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Wavelength conversion in a highly nonlinear chalcogenide microstructured fiber

We report on all-optical wavelength conversion of a 56 Gb/s differential quadrature phase shift keying signal and a 42.7 Gb/s on-off keying signal. Wavelength conversion is based on four-wave mixing effect in a 1 m-long highly nonlinear GeAsSe chalcogenide fiber. The high nonlinearity of the fiber allows low power penalty operation with a total average power of less than 60 mW. c

All-optical signal processing, such as amplification, regeneration, time-domain demultiplexing or wavelength conversion, has recently drawn a lot of interests. Among these all-optical functions, wavelength conversion is expected to play a useful role in the future optical network to achieve wavelength flexibility. Wavelength conversion can be performed by semiconductor optical amplifiers, saturable absorbers or other nonlinear materials. The advantage of nonlinear materials with strong Kerr effect is their fast response-time and their passive operation. This make them excellent candidates for high-bit-rate all-optical signal processing in general and wavelength conversion in particular.

Due to their high Kerr nonlinearity, chalcogenide glasses are one of the most favorite choices to fabricate highly-nonlinear components. The nonlinear refractive index of chalcogenide glasses may be greater than that of fused silica several hundred times. Recently, a chalcogenide fiber with a suspended-core structure has been reported [1]. Its core diameter, as small as 1.13 µm, has allowed reaching a nonlinear coefficient up to 46 000 W -1 km -1 . However, this fiber exhibited a multimode behavior.

By utilizing nonlinear components made of chalcogenide glasses, some studies have been carried out to perform all-optical wavelength conversion based on fourwave mixing (FWM). The first demonstration has been proposed by V. G. Ta'eed et al. at 10 Gb/s in a 1 m-long AsSe chalcogenide fiber [2] with a peak power of 2.1 W. L. B. Fu et al. reported a 40 Gb/s wavelength conversion in a tapered chalcogenide fiber with a total average power of 180 mW [3]. Recently, M. D. Pelusi et al. have successfully demonstrated wavelength conversion of a 40 Gb/s differential phase shift keying (DPSK) signal in a AsS chalcogenide waveguide with a total average power of 400 mW [4].

In this letter, we present a 1 m-long chalcogenide fiber with a single-mode behavior. Its Kerr nonlinearity of about 11 000 W -1 km -1 allows error-free FWM-based wavelength conversion with a total average power of less than 60 mW. The fiber is first briefly presented. Experimental results on wavelength conversion of a 42.7 Gb/s on-off keying (OOK) signal and a 56 Gb/s DQPSK signal will be presented.

The fiber is fabricated according to the casting method described in Ref. [5]. The glass composition is Ge 10 As 22 Se 68 . To fabricate the fiber, a microstructured preform is prepared with a structure of three rings of holes around a solid core. The GeAsSe chalcogenide microstructured fiber is then drawn from the preform by applying differential pressures in the holes. The nonlinear refractive index n 2 of the GeAsSe glass is estimated between 400 times and 500 times greater than that of fused silica. In order to reach a high nonlinear coefficient γ, the fiber has been drawn with a core diameter as small as possible. However, small-core fibers are difficult to couple with conventional fibers. For this reason, our fiber is drawn with different core diameters as shown in Fig. 1. The input and output ends of the fiber are drawn with a core diameter φ CA of 4.75 µm, while the main part of the fiber is drawn with a core diameter φ CF of 2.2 µm. Thanks to this tapering process during the drawing, the fiber offers the advantage of a highly-nonlinear part (the waist) and mode-adaptation parts at two ends to facilitate the coupling. The length L F of the nonlinear part of the fiber is 1 m. The length L A of the mode-adaptation parts is 10 cm, and the length L T F of the tapers is around 3 cm. The total length of the fiber is 1.26 m.
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The coupling in the microstructured fiber is realized by using a Gradhyp microlensed fiber [6] with a mode field diameter of 4.8 µm, very close to the input and output core diameters of the fiber. This allows us to limit the coupling loss. The ratio between the power at the output of the microlensed fiber and the power at the output of the chalcogenide fiber is 6.6 dB at 1550 nm. This value includes the loss due to Fresnel reflections (1 dB per facet for this glass) and the attenuation of the fiber which is 2.5 dB/m in our case. The additional losses of 1.4 dB are due to coupling loss and taper loss.

Based on self-phase modulation (SPM), the nonlinear coefficient γ and the dispersion D of the fiber have been estimated. A mode-locked laser emitting Gaussian pulses of 8 ps at 1550 nm with a repetition rate of 20 MHz was used for SPM characterization. By comparing the experimental and the simulated spectral broadening, we obtained a nonlinear coefficient γ of 11 000 W -1 km -1 and a group-velocity dispersion D of -500 ps/km/nm [7]. Utilizing the GeAsSe fiber, we implemented the FWMbased wavelength conversion, in which the new wave at a new wavelength is generated from a signal wave and a pump wave. The experimental setup for wavelength conversion of 42.7 Gb/s signal is depicted in Fig. 2. The 42.7 Gb/s return-to-zero (RZ) transmitter generates pulses at 1553 nm with a full-width at half-maximum of 8.3 ps. The 42.7 Gb/s signal is amplified by an erbium doped fiber amplifier (EDFA). The tunable continuous wave (CW) pump is amplified by a second EDFA. After amplifiers, both signal and CW waves pass through polarization controllers (PC) and are combined by a 3-dB coupler. Both waves are filtered by an optical flat-top band-pass filter of 5 nm to reject the amplified spontaneous emission noise of EDFAs. To adjust the power launched into the chalcogenide fiber, a variable attenuator (VA) is used just after the 5 nm filter. The optical power is coupled into and out of the fiber using the microlensed fibers as described previously.

The CW pump wavelength is tuned to set the wavelength of the converted signal. Fig. 3a illustrates an ex-ample of output spectrum for a wavelength detuning ∆λ of 2.6 nm with respect to the data signal. The spectrum clearly exhibits first-order and second-order idler waves. In this case, the total average power at the output of the microlensed fiber is 56 mW with a CW power of 26 mW. By taking into account injection loss around 2.4 dB, we estimate that the total average power launched into the nonlinear part of the GeAsSe fiber is about 32 mW. To assess the FWM conversion efficiency of the firstorder idler wave, we have measured the ratio between the collected peak power of the idler wave at the output of the chalcogenide fiber and the signal power at 42.7 Gb/s injected in the chalcogenide fiber. The FWM conversion efficiency is found to be -27 dB with a pump power launched into the chalcogenide fiber of only 15 mW and a detuning ∆λ of 2.6 nm.

To analyse the converted signal, a 1 nm band-pass filter centered at 1550.4 nm is used after the GeAsSe fiber. The filtered signal is amplified by an EDFA before detection. Performance of the wavelength conversion is assessed by bit-error-rate (BER) measurements versus receiver input power for a 42.7 Gb/s pseudorandom bit sequence (PRBS) length of 2 31 -1 bits. The Fig. 3b shows the evolution of the BER for the back-to-back (B2B) case and for the converted signal. Error free wavelength conversion is achieved. A negligible power penalty of 0.4 dB is found for a BER of 10 -9 . Fig. 3c and3d show the eye-diagrams of the original and converted 42.7 Gb/s signals, respectively. Note in Fig. 3d that the optical signal-to-noise ratio is much lower than in Fig. 3c due to less available power for the 42.7 Gb/s converted signal. The pulse duration of the converted signal is measured to be 5.9 ps. It agrees with the theory that the converted pulses are compressed by a factor of the square root of 2 from the original pulse of duration 8.3 ps. This is due to the fact that the idler signal is proportional, in our case, to the square of the original 42.7 Gb/s signal.

In order to determine the conversion range, we have measured FWM efficiency as a function of the wavelength detuning ∆λ. The results are presented in Figure 4. They have been obtained with two CW pumps with a total power of 15.3 dBm. From this curve, we estimate that the conversion range at 3 dB is about 2.8 nm.

Fig. 4. FWM efficiency versus wavelength detuning

We now consider the 56 Gb/s DQPSK wavelength conversion. The DQPSK signal is generated by a nested Mach-Zehnder modulator with 2 15 -1 bit length PRBS. The experimental setup for 56 Gb/s DQPSK wavelength conversion is the same as for the 42.7 Gb/s OOK signal. The wavelength of the DQPSK signal is centered at 1556.2 nm. The wavelength of the converted signal is changed with the CW pump wavelength tuning. In the experiment, the wavelength of the CW pump is set to 1557.8 nm leading to a detuning ∆λ of 1.6 nm between the signal and the pump. Since the DQPSK spectrum is narrower than the OOK spectrum, we choose a smaller detuning in order to have more FWM efficiency.

An example of optical spectrum at the output of the GeAsSe fiber is shown in Fig. 5a. It exhibits FWM waves shifted by ∆λ on both sides of the initial waves. Contrary to OOK wavelength conversion, DQPSK wavelength conversion should preserve the phase of the signal. The converted signal must then be the one proportional to the input signal, not to the square of the input signal. In our experiment, it corresponds to the wave close to the CW pump, centered at 1559.4 nm. At the output of the GeAsSe fiber, a 1 nm band-pass filter centered at 1559.4 nm is used to extract the converted signal. The total average power at the output of the VA is set to 45 mW, including a CW pump power of 25 mW. The power of the converted signal after the 1 nm filter is measured to be -22 dBm.

The receiver uses a fiber-based delay-line interferometer and balanced detectors for BER analysis. Fig. 5b shows BER measurements of the converted signal as a function of the power on the receiver. The B2B case is also represented for comparison. A power penalty of about 1 dB for a BER of 10 -9 is found. Error-free wavelength conversion of a 56 Gb/s DQPSK signal has therefore been demonstrated with a conversion shift of 3.2 nm (twice the detuning ∆λ) and a total average power of 45 mW. Due to the strong value of the fiber dispersion, the detuning ∆λ is limited to about 3 nm and may not allow to process signals with bit rates higher than 80 Gb/s. To conclude, a new chalcogenide GeAsSe microstructured fiber with a nonlinear coefficient of 11 000 W -1 km -1 and attenuation loss of 2.5 dB/m is presented. We have experimentally demonstrated, for the first time to our best knowledge, a 56 Gb/s DQPSK and a 42.7 Gb/s OOK FWM-based wavelength conversion in a microsctructured chalcogenide fiber. Error-free wavelength conversion has been obtained for both cases with total average powers lower than 60 mW. These results show the capability of chalcogenide microstructured fibers into all-optical signal processing at high-bit-rate.
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 1 Fig. 1. Chalcogenide GeAsSe microstructured fiber.
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 2 Fig. 2. Experimental setup for wavelength conversion.
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 3 Fig. 3. (a) Spectrum at the output of GeAsSe fiber, (b) BER measurement, and eye-diagram of (c) original and (d) converted 42.7 Gb/s signal.
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 5 Fig. 5. (a) Spectrum at the output of GeAsSe fiber, and (b) 56 Gb/s DQPSK BER measurement.
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