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Abstract: A digital subcarrier multiplexing (DSCM) system has been proposed as a possible solution
for large capacity and long-distance coherent optical transmissions due to its high tolerances for
chromatic dispersion (CD), equalization-enhanced phase noise (EEPN) and fiber nonlinearity. In
a DSCM receiver, for subcarrier-demultiplex to occur properly, frequency offset estimation (FOE)
must be implemented before demultiplexing. It is beneficial to decrease complexity and EEPN by
compensating CD on each subcarrier. Therefore, a high CD tolerance is indispensable for the FOE
algorithm in a DSCM receiver. However, the mainstream blind FOE algorithms for single-carrier
systems, such as the 4th power fast Fourier transform algorithm, could not work for DSCM systems.
To deal with this challenge, a pilot tone-based FOE algorithm with high CD tolerance is proposed
and verified using simulations and offline experiments. The final estimation accuracy of about
10 MHz of the proposed two-stage FOE is achieved at low computational complexity. Simulations
and offline experiments show that DSCM systems with the proposed algorithm have a 0.5~1 dB
Q-factor improvement over Nyquist single-carrier systems.

Keywords: digital subcarrier multiplexing; pilot tone; frequency offset estimation; chromatic
dispersion-tolerant

1. Introduction

A coherent optical transmission system with powerful digital signal processing (DSP)
has become an indispensable solution for implementing large capacity and long-distance
optical communications, especially when data consumers keep increasing tremendously.
Enormous bandwidth pressure is presented on the current coherent optical transmission
systems. Increasing the symbol rate and adopting high modulation formats are compelling
for satisfying the capacity requirements. However, this kind of solution will suffer further
severe influences from chromatic dispersion (CD), equalization-enhanced phase noise
(EEPN), and fiber nonlinearity. Thus, the compensation and mitigation of CD, EEPN, and
fiber nonlinearity have attracted worldwide attention. In this scenario, a digital subcarrier
multiplexing (DSCM) system is studied by researchers extensively. By dividing a high
symbol rate single carrier (S5C) into multiple low symbol rate subcarriers and multiplexing
these subcarriers in the frequency domain by DSP, the DSCM systems have high tolerances
for CD [1,2], EEPN, and fiber nonlinearity [3-7]. These features are favored by large
capacity and long-distance transmission. In addition, the DSCM systems could achieve a
flexible configuration of transmission capacity and transmission distance by adjusting the
subcarrier symbol rate and modulation format [8-12].

However, the DSP algorithms for DSCM systems, such as the frequency offset estima-
tion (FOE) algorithm and CD compensation (CDC) algorithm, are quite different from those
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in SC systems when multiple low symbol rate subcarriers are multiplexed in the frequency
domain to carry information. In DSCM systems, CDCs would be implemented on each
subcarrier as the computational complexity of CDC scales quadratically with the symbol
rate; CDCs on each subcarrier signal will reduce complexity compared with CDC on sub-
carrier multiplexed (SCM) signal. Additionally, CDCs on subcarriers are also beneficial to
reducing EEPN because EEPN originates from local laser phase noise passing through the
CDC in receiver DSP. The more dispersion the CDC compensates, the more severe EEPN
would be [3]. In the meantime, FOE in a DSCM system should be implemented before
subcarrier demultiplexing, as the subcarrier demultiplexing algorithm would fail with a
large frequency offset (FO) presented. These lead to the FOE algorithms for DSCM systems
should be tolerant to CD. However, the mainstream blind FOE algorithms designed for
SC systems, such as fast Fourier transform (FFT)-based FOE and differential-based FOE,
would fail to work when CD is not compensated [13]. A FOE algorithm that estimates FO
by searching the SCM spectrum dip bottom between subcarriers is proposed to address
this challenge. This algorithm estimates FO by comparing the dip bottom frequency of
the original SCM spectrum with that of the received SCM spectrum [13]. However, it
has been found that this algorithm cannot work with the DSCM systems using a small
root-raised-cosine (RRC) roll-off factor. Another FOE algorithm based on measuring the
location of the edge of the SCM signal spectrum is also reported [14]. This algorithm is
feasible for DSCM systems using a small roll-off factor such as 0.05. In addition, a FOE
algorithm based on the summed power of spectral components is carried out. It resorts to
the total power change caused by FO within a specific bandwidth to evaluate FO [15]. But,
this algorithm is only suitable for DSCM systems employing symmetrically distributed
subcarriers.

In this paper, a pilot tone-based FOE algorithm is proposed for DSCM systems, which
estimates FO by tracking the frequency offset of the pilot tone. The proposed algorithm
features high spectrum efficiency since no guard band is needed with the pilot tone inserted
at the SCM spectrum dip bottom. In addition, the proposed algorithm is testified to be
insensitive to the roll-off factor. The remainder of this paper is organized as follows. The
principle of the proposed algorithm is introduced in Section 2. In addition, the two-stage
FOE structure for reducing computational complexity is described, and the interaction
between the pilot tone-to-signal power ratio (PSR) and the Q-factor is discussed in this
section. Then, the complexity of the proposed algorithm and two reported FOE algorithms
from [13,15] are analyzed and compared under the assumption of the same estimation
accuracy in Section 3. In Sections 4 and 5, simulations and offline experiments verify that
the proposed algorithm is tolerant to CD and feasible for DSCM systems. Finally, the work
of this paper is summarized in Section 6.

2. Principle

The pilot tone-based DSP scheme for DSCM systems with SCM signal spectrum is
illustrated in Figure 1, with (A) and (B) representing transmitter (Tx) and receiver (Rx) DSP,
respectively. Figure 1C,E are SCM signal spectrums at some concerned points of the signal
processing flow path to help understand how the pilot tone-based algorithm works. In the
Tx DSP, QAM mapping is first performed on each subcarrier. Then, the subcarrier signals
are transformed into the frequency domain (FD) to obtain a Nyquist shape with a root-
raised-cosine (RRC) filter and multiplexed to form the SCM signal. The SCM spectrum dips,
highlighted by red circles in Figure 1C, are formed between two adjacent subcarriers. In
order to minimize interference between the pilot tone and payload signal and the spectrum
efficiency cost, the pilot tone is designed to be inserted at the bottom of an SCM spectrum
dip without a guard band between the pilot tone and payload signal. When the subcarriers
are distributed symmetrically at about frequency zero, as shown in Figure 1C, the pilot
is inserted at frequency zero, as shown in Figure 1D. It is worth pointing out that when
the subcarriers are not distributed symmetrically about frequency zero, the pilot tone may
be inserted at the bottom of the dip at the lowest frequency, and the principle remains the
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same. Equation (1) shows the relationship among the real part of the pilot tone Ry, the
imaginary tone I,,;o;, the initial pilot tone phase 6;,;, and pilot tone power Py,
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Figure 1. The DSCM Tx/Rx DSP based on pilot tone and spectrum of SCM signal: (A) the Tx DSP
scheme; (B) the Rx DSP scheme; (C) the SCM signal spectrum; (D) the SCM spectrum with pilot tone;
(E) the received SCM spectrum under 3 GHz FO.

The pilot tone is inserted at only one polarization to realize pilot tone-based polariza-
tion demultiplexing (Pol-Demux). The pilot tone-based Pol-Demux calculates the Jones
matrix using the pilot tone and its crosstalk in the other polarization, as described in [16].
After the pilot tone is inserted in the FD, the SCM signal with the pilot tone is transformed
into the time domain to be sampled by digital-to-analog converters (DAC).

In the Rx DSP, the spectrum of the received SCM signal under 3 GHz FO is given in
Figure 1E as an example. It could be observed that the pilot tone deviates from its original
frequency in Tx due to the influence of FO. After coherent detection and 2-fold sampling by
the analog-to-digital converters (ADC), the samples’ I/Q amplitude and phase imbalance
are compensated by the Gram—Schmidt orthogonalization procedure (GSOP). Then, the
frequency offset is estimated and compensated by FOE. FOE in this paper is divided into
two stages to reduce total computational complexity. The first-stage FOE is based on pilot
tone and performed on the SCM signal to compensate for the majority of FO. The second-
stage FOE is carried out on subcarriers to compensate for the residual FO. The two-stage
FOE scheme will be described in detail later in this section. After the first-stage FOE in the
FD, the pilot tone and the payload signal are separated. The pilot tone is used to calculate
the Jones matrix to initiate the filter taps of the adaptive equalization and polarization
demultiplex (AEPD) algorithm to track the rotation of the state of polarization. Moreover,
the pilot tone is adopted to estimate the carrier phase noise. The pilot tone-based AEPD
and carrier phase estimation (CPE) could reduce computational complexity compared with
blind ones [17-20]. The principle of those pilot tone-based algorithms will be introduced in
our following papers. As for the payload signal, it is demultiplexed into subcarrier signals.
The CD is compensated independently by the overlap frequency-domain equalization
(OFDE) algorithm for each subcarrier to reduce total computational complexity. Timing
synchronization is achieved by the scheme for DSCM systems proposed in our previous
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work [21]. Then, differential group delay (DGD) and residual CD on each subcarrier are
compensated by the radius-directed equalization (RDE) algorithm with filter taps initialized
by pilot tone. The subcarrier signals are matched with an RRC filter after RDE and the 4th
power FFT algorithm is carried out to compensate for residual FO. The carrier phase noise
on each subcarrier is compensated by pilot tone-based CPE. In the case of a relatively large
laser linewidth symbol duration product A fj;,,.- Ts, where A fj;,,. denotes laser linewidth and
Ts represents subcarrier symbol duration, a second-stage CPE is introduced to compensate
for the residual phase noise. In this paper, the residual phase noise is compensated by
the maximum likelihood (ML) algorithm because, with the majority of the phase noise
canceled by the first-stage CPE, ML could improve linewidth tolerance with low complexity
cost [17,18].

With the DSP scheme already introduced above, the principle of the two-stage FOE
scheme will be described in detail. The first-stage FOE is based on the pilot tone. Since the
power spectrum density of the pilot tone in the Tx is designed to be much higher than the
payload signal, it is easy to identify the pilot tone by searching the peak of the received
SCM spectrum. Then, FO could be estimated using Equation (2) with pilot tone frequency
in the Tx/Rx denoted by frxpior and frxpilot, respectively, as illustrated in Figure 2.

foffset = fopilot - fopilot 2)
X /i Rapilot - - »/;!//\el
b FET —» Peak Search | || FO estimation >
—» max(+) fo//w =f; Txpilot -/ Rapilot

XQ
Figure 2. The pilot tone-based FOE algorithm.

The pilot tone remains to be the peak of the SCM spectrum under the influence of
CD, and the frequency of the pilot tone is not changed by CD. So, by identifying the peak
of the SCM spectrum, the pilot tone could be located, and FO estimation could be made
with the pilot tone frequency without CD compensated. In this way, the proposed FOE
algorithm is tolerant to CD. Moreover, the pilot tone-based FOE is insensitive to the roll-off
factor because the pilot tone also keeps being the peak of the SCM spectrum under different
roll-off factors. Therefore, FO estimations by searching the peak of the SCM spectrum could
work without being influenced by the roll-off factor changes.

A two-stage structure is employed to reduce the total complexity of the FOE algorithm.
From the principle given above, the estimation accuracy is mainly determined by the
frequency resolution, which is defined by Ryspie/ Nepr, where Rggppie is the sampling rate
of the SCM signal, and Nprr is the FFT length. Under a specific sampling rate, the longer
the FFT length, the higher the frequency resolution, and the more accurate the estimation.
However, the computational complexity also increases with frequency resolution. The
proposed FOE algorithm employs a two-stage structure to reduce complexity. A low-
frequency resolution is used in the first stage for the subcarriers to be demultiplexed
properly. Then, the residual FO is compensated by the second-stage FOE on subcarriers
with high-frequency resolution. The second-stage FOE could choose from mainstream
blind FOE algorithms for SC systems because CDC is already compensated, and each
subcarrier could be considered a single carrier; the 4th power FFT algorithm is selected as
the second-stage FOE. The sampling rate for the subcarriers is only 1/2Ng¢ of the SCM
signal, where Ngc is the total subcarrier number, so the second-stage FOE could achieve
an estimation accuracy Ngc times higher than the first stage with half of the first-stage
FFT length. Additionally, since all subcarriers share the same FO, the estimation from
one subcarrier could be applied to all subcarriers. Therefore, the two-stage FOE scheme
would reduce the total complexity under the final estimation accuracy of ~10 MHz level,
which satisfies the residual FO tolerance of CPE algorithms. The specific parameters will
be discussed in Section 4.
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The FO estimation range of the pilot tone-based algorithm is decided by the receiver
bandwidth since the FO estimation cannot be made when the receiver filters out the pilot
tone. The FO estimation range will be verified by simulations in the following section.

The pilot tone-to-signal-power ratio also plays an important role in the pilot tone-
based FOE. The PSR should be large enough to make sure that the noise does not severely
mask the pilot tone. At the same time, it should also be small enough to ensure sufficient
power is allocated to the payload signal to maintain the optical signal noise ratio (OSNR) of
the payload signal [17-19]. The optimization of PSR shall be discussed in Sections 4 and 5.

3. Complexity Analysis

In this section, the computational complexity of the proposed FOE scheme is analyzed.
The complexity of two reported blind FOEs for DSCM systems from [13,15] are also referred
to as comparisons.

The FFT length for searching the pilot tone is Nrrr, corresponding to Nrrr/2 symbols
under 2-fold sampling. In this case, performing FFT needs 0.5Nprr log 2(Nppr) complex
multiplications and Nrprlog2(Nprr) complex additions. Then, locating the peak of the
spectrum requires Nrrr comparisons. Finally, the FO is calculated with Equation (2), which
costs only one real addition. In the second-stage FOE, the sampling rate of each subcarrier
is 1/2Ngc of the SCM signal and Ngc is usually 8~16 in DSCM systems. Using half of the
FFT length of the first-stage FOE, the frequency resolution of the second-stage FOE could
be about ten times higher than the first-stage FOE, leading to a higher estimation accuracy
and lower complexity cost. In addition, the FO estimated from one subcarrier could be
applied to all subcarriers. These two factors determine that the complexity per symbol
of the second-stage FOE takes less than 10% of the total complexity while the first-stage
FOE takes more than 90%. In this case, the complexity of the first stage could be used to
represent that of the whole FOE algorithm. Since multiplications are much more complex
than real additions and comparisons, only real multiplications are counted in this paper. In
this way, the computational complexity for the proposed FOE algorithm is 41og 2(Nprr)
real multiplications per symbol.

Then, two blind FOE algorithms reported for DSCM systems are referred to as com-
parisons; the FOE algorithm from [13] shall be referred to as blind-schemel, and the FOE
algorithm from [15] will be indicated as blind-scheme2 for convenience. These two al-
gorithms also use a two-stage FOE structure. Only the first-stage complexity is counted
here for comparison because the first-stage FOE takes most of the complexity, just as the
proposed algorithm. The complexity of all algorithms is analyzed with 2-fold sampling.
The complexity evaluated per symbol is shown in Table 1.

Table 1. Computational complexity per symbol for three FOE algorithms.

DSCM FOE Algorithm Real Multiplication
Pilot tone-based 4log2(Nprr)
blind-schemel 41og2(Nprr)
blind-scheme2 4log2(Nppr) + 4

The parameter Nprr is the FFT length for all the FOE algorithms analyzed. The com-
plexity comparison is made under the same estimation accuracy for three FOE algorithms.
To achieve this goal, the parameter Nrrr is 1024 for all algorithms based on the principle
introduced in [13,15] and our simulation for these algorithms. With the prerequisite stated
above, the complexity of the pilot tone-based FOE is 40 real multiplications per symbol,
just the same as that of blind-schemel. The complexity of blind-scheme?2 is 44 real multipli-
cations per symbol. The complexity of the three FOE algorithms is almost the same because
their performances are closely related to the frequency resolution of the DSCM spectrum,
and the primary complexity source is from FFT. Under the same estimation accuracy, those
three FOE algorithms have the same complexity.
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4. Simulations

In this section, the proposed pilot tone-based FOE algorithm is simulated using an
8 x 8 G Baud PM-16QAM DSCM system. The simulation is based on VPI Transmission
Maker V9.9 and software-coded DSP algorithms. External cavity lasers (ECL) with ad-
justable linewidth are used at the transmitter and the receiver. The Nyquist-shaped SCM
signal is generated by the Tx DSP, as described in Figure 1A. After pilot tone insertion in X
polarization, the SCM signal is converted to the analog domain by DACs and drives optical
I/Q modulators for electrical-to-optical conversion. The launch power of the Tx laser in
the simulation is 4.5 dBm. Then, the optical SCM signal is fed to the fiber link, which
consists of 80 km standard single-mode fiber (SSMF) spans and an in-line erbium-doped
fiber amplifier (EDFA) to compensate for the power loss after each span. The noise figure
of the EDFA is 5 dB. The transmitted optical SCM signal is received by a coherent receiver
headend and converted to the digital domain by ADCs with 2-fold sampling. Finally, the
sampled signal is processed via Rx DSP, as described in Figure 1B, and the BER/Q-factor is
calculated to evaluate system performance. In the simulation, the resolution of DAC and
ADC is set to 7 bits. DSCM systems employing symmetrically distributed subcarriers are
simulated as an example in this section. The conclusions of the simulation are also feasible
for DSCM systems employing asymmetrically distributed subcarriers because the principle
of the proposed FOE algorithm is the same for both kinds of DSCM systems.

The PSR and frequency resolution must be optimized first to guarantee the best
performance of the proposed algorithm. The PSR also plays an important role in pilot tone-
based CPE, so it is examined with different FOs and laser linewidths. FO is configured to
1 GHz and 3 GHz; the laser linewidth is set to 100 kHz and 1 MHz. The simulation is carried
out with 20 spans of transmission. In Figure 3A, Q-factors reach their maximum with PSR
of —18 dB and —17.5 dB for linewidths of 100 kHz and 1 MHz, respectively, and drop down
as the PSR increases or decreases. This phenomenon corresponds to the analysis made in
the previous section. The quality of pilot’s tone is adversely impacted by noise with a low
PSR. Performances of pilot tone-based FOE and CPE are degraded in this situation, and so
are the Q-factors. As the power allocated to the pilot tone increases, pilot tone-based FOE
and CPE performances improve, leading to increased Q-factors. However, as PSR keeps
increasing, the power allocated to the payload signal is insufficient to maintain its OSNR,
resulting in decreases in Q-factors. From the simulation, it could be observed that PSR is
insensitive to FO; this is attributed to the fact that pilot tone frequency is not influenced by
pilot tone power. It also should be noted that PSR is sensitive to laser linewidth because
with larger laser linewidth, the pilot tone should be allocated more power so that it is less
influenced by noise, and estimation accuracy is ensured [17,18]. The simulations below are
executed with a PSR of —18 dB and typical 100 kHz laser linewidth.

In Figure 3B, the residual FOs versus FFT length via back-to-back (B2B) simulations are
plotted for the pilot tone-based FOE and blind-schemel. The residual FO of the proposed
FOE algorithm is smaller than that of the blind-schemel, and FO decreases as the FFT
length or the frequency resolution increases. That is because both FOE algorithms depend
on locating some positions of SCM spectrum features, either the pilot tone or the spectrum
dip bottoms, to make estimations. With higher frequency resolution, it is easier for these
algorithms to distinguish SCM spectrum features, leading to more accurate estimations and
smaller residual FO. Compared with searching the SCM spectrum dip bottoms, the peak of
the pilot tone is more robust to noise as the pilot tone power is much higher than noise,
while the dip bottoms are more sensitive to noise, so the residual FO of the pilot tone-based
FOE is smaller than that of blind-schemel. The residual FO of the proposed algorithm
reduces below 15 MHz when the FFT length reaches 8192 and becomes saturated afterward.
That is because the estimation accuracy is mainly decided by frequency resolution when
frequency resolution is below 30 MHz. As frequency resolution increases to 15 MHz, the
influence of noise becomes the main factor that limits the estimation accuracy instead of
frequency resolution. Increasing frequency resolution will not bring much improvement
but pay extra computational complexity costs. To make a good tradeoff between the final
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estimation accuracy and total computational complexity for FOE, the FFT length for the
first-stage FOE is set to 1024 with a residual FO of 120 MHz. The final estimation accuracy
of 10 MHz is achieved via the second-stage FOE with an FFT length of 512. The simulation
shows the estimation accuracy is decided by frequency resolution, which corroborates the
analysis made in Section 2. Under the same estimation accuracy of 10 MHz, the complexity
of a two-stage FOE with the FFT length stated above is about one-third of that of only using
the first-stage FOE with an FFT length of 8192.
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Figure 3. Simulation results: (A) Q-factor vs. PSR under 20 spans transmission; (B) residual FO vs.
FFT length under B2B; (C) residual FO vs. FO under B2B; (D) residual FO and Q-factor vs. roll-off
factor under B2B and 20 spans transmission, respectively, with FFT length of 1024.

The FO estimation range is tested by B2B simulation under receiver bandwidths
of 35.2 GHz and 26.4 GHz, corresponding to 100% and 75% of SCM signal bandwidth
using the roll-off factor 0.1. The simulation results in Figure 3C show that the pilot tone-
based FOE could make correct estimations in FO ranges of (—35.2 GHz, 35.2 GHz) and
(—26.4 GHz, 26.4 GHz) under receiver bandwidth of 35.2 GHz and 26.4 GHz, respectively.
The simulation result shows that the FO estimation range of the pilot tone-based algorithm
is decided by the receiver bandwidth. That is because when the pilot tone is filtered out by
the receiver, FO estimations cannot be made. For a commercial transceiver, FO is usually
within [-3 GHz, 3 GHz]; the FO estimation range of the proposed algorithm could cover
this FO range.

To compare with blind-schemel, the impacts of the roll-off factor are examined by
B2B simulation for the pilot tone-based FOE and blind-schemel under an FFT length of
1024; the result is plotted in Figure 3D. The residual FO of the pilot tone-based FOE is
stable at 120 MHz under the roll-off factor span [0.05, 0.3]. That is because the pilot tone
remains at the peak of the SCM spectrum despite the changes in the roll-off factor; FO
estimation by identifying pilot tone frequency is not influenced. So, the pilot tone-based



Photonics 2024, 11, 118

8 of 13

FOE is insensitive to the roll-off factor. On the contrary, blind-schemel is sensitive to the
roll-off factor. The residual FO of blind-schemel increases by about 300 MHz when the
roll-off factor decreases to 0.05 because it is challenging to identify the SCM spectrum dip
bottom under a small roll-off factor. In addition, the residual FO of blind-schemel also
slightly increases when a roll-off factor reaches 0.25. This is because the SCM spectrum dips
generated by RRC shaping are not steep enough, leading to increased estimation errors.
Then, the Q-factor of the pilot tone-based scheme is evaluated under different roll-off
factors with 20 spans of transmission. As is shown in Figure 3D, the Q-factor is stable for
the roll-off factor span [0.05, 0.3]. That is attributed to the fact that all DSP algorithms are
insensitive to the roll-off factor in the proposed pilot tone-based scheme. The roll-off factor
is set to 0.1 for the simulations and offline experiments as, in this case, both the proposed
scheme and the blind-schemel could work, and spectrum efficiency is relatively high.

With PSR and frequency resolution optimized, a transmission simulation is carried
outin an 8 x 8 G Baud PM-16QAM DSCM system to show the validity of the pilot tone-
based FOE. Another 8 x 8 G Baud PM-16QAM DSCM system with different Rx DSP is
simulated as a comparison. It is referred to as the so-called all-blind DSCM system for
the following sections of this paper. The Tx DSP for the all-blind DSCM system uses the
scheme illustrated in Figure 1A, except that no pilot tone is inserted. The Rx DSP for the
all-blind DSCM system employs the scheme shown in Figure 1B with a few modifications:
the pilot tone-based FOE algorithm is replaced with blind-schemel, the pilot tone-based
AEPD and CPE are changed by RDE and the blind phase searching (BPS), respectively. The
64 G Baud PM-16QAM Nyquist SC system simulation is also executed to compare with
the DSCM systems. The Tx DSP for Nyquist SC systems consists of QAM mapping and
Nyquist shaping. The Rx DSP includes I/Q orthonormalization, CD compensation, timing
recovery, AEPD, RRC-matched filtering, and carrier recovery, as described in [22]. The
Q-factor/BER versus transmission spans are plotted in Figure 4.
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Figure 4. Q-factor vs. span for DSCM and SC systems by simulations.

The simulation results indicate that within five spans of transmission, the Nyquist SC
system outperforms DSCM systems in Q-factor. It is attributed to the fact that with limited
DAC/ADC resolution, quantization noise causes more severe performance penalties to
DSCM systems than to Nyquist SC systems. In DSCM systems, multiplexed subcarriers
lead to a larger amplitude range than the SC systems. As a result, quantifying SCM
signal with limited DAC/ADC resolution induces more severe noise than SC signal when
the fiber nonlinearity impact on the Q-factor is very small, such as within five spans of
transmission. As the transmission distance increases to 10 spans, the Q-factors of DSCM
systems are higher than Nyquist SC systems because the fiber nonlinearity tolerance of
DSCM systems enables DSCM systems to perform better than Nyquist SC systems on long-
distance transmission. Finally, the DSCM system employing pilot tone-based algorithms
outperforms the Nyquist SC system and the all-blind DSCM system by 1 dB and 0.2 dB in



Photonics 2024, 11, 118

90of 13

Q-factor, respectively, at 40 spans transmission. The DSCM system with pilot tone performs
slightly better than the all-blind DSCM system because the pilot tone-based AEPD and CPE
perform better than RDE and BPS under long-distance transmission. The simulation results
prove the pilot tone-based algorithm is tolerant to CD and insensitive to roll-off factor,
supports a large enough FO estimation range for commercial transceivers, and secures the
advantage of DSCM systems over Nyquist SC systems.

5. Offline Experiments

An offline experiment system is set up to verify the proposed algorithm further. The
offline experiment system is illustrated in Figure 5A. The experiments are carried out with
an 8 x 8 G Baud PM-16QAM DSCM system. The SCM signal with pilot tone is generated
by Tx DSP under a roll-off factor of 0.1 and sent to the arbitrary waveform generator (AWG)
with a 3 dB bandwidth of ~40 GHz and resolution of 8 bits to obtain converted into the
analog domain. The converted SCM signal is sent to the dual-polarization I/Q modulator
with the built-in ECL to be transformed into the optical domain. The ECL central frequency
is set to 193.414 THz, and the measured linewidth of the ECL is ~50 kHz. The generated
optical SCM signal is transmitted with the fiber loop. Its spectrum is illustrated in Figure 5B.
The fiber loop mainly consists of a loop controller, 80 km SSMF, EDFAs, coupler, and optical
bandpass filter (OBPF). EDFA1 controls the input power, and EDFA2 compensates for the
power loss after each span. The noise figure of EDFAs is about 5 dB, and the input power to
the SSMF is set to 1.5 dBm. After transmission, the SCM signal is received by the coherent
receiver with an internal local oscillator (LO). The measured linewidth of LO is ~50 kHz,
too, and the central frequency of LO is intentionally deviated from 193.414 THz to introduce
FO. The spectrum of the received SCM signal under 3 GHz FO is given in Figure 5C as
an example. The received SCM signal is sampled by a digital storage oscilloscope whose
sampling rate is 80 G Sa/s, and whose resolution is 8 bits. The samples from the oscilloscope
are processed by offline Rx DSP. In the experiments, the Tx DSP scheme is the same as that
illustrated in Figure 1A. The Rx DSP up-samples the received signal to 2-fold sampling
first and then employs the Rx DSP scheme depicted in Figure 1B. This offline experiment
system also works for Nyquist SC systems when the Tx/Rx DSPs are replaced with those
for the SC systems. It is important to point out that due to the limited frequency accuracy
and stability of the laser, the frequencies of internal ECL and LO keep varying during
the experiment, so the FO introduced by adjusting the central frequency of LO also keeps
varying. In this situation, the estimated FO from the second-stage FOE is regarded as the
residual FO of the pilot tone-based FOE. The frequency resolution of the second-stage FOE
could be ten times smaller than the residual FO of pilot tone-based FOE, making it suitable
to evaluate residual FO with the second-stage estimation.

The PSR is to be optimized for offline experiments first. Since the highly integrated 1/Q
modulator and coherent receiver in the experiment do not support tunable laser linewidth,
the impact of different laser linewidth on PSR is not tested. The PSR optimization is carried
out with three span transmissions and different FOs; the result is given in Figure 6A. The
Q-factors reach their maximum values when the PSR is —18 dB, and the PSR is insensitive
to the FO. The experiment results, and simulation results corroborate. The rest of the offline
experiments are executed with a PSR of —18 dB.

The residual FO vs. FFT length is then tested using B2B experiments. As illustrated in
Figure 6B, the residual FO of the pilot tone-based FOE and blind-schemel decreases as FFT
length increases, the residual FO is smaller than 15 MHz when FFT length reaches 8192
and then becomes saturated afterward, and the residual FO of the pilot tone-based FOE is
smaller than that of blind-schemel. These experiment results could be explained by the
same reasons analyzed in Section 4. The first-stage FFT length is set to 1024 with a residual
FO of 130 MHz for the experiments to achieve a good tradeoff between complexity and
the final estimation accuracy. The final estimation accuracy of 10 MHz is achieved by the
second-stage FOE with the FFT length of 512 as in the simulation. Compared with using
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the first-stage FOE only under FFT length of 8192, the two-stage FOE in the experiments
achieves the same complexity reduction as that in Section 4.
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Figure 5. (A) DSCM offline experiment set up with pilot tone-based algorithm; (B) SCM spectrum
from Tx; (C) received SCM spectrum under 3 GHz FO.
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Figure 6. (A) Q-factor vs. PSR by 240 km transmission experiments; (B) residual FO vs. FFT length
by B2B experiments.

Then, the DSCM system employing the proposed pilot tone-based algorithms and the
DSCM system with the so-called all-blind DSP described above in Section 4 are testified
with transmission experiments, a 64 G Baud PM-16QAM Nyquist SC system is also carried
out as a comparison.

As depicted in Figure 7, the Q-factor of the DSCM system with pilot tone-based
algorithms is lower than the Nyquist SC system within three spans transmission for the
same reason as analyzed in Section 4. Then, the Q-factor of the DSCM system with pilot
tone-based algorithms outperforms the Nyquist SC system as the transmission distance
increases to five spans due to the greater fiber nonlinearity tolerance of DSCM systems.
Finally, the Q-factors of the DSCM system are 0.5 dB higher than the Nyquist SC system
under eight spans transmission. Additionally, the Q-factor of the DSCM system with pilot
tone-based algorithms is about 0.1 dB higher than that of the DSCM system with all-blind
DSP for the same reason stated in Section 4. The transmission experiment proves that the
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pilot tone-based FOE is tolerant to CD and secures the advantage of DSCM systems over
SC systems on long-distance transmission.
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Figure 7. Q-factor vs. span for DSCM and SC systems by transmission experiments.

6. Conclusions

The FOE algorithms in the DSCM systems should be tolerant of CD. However, the
mainstream blind FOE algorithms for the SC systems are not feasible for the DSCM systems
because of their poor CD tolerance. To address this challenge, a pilot tone-based FOE
algorithm with a two-stage structure is proposed in this paper. The proposed FOE algorithm
is tolerant to CD because the pilot tone keeps being the peak of the SCM spectrum under the
influence of CD, and the FOE could be made by identifying the pilot tone. The interference
between the payload signal and the pilot tone is minimized by inserting the pilot tone
at the SCM spectrum dip bottom. Therefore, no guard band is needed for the proposed
FOE algorithm, and high spectrum efficiency is ensured. The simulations show that
the estimation accuracy of the pilot tone-based FOE is better than that of blind-shcemel
because the pilot tone is more robust to noise. The final estimation accuracy of 10 MHz is
achieved by the two-stage FOE with one-third of the complexity of using first-stage FOE
only. The FO estimation range decided by the receiver bandwidth could cover the FO
range of a commercial transceiver. In addition, the proposed FOE algorithm is testified to
be insensitive to the roll-off factor. Then, 3200 km transmission simulations indicate that
the DSCM system employing the pilot tone-based algorithm outperforms the 64 G Baud
PM-16QAM Nyquist SC system by 1 dB in Q-factor. The proposed FOE algorithm is also
verified by offline experiments, and 10 MHz final estimation accuracy is achieved as in
simulation. The transmission experiment shows that the 8 x 8 G Baud PM-16QAM DSCM
system with the proposed algorithm outperforms the 64 G Baud PM-16QAM Nyquist SC
system by 0.5 dB in Q-factor under 640 km transmission. Both simulations and offline
experiments show that the DSCM system with pilot tone-based algorithms could bring
0.1~0.2 dB Q-factor improvement compared with the DSCM system using the so-called
all-blind DSP.

In summary, compared to the reported FOE algorithms for DSCM systems, the pro-
posed FOE algorithm achieves the same FO estimation accuracy and remains insensitive to
the roll-off factor changes. In addition, the pilot tone-based AEPD and CPE are beneficial
for tracking the rotation of the state of polarization and reducing complexity; these grant
the proposed algorithm an advantage over the all-blind ones.

Author Contributions: Conceptualization, Y.Z. (Yuchen Zhang), X.C. and T.Y.; methodology, Y.Z.
(Yuchen Zhang), X.C. and T.Y.; formal analysis, Y.Z. (Yuchen Zhang) and X.C.; investigation, Y.Z.
(Yuchen Zhang), T.Y., ].Y. and Y.Z. (Yan Zhao); data curation, Y.Z. (Yuchen Zhang), J.Y., G.S. and Z.].;
writing—original draft preparation, Y.Z. (Yuchen Zhang) and X.C.; writing—review and editing, Y.Z.



Photonics 2024, 11, 118 12 of 13

(Yuchen Zhang), X.C., T.Y. and J.Y,; visualization, Y.Z. (Yuchen Zhang) and X.C.; supervision, Y.Z.
(Yuchen Zhang), X.C. and T.Y.; project administration, T.Y. and X.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities
(No. 2022RC09), Fund of State Key Laboratory of IPOC (BUPT) (No. IPOC2021ZT17), and the
National Natural Science Foundation of China (No. 62001045).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to the fact that the data also form part
of an ongoing study.

Acknowledgments: The authors express their appreciation to the reviewers for their valuable
suggestions.

Conflicts of Interest: Dr. Yan Zhao is employed by ZTE Cooperation. The funding sponsors had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript, and in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Sun, H.; Torbatian, M.; Karimi, M.; Maher, R.; Thomson, S.; Tehrani, M.; Gao, Y.; Kumpera, A.; Soliman, G.; Kakkar, A.; et al.
800G DSP ASIC Design Using Probabilistic Shaping and Digital Sub-Carrier Multiplexing. J. Light. Technol. 2020, 38, 4744-4756.
[CrossRef]

Shieh, W.; Tang, Y. Ultrahigh-speed signal transmission over nonlinear and dispersive fiber optic channel: The multicarrier
advantage. IEEE Photonics J. 2010, 2, 276-283. [CrossRef]

Qiu, M.,; Zhuge, Q.; Chagnon, M.; Zhang, F; Plant, D.V. Laser phase noise effects and joint carrier phase recovery in coherent
optical transmissions with digital subcarrier multiplexing. IEEE Photonics . 2017, 9, 7901013. [CrossRef]

Guiomar, EP; Carena, A.; Bosco, G.; Bertignono, L.; Nespola, A.; Poggiolini, P. Nonlinear mitigation on subcarrier-multiplexed
PM-16QAM optical systems. Opt. Express 2017, 25, 4298-4311. [CrossRef]

Qiu, M.; Zhuge, Q.; Chagnon, M.; Gao, Y.; Xu, X.; Morsy-Osman, M.; Plant, D.V. Digital subcarrier multiplexing for fiber
nonlinearity mitigation in coherent optical communication systems. Opt. Express 2014, 22, 18770-18777. [CrossRef] [PubMed]
Yankov, M.P,; Barletta, L.; Zibar, D. Phase noise compensation for nonlinearity-tolerant digital subcarrier systems with high-order
QAM. IEEE Photonics J. 2017, 9, 7203812. [CrossRef]

Carbo, A.; Renaudier, ].; Rios-Miiller, R.; Tran, P.; Charlet, G. Experimental analysis of nonlinear tolerance dependency of multi-
carrier modulations versus bandwidth efficiency. In Proceedings of the 2015 European Conference on Optical Communication
(ECOC), Valencia, Spain, 27 September—1 October 2015; pp. 1-3.

Poggiolini, P.; Nespola, A.; Jiang, Y.; Bosco, G.; Carena, A.; Bertignono, L.; Bilal, S.M.; Abrate, S.; Forghieri, F. Analytical and
experimental results on system maximum reach increase through symbol rate optimization. J. Light. Technol. 2016, 34, 1872-1885.
[CrossRef]

Guiomar, EP,; Bertignono, L.; Nespola, A.; Carena, A. Frequency-domain hybrid modulation formats for high bit-rate flexibility
and nonlinear robustness. . Light. Technol. 2018, 36, 4856—4870. [CrossRef]

Rahman, T.; Rafique, D.; Spinnler, B.; Napoli, A.; Bohn, M.; Koonen, A.M.].; Okonkwo, C.M.; de Waardt, H. Digital subcarrier
multiplexed hybrid QAM for data-rate flexibility and ROADM filtering tolerance. In Proceedings of the 2016 Optical Fiber
Communications Conference and Exhibition (OFC), Anaheim, CA, USA, 20-22 March 2016; pp. 1-3.

Idler, W.; Buchali, E; Schuh, K. Experimental study of symbol-rates and MQAM formats for single carrier 400 Gb/s and few
carrier 1 Tb/s options. In Proceedings of the 2016 Optical Fiber Communications Conference and Exhibition (OFC), Anaheim,
CA, USA, 20-22 March 2016; pp. 1-3.

Guiomar, FP; Bertignono, L.; Pilori, D.; Nespola, A.; Bosco, G.; Carena, A.; Forghieri, F. Comparing Different Options for Flexible
Networking: Probabilistic Shaping vs. Hybrid Subcarrier Modulation. In Proceedings of the 2017 European Conference on
Optical Communication (ECOC), Gothenburg, Sweden, 17-21 September 2017; pp. 1-3.

Xiang, M.; Lv, H.; Fu, S.; Li, J.; Xu, O.; Peng, D.; Gao, Z.; Wang, Y.; Qin, Y. Hardware-efficient blind frequency offset estimation for
digital subcarrier multiplexing signals. Opt. Express 2021, 29, 19879-19890. [CrossRef] [PubMed]

Ramdial, R.; Liang, X.; Kumar, S.; Downie, ].D.; Wood, W.A. Frequency offset estimation algorithm for a multi-subcarrier coherent
fiber optical system. In Proceedings of the Next-Generation Optical Communication: Components, Sub-Systems and Systems IX,
SPIE, San Francisco, CA, USA, 5-6 February 2020; Volume 11309, pp. 73-82.

Lv, H,; Xiang, M.; Wu, R.; Ma, Y;; Li, J.; Xu, O.; Peng, D.; Qin, Y.; Fu, S. Hardware-Efficient Blind Frequency Offset Estimation for
Spectral-Efficient Digital Subcarrier Multiplexing Systems. J. Light. Technol. 2022, 40, 4246-4256. [CrossRef]


https://doi.org/10.1109/JLT.2020.2996188
https://doi.org/10.1109/JPHOT.2010.2043426
https://doi.org/10.1109/JPHOT.2016.2647221
https://doi.org/10.1364/OE.25.004298
https://doi.org/10.1364/OE.22.018770
https://www.ncbi.nlm.nih.gov/pubmed/25089494
https://doi.org/10.1109/JPHOT.2017.2740983
https://doi.org/10.1109/JLT.2016.2516398
https://doi.org/10.1109/JLT.2018.2866625
https://doi.org/10.1364/OE.425688
https://www.ncbi.nlm.nih.gov/pubmed/34266089
https://doi.org/10.1109/JLT.2022.3163017

Photonics 2024, 11, 118 13 of 13

16.

17.

18.

19.

20.

21.

22.

Cui, N.; Zhang, X.; Zheng, Z.; Xu, H.; Zhang, W.; Tang, X; Xi, L.; Fang, Y; Li, L. Two-parameter-SOP and three-parameter-RSOP
fiber channels: Problem and solution for polarization demultiplexing using Stokes space. Opt. Express 2018, 26, 21170-21183.
[CrossRef] [PubMed]

Zhang, Z.; Lin, ].; Su, X,; Xi, L.; Qiao, Y.; Zhang, X. Optical domain scheme of pilot-tone-aided carrier phase recovery for Nyquist
single-carrier optical communication system. Opt. Eng. 2014, 53, 066108. [CrossRef]

Morsy-Osman, M.; Zhuge, Q.; Chen, L.R.; Plant, D.V. Feedforward carrier recovery via pilot-aided transmission for single-carrier
systems with arbitrary M-QAM constellations. Opt. Express 2011, 19, 24331-24343. [CrossRef] [PubMed]

Morsy-Osman, M.; Zhuge, Q.; Chagnon, M.; Xu, X.; Plant, D.V. Experimental demonstration of pilot-aided polarization recovery,
frequency offset and phase noise mitigation. In Proceedings of the 2013 Optical Fiber Communication Conference and Exposition
and the National Fiber Optic Engineers Conference (OFC/NFOEC), Anaheim, CA, USA, 17-21 March 2013; pp. 1-3.

Jiang, H.; Zhai, Z.; Zeng, X.; Fu, M,; Fan, Y,; Yi, L.; Hu, W.; Zhuge, Q. Ultra-fast RSOP tracking via 3 pilot tones for short-distance
coherent SCM systems. Opt. Express 2021, 29, 3128-3136. [CrossRef] [PubMed]

Zhang, Y.; Chen, X; Ji, Z.; Sun, G.; Yang, T.; Zhang, L.; Wang, W. A Low Complexity Timing Recovery Scheme for Digital
Subcarrier Multiplexing Systems. In Proceedings of the 2022 Asia Communications and Photonics Conference (ACP), Shenzhen,
China, 5-8 November 2022; pp. 613-617.

Savory, S.J. Digital coherent optical receivers: Algorithms and subsystems. IEEE ]. Sel. Top. Quantum Electron. 2010, 16, 1164-1179.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/OE.26.021170
https://www.ncbi.nlm.nih.gov/pubmed/30119421
https://doi.org/10.1117/1.OE.53.6.066108
https://doi.org/10.1364/OE.19.024331
https://www.ncbi.nlm.nih.gov/pubmed/22109460
https://doi.org/10.1364/OE.419574
https://www.ncbi.nlm.nih.gov/pubmed/33820260
https://doi.org/10.1109/JSTQE.2010.2044751

	Introduction 
	Principle 
	Complexity Analysis 
	Simulations 
	Offline Experiments 
	Conclusions 
	References

