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Abstract. Simultaneous all-optical nonreturn-to-zero (NR2)
to return-to-zero (RZ) format conversion and wavelength
conversion in an electroabsorption modulator (EAM) based
on cross-absorption modulation (XAM) at 10 Gbit/s is dem-
onstrated. The impact of the bias voltage of EAM and the
input NRZ data signal power on the performance of con-
verted RZ signals is studied. The maximum extinction ratio
(ER) of converted RZ signals is about 12.08 dB. By tuning
the wavelength of input NRZ signals from 1550 to 1570 nm,
negative power penalty with a range of -0.9 to -0.2 dB is
observed for converted RZ signals. Thus, error-free all-
optical simultaneous format and wavelength conversion us-
ing EAM is reported, in a setup that has not been demon-

strated in the past. © 2007 Society of Photo-Optical Instrumentation
Engineers.
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1 Introduction

Format conversion between nonreturn-to-zero (NRZ) and
return-to-zero (RZ) and wavelength conversion are key
technologies in future all-optical networks. In the past few
years, several format conversion schemes have been dem-
onstrated using semiconductor optical ampliﬁers,1
Injection-locked laser diodes,” semiconductor optical loop
mirrors,” and self-starting electroabsorption modulator
(EAM)-based OEO (EAM-OEO).* Meanwhile, many
wavelength conversion schemes have been proposed, such
as using a Mach-Zehnder interferometer (Mz1),> periodi-
cally poled lithium-niobate (PPLN),® and Sagnac loops.7
However, few simultaneous format conversion and wave-
length conversion technologies have been reported so far.®’
In this work, we demonstrate a novel all-optical format
conversion and wavelength conversion based on cross-
absorption modulation (XAM) effect in an electroabsorp-
tion modulator (EAM). Compared with the complex struc-
ture of the reference,4 this scheme only needs an EAM
without OEO conversion. Meanwhile, the advantages of us-
ing EAM as a nonlinear switching medium are fast recov-
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Fig. 1 Experimental setup

ery time and the abilit¥ to be integrated with other semi-
conductor components. 0 Using this scheme, error-free all-
optical format conversion and wavelength conversion is
realized at 10 Gbit/s in a single EAM.

2 Experimental Setup and Principle

The experimental setup is shown in Fig. 1, which is com-
posed of a tunable mode-locked laser (TMLL), a LiNbO;
modulator, a continuous-wave (cw) laser, a commercial
quantum well EAM (OKI-OM5642W-30B) with maxi-
umum input peak power of 13 dBm, two polarization con-
trollers (PCs), and an arrayed-waveguide grating (AWG).
Driven by a 10-GHz clock signal from a patten pulse gen-
erator, the TMLL generates 10-GHz, 2-ps full-width half
maximum (FWHM) pulses at 1545.5 nm. The 10-Gbit/s
2311 PRBS NRZ data signal is generated by modulating
the 1550-nm cw light with the LiNbO; modulator. The
high-power 10-Gbit/s NRZ data signal and the low-power
10-GHz clock signal are simultaneously coupled through a
3-dB coupler into the EAM, which is under reverse bias
voltage. The insertion loss and the polarization dependence
loss of the EAM are about 6 and 0.2 dB, respectively. The
format and wavelength converted output from the EAM is
amplified by an erbium-doped fiber amplifier (EDFA), and
fed into an AWG filter with 0.41-nm bandwidth. In this
setup, the reverse bias voltage of EAM is set at 2.75 V.
Two PCs are used for performance optimization. The eye
waveforms are displayed by a wide-bandwidth oscilloscope
(Agilent 86105A) with a 20-GHz optical module.

The principle of format and wavelength conversion with
this scheme can be explained by the XAM effect in EAM.
As high intensity NRZ data signals and weak-power clock
signals are simultaneously launched into the EAM, more
carriers are generated in the active region of the EAM due
to the high intensity NRZ data signal. The increase of car-
riers leads to a temporary reduction of absorption coeffi-
cient of EAM and consequently the low-power clock signal
in EAM experiences a smaller attenuation. In other words,
the EAM serves as an AND gate with the NRZ data signal
and the clock signal as inputs, and the resulted signal at
clock signal wavelength as an output. As the AWG singles
out the clock signal wavelength, the NRZ data signal is
converted into a RZ signal at a converted wavelength. Thus
all-optical wavelength conversion and format conversion is
realized in an EAM.
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Fig. 2 (a) Eye diagram and spectrum of the 10-Gbit/s NRZ data
signal. (b) Eye diagram and spectrum of the 10-Gbit/s RZ data sig-
nal after wavelength and format conversion (20 ps/div)

3 Experimental Results and Discussion

Figure 2 shows the results of format and wavelength con-
versions. The wavelengths of the NRZ data signal and
clock signal are 1550 and 1545.5 nm, respectively, and the
corresponding values of average power are 11 and
—0.56 dBm. Figure 2(a) shows the eye diagram and the
spectrum of the 10-Gbit/s NRZ data signal, and the extinc-
tion ratio (ER) of input NRZ signal is about 12.4 dB. Fig-
ure 2(b) presents the eye diagram and the spectrum of the
10-Gbit/s RZ data signal after format and wavelength con-
versions. It can be seen from the figure that the eye diagram
of the converted RZ signal is relatively clearly opened and
with a high ER of 12.08 dB. However, a slight pattern ef-
fect is seen on the mask of the eye diagram, possibly due to
a finite carrier absorption recovery time of EAM.

The effect of the bias voltage and input NRZ data signal
power on the format and wavelength converted signal is
investigated in this experiment. The wavelength of the
NRZ data and clock signals is 1550 and 1545.5 nm, respec-
tively. The power of the clock signal is fixed at —=0.56 dBm,
and the input average power for the NRZ data signal is
adjusted from 8 to 11 dBm. The reverse bias voltage of
EAM is tuned from 1.95 to 3.00 V in the experiment. Fig-
ure 3 shows the extinction ratio (ER) of converted RZ sig-
nal as a function of the bias voltage under different NRZ
data signal power. With the increase of reverse bias voltage,
the ER first increases and then gradually decreases. The ER
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Fig. 3 ER of converted RZ signal as a function of the bias voltage of
EAM with NRZ signal data power as a parameter.
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Fig. 4 ER of converted RZ signal under different wavelengths of
input NRZ data signals.

reaches its maximum at a certain bias voltage. It also can be
seen from Fig. 4 that with the increase of NRZ data power,
the ER of converted RZ signal correspondingly increases
and the bias voltage for the maximal ER is different. As the
power of the NRZ data increases from 8 to 11 dBm, the
maximal ER also increases from 8.44 to 12.08 dB, and the
reverse bias voltage of EAM for maximal ER is changed
from 2.6 to 2.75 V. This result can be explained as follows.
When a data signal is injected, carriers will be generated in
the active region of the EAM. At low bias voltages, the
high power of the data signal is enough to achieve complete
absorption saturation for logical 1 of the input signal, and
the maximum XAM-induced extinction ratio available in-
creases with the increase of reverse bias voltages. But as
the bias voltage increases, the carriers are swept out of the
waveguide faster and the accumulated carriers in the wave-
guide are reduced. Thus the carrier effect on the absorption
coefficient is reduced, the optical saturation power in-
creases, so the absorption is not “saturated” fully for logical
1 of data signals at these high bias reverse voltages. Thus,
with the increasing of the bias voltage, the transmission
increment between logical 0 and logical 1 induced by XAM
effect reduces, and the ER of converted RZ signal becomes
smaller gradually.”’12 Meanwhile, the higher data power is,
the higher the ER of converted RZ signal under the same
bias voltage. Therefore, the higher the power of input data
signals, the stronger XAM effects in the EAM. So the ER
of converted RZ signals becomes bigger gradually. Also,
the higher data power can produce more carriers in
waveguides, so they required more reverse voltage to
achieve the maximum ER of converted RZ signals. Thus,
for the different data power, the bias voltage for the maxi-
mal ER is different.

For realizing broadband wavelength conversion, the in-
put power of NRZ data signal and the reverse bias voltage
of EAM are optimized to 11 dBm and 2.75 V, respectively.
To testify the available range of wavelength conversion, the
wavelength of input NRZ signal is tuned rather than the
clock signal. This is because the wavelength of the clock
signal makes it difficult to achieve a dynamic adjustment in
the experiment. The ER of converted RZ signal in a broad
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Fig. 5 BER measurements of the back-to-back input NRZ signal at
1550 nm and converted RZ signal at 1545.5 nm when the wave-
length of the input NRZ data signal is 1550 and 1570 nm,
respectively.

wavelength range is shown in Fig. 4. It is found that as the
NRZ data signal wavelength tunes from 1550 to 1570 nm,
the ER of converted RZ signal varies in the range of 12.08
to 9.90 dB. The result is consistent with the following fact
that the absorption of EAM for longer wavelength data sig-
nals decreases' and then weakens the XAM-induced ef-
fect, which causes to the decreasing of the ER of the con-
verted RZ signal.

The performance of the wavelength and format conver-
sion was accurately evaluated by measuring bit error rate
(BER). The BER measurement results are summarized in
Fig. 5. In the experiment, the difference of back-to-back
BER results is very minor between the input NRZ signal at
1550 nm and that at 1570 nm. The experimental result for
NRZ signals only at 1550 nm is plotted. Error-free results
were obtained with small negative power penalty from —0.9
to —0.2 dB (BER=107°) in this wavelength range. This im-
provement is partly attributed to the inherently better sen-
sitivity of RZ signal compared to NRZ signals, and the
pulsewidth of converted RZ signal is relatively narrow, be-
cause the narrow pulse from TMLL is used in the experi-
ment. Even so, the negative power penalty of less than
1 dB is achieved across the whole 20-nm wavelength span,
which shows error-free BER all-optical operation.

4 Conclusions

Simultaneous all-optical NRZ-RZ format and wavelength
conversions by employing a simple EAM based on XAM
for the first time at 10 Gbit/s is experimentally demon-
strated. The experimental results indicate that with the in-
crease of reverse bias voltage, the ER first increases and
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then gradually decreases at the fixed input NRZ data signal
power. Thus the ER reaches its maximum at a certain bias
voltage. Meanwhile, with the increase of NRZ data power,
the ER of converted RZ signal correspondingly increases
and the bias voltage for the maximal ER is different. The
maximum extinction ratio (ER) of converted RZ signal is
about 12.08 dB. By tuning the wavelength of input NRZ
signal from 1550 to 1570 nm, negative power penalty with
a range of —0.9 to —0.2 dB (BER=107") is observed for
converted RZ signal. Error-free BER all-optical operation
of format and wavelength conversions using EAM is re-
ported at 10 Gbit/s.
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