
Citation: Hasan, G.M.; Liu, P.; Hasan,

M.; Ghorbani, H.; Rad, M.; Bernier, E.;

Hall, T.J. Ring Resonator Gap

Determination Design Rule and

Parameter Extraction Method for

Sub-GHz Resolution Whole C-Band

Si3N4 Integrated Spectrometer.

Photonics 2022, 9, 651. https://

doi.org/10.3390/photonics9090651

Received: 7 July 2022

Accepted: 6 September 2022

Published: 14 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Ring Resonator Gap Determination Design Rule and Parameter
Extraction Method for Sub-GHz Resolution Whole C-Band
Si3N4 Integrated Spectrometer
Gazi Mahamud Hasan 1,* , Peng Liu 1, Mehedi Hasan 1, Houman Ghorbani 1, Mohammad Rad 2, Eric Bernier 2

and Trevor J. Hall 1

1 Photonic Technology Laboratory, Advanced Research Complex, University of Ottawa,
Ottawa, ON K1N 6N5, Canada

2 Huawei Technologies Canada, Kanata, ON K2K 3J1, Canada
* Correspondence: ghasa102@uottawa.ca

Abstract: A panoramic ultra-high resolution photonic integrated circuit spectrometer is under de-
velopment by the authors. The architecture comprises a tunable ring resonator (RR) stage and an
AWG stage. The resolution defines the bandwidth of the RR, determined by the cross-coupled power
and hence the gap between the access and ring waveguides. The AWG channel frequency spacing
determines the required free-spectral range (FSR) and hence the perimeter of the ring resonator. The
specified <1 GHz resolution combined with an FSR of 50 GHz renders accurate simulation difficult,
obstructing the design process. In this report, a simplified design rule to determine the minimum
gap between straight access waveguides and a circular ring waveguide is proposed. Realistic as-
sumptions such as the existence of local bisymmetry and adiabatic mode evolution throughout the
coupling region permit a simple mode solver to determine the relationship between the cross-coupled
power and the minimum gap size. A parameter extraction method is also formulated for add-drop
rings equipped with two nominally identical couplers that disentangles the loss and coupling ring
parameters from intensity-only transmission measurements. The proposed rule is applied to the
design of ring resonators fabricated on a Si3N4 platform. The parameter extraction method is used to
analyze the measured characterization data of the ring resonators. The results show good agreement
within ~43 nm between the design rule and the gaps size determined by the parameters extracted
from the measured data and provide experimental confirmation of the technological viability of the
ring resonators required by the spectrometer.

Keywords: gap determination; parameter extraction; ring resonator; Si3N4 integrated spectrometer

1. Introduction

The ring resonator (RR) is a key component in the integration of photonics circuits for
diverse applications such as wavelength division multiplexing (WDM), spectral filtering
and switching [1,2]; optical delay lines [3]; all-optical logic [4], optical routing [5], sensing [6],
high-speed modulation [7], laser [8] and comb generation [9]. Compact integration has
been demonstrated on a variety of material platforms [10–15]. The high confinement
of a high index contrast material platform such as Si offers a small minimum bending
radius and hence a large free spectral ratio (FSR) at the expense of increased sensitivity
to perturbations, such as scattering by sidewall roughness [12,16]. Low index contrast
material provides reduced sensitivity to perturbations, but the lower confinement leads
to a large minimum bending radius and hence a small FSR and a larger footprint. The
moderate index Si3N4 platform offers a compromise between these two extremes. One
of the foci of recent research on Si3N4-based RR is the achievement of ultra-high Q ring
resonators using ultra-low loss waveguides. Spencer et al. achieved intrinsic quality factor
(Qint) values of 81 million by adjusting single mode coupling to multimode waveguide
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widths [17]. Careful reduction of scattering and absorption losses leads to a Si3N4 ring
resonator with 422 million intrinsic Q and 0.060 dB/m waveguide loss [18]. Recently,
Liu et al. demonstrated a 720 million intrinsic Q resonator with 0.034 dB/m waveguide
loss in a 200 mm wafer-scale CMOS-foundry compatible Si3N4 process [19]. In addition,
introducing a photonic crystal (PhC) within the ring resonator to affect the dispersion
properties achieved high Q performance on a Si3N4 platform [20,21].

In the flexible-grid WDM network, optical performance monitoring (OPM) has become
an essential function for reliable spectrum management, which needs to be deployed not
only at the add-drop nodes of the reconfigurable add-drop multiplexers (ROADMs) but
also in the ROADM-to-ROADM sections of the WDM channels. Excessive cost, footprint,
and power consumption alongside the requirement of the high resolution with wideband
operation prevent the comprehensive application of OPM in the present network. To
extract the superior advantages of software-defined networking (SDN) enabled elastic
optical networks (EON) enhanced by artificial intelligence (AI), complete knowledge of the
spectral content in a network is necessary to achieve the reliable performance estimation
needed to deploy flexible modulation formats, assign flexible channel frequency and
bandwidth with flexible sub-carriers in super-channels, and to ensure effective use of color-,
direction-, contention-, grid-less, filter-, and gap-less ROADMs.

A variety of approaches to spectral sensing with high resolution across a wide interval
have been disclosed [22–31], but when scaled to combine acceptable resolution with opera-
tion over an entire band, their practical implementation is most often not feasible due to
excessive cost, loss, and footprint. An integrated solution for a high-resolution (sub-GHz)
spectrometer to monitor the power in fixed- and flex-grid architectures across the entire
C band from 1530 nm to 1565 nm remains challenging. Recently, Hasan et al. proposed
an on-chip spectrometer architecture capable of scanning the whole C-band with ~1 GHz
resolution [30]. A compact structure is realized, consisting of only three stages supported
by two controls. An arrayed waveguide grating (AWG) design with overlapping channel
spectra and a channel frequency interval that divides the ring resonator FSR by at least
two can be used alongside a virtual channel synthesis algorithm to reduce the channel
number and corresponding footprint. In the proposed architecture [30], an intermediate
Mach–Zehnder interferometer (MZI) stage is used to form the virtually tunable AWG
through a coherent superposition of two interleaved AWG channel spectra correspond-
ing to a pair of input ports. The MZI stage and its control can be avoided by replacing
the coherent superposition with the incoherent superposition of the outputs of a pair of
interleaved AWGs [31].

The high resolution of these spectrometers is a direct outcome of the fine filtering
provided by a high-finesse ring resonator. The finesse is determined by power cross-
coupling between the access and ring waveguide and depends upon the separation of
the coupled waveguides. The panoramic spectrometer in [30,31] requires a ring resonator
having a −3 dB bandwidth of <1 GHz tunable over a 50 GHz FSR to accommodate the
entire C-band with only 88 AWG channels. Rings demonstrated in [8,9] can be configured
to meet this specification, but discussion of a procedure to determine the waveguide
separation for required coupling at the design stage is infrequent in the literature. A large
ring resonator with a small FSR may use a directional coupler with a dominant straight
waveguide section amenable to standard design methods. Alternatively, an adjustable
MZI structure may be used as a tunable coupler [32]. For small rings with large FSR, one
can use 3D finite-difference time-domain (FDTD) simulations to predict the waveguide
separation for the desired coupling. However, rings with FSRs of the order of 50 GHz
fall into a simulation domain where either excessive computational resources are needed
(e.g., 3D FDTD) or the algorithms used fall outside their domain of validity. For example,
the effective index mode (EIM) solvers used by 2.5D FDTD cannot correctly model couplers.
The eigenmode expansion (EME) method has problems modeling curved structures. It
can be used in conjunction with a circuit simulator (PICWAVE, VPI) to model a large
racetrack ring with a very small FSR, but it displays an excessive computational power loss
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in the curved waveguide coupler of a 50 GHz ring. Another difficulty is the unambiguous
extraction of parameters from intensity-only ring resonator transmission data. An all-pass
ring resonator with a single coupler has a transmission profile that is invariant to the
interchange of the ring loss and coupler transmission [33]. To disentangle these coefficients,
the conventional method is the measurement of the phase using expensive optical [34]
or RF [32] vector network analyzer instruments. A complicated balanced MZI structure
with one arm containing the ring has also been utilized for phase estimation, thereby
separating these coefficients [35,36]. McKinnon et al. addressed the problem by considering
the intensity data only, but the method needs the analysis of the data for different design
variations over a wide band [37].

In this report, to the best of the authors’ knowledge, a simplified design rule is used
to determine the gap size parameter of ring resonators for the first time. The target is to
meet the specifications required by the integrated spectrometer [30,31]. Realistic assump-
tions such as local bisymmetry and adiabatic mode evolution throughout the coupling
region permit a simple mode solver to extract the parameters needed to determine the
relationship between the cross-coupled power and the minimum gap size. In addition, an
original parameter extraction method is formulated for add-drop rings equipped with two
nominally identical couplers that disentangles the loss and coupling ring parameters from
intensity-only transmission measurements. The method does not need design variations
or wide band measurement to extract and disentangle the parameter, an advantage that
cannot be achieved with the intensity data-based parameter extraction method in [37]. The
Si3N4/SiO2-based multi-project wafer (MPW) process offered by LioniX International was
chosen for the fabrication of standalone add-drop ring resonators. The minimum gap size
rule is applied to their design with a range of gaps targeting <6% power coupling. The
fabricated ring resonator test structures are experimentally characterized, and the measured
data is analyzed using the parameter extraction method. The results show good agreement
between the design rule and parameters extracted from the measured data and provide
experimental confirmation of the technological viability of the ring resonators required by
the spectrometer.

The remainder of this paper is organized as follows. In Section 2, the theoretical
framework of the parameter extraction method and the design rule for coupler gap deter-
mination are presented. Sections 3 and 4 presents the implementation of the parameter
extraction method in analyzing experimental results and validation of the proposed design
rule. Finally, the work is summarized in Section 5.

2. Theory
2.1. Parameter Extraction Method

A circuit model for an add-drop ring resonator (RR), assuming single spatial mode
propagation in all the paths external to the couplers, is illustrated schematically in Figure 1.
The complex transmission matrices of the add coupler and drop coupler are defined by the
following [33]:

Ka =

[
κ11 κ12
κ21 κ22

]
; Kd =

[
κ33 κ34
κ43 κ44

]
(1)
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The add coupler and drop coupler are interconnected by a delay line to form the two
segments of the ring. In the Laplace transform domain as follows:

a1 = γ1 exp(−sτ1)b3; a3 = γ2 exp(−sτ2)b1 (2)

where γ1,2 are the gain/loss and τ1, τ2 are the delays of the respective ring segments. It
follows from (1) and (2) that:

b1 = (κ12a2 + κ11κ34 γ1 exp(−sτ1)a4)/W (3)

b2 = (κ22Ua2 + κ21κ34γ1 exp(−sτ1)a4)/W (4)

b3 = (κ33κ12γ2 exp(−sτ2)a2 + κ34a4)/W (5)

b4 = (κ43κ12γ2 exp(−sτ2)a2 + κ44Va4)/W (6)

where:
W(z) = 1− κ11κ33γz−1

U(z) = 1− κ−1
22 det(Ka)κ33γz−1

V(z) = 1− κ−1
44 det(Kd)κ11γz−1

γ = γ1γ2; τ = τ1 + τ2; z = exp(sτ)

(7)

The signature of the ring resonance is the pole contributed to all but the external
incoming field amplitudes by the zero of W at zp = κ11κ33γ. The RR is causal and stable
provided the pole is inside the unit circle. In addition, two zeros at zb2 = κ−1

22 det(Ka)κ33γ

and zb4 = κ−1
44 det(Kd)κ11γ are contributed to the through components of b2 and b4, respec-

tively. Under-, critical-, or over- add or drop coupling corresponds to the respective zero
being inside, on, or outside the unit circle, respectively. Considering a4 = 0:

b1 = (κ12/W)a2 (8)

b2 = (κ22U/W)a2 (9)

b3 = (κ33κ12γ2 exp(−sτ2)a2)/W ∼ (κ33κ12γ2/W)a2 (10)

b4 = κ43κ12γ2 exp(−sτ2)a2 ∼ (κ43κ12γ2/W)a2 (11)

A low-loss coupler may be modeled by the product of a special unitary matrix and a
complex scalar with a magnitude slightly less than unity. The resonant frequency of the ring
is determined by the condition that the round-trip phase is equal to a large integer multiple
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of 2π radians. The position of the resonance within a free spectral range is consequently
sensitive to small phase shifts contributed by components subject to process variations.
To precisely tune the ring resonances, a phase shift must be introduced to compensate for
such phase errors. All such phase contributions, including the tuning phase shift, may
be lumped together, and absorbed into complex gain/loss parameters γ1, γ2 or γ. The
couplers may therefore be modeled by a special unitary matrix as follows:

K =

[
a b
−b∗ a∗

]
; det(K) = |a|2 + |b|2 = 1 (12)

which implies that the phase arg(κ11κ33) = arg
(

κ−1
22 κ33

)
may be absorbed into γ. More-

over, the transmission matrices of two couplers of the same design located in similar and
proximate neighborhoods on a wafer fabricated by a well-controlled fabrication process
will be almost identical as follows:

Ka ∼ K; Kd ∼ K (13)

which implies
∣∣∣κ−1

22 κ33

∣∣∣ = 1. Consequently, the zero location U(z) = 1− κ−1
22 det(Ka)κ33γz−1 ∼

1− γz−1 is disentangled from the coupling coefficient and provides the ring loss coefficient |γ|,
which includes waveguide loss, bending loss, and coupler excess loss.

2.2. Dependence of Ring Resonator Coupling Coefficients on Gap

Two identical almost osculating circular rings separated by a small gap possess a
mirror symmetry plane (say vertical) through the center of each ring and an orthogonal (say
horizontal) plane through the midpoint between their centers. In the case of an individual
ring resonator, the horizontal symmetry must be broken globally because the access guide
must ultimately depart from a closed ring. However, that departure need only take place
in a region of negligible coupling. The unitary transmission matrix K may then be taken as
bisymmetric as follows:

K = exp(iνσ1) =

[
cos(ν) i sin(ν)
i sin(ν) cos(ν)

]
; det(K) = 1 (14)

where ν is a real scalar and:

σ1 =

[
0 1
1 0

]
(15)

is the unique bisymmetric Pauli matrix.
The horizontal and vertical symmetry apply locally to a parallel pair of waveguides

and ν in (14) may be considered a function of position along the optical axis. The modes of
a pair of parallel waveguides treated as a single waveguide structure may be partitioned
into a class of symmetric and a class of antisymmetric modes with respect to the horizontal
mirror plane. When the waveguides are sufficiently separated, the lowest order symmetric
and anti-symmetric modes are degenerate and can be constructed from a symmetric and
antisymmetric linear superposition of the corresponding modes of the isolated waveguides.
As the waveguides are brought closer together, the effective indices and the local field
profiles begin to differ. In general, the antisymmetric mode acquires a lower effective index
than the symmetric mode.

Assuming (14) applies locally, a vector basis is chosen so that the symmetric and
antisymmetric modes correspond to the following:

S =
1√
2

[
1
1

]
; A =

1√
2

[
1
−1

]
(16)
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These vectors are the (orthonormal) eigenvectors of σ1 with eigenvalues ±1 and hence
the following:

KS = exp(iν)S
KA = exp(−iν)A

(17)

For an adiabatic structure with no scattering to other local modes and slow evolution
of the modal field profile as follows:

S(z) = exp
(
i
∫ z

0 βS(z)dz
)
S(0)

A(z) = exp
(
i
∫ z

0 βA(z)dz
)

A(0)
(18)

where βS and βA are the local wavenumber of the symmetric and antisymmetric modes.
Consequently, up to a common phase factor, the evolution of the coupling is described by
the following:

ν = 1
2

∫ z
0 (βS(z)− βA(z))dz

⇒
ν =

∫ z
0

π
λ0

(
ne f f S(z)− ne f f A(z)

)
dz

(19)

where ne f f S and ne f f A are the effective indices of the symmetric and antisymmetric modes
and λ0 is the vacuum wavelength.

In the case of a circular ring with a straight access waveguide, the local gap x(z) is
given by the following:

x(z) = x0 + r

(
1−

√
1−

( z
r

)2
)

(20)

where x0 is the minimum gap at z = 0 and r is the outer radius of the ring. Above a certain
minimum gap, to a good approximation the effective index split

(
ne f f S − ne f f A

)
falls

exponentially as follows:

η =
π

λ0

(
ne f f S(x)− ne f f A(x)

)
∼ a exp(−bx) (21)

where the parameters a, b may be found by curve fitting effective index data provided
by a mode solver. An extension of the integration range to [−∞, ∞ ] and the parabolic
approximation x(z) ∼ x0 + z2/2r permits an analytic integration of (19). The overall
transmission of the interaction region is then given by (14) with the parameter ν given by
the following:

ν ∼ a
√

2πr/b exp(−bx0) (22)

2.3. Quality Factor and Finesse

In the neighborhood of a resonant frequency ω0 as follows:

(b1/a2) ∼ A0/(1 + i(ω−ω0)/∆ω) (23)

(b4/a2) ∼ B0/(1 + i(ω−ω0)/∆ω) (24)

where A0 = κ12/(∆ωτ), B0 = κ43κ12γ2/(∆ωτ), ω0τ = arg(κ11κ33γ), and ∆ωτ = − ln(|κ11κ33γ|) .
Here, ∆ω is the−3 dB half-bandwidth of the resonance, which may be related to the quality factor
as follows:

Q = 1
2

ω0τ
∆ωτ

⇒
1
Q = 1

Qint
+ 1
Qext

∼ − ln(|γ|2)
ω0τ + |κ12|2+|κ34|2

ω0τ

(25)
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The finesse may be expressed similarly as follows:

F = fFSR
f−3dB

= π 1
∆ωτ

⇒
1
F = 1

Fint
+ 1
Fext
∼ − ln(|γ|2)

2π + |κ12|2+|κ34|2
2π

(26)

Equations (25) and (26) show that quality factor and finesse approach their intrinsic value
at the limit of no coupling to the external circuit and approach their extrinsic value at the limit
of zero internal loss within the ring. The coupling of an ultra-low loss ring to the external circuit
must be very weak to not compromise (load) the intrinsic (unloaded)Q or F .

If the internal loss is negligible (|γ| ∼ 1) compared to the out-coupling to the external
circuit, then for a ring with identical couplers, the on-resonance transmission is as follows:

(b1/a2)→ 2 |κ12|
|κ12|2+|κ34|2

→ 1/|κ12| ; |κ34| = |κ12| (27)

(b4/a2)→ 2
|κ12||κ34|
|κ12|2 + |κ34|2

→ 1; |κ34| = |κ12| (28)

The field amplitude within the ring scales in inverse proportion to the magnitude of
the cross-coupling coefficient κ12 and the threshold for the onset of nonlinear optical effects
reduces commensurately. In the two identical lossless coupler cases, the on-resonance
transmission is unity, consistent with energy conservation.

3. Fabrication and Experimental Setup

The spectrometer architecture uses a tunable ring resonator as a scanning fine filter.
To realize a system demonstration, ring resonators operating over the entire C-band with
1 GHz bandwidth resonances tunable over a free spectral range (FSR) of 50 GHz are
required. The bandwidth depends on the cross-coupled power only if the excess loss
per turn is negligible compared to the out-coupled power per turn. Consequently, the
spectrometer resolution is limited by the ring excess loss per turn. Hence, fabrication on an
integration platform supporting low-loss straight guides and bends, low dispersion, and a
mature phase shifter technology is paramount.

To demonstrate a readily manufacturable system, a commercially accessible foundry
with a mature process should be selected. The CMOS-compatible TriPleX™ waveguide
technology offered by LioniX International has been chosen for test-structure fabrication,
which includes several ring resonators designed to meet the requirements. Their Multi
Project Wafer run (MPW) process supports only the asymmetric double strip (ADS) waveg-
uide, which, consequently, is taken as the reference waveguide for all test-structure designs.
The TriPleX™ ADS waveguide, operating at the telecom wavelength (1.55 µm), offers low
propagation and bending loss with high modal birefringence [32,38]. The MPW default
waveguide width and minimum feature size are 1.1 µm and 1 µm, respectively. The as-
pect ratio of the waveguide follows the standard configuration for the ADS technology
given in [38]. Figure 2a depicts the transverse mode profile of the fundamental TE mode
simulated by the mode solver Fimmwave. The ‘W’ represents the top width of the top
stripe of the ADS waveguide. In Figure 2a, ‘W’ is equal to the default width. An etching
angle of 82◦, given in [38], is also applied for the construction of the waveguide in the
simulation platform, which results in a very close estimation of effective index and group
index via Fimmwave simulation when compared with their equivalents provided by LioniX
International. Figure 2b,c shows the variation of effective indices and group indices with
‘W’. It can be observed that for the default width adopted in the MPW process, simulation
results indicate only the propagation of TE00 and TM00 modes through the straight waveg-
uide. The straight waveguide loss of the TE00 mode is ≤0.5 dB/cm, as specified by LioniX
International. The TM polarization has a much larger propagation loss and bending loss
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and is therefore not supported. To facilitate optical characterization, the chip is pigtailed
using polarization-maintaining fiber (PMF) arrays and wire bonded.
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and (c) group index variation of first three modes with the width (W) of the waveguide.

Several add-drop ring resonators have been fabricated, as shown in Figure 3. Each
RR follows a circular geometry with straight access guides to equip the coupling region. A
50 GHz FSR requirement fixes the radius of the rings to be 537 µm. Each ring is equipped
with a thermo-optic phase shifter, as shown in Figure 3a. The proposed design rule has been
applied to specify the minimum gap between the ring waveguide and access waveguide at
the curved coupling section for a given power cross-coupling ratio. Consequently, the RR
test-structure variations will differ in performance. Figure 3a depicts four types of circular
ring resonators with identical radii and variable gaps. The gaps are chosen to be 1.2 µm
(RR1), 1.5 µm (RR2), 1.8 µm (RR3-RR4), and 2 µm (RR5—not shown in Figure 3a) to enable
an assessment of the utility of the design rule. Each variant operates over the whole C
band. Figure 3b shows the measured transmission spectrum of the RR1. A tunable laser
(Agilent 81680A) capable of tuning over the whole C-band is utilized for characterizing the
ring resonators. A polarization controller is utilized to maximize TE mode transmission.
The input power to the device under test (DUT) is 0 dBm. The output is detected by an
optical power sensor (Agilent 81632A) and analyzed by a lightwave measurement system
(Agilent 8164A). It can be observed that resonant peak transmission at the drop port of
the ring is almost constant at −5 dBm over the whole C band. The optical loss includes
the pigtailed fiber-chip coupling losses, which can be estimated individually by using the
alignment loop waveguides present in the chip. Each access waveguide is terminated by
an integrated spot size converter (SSC) at the end facets of the chip.
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The minimum gaps of the ring waveguide and access waveguide are 1.2 µm, 1.5 µm, and 1.8 µm
for RR1, RR2, RR3, and RR4, respectively. All rings are equipped with thermo-optic phase shifter
heating elements, which cover almost the whole circumference of the ring waveguide except RR4,
which covers less than half of the circumference; (b) measured drop path transmission spectrum of
the RR1 over the whole C band.

4. Discussion

Figure 4a,b shows the tuning behavior of the fabricated ring resonators. A DC voltage
is applied to the integrated phase shifters and the corresponding current is recorded. A
tuning over the complete FSR can be achieved with a variation of the applied power from
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0 mW to ~500 mW. Figure 4a depicts the drop path transmission spectra of RR1, which
shows the shift of the resonant frequency over one FSR. Similar tuning behavior is observed
for RR2, RR3, and RR5, which use an identical phase shifter configuration and thus provide
similar linear I-V characteristics corresponding to a heater resistance of ~735 Ω. RR4 uses
a phase shifter, which is shorter in length and, thus, has a lower resistance of ~375 Ω.
Figure 4b shows that a similar linear dependence between the resonant wavelength shift
and applied power is maintained for all phase shifter configurations.
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To investigate the evolution of FSR over a larger wavelength span, it is mandatory
to have finely sampled transmission spectra. The coarser sampling necessary due to
instrument limitations to accommodate a large band may result in the extraction of a
local FSR that is subject to errors that mask small changes to dispersion. An attempt to
observe the evolution of FSR over the 1540–1560 nm span from the transmission spectra
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and isolate the effect of dispersion on it is presented in Figure 4c. The x-axis indexes
the sequence of resonant peaks observed in the measured data, and their corresponding
frequencies relative to a reference frequency are plotted. The reference frequencies for RR1,
RR3, RR4, and RR5 are 193.4863, 193.4878, 193.4446, and 193.4678 THz, respectively. A
linear fit has been achieved for all ring resonators with a noise-like residual with a root
mean squared magnitude of 0.3536, 0.3489, 0.3673, and 0.3611 GHz for RR1, RR3, RR4, and
RR5, respectively. To investigate the effect of coarser sampling on the validity of linear
fitting, drop and through transmissions of the individual ring are measured over different
wavelength spans with different resolutions at different times, and almost identical fitting
has been observed. Quadratic fitting with the least squares method over these resonant
frequencies over the corresponding span reveals a very small contribution of dispersion in
the FSR evolution with wavelength, which is also evident from the linear fit.

The design and optimization of a ring resonator compliant with the specified band-
width and FSR are challenging. Available computational methods seem inadequate (inef-
ficient or inaccurate) for the task of predicting the dimensions of compliant designs. The
FSR requirement and the choice of an integration platform and waveguide technology set
the ring shape/diameter. The bandwidth depends on the cross-coupled power, which is
controlled by the gap between the ring waveguide and access waveguide. Based on the
quasi-analytic eigenmode expansion (EME) method presented in Section 2.2, a design rule
to calculate the optimum gap to achieve the desired power cross-coupling ratio involves
the following steps:

1. The effective index split of the two lowest-order local modes is found using a mode
solver. The accuracy may be improved by increasing the number of local modes in
the interaction;

2. The difference data may be fitted to a suitable curve by a curve fitting toolbox. For
an adiabatic curved coupler, the dependence of the effective index difference as a
function of z is certainly a smooth bell-shaped curve, as in (21);

3. The fitting will aid its numerical integration. If the asymptotic tails decay expo-
nentially, it will allow an analytic integration of the tail region for l → ∞ . This
will predict the overall power transfer matrix of the couplers based on proximate
curved waveguides.

Photon design offers a fully vectorial mode solver tool for 2D+Z waveguide structures
such as Fimmwave, which is used to inform the quasi-analytic adiabatic EME method.
The ADS waveguide is designed to propagate the fundamental TE mode efficiently. Fun-
damental symmetric and antisymmetric local eigenmodes for TE polarization have been
investigated. It can be observed from Figure 5 that ln(ν) and the minimum gap at the cou-
pling region of the RR follow a linear relationship over the range of the gaps investigated
in this report. In [31], OptiBPM has been utilized to scan the power cross-coupling ratio
and, although outside its domain of validity, it predicted a similar coupling ratio for the
same range of gaps.

To validate the design rule and determine the optimum gap needed to satisfy the FSR
and bandwidth requirement, the parameter extraction method described in Section 2.1 is
applied to the measured add-drop ring resonator transmission data. A separate experiment
with a Mach–Zehnder delay interferometer (MZDI) test structure on the same chip adjacent
to the rings confirmed that couplers with the same design on the same chip are essentially
identical, which can also be concluded for the add- and drop-couplers of a ring resonator.

The periodic complex transmission spectrum of a ring resonator may be modeled by a
simple rational trigonometrical polynomial that has one zero and one pole as discussed
in Section 2.1. The intensity transmission expressed similarly maps the zero and pole to a
reciprocal conjugate zero pair and a reciprocal conjugate pole pair respectively. There is
consequently an ambiguity when fitting intensity data in the correct location of the pole
and zero. In the case of a passive ring, the pole must be located inside the unit circle for
reasons of stability, but either of the two zero positions is valid. This ambiguity is resolved
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under the assumption of identical add-drop couplers as the zero location is equal to the
ring loss γ and consequently inside the unit circle.
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A good fit to the measured data, especially at the peak and notch of the drop path and
through path transmission, is necessary to disentangle loss and coupling coefficients. Good
fits have been achieved at the resonant peaks and notches for all rings, although departure
at high extinction can be observed due to the noise floor of the measurement. Figure 6
shows the fitted spectra of drop- and through-path transmission alongside the measured
data for RR1, RR2, and RR3.

A list of extracted parameters from measured and fitted data is given in Table 1. The
design FSR for all fabricated rings is the same. Table 1 shows that the measured FSRs for
all rings lie within ~49.4–49.8 GHz, except RR5, which has a smaller FSR of ~46.55 GHz.
Sub-GHz bandwidth cannot be achieved for RR1. The loss γ can be disentangled further
into intrinsic ring waveguide loss and extrinsic coupler excess loss if the propagation and
bending losses established by the process are known. LioniX International guarantees a
straight waveguide loss <0.5 dB/cm with a typical value of ~0.2 dB/cm and negligible
bending loss for its TriPleX™ ADS MPW process and lower waveguide loss for a dedicated
run using stepper lithography. The losses extracted for RR1 and RR2 reveal that the straight
waveguide loss is well below the upper limit. The loss also increases with the gap. These
observations suggest a better waveguide loss figure has been achieved in the MPW run,
and the fabricated ring coupler suffers from non-zero excess loss increasing with a gap. The
excess loss per coupler is estimated on the basis of a straight waveguide loss of 0.2 dB/cm
and negligible bending loss, which results in the maximum excess loss per coupler as
follows: ~0.025 dB, ~0.05 dB, ~0.06 dB, ~0.085 dB, and ~0.055 dB for RR1, RR2, RR3, RR4,
and RR5 respectively.
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Table 1. Measured and extracted parameters of fabricated ring resonators.

Gap (µm) FWHM Bandwidth
(GHz) FSR (GHz) Cross-Power Coupling

Ratio (%)
Ring Transmission

Loss (dB) Quality Factor, Q

RR1 1.2 ~1.43 ~49.4 7.46 0.12 135,258

RR2 1.5 ~0.68 ~49.7 2.33 0.17 284,469

RR3 1.8 ~0.45 ~49.55 0.64 0.19 429,867

RR4 1.8 ~0.55 ~49.8 0.68 0.24 351,671

RR5 2.0 ~0.35 ~46.55 0.29 0.18 552,640

One possible reason for the excess loss is due to the waveguide wall roughness within
the coupling region. The fiber-chip coupling loss, including the loss due to the SSC at
each facet, is measured as ~1.675 dB by measuring the transmission of light in alignment
loop waveguides. A very small discrepancy in the measured fiber-chip coupling loss is
observed for different alignment loop waveguides located on different edges of the chip,
which suggests a <1% experimental/fitting uncertainty. This uncertainty might be the
reason for the lower loss of RR5 than that of RR3, as RR5 is located in a different location
than the rest of the rings. The outlier is RR4. The loss for RR4 is higher than RR3 with the
same coupler configuration, which suggests the additional loss and thus larger bandwidth
is a consequence of the different phase shifter geometry. The geometries differ in length
only as shown in Figure 3a; RR3 has a phase shifter with a length of 2577.4 µm, whereas
the phase shifter of RR4 has a length of 1265.3 µm. Each phase shifter is formed by the Cr
heater with Cr/Au electrical leads.

Figure 7 provides a comparison between the estimated power cross-coupling ratio
derived by the proposed quasi-analytic EME method and the power cross-coupling param-
eters extracted from transmission data through the proposed extraction method. A good
match can be observed between the measured and predicted data. The LioniX International
MPW process used as specified could result in a ±200 nm uncertainty in the fabricated gap.
The measured coefficient of RR2 shows the largest deviation from its predicted coupling
coefficient. A match between the measured coupling parameter for RR2 and its correspond-
ing gap from the prediction results in a gap of ~1.2429 µm instead of 1.2 µm. The difference
is ~42.9 nm, which suggests that measurement points are well within the error bars due to
fabrication uncertainty. LioniX International confirms that from 2022, the MPW process will
be updated to the stepper lithography used for dedicated runs, which will substantially
improve the loss and dimension uncertainty of the MPW process.
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5. Conclusions

In summary, a design rule for determining the gap at the coupling region and a
parameter extraction method are proposed and implemented in designing and investigat-
ing the spectral characteristics of fabricated ring resonators. The design rule employs a
quasi-analytic eigenmode expansion (EME) method, which is simple, fast, and less compu-
tationally resource-hungry compared to other simulation schemes in designing sub-GHz
bandwidth-50 GHz range FSR ring resonators. These strict specifications are crucial for
a sub-GHz resolution, wideband, panoramic spectral sensing application. Several ring
resonators based on the design rule estimation have been fabricated on a Si3N4 platform
using an MPW process. A very good match between the predicted and measured coupling
behavior has been found for all rings. The results suggest a ring resonator with a gap
between 1.2 and 1.5 µm can meet the tight specifications perfectly while maintaining less
loss. The parameter extraction method used to validate the design procedure is a single
resonance-based method, which only needs intensity data from the through- and drop-path
of the rings to disentangle the loss and coupling coefficients. The associated data analysis,
with the assumptions of identical add- and drop couplers with adiabatic mode evolution,
can solve the phase problem, which convolutes the separation of these parameters. The pro-
posed method retrieves the complex transmission from an intensity-only measurement. The
design rule and parameter extraction method can be adapted to other material platforms.
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