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New Frequency Offset Estimation Methods for
OFDM Systems by Using CAZAC Sequence
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Abstract Frequency offset estimation is the critical part in Orthogonal Frequency Division Multiplexing(OFDM)
systems. In this paper a new method for frequency offset estimation is proposed where the training sequence is composed
of two Constant Amplitude Zero Auto Correlation (CAZAC) sequences in one OFDM symbol and the frequency offset up
to OFDM bandwidth can be detected. The training sequence also can be used for channel estimation and equalization. This
will enhance the efficiency of data transmission. Cramer-Rao bound can be reached in the estimation. The valid of the
algorithm is verified in AWGN channel and Rayleigh channel.

Key words Orthogonal Frequency Division Multiplexing (OFDM), Frequency synchronization, CAZAC sequences,

Vol.28No.1
Jan. 2006

Multi-path fading channel

1 5|

i3

DARKS Bl A5 18 SR PR AL 3 L S L IR AL ST
FE AR, ERMARAR & B, 2148, EKEH
35N szBl ik HAx, OFDM(Orthogonal Frequency Division
Multiplexing) 47 1R K (K AR #4M . OFDM i1 1R 94T % 3%
WeAkdin, HEIAHE R T LR, TRk g ES, %
BB s TR BRI T TR, S TR RS
KKRESE, SR %1% . OFDM LI [ & ks sh %
T {54y, WDAB(Digital Audio Broadcast)”, DVB(Digital
Video Broadcast)®!, Hiperlan/2™,

{HOFDMtLAFAERC LB AT, fif YK L8 6k 11 SEOFDMAE LY.
FH 5% . OFDMIF) Bk 2 — X M % e UKEL, 17
1A A% IF OF DM #1800 [A] IEAS PE BRI T T4
RV R SRR, R AT A S LA 2 ) By o

2004-06-14 £, 2005-07-06 5|7l

[H 5% [ AR B B4 TR I H (60390540-3), 18 5% [ SRR 5L 400 H
(60272009), % “863” it%I(2001AA1230131)FH L& & I 1 ik
4 (20020614001) % it

53 g BRI /N B (/N Bl 23 4 RHE <0.5) 46 4%, WIS KAS 1
B AR A2 S BT T, U T B
HAAL; ANECE R AL T ELOFDM 1 2 il T30, —
MR, 7EAWGNAE T8 A2 i % 1% 72 ZE /N T-OF DM -8k 3% [1]
K 4% 15 22 452 PR B A B 158 25 22/ T-OF DM 1 3% i 7] 5
2060, BT B VIR AR RS A T W Bk A L 72
INEIAN T BRI PR AR AS il VT RR R ARG [R5

OFDMI{I 25 J77:45 . van de Beekdi i (1 AR R 1T 4%
R L T, OISR R G AR, (HAR
T AT i KAEA KT 0.5 AN T80k SCRR[B]H 24T 1 FI ]
PR AT 28 AT R [F) 26 7 i A P REJE . Moosedf H 1 1 i
SRS R RS B, O R A i TR 1 e, (H
WA B FEAL T  RAEA KT 0.5 AT HIE BT . 4
Jo SRS IR A, SR AR VVE SO, EAG TR
N BEAG . Schmid 4 H R FH IR e 51 1 i ) 530 2% [ 25 Ty
PRI, SR AR A A VRS, ARSI AR R R 2D A
REIFRG, s 2 i ) RS v A AR . Tufvessondig it i)
F PN B R I T2 [R5 09k, LA s R i 1) (726 H A
PRAARBE, ITRIFELD R SR mMB AL TG, RelRI SE



140 m 7 5

A [F) 25 FORE [R) 25 . Lambretteh I Meyr (L&M) 42 ! A1)
Z AT CAZACIT BT I AT A5 [F) 25 1) D 1%, JEA A
BTN 0.5 A>T aFRtY, Chen BiaofITurelif®
H i R T A0 o MUSICE Y sk ESPRITES fig 45 % [7] 2 7
e, AT BT AN R Ak R B 1K B . Morelli
F1 Mengali(M&M) #& H 1) ) H LA~ & 5 77 51 1) BLUE(Best
Linear Unbiased Estimation)4.i%, HiAlbi3E Bl L2 T30k
IR, AR 452 F HoAh v L Schmidl 7 VA kS i, (HL 52 % i
KKFEmE . MinndidE TME&M 5, Minnf 7 vELEAS B AR
TR 5 YN 57 70 45 ¥ RO 190 PR T4 AT 8 s A RS 5
[15]
AR T — R R H CAZACK: 51 B OFDM i 2 7] 25 7
. Frank/F5IA1Chu/¥: 41 #5 - CAZAC 41181, CAZACIF:3)
FATHHOCUEIBE, 559 N FIHE 1. CAZACIIFFT AR #id &
ANCAZACFHIMT, 55 1b 1| F 3 — 4 I3 ] LA SR APE AR
T PR AR S A 05 AR 0 A% ik T3 B ) LAIENAS 1 3%
PEIRE, LN FRTI B, 5 V2 B AG TF RS B2 T I8 2]
Schmidl4 [y Cramer Rao bound, ‘& 5 #] | #5 CAZACHE[A]
BUNGRITHNIL&M T IEA ], 5 K I AN [FIAE T AR SO A ]
ARSI 5E R, AR T CAZACF %1 I FFTIE & — A4
CAZACITHIFICAZACIFHIR T AR . TL&M i
FERHE e, BRI R, IR A A 1 flic i
NTFNAS T AT B s REL IR0 R0 RS 3 A AT A SO
), AR S I 1R 25 T v Hh 1 [R5 CAZACTT H1AH G B 8
AN R, T LA M SRR O P, X RIS
TR B A Ay i,

2 RgiEE

RN OFDM FTVEFFT 8, Ny k48 1 7 3 (1 4
o XHMAEFIAEIR S, WAEIFFTE % H A
1 Nt ( j2rkn

X =— X, ex
nNgkp N

N A R ORT 4 ), A OFDM 4§ %5 il & o
[y oo X Xor ko e - NG AN IRER AT AL, A2
OFDM 5 55 Ny AN SIS, FIF IR 5519 T4

SR G 0 12 B2 LA 3 £ B 33 I % )
S A Ah S AR . 76 AWGN {373, 417 260K
IRASI, O kAR A 5 7 205

r(k):s(k)exp[%)+n(k) 2

R, e FORPE AL T B R ALEE, (k) A
PR 5 AR I ZI I HREE, s(K) RS 5 Sk 11
FHREAE, (k) A A58 0 n v v o 1 e 7 7 SR I 20 R A
. XTOFDM&RZE, MMMt A E0T, A T8I IER;
AR MBI, TR AT, RAEMRRS SR
. ZEAWGNTEIE, {EMELLISNR, SR MmE N e 1, HRL
151 ELSNR, 1 T F 42:

j, n=0,1,2,---,N-1 (1)

B ¥ iR 28 %
SNR sin(zz) )’
SNR, (&)= — ©)
1+05947SNRsin?(zz) | e

STOFDMAZ M 5, FAWGNTE & Z R B AR T F
UL IR 1 4%, 6 T 3895 5 SRR B A KT T3
W IRk ) 2~3%L7,

3 OFDMEVSIERE T HE

PEAL FATTHE i —FHOFDMAIAR [F 25 Fr 530k, & A B i
PG VG R AR B OO 1 L T7 I HICAZACFA41AE A
WERIFH. N ICAZAC)T File(K) ) E AR &

Nl . N;,, 7=0
kZ_(:)c(k)c (K+7) ogn, :{01 20 4)

AP mod R AR BUEE, CAZACIHTFIIKIAEER F AH 6 2 55 A
O MREE. I SCHR[16]41CAZACTEHI nf B Ay
H 2
C(k)=exp[”zk J ©)

1

b, PREE L, P= -1, chIEEEE, rSNE .
A N=2N,, r=1, fFAESRME NS SN

_exp[i@ﬂk;mke)]m(k)

:exp[_;ﬁgzj-exp[jZ”(k’\Tg/Z) }rn(k) (6)

XA N A (B)ICAZAC)F AN &, A AEAH i B I 7T g
SHEOEN IR, LU, 2 e WBEON, Zng
A 5 AR RS, BRI 5 AR T AR CAZACF SIS
BT &2 A 5, IR D ANA o A P ROR I 3 (i R
BRA 2 FHCAZACTIIEIA AL AU FIRERR, A7

c(k):exp(j”(N’ill)sz 7

BRI, B AES KT 2(Ny — 1) A T BRI B A2 06 I i) [R] 25
FEAR S

AICFKHW CAZAC JFA R N2, FASAH R 1)
CAZAC AR R A N (I ZR 31 FH B TR AU R [ 50,
PEARUT IR R A 2D . Ko N HUINZR P FIE I R R
(X} s Xoensz =Xy N=0,1,-- N2—1. IIZFHIE FFT 5
BEFH (S}, k=01, N—1. th FFT ¥R CAZAC
JPAIIN FRET B4k & —A CAZAC J&HI e S nl 5, J341
(S} AT BAMFERCY 0, 1M {S,,}» n=0,1,--- Ni2-1, KK
J9 NI2 [f) CAZAC J¥41 a. BIKERARRS I 0,  /NEGHR 43
PR AW A Al T (AR [ 22)



TSR FIH CAZAC 73] OFDM $i 625 J5 141

N/2-1
arg[ > y(n)y'(n+ N/2)]
& = S ®)

R AT (R AL A B J P AT B DA oo
T S A A S F R (A A, T AR R
#% 320 FRT S th 06842 FIH] CAZAC J7 41 a fL5+ A AH
REFPESEIUIRRLIRE, ASVHEEIE N AS T3k b, e
o T IR [R5 T i o BB M IR RS Al v (L )
) RAENE N XIAF 5 KAE G

2

F (g) _ ‘zkeKYZkS*ZkJrZZg
(Zedlval)

Y4 RN INGTHIFFTAH AT 2kAS T80 EIME.
xke{0,1,2,---,N/2-1} o MM [ 20 5% 5 Schmidl U5 i Al
Schmidl (it 5 ii——Yun Hee Kim$&H 4R [
TP, HPBE A RA N A . Schmidl ¥ 7772 T
PI~OFDMAT 5 A [7l FA) 1% 51~ 338 _E 7 73 PN 81 4 L e
WERSFHI4H4, Yun Hee Kim¥I 5722 7F— AN OFDMAF -5 4540
MR BT 28 b 72 4 PNUT S i >R sis RN 257 41 254, TS
SR ZE 4y it B 75 —ASOFDMAF SR Il 45551 » Schmidl
AYun Hee Kim ()7 i 1] [ 20 1 A R s 5 IR AR 5%
SRS, FEINR] )25 H A% o6 H0% A R CAZAC)T41) 5 A
CAZACIT HIAH K45 I 8] [ 25 H AR ek Bk 8. MIHCAZAC
J7 H IR 1) [ 28 41 5 A0 (R CAE T BEAT AT SR 40 4 o 5 L&M TS
VRN, A SCIR v A 58 SR R R 2 T L&M U
RAEINGERIY, L&MINVEIFR AL THEH 5 CAZAC)Y
FU AR LG, AR SO 28 e R ) BLA Y e T
L&MJTE. O TR E T WA T FRT I RICAZAC
(R TR N R 41, ASELRT LA H IS /I CAZ AC 7 41 F
ATIS TR RG] R AU M CAZAC P HI AT SRR A R 25
TERAF W LE N A ST VA V7 22k

Var (&)= ﬁ (10)
K HSNRAEMELL, 3 2 SCHR[6]+ frICramer-Rao bound.
HCAZACIT I B 2575 BAT TR, AR & & TR
AL TR K R RIIGRE A TE AN T et = R
R AL, XX A28 T390 3 AL

4 HESHESGR

9)

DLTR T8 55 477 BB R X Fh 77 1A E AWGNAE T8 FilRayleigh 32
HETE TR IESHCN: iEIREIHBEYOND 3GA4t,
HAif=3.2G Hz, N=1024, &—/F#ih 20kHz, 1024 4~
FIFE SO AY: 50 pso MR 2 AN I8 512 IRICAZACH A
YRIF 41, CAZACFF 4l c(k)=el™ /52 | k=01, ... 511,
Rayleigh{Z & X1 TU-M.1225 Vehicle Channel B ?2{ii, HAx

ERFIEL R 1, R S ARG S Hh e e B U3 — I T3
BL4b B, AWGN 15 18 1 Rayleigh 22 42 15 18 #5126 i 7% #55 HX
&=57.7 o AT SCAEMBRE R, FME G FRAESZAH [0

15 AWGN {1 T rErethgk, SR MmE N 57.7, K
FPESATTHE IR AR Q0T . Bl 22 B (R L
PG INZ M TR, (i B S EIR  MT 4 B &, 452 AE
FEMELERH ORI, X2 IR A R0 il TR S BT B8 43 AT I A
AR AR A W B AR K A BT

F 1 ITU-M.1225 Vehicle Channel B {Si&45 %

AAXIIFIE (ns) | XS HAE S8 | CFRThE (dB) | ZE B
0 0 -25 Classic
300 6 0 Classic
8,900 180 -1238 Classic
12,900 260 —-10.0 Classic
17,100 340 -252 Classic
20,000 400 —-16.0 Classic

2 JITU-R M.1225 Vehicle Channel B {53, 3
i 5 km/hHl 60 km/h, $%Am#% 4 57.7 INTIAG T 1ERE. HIE
A O Bl BN TS TG AR e 0, A vy 2 S AL B £
Les ik R~ F, AT MM (error floor). i 8% B
JEERSEARENT 52 ol 255 00 WA )£ W L ik o 22 IS 45 A1k
22, HBEGEEELL IS T 75 26 R NS, MfERL KT —
SERERERHAG T ZEAN T N A SCHTHR 5 TR A s e TR
RHLIR] A2 AR AR 56 B 1) LR T CAZAC)F FIAIE ¢ ¥ 1 AR %

Rk, HAGTRS BEAE 2242 30V AR B AR R L AT s (M ik
A€o I IBR [F) 2D T EAER M R, AR S0k IEM

ARAE e LU Iy ol T R AN AL T e S, — IRAEfS
Mg ELACK (KT 8dBEX 11dB) A AT R IO A THPERE, AL
FIrdie T3 AE A W ELARIR (SAB) # A1 B4 (T fi o

AWGN {5 IE AN 242 R A5 R A ST AR IR A2 e
i5 5T.7 SREATRE B AR [R 20, X A5 80 T e R AL UEAT
BT HFH T CAZAC FeaIRIARLT I E ARG P
AL IR SICHEA TR R 25 oA A% SRR, ARMEA £
Wnthy fvERE, Rl ARG LR AR TERAEIE . XA
TR SR T I e S i R

. ~ Al
10 = MBI 10*
80 g
=103
6 —~ BB skm/R
v 1o [ BALEOkm
2 2 6 10 14 18 4 8 12 16 20 24

SNR (dB) SNR (dB)

1 AWGN {5 Nlv-tEfe 2 ITU-R M.1225Vehicle

(WiRImAE A 57.7) Channel B 538 N i vi-PE g,
sk 5 km/mh F1 60
km/h, SRS K 57.7
5 #RiE



142 N A - %28 4%
AR T—ﬁllﬂﬁﬁ CAZAC 7% ) OFDM A5 [7i] 25 ) [13] Tureli U, Liu H, Zoltowski M D. OFDM blind carrier estimation:
B, CEREmME SR AL TG ESPRIT [J]. IEEE Trans. on Communications, 2000, 48(9):
A1k OFDM 5, Al V1R B m——nT LUk 3 Schmidl $2 i) 1459 — 1461.
CRB FHAL . AWGN {18 F 0 L1 T b, £ [14] Morelli M, Mengali U. An improved frequency offset estimator
BRETE S T T A TR A, R S R A £ for OFDM applications. IEEE Communications Letters,1999, 3(3):
75— 1717.
W LR e 7 O S R T A AT LS. [N i CAZAC Fr 5] < p BN . .
. ! e . - 15] Minn H, Tarasak P, Bhargava V K. OFDM frequency offset
S I ZRIP 3038 v) F TR SE G THRTA AT, XA IR FRp R 2 o o _
e LA A (R K F e 2 ) B estimation based on BLUE principle, Vehicular Technology
{RHAY JPE I EENN o
2 " A e Conference, VTC -Fall. 24-28 Sept, 2002, Vol: 2 : 1230 — 1234.
&S X Wk [16] Bomer L, Antweiler M. Perfect N-phase sequences and arrays.
IEEE J. on Select. Areas Commun., 1992, 10(4): 782 — 789.
[1] Bingham J A C. Multicarrier modulation for data transmission: an [17] IEEE C802.16e-04/265rl. Preamble Sequence For Fast Cell
idea whose time has come [J]. IEEE Commun Mag, 1990, 28(5): Search, Low Computational Complexity, and Low PAPR. August,
>- 14 2004.
[2] ETS 300 401 Second Edition, Radio broadcasting systems;
[18] Tellambura, C, Parker M G, Guo Y J, Shepherd S J, Barton S K.
Digital Audio Broadcasting (DAB) to mobile, portable and fixed . N . . .
Optimal sequences for channel estimation using discrete Fourier
receivers [S]. 1997. . —
transform techniques. IEEE Trans. on Communications, 1999,
[3] Reimers U. DVB-T: the COFDM-based system for terrestrial
- _ o S 47(2): 230 — 238.
television [J]. Electronics & Communication Engineerig Journal, [19] Ng J C L, Letaief K B, Murch K D. Multi-phase optimal
1997, 9(1): 28 - 32. sequences for fast initialization of channel estimation and
[4]  Khun-Jush J, Schramm P, Wachsmann U, Wenger F. Structure equalization. IEEE International Conference on Communications,
and performance of the HIPERLAN/2 physical layer [c]. in Proc. 1997, 3: 1484 — 1487.
IEEE 49th Vehicular Technology Conf,, vol.5, 1999: 2667 — [20] Rohrs U H, Linde L P. Some unique properties and applications
2671. of perfect squares minimum phase CAZAC sequences.
[51 Moose P H. A technique for orthogonal frequency division Proceedings of the South  African Symposium on
multiplexing frequency offset correction [J]. IEEE Trans. on Communications and Signal Processing, South Afrian, 1992:
Commun., 1994, 42(10): 2908 — 2914. 155 - 160.
[6] Schmidl T M, Cox D C. Robust frequency and timing [21] Kim Yun Hee, Song lickho, Yoon Seokho, Park So Ryoung. An
synchronization for OFDM. IEEE Trans. on Commun., 1997, efficient frequency offset estimator for OFDM systems and its
performance characteristics. IEEE Trans. on Vehicular
45(12): 1613 — 1621.
) o Technology, 2001, 50(5): 1307 — 1312.
[71 Van de Beek J J, Sandell M, Brjesson P O, ML estimation of . - .
o ) [22] Recommendation ITU-R M.1225, Guideline for evaluation of
timing and frequency offset in OFDM systems [J]. IEEE Trans. radio transmission technologies for IMT-2000, 1997.
on Signal Processing, 1997, 45(7): 1800 — 1805.
I N 7w | .
(8] etk Stk A FEk, B RIBRLEARE g, 1076 ek, W BRSO ST AIRGE
OFDM #ii y 27224, 2005, 20(6
TR BRI HT . Rk 2R, (6): OFDM [fl25 Fil MIMO [
[9] Tufvesson F, Faulkner M, Edfors O. Time and frequency . . o i bbb e ] e
o _ A W, 1957 4R B, LA ST, TR E 5 %
synchronization for OFDM using PN-sequence preambles [C], R .
. . TSR AR, R bRl B, E X 863
Proceedings of IEEE Vehicular Technology Conference,
)30 {5 3 E4 4
Amsterdam, The Netherlands, September 19 — 22, 1999: 2203 — PRARIIAR R R AR, S AR A 4L
2207 A, EFBE AR B R, DA R
[10] Lambrette U, Speth M, Meyr H. OFDM burst frequency VB SFIR. BRSO B S B AEeS . AN $i
synchronization by single carrier training data. IEEE T PEIURGS . AL AR R B4
Communications Letters, 1997, 1(2): 46 — 48. R 99,1964 FA, %, HurwHFi)sim 2 OFDM. 4t {5 |
[11] Chen Biao. Maximum likelihood estimation of OFDM carrier =R A
frequency offset [J]. IEEE Signal Processing Letters, 2002, 9(4): % B, 1979 4, it #5571k OFDM [RIBH ARAF5T.
123 -126. BEZE: B, 197944, Wi, HFFI7h OFDM [ A K L
[12] Tureli U, Kivanc D, Liu H. Experimental and analytical atudies Y YRS I,

on a high resolution OFDM carrier frequency estimator [C]. IEEE
Trans. on Vehicular Technology, 2001, 50(2): 629 — 643.



	利用CAZAC序列的OFDM频率同步方法 
	严春林    李少谦    唐友喜    罗  霄    房家奕 
	New Frequency Offset Estimation Methods for  
	OFDM Systems by Using CAZAC Sequence 
	 
	1  引言( 
	2   系统模型 
	3  OFDM的频率同步算法 
	4  数值与仿真结果 
	5   结束语 


