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All-Fibered High-Quality Low Duty-Cycle
20-GHz and 40-GHz Picosecond Pulse Sources

C. Finot, J. Fatome, S. Pitois and G. Millot

Abstract—In this work, we demonstrate all-fibered 20-GHz
and 40-GHz picosecond pulse sources with duty cyslas low as
1/14. The pulse train is achieved via the high-qui&y compression
of an initial sinusoidal beating through four segmats of optical
fibers. General design rules are proposed and experental
results are in agreement with numerical predictions

Index Terms— Pulse compression, Nonlinear optics in fibers,
pulse propagation and solitons, Parabolic pulses.

I. INTRODUCTION

Generation of very low duty-cycle high-quality ofatic
pulse trains at repetition rate of tens of gigaharound

principles of our approach relying on the prognessi
reshaping of a sinusoidal beating in a set of cdlye€hosen
optical fibers. We will detail design rules enaflithe rapid
scaling and determination of the different elemeritthe set-
up. We will then present experimental results \alith our
technique at a repetition rate of 20 GHz. Otheregixpental
data obtained at 40 GHz will demonstrate the pdggilto
further extend the concept to higher repetitioesat

Il.  PRINCIPLE AND DESIGN RULES OF THE CHAIN

Our original method is based on the temporal rasigapf a
sinusoidal beating in a succession of optical &bevith
lengths, dispersive and non-linear properties céyethosen.

1.5 um has become of great interest for many scientifithe physical evolution of the beating can be simply

applications such as optical sampling or ultrahagpacity

decomposed into four stages (illustrated in Figeagh having

transmission systems based on Optical Time Divisioa clear physical meaning. Our technique is thussishjly
Multiplexing (OTDM). Unfortunately, the current bandwidthdistinct from set-ups relying on step-like fibeonab-like fiber

limitations of optoelectronic devices do not allohe direct

generation of optical pulses having a temporal lhwiolow a
few picoseconds. Nethertheless, actively mode-ldckber

lasers were found to be an efficient way to overedimns

limitation, although they still remain an oneroysion. As an
alternative issue to conventional mode-locking afien,

several techniques have been suggested, such as
conversion of a sinusoidal beating into a trainwefl-defined,

pedestal free pulses. For instance, the use ofeidigm

decreasing fibers [1], step-like or comb-like filsat-ups [2,
3], or Raman amplification [1] have been succefs&hown

to be all-optical approaches to generate such tegletition

rate pulse trains. Recently, a technique basedudtiphe four-

wave mixing has also demonstrated its efficiency tioe

generation of optical pulse trains with repetitiates ranging
from 20 GHz to 1 THz [4]. However, those differeschemes
have the common feature to generate pulse traits avhigh

duty cycle (around 1/5). Shorter pulses are cldfadgible, but
at the cost of the experimental set-up complexdiy ¢r with

the development of noticeable substructures anegtals in
the recompressed pulses [5].

In this paper, we propose a new, passive and (festige
approach allowing the generation of picosecondcappulse
trains with very low duty-cycle (around 1/15). Thedter is
organized as follow; we will first describe the ploal
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[2] or comb-like profiled fiber [3] where the sumsion of
numerous segments mimics a dispersion decreasiaq fi

For each stage of the set-up, we have derived semé-
empirical rules to optimize and facilitate the dgmsiof our
pulse train compressor. Both previously publishad aovel
analytical formula will be presented, each one rtgkinto
dBeount the second order dispersiBn, and the non-linear
coefficient y, of thek" fiber.
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Fig. 1. General scheme of the set-up illustratimg four successive stages
and their relevant parameters.

The first stage of our set-up aims to convert atiain
sinusoidal beating into a well-separated Gaussi@n{ulse
train with a duty-cycle of 1/5 through the multifteur-wave
mixing process taking place into a standard anonsafdber
[4]. For a pulse train with a repetition rdtét has been shown
that the optimal average pow® at the input of the first
segment is given by = 12.8 54| T2/ )4 [4]. The optimal
fiber length is Iy = 0.071 / .4 f2 providing Gaussian chirp-
free pulses with negligible pedestals at the outgiuhe first
stage. The full-width at half maximum (FWHM) of the
reshaped pulses is thel, =1/5f while their peak power is
evaluated by; = 4.57P,.
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The second stage allows the passive reshaping u$<zen
pulses into a train of linearly chirped parabolidges thanks
to the combined effects of self-phase modulatiod aormal
dispersion [6]. In order to have a convenient paliab
reshaping, the optimum fiber length, of the normally
dispersive segment and the optimum peak poRgr are
L, =0.006 /3,, f? and P =468p3,,f%/ ) respectively.

(L= 7700 m B,,) have been carefully chosen to match the
properties of the pulses generated along the SMF-thus
satisfying the relatiof’; = P’;. The third segment is a 500-m
long HNLF (5 = 13 Whkm?) with nearly zero dispersion (a
slight normal dispersion is used to prevent inditéds or
temporal recompression). In order to achieve aifsignt
spectral broadening and a sufficient linear tempchap, we

After reshaping inside thie, segment, we obtain a parabolichave inserted an erbium doper fiber amplifier (EDRA the

pulse shape having a FWHW, and a peak poweP,. The
pulse is linearly chirped with chirp coefficie@® defined as
the slope of the temporal chirp. The parameterthefpulses
after the second stage are then given by = 0.39/ f,

P,=0.56P; and C, = 17.3f2

The purpose of the third stage is essentially toeiase the
linear temporal chirp of the parabolic pulses irdesr to
enhance the final recompression process. In thg #iose
pulses are launched into a highly nonlinear fibEINICF)
where they are essentially affected by self-phasdutation
without suffering any temporal broadening,(= T3 ). Due to
their parabolic intensity profile, the temporal ighinduced in
this third segment is strictly linear [7] and fam @itial peak
powerP,’" and a fiber lengths, the amount of additional linear
chirp is given byC; = 4.19P", L; 15 £ [8].

In this context, at the output of the third segméme linear
chirp of the parabolic pulseéC, +C3) can therefore be
efficiently compensated by means of a usual dispers
element. A compact solution for this compensatiould be a
chirped fiber Bragg grating but we choose herentplément
another solution by simply adding an adequate Fergjt
anomalous fiber, which constitutes the final stafjthe set-up.
Recompressed pulses are finally transformed-limitgith a
shape close to a first order Bessel function offitise kind [8]
and with a temporal FWHM given by, = 1.85f/ (G, + Cy).

Ensuring a sufficiently low power at the input tifist last
segment to avoid non-linear effect, the length iberf L,
required to achieve such a recompression is thusngby

Ly =1 /[ 21 (C+C3) Boa |-

We have tested our approach by generating a prasedt a
repetition rate of 20 GHz. Based on the designsrdiescribed
in the above section, we have settled our expetamheet-up
by means of commercially available devices ready do
telecom use.

The initial beating
superposition of two continuous laser diodes fregye
separated by 20 GHz (external cavity laser, ECL)phase
modulator is also inserted in order to suppressBiikouin
backscattering effect. We would like to emphasizat tthe
generation of such a beating is fully compatiblehwihe
performances of electro-optic modulators and edeitrclocks
commonly used in telecommunications.

The average power of the initial beating launched the
first 8385-m long section made of standard SMFriyy @1
dBm [5]. The second stage is made of non-zero difpe
shifted fiber (NZ-DSF, dispersio® = -1.5 ps.krt.nm?,

EXPERIMENTAL RESULTS AT20GHz

input of the HNLF so that to read?, = 23 dBm. The final
stage is based on a 630-m long SMF segment, predsdan
optical attenuator to ensure a linear pulse recesgion
without soliton recompression effect.
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Fig. 2. Evolution of the intensity and chirp pte§ (bottom and top

respectively) at different stages of the set-upGBz experimental results
obtained by FROG characterisation (circles) are pamed to various fits
(solid lines) : stage 1: gaussian fit of the isignprofile , stage 2 and 3,
parabolic fits, stage 4 : fit by a Bessel functimithe first kind [8]. Chirp
profiles are compared to linear fits. Note thatulessat stage 4 are plotted
with a different temporal scale than results aeostages.

We have carefully characterised both in phase and
intensity the pulses at the different stages ofsatrup by use
of a Frequency-Resolved Optical Gating (FROG, based
second harmonic generation [9]). Experimental tesale
represented in Fig. 2 (circles) and are also coetptr various
fits corresponding to the theoretical expected ehajescribed
in part 1l (solid lines). After the first stage,d-i2D, we can
check that the initial sinusoidal beating is e#ialy
compressed into a transform limited Gaussian pése with
a duty-cycle close to 1/5 (FWHM = 11 ps and TimawBaith
Product = 0.43). In the course of the second steige 22, we
clearly verify that those pulses have then acquinedhtensity
profile in good agreement with a parabolic fit. §ipiarabolic
shape is then maintained during the whole propagati the
HNLF whereas the linear chirp is further increagsihge 3,
Fig. 2®). Finally, after recompression along the SMF sagme

is obtained by the temporalstage 4), the output pulses, Fig)2 are nearly Fourier

transformed-limited with a temporal duration of 8 (pe. duty-
cycle of 1/16) and notably exhibit only low pedéstahich
are characteristic of recompressed parabolic pyi&epeak-
to-pedestal ratio larger than 17 dB). Those geedratlses
are then fully suitable for 80-GHz OTDM telecomneations.

IV. EXPERIMENTAL RESULTS AT40GHz

We now present experimental results obtained aigheh
repetition rate. Using the design guidelines désctin part II,
it is clear that higher the repetition rdtes, shorter should be
the length of the fibers and higher should be tbakppowers

y=1.7 Wkm") with normal dispersion whose parametersaunched into the different fiber segments. In otmerds,
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increasing the repetition rate by a factor 2 widllzlly lead to
decrease the lengths of the segméntandL, by a factor 4
and increase by 6 dB the required input power. {Dherent
beneficial aspect is that the power available ataltput of the
second fiber will be sufficiently high to observe ciear
spectral broadening in the HNLF without any addisib
amplification, thus meaning a simplified experima@nget-up
made of a single line of 4 spliced optical fiberhose
principal features are detailed in Fig. 3 for th8-@GHz
configuration.
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Fig. 3. 40-GHz experimental set-up, parameters exukrimental optical
spectrum of the 40-GHz recompressed pulses.

g

We have again characterized the pulses at stagearid
4 by means of FROG measurements. In order to fabgerve
the compression process, results are plotted @igircles)
with a temporal window of 2 signal periods. Thesgsults
demonstrate that the 4.7-ps transformed-limited sGian
pulses derived from stage 1 (FigD} are efficiently reshaped
into a linearly chirped parabolic shape after ttsiccessive
propagations in the NZ-DSF and HNLF (Fig®}% Final
output pulses (Fig. @) exhibit a nearly side-lobe free
temporal intensity profile with a temporal width B ps (duty
cycle of 1/14). The chirp is flat over most of ttentral part of
the pulse. The spectrum of the generated 1.8-pgSHDpulse
train is plotted in Fig. 3 and exhibits a symmegand quality
envelope constituted by many generated harmongarated
by 40 GHz as well as an optical signal noise ratiexcess of
35 dB. The generated pulses are then fully suitédnel60-
GHz OTDM telecommunication applications.
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Fig. 4. Intensity and chirp profiles at stages Bn84. 40-GHz experimental
results obtained by FROG characterisati¢sircles) are compared to
numerical simulations of the Nonlinear Schrédinggquation (solid line).

. ' . [0l
Experimental results are finally compared with #hos

obtained from the numerical integration of the dtad
Nonlinear Schrodinger Equation (Fig. 4, solid Ine¥he

agreement is excellent and proves the reliabilify tloe
technique. We have also checked that higher-oidead and
non-linear effects do not affect our proposed de\at this
repetition rate

V. CONCLUSION

We have proposed a new and easy to implement method
generate carrier-suppressed pulse return-to-zexiostrwith
low-duty-cycles. An initial sinusoidal beating isroverted into
nearly transformed limited pulses with very low subctures
through the propagation in only four segments dfcap fiber
whose dispersion and length are carefully chosea. hAve
derived general guidelines which facilitate the ichoand
speed-up the scaling of the fibers and powers imin the
nonlinear processes. Experimental results obtaae?d GHz
and 40 GHz show that picosecond pulse trains witk dycles
as low as 1/14 have been generated, thus validakisy
alternative method to comb-like dispersion decraasi
techniques. By reducing the number of segmentd)ave also
relaxed the constraint of tedious splices and aunsat losses.
A carefully characterisation both in intensity apllase fully
agrees with numerical simulations and confirm qupraach.
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