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Abstract — A joint time and frequency synchroniza-
tion and channel estimation for orthogonal frequency
division multiplexing (OFDM) systems using only one
training symbol is presented. The training symbol
is composed of identical parts and the signs of these
parts are designed in order to give a more pronounced
timing metric trajectory peak. In order to avoid am-
plifier nonlinear distortion, the identical part is con-
structed based on the Golay complementary sequence.
The proposed method utilizes the results of synchro-
nization in the channel estimation stage and those of
channel estimation in the synchronization stage, in an
iterative way. The simulation results for a multipath
Rayleigh fading environment show that the BER per-
formance of the proposed method is very close to that
of the ideal OFDM system with perfect synchroniza-
tion and channel knowledge.

Keywords: OFDM, Timing synchronization, Fre-
quency synchronization, Channel estimation, Training
symbol

I. INTRODUCTION

OFDM systems are much more sensitive to synchro-
nization errors than single carrier systems [1] [2]. Sev-
eral approaches have been proposed for time synchro-
nization (e.g. [3]-[5]) and frequency synchronization
(e.g. [6]-[10]), separately. All separate frequency syn-
chronization methods assume perfect time synchro-
nization, which may not be always guaranteed, and
timing estimation errors may affect frequency syn-
chronization performance. Hence, in order to eval-
uate actual performance, joint time and frequency
synchronization approaches (e.g. [11]-[12]) are desir-
able. If coherent OFDM system is adopted, chan-
nel estimation becomes a necessity. Previous works
on OFDM channel estimation (e.g. [13]-[15]) assume
perfect synchronization, which may not be always
guaranteed. As long as time synchronization gives
the start of the OFDM symbol (useful part) in the
inter-symbol interference (ISI) free interval, the time
offset would not affect the channel estimation. How-
ever, frequency offset causes inter-subcarrier interfer-
ence (ICI), which in turn deteriorates the channel es-
timation performance. Time offset may affect fre-
quency synchronization and may therefore cause an
indirect effect on the channel estimation performance.
It would be more appropriate to evaluate the OFDM
system performance by including synchronization and
channel estimation.

Typically, one or two training symbols are used
for time and frequency synchronization and another
training symbol is used for channel estimation. In
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this paper, we present a joint time and frequency
synchronization and channel estimation using only
one training symbol. A specifically designed train-
ing symbol which gives a better coarse timing estima-
tion is used. The timing synchronization performance
is further improved by utilizing the channel estima-
tion result. An approach to suppress the interference
introduced to the frequency estimation is presented.
The rest of the paper is organized as follows. Section
IT briefly describes the system considered and section
ITT presents the proposed method. Performance eval-
uation by simulation is discussed in section IV and
the conclusion is given in section V.

II. SYSTEM DESCRIPTION

The samples of a transmitted baseband OFDM sig-
nal, assuming ideal Nyquist pulse shaping, can be
given by

1 Ny—1
s(k) = N Z cnexp(j2nkn/N), —Ng <k <N -1, (1)

n=0

where ¢, is the modulated data, N is the number of
inverse Fast Fourier Transform (IFFT) points, N, (<
N) is the number of subcarriers, N, is the number of

guard samples and j = v/—1. Consider a frequency
selective multipath fading channel characterized by

K-1
hik) = mid(k ) )

1=0

where §(k) represents the dirac-delta function, {h;}
the complex path gains, {77} the path time delays
which are assumed in multiple of OFDM samples, and
K the total number of paths. The received samples,
if assuming perfect synchronization, are then given
by

K—-1
r(k) =) hus(k —m)+n(k) 3)
1=0
where n(k) is the sample of a zero mean complex
Gaussian noise process with variance o2.

However, at the receiver, there exist carrier fre-
quency offset, sampling clock errors and symbol tim-
ing offset which have to be estimated and compen-
sated for. Usually frequency offset and timing error
are more dominant than sampling clock inaccuracy
and we will consider in this paper the carrier fre-
quency and symbol timing synchronization assuming
perfect sampling clock. The received samples then
become

K-1

r(k) = exp(j2mkv/N) Y hus(k — i — ) +n(k)  (4)
1=0



where v is the carrier frequency offset normalized to
subcarrier spacing and ¢ is timing offset in units of
OFDM samples.

III. PROPOSED JOINT SYNCHRONIZATION AND
CHANNEL ESTIMATION

In OFDM systems, the main synchronization pa-
rameters to be estimated are a sync flag indicating
the presence of the signal (especially for burst mode
transmission), the starting time of the FFT win-
dow (timing synchronization), the frequency offset
between transmitter and receiver oscillators and the
channel estimates if coherent reception is adopted.

The proposed scheme for joint synchronization and
channel estimation of OFDM systems is shown in
Fig. 1. A specifically designed training symbol is
used. The sync flag is determined by the timing met-
ric and threshold decision. In the following, we as-
sume that the presence of the signal has already been
detected and hence the rest of the synchronization
part will be presented. First, coarse timing estima-
tion is performed based on the timing metric. It gives
the estimate of the start position of FFT window for
the training symbol. Then frequency offset is esti-
mated based on the training symbol defined by the
coarse timing estimation. Then frequency offset com-
pensation is performed on the training symbol. Next,
channel impulse response is estimated based on the
frequency offset compensated received training sym-
bol. From channel estimation, the delay of the first
channel path is found and added to the coarse tim-
ing estimate to give fine timing estimate. Then the
new training symbol, defined by the fine timing esti-
mate, is used to estimate fine frequency offset. Hence,
the fine synchronization part contains frequency off-
set compensation, channel impulse response estima-
tion, fine timing offset estimation, and fine frequency
offset estimation. This fine synchronization can be
repeated to achieve further improvement. The chan-
nel impulse response can then be estimated again af-
ter performing frequency offset compensation on the
training symbol defined by fine timing estimate. Be-
fore transforming into the frequency domain, as a
fine channel estimation stage, the channel impulse re-
sponse estimate is further processed to suppress the
noise.

III.1 Timing Metric
In S&C [12], a training symbol with two identical

halves is used and the timing metric is given by

P(d)|?

R?(d)

where M = N/2, d is the start of a window of N
samples length and

M(d) = ©)

M-—1

P(d)= Y r(i+d+M)- r*(i+d) (6)
=0 o
R(d)= ) Ir(i+d+M)P ™)

For the proposed scheme, the above timing metric,
which is described for two identical arts, can be ex.
tended for the designed training symbol containing L

parts of M samples each. Then, the constituents of
(5) are given by:

M-1
P(d) = Zbk) D @+ kM 4+ m)r(d + (s + 1)M +m)
m=0 (8)
N—-M-1
R(d) = z r(d+ M +m)|? 9)
m=0
and
b(k) = p(k) p(k + 1),k =0, 1, ..., L — 2. (10)

where {p(k) : £ =0, 1, L- 1} are the signs of
the identical parts which will be called the training
symbol pattern in the rest.

II1.2 Training Symbol

The training symbol of S&C gives a timing metric
plateau which causes large timing estimator variance.
This can be avoided by designing the training sym-
bol to have a steep roll-off timing metric trajectory.
Hence, we design the training symbol such that it is
composed of L identical parts to handle frequency off-
set up to +L/2 subcarrier spacing and has a specific
pattern (signs) of the L identical parts to give the
timing metric with steep roll-off.

Suppose the training symbol (excluding cyclic
prefix) is composed of L identical parts as
[£A, £A, ..., £A] where A represents the basis
part. Then if the timing metric given in (5)(8)(9) is
used, the best training symbol patterns obtained by
computer search are given in Table I for 10% cyclic
prefix and L = 4, 8 and 16. These patterns are ob-
tained by finding the patterns that give the minimum
value of the sum of the correlation metric (i.e., the
area of the correlation metric trajectory) over about
a two-symbol interval with correct timing at the mid-
dle. These generally produce the steepest roll-off tim-
ing metric from the correct timing point. The sign
inversion of the patterns shown in Table I can also
be used. The trajectories of timing metrics used in
coarse timing estimation for the training symbol pat-
terns (the first one for each L case), given in Table I,
are shown in Fig. 2 under no channel distortion and
no noise condition. The timing metric trajectory of
S&C' is also included for comparison. Unlike S&C,
there is no timing metric trajectory plateau associ-
ated with the proposed method. The larger value of
L gives the timing metric trajectory with the steeper
roll-off.

In order to avoid nonlinear distortion at the trans-
mitter, the training symbol should be designed to
have a low peak-to-average power ratio (PAPR). Go-
lay complementary sequences [20] are well known for
having good correlation properties which translate
into very a low PAPR value (3dB) when they are
used to modulate as an OFDM signal [21]. In our
training symbol design, the basis part has M = N/L
samples (for N point IFFT and L identical parts) and
is generated by M point IFFT of length N, /L Golay
complementary sequence.

II1.8 Coarse Timing Estimation

Coarse timing estimation is based on the correla-
tion among L parts of size M samples each. The
coarse timing estimator chooses as the start of OFDM



symbol (after cyclic prefix) the maximum point,
dmaz, of the timing metric given by (5)(8)(9). In
order to restore orthogonality among subcarriers, the
timing estimate should be in the ISI free part of the
cyclic prefix. In AWGN channel, the mean of the
proposed timing metric trajectory peak is at the ex-
act timing point, whereas in multipath channels, it
would be shifted (delayed) due to the channel disper-
sion. Hence the coarse timing estimate €. should be
pre-advanced by some samples A, as

€c = dmaz — Ac (11)

where A, should be chosen larger than the (designed)
mean shift of the timing point caused by the channel
dispersion.

I11.4 Carrier Frequency Offset Estimation

For carrier frequency estimation, we follow the
method of M &M [10] with appropriate modification.
Since the only difference in the training symbol struc-
ture is the sign pattern of L identical parts, the train-
ing symbol defined by timing estimator is first modi-
fied to have the same structure as M &M by multiply-
ing the L parts with the sign pattern applied in the
training symbol design. Then the method of M&M
is applied with H = L/2 in Eq.(13) of [10]. The
frequency offset estimation range is =L /2 subcarrier
spacing for the training symbol with L identical parts.
However, the range is not limited by the length of sign
pattern (L) in our design. For example, by designing
the basis part to have k identical subparts, the range
becomes £L k/2.

However, in multipath dispersive channel, the ba-
sis parts of the received training symbol will not be
equal, even in the absence of noise, due to the sign
conversion in the transmitted training symbol. This
effect deteriorates the repetitive nature of the re-
ceived training symbol. For frequency estimation,
the received training symbol is multiplied with the
sign pattern to restore the repetitive parts. But this
sign flipping will not remedy the already deteriorated
repetitive parts. Hence, some interference is intro-
duced to frequency estimation. To suppress this in-
terference, the differently affected received samples
can be excluded from the frequency estimation. For
L = 4 case, by excluding the first 7,4, samples (de-
signed maximum channel delay spread) of the second
and the third basis parts, the interference can be sup-
pressed. The exclusion of those samples can easily be
done by masking them with zeros. Then the mod-
ified procedure becomes zero masking, sign flipping
and applying M&M. This zero masking approach
can be applied if the number of samples in the basis
part is much larger than the maximum channel delay
spread.

II1.5 Channel Estimation

Assume that the channel response remains con-
stant over at least one OFDM symbol interval (quasi-
static case) and let the instantaneous path gains be

ho, b1, ..., ..., hx_1. Let us define the following:
A T
r(0) = [r(0) r(1) ... 7(N —1)]
h 2 [h(0) RQ1) ... h(K —1)]T

W () A diag{0, I2m/N | gi2m20/N , ej27r(N71)v/N}
n 2 [n0)n(1) ... n(N —1)]
s(0) s(—1) .. s(—K+1)
s(1) s(0) .. s(—K+2)
s 2 . (12)
s(N; 1) s(N-2) s(N — K)
where {s(k) : Kk = 0,1,...,N — 1} are the sam-

ples of the transmitted tralnlng symbol, {r(k) : k =

,N — 1} the corresponding received samples,

{n(k) k= 0,1,..., N — 1} the noise samples and v
the normalized frequency offset.

Then the received samples vector can be given by

r(0) =W()-S-h+n (13)

The channel response estimate can be obtained by
[18]
h=[s7 .s]"'s¥ . w¥ (3)-r(0) (14)

In the above channel estimation, the maximum chan-

nel delay spread is required. Moreover, due to the
timing estimation error and pre-advancement of the
timing estimate, the received training vector will be
r(e). The pre-advancement of the timing offset esti-
mate should be such that £ is negative most of the
time; otherwise it will not only introduce ISI but also
miss some channel taps in the channel estimation and
cause some channel estimation error. Consequently,
the designed maximum channel delay spread should
also be longer than the actual maximum channel de-
lay spread plus the delay introduced by timing esti-
mate pre-advancement. Let the designed maximum
channel delay spread be K'. By replacing K with K’
n (12), the channel response estimate is given by

h =[S .S]71s” . WH(3) - r(e) (15)

where WH () - r(¢) is the frequency offset compen-
sated received training vector defined by timing esti-
mate €.

II11.6 Fine Timing and Frequency Offset Estimation

The coarse timing estimate would be, most of the
time, before the actual timing point due to the pre-
advancement. However, even under no noise condi-
tion, the timing estimate would be varying according
to the time-varying nature of the channel response.
Accordingly, at different snap-shots, the channel es-
timates would be delayed by different amounts due
to different timing offset errors. If the delay in the
channel estimate can be found, the effect of the time-
varying channel response on the timing estimation
can be removed by simply delaying the coarse timing
estimate by the same amount of the channel estimate
delay. In other words, the coarse timing estimate can
be fine-tuned by adding the delay of the first actual
channel tap from the channel estimate.

One way of finding the delay of the first actual
channel tap is described in the following. First, the
strongest tap gain, h,qz, is found and then the first
actual channel tap is estimated as the first estimated
channel tap whose absolute tap gain is greater than
@+ |hmaz|- Mathematically, hper = maz{h; : i =
0, 1, ..., K' — 1} and the delay of the first actual
channel tap 7 is given by

70 =min{i: |hi| > a- |hmaz|} (16)



The choice of @ may depend on the channel power
delay profile, especially the ratio of the absolute gains
of the first and the strongest taps. In order to avoid
missing the first tap, a should be much smaller than
this ratio. On the other hand, a should not be too
small; otherwise noise will increase the probability of
wrongly picking up the channel tap before the first
tap. In this sense, the choice of a also depends on
the channel estimation noise.

The fine timing estimate is obtained by adding the
delay of the first actual channel tap to the coarse
timing estimate as

é:éc—FTo—Af (17)

where Af is a designed pre-advancement to reduce
the possible ISI.

On the other hand, the pre-advancement of fine
timing estimate may introduce interference in fre-
quency offset estimation. Hence, a better choice of
the received training symbol for frequency offset esti-
mation should be defined by the fine timing estimate
without pre-advancement and the fine timing esti-
mate is then advanced by Ay as in (17). In this way,
the timing offset error interference in frequency offset
estimation can be reduced and at the same time, the
ISI caused by the timing offset error can be reduced
by means of pre-advancement.

For a multipath channel with an exponential power
delay profile, simply using the strongest channel tap’s
delay instead of the first tap’s delay would achieve a
similar performance.

II1.7 Fine Channel Estimation

For a WSSUS multipath channel, if the channel
statistics and SNR are known a priori, the linear min-
imum mean square error (LMMSE) estimator can be
implemented as follows:

02 0'2
lA‘lmmse:diag{ ) ho y T & )
0'h0—|—1/SNR U'h1—|—1/SNR
a;
N-—-1 v
L £ S N (18)
y 3 }hrs
UhN_1+1/SNR

where diag{ag, a1, ..., ay_1} is a diagonal matrix
with diagonal elements [ag, a1, ..., any_1] and (7,2” is
the power contained in the i* channel path.

However, since multipath channel statistics and
SNR are usually unknown at the receiver, some fixed
values have to be used for them. In [16], it is sug-
gested to use a high dummy SNR value and a uni-
form multipath channel correlation, which are robust
to the channel correlation mismatch. From (18), with
a high dummy SNR value, the LMMSE approach can
be viewed as setting the channel taps with no energy
to zeros and bypassing other taps.

Since most practical multipath channels have only
a few significant paths, a suitable way of implement-
ing an approximate LMMSE is by choosing a pre-
defined number of the most significant taps and set-
ting the others to zero (e.g., [19]). This approach is
adopted in our scheme.

IV. SIMULATION RESULTS AND DISCUSSIONS

IV.1 Simulation Parameters

The performance of the proposed synchronization
algorithm has been investigated using computer sim-
ulation. The OFDM system parameters used are
1024 subcarriers, 1024 point IFFT/FFT, 10% guard
interval (102 samples), a carrier frequency offset of
6.2 subcarrier spacing, QPSK data modulation and
10,000 simulation runs. The training symbol pattern
for L = 4 is used. The other parameters used are:
(Ae = 20) in the coarse timing estimation, K' = 84
in the channel estimation and a = 1/5, Ay = 20 for
fine timing estimation. The timing estimator perfor-
mance of S&C with 90% point averaging is included
for comparison. Multipath Rayleigh fading channel is
assumed to have an exponential power delay profile.
The number of channel taps is 16 and equal channel
tap spacings of 4 samples are used. The ratio of the
first tap to the last tap is set to 20dB. The channel
estimation and BER performances are evaluated us-
ing 1,000 simulation runs with one training and 10
data symbols in each run. In fine channel estimation,
the number of most significant taps used is 16.

IV.2 Results and Discussions

The missed detection and false detection probabil-
ities of the proposed scheme and S&C in the mul-
tipath Rayleigh fading channel described above are
shown in Fig. 3. For the proposed scheme, the same
timing metric of the coarse timing estimation is used
for the detection of the sync flag. The false detection
probabilities are evaluated in the presence of data sig-
nal (not training signal). Also shown are the false de-
tection probabilities when only noise is present. From
Fig. 3, it is observed that both methods provide very
robust synchronization. For the same missed detec-
tion probability, the timing metric threshold of S&C
has a higher value than the proposed method, but the
same holds for the false detection probability. Hence,
both methods can be considered as having similar
sync detection capability.

Table II shows the mean and the variance of the
timing estimation observed in the simulation. Also
shown are the average interference-to-signal ratio
1/SIR. caused by timing estimation errors. The
interference-to-signal ratio 1/STR(e) for each timing
offset ¢ is given by

1 o

2
€

(19)

SIR(e)  aZ2(¢)

Due to space limitation, the expression for a(e) and
o? are referred to [17]. The better performance of
the proposed method can easily be observed from the
results. The zero interference-to-signal ratio of the
proposed method means that in the simulation the
timing estimates are always in the ISI-free interval.
Table III shows the frequency estimation per-
formance of the proposed scheme in terms of
the frequency estimation variance and the average
interference-to-signal ratio 1/SIR, caused by the fre-
quency estimation errors. The performance of M &M
[10] with perfect timing is also included as a reference.
The interference-to-signal ratio caused by a normal-



ized frequency estimate error A, is obtained by [17]:

1 N w2 2

SIR,(Ay) — 3 Ao (20)

From the results, it can be observed that the

frequency estimation performance of the proposed

method is very close to that of M&M with perfect
timing.

Fig. 4 shows the channel estimation mean square
error (MSE) of the proposed method without assum-
ing the perfect timing and frequency synchronization.
The MSE of the least square method (LS), which is
equal to 1/SNR, is also included as a base reference.
The performance gain of the proposed method over
LS is a result of noise suppression in the channel esti-
mation. It should be mentioned that the channel es-
timation performance shown is optimistic due to two
conditions: the channel taps are sample-spaced and
the number of the most significant taps used in the
channel estimation is exactly the same as the number
of channel tap. For a channel with non-sample spaced
taps, a larger number of most significant taps should
be used to account for the channel energy leakage and
a slight performance degradation can be expected.

Fig. 5 shows the BER performance of the proposed
method in the multipath Rayleigh fading channel.
Also shown is the BER performance of the ideal sys-
tem with perfect timing and frequency synchroniza-
tion and perfect channel estimation. At low SNR re-
gion, the proposed method has just about 1 dB SNR
degradation from the ideal case and at high SNR re-
gion the proposed method’s performance is very close
to the ideal case’s performance. The BER perfor-
mance loss of the proposed method is due to the non-
perfect synchronization and channel estimation. As
SNR increases, the synchronization and channel es-
timation performances get improved and hence the
proposed method’s BER performance becomes very
close to the ideal case’s.

V. CONCLUSION

A robust time and frequency synchronization and
channel estimation using one training symbol is pre-
sented. The training symbol is designed in such a
way that the amplifier nonlinear distortion is avoided
and a better coarse timing estimation accuracy is
achieved. In the proposed method, the results of the
synchronization is utilized in the channel estimation,
and vice versa. The computer simulation results for
a multipath Rayleigh fading environment show that
while reducing the overhead by using one training
symbol, the proposed method also achieves a BER
performance very close to the ideal case with perfect
synchronization and perfect channel estimation.
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Fig. 3. Sync Detection Performance in the multipath Rayleigh

fading channel
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