Low-Complexity Symbol Timing Offset Estimation
Schemes for OFDM Systems

ABSTRACTLJ In this paper, we propose three symbol syn-
chronization schemes for Orthogonal Frequency Division Mul-
tiplex (OF DM) systems. The cyclic extension preceding OFDM
symbols is of decisive importance for these schemes. The first
scheme uses the phase-differential coding of the received
OFDM signal. The second and the third schemes use the length
of the received OF DM signal. All three schemes make symbol
synchronization possible, even though there is a frequency off-
set in the system. Simulation results show that these schemes
can be used to synchronize an OFDM system over AWGN and
multi-path fading channels.

[.INTRODUCTION

An Orthogond Frequency Divison Multiplex (OFDM) is a
type of multi-carrier modulation. Recently, the OFDM technology
has been gpplied to many digitd transmisson sysems such as
digitd audio broadcadting (DAB), digitd video broadcadting
teregrid TV (DVB-T), and wirdessLANs[1], [2]. In the OFDM
system, each sub-carrier is orthogond to al other sub-carriers and
modulated with fixed signd dphabets. A guard-intervad isinserted
between OFDM symbols to avoid inter-symbol interference (19)
caused by multi-path digortion, which has shorter impulse
responses than the cydic prefix length. Symbol synchronization
(Ssync) digns the FFT window of the receiver with the useful
data portion of the OFDM symboal. A fase estimation leedsto IS,
which may disurb the orthogondity of the system and causes
essentia degradation due to inter-channd interference (IC1) [3]. S
sync can be implemented in the time domain. These concepts have
been widdy discussad in [4]-[6]. Generdly, Ssync is caried out
above dl other synchronization processss, so ardiable OFDM S
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sync scheme is needed even though there are frequency offset,
phase offset, sampling offset, and so on. When there are frequency
offset and the other synchronization errors, some previous schemes
have shown somewhat bad S-sync peformance. Some of the
previous schemes ae difficult to implement because of
multiplication operations, high computational complexity, a lot of
bit dlocation, and so on.

In this paper, we propose three OFDM  S-sync schemes that
are ample and rdiable. Furthermore, they show better S-sync
performance when effects that cause synchronization error are
present. Thefirst method uses differential coding of aquantized
input sgnd phese, and the others use the length of the input
signd. In order to get the length of theinput signd, we propose
two schemesthet can teke asmplified sgnd length.

[1. OFDM SYSTEM

Thetranamitted OFDM sgnd s,,() can be expressed as
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where Nisthe IFFT dze X;()) isthe complex envelop of the i-th
sub-carrier in j-th OFDM symbol and G isthe guard-intervd in
the samples Thereceived OFDM symbal is
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where H, is the trandfer function of the channd at the &-th sub-
carrier, @, isthe phase offset, 4 f'is the frequency offst, and
n(?) is additive white Gaussian noise (AWGN). 7,,, T,and T,
are the useful data interva, sampling period, and totadl OFDM
symbol duration, respectively.

[1l. THREE OFDM S-SYNC SCHEMES

1. Differentid Coding of Phase (Method 1)

In the following, we explain the process that amplifies the
recaved sgnd r(f) o that it is not affected by the frequency
offsat.

Udsng Table 1, we quantize the in-phase and quadrature
components of r(k) to form theinteger sequencep(k) = O[r(k)],
k=1, ..., 2N+G where Q[.] denctes the integer quantizer. We
generate the phase-differentia coding data using (3). The se
quence d(k) denotes a differentid coding of the quantized
phase. The differentia valueisdefined by counterd ockwisero-
tationwith 2 hits.

Table 1. Quantizer table.
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Fig. 1. Structure of the OFDM signa with cyclic extended symbols.
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Figure 1 showsthe badic idea of S-sync [6]. Asumethat we
obsarve 2N+G consecutive samples of #(k), and these samples
contain one complete OFDM symbal. The position of this
symbol within the observed block of samples, however, is un-
known. Define Gasthetimeindex of thefirs sample of the i-th
symbol, and the index s interv, =[@+N, G+N+G-1] and
interv, =[ 6, 6+G-1] (Fig. 1).

The set interv, contains the indices of the data samples that
are copied into the cydic prefix, and the st interv, containsthe
indices of this prefix. A sample d(k), k=[interv;] is corrdated
with d(k—N), while all samples d(k), kZ[intervi] and
k#Zlinterv,], are independent. The probability for dl 2V+G
samples of d(k) to be observed smultaneoudy, given acertan
vaue of &, can be separated into the margind probabilities for
the observed samples, except for those samples d(k) within the
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Table 2. Look-up tablefor correlation.

AN ¢ 0 1 2 3
0 1 0 -1 0
1 0 1 0 -1
2 -1 0 1 0
3 0 -1 0 1

correspondence region between interv, and interv,, which are
pair-wise corrdated by using thelook-up tablein Table 2.

uUsing (4), the estimator of @given d(k), 6. , maximizesthis
function with respect to 8 6. is the mean vaue of M esti-
mated values. In the process of cdculating the mean value,
we exclude the minimum and maximum estimated mean
vaues.

0. MAxrflcorr{d(n vR)d(n+k+ N)}}

4
n=0LIN +G -1

2. Length of Received Signd (Method 2)

This method is based on the underlying property that the
length of the input sgnd is not affected by the frequency off-
st. We used smple length information instead of the exact
length of the input signd in this method. Eq. (5) shows the
process of taking the brief length of the complex input signd,
and (6) amplifies (5) to implement it eadily. Eq. (7) shows a
genera S-sync method that isanalogizedin Fig. 1.
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I(k) =|r(k)| = L +0.4S

where L = |[Re(k)|, S =|Im(k)|, if|Re(k)| 2 Im(k),  (5)
L=|Im(k), S=|Re(k)| else
I(k) = |r(k)| = L+ (0.5 ) - (0.25 ) +(0.125 5)  (6)
6. = MIN{Bfi?ub[l(n R I +k + N)]},
T ™

n=0100N +G -1

Using (6), we cdculate the length of #(k) to form integer se-
quencel(k) = L[r(k)], k=1, ..., 2N+G where L[ ] isthelength-
cdculator. A sample I(k), k= [interv] is pared with [(k-N),
while dl samples, I(k), k=[interv,] and k=[interv,], are inde-
pendent. The probability for dl 2V+G samples of (k) to be ob-
sarved Smultaneoudy, given acertain vaue of &, can be separ
rated into the sufficient probakiilities for the obsarved samples,
except for those samples /(k), within the correspondence region
between intervy and interv,, which are pair-wise subtracted. The
egimator of dgiven I(k), 6. , minimizes this function with re-
ectto & using (7). . isthe mean value of M esimated
vdues Maximum and minimum vaues are excluded in
cdculaing ..

3. Length of Received Signd (Method 3)

The concept of Methods 3 and 2 are andogous. We used the
absolute value of the complex input signd. This process once
more reduces the complexity of the cdculation of the smple
length of the input signd. Eq. (8) shows the process of taking
the brief length of the complex input signa. We cdculate the
length of (k) to form the integer sequence I(k) = A[+(k)], k=1,
..., 2N+G where A[.] denotes the length calculator usng (8).
The estimator of & given I(k), . minimizes this function
with respect to 8using (7). 8. is the mean value of M esti-
meated values. Maximum and minimum vaues are excluded in
caculaing 6. .

[(k) = Alr (k)] = |Re(k)| +|Im(k)| ®

V. EXPERIMENT RESULTS

N =512, G=32, 7,= 1.061 ms T, =1.094 ms and X,()) isthe
complex 16-QAM symbal which is associeted with the carrier &
of the OFDM symbd ; in (1) and (2). The number of frames
usd is 100,000 for smuletion results of the methods in 10dB
Ey/N,. The parformances of the edimators are presanted for the
AWGN channd and fading channels of multi-path profiles
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with nine rays EIA (Blectronic Indudtries Assodiation) have
dected to use the more consarvative indirect dgnd peth
Rayleigh fading modd in al andyses of FM performance [7].
These are urban dow (US), urban fagt (UF), rurd fagt (RF), and
terrain-obstructed fast (TO).

Fgure 2 shows the cumulative probability of correct detection
according to the values of [§-8.| for the coarse aoquisition,
where the frequency offset is 0.15 of the OFDM sub-
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Fig. 2. Coarse S-sync Performance [10 dB, 0.15 frequency offset]
of Method 1, Method 2 and Method 3.
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carier space. Smulaion reaults indicate that the eimation
eror decreases to within gpproximady +8 samples. We
could not show the probability curves of the previous methods
that are dosdy related to frequency offset in Fg. 2 because of
their large estimation error. The implementation of dl of these
proposed methods are eesier than those of the previous meth-
ods (Method 3 isthe easiest).

V. CONCLUSION

In this paper, we have shown how the cydic extenson of
OFDM symbols can be used for OFDM S-sync & the receiver.
The Method 1 applies phase-differentiad coding of the received
OFDM d€gnd to the S-sync. Methods 2 and 3 apply the length
of the received OFDM dgnd to the S-sync. These schemes are
applied to coarse S-sync, which are not affected by frequency
offsat. All three schemes are useful and good for OFDM S
sync even when there exig the frequency offset, common
phase error, or other severe noise. The Method 3 demongtrated
improved performance over Methods 1 and 2. It is dso the
easiest method to implement.
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