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The performances of a dual-pump parametric and Raman amplification process and the wavelength conversion

in silicon waveguides are investigated. By setting the Raman contribution fraction f to be 0.043 in our analytical

model, the amplification gain of the probe signal can be obtained to be over 10 dB. The pump transfer noise (PTN),

the quantum noise (QN), and the total noise figure (TNF) are discussed, and the TNF has a constant value of about

4 dB in the gain bandwidth. An idler signal generated during the parametric amplification (PA) process can be used to

realize the wavelength conversion in wavelength division multiplexing (WDM) systems. In addition, the pump signal

parameters, the generated free carrier lifetime and effective mode area (EMA) of the waveguide are analysed for the

optimization of signal gain and noise characteristics.

Keywords: silicon waveguide, parametric amplification, stimulated Raman scattering, noise figure,
wavelength conversion

PACS: 42.25.Bs, 42.65.Dr, 42.65.Wi, 42.65.Yj DOI: 10.1088/1674-1056/21/4/044202

1. Introduction

It is well known that the fibers have been widely

used in the areas of signal amplification[1−3] and wave-

length conversion[4−7] for years, but the requirement

for device minimization makes them awkward in opti-

cal information processing. During a long time period,

the integrated optics have become more and more ma-

ture in the communication field.[8−11] As one of the

semiconductor materials, silicon is used as the prop-

agation medium and the substrate. Microelectronic

techniques make it popular not only in electronic cir-

cuits, but also in optical chips and devices. In the state

of the art, silicon can be used to make lasers,[9] modu-

lators, microrings,[12] optical switches, and wavelength

converters.[12]

When the intensity of incident waves is strong

enough, nonlinear effects like four-wave mixing

(FWM) and stimulated Raman scattering (SRS) oc-

cur and can be used to realize the signal amplification

and the wavelength conversion.[13] Both the continu-

ous waves (CW) and ultrashort pulse waves have been

employed as pump signals to transfer the energy to the

probe and idler signals. Compared with CW signals

which require the lifetime of generated free carriers to

be below 20 ps, the pulsed signals avoid measuring like

ion implantation and applying a bias voltage to obtain

the same gain level.[14,15] Amplifiers based on silicon

can achieve more than 10-dB net gain in a length of

several centimeters.[14] Dual-pump parametric ampli-

fiers can achieve nearly 300-nm bandwidth[16] while

the SRS induced Raman response peak wavelength in

silicon has a frequency shift of 15.6 THz (124.8 nm

at the wavelength around 1550 nm) from that of each

incident signal. This means the peak wavelength is

contained in the signal gain and wavelength conver-

sion bandwidths, making them reduce greatly. Al-

though Raman contribution fraction f in silicon is

much smaller than that in silica fibers, SRS could still

induce much more changes on the parametric amplifi-

cation (PA) gain spectrum. The corresponding noise

figures (NFs) of pump transfer noise (PTN) and quan-

tum noise (QN), the total noise figure (TNF), and the

wavelength conversion are also analysed. To optimize

the properties of the waveguides, some parameters are

discussed in detail.
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2. Basic principle of analytical model

When two pumps with pulse signals and one probe signal are incident into a silicon waveguide, both PA

and SRS occur. A set of amplitude coupled equations describing this amplification process can be given as

follows:[1]
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where |Ak| (k = h, l, s, i) are the wave amplitudes and ωk (k = h, l, s, i) are the angular frequencies,

φ1 = (2− f)γ(|Al|2 + |As|2 + |Ai|2) + fγ(H(ωh − ωl) |Al|2 +H(ωh − ωs) |As|2 +H(ωh − ωi) |Ai|2), (2a)

φ2 = (2− f)γ(|Ah|2 + |As|2 + |Ai|2) + fγ(H(ωl − ωh) |Ah|2 +H(ωl − ωs) |As|2 +H(ωl − ωi) |Ai|2), (2b)

φs = (2− f)γ(|Ah|2 + |Al|2 + |Ai|2) + fγ(H(ωs − ωh) |Ah|2 +H(ωs − ωl) |Al|2 +H(ωs − ωi) |Ai|2), (2c)

φi = (2− f)γ(|Ah|2 + |Al|2 + |As|2) + fγ(H(ωi − ωh) |Ah|2 +H(ωi − ωl) |Al|2 +H(ωi − ωs) |As|2), (2d)

where two-photo absorption (TPA) coefficient β =

0.75×10−11 m/W, free carrier absorption (FCA) coef-

ficients αF
k = 1.45×10−17 (λk/1550)

2N (k = h, l, s, i),

and equations (2a)–(2b) contain cross phase modula-

tion (XPM) and SRS. When f = 0.043, the signal gain

of parametric and Raman amplification is achieved.

At the output of the waveguide (propagation

length is L), the probe signal gain G(L) and idler

wavelength conversion efficiency C(L) are expressed

as

G(L) = 10 lg(|As(L)|2 / |As(0)|2) (dB), (3a)

C(L) = 10 lg(|Ai(L)|2 / |As(0)|2) (dB). (3b)

The practical noise is mainly composed of two

parts: PTN and QN, which stem from the pump sig-

nal intensity noise to probe signal gain and photon

number fluctuation in optical gain, respectively. The

TNF can be calculated by[14]

NF = 10 lg(NFPTN +NFQN) (dB). (4)

3. Gain and noise characteristics

When PA without Raman process (case 1) is con-

sidered, the wavelength of the probe signal ranging

from 1457 nm to 1663 nm is amplified greatly and

the gain and the ripple are obtained to be more than

10.2 dB and smaller than 1 dB respectively as shown in

Fig. 1., which is consistent with the result in Ref. [16].

In the PA with Raman process (case 2), two sharp

peaks and one sharp valley appear on either side of the

gain spectrum, which reduce the effective gain band-

width by half compared with that in case 1. This

phenomenon has already been demonstrated and de-

picted in Ref. [13]. The four obvious peaks are due to

Raman scattering of the pump signals. As Raman fre-

quency shift for silicon is 15.6 THz (124.8 nm), for the

first pump (with a wavelength of 1512 nm), the Stokes

wave is about 15.6 THz higher (1636.8 nm, close to

1641 nm), while the anti-Stokes wave is 15.6 THz lower

(near 1402 nm). For the second pump (1591 nm), the
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Stokes wave is 1734 nm and the anti-Stokes wave is

1470 nm. For sharp valleys, PA and SRS induce al-

most the same signal amplitudes but opposite phases,

which offsets the probe signal power greatly after a

short distance. Amplification spectrum is approxima-

tively symmetric: gain characteristics in 1561 nm–

1790 nm are almost the same as those in 1351 nm–

1560 nm.

Fig. 1. Gain spectra without and with Raman effect.

Gain spectra, each as a function of probe wave-

length and propagation distance, are shown in

Figs. 2(a) and 2(b), where the formation of the sig-

nal gains can be seen clearly. In Fig. 2(b), the probe

Fig. 2. Three-dimensional views of gain spectra each as

a function of probe wavelength and propagation distance,

PA without (a) and with (b) Raman effect.

signal gain corresponding to some wavelength in-

creases or decreases as it propagates in the waveguide.

At the output end, the growth and the reduction accu-

mulate up to a great extent, which result in the sharp

gain peaks and valleys. Thus, this property can be

used for the basis of lasing and filtering.

Figures 3(a), 3(b), and 3(c) show PTN, QN, and

TNF generated during the amplification process. As

PTN is determined by the slope of net gain, its change

is proportional to the gain spectrum. In the two cases,

PTN is at a very low level under 0 dB, and shows vi-

brations on the edges of the spectrum. Since the phase

Fig. 3. Noise spectra of (a) PTN, (b) QN, and (c) TNF.

mismatch on the edges of the gain bandwidth is large

and unstable, a little change in pump power would
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greatly affect the amplification gain. In Fig. 3(b),

QN has an inverse correlation to the corresponding

gain plot, which can counteract PTN sharp value to

some degree. The QN stems from the gain coefficient

g(z) minus loss coefficient l(z) integrating over each

infinitely small length, and its average is more than

4.5 dB with ripple less than 0.2 dB, much larger than

PTN. It may be noticed that the noise peak value in-

duced by the anti-Stokes wave of the first pump is

much higher than the other three, but in the gain plot

it is not highest. This can be explained by the deep

gain trench in its adjacent shorter range (seen from

Fig. 2(b)), and the calculated integrals of g(z) and

l(z) would cause a big QN peak at the wavelength

near 1401 nm. Figure 3(c) shows that the TNF is de-

termined mainly by QN, a flat TNF with a bandwidth

in a range of 1491 nm–1631 nm and a ripple less than

0.1 dB is obtained. This TNF is a little higher than

that of the single pumped scheme in Ref. [14], which

can be understood easily.

4. Influence of pump signals and

waveguide geometry

A light signal can generate free carriers through

TPA in silicon,[17−21] and the generated carriers (elec-

trons and holes) can in turn deplete it by FCA. At the

same time, they can also influence the refractive index

of the waveguide, which leads to free carrier dispersion

(FCD). Unlike in silica fibers, all these special mecha-

nisms in silicon make the amplification process much

more complicated. So pump signals can affect the gain

characteristics and NF at the same time. Figure 4(a)

illustrates a pump signal and its generated free carri-

ers, and the pump signal with a pulse width of 8.6 ps

generates free carriers with a lifetime of 1 ns. When

the pump signal is over in its pulse period, the free

carriers need to take more time to annihilate, which

remains affecting the probe and idler signals in the

amplifying process.

Figure 4(b) shows the probe signal gain and noise

(TNF) each as a function of the ratio of free car-

rier lifetime to pulse width at a probe wavelength of

1550 nm, while the carrier lifetime is fixed at 1 ns and

pulse width varies from 1 fs to 100 fs. As the ratio

increases, the gain increases rapidly and the noise de-

creases to a deep low level. When the ratio is larger

than 200, both the gain and the noise are almost stable

at 12.1 dB and 4.6 dB. However, when the pulse width

is comparable to the carrier lifetime, the performance

of the amplifier deteriorates greatly. These trends are

similar to those of single-pump scheme[14] and dual-

pump scheme[16] without Raman effect. Therefore,

pump signals with ultrashort pulses are recommended.

Fig. 4. (a) A general view of pulse waveform and gen-

erated free carrier lifetime each as a function of time, (b)

gain and noise (TNF) each as a function of the ratio of

free carrier lifetime to pulse width.

For better observation, the probe signal gain vary-

ing with both pulse width and bit rate of the pump

signals is shown in Fig. 5. Bit rate from 1 GHz to

40 GHz and pulse width from 1 ps to 20 ps are cho-

sen. When their values are small enough, the gain of

more than 12 dB can be achieved. If net gain needs

to be realized, it is necessary to choose the bit rate

to be larger than 20 GHz and the pulse width below

7 ps, or pulse width larger than 16 ps and bit rate less

than 8 GHz. So pump signals with lower bit rate and

narrower pulse width are preferred to obtain a higher

gain.[16]

Apart from the pump parameters, the geometry

of the waveguide also has some influence on the gain

characteristics of the probe signal.[22,23] Figures 6(a)

and 6(b) show that the pump power and the probe

gain vary with propagation distance, and the varia-

tion trends are opposite. As more pump power is de-

pleted, more energy is transferred to the probe signal,

which can be understood by physical insights. With

the same pump parameters, four geometry distribu-

tions of effective mode area (EMA) are simulated. A
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conclusion can be reached that the straight waveg-

uide has the best performance in amplification pro-

cess, the following waveguides are the hyperbolic ge-

ometry waveguide and the tilt waveguide has the low-

est amplification gain.

Fig. 5. Gain plot as a function of pulse width and bit

rate of pump signals.

Fig. 6. (colour online) Pump powers (a) and probe gains

(b) in different geometry distributions of effective mode

area (EMA). solid-line (blue): straight waveguide with

0.38-µm2 EMA; dot-line (red): tilt waveguide with 0.38-

µm2 EMA at the input end and 1-µm2 at the output end;

dash-dot line (black): tilt waveguide with 1 µm2 EMA at

the input end and 0.38 µm2 at the output end; dash-line

(green): hyperbolic waveguide with an area of 0.38 µm2

in the middle and 1 µm2 at the two ends.

5. Wavelength conversion

Apart from the probe signal amplification, the

wavelength conversion of the idler signal in silicon

waveguide can also be used in practice. Figure 7 shows

the wavelength conversion efficiency as a function of

probe signal wavelength in two cases, and this figure

is much the same as that in Ref. [13]. Without Ra-

man effect in case 1, the wavelength from 1419 nm to

1646 nm can be efficiently converted into the idler sig-

nal of 1465.5 nm–1708.8 nm with an efficiency of more

than 10.1 dB and a ripple of smaller than 1 dB. Sim-

ilar to the gain spectrum, SRS introduces four peaks

and two valleys in the conversion bandwidth in case 2,

which can also be explained by Stokes and anti-Stokes

signal contributions. In case 2, the conversion band-

width from 1482 nm to 1617 nm with an efficiency

of more than 10.1 dB can be achieved, and the cor-

responding conversion bandwidth is 136.4 nm. The

property is beneficial to the WDM system, since the

silicon waveguides can be used as wavelength convert-

ers.

Fig. 7. Wavelength conversion efficiencies versus probe

signal wavelength in two cases without and with Raman

effect.

Figures 8(a) and 8(b) show the wavelength con-

version efficiencies each as a function of probe signal

wavelength (1351 nm–1790 nm) and propagation dis-

tance (2 cm) in two cases, respectively. Probe signals

from 1351 nm to 1400 nm and 1741 nm to 1790 nm

have a serious vibration along the propagation direc-

tion, which leads the corresponding conversion effi-

ciency to be unstable. Considering the Raman effect

in case 2, two idler signals corresponding to the probe

signals of 1400 nm and 1402 nm respectively decreases

and increases from the input end of waveguide and

ends up with efficiencies of –16.09 dB and 43.59 dB.

With a peak efficiency of 43.59 dB, a laser based on
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wavelength conversion of PA with Raman effect can

be designed.

Fig. 8. Three-dimensional views of wavelength conversion

efficiency as a function of probe wavelength and propaga-

tion distance. PA without (a) and with (b) Raman effect.

6. Summary

In this paper, a dual-pump signal parametric and

Raman amplification in silicon waveguide is demon-

strated. When two pump signals are employed, very

broad signal gain and wavelength conversion band-

width can be achieved. Raman scattering cannot

be ignored since it introduces an obvious influence

of Stokes and anti-Stokes gain peaks on both band-

widths. By setting the Raman contribution fraction

f = 0.043 in coupled amplitude equations, the ampli-

fication gain, the noise characteristics, and the wave-

length conversion efficiency are investigated. SRS in-

troduces some vital influences of sharp peaks and val-

leys on both sides of gain bandwidth, so the corre-

sponding PTN, QN, TNF, and wavelength conversion

also show the similar properties. The values of sig-

nal gain, TNF, and conversion efficiency in the effec-

tive bandwidth are nearly independent of SRS, but

their bandwidths are limited by SRS. Pulse width and

bit rate of the pump signals, free carrier lifetime, and

EMA distribution of the waveguide also have impor-

tant influences on gain and noise characteristics, for

they determine the nonlinear losses caused by TPA

and FCA. With pump signals of lower bit rate (5 GHz)

and narrower pulse width (3 ps), a probe signal gain of

12.1 dB and a noise of 4.6 dB can be achieved. These

research results reveal the practical characteristics of

dual-pump silicon waveguides.
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