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Abstract.

An experimental comparison is made between nonlinearity mitigation through coherent super-

position optically in a phase-sensitive amplifier and electrically in DSP. The improved nonlinear tolerance is
quantified in terms of EVM with high received power and sensitivity with high launch power.

Introduction

Coherent superposition of a signal and its conjugate is
a powerful method for mitigating nonlinear distortions.
Previously, mitigation of nonlinearities by coherent
superposition has been demonstrated both in the
optical domain with phase-sensitive amplifiers (PSA)
based on four-wave mixing (FWM)', and in the electri-
cal domain using digital signal processing (DSP) with
a coherent receiver®3. The conjugate can be transmit-
ted e.g. on a separate wavelength, as is the case with
a non-degenerate PSA, or on an orthogonal polariza-
tion state, which is the case with phase-conjugated
twin waves (PCTW)2. Recently PCTW was demon-
strated with the conjugate condition fulfilled over the
whole signal spectrum of several channels in order to
further mitigate inter-channel nonlinearities*. In order
to maximize the mitigation of nonlinearities it is impor-
tant to optimize the dispersion map of the link. When
using PCTW in a long-haul link without inline disper-
sion compensation the optimal dispersion map is sym-
metric. For a single-span this is not the case since
the power evolution is strongly anti-symmetric. The
optimal dispersion map for single-span transmission
has previously been investigated both numerically and
experimentally®. When using a PSA, the dispersion
compensation has to be done in the optical domain
while with a DSP-based approach electrical dispersion
compensation (EDC) can be used. Using an optimized
dispersion map, it can be shown that the nonlinear
distortions on the signal and the conjugate are anti-
correlated to lowest order?. By cancelling nonlinear
distortions to lowest order using coherent superpo-
sition, the launch power can be increased giving a
higher optical signal-to-noise ratio (OSNR). Coherent
superposition of a signal symbol Es and a conjugate
symbol Ec is performed according to Ecs = Es+(Ec)*,
where Ecg is the coherent superposition symbol. In this
paper we make a direct comparison between the per-
formance, in terms of nonlinear tolerance, of a system
which performs the coherent superposition in the opti-
cal domain with a PSA and a system which performs
the coherent superposition in DSP. To the best of our
knowledge, this is the first time the two approaches
have been studied in the same experimental setup. In
order to do a fair comparison we use the same trans-
mitter, link and coherent receiver for both systems. The
conjugate, sometimes called idler when transmitted on
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a separate wavelength, is generated using a fiber optic
parametric amplifier (FOPA).

Experimental Setup

Experiments were conducted to investigate the per-
formance of nonlinearity mitigation through coher-
ent superposition in single-span transmission. The
schematic of the experimental setup is shown in Fig
1. A 300 kHz linewidth signal laser at 1549.5 nm
was modulated with 10 GBaud QPSK data using an
IQ-modulator before feeding the signal together with
a CW pump at 1553.5 nm into a FOPA, the copier,
which generated a phase conjugated copy at 1557.5
nm. After the copier the pump was separated from
the signal and conjugate using a wavelength divi-
sion multiplexing (WDM) coupler and attenuated to
5 dBm into the link. The signal and conjugate was
passed through an optical processor (OP) in order to
balance their optical powers. The generated waves
were then dispersion pre-compensated in an optimal
manner for 10 GBaud data by the equivalent of 23.6
km SMF® using a section of dispersion compensating
fiber (DCF) before being amplified by an EDFA to the
selected link launch power and transmitted into a 105
km fiber span. At the end of the link, the residual dis-
persion was compensated using a fiber Bragg grating
(FBG) dispersion compensating module (DCM). Three
different pre-amplifier/receiver setups were compared.
In the first, an EDFA was used as pre-amplifier and
in this case both the signal and conjugate were sep-
arately detected with a coherent receiver and the
symbols coherently superposed in offline process-
ing. In the second, the signal was pre-amplified with
a phase-insensitive amplifier (PIA) with 15.3 dB net
gain and phase-insensitive operation was achieved by
blocking the conjugate after the copier in the OP. The
third receiver used a PSA that amplifies and performs
the coherent superposition of signal and conjugate
all-optically, the PSA had a net gain of 20.8 dB. The
gain medium for the PIA and PSA was a cascade of
strained highly nonlinear fibers (HNLF) with isolators
between each segment to passively suppress stim-
ulated Brillouin scattering (SBS). The cascade was
similar to the one used in®. In the case of PIA and
PSA, the signal was detected in the 90° hybrid but
not the conjugate. For the PIA and PSA receivers, a
pump recovery (PR) stage was used before the para-
metric amplifier in order to regenerate and amplify the
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Fig. 1.

The experimental setup with transmitter, link and receiver with two different pre-amplifier configurations. Optical processor (OP),

variable optical attenuator (VOA), dispersion compensating fiber (DCF), erbium-doped fiber amplifier (EDFA), single-mode fiber (SMF),
dispersion compensating module (DCM), pump recovery (PR), phase-insensitive amplifier (PIA), phase-sensitive amplifier (PSA), parametric
amplifier (PA)

pump. The details of the pump recovery stage can be
found in”. The coherent detection was done with an
integrated 90° hybrid receiver and a 50 GS/s real-time
oscilloscope was used for analog-to-digital conversion.
The signal laser was also used as local oscillator for
the signal while the conjugate was detected using a
free running LO laser, this is not expected to affect the
results since the signal was transmitted over a 105 km
link which is much longer than the coherence length of
the laser. The offline DSP consisted of downsampling
to 2 samples per symbol, 5-tap single-polarization
constant modulus algorithm (CMA) equalization and
phase tracking using the Viterbi-Viterbi algorithm fol-
lowed by BER counting on the signal, conjugate and
coherent superposition in the EDFA case and the sig-
nal in the PIA and PSA case.

Results and Discussion

To study the performance of the nonlinearity mitiga-
tion, error vector magnitude (EVM) measurements
were performed with different link launch powers. The
link launch power was measured before the link, at
Plaunch in Fig. 1. To quantify the improvement in the
high launch power regime we compare the increase
in EVM of the signal and coherent superposition with
the EDFA pre-amplifier to the EVM of the signal with
PIA and PSA pre-amplifiers. The results from these
measurements are shown in Fig. 2(a). In the figure
we see that the EVM increases at a lower rate for
the systems utilizing coherent superposition, i.e. the
EDFA and PSA setups. The EVM increase at high
launch powers is lowest for the system performing the
coherent superposition in DSP. The specified launch
power is the power of the signal not accounting for the
conjugate so that the total power of both signal and
conjugate copy launched into the fiber is 3 dB higher
for the EDFA and PSA case. We also see that for the
systems utilizing coherent superposition (EDFA and
PSA), the launch power can be increased to 18 dBm
without incurring an EVM? penalty larger than 1 dB
per dBm of increased launch power. We use this as
a criteria for the launch power at which we perform
measurements of the BER as a function of received
signal power since EVM? «SNR. In order to see how
the systems perform in a regime with both strong non-
linear effects and Gaussian noise due to low received
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optical power, we performed sensitivity measurements
at 18 dBm launch power. The received optical power
was measured before the pre-amplifier, see P in Fig.
1. The results from these measurements are shown
in Fig. 2(b). We can see that the improvement from
coherent superposition is larger at low BER where the
nonlinearities are dominating. We also see that the
BER for the EDFA signal and conjugate reach a floor
caused by nonlinearities at high received powers (>-39
dBm). The penalty of the system doing coherent super-
position in DSP compared to the PSA at BER = 103
is 2.7 dB and at BER = 10~* it is 2.4 dB. This penalty
is due to the higher noise figure of the EDFA. That
the penalty is lower at BER = 10~ indicates that the
DSP system mitigates nonlinearity slightly more effi-
cient since the nonlinearities affect the BER to a larger
extent at low BER and high launch power. It should
be pointed out that the performance of the PSA could
be penalized by the fact that the residual dispersion
was not perfectly compensated in the experiment lead-
ing to the timing of the signal and idler into the PSA
being slightly off. Another thing worth to note is that
when using DSP coherent superposition, the DSP is
operating on severely nonlinearly distorted signals and
e.g. the Viterbi-Viterbi algorithm could perform subop-
timally. There are also some differences between the
DSP and PSA approach in terms of receiver hardware,
dispersion compensation and achievable noise figure.
One important difference is that a system performing
the coherent superposition in DSP requires two 90°
hybrid receivers since the signal and conjugate copy
have to be detected separately. Since a PSA does
the coherent superposition in the optical domain, only
the signal needs to be detected. Another important
area where the systems differ is dispersion compensa-
tion. The PSA requires the dispersion to be compen-
sated optically before the signal and idler waves are
launched into the PSA. When using a DSP approach,
the dispersion can be both pre- and post-compensated
using EDC. The last major fundamental difference is
the noise figure of the pre-amplifiers. An EDFA pre-
amplifier cannot have a noise figure lower than 3 dB
while a PSA has a 0 dB quantum limited noise figure®.
These differences are highlighted in Table. 1.
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Table 1. Table highlighting fundamental differences between systems performing coherent superposition in a PSA and in DSP.

] | PSA coherent superposition [ EDFA amplified DSP coherent superposition |

Receiver hardware 1 x 90° hybrid receiver 2 x 90° hybrid receivers
Dispersion compensation Requires optical compensation | Can use EDC
Quantum limited noise figure 0dB 3dB
Requires phase locked waves || Yes No
v— PIA Signal —=— EDFA Conjugate
—o— PSA Signal A- EDFA Coherent Superposition
—o— EDFA Signal

-10

EVM 2 [dB]

5 10 15 20
Signal Launch Power [dBm]

(@)

Fig. 2.

—56 —54 —52 —50 —48 —46 —44 —42 —40 —38
Received Signal Power [dBm]

(b)

(a): EVM? [dB] at different signal launch powers. The received signal power is tuned in all cases so that the EVM? is approximately

-20.5 dB at 5 dBm launch power. (b): BER as a function of received signal power at 18 dBm launch power for the different systems.

Conclusions

We have made the first direct comparison between
mitigation of nonlinearities through coherent superpo-
sition electrically in DSP and optically in a PSA. An
effort was made to make the two systems as similar
as possible in order to focus only on the mitigation
of nonlinearities. The focus has been on investigating
if there are significant differences between the two
approaches in terms of performance in the nonlinear
domain. We have measured EVM at different launch
powers and performed sensitivity measurements at 18
dBm signal launch power and compared the penalty
at different BER in order to quantify the performance
of the nonlinear mitigation. The PSA and DSP based
coherent superposition approaches show very similar
performance. When going from BER = 1073 to BER =
107*, the penalty of the DSP coherent superposition
system compared to the PSA system is decreased
from 2.7 to 2.4 dB. This together with the lower rate of
increase of EVM at high launch powers indicates that
the DSP coherent superposition system cancelled non-
linearities slightly more efficient than the PSA system
in our experiment. Finally we have pointed out some
important fundamental differences between the two
different implementations of coherent superposition.
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