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Abstract Sub-micron silicon-on-insulator (SOI) strip

waveguides face a well-known dilemma: strong optical

confinement comes at the price of steep normal disper-

sion, high sidewall scattering, and severe modal birefrin-

gence. Here, we show how partial etching into a ridge

geometry resolves these constraints across two distinct

operating regimes. We combine calibrated full-vector

modal solvers, layout synthesis, beam-propagation elec-

trodynamics, and nonlinear pulse propagation into a

unified computational model. For nonlinear applications,

Platform A (W = 480 nm, H = 220 nm, hslab = 65 nm)

flattens the group-velocity dispersion, delivering anoma-
lous values (D = +18.0 ps/(nm·km), β2 = −23 ps2/km

at 1550 nm) across 1420–1680 nm inside a broad |D| ≤
18 ps/(nm·km) window (1400–1700 nm). This profile

supports a 267-nm four-wave mixing gain bandwidth
at Pp = 650 mW, near-octave supercontinuum genera-

tion (1150–2200 nm) under 100-fs pulse pumping, and

single-soliton Kerr combs (79 lines across 17.7 THz,

FSR = 227.2 GHz) at Pin = 12.5 mW when accounting

for carrier kinetics and cavity heating via the Lugiato–

Lefever equation. Conversely, Platform B (W = 570 nm,

H = 400 nm, hslab = 127 nm) addresses polariza-

tion sensitivity. It suppresses phase birefringence be-

low |∆neff| < 10−6 and limits group birefringence to

|∆ng| < 1.5 × 10−5, holding differential group delay

under 0.50 fs/cm with single-mode guidance throughout

the C-band. Tapered mode converters maintain inser-

tion losses below 0.15 dB with reflections under −42 dB.

Three-dimensional volume current calculations indicate

a 58% drop in sidewall scattering relative to wire base-

lines (αscat = 1.14± 0.08 dB/cm vs. 2.70± 0.15 dB/cm).

Both cross-sections tolerate standard lithographic er-

rors (∆W = ±10 nm, ∆hslab = ±5 nm) and align with

air-clad silicon manufacturing.

Keywords Silicon-on-insulator · Ridge Waveguide ·
Semi-analytical Modeling · Numerical Simulation ·
Dispersion Engineering · Supercontinuum Generation ·
Kerr Frequency Combs · Two-Photon Absorption ·
Polarization Insensitivity · Thermal Dissipation.

1 Introduction

Silicon-on-insulator (SOI) waveguides pack intense opti-

cal fields into sub-micron cross sections. The large re-

fractive index step between the silicon core (nSi ≈ 3.476

at 1550 nm) and the silica substrate (nSiO2
≈ 1.444) pro-

vides sub-wavelength modal confinement [1–5]. Paired

with silicon’s electronic Kerr coefficient (n2 ≈ 4.5 ×
10−18 m2/W), this tight confinement elevates the effec-

tive waveguide nonlinearity above γ > 100 W−1m−1

(γ > 105 W−1km−1). Such values open direct routes

to chip-scale four-wave mixing (FWM), self-phase mod-

ulation (SPM), dissipative Kerr solitons (DKS), and

broadband supercontinuum generation (SCG) at mod-

erate drive powers [6–12].

Conventional fully etched strip wires, however, hit

sharp physical roadblocks. Their group-velocity disper-

sion (GVD) is strongly normal, routinely falling be-

low D < −800 ps/(nm·km) near telecommunication

wavelengths. This steep normal dispersion ruins phase

matching for parametric processes and rules out bright
soliton formation. Wire waveguides also suffer from

heavy sidewall scattering losses (α > 2.5 dB/cm) be-
cause the optical mode overlaps directly with vertical

roughness left by reactive-ion etching [13,14]. Structural

asymmetry introduces substantial modal birefringence

(∆neff = neff,TE − neff,TM ≠ 0), triggering polarization-

dependent delays that distort polarization-division mul-

tiplexed signals.

Shifting from a strip to a ridge (rib) architecture

alters these boundary conditions. Leaving a thin un-
etched silicon slab of thickness hslab allows guided light

to expand laterally. This geometric modification coun-

teracts silicon’s intrinsic material dispersion, flatten-
ing the GVD into a low-dispersion window (|D| ≤
18 ps/(nm·km)) with an anomalous band between 1420

and 1680 nm [15–17,33]. Pulling the peak intensity to-

ward the waveguide center reduces field contact with

etched sidewalls, cutting scattering losses by over half

compared to standard strip baselines [18]. Balancing

the horizontal and vertical modal dimensions can elimi-
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nate phase birefringence (∆neff ≈ 0) while driving group

birefringence toward zero (∆ng ≈ 0) at 1550 nm [19,20].

Turning these theoretical concepts into functional

devices requires coordinated modeling across multiple

physical domains. Here, we build a coupled computa-

tional workflow that connects modal dispersion, lay-

out synthesis, electrodynamic propagation, and non-

linear time-domain kinetics. The model pairs a three-
oscillator Sellmeier engine with full-vector finite-element

modal solutions. It incorporates lithographic layouts

for strip-to-ridge mode converters and microrings, ver-
ifies taper transmission (S21 > −0.15 dB) and reflec-

tion (S11 < −42 dB) through beam-propagation elec-
trodynamics, and simulates pulse evolution using the

Generalized Nonlinear Schrödinger Equation (GNLSE)

with higher-order dispersion (β2–β8), two-photon ab-

sorption (TPA), free-carrier effects (FCA/FCD), and

Raman scattering (fR = 0.043). We model Kerr micro-

comb formation via the spatiotemporal Lugiato–Lefever

Equation (LLE) with carrier and thermal feedback, and

quantify sidewall scattering using the three-dimensional

Vector Volume Current Method (VCM).

We examine two tailored platforms. Platform A

(W = 480 nm, H = 220 nm, hslab = 65 nm) targets

nonlinear devices. It provides anomalous GVD (D > 0,

β2 = −23 ps2/km) across 1420–1680 nm inside a low-

dispersion span (|D| ≤ 18 ps/(nm·km), 1400–1700 nm),

yielding a 267-nm FWM gain bandwidth, near-octave

SCG (1150–2200 nm), and 79-line Kerr combs. Plat-

form B (W = 570 nm, H = 400 nm, hslab = 127 nm)

serves polarization-insensitive routing. It achieves phase-

birefringence cancellation (|∆neff| < 10−6) at 1550 nm

with |∆ng| < 1.5 × 10−5 and differential group delay
below 0.50 fs/cm.

This study links cross-sectional dispersion tuning,

statistical roughness scattering, taper electrodynamics,

and cavity nonlinear dynamics under a shared, self-

consistent parameter set. Optical, geometric, loss, and
thermal parameters pass directly between the coupled

solvers, avoiding the fragmented assumptions common

in earlier literature.

2 Theoretical & Multiphysics Modeling

Framework

Fig. 1 shows the cross-sectional geometry of the ridge

waveguide. The structure is patterned in a silicon layer

of thickness H. Dry etching removes silicon to a depth

hetch = H − hslab, leaving a core ridge of width W

flanked by an unetched slab of thickness hslab. Both Plat-

form A and Platform B sit on a silicon dioxide (SiO2)

buried oxide (BOX) layer (n = 1.444) and use an air

upper cladding (n = 1.0), maintained across all optical

Fig. 1 Cross-sectional schematic of the sub-micron SOI ridge
waveguide. Here, H denotes the total silicon device layer
thickness, hslab is the unetched slab thickness, hetch = H −
hslab is the etch depth, W is the core ridge width, and θ = 90◦

is the sidewall verticality angle. The core rests on a silica
(SiO2) buried oxide (BOX) substrate with air upper cladding
(n = 1.0).

and nonlinear calculations. We determined the cross-

sectional dimensions through multi-variable parame-
ter scans calibrated against full-vector modal solutions.

For Platform A, the optimization maximizes the low-

dispersion bandwidth, formulated as min[−∆λ|D|≤18]

over (W,hslab) subject to bounds D(1550 nm) > 0 and

γ(1550 nm) ≥ 100 W−1m−1, where ∆λ|D|≤18 is the con-

tinuous wavelength span where |D(λ)| ≤ 18 ps/(nm·km).

Over search intervals W ∈ [400, 600] nm and hslab ∈
[40, 90] nm in 220-nm SOI, the procedure identifies

W = 480 nm and hslab = 65 nm (hetch = 155 nm)

as the optimum. For Platform B, the target is minimal

composite birefringence at 1550 nm: FB(W,hslab) =

|∆neff|/nSi + ξ|∆ng|/nSi, setting ξ = 0.5 under the re-

quirements |∆neff| < 10−6, DGD < 0.50 fs/cm, and
higher-order mode radiation leakage Lrad > 80 dB/cm.

Varying ξ between 0.1 and 1.0 shifts the resulting width

by under ±4 nm. Over search limits W ∈ [450, 650] nm

and hslab ∈ [100, 150] nm in 400-nm SOI, the objec-

tive converges to W = 570 nm and hslab = 127 nm

(hetch = 273 nm).

Leaving the top cladding as air maximizes the index

step between core and cladding, a standard approach

when engineering anomalous dispersion in thin silicon

films [35]. Replacing the air with silica (n = 1.444)
weakens the geometric dispersion. At 1550 nm, an ox-

ide overcladding flips the GVD from anomalous (D =

+18.0 ps/(nm·km)) to normal (D = −48.0 ps/(nm·km))

and broadens the effective mode area by 18% to Aeff =

0.195 µm2. Restoring anomalous dispersion under an

oxide cover requires widening the ridge to W ≈ 545 nm

and increasing the slab to hslab ≈ 85 nm, which confirms
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the advantage of air cladding for compact geometries.

We compute crystalline silicon dispersion using a three-

oscillator Sellmeier model [21]:

n2
Si(λ) = 1 +

3
∑

i=1

Aiλ
2

λ2 − L2
i

(1)

Here, A1 = 10.6684293, L1 = 0.301516485 µm, A2 =
0.0030434748, L2 = 1.13475115 µm, A3 = 1.54133408,

and L3 = 1104.0 µm. For the SiO2 BOX substrate and

cladding, Malitson’s three-term Sellmeier equation is

employed [22]:

n2
SiO2

(λ) = 1 +

3
∑

i=1

Biλ
2

λ2 − C2
i

(2)

with B1 = 0.6961663, C1 = 0.0684043 µm, B2 =

0.4079426, C2 = 0.1162414 µm, B3 = 0.8974794, and

C3 = 9.896161 µm. At λ = 1550 nm, these equa-

tions evaluate to nSi = 3.4757 and nSiO2
= 1.4440 at

T = 300 K.

These material refractive indices feed directly into
the modal boundary-value problem. Guided optical

modes with electric field vector E(x, y)ei(βz−ωt) satisfy

the 2D vector Helmholtz curl-curl eigenvalue equation:

∇× (∇×E)− k20n
2(x, y;λ)E = 0 (3)

where k0 = 2π/λ is the free-space wavenumber and

n(x, y;λ) represents the transverse material index profile.

The discrete eigenvalue formulation yields:

Ke = β2Me (4)

where K is the curl-curl stiffness matrix, M is the per-

mittivity mass matrix, e is the discrete eigenvector, and

β(λ) = k0neff(λ) is the propagation constant.

The group-velocity dispersion (GVD) parameter

D(λ) quantifies the wavelength dependence of group

delay:

D(λ) = −λ

c

d2neff

dλ2
= −2πc

λ2
β2(λ) (5)

where c is the speed of light in vacuum. The chromatic

dispersion parameter D(λ) is computed from the second

derivative of the calibrated effective index profile neff(λ)

via local polynomial fitting. The reported dispersion

uncertainties in Table 2 (±0.1 ps/(nm·km) for Platform

A, ±2 ps/(nm·km) for Platform B, and ±5 ps/(nm·km)

for the strip reference) are obtained through propagation

of the polynomial fit covariance error (δneff ≈ 10−6).

Higher-order dispersion coefficients are derived from a

local Taylor expansion of β(ω):

βm(ω0) =
dmβ

dωm

⃓

⃓

⃓

⃓

ω=ω0

, m ≥ 1 (6)

where ω = 2πc/λ. Here, β1 = 1/vg is the inverse group
velocity, β2 governs group velocity dispersion and tem-

poral pulse broadening, while higher-order dispersion

terms β3, . . . , β8 strongly influence dispersive wave po-

sitions and spectral asymmetry. The Taylor expansion

coefficients for Platform A evaluated at λ0 = 1550 nm

are: β2 = −23.0 ps2/km, β3 = +0.080 ps3/km, β4 =

−1.15 × 10−4 ps4/km, β5 = +4.20 × 10−7 ps5/km,

β6 = −1.85×10−9 ps6/km, β7 = +6.40×10−12 ps7/km,

and β8 = −2.10× 10−14 ps8/km.

Embedding these dispersion-engineered waveguides

into practical photonic circuits requires low-loss tran-

sitions from standard strip routing lines. To this end,
we designed integrated lithography mask layouts using

GDSFactory (Fig. 2), targeting a two-step etch process.

The layout targets a two-step lithography sequence: a

full etch for standard strip routing and a shallow etch

for the slab. The layout contains an adiabatic mode con-
verter (Fig. 2a) connecting standard 450-nm strip access

lines (H = 220 nm) to the nonlinear ridge (W = 480 nm,

hslab = 65 nm) across a 150-µm linear taper. It also

defines a microring resonator (Fig. 2b) with radius

R = 50 µm using the Platform A cross section, cou-

pled to a straight bus across a 180-nm gap to produce

a loaded quality factor QL = 1.2× 105.

The transmission performance and modal conver-
sion efficiency of the 150-µm strip-to-ridge taper are

quantified through full-wave electrodynamic modeling

based on the time-harmonic Maxwell curl equations and

Lorentz material dispersion:

∂B

∂t
= −∇×E,

∂D

∂t
= ∇×H− J (7)

with constitutive relation D = ε0εrE. To guarantee

rigorous material consistency with the modal analysis,

a 3-pole Lorentzian dispersion model εr(ω) = ε∞ +
∑3

n=1 σnω
2
n/(ω

2
n −ω2 − iγnω) is fitted directly to room-

temperature dispersion of crystalline silicon and silica

over 1.15–2.50 µm. For silicon, ε∞ = 1.0, oscillator

strengths σ1 = 10.6684, σ2 = 0.0030, σ3 = 1.5413, reso-

nance wavelengths λ1 = 0.3015 µm, λ2 = 1.1348 µm,

λ3 = 1104.0 µm, and non-zero numerical damping rates

γn/(2π) = 1.0× 1011 s−1 (ℏγn ≈ 0.4 meV) are specified;

in the near-infrared transparency window, this nomi-

nal damping ensures numerical stability in time-domain

marching while introducing negligible absorption. Across
1.15–2.50 µm, the maximum absolute silicon index de-

viation is bounded by |∆nSi| < 3.2 × 10−4 (RMS <

1.4× 10−4). For silica (SiO2), the 3-pole parameters are

ε∞ = 1.0, σ1 = 0.6962, λ1 = 0.0684 µm; σ2 = 0.4079,

λ2 = 0.1162 µm; σ3 = 0.8975, λ3 = 9.8962 µm, with

identical numerical damping γn/(2π) = 1.0× 1011 s−1,

yielding |∆nSiO2
| < 2.5× 10−4 (RMS < 1.1× 10−4). At
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Fig. 2 GDSFactory-generated lithography mask layouts for Platform A: (a) Strip-to-ridge adiabatic mode converter (L = 150 µm,
connecting Wstrip = 450 nm to Wridge = 480 nm, hslab = 65 nm); (b) Kerr soliton microring resonator (R = 50 µm, coupling
gap g = 180 nm).

λ0 = 1550 nm, this minute index discrepancy (|∆n| <
3.2×10−4) introduces an accumulated theoretical modal

phase discrepancy ∆ϕ = 2π
λ0
|∆n|Ltaper ≈ 0.19 rad over

the 150-µm taper length (bounded by ∆ϕ < 0.26 rad

across the full 1.15–2.50 µm band), and the correspond-

ing transmission difference is below 0.02 dB across

the telecom band. Independent comparative calcula-

tions modeling the taper with exact Sellmeier refrac-

tive indices versus the 3-pole Lorentzian model demon-

strate a transmission discrepancy ∆S21 = |SLorentz
21 −

SSellmeier
21 | < 0.02 dB across the telecommunication band,

which is within the spatial discretization uncertainty

of the model (< 0.02 dB). The computational domain

spans 160 µm×3.0 µm×2.0 µm, discretized with spatial

resolution ∆x = ∆y = 10 nm (100 pixels/µm in the

transverse x, y plane) and ∆z = 20 nm (50 pixels/µm

along the propagation axis z), operating under Courant

stability factor S = c∆t/∆x = 0.5. Stretched-coordinate

absorbing boundaries truncate all transverse and longi-

tudinal domain limits.

In our integrated architecture, the 150-µm adia-
batic taper is situated within the selectively etched

air-cladding window, establishing a uniform air upper

cladding across the mode converter; an auxiliary elec-

trodynamic calculation of the planar oxide-to-air step

on the strip routing bus confirms excess loss < 0.04 dB

and S11 < −40 dB. Broadband transmission S21(λ)

and reflection S11(λ) are evaluated via a two-simulation

protocol: a reference run in a straight strip waveguide

records the incident fields Eref,Href at an upstream

monitor (z = 4 µm, source at z = 2 µm). In the ta-

per simulation, backward-reflected fields at z = 4 µm

are isolated via field subtraction (Erefl = Etot − Eref,

Hrefl = Htot −Href) to evaluate backward flux Prefl(λ),

while forward transmitted flux Ptrans(λ) is captured at

z = 158 µm through:

P (ω) =
1

2
Re

∫∫

(E(ω)×H∗(ω)) · ẑ dx dy (8)

yielding S21(λ) = 10 log10(Ptrans/Pin) and S11(λ) =

10 log10(Prefl/Pin). For Platform B, an equivalent 120-

µm adiabatic taper transitioning from the 450× 220 nm

strip bus to the 570 × 400 nm ridge (hslab = 127 nm)

yields S21 > −0.12 dB and S11 < −45 dB across the

C-band. Note that beam-propagation electrodynamics

is employed specifically for passive mode converter char-

acterization, while subsequent nonlinear propagation is

modeled via GNLSE and LLE.

Alongside chromatic dispersion, modal birefringence

governs polarization fidelity in integrated circuits. Modal
phase birefringence∆neff(λ) and differential group index

∆ng(λ) between fundamental quasi-TE and quasi-TM

modes are defined as:

∆neff(λ) = nTE
eff (λ)− nTM

eff (λ),

∆ng(λ) = nTE
g (λ)− nTM

g (λ)
(9)

where the modal group index is ng(λ) = neff(λ)−λdneff

dλ .

The spectral derivative dneff/dλ is evaluated using a

5-point central finite-difference scheme. To confirm the

numerical stability of the minute group birefringence

|∆ng| < 1.5× 10−5, systematic convergence tests were

conducted: (i) varying the spectral differentiation step

(∆λ = 1.0, 2.0, and 5.0 nm) yields |∆ng| = 1.2× 10−5,

1.2 × 10−5, and 1.3 × 10−5, respectively; (ii) refining

the transverse modal grid discretization from standard

(10 nm step) to fine resolution (5 nm step) shifts |∆ng|
by < 1.0×10−6 (|∆ng| = 1.1×10−5), confirming numer-

ical robustness against discretization. In deterministic

integrated waveguides, polarization dispersion is quan-

tified by the differential group delay (DGD) per unit
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Fig. 3 Electrodynamic simulation results for Platform A: (a) Transverse Ey electric field distribution propagating through
the 150-µm adiabatic strip-to-ridge mode converter; (b) Forward transmission spectrum (S21) across the 1200–2000 nm band,
confirming S21 > −0.15 dB and back-reflection S11 < −42 dB.

length (in s/m):

DGD =
|∆ng|

c
(10)

To express this parameter in standard integrated optical

units (fs/cm), the conversion factor 1 s/m = 1013 fs/cm

is applied:

DGDfs/cm =
|∆ng|

c
× 1013 (11)

Suppressing phase birefringence (|∆neff| < 10−6, repre-

senting numerical cancellation within the solver resolu-

tion) prevents polarization-dependent phase rotation,

while minimizing group birefringence (|∆ng| < 1.5 ×
10−5) suppresses differential pulse walk-off. For Plat-

form B (W = 570 nm, H = 400 nm, hslab = 127 nm),
the fundamental modes exhibit calculated indices of

nTE00

eff = 2.924 and nTM00

eff = 2.924 at λ = 1550 nm.

In contrast, the continuous unetched 127-nm slab sup-

ports a fundamental slab mode index of nTE
slab = 2.452.

Semi-analytical modal analysis investigating the first 12

transverse spatial modes down to the silica substrate

cut-off (neff > nSiO2
= 1.444) across 1530–1565 nm con-

firms that the only supported higher-order rib modes

are TE01,TM01,TE10, and TM10, all exhibiting real

modal indices strictly below the fundamental slab TE

mode index (neff < nTE
slab = 2.452), causing them to

couple phase-matched into propagating slab continuum

radiation modes and leak laterally. Lateral leaky-mode

radiation analysis demonstrates that horizontal higher-

order modes (TE10,TM10) exhibit extreme attenuation

(Lrad > 160 dB/cm), while vertical higher-order modes

span Lrad ∈ [88.5, 122.4] dB/cm for TE01 and Lrad ∈
[94.2, 138.6] dB/cm for TM01. Thus, the worst-case radi-

ation loss among all higher-order modes across the full C-

band is bounded by minLrad = 88.5 dB/cm (exhibited

Fig. 4 Platform B zero-birefringence crossing (H = 400 nm,
hslab = 127 nm): Effective refractive indices nTE

eff
and nTM

eff
at

λ = 1550 nm versus ridge width W . exhibiting a numerically
optimized crossing at W ≈ 570 nm with |∆neff| < 10−6.

by TE01 at 1530 nm), which strictly exceeds the prac-

tical single-mode cutoff criterion (Lrad > 80 dB/cm),

establishing robust single-mode fundamental polariza-

tion transport across the C-band.

Nonlinear parametric processes depend critically on

tight modal confinement and Kerr phase modulation.

Optical confinement is quantified by the vectorial effec-

tive mode area Aeff [23]:

Aeff =

(

∫∫∞

−∞
|E(x, y)|2 dx dy

)2

∫∫

Si
|E(x, y)|4 dx dy (12)

where the numerator is integrated over the entire trans-

verse simulation window and the denominator is re-

stricted strictly to the nonlinear silicon core. In Eq. (12),

the integration in the denominator is evaluated across

the entire silicon device layer (VSi), comprising both the

core ridge and the unetched slab. The effective Kerr
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nonlinear parameter is:

γ =
2πn2

λAeff
(W−1m−1) (13)

where n2 = 4.5×10−18 m2/W is the Kerr index of silicon.

For Platform A at λ = 1550 nm (Aeff = 0.165 µm2), this

rigorously evaluates to γ = 110.6 W−1m−1 (or 1.106×
105 W−1km−1). For Platform B (Aeff = 0.310 µm2),

γ = 58.8 W−1m−1, and for the standard strip reference

(Aeff = 0.110 µm2), γ = 165.8 W−1m−1.
Degenerate Four-Wave Mixing (FWM) is modeled

by numerically integrating the three-wave coupled-mode
equations with a pump-dominated carrier-generation
approximation, where self- and cross-phase modulation
coefficients are derived from a scalar instantaneous Kerr
response [25]:

dAp

dz
= −

α

2
Ap −

βTPA

2Aeff

|Ap|
2Ap −

σFCA

2
(1 + iµFCD)NcAp

+ iγ
(

|Ap|
2 + 2|As|

2 + 2|Ai|
2
)

Ap

+ 2iγA∗

pAsAie
i∆kz (14)

dAs

dz
= −

α

2
As −

βTPA

Aeff

|Ap|
2As −

σFCA

2
(1 + iµFCD)NcAs

+ iγ
(

2|Ap|
2 + |As|

2 + 2|Ai|
2
)

As

+ iγA2
pA

∗

i e
−i∆kz (15)

dAi

dz
= −

α

2
Ai −

βTPA

Aeff

|Ap|
2Ai −

σFCA

2
(1 + iµFCD)NcAi

+ iγ
(

2|Ap|
2 + 2|As|

2 + |Ai|
2
)

Ai

+ iγA2
pA

∗

se
−i∆kz (16)

where ∆k = 2β(ωp)− β(ωs)− β(ωi) is the linear phase

mismatch, βTPA = 0.8× 10−11 m/W is the two-photon

absorption coefficient, σFCA = 1.45 × 10−21 m2 is the
free-carrier absorption cross-section, and µFCD = 2.0

represents free-carrier dispersion. In the propagation

equations, the attenuation coefficient is converted to SI

units: αNp/m = αdB/cm × ln(10)
10 × 100 ≈ 37.76 Np/m for

the straight-waveguide propagation loss α = 1.64 dB/cm.

This straight-waveguide loss is explicitly used through-

out the FWM integrations.

Under continuous-wave (CW) pumping at Pp =
650 mW, free carriers are modeled using the steady-

state carrier approximation (dNc/dt = 0 in dNc/dt =

GTPA −Nc/τc):

Nc =
βTPAτc
2ℏω0A2

eff

|Ap|4 (17)

where τc = 1.0 ns is the effective carrier recombina-

tion lifetime. Because the continuous-wave pump power

(Pp = 650 mW) is more than five orders of magni-

tude larger than the seed signal (Ps(0) = 1.0 µW) and

generated idler (Pi(L) < 5 µW), we employ the carrier-

generation approximation with Pp ≫ Ps, Pi. In this

regime, steady-state carrier density Nc is governed pre-

dominantly by pump-induced TPA (⟨|Ap+As+Ai|4⟩ ≈

Fig. 5 Vectorial effective mode area Aeff and Kerr nonlinear
coefficient γ as a function of ridge width W for Platform A
(H = 220 nm, hslab = 65 nm) at λ = 1550 nm, yielding Aeff =
0.165 µm2 and γ = 110.6 W−1m−1 (1.11 × 105 W−1km−1)
at W = 480 nm.

|Ap|4), while the spatial evolution of Ap(z), As(z), and

Ai(z) is solved simultaneously inclusive of pump deple-

tion, self-phase modulation, cross-phase modulation, and

parametric energy exchange. The input boundary condi-
tions are set to Ap(0) =

√

Pp with Pp = 650 mW, a weak

probe signal As(0) =
√

Ps(0) with Ps(0) = 1.0 µW, and

zero initial idler Ai(0) = 0. The net parametric signal

conversion gain is evaluated as:

Gs(∆λ) = 10 log10

( |As(L)|2
|As(0)|2

)

(dB) (18)

Beyond continuous-wave parametric mixing, broad-

band spectral broadening under ultrashort pulse exci-

tation is governed by high-order dispersion and non-

instantaneous nonlinearities. Pulse propagation and su-

percontinuum generation for the fundamental quasi-TE

mode are simulated using the Generalized Nonlinear

Schrödinger Equation (GNLSE) for the scalar enve-

lope, incorporating Aeff from the modal field distribu-
tion [24–26,31]:

∂A

∂z
=

8
∑

m=2

im−1βm

m!

∂mA

∂Tm
− α

2
A

+ iγ

(

1 +
i

ω0

∂

∂T

)

[A(z, T )

×
∫ ∞

−∞

R(T ′)|A(z, T − T ′)|2 dT ′

]

− βTPA

2Aeff
|A|2A

− σFCA

2
(1 + iµFCD)Nc(z, T )A (19)

where A(z, T ) is the slowly varying pulse envelope in the

retarded frame T = t − z/vg. The nonlinear response
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function incorporates electronic Kerr and delayed Ra-

man contributions:

R(t) = (1− fR)δ(t)

+ fR
τ21 + τ22
τ1τ22

e−t/τ2 sin(t/τ1)Θ(t)
(20)

with fR = 0.043, τ1 = 11.1 fs, and τ2 = 3.0 ps. The

pulse-integrated carrier density is:

Nc(z, T ) =
βTPA

2ℏω0A2
eff

∫ T

−∞

|A(z, t′)|4 dt′ (21)

In the co-moving reference frame, free-carrier gener-

ation obeys the full local rate equation ∂Nc(z,T )
∂T =

βTPA

2ℏω0A2
eff

|A(z, T )|4 − Nc(z,T )
τc

. Because the optical pulse

duration (TFWHM = 100 fs, T0 = 56.7 fs) is orders of

magnitude shorter than the carrier recombination life-

time (τc = 1.0 ns, with T0/τc ≈ 5.7× 10−5), recombina-

tion during the pulse transit is negligible (∆T/τc ≪ 1).
Neglecting the −Nc/τc term over the duration of the

pulse yields the cumulative time-integral representation

in Eq. (21). In contrast, in the continuous-wave driven

microresonator (LLE), optical circulation occurs over

105 round trips (∼ 0.44 µs ≫ τc), where active carrier

recombination balance must be explicitly retained. For
an unchirped hyperbolic-secant pump pulse (P (T ) =

P0sech
2(T/T0)) with peak power P0 = 50 W and dura-

tion TFWHM = 100 fs (T0 = TFWHM/1.763 = 56.7 fs),

the Kerr soliton order evaluates to:

N =

√

γP0T 2
0

|β2|

=

√

110.6× 50× (56.7× 10−15)2

23.0× 10−27
= 28.5 ≈ 29

(22)

which is consistent with γ = 110.6 W−1m−1. Eq. (19) is

integrated numerically using a 4th-order Runge–Kutta

in the interaction picture (RK4IP) / symmetrized split-

step Fourier method (SSFM) with an adaptive longitu-
dinal step size (∆z ∈ [0.1, 10] µm) over L = 6.0 mm.

The computational grid employs NT = 2048 temporal

points spanning a 2.0-ps time window (∆t ≈ 0.98 fs),

resolving the broad continuum without aliasing.

When the engineered waveguide is closed into a res-

onant ring, continuous-wave pumping drives dissipative

Kerr soliton (DKS) microcombs. This resonant circu-

lating field is modeled via the spatiotemporal Lugiato–

Lefever Equation (LLE) coupled to nonequilibrium free-

carrier kinetics and thermal cavity detuning [9, 27–29]:

tR
∂E(t, τ)

∂t
=

[

−αtot

2
− iδeff − i

Lβ2

2

∂2

∂τ2

+iγL|E|2 − βTPAL

2Aeff
|E|2

−σFCAL

2
(1 + iµFCD)Nc

]

E

+
√

θextEin (23)

where E(t, τ) is the internal intracavity electric field

envelope, t is the slow laboratory time governing round-

trip evolution, τ ∈ [−tR/2, tR/2] is the fast time coordi-

nate along the cavity circumference, Ein =
√
Pin is the

continuous-wave driving pump field, and L = 2πR =

314.16 µm is the round-trip perimeter for a microring of

radius R = 50 µm. For Platform A, the modal group in-

dex is ng = 4.20 at 1550 nm, which yields the round-trip
cavity transit time:

tR =
ngL

c
=

4.20× 314.16× 10−6 m

2.9979× 108 m/s
= 4.40 ps (24)

which defines a free spectral range (FSR) of FSR =

1/tR = 227.2 GHz. The intrinsic quality factor Qi is

determined by the total linear attenuation per unit

length within the curved micro-ring, αring = αscat +

αabs + αbend. Here, αscat = 1.14 dB/cm (26.25 Np/m),

αabs = 0.50 dB/cm (11.51 Np/m), and radiative bending

loss in the R = 50 µm ring evaluated at λ0 = 1550 nm

for the fundamental TE mode via conformal mapping

and modal leakage analysis is αbend = 1.44 dB/cm

(33.16 Np/m, adopted as central cold-cavity resonant
loss in the LLE), yielding total intrinsic cavity loss

αring = 3.08 dB/cm (70.92 Np/m). From standard cav-

ity relations, Qi = ω0ng/(cαring) = 2πng/(λ0αring) =

2.40 × 105. The intrinsic cavity decay rate is κ0 =

ω0/Qi ≈ 5.07× 109 s−1. Under symmetric/critical bus-

to-ring coupling (Qc = 2.40×105), the external coupling

decay rate is κext = ω0/Qc ≈ 5.07 × 109 s−1, yielding
total loaded decay rate κ = κ0 + κext = ω0/QL ≈
1.014× 1010 s−1 and loaded quality factor QL = (Q−1

i +
Q−1

c )−1 = 1.20 × 105. The corresponding dimension-

less round-trip power loss and coupling parameters are

θ0 = κ0tR ≈ 2.23 × 10−2, θext = κexttR = ω0tR/Qc ≈
2.23 × 10−2, and total round-trip loss αtot = κtR =

(κ0 + κext)tR = ω0tR/QL ≈ 4.46× 10−2.

The dimensionless effective phase detuning per round

trip δeff incorporates the cold-cavity pump detuning

δ0 = (ω0 − ωp)tR and the quasi-static thermo-optic

resonance shift:

δeff = (ω0 − ωp)tR − gthPint (25)



8 R. Goodarzi

where Pint = 1
tR

∫ tR/2

−tR/2
|E(τ, t)|2dt is the round-trip

averaged circulating power. Absorbed optical power

Pabs = αabsLPint creates a steady-state thermal el-

evation ∆T = RthPabs (Rth ≈ 1.2 × 104 K/W).

In the micro-cavity, this temperature rise induces

a thermo-optic resonance frequency shift ∆ωth =

−(ω0/ng)(dnSi/dT )∆T . Expressed as a dimension-
less phase shift per round trip (tR = ngL/c), the

chained derivation yields gth = tR|∆ωth|/Pint =
2π
λ0

dnSi

dT RthαabsL
2 ≈ 10.3 rad/(W·round-trip). Car-

rier population kinetics evolve on the slow time scale
via:

dNc

dτ
=

βTPA

2ℏω0A2
efftR

∫ tR/2

−tR/2

|E(τ, t)|4dt− Nc

τc
(26)

The LLE is solved in the dominant second-order dis-

persion approximation (β2); numerical sensitivity tests
evaluating the inclusion of β3 = +0.080 ps3/km and

β4 = −1.15 × 10−4 ps4/km confirm < 2% variation

in comb spectral bandwidth, physically justifying the
β2-dominated model over the 17.7-THz comb span.

Optical propagation loss in these sub-micron struc-

tures is primarily governed by roughness on the etched

silicon surfaces. Sidewall roughness induced by reactive-

ion etching is modeled via the 3D Vector Volume Current

Method (VCM) [14,30], where scattering loss αscat (in
dB/cm) is:

αscat = 4.343

∫∫

Φ(kz − β)|Jeq(x, y)|2 dx dy (27)

with Gaussian roughness power spectral density (PSD):

Φ(kz) =
√
2πσ2Lc exp

(

−k2zL
2
c

2

)

(28)

using standard CMOS fabrication values σ = 2.0 nm and
correlation length Lc = 50 nm. Both Platform A and the

baseline strip waveguide (W = 450 nm, H = 220 nm,
standard single-mode wire reference) were evaluated

using identical 3D VCM Monte Carlo procedures over

Nreal = 20 statistically independent Gaussian rough-

ness realizations, yielding scattering losses reported as

αscat = ᾱ ± σscat = 1.14 ± 0.08 dB/cm for Platform

A and 2.70± 0.15 dB/cm for the strip baseline, where

ᾱ is the sample mean and ±σscat explicitly denotes
the sample standard deviation across the Nreal = 20

stochastic rough sidewall realizations. The partial slab

etch (hslab = 65 nm) in Platform A suppresses the

optical field overlap with the rough vertical sidewalls
from 8.5% to 3.2%, achieving a relative scattering loss

reduction of (1− 1.14/2.70) = 57.8% ≈ 58%. For Plat-

form B (W = 570 nm, H = 400 nm, hslab = 127 nm),

Fig. 6 Platform A dispersion tailoring (W = 480 nm, H =
220 nm): Group-velocity dispersion D(λ) as a function of
unetched slab thickness hslab ranging from 0 nm (strip) to
105 nm (deep ridge). At hslab = 65 nm, anomalous dispersion
(D > 0) is strictly achieved across the 1420–1680 nm band,
embedded within the continuous low-dispersion window (|D| ≤
18 ps/(nm·km)) over 1400–1700 nm.

Fig. 7 Group-velocity dispersion D(λ) for Platform A (W =
480 nm, hslab = 65 nm, H = 220 nm). The shaded envelope
illustrates the fabrication tolerance corresponding to ±10 nm
variations in ridge width W and ±5 nm variations in slab
thickness hslab.

3D VCM analysis under identical roughness parame-

ters (Lc = 50 nm, σ = 2.0 nm, Nreal = 20) yields

αscat = 0.85± 0.05 dB/cm. Due to its larger core cross-

section and thicker unetched slab, the sidewall optical

field intensity overlap in Platform B is further reduced

to 1.8%, providing lower sidewall scattering loss.

3 Results and Discussion

3.1 Platform A: Dispersion Tailoring & Fabrication

Tolerance

Fig. 6 illustrates how changing the slab thickness hslab

reshapes the GVD in 220-nm silicon. Fully etched strip
wires (hslab = 0) display steep, strongly normal disper-
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Table 1 Geometrical, Material, and Numerical Simulation Parameters

Parameter Symbol / Value Physical Description

Silicon Kerr index n2 = 4.5× 10−18 m2/W Electronic Kerr coefficient

Kerr parameter (Platform A) γ = 110.6 W−1m−1 1.11× 105 W−1km−1 at 1550 nm

Round-trip time / FSR tR = 4.40 ps, FSR = 227.2 GHz Resonator round trip (R = 50 µm)

Total ring linear loss αring = 3.08 dB/cm (70.92 Np/m) αring = αscat + αabs + αbend

Intrinsic quality factor Qi = 2.40× 105 Qi = 2πng/(λ0αring), κ0 = 5.07× 109 s−1

Loaded quality factor QL = 1.20× 105 QL = (Q−1
i +Q−1

c )−1, αtot ≈ 4.46× 10−2

Bus coupling factor Qc = 2.40× 105 κext = 5.07× 109 s−1, θext ≈ 2.23× 10−2

TPA coefficient βTPA = 0.8× 10−11 m/W Two-photon absorption

FCA cross-section σFCA = 1.45× 10−21 m2 Free-carrier absorption

FCD coefficient µFCD = 2.0 Free-carrier dispersion

Silicon linear absorption αabs = 0.50 dB/cm (11.51 Np/m) Intrinsic bulk silicon absorption

Platform A scattering loss αscat = 1.14± 0.08 dB/cm Nreal = 20 3D VCM realizations
(straight-waveguide value used, curvature
effect neglected)

Bending loss (R = 50 µm) αbend = 1.44 dB/cm (33.16 Np/m) Curved rib radiation loss (extracted at
λ = 1550 nm via complex conformal
mapping and modal leakage analysis)

Thermal resistance Rth = 1.2× 104 K/W Micro-cavity thermal resistance

Thermo-optic coefficient dnSi/dT = 1.86× 10−4 K−1 Silicon thermo-optic response

Round-trip thermo-optic coupling gth = 10.3 rad/(W·round-trip) gth = tR|dωth/dPint|

Carrier lifetime τc = 1.0 ns Effective recombination time

Raman fraction fR = 0.043 Silicon Raman contribution

Roughness parameters σ = 2.0 nm, Lc = 50 nm Sidewall standard deviation and
correlation

Fig. 8 Phase effective index crossing and differential group
birefringence (|∆ng |) for Platform B. At W = 570 nm and
λ = 1550 nm, |∆ng | < 1.5 × 10−5, suppressing polarization
differential group delay to DGD < 0.50 fs/cm.

sion (D < −800 ps/(nm·km)). Increasing hslab spreads

the mode laterally into the slab, counteracting the ma-

terial dispersion. At hslab = 65 nm, the curve flat-

tens into an anomalous band (D > 0) between two

zero-dispersion wavelengths, λZDW1 = 1420 nm and

λZDW2 = 1680 nm. The profile maintains low dispersion

(|D(λ)| ≤ 18 ps/(nm·km)) across a continuous 300-nm

window from 1400 nm (D = −18.0 ps/(nm·km)) to

1700 nm (D = −17.8 ps/(nm·km)).

Fig. 9 Degenerate FWM parametric conversion gain Gs(∆λ)
for Platform A (L = 2 cm, Pp = 650 mW) compared against
a conventional unengineered strip waveguide, demonstrating
a 267-nm parametric gain bandwidth (Gs > 0 dB, with 3-dB
bandwidth ∆λ3dB = 185 nm).

Fig. 7 evaluates the fabrication tolerance of Plat-

form A against deep-UV lithography variations (∆W =

±10 nm, ∆hslab = ±5 nm). Across these bounds, the

low-dispersion behavior remains strictly within |D| ≤
28 ps/(nm·km) with anomalous dispersion (D > 0)

maintained at the 1550-nm pump, confirming robust-

ness against the investigated manufacturing tolerances

(∆W = ±10 nm, ∆hslab = ±5 nm).
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Table 2 Comparative Performance Summary of Platforms A and B (D uncertainty denotes propagation of polynomial fit error;
αscat denotes mean ± sample standard deviation σscat over Nreal = 20 realizations; |∆neff| and |∆ng | denote solver limits;
Platform B is strictly single-mode across the C-band with worst-case HOM leakage Lrad ≥ 88.5 dB/cm)

Performance Metric Platform A (Nonlinear) Platform B
(Polarization-Insensitive)

Standard Strip Reference

Ridge Width (W ) 480 nm 570 nm 450 nm
Total Silicon Thickness (H) 220 nm 400 nm 220 nm
Slab Thickness (hslab) 65 nm 127 nm 0 nm (Fully etched)
GVD Parameter (D at
1550 nm)

+18.0± 0.1 ps/(nm·km) −120± 2 ps/(nm·km) −950± 5 ps/(nm·km)

Anomalous GVD Band
(D > 0)

1420–1680 nm Not evaluated (Normal
GVD)

Not evaluated (Normal
GVD)

Low-Dispersion Band
(|D| ≤ 18 ps/(nm·km))

300 nm continuous
(1400–1700 nm)

Not evaluated (Normal
GVD)

Not evaluated (Normal
GVD)

Phase Birefringence (|∆neff|
at 1550 nm)

0.215± 0.001 < 10−6 (Solver limit) 0.620± 0.001

Group Birefringence (|∆ng |
at 1550 nm)

0.280± 0.002 < 1.5× 10−5 (Num. limit) 0.750± 0.002

Polarization DGD per unit
length

93.4 fs/cm < 0.50 fs/cm 250 fs/cm

Effective Mode Area (Aeff at
1550 nm)

0.165 µm2 0.310 µm2 0.110 µm2

Nonlinear Coefficient (γ at
1550 nm)

110.6 W−1m−1

(1.11× 105 W−1km−1)
58.8 W−1m−1

(0.59× 105 W−1km−1)
165.8 W−1m−1

(1.66× 105 W−1km−1)
FWM Net-Conversion
Bandwidth (Gs > 0 dB,
Pp = 650 mW)

267 nm (−3 dB bandwidth:
185 nm)

Not evaluated (normal
GVD)

12 nm (Gs > 0 dB)

SCG Spectral Span (above
−40 dB, P0 = 50 W)

1150–2200 nm
(Near-octave)

Not evaluated (normal
GVD)

Not evaluated (normal
GVD)

DKS Microcomb Bandwidth
(above −40 dB)

17.7 THz (79 comb lines) Not evaluated (normal
GVD)

Not evaluated (normal
GVD)

Cavity Round-Trip Time /
FSR

tR = 4.40 ps / 227.2 GHz Not evaluated Not evaluated

VCM Scattering Loss
(αscat)

1.14± 0.08 dB/cm 0.85± 0.05 dB/cm 2.70± 0.15 dB/cm

Taper Insertion Loss (S21) < 0.15 dB < 0.12 dB Not evaluated

Fig. 10 Wavelength-dependent GVD coefficient β2(λ) and
third-order dispersion coefficient β3(λ) for Platform A, con-
firming anomalous dispersion (β2 = −23 ps2/km) and low
positive TOD (β3 = +0.08 ps3/km) at 1550 nm.

3.2 Platform B: Zero-Birefringence Crossing & PMD

Suppression

Fig. 4 demonstrates phase birefringence cancellation in

Platform B (H = 400 nm, hslab = 127 nm). Sweeping

the ridge width W from 400 to 700 nm causes the TE00

and TM00 effective indices to cross near W ≈ 570 nm,

producing |∆neff| < 10−6 at 1550 nm.

Fig. 8 examines the corresponding group birefrin-

gence. At W = 570 nm, the group index difference drops

below |∆ng| < 1.5 × 10−5, limiting differential group

delay to DGD < 0.50 fs/cm.

3.3 Adiabatic Mode Converter Transmission &
S-Parameters

Fig. 3 summarizes electrodynamic beam-propagation

simulations of the taper for Platform A. Fig. 3(a) maps

the steady-state Ey field through the 150-µm transition,

confirming quiet, scatter-free mode conversion. Fig. 3(b)

plots transmission (S21) across 1200–2000 nm, showing

insertion losses under 0.15 dB and reflections below

S11 < −42 dB. For Platform B, a 120-µm taper yields

S21 > −0.12 dB and S11 < −45 dB across the C-band

(Table 2), confirming that adiabatic mode matching is
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Fig. 11 LLE dissipative Kerr soliton microcomb dynamics for Platform A (R = 50 µm, tR = 4.40 ps, FSR = 227.2 GHz): (a)
Numerically converged single-soliton optical frequency comb spectrum spanning 17.7 THz with 79 comb lines above −40 dB
threshold; (b) Single-soliton temporal pulse profile (TFWHM = 68 fs); (c) Intracavity power versus laser detuning showing the
characteristic thermo-optic resonance tilt and the stable single-soliton step plateau (Pin = 12.5 mW).

maintained without cluttering Fig. 3 with redundant

field profiles.

3.4 Nonlinear Parameter Scaling & Four-Wave Mixing

Parametric Gain

Fig. 5 tracks the effective mode area Aeff and nonlinear

coefficient γ versus ridge width for Platform A. At W =
480 nm, Aeff = 0.165 µm2 and γ = 110.6 W−1m−1

(1.11× 105 W−1km−1).

Fig. 9 plots degenerate FWM parametric gain

Gs(∆λ) for a 2-cm waveguide pumped at Pp = 650 mW.

Flattened anomalous dispersion allows Platform A to

achieve a 267-nm net conversion bandwidth (Gs > 0 dB

across 1417–1684 nm, with 7.5-dB peak gain and a 3-dB

bandwidth ∆λ3dB = 185 nm spanning 1458–1643 nm).

This bandwidth is 22 times wider than that of a stan-

dard strip wire (267 nm vs. 12 nm, 1544–1556 nm),

consistent with benchmark parametric observations on

silicon chips by Foster et al. [32] and Liu et al. [34].

Evaluating nonlinear parameters at the 1550-nm pump

(Aeff = 0.165 µm2, γ = 110.6 W−1m−1) introduces min-

imal error: full-vector modal calculations indicate that

Aeff(λ) varies by under ±6.8% (0.154–0.176 µm2) and

γ(λ) ∝ ω/Aeff(λ) varies by under ±5.5% across 1417–

1684 nm, shifting band-edge gain by less than 0.4 dB.

Initial conditions were identical for both geometries:

unseeded idler (Ai(0) = 0), signal seed Ps(0) = 1.0 µW,

pump Pp = 650 mW, length L = 2 cm, and steady-state
carriers. Perturbing βTPA (0.8× 10−11 m/W) and σFCA

(1.45× 10−21 m2) by ±10% shifted peak gain by under

0.3 dB and bandwidth by under 1.5 nm. Strip waveg-

uides, by contrast, suffer from steep normal dispersion

(D = −950 ± 5 ps/(nm·km), β2 ≈ +1210 ps2/km);

phase mismatch rapidly cuts off parametric conversion
outside a narrow 12-nm window.

Fig. 12 GNLSE-simulated supercontinuum generation spec-
trum (L = 6.0 mm, T0 = 56.7 fs, P0 = 50 W). The blue
curve includes the full dispersion model (β2–β8), resolving
the blue-shifted dispersive wave at λDW1 ≈ 1250 nm and the
short-wave infrared (SWIR) emission at λDW2 ≈ 2085 nm,
while the dashed gray control curve illustrates the symmetric
spectral broadening under pure β2 dispersion.

3.5 Higher-Order Dispersion & Supercontinuum

Generation

Fig. 10 plots β2(λ) and β3(λ) for Platform A, confirming

β2 = −23 ps2/km and β3 = +0.08 ps3/km at 1550 nm.

While β3(λ) is shown as a continuous curve, GNLSE

simulations use constant Taylor coefficients β2 through

β8 evaluated centrally at 1550 nm.

Fig. 12 presents the supercontinuum spectrum along

L = 6.0 mm under 50-W femtosecond pumping (T0 =

56.7 fs, N = 28.5). With T0 = 56.7 fs and |β2| =

23.0 ps2/km, the dispersion length is LD = T 2
0 /|β2| ≈

140 mm, pointing to an analytical fission length of

L
(est)
fiss ≈ LD/N ≈ 4.9 mm. Numerical field tracking

confirms pulse breakup near z ≈ 4.9 mm, with full fis-

sion established at z ≈ 4.9–5.1 mm (marked by splitting

into distinct fundamental solitons with temporal sepa-

ration ∆T > 2T0 and initial dispersive wave emission

exceeding −30 dB). Shifting this detection threshold

between −35 dB and −25 dB alters the detected fission
point by under ±0.08 mm. The process yields a near-
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Fig. 13 3D Vector Volume Current Method (VCM) sidewall
scattering loss αscat versus waveguide width, showing a 58%
straight-waveguide loss reduction for Platform A (αscat =
1.14± 0.08 dB/cm, approximated from the straight-waveguide
VCM value, neglecting curvature effects on scattering) relative
to a standard 450-nm-wide, 220-nm-thick fully etched strip
waveguide reference (2.70 dB/cm).

octave spectrum (1150–2200 nm, span ratio 1.91) above
−40 dB.

Capturing accurate dispersive wave (DW) emis-

sion requires retaining higher-order dispersion terms.
Resonant frequencies satisfy the phase-matching con-
dition ∆β(ωDW) = β(ωDW) − β(ω0) − β1(ω0)(ωDW −
ω0) − 1

2γPsol = 0 [24], where Psol ≈ 7.0 W is the

compressed soliton peak power at fission, giving a

nonlinear wavenumber shift 1
2γPsol ≈ 387 m−1. Com-

paring three dispersion approximations highlights the

role of individual orders: (i) with β2 alone, propaga-
tion exhibits symmetric self-phase modulation and

compression without fission, spanning 1410–1710 nm;

(ii) adding third-order dispersion (β2 + β3) breaks

spectral symmetry and triggers fission, emitting a

blue dispersive wave at λDW1 ≈ 1280 nm (bandwidth

1280–1710 nm), but missing the infrared emission; (iii)

retaining the full set (β2 to β8) captures both the

blue wave at λDW1 ≈ 1250 nm and the short-wave

infrared wave at λDW2 ≈ 2085 nm, generating the

full 1150–2200 nm span. Nonlinear coefficients were

kept identical across all runs. The eighth-order Tay-

lor series matches full numerical dispersion to within
|∆D| < 1.6 ps/(nm·km) (< 2.5% relative error across
the span). Direct comparison gives index errors be-

low |∆neff| < 1.1 × 10−4 and propagation constant

discrepancies under |∆β| < 4.5 × 102 m−1 across

1150–2200 nm.

3.6 3D VCM Sidewall Scattering Loss Reduction

Fig. 13 plots scattering loss versus ridge width. For

Platform A, αscat = 1.14± 0.08 dB/cm across 20 real-
izations, reflecting a 58% reduction compared to strip

wires (2.70 ± 0.15 dB/cm). Platform B yields αscat =

0.85± 0.05 dB/cm.

3.7 Dissipative Kerr Soliton Microcomb Dynamics

Fig. 11 shows single-soliton Kerr comb generation in a

microring (R = 50 µm, tR = 4.40 ps, FSR = 227.2 GHz)

driven at Pin = 12.5 mW (θext = 2.23× 10−2). The sim-

ulation starts from 1% complex amplitude noise. Laser

detuning is swept from δ0 = −0.040 rad into the red-

detuned soliton regime over 8×104 round trips (0.352 µs)

at dδ0/dn = 1.15 × 10−6 rad/round-trip (dδ0/dτ ≈
2.61 × 105 rad/s), then held at δ0 = +0.052 rad for

2× 104 round trips (105 total). Convergence to a single

soliton is verified by two checks: (i) temporal profiles con-

firm a solitary pulse with > 25 dB peak-to-background
contrast (Fig. 11b), and (ii) circulating power variance

remains below 10−4 over the final 104 round trips. The

comb contains 79 lines above −40 dB spanning 17.7 THz
(78×227.2 GHz = 17.72 THz) with 68-fs pulse duration.

4 Conclusion

This work demonstrates how geometry tuning in sub-

micron SOI ridge waveguides resolves the physical trade-

offs that limit conventional strip wires. By connecting

modal solvers, layout synthesis, beam-propagation elec-

trodynamics, and nonlinear time-domain kinetics into a

single framework, we identified two practical operating

regimes.

Platform A (W = 480 nm, H = 220 nm, hslab =

65 nm) tailors the modal field to produce anomalous
dispersion (D = +18.0 ps/(nm·km)) and an ultra-flat

low-dispersion window (|D| ≤ 18 ps/(nm·km)) across

1400–1700 nm. This configuration yields a 267-nm four-

wave mixing gain span, near-octave supercontinuum

generation (1150–2200 nm), and stable single-soliton
Kerr combs (79 lines across 17.7 THz) at 12.5-mW
drive power. Platform B (W = 570 nm, H = 400 nm,

hslab = 127 nm) targets polarization independence, sup-

pressing phase birefringence (|∆neff| < 10−6) and group

birefringence (|∆ng| < 1.5× 10−5) to hold differential

group delay under 0.50 fs/cm with robust single-mode

guidance across the C-band.

Both designs tolerate standard lithographic varia-

tions (∆W = ±10 nm, ∆hslab = ±5 nm) and incorpo-

rate low-loss adiabatic tapers (S21 > −0.15 dB). By

reducing sidewall scattering by over half relative to wire

baselines, these architectures provide practical building

blocks for chip-scale nonlinear optics and polarization-
insensitive routing.
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