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All-Fibered High-Quality Stable 20-GHz and
40-GHz Picosecond Pulse Generators

I. EI Mansouri,J. Fatome, S. Pitc, C. Finot, ancM. Lintz

Abstract— In this work, we investigate the generation of stble
20- and 40-GHz pulse trains through the nonlinear @mpression
of an initial beat-signal in a cavity-less opticafiber-based device.
Enhanced temporal stability is achieved by generaig the
sinusoidal beating thanks to a commercial LiNbQ@ intensity
modulator driven by a half repetition-rate external RF clock. We
also show that the residual timing jitter induced ly the RF phase
modulation imposed to suppress Brillouin back-sca#ring can be
reduced by managing the cumulated dispersion of the
compression line, whereas complete polarization didization is
obtained owing to a modified setup involving a Farday rotator
mirror. Finally, a high-quality 160-Gbit/s signal is generated
from our low duty-cycle 40-GHz pulse source throughoptical
time-division multiplexing.

Index Terms— Lasers sources, Nonlinear optics in fibers.

I. INTRODUCTION
Optical sources emitting picosecond pulses at vegh h

the relative frequency separation between the ree-funning
diodes. Therefore, practical applications wherélstalock
reference is required can be jeopardized. To oweecthis
issue, relatively complex setups have to be imptdatt
which involves for instance stabilized optical camlié] or
phase-locking of the two laser diodes against aréi&€rence
[8]. In this work, we use a single laser diode comal with a
commercial standard LiNbOntensity modulator driven at its
zero-transmission working point by a half repefitiate RF
clock. This technique enables us to generate a otdof
frequency carrier-suppressed initial beat-signal #mus to
minimize repetition rate fluctuations in the geneda20- and
40-GHz pulse train$9]. Moreover, we demonstrate that the
RF phase modulation, usually imposed to prevenmfro
stimulated Brillouin  back-scattering, induces temgbo
fluctuations, which can be simply reduced by consp¢ing
for the global chromatic dispersion of the systéma next
section, we also introduce a modified scheme imglyihe

repetition rates are now widely employed in manyeturn of light in a half-long segment of fiber eddby a

scientific applications such as waveform measurémetra-
high capacity telecommunication systems, clock gaian,
metrology or component testing. Among all the saégorted
techniques, those based on the nonlinear reshapeng initial
signal propagating in optical fiber were proved®attractive
and efficient ways to generate such high repetitiolse trains

[1]-[7]. Especially, the method based on the progressi

compression of an initial beat-signal through atipld Four-
Wave Mixing (FWM) process taking place in an anaooal
dispersion fiber has been successfully implemeritedthe
generation of high quality pulses with repetitiaier ranging
from 20 GHz up to 2 THz[2]-[3]. In these previous
experiments, the initial sinusoidal signal was ioady
synthesized through the superposition of two camtirs
waves frequency separated by the desired repetititen The
key advantage of this all-optical method is that thpetition
rate, which is simply determined by the frequenegasation
between the two diodes, can be widely tunable ankigh as
several THz, far beyond the electronic bandwidtmits.
Unfortunately, in such a configuration, large symctous
instability is observed, essentially due to rapidtuations of
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Faraday mirror, which allows to efficiently vanipblarization
fluctuations. Finally, we report the generationao160-Gbit/s
OTDM (Optical Time-Division Multiplexing) signal ém a
low duty-cycle 40 GHz pulse train.

Il. EXPERIMENTAL SETUP

A schematic of our pulse generator is providedio E. An

external cavity laser diode (ECL) is used to geteera
continuous wave centred around 1555 nm. A LiNb@ensity
modulator, driven by a 10-GHz (20-GHz) external &&ck
around its zero-transmission point, is then empagedouble
the repetition rate and therefore to generate titeli beat-
signal at 20 GHz (40 GHz). A programmable liquigistal-
based optical filter, centred on each of the dushps is also
added in order to eliminate half-repetition ratedesirable
residual spectral bands. A phase modulator, drian
100 MHz, is then inserted to increase the stimdi&sllouin
scattering (SBS) threshold well above the poweplved in
our experiments. The resulting beat-signal is dieplito the
desired average power by means of an Erbium doibed f
amplifier (EDFA) before injection into the compressfiber:
21-dBm, 7.8-km (26-dBm, 2.1-km) of standard singiede
fiber (SMF-28) for 20-GHz (40-GHz) pulse source,
respectively. At signal wavelength, the compressfiloer
provides a chromatic dispersion D of 17 psikm™ and a
nonlinear Kerr coefficient of 1.3 W-.km™. At the output of
the fiber, the generated pulse train is finally relesterized in
the time domain by means of an optical samplinglloscope
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(OSO0) as well as in the spectral domain thanksnt@gtical Gaussian pulses, with low pedestals, are genevéathd time

spectrum analyzer (OSA). period of 50 ps. However, and as theoretically joted, a
non-negligible amount of timing jitter can be ohsat (3 ps)
Laser Diode

For0ok o ¢ EDFA >y 984 due to the MHz phase modulation. Therefore, thistdgous
’ P | effect can be simply managed by inserting a 1.4ikngy
segment of DCF (D = -88 ps.finkm™) just before the EDFA,
SO as to compensate for the cumulated di_spersidheofine
Norlincar Compression Stage 00O without altering the nonlinear compression proceshe
Fig. 1. Experimental setup. PM: Phase Modulator, IMensity Modulator, ~resulting eye-diagram is shown in Fig. 2b where chaarly
DCF: Dispersion Compensating Fiber, EDFA: Erbium pBd Fiber demonstrate a significant reduction of the timinittej
Amplifier, OSA: Optical Spectrum Analyzer, OSO: @pl Sampling . . . L.
Oscilloscope. (250 fs), in good agreement with the theoreticatijtions.
Fig. 2c represents the corresponding optical spectat
IIl. IMPACT OF THERF PHASE MODULATION the output of the fiber. We observe a typical 202Gddmb-

. . . . spectrum with numerous spectral components arfsorg the
We have first studied the impact of the MHz phaseufation multiple FWM process. The envelope is well fittegt b

used to prevent SBS on the temporal features ojéherated G, ssian function with a full-width at half maximum

pulses. ;I’c;]thish aim, IegI uls consiFjer the electriidtl at the (FWHM) of 43 GHz. The time bandwidth product of 0.5
output of the phase modulator as: indicates that the generated pulses are nearlysftran

1555 nm

«

i
1 i
i DCF i
Optical Filter \ S

E, = E.exp(i M sinQy, t)), (D) limited. On the other hand, we can also clearly tee
where M andQy are the amplitude and frequency of the Rinfluence of an initial filtering, with an effici¢rsuppression of
phase modulation, respectively, and the 10-GHz sub-harmonic sidebands. Indeed, an awtEmt

E, = Aexpi Q,t /2)+ A, exp(Q,t /2 (2) measurement based on the electrical RF spectrudysana

confirms that initial filtering allows reduction tfiese 10-GHz
sub-harmonics by 30 dB. Note however that the pesef
these sub-harmonic sidebands do not modify sigmifly the

represents the initial sinusoidal beating at freqyeQ,. By
using simple physical arguments, it can be shovat this
phase modulation translates into fluctuations of time-

period all along the pulse train, whose magnitusde i overall output intensity profile.
L o0 2n-1
AT, = zj z 1 5, (2)(MQ,,) dz (3) IV. MANAGEMENT OF THE POLARIZATION FLUCTUATIONS
0 2n M
ol i (2n=1)! In a second experiment, we have slightly modified setup

where (2) is the k-order chromatic dispersion coefficient aPy cutting half of the SMF segment. Therefore andnder to
distance z. By taking into account only the groefeeity Cconserve the same efficient length, a Faraday Bofdirror

dispersiong,, the resulting timing jitter can be expressed as: (FRM) as well as an optical circulator were inseérgt each
end so as to benefit from the inverse return dfitlioy the

L
AT, =2 M Q, j B,(z) dz. (4) fiber. The aim of this novel arrangement (illustchin Fig. 3a)
2=0 is thus to manage the unavoidable polarizationtdlations
The most important point here is that these timingssociated with the use of a non-polarization raaiitig
fluctuations are directly proportional to the cuated optical fiber. Note that the initial average powes slightly
dispersion of the compression line. Consequertilgy tan be increased from 21.4 to 22.3 dBm so as to comperisatiie
significantly reduced in our setup by insertingemyrsent of insertion losses of both additional components.

normally dispersive fiber so as to pre-compensate tfie SMF

global dispersion of the device, for instance apelision (a) " Faraday

compensating fiber (DCF). SINUSOIDAL _,, Mirrar
BEATING

Ipter]sity [dIB]

Fig. 2. Temporal profile of the 20 GHz pulse trah the output of the
compressor line, without (a) and with (b) DCF (q)ti©al spectrum without
(red dashed line) and with optical filter (blueiddine). The red solid line is a
Gaussian fit of the spectral intensity profile.

To illustrate that point, Fig. 2a shows the tempora
waveform of a 20-GHz pulse train generated at tipud of
the 7.8-km long SMF-28 when a phase modulation d:f'g. 3. (a) Experimental setup used to manage igation fluctuations and

. _ _ . including a Faraday Rotator Mirror, Inset shows tresulting 20-GHz
amplltude M = 2.5 rad and frequencﬁ’\ﬂ = 180 MHz is temporal profile (b) Poincaré sphere obtained atothtput of the 7.8-km long

applied. As can be seen, 11.5-ps well-separatedsi-quasmF segment (c) Poincaré sphere recorded when tisingeturn of light in
3.9 km of SMF and a FRM.

s2 R s1
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Let us recall that using a FRM in a fibered systefFWHM = 1.5 ps) can be obtained. The associatedtapa

provides the states of polarization (SOP) of thevésd and
reflected light beams to be orthogonal to each rotteany
point of the fiber, regardless its birefringenced aBOP
evolution along the fiber length. In this experimene take
advantage of
fluctuations in our 20-GHz pulse train generatoig. F3b

shows the evolution on the Poincaré sphere of @B 8f the
pulse train at the output of the compressor wherirttial 7.8-

km long SMF segment (setup in Fig. 1) is used. fi&sial

polarization variations were introduced by means af
mechanical stress applied on the compression fkecan be

(Fig. 3c) further highlights the quality of the uiting 40-GHz
pulse train. In order to assess the suitabilityhef source for
OTDM applications, the pulse train has been encdxea 40-
Gbit/s ?'-1 pseudo-random binary sequence (PRBS) in a

this property to eliminate polarizatioLINbO; intensity modulator so as to generate a 40-Gbit/s

Return-to-Zero (RZ) optical data stream. An OTDMO0416
Gbit/s RZ signal was then generated thanks to a ljitdrate

multiplier (BRM). The resulting good quality eyeadram is

finally visible in Fig. 4(R).

VI. CONCLUSION

seen, the SOP of the pulse train at the systemubutly, .,nciusion, high quality pulse trains have bgenerated at

undergoes substantial fluctuations, which can kendental
for number of polarization-dependent applicatio@n the
other hand, when using the modified scheme inctytialf of
SMF and a FRM, polarization fluctuations are corgdle
vanished (Fig. 3c), thus demonstrating the poltidra
stability of our pulse source. Note that the terapgrofile is
quasi conserved (inset in Fig. 3a) with a FWHM bf7lps.

V. GENERATION OF LOW DUTY-CYCLE PULSE TRAINS

PRBS

HLNF 0100110

SMF

: 050
SINUSOIDAL -0 3
BEATING —p-

(40 GHz)

kil (160 Gbit/s)
OTDM

40 GHz - Pulse Train

NZ-DSF

o

Intensity (dB)

A
o

-50

1549 1551 1563 1555 1557 1559 1561
Wavelength (nm)

Fig. 4. (a) Experimental setup used to generatedoty-cycle pulse trains at
40 GHz and 160-Gbit/s PRBS OTDM signalg)(b(by) and (B): Intensity
profiles of the pulse train at points 1, 2 andc3.@ptical spectrum at point 3.

Finally, much lower duty-cycle pulse trains weresaal
achieved at 40 GHz by using a compressor line based
segments of fiber with adequate dispersion andimeeality

[10] (see Fig. 4a). As in the above 20-GHz expenime

described in Fig. 1, an initial beat-signal at 4B1zGis first
generated by means of a LiNp@tensity modulator driven
by a half repetition rate RF clock. The sinusoglghal is then

boosted to an average power of 26 dBm and nonl'mearm

reshaped into well-separated 5.5-ps Gaussian pinl$be first
stage (2.1 km of SMF-28), as shown in Fig.i(fhe second
stage consists in a 1270-m long non-zero dispefgien (NZ-
DSF) with dispersion D = - 2.5 ps.fichm™ and a nonlinear
Kerr coefficienty = 1.7 W-.km™. This normally dispersive
fiber allows to reshape the Gaussian pulses imeaty-
chirped parabolic pulse$ll]. A highly nonlinear fiber
(HNLF), with D = -1 ps.niit.km™* andy = 10 W .km™ is then
inserted to enhance the amount of linear chirpalBinpulses
are temporally re-compressed into 145 m of SMF-28.
optical attenuator was inserted before the SMFrsue a
linear propagation regime in this last stage. As loa seen in
Fig. 4(k), high quality pulses with duty-cycle as low ag&7/

20 GHz and 40 GHz by means of the nonlinear consfmes
of an initial sinusoidal beating obtained by a LD#dntensity
modulator, driven in frequency at half of the degiepetition
rate. Moreover, we have demonstrated theoreticalh
experimentally that inserting a piece of DCF befdahe
compression line can significantly reduce the tinijitter
induced by the RF phase modulation involved to segp
Brillouin scattering. By designing a modified setapluding a
Faraday rotator mirror, we have also successfhibys that it
is possible to obtain simultaneously nonlinear caapion
and polarization stabilization of the light beamndfy, we
have generated a low duty-cycle 1.5-ps 40-GHz puiése by
using a compressor line based on four stages ef find
demonstrate its high performance for 160-Gbit/s ©®ITD
applications.
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