> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Progress in multi-channel all-optical
regeneration based on fiber technology

Francesca Parmigiani, Lionel Provost, Periklis éfatulos, David J. Richardson, Wolfgang Freude,
Senior Member, |EEE, Juerg LeutholdSenior Member, IEEE, Andrew D. Ellis, and loannis Tomkos,
Senior Member, |EEE

(Invited Paper)

Abstract— Multi-wavelength all-optical regeneration has the
potential to substantially increase both the capaty and
scalability of future optical networks. In this paper we review
recent promising developments in this area. First w recall the
basic principles of multi-channel regeneration of lgh bit rate
signals in optical communication systems before disssing the
current technological approaches. We then describie detail two
fiber-based multi-channel 2R regeneration technique for RZ-
OOK based on (a) dispersion managed systems and (ttiyection
and polarization multiplexing. We present results lustrating the
levels of performance so far achieved and discussanous
practical issues and prospects for further performace
enhancement.

Index Terms—Nonlinear optical, devices; Kerr effect; signal
regeneration; nonlinear optical signal processing; ultrafast
processes in fibers.

. INTRODUCTION

scalability due to electronic speed limitations jckhwill limit
line rates and power requirements if the reger@raif a large
number of channels is required. The cost of implaaten is
also an issue as higher and higher speed elediriznieeded.
Several all-optical 2R (re-amplification, re-shapimnd 3R
(re-amplification, re-shaping, re-timing) technigueave also
been demonstrated and reported in the literatuee the years
[1-4] — many providing excellent regenerative perfance.
The vast majority of these techniques support aihgle
optical channel operation [2-8], limited in termsf o
multichannel operation by the strong inter-chancr@sstalk
effects that arise when the same nonlinear medism
simultaneously used for the regeneration of all nclets.
However, in order for all optical regenerators tfieo a
commercially interesting alternative to their opémtronic
counterparts, extension to multi-channel operaisolikely to
be essential [9]. Consequently, all-optical regatien capable
of simultaneously processing multiple wavelengtisibn-
multiplexed (WDM) channels at any bit rate has aatied

SIGNAL regeneration is a key functionality and can be useggnificant attention over the last few years aswituld
to increase the reach of transmission systems and rkpresent considerable added value.

provide increased flexibility and scalability intnerk design.
Current commercial regenerators are based exclysive
optoelectronic regeneration techniques, whereby dpical
signal is received, converted into the electricaindin where
it is regenerated, before conversion back to thapdomain
if further transmission is required. This is a mmatiand
powerful solution. However, optical-to-electricaloptical
(O-E-O) approaches face significant issues in terofis
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To date, numerous nonlinear gates have been derataubst
for regeneration, mainly based on semiconductoricalpt
amplifiers (SOAs) [10-13], optical fibers [2-8], taeable
absorbers [14-15], synchronous modulation assatiatith
narrow band filtering [16-17] and electro absorptio
modulators (EAMSs) [18-19]. However, only a few bétn are
truly appropriate candidates for high bit rates amdh

capacity WDM systems. Quantum dot SOAs (QD-SOAS)

could potentially provide multi-wavelength operatiat high

bit rates [11-13], thanks to their saturated gaisponse time
(of the order of 100fs to 1ps), leading to negligipatterning
effects, and spatial isolation of dots, leading stwectrally

localized effects and, thus, to crosstalk suppoessietween
WDM channels under gain saturation conditions. Hawe
very little experimental work has been publishediate [20]

demonstrating their multi-wavelength operation upmort of

the encouraging numerical predictions [13].

Fiber-based nonlinear gates are bulkier comparedhéir

competing technologies, but are very attractive thue¢heir

potential to operate at high bit rates due to thee§ponse time
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of the Kerr effect and the great design flexibility tailoring

e e . . . (a) Space division multiplexing
the optical fiber properties. This paper reviewsnsoof the

techniques that allow multi-wavelength regenerattonbe A Nonlipear
achieved in fiber-based systems, and outlines sofmthe S - device M
results achieved to date. The paper is organizddllasvs: in » U
section Il we discuss the recent developments énattea of NorTr=mr ke
multi-wavelength all-optical regeneration brieflynsmarizing = device

work from various research groups across the wovitk

mainly focus on the various techniques and cornmeding

operational principles used to extend from singlentulti-

channel operation. In sections Il and IV we préssome of (b} Time interleaving

the results on multi-wavelength all-optical regextien

suitable for high bit rates, applicable to Retw¥iero (R2) Moo hn M Ay

On-Off Keying (OOK) modulation formats, achievedthim .'f', e
the European research project TRIUMPH [21-22]. his t

project we mainly focused on two types of all-opti@R o Toeriod  Toeroa
regenerator. Both of them are based on the geaerafiself- 1T0m b annel alignment/ Nonlinear
phase modulation (SPM)-induced spectral broadenifigpers » * pulse compressor device [*

followed by optical filtering at offset wavelength§he two
schemes differ in their approach to mitigation bé tinter-
channel nonlinearities and are based on either anibi-
directional architectures. In more detail, sectlinpresents
the key operational principles of the uni-directibn
configuration and the corresponding experiment:
demonstrations for four 10% duty-cycle RZ 10Ghittsinnels
and up to three 33% RZ 43 Gbit/s channels, in latbes
using a channel-spacing of 600GHz. Section IV repthe
corresponding results for the bi-directional couafegion
together with a polarization multiplexing schemetding the
simultaneous regeneration of up to two 130 Gbiblanoels

(c) Dispersive walk-through

Co-propagating schemes

(@)@&

. SMF

RDF :
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and up to four 10 Gbit/s channels. Finally, in gsttV, we HNLF HNLF
draw our main conclusions and discuss future tremdsulti- % 3
wavelength regeneration. i i ((@j) D_ (i)
DDF-HNLF
Il.  REVIEW OF MULTI-WAVELENGTH FIBER BASED ALL-
OPTICAL REGENERATORS ;’ @D Dispersion § _
In general, single channel all-optical regeneratan be ! HNLF |compensator| : D (iv])
achieved through in-line synchronous modulation aadow- Eae ¢ xN
band filtering [16-17], or they can be based onl&kpg _
nonlinear optical gates [2-5] which might, for exade) be Counter-propagating scheme
based on an optical fiber designed and configuoedxploit Ao <m ),
ultrafast nonlinear effects such as Self-Phase tatdn, hyu> <= ), (v)
Cross-Phase modulation (XPM), Four-Wave mixing (FWM PM-HNLF
or Stimulated Raman Scattering.
The extension to simultaneous multi-channel opamats Fig. 1. Schematic of multi-channel 2R regeneratmsed on (a) space-

division demultiplexing, (b) time interleaving an@) dispersive walk-
through in co-propagating geometries, exploitsgectrally filtered optic.
solitons (i), quasi-continuous filtering (ii), disgsion decreasing fibers (iii)
and dispersion managed fibers (iv), or in couptepagating geometry (
Empty squares represent carentered filters, while gray squares repre
carrier-offset filters. RDF: Reverse Dispersiondfib

generally limited by the presence of deleteriouslinear
interactions among the various channels, the deetanhter-
channel crosstalk, which directly competes with iloalinear
effect used for the regeneration process itselfiders, such
crosstalk typically results from XPM and FWM intetians,
which manifest themselves in terms of strong spéctrand timings would be required to avoid (or at least
distortions (often asymmetric) and spectrally dejsen power compensate) for such crosstalk, which is obviously the
transfer due to partial collisions of co-propaggtipulses C€ase in general for real operational systems. Hewev
during nonlinear propagation. Fixed relationshigsaeen all mitigation of such inter-channel nonlinearities ¢enachieved
the WDM channels in terms of bit sequences, chapoekers by ensuring that the pulses within adjacent channel
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completely walk-through each other, so that theesponding pulse duty ratio of ~6% was used for simultaneous
crosstalk can be averaged out. Then, the XPM-indluceegeneration of 2 OOK 10Gbit/s channels, spaced.Bgm.
nonlinear phase shift imparted across the full Bope of a However, according to their preliminary numericahda
pulse can be considered to be either null or atleanstant. experimental studies, duty ratios up to 20% would b
Moreover, the negligible or short effective intdiac length acceptable for such an approach [31].

restricts the impact of any FWM phase matching d@r. Finally, in a third approach, which has been dgvetbfor
So far, attempts to regenerate more than one WDdhredd WDM OOK signals, carefully engineered dispersivelkwa
have employed various approaches and technoldgig4). through maps in fibers are used to avoid the icbemnel

In the first instance, space-division multiplexiisgused to crosstalk [30, 33-48]. In these schemes a highl lazarage
allow each of the channels to be processed in apdout dispersion value ensures that the nonlinear irttancel
identical regenerators, see Fig.1 (a) [14-15, Z3-26ter effects are significantly weaker due to the fastkvedf time
regeneration, the channels are then recombinedthimge among the various WDM channels, while a low overall
through a wavelength multiplexer into a single fifer further average dispersion value ensures that the nonlefésot used
transmission. This implementation has been demmtestr for the regeneration process itself (SPM) is sidfidy
exploiting several nonlinear systems, including Maehnder retained, Fig.1 (c). Also in this approach, the WNannels
modulators [23], saturable absorbers [14-15] abdrfbased can be processed simultaneously in a single medium,
nonlinear optical loop mirrors [24-26]. In more &t O. guaranteeing a reduction of cost as the numberhahrels
Leclerc et al. reported in [23] the very first dematration in a increases. However, while the previous two appreaaould
transmission loop of simultaneous optical regemamadf four potentially use any kind of nonlinear device andlimearity,
RZ OOK 200 GHz spaced 40Gbit/s channels, allocating this third approach may only be based on SPM ier§land is
soliton compression regenerator [26] to each chdonlilewed thus only applicable to OOK signals. It is, thougimrth
by a common InP Mach-Zehnder modulator to achiellteSR  pointing out that, to date, SPM-based regenerai@ the most
regeneration. Using the same approach, K. Cvecek éave promising ones due to their simple implementatiomd a
more recently demonstrated a phase preserving tapli excellent performance and thus the easiest to bpted for
regenerator for two 10Gbit/s RZ differential phabét keying multi-wavelength operation if OOK signals are used.
(DPSK) signals using a nonlinear amplifying loopnmi with These types of SPM-based regenerators differ inir the
a penalty less than 0.2dB in the receiver inputgrometween architectures, according to whether the various Wébiginnels
single- and multi-channel operation [26]. all propagate in the same direction [30, 33-41]some in
Such a per-channel scheme clearly avoids crosstadkiced opposite directions [42-48] within the nonlinedréfi, see Fig.
wave distortion inside the nonlinear device; howewhe 1 (c.i-v). This can either be through a carefudlijdred highly
complexity and cost of the scheme increases lineaslthe nonlinear fiber (HNLF) [41-48], a dispersion de@iag fiber
number of channels to be simultaneously regenerat@dDF) [33] or chromatic dispersion-managed fibesemsblies
increases. [30, 34-40]. Decision-threshold based filtering #he

In a second approach, inter-channel crosstalkésdad by regenerator output may then be performed in a tyamé
time interleaving the input signals [28-32]. In dbeschemes, different ways, namely the filter may be centerédha same
the various WDM channels are properly spaced ie tifore wavelength as the original signal (usually refertedas a
entering the regenerator, see Fig.1 (b). This aggtrdvas been spectrally filtered optical soliton regeneratorP]4 see Fig. 1
investigated in both fiber [28-31] and SOA techmyis [32]. (c.i), centered at an offset wavelength from thigioal signal
The WDM channels are then processed at once irrial se(usually referred to as Mamyshev regenerator incéee of
fashion in a single nonlinear medium, guaranteaingduction single channel operation) [30, 33-39, 42-49], siee F (c. iii-
of cost as the number of channels increases. Howéwve V), or progressively offset relative to the sigmavelength in
WDM channels need to be synchronous and with divelg  successive regeneration steps [41], see Fig.) (c.ii
low duty cycle, since the maximum pulse width thathannel The all-optical multichannel limiters that use dpaity filtered
can occupy is determined by the number of WDM ckén optical solitons rely on progressive pulse reshgpi the
simultaneously processed by the regenerator. TheMWDincoming signal during propagation in an anomalddd_F at
synchronicity can be achieved by either using appate a precise input power (see Fig.1 (c.i)). Narrowsebdittering
delay lines located within a demultiplexer/multiyée around the carrier frequency allows for the remoafalany
apparatus [30-32] or making the WDM channels prigperspectral content generated from intensity fluctusdi present
time-aligned at the regenerator input using specifiat the input. While it guarantees a relatively @éfnt spectral
wavelength-mapping rules [28-29]. To achieve therex bandwidth usage for each WDM channel, the drawlmdi¢ke
duty cycle, a pulse compression stage is likelfpo¢oneeded scheme is that it cannot remove in-band noise.
prior to the regenerator (see Fig.1 (b)), makirgyéwver, the The extension of the Mamyshev regenerator [8] tdtimu
use of the bandwidth of the transmission line redff wavelength operation, on the other hand, relies toa
inefficient and the whole arrangement quite conaptéd as the dependence of SPM induced spectral broadening en th
number of WDM channels increases. For example 1}, [8 gradient of the pulse intensity profile in a HNLBllowed by
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an offset filter to carve the broadened spectriee &g.1 (c.ii-
v)). This scheme can, thus, provide pulse reshapimghe
marks and noise removal from the spaces, thereltierbe
discriminating between “ones” and “zeros”. Howevex,
relatively large spectral spacing between adjac&fdM
channels has to be guaranteed to allow optimunnergéve
capabilities.

In the following two sections we report the studadsthe
two main routes we have recently investigated, iagple to
RZ OOK modulation formats, which are based on thisd
approach, i.e. exploiting co- and counter- propagat
geometries in dispersive walk-through schemes.

Il. UNI-DIRECTIONAL SCHEME FOR MULT+WAVELENGTH
REGENERATION

A. Operation principle

Uni-directional geometries are very attractive sinthe
incoming signals can in principle be processednie-without
the need for any channel demultiplexing, and catergdally
allow scalability of the scheme to a large numbeMDM
channels. Indeed, Patki et al. have recently detraind
12x10Ghit/s all-optical 2R regeneration with 200Gét&cing
using a group-delay management scheme (see Fig))dn(
such a geometry [34]. Within the TRIUMPH projeetotuni-
directional approaches were considered based dmereit
soliton-like pulse compression in anomalous dispars
followed by carrier-centered filtering [40] or spexd
broadening in normal dispersion followed by carnéfset

filtering [38]. The two corresponding experimental

implementations are reported in Fig.2 (a) andrggpectively.
In both cases, nonlinear inter-channel interferemag avoided
by employing multiple fiber sections with altermeatisigns of
dispersion. This allowed the dispersion to be kegh locally,

thereby introducing rapid walk-off between adjacetmnnels,
while the pulse integrity and efficient spectrab&ddening was
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Fig. 2. Configurations of the co-propagating muléivelength regenerators
after Ref. [40] and [38], respectively.
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Length Dispersion Dispersion Nonlinear Loss
slope coefficient
(m) (ps/inm-km) (ps/nm*km)  (/Wrkm) (dB/km)
DCF 134 -120.5 -0.432 53 -0.45
SMF 1060 16.4 0.058 1.3 -0.23

Fig. 3. (a) Experimental sep of the dispersion managed regeneratc
simultaneous processing of 4x10Gbit/s and 3x40&lsivannels. (blribers
parameters and dispersion map of the device (AriBh

It was later shown that the more exotic PGDDs coodd

maintained by virtue of a low path average chromatireplaced by conventional fiber dispersion compéosat

dispersion over the regenerator length, as disdugsethe
previous section for the third approach.
Although both types of regenerator show good regeios

modules, such as lengths of standard single mbee (EMF),
which have a monotonic rather than periodic growayl
function, implying that the pulses of the adjacehtnnels

performance, the extension of the Mamyshev basedalk back and forth along the fiber elements angract

regenerator (offset filtering case) provides betbility to
stabilize the signal amplitude, albeit at the ookt higher
signal power launched into the HNLF [50]. Furthereyahe
spectrally filtered soliton regenerator cannot sapp the noise
in the spaces [36]. For these reasons only the type
regenerator sketched in Fig. 2 (b) was further stigated and
in a new regime (anomalous net dispersion of themerator),
which was found to improve its performance [37].

The original design of this regenerator comprisectisns
of nonlinear fiber (e.g. dispersion compensatirgifi(DCF))
followed by a periodic group delay device (PGDD)}hwva
saw-tooth-like profile, which acted as a channelidespersion
compensator [34-35, 37-38]. This configuration wkd the
channels to uni-directionally walk through each eoth
reducing any bit-pattern dependence of the nonlinessstalk.

repeatedly with a prescribed set of neighboringes[37, 30].
Consequently, the mitigation performance shows ightby
higher dependence on the relative time delay beatwee
incoming channels as compared to the former solyés the
group delay difference, GDD, (given as
GDD=|D|xLixA\, where D is the fiber dispersion,; lis the
fiber length andAA is the channel spacing) between adjacent
channels is equal to a few bit slots only. Goetdfgrmance is
still achievable as it will be shown in the followj sub-
section. However, higher interchannel spacing vepted as
compared to Ref. [37].

B. Experimental validations
Fig.3 (a) depicts the core of the all-fiberized paission
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Fig. 5. BER measurements at 10Gbfts the 4 channels under varic
signal degradation and operating conditions.
managed regenerator which we experimentally impteeate
and used to validate the scheme discussed in &éviops sub-
section. Five alternating DCF-SMF sections witlo@ltlength
of ~6 km, overall loss of ~9dB (mainly due to thglices
between DCF and SMF, which were of the order
1dB/splice) and a residual chromatic dispersioa fe#w ps/nm
were used as shown in Fig.3 (b). This dispersiop pravided
a maximum excursion of ~75 ps GDD for a 600 GHzcleh
separation within each cell. The fiber assembly vilen
followed by a tunable optical filter to perform d&on
thresholding at an offset wavelength [30, 39]. gsithis
dispersion map, we successfully demonstrated dp16 Gb/s

(a) Ch.1 Ch.2 Ch.3
Input A\
B-2-B /
( ) Lt o). Lt L) Lot Lo

Qutput
(2-ch.
operation)
Output
(3-ch.
operation)
1.6
w
a
P -B8-- Ch.1-input
m » -
= -0-- Ch.2-input
= -A-- Ch.3—input
o
A | R, e -@-- Ch.1-output
E -@-- Ch.2-output
0 -A-- Ch.3-output
E\E: 0.4

1 5

2 3 4
Cases of relative delays

Fig. 6. (a) Eye diagrams for the 3x43Gbit/s casg ow: degraded inp
channels. Middle row: regenerator output for delsnnel operatic
(1200 GHz spectral separation). Bottom row: regeioeroutput for three-
channel operation(600 GHz spectral separation). (b) Timing ji
measurements in threbannel operation at 43Gbit/'s with 600 (
spacing and degraded input sigmdden 5 randomly chosen combinati
of relative time delays were considered.

[30] and 3x43 Gb/s [39] regeneration. The WDM ch&nn
spacing in both cases was 600 GHz.
Firstly, four WDM channels (~8ps long pulses, ~8%tyd
cycle) were independently amplitude modulated aBHi0s,
properly power equalized and time delayed, befoeind
multiplexed together to enter the regenerator, shimaFig. 3
(a). The total average power at the input of thgenerator
was about 27dBm. Fig.4 (a) shows the corresponding
spectrum at the input and output of the fiber afdgm
indicating significant SPM-induced broadening.
A first investigation of the inter-channel nonlimeerosstalk
was conducted by studying the impact of the intifake delay,
1, between two adjacent channels (Channels 1 andr2 we
chosen) at the device input as a function of thmitput
powers. The output power variations relative to #imgle-
channel case for each channel are summarized indF{b),
where a maximum variation of 11% is observed. Témults
were qualitatively confirmed by simulations, seg.Hi (b).
ofhe actual regenerator performance was investigbyetit-
error-rate (BER) measurements (see Fig. 5), shottiagthe
effects of the inter-channel nonlinearities werdigated with
negligible power penalty between the cases of plakiand
single- channel operation, in the presence or aesef any
signal degradation.

Successful operation of the system was subsequently
confirmed at 43Gbit/s with 33% duty cycle pulsesdem
single-, two-, and three- channel operation. Thecspl
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separations for the two- and three- channel systeens 1200 (a) [NPUT Circulator INPUT
GHz and 600 GHz respectively. The dispersion mag ai M N\ @ /M~
experimental set-up were maintained the same Bigi. The => O HNLE G <«
average power per channel at the input of the fdssembly .

was adjusted at 25.5dBm in all cases. o, +SN Bonross A+,
Complete BER measurements were taken to evaluae Filter

system performance, both for single- and multi-clehn {} OUTPUT '
operation and in the presence or absence of alificnduced
noise [39]. Two-channel operation allowed a powengity

improvement of 2.5dB over a degraded input sighatee- (b) _/\ = @ <« /U ---P
channel operation was still feasible albeit at éxpense of “ p2

slightly degraded performance due mainly to an dased Pulse #1 HNLF Pulse #2
XPM-induced timing jitter contribution which causesdme P,

BER floor in the measurements [39]. This effectclearly “T — SPM

. . . . . W
visible from the corresponding eye-diagrams showiig. 6 O o / 2 — XPM
(a). A measurement of the timing jitter is reported-ig.6 (b) - [\ 7 o
taken from the corresponding eye-diagrams, whemethr ’I‘ S | S ~
channel operation and a degraded input signal we_ . 0 Time

. Fig. 7. (a) Schematic of the Birectional regenerator. (b) Variation of

considered. nonlinear phase seifiduced on the first pulse by SPM (green curve)

XPM (orange curve) arising from the interactionhwi second counter-
IV. BI-DIRECTIONAL, POLARIZATION MULTIPLEXING SCHEME prop_agating pulse. The NL phases are plotted athestnporal window ¢
FORMULTI-WAVELENGTH REGENERATION the first pulse.
@ gh(;l 1. 000 PM-HNLF pa?sfﬁitnd
A. Operation principle bas Filter

Similar to the scheme discussed in the previousosedhe J\ <« T AN
optical 2R regenerator based on the counter-prdipaga
architecture relies on the scheme proposed by Maenyg!9],
where now the two incoming signals propagate in dame
HNLF but in opposite directions, see Fig.1 (c.vheTgreat
benefit of this bi-directional scheme is that thelusion of the
second channel does not compromise at all the imeafce of
the regenerator, as compared to its operation witsingle
channel, preserving its general operating prinsiple this
way, the two-channel regenerator can be designkarfag
the same rules as those applied for the singlerdtan
operation [51].

Fig. 7 (a) schematically illustrates the impleméntaof the
bi-directional architecture. As previously discukseto
alleviate the nonlinear crosstalk between adjactwtnnels, 25 20 15 10 -5 0 5 10 15 20 25
one has to minimize the interaction time betweelsqsuiby Relative input delayT (ps)
ensuring a complete and fast walk-through. The mlagmefit Fig. 8. (a) Operation principlgb) Influence of birefringence on the -
of this solution lies in the extremely high relatiwalk-off variation obtained at the flat top point of the 8§ a function of the initi

_ . delay. The c@ropagating pulses were 8ps 600GHz spaced 10
value, T, between the two counter-propagating ChannelGaussian of alternating marks and spaces, whileptieal fiber paramete

which is typically ~2/Vgk), where Vgh) is the group velocity ysed correspond to those reported in the correspgrdperimental section.
at wavelength\. In case of silica-based fibers for examplg, T
is about 10 ns/m and is almost independent of ther f
properties and the spectral allocation of the chEnnThe
immediate result of a highyTvalue is that any individual data
pulse interacts with a large number of counter-pgaing
data pulses of the second channel, experiencingahee net
average interaction. The accumulated nonlinear eh@s
induced by XPM manifests itself as a constant pletsé
across the whole pulse (proportional to the ragbmeen the
gEIS:dz(ieti)knglwfvrir Egggi{’essaigovmljg Frlgazci(r?), grew?ecr:gngThese reflection contributions come from eitheralodefects
distortion on the S(?PM-broadene’d speé:trum. Sir‘?]ilamcause generat|.ng a stron'g signal reercpon (e.g. re?d:qrst a
" connections and splices, or extraordinary defecthe fibers),

of the relatively high walk-off, there is no FWM @®- . nore predominantly from the backscattering evepeed

Relative output c
power variation (dB)
LN o o

IS

&

matching condition between the two counter-prodagat
pulses. Despite the reduction in the XPM and FWbkstalk,
the proposed bi-directional architecture introdu@esnew
source of crosstalk resulting from any reflectioof the
counter-propagating signal as it propagates albegHNLF.
Since these reflections co-propagate with the skignal,
they may give rise to some performance degradatiom,
therefore their contribution was thoroughly invgated in
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Fig. 10. Channels 1 (a) and Channel 2 (b) averageer TFs inthe
presence (Other ON), or absence (Other OFF)thef second signal.
Spectra of the channels measured at different eiithin the regenerator.
along the HNLF. The fiber backscattering mechanism
essentially governed through a Rayleigh scattepragess,
and originates from sub-wavelength non-uniformitémng the
fiber, which are found at regions of refractive emdvariation
across the transverse fiber profile. Intuitivellge timpact of
Rayleigh back-scattering will depend on the regatoer
parameters and operational settings, i.e. the igpgubsition
and evolution of the incoming signals and the netaposition
of the output offset filters. In particular, theestgth of this
crosstalk is expected to increase as the speatgmration
between the two channels decreases. Measuremesenped
in the following sub-section experimentally verifgat this
crosstalk does not introduce any significant adddl penalty
as compared to single-channel operation.

The scheme can be further improved to support srafla
when a polarization multiplexing configuration idopted as
well, see Fig. 1(c.v) [44]. This approach is ilhased in Fig. 8
(a): the two linearly polarized optical signals aecurately
aligned to the two orthogonal birefringence axea specially

3 % FY | 2d30cbis )
. 3 1 ~33% RZ-O0K ... Demuxand Receiver (RX)
il F . i ~5nm P i
' ' ' Eﬂ (/D |40G BERT]:
DL i |

@@

&".

Channel 1 OUT

(e)  Channel 2 OUT

generate the SPM. This configuration exploits thest f
interchannel pulse walk-off due to the large birgfence-
induced differential group delay (DGD) achievablghim the
PM-HNLF and a further three-fold reduction in XPMedto
the tensorial nature of the Kerr effect betweerhagonally
polarized signals. Fig.8 (b) shows the numericalugitions of
the influence of the fiber birefringence on thensfer function
variations clearly showing a cross-talk dependeanethe
initial time delay, 1, between the two orthogonally co-
propagating channels [44]. However, as the birgéite is
progressively increased, such variations decreasth w
increasingr.

B. Experimental validation of the two-channel bi-directional
scheme

Within the TRIUMPH project, we have experimentally
demonstrated the simultaneous regeneration of haorels at
bit rates exceeding 130Gbit/s using the bi-direxticscheme
[43] and some of the corresponding results arertegdiere.
Fig.9 (a) shows the experimental set-up used irs thi
demonstration. Two 40 GHz mode locked fiber lasers
operating at 1542nm (Channel 1) and 1556nm (Chagpel
were used to generate ~2ps pulses. The two sigmats
amplitude modulated and temporally multiplexed opl180
Gbit/s. The two corresponding input eye diagramsasuared
with an optical sampling oscilloscope with a tiresalution of
about 800fs, are shown in Fig.9 (b) and Fig.9 i@3pectively.
The two channels were then combined together befatering
the 2R regenerator. The corresponding spectrumhat t
regenerator input is shown in Fig.10 (c) (gray etline). In
the regenerator the data streams were split witlcadfilters
to allow the signals to be fed into a single HNId~counter-
propagating directions (two HNLF ports). Each ogitisignal
was then separately amplified and fed to the HNILRo
optical circulators were used to separate the imogrfnom the
outgoing signals at the two fiber input/output gorfThe
optical parameters of the 310 m-long HNLF, meeduat
1550 nm, are as follows: chromatic dispersion 0f310
ps/inm/km, dispersion slope of 0.0031 psitim, nonlinear
coefficient of 22 Wkm™ and attenuation of 1.21 dB/km. The
two SPM-broadened spectra of each channel are shown

developed polarization maintaining (PM) HNLF usedl tFig.10 (c) (black lines), which clearly illustratee Rayleigh



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) <

Channel 1

[
&

Channel 2

8

ra
&

e
-3
L

£ £
A 8.
z = |
2 £ 4
et e [al
T £ -32 1 -

— ) « T

E 5 @ 1 2 3

m OTDM Channels

o

o7 O Back-to-back

g W Back-to-back
a b i with degradation
1 @ ®) (O Regenerated Other OFF
3 34 @ -3 28 B 24 D2 T R I Regenerated Other ON
Average Optical Power[dBm] verage Optical Power[dBm] @ Regenerated with
degradation Other O
Channel 1 Channel 2
Back-to-back Regenerated with Back-to-back Regenerated with
Back-to-back Back-to-back

with degradation  degradation Other ON

]

5

12 18 24 0 6 12 18 24 0

Time [ps]

B 12 18 24

with degradation degradation Other ON
(@

]

B 12 B 240 6 12 18 24 0

Time [ps]

53

12 18 24

Fig. 11. BER curves for the undistorted (empty Isgts) and distorted (filled symbols) back-to-bagignals (rectangular), and for the correspon
regenerated (circles) signals for Channel 1 (a)@hannel 2 (b), respectively, in the absence csgmee of the interfering channel. Insets: Corredjmy
receiver sensitivities for the two channels. (Gemultiplexed eye diagrams at the regenerator inptgut.

back-scattering (RBS) contribution of the counteygagating
channel [45]. Its main consequence was to redueeptiput
extinction ratio of the corresponding regeneraténoel.
However, this back-scattering level was found tarmee than
30dB below the corresponding
spectrum, causing negligible crosstalk between tive
channels as it will be confirmed by the corresppgdBER
measurements further down. The outgoing signalse ween
filtered at an offset of ~3nm with respect to tmedming
carrier wavelengths, in order to preserve theahithannel
separation and the corresponding eye diagrams at
regenerator output when both signals were switobedare
shown in Fig.9 (d) and Fig.9 (e), respectively. Bpectrum at
the output of the
multiplexed again for ideally further transmissienshown in
Fig. 10 (c), see corresponding blue dashed linemllf, the
signals were demultiplexed to 40 Gbit/s, using #&ME see
the inset of Fig.9 (a), to allow characterizatidrit® system in
terms of BER curves and eye diagrams at 40Gbit/s.

The power transfer functions of the regeneratoiCthannel
1 and Channel 2 are plotted in logarithmic scal&im10 (a)
and Fig.10 (b), respectively, for the cases that $kecond
channel was switched off (Other OFF) or was opegadit the
nominal operational input power (Other ON), denoésdP1
and P2 in the corresponding figures, respectivEfye almost
identical performance for dual or single channekragion
confirms that the regenerator operation is notcadie by the
presence of a second channel. The small differeticlew
input powers is attributed to an additional spéatoatribution
generated by RBS of the counter propagating charasl
discussed already [45]. Furthermore, due to they ‘ew
dispersion slope of the HNLF, the two channels ¢edaby
~14nm) exhibit quite similar transfer functions.

regenerator, when both signal ewercorresponding demultipexed eye diagrams for

single- and dual-channel operation were then peddr (see
Fig.11 (a) and Fig.11 (b)). The performance of the
regeneration system is very similar for both cakiglighting
the absence of any kind of crosstalk between tloectvannels.

transmitted broadenddote that the apparent BER improvement comparetho

back-to-back curves is due to a non-optimal tratism{see
eye diagrams of the demultiplexed back to back a#gm
Fig.11 (c) and Fig.11 (f), respectively), and thavelength
dependence of the EAM used in the demultiplexerickvh
presents slightly better performance at longer Vesgths. We
text artificially degraded the extinction ratio tfe input
signal to the regenerator, by selecting a sub-aptinbias
voltage setting of the lithium-niobate data moduiatThe
the two
channels are shown in Fig.11 (d) and Fig.11 (gpeetively.
After the regenerator, the corresponding BER messents
confirm that complete correction of the ~4dB powenalty
(at BER=10)) introduced by the signal degradation is
achieved at the regenerator output for both chanmelthe
presence of the interfering channel. The corresipond
regenerated demultiplexed signals are shown irLFEi¢e) and
Fig.11 (h) when both signals are on.

Questions relating to the extension of the schenterims of
bit rate (BR) have also been investigated numéyiddi2].
Systems operating at 160, 320 and 640 Gbit/s haen b
considered, for conditions under which the samesfe
function reported in the experiment above is maie, see
corresponding design map reported in [51]. The capti
parameters of the fiber have also been kept the satile the
fiber length has been allowed to vary accordinghe BR
considered. In particular, to maintain the same=megative
properties, shorter lengths of fiber have to besehaat higher
BRs, so that the ratio between the effective argpeatsive

Bit-error-rate  measurements on both channels fath bolengths remains constant [51]. This, obviously, esmat the
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cost of higher peak power levels at the regenerajuit.

The simulation results show that the overall crakstevel,
which is proportional to the power spectral densitthe RBS
of the second channel across the passband of fbet fifter,
decreases by about ~3dB as the BR is doubled. ifrifikes
that there are no evident scalability limitationstérms of BR
for the bidirectional scheme.

It is worth emphasizing that the robustness of thidti-
wavelength regenerating sub-system was confirmetests
performed on a novel all-optical grooming and regating
switch for interconnecting 130 Gbit/s-OOK core riagd 43
Gbit/s-OOK metro/access
functionality in time, space and wavelength domdi#647].
This switching node was successfully demonstratedbdth
laboratory experiments [46] as well as in a redbfirial [47].

C. Experimental validation of the bi-directional and
polarization multiplexing scheme

Within the TRIUMPH project, we have also experinadigt
demonstrated the simultaneous regeneration of WM
channels at 10Gbit/s using a bidirectional and nmdéon
multiplexing configuration [44] and some of the msponding
results are reported here.

Fig. 12 shows the experimental set-up of the keational
and polarization multiplexing scheme. Four 10-GH#sed
data streams were generated by gain-switched Riseles
with pulse durations of 7-8 ps. All channels werdividually
amplitude modulated, amplified and fed into the PIMLF
via polarization beam combiners (PBCs).
circulators separated the transmitted and theatefiiesignals
from the HNLF at both fiber ends. Finally, a 0.58-n
bandwidth tunable optical filter with a relativefsdt of about
-0.8nm at port 3 of the circulator acted as thdapsg and
decision element. The PM-HLNF was 1-km long, has

ring networks with switchin

Two optice

PM-HNLF cha

=> A N 43
P A

Polarization
0.

Controler

PBC

4

Do g = o
S

Fig. 12. Experimental set-up of the directional and polarizatic
multiplexing scheme.
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faking into account that the XPM-induced phase tstsf

chromatic dispersion value of 4.2 ps/nm/km at 1660(slow proportiona| to both the pu|se pea_k power and ti&DDthe
axis), has a nonlinear coefficient of 20'Wh™ and has a loss birefringence value has to scale quadratically wita BR,
of 4.2 dB/km. Its birefringence value was 7X10 which could lead to high values of birefringencenasmove
(corresponding to a DGD value of 2.3ps/m) and ainam towards 160Gbit/s. For example, in case of 33% B@hit/s

polarization extinction ratio of -30dB over 100m.

Bit-error rate measurements were carried out lier four
channels both under single- and multi-channel djgerdFig.
13). No additional power penalty was observed ia two
operations, illustrating the absence of strong riotannel
crosstalk amongst the various channels. Finallyséhgcting
sub-optimum bias voltage setting for the modulattive
channel that presented the worst cross-talk sae(@hannel 3
in our particular case) was artificially degraded.power
penalty improvement of up to ~1.8 dB (at BERZLavas
achieved under both single and multi channel opmaraand
the good quality of the regenerator was also refteinto the
corresponding eye-diagrams, see inset of Fig.13.

Possible extension of this scheme in terms of BR dlso
been investigated numerically [42], where the sgatowards
higher BR is mainly limited by the crosstalk betwebe co-
propagating channels. In order to maintain
performance to the one discussed in the experiatsnte, and

signals a minimum DGD value of 1.3 ps/nm is reqlite
limit the XPM-induced power fluctuations within 0% at
any input power levels along the transfer function.

V. CONCLUSIONS

We have reviewed the status of some of the moshiging
technologies and solutions for multi-wavelength icgit
regeneration. We have discussed their operationatiples
and their limits for realistic applications. While-line optical
regeneration clearly represents a key functionalityfuture
long-haul transmission systems, several technicad
economical issues remain to be addressed
practical/industrial implementation, the most pireg®f which
is the mitigation of the inter-channel crosstalk.variety of
approaches and possible solutions were describeidhvare
mainly based on nonlinear interferometer/gateoier§.

a
for

Similar \we have then presented the progress towards multi-
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wavelength 2R all-optical regeneration suitable fisggh bit
rate RZ OOK modulation format signals in opticdiefis, as
achieved within the European research project TRPBMAII

of the schemes investigated are based on SPM-iddudél

spectral broadening in HNLFs followed by offsetefiing and
differ only in their architecture and the resilienthey offer to
inter-channel nonlinear crosstalk. The uni-direwdiioscheme
allows its scalability to a large number of WDM ohals that
can be used. It also benefits from not requiring anitial

demultiplexing of the signals.

The main feature of the bi-directional and polaicga
multiplexing schemes, on the other hand, is thay tbffer

similar performance and fiber design complexity thgir

corresponding single-channel devices.

Note that since the beginning of the TRIUMPH projeew
phase encoded modulation formats, such as (D)P3ie h
emerged in long-haul transmission as promisingratéves to
the conventional OOK, due to their lower opticajnsil-to-
noise requirements and higher tolerance to nonliedfects
[52-53]. As such, all-optical regenerators for DPSignals
have emerged as an active and important reseapah [26,
54-62]. Phase preserving amplitude regeneratorsDIBEK
signals have been investigated in nonlinear amptfjoop
mirrors [54-55, 26] or using saturation of FWM irgetions
caused by pump depletion in nonlinear fibers [5g-Both
phase and amplitude regeneration can be achieteer diy
adopting some form of phase-to-amplitude formatveosion
and then applying amplitude regeneration of the lande
encoded signal [58], or directly by exploiting thEhase
squeezing capability and the saturated operatiggmee of
phase sensitive amplifiers (PSAs) in either single-dual-
pump  configurations  using  either
configurations based on nonlinear optical loop amsr or
single path fiber-based FWM processes [59-62]. Agnihiese,
only Ref. [26] experimentally reports multi-wavedgh
regeneration using space division multiplexing, levhiRefs.
[63-65] show the potential of in-line multi-waveh
regenerating amplification.
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The multi-wavelength regeneration schemes developed; | Tomkos, et al, “Transparent ring interconnectiousing
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before the regenerators the WDM signals were ptase-

amplitude converted, using for example the apprgaioposed
in [58]. However, this implementation could quickigcome
complex and costly as the number of WDM channekiases.
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