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Generalized Algorithms Using Cyclostationary Approach
for Frequency Offset and Symbol Timing Recovery in
Wireless Channels
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Institute of Electrical and Control Engineering
National Chiao-Tung University

Abstract

It is important to estimate the frequency offset and timing offset in a digital communication
system. Many approaches have been developed in literature. These approaches can be roughly
categorized into two classes, data-aided and nondata-aided categories. The data-aided scheme
uses preamble information such as pilot.symbols or'training sequences while the nondata-aided
scheme may use cyclic prefix or use the property of cyclostationarity for estimation. This thesis
focuses on the cyclostationary appreach. The ¢yclostationary approach uses the statistic auto-
correlation of received signal to estimate beth frequency offset and time offset. One well-known
algorithm developed by F. Gini and G. B. Giannakis is to estimate timing and frequency offsets
in a single carrier system and the other popular algorithm, proposed by H. Bolcskei, is used in
orthogonal frequency division multiplexing (OFDM) systems. But in these two algorithms there
exists some pitfalls. The first algorithm only can work if the bandwidth of the pulse shaping
filter is narrow enough to satisfy certain constraint which is derived in this thesis; the second
algorithm can only work when the time offset is an integer. In this thesis, we formulate exactly
the model and derive the conditions under which these existing algorithms can be applied; we
further develop new generalized algorithms for estimating frequency offset and timing offset in
single carrier systems as well as OFDM systems; these algorithms are general because the re-
strictions of two existing methods can be alleviated. Computer simulations are also performed

to illustrate the pitfalls of existing approaches and advantages of presented algorithms.
Keywords: cyclostationary, OFDM, wireless channel.
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BOSEARKER SR (propagation). #3  ZUE (Doppler effect) R BB IS 1 5
H RIS S RFSE R AR AR MR (timing offset) BURIEAIRE (frequency offset), 5T T UIEHE
FIRERH BRI, LB R S E R AR A, TTRER RO ML o 25 RO I 75 15 EAE
R ST (data-aided) 505 2IE B (nondata-aided) KITHR. KA A7 125 B4R
S (pilot symbols) SIS (training sequences) f FSE £ 5 BIH BT USRS s HIH0 HERERS
(BRI EZRE (data rate); SEEAEHERAMEE IS g s, FILL/AE S B
# (blind estimation), BFEHE % MM SORR[1) 21034/ 5 B MR REAT RS He vl S ey RO, FFIAGR
S DUE R R S SR, £ RIS BRI (single carrer) SLEZHAZES BME (OFDM) a0l
Fitk,

1.2 HAREREX EEREE

— BRI S E B AE IE 2 AR AR L B RCRIRAY R S |, IR ARASER = I IEATIR A SRAR & B (IR CR R
BHCEBPCRITA AR E,[5][6][7][8][9]F e TEF L NRIK MR, 18E B A A FIHIR i
Ak, T [2](3][4][10)#E 2 E B B EL [10]F HrY RN EEERTE (cyclic prefix) BATAHRRIEER
P AL, T [2][3][4]RIRA FER R R . HREER A RAREE, 2% H.Bolcskei[2]H3X
FARME A TR FE IR R Al B IE SRR AR & B BRI AR (RS B R R RO Bk, BRI TT
R e — LR gRR, DR I IEE LR SERR G B AT HE S L IE MR R R B R M R B iR — R T TR

IR RV I, REAERA JC BRI T ROAEA, BRFE F.Gini # G.B. Giannakis[1]HyH g 52 HE TR
A I Bk DA — L B R T R T PR
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2.1 &I

3B (H B B AR B AR B AL B AR A T ) PR BB B B HIAERREE (correlation) B @@ERUE (over-
sampling) 5IHEMEFRE (cyclostationary) FFHERBIRZERY (frequency offset) HIFHIRER (timing
offset) FIfEHI, T ELEIHIIIBATTE (training symbols) HE R E L] (data-aided) HIE BIE AT
T—EEZAE B MR (blind estimation), HAMHATHEZR (flat fading) HFASRRIBE, HoE F.
Gini 1 G. B. Giannakis|1]5#3CH AR 0 /7 Sk, YAl F 7 R e b 3 e (E s B s IERETE.

2.2 FRifREY

TR FRE TSR B HEER (flat fading) RUEER, FIRT~E [1]

ro(t) = pe(t)e! DN " (1) gl (¢ — €T — IT) + ne(t) (2.1)

S (1) FEMEAEEREER, T AN, o (1) BERBOIBITET, n.() BRA, u()
BEBNER, . BEAERYE, 0 SEENAE, T BERIEER 0 < <1, KEEKIEHTTEE
#58 (matched filter) g{"° () %, A 2.(t) = ro(t)xgl () WTF

_ oi@rfet+0) Z tr)( el — IT)] = [g((;"w) (t)e—ﬂ”fet]} (2.2)

B3 po(t) E—{ERSEL (symbol period) BERIPRSEM—E# B, #asEst, #% 5 (Doppler
spread) B,T 1B/, H B, 4% po(t) 0038 . BEZERRER . HEREHEE (symbol rate) /MY
%, R BSBRER RGN o0 (1) FREH 2N, —RER [T < 0.2 BEENEE (1. AkHE
EEEUE (oversampling), HEGUEES P/T |, P B8, TS ELHBESESRZR -

z(n) = p(n)el (7 fTnt0) Z w(l)g(n —1P) 4+ v(n) (2.3)
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i 2(n) = 2(O)mnrsp  1(0) = pe(Dlimarsp 5 v(0) = ()29 Oliarsp . X g(n) =
9ot — €D |mnr/p » 9 (t) B ERIEEBIRERE B S 9.(1) = g7 () (1) o(2.3) I 2 HBA
T — el

w(n) BRFFEREN 11.d By, HEZEARFFHE (finite-alphabet) HEHZHEE (constellation)
kR, R E (variance) 5 02,

p(n) BEFRE (stationary) FEBREFHBEMBEERR mou (1) = E{u(n)p* (n+7)} , mau(7)
H (ST BB AR 4H3E (Dopper spectrum),

o v(n) B—EEHFEMN (wide-sense stationary) FIEREER
2.3 BHAEEREYHIE

w(n) BIHERIIE SRESISRATR0R, F5 moy(ni7) == E{a(n)z*(n+7)} , 5 7 B—(A%BEITE,
HIE oy (n;7) = Moy (n + kP 7) Vo, kS AIFBIASE v(i), B BEE R, 318 (2.3) BORIRIE T

Moo (13 7) = 02 (7)e T EIATN=gln— 1PYg* (n + T — LP) + may (7) (2.4)

BT RS BA RSN, K (24) F89n Blin + kP A

iﬁ

moy(n+ kP;7) = oimQH(T)e*j(Q%)feTT Z gn+ kP —IP)g"(n+ kP 4+ 7 — IP) + ma,(7)
= afumgu(T)e_j(%ﬂ)feTT Z gn—iP)g*(n+ 71 —iP) + may,(T)
= Mau(n;7) (2.5)
H—EEER 7 TE,(2.5) TEH mo,(n; 7) #H n BU—E P HEHERL, AMAEE L EREIER
IR sz(k; 7') = (1/P) Z —0 m21<n 7') exp( (ZW/P)/{H) Y L B—{AEH P , M21<k; 7_)

HWIBTEEREAMARE (cyclic correlation) B {27k/P k = —P/2,---, P/2 — 1} BBMEEHEZE (cyclic fre-
quencies) o f& (2.4) AIHEEE

M%(m)—FmQ eﬂ“”f”zg “(n+7)e T ER Ly, (7)5 (k) (2.6)
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MR e EEZHEERME (2.1) #5 (2.3) KREKH g(n)FTEE, BTEFERE Mo, (k1) H e B
BAfR, B G(f) :=>_, 9(n)exp(—j2r fn) E g(n) BEIZEEHCEH A Parseval’s relation

0.5

Zg (n+71)e —iCp)kn _ /05G* (ﬁ - %) G(B)e*™ P dp (2.7)

EIRE g(n) := ge(t — €1)|smpr/p , MlRER g.(t) ISR  By/NE P/(2T) ; it ZHREURSEE P/T e
Nyquist BUSRERE, TEEEZE (aliasing), RENEKER TS

_ LN gL R et
G(f) - TS k:ZOO GC(TS Ts)e ’ s
1 < f -k, _; w(f—k)e
= T Z GC(T)e j2n(f=k)eP (28)
5 b oo s

Hh Go(f) = [7 ge(t)e ™ tdt , X T, = T/ P BEURER, %6088, (2.8) 76 |f] < 0.5 WEHE
el

G(f) = TLSGC(TiS)e'ﬂ“fGP , for |f] < 0.5 (2.9)

K (2.9) RA (2.7), A% (27) RA (26),E 0<kE<P/2 =1, A

0.2 0:5

Maa(ki7) = Ty, (r)e BT /_ o (/3— %) G(B)e*™ ™ dB + may ()5 (k)

= ﬁmzu( Je I TT{ / e (ﬁ—% G(B)e™ " dp

P —0.54k/P

)
n /_ Q:'5+k/P G* <5 - % + 1) G(ﬁ)e%ﬁfdﬁ} + Mgy (7)0 (k)

0.2 o . 0.5 5 L/ P
— PTQle‘( )6 ](p)f TTe j2mke {/ ( T/ >GC(T) 2Trﬁ7'd6

—0.5+k/P

' —0.5+k/P —
o [ g (S0 Gc%)eww} (008

2 0.5
— Tw JCE) feTr 7]271’]’»‘6 * ﬁ k/P 27rﬁ7-
Moy (T)e™ {/_0-5 G ( T GC(TS) 3

e [ g (= eueras) sty (210)

S—AH, & —P/2<k < 0 K,
2

o 0.5
Mo, (k) = megu(T)e iCE)fe TT/ (ﬁ— —) (ﬁ)e%BTdﬁ—l—mgv(T)cS(k)
—0.5
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o2 o 0.5+k/P L
= ey (r)e TR / G <6 - F) G(B)e*™ " dp

-0.5

+/00'5 G* <5 - % - 1) G(ﬁ)e%ﬁfdﬁ} + Mgy (7)0 (k)

5+k/P
2 O.5+k/P
= w —j(25) feTr ,—j2rmke g —k/P 2
pszzu( T)e e {/_0.5 ( T GC(TS) ds
- o —k/P—1
—|-€]27"6P/ Gz <L) Gc(ﬁ)e%rﬂTdB} + m2v(7’)5(/€)
0.5+k/P T T,

2
_ Ow 7j(2—”)feTT —j2mke * B k/P 27757'
Zemarye e [V (BZHE) 6 (Dyemrag

. k/P —
Lo / e (%) Gc(%)ez“ﬁTdﬁ} Fmn(r)O() (211)

% Go(k;7) = (PT) [T}, GH(B = k/T)Go(3)e> TP a3 | A (2.10),(2.11) A5

P/2T

2

M2 (kT) _ 02 mQH(T)ef (%)f TT *J27T]€6 (Gz(k;T) + ejQTFGPGQ(k o P;T)) ’0 < L < P 1
o Ty, (7)e I eIk (G 7) + e3P Gy(k + Py7)) =5 <k <0

Pm
(2.12)
BT AREHER EEEERE (slow fading) BARTE, BI¥ E%/N + (BB HERYE  #8# (Doppler spread)
WIE), mou(T) = moyu(0) B—EHUNER, BER o -#E N Lk = K, KE—EEY, B K /2 P/2,
HWE Go(—Fk;7) = Go*(k, 7) , FTEA Mo, (=K 7) Pl S8 BT :

o

oo .. , . .
Mo, (K1) = %6_3(%)&% {e7P™K(Go(K; 1) + €™ P Go(K — Pi7)) } (2.13)

o202 . :
Mo, (K1) = wp“e US D EAP R (Go(K;7) + " FGo(K — P; 7)) (2.14)

FrLAFEZ (2.13) & (2.14) RJLAfHHEIH

N P
Je= _4 T arg{ng(K; T)MZI(_K§ T)} (2-15>
(B2 e BOREHEI it b, B oea | ARG f, B3
M(K;7) = J%ej(?’feTTsz(K :7) (2.16)

FIAMENER 7, REAE

Go(K;m) Go(K — P;my) ie—JQWek [ ME:T) o1
Go(K;m) Go(K — Pimy) | | o2ei?meP=h) | = :
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BETRERE—ELOIRE n W0T

. 1, 1fG2(K—P77-1):GQ(K_P,TQ):O 918
= g;g:ig; , otherwise. (2.18)
A (2.17) B2 n 5] LU ETH
_ 1 M(K7T1)_77M(K77-2)
N 27?]{:4{{(?2(}(;7'1) —nGo(K;72) (2.19)

2.4 HREMHEEINEL

BRI kR P R EIRSIE, Mo, (k; 7) TR, 76 (2.12) o, HESRIE
5T 7 PQy(k — Pi7) 8 e 27 PQy(k + P; ) SERIHE, FiAES RSB AR SR, FAILS
HRBILHS, MU AR (S5 E A,

WIRRE LB, B Go(f) B—EE B B, H218 G.(f) WrEHE

AG.(f)

£

-B B

4 4

~ v

B 2.1: G.(f) 7EE

RIRET 0 <k < P/ 2116, BT 4 (2.12) Tl /PGy (k— P;7) , FUALERR Gy(k— P;7) S
B, X Go(k—P;7) = (P/T) [T73, Go(B—(k=P)/T)Ge(B)e > 5TIPd3 | ilty G2(8—(k—P)/T)
B G.(3) WEFE?2.2 R

(FMERE2. 28083, % (k — P)/T + B, < —B, B, Go(k — P; ")Sl@%HE, B k &K
B P/2 -1, BEEWE P> 48,1 — 2

BE —P/2 < k < 0 MR, RIAWEEEE Gy(k + Pir) SRE, BB Gk + Py7) =
(P/T) [7173 G(B = (k + P)/T)Go(B)e " TIPd3 | EE2.3, W&BE (k+ P)/T — B, > B,
RFRIRT, B2 b R/MER —P/2, IR E R BRI R P > 4B,T . ATl &5ME b EESE&RERY
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|
| A [G.B) !
|
| |
| |
| |
| |
| |
1 / \ i
v ' Ll
_P -B, B, Lp
ZT: 121
| :
| |
| :
|
! M- A |G.(B-(k=P)/T)| |
LT |
| ! |
I |
| | |
|
//\ ’
| |
l ] N >
LJ ) _ L ] >
R L5
27 ! T 127
L i
|

2.2: Go(8) B Gelp= (k= P)/T)TEHE

BRI 5
P> 4B, T (2.20)

5 IR LUBHAL RE P W (2.20), ATDIEIEE /2P Gy(k— Py 1) 8 e 927P Gy (k+ Py 1)
SEWE, B (2.12) SR

2
Mo, (k1) = %”mgu(T)e_j(%)feTTe_j%kgGg(k;7') ,—g <k< g -1 (2.21)

FRULE P SEIBISIRES Mo, (k1) (62— BB, FiE KR8 Gini and Giannakis[1]3
HAGE R, R MOREEE A WA EIBERE (2.20) MEET R, TRREE
B P EAATE (2.20), AL Gini and Giannakis[1]5 30 REI0 A B (IR @9428, 5
—F

;L P Moy (k; T) Moy (—k; 7)

Je = AnTT arg { Go(k; 7)Go(—k; T) (2.22)
.1 Mo (k; T)ej(%r/P)f;Tr
€=—garg { Gl ) (2.23)
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|
L [G.(B) A !
|
| :
| |
| |
| /\ |
| |
1 Il >
Pl P g
— - B, B, [ B
ZT: :2T
|
i |
l |
| |
| |G.(B—(k+P)/T)| A k+P 1 i
: T 1 |
I ! !
| —
| )
| |
| !
¥ t >
_i: kP _p 1 P g
27| T N
| Lo

2.3: Go(B) & Ge(B= (b4 P)/T)~EHE
BE BT IR —, RE k| < P=2B, T, RILIEH /2P Gy (k—P; 1) B e 127 P Gy (k+
P;7) EWE, SEEEER k TR (2.22) K (2.23) ZAMEH £, &
25 EtEBIRERE

[EBE mo,(n; 7) = E{x(n)a*(n+ 1)} , NEEMABEAERNEEET (sample mean) ZEEL, &
ZEME L LEH

p LPL
Mg (n;T) = 7 ; z(n+IP)x*(n+ 1+ (P) ,n=0,1,---P—1 (2.24)
i
P 2 k
Mo (ks ) FZ_% (2.25)
HEEETE
A =
Mo, (k; 1) = 7 z(n)z*(n+ 1)e I 7k (2.26)
n=0

AR, WRLAHK, BEGERIREEL,
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2.6 REHER
2.6.1 f{ERAERRKIKEERIERSAYEA

EE o = 0.5 WAL (raised cosine) REHIRERIY (pulse shaping), M 512 [EAFHE A
Moz | 8 P = 4 RIS, RBRERIE B 0.75/T , il P = 4 BIWHE
(2.20) BMBErE, 43 BIF BB MR HA BT [1)rh a0 7 B MR, LS LR 1L I E A T T e
B, WA f. 5503, ¢ 1R0.3, LBERARMIY T EHBURGER, B2.45E2 5 AEARRBIIREE,
2.6 RE2.7 BT R I R IER. 8 TACRH A LRI ER, SRR AR R s —

(a)
0.01

0.008
0.006 |
0.004 |
0.002 |

—0.002} : .
—0.004 | : 1
—0.006 | : :

—0.008 |
—0.01
5

bias(fe)
o
MSE(fe)

10 15 20 25 5 10 15 20 25
SNR SNR

2.4: (a) Bias and (b) MSE of f. versus SNR , # FIF8R3IREE, f. = 0.3, ¢ =0.3

£, FPUE R —, ISR, [B2.8 S2E 2.9 2R R Y it IS R
262 fERX3E RIAREREIRKAFAY A

BT ERERESE A (2.20) MR, DAZESESE—ER BREIKERE (pulse shaping)
VBB AR, A ORI —E7E RS _E R W (5 A0 THBRIL IR B s A IR e, AN BL R mIHAR ORI, i o = 1,
FTOARESR /% 2/T , NiE (2.20), 72 IAIAERMREE GRS (1T 500 fo 8 e

B ATRMRER T EMRARR, B2.10 EE2.11 SRR me i HIRg g R, B 2. 14 SRR
R HIRIEEHG R, B TAREBEFA (1M EE, BPRMERRB ARG 2 —158, ArilEk
TIRERFERBRER, B2.12 882133 51%R « fSEEE SNR # « ;E{LER.
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(@)

0.01

0.005

bias(fe)
o

—0.005

N\~

—0.01
-0.2

—-0.1 (e} 0.1 0.2
fe

10

2B HEPCRHEIMEETT %

(b)

10’3 ................... Sere e
e ]
—4
—-0.2 —0.1 [0} 0.1 0.2
fe

2.5: (a) Bias and (b) MSE of f. versus f. , i IF- 883 IRERR, SNR = 16dB

(a)

0.01
0.008 -
0.006 |-
0.004 |-

bias(e)

0.002 - : 1
0 — ]
—-0.002 - : 1
—0.004 -

—0.006 -
—0.008 |-

—-0.01
5

10 15 20 25

SNR

MSE(e)

5 10 15 20 25
SNR

2.6: (a) Bias and (b) MSE of € versus SNR, , fE A &RZIREER, f. =03 ,e=10.3
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bias(e)

bias(e)

0.02

0.015} - -
0.01} -

0.005¢} -

—0.005¢} - -
—0.01

—-0.015¢} -

—-0.02

-0.4

(a)

l\\//////______///___\\{

-0.2 [0) 0.2

€

MSE(e)

0.4

2B HEPCRHEIMEETT %

2.7: (a) Bias and (b) MSE of ¢ versus e , fE A #ZIKEER, SNR = 16dB

x 10

O =4 N W > O

(a)

15 20 25

SNR

10

MSE(e)

2.8: (a) Bias and (b) MSE of € versus SNR |, {# A EREIKEREE, A (1|5
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bias(e)

bias(fe)

0.01

0.008} -
0.006} -
0.004 |
0.002}

—0.002F
—-0.004 - -
—-0.006 ¢ -
—-0.008 ¢} -

—0.01

(a)

-0.4 -0.2 (0] 0.2 0.4

€

MSE(e)

10™

2B HEPCRHEIMEETT %

-0.4 -0.2 (0) 0.2 0.4

2.9: (a) Bias and (b) MSE of € versus e , ff A eRZIRE R, H A [1]05E

x 107° (@)

10 15 20 25
SNR

MSE(fe)

2.10: (a) Bias and (b) MSE of f, versus SNR , HFIASH W SRIREER IR, f. = 0.3,

e=0.3
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bias(fe)

2.11:

0.01

0.008} -
0.006} -
0.004 |
0.002}

—-0.002 ¢} -
—-0.004 - -
—-0.006 ¢ -
—-0.008 ¢} -

—0.01

-0.2

(a)

-0.1 0
fe

0.2

2B HEPCRHEIMEETT %

(b)
"0 o——
g
175 2 S
=
100
0.2 —0A1 0 0.1 0.2

(a) Bias and (b) MSE of f, versus f. , EFASE WMFRZIREEFIERE, SNR = 16dB

10 15

SNR

20 25

MSE(e)
N W A OO O N 00O O

(b)

10 20 25

2.12: (a) Bias and (b) MSE of € versus SNR , fEF A WA BRZIKEREZIEES, fo = 0.3,

e=0.3
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2B HEPCRHEIMEETT %

(a) (b)

0.01
0.008} - B RN OO
0.006 1
0.004}

= 0.002} - . @10-5 .......................................

2 o0 0 4 9

~ —o.002p 1= L
—-0.004 ¢ - 1 b
—-0.006 ¢ - 1
—-0.008¢ - : ‘ : : :
_0'910.4 -0.2 0 0.2 0.4 10—2.4 -0.2 (0] 0.2 0.4

€

€

2.13: (a) Bias and (b) MSE of € versus € , fEfIASE HIFeriZIKE R EE S, SNR = 16dB

x 107° (a)
6
5 -
4 -
= =
8 3 9]
o =
- ]
2 - - - - - N
Th
(o] - : . 10°° : ; ;
5 10 15 20 25 5 10 15 20 25
SNR SNR

2.14: (a) Bias and (b) MSE of € versus SNR , fEFR#E WA erRIKERER RS, A (1A
¥ f.—03,c=03
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(@ . (b)
0.01 10

0008 : SEEEE I
0.006} : O
0.004} -

0.002

bias(e)
o
MSE(e)

—-0.002

—0.004 [
—0.006} -
—0.008} -

—0.01
-0.4 -0.2 (0] 0.2 0.4 -0.4 -0.2 (0) 0.2 0.4
€ €

2.15: (a) Bias and (b) MSE of € versus e , fERASE HTERZIREBIZER S, FH (189755,
SNR = 16dB
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E£IE
IE SRR D EFESRMAVVGEITSE

3.1 &5

SRS, S S B RRNT 2 S B, I FITERT & IR L, (R M.
Fisigs (DSL) B—& JEMIEREEE b, FROREEAS B ERARS IS BHAT (multipath) HFE
GRS, BE I BRI B (subcarrior) 3O3R, (R EX L & 2 BB E 30
(flat fading) TITRHRERIEER, (frequency, selective fading), LML T S(LRMRE, TIENZE
RIS BMRARY RS SR R AR S | R RIS R A
I, A SR R IS A B i (cyelostationary) KHAETE BEIMEH (blind
estimation), = EEHRIM H.Bolcskei 28U, AR B[R SA RS8R FEAREEREY
BERIIRRS, B TR PLER 7 9 — (I et AR 0 3 — (R W B A T £, SR B Bt b
SR,

3.2 RifiER

HREEIREER (pulse shaping) RYIERHRZEHER S B ERAH, FREME (baseband) AFEAIFR

zn| = Z cragn — IM] e Gr/Nkn=1M) (3.1)
0 l=—00

=

i

Hrh N BREP (subcarriers) &, M Z2RRHNERE, g[n] FnER pulse sharping JEW A, cxy
RRERFR. & M > N REARKEFERHEE THEELM (cyclic extension)o
e RIR I BRI & 578 R RS B R, R AT DUE BRI S R 5
0.5

T[n] _ ej(27r05n+¢) X(€j27w)6j27ru(n—ne)dy + p[n] (32>
—0.5

17



83 E IEERSEERARNMEET %

Hih X (/%) £ x[n] RIBEBREREIE 7 ZEEE (DTFT), n, € R BEHEEE, 0. € [-1/2,1/2) FrE
BARZE R, ¢ REBNARE, T pn] 2EZE E (wide-sense stationary) HFEF, HEERFFR cx,
HE%E, BEEE n, BWEEREREH, & n. € Z, 8 (3.2) ATLAEL

r[n] = /@ 0ty in — n.] + pln] (3.3)

HFEFRIERERBE c[r] = E{pnlp*[n — 71|} , F5% c,, RRHBERFFHEAM (finite-alphabet) #
HUEFERE (constellation) HER, W2 E{cpicy, ) = 020[k — K]0[l — U] o BT RBEMMEREMERERK
(subcarrier) RUANFERRERTEEE, BCERIMBEHREBIME (subcarrier weighting), #57€ IIFER
B wlk], AHERNFRLER

=

x[n| = Z crawlk]g[n — 1Ml Br/N)kn=IM) (3.4)
0 l=—00

i

3.3 BHAEREYTIE

Rz MiFTEE S, SEHARRE (cyclostationarity) =& B WIFEA HERNRE, & RIERFEMHERE (cor-
relation) BB c,[n, 7] = E{rin]r*[n — 7]}, 7 B—ARBRLES H, 2R #1IHEE, 1 OFDM
Nk (3.4) WHEHRES

o2 e]27r9 T 05__ ' N
crln, 7] = i Z/ eI At (n=ne) gi2mur oy (632”(”+M ¥ )G* (eJQﬂ'(V*W)) dv
—1 0.5 N A i
> / | IROTISIG () ¢ (632“(”_W))d”} +olr (35)
s=—M-+1Y V0

B G(e?) = T glnle ™0 (FHBETEL on, 7] B n BLUEN M fERML, BOER
e ln7] = cfn+ M, 7], R EEEE Ehmst, B Eenir SRRy, B es

M—
— " ¢,[n, T]e I/ MEn k=0,1,---,M —1. (3.6)
M n=0
SRR, B 0 <k < M —1
02 . - 27k phly 05_k/M . . k m . m
C’T[k7 7—] — MCBJQWGeTe_]Wne Z |w[m]|2 / 6]27‘(‘V7’G <6]2W(V+M_W)) G* (BJQW(V—W)) dy
m=0 —0.5
4 eitmme / 2 () G (2 ) du} + ¢, [7][k] (3.7)
0.5—k/M

18



83 E IEERSEERARNMEET %

REBAIE (3.7) v R, I BRHEEER A

2
C’T[k,T] — U_]\Z[ej%r@ere—j%ne{FN[T]A(g,g) {7-7 %) (1 + %(ejQFTLE _ 1))
e k (_1)777 —jon(r—y) £
6‘72 — Z FN A(!] 9) |: M) m (1 — € g2m( 'Y)]”> } +Cp[7']5[kf]
“/#T
(3.8)
Hoft Tylr] o= D200y [wlk]Pe/CmNR T AW [k, 6) == 3702 gln]hln — k]e™>™
3.4 {HBITSE
A Cylk, 7] A LMEEI SRR RIS B R, & e & —EmBIay 2 8
S% e Ty[1]AG9) [, £ (;I)TT:” 1 — e—d2m(r=")37
Bk = 2y T " ) i ( ) (3.9)
M FN[T]A(Q’Q) [7-’ M)

SEES BB R T UHE EH, REHRBRN 7 B KR Ty[r]AC9 [1,£) £ 0, BB Ty[r] B
A9 [, L) aIf|FHEAN wik] 8 g[n] kB, FIH (3.8) Bl

27k

Culk, 7] = Seermer e ineT [0 [T, %) (L4 (2™ — 1)[k, 7]) + c,[r]o[k]  (3.10)

BETRBER Clk, 7] , RBEARN C. [k, 7] IEFME (normalize) FrE4L, T
Cylk, 7]

Clk, 7] = =
T InlrlAL9) 7, 47)
. mk - S[k]
— j2mbet —jH N, 14+ Jj2mne _ q [k, + = CP[T] 3.11
e e e s e gy
£ T ARt E:
1. &8 n, -

SIE 0, B L FIDBKE 7 =0, Bl C[k,0] = e 757 (1 + (e32™ — 1)®[k,0]) H&E n.
—AZERERMNN, BTEREE Ok, 0] & C[M — k,0] BFH, 15
C[k,0C[M — k,0] = e 721+ (7™ — 1)®[k, 0])(1 + (/> — 1)®[M — k,0])

= &*™ [k, 0]0[M — k,0] + (P[k, 0] + ®[M — k,0] — 2®[k, 0]®[M — k])

+e7 I (1 + @[k, 0]®[M — k, 0] — ®[k,0] — ®[M — k,0]) (3.12)
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3B  IEREALEERRHAMETE
T =e? R A (3.12) AIB—ERHK A2z?> + Be+C =0, H

A = Ok 0]®[M — k,0] (3.13)
B = ®[k,0]+®[M — k,0] — 20[k, 0)®[M — k,0] — C[k,0]C[M — k,0])  (3.14)

C = 1+ 0k 0)®[M —k,0] — ®k,0] — S[M — k, 0] (3.15)

WERAR G REMERE, Ehr—ER x KWEEHE, NREDHHEE EESHH n A x F R
EWMEE S R IETER, ne BIESET5EAT

P 4{ Clk, 0] } (3.16)

27k |1+ (o — 1) Pk, 0]
2. fl#l 0,
i ] p _ C[/?‘,TA] (3.17)
2n7 \ e 50 (1 + (ed2me — 1)k, 7))

3.5 E2 H.Bolcskei BT EAY 5 ALEER

(Bl N A 3 R H

- 2wk

Clk, 7] = 2207 TT0 (T (2™ — 1)®k, 0]) (3.18)
FJ82 H.Boleskei #EERFERMILE, TRRBHEAERFR

Clk, 7] = /*™Te7I e (3.19)

R B ST n. € Z BIIEE, /2™ =1 ,(3.18) # (3.19) &#1H%, FrLUERF H.Boleskel $2HIHY
BRI 2 RN, SUAbFR A R T R0 T

- 1
06 = RK{C[I{?, T]C[M - k, 7']} (320)
M o6
N T —j27m0eT
Ne = 27Tk4{0[k,7']e } (3.21)
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B3 E  IEERSEERMRAMEE T %
3.6 f3vkZEHI

BRI gn] 8 wlk] SFEERHROEAR, RATPTLAESER, 0t ny IS LG HIR 5%, 5&
BN B MR B AER 1, B, wik] = 1 B b, At—R Cy[r] = N Y o2 d[r—sN]
, EFTWE (3.8), Hik®E 7 = N Kit#

N 2 . .o k k )
Or[k:7 N] = %6]2ﬂ9e]\7€]]\fne{j4(g, 9) |:]\/v7 M) (]. + M(GJQTWE — ]_))
kN (—1)N-N o
J27m _ A 9,9) V) (] o emi2m(N=sN)
e Z |: )j?ﬂ'(N—sN) ( € M)

(3.22)

R k=M — k

No? Pratie M —k M-k, .
. o Nl = c j2mle N A(gy!] N 1 j2mne
C,[M — k, N| i —F%e { i +— (e 1)

- M k) (_1>N78N (1 . e—jQW(T—SN) MN;

j2mne _ 1 A9 | o\
e ) Z [S M ) j2xr(N — sN)

S=—0C

s#1
N 2 - 27 k k -
— %emﬂO Nj 2k g {A*(g,g) I:N’ M) (1 + M(e*jzﬂ'ne _ 1))
(

(e=92mne _ A0 | N k _ﬂ (1_6127T(T—8N)%>
M j2m(N — sN)

s=—

75

= [k, N]e4m0eN (3.23)

FIF (3.23) RILAE#ZAGH] 0, , SRABRZATHITEEIEH R ne RAKK 0, , FTPAn] LR ERE,
JEATT

06 - méc [k’ N]C [M - kf,N] (324)

3.7 MERIREREE

[IEE c.[n; 7] = E{r[n]r*n — 7]} , FEZRMRGERAERHEUETY (sample mean) JGIBL, BEEME
L L&k

M L/M—1
:z—E:Tn+M4 “In — 7+ IM)] . n=0,1,---M—1 (3.25)
=0
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B3 E  IEERSEERMRAMEE T %

Hl
| M-l
Cllkirl == & [n;r]e 5" (3.26)
M n=0
HHEEENR
=
C.lk; 7] I r[n]r*[n — r]e~ 3 kN (3.27)
n=0

% R, WRLAHK, HEGERNREEL.

3.8 1EEHER

TEBETT BRI IR BT R T B 25 IR E I A TR ER A (AR, BRI B V = 8, R RE M = 16
. 9ln] B a = 0.5 BFERIXEEAE (3.1), SMINREREIES w = [1.1 2.0 1.4 1.33 1.0 0.6 0.8 1.2] .

SR PR ST EREY 755 B H. Boleskei 20675 548 1 400 0B S HI B AR BRI, SURIEE Y
SEEBHE A (AWGN) 8% BB (multipath) 755,

Pulse shaping filter g[n]
1.2 T T T T T T

gln]

0 10 20 30 40

50 60 70 80 90
n

3.1: FreRIKE B IR B A=
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B3 E  IEERSEERMRAMEE T %

1. WmB A (AWGN) SEEF A (3.16)(3.17) &8, MA 1258, H n. e R
(BE n. =33, 0.=0.1, B3 2&RKHIEE n. KIEE], B3.3RTERRE 0. BIfkH)

(a)

—0.01}
—0.02}
—0.03}
—0.04}
~0.05}
—0.06}
—0.07
—0.08
~0.09} | ‘
75 10 20 30 %% 10 20 30
SNR SNR

bias(ne)
MSE(ne)

3.2: (a) Bias and (b) MSE of 7, versus SNR , f A ER5XIRE R 5127558 n. = 3.3, 6. = 0.1

(a)

0.1
0.08}
0.06
0.04} -
= o0.02 =
< _o0.02} =
—0.04}
—0.06}
—0.08}
915 10 20 30 0 10 20 30

SNR SNR

3.3: (a) Bias and (b) MSE of f. versus SNR , i FiFF 883 IRE R 51275 n. = 3.3, 0, = 0.1
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B3 E  IEERSEERMRAMEE T %

2. MthnEAEAEEE H H.Boleskei [2)ff8], A 51275, B n. € R :
(BRE ne =33, 0. = 0.1, @3 4FTRHIRESE n, BRI, 8 3.5FFERRE 0. KEH)

(a)

MSE(ne)

o : : 10 : '
0 10 20 30 0 10 20 30
SNR SNR

3.4: (a) Bias and (b) MSE of 7, versus SNR , f -8R AIRE R 5127758, EH [2], ne = 3.3,
6. = 0.1

(a) (b)

—0.01

—-0.02

—0.03

bias(fe)
MSE(fe)

-0.04 ¢ S e : T 10_3 ............. P, e

—-0.05 o e : 1

—-0.06
0] 10 20 30 (0] 10 20 30

SNR SNR

3.5: (a) Bias and (b) MSE of f, versus SNR., {# FI7- 83 IR E &, 5124558, 68A [2] n. = 3.3,
6. = 0.1
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B3 E  IEERSEERMRAMEE T %

3. MtmBE#FUEERE A (3.16)(3.17) &8, MAS12M@EFF5%, B n. € Z -

(

bias(ne)

3.6:

bias(fe)

3.7:

HE ne =5, 0. = —0.2 , E3.6RREMRE n. BMEH, 3.7 RERRS 0. 1158

(@) (b)
0.05 ‘ :

0.04
0.03
0.02
0.01

-9 -
MSE(ne)

—0.01
—-0.02 -
—-0.03
—-0.04 - : :
—-0.05 - . 10 : :
(0] 10 20 30 (e} 10 20 30

SNR SNR

(a) Bias and (b) MSE of i, versus SNR , {# A &R ZIKEER 51275, n. =5, 6. = —0.2

(@) (b)
0.01 ‘

0.009 ¢ -
0.008 ¢ -
0.007 | -
0.006 -
0.005
0.004 | -
0.003 -
0.002} - o e : 1
0.001 -

MSE(fe)

0o 10 20 30 (0] 10 20 30
SNR SNR

(a) Bias and (b) MSE of fe versus SNR |, # FA-eR%IRE R 51255598, n. =5, 0, = —0.2
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B3 E  IEERSEERMRAMEE T %

4. MpnEEFEERE A H.Boleskei 2] &8, MM S12{EA/HE, H n. € Z :
(BRE ne =5, 0. =—0.2, @3 3FREFHRE n. KEH, B 3.9FRTHERRE 0, BH)

(@)
0.1

0.08 -
0.06 -
0.04

bias(ne)
(@]

—-0.02
—-0.04 -
—0.06 -
—0.08 -

0.02 /‘\/—\-

-0.1
(0]
SNR

3.8: (a) Bias and (b) MSE of 7, versus SNR |,

0, = —0.2

(a)
0.01

10 20 30

0.008
0.006
0.004
0.002 1

bias(fe)
o

—0.002
—0.004
—0.006
—0.008

—-0.01
0]
SNR

10 20 30

MSE(ne)

SNR

AT ERARET R 512 7F5%, A (2], n. = 5,

MSEfe)

10

SNR

3.9: (a) Bias and (b) MSE of f. versus SNR , i I+ 8EXIRE I, 5127588, B [2], n. = 5 ,

0. = —0.2
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B3 E  IEERSEERMRAMEE T %

5. MHInE HEFGEESE A (3.16)(3.17) il FIA 128 ERFHE:
(RE ne =33, 0. = 0.3, B3 10FTREHRE n. BIMEHE, B3 11 RTEERE 0. H)

(@) o (b)

—0.02} - S e . N O S D
_0.04l . o ] T
—0.06
—0.08}
—0.1f
—0.12}
014}
—0.16}/
—0.18} | ‘
—025 10 20 30 9% 10 20 30
SNR SNR

bias(ne)
MSE(ne)

3.10: (a) Bias and (b) MSE of 7, versus SNR . f#f FHA-8RZARE 128 758, n. = 3.3, 6. = 0.3

(2) x 1072 (b)
0.1
0.08}
0.06 |
0.04 |
& 002 =
& 0 7]
< _o.o2} =
—0.04}
_0.06}
_0.08}
—0.1 ' ' i
o} 10 20 30 o} 10 20 30
SNR SNR

3.11: (a) Bias and (b) MSE of fe versus SNR | 1# FA- e IRE R, 128 7758, n. = 3.3, 0, = 0.3
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B3 E  IEERSEERMRAMEE T %

6. ZEKKCHEE (multipath) A (3.16)(3.17) & #HI, FIH 512 {ERF5%E:
(RE ne =33, 0. = 0.3, B3 12FTREHIRE n. BIMEE, B3 13RTEERYE 0. AOH)
1 FAR 2 U % B RS Rayleigh-fading 3838, HH o7 = [ 0.9502 0.0473 0.0024 0.0001 ],

(@) . (o)

_0.02} - - ] SRS S S S SIS IS SIS
_0.04lb . o ] T
ool
—0.08}
—0.1
—0.12}

_0.14} . S B S
Codel i
—0.18} | ‘
025 10 20 30 9% 10 20 30

SNR SNR

bias(ne)

3.12: (a) Bias and (b) MSE of 7i,«versus SNR | & EREKEE, A RKIKEER, 512 /5%,
ne=33,0,=0.3

(a) B (b)
0.05 : : 10

0.04 S ce : 1 b

0.03¢} - . . . e

0.02 -
0.01

bias(fe)
(@]

—0.01 |
—0.02¢} - S R . 2 [, e
ol
—0.04 | - | ‘
~0.05 5 10

10 20 30 o 10 20 30
SNR SNR

3.13: (a) Bias and (b) MSE of f. versus SNR , ZEREY, [ FAF R IREER, 512755,
ne=33.0,=03
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18 A DAY B R TE 72 B TE ST A A 5 7 B8 ST 44 SR 9 U R R ST A e SR A R P 2R ISR 2R R B s
RS, S BRI, AR R EEAE RS R R E R RIS ER R E, HER OFDM AR5 f#
BRRE. ERRATH RIS ERER RS SRS AR 5% 6 ETT AW, BB AR A R RE
MHBERENERRMGERE . ERORERB R T IAGT O L ERATER, B AR R E
RN, R EREAKEENREE, SHREFEGINA, U GLERIUSMAEHERIRR, At A Fr)
s R R E R,

B EBBCRI, AmwmSCPREH R DHEE BIRE R AR R SRR BORRF R EHE R, MHIER
PRASHRZR % B E A A DUE IEFE R BV MR R A TR, B R% ERR1ERY Rayleigh HEEHA]
IERERI A H,

29



EAS
Fit 3%

BHEHESE c.[n, 7]
cr[n, 7] = E{rln]r'[n — 7]}
. 0'5 . . 0'5 . .
- E {G]QTI'QET X(e]27ru)€]27ru(nfne)dlu X* (€j27w)€]27r1/(n7'ne)dy} + Cp[’T]
—0.5
0.5 N 1 00
_ €j2ﬂ'957’ / G (ejQW(pf%)> Z ch l€7j27r,ulM€j27r,u(nfne)d’u
0:5 k=0 l=—c0
0.5 N 1 0o
/ <€j27r(1/7%)> Z C;’q€j27TVqM€j27Tl/(TLTne)dl/} + CP[T]
q=—00
, 0.5 (05— ‘ ' . ' .
— 0_626]277967 Z |w[k”2 / / ej27r(,u~u)(n——ne)€j27w7'G <6]27r(,u7ﬁ)> G <6]27r(1/fﬁ)>
prt —05J=05
: Z MW=y dy + ¢, [7] (A.1)
l=—00

FBE v B—EHEE, 7E Y0 M= = LN §(n—v—s/M) B##E (continuous) K
o EE, A (A1) A%

o2ei2mber N1 M-1 05 (275) () 52 (g5 ()
|70, - < J n—ne) 32T 1 (3273 = 1)) F (927 (=1 ¢
cr[n, 7] Wi mzo ; /05 e e (e ) (e ) y

-1 0.5
+ Z / 6](2ns)(n ne)eﬂmrrG (€j27r(u+M N)) G* (6]27T(1/ )du} + CP[T] (AQ)

s=—M+17 ~0-5=37

30



BTRMEE C k7] , R O0O<k<M—-1,7E

?
M-1 : N-1 M-—1 _ s
1 Uge]2ﬂ—6€7— 057 ar 2ms ) (p—p, T T ﬂ
Crlk, 7] = T2 |w[m]|2{2/05 eI R ) nne) i2mr ¢y (o270t 57 = %))
n=0 m=0 s=0 v 4

1 )
.G (ejQN(V—%)) dy I Z /05 ej(%)(n_”e)ej%rm—G (6j27r(y+ﬁ_%)) a* (ejgﬂ.(y_%) dlj}

1 M-1
_i2rk _ 27k
eI 4 — cplrle
M
n=0

M-1 2 j2mber N1 M-1 L
= Ve |w[m”2 E 6](7)(71—716)6 J 1\1”/ 6]271’1/7‘G (6]27T(V+M N))

n=0 m=0 s=0 0.5

—1
27s 2nk 05 .
G (€J27r(1/ )) dv + E 63(7)(" ne)e ]Mn/ emeer (6]27r(u+M N))
s=—M+1 —0.5— 161

-G* (eﬂ”(”’%) du} + ¢, [T]0[K]

o2e2rter 21 L 2ms 05=37

- _c- —dap (k—s) *J( T )ne ]QTI'VTG 327r(1/+ S -
M?2 E €
m:O s=0"n=0 —0.5

il .
.G ( ]27r(1/—— dV"— Z Z e_JQTm(k s) _J(QWS) /05 ejQWVTG (ejQﬂ'(l/-i-ﬁ_%))

—M+1 n=0 —0.5—37
G* (e7TR) du} + ¢, [7]o[ K]

EF[ ZM 1 ,'L

M — 1 WIEF, &

(A.3)

k=) = MS[k — s+ M) BEEE (discrete) 89 6 B8, AA (A3), BFHHE 1<k <

C [l{j ] O'c2€j27r9e7']vzl| [ ]|2 _j(27'rk:) /0-5_% 2 G( 72 ( +k m)>G (]2 ( m))d
R, T = ———F wlm e I\ e el el?m vty — N *(2(v=5)) dp
M m=0 —0.5
(2T (b M 0:5 9 9 k— M —m) 9
+6_](ﬁ)( - )ne/ el FVTG( J2m(v+=5 > G* (6] 7'('(1/——) dv
0.5— kM
o2 6]2#967 N-1

05—k
. 2rk Mo ] . m ‘ N
= £ |w[m”2€*](7)ne / e]27r1/7G (6.727T(I/+M*ﬁ)> G* €j2w(y—ﬁ) dv
TPy ()
0.5
+ej2ﬂne/ eI2TVT (3 <€j2ﬂ(u+ﬁ*%)) G (ejQW(V—%) dl/}
0.5— £

(A.4)
AHEHH

o €j27r957' 1 0.5 A .
C.[0, 7] = 7 > jwlm]|? {/ PTG (P2 TR)) G (PN
0

— 05

Ndv +c,[r]  (A5)

31



&t (A4) 5 (A5)_JH Bk =0,1,--, M — 1
, 0.5—k/M ) o
— j2m0eT 71 M j2muT J2r (vt — N * (L 52m(v—T7
C.lk, 7] Me Z |w[m /0.5 e G <e > G* (e ) dv
. 0.5 . . k m . m
permn [ g (e ) @ e ) avb ool (ao)
0.5—k/M

HETRETE (A.6) HHESES

0.5-k/M . . |
/ T <672”(”+M—%)> G* (eﬂﬂ(v—%)) dy

—0.5
0.5—k/M 0 | k N |
— / 6327ru7' Z g[a]e—ﬂw(u-i-ﬁ—%)a Z g[ﬁ]eﬂ”(”—%)ﬁ i
—0.5 = P
- - - 27Tm 27\’k O57k/M )
Z Z g[&]g[ﬂ] e]T(aiﬁ)eij M / eﬂﬂ(ﬁ*oﬂrf)udy
0.5

a=—00 B=—00

> 0.5—k/M
= Z Z g e] N 'Ye J ]ka / ejZW(Tf’y)de

a=—00 y=—00 0.5

- -27Tm ~27 k,'
= E glalgla — 7)e/ Fme 5 2 (1 + %
- 2Tm s —1 T 2
+ g E glor= el ¥ P hrad ﬁ (ej Br= _ 1) (A.7)

a=—00 Y=—00
VET

[ ¥ ] 3
0.5 ‘ ' X
/ 6_]27TVTG <e]27r(u+ﬁ ¥ >G*( j2n(v— N)) dv
0.5—k/M
> 27Tm - 21k k
= glalgla -7V e
ER Rl =) 1— 5 =) A
Z;O;; ey ()
YET
(A7) B (A.8) RA (A.6) AIREIREME R
2 . .ok k k ;
Colk, 7] = a_]\26]2w66r6—1 M ne{rN[T]A(M) {7‘, M) (1 + M(€j2ﬂne _ 1))
B\ (—1) Y
(e72mme I A(gg I S (e 22 Gt OB v
Zoo N [% M) el =) ( e ) + ¢, [T][K]
VAT

(A.9)

Hef Dy[r] i= o0 [wlk]|2e/C/NAT i AP [k, §) == 3 [n]hjn — kle=72m?

n=-—00 g

32



[1]

£Z XK

F. Gini and G.B. Giannakis, “Frequency offset and symbol timing recovery in flat-fading
channels: a cyclostationary approach,” IEEE Trans. Commun., Vol. 46, pp. 400 - 411, Mar
1998.

H. Bolcskei, “Blind estimation of symbol timing and carrier frequency offset in wireless

OFDM systems,” IEEE Trans. Commun., Vol. 49, pp. 988-999, June 2001.

B. Park, H. Cheon, and E. Ko, “A blind OFDM synchronization algorithm based on cyclic
correlation ,” IEEFE Signal Processing Leétters, Vol..11, pp. 83-85, Feb. 2004.

Y.Ma and Y. Huang, “Blind estimation of carrier frequency offset for OFDM in unknown
multipath channels,” IEE Electronics Letters;"Vol. .39, NO. 1, pp. 128-130 Jan. 2003.

Y.H. Kim, I. Song, S. Yoon,and S.R. Park, “An efficient frequency offset estimator for OFDM
systems and its performance characteristics,” IEEE Trans. Vehicular Technology, Vol. 50,

pp. 1307-1312, Sept. 2001.

J. Li, G. Liu, and G.B. Giannakis, “Carrier frequency offset estimation for OFDM-based
WLANSs,” IEEFE Signal Processing Letters, Vol. 8, pp. 80-82, Mar 2001.

S. Chang and E.J. Powers, “Efficient frequency-offset estimation in OFDM-based WLAN
systems,” IEE Electronics Letters, Vol. 39, pp. 1554-1555, Oct. 2003.

M. Morelli, A.N. D’Andrea, and U. Mengali, “Feedback frequency synchronization for
OFDM applications,” IEEE Communications Letters, Vol. 5, pp. 28-30, Jan. 2001.

33



5d.

[9] Z. Zhang, M. Zhao, H. Zhou, Y. Liu, and J. Gao, “Frequency offset estimation with fast
acquisition in OFDM system,” IEEE Communications Letters, Vol. 8, pp. 171-173, Mar
2004.

[10] J.J. van de Beek, M. Sandell, and P.O. Borjesson, “ML estimation of time and frequency
offset in OFDM systems,” IEEE Trans. on Signal Processing, Vol. 45, No. 7, pp. 1800-
1805,Jul. 1997.

34



