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Numerical and Experimental Methods for Estimating the
Propagation Loss in Microphotonic Waveguides

Francesco Dell’Olio,* Samuel M. Hérmann, Teresa Natale, Roel Baets,

and Alexander Bergmann

The accurate estimation of propagation loss in microphotonic waveguides is a
crucial factor in the performance optimization of photonic integrated circuits.
This article presents a comprehensive review of both numerical and experimental
methods used to estimate propagation loss. Numerical methods, including
volume current, finite-difference time domain, finite element, and eigenmode
expansion, offer high precision by modeling the intrinsic physical characteristics
of waveguides, such as sidewall roughness, which significantly contributes to
scattering loss. However, these methods are heavily dependent on detailed
physical measurements, including roughness profiles. In contrast, experimental
approaches like the cut-back method and interferometric techniques provide
practical means for measuring propagation loss in real-world settings. These
methods, while simpler and faster, are limited in their capacity to explain the
origins of propagation loss. The synergy between numerical and experimental
techniques is critical to developing effective strategies for minimizing loss in
advanced photonic integrated circuits. The findings of this study highlight the
necessity for continuous improvement in both computational and experimental
methods to enhance the performance of microphotonic waveguides.

sciences, robotics, and automotive,>1718]
it holds great potential, with ongoing
research paving the way for future advance-
ments. The pivotal role these advance-
ments play in enabling cutting-edge
systems underscores their significance in
the technological landscape.

The increase in PIC complexity highlights
a growing demand for innovative solutions
that address the challenges posed by the
miniaturization and integration of photonic
components. Dielectric waveguides serve as
the backbone of these circuits, enabling the
precise control and manipulation of light
within a compact footprint. As the quintes-
sential building block of PICs, the dielectric
waveguide’s performance is crucal, influ-
encing the overall functionality and effi-
ciency of the integrated system. Therefore,
getting a reliable and efficient estimation
of how much propagation loss there is in
these waveguides becomes very important
for designing, optimizing, and testing PICs.

1. Introduction

The emergence of the concept of integrated photonics and the
subsequent exponential growth in terms of the complexity of
photonic integrated circuits (PICs) have marked a paradigm shift
in the photonics realm over the last few decades.'™! This trans-
formative wave, which began with the integration of just a few
components on a single chip'® and now allows for very complex
PICs with hundreds of thousands of components,”®! has revo-
lutionized transceivers for telecommunication and data commu-
nication.”'® In other fields such as aerospace, defense, life

In the pursuit of technological advancement, the predominant
platform for PIC development is the silicon-based one that
exploits silicon-on-insulator wafers. Its high index-contrast ena-
bles the realization of compact, high-performance photonic cir-
cuits. On the other hand, the silicon-based platform cannot
always support all the features that advanced applications need.
This generates a growing interest towards heterogeneous
PICs.['"2% These innovative circuits combine components con-
sisting of different materials, such as silicon, silicon nitride, I1I-V
semiconductors and lithium niobate, on a common wafer, most
often a silicon wafer. The development of very innovative
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technology platforms, such as the lithium niobate-on-insulator
one or those combining ultralow-loss silicon nitride waveguides
and III-V semiconductors, not only broadens the functional capa-
bilities of PICs but also introduces new challenges and opportu-
nities in propagation loss optimization.**!

There are many different types of waveguide structures used
in PICs and integrated photonic components. Strip and rib wave-
guides with silicon or silicon nitride cores®>*% and ultralow-loss
waveguides with silicon nitride cores!?”*) are among the most
widely used. All of these waveguides are fabricated starting from
either silicon-on-insulator or bulk silicon wafers. In standard
strip or rib configurations, the underlying oxide layer is typically
a few micrometers thick. The top silicon or silicon nitride layer,
with a thickness in the 200 nm to 600 nm range, is fully or par-
tially etched to form the waveguide. Typical waveguide widths
range from about 400 nm to 1000 nm. The ultralow-loss wave-
guide is realized by first depositing a thick oxide layer—on
the order of 10 pm—onto a bulk silicon wafer. A very thin silicon
nitride layer (about 100 nm thick) is then deposited on top of this
oxide and patterned, usually with waveguide widths of several
micrometers. Finally, an additional oxide layer is deposited over
the patterned waveguide. The diversity of these guiding struc-
tures reflects the evolving needs of integrated photonics, where
the quest for reduced losses and enhanced performance is relent-
less. These waveguides, with cross section as shown in Figure 1,
are among the most studied in terms of propagation loss. Their
typical loss value ranges from a few dB cm ' to a few dBm ™' and
they represent useful examples to discuss the numerical and
experimental techniques for assessing the dielectric waveguides
propagation loss.

The performance of particular integrated photonic devices
depends almost exclusively on the loss suffered from the wave-
guide itself. Integrated photonic resonators, such as ring resona-
tors, are directly limited in their Q-factor and performance by the
propagation loss of the waveguide.?**" In addition, for quan-
tum key distribution applications, the waveguide loss is one of
the most critical design parameters.’?! For these kinds of devi-
ces, getting an accurate estimation of the waveguide propagation
loss is important both for design and for finding a physical inter-
pretation based on optical characterization results.

This review article delves into the experimental and numerical
methodologies that have been developed to estimate propagation
losses in dielectric waveguides within the domain of integrated
photonics. The complexity of PICs and the multifaceted nature of
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their components necessitate a sophisticated approach to loss
estimation, one that can accommodate the interplay between
material properties, waveguide geometry, and optical behavior.
Numerical methods offer a powerful tool for theoretical analysis,
enabling the simulation of waveguide performance under a vari-
ety of conditions and configurations. These computational
approaches provide invaluable insights into the mechanisms
of light propagation and loss in dielectric waveguides, facilitating
the optimization of waveguide design and material selection in
the early stages of PIC development. Conversely, experimental
methodologies play a crucial role in the assessment of waveguide
performance, offering a measure of propagation losses under
real-world conditions. The synergy between numerical simula-
tions and experimental measurements is essential, as it allows
for the validation of theoretical models and the refinement of
design parameters based on experimental data. The evolution
of experimental techniques, ranging from cut-back methods to
sophisticated interferometric and resonator-based approaches,
reflects the ongoing quest for accuracy, sensitivity, and reliability
in the characterization of photonic components.

Estimating propagation losses in dielectric waveguides is a
complex challenge that is critical in the field of integrated pho-
tonics. Moving forward with PICs, making them faster and more
integrated, the methods for estimating loss must also get better.
This will make the design and optimization of next-generation
photonic circuits more accurate, efficient, and flexible. This
review aims to provide a comprehensive overview of the state-
of-the-art in loss estimation techniques, highlighting their key
contributions, limitations, and potential pathways for future
research. Through this analysis, we endeavor to shed light on
the critical role of propagation loss estimation in the advance-
ment of integrated photonics, paving the way for the develop-
ment of more efficient, compact, and functional photonic
devices.

1.1. Definitions and Physical Sources of Loss

In the optical characterization of waveguides, distinguishing
between insertion loss and propagation loss often presents a
challenge. Insertion loss refers to the comprehensive loss
incurred when a waveguide or device is integrated into a system.
This loss includes both the loss within the PIC and from cou-
pling it off-chip. Conversely, propagation loss pertains to the loss
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Figure 1. Cross section of three typical waveguides widely utilized in silicon photonics and PICs. a) Silicon or silicon nitride strip waveguide. b) Silicon or
silicon nitride rib waveguide. c) Silicon nitride ultralow-loss thin strip waveguide.
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that occurs as a result of transmission within the waveguide, spe-
cifically excluding coupling losses. During the development or
research phase aimed at enhancing device performance, focus
typically shifts towards minimizing propagation loss. This is
because the factors contributing to this type of loss, such as
the design of the waveguide or the properties of the materials
used, are crucial for improvement.

The sources of propagation loss in photonic waveguides pri-
marily include 1) scattering and backscattering loss attributed to
sidewall roughness, which often represents the most significant
source of loss; 2) linear absorption loss resulting from metal near
the guiding structure or from material absorption, which is usu-
ally small in materials like undoped silicon, silicon oxide, and
silicon nitride within their transparency windows but can reach
dB/cm levels or more in doped silicon or other nontransparent
materials; 3) nonlinear absorption loss due to two-photon absorp-
tion, which occurs in semiconductors whenever the photon
energy exceeds half the bandgap and which can become domi-
nant as a loss mechanism at high power levels; 4) leakage towards
the substrate; and 5) bending loss, which depends on the curva-
ture radius of bent waveguides.?®! As will be discussed in
Section 2, the latter three sources of loss can be accurately cal-
culated using state-of-the-art full-vectorial mode solvers.
However, accurately numerically estimating scattering loss
proves to be more challenging.

The rest of this article is organized as follows. The numerical
methods for propagation loss estimation are discussed in
Section 2. The experimental methods for loss estimation are pre-
sented in Section 3. In Section 4, a conclusion is drawn.

2. Numerical Methods

Propagation loss has a large impact on the design. All of its
above-mentioned sources, i.e., absorption, surface-roughness-
induced scattering, backscattering, leakage, and radiation, may
contribute significantly in a particular device or circuit. From
a design perspective, analytical solutions are preferable because
fundamental dependencies are apparent and the consequences
of choosing a specific waveguide platform may be immediately
deduced. Perturbation theory enables the calculation of the con-
tributions to the propagation loss from expressions containing
solely the guided modes of the ideal structure. Thereby, useful
scaling laws and dependencies are established, often explicitly.
Furthermore, the required computational effort is significantly
reduced allowing for integration in simulation suites. For simple
geometries that feature known analytical solutions for the elec-
tromagnetic fields of the modes, i.e., the slab waveguide and the
cylindrical fiber, analytical expressions may be achieved through
approximations.

On the other hand, the massive computing power currently
available allows for the ubiquitous application of numerical
methods from simulation suites during the design phase. In gen-
eral, the computational treatment of optical waveguides is well
established®***! and an integral part of a typical design work-
flow.*®! Finite-difference time domain (FDTD),*”*® finite ele-
ment (FE),P**) eigenmode expansion (EME),*!) and beam
propagation method (BPM)“? are the prevalent mesh-based
methods in 3D problems.*’) They are typically used in

Adv. Photonics Res. 2025, 2500103 2500103 (3 of 25)

Open Access,

www.adpr-journal.com

conjunction with perfectly matched layers (PMLs) to emulate
an infinite simulation domain.[* Alternatively, spectral methods
may be utilized.">™*”) 2D methods allow the eigenmodes of a
given waveguide cross section to be determined in a reduced
setting.**>% These numerical approaches are of primary interest
for the topics discussed herein because they serve as an efficient
basis for perturbation theory that utilizes the mode fields.
Advanced structures and approaches benefit from optimized
techniques.>"*?

Because of these methods, both semianalytical and fully
numerical approaches that rely on perturbation theory and the
unperturbed guided modes are on hand for the calculation of
all loss contributions. Indeed, it is already possible to set up sim-
ulations in which the nanometer scale of roughness is resolved to
directly compute the scattering loss.”*! Hence, analytical approx-
imations, semianalytical models, and purely numerical methods
all may be integrated into a design flow in integrated photonics.
Therefore, the matter at hand is about striking a balance between
accuracy, time and effort, and simplicity. In this section, we will
set the available methods into context to enable an informed deci-
sion. We will consider the modeling of propagation loss in lon-
gitudinally invariant, i.e., straight, waveguides that feature
guided modes, and also waveguide discontinuities and bends.
The interested reader is referred to corresponding models and
assessments regarding photonic crystal (PhC) waveguides.?*>*!

We will treat surface-roughness-induced scattering in
Section 2.1, absorption in Section 2.2, backscattering in
Section 2.3, and leakage in Section 2.4. The handling of wave-
guide discontinuities and bends is described in Section 2.5
and 2.6. The topic of surface roughness analysis crucial for
modeling surface-roughness-induced scattering is discussed in
Section 2.7. Finally, we will exemplarily show the computed
propagation loss in two representative strip waveguides in
Section 2.8. The first insightful platform is a SOI platform oper-
ated at 1550 nm, where we investigate the surface-roughness-
induced scattering at the sidewalls. Because datacom is currently
the largest market in integrated photonics,® similar platforms
are currently in use in the majority of integrated photonic devi-
ces. Due to the high refractive index contrast in SOI and vanish-
ing absorption, devices with low loss and a very small footprint
may be designed.”® The second useful case is a silicon nitride
platform operated at 850 nm due to its transparency down to the
visible spectrum.P”) We apply a unified perturbative treatment
considering sidewall-roughness-induced scattering of all wave-
guide interfaces, absorption, and radiation. Based on observa-
tions of qualitative behavior common to both, we will derive
general properties of the impact of the waveguide geometry
and present design guidelines in Section 2.8.3.

2.1. Surface-Roughness-Induced Scattering

Modeling of surface-roughness-induced scattering rests upon
the distinction of the intrinsically loss-less guided modes, which
usually carry the signal of interest, and the power-dissipating
radiation modes.*®*% Perturbing the ideal system couples both
types of modes and power is drained from the guided modes.
Furthermore, some of the power is redistributed among the
guided modes, leading to cross coupling and reflection. To
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determine the corresponding attenuation coefficient is therefore
a matter of modeling both the perturbation and the total coupled
power. In this section, the available models will be discussed.
A summary is tabulated in Table 1.

2.1.1. Perturbation Theory

Models of surface-roughness-induced scattering relying on per-
turbation theory contain the roughness characteristics and the
known guided modes, because the perturbed modes are
described as superposition of the unperturbed ones.® The sur-
face roughness is represented as a perturbation in the permittiv-
ity of the waveguide system

¢(r) = e(r) + Ae(r) M

where r = (x, y, 2) is the coordinate. Traditional perturbation the-
ory puts the perturbation in ¢ that impacts the modes in relation
to a causative quantity £ through

e

Ae(r) = 6_§

(r)A&(r) (2)
Translating Equation 2 to the surface roughness results in the
first expression for a shift Ah in a material interface

Ae(r) = (e — &) Ah(r) 3)

with the permittivities ¢; of the materials. The magnitude of the
shift Ah at (r) defines the rough interface and was described as a
stochastic process through its autocovariance function.”
However, Equation 3 may cause incorrect results due to a discon-
tinuity in the expression

www.adpr-journal.com

Aee “)

when multiplied with the mode’s (unperturbed) electric field
e*) The effect is especially pronounced in high-refractive-
index-contrast systems. Therefore, a framework containing
entirely continuous components of Equation 4 with a well-
defined expression was devised by smoothing the discontinuous
component through a harmonic mean,®? resulting in an effec-
tive tensor for the perturbation

&1 — &6 82
€16
Ae(r)e(x,y) = 0

r) 0 0

for an interface with its (unperturbed) normal oriented in the
direction of x and for mode propagation in z. & and ¢, are
the permittivities of the waveguide and the cladding, respectively.

The first inquiries into the mechanisms of scattering consid-
ered slab waveguides'® and cylindrical fibers,'®® for which
guided and radiation modes of the ideal system may be analyti-
cally determined and coupled mode theory (CMT) may be
applied.[*>®*%* Even for these simple geometries, however, this
procedure results in a complicated integral over the radiation
modes. Roughness further induces cross coupling between
guided modes, which may be similarly considered within
CMT.[58:65-67]

However, strip and rib waveguides are more common.?*”
Unfortunately, these profiles do not allow for an analytical deter-
mination of the mode fields.>*® Hence, CMT cannot be directly
applied. Fortunately, systems with small refractive index contrast

Table 1. Comparison of various models of surface-roughness-induced scattering. Class denotes the broader category: VCM assumes free-space radiation
modes, improved VCM (IVCM) approximates the true radiation modes and integrates the radiated power, CMT computes the true radiation modes and
coupled power, and FDTD numerically simulates the radiation. Geometry classifies the cross sectional shape. Mode is the allowed mode. Dim. is the
dimensionality of the surface roughness. Autocov. is the incorporated autocovariance of the surface roughness. Perturb. is the type of perturbation. Cont.
specifies whether the model features a perturbation that is continuous across the waveguide interfaces that scatter. Effort is the computational effort.

Reference Class Geometry Mode Dim. Autocov. Perturb. Cont. Effort
Payne and Lacey (PL)I"® VCM SLAB Even 4 odd TE 1D Exponential, Gaussian Scalar No Low
Yap et al.l’V VCM slab Even + odd TE 1D Exponential, Gaussian Scalar No Low
Melati et al.® Regression Arbitrary - None None None - Low
Peng et al. (PLP)I%% VCM Slab Even + odd TE 1D Exponential Scalar No Low
Zadehgol® VCM Slab Even TE 1D Exponential Scalar No Low
Barwicz and Haus!® IVCM Slab TE, TM 1D Exponential Scalar No Low
Schmid”® IVCM Slab TEO, TMO 1D Exponential Tensor Yes Low
Poulton et al.%®! CMT Arbitrary Arbitrary 1D Arbitrary Tensor No Low
Ciminelli et al.l''d VCM Arbitrary Arbitrary 1D Exponential Scalar No Low
Ciminelli et al.”! IVCM Arbitrary Arbitrary 1D Exponential Scalar No High
Hérmann et al.'™ VCM Arbitrary Arbitrary 2D Arbitrary Tensor Yes Low
Jabaransary et al.l**! FDTD Arbitrary Arbitrary 2D Gaussian iso/aniso/mix Exact NA High
Zhang et al.l'™ FDTD Arbitrary Arbitrary 2D Gaussian iso Exact NA High
Guiana and Zadehgol””) FDTD Slab Arbitrary 1D exponential Exact NA Medium
Kita et al.['2% FDTD Arbitrary Arbitrary 1D none Tensor Yes High
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allow for a truncation in the dyadic Green’s function and the radi-
ation modes may be approximated by the free-space modes.!®*~7%!
Therefore, the perturbations in the permittivity may be treated as
imaginary currents, or equivalently, radiating dipole sour-
ces.’”>73 Consequently, antenna theory may be consulted and
the scattered power is obtained by simply integrating over the
resulting far field. This approach is known as the volume current
method (VCM).

Lacey and Payne applied VCM to derive the scattering caused
by striations at the interfaces of a symmetrical slab waveguide
system.” They approximate the appearing integrals to investi-
gate the relation of the scattered field on the roughness’ autoco-
variance, obtaining a superposition of cylindrical waves. In their
nonapproximated VCM expression, they retain flexibility in the
autocovariance’s form. They numerically compare the impact of
exponential and Gaussian autocovariances to CMTEY over a
range of waveguide thickness and observe good agreement. It
has been remarked that in their formula a factor of 2 appears
to be missing.”>””! Payne and Lacey (PL model) take it further
and condense the estimate by approximating the integrals
through the method of steepest descent for the TEO mode and
the two cases of both previously investigated autocovariances.”®
They further insert the explicitly known fields of the symmetric
slab waveguide and obtain an analytical estimation of the scatter-
ing coefficient within VCM. Hence, the impact of normalized
waveguide parameters in the slab waveguide system are readily
accessible. They also corrected the previously missing factor of 2.
They propose to employ their model also for 3D waveguide sys-
tems by ways of the effective refractive index method. A claim
against which the argument was brought forward that using
the solutions in a 2D system misrepresents the radiation modes
in the 3D case and cannot capture the true dependencies on
waveguide parameters.”>! Further, it was postulated to overesti-
mate the propagation loss of 3D waveguides.”>”*! Even for a low-
index system, applying the 2D model to strip waveguides may
induce a significant error.””) While the qualitative behavior of
their theory has doubtlessly proven to be extremely useful, it
had trouble making quantitative predictions in several
instances® % and the bespoken overestimation was observed
in many cases.®*®! On the other hand, adequate agreement
was achieved for high aspect ratio waveguides.[?”#85
However, inconsistencies in the formulation of the electric field
and power in the PL model have been noted.””

Yap et al. affixed a correction factor to the PL formula to
account for the overlap of the electric field with the scattering
surfaces in 3D waveguides.”’] However, they prescind from
the electric field at the sidewall and instead use the derivative
of the modes’ effective refractive index with regard to the rib
width, which perturbation theory uncovers as a measure of
the field strength at the sidewall interface.”*?%! Melati et al.
took this idea further to recast the PL formula for the sidewall
roughness induced scattering entirely in terms of a contribution
of the roughness and the effective refractive index’s derivative
with regard to the slab width.****! Further, they introduce an
analogous term accounting for contribution of the top and bot-
tom roughness based on the effective refractive index method.?
The high level of abstraction enables the application also to 3D
structures. They further reduce backscattering to a similar
expression, creating a unified perception (see Section 2.3).
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They numerically fit the remaining factors containing the rough-
ness to measured propagation losses. A similar concept sup-
ported by a modified effective refractive index method®! was
introduced by Peng et al. (PLP model).”® They include the scat-
tering due to the top and surface roughness while retaining the
PL formula. They apply their approach to a trapezoid waveguide.

As explained by Zadehgol,”” the expression for the electric
field in PL model was adapted from Adams!®”! and assumes both
even and odd TE modes propagating in the slab waveguide.
Therefore, Zadehgol utilizes a corrected formulation resting
upon VCM that captures a single even TE mode.*”
Combined with the approach to solve the angular integral over
the roughness’ spectrum via the residue theorem instead of the
previous approximation, Zadehgol obtains an analytical expres-
sion which shows improved accuracy for large correlation
lengths compared to the PL model. However, Guiana and
Zadehgol note that the addressed formula depends on the optical
power.””) To rectify this unwanted dependency, they heuristically
affix a correction factor and compare the implied optical power
which is necessary for good agreement with the previous work of
PL model. They point out that this discrepancy is due to the nor-
malization of the electric field implied by the work of Lacey and
Payne,”* which leads to incorrect results when omitted. They
verify their results through FDTD simulations discussed in
Section 2.1.3.

At this point, it is important to highlight that the issue encoun-
tered in high-refractive-index-contrast platforms for the above
models is twofold. First, the radiation modes do not correspond
well to the free-space modes.”>*®! Therefore, the power coupled
into them cannot be estimated within the radiating antenna
framework without quantitative error. Second, the formulation
of the perturbation as in Equation 3 was inconsistent because
of the discontinuity in the electric field at the material junc-
tion,'® a problem later solved®” through the consistent pertur-
bation from Equation 5 and applied in some of the semianalytical
models in Section 2.1.2. By extension, the perturbation was made
applicable to guiding-wave systems with arbitrary refractive index
profiles. However, the first problem remains.

2.1.2. Semianalytical Models

As eluded, the advent of ubiquitous computing power has
enabled the incorporation of more numerical simulations.
Hence, the guided modes of arbitrary waveguide cross sections
are easily attainable and more realistic radiation modes can be
computed. Some methods slightly improve the VCM by approxi-
mating the true radiation modes using the free-space radiation
modes of reduced systems.!**~1%!

Often, the dimensionality of the problem is reduced by assum-
ing 1D striations in the roughness. In the case of sidewalls,
which are the dominant sources of the dominant sidewall-
roughness-induced scattering of 3D waveguides, vertical stria-
tions are typically adopted. This allows for the direct evaluation
of the integral over the corresponding dimension.

Barwicz and Haus (BH model) expanded the dyadic Green’s
function, representing a symmetric slab waveguide as derived by
Chew et al.,l'% to leading order.”! Thus, they improved the
incorporated radiation modes because they account for multiple
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reflections in the layered medium. The physical interpretation is
that they differentiate between the scattering from the roughness
directly into the cladding and the portion that is transmitted
through the slab’s 2 interfaces to the other side. Thereby, they
prescind towards CMT yet improve upon VCM, which assumes
that the radiation is scattered into plane waves in a homogeneous
medium around the individual sources. They further use 1D sur-
face roughness and they average the results from both sides of
the field discontinuity at the interfaces. Having addressed both
issues of high-refractive-index-contrast systems, they claim that
their model is applicable universally. However, the complexity of
the used Green’s function necessitates numerical calculation.
A further approximation of keeping their dyadic Green’s func-
tion for slab waveguides also for 3D waveguide systems makes
their model truly versatile.®> They justify this approximation of
the strip waveguide’s radiation modes by the small angular cross
sectional area in which the strip system is different from the slab
system, as experienced from the scattering sources’ point of view.
However, quantification of the resulting error is not provided.
Therefore, depending on the unknown Green’s function of
the particular rectangular waveguide system at hand, the model
may be less representative than the simpler VCM. As pointed
out,”® this approximation implies that the approach is not fully
3D. Yet, the higher the aspect ratio of a strip waveguide, the more
accurate the BH model approximates the real system.
Furthermore, they approximate the electric field distribution at
the rough interface by a constant through normalization in order
to get manageable expressions.

Similarly, Schmid et al. used a different formulation of the
Green’s function of a layered medium,”®! posed by Sipe.'**! A
detailed comparison of the relevant formulations can be found
in."*" Analogous to the PL model, they approximated the inte-
grals using the steepest descent method. Thus, they arrive at inte-
gral expressions of the scattering coefficients of the TE0 and TMO0
modes. By solving the integrals containing the transmission and
reflection coefficients and the spectral density of the roughness,
analytic expressions may be obtained. They use a tensor as per-
turbation that is continuous over the interface.'® Finally, they
compare their model to the PL-model and to experimental values
for 3D SOI waveguides. In the latter trial, they observe moderate
quantitative discrepancies, but the qualitative behavior w.r.t.
waveguide thickness.

Poulton et al. numerically determined the radiation modes
in a strip waveguide within a homogeneous cladding material
in order to apply CMT.®® They start with the coupled-mode
equations[ss'%]
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P, is the transported power in the cross sectional area A and
its unit normal Z, and e,,, ¢, are the transversal and longitudinal
components of the electric field of mode y, respectively. They
apply the approximation of weak coupling that allows them to
directly obtain a solution to Equation 6 coupled Mode after fur-
ther assuming that only one mode y is excited at z = 0. Finally,
they integrate over the continuum of radiation modes and sum
over the populated guided modes to get the power attenuation

k
2a = Z[k K + G 2 S (B — )|ﬁ”| dp, (10)

Under the above assumptions, the coupling coefficients in
Equation 7 only depend on z through the perturbation Aeg(r).
Hence, it was factored out and integrated. As a result, the rough-
ness’s characteristics is included through its spectrum S that may
be calculated from the autocovariance x through

7S(q) = %[m dAz k(Az)eh? (11)

Thus far, their derivation followed.®® In order to find the
fields of the radiation modes and evaluate Equation 7, they
develop a method to account for the presence of the waveguide
in the calculation of the radiation modes and radiation loss for
arbitrary refractive index contrast. To this end, they extended an
approach previously developed for the computation of the guided
modes of a strip waveguide.'% They expand the radiation
modes’ z-component in terms of cylindrical harmonics (see
Figure 2). They compared a radiation mode accounting for the
presence of the waveguide with its free-space counterpart (see
Figure 3). They highlight that the difference is more pronounced
for lower order modes and in the waveguide’s vicinity. However,
this subtlety is important for quantitatively computing the cou-
pling into the radiation modes: First, the coupling is determined
by the overlap of the radiation modes with the perturbation at the
waveguide’s interface, and second, the contribution of lower-
order modes to the radiation loss dominates. According to their
model, they predict lower and wider waveguides would exhibit
smaller losses. These configurations simultaneously reduce
the contributing sidewall area and increase the propagation coef-
ficient. They compared their model for varying correlation length
to the 2D model for a slab waveguide,'®” the VCM with free-space
radiation modes, and FDTD simulations. They showed that for
such a square waveguide, the 2D model is inaccurate, although
the qualitative behavior is retained. The VCM improves the pre-
diction but still underestimates the scattering for low and
medium correlation lengths. At higher correlation lengths, the
VCM matches the FDTD simulations actually better than the
CMT. Although their expression includes a tensor perturbation,
it is not of the same form as in Equation 5.17 Instead, it stems
from a modal expansion in the transverse components of the
electric and the H-field (a 4-vector) in CMT.!®>1%72%8] By contrast,
the other models discussed herein rely on modal expansion in
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Figure 2. Numerically computed radiation modes of a square silicon waveguide in vacuum. They correspond to cylindrical harmonics with far-field order
N and serve as an expansion basis for numerically computing the true radiation modes. Reproduced with permission.””® Copyright 2006, IEEE.
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Figure 3. a) Comparison of the true and b) the free-space radiation mode in a square silicon waveguide in vacuum. The presence of the
waveguide perturbs the true mode which can be accounted for through an expansion in cylindrical harmonics. Reproduced with permission.*®

Copyright 2006, IEEE.

the 3D electric field,'*! which induces an error of O((Ag)?).'1?
However, the discontinuity in the perturbation at the waveguide
surface owing to the use of the original expression persists.
Therefore, they had to model two separate contributions depend-
ing on the sign of the perturbation, effectively building the mean.
Finally, they fabricated InGaAsP strip waveguides on an InP ped-
estal, measured the sidewall roughness using an AFM, applied
their model, and compared the results with the measured propa-
gation loss values determined using the cut-back method. They
considered only the z-component of the autocovariance function.
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They observed harmonic oscillations combined with an expected
decay in the sample autocovariance (SAC) function. The tradi-
tional exponential autocovariance function achieved a satisfactory
fit in terms of LMSE. They applied their model based on these
values and obtained predictions which agree within the uncer-
tainties with the experimentally measured values.
Papakonstantino et al. introduced an analogous concept to
multimode waveguides.'l They postulate an efficient algorithm
for the numerical computation of the radiation modes and apply
CMT to estimate the scattering coefficient in the modal
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equilibrium distribution, as derived by Marcuse.’® They find
that the assumed 1D roughness uncouples odd and even modes,
and hence, two equilibria form.

Ciminelli et al. allow for the 3D radiation mode fields to
be included directly in a semianalytical manner.''? Thus,
the 2D approximation relying on the fields”®! or the radiation
modes!”> of a slab waveguide was removed. They relied on the
original perturbation expression!®*’% and the assumption of
vertical striations to derive an integral expression for the
scattering coefficient in small-refractive-index-contrast plat-
forms. They retain full flexibility with regard to the polariza-
tion and modal field distribution. Hence, they investigate
the dependency of the scattering loss on the radius in bent
strip waveguides on a IngysGag,5ASys5Po4s/InP platform
by computing and inserting the distorted mode fields of
the bent platform via a 3D simulation. Further, they compare
the estimation of their model to experimentally measured
values in the investigated low-index-contrast system.['’’]
Bauters et al. apply this method to estimate the bend loss
by reducing the bent waveguide to an effective straight
waveguide.l””! Ciminelli et al. point out that fully numerical
techniques are better suited for high-index-contrast systems.
Therefore, they expanded their method with a 3D FEM
simulation of the radiation (modes) for the case of high
index-contrast.”?) Thereby, they obtained a highly accurate
model that estimates the measured propagation losses from
diverse high-index-contrast systems with relative errors
lower than 3%. By circumventing the estimation of the radia-
tion modes via their numerical component, they make
their model applicable to arbitrary waveguide systems. Yet,
this CMT approach comes at the cost of increased computa-
tional effort.

Hoérmann et al. relied on VCM and Gaussian processes to
devise a 3D formalism that allows for the roughness’ 2D spectral
properties to be fully captured."'*! Similarly to Ciminelli
et al.,"'? their model is semianalytical and includes the unper-
turbed mode’s fields directly. Furthermore, they utilize the con-
sistent perturbation from Equation 5 devised by Johnson et al.*?!
Considering a sidewall surface located at x, with a normal in £,
the field attenuation coefficient a is calculated according to the
VCM through an integration over the azimuthal ¢ and inclina-
tion € angles

20 = % /) " d9sin(6) /) 2" dep u(0, $) (12)

of the radiation intensity

w0, ) = L9255 1) [

3272,
H ) ,
. A dy'c,(y —¥)o(0, .y, )e "0V

where o is the angular frequency, g, is the vacuum permeability,
co is the vacuum speed of light, and k is the wavevector in the
cladding assuming plane waves. o is an overlap coefficient that
contains the mode’s electric fields
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which are transformed into spherical coordinates by T. The 2D
nature of the roughness is captured by including both x, and S,.
The components must be adapted depending on the orientation
of the surface under consideration. They compare their estimates
with the modified PL model by Yap et al.,”®°" the Barwicz and
Haus model,”® and CMT."®® They find it showed higher accu-
racy than the (partly 2D) VCM approaches, comparable to CMT.
However, extremely high compliance as the model from
Ciminelli et al.”® could not be achieved. Nevertheless, as a
VCM approach their model is computationally efficient and large
parameter spaces may be easily computed. Exploiting this advan-
tage, they utilized their model to optimize a polarimetric and a
bimodal waveguide interferometer on a silicon nitride platform
for biosensing.["'>'*®) The dependency of the total propagation
loss, i.e., comprising scattering from all surfaces, absorption,
and radiation, on the curvature radius of a bent strip waveguide
were investigated by Hinum-Wagner et al.''”) However, even
though the issue regarding the discontinuity of the perturbation
expression was resolved, the model still approximates the radia-
tion modes of the system as the free-space modes.['**] Therefore,
further evidence is necessary to determine the quantitative error
inflicted by the VCM approach with increasing refractive index
contrast between core and cladding. Moreover, they point out
that the higher complexity of the fully 2D roughness was insuf-
ficiently investigated and experimental data is lacking. This issue
is discussed in Section 2.7. Hence, their comparison with exper-
imental values from literature investigates which correlation
length leads to most accurate predictions. The dependency on
the correlation lengths of an anisotropic exponential autocovar-
iance was analyzed. In contradiction to the assumption of vertical
striations in the previous models, a significant dependency was
observed on both parameters and even setting the y correlation
length to finite values that are larger than the waveguide height
instead of infinity are not to be neglected. Along the waveguide
length, a critical value of the z correlation length was found when
the roughness oscillates in unison with the mode. This connec-
tion was established using the Gaussian process framework. The
occurrence of a critical correlation length in a 2D slab waveguide
was explained by Zadehgol.®® By contrast, increasing the y cor-
relation length leads to higher scattering because this further
assimilates roughness and mode behavior.!'' A similar version
of the model was derived independently for modelling propaga-
tion loss in hollow-core fibers.''®!

Another problem that is difficult to treat through the VCM is
the estimation of the reflected power coupled into other guided
modes, including reflection. However, for a single-mode silicon
waveguide with square cross section, it was found that the domi-
nating contribution is the radiation loss.”® This is because the
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reflected modes have a higher difference in the propagation coef-
ficient than the radiation modes. Therefore, their coupling is
reduced.

2.1.3. Fully Numerical Methods

Entirely numerical methods to estimate the propagation loss
necessitate the modelling and simulation of the (sub-) nanometer
scale roughness features. Hence, the challenge lies in finding
appropriate adaptive or anisotropic meshes that can still be com-
puted with reasonable effort. Furthermore, the simulations need
to be fully 3D to capture the nature of the directional character-
istics and the field profiles. However, these approaches have the
advantage that nonparametric roughness values as estimated by
methods relying on the periodogram or the SAC function might
be directly integrated in future endeavors.

Jaberansary et al. model the surface roughness directly in 3D-
FDTD simulations and observe the scattering from boundary
effects.”® They generate surfaces with a 2D Gaussian autocovar-
iance function by filtering in the spectral domain. They employ
three different autocovariance functions to investigate the anisot-
ropy of the sidewall roughness and its impact: isotropic, aniso-
tropic, and a mixed composite. Compared to the PL model, they
improve accuracy to an experimentally measured value for one
low-aspect-ratio waveguide.

Zhang et al. model the surface roughness by filtering in the
spectral domain and apply the generated 2D surface to the side-
walls of a ring resonator in a 3D FDTD simulation."*” They use
an isotropic Gaussian autocovariance function. They investigate
the distortions of the mode profile depending on the correlation
length, which also leads to increasing asymmetric fields. Further,
they compare the results to the PLP model over the correlation
length. Note that owing to the used isotropic autocovariance, a
compound effect between the different characteristics of the scat-
tering loss with respect to the correlation lengths along the wave-
guide length and height arises."'* The 2D characteristics of the
roughness makes comparison with the PL model difficult, since
it assumes a 1D roughness, even with the PLP modification.
They simulate the transmission of the ring resonator to compare
the spectrum with the experimental one and find reasonable
agreement of the Q-factor, even though measurement and fit
uncertainties are not given.

Guiana and Zadehgol generate exponentially correlated 1D
surfaces and set up a 2D symmetrical slab waveguide in a
FDTD simulation that evaluates the scattering loss by monitoring
the mode’s transmission through the rough section.””! Their
estimation for the investigated SOI slab agrees with the PL
model, but the BH model deviates. They also compare measured
propagation losses from 3D SOI waveguides, but a 1:1 compari-
son is not possible.

Kita et al. utilize FDTD simulations to estimate the scattering
loss coefficient and optimize the waveguide geometry in sensing
applications.!"*” To this end, they first numerically investigate
the polarizability of the roughness, i.e., the dependency of the
imaginary current sources’ magnitude on the unperturbed field.
They find that the surface shift may be assumed flat if the corre-
lation length of the assumed Gaussian autocovariance is much
larger than the root mean square (RMS) value. They also use the
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improved perturbation from Johnson et al.**!! Second, they sim-
ulate the radiated and backscattered power caused by 1D line
sources in a 3D FDTD setup. Third, they obtain the total power
loss by averaging over the waveguide length. Because of their
approximations and their relative comparison, they are able to
completely neglect the spectral characteristics of the surface
roughness. This is the decisive difference to the method from
Ciminelli et al.”® Finally, they combine the computed loss values
with sensitivities to bulk and surface permittivity changes in a
figure of merit to assess and compare the waveguide structures.
They find that structures with low confinement lead to increased
scattering for the same reason they possess high sensitivities:
higher overlap with the perturbation. Because the limit of detec-
tion of an integrated photonic sensor ultimately depends on the
transmitted power as well, the advantages are largely negated.

2.2. Absorption

In state-of-the-art integrated photonic systems, the loss is mini-
mized by choosing and optimizing the materials carefully
through advanced fabrication techniques.'***?* In this case,
the imaginary part of the materials’ permittivity is negligible
in the simulations. Subsequently, the absorption and its attenua-
tion coefficient can be calculated using perturbation theory
because the materials may be treated as weakly absorbing,®’!
Because the modal fields’ dependency on a perturbation in
the permittivity is of second order, whereas the propagation coef-
ficient’s dependency is of first-order,!"2*?%! the attenuation coef-
ficient is calculated from the unperturbed fields. To this end, the
perturbation is included as in Equation 1, and the power attenu-
ation is calculated through an overlap integral**®!

o [
2a =% | Acty)lleley)|dxdy (15)
A

However, if there are materials with permittivities whose
imaginary part is comparable to or exceeds their real part,
e.g., metals,’?”) the attenuation needs to be computed in one
sweep with the propagation coefficient and the modal fields.

2.3. Backscattering

In a similar way to out-of-plane radiation, any permittivity per-
turbation of the ideal waveguide structure leads to a fraction
of the power in the forward propagating mode to be coupled into
the backward propagating mode, and vice versa.'*®! Regarding
the propagation loss in imperfect waveguides, it has been
observed that the contribution of backscattering is only a fraction
of the surface-roughness-induced scattering loss.'2%13"!
Nevertheless, it was argued by Morichetti et al. that the backscat-
tering may impede achieving ultralow-loss waveguides.!'*”!
However, it is commonly accepted that both backscattering
and out-of-plane scattering due to surface roughness scale with
the square of the RMS value of the surface roughness. Hence,
out-of-plane scattering will predominate over backscattering
independent of the improvement, unless the roughness’ spectral
characteristics or the modes’ propagation coefficient change in
such a way that the spectral bands contributing to the respective
scattering cause a distinct impact. However, predominating
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backscattering has not been observed to the best of our knowl-
edge. Nevertheless, backscattered light can cause additional dis-
turbances for sensitive components, such as lasers,"**** and it
can be unleashed through cavity-enhanced backscattering.!**"!
Therefore, it should not be overlooked in the design of photonic
integrated circuits.

The theoretical treatment through CMT results in a differen-
tial equation for the power in forward and backward propagating
modes.F#3%65-671 Assuming small perturbations, e.g., surface-
roughness or material defects, the system becomes weakly cou-
pled and may be further approximated by decoupling forward
and backward propagating modes, allowing for straight-forward
calculation.®#°%7 This method was applied to the problem of
surface-roughness-induced backscattering by Ladouceur and
Poladian.!'?®! Although this approach is conceptually similar to
the PL model for the estimation of surface-roughness-induced
scattering,”*”® it does not entail the restrictive approximation
of the radiation modes by the free-space modes. Morichetti
et al. abstract the bespoken model of backscattering in the slab
waveguide by discovering an equivalency with the square of the
derivative of the effective refractive index with respect to the
waveguide thickness.'”” They study the qualitative agreement
of the model by numerically fitting to values measured via optical
frequency domain reflectometry (OFDR).["*?l They obtain higher
conformity than through fitting a previously devised model for
PhC waveguides that is proportional to the mode’s group
index.”" Subsequently, Melati et al. combine this discovery with
a similar model of surface-roughness-induced scattering,”* as
already discussed in Section 2.1. They utilize the gained gener-
ality to apply their model to 3D waveguides and show qualitative
agreement with measured backscattering losses on diverse
platforms!*2%133-135 by fitting the proportionality coefficients
numerically. As was the case with the model of surface-
roughness-induced scattering, the derivative with respect to
the waveguide width corresponds to the contribution of
sidewall-roughness-induced scattering and may be extended with
an additive term containing the derivative with respect to the
waveguide height to include the top- and bottom-roughness-
induced backscattering.

Peng et al. investigated the sources of backscattering for vari-
ous straight waveguides of different geometries and materi-
als.®% They determined the backscattering through OFDR for
their fabricated waveguides and polarizations. Subsequently,
they analyze dominant backscattering source by mode overlap
calculation. They find that the backscattering in their SOI plat-
form can be explained by the overlap with the sidewall, lending
evidence to predominating sidewall-roughness-induced back-
scattering. The backscattering in their SiN platform was traced
to the combined effect of the sidewall roughness and defects
in the cladding. They explain the difference by the weaker con-
finement compared to SOI. However, they did not investigate the
roughness’ spectral characteristics of their technology. Hence,
the discrepancy could also be due to this aspect or the combined
effect due to shifted spectral bands of the roughness which con-
tribute to backscattering.

Morichetti et al. further investigated the backscattering in RR
systems."*!) Owing to cavity-enhanced backscattering, its contri-
bution is drastically increased near the resonances. They heuris-
tically correlate the backscattering averaged over a wavelength
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range of 10 FSR to the square of the group index of the RR
and observe good agreement, thereby reproducing the model
of backscattering in PhC by Hughes et al.>* In fact, backscatter-
ing is a major limitation for RRs and needs to be carefully
administered.['*¢"138

2.4. Leakage

Substrate leakage is yet another important effect contributing to
propagation loss. In principle, it may be made negligible by depo-
sition of a sufficiently thick layer between substrate and wave-
guide core, which is typically an oxide and called buried oxide
(BOX) in SOI waveguides.””*!! However, it was shown that
for waveguide platforms with weak confinement the substrate
leakage may explode and checks against such situations are,
therefore, imperative.'*”! In typical design flows, these are con-
ducted through simulations in design suites.* The impact of
geometric and material perturbations on leakage may be consid-
ered through CMT."*"!

Rib waveguides, however, feature a special case: lateral leak-
age. Because the slab section of the waveguide core additionally
accommodates a continuum of modes at angles deviating from
the waveguide axis, any power coupled to them is transported
away from the ridge, and they are therefore also called radiative.
Hence, strong coupling and the thereby incurred huge propaga-
tion loss may befall the heedlessly designed PIC consisting of rib
waveguides. This mishap occurs when the propagation coeffi-
cient of the waveguide mode matches the projected propagation
coefficients of the slab modes.!"*")

2.5. Discontinuities

Disruption in the longitudinal invariance of the waveguide cause
the unperturbed modes of both sides viewed separately to no
longer be eigenmodes of the system.? At the junction, a num-
ber of modes are excited that may be of higher-order, counter-
propagating, and radiative in any of both sides. Hence, a rigorous
treatment requires fully numerical methods."**'** However,
assuming slight discontinuities and weak perturbation allows
semianalytical evaluation exerting exclusively the unperturbed
modes in a simple overlap integral.["*>*¢!

2.6. Bend Loss

Bent waveguides accommodate modes whose field profile is
shifted outwards!'*”! and which necessarily become radia-
tive.’>1*®! The radiation in the bends may be computed through
conventional simulations with PMLs as boundaries,™*! the
BPM, !> FEM,"*Y or through considering radiating dipole sour-
ces like in VCM.!"*2153] The loss due to mode-mismatch at the
junction between straight (or curved differently) and bent modes
may be computed as explained in Section 2.5 or through confor-
mal mapping!"*® in conjunction with CMT."">* Another possibil-
ity is to use the BPM for a unified treatment of insertion and
propagation loss."** Furthermore, the modes’ dislocation leads
to increased overlap with the outer sidewall. Hence, sidewall-
roughness-induced scattering (out-of-plane and backscattering)
is increased."”!
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2.7. Surface Roughness Analysis

Looking at any herein discussed models of surface-roughness-
induced scattering and backscattering, it is evident that the char-
acteristics of the roughness is an integral and crucial aspect. In
fact, it was established that the spectral properties of the rough-
ness’ stochastic process are the determining factor and the
importance of surface roughness analysis has been pointed
out at several instances.”®12155 156 However, it did not receive
the attention its significance would merit. All works that came to
the authors’ attention and that are mentioned in the following
discussion a priori treat the autocovariance of the process gener-
ating the surface roughness as being writable as a function whose
parameters consequently fully describe both the roughness and
the resulting scattering. Therefore, the conducted analysis is
known as parametric spectral inference in the literature covering
stochastic processes. The procedure through which these param-
eters are determined is of utmost importance. Conversely, a sta-
tistically motivated and objective criterion for model selection or
parameter optimization with respect to the autocovariance’s
functional family and the corresponding parameters is lacking
in the literature. That is, the postulated autocovariance func-
tion were either exponentiall#757779-81:88.90.94.98,129,157-160]
Gaussian.**1%

Regarding the parameter estimation, the autocovariance was
often simply assumed”®*11:162] o1 it was copied from other
studies whose roughness was presumed to be similar, e.g.,
ref. [157] use values from ref. [163] which determined them
in ref. [88] and ref. [31] utilized data from ref. [164]. In other
instances, the estimation procedure is unclear>>8816158 qp ig
not detailed altogether.®2#%12% The most thorough spectral
inference typically conducted for surface roughness data was
based on the controversial variogram regression. That is, the
SAC, itself being a nonparametric estimation of the process’
autocovariance, is treated as if it were data. Usually, the proposed
autocovariance function was fit through least squares regression
(LSR)!%%-1¢%] or through an optical fit.#°! Variogram regression
also enjoys popularity in other sciences, see e.g.,!'®”) From a sta-
tistical point of view, however, estimators based on the SAC are
inefficient,"*® and it is generally advised against estimating the
autocovariance parameters through using the SAC in lieu of the
true autocovariance in estimator expressions,**” which is a nec-
essary step through which variogram regression is motivated.
The least squares estimator (LSE) acquired through LSR of
the SAC, in particular, is not justified. That is, statistical estima-
tors should in general be motivated through maximum likeli-
hood (ML) arguments,’’” and for LSR to be ML, the data
needs to be independent and identically distributed stemming
from a Gaussian distribution. While the finite sampling proper-
ties of the SAC are extremely complicated, an argument can be
made to qualify for the latter requirement in the large sample
case through its asymptotically normal quality.*”" The individual
coefficients, however, are usually highly correlated and only inde-
pendent for an entirely random process.!'”? Therefore, it is evi-
dent that the LSE should be expected to have a bias. Thus, it is
inconsistent and will not converge towards the true parameters of
the underlying process regardless of the number of data
points.!"”? Their covariances also exhibit nontrivial dependencies
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on the sum of all coefficients of the true autocovariance, and,
thus, they are not easily computed."'”* Nevertheless, while cer-
tainly ambitious, it is conceivable that the procedure could be
extended through generalization of the regression method!"””!
and modelling of the covariance structure of the SAC coeffi-
cients."”® This could also enable estimations of the parameter
estimates’ variance. However, what usually is left out of the dis-
cussion is that these arguments are brought forward for a process
with a priori known mean and may therefore set zero without loss
of generality. Since the mean function is unknown for real data,
its estimation again induces a bias in the SAC itself for finite
samples!'”*177 and invalidates the asymptotic normality for cer-
tain long-memory processes.!'”® Derivative estimates will, there-
fore, deteriorate. Furthermore, a similar effect can be expected
from a trend in the data, such as a tited AFM stage.
Moreover, two definitions for the SAC exist: a biased and an
unbiased version. While the biased version is generally preferred
due to, inter alia, its lower variance,'”"'””) for regression pur-
poses, it is obviously preferable to utilize the unbiased definition.
That all being said, in practice, variogram regression appears to
just work and little differences were observed for real data”®!
and especially for large sample sizes.'®® Optically fitting the
SAC, however, should be avoided since visually small differences
in the SAC can lead to larger gaps in the spectral domain.!'”"!

Treacherously, however, the lack of an objective decision cri-
terion holds the danger of falling victim to circular reasoning. In
several instances, the roughness was not directly measured from
samples fabricated in the corresponding process but was
assumed or fit such that the subsequently utilized model satisfy-
ingly reproduces the measured propagation losses. In itself, this
is not an issue at all, as it allows to investigate the qualitative
behavior of the model and its dependencies on parameters.
However, in some subsequent works, those instances were used
to argue in favor of the applied models, most often the PL
model.”® However, these all are subject to the herein discussed
approximations and limitations. Similarly, it is certainly worth to
investigate whether simple, efficient models may be applied to
those systems, whose complexity surpasses the underlying
approximations, through further assumptions or abstractions
in order to bring estimation and measurement closer.
Nevertheless, extreme care must be taken not to evoke a self-
fulfilling prophecy. To this end, reliable error estimates of the
model used and thorough uncertainty analyses of the underlying
measurement data or derivative parameters should be carried out
to a greater extent.

Hence, it is evident that the spectral analysis is in dire need of
renewed attention. One straight-forward improvement is to
transform into the spectral domain and consider the periodo-
gram instead of the SAC. The reason is that the periodogram
is distributed like a y2-distribution (2 degrees of freedom)
with constant variance for the nonzero frequencies and like a
x3-distribution (1 degree of freedom) for the 0 ordinate.'”217”]
Additionally, the periodogram ordinates are asymptotically
uncorrelated."””) Hence, statistically consistent regression is
plausible in the large sample case.'*'®"] However, when the
sample mean is subtracted from the data, the y2-distribution
ceases to be valid for the 0 frequency ordinate, since it becomes
identically 0."””) Another option is to directly maximize the
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process’ likelihood function to obtain the parameter estimates.
With the assumption of a Gaussian process, the likelihood func-
tion may be directly computed. However, this procedure scales
with O(n?) complexity.'®”! For typical roughness measurement
data it is, thus, unsuitable. Instead, quasi-likelihood methods are
usually used for the parameter estimation.["**! Prominently, the
Whittle likelihood has a complexity of O(nlog(n)) and is extend-
able to higher dimensional and missing data."**'®5! Finally,
hypothesis testing and model selection can be based upon the
Whittle likelihood,*#¢*#8 which promises to usher in objective
model selection and parameter estimation that includes uncer-
tainty analysis.

2.8. Case Studies and Design Guidelines

After visiting the individual contributions to the propagation loss
and the respective models the question remains: How does the
waveguide geometry and the refractive index contrast generally
impact the propagation loss? This question is most relevant to
designers of the PIC, who focus on choosing a certain geometry
conformal to the requirements of the selected foundry. And yet,
the number of relevant parameters is too high and most of them
are too intertwined to give independent and meaningful scaling
laws. The only exceptions are the parameters that are usually
small and treated as perturbations in the (semi-)analytical mod-
els. Regarding surface-roughness-induced scattering, this is the
RMS value of the surface roughness whose square linearly scales
the contribution to the propagation loss. In Equation 13 this rela-
tionship is enclosed in S,K,, i.e., the roughness’ spectral prop-
erties. Regarding absorption, the imaginary part of the
permittivity of the waveguide materials linearly increases the
absorption loss according to Equation 15. On the other hand,
the light’s frequency w (or, equivalently, the wavelength) is an
important parameter, and prefactors are present both in the
expressions for scattering and absorption. However, a second
dependency of the electric fields of the mode on w is somewhat
hidden and a combined scaling law is currently not available.

To derive an answer in spite of these issues, we compute the
propagation loss of two representative strip waveguide systems in
a perturbative treatment. This method relies on the electric fields
of the mode computed in a simulation suite, the complex permit-
tivity of the materials used, and the spectral characteristics of the
roughness at the material interfaces. The modes are computed in
Ansys Lumerical (version: 2022 R2, module: MODE, solver:
Finite-Difference Eigenmode (FDE)). The material properties
were set with a vanishing imaginary part of the permittivity, such
that the loss computed by the FDE solver directly represents radi-
ative losses with the interaction of the PML boundaries. The
surface-roughness-induced scattering is computed via the
VCM model devised by Hormann et al.'**! If an assessment over
a range of frequencies is of interest, this procedure may be read-
ily repeated with the appropriate parameters.

2.8.1. Silicon on Insulator (SOI)

First, we examine a SOI waveguide platform for the operation at
the standard telecom wavelength of 1550 nm. It consists of a
high-density-plasma (HDP) silicon oxide substrate, a silicon strip
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waveguide, and a sputtered silicon oxide cladding. The complex
refractive indices of the materials are listed in Table 2.
Concerning the surface roughness, only the sidewalls were mod-
eled, which is typically the dominating contribution. The expo-
nential kernel and its variance and correlation length in the
waveguide axis were adopted from the estimation based on
AFM measurements conducted by Horikawa et al.®*: 1 nm?
and 20 nm. The correlation length in the waveguide height axis
was not based on measurements and instead inferred for an
exponential kernel to best fit the measured propagation loss,
resulting in 220 nm."** The roughness on both sidewalls was
assumed to be uncorrelated. The resulting sidewall-roughness-
induced scattering and radiation losses of single-mode platforms
of either TE or TM polarization are plotted in Figure 4. It is appar-
ent that high and narrow waveguides lead to high scattering.
Fixing the waveguide height, the scattering generally decreases
with increasing width as the confinement is increased.
Contrasting TE and TM polarizations, the well-known fact is
reproduced that the TM polarization features reduced scattering.
The explanation for these observations can be found in the
higher overlap with the sidewalls in these configurations.
When comparing these estimations with the BH model,”>) we
obtain overall lower losses. Especially for the TM polarization
the maximum value is decreased by a significant amount. The
difference in the modeled correlation lengths (50 nm was used
in”)) partly explains this alteration. Nevertheless, both models
agree in a qualitative sense and the general impact of the wave-
guide geometry is similar. However, the question arises: How
certain can the applicant of a certain chosen model be about
the estimation? Strictly speaking, prudent error estimation via,
e.g., a suitable series expansion of the models under consider-
ation should be conducted to provide a quantitative answer.
However, such an analysis is currently not available. Therefore,
the underlying assumptions elaborated in Section 2.1 of these
models may induce inaccuracies of varying magnitude, and this
certainly contributes to the discrepancy observed above. A com-
monality of the models that do not compute the true radiation
modes is that the smaller the waveguides and the higher the
refractive index contrast the more errors are incurred.®
Hence, future research on the topic of error estimation is encour-
aged to equip the modeling of surface-roughness-induced scat-
tering with more confidence.

For all but the smallest waveguides, the radiation loss is neg-
ligible. Yet, in the cases where the radiation loss is high, a large
interaction with the simulation boundaries causes the estimated
loss. In these instances, the nonzero fields of the barely guided

Table 2. Complex refractive index of the SOI platform at a wavelength of
1550 nm: the real part of the refractive index n, its imaginary part (the
extinction coefficient) k. The refractive indices of the silicon oxides
were determined through ellipsometry.'"’”) The refractive index of the
silicon material was taken from literature.”'®

Section Material n k
Core Silicon 3.476 0
Cladding Sputtered silicon oxide 1.477 1.461 x 10714
Substrate HDP silicon oxide 1.451 1.164 x 10714
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Figure 4. Modeled sidewall-roughness-induced scattering and radiation loss in a SOI single-mode waveguide platform operated at 1550 nm. The scattering
in a,b) is determined from the modes’ field profiles in a perturbative calculation based on."" The radiation loss in c,d) is taken directly from Lumerical.

modes at large distances can interact with the substrate, other
waveguides, or metals in the vicinity, leading to leakage, cross
coupling, or absorption. Hence, checks against leakage and other
coupling losses are imperative, especially for small platforms.
From the extinction coefficient of the materials, it can be deduced
that the absorption is negligible for this platform. This is a com-
monly used assumption for SOI platforms and reproduced in
this instance. Attenuation values due to absorption loss (com-
puted in the same manner as in Section 2.8.2) remain in the
order of 1 x 107°dBcm™".

2.8.2. Silicon Nitride

Second, a CMOS-foundry-sourced silicon nitride waveguide plat-
form is considered."® Silicon nitride has the advantage that
wavelengths down to the visible spectrum are available.’”!
Attractive applications include biosensors, since wavelengths
in the therapeutic window may be targeted.'?®!!
Accordingly, we set the wavelength to 850nm. The cladding
and substrate remain sputtered silicon oxide and HDP silicon
oxide, respectively. The material parameters of operation were
measured via ellipsometry, and the results at the wavelength
are tabulated in Table 3. To estimate the scattering loss, all wave-
guide interfaces were considered. The radiation loss was com-
puted as before. However, absorption loss is non-negligible
for this platform because of the relatively large extinction
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Table 3. Complex refractive index of the silicon nitride platform at a
wavelength of 850nm: the real part of the refractive index n, its
imaginary part (the extinction coefficient) k. The refractive indices of
silicon nitride and the silicon oxides were determined through
ellipsometry.l""’)

Section Material n k

Core Silicon nitride 1.989 1.204 x 107°
Cladding Sputtered silicon oxide 1.481 7.609 x 10713
Substrate HDP silicon oxide 1.454 2257 x 10713

coefficient of the silicon nitride core. To account for this contri-
bution, the sensitivity to perturbations of the core is computed in
the respective materials and multiplied with the imaginary part
of the permittivity, i.e., as in Equation 15. This approach provides
a unified perturbative treatment of both surface-roughness-
induced scattering and absorption. The spectral properties of
the surface roughness were inferred from 2D AFM measure-
ments via spectral analysis based on the Whittle likelihood anal-
ogous to ref. [115]. To this end, the roughness’ autocovariance
was parametrized by a separable, anisotropic autocovariance
function featuring an exponential kernel in the transverse axis,
and a Matérn (v = 3/2) kernel in the longitudinal axis. The
resulting spectral parameters are tabulated in Table 4. They
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Table 4. Spectral parameters of the roughness of the waveguide's surfaces
inferred from atomic force microscopy!''”! based on maximizing the
Whittle likelihood."" v is the variance, and I}, 1, are the transverse and
longitudinal correlation lengths, respectively.

Surface v in nm? I, in nm I, nm

Sidewall 12 2600 170

Top 0.1 1 7
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indicate that the sidewall-roughness-induced scattering is domi-
nating because of its exceeding magnitude. The estimations of
the contributions to the scattering loss are depicted in
Figure 5. Overall, the surface-roughness-induced scattering dom-
inates, except again for the weakly guided platforms with small
geometries and high radiation loss. Qualitatively, the maximum
of the scattering loss occurs again at high and narrow waveguides
whose modes have a high overlap with the sidewalls. However,
for applications that depend critically on the propagation loss val-
ues, absorption can no longer be neglected. What is more, the
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Figure 5. Modeled contributions to the propagation loss in a silicon nitride, single-mode platform operated at 850 nm. a,b) The scattering in a) and
b) and c,d) the absorption in c) and d) are determined from the modes’ field profiles and the underlying ellipsometry and AFM measurements in a
perturbative calculation. e,f) The radiation loss in €) and f) is taken directly from Lumerical. (a,c,e) The left column depicts the estimations for the TEO
mode and (b,d,f) the right column the ones for the TMO mode.
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contribution of the absorption does not vanish as fast as the scat-
tering’s for wide waveguides, leading to a convergence of the total
propagation loss w.r.t. the width. Including the absorption for the
purpose of explaining, this effect was previously found to be nec-
essary to achieve quantitative agreement with measured propa-
gation loss."”) When considering this compound effect in
comparison to the application of the PL model on a similar plat-
form!*®? and the good quantitative agreement in both instances,
this indicates that further care should be taken to carefully dissect
and distinguish the individual contributions to the propagation
loss. Depending on the material platform and the specific
foundry at hand, the magnitudes of surface-roughness-induced
scattering and the absorption may vary.

2.8.3. Design Guidelines

Reflecting on the above case studies, we derive general design
guidelines for the PIC designer to achieve low propagation loss
in their waveguides. 1) Increase overall waveguide size and, if
possible, width. By increasing the size of the waveguide, mode
confinement can be increased and overlap with sidewall rough-
ness can be avoided. Sidewalls typically are the main contributor
to the surface-roughness-induced scattering in strip waveguide
systems and to the total propagation loss. More complex surface
roughness may occur for different waveguide geometries, such
as rib waveguides, and more involved approaches may be called
for. Too wide waveguides may incur increased bend losses,!*”!
creating the need for larger bend radii or, e.g., Euler bends.["** If
single-mode operation is a requirement, the waveguide cannot be
made wide enough at large heights to achieve low scattering,
indicating a benefit of lower and wider waveguides. On the other
hand, larger multimode waveguides feature higher confinement
and lower scattering. Simultaneously, they can be engineered to
feature low-crosstalk with only a moderate increase in footprint,
even considering bends.'** 2) Use TM polarization. Modes of
TM polarization avoid electric field side-lobes located near/at
the sidewalls, further decreasing overlap with these rough surfa-
ces. Consider that for typical waveguide geometries with larger
width than height which feature a mode of TM polarization usu-
ally also allow one or more modes of TE polarization. This poten-
tially requires additional polarization management. 3) Check
against absorption. Checking the contribution of the absorption
is important, especially if a waveguide geometry with low scatter-
ing was achieved. 4) Check against leakage. Too low confinement
may lead to substrate leakage, cross coupling to nearby wave-
guides, or absorption at metal structures.

2.8.4. Material Platforms

In this section, we considered as case studies the waveguides
made in SOI and SiN. waveguides made using III-V semicon-
ductors are well established and their propagation loss, which is
typically high, can be reduced to 0.45 dB cm™"."**! Beyond SOI,
SiN and III-V, several emerging platforms merit attention: chal-
cogenide rib guides already achieve 0.3 to 0.5 dB cm ™" loss in the
2 to 5 pm band;"**'?”) hot-embossed polymer waveguides report
0.1dB cm ™" at 850 nm;["*® graphene or graphene-oxide overlays
add active and nonlinear functionality with absorption
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coefficients of ~0.2 dB pm ™ on silicon cores;[199:200] plasmonic

silver stripes can confine light below the diffraction limit while
keeping losses below 1dBcm™*°" and thin-film LNOI now
combines 0.37 dB cm ™" propagation with large Pockels modula-
tion efficiency.[

3. Experimental Section

Experimental techniques for estimating the propagation loss in
microphotonic waveguides encompass a wide range of methods,
each with its unique advantages and critical aspects. The meth-
odologies range from straightforward approaches to advanced
techniques. They include the most accurate reflectometry-based
methods, commonly used standard methods such as the cut-back
technique, scattered light measurement, and the Fabry—Perot
resonance method, as well as more sophisticated methods that
rely on ring resonators or interferometer-based setups. The
methods described here are intended mainly for single-mode
waveguides, but some of them can be adapted to multimode
waveguides exiting a specific mode using prism couplers.?%*

Reflectometry, particularly OFDR,?** is well-known for its
precision in characterizing waveguides. OFDR provides an accu-
rate view of the waveguide by analyzing the backscattered light,
revealing details such as propagation loss, scattering centers,
group delay, and chromatic dispersion with remarkable accuracy.
This method stands out for its comprehensive results, though it
demands sophisticated instrumentation and an in-depth under-
standing of optical phenomena. Optical reflectometry allows for
the measurement of the intensity of the optical power that is
reflected back from a specific propagation distance, dy, within
a waveguide. Given a waveguide that is uniform and does not
change in the direction of propagation, the power backscattered
from the waveguide cross section at the propagation distance d,
is directly proportional to the propagating optical power at dy. By
measuring the amplitude of the return loss, the propagation loss
can be computed. In fact, the waveguide’s propagation loss can
be determined by dividing the slope of the return loss depen-
dence on the distance in half.

OFDR utilizes the Fourier transform to derive time domain
return loss statistics from frequency domain data. The spatial
domain is thereafter determined by the group index of the prop-
agating mode. This technique has been employed to analyze an
extremely low loss strip waveguide in Si3N, technology with
width=2.8pm and thickness in the range from 80 to
100 nm.”*”! Figure 6 illustrates the measurement of the reflec-
tometry for a 6-meter-long spiraling waveguide. The inset dis-
plays a linear regression analysis applied to the diminishing
return loss amplitude data, which is utilized to determine the
propagation loss, which ranges from 3 to 5dBm ' depending
on the thickness value. The estimated uncertainty in this mea-
surement is a mere 0.01dBm™".

The method relying on arrayed waveguide gratings (AWGs)
represents a niche yet insightful approach,®” based on the dif-
ferential loss analysis of arrayed waveguide structures. It distin-
guishes itself by its independence from coupling efficiencies,
focusing on the loss characteristics intrinsic to the waveguide
paths themselves. The main drawback of this approach is related
to the relatively large footprint of the AWG-based test structure,
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Figure 6. OFDR technique applied to optical characterization of 6 meters
of spiraled waveguide in SizN, technology. The inset shows how propa-
gation loss is extracted by linear fitting the decreasing return loss ampli-
tude. Reproduced with permission.?”? Copyright 2011, Optical Society of
America.

which is of the order of 1cm? for standard silicon waveguides,
and the complexity of the measurement setup.

With the above-mentioned methodologies outlined, we delve
into the specifics of standard approaches and those considered as
advanced harnessing the potential of ring resonators and inter-
ferometers, illustrating the techniques at our disposal for prob-
ing the waveguide propagation loss.

3.1. Standard Methods

The cut-back method?*®! relies on comparing the transmission
through progressively shorter waveguide lengths, offering a
straightforward measure of propagation loss. Ultimately, the
length dependency is fit to obtain the loss coefficient. Its simplic-
ity belies the meticulous attention required to ensure consistent
coupling conditions, which presents a significant challenge for
experimental setups in the real-world and the method’s main
shortcoming. Specifically, the steps for implementing the cut-
back method are as follows: 1) the transmission T, which is
the ratio of the output power P, to the input power Pj,, is mea-
sured for each waveguide of length L; 2) the experimental data is
displayed in a T vs. L format (see Figure 7); and 3) the propaga-
tion loss is determined by calculating the slope of the best linear
fit of the experimental data.

The most challenging aspect of this methodology is to pre-
cisely and consistently measure the transmission T. A widely
used approach involves quantifying the power at the detector
and subsequently dividing it by the power output by the laser
diode. Nevertheless, the process of connecting a cleaved facet
with a lensed fiber is highly sensitive and prone to variation
between different waveguides. Moreover, fluctuations in tem-
perature or other external variables could impact the total
transmission.
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Figure 7. Typical T vs. L plot. The propagation loss is extracted from the
slope of the linear fit of experimental data.

For measuring the propagation loss of waveguides down
to the order of 1dBm ™', several spiral waveguides of
different length are required. As an example, Figure 8 displays
two chips that have been manufactured specifically for the
purpose of evaluating the propagation loss of a conventional
strip silicon waveguide.**® The footprint is ~0.3 mm? for both
the chips.

The cut-back method can be considered as a basic technique
for detecting propagation loss values that are on the scale of a few
dBcm ™. However, achieving satisfying accuracy necessitates
the use of multiple lengthy spirals, which occupy a significant
amount of space, roughly 0.5 mm? for standard silicon wave-
guides. Furthermore, in order to precisely quantify very low prop-
agation loss values, the waveguides’ lengths should be extended
even further to distinguish the slight disparities in their trans-
missions. Consequently, this approach becomes unfeasible for
measuring waveguides with ultralow propagation losses.

335 um

400 um

'

830 pm

'Aﬂ

630 um

AH

Figure 8. Examples of silicon photonics chips for measuring on-chip
waveguide loss by the cut-back method: (left) rectangular spirals; (right)
Archimedean spirals. Reproduced with permission.?°? Copyright 2020,
Optical Society of America.
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In scattered light measurement,**”) the measure refers to light
that escapes the waveguide normal to the chip and can be
detected by a scanning fiber or through imaging on a detector
array. Particularly effective for higher-loss materials and guiding
structures, its utility fades as waveguide quality improves, reflect-
ing its role in the initial stages of waveguide development.
Optical fibers have the capability to gather dispersed light from
the surface of a waveguide and can be moved across the surface
in a scanning motion. Alternatively, one can create a complete
image of the entire surface and then determine the decay of dis-
persed light correspondingly. The scattering of light is measur-
able only when there is a high level of loss in the waveguide and a
relatively high power is being transmitted through it. In numer-
ous scenarios, neither option is preferable, and as a result, this
approach is typically employed for preliminary investigations of
waveguides, particularly when there are significant losses.
However, it is abandoned in favor of alternative ways after the
waveguide has been optimized.

The Fabry—Perot resonance method,*® treating the wave-
guide as a resonant cavity, leverages the interference patterns cre-
ated by light reflections within the waveguide. It offers a
multifaceted view, sensitive to both the material and geometric
aspects of the waveguide, enriching our understanding of wave-
guide behavior. An optical waveguide with polished or etched
endfaces bears a resemblance in structure to the cavity of a laser.
Light travels through the waveguide and can bounce off either
end, depending on the refractive index of the waveguide material
and the surrounding medium (usually air). As a result, the wave-
guide can be seen as a resonant cavity, where the waves reflect
multiple times as they move along the waveguide and return.
A cavity of this nature is referred to as a Fabry—Perot cavity.

The propagation loss, measured in cm™! or m~!, can be cal-
culated using the following formula

1/2 _ 1
a=—L" ln(R‘lplzi) (16)
P2 +1

R represents the reflectivity of the facet, L is the length of the
waveguide (measured in centimeters or meters), and p repre-
sents the ratio of the highest intensity to the minimum intensity
in the spectral response of the Fabry—Perot cavity. Figure 9 shows
the calculated spectral response for a Fabry-Perot cavity with
R =10.31, the typical value for silicon waveguides, L =1cm,
and propagation loss = 1 dB cm ™. In the experiments, the prop-
agation loss can be easily measured by estimating p for the spec-
tral response and R by calculations. However, obtaining an
accurate value for R can be challenging, as the facets may be tilted
by an unknown amount or exhibit spurious roughness. These
imperfections can lead to significant deviations between the cal-
culated and actual values of R, potentially resulting in an overly
optimistic estimation of the waveguide loss.

A Fabry-Perot experimental investigation can provide supple-
mentary information. If the waveguide is multimode, the pres-
ence of additional interference results in distortion of the
response. This distortion provides information on the wave-
guide’s mode characteristics, indicating whether it is single-
mode, slightly multimode, or highly multimode.

In order to obtain precise measurements of waveguide propa-
gation loss using the Fabry—Perot method, it is important to have
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Figure 9. Spectral response of a Fabry—Perot cavity formed by a typical
single-mode silicon waveguide.

a significant difference in fringe intensity to minimize uncer-
tainty. Additionally, the round-trip loss of the waveguide should
be similar to or greater than the loss caused by reflection at the
end of the waveguide.

3.2. Advanced Experimental Approaches

As already mentioned, techniques that leverage the principles of
ring resonators and interferometry have emerged as promising
advanced tools in accurate characterization of propagation loss.
The principle that guides all the methods based on ring resona-
tors is the identification of specific ranges of bending radii where
the impact of bending loss is minimized, if not entirely negated.
For all waveguides, there exists a radius value such that for radius
values larger than that cut-off values the bending loss is negligi-
ble. This characteristic is particularly pronounced in waveguides
with high index-contrasts, such as those fabricated from silicon
strips, where resonators with a radius exceeding a few ym or a
few tens of pm exhibit negligible bending loss. The initial
endeavors to quantify propagation loss through ring resonators
introduced a formula that, while not universally applicable, laid
the groundwork for further methodological advancements.
These subsequent developments have embraced a more compre-
hensive approach, often incorporating multiple resonators to
refine the accuracy of propagation loss measurements.

This first formula?*®**% is intended for a resonator coupled to
just one bus waveguide and relates the propagation loss in cm™
or m~! to the ring resonator finesse F, the ring radius R, and the
minimum T, in the normalized spectral response of the reso-
nant cavity

a=[FR(1+y)]™! (17)

where the parameter y is given by the smaller of the two solutions
for y in the following equation

14 T2

Ty i
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An alternative approach again based on ring resonators
exploits the Q-factor, a metric that quantifies the energy retention
capability of the resonator, influenced by cavity loss including
those due to external coupling. The Q-factor of an optical reso-
nator is limited by loss, part of which can result from coupling to
the external world, i.e., bus waveguide(s). The intrinsic Q-factor
Qi 18 the value which results without considering the men-
tioned coupling; this is higher than the loaded Q-factor obtained
accounting also the coupling. The optical characterization of ring
resonators allows for the measurement of only the loaded
Q-factor. The propagation loss of the waveguide, assuming neg-
ligible bending loss, is related to Q;,,, according to the formula

_ 27ng (19)
/IQint

where n, is the group index of the propagating mode, which can

a

be accurately estimated from numerical simulations only if the
waveguide cross section is well-characterized, and 1 is the reso-
nator’s operating wavelength. If the ring resonator is weakly cou-
pled to the bus waveguide(s), Q;, is very close to the loaded
Q-factor, the only measurable quantity. In this condition, the
propagation loss can be extracted by the experimental measure-
ment of the loaded Q-factor. From a practical point of view, a few
ring resonators with different gap values and consequently dif-
ferent coupling strength can be manufactured on the same chip.
The ring with the weakest coupling can be selected for the prop-
agation loss estimation, if the Q-factor of that ring can be mea-
sured with a good accuracy.”’” In the given arrangement
depicted in Figure 10, the leftmost ring exhibits the least amount
of coupling, resulting in the lowest transmission at the drop-port
and the lowest loss at the through-port when the resonance
occurs. Subsequent rings have ever stronger coupling. If the left-
most ring displays a signal level of sufficient magnitude in the
drop port to accurately detect a resonance, it can be utilized for

000
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the purpose of measuring loss. If the signal strength in the drop
port is insufficient to resolve a resonance, the propagation loss
will be approximated using the second ring from the left.

This approach offers a reliable and cautious assessment of the
propagation loss. However, it necessitates the manufacturing of
several resonators with distinct coupling circumstances and
bus-ring gap values. Several techniques utilizing a single ring res-
onator can be found in the literature. A loss-extraction model
based on linear regression was presented and experimentally
proven in ref. [212]. This model can be applied to all-pass rings
as well as symmetrically and asymmetrically coupled add-drop
rings. This model was developed by converting the transmission
spectra of a ring into linear relationships, allowing for a linear
regression analysis to improve the accuracy of loss measurement.
The method was used to estimate the propagation loss of a strip
waveguide. The achieved measurement uncertainty exceeds 30%.

Recently, a methodology based on a single ring resonator with
a tunable bus/ring coupler was conceived and experimentally
studied.? This approach allows for the differentiation between
waveguide propagation loss and coupling effects by adjusting the
power coupling to the microring and assessing its through-port
transmission at varying coupling conditions. This technique is
beneficial as it is not sensitive to fiber-chip coupling/alignment
errors and does not necessitate expensive equipment for phase
response measurements. The algorithm for estimating the prop-
agation loss involves using a tunable coupler within the micror-
ing resonator, which is an MZI with a two-point coupling
scheme. The coupling is tuned by modifying the phase of the
light with a heater above one of the MZI arms, thus varying
the output power from the coupler to the ring. By measuring
the microring’s through-port transmission spectrum at different
heater powers, the coupling and propagation losses can be dis-
tinguished and quantified. Experimental validation of this
method was conducted by fabricating microring resonators with
a thermally tunable coupler (see Figure 11). The waveguide is a

O

— Through port

}-» Drop ports

Figure 10. Example of a test structure for measuring the propagation loss using several ring resonators with different coupling conditions with the bus

waveguides.
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Figure 11. Silicon photonics coupling-tunable microring resonators. The waveguide width varies from 400 to 600 nm in steps of 50 nm. The inset shows a
zoomed-in view of a single resonator. Reproduced with permission.?° Copyright 2020, Optical Society of America.
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silicon strip having core widths ranging from 400 nm to 600 nm.
The optical resonance spectra were measured under various
heater biases and consequently with various coupling conditions.
The propagation losses were then extracted using the developed
algorithm, demonstrating the effectiveness of this approach in
accurately determining waveguide losses. In particular, the
archived measurement uncertainty is at least one order of mag-
nitude less than the measured propagation loss ranging from 3.1
to 1.3dBcm ™", depending on the waveguide width.

Complementing the ring resonator methodologies,
interferometer-based approaches, particularly those utilizing
Mach-Zehnder interferometers (MZIs), offer a distinct approach
for the characterization of waveguide losses. A very interesting
method uses an unbalanced MZI formed by two 2 x 2 couplers
connected to each other by two waveguide arms with different
path lengths (see Figure 12).2'%

The first step in propagation loss estimation is the experimen-
tal measure of the spectral dependence of the optical power at
port 3 and 4 when light is launched in port 1 and 2: Ry3, Ry,
Ry3, Ry (all dependent on the wavelength). For each of these
spectral responses, the extinction ratios are estimated, e.g.,
Ry3 = P /PW. The authors derived a quite simple equation
relating the propagation loss a to the ratios R;3, Ry, Ry3, and
Ry4. The method was applied to the experimental estimation
of the propagation loss of a Si3 N, strip waveguide. The measured
wavelength dependence of Ry3, Ry, Ry3, and Ry, is shown in
Figure 13. Using those spectra, the ratios were computed and
the propagation loss was estimated to be equal to
0.25dBcm ', The authors verified that the propagation loss
measured with their method is very close to the one measured
using OFDR (mismatch =2%), thereby validating the MZI-
based method’s utility in the accurate measurement of wave-
guide propagation loss. Finally, we note that uncertainty in some
of the above-mentioned methods for propagation loss estimation
is ultimately limited by a few well-documented error sources.
Bauters et al. demonstrated that OFDR exhibits an uncertainty
of 0.4dB m™" in estimating the propagation loss in ultralow-loss
Si;N, spirals.’”) For conventional cut-back, the dominant error
term is the coupling repeatability; Vlasov et al. quantified
facet-to-facet fluctuations that propagate to an uncertainty of
~10dBm ' in high-index-contrast Si-on-insulator wave-
guides.' Resonant methods inherently average over many
round trips; Feuchter et al. reported that, for a Fabry—Perot cavity

arm #1
- )
1 3
z_f?\ /—u
. J
| arm#2

2x2 coupler

Figure 12. Unbalanced MZ| for measuring propagation loss. Reproduced
with permission.?"®! Copyright 2016, IEEE.
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Figure 13. Wavelength-dependent power measured at the four ports of the
unbalanced MZI. Reproduced with permission.”'®! Copyright 2016, IEEE.

with high-quality end-facets, the residual uncertainty is an order
of magnitude lower (1dBm "'},

4. Conclusion

The accurate estimation of propagation loss in microphotonic
waveguides has been significantly advanced by numerical meth-
ods. These methods offer remarkable accuracy, with relative
errors compared to measured propagation loss often below
5%. This level of precision is particularly beneficial for optimiz-
ing the performance of PICs. Furthermore, the numerical
approaches allow to model and dissect the different contributions
to propagation loss: surface-roughness-induced scattering (both
out-of-lane scattering and backscattering), material absorption,
leakage. For waveguiding elements such as bends and disconti-
nuities, radiation and coupling loss must be taken into consid-
eration. However, the mentioned numerical techniques require
highly detailed and precise physical measurements, such as sur-
face roughness profiles, to ensure accuracy. To that end, it must
be taken care to infer only from measurements of the actual
waveguide platform one is interested in. Characteristics of seem-
ingly similar fabrication processes might carry over only in a lim-
ited manner. Furthermore, the inability to account for small
variations in waveguide characteristics may still introduce dis-
crepancies between predicted and actual losses.

While in any particular waveguide platform the importance of
the individual contributions to the propagation loss may shift, the
surface-roughness-induced scattering was identified as the
dominant loss mechanism in a large majority of studies.
Unfortunately, it is also the most complex one, largely because
of the difficulty of handling the radiation modes. As such, mul-
tiple approaches and individual models are available and choos-
ing is a matter of striking a balance between accuracy, time and
effort, and simplicity. The investigated models are summarized
in Table 1. The goal of the (semi-)analytical models is to provide
expressions that solely contain the modes of the unperturbed,
i.e., perfectly smooth, system. The strength of the perturbation
is a delicate manner because of the discontinuities of the electric
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fields at the interfaces and using a well-defined expression
should be emphasized, as proposed by Johnson et al.l®¥ Such
a perturbation is often utilized in mode solvers to speed up con-
version. Subsequently, models relying on modes from these
suites are also continuous.

The simplest models of surface-roughness-induced scattering
rely on perturbation theory and the VCM and heavily simplify
both guided and radiation modes by assuming a slab waveguide
geometry to give explicit expressions. The most prominent one
was devised by Payne and Lacey.”® Semianalytical models take
the guided modal fields in 3D waveguides into consideration.
They further approximate the radiation modes to varying
degrees. Barwicz and Haus improve the treatment of the radia-
tion modes of a slab waveguide and propose to extend their
model to 3D waveguides by means of the effective refractive
index method.”®! Poulton et al. apply CMT to numerically com-
pute both guided and radiation modes in 3D waveguides accu-
rately.®® Ciminelli et al. rely on VCM to approximate the
radiation modes while including the guided mode’s field pro-
file.'*¥ They extend it to incorporate radiation through 3D FE
simulations and achieve highly precise estimations.”!
Hormann et al. include the 2D characteristics of the surface
roughness for the first time in a VCM approach.!"'* These stud-
ies on (semi-)analytical models do not provide expressions to
compute error estimation. Therefore, a measure of the accuracy
of these model is not obtainable, aside from case-wise compari-
son with measured propagation loss. Hence, the accuracy of the
models from Table 1 cannot be generally stated. However, the
field would greatly benefit from quantified assessments that
enable the comparison of the individual models . Further, it
would be important to trace the uncertainties in the estimation
back to the uncertainties of the parameters, especially in instan-
ces where the measured propagation loss deviates in order to
adapt the modeling.

Fully numerical models completely resolve the partly sub-
nanometer scale of the surface roughness and evaluate the scat-
tering directly from the simulation. Jaberansary et al.** and
Zhang et al.''”! model the 2D characteristics of the surface
roughness and evaluate the scattered power through 3D
FDTD simulations, which provide good agreement with mea-
sured values. Kita et al. similarly simulate advanced waveguide
geometries with low confinement intended for sensing applica-
tions to determine whether they provide an advantage, consider-
ing the increased propagation losses they incur.*"!

Material absorption may be an important contributor to the
propagation loss and such cases should be screened against.
For weakly absorbing material, the corresponding loss may be
evaluated through a simple overlap integral Equation 15. If met-
als or other materials with a high imaginary value in permittivity
are present in the waveguide platform with a non-negligible over-
lap in the electric field, the loss estimation must be conducted
within the mode simulation.

Simple scaling laws are not easily obtained owing to the high
dimensionality of the parameter space and the inability to factor
out subspaces. The exception are the perturbation parameters in
the respective models. Regarding surface-roughness-induced
scattering that is the RMS of the surface roughness profile whose
square (the variance) linearly scales the scattering. For absorption
that is the imaginary permittivity of the materials. Another
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important parameter is the wavelength which is present in the
models for both scattering and absorption in a prefactor.
However, a second dependency through the electric field profile
is not explicitly apparent. Combined scaling laws considering
both impacts are not available but could conceivably be obtained
through perturbation theory. Further, the (spatially) spectral
characteristics of the surface roughness carry yet more impactful
parameters in the form of the correlation length(s) and the func-
tional form of the autocovariance. Up to recently, it was usually
assumed that the sidewall roughness are perfect vertical stria-
tions and that the remaining autocovariance in the waveguide’s
propagation axis is of exponential form. It was explained in
Section 2.7 that there is evidence suggesting that this is not
always the case. Moreover, a robust, statistically motivated pro-
cedure to determine the 2D spectral characteristics, including
the functional family and its parameters, based on measure-
ments is currently not available. Further, the first model consid-
ering the surface roughness as 2D within VCM brought to
light that even slight deviations from perfect striations signifi-
cantly impacts the scattering loss. In fact, lowering the correla-
tion length along the waveguide height axis reduces the incurred
scattering. By contrast, there is a critical value for the correlation
length in the waveguide axis that results in maximum
scattering.®%!14

Two case studies are conducted in Section 2.8 with the goal of
finding behaviors common to these widely used material plat-
forms. The methodology relies on a perturbative approach for
all of the loss contributions and uses the VCM model by
Hérmann et al. for the surface-roughness-induced scatter-
ing.”“] First, a SOI platform operated at 1550 nm, and, second,
a silicon nitride platform operated at 850 nm are analyzed.
Based on these discussions design guidelines are formulated
in Section 2.8.3.

Experimental methods, such as the cut-back method, interfer-
ometric approaches, and OFDR, while less complex and faster to
implement, offer limited insight into the physical origins of
propagation loss. These methods are primarily focused on pro-
viding direct measurements of loss without delving into the spe-
cific contributions from different sources, such as scattering or
material absorption. However, for practical applications, espe-
cially when rapid prototyping and testing of waveguides are
required, experimental methods remain indispensable. They
allow for the quick estimation of losses in fabricated waveguides
and for the eventual qualification in a foundry setting. Thus, they
enable engineers to evaluate waveguide performance in real-
world conditions. Table 5 summarizes typical propagation-loss
requirements by application—telecom, biosensing, quantum
photonics, and interferometric gyroscopes—and recommends
the simplest loss-estimation technique that attains the necessary
resolution (cut-back for ~1dB cm™!, resonant for ~0.1dB cm ™!
and OFDR for <1dBm™!). The combination of numerical and
experimental methodologies provides a balanced approach,
enabling both detailed understanding and practical measure-
ment, which is essential for the ongoing advancement of pho-
tonic integrated circuits. Future developments in this field
should focus on further improving the integration of numerical
precision and experimental efficiency to optimize waveguide per-
formance and reduce propagation losses.
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Table 5. Propagation-loss specifications and recommended characterization strategies for four key application areas. Values refer to continuous-wave
operation at 1.3 to 1.55 pm unless otherwise noted; quoted targets are typical figures reported in the cited literature.

Application domain Typical propagation loss target Representative mature/ Loss estimation technique that reaches the lllustrative
emerging platform required resolution references
Telecom/Datacom links ~1dBcm™' (0.3dBcm ™" desirable Shallow-ridge SOI strip Two- or three-length cut-back structures; Dong et al.?'7],
for <10 km on-board links) waveguides facet-limited repeatability of +0.2dB is Vlasov and
acceptable at this loss level McNab®'*
Biosensing (label-free 0.05 to 0.10dBcm ™" Si3Ny4 TriPleX, low-temperature Ring/Fabry—Perot resonance analysis Roeloffzen
refractometric) PECVD or LPCVD cores or short-range OFDR; thermal stabilisation et al.2'®
+20 mK recommended Deng et al.?'d
Quantum photonic circuits 1dBm™’ Ultralow-loss Si3Ny4 Optical-frequency-domain reflectometry Bauters et al.l?]

(single-photon delay lines)

(OFDR) with 0.01 dB/m precision; cross ~ Chanana et al.?'%
validation with cavity Q-analysis desirable

Interferometric optical <1dBm™ over >5m coil SizN, spiral coils with 40 nm Long-range OFDR mandatory Gundavarapu
gyroscopes (navigation-grade) core size et al.2%
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