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bstract. Simultaneous noninverted and inverted dual-
avelength conversion is proposed and demonstrated by
sing a cross-polarization modulation effect in a semicon-
uctor optical amplifier �SOA�. Experiments show that non-

nverted and inverted conversions lead to power penalties of
.3 dB and 0.8 dB, respectively, at a bit rate of 10 Gb/s.
ased on this scheme, we have demonstrated, for the first

ime to our knowledge, an all-optical modulation format con-
ersion from amplitude-shift keying �ASK� to frequency-shift
eying �FSK�. A frequency-shift keying signal with flexible
one spacing and high bit rate can be successfully generated
y using this method. © 2008 Society of Photo-Optical Instrumentation
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Introduction

ecently, various advanced optical modulation formats
ave been proposed and extensively investigated to en-
ance the transmission system performance. Among them,
requency-shift keying �FSK� has been proven to have
ome advantages.1–5 It supports balanced detection scheme
esulting in gain of optical signal noise ratio �OSNR� sen-
itivity and larger dispersion tolerance.1 FSK is very attrac-
ive for all-optical label processing.2,3 Some passive optical
etwork �PON� architectures also take advantage of high
obustness to noise and Rayleigh backscattering reduction
f FSK modulation, allowing intensity remodulation of one
ownstream without regeneration at the optical network
nit �ONU�.4,5 In future advanced optical networks, several
ypes of modulation formats, such as conventional
mplitude-shift keying �ASK�, differential phase-shift key-
ng �DPSK�, and FSK, would be used in different kinds of
etworks to optimize the performance. Thus, the optical
odulation format conversion will be necessary in next-

eneration network routers or gateways.
In this paper, we demonstrate an all-optical dual-

091-3286/2008/$25.00 © 2008 SPIE
ptical Engineering 080501-
wavelength conversion utilizing a cross-polarization modu-
lation effect in a semiconductor optical amplifier �SOA� to
realize 10-Gb /s simultaneous noninverted and inverted
conversions with 1.3-dB and 0.8-dB power penalties, re-
spectively. We also utilize this scheme for all-optical modu-
lation format conversion from ASK to FSK for the first
time to our knowledge by adjusting the power and fre-
quency spacing of two converted signals. A clear advantage
of this format converter is that the generated FSK tone
spacing is easy to adjust because it is determined only by
the frequencies of input probe lights. Another advantage is
that the FSK can reach a very high bit rate at 10 Gb /s or
above using this scheme.

2 Principles

The schematic diagram is shown in Fig. 1. A signal beam
and two probe beams are injected into an SOA simulta-
neously in a counterpropagation scheme. The intensity of
the signal beam will modulate the SOA carrier density,
which will induce different phase shifts to the transverse
electric �TE� and transverse magnetic �TM� modes of the
probe lights due to the SOA birefringence. Thus, the probe
light polarization state will be modulated by the intensity of
the input signal, which is called the cross-polarization
modulation �CPM� effect. This polarization modulation of
the probe beams is then converted to intensity modulation
after a polarizer.

The input polarization of the probe beams are adjusted
by polarization controllers �PCs�. In one case, the probe
beam can pass through the polarizer when the input signal
is in the OFF states; however, if the signal changes to the
ON state, the CPM effect induces an obvious polarization
rotation of the probe beam, and as a consequence, it is
blocked by the polarizer. Thus, an inverted wavelength con-
version is obtained. Conversely, by adjusting the input
probe polarization, little probe can not pass through the
polarizer with low signal power in, but if a relatively high
signal power �ON state� is coupled, a polarization rotation
leads to a higher intensity of the probe beam at the polar-
izer output. Thus, noninverted conversion is realized. In our
scheme, the input polarization states of the two probe
beams are properly adjusted to obtain simultaneous in-
verted and noninverted conversions such that the two con-
verted data streams are exactly logically inverted. If the
frequencies of the two probe beams are selected to be suf-
ficiently close, the combination of the two converted beams
can be regarded as an FSK signal, while the two probe
frequencies form the two sideband components of the FSK.

If we assume that the probe wavelength for noninverted
conversion is �1 while that for inverted conversion is �2,
the ON state power of the noninverted and inverted signal
after the polarizer can be written as

P�1

ON = P�1�out
S�ON sin2 � +

1

2
Psp

S�ON,

=g�1

S�ONP�1�in sin2 � +
1

2
Psp

S�ON, �1�
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P�2

ON = P�2�out
S�OFF sin2 � +

1

2
Psp

S�OFF,

=g�2

S�OFFP�2�in sin2 � +
1

2
Psp

S�OFF. �2�

ere, we use the superscripts S �ON and S �OFF to refer to
he ON and OFF states of the input signal. P��in and P��out
re the probe power injected into and out of the SOA. �
nd � are the output polarization angles of �1 and �2 rela-
ive to the polarizer’s blocking axis, respectively. g is the
ptical gain in SOA, and Psp is the filtered spontaneous
mission.

Due to cross gain modulation �XGM� effect, the SOA
ain gS�OFF with OFF-state input signal is greater than
S�ON, and Psp

S�OFF is also greater than Psp
S�ON. In order to

enerate an FSK signal with a constant optical power, P�1

ON

hould be equal to P�2

ON. According to Eqs. �1� and �2�, this
an be achieved by adjusting the input power of the two
robe beams P�1�in and P�2�in such that higher input power
s needed for the noninverted probe beam �P�1�in�.

Experimental Setup and Results

he experimental setup is shown in Fig. 2. The used SOA
s a commercially available SOA by CIP Corp. The SOA
ias current and temperature are maintained at 220 mA and
3°C. The two probe beams are emitted from an Avanex
aser module at 1548.75 nm �Laser 1� and a tunable laser

ade by HP Corp. �Laser 2�. They are combined and
aunched into the SOA via an optical isolator. Two PCs are
sed to independently adjust the input probe polarization
tates. A third laser at 1555.80 nm �Laser 3� is modulated
ith the pseudo-random binary sequence at 10 Gb /s. The
utput nonreturn zero �NRZ� signal enters the SOA in the
pposite side through a circulator. The output probe light is

Fig. 1 Schematic diagram of the wavelength converter.

Fig. 2 Experimental setup.
ptical Engineering 080501-
sent into a polarizer. In our experiment, the two probe fre-
quencies are set close to generate an FSK signal, and we
can use a filter with 0.8-nm bandwidth to filter out the two
converted signals together. Two cascaded tunable optical
filters �0.8 nm and 0.3 nm� as a frequency discriminator are
used to filter out either one of the converted signals for
FSK demodulation and evaluation.

In order to experimentally adjust the system, the two
output probe lights are first filtered out, respectively, after
the cascaded filters. By adjusting the input probe polariza-
tion states via the PCs and observing the output waveforms,
it is possible to obtain noninverted and inverted conver-
sions at the two outputs, respectively. Then we filter out the
two converted signals together via the first 0.8-nm filter and
adjust the input probe power to obtain a combined FSK
signal with a constant optical power.

In the experiment, we set one probe beam at 1548.75 nm
for noninverted conversion and another at 1549.55 nm for

Fig. 3 Measured wave forms for �a� input signal, �b� converted sig-
nal at 1548.75 nm, and �c� converted signal at 1549.55 nm.

Fig. 4 BER curves for noninverted and inverted wavelength conver-
sions. Inset: Eye diagrams for �a� input signal, �b� noninverted con-
verted signal, �c� inverted converted signal, and �d� FSK signal �the
combined converted signals�.
August 2008/Vol. 47�8�2
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nverted conversion. The wave forms of the 10 Gb /s input
ignal and two converted signals are shown in Fig. 3. Their
ye diagrams are shown in the inset of Fig. 4. The input
ignal power is 3.0 dBm. In order to obtain two converted
ignals with the same intensity, the input probe power is
arefully adjusted to be 0.5 dBm and −3.0 dBm for nonin-
erted and inverted conversions, respectively. Noninverted
onversion has higher input probe power, which agrees
ith the preceding theoretical analysis. The eye diagram of

he FSK signal �the combined converted signals� in the in-
et of Fig. 4 indicates that it has nearly constant power.

Figure 4 shows the bit error rate �BER� curves of the
onverted signals. The simultaneous noninverted and in-
erted conversions lead to power penalties of about 1.3 dB
nd 0.8 dB at a BER of 10−9, respectively. The higher pen-
lty for noninverted conversion is mainly attributed to large
elative intensity noise of the used probe source at
548.75 nm.

The optical spectrum of the FSK signal is shown in Fig.
. In the preceeding experiment, the wavelength spacing of
he two probe beams is set to 0.8 nm, which is wide enough
o enable easy FSK demodulation with two filters. The op-
ical spectrum of demodulated FSK is shown in the inset of
ig. 5�a�. In our scheme, the FSK tone spacing can be
djusted by tuning the input probe wavelengths. Figures
�b� and 5�c� show the generated FSK with tone spacing of
.3 nm and 0.2 nm, respectively. In these spectra, four-
ave mixing �FWM� contributions are found aside the con-
erted signals, because of the deep saturation and high non-
inearity of SOA used. When the probe spacing is further
educed, the FWM effect is more severe, and its products
ay fall in the FSK band. In order to eliminate the FWM,

he two input probes need to be orthogonally polarized.6

ut in our scheme, the input polarization relationship be-
ween two probe lights is restricted by the value of signal-
nduced polarization rotation angle based on CPM, since
he two probe lights should carry simultaneous noninverted
nd inverted signals after the same polarizer. In our experi-
ent, the CPM-based polarization rotation is about 25 deg
easured by a polarization analyzer from General Photon-

cs Corp., which is not large enough that the FWM effect is
bvious. In fact, the rotation angle can be further increased

Fig. 5 Optical spectrum of the obtained FSK sig
0.2 nm. Inset: The optical spectrum of demodu
ptical Engineering 080501-
by using a long SOA with specially designed waveguide
structure to enhance the CPM effect; for example, a polar-
ization rotation of 73.5 deg has been achieved in Ref. 7.
Then, the input two probe beams can be set nearly orthogo-
nally polarized, and as a result, the FWM products in the
sideband will be significantly suppressed.

4 Conclusion

A novel method for an all-optical modulation format con-
version from amplitude-shift keying to frequency-shift key-
ing has been proposed and studied, by utilizing a dual-
wavelength conversion based on cross-polarization
modulation in an SOA. Experimental results at 10 Gb /s
proved the feasibility of the proposed method. The pro-
posed scheme can be used in optical network routers to
provide simultaneous wavelength conversion and modula-
tion format conversion functions.
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