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Abstract: Practical issues in pump phase synchronizatioresszay for coherent all-optical
processing are discussed, including feed-forwandezaecovery of phase encoded signals.
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1. Introduction

The phase sensitive amplifier (PSA) provides défdrgains to the two quadrature components of patiaptical

signal’s electric field. This results in severateiresting features compared with the so-called ehiasensitive
amplifiers, which amplify both electric field quadure components equally (an example being thierarbdoped
fibre amplifier). These features includes potehtiabise-less amplification [1], generation olusgzed light that
has non-classical amplitude and phase noise difiits, as well as all-optical signal processingnits to the
ability to separately manipulate the two quadraeleetric field components. Examples of these signacessing
applications include the regeneration of phase @edosignals [2] and phase synchronization of uitide

bandwidth signals [5].

The most practical realizations of a PSA so farehlaeen based off parametric processes such as four wave
mixing (FWM) where the signal is forced to undeggoparametric interaction with either one or twhestoptical
fields (generally referred to as the pump(s)). @fighe greatest technological challenges lies ia tieed to
synchronize the phases of the interacting wavegsésiand pumps) at the PSA input. This is notigiitéorward in
applications where the signal is propagated oveg Idistances (accumulating noise) and needs toHhasep
synchronized inside the PSA that contains the lpgmnerated pumps (e.g., free running lasers)otfmfiately,
most telecom-based applications fall into this gatg.

Recently, we realized and rigorously tested acklaox’ optical regenerator for differential phasecoded
phase shift keyed signals (DPSK) [2,3,4]. In thaper, we review and concentrate on the lessongavadd in the
process rather than the performance of the dewsadf.i This includes a discussion of techniqueseupicining
‘black-box’ operation of the PSA and our recent kvon carrier recovery which is of relevance to alieoader
range of optical signal processing of coherentalgn

2. Main challenges

Generally, in telecoms one deals with digital abople modulated (on-off keying, OOK) or phase (BP&RSK)
and phase/amplitude (16-QAM, 64-QAM, etc.) modudaignals. A component of the carrier wave is presethe
spectrum of OOK signals and it is thus relativeahaightforward to phase synchronize such signathegoump(s).
However, with the exception of the low-noise amgtifion, these signals would do not profit muchnir@SA
technology, as the phase is only of limited impactin their transmission/detection. Phase andeghaplitude
modulated signals are good candidates for PSA-basessing, however, they do not contain a commuoniethe
carrier in their spectra and thus phase synchrtiaizéo any pumps is thus less straightforwardsThtter feature
makes these signals difficult-to-process in genarad most published works use either differentiacpssing
(comparing two consecutive bits) in which the diéietial phase information is moved to amplitudepperate in a
system in which the carrier is supplied/transmitsegharately. Another possibility is to adopt a ipatar coding
scheme that leaves a trace of the carrier [7]. Al liecently published another method that openmatadlack-box
manner (only carrier-less data at its input) teatéscribed later [6].

So far, PSA has been implementegrmedia using fully degenerate FWM in an interferaineonfiguration
(non-linear loop mirror, NOLM) [8], or in a non-ietferometric configuration using (partially) degeate FWM [2],
Fig. 1. In the first configuration, a single phdseked pump beam at the same frequency as thel ssgregyuired. In
the latter configuration, the phase matching camitequires Zbaacarrier- Phumpi~ @umpe=C0oNst. It is perhaps worth
mentioning that fulfilling this condition is not phe-locking in the classical sense in which any pasignals are
phase locked (e.@atacarrier~ @ump1=CONSL, @hatacarrier- Prumpz= CONSY).

In our work, we consider only situations in whidte tincoming signal is contained in a single charfwel do
not transmit a pair of signal-idlers carrying tlzene information over the network, as suggested]inHig. 1b), and



that the processed signal should have the samierciequency (wavelength) as the incoming sigifiais can be
achieved in the NOLM based approach, or using twmypdegenerate FWM (Fig. 1a, 1c respectively).
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Fig. 1 Interferometer-based PSA (NOLM) (a) and-nesonant based PSA using single-pump non-degenevéM (b) and dual-pump
degenerate FWM (c) configurations.

3. Synchronization of incoming data to pumps
We consider two classes of methods. The first esewers the carrier wave (a Carrier Recovery, @R) tan be
used to further synchronize the pumps. The latiszctly synthesizes the pumps thereby fulfillinge tbhase
synchronization condition specified earlier. CR ¢@nachieved using a feed-back [9], or a feed-fadwaethod
[10]. Here, we discuss a new feed-forward methodpulglished recently [6] that uses only relativeligws speed
electronics. The other class of phase synchropizatiethods are what we have used in most of our W&K to
date (including all-optical regeneration of bin&$K (BPSK) and QPSK modulated signals): specificdWM
combined with injection locking of a semicondudtser.

The first step is common to both methods discussedulation stripping as shown in Fig. 2.
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Fig. 2 Modulation stripping — principle shown oneample of BPSK and QPSK modulation formats [12].

Although the idlers of interest (e.gs' for BPSK and *§ for QPSK) are data modulation free, they are not
directly useable. Firstly, the phase-stripped idlentains the residual amplitude modulation presenthe data;
Further reasons are different for the two schemes.

Carrier Recovery: The idlers, Fig. 2 possess phase fluctuations ratgig from the finite linewidth of the pump
laser. Further, the idler wave does not followshmal carrier itself, but rather its (M™nultiple. Finally, the idler
wave is at a different wavelength, which is undgsie for most applications. (e.g., it cannot beduse homodyne
processing or in NOLM). We explain our method orSBRmodulated signals as its extension to higherutaditn
formats is straightforward.

First, we perform the afore-mentioned modulatiaipptng together with a second parallel mixing @se in
which another CW signal (Intradyne LO) is mixedhit portion of the same Pump. The offset frequdratyween
the Intradyne LO and the data carrier is set shahthe difference is within the bandwidth of REattonics.
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F|g 3 CR modulatlon str|pp|ng (a) is performe!uhLﬂtaneoust to a S|m|Iar process in
which the data signal is replaced by an Intradyde(h).

By filtering the two idlers and beating them at thetector, we obtai,, (Fig. 3) that can be divided in an RF
frequency divider. After some mathematical manifpiatait can be shown that [6§arrier= Qoeat/ 2+ WntradyneLo. Thus,
the carrier (Homodyne LO) can be obtained by sidfthe Intradyne L@Grequency by RF frequenaf,e./2 (using,
e.g., a single-sideband modulator). We implemenkési method for BPSK signals and recovered camteits
original frequency with precision better than 1 Hhe processing bandwidth is practically unlimitedit is based
on ultra-broadband FWM. We demonstrated result®ol#0 Gbaud, even in the presence of residual dispe(50
km of SMF-28).



Pump-Pump-Data phase synchronization: The scheme shown in Fig. 1 was used for Pump-Bateshsonization for

many PSA studies [1,2]. The biggest disadvantagbasthe idler (Pump 2) has typically much lessv@othan

Pump 1 and ensuring power equalization is enesgbtimefficient and leads to significant noise lpigp during the

post-amplification process. An option to mitigatee tpower issue is to selectively amplify the idiself via a

narrow-band filtering process. When this amplificatis also saturated, the amplitude variations tdube residual
data amplitude modulation can be also suppresseth Bhese conditions can be met by injection logka

semiconductor laser with the idler [11], which lie tapproach we chose, Fig. 4. The injection lagkias another
important feature that is crucial for all-opticageneration: its bandwidth (bandwidth over whicbaih track phase
changes of the idler) can be controlled via thedtgd power level. If the bandwidth is too largerennoise is

transferred onto the Pump 2. On the other hantheifbandwidth is too narrow, phase slips (defined alip of

phase of &) can be observed.

3. Other practical considerations

There are two other key issues to be consideredafpractical PSA. First, due to the potential foermal

drift/acoustic pick up, it is essential it to ensahat the phase synchronized waves (data, pum@sagate through
as much of a common path as possible and that wherbeams are functionally required to travel sapdy the

associated optical path lengths are minimized aedabject to a common environment (e.g. by plativgys next

to each other, or by using photonic integrationeriEthen though, it is still necessary to implensmnactive control
scheme to control the relative path length e.@q ,avPZT fiber stretcher. A feedback speed in thedeveral kHz
range (depending on implementation) is usuallyisieffit. A second key important issue is the chatéhe non-

linear medium — particularly with regards to Stiateld Brillouin Scattering (SBS). Pump phase ditigeris

possible, but requires special configurations [B3inuch preferred method is to use a high-SBS Hualgsfiber (we

have used gradient-strained alumino-silicate nealinfibore from OFS, Demark [14]), or another nareér

medium, including(, media such as PPLN [15], offering far higher SBi®s$holds.

4. Conclusions

Ensuring proper phase synchonization between dicgeating beams (signal and pumps) is a pre-ig@tgiin any
coherent all-optical signal processing system. \Aeetreviewed some of our recent work on this issuevell as
some other practical issues related to FWM as ample of such optical coherent signal processirempmena.
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