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Abstract—We experimentally investigate the real transparency
of four-wave mixing (FWM) in semiconductor optical amplifiers
to modulation formats involving intensity, phase, and polarization
multiplexing. We exploit two different FWM polarization-indepen-
dent schemes (that make use of two pumps) to wavelength-con-
vert 40 Gb/s single-polarization and 80 Gb/s polarization-multi-
plexed signals in case of both nonreturn-to-zero – keying
(NRZ-OOK) and NRZ differential phase-shift keying modulation
formats. We found that, although FWM conversion is transparent
to modulation formats employing phase and intensity, polariza-
tion-multiplexed signals pose serious limitations to all-optical pro-
cessing transparency.

Index Terms—Four-wave mixing (FWM), semiconductor optical
amplifier (SOA), wavelength conversion.

I. INTRODUCTION

F UTURE optical networks should take advantage from op-
tical transparency, i.e., a number of switching functions

performed directly in the optical domain in order to reduce the
number of power-hungry high-speed optical–electronic–optical
conversions at network nodes. Nowadays, on the other hand, the
clear trend in order to increase the bit rate of optical channels is
the use of advanced modulation formats that exploit a mix of in-
tensity and phase modulation often combined with polarization
multiplexing (PolMux) [1]. As an example, PolMux differen-
tial quaternary phase-shift keying (DQPSK) is one of the most
promising modulation formats for future 100 Gb/s systems [2].
However, these two technological trends lead to a clear technical
conflict. Indeed, while fully transparent all-optical processing
for advanced modulation formats would give the largest power
and cost convenience (reducing the overall number of complex
transmitter and receiver pairs in the networks), their practical
implementation could result in a very hard task.

As an example, the wavelength conversion of complex signals
involving intensity and phase can only be realized using optical
coherent techniques that are inherently polarization dependent
[3]. In practice, this limits the choice to a few techniques (i.e.,
nonlinear coherent mixing in semiconductors, fibers, and peri-
odically poled ) that must be implemented in modified
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Fig. 1. Schematic of the orthogonal pumps’ FWM configuration.

configurations to make them polarization independent [4], [5].
Among them, four-wave mixing (FWM) in semiconductor op-
tical amplifiers (SOAs) is particularly promising as it uses an ac-
tive nonlinear medium. Hence, it works at low input power, with
good conversion efficiency, and has the advantage of potential
photonic integration. Moreover, despite its intrinsic polariza-
tion dependence, two modified schemes employing two pumps
can make FWM polarization independent to a good extent [4],
[6]. In this paper, we experimentally study the real transparency
of FWM in SOAs to 80 (2 40) Gb/s PolMux signals in case
of both nonreturn-to-zero – keying (NRZ-OOK) and
NRZ differential phase-shift keying (DPSK) modulation for-
mats. We exploit two schemes to obtain polarization indepen-
dence in an SOA: FWM with two orthogonal [6] or parallel [4]
pumps. Results show that despite transparency to intensity and
phase that can be obtained, there are critical issues for full op-
tical transparence to PolMux signals.

The paper is organized as follows. In Section II, we describe
the orthogonal pumps scheme and report the wavelength con-
version results. In Section III, we introduce the scheme with
parallel pumps and relative results. Finally, in Section IV, we
compare and discuss the results.

II. FWM WITH ORTHOGONAL PUMPS

The scheme of FWM conversion with orthogonal pumps is
sketched in Fig. 1. Assuming to use an SOA that is polarization
independent, in case of orthogonal pumps, the two pumps P1
and P2 are aligned to the TE and TM axes of the device. A signal
S having random polarization has components along both axes;
hence, it beats with both pumps.

Therefore, in this scheme, there are three FWM copies [6]
(that are phase conjugate as in usual single-pump configura-
tion). Among these, the central one, resulting from the double
beating with both pumps, has two components along the two
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Fig. 2. Experimental setup. OA: optical attenuator; PC: polarization controller; ODL: optical delay line; OC: optical circulator; FBG: fiber Bragg grating; OTBF:
optical tunable bandpass filter.

axes. If these two components have the same conversion effi-
ciency (i.e., the pumps have the same power and are very close
to each other with respect to conversion detuning), the resulting
converted signal is polarization independent [6]. To test this
scheme, we used the experimental setup reported in Fig. 2. We
used an 80 Gb/s tunable PolMux transmitter. It was made of a
40 Gb/s patter generator (using pseudorandom bit se-
quences), a tunable continuous-wave (CW) laser with around
10 MHz linewidth, and a 40 Gb/s Mach–Zehnder mod-
ulator to generate (changing the bias point and the data voltage)
both NRZ-OOK and NRZ-DPSK data. A 3 dB splitter and an
optical delay line (250 m single-mode fiber) were used to phase
decorrelate the two signals that were polarization controlled,
and then, multiplexed by means of a polarization beam splitter
(PBS)/combiner with a 17 dB extinction ratio (ER). Two other
tunable laser sources were used to generate the pumps P1 and
P2. They were polarization controlled, and then, coupled by an-
other PBS. The SOA (CIP XN OEC 1550) was a highly non-
linear multiquantum-well device with about 33 dB small-signal
gain, around 15 dBm output saturation power, and a polariza-
tion-dependent gain (PDG) of 1 dB when biased at 550 mA. The
FWM signals were selected by a flat top tunable filter of around
0.4 nm bandwidth and more than 40 dB isolation and ampli-
fied by a low-noise erbium-doped fiber amplifier (EDFA). Po-
larization demultiplexing was manually performed by a polar-
ization controller and another PBS with 17 dB ER. In the DPSK
case, the demodulation was performed by means of optical sharp
Gaussian filtering (bandwidth: 26 GHz as demonstrated in [7])
using a circulator together with a periodic fiber Bragg grating
filter. We used a preamplified receiver composed of an EDFA,
an optical bandpass filter, a 40 Gb/s error detector, and a clock
and data recovery.

In order to properly set the orthogonal pumps configuration,
we aligned the polarization of P1 and P2 to the two SOA prop-
agation axes. This was made by minimizing the FWM product
between them. Indeed, despite the orthogonal condition set by
the PBS, the SOA-induced birefringence causes pumps’ FWM
if they are not exactly set on the axes.

We performed a study of the conversion efficiency and output
optical SNR (OSNR) as a function of the input signal power
and detuning. We chose the optimal values that were compat-
ible with the other assumptions requested by the scheme to keep
the conversion detuning reasonable larger than the detuning be-
tween the pumps. The data regarding all the involved input sig-
nals and the wavelength-converted (WC) ones (wavelength de-
tuning, conversion efficiency, OSNR, and residual polarization

TABLE I
EXPERIMENTAL POWER LEVELS

TABLE II
WAVELENGTH CONVERSION RESULTS

dependence) are summarized in Tables I and II for OOK and
DPSK, respectively. In the case of single polarization, we mod-
ified the setup opening one arm of the PolMux transmitter and
adjusted the S input power to the same value as used for the
PolMux case.

The typical optical spectra at the SOA output and the BER
versus power (at the preamplifier) for the single polarization
and PolMux cases (40 and 80 Gb/s, respectively) are reported
in Fig. 3 for the OOK format and in Fig. 4 for the DPSK format.
Corresponding eye diagrams are also reported in the insets. We
called Ch.1 and Ch.2 the two PolMux channels. The conversion
detuning ( ) is 4.2 nm, the conversion efficiency is around

dB, and the residual polarization dependence is around
1 dB for both cases (residual polarization dependence taken
recording the maximum and minimum power of the converted
signal by manually changing the input polarization state).

We found that 40 Gb/s single polarization conversion shows
a moderate power penalty at BER (1.8 dB for OOK and
1.3 for DPSK) without any floor tendency. However, PolMux
signals suffer from some apparent distortion that always leads
to BER floor. These distortions are stronger for the OOK format
that has a floor at BER. DPSK performs better and reaches



4258 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 19, OCTOBER 1, 2009

Fig. 3. Optical spectra at the SOA output and BER results for the orthogonal
pumps’ FWM configuration: 80 and 40 Gb/s OOK conversions. Corresponding
eye diagrams are shown in the insets.

although with more than 4 dB power penalty compared
to the single polarization conversion. Moreover, in both cases,
one of the multiplexed channels performs better than the other
one, and this behavior depends on the input polarization state
of , i.e., changing the polarization of , the BER curves of the
multiplexed channels change their relative positions.

III. FWM WITH PARALLEL PUMPS

The scheme for parallel pumps is sketched in Fig. 5. In this
case, provided that the pumps and signal S are at wavelengths
far enough to neglect their interaction, the nonlinear beating be-
tween the two pumps at causes the generation of two aside
copies (without phase conjugation) of the input signal at a de-
tuning and with the same signal polarization state [4]. If
the SOA is polarization independent, this process has a constant
efficiency for any input polarization. From this, it is evident that
the residual polarization dependence of the scheme is at least as
large as the PDG of the amplifier.

In this scheme, the conversion detuning is determined by
the pump detuning; hence, typically very large conversions are
not possible. Nevertheless the scheme has been exploited in a
number of applications [8], [9].

We used for the experiment the same setup as in Fig. 2 ex-
ploiting a 3 dB coupler rather than a PBS to couple the pumps.

Fig. 4. Optical spectra at the SOA output and BER results for the orthogonal
pumps’ FWM configuration: 80 and 40 Gb/s DPSK conversions. Corresponding
eye diagrams are shown in the insets.

Fig. 5. Schematic of the parallel pumps’ FWM configuration.

We optimized the pumps’ parallelism by maximizing their
FWM products. This corresponds to setting P1 and P2 on the
TE or TM axis. We also kept the signal wavelength far enough
to avoid the direct FWM interaction with the pumps. All the
experimental data are summarized in Tables III and IV. Also,
in this case, we choose power levels and wavelength allocation
of the signal that gave the best conversion efficiency and output
OSNR. All the BER results and the spectra as in the previous
case are reported in Fig. 6 for the OOK case and in Fig. 7 for
the DPSK case. As we can see from the spectra, in this case, the
signal S is converted into two wavelengths apart from the signal
itself. Among them, we selected for the measurements the one
that was with the highest power on the shorter wavelength side.
The conversion detuning is 0.8 nm, the efficiencies are and
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TABLE III
EXPERIMENTAL POWER LEVELS

TABLE IV
WAVELENGTH CONVERSION RESULTS

Fig. 6. Optical spectra at the SOA output and BER results for the parallel
pumps’ FWM configuration: 80 and 40 Gb/s OOK conversions. Corresponding
eye diagrams are shown in the insets.

and the residual polarization dependence is around
1 dB (coming mainly from the SOA PDG). Here again, the
single polarization conversion performs well, having around

Fig. 7. Optical spectra at the SOA output and BER results for the parallel
pumps’ FWM configuration: 80 and 40 Gb/s DPSK conversions. Corresponding
eye diagrams are shown in the insets.

1.2 dB power penalty for both OOK and DPSK. DPSK-PolMux
has additional penalty, 1.5 and 3 dB, respectively, for the two
PolMuxed channels. OOK-PolMux performs worst with one
channel suffering from an additional 3 dB penalty and the other
one having a BER floor. The eye diagrams in the insets
give visual information on the signal quality after and before
conversion.

IV. DISCUSSION

We found from the experiments that despite the two schemes
we reported here have similar conversion numbers in terms of
efficiency, resulting OSNR, and residual polarization depen-
dence, the parallel pumps scheme performs better in all cases.
This is probably due to the different inherent working principles
that are under the two schemes. However, despite one scheme
outperforming the other, still in the best case, the PolMux
signals suffer from degradations that could make impractical
the cascade of several conversions, especially for OOK signals.
We ascribe this degradation to major effects arising from the
interplay between the residual polarization dependency of the
conversion processes and the nonlinear crosstalk among the
PolMuxed channels. First, polarization crosstalk arises from
this residual dependence: the wavelength converter acts as a
polarization-dependent element that alters the ideal orthogonal
condition between the polarization-multiplexed channels. This
leads to polarization mixing and therefore to nonlinear interac-
tion between the two polarizations in the SOA. This effect can
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Fig. 8. Example of PolMux eye diagram distortion after wavelength conversion
using the orthogonal polarization scheme (before polarization demultiplexing).

also be seen in a different way: as the input PolMux signal is
made of two orthogonal decorrelated channels (with no phase
coherence), it has a resulting rotating polarization state (at the
characteristic frequency of the signal laser linewidth). This
polarization rotation is converted into intensity noise by the
device dependency to polarization.

Moreover, in both cases, OOK performs even worst because
of some small pattern effects that give rise to cross-gain modula-
tion between the two copropagating channels on the orthogonal
polarizations in the SOA and those that also interact with pre-
vious effects. Because of the constant envelope format, DPSK
is less affected by this additional impairment [10].

Waveform distortions can be clearly identified looking at a
typical eye diagram of the PolMuxed signals before and after the
conversion (before the polarization demultiplexing in the PBS),
as reported in Fig. 8. The effects of polarization crosstalk and
increased intensity noise are evident in case of 80 Gb/s OOK
converted using the orthogonal polarization configuration.

Summarizing, despite the selection of the best conversion pa-
rameters in terms of input powers and wavelength detuning and
using the best SOA that is commercially available for nonlinear
applications, we found that around 1 dB residual polarization
dependence in the conversion process (which is a typical value
reported in the literature [4], [6], [8]) together with nonlinear
interaction in the SOA is a detrimental factor for a transparent
conversion of PolMux signals by using FWM. On the other
hand, similar critical issues, which lead to very poor conversion
quality, have been found also by other groups performing alter-
native experiments exploiting coherent techniques for the con-
version of PolMux signals [11], [12]. The authors in [11] used
FWM in fibers for wavelength conversion of 112 Gb/s PolMux
RZ-QPSK signals but they found a significant power penalty
at very low BER values. Even having only 0.5 dB residual po-
larization dependence using a periodically poled con-
verter in polarization diversity scheme, the authors in [12] found
severe conversion penalties. All these results suggest that the
demonstration of robust wavelength conversion for PolMux data
could be harder than expected.

A possible solution to overcome the impairments could be the
use of a polarization diversity scheme with two independent cir-
cuits performing FWM in SOAs, as in [13], in which the residual
polarization dependence is made the lowest possible (lower than
0.5 dB) and PBSs with very large polarization ER are used. In
this way, it may be possible to emulate two single-polarization
parallel-independent conversions in the two SOAs and to reduce
the impairments arising from the polarization splitter/combiner
in the PBSs.

V. CONCLUSION

We investigated the interplay of advanced modulation for-
mats and all-optical processing that would meet their potential
advantages in future optical networks. We experimentally as-
sessed the transparency of FWM in SOAs to phase modula-
tion and PolMux. We used two schemes, which are, in prin-
ciple, polarization independent, to convert 40 Gb/s single po-
larization and 80 Gb/s PolMux signals that were either OOK-
or DPSK-modulated. We found that although the conversion
process works transparently with formats using intensity and
phase, transparency to PolMux is a very serious issue. Even just
1 dB residual polarization dependence can interplay with other
nonlinear effects in the conversion and be detrimental in case of
PolMux, especially for OOK signals. Similar issues have also
been found in other schemes employing coherent nonlinear in-
teractions. These results suggest that transparency to polariza-
tion-multiplexed formats is a hard technical goal to be reached
to realize future transparent all-optical networks.
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