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Photonic crystal microrings (PhCRs) have emerged as powerful and versatile platforms for integrated
nonlinear photonics, offering precise control over frequency and phase matching while maintaining high
optical quality factors. Through grating-mediated mode coupling, PhCRs enable advanced dispersion
engineering, which is critical for wideband nonlinear processes such as optical parametric oscillation, Kerr
frequency comb generation, and dual-pump spontaneous and Bragg scattering four-wave mixing. Beyond
dispersion control, PhCRs also facilitate the manipulation of orbital angular momentum (OAM) emission, a
key functionality for encoding high-dimensional quantum states in emerging quantum photonic platforms.
Despite these advances, the broadband spectral behavior of grating-induced losses in PhCRs remains
largely unexplored, with most studies focusing on grating periods near the modal wavelength or its half.
Such losses can significantly impact broadband nonlinear processes, where excess loss at unintended
wavelengths can degrade device performance. In this work, we experimentally characterize grating-
induced losses in PhCRs and reveal their full spectral response as a function of the ratio between modal
wavelength and grating period. We identify distinct loss channels arising from either coupling to surface
modes or coupling between guided waveguide modes, as well as a broad excess-loss region attributed to
vertical out-coupling into OAM-carrying states. These observations are supported by three-dimensional
finite-difference time-domain simulations and further analyzed through OAM radiation angle and phase-
mismatch analysis. The resulting broadband loss spectrum highlights critical design trade-offs and
provides practical guidelines for optimizing PhCR-based devices for nonlinear photonic applications
involving widely separated frequencies.

http://dx.doi.org/10.1364/PRJ.XXXXXX

1. INTRODUCTION1

The incorporation of gratings into microring resonators [1–2

3] introduces new methods for controlling the spectral and3

spatial properties of high-quality-factor (Q) whispering-gallery4

modes [4]. These grating-inscribed devices, which are now com-5

monly referred to as photonic crystal microrings (PhCRs), have6

been widely explored for single-wavelength-band applications7

such as optical filters [5, 6], sensing [7–9], and lasers [10, 11].8

More recently, PhCRs have gained significant attention in non-9

linear photonics, where their ability to selectively control indi-10

vidual mode frequencies enables precise frequency and phase11

matching for processes such as optical parametric oscillation12

(OPO) [12–15], frequency comb generation [16, 17], including13

its vertical vortex emission [18, 19] and spontaneous soliton for-14

mation [20, 21], self-injection-locked lasing [22, 23], dual-pump15

spontaneous and Bragg scattering four-wave mixing [24], and16

stimulated Brillouin scattering [25]. In these applications, illus-17

trated in Fig. 1(a), the inscribed gratings serve as key enablers,18

providing orbital angular momentum (OAM) emission [26–29],19

single or multiple-mode splitting [30], spectral selectivity [31],20

and engineered dispersion [16, 32–34] that are challenging to21

achieve with standard microring geometries alone.22

While these capabilities have expanded the role of PhCRs23

in nonlinear photonics, the broader spectral implications of24

grating-induced losses remain incompletely understood. This25

limited understanding is primarily due to the need for broad-26

band tunable laser sources to probe the full spectral response27

across nearly an octave or more of spectral bandwidth. Al-28

though multiple narrow-band sources can be used to span wider29

spectral ranges, such approaches are often experimentally cum-30

bersome, power-limited, and lack sufficient spectral resolution.31

Moreover, grating-induced losses are frequently subtle and may32

be masked by other wavelength-dependent mechanisms such33
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Fig. 1. Applications of photonic crystal microring resonators (PhCRs) and an approach for characterizing their broadband spectrum
of grating-induced loss without requiring multiple laser sources. (a) Selected examples of nonlinear photonic applications enabled
by PhCRs, including optical parametric oscillation (OPO) [12, 14, 32], Kerr frequency comb generation [17, 33] with orbital angular
momentum (OAM) emission [18, 19], spontaneous soliton formation [20, 21], self-injection locking [22, 23], and dual-pump spontaneous
four-wave mixing (DP-SFWM) [24]. In each application, the incorporation of a grating into the microring introduces an additional
degree of freedom for controlling frequency and phase matching conditions, thereby facilitating these nonlinear processes. (b) Method
for studying grating-induced loss in PhCRs by varying the grating period (Λ), that is, the number of inscribed grating periods (N), in a
microring of fixed circumference while keeping all other parameters constant. We consider a PhCR with gratings inscribed along the
inner boundary, as shown at the top. The left and right inset schematics respectively depict a cross-sectional view of the microring
cross-section and a zoomed-in top view highlighting key geometric parameters: ring radius (RR), ring width (RW), thickness (RH),
grating period (Λ), and modulation amplitude (A). The bottom panel illustrates key values of the grating period Λ (or equivalently
N) relative to the modal wavelength (λ) and the azimuthal mode number (m), highlighting well-understood conditions as well as
intermediate regions where the loss mechanisms have thus far been partially or entirely unexplored. By varying Λ across multiple
devices and studying the resulting impact on loss at a fixed λ, we can extract the loss spectrum at fixed Λ and varying λ.

as material absorption [35, 36], surface scattering [37, 38], or34

coupling inefficiencies [39, 40]. As a result, most previous stud-35

ies have focused on a few well-established configurations, as36

shown in Fig. 1(b). Here, the length of the grating period Λ37

in comparison to the modal wavelength λ = λ0/neff, where38

λ0 is the free-space wavelength and neff is the effective modal39

refractive index, is important in demarcating different operating40

regions. The standard microring without gratings (Λ = ∞ or the41

number of periods N = 0) exhibits no grating-induced loss, but42

instead an intrinsic loss mainly due to material and geometric43

parameters [41]. When Λ is near the modal wavelength (Λ ≈ λ),44

vertical emission into OAM modes introduces noticeable excess45

loss [29]. This condition is equivalent to N being nearly equal46

to the microring azimuthal mode number (N ≈ m). When the47

period is half the modal wavelength (Λ = λ/2 or N = 2m), it48

satisfies the coherent backscattering condition [14], also referred49

to as the Bragg condition [42], enabling coupling between clock-50

wise (CW) and counterclockwise (CCW) propagating modes and51

producing single-mode frequency splitting with minimal addi-52

tional loss [3, 30]. In the deep subwavelength regime (Λ ≪ λ/253

or N ≫ 2m), waveguide gratings are known to suppress both54

diffraction and reflection effects [43], suggesting that PhCRs op-55

erating in this regime should have losses comparable to those56

of standard microrings, though this is yet to be experimentally57

validated. Finally, in the intermediate regions (∞ > Λ > λ,58

λ > Λ > λ/2, and λ/2 > Λ) grating-induced loss remains un-59
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explored or only partially characterized [29]. A clear understand-60

ing of the behavior in-between the well-characterized regions is61

important for nonlinear processes involving widely separated62

frequencies. In particular, the corresponding wavelengths can63

significantly differ relative to Λ, so that a single device may64

need to function across multiple regions. Unintended losses at65

relevant wavelengths can degrade performance by increasing66

threshold powers and reducing conversion efficiency.67

In this work, we investigate the full spectral response of68

grating-induced loss in PhCRs and establish a quantitative re-69

lationship between the resonator quality factor Q, modal wave-70

length λ, and grating period Λ. We begin by experimentally char-71

acterizing grating-induced losses in PhCR devices with varying72

Λ, corresponding to N ranging from 0 to 600, inscribed within73

a microring of fixed circumference. These measurements were74

performed across 37 devices at a fixed free-space wavelength75

(λ0 ≈ 1550 nm) and azimuthal mode number (m = 165). We76

identify distinct loss channels that depend on the ratio λ/Λ,77

originating either from coupling to surface modes or from inter-78

actions among guided waveguide modes, together with a broad79

excess loss region attributed to vertical out-coupling into states80

carrying OAM. Our experimental findings are supported by81

three-dimensional finite-difference time-domain (3D FDTD) sim-82

ulations, and the origins of the loss channels are further revealed83

through analysis of the OAM radiation angle and modal phase84

mismatch. Building on these results, we numerically study the85

reverse problem, that is, how a PhCR with a fixed Λ operates86

across a broad wavelength range. This broadband response is87

then used to develop design guidelines for minimizing losses88

and enhancing PhCR performance in two different nonlinear89

integrated photonics applications.90

2. EXPERIMENTAL AND NUMERICAL ANALYSIS91

We fabricated our devices using a silicon nitride (Si3N4) layer92

on a silicon dioxide (SiO2) lower cladding, with air cladding on93

the top and along the sides. Figure 2(a) shows scanning electron94

microscope (SEM) images of a fabricated PhCR device (top),95

along with a magnified view of the inscribed gratings (bottom).96

Each device has an outer radius of RR = 25 µm, a ring width97

of RW = 1500 nm, and a thickness of RH = 500 nm, with a98

grating modulation amplitude of A = 6 nm. The number of99

grating periods is given by N = 2π(RR − RW)/Λ, and the az-100

imuthal mode number is defined as m = 2π(RR − RW)/λ. Our101

experimental methodology for investigating losses in PhCR de-102

vices (illustrated in Fig. 1(b)) involves systematically varying the103

number of grating periods N while keeping all other parameters104

constant, including the azimuthal mode number m. Because the105

PhCR operating regime depends on Λ/λ, this approach enables106

a controlled study of the broadband spectral response of PhCRs,107

analogous to a wavelength-swept analysis. This is accomplished108

without needing multiple broadband laser sources and varying109

λ, but instead using multiple devices and varying Λ. Figure 2(c)110

shows experimental transmission spectra (black lines) alongside111

nonlinear least-squares fits (blue lines) for selected values of N,112

all measured at a fixed azimuthal number of m = 165. These113

spectra all display singlet Lorentzian resonances except for a114

single mode splitting observed at N = 2m, indicating strong115

coupling between clockwise (CW) and counterclockwise (CCW)116

propagating modes due to Bragg scattering. From each fit, we117

extracted the loaded quality factor Qt and used it to compute the118

total loss in units of frequency f using the relation κ/2π = f /Qt.119

The extracted losses from transmission measurements for all val-120

ues of N, ranging from 0 to 600 across 37 devices, are plotted121

in Fig. 2(c) as blue circles. We observe no significant excess loss122

for large values of N (N ≳ 2m, regions vii and viii), relative to123

a microring without a grating (N = 0), including the coherent124

backscattering condition at N = 2m (region vii). In contrast, a125

broad region of excess loss centered around N = m is evident,126

likely due to vertical out-coupling through states carrying OAM.127

Additionally, a pronounced loss peak appears at N/m ≈ 0.33128

(region iii), suggesting another radiation loss mechanism.129

To validate our experimental observations, we performed130

numerical simulations of a half PhCR device using a 3D FDTD131

solver. This approach captures the essential physics of grating-132

induced loss mechanisms while significantly reducing compu-133

tational time compared to full-ring modeling [44, 45]. The sim-134

ulations were divided into two configurations. The first con-135

figuration, shown at the top of Fig. 2(b), was used to calculate136

the intrinsic loss. It consists of a half PhCR structure with an137

input port that functions as both a mode source and a mode138

expansion monitor, and a through port that also serves as a139

mode expansion monitor. The simulation domain is enclosed140

with perfectly matched layers to suppress artificial reflections.141

A fundamental transverse electric mode (TE0) was injected into142

the PhCR waveguide, and the transmitted and reflected powers143

of both the TE0 and first-order transverse electric (TE1) modes144

were recorded. The intrinsic loss was computed as the difference145

between the total input power and the sum of the transmitted146

and reflected modal powers, multiplied by two to account for147

the full PhCR device. These simulations were performed for a148

range of grating period numbers (N = 0 : 1 : 600) at a fixed149

free-space wavelength of 1550 nm. We set the grating mod-150

ulation amplitude to A = 20 nm, dictated by the minimum151

Cartesian mesh resolution of 20 nm. The resulting loss values152

were subsequently rescaled to correspond to the experimental153

modulation amplitude of A = 6 nm. The second configuration,154

shown at the bottom of Fig. 2(b), was used to determine the cou-155

pling loss by simulating the microring-to-bus-waveguide region156

without any inscribed gratings. In this setup, a TE0 mode was157

launched into the microring waveguide, and the TE0 power cou-158

pled into the bus waveguide’s coupling port was recorded. This159

coupling loss was then added to the intrinsic losses to obtain160

the total loss spectrum, shown as the solid red trace in Fig. 2(c).161

In addition to accurately reproducing peak iii and the broad162

excess loss observed between N/m ≈ 1.2 and N/m ≈ 1.8, the163

simulation also predicts the presence of peak ii, attributed to164

coupling between the TE0 and TE1 modes. It is important to note165

that these simulations were performed in a non-resonant ring166

waveguide configuration with a fine resolution in N. As such,167

the TE0–TE1 coupling peak is not observed in the experimental168

measurements—likely due to the non-degenerate nature of the169

mode frequencies or the relatively coarse discrete N steps used170

in the fabricated devices. Additionally, smaller radiation loss171

peaks are observed at regions v and vi, which appear symmet-172

rically positioned relative to peaks iii and ii with respect to the173

N/m = 1 axis.174

We investigated the origins of the observed loss channels175

by analyzing the radiation angle (θr) of OAM modes into the176

surrounding claddings (air and SiO2), as well as the relative177

phase mismatch (∆β) between interacting waveguide modes.178

The radiation angle θr is obtained from Snell’s law, ne sin(θe) =179

nr sin(θr) [46], where θe = (l/m)(π/2) [29] is the internal ejec-180

tion angle of OAM modes with quantum number l inside the181

silicon nitride PhCR waveguide. ne denotes the average effec-182

tive index of the TE0 and OAM modes, and nr is the average183
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Fig. 2. Experimental characterization of grating-induced loss in PhCRs, supported by 3D FDTD simulations. (a) Scanning electron
microscope (SEM) image of a fabricated PhCR device (top) and a magnified view of the inscribed grating (bottom), with false-color blue
indicating the Si3N4 waveguide. (b) Top-view schematics of the 3D FDTD simulation setups. The top panel shows the configuration
used to compute grating-induced loss using a half PhCR without a bus waveguide. The bottom panel shows the configuration
used to calculate coupling loss in a standard microring. (c) Experimental transmission spectra (black) with corresponding nonlinear
least-squares fit (blue) for N = 0, 0.33m, m, 2m, and 3.1m, measured at a fixed telecom wavelength λ0 = 1550 nm with azimuthal
mode number m = 165. The x-axis indicates the wavelength detuning, where ∆λ = 6 pm corresponds to approximately 750 MHz of
frequency detuning. The extracted total quality factors (Qt) from each fit are given above the corresponding resonances. At N = 2m,
single-mode splitting (SMS) is observed, resulting from coherent backscattering between counterpropagating degenerate TE0 modes.
(d) Total radiation loss (κ) as a function of the grating-to-mode number ratio (N/m) for values of N ranging from 0 to 600, across 37
devices. Experimental loss values (blue circles), extracted from the transmission spectra in (a), are overlaid with 3D FDTD simulation
results (solid red trace). Error bars represent one standard deviation from the nonlinear least-squares fitting. The dashed vertical
lines (i) through (viii) correspond to N ≈ 0, 0.13m, 0.33m, m, 1.67m, 1.87m, 2m, and 3.1m, respectively. The bottom panel shows the
calculated radiation angle (θr) for OAM modes (solid green line), along with the relative phase mismatch (∆β) for different coupling
scenarios: TE0–TE1 mode coupling (red dashed line), TE0–OAM mode coupling (yellow dashed line), and TE0–TE0 mode coupling
(blue dashed line). Identified loss channels include OAM radiation centered at region iv, surface-mode radiation at regions iii and v,
TE0–TE1 mode forward/backward coupling at regions ii and vi, and negligible excess loss at regions i and viii, including TE0–TE0
backscattering at region vii. The inset plot shows a 3D view of the PhCR waveguide with inscribed grating, illustrating the radiation
angle of OAM modes. (e) FDTD-simulated electric field intensity distributions for loss regions i–viii, taken at the PhCR cross-section,
illustrating the origin of different observed radiation loss channels.

refractive index of the top (air) and bottom (SiO2) claddings.184

The phase mismatch is defined as ∆β = β1 − β2 − 2π/Λ, where185

β = 2πneff/λ is the propagation constant of each mode [42].186

Notice that both θ and ∆β depend on the effective refractive187

indices (neff); thus, we performed 2D eigenmode simulations of188

the ring waveguide cross-section. The bottom plot of Fig. 2(d)189

shows the calculated radiation angle θr for OAM modes (solid190

green line) and the relative phase mismatch ∆β for three mode191

combinations: TE0–TE1 (red dashed lines), TE0–OAM (yellow192

dashed line), and TE0–TE0 (blue dashed line). From the radia-193

tion angle analysis, we identify that peak iv corresponds to the194

OAM mode centered at N = m, radiating at θr = 0◦, whereas195

peaks iii and v are associated with surface modes propagat-196

ing along the glass/air interface at θr = ±90◦ relative to the197

central OAM mode at N = m. At this angle, the strong cou-198

pling between guided and surface modes leads to pronounced199

peaks iii and v, in contrast to nearby finite-angle emission, where200

coupling to OAM modes is comparatively weak. The phase201

mismatch analysis reveals that peaks ii and vi are associated202

with TE0–TE1 mode coupling (forward and backward), while203

peak vii corresponds to TE0–TE0 backward Bragg reflection. The204

yellow curve does not predict a loss peak but instead indicates205
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mapped to a function of λ0. (b) Full spectral response of grating-induced loss for a single PhCR with a fixed grating period Λ = 730 nm.
The top x-axis shows the transformation from the grating-to-mode number ratio (N/m) to the wavelength-to-grating-period ratio
(λ/Λ). The bottom x-axis and shaded region represent the corresponding mapping to λ0, using λ = λ0/neff. (c–d) Examples of
nonlinear processes where grating-induced radiation loss around N/m ≈ 0.33 adversely impacts device performance. (c) OPO: A
pump at 807 nm (N/m = 0.57) generates a signal at 493 nm (N/m = 0.33) and an idler at 2236 nm (N/m = 2). The modal splitting at
N/m = 2 is used to satisfy frequency and phase matching, while the signal overlaps a radiation loss peak, reducing OPO efficiency.
(d) FWM-BS: Two pumps at 547 nm (N/m = 0.37) and 2236 nm (N/m = 2) generate a signal at 608 nm (N/m = 0.33), which is
subsequently downconverted to an idler at 1545 nm (N/m = 1.72). The signal wavelength aligns with a strong loss channel, potentially
limiting conversion efficiency.

the phase mismatch at the central OAM condition (N = m).206

While OAM provides broadband emission, its specific lineshape207

depends on several factors that require further study. Channels208

v and vi are notably suppressed under the air-clad condition209

compared to peaks iii and ii, but become more pronounced in210

simulations using oxide cladding, highlighting the sensitivity of211

these loss channels to the cladding environment (see Appendix212

for details). Although these estimates are obtained using neff213

data, they provide good predictions that closely match our ex-214

periments and full 3D FDTD simulation results. We further215

validated the origins of peaks ii through vi by analyzing electric216

field profiles obtained from cross-sections of the PhCR waveg-217

uide. As shown in Fig. 2(e), no significant radiation into the218

surrounding claddings was observed for channels vii and viii,219

as well as the reference case without an inscribed grating (region220

i). In contrast, channels ii through vi exhibited evident electric221

field leakage into the claddings, consistent with the excess radi-222

ation losses predicted in Fig. 2(d). The asymmetric features in223

the radiation patterns and loss spectrum arise from the intrinsic224

spatial asymmetry of the system, primarily due to the contrast225

between the top-air and bottom-oxide claddings, along with226

contributions from waveguide bending and the single-sidewall227

grating. We verified this by simulating the case of a straight228

waveguide grating with symmetric oxide cladding on both the229

top and bottom (results not shown), where the radiation be-230

comes more spatially symmetrical and the loss spectrum shows231

greater symmetry for N > m and N < m (the loss spectrum for232

a bent waveguide grating with symmetric oxide cladding is also233

more symmetric, and is shown in Fig. 7). Together, these find-234

ings provide strong confirmation of the physical mechanisms235

responsible for the grating-induced radiation losses observed in236

both experiment and simulation.237

Next, we studied numerically how a single PhCR device with238

a fixed grating period (Λ = 730 nm) operates across a broad239

spectrum, bounded at shorter wavelengths by the Si3N4 trans-240

parency limit (λ0 ≲ 400 nm) and at longer wavelengths by the241

ring waveguide mode cutoff wavelength (λ0 ≈ 2470 nm). Our242

mathematical approach is illustrated in Fig. 3(a), and the result-243
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ing full spectral response of grating-induced loss is shown by244

the red trace in Fig. 3(b). This spectrum is derived from the data245

in Fig. 2 by transforming the variable N/m (top x-axis) into λ/Λ246

(bottom x-axis) using the relationships Λ = 2π(RR − RW)/N247

and λ = 2π(RR − RW)/m, and subsequently mapping it to λ0248

using N/m = λ/Λ = λ0/(neffΛ). The wavelength dependence249

of neff for the TE0 mode is shown in the inset plot of Fig. 3(b).250

These results reveal that the identified loss channels can signif-251

icantly influence the performance and efficiency of wideband252

nonlinear photonic processes, where maintaining high Q is es-253

sential. Our study does not measure power-dependent loss rates254

or model nonlinear absorption, as such effects would require a255

dedicated investigation beyond the present scope. Instead, we256

illustrate the potential implication of grating-induced radiation257

loss in Figs. 3(c)–(d) by considering two nonlinear processes:258

OPO and four-wave mixing Bragg scattering (FWM-BS), both259

spanning the blue and infrared spectral regions. Specifically,260

we examine 493 nm and 2236 nm generation from an 807 nm261

pump for OPO, and frequency downconversion from 493 nm262

to 1545 nm for FWM-BS. We assume a PhCR design in which263

the mode splitting is targeted at 2236 nm (corresponding to264

N/m = 2) to phase-match the nonlinear process [14]. How-265

ever, the 493 nm wavelength, i.e., of particular relevance to266

laser cooling transitions in barium ions, coincides with a pro-267

nounced radiation loss peak at N/m ≈ 0.33. This spectral over-268

lap would significantly increase the OPO threshold power [47]269

or reduce the FWM-BS conversion efficiency [48] due to this270

region’s low-quality factor Q. While this loss channel could271

be avoided through design adjustments, the broader band of272

excess loss extending up to 2000 nm (N/m ≈ 1.7) presents273

a general challenge for frequency mixing schemes involving274

long-wavelength mode splitting coupled to much shorter wave-275

lengths. An alternative strategy is to apply mode splitting to the276

highest-frequency (shortest-wavelength) mode, as no excess loss277

is observed for N/m > 2. However, this approach requires the278

fabrication of much smaller grating periods, which introduces279

additional complexity, potential imperfections, and increased280

variability. Therefore, grating-induced radiation loss channels281

must be carefully considered and mitigated in the design of282

nonlinear photonic devices.283

On the other hand, grating-induced loss can also serve as a284

valuable mechanism for suppressing competing nonlinear pro-285

cesses. In applications such as OPO and FWM-BS, it is important286

not only to promote the desired nonlinear processes but also287

to suppress undesired or parasitic processes that may consume288

pump power or introduce spectral noise. Recent studies have289

demonstrated that introducing targeted excess loss that inten-290

tionally reduces the quality factor of unwanted modes, such as291

through bound states-in-the-continuum [49] or resonator cou-292

pling engineering [47, 50], can effectively suppress such com-293

peting effects. In this context, the broadband excess loss region294

identified in our study offers a promising design tool. By tailor-295

ing the gratings inscribed into a PhCR to align this excess loss296

region with the wavelengths of unwanted processes, it may be297

possible to passively suppress undesired nonlinear interactions298

across a wide spectral window. This type of loss-engineered299

selectivity complements PhCR-based dispersion engineering300

strategies and can open new routes for robust and more efficient301

nonlinear light generation in integrated photonic platforms.302

Figure 4 presents additional simulated results showing the303

grating-induced loss spectrum for PhCR devices with different304

grating modulation amplitudes (A = {50, 100, 150} nm). The305

dashed red line with A = 20 nm corresponds to the spectrum306

presented in Fig. 2. These results demonstrate that the loss in-307

creases with larger modulation amplitudes, consistent with the308

expected enhancement of mode coupling strength. Despite these309

variations in loss magnitude, the overall shape and N/m posi-310

tions of the loss channels remain largely unchanged, confirming311

that the phase-matching conditions and the radiation angle of312

OAM modes primarily govern all identified grating-induced loss313

channels. In addition to the previously identified peaks, we ob-314

serve the emergence of small additional loss peaks (N ≈ 0.07m315

and N ≈ 1.93m) attributed to coupling between the TE0 mode316

and the fundamental transverse magnetic (TM0) mode. This317

feature becomes more noticeable at higher modulation ampli-318

tudes due to increased inter-modal coupling. These findings319

reinforce the conclusions from earlier simulations: while grat-320

ing strength impacts the overall loss magnitude, the location of321

critical loss channels based on N/m ratio is robust to variations322

in grating amplitude. This further highlights the importance323

of carefully balancing grating strength and spectral placement324

when designing PhCRs for low-loss, wideband nonlinear pho-325

tonic applications. While our analysis focuses on a single grating326

period, other studies have demonstrated the utility of employ-327

ing multiple gratings [16, 30, 32–34]. In the simple case of two328

grating periods, the resulting loss can be qualitatively estimated329

as a superposition of their respective Fourier components. A330

full numerical treatment of such multi-grating configurations,331

however, is beyond the scope of the present study.332
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Fig. 5. Schematic illustrations of PhCRs with inner and outer sidewall sinusoidal gratings. (a) Cross-sectional view of a PhCR
waveguide with cladding asymmetry, consisting of air cladding on top and silicon dioxide (SiO2) cladding at the bottom. The
waveguide core is silicon nitride (Si3N4), with geometric parameters consisting of its outer ring radius (RR), ring width (RW), and
thickness (RH). (b) Cross-sectional view of a PhCR waveguide with symmetric cladding consisting of SiO2 above and below the Si3N4
core. (c) Method for studying the full spectral response of grating-induced loss in PhCRs with inner sidewall gratings. The number of
grating periods (N) is varied while all other geometric parameters are kept constant. (d) We used the same method to study PhCRs
with outer sidewall sinusoidal gratings.

3. CONCLUSION333

In conclusion, we have experimentally and numerically investi-334

gated the broadband spectral behavior of grating-induced loss335

in photonic crystal microring resonators, revealing critical in-336

sights into their impact on nonlinear photonic processes. By337

systematically varying the number of inscribed grating periods338

while keeping all other device parameters fixed, we character-339

ized the loss spectrum as a function of the grating-to-mode340

number ratio (N/m). This approach, which eliminates the need341

for multiple laser sources, enabled us to capture subtle but im-342

portant loss mechanisms introduced by the incorporation of343

gratings into microrings. Our experimental results, validated by344

3D FDTD simulations, identified distinct loss channels within a345

broad excess-loss region associated with vertical emission into346

OAM modes. We analyzed the origin of these loss channels347

using the radiation angle of OAM modes and phase mismatch348

calculations. By transforming the N/m-dependent loss into349

a function of wavelength, we established the full spectral re-350

sponse, highlighting how grating-induced loss evolves across a351

broadband wavelength range in a fixed-geometry PhCR. These352

findings are directly relevant to a wide array of nonlinear pho-353

tonic applications, including optical parametric oscillation, Kerr354

frequency comb generation, four-wave mixing Bragg scattering,355

and self-injection locking. In particular, we showed that loss356

channels near N/m ≈ 0.33 can spectrally overlap with signal357

wavelengths in frequency-mixing schemes, reducing efficiency358

and increasing operational thresholds. Moreover, the broad re-359

gion of loss extending up to N/m ≈ 1.7 presents additional360

challenges for desired nonlinear frequency mixing. We also dis-361

cussed how this broad loss region and the specific loss channels362

identified in this work can be strategically leveraged as a design363

tool for suppressing competing nonlinear processes by align-364

ing them with unwanted spectral components. Overall, this365

work provides a practical framework for predicting and miti-366

gating grating-induced losses across the full spectral bandwidth367

of PhCRs. Our methodology offers clear design guidelines to368

avoid detrimental radiation channels and to maximize nonlinear369

conversion efficiency, thereby paving the way for more robust370

and efficient integrated photonic systems operating across broad371

spectral ranges.372
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Fig. 6. Numerical simulation of grating-induced loss in PhCRs with outer and inner sidewall gratings under asymmetric cladding
conditions. The top plot shows the full spectral response of grating-induced loss as a function of the grating-to-mode number ratio
(N/m), comparing PhCRs with outer sidewall gratings (solid green line) and inner sidewall gratings (solid purple line). Simulations
were conducted at a fixed free-space wavelength of 1550 nm, with an azimuthal mode number of m = 165, while N varies from
0 to approximately 600. All the other geometric parameters are given as follows: an outer radius of RR = 25 µm, a ring width of
RW = 1500 nm, and a thickness of RH = 500 nm, with a grating modulation amplitude of A = 20 nm. The bottom plot presents the
calculated radiation angle (θr) for OAM modes (solid green line), along with the relative phase mismatch (∆β) for several coupling
scenarios: TE0-TE1 mode coupling (red dashed line), TE0-OAM mode coupling (yellow dashed line), and TE0-TE0 mode coupling
(blue dashed line). This analysis identifies distinct loss channels, including: OAM radiation centered at region (iv), surface-mode
radiation at regions (iii) and (v), TE0-TE1 mode forward/backward coupling at regions (ii) and (vi), minimal excess loss at regions (i)
and (viii), and TE0-TE0 backscattering at region (vii). Dashed vertical lines mark reference points (i) through (viii), corresponding to
N ≈ 0, 0.13m, 0.33m, m, 1.67m, 1.87m, 2m, and 3m, respectively.

APPENDIX: NUMERICAL SIMULATIONS OF INNER AND373

OUTER SIDEWALL GRATINGS UNDER SYMMETRIC AND374

ASYMMETRIC CLADDINGS375

In this section, we further investigate the full spectral response376

of grating-induced loss in PhCRs featuring sinusoidal gratings377

inscribed on either the inner [12, 22, 30] or outer [3] sidewall, as378

illustrated in Fig. 5. For both configurations, we consider two379

sets of simulations: one with asymmetric cladding, consisting of380

air above and silicon dioxide (SiO2) below the Si3N4 waveguide381

core, and the other with symmetric cladding, where SiO2 sur-382

rounds the core from both the top and bottom. These investiga-383

tions extend beyond the main text, which focuses exclusively on384

the case of inner-sidewall gratings under asymmetric cladding385

conditions. As shown in Fig. 6, under asymmetric cladding con-386

ditions, PhCRs with inner and outer sidewall gratings exhibit387

similar spectral characteristics in terms of the locations of loss388

channels along the grating-to-mode number ratio (N/m). How-389

ever, we observe that PhCRs with outer sidewall gratings exhibit390

significantly higher overall loss—estimated to be ≈ 89 % greater391

than that of inner gratings, within the broad excess loss region392

associated with orbital angular momentum (OAM) modes. This393

difference is likely due to the field distribution of whispering-394

gallery modes, which concentrate more toward the outer side-395

wall of the microring waveguide [31]. Additionally, we observe396

suppression of loss channels (v) and (vi) relative to (ii) and (iii)397

in the asymmetric cladding case, likely caused by the vertical398

asymmetry of the surrounding refractive index environment. To399

explore this further, we performed the same simulations under400

symmetric cladding conditions (Fig. 7). In this configuration, the401

amplitudes of channels (ii)/(v) and (iii)/(vi) are more balanced,402

and the overall trend remains consistent: outer gratings still403

yield higher loss, approximately 50 % more than inner gratings,404

within the OAM-related excess loss region, while the locations405

of loss peaks remain unchanged for both grating configurations.406

Finally, when comparing symmetric and asymmetric cladding407

conditions, we find that asymmetric cladding increases the to-408

tal loss by 56 % for inner gratings and 97 % for outer gratings,409

relative to the symmetric configuration. These results under-410

score the importance of both cladding symmetry and grating411

incorporation in determining grating-induced loss characteris-412

tics, and offer valuable design insights for minimizing losses in413

broadband nonlinear photonic devices.414
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