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Abstract A novel nonlinearity compensation scheme combining optical phase conjugation and Volterra
equalisation is proposed and assessed. This hybrid approach outperforms both Volterra and optical
phase conjugation schemes, individually applied, by over 4 dB in EDFA-amplified fibre links.

Introduction

Nonlinearity compensation (NLC) continues to be
an important area of research in high-speed op-
tical transmission. In recent years, optical phase
conjugation (OPC) has been rediscovered as an
effective NLC technique -“. By conjugating the
optical field at the mid-point of a transmission link,
OPC is able to compensate for linear and nonlin-
ear impairments over the entire transmitted band-
width. To achieve perfect compensation, however,
symmetry relative to the conjugation point in both
power and dispersion profile is required. This con-
dition is not fulfilled in systems employing lumped
optical amplification such as the erbium doped
fiber amplifier (EDFA). In such systems, the per-
formance of OPC is substantially impaired .

In alternative to optical NLC, digital NLC tech-
niques can potentially undo signal-signal nonlin-
ear effects within the receiver bandwidth, regard-
less of the nature of the optical link. However, this
comes at the expense of an often large implemen-
tation complexity, especially as the NLC band-
width increases. Multi-channel digital backpropa-
gation (DBP)" is the most notable example of this
issue. Volterra equalisers have been proposed as
an alternative to DBP due to their potentially lower
complexity and highly parallel structure>=". How-
ever, Volterra equalisation reconstructs the opti-
cal field using a first-order approximation, which
leads to a reduced NLC performance as the trans-
mitted power is increased.

In this work, a novel NLC scheme combining
OPC and a modified Volterra equaliser is pro-
posed with the aim of overcoming the limitations
of each of these two techniques.

Volterra-assisted OPC

In EDFA-amplified links, the effectiveness of the
OPC to mitigate fibre nonlinearities is reduced.
This phenomenon can be understood through a

perturbation analysis of fibre nonlinearity in the
presence of OPC. In this scenario, the first order
regular perturbation term in frequency domain,
and over the z polarisation, is given by
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where + is the nonlinearity coefficient of the fibre,
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are the signal kernels, and S,(w), Sy(w) are
the transmitted signal spectra over two or-
thogonal polarisations = and y, respectively.
¢ (&, w,wi,ws) is the so-called phased-array
term accounting for the accumulation of nonlin-
ear effects over 2= fibre spans for a link with N

spans, whereas

2
A
Syya (W, w1, w2) £

F(Ng,w,wi,wy) £
(emthedwlse=als _ 1)(q —ifyAw)

o7 T 2L @)
(e7iB2Bwls _ o=als)(q 4 ify Aw)

a? + B2AwW? ’

+

with Aw £ (w — wy)(w; — wa). @, B2 and L,
are the attenuation coefficient, the group veloc-
ity dispersion, and the span length of the fi-
bre system considered, respectively. The func-
tion &* (&2, w,wi,wa) - F(N,,w, wr,ws) represents
the third-order Volterra nonlinearity kernel for a fi-
bre link of N, spans employing mid-link OPC. In
Fig. 1, the nonlinearity kernels for a 10x100 km
standard single-mode fibre (SSMF) link without
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Fig. 1: Third-order nonlinearity kernels for a 10x100 km SSMF, EDFA-amplified link (a) without OPC, and (b) with OPC.

OPC (Fig. 1a) and with mid-link OPC (Fig. 1b)
(kernel in Eqg. (1)) are shown as a function of wy,
wo, and for w = 0. The kernels are normalised
with respect to the maximum of the kernel with-
out OPC (1a). It can be observed that the maxi-
mum value of the kernel in Fig. 1b is reduced by
a factor of 2 compared to its counterpart without
OPC. Also, the OPC kernel shows an area of de-
pression around the center of the 2D frequency
domain, which indicates a strong NLC effective-
ness for intra-channel nonlinear effects. However,
Fig. 1 shows that coupling between higher fre-
quency components is still significant even using
OPC, which explains the reduction of the OPC
NLC effectiveness in EDFA links. Eq. (1) corre-
sponds to the third-order Volterra series term of
fibre propagation in an EDFA-amplified link when
OPC is used. As a result, a Volterra frequency-
domain equaliser can be designed to compen-
sate for this residual nonlinearity term, thus en-
hancing the performance of OPC. We call this
approach Volterra-assisted OPC (VAO). Unlike a
conventional Volterra equaliser, which is designed
to undo the nonlinear term characterised by the
kernel in Fig. 1a, the equaliser in the VAO scheme
is designed to undo the perturbation in Eq. (1),
characterised by the kernel in Fig. 1b.

Nonlinearity Compensation Performance

The VAO performance was assessed through nu-
merical simulations of a 5x32 GBaud, 32.5 GHz
spacing, PM-16QAM root-raised cosine signal,
transmitted over a 10x 100 km link using SSMF
and EDFA amplification. As a figure of merit for
the NLC effectiveness, we study the nonlinearity

suppression factor, defined as

2
g
¢ =L, (4)
ONLC

where %, is the nonlinear interference (NLI)
power in the absence of NLC, and of,; is the
residual NLI power after NLC is applied. ¢ was
calculated using optical noise-free (ideal amplifi-
cation) simulations. Volterra equalisation for both
the conventional Volterra scheme and VAO was
applied to the entire transmitted 5-channel opti-
cal bandwidth. The equaliser structure was kept
entirely non-recursive, i.e. a single integration for
the entire optical link was performed. For com-
plexity reasons, the equalisation was sequentially
performed over adjacent blocks of 512 symbols
each, within a sequence of 2! symbols. An ap-
propriate number of symbols was then discarded
from each block to account for boundary effects.
The ¢ factor as a function of transmitted power
is shown in Fig. 2 for 3 different NLC schemes:
mid-link OPC, a standard Volterra frequency do-
main equaliser (without OPC), and the proposed
VAO. The results show that OPC and Volterra
equalisation have approximately the same NLC
effectiveness in EDFA-based systems. In partic-
ular, the ¢ of the Volterra equaliser decreases
with the transmitted power. This is the result
of the first-order perturbative approximation and
the imperfect cancellation of the nonlinear in-
terference when applying Volterra over a limited
block length. The OPC ( is instead approxi-
mately constant across the entire range of pow-
ers shown in Fig 2. VAO significantly outper-
forms both OPC and conventional Volterra equal-
isation over the entire range of powers of in-
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Fig. 2: Nonlinearity suppression factor as a function of
transmitted power for the NLC schemes studied in this work.

terest. This can be attributed to the reduction
of the NLI and its memory when OPC is ap-
plied. Both these effects are beneficial to the
performance of the Volterra equaliser. It is inter-
esting to notice that, the VAO ( factor is sig-
nificantly higher than the sum of the singular
¢ contributions arising from OPC and conven-
tional Volterra equalisation. This demonstrates
the particular effectiveness of matching OPC with
a Volterra equaliser. However, as the transmission
power increases the VAO ( still drops, similar to
the conventional Volterra equaliser.

In order to evaluate the transmission perfor-
mance using the VAO scheme, the received SNR
in the presence of ASE noise was calculated for
the system parameters previously considered. A
noise figure of 5 dB was assumed for the EDFA
amplifiers. Fig. 3 shows the SNR as a function
of transmitted power for the 3 NLC approaches
discussed in this paper and for an electronic dis-
persion compensation (EDC)-only receiver. Both
Volterra and OPC show a gain of 0.4 dB com-
pared to EDC. This surprisingly small SNR gain
(considering the NLC bandwidth) is consistent
with the results in Fig. 2, and confirms the lim-
ited effectiveness of both OPC and Volterra equal-
isation when individually used over the band-
width considered in this study (~ 160 GHz). The
enhanced NLC suppression given by the VAO
scheme leads to an SNR gain of 4.6 dB over EDC,
and 4.2 dB over either OPC or Volterra equalisa-
tion. Although the VAO effectiveness rapidly de-
cays with transmitted power (see Fig. 2), the non-
linearity suppression is still sufficiently high for
the powers of interest to yield a remarkable SNR
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Fig. 3: SNR as a function of the transmitted power for the
system considered in this work and different NLC schemes.

gain. Nonetheless, a 3.8 dB penalty relative to
ideal nonlinearity compensation is still observed.

Conclusions

Jointly employing OPC and Volterra equalisation
dramatically improves the nonlinearity compensa-
tion efficacy of each of these two schemes used
individually. The Volterra-assisted OPC scheme,
proposed in this work, achieves an SNR gain
of 4.2 dB relative to either OPC- or Volterra-
only schemes, in a 5-channel, 1000 km, EDFA-
amplified optical link.
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