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Abstract—In this paper, we report, for the first time to the
best of our knowledge, the detailed modeling and performance of
Raman amplification and superluminal propagation of weak ultrafast
femtosecond optical pulses in nonlinear loop single mode silicon-on-
insulator anomalously dispersive optical waveguides. Using the device,
theoretical results for 100-fs signal optical pulse show that when the
launch peak power of signal pulse is fixed at −10 dBm, the gain value
up to 30 dB can be achieved, and the delay time of superluminal
propagation can also be adjusted by changing the system parameters,
including initial chirp and peak power of pump pulse, initial delay time
between pump and signal pulses, and waveguide length, etc.

1. INTRODUCTION

A nonlinear optical loop mirror (NOLM) that is a basic element
in optics communications which is often selected for wavelength
conversion [1], optical switch [2], and mode-locked laser [3], and so on.
Usually, it basically consists of an optical fiber loop connected with
a coupler for input and output. In the original design, the coupler
splits unequally the input power so that the two counter-propagating
components in the loop acquire different phase shifts. The difference in
the acquired nonlinear phase depends on the input power level and fiber
length. In fact, in order to create a useful device, several kilometers
of fiber are required as a result that the NOLM implemented based
optical fiber waveguide is impossible for integrated optics. Therefore,
in our article, we design and present a modeling of NOLM based on the



292 Wu, Luo, and Zhang

integrated silicon-on-insulator (SOI) optical waveguide with only the
length of several millimeters or centimeters that is promising candidate
for integrated optoelectronics. As a transmission medium, SOI has
much higher nonlinear effects than the commonly used silicon dioxide,
and can confine the optical field to an area that is approximately 100
times smaller than modal area in a standard single mode optical fiber
owing to high index contrast ratio between the core and cladding.
In particular, the gain coefficient for Stimulated Raman Scattering
(SRS) is approximately 104 times higher in silicon than in silica
so that it is possible to produce light emission and amplification
from SRS in SOI waveguides [4–10]. Another attractive issue is
that the superluminal optical pulse propagation can be achieved in
anomalously dispersive silicon waveguides for ultrafast femtosecond
pulses. Moreover, the delay of output signal pulse can be controlled
by changing the pump parameters such as initial chirp, peak power,
and initial delay time between pump and signal pulses. Notice that
superluminal pulse propagation can not be obtained for pulsewidth
of picosecond or nanosecond because the influence of group velocity
dispersion is ignored in these cases. In this paper, a nonlinear loop
silicon waveguide device is designed and demonstrated theoretically
which has some prominent advantages, i.e., higher gain level, for output
signal pulse, can be obtained due to constructive interference at the
output port comparing to the case in the straight waveguide, and the
output pump and signal pulses that can be separated automatically
after going through a round distance as a result of symmetric coupler in
the device. In addition, the superluminal propagation becomes realism
for ultrafast femtosecond pulse in single mode anomalously dispersive
SOI waveguides. In fact, superluminal has already been demonstrated
in other anomalously dispersive media [11].

The paper is structured as follows: In Section 2, we present
the theory equations for ultrafast pulse propagation in nonlinear loop
silicon waveguides. In Section 3, we display the simulation results with
variable parameters of pump pulse. Section 4 summarizes the work.

2. THEORETICAL MODELING

Light propagating in waveguides can be described by group velocity,
vg, which is written as:

vg =
c

n + ωdn/dω
(1)

where c is the speed of light in vacuum, n is the material refractive
index, ω is the angle frequency. Here, the superluminal pulse
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Figure 1. Schematic diagrams of nonlinear loop silicon-on-insulator
optical waveguide device and cross section.

propagation can be obtained when dn/dω is negative.
As shown in Figure 1(a), the schematic diagram designed consists

of a length of SOI waveguide in a loop via a symmetric coupler.
By inspecting the schematic diagram, we can envision how optical
pulses propagate in the whole device based on the device geometry.
The pulses propagate along the SOI waveguide in both clockwise
and counterclockwise directions. The input pump and signal pulses
enter the device from the left leg A and right leg B, respectively, and
then distributes evenly its power entering the loop device. Then, the
counterpropagating waves travel along the loop and recombine at the
coupler whose phase shifting of π is obtained because of even coupler.
Finally, the pump pulse is completely outputted from the port A and
the signal pulse is also reflected fully at port B such that they can
be separated fully after going through the loop device. The cross
section of a SOI rib waveguide that we adopted is shown in Figure 1(b)
with width W , rib height H, and slab height h. These structures
can be either single-mode or multimode depending on the ratio of the
dimensions W/H and h/H. In our case we consider the single-mode
condition, as follows [12]

W

H
≤ α +

r√
1 − r2

(2)

and

0.5 ≤ r ≤ 1.0 (3)

where r is the ratio of slab height to overall rib height, W/H is
the ratio of waveguide width to overall rib height, and α = 0.3.
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In the remainder of this section, we will present the corresponding
theoretical propagation equations. In this study, it is assumed that
the temporal relationship between pump and signal pulses satisfies a
Gaussian probability distribution as follows:

Ap0 =
√

Pp0 exp

[
−1 + iCp0

2

(
T + Td0

Tp0

)2
]

(4)

As0 =
√

Ps0 exp

[
−1 + iCs0

2

(
T

Ts0

)2
]

(5)

where subscripts b and s denote the pump and signal pulses,
respectively, A0 is the slowly varying amplitude at the incident ports
A or B, P0 is the incident peak power, C0 is the original chirp, T is the
moving coordinate with the group velocity, T0 is the half width at 1/e
maximum intensity, Td0 is the delay time between pump and signal
pulses before entering the loop device. The launch optical fields can
be divided evenly into two parts by the symmetric coupler, and can be
described by
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where superscripts + and − denote the propagating optical fields
along the clockwise and counterclockwise in loop device, respectively.
According to literatures [13–17], the modified propagation equations
of four optical waves in dispersive waveguides can be given by
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where the coefficients in the equations (7)–(10) are defined as

γi,i =
ωi

2cneff
gi,i

(
χNR

xxxx + χR(0)
)

(11)

γi,j =
ωi

2cneff
gi,j

(
χNR

xxyy

)
(i �= j) (12)

where neff is the effective index, χNR
xxxx (= 0.5×10−18 m2V−2 = 2χNR

xxyy

[18]) is the electronic non-resonant susceptibility. χR the Raman
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resonant susceptibility can be written as

χR(ωs0;ωp − ωs0, ωs0) =
2ΩRΓRξR

2iΓR∆ω + Ω2
R − ∆ω2

(13)

where ΩR (= 15.6 THz) is the Raman frequency shift, ξR (= 11.2 ×
10−18 m2V−2) is the Raman susceptibility when ∆ω = ΩR, ΓR (=
2π × 53 GHz) is the resonance half-width [18]. The overlap integrals
gi,j is given by

gi,j =

∫∫
|Fi(x, y)|2 |Fj(x, y)|

2
dxdy∫∫

|Fi(x, y)|2 dxdy
∫∫

|Fj(x, y)|2 dxdy
(14)

In Equations (7)–(10) d is the mismatch of group velocity between
pump and signal pulses, β2 and β3 are the group velocity and third-
order dispersion, α is the propagation loss parameter, βTPA is the two-
photon absorption parameter, αFCA, and ∆n indicate respectively the
free-carrier absorption parameter, the change of effective index due to
the free-carrier dispersion, and can be written as [19, 20]
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)2
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(
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)2
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∆n = −8.8×10−22 ·
(
λp,s

1.55

)2
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(
λp,s

1.55

)2

(∆nh)0.8(16)

where n = ne = nh is the density of electron-hole pairs generated
by the two-photon absorption process. The coefficient σ0 = 1.45 ×
10−17 cm2 [21] is the free-carrier absorption cross section measured at
λ = 1.55µm.

To obtain a consistent mathematical model, the Equation (5) has
been coupled to the rate equation governing the free carrier dynamic
into the waveguide, given by [7]

dn

dT
= − n

τeff
+

βTPA

2�ωp
g2
p,p

[
(A+

p + A−
p )2

]2 (17)

where n is the carriers density, � is the reduced Planck constant, and
τeff is the relevant effective recombination lifetime for free carrier,
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denoted by [22]

τ−1
eff =

S

H
+

w + 2(H − h)
wH

S′ + 2
h

H

√
D

w2

(
S + S′

h

)
(18)

where the first term refers to the interface recombination lifetime, the
second term refers to the surface recombination at the sidewalls, and
last term refers to transit time out of the modal area. S and S′ are
the effective surface recombination velocity, D is diffusion coefficient.

To simulate the propagation of signal pulse in loop device and the
output properties of amplified signal pulse at port B, the propagation
equations (7)–(10) can be solved numerically by the well-known finite-
difference time-domain (FDTD) method [23–26]. Finally, at port B,
the amplitude of the output amplified signal pulse can be given by

Asout =
√

0.5A+
sL + i

√
0.5A−

sL (19)

where Asout is the output amplitude, A+
sL, and A−

sL are the amplitudes
of A+

s , and A−
s , respectively, after going through a round distance of

loop device.

3. RESULTS AND DISCUSSIONS

In this section we study the Raman amplification and superluminal
propagation of weak ultrafast femtosecond pulses. According to
literatures [22, 27–29], the system parameters may be determined
in calculations: D = 16 cm2 · s−1, c = 2.99792458 × 108 m · s−1,
neff = 2.83, � = 1.0552 × 10−34J · s−1, λp = 1.55µm, λs = 1.67µm,
α = 0.22 dB·cm−1, βTPA = 0.5 cm·GW−1, gR = 10.5×10−9 cm·GW−1,
S, S′ = 80 m · s−1, β2p = −2 ps2m−1, β2s = −1 ps2m−1, β3p =
0.002 ps3m−1, β3s = −0.002 ps3m−1, W = 450 nm, H = 500 nm,
h = 320 nm, T0 = 100 fs.

Figure 2 shows the normalized shapes of output signal and
reference pulses at port B after transmitting a loop distance. The peak
powers of input signal and pump pulses corresponds to −10 dβm, and
34.77 dβm, respectively. The initial delay time is 200-fs, namely, the
incident signal pulse lags the incident pump pulse. Cp = 2 is chosen.
We choose Cs = 0 as a invariable value for all of our calculations. As
seen in Figure 2, the output superluminal propagation pulse becomes
asymmetric such that its leading edge is shaper compared with the
trailing edge. Sharpening of the leading edge occurs because the
leading edge experiences larger velocity than the trailing edge. The
reference pulse is plotted without considering the effects of group
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Figure 2. The normalized shapes of output signal and reference pulses
after 15-mm loop.

velocity dispersion and free carrier dispersion. When considering
effects of all linear and nonlinear, the output signal pulse is before the
reference pulse, i.e., the output pulse’s velocity is larger than that of
reference pulse. The phenomenon can be explained that the change of
effective index is always negative according to Equation (16), and the
variation of angle frequency dω is positive over the total pulse which
is displayed in Figure 3. As a result, the behavior of superluminal
propagation is realized according to the expression of group velocity in
Equation (1). Note that the pulsewidth broadens due to the influence
of group velocity dispersion. In the following parts, we will discuss in
detail the properties of amplified output pulse, including the Raman
gain, pulsewidth, and delay time, with variable initial chirp, initial
delay, and loop length.

Figures 4(a), (b), and (c) show the time domain properties and
superluminal propagations of output signal pulses versus the initial
chirp of pump pulse from the loop device with variable loop length
and initial delay time. From Figures 4(a) to (c), the same type curves
stand for the identical pulse. In Figure 4(a), we can see that the
Raman gain value up to 30 dβ is obtained owing to the constrictive
interference that occurs as a result of the symmetric coupler in the
loop device which is larger than the same long straight waveguide.
Note also that when the initial chirp Cp is positive. With the increase
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Figure 3. The change of angle frequency of output signal pulse across
the total pulse.

of Cp, the Raman gain will experience the almost linearly increase
from SRS then decay slowly rooting in the gain saturation and linear
and nonlinear losses with initial delay time Td > 0. Some noteworthy
features of the Raman gain curves are that when the value of Cp > 1,
the gain is insensitive to the Cp because of gain saturation, i.e., pump
depletion, and when the case of Cp < 0, the gain level is low comparing
to the Cp > 1 for the same pulse because the pump pulse will broaden
linearly in waveguide of anomalous dispersion with β2pCp > 0, on the
contrary, when the case β2pCp < 0, the pump pulse will narrow then
broaden as a result that the gain level is increased. In general, the
Raman gain of output signal pulse is strongly dependent on the initial
delay time and loop length. Simultaneously, the pulsewidths are sub-
linearly increasing for Cp > 0, however, whose variation are complex
for Cp < 0 which are displayed in Figure 4(b). These phenomena
are mainly controlled by the influence of group velocity dispersion. In
addition, the superluminal propagation is a very important physical
phenomenon in anomalous dispersion waveguide and is demonstrated
in our designed device whose the delay curves are plotted in Figure 4(c).
As seen in the figure, the absolute delay time sub-linearly increases with
the increase of Cp because the sign of the changes of angle frequency,
dω, always hold on positive and lead to increased group velocity. If we
increase the initial delay time Td0, the absolute delay time of output
pulse will also be increased. But, to hold large Raman gain, both of
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(a)

(b)
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(c)

Figure 4. The Raman gains (a), full width at half maximum (FWHM)
(b), and delay times (c) of output signal pulse as a function of initial
chirp of pump pulse with different initial delay time and loop length.

the input pulses must overlap during the propagation so that the initial
delay time should locate in a suitable range.

4. CONCLUSIONS

This paper has presented a theoretical modeling and performance of
nonlinear loop device based on silicon-on-insulator optical waveguide
and symmetric coupler. Numerical results find that the Raman gain
value up to 30 dβ and superluminal ultrafast pulse propagation can
be achieved in our designed modeling if the anomalous dispersion is
satisfied for silicon waveguide. In particular, the properties of output
signal strongly depend on the initial chirp of pump pulse, initial delay
time between launch two pulses, and loop length, etc. which should be
specifically adjusted to obtain larger Raman gain and absolute delay
time within a fixed loop length.
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