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Pump-to-signal RIN transfer in dual-order silicon Raman

amplifiers
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Dual-order silicon Raman Amplifiers are analyzed and numerically discussed. The effect of relative intensity noise (RIN)

transferred from second-order pump to signal

in 1-cm long chip scale silicon Raman amplifiers is investigated. Similar to

single-order silicon Raman Amplifiers, —3dB corner frequency of RIN transfer function in second-order silicon Raman
Amplifiers is almost the same as that in single-order silicon Raman Amplifiers due to lack of sufficient “walk off” in short
waveguide length. The noise figure of dual-order silicon Raman amplifiers is deteriorated than single-order silicon Raman

Amplifiers.
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1. Introduction

Miniaturization of nonlinear optical devices in silicon
waveguides has attracted considerable attention in recent
years. Silicon-on-insulator (SOI) waveguides can realize
monolithically integrated optical devices with electronic
devices as a preferred platform. Nonlinear photonic
phenomena and devices in silicon such as Raman
amplification and lasing, optical modulation, wavelength
conversion and parametric amplification, all-optical
switching, and optical signal regeneration and so on, have
been successfully demonstrated [1-7].Raman amplification
have been demonstrated for amplifying signal light.
Single-order and dual-order Raman amplifiers are the
basic approaches. Compared with the single-order
configurations, dual-order Raman fiber amplifiers
demonstrated improved noised figure, due to the more
uniform distribution of the Raman gain [8]. RIN transfer is
analyzed in both single-order and dual-order Raman fiber
Amplifiers [9]-[10]. The low frequency second-order
transfer function is about 15 dB higher than the low
frequency first-order transfer function. The second-order
pump generates gain fluctuations at the first-order pump
wavelength and further impacts the fluctuations of the
signal. Recently, we investigated RIN transfer in
single-order silicon Raman amplifiers[11]. Due to
small "walk off” in the short silicon waveguide, as high as
1.5GHz RIN frequency components are transferred to the
signal, which deteriorates the final noise figure of the
amplifier. In addition, cascaded silicon Raman lasers have
been demonstrated and analyzed [12,13], where dual-order
Raman gain should be used.

In this letter, we investigate the pump-to-signal RIN
transfer and its contribution to the noise figure in

dual-order silicon Raman Amplification for the first time.
We show that the net gain in second-order silicon Raman
amplifiers is improved, and -3dB corner frequency of RIN
transfer function is almost the same as that in single-order
silicon Raman amplifiers, due to lack of sufficient “walk
oft” in short waveguide length. The noise figure is
deteriorated than single-order silicon Raman amplifiers
due to nonlinear losses including two-photon absorption
(TPA) and free-carrier absorption (FCA).

2. Derivation of RIN transfer in dual-order
silicon Raman amplifiers

In Dual-order silicon Raman amplifiers operating at
1550 nm, two pumps at A, =129Inm and
Ay, =1418nm should be used. To evaluate the evolution
and the noise of the optical intensity | ;. | ,. |, two
important nonlinear losses of TPA and TPA-induced FCA
are considered. Due to different group velocities at
different wavelengths, the “walk off” between the pump
and the signal is included in the following analyses. The
interaction among the three waves on a reference plane
traveling with the signal can given as,
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The parameters |, . |, and || represent the
intensities of the second-order pump, the first-order pump
and the signal. L0, 0,,0, are the linear loss
coefficients. g (I, ]=pl p2,s) are the Raman gain
coefficient and W,V W'DZ,WS are the angular frequencies.
The signs "+ "and"+'" represent the co propagating and
counter propagating configurations, respectively. [Srpa is
the two-photon absorption coefficient. The free-carrier
absorption coefficient is
af® (2)=1.45x10"" (2, /1550) N(2)(j = pL p2.5)

]
where N (Z) is the free-carrier density given

B 5 . . .
by N(z)= 2;?(Ipl+lp2+ls) . T is the free-carrier

lifetime. hv is the photon energy. N (Z) is influenced by

the second-order pump, the first-order pump and the signal.

The “walk off” parameters are given by d. :lJ—r 1
VoV,
d,, :iiL ,» where V, , V, and V; are the group
SV v,

velocities in the silicon waveguide. For the copropagation
configuration, the “walk off” parameters d1 . and d2 L1

mostly affected by the group velocity dispersion (GVD).
They are relevant to the local GVD and the wavelength

separation AA . d1+ and d2+ can be described

as d,, * DAL, dy, ¥DAL (A4 =4, -V, AL =4, -V,,) -

o>

For the counter propagating configuration, the “walk off”

parameter is primarily due to the opposing velocities, and
they are given by d,_~d, ~2n ,/c (n, is the

average group index and Cis the speed of light in
vacuum). We can write the spatial and time-dependent
optical intensity at any location along the silicon

waveguide as follows:

1 (z,)=To (2)[1+ N, (z,1)] (@)
Tor(2)[ 140, (2)exp(iet) ]

Lo (2.8)=Tp (2)[1+N, (2.1)] )
To (2)[ 141, (2)exp(iot)]

1, (2.t)=Ts (2)[14 M (2.1)] (6)
s (z2)[1+m(z)exp(iot)]

where I_pl(z) s Tra(z) and T,(z) correspond to the
steady-state optical intensities at location Z andthe bars
represent a time average. The complex modulation
indexes NI(ZJ)’ Nz(Z:t)’ M (z,t) can be separated by the
complex spatial modulation indices n, (z) o0, (2)> m(z) and
sinusoidal time dependence exp(ia)t) at an angular
frequency @ . Substituting (4), (5), (6) into (1), (2) and (3),
we can derive three differential equations for the
steady-state optical intensity as follows and the complex
spatial modulation indices:
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Assuming that|n1| |n2| |m|2
In-n| 01,
neglected. The RIN transfer for co propagating and

|n1-m|,

quadratic modulation terms

|n2-m|,

can be

counter propagating dual-order silicon Raman amplifiers

can be calculated based on the following equations:
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where 1 =1,2 corresponds to the RIN transfer generated

by the first-order pump and the second-order pump,

respectively The above equations can be solved

numerically, and we can obtain RIN transfer functions of
dual-order silicon Raman amplifiers for co-propagating
and counter-propagating configurations, respectively.

3. Results

3.1 Pump-to-signal RIN transfer in dual-order
silicon Raman amplifiers

The waveguide parameters of RIN transfer calculated
in dual-order silicon Raman amplifiers are used as follows:
the waveguide length L is lcm, the linear loss
a, =a, =a,=1dB/cm, 1291~1418nm Raman gain
coefﬁ01ent g 1p2_18cm/GW 1291 ~1550nm Raman gain
coefficient g - =1.5cm/GW , 1418~1550nm Raman
gain coefﬁcient 0, =15cm/GW TPA coefficient
PBipa =0.7cm/GW . To evaluate the impact of “walk off”,
the GVD parameter is D =-910ps/(nm-km), the same
as in [11]. The effective mode area islum®. The signal
intensity |, is much smaller than the second-order
intensity |, and first-order pump intensity | . We
also neglect the impact of pumps’ depletion due to Raman
gain. Fig. 1 (a) and (b) show net Raman gain for
first-order pump intensity at | =200MW /cm? and
1000MW /cm? respectively as dual order pump intensity
varying from 1 to 10° MW/cm®. For r 0.1ns net gain
reaches 16.8dB at I, =200MW / cm? whlch is about
9dB greater than s1ngle order ampllﬁers. With |pl
increasing, the net gain enters into saturation and
decreases. As T increases, the net gain will not be
improved and even decreased especial for large | ;. In
Fig.1 (b), the net gain can only reach 21.97dB
I, =1000MW /cm? forz =0.1nS, it only improves by
1.2dB by compared with single-order pump. Duel-order
pump intensities |pl and |p2 have an impact on free
carriers, which will decrease the net gain with 7
increasing.
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Fig. 1. (@) Net Raman gain versus dual-order pump
intensity with l,, =200MW /cm? (b) Net Raman gain
Versus dual-order pump intensity
with| , =1000MW /cm®

Fig. 2 (a) and (b) show the magnitude of the pump to
signal RIN transfer in single-order and dual-order silicon
Raman  amplifiers with  free carrier lifetime
7 =0.1ns,0.5ns,1.6ns for co-pumped and
counter-pumped  configurations, respectively.  The
first-order pump intensity and the second-order pump
intensity are equal, Il =200MW /Cm . The pump
intensities changed to 1OOE)|V|W /cm*  in Fig.(3). The
RIN transfer function in single-order silicon Raman
amplifiers agree with the results in [11]. From Fig.2 (a)
and (b), we can see that the magnitude of RIN transfer in
the dual-order silicon Raman amplifier is about 4dB higher
than that in the single-order silicon Raman amplifier
for 7=0.Ins . However it decrease about 1dB for
7=1.6ns.The RIN transfer depends on the Raman gain.
The free carrier absorption FCA is influenced
byl oo o2 T the -3dB comer frequency of dual-order
silicon Raman amplifiers is about 400 GHz and 1.5 GHz
for co and counter propagation, respectively. It is almost
the same with single-order silicon Raman amplifiers. The
main reason is that the “walk off” in lcm length silicon
waveguide is inefficient to average the pump intensity
noise.
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Fig. 2. RIN transfer spectra for

co pumped (a) and

counter pumped (b) in single-order (real line) and

dual-order (dashed line) silicon
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Fig. 3. RIN transfer spectra for co pumped (a) and counter

pumped (b) in single-order (real Ili
(dashed line) silicon Raman amplifiers.

Modal parameters: | =1Icm,

Ay, =1418nm, A, =1550nm,
Op1p, =18cm/GW, gy =1.5cm/GW,

Pron =0.7cm/GW.

A,

ne) and dual-order
I, =1,, =1000MW / cm’

Ay =1291nm,
=a, =a,=1dB/cm,

g0 =15CM/GW,

Fig. 4 (a) and (b) shows the low-frequency RIN
transfer in dual-order silicon Raman amplifiers for
first-order pump intensity 1,,=200MW /cm?,1000MW / cm?
respectively pump

intensity | N varying from 10 to 10* MW /cm?. Due to the

along with the second-order
impact of Raman gain on RIN transfer, dual-order RIN
transfer could be 9 dB higher than single-order RIN
transfer at T = 0.1 ns. It decreases to 1dB when t = 1.6 ns.
Whether there is net Raman gain or not, the pump noise

will be transfered into the signal due to RIN transfer.
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Fig. 4. (a) Low frequency RIN transfer versus dual-order
pump intensity. 1,, =200MW /cm’ (b) Low frequency RIN

transfer Versus dual-order

pump

intensity. |, —1000Mw /cm?

3.2 Noise figure of dual-order silicon Raman
amplifiers

Photo fluctuations along the gain medium can
determine the noise figure of silicon Raman amplifier
including nonlinear losses [6]. For high noise pump lasers
with RIN of —125dB/Hz the noise figure degrades by
11dB in the silicon Raman amplifiers with 7 =0.1ns [11].
Fig.5 (a) shows the noise figure of single-order (real line)
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and second-order (dashed line) silicon Raman amplifiers
under different 7 with || and |, varying from
100 10°MW /cm?. Fig.5 (b) gives the noise figure in
dual-order silicon Raman amplifiers for different 7
where | —200Mw /cm? (real line), 1000MW /cm?
(dashed line), and |, vary from10[110°MW /cm*. We
can see that the noise figure degrades about 3.5dB
with I, =1,, =1000MW /em? and 7 =1.6ns. It reduces to
1.4dB forz =0.1ns . In Fig. 5 (b), the noise figure increase
along with increasing pump intensity |pl . The main
reasons for noise figure deterioration in dual-order silicon
Raman amplifiers lies in enhanced nonlinear losses and
RIN transfer.
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v=1.6ns |_=1000MW/em®

141
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Fig. 5. (a) Noise figure of single-order (real line) and
dual-order (dashed line) silicon Raman amplifiers
with |, and I ), varying from 10-10° mw /em?; (b)
Noise figure of dual-order silicon Raman amplifiers

with Ipl varying from  10-10° mw/cm?

I, =200Mw /cm*(real line), — 1o0omw /em?  (dashed

line,.
4. Conclusions
RIN transferred from pump-to-signal in dual-order

silicon Raman amplifiers have been investigated. We show
that the RIN transfer in dual-order silicon Raman

amplifiers is related to second-order pump intensitylpl
and free carrier lifetime 7 . Due to inefficient “walk off” in
chip scale silicon Raman amplifiers, the “-3dB” corner
frequency in dual-order amplifiers is consistent with
single-order amplifier. The net gain can be improved with
second-order pump for short free carrier lifetime. The
noise figure of dual-order silicon Raman amplifiers is
deteriorated due to enhancement in nonlinear losses. By
properly choosing | p1and 7, we can get high net gain, low
RIN transfer and noise figure.
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