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Abstract

We analyze experimentally the sensitivity of second-harmonic generation frequency-resolved op-
tical gating (SHG-FROG) for the complete intensity and phase characterization of both a sinusoidal
beat signal and a train of 1.3 ps pulses at a repetition rate of 160 GHz at 1550 nm. Using a commer-
cially-available optical spectrum analyzer in the SHG-FROG set-up, incident pulses with energies of
only 125 and 190 fJ, which correspond to the beat signal and the 1.3 ps pulse train, respectively, have
been accurately characterized.

0 2003 Elsevier Inc. All rights reserved.

1. Introduction

In ultrafast telecommunication systems using optical time-division multiplexing, pico-
second and subpicosecond optical pulses will be transmitted through optical fibers at
repetition rates of several hundreds of Gbifl]. However, chromatic dispersion and Kerr
effects may cause severe distortions in the shape and chirp of the transmitted ultrashort
pulses. Thus, the ability to measure the fundamental parameters of optical pulses as well
as pulse distortions after propagation in a high-speed transmission line is of major impor-
tance for the optimization of input laser sources and the design of high-speed transmission
lines.
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In this context, the ultrashort pulse measurement technique of frequency resolved op-
tical gating (FROG) is now a well-established method to retrieve intensity and phase of
ultrashort pulses [2] and has been successfully applied in the third telecommunication win-
dow around 1550 nm, to characterize isolated single pulses from sources having repetition
rates ranging from 4.2 MHz to 40 GHz [3-7]. In addition, FROG has been extended to al-
low the characterization gferiodic pulse trains at ultrahigh repetition rates ranging from
several hundreds of GHz to a few THz, although this work has, to date, been restricted
to pulse trains in the visible with peak powers in the 100 W range [8]. Moreover, it has
recently been shown that FROG inversion algorithms can accurately retrieve relatively
elaborated optical fields such as that of a pseudo-random sequence of chirped pulses [9].
The FROG technique appears therefore as an essential tool for analysis of ultrahigh bit
rates generation and transmission in modern telecommunication experiments.

However, to the best of our knowledge, FROG has not yet been applied to the charac-
terization of pulse trains with ultrahigh repetition ratesdQ0 GHz) at telecommunication
wavelengths. In this paper, we report the experimental characterization of 160 GHz pulse
trains around 1550 nm with a FROG system based on second-harmonic generation (SHG)
in a BBO crystal and a commercial optical spectrum analyzer. In particular, we study ex-
perimentally the sensitivity of SHG-FROG for the characterization of both a beat signal
and a 1.3 ps pulse train. An important feature of our results when compared with single
pulse characterization [3—7] is that the accurate characterization of ultrashort pulse trains
allows the recovery of the phase jump between adjacent pulses.

2. SHG-FROG setup

Figure 1a shows the SHG-FROG setup based on the spectral analysis of the SHG auto-
correlation signal using an optical spectrum analyzer (OSA, Anritsu MS9710B). The two
time-delayed replicas of the input signal were focused (in a background-free geometry) in
a 2 mm-thick BBO crystal by a 5 cm focusing lens. The bandwidth of the phase-matching
efficiency for the crystal was estimated to be larger than 100 nm. A variable time delay
between the two replicas was tuned by means of a step-motor controlled translation stage.
A polarization controller was used to minimize the insertion loss of the polarizer placed at
the autocorrelator input and to optimize the SHG signal. The FROG trace was conveniently
built up by adjusting the autocorrelator to a particular delay, and then by scanning the OSA
wavelength with a spectral resolution of 0.07 nm. The measured spectra were then inter-
polated onto a 25& 256 grid, and used as input to the algorithm for the retrieval of the
periodic pulse-train characteristics [8].

At this point, we discuss several features related to the definition of the sensitivity of an
SHG-FROG setup. First let us recall that the sensitivity of an autocorrelator can be defined
as the product of the peak and average powers of the incident pulse which is characterized
(Paveragex Ppeay. For an autocorrelator, this measure of sensitivity is widely-used because
it is directly proportional to the integrated average power of the second harmonic autocor-
relation signal at zero delay. However, in the case of an SHG-FROG setup, this measure is
inappropriate because the SHG signal is spectrally resolved. As a result, a correct definition
of the sensitivity of an SHG-FROG signal is significantly more complicated, as it must take
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Fig. 1. Experimental setup: (a) SHG-FROG system, (b) pulse train generation at 160 GHz.

into account the different types of incident field and the particular type of spectral analysis
which is being carried out, either using a fixed grating and CCD array, or a rotating grating
and a fixed detector, but this is outside the scope of this paper.

3. Experimental results
3.1. 160-GHz sinusoidal beat signal

The first experiment that we carried out is the characterization of a sinusoidal beat signal
at 160 GHz, with well-known intensity and phase, obtained from the superposition of two
continuous waves centred around 1550 nm. Both waves were delivered by tunable external
cavity lasers (ECL's) subsequently amplified by an Erbium amplifier, as shown in Fig. 1b.
The two wave powers were set to the same value and the polarization states were aligned
parallel. Figures 2a and 2b show the measured and the retrieved FROG traces of this beat
signal, respectively. The total average power was fixed to 13 dB m at the input of the au-
tocorrelator, which corresponds to a pulse (cycle) energy of 125 fJ. The retrieved intensity
and phase, shown in Fig. 2c, exhibit the expected characteristics of a 100% modulated
sinusoidal beat signal. The retrieval error was found tasbe 0.011. As can be seen in
Figs. 2d and 2e, respectively, the excellent agreement between the experimental spectrum
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Fig. 2. Results for sinusoidal beat signal: (a) experimental SHG-FROG trace, (b) retrieved SHG-FROG trace,
(c) retrieved intensity (left axis) and phase (right axis), (d) autocorrelation functions, (e) spectra calculated from
the retrieved intensity and phasg,(and measured (-).

and autocorrelation function of the beat signal directly measured (solid line), and those
calculated from the retrieved field (circles), confirms the reliability of our characterization
system.

3.2. 160-GHztrain of 1.3-ps pulses

Another series of experiments was carried out in order to characterize a 160-GHz
train of 1.3-ps pulses. This pulse train was generated using multiple four-wave mixing
temporal compression of a beat signal in the anomalous-dispersion regime [10,11] of a
1-km-long non-zero dispersion-shifted fiber (NZ-DSF). The beat-signal average power
was set to 27.2 dB m. Stimulated Brillouin scattering in the NZ-DSF was suppressed by
externally modulating the two ECLs with a phase modulator (see Fig. 1b). The NZ-DSF
has 0.21 dBkm loss, an anomalous dispersion of ¥mps/km, a nonlinear coefficient of
1.7 W-1km1, and a third-order dispersion of 0.07/psn?/km. Figure 3 shows the re-
sults obtained when the average power of the compressed pulse train was fixed to 23 dBm
at the input of the FROG setup. The retrieval error Was 0.0019. Let us remark that the
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Fig. 3. As in Fig. 2 but for compressed pulse train.

intensity and phase profiles show compressed pulses without pedestal or chirp. Figure 3c
(crosses) shows the retrieved intensity and phase obtained when the average power mea-
sured at the input of the FROG setup was decreased to 14.8 dB m, corresponding to a pulse
energy of 190 fJ, and a peak power of 140 mW. The comparison between the 14.8 dBm
(crosses) and the 23 dBm (solid line) results clearly shows that the shape and phase of
the compressed pulses remain correctly retrieved at the lower power as confirmed by the
corresponding small retrieval errGr= 0.007.

4, Conclusion

In conclusion, we have shown that the SHG-FROG technique, employing commercially
available BBO crystal and OSA, can accurately characterize 1550 nm-pulse trains at a rep-
etition rate of 160 GHz with pulse energy (average power) less than 200 fJ (15 dB m). Our
results represent the first experimental demonstration of the ability of SHG-FROG to char-
acterize telecommunication laser sources operating at ultrahigh repetitionrd®&Hz)
and low average power.
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