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ABSTRACT

We describe a new all-fibered device providing hégleuracy all-optical measurements of both op8aahal to
noise ratio and residual chromatic dispersion. igladvantage of the self-phase modulation drivesctsal
evolution of pulses propagating in a highly norein medium, we have numerically and experimentally
validated the benefits of using an anomalous dspeffiber combined with a central spectral filbeyi

Keywords: Optical performance monitoring, Nonlinear optiGgtical fiber, Optical Telecommunication.

1. INTRODUCTION

Following the development of high-speed opticalnmeks and associated increasing bit-rates and aoxitp] it
has become of a great importance to benefit froficiefit devices able to accurately measure theouari
impairments degrading the data stream during @pggation in optical fiber. Consequently, all-ogtisolutions
enabling a direct performance monitoring are a gngvfield of investigation to detect and compendatethe
performance fluctuations of these systems [1].

Among the large panel of techniques that have dyrdmen studied, several methods based on nonlinear
devices have so far demonstrated their potentiatdaitor the level of residual chromatic dispers{®CD) as
well as optical signal to noise ratio (OSNR). Wen canderline several reported techniques based on
semiconductors optical amplifiers [2] or nonlinesffects occurring in optical fibers, including stifated
Brillouin scattering [3] and Kerr nonlinearity. the latter case, several configurations have bgparenentally
tested such as : Kerr nonlinearity in a nonlineatiocal loop mirror [4], parametric processes [5pSs-phase
modulation [6] or self-phase modulation (SPM) takplace within normally dispersive fibers assodatgth an
offset spectral filtering [7].

In the present contribution, we propose and expamtally demonstrate a new configuration enablinthbo
monitoring of the RCD and OSNR of a return-to-zeslecommunication signal. Compared to ref. [7], setrup
benefits from the SPM effect occurring in an anaualdispersion fiber and requires an output cedtepdical
bandpass filtering (OBPF). We first describe thiegple of operation as well as the experiment&lugeof our
device. In the following sections, experimental aodnerical results outline a high sensitivity rslatto the two
impairments.

2. EXPERIMENTAL SETUP AND PRINCIPLE OF OPERATION

Our experimental setup is illustrated in Fig 1al@GHz modelocked fiber laser (MLL) delivers ultnast
pulses with a full width at half-maximum (FWHM) @f4 ps and with a central wavelength of 1550 nndlual
intensity/phase programmable optical filter is tiveserted in order to emulate the RCD by providingarabolic
phase profile to the incoming pulses. In paratled, initial signal is also degraded by means otdmbination
with a spectrally filtered amplified spontaneousission source (ASE). By tuning the level of spdctra
attenuation of the dispersion emulator, a direatra of the OSNR is thus achieved.
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Figure 1. (a) Experimental setup. PM : powermeter. OVA : optical variable attenuator (b) Evolution of
the experimental optical spectrum monitored after the HNLF as a function of input average power. Dashed
white line illustrates the FWHM of the OBPF. (c) Transfer function of the device: experimental results
(circles) are compared with numerical simulations (dashed grey line).
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The core of our all-fibered device relies on a ®20sng highly nonlinear fiber (HNLF, fiber from ofgel)
characterized by a Kerr coefficieppf 10 W' .km™ and an anomalous dispersiBnof 0.7 ps/km/nm. The linear
losses (0.5 dB/km) and dispersion slope (0.01 psid) are both reduced so their global impact can be
neglected. In order to achieve an adequate worgmger (WP) and thus to observe the expected naline
behavior, an erbium-doped fiber amplifier (EDFA)mined with a variable attenuator (so as to finalye the
WP) is inserted before injection into the HNLF. Additional segment of standard single mode fibeFSBI1L
m) is also used and its effect will discussed B §

During their propagation in the HNLF, optical pudsexperience a significant spectral expansion pealiby
the SPM effect, as highlighted in the experimemiglasurements depicted in Fig. 1b. Note that théxtsal
broadening is also characterized by an atypicaletiep of the central part of the spectrum for inpuerage
powers near 13 mW (point B). For higher power Isyedolitonic compression leads naturally to general
enrichment of the spectrum.

At the fiber output, a 100-GHz Gaussian-shape OB&ttered on the signal wavelength (see dashed white
line, Fig. 1b) carves into the resulting expandesecsrum.

The fundamental feature of our system is the shdes intensity transfer function (TF) that nondiarly
maps the output average power obtained after ifileas a function of the input average power. lddee
according to the choice of fiber parameters, thdiferent behaviors can be obtained : a monotoryousl
increasing TF, a curve exhibiting a saturated platarea or a raise and fall evolution [8]. At th@pasite of
classical applications that usually target an ptiaal ultrafast power-limiter and where a plateaune is suitable
[9, 10], we voluntarily implement here a strongerend fall evolution. Indeed, such a TF charadterenables
an enhanced sensitivity towards the initial pulteasn fluctuations and has recently been experiatignt
exploited in the context of an ultrafast all-optieanplitude jitter magnifier [11] and in a bit errmonitoring
scheme [12].

The experimental data for the TF of our device @dted in Fig. 1¢ (open circles) and are in vepod
agreement with the results obtained from numesgaulations of the standard nonlinear Schrodinggratgon
(dash grey line), withy, zandt being the electrical field, the longitudinal aedniporal coordinates respectively :
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It is important to notice that the dramatic demletiof the central part in the spectrum observedirfput
powers close to 13 mW (point B) is responsibletii@ minimum of output power observed on the TF.

3. CHROMATIC DISPERSION MONITORING

In this section, we focus on the capability of dewice to efficiently highlight the consequenceshaf presence

of RCD. We consider in our discussion an input aigonly affected by RCD and not by other sources of
impairments such as polarization mode dispersiogross/self phase modulation. As a result, the hudi@a
spectral phase imposed by the initial dispersiomulatar directly impacts the temporal width of thelges
entering into the HNLF as can be seen in Fig. 2erevthe temporal duration of pulses has been mehby an
optical sampling oscilloscope, OSO (see for exarimdets of Fig. 2a). Note that the fixed 31-m I@egment of
SMF imposes an additional chirp on the incomingsesi so that the minimum temporal duration was not
obtained for a RCD equals to zero.

For a fixed average power, the amount of RCD diyextts on the input peak power of the pulses abtte
resulting spectral broadening would be severelgcaéd. Indeed, the SPM occurring into the HNLF dxbi
depends on the temporal gradient of the intensibfilp, in other words, on both peak-power and terap
duration. Fig. 2b illustrates such a dependenceaforinput average power of 7.25 mW (ie, workingnpoi
corresponding to the point A on Fig. 1c). This #ivity is also readily apparent on the TF : Figl2
summarizes the TF simulated for various amountR@D and underlines a continuous expansion of the TF
towards higher average input powers. The experiaheetsults, plotted in Fig. 2c2 are once again dody
agreement with these numerical predictions and esipé the high sensitivity of our device towards RCD.
Consequently, if for a practical use of our dewee operate at a fixed input average power, we cakenout
that the output average power will be strongly et by the level of RCD (Fig. 2d). To illustratést point, we
have considered the evolution of the output averameer as a function of RCD for two different iaitiWP,
corresponding to the local extrema of the TF (withRCD): maximum A (black crosses) and minimum Eyg
crosses) as defined in Fig. 1c.

In the case of a WP A (7.25 mW, black crosses) etf@ution of the output power as a function ofdeuf
RCD is monotonously increasing in the range ofo-R fps/nm. Moreover, for this span, one can noy geit
access to the absolute value of the RCD, but aisdtst sign, which was not obvious with previously
demonstrated techniques and which could be coresidas crucial to ensure a convenient feedback fiom
tunable dispersion compensator. This extended rafgsmambiguous measurement is closely linked ® th
addition of the SMF pre-chirp: without such a fiptlte measurable RCD would have been limited t8 t0.2
ps/nm, as shown by numerical results plotted witlashed black curve in Fig. 2d.



If we now operate at the WP B (12.9 mW, grey crejsgbe system exhibits a higher sensitivity toldhwel of
RCD. However, this is at the cost of the informatiegarding the sign of the RCD. In this contextnbining
the measurements at working powers A and B coulddpeficial to measure accurately low RCD level® W
providing the sign of the RCD as well as a rougtnegtion, while the absolute value can be then niim&ly
determined using WP B.
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Fig. 2: (a) FWHM temporal duration of the pulse entering the HNLF according to the RCD induced by the
dispersion emulator. Insets: temporal intensity profiles recorded over a time span of 15 ps.  (b) Experimental
demonstration of the influence of the RCD on the resulting spectrum recorded at the output of the HNLF and for
a working average power of 7.25 mW. (c) TF for various amounts of RCD. Numerical simulations (cl) are
compared with experimental results (c2). (d) Influence of the RCD on the output power for two WPs : initial
average power of 7.25 mW (black crosses) and 12.9 mW (grey crosses). The results without the SMF (numerical
simulations) are plotted using a dashed black line.

4. IMPACT OF OSNR

In this last section, we investigate the impacthaf in-band optical signal to noise ratio (OSNR)tba output
average power. In this series of experiments and fixed RCD, the OSNR is simply tuned by varyihg level
of signal mixed with the additional ASE, see Fig. 1

Experimental results are summarized in Fig. 3asmalv that for a degraded OSNR, a higher input pasver
required to observe the same TF. This can be pdijysienderstood given the fact that, for a fixethporal pulse
profile, the SPM-driven spectral broadening is higkensitive to the peak-power, thus directly rethto the
energy contained into the pulse. Consequently, @edsed OSNR will require a higher average power to
compensate for the energy contained in the noidelarefore to maintain the same pulse energy. &ientake
out that by operating at WP B, the output powetiiectly correlated to the OSNR. As shown by experital
results depicted in Fig. 3b, the output power wagentinuously from 0.1 to 0.55 mW for an OSNR iagg
from -32 to -15 dB with a remarkably linear pareod0 dB. Hence, the direct measurement of theubypwer
for a fixed WP can enable us to easily monitor@8NR of the incoming signal.
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Fig. 3: (@) Influence of the OSNR on the TF.
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Quite interestingly, if one can record the TF ireggnce of both RCD and OSNR, one should be able to
discriminate the consequences of each effect. Nboeeisely, the easy-to-implement following stratefgt
focuses on point A (defined as the first local maxin of the TF, see Fig. 1b and 1c) could be useamF
Fig. 3a, it can be noticed that the output powaertfas point is nearly not affected by the OSNR. tbe
contrary, at this point, the RCD has a strong imhpacthe output power (Fig. 2c). Consequently,vhiee of the
RCD could be extracted from the output power reedrédt this maximum of the TF. Once the RCD value is
known (and provided calibration of the influencetted OSNR), we can then use the value of the wgrgimwer
required for point A, this WP being highly affectedthe OSNR (see Fig. 3a).

5. CONCLUSIONS

We have proposed and experimentally demonstratezlvapractical all-optical architecture that proadéirect
measurement of both optical signal to noise ratid @vel of residual chromatic dispersion. The Bty of
our device is remarkable and RCD with absolute esddalow 1 ps/nm can easily be detected. Our préof-o
principle experiments were based on a 10-GHz 2 dignsal, but additional numerical simulations haseealed
the possibility to extend this concept to highgretition rates and other pulse durations (usingjregéaws [8],
longer pulse durations can indeed enable a lar@& Reasuring range up to several hundred ps/nm).

Based on a central filtering and anomalous dispersegime, our experimental set-up has the advartag
require moderate input powers compared to othestisols reported so far. Moreover, the use of anmratous
segment of HNLF limits the detrimental pulse-togauinteractions and patterning effects [8] that megur in
normally dispersive fibers. Finally, from a praaficimplementation point of view, we believe thateth
compactness of our device could be greatly impromeginear future by replacing the fiber elementlyighly
nonlinear waveguides, for which constant prograsdispersion management now allows anomalous digper
regime of propagation.
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