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Abstract: Conventional fast Fourier transform based frequency offset estimation (FFT-
FOE) algorithm is suitable for QPSK and 8/16/64QAM signals. However, due to the non-
rectangular distribution of constellation points, the conventional FFT-FOE is not suitable
for 32-QAM signal. In this paper, we report a factor γ which can indicate whether the
FFT-FOE algorithm can be used for frequency offset estimation for different modulation
formats. The FFT-FOE algorithm is hard to apply for frequency offset estimation if the
value of γ is low. Fortunately, the value of γ can be increased by digital amplification and
phase rotation. Based on the digital amplification and phase rotation, a modified FFT-FOE
algorithm is proposed and can realize the frequency offset estimation of 32-QAM signal
with only 512 symbols. The bit error ratio (BER) of a 28 Gbaud 32-QAM signal is lower
than the soft-decision forward-error correction (SD-FEC) limit with the optical signal-to-noise
ratio (OSNR) of 22 dB. The proposed method has better robustness to phase noise. If
BER at SD-FEC limit is considered for 28Gbaud 32-QAM signal, the required OSNR is
relaxed by 2 dB when the laser linewidth is greater than 5 MHz. This will make sense
when the wide-linewidth laser is used in short reach optical communication system. The
experimental results from 10 Gbaud 32-QAM system with 300 km fiber transmission indicate
that the proposed method can be applied when OSNR is greater than 14 dB. The results
demonstrate that the proposed frequency offset estimation scheme is also suitable for
QPSK and 8/16/64QAM signals. Thus, the proposed algorithm can perform blind frequency
offset estimation for a coherent transceiver.

Index Terms: Frequency offset estimation, amplification and phase rotation, fast Fourier
transform.

1. Introduction
With the development of the internet and the increasing demand for IP traffic, optical networks have
gradually evolved from fixed architectures to flexible architectures, which can increase spectral
efficiency by modulation format switching [1]–[3]. For such coherent transceiver, the digital signal
processing (DSP) algorithms at the receiver-side should be reconfigured under the condition
of modulation format switching. In [4]–[6], the frequency offset estimation is considered to be
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performed after modulation format identification. Therefore, a new frequency offset estimation
algorithm that can be applied before modulation format identification for coherent transceiver is
meaningful.

Up to now, non data-aided [7], [8] frequency offset estimation can be divided into two categories.
The first type relies on differential phase [9]–[12]. The differential frequency offset estimation
(diff-FOE) is designed for M-ary phase shift keying (M-PSK) format, which is also suitable for 16
quadrature amplitude modulation (QAM) using quadrature phase shift keying (QPSK) partitioning
[10]. In order to apply for higher order QAM signal, diff-FOE based on constellation rotation
was proposed [11], [12]. However, the proposed method above is not transparent to different
modulation formats. The other kind of frequency offset estimation is based on fast Fourier transform
[13]–[16]. Since the fourth-order constellations of QPSK and 8/16/64QAM signals are non-circular,
conventional fast Fourier transform based frequency offset estimation (FFT-FOE) can be used
for identifying respective frequency offsets. Meanwhile, it is known that FFT has high complexity
which is related to FFT size. Considering the computation complexity, the FFT size must choose
a reasonable length during the real-time implementation. In refs. [13], [15], the FFT size is chosen
as 512 for QPSK and 8/16/64QAM signals using conventional FFT-FOE. However, due to the
non-rectangular distribution of constellation points, the conventional FFT-FOE cannot be applied
to the 32-QAM signal with 512 symbols unless there are huge number of symbols. To solve this
problem, a FFT-FOE technique by selecting and digitally amplifying the inner QPSK ring of 32-QAM
signal was reported in [16]. However, the authors think that the constellation points on the diagonal
line with slope equal to +1 or −1 have most important contributions to search the intensity peak in
spectrum and ignore the residual constellation points.

In this paper, we propose a digital amplification and phase rotation based FFT-FOE algorithm
for coherent transceiver, which is transparent to QPSK and 8/16/32/64QAM signals. The factor
γ is proposed to indicate whether the FFT-FOE algorithm can be used for frequency offset
estimation. The same as conventional FFT-FOE, the phase rotation based FFT-FOE algorithm has
the advantages of wide frequency offset estimation range of [−symbol rate/8, +symbol rate/8] and
robustness to amplified spontaneous emission (ASE) noise and phase noise. The results show that
the bit error ratio (BER) of a 28 Gbaud 32-QAM signal is lower than the soft-decision forward-error
correction (SD-FEC) limit with the optical signal-to-noise ratio (OSNR) of 22 dB. The experimental
results from 10 Gbaud 32-QAM system with 300 km fiber transmission indicate that the proposed
method can be applied when OSNR is greater than 14 dB.

2. Principle of Phase Rotation Based Frequency Offset Estimation
2.1 Conventional Frequency Offset Estimation Based on FFT

At the coherent receiver side, the received signal after analog-to-digital conversion (ADC), chro-
matic dispersion (CD) compensation, clock recovery and polarization mode dispersion (PMD)
compensation, the nth received symbol can be expressed as:

Sn = mne j (2πn�f Ts+θn ), 1 ≤ n ≤ N (1)

where mn is the nth data symbol, �f is the frequency offset, TS is the symbol duration, N is the
number of symbols, and θn is the phase noise induced by laser linewidth. For the conventional
FFT-FOE, the frequency offset �f can be obtained based on the maximization of the periodogram
S4

n as expressed below [13]:
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where arg max|�f̂ |<1/2Ts
(.) represents the operation of searching �f̂ within the range of [−symbol

rate/2, +symbol rate/2], when the function (.) value is maximized. The frequency offset can be
easily estimated if the spectrum intensity peak of S4

n determined by |∑N−1
n=0 m4

n | is high. Fig. 1 shows
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Fig. 1. The constellation points after the 4th power operation (blue point) and its centroid (red point) of
(a) QPSK, (b) 8-QAM, (c) 16-QAM, (d) 32-QAM, and (e) 64-QAM.

the constellation points after the 4th power operation (m4
n ) and its centroid ( 1

N

∑N−1
n=0 m4

n ) of different
modulation formats. For QPSK and 8/16/64QAM signals, the centroid amplitude of m4

n is high
enough to obtain the peak of its periodogram. However, the centroid amplitude is much lower for
32-QAM signal. As a result, the periodogram peak of m4

n is hard to obtain because it is vulnerable
to ASE noise.

2.2 Phase Rotation Based Frequency Offset Estimation

Fig. 1 shows that the centroid amplitude of m4
n for 32-QAM signal was effected by the distribution

of the modulated phase. Considering the effect of the modulated phase, the factor γ is defined as
in our previous work [17]:

γ =

∣
∣
∣

∑N−1
n=0 m4

n

∣
∣
∣

∑N−1
n=0

∣
∣m4

n

∣
∣

× 100% (3)

The factor γ is calculated without taking the addictive white Gaussian noise (AWGN) into
account. Using the factor γ , the influence of the modulated phase can be well characterized. If
the influence of the modulated phase is completely eliminated after the 4th power operation, γ will
take the maximum value as 1. Otherwise, the value of γ is less than 1. In order to increase the value
of centroid amplitude for 32-QAM signal, digital amplification and phase rotation are employed in
the DSP.

Fig. 2(a) shows the constellation points of 32-QAM signal. Fig. 2(b) shows the points after 4th

power operation. It can be seen that the points on each ring are symmetric with respect to the
X-axis. The centroid of red points and the centroid of blue points are both on the X-axis and have
a π rad phase difference. So the value of factor γ will increase if the points on C2 and C4 rings
are rotated by π rad. Meanwhile, considering the C2 ring with less contribution to the centroid
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Fig. 2. (a) The constellation of 32-QAM signal and (b) the points of 32-QAM signal after 4th power
operation.

Fig. 3. Block diagram of phase rotation based frequency offset estimation.

TABLE 1

The Value of γ Before and After Rotation

amplitude of m4
n , the amplitude of C2 ring is digitally amplified up to the same amplitude with the

C4 ring.
The block diagram of phase rotation based frequency offset estimation is shown in Fig. 3. Firstly,

the received symbols are normalized by mean value of their amplitude. Then, 4th power operation
is performed on the normalized samples to obtain constellation points of m4

n . There are 5 rings with
amplitudes of 0.0125, 0.3123, 1.0118, 2.1111, and 3.6101. The C2 ring is digitally amplified up to
2.1111 and then the C2 and C4 rings are digitally rotated by an angle π . Finally, the frequency
offset can be obtained by recording the peak location of the periodogram S4

n .
By amplifying the C2 ring and fixing the rotation angle as γ = 180° for C2 and C4 rings, Table 1

shows the value of γ for different modulation formats before and after digital amplification and
phase rotation. It can be found that the value of γ after rotation can be kept constant or improved
compared to before rotation, especially for 32-QAM signal.

Fig. 4 shows the probability of |m4
n | for QPSK and 8/16/32QAM signals. The constellation points

whose amplitude varies from 0.1 to 0.32 and the constellation points whose amplitude varies from
0.6 to 2.6 will be chosen as rotation region. So the C2 and C4 rings of 32-QAM signal are selected
by amplitude after the normalization and 4th power operation. The constellation points of QPSK
and 16-QAM signal will not be chosen as rotation region. As a result, the values of γ for QPSK
and 16-QAM signals after rotation can be kept constant compared to before rotation. Parts of
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Fig. 4. The probability of |m4
n | for different modulation formats.

constellation points for 8-QAM and 64-QAM signals will be chosen and rotated. Fortunately, Table 1
shows that the values of γ is improved.

Fig. 5 shows the periodograms of S4
n with and without digital amplification and phase rotation for

QPSK and 8/16/32/64QAM signals. The length of the FFT is 512. It can be found that the intensity
peak becomes obviously for 32-QAM signal with digital amplification and phase rotation. At the
same time, the intensity peak can be kept constant or improved for QPSK and 8/16/64QAM signals,
which indicates that the proposed algorithm is transparent to QPSK and 8/16/32/64QAM signals.
The results indicate that factor γ can theoretically analyze whether the FFT based frequency offset
estimation algorithm can be applied. In the process of frequency offset estimation, the proposed
amplification and phase rotation method is applied without calculating the factor γ .

3. Simulation Results
The simulation system setup is shown in the Fig. 6. VPI transmission Maker is used to carry out
simulations. 28 Gbaud QPSK and 8/16/32/64QAM signals are generated and the linewidth of laser
is 100 kHz. The length of pseudo-random bit sequences (PRBS) is 230 − 1. The OSNR of the
optical signal can be controlled by Set OSNR module. At the coherent receiver side, the frequency
offset estimation is performed with the proposed method.

The performance of the proposed method for 28 Gbaud 32-QAM signal with different frequency
offsets is investigated. The OSNR is set to 22 dB corresponding to SD-FEC threshold [18]. The
length of the FFT is 512. Fig. 7(a) shows that the estimated frequency offset is accurate within
the range of [−symbol rate/8, +symbol rate/8], i.e., [−3.5 GHz, +3.5 GHz] for 28 Gbaud 32-QAM
signals. Fig. 7(b) shows the frequency offset estimation error under various frequency offsets. Due
to the limited spectral resolution caused by short block length of 512, the theoretical frequency
offset estimation error is in the range of [− 1

4×F F Tsize×Ts×2 ,+ 1
4×F F Tsize×Ts×2 ]. Fig. 7(b) indicates that the

measuring error with our proposed method is in the theoretical error range.
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Fig. 5. The periodogram of S4
n for 28 Gbaud (a) QPSK, (b) 8-QAM, (c) 16-QAM, (d) 32-QAM, and

(e) 64-QAM under the condition of OSNR = 30 dB. The frequency offset is set to 1 GHz and symbol
rate is 28 Gbaud.

Fig. 6. Simulation system setup. EDFA: Erbium-doped fiber amplifier. CW laser: continuous-wave laser.

Fig. 8 compares the BER for a 28 Gbaud 32-QAM system, and the frequency offset estimation
is performed by our proposed method and conventional FFT-FOE method, and 219 samples are
used to calculate the BER. The carrier phase recovery uses the blind phase search (BPS) method
[19]. For conventional FFT-FOE, due to its severe frequency offset estimation error for 32-QAM, the
BER is too high to tolerate even when the FFT size is 1024. Fortunately, with the operation of digital
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Fig. 7. (a) Performance of the proposed method for 28 Gbaud 32-QAM signal with different frequency
offsets and (b) frequency offset estimation error of the proposed method under various frequency
offsets.

Fig. 8. BER calculation for 28 Gbaud 32-QAM signal with different OSNRs when (a) the frequency
offset is 1 GHz and (b) the frequency offset is 3 GHz.

amplification and phase rotation, the 32-QAM signal can be correctly recovered and the BER at
OSNR of 22 dB is lower than the SD-FEC threshold with the FFT size of 512. It can be concluded
that the digital amplification and phase rotation based FFT-FOE algorithm can realize the frequency
offset estimation of 32-QAM signal with OSNR range 22–30 dB using only 512 symbols.

In order to evaluate the robustness to ASE noise of the proposed method, 1000 rounds of the
simulation for each condition are performed for observing the normalized mean-square-error (MSE)
of the frequency offset estimation, where the normalized MSE is defined as E [|�fest · Ts − �f · Ts|2].
We compare our proposed method with the QPSK-selection assisted FFT-FOE for 28 Gbaud 32-
QAM signal [16]. The length of the FFT is 512. The QPSK-selection assisted FFT-FOE selects
and digitally amplifies the inner QPSK ring of 32-QAM. The value of γ is 70.29% for our proposed
method while the value of γ is 62.71% for QPSK-selection assisted FFT-FOE algorithm. Thus, the
periodogram peak can be obtained more easily with the aid of increased γ . The results in Fig. 9
show that the required OSNR of our proposed method is 2 dB lower than QPSK-selection assisted
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Fig. 9. Comparison of the frequency estimation accuracy for 28 Gbaud 32-QAM signal with our
proposed method and the QPSK-selection assisted FFT-FOE when (a) the frequency offset is 1 GHz
and (b) the frequency offset is 3 GHz.

Fig. 10. BER for 28 Gbaud 32-QAM signal with different OSNRs and laser linewidths.

FFT-FOE method and high accuracy of frequency offset estimation can be realized even with low
OSNR. The results indicate that the proposed method is more robust to ASE noise.

Fig. 10 shows BER performance with different OSNRs and laser linewidths using our proposed
method and QPSK-selection assisted FFT-FOE for 28 Gbaud 32-QAM signal. In Fig. 10(b), if BER
at SD-FEC limit is considered, the required OSNR is relaxed by 2 dB when the laser linewidth is
greater than 5 MHz, which indicates that the proposed method has better robustness to phase
noise. This will make sense when the low-cost laser with wide linewidth is used in short reach
optical communication system [20]. Meanwhile, the factor γ can be used for modulation format
identification as reported in our previous work [17].

In refs. [13], [15], conventional FFT-FOE can be used for frequency offset estimation for QPSK
and 8/16/64QAM signals with 512 symbols. Fig. 5 compares the periodograms of S4

n for QPSK and
8/16/64QAM signals with our proposed method and the conventional FFT-FOE, and Table 1 shows
that the intensity peak of periodogram can be kept constant or improved for QPSK and 8/16/64QAM
signals. Therefore, it is not hard to understand that the proposed algorithm can be also applied for
QPSK and 8/16/64QAM signals. Fig. 11 shows the comparison of the proposed method and the
conventional FFT-FOE for QPSK and 8/16/64QAM signals. The length of the FFT is 512. It can be
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Fig. 11. The comparison of the proposed method and the conventional FFT-FOE for (a) QPSK,
(b) 8-QAM, (c) 16-QAM, and (d) 64-QAM signals. (FO = 1 GHz).

seen that the proposed method has the same performance with traditional FFT-FOE even when the
OSNR is 12 dB. Therefore, the proposed method can be also applied for QPSK and 8/16/64QAM
signals. It should be pointed out here that, the proposed algorithm can be extended to estimate the
frequency offset for 128-QAM signal if proper rotation regions are selected.

4. Experimental Results
Next, we conduct 10 Gbaud 32-QAM transmission system, as shown in Fig. 12(a). At the transmitter
side, a 100 kHz linewidth continuous-wave (CW) laser with the wavelength of 1550 nm is used.
Using an arbitrary waveform generator (AWG) and IQ modulator, the CW laser is modulated as
10 Gbaud 32-QAM signal. The optical signal is then amplified to 0 dBm and launched into an EDFA
based fiber recirculating loop. An optical attenuator is placed after EDFA to adjust OSNR. The
OSNR of optical signal can be monitored using optical spectrum analyzer (OSA). At the receiver
side, another CW laser with 100 kHz linewidth is used to set frequency offset and the signal is
digitized by 50 GSa/s real-time scope after coherent detection. Fig. 12(b) shows the frame structure
in the experiment which consists of 16384 QPSK symbols and 16384 32-QAM data sequence.
Similar to [15], the 16384 QPSK symbols are used to calculate the frequency offset using traditional
FFT-FOE as the evaluation criterion.
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Fig. 12. (a) Experimental setup for 10 Gbaud 32-QAM system. ATT: attenuator. (b) Frame structure.

Fig. 13. Frequency offset estimation error of the proposed method d for 10 Gbaud 32-QAM signal under
various frequency offsets.

Fig. 13 shows the frequency offset estimation error under various frequency offsets. Please
note that the frequency offset evaluation criterion using 16384 QPSK symbols also has lim-
ited spectral resolution. So the theoretical frequency offset estimation error is in the range of
[− 1

4×F F Tsize×Ts×2 + 1
4×16384×Ts×2 , 1

4×F F Tsize×Ts×2 − 1
4×16384×Ts×2 ]. Fig. 13 indicates that the measuring

error with our proposed method is in the theoretical error range.
We start to experimentally evaluate performance for B2B system. 32 data sets at each OSNR

are collected to evaluate the normalized MSE. Fig. 14 shows that comparison with three different
frequency offset estimation methods. The FFT size is 512 symbols. Based on the theoretical
frequency offset error range, the theoretical normalized MSE threshold is proposed. It shows that
the digital amplification and phase rotation based FFT-FOE algorithm can realize the frequency
offset estimation of 32-QAM signal when OSNR is greater than 14 dB. The required OSNR of our
proposed method is 2 dB lower than QPSK-selection assisted FFT-FOE method.

To further verify the feasibility of proposed method, we test long-haul transmission performance.
We use the overlap frequency domain equalization (OFDE) algorithm to compensate CD. The
frequency offset is 1 GHz. Fig. 15 shows that the proposed method can be applied in optical
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Fig. 14. The normalized MSE for 10 Gbaud 32-QAM signal as a function of OSNR, (a) FO = 0.5 GHz,
(b) FO = 1 GHz.

Fig. 15. The normalized MSE for 10 Gbaud 32-QAM signal with transmission of (a) 100 km and
(b) 300 km.

fiber communication systems and has better performance than QPSK-selection assisted FFT-FOE
method.

5. Computation Complexity Analysis
In practical applications, the complexity of DSP algorithm is critical. For QPSK-selection assisted
FFT-FOE method, it takes 2Nlog2N +14N + 2 real multipliers, 3NlogN + 6N real adders and 2N
comparators for a FFT size of N symbols [16]. For our proposed method, it takes 2Nlog2N +15N +
2 real multipliers, 3NlogN + 6N real adders and 3N comparators for a FFT size of N symbols. Two
methods have the same FFT size as 512. The complexity of proposed method is slightly higher
than QPSK-selection assisted FFT-FOE method. Therefore, the complexity of proposed method is
acceptable.

6. Conclusions
In this paper, we propose a blind FFT-FOE algorithm for coherent transceiver, which is transparent
to QPSK and 8/16/32/64QAM signals. A factor γ is proposed to determine whether the FFT based
algorithm can be used for frequency offset estimation. By performing amplification and phase
rotation on part of the 4th power constellation points, the value of γ is increased and the FFT
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based algorithm can be used to estimate the frequency offset. The results on 28 Gbaud 32-QAM
system demonstrate that the proposed method has higher frequency offset estimation accuracy
and the required OSNR is 2 dB lower than that of QPSK-selection assisted FFT-FOE method. The
BER of 28 Gbaud 32-QAM signal with OSNR of 22 dB is lower than that of SD-FEC limit. We also
investigate the tolerance to phase noise. The results demonstrate that, with the proposed method,
the required OSNR is relaxed by 2 dB when the low-cost laser with linewidth greater than 5 MHz
is considered, which is used in short reach optical fiber communication systems. The experimental
results by B2B and 300 km fiber transmission system using 10 Gbaud 32-QAM signal shows that
our proposed method can be applied when OSNR is greater than 14 dB and has better performance
than QPSK-selection assisted FFT-FOE method. Furthermore, the proposed method can also be
applied to QPSK and 8/16/64QAM system, which is preferred by a coherent receiver.
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