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Abstract: Using digital backpropagation (DBP) based on the split step Fourier method (SSFM)
aided by a memory polynomial (MP) model, we demonstrate an improved DBP approach for
fiber nonlinearity compensation. The proposed technique (DBP-SSFM&MP) is numerically
validated and its performance and complexity are compared against the benchmark DBP-SSFM,
considering a single-channel 336 Gb/s PM-64QAM transmission system. We demonstrate that
the proposed technique allows to maintain the performance achieved by DBP-SSFM, while
decreasing the required number of iterations, by over 60%. For a transmission length of 1600 km
we obtain a complexity reduction gain of 50.7% in terms of real multiplications in comparison
with the standard DBP-SSFM.
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1. Introduction

The capacity bottleneck in the current optical transmission systems is primarily dictated by the
Kerr effect and its interaction with chromatic dispersion (CD) along the fiber link [1,2]. In order to
perform fiber nonlinearity compensation, several techniques based on the digital backpropagation
(DBP) concept have been proposed, namely through split-step Fourier methods (SSFM) [3-6]
and Volterra series nonlinear equalizers (VSNE) [7-9]. Despite the high effectiveness of DBP-
based techniques to compensate the fiber nonlinearity, their main drawback comes from the high
complexity requirements, due to the large number of iterations, for a practical implementation
[10]. This limitation has motivated several investigations towards reduced complexity algorithms
[11-15]. Nevertheless, there is still a need for solutions that enable their practical application.

DSP-based algorithms for fiber nonlinearity mitigation have been widely proposed using the
DBP-SSFM technique, enabling the trade-off between performance and complexity as a function
of number of iterations. In this regard, weighted SSFM (W-SSFM) has been proposed as a
promising approach, enabling a significant reduction of the number of iterations when compared
with the standard SSFM [11]. Enhanced SSFM (ESSFM) has been also proposed in [12], allowing
the decrease of computational effort and latency over SSFM, while keeping the same performance.
Alternatively, DBP techniques based on VSNE have been also proposed as an attempt to further
reduce the complexity associated to the DBP-based implementations [7, 13]. In this respect,
weighted VSNE (W-VSNE), has been proposed in [13] and its experimental assessment has
been provided in [14], revealing further improvement in terms of the computational effort
and latency, over the standard SSFM and W-SSFM. Despite these significant improvements,
there are several models developed in wireless communication, which can be explored in optical
systems to increase the transmission linearity, while minimizing the equalizer complexity. Among
these models, the memory polynomial (MP) algorithm has revealed to be an attractive solution,
enabling to provide a good trade-off between performance and complexity [16, 17]. Previous
approaches [18] have considered the use of the MP model as predistorter in Radio over Fiber
links with good performance results. In this work they have adopted a post compensation strategy
to circumvent the problem of the backlink required for the predistorter estimation. In addition, a
detailed analysis of the complexity implementation of MP, in terms of number of floating point
operations, has been also provided in [19].

We propose an alternative approach for fiber nonlinearity compensation with DBP, by
combining the MP technique and the standard SSFM. Then, for validating the method, we
conduct a comparative analysis, in terms of performance and complexity of the proposed
technique against the standard SSFM. For a long-haul single-channel PM-64QAM optical link,
we demonstrate a reduction of 50% in terms on real multiplications (RMs).
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The remaining of this paper is organized as follows: in Section 2, a theoretical background for
the SSFM and MP is provided; the computational effort behind the two approaches is presented in
Section 3; in Section 4, the numerical results for the performance and complexity are presented;
finally, the conclusions drawn from this work are summarized in Section 5.

2. DBP-based SSFM aided by memory polynomial
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Fig. 1. Simplified implementation diagram of (a) DBP-SSFM and (b) DBP-SSFM aided by
MP.

The basic idea behind DBP concepts is that the received signal is backward propagated through
virtual fibers, with the inverse characteristics of the transmission fiber. In the case of polarization-
multiplexed optical signal, the backward propagation in a single-mode fiber can be analytically
described by the inverse Manakov equation [6] as,

OAxy _a Ay +i22 Ay
o(-z) 2 2 o2
where A,/ is the slowly varying complex field envelope in the x/y states of polarization, and z
and ¢ are the spatial and temporal coordinates, respectively. The fiber parameters «, 8, and 7y are
defined as the attenuation coefficient, dispersion parameter and nonlinear coefficient, respectively.
The practical implementation of DBP has been widely performed through the SSFM, which is
an iterative method, where the virtual link is divided into smaller segments over which the field
solution is estimated. For each segment, the chromatic dispersion and nonlinearity are decoupled
from the nonlinear Schrodinger equation and compensated separately. Usual implementation of
SSFM in DBP is performed using an asymmetric algorithm, where the linear step is performed
followed by the nonlinear step, as
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where AE?y and AS?y corresponds to the equalized signal and the linear equalized signal
component in the x/y polarization, respectively, at the discrete time instant, ¢,,. The optimization
parameter, &, is defined in the range 0 < £ < 1 and A,z represents the effective step-size given

as,
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where h defines the spatial step-size. The CD equalization is usually performed in frequency-
domain (FD), using fast Fourier transform (FFT)/inverse fast Fourier transform (IFFT) algorithms
to switch between FD and time domain (TD) representation of the signal. In addition, the
employment of overlap-save/add method is required to allow the implementation in continuous
time. The equalized samples are then provided as the input to the next fiber segment, which
is repeated for the entire fiber link. The correspondent implementation diagram is shown in
Fig. 1(a).

Though the SSF method has revealed high accuracy, which improves with increasing number
of iterations, its extensive complexity is prohibitive for any real-time application. Therefore, it is
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critical to reduce the complexity of numerical methods in DBP. In this context, we introduce the
MP model after DBP-SSFM to relax the overall implementation complexity requirements, while
guaranteeing the same performance. Based on this idea we can achieve the DBP-SSFM&MP
model illustrated in Fig. 1(b). This approach enables to further improve the performance of
DBP-SSFM in the scenario where the ideal DBP-SSFM is limited by some practical constrains,
such as the electrical and optical noise. It should be noted that the ideal DBP-SSFM could be
achieved in absence of electrical and optical noise. In this sense, it allows to reduce the number
of iterations, Nyseps, employed in DBP-SSFM by utilizing larger step-size, s, while maintaining
the same performance of DBP-SSFM. Therefore, the key requirement is that the complexity
incurred by the MP stage is low enough so that the overall complexity of DBP-SSFM&MP
becomes lower than DBP-SSFM. Note that the parameter Ny, interferes heavily on the total
complexity of DBP-based techniques.

MP has been extensively used in wireless communication as an effective method to reduce the
complexity requirements associated to the general implementation of Volterra series, and at the
same time providing a good performance [17]. Basically, the MP model is a truncation of the
general Volterra model in which only diagonal terms of the Volterra kernels are considered and
is commonly formulated as,

K M
Y = 3" e mx(n = m)lx(n = m)lF1, @)

k=1 m=0

where x(n — m) and y(n) are the complex baseband input and output signals, respectively and
Ck.m are the polynomial coefficients. K is the nonlinearity order and M is the memory depth,
which accounts the effect of % past samples and future % samples. In this work MP is applied
to each polarization independently, and according to the Fig. 1(b), x(n — m) corresponds to the
output of SSFM in x/y states of polarization and y(n) corresponds to the equalized sample after
MP in x/y states of polarization. An important advantage of this model is that the coefficients
appear in linear form, which, besides facilitating their estimation through the least-squares-type
algorithms, imposes that the complexity of MP evolves linearly with K and M [19].

3. Computational effort

In this section, we analyze the computational effort associated with DBP-SSFM and DBP-
SSFM&MP, based on the number of RMs per equalized sample. We have assumed the
implementation of linear equalization in the FD using the overlap-save method. Therefore,
considering the FFT block-size of Nppr and the memory length of CD over the fiber-optic
channel of Njs, a number of Npgr — Ny + 1 samples per FFT can be compensated. Ny, can be
estimated following [20], while Ngpr is set larger than Nj, and can be optimized to minimize
the number of operations per equalized sample.

3.1. Split-step Fourier method

The computational effort associated with SSFM can be divided into linear and nonlinear
components. For each polarization, the linear component requires the computation of 1 FFT and
1 IFFT for the signal switching between TD/FD and Nrpr complex multipliers (CMs) for the
multiplication of signal spectra with CD transfer function. Considering the two polarizations and
the Cooley-Tukey FFT algorithm, the total number of CMs can be given as [15],

Nep = 8Nrpr (logy(Nppr) + 1) . )

The nonlinear component requires the computation of 2Ngpr squared moduli operations, Nggr
RMs for nonlinear phase rotation and 2Nggr CMs to account for the multiplications between the
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input samples and the complex exponential outputs over the two polarizations. In this case, we
have neglected the complexity of the complex exponential, since it can be implemented through
look-up-tables (LUTs). Therefore, the total number of RMs for nonlinear component can be
estimated as,

Ny = 13Ngpr. (6)

The overall number of RMs per equalized sample for Ny;.p,s SSFM can be estimated as,

Nsteps (NCD + NNL)
N, = . 7
SSFM Fy—— )

3.2.  Memory polynomial model

Following the study presented in [19], we have performed the evaluation of the computational
effort associated with the MP technique considering two implementation stages for the expression
(4): the construction of basis functions, x(n — m)|x(n — m)|*~!; and the filtering of basis with
the kernels, c ;. In the construction of the basis function it is only required to generate the term
x(n)|x(n)[*~! since all other x(n — m)|x(n — m)|*~! can be obtained by delaying the existing
terms. Assuming that the square root of moduli of x(n) is implemented through LUTsS, the
required number of RMs to construct the basis function is estimated as,

Npasis = 2K, (®
and the required number of RMs with respect to the filtering stage is estimated as,
Nfilter = 4K(M + 1) (9)

Therefore, the complexity of one MP can be obtained by the summation of these two components,
Nymp = Npasis + Nyiirer» and the overall complexity of DBP-SSFM&MP is achieved by
including the complexity associated with DBP-SSFM and the factor of 2 over Njsp to account
the complexity of the two polarizations. The complexity of DBP-SSFM&MP can be given as,

Nssrmamp = Nssrm +2Npyp. (10)

4. Numerical simulation

In order to validate the proposed DBP-SSFM&MP approach, we have performed the simulation
of a single-channel 336 Gb/s PM-64QAM transmission system using VPItransmissionMaker.
The generated PM-64QAM signal is sent to the recirculating loop considering different number of
spans of 80 km of standard single-mode fiber (SSMF), which is characterized by @ = 0.2 dB/km,
B> of -20.4 ps/nm/km and y of 1.3 W~'km~!. Losses are recovered at the end of each fiber span
by an Erbium-doped fiber amplifier (EDFA) with 5-dB noise figure. The received electrical fields
are then fully post-processed in MATLAB, including the following main DSP subsystems: The
static equalization, with respect to the static fiber impairments, such as chromatic dispersion and
nonlinear distortion, is performed by DBP-SSFM and DBP-SSFM&MP equalizers, for different
number of steps, Nyzeps. In the case of DBP-SSFM&MP equalizer, before the application of
MP, we have performed the signal interpolation to 4 samples per symbol, which is then aligned
with the transmitted signal. A frame of 30000 symbols of these signals are used to perform
the estimation of MP coefficients, ci ,,, using a least mean square algorithm; Linear adaptive
equalization is then performed by means of constant modulus algorithm (CMA). The resulting
signal is downsampled to 1 sample per symbol after which a phase recovery is applied. Finally,
the symbol decoding is performed and the bit-error-rate (BER) is evaluated over 2!° received
bits.
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Fig. 2. Evaluation of BER as a function of memory deep, M, considering different
nonlinearity order, K. The transmission length is 800 km. The results have been obtained
using DBP-SSFM&MP with 8 steps and 4 dBm input power.
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Fig. 3. BER as function of input power for DBP-SSFM and DBP-SSFM&MP; (a)
transmission length of 800 km and (b) transmission length of 1600 km.

4.1. Performance assessment

In order to identify the best model for DBP-SSFM&MP, which improves the trade-off between the
performance and complexity in comparison with the standard DBP-SSFM, we have performed
the numerical simulations considering different algorithm parameters, such as the number of
iterations, Ngseps, the nonlinearity order, K, and the memory depth, M. In both cases, the
linear equalization is performed in FD, using FFT/IFFT algorithms in conjunction with overlap-
save method. For each considered transmission length, the FFT block-size applied in linear
equalization, Nrpr, is defined such that penalty-free CD equalization is ensured with the
minimum complexity. Therefore, we have estimated Ngpr as the next power of two of 6Ny,
where N, is the number of taps determined according to [20]. Taking into account these
considerations, we have initiated our analysis with the evaluation of BER as a function of M for
different values of K, and considering the transmission length of 800 km, as depicted in Fig. 2.
We can note that the performance of DBP-SSFM&MP improves with increasing M and K, and
tends to saturate for M > 30. This, indicates that a window of 30 neighboring samples is enough
to characterize the phase shifts induced by CD. Regarding the parameter K, we can note a slight
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increase of performance with increasing K, and this inspection evidences a low impact of higher
order terms of the Volterra model in DBP-SSFM&MP. Taking into account a trade-off between
the performance and complexity, we have identified the MP model parameters as, K = 1 and
M = 10 for the subsequent analysis. In this case, the MP assistance is kept linear, performing
as a linear equalizer after DBP-SSFM. Nevertheless, the MP provides the post-compensation
system some redundancy in case the nonlinear parameter of the fiber used in DBP-SSFM is not
exact and some nonlinearity residue appears uncompensated.

After evaluating the impact of parameters M and K on the performance of DBP-SSFM&MP,
we have proceeded to the evaluation of BER as a function of input power for DBP-SSFM and
DBP-SSFM&MP, considering different number of iterations, Nys.ps. In addition, we have also
presented the results when only linear equalization is performed. In order to obtain a more
comprehensive comparison, we have considered two scenarios for the transmission length of
800 km and 1600 km, with a defined BER limit of 1x 1073 and 2.4x 1072, respectively. The
obtained results for these two scenarios are presented in Figs. 3(a) and (b), respectively. First
of all, it is evident that the nonlinearity compensation achieves higher performance than the
CD compensation only, which remains well above defined BER threshold in both scenarios.
Besides, in both scenarios the minimum BER for nonlinearity compensation is achieved at
launch power of 4 dBm, whereas for the linear compensation it is obtained at launch power
of 0 dBm. By comparing the two approaches for nonlinearity equalization, we can note that
DBP-SSFM&MP outperforms DBP-SSFM both in the linear and nonlinear operating regime
and that the performance of DBP-SSFM saturates at 16 steps. This saturation is due to the
presence of electrical and optical noise, which limits the achievement of ideal DBP-SSFM. From
the Fig. 3(a), it can be noted that the minimum BER achieved for DBP-SSFM using 6 steps
(DBP-SSFMo) is still above the defined BER threshold, whereas the minimum BER achieved by
DBP-SSFM&MP using 6 steps (DBP-SSFM6&MP) is far bellow the defined BER threshold
and is similar to the maximum performance attained by DBP-SSFM16. This improvement can
be explained by the inclusion of MP method, which takes into account the correlation between
neighboring samples to compensate the residual phase shifts still left by DBP-SSFM and by the
fact that the MP is evaluated using more samples per symbols then the DBP method, allowing a
better noise filtering. According to this analysis, we can note that a significant reduction on the
number of iterations can be achieved by employing DBP-SSFM&MP instead of DBP-SSFM, in
this case obtaining a reduction over 60%. Similar conclusions can be also taken from Fig. 3(b).
In addition to this analysis, Fig. 3 also illustrates further flexibility, in terms of trade-off between
performance and complexity, of DBP-SSFM&MP over DBP-SSFM. In this regard, we can
observe that DBP-SSFM8&MP beyond outperforming DBP-SSFM 16, enables a reduction of the
value of Nys¢ps 10 50%. As it is shown in the following, this reduction can have a considerable
impact on the overall algorithm complexity.

Although the proposed method is validated in single-carrier scenario, it can in principle be
applied in a scenario using superchannels and can in principle be extended to a multi-channel
scenario by using multiple input memory polynomial models [21]. Nevertheless, this is something
that need to be further investigated.

Table 1. Computational effort of the DBP-SSFM versus DBP-SSFM&MP for Nppr = 256,
K =1and M = 10.

DBP-SSFM16 | DBP-SSFM6&MP | DBP-SSFM8&MP

Nrms 1554.3 766.9 961.1
GR (%) - 50.7 38.2




Research Article Vol. 24, No. 26 | 26 Dec 2016 | OPTICS EXPRESS 30316 I

Optics EXPRESS SN N\

4.2. Computational effort comparison

We assess the complexity of DBP-SSFM&MP and DBP-SSFM, as a function of parameter
Niteps» considering the case of study presented in Fig. 3 and following the expressions presented
in Section 3. It can be noticed some degree of flexibility for DBP-SSFM&MP over DBP-SSFM,
which allows to optimize the value of Ny, for a given targeted BER. In order to explore this
flexibility we have performed the comparison of a given N ps for DBP-SSFM against different
values of Ny ps for DBP-SSFM&MP. As a figure of merit we have adopted the reduction gain,
GR, in percentage, defined as Gg = (1 — O/Oyef), where O and Oy are the number of operations
required by DBP-SSFM&MP and DBP-SSFM, respectively. In order to take into account the
oversampling factor of 2, due to the signal interpolation to 4 samples per symbol before the
employment of MP, we have multiplied the value of Nysp by 2. In this regard, Table 1 presents
the complexity of DBP-SSFM&MP in comparison with DBP-SSFM in terms of RMs. We can
observe that DBP-SSFM6&MP achieves a reduction gain over 50% over DBP-SSFM 16, while
their performances are the same. This result illustrates that although MP imposes an additional
complexity over DBP-SSFM, it enables a significant reduction of Nyseps, Which allows an
overall complexity reduction. On the other hand, we can note that DBP-SSFM8&MP provides a
reduction gain of 38.2%, and at the same time higher performance than DBP-SSFM16. These
results clearly evidence that DBP-SSFM&MP imposes a better trade-off between performance
and complexity than the standard DBP-SSFM.

5. Conclusion

By cascading a nonlinear MP model equalizer and DBP-SSFM, we have proposed a new
approach for nonlinearity compensation in optical transmission systems. Considering a single-
channel 336 Gb/s PM-64QAM transmission system, we have demonstrated that DBP-SSFM&MP
outperforms the conventional DBP-SSFM, enabling a significant reduction in the number of
iterations for similar performance. The comparison of complexity between the two approaches
reveals an extensive gain reduction for DBP-SSFM&MP with respect to DBP-SSFM, over 50%.
The obtained results indicate that the combination of MP with DBP is a promising approach to
reduce the complexity associated with DBP-based techniques.
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