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Abstract: The throughput and reach in fiber-optic communication links are limited by in-line
optical amplifier noise and the Kerr nonlinearity in the optical transmission fiber. Phase-sensitive
amplifiers (PSAs) are capable of amplifying signals without adding excess noise and mitigating
the impairments caused by the Kerr nonlinearity. However, the effectiveness of Kerr nonlinearity
mitigation depends on the dispersion pre-compensation in each span. This paper investigates
dense wavelength-division multiplexed PSA-amplified links using joint processing with a less
complex digital domain Volterra nonlinear equalizer at the receiver. Both numerically and
with experiments, it is shown that this significantly reduces the impact of the dispersion pre-
compensation in each span. Also, with simulations, a substantial improvement in transmission
reach is demonstrated for PSA links.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The linear physical effects in the optical fiber that distorts the signal in optical communication
links are loss and dispersion, whereas the nonlinear effect is the Kerr nonlinearity. The fiber
losses are due to the scattering and absorption and can be compensated using optical amplifiers.
Apart from amplifying the signal, optical amplifiers also add noise due to amplified spontaneous
emission (ASE), reducing signal quality. The dispersion can be compensated with optical
dispersion compensation modules or in coherent systems using digital filters. The instantaneous
power-dependent refractive index leads to the Kerr effect [1]. The transmission reach in fiber
links are mainly limited by the distortions caused due to the Kerr effect [2–4]. The distortions
caused by the Kerr effect are deterministic to some extent and can be compensated using various
techniques. Depending on the domain in which the compensation is performed, one can broadly
classify them as digital, optical or hybrid techniques. Some of the digital techniques are digital
back-propagation (DBP) [5,6], Volterra nonlinear equalizer (VNLE) [7–10] and nonlinear Fourier
transform (NFT) [11]. The optical techniques include optical phase-conjugation (OPC) [12,13]
and phase-sensitive amplifiers (PSAs) [14]. Phase-conjugated twin waves (PCTWs) [15] is a
hybrid technique. The digital technique can be used along optical techniques to fall under the
hybrid category [16,17].

One optical technique to mitigate the transmission span nonlinearity is to use copier-phase-
sensitive amplifiers (copier-PSAs) [14]. The copier is used to create an idler which is the
conjugated copy of the signal. The signal and idler co-propagates in the transmission span,
experiencing correlated nonlinear distortions at higher powers. After propagation, the signal
and idler are coherently added in the PSA. The coherent addition of the signal and idler fields
mitigates the transmission span nonlinearity as well as providing a 0-dB quantum-limited noise
figure (NF) [18]. Fiber-based PSAs with NF of 1.1 dB [19] have been demonstrated. VNLE is a
digital technique where inverse filtering is performed with Volterra kernels to compensate for
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the linear and nonlinear effects in the optical fiber [8]. VNLE with modified kernels has been
used with OPC [16] and copier-PSAs [17] to further enhance transmission span nonlinearity
mitigation.

In [17], the nonlinearity mitigation in copier-PSAs was thoroughly analyzed. It was shown
that there is a residual nonlinearity after mitigation in PSAs, which depends on the link and
signal parameters like loss, dispersion, length of the link, dispersion pre-compensation and signal
bandwidth. Also, when employing a modified VNLE, the residual nonlinearity can be reduced,
and the system performance can be improved. With single-channel numerical simulations and
experiments, the performance improvement in nonlinearity mitigation was studied using the
VNLE with modified kernels in PSA links. In fiber links with only one wavelength channel, the
major Kerr nonlinear effect is self-phase modulation (SPM). The nonlinear interaction between
frequencies within the channel spectrum leads to SPM. In wavelength-division multiplexed
(WDM) systems with single-polarization signals, cross-phase modulation (XPM) becomes the
dominant Kerr nonlinear effect. XPM is caused by inter-channel nonlinear interactions. PSAs
are capable of mitigating both SPM [14] and XPM [20]. In the case of XPM, the residual
nonlinearity after coherent superposition in PSAs increases as the interacting optical signal
bandwidth increases [17]. Therefore, PSAs can mitigate SPM more effectively than XPM, which
was shown with two 10-GBaud 4-QAM signals placed on a 25-GHz grid [21].

Here, we study the nonlinearity mitigation using PSAs with VNLE in dense WDM systems.
We use ten 10-Gbaud 4-QAM channels multiplexed on a 12.5-GHz grid for our numerical study.
We show that the dispersion pre-compensation becomes less critical when using the VNLE with
modified kernels in PSA links. We also study the transmission reach enhancement for PIA and
PSA links with and without VNLE. Finally, the improvement in nonlinearity mitigation using
VNLE in PSA links is experimentally verified using a single-span dispersion pre-compensation
sweep with three 10-Gbaud 4-QAM channels separated by 12.5 GHz.

2. Phase-sensitive parametric optical amplifiers and Volterra nonlinear equal-
izer

Copier-PSAs can be implemented using two-mode parametric amplifiers consisting of a signal
and an idler. In this work, the degenerate pump four-wave mixing (FWM) process in highly
nonlinear fibers (HNLFs) based on the χ(3) nonlinearity was utilized to implement the two-mode
parametric amplifiers. In single-span fiber links, the transmission span is located between the
copier and the PSA. The first highly nonlinear fiber, i.e., the copier, is used to create a conjugate
copy of the signal called the idler at the frequency, ωI = 2ωp − ωS, where, ωP and ωS are the
pump and signal frequencies, respectively. At the output of the copier, the generated idler, the
signal and the pump are frequency- and phase-locked to achieve phase-sensitive (PS) operation
in the PSA. However, the idler will not be an exact conjugate of the signal when reaching the
PSA due to chromatic dispersion in the transmission span. To achieve PS operation in the second
HNLF, i.e., in the PSA, the dispersion needs to be compensated, which means that copier-PSA
transmission links always need to be dispersion compensated. Apart from dispersion, at high
powers, the signal and idler experiences correlated Kerr nonlinear distortions. The coherent
addition of the signal and idler fields in the PSA mitigates the Kerr nonlinearities [17] and also
increases the signal gain by 6 dB [19] relative to operation in phase-insensitive mode. Therefore,
a 6-dB noise figure improvement can be obtained considering only the signal power. In the linear
regime, around 6-dB higher sensitivity [14,21,22] can be obtained for single-span links and
approximately four times higher reach [23–25] for multi-span links with PSAs compared to PIAs.
Moreover, the copier-PSA is modulation format independent [26] and WDM compatible [21,23].

In the weakly nonlinear regime, i.e., when the signal and the idler experience small nonlinear
distortions, the electric field of signal and idler after propagation in the transmission with fully
compensated loss and dispersion can be written as [17,27], ES/I(ω, L) = ES/I(ω, 0)+δNL,S/I(ω, L),
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where E(ω) is the field, δNL is the nonlinear distortion approximated to the first order and L is the
length of the span. For a dispersion compensated link, i.e., the accumulated dispersion is zero,
without distributed Raman amplification and considering only up to second order dispersion
[17,27,28],

δNL,S(ω, L) = jγ
∫ ∞

−∞

∫ ∞

−∞

1 − exp(−αL + j∆Ωβ2L)
α − j∆Ωβ2

exp(−j∆ΩD0)

× ES(ω1, 0)E∗
S(ω2, 0)ES(ω − ω1 + ω2, 0)dω1dω2,

(1)

where, α is the fiber loss parameter, β2 is the group velocity dispersion parameter, β2∆Ω =
β2(ω1−ω)(ω1−ω2) is the group velocity mismatch between the interacting frequency components,
and D0 is the dispersion pre-compensation. D0 can take values betweeen 0 and β2L. PSAs are
capable of partially mitigating the transmission span Kerr nonlinearity while a residual part
will remain. The residual nonlinear distortions after the coherent superposition in the PSA is
given by [17], δres

NL,S(ω, L) = 0.5(δNL,S(ω, L) + δNL,I(ω, L)). Assuming that the signal and idler
are propagated in spans with identical fiber parameters, then the residual nonlinear distortions for
PSA links is given by [17,29],

δres
NL,S(ω, L) = jγ

∫ ∞

−∞

∫ ∞

−∞

j Im
{︃

1 − exp(−αL + j∆Ωβ2L)
α − j∆Ωβ2

exp(−j∆ΩD0)

}︃
× ES(ω1, 0)E∗

S(ω2, 0)ES(ω − ω1 + ω2, 0)dω1dω2.
(2)

The effectiveness of nonlinearity mitigation in PSA links is inversely proportional to δres
NL(ω, L),

i.e., a lower value of δres
NL(ω, L) means that the PSA mitigates the nonlinearity more effectively

and vice versa. From (2), we can see that the effectiveness of nonlinearity mitigation depends
on the span power map, which is dictated by α, the span dispersion map given by D0, and the
bandwidth of the optical signal. Using a single channel and different symbol rates, the optical
signal bandwidth dependence on the effectiveness of nonlinearity mitigation was studied in [30].
By increasing the number of 10-Gbaud channels on a 12.5-GHz grid, the optical signal bandwidth
was increased, and the effectiveness of nonlinearity mitigation for dense WDM PSA links was
studied in [23]. In both scenarios, the effectiveness of nonlinearity mitigation in PSAs decreased
with increasing optical signal bandwidth. The above analysis can be extended to multiple span
links. Since the nonlinear distortions are small compared to the signal, the total in N spans is
approximately equal to N times the distortions in each span due to the coherent addition.

The propagation of single-polarization signals with both the linear and nonlinear effects can
be modelled using the scalar nonlinear Schrödinger equation (NLSE) [1]. A Volterra series
transfer function (VSTF) with frequency domain kernels can be used to solve the NLSE [31]. The
nonlinear perturbation coincides with the VSTF such that the Nth order nonlinear perturbation
corresponds to the VSTF with (2N + 1) kernel terms. In the optical fiber, due to inversion
symmetry of fused silica, the second-order nonlinear effects are absent and therefore, the even
kernels can be neglected. One way to compensate for linear and nonlinear effects is to apply the
inverse VSTF to the signal after propagation, known as the Volterra nonlinear equalizer (VNLE).
VNLE to compensate linear and nonlinear effects in N spans of length L with up to third-order
kernels is [10],

E(ω, 0) ≈ K1(ω, NL)E(ω, NL)

+ Γ

∫ ∞

−∞

∫ ∞

−∞

F(∆Ω, L, N)K3(∆Ω, L)E(ω1, NL)E∗(ω2, NL)E(ω − ω1 + ω2, NL)dω1dω2,
(3)

where, K1(ω, NL) is the first order linear kernel to compensate for fiber loss and dispersion,
K3(∆Ω, L) is the third order kernel to mitigate the nonlinear effects to the first order with
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F(∆Ω, L, N) and Γ. F(∆Ω, L, N) takes into account the coherent addition of nonlinearities in
each span as a phased-array effect and Γ = −jγK1(ω, NL) is the frequency dependent nonlinear
term. In our case, as the transmission span is loss and dispersion compensated, i.e., the fiber
attenuation and dispersion are compensated after every span, K1(ω, NL) = 1. Also, as the
nonlinear distortions in each span are small compared to the signal and the coherent addition of
the signal fields lead to F(∆Ω, L, N) = N. For PIA and PSA links, the third order kernels [17] are
given by

KPIA
3 (∆Ω, L) =

1 − exp(−αL + j∆Ωβ2L)
α − j∆Ωβ2

exp(−j∆ΩD0), (4)

KPSA
3 (∆Ω, L) = j Im

{︃
1 − exp(−αL + j∆Ωβ2L)

α − j∆Ωβ2
exp(−j∆ΩD0)

}︃
, (5)

corresponding to δNL,S(ω, L) and δres
NL,S(ω, L), respectively. At high launch powers, the actual

nonlinear distortions in PIA links are larger than the residual nonlinear distortions in PSA links.
This makes the combination of VNLE with PSAs to be more effective than with PIAs.

3. Numerical investigation

3.1. Simulation model

To study the tolerance to dispersion pre-compensation in WDM PSA links when using a VNLE
and to compare the performance of PIA and PSA WDM links with and without VNLE, numerical
simulations were performed in MATLAB. The block diagram for PIA and PSA link simulations
are shown in Fig. 1. Ten-channels of 10-Gbaud single-polarization 4-QAM signal multiplexed
on a 12.5-GHz grid was used for this study. Each channel was made of 216 4-QAM symbols
from random bits shaped with root-raised cosine filter of 10% roll-off and oversampled by 64
times before multiplexing them together. For all the links, the transmitter imperfections were
added to the generated WDM signal in the form of additive white gaussian noise (AWGN), after
which each channel’s SNR was 31 dB. The WDM signal was then amplified with a booster of
4-dB NF to obtain the required launch power, PIN at the input of the transmission span. The PIN
corresponds to the signal launch power in one channel. An 80 km standard single-mode fiber
(SSMF) with the following parameters: α = 0.2 dB/km, D = 16 ps/nm/km, and γ = 1.3 rad/W/km,
was used as the transmission span. For propagation, the NLSE was solved numerically using
the split-step Fourier method. In the case of the PSA links, an ideal conjugator was used as the
copier. The signal and idler were propagated in separate split-step solvers with the same fiber
parameters assuming that there is no nonlinear interactions between them. The transmission span
was dispersion compensated with two dispersion compensating modules (DCMs), one before and
one after the span. The DCMs were assumed to be ideal with no loss or nonlinearity. The two
DCMs were used to optimize the dispersion pre-compensation. The effectiveness of nonlinearity
mitigation depends on the dispersion pre-compensation for the PSA links [14] which needs to be
optimized.

In the PIA link, inline phase-insensitive amplification was performed using an optical amplifier
with an NF of 4 dB. The signal and idler after propagation were first amplified with optical
amplifiers of 1-dB NF for the PSA link. Then, the idler was conjugated and added coherently
to the signal similar to [14,23,26] to emulate the phase-sensitive amplification. For multi-span
transmission systems, the blocks within the dashed box were repeated for every span. At the
receiver, for both the PIA and PSA links, only the signal was detected to perform digital signal
processing (DSP) and to measure the received signal quality. In the DSP, each channel was
downsampled to two samples per symbol, and a constant modulus algorithm (CMA) was used for
adaptive equalization. Then, the signal was downsampled to one sample per symbol to perform
carrier phase estimation (CPE) using Viterbi-Viterbi. The error vector magnitude (EVM) in
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Fig. 1. Simulation model for the single- and multi-span PIA and PSA links with VNLE.

decibels (dB) for M symbols was calculated as,

EVM (dB) = 10 log10(

∑︁M
n=1 |STx(n) − SRx(n)|2∑︁M

n=1 |STx(n)|2
). (6)

The received bits were obtained from the received symbols through de-mapping. The
bit-error-rate (BER) was calculated by comparing the received and transmitted bit sequences.

For the VNLE, all ten channels were detected synchronously, and the entire signal band was
downsampled to 32 samples per symbol. The VNLE with the kernels as shown in Fig. 1 for PIA
and PSA links was applied on the entire WDM signal. The FFT block sizes were optimized for
each links in the VNLE. Then the WDM channels were demultiplexed, and the above-mentioned
DSP steps, as in the case of the separately detected single-channel, were carried out.

3.2. Simulation results

At PIN = 4 dBm, dispersion pre-compensation was swept for single-span links to study
the tolerance of the dispersion pre-compensation in PSA links with VNLE. Dispersion pre-
compensation is the fraction of dispersion compensation applied before the fiber span relative to
the total dispersion compensation required to fully compensate the transmission span dispersion.
The EVM is plotted against the dispersion pre-compensation for PIA and PSA links with VNLE
(right) and without VNLE (left) in Fig. 2. The shaded region indicates the spread of EVMs for
the ten channels. The red shaded region corresponds to the PIA link and the grey shaded region
indicates the PSA link. For the PIA link with and without VNLE, the EVM curves were flat with
the difference between maximum to minimum EVMs across dispersion pre-compensation for
the same channel almost being zero. However, the EVM with VNLE is better than without and
the spread of the ten channels slightly decreased. The optimum dispersion pre-compensation in
PSA links depends on the signal properties and for our simulated PSA-WDM signal was found
to be 12.5%. Also a large difference between the maximum and minimum EVM values were
seen. This shows that the dispersion pre-compensation plays an important role in the nonlinearity
mitigation of PSA links and hence in its performance. With the VNLE, the EVM is improved
and the curve is flat with almost no difference between the maximum and minimum EVMs for
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all dispersion pre-compensation ratios. In PSA links, the residual nonlinearity increases with
non-optimal dispersion pre-compensation and using VNLE this residual nonlinearity can be
reduced. Therefore, using VNLE with PSA, the nonlinearity mitigation is improved as well as
the dependence of nonlinearity mitigation on the dispersion pre-compensation can be almost
eliminated.

Fig. 2. Dispersion pre-compensation versus EVM for both PIA (red shaded region) and
PSA (grey shaded region) links with ten-channel 10-Gbaud WDM signal. The left figure is
without VNLE and the right figure includes VNLE.

The launch power, PIN, was swept to compare the performance of PIA and PSA links with and
without VNLE. The transmission reach was calculated at BER = 1x10−3 with optimum dispersion
pre-compensation and plotted versus launch power for both PIA and PSA links in Fig. 3. On
the left is without VNLE and the right figure corresponds to with VNLE. The transmission
reach is four times higher in the linear regime (PIN = −20 dBm) as expected for PSA links
compared to PIA links with and without VNLE due to low-noise amplification. Considering the
worst-performing channel, the optimum launch powers for PIA and PSA links are -13 and -14
dBm respectively without VNLE. At optimum launch powers, the reach is 3.2 times higher for
PSA links with respect to PIA links. The reach improvement is from both low-noise amplification
and nonlinearity mitigation. With VNLE, the optimum launch power of the PSA link increases
by 2 dB to -12 dBm. The reach improvement comparing PSA and PIA links with VNLE was
4.6 times. The VNLE improves the transmission reach for the PSA links by approximately 1.5
times, whereas a very small improvement is obtained for the PIA links. The residual nonlinear
distortions after the PSAs are small compared to the actual nonlinear distortions in the PIA
links in each span. For multi-span links, these distortions are coherently added as the links are
dispersion compensated. The modified VNLE is applied for both PIA and PSA links in one step

Fig. 3. Launch power versus transmission reach for both PIA (red shaded region) and
PSA (grey shaded region) links with ten-channel 10-Gbaud WDM signal. The left figure is
without VNLE and the right figure includes VNLE.
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after total transmission. We believe that the combination of PSAs with VNLE is more effective
compared to PIAs with VNLE due to the smaller residual nonlinear distortions in PSA links.

4. Experiments

4.1. Experimental setup

We performed proof-of-concept experiment to verify the enhancement of nonlinearity mitigation
in WDM PSA links with VNLE with the setup shown in Fig. 4. Three external cavity lasers
(ECLs) operating at 1550.0 nm, 1550.1 nm, and 1550.2 nm were modulated individually with
10-Gbaud amplified electrical signals. The RF signal for each channel consisted of 216 random
symbols corresponding to 4-QAM modulation format shaped with root-raised cosine filter of
10% roll-off. All the three channels were then combined together to obtain the transmitted signal
as shown in the inset. The transmitted signal was combined with a high power pump at 1554.1
nm and fed to the first 150 m strained HNLF, which acted as the copier. The copier produced the
conjugated copy of the signal called the WDM idler centered at 1558.1 nm. Another inset in
Fig. 4 shows the generated idler. The pump power into the copier HNLF was set around 28 dBm,
limited by the stimulated Brillouin scattering (SBS). The signal and idler were separated from
the high power pump. The high power pump was attenuated with a variable optical attenuator
(VOA) to produce a weak pump tone to avoid nonlinear effects in the transmission span. In
the power-balancing stage, the WDM signal and idler were balanced, and the required signal
launch power per channel PIN was set using an EDFA, a waveshaper (WS) and a variable optical
attenuator (VOA). The attenuated weak pump was combined with the balanced signal and idler
and launched into the compensated link. The dispersion-compensated link consisted of an 80 km
standard single-mode fiber (SSMF), with two channelized tunable fiber-Bragg gratings (FBGs)
based DCMs. The transmission fiber was inserted between the two FBG based DCMs to sweep
the dispersion pre-compensation. The dispersion in the transmission span was 1275 ps/nm. After
the dispersion-compensated link, the signal and idler were again separated from the weak pump
tone. Optical injection locking was used in the pump recovery to obtain a high power, phase- and
frequency-locked pump wave from the weak pump tone for the PSA at the receiver. The signal
and idler were separated to align them in time and polarization in the re-timing and polarization
tuning stage. A variable delay line was used for time synchronization. A VOA was also used to
balance the WDM signal and idler for wavelength-dependent loss in the dispersion-compensated
link. The WDM signal and idler were combined with the high power pump wave after another
VOA used to set the required power at PSA input. The PIA/PSA contains four spools of strained
HNLFs with isolators in between them to increase the SBS threshold, measuring approximately
600 m. For the strained HNLF, the average zero-dispersion wavelength was 1544 nm, and at 1550
nm, the average dispersion parameter (D), the dispersion slope (S) and the nonlinear coefficient
(γ) were 0.45 ps/nm/km, 0.072 ps/nm2/km and 9.7 rad/W/km respectively. The pump power into
the PIA/PSA was set to be around 30 dBm, limited by SBS. A phase-locked loop was used to
compensate for the phase fluctuations and stabilize the phase-locking between the signal, idler
and pump waves to maintain maximum PSA gain. In the case of the PIA, the high power pump
after the copier was completely attenuated, and the idler was blocked in the WS. Only the signal
was transmitted. The PIA gain was 16 dB, whereas the PSA gain was 22 dB. The PSA had a 6 dB
additional gain due to coherent superposition of the signal and idler [19]. After the PIA/PSA, the
three channels occupying a bandwidth of 35 GHz were detected together with a coherent receiver
and a real-time scope of analog bandwidth 22 GHz and 33 GHz, respectively. Then, the captured
signal was processed as shown in the DSP block (Fig. 4). The DSP blocks were implemented
using QAMPy [32] apart from the VNLE. The signal was scaled to the corresponding launch
power, PIN before applying the VNLE in the digital domain.
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Fig. 4. Experimental setup used for single-span WDM fiber transmission with phase-
(in)sensitive amplifiers as pre-amplifiers: ECL - External-cavity laser, AWG - Arbitrary
waveform generator, RF AMP - Radio-frequency amplifier, IQM - IQ modulator, PC -
Polarization controller, EDFA - Erbuim-doped fiber amplifier, WDM - Wavelength-division-
multiplexing coupler, WS - WaveShaper, DCM - Dispersion compensation module, VOA
- Variable optical attenuator, SSMF - Standard single-mode fiber, PZT - Piezoelectric
transducer, PIA - Phase-insensitive amplifier, PSA - Phase-sensitive amplifier, BPF - Optical
bandpass filter, Rx - Coherent receiver. Inset- Spectra of transmitted signal and idler after
copier.

4.2. Experimental results

To verify the performance improvement when using VNLE in WDM PSA links, a dispersion
pre-compensation sweep was performed using the three-channel 10-Gbaud 4-QAM WDM signal
for both PIA and PSA links, with and without VNLE. The launch power per channel, PIN was set
to 8 dBm. The EVM and BER were measured and plotted versus the dispersion pre-compensation
for both PIA and PSA links in Fig. 5. The top-left figure contains the EVM plots without VNLE,
whereas the top-right shows the EVM plots with VNLE. The BER plots without and with VNLE
are in the bottom-left and bottom-right, respectively. The blue, red and black curves correspond to
channel 1, 2 and 3, respectively, where channel 2 is the center channel. The channel 2 experiences
stronger XPM from both the other channels and therefore has the worst performance of all the
channels. PIA links are represented by dotted lines with circle markers, and the solid lines with
diamond markers correspond to PSA links. The BER and EVM curves exhibit a similar trend.
The dispersion pre-compensation sweep for the PIA link without VNLE gave a flat response,
indicating that the dispersion pre-compensation does not significantly affect the PIA links. For the
PSA without VNLE, the optimum dispersion pre-compensation was slightly different for the three
channels. The average optimum dispersion pre-compensation from EVMs for the three channels
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corresponds to 14.7%. It was not possible to obtain the optimum dispersion pre-compensation
values from the BERs due to the error floor. The dispersion pre-compensation dependence on
the link performance was significant for the PSA links. With VNLE, the signal performance
improved, and the curves became much flatter as the difference between the maximum and
minimum values decreased for the PSA links. However, the optimum values remained the same
for the EVMs. The PIA links with VNLE performed worse than without VNLE, which we
believe is due to the dispersion pre-compensation sweep performed at substantially higher launch
powers. However, this needs further investigation. The experimental demonstration verifies that
the VNLE enhances nonlinearity mitigation in PSA links and reduce PSA’s sensitivity to the
dispersion pre-compensation.

Fig. 5. Measured EVM and BER versus dispersion pre-compensation, for single-span
links at PIN = 8 dBm. The blue, red and black colour correspond to Channel 1, 2 and 3,
respectively. The dotted lines with circle markers represent the PIA link and the solid lines
with diamond markers correspond to the PSA link.

5. Discussions

The copier-PSA is capable of mitigating transmission span nonlinearity. However, there are some
residual nonlinearities after mitigation in PSAs. This residual nonlinearity depends on the link
and the signal. It has been shown that the residual nonlinearity increases with an increase in
the number of WDM signal channels [23]. This paper shows that residual nonlinearity can be
decreased by using a digital nonlinear filter in WDM PSA links. For this purpose, VNLE was
used with modified kernels, as discussed in [17] and section 2. The VNLE contained kernels up
to the third order and can compensate nonlinearity up to the first-order perturbation expansion in
γ. Therefore, the VNLE works well only in the weakly nonlinear regime. In the simulations, first
dispersion pre-compensation sweep was performed (Fig. 2) at launch power of 4 dBm and then
with optimum dispersion pre-compensation, the transmission reach was obtained for different
launch powers (Fig. 3). Around 1-dB EVM improvement was obtained in the pre-compensation
sweep for PIA links with VNLE compared to without VNLE. However, negligible improvement
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was obtained in terms of transmission reach for PIA links when VNLE was applied. The VNLE
was applied in one step after transmission. For the dispersion pre-compensation sweep, the
signals were transmitted only for one span compared to multiple spans in the launch power sweep.
Therefore, the accumulated nonlinearity is higher in multi-span transmission, and this reduces
the effectiveness of the VNLE. Since the PSA already removes a large part of nonlinearity due to
coherent superposition of the signal and idler in each span, the modified VNLE is more effective
together with PSAs compared to PIAs in multi-span transmission.

Ten channels of 10-Gbaud 4-QAM single-polarization signals closely placed on a 12.5 GHz
grid were used in the numerical study to show the benefit of the modified VNLE in PSA-WDM
links. However, in the proof-of-concept experiment, only three channels were used due to
bandwidth limitations arising from the channelized tunable FBG-based DCMs and the gain
bandwidth of the fiber-optic parametric amplifier (PIA/PSA). Moreover, the PSA links with
VNLE in simulations perform better than in the experiments and also penalties were seen for
PIA links when VNLE was applied in the experiments. We attribute this to the pre-dispersion
sweep conducted at higher than optimum launch power leading to more substantial nonlinear
distortions in the experiments as well as many experimental imperfections. We also believe that
the dispersion of HNLF used as the PIA/PSA does not affect this study as we were operating near
the zero-dispersion wavelength as well the signal bandwidth was small.

In this work, all the WDM channels were jointly detected and processed with VNLE. However,
the VNLE can also be applied on the individual channel, which does not require them to be
detected jointly. This would reduce the complexity of the detection setup, especially with many
WDM channels. However, applying VNLE channel-wise had negligible reach improvement
compared to not using VNLE, which we verified with simulations. At least in dense WDM
systems, the channels are more affected by cross-phase modulation (XPM) than self-phase
modulation (SPM). Therefore, applying VNLE channel-wise can compensate only for SPM and
not for XPM, which resulted in negligible improvement.

6. Conclusion

We have shown that using VNLE with appropriately modified kernels, the residual nonlinearity in
copier-PSA links can be reduced for dense WDM signals. Incorporating the VNLE in the digital
domain at the receiver, the copier-PSA link’s performance becomes less sensitive to transmission
span dispersion pre-compensation. This has been verified both in simulations and experiments.
Using numerical simulation, we also show that the transmission reach and optimum launch power
increases for PSA links with VNLE.
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