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Abstract We investigate for the first time the performance of PS-QPSK in WDM nonlinear propagation.
We show that the theoretical performance improvement of PS-QPSK compared to PDM-QPSK is even

larger in nonlinear propagation.
Introduction

Along with the current renewed interest in coher-
ent high-speed optical communications, polariza-
tion division multiplexed (PDM) modulation for-
mats are attracting increasing attention, due to
the possibility of exploiting the extra degrees of
freedom provided by the signals state of polar-
ization (SOP), to increase the bit-rate. In such a
general framework, PDM- quadrature phase shift
keying (QPSK) ' is a simple instance of a broader
class of simultaneous phase&polarization shift-
keying formats, firstly analyzed in the first age
of coherent optical communications in the early
90's2. While PDM-QPSK is currently the most in-
vestigated among the constant-envelope formats,
due to the little overhead in the transmitter (a sim-
ple polarization beam combiner that puts together
two orthogonally polarized QPSK tributary sub-
channels) and to the good compromise between
spectral and power efficiency, other solutions with
attracting features are being proposed.

The polarization-switched-QPSK (PS-QPSK)
format analyzed by Karlsson and Agrell® reaches
an increased power-efficiency at the expense of
a reduced bandwidth efficiency and a minimal
complexity increase in the transmitter (two XOR
logic gates). Such effects are achieved in PS-
QPSK by relying on a 23-symbols constellation,
where a polarization-switching bit further modu-
lates a two-bit QPSK constellation. The polariza-
tion switching ensures a /2 increase in the min-
imal distance d,,;, between symbols (although
the average distance is the same) compared to
PDM-QPSK, hence a theoretical 1.76 dB asymp-
totic power gain, at the expense of a 4/3 larger
transmitted signal bandwidth (at equal bit-rate).
In3, performance of single-channel PS-QPSK is
evaluated in back-to-back transmission, i.e. in an
additive-noise limited scenario.

In this work, we analyze by simulation the PS-
QPSK format in a realistic scenario. A wave-
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Fig. 1: PS-QPSK simulated setup.

length division multiplexing (WDM) field is sent
over a multispan dispersion-managed fiber link,
where nonlinear Kerr effect is present, as well as
fiber birefringence. Although slowly adaptive po-
larization demultiplexing is performed in our sim-
ulations, the fast nonlinear polarization rotations
(XPoIM) induced by the Kerr effect, along with
cross phase modulation (XPM), induce penalties
at the receiver. We show that, for PS-QPSK,
the beneficial effect of increased power-efficiency
in the linear regime is paired with the beneficial
effect of increased symbol rate in the nonlinear
regime, i.e., provided that adjacent channel in-
terference is not an issue with a 50 GHz WDM
grid, the larger bandwidth of each channel miti-
gates cross-channel nonlinear effect; this is pos-
sibly due to an averaging of the Kerr effect, pro-
duced by the increased dispersion.

Numerical Setup

We implemented PS-QPSK following the diagram
of Fig. 1. The PS-QPSK transmitter was a stan-
dard PDM-QPSK transmitter using the coding
rule of3, sketched in the top of Fig. 1. In each
transmitter the laser light was modulated with
nested QPSK Mach-Zehnder modulators driven
by 1024 symbols quaternary de Bruijn sequences
at R = 28 - 3 ~ 37 Gbaud, with non-return to
zero shaped pulses. Before wavelength multi-
plexing, channels were filtered over a bandwidth
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of 50 GHz, and their SOP was randomly set
through polarization controllers (PC). The chan-
nel spacing was 50 GHz, for a total of 19 chan-
nels. Before transmission we inserted a pre-
compensating fiber of -850 ps/nm, while at the
end of the link a post-compensating fiber set the
overall cumulated dispersion to zero. The optical
link had 20 x 100 km spans of D = 17 ps/nm/km
fiber with nonlinear index v = 1.3 W—'km™!,
dispersion managed with in-line residual disper-
sion of 50 ps/nm/span. Each fiber was simulated
as the concatenation of 50 random birefringent
waveplates without polarization mode dispersion
(PMD). The optical propagation was modeled with
the coupled nonlinear Schrédinger equation and
solved by the split step Fourier algorithm using
the open source platform Optilux*. We assumed
noiseless propagation and added all the amplified
spontaneous emission (ASE) noise at the end of
the line, corresponding to a noise figure per line-
amplifier of 6 dB. The received signal, after pass-
ing through an optical filter of bandwidth 2R and
a polarization beam splitter, was combined with
an ideal local oscillator in a 90° hybrid. After the
mixer, the four signals were filtered with band-
width 0.7R, sampled at twice the symbol rate, and
then digitally processed with: polarization recov-
ery, Viterbi carrier phase estimation® and symbol
decision with minimum-distance detection®. The
number of taps of the Viterbi estimators was opti-
mized in each case.

The PDM-QPSK setup used the same blocks
except for R = 28 Gbaud, PDM-QPSK transmit-
ters with all bits b;, i« = 0,1, 2,3 of Fig. 1 indepen-
dently generated and a standard receiver where
the polarization tributaries are detected individu-
ally'. Note that the bit rate is the same for the two
formats (112 Gbit/s) since PDM-QPSK carries 4
bits/symbol while PS-QPSK only 3 bits/symbol.

The performance was measured in terms of
the Q-factor extrapolated from the bit error rate
(BER). The BER has been obtained with Monte
Carlo simulations counting at least 100 errors. Fi-
nally, the BER was averaged over 10 different
simulations with different random seeds. For a fair
comparison, the same SOP and de Bruijn seeds
were used for both PDM-QPSK and PS-QPSK.

Results and Discussion

The gain of PS-QPSK in back-to-back transmis-
sion w.r.t PDM-QPSK can be inferred from the
simplified description of Fig. 2 (top row). We ob-
serve the phase-decision regions for both PDM-
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Fig. 2: Top-row: phase-decision regions for the two
polarizations. Bottom-row: SOP over the Poincaré
sphere. Left: PDM-QPSK. Right: PS-QPSK.

QPSK and PS-QPSK. Even if such description
neglects the impact of the signal amplitude in the
PS-QPSK correlation detection, it is of great help
to understand how PS-QPSK makes an efficient
use of the available phase-plane. From the figure
it is clear the /2 distance gain of PS-QPSK w.r.t
PDM-QPSK. Another difference between PDM-
QPSK and PS-QPSK can be searched over the
Poincaré sphere. Here the special encoding rule
of PS-QPSK (see Fig. 1(bottom)) makes its SOP
switch between +s, axis, while PDM-QPSK can
take four different SOP configurations. For this
reason we expect different behaviors in the non-
linear regime due to a different XpolM effect.

We measured the average Q-factor of both for-
mats working at 112 Gbit/s at different average
power levels, whose results are depicted in Fig. 3.
We observe a typical ascending region where
performance is limited by the ASE noise (linear
regime). For instance, we note that PS-QPSK
shows a gain w.rt PDM-QPSK of 0.45 dB at Q-
factor of 8 dB, close to the theoretical gain mea-
sured in® (0.70 dB @Q-factor 8 dB). The most
interesting behavior is in the descending region
of the Q-factor (nonlinear regime). Here the gain
increased to 2.2 dB at the same Q-factor, making
PS-QPSK largely more tolerant to nonlinear im-
pairments than PDM-QPSK. Even if not reported
here, we observed that the gain exists for any
tested random seed.

To further investigate the nonlinear robustness
of PS-QPSK we tested the link in single chan-
nel propagation. Fig. 4 depicts the corresponding
Q-factor, showing that the nonlinear gain of PS-
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Fig. 3: 112 Gbit/s 19-channels PDM-QPSK and

PS-QPSK performance.
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Fig. 4: Same as Fig. 3 but single channel propagation.

QPSK is strongly reduced compared to Fig. 3, an
indicator that one of the reasons of the PS-QPSK
robustness is a wide tolerance against XpolM.

To complete the picture, we tested PDM-QPSK
at R = 37 Gbaud to understand the role of the
symbol rate on the performance. Following the
same tests as before, we measured the aver-
age Q-factor shown in Fig. 5. Here we reported
the same PDM-QPSK curve of Fig. 3 and the
new one at 37 Gbaud. While in linear region we
observe a natural penalty due to the increased
bandwidth of the optical filter (scaled with R), in
nonlinear region PDM-QPSK at 37 Gbaud recov-
ers the gap, reaching the Q-factor of PDM-QPSK
at 28 Gbaud. We thus conclude that increasing
the symbol rate is a good way to mitigate nonlin-
ear impairments, and hence PS-QPSK, being a
37 Gbaud format, makes an efficient use of such
augmented symbol rate.

The final test concerns the impact of the Viterbi
number of taps on PS-QPSK performance. Fig. 6
shows the average Q-factor vs. number of taps
at different power levels. We note that large pow-
ers call for few taps, while the opposite occurs for
small powers. This is in agreement with the ob-
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Fig. 5: PDM-QPSK at 28 and 37 Gbaud.
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Fig. 6: Impact of Viterbi number of taps in PS-QPSK.

servations done for PDM-QPSK”, where in non-
linear regime a reduced number of taps allows to
better estimate a phase shift induced by nonlin-
earities, which appear as a low-pass process.

Conclusions

We estimated for the first time to our knowledge
the performance of PS-QPSK in a practical link
with Kerr effect and WDM transmission. We
showed that the PS-QPSK power-efficiency in lin-
ear regime is paired with a high tolerance against
cross-channel effects in nonlinear regime.
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