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Abstract: Polarization insensitive wavelength conversion of a 40 Gb/s non-
return-to-zero (NRZ) differential phase-shift keying (DPSK) data signal is 
demonstrated using four-wave mixing (FWM) in a silicon nanowire circuit. 
Polarization independence is achieved using a diversity circuit based on 
polarization rotators and splitters, which is fabricated by a simple process 
on the silicon-on-insulator (SOI) platform. Error-free performance is 
achieved with only 0.5 dB of power penalty compared to the wavelength 
conversion of a signal with well optimized input polarization. Additionally, 
data transmission over 161 km standard single-mode fiber (SSMF) is 
demonstrated at 40 Gb/s using optical phase conjugation (OPC) in the 
proposed circuit. 

©2014 Optical Society of America 
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1. Introduction 

All-optical wavelength converters (AOWCs) are key components to be employed in 
wavelength division multiplexing (WDM) optical communication systems in order to enable 
routing or resolve traffic bottleneck issues in networks nodes [1]. Modern optical networks 
require those components to have an ultra-fast response in order to process high-speed data 
signals. Furthermore, they should be suitable for processing signals employing phase 
modulation or high-order modulation formats utilizing the phase dimension, such as 
quadrature amplitude modulation. These two conditions can be fulfilled if all-optical signal 
processing relies on four-wave mixing (FWM). Consequently, AOWCs based on FWM have 
been widely investigated [2] and have regained interest over the past decade in the context of 
the conversion of advanced optical modulation formats [3]. 

However, the FWM process being strongly polarization-dependent, it requires a precise 
control of the states-of-polarization (SOPs) of the interacting waves (pumps and signal to 
convert), which is difficult to ensure in a real network node where the SOP of the signal may 
fluctuate randomly with time after propagation over an optical fiber link. Polarization-
insensitive operation is therefore a required feature for the practical deployment of FWM-
based wavelength converters. The problem is well known when optical fibers are used as the 
nonlinear medium and solutions based on either dual orthogonal pumps [4] or on a 
polarization diversity loop [5] have been proposed and routinely investigated over a variety of 
fiber types, including silica highly nonlinear fibers (HNLFs) [6], photonic crystal fibers 
(PCFs) [7], and bismuth-oxide HNLFs [8]. 

Being able to fabricate compact AOWCs is essential if they are to be used in optical cross-
connects or other network elements with large channel counts. At the device level, 
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polarization-insensitive wavelength conversion has been demonstrated in semiconductor 
optical amplifiers (SOAs) [9,10] and periodically-poled lithium niobate (PPLN) waveguides 
[11–14]. Recently, polarization-insensitive wavelength conversion has also been described 
[15] and demonstrated in silicon waveguides [16], which constitute a very promising 
nonlinear platform thanks to their high nonlinear coefficients and strong confinement 
allowing compact-size devices to be fabricated, as well as their compatibility with 
complementary metal-oxide-semiconductor (CMOS) fabrication technology, enabling device 
integration. The drawback of the angle-pump scheme applied in [16] is the fact that the 
waveguides should be engineered so that they have similar dispersive properties for the TE 
and TM modes, which may restrict the possibilities to simultaneously achieve a large 
conversion bandwidth and high conversion efficiency (CE). Alternatively, the conversion 
bandwidth will be limited by that of the polarization mode that has the narrower bandwidth. 

The polarization diversity (Pol-D) technique based on polarization splitters and rotators 
(PSRs) [17–20] has been demonstrated to be an efficient mean to reduce the polarization 
dependence of passive integrated circuits. In this paper, we propose and demonstrate on-chip 
polarization insensitive wavelength conversion using a Pol-D circuit for the first time. Since 
only one polarization needs to be processed after the first PSR, the scheme offers more 
freedom for dispersion engineering of the nonlinear silicon nano-waveguide in order to obtain 
broad-band high-efficiency wavelength conversion. Polarization-insensitive wavelength 
conversion is demonstrated for a 40 Gb/s non-return-to-zero differential phase-shift keying 
(NRZ-DPSK) data signal. Error-free performance of the converted signal is achieved with 
only 0.5 dB of power penalty at a bit-error-ratio (BER) of 10−9 compared to the case of an 
idler generated from an input signal with optimized fixed state-of-polarization. In addition, 
since the FWM conversion also realizes phase conjugation, a 40 Gb/s NRZ-DPSK signal is 
successfully transmitted over 161 km standard single-mode fiber (SSMF) using dispersion 
compensation by mid-span spectral inversion, thus demonstrating an application that requires 
polarization-insensitive operation. 

2. Principle, design, and fabrication of the Pol-D circuit 

To achieve polarization-insensitive wavelength conversion, a silicon Pol-D circuit based on a 
PSR has been designed. The Pol-D circuit consists of two PSRs at the input and output of the 
chip that are linked by two identical Si nano-waveguides. The width, height and length of the 
waveguides were designed to be 500 nm, 250 nm and 1.5 cm, respectively. The 1.5 cm long 
waveguide consists of 90° bend sections with bend radius of 25 µm and straight sections. The 
first PSR splits the input TE0 and TM0 modes into two TE0 beams propagating in the two Si 
nano-waveguides. At the output of the waveguides, the two TE0 beams are combined back via 
the second PSR at the chip output. It should be noticed that the second PSR is flipped with 
respect to the first PSR, resulting in a low polarization dependent loss (PDL) for the whole 
circuit, regardless of the PDL value of the PSR itself. As a result, the total device exhibits a 
polarization independent transmission. The PSR is based on a tapered waveguide TM0-to-TE1 
mode converter [21,22] followed by a tapered directional coupler (DC)-based TE0&TE1 mode 
splitter [23], as shown in Fig. 1(b). In the case of TE0 input, the light will propagate through 
the adiabatic taper without any change, while in the case of TM0 input the light will be 
converted to the TE1 mode during the adiabatic tapering [21,22]. In this design, air is 
employed as top cladding material to achieve an efficient TM0 to TE1 polarization rotation. 
The tapered waveguide is divided into three sections, starting from a single mode silicon 
waveguide with a width of w0 = 450 nm to w1 = 650 nm, and length of L1 = 10 μm, then a 
second tapering section from w1 to w2 = 750 nm with length of L2 = 150 μm, and finally a 
section from w2 to w3 = 850 nm with a tapering length L3 = 10 μm [21]. The TM0-to-TE1 
mode converter is followed by a fabrication tolerant TE0&TE1 mode splitter [23] which 
consists of a narrow silicon waveguide 390 nm wide (w5), parallel-coupled with another wide 
tapered waveguide tapered from 850 nm down to 750 nm (w4). The coupling gap and length 
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(L4) are 100 nm and 30 μm, respectively. The two output ports of the TE0&TE1 mode splitter 
are finally both tapered to 500 nm with tapering length L5 of 10 µm, and connected to the two 
identical nonlinear silicon waveguides. All the details are shown in Fig. 1(b). 

The entire circuit was fabricated on an SOI wafer with 250 nm top silicon layer and 3 μm 
buried silicon dioxide layer using a single step of E-beam lithography and inductively 
coupled plasma reactive ion etching. More details on the fabrication and design can be found 
in [19,21]. The input and output ports of the circuit were also equipped with silicon inverse 
tapers in order to reduce coupling loss to tapered fibers to 1.5 dB/facet. A microscope image 
of the whole device is shown in Fig. 1(a). The total insertion loss of the fabricated device was 
measured to be 13 dB with PDL lower than 1 dB. Considering coupling loss of 3 dB for the 
two facets and typical propagation loss of 4.2 dB/cm for the nonlinear silicon waveguides 
[25], the loss of each PSR was estimated to be around 1.6 dB. 

b)

a)

w0

w1

w2

w3

L1 L2 L3 L4

L5

w4

w5

gap

TM0 TE1 rotator TE0&TE1 splitter
 

Fig. 1. (a) Microscope image of the whole polarization insensitive wavelength converter. (b) 
Schematic structure of the PSR. 

In order to measure the polarization properties of the fabricated PSR, a separate device 
was fabricated, as shown schematically in Fig. 2(a). This test device consists of two fully 
etched apodized TE and TM input grating couplers [24] followed by a directional coupler-
based mode combiner. After being combined, both modes are passing through the same well-
designed PSR as the one used in the Pol-D circuit and are out-coupled using two TE grating 
couplers. Figure 2(b) shows the measured transmission from TE and TM inputs to the TE 
outputs and the corresponding modal crosstalk, from the TE input to the lower TE output as 
well as from the TM input to the upper TE output. Polarization crosstalk lower than –18 dB 
and −25 dB are obtained for TE and TM inputs, respectively. The crosstalk induced by 
residual TM light is not shown in Fig. 2(b). However, it is negligible since a 150 µm long 
tapering length for the TM0-TE1 mode converter can guarantee a conversion efficiency higher 
than 99% [21]. 

3. Wavelength conversion experiment 

The experimental setup for polarization-insensitive wavelength conversion is shown in Fig. 3. 
The data signal was generated starting from a continuous wave (CW) external cavity laser 
(ECL) at 1549 nm and modulated in the DPSK format at 40 Gb/s using a standard Mach-
Zehnder modulator (MZM) driven in push-pull operation by an NRZ pseudo-random binary 
sequence (PRBS) of length 215−1. The data signal was further amplified in an erbium-doped 
fiber amplifier (EDFA) such that the signal power at the input of the device was around 15 
dBm. 
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Fig. 2. (a) Schematic structure of the device used for the characterization of the PSR. (b) 
Measured coupling efficiencies to the two output ports for TE0 and TM0 inputs. 

In order to test the polarization sensitivity, the SOP of the signal was continuously 
changed using a polarization scrambler (PS).A CW pump was generated from an ECL at 
1551 nm and amplified with another EDFA, leading to 21 dBm pump power at the input of 
the device. The separation between pump and signal was only 2 nm, leading to about 4 nm 
separation between signal and idler. However, this separation can be further increased since a 
large working bandwidth is expected for this type of PSR [22]. Within this bandwidth the 
conversion efficiency will be determined by phase-matching considerations, hence by the 
dispersion properties of the nonlinear waveguides. The SOP of the pump was adjusted using a 
polarization controller. The signal and pump were combined by a 3 dB coupler before being 
coupled into the device. Tapered fibers were used for coupling light in and out of the Pol-D 
wavelength converter. The total power at the input of the device was 22 dBm, leading to a 
slightly higher insertion loss of 15 dB compared to the linear case, caused by increased 
nonlinear losses in the waveguides. The optimum pump polarization was determined by 
minimizing the power variations of the idler when changing the polarization of the input 
signal. The minimum variation of the idler power was estimated to be around 2 dB. This 
optimization can also be performed simply by optimizing the eye diagram of the converted 
signal. After the device, the generated idler was filtered using three optical bandpass filters 
(OBPFs) of 3 nm, 1 nm and 0.8 nm bandwidths with an EDFA in between the second and 
third OBPF. The filtered idler was further input into a pre-amplified balanced receiver. The 
receiver consists of a 25 ps fiber delay line interferometer (DLI) and a balanced photodetector 
with 45 GHz bandwidth in order to perform demodulation and detection of the DPSK idler. 
The demodulated idler was further sent to a 40 Gb/s error analyzer (EA) for BER 
measurements. 

In the transmission experiment, the generated signal was first transmitted over 81 km 
SSMF and coupled into the silicon chip together with the CW pump. The generated idler was 
filtered, amplified and transmitted over another 80 km SSMF span. Since the signal and idler 
have different wavelengths, they do not experience the same total accumulated dispersion in 
the fibers before and after the OPC, hence the choice of slightly different fiber lengths in the 
first and second transmission spans. The power levels of the signal and the pump at the input 
of the device were kept the same as in the wavelength conversion experiment. The 
transmission spans were placed before and after the wavelength converter, as indicated with 
arrows in Fig. 3. 
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Fig. 3. Experimental setup for polarization-insensitive wavelength conversion. Insets a) and b) 
show the eye diagrams of the signal at the transmitter output and of the converted idler, 
respectively. 81 km and 80 km SSMF were added before and after the wavelength converter in 
the mid-span spectral inversion experiment. 

3.1 Experimental results 

The spectra at the input and output of the device, as well as the spectrum of the filtered and 
amplified idler are shown in Fig. 4(a). For 21 dBm input pump power, the measured 
conversion efficiency, defined as the ratio between the idler power and the signal power at the 
output of the device, was measured to be −25.8 dB. All the spectra were saved while the 
polarization of the input signal was being scrambled. By switching off the polarization 
scrambler and optimizing the SOP of the signal to maximize the CE, a value of –23.5 dB was 
obtained. The performance of the converted signal (idler) was investigated through BER 
measurements as a function of the average received power, as shown in Fig. 4(b). Back to 
back (B2B) performances measured at the output of the MZM are compared with the BER of 
the converted signal when the input signal polarization was optimized and when it was 
scrambled. Error-free performance was achieved in both cases. The power penalty at a BER 
of 10−9 compared to the back-to-back case originating from the whole wavelength conversion 
scheme was 1.7 dB when the input signal had an optimized fixed input polarization. This 
power penalty caused by a reduced optical signal-to-noise ratio (OSNR) at the output of the 
converter could be decreased by having a higher conversion efficiency, which could be 
obtained using a higher input pump power. The reduction in idler sensitivity caused by 
polarization scrambling was additionally 1.1 dB. However, measuring the performance of the 
back-to-back signal after scrambling revealed a penalty of 0.6 dB compared to the fixed 
polarization case, due to a small polarization dependence in the receiver. Taking this penalty 
into account indicates that actually only 0.5 dB of penalty is caused by the imperfection of the 
PSR. As it can be seen in Fig. 2(b), the maximum polarization crosstalk between the two 
outputs of the PSR at 1550 nm was around –18 dB, which may cause this small power 
penalty. The polarization crosstalk could be improved by increasing the length of the 
adiabatic taper-based TM0-TE1 converter to obtain a higher mode extinction ratio. Clear and 
open eye diagrams of the demodulated converted signals in Figs. 4(e) and 4(f) show very 
small distortion compared with the eye diagrams of the corresponding demodulated input 
signals shown in Figs. 4(c) and 4(d) (without and with polarization scrambling, respectively). 
On the other hand, error free performance could not be achieved when the polarization 
scrambler was used with a single 1 cm long waveguide of the same design but without PSRs, 
as can be seen from the closed eye diagram in Fig. 4(g), showing the effectiveness of the 
demonstrated Pol-D scheme. The eye closure is clearly due to the action of the polarization 
scrambler and not to the fact that the reference waveguide is shorter, since approximately the 
same conversion efficiency as with the 1.5 cm waveguide with PSRs was measured. 
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Results obtained in the transmission experiment are shown in Fig. 5. The BER curves in 
Fig. 5(a) correspond to the back-to-back case, the case with wavelength conversion alone, 
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Fig. 4. (a) Spectra at the input and output of the device and spectrum of the filtered and 
amplified idler. (b) Bit-error-ratio (BER) curves for the back-to-back (B2B) and wavelength 
converted 40 Gb/s DPSK signals with optimized polarization and with the polarization 
scrambler (PS) turned on. Eye diagrams of the demodulated (c) non-scrambled B2B signal, (d) 
scrambled B2B signal, (e) idler when the input signal is not scrambled, and (f) idler when the 
input signal is scrambled. All eye diagrams are recorded for −29 dBm received power. (g) Eye 
diagram of the idler converted in a straight 1 cm long silicon waveguide when the state-of-
polarization of the input signal is scrambled. 

and the case with transmission over 161 km SSMF and mid-span spectral inversion All cases 
are investigated for non-scrambled and scrambled data signals with a 27–1 long PRBS. 
Transmission over 161 km SSMF of the non-scrambled signal leads to an additional 1.3 dB 
penalty compared to the case with wavelength converter only. When the signal is scrambled, 
a penalty of 3.6 dB is observed. Additional penalty is introduced during the transmission due 
to the reduced OSNR combined with imperfections of the Pol-D circuit when the transmitted 
signal is scrambled. However, error free transmission is demonstrated, which is also seen 
from the open eye diagrams shown in Fig. 5(b) and 5(c) for non-scrambled and scrambled 
signal at the input of the link, respectively. The eye diagram in Fig. 5(d) represents a signal 
without phase conjugation after transmission over only 81 km SSMF. 
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Fig. 5. (a) Bit-error-ratio (BER) curves for the transmission of a 40 Gb/s DPSK signal over 161 
km SMF with and without polarization scrambler (PS) at the link input. Eye diagrams after 
transmission of the demodulated signals without (b) and with (c) polarization scrambler at the 
link input. Both eye diagrams are recorded for −25 dBm received power. (d) Eye diagram of a 
signal transmitted over 81 km SSMF without optical phase conjugator (OPC). 
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4. Conclusions 

We have demonstrated polarization-independent wavelength conversion of a 40 Gb/s NRZ-
DPSK signal using FWM in a silicon device. The fabricated device shows polarization 
independent transmission thanks to a circuit which consists of two identical PSRs and two 
identical Si nano-waveguides where FWM occurs. Error-free performance is achieved for the 
wavelength converted signal when the input signal polarization is scrambled. Furthermore, 
taking advantage of the optical phase conjugation occurring during the wavelength 
conversion process, a 40 Gb/s NRZ-DPSK data signal was successfully transmitted over 161 
km SSMF while being polarization-scrambled at the link input, achieving error free 
performance. 
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