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Abstract We propose single-to-dual all-optical wavelength conversion based on stimulated
Raman effect on silicon waveguides. Simulation results of non-return-to-zero (NRZ)
pseudorandom bit sequence (2’—1 code) at 10, 50, and 200-Gbit/s rates of conversion in an
ultra-small silicon-on-insulator waveguide are presented. The main goal in the proposed
scheme is that the converted signal can be obtained simultaneously inverted, at the 1550 nm
channel (down-conversion) and non-inverted, at the 1846 nm channel (up-conversion), for
original signal fixed at 1686 nm.
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1 Introduction

In recent times, some studies have demonstrated silicon as an ideal platform for
optoelectronic integrated devices due to some practical features, including its stimulated
Raman scattering (SRS), 10* times higher than that of silica glass fibers because of the
single crystal structure [1-5]. However, nonlinear losses due to the indirect band gap
structure - including two photon absorption (TPA) and free carrier absorption (FCA),
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induced by TPA - are limiting factors for optical communication applications. To overcome
the nonlinear loss induced by carrier, some approaches such as the reverse biased p-i-n
junction, pulsed pumping and scaling down of waveguide dimension among others were
reported, with success in decreasing the carrier lifetime [6-8].

All-optical communication networks will need, in a not so distant future, to be very
dynamic in traffic management, relocating data transfer over the available physical and
spectral pathways, enabling as deep as possible a better utilization of the installed network
and with minimum hardware, i.e., high costs. The cheapest and most matured
semiconductor technology is, for sure, that of silicon and related procedures. Silicon
photonics are being used to implement lasers, detectors, ring resonators and very good
waveguides. Among the many interesting features of Si-based photonics, wavelength
conversion is one of the nonlinear applications of great interest. Up to now many
wavelength conversion devices have been investigated, some based on cross-gain
modulation (XGM), cross-phase modulation (XPM) and four-wave mixing (FWM) in
non-linear devices such as semiconductor optical amplifiers (SOA) and special optical
fibers [9-12].

In this way, Si-photonics are the most suitable approach for integrated high-speed all-
optical signal conversion because the signal distortion induced by dispersion can be ignored
for ultrashort picosecond pulse in only several millimeters or centimeters long silicon
waveguides [13]. Many previous reports focus on single-to-single channel conversion,
operating with inverted or non-inverted modulation, but some recent researches present
results of single-to-dual and simultaneous inverted and non-inverted conversion [14—16].
However, the designed devices are not so easily used in high integration schemes. In this
paper a novel project is proposed and simulated the single-to-dual and simultaneously
inverted and non-inverted wavelength conversion at 10, 50, and 200-Gb/s rates by using
SRS in highly integrated ultra-small SOI optical waveguide, which has the advantages of
lower Raman threshold and smaller nonlinear loss.

2 Model and theory

To perform the wavelength conversion, the SOI rib waveguide adopted is shown in Fig. 1
where the rib structure is beneficial for reducing the signal loss and supporting the single
mode operation comparing with the conventional strip waveguide [17, 18], which has the
width w, rib height H, and slab height h, the center wavelength of primary signal wave A,
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Fig. 1 Schematic diagram of invert and non-invert wavelength conversion based on SOI.
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A1, and A, are the probe continuous-waves (CW). To obtain higher SRS gain and high
quality wavelength conversion, the three wavelengths will be selected accurately due to
Raman gain peak frequency shift of 15.6 THz in silicon waveguide. So the A should lie
near the Raman gain spectrum peak of A;, and A, should lie near the Raman gain spectrum
peak of A

The present model is similar to the standard model used to describe Raman fiber
amplifier [19], but will include additional terms describing the effects of TPA, and FCA. So
we generalize the differential equations describing the longitudinal variation of the primary
signal pulse and two CW probe waves inside the SOI waveguide by taking into account
SRS and including linear absorption loss, TPA and FCA. Therefore, when neglecting the
interaction between A; and A, due to enough spectral distance, the optical intensity change
along the waveguide may be described as:

d[l }\av
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where z is transmission distance, o is linear absorption loss, g is Raman gain coefficient
for A in silicon waveguide, A is wavelength, 3 is TPA coefficient, o is the free carrier
absorption cross section, n is the free carrier density. The time dependence of the free
carrier density in the silicon waveguide can be written as [20]:

dn n B
- +
dt T 2h,c

(M} + A2+ 2a13) (4)

where h;, is Planck constant, ¢ is the light velocity in vacuum, T is the effective carrier
life, which is denoted by [21]
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(5)
where the first term refers to the interface recombination lifetime, the second term refers to
the surface recombination at the sidewalls, and last term refers to transit time out of the
modal area. S and S' are the effective surface recombination velocity, D is diffusion
coefficient.

To present quality of conversion signal, the eye-opening width, i.e, relative eye
amplitude ratio, is calculated, in logarithmic scale, defined by

bifMin — pigmax

Aeye = 101og b
0

(6)

where Ay has the unit of dB, bit‘lni“and bity™ denote respectively the lower “1”-bit level
and the higher “0”-bit level of conversion signals.
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Table 1 Simulation Parameters.

Parameter Definition Value
o4 Waveguide linear loss coefficient 0.22 dB/cm
s Raman gain at 1686 nm 59x107° cm/W
L Waveguide length 4.2 mm
B Two-photon absorption coefficient 0.44 cm/GW
o Free carrier absorption cross section 1.45x107"7 cm?
w Rib-waveguide width 445 nm
H Rib height 500 nm
h Slab height 220 nm
S, S’ Effective surface recombination velocity 80 m/s
D Diffusion coefficient 16 em®/s
C Light velocity in vacuum 2.99792458 x 10%m/s
h, Planck constant 6.63x107%Js
As Primary signal wavelength 1686 nm
M Probe wavelength 1550 nm
A Probe wavelength 1848 nm
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Fig. 2 Waveforms of invert and non-invert wavelength conversion based on SOI with initial intensity 1.67 x
10°W / ecm?, 1.67x 10°W/cm?, and 1.67x 10°W/em? for optical field A, A, and L, respectively.
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Fig. 3 Variation curves of eye- £ T T T
opening for inverted and non-
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3 Simulation results

Initial intensity (W!cm2)

Equations (1-6) can be solved numerically by 4th-order Runge-Kutta (RK) algorithm [22],
in simulation, the all parameters are listed in Table 1.

When three optical fields are simultaneously co-propagating in waveguide, the single-
to-dual and inverted and noninverted wavelength conversion can be achieved by SRS
effect. Figure 2 shows the time domain waveforms of initial primary signal and output
conversion signal pulses at 200-Gb/s. From the figure, it is shown that the inverted signal at
1550 nm and noninverted signal at 1848 nm are simultaneously achieved after going
through the waveguide. These imply that the energy will transfer from A to A,, and from A
to A, due to SRS process when co-propagating in SOI waveguide. Furthermore, the transfer
efficiency is proportional to the overlapped optical energy between adjoining two optical
fields, which will enhance as increasing the overlapped energy.

Fig. 4 Variation curves of eye-
opening for inverted and non-
inverted signal versus the initial
intensity of A, at different bit
rates.
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To describe the code pattern quality of conversion signals, eye-opening of system is a
very important parameter [22], so the variation curves of eye amplitude ratio (eye-opening)
versus the original signal intensity and intensities of probe waves are shown in Fig. 3 for
inverted and non-inverted signal pulses, respectively. From the Fig. 3, it is shown that the
eye amplitude ratio will sub-linearly increase with increasing the intensity at A, or A, for a
fixed intensity at A,, and monotonically decrease with increasing the intensity at A, for fixed
other optical field intensities. These can be explained that the SRS will be enhanced as
increase in the optical intensities at A; and A, and energy which will be transferred from 2,
to Ag, and from A to A, respectively, as a result that the eye-opening width is also
improved. But when increasing the optical intensity at A,, the optical intensity at A will
rapidly decrease due to SRS between A and A,. So, more energy of the primary signal will
be transferred to A, so as to decrease the eye-opening width. In addition, some other
features should be adverted from the figure. One case is that when increasing further the
initial intensity at A; or A, eye amplitude ratio will begin to decay due to the enhanced
nonlinear loss and gain saturation. Another case is that the eye amplitude ratio will be
negative value with increasing further the incident intensity at A, which implies that the
conversion signal is strongly distorted under the condition.

In fact, intensity of the incident primary signal is low during wavelength conversion. So,
In order to achieve more wide eye-opening, we can suitably increase the intensity at A;. At
the same time, the conversion efficiency of inverted signal is also improved. The
correspond variation curves of eye-opening for conversion signals are shown in Fig. 4 at
10, 50, and 200-Gb/s rates, respectively. In this figure, we can see that the width of eye-
opening will be increased with increasing the optical intensity at A; where the eye-opening
of conversion signal is insensitive to the different rates for low launching intensity owing to
the small nonlinear loss, but becomes dependent on the bit rates for high input intensity
because of the combined effects of nonlinear loss and gain saturation.

4 Conclusion

We have reported simulations of single-to-dual and simultaneously inverted and non-
inverted wavelength conversion signal, obtained by using stimulated Raman scattering
process in ultra-small silicon-on-insulator optical waveguide at 10, 50, and 200-Gb/s rates
with 27—1 pseudorandom code. Moreover, the conversion signals have well pulse
waveforms and wide eye-opening ratio. The model of ultra-small silicon-on-insulator
optical waveguide may be selected for high-speed wavelength conversion in highly
integrated optoelectronic device.
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