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Abstract—We experimentally investigate Kerr nonlinearity
mitigation of a 28-GBd polarization-multiplexed 16-QAM signal
in a 5-channel 50-GHz spaced wavelength-division multiplexing
(WDM) system. Optical phase conjugation (OPC) employing the
mid-link spectral inversion technique is implemented by using a
dual-pump polarization-independent fiber-optic parametric
amplifier (FOPA) and compared to digital backpropagation
(DBP) compensation over up to 800-km in a dispersion-managed
link. In the single-channel case, the use of the DBP algorithm
outperformed the OPC with a Q-factor improvement of 0.9 dB
after 800-km transmission. However, signal transmission was not
possible with DBP in the WDM scenario over the same link length
while it was enabled by the OPC with a maximum Q-factor of
8.6 dB.

Index Terms—Coherent detection, fiber nonlinearity, optical
phase conjugation (OPC), quadrature amplitude modulation
(QAM), wavelength-division multiplexing (WDM), digital
backpropagation (DBP), optical fiber communication.

I. INTRODUCTION

RANSMISSION of advanced modulation formats and
extension of transmission reach are two of the methods
used to sustain the growth in global data demand. Currently,
channels are tightly packed, as in dense wavelength-division
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multiplexing (DWDM) systems, and signal launch powers are
increased in order to achieve a guaranteed optical
signal-to-noise ratio (OSNR) at the receiver [1], [2]. However,
power-dependent nonlinear distortion from the Kerr
nonlinearity in the transmission fiber including intra- and
inter-channel crosstalk and self-phase modulation degrades the
transmitted signal and therefore decreases the transmission
reach. It has been reported that higher-order modulation
formats are more prone to Kerr nonlinearity distortions and are
severely degraded in tightly packed channels [3]. Therefore
advanced modulation formats (e.g. 16-quadrature amplitude
modulation, 16-QAM) withstand shorter distance transmission
with acceptable degradation compared to less spectrally
efficient formats. Moreover, modulation formats with higher
symbol rates are easily affected by dispersion-induced
distortion, which can interact with nonlinear effects even over
short fiber lengths.

In view of these, recent years have witnessed consistent and
progressive research studies with the aim to mitigate both
chromatic dispersion and Kerr nonlinear distortions in optical
communication systems. Some of the reported distortion
compensation schemes include digital back propagation (DBP)
[4-6], optical phase conjugation (OPC) [7-11], all-optical
coherent superposition using phase-sensitive amplification [12]
and the so called “phase-conjugated twin waves” scheme
[13-15].

The DBP algorithm relies on inverting the distortions caused
by chromatic dispersion and Kerr nonlinearities digitally by the
propagation of the received signal through a virtual link
characterized by opposite dispersion and nonlinear coefficient
with respect to the fiber link. DBP has been shown to be
effective for Kerr nonlinearity mitigation especially for
single-channel systems. Due to the computational complexity
[16], current research is focused on reduced complexity
approaches [5] as well as on novel methods for digital
mitigation of inter-channel nonlinear impairments [17], [18].

Alternatively, an  OPC-based technique provides
compensation through mid-link spectral inversion (MLSI). In
this scheme, a conjugate of the propagating signal is created at
the middle of the transmission link. Propagating the conjugated
signal for the remaining half of the link cancels out chromatic
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dispersion and fiber nonlinear distortions that have been
accumulated in the first half of the link.

In [19], we experimentally demonstrated the implementation
of the MLSI scheme for chromatic and nonlinear distortions
cancellation for 50-GHz spaced channels with 5x28-GBd PDM
16-QAM signals in a 400-km dispersion-uncompensated
standard  single-mode  fiber  (SSMF) link  with
backward-pumped distributed Raman pumps. A numerical
model using VPltransmissionMaker v8.7 was employed to
predict possible transmission reach of up to 2800 km using
parameters which have been derived from the experiment.

As both MLSI and DBP are promising techniques, a direct
comparison between the two schemes for higher order
modulation format is of high interest. Such a comparison has so
far only been performed numerically for dispersion-unmanaged
SSMF links and non-zero dispersion-shifted fiber (NZ-DSF)
links, as well as for a dispersion-managed NZ-DSF link [20].

In this work, we extend our experimental investigations of
Kerr nonlinearity mitigation using MLSI and compare the
results with DBP for up to 800-km transmission in a
dispersion-managed link employing super-large area (SLA)

fiber and inverse dispersion-shifted fiber (IDF) with
erbium-doped fiber amplifiers (EDFAs). A dual-pump
polarization-independent  fiber-based optical parametric

amplifier (FOPA) is used as OPC device to provide mid-link
spectral inversion of 5x28-GBd PDM 16-QAM signals with
50-GHz spacing. Note that the generated conjugate signal
copies in the FOPA are known as idlers. Alternatively, a
split-step Fourier method (SSFM) DBP algorithm is employed
for the mitigation of the fiber nonlinearities and the Q-factor
(obtained from the BER) performance of the two compensation
schemes is compared. In this comparison, the standard DBP
based on SSFM serves as a reference benchmark for the
compensation of intra-channel nonlinear impairments. Both

1 Span 1 *N

compensation methods outperform direct transmission.
However, while the DBP approach provides a better
improvement for a single-channel scenario, OPC outperforms
the SSFM DBP in WDM systems.

Il. EXPERIMENTAL SETUP

The experimental set-up is depicted in Fig.1l. At the
transmitter, five C-band external cavity lasers (ECLs) at
wavelengths ~ 1549.32 nm, 1549.72 nm, 1550.12 nm,
1550.52 nm and 1550.92 nm (50-GHz channel spacing) were
used as continuous-wave (cw) WDM signal sources. All the
WDM channels were combined using an optical coupler, and
after amplification with an EDFA, the signals were sent to an
IQ modulator (IQ Mod). A two-channel 56-GS/s
digital-to-analog converter (DAC) was used to drive the 1Q
Mod. This provided the in-phase and quadrature components of
a single-polarization 28-GBd 16-QAM signal. After using a
polarization-multiplexing emulator (PolMux) to provide PDM
signals to all five WDM channels, the channels were
decorrelated. A wavelength-selective switch (WSS) was used
to separate all the channels and different lengths of single-mode
fiber patch cords were placed in the individual WDM optical
paths. This provided a minimum inter-channel delay of 100
symbols [21]. An EDFA was used to amplify the channels after
combining all five WDM signals with an optical coupler. The
out-of-band amplified spontaneous emission (ASE) noise was
filtered by using a 3-nm optical band-pass filter (OBPF) and the
state-of-polarization of the data was randomized using a
polarization scrambler.

The transmission link consists of 80-km
dispersion-compensated spans made from SLA and IDF fibers.
The specifications of a representative span can be seen in
Table 1 in section 1V of the paper. An EDFA was used in front
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Fig. 1. Experimental setup showing the 5x28-GBd 16-QAM transmitter, the dispersion-managed fiber links (SLA+IDF), the dual-pump polarization-independent

FOPA, which is used as OPC device, and the coherent receiver.
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of each fiber span to set the signal launch power. After the first
half of the link (N spans in link part 1), an EDFA was set to a
constant output power of 17 dBm so as to keep the input signal
power into the FOPA constant. A 3-nm OBPF was used to
suppress the accumulated ASE and the signal was split into two
portions with a 3-dB optical coupler. One portion of the signal
went through the OPC device whereas the other portion
bypassed the OPC device, which is referred to, here, as “direct’
transmission. The design and performance evaluation of the
OPC device is discussed in section Ill. A variable optical
attenuator (VOA) in the path without OPC ensured that the
same input power was injected to the first EDFA of link part 2
in both scenarios, thereby resulting in the same noise
accumulation behavior in the second half of the link. As the
OPC provided low-loss operation, the additional attenuation
introduced by the VOA in the path without OPC was about
5dB and it was mainly due to the relatively high loss of the
OBPF (5 dB) used to select the idler at the OPC output. Note
that a conventional link without OPC would not consist of the
interface between the link part 1 and link part 2 in Fig. 1.
However, this interface has a negligible effect on the noise
performance of the link since as mentioned before, the first
EDFA in the interface is set to a large constant output power
and the signal level is high during the optical processing in the
interface and reduces only to about 2 dBm measured at the
input of the first EDFA in link part 2. Therefore, the interface
causes a negligible OSNR penalty. An optical switch was used
to either select the output of the OPC device (conjugated signal)
or the signal which bypassed the OPC device (direct
transmission) before launching the selected data into the
remaining half of the link (N spans in link part 2).

Detection of the signal or the conjugated copy after
transmission over the entire link was performed with a standard
polarization-diverse coherent receiver using a local oscillator
(LO) with 100-kHz linewidth. The LO was combined with the
selected data (either the signal or the conjugated signal) after
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the transmission link in a 90° optical hybrid. Four balanced
photo detectors (BPD) were connected to the hybrid outputs,
and a real-time sampling scope (RTO, 40-GS/s sampling rate,
20-GHz bandwidth) was used as analog-to-digital converter
(A/D). Offline processing was performed on a desktop
computer including resampling, 90° optical hybrid correction,
frequency-offset compensation, blind adaptive time-domain
equalization using a constant-modulus algorithm and
multi-modulus algorithm, carrier-phase estimation by blind
phase search, de-mapping and bit-error counting. Note that,
with the exception of the transmission link; the transmitter, the
OPC device and the coherent receiver used in this investigation
are the same as those used in [19].

I1l. CHARACTERIZATION OF THE OPC DEVICE

The schematic  representation of the  dual-pump
polarization-independent FOPA that was used as the OPC
device is shown in Fig. 1. The OPC device consists of two
ECLs at wavelengths 1534 nm (25-kHz linewidth) and
1574 nm (100-kHz linewidth), which served as cw pump
sources. Two sinusoidal radio frequency (RF) tones at
frequencies 69 MHz and 253 MHz were generated by a
two-channel arbitrary waveform generator (AWG). The pumps
were independently phase-modulated, with a modulation index
of 1.44 radian, using the AWG output waveforms via phase
modulators (PMs). The PMs were driven in a counter-phasing
fashion in order to minimize the transfer of pump phase
modulation from the pump to the generated idlers [22], [23].
The pumps were amplified by two EDFAs, filtered and
combined with a WDM coupler. OBPFs with 0.8-nm full-width
at half maximum bandwidths were used to suppress the
out-of-band ASE noise around the pumps. The signal and the
pumps were then sent to the highly nonlinear fiber (HNLF)
inside the polarization diversity loop via a polarization beam
splitter (PBS). Polarization controllers (PCs) in the pump paths
were used to equally split the pumps in both propagation
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Fig. 2. (a) Acquired electrical spectrum from RTO showing suppression of pump phase modulation (b) On-off gain profile and PDG performances of both signal

and idler.
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Fig. 3. (a) 5-channel WDM spectrum measured after a 20-dB coupler showing the on-off gain, (b) Plot of BER vs OSNR for the WDM scenario showing the

performance of the signal and the idler.

directions of the loop. The HNLF length, nonlinear coefficient,
zero-dispersion wavelength, dispersion slope, and attenuation
were 300 m, 16.3/W/km, 1556.6 nm, 0.019 ps/nm%km, and
1.4 dB/km, respectively. Operating the OPC in an unsaturated
regime was essential to avoid signal degradation, thus the VOA
at the input of the OPC was set to ensure an appropriate signal
power into the HNLF [24], [25]. Note that, in order to keep the
OPC penalty low, a total pump power of 28.2 dBm and a total
signal power of -5 dBm (for either single-channel or WDM
case) were launched into the diversity loop via the PBS. This
provided 5-dB signal on-off gain and 4-dB idler conversion
efficiency at the output of the OPC [25], [26]. Note that a total
input signal power of -5dBm was used only for the
back-to-back characterization of the FOPA. For the
transmission experiment, however, the input signal power was
optimized to 2 dBm. A 4-nm tunable-OBPF was used to filter
out the channel(s) of interest at the output of the OPC. The
performance evaluation of the OPC device was first carried out
in the back-to-back (b2b) configuration without the
transmission link.

In order to analyze the transferred pump-phase modulation to
the generated idler, a single-channel cw signal at 1550.12 nm
was injected together with the pumps into the diversity loop
operated in a polarization-independent fashion. The strength of
the phase modulation being transferred from the pumps to the
idler was monitored via the electrical spectrum of the received
idler measured using the RTO. While monitoring the idler
spectrum, the phase delay and amplitude parameters of the
pump phase modulation tones were adjusted so as to minimize
the transferred pump-phase modulation to the idler. Fig. 2(a)
shows the electrical spectrum of the received idler and highlight
a suppression ratio between the carrier and the modulation
tones higher than 35 dB, indicating that only negligible phase
modulation is transferred to the idler [22], [27].

A flat gain-bandwidth profile of the OPC device is desirable
for WDM systems. To determine the gain profile, the

signal-pump WDM coupler in the setup was temporarily
replaced with a 10-dB coupler. The on-off gain was measured
with a polarization scrambled cw-signal with its wavelength
swept from 1535 nm to 1572 nm. Fig. 2(b) shows the measured
gain profile. The wavelengths of the WDM channels were
chosen in the flat gain region. In order to minimize the Raman
effect, which causes longer wavelengths to experience more
gain than shorter wavelengths, the C-band pump power was set
~1.8 dB higher than the L-band pump power. Fig. 2(b) also
shows the measured polarization-dependent gain (PDG) of the
OPC. Using a zero-span function of the optical spectrum
analyzer (OSA) while scrambling the state-of-polarization of a
single-channel 28-GBd 16-QAM signal with the PDM
emulator bypassed, the PDG was measured for a wavelength
sweep from 1542.5 nm to 1565 nm (i.e. within the flat region of
the gain profile). The maximum PDG for both signal and idler
was found to be below 0.4 dB (indicated by the dashed line).

The on-off gain of the signal as well as the idler conversion
efficiency is shown in Fig. 3(a). The spectrum was obtained
from an OSA after a 20-dB coupler.

The BER performance as a function of receiver OSNR for
both signals and idlers in a WDM scenario is shown in
Fig. 3(b). Note that the center channel (ch-3) was used for
evaluations in the WDM investigations. It can be seen that, the
performances of the signal and idler are very similar. This
indicates the effectiveness of the suppression of the pump phase
modulation transfer to the idler. It was also noted that the
differences in the BER between the WDM channels were
insignificant, showing similar performances for all WDM
channels [27] and therefore making the OPC well applicable for
WDM transmission system investigations.

IV. DIGITAL BACKPROPAGATION

A non-iterative symmetric SSFM based on coupled nonlinear
Schrodinger equations (NLSEs) was employed for the
realization of the DBP [5], [16]. The dispersion-managed fibers
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TABLE 1

SPECIFICATIONS OF THE DISPERSION-MANAGED FIBER
(EACH SPAN CONSISTS OF SLA AND IDF FIBERS)

Parameter (properties at 1550 nm) SLA IDF
Length (km) 55.57 25.68
Effective area (um?) 107 31
Loss coefficient (dB/km) 0.186 0.234
Nonlinear refractive index (x10°m?/W) 2.23 2.36
Dispersion (ps/nm/km) 20.2 -44
Dispersion slope (ps/nm?/km) 0.06 -0.13

were modeled using the measured parameters from the fibers
used in the experiment. An example of the specifications of a
fiber span is shown in Table 1. Group velocity dispersion of
first and second-order were taken into account in the DBP.
However, ASE noise from the link EDFAs was not taken into
account [16]. Polarization mode dispersion in the link was also
not considered.

The SLA and IDF fibers in each span were modeled
separately by performing the SSFM on each fiber type. Each
fiber was modeled with a number of m steps in the SSFM DBP
algorithm. The value of m was optimized on a 480-km
transmission scenario under WDM operation. Increasing the
number of steps per fiber beyond m =10 did not yield further
improvements. Therefore the number of steps per fiber was
kept fixed at m = 10 and corresponds to 10 steps per SLA and
10 steps per IDF. A higher number of steps can improve the
DBP performance up to a certain level at the expense of higher
complexity and computational effort [5], [20].

The SSFM DBP algorithm was performed on the center
channel of the received 5x28-GBd PDM 16-QAM signal and
the results were compared to those obtained from the OPC
operation. Note that two million samples were processed in
both OPC measurements and DBP computation.

V. RESULTS AND DISCUSSIONS

A. Single-channel scenario

We initially investigated the nonlinearity compensation
performance by using the OPC with a single-channel at
1550.12 nm (center channel in the WDM experiment) over a
transmission length of 480 km (i.e. N = 3 spans before and 3
spans after the OPC) and the results were compared with that of
the DBP.

The received data of the direct signal transmission was
backpropagated in the modeled DBP. It is seen from Fig. 4 that
the maximum Q-factor for the case with DBP increases to
11.8 dB (at a launch power of 1 dBm/pol). This indicates an
improvement in performance of 0.8-dB compared to the
maximum Q-factor for the OPC compensation technique.

The transmission length was then increased to 800 km (i.e.
N =5 spans before and 5 spans after the OPC) and the
calculated Q-factors were plotted as a function of the signal
launch power per polarization as shown in Fig. 5. It can be seen
that direct transmission without any nonlinearity mitigation

m
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Fig. 4. Single-channel: plot of Q-factor vs. launch power per polarization over
the 480-km transmission link showing the performances for the cases of direct
transmission without nonlinearity mitigation, with OPC operation and with
SSFM DBP.
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Fig. 5. Single-channel: plot of Q-factor vs. launch power per polarization over
the 800-km transmission link showing the performances for the cases of direct
transmission without nonlinearity mitigation, with OPC operation and with
SSFM DBP.

scheme was not possible with BERs below the hard-decision
forward error correction (HD-FEC) threshold of 3.8x10%
corresponding to a Q-factor of 8.5 dB. However, with the
implementation of the OPC the maximum Q-factor increased
from 8.3 dB to 9.6 dB resulting in a Q-factor improvement of
1.3dB. Moreover, application of the DBP increased the
maximum Q-factor to 10.5 dB. This yields an improvement of
the maximum Q-factor improvement of 2.2 dB when compared
to the direct signal transmission and is 0.9 dB better than the
OPC scheme. The nonlinear threshold is also seen to be
increased considerably thanks to the use of the DBP algorithm.

It is observed that the OPC compensation scheme shows
poorer performance than the DBP. This can be attributed to the
asymmetric power evolution over the entire EDFA-based
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transmission link [7], [16]. In addition, locating the OPC
exactly in the middle of the link can be very difficult and
therefore any asymmetry regarding the position of the OPC will
affect the performance [7], [11]. The DBP algorithm, however,
does not have such constraints.

In addition, the generation of an idler at a different
wavelength in the OPC scheme can result in a dispersion
mismatch between signal and idler which can lead to inefficient
distortion compensation. However, in our experiment, the
signal/idler residual dispersion mismatch was very low
(~0.8 ps/nm over 400 km) since the wavelength separation
between signal and idler was only 7.2nm (signal at
1550.12 nm, idler at 1557.32 nm) and also due to the use of the
dispersion-managed link.

B. WDM scenario

Nonlinear distortion mitigation was also considered for a
5-channel WDM scenario. All five WDM channels were
propagated over a transmission length of 480 km. The signal
launch power per channel per polarization was adjusted from
-7 dBm to 0 dBm and the center channel (i.e. at 1550.12 nm)
was evaluated in the WDM investigations. The Q-factors were
calculated for each launch power from the BERs, as in the
single-channel scenario, and were plotted as function of the
signal launch powers as shown in Fig. 6. Direct transmission
over the link produced a maximum Q-factor of 9.4 dB at a
launch power of -5 dBm/ch/pol. With the application of the
DBP, the maximum Q-factor improved to 9.9 dB. However,
implementation of the OPC increased the maximum Q-factor to
10.1dB. This indicates an improvement of the maximum

Q-factor of 0.7 dB compared to the direct transmission without
any compensation scheme. Fig.6 also shows that OPC
increases the nonlinear threshold by 0.8 dB compared to DBP
and by 2 dB compared to the direct transmission.

The transmission length was further increased to 800 km and
the Q-factor performances for the three cases are shown in
Fig. 7. Itis clear from Fig. 7 that without the implementation of
any nonlinear compensation scheme, the maximum Q-factor
obtained from direct transmission was 7.7 dB, well below the
HD-FEC threshold. Even though the use of the DBP algorithm
improves the maximum Q-factor to 8.2 dB, this is still below
the HD-FEC threshold. On the other hand, OPC operation
increases the maximum Q-factor to 8.6 dB, which is above the
HD-FEC threshold. This implies that the signal transmission
over 800 km was only possible with OPC operation with a
Q-factor improvement of 0.4 dB compared to DBP.

These results show that, in the WDM scenario, the OPC
outperforms the DBP algorithm. The lower performance of the
DBP in the WDM scenario is due to the detection bandwidth of
the employed coherent reception which was limited to a single
WDM channel. It thus compensates for intra-channel
distortions but not for inter-channel distortions [28]. The OPC
on the other hand, compensates for both intra- and
inter-channel impairments. The same behavior has been
observed for a different dispersion-managed link configuration
in numerical simulations [20].

The performance of the OPC might be further improved in
the WDM case over the DBP algorithm if the power profile was
made more symmetrical with respect to the middle of the
transmission link, a condition which is very critical to attain by
using only EDFAs [7].
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Fig. 6. (a) 5-channel WDM: plot of Q-factor vs. launch power per channel per polarization over the 480-km transmission link
showing the performances for the cases of direct transmission without nonlinearity mitigation, with OPC operation and with
SSFM DBP, (b) x-polarization constellation diagrams at a launch power of -3 dBm/ch/pol over 800 km for the cases (i) direct
transmission without any compensation scheme, (ii) with DBP, (iii) with OPC operation, (c) 5-channel WDM: plot of Q-factor vs.
launch power per channel per polarization over the 800-km transmission link showing the performances for the cases of direct
transmission without nonlinearity mitigation, with OPC operation and with SSFM DBP.
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VI. CONCLUSION

We have experimentally investigated fiber nonlinearity
mitigation of a five-channel 28-GBd PDM 16-QAM signal in a
50-GHz spaced WDM system. Two nonlinear compensation
methods, optical phase conjugation (OPC) based mid-link
spectral inversion and digital backpropagation (DBP) were
implemented and the results were compared for up to 800-km
transmission over dispersion-managed transmission links. The
OPC compensation scheme shows an inferior performance
compared to DBP in the single-channel case. However, in the
WDM scenario over the same link length, the OPC-based
compensation scheme outperformed DBP. This is due to the
fact that the DBP algorithm can practically compensate for only
intra-channel cross-talk, due to receiver bandwidth limitations,
whereas the OPC compensates for both inter- and intra-channel
impairments. Thus in our experiment, the optical domain signal
processing proves to be a better approach than its digital
domain counterpart for nonlinearity compensation of WDM
signals.
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