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All-Optical 160-Gb/s Phase Reconstructing
Wavelength Conversion Using Cross-Phase
Modulation (XPM) in Dispersion-Shifted Fiber

Lavanya Rau, Wei Wang, Stefano Camatel, Henrik Poulsen, and Daniel J. Blumenthal, Fellow, IEEE

Abstract—Wavelength conversion using cross-phase modulation
in dispersion-shifted fiber at 160 Gb/s is demonstrated. It is shown
for the first time that the converter reconstructs the phase of the
input signal, an important property for transmission of 160-Gb/s
data. The bit-error rate of the converted channels is measured to
be better than 10~° with a power penalty of <3 dB and in some
cases negative compared to the original unconverted optical time-
division-multiplexing signal across all 16 X 10-Gb/s channels.

Index Terms—Nonlinear fiber cross-phase modulation (XPM),
optical regeneration, phase reconstruction, wavelength conversion.

I. INTRODUCTION

ODAY'’S optical transmission systems operate at data rates

up to 10 Gb/s per channel and 40-Gb/s optical systems
are commercially available. Transmission systems operating at
160-Gb/s systems are an area of current research focus. There is
strong motivation to realize transmission and other optical net-
working functions that are difficult to perform electronically at
data rates > 100 Gb/s. Among these transmission and network
functions are digital regeneration, wavelength conversion, and
new signal processing and coding techniques that make trans-
mission at 160 Gb/s more robust.

For robust transmission of high-speed signals, phase co-
herence is very important. The influence of phase correlation
between individual channels of an optical time-division-mul-
tiplexing (OTDM) signal at 160 Gb/s in transmission was
investigated in [1]. Phase correlation is also important in
narrow bandwidth filtering to achieve high spectral efficiency
[2]. It has been shown in [2] that coherent return-to-zero (RZ)
data outperforms noncoherent RZ data in terms of narrow
bandwidth filtering. Therefore, transmitters and regenerators
that can reconstruct optical phase between adjacent pulses are
important to 160-Gb/s systems.

Previously, wavelength conversion at 168 Gb/s was reported
using a symmetric Mach—Zehnder type switch [3], however, the
converted pattern lengths were severely limited and the con-
verted channels had a power penalty of 10 dB relative to the base
rate. Recently, nonlinear polarization rotation as a means of op-
tical phase construction at a 160-Gb/s transmitter was reported
in [4]. The technique utilized nonlinear polarization rotation of
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a copropagating continuous wave (CW) by a noncoherent data
signal in highly nonlinear fiber. Highly coherent carrier-sup-
pressed return-to-zero (CSRZ) and pair-wise alternating-phase
CSRZ data formats at data rates > 160 Gb/s are generated by
filtering around the CW wavelength.

In this letter, we report the first demonstration of an all-optical
nonlinear cross-phase modulation (XPM) fiber wavelength con-
verter operating at 160 Gb/s that displays the properties of phase
reconstruction on the converted data. Error-free conversion of
all 16 x 10-Gb/s pseudorandom binary sequence (PRBS) data
with less than 3-dB power penalty relative to the unconverted
OTDM 160-Gb/s data was measured and in some cases neg-
ative power penalty was measured in the regeneration region.
Previous demonstrations of fiber XPM wavelength conversion
have been reported at 40 and 80 Gb/s [5], [6]. With successful
operation at 160 Gb/s, we demonstrate the scalability of this
technique.

II. TECHNIQUE AND EXPERIMENTAL DETAILS

The conversion technique described here employs nonlinear
phase modulation through the ultrafast Kerr effect to map RZ
pulses at the input onto a highly coherent low phase noise local
source tuned to the desired output wavelength. At the same time
the data is converted to the new wavelength, this mapping can
dramatically improve the pulse-to-pulse phase coherence as is
shown in the results below. Carrier and single sideband optical
filtering is employed to retransmit a copy of the input. The re-
sulting nonlinear transfer function of the converter also equal-
izes pulse-to-pulse amplitude fluctuations. This combination of
reconstructed phase and 2R regeneration makes this type of con-
verter a promising candidate for 160-Gb/s optical transmission
and networks.

The experimental setup shown in Fig. 1 employs a Calmar
Optcom actively mode-locked fiber ring laser to generate pulses
with a full-width at half-maximum of 1.5 ps at a repetition rate
of 10 Gb/s at 1554.5 nm. An electrooptic modulator was used
to encode 10-Gb/s 23! — 1 PRBS data on the optical pulse
stream. The data encoded optical pulses were passively multi-
plexed using a split and interleave scheme to 160 Gb/s and the
polarization states of all channels were adjusted to be equal.

At the wavelength converter, the 160-Gb/s OTDM data
stream was combined with a 1547-nm CW signal before
being amplified in a high-power erbium-doped fiber amplifier
(hp-EDFA). The power of the CW signal in the hp-EDFA was
7.8 dB lower than the power of the 160-Gb/s data signal. It is
important to maintain this ratio between the CW and the data
signal to maintain a good signal-to-noise ratio of the converted
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Fig. 1. Experimental setup of 160-Gb/s multiplexer—demultiplexer link with
fiber XPM all-optical wavelength converter.
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Fig. 2. Spectrum at the input to the hp-EDFA (dotted black line), after DSF
(solid gray line), and after filter (solid black line).

signal. In the hp-EDFA, the CW and the data signals are ampli-
fied to 930 mW and injected into 500 m of dispersion-shifted
fiber (DSF) with zero dispersion wavelength at 1559 nm. The
walkoff between the data and the CW signal is less than 1 ps, a
suitable value for conversion at 160 Gb/s to a new wavelength
7 nm away from the original. The data signal imposes phase
modulation and generates sidebands as shown in Fig. 2. Phase
modulation is converted to amplitude modulation by filtering
one of the sidebands. A fiber grating and circulator is used at
the output of the wavelength converter to notch out the original
data signal and reduce the amount of optical power input to the
optical filter. To filter the phase-broadened part of the CW, we
use a combination of a 5- and a 4-nm optical filter, resulting
in an effective filter bandwidth of 3.12 nm. The filter is offset
from the CW signal by approximately 160 GHz to suppress the
carrier to improve the extinction ratio of the converted signal.

III. RESULTS AND DISCUSSION

The spectrum at the input to the hp-EDFA after DSF and
the wavelength converted output are shown in Fig. 2. The gray
solid line shows the spectrum of the combined CW and the
160-Gb/s OTDM signal at the input of the DSF. It is observed
from this spectrum that the 160-Gb/s frequency tones from the
original OTDM transmitter are not well defined. This is a re-
sult of poor phase correlation exhibited by pulses generated
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(b)

Fig.3. (a)Pulses from fiber ring laser after the interferometer. Amplitude noise
can be observed indicating insufficient phase correlation. (b) Pulses from fiber
ring laser wavelength converted using fiber XPM after the interferometer. No
amplitude noise can be observed indicating phase correlated output.

from mode-locked fiber ring lasers. The spectrum of the wave-
length-converted signal shows high phase correlation at the con-
verter output as shown by the well-defined tones spaced by
160 GHz. The improvement in phase correlation is due to phase
modulation of a highly coherent distributed feedback laser as
the local source of the converter.

To verify that this technique improves phase correlation, we
used a free-space Michelson interferometer, similar to that de-
scribed in [2], to characterize the pulses before and after wave-
length conversion. The delay in the interferometer was set to
1000 ps. The fiber ring laser pulses exhibited considerable am-
plitude noise due to poor pulse-to-pulse phase correlation, as
shown in the interferometer output of Fig. 3(a). Next, a similar
measurement was made on the wavelength-converted 10-GHz
pulses showing extremely low amplitude noise as observed in
Fig. 3(b).

To measure the digital performance of the converted
160-Gb/s data, each of the 16 x 10-Gb/s OTDM channels
were demultiplexed down to 10 Gb/s using a Raman gain
enhanced four-wave mixing demultiplexer described in [7] and
detected using a preamplified 10-Gb/s receiver. Bit-error-rate
(BER) measurements for each channel are shown in Fig. 4.
The insets in Fig. 4(a) and (b) show the eye diagram for
one of the demultiplexed wavelength-converted channels.
The eye diagrams indicate clear and open eyes. All chan-
nels measured a BER better than 10~ and were received
with a power penalty < 3 dB power penalty relative to the
unconverted OTDM 160-Gb/s data and in some cases neg-
ative power penalty when the converter was regenerating
the original data. The spread in the receiver sensitivity (at
10~?) is most likely due to the variation of polarization of the
different time channels in the original signal resulting from
the passive time multiplexer. It can be observed from Fig. 4
that the BER curves for some of the wavelength-converted
channels cross the 10-Gb/s non-OTDM baseline for higher
BERSs which is a result of the 0.6-nm filter at the receiver not
being spectrally matched to the original 10-Gb/s signal. So
the receiver sensitivity of the 10-Gb/s non-OTDM signal is in
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Fig. 4. BER curves for the 10-Gb/s baseline (solid squares), best 10-Gb/s
multiplexed and demultiplexed channel (solid diamonds), and wavelength
converted Channels (a) 1-8 and (b) 9-16.

fact better than the measured —34 dBm. It is also important to
note that some of the wavelength-converted channels cross the
160-Gb/s nonconverted curves at higher BERs. We believe that
the negative power penalty at these BER values is due to the
ability of the converter to regenerate transmitted OTDM data.
However, temperature-induced instability due to expansion and
contraction of the fibers used for wavelength conversion and
demultiplexing and intersymbol interference (ISI) introduced
by the nonoptimized filters caused a change of slope in the BER
curves and, thus, we could not obtain a negative power penalty
for lower BER values. We also believe this ISI to be worse for
certain channels due to the deviation from PRBS at the OTDM
multiplexer output and subinterval channel misalignment in the
multiplexer. There were no observed error floors for any of the
16 channels. All the channels were measured less than 10712,
However, temperature-fluctuation-induced instability made it
difficult to measure 10~ and 10~'2 BER over long periods
of time .

This technology is scalable from 40 to 160 Gb/s. The
pulsewidth and the filter bandwidth requirements for operation
from 40 to 160 Gb/s are shown in Fig. 5. While the pulsewidth
and the filter bandwidth requirement scale commensurate with
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Fig. 5. Pulsewidth and filter bandwidth requirement for operation from 40 to
160 Gb/s.

the bit rate, the required power per channel is constant around
100 mW per channel.

IV. SUMMARY AND CONCLUSION

We have demonstrated for the first time that wavelength con-
version at 160 Gb/s using XPM in 500 m of DSF exhibits the
desirable property of improving the phase coherence of a signal
with poor phase coherence. This property coupled with the 2R
regenerative operation makes this technique a promising future
candidate for 160-Gb/s transmission and networks. The con-
verted signals are received with about 3-dB power penalty com-
pared to the nonconverted signal. The measured sensitivities for
all channels at 10~ ranges from —30 to —33 dBm which can
be improved by using a polarization-maintaining OTDM and
obtaining a higher extinction ratio with an optimal filter design.
Using a highly nonlinear fiber can further lower the power re-
quirement.
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