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Effect and Compensation of Symbol Timing Offset in
OFDM Systems With Channel Interpolation

Index Terms—Channel interpolation, DVB-T, intersymbol interference, OFDM, symbol timing offset.
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I. INTRODUCTION

otherwise the interference named intersymbol interference (ISI)
due to window overlapping between two successive OFDM
symbols may be raised if the FFT window is put behind the
real start position. In the DVB-T system, the channel is so
complicated that STO needs to be carefully processed in order
to keep the window start point within the ISI-free region of
cyclic prefix (CP) for each symbol. The sample frequency
offset results from the sampling clock mismatch between the
transmitter and the receiver. It was shown in [5] that the sample
timing offset can cause severe intercarrier interference (ICI) in
an OFDM system with a large number of subcarriers
For the OFDM systems with a preamble, STO can be estimated by calculating the position of maximum correlation of the
received signal and the preamble sequence [6]. For the system
without a preamble, the maximum likelihood estimation (MLE)
algorithm [7] is an effective technique to coarsely determine
STO by exploring the peak value of the correlation between
the input signal and its delayed version. In [8], the synchronization parameters are also found by applying the MLE method
to a pre-defined pseudo-noise sequence which is added to both
the OFDM symbol and the CP in the time domain. However,
the MLE algorithm has high estimation fluctuation for a long
channel impulse response (CIR) delay spread and at low SNR.
Some designs [9], [10], [17] solved the STO problem by first
adding a pre-advance offset to the coarsely estimated FFT position to avoid ISI, where the residual STO causes a rotated
phase which value is proportional to the subcarrier index. If
the OFDM system has regular pilots inserted on all subcarriers,
the FFT output signals and the estimated channel responses
will simultaneously carry the same rotated phase which can be
eliminated by channel equalization in obtaining the estimates
of transmitted signals. Hence the fine symbol timing control
is not essential when the sample timing correction can be performed independently. But in some systems, like DVB-T, the
estimated channel responses of data subcarriers are obtained
by interpolating the channel responses of scattered pilot subcarriers such that the accuracy of channel estimation could be
seriously degraded due to the interpolation with differently rotated phases at pilot subcarriers. Hence, de-rotated FFT output
signals are required [11]–[13] for channel interpolation with a
residual STO. In order to obtain more accurate symbol timing
control, some fine STO estimation methods have been proposed
[14]–[22] to estimate the residual timing offset after the coarse
STO correction. One approach is to estimate the CIR time delay
by the IFFT operation with zero padding at pilot subcarriers
[17]–[19]. Another main approach calculates the rotated phase
on all pilot subcarriers at the FFT output to obtain accurate estimation [14]–[16], [20], [22]. However, these two approaches
require intensive computations for fine STO estimation in order

tS
ub

Abstract—Symbol timing offset (STO) can result in intersymbol
interference (ISI) and a rotated phase which value is proportional
to the subcarrier index at the FFT output in an OFDM receiver. In
order to avoid ISI, the FFT window start position has to be put in
advance of the estimated point obtained by coarse STO estimation
algorithms. But a large number of forward-shift samples will deteriorate the estimation of data subcarrier channels requiring interpolation from pilot subcarrier channels due to the phase rotation
caused by a residual STO. In this paper we analyze the influence
of STO on channel interpolation and propose a new compensation
method for channel correction with STO. From the performance
analysis of simulation results in the DVB-T application, the new
algorithm not only has a better performance but also is attractive
in using a simple residual STO estimation method such that few pilots are required for fine STO estimation compared to conventional
approaches.
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RTHOGONAL frequency division multiplexing
(OFDM) takes advantage of low complexity and mature
DSP technology to implement a multicarrier communication
system by using IFFT/FFT, and it has been found in broad
applications, e.g., WLAN IEEE 802.11a/n, Digital Audio
Broadcasting (DAB), Digital Terrestrial Video Broadcasting
(DVB-T) [1], IEEE 802.16a/e, Ultra-wideband (UWB). The
OFDM receiver discriminates each of aliasing subcarriers
through the FFT operation based on exact frequency positions
of all received subcarriers. Hence, a stringent challenge for an
OFDM system compared to a single-carrier communication
system is that the OFDM system is more sensitive to synchronization imperfections, especially the influence of carrier
frequency offset (CFO) [2], [3] and timing offset [4].
The timing offset problem involves symbol timing offset
(STO) and sample timing offset. The former is a special issue
in OFDM systems, and the latter is the same as that is met
in single-carrier communication systems, known as sampling
clock recovery. The OFDM receiver needs to know the appropriate FFT window position for the incoming sample stream,
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II. SYSTEM MODEL AND ESTIMATION OF SYMBOL TIMING
OFFSET

IEE
Fig. 1. Pilot subcarriers and data subcarriers in an OFDM signal.

channel responses between two pilots are almost time-invariant.
Then, the channel responses of data tones at pilot subcarriers
can apply the estimated channel responses of the latest pilots,
i.e.,
where
denotes the symbol index of a
data tone behind the latest pilot symbol index , which also
. By the LS method, data at
implies
pilot subcarriers can be directly recovered by
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is the transmitted baseband signal at the
Assume that
th subcarrier of the th symbol in an ideal -subcarrier OFDM
system. The FFT output data at the th subcarrier,
, can be
written as

to

to avoid ISI. More research works review on the synchronization scheme for either continuous transmission mode or burst
packet transmission mode can be found in [22].
In this paper, we analyze the effect of STO on channel estimation in a pilot-aided OFDM system and propose a new compensation method for channel correction with a residual STO.
Although the application to 2K mode DVB-T system is illustrated as an example here, the proposed method can be applied
to mobile OFDM systems with similar pilot pattern. For the implementation consideration, the linear channel interpolation is
usually used in the frequency direction [23]–[25], which is also
assumed in our analysis. In the new method, the compensation
factor is not sensitive to STO estimation accuracy such that no
ISI problem will be raised. Hence a simple residual STO estimation method for DVB-T is proposed as well in order to reduce
the computational requirement.
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(1)

(4)

Equation (4) means that at pilot subcarriers, the equalized outputs of data tones are free from the effect of STO even though the
phases of estimated channel responses are rotated due to STO.
For data subcarriers, channel responses are usually obtained
by their neighboring pilot subcarriers. In consequence, the erroneous results are generated due to the interpolation of estimated channel responses with differently rotated phases [12],
[14]. Hence, to correct STO in advance of channel interpolation is unavoidable for an OFDM system with data subcarriers.
The MLE algorithm proposed in [7] is an effective method for
“coarse STO estimation,” which uses the CP information and is
independent of CFO and sample timing error. The purpose of
coarse STO estimation is to initialize a positive value for the
FFT window operation. The following recursive routines can be
used to enhance the estimation of a coarse STO [17]:
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and
represent the frequency responses of the
where
channel and the additive white Gaussian noise (AWGN), respectively. Let
be the received signal before FFT and the normalized STO with respect to the sample duration, where is
a positive integer number within the ISI-free region. The FFT
output signals due to the STO become

(2)
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Equation (2) indicates that STO within the ISI-free region
causes phase rotation with respect to the ideal output at all subcarriers. If is negative, STO makes the FFT window contain
some samples of the next symbol and thus, ISI is induced.
In a pilot-aided OFDM system, the channel estimation is obtained through pilots that are inserted between data tones. For
simplicity, we divide the
subcarriers into pilot subcarriers
containing pilots and data subcarriers containing only data as
shown in Fig. 1. Assume that the pilot tone power is normalized, the estimated channel responses at pilot subcarriers can be
obtained by the least squares (LS) method:

(3)

is a pilot tone with denoting its symbol index and
. By neglecting the noise term in
(3), the estimated channel responses are also phase-rotated by
with respect to their correct versions. In practical applications,
the symbol duration is usually designed to be so small that the
where

(5)
(6)
(7)
is the received signal at time ,
is the length
where
is the estimated STO, and is a forgetting factor
of CP,
for smoothing noise. The estimated STO is used to control
the FFT window. However, the algorithm introduces an estimation error relying on the channel environment. To obtain a
positive not to cause ISI, the shift of several samples (usually more than tens of samples for the DVB-T application in the
multipath fading channel) in advance of the estimated position
is required. Then the rotated phase at the FFT output can be
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III. THE NEW STO CORRECTION METHOD
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calculated through the extracted pilots to find more accurate
which is fed back to control the FFT window for eliminating the
residual STO. This process is usually known as the “fine STO
estimation.” The functional block of the conventional STO correction concept is depicted in Fig. 2.

to

Fig. 2. Structure of conventional symbol timing synchronization.
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In the fine STO estimation process, inaccurate estimation will
result in residual STO which can cause ISI and incorrect channel
interpolation at data subcarriers. The conventional methods for
fine STO estimation usually need to calculate a lot of pilots with
intensive computations. The concepts of two conventional approaches to estimating the fine STO value are depicted in Fig. 3.
In Fig. 3(a), the STO is obtained by figuring out the slope of the
phases of pilot subcarriers after the frequency domain equalization [15], which can be referred to (3) with removing the channel
effect through estimated channel responses. Hence, in a severe
frequency selective fading channel, accurate channel estimation
and lots of pilots are required to improve the estimation accuracy
of the fine STO. For example in the DVB-T system, hundreds of
scattered pilots may be involved for the fine STO estimation by
this method. The other method in Fig. 3(b) uses pilot subcarriers
to estimate the CIR [17]. However, the CIR is obtained through
the IFFT operation of the estimated frequency responses at pilot
subcarriers and zero padding at data subcarriers. The high computational complexity of the IFFT operation is introduced in this
method. Beside the issue of intensive computations, the above
methods do not guarantee accurate estimation. In general cases,
more than 10 samples of estimation offset can be observed [23].
That is, a forward-shift for the FFT window is also required for
preventing ISI even though the number of forward-shift with
fine STO estimation is less than that with coarse STO estimation [9].
The proposed STO correction technique allows a positive
residual STO value for channel interpolation such that ISI is not
caused. As the result delineated in (4), the equalized outputs at
pilot subcarriers do not yield phase rotation with the positive
residual STO. We explore the effect of channel interpolation
at data subcarriers and compensate it by applying a simple
STO estimation method with few pilots since the new method
is not concerned with ISI. Hence, a few of pilots can be used
for STO estimation with reduced computations compared to
conventional methods. Moreover, the effect of forward-shift for
the FFT window on channel interpolation is alleviated in the

Fig. 3. The concepts of two conventional approaches to estimating the fine STO
value: (a) phase rotation on pilot subcarriers due to STO; (b) CIR estimate due
to STO.

new method. We use the 2K mode DVB-T system to explain
the new method.
A. Channel Correction With STO and Linear Interpolation
In the DVB-T system, the scattered pilots used for channel
estimation are spread in both time and frequency directions. As
shown in Fig. 4, the DVB-T pilot pattern includes data subcarriers (marked as and
) and scattered pilot subcarriers
(marked as
and
) in addition to continual pilot subcarriers and transmission parameter signaling (TPS) carriers [1].
There is one scattered pilot out of four symbols in the time direction and one scattered pilot out of twelve subcarriers in the
frequency direction. Data are transmitted at active subcarriers
without pilot tones. The channel responses of pilot tones can
be estimated directly by the LS method while the channel responses at data subcarriers are calculated by interpolation of the
values obtained from pilot tones. If the channel is slow fading,
the channel responses of data subcarriers are usually obtained by
nearest neighbor or linear interpolation [11] of two neighboring
pilots at the same subcarrier index where the data can be recovered without rotated phases as described in (4). Assuming the
linear interpolation method is also used in the frequency direction, the output data between two neighboring pilot subcarriers
with a residual STO can be calculated as follows.
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. The equalized output is

E

where
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(14)

Fig. 4. DVB-T scattered pilots.

By (14), the correct transmitted data
as
from

to

By (3), the channel response at subcarrier can be obtained
from the estimated channel responses at pilot subcarriers
and

can be obtained

(15)
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and
requires
In (11) and (15), the calculation of
and
and hence from (9) and (13),
and
have to
be obtained in advance. From the definition of
and
,
the following recursive equations can be used to estimate paand
:
rameters
(8)

is given by

and

(17)

en

where

(16)

(9)
,
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where
and
denote
and
respectively. By (2) and (8), the equalized output is

(10)
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By (10), the correct transmitted data
as

can be obtained from
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(18)

(11)

Similarly, the interpolated channel response at subcarrier
is

where

where
is a forgetting factor which controls the convergence rate and the steady-state mean squared error and
. However, the non-rotated channel responses
and
cannot be applied until we have obtained the
results of
and
from (8) and (12). As we assume
that the channel does not change significantly between two
successive symbols,
and
. By using (8) and (12),
and
in (16) and (17) can be estimated from the
phase-rotated channel responses:

and

(19)
(12)

is given by

(13)

The recursive computation of (18) and (19) requires initial
values
and
. Since most of the neighboring subcarriers have similar channel responses, we can set the initials as
unity.
To explore the effect of STO on channel correction, we consider the special case when the channel is AWGN, i.e.
. By (10) and (14), the equalized output suffers from
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Fig. 6. Functional block of the proposed STO compensation technique.
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B. Estimation of the Residual STO
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The residual CFO and STO within the ISI-free region can result in phase offset at the FFT output. Let
denote the normalized residual CFO. Consider
and
as the subcarrier
indices of two continual pilots. The received signals at these two
subcarriers are [11]

en
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(22)
where
is a constant phase offset. Let
be the set containing the elements of two continual pilots with index difference
, that is,
. In
order to obtain the value of , we choose
as small as possible so that
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Fig. 5. The STO effect on the linearly interpolated data subcarriers: (a) conceptual illustration; (b) simulated results of the 64-QAM DVB-T signal constellation with STO = 150 and AWGN of SNR = 50 dB. The ideal position is
at (1.08, 1.08). The new lower position is at (1.402, 1.298), and the new upper
position is at (1.298, 1.402).

(23)

For the 2K mode DVB-T system,
is the minimal value
with all of the elements being on
,
(939, 942), (1107, 1110), and (1137, 1140). By using (23) and
assuming the power of the continual pilot is normalized, we can
have the following calculation:

a constant rotated phase either in the negative or positive direction according to the subcarrier index being or
due to a
positive STO:

(24)
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(20)
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Besides, the amplitude is similarly amplified:
(21)

.
where the equality holds when
The effect of STO on linearly interpolated data subcarriers is
illustrated in Fig. 5(a) and 5(b), where we show the 64-QAM
signal constellation after the channel equalization for 150 samples of STO with AWGN of SNR 50 dB. From Fig. 5(b) we
can see that two new constellation positions in place of the ideal
constellation position are observed due to STO. The new positions are consistent with the analytic results obtained by calculating the coordinate references. The farther the received signal
from the origin of the constellation, the larger is the symbol error
probability of the signal.

and
are noisy terms. From
where
(24), the residual STO value can be estimated by

(25)
The estimation range is
(26)
In this case, the maximum STO value able to be estimated is
341. Note that the pilot sets with larger
can be considered
in (25), but the estimation range will be smaller for larger
and the accuracy of the approximation in (23) may be a concern. When a large value of
is used, the channel effect can
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Fig. 7. The histograms of the estimated coarse STO value in the Rayleigh fading channel. (a) CP = 1=4 and SNR
(c) CP = 1=4 and SNR = 10 dB. (d) CP = 1=32 and SNR = 10 dB.
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be better removed in advance by using the estimated channel responses. In our simulations, the set for
is shown to have
a satisfactory performance.
The estimated STO value obtained by (25) is then applied to
(9), (11), (13), (15), (18), and (19) to constitute the proposed
STO compensation technique which is depicted in Fig. 6.
IV. SIMULATION RESULTS
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We consider the 64-QAM wireless transmission in the 2K
mode DVB-T system with the guard interval of 1/4 symbol duration. The multipath channel models have a 20-tap delay spread
based on a slight modification of the Rayleigh fading channel
and the Rician channel as described in Annex B in the DVB-T
standard [1]. However, the original channel proposal in [1] is described in the continuous-time domain, we use the discrete-time
version for our simulations according to the sampling rate of
the 8MHz bandwidth specification. The carrier frequency offset
is set to be 32.4 (an arbitrary number) subcarriers of frequency
spacing. In the beginning, we use the MLE algorithm to estimate
coarse STO and coarse fractional CFO in the acquisition mode,
and then the integer CFO and residual CFO tracking loop are
used for CFO correction [26]. A scattered pilot mode determination scheme is also developed to distinguish data subcarriers,

= 30 dB. (b) CP = 1=32 and SNR = 30 dB.

scattered pilot subcarriers, continual pilot subcarriers, and TPS
carriers [10], [27].
Fig. 7 show the histograms of the estimated coarse STO value
in the multipath fading channel with
and 10 dB.
By counting the numbers of zero symbol timing offset in the four
cases, we can see that the estimation accuracy is obviously affected by the length of CP. Taking into consideration the fading
channel effect, the appropriate forward-shift number for the FFT
window to avoid ISI is usually more than tens of samples due to
the MLE estimation error. Hence, 100 samples of forward-shift
are chosen to control the FFT start point for coarse STO correction in our simulations.
Fig. 8 plots the constellation diagram of received signals with
, the residual STO of 100 samples, and infinite
SNR. The result shows that the constellation is perfectly rotated
without ISI due to the effect of a positive STO and this also
verifies the pilot extraction and CFO correction algorithms in
our simulation model.
To show the efficiency of the proposed algorithm, we compare the un-compensated constellation and the compensated
constellation after channel equalization with 30 dB SNR.
Fig. 9(a)–(d) are the constellation diagrams of received signals
with 100 samples of forward-shift to the coarse STO estimate
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Fig. 8. The received signal constellation before channel correction with
CFO = 32:4, STO = 100, and infinite SNR.
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Fig. 10. Received signal constellation diagrams after channel correction with
CFO = 32:4 and STO = 100 in the multipath Rayleigh fading channel
and SNR = 30 dB: (a) mixture of data and pilots; (b) data at scattered pilot
subcarrier indices; (c) data at the subcarrier indices without pilots; (d) corrected
constellation of (c) by the proposed algorithm.
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Fig. 9. Received signal constellation diagrams after channel correction with
CFO = 32:4 and STO = 100 in the AWGN channel and SNR = 30 dB: (a)
mixture of data and pilots; (b) data at scattered pilot subcarrier indices; (c) data
at the subcarrier indices without pilots; (d) corrected constellation of (c) by the
proposed algorithm.
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in the AWGN channel. The leading FFT start position makes
received signals violate the ideal constellation such that the
symbol error rate rises. This is apparent from Fig. 9(a) which
includes data and pilot tones, the constellation is significantly
disturbed. In Fig. 9(b) and (c), we separate equalized outputs
according to the subcarrier index containing scattered pilots
(i.e. index numbers
and
as indicated in Fig. 4) and
the subcarrier index not containing pilots (i.e. index numbers
and
), respectively. In Fig. 9(b), data at those indices
containing pilots are not calculated by the interpolated channel
responses of neighboring subcarriers, the effect of STO due
to interpolation is not present and the rotated phases can be

Fig. 11. The estimated STO value with CFO = 32:4, STO = 100, and
SNR = 30 dB: (a) AWGN channel model; (b) the multipath Rayleigh fading
channel model.

essentially corrected by the channel equalization in light of (4).
In Fig. 9(c), STO distorts the interpolated data at subcarriers
without pilots. Based on the proposed technique, the corrected
constellation of Fig. 9(c) is shown in Fig. 9(d). The case in the
multipath Rayleigh fading channel has similar results as the
case in the AWGN channel as shown in Fig. 10(a)–(d).
The estimated STO values by (25) in the AWGN and the multipath Rayleigh fading channels are shown in Fig. 11(a) and (b),
respectively. The estimation variation for the Rayleigh channel
is larger than that for the AWGN channel at the same SNR level.
Higher SNR level can achieve lower variation with almost one
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Fig. 13. Comparison of BER curves in the multipath Rayleigh fading channel
for the known channel and perfect synchronization case, the proposed STO compensation method, and the conventional approach with different forward-shift
samples.

Fig. 12. (a) The tracking curves of the estimation of j
j and j
the multipath Rayleigh fading channel with 30 dB SNR; (b) variance of
estimation for different and SNR values.

j

in
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sample. In our simulation, there are maximum about ten samples of estimation error for the multipath fading channel. Although we can incorporate more pilots for STO estimation, the
proposed compensation method resists to this estimation variation with an enough performance.
The tracking curves of the estimation of
and
in the multipath Rayleigh fading channel with 30 dB SNR are
shown in Fig. 12(a). From the figure, we can see that most of the
values are near unity. This can be explained as that channel responses for neighboring subcarriers are similar. However, there
are some values larger than or less than unity, especially at the
subcarriers with deep fading. In this simulation, we simply set
the parameter in (16) and (17) as 0.1 . At low SNR, smaller
values can be chosen to reduce the variation of the estimation
of
and
. The variance of the estimation of
for
different and SNR values in the multipath Rayleigh fading
channel are compared in Fig. 12(b). We can see that the estimation variance decreases as decreases and increases as SNR
decreases because that the accuracy of channel estimation is restricted by deeply fading subcarriers at low SNR.

Fig. 14. Comparison of BER curves in the multipath Rician channel for the
known channel and perfect synchronization case, the proposed STO compensation method, and the conventional approach with different forward-shift samples.

The BER performance comparison in the Rayleigh fading
channel and the Rician channel are shown in Figs. 13 and 14,
respectively. The curve of the best performance is assumed to
have known channel responses and perfect synchronization. The
estimated channel responses are obtained by LS estimation and
linear interpolation in both time and frequency directions. Although the LS estimation and linear interpolation method does
render little performance loss at high SNR, it is very attractive
in implementation. For the purpose of comparison, the conventional STO correction method uses the proposed residual STO
estimation method (25) as well. However, the proposed method
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V. CONCLUSION
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Fig. 15. Comparison of BER curves in the Jakes time-varying channel model
for the proposed STO compensation method and the conventional approach with
different forward-shift samples.
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In the conventional STO estimation process, the coarse STO
estimation is used to find the proper FFT window position to
prevent ISI. The fine STO estimation provides the better STO
estimate to relieve the STO effect. From our study, a residual
STO can cause significant performance degradation, especially
with channel estimation obtained by interpolating the channel
responses at pilot subcarriers. However, lots of pilots are usually needed to obtain an accurate STO estimate and hence intensive computations will be involved. In this paper, we analyze
the effect of a positive STO value on the equalized output for
an OFDM system applying linear channel interpolation. A new
STO compensation technique is proposed for channel correction without concerning the estimation error possibly causing
ISI due to the fine STO estimation algorithm, thus a simple
residual STO estimation method can be used with less number
of pilots compared to conventional approaches. In addition, the
new method has the advantage of performance because no forward-shift sample is required for the FFT window. In contrast,
the conventional methods usually require more than 10 forwardshift samples in our simulation cases and the performance is thus
degraded due to the interpolation of the channel responses with
rotated phases.
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STO estimation
gives the rough estimation first. To prevent ISI caused by the coarse STO estimation error, the first forward-shift
is then added. The residual STO position
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prevent the possibility of the residual STO estimation error inducing ISI. This fine STO estimation error with a few samples
of variation was also observed even by the complicated CIR approach [18], [23]. In Fig. 13, we can find that the best offset is
about
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or
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applying the conventional method.
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