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Abstract: Tunable all-optical wavelength conversion (AOWC) of a 40-Gb/s RZ-OOK data
signal based on cascaded second-harmonic generation (SHG) and difference-frequency
generation (DFG) in a Ti:PPLN waveguide is demonstrated. Error-free performances with
negligible power penalty are achieved for the wavelength-converted signal at 1535, 1538,
1541, 1551, 1554, and 1557 nm, respectively.

Index Terms: All-optical wavelength conversion (AOWC), periodically poled lithium niobate
(PPLN), second-harmonic generation (SHG), difference-frequency generation (DFG).

1. Introduction
Tunable all-optical wavelength conversion (AOWC) will be a key function in future wavelength-
division multiplexing (WDM) networks, which can effectively utilize wavelength sources in photonic
networks [1]. Various mechanisms have been used for AOWC such as four-wave mixing (FWM),
cross-phase modulation (XPM), and second-order nonlinear interaction [2]–[12]. Periodically poled
LiNbO3 (PPLN) waveguides efficiently exploit second-order nonlinear effects by quasi-phase
matching (QPM) for wavelength conversion; they offer ultrafast response, negligible quantum-
limited amplified spontaneous emission (ASE) noise, wide conversion range, and potential of high
conversion efficiency [5]–[14]. Based on cascaded sum-frequency generation and difference-
frequency generation (cSFG/DFG) in a PPLN waveguide, tunable AOWC using two continuous-
wave (cw) pumps could be achieved by changing the wavelength of one of these lasers [5]–[7].
By conventional cascaded second-harmonic generation and difference-frequency generation
(cSHG/DFG) with a strong cw pump, the wavelength of the converted signal cannot be flexibly
tuned [8], [9].

In this paper, we experimentally demonstrate and numerically model tunable AOWC for a 40-Gb/s
return-to-zero on–off keying (RZ-OOK) signal by cSHG/DFG in a Ti:PPLN waveguide using a single
tunable cw control wave only. The RZ-OOK signal is set to the QPM wavelength for SHG and is
sufficiently amplified to generate wavelength-converted data at half the original wavelength with high
efficiency. Via DFG with the control wave, a wavelength-shifted signal (idler) in the C-band is
simultaneously generated. The wavelength of the converted signal has been tuned from 1535 to
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1557 nm with error-free performance. This principle of wavelength conversion has been proposed
and theoretically analyzed in [10] and was experimentally demonstrated using a ring laser
configuration to provide the tunable cw control wave in [11].

2. Operation Principle and Modeling Results
Fig. 1 illustrates the concept of the tunable AOWC based on cSHG/DFG. The input data signal is
set within the QPM wavelength range; it acts as fundamental wave ð�FÞ and generates via quasi-
phase-matched SHG a converted data signal at �0:77 �m ð�SHÞ. This process is numerically
modeled using a versatile computer code described in [15]; all parameters are taken from the
experiment (see below) despite the waveguide length. An effective (interaction) length of 60 mm is
chosen instead of the actual sample length. In this way, the nonlinear interactions are simulated
well, but the GVD-induced effects are underestimated. The evolution of both, data (fundamental)
and SH pulses, can be observed as calculated pulse energy versus position in a waveguide of 60-mm
effective interaction length in Fig. 2(a). Gaussian input pulses of 5-ps full-width at half-maximum
(FWHM) have been assumed. Simultaneously with the SHG process, a wavelength-shifted idler (�i;
converted data pulses) in the C-band is generated by DFG between the SHwave ð�SHÞ and a tunable
cw control wave ð�CWÞ and amplified by optical parametric amplification (OPA) within the PPLN
waveguide. The growth of the energy of the converted data pulses is shown in Fig. 2(a), which is
calculated by integrating pulse power as a function of time [15]. Fig. 2(a) shows that an input pulse
energy of 19 pJ in combination with the cw control wave of 0.5 pJ within a bit period, as used in the
experiments, is sufficient to get a wavelength-converted data pulse of 2.5 pJ, which is enough to
achieve error-free performance for the converted signal.

The efficiency of the processes exploited and the influence of group velocity dispersion (GVD)
can be observed in Fig. 2(b), showing calculated data, frequency-doubled and wavelength-
converted pulses at the output of the waveguide. GVD results in different arrival times leading to

Fig. 1. Operation principle of the tunable AOWC based on cascaded SHG/DFG in a Ti:PPLN
waveguide.

Fig. 2. (a) Evolution of data, SH, and converted data pulses versus position in the Ti:PPLN waveguide.
(b) Simulated pulse shape of data, SH, and converted data pulses at the output of the integrated
wavelength converter.
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distortion and broadening of the converted data pulses in particular. The broadened (1/e) width of
�10 ps will limit the operation speed to �50 Gb/s. By changing the wavelength of the control wave,
the idler wavelength (converted data) can be easily adjusted within a broad range of the C-band as
demonstrated experimentally by tuning from 1535 to 1557 nm. Note that the phase of the data
signal is doubled during the SHG process; therefore, this AOWC scheme is not transparent to the
phase of the data signal.

3. Experimental Setup
Fig. 3 shows the experimental setup of the tunable AOWC for a 40-Gb/s RZ-OOK signal. The 40-Gb/s
RZ-OOK transmitter consists of an external-cavity laser (ECL), an electroabsorption modulator
(EAM)-based pulse carver, and a Mach–Zehnder modulator (MZM). The ECL emits a cw at
1546.1 nm, which is carved into pulses in the EAM with a repetition rate of 40 GHz and an FWHM of
5 ps. This pulse train is on–off keying (OOK) modulated to a 40-Gb/s RZ-OOK signal by the MZM
driven by a 40-Gb/s PRBS signal from a bit pattern generator (BPG). The 40-Gb/s RZ-OOK signal is
amplified by an EDFA, filtered by a 3-nm optical bandpass filter (OBF), passes a 3-dB fiber optical
coupler (OC), and is finally launched into the Ti:PPLN waveguide by fiber butt coupling. The cw
control wave, generated by a tunable ECL, is amplified, filtered, and launched into the waveguide
through the second port of the 3-dB OC. The launched (average) power of the data signal and the
cw control wave is 25.8 and 13.2 dBm, respectively. The polarizations of both, data signal and
control wave, are aligned to TM mode and parallel to the optical c-axis of the Ti:PPLN waveguide by
polarization controllers (PCs). The 80-mm-long Ti-diffused PPLN waveguide of 16.3-�m periodicity
has a width of 7 �m; it is operated at a temperature of 179.3 �C to avoid photorefractive effects as far
as possible. The waveguide propagation losses (for TM-polarization) at the wavelength of 1550 nm
are about 0.1 dB/cm. The total fiber-to-fiber loss is about 6.5 dB including �1-dB propagation loss
and �5.5-dB coupling loss. At the output of the PPLN waveguide, two tunable 3-nm filters and an
EDFA in between are used to filter out the converted 40-Gb/s RZ-OOK signal. The converted signal
(idler) is detected by a 40-Gb/s OOK receiver, which consists of an optical preamplifier, a
photodetector (PD), and an error analyzer. Alternatively, the full output spectrum can be measured
by an optical spectrum analyzer (OSA).

4. Experimental Results
The optical spectra at the output of the PPLN waveguide with converted wavelengths of 1535 and
1557 nm are shown in Fig. 4(a) and (b). By changing the wavelength of the cw control wave, the
converted wavelength has been tuned to 1535, 1538, 1541, 1551, 1554, and 1557 nm, respectively,
keeping the wavelength of the input data constant. For an effective nonlinear interaction length of
60 mm in the 80-mm-long Ti:PPLN waveguide used, the SHG acceptance bandwidth is 0.17 nm
assuming a cw input signal. It is therefore smaller than the bandwidth of the input (data) pulses,
and a certain filtering will be the result, which can also be seen in Fig. 4. The influence of an
acceptance bandwidth smaller than the bandwidth of the input data pulses is analyzed with more
details in [14]. Our numerical results [see Fig. 2(a) and (b)] also include these distorting effects,
which are more prominent for the converted data pulses. The conversion efficiency defined by the
pulse energy of the converted data at the waveguide output with respect to the pulse energy of

Fig. 3. Experimental setup for tunable AOWC of a 40-Gb/s RZ-OOK signal.
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the input data is approximately �9 dB [see Fig. 2(a)], which can also be estimated as ratio of the
integrated powers of converted to fundamental waves as shown in the spectra (see Fig. 4).

With subsequent filtering, bit error rates (BERs) of the converted signals have been measured as
a function of the received power in the 40-Gb/s OOK receiver, as shown in Fig. 5(a). BER curves
are plotted for the 40-Gb/s RZ-OOK back-to-back (B2B) and for the converted 40-Gb/s RZ-OOK
signals at 1535, 1538, 1541, 1551, 1554, and 1557 nm, respectively. All the converted signals show
error-free performances ðBER ¼ 10�9Þ and cause negligible power penalty compared with the
back-to-back case. The slightly different slopes of the BER curves are due to the different
sensitivities of the receiver at different wavelengths. The 40-Gb/s eye diagrams of the converted
signals at 1535 and 1557 nm are shown in Fig. 5(b) and (c), respectively. The clear eye opening
also indicates a good performance of the tunable AOWC despite the pulse distortions observed by
numerical modeling.

5. Conclusion
We have demonstrated tunable AOWC for a 40-Gb/s RZ-OOK signal based on cascaded SHG/
DFG in a Ti:PPLN waveguide using a single cw control laser. Error-free operation with negligible
power penalty has been achieved for the converted signal at 1535, 1538, 1541, 1551, 1554, and
1557 nm wavelength, respectively.
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Fig. 5. (a) Results of BER measurements for the back-to-back 40-Gb/s RZ-OOK signal at 1546 nm and
the converted 40-Gb/s RZ-OOK signal at 1535, 1538, 1541, 1551, 1554, and 1557 nm, respectively.
Eye diagrams of the converted signals at 1535 nm (b) and 1557 nm (c).

Fig. 4. Optical spectra at the output of the Ti:PPLN waveguide with different converted wavelengths.
(a) 1535 nm; (b) 1557 nm.

IEEE Photonics Journal Tunable All-Optical Wavelength Conversion

Vol. 4, No. 5, October 2012 Page 1399



References
[1] T. Durhuus, B. Mikkelsen, C. Joergensen, S. Lykke Danielsen, and K. E. Stubkjaer, BAll-optical wavelength conversion

by semiconductor optical amplifiers,[ J. Lightw. Technol., vol. 14, no. 6, pp. 942–954, Jun. 1996.
[2] H. Hu, E. Palushani, M. Galili, H. C. H. Mulvad, A. Clausen, L. K. Oxenlwe, and P. Jeppesen, B640 Gb/s and 1.28 Tb/s

polarisation insensitive all optical wavelength conversion,[ Opt. Exp., vol. 18, no. 10, pp. 9961–9966, May 2010.
[3] H. Hu, H. Ji, M. Galili, M. Pu, C. Peucheret, H. C. H. Mulvad, K. Yvind, J. M. Hvam, P. Jeppesen, and L. K. Oxenlwe,

BUltra-high-speed wavelength conversion in a silicon photonic chip,[ Opt. Exp., vol. 19, no. 21, pp. 19 886–19 894,
Oct. 2011.

[4] Y. Liu, E. Tangdiongga, Z. Li, H. de Waardt, A. Koonen, G. Khoe, X. Shu, I. Bennion, and H. J. S. Dorren, BError-free
320-Gb/s all-optical wavelength conversion using a single semiconductor optical amplifier,[ J. Lightw. Technol., vol. 25,
no. 1, pp. 103–108, Jan. 2007.

[5] J. H. Min, J. H. Lee, Y. L. Lee, W. Grundkötter, V. Quiring, and W. Sohler, BTunable all-optical wavelength conversion of
5-ps pulses by cascaded sum- and difference frequency generation (cSFG/DFG) in a Ti:PPNL waveguide,[ presented
at the Proc. OFC, Atlanta, GA, Mar. 20032767768.

[6] H. Furukawa, A. Nirmalathas, N. Wada, S. Shinada, H. Tsuboya, and T. Miyazaki, BTunable all-optical wavelength
conversion of 160-Gb/s RZ optical signals by cascaded SFG–DFG generation in PPLN waveguide,[ IEEE Photon.
Technol. Lett., vol. 19, no. 6, pp. 384–386, Mar. 15, 2007.

[7] J. Wang, J. Sun, J. R. Kurz, and M. M. Fejer, BTunable wavelength conversion of ps-pulses exploiting cascaded sum-
and difference frequency generation in a PPLN-fiber ring laser,[ IEEE Photon. Technol. Lett., vol. 18, no. 20, pp. 2093–
2095, Oct. 2006.

[8] H. Hu, R. Nouroozi, R. Ludwig, B. Huettl, C. Schmidt-Langhorst, H. Suche, W. Sohler, and C. Schubert, BPolarization
insensitive all-optical wavelength conversion of 320 Gb/s RZ-DQPSK signals using a Ti:PPLN waveguide,[ Appl. Phys.
B, Lasers Opt., vol. 101, no. 4, pp. 875–882, Dec. 2010.

[9] H. Hu, R. Nouroozi, R. Ludwig, B. Huettl, C. Schmidt-Langhorst, H. Suche, W. Sohler, and C. Schubert, BSimultaneous
polarization-insensitive wavelength conversion of 80-Gb/s RZ-DQPSK signal and 40-Gb/s RZ-OOK signal in a Ti:PPLN
waveguide,[ J. Lightw. Technol., vol. 29, no. 8, pp. 1092–1097, Apr. 2011.

[10] J. Wang, J. Sun, X. Zhang, and D. Huang, BAll-optical tunable wavelength conversion with extinction ratio enhancement
using periodically poled lithium niobate waveguides,[ J. Lightw. Technol., vol. 26, no. 17, pp. 3137–3148, Sep. 2008.

[11] J. Sun, X. Yuan, and D. Liu, BTunable wavelength conversion between picosecond pulses using cascaded second-
order nonlinearity inLiNbO3 waveguides,[ Appl. Phys. B, Lasers Opt., vol. 80, no. 6, pp. 681–685, Mar. 2005.

[12] J. Wang, J. Sun, J. Li, and Y. Guo, BSingle-to-dual channel wavelength conversion of picosecond pulses using PPLN-
based double-ring fibre laser,[ Electron. Lett., vol. 42, no. 4, pp. 236–238, Feb. 2006.

[13] A. Bogoni, X. Wu, I. Fazal, and A. Willner, B160 Gb/s time-domain channel extraction/insertion and all-optical logic
operations exploiting a single PPLN waveguide,[ J. Lightw. Technol., vol. 27, no. 11, pp. 4221–4227, Oct. 2009.

[14] K. Jo Lee, S. Liu, K. Gallo, P. Petropoulos, and D. J. Richardson, BAnalysis of acceptable spectral windows of quadratic
cascaded nonlinear processes in a periodically poled lithium niobate waveguide,[ Opt. Exp., vol. 19, no. 9, pp. 8327–
8335, Apr. 2011.

[15] W. Grundkoetter, BDynamik nichtlinearer Wechselwirkungen zweiter Ordnung in integriert optischen Wellenleitern,[
Ph.D. dissertation, Univ. Paderborn, Paderborn, Germany, 2006.

IEEE Photonics Journal Tunable All-Optical Wavelength Conversion

Vol. 4, No. 5, October 2012 Page 1400


