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Abstract
As a critical technology of 5G air interface waveform, filtered orthogonal frequency
division multiplexing (F-OFDM) not only inherits the technical advantages of OFDM,
but also has outstanding advantages in system flexibility and spectrum efficiency.
However, as a multi-carrier technology, it is still extremely sensitive to sample timing
offset (STO) and carrier frequency offset (CFO). In this letter, an improved Park frequency
domain training sequence (FS-Park) is proposed to complete STO and CFO estimation
of F-OFDM system. Firstly, a real-value pseudorandom number (PN) sequence is sent to
each subcarrier as training sequence in frequency domain, the corresponding time
domain training symbol has a conjugate symmetry structure. Secondly, the training
symbol is utilized for timing synchronization, then the fractional frequency offset is
estimated based on the cyclic prefix in time domain. Finally, the integer frequency
offset is estimated in frequency domain based on the auto-correlation of PN sequence.
The simulation results illustrate that the FS-Park algorithm not only has a single pulse
timing metric curve and great STO estimation accuracy, but also has better
performance of CFO estimation than classical Park algorithm and Liang Xiao’s method.

Keywords: Filtered orthogonal frequency division multiplexing (F-OFDM), Sample
timing offset(STO) estimation, Carrier frequency offset (CFO) estimation, Training
sequence, Park algorithm

1 Introduction
1.1 Background knowledge

With the increasing demands of internet of vehicles (IOV) and internet of things (IOT)
business, the wireless data traffic explodes [1]. How to further improve transmission effi-
ciency and spectral utilization has become the research focus of 5G. Now, research on 5G
key waveform technology is aimed at solving the above problems, such as filtered orthog-
onal frequency division multiplexing (F-OFDM) waveform technology [2]. By means
of dividing the whole frequency band into several subbands, F-OFDM achieves flexi-
ble configuration of system parameters and low spectrum leakage, then improves data
transmission efficiency and the spectral utilization simultaneously. For example, adjacent
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subcarriers of subband 1 can be allocated with large subcarrier spacing for vehicle to vehi-
cle communication, which can weaken the influence of large doppler frequency shift [3],
while adjacent subcarriers of subband 2 can be allocated with small subcarrier spacing
for IOT communication to improve system capacity. The two subbands work simultane-
ously to achieve the optimal utilization of system resources. However, both IOV and IOT
business transmission are very sensitive to the sample timing offset (STO) and carrier fre-
quency offset (CFO). Especially in the IOV transmission, the high-speedmovement of the
vehicle leads to a large doppler frequency shift, which results in a larger CFO. If the CFO
cannot be effectively eliminated, larger inter carrier interference (ICI) will be produced
[4]. Therefore, STO and CFO synchronization technology is an important prerequisite
for F-OFDM system to achieve high-quality and high-rate data transmission [5, 6].
OFDM synchronization algorithms are classified into two types: non-pilot aided

method and pilot aided method [7]. The most classical algorithm of non-pilot aided
method is the maximum likelihood (ML) algorithm based on cyclic prefix (CP) proposed
by Beek in [8], but it only has good performance in the additive white Gaussian noise
(AWGN) channel in CFO estimation. Then, Landstorm et al. [9] proposed joint STO and
CFO estimation by effectively combining CP and pilot, which can estimate frequency off-
set effectively in multi-path channel. Due to additional training symbols are added, the
pilot aided method has good estimation performance in multi-path channel. Although
additional overhead will reduce the transmission rate of the source data, the synchroniza-
tion accuracy can be guaranteed with low computational complexity [10]. In 5G business,
especially in IOV business, multi-path and doppler effect have a greater impact on the
system, thus, the pilot aided method is studied in this paper.
Classical pilot aided method mainly include SC algorithm [11], Minn algorithm [12],

and Park algorithm [13]. In [11], Schmidl proposed a training symbol like the structure of
[AA B], where [AA] represents one training symbol, while [B] represents another one. It
is called SC algorithm in the following paper. In this algorithm, if the timing is within the
range of CP, the product sum of all the corresponding sample points are equal, which will
result in a “peak platform” in the timing metric curve, then lead to a large estimation error
of the timing position. In order to solve “peak platform,” Minn proposed a training sym-
bol like the structure of [A A −A −A], it can eliminate platform phenomenon by means
of introducing negative sign into training symbols [12]. However, the main peak of the
timing metric curve is not sharp, and there are several side peaks with significant ampli-
tudes, which leads to a reduction in the precision of timing synchronization. In terms of
the problem that the peak value of Minn timing metric curve is not sharp enough, the
training symbol like the structure of [A B A∗ B∗] is designed by B. Park et al. [13]. By ana-
lyzing the Park time domain training symbol structure [A B A∗ B∗] and the timing metric
function, its timing metric curve is sharp enough, but the method for generating the time
domain structure proposed in [13] cannot obtain the ideal structure [A B A∗ B∗], and the
proposed method makes the actual Park timing metric curve still has large side peak. Fur-
thermore, it only can estimate the FFO, which can not have good performance on large
CFO.
For F-OFDM system, each subband is equivalent to an independent OFDM modula-

tion. It is necessary to estimate STO and CFO of each subband separately. Aiming at the
problem of Park algorithm, an improved STO and CFO estimation is proposed by Liang
Xiao in [14]. Although a better timing accuracy can be obtained, the spectrum efficiency
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decreases because three OFDM symbols are employed. Moreover, the estimation range
of FFO is too small to complete the whole estimation of FFO, which will affect the subse-
quent IFO estimation. Thus, it is still necessary to study the synchronization problem of
F-OFDM system.

1.2 Contributions

In this paper, the synchronization problem of F-OFDM system is mainly studied. The
main contributions of the paper are summarized as follows:

1. The influence of STO and CFO on the F-OFDM system is studied and analyzed by
mathematical formula. The main reason is there have been many research on the
influence of OFDM system synchronization in existing reference, but the analysis of
F-OFDM system has not been done yet. The analysis results are given in the form of
formulas. It is found from the analysis that, compared with the OFDM system, the
STO may cause ISI between subbands in the F-OFDM system, resulting in greater
interference of the system, which indicates that timing and frequency
synchronization of the F-OFDM system is of great significance.

2. This paper studies and points out the problems of the classical Park algorithm, that
is, the difference between the ideal Park algorithm and the actual Park algorithm is
analyzed from the theoretical perspective.

3. In view of the high requirement for synchronization in F-OFDM system and a series
of disadvantages in the existing synchronization algorithm, a pilot aided
synchronization algorithm is proposed in this paper. It estimates STO and CFO of
each subband separately, the estimated process is designed as follows. Firstly, a
real-value pseudorandom numbers (PN) sequence with samples is sent as training
sequence in the frequency domain, whose length is one OFDM symbol. Then, the
training symbol with conjugate symmetry structure likes [A A] is obtained in the
time domain. When this structure is utilized to estimate the STO, the timing metric
has only one non-zero value, thus the pulse timing metric curve can be obtained.
Finally, only one training sequence is used to estimate CFO in the frequency domain.
As a result, it realizes the more efficient utilization of spectrum resources than
LiangXiao’s algorithm, and the CFO estimation range of the improved algorithm can
be theoretically expanded to −N

2 ∼ N
2 , larger than the estimation range of the

classical Park algorithm and the Liang Xiao’s method.

The remainder of this paper is organized as follows. The system model is presented in
Section 2. The influence of STO and CFO on the F-OFDM system is studied and analyzed
in Section 3. The problems of the classical Park algorithm is given in Section 4. After-
wards, a pilot aided synchronization estimation algorithm is proposed in Section 5, which
is called FS-Park method. In the Section 6, several experimental results and analyses are
presented, which are given to verify the significance of this study. Finally, the conclusion
is given in Section 7.

2 F-OFDM systemmodel description
The F-OFDM system is optimized on the basis of the OFDM system, its basic modulation
method still is OFDMmodulation. In this system, it divides the entire frequency band into
multiple subbands as required, and then suppresses spectrum leakage by filtering each
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subband and configuring protection subcarriers according to the type of data transmitted
by different subbands. Figure 1 is a block diagram of the F-OFDM system.
As can be seen from Fig. 1, the F-OFDM system divides the entire bandwidth into

multiple subbands, and each subband can be independently configured with parameters,
such as subcarrier spacing, fast Fourier transform (FFT) points, and CP length. Taking
an example of subband l, the system allocates user l’s data to subband l and configures
parameters for it. Then, the data are operated by encoding, subcarrier mapping, inverse
fast Fourier transform (IFFT), and add CP in turn.
After N points IFFT and adding Ng point as CP , the following results are obtained.

s(n) =
P−1∑

i=0
si(n − i(N + Ng)), (1)

where

si(n) =
m′+M−1∑

k=m′
xi(k)ej2πkn/N , (2)

xi(k) is the data symbol on subcarrier k of OFDM symbol i, si(n) is OFDM symbol i, P
denotes the number of the OFDM symbols, {m′,m′ + 1, . . . ,m′ + M − 1} represents the
assigned subcarrier range, andM denotes the number of valid subcarriers.
It can be seen from Fig. 1 that, before passing through the filter, the transmitted data of

each subband have respectively completed the OFDM modulation. The F-OFDM signal
is then obtained by passing the signal sl(n) through an appropriately designed spectrum
shaping filter, i.e.,

yl(n) = sl(n) ∗ fl(n), (3)

where sl(n) denotes the OFDM data symbol of the subband l, which includes P OFDM
symbols. fl(n) is filter impulse response of subband l.
The filtered data are superimposed in the time domain. In order to realize the super-

position of each subband, it is necessary to maintain the same sampling rate of each
subband. That is, the corresponding FFT points are used for IFFT operation, and finally
the superimposed time domain data are transmitted through the channel.

y(n) =
L−1∑

l=0
yl(n), (4)

Fig. 1 Block diagram of F-OFDM system



Feng et al. EURASIP Journal on Advances in Signal Processing         (2020) 2020:38 Page 5 of 20

r(n) = y(n) ∗ h(n) + w(n)

=
[L−1∑

l=0
yl(n) ∗ h(n)

]
+ w(n)

=
[L−1∑

l=0

(
sl(n) ∗ fl(n) ∗ h(n)

)
]

+ w(n).

(5)

In Eqs. (4) and (5), L is the number of subbands. h(n) represents the fading channel
impulse response, and w(n) is the AWGN. It should be noted that h(n) has different influ-
ences on different subbands, because different subbands can assign different subcarrier
spacing. The larger the subcarrier spacing is, the smaller the influence of h(n) on it will be.
The received signal is passed through the filter f �

l (−n), which is matched to the filter
used at subband l, i.e.,

rl(n) = r(n) ∗ f �
l (−n)

=
[L−1∑

l=0
sl(n) ∗ fl(n) ∗ h(n)

]
∗ f �

l (−n)

+ w(n) ∗ f �
l (−n).

(6)

3 Influence of synchronization offset on F-OFDM system
3.1 Influence of STO on F-OFDM system

Symbol timing synchronization is applied to correctly ascertain the starting position of
the OFDM symbol in each subband, that is, the position of the FFTwindow. If the starting
position is estimated incorrectly, both amplitude and phase of the received signal will be
distorted, which may result in the inter symbol interference and deterioration of system
performance. A subband symbol timing diagram of F-OFDM system is shown in Fig. 2,
and the most accurate symbol timing position should be the first sample point after CP
(case 1). Both timing lead (case 2 and 3) and lag (case 4) will have unfavorable influence
on the subsequent demodulation. Taking the subband 1 as an example, the analysis is as
follows.
1) When the timing is within the CP of the current symbol i. It means the timing is pre-

ceded by d sample value (case 2), in which d represents the number of advanced sampling

Fig. 2 Symbol timing diagram



Feng et al. EURASIP Journal on Advances in Signal Processing         (2020) 2020:38 Page 6 of 20

points. The received values of sample point are given as:

ri(n) = 1
N

(
f1(n)

N−1∑

k=0
x1,i(k)

+f2(n)

N−1∑

k=0
x2,i(k)

)
ej2πk(n+d)/N ,

n = 0, 1, . . . ,N − 1

(7)

where x1,i(k) is the transmitted data on subcarrier k of OFDM symbol i of subband 1;
x2,i(k) is the transmitted data on subcarrier k of OFDM symbol i of subband 2. f1(n) and
f2(n) are filter impulse response of subband 1 and subband 2, respectively.

s1,i(n) = g1(n)ri(n)

= 1
N

Nf −1∑

t=0
g1(t)

⎛

⎝f1(n)

N−1∑

k=0
x1,i(k) + f2(n)

N−1∑

k=0
x2,i(k)

⎞

⎠ ej2πk(n+d)/N

= 1
N

⎛

⎝
Nf −1∑

t=0
f ∗1 (Nf − t)f1(t)

N−1∑

k=0
x1,i(k) +

Nf −1∑

t=0
f ∗1 (Nf − t)f2(t)

N−1∑

k=0
x2,i(k)

⎞

⎠ ej2πk(n+d)/N

= 1
N

Nf −1∑

t=0

∣∣f1(t)
∣∣2

N−1∑

k=0
x1,i(k)ej2πk(n+d)/N

= 1
N

N−1∑

k=0
x1,i(k)ej2πk(n+d)/N .

(8)

Through matched filter at the receiver side, without considering inter-subband inter-
ference, the subband 1 signal is obtained as Eq. (8), where, Nf denotes the length of
the filter, g1(n) is the matched filter impulse response at the receiver side of subband 1,∑Nf −1

t=0
∣∣f1(t)2

∣∣ = 1,
∑Nf −1

t=0 f1(Nf − t)f2(t) = 0.
After the FFT demodulation in N sampling points, the following result is obtained.

y1,i(k) =
N−1∑

n=0
s1,i(n)e−j2πnk/N

= 1
N

N−1∑

n=0

N−1∑

k=0
x1,i(k)ej2πk(n+d)/Ne−j2πnk/N

= x1,i(k)ej2πkd/N .

(9)

It shows that a phase rotation of ej2πkd/N will be introduced to all the subcarriers of the
demodulated symbol i of subband 1, but there is not relative shift between the adjacent
subcarriers, which does not cause ICI and ISI.
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2) When the timing is within the previous symbol i − 1 (case 3), the received sample
point values are given as:

ri(n) = 1
N

⎡

⎣f1(n)

⎛

⎝
N−1∑

k=N−d+Ng

x1,i−1(k)ej2πk(n−Ng+d)/N

+
N−1∑

k=0
x1,i(k)ej2πk(n+d)/N−

N−Ng−1∑

k=N−d
x1,i(k)ej2πk(n+d)/N

⎞

⎠

+ f2(n)

⎛

⎝
N−1∑

k=N−d+Ng

x2,i−1(k)ej2πk(n−Ng+d)/N

+
N−1∑

k=0
x2,i(k)ej2πk(n+d)/N−

N−Ng−1∑

k=N−d
x2,i(k)ej2πk(n+d)/N

⎞

⎠

⎤

⎦ .

n = 0, 1, . . . ,N − 1

(10)

Through matched filter at the receiver side, without considering inter-subband inter-
ference, the subband 1 signal is obtained as Eq. (11).

s1,i(n) = g1(n)ri(n)

= 1
N

Nf−1∑

t=0

∣∣f1(t)
∣∣2

⎛

⎝
N−1∑

k=N−d+Ng

x1,i−1(k)ej2πk(n−Ng+d)/N

+
N−1∑

k=0
x1,i(k)ej2πk(n+d)/N −

N−Ng−1∑

k=N−d
x1,i(k)ej2πk(n+d)/N

⎞

⎠

= 1
N

⎛

⎝
N−1∑

k=N−d+Ng

x1,i−1(k)ej2πk(n−Ng+d)/N

+
N−1∑

k=0
x1,i(k)ej2πk(n+d)/N −

N−Ng−1∑

k=N−d
x1,i(k)ej2πk(n+d)/N

⎞

⎠ .

n = 0, 1, . . . ,N − 1

(11)

After the FFT operation in N sampling points, the following result is obtained.

y1,i(k) =
N−1∑

n=0
s1,i(n)e−j2πnk/N

= 1
N

⎡

⎣
N−1∑

n=0

⎛

⎝
N−1∑

k=N−d+Ng

x1,i−1(k)ej2πk(n−Ng+d)/N

+
N−1∑

k=0
x1,i(k)ej2π(n+d)/N

−
N−Ng−1∑

k=N−d
x1,i(k)ej2πk(n+d)/N

⎞

⎠

⎤

⎦ e−j2πnk/N

= x1,i(k)ej2πkd/N + x1,i−1(k)ej2πk(d−Ng)/N

− x1,i(k − Ng)ej2π(k−Ng )d/N .

(12)
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It can be seen from the Eq. (12) that a phase rotation of ej2πkd/N will be introduced to
all the subcarriers of the demodulated symbol i of subband 1. Meanwhile, the symbol is
affected by the previous symbol i − 1 and the current symbol i and thus leads to ICI and
ISI. In the F-OFDM system, it is possible to produce ISI between subbands, which makes
the interference influence greater.
3) When the timing delays d sample points (case 4), the received sample point values

are given as:

ri(n) = 1
N

[
f1(n)

(N−1∑

k=0
x1,i(k)ej2πk(n−d)/N

+
d−1∑

k=0
x1,i+1(N + k − Ng)ej2πk(n−d)/N

−
d−1∑

k=0
x1,i(k)ej2πk(n−d)/N

⎞

⎠

+ f2(n)

(N−1∑

k=0
x2,i(k)ej2πk(n−d)/N

+
d−1∑

k=0
x2,i+1(N + k − Ng)ej2πk(n−d)/N

−
d−1∑

k=0
x2,i(k)ej2πk(n−d)/N

⎞

⎠

⎤

⎦ .

n = 0, 1, . . . ,N − 1

(13)

Through matched filter at the receiver side, without considering inter-subband inter-
ference, the subband 1 signal is obtained as follows:

s1,i(n) = g1(n)ri(n)

= 1
N

Nf−1∑

t=1

∣∣f1(t)
∣∣2

(N−1∑

k=0
x1,i(k)ej2πk(n−d)/N

+
d−1∑

k=0
x1,i+1(N + k − Ng)ej2πk(n−d)/N

−
d−1∑

k=0
x1,i(k)ej2πk(n−d)/N

⎞

⎠

= 1
N

(N−1∑

k=0
x1,i(k)ej2πk(n−d)/N

+
d−1∑

k=0
x1,i+1(N + k − Ng)ej2πk(n−d)/N

−
d−1∑

k=0
x1,i(k)ej2πk(n−d)/N

⎞

⎠ .

(14)
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After the FFT operation in N sampling points, the following result is obtained.

y1,i(k) =
N−1∑

n=0
s1,i(n)e−j2πnk/N

= 1
N

N−1∑

n=0

(N−1∑

k=0
x1,i(k)ej2πk(n−d)/N

+
d−1∑

k=0
x1,i+1(N+k−Ng)ej2πk(n−d)/N

−
d−1∑

k=0
x1,i(k)ej2πk(n−d)/N

⎞

⎠e−j2πnk/N

= x1,i(k)e−j2πkd/N + (x1,i+1(N+k−Ng)

− x1,i(k))e−j2πkd/N .

(15)

Equation (15) shows that a phase rotation of e−j2πkd/N will be introduced to all the
subcarriers of the demodulated symbol i of subband 1. Meanwhile, the symbol is affected
by the symbol i+1 and the current symbol i and thus results in ICI and ISI. In the F-OFDM
system, it is possible to produce ISI between subbands, which makes the interference
influence greater.

3.2 Influence of CFO on F-OFDM system

The CFO is usually a random number. In order to simplify analysis and estimation, the
normalized frequency offset ε is ordinarily obtained through dividing it by a subcarrier
spacing �f , which is divided into IFO εI and FFO εf . Note that εI only causes integer
periodic shift of subcarriers and does not produce ICI that affects the orthogonality of
subcarrier, but εf produces ICI. The effects of IFO and FFO on F-OFDM system are
analyzed by means of mathematics, respectively.
Take subband 1 as an example, assuming that the timing is accurate and only CFO is

existed in the channel, the data influenced by the CFO can be given as:

r(n) = 1
N

(
f1(n)

N−1∑

k=0
x1(k)ej2π(k+ε)n/N

+f2(n)

N−1∑

k=0
x2(k)ej2π(k+ε)n/N

)
.

(16)

Through matched filter at the receiver side, the subband 1 signal is obtained as follows:

s1(n) = g1(n)r(n)

= 1
N

Nf∑

t=1

∣∣f1(t)
∣∣2

N−1∑

k=0
x1(k)ej2π(k+ε)n/N

= 1
N

N−1∑

k=0
x1(k)ej2π(k+ε)n/N .

(17)
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After the FFT operation for s1(n), the demodulation data of subband 1 y1(k) will be:

y1(k) =
N−1∑

n=0
s1(n)e−j2πkn/N

= 1
N

N−1∑

n=0

(N−1∑

i=0
x1(i)ej2π(i+ε)n/N

)
e−j2πkn/N

= 1
N

N−1∑

n=0

N−1∑

i=0
x1(i)ej2π(i+ε−k)n/N ,

(18)

where, x1(k) represents the transmitted data of subband 1, x2(k) represents the transmit-
ted data of subband 2.
If there is only IFO, that means ε is an integer, the Eq. (18) can be redrafted as:

y1(k) =
N−1∑

n = 0
i = k − ε

x1(k − ε)

+
N−1∑

n=0

N−1∑

i = 0
i �= k − ε

x1(i)ej2π(i+ε−k)n/N

=
N−1∑

n = 0
i = k − ε

x1(k − ε).

(19)

It can be seen from the Eq. (19) that the εI does not destroy the orthogonality between
the subcarriers, and thus it does not cause ICI. It only causes cyclic shift of the received
signal in the frequency domain.
If there is only FFO, that means ε is a fraction, the Eq. (18) can be redrafted as:

y1(k) =
N−1∑

n = 0
i = k

x1(k)ej2πεn/N

+
N−1∑

n=0

N−1∑

i = 0
i �= k

x1(i)ej2π(i+ε−k)n/N .

(20)

From the Eq. (20), it turns out that when there is εf ,the demodulation data on the sub-
carrier k will suffer not only phase rotation but also ICI, which corresponds to the first
and the second parts on the right side of Eq. (20), respectively.

4 The problem of Park algorithm
The ideal training symbol structure proposed by Park is [A B A∗ B∗] [13], which is shown
in Fig. 3. Specifically, [A] represents the combination of [ a b c d], [B] corresponding to
[ d c b a], and (•)∗ is the conjugate operation. The calculation rule of the timing metric of
Park algorithm is presented in [13].
Park pointed out that the time domain structure like [A B A∗ B∗] can be achieved in

the following cases. A real-valued PN sequence with N/2 length is transmitted on the
even subcarriers in frequency domain, while odd subcarriers send zeros. However, this
argument has simply been proven wrong by the following demonstration.
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Fig. 3 Ideal time domain symbol structure of Park algorithm

It is well known that a real-valued frequency sequence x(k) with N length will be
transformed into x(n) after IFFT. The following equation is true.

x(n) = x∗(N − n). (21)

In addition, if a real-valued PN sequence of length N/2 is transmitted on the even sub-
carriers, while zeros are padded on the odd subcarriers, the time domain structure like
[A A] can be achieved, in which the length of [A] is N/2. Based on the above properties,
the actual structure of the time domain symbol proposed by Park should be the pattern
shown in Fig. 4, instead of that in Fig. 3.
Comparing the structures shown in Figs. 3 and 4, it can be noticed that the actual struc-

ture obtained by Park algorithm is quite different from the ideal structure [A B A∗ B∗].
The following is a summary of the Park algorithm.
1. Actually, the ideal time domain structure [A B A∗ B∗] of Park algorithm can not be

obtained by the method described in [13]. It can not be generated directly by using the
IFFT operation of training sequence in the frequency domain.
2. There is not conjugate symmetric symbol for the first sampling point in the actual

structure (that is the first a in Fig. 4), which is different from the ideal structure.
3. The correlation timing metric function proposed by [13] is applicable to the actual

time domain symbol structure, whose timingmetric curve still has large side peaks.When
timing point lies in the (N/4 + 1)th point of actual structure, which is just the position
of the first r in Fig. 4, due to the existence of CP and the known feature of the symbol
structure, there will be more than N/2 pairs of conjugate pairs in total. In addition, when
timing point shift to the (3N/4+1)th point, that is the second r in Fig. 4, there are stillN/4
pairs of conjugate pairs. Therefore, there are side peaks at these locations. Undoubtedly,
these side peaks will affect the accuracy of timing, which can be verified by Fig. 9c in
Section 6.

Fig. 4 Actual time domain symbol structure of Park algorithm
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4. By analyzing the ideal training symbol structure [A B A∗ B∗] of Park algorithm, its
correlation timing metric function can be expressed by (22) and (23).

M(s) = |P(s)2|
(R(s))2

, (22)

where

P(s) =
N/2−1∑

k=0
r(s + k)r(s − k − 1)

R(s) =
N/2−1∑

k=0
|r(s + k)|2 .

(23)

It should be noted that the a, b, c, etc in Figs. 3 and 4 is just a symbol, without actual
meaning.

5 Synchronization estimation of FS-Park algorithm
5.1 STO estimation of FS-Park algorithm

In order to resolve above problems of Park algorithm, a novel training sequence is pro-
posed in this paper. The training sequence is generated by transmitting a real-valued PN
sequence of lengthN in frequency domain subcarriers, and then the time domain training
symbol structure can be obtained by IFFT of N points, which is revealed in Fig. 5.
As mentioned above, based on the time domain structure shown in Fig. 5, the novel

timing metric is defined as:

M(s) = |P(s)2|
(R(s))2

, (24)

where

P(s) =
N/2−1∑

k=0
r(s − k)r(s + k), (25)

and

R(s) =
N/2−1∑

k=0
|r(s + k)|2 . (26)

Figure 5 shows that only at the correct point of timing (position r), P(s) has N/2 con-
jugate symmetric product pairs; otherwise, the number of conjugate symmetric product

Fig. 5 Time domain symbol structure of FS-Park algorithm
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pairs is zero. So, the correct timing point position can be given as:

ŝ = argmax
s

(M(s)) − N
2
. (27)

The timing metric of FS-Park algorithm only generates one non-zero value at the cor-
rect point of timing (position r), and the rest position values are all zero. The timing
metric of Park algorithm generates four non-zero values in the whole estimated range,
which results in the curve of its timing measurement function having multiple side peaks,
while the FS-Park algorithm has no side peak.

5.2 CFO estimation of FS-Park algorithm

In general, CFO of OFDM has its fractional and integer parts [15], that is, the total CFO
is ε = εf + εI . Park algorithm only estimates the former part, thus its estimation range
is within one subcarrier spacing. In this proposed algorithm, CFO estimation is accom-
plished by two steps. Firstly, the CP of the symbol is used to estimate εf in the time
domain, which is based on the phase difference between the original copy of CP and
its duplication. Then, εI is estimated by means of the auto-correlation of the training
sequence in frequency domain. Since a F-OFDM subband is equivalent to an OFDM sys-
tem, according to the design rule of OFDM system, CP is an identical copy of the last Ng
samples of each OFDM symbol, which is appended in front of the symbol. Ideally, if the
system has no CFO, the values at the receiver side should be the same.While if the system
has FFO of εf within one subcarrier spacing, as shown in Fig. 6, supposing the frequency
domain signal is sent as x(n), then the received signal in multi-path channel is given as:

r(n) = ej2πεf n/N
U−1∑

u=0
hux(n − αu) + w(n), (28)

r(n + N) = ej2πεf (n+N)/N
U−1∑

u=0
hux(n+N−αu)+w(n)

= ej2πεf n/Nej2πεf
U−1∑

u=0
hux(n+N−αu)+w(n)

= ej2πεf n/Nej2πεf
U−1∑

u=0
hux(n − αu) + w(n),

(29)

where U denotes the multi-path number, hu represents the fading channel impulse
response of u path, αu represents channel delay of u path, and w(n) represents Gaussian

Fig. 6 Calculation process of FFO estimation
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noise. Then, the phase difference between the CP and the duplicate part of the OFDM
symbol can be confirmed from Eq. (28) and (29) as follows.

φ = 2πεf . (30)

The phase estimation can be calculated through the received data as follows.

φ̂ = angle
(
P(ŝ)

) = angle
Ng∑

k=1
r∗(ŝ − k)r(ŝ + N − k). (31)

Then, ε̂f is figured out as:

ε̂f = φ̂/2π =
⎡

⎣angle

⎛

⎝
Ng∑

k=1
r∗(ŝ−k)r(ŝ+N−k)

⎞

⎠

⎤

⎦
/

2π . (32)

If |ε| > 1, it is necessary to estimate εI . According to the analysis in Section 3, the influ-
ence of εI is just the cyclical shift of the frequency domain data. As shown in Fig. 7, the
position of the maximum correlation value can be achieved by cyclic correlation opera-
tion between the frequency domain signal of the received data and that of the original
data.
Supposing yk , k = 0, 1, . . . ,N − 1 is the received signal after the compensation of FFO,

xk , k = 0, 1, . . . ,N − 1 is the corresponding transmitted source data. Then, the IFO can
be approximate calculated by:

εI = argmax
s∈S

V∑

v=1
(xvy∗

s+v), (33)

where V is the estimation range of εI , that is, the length of the sliding window. s is the
window movement value, s ∈ S, S = 0, 1, . . . ,N − 1.

6 Results and discussion
In this section, the bit error rate (BER) performance, timing metric curve and frequency
offset mean square error (MSE) of F-OFDM and OFDM systems are compared by matlab

Fig. 7 Ca1lculation process of IFO estimation
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simulations. The simulation parameters of F-OFDM and OFDM systems are presented in
Table 1, which use Monte Carlo simulation with 105 cycles times.
Figure 8 simulates the BER curves of OFDM and F-OFDM system in Gauss channel

(Fig. 8a) and Rayleigh fading channel (Fig. 8b), respectively. From Fig. 8a, it can be seen
that the BER curves of F-OFDM and OFDM coincide in Gauss channel, that is, the two
systems have the same performance, but F-OFDM has the specific advantages on flexible
configuration parameters. Figure 8b shows that the BER curves of subband 1 and subband
2 are gradually separated in Rayleigh fading channel, and the BER performance of subband
2 is better. This is because the subcarriers spacing of subband 2 is twice that of subband
1, which makes the influence of doppler frequency shift on subband 2 less than that on
subband 1. However, whether subband 1 or subband 2, the BER curves of the two systems
still coincide under the same parameter configuration. This results illuminate that the
F-OFDM system can achieve flexible parameter configuration to meet the demand of
multi-service in 5G, while the system performance does not decline.
The comparison of the timing metric curves of different STO estimators in OFDM and

F-OFDM systems is shown in Fig. 9, which simulates with SNR = 10dB in Rayleigh chan-
nel. Figure 9a, c, e, g correspond to the OFDM system, it is obvious that the curve of SC
algorithm has a platform with a width of CP, while Minn’s algorithm can reduce platform,
but the main peak is not sharp, and there are several side peaks with significant ampli-
tudes. Although the actual Park algorithm solves the above problems, it still could not
completely eliminate the side peak interference. Liang Xiao’s algorithm not only has the
pulse-like timing metric curve, but also eliminates the side peaks completely. However,
the spectral efficiency is low because three symbols are used for estimation. In contrast,
FS-Park algorithm has a pulse timingmetric curve similar to Liang Xiao’s algorithm.What
is more, only one symbol is enough to complete estimation, which significantly improves
the spectrum utilization. Figure 9b, d, f, h correspond to the F-OFDM system. Compared
with the OFDM system, SC and Minn algorithms are most affected by system filters in
F-OFDM system, followed by Park algorithm, FS-Park algorithm, and Liang Xiao’s algo-
rithm. The major reason is that the existence of filters has less impact on STO estimation
by using the correlation of multiple symbols than by using the correlation of one symbol.
However, the proposed algorithm has certain advantages in terms of some IOT systems
with low timing and high spectral efficiency requirements.

Table 1 Basic parameters of system simulation

System model F-OFDM/OFDM

Parameter Subband 1 Subband 2

Sampling rate 30.72 MHz 30.72 MHz

Bandwidth 720 MHz 720 MHz

Subcarrier spacing 15 kHz 30 kHz

Symbol period 66.67 us 33.33 us

FFT size 2048 1024

Number of protection spacing 2 2

Wave filter Window function (Hanning window)

Modulation mode QPSK

Channel model Gauss Channel/Rayleigh Fading Channel

Noise White Gaussian noise
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Fig. 8 BER comparison of OFDM and F-OFDM systems

Figure 10 shows the MSE curves of the different STO estimators, which simulates in
F-OFDM system. It can be seen that the estimation performance of the Liang Xiao’s algo-
rithm is the best, followed by the FS-Park algorithm, and the estimation performance of
the Park algorithm is the worst, which is also consistent with the results in Fig. 9.
Figure 11 shows the MSE curves of the different CFO estimators at ε is 0.1, 0.2, 1.2

respectively. When ε is 0.1, the CFO estimation performance of Liang Xiao’s algorithm is
the best, followed by FS-Park algorithm, and Park algorithm is the worst. This is because
Liang Xiao’s algorithm uses the correlation of two symbols to complete FFO estimation, so
the estimation performance is optimal at the cost of increasing complexity. Both FS-Park
algorithm and Park algorithm use one symbol to estimate CFO, but the STO estimation
performance of FS-Park algorithm is better than Park algorithm, which makes it is less
affected by timing estimation error when completing CFO estimation. When ε is 0.2, the
performance of Liang Xiao’s method declines sharply because the estimation range of
FFO is only (− 0.125, 0.125). When the absolute value of CFO is in the range of (0.125,
0.5), the accurate estimation can not be completed, while Park algorithm and FS-Park
algorithm have no such limitation. However, when ε is 1.2, only FS-Park algorithm has
great estimation performance. The major reason is that Park algorithm can only estimate
FFO, while Liang Xiao’s method is unable to complete the accurate estimation of FFO,
thus affecting the subsequent IFO estimation.
Figure 12 shows the estimation effects of the classical Park algorithm, Liang Xiao’s

method, and the FS-Park algorithm on different CFO values when SNR = 10. It is clearly
observed that when ε is in the range of (0.125, 0.875) and (1.125, 1.4), the estimation per-
formance of Liang Xiao’s method deteriorates seriously. When ε exceeds 1, the estimation
performance of classical Park algorithm declines sharply, while FS-Park algorithm still
maintains great estimation performance.

7 Conclusion
This paper mainly studies the synchronization problem of F-OFDM system, which
includes three parts. The first part studies and analyzes the influence of STO and CFO on
F-OFDM system. It is found that the STO will lead to ISI between subbands, which indi-
cates that synchronization is very necessary for F-OFDM system. The second part studies
and points out the drawbacks of the classical Park algorithm, which makes it impossible
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Fig. 9 Comparison of timing metric curves
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Fig. 10 MSE performance of various estimators with different STO

to implement. The third part proposes a synchronous algorithm, which is called FS-Park
algorithm. It not only solves the problems that the timing metric curve of actual Park
algorithm has many side peaks and the CFO estimation range of algorithm is only one
subcarrier spacing, but also has higher spectral efficiency and more accurate CFO esti-
mation than Liang Xiao’s method. The core idea of these contributions is to design a new

Fig. 11 MSE performance of various estimators with different CFO
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Fig. 12 MSE curves with different CFO

training sequence, which transmits real PN sequence in all subcarriers, then the corre-
sponding time domain training symbol has a conjugate symmetric structure, and STO
and CFO estimation can be achieved simultaneously with only one training symbol. The
simulation results illustrate that the proposed algorithmwill not only effectively eliminate
the platform which causes the timing imprecision of the SC algorithm, but also can solve
the problem that the peak value of theMinn algorithm is not sharp. Moreover, it can elim-
inate the large side peaks produced by SC, Minn, and Park algorithms radically, which
has the same single pulse timing metric curve as Liang Xiao’s method. In addition, com-
pared with the classical Park algorithm and Liang Xiao’s method, the proposed FS-Park
algorithm is more suitable for timing and frequency synchronization of F-OFDM system
because it has better estimation performance in the whole symbol range.
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