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A strong Raman enhancement to the four-wave mixing
(FWM) conversion efficiency is obtained in a silicon core
fiber (SCF) when pumped with a continuous-wave (CW)
source in the telecom band. By tapering the SCFs to alter
the core diameter and length, the role of phase-matching
on the conversion enhancement is investigated, with a
maximum Raman enhancement of ∼ 15 dB obtained for
a SCF with a zero dispersion wavelength close to the
pump. Simulations show that by optimising the tapered
waist diameter to overlap the FWM phase-matching
with the peak Raman gain, it is possible to obtain large
Raman enhanced FWM conversion efficiencies of up
to ∼ 2 dB using modest CW pump powers over wave-
lengths covering the extended telecom bands. © 2021
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Four-wave mixing (FWM) has been widely investigated in4

silicon photonic platforms for use in wavelength conversion, am-5

plification and regeneration of optical data signals [1, 2]. How-6

ever, there are challenges to increasing the total gain that can be7

achieved via this process when working in the telecom band ow-8

ing to the strong two-photon absorption (TPA), and subsequent9

free carrier generation, that occurs within silicon in this region10

[3]. Thus, when working with continuous-wave (CW) pump11

sources required for high repetition rate data signals, integrated12

p-i-n diodes must typically be employed to reduce the losses13

associated with build-up of TPA-induced free carriers as the14

pump powers are increased [4].15

An alternative route to increasing the FWM gain is to couple16

the parametric nonlinear process with the resonant Raman re-17

sponse of the material. This has been successfully demonstrated18

using silica optical fibers to obtain large gain enhancements for19

the idler (Stokes beam) when the signal (anti-Stokes) is placed20

close to the peak Raman shift for the material, even when the21

FWM process is far from phase-matched [5]. Coupling of the22

Raman and FWM processes has also been investigated in sili-23

con platforms, but so far the focus has been on conversion via24

coherent anti-Stokes Raman scattering (CARS) processes, result-25

ing in relatively low conversion efficiencies to the anti-Stokes26

beam of around −50 dB despite the use of high pump powers27

(∼ 700 mW) [6]. Additional efforts have looked to exploit CARS28

conversions in ring-resonator geometries, which have enabled29

higher conversion efficiencies, exceeding 0 dB, for lower pow-30

ers (∼ 20 mW), though with the requirement of higher design31

complexity and less flexibility in the operating wavelength [7].32

In this paper we demonstrate a strong Raman enhancement33

of FWM wavelength conversion to the Stokes beam in a silicon34

core fiber (SCF) pumped by a low power CW source in the tele-35

com band. Compared to their planar counterparts, this new class36

of silicon waveguide combines the benefits of the highly nonlin-37

ear core material with the simplicity of the robust and flexible38

fiber platforms [8]. Specifically, the SCFs used in this work have39

been tapered using a standard fiber post-processing procedure40

to control the core size and length, allowing for investigations41

of the phase-matching conditions on the gain enhancement [9].42

The FWM conversion efficiency in the direction of the Stokes43

wave is found to be orders of magnitude more efficient than44

for the CARS process, and a maximum conversion efficiency of45

around −40 dB is obtained for a pump power of only 28 mW,46

when the pump is positioned close to the zero-dispersion wave-47

length (ZDW) of the tapered SCF. Simulations show that the48

conversion efficiency can be increased to ∼ 2 dB for a perfectly49

phase-matched process with pump powers as low as ∼ 300 mW,50

providing the first indication that efficient FWM conversion can51

be achieved in silicon waveguide systems with CW pumping in52

the telecom band.53

The nonlinear processes that contribute to our investigations54

are depicted in the energy level diagrams of Fig. 1(a), where55

(1) corresponds to degenerate FWM, (2) is stimulated Raman56

scattering (SRS), and (3) is inverse Raman scattering (IRS). A57

schematic of the wavelength conversion processes, highlighting58

the interaction between them, is also provided in Fig. 1(b). In59

this image, the pump (ωp) is launched into the SCF together60

with the signal (ωs), which helps to stimulate the FWM process61

(1). Once FWM induces idler photons (ωi), SRS can take place as62

per process (2), which leads to enhancement of the conversion63

efficiency. However, due to the presence of the FWM enhanced64

signal, strong IRS conversion can occur, resulting in a transfer of65

energy back to the pump as per (3). This compensation of the66
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Fig. 1. (a) Energy level diagrams for (1) four-wave mixing, (2) stimulated Raman scattering and (3) inverse Raman scattering. (b)
Schematic of frequency conversion occurring due to processes (1-3), as the pump is tuned to align ωi with the peak Raman gain. (c)
Tapered silicon core fiber design. (d) Second-order dispersion parameter as a function of wavelength for SCFs with two different
core diameters, as labelled. Vertical lines indicate the positions of the pump (red), signal (green) and idler (yellow).

pump can thus further increase the conversion efficiency of the67

idler via the FWM (1) and SRS (2) processes. To verify the role of68

SRS, the pump frequency can be tuned to adjust the alignment69

of the idler with respect to the peak Raman gain, positioned at70

ΩR, as also illustrated in Fig. 1(b). We note that our choice to71

tune the pump rather than the signal beam was dictated via the72

availability of suitable laser sources. However, the principal is73

the same regardless of which beam is tuned, and we expect that74

when the pump and idler frequencies are separated by the peak75

Raman shift of the material, the maximum enhancement will76

take place.77

The SCFs used in this work were fabricated via the molten78

core drawing technique, followed by a subsequent tapering79

process to tailor the core diameter Dw and length Lw of the80

waist region [10], shown schematically in Fig. 1(c). The tapering81

process also helps to improve the crystallinity of the core, which82

reduces the optical losses, and all SCFs used in this work had low83

propagation losses of ∼ 2 dB/cm. A portion of the input and84

output transition regions were retained in the tapered structures85

to improve the coupling efficiency, thus reducing the insertion86

loss, though the lengths of these are kept very short (∼ 1 mm)87

so that they do not contribute to the nonlinear propagation88

in the waist. Owing to the phase-matching requirements of89

FWM, the waist diameter plays a vital role in determining the90

dispersion properties. To illustrate this, Fig. 1(d) shows second91

order dispersion (β2) curves for two SCFs with core diameters of92

860 nm and 750 nm, illustrating the blue shifting of the ZDW for93

smaller cores. The position of the signal wavelength (1431 nm -94

green), tunable pump (centered at 1545 nm - red) and generated95

idler (yellow) beams used in our experiments are indicated by96

the vertical lines. From this it is clear that the pump beam is97

positioned closer to the ZDW for the SCF with the larger core98

size, which helps to ensure a broad phase-matching bandwidth.99

To model nonlinear propagation in the tapered SCFs, the
generalized nonlinear Shrödinger equation (GNLSE) is used as
given in the form [11]:
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The terms on the left hand side describe the linear propagation,100

where A is the pulse amplitude, α is the linear propagation loss,101

βn is the nth order dispersive term, and σ is the free carrier102

parameter for crystalline silicon, with µ and Nc being the free103

carrier dispersion and density, respectively. The terms on the104

right hand side govern the nonlinear propagation, where γ is105

the nonlinearity parameter, γ1 = dγ/dω ≈ γ/ω0, and R(t) is106

the nonlinear response function. For propagation in the tele-107

com band, γ is expressed in terms of the nonlinear refractive108

index (n2 = 5.54 × 10−18 m2/W at 1545 nm) and two-photon ab-109

sorption (TPA) coefficient (βTPA = 10 × 10−12 m/W at 1545 nm)110

via: γ = k0n2/Aeff + iβTPA/2Aeff, where Aeff is the effective111

mode area (∼ 0.4 µm2 for a core diameter of 860 nm) [10]. The112

response function R includes both the electronic and vibrational113

contributions via [12]:114

R (t) = (1 − fR) δ (t) + fRhR(t), (2)

where fR = gRΓR/(n2k0ΩR) represents the fractional contri-115

bution of the delayed Raman response in which gR = 3.4 ×116

10−12 m/W is the Raman gain and ΓR is the gain bandwidth117

[13]. In silicon, hR is approximated by the function [12]:118

hR (t) = (τ−2
1 + τ−2

2 )τ1 exp (−t/τ2) sin (t/τ1) , (3)

where τ1 = 10.25 fs is the photon lifetime and τ2 = 3.03 ps is the119

damping time.120

The experimental setup to study the interaction between the121

FWM and Raman processes is shown in Fig. 2. A tunable CW122

pump laser centered at 1545 nm is combined with a CW sig-123

nal beam, positioned at the anti-Stokes wavelength of 1431 nm,124

using a wavelength division multiplexer (WDM), and then cou-125

pled into the SCFs using a tapered lens fiber (TLF) with a focal126

diameter of 2.5 µm and a working distance of 14 µm. Two polar-127

ization controllers (PC) were used to adjust the polarization of128

the pump and signal to optimize the conversion efficiency. The129

output signals from the SCFs were recorded either via a power130

meter (PM) or an optical spectrum analyzer (OSA) connected131

through the optical coupler (OC).132

Our investigations begin by studying the interaction of133

FWM and Raman in a SCF that has a tapered waist diameter134

Dw = 860 nm over a length of Lw = 10 mm, so that the pump135
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Fig. 2. Experimental setup for Raman enhanced FWM in
the tapered SCFs. PC, polarization controller; WDM, wave-
division multiplexer; OC, optical coupler; PM, power meter;
TLF, taper lens fiber; OSA, optical spectrum analyzer.

wavelength is close to the ZDW. The experiments were con-136

ducted with a pump power of 28 mW and a signal power of137

only 2 mW. The resulting experimental conversion efficiency is138

shown as the orange circles in Fig. 3 as the pump wavelength139

is tuned. As the FWM generated idler wavelength (λi) moves140

closer to the peak Raman wavelength (ΛR, which is related to141

the peak frequency ΩR), the conversion efficiency increases by142

over an order of magnitude, from ∼ −57 dB up to ∼ −44 dB,143

with a clear peak when the offset is zero. To better understand144

the observed enhancement, the results were compared with sim-145

ulations of the GNLSE conducted both with (solid curve) and146

without (dashed curve) the Raman term turned on. As it can be147

seen, the conversion efficiency for FWM alone is low (∼ −55 dB)148

as the process is not perfectly phase-matched. However, signifi-149

cant enhancements (∼ 15 dB) can be achieved when the Raman150

and FWM processes are coupled, and the simulated results un-151

der these conditions are in good agreement with the experiments.152

To further study the role of phase-matching, additional experi-153

ments were conducted for SCFs with different waist diameters:154

760 nm (yellow circles) and 750 nm (blue circles), but the same155

input powers. From these results we see that although the max-156

imum conversion efficiency drops as the FWM moves further157

from phase-matching for the decreasing core size, significant158

Raman enhancement can still be achieved, with gains of ∼ 12 dB159

-4 -3 -2 -1 0 1 2 3 4

i
-

R
 (nm)

-70

-65

-60

-55

-50

-45

-40

C
o
n
v
e
rs

io
n
 e

ff
ic

ie
n
c
y
 (

d
B

)

experiments

FWM & Raman

FWM only

Fig. 3. Conversion efficiency as λi is tuned across ΛR for three
different SCF core diameters: 860 nm (orange), 760 nm (yel-
low) and 750 nm (blue), with Lw = 10 mm. Experiments are
compared to simulations including FWM & Raman, and with
FWM only, as labelled in the legend.
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Fig. 4. (a) Comparison of the conversion efficiency as λi is
tuned across ΛR for two SCFs with Dw = 860 nm, but lengths
of Lw = 10 mm (orange) and Lw = 15.4 mm (grey). Experi-
ments are compared to simulations including FWM & Raman,
and with FWM only, as labelled in the legend. (b) Simulated
conversion efficiencies as a function of tapered waist length
conducted both with (solid) and without Raman (dashed). The
vertical lines mark the waist lengths for the SCFs in (a).

and ∼ 9 dB for the 760 nm and 750 nm diameters, respectively.160

Interestingly, when comparing the simulated FWM conversion161

efficiencies without Raman, we notice that these curves oscillate.162

We attribute this behaviour to changes in the phase-matching163

conditions, and thus the energy transfer between the waves,164

as the pump is tuned. Due to the phase-mismatch, the energy165

transfer will also vary as the SCF length is changed, thus we166

expect that the maximum FWM conversion will depend on Lw.167

To better understand the length dependence of the conversion168

efficiency, an additional SCF was fabricated with a core waist169

diameter of 860 nm, but with a longer length of Lw = 15.4 mm.170

Fig. 4(a) plots the measured conversion efficiency as the pump is171

tuned to position the idler closer to the peak Raman shift ΛR for172

the two SCF lengths. For these experiments, the pump power173

was reduced slightly to 14 mW, but the signal power remained174

fixed at 2 mW, resulting in a reduced Raman enhancement of175

∼ 4 dB for the 10 mm fiber (orange circles), as estimated from the176

simulation results. Although we might expect the Raman gain177

to increase for increasing fiber length, as the conversion process178

is initiated by FWM, we find that both the conversion efficiency179

and enhancement are reduced for the 15.4 mm SCF, by around180

7 dB and 4 dB, respectively. This can be understood via plots181

of the simulated conversion efficiency as a function of length182

shown in Fig. 4(b), where it is clear that the FWM conversion183

efficiency varies greatly as the waves move in and out of phase,184

and that SRS only serves to amplify the conversion rather than185

alter the trend. From this plot it is clear that the shorter SCF186

length corresponds to a peak in the FWM conversion, whilst187

the longer SCF is positioned at a minimum. Importantly, this188

result also helps us to explain the relatively high conversion189

efficiency obtained for the 760 nm core diameter SCF compared190

to the 750 nm SCF in Fig. 3, as the 10 mm length used in these191

investigations is closer to the optimal length for the larger core192

fiber.193

Although our results have shown that significant enhance-194
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ments to the FWM wavelength conversion efficiency can be195

obtained with a phase-mismatch, we expect that much stronger196

enhancements should be attainable for a system that is perfectly197

phase-matched, i.e., correct SCF core diameter, pump and signal198

wavelengths, resulting in more practical output idler powers.199

Fig. 5 plots simulation results of the conversion efficiency as200

functions of core diameter and pump wavelength. To compen-201

sate for the changing core diameter, the simulations were con-202

ducted with fixed pump intensity of 8.6 × 1011 W/m2, which203

corresponds to a peak power of 340 mW for a diameter of 860 nm,204

and signal power of 2 mW. We note that for these simulations205

higher pump powers were chosen such that they allowed for206

the maximum conversion efficiency to be achieved, even though207

TPA and TPA-induced FCA are no longer negligible. In all cases208

the tapered SCF length was fixed at 10 mm as increasing the209

length beyond this did not significantly increase the output ef-210

ficiency. As can be seen, for each SCF core diameter there is an211

optimum pump wavelength that satisfies the phase-matching212

conditions, allowing for large conversion efficiencies of up to213

2.3 dB, which equates to usable Stokes output powers of several214

µW for these pump/signal powers. Significantly, these results215

provide the first indication that FWM conversion efficiencies216

exceeding 0 dB can be achieved in silicon waveguide systems217

when pumped in the telecom band with a CW source, without218

the need for complex p-i-n diode [4] or ring resonator struc-219

tures [7]. Comparing Fig. 5 to simulations conducted without220

the Raman term, we find that the gain enhancement due to the221

nonlinear coupling can reach as high as 28 dB. Moreover, due222

to the strong coupling to the Raman term, the system is also223

fairly robust to changes in the pump wavelength and core size,224

with high conversion efficiencies being maintained over a wave-225

length band of ∼ 20 nm and a ∼ 25 nm variation in the diameter.226

The red shifting of the optimum pump wavelength to allow for227

phase-matching as the core diameter increases is consistent with228

the shift in the dispersion profiles seen in Fig. 1(d) [10], and229

highlights the convenience and flexibility of the tapered SCF230

platform to cover broad wavelength regions. Furthermore, by231

fabricating nano-spike couplers onto the SCF facets, these fibers232

can also be spliced directly into conventional fiber networks,233

allowing for the construction of robust and practical systems234

[14].235

In summary, this work has demonstrated that by coupling the236

FWM and Raman terms in low loss tapered SCFs it is possible to237

achieve a significant enhancement of the conversion efficiency238

for CW pump beams with fairly modest power levels. Our ex-239

periments have shown that the maximum conversion efficiency240

depends on the phase-matching conditions and length of the241

tapered waist, but that substantial enhancements up to ∼ 15 dB242

can be obtained even under non-phase-matched conditions. By243

tailoring the core size to optimize the phase-matching, our sim-244

ulations have shown that it should be possible to obtain large245

FWM conversion efficiencies of the order of a few dB without246

the need for complex carrier sweep-out schemes [4], or the use of247

pulsed pumps [2]. These results highlight the power of exploit-248

ing coupling between the parametric and resonant nonlinear249

processes for boosting the output signal powers from practical250

systems.251
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Fig. 5. Simulated conversion efficiency as functions of the
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fixed length of 10 mm. The input pump intensity is set as
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