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We study noise transfer from pump to signal in silicon Raman amplifiers, with particular emphasis on the regimes of
strong cumulative free-carrier absorption and heavy pump depletion. We calculate the relative intensity noise (RIN)
transfers in copumped and counterpumped amplifiers and provide intuitive explanations for RIN peculiarities. We
show that noise transfer at low frequencies may be suppressed by carefully choosing the pump intensity, effective
free-carrier lifetime, or amplifier length, but only at the expense of a rise in noise at high frequencies. © 2010
Optical Society of America
OCIS codes: 190.4360, 230.0230, 230.4480, 250.4390.

Despite several experimental demonstrations of net
Raman gain in silicon-on-insulator (SOI) waveguides
[1–3], the problem of efficient Raman amplification in si-
licon is far from being fully solved. The main reason for
this is the need to minimize nonlinear optical losses,
caused by two-photon absorption (TPA) and free-carrier
absorption (FCA), while avoiding excessive signal noise.
The noise performance is especially important for silicon
Raman amplifiers (SRAs), because they operate at high
pump powers that result in enhanced transfer of the re-
lative intensity noise (RIN) from pump to the signal.
Unlike the challenge of nonlinear losses, which has

been much investigated in recent years [4–6], the physics
of RIN transfer in SRAs is poorly understood. The results
of a few recent theoretical studies on this phenomenon
[7,8] are not widely applicable, for they are based on
strong simplifying assumptions, which may not be met
in practice. Specifically, in order to estimate the impact
of RIN transfer on the noise figure in SRAs, Sang et al.
[7] assumed instantaneous FCA and employed the unde-
pleted-pump approximation. While the first assumption is
valid for low-frequency noise components, the second
holds only when the signal power remains much smaller
than the pump power all along the amplifier. In our recent
work [8], we abandoned the undepleted-pump approxi-
mation and analytically calculated the low-frequency
RIN in copumped SRAs. Although the results allowed us
to qualitatively predict the possibility of zero noise trans-
fer under certain conditions, a precise quantitative assess-
ment of this phenomenon is still required. In this Letter,
we present a general study of the RIN-transfer problem
in SRAs. In our work, we consider both the depletion
of the pump and the cumulative nature of FCA, draw
an intuitive picture of the physics behind the noise trans-
fer, and present guidelines for RIN minimization.
The starting point for our study is the set of partial dif-

ferential equations that describe the interaction of two
cw fields (pump and signal) propagating through an
SOI waveguide of constant cross section. These equa-
tions relate the pump intensity Ipðz; tÞ, the signal inten-
sity Isðz; tÞ, and the density Nðz; tÞ of free carriers as [8,9]
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where the þ (or −) sign is chosen depending on whether
the SRA is copumped or counterpumped. The param-
eters vj , αj, and βj are, respectively, the group velocity,
linear-loss coefficient, and TPA coefficient at the wave-
length λj of the jth beam; τc is the effective free-carrier
lifetime. The other parameters are defined as follows:

σj ¼ σ0ðλj=λ0Þ2; σ0 ¼ 1:45× 10−21 m2; λ0 ¼ 1:55 μm;

γp ¼ gRþ 2βps; γs ¼ ðλp=λsÞðgR − 2βpsÞ;
ρj ¼ βjλj=ð4πℏcÞ; ρps ¼ βpsλp=ðπℏcÞ;

where gR is the Raman gain coefficient, βps is the cross-
TPA coefficient, c is the speed of light in vacuum, and the
signal is assumed to be separated from the pump by the
Raman shift of 15:6 THz.

The RIN spectrum of a pump laser consists of noise
components at frequencies ranging from zero to a few
gigahertz. We can study the RIN-transfer problem by fo-
cusing on a specific noise component at frequency ω and
writing the solution of Eqs. (1) in the form [7]:

Ijðz; tÞ ¼ I jðzÞf1þ ajðzÞ exp½iωðt∓z=vpÞ�g;
Nðz; tÞ ¼ N ðzÞ½1þ nðzÞ expðiωtÞ�;

where ajðzÞ and nðzÞ are the complex-valued quantities
satisfying the conditions jajðzÞj; jnðzÞj ≪ 1. The time-
independent quantities I jðzÞ and N ðzÞ represent the
average intensities and carrier density, respectively.

It is easy to show using Eq. (1) that I jðzÞ and ajðzÞwith
j ¼ s, p satisfy the equations
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The set of four equations (2) needs to be solved nu-
merically, together with the four boundary conditions.
When the signal is launched at z ¼ 0, the boundary
conditions are

Ipðδ�Þ ¼ Ip0; I sð0Þ ¼ Is0; apðδ�Þ ¼ a0; asð0Þ ¼ 0;

where δ� ¼ ðL=2Þð1∓1Þ, L is the amplifier length, and
a0 is a sufficiently small real number ða0 ≪ 1Þ. Once
the solution of Eq. (2) is obtained, the RIN transferred
from the pump to signal is found from the relation R� ¼
jasðLÞ=a0j2 [7,8].
Before showing the numerical results, it is instructive

to highlight several features of noise transfer governed by
Eqs. (2a) and (2d). First of all, the RIN transfer in SRAs
stems from three distinct sources: cross-TPA (included
through parameters γj), FCA, and stimulated Raman scat-
tering (SRS). Second, free carriers influence signal noise
only at pump intensities high enough that the FCA term in
Eq. (2d) is comparable to the Raman term. Third, the ef-
fect of free carriers on RIN depends drastically on noise
frequency. If ω ≪ jv�j=L and ω ≪ τ�1

c , the last two terms
in Eq. (2d) have opposite signs and FCA reduces the RIN
transferred to the signal through SRS. In addition, FCA
increases low-frequency noise attenuation resulting from
TPA. As the noise frequency ω increases, the effect of
FCA weakens—due to insufficient accumulation of free
carriers—and becomes negligible for ω ≫ τ�1

c ; this
enhances the noise. For frequencies exceeding jv�j=L,
the averaging of noise along the amplifier length devel-
ops [10], and RIN is reduced considerably.
As a numerical example, we consider a 1.55-μm signal

amplified using a pump at 1:434 μm, both propagating in
the formofTEmodes along an air-clad SOIwaveguide.We
estimate velocities v� using an effective refractive index
nTE ¼ 2:76 and a dispersion parameter D ¼ 1 ps=ðm ×
nmÞ [9]; vþ ≈ ½Dðλs − λpÞ�−1, v− ≈ c=ð2nTEÞ. We also use
αp ¼ αs ¼ 1 dB=cm, βp ¼ βs ¼ βps ¼ 0:5 cm=GW, gR ¼
76 cm=GW[8], I s0 ¼ 0:01Ip0, and a0 ¼ 0:001 in numerical
calculations.
Figure 1 shows the RIN-transfer spectra corresponding

to different free-carrier lifetimes for copumped and coun-

terpumped SRAs. At high pump intensities, the spectrum
exhibits two pronounced plateaus in the range 0 < ω ≪

τ−1c and τ−1c ≪ ω ≪ jv�j=L. As discussed earlier, the lower
plateau owes its existence to the cumulative nature of
FCA. The interpretation of RIN changes between the
two plateaus is nontrivial, as such changes may occur
for ω ≪ τ�1

c (e.g., red spectra). In this case, the growth
of RIN results from self-phase modulation (SPM) of the
signal, originating as follows. Noise on the signal creates
small temporal variations of TPA and cross-TPA. These
variations modulate FCA, which not only attenuates sig-
nal oscillations but also shifts their phase with respect to
the oscillations of free-carrier density. As a result, the ef-
ficiency of FCA-induced RIN reduction decreases, and
the RIN level goes up. Analysis of Eq. (2d) shows that
SPM of the signal develops at frequencies around
ω� ¼ βsðσsτ2cÞ�1½2ρsI sðLÞ þ ρpsIpðLÞ�−1. For example,
ωþ ≈ 2, 10, and 90 MHz, respectively, for the red, blue,
and black spectra in the upper panel of Fig. 1. Clearly,
FCA can manifest its cumulative nature at frequencies
much less than τ−1c .

Three important conclusions can be drawn from
the peculiarities of the RIN spectra in Fig. 1. First, the pre-
sence of dense plasma generated by an intense pump
reduces low-frequency RIN substantially in all SRAs. As
is seen from the comparison of orange and blue spectra,
this reduction can be achievedwithout decreasing the net
Raman gain. Second, similar to linear losses in fiber

Fig. 1. (Color online) RIN-transfer spectra for different oper-
ating conditions of SRAs. The framed data represent the net
signal gain and pump-depletion level. Free-carrier lifetimes, in-
cident intensities, and amplifier lengths are varied for different
curves as marked.
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Raman amplifiers [10], FCA increases the �3 dB corner
frequency and enhances high-frequency noise transfer.
For example, if τc ¼ 1 ns, a rise in the pump intensity from
0.05 to 0:5 GW=cm2 shifts the �3 dB frequency (mea-
sured from the upper plateau) from 2.7 to 50 THz in a co-
pumpedSRA, and from20 to 200 GHz in a counterpumped
SRA. Such high values of the cutoff-noise frequencymake
RIN engineering in SRAs of prime importance. Finally, the
impact of FCA on RIN transfer depends more on the level
of pump depletion than on the net gain (compare blue and
orange spectra). We characterize the extent of pump-
power depletion by the depletion coefficient η� ¼
1� Ipðδ∓Þ=I ð0Þ

p ðLÞ, where I ð0Þ
p ðzÞ is the solution of

Eqs. (2a) and (2b), with the boundary conditions Ipðδ�Þ ¼
Ip0 and Isð0Þ ¼ 0. As the pump is depleted, SRS becomes
less efficient, and the relative importance of FCA
increases.
The dependence of RIN transfer on the length of SRA,

shown in Fig. 2, indicates that FCA can totally suppress
the low-frequency noise. As seen from this figure, for a
given pump power, RIN vanishes for a specific value
of amplifier length in the case of copumping, and for
two values in the case of counterpumping. The existence

of such zero-RIN points is related to the evolution of the
phase shift Δϕ between intensity fluctuations of the
pump and signal [8]. For instance, near the input end of
the counterpumped SRA,Δϕ ¼ 0, because pump and sig-
nal are weak and signal gain grows with pump intensity.
As the intensity of the pump increases, FCA comes into
effect and causes signal gain to decay with pump inten-
sity. As a result, Δϕ turns to �π. Near the output end of
SRA, the intensities of the pump and signal may be high
enough for SRS to dominate again and Δϕ may become
zero for the second time. At the points where Δϕ
abruptly changes from 0 to �π and from �π to 0, the
noise transfer reduces to zero. If the incident power is
fixed, FCA-induced RIN compensation cannot be rea-
lized for free-carrier lifetimes below a minimal value be-
cause FCA stays too weak, irrespective of the distance
inside the SRA. However, one can always achieve zero
RIN in a given amplifier by increasing pump intensity.
Most importantly, in the regime of strong pump deple-
tion, the reduction of RIN in a broad frequency range
can be achieved at the cost of a small decrease in the
net gain (see small panels in Fig. 2).

In summary, we studied theoretically the impact of
free carriers on pump-to-signal noise transfer in SRAs.
We showed that FCA reduces the RIN transfer at low fre-
quencies and increases it at high frequencies, in both co-
pumped and counterpumped SRAs. In a given frequency
range, signal noise can be minimized by varying incident
powers and the free-carrier lifetime, or by adjusting the
length of the amplifier.
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Fig. 2. (Color online) Dependence of low- (100 KHz) and high-
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0:5 GW=cm2 for copumped (top) and counterpumped (bottom)
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