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Abstract—The effect of the relative intensity noise (RIN), transferred from the pump to the signal, in 1-cm-long chip scale silicon Raman amplifiers is investigated in the presence of nonlinear
losses. We show that due to the short waveguide length, the reduction in fluctuations that normally occurs due to “walk-off” between
pump and signal waves in fiber amplifiers is inefficient in chip scale
Raman amplifiers. In the counterpropagating pump configuration,
which leads to minimum frequency RIN transfer, fluctuations up
to 1.5 GHz are transferred from the pump to the signal. As a case
study, the noise figure degrades by as much as 11 dB in the silicon waveguide with the free carrier life time of 0.1 ns, when it is
pumped with a laser with a RIN value of 125 dB/Hz.
Index Terms—Amplifier noise, nonlinear optics, Raman scattering, silicon-on-insulator technology.

I. INTRODUCTION

M

INIATURIZATION of nonlinear optical devices in
highly nonlinear high-index-contrast semiconductor
waveguides has attracted considerable attention in recent years.
For instance, stimulated Raman scattering has been used for
light amplification and lasing in silicon [1]–[6]. Despite their
high efficiency, the practical realization of these nonlinear
silicon devices requires optimization of power levels to avoid
nonlinear losses originating from two-photon absorption (TPA)
and TPA-induced free-carrier absorption (FCA) [1], [2], [4]. In
addition to efficiency, the noise performance of these devices
should be evaluated carefully. Recently, the impact of the
nonlinear losses on the noise figure of silicon Raman amplifiers
has been investigated [7], and the fluctuation of the pump laser
is excluded. Small amplitude perturbations residing on the
pump beam characterized as the relative intensity noise (RIN)
are transferred to the Stokes wave during Raman amplification.
This leads to degradation of the amplifier noise figure. The RIN
transfer in fiber Raman amplifiers has been extensively studied
previously to assess its impact on optical communication systems [8]. In fibers, the long interaction length and averaging due

to large group velocity dispersion induced “walk-off” mitigates
the RIN transfer at noise frequencies above 10 MHz and 10 kHz
in copumped and counterpumped configurations, respectively
[8]. However, noise components below the cutoff frequency are
amplified and appear as fluctuations in the output signal.
In this letter, we study, for the first time, the pump-to-signal
RIN transfer and its contributions to the noise figure in chip scale
silicon Raman amplifiers. We show that due to the short waveguide length and small “walk-off” pump fluctuation averaging
occurs inefficiently in silicon Raman amplifiers, and RIN frequency components as high as 1.5 GHz are transferred to the
signal. This occurs in counterpropagating pump-signal configuration which provides the lowest possible cutoff frequency. For
the copropagating case all RIN components of the pump at frequencies of practical interest are transferred to the signal. Nonlinear losses including TPA and FCA influence the 3 dB cutoff
frequency. As a result, the noise figure of an ideal Raman amplifier degrades as much as 11 dB when it is pumped with lasers
with RIN values equal or greater than 125 dB/Hz.
II. DERIVATION OF PUMP TO SINGAL RIN TRANSFER IN
SILICON RAMAN AMPLIFIER
Noise is associated with photon fluctuations along the gain
medium. To estimate the gain evolution and the noise, we
should consider nonlinear losses and “walk-off” in our calculations along with the Raman gain. If we assume pump and
signal waves traveling in the waveguide with different group
velocities, we can write the nonlinear losses and interaction
between two waves as follows on a reference plane traveling
with the pump wave:
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represent the signal and the pump intensiThe parameters
ties,
is the Raman gain coefficient,
are the linear loss
coefficients,
are the angular optical frequencies, and
is the TPA coefficient. The upper and lower signs of and
correspond to the copropagating and counterpropagating configurations, respectively. The TPA-induced free-carrier absorption is given as
(
in nanometers) for a steady-state free carrier density of
(in cubic centimeters) generated
by CW pump and Stokes waves [6], where is free-carrier lifetime, and
is the photon energy. Here total intensity, , is assumed to be
, including free carriers generated by degenerate and nondegenerate TPA effects. The noise
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figure and the pump to signal RIN transfer is mainly determined
by the free carrier loss and the “walk-off” between pump and the
, where and are the group vesignal as:
locities experienced by the Stokes and pump waves in the waveguide. The “walk-off” for the copropagation case is mainly attributed to the group velocity dispersion (GVD) in the waveguide, and it is linearly proportional to local GVD value of
and wavelength separation
and hence
. In the
counterpropagating case, the “walk-off” is mainly due to the opposing velocities and it is estimated to be
, where
is the average group index and is the speed of light in vacuum.
Assuming that the intensity fluctuations have sinusoidal time
dependence and the modulation indexes can be separated, we
can write the intensity of the pump and Stokes waves at any
location along the silicon waveguide as

(3)
(4)
where
and
are the perturbing complex spatial modulation indexes, and is the angular frequency of the modulation. Substituting (3) and (4) into (1) and (2) we can derive the
following differential equations for steady-state optical intensities and the complex spatial modulation indexes:

(5)

(6)

(7)

(8)
where
. We assume that the pump and signal intensity fluctuations are small, i.e.,
,
,
, and
hence quadratic modulation terms can be neglected. The RIN
transfer is calculated based on the ratio of the signal RIN at the
waveguide output to the pump RIN at the pump input side [8]
(9)
(10)
Equations (5)–(8) can be solved numerically for the spatial evolution of the steady-state intensities and the spatial modulation
indexes, and we can obtain RIN transfer functions for copropagating and counterpropagating configurations, respectively.

Fig. 1. RIN transfer spectra for copumped and counterpumped silicon Raman
amplifiers pumped at (a) 200 MW/cm and (b) 10 MW/cm . Modal paramcm,
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III. RESULTS
A. Pump to Signal RIN Transfer
To assess the impact of the RIN transfer, the calculations
are performed with waveguide parameters presented in [7]
with the pump intensity varying from 10 to 10 MW/cm .
The waveguide length is assumed to be 1 cm with 1 dB/cm
linear loss,
cm/GW Raman gain coefficient and
cm/GW TPA coefficient. To include the effect of the “walk-off” and GVD, we use GVD parameter of
ps nm km assuming that the dispersion is
mainly determined by the material dispersion and corresponds
to the mode area above 1 m [9]. Additionally, we assume that
the Stokes intensity is much smaller than the pump intensity
and depletion of pump due to the Raman gain is negligible.
Fig. 1(a) and (b) shows the magnitude of the pump to signal
RIN transfer for pump intensities of 200 and 10 MW/cm in
a waveguide with free-carrier lifetime values of 0.1, 0.5, and
1.6 ns. The RIN value of the Stokes signal at lower frequencies
is expected to be as much as 14.2 dB worse than that of the
pump laser when the net gain is 20.8 dB. Since the RIN transfer
depends on the Raman gain, the low frequency RIN transfer
decreases noticeably with increasing free-carrier lifetime, i.e.,
with increasing FCA and decreasing net Raman gain. As it
has been observed in fibers, we anticipate that the high-frequency RIN transfer decreases due to the averaging induced
by the group velocity difference. However, the 3-dB cutoff
frequency for GVD averaging in a copumped Raman amplifier
is 400 GHz. The same value decreases to 1.5 GHz in a
counter pumped Raman amplifier. These values are several
orders higher than those expected from fiber Raman amplifiers
( 10 MHz). The main reason is that there is not sufficient
“walk-off” within a 1-cm-long silicon waveguide to average the
effect of the pump intensity noise. Therefore, the RIN transfer
noise of silicon Raman amplifiers should be considered even at
the high bit rates relevant to the optical communication and the
optical signal processing systems.
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values below cut off frequencies. As expected, the total noise
figure increases as much as 11 dB for a noisy pump laser with
125 dB/Hz RIN value in a Raman amplifier with 20.8 net gain.
The noise figure degradation reduces to 2 dB when a pump laser
with 140 dB/Hz is used. For low noisy pump lasers with RIN
below 160 dB/Hz, the RIN transfer contribution to the noise
figure is negligible and we do not expect any measurable degradation.
IV. CONCLUSION
Fig. 2. Low frequency RIN transfer and net Raman gain versus pump intensity.
Figure illustrates the impact of the free-carrier lifetime.

Fig. 3. Noise figure versus pump intensity for (a) pump RIN
dB/Hz.
and (b) pump RIN

= 0140

= 0125 dB/Hz

We show that chip scale Raman amplification in silicon or
any other medium will be limited by the noise of the pump
lasers. Due to lack of sufficient “walk-off” between the pump
and the Stokes waves, the fluctuations on the pump laser will
be transferred to the Stokes wave and increase the final noise
figure of the amplifier. “Walk-off” induced averaging can be effective for noise frequencies beyond 1.5 GHz if the counterpropagation pumped scheme is implemented. For the copropagating
pumping case all the noise components of practical interest will
be transferred. As a result, the final noise figure may increase
11 dB in a 1-cm-long silicon amplifier. Here, we only consider
a 1-cm silicon waveguide for compact chip scale devices. Much
longer waveguides (up to 8 cm) have been demonstrated experimentally for Raman amplification [11], the 3 dB cutoff
frequencies will decrease to 49 GHz and 0.3 GHz for copumped and counterpumped cases, respectively. Long waveguides mean large “walk-off” and low cutoff frequency. For silicon nanowaveguides with the mode area below 1 m , the
dispersion characteristics strongly depend on waveguide shape
and dimensions [12]. From the noise transfer point of view for
Raman amplifiers, waveguide designs with large group velocity
dispersion are preferential.
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