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Abstract: We demonstrate non-degenerate phase sensitivéfiaatipin of a DPSK data signal in
both single and double pumped parametric configamaf achieving uniform phase sensitive gain
and attenuation over the 20nm assessed bandwidth.
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1. Introduction

Phase sensitive amplifiers (PSAs) have long aticaconsiderable interest due to their ability tofgren low noise
amplification below the 3 dB phase insensitive duanlimit [1]. They have the potential to be apglie all-optical
signal processing, including phase and amplitudeneration of high speed phase encoded signals [8-B}], we
experimentally demonstrated the precise controtarftinuous wave (CW) signals in a single pump patam
amplifier to achieve non-degenerate PSA, revegliragtical limits to achieving the theoretical maginphase
sensitive (PS) attenuation, particularly as sidittér) gain and/or detuning in wavelength from themp increases.
In this paper, we further investigate these linotag and demonstrate flat, broadband and spedstlrion free
phase sensitive gain of 40Gbit/s differential phslsi# keying (DPSK) signals in a single pumped ‘degenerate
PSA operating in the low gain regime. Additionallye consider two pump phase sensitive amplifieB-RPEA)
which have the benefits, compared to the singlegaanfiguration, of avoiding idler spectral broamendue to
pump modulation if the pumps are counter phase tatetl) as well as requiring lower peak pump powedsicing
susceptibility to stimulated Brillouin scatterinG&S). We demonstrate for the first time to our wiedlge a
wideband non-degenerate 2P-PSA.

2. Experimental Setup and Results
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Figure 1: Phase sensitive amplifier setup, CW -altlelaser source, PC — polarisation controller,-Pphase modulator, Pol —
Polariser, OBPF — optical bandpass filter.
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The experimental setup is shown in Fig. 1. Two lméasers were counter-phase modulated [5] usib@Gldz RF
comb of 64 MHz spaced lines to suppress SBS béfeireg combined in a 3dB coupler and amplified tovjrte
pumps at 1540 and 1560.5 nm. Alternatively, on¢heflasers was turned off and the other tuned &DiA% to
convert to the single pump equivalent. The pumwgske then launched into port 1 of circulator C1 eeftected off
a single (dual) window 0.5nm full width at half niewam (FWHM) fiber grating filter to reject any oof-band
amplified stimulated emission (ASE). A third tunalldser was externally modulated to provide a 4@/$SBPSK
signal that was coupled into port 1 of circulatd. Gince the signal wavelength was different aspaed to the
pump(s), it was transmitted through the grating,athadis, coupled together with the pump(s) emerdiom
circulator C1 port 3 with a pump insertion loss Bld@he pump(s) and signal were launched into alhigbnlinear



fiber, HNLF 1, to generate an idler, which was ghlagked to the signal and pump(s). The HNLF w&3 B0ong
with a nonlinear coefficient of 11/ W/km and a zelispersion wavelength (ZDW) of 1555 nm (OFS Fitel,
Denmark). This was followed by a few meters of disfon compensating fiber (DCF) to compensate tier t
dispersion between HNLFs 1 and 2, an optical psmedinisar Waveshaper 4000E) to control the dijnelative
amplitude and phase (as required to achieve PSpatique), a polarizer to ensure uniform polarizatadignment
and a polarization maintaining erbium doped fibmphfier (PM-EDFA) to boost the signals up to 0.5Mith the
pump(s) dominating the power. The amplified wavesenthen coupled into HNLF 2 which was 220 m lorith &
nonlinear coefficient of 11/W/km, and ZDW of 155 wvia a 3dB coupler where it experienced PS aroplifon.
The second port of the coupler was used to laumeldata signal from the transmitter directly intdlHF 2 to allow
measurements of the absolute phase insensitivefeaipdn (PIA) by comparing the HNLF2 output on aeptical
spectrum analyzer (OSA) with the pump on and efpectively.
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Figure 3: Spectral traces of a 40 Gbit/s DPSK digh2P-
PSA output. Black solid thick (thin) line — No
compensation PS maximum (minimum), red dashed thick
(thin) line — compensated PS maximum (minimum).
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Figure 2: 1P-PSA gain when coherent ASE is coupita
the PSA. Solid curve - no dispersion pre-compeasati
dotted curve — compensated.
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Figure 4: 2P-PSA output spectra showing unwanted ' Wavelength {nm) iy
brgadband secondary mFi)xing F;;roducts, Wher? the kigna Figure 5.: _Impact of seco_nd order m|>_<|ng productsZtEh_ .
relative phase is optimized for maximum gain. PSA minimum attenuation spectra; secondary mixing
products labelled 1-4.
The 1P-PSA gain when coherent ASE from the PlAoigpted into the PSA is shown in Fig. 2. The solitve
shows the characteristic gain ripple when the dgpe elements prior to the input of the PSA (HN)LE?e not
properly compensated, causing a wavelength depemdiative phase modulation [6]. The dotted curkieves a
close to optimally chromatic dispersion compensatede (via optimization of the DCF length). It apze
asymmetric mainly due to having coupled asymmeii$&E spectrum into the PSA. Note that similar curaes
obtained with the 2P-PSA. Figure 3 shows the impédispersion compensation on the non-degeneiate ¢f a
40 Gbit/s DPSK signal in the considered 2P-PSAnttioese optical spectra, it is clear that amouhtfigpersion
corresponding to just a few metres of SMF priortte PSA can greatly distort the transmitted dagmads,
especially in the case of maximum attenuation, tdune PSA phase transfer function [4]. It is addserved that
similar values of minimum attenuation are achieaédhe very centre of the spectrum for both comgieaisand
uncompensated systems, implying that dispersi@t@ffvideband but not narrowband PSA behaviour.

Figure 4 shows an optical spectral measuremerda #iP-PSA. As compared to 1P-PSA, a major limitatid
the 2P-PSA in a low dispersion slope HNLF is theagation of secondary mixing products which aadplete the
pumps, see Fig. 4. In addition, the presence ghesitlebands due to the coexistence of single potepactions
with the signals at the PSA input also affectsRISeoperation, particularly during PS attenuatidms Tan be seen




in Fig. 5 for the case of maximal attenuation — sidebands labelled 3 and 4 are generated at anstage in
HNLF 2, experience PIA and eventually become lathan the signals, and start to affect the amodirsignal
attenuation achievable, adding noise to the signalse process. To overcome this issue, we limiteselves to
low-gain operation of the PSA, which is outlineddve

Figures 6 and 7 show the PS maximal gain, maxittahaation and PIA gain achieved for 1P and 2P-Pi3&.
PIA gains in both cases are around 1 dB, with tlh&imal PS gain being 4 to 5.5 dB higher. The 1P-BSi is
flat due to the pump proximity to the fibre ZDW. the 2P-PSA case the gain drops towards the ceftiiee
bandwidth but this is to be expected based ontbrmge pump wavelength being slightly higher thenaDW (the
selection of wavelengths was primarily limited I tgrating filters that were available for our esipents). Note
that the maximal gain and attenuation are equabaposite, as expected theoretically over the2fdlhm operating
bandwidth assessed, in accordance with theoryT[ti§ was possible in part due to the use of a PNR&Vhich
ensured that the waves are always co-polarisdted®$A input. Achieving a large PS attenuatiouiglamentally
more difficult than a large PS gain, but is cru@abrder to achieve both good phase regeneratidraaoise figure
approaching 0 dB, two of the most intriguing prossief PSA.
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Figure 6: 1P-PSA gain over 20nm for a 0.5 W pump at Figure 7: 2P-PSA gain over 20 nm for pumps at 14
1550 nm. 1560.5 nm and a total power of 0.5W.

Note that far greater gains can be achieved botthé1P and 2P cases but only with a compromisie tocdhe gain

flatness and stability of maximal attenuation,dgample, as observed in Ref [4] for the 1P-PSA.ddewvever it is

to be appreciated that in most cases of interastP&SAs for phase processing and regeneratioh,rhaximal PSA

gains are not the greatest priority since the rexggion capability is determined mainly by the eliffince between
the maximal gain and attenuation.

4, Conclusions

We have compared one- and two-pump non-degendnate sensitive amplification of wideband signalB@PA,
including the first demonstration to our knowledtfea dual-pump non-degenerate PSA. By compensétinthe
signals dispersion and polarization rotation befbee PSA, we were able to achieve flat gain anenattion of
40 Gbit/s signals over a 20-nm bandwidth withouy dispersion induced spectral distortion. Equal epgosite
values of gain and attenuation are achieved byatipgrat low PSA gains.
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