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Abstract: We present a black-box four wave mixing basedrdii-flexible phase sensitive
amplifier and use it in the first demonstratiord6fGbit/s DPSK phase regeneration.
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1. Introduction

Phase noise introduced during transmission botm foptical amplifiers and the nonlinear interactidretween
channels represents a significant limiting factodata transmission using (differential) phasetdtefing (PSK)
modulation formats [1]. Consequently, there is giei@rest in developing all-optical regeneratichesmes capable
of eliminating phase (and ideally also amplitud@jisa for PSK signals. To date most work on all-cgiti
regeneration has focused on amplitude regenerafisignals and one approach to elimination of phasge is to
adopt some form of phase-to-amplitude format cosiver and then to apply amplitude regeneration an th
amplitude encoded signal [2]. However, this is &-pptimal solution and results in a complex systerdirect
elimination of the phase noise would be far moigrdble.

Phase regeneration can be implemented directlyplpiging the phase squeezing capability of phasesitive
amplifiers (PSAs), and amplitude regeneration cansimultaneously performed by operating in the reétd
regime. Initial proof of concept results have rebebheen demonstrated [3, 4]. PSA can be achiendibér using
either interferometric configurations based on m@dr optical loop mirrors (NOLMSs) [3], or usinguiewave
mixing (FWM) processes [4] implemented in eithergdé- or dual-pump configurations.

In order to achieve PSA, a phase relationship bexiviiee PSA pump(s) and the signal needs to be aiadat,
which is challenging in practice. In all FWM bade8A regeneration demonstrations reported to dategomp(s)
and signal were (artificially) generated from ag#in(master) continuous wave (CW) laser — typicadllying on
high frequency electro-optic modulation to generatétiple phase-coherent beams to be used as sigdgbumps
[3, 4]. This has the significant drawbacks of limit the signal regeneration bandwidths to a fevs ®nGHz and,
more crucial, of making the regenerator impractfoaluse in a real transmission system, where somans to
recover the carrier from a carrier-less PSK sigmaéquired and then to phase-lock the necessanppuo this in
order to realize “black-box” operation.

Here, we propose and experimentally demonstratérieblack-box 40Gbit/s phase regenerator. lidsed on
a dual-pump degenerate PSA configuration in whiah ttvo pumps ar&200GHz apart from the signal carrier
frequency. The pumps are generated locally in éigemerator and are phase locked to the recovegedl siarrier
using a combination of FWM in fiber followed by égtion locking of a discrete-mode semiconductoen§s]. The
regenerating PSA is performed in a new type of aorsilicate strained highly nonlinear fiber (HNLM®hose
increased Stimulated Brillouin Scattering (SBS)e#iiold alleviates the need for any active SBS sgsfon,
significantly improving the system noise performanc

2. Principle of operation and experimental results

The setup is shown in Fig. 1. The data signal 49@bit/s non-return-to-zero (NRZ)-DPSK*A pseudo-random
bit sequence (PRBS). In order to emulate the effeft phase noise, the signal phase was modulated in
deterministic fashion using an additional phase waidr, driven at a frequency of ~20GHz and of atalable
modulation depth to emulate different levels ofseoiThe distorted signal was then launched intobthek-box
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Figure 1: Experimental set-up of the 40Gbit/s phragenerator.

Regenerator Input, Output: No noise Regenerator Input, Output: High noise level

Figure 2: Demodulated eye diagrams after balanegettion and DPSK constellation diagrams (showimglgude and bit-to-
bit phase changes) at the input/output of the rege¢or measured at 10 Gbit/s.

regenerator. A portion of the signal was initigkypped off to facilitate the frequency and phaskilg of the two
pumps, which occurs in two steps. First, the tapgigdal was mixed in a germano-silicate HNLF withharow
linewidth CW laser (Pump1l) detuned from the sigmal200 GHz, to parametrically generate an idler evthat
served as the seed for the second pump. The ledigfiersion, nonlinear coefficient and attenuatibthe HNLF
were 500m, -0.09ps/nm/km, 11.5%m™ and 0.83dB/km, respectively. Note that due tophase erasure process,
the binary data modulation is not transferred ®ither [5]. Then, the weak idler wave was filtegedl injected into
a (slave) semiconductor laser (Pump2) by meansrofléiplexer [6]. As the injection locking is a muslower
process than FWM (having a (sub)-GHz bandwidth)y amgh frequency fluctuations (e.g., bit-to-bit gka
variations) present on the original data signalenaot transferred onto the output of the slaverlasethis stage
Pumpl and Pump2 were phase locked to the signat@und serve as pumps in a degenerate PSA cortiigora
They were then coupled together with the data $ignd the three signals were amplified to a totaver of
~34 dBm and launched into an alumino-silicate s&di HNLF for phase regeneration. The length, dispe,
polarization mode dispersion, nonlinear coefficieartd attenuation of the fiber are 177m, -0.13ps{nm/
0.11pskri?®, 7.1W'km™ and 15dB/km, respectively. The relative powerthefpumps and signal were adjusted for
optimal regeneration performance. Any slow (sub )ktédative phase drifts between the interacting esapicked
up due to acoustic and thermal effects present firithe PSA fibre (e.g., in the HNLF that genesdtee seed of the
second pump) were compensated for by an elecpitade-locked loop that controlled a piezoelectased fiber
stretcher in the pump path (to simplify the schéméttis feedback system is not shown in Fig.1).

The performance of the regenerator was first studising a constellation analyzer based on a honsdyn
coherent receiver and offline digital signal preieg (DSP) operating at 10Gbit/s [7, 8]. The hommedgpproach
was chosen over the intradyne one to avoid anficatiphase compression originating from the D3$Re local
oscillator used in the measurement was obtainethjyying off the signal laser before data encodiigm these
measurements, amplitude and bit-to-bit phase clsangee calculated and the corresponding DPSK diat&ia
diagrams are shown in Fig.2. Note that for thesasme=ments, the data rate was adjusted to 10@hd/she phase
modulator that distorted the signal was driven 8GHz [3-4]. The results show that the phase nogse fwe
squeezed by the regenerator to the back-to-baek dd almost negligible amplitude noise is indueedn for as
extreme peak-to-peak values of phase distortion+@@deg (Fig.2). Corresponding bit error ratio (BER)
measurements (not shown here) confirmed errordpsgration with negligible power penalty as compaethe
back-to-back even for the most extreme case ofchddise reported in Fig.2.
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Figure 3: BER curves at the input (circles) andpoti(triangles) of the regenerator for differentues of phase noise added.

Inset: Demodulated eye diagrams after balancecdtitmteat the input and output of the regenerataha absence/presence of
phase noise. These measurements were taken att/40Gbi

The regenerator was then fully assessed at 40Gksilfgy eye diagram and BER measurements for several
different levels of added phase noise. In all casadied, the eye diagrams showed a significantargment after
demodulation at the output of the regenerator arat-free performance was achieved. One such saseesented
in Fig.3. Measurement of the phase distorted irgigmal shows an error floor at the @ vel and a heavily
degraded eye diagram. At the output of the regémrern open eye diagram and error-free performavee
achieved with a power penalty of just ~0.5dB aspared to the back-to-back case.

3. Conclusions

We have proposed and experimentally demonstratedirtt black-box 40Gbit/s DPSK phase sensitive Igi@p
and phase regenerator using degenerate FWM inhaS#$-threshold highly nonlinear fiber. Signal perfance
approaching the back-to-back one was achievedeabdtput of the regenerator even for extreme caesiuced
phase distortion. The two pumps used in the scheane phase locked with the incoming signal priothte PSA
using a carrier recovery mechanism employing FWNb¥eed by injection locking. Much higher repetitioates
can be envisaged since the proposed configurallmnsafor far larger values for the pump-signalapg (>> £200
GHz) by simply employing different CW-laser freqais for the local pump.

This research has received funding from the Eumo@ammunities Seventh Framework Programme FP/20Q3-2
under grant agreement 224547 (PHASORS).
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