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Abstract—In dual-carrier (DC)-paired fiber optic long-reach
transmission, which extends a point-to-multipoint coherent sys-
tem to a cascaded reconfigurable optical add-drop multiplexing
(ROADM) system, a narrow passband causes severe performance
degradation of the edge subcarriers. In this study, we proposed
two-dimensional frequency and polarization domain coding and
multicarrier-frequency control for cascaded ROADM filtering of
robust multicarrier transmissions at a single wavelength. The
proposed coding scheme reduced fiber nonlinearity, polarization-
dependent loss (PDL), and passband narrowing (PBN) simultane-
ously. The multicarrier frequency control algorithm, which feeds
back the received signal quality at multiple points, reduced PBN
owing to long-term laser frequency drifts. With the proposed cod-
ing, the Q value of 56 Gbit/s × DC-paired dual-polarized (DP)-
4QAM and 112 Gbit/s × DC-paired DP-16QAM signals improved
by 1 dB and 0.2 dB, respectively, compared to that when no coding
was used. Furthermore, the long-term frequency control emulated
through the emulation model of laser frequency drifts and the per-
formance degradation of average Q value were less than 0.4 dB and
0.1 dB, respectively. To the best of our knowledge, no other study has
evaluated point-to-multipoint transmission over ROADM-induced
optical filtering systems that apply frequency and polarization
domain coding and multicarrier frequency control for DC-paired
DP-M-QAM signals. The proposed methods enable stable oper-
ation while suppressing the effects of PDL and PBN, which are
problems in multicarrier transmission, in long-reach optical fiber
transmission systems that integrate access and metro networks.

Index Terms—Optical communication, quadrature amplitude
modulation, frequency division multiplexing, fiber nonlinearity,
polarization-dependent loss, passband narrowing.

I. INTRODUCTION

MANY networks that target aggregation with metro net-
works are hub-and-spoke in nature, with many spoke

devices (e.g., fiber node, cell site optical line terminal) connected
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to a few hub devices (e.g., router, evolved packet core/next-
generation core, broadband network gateway). However, the
optical technology that underpins these networks is always
point-to-point, with individual optical transceivers having the
same speed at each end. This mismatch causes high capital and
operation expenditures owing to the large number of inefficiently
used optical transceivers and router ports, and multiple layers of
packet aggregation [1]. Additionally, it is expected to become
more severe with the evolution of access networks, which in-
cludes mobile to 5G, cable to distributed access architecture,
and passive optical networks to next-generation passive optical
network (PON) technology. As a result, both the bandwidth and
the number of spoke devices would increase significantly. After
combining the subcarriers as multi-subcarrier wavelengths, this
multicarrier signal can be transferred via a flexible grid recon-
figurable optical add-drop multiplexing (ROADM) network or
a fixed grid wavelength division multiplexing (WDM) infras-
tructure tuned into the required spectrum, as shown in Fig. 1.
The transmission distances of the 1,000 km-class and 4,000
km-class 16 quadrature amplitude modulation (QAM) multicar-
rier system and 4QAM multicarrier system, respectively, enable
cost-effective centralization of hub resources [2]. Fig. 1 shows
a colorless, directionless, contentionless, and gridless (CDCG)-
ROADM node configuration. Each ROADM node comprises
a wavelength-selective switch (WSS) and a multicast switch,
which generally comprises an optical switch and an optical
coupler [3].

In optical metro network systems over current ROADM
nodes, linear distortions such as chromatic dispersion (CD) can
be entirely compensated using commercialized digital signal
processing (DSP). However, nonlinear optical effects limit the
capacity of the fiber link [4]–[6]. Furthermore, as the baud
rate in the DSP shifts from a 28 GBd class to a 56 GBd
class, the fiber nonlinear effects increases [7]. A cost-effective
approach to reuse optical and electrical components for low
baud rates is dual-carrier (DC) modulation, which requires two
optical carrier modulation signals [8], [9]. Conversely, high
baud rate transceivers with flexible modulation formats using
advanced DSP techniques, which accommodate various data-
traffic demands and fiber-link conditions by spectral efficiency
(SE) modifications, are considered suitable for elastic optical
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Fig. 1. Physical topology of access and metro aggregated network over CDCG-ROADM.

networks. While the transmission distance can be increased by
compensating for the fiber nonlinear effects through DSP on the
receiving side, a considerable circuit scale is required to obtain
sufficient compensation effect [10], [11]. Frequency-division
subcarrier (SC) multiplexing in the digital domain is a promising
technique as it reduces the fiber nonlinearity and complexity of
the receiver-side DSP for CD compensation [12], [13]. Each
SC is shaped using root-raised-cosine (RRC) filtering in the
transmitter-side DSP, and is arranged at frequency spacings close
to the Nyquist limit [14]. Recently, a cost-effective multicarrier-
coherent receiver [15]–[18] with a single local oscillator capable
of receiving Nyquist-shaped SC multiplexing signals simulta-
neously. However, the performance of SC multiplexed signals
further decreases owing to polarization-dependent losses (PDLs)
in optical transceivers or ROADM nodes [19], [20] and cascaded
WSSs in ROADM-node-induced passband narrowing (PBN)
[21]. In ring or meshed OTN systems comprising several cas-
caded ROADM nodes for different path links, the pass-band
bandwidth of WSSs varies owing to the effects of the PBN
caused by ROADM nodes [22], [23]. As the number of mod-
ulation degrees increases, the signal characteristics due to the
PBN decreases.

Inter-subcarrier and inter-polarization coding schemes have
been proposed for multi-carriers to reduce the performance
degradation of edge SCs [24]–[27]. Furthermore, methods such
as spectral power monitoring and control [28], [29], PDL mon-
itoring [30], spectral manipulation [31]–[33], spectral-domain
hybrid modulation [34], and path-fitted pre-filtering schemes
[35] have been proposed to increase the tolerance of fiber non-
linearities with strict filtering. Recently, edge- and middle-SC
signals with variable probabilistic-shaped constellations have
been proposed to improve PBN tolerance [36]. Recently, fre-
quency and polarization concatenated coding (FPCC), a sim-
ple combination of frequency and polarization-domain phase-
conjugate coding in DSP, has been proposed to simultaneously
mitigate fiber nonlinearity, PDLs, and PBN [37], [38]. However,
if either approach is used by setting the optimum frequency
allocation at the beginning of life, the edge subcarriers can cause
significant performance degradation owing to the long-term
frequency drifts of laser diodes (LDs) or WSSs at ROADM
nodes [39]. Therefore, multicarrier frequency control algorithms
for single-wavelength light sources [40] are simpler compared to
multicarrier frequency control algorithms for multiwavelength
sources used in superchannel signals [35]. However, no study

has evaluated point-to-multipoint transmission over ROADM-
induced optical filtering systems that apply frequency and po-
larization domain coding and multicarrier frequency control for
DC-paired DP-M-QAM signals.

The FPCC and multicarrier frequency control algorithms
have been applied to the dual-polarization M-ary QAM (DP-
M-QAM) for the situations where constant optimization of the
signal point level is complicated in ROADM systems where
the center frequencies of the light source and WSS are unsta-
ble. This study is an extension of the work reported in [37],
[38]. The novelty of this study is that the frequency control
in multicarrier transmission is expanded from point-to-point
to point-to-multipoint topology. To ignore the fiber nonlinear
effects, we also evaluated the back-to-back characteristics of
the proposed multicarrier coding for DC-paired multicarrier
signals.

The remainder of this paper is organized as follows. Section II
introduces a system configuration of coherent Nyquist-WDM
(N-WDM) over a ROADM system with a point-to-multipoint
topology. Section III presents the principles of FPCC. Section IV
describes the operation of the multicarrier frequency-control
algorithm. Section V describes the system setup. Section VI
presents the numerical simulations of a 56 GBd DP-M-QAM
signal (M = 4 and 16) using FPCC, wherein static performance
under both single carrier and DC-paired multicarrier signals for
the same spectral efficiency of 4 and 8 bit/s/Hz have been demon-
strated. We observed the performance of the 4SC-DP-4QAM
and 4SC-DP-16QAM signals with FPCC. Section VII evaluates
the dynamic characteristics of the 56 GBd DP-M-QAM signals
(M= 4 and 16) using FPCC and a multicarrier frequency control
algorithm, assuming LD frequency drifts for an extended time
period. By using the proposed frequency control algorithm with
a collaborating transmitter and receiver via dynamic characteris-
tics by the emulator program, an improvement in Q was observed
in the presence of linear LD frequency drifts with only +/−2.5
GHz.

II. NYQUIST-SHAPED WDM-BASED DC-PAIRED

TRANSMISSION OVER A ROADM SYSTEM WITH

POINT-TO-MULTIPOINT TOPOLOGY

Fig. 2 shows the architecture of the full-duplex up-
link/downlink with two SMFs and the operation of a coher-
ent N-WDM system with a point-to-multipoint topology. The
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Fig. 2. System configuration of coherent N-WDM-based DC-paired transmission over ROADM system with point-to-multipoint topology.

feature of the full-duplex transmission configuration is that even
if one light source is shared with the transmitter and receiver,
no effect of backward Rayleigh scattering and Fresnel reflection
occurs.

The bandwidths of the radio frequency (RF) and optical
analog devices are asymmetric between the edge and hub sites,
which reduces the total transceiver cost of point-to-multipoint
topologies. Wideband RF devices, such as analog-to-digital
converters (ADCs) and digital-to-analog converters (DACs), are
placed in the hub, and the narrowband RF and optical analog
devices are placed at the edges. Each SC signal uses adap-
tive modulation and a baud rate, which allows the modulation
method to be selected while meeting the required transmission
rate. For example, for the same low baud rate and low-level
modulation format type of 14 GBd/SC DP-4QAM for all SC
signals, the edge data rate was set to 56 Gb/s/SC-class signal. In
contrast, for the same high baud rate and high-level modulation
format type 14 GBd/SC DP-16QAM for all SC signals, the edge
data rate was set to 112 Gb/s/SC-class signal.

In the uplink, the transmission rate of each edge transceiver
varied depending on the application. For large-traffic applica-
tions from edge transceivers, the transmission rate used per
edge transceiver is 100 Gb/s-class. If there is a small traffic
application from the edge transceiver, the transmission rate used
for each edge transceiver is 50 Gb/s-class. The primary uplink
method is multicarrier coherent detection, which comprises a
single coherent receiver that employs a wideband ADC, digital
domain spectrum filter, and a heterodyne detection method. At
the edge transmitter, a K SC signal is generated and sent to
the access span. Each SC signal is coupled using an optical
coupler that corresponds to a remote node and is transmitted
over the trunk span. The receiver at the hub site uses a local
oscillator to collectively detect asynchronous multiplexed SC
signals depending on the number of edges accessed. Therefore,
multiple application traffic signals were effectively processed
by a single DSP chip.

SC was assigned to each edge adaptively depending on the
number of edge accesses, similar to the uplink on the downlink.
The primary downlink technique is SC assembly generation

comprising a single in-phase quadrature modulator (IQM) with
a wideband DAC and a digital domain spectral filter. The hub
transceiver sends the K-SC to the trunk span per SC signal
generated by the transmitter. The SC multiplexing signal was
split by an optical coupler and sent to each access span. The
edge on the receiver side uses a local oscillator to select the
desired band depending on the downlink rate of the edge for
colorless operation. To demonstrate the flexible rate-coherent
N-WDM transceiver for the ROADM system with point-to-
multipoint topology, we developed a multicarrier transceiver that
performs data rate and modulation adaptive methods to meet the
asymmetric traffic demand. Optical switches and transponders,
which are physical layer technologies, envisioned a new 12.5
GHz flex grid that supports ultrafine particles much lower than
traditional ITU-T 50 GHz fixed grids. The multicarrier concate-
nated coding introduced in Section III can be used for both uplink
and downlink transmissions. Therefore, considering the perfor-
mance characteristics of the uplink and downlink transmissions
are the same, only the downlink simulation is performed. The
collaborative frequency control introduced in Section IV can
be applied to downlink transmissions considering the signals
at multiple points are fed back and controlled collectively. The
feedback error signal is propagated from the edge to the hub
by a management signal such as an auxiliary management and
control channel (AMCC) [41].

III. TWO-DIMENSIONAL

FREQUENCY/POLARIZATION-CONCATENATED

CODING SCHEME

Herein, we describe three types of coding principles. If the
PDL and PBN cause a power difference between polarizations or
frequencies owing to the transmission line, polarization coding
(PC) and frequency coding (FC) are applied. If both are large,
FPCC is selected. Fig. 3 shows a conceptual diagram based on
the spectra of the four DC paired DP-M-QAM systems. Table I
summarizes the expressions used for encoding and decoding in
the three coding schemes. Two or four parallelized original sig-
nals Ei, where i is the data index (i�{A, B, C, D})) are converted
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Fig. 3. Optical spectrum of DC-paired DP-M-QAM. (a) Standard, (b) FC, (c) PC, and (d) FPCC.

TABLE I
EQUATIONS OF ENCODING AND DECODING

Fig. 4. Constellation. (a) Standard DP-4QAM, (b) FC, (c) PC, and (d) FPCC.

Fig. 5. Constellation. (a) Standard DP-16QAM, (b) FC, (c) PC, and (d) FPCC.

to the encoded signal Ejk, where j is the SC index (j�{E, M})
and k is the polarization index (k�{X, Y}). Figs. 4 and 5 show the
histograms of the constellation maps of each SC for DP-4QAM
and DP-16QAM, respectively. Under the four conditions shown
in Fig. 3(a)–(d), the same distributed constellation was obtained
for all four SCs. The DC-paired DP-M-QAM signals with FC
and PC exhibited a pseudo-Gaussian distributed constellation of
M′ ( = 4M − 4log2M + 1)points with different probabilities of
occurrence. Furthermore, there is a feature that the probability
of occurrence increases toward the center of the signal point.
These signals share data between frequencies or polarizations.
The DC-paired DP-M-QAM signals using the FPCC signal also

appear as a Gaussian probability distribution comprising M′′ ( =
4M′ − 4log2M′ + 1)-points, such as the one-dimensional coding
FC and PC. For the FPCC signal, the probability of signal point
0 is lower than that for the standard DP-M-QAM, FC, and PC.
The four original datasets were shared by both frequency and
polarization domains. All decoded SC signals were recovered
to the standard DP-M-QAM constellations.

IV. MULTICARRIER FREQUENCY CONTROL ALGORITHM

There are integrable tunable laser assembly (ITLA) and fur-
ther miniaturized μ-ITLA as tunable light sources standardized
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TABLE II
COMPARISON BETWEEN PROPOSED AND OTHER METHODS OF MULTICARRIER FREQUENCY CONTROL

Fig. 6. Flowchart of subcarrier frequency control.

by Optical Internetworking Forum (OIF), and the maximum
center frequency error of ITLA and μ-ITLA is +/− 2.5GHz and
+/− 1.5GHz, respectively. Table II summarizes the technical
differences between the method in ref. [30] and the proposed
method for multi-carrier frequency control for ROADM sys-
tems. Here, we assume ITLA with a large frequency error
is used. The proposed control has the same mechanism as a
proportional, integral, and differential control implemented in
two stages. The target value in each step is the center light
frequency and the frequency interval of the subcarriers when
the Q value is maximized. There are 2K combinations of bipolar
dithers for each SC. Therefore, as the number of SCs increases,
the number of combinations increases exponentially, compli-
cating the control procedure. Consequently, the process for
controlling the optical frequencies of multiple SCs needs to be
simplified. Fig. 6 shows the flowchart of the proposed frequency
control algorithm for point-to-multipoint transmission via the
ROADM network, which comprises two steps (steps A and B).
This frequency-control algorithm can also be applied to regular
ROADM networks. In the first step, the average frequency is
optimized to maximize the average Q of all SCs. If it deviates
from the optimum center frequency, the characteristics of either
of the subcarriers will deteriorate significantly. In the second
step, the frequency spacing is optimized for the average Q of
all SCs. If the frequency interval deviates from the optimum
frequency interval, the characteristics of either the inner or edge
SCs are deteriorate significantly. We label the average Q of the
SCs as Qi and Qi_j , where iis the SC number (i � {1,2,�, K}),
and j is the polarity of the frequency dithering (j � {+, −}).
Here, the average Q is defined as Avg{Qi_j} for the frequency
dithering case. At each Step S � {A, B}, by multiplying the
calculated error signal Es by coefficient ks(s ∈ {a, b}), the
average frequency favg and frequency spacing fspa are updated
relatively, such that Es approaches zero without being treated as
an absolute frequency. The error signalsEa andEb are expressed
as follows.

Ea = Avg {Q1+, Q2+, Q3+, Q4+}
− Avg {Q1−, Q2−, Q3−, Q4−} (1)

Eb = Avg {Q1+, Q2+, Q3−, Q4−}
− Avg {Q1−, Q2−, Q3+, Q4+} (2)

The error signal Es is fed back to the optical transmitter via
the transmission line. Then, the optical frequency drift caused
by the light source of each SC is compensated by fine-tuning
the central optical frequency of the light source. Frequency
dithering and spacing for the average frequency control of
Steps A and B, respectively, used as the fine control function
of LDs and the frequency-shift function of transmitter-side
DSP, respectively.

V. SIMULATION SETUP AND RESULTS

Fig. 7 shows a block diagram of a DC-paired multicarrier
transmission system comprising a block of encoder/decoder
and multicarrier frequency control. Considering this evaluation
excludes the effects of WDM signals other than the target
signal, cross-phase modulation (XPM) and four-wave mixing
(FWM) from signals other than the target signal were not
considered. At the transmitter part, the parallelized bit string
is converted from bit to symbol using the symbol map after
the serial-to-parallel conversion of the original data. Each SC
signal is encoded into an FC, PC, or FPCC by the frequency
and/or polarization domain in the encoder. The pilot symbol
is inserted after coding. Therefore, the 4QAM pilot symbol is
uncoded. The average signal power is adjusted after coding. To
avoid crosstalk caused by adjacent SC signals, each SC was
spectrum-formatted to Nyquist by a digital filter, frequency-
shifted, and multiplexed. The SC-multiplexed signal is converted
from a digital signal to an analog signal using a digital-to-
analog converter. A polarization-multiplexed IQM modulates
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Fig. 7. Simulation setup.

the DP-M-QAM signal for a 1550 nm continuous-wave output
from a tunable LD connected by a polarization-maintained fiber.
After propagating the transmission line through the ROADM
network and division by the optical coupler, the received signal
was mixed with the local oscillator laser and coherently de-
tected. After the analog-to-digital converter converts the signal
from analog to digital, the SC is demultiplexed using the same
Nyquist filtering and frequency shift as those on the transmitter
side. After performing CD compensation to compensate for the
wavelength dispersion of the transmission line, depolarization
demultiplexing was performed. Furthermore, the accumulated
CD was corrected using a fixed equalizer in the time domain
with a finite impulse response (FIR) filter. The tap factor of
the FIR filter in the static equalizer sets the pretrained value by
extracting the preamble. The adaptive equalizer uses a 4QAM
pilot to track the polarization state of the transmitted signal.
Then, the compensated symbol is regenerated after separating
the data using the FC, PC, or FPCC decoder, and the original
bit string is restored from the original QAM symbol. Finally,
the average bit error rate (BER) is calculated by counting the bit
errors of a single carrier or all 4SC and dividing the value by
all transmitted bits. Additionally, the BER was converted to a
Q-factor for performance comparison. This simulation assumes
that there are no frequency or carrier phase offsets for the proof of
concept. Frequency offsets can be estimated by a predetermined
angular difference estimation [42] or fast Fourier transform [43].
The carrier phase offset can be removed by blind Viterbi–Viterbi
carrier phase retrieval (CPR) and the maximum likelihood algo-
rithm for the Gaussian probabilistic distributed M-QAM signal
[44]. The error correction code assumes a soft-decision 25.5%
overhead forward error correction (FEC) with a threshold of
pre-FEC Q is 4.95 dB [45].

We performed a comparative evaluation of four DC-paired
multicarrier signals and two single-carrier signals to verify the
PDL and PBN tolerances of the proposed FPCC under fiber-
nonlinearity conditions. The tested signal types were standard
single carriers, single carriers with PC, standard 4SC, 4SC with
FC, 4SC with PC, and 4SC with FPCC. The total bit rates for DP-
4QAM and DP-16QAM were 224 and 448 Gb/s, respectively.
The baud rates of the total and each SC were set to 56 and
14 GBd, respectively. The data patterns were 50000-bit binary
sequences. Each SC signal with DP-M-QAM was RRC-filtered
with a roll-off factor of 0.01.

In this study, DP-4QAM exhibited a high PBN tolerance and
high fiber nonlinear tolerance, and hence, all tested signals were

inserted into several span transmissions with short reach per
span considering 80 spans of 50 km of standard single-mode
fiber (SSMF). The PDL is a lump type provided collectively
before the fiber transmission. DP-16QAM exhibited a low PBN
and fiber nonlinear tolerances, and hence, all tested signals
were inserted into a few span transmissions with long reach
per span considering 15 spans of 80 km of SSMF. The SSMF
exhibited a cumulative loss of 0.25 dB/km or 0.2 dB/km, a
CD of 17 ps/nm/km, and a nonlinear index of 1.3 W−1 km−1.
Polarization mode dispersion was not considered in this study.
Erbium-doped fiber amplifiers with a noise figure of 5 dB were
used for loss compensation. To emulate the cascaded ROADMs,
the transmission characteristics of WSSs in the ROADM node
were assumed to be those of a 5th super-Gaussian-shaped optical
bandpass filter with a 3 dB bandwidth of 75 or 62.5 GHz, which
corresponded to 6 and 5 grids, respectively, when 12.5 GHz
is one grid. Fig. 8(a) shows the transmit bandwidth relative
to the number of WSSs. As the number of WSSs increased,
the transmission bandwidth became narrower. Furthermore, the
transmission bandwidth decreased significantly, particularly in
areas with low WSS numbers. Fig. 8(b) shows the transmission
characteristics of one WSS and 80 cascaded WSSs. As the
number of WSSs passed increased, the edges of the transmis-
sion spectrum became steeper. Therefore, the signal perfor-
mance degradation was slightly more significant than that of
the original 5th super Gaussian filter under the same bandwidth
conditions. Furthermore, it is assumed that there are four SCs
and two edge nodes with and without multicarrier frequency
control. Here, we consider that: (1) there is no penalty owing
to the linear transmission distortion compensation in the access
network, (2) there is almost no individual difference between
transceivers, and (3) there is no penalty for coherent reception
for the reception power. Fig. 9 shows the back-to-back per-
formance comparison of standard DP-4QAM and DP-4QAM
signals with 1-D coding such as PC or FC. The probabilistic
signal distribution by this coding is different from the prob-
abilistic shaping using the distribution matcher based on the
Maxwell-Boltzmann distribution that maximizes the informa-
tion amount for the SNR [46], and the information amount does
not change according to the distribution of the signal points.
The SNR after coding is the same as the SNR without coding
in the linear region, so the noise tolerance and back-to-back
performance of all the cases were almost the same. Therefore,
we can confirm that the 1D-coded DP-QPSK signal exhibits the
same characteristics as that of the theoretical and simulation
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Fig. 8. (a) PBN value for cascaded WSS number. (b) Transmission characteristics after 1 WSS and 80 WSSs.

Fig. 9 Back-to-back characteristics of QAM signals with/without multicarrier
coding.

values of the normal quadrature phase-shift keying (QPSK)
by performing decision processing by maximum likelihood
detection.

The proposed multicarrier frequency control method was
evaluated using an emulation program that monitored Q noise
with a standard deviation of 0.1. The two steps were repeated
1000 times as a single LD drifted rapidly and monotonously by
approximately 2.5 GHz in 2.5 h. The number of Q monitoring
operations in each control step was set to 10, whereas the dither
frequency and time required for each monitoring operation were
1 Hz and 0.5 s, respectively. All WSS assumes that the central
frequency of the transmission band does not drift. Since the
dither frequency of 1 Hz is low, the delay difference between the
dither control signals and the delay difference due to the fiber
length difference does not affect the signal characteristics. The
effects of frequency fluctuations due to external environmen-
tal factors and time fluctuations in the noise around electrical
components and optical noise can be considered Q fluctuations
during monitoring. We assume that the frequency offset com-
pensation and CPR in the receiver-side DSP can be sufficiently
followed [47].

The LD and DSP dither amplitudes Δf were set to 200 MHz
and 100 MHz, respectively. Based on the simulation results using
frequency detuning, the static and dynamic Q of the DC-paired
DP-16QAM signal and all SC frequencies were calculated

throughout Steps A and B. Here, a dynamic Q evaluation is
performed using 5σ, which is an index of the stability of the Q
value over time. The Q value follows a normal distribution, and
σ corresponds to the standard deviation. 5σ corresponds to the
interval of 99.99994% of the total Q factor.

VI. STATIC PERFORMANCE COMPARISON

OF CODED SIGNAL TRANSMISSION

A. DC-Paired DP-4QAM

Fig. 10(a) shows the Q factor of the transmission distance for a
6 dB PDL. For total fiber transmission distances of 3000, 3500,
and 4000 km, the WSS transmissions with a 3 dB bandwidth
were 51.6, 50.6, and 50 GHz, respectively. The 4SC with FPCC
method, which reduces the probability that the four corners of
the signal point will occur during optical fiber transmission, can
reduce the optical fiber nonlinear effect and obtain the maxi-
mum characteristics. Next, the single carrier with PC method,
which has high resistance to band narrowing and PDL, has the
second-best attributes at the time of 4000 km transmission. The
standard 4SC, which has low-bandwidth narrowing resistance
and polarization-dependent loss resistance, has lower Q charac-
teristics than the two single-carrier methods and the other three
multi-carrier methods when transmitting 4000 km.

Fig. 10(b) and (c) show each coding scheme and Q factor for
each SC as a fiber starting power function over 4000 km with
a 6 dB PDL. The Q characteristics of each method at −6 dBm,
which is close to the linear region, tend to be close. However,
in either case, the linear effects of the PDL and PBN of the
fiber involved in the transmission incur a penalty when the input
power is −6 dBm. Under the condition of standard 4SC-DP-
4QAM signal, the characteristics of MX-SC unaffected by PDL
and PBN are consistent with the linear limit of fiber launched
power from −6 to −4 dBm. Therefore, it is no deterioration due
to the non-linear effect. The Q characteristics of each technique
at 0 dBm, where the influence of the nonlinear effect is weak,
have the same tendency as in Fig. 10(a). The Q characteristics
of each method at 2 dBm, which is strongly affected by fiber
nonlinear effects, tend to deteriorate. We can confirm that the
four-point signal point arrangement in the standard 4SC has
higher fiber nonlinear tolerance than the probabilistic signal
point arrangement by coding. In the same coding method, the
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Fig. 10. Static Q factors of DP-4QAM. (a) Transmission performance. (b) Nonlinear tolerance of each coding scheme. (c) Nonlinear tolerance of each SC.
(d) PDL tolerance. (e) LD frequency drift tolerance. (f) Filtering and inner-SC interference tolerance.

single-carrier method was superior to the 4SC case considering
the PBN decreased the performance of the edge SC, thereby
resulting in lower overall characteristics.

For 4SC, the FCPC scheme performed better than the other
schemes considering coding was implemented across the fre-
quency or polarization domain. Furthermore, the FPCC method
equalizes the self-phase modulation (SPM), XPM, and FWM
between the 4SCs at the optimum fiber incident power. More-
over, the FPCC scheme provided a 1 dB improvement from 7.6
dB to 8.6 dB by balancing the optimal fiber launched power of
all SCs, as shown in Fig. 10(c).

Fig. 10(d), (e), and (f) show the Q values for PDL, LD fre-
quency drift, internal SC interference, and PBN tolerance assess-
ment over 4000 km transmission. Regardless of the PDL value,
the FPCC scheme was superior to the other single-carrier and
4SC methods considering the coding was implemented across
the frequency or polarization domain. This coding can equal
the optimal fiber-launched power by balancing the effects of
SPM, XPM, and FWM. However, the performance of the FPCC
scheme decreased significantly owing to the LD frequency drift.
In contrast, the single-carrier Q factor was almost stable up to a
frequency drift of 0.6 GHz. When the SC spacing was narrow,
the Q value of all 4SC signals tested was reduced by internal
SC interference. The optimal SC interval was the same as that
of the baud rate.

B. DC-Paired DP-16QAM

Fig. 11(a) shows the static Q value at varying node ratios to
the WSS at 6 dB PDL. For 2, 3, and 5 nodes per WSS, the WSS
passbands with bandwidths of 3 dB were 51.4, 53.2, and 56 GHz,
respectively. Although the transmission distance under the con-
dition of 6 dB PDL is the same as that of 1200 km transmission,
the optimum coding method must be different considering the
effect of bandwidth narrowing is different. A significant effect

of bandpass narrowing realizes improved characteristics with a
single carrier. In other words, when there is almost no effect of
band stenosis, better characteristics are accepted with standard
4SC.

Figs. 11(b) and (c) show the Q factors of each coding and SC
as a function of the fiber-launched power under a 6 dB PDL, 3
span/WSS, and 1200 km transmission. Each method at−4 dBm,
close to the linear region, has a relative Q characteristic. The Q
characteristics of each technique at 0 dBm deteriorate from the
linear area and become the characteristics. The Q characteristics
of each method under fiber launched power conditions, which
are subject to more substantial nonlinear effects, tend to be
further degraded. In the case of single-carrier and 4SC, the
16-point signal point arrangement of normal 16QAM tends to
have a higher nonlinear tolerance than the stochastic signal point
arrangement by coding, so the tendency is the same as that of
4QAM. In the same coding scheme, the single-carrier transmis-
sion performed better than the 4SC transmission considering
the performance of edge SCs decreased owing to the PBN. In
the 4SC transmission, the performances of the frequency-and/or
polarization domain coding were better compared to the standard
case. Similar to DP-4QAM, the coding was implemented across
the frequency or polarization domain, which could equal the
optimum fiber-launched power by balancing the SPM, XPM,
and FWM effects. The proposed FPCC improved by 0.2 dB
from 9.9 to 10.1 dB by balancing the optimum fiber-launched
power of all SCs, as shown in Fig. 11(c).

Fig. 11(d), (e), and (f) show the Q factors for the PDL, LD
frequency drift, inter-SC interference, and PBN tolerance evalu-
ations under a 1200 km transmission. Regardless of the value of
the PDL, 4SC-DP-16QAM with FPCC outperformed the other
single-carrier and 4SC schemes. However, its performance was
significantly degraded by LD frequency drift. Meanwhile, the
Q factor of the single carrier was almost stable until a 1.5 GHz
frequency drift. In the narrow SC spacing case, the Q-factors of
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Fig. 11. Static Q factors of DP-16QAM. (a) Span/WSS performance. (b) Launched power tolerance of each coding. (c) Launched power tolerance of each SC.
(d) PDL tolerance. (e) LD frequency drift tolerance. (f) Filtering and inter-SC interference tolerance.

Fig. 12. Dynamic characteristics of DC-paired DP-4QAM with FPCC and multicarrier frequency control. (a) Error signal in Step A. (b) Error signal in Step B.
(c) Average frequency detuning. (d) Frequency spacing. (e) Q factor as a function of repetition time R.

all tested 4SC signals were degraded by inter-SC interference.
The optimum SC spacing was found to be 14.2 GHz to avoid the
effects of inter-SC interference, which was slightly larger than
each SC bandwidth.

VII. DYNAMIC CHARACTERISTICS WITH MULTICARRIER

FREQUENCY CONTROL ALGORITHM

A. DC-Paired DP-4QAM

Fig. 12 shows the dynamic characteristics of 4SC-DP-4QAM
using FPCC and multicarrier frequency control when emulating
the monotonous drift of the transceiver source frequency. The
condition is a 0 dBm launched power, 6 dB PDL, 1 span/WSS,
and 4000-km transmission.

Fig. 12(a) and (b) show the error signals for frequency control
steps A and B, respectively. Under optimal frequency conditions,
the error signalEs was close to zero, and the polarity of the error
signal was inverted at each control stepS. As shown in Fig. 12(c)
to (e), the average frequency detuning δfavg and frequency inter-
val fspa were almost optimal conditions, respectively, indicating
that the results of offline emulation of dynamic LD frequency
drift and its self-tuning, except for the initial convergence period
when the control repetition time R was less than 100. Therefore,

we can confirm that even if the frequency arrangement is initially
set from the optimum frequency spacing without frequency
control, it converges to the optimum frequency arrangement
at the time of frequency control. Considering this, because the
characteristic deterioration is large when the frequency interval
is narrow, the frequency interval converges wider than the initial
frequency spacing.

As shown in Fig. 12(e), Avg{Qij} decreased from 8.6 to
8.2 dB owing to the inter-SC interference in Step B. When
no frequency control was applied, Avg{Qi} degraded signif-
icantly, and hence, the proposed method yielded a significant
improvement. Herein, we define the Q factor as Avg{Qi} for the
conventional free-running case and Avg{Qij} for the dithering
case. We can confirm stable control is achieved while converging
the Q factor fluctuation 5σ at 0.2.

Fig. 13(a)–(c) show the signal characteristic fluctuation of 5σ,
average Q factors, and optimum frequency spacing for dither
amplitude. As Δf increases, 5σ and Q-factor are affected by
inter-SC interference and PBN to the same extent and dete-
riorates rapidly. In addition, since the transmission conditions
are such that the effects of inter-SC interference and PBN are
balanced, the optimum average frequency is almost constant at
14 GHz regardless of the dither amplitude.
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Fig. 13 Dither amplitude load analysis of DC-paired DP-4QAM with FPCC and multicarrier frequency control. (a) 5σ, (b) Q factor, (c) frequency spacing.

Fig. 14. Dynamic characteristics of DC-paired DP-16QAM with FPCC and multicarrier frequency control. (a) Error signal in Step A. (b) Error signal in Step B.
(c) Average frequency detuning. (d) Frequency spacing. (e) Q factors as a function of repetition time R.

Fig. 15 Dither amplitude load analysis of DC-paired DP-16QAM with FPCC and multicarrier frequency control. (a) 5σ, (b) Q factor, (c) frequency spacing.

B. DC-Paired DP-16QAM

Fig. 14 shows the dynamic characteristics of 4SC-DP-
16QAM using FPCC and multicarrier frequency control when
emulating the monotonous drift of the transceiver source fre-
quency. The condition was under a 0 dBm launched power, 6
dB PDL, 3 span/WSS, and 1200-km transmission.

Fig. 14(a) and (b) show the error signals in the frequency
control steps in steps A and B, respectively. At the optimum
frequency arrangement, the error signal Es was nearly zero,
and the polarity of the error signal inverted at each control
Step S. Fig. 14(c)–(e) show the offline emulation results for
dynamic LD frequency drifts and its self-tuning. Except for
the initial convergence period, the average frequency detuning
δfavg and frequency spacing fspa were approximately the opti-
mum condition, as shown in Fig. 14(c) and (d), respectively.
As mentioned in the previous section, even if the frequency
arrangement started from the optimum frequency arrangement
without frequency control, we can confirm that the frequency
converged to the optimum frequency arrangement during fre-
quency control. Considering this, if the frequency interval is

narrow, the characteristic deterioration will be significant, such
that the frequency interval will converge at a wider spacing
compared to the initial value.
Avg{Qij} decreased from 10.1 dB to 10 dB on average owing

to the inter-SC interference in Step B, as shown in Fig. 14(e).
When no frequency control was applied, Avg{Qi} decreased
to 7.1 dB on average. Therefore, the proposed method yielded
a significant improvement of 2.9 dB. We can confirm stable
control is achieved while converging the Q value fluctuation
5σ at 0.33. When comparing the results of Q value fluctuations
of the 4SC-DP-4QAM signal and the 4SC-DP-16QAM signal,
the 4SC-DP-16QAM signal has a slight Q value deterioration
for the amount of change in the center optical frequency and
the optical frequency interval. Therefore, the accuracy of con-
trol based on the error signal becomes low, and the Q value
at the time of control becomes large. If the time required
for long-term frequency drift is sufficiently longer than the
time needed for single monitoring, the Q factor degradation
caused by light source drift will be minimal. Therefore, it can
be said that the Q value fluctuations that accompany control
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are mainly due to the Q value fluctuations that occur during
monitoring.

Fig. 15(a)–(c) show the load characteristics for dither ampli-
tude. Compared with the case of DP-4QAM, the transmission
distance is short, and the influence of inter-SC interference and
PBN is small, so we can confirm that the amount of deterioration
of 5σ and Q value for the dither amplitude is also tiny. In addition,
since the effect of PBN is small, the optimum frequency also
converges at around 14.2 GHz. The optimum subcarrier spacing
is larger than the symbol rate of the subcarriers.

VIII. CONCLUSION

This study proposed two approaches using DSP to reduce
PDLs and PBN, which degrade the signal quality in ROADM
systems with point-to-multipoint topologies. The feasibility of
frequency/polarization concatenated coding and multicarrier
frequency control algorithm for cascaded ROADM-filtering-
tolerant 200 Gb/s and 400 Gb/s DC-paired DP-M (M=4 and 16)-
QAM transmissions were numerically demonstrated. Compared
to traditional coding methods and other numbers of SCs, the
FPCC scheme for 4SC demonstrated performance improvement
when the PBN was neither large nor small under conditions
where PDL and fiber nonlinearity occur. In the emulation model
assuming long-term LD frequency drifts, the multicarrier fre-
quency control algorithm for cascaded ROADM system with
point-to-multipoint topology showed that a Q degradation of
less than 0.4 dB could be maintained. When the dither ampli-
tude was small, the frequency spacing during frequency control
matched the optimal frequency spacing in the static evaluation.
Furthermore, we clarified that even if the optimum frequency
interval with and without frequency control differed depending
on the emulator, it converged to the optimum frequency spacing
with the control immediately after frequency control began. The
proposed multicarrier frequency control showed that the 4SC-
DP-4QAM signal and the 4SC-DP-16QAM signal operate while
keeping the Q value fluctuation 5σ caused by the management
at 0.2 and 0.33.

As described above, this study summarizes the influence of
one channel consisting of a single carrier and multi-carrier,
which is targeted end-to-end, on the relay ROADM node. In the
future, we will consider the effects of multiple channels adding
and dropping on the cascaded ROADM node for the application
to existing systems. Hence, we plan to expand the evaluation
under the conditions of the WDM optical transmission system. In
summary, the proposed multi-carrier application can be expected
to ensure long-term stable operation of various IoT traffic in
optical access and metro convergence networks that connect the
edge nodes of the access network to the hub boxes of the metro
network.
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