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ABSTRACT

We describe the concept of an all-fibered devies #mables the optical magnification of the ampetiitter of
low-fluctuation pulse trains, facilitating the measment of the statistical properties by usual ptiotdes and
electronic equipments. Taking advantage of a higidplinear fiber with anomalous dispersion followeyl
central optical bandpass filtering, we experimdntdémonstrate an amplification of small-scale fuations by
a factor 10.

Keywords: all-optical signal processing, jitter measuremstatistics.

1. INTRODUCTION

With the advent of highly stable ultrashort optisaurces, it has become of crucial importance teefiefrom
accurate means of characterization of low optittrg. Such a measurement is still very challeggimmen the
repetition rate of the source is of a few tensigabertz. In this context, several dedicated methualve been
proposed to evaluate the root mean square valubeofiming and amplitude jitters. Assuming an adsgu
mathematical treatment, those data can be extrduted the optical second harmonic autocorrelatibh dr
from the analysis of the harmonics constituting elextrical radio frequency spectrum of the pegagnal [2,
3.

We report here an easy-to-implement technique ighdtlly compatible with widely spread photodiodes,
oscilloscopes and communication signal analyzetwsoés. The main issue is to design a device able t
characterize relative fluctuations of a few perseomly. For such a reduced level of fluctuatioig hoise
contribution of the electronic detection chain ddownot be neglected as it may translate into serintifacts.
Our solution relies on a nonlinear fiber-based devhat enables the optical magnification of theetthations in
such a way that they become easily and reliablgadable by usual electronics.

We first describe the experimental set-up we ugskthe operating principle of the optical amplituteer
magnifier. We then present a set of experimentsllte assessing the performance of the proposeidedav
telecommunication wavelengths. A magnification daetor 10 is achieved and quite remarkably, thabably
distribution of the fluctuations is conserved.

2. EXPERIMENTAL SET-UP AND PRINCIPLE OF THE APPROACH

The situation we investigate is sketched in Fig. Tlae experimental set-up relies on commerciallgilable
components for optical telecommunications. A lotejifiber laser source is actively mode-lockedab}0-GHz
RF signal and delivers Fourier-transform-limitedgsecond pulses. An intensity optical modulatovetriby an
arbitrary waveform generator artificially degradies high quality pulse train. The resulting sigisahffected by
a controlled level of amplitude jitter and is s@mtb an erbium-doped fiber amplifier (EDFA) withnaoderate
output average power of 12 mW. The amplified puftaén then propagates into a 1 km-long highly nossir
fiber with low anomalous dispersion. The nonlingadf the fiber leads to a spectral expansion efihlses. At
the output of the fiber, an optical bandpass f{@BPF) made of a fiber Bragg grating associatetl an optical
circulator (OC) is used to carve into the expansigelctrum and the resulting signal is detected bgna®f a
usual photodetector combined with a high speed Bagnpscilloscope.
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Figure 1. (a) Experimental set-up
(b) Typical transfer function of the device andnhpiple of operation



The key element is in this set-up is the opticahs$fer function (TF) that links the output powertlte input
power. According to the choice of parameters offiber, the TF shape may significantly vary [4].tLLes note
that in most of the previously studied configuratipthe goal of similar arrangements was not tcege optical
fluctuations but to limit output pulse train jittand to act as an all-optical limiter in a regetieracontext [5-7].
This requires a TF with a large plateau charaadrizy an inflexion point, i.e. the slope of thegent to the TF
should be null. On the contrary, the applicationtarget dictates the use of a transfer functiosgméng a very
pronounced slope as illustrated in Fig. 1b : fog fhowers under consideration, the TF should belljdea
monotonous and should be approximated over a wadger by its tangent. By positioning adequately the
working powerPg, compared to the threshoR} of the device (defined as the abscissa at theroofithe
tangent), an efficient magnification of the relatipower fluctuations of the signal can be achieved.
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Figure 2. (a) Experimental transfer functiontbé device (b) Evolution of the relativepudtjitter

according to the working power (an initial jittef 8% is superimposed on the modelocked train).
(c) Eye-diagram of the incoming pulse train andogssted statistics (d) Eye diagram afteticgl
magnification of the fluctuations and associatetistics for an initial power of 14 mWw.

The experimental transfer function, displayed og. R2a, presents the expected features so that we ca
anticipate that working with an average power ofrdwW will provide the expected magnification of tfitéer.
This is confirmed by a systematic measurement ef dhtput jitter according to the input average powe
(Fig. 2b). In more details, between 0 and 5mW, tteasurement is mainly impaired by electronic naisé is
roughly constant due to the proportional naturéhefsection of the TF. Between 5 and 8 mW, a sdwdlease
of the fluctuations can be noticed, which can belared by the previously mentioned optical limitin
properties of the device [4]. For increasing initimerage power (8-12 mW), a significant increasthe jitter is
detected. However, given the negative slope ofcilme, this range of powers is not the best suitedan
accurate monitoring of the statistical propertigs,the resulting histogram will suffer from an irsien. It is
indeed more convenient to work at higher powergpicglly between 13 and 15 mW where the TF is
monotonously increasing. Figures 2c and 2d cleifitgtrate the benefits of the device : whereas ittial
optical fluctuations could be hardly differentiatedm the electronic noise, after magnificatiorg ftuctuations
are clearly distinct and can be straightforwardiglgzed.

3. EXPERIMENTAL RESULTS

3.1 Magnification factor and linearity of the device

We have carried out additional measurements inrdodevaluate the magnification factor of our deviResults
are reported in Fig. 3a and demonstrate an amgdiidic factor that has been found slightly aboveByovarying
the level of initial fluctuation that is superimgasover the initial signal, we have checked thist dimplification
factor does not depend of the initial level ofgiitas long as it remains below 5%, which is fulbysistent with
the purpose of the device.

Another very important feature we have experiméniahecked is the ability of the set-up not to disthe
statistical distribution of the fluctuations. Wevieaindeed tested various kinds of statistical fiatibns that we
have accurately controlled thanks to the electrégehltrary waveform generator. Preliminary resblésed on a
white Gaussian noise (Figs. 2c and 2d) have beefirced with more complex fluctuations such as mation
of the pulse train by low-frequency low-amplitud@usoidal or triangular waves. The resulting hiséogs
exhibit the expected two peak structure or constesttibution respectively.



In other words, after calibration, the linear matof the TF enables not only a convenient measemewof the
initial rms amplitude jitter but also preserves 8it@mpe of the statistical distribution of the flations. As a
consequence, and contrary to technics [1-3], nemagon such as a Gaussian distribution is required
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Figure 3. (a) Relative output jitter versus inpititeir (rms values). Eye-diagrams and assed
histograms of a pulse train modulated by a low fieracy sinusoidal wave (subplots b) or by a lowdesgy
periodic triangular wave (subplots c). The resutsorded before the magnifier (subplots 1) are carag with
the results obtained at the output of the devioekts 2)

3.2 Sensitivity of the device

As a final proof of the very high sensitivity ofetldevice, we present an experiment where fourdrairi0 GHz
are time-interleaved in order to obtain a 40 GHis@urain. Time interleaving is achieved throughvidely

spread optical bit rate multiplier made of optidalay lines and couplers and where a careful balafiche
powers of the four channels has to be found. Visexal equalization made with the direct detectinthe
oscilloscope leads to the record presented ordiaigvhere no difference in the level of the interlhchannels
can be distinguished. After evolution in the optissgnifier, differences in the level of the 10 GHains is
readily apparent, which may facilitate further fiegel adjustment.

Figure 4. 40-GHz pulse train made of four time-itgaved 10 GHz pulse trains.
Eye diagrams recorded before (a) and after (b) jittter magnifier

4. CONCLUSIONS

To conclude, we have demonstrated a practical-fildsed device that provides an all-optical magaiiicy of
the amplitude jitter by a factor 10. This faciléatthe measurement of the jitter level of stabteialst pulse
trains and also provides an easy way to get atodhg associated statistical distribution of fuetuiation.

Our set-up relies on an anomalous highly nonlirfissr combined with central bandpass spectralriiite
However, similarly to the wide range of optical w@ns that have been developed for fiber-basedcalpt
regeneration, other experimental schemes couldigeoalternative such as normaly dispersive fibeith w
spectral offset filtering [8, 9] or nonlinear o@ldoop mirrors [10]. We may also anticipate tha technic will
benefit from the recent progresses in highly n@dimwaveguides [11].
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