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Ahstrrref-One new joint frame synchronization and carrier 
frequency offset estimation method for orthogonal frequency- 
division multiplexing (OFDM) system i s  proposed. The same 
traioing-rynibal-bloeli (TSR) is needed for bath frame 
synchronization and carrier frequency offset estimation. The 
carrier frequency offset estimation including acqu 

n can be fur ther  divided into Pre- 
quisi ton. As soon as frequency offset 

acquisition finished, timing synchronization is also performed at 
the same time. The acquisition range is as large as one half of 
overall signal bandwidth. The theoretical variance error lower 
hound for our frequency offset tracking algorithm is also derived 
in this paper. 
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1. INTRODUCTION 
ORTHOGONAL tequency division multiplexing (OFDM) 

is an effective transmission scheme to combat multipath fading 
11-21, By inserting a guard interval between symbols blocks 
celled cyclic prefix, the intersymhol interfcrencc (ISI) can be 
Initigatcd. OFDM was adopted as the modulation scheme for a 
DAB (Digital Audio Broadcasting) system 131 and ADSL 
(Asymnictry Diyital Subscriber Loop) [4] and was also 
proposed as the terrestrial HDTV transport in Europe [SI. 

Pioper synchroniration scheme should be provided for 
OFDM systems to dceide the start point of FFT window at 
reccivcr so as IO demodulate thc transmitted signal correctly. If 
FFT window start point is not the first sample of one OFDM 
synihol hut it locatcs within the cyclic prefix, some phase 
rotation appears in the demodulatcd signal, which can be 
corrected afler chatincl estimation: hut  if the start point locates 
outside of the cyclic prefix, IS1 occurs. Many frame 
synchronization schemes have bcen presented [6-161. Data- 
aided synchronization scheme is based on the special 
syichronization symbols periodically inserted at the transmitter 
to get kame clock [7][1 1][13]. This kind of synchronization 
schcnics can gct high estimation accuracy, but the insertion of 
timining symbols will decrcase the system capacity. Some 
nondata-aided kame synchronization schcines based on the 
cyclic prefix liavc hecn prcscnred [9][lO][l2]. This kind of 
scheme only uses the in-phase and the quadrature sign bits of 
the OFDM symbol to perfonn symbol synchronization, hut its 
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performance is easily affected by multipath signals. Method 
provided in 1151 needs no pilot symbol and cyclic-prefix, it 
explores the cyclostationarity in the received signal for blind 
synchronization. 

OFDM systems are also very sensitive to carrier frequency 
offset, and fiequency offsct with even a ma l l  fraction of 
subcarrier spacing will degrade the performance of OFDM 
receiver greatly [17]. Many data-aided frequency offset 
estimators are presented [I 1][13][17-19]. Some nondata-aided 
estimator using thc cyclic prefix has the acquisition range 
limited within kO.5 subcarrier spacing [O]. There are also 
some methods for increasing acquisition range [ IO ] [  l3][ 171. 

In this paper, a new data-aided joint frame synchronization 
and carrier fiequency offset estimation method for orthogonal 
frequency-division multiplexing (OFDM) system is proposed. 
Different from previous methods, the new proposed scheme 
performs frame synchronization and carrier frequency offset 
acquisition at the same time, not sequentially. After frequency 
offset acquisition, the remaining frequency offset will he 
further corrected by tracking algorithm with high accuracy. The 
same TSB is need for both frame synchronization and carrier 
frequency offset estimation, and the carrier frequency offset 
acquisition range is  as large as one half of overall signal 
bandwidth. 

This paper is organized a follows. Section I I  gives a brief 
overview of OFDM fundamentals. A new frame 
synchronization estimator will he proposcd in Section 111: and a 
new carrier frequency offsct correction scheme will be 
proposed in Section IV  and V, followed by the simulation 
results giiven in Section VI. Conclusions are drawn in Section 
VII. 

I f .  OFDM FUNDAMENTALS 
OFDM input signals are parallel complcx numbers from 

some signal constellation (for example, PSK or QAM). After 
IDFT, cyclic prefix is added; after parallel-to-serial ( P I S )  
conversion, the time domain signals will he transmitted. At the 
rcceiver, without considering of thc effect o f  channel 
attcnuation, there is a simple relationship between the 
transmitted and the received signals: 

r ( k )  = s(k-/)f?-" + n ( k )  (1) 
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where N is the DFT length, E is the carrier frequcncy offset 
normalized to subcarrier spacing, n(k)  i s  the sample of zero 
nican complex Additive White Guossinii Noise (AWGN) 
process. and / i s  tlie timing offset. 

111. FRAME SYNCHRONIZATION 
Our new proposed synchronization algorithm is data-aided, 

and the TSB in time domain contains two training symbols 
with equal length. and the second symbol is the inverse- 
sequence repeat of the first one. The foini of TSB is: S = [s(O) 

This TSB can be used for frame synchronization. Our 

s ( l )  ,.. .s(,V-I).Y(N-l) ... r(l )do)]. 

timing metric for franie synchronization is: 

Without loss of generality, the start position index of a TSB 
is assumcd to be 0, and tlie probability of correct 
synchronization is: 

p(hl(0' > M(d  $kl # 01 = 

(3)  
Because the effect of  noise, some synchronization errors 

may occur to the ncw proposed estimator. The mean square 
error for the proposed frame synchronization estimator is 
derived as: 

(4) 

From equation (4) i t  is shown that MSE(N,SNR,E) is a 
function of  iV, SNR and E .  Note that in this paper, N is only 
used to indicate the DFT length of the Iroirriizg .qnihols, not for 
data symbols. Figure 1 shows MSL;(N.SNR,&) with DIT 
length of 16 and with SNR equals to 5dB. It is shown in figure 
1 that the mean square crror of the proposed frame 
synchronization algorithm is very sensitive to carrier frequency 
offset. Correct frame synchronization can be only performed 
within very small frequency offset range (within a main lobe in 
figure I ) :  outside of this range, the mean square error will 
increase quickly. 

The iiiinimuin mean square error (MMSE) is got when E 
equals to 0: 

MMSE(N.SNR) 

rigurr I .  Mean Square Error of frame synchronization with 
different carrier frequency offset 

- _  .. - - _  

Figure 2. Minimum Mean Square Error with different N and 
SN R 

Without frame synchronization, the start position of 
training symtiols can't be locatcd, and frequency offset can't be 
estimated correctly; before frequency offset acquisition, frame 
synchronization will be not performed. The frame 
synchronization and carrier frequency offset correction can not 
be performed separately. This is just the key character of the 
new proposed joint frame synchronization and frequcncy offset 
estimation scheme. When SNR is large enough (larger than 
3dB), with the increase o f  DFT length Nand SNR, the MMSE 
will decrease accordingly, which is illustrated in Figure 2. The 
judgement of correct timing synchronization may be as follows: 
select a threshold which should be larger than MMSE (but 
should not be too large), if frame synchronization estimator's 
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variance error is smaller than that threshold, frame 
synchronization is assumed to be performed and the remaining 
frequency offset is assumed to hc within the tracking range. 
Larger Nand higher SNR imply smaller MMSE, which make 
the threshold easier to be selected. 

Iv. FREQUENCY OFFSET ACQUISITION 
At the start of acquisition, frequency offset is fully 

unknown to tlie receiver. and timing synchronization is not 
perfomicd yet. First (:n+l) (m52)  TSBs (each TSB should he 
different from its neighbors) are transmitted. At the receiver, 
these TSBs are buffered. It is shown in figure I that 
MSE(N.XNR,E) is periodic with period of Ni2,  so that the 
acquisition range of thc proposed acquisition algorithm is 
limited within f N/4 times subcarrier spacings. The 
acquisition can he suh-divided into two parts: Pre-Acquisition 
and Fine Acquisition, as shown in Figure 3,  

Figor  3. Frrqumcy o l k t  acquisition 

For acquisition, (2k+l )  diffcrent E p  values 

( - ME, - (k  -])A& .... 0 ,.._ ( k  - I)A&,kA& ) are used to pre- 
conipcnsate for the carrier frequency offsct of the buffered 
training symbols, which results in (2k+l) training sequences 
with different rcmaining frequency offset. The pre- 

compcnsation range is - k . A& s & p  s k .  A& whcre 

0 c A & <  0.5 and k A&< N/4 . For each compensated 

training sequence, timing metric M ( 4  is used to find the stafi 
ofeach TSB (without loss ofgenerality, we can represent those 
estimated start positions of n"' ( - k _ < n S  k ) training 
sequence as d,3,0,d,,,l,.:.,d ,,,,,,- I ). Timing Ofiet Vui-iunce 

(TOV) of n"' training sequence is calculatcd as 

(d,,,;+, -d,,,i - 2N)2 rov(n)=C which can be used to 
m - 1 i=o 

approximately represent the mean square error of thc proposed 
frame synchronization estimator for that training sequence. The 

( 2 k + l )  TOV values may be different fiom each othcr. The Ep 

corresponding to the minimum TOV is selected as the output of 
Pre-Acquisition. The training sequence corrcsponding to that 
minimum TOV is also the output of Pre-Acquisition. and the 
start positions for each TSB in that scquencc can he represented 
as dO,d, ,._., d,,,_, . That sequence will be used in Fine 
Acquisition. 

Afler Pre-Acquisition, the remaining noimalized frequency 

offset E - & ! ,  will be within f 0 . 5  subcarricr spacing. From 
the following section we may know that the backing range of 

n 

times N 
2(2N - 1) 

the proposed backing algorithm is f 

subcarrier spacing, and the remaining frequency offsct & - E p  

may he beyond the tracking range, so that Fine Acquisition is 
needed for further frequency offset correction. 

Fine Acquisition is very similar to Pre-Acquisition. A 

number of &g values are selected to re-pre-compensate for the 
remaining frequency offset of the training sequence with 
minimum TOV. The re-pre-compensation range is 

n 

- n . 6 S & g < n . 6  where 0<S<- and n . 6 < 0 . 5 .  
2(2N-I) 

"!-I 

With each re-pre-compensated sequence, C M ( d , )  is 

computed, and thc training sequence that maximum 
i=O 

x M ( d i )  has the remaining frcquency offset nearest to zero, 

and the &g corresponding to this sequence is the final output 
of Fine Acquisition. 

i=O 
n 

V. FREQUENCY OFFSETTRACKING 
Afler Fine Acquisition, there will also exist some remaining 

frequency offset to be hrther corrected. If the remaining 
frequency offset equals to zero, M(0) will get its maximum 
value. The tracking algorithm can he illushatcd as: 

,YZ Z\.l>r - I . r ) ( x l  1,(*6 ~ , ~ .Wi'i<.]. ($1, - ') L"si.lil*a ~I -'Vi')}. ."#&>. ~ I -,,,Vi,,,,) 
I , , ~ ,  
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~oiidit ionii l  uiihiased. and the Ci-;imer-Rao lower bound of its 
variaiicc error is: . 

111 wdcr to iiiakc the incu' proposed fiequcncy offset 
rrlickiiig iilgni-ithm work corrcctly. it i s  should be guaranteed 

ih;il 2 m -  <j? . i.e.. the trlickiny range is limited 
2x1 - I 

!\' 
suhciirricr spacing. For large hi ~ ~ I u c s .  the iiilliiii i- ,I' 

l i 2 V  -I) 
wd i i i s  raiy iicariy equals to k 1/4 subcai-ricr spacing. 

VI. SIMIJI.YI'ION R t w i . ' r s  
Ail cstiiiiators in thc iicw proposcd schcnic arc derived in 

b\WGN chiinnel. and thcir,performanccs wi l l  be evaluated in 
iii i i ltipilth channel. 111 multipath channel. the rcccivcd signal 

.%'? 

ciin h c  represented as r( i )  = a, . ~ ( i  ~ rk )+ n( i ) ,  where a;, 

dciiolcs the I<'" path complcx yain. ri dcnotcs the k'" path 

l i i i i c  clclay in samples. and N I ,  is  the total number ofpaths. 111 

This Iiitpcr. LLC assiiiiiu that TI = 0 which corresponds to thc 
tiiasiiii i ini power tap. a n d  other raps are intcrfcrencc signals to 
i l ic i i rs i  Ipiith and can be seen :is interference noise, which 
I~C\U/I\ in  tlic rcduciior o f  efSective signal-to-intel-feI-cncc-noisc 
tiitio (SINK). 

In tliis 1papcr. ii wirclcss systcni is assumcd opci-ating ac 
~C/./I a n d  tvith haiidwidtli o f  IOMHz. It i s  also assumed that 
llic bl;ixiiiitim Doppler Shi f i  is 231 .4XHz. An outdooi- 
cli\persivc. tiding ciiviroiinicnt is chosen: The cliilnncl has an 
cxpoiiciitidly decaying powcr delay profile with root niean 
sqiiarc width cqiial to  0.  Ips and a niaxiniuni delay spread of 

i.1 

l.2,Ll.s . I t  is modeled to consist o f  4 independent Rayleigli- 
fading taps and additive noise. The TSB length i s  assunicd to 
be 256 (not including the cyclic-prefix). 

Thc proposcd tracking algorithm works bcttei- on smaller 
frequency oi'fset condition than on largcr ticquency offset 
condition: at high SNR. that kind o f  performance difference 
wil l disappear. which illustrated in figure 4. The proposed 
tracking algorithm works well in AWGN channel: in inultipath 
cliannel. since multipath signals may reduce the cffectivc SINR. 
which rcsiilts iii large tracking crrors. It i s  shown in figure 4 
that as the iiicrcases of SNR. a performance floor appc"r to the 
proposed tracking algorithm. 

DFTLenolh = 128 

.. Cramer-Ra, Bound 
OBet = 0 01 AWGN 1 

VII. CONCILIISIONS 
Data-aided synchronization algorithm may result in the 

decreases of systcni capacity because o f  the periodically 
inscrtcd training symbols. The syichronization scheme 
proposed iii this paper pcrtorni frame synchronization and 
carricr ficquency offset estimation using the same training 
syiibols. so that the synchronization cost can be reduced to 
some extent. When acquisition. A& should bc selected as large 
as possible in order to finish frequency offsct Pre-Acquisition 
with high sliced and with low computational complexity. and 
small 6 should be used to make the remaining frequency 
offset aflcr Fine Acquisition well within tlic tracking range. In 
Fact. in Pre-Acquisition. A& can hc sct much sniallcr than 

to guarantck the remaining tiequcncy offset bc not 

bcyond tlic tracking range. and as ii rcsult. no Fine Acquisition 
nceded. which wi l l  shorten the acquisition time greatly at t h e  
cost ofincrcasing the computational coniplexity. 

1 .  

N 
2(2N - I )  

klg. vol. ZX. pogr.17-25. hior. 
I 9 W  
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