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We propose the high speed signal wavelength conversion based on stimulated Raman effect on silicon waveg-

uides. Simulation results of non-return-to-zero (NRZ) pseudorandom bit sequence (27-1 code) at 500-Gb/s rate

of conversion in an ultrasmall silicon-on-insulator (SOI) optical waveguide are presented by co-propagating pump

optical field. The most attractive issue is that the inverted converted signal can be obtained at the same wave-

length as that of primary signal. In addition, the conversion performances, including extinction ratio (ER) and

average peak power of conversion signal, depend strongly on the launching pump intensity.

PACS: 42. 82.−m, 85. 30.De, 42. 65.Re

Silicon photonics is a rapidly growing field that has
made significant advances in recent years, in which the
gain coefficient for stimulated Raman scattering (SRS)
in silicon is approximately 104 times higher than that
in silica so that the Raman amplification and laser be-
come possible in silicon waveguide.[1−5] However, non-
linear loss due to the indirect band gap structure, in-
cluding two-photon absorption (TPA) and free-carrier
absorption (FCA) induced by TPA, are limiting fac-
tors for optical communication applications. To over-
come the nonlinear loss induced by carriers, some ap-
proaches such as the reverse biased p-i-n junction,
pulsed pumping and scaling down of waveguide di-
mension, and so on, have been reported, with success
in decreasing the carrier lifetime.[6−8]

All optical communication networks will, in a not
so distant future, be very dynamic in traffic manage-
ment, relocating data transfer over the available physi-
cal 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 surely re-
lated to silicon and related procedures. Silicon pho-
tonics is 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 applica-
tions of great interest. Up to date, many wavelength
conversion devices have been investigated, some based
on cross-gain modulation (XGM), cross-phase modu-
lation (XPM) and four-wave mixing (FWM) in non-
linear devices such as semiconductor optical ampli-
fiers (SOA) and special optical fibres where the bit
rates and conversion speed are limited by long car-

rier recovery time and dispersion in these projects and
devices.[9−12]

In this way, Si-photonics is the most suitable ap-
proach for integrated high speed all optical signal con-
version to be suitable for the development of high ca-
pacity all optical networks because the dispersion may
be neglected for picosecond pulse (≥ 1 ps) and the
nonlinear loss is also small for low initial energy in
ultrasmall SOI waveguide.[13] The published reports
focus on the conversion between different wavelengths
using four-wave mixing (FWM) in SOI.[14−16] How-
ever, the wavelength conversion may also convert in-
formation to the same wavelength, which is very im-
portant for applications in WDM switching blocks.[17]

A novel project based on the highly integrated ul-
trasmall SOI optical waveguide has been proposed,
to our best knowledge, in which the high speed sig-
nal inverted wavelength conversion can be performed
between two same wavelengths at 500-Gb/s by using
SRS effect. In the presented simulations, the extinc-
tion ratio (ER) and power of conversion signal are
observed with variational initial peak power of pump
wave at different waveguide lengths. In investigation,
the FWM process is neglected, which is deeply sup-
pressed due to the large wavevector mismatch in ul-
trasmall SOI optical waveguide.[18]

In Fig. 1, the rib waveguide structure with width
w, rib height H, and slab height h, the central wave-
lengths of primary signal wave λs, λp and λc are
the wavelengths of pump and probe continuous waves
(CWs), respectively. Here λs and λc have the same
wavelengths. To obtain higher SRS gain and high
quality wavelength conversion, the wavelengths will
be selected accurately according to Raman gain peak
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frequency shift of 15.6THz in the silicon waveguide.
Therefore, λs and λc should locate near the Raman
gain spectrum peak of λp.

Fig. 1. Schematic diagram of inverted wavelength conver-
sion between two same wavelengths based on SOI.

In the present study, the modified propagation
equations of three optical waves can be given by[19]
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where subscripts p, s and c denote the pump, primary
signal and probe optical fields, respectively; A is the
slowly varying amplitude, z is the propagation dis-

tance; T is the retarded time, d =
1

vgp
− 1

vgs
is the

walkoff parameter, with 1/vgp = 1.3695 × 10−8 sm−1

at λp = 1550 nm and 1/vgs = 1.3737 × 10−8 sm−1 at
λs = 1670 nm; β2 is the group velocity; λ and ω are the
central wavelength and angle frequency of pulses, re-

spectively; αp is the propagation loss parameter; βTPA

is the two-photon absorption parameter; gR is the Ra-
man gain peak value of pump optical field; αFCA, ∆n,
and ga,b indicate respectively the FCA parameter, the
change of effective index due to the free-carrier dis-
persion (FCD), and the overlap integral, and can be
given by[19,20]
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where n = ne = nh is the density of electron-hole
pairs generated by the TPA process. The coefficient
σ0 = 1.45 × 10−17 cm2[21] is the FCA cross section
measured at λ = 1550 nm, F (x, y) is the optical mode
distribution in the waveguide cross-section.

In Eqs. (1) and (3), the coefficients γa,a(a = p, s)
and γa,b (a, b = p or s) denote the self-phase and cross-
phase modulations parameters, and are described by
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where neff is the effective index; χNR
xxxx(= 0.5 ×

10−18 m2V−2 = 2χNR
xxyy

[22]) is the electronic non-
resonant susceptibility; χR the Raman resonant sus-
ceptibility can be written as

χR(ωs, ωp − ωs, ωs) =
2ΩRΓRξR

2iΓR∆ω + Ω2
R − ∆ω2

, (9)

where ΩR(= 15.6THz) is the Raman frequency shift,
ξR(= 11.2×10−18 m2V−2) is the Raman susceptibility
when ∆ω = ΩR, ΓR(= 2π × 53GHz) is the resonance
half-width.[22]

To obtain a consistent mathematical model,
Eqs. (1) and (3) have been coupled to the rate equation
governing the free carrier dynamic into the waveguide,
given by[23]
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where n is the carriers density, h̄ is the reduced Planck
constant, and τeff is the relevant effective recombina-
tion lifetime for free carrier, denoted by[24]

τ−1
eff =

S

H
+

w + 2(H − h)
wH

S′ + 2
h

H

√
D

w2

(S + S′

h

)
,

(11)
where the first term refers to the interface recombina-
tion lifetime, the second term refers to the surface re-
combination at the sidewalls, and the last term refers
to transit time out of the modal area. S and S′ are
the effective surface recombination velocity, D is the
diffusion coefficient.

It is worth noting that higher order Stokes waves
have not been considered because the maximum of
fundamental order Stokes wave is further lower than
Raman threshold power in our modelling. In the fol-
lowing, we present the simulation results.

According to Refs. [24-26], we list all the parame-
ters for simulation in Table 1.

Table 1. Simulation parameters.

Parameter Definition Value

αp,s,c Waveguide linear loss coefficient 0.22 dB cm−1

gR Raman gain at 1670 nm 59 × 10−9

cm W−1

βTPA Two-photon absorption coefficient 0.5 cm GW−1

βp2 Group velocity dispersion at λp −0.2 ps2m−1

βs,c2 Group velocity dispersion at λs,c −0.4 ps2m−1

w Rib waveguide width 900 nm

H Rib height 780 nm

h Slab height 390 nm

S, S′ Effective surface
recombination velocity

80ms−1

D Diffusion coefficient 16 cm2s−1

c Light velocity in vacuum
2.99792458
× 108 ms−1

h̄ Reduced Planck constant 1.06 × 10−34 Js

λs Primary signal wavelength 1670 nm

λc Probe wavelength 1670 nm

λp Pump wavelength 1550 nm

Figure 2 shows the time domain waveforms of ini-
tial primary signal [Fig. 2(a)] and output conversion
signal pulses [Fig. 2(b)] at 500Gb/s. It is shown that
the conversion signal is inverted as compared with the
primary signal after going through the SOI waveg-
uide. However, the bit rate is so high that the situ-
ation changes dramatically because carriers produced
by previous pulse have not enough time to recombine
before the next pulse arrives. Thus, the density of
carriers from pulse to pulse increases until a steady
state is reached. In numerical simulations, the steady
state waveform is shown in Fig. 2(b) by propagating
enough pulses. The principle of wavelength conversion
can be explained such that the primary signal will ob-
tain the energy from the pump optical field due to
SRS, i.e., the energy of pump wave will be transferred
to the primary signal in which the transfer efficiency
is proportional with the overlapped energy between
two optical fields. Therefore, the pump optical field

will be modulated by the primary signal owing to SRS
process so that it has inverted waveform compared to
the primary signal shape. Simultaneously, the modu-
lated pump optical field will also act on the cw probe
optical field by SRS leading to energy transfer from
modulated pump wave to the cw probe, namely the
exchange of information between primary signal and
probe wave channels can be indirectly carried out by
the pump wave. Finally, the inverted conversion sig-
nal is generated with the centre wavelength of 1670 nm
at the output end of SOI waveguide.

Fig. 2. Intensity envelopes of initial primary signal and
output inverted conversion signal with initial peak power
34.77 dBm, 6.99 dBm, and −13.01 dBm for optical field λp,
λs, and λc, respectively, and waveguide length L = 6mm,
and the ER of 16.68 dB for primary signal.

In fact, the qualities of wavelength conversion sig-
nal are strongly dependent on the incident powers of
the three optical fields as well as waveguide length.
The power of primary signal, however, is low after
passing through a long distance, which is fixed at
0 dBm in our simulation. The power of initial probe
wave is set to −13.01 dBm at the input of the waveg-
uide because the lower probe power is beneficial for
improving the ER of conversion signal that is a very
important parameter for evaluating the performance
of wavelength conversion, and defined by

ER = 10 log
bitmin

1

bitmax
0

, (12)

where ER has the unit of dB, bitmin
1 and bitmax

0 denote
respectively the lower 1-bit level and the higher 0-bit
level of conversion signal.
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Figures 3 and 4 show the ER and average peak
power of conversion signal as a function of initial
power of pump at different waveguide lengths, to
present the qualities of conversion signal. It is clearly
shown that both of them grow sub-linearly as a re-
sult of SRS with increase of the input pump peak
power, but the slopes of curves will become smaller
and smaller due to pump depletion (gain saturation)
and losses, i.e., the ER and average peak power may
arrive at the maximum with increasing the pump
power.

Fig. 3. ER versus the initial pump peak power with dif-
ferent waveguide lengths.

Fig. 4. Average peak power versus the initial peak power
with different waveguide lengths.

In addition, one can see that when the pump power
is low, the larger ER and average peak power can
be achieved for 8-mm-long waveguide compared with
shorter waveguides because of longer interaction dis-
tance of SRS, which may become smaller than that of
the case of shorter waveguide as a result of gain sat-
uration and losses when enhancing further the input
pump power.

In summary, we have presented a comprehen-
sive numerical study of high speed signal wavelength
conversion between two same wavelengths based on
stimulated Raman scattering in ultrasmall silicon-on-
insulator optical waveguide. The extinction ratio and
average peak power of the inverted conversion signal
depend strongly on the length of silicon waveguide and
initial peak power of pump optical field. On the basis
of the above analysis, we conclude that high quality
conversion signal with larger ER and high power can
be achieved by adjusting the initial pump peak power
and waveguide length.
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