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Blind frequency offset estimation based on cyclic prefix and
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A new blind frequency offset estimation method based on cyclic prefix and virtual subcarriers in coherent
optical orthogonal frequency division multiplexing (CO-OFDM) system is presented. It is able to estimate
the fractional part and integral part of frequency offset at the same time. Its estimation range is about
[−3.5 GHz, 3.5 GHz]. The influence of the integral frequency offset is comprehensively analyzed in CO-
OFDM system. Its performances in the additive white Gaussian noise (AWGN) channel and the dispersive
channel are investigated, respectively. Simulation results indicate that even in the dispersive channel, when
the optical signal-to-noise ratio (OSNR) is low, it can still work very well.
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Ultra high speed and high level modulation have become
hot topics of investigation in optical communication[1−3].
Orthogonal frequency division multiplexing (OFDM)
technique is an effective transmission scheme to cope
with many channel impairments, such as chromatic dis-
persion (CD) and polarization mode dispersion (PMD).
It has recently gained increasing interest in optical
communication[4,5]. Nowadays, coherent optical OFDM
(CO-OFDM) is a promising scheme for high speed optical
transmission. However, one of the well known problems
in CO-OFDM is its sensitivity to synchronization er-
rors, including frequency offset. All of the subcarriers
in OFDM system are overlapped and orthogonal to each
other, so a minor carrier frequency offset will make these
subcarriers lose their orthogonality[6]. Frequency offset
significantly degrades system performance and causes
inter-carrier interference (ICI). For this reason, the es-
timation of carrier frequency offset is a crucial task in
OFDM systems.

In general, frequency offset estimation algorithms can
be classified into two folds based on whether the addi-
tional data are used or not. Training symbols and pilot
subcarriers are two kinds of redundancy data which are
employed. Training symbols have been exploited to es-
timate frequency offset[7]. The method utilizing pilots
to estimate frequency offset has also been proposed[8].
The shortcoming of data-aided methods is the loss of
bandwidth efficiency.

One of the major advantages in OFDM is that it can
eliminate inter-symbol interference (ISI) due to cyclic
prefix (CP). CP is inserted to the head of each OFDM
symbol before transmission, which is the copy of signals
in the end of the OFDM symbol[9]. Therefore, CP is a
kind of redundant information. The blind methods rely
on the nature structure of OFDM symbols to estimate
the frequency offset. In this scenario, synchronization
can be done at every OFDM, so it is very suitable for
the CO-OFDM system. A maximum likelihood (ML)
frequency offset estimation based on CP was introduced
in Ref. [10]. This method exploits the cyclostationarity
properties of OFDM symbols because of the insertion

of CP. However, the frequency offset estimation method
based on CP is only used to estimate the fractional
frequency offset. There are many methods for inte-
gral frequency offset estimation. The method proposed
in Ref. [7] uses differential information between two
consecutive blocks of OFDM symbols to estimate the
integral frequency offset, which is an integer multiple of
the subcarrier spacing. Another method was presented
in Ref. [11] to estimate the integral frequency offset in
OFDM Worldwide Interoperability for Microwave Access
(WiMAX) downlink.

In this letter, we present a new blind frequency offset
estimation method based on CP and virtual subcarriers
in the CO-OFDM system. It can estimate the fractional
part and the integral part of the frequency offset at the
same time. Its estimation range is about [−3.5 GHz,
3.5 GHz]. The effect of the integral frequency offset
is comprehensively analyzed in CO-OFDM system. We
investigate its performance in the additive white Gaus-
sian noise (AWGN) channel and the dispersive channel,
respectively. The performance of the proposed method

Fig. 1. Block diagram of a 112-Gb/s CO-OFDM system. S/P:
serial to parellel; P/S: parellel to serial; LD: laser diode; TS:
training symbol; EDC: electronic dispersion compensation;
PD: photodiode; ADC: analog-to-digital converter; I: in-phase
part; Q: quadrature part.
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is analyzed through Monte Carlo simulation.
Figure 1 shows the functional block diagram of a repre-

sentative 112-Gb/s CO-OFDM transmitter and receiver
setup[12]. The CO-OFDM system can be divided into
five parts: radio frequency (RF) OFDM transmitter, RF-
to-optical up converter, fiber link, optical-to-RF down
converter, and RF OFDM receiver.

In the RF OFDM transmitter, after serial-to-parallel
conversion, the input bits are mapped onto correspond-
ing information symbols and are then carried on the
subcarriers of the OFDM symbol. The time domain sig-
nal is obtained by using inverse fast Fourier transform
(IFFT). After parallel-to-serial conversion, the signal is
subsequently added with CP. The training symbols are
inserted to estimate the channel impulse response in the
receiver. The in-phase part and the quadrature part
of the OFDM signal are converted into time waveform
through two digital-to-analog converters (DACs), respec-
tively.

In the RF-to-optical up converter, two Mach-Zehnder
modulators (MZMs) are used to convert the baseband
RF OFDM signal up on the optical carrier wave. In
the fiber link, the standard single mode fiber (SSMF) is
employed. In the optical-to-RF down converter, a homo-
dyne coherent detection receiver is used to convert the
OFDM signal from the optical domain down to the RF
domain.

In the RF OFDM receiver, the in-phase part and the
quadrature part of the OFDM signal are first sampled
with two ADCs, respectively. Synchronization is done
before removing the CP. After serial-to-parallel con-
version, the OFDM signal is demodulated by discrete
Fourier transform (DFT) operation. Because no disper-
sion compensation fiber (DCF) is used in the fiber link,
a rough CD compensation and channel estimation are
performed based on training symbols and pilots. Finally,
the bits are obtained through symbol demapping and
parallel-to-serial conversion.

In the OFDM symbol, not all of subcarriers are used
to carry data, for example WiMAX[13]. Meanwhile, the
structure of the OFDM symbol in the CO-OFDM system
has to be analyzed according to its system characteris-
tics. Owing to the imperfection of the filter, the sideband
signal is damaged by the filtering processing. Meanwhile,
as frequency offset exists, it can prevent OFDM signals
from shifting out of the filter. The direct current (DC)
and low frequency are regarded as the virtual subcar-
riers for the reason that the optical carrier, MZM and
other system noises have great influence on these sub-
carriers. Moreover, frequency offset shifts optical carrier
from DC to nearby subcarriers. It is harmful to channel
estimation. For the sake of simplicity, we assume the
fast Fourier transform (FFT) size is 256. The OFDM
symbol frequency domain description in CO-OFDM is
illustrated in Fig. 2. In Fig. 2, totally 256 subcarriers
are divided into four parts. There are 176 subcarri-
ers for data transmission, 32 subcarriers for pilot tone,
32 subcarriers for guard bands, and 16 subcarriers for
DC and low frequency subcarriers in every OFDM sym-
bol. The 176 subcarriers are used to carry the payload
data. Because coherent detection in the receiver requires
the information of the channel, pilots are inserted in
the transmitter. In both edges of the OFDM symbol, 32

Fig. 2. Structure of OFDM symbol in CO-OFDM system.

Fig. 3. Conceptual diagram of frequency offset (FO) estima-
tion.

subcarriers are used as guard band.
The blind frequency offset estimation method contains

three parts: 1) the fractional frequency offset estimation
based on CP; 2) the integral frequency offset estimation
based on virtual subcarriers; 3) the residual frequency
offset compensation based on pilots. In the CO-OFDM
receiver, the schematic diagram of frequency offset esti-
mation is depicted in Fig. 3.

The fractional part of the frequency offset destroys the
orthogonality between subcarriers. Hence, it must be es-
timated before FFT[9]. ML estimation of the fractional
frequency offset based on CP was introduced in Ref. [10].
In the following analysis, we assume that the channel is
nondispersive and the transmission OFDM signal s(k)
is only influenced by a complex AWGN. The analysis in
the dispersive channel is more complicated. However, the
method is also suitable for a dispersive channel.

Assuming that the fractional frequency offset between
the transceiver lasers is Δff . The sampling frequency
offset is fs and the sampling period Ts is the inverse of
fs. Ns is the number of subcarriers. The subcarrier spac-
ing Δf is the inverse of NsTs. OFDM is a special kind of
multicarrier modulation. Notice that all the subcarrier
experience the same fractional frequency offset Δff . The
received signal with the effect of Δff and AWGN is

r(kTs) = s(kTs) exp(j2πΔffkTs) + n(kTs). (1)

It can be expressed as

r(k) = s(k) exp
(
j2π

kΔff

NΔf

)
+ n(k). (2)

If ε denotes Δff as a fraction of the subcarrier spacing
Δf , Eq. (2) is expressed as

r(k) = s(k) exp
(
j2π

kε

N

)
+ n(k). (3)

The transmitted signal s(k) is the DFT of the data sig-
nal x(k). Therefore, s(k) is a linear combination of inde-
pendent, identically distributed random variables. If the
number of subcarriers is large enough, from the central
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limit theorem, we know that s (k) approximates a com-
plex Gaussian process, whose real and imaginary parts
are independent. In the receiver, however, r(k) is not
white because of the insertion of CP and a correlation
between some pairs of samples that are spaced by N
samples apart is yielded. Because of its probabilistic
structure, it contains information about the frequency
offset ε.

Assuming the length of CP is L, Fig. 4 shows a com-
plete OFDM symbol with CP. Notice that in one OFDM
symbol the samples in the CP and their copies r(k),
k ∈ [0, · · · , L − 1] ∪ [N, · · · , N + L − 1] are pairwise cor-
related,

E{r(k)r∗(k + N)} = σ2
s exp(−j2πε). (4)

The noise, such as AWGN, has great influence on the
performance of this method. To increase the accuracy
of this method, M OFDM symbols are employed to per-
form the fractional frequency offset estimation. Hence,
the estimation result is expressed as

φ(ε) =
M−1∑
i=0

L−1∑
k=0

ri(k)r∗i (k + N). (5)

We can yield the ML estimation of ε as

ε̂ML = − 1
2π

� φ(ε) + n, (6)

where n is an integer. A similar frequency offset esti-
mator has been derived under different assumptions[14].
Notice that owing to the periodicity of the exponential
function, several values can be acquired. Hence, this
method only estimates exactly the fractional frequency
offset and that |ε| < 1/2. Thus, n = 0.

The estimation for integral frequency offset can be
classified into three categories: data-aided methods[15],
semi-blind methods[11], and blind methods. The data-
aided method estimates the integral frequency offset
by sending training symbols, which induces a loss of
bandwidth efficiency. We present a new blind integral
frequency offset based virtual subcarriers, which are in-
serted in both sides of the OFDM symbol. Each side
contains 16 virtual subcarriers as the guard band. The
virtual subcarrier is not only used for integral frequency
offset estimation, but also used to prevent OFDM sig-
nals from shifting out of the filter as frequency offset
exists. Meanwhile, insertion of virtual subcarriers lowers
the requirement on the filter. Hence, virtual subcarri-
ers are necessary for the OFDM symbol in the practical
CO-OFDM system. In our scheme, virtual subcarriers
are employed to estimate the integral frequency offset,
without inducing a loss of bandwidth efficiency. In the-
ory, the range of integral frequency offset estimation is
about [−3.5 GHz, 3.5 GHz].

Fig. 4. Structure of OFDM symbol with CP.

Integral frequency offset does not destroy orthogonal-
ity between these subcarriers. It has two influences on
OFDM signals: firstly, it induces cyclic shift of subcar-
riers in one OFDM symbol in the frequency domain[16];
secondly, it adds a constant phase shift on all the subcar-
riers of the same OFDM symbol. Assuming the integral
frequency offset is fI (normalized by subcarrier spacing
Δf), the received signal is

r(i, k) = s(i, k) exp
(
j2π

fI(k + L + (N + L)(i − 1))
Ns

)

= s(i, k) exp
(
j2π

fI(k + Li)
Ns

)
, (7)

where i is the index of OFDM symbol, k is the index
of the subcarrier, and L is the length of CP. After DFT
demodulation, the received signal is

Y (i, n) =
Ns−1∑
k=0

r(i, k) exp
(
− j2π

nk

Ns

)

=
Ns−1∑
k=0

s(i, k) exp(j2π
fI(k + Li)

Ns
) exp(−j2π

nk

Ns
)

= exp
(
j2π

fILi

Ns

) Ns−1∑
k=0

s(i, k) exp
(
− j2π

k(n − fI)
N

)

= exp
(
j2π

fILi

Ns

)
S(i, (n − fI) mod Ns). (8)

The constant phase shift of the ith OFDM symbol is
exp(j2π fILi

N ). Compared with the original signal S(i, n),
the received signal Y (i, n) has fI shift (fI > 0: right
shift; fI < 0: left shift). After the insertion of virtual
subcarriers, assuming that the number of subcarriers is
256, the transmitted OFDM symbol S(i) is depicted in
Fig. 5.

The range of integral frequency offset estimation is
about [−3.5 GHz, 3.5 GHz] when 16 virtual subcarriers

Fig. 5. Structure of OFDM symbol with virtual subcarriers.

Fig. 6. MSE versus length of CP in the AWGN channel
(OSNR = 4, 10, and 16 dB).
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are inserted in each side of the OFDM symbol. The power
loaded on virtual subcarriers is zero, and these subcarri-
ers are not used to carry data. The process of integral
frequency offset estimation based on virtual subcarriers
is described as follows.

Step 1: setting a threshold value VD.
Step 2: extracting a block of data, which contains M

OFDM symbols, in the OFDM receiver.
Step 3: adding up the amplitude of the same subcarri-

ers in different OFDM symbols together, AM is an Ns×1
matrix. It is expressed as

AM(k) =
M−1∑
i=0

abs(Y (i, k))k ∈ [1, 2, · · · , Ns]. (9)

Step 4: for k = 1 : Ns, if AM(k) > VD, break; VTe is
equal to the current value k; this step is used to find the
index of the first subcarrier, which is used for carrying
data in the left side of the OFDM symbol.

Step 5: Vcd is the first index of subcarrier after virtual
subcarriers in the left side of OFDM symbol; in Fig. 6 it
is 17; fI = VTe − Vcd.

The fractional and integral frequency offset methods
are not absolutely accurate. There exists a little residual
frequency offset. The residual frequency offset induces a
phase shift Δφ, which is the same to all the subcarriers.
The received signal in the kth subcarrier is

Y (i, k) = S(i, k) exp(jΔφ). (10)

Pilots are used to estimate the phase shift Δφ[17]. Δφ is
estimated as

Δφ = �

{ Np∑
p=1

[Y (i, kp) × S∗(i, kp)]

}
, (11)

where Np is the number of pilot subcarriers.
The bit rate is 112 Gb/s. The bits are mapped in

a quadrature phase-shift keying (QPSK) constellation.
Each subcarrier carries 2 bits to give an optical band-
width of 56 GHz centered at 193.1 THz. CP is added
before each OFDM symbol to combat ISI. We use Monte
Carlo simulations to evaluate the performance of the
blind frequency offset estimation method in which we
consider a CO-OFDM system with 256 subcarriers. We
evaluate the performance of our frequency offset estima-
tion method by means of the mean-squared error (MSE).
The extinction ratio of the MZM is 30 dB. The ratio of
zero padding is 18.75%. The linewidth of laser is 100
kHz. The bandwidth of photodiode is 42 GHz. The
Gaussian electrical low pass filter is used after the pho-
todiode, and its bandwidth is 42 GHz .

The simulation platform is VPItransmissionMaker Ver-
sion 7.6. Simulations are divided into two parts: fre-
quency offset estimation in an AWGN channel, and
frequency offset estimation in a dispersive channel.

Simulations are done in a 112-Gb/s back-to-back
QPSK CO-OFDM system, which is only affected by
AWGN. Performance results for the AWGN channel are
shown in Figs. 6, 7, and 8. The MSE of our frequency
offset estimation method as a function of the length of
CP L is evaluated. Figure 6 shows its performance for

optical signal to noise ratio (OSNR) values of 4, 10, and
16 dB when the frequency offset is 1 GHz. Notice that as
L increases, the performance of our method shows con-
tinuous improvement. Meanwhile, the increase of OSNR
is able to improve the performance of our method. When
L is longer than 6 (10 dB), the MSE is less than 10−3.
Therefore, our frequency offset scheme works well even
if L is short and OSNR is small.

When the frequency offset is 1 GHz, the estimator
variances as a function of OSNR for L = 4, 8, and 16
are shown in Fig. 7. Notice that as OSNR increases, the
performance of our frequency offset estimation method
shows continuous improvement. However, performance
improvement becomes smaller when the OSNR is larger
than 5 dB. This indicates that our method works well
in the case of lower OSNR. The performance of our fre-
quency offset estimation method is plotted in Fig. 8 with
different frequency offsets. The length of CP is 16. It
can be observed that the performance of this method is
almost independent of the actual value of the frequency
offset. Moreover, the performance is proportional to
OSNR.

Simulations are done in a 112-Gb/s QPSK CO-OFDM
system, which is affected by both AWGN and CD. The
dispersion parameter of fiber is 16 ps/(nm·km). Now,
CP has two important roles: estimating the frequency
offset and combating the ISI. The CD tolerance of CO-
OFDM is proportional to the length of CP. Performance
results in the dispersive channel are shown in Figs. 9−12.
Firstly, when the OSNR is 10 dB and the frequency offset
is 1 GHz, Fig. 9 shows the MSE of our frequency offset
estimation method against different CDs with various
lengths L of CP. When CD is smaller than 4000 ps/nm,

Fig. 7. MSE versus OSNR in the AWGN channel (length of
CP L = 4, 8, and 16).

Fig. 8. MSE versus frequency offset in the AWGN channel.
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Fig. 9. MSE versus CD (L = 16, 32, and 48).

Fig. 10. MSE versus length of CP (CD = 3200 ps/nm; OSNR
= 4, 10, and 16 dB).

Fig. 11. MSE versus OSNR (CD = 3200 ps/nm; L = 16, 32,
and 48).

Fig. 12. MSE versus frequency offset (CD = 3200 ps/nm;
OSNR = 4, 10, and 16 dB).

the MSE is less than 10−3.2. It can be found that the
performance of our method is inverse proportional to CD

and proportional to the length of CP. In the CD toler-
ance of the CO-OFDM system, it works well. Once CD
exceeds the tolerance, the performance significantly de-
grades. Hence, CD does harm to the performance of our
frequency offset estimation method. Second, to observe
the effect of CP length more clearly, Fig. 10 shows the
MSE against different lengths of CP with various OS-
NRs when the frequency offset is 1 GHz. The CD is
3200 ps/nm (200 km). As the length of CP increases, the
performance of our frequency offset estimation method
shows continuous improvement. Meanwhile, its perfor-
mance is proportional to the OSNR. When the OSNR
is 10 dB and the length of CP is 16, the MSE is about
10−3.1. Compared with the AWGN channel, its perfor-
mance degrades in the dispersive channel.

Thirdly, when the CD is 3200 ps/nm (200 km) and the
frequency offset is 1 GHz, Fig. 11 illustrates the perfor-
mance of our method against different OSNRs with var-
ious lengths of CP. Compared with the AWGN channel,
the MSE in the dispersive channel becomes larger, when
L is 16. The performance of our method is proportional
to the OSNR in the dispersive channel. However, if the
OSNR is larger than 4 dB, the improvement of perfor-
mance becomes slow as the OSNR increases. Finally, to
observe the effect of frequency offset more clearly, Fig. 12
indicates the performance of our method against various
frequency offsets with different OSNRs when the length
of CP is 16. The MSEs of different frequency offsets are
almost the same. Hence, the performance of our method
is almost independent of the actual value of frequency
offset. Besides, the frequency offset of practical laser is
in the range [−3.5 GHz, 3.5 GHz]. Therefore, our method
is suitable for practical utility in the CO-OFDM system.

In conclusion, a new blind frequency offset estimation
method based on the redundancy of both CP and vir-
tual subcarriers is developed for the correction of fre-
quency offset. Our frequency offset estimation method
can work well under low OSNR. Even if the OSNR is less
than 10 dB and the CP length is very short, the MSE
of frequency offset estimation is still less than 10−2.5.
The performance of this method is investigated in an
AWGN channel and a dispersive channel, respectively.
Simulation results show that it performs well even in the
dispersive channel. And it is very robust to CD in the
CO-OFDM system. Its range of frequency offset esti-
mation is about [−3.5 GHz, 3.5 GHz]. In addition, it
estimates the fraction part and the integral part of the
frequency offset at the same time. Meanwhile, our fre-
quency offset estimation method does not need the aid
of known data and does not induce the loss of bandwidth
effectiveness. Hence, it is very suitable for practical us-
age in the CO-OFDM system. In the CO-OFDM system,
pilots are needed for channel estimation. These pilots can
be used by the synchronizer in order to further increase
the performance. How to incorporate pilot symbols in
such frequency offset estimation method is not clear and
awaits further research in the CO-OFDM system.
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