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ABSTRACT

In this paper, we report recent progress on thgdes all-fibered ultra-high repetition-rate pulseurces for
telecommunication applications around 1550 nm. Basethe nonlinear compression of an initial begtal in

optical fibers through a multiple four-wave mixipgocess, we theoretically and experimentally denmatesthat
this simple technique allows an efficient and aateidesign of versatile pulse sources having ripetiates
and pulse durations ranging from 20 GHz up to 2 @hd from 10 ps up to 110 fs, respectively.

Keywords: Nonlinear optics, Optical fiber, Pulse Sourcads® Compression, Optical Telecommunication.

1. INTRODUCTION

Generation of high-quality ultra-high repetitiontaaoptical pulse trains around 1.36n has become
increasingly interesting for many scientific applions such as optical sampling, ultra-high capacit
transmission systems, component testing or nornlipeanomena studies. Unfortunately, the currentdiédth
limitations of optoelectronic devices prevent theedd generation of pulses with repetition ratehleigthan
50 GHz and with a temporal width below a few picusels. In order to overcome the limit of electronic
bandwidth, an attractive and all-optical nonlinesthod was proposed. This technique is based ogrétial
transformation of a sinusoidal beating into welpaated pulses through its nonlinear compressioopiical
fibers. The pulse repetition rate of the sourcthén simply determined by the frequency of theidahibeating.
This all-optical approach has been successfully atestnated with various experimental schemes inolydi
dispersion-decreasing fibef$], adiabatic Raman compression in standard dpfibers [2] and step-like or

comb-like dispersion profiled fiberf8]-[5]. However, these techniques often require neddi complicated
setups via numerous reshaping stages based orefulc@ngitudinal dispersion management using austo
designed optical fiberE3]-[5]. More recently, this nonlinear compression effeas been observed through a
multiple four wave mixing (MFWM) process taking p&in a single anomalous dispersive optical fitvet has
been proved to be an attractive and efficient adteve method to generate very high repetition patse trains,
combining both stability and simplicity of the exjmental setup[6]-[9]. This powerful method has been
successfully used for the generation of a 1.3-ph-huality pulse train at 160 GHz and subpicosequuiges up

to 1 THz[9]. Combined with a second stage of compressiaedan the parabolic reshaping taking place into a
normal dispersive optical fiber, we have also destrated that pulse sources with lower duty-cycfetul/17)
could be obtained at various repetition rdfield-[12].

In this work, we report several recent and sigafficprogresses on the design of this kind of bk+féd ultra-
high repetition-rate pulse sources for telecommation applications in the C-band. In particulanm, foe first
time of our knowledge, thanks to a phase-lock gestabilizing the initial 20-GHz beating frequenaye
experimentally managed a direct real-time monitpfi the multiple four-wave mixing compression sam a
50-GHz optical sampling oscilloscope. We have dismonstrated a record ultra-high repetition putsece of
2 THz with pulses as short as 110 fs and finalig, ardouble compression stage configuration, wéeaehthe
generation of 380 fs pulses at 160 GHz.

2. MULTIPLE FOUR-WAVE MIXING COMPRESSION TECHNIQUE

The basic idea of our technique is to convert @flrsinusoidal beating composed of two initiahtiouous
waves (CW) into a well-separated Gaussian pulse wih a duty-cycle of 1/5 through the multipleufewave
mixing process taking place into a standard anonsafiber[9]. In order to design a pulse source having a
repetition ratd, we have derived some very simple rules givingapgmal average powe, at the input of the
systemP, = 12.8 3| f 2/ yand the optimal fiber length £ 0.071 / B f %, wherep, andy are the chromatic



dispersion and the nonlinear Kerr coefficient of fiber, respectively9]. These design rules then allow the
generation of Gaussian chirp-free pulses at thpubwdf the compression fiber with negligible pedésta full-
width at half maximum (FWHM) oFWHM=1/5f and a peak power evaluatedRy= 4.57P,,.

3. EXPERIMENTAL RESULTS FROM 20 GHz TO 2 THz

The typical experimental setup is sketched in E&y.The initial beat-signal is obtained by the sppsition
of two continuous waves delivered by two externaVity laser diodes (ECL) frequency separated by the
repetition rate of the source under test and cedtaround 1550 nm. A phase modulator, driven ardl8@
MHz, is used in order to suppress the stimulataloBm scattering (SBS) effect occurring in thengaression
fiber. The resulting beat-signal is then amplifiedan average power given by previous relationakbdo an
Erbium doped fiber amplifier (EDFA) before injedirinto the compression fiber. At the fiber outptite
generated pulse train is characterized in botsitg and phase by means of a Frequency-ResolveitdaDp
Gating set-up (FROG) and an optical spectrum aral§@SA)[10].

Figures 1b illustrates the experimental resultsioled for the 40-GHz pulse source. The compresgien
is a 2.1-km long standard single mode fiber (SM#Q the optimum average power was obtained at 380 mwW
The corresponding FROG retrieved intensity and @tag shown in Fig. 1b1l. The retrieved intensityfife
(solid line) shows well separated reshaped pulsits wlearly no pedestal. The phase variation over t
compressed pulses is also negligibly small, indigathat pulses are essentially Fourier-transfamitéd.
Numerical results of pulse propagation based orgémeralized nonlinear Schrédinger equation a falstted
in circles. We observe an excellent agreement kegivtlee two curves indicating an easy and reliablaerical
design of our source. Figure 1b2 shows both expariah and numerical results output spectra. Thetspa
exhibits a large number of 40-GHz harmonics dubéoMFWM process. Figure 1b3 represents the lepstres
fit of a Gaussian function to the retrieved pulbape. As can be clearly seen in this figure, tienisity profile
corresponds very well to a Gaussian function with-gs FWHM which leads to a duty cycle of 1/5. The
extinction ratio between peak power and interpldaekground is better than 25 dB which stresseshite
quality of the pulse source. Finally, the degreaunfability of the 40-GHz pulse source has beeruated in
Fig. 1b4 by monitoring the variation of the FWHM @a$unction of the central wavelength and shows ttinare
than 20 nm of tunability is achieved around 1555 nm
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Figure 1 (a) Experimental setup: PM: polarizatioraimtaining (b1) Retrieved intensity (solid
line) and phase (dashed line) profiles of the gatext 40 GHz pulse train using the FROG setup.
Numerical results (b2) Experimental spectrum (sdifi) and numerical results (circles). (b3)
Intensity profile in log scale (solid line) and cesponding Gaussian fit (circles). (b4) FWHM as a
function of central wavelength (c1) FROG resultgtehsity and phase profiles of the generated

320-GHz pulse train (c2) FROG results for the 1-Tise train (c3) FROG results for the 2-THz
pulse train.

Figure 1c represents the experimental FROG reshtaned at 320 GHz, 1 and 2 THz using a commercial
highly nonlinear dispersion flattened fiber (HNL-Bf (D = 0.7 ps/nm/km, S = 0.008 psftkm, y = 10 W
' km?). The retrieved intensity profiles show very wekparated pulses, nearly transform-limited, with a
FWHM of 500 fs, 170 fs and 110 fs obtained for aput average power of 150 mw, 1.3 W and 5.3 W @&to
720-m, 90-m and 16-m long HNL-DFF, respectively.



4. REAL TIME MONITORING OF A 20-GHZ PULSE SOURCE

An improved source was realized at 20 GHz in otdgperform a real time observation of the pulséntra
emerging from the compressor. To this end, the &igatl between two Er-doped fiber lasers was pladed
against a reference RF oscillator (see Fig. 2ag¢ IOk loop had a bandwidth of about 1MHz, and ttitel
integrated phase noise, as measured from the sigoal, was of 6x1®radian. Fig. 2(b) and 2(c) show the
intensity profile and Eye-diagram of the 20 GHzgeutrain generated in the compressor and monitoned
50-GHz optical sampling oscilloscope. These resaits in excellent quantitative agreement with nucaér
predictions (Fig. 2b, circles).
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Figure 2 (a) Experimental setup showing the stabtlon of the beat signal. EOM: electroptic
phase modulator. (b) Intensity profile measuredhwitsOGHz optical sampling oscilloscope (solid
line) compared with numerical simulations (circle@&) Eye-diagram of the 20 GHz-pulse train.

5. GENERATION OF LOWER DUTY CYCLES

We have seen in the previous parts that a singlgestompression set-up aims to convert an initial
sinusoidal beating into a well-separated Gausskangulse train with a duty-cycle of 1/5 througte timultiple
four-wave mixing proces®]. In this part, we demonstrate the possibildyachieve much lower duty-cycles by
reducing the pulse width in a second stage of cesgion. Basically, the second stage allows theiyeass
reshaping of the Gaussian pulses into a trainneflily chirped Parabolic-like pulses by combinighbeffects
of self-phase modulation and normal dispersionmegin a highly nonlinear fibefl1]. At the output of the
second segment, the linear chirp of these pulsestexefore be compensated by simply adding anuadeq
length of anomalous dispersion fiber or Bragg g@tiwhich constitutes the final stage of the septgviding
nearly transformed-limited recompressed pulsesureg3a and 3b show the experimental results aataih 40
GHz by means of a second stage composed of a 7.lbkgy nonzero dispersion-shifted fiber (NZ-DSF,
dispersion D=-1.5 ps/nm.km= 1.7 W'.km™) followed by a 500-m-long HNLF (D = -0.5 ps/nm.kmz= 13 W
' km?) in order to increase the linear chirp of the pati@ pulses. Finally a 630-m long SMF fiber ensuge
linear pulse recompression. It is important to ribt no additional amplifier was used betweenesth@nd 2.
Figure 3a shows the FROG results and exhibits dynside lobe-free temporal intensity profile withtemporal
width of 1.8 ps (duty cycle of 1/14). The chirpdsite flat over most of the central part of thegeulThe
spectrum of the generated 1.8-ps 40-GHz pulse isgitotted in Fig. 3b and exhibits a symmetric damality
envelope constituted by many generated harmonigarated by 40 GHz as well as an optical signaldisen
ratio in excess of 35 dB. The generated pulsestlaa fully suitable for 160-GHz optical time divdsi
multiplexing (OTDM) telecommunication applicatioridgure 3c and 3d show the experimental resultaiobd
at 160 GHz when a second stage of compressiorets Us this case, the second stage is made of arslohg
HNLF (D = -0.56 ps/nm.kmy = 9 W'.km™) followed by 15 m of SMF. The retrieved intengirofile (Fig. 3c)
reveals that the 160-GHz pulses have a Gaussigre shith a FWHM of 380 fs, corresponding to a vesw |
duty cycle of 1/17. The retrieved phase (dashed)lis also pretty flat, confirming that pulses amarly
transform-limited. Finally, the available peak powaceeds 6 W, which is quite high compared tditbeature
[5]. Finally, the output spectrum (Fig. 3d) is do® a Gaussian envelope (dashed line) havingl-avidth at
half-maximum of 1.1 THz. The time-bandwidth prodo€t0.45 is fully consistent with the value 0.44ially
associated with Fourier-limited Gaussian pulses.
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Figure 3 (a) Intensity and phase profiles of thengrated 40-GHz pulse train in a double
compression stage configuration, FWHM = 1.8 ps@bjresponding spectrum (c) and (d) Similar
analysis as (a) and (b) obtained for a repetitiaterof 160 GHz, FWHM = 380 fs.

6. CONCLUSIONS

In

this work, we have reported recent progresshendesign of all-fibered ultra-high repetition-rgtelse

sources around 1550 nm. Based on the nonlinear remsipn of an initial beating in optical fibersdabgh a
multiple four-wave mixing process, we have experitaly demonstrated that versatile high quality seul

sources having repetition rates and low duty-cyctesing from 20 GHz to 2 THz and 1/5 to 1/17 cob&l
achieved.
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