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Conversion of digital- and analog-modulated optical signals from the 1550 nm band to the 1300 nm
band is demonstrated in silicon waveguides. The conversion is based on parametric Stokes to
anti-Stokes coupling using the Raman susceptibility of silicon. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1768310]

Silicon integrated optics has emerged as an attractive
technology for realizing passive devices because of the effi-
cient silicon-on-insulator sSOId guiding structures and
foundry compatible processing technology. However, silicon
is generally perceived to be devoid of active optical proper-
ties that are needed to realize more sophisticated optical
functions such as, amplification and wavelength conversion.
We have recently reported the observation of stimulated Ra-
man scatteringsSRSd1 and coherent anti-Stokes Raman scat-
tering sCARSd2,3 in silicon waveguides. In this letter, we
demonstrate wavelength conversion of digital- and analog-
modulated signals from 1542 to 1328 nm, using CARS. The
conversion efficiency of this process was measured to be
1.37310−5 and is limited by the phase mismatch between
the optical waves. Quasi-phase matching can be achieved by
engineering the rib waveguide structure to cancel out the
contribution of material dispersion using waveguide disper-
sion and birefringence.

Silicon exhibits a gain coefficient for stimulated Raman
scattering that is,104 times higher than in glass fibers.4,5

This, along with a small mode area(due to high index con-
trast between silicon and SiO2/air) offers the possibility to
achieve amplification and wavelength conversion in chip-
scale devices. In particular, parametric coupling via the Ra-
man susceptibility,xR

s3d (which is ,44 times larger than the
third order nonresonant susceptibility,xNR

s3d) offers a means to
transfer information between the Stokes and anti-Stokes
wavelength channels while preserving the phase of the sig-
nal. The conversion efficiency of this process is dependent
upon(i) the intensity of the pump wave,(ii ) the Raman sus-
ceptibility of silicon, and(iii ) the phase difference between
the three waves.

The detailed coupled mode analysis of this process has
been reported in fibers6 and has been analyzed in silicon
waveguides.3 The evolution of the anti-StokessaSd field in
the presence of the pumpspd and the StokessSd fields, as-
suming no initial anti-Stokes signal, is given by:2

EaSszd = − ieisDk + RIpdsz/2d
· f2R+ igssVdgIp ·

sinhAz

2A
·ESs0d,

s1d

whereDk=2kp
TE−kS

TM −kaS
TM, is the phase mismatch between

the three optical waves, with the polarizations as indicated,
V= uvaS−vpu= uvp−vSu=15.6 THz is the Raman shift,Ip is

the pump intensity,R=2pxNR
s3d v2/c2k s=1.7310−9 cm/Wd

refers to the contribution of the electronic susceptibility,gs

=−i4pxR
s3dsV0dv2/c2k s=3.7310−8 cm/Wd refers to the

Raman gain coefficient,ESs0d is the initial Stokes field
launched into the waveguide and the coefficientA is defined
as:

A = Îf2R+ igssVdgIp · sDkd/2 − sDk/2d2, s2d

whenDk! u4R+2gssVduIp=kth, the waves are close to phase
matching. Here, parametric conversion process is efficient
and dominates over stimulated amplification. The imaginary
part of A results in asinc2 dependence of power conversion
efficiency onDk as shown in Fig. 1. For silicon waveguides
(5.4 mm2 area) used in our experiments, 0.7 W of pump
power requiresDkth=2.1 cm−1 for efficient parametric inter-
action. We note that this model does not take into account the
linear propagation loss and nonlinear absorption, both of
which can lower the conversion efficiency.

The experimental setup shown in Fig. 2 consists of a cw
pump at 1427.3 nmsTEd, and an external cavity diode laser
sECDLd used as the Stokes source at 1542 nmsTMd, which
are coupled into the waveguide using a polarizing beam
splitter sPBSd. The ECDL is externally modulated and am-
plified using a high power EDFA before combining with the
pump. The silicon-on-insulatorsSOId rib waveguides used
are 1.8 cm long with a cross section area of 5.4mm2. At the
output, a band-pass filter is used to extract the converted
anti-Stokes signal at 1328.5 nm before photodetection and rf
amplification by 40 dB. The total passive loss of the system
is measured to be 20 dB, including 1.5 dB/cm for wave-
guide propagation.
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FIG. 1. Stokes to anti-Stokes conversion efficiency, calculated from Eq.(1),
using an effective pump power of 0.7 W at the input facet of the waveguide.
Measured conversion efficiency of,10−5 is also shown in the plot.
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Figure 3 shows the converted anti-Stokes signal spec-
trum measured with an optical spectrum analyzersOSAd.
The total converted anti-Stokes power at the output facet of
the waveguide was measured to be,400 nW. The peak is
blueshifted from the pump by 15.6 THz which is exactly the
optical phonon frequency in silicon. The bandwidth of the
wavelength conversion is,210 GHz, determined by the fi-
nite pump linewidth. This can be increased by(i) broadening
the pump linewidth, or(ii ) using multiple pump wave-
lengths.

A single tone rf signal at 1.03 GHz with 12 dBm power
was applied to the Stokes signal and the same modulation
was detected at the anti-Stokes signal. The converted rf sig-
nal is shown in Fig. 4. The electrical signal-to-noise ratio
sSNRd of the converted signal at 1.03 GHz modulation over
a bandwidth of 100 Hz as a function of the input Stokes
power is plotted in Fig. 5(squares). The maximum SNR was
measured to be 34 dBe.

Next, 1 Mbps PRBSs27–1d digital data were applied to
the Stokes source. The eye diagram of the wavelength con-
verted data is shown in Fig. 6. The maximum achievable bit
rate and SNR of the converted signal are limited by the con-
version efficiency.

It is determined that the noise level in the rf signal con-
version experiments is dominated by the thermal noise of the
optoelectronic front end. Figure 5 also shows the theoretical
fit for the electrical SNR versus the input Stokes optical
power (solid line). Excellent agreement between measured
and calculated SNR is obtained using a conversion efficiency
of 1.37310−5 in the calculations. We note that comparable
conversion efficiency was obtained from the slope of output
anti-Stokes power versus input Stokes power plot.2 From
Fig. 1, this corresponds to phase mismatch of

uDku.10 cm−1. Previous results2 on this waveguide indicate
a value ofuDku,30 cm−1. Further increase in conversion ef-
ficiency requires narrower range ofDk and a reduced lower
bound. Thus it is imperative that the phase mismatch is close
to zero to maximize the conversion efficiency.

In our experiments, the phase mismatch between the op-
tical waves depends on the material, waveguide dispersion,
and birefringence due to different polarizations of the pump
and the Stokes signal. By proper rib structure design, the
effect of material dispersion can be compensated by wave-
guide dispersion and birefringence.3 Under the phase
matched condition, the conversion efficiency is calculated to
be 2% at 0.7 W of pump power into a waveguide with
5.4 mm2 cross sectional area. Waveguides with smaller cross
section s,1 mm2d can increase the efficiency to 65% for
comparable pump powers. However, this has to be balanced
against the potential reduction in fiber-to-waveguide cou-
pling efficiency.

Under the current scattering configuration, based on the
Raman selection rules, the Pump and Stokes signals have to
be cross polarized for parametric Raman coupling.7 The
cross-polarized waves experience negligible coupling, hence
it is possible to double the throughput using polarization
multiplexing, although phase matching conditions for both
polarizations requires careful design considerations.

In conclusion, we have demonstrated coarse wavelength
conversion in silicon waveguides based on parametric Stokes
to anti-Stokes coupling using the Raman susceptibility. Con-
version efficiency of 1.37310−5 has been achieved and con-
version of analog- and digital-modulated data from a 1500
band to 1300 nm band has been experimentally demon-

FIG. 2. Experimental setup for wavelength conversion, Pump: pump laser at
1427.3 nm, ECDL: external cavity diode laser at 1542 nm(Stokes), MOD.:
modulator, PBS: polarization beam splitter, WG: waveguide, PsTMd: polar-
izer to collect TM0 mode, BPF: band pass filter at 1328 nm(anti-Stokes),
PD+Amp.: photodetector and amplifier, RFSA: rf spectrum analyzer, TE
and TM refer to the modes which are coupled by the PBS.

FIG. 3. Converted optical signal at 1328 nm as seen using an optical spec-
trum analyzer.

FIG. 4. Converted 1.03 GHz modulation obtained using a rf spectrum ana-
lyzer sRFSAd. A 40 dB rf preamplifier was used prior to the RFSA. The
input rf signal at the Stokes wavelength is also shown in the inset.

FIG. 5. Electrical SNR(in dBe) as a function of input Stokes optical power
(in dBm). Square marks show the experimental data with maximum SNR of
34 dBe measured. Theoretical fit to this plot as shown by the solid line gives
a conversion efficiency of 1.37310−5.
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strated. The conversion efficiency and hence the SNR and bit
rate supported by the conversion process are limited by the
phase difference between the optical waves and the magni-
tude of the Raman nonlinearity. Quasi phase matching can be
achieved by proper rib-waveguide design to cancel out ma-
terial dispersion using the birefringence in the waveguides

and hence result in high conversion efficiencies. The Raman
nonlinearity can be increased by using waveguides with
smaller cross-section area.
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FIG. 6. Eye diagram of the wavelength converted PRBS data at 1 Mbps.
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