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ABSTRACT. In this paper, a new training sequence structure is designed and a novel syn-
chronization method is proposed for OFDM systems, which aim to overcome fuzzy timing
problem in the low SNR environment and the low precision of frequency synchronization.
The proposed method can achieve accurate timing according to the conjugate property of
training sequence sampling points in the time domain. Then, fractional frequency offset
(FFO) can be estimated by the phase angle of training sequence in the time domain, and
integer frequency offset (IFO) can be estimated in the frequency domain. Theoretical
analysis and simulation results show that the symbol timing synchronization algorithm
can achieve the sharp correlation peak and zero side lobe, the correct detection probability
of symbol timing offset (STO) is higher in the low SNR, the correct detection probability
of the IFO is higher and carrier frequency offset (CFO) estimation has good MSE per-
formance.

Keywords: OFDM, Training sequence, Symbol timing synchronization, Frequency syn-
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1. Introduction. OFDM systems are very sensitive to symbol timing offset (STO) and
carrier frequency offset (CFO). STO and CFO estimation are two main synchronization
operations in OFDM systems. Estimation methods can be classified into the following two
categories: 1) non-data-aided/blind [1]. Blind methods exploit the periodic structure of
cyclic prefix (CP) to accomplish the estimation task; 2) data-aided [2-8]. The most classic
synchronization method of data-aided method is proposed by Schmidl and Cox in [2] (S&C
method), S&C method uses a training sequence containing two identical halves to estimate
STO and CFO; however, the CP leads to a plateau in the timing metric, which causes a
large variance in STO estimation. Minn et al. proposed negative-valued samples at the
second half of training sequence in [3] to eliminate the peak plateau of the timing metric,
but it still has many side lobes. When estimating fractional frequency offset (FFO), the
mean square error (MSE) is large. To improve the performance of timing synchronization
and reduce side lobes, Park et al. proposed another modified training sequence in [4]. The
timing metric of Park’s method has its peak value at the correct symbol timing. However,
it still has a side lobe, which will affect STO estimation. Moreover, the frequency offset
estimation range of Park’s method is small, and aims to correct the integer frequency offset
(IFO), the even training sequence must be a geometric series, and this kind of method has
high algorithm complexity. Guo et al. proposed using the real training sequence in [5],
and this method can achieve timing synchronization based on the conjugate characteristic
of the training sequence structure after IFFT. Since there is no repetitive structure in the
training sequence, FFO can be estimated by ML method [1], and the estimation range
is small. TFO estimation is obtained by calculating the maximum value of nonzero part
energy of the training sequence after demodulation. The correct detection probability
of the IFO estimation is low. The authors in [6-8] propose CAZAC sequence to be the
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training symbols, but they all use the local sequence in the timing synchronization, so
there is still a large computational complexity. In this paper, a new training sequence
structure is designed, according to the conjugate characteristics of the training sequence
in the time domain to achieve accurate timing. The correct detection probability of STO
is higher than that of other methods, and timing is more accurate in multipath channel.
Then we can obtain FFO by the phase angle of training sequence in the time domain, and
IFO can be estimated in frequency domain. The CFO estimation range of the proposed
method is expanded, and the proposed method has better estimation performance.

The rest of this paper is organized as follows. In Section 2, we describe the OFDM
system model. In Section 3, the synchronization method is proposed and described in
detail. Simulation results are presented in Section 4. Finally, conclusions are made in
Section 5.

2. System Model. CP is used as guard interval between two consecutive OFDM sym-
bols to understand ISI effect of the multipath channel. As shown in Figure 1, CP is to
extend the OFDM symbol by copying the last samples of the OFDM symbol into its front.
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Ficure 1. OFDM symbols with CP

An OFDM symbol includes lots of modulated sub-carrier synthesis signals, and each
sub-carrier can be modulated by 16QAM modulation. X[k] is denoted the zero-padding
data constellation point in the k-th subcarrier of the OFDM symbol. z[n] is denoted the
time domain sample signal of the OFDM symbol. Define the transmitted signal as x[n],
and received signal as y[n]. Then the time domain transmitted signal with CP can be
defined as
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In the following analysis, we assume that the channel is non-dispersive and that the
transmitted signal x[n] is only affected by complex AWGN. Consider two uncertainties
in the receiver of this OFDM symbol, the uncertainty in the arrival time of the OFDM
symbol and the uncertainty in carrier frequency. The first uncertainty is modeled as a
delay in the channel impulse response d(n — @), where 6 is the integer-valued unknown
arrival time of a symbol. Let f g denote their difference between the carrier frequencies
in the transmitter and receiver. Let us define the normalized CFO as a ratio of the CFO
to subcarrier spacing Af, shown as € = fogset/Af. The received signal y[n] can be given
by

y[n] = z[n — 012N 1 wln, —Nop, <n<N-—-1 (2)

Let €; and e; denote the integer part and fractional part of ¢; therefore, € = ¢; + €.
There will be the amplitude and phase distortion of the subcarrier frequency component
due to ;. & leads to the signal of e/2™"/Ng[n] in the receiver. Due to the IFO, the
transmit signal X [k] is cyclic shifted by ¢; in the receiver, thus producing Y'[k] = X[k —¢;]
9] in the k-th subcarrier.
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3. The Proposed Synchronization Method. The goal of OFDM timing and fre-
quency synchronization is to estimate 6 and €. To achieve accurate timing and improve
the CFO estimation performance, a training sequence is designed and an STO and CFO
estimation method is proposed.

3.1. The proposed training sequence. In the transmitter, design a new training se-
quence in frequency domain. Define a sequence, C[k| = [C1/2,C5/2, ..., Cnj2/2,2C4, 2C,,
...,2Cn/2], where N is the number of subcarriers, Cy, Cs, . .., Cn/a—1, Cn/2 is a real-valued
PN sequence, and the samples in second half of C[k] are 4 times as much as the correspond-
ing first half (spaced N/2 samples apart). So the samples of the new training sequence in
frequency domain are designed to be of the form, X[k] = C[k]e 7T*. The corresponding
time domain complex baseband training symbol samples are, ,reampie = [0, 1, - - -, Tn—1].
The training sequence as the first OFDM symbol is used to estimate the STO and CFO, to
achieve synchronization. In the transmitter, the time domain training sequence structure

is shown in Figure 2.
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FIGURE 2. The structure of the training sequence in time domain

In Figure 2, N is the number of subcarriers, the length of A is 3N/4, and the length of
B is N/4. According to Equation (1), we can obtain

N—-1
3 1 (3
e _ _ - 2n(sN—n)k/N __ =«
x [4N n} =~ > X[ke (GN=n)KIN — 1%[n) (3)
k=0
and, z[N —n] = z* [% —|—n}. The training symbol A shows conjugate relationship

z[3N —n] = 2*[n].

3.2. The proposed STO estimation method. In the receiver, the structure of received
signal with CP is shown in Figure 3.

~—Nce 3N/A4 N4 —

Cp A B

FI1GURE 3. The structure of the training sequence with CP in time domain

In Figure 3, N¢p represents the length of CP samples, and Ngp = N/4. The received
signal y[n] can be given by

y[n] = z[n — 0]e*™* /N 4 wln], —N,p<n<N-1 (4)

Y [% - n} =z [% —n— 9] 2mie((F-n)/N _  3mie [% —n— 6] e ZmienN - (5)

Define a function
3N/8—1

Pi(d) = Z y(d+n)y (d + EN — n) (6)

n=1
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where d is a time index corresponding to the first sample in a window of 3N/4 samples.
A timing metric can be defined as

[P (d)]?
M(d) = (7)
(B(d))?
where Pi(d) = SN y(d + n)y (d+ 3N —n), R(d) = 330" y(d +n)P. The value
of the M (d) is the largest in the accurate symbol start position, and the STO estimation
can be obtained by

0 = arg max M (d) (8)
d

3.3. The proposed CFO estimation method. Use the above method to achieve sym-
bol timing synchronization to detect the starting point of each OFDM symbol, and FFO
estimation in time domain; transform the compensated signal from the time domain to
frequency domain, IFO estimation in frequency domain [9,10].
A. FFO estimation

After symbol timing synchronization, FFO estimation in time domain, the structure
of received signal is shown in Figure 3. There is conjugate relationship in A and B,
respectively.

o5 - = et )
y[N —n] = ez™ey* [% + n} (10)

Define two auxiliary functions

3N/8—1

3N 3,0 .
Pr= Y ynly [T —n} = e2™ y[nly*[n] (11)
n=1 n=1
N/8—1 N/8—1
3N Trie 3N , 3N
P, = ;y[nnLT]y[N—n]:e“ ;?J[n‘f‘j}y [TL—FT} (12)
The estimation of the FFO ¢4 can be obtained by

. 1 .

£ = gangle(Pl (n)Py(n)) (13)

The estimation range of the proposed method is only |£¢] < 0.5; when the actual FFO
lef| > 0.5, we can get the estimated value é; = ey — 1. Compensate the received signal
with the estimation of the CFO &, y.(n) = y(n)e™72""/N_ When the actual FFO exceeds
the estimated range, it can be corrected by the IFO estimation in frequency domain.

B. IFO estimation

After FFO estimation and compensation, the received signal has only IFO. The received
signal with &; can be given by y., = e/2™™/Nx[n]. After FFT, due to the IFO, the transmit
signal X [k] is cyclic shifted by ¢; in the receiver, Y[k] = X[k — ¢;]. We can get

Yk = X[k —e)] = Clk — g;Je 7Tkl T (14)

Multiply the demodulation signal Y'[k] by factor e 7%, it can be simplified as Y'[k] =
Clk — &)’ and €T is constant value. The samples in the second half of C[k] are

4 times as much as the corresponding first half (spaced N/2 samples apart). Cyclic shift
the sequence Y'[k] and get the ratio of the second half of the samples to the first half of
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the samples (spaced N/2 samples apart). When the value of the ratio multiplication is
the largest, the position of the shift number is the IFO

d+N/2-1
& = arg max [T '+ nN/2)/v' (k)] (15)

Y'[k] is the cyclic-shift of X [k]; therefore, X[k] cyclic shift left ¢; and cyclic shift right
X [N —¢;] have the same effect, and the IFO estimation range is |¢;| < N/2. Comprehend-

ing the range of FFO estimation, the range of CFO estimation for the proposed method
is || < N/2.

4. Simulation Results. The performance of the proposed method is investigated by the
computer simulation under the AWGN channel and the multipath channel. The OFDM
parameters used here are 256 subcarriers with 64 cyclic prefix, and modulation is 16QAM.
Figure 4 shows the comparison of the timing metric of different algorithms in the AWGN
channel and SNR = 20dB.

As shown in Figure 4, Minn method can prevent the peak plateau of the timing es-
timation effectively, but it produces a lot of side lobes which will affect correct timing.
Park and Guo methods are similar to reducing the number of side lobes, but due to the
influence of CP, there still will be a side lobe, and it will affect the timing in low SNR.
The proposed method has removed the effect of CP and achieved accurate timing.

Figure 5 is the comparison of correct detection probability of STO estimations in mul-
tipath channel. As shown in Figure 5, the correct detection probability of the proposed
method is higher than that of the Minn, Park and Guo methods, and timing is more
accurate in multipath channel.

Figure 6 compares IFO estimation performance of the proposed method with that
of the Guo methods. As shown in Figure 6, the proposed method has higher correct
detection probability of IFO estimation in the low SNR, and it has better synchronization
performance.

Figure 7 shows comparison of the CFO estimation range and the performance of MSE
for different methods in the multipath channel and SNR = 10dB. The estimation range of
the Minn method is |¢] < 2, and MSE performance is inferior to Park method, but esti-
mation range of Park method is only |£] < 1. The CFO estimation range of the proposed
method is |£| < N/2, and the proposed method has better estimation performance.
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FI1GURE 4. The timing metric of different methods
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FiGure 8. Comparison of the MSE with different CFO

As shown in Figure 8, it is the MSE comparison in different CFO. In Figure 8(a),
€ = 0.7, the performance of the proposed method is better than Minn method and Park
method. In Figure 8(b), ¢ = 5.7, Minn and Park methods cannot be used for CFO
estimation. The proposed method still has good MSE performance.

5. Conclusions. This paper presents new STO estimation and CFO estimation methods
for OFDM system using a training sequence. The performance of the proposed method is
better than that of other methods. The timing metric of the proposed method has removed
the effect of CP, and achieved zero side lobe to accurate timing in the time domain.
Simulation results show that the STO estimation has a higher correct detection probability
in the low SNR. FFO can be estimated in the time domain, and FFO estimation has a
good MSE performance. IFO estimation can be achieved in the frequency domain, and
has a higher correct detection probability than other methods. Simulation results show
that the proposed method has good performance in both AWGN and multipath channel,
and it is more practical.

Acknowledgment. This work is supported in part by the National Natural Science
Foundation of China under Grants 61371108 and 61601326, in part by High School Science
and Technology Developing Foundation of Tianjin under Grants 20140706 and 20140707,
and in part by Tianjin Research Program of Application Foundation and Advanced Tech-
nology under Grant 15JCQNJC01800.

REFERENCES

[1] J. J. van de Beek, M. Sandell, P. O. Brjesson, ML estimation of timing and frequency offset in
OFDM systems, IEEE Trans. Signal Processing, vol.45, no.7, pp.1800-1805, 1997.

[2] T. M. Schmidl and D. C. Cox, Robust frequency and timing synchronization for OFDM, IEEE
Trans. Communications, vol.45, no.12, pp.1613-1621, 1997.

[3] H. Minn, M. Zeng and V. K. Bhargava, On timing offset estimation for OFDM systems, IEEE
Communications Letters, vol.4, no.7, pp.242-244, 2000.

[4] B. Park, H. Choen, E. Ko, C. Kang et al., A novel timing estimation method for OFDM systems,
IEEE Communications Letters, vol.7, no.5, pp.53-55, 2003.

[5] Y. Guo, G. Liu and J.-H. Ge, A novel time and frequency synchronization scheme for OFDM systems,
IEEFE Trans. Consumer Electronics, vol.54, no.2, pp.321-325, 2008.

[6] C.-L. Yan, S.-Q. Li, Y.-X. Tang et al., New frequency offset estimation method for OFDM systems by
using CAZAC sequence, Journal of Eleetronies € Information Technology, vol.28, no.1, pp.139-142,
2006.



108 S. WANG, S. MA AND J. WANG

[7] Y. Fang, Z. Zhang and G. Liu, A novel synchronization algorithm based on CAZAC sequence for
OFDM systems, The 8th International Conference on Wireless Communications, Networking and
Mobile Computing (WiCOM), pp.1-4, 2012.

[8] Z.-M. Zhang and X. Liu, An OFDM improved synchronization algorithm, Computer Simulation,
vol.32, no.5, pp.293-296, 2015.

9] Y. S. Cho, J. Kim, W. Y. Yang and C. G. Kang, MIMO-OFDM Wireless Communication with
MATLAB, 1st Edition, John Wiley and Sons (Asia) Pte Ltd, 2010.

[10] P. K. Nishad and P. Singh, Carrier frequency offset estimation in OFDM systems, Proc. of 2013
IEEFE Conference on Information and Communication Technonlogies (ICT2013), pp.885-889, 2013.



