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electrical clock on the lower electrical port to modulate the CW light at A,. The output signals from the OCR are the
40-Gb/s optical data and the recovered 40-GHz RZ optical clock at separated wavelengths, which are then fed into a
subsequent fiber XPM wavelength converter. The wavelength converter is implemented by using XPM in 500-m
long dispersion shifted fiber (DSF). 400-mW power level of the input signals is required by the wavelength
converter to obtain enough nonlinearity in the DSF fibers. Details of the wavelength converter have been previously
reported in [6, 8]. The wavelength converter essentially uses the data as a gate on the recovered clock pulses and
finally regenerated 40-Gb/s data at wavelength A, is obtained.

Phase relationship between the optical data and recovered RZ optical clock output from the OCR for subsequent
wavelength conversion is critical to 3R performance. In our previous work [5], we have achieved the injection
locked oscillation condition for phase is:

¢+, T=0+2Nr @
where ¢ is the initial phase, ¢, is the resulted phase due to injection locking (i.e., the phase of the recovered
electrical and optical clock), w,, is the angular frequency of the injected signal and N is an integer. The injection
frequency w,, can be re-written in the form of w;, = w,,, + Aw, where w,, is the free-running frequency of the
OCR and Aw s the offset of w,, to w,,. . Because w,, satisfies the relation of w,,. 7 =2Nm, Eqn. (1) can be
rewritten as

¢ —¢ =Awr @
From Eqn. (2), it is obvious that the recovered optical clock has the same phase as that of the injected signal when
the injection frequency is same as the free-running frequency, i.e. Aw=0. As shown in Fig.2 (a), we observed the
phase match of the 40-Gb/s optical signal (upper waveform) and recovered optical clock (lower waveform) from the
same output port of the OCR. However, there is a relative phase difference equal to Awr between the injected signal
and recovered optical clock when the injection frequency is different from the free-running frequency, i.e., Aw#0.
It is confirmed in Fig.2 (b) when we intentionally change the OCR’s free-running frequency 20-kHz offset from the

injection frequency but still within the locking range.
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Fig. 2 (a) Matched phase (b) Mismatched phase of the 40-Gb/s optical signal (upper) and recovered 40-GHz optical clock (lower)
from the same output port of OCR

3. Experimental results of 3R wavelength conversion

A 10-GHz gain-switched distributed Bragg reflector (DBR) laser is used to generate pulses at 1552.5 nm (A;) and
modulated with 2*'-1 PRBS pattern by a LiNbO; modulator and then optically multiplexed to 40-Gb/s optical time
division multiplexing (OTDM) signal. The CW light input for generating the recovered optical clock is 3 dBm at
1547.6 nm (A,). A 3-dB coupler is used to combine the 40-Gb/s OTDM signal and the CW light together. And then
the combined signal is amplified by an EDFA to 12 dBm before entering the OCR. The bias voltage of the TW-
EAM is set to 1.06 V considering the output power and modulation efficiency of the TW-EAM. The pulsewidth of
the generated optical clock is 10 ps. A shorter pulsewidth can be obtained by increasing the amplitude of the
recovered electrical clock applied on the TW-EAM. The locking-range of the OCR is 0.SMHz, within which the
relative phase of the optical data and recovered optical clock can be adjusted by the phase shifter to optimize the
operation of the subsequent wavelength converter. A fiber XPM wavelength converter with near cosine transfer
function is used to imprint the data pattern on the recovered optical clock. The converted 40-Gb/s signal from the
wavelength converter is filtered out by a 0.6 nm optical bandpass filter (OBPF).

Fig.3 (a) depicts the optical spectra of output signals from the OCR, the position of optical filter and converted
40-Gb/s signal. Grey line in the Fig.3 (a) shows the output signals from the OCR. CW light at 1547.6 nm is
modulated to generate multi-peaks separated at 0.32 nm and it means 40-GHz recovered optical clock. After fiber
XPM wavelength converter, the optical spectrum of the recovered optical clock is broadened and one of its
sidebands is filtered out as the converted 40-Gb/s signal. The position of the optical filter is shown as the dashed line
in the Fig.3 (a).
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The single sideband (SSB) noise spectra of the input 40-Gb/s OTDM signal, recovered optical clock and
converted 40-Gb/s signal (with EDFA amplification) are obtained by connecting directly to an RF spectrum analyzer
via a 50-GHz bandwidth photodiode, which are shown as light dark line, heavy dark line and grey line in Fig.3 (b),
respectively. Through integrating the noise spectra from offset frequency of 1 kHz to 10 MHz, the root-mean-square
timing jitters for the input signal, recovered clock and converted signal are 871 fs, 425 fs and 537 fs, respectively.
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Fig. 3 (a) Optical spectra of output signals from the OCR, optical filter and wavelength converted signal (b) SSB noise
spectra of input signal, recovered clock, and wavelength converted signal (Resolution bandwidth: 200Hz)

Fig.4 shows the BER curves and the eye diagrams of the 40-Gb/s back-to-back and 3R wavelength converted
signals. The inset waveforms in Fig. 4 show the corresponding eye diagrams. Compared with the back-to-back
results, the average power penalty is 2.7 dB. The power penalties were mainly caused by the relatively low power
level -10 dBm of the OCR’s output signals to the fiber XPM wavelength converter since the TW-EAM introduces
20-dB insertion loss mainly from coupling loss. Reducing the TW-EAM’s loss and using a relative low input power
wavelength converter can improve the 3R performance.
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Fig. 4 BER curves and eye diagrams of the 40-Gb/s OTDM input signal and 3R wavelength converted signal
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4. Summary and Conclusion

A compact 40-Gb/s optical 3R regeneration using a TW-EAM-based OCR is proposed and demonstrated. The
signals from the same output port of the OCR, i.c., the data signal and recovered optical clock, are directly injected
into a wavelength converter for 3R regeneration without any additional timing adjustment or optical pulse generator.
3R wavelength conversion results show 40% timing jitter reduction. Further 3R performance could be improved by
reducing the TW-EAM’s loss. The authors would like to acknowledge funding for this project under KDDI under
grant 442530-59406 and a State of California UC Discovery grant 597095-19929.
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