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Advanced Modulation Techniques for Flexible
Optical Transceivers: the Rate/Reach Trade-off

Gabriella Bosco, Fellow, IEEE, Fellow, OSA

(Invited Tutorial)

Abstract—This tutorial paper reviews advanced modulation
techniques that have been proposed in the literature for the imple-
mentation of flexible (or reconfigurable) transceivers, which are
fundamental building blocks of next-generation software-defined
optical networks. Using a common reference multi-span propaga-
tion system scenario, the performance of transceivers employing
standard quadrature-amplitude modulation with variable-rate
forward error correction, probabilistic constellation shaping
and time-domain hybrid formats is assessed, highlighting the
achievable flexibility in terms of continuous trade-off between
transmission rate and distance. The combination of these tech-
niques with sub-carrier multiplexing, which enables an increase
of the fiber nonlinearity tolerance thanks to the optimization of
the symbol rate per sub-carrier, is also discussed.

Index Terms—Optical fiber communication, modulation for-
mats, coherent detection, flexible optical transceivers, probabilis-
tic shaping, hybrid QAM, subcarrier multiplexing.

I. INTRODUCTION

HANKS to the deployment of optical transceivers based

on the use of high-order modulation formats with coher-
ent detection and advanced digital signal processing (DSP)
techniques, the capacity of optical networks experienced a
huge growth in the past few years [1]. A significant increase
in transmission reach was achieved, thanks to the efficient
compensation of linear and nonlinear system impairments in
the digital domain [2]. In addition, optical systems employing
coherent transceivers are characterized by a high level of
flexibility with respect to legacy direct-detection systems, for
the following reasons: (i) no optical dispersion management
is needed, since the optimum performance is achieved in
uncompensated systems; (ii) adaptive high-order modulation
formats with fine granularity can be generated and detected;
(iii) the same hardware can be used for different modulation
formats.

In parallel, since the huge amount of traffic foreseen for the
near future cannot be efficiently supported by static increases
in network capacity, optical transport networks are currently
migrating from a static configuration with little flexibility
to the concept of software-defined optical networks [3]. In
this scenario, a key role will be played by flexible and
scalable coherent transceivers, able to dynamically adapt the
modulation format and the transmission rate to the network
conditions [4]-[11].

Todays coherent optical transceivers typically use a set of
different modulation formats based on standard quadrature
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amplitude modulation (QAM), generated through the combi-
nation of two pulse-amplitude modulation (PAM) formats in
the in-phase and quadrature components. For these standard
QAM formats, a gap to Shannon capacity exists, which can be
expressed in terms of a penalty in signal-to-noise ratio (SNR).
In addition, the standard QAM formats only offer a coarse
granularity in spectral efficiency and, consequently, a coarse
granularity in the achievable transmission reach. To overcome
the lack in granularity, several techniques are currently under
study, which take advantage of the high flexibility provided by
commercially available high-speed digital-to-analog converters
(DACs), allowing to fully design the transmitted signal in
the digital/electrical domain. This means that, using the same
hardware, different modulation formats can be generated and
different transmission rates can be achieved. Examples of tech-
niques used to increase the flexibility of optical transceivers
are: variable code-rate transceivers [12]-[16], probabilistic
constellation shaping (PS) [17]-[23] and time-domain hybrid
formats (TDHF) [24]—[31]. The use of subcarrier multiplexing
(SCM) [32]-[37], i.e. the decomposition of a single channel
into several digital subcarriers, has also been proposed, as
a means to increase the tolerance to nonlinear propagation
effects, exploiting the symbol rate optimization (SRO) phe-
nomenon [38]. A great advantage of all these methods is that
the flexibility is achieved without requiring any additional
hardware, thus allowing to reuse currently available single-
carrier transceivers by simply reprogramming the transmitted
signal in the digital domain.

The key design parameters to optimally exploit all available
resources in long-haul and high-capacity optical transmission
systems with coherent detection are the transmission rate,
which is directly proportional to the spectral efficiency (SE)
[39], and the maximum transmission reach. Multi-level modu-
lation with coherent detection maximizes SE and transmission
rate, improving the tolerance to transmission impairments by
enabling effective, low-complexity electrical compensation of
these impairments [40]. In wavelength-division multiplexing
(WDM) optical systems, SE and total transmission rate can
be increased by minimizing the frequency spacing between
WDM channels (e.g. using the Nyquist-WDM technique [41],
[42]), increasing the modulation cardinality or using forward
error correction (FEC) codes with low overhead. In turn,
the maximum transmission reach can be increased by us-
ing energy-efficient modulation formats (e.g. low-cardinality
QAM) which reduce the SNR requirements at the receiver,
using FEC codes with high overhead to ensure reliable trans-
mission or applying proper techniques to mitigate the non-
linear propagation effects in the optical fiber.
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In practice, a compromise has to be made between net trans-
mission rate and achievable reach. For example, a transceiver
that operates on a short network segment with high SNR can
achieve a high SE to maximize the net data rate. Similarly,
a transceiver operating on a long network segment with low
SNR should use either a lower order modulation format or a
FEC code with high overhead to ensure reliable transmission,
at the expenses of a loss in SE and net data rate.

The rest of this paper is organized as follows. Section II
gives an overview of the DSP-based coherent transceiver archi-
tecture. The system scenario and the performance metrics are
described in Section III, while in Section IV three modulation
schemes for flexible transceivers (QAM with variable code
rate, PS and TDHF) are described and their performance
assessed in a common multi-span link configuration. The three
modulation formats are then compared in Section V in terms
of rate/reach trade-off and flexibility. Section VI discusses the
use of sub-carrier multiplexing and concluding remarks are
given in Section VIIL

II. COHERENT TRANSCEIVERS ARCHITECTURE

The general structure of a dual-polarization coherent
transceiver that can be used to generate high-order complex
modulation formats is shown in Fig. 1. The four arrows/paths
are referred to the in-phase and quadrature components of the
two orthogonal polarizations of the transmitted modulation for-
mat. The transmitter (Tx) consists of a laser, a 4-channel high-
speed digital-to-analog converter (DAC) [43] which generates
the electrical driving signals defined by the Tx DSP unit, and
a dual-polarization in-phase and quadrature (IQ) modulator
[44]. The receiver (Rx) is composed of a local oscillator (LO)
laser, an optical coherent front-end (including a polarization-
diversity 90-degree hybrid and four balanced photo-detectors
[45]) and a 4-channel high-speed analog-to-digital converter
(ADC) [43], which generates the signals that are processed
by the Rx DSP unit [2]. Using this hardware configuration,
different modulation formats can be generated and, conse-
quently, different transmission rates can be achieved. The
flexibility is provided by changing the DSP algorithms, both
at the Tx and at the Rx side. In the following, the transceiver
blocks are briefly described, highlighting the critical points that
have to be considered if the same hardware components are
used to generate and detect modulation formats with different
cardinality.

Tx laser and LO

Phase noise induced by a non zero linewidth Av of a laser
is a major impairment in coherent optical communications,
where both the phase and amplitude of the optical field are
modulated. The impact of phase noise on system performance
increases with the modulation format order [46], [47] and
decreases with the symbol rate R (the higher the product
between Av and the symbol time 75 = 1/R,, the higher
the penalty due to phase noise). Note that, in a multi-format
transceiver, the Tx laser and LO characteristics should be com-
pliant with the requirements of the highest-order modulation
format.
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Fig. 1. GMI vs. SNR for 16QAM modulation. The five dots indicate the

operating points corresponding to the five FEC schemes described in Table 1.

Tx DSP

One of the main functions of the DSP at the Tx side is
to perform spectral shaping on the transmitted pulses [42],
[48], [49], in order to increase the SE by reducing the
spacing between the WDM channels. In addition, several
system impairments can be pre-compensated by the Tx DSP,
including bandwidth limitations [50], [51], transmitter IQ-
skew [51], [52], non-linear transfer function of the Mach-
Zehnder modulator [53], [54], chromatic dispersion (CD) [55],
[56] and non-linear propagation effects [57]-[59]. All these
algorithms are modulation-format independent, thus the same
DSP can be applied to all formats.

Rx DSP

The Rx DSP operations may vary, depending on the par-
ticular realization of the receiver, however the generic DSP
procedures are similar and can be summarized as [60]-[62] :

« IQ imbalances correction: compensation of the mismatch
of amplitude, phase and timing between in-phase and
quadrature components.

e CD compensation and static channel equalization: com-
pensation of bulk chromatic dispersion and static filtering

effects.

e Dynamic channel equalization: polarization de-
multiplexing and compensation of polarization
mode dispersion (PMD), residual CD and bandwidth
limitations.

o Timing recovery: estimation and correction of the timing
eITOrS.

o Frequency offset estimation (FOE): estimation and com-
pensation of the frequency mismatch between Tx laser
and LO.

« Carrier phase estimation (CPE): estimation and compen-
sation of the laser phase noise.

e Decoding, decision and demapping: FEC decoding and
estimation of transmitted bits.

In flexible transceivers, the DSP algorithms have to support
different modulation formats. In this regard, the above men-
tioned functions can be roughly divided into two groups: (i)
DSP functions that can be realized by algorithms that naturally
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work format-independent since they do not depend on the
constellation (e.g. IQ imbalance correction, CD estimation and
compensation, timing and carrier frequency recovery); (ii) DSP
functions that are naturally format-dependent since they are
operating on the constellation (e.g. symbol decision, dynamic
equalizer and CPE).

The design of the adaptive equalizer and the CPE algorithm
is particularly challenging [63], since popular blind time-
domain equalizers use filter update strategies matched to the
specific modulation format [64], [65] and CPE algorithms
that are suitable for arbitrary PM-QAM formats and most
4D modulation formats may become too complex when a
large size of the constellation is considered [46], [66]. It has
been shown that the use of data-aided algorithms may be
a reasonable way to a cost-efficient and format-independent
implementation of dynamic equalizer and CPE in flexible
transceivers [63]. These algorithms are typically based on the
use of either known or pilot symbols [67]-[69] or pilot tones
[70], [71] that are inserted in the payload at the transmitter at
the cost of an additional overhead. At the receiver, the pilot
information is evaluated independently of the payload and its
modulation format.

DAC and ADC

High speed DACs and ADCs are key elements in DSP-based
coherent optical transceivers. They are both characterized by a
sampling frequency fs, an analog bandwidth B, and a physical
bit resolution 74;;. The number of bits per symbol 7y, of
the digitized version of a modulated signal with symbol rate
R is equal to the ratio between the DAC or ADC sampling
frequency and R: nyps = fs/Rs. In order to generate and
detect multi-level modulation formats, DACs and ADCs with
a high number of resolution bits are required [46], with the
necessary resolution increasing approximately by 1 bit when
the number of constellation points is multiplied by 4 [40].
Typically, DSP algorithms work with n;,s = 2 samp/symb, but
operation with lower values has been demonstrated [72], [73],
enabled by the use of anti-aliasing electrical filters specifically
designed to limit the penalty due to spectrum replica. Note that
the required bandwidth of these filters varies with the symbol
rate.

10 modulator

The most common configuration of the IQ modulator em-
ploys two parallel Mach-Zehnder modulators (MZM) that
are driven by the electrical signals corresponding to the in-
phase and quadrature component of the information signal,
respectively. An optical phase shift of 7/2 is applied to the
lower branch before recombining the two outputs [74]. In
order to generate a polarization-multiplexed (PM) signal, two
parallel IQ modulators are used, with a single laser output
split by a polarization beam splitter (PBS). The two outputs of
the IQ modulators are then combined by a polarization beam
combiner (PBC) and transmitted through the fiber.

Note that, in order to generate multi-level modulation for-
mats, the linearity of the modulator is a fundamental require-
ment. Since the transfer function of the MZM is intrinsically

non-linear, two options are available: (i) Operate the modulator
in the linear regime, reducing the driving voltage range (with
the undesired consequence of decreasing the OSNR at the
output of the modulator). (ii) Operate the modulator in the
nonlinear region, applying a pre-distortion to the modulating
signal in the digital domain [53], [54].

Another key parameter of a MZM is the extinction ratio
(ER), defined as the ratio between the maximum and minimum
optical intensities measured at the modulator output. Poor
ERs will induce chirp (an optical phase variation due to
relative variation of optical intensity) in the optical signal.
The presence of chirp in a transmitted signal will distort
the transitions between constellation points and increase the
minimum required OSNR for the system. With closely spaced
constellation points, higher order modulation formats will
require better ERs than lower cardinality formats.

Coherent Rx optical front-end

The optical front-end is used to linearly map the incoming
optical signal into four electrical signals, corresponding to
the in-phase and quadrature field components for the two
polarizations. It employs two polarization beam splitters and
a pair of 90-degree hybrids, one for each component of
polarization [44]. The light of the received information signal
is combined with a LO [2], generating eight output signals
(four for each optical hybrid) that are then detected by four
balanced photodiodes.

Since the analog electronic and opto-electronic parts of a
transceiver are usually designed for a specific target symbol
rate, it is reasonable to assume that a cost-efficient realization
of a flexible transceiver operates at a fixed symbol rate.
The analyses reported in the following sections assume a
fixed symbol rate (64 Gbaud) for all considered modulation
schemes.

III. PERFORMANCE METRICS

In Section IV, the performance of different modulation
techniques will be assessed and compared, in terms of flexi-
bility and rate/reach trade-off. We report in the following the
definition of the metrics that are used to evaluate the system
performance, which are based on the following assumptions:

« Soft-decision binary FEC codes are used.

o The residual channel memory after the receiver digital
filters is negligible.

o The optical channel is represented towards the FEC as
a memory-less additive white Gaussian noise (AWGN)
channel.

A. Back-to-Back Performance

When using soft-decision binary FEC codes, the general-
ized mutual information (GMI), together with its normalized
version NGMI [14], [75], are reliable parameters for the esti-
mation of the post-FEC performance of the systems, without
the need of implementing the encoder/decoder pair. In our
analyses, the back-to-back performance is assessed in terms
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TABLE I
OVERALL RATE AND NORMALIZED GMI REQUIRED FOR LDPC CODES
WITH DIFFERENT CODE RATES Rppc THAT ARE CONCATENATED WITH A
STAIRCASE CODE TO ACHIEVE A BER OF 10~ !® AFTER DECODING [76].

Code | LDPC code rate | Threshold NGMI | Overall rate
# TLDPC NGMl, TFEC
1 0.71 0.75 0.67
2 0.75 0.78 0.71
3 0.81 0.84 0.76
4 0.86 0.88 0.81
5 0.90 0.92 0.85

of the GMI, estimated through Monte-Carlo simulation, as a
function of the signal-to-noise ratio (SNR), defined as:

Pch
2No R,

where P, is the power of the polarization-multiplexed signal
at the input of the receiver, Ny is the one-sided power
spectral density (PSD) of noise and R, is the symbol rate.
The GMI, measured in bits/symb, represents the maximum
number of information bits per transmitted symbol. Once the
GMI has been estimated, the normalized generalized mutual
information (NGMI), which represents the maximum number
of information bits per transmitted bit, can be derived. Note
that the relationship between GMI and NGMI can be different
for uniform and PS constellations, as shown in the following.

1) Uniform QAM: The NGMI is obtained dividing the GMI
by the number of bits per symbol m:

NG = SMI )
m

SNR = (1)

In practice, an ideal (infinite-length) binary FEC code with
rate rppc permits error-free decoding if the channel quality
satisfies NGMI> rpgc. For an ideal binary FEC code, the
code rate rpgc can thus be interpreted as its NGMI threshold.
For realistic FEC implementations, the NGMI threshold is
typically higher than the code rate, as shown in [76] where
several realistic FEC code schemes are described, based on a
concatenation of an inner LDPC code and an outer staircase
code with fixed 6.25% overhead [77]. Table I reports, for dif-
ferent rates of the inner LDPC code, the value of the threshold
NGMI, as well as the overall rate of the concatenation of the
two codes.

When using a given FEC scheme, with code rate rrpc
and NGMI threshold NGMIy,;,, a single operating point can
be identified on each GMI vs. SNR curve, corresponding to
GMI=m-NGMl;,. As an example, Fig. 2 shows the GMI
vs. SNR curve for a 16QAM modulation format. The dots
show the five operating points corresponding to the five FEC
schemes of Table I. Each of the operating points in Fig. 2
corresponds to a net transmission rate Rqam (in Gbit/s) of
the QAM signal, which can be obtained as:

Roam = m - 1rrC - R (3)

2) Probabilistically-Shaped QAM: The relationship be-
tween GMI and NGMI shown in Eq. (2), as well as the
relationship between the net data rate and the FEC rate shown
in Eq. (3), are valid for uniformly distributed modulation

—---Shannon limit .
—16QAM e

N
T

GMI [bits/symb]
N w

0 5 10 15 20
SNR [dB]

Fig. 2. Ideal back-to-back performance of 16QAM modulation. The five dots
indicate the operating points corresponding to the five FEC schemes described
in Table I.

formats only. When using PS symbols, generated with the
probabilistic amplitude shaping (PAS) algorithm described in
[78], the net data rate is related to the FEC rate through the
following equation (see [18], Eq. (25)):

Rps_qam = [H(P) — (1 —rpgc) -m] - Ry 4)

where H(P) is the entropy of the probabilistically shaped
constellation. Substituting Rps_qam/Rs with GMI and rrc
with NGMI [75], the following relationship between GMI and
NGMI is obtained:

GMI = H(P)—(1-NGMI) -m=
&)
= NGMI-m — [m — H(P)]
Inverting the previous equation:
Ner = 04 1 - A0 ©)
m m

B. Multi-Span Propagation Performance

The performance after non-linear propagation over an op-
tically amplified multi-span system was estimated using the
EGN model [79], [80], with the following assumptions on the
system setup (which are summarized in Table II and are the
same for all studied modulation schemes):

o Symbol rate of a single channel of the WDM comb:
R,=64 Gbaud.

o Spectral shape: root raised-cosine (RRC) with roll-off
0.15.

o Frequency spacing between
A f=75 GHz.

e WDM transmission over the entire C-band (total band-
width equal to ~ 4.5 THz).

o Fiber type: standard single-mode fiber (SSMF), with
attenuation «=0.2 dB/km, dispersion D=16.7 ps/nm/km,
non-linerity coefficient y=1.3 1/W/km.

o Fiber span: 100 km, with total attenuation of 21 dB,
which includes losses due to splices and connectors.

the WDM channels:
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TABLE II
SYSTEM PARAMETERS.
[ Parameter [ Value |
Symbol rate 64 Gbaud

Polarization Dual polarization

Pulse shape Root raised-cosine (RRC)
RRC roll-off 0.15

Number of 60 (EGN model)

WDM channels 20 (simulations)

WDM spacing 75 GHz
Nonlinear coefficient v | 1.3 1/W/km
Dispersion D 16.7 ps/nm/km
Fiber loss o 0.2 dB/km
Total span loss 21 dB

Span length L 100 km
Amplification EDFA

EDFA noise figure 5 dB

Laser linewidth 10 kHz

o EDFA lumped amplification (noise figure F' = 5 dB),
whose gain G completely recovers the span loss.

o Tx laser and LO linewidth: 10 kHz.

e 2-dB SNR penalty with respect to the ideal performance,
which takes into account the impairments of a realistic
transceiver.

According to the EGN model, the SNR after non-liner
propagation, which includes both the linear and non-linear
noise terms, is given by [81]:

Pph
SNRNp, = ———— @)
PasE + Pyt
where Paggy is the power of the ASE noise introduced by the
optical amplifiers:

PASE = Fhl/(G - 1)R3N3 (8)

where h is the Plank’s constant and v is the center propagation
frequency. Pnir is the power of the non-linear interference
(NLI):

Py = /GNLI(f)df )

where Gnri(f) is the PSD of the NLI noise (which is a
function of the number of spans Ng). The results shown
in this paper have been obtained using Egs. (1) and (2) in
[82] for the evaluation of the NLI term, i.e., subtracting the
following format-dependent term from the format-independent
Py estimated using the GN-model [83]:

80 . y?L2: P2 N, Ngp —1
Pooyy = — ®—ch 2HN 10

81 RsAfrBaLs 2 (10)
where Leg is the effective length of the fiber, [ is the
dispersion coefficient in [ps?/km], Ny, is the number of WDM
channels and HN is the harmonic number series, defined as
HN = Zﬁ[:l (1/n). ® is a factor that depends on the fourth
standardized moment [i4 of the transmitted symbols X:
E[|X - E[X]"]

2

(E[IX - E[X]]?])
® is equal to 1 for phase-shift-keying (PSK) formats, such
as quadrature phase-shift-keying (QPSK), and goes down to

d=2— iy =2— (11)

TABLE III
VALUES OF ENTROPY H (P) AND PARAMETER @ IN EQ. (10) FOR QAM
MODULATIONS.

[ QAM format | H(P) [bits/symb] [ & |

QPSK 2 1.000
SQAM 3 0.666
T6QAM 7 0.630
32QAM 5 0.690
64QAM 6 0.619

128QAM 7 0.657

256QAM 8 0.605

zero for an ideal Gaussian constellation. For QAM modula-
tion formats, it decreases with the constellation cardinality,
approaching 0.6 for an infinite number of points. The values
of ® for all modulation formats considered in this paper can
be found in Tables III, V and VI

Monte-Carlo numerical simulations were also performed in
a few selected cases, using the time-domain split-step Fourier
method for fiber propagation. A decision-directed least-mean
square (LMS) dynamic equalizer with 30 taps was used, fol-
lowed by carrier phase estimation based on the BPS algorithm,
with an averaging window of 100 symbols. In the simulations,
the same system parameters detailed above were used. The
only difference was the number of WDM channels that, due
to simulation time constraints, was decreased from 60 to 20,
corresponding to a total WDM bandwidth of approximately
1.5 THz.

IV. MODULATION SCHEMES FOR FLEXIBLE TRANSCEIVERS

Using PM-M-QAM formats with variable cardinality M at
a fixed symbol rate and with a fixed-rate code scheme, the
achievable net data rate can change only in coarse discrete
steps. As an example, at 64 Gbaud and using an FEC code
with 28% FEC overhead, a net data rate of 200 Gbit/s can be
achieved with PM-QPSK, 300 Gbit/s with PM-8QAM, 400
Gbit/s with PM-16QAM, 500 Gbit/s with PM-32QAM, 600
Gbit/s with PM-64QAM, 700 Gbit/s with PM-128QAM and
800 Gbit/s with PM-256QAM. In practice, the output data rate
can be changed only in steps of 100 Gbit/s (i.e. 2Rsrrrc),
due to the discrete variation in number of bits per symbol
of standard QAM modulation formats. In order to achieve a
continuous trade-off between spectral efficiency and distance,
keeping the symbol rate fixed, two options are available:
(i) use variable-rate forward error correction (FEC) code, as
proposed in [12]; (ii) use advanced modulation techniques that
allow to achieve fractional numbers of bits per symbol. In
subsection IV-A, the first option is investigated, considering
combinations of standard QAM formats and the five FEC
schemes described in Table I (similar analyses can also be
found in [12]-[16]). The second option is investigated in
Sections IV-B and IV-C, where the performance of optical
systems based on the use of either PS or TDHF is assessed.
The system scenario, described in Section III, is the same in
all cases.



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. , NO. , JANUARY 2019

w
w o

GMI [bits/symb]
N
o

1.5 ‘
10° 108
L [km]

10%

Fig. 3. GMI as a function of the length of the fiber link for 16QAM
modulation. The system parameters are reported in Table II. The five dots
indicate the operating points corresponding to the five FEC schemes described
in Table L.
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Fig. 4. Net data rate as a function of the length of the fiber link for 16QAM
modulation. Each point corresponds to one of the five FEC schemes described
in Table I.

A. Standard PM-QAM Formats with Variable Code-Rate

Fig. 3 shows the long-haul propagation performance of the
PM-16QAM modulation, in terms of GMI as a function of
the multi-span fiber link length. The system parameters are
reported in Table II. The GMI vs. L curve was generated by
estimating the values of the SNR (see Eq. (7)) after each span
using the EGN model and then obtaining the corresponding
GMI values through the back-to-back curve (see Fig. 2). The
five dots indicate the operating points corresponding to the
five FEC schemes described in Table I. Each of these points
corresponds to a net data rate, that can be obtained using
Eq. (3). The available combinations of rate and distance are
shown in Fig. 4, where the trade-off between rate and distance
is clearly shown.

Similar operations can be performed for all QAM modula-
tion formats, in order to increase the range of available rates
and distances. Table IV reports all combinations of modulation
formats and code rates that have been used in order to span the

TABLE IV
NET DATA RATE, MAXIMUM NUMBER OF SPANS AND CORRESPONDING
VALUE OF SNR FOR SEVERAL COMBINATIONS OF PM-QAM
MODULATION FORMATS AND FEC SCHEMES.

[ Format | Code [ Rate [Gbit/s] [ Ns; | SNR[dB] |
QPSK I 1715 101 54
QPSK 2 1818 92 53
QPSK 3 1946 76 67
QPSK 7 2074 65 74
QPSK 5 2176 54 32
8QAM I 2573 ] 91
8QAM 2 2726 37 96
8QAM 3 2918 29 107
T6QAM I 3430 25 13
T6QAM 2 3635 22 138
T6QAM 3 389.1 7 129
T6QAM 7 4147 4 137
32QAM 2 1544 11 47
32QAM 3 1364 9 538
32QAM 7 5184 7 6.6
6AQAM 2 5453 6 7.0
6AQAM 3 583.7 5 133
GAQAM 7 622.1 7 192
GAQAM 5 652.8 3 203
256QAM | 2 727.0 2 22.0
256QAM | 4 8204 I 746
900
& * PM-QPSK
800 5 A PM-8QAM |
v ® PM-16QAM
700 | 5 ¢ PM-32Q0AM
= "3 B PM-64QAM
= 6001 -2, v PM-256QAM | |
o | | 3
O.500f 2 ]
@ ‘4,
S 400t o2 a4, 1
300 a2 1
A 5
+ 332
200 * 4
100 :
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Fig. 5. Net data rate as a function of the transmission distance for the
combinations of modulation formats and FEC codes shown in Table IV (the
code number appears above each point). The number of WDM channels is
60, corresponding to a total bandwidth of ~ 4.5 GHz.

system length from N =1 to N,=100. Note that not all possible
combinations of modulation formats and FEC codes have been
used, since some of them yielded very similar rate and/or
transmission distance. In those cases, the lower cardinality
modulation format and the higher code rate were selected,
since they yield a lower complexity. The rate vs. reach results
are summarized both in Fig. 5 and in Table IV, where, for
each distance, the corresponding value of SNR is also shown.

In order to assess the impact of propagation effects on a
realistic receiver DSP, a set of numerical simulations were run
and the results shown in Fig. 6 for PM-QAM constellations
with cardinality 16, 64 and 256. The blue solid lines show
the predictions of the EGN model. The system and simulation
parameters are are described in Section III-B. The red cir-
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Fig. 6. Comparison between EGN model predictions (solid lines) and
numerical simulation results (red circles), in terms of GMI vs. reach for
PM-16QAM (top), PM-64QAM (middle) and PM-256QAM (bottom). The
five dots correspond to the operating points related to the five FEC schemes
described in Table I. The number of WDM channels is 20, corresponding to
a total bandwidth of ~ 1.5 GHz.

cles show the GMI values vs. transmission reach estimated
through numerical simulations in the five operating points
corresponding to FEC schemes in Table I. The accuracy of
the EGN model predictions is in general good, with some
penalty appearing for high code rates, due to the lower value of
OSNR, and thus higher values of additive noise that hinder the
performance of the adaptive DSP blocks (dynamic equalizer
and CPE) and thus impair the achievable performance.

B. Probabilistic Shaping (PS)

A PS-QAM constellations can be efficiently generated using
the PAS scheme described in [78], which enables a separation
of the design of FEC codes and PS, offering a near-optimal
shaping gain when fixed-length data frame are used [84]. Us-
ing this scheme, QAM modulation symbols are generated and
transmitted with different probabilities. The distribution that
maximizes the SNR performance in a linear AWGN channel
is the Maxwell-Bolzman distribution, according to which the
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Fig. 7. Noisy scattering diagrams of uniformly distributed 64QAM (left) and
PS-64QAM with H(P)=4.5 bits/symb (right).
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Fig. 8. Ideal back-to-back performance of PS formats, with values of H (P)
ranging from 2.25 to 7.75 bits/symb with step 0.25 bits/symb. The dots
indicate the operating points corresponding to the FEC code #4 in Table 1.

probability of transmitting a symbol x € X exponentially

decreases with the energy of the symbol:
P(z) = fee~Mal® (12)

An increase of the parameter A increases the amount of
shaping applied to the constellation, reducing its entropy:

=-Y P(x)

TEX

) logy P(x) 13)

and increasing its efficiency in a specific SNR region [23]. An
example of PS constellation is shown in Fig. 7, where the noisy
scattering diagram of a PS-64QAM with entropy equal to 4.5
bits/symb is compared to the uniformly distributed 64QAM
constellation.

In this section, we analyze the performance of different PS
schemes, generated from square QAM constellations with car-
dinality 16, 64 and 256. The parameter A in Eq. (12) is tuned
in order to obtain the desired constellation entropy. Fig. 8
shows the back-to-back performance of several PS formats,
with values of H(P) ranging from 2.25 to 7.75 bits/symb
with step 0.25 bits/symb. Each curve corresponds to a different
format and it converges to the value of entropy for high
SNRs. The dots indicate the operating points corresponding
to the FEC code #4 in Table I. The GMI and, consequently,
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TABLE V
VALUES OF ENTROPY H (P) AND PARAMETER @ IN EQ. (10) FOR PS
MODULATIONS. THE ACHIEVABLE NET DATA RATE OF PM SIGNALS, THE
MAXIMUM NUMBER OF SPANS THAT CAN BE REACHED AND THE
CORRESPONDING SNR ARE ALSO SHOWN, UNDER THE ASSUMPTION THAT
THE CODE #4 IN TABLE I IS USED.

Modulation H(P) [ Rate Ns | SNR
format [bits/symb] [Gbit/s] [dB]
PS-16QAM 2.25 0.585 190.7 75 8.1
PS-16QAM 2.5 0.281 222.7 58 8.7
PS-16QAM 2.75 0.139 254.7 46 9.4
PS-16QAM 3 0.113 286.7 37 10.1
PS-16QAM 3.25 0.166 318.7 30 10.8
PS-16QAM 3.5 0.27 350.7 25 11.5
PS-16QAM 3.75 0.41 382.7 20 12.3
PS-64QAM 4.25 0.01 398.1 18 13.5
PS-64QAM 4.5 0.026 430.1 14 14.2
PS-64QAM 4.75 0.058 462.1 12 14.8
PS-64QAM 35 0.107 | 4941 10 | 155
PS-64QAM 5.25 0.176 | 526.1 8 16.1
PS-64QAM 5.5 0.263 558.1 7 16.9
PS-64QAM 5.75 0.382 | 590.1 6 17.7
PS-256QAM 6.25 0.012 605.4 5 18.8
PS-256QAM 6.5 0.029 | 6374 4 195
PS-256QAM 7 0.111 701.4 3 20.8
PS-256QAM 7.5 0.265 | 765.4 2 22.1
PS-256QAM 7.75 0392 | 7974 I 23.0
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Fig. 9. Net data rate of polarization-multiplexed PS formats vs. distance when
the FEC code #4 in Table I is used. The blue markers (from the right to the
left) corresponds to the modulation formats reported in Table V (from the top
to the bottom) The number of WDM channels is 60, corresponding to a total
bandwidth of ~ 4.5 GHz.

the transmit rate, can be dynamically “tuned” keeping the
same FEC scheme and constellation (therefore, the same DSP
algorithms).

The net data rate vs. distance curve is shown in Fig. 9 for all
the formats described in Table V. The points (from the right
to the left) corresponds to the modulation formats reported in
the table (from the top to the bottom). Note that at 1 span
(100 km), the PS format seems to have worse performance
than the uniform QAM format (see Fig. 5). The reason for
this apparently strange behavior is the quantization of the
maximum reach values, which are integer multiples of the
span length. Even though the performance of PS-256QAM is
better than the one achievable with unform 256QAM, it is not
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Fig. 10. Comparison between EGN model predictions (solid lines) and
numerical simulation results (red circles), in terms of GMI vs. reach for
three PS modulation formats. The five dots correspond to the operating points
related to the five FEC schemes described in Table I. The number of WDM
channels is 20, corresponding to a total bandwidth of ~ 1.5 GHz.

sufficiently good to reach 2 spans at H(P)=7.75 bit/symb, thus
the performance in terms of maximum number of spans is the
same as for PM-256QAM.

Similar to what done for uniformly distributed formats, a set
of numerical simulations were run in order to assess the impact
of propagation effects on a realistic receiver DSP. The results
are shown in Fig. 10 for PS-QAM constellations with entropy
equal to 4.5, 5.5 or 6.5 bits/symb. The blue solid lines show
the predictions of the EGN model (the systems parameters are
reported in Table II). The red circles show the GMI values vs.
transmission reach estimated through numerical simulations
in the five operating points corresponding to FEC schemes
in Table I. The system parameters and Rx DSP (described
in Section III) are the same as for standard QAM formats.
Also in this case, some penalty with respect to the EGN
model predictions appears for high code rates, due to the
lower value of OSNR, and thus higher values of additive
noise that hinder the performance of the adaptive DSP blocks
(dynamic equalizer and CPE) and thus impair the achievable
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performance. Since the ratio between the laser linewidth (10
kHz) and the symbol rate (64 Gbaud) is relatively small,
the optimum length of CPE averaging window is quite large
(around 100 symbols). This means that most of the nonlinear
phase noise is not compensated for by the CPE algorithm.
Being characterized by a lower value of the parameter ®, PS
formats are in general more impacted by nonlinear phase noise
than uniform QAM formats, as discussed in [20].

C. Time-Domain Hybrid-Formats (TDHF)

The TDHF technique consists in transmitting different mod-
ulation formats with symbols interleaved in the time domain.
By changing the ratio of symbols carrying the different
modulation formats, the spectral efficiency can be adjusted
in fine steps [27]. In this way, a high degree of flexibility
is achieved, since the transmission rate and, consequently,
the SNR performance can be tuned by simply modifying the
pattern of the QAM formats.

The TDHF schemes considered in this paper transmit two
different QAM formats interleaved in the time domain. Each
periodic frame is considered to be composed of N symbols
distributed among two neighboring square QAM modulation
formats with constellation sizes M; and M. The TDHF
frame is characterized by a given format ratio, ' = N; /Ny,
where N represents the number of symbols occupied by the
modulation format with the lowest constellation size M. The
entropy H of the dual-polarization TDHF constellation, which
corresponds to the maximum number of bits per symbol that
can be transmitted, can be fine tuned by varying the parameters
M, Ms, N1 and Ns, as:

_ 210g2(M1)N1 —|—10g2(M2)N2
N1+ Ny

A key parameter for TDHFs is the power ratio (PR) between
the two employed modulation formats, defined as:
P,

H (14)

5)

where P; and P» are the power of the lowest and highest
cardinality QAM formats, respectively. The values of PR
used in this work are the ones that maximize the back-to-
back performance is terms of GMI vs. SNR in the region of
operation corresponding to the FEC code #4 in Table 1. The
optimum power ratio value is typically close to the value that
guarantees the same SNR performance for both QAM formats
[29]. Since the higher order QAM is more sensitive to noise
than the lower order QAM, PR always assume values higher
than 1.

Table VI reports the parameters of the TDHF schemes
that have been considered, together with the values of the
parameter @ to be used in Eq. (10) and the propagation and
SNR performance when code #4 in Table I is used. The net
data rate vs. distance curve is shown in Fig. 11. The blue
points (from the right to the left) correspond to the modulation
formats reported in Table VI (from the top to the bottom). The
performance of square PM-QAM modulation formats is also
shown as green squares.

TABLE VI
VALUES OF ENTROPY H (P) AND PARAMETER @ IN EQ. (10) FOR TDHF
MODULATIONS. THE ACHIEVABLE NET DATA RATE OF PM SIGNALS, THE
MAXIMUM NUMBER OF SPANS THAT CAN BE REACHED AND THE
CORRESPONDING SNR ARE ALSO SHOWN, UNDER THE ASSUMPTION THAT
THE CODE #4 IN TABLE I IS USED.

QAM Ny, H(P) ) Rate | Ns | SNR
formats No [bits/symb] [Gbit/s] [dB]
4/16-QAM 5/1 2.33 0.845 241.6 44 9.0
4/16-QAM 3/1 2.5 0.806 259.2 37 9.7
4/16QAM 2/1 2.67 0.77 276.8 32 10.3
4/16-QAM 1/1 3 0.725 311.0 25 114
4/ 16-QAM 12 3.33 0.701 345.3 21 12.3
4/16-QAM 1/3 3.5 0.699 362.9 19 12.7
4/16-QAM 1/5 3.67 0.686 380.5 17 13.0
16/64-QAM 5/1 4.33 0.661 448.9 11 149
16/64-QAM 3/1 4.5 0.656 466.6 10 15.5
16/64-QAM 2/1 4.67 0.644 484.2 9 16.1
16/64-QAM 1/1 5 0.633 518.4 7 17.0
16/64-QAM 172 5.33 0.628 552.6 6 17.8
16/64-QAM 1/3 5.5 0.622 570.2 5 18.2
64/256-QAM | 3/1 6.5 0.615 673.9 3 20.9
64/256-QAM 1/1 7 0.61 725.8 2 22.3
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Fig. 11. Net data rate of polarization-multiplexed TDHFs vs. distance when
the FEC code #4 in Table I is used. The blue circles (from the right to the
left) corresponds to the modulation formats reported in Table VI (from the
top to the bottom). The four green squares report the performance of square
PM-QAM formats. The number of WDM channels is 60, corresponding to a
total bandwidth of ~ 4.5 GHz.
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Fig. 12. Noisy scattering diagrams of the TDHF with H(P)=4.5 bits/symb
(see Table VI).
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Fig. 13. Comparison of rate-reach trade-off for the three analized modulation schemes (derived from the data reported in Figs. 5, 9 and 11).

An example of TDHF constellation can be seen in Fig. 12,
where the noisy scattering diagram of a hybrid format com-
posed of a frame of three 16QAM symbols and one 64-
QAM symbol is shown. The achieved entropy is equal to
4.5 bits/symb. Note that this plot highlights how TDHFs can
be considered as an alternative way to perform probabilistic
constellation shaping. However, the achieved distribution is
far from the optimum Gaussian one, and thus there is no sig-
nificant performance improvement with respect to uniformly
distributed constellations, as also shown by the results in
Fig. 11.

V. MODULATION SCHEMES COMPARISON

Fig. 13 compares the rate versus reach results obtained
using the three modulation schemes described in Section
IV over a common multi-span propagation scenario whose
parameters are reported in Table II. The application of PS
on a QAM mudulation format makes the constellation shape
closer to a Gaussian distribution, which, in accordance with
the Shannon’s theorem, ideally allows to achieve the channel
capacity in an AWGN channel. For this reason, as also
experimentally demonstrated in several works [17]-[21], the
performance of PS formats is slightly better than uniform
QAM and TDHF, with higher gains in the region [500-
2000] km, [400-600] Gbit/s.

The results of Fig. 13 show that a good granularity is
achieved in all cases, at the expenses of an increase in im-
plementation complexity. For instance, when using PM-QAM
formats with variable code rate, the required hardware effort
for implementation of several FEC encoders and decoders
in order to support the various code rates is significant and
may lead to an undesired increase of transceiver cost [27].
In addition, the use of very large FEC overheads allows the

system to operate at very low SNR values, leading to a
high symbol error rate, which can be challenging for DSP
subsystems that rely on the feedback from symbol decisions.

On the other hand, most of the current PS investigations
make use of a constant composition distribution matcher [84],
which is known to pose several implementation issues, such
as the requirement of very long blocks of bits to achieve
the best performance, thus increasing latency and complexity.
Therefore, simplified PS implementations have recently be-
come very active research topics [89], [90]. In addition, despite
of the shaping gain in linear regime due to its quasi-Gaussian
distribution, PS is more impacted by the accumulation of
nonlinear interference [79], which results in an enhanced
nonlinear phase noise (NLPN) distortion [80].

In general, the generation and detection of TDHF pose less
challenges than for PS signals. In [28] it was demonstrated
that the TDHFs can be generated and easily re-configured
using DAC enabled transmitters with linear modulators and
RF drivers. The DSP required to process the TDHF signal at
the receiver is described in Section III in [26], where it is also
shown that the computational complexity can be as low as
that in conventional single format transceivers. However, even
if the composition of hybrid formats is optimized, the SNR
performance is still far from that of the optimum Gaussian con-
stellation [29], [30], as it is also shown in Fig. 13. Morevoer,
it has been shown that, due to the power unbalance between
formats that is required to have them operating in similar
conditions, the time multiplexing of QAM formats leads to
additional nonlinear penalties, which appear to increase with
the time frame length [29].

Note that the performance of uniformly distributed formats
could be improved by using geometrical shaping (GS), .i.e.
by designing non-square constellations with a Gaussian-like



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. , NO. , JANUARY 2019

distribution of points and equal transmission probability for all
symbols [63], [85]-[87]. However, PS has some advantages
over GS in terms of flexibility, e.g. the net data rate can
be adjusted with arbitrary granularity and the same DSP
unit can be used to equalize the signal at different spectral
efficiencies. In addition, using PS a sensitivity gain fn the
order of 1 dB can be achieved with respect to standard
QAM constellations [18], [20], whilst a more limited gain can
typically be obtained with GS [88]. Moreover, being based on
non-standard QAM formats, these options face the challenge
of requiring dedicated and potentially more complex DSP
algorithms for their generation and processing.

VI. SUB-CARRIER MULTIPLEXING (SCM)

This technique consists in electrically decomposing a high
symbol-rate signal into a given number of electrical subcarriers
(SCs), each of which operating at a lower symbol-rate [34].
SCM is also known in the literature as Nyquist-FDM [91]-
[93]. In Nyquist-FDM signals the cross-talk between adjacent
subcarriers is avoided by using a tight spectral shaping on the
electrical subcarriers. Depending on the optical system under
test, several degrees of freedom can be optimized, such as the
number of sub-carrier components, the inter-subcarrier spacing
and the associated modulation format and pulse shaping.

The granularity of the SCs allows to control the symbol
duration by keeping a constant overall bandwidth. This abil-
ity of optimizing the symbol duration allows to adapt the
signal for non-linearity tolerance and can therefore be used
to extend the reach of optical transport systems [34], [83].
Furthermore, Nyquist-FDM allows flexible adaption of the
bandwidth [94], power and modulation format [33] of each
individual subcarrier. This allows for a flexible design of
the spectral efficiency and therefore a finer granularity in
transmission reach. Moreover, with a proper choice of the
modulation format to be assigned to each subcarrier in the
Nyquist-FDM frame, the effects of selective filtering can be
effciently mitigated and the transmission rate maximized. In
particular, for optical communications systems including a
large number of reconfigurable optical add/drop multiplexers
(ROADMs), it has been demonstrated that, due to the effect of
optical filtering, the best way to perform subcarrier loading is
by placing the lower-order QAM SCs in the frequency edges of
the frame and the higher-order QAM tributaries in the central
part of the frame [35], [97].

In [32], the use of frequency domain hybrid formats
(FDHF), based on SCM, was proposed as a time-invariant
alternative to TDHF able to achieve similar level of bit-rate
granularity. A disadvantage of SCM schemes is their larger
sensitivity to transmitter impairments, like the IQ time im-
balance, which needs a more precise calibration or additional
calibration algorithms [95], [96]. In order to improve the per-
formance of either TDHF or FDHF, polarization interleaving
can be applied to equalize the power distribution in time or
in the channel spectrum, respectively, also having beneficial
effects in non-linear propagation, as shown in [31].

In the following, an example of combination of SCM with
the three techniques described in Section IV is reported,
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Fig. 14. Maximum reach gain (in dB) vs. the number of subcarriers for three
modulation formats for each category (top: variable-rate QAM, middle: PS-
QAM, bottom: TDHF). The number of WDM channels is 60, corresponding
to a total bandwidth of ~ 4.5 GHz.

showing that a performance gain is obtained thanks to the non-
linearity reduction enabled by the SRO effect [38]. Fig. 14
shows the maximum reach gain (in dB) as a function of
the number of subcarriers. The system parameters are those
reported in Table II. The aggregate symbol rate is R =64
Gbaud. The symbol rate of each SC is equal to R /N, where
N, is the number of subcarriers. The absolute maximum reach
performance for the single-carrier systems can be found in
Tables III, VI and V. The effects of symbol rate optimization
(SRO) are evident in Fig. 14 for all the analyzed formats (three
examples, with different entropy values, are shown for each
modulation technique). Note that the SRO gain is higher for
uniformly distributed formats (either standard QAM or TDHF)
than for PS formats, as also demonstrated in [98]. This is
due to the fact that the PS symbols approximate a Gaussian
constellation, for which the effects of SRO are negligible.
In practice, as also shown in [38], [99], the SRO gain is
higher for modulation formats characterized by a higher value
of the parameter ® in Eq. (11) (see Tables IIl, VI and V,
where the values of ® are reported for all modulation formats
considered in this paper). These results indicate that PS and



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. , NO. , JANUARY 2019

Gaussian-like constellations are not only more impacted by
nonlinear phase noise, but also benefit less from the SRO
gain. In addition, whilst in single-subcarrier systems part of the
NLPN is efficiently compensated for by the feed-forward CPE
algorithms that are used to mitigate laser phase noise, when
increasing the number of sub-carriers the memory of NLPN in
number of symbols becomes too short to be compensated for
by standard CPE algorithms [100]. This further reduces the
SRO gain for modulation formats affected by a strong NLPN,
such as multi-level formats with Gaussian-like distribution. In
conclusion, the combination of PS and SRO might not be as
beneficial as the combination of standard QAM and SRO is.

VII. CONCLUSION

A first step towards flexible networks that avoids the
replacement of fibers and link components, like multiplex-
ers, demultiplexers and ROADMs, consists in keeping fixed-
grid dense WDM transmission on the installed equipment
and introducing flexibility only through the replacement of
transceivers. For this reason, the design of optical transceivers
able to dynamically adapt the transmission rate to the channel
conditions has been the goal of intense research activities in
the past few years.

In this paper, three advanced modulation techniques that
have been recently proposed to increase the flexibility of
optical transceivers have been reviewed, i.e. QAM formats
with variable code-rate, time-domain hybrid formats and prob-
abilistic constellation shaping. Using a common reference
multi-span propagation system scenario, the performance of
all considered modulation schemes was assessed, in either a
single-carrier or multi-subcarrier configuration.

All considered modulation schemes allow to achieve a
good granularity in terms of combination of net data rate
and transmission distance, at the expenses of an increase
in the complexity of the DSP algorithms. One of the main
challenges in the next years will be the development of
efficient but simple Tx and Rx DSP algorithms for these class
of advanced modulation schemes, which will enable a cost-
efficient realization of flexible transceivers for next generation
optical networks.
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