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Machine learning enabled digital compensation of phase-to-amplitude distor-
tion in fibre-optical parametric amplifier based transmission links
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Abstract. We numerically demonstrate an advanced digital signal processing method for compensating the
phase-to-amplitude distortion conversion caused by the interaction of the phase noise induced by pump dither-
ing with the dispersive fibre channel in fibre-optical parametric amplifier based transmission systems.

1 Introduction

Fibre-optical parametric amplifiers (FOPAs) have been a
research interest for decades owing to their many advanta-
geous features for optical communications, including vir-
tually unconstrained wavelength operation [1], wide gain
bandwidth [2] and ultra-fast response, amongst the oth-
ers. From a practical perspective, however, the mitiga-
tion of stimulated Brillouin scattering (SBS) still remains
a significant challenge for their development. The SBS
effect limits the pump power that can be delivered to the
highly nonlinear fibre (HNLF), thereby restricting the de-
vice’s gain performance. A common way to mitigate SBS
relies on broadening the line-width of the pump source,
most often via external modulation of the pump phase at
a relatively high rate (f,, > 1 GHz) [3]. However, a draw-
back of this technique is that the pump phase modulation
causes temporal variation of the parametric gain as a result
of the induced instantaneous pump frequency modulation
[4], which is primarily a source of phase distortion for co-
herently detected complex-amplitude signals. Being of a
relatively high frequency, the dithering-induced phase dis-
tortion can not be tracked and sufficiently suppressed by
the conventional carrier phase recovery schemes [5] em-
ployed in commercial coherent receivers.

Our recent work has utilised machine learning (ML)
to develop advanced digital signal processing (DSP) tech-
niques that can effectively address the issue of phase dis-
tortions caused by pump dithering in fibre-optical para-
metric devices. In [6], we used a kernel-based algorithm
to suppress the phase distortion of an optical phase con-
jugation (OPC) device after a conventional phase noise
(PN) compensation stage. In [7], we presented a scheme
that was also able to mitigate the phase-to-amplitude noise
transfer resulting from the interaction of the pump dither-
ing with the dispersive fibre channel in a transmission
link with mid-span OPC. In this paper, we further develop
our approach to encompass FOPA amplified transmission
links, enabling the removal of the amplitude and phase
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distortions that are contributed independently by each
FOPA in the link. The technique is numerically demon-
strated in a 28-Gbaud 16 quadrature amplitude modulation
(QAM) FOPA -assisted transmission, achieving significant
bit-error-rate (BER) improvement over conventional PN
compensation.

2 Methods

We considered an optical transmission system of mul-
tiple fibre spans with inline FOPAs providing gain for
compensating the propagation losses (Fig. 1(a)). In our
numerical model of the FOPA, we used a single-pump
design and assumed a sinusoidal phase modulation of
the pump wave, &(f) = msin(w,t), where m is the
modulation index, and the typical modulation frequency
fn = wn,/(2r) = 2GHz is sufficient for SBS miti-
gation in most FOPAs [2]. In the undepleted pump
regime, the signal gain can be expressed as [1, 4] u =
{cosh(gL) + i [(x + 6k)/(2g)] sinh(gL)} ¢'[2rP-(+o0/2]L

where ¥y = 10(W-km)™! is the nonlinear co-
efficient of the fibre, P = 15W is the pump
power, L = 200m is the fibre length, g =

V(P)? — (k + 6k)2 /4 is the parametric gain coefficient,
k = 2yP + Q% + (B4/12)Q* is the standard phase mis-
match, 5k(t) = Bog? — B3 (6,7 +E3/3) + Bu(&} + 6£2Q%) /12
is the instantaneous phase mismatch induced by the
pump phase modulation, Q = w, — w, is the fre-
quency deviation from the pump, and g, is the
nth-order dispersion coefficient. We used the param-
eters: A, = 2nc/w, = 1563.7nm, Ay = 1562.9nm,
Bz =12x% 1074083 /m, Bs = —-2.85x% 1075 s*/m, and we
operated the FOPA at A; = 1538.7 nm, where its power
gain |u[?> had a peak of 20 dB. The amplifier’s noise figure
was 4.5 dB.

To study the impact of the pump dithering on the
channel memory, we considered an equivalent base-band
model (Fig. 1(b)), where the fibre channel is represented
by a linear filter /¢(¢), the dithering-induced phase distor-
tion introduced at the nth FOPA stage is ¢,,(f) = @ +d¢,(?),
n = 1,N, @ is a constant phase shift, and 8¢, is the tem-
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poral variation due to dithering. Because of its relatively
low speed (at the kHz level), the contribution to the PN
due to non-zero laser line-width can be neglected. Con-
sidering first a transmission scenario with N = 1, by us-
ing linear back-propagation, we can recover the transmit-
ted signal x(7) from the received signal y(¢) as: x(f) =
[y(t)e 7] « (1), where It(¢) is the complex conjugation
of hy(t). Because 0¢ is relatively small, we can approxi-
mate e~/ by its first-order Maclaurin polynomial and get
x(1) = e |y(0)  hy(0) = [y(1) o1 (O] = hy(0)]. By a sim-
ilar approach, we can generalise the expression above to
the scenario of N > 1 spans and, after ignoring the beating
terms, obtain

x(t) = eI [y(0) + V()

N
= > | « Y 01j60,0)] + hé’”(r)] ,

n=1

where h”(¢) is the accumulated filter after n spans of h,(),
and h.(1) = h;‘,(t) is the equalisation filter.
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Figure 1. (a) Schematic diagram of a transmission system with
N cascaded FOPA stages. (b) Equivalent base-band model. (c)
Principle of the proposed DDC algorithm.

The proposed dithering-induced distortion compensa-
tion (DDC) algorithm (Fig. 1(c)) is based on Eq. (1). The
received signal y[k] is sampled at the rate T';/2, with T, the
symbol duration, and the equalisation filter /.[k] is imple-
mented as a finite impulse response filter [8]. The phase
fluctuation at the nth FOPA stage 8¢, [k] is estimated by
learning @, in the linear equation 6¢,[k] = 6,X,, where
X, = [sin(wpy k), cos(w,, ,k)], and the dithering frequency
W,y 1s assumed to be known. We can then create a design
matrix X consisting of all the N + 1 branches in Fig. 1(c)
and form the linear regression equation: x’'[k] = 6X, where
the coefficient vector is given by 8 = e /®[1,0,,...,0y].
We solved the equation for 8 using the first 1000 received
symbols, then we predicted the recovered signal X'[k] on
the remaining symbol set. The algorithm was followed by
a blind phase search (BPS) block [5] compensating for the
laser PN.

3 Results and discussion

The numerical model was implemented for the transmis-
sion of a 28-Gbaud 16-QAM Nyquist shaped signal with a

roll-off factor of 0.1 and simulated with 2'® symbols over
a channel containing multiple fibre spans of 100 km. Each
span had the dispersion parameter D = 17 ps/(nm - km),
vy = 1.2(W - km)~" and the loss coefficient @ = 0.2 dB/km.
The laser line-widths for the transmitter/receiver and the
FOPAs were 50kHz and 30 kHz respectively. The direct-
count BER was used as a performance metric.

In Fig. 2, we compare the performances of the pro-
posed DSP scheme and a scheme with only electronic
chromatic dispersion compensation and BPS phase recov-
ery, as functions of the transmission distance in the link.
The BPS filter’s length and launch power were optimised
for each scheme. The latter scheme is equivalent to the up-
permost branch in Fig. 1(c). By including lower branches,
the DDC algorithm accounts for the interaction between
the dithering-induced phase distortion and the dispersive
channel. This capability yields a consistent BER improve-
ment of around an order of magnitude over conventional
PN compensation across a wide range of transmission
lengths.
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Figure 2. BER after conventional PN compensation (orange) and
the proposed DDC (blue) versus length of the fibre link. The inset
shows the constellation diagrams after 1500-km transmission.

4 Conclusion

We have developed a DSP scheme to tackle the phase-
to-amplitude noise transfer due to the interaction of the
pump dithering PN with the fibre dispersion in FOPA am-
plified transmission systems. By using a ML algorithm to
assist the conventional BPS method, we have shown sig-
nificant BER benefit in 28-Gbaud 16-QAM signal trans-
mission over long distances.

This work was supported by the H2020 MSCA ETN
project POST-DIGITAL (EC GA 860360), and the UK
EPSRC grants TRANSNET (EP/R035342/1) and CRE-
ATE (EP/X019241/1).

References

[11] M.E. Marhic et al., Opt. Lett. 21, 573-575 (1996).

[2] V. Gordyenko et al., Opt. Expr. 25, 4810-4818 (2017).

[3] J.B. Coles et al., Opt. Expr. 18, 18138-18150 (2010).

[4] A. Mussot et al., IEEE Phot. Tech. Lett. 16, 1289—
1291 (2004).

[5] T.Pfaueral., J. Lightw. Technol. 27, 989-999 (2009).

[6] S.Boscolo et al., Opt. Expr. 30, 19479-19493 (2022).

[71 L.H. Nguyen et al., Proc. CLEO 2023, San José, CA,
SM3L.5.

[8] S. Savory, Opt. Expr. 16, 804-817 (2008).





