘@
LLﬂQ‘ViﬁQ ""]mﬂﬂLNﬁﬁ\ﬂsﬁ‘

a o o e L v gt a a '
BRZUEITNATL m:rmwnmommwmuu%gﬂl‘ﬂﬂma@mwmuwuﬁ



c
s
=D.
N

AYINSNUFIULASN BN NAITRY
LY] a9

2.1 WULSNABITEULNAALALTESTALNLD

2.1.1 wUU_NaaINIA|d (Transmitter Model)

b

'
a

WLLANA895¥UL MC-CDMA [1-5] wanasagin 2.1 ilaninuna lidnyansol

b

¥

dagandn (input data symbol) sasdindeyadl k & mFuGlEAuN m unuson a, [k]==+1

al

a o o

. — y A = . o X
wae ¢, [il==*1 LLV]H?M@LLN”H@\?@?WMW m TUN 1 Tmﬁm‘:muma‘zﬁmmmﬁmﬂumu U

(3

o

Foudnenideyaaidn 1 dryansal ¥nng1wa (copy) WINALAMUIBARUN R INUNA

o o L

(N ) uazihdryanendn ldluusazaaunidtiasnigusoausacmil ¢, [i] 29999auw anmiu

o

¥ o e Aa | | g ey A N
HAALAALITNUARUNIVEBENNITUSU NIZUIWNANUNTNEDEUWLALININL F/Tb

,*.
e 1] so3{27f.4)
4’@—"@—' - s & (;:j
2 [k] = Cog 1” e FUE[EJ;_J‘(I + z_x_m] : <
# j& z
o » *
b2e %
Cm [N = I'I

2aFn- I:jf
cna{ﬂxf'._f I TJ

77 2.1 BuLANaeeNARITEdIE UL MC-CDMA

o o

a dl a J~1 o/ ] o ¥ o rdl dl a
‘wmmmmngﬂm 2.1 @nunnsuiilu a&m&nmmmmmw@ EUANHEUN k LNANANTIUN

1 4
Amdudldaun m 1fuisil

5.0 = S, lla, KcosQm(f, +i-)py, (= kT,) 2.1)
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|
o

= o % A dl dll e 1 o dll &
WwWaninuali f. AR ANNATAIARUNINELBERATNTUARUNIN

4 .
aaNAuduas p, (1) unu

a

Foynynuniaduunauiianiag (unit pulse) NRANag Tugagan [0,7; ]

o o

WHaNa1TNANMANNTEATY (U UAMTUTYLIL MC-CDMA LRaWLIn6ia9

liaeatiamasiiuauaunindniunisueg andn) At AU ATTUINEARANWI

[

o

a9aT1a1n05 e unustAsia s Aty unndy oy lugd Tamuoanuuu liseiies

q v o

(discrete time) %x‘immmﬁﬂﬂ’mm@W\lﬁmﬂz\ilﬁi’aLﬁm (Discrete Fourier Transform: DFT)

winunszgnsfld e

2.1.2 WUUAIaa9IN1AgU (Receiver Model)

Tudauaasiadaiiiansnntedyansulsinisniafudiniussuy MC-

[V 7 '

CDMA Tagivansnung I lusyunivduanuan M 918 dnynyanuandniniafuaiunsouans s

o

X
JU

r= 53 p, c lila, [kleosm(f. + iTE) +6,)+n(t) (2.2)

m=0 i=0 b

o

AuuaAINEmesie il p, . uaz 6, Ao dullsrAnsnisanneduun was

o a4 d L e DN
wlandunaduiiesnnandesdryn e ldaen m duiuadaunvitesn i Ineh n()

'
o

An dryunndsunauinadaa1auuLuan (additive white Gaussian noise: AWGN) NRA"LaAE
wiriugusd waziAtauulsdsauin o2 Ransanszuaunianiaiuiiudagdii 2.2 Tnad

PANNIININUETBUNALAUNTZLIVNINIANARIAITL

% 2 r
_ 133 QPA L;"m
]f cos| 2aF, 8 +6y, | e [0] .

&

6 s :
Tifl ——w icus 1) P, A= - g | [1] . Fe [1J |
it o w 2

4

L

M o [
b Wt L
* 4 Pult 1]

1 InFN-1 o
T—hl:llm[?x'ﬁ.i+%+ﬁuﬁ_l} '-‘e,[N ]}

77 2.2 wuuANaeeN1ALTEIITLL MC-CDMA



16

Y o

ﬁmﬁmmﬂgﬂﬁ' 2.2 gnsneUIENsTLAUMsTinATL AR ”fyfyﬁmﬁ'
ﬁ?ﬂﬁ@ﬂﬂ@%ﬁ%\mm"lmwu () HNHUNILLAUNTTRLATAN UL LS TIAN Vi ULAT
Aaumed (match fiter: MF) Ransunsevisanaunisides mﬂﬁuﬁﬁﬁm&m&mmﬁié’mmuﬁu
Lﬁ@ﬁﬁma‘ﬁmﬁuﬁwﬁﬂga v, Tmﬁmﬁﬂ@m@uﬁﬁ%qmﬂ (orthogonally) m@mwi@:miﬁmﬁ@

1% ' v o &£ A o Y ° o = A v Jrgy
LLEIﬂLLEIZ"II’FJN“@TPJ\‘]LLIFIZQSﬁ;ﬁ‘ﬁ’ﬂ’ﬂﬂ'ﬂ"lﬂﬂu FINNANNTAD UNTVAUNTLUN i m@a@i‘muwmmma‘

|
o o =

wauAudty oy uedunidesd i Weidunisuideyavany o Junduniu dydnwal

al o

2
a =

% a ~ aal = v ¥ v v A A A
fayain uazlunsiigauns 35n130azfunisindedeysvesfldauaunivasaantyl
IPraaFrerasunntiamaslsenat o faaudingnes LazaaaTalaLnaFI NN

= . = o X0 o da X
AIMHDUTANLARSARNUNTIVEDE uﬂﬂ@’]ﬂuﬂx‘mﬂifzu‘luﬂ’]ﬁ‘ﬂﬁ‘xN’]’MLW@V}NmL‘WEI‘LLVL‘]J (9””.)

Walfeaadaaimasainnsndadasiudluntsnaiiudnunundesnisld dyoyinlugos

o

o e—dl dll 1 v a A £ Y o é’
UANWIUN k LN@N’Wuﬂ’]?ﬁlﬂﬂu‘]_lWll@ﬁﬂ@@’?ll’]?ﬂl,m@\‘liﬂﬂﬂu

o

M=1N-1 —le (1) T}y F
vy =2 zép,,u.am[k]cm[z]T— | cos(2m(f. +zT—)+€m)

m=l i=l b KTy, b

-cos2a(f, + iTE) +8,,)dt+7

b

o LN A | d|9/ o o dll e 1 dl . dll a 2

AR 19 00_,. ﬂﬂﬁ’]W\I@‘H’ﬂ\iﬁﬁyﬁqumﬁlﬂﬂﬂ’]ﬁ‘ﬁqﬁiﬂﬂ@uW"]‘VIEI‘ﬂEI‘V] i Lazlanansn e
a PR o ] = Y % 2 A

ﬁNN[flﬂ’W%V]Q’]?SUU@’]N’W?ﬂ‘ﬂ’]ﬂqﬁ‘ﬂi:ﬁdqm@]q@ﬂm‘ﬂuLm\?LWﬁiﬁﬂﬂ’NQﬂ[ﬂ’i’N N7 90_,. 200',.

Arynyrauluannisi (2.3) amnsnangiiduansi

N-1 M-1N-1
v, = a,lk] ;poyi + X Xa,lkle,lilclilp,, cosd,  +n (2.4)

m=1 i=0
Tael 7 wudnytyrnisunaunIdaan9uuLLan

N-1(k-D)T}, 2 F A~
n=x [ n@)—cos2m(f. +iF)+0°"')dt (2.5)

=0 kT b b

wazr ¢,,=6,,—6,, Waarsndyyindeyansiainis (@un1si 2.3) dsznavildon 3
g g = 1 o ¥ dl 1% o‘d‘ 1 o
wail tnemarfusnifudauaesdynyrudayafifenis wailf 2 azifludeuaesdnyryinunsn

aana Ny 431881 (Multiple Access Interference: MAI) uaznatgavingaziiudauaes

' '
a a o

Ayoyrnusunau waziafiansun lunstlgauain p,, HA1AN  WuABNITAANAUAIN

m,i
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] o 1o dl Lol A 1 a a -gl/ é’
RN t:yt:yﬂmmqﬂuuum‘lunnmuwwm& LRSS ew. =0 ¥ "Lummmmmwwmqwxlmu

—

Hadoyounasmuneeutesdtyyind aunnsi (2.5) azangilily

vy = Na[k1+ 3 a,[k1p,, S, lile,[i1+7 (2.6)

v, = Na,[k]+n (2.7)

)

zdunmlidndouaesdnynyrnsunouanniy Maneauargninaneldls wesannanifanay

(3

1% =

@INVRIE Wi lun U IR desdnynyiniazinisaaneunusasAaun i ldvindu uay

=3

v
ar o

a a dal ¥ o ¥ dll ! =l v a
AZINAAIMNNALNLUNIUNAAQY 9T ATYEUNUILNIUAIN Tdneauazaenaliun1ssndu

a

a 4 dla %
UM?I@N”@WNQW@WQVLQ

o a = a

2.2 FaIdIUINLARRUN (Mobile Radio Channel)

2.2.1 mMsunsnszaguaigr antdagundasniniaan (Time-Variant Multipath

Propagation)

TuscuuAedNs9ngLARan (mobile radio communication) Te9ATyry

IngudedenlasssudainsAniiiaasuil (mobile station: MS) uazan ignu (base

'
o a

station:  BS) luntsuaniddeudeyatieg1sing o) Inedoyyruigndeeanunazldiy

g~

o

HANIENLANUIINGNRINAINIINAIUUNAINADIAN HEAZANIL

® nIsuNsNIzaEUanean (Multipath Propagation)

o‘-ﬁ’l/ a i’ dd‘ o dl ] a ] al 2
ﬂmﬂ{]mimummﬂummw UUTIUNAIDANHY LAUNINHNIUAILIANDN
4

' o Y a 9 ! a ] . o
AN 7] N1 WANANITAZNaU (reflection) NAagLaELLIW (diffraction) LATNITNIEAANTEANE

v oo P%
o a a

(scattering). AAULHWANINHNEULHEINIAINEN AL 7] VAN ATLBIAINEITHTNA

al dl L4 49( a 1 1% ¥ QI a 4‘ [ :// dl a
mewugwmmwummmu AMAT muvl,u HUN BAT @Qﬂﬂﬂ]qqﬂfﬂu"'l ANUULNBANANTTUN

» da nod o . = "
dyanuniuldaailunasonaesdyayinuuugilesinddu (superposition) anuais
' » o

AAn19nTnanlszis nrasnaadaunn waziansneiu lnaBandasdyyruiinianig

aa

0 (multipath channel)

3
aad !

WWINTZANUNANLANUIT TeNATY Ty 10NANY AT VTRt A Tyt TN

a

X &4 A o o A A 4 A o L e
UBNANNUNITARAUNTAS INTANILARA LN LL@Sﬂ"I?Lﬂ@@uVITﬂQ'}ﬁlﬂ%ﬂﬂﬂﬁﬂiu‘ﬂ‘ﬂ\mmﬂ;ﬂm

q U
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= =

% ada -all . . -all 1 a
asdayaunaunasindnfsilasullamsiaan (time varying) ¥138938n91 AR

o

£1a91 Jor

WLILEA (fast fading) Bnsael

® n19uUMLe (Shadowing)

dsngnisaliliiaandanareeruin g e 190 An wsaniune U

'
o

Tedyynoungdenn deanasaanuusavizanidsaasdyuniulalddiacanasvizaiaau

|
v o A

waznndasunlasasnndsdyniiiasannnisuatsilanunsnBananednedn tlana
wuudn (slow fading) uazaiNisnaduieiangnisaiiilangldnisuanuasdentni (log-

normal distribution) [4]

® Path Loss

o & ' I 9 o

dudlsngnisninldesuiafenanduiugszndnaAnndsdnyyiniass

o o

ixmﬁwiwdﬂmmﬁﬁmum‘lﬁmﬁwﬁma@uﬁ AFUTRIATUUNULLL free space ANNNAY

v o

drynynedsazulsunduiunideagaaedssasinasendwaniigiuuaz nsdniinaeui

1
o | o a o a

| o A A A Naa = ) )
LLm@’]ﬂﬁ‘Uﬂ@\‘i@ﬁqumrJWﬂqLﬂ@‘ﬂumLN@W@’]?m’]ﬂ?mmN EUEUNEURDA T (line of sight: LOS)

o o

sendanntiguuazinsdnwiiindauinudn Arindsdtynynsedeasul sunfuiunngeans

a Ay

& viTe vnvessrazvinesTndan g uuas nsdniiaaeun [4]

o

d 7% g N 4 .

qninanandriunsitlaeuulasesingedy s nidesannisingnisal

shadowing uaz path loss @1xsailalaeldnssansaatAnnAsdenesdny oy o (power
-, e A

control) Feazliinaansidnentinusatiul enarsannialsianyAgiundidesdoynyiu

o

dlunszuaunisuuugNTiia wide-sense  stationary NARBUAUBIBIATYTYIUBNNAAGD

] o

o X
STV SR K0

h(t,T) — gale.iuﬂflz,/m@)é‘(z,_T[) (28)

Wanavuun 1 a,, fp,, 6, WAT 7, WNUIUIA AuDaallinaaf (doppler frequency) L4
WAZNANLTEAY (propagation delay) &11FULEENNG (path) 7 1 AMNA1AL HeAND Al

o
NARTAR

For = Lo cosa (2.9)

c
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= = o o o A = o -
Wa v, ¢, f. WAL UWNUAINLFITRSINTIANTLARRUN ANNITILAY ANNDAAUNIY LAY

c

° o/ ¥ o/ -

Humﬂﬂiwmmﬁaummumumﬁ [ ANAAL Ba MANBRANdNAUS (autocorrelation)

o a [ ] o

m@w@mu@umrﬁi@mmmﬁm@uw@M@\‘m@mmmﬂm Lﬁ@ﬁmﬁzﬁ@mﬁﬂwmmm fast

v o o
£%

fading T9ANSMANANNUS LT UG
1 .
R(t,.t,,Af) = EE{h(q,z)h (7,.t+A)} (2.10)

nalfaNyAgIuIeINIZUIUNIT4N (random  process) WL WSSUS  (wide-sense

stationary uncorrelated scattering) TWENAINIT h(z,.1) UWAT h(z,.r) tdRanduRusiu

(uncorrelated) MMELNTIUN 7, 27, AIUUANNTN (2.10) AN30BEUlAA
R(t,,t,,At) = p(7,,At)d(7, —7,) (2.11)

e p(7,,At) R delay cross-power spectral density [4] LLMLﬁ@ﬁﬂﬂ’]iLLﬂ@wﬁmﬁlm

p(z,,Ar) Waniu Ar az@u1Toudesisidu scattering ARl
ST, £,) = | p(z, . Ane > d(Ar) (2.12)

v ]
NN N saunaaNsSdw Sz, £,) Wiy doppler frequency ( £, ) azldaulnaiud
= 1 . dl L7 =KX o ar -all !
iF8n41 delay power density spectrum @4 ldLNUaNNNN1A%UIRABTIdULTENA LV

EUNEUNLNAUUN nandeeas ¢

k=)

p@ = [S@.fo)df, (2.13)

¥ v
wanannitlunisitrsnsidasdyoulaald delay power spectral density BeingLABITEN

dll = A A = o § Ay e = =
WA Lu@\?@’]ﬂm%ﬂuigﬂu HNITLARBUNFARA @\Wlﬂ‘wm’]NDVIVLMUNMEL‘]J@?;IW,L‘]JM
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UFaslANLLanen AT edtaasdulssnauansdyynu iAnautaetlinaas
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'
A

"9 ] MnTUWTeNEENd1 doppler power spectral density #0aelun1sdiAssiuaza¥ie

=

UUURNaReTeNd i1 TeaNnnun LA nnisauiingm S(z, £,) Wauiunanlesis ¢

o

X
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S, (fo)= [S(.f,)dz (2.14)

2.2.2 WUUANADITDI ”rgrg’nu (Channel Model) [7, 36]

1 ¥
Tunuuanaastesdtynyin ilaasiiiatudauninazayuuliinisuanuag

¥ 1
o (% | o =

¥ Y
@t AuLULEER (rayleigh) veauuulsd (rice) viatauag fudesdtynrainauladniinig

gansuliiindnnsalivzely dreansulmiindnnsanisuantastasnanaaziduwuyled

'
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Tnszndnnansaunlunsiildnaannss n1suankadnaziluiigsia delunnendnusaiiudl

o
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wyF i esdtyny o lussuuilssne uAeRINAL999A99 ) unune Aeiulanianaziin

=

a

= =KX v % :;jd 3 a o=
EUNELADATIANUBENIN mmw;umwmu%r]w,l,@mmmmw\lmmLﬂuLLumim

k=)

AFuN178 9 AR LU LLIETATIW azian19anaasdy iy udiulsznay
a A A = Z A% 3 4 o 3 =
ATIUALLANAUNANIINIZANYLULINELTEY ANTUHN AU 72N LNARINITINAY LLA2AY
NanTuauNALasdty I laaanni3sansanane Tnanisuanuasaasdulsz@nsnng
o all % 3| o=l dl
asnaunesadyIniliaziduunueda Tuaneinisuanuassesnaazifuuuuiengy

Tug99 [0,27]

2.3 msmmALaya (Data Detection)

'
o al 3 a

a 2 o o o a aal = =® :j/ 1=
nnennAdeyad ML EUUNAR LA BETALAN LD BNANTAN N AT
A.A. 1993 Tnaanyansnanazilszaadannnivlinininiu uazlfulgedaanssnds
uedsznie nelinginusiusesne e lddryanamamaliianuadig visemiewiy
o o A A A A = o = Iy = o
Aynynudayandennanningns iafansnnisuannisamedeyalastinnaFunudnynyn
A dl o % ¥ I d' o 1 [ o | o
wranau N Ruresdy yandlug Idusazsaafianndng luntsdiul gedtynyrnndundn

o

¥ 1 = 3 | sil’
LA @qll'ﬁﬂLLU\?ﬂiSLﬂVﬁJ‘ﬂ\‘m’]ﬁ‘ﬂmﬁﬁlﬂﬂu@’ﬂ@ﬂLﬂu 2 rzinneeil

2.3.1 msamatayad usug lds1aiaa (Single-User Detection: SD, One Tap

Equalization) [4]

o

AR ALLILDIIUNTZUAULLILALAN (conventional detection) AUANNNS

=KX o

A = o v = = v 2.’/ o % 1o =K
AR ALNA ﬁyD&HM?l’ﬂ\‘iésLﬁLWEI\T?’]EJL@E]QW?@N‘VN‘]J?ULLﬂ Imﬂumuqmmyfyﬁmmmmmu
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) Y = a P o o ) Y dll : P
2N e'I @ﬁﬂﬁﬂﬂiﬁﬂﬂu ANLTYE MAI LL@ﬂNNﬂﬁﬁ‘uW‘ﬂzﬂ@m\‘i e'I mﬂﬂmm?qﬂﬂuﬂqﬁQEluﬂ’]?ﬂ

WA alsasAndn A ieaaNanIznUAINNInfamaze waznissuna Ineldaenana

4
o 17 =

3
anduayrusunaulunisdindudeys wenaini nsawmeadayawuvidudumaiinnianliy

a
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A o <

' = y ] o = vy @ a £ v °
NINNNE Lu‘ﬂﬂﬂ’ml‘ﬂLW‘F;I\‘iLLﬂﬂ"I?@m@Q_JQ_J”IMVI u"Lmmﬂ@uﬂ@mmwimmnmimmm
| @ = o & aaalaa . ° o a .
ﬂﬂ’]\‘ii?ﬂﬁﬂ’]ﬂﬂ’]?ﬂLVIﬂﬁﬂgﬂJ’]MLLUUuLﬂuQﬁV]E’Wl@ﬂﬂ (optimum) ATNTUTCUULYANAR (ideall

v v 1 1
system) Wil aeduluaninzuandanass (real system) NAnunyIungnaInnazifiang

Gl

-all 4‘ 1 o aa dl a dl Y <A
Lﬂ@ﬂuLL‘ﬂmLummﬂmmmycyﬁmuuuwma wraltanansan lulniuuANiLaqnAe

] o o 2

Ta9A YN UANANHUZ N TAANAULLILLAINAIND (frequency selective fading channel)
3

'
1 =

= e aaal A i o g va a o
ﬂ'h?mwlﬁLLUUI&NMM%WWNW&@NM@ GLuLL\‘i‘ﬂ@\‘m’]iVl’]sLWMIi’]M’mN ﬂW@qmu@HV]@iﬂ

nmelsinaeiunseting pasmauuLgldamhaantonldiules 5 matia Aegy 2.3

Single-user Detection

I il | | |
Maximum ratio Equal gain Orthogonal restoring Controlled MMSE
combining (MRC) combining (EGC) combining (ORC) equalization (CE) equalization

77 2.3 nsnmadeyad i ldsenaanunsing )

® ANANSIINLLLNYIN L TARSIEIUATIIMEIEA (Maximal Ratio Combining :
MRC)

¥ v 1 ] ]
watatgniauaaiuniel A.a. 1993 4] wazifumatiniiniigaiile
farsounaldnginousiresdnspanniianaindntiesign Ineslsznaunisaensves

4‘ 1 a} . . e o o I . 1 o 1
ARUWINEIREN i (1, [i]) $%7867U5UINT (equalizer) %Lﬂumﬁ@uﬁmmmﬁaﬂmumﬂiw

L o . . . o

mﬂdmﬂdmm&lmﬂmwL‘}J@HuLLﬂmmuLfafm (time-variant~channel transfer function) %72
H(f,n) Wanansaun 7 i na il dvsuddauin m paunwitead i (H,,) 9 time-
variant channel transfer function HWiflunadansainnisulasnBiasrasuanauauadse

&younsunasaestesdry il daunilaseunan z,n)

v [i1=H mi (2.15)
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WafansuiNesnaaINnITaanauldsauinaastesdyyiu Tnatia

k4 1
o o =

A A = a = o A o o
NANNITUABILNAUALAR @ﬁyfy']mmﬂLL@NW@@]@@]\?NLLUQIUNV](‘ﬂxNN@Tﬂ\? EUEUNRILNIUURE

'
1 o =

! v U
NIATY N UNHLNNWAYAAN AIBNITENINAIABLaNNAqAas b iunalasesflsyna

Aouil atls waRlatlazanisantauldduasnamdaniussuunlesunansznuann MAI i

Nndnwiniu
® matAntgsaNwuuldansIuENeLYinnY (Equal Gain Combining : EGC)

Asuwmeila EGC [4] fuannisidaunaiumeila MRC tuaa wmaliail
Y 4 do X Ly . . L .
whtlydasanniandaiauliline allinesnsuaunagaaesdyyinmlundasAauni

1 A A o <K A M yva =2 ) o ! o
R NTAANULNUIARD ”Luvl,qu’wmﬁmmmmmmmwnumwmm%mm&m&mm LG RIE

1 v
= o

UsznaunisrensaausiayAUNItiat Az lueaNnAgANTL 1 uaziAiudal

H"
m,i

H'
m,i

(2.16)

v, lil=

3 1
L‘Vlﬁﬁﬂﬁ@qﬂﬁﬁ‘ﬂLLﬁi@ﬁ@ﬂﬂ@\?mﬂ‘aﬁ MRC Lﬁ@\‘i@’mﬁflﬂﬁ‘ﬂiﬂ‘ﬂUﬂqﬁlH’]Eﬂl‘ﬂQW}ﬂaﬁ EGC

TdlalUiAnaaresrn MAL lwszuuaatulumaiia MRC

o o

® AANITTINLLLNNITUAIINAIRINAUTEUINNL LENAUANN (Orthogonal
Restoring Combining : ORC) [4]

a A A . o o = X 4 o
NTANLTUNBNTAANUNIT Zero-forcing (ZF) A1UTUNALAYN LATEITUAINITD
1

Yo A PP | o
pangldAaLsenaun suENaNAaUNitean i Midudaunay

oL
ym[l]—H (2.17)

mii

|
o

aznalafimnu lunsiindnsdauansnasdynnnsrediyny1nsunau (signal to noise ration:

oo

(% |

PO o o o a a =
SNR)  &Anan fatlsznaunisaatadiniuimaiinilazdsnaldaiilasainnisldaane
avAtlsznaudyninsuniu Tasdenalfanssouzniednamanuiananadn (Bit Error

Rate: BER) HAAAAY
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® mAlANISUSLLINNTNISAILAN (Controlled Equalization : CE)

WMARANNTUFUWINTaNaFananaenedn threshold ORC (TORC) 38
smooth ORC (SORC) duiflunnsilfuilganaiin ORC Walilsy@niningsau Tnaiansun
FlsrnaunnrenemINLeNnAYATIAMIN T Rstesdyy e (|, |) Teudaduges

S o o X
NIUNANANL

(2.18)

HNUONNRAUDIA AN HTUEABNTAIETY UM ANNINNG AN (a,,,, )

My Fadsenauniszenaaziiglundwmaniudilsznaunisaaneseanatin ORC
warlunienduiuiueundqpuesndnsnizresdesdny i AntiaandiAiin e

ANMUA Fllsrnaunisusnesea LITlueail [4]

*
H m,i

= —tH*m,,- |athm}1 (2.19)

§m =

=* a g B = o a = a a AaX
g9 &, NuansiiuztiiuungnimeIanngULUANNeLsEANTNINNATY [4] wAzNIg

al

o

AIuA a,,., 199N SNR waza U ldieinalusetiy

thersh

® mANANITUSULYNAIANNRANAIANIRIABILAALAGA (Minimum  Mean

Square Error: MMSE Equalization)

a

¥ 4
wailaiiAdatlsenaunisrenagninuuatunisldinusiaraauianana
o v 4 ). Q ~ V¥ R ; . .
Mdsaaean szndnadryry i lasududryoyonutlmanamgs [4] uazfodszneudna

o o X
nsagnsiluaeil

H
y,li]=——"—— (2.20)
[ +1/¢,
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1 v k4 1
Wan vuali ¢, unuAn SNR astiunsldmaiinil azfaafan SNR fudueurew uazly

1 3
NItNA1 SNR gannmatiatifiaziAdaisznaunisaenaidumasiumain ORC

2.3.2 nMsAAtayadIusug lTuanesIe (Multi-user Detection: MD)

dll Y o o a 3 o [ ¥ = o dl ¥ ! 3 v
\asanndeaninaasnisnmeadayaduiudldmamaassilinananndnesiu

k%4 QI dll o o ¥ dl QI si{ al
WAZANABINITIANAIINATIBNI L ULLD 289 LA WIWE I unninawluszuy  n19h-
weadayad miuglduanasa [4, 35] asgniitanads TnaenAaudnnisnndndtyoinunen
aansenig iU 1N saenas Tnatinensiaud waznasdnynyrounesildsadunndos
Tun13RNARATY Y NINABAAINATY WaNAINUENAIMInAATIYMIAIUNITAILANAIAY
1e9dtyrynuaslfiluetnan Avdena liiaresiuaiiniiaanunwseniaifialsngnisnl

néd-Inaldifuatinanansan 917 2.4 uapanatianisimatayad vl lduatay

Multi-user Detection
I ]

Optimum receiver Sub-optimum receiver
Linear receiver | Non-linear receiver |

Decorrelating Minimum mean square Interference Decorrelating decision
detector (DD) error (MMSE) receiver cancellation (IC) feedback detector (DDFB)

7171 2.4 uansmetipnisRnadeyad v duatasanuusing

al

T p.A. 1984 Verdu S.! lein@uarsesumnns g (optimum receiver)

q

o o

[37] Gudupsesiuniansiaiannann (bit error rate: BER) Aga walliasarndadnin

o

v B v 1% i ~ a ] ° P
NWWPIUANTUTAY LASAITNABINITNTIL DY AFN °'| wmﬂmumwxmiﬂﬂixqﬂﬁﬂﬂm

a a va KX A ° dll o dld . .
@iﬂum\ﬁﬂg B A9NN1UAReLATRFUARN AN NWNNZIe9adl (sub-optimum receiver)

' '
=2 ¥ ' = ' o Y 2

[35, 37] @lHANITOULNARENINATAITUNNNILNAR WANAIINTUTRUTALNIT WAL

q

-4' o -alld 3\1/ IS a dl ' a 4 ¥ dlo !
Lﬂi'ﬂ\ﬁ‘ll‘ﬂllﬂqqllLMN’]Z@N?@\?@\“‘UHHNV@WH?M@ IﬂEl'VlLLE‘]@E?‘]]M@G]@\?TWTIJ@N”@VWWL‘flu[ﬂ@
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a a & o -gl/ 1 1 | dl o dll o dl -all =
Tidnentinudatiuiaenannet1ensng o Neeiuwepsesfuimunziign a9
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wwzasiuTiatianAuuannisaed Maximum-Likelihood Sequence Estimation (MLSE) wa sl
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godayandulilinemun 2¥ galunisdrduiadeys dailuaresiunianududauunn

waraziinsnaulugliuuresieidudn il mwdaaie 4 lusruuiinau anviawaTaedy
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LATRITULLULTILAY (Linear Receiver)
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a

¥ dll [ a 3 o o A a A
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® ASAISULLLAARSILAR (Decorrelating Detector: DD)

AF2UIUNITLULENE UUBLATANSUTHATAD N19UNANAINT NN WD
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* asassurianvinliAafeiNRIERIIRIAHANAIASNEA (Minimum Mean

Square Error Receiver: MMSE)

7 % dl o a = dl o a = a dj =2
AMNUDADLUUBIATBAITULLLAADITIAR Lﬂ?‘ﬂ\‘i?‘]_lLLUUL“]]\?L&‘LA@ﬂ%uﬂMu\WQQﬂ
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=
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7171 2.6 1ATRIFUNLIL MMSE

vAa9suL UL ldL@aL Y (Non-Linear Receiver)
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d o 5 A5/1 €14 152 ) 4 s
wiaslenzAya ey dnaulamitiunewinlidnduiindeys Tapanssouzaesesesdy
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5197 (interference cancellation:  IC) uaziATasiuaiinindayansinduudanitlenndy
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!
A o a

(decorrelating decision- feedback detector: DDFB) T4HNUANNNTLATEIFLTRATNANS
o 9 ~ - X ] 2
Ayoynouunanaenunld wazdneansadinauunan 2 2993 Aa 9asnsasuuuilauly
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2.4 sUAWH (Spreading Code)

Tuszuy MC-CDMA sviautaziiusousnuezsendney iMusazsny Inedilus
azdnlusaundaglums {11} lwinenfinusunivualinonueioviasuauiluessia

S 4 e o = e agy o A o ' a o Ao
LLNNFWquﬂuqququﬁ@quuﬂ@ﬂmjﬂj HUABNAINYNIURITVAUNNAY N T ﬁﬂiﬂ@mﬂﬁrJi

v
oA o o o A

ﬁ@m@ummmﬂﬂu (orthogonal property) A4

N, i=j

) (2.21)
0, otherwise

iz;'c,,,[i]cm[j] < {

® Orthogonal Code

'
1= o

saunndnet lulszinniiliun Hadamard-Walsh code wiaswanaadniian
o o Y 1 o [~ Ce dl a dd‘ e 4‘ o ] ] dll a
anduiusdusendngsiailugudidanaisanlunsainluiinisaouaesiaud wiilaiinng
dl o 1 = [~3 o L2 o/ o/ Y 1 o =l 1 o/ ZJ/ =S [~
RAUTBIIFALNANNNT R IAARINA N WA A ENA NN LTI Nz nI199F @R A NN FeTiuaitln
sanenldundudnsdienlaeu1ad (downlink) Laz&@1:17130 M LATRAINNE AN NN FFT

15 swatlaF1alilnednisautiunisi@sussng viiewpandyagiuesiasead €, A2

1ol
C,, =[1 _J (2.22)

a s dy ) % o rdld dl o [~3
LL@%’Q’mLN[ﬂ?ﬂ"ﬁH@ﬁﬁuu@:iu’flﬂéﬂ"]?@?”lﬂﬁﬂ@']ﬂ@‘ﬂ‘ﬂﬂﬁ']"m?_l']',l 2" 14 n uAIuIAN

v
uanla o lFannusandisstelly

Cy Cy
c, =| " 2.23
iy {CH -, } (2.23)

n-1 n-1

QUAUIUNFTNT €, WA 2'%2" @FNANINGENT C,,  211A 2% Tneunousiazuan

Tuwsnd €, Aesiavesdlivilene

® iﬁ’ﬂ's‘jmﬁﬂu (Pseudo-Random Noise Sequence: PN sequence)
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A a

Aawas (shift register) IedWiIaawmasia WML 1 azaiesiagduinanniaay

o

¥ 1 ]
g 2" =1 wananiinisnaz lfiArasdslddanasiau FFT 16 Auannaesdyansnisia

a

fanflusraningaes 2 acldaansonliin dsvaguines

L sﬁ’mﬁu (Random Code)

Iunusiala - limizas eluussinguullewauinauiusiasead lu

NIUsTINUANITIUT VDU ATALALATESTLT AR 7]

san dALInendnusuliun siasaaduazsiagy

2.5 B2919RIANAY (Guard Interval) ag Cyclic Prefix: CP

TlaqaniNdINaNILNUALNNINFAAIZULAD N1TTLNIULNINAAATENIS
fryanenivsa Intersymbol interference: ISI @naann 1SI a1u130afatalaanisimn
A ANAW RN T AN BIHAR I LANBIAR ATy U BN WAR I 9T a9d Ty By nusagL

= = ° o P B
n2.7 TﬂEIW’Q’]?E‘L&’W’Q’]H')ML%HVH\W‘NZQQ.JQ_,I’]MVISJ’m\‘lWl’m‘i_l 2 [5]

Symbol Time

|
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B e Tk Gt Tande KET M iforiifiod Tiged™

= A o 4 A
g‘ﬂ‘VI 2.7 LAPNARAL E]._,IE]._,I"IE‘L‘L@Q 3 AAUNHNITHAALAGILLLIL

Binary phase shift keying (BPSK) NAN1giAxta910a1 AN
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29

v 1
i1 DFT wuliipsugnaduaasdnyyin sine i IR u1189n1930NUUNINABATTNINY

= e . A 9 PRI o
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a

Binary phase shift keying (BPSK) Nin1316is cyclic prefix lutaagaaumii

ANzl 2.9 wanslifiiudnniaiiu cyclic prefix lugdogaifuiuainisanidnnanes S|

waz ICI 18 wiAnngwRN cyclic prefix #nn1HA1 SNR anmnaawiniy [5]

SNR

(dB) =10log (2.24)

loss

CcpP
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Wanmuali bandwidth expansion factor AL e

cp

2.6 gﬂLmumsﬁ'mwﬁn;ﬁ'nuniﬁﬁém (Pilot-Symbol-Aided: PSA schemes)

¥

luiadelifesnisiiauamaiianisdnanednyyiudnsdauuusig 7 [32]
e NNITLlszinAINI Ee SN 9 207kt n1sdszinn Nz et ad a0l

(channel characteristic estimation) n191lszHnniANA N D aaN TR (frequency offset

o
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faalun171dre8n19UsEH s azlumARANRaNAUNAN Wasanadlddudan way
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2.7 aAnudaanidn (Frequency Offset : FO)
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® integer frequency offset (IFO) Aa AnDeanimReanARALIuaIIUNT8Y
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2.8 A3 aNFINARDANTTOUSUDITEUL

® FyanUNTNIBAAINKY LT518AY (Multiple Access Interference: MAI)
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® AARYVRINAANNNAIRDIVRIAMNAANAA (Mean Squared Error: MSE)
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' CcP o CcP !
L= .S N -4 g -
a' v o aa a . X \ [
gﬂ‘i’l 3.1 TAseainsaad TUTUNTUNNNITLAN cyclic prefix SLWTJ'NLQ@’]@Nﬂu

ANz 3.1 Anquaesdyanadeaiuau N, A1 gnAnasntylidamdunsusesdtynyin

o

A4 Tnenvunlimnaes 7 dazmpued 77 1uaa [33, 34]

1={1,...N, 1} (3.5)
={N,N+1...,N+N, ~1} (3.6)

wazianansauszuunglsdenlanidn  sruudinnsadalasiiannaiaan (time  synchro-
nization) léiatinvanysnl azlidn log-likelihood Milueriduiy normalized frequency

offset axTnuanglAsall [38]

A(e)=log f(xle)
~tog(I1 /() rtk + N)) T 70 ) 37)
_k%@j fr®).rtk +N))

I1 k
kafww»ﬂmk+N»kf"(»]

e fe) R probability density function (pdf) Laz

Efrwf =0 +02, m=0
Vke I:Efr(r (k+ N)}={Efr(0)r' (k+ N)}= 027, 22T,)e ™ ,m = N (3.8)

0, otherwise
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Wanmuald o’ war o2 Aa ANAlAtRALIaA YU TUES LasdTyuInisunau

ATNAIAL WAZANNITN (3.7) RANITDATNAL] I/ (r(k)) Iadasanianuiiludaseiuan e

1o A

v o = 0 =
ANUUANNIIN (3.7) mmmmmmﬂuimwumu

N

Ae) =c, z Re{r(k)r (k + N)exp(j27e}— g §IQr(k)|2 +|r(k +1\I)|2)}uc1

x~

=0

{ r(k)r* (k + N)} cos(27e) — Im{Nil r(k)yr® (k + N)} sin(27¢) (3.9)

‘§ kzo (Ir(k)|2 +|r(k+N)|2)}+c

\Wanmua WAnsHimnadig o liauniei (3.9) iuseil

pe_ BV G M} o), C%,1) (310)

JEr @ e NP} 00 HO

. =—i§llog(1—p2) (3.11)
Cz:(l—pzigfwi) (012
mnﬁuﬁﬁma‘mwﬁuﬁr (derivative) 284 log-likelihood function , A(¢) , WeLiuAn
normalized frequency offset Lﬂuﬁ\‘l‘ﬁ
9 A(€) = 271, [Re{ A, }sin(27€) + Im{A, }cos(27e)] (3.13)

0

P | = o\ A v o =
WanazmAnlinadszunniaasauiaan s (€) AN A(€) GIAARITNVANTBINT ]

I o

Maximum likelihood A3F@anmualiannIsf (3.13) AArwiudue
Re{A }sin(228) + Im{A, }cos(278) = 0 (3.14)

patiuAlssnnaasANReeniEn (£ ) annsadssunaslsannannigsesialiil
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~ 1 L[ Im{A}
=—— 3.15
F=mygtm (Re{l}] (3.15)
Wanmualid A4 Aa
N!’,fl
A=3 r()r (k+N) (3.16)
k=0

{ 1r(k)r*(k + N)}

i suagernell < N as o
I lAFuedy inedauR L Te Ay VAR DAY

(3.17)

Im Nﬁ
Re Nf r(k)r (k + N)}

1 ‘ﬁl ) v Q.
LLG]LN@W@’]?M’]TF\NZHN E‘LIW
afall

wanalugin 32 wudrdmoyrungnAnaannionsludeuaaAniu - (Wansungluuy

Tmm’émﬁmmwmmngﬂﬁ 3.1) drydnundlugng L Tnuwsniildsunansenusuiiesunann
Tdaedtyryrunanaan danali ”m&m&mmiu‘ﬁwﬁuumnﬁiﬁamn ”mmﬁmgmﬁuﬁ'ﬁmmmﬂ
AIUN19VDIR Y YN A FarunstsyanniaaNdeeigaannaunish (3.7) Aalvima Lyl
gnrﬁ’fmmn&u (aziinnsfiansainlumii 4 aansanisdiassszuy) ININZANNE ) FasanAt
uﬁnmmmmwmﬁ@umm{@mﬁaﬁ&'qmmmﬁmimﬂﬁmnmumiﬁ' (3.18) uazANNIT

(3.19)

Ppes

« >

o|1|...||_ L+1|...|Ng

<—— Cyclic Prefix length ~—>»j«————— Data Block ————»
317 3.2 Taseaira s Tudesdtyoyrnmanedn

Weansannelitenlaid kefL,L+1,L+2,..,N, -1}
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r(k)r* (k + N) — §(k)§* (k)ejzﬂm/Ne—jZﬂE(nJrN)/N

) (3.18)
=[sk)[ e
F9ANNANNI9N (3.18) axlFqn AudeaN iR N30l s ulsRnaNnNTeTl
£=—2tan" Im{r(k)r*(“N )} (3.19)
27 Rer(k)r' (k+N)J

wiiafansannalsiteula ke{o.l,..., L -1} azlfdndrynnn o Aunde & vise §k) A

v !
o [ ° A %

HAnmuLAWANEAUANNS D4 AU k+ N 998 ¢ (k) AIUANNI9N (3.18) A3gn

3
o al

Puaeuleludsatl

r(k)r (k+N) = 8(k)e” ™" r" (k + N)
= §(k)e ™™ B8 (k)| L8 (k)e P e 2m N (3.20)

— ae'Pre "
Warnuali Blsk)| uar Lik)e” Aa uaNNaan uazinaresdoyoy s r (k+N) tned

B, AT B, WNUAINNTAANAITHANNAR kaviateddeysunnd ' (k + N)

v 1 ]
Fatianna@nni1sh (3.20) k@ lEing N1l szunnsAn A NDeaniEnann
a o dl ] % a r-alle o al nﬁl A 1
Tnvesdryeyrounednialumn {0.1,.... L1} azfemnsunisiinasndiAnyanuilaing A
a % % il/ ¥ 1 o a K dl o 24’ k2
nnrannauidunduesdyyins seiudiszuu ldfidanesnunaiunsnAaruanuiiaanunlfas
M inNsszanaimndeaninANaNn1s7 (3.19) THdse@nsnnd liannndn 1iiesann
a o d' o v 1 ==ll = | a dl [
finrasdnyyrninununlddszunniAianuiaaniaaiaauusnasanidanAnaanuiain
AU ed Ty AN LA AVID BRI NATY s TN aeRANATY Anainauntin

(inter-symbol interference: ISI) ﬁ\‘igﬂﬁ 3.3
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1
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¥
|
]
1
|
|
|
]
]
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o

—
Reffection efin IST

Eiverred ieme BT “Trfeovtfon Time™

717 3.3 uanIpaLATY Y

-

d‘ 1 ¥ Y a a -13/9/ o aa o
AMNNNANINITNAU INLTUNUTUADINITU L@u‘ﬂﬂﬁ‘ﬁ‘ﬂ')ﬁiﬂﬂ’ﬁﬂﬁ‘u‘ﬂﬁ:\‘lﬂ’]?

Uszunasapandeaneawt Ut i A NRH A ld ARz L9 9 PRA N el Bl

TasWansullanansenuaeddoy i ngnanneaulilduiiiasniaindesdy gyrumanein

b

wardanasNNNTLAUeAIN1IATHAINI AR ML BN Auaasdny iy s ludaaa Auiun
TdlaFuuaann 1S wazilfudgeannasi (3.17) Winnnzaslaanisaziedyoyiniluges L

a o da/
UBRILLTNANLS

Im{ Air(k)r* (k + N)}

£ =——tan (3.21)

27

Re{ %ir(k)r* (k + N)}

A o y ~ : v T o Xt o Ao as A
Wanuuald L unu Andseunniaes L muuiuma‘ﬂa‘uﬂa;\m@\immmaﬂmwmqmmm

Uszanasaninataesaad L 16 ludnandnutadduanssnnonisdszainet L Inadldd

° = ¥ Yy 1 o aa A 1o | ¥ a ad
mwmL'ﬂmmmgmmﬂmmmmtyfyﬂmummm ﬁi"ﬂ\lll@’]L‘ﬂum@\‘iiﬂﬂﬁ‘ﬁ‘ﬂ'}ﬁﬂﬁ‘zﬂ’]m
4

] o

Iy a =< = asl o P
TANATY QU ULITNILNEAUDN sﬁ\‘iﬂﬂﬁ‘ﬁ‘iﬂ'}ﬁm\?gﬂ'ﬂ 3.4
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Signal input
»| Delay N

v l

Correlation

Summation P Window length

over window length |~ updating

R
\ Decision

R,zAo0r p=0

Estimated CIR length

31171 3.4 wptiansazunuANangn Ay

o

Qddw o o A 1 % dl M Yo = 1%
NTTHITURNALVRANNITAR zﬁ“a&mﬁmmﬂumqLqm@mumiﬂmmmm ISI RENAIHNARE
P

o U

AudnyoyunAnaeniiainaaunngaesdnaunsesnisds luanendnygnnegnislu

429 L azldfunaann 11 asinlddainludouiitandisainidnaanun denssudslunig

Uszanu CIR length {udsil finviuaea window length %38 P Wiy N, (wansdsgili 3.5)

waztidtyyiuniegnielugas window length iedoycyrnslugesdgud (N, - P...,N,)

q

o o

vdryeyraulugasdnguil (N +N, = P....N +N,) deanduiusisannisil

oo

N *
RS M (3.22)
wr | (kyr(k + N
ANUUALLFUAN window length AgLn 3.5
P, =P-1 (3.23)

'
%

waztn AR AN LT L e Uiy threshold value waziansadaenAn CIR Length a1nAn

andunusa9A iy uARANINNINUTANTLAN threshold  value AN1IUATIIAN CIR

Length NaenndasRenladinaianiiAgulianiaidansl CIR Length Amsnzanign
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1< Symbol Time >

< Window length >

71/ 3.5 window length

waNaNHNEAAAITNTLTEUIBINITATWIUNIAT window length figINIeD
WA CIR Length - finaganldainnisniAaaeaesanduiusaesdnyoyinlunane 7
Arydnend fansunaang Uil 3.6 ez 7ieduaaunIA window length wimaliailiaunsg

it udesdynyrnuidnianlasuiilasan CIR Length niananls

Signal input
» Delay N

ol |

Correlation

Decision
R,>1 or p=0

Estimated CIR length

3.2.2 aanasnudmsulssunnuatntaawigaw UL UAULLAN (IFO Estimation)

a o

a = a =
annanaN luunn 1 Tudoureeuidsendiuun n19dssunuanud

A 3 G a v o co | =
’a’ﬂ‘V\lL“]’J[?]LL‘]_I‘LI‘VILﬂu@’]uﬁumﬂuﬂﬂi“ﬁﬁmﬂﬂ‘iﬁmu’ﬁﬂﬂ‘ﬁ’]ﬂiuﬂ’]?ﬂ?ZN’]MLH@\‘]Q’WT‘IF’W’]N
o Y [l o dl a o a a dl Yar o ?.’, a a rnilld aa o o
GIIU“I]@MVLNN’]ﬂuﬂLN@LVIHUﬂUﬂﬁ‘iﬁVlﬁﬂ’]‘WVIVLE’]?‘]J ANUUINETUNUTUANURLAUBNTTHNITATUTU

nistszanuan IFO Taelddryansniinsasdaalunisilecunu
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a ¥ dlaz ] = a o o 6 © 1 dl g
Wa90un [29] dayansesnisdeasiniamndnydnsaitinsesluunipauniy
daad TnaAndydneaitiisesanuiuaesdyaneninan iy uazArresdyaneniinies
neliaesdydneaiifaduiuualdlianmindu wse S,k =S,k We & dud1289

asndnluan @ A 3.7

w Symbol i+1
A w Symbol i

»
>»

Frequency

jo11d J0 183

»

N
Time

O data symbol 0 pilot symbol

U7 3.7 puuunamndaaneaiindesdmiunisUseanns IFO neudliulgs
antuindyrunsutilusumiaesdydneaiinsesmamAianduiusinusznineaas
AuanenltinfasnFaANUAIANNI9l

C: =L_2Q Rj+l(k)Rj(k)‘ (3.24)

Wanvuald 0 =[q +m.q, +m..q, +m] el m=+021,. EN=1 tay 0 Wurnaas

AAUNE R NANTANATYANHDINNTEY LA ¢ UNUALUSTaIAAUN D
& =max(C,) (3.25)

wWAZANU TN IR ND R WIE KLU ATIWAWANT LFRNNANNNTN (3.25)
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|
=

dl 1 ¥ k% z 4 a o/ o o‘dl
annaaundesunslssannnuutas lnafmalie aag EUANTIEUN

' '
o A o 1% Ty = =

1 1 v
Anruddydnenidayanuansneiu usdinsiinaessdydneaidaiuideyanmiouiuly

a

b

©

° . = e A o § v =~ i~ P
ANLUUIABAIAQAUNTIVEBENLUNITAN %wﬂummwn@ﬂwmmwﬂnmmimuuumw

o o .

Aanana aeiuludneninusiasanezluuunisdngng uaznisiiuuafdoydnsniinges

o

'
a

wuulud wananudadnisdfulgeannisi (3.24)  iaonumNnzandsau Inagiluuy

he

Arydnenitihdesitnanedudigly 3.8

« Symbol i+1
g < Symbol i

»
»

Frequency

0
=

.
N

<
*
S

e
XD

anjeA jojid sawes Jo }8S

%’

71/7 3.8 gtlununasiindrydAneaiindasdiuiunisiszanns IFO Minaue

Tnagtuuunisdednudnwniinsasne diydnsoiindaandeluunesiums

|
o cY =

w03t veen e luEn 0 =|g,.q,..q, ] MuusliRAEREAUAYANE0Tey a7

o o

FRdNT1TRANDUNTIN 1TD Sink)=58;(k) We b iuAiaesanndnluem @  wazdyane

o
'

2

o 1

daygadiniuaduniftaganuaniuiiaaIntinges @ nanualiAreNdyanenin i uas

o o 6«

i+1 AArpsadnududeil 5,00 =-5;k andwihdydneniddduaesdydnenl

o

A9BMAATUNILANAWRANN NANTNIZLIUNI9AINGLN 3.9
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Piot position shift

v

Received
Signal i
Extraction of Summation Cm,
——p{ DFT 1 Symbol pilot positions [~ (carrier by carrier)
> delay

7U7 3.9 wAtiAn1slsznnn IFO

wazaNnsn (3.24) gnuFudsadunsannissialili
A= k% R, (k)+R (k) (3.26)

v 1 1 1
1NN AN DeannARLdNaNURANA L IANIAINENNNTT (3.25)

3.3 m%‘l,mulmﬂfmuf{ﬂﬂﬂlfm (Frequency Offset Correction)

Y = PP o v P e
mmmﬂm?ﬂixmmmmmn@ﬂwLﬁﬁmwum?ﬂiuﬂgﬂwmmuuummn

é’ 2 o o o U = dl < o o 1 1
U2 N1I9ARNALLBINTTU LITERTALTEAINNAAWIIAN LAY NATATYBLNINNATZUL
TmﬂgmmumﬂmmmmﬁmwLsnmmma?mmqmmﬂu2 WATA taemARALIN NINNT
UseuU IFO  WATIINITAMEIAINND T LARATALAIAAT A1NTUAININ1TUTeH0s FFO
. S B A da X2 do X
LAZNNNITTALIEANND AN URDATALALADIDNATILNDNIAA AN NALNY UTINNANLA AT 1

o

ANNAMNEANANALLEIANN AR DN TR [29] mgﬂ‘ﬁ' 3.10 LL@ﬂum\mﬁuﬁugﬂﬁ 3.11
UYL FFO.  NauaNniasinn 1011 8ANA i e agdalainesiouiiay
Uszannuprnieenisnauiilasuinann IFO [20] Thefsdaansmani s fiunssudsnis
/920104 CIR Length ieLinszans A wdmiunsszann FFO faf ldnanaudaluiade

1 ¥
NAaUNRUI
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Signal Signal
input Frequency R E,FZ N IFO output
Compensation ',3 Estimator ”
FFO CIR length
Estimator | €] Estimator

3171 3.10 Tasva¥enasuilapnunaswimauuuy 1

Signal DFT Signal
input Frequency .- IFO output
) Compensation N S',fle g Estimator

A A
"~ FFO CIR length
Estimator | Estimator
rd - -

51l71 3.11 Tagsadensuilamonunesnisauuui 2

WHadiAn9inednpINNa nsalunislssinns FFO way IFO wan 1y
Aendnusiaanaenlalaseas1anisu A NdeanmaLLLR 2 [20] Hesannlunsiinssuy
FAnudaanmaiiluliy FFO waz IFO 1asf FFO MNATURANYNALLIN/ALATNALNU89
981X UNNTEUINIPAWNNFelas danasnun MUszinns IFO azilanigilsyunns IFO RaiNei
wnau TngenadszanuAaldninngd IFO Mifinauassaguiaa wazidatinAnlalluygu
Aryyrunauasin I dnynrulinnuiana A nTw fsluna Iinnslszun ez udla

dl =l 1 o F7 dl U o 1
pMDRaWEANANNUNLEUA INAAII8LIIRNINTN4A SeULRBIIdANAaN FFO Nau Tag
o 1 dl dl U dl Y o a '8 o s v
PippNDaan@md Lé il dsme and WL asTaaLaas wazninislssnininazalsuuns

IFO MNAAU
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1 o dl
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4.1 @uNNAFIUAN o Nldlunisaaatseuy

Ao

mm"mm’;‘:uuLﬁ@ﬁﬂmmmmumma‘wu MC-CDMA Anzuilama

a dl dl a a & o d’ld o a o d’l
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) a dl . | d‘
1. NAtTuaniznIiane@anle1ad (downlink) Tnanszuqunisuilanaud

dl o d’ja i// |dl al
aamantarelRnfivegnannllaiemia

2. aodananisarunarniniadalas ludvnnaiaan (time synchronize) aasdtycynnei

Sulsmasnng L lsetnagnsesanysnl

3. @anniguatNsniinsrLANAnasgeed sy andanny L nsdwiiliane ldating

anysnd

4. yinnsdedayalaalfimatinnisuanianiuy BPSK (Binary Phase Shift Keying)

ARDATIINNTINUSLTUT

p a Y o . L A PR
5. Nﬂq?LmﬁJsﬂQ\iLQﬂqﬂﬁJﬂu (CyC|IC preflx) NUAITNETNINENENND
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NOVEL OPTIMUM SIGNATURE SEQUENCES IN MC-CDMA SYSTEM
WITH FREQUENCY SELECTIVE FADING CHANNEL

P. Tansongcharoen, S. Kunaruttanapruk, P. Kunabut, R. Kanchanawat and S. Jitapunkul

Digital Signal Processing Research Laboratory, Department of electrical Engineering,
Faculty of Engineering, Chulalongkorn University, Thailand, Email: pruksa@chula.com

ABSTRACT

In this paper, we present the novel optimum signature
sequence sets for improving the performance of the
downlink MC-CDMA system over a frequency selective
fading channel. The proposed optimum signature
sequences are constructed by using the iterative technique,
The set of optimum signature sequences minimizes the
Total Squared Correlations (TSC}. They form the set of
orthogonal signature sequences when the number of users
are less than or equal to processing gain and the set which
satisfy the TSC Bound equality, otherwise. Our proposed
optimum signature sequence outperforms other known
families of signature sequences such as the Hadamard
Walsh code. The simulation results confirm the advantage
of our proposed signature sequences.

L. INTRODUCTION

Recently, MC-CDMA [1], [2] has drawn a lot of attention
in the field of mobile communications because it
combines some advantages of two techniques, Code
Division Multiple access (CDMA) and Orthogonal
Frequency Division multiplexing (OFDM). CDMA has
own capabilities to cope with asynchronous nature of data
traffic, provides higher capacity over other access such as
TDMA, FDMA and combats channel frequency
selectivity. The OFDM transmission technique has
superior performance in the high data rate communication
due to the longer bit duration

The MC-CDMA transmitter spreads the original data
over different sub-carriers using a given  signature
sequence (or spreading code) in the frequency domain.
The performance of the system is mainly limited by
multiple ‘access interference (MAI). One of the major
sources of MAI is the cross correlation among signature
sequences. In the past, Hadamard Walsh sequences are
normally considered as the optimum codes and usually
used for the downlink because they can provide zero cross
comelation  (orthogonal preperty) in the perfect
synchronization environment. However, under the
frequency selective fading channel, the orthogonality
among the codes is casily deteriorated. Therefore, the
Hadamard Walsh sequence in MC-CDMA system is only
optimum in channel with only the additive white Guassian
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noise (AWGN channel). As result, we proposed the
optimum signature sequences 1o cope with the problem of
frequency selective fading.

The iterative algorithm has been proposed for
constructing the signature sequences in DS-CDMA [3]. It
has shown that in AWGN channel, the signature
sequences obtained from the iterative algorithm is the
orthogonal sequences in case that the number of available
codes is less than or equal to the processing gain.
Otherwise, it satisfies the TSC bound. However, from our
analyses, the construction of the optimum signature
sequences, which is achieved from the MMSE criterion, is
also depended on the channel fading parameters, The
iterative algorithm in [3] does not consider the effect of
distortion of signature sequence from the frequency
selectivity. Hence, it is not suitable for constructing the
signature sequence in MC-CDMA system with frequency
selective fading. Furthermore, the channel fading
parameters are random variable and time varying, hence;
the TSC of each signature sequence becomes the time
varying random variable. Therefore, the mean value of
TSC should be used for the construction of the optimum
signature sequences.

In . this paper, we propose the modification of the
iterative algorithm [3] for constructing the optimum
signature sequences set for a downlink over the Rayleigh
frequency selective fading channel. The stochastic fading
information such as mean, variance, and TSC of each
fading parameter is incorporated in the signature sequence
construction process. The system using our proposed
optimum signature sequences shows a better performance
in frequency selective fading channel, compared with
another family of spreading sequence. The performance
improvement of the system using our proposed signature
sequence is clearly confirmed from the simulation results,
later shown in this paper.

The rest of this paper is organized as follows. The
system model is defined in Section II. [n Section III the
proposed algorithm is analyzed and the optimum solution
for the signature sequence sets is found, while the
simulation results are presented in Section IV, Finally, we
draw our conclusion in Section V.

2. SYSTEM MODEL
We consider a K-user, single cell MC-CDMA system

where each user is assigned a unique signature sequence.
We assume a synchronous downlink system with



processing gain N (equal to'number of sub-carriers, M}.
Original data bit, bi) is copied in each sub-carrier and
multiplied by a chip of user’s specific given signature
sequence, sgm). Each orthogenal sub-carrier is then
binary phase-shift keying modulated. The transmitted
signal can be written by:

u :
sty = g’f z_lp,(r—rn)bkmsk(m)exp[’ 2;”’”] (1)

5

Where b,(/) e {~11} and s,(m)e{-11} denote the i-th
information bit of the 4-th user and m-th chip of spreading
sequence of the 4-th user, respectively. T is a bit duration
and p, (¢) is the pulse waveform defined by

1 (0<t<T)
ps(0)= 0 (2)

otherwise

Though the total wide bandwidth is normally considered
as the frequency selective fading, each carrier is usually a
small fraction of the total bandwidth and mainly subjected
to the frequency flat fading. The fading parameter of each
subcarrier Is given by:

hy = ay exp(j6,) 3)

Where k, is zero mean complex Gaussian random
variable. Therefore o, , which represents the amplitude
attenuation, is the Rayleigh distributed random variable
and &, , which represents the phase distortion, is the
uniform distributed random variable whose value is
ranging from —2x to 27 . We assume that the phase
distortion can be perfectly estimated and compensated by
the receiver, At the receiving terminal, after the coherent
demodulation and the combination of all signals from
each sub-carrier, the received signai can be written as

K

r0= £ 3 p, (i1, By s (mia exp{ . 2"””}”@)
k=Im=1 T,
4
The wide sense stationary uncorrelated scattering
(WSSUS) and the exponential delay intensity profile
assumption are the commonly used assumptions in the
radio channel related research works. Under these
assumptions, the correlation of fading parameter can be
formulated as a function of channel RMS delay spread and
frequency separation [4], [3]. The cormrelation between
fading parameters 4, and h, is given by:

1-j2me, A
pin _ J 4 fm.n (5)
: , 2
1+(j2re, 00, )

Where Af,, , is frequency separation between sub-carrier
m and n of &* user, and r, is the RMS channel delay
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spread. The approximation of correlation between
envelops of fading parameter o, and a4, is given by [5].

Elana,) =} + Elanani—( 1ok, 6)

1. .
Where (Af). =— is the coherence bandwidth of the
oz
d
T

channel and pu, = 2%

3. PROPOSED ALGORITHM

3.1. The set of Optimum signature sequences in
frequency selective fading channel

The optimum signature sequence set is constructed by
maximizing the capacity of the single cell synchronous
MC-CDMA. By defining the signature sequence of the -
th user as a vector s;=[ sy siz ... Siv || and the sampled
received signal vector ¥ =[ 1; 17 .. ty ', the received
signal [3] can be rewritten in the equivalent vector
notation by:

b il
r=diag|fs, s Sk b;z o o ay]|+ n;2 7
be "
Which is equivalent to
r= a'iag(SbaH )+ (1] (8)

where 8§ =[ 5; 8; .. 85x ] and » is a zerc mean Gaussian
random vector with E[mn” 1= 21, , where Iy denotes
the N x N identity matrix. We consider the matched filter.

The optimum signature sequence is the solution to the
following optimization problem:

- 2
min E{"bk—bk” } ©)
Cy

where ‘b =cfr is the decision stalistic obtained by

processing the sampled received signal with transversal
filter with coefficients ¢, and then sampling every

T, Note that, e, =[ ¢y €z iy ] and € =] €; €3 oo €k |

The solution to (9) can be easily solved by using the
Wiener-Holf equations and can be given by:

¢ = Vg,
VWEV72Wk

2
V=Z+oll,

(10}



§i

where Z=F {rrH } After some mathematic manipulation,

Z, ,the 7™ row and ¥* column element of matrix Z , can
be written by

Zuk = gn@rykéf (1 1)

where s 5 15 the 7" row vector of matrix S and

(an =psE{ana;} (]2)
the vector W, can be formulated by:

sklE{al}
Ssz{az}

Y =qP; (13)

sinE {ﬂ N }
3.2. Iterative algorithm

The lterative algorithm in [3] is modified for constructing
our proposed optimum signature sequences. We begin
with K unit length vectors S(0) = [ §,(0) 8:(0) ... sx(0)] at
time 0. At iteration #+1, the algorithm replaces the vector
Si(ny = [ s;(n) sxn) si(n)] by the new signature
sequence which is the corresponding normalized MMSE
solution of (10). This replacement process yields the
monetonic lower TSC at each replacement step. The
interest reader is encouraged to read [3] for the detail of
the proof.

At the i-th intermediate step in the iteration n+1, the
first A-1 signature sequence vector has already been
updated and the current vector set is

Sis(nt1) =[s(nt1) . spi(n+1) 8n) Spv)(n) - Sx(n) ]

(14)

The k-th signature is updated according to
Vin+D= Zin+ D+ Z(m)+o’ly, (15)

J<k ik
-1
sk(n+1)=M;l)2—w[‘? (16)
vV vy

Sk(n+l) = [ Si(n+1) ws S p(n+1) snt1) Spep(n) e sgln) |
(17

When completing the X intermediate step at iteration
nt1, the signature sequences is expressed as

S(nt1) =[sAntl) sintl) ... sentl)] (18)
3.3. TSC bound

In this section, we show that our propesed signature
sequences can reach the lower bound of TSC, so the
capacity of MC-CDMA system suffered from frequency
selective fading channel can be improved.

For frequency selective fading channel, the cross-
correlation between two signature sequences can be
shown by
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i j =si diag(s;)a (19)

Note that, diag(e) is a matrix whose diagonal
elements are specified by vector in the bracket and all
other elements are zeros, and a 1is a vector of envelops of
fading parameters. Total sum square correlation is defined

by
K K
TSC=3"% pi, (20)
k=] j=I
K2
and TSC 2 —— @n
N

A derivation of the TSC bound (21) is derived in [6],
[7]. However, it is derived from the signature sequences in
the AWGN channel. From [3], the TSC bound is loose
for K < ¥, the minimum value TSC = K is achieved by K
orthonormal vectors and the lower bound K°/N is not
achievable. On the other hand, when K > N, the TSC can
be achieved the lower bound. The next section, we will
show that TSC bound of the set of novel optimum
signature sequences in the frequency selective fading
environments of MC-CDMA system corresponds to the
TSC bound in [3].

4, PERFORMANCE EVALUATION

In this section, we present some numerical results to
evaluate the proposed algorithm. In all the expeniments,
we initialized the signature sequences for iterative
construction process using the binary randomly generated
signature sequences. The total of K-user will be updated
during iteration » and (#+1).

In Fig.l, the length of the signature sequences is
equal to 10. Figs.1 shows that the TSC of the proposed
optimum signature sequences is menotonically decreasing
as a function of iteration index for the number of users K
= 5, 10 20, and 30 accordingly. The TSC converge to K
and KN when K < N and X > N respectively hence we
can conclude that the TSC of optimum signature sequence
correspond to the theoretical results in the previous
section.

The performance of the system using our proposed
signature _sequence is compared with that using the
conventional Hadamard-Walsh sequences is shown in
Fig.2 and Fig.3 and its results have been evaluated in the
case that the numbers of sub-carriers are 64. We assume
that the frequency separation between adjacent sub-carrier
is 62 'kHz and the delay spread is 0.5 us . For the result
shown in Fig.3 the SNR is fixed at 20 dB. The simulation
results clearly confirm the advantage of our proposed
optimum signature sequences over the Hadamard Walsh
sequences.
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5. CONCLUSION

In this paper, we proposed a new set of signature
sequences. The iterative algorithm is used for constructing
the proposed optimum signature sequence sets. The
proposed signature sequences outperform the Hadamard-
Walsh sequences, which are the commonly used signature
sequences. The simulation results show that the proposed
signature sequences can successfully overcome the effect
of frequency selective fading whereas conventional
signature sequences exhibit an error floor in the frequency
selective fading channel.
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Abstract

In this paper, we present the novel method for carrier
frequency offset (CFO) estimation in Multi-carrier Code
Division Multiple Access (Multi-carrier CDMA) with
multipath Rayleigh fading channel. The proposed estimator
is composed of two methods for improving the existing
CFO estimation techniques. Firstly, we have introduced the
channel delay estimation technique in order to enhance the
accuracy of fractional CFO estimation. Secondly, we have
proposed a new training sequence design for acquiring an
integer CFO value. The estimation of fractional CFO (CFO
values is between -0.5 and 0.5) is carried out in the first
stage. After the compensation of fractional CFO, the
estimation of integer CFO is then performed in the
following stage. This new design overcomes the limit of the
other previous integer CFO value estimation techniques and
very suitable for practical implementation. From the
simulation results, this new design significantly reduces the
estimation error compared with the previous techniques.
This confirms the advantages of proposed techniques.

Keywords:  Multi-carrier CDMA,  Synchronization,
Frequency offset, Frequency selective fading,

I. INTRODUCTION

Recently, Multi-carrier CDMA systems [1-3] has drawn a
lot of attention in the field of mobile communications due to
its advantages to militate the effect of frequency selective
fading channel by reason of the long time chip duration. On
the other hand, a Multi-carrier CDMA system is vulnerable
to the CFO [4] [5], which is mainly resulted from
transmitter-receiver oscillator mismatch. In practical
implementation, the CFO must be compensated in order to
achieve a desired performance. The CFO- compensation
algorithm is widely known- and need only simple
multiplication, which has low complexity. Therefore, most
of the research activities concerning the CFO problem are
devoted to estimation of a CFO value. In an early stage, the
CFO normalized by carrier spacing is normally assumed to
be with in -0.5 to 0.5 intervals. However, due to the
expected decreasing in sub-carrier spacing, the current
research works consider the estimation of CFO value, which
is beyond the previous limit. For a new approach, the CFO
value is classified into two constituents, the fractional CFO
[8-13] and the integer CFO [6], [7].

In previous works, the most popular fractional CFO
estimation utilizes the ML (Maximum Likelihood) function
of the cyclic prefix (CP) signal due to its complexity and
accuracy. However, this technique is not practical for
frequency selective fading channel because it is severely
impacted by the effect of channel characteristics. For the
part of integer CFO estimation, there are two interesting

algorithms proposed by Jiao [6] and Han [7]. Jiao’s
algorithm detects the integer CFO from the maximum
magnitude of cross correlation between the user’s signature
sequences and the circular shift of received signal due to
integer CFO. Nevertheless, the crucial disadvantage of
Jiao’s algorithm is the high error of estimation caused by
multiple access interference (MAI) when the set of user’s
signature sequences in the system is not appropriate. The
other integer CFO estimation algorithm, Han’s algorithm,
utilizes the advantage of the affinity of pilots in the same
carrier of two consecutive symbols. However, it is not
practical for the real-world channel because the similarity
property is also annihilated by the effect of frequency
selective fading.

As in the previous discussion; therefore, we present the
novel CFO estimation algorithm to reduce the
synchronization error for the Multi-carrier CDMA system.
Frequency selective Rayleigh fading channel characterized
by the power delay profile is considered. The length of
guard period (GP) is assumed to be longer than the CIR
(channel impulse response) length; therefore, the inter-
symbol-interference (ISI) free assumption is hold.

Other users
A
Spbl'flad |_,| IDFT C:CTi J, Multi-path
databl| | Signature| | Sz PIs L D> fading &>
streams | ; | sequence | N Prefix Channel I
. 3 AGWN
—>

Fig. 1. Base-band equivalent representations of Multi-
carrier CDMA transmit system.

II. THE MULTI-CARRIER CDMA SYSTEM MODEL

A block diagram of the Multi-carrier CDMA system is
depicted in Figure 1. The original data bit of the m-th
user, by, , is copied into each sub-carrier and then multiplied
by a chip of the m-th user signature sequence, c,, (k). The
spread data symbols can be expressed as

X =B () Lbje, (02w e, (N-DIT (1)
where N is the total number of sub-carriers. At the
transmitting end, the spread data symbols are modulated
onto the N sub-carrier by using the inverse discrete Fourier
transform (IDFT). The guard interval in the form of cyclic
prefix is inserted at the beginning of each data frame block
by copying the last N g samples to ensure the ISI free

communication.



[ ——— Symboli ——>¢——— Symbol i-1 ——>}
——— N ——> Ng >

Fig. 2. Frame structure

The down-link baseband-modulated signal at the wu-th
symbol duration is given by
M-1 +0 N-1 ; N —
sm=3y 3 3 x;;(k)eJZﬂk(n Ng—u(N+Ng))/ N
m=0u=—ow k=0 )
-g(n—u(N+Ny))

where M is the total number of active users in the system
and g(n) is a rectangular function, defined by

1, 0<sn<N+N,
g(n) = , -
0, otherwise

3
The signal transmits through a multipath fading channel,
having impulse response 4(n). The received signal under the
presence of frequency offset can be expressed as

r(n) = §(n)e’ 2N 4 yw(n) @)
where

$(n) = h(n)*s(n) ®)

* is a convolution operator, ¢ represents the CFO
normalized by a sub-carrier spacing and w(z) is a complex
additive white Gaussian noise (AWGN) with zero mean

and variance O'VZV .

III. PROPOSED ALGORITHM

The structure of our proposed techniques is illustrated in
Figure 3. Firstly, we have introduced the CIR length
estimation technique in order to enhance the accuracy of
fractional CFO estimation. Secondly, we have proposed a
new training sequence design for acquiring and integer CFO
value. The estimation of fractional CFO (CFO values is
between -0.5 and 0.5) is carried out in the first stage. After
the compensation of fractional CFO, the estimation of
integer CFO is then performed in the following stage.

Signal DFT Signal

input | Frequency »| size |p| Integer CFO output

A 7| Compensation « N Estimator |«
Fractional CFO CIR length
Estimator Estimator

Fig. 3. The estimation structure

A. The fractional CFO estimation

To improve the performance of the ML estimator in
multipath fading channel, it is intuitive that the disturbed
part of cyclic prefix should be discarded before the

estimation process. We assume that channel duration is
equivalent to I sample intervals. The improved CP based
ML estimator is given by

N,-1
Im{ S ket (k+ N)}
&p =——rtan™' L

. @D
2z N1
Re{ 2 r(k)r*(k+N)}

k=L

B. The CIR duration estimator

In order to implement the improved CP based ML estimator,
channel duration has to be estimated. Therefore, we propose
the algorithm for approximating the CIR duration. A block
diagram of the proposed CIR duration estimation technique
is illustrated in figure 4.

Signal input
—>» Delay N

Correlation
Summation Window length
over window length updating

Estimated CIR duration

Fig. 4. The CIR duration estimator

At the initial iteration, the computing window length P is
set to N,. The algorithm computes the mean normalized
correlation between the samples (Ng -P... Ng) and (N+N, -
P... N+N,):

% r (k)r(k+ N)

R, =FE
k=N,=P |r* (k)r(k + N)

(22)

where E { } denotes the expectation operation. At the next

iteration, the computing window length P is reduced by 1
and the algorithm recalculate (22). The procedure repeats
itself until'R , > 2 where 0 <2’ <1 is a threshold value or

P=0. The appropriated value of 1 is obtained by simulation.
The CIR duration is then given by the value of P. In the real
application, the expectation operation is approximated by
time average over a certain time period.

C. Theinteger CFO estimation

The new pattern of pilot symbols is shown in figure 5. The
pilot symbols in the set of specific sub-carrier known at the
receiver are set to be same value as data and others are set



to opposite value of data. The block diagram of proposed
integer CFO is investigated in figure 6.

A

Frequency index

Q data symbol
O pilot symbol
O©=-O

joud Jojes

>

Time index

Fig. 5. The pattern of two consecutive pilots

Piot position shift

Extraction of
pilot positions

Received
Signal
—>» DFT

Cm

Summation
(carrier by carier)

1 Symbol

] delay

Fig. 6. Block diagram of integer CFO estimation algorithm

The positions of pilots are different from their original
positions due to frequency offset. In the first step, the
carrier-by-carrier summation of two consecutive symbols in
frequency domain based on shifting the pilot positions is
calculated. The first step can be express as

C,,,:H » Rj+1(k)+Rj(k)H, m=0,+L,%2, . (23)
and
0, =lg,+m,q, +m,....q, +m] (24)

where O, and m are the pilot positions and sub-carrier
offset from Q,, respectively. The integer CFO, &;, can be
estimated by detecting the offset position m where the value

C,, is maximized as

&; =max(C,,) (25)

IV. SIMULATION RESULTS

To evaluate the performance of our proposed algorithms,
the computer simulations are conducted assuming Binary
Phase Shift Keying (BPSK) modulation. We assume that
there are 16 concurrent users, assigned pseudo random
sequence of length 32 sharing a channel with 32 sub-
carriers. The simulated channel is the 4-path Rayleigh
distributed channel. The user’s data symbols are detected by
Minimum Mean Square Error Combining (MMSEC)
technique. The simulation parameters are summarized in
table 1.

Figure 7 shows the comparison between the
conventional CFO estimation algorithm and the proposed
CFO estimation algorithm. We fix the signal to noise ratio
(SNR) at 20 dB. The estimated CFO values associated with
the actual CFO values are plotted. From figure 7, the

proposed estimator clearly shows better accuracy especially
at the large CFO value. At CFO value approach 0.5, the
estimator becomes unstable as it is a general limitation of
the conventional CFO estimator. The mean square error
(MSE) of the estimators as a function of the actual CFO is
plotted in figure 8. A similar conclusion as figure 7 can be
made from figure 8. The superior performance of the
proposed estimator over the conventional estimator is
obvious.

Figure 9 shows percentage of the estimated CIR length
when the actual CIR length is set at 4. Threshold value is a
significant parameter for the CIR length estimation. At high
SNR, percentage that the estimated CIR length being the
actual value is not much depended on the threshold values.
However, the estimator is sensitive to threshold value at low
SNR environment. Additionally, to illustrate the
effectiveness in searching for the integer CFO of our
proposed algorithm, the simulation is performed and the
simulation result is plotted in figure 10. For the simulation,
0, =L19,17,... and the integer CFO is set to be 4. By

applying our searching algorithm, the estimator can be
provided up to 97% of the estimation accuracy.

V. CONCLUSION

In this paper, a new CFO estimation algorithm is proposed
in frequency selective fading channel. We proposed two
techniques in order to improve the accuracy of conventional
CFO estimation. The acquisition range of the proposed
estimation is larger than previous works. From simulation
results, the proposed algorithm provides the better
performance than prior techniques.
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Abstract— In this paper, we present the novel Technique for
blind carrier frequency offset (CFO) estimation in Multi-carrier
Code Division Multiple Access (Multi-carrier CDMA) under
multipath Rayleigh fading channel. The proposed technique
exploits the information about channel impulse response (CIR)
duration to improve the accuracy of the Maximum likelihood
(ML) CFO estimator. The CIR duration is approximated by

observing the cyclic correlation property of the cyclic prefix (CP).

The simulation results show benefits of the proposed technique
compared with the conventional technique.

L INTRODUCTION

Recently, Multi-carrier CDMA [1-3] has drawn a lot of
attention in the field of mobile communications because it
combines advantages of Code Division Multiple access
(CDMA) and Orthogonal Frequency Division multiplexing
(OFDM). In Multi-carrier CDMA systems, each original
information symbol of each user is spread by the signature
sequence. The resultant data is split and modulated onto the
mutually orthogonal sub-carriers. The modulation is carried
out by using the discrete Fourier transform (DFT). The guard
interval, in the form of CP, is inserted between two
consecutive symbols. This guard interval is used to avoid the
inter-symbol-interference (ISI). If the guard interval is longer
than the channel delay, each sub-carrier is essentially
subjected to non-selective fading.

One of the major drawbacks of the Multi-carrier CDMA
system is its sensitivity to CFO resulted from Doppler shifts
effect and/or the non-stability of the local oscillators [4-6].
The CFO deteriorates the orthogonality among-sub-carriers.
This effect, so called the inter-carrier-interference (ICI),
severely degrades the system performance [4], [5]. If CFO
value is known, it can be easily compensated. Therefore,
much attention has been paid to the development of CFO
estimation techniques. Many  CFO estimation approaches
have been proposed in many literatures. They can be
classified into 2 categories, data-aided CFO estimation [6], [7]
and non-data-aided (blind) CFO estimation [8-15]. For the
data-aided algorithms, the specially designed training
sequences are multiplexed with the data. The transmission of
the training sequences reduces the bandwidth utilization
efficiency. The non-data-aided algorithm overcomes this
disadvantage by considering the estimation based on data
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symbols. The most popular technique is the one that exploits
the correlation between the CP and the corresponding part of
the useful symbol interval. This technique is interesting
because of its simplicity and accuracy. In general, the
estimator is derived by using the ML approach. The
origination of this technique is the work from Beek [11] in
1997. However, the estimator in [11] is susceptible to the ISI
due to the multipath channel. Part of the CP which is affected
by ISI should be discarded in order to improve the accuracy
of the estimator.

In this paper, we propose the improved ML estimator by
introducing the CIR duration estimation technique. The CIR
duration is acquired by monitoring the correlation between
each sample of CP and the corresponding sample of the useful
symbol period.

The rest of this paper is organized as follows. The Multi-
carrier CDMA system model is introduced in Section II. In
Section III, the conventional ML CFO estimation algorithm is
reviewed and the proposed CFO estimation algorithm is
presented. The simulation results are presented in Section IV.
Finally, we draw our conclusion in Section V.

II. =~ SYSTEM MODEL

In Multi-carrier CDMA system, the original data bit of the
m-th user, b,'ﬁ, , 18 copied into each sub-carrier and then

multiplied by a chip of the m-th user signature sequence,
¢,, (k). The spread data symbols can be expressed as

X = [0 (0) by () o b,y (N-DIT (1)
where N is the total number of sub-carriers. At the
transmitting end, the spread data symbols are modulated onto
the N sub-carrier’ by using the inverse discrete Fourier
transform (IDFT). The guard interval in the form of cyclic
prefix is inserted at the beginning of each data frame block by

copying the last N, samples to ensure the ISI free

communication (illustrated Fig. 1). The down-link baseband-
modulated signal at the u-th symbol duration is given by



M-1 40 N j274(n-N,~u(N+N,))/ N
sm=3% 3 z 't (e N N
m=0u=—o k (2)
-g(n—u(N+Ng))
Symborl\‘\ Symbol i-1 NgJ
L1 L___p___]
Fig. 1 Frame structure

where M is the total number of active users in the system and
g(n) is a rectangular function, defined by

— 1’
g(n)= 0.

The signal transmits through a multipath fading channel,
having impulse response /(7). The received signal under the
presence of frequency offset can be expressed as

OSnSN+Ng 3)

otherwise

r(n) =3(n)e’ N 4 () 4)
where
8(n) = h(n)*s(n) (5
* is a convolution operator, ¢ represents the CFO

normalized by a sub-carrier spacing and w(n) is a complex
additive white Gaussian noise (AWGN) with zero mean and

variance afv .

III. CFO ESTIMATION

In this section, we review the conventional CP. based ML
estimation. The vulnerbility of the conventional estimator to
the multipath fading scenario will be shown and then the

proposed estimator will be presented to overcome such-inferior.

The key concept of the proposed estimator is to use the
estimate of CIR duration for improving the conventional CFO
estimation technique. We also present the CIR duration
estimation technique in this section

A.  Conventional CFO Estimation
This technique considers the log-likelihood function ‘of the
normalized CFO, ¢ , as

A(g)=log f(r|e)
=log(MLf (k) r(k +N)) W f(r(k))
kel kelUl
S(r(k), r(k+N))

=1
nggz Ffr)f(r (k+N))Hf( rk)

(©)

where f(-) denotes a probability density function (pdf) of a

variable within a bracket, r is a vector of the received signal
samples,

[={0... N, ~1f ™

denotes a set of sample indice associated with the cyclic prefix,
and

I'={NN+1L. N+N, -1 ®)
denotes a set of sample indice associated with the last N,

samples of the symbol.
We discard the term T f(7;,) because it is independent of &
k

so that it will not involve in the maximization of the log-
likelihood function (6). As a consequence, (6) can be rewritten
by.

A(a)—c{ SR

r(k)r (k+ N)exp( ]27[5)}
k=0

-1

’; P (|r(k)| e+ N )}cl
N1

= {Re{ > r(k)r* (k+ N)}cos(Z;zs) )
k=0

- Im{N"' ok + N)} sin(275)
k=0

Ng—l
L B [|r(k)|2 +

2 k=0

2
Pk + N)| ﬂ +¢
where

b= E{r(l)r" (k+ N)Y/ \/E{|r(k)|2}E{ e

2
(k+N)| } ,(10)

N, -

e =— 3 log(l-p?), (11)
k=0

2p

“1-pP)oltol)

(12)

and 0'3 is the mean power of the transmitted signal. In order to

maximize the log-likelihood function, we apply partial
derivation with respect to &

aiA(g) d bt {Re {Ngz] r(k) (k + N)}sin(st)
r

k=0
. (13)
N, -1
L Im{ > rlort (k+ N)} cos(Zﬂg):l
k=0

By settinggA(g) =0, the estimated CFO is obtained by
oe
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k=0

N,-1
Im{ S rl)r (k +N)}
-1

(14)

P N, -1
Re{ > r(k)r*(k+N)}

In case of multipath channel, some part of the cyclic prefix is
affected by the previous symbol. Hence, the likelihood of this
disturbed part with the tail part of the symbol cannot be
ensured. This situation leads to the degradation of the accuracy
of the estimator.

B.  Improved CP based ML estimator

To improve the performance of the ML estimator in
multipath fading channel, it is intuitive that the disturbed part
of cyclic prefix should be discarded before the estimation
process. We let that channel duration is equivalent to L sample
intervals. The improved CP based ML estimator is given by

Ng—l
Im{ > (k) (k+ N)}
,1 =

—tan

2z Ng-1
Re{ > r(k)r*(k+N)}

k=L
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C.  The CIR duration estimator

In order to implement the improved CP based ML estimator,
channel duration has to be estimated. Therefore, we propose
the algorithm for approximating the CIR duration. A block
diagram of the proposed CIR duration estimation technique is

illustrated in figure 2.

Correlation

Signal input

Window length
updating

Summation
over window length

Decision
R,>4 or p= 0

Estimated CIR duration

Fig. 2. The CIR duration estimator

At the initial iteration, the computing window length P is set
to N,. The algorithm computes the mean normalized correlation
between the samples (N, -P... Ng) and (N+N, -P... N+N,):

% ¥ (k)yr(k + N)

R, =E
k=N,~P |r* (lk)r(k + N)

(22)

where E{ } denotes the expectation operation. At the next

iteration, the computing window length P is reduced by 1 and
the algorithm recalculate (22). The procedure repeats itself
until R, >4 where 0<2 <1 is a threshold value or P=0. The

appropriated value of A is obtained by simulation. The CIR
duration is then given by the value of P. In the real application,
the expectation operation is approximated by time average over
a certain time period.

IV. SIMULATION RESULTS

To evaluate the performance of our proposed algorithms, the
computer simulations are conducted assuming Binary Phase
Shift Keying (BPSK) modulation. We assume that there are 16
concurrent users, assigned pseudo random sequence of length
32 sharing a channel with 32 sub-carriers. The simulated
channel is the 4-path Rayleigh distributed channel. The user’s
data symbols are detected by Minimum Mean Square Error
Combining (MMSEC) technique. The simulation parameters
are summarized in Table 1.

Figure 3 shows the comparison between the conventional
CFO estimation algorithm and the proposed CFO estimation
algorithm. We fix the signal to noise ratio (SNR) at 20 dB. The
estimated CFO values associated with the actual CFO values
are plotted. From figure 3, the proposed estimator clearly
shows better accuracy especially at the large CFO value. At
CFO value approach 0.5, the estimator becomes unstable as it
is a general limitation of the conventional CFO estimator. The
mean square error (MSE) of the estimators as a function of the
actual CFO is plotted in figure 4. A similar conclusion as figure
3 can be made from figure 4. The superior performance of the
proposed estimator over the conventional estimator is obvious.

Figure 5 shows percentage of the estimated CIR length when
the actual CIR length is set at 4. Threshold value is a
significant parameter for the CIR length estimation. At high
SNR, percentage that the estimated CIR length being the actual
value is not much depended on the threshold values. However,
the estimator is sensitive to threshold value at low SNR
environment.

V. CONCLUSIONS

The CFO_deteriorates the orthogonality of multi-carrier
signal, which cause ICI between sub-carrier. The novel blind
estimator for CFO is presented in the multipath channel. It
exploits the inherent information of the Multi-carrier CDMA
signal and no addition training sequences are required. From
the simulation results, the proposed CIR duration estimation
technique can significantly improve the performance of the ML
CFO estimator. The selection of threshold value has strong
effect on the performance of the proposed technique in low
SNR environment but this dependency is relaxed in high SNR
scenario. The suitable threshold for SNR of 10 dB is 0.993 and
that for SNR of 20 dB is 0.999.
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TABLE 1
SIMULATION PARAMATERS
Parameters Value
Length of signature sequence 32
Number of sub-carrier (V) 32
Frequency selective fading :
Number of paths or CIR length ( L) 4
Components Rayleigh
Guard period (N, ) 10
Number of data bit 10,000
Modulation scheme BPSK
FFT /IFFT 64 points
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Fig. 3. Comparison of frequency estimation between the proposed and
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