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ABSTRACT

We review our recent research progress on digital signal processing tailored for fibre-optical parametric amplifiers
(FOPAs), by presenting an online method for correcting the accumulated amplitude and phase distortions induced
by the phase modulation of the pump sources and its interaction with the dispersive fibre channel in transmission
systems using cascaded FOPAs.
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1. INTRODUCTION

Fibre-optical parametric amplifiers (FOPAs) relying on four-wave mixing to amplify the signals possess several
advantageous properties for optical communications [1]. Nonetheless, stimulated Brillouin scattering (SBS) poses
a major challenge to their integration into optical links because it limits the pump power that can be delivered to
the highly nonlinear fibre (HNLF), hence the achievable signal gain [2]. A widely used approach to relax this
limitation consists in broadening the pump-source linewidth via external phase modulation [3], e.g, using a
combination of radiofrequency (RF) tones. While pump-phase modulation is a very effective SBS mitigation
technique [4], it introduces temporal fluctuations in the complex parametric gain through the modulation of the
instantaneous pump frequency [5], which affect the phase and amplitude of the amplified signals. Moreover, the
interaction of the induced phase distortion with the fibre chromatic dispersion in a transmission link results in a
phase-to-amplitude distortion transfer [6], which becomes more severe with increasing transmission distance along
the link because of the extended channel memory.

Addressing SBS at the device level has shown promise [7], but it tends to increase device complexity and cost.
Alternatively, digital signal processing (DSP) has a proven ability to resolve performance issues in commercial
systems, thereby indicating that DSP tailored for FOPAs could offer a viable solution for their broader adoption
in optical networks. Our recent research has developed various DSP techniques to mitigate the impact of pump
dithering in fibre-optical parametric devices [8]-[10]. Particularly, in [9] we have introduced a fully online
algorithm capable of effectively reconstructing and eliminating from the received signal the phase and amplitude
distortions accumulated along a transmission link with cascaded FOPAs, operating with a multi-tone pump-phase
modulation to achieve the necessary SBS-limited gain. Here, we review these results and further illustrate our
dithering-induced distortion compensation (DDC) method when used with dual-pump FOPA schemes in the
realistic scenario of imperfect counter-phase modulation of the pumps.

2. METHODS
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Figure 1. Schematic diagram of a transmission system with N cascaded FOPA stages. The inset shows the power

and phase spectral responses of the gain of single- and dual-pump FOPAs versus wavelength detuning from the

pumps, and the dithering-induced RMS fluctuations of the gain’s amplitude and phase. The green vertical lines
indicate the operating points for the performance evaluation of the DDC method.

We considered an optical fibre transmission system comprising N identical spans, each of 100-km standard single-
mode fibre followed by a FOPA to compensate the span losses (Fig. 1(a)). We modelled the FOPA by its complex
signal gain, which in the absence of pump depletion is given by [1] u(t) = {cosh(g(t)L) +
i[k(t)/(2g(t))]sinh (g(t)L)}eil2YP~<®)/2IL where L is the effective fibre length, P = P, + P, is the total pump
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power, y is the nonlinear coefficient of the fibre, g(t) = /(yP)? — (k(t)/2)? is the parametric gain coefficient,
and x(t) is the phase mismatch, comprising an instantaneous term driven by the first derivative ¢, of the pump-
phase modulation @ (t) = @4(t) + @,(t) [5]. In the case when the two pumps are modulated in opposition of
phase, @ represents the unavoidable residual phase modulation due to the practical difficulty of adjusting the delays
and phases of the electrical signals driving the phase modulators [12]. The maximum FOPA’s power gain was set
to 20log(cosh(yPL)) = 25 dB, accounting for an additional insertion loss of the device. The inset of Fig. 1 shows
typical examples of the power and phase spectral responses of the parametric gain as a function of the signal
detuning AA from the mean pump wavelength in the absence of pump-phase modulation, and the root-mean-square
(RMS) fluctuations of the gain’s amplitude and phase caused by a four-tone phase modulation. In the single-pump
FOPA case, the phase fluctuation features a fast growth with increasing detuning from the pump and represents
the primary source of signal distortion when the FOPA is operated at the signal detuning of maximum gain where
the amplitude fluctuation is negligibly small. The nearly uniform gain in the spectral region between the two pumps
enables broadband operation of the dual-pump FOPA. Interestingly, the gain’s amplitude and phase fluctuations
show opposite dependence on AA to the single-pump case. For illustration purposes, we operated the amplifier at
the same detuning as its single-pump counterpart (A4 = 35.7 nm) and at A1 = 0.

Reaching an SBS-limited gain level of 25 dB requires an enhancement of the Brillouin power threshold by a
factor between 12 and 18 for a range of HNLFs in the 1550-nm region [2]. To achieve this, we considered a multi-
tone modulation of the pump phase, ¢, (t) = Z?’;l A sin(wp,;t + & ), where the base frequency vy, was set to
a larger value than the Brillouin bandwidth for typical HNLF (v,,, = 60 MHz), and we selected a multiple of three
spacing between successive tones to maximise the pump spectral broadening and power distribution [3]. The tone’s
amplitudes Amj and phases Em]. were optimised to ensure a nearly uniform power distribution among the 3Vt peaks
generated across the broadened pump spectrum by using stochastic gradient descent in TensorFlow [9]. The
imperfect pump counter-phase modulation in the dual-pump FOPA was accounted for in our model by amplitude
and phase mismatches between the phase-modulation waveforms of the two pumps [8], i.e., we used ¢, (t) =
- Z?’;l(Amj + 84;)sin(wp, t + Em; + 6&p,) for the second pump.
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Figure 2. (a) Baseband equivalent of the FOPA link shown in Fig. 1. (b) Block diagram of the DDC-enabled
DSP chain. The inset shows the principle of the DDC algorithm.

To correct the signal distortion at the receiver, we reverse engineered the transmission link, focusing on how the
phase fluctuation of the FOPA’s gain caused by pump dithering interacts with the fibre dispersion. Hence, we
assumed the equivalent baseband model of Fig. 2(a), where hf(t) represents the linear impulse response of each
fibre span, ¢ (t) and ¢, (t) are the Wiener random phase noises (PNs) of the transmitter and receiver laser sources,
respectively, ¥ ™ (t) = ¢,§”)(t) + ¢ (1) is the total phase distortion introduced at the nt" FOPA stage, q,')é") ()
is the pump laser PN, and ¢ (t) represents the dithering-induced phase fluctuation of the FOPA’s gain. By
applying linear backpropagation to the relationship between input x(t) and output y(t) signal waveforms, we
derived an approximate estimate of the transmitted signal X(t). This equation evidenced that the output signal
from a conventional DSP chain including chromatic dispersion compensation (CDC) and carrier phase recovery



(CPR) (Fig. 2(0)), y'(t) = e™**O[y(t) » hg" (©)] (where 8¢ (1) = Tn 8 (€) + b (1) + ¢y (£), and he(8) s
the inverse response of the fibre span, and the superscript (N) refers to the accumulation by N spans), differs from
the transmitted signal by an additional dithering-dependent complex distortion term, which becomes more
important with increasing number of fibre spans. By approximating the channel impulse response by a finite

impulse response filter, this distortion term at the time instance k can be written as D[k] = izx_/,fl,z_ M/2 y'[k -
m—m'] Zﬁﬂ(hggl(p(") [k — m’]hggl,), where M /2 is the filter delay corresponding to the channel memory of

the N-span link. This equation shows that we can recreate D[k] by passing y'[k] through an adaptive digital filter
whose taps have similar form to the first-order time derivative of the pump phase ¢, (inset of Fig. 2(b)) and, thus,
can be predicted by fitting a parametric model with the known pump phase modulation frequencies used at each
FOPA stage. Therefore, by using the complex least-mean-square algorithm [11], we fitted a time-varying filter
W(k] = [w_ylk], -, wy[k]]T such that D[k] = WT[k]Y’[k], where Y’[k] represents the signal block after the
conventional CDC and CPR stages. The filter was trained by updating the coefficient vector 8 in the linear
regression form W = 60B, where the feature vector was defined as B[k] =
[sin[wpm,, k], cos[wy,, k], ~~-,sin[metk], cos[metk]]T. The transmitted signal at time k was then recovered as

%[k] = y'[k] — BTOT[k]Y'[k]. The update of @ was made at the symbol rate using the error calculated from the
estimated symbol and the reference one, where the reference symbol was given from the decision-directed
operation when the algorithm exited the training phase. In each cycle, the algorithm requires 4MN, + 1 and
M (2N, + 1) multiplication operations to update 8 and produce the recovered symbol X[k], respectively.

3. RESULTS AND DISCUSSION

We performed numerical simulations of the transmission of a single-polarisation 16 quadrature-amplitude
modulation (QAM) Nyquist shaped signal at 28-Gbaud rate over a channel consisting of N=12 fibre spans. The
laser linewidths were 50 kHz and 30 kHz for the transmitter and receiver units and the FOPA pumps, respectively.
To avoid the signal symbols experiencing the same distortions along the FOPA link, we included a random time
shift in the pump-phase modulation sinusoidal waveforms at each FOPA stage. Similarly, in the dual-pump case,
the amplitude and phase mismatches 64,, and 8¢, were sampled at each FOPA stage from normal distributions
with zero mean and standard deviations 0.5 and 0.35 rad, respectively. The amplifier’s noise figure was 4.5 dB,
and the Q2%-factor derived from the directly counted bit-error-rate (BER) on a total number of 10 x 216 symbols
was used as a system’s performance metric.
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Figure 3. (a) Q*-factor after conventional (CDC+CPR) (dashed) and DDC-enabled (solid) DSP versus number
of fibre spans for in-line amplification by single-pump FOPAs (blue), and dual-pump FOPAs operated at the
edges (red) and the centre (green) of the gain’s bandwidth. The inset shows the signal constellations for in-line
single-pump FOPAs without and with DDC after seven spans. (b,c) Evolution of the root-mean-square phase
and amplitude fluctuations after conventional and DDC-enabled DSP over number of fibre spans.

Figure 3(a) shows the performance of our developed DDC algorithm as a function of the transmission length,
for the single- and dual-pump FOPA configurations using a four-tone pump-phase modulation. For comparison,
we also included the performance curves recorded after the CPR stage, which was implemented by using the
feedforward blind phase search (BPS) method [13]. The launched signal power and lengths of the BPS filter block



and DDC filter were optimised at the maximum transmission length considered. In the single-pump FOPA case,
our DDC method brings about significant performance benefits across a wide range of transmission lengths,
achieving approximately 4.7-dB improvement in Q2-factor over conventional DSP at a BER level of 2 X 1072,
reached after 700-km transmission. The capability of the DDC method to mitigate both phase and amplitude signal
distortions accrued along the transmission link is corroborated by Figs. 3(b) and 3(c), showing the evolution over
the transmission length of the RMS deviations of the phases and amplitudes, respectively, of the received symbols
compared to the transmitted ones, after post-processing by the conventional and DDC-enhanced DSP chains. On
the contrary, when dual-pump FOPAs operated near the band edges of their gain spectrum are deployed in the
transmission link, there is no apparent benefit in using our DDC method as the impact of an imperfect pump
counter-phase modulation on the amplifier’s gain, hence the amplified signal, is negligible (Fig. 1). Nevertheless,
for a FOPA’s operation around the centre of the gain bandwidth where the gain’s fluctuations are no longer
negligible, our DDC algorithm achieves around 1-dB Q2-factor improvement over conventional DSP. This
indicates that the algorithm can be advantageously deployed in wavelength-division multiplexing transmission
scenarios.

4. CONCLUSIONS

We have discussed the design of suitable DSP for transmission links using cascaded FOPAs. We have presented
an online algorithm that, when added at the end of a conventional DSP chain, effectively reconstructs the
accumulated amplitude and phase distortions originating from the pump-phase modulation and its interaction with
the fibre dispersion, and then eliminates them from the received signal. Our current research is focused on the
development of compensation techniques based on complex-valued kernels, which function as single-stage online
equalisers handling both amplitude and phase distortions from pump dithering and random PN from laser sources,
without needing prior knowledge of the dithering frequencies [14]. This research avenue holds great promise for
the practical deployment of FOPAs in optical communication systems.
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