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Abstract—TIn this paper, we analyze hybrid modulation formats
as an effective technology for the implementation of flexible
transponders that are capable of trading-off the delivered data
rate by the lightpath quality of transmission with fine granularity.
Flexible transponders are an enabling technology to introduce the
elastic paradigm in state-of-the-art networks, while maintaining
compatibility with the installed equipment, including fibers,
mux-demux and ROADMs, as required by telecom operators
willing to exploit fixed-grid WDM transmission. We consider two
solutions achieving different levels of flexibility and employing
different hybridization approaches: time-division (TDHMF) and
quadrature-division (Flex-PAM) hybrid modulation formats. We
introduce a comprehensive theoretical assessment of back-to-
back performances, analyzing different transmitter operating
conditions, and we provide an extensive simulation analysis
on the propagation of a Nyquist-WDM channel comb over an
uncompensated and amplified fiber link. After assessing the
impact of nonlinear propagation on the maximum signal reach,
we present simple countermeasures for nonlinear mitigation and
discuss on their effectiveness for both TDHMF and Flex-PAM.

Index Terms—Flexible transponders, hybrid formats, GN-
model, elastic networks.

I. INTRODUCTION

HE exponential growth of IP traffic [1] together with an

increased level of traffic fluctuations drives the need for
highly efficient and flexible broadband networks, starting from
optical back-bones. Optical networks are evolving towards
flexibility, with the purpose of maximizing the data-rate and
reach by adapting their operation to the traffic demand. From
the point of view of telecommunications carriers, there is
a firm requirement to have a return on capex investments
for the installed infrastructures, aiming at solutions avoiding
replacement of equipments and fibers [2]. Consequently,
carriers plan to keep fixed-grid DWDM transmission on
the installed equipment, introducing network efficiency and
flexibility through the replacement of transponders. This
network evolution based on installed links envisions to
maintain the channel spacing, A f, and the symbol rate, R, as
constant parameters, given by the transmitter (Tx) and receiver
(Rx) state-of-the-art.

Thanks to the introduction of fast digital signal processing
(DSP) at the Tx/Rx, flexible transponders with the capability
to switch among polarization-multiplexed (PM) multilevel
modulation formats are now available on the market. They
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enable network flexibility allowing to trade-off data-rate
with the lightpath quality of transmission (QoT), i.e., with
the optical signal-to-noise ratio (OSNR). But such data-
rate flexibility is limited to the cardinality of the selected
modulation formats. For instance, if we consider a transponder
able to switch among PM-QPSK, PM-16QAM, and PM-
64QAM, delivering 4, 8, and 12 bit-per-symbol (BpS),
respectively, the available data-rates, given the symbol
rate R, are only the three values R, = R, - BpS. An
increased flexibility could be achieved by using cross-
QAM constellations, such as PM-8QAM and PM-32QAM
[3]. However, on the contrary of square QAM, these non-
rectangular constellations do not support perfect Gray coding
and also do not allow to easily modulate and demodulate
the in-phase and quadrature components as independent
pulse amplitude modulation (PAM) signals. This may be an
important disadvantage for a flexible transceiver supporting
several modulation formats, as it requires the co-existence of
radically different modulation and demodulation stages.

Targeting an enhanced data-rate flexibility, a plethora
of enabling techniques for the implementation of flexible
transponders have been recently proposed, such as 4D-
optimized modulation formats [4], [5], coded modulation
[6], [7] and rate-adaptive modulation [8]. Besides the
aforementioned techniques, the use of hybrid modulation
formats has also been attracting significant attention [9]-
[20] introducing the ability to trade-off with fine granularity
the data-rate with the QoT. These are based on mixing
different constellations in order to deliver fractional values
of BpS. The hybridization can be done with respect to
time, generating the time-division hybrid modulation formats
(TDHMF), which have been extensively assessed both in
simulation [9]-[11] and experimental works [12]-[18], [21].
Alternatively, it is also possible to hybridize with respect
to the four quadratures ([;, @, Iy, @), generating the
flexible pulse-amplitude modulation (Flex-PAM) concept [19],
[20]. Although providing a limited bit-rate granularity with
respect to TDHME, Flex-PAM resorts only to time-invariant
rectangular' QAM constellations, thereby facilitating the
modulation and demodulation stages, which are always based
on the assignment of independent PAM signals to each
quadrature.

In this paper, we provide a comprehensive theoretical
and numerical comparison of TDHMF and Flex-PAM, both

'Note that, on the contrary of typical rectangular QAM, the Flex-PAM
concept allows for different Euclidean distances in the in-phase and quadrature
components. See section II.C for further details.
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Fig. 1.
square QAM modulation formats of size M2 and (2M)2. Envisioning an
improved nonlinear propagation performance, polarization interleaving can be
applied to balance the distribution of optical power over time. For simplicity,
only frame structures that lead to integer number of bits per symbol are
illustrated.

Structure of a dual-polarization TDHMF frame composed of two

in terms of back-to-back (B2B) and signal propagation
performance, targeting a flexible but low-complexity
transponder architecture. The main performance-limiting
aspects of TDHMF and Flex-PAM due to fiber nonlinearities
are discussed and appropriate countermeasures are presented
and numerically assessed in a Nyquist-WDM scenario
comprising a wide range of channel bit-rates.

The remainder of this paper is organized as follows.
In Section II, we start by theoretically assessing the B2B
performances of both TDHMF and Flex-PAM modulation
formats, then reviewing different transmitter operation modes
and devising the main B2B aspects to be taken into account for
signal propagation. In Section III, we present a comprehensive
simulative analysis of nonlinear propagation of a Nyquist-
WDM channel comb over an uncompensated amplified link,
deriving the maximum reach for a large set of conditions.
To mitigate the nonlinear propagation impact we assess two
techniques, polarization interleaving and power-ratio tuning,
discussing on their effectiveness. A final comparison of
maximum reach performances with the Gaussian noise (GN)
model [22] predictions, used here as a reference, shows that
both TDHMF and Flex-PAM present minor penalties when
nonlinear mitigation techniques are used.

II. THEORETICAL FORMULATION
A. Time Domain Hybrid Modulation Formats

The general structure of a dual-polarization TDHMF frame
is illustrated in Fig. 1, where for simplicity we only depict
the configurations leading to an integer number of bits per
symbol. In order to reduce the complexity associated with the
transmission and detection of TDHMEF, in this work we will
consider that each periodic frame is composed of N symbols
distributed among two neighbor square QAM modulation
formats with constellation sizes M? and (2M)?2, where M is
the number of levels in each quadrature. The TDHMF frame
is also characterized by a given frame ratio, k = N;/N,
where V7 represents the number of symbols occupied by the
modulation format with the lowest constellation size, M2. In
order to counteract the detrimental impact of time-varying
optical power on the signal propagation performance [11],
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Fig. 2. Structure of a dual-polarization Flex-PAM frame composed of PAM
modulation formats of size M and 2M. Polarization interleaving can only
be applied for k = 0.5, enabling to balance the distribution of optical power
between the two polarizations. Note that Flex-PAM inherently only allows for
integer number of bits per symbol.

in the schematic representation of Fig. 1 we also illustrate
the application of polarization interleaving (PI), which only
changes frame layout in one polarization tributary, thus
balancing optical power evolution over time. Nevertheless,
from a B2B perspective, note that PI produces no impact on the
performance of TDHMEF, since the two polarization tributaries
are completely orthogonal.

In order to analyze the B2B performance of TDHMEF,
we make use of the analytical estimation of the bit error
rate (BER) for an M2-QAM modulation format [23], whose
expression is:

M-1
M logy (M)

N
erfc 3871{ , (1)

\IJQAM(SNRa M) = 2(M2 — 1)

where SNR is the signal-to-noise ratio (SNR) per symbol and
erfc(-) is the complementary error function defined as,

erfe(x) = % /OO e at. 2)

Taking into account the characteristic frame-ratio, x, and
constellation size, M2, the average BER of the TDHMF frame
can then be written as,

Urpamr(SNRQam,1, SNRqam 2, M, k) =

N [’f IOgQ(M)‘I’QAM(SNRQAM,h M)
BpS

+(1 = £)(logy (M) + 1)Woam(SNRam 2, 2M) |,
3)
where Ngp,g is the average number of bits per symbol encoded
in the TDHMF frame,
Npps = 4 (logy(M) + 1 — k), 4)

and SNRqam,1, SNRqawm,2 represent the SNR perceived by
each QAM format, determining the average SNR for the
TDHMF frame, SNRrpyMmr, Which is given by,

SNRTpaMF = HSNRQAMJ + (1 — IQ)SNRQAMQ. (5

In general, we can define a given power-ratio, PR, between
the two modulation formats such that,

SNRQAMJ)

6
SNRqan 2 ©

PR [dB] = 10log,, <
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The power-ratio will depend on the adopted transmitter
operation strategy and will set the B2B performance of
TDHME.

B. Flex-PAM

As an alternative flexible modulation scheme, in Fig. 2
we show the proposed dual-polarization Flex-PAM frame
structure. As opposed to TDHMEF, Flex-PAM does not imply
time-varying modulation. Instead, the flexibility is achieved
through the hybridization of PAM formats between the four
orthogonal quadratures (in-phase and quadrature in the two
polarizations). Consequently, the granularity of Flex-PAM is
inherently limited to integer numbers of bits per symbol.
Similarly to the TDHMF case, in this work we will consider
that the Flex-PAM frame is composed of two nearest-size PAM
formats, whose constellations include M and 2M symbols,
respectively. Under these assumptions, the Flex-PAM frame
can be completely described by the number of levels of its
lowest size PAM format, M, and by the corresponding frame-
ratio, K.

Similarly to TDHMF, PI can also be applied to reduce
the optical power unbalance between the two polarizations.
However, PI is only possible in Flex-PAM for x = 0.5, as
shown in Fig. 2. For the remaining frame-ratios it is not
possible to rearrange the frame structure in order to balance
the optical power between polarizations. Other advanced
methodologies must be applied, as it will be discussed in
Section III. In order to unequivocally identify the frame
structure when using PI, the Flex-PAM format can be
identified by a vector M = [My, M, M3, M,], where M;
represents the number of PAM levels in each quadrature, such
that M = min (M ).

To analyze the B2B performance of Flex-PAM we may
use the BER estimation expression of an M -PAM modulation
format [23],

M-1

- / 3SNR
lIJPAM(Sl\H;{, M) = merfc ( ]\42_1> . (7)

Starting from (7), the overall BER of a Flex-PAM frame can
be estimated by individually accounting for the BER incurred
in each of its four orthogonal quadratures as,

Uriex-pam (SNRpam, 1, SNRpam, 2, M, k) =

4
5 rlogy (M) Wpam (SNRpam,1, M)

+(1 = ) (10ga(M) + 1) Wpani(SNRpan 2, 2M) |,
)
where the Nppg is given by expression (4).
Similarly to the TDHMF case, the average SNR is given
by,
SNRpiex—pPaM = KSNRpam,1 + (1 — £)SNRpanm,2, (9)

with SNRpam,1 and SNRpam,2 now corresponding to the
SNR locally perceived by each PAM format in a single
quadrature, as opposed to (5), where SNRqawm,1, SNRgam,2
are measured over both in-phase and quadrature. Since the

noise power is set by the propagation channel but the signal
power of M2-QAM is twice of that of M/-PAM, then it results
that for the same M,

SNRqgam = 2 - SNRpawm.

Note that the factor of 2 in expression (10) compensates for
the factor of 2 between denominators in the arguments of
the erfc(-) functions of expressions (1) and (7). Consequently,
the B2B performance of both strategies is exactly equivalent.
In the following, we provide further details on possible
transmitter operation strategies for Flex-PAM, which can also
be equivalently applied to TDHMF. For the compactness of
notation, henceforth we will refer to SNRpan,1, SNRpam,2
and SNRpay simply as SNR;, SNRy and SNR.

(10)

C. Transmitter Operation Strategies

In this section we present different transmitter operation
strategies analyzed on a per-channel basis, using the average
BER of the hybrid format as the performance criterion.

1) Constant Power (PR=0 dB): If the power is kept
constant for both PAM modulations composing the Flex-PAM,
then the power ratio between formats is PR = 0 dB and the
SNR perceived by each format is SNR; = SNRy, = SNR.
Using equation (8) we obtain the following BER expression,

1 3SNR
¥ =M (logy (V) + 1) l"“M “hetel\ap
1 3SNR

This is the simplest transmitter operation strategy, but, as we
are going to discuss in the following, it is inefficient both
in terms of performance (large B2B penalties) and receiver-
side complexity, since the two PAM/QAM formats operate at
completely different BERs, thus requiring dedicated forward-
error correction (FEC) codes.

2) Same Euclidean Distance (di= ds3): In order to
guarantee the same Euclidean distance, d; and ds, between
the two modulation formats in the Flex-PAM frame, it can be
shown that SNR perceived by each of the PAM formats is
respectively given by,

M? -1 N
NR;=————— SN 12
SNR, (4—35)M2—1S R, 12)
and AN 1
NRy = ———— SNR. 1
SNR2 = (0 oz — 1 R (1)

Substituting (12) and (13) into the BER expression (8) and
reducing all its terms as functions of SNR, M and & yields,

M — =t 3SNR
v = erfc —_
M (logy(M) + 1 — k) (4-3k)M?2 -1
(14)
The associated power-ratio between the two PAM formats is
then given by,

15)

4M? -1
PR =10 loglO (]\4_21) 5
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TABLE I
FLEX-PAM FRAME STRUCTURE, POWER-RATIO AND REQUIRED SNR FOR DIFFERENT TRANSMITTER OPERATION STRATEGIES, CONSIDERING A TARGET
BER OF 2 x 102

T dl — d2 v, = \112 Winin
Neps | log, (M) Format M | k [SNRueq | PR | PRyl | SNRieq | PR | PRpor | SNRyeq | PR | PRpar
[dB] [dB] | [dB] [dB] [dB] | [dB] [dB] [dB] | [dB]
4 [1111] PM-QPSK 2 1 6.25 0 0 6.25 0 0 6.25 0 0
5 [1112] 2 0.75 9.07 7 4.78 8.94 6.46 4.33 8.76 4.87 3.08
6 [1212] PM-8QAM! 2 0.5 10.69 7 0 10.59 6.46 0 10.46 5 0
7 [1222] 2 | 0.25 11.83 7 2.22 11.78 6.46 2.13 11.72 5.09 1.84
8 [2222] PM-16QAM 4 1 12.71 0 0 12.71 0 0 12.71 0 0
9 [2223] 4 | 075 15.11 6.23 4.15 14.98 5.72 3.74 14.72 3.69 2.23
10 [2323] | PM-32QAM! 4 0.5 16.57 6.23 0 16.45 5.72 0 16.25 3.9 0
11 [2333] 4 1025 17.62 6.23 2.08 17.56 5.72 1.98 17.45 4.04 1.57
12 [3333] PM-64QAM 8 1 18.43 0 18.43 0 0 18.43 0 0
imposing a maximum value of ~7 dB for M = 2 and . . . . . . |
asymptotically converging to ~6 dB when increasing M. 20| — PPLE =0 d? —:nfll = d2T -— ?111 = \112 “Ifm ]‘Ef
3) Same BER (V1= U5): In order to impose that the two 18f ﬂ Z} ﬂ 2} H } | %*
modulation formats in the Flex-PAM frame must operate at 16} = 4| “I g i \ \ \E,
the same BER, we must determine the SNR required by & |. cﬂ ﬂ T} ;} } } }
each format to achieve the target BER, Wyuger, Which can = 141 ST T \ | \ |
be obtained by inverting the BER expression (7), sz' 12} | ‘ - } m} } 1
& i ST = (=1 =
M2 1 Mlog, (M) 2 101 R A B nn
— -1 2 o S @
SNR™ = =5 —arfe <M_1‘I’> . (1) 7/ B R - R R R R
= N A R~ I F) ) B
] | x N et s o A
and 4 5 6 7 8 9 10 11 12

2M (logy (M)
2M —1

AM2 — 1 1 2
SNRy 4 = ?erfc_1 ( + )\I/target> )

A7)
The average BER of the entire frame is then obviously
given by Wi,...¢, Whereas the average SNR is obtained by
substituting SNR}°? and SNR5™ in (9). Finally, the power-
ratio between PAM formats is given by,

(18)

N req
PRlelogm(S R )

SNR,™

4) Minimum BER (V.,): To achieve the minimum
global BER requires to find the optimum SNR pair,
[SNRSPY, SNRSP'] , that minimizes the estimated BER of
expression (8). Taking into account that for any given SNR
the value of SNRj is automatically determined by the value
of SNR; through expression (9), the following optimization

opt
M)

procedure can be applied to determine SNR;*",
M )} }, 19)

SNR — kSNR4

SNR?pt = {SNRl : ‘Ilp]ex,pAM (SNRl, ==

SNR — kSNR
= min |:\I/F]exPAM (SNRlv #

whereas SNRSP" is given by,

SNR — kSNR{™

N opt:
SNR, 1-r

(20)

Number of Bits per Symbol

Fig. 3. Back-to-back sensitivity of TDHMF depending on the transmitter
operation strategy for a number of bits per symbol ranging from 4 (PM-QPSK)
up to 12 (PM-64QAM). Note that the sensitivity of Flex-PAM coincides with
that of TDHMF for integer Npps. The target BER is 2 x 102

The average BER of the entire frame is then given by,

1 3SNRSP*
¥ = oy (V) +1 = #) [“(M “Derfe |\ Ty
1
+ (1 —k) <M— 2) erfc

As for the ¥y = Uy strategy, the power-ratio between PAM
formats is given by,

2n

3SNRSP"
aM2—1 | |

opt
SNRS ) )

PR — 10log,q [ ool
810 (sl\mgpt

D. Back-to-Back Performance

Employing the previously described transmitter operation
strategies and BER estimation formulas, the theoretical B2B
sensitivity of TDHMF and Flex-PAM is shown in Fig. 3, in
terms of required average SNR to achieve a given number
of bits per symbol, ranging from 4 (pure PM-QPSK) up to

INote that the PM-8QAM and PM-32QAM formats indicated in Table I
are non-square (rectangular) QAM formats.
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Fig. 4. SNR penalty (ASNR) incurred in B2B by tuning the power-ratio
around its optimum value using the W1 = Wo transmitter operation strategy.
The target BER is 2 x 1072,

12 (pure PM-64QAM). Note that, as previously highlighted,
TDHMF and Flex-PAM are equivalent in terms of sensitivity
for integer number of bits per symbol. Complementarily to the
sensitivity analysis of Fig. 3, the frame structure, power-ratio
and required SNR of Flex-PAM is detailed in Table I for the
same range of bits per symbol. Since it can play a key role
on the signal performance after nonlinear fiber propagation,
besides the power-ratio between PAM formats, Table I also
indicates the correspondent power-ratio between polarization
tributaries, PR,o1. It is defined as the power-ratio between
the y-pol (highest power polarization, according to Fig. 2)
and the z-pol. Note that, for square (x = 1) and rectangular
(k = 0.5) QAM constellations the polarization power-ratio is
always 0 dB, whereas it is highest for x = 0.75.

It is also important to emphasize that, apart from the
PR =0 dB strategy, which is clearly sub-optimal, the
remaining operation strategies are nearly equivalent in terms
of sensitivity. Although the W, operation provides up to
~ 0.25 dB improved sensitivity for the considered range of
bits per symbol, the ¥; = U5 strategy is the most conservative
approach: both formats operate at the same BER facilitating
the FEC coding and decoding. Based on this observation, we
are going to focus on the same BER transmitter operation
strategy for the remainder of this paper. However, this strategy
implies that, whenever the BERs of the two modulation
formats are not exactly the same (e.g., due to PR mismatch in
B2B or due to nonlinear phenomena after signal propagation
in fiber), the system performance is limited by the highest
BER.

To provide a more in-depth analysis of the consequences of
adopting the same BER operating strategy, in Fig. 4 we show
the SNR penalty, ASNR, incurred by sweeping the power-
ratio between formats. Indeed, the optimum performance
(ASNR = 0 dB) is obtained at the theoretical values listed
in Table I, 6.46 dB for M = 2 and 5.72 dB for M = 4. It is
also important to notice that the slope of the curves in Fig. 4
strongly depends on the frame-ratio, . For power-ratios lower
than the optimum, the growth of ASNR evolves slower with
lower x, whereas the opposite is true for power-ratios larger
than the optimum. Setting a maximum SNR penalty of 0.2 dB,

7 —— ]
— k=0.75 |
6rl_ k=05 .
5l|--- =05 (with PT) } } |
. — £ =0.25 |
= 4 B
—= \ |
2 3t | I
e~ | |
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Fig. 5. Flex-PAM: impact of PR tuning on the power unbalance between
polarization tributaries (or equivalently, the polarization power-ratio PRpq1).

note that a PR reduction of up to ~ 2.5 dB is tolerated by
k = 0.25, whereas only ~ 0.5 dB of PR reduction is tolerated
by k = 0.75.

Note that, although from the B2B perspective it does not
make sense to tune the PR, for signal propagation in fiber
reducing the PR can be an effective countermeasure for the
mitigation of nonlinear effects, as it allows to reduce the power
of the higher-cardinality PAM. With the same objective of
reducing nonlinear impairments, it has also been shown that
PI can play an important role on the performance of TDHMF
[11], as it balances the distribution of optical power over
time (see Fig. 1). In contrast with TDHMEF, the distribution
of optical power is inherently constant over time for Flex-
PAM. However, it suffers from power unbalance between
polarization tributaries, which can only be solved through PI
for the kK = 0.5 case (see Fig. 2). In the remaining cases
(k = 0.25 and k = 0.75) it is not possible to avoid optical
power unbalance by simply rearranging the PAM formats
among the four quadratures. In that case, a possible way of
counteracting polarization unbalance is by reducing the PR,
thereby incurring into the B2B penalty shown in Fig. 4. The
relationship between the quadrature power-ratio, PR, and the
polarization power-ratio, PR, is illustrated in Fig. 5 for the
different Flex-PAM configurations. Note that PR, will not
depend on M, but only on PR. It is also worth emphasizing
that, similarly to the behavior depicted in Fig. 4, any changes
on the polarization power-ratio are less sensitive for £ = 0.25.
Note that, while PR, decreases with decreasing PR at a
rate of ~0.7 dB/dB for x = 0.75, there is only ~0.2 dB of
PRpo1 variation for PR € [5 6] dB. Fig. 4 also shows that PI
can completely avoid the polarization power unbalance for the
case of k = 0.5, regardless of the quadrature PR.

This B2B analysis will be particularly useful for the
interpretation of the signal propagation performance results
introduced in the following section.

III. RESULTS

In a previous work [11], we have shown that the propagation
performance of TDHMF can be significantly improved by
applying simple countermeasures, such as PI and electronic
pre-distortion, for the mitigation of nonlinear impairments. In
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Fig. 6. Maximum reach achieved by TDHMF and Flex-PAM for different
bit-rates ranging from 100G to 300G without any nonlinear mitigation
countermeasures. Note that both PM-8QAM and PM-32QAM are indicated in
the figure only as equivalent spectral efficiency solutions for 150G and 250G.

this section, we aim to perform and in-depth assessment of
the nonlinear propagation performance of both TDHMF and
Flex-PAM in uncompensated amplified links, for an extended
set of channel net bit-rates, ranging from 100G up to 300G.
It is important to remark that, on the contrary of [11], no
electronic pre-distortion is applied in this work, with the aim
to avoid extra processing complexity both at the transmitter
and receiver sides.

The simulation setup is based on the transmission of a
13-Nyquist-WDM channel comb, propagated over a uniform
uncompensated and amplified multi-span link, composed of
100 km spans of standard single-mode fiber (SSMF), with
attenuation o = 0.22 dB/km, dispersion parameter D =
16.7 ps/mm/km and nonlinearity coefficient v = 1.3 W-lkm!.
At the end of each span, the fiber loss is fully recovered by
an Erbium-doped fiber amplifier (EDFA) with noise figure of
5 dB. For simplicity, both laser phase noise and frequency-
offset are neglected, reducing the receiver-side DSP to a simple
least mean squares (LMS) adaptive filter with 51 taps. The net
symbol rate per channel is R; = 25 Gbaud, corresponding to
a gross symbol rate of 32 Gbaud, including the FEC overhead
of 20% and the protocol overhead of 8%. The channel spectra
are shaped using a raised-cosine filter with roll-off factor of
0.2. A 50 GHz channel spacing has been set in order to test
a state-of-the-art fixed-grid optical link. Targeting the lowest
implementation complexity and taking into account the B2B
discussion on section II, we have adopted the same BER
(U1 = Wy) transmitter operation strategy. The power-ratio has
been set in accordance to Table I, for a corresponding target
BER of 2 x 1072,

The first step of our analysis is to evaluate the maximum
transmission distance that can be achieved for each considered
modulation strategy — TDHMF and Flex-PAM - without
applying any countermeasures for nonlinear impairments. The
maximum reach is defined in terms of the maximum number
of fiber spans, Ngpans, along which the signal can propagate,
while still guaranteeing operation below the defined target
BER. Note that the maximum reach is obtained by linear
interpolation of the BER results obtained after propagation
over a set of transmission distances, thus yielding fractional

[
[=]

Maximum Reach [Ny,

P, [dBm]

Fig. 7. Maximum reach versus launched power per channel for Flex-PAM at
250G (k = 0.5), with and without PIL.

values of maximum reach in terms of number of spans. In this
context, rather than a meaningful propagation distance, these
fractional values shall be interpreted as an OSNR margin over
the correspondent integer number of spans. For all cases, the
maximum reach is determined after optimizing the transmitted
power per channel, thus ensuring that the optical signal is
being transmitted in the optimal propagation regime. The
results of this simulation campaign are shown in Fig. 6, in
terms of maximum reach versus net channel bit-rate. GN-
model [22] predictions are reported as a reference and are
based on the B2B SNR requirements derived for each case.
As expected, without the implementation of any nonlinear
mitigation techniques, both TDHMF and Flex-PAM perform
worse than the GN-model predictions due to the power
unbalance in time (TDHMF) and in polarization (Flex-PAM).
It is also worth noting that Flex-PAM tends to be significantly
more penalized, specially for the case of k = 0.5, where the
polarization power unbalance is highest, as shown in Fig. 5.
The higher power level needed by the higher cardinality format
generates an extra nonlinear impairment in fiber propagation,
compared to a transmission technique based on constant
power. Consequently, the maximum reach is significantly
reduced with respect to the GN-model predictions. It is
important to refer that TDHMF has been tested with a
frame composed of only 4 symbols (or 4 time slots), thus
approximately reaching its maximum performance. Note that
in [11] it has been shown that TDHMF tends to significantly
degrade its nonlinear propagation performance with increasing
frame-size. Focusing on the Flex-PAM results and considering
M = 2, we observe a shortening of the maximum reach of
about 25% (1.25 dB) for k = 0.75, whereas a smaller penalty
of approximately 11.5% (0.5 dB) is found for the case of
+ = 0.25. This can be justified by the fact that the polarization
power unbalance of Flex-PAM is inherently lower for x = 0.25
— approximately 2 dB — as shown in Table 1. The same exact
pattern can be observed for the case of M = 4, but with a
reduced penalty: 24% (1.2 dB) and 9.5% (0.4 dB) for x = 0.75
and xk = 0.25, respectively. Again, this slight penalty reduction
is well matched with the correspondent reduction of PR, in
Table I from M = 2 to M = 4. It therefore becomes apparent
that polarization power unbalance plays a critical role on the
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Fig. 8. Power-ratio tuning of Flex-PAM for a) x = 0.75 (125G and 225G)
and b) K = 0.25 (175G and 275G).

nonlinear propagation performance of Flex-PAM.

In order to counteract polarization unbalance, we have then
applied the PI technique, which has been firstly proposed for
TDHMF [13], [18] to mitigate optical power unbalance over
time. The impact of PI on Flex-PAM, can be observed in
Fig. 7, which shows the maximum reach versus transmitted
power per channel, P;y, at 250G net bit-rate. The advantage
of PI is clearly visible, enabling approximately 1 dB (~20%)
improvement both in terms of reach extension and optimal
power reduction. Such a behavior confirms that a significant
mitigation of nonlinear propagation effects can be achieved by
simply balancing the power on the two polarizations. Similar
results were also obtained for 150G net bit-rate, which shares
the property of x = 0.5, required to apply PI in Flex-PAM.

However, as previously stated, for all other bit-rates at which
the Flex-PAM is set to operate, where x # 0.5, PI can not be
applied. For those specific cases, we assessed an alternative
approach to mitigate the extra nonlinear impairments caused
by the polarization power unbalance, which is based on a
fine tuning of the PR [21] with respect to the theoretical
B2B prescriptions, taking advantage of the PR versus PR
dependence shown in Fig. 5. Although its B2B behavior
is easy to predict, the effectiveness of this technique for
reach extension must be numerically tested, as the power
balancing benefits must overcome the associated SNR penalty
experienced by moving from the optimal working point, as
shown in Fig. 4. The corresponding maximum reach results
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Fig. 9. Maximum reach achieved by TDHMF and Flex-PAM for different
bit-rates ranging from 100G to 300G when applying nonlinear mitigation
countermeasures: PI and PR tuning. Note that both PM-8QAM and PM-
32QAM are indicated in the figure only as equivalent spectral efficiency
solutions for 150G and 250G.

obtained for x =0.75 and s =0.25 after PR tuning are depicted
in Fig. 8, in which we can identify two clearly distinct
operation regions:

i) For the x = 0.75 case (125G and 225@G), an improvement
of ~ 0.25-0.3 dB in maximum reach has been achieved
by reducing the PR up to ~ 0.4-0.5 dB. However, further
reducing the PR generates in an increasing penalty. This
trade-off is tightly intertwined with the PR-dependence
of B2B performance and polarization power-ratio, as
previously discussed on the commenting of Figs. 4 and 5.
The benefit of nonlinear mitigation triggered by reducing
PRyo1 tends to be the dominant effect for small PR
reduction, whereas the fast increase of B2B SNR penalty
becomes the leading effect for larger PR reduction.

ii) For the x = 0.25 case (175G and 275QG), there is no
significant improvement in maximum reach brought by
PR tuning. As shown in Figs. 4 and 5, the benefit of
the slowly decreasing PR, tends to cancel out with
the slowly increasing SNR penalty in B2B. In practice,
improved nonlinear performance is being traded-off by
higher B2B SNR penalty, in such a way that the system
performance tends to remain constant.

The overall effectiveness of the considered nonlinear
mitigation countermeasures is summarized in Fig. 9,
which shows the maximum reach versus net bit-rate for
the two hybrid modulation techniques including nonlinear
impairments’ countermeasures. The GN-model predictions
are again plotted as a performance benchmark. A direct
comparison with the results of Fig. 6 reveals that all cases
based on hybrid modulation formats get an improvement in
maximum reach due to the reduction of nonlinear effects,
thanks to either PI or PR tuning. For TDHMF, PI allows to
almost completely nullify the maximum reach shortening with
respect to the GN-model predictions for all tested bit-rates.
It is also clear that PI is similarly effective for Flex-PAM
when applicable, i.e, for xk = 0.5. Finally, for Flex-PAM with
Kk = 0.75 and xk = 0.25 it is shown that PR tuning can partially
shorten the gap to the GN-model predictions. It is worth
of emphasizing that, even if PR tuning is less effective for
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K = 0.25, its associated reach reduction is significantly lower
than that of k = 0.75, regardless of the constellation size, due
to a lower polarization power unbalance. Consequently, Flex-
PAM is generally less impaired by nonlinearities for k = 0.25.
After applying PI and PR tuning to Flex-PAM, the obtained
reach reduction compared to the GN-model predictions is less
than 3% for k = 0.5, 10% for k = 0.25 and 20% for k = 0.75.

Finally, it is worth mentioning that although further
performance improvement could be obtained by digital
nonlinear compensation, in this paper we have focused on
the design of simple techniques that do not require any DSP
overhead for nonlinear mitigation.

IV. CONCLUSIONS

Bit-rate flexibility is a key feature for future optical
transponders, in order to allow an efficient use of spectral
resources in meshed networks with fast-varying traffic
demand. We have theoretically and numerically compared
back-to-back and signal propagation performances of two
promising flexible modulation techniques: TDHMF and Flex-
PAM. Building upon the well-known TDHMF technique,
which exploits time-varying modulation, we propose and
numerically assess the Flex-PAM concept, which allows
integer bit-per-symbol granularity resorting to hybrid PAM
modulation among the four orthogonal quadratures in dual-
polarization optical signals.

The numerical simulation analysis has revealed that,
whereas from the B2B perspective TDHMF and Flex-
PAM are shown to be equivalent for integer bit-per-symbol
granularity, their signal propagation performance is dominated
by rather different nonlinear phenomena, associated with the
specificities of their different frame structures. Polarization
interleaving is shown to be a simple and effective nonlinear
impairment countermeasure for TDHMF and also for Flex-
PAM with 50% frame-ratio. Given the impossibility of
applying PI to Flex-PAM with 25% and 75% frame-ratio, we
assessed a simple power-ratio tuning procedure, which was
shown to reduce the power unbalance between polarizations,
thereby mitigating nonlinearities. Although the PR tuning was
only found to be partially effective for the case of 75%
frame-ratio, it was also shown that the nonlinear penalty
incurred at 25% frame-ratio is inherently smaller, owing to
its correspondent Flex-PAM frame structure. From a general
system performance perspective, both TDHMF and Flex-
PAM were shown to approach the GN-model predictions
in terms of maximum signal reach, incurring into small
penalties, provided that the appropriate nonlinear propagation
countermeasures are applied. Flex-PAM is shown to be
an interesting alternative to the widely studied TDHME,
providing bit-rate flexibility without requiring time-dependent
modulation.
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