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Abstract: We report a numerical investigation on parametric amplification
of high-bit-rate signals and related noise figure inside silicon waveguides in
the presence of two-photon absorption (TPA), TPA-induced free-carrier
absorption, free-carrier-induced dispersion and linear loss. Different pump
parameters are considered to achieve net gain and low noise figure. We
show that the net gain can only be achieved in the anomalous dispersion
regime at the high-repetition-rate, if short pulses are used. An evaluation of
noise properties of parametric amplification in silicon waveguides is
presented. By choosing pulsed pump in suitably designed silicon
waveguides, parametric amplification can be a chip-scale solution in the
high-speed optical communication and optical signal processing systems.
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1. Introduction

The inherent lack of direct optical transitions makes silicon futile in photonic applications
despite of its fame in microelectronic applications for over five decades [1]. However, recent
developments in silicon based nonlinear optics fundamentally change this concept. The
discovery of intrinsic high optical nonlinearity fortified by tight mode confinement and the
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prospect of dense on-chip integration with micro- electronics make silicon photonics one of
the rapidly growing research areas. A proper design of a silicon on insulator (SOI) based
waveguide can deliver Kerr nonlinearity up to 7x10° W™km™[2], which is more than three
orders of magnitude larger than that of state-of-the-art highly nonlinear fibers, and facilitate
chip scale nonlinear optical devices instead of long optical fibers. In fact, nonlinear photonic
phenomena and devices in silicon, such as Raman amplification and lasing [3-7], optical
modulation [8-9], wavelength conversion [10-12], all-optical switching [13-15], pulse
compression [16-17] and optical signal regeneration [18-19] and so on, have been successfully
demongtrated.

In particular, the demonstration of 6 dB/cm optical gain by Raman is attractive to optical
communications [3]. However, in modern optical fiber communication systems, the dense
wavelength division multiplexing (DWDM) with inline amplification is adopted to provide
high capacity in a single fiber over a long distance. The relatively narrow Raman gain
bandwidth of silicon can only amplify a few wavelength channels with one pump laser.
Alternatively, optical parametric amplifiers (OPAS) through four-wave-mixing (FWM) can
deliver large and flexible gain bandwidth [20-22]. OPAs and their applications are mainly
demonstrated in highly nonlinear fibers of several hundreds meters. Fiber OPAs with single-
stage gain of 70 dB [23] or gain spectra over more than 200 nm [24-25] have been realized.
FWM in micrometer size silicon waveguides has been used for wavelength conversion, but it
isn't suitable for parametric amplification due to low FWM efficiency operating in normal
dispersion regimes [10, 26]. With a suitable small core waveguide design to shift zero
dispersion wavelength toward the 1550 nm band, theoretical investigation shows that it is
difficult to achieve net signal gain with a continuous-wave (CW) pump due to presence of two
photon absorption (TPA) and free-carrier absorption (FCA) induced by TPA [27]. Recently,
by tailoring the cross-sectional size and shape, the waveguide geometries that alow
anomalous group velocity dispersion (GVD) have been investigated [28], and parametric
amplification over 28 nm using a pulsed pump with a 75 MHz repetition rate has been
demonstrated in suitably designed silicon waveguides [29]. However, net gain parametric
amplification based on silicon is still a challenge under the presence of nonlinear losses,
especially for high-speed optical communication and optical signal processing systems.

In this paper, we investigate the pumping conditions to achieve net gain and estimate the
noise performance of silicon based parametric amplifiersin the presence of nonlinear losses at
high bit rates. In particular, a detailed numerical investigation of the parametric gain and noise
figure (NF) evolutionsinside 1 cm silicon waveguides for high-repetition-rates are considered
with waveguide parameters achieved experimentally [28-29, 30-32]. We show that for high
datarates, net gain parametric amplification can be achieved by using shorter than 5ps pulses
in anomalous dispersion regime. NF of the amplifier is influenced by the presence of
nonlinear losses. In order to achieve net gain with a continuous-wave (CW) pump, the free
carrier lifetime should be shorter than 20 ps. This paper is outlined as the following: In
Section 2, we present the model used of the OPA in the silicon waveguide. Also, we present
the NF evaluation method in the same section. In Section 3, we study gain profiles at
different silicon GVD values and demonstrate the impact of peak pump power on parametric
gain and NF at different wavelengths. The maximum gain, corresponding wavelength and NF
are also discussed. The impact of pump pulse width and repetition rate on the parametric gain
and NF is examined and compared. In the last part of this Section, we present the impact of
different free carrier lifetimes on the parametric gain and NF, and the CW pumped OPA in
siliconis discussed. Finally, in Section 4 we give a summary of our work.

2. Theory
1.1 Basic principles of OPA based on silicon waveguides

By combing a strong pump wave at angular frequency («},) with a signal wave at another
frequency (ws) into a silicon waveguide, FWM parametric process can occur. This can result
in amplification of the signal as well as generation of an idler wave (@) at the frequency
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w=2am,- s & the same time. The evolution process of the pump A, signal As and idler A field
amplitudes along the silicon waveguide can be described by the following coupled equations

[11,27] assuming that |Ag|>|Ad>|Ail

By Ly g iy +iBYAf (1)
e 2[a+ap (z)]Ap+|[;/p+| ZJ‘A’J‘ A,

%:—%[a+a:%(z)]pg+2i(ys+i§)‘Ap‘2&+iysA§A* exp(-iAk- z), %)
‘ijiz = —%[awf“(z)]A* - 2(% —i?]\&\zﬁ ~ iy A A exp(iak- 2), ©)

The first term on the right-hand side of Egs. (1)-(3) is responsible for attenuations due to
linear absorption and free-carrier absorption, the second term is responsible for SPM and TPA
in Eq. (1) and XPM and TPA in Egs. (2) and (3), and the last term in Egs. (2) and (3)
describes for the energy transfer between the interacting waves. We use the linear loss
coefficient o=1.4 dB/cm, the TPA coefficient # =0.75x10™ m/W, and the nonlinearity
coefficient y=n,ay/c with the nonlinear refractive index n,=5.5x10"® m?/W (j=p,s,i). Ak isthe
phase mismatch due to propagation constants. The TPA-induced FCA loss is given as
" (2) =1.45x107(A;/1550)° N, where }; is the wavelength (nm), N (cm) is carrier density
generated by TPA. Here N should satisfy the following rate equation a any position of the
waveguide at any time[13]

dN(t, 2) =£| 2(t,2) N(t,2) 4

dt 2hv T

In this equation, |, is the peak intensity, hv is the photon energy and ris the effective carrier
lifetime, which changes with the waveguide geometry or reverse bias voltage if a p-i-n diode
structure exists. For CW pumping or long pulse pumping, N will reach the local steady state
value of N(2) = 78%(2)/ hv. For pulse pumping, the repetition rate R of the pulsed pump is an
important factor impacting N. Under the operating condition of pulse pumping with pulse
width To<<7, N is given by

1 2
ij o2 (5)
2hy

FWM is a coherent process whose efficiency depends on how well the phase mismatch Ak
meets the phase-matching condition:

N(t,z):(

Ak =k, +k -2k, +2)P, = (N, + N —2n.0,)/ c+2)P, = B, (0, - @,)* + 2P, =0 (6)

where k; is the propagation constant, 4 is the group velocity parameter. As the nonlinear part
of the phase match is positive, phase matching can be realized by locating the pump wave in
the anomal ous dispersion regime (4.<0) so that the linear phase mismatch can compensate the
nonlinear one. At the telecommunication wavelength of 1550 nm, the material dispersion of
crystalline silicon is normal (D=-27c3/1?=-880 ps/(nm-km)). Because of the strong modal
confinement in silicon waveguides, the waveguide dispersion can counteract the effect of the
normal material dispersion [28]. It is experimentally verified that through proper design of
waveguide shape and size, anomalous GVD in the range of 200-1200 ps/(nm-km) can be
obtained at 1550 nm.

In addition to waveguide geometry and material dispersion, the TPA-induced free carrier
dispersion (FCD) may also influence the phase-matching condition by changing the refractive
index locally. Due to the free carrier plasma effect, the refractive index of silicon decreases
linearly with increasing carrier density. However, the quadratic wavelength dependence of the
free carrier plasma effect [33]

#96083 - $15.00 USD  Received 12 May 2008; revised 24 Jun 2008; accepted 30 Jun 2008; published 12 Aug 2008
(C) 2008 OSA 18 August 2008/ Vol. 16, No. 17/ OPTICS EXPRESS 13125



an o X (AN AN,
8r’c’en| m,

Nee =—
will alter the local dispersion and phase mismatching conditions as described in the following
FCD equation:

J~—8.2x1022/12N @)

AD_. == =-5.46x10"°AN ®

1 dAn..
c d
Fig. 1(a) illustrates the FCD at 1550 nm based on the above analysis, when 5 ps pump pulses
enter a 1 cm silicon waveguide with 300 ps free carrier lifetime and 0.1 um? effective area. At
low peak pump power and low repetition rate, the FCD value is small. Hence, when the
repetition rate of the pulsed pump is low and the pulse width is short (<2 ps), the TPA-
induced free carrier dispersion can be neglected. However, with increasing the repetition rate
and the pulse width, FCD should be taken into the account, in particular at the input end of the
silicon waveguides. The effect of the repetition rate plays an important role as the peak pump
power is increased. For the relatively high peak pump power, the FCD can reach up to -300
ps/(nm-km) if the repetition rate higher than 20 GHz. We should emphasize the fact that the
FCD and FCA loss changes along the silicon waveguide due to attenuation of the pump pulses.
As aresult, the FCD may not be significant over long distances asillustrated in Fig. 1(b).

40

FCD (ps/(km-nm))| . |

300 .
30 -

-200\;250"
25 + - \ :
20 7
\ 100\\ .

—— Repetition rate=20GHz,Peak power=10W - 80
— Repetition rate=10GHz, Peak power=5W

FCA Loss ( cm‘l)

-80

Repetition rate (GHz)
FC Dispersion(ps/km/nm)

-5.00,

-100

2 4 6 s 0 12 14 16 18 2 oot o1 1
() Peak pump power (W) (b) Waveguide Length (cm)

Fig. 1. (a). FCD contour as a function of peak pump and repetition rate at the input end. (b)
FCD and FCA loss evolution along the waveguide

1.2 Noise properties

In an optical amplifier, the noise is induced by gain and loss fluctuations in the media [34-35].
For OPAs in silicon waveguides, the gain is generated by FWM process and the attenuation
includes nonlinear losses of TPA, FCA and linear loss. The noise is analyzed by the Langevin
noise sources, which are associated with photon fluctuation created by the gain and the loss in
the optical amplifier [34-37]. This noise model can be extended to any linear optical amplifier.
Main difference will arise from different loss components presented at different media. Since
the nonlinear losses are asent in fiber OPAs, the analysis of noise in silicon OPAs is more
complicated than that of fiber OPAS due to presence of nonlinear loss components. A detailed
derivation of the noise calculation can be found in [34-35]. Here, noise induced by FWM
process and contributions from other components are considered to estimate the final NF of an
exemplary system presented in Fig. 2.

To estimate the NF due to FWM process, mean output photon number and mean photon
number fluctuations through the silicon waveguide are calculated by using the signal wave
Egs. (1)-(3) [34-35]. The NF due to parametric amplification based on photon fluctuations
will be;
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T+ Nigs + Ny . Ngajn(T+ Nioss) ' (9a)

NFaton =7 T?|af
where
T - exp[ [ —I(z))dzj’ (9b)
isthe net gain and
Neww = [ 92 eprZL(g(x) -l (x))dxjdz : (%)
New=[ 12 exp( [ (o1 (x))dXJer (9d)

are photon fluctuations due to gain and loss. Parameter L is the waveguide length, g(2) is the
gain parameter that can be numerically calculated from Egs. (1)-(3), I(2)=a + N2 +2A(2)
is the experienced loss coefficient, |al” is the photon number at the input frequency. Assuming
that the input signal power is large enough, so the second term in Eq. (9a) is negligible and
(9b)-(9d) can be numerically solved.

EDFA Silicon
Optical filter waveguide Opticd filter

Optical coupler

Signal

Fig. 2. Schematic configuration of the OPA in silicon waveguide

In order to achieve large pump power, optical pump sources around 1550 nm are often
amplified with Erbium-dope fiber amplifier (EDFA), as illustrated in Fig. 2. The amplified
spontaneous emission (ASE) of the EDFA together with the pump laser’s relative intensity
noise (RIN) influences OPA’s noise performance and needs to be considered for final NF
calculations. In general, the RIN is much less effective compared to ASE of the EDFA.
Moreover, excess ASE of the amplifier outside the pump bandwidth, Af, can be filtered before
it is combined with the signal wave in the silicon waveguide. The variance of noise
contribution on the pump due to the ASE of EDFA after the detections would be [38-39]

0% pg = ARPP S, Af (10)

where Syee=NgV(Gepra-1) 1S the spectral density of ASE noise of the EDFA for amplifying
pump laser, ng is the population inversion factor of EDFA set by 1.5, R=g/hvs is the
responsivity of the receiver. We know that larger the optical filter bandwidth will introduce
more ASE noise. Therefore, an appropriate optical filter should be chosen for optimum noise
performance. In addition, larger pump bandwidth is generally accompanied by pump relative
intensity noise (RIN), which is magnified and transferred to Stokes and conjugate in OPAs
and results in noise enhancement [40]. Here only the ASE contribution is included in our
calculations and RIN transfer is excluded. The intensity variation of the noisy pump will result
in signal gain variation because of its power dependence. The signal power variance caused
by the noisy pump can be added as:

2

dG

O-:;%Pp = O-szsz (dP Ps(o)] (11)
p

where the dG/dPp value can be estimated by calculating the slope of the gain as a function of
the pump power from Egs. (1)-(3).The NF of amplified pump contribution to OPA can be
given by [38]
2 2
NF, = Osp, _ 2Pp Ng (Geora—1) die P.(0) (12)
G?2R*hvP, (0)Af G°P,(0) dp,
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So the total NF can be gotten by
NF = NF,

silicon

+NF, (13)

After the total noise sources are found, we can calculate the NF of OPA in the silicon
waveguide by Eqg. (13). In a 1 cm silicon waveguide operating in anomalous dispersion
regime at 1550 nm, the typical gain and the linear NF spectra of the OPA pumped with 1 ps
pulses operating at the repetition rate of 10 GHz are given in Fig. 3. As illustrated, the NF
contribution from gain and loss fluctuations in the silicon waveguide is the dominant noise
source of the silicon parametric amplifier.

10

Gain (dB)
Linear noise figure

\ /7
L /NFD
gl ey P M P W ]
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 3. Typical gain and NF spectra of OPA in the silicon waveguide
3. Results and discussion

To understand the gain and noise performances of OPA in silicon waveguides, we
numerically investigate the impact of waveguide and pump pulse parameters based on related
principles in Section II. The silicon waveguides have been considered to be 1 cm long with
0.1 um? effective area. We should also realize that the gain and NF will scale with ~R. In the
following calculations of subsection 3.1-3.3, free carrier lifetime = of 300 ps is used to
illustrate the performances achievable in those silicon nano-waveguides [28-29, 30-32]. In
the last part, we discuss the impact of different free carrier lifetimes on the parametric gain
and NF.

3.1 Impact of the waveguide dispersion

To achieve net gain through parametric amplification, the pump wavelength should be
operating in anomalous GV D regimes. To demongtrate this, 1 ps wide pump pulses centered
at 1550 nm with 10 GHz repetition rate and 5 W peak power are used to investigate
parametric gain a different dispersion values, and the results are summarized in Fig. 4. We
clearly see that net gain can only be achieved within limited bandwidth in anomalous GVD
regimes. The maximum gain achieved a the phase matching point shifts and the gain
bandwidth decreases with increasing the dispersion value in the anomalous dispersion regimes.
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Fig. 4. Parametric gain profiles at different dispersion values.
3.2 Impact of Peak Pump Power

Pump power plays a significant role in OPA in silicon waveguides because TPA and FCA are
both intensity-dependent. In addition, pump power aso influence the local phase matching
condition according to Egs. (6) and (8). In the silicon waveguide with dispersion of 600
ps/(nm-km), 1 ps pulses at repetition rate of 10 GHz are used as pump. Signal gain and NF at
eight wavelengths are investigated. With increasing the peak pump power, gain evolutions at
eight wavelengths and maximum gain evolution are shown in Figs. 5(a) and 5(b), respectively.
In Fig. 5(a), the gain decreases at relatively low peak pump power for some wavelengths
which can be explained by nonlinear losses and phase mismatch. With increasing the peak
pump power, the gain enters into saturation and then begins to decrease. The gain at the
wavelengths near the pump wavelength enters into saturation earlier than that at the
wavelengths far from the pump wavelength is due to shift of the phase matching point. The
effects of phase matching by pump power are evident as the wavelength of maximum gain
shifts significantly as depicted Fig. 5(b). We note that, unlike fiber OPAs, high peak pump
power doesn’'t mean large gain due to presence of intensity-dependent TPA and FCA losses in
the silicon waveguide, which is shown clearly in Figs. 5(a) and 5(b).
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Fig. 5. (8). Gain evolution at different wavelengths, (b) Maximum gain and corresponding
wavelength versus peak pump power.
In Fig. 6(a), the NF values are illustrated with respect to the peak pump power for eight
different wavelengths. NFs increases with increasing the peak pump power, which is different
from the gain evolutions. These results are expected because of the fact that the nonlinear
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losses by TPA and FCA have significant contributions to the NF, from Eq. (9), and hence the
NFs don't enter into saturation, asillustrated in Fig. 6(b).
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Fig. 6. (8). NF evolutions at different wavelengths. (b) NF evolution at maximum gain
3.3 Impact of pulse width and repetition rate of the pump

The repetition rate, and more importantly, pump pulse width have significant impact on
parametric gain by influencing the free carrier density. Using pump pulses with peak power of
5 W and repetition rate of 10 GHz in the same waveguide as the above, parametric gain
contour at different pulse width is shown in Fig. 7, in which the net gain regions are labeled
by color. We can see that the net gain can only be achieved when the pulse width is below 5.2
ps and shorter pulse width can achieve wider gain bandwidth. Therefore, in order to achieve
parametric gain in the silicon waveguide, short pulse mode-locked lasers should be considered.
Shorter pulses mean higher gain that can be achieved.

1549.5 6,0

1540

1530

1520

1510

Wavelength (nm)

1500

1490

1 2 3 4 5 6 7 8 9 10
Pulse width (ps)
Fig. 7. Gain contour at different pulse widths

Fig. 8 shows the maximum gain and corresponding NF evolutions versus the repetition
rate at four different pulse widths. We can know that the gain and NF have no significant
changes when the repetition rate below 500 MHz, and the FCA loss is determined by the pulse
width. With further increasing the repetition rage, the gain begins to decrease and the NF
begins to increases, as displayed in Fig. 8(a). The net gain can even be achieved a 80 GHz
when the pulse width is 0.5 ps, but there is no net gain for 10 ps at 5 GHz. The NF
performances at different pulse width are illustrated in Fig. 8(b), which shows that lower NF
can be achieved at shorter pulse and the NF increases with higher repetition rate when the
repetition rate is above 1 GHz.
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Fig. 8. (). Parametric gain and (b). NF versus the repetition rate for different pulse widths
3.4 Impact of the free carrier lifetime

In the above analyses, we know that net gain and NF are strongly influenced by the free
carrier loss and hence by the free carrier lifetime. The free carrier lifetime of 300 ps has been
assumed to match the value which can be realized in passive silicon devices. Up to date, there
are afew approaches presented to reduce the free carrier lifetime in silicon waveguides, which
can be applied to these calculations. Active carrier removal by means of the electric field of a
reverse-biased p-n junction is expected to reduce the free carrier lifetime to values close to 10
ps a low intensity excitation [6, 35, 41-42]. Additionally, ion implantation can be used to
reduce the free carrier lifetime to 50 ps[31, 43-44].
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Fig. 9. (8). Parametric gain and (b). NF versus the free carrier lifetime for different pulse widths

To assess the effect of the free carrier lifetime, we calculate the optimum gain profiles and
corresponding NF for free carrier lifetimes varying from 10 ps to 2000 ps, with pump pulse
widths of 0.5 ps, 1ps and 2.5 ps, as depicted in Fig. 9. We assume the repetition rate of 10
GHz and the peak pump power of 5 W. As illustrated, net gain can be achieved if the free
carrier lifetime is below 500 ps with 2.5 ps pump pulses. To achieve net gain by a CW pump,
the free carrier lifetime should be below 20 ps. For instance, Fig. 10 illustrates the optimum
gain profile and the corresponding noise figure which can be achieved in a 1cm long silicon
wire with free carrier lifetimes of 20 ps and 10 ps. Here, the optimum gains are achieved at
peak pump powers of 4.6 W (4.6 GW/cm?) and 2.5 W (2.5 GW/cm?) for two free carrier
lifetimes, respectively. As shown in these calculations the net parametric gain can be achieved
at peak optical powers above 1W (1 GW/cm?). However, at these intensities, the generated
free carriers will screen the applied electric field and null the lifetime reduction [41]. The
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lifetime reduction by the ion implementation is achieved at the expense of the propagation
loss and hence the induced linear loss might be prohibitive for these applications [31,43].
Although results presented in Fig. 9 and Fig. 10 assume that 1.4 dB/cm propagation loss can
be maintained and the free carrier lifetime can be reduced simultaneously, these
approximations may not hold in the real waveguide. Since, the dispersion value, the minimum
free carrier lifetime and the parametric gain will be coupled, a further investigation is required
to determine the optimum waveguide geometry for the CW pumped parametric amplification.
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Noise figure (dB)
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Fig. 10. Gain and NF spectra of OPA in the silicon waveguide with a CW pump.
4. Conclusion

We investigate the gain and NF performances of the silicon based optical silicon parametric
amplifiers for high bit rate communication systems. In order to achieve net gain, the pump
should operate in anomalous dispersion regimes and pump pulses should be <5 psfor the free
carrier lifetime of 300 ps. We show that the NF of the silicon parametric amplifiers increases
due to nonlinear losses. Results indicate that for high bit rates, silicon based parametric
amplification of WDM channels can be achieved by using pulsed-pump lasers, which are
frequency and phase synchronized to al channels simultaneously. However, in real WDM
systems high duty cycle modulation formats are being adapted and hence 5 ps pump pulses
may not provide a good solution. Low duty cycle is adapted in the OTDM system, phase and
frequency synchronizations are also a challenge for the high speed OTDM system with a
pump laser. Recently the high-repetition-rate pulsed-pump OPA, followed by a narrowband
optical filter, has been discussed for transparent signal amplification [45]. By choosing pulsed
pump suitably designed for silicon waveguides, parametric amplification may be a chip scale
solution in high-speed optical communications and optical signal processing systems.
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