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Abstract— In this paper, we have designed a low-overhead low-
complexity carrier phase tracking scheme for OFDM-based
superchannel transmission system enabled by optical frequency
combs. In this scheme, taking advantage of the broadband phase
coherence provided by optical frequency combs among the OFDM-
bands, the carrier phase retrieved from pilot-subcarriers of the
OFDM-band on the central wavelength channel is reused for the
OFDM-bands on the other wavelength channels. In this case, the
overall pilot-subcarrier overhead and DSP complexity is
significantly reduced since the pilot-subcarriers occupy a small
fraction of the overall OFDM bandwidth. The feasibility of this
joint-carrier phase tracking scheme has been verified successfully
via comprehensive simulation, where results show that the BER
threshold for soft-decision FEC could be achieved for S0GHz-
spaced 5-band 4-QAM, 8-QAM, 16-QAM and 32-QAM OFDM-
based superchannel signals with zero guard-band and both laser
and nonlinear phase noise effects after 7000km, 4000km, 3000km
and 2000km SSMF transmission respectively. The simulation
results show that there exist chromatic dispersion-induced
differential phase offset among the OFDM-bands whose impact on
joint-carrier phase tracking depends on the modulation format,
channel count and fiber length. Finally, we demonstrate
experimentally the feasibility performance of the designed master-
slave carrier phase tracking technique for comb-based OFDM-
based superchannels.

Index Terms— coherent detection optical fiber systems, comb-based multi-
band OFDM superchannel, master-slave joint-carrier phase tracking technique,
laser and nonlinear phase noise effects.

[. INTRODUCTION

Historically, optical fiber transmission systems operated at the very limits of electronic technology
with data rates far in excess of that which could be generated or sampled digitally [1]. In order to
circumvent the limited speed of analogue and digital converters, superchannels via optical parallelism
has become the enabling technology to improve the spectral efficiency (SE) and scale up the capacity
of today’s fiber transport networks in a cost-effective manner [2]-[4]. The term superchannel refers to
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a set of channels that are co-generated, co-transmitted and co-detected as a single entity [2]-[4]. In this
context, ultra-high-speed superchannels may be basically obtained via digital subcarrier multiplexing
(DSCM) [5], space division multiplexing (SDM, i.e., spatial superchannel) [4], [6], wavelength
division multiplexing (WDM, i.e., spectral superchannel) [2] or a combination of these techniques
(i.e., hybrid superchannel) [3]. In particular, coherent spectrally efficient superchannel can be created
through wavelength multiplexing of either spectrally Nyquist-shaped single-carrier modulated signals
[7]-[14] or orthogonal frequency division multiplexing (OFDM)-modulated signals [15]-[19].
However, carrier phase noise is a major problem in coherent optical transmission systems [20].
Particularly, due to its relatively longer symbol duration, coherent optical OFDM (CO-OFDM)
systems are more susceptible to effects of the carrier phase noise, compared to conventional single
carrier systems [21], [22]. This is because the phase noise in CO-OFDM systems manifests in two
ways — a deterministic common phase error (CPE) that uniformly rotates the phase of all subcarriers,
and intercarrier interference (ICI) caused by loss of orthogonality between the subcarriers [23], [24].

For this reason, pilot-aided carrier phase recovery (PA-CPR) algorithm is commonly used in CO-
OFDM systems [25]. This carrier phase estimation technique takes advantage of the readily available
multiple parallel subcarriers in OFDM systems to allocate few subcarriers with pilot-symbols at
designated positions across the OFDM spectrum for the PA-CPR. Since it does not suffer phase
ambiguities or cycle-slips, the pilot-subcarrier-aided phase estimation technique is very simple and
robust against the phase noise. But PA-CPR reduces the net data-rate and SE of the system as a result
of the pilot-subcarrier overhead. Therefore, to reduce the overhead, a family of blind phase noise
estimation methods have been introduced for CO-OFDM systems to compensate either the CPE only
[26]-[31] or both CPE and ICI [32]-[36]. Others also performed the phase estimation in two stages in
order to avoid or reduce the pilot overhead in CO-OFDM systems [37]-[39]. Compared with the PA-
CPR technique, these blind CPR methods will suffer from high computational complexity (CC) when
applied to demodulate various OFDM bands within a WDM-based superchannel, where the CC may
be scaled up by a factor K (K is the number of bands within the entire superchannel spectrum). For
convenience here, we refer to the WDM channels after OFDM modulation as bands.

Meanwhile, WDM-based superchannels can be generated by using discrete [7], [8], [15], [16] or
phase-locked (i.e., optical frequency comb) laser sources [9]-[19]. For OFDM-based superchannel
systems with phase-locked carriers, the subcarriers of OFDM across the different WDM channels are
orthogonal to each other regardless of the M-QAM format used for the individual comb lines because
the subcarriers are phase-locked to one laser [17]-[19]. The orthogonality among the OFDM
subcarriers guarantee a zero linear inter-channel cross-talk (interference) penalty between adjacent
sub-bands, which removes the need for frequency guard-bands that are necessary between the
subchannels of comb-based Nyquist-WDM superchannel transmission systems [9]-[14]. In this case,
each optical carrier can be seen as conveying a portion of the transmitted signal with strong
overlapping between them, so that each OFDM-band can be perceived to be an orthogonal extension
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of another, and the subsequent entire broad optical OFDM superchannel signal spectrum is seamless.
Consequently, with the frequency guard-bands eliminated, the SE is greatly improved which is an
extremely important target for long-haul superchannel transmission systems.

Besides increasing the system SE, the use of optical frequency comb also guarantees that the phase
relationship among the different spectral optical slices of OFDM-bands is preserved after coherent
detection [17]. This presents an alternative means to achieve spectral overhead reduction for PA-CPR
algorithm [25] through joint-carrier phase tracking. Particularly, the phase noise estimate can be
shared among the multiple sub-bands where one estimated CPE is applied to demodulate all the
individual different OFDM-bands. In this context, the pilot-overhead and CC associated with the
popular frequency-domain PA-CPR will be ultimately scale down by a factor K, compared to using
independent K pilot-subcarriers and CPR modules for the same purpose in conventional multi-
wavelength OFDM-based superchannel systems. To the best of our knowledge, this remains to be
investigated especially for long-haul optical fiber transmission of multi-wavelength comb-based
orthogonal band-multiplexed OFDM-based superchannel signals. In particular, joint-carrier phase
tracking is recently shown to suffer performance degradation due to dispersion-induced phase-offset
in comb-based Nyquist-WDM superchannel transmission systems [13], [14]. Since CO-OFDM
systems with adequate cyclic prefix (CP) exhibit robust immunity against residual chromatic
dispersion (CD) [40], it will be interesting to investigate the joint-carrier phase tracking for multi-
wavelength OFDM-based superchannel systems enabled by optical frequency combs, which is the
focus of this paper.

In this paper, we have designed a master-slave joint-carrier phase tracking scheme for OFDM-based
superchannel transmission system enabled by optical frequency combs. In this scheme, the phase
noise of all sub-bands of the multi-band OFDM superchannel signal is compensated by using only one
phase estimate from the central sub-band. Consequently, the spectral overhead and the computational
complexity associated with the popular frequency-domain pilot-subcarrier common phase error
estimation and compensation is significantly reduced by a factor K. The performance of this joint-
carrier phase tracking scheme has been evaluated successfully via comprehensive simulation, where
results show that the BER threshold for soft-decision FEC could be achieved for 50GHz-spaced 5-
band M-ary QAM (M =4, 8, 16 & 32) OFDM superchannel signal with zero guard band and both
laser and nonlinear phase noise effects after 7000 km, 4000 km, 3000 km and 2000 km SSMF
transmission respectively. The simulation results show that there exist dispersion-induced differential
phase offset among OFDM-bands whose impact on joint-carrier phase tracking is dependent on the
modulation format, channel count and fiber length. In this case, the differential phase offset degrades
the joint-carrier phase tracking performance of outer sub-bands than the inner sub-bands. Finally, we
demonstrate experimentally the feasibility performance of the designed master-slave carrier phase

tracking technique for an OFDM-based superchannel enabled by optical frequency combs.
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Fig. 1. Schematic for standard comb-based WDM superchannel transmission system set-up. [-Q MOD.: In-phase-Quadrature
modulator; DEMUX/MUX: demultiplexer/multiplexer; CRx: coherent receiver; EQ: equalizer; ADC: analogue-to-digital-
converter; erbium-doped fiber amplifier (EDFA), SSMEF: standard single-mode fiber.

II. PRINCIPLE OF PROPOSED MASTER-SLAVE CARRIER PHASE TRACKING METHOD FOR MULTI-BAND
OFDM-BASED SUPERCHANNEL ENABLED BY OPTICAL FREQUENCY COMBS

In this work, we consider the use of optical frequency combs for creating standard WDM
transmission of OFDM-based superchannel signals, as shown in Fig. 1 [10]. For OFDM-based
superchannel transmission systems with phase-locked carriers, the carrier phase noise can be assumed
to be highly correlated among the OFDM-bands [17]. This shared phase evolution among the OFDM-
bands provides the possibility to reuse the resources needed for phase estimation for other sub-bands
within the superchannel spectrum via joint-carrier phase tracking techniques. However, as shown in
[13] and [14] and also depicted in this work, there may exist band-dependent phase offset, which
degrade the performance of joint-carrier phase tracking schemes. The origin of this phase offset can
be traced to the different group velocity delay experienced by each OFDM-band as a result of the
fiber CD, which is adequately captured by the baseband frequency domain CD transfer function

expressed as [11]:

Hep (L,a))=exp (] DAL a’zj )]
4rc

where D denotes the dispersion coefficient, L is length of the transmission fiber link, A4 represent the
carrier wavelength, ¢ is the velocity of light and @ is the corresponding frequency of the channel. It
can be seen clearly from (1) that the transfer function is centered at the frequency of the
corresponding channel. In this case, the fiber dispersion profile will be different for the different
frequency bands so that the OFDM-band on each wavelength channel will potentially experience
different channel responses during the forward propagation along the fiber. On the other hand, the
carrier phase noise originates independently from the linewidths of the transmitter and local oscillator
(LO) lasers. As a result of the different group velocity delay experienced by the individual OFDM-
bands, the bands would gradually walk off each other after fiber transmission and subsequently arrive
at the receiver at different time instants and mix with different parts of the LO phase noise. This is

because the carrier phase after fiber transmission will have different delays in the different channels,

where the relative CD-induced time-delay between the channels can be expressed as [13], [14]:
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where A, denotes wavelength of the central channel, R is the system baudrate, ¢ is the roll-off

factor of the root-raised cosine (RRC) pulse-shaping filter used to confine the waveform of each

channel, K is the number of channels within the superchannel with N, and NN, as the indices of the

channels under consideration. It is clear from (2) that the relative time-delay depends on the
accumulated CD of the fiber. Consequently, the interplay between fiber CD and LO laser linewidth
will cause significant wavelength-dependent CD-induced phase-rotation in detection, which will
eventually degrade the broadband phase coherence among the channels. Particularly, if the OFDM
signals on individual wavelength channels are processed independently before CPR, the CD-induced
phase noise will manifest as a phase offset between the different OFDM-bands. Since joint-carrier
phase tracking schemes rely on the phases being similar, the carrier phase noise cannot be perfectly

removed by applying the common phase estimate across the entire superchannel.

0.5

Phase [rad]
(=)

Cho
—  DIPN:Ch2-Ch0

-0.5
0 0.5 1 1.5 2 2.5 3 3.5
Time [ns]

(a)

1

E

= N NS

20 ~ [V Y ~7

g — Ch2

= —Cho0

-1 =~ DIPN:Ch 2-Ch 0
0 0.5 1 1.5 2 2.5 3 35
Time [ns]

(b)

Fig. 2. Comparison of independently recovered phase fluctuations for two 4-QAM OFDM-bands on wavelength channels
with indexes Ch 2 and Ch 0, taken out of simultaneously received 5S0GHz-spaced 5-band superchannel after 3000 km linear
fiber transmission distances, when considering only (a) transmitter comb laser linewidth, and (b) LO comb laser linewidth.

For each case, the linewidth is set to 100 kHz without ASE noise, where the recovered phases (together with the phase
difference between them) are computed after the accumulated CD is compensated at the receiver using digital signal
processing (DSP).

To confirm the origin of this CD-induced phase noise and characterize its phase variation speeds for
comb-based OFDM superchannel systems, we recovered the phases of two 4QAM-OFDM-bands on
wavelength channels with indexes Ch 2 and Ch 0 using independent PA-CPR [25] for each channel.
The two bands are taken out of 5 simultaneously received OFDM-bands spaced at 50 GHz after
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3000 km linear fiber transmission distance. The recovered phases are plotted in Fig. 2, together with
the phase difference between them, where we use the phase recovered from the central channel Ch 0
as a reference to determine the CD-induced phase noise. Comparing the independently extracted
phase traces, it can be seen clearly from Fig. 2 (a) that the recovered phases match closely when only
the laser linewidth of the transmitter comb is considered. However, when only the laser linewidth of
the receiver LO comb is considered, small discrepancies can be observed in the recovered phases. It is
obvious that the fiber CD induces noticeable phase difference between all OFDM subcarriers which
may decorrelates the common phase error between them. In this case, the phase noise imparted to
each OFDM-band by the LO comb laser linewidth may be determined by the CD-induced walk-off
effect. This confirms our hypothesis that the interaction between the fiber CD-induced walk-off effect
among the OFDM-bands and LO laser linewidth give rise to intra-band CD-induced differential phase
noise, which will degrade performance of joint-carrier phase tracking techniques. For convenience
here, we adopt the name “dispersion-induced phase noise (DIPN)” or “differential phase offset” to
distinguish this unique phenomenon from the original common phase error among the subcarriers
across the different OFDM bands. Also, it can be observed from Fig. 2 that the differential phase
offset is typically much smaller and drifts in orders of magnitude much slower than the common
phase noise derived directly from the linewidths of the carrier and LO comb laser sources. For this
reason, the similarity among phase traces or phase fluctuations of the different OFDM-bands is
enough to enable joint-carrier phase tracking in this work.

For different objectives and benefits, there are generally two main strategies for implementing joint-
carrier phase tracking in comb-based superchannel systems: master-slave (MS) and what can be
described as multi-channel averaging (MCA) joint-carrier phase tracking schemes. As the name
implies, the MS-CPR reuse the phase estimated from one (i.e., the master channel) for the other
channels (i.e., the slave channels), which reduces the CC of the CPR unit. For MCA-CPR, the carrier
phase is estimated using two or more (or all) channels, where the additional phase information is used
to improve the phase-tracking speed (i.e., phase-noise tolerance) in phase noise limited systems, while
maintaining the same tolerance to additive noise. In this context, the system understudy dictates the
optimal design for joint-carrier phase tracking scheme, especially as the impact of fiber transmission
effects on CO-OFDM is system-specific. Therefore, as shown in Fig. 3, we designed a MS-CPR
scheme that is capable of compensating both the common phase noise as well as the differential phase
offset in OFDM-based superchannel transmission systems enabled by optical frequency combs. In the
designed master-slave CPR scheme, we use the pilot-symbols allocated on few dedicated pilot-
subcarriers across the OFDM-band on the central wavelength channel (i.e., channel Ch 0 in Fig. 1) to
estimate the common phase error, which is applied to correct the phase drift of all subcarriers across
the different sub-bands within the OFDM-based superchannel. This is similar to the master-slave
carrier phase tracking scheme previously demonstrated for comb-based spectral [13], [14], [41] and
spatial [6] superchannel transmission systems as well as the multi-band DFT-spread OFDM system in
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[42]. Since the pilot-subcarriers used occupies a small fraction of the overall OFDM bandwidth, this
MS-CPR scheme will ultimately serve as alternative CPR method to achieve reduction in overall

pilot-subcarrier overhead plus CC in CO-OFDM systems.
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Fig. 3. Schematics of designed master-slave joint-carrier phase-tacking scheme for comb-based WDM superchannel
transmission system. CPE: common phase error; DD: decision-directed; N: channel index.

Due to the differential phase offset, the phase noise in the slave OFDM-bands cannot be perfectly
removed by applying the master common phase estimate, which is only synchronized with the
OFDM-band on the central wavelength channel. Thus, the differential phase offset will remain on the
slave OFDM-bands after the master phase estimate has been applied to them, which will degrade
system performance. Therefore, after master CPE compensation, the signals on the slave OFDM-
bands are fed into slow phase-trackers to compensate any remaining differential phase offset on them.
In this work, the slow phase-tracker is implemented as a single-tap decision-directed (DD) adaptive
equalizer. As the tracking-speed requirements of the differential phase offset are previously shown to
be low, the slow DD phase-tracker used should suffice to remove any small differential phase offset
remaining on the slave OFDM-bands after master phase compensation. Advantageously, this phase-
tracker functionality can potentially be integrated into some existing adaptive equalizers that
performs polarization demultiplexing prior to CPR, e.g. DD least mean square (DD-LMS) [43]-[45],
differential phase compensated constant-modulus [46] algorithms, provided that the error signal used
for the tap update is sensitive to phase rotations. In this context, the complexity added by this phase-
tracker is small compared to using a separate CPR block for each OFDM sub-band that would have
been required in the absence of master-slave joint-carrier phase tracking. Consequently, the
differential phase offset tracking scheme is computationally lightweight compared to the master phase
estimator, which is the goal of any master-slave CPR scheme.

To verify our designed MS-CPR scheme, in Fig. 4(a), we compare the BER performance as a
function of OSNR for the MS-CPR with (w) and without (w/0) the DD slow phase-tracker. It can be
seen clearly from Fig. 4(a) that the designed MS-CPR scheme is obviously capable of compensating
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the carrier phase noise in OFDM-based superchannel systems with phase-locked carriers. From the
central channel point of view, the results depicted in Fig. 4(a) show that the differential phase offset
can easily be tracked with a fine phase estimator, and hence does not affect system performance when
the CPR is performed independently for each OFDM-band. For this reason, in Fig. 4(b), we use the
independent CPR (I-CPR) performance as a baseline to compare and assess the performance of our
proposed MS-CPR scheme. As can be seen clearly from Fig. 4(b), the result confirmed that the
performance of our master-slave phase tracking scheme closely follows the performance of the

conventional I-CPR method, at least for the systems studied here.
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Fig. 4. BER as a function of OSNR for (a) MS-CPR with (w) and without (w/0) DD slow phase-tracker, (b) MS-CPR with
DD slow phase-tracker (MS-CPR w) versus I-CPR, after 4000km linear fiber transmission of S0GHz-spaced 5-channel
4QAM OFDM-based superchannel: The linewidth was set to 200 kHz, accounting for both signal and LO laser linewidths.
ROSNR: required OSNR.

III. NUMERICAL SIMULATIONS FOR PERFORMANCE EVALUATION

In this section, based on the set-up shown in Fig. 1, we carry out simulation of OFDM-based
spectral superchannel transmission system with phase-locked carriers to evaluate the performance of
the designed master-slave joint-carrier phase tracking scheme shown in Fig. 2. All numerical
simulations were performed with VPItransmissionMaker v9.1 integrated with MATLAB R2016b for
transceiver DSP. The superchannel had five WDM channels spaced at 50 GHz with zero guard band,
and modulated using OFDM based on four different modulation formats: 4-QAM, 8-QAM, 16-QAM
and 32-QAM. The nominal baudrate is 50 Gbaud per channel which translate into nominal bit-rate of
100 Gb/s, 150 Gb/s, 200 Gb/s and 250 Gb/s for 4-QAM, 8-QAM, 16-QAM and 32-QAM,
respectively. The optical comb was generated using 5 independent carrier and LO lasers spread
around the frequency 193.1 THz, which serves as the central channel. For each modulation format, the
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5 carriers were respectively injected to multiple parallel I-Q modulators which are driven by different
pseudo-random bit sequences (PRBS) to generate the respective transmitted symbols in order to
emulate independent data transmission in each OFDM-band. Among the different flavours of OFDM
techniques demonstrated in literature [40], [47], the conventional FFT-based OFDM [16], [17] is
employed for this study. Table I lists out the typical parameters used in this work. The guard interval
for each OFDM-band was kept smaller because the fiber CD was compensated by the receiver DSP.
Since the commonly used pilot-aided estimation technique [25] is applied for the common phase error
estimation for all the four modulation formats in this work , 10 pilot subcarriers out of the 90 data
subcarriers on the central OFDM-band was dedicated for the common phase error estimation and

compensation across the entire OFDM-based superchannel.

TABLE 1. LIST OF TYPICAL PARAMETERS USED

Parameters Values
(DFFT size 128
Data subcarriers 90
Guard interval 12
SSMF span length 100 km
Attenuation 0.2 dB/km
Dispersion 16 ps/nm/km
Nonlinearity 2.6 x 102° m?/W
EDFA Noise figure 5dB

Total Laser Linewidth 200 kHz

After modulation, all the OFDM-bands are wavelength-multiplexed in the optical domain and then
launched into an EDFA-amplified fiber link with the launch power per channel controlled by a
booster EDFA. In order to ensure sufficient OSNR for signal quality evaluation, the fiber transmission
distance was adapted to the different modulation formats: 70x100 km for 4-QAM, 40x100 km for 8-
QAM, 30x100 km for 16-QAM and 20x100 km for 32-QAM signals. The in-line EDFAs is modelled
with a gain of 20 dB to equalize the fiber loss. In order to control the OSNR and measure the BER
during linear fiber transmissions, an AWGN noise loading device (i.e., an OSNR module) is used at
the input of the receiver. For nonlinear fiber transmissions, the OSNR module is removed and ASE
noise is loaded using the noise figure of the in-line EDFA to emulate the nonlinear phase noise
(NLPN) in practical systems. After fiber transmission, each OFDM-band is coherently detected using
a standard coherent optical receiver which is same for all the four modulation formats. As joint-carrier
phase tracking schemes require preservation of the relative phases between OFDM-bands at both the
transmitter and receiver, phase-locking of the lasers is achieved by setting the random number seed
(RNS) parameter to same non-zero value, but the RNS value used for the carriers is different from the
LOs.

Following analogue-to-digital conversion, a linear compensator (LC) is applied per OFDM-band to

compensate only CD effects in the frequency domain [48]. Otherwise, a nonlinear compensator (NLC)
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is implemented per sub-band where the signal is digitally back-propagated (DBP) to simultaneously
mitigate fiber nonlinearities and compensate CD effects [49] Multi-channel DBP is not employed here
since imperfect phase synchronization between the LOs may give rise to further phase error and cause
degradation of its performance [16]. Since frequency offset (FO) will be similar for all the OFDM-
bands and can easily be compensated using master-slave FO compensation technique, frequency
synchronization issues were not considered in this work in order to focus on phase noise effects. Next,
we applied the MS-CPR scheme designed in Fig. 2 to remove the phase fluctuations of the
superchannel. Firstly, we applied the pilot-aided master phase estimate obtained from the 10 pilot-
subcarriers allocated across the central OFDM-band (i.e. the master band) to compensate the common
phase error of all subcarriers across the different OFDM-bands for all the four modulation formats.
After the master-slave CPE compensation, the signal on each slave OFDM-band is fed into a slow DD
phase-tracker to compensate any differential phase offset remaining on them. Finally, the output data

stream for each OFDM-band is sent to the decision device for BER calculation.

IV. PERFORMANCE EVALUATION RESULTS OF PROPOSED MASTER-SLAVE JOINT-CARRIER PHASE
RECOVERY METHOD

In this section, we focus on the performance of the master-slave joint-carrier phase tracking method
designed in Fig. 2 for coherent optical transmission of OFDM-based superchannel system with phase-
locked carriers based on four different M-ary QAM (M = 4, 8, 16 and 32) formats with laser and
nonlinear phase noise effects. Firstly, we investigated the performance of the proposed MS-CPR
scheme with or without the slave slow DD phase-tracker for linear fiber transmission with laser
linewidth effects only. The results of this investigation are depicted in Fig. 5 for all the four
modulation formats, which once again the capability of our proposed CPR technique in compensating
the carrier phase noise in comb-based OFDM-WDM superchannel transmission systems. For same
data rate, it can be observed from Fig. 5 that lower-order M-QAM formats would exhibit a better
tolerance to the differential phase offset, even though they suffer more CD. This is because the
higher-order modulation formats with shorter fiber transmission distance suffers stronger effects of
differential phase offset, compared to the lower-order modulation formats, indicating that sensitivity
of the differential phase offset increases with the order of the modulation formats. Similar to the
comb-based Nyquist-WDM superchannel systems [13], [14], it can be observed from Fig. 5 that
performance of MS-CPR without the slave DD phase-tracker for the outer OFDM-bands is adversely
impacted more by the differential phase offset than the inner OFDM-bands. Thus, the side OFDM-
bands suffer more significant differential phase offset and exhibit worse performance compared to the
inner OFDM-bands. The reason for this performance difference can be attributed to the fact that
optical frquency combs are characterized by two basic frequencies: the central frequency and the

comb line spacing.
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Fig. 5. BER performance as a function of OSNR for linear fiber transmission for the four different modulation formats: (a)
4-QAM, (b) 8-QAM, (c) 16-QAM and (d) 32-QAM using the MS-CPR with (w) and without (w/0) the slave slow DD
phase-tracker.

In effect, any phase-difference between the comb lines will scale with frequency spacing between
the central and side frequencies, and fiber length (i.e., accumulated CD). This is in agreement with
phase of the baseband frequency domain CD transfer function in (1), where the phase can be seen to
vary quadratically with the corresponding frequency. In this case, the phase will increase its slope at a
greater frequency separation from the central frequency [11]. Thus, for same perturbation in the
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carrier frequency caused by a frequency shift due to the LO laser linewidth, the phase variation caused
by the perturbation at a greater frequency separation from the central frequency will be larger than the
phase variation induced by the frequency perturbation at a lower frequency separation. Consequently,
for all the four modulation formats, the impact of differential phase offset depends on the spectral
distance (i.e., frequency separation) between the side OFDM-bands and the central OFDM-band. In
effect, besides the fiber length, the differential phase offset will be influenced by the channel count
within the superchannel, as the number of transmitted OFDM-bands will unavoidably affect the
frequency separation between the side OFDM-bands and the central OFDM-band. That is, effects of
the differential phase offset is sensitive to the number of transmitted subchannels, the greater the
number of sub-bands the greater the severity of differential phase offset on the side sub-bands, at least
for the four modulation formats and system parameters studied in this work.

Furthermore, as nonlinear phase noise effects are unavoidable in practical fiber systems and may
cause additional phase perturbations on the sub-bands, it is prudent to study the tolerance of the
designed MS-CPR scheme to fiber nonlinearities, which becomes a source of performance
degradation for higher-order modulation formats in long-haul fiber transmission systems. For this
reason, next, we evaluated the MS-CPR scheme performance under practical long-haul transmission
scenario where both laser and nonlinear phase noise effects are present. The BER values obtained as a
function of fiber launch power for all the four different modulation formats using the MS-CPR
scheme in the nonlinear regime is depicted in Figs. 6 and 7 for linear and nonlinear compensators (i.e.,
LC and NLC) respectively. Here, the transmission distances studied remain as in the linear case. Fig.
6 shows that when only LC is employed for nonlinear mitigation of all the four modulation formats,
the optimum launch power can approximately be extended from +1.0 dBm to +2.0 dBm at a 2x102
BER for the outer 4-QAM OFDM-bands using the MS-CPR with the slave phase-tracker, compared
to the case without the phase-tracker. On the other hand, only 0 dBm optimum launch power at a
2x10 BER was achieved for the 8-QAM OFDM sub-bands using the MS-CPR with the slave phase-
tracker, whilst 16-QAM and 32-QAM OFDM sub-bands failed to achieve any meaningful BER
performance. However, Fig. 7 shows that when DBP is employed, +4.5 dBm, +3.0 dBm and +2.0dBm
optimal launch powers can be achieved at the BER limit for soft-decision FEC for the 4-QAM, 8-
QAM and 16-QAM outer OFDM sub-bands respectively using the MS-CPR with the slave phase-
tracker. This is a profound improvement in the optimal launch powers of about 3.5 dBm, +1.0 dBm
and +2.0 dBm for the 4-QAM, 8-QAM and 16-QAM OFDM sub-bands respectively. Even with DBP,
the 32-QAM OFDM-band again failed to achieve the BER threshold for soft-decision FEC. Above all,
for all the four modulation formats, it can be seen from both Figs. 6 and 7 that the inner OFDM sub-
bands exhibits a slightly worse performance than the outer sub-bands in both cases of LC and DBP.
The reason for this poor performance may be that the inner sub-bands experience more significant

nonlinear interference than the outer OFDM-bands due to inter-channel nonlinearities.
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Fig. 6. BER performance as a function of fiber launch power for nonlinear fiber transmission for the four different
modulation formats: (a) 4-QAM, (b) 8-QAM, (c) 16-QAM and (d) 32-QAM using the MS-CPR with (w) and without (w/0)
the slave slow DD phase-tracker after LC only.
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Fig. 7. BER performance as a function of fiber launch power for nonlinear fiber transmission for the four different
modulation formats: (a) 4-QAM, (b) 8-QAM, (c) 16-QAM and (d) 32-QAM using the MS-CPR with (w) and without (w/0)
the slave slow DD phase-tracker after DBP.

V. EXPERIMENTAL VERIFICATION OF PROPOSED MASTER-SLAVE CARRIER PHASE TRACKING SCHEME

Having investigated the proposed master-slave joint-carrier phase tracking technique using
simulations in Section 4, in this section, we conducted two proof-of-principle experiments to
demonstrate its feasibility as well as verify the phase coherence in practical OFDM-based

superchannel systems enabled by optical frequency combs. Fig. 8 show schematic of the
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experimental set-up used for joint transmission and reception of comb-based WDM channels
with OFDM-4QAM signals. In this work, each comb generator consists of one intensity
modulator and a radio frequency (RF) oscillator source, and there are three EDFAs in the
transmitter to compensate for the loss of the comb generator, the optical filters, and the
optical 1Q modulator. At the transmitter, applying the electro-optic (EO) modulation
technique, the output light of a single continuous wave (CW) laser at 1550.4 nm wavelength
is modulated by the intensity modulator. The intensity modulator is driven by a 0 dBm 40
GHz sinusoidal RF signal to generate 3 frequency comb lines spaced at 40 GHz. After
amplification using EDFA, due to hardware constraints, the EO comb produced is fed
through WSS to equalize the power between the lines and select only two lines for
transmission. The two comb lines are amplified again and then modulated with 16-QAM
random data using a single I-Q modulator. The baudrate is kept at 12.5 Gbaud, which
correspond to 50 Gb/s. The time-domain OFDM data is first generated using a MATLAB
program with parameters as used for the simulation. Specifically, 10 subcarriers out of the 90
data subcarriers on the central OFDM sub-band are filled with pilot-symbols which are used

for the common phase error estimation across the entire superchannel.

AWG OSA
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A ! Inter-leaver 1%
Q
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EDFA EDFA  QMod. EDPFA __________ = ;
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I
I ]
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Fig. 8. Schematic of the experimental set-up for comb-based WDM transmission system: I/Q Mod.: in-phase/quadrature
modulator; AWG: arbitrary waveform generator; VOA: variable optical attenuator; wavelength selective switch (WSS);
OBPF: optical band-pass filter; erbium-doped fiber amplifier (EDFA).

After optical modulation, the comb signal is amplified again and sent directly to the
receiver in case of back-to-back transmission. Otherwise, the comb signal is launched into a
fiber transmission link, which had either one or few spans of 50 km SSMF with typical
parameters as used in the simulation. For performance evaluation, as shown in Fig. 8, a
noise-loading device is used to add ASE noise to the comb signal. After transmission, the two
channels are separated using a 40 GHz interleaver and the signals on the two channels are

mixed with the output of the LO comb using two synchronized standard independent
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coherent receivers. The LO frequency comb is generated in a similar manner as the
transmitter comb carrier lines using a second free-running independent laser source.
Specifically, the LO comb lines are selected with a second WSS and split via another 40 GHz
interleaver. In order to ensure sufficient extinction ratio, each LO line is filtered using 0.2
nm OBPF. Throughout the experiment, the laser sources used for the signal carrier and LO
comb lines are specified to have a 100 kHz linewidth to emulate external cavity lasers. The
outputs from the coherent receivers are each sampled using a pair of DPO (i.e., real-time
oscilloscopes) which are synchronized with a common clock signal. The sampling rate and
bandwidth of the DPO are 50 GS/s and 25 GHz respectively.

In order to ensure optimal signal in the fiber, data is captured using many launch powers.
The captured data are then processed offline using a desktop PC by applying a series of the
standard DSP algorithms. Specifically, optical front-end correction is first performed and the
signal is resampled to keep 2 samples per symbol. Next, channel estimation and
compensation is performed. After frequency offset compensation, we applied the proposed
master-slave carrier phase tracking or an independent carrier phase recovery technique, both
based on the pilot-aided carrier phase estimation technique, to estimate and compensate the
carrier phase noise originating from the laser linewidths as well as fiber nonlinearities.
Finally, BER values are obtained by comparing the bit sequence decoded from the received
symbols with the original transmitted one.

Since performance of joint-carrier phase tracking schemes depends on the degree of phase
coherence among the comb lines, we first study the phase noise characteristics of the electro-
optic comb lines generated previously in this work. In this case, the phase coherence can
better be assessed qualitatively by applying the carrier phase estimation algorithm separately
to each channel and comparing their recovered phases. For this reason, in Fig. 9, we plot the
independently recovered phase evolution of each comb line using the method described in
[25], together with the phase noise difference between a pair of the comb lines after back-to-
back and 150 km fiber transmission. To obtain the differential phase offset, we choose the
phase of the master channel as a reference and subtract this phase estimate from the estimated

phase drift of other line.
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Fig. 9. Phase evolution for 40 GHz-spaced two channels after (a) back-to-back and (b) 150km fiber transmission, together
with the phase-difference between them.

As can be seen in Fig. 9, the curves for the phases extracted individually are similar and
closely follow each other, even after fiber transmission up to 150km in our experiments. This
demonstrates that the use of optical frequency combs at the transmitter and receiver preserves
the relative optical phase relationship between the comb lines after coherent detection in
comb-based OFDM systems. Therefore, the high degree of correlated phase evolution among
the OFDM bands provides the possibility to reduce the number of pilot subcarriers used for
phase estimation via master-slave carrier phase tracking technique, leading to a reduced
overhead for OFDM-based superchannel transmission systems enabled by optical frequency
combs. Furthermore, it can also be observed from Fig. 9 that the differential phase offset is
smaller and drifts much slower in magnitude than the actual common phase fluctuations
derived directly from the transmitter and LO laser sources. This shows that the differential
phase offset is a scaled-down version of the common phase noise among the OFDM bands.

For the back-to-back and 150 km fiber transmission cases considered in Fig. 9, it can also be
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observed that the differential phases are highly correlated. This altogether confirms our
hypothesis in Section 2 that the phase fluctuation is a common phase noise impairment
among the comb lines, which enables the master-slave carrier phase tracking technique in this

work.
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Fig. 10. BER as a function of SNR values obtained after (a) back-to-back and (b) 150 km transmission. I-CPE: independent
carrier phase estimation; MS-CPE: master-slave carrier phase estimation.

Next, we experimentally study the performance of the master-slave carrier phase estimation
(MS-CPE) technique designed in Section 2 and evaluated using simulation in Section 4. As
the performance of the conventional independent carrier phase estimation (I-CPE) method is
unaffected by the differential phase offset, we use the I-CPE method as a benchmark to
evaluate the performance of our proposed master-slave joint-carrier phase tracking scheme.
In Fig. 10(a) and (b), we plot the BER obtained as a function of SNR values after back-to-
back and 150 km fiber transmission. The back-to-back configuration without a fiber
transmission link serves to distinguish penalties coming from the comb source from the fiber
link by comparing performance results of both configurations. In Fig. 10(a) and (b), the SNR
is calculated using the corresponding recovered data. It can be seen from Fig. 10(a) and (b)
that the performance of the proposed master-slave joint-carrier phase tracking scheme closely
matches the conventional performance when the carrier phase recovery algorithm is applied
to each channel separately. In Fig. 11, we plot the BER performance as a function of OSNR

and launch power values after 150 km fiber transmission distances. Here, the data from the
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received optical spectrum is used to find the corresponding OSNR values. In spite of few
fluctuations observed in the BER performance shown in Fig. 11, the results still demonstrate
the feasibility of joint-carrier phase tracking techniques. It can however be observed that the
system performance is limited due to higher nonlinear distortions incurred as power level and
fiber length increases. In this context, larger penalties can be expected for longer fiber
transmission distances due to nonlinear phase noise accumulation during signal propagation.
As the experiments are limited to short fiber lengths due to inadequate experimental
resources, it is worth mentioning here that the differential phase offset discussed previously
could not be observed for the results obtained. In this case, these results indicate that joint-
carrier phase tracking technique does not significantly impair performance for systems with
shorter fiber lengths, and can therefore be suitably applied for carrier phase recovery of
higher-order modulation formats in short-reach coherent optical superchannel communication

systems enabled by optical frequency combs.
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Fig. 11. BER as a function of (a) OSNR and (b) launch power values respectively after 150 km fiber transmission distances.
I-CPE: independent carrier phase estimation; MS-CPE: master-slave carrier phase estimation.

VI. CONCLUSION

In this work, utilizing the phase coherence provided by optical frequency combs, we have
designed a carrier phase tracking scheme with lower overhead and computational complexity
for OFDM-based spectral superchannel transmission systems. The proposed master-slave
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joint-carrier phase tracking technique show favorable performance for extensive simulation
of OFDM-based superchannel that had 5 bands spaced at 50 GHz with zero guard-band. The
simulation is conducted using four different M-QAM (M = 4, 8, 16, and 32) modulation
formats with laser and nonlinear phase noise effects after 7000 km, 4000 km, 3000 km and
2000 km SSMF transmission distances respectively. The simulation results show that there
exist differential phase offset among OFDM-bands whose impact is dependent on the
modulation, the channel count and fiber length. Consequently, the differential phase offset
degrades joint-carrier phase tracking performance of outer sub-bands than the inner sub-
bands. Finally, we demonstrate experimentally the feasibility performance of the designed
master-slave carrier phase tracking technique using an OFDM-based superchannel with 2
OFDM-bands spaced at 40 GHz-spaced and each modulated with 16QAM signal format up
to 150 km fiber transmission distance. Besides greatly improving the spectral efficiency, the
phase-locked carriers originating from the optical frequency comb provides alternative means

to reduce the overhead of pilot-subcarrier phase estimation in OFDM systems.
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