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signal transmission path, the effective refractive index of the medium is modified,
leading to a reduction in the group velocity of both the pump and signal waves.
This reduction enhances the interaction time between the optical waves, thereby
increasing the Raman gain. To further improve performance, a dual-ring structure
is introduced and analyzed, comparing its efficiency with that of a single-ring
configuration. The impact of structural modifications on the achievable bit rate is
also investigated. The numerical analysis is conducted using the Finite-Difference
Time-Domain (FDTD) method, solving Maxwell's equations while accounting for
various nonlinear effects, including two-photon absorption (TPA), free-carrier
absorption (FCA), the Kerr effect, and self-phase modulation (SPM) in a hybrid
photonic crystal waveguide. The proposed design, with a compact length of only
100 um, demonstrates a significant Raman gain of 19.01 dB. Additionally, the
system achieves an impressive bit rate of 0.6493 x 102 pulses per second, making
it a promising candidate for high-speed, high-gain optical signal amplification in
next-generation photonic communication networks.

INTRODUCTION

Silicon (Si) plays a crucial role in the development of amplifiers, optical sources, high-speed modulators, and

photodetectors. Silicon-based photonics has been widely utilized in various fields, including medical applications,
military technologies, and optical communications. In recent years, Raman amplification and light generation in
silicon via stimulated Raman scattering have attracted significant attention [1].

In spontaneous Raman scattering, thermal lattice vibrations at frequency v induce a sinusoidal modulation in
the optical susceptibility. In silicon, this frequency is approximately 15.6 THz. When the oscillations of the incident
pump field at frequency wl interact with the optical susceptibility oscillations at frequency wv, polarizations at the
sum frequency (wl+wv) and difference frequency (wl-wv) are generated. The radiation corresponding to these
polarization components is referred to as anti-Stokes and Stokes waves, respectively. In stimulated Raman scattering,
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atomic vibrations can be excited coherently by simultaneously propagating the pump and Stokes fields with a
frequency difference equal to the atomic vibration frequency in the Raman medium, thereby amplifying the Stokes
field [2].

In recent years, Raman gain in silicon waveguides has been extensively studied [3—5]. To enhance the
performance of Raman amplifiers, various approaches have been explored, including silicon nano waveguides [6],
SiGe waveguides [7], photonic crystal waveguides [8,9], hybrid photonic crystals [10], and slow-light photonic
crystal waveguides [11]. Design principles for Raman amplifiers have been formulated using analytical and semi-
analytical methods [12], and waveguide geometries have been optimized to achieve higher Raman gain and
improved amplification efficiency [13].

Moreover, reducing the speed of light propagation within a medium increases the interaction time between light
and matter, thereby enhancing nonlinear effects. Operating in the slow-light regime reduces the required pump power
and physical length necessary for the onset of nonlinear effects. Consequently, slow-light structures are employed
to minimize the dimensions of optical devices and enhance nonlinear interactions [14,15].

In photonic crystal waveguides, Bragg reflections enhance the optical confinement factor and reduce the group
velocity. A high optical confinement factor minimizes pump power loss, while a lower group velocity increases the
interaction time between light and matter. These factors intensify nonlinear effects such as Raman scattering,
enabling higher Raman gain at lower pump power levels. Analytical studies have also demonstrated that reducing
the group velocity in photonic crystal waveguides results in enhanced Raman gain [16].

To optimize pump power utilization, we previously introduced novel ring-shaped Raman amplifiers [17] and ring
Raman amplifiers integrated within photonic crystal and hybrid photonic crystal platforms [18]. In ring structures,
pump resonance enhances the pump power within the micro ring, allowing for greater Raman gain at lower input
pump power compared to conventional straight waveguides.

In this study, we investigate a ring-shaped photonic crystal Raman amplifier and analyze the impact of
incorporating optofluidic materials [19,20] to reduce the group velocity and enhance Raman gain. The photonic
crystal structure, along with the use of optofluidic materials, increases dispersion along the amplifier, which in turn
reduces the data transmission bit rate. The transmission bit rate in the proposed structures will also be evaluated in
this work.

The structure of this paper is as follows: Section 2 presents the modeling of Raman amplification in hybrid
photonic crystal waveguides based on Maxwell’s equations, incorporating nonlinear effects such as two-photon
absorption (TPA), free-carrier absorption (FCA), the Kerr effect, and self-phase modulation (SPM). Section 3
discusses the simulation results of Raman amplification in ring-shaped photonic crystals and their enhanced versions
incorporating optofluidic materials. Finally, Section 4 provides a conclusion summarizing the findings of this study.

2. THEORETICAL MODELING

The refractive index of the waveguide depends on the power of the propagating light, as nonlinear effects such as
two-photon absorption, the Kerr effect, and other nonlinear phenomena alter the refractive index based on the
intensity of the transmitted light [21]. When a high-intensity optical pulse propagates through the medium, nonlinear
effects induce a phase shift of magnitude 4¢.

If the pump is continuous, the intensity and phase variation remain constant over time. However, when short,
high-intensity pump pulses are used, the pump intensity changes rapidly with time, leading to rapid temporal
variations in phase. The time derivative of the phase variation results in a frequency chirp Ao [21].

d(de(x,y,t))

dt O

Aw(x,y,t) = —

where @A is obtained from equation (2) [21].
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Ly represents the interaction length of light and the medium, A%k denotes the refractive index change due to
the Kerr effect, Anrc represents the refractive index change caused by free carriers, and Ap is the central wavelength
of the pulsed pump within the waveguide. Aw are induced. Furthermore, as the pulse passes through each point, the
carrier density increases, leading to an elevation in the refractive index. Consequently, the central wavelength will
experience a blue shift. The central wavelength at each point is derived from Equation (3) [21].

Ao

1-— (# ")
din(x,y,t)
T at

Ap(x,y,t) =

In this context, A7 represents the sum of the refractive index variations induced by the nonlinear Kerr effect and
free-carrier absorption (FCA). Here Ap denotes the initial wavelength of the input pump, and ccc is the speed of
light. As the pump power increases, losses due to two-photon absorption (TPA) and free-carrier absorption (FCA)
become more significant. Therefore, accounting for these phenomena in simulations is essential [22]. Raman
scattering and two-photon absorption (TPA) are modeled using the third-order nonlinear optical susceptibility [23,
24]. The TPA effect alters the carrier density, which in turn affects both the refractive index and the gain coefficient.
Consequently, both the real and imaginary components of the first-order optical susceptibility are influenced [24].
The self-phase modulation (SPM) effect is modeled by the real part of the third-order nonlinear optical susceptibility.
Considering these effects, the electric polarization vector for the pump and signal fields is expressed by Equations
(4) and (5).

Ps = P(wg) = 7(wg)Eg + 601> (05)Ep Ep Eg + 6012 (w5 Eg Eg Eg + 6015 (w5, N)Eg 4)

3 * 3 *
. 3 «

In these equations, Es represents the electric field of the signal, Ep denotes the electric field of the pump, NN is
the carrier density, and ws and wp correspond to the signal and pump frequencies, respectively. y is the first-order
optical susceptibility, while ,m) and )(Se) represent the imaginary and real parts of the third-order optical

susceptibility, respectively. )(( , which models the FCA effect, is defined as follows [24].

1 = 2o 10 2) "
qu 1 1
npo (@0, N) = =57 <mce " mch> ;
N 1 1
Ay (@y, N) = £oCNoW2 <”emge * yhm§h> ;

In these relations, v is substituted for S to denote the signal and P for the pump. no represents the linear refractive
index, s denotes the changes in the refractive index due to variations in carrier density, and ay represents the
changes in the absorption coefficient due to variations in carrier density. mice « men « e and p, are the effective mass
of the electron, the effective mass of the hole, the electron mobility, and the hole mobility, respectively [24].
The variations in carrier density are described by equations (9), (10), and (11).
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Where f3> is the TPA coefficient, T represents the carrier lifetime, and ny denotes the initial refractive index of the
waveguide.

The Kerr effect links the linear refractive index of the material to the power of the propagating optical field. This
relationship is expressed by Equation (12) [21].

n=ny + nzlp (12)

Where n; is referred to as the Kerr coefficient.

By considering nonlinear effects and utilizing the equations for electric polarization, the relative permittivity at
each point can be determined and substituted into Maxwell’s equations. These equations are then solved using the
finite-difference time-domain (FDTD) method with perfectly matched layer (PML) boundary conditions.

3. DISCUSSION AND ANALYSIS OF SIMULATION RESULTS

Figure 1(a) illustrates the ring-shaped Raman amplifier with a photonic crystal structure (SR), while Figure 1(b)
presents the enhanced ring-shaped Raman amplifier incorporating optofluidic materials (SR_a).

In the hexagonal photonic crystal structure of Raman amplifiers, the periodicity is denoted as a, and the radius of
the air holes is represented by r. In these configurations, the pump and signal inputs are separated. The pump enters
the amplifier through the upper waveguide and is coupled into the ring via the coupling region. The coupling region
and the perimeter of the ring are designed such that the pump resonance within the ring remains in the critical state,
ensuring maximum amplification for the pump wavelength. Consequently, a high Raman gain is achieved even with
a low input pump power. The signal is introduced into the amplifier through the lower waveguide.

Within this waveguide, air holes are positioned before and after the ring (denoted as sections B and B'). The
radius and spacing of these air holes are designed to facilitate the low-loss transmission of the signal wavelength
(TE, 1.686 um), while preventing the passage of the pump wavelength (TM, 1.55 um). These sections are referred
to as pump filters, ensuring that the pump remains confined within the ring for further amplification.

Additionally, another set of air holes with specific spacing and radius is placed along two sides of the ring (denoted
as sections C and C'). These structures prevent the signal from entering the ring, ensuring that it propagates only
along the direct path of the lower waveguide and exits through the opposite end. These sections are designated as
signal filters. The design of these air holes allows the pump to circulate within the ring with minimal loss. The
geometric parameters of the SR and SR _a structures are provided in Table 1.
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(b)

Fig. 1. Structure of ring-shaped Raman amplifiers: (a) Ring-shaped Raman amplifier with a photonic crystal structure
(SR), and (b) Enhanced ring-shaped Raman amplifier with a photonic crystal structure incorporating optofluidic materials
(SR _a).

Table 1. Physical Parameters of Ring-Shaped Raman Amplifiers

Parameter SR SR a
a (nm) 460 460

r (nm) 165.6 165.6
ri(nm) 89.7 89.7

rp1(nm) 147.2 147.2
rp2(nm) 69 69

rca(nm) 308.2 308.2

rhe(nm) 124.2 124.2
Rof -= 1.5

The transmission spectra of the pump filter and signal filter for the photonic crystal structures, around the pump
and signal wavelengths, are shown in Figures 2 and 3, respectively.
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Fig. 2. Transmission spectra curves of the pump filter around (a) the pump wavelength and (b) the signal wavelength
for photonic crystal structures.
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Fig. 3. Transmission spectra curves of the signal filter around (a) the pump wavelength and (b) the signal wavelength for
photonic crystal structures.

Another important aspect is the design of the bending regions in the photonic crystal structures. Various methods
exist to improve the transmission quality in these bending regions [26, 25, 20, 19]. In this work, based on [25], the
bending regions are designed such that the radius of the air hole at the inner corner of the bend is reduced (7= 0.75
x r) while at the outer corner of the bend, an air hole with a radius of (75) is created. Both small holes are displaced
by 0.3xa along the symmetry axis of the bend, in opposite directions. The transmission spectra curves for the bending
regions in the photonic crystal are shown in Figure 4. The pump wavelength passes through the bending region with
minimal loss.
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1.54 1.542 1.544 1.546 1.548 1.55 1.552 1.554 1.556 1.558 1.56
Pump wavelength (pm)

Fig. 4. Transmission spectra curve of the bending regions around the pump wavelength for the photonic crystal structure.

In the structure shown in Figure 1(b), two rows of holes on both sides of the signal propagation path are filled
with optofluidic materials with a refractive index (nqg.

Figure 5 shows the Raman gain along the amplification region for the two introduced structures and for a pump
power of 0.3W. At the beginning and end of each curve, there is a region where no amplification occurs,
corresponding to the signal passing through the pump filter.
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Fig. 5. Raman gains along the amplification region for the two structures, SR and SR-a. The input pump power is 0.3W.

The presence of optofluidic materials on both sides of the signal propagation path reduces the group velocity of
the pump and signal in this path. The reduction in group velocity increases the interaction time between the pump
and signal, resulting in a larger Raman gain. For the signal path length of approximately 60 pm, the Raman gain in
the SR_a structure is approximately 3 dB larger than the Raman gain achieved from the SR structure.

To achieve a larger Raman gain with a fixed input pump power, two rings can be placed along each other as
shown in Figure 6, ensuring that the rings do not couple with each other and are placed at the minimum distance
from one another.
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Fig. 6. Two-ring photonic crystal Raman amplifier structure.

Figure 7 shows the Raman gain along the amplification region for the two-ring SR and SR-a structures with an
input pump power of 0.3W. According to this graph, for a fixed input pump power, the Raman gain in the two-ring
structure is nearly twice that of the single-ring structure. The amplification from the second ring is slightly lower
than that of the first ring, which is due to the lower pump intensity in the second ring. The regions where no
amplification occurs correspond to the signal passing through the pump filter.

Another point is that the use of optofluidic materials in the improved photonic crystal structure results in a Raman
gain increase of approximately 6 dB along a length of about 100 um compared to the photonic crystal structure.
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Fig. 7. Raman gain along the amplification region for the two-ring SR and SR-a structures. The input pump power is
0.3W.

Figure 8 and Figure 9 show three consecutive signal pulses at the output of the Raman amplifiers for the single-
ring and two-ring structures, respectively. The propagation of the signal pulse inside the waveguide causes
dispersion, leading to pulse broadening in the time domain and a decrease in the amplifier's bit rate. The use of a
two-ring structure increases dispersion and further reduces the bit rate. The input pump power of 0.3W is considered.
The Raman gains and dispersion in the SR-a amplifier are higher than in the SR amplifier. The use of optofluidic
materials in the SR-a structure results in a significant increase in Raman gain, but slightly increases dispersion.
Therefore, the SR-a structure provides a high gain while maintaining a reasonable bit rate.
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Fig. 8. Three consecutive signal pulses at the output of single-ring Raman amplifiers SR and SR-a. The input pump
power is 0.3 W.

= SR-
S 20 SR 220 2
° o
S S
g 15 g’l 15
£ £
'g_ 10 g 10
T -
85 8
© ©
£ £
S o S0
Z 2 4 6 = 2 4 6
Time (ps) Time (ps)
(b) (a)
Fig. 9. Three consecutive signal pulses at the output of dual-ring Raman amplifiers SR and SR-a. The input pump power
is0.3 W.
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Additionally, you mentioned the Fourier transform of the output signal pulses shown in Figure 10, which
highlights the dispersion effect in the time domain. The dispersion leads to a reduction in the Full Width at Half
Maximum (FWHM) in the frequency domain.
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Fig. 10. Fourier transform of the output signal pulse in ring Raman amplifiers SR and SR-a. (a) Single-ring, (b) Dual-
ring. The input pump power is 0.3 W.

The comparison between the SR and SR-a structures, in terms of Raman gain, bit rate, and the Full Width at Half
Maximum (FWHM) of the Fourier transform of the output pulses, is summarized in Table 2. This comparison helps
evaluate the performance of the two configurations.

4. CONCLUSION

In this paper, the ring photonic crystal (SR) and the enhanced photonic crystal (SR-a) structures for Raman
amplification were compared. The use of optofluidic materials in the cavities on both sides of the signal path in the
enhanced photonic crystal structure resulted in a significant increase in Raman gain. In the single-ring structure,
Raman gain increased from 9.192 dB to 12.19 dB. The increase in Raman gain was even higher in the two-ring
structure. The Raman gain in the two-ring photonic crystal structure was 13.56 dB. The use of optofluidic materials
in the two-ring structure increased the Raman gain to 19.10 dB.
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On the other hand, the propagation of signal pulses inside the waveguide causes dispersion, which in turn leads
to pulse broadening in the time domain and a reduction in the amplifier's bit rate. The dispersion increases with the
use of optofluidic materials or the two-ring structure. Therefore, the data transmission rate will decrease. However,
according to Table 2, the decrease in the bit rate is not significant and can be considered less important compared to
the increase in Raman gain. Thus, for signal amplification, the use of a two-ring photonic crystal amplifier enhanced
by optofluidic materials is recommended.

Table 2. Raman Gain, Bit Rate, and FWHM of the Output Pulse Fourier Transform for Single-Ring Raman Amplifier
Structures with an Input Pump Power of W 3/0

SR (single-ring) SR-a (single-ring) SR (2-ring) SR-a (2-ring)

Raman Gain (dB) 9.192 12.19 13.56 19.01
Bit Rate (x10' sec) 0.759 0.716 0.7077 0.6493
FWHM (nm) 0.79 0.77 0.69 0.64

This table summarizes the key performance parameters of the different structures, comparing the Raman gain, bit
rate, and the Full Width at Half Maximum (FWHM) of the output pulse in each configuration.
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