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Abstract:

In this work, we report recent progress on the design of all-fibered ultra-high repetition-rate
pulse sources for telecommunication applications around 1550 nm. The sources are based on
the nonlinear compression of an initial beat-signal through a multiple four-wave mixing
process taking place into an optical fiber. We experimentally demonstrate real time
monitoring of a 20 GHz pulse source having an integrated phase noise 6x10~ radian by phase
locking the initial beat note against a reference RF oscillator. Based on this technique, we also
experimentally demonstrate a well-separated high-quality 110 fs pulse source having a
repetition rate of 2 THz. Finally, we show that with only 1.4 m of standard single mode fiber,
we can achieve a twofold increase of the repetition rate, up to 3.4 THz, through the self-
imaging Talbot effect. Experimental results are supported by numerical simulations based on
the generalized nonlinear Schrodinger equation.
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Introduction:

Generation of high-quality high repetition rate optical pulse trains around 1550 nm has
become of a great interest in many scientific applications such as optical sampling [1]-[2],
ultra-high capacity transmission systems [3]-[4], optical switching [5], optical clock
generation [6], component testing, metrology or nonlinear phenomena studies [7]-[9].
Unfortunately, the current bandwidth limitations of optoelectronic devices prevent the direct
generation of pulses with repetition rate higher than 50 GHz and with a temporal width below
a few picoseconds. In order to overcome the limit of electronic bandwidth, an attractive and
all-optical nonlinear method was proposed. This technique is based on the adiabatic
transformation of a sinusoidal beat-signal into well-separated pulses through its nonlinear
compression in optical fibers. The pulse repetition rate of the source is then simply
determined by the frequency of the initial beating. This all-optical approach has been
successfully demonstrated with various experimental setups including dispersion-decreasing
fibers [10], adiabatic Raman compression in standard optical fibers [11] and step-like or
comb-like dispersion profiled fibers [12]-[16]. However, these techniques often require
relatively complicated fiber map arrangement via numerous reshaping stages based on a
careful longitudinal dispersion management using custom designed optical fibers. More
recently, this nonlinear compression effect has been observed through a multiple four wave
mixing (MFWM) process taking place within an anomalous dispersive optical fiber [17]-[18].
This last method has been proved to be an attractive and efficient alternative way to generate
very high repetition rate pulse trains, combining both stability and simplicity of the
experimental setup [19]-[22]. This powerful method has been successfully used for the
generation of a 1.3-ps high-quality pulse train at 160 GHz and subpicosecond pulses up to
1 THz [22]. Combined with a second stage of compression based on the parabolic reshaping
taking place into a normal dispersive optical fiber, we have also demonstrated that pulse
sources with lower duty-cycle (up to 1/17) could be obtained at various repetition rates [23]-
[24]. In this work, we report several recent and significant advances on the design of this kind
of all-fibered ultra-high repetition-rate pulse sources for telecommunication applications in
the C-band. In particular, for the first time of our knowledge, thanks to a phase-lock set-up
stabilizing the initial 20-GHz beat note, we experimentally demonstrate a direct real-time
monitoring of the multiple four-wave mixing compression stage on a 50-GHz optical
sampling oscilloscope. We have also demonstrated a record ultra-high repetition pulse source
of 2 THz with pulses as short as 110 fs and finally, by means of 1.4 m of standard single
mode fiber, we succeed to achieve a twofold increase of the repetition rate up to 3.4 THz
through the self-imaging Talbot effect.

Experimental setup:

The typical experimental setup is sketched in Fig. 1. The initial beat-signal is obtained by
the superposition of two continuous wave 1.55-um external cavity laser diodes (ECL)
frequency separated by the repetition rate of the source under test. A phase modulator, driven
around 130 MHz, is used to suppress the stimulated Brillouin scattering (SBS) effect
occurring in the compression fiber. The resulting beat-signal is then amplified to the required
average power [22] thanks to an Erbium doped fiber amplifier (EDFA) before injecting into
the compression fiber. Note that the whole beat-signal generation stage is polarization
maintaining in order to maximize the four wave mixing process in the compression fiber. At
the fiber output, the generated pulse train is characterized in both intensity and phase by



means of a Frequency-Resolved Optical Gating (FROG) set-up and an optical spectrum
analyzer (OSA) [25]-[26].
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Figure 1 Experimental setup: PM: polarization maintaining

1.5 to 2-THz pulse source:

1.5-THZ results:

The initial 1.5-THz beating was first generated though the superposition of the two ECLs at
1549.6 nm and 1561.5 nm. The beat-signal was then amplified with an average power of
3.3 W before injection into a short segment of 29 m of highly nonlinear fiber (HNLF). At
1550 nm, the HNLF fiber has the following parameters measured by the modulation
instability technique described in ref. [27]. Chromatic dispersion was D = 0.8 ps/nm.km. In
order to avoid any asymmetry in the pulse intensity profile, a small dispersion slope fiber was
chosen: S = 0.008 ps/nm?km. Finally the nonlinear Kerr coefficient was measured to
y=9.5 W' km™ and fiber losses o = 0.7 dB/km. Note that the end of the HNLF was directly
connected to the FROG setup in order to avoid any pulse distortion due to propagation in
single mode fiber pigtail.

The experimental results of the 1.5-THz pulse source are illustrated in Figs. 2. Figure
2a presents the FROG characterization; the inset shows the experimental FROG trace. The
intensity profile shows very well separated pulses with a full width at half maximum
(FWHM) of only 115 fs for a peak power of 15 W. The pulse shape is quasi Gaussian,
without notable pedestal. Note that the phase is almost constant along the pulses, which
indicates that they are nearly transform-limited. To compare the experimental results with
numerical simulations, we numerically resolved the nonlinear Schrédinger equation including
the measured experimental fiber parameters and higher-order effects such as third-order
dispersion, self-steepening and Raman scattering [28]. The results are plotted in circles. The
experimental and numerical results are in good agreement, indicating an easy and reliable
design of our source. We can notice a m phase shift between two consecutive pulses which
originates from the initial beating and which is conserved during the whole compression stage
in good agreement with numerical results. Figure 1b shows the corresponding experimental
spectrum of the 1.5-THz pulse train. We observe a broad frequency comb, resulting from the
multiple four wave mixing process taking place into the HNLF as well as spontaneous
modulation instability provided by each frequency component of the spectrum [7], [20].
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Figure 2 FROG results for the 1.5-THz pulse train: (a) Retrieved intensity profile (solid line),
retrieved phase (dashed line), simulation results (circles), inset shows the experimental FROG
trace; (b) Measured optical spectrum.

1.7-THZ and 2-THz results:

At 1.7 THz the optimum compression was achieved in only 16 m of HNLF fiber and for an
input average power of 5.5 W. Figure 3a illustrates the experimental results and presents the
same features as those of Fig. 2. The retrieved intensity profile (solid line) shows well-
separated pulses with a FWHM of about 110 fs in good agreement with numerical simulations
(circles). Figure 3b shows the result obtained for the 2-THz pulse source in the same segment
of fiber and for an average power of 5.3 W. As in the previous result, the pulses (solid-line)
are clearly well separated with a FWHM of 110 fs and fit well the numerical results (circles).

Finally, the phase (dashed-line) is quite flat along the pulses, indicating that they are nearly
transform-limited.
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Figure 3 (a) FROG results for the 1.7-THz pulse train: Retrieved intensity profile (solid line),

retrieved phase (dashed line), simulation results (circles), inset shows the experimental FROG
trace; (b) same for the 2-THz pulse train.

Twofold multiplication of the repetition rate:

In this section, we present the generation of a record 3.4-THz repetition rate pulse source by
means of a twofold multiplication of the bit rate through self-imaging Talbot effect [29]. In
the temporal Talbot effect the spectral components of a pulse train that is incident upon a
linearly dispersive element acquire phase delays that can cause either a regeneration of the



original pulse train (integral self-imaging Talbot effect) or the generation of a pulse train at a
multiple of the original repetition rate (fractional Talbot effect) [30]-[32].

In order to double the initial beat rate of our 1.7-THz pulse source, we added in the
experimental setup only 1.4 m of single mode fiber (SMF, D = 17 ps/nm/km, S = 0.055
ps/nm?*/km) following the HNLF compression fiber. The average power was reduced before
injection into the SMF fiber in order to avoid any high-order soliton compression and insure
propagation in quasi pure dispersive regime. Figure 4 shows the experimental results.
Compare to Fig. 3a, the experimental results show a clear doubling of the repetition rate. The
pulses are clearly separated with a FWHM of 110 fs. A pretty well contrast is obtained but an
asymmetry could be observed. This asymmetry is due to third order dispersion in the SMF
fiber as well as the initial asymmetry already present in the 1.7-THz pulse train, in good
agreement with numerical predictions (circles).
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Figure 4 FROG results for the Talbot based 3.4 THz pulse source: (a) Retrieved intensity profile
(solid line), retrieved phase (dashed line), simulation results (circles), inset shows the
experimental FROG trace; (b) Optical spectrum, experimentally measured (solid line) and
calculated from the retrieved intensity and phase (circles).

Real-time monitoring of a 20 GHz pulse source:

A phase-locked pulse source was realized at 20 GHz in order to perform a real time
observation of the pulse train emerging from the compressor and to monitor the nonlinear
dynamics as a function of the incident average power. To this aim, the initial beat signal was
phase-locked against a reference RF oscillator (see Fig. 5a). In addition to the frequency
actuators of laser 2, an external phase modulator (dM1 in Fig. 5a) was used to improve the
phase lock loop bandwidth to about 1 MHz. Fig. 5-b shows the transfer function of the phase
lock loop. Not shown is the Smith predictor circuit [33] that compensates for the observed

dead time in the operational amplifiers. The phase noise power spectrum density S;;SB (f) of

the phase lock loop error signal can be integrated from 1 Hz to 1 MHz to give an integrated
phase noise of 8x10~ radian.

The resulting beat note was then amplified to 130 mW before injection into a length
L=7910 m of SMF (D = 17 ps/nm/km, S = 0.055 ps/nm*’/km, y = 1.3 W'.km™, losses o =
0.22 dB/km). Fig. 6 shows the signal of a 50-GHz photodiode monitoring the 20-GHz pulse
train generated in the compressor. In order to eliminate any residual timing jitter, the 50-GHz
sampling oscilloscope (see Fig. 5a) was triggered using a low-power (<ImW) signal



transmitted through a second fiber of identical length L. As the oscilloscope cannot be
triggered at 20 GHz, a latch circuit is used to convert the 20 GHz signal to a frequency of
303 MHz. The pulse shapes are in excellent quantitative agreement with numerical
predictions (Fig. 6a, circles) which take into account the time response of the photodetection
system. The pulses are well-separated without noticeable pedestal, and the FWHM is found to
be 11 ps. The eye-diagram, represented in Fig. 6b, is clear open and does not exhibit large
timing jitter, thus underlining the efficiency of the phase lock loop to stabilize the absolute
value of the beat note frequency.

dummy” fiber ®_clk Q_*tn‘g
sampling
7910 m @ oscillo-
compression fiber scope
electronic 20GHz é
feedback reference ‘ spectrum analyzer |
b) 150
160 Hz 1kHz Phase lock loop gain
8100 = 100
1f » M1 electrooptic T
phase modulator o 50
3
i s 0
a5 || 1 TKHE 0KHz slave laser g
150Hz . piezo control -50
e U c)
0.1 |» thermal control ~ -100 .
70mHz 100 102 1 04 1 Os 108
Frequency [Hz]
Figure 5 (a) Set-up for real-time monitoring of the 20-GHz fibre compressor output (b) Transfer
function of the feedback electronics (c) Total gain of the phase lock loop.
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Figure 6 (a) Intensity profile measured with a 50GHz optical sampling oscilloscope (solid line)
compared with numerical simulations (circles). (b) Eye-diagram of the 20 GHz-pulse train.

The phase of the pulses obtained at the output of the fiber compressor, with respect to the
initial beat note, was characterized using a HF mixer and the spectrum analyzer shown in Fig.
5-a, to check for a possible noise added by the nonlinear compression. Using the measured

SSB
S(ﬂ

power spectrum density (PSD) of the incoming beat note single sideband phase noise

one can calculate the noise expected on the phase difference:



-2 SSB
Squ(in/out) =4sin (7ﬂ/0) qu

(eq.1)

(green curve in Fig. 7). It qualitatively agrees with the measured PSD (blue curve in Fig. 7).
In particular it shows marked zeroes at the frequencies which are integer multiples of the
inverse of the propagation time in the fiber spool. The agreement fails at frequencies lower
than 1 kHz due to environmental contributions to the optical length: drifts of the ambient
temperature give the dominant contribution to the phase noise at frequencies lower than 10
Hz, while between 10 Hz and 1 kHz acoustic perturbations dominate. Indeed the phase
comparison of the signals obtained at the output of the two fiber spools (red curve in Fig 7)
shows no evidence of a noise that can be attributed to non-linear effects in the compression
fiber or the EDFA, at the level of 2x10° radian/VHz above 10 kHz.
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Figure 7 Characterization of the phase noise power spectrum density of the output 20 GHz pulse
source. Blue: noise recorded on the phase difference between the input of the EDFA and the
output of the compressor. Green: calculated spectrum using eq. 1 and the residual phase noise of
the phase lock loop. Red: noise on the phase difference recorded between the output of the
compressor and the output of the dummy 7910-m long fiber.

Finally, we have represented in Figs 8b, d and f the experimental intensity profiles
of the pulses emerging from the compression fiber for different input powers. These
curves, recorded by means of the 50-GHz sampling oscilloscope, are compared with the
intensity profiles obtained from numerical simulations and shown in Figs 8a, ¢ and e. At

low power (Fig. 8b), the initial beat signal only

undergoes a weak compression and the

intensity profile of the pulses is nearly Gaussian. At stronger power, the peak of the
pulses becomes nearly flat (Fig. 8d) and finally, at very high power, a dip occurs in the
peak, leading to the generation of multipeak pulses, as can be seen in Fig. 8e. These
results are in very good agreement with numerical simulations.
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Figure 8. Intensity profile measured with a 50 GHz optical sampling oscilloscope (bottom)
compared with numerical simulations (top). (a) and (b) : 40mW, (c) and (d) : 250 mW, (e) and (f) :
300 mw.

Conclusion:

In this work, we have reported recent progress on the design of all-fibered ultra-high
repetition-rate pulse sources around 1550 nm. Based on the nonlinear compression of an
initial beating in optical fibers through a multiple four-wave mixing process, we have
experimentally demonstrated that versatile high quality pulse sources having repetition rates
ranging from 20 GHz to 2 THz could be achieved. Thanks to an efficient control of the
repetition rate though the phase-locked of the initial beating against a RF reference we
succeed, for the first time of our knowledge, to monitor the nonlinear dynamics of the
multiple four wave mixing process occurring into the compression fiber. Finally, by means of
the well-known self imaging Talbot effect, we achieved to generate a 3.4-THz record
repetition rate pulse train with 110 fs full width at half maximum.
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