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Abstract: We present an investigation of dispersion map optimization for two-span single-channel
28 GBaud QPSK transmission systems with phase-sensitive amplifiers (PSAs). In experiments,
when the PSA link is operated in a highly nonlinear regime, a 1.4 dB error vector magnitude
(EVM) improvement is achieved compared to a one-span optimized dispersion map link due to
improved nonlinearity mitigation. The two-span optimized dispersion map of a PSA link differs
from the optimized dispersion map of a dispersion managed phase-insensitive amplifier (PIA)
link. Simulations show that the performance of the two-span dispersion map optimized PSA link
does not improve by residual dispersion optimization. Further, by using the two-span optimized
dispersion maps repeatedly in a long-haul PSA link instead of one-span optimized maps, the
maximum transmission reach can be improved 1.5 times.

© 2017 Optical Society of America

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (070.4340) Nonlinear optical signal processing;
(190.4380) Nonlinear optics, four-wave mixing.
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1. Introduction

Phase-sensitive amplifiers (PSAs) are implemented by making use of the four-wave mixing
(FWM) process of signal, idler and pump waves in a nonlinear medium e.g. a highly nonlinear
fiber (HNLF). If PSAs are used as in-line amplifiers in a fiber-optic communication link instead
of phase-insensitive amplifiers (PTIAs), a signal quality improvement is possible due to the PSA’s
ability to provide simultaneously low-noise amplification and nonlinearity mitigation [1-3].

In single-channel two-mode PSA-amplified links, the signal wave is co-propagated with an
idler wave that is a conjugated copy of the signal wave, located at a different wavelength. The
nonlinearity mitigation in such links is the result of correlated nonlinear distortion on signal and
idler and the all-optical coherent superposition (CS) of signal and the conjugate of the idler in
the PSA [2]. A similar approach for nonlinearity mitigation is the phase-conjugated twin waves
(PCTW) scheme, where a phase-conjugated copy of the signal is co-propagated on the orthogonal
polarization and the CS is performed electronically after coherent detection in digital signal
processing (DSP) [4].

It is well known that the link dispersion map plays an important role in the interaction of group
velocity dispersion (GVD) and nonlinear effects [5, 6]. It has been found that for non-return-to-
zero (NRZ) and return-to-zero on-off-keying (RZ-OOK) modulation formats, non-zero residual
dispersion per span can reduce the impact of nonlinear impairments [7-9] and the same holds for
quadrature phase-shift keying (QPSK) [10]. It has also been shown that the optimization of link
dispersion map minimizes the average nonlinear phase-shift introduced by the interplay of GVD
and nonlinearities [11].

The optimum amount of dispersion pre- and post-compensation for PSA-amplified links has
been thoroughly investigated for the single-span scenario [2,12] and such a single-span optimized
dispersion map has been used in multi-span PSA links [3, 13]. Also the temporal walk-off induced
by different dispersion values between signal and idler waves at their wavelengths in the standard
single mode fiber (SSMF) were compensated for before coherent interaction of signal and idler
in the PSA. Thus, only fully dispersion compensated spans in PSA links has been studied to
date [1-3,12-14].

In [14] we showed numerically and experimentally that using the single-span optimized
dispersion map for both spans in a two-span PSA link is not optimal and allowing different
span dispersion maps in the two spans can improve the nonlinearity mitigation performance. In
this paper we expand our results on dispersion map optimization of two-span single-channel 28
GBaud QPSK PSA links by including more details, investigate the effects of residual dispersion
in a simulation study and compare the found optimal dispersion map configurations in long-haul
PSA link simulations.
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2. Numerical investigation
2.1.  Two-span simulation model

The simulation model of the two-span PSA link in Fig. 1 consists of a transmitter, two in-
line dispersion compensated transmission spans amplified by PSAs and receiver DSP. In the
transmitter, a single-channel and single-polarization 28 GBaud QPSK signal was generated
and separated into signal and idler channels. In the idler channel, the signal was conjugated to
generate the idler, fulfilling /] = S;k. The launch powers Py, were set equal for the signal and
idler at the span input for both spans. The effects of polarization, higher-order dispersion and
laser phase noise were neglected. The dispersion pre- and post-compensation performed in the
dispersion compensating modules (DCMs) was linear and lossless. Also amplifier noise was
neglected in the two-span simulations, assuming that signal-noise interaction is negligible. These
simplifications were made to highlight the impact of the dispersion map on the efficiency of the
mitigation of self-phase modulation (SPM) induced nonlinear distortion.

Both spans were dispersion pre- and post-compensated in DCMs before and after the 80 km of
SSMF. The dispersion pre-compensation values Dy of span 1 and Dy » of span 2 show the
percentage of dispersion pre-compensation applied in the DCMs before the SSMF. Each span
was fully dispersion compensated, but the span dispersion maps were chosen independently. The
dispersion post-compensation values for the DCMs after the SSMFs can be found by subtracting
the span pre-compensation values from 100%. The SSMF parameters were loss @ = 0.2 dB/km,
dispersion parameter D = 17 ps/nm/km and nonlinear coefficient y = 1.27 W~'km~!. The light
propagation in SSMF was modelled using a split-step Fourier method (SSFM) solution of the
nonlinear Schrodinger equation (NLSE). Two separate single-polarization NLSE solvers with
the same propagation parameters were used for signal and idler propagation, as the signal and
idler were separated by 8 nm (signal 1549.74 nm and idler 1558.60 nm) in experiment. Therefore
it was assumed that the nonlinear cross-talk between signal and idler waves in the SSMF was
negligible compared to SPM.

The PSA gain was set to compensate for the transmission span loss. The two-mode PSA
amplification process was modeled as in [2]. It was assumed that the PSA was working in
high-gain regime and therefore a simplified PSA model was used. In the first PSA, S| from the
signal channel and /] from the idler channel were separated and conjugated using the conjugate
operator. After conjugation the constellations were aligned by introducing a necessary phase
rotation in the constellation alignment (CA) module, so that the optical power was maximized

Transmitter Span 1 PSA
Signal _ §i| [ Do 100%-Dyee) |
T SSMF
Pin
J' DCM 80 km DCM
X - »
11 \_%?=0 =0 ) |
Span 2
(" Dprez 100%-Dpre2) [
5 T o : DSP
SSMF
Pin
J' DCM 80 km DCM
k \ka,y=0 ay=0_ ) |

Fig. 1. Simulation model of the two-span PSA link. Acronyms are explained in the text.
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after the coherent addition of signal and idler waves. After CS the signal channel output is
givenby S, = S| +1 1/* and for the idler channel I, = S{* + I]. In the second PSA, after span 2,
the idler channel output was not used in the DSP input and therefore the coherent addition in
the idler channel was dropped for simplicity. Conventional receiver DSP was used for QPSK
signal post-processing consisting of a linear channel equalizer, phase recovery and error vector
magnitude (EVM) value calculation with hard decision thresholds.

2.2. Simulation results

The EVM value as a function of dispersion pre-compensation values for span 1 (y-axis) and span
2 (x-axis) at 12 dBm signal launch power, meaning 15 dBm total power of signal and idler, are
shown in Fig. 2(a) for a PSA amplified link. The dispersion compensation ratio between pre-
and post-compensation was changed from 0% to 100% in steps of 5% in each span, resulting
in 441 different dispersion map configurations. Figure 2(a) shows that there exists two optima
that have different amounts of applied dispersion pre-compensation values for both spans, 5%
for span 1 and 35% for span 2 (5%, 35%) with EVM = -11.2 dB or the other way around (35%,
5%) with EVM = -11.1 dB. These optima are positioned symmetrically around the diagonal. The
one span dispersion map optimized PSA link in two-span configuration with 15 % dispersion
pre-compensation value for both spans (15%, 15%) has EVM = -8.9 dB. The EVM improvement
using the two-span optimized dispersion map (5%, 35%) PSA link compared to the one span
dispersion map optimized PSA link (15%, 15%) is thus 2.3 dB. These relatively high launch
powers in simulations were needed to determine whether it is possible to observe and confirm any
nonlinearity mitigation improvement effects experimentally that were predicted by simulations.

The two-span dispersion map optimization simulations were also compared and evaluated
with a more realistic propagation model (not presented in this paper), where the third-order
dispersion (TOD) effects were included, meaning that the dispersion value for signal and idler
was different D # D;. At signal wavelength 1550 nm the dispersion value Ds = 17 ps/nm/km
and at idler wavelength 1558 nm the dispersion value D; = 17.5 ps/nm/km were applied. Also
ideal dispersion compensation and time delay alignment for signal and idler were assumed. No

g 100 = g 100
= 3| =
£ (15%, 15%)| | £ a
g 80 L (] (] I L
g (35%,5%) | ¥ | g.9dB 2 %
2 -11.1 dB 2 (15%, 15%)
$ 60 [ S 60F o -6.4 dB
2 = 3
=) -4 2
g A 0, 0, £ —
S 40F (5%, 35%) | 2 40t 35
g -11.2 dB 5 ’
& &
T 200 - T 20f
2 : -
B>
g g
& 0 : ' ‘ ‘ @ 0 - ‘ ‘ '
0 20 40 60 80 100 0 20 40 60 80 100
Span two dispersion pre-compensation [%] Span two dispersion pre-compensation [%)]
(a) (b)

Fig. 2. Simulation results of EVM at 12 dBm signal launch power, meaning 15 dBm total
power of signal and idler, of the two-span (a) PSA amplified and (b) PIA amplified link; The
y- and x-axis show the percentages of applied dispersion pre-compensation in span 1 and
span 2 respectively.



Research Article Vol. 25, No. 12| 12 Jun 2017 | OPTICS EXPRESS 13167

Optics EXPRESS

significant differences in the simulation results were observed when third-order dispersion was
included. For simplicity and to achieve a better understanding of the fundamental role of the
dispersion management in two-span PSA amplified systems, the effects of higher-order dispersion
were not included in the simulation results presented here.

In Fig. 2(b) the EVM as a function of the dispersion pre-compensation values for span 1 and
span 2 at 12 dBm signal launch power are shown for a two-span PIA amplified link. The PIA link
simulation model is similar to the PSA link model shown in Fig. 1 with the difference that the idler
and its channel are not present in the model. Instead of PSA module is phase-insensitive amplifier
that amplifies only signal wave. Therefore only signal is transmitted and in-line amplified. The
optimal dispersion pre-compensation values for the PIA link are 15% for span 1 and 15% for
span 2 (15%, 15%) with EVM value of -6.4 dB. The overall performance in terms of nonlinearity
mitigation of a dispersion managed two-span PIA link can be improved by 2.5 dB by making use
of PSA amplification and 4.8 dB in total, if PSAs and two-span dispersion map optimization are
applied for improved nonlinearity mitigation. It is however clear from the comparison, that the
optimized dispersion map for the PSA link is different from the optimized dispersion map for the
PIA link and the mechanism for mitigating nonlinear distortion by the right choice of dispersion
map for the PIA links is different than for the PSA link.

In Figs. 3(a) and 3(b) the optimal dispersion pre-compensation values of a two-span PSA link
are shown as a function of loss parameter « at 12 dBm signal launch power and as a function of
signal launch power at loss @ = 0.2 dB/km with the dispersion parameter D = 17 ps/nm/km and
nonlinear coefficient y = 1.27 W~ 'km™!. The dispersion compensation ratio in these simulations
was also swept with a step size of 5%. Figure 3(a) shows that the optimum dispersion map
configuration varies significantly with the loss parameter a. Figure 3(b) shows, that the optimum
dispersion map does not depend on signal launch power. Simulations were also performed with
sweeped dispersion parameter D in the range from 4 to 34 ps/nm/km and the nonlinear coefficient
v from 0.1 to 2.3 W~'km™! at 12 dBm signal launch power with loss @ = 0.2 dB/km, but no
significant change in the two-span optimum dispersion map configuration was noticed. It follows
that the dispersion length Lp and nonlinear length Ly do not have a strong influence compared
to the effective length L.g of the SSMF on the optimal dispersion map configuration at least for
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Fig. 3. Simulation results of a two-span PSA amplified link showing optimal dispersion
pre-compensation values for both spans as a function of (a) loss @ at 12 dBm launch power
and (b) signal launch power at loss @ = 0.2 dB/km.
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the modulation format and symbol rate studied here.

Simulations with similar parameters and parameter sweep-ranges were also performed for a
dispersion managed two-span PIA link. The results from these simulations (not presented here)
show that the optimum dispersion map configuration for a two-span PIA link is not significantly
dependent on the effective length L.s of the SSMF as it was observed for the PSA link. Also no
significant change by dispersion length Lp and nonlinear length Ly on the optimum dispersion
map configuration of the SSMF for the two-span PIA link was noticed.

3. Experimental investigation
3.1.  Experimental setup

Figure 4 shows the setup used for the experimental investigation. A 28 GBaud QPSK signal
was generated at 1549.74 nm and combined with a high-power continuous wave (CW) pump at
1554.16 nm using a wavelength division multiplexing (WDM) coupler. Before the signal and
pump were combined and launched into a fiber optical parametric amplifier (FOPA), the copier,
the signal and pump polarizations were controlled using polarization controllers (PCs). In the
copier, a phase-conjugated copy of the signal, the idler, at 1558.60 nm was generated. After
the copier, the signal and idler were separated from the pump for power balancing using an
optical processor (OP), dispersion pre-compensation using a tunable dispersion compensating
module (TDCM1) and amplification using an erbium doped fiber amplifier (EDFA). After power
adjustment using variable optical attenuators (VOAS), the signal, idler and pump were recombined
and launched into span 1 consisting of 80 km of SSMF.

After span 1, the signal, idler and pump were separated from each other. A variable delay line
was used to compensate for the different propagation delays experienced by the signal and idler in
span 1. A VOA in the idler path was used for equalizing the signal and idler powers at the input
of the PSA. The three PCs were used to align the signal, idler and pump state-of-polarizations
(SOPs) before the PSA. The signal and idler were combined and subsequently dispersion post-
compensated in TDCM2. The received signal and idler powers were kept constant using a VOA

Pattern generator

28 GBd QPSK Oscilloscope|g{Coherent
1549.74 nm vy PC Copier i
('Signal laser »—{(1Q modulator A4 P J‘—‘m 50GS/s receler

1549.74 nm

1554.16 nm

Pump laser

Fig. 4. The experimental setup used for two-span PSA link measurements. Acronyms are
explained in the text.
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to ensure a fixed OSNR after the PSA. A piezoelectric transducer (PZT) and a phase-locked
loop (PLL) controller was used to dynamically adjust the relative phase between signal, idler
and pump so that the PSA gain was maximized. A pump recovery stage was used to regenerate
and amplify the pump using optical injection-locking [15]. The pump, signal and idler were
recombined and launched into the PSA. The PSA on-off gain was 20 dB.

After the PSA, the pump was dropped and the signal and idler were passed through an OP
for power adjustments, so that the signal and idler powers launched into span 2 were equal.
TDCM3 was used for dispersion pre-compensation of span 2 and an EDFA followed by a VOA
was used for setting the signal and idler powers launched into span 2, that consisted of 80 km
SSMEF. The launch powers Pyunch Of signal and idler were set equal before both spans. After
span 2, the signal and idler were amplified using an EDFA and split into two separated paths.
Polarization controllers (PCs), polarizers and filters were used before the receiver for the removal
of non-co-polarized amplifier noise and to adjust the SOPs of signal and idler so that they
were orthogonal. After recombining the signal and idler, they were coherently detected using a
dual-polarization hybrid in the receiver and sampled at 50 GS/s before being processed in DSP.
Span 2 dispersion post-compensation and coherent superposition was performed electronically
in DSP. It has been demonstrated that SPM mitigation in a single-span link is performed equally
well all-optically using a PSA and electronically in DSP [16].

3.2. Experimental results

The two-span optimized (5%, 35%) and one-span optimized (15%, 15%) dispersion map
configurations were compared. It should be noted that the used dispersion maps were not
optimized experimentally and the selection was based on the simulation results, limited in
accuracy mainly by the dispersion compensation step size of 5% and the chosen loss parameter
a. In Fig. 5(a) the experimentally measured EVM values as a function of signal launch power
for the two different dispersion map scenarios are shown. The two-span optimized dispersion
map configuration (5%, 35%) outperforms the one-span optimized dispersion map configuration
(15%, 15%) case. The highest EVM performance improvement, 1.4 dB, is observed at 13 dBm
signal launch power. This lower EVM improvement compared to the simulation results, where
an EVM improvement of 2.3 dB was predicted, is attributed to amplifier noise that was present
in the system and the fact that the optimum dispersion map was not experimentally optimized.

I Dispersion = Before CS  After CS
-8 +.(1§%’ lf%) ! pre-comp. for  of gpan 2 of span 2
(5%, 35%) % - span 1 and 2:
B 9 F 1.4dB ’ ‘ . ‘
= / / : (15%, 15%) ,
2 10 FaE Qoo s
1A —
W b
11 l¢—p! ‘ ‘ ’ .'
— 2d8B (5%, 35%) |
0 5 10 15 ‘ ﬂ ® ©
Signal launch power [dBm] :
(2) (b)

Fig. 5. Measured (a) EVM versus signal launch power for two dispersion map configurations,
(b) constellation diagrams showing the signal before and after CS of span 2 at 13 dBm signal
launch power.
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In Fig. 5(a), we also see that the two-span optimized dispersion map configuration shows 2 dB
higher launch power tolerance at an EVM of -10 dB. The calculated nonlinear phase shift is 1.1
radians at 13 dBm signal launch power.

Figure 5(b) shows constellation diagrams for the two dispersion map scenarios before and after
CS of span 2 at 13 dBm launch power. Before CS of span 2, the constellations are more severely
distorted for the (5%, 35%) dispersion map configuration than for the (15%, 15%) dispersion map
configuration. However the opposite is true after CS of span 2, where the (5%, 35%) dispersion
map configuration shows less distorted constellations. This confirms the simulation results and
shows that the optimal dispersion map does not minimize the interplay between GVD and SPM
effects which is the case in ordinary dispersion managed single-channel QPSK PIA transmission
links [11]. However, in the two-span dispersion map optimized PSA link, the nonlinear distortions
on the signal and idler are correlated to a higher degree compared to the one-span dispersion
map optimized case, resulting in a more efficient mitigation of nonlinear distortions by the CS of
span 2.

4. The impact of residual dispersion in PSA

Simulations of one-span and two-span PSA links were conducted where, in addition, residual
dispersion per span was allowed to be non-zero. The same simulation model as illustrated in
Fig. 1 was used, but with the difference that the dispersion post-compensation was performed to
under- or overcompensate the dispersion by given values. In the one-span PSA link, the DSP
processing and EVM calculation was done after the first PSA. Figure 6 shows EVM performance
as a function of total dispersion compensation and dispersion pre-compensation for a one-span
PSA link. Dispersion compensation values were swept with a step size of 5%. Figure 6 shows that
without residual dispersion the best EVM performance of -11.8 dB is achieved at a dispersion
pre-compensation value of 15%. However, the EVM can be enhanced 0.8 dB by setting the
dispersion pre-compensation value to 20% and introducing 10% residual dispersion, meaning
90% total dispersion compensation before CS in a one-span PSA link.

Figures 7(a) and 7(b) show the EVM performance assuming that the total dispersion compen-
sation value in both spans of a two-span PSA link are varied. In Fig. 7(a) the one-span optimized
dispersion map with 15% dispersion pre-compensation applied in both spans (15%, 15%) is

120 —2 5 ' | )
- rr R 2NN 9 9
g0 - |(100%, 15%)
5 | (’0 | 118dB
= 110 ‘ |
-
17 ‘ |
= | 2
g 100 | =
s (90%, 20%)
g o | -12.6 dB
g oofl | (=
g | o
E|le /)
1] /
= 80 ! L// A e

oo 5, 4,

Disp. pre-comp. of span one [%]

Fig. 6. Simulation results showing EVM of a one-span PSA amplified link at 12 dBm signal
launch power where the span total dispersion compensation percentage is indicated on the
y-axis and dispersion pre-compensation values on the x-axis.
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Fig. 7. Two-span PSA amplified link simulation results at 12 dBm signal launch power
showing the EVM performance as a function of total dispersion compensation applied before
CS of span 1 and 2 with (a) one span optimized (15%, 15%) and (b) two-span optimized
(5%, 35%) dispersion map configurations.

shown. By allowing extra degrees of freedom by different total dispersion compensation values
in both spans, the EVM performance can be improved by 0.4 dB, if 15% residual dispersion
in span 1 is applied compared to the fully dispersion compensated spans case. In Fig. 7(b) the
two-span optimized dispersion map configuration (5%, 35%) is shown with varied total dispersion
compensation values. As can be seen, allowing for residual dispersion in the two-span optimized
dispersion map case does not improve the EVM performance further. The two-span PSA link
with optimized dispersion map shows, however, 1.9 dB better EVM performance than one-span
optimized two-span PSA link with residual dispersion in both spans allowed.

5. Long-haul simulations

The optimized two-span PSA link dispersion map (5%, 35%) was applied repeatedly in long-haul
transmission simulations and compared with the one-span optimized dispersion map, where
the same 15% dispersion pre-compensation was applied in every span. In Fig. 8(a), EVM as a
function of transmission distance for two dispersion map scenarios are shown at 9 dBm signal
launch power. The two-span optimized case shows 2.1 fold increase in the transmission distance
(23 spans) compared to the one-span optimum case (11 spans) at an EVM level of -5 dB. The
two-span optimized dispersion map outperforms one-span optimized case after the first span.
During the first decade of spans, the EVM fluctuations after the even number of transmitted spans
for the two-span optimized case are well observable.

A long-haul transmission comparison at optimal launch power in the presence of amplifier
noise with a PSA noise figure of 1 dB [1] is shown in Fig. 8(b). The optimal launch power for
the two-span optimized case is 2 dB higher than in the one-span optimized case and the reach
increase is 1.5 times, 289 spans compared to 197 spans with single-span optimized case at an
EVM level of -5 dB. The results of Figs. 8(a) and 8(b) were also verified with bit error ratio
(BER) simulations that show approximately the same distance improvement factors at BER =
1073 for both cases.

Figure 9 shows the constellation diagrams as a comparison of the two dispersion map optimized
cases illustrated in Fig. 8(a) at 9 dBm signal launch power and in Fig. 8(b) at optimal signal
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Fig. 8. Simulation results for long-haul transmission showing EVM as a function of propagated
distance in spans, comparing one-span optimized and two-span optimized dispersion maps
(a) at 9 dBm signal launch power and (b) at optimal launch power in the presence of amplifier

noise.
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Fig. 9. Constellation diagrams of long-haul PSA transmission link simulations comparing
one-span and two-span optimized dispersion maps at 9 dBm signal launch power and at
optimal launch powers.

launch powers. The constellations of two optimized dispersion maps in Fig. 9 are compared
at transmission reach, where the EVM level is -5 dB. These constellations show similarly that
at the same transmission reach, the constellations are less distorted using two-span optimized
dispersion map and the reach can be extended up to 2.1 times at 9 dBm signal launch power
and up to 1.5 times at optimal signal launch powers to achieve equally distorted contellations
compared to the one-span optimized dispersion map in a long-haul transmission link.
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6. Conclusion

The optimized dispersion map configuration for a two-span single-channel 28 GBaud QPSK
PSA amplified link was investigated in simulations and verified by an experimental study. Using
the same amount of dispersion pre- and post-compensation values for both spans is suboptimal
with respect to the efficiency of mitigating nonlinear distortions by span-wise CS. Also the
means to optimize dispersion map of a conventional dispersion managed PIA transmission link,
do not apply for the dispersion map optimization of the two-span PSA link. Allowing residual
dispersion per span does not improve the performance of two-span dispersion map optimized
PSA links. Simulation results show that applying two-span optimized dispersion map repeatedly
in a long-haul transmission can improve the maximum transmission reach by a factor of 1.5
compared to the one-span dispersion map optimized long-haul PSA amplified transmission.

Funding

Estonian Research Council (PUT1156); European Research Council (ERC) (ERC-2011-AdG-
291618 PSOPA).





