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Microring resonators, as essential components of photonic integrated circuits, offer compact size, wavelength selec-
tivity, and strong resonance effects, making them invaluable in optical computing, on-chip interconnects, and quantum
photonics. The proposal of the pulley-type microring enhances the coupling strength, but also brings about issues such as
mode mismatch and the excitation of higher-order modes. Here, a lithium niobate microring resonator coupled with a pulley
bus waveguide based on modified Euler curves is proposed. This Euler-modified pulley bus minimizes mode mismatch at
bending junctions, effectively suppressing higher-order mode excitation. The design achieves a high Q factor (exceeding
10%) and strong coupling efficiency (83%) within a compact structure of 70 um radius. Due to its simple structure and
ease of fabrication, the Euler-modified pulley-type microring holds practical value for applications requiring high-quality

microring resonators.
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1. Introduction

In the era of information technology, photonic inte-
grated circuits (PICs) are playing an increasingly impor-

tant role,!'3 finding widespread applications in quantum

(4.5

communication,*>! optical interconnects,!®”! modulation,®!

biosensing,® and medical diagnostics.!'’l Among various on-

chip components, as critical building blocks in PICs, micror-

[IL12] exhibit significant application potential

[13] [14,15]

ing resonators

in optical computing,''~! on-chip optical interconnects,

U7 and

quantum optics,'®! quantum information processing,
biosensing, 8! owing to their small footprint, excellent wave-
length selectivity, and enhanced resonant field effects. To
achieve optimal performance, microring resonators are typi-
cally required to possess a high quality factor (Q factor) to

ensure narrow linewidths,[19!

strong coupling to meet crit-
ical or over-coupling conditions,!”®! and small footprint to
enable a large free spectral range (FSR) and promote PIC
miniaturization.?!]

Over the past decades, various microring resonator struc-
tures have been developed, including the single microring
with a single bus waveguide,”?! the single microring with

dual bus waveguides,'?*! the racetrack-type resonator,”*! and

TThese authors contributed equally to this work.
fCorresponding author. E-mail: tianxiaohui @nju.edu.cn

CSTR: 32038.14.CPB.adee8b

the multiple microring configuration.>! However, to realize
high-density PICs, reducing the size of microrings is essen-
tial. A major drawback of these conventional designs lies
in the huge bending or radiation losses from the microring,
which results in decreased Q factors. To overcome these limi-
tations, pulley-type microring structures!?®-281 have been pro-
posed and widely implemented to achieve high-Q microring
resonators. In such structures, the bus waveguide wraps par-
tially around the microring resonator, effectively extending the
coupling length and enhancing the coupling strength. How-
ever, the curved sections of the pulley waveguide introduce
mode mismatches at the transition regions, which lead to cou-
pling losses and the excitation of higher-order modes. The
lithium niobate on insulator (LNOI) platform, (29301 with its
high refractive index contrast, strong electro-optic effects, and
tight integration capabilities, offers significant advantages for
photonic integration. However, despite these benefits, chal-
lenges such as mode mismatch and coupling losses still per-
sist. A common strategy to address these issues is to introduce
a lateral offset between the incoming straight section and the
bend.?'-33] Nonetheless, this approach demands extremely
tight fabrication tolerances, and the problem of higher-order
mode excitation remains unresolved. This limitation signifi-
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cantly restricts the performance of multimode microring res-
onators in applications requiring stable single-mode operation,
such as self-injection-locked lasers and narrow-linewidth op-
tical filters. The scattering resonances of higher-order modes
can interfere with phase locking of the fundamental mode,
thereby degrading overall device performance.

In this paper, we propose a microring resonator coupled
with a modified Euler pulley bus waveguide, designed to ad-
dress these issues by suppressing the excitation of higher-order
modes through smooth transitions, while optimizing the per-
formance of the microring resonator. The Euler curve pro-
vides a linear curvature transition from zero, enabling a grad-
ual transformation of the modal field from the multimode
straight waveguide to the multimode curved waveguide. This
smooth transition at the microring bending interface reduces
mode mismatch and suppresses higher-order mode excitation.
To validate the feasibility of this coupler, we fabricated three
types of lithium niobate microring resonators, including those
coupled with circular pulley bus waveguides, Euler-modified
pulley-type bus waveguides, and straight bus waveguides. Ex-
perimental results confirm that the Euler-modified pulley bus
suppresses higher-order modes while significantly improving
the intrinsic Q factor, exceeding 10°. Moreover, the transmis-
sion of over-coupled microrings reaches 83%. Although the
Q factor of this device is not particularly high compared to
some of the currently known microring resonators, it achieves
compatibility between low loss in our design and single-mode
excitation through Euler curve geometry optimization, with a
compact structure that also offers the advantages of functional
integration. This compact multimode resonator with single-
mode excitation holds great potential for the design of pho-
tonic integrated circuits, such as self-injection-locked lasers
and high-performance filters, particularly in high-frequency
applications that require low loss and compact structures.

2. Design

As shown in Fig. 1(a), a conventional circular pulley bus
waveguide comprises three components: a central circular
waveguide parallel to the microring to increase the coupling
length, two straight waveguides connecting the microring to
external devices, and two side circular waveguides connect-
ing the initial curve to the straight waveguides. To attain a
higher coupling strength, the widths of the waveguides should
be carefully selected for phase matching between the bus and
the ring waveguide. In this letter, we consider a 600-nm-thick
X-cut LNOI with an etching depth of 300 nm, covered by a
1.5-um-thick layer of silicon dioxide. The light propagates
along the Y-axis in the straight waveguide. The radius of the
microring Ry is set to 70 um to achieve a relatively large FSR
of 300 GHz. The microring waveguide width Wy is set to
1.5 um to reduce scattering loss compared to a single-mode

waveguide. The width of the bus waveguide W, and the cou-
pling gap g are carefully selected to be 1 wum and 700 nm,
respectively, by calculating the phase factor ¢ between the mi-
croring and bus waveguides, where the propagation constants
of the waveguide modes are simulated by mode solution. Fur-
thermore, with the width of 1 um, the bus waveguide is con-
sidered a single-mode waveguide that supports only the fun-
damental modes.
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Fig. 1. Schematic configurations for microrings with circular (a) and
Euler-modified (b) pulley bus. The inset of (a) is the TEy mode distri-
bution of a straight waveguide and circular bends. The insets of (b) are
respectively the TEg mode distribution at the waveguide interface and the
diagram of the Euler curve. (c) Calculated mode excitation ratio from the
bus TEp mode to engine modes in the coupled bus and ring structure.

Figure 1(a) demonstrates that the TEy mode distributions
differ at the interfaces of the three constituent sections due to
waveguide bending, indicating mode mismatch. To quantify
mode mismatch, we simulate the mode excitation ratio (MER)
at the circular bending interfaces, as shown in Fig. 1(c). As
the radius of the circular waveguides decreases, the excitation
ratio of the ring TE; mode increases. The demand for com-
pact structures further exacerbates coupling losses and the un-
desired excitation of additional modes. To mitigate mode mis-
match, the Euler bend!'%-34 has been introduced as an effective
solution. Here, we propose an Euler-modified pulley-type mi-
croring, as illustrated in Fig. 1(b). Two fully symmetric Euler
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curve waveguides, each consisting of three identical modified
Euler bends, replace the two side circular bend waveguides.
As shown in the inset of Fig. 1(b), the Euler curve exhibits a
curvature that increases linearly from zero along its length, en-
suring a smooth transition at the microring bending interface.
This gradual curvature variation facilitates the transformation
of the modal field from the multimode straight waveguide to
the low-loss multimode curved waveguide, effectively reduc-
ing mode mismatch and suppressing higher-order mode exci-
tation. The Euler-modified pulley bus maintains mode consis-
tency at the waveguide interface due to the gradual variation in
curvature, in contrast to the mode discontinuities observed in
the circular pulley bus. The minimum radius of the modified
Euler bend Ry, is the same as the radius of bus waveguide Ry,
to match the central circular waveguide. The central circular
arcs of the circular and Euler-pulley bus are set to 6, = 15°
and 6. = 7.5°, respectively, to obtain approximate coupling
strength. In the following text, we will refer to this entire
segment of the waveguide as the Euler-modified pulley bus
waveguide.

Fig. 2. The transmission results of light in the traditional pulley bus
waveguide (a), Euler-modified pulley bus waveguide (b) coupled with a
quarter ring. Panels (b) and (e) show the corresponding optical mode
field distributions within the microring, while (c) and (f) present magni-
fied views of the waveguide discontinuities.

To verify whether the Euler-modified pulley bus waveg-
uide could suppress higher-order mode excitation, 3D-finite-
difference time domain (FDTD) simulations are conducted.
As shown in Figs. 2(a) and 2(d), light from the pulley bus
waveguide couples into the ring waveguide. The sudden in-
crease in the optical field in the ring waveguide at the junction
(Fig. 2(c)), along with the oscillating light field in the circular
bus structure (Fig. 2(b)) indicates higher-order mode excita-
tion due to mode mismatch. In contrast, the Euler-modified
pulley bus enables gradual light coupling into the ring without
abrupt changes (Fig. 2(f)). Moreover, no interference fringes

from multimode interactions are observed in Fig. 2(e), con-
firming the suppression of higher-order modes.

As we can see, the mode components of TE; are —17 dB
(Fig. 3(a)) and —32 dB (Fig. 3(b)), respectively. The simu-
lation results demonstrate that the Euler-modified pulley bus
waveguide effectively suppresses the excitation of higher-
order modes compared to the conventional pulley-type mi-
croring. Additionally, our analysis suggests that higher-order
mode excitation may stem from mode discontinuities in the
coupling waveguide. Even when the coupling waveguide does
not support the TE; mode, it could still facilitate its excitation
in the ring waveguide.
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Fig. 3. Calculated transmissions from the TE( mode launched at the input
straight waveguide of the circular pulley bus (a) and the Euler-modified
pulley bus (b) to the modes in the microring bend.

3. Experiment

To experimentally demonstrate the viability of the scheme
we proposed, relevant devices were fabricated and evaluated.
Here, three types of rings are fabricated for comparison, in-
cluding microrings coupled with circular pulley bus, Euler-
modified pulley bus, and straight bus. The microring chips are
fabricated by IOPTEE Inc. The waveguide structure is pat-
terned by electron beam lithography (EBL) and transferred
into the LN thin film via ion beam etching (IBE). Subse-
quently, a 1.5-pum-thick silica layer is deposited using plasma-
enhanced chemical vapor deposition (PECVD). The optical
images of three types of rings are shown in Fig. 4.
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(a) : (b) : (c) :
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Fig. 4. Optical images of the microrings with (a) circular pulley bus,
(b) Euler-modified pulley bus, and (c) straight bus. Panels (d)—(f) are the
coupling regions of the three types of microrings, respectively.

Experimental procedure for microring characterization is
illustrated in Fig. 5(a). We use a tunable semiconductor laser
(Santec TSL-710) with a linewidth of 100 kHz and a scan
speed of 20 nm/s, and the laser is coupled into the chip via
a lensed fiber. At the output of the chip, a photodetector mon-
itors the output power in real time, while a wavelength meter
(HighFinesse WS-7) confirms the absolute wavelength. The
measured transmission spectra of the three microrings near
1550 nm are shown in Figs. 5(b)-5(d). As shown in Fig. 5(b),
both TE( and TE| modes are excited in the microring coupled

Tunable D

with the circular pulley bus waveguide. In contrast, the spectra
of the Euler-modified pulley bus structure (Fig. 5(c)) exhibit
only TEy modes. Furthermore, a comparison was conducted
with microrings coupled with straight waveguides (Fig. 5(d)),
where higher-order modes were similarly not observed. Nev-
ertheless, the straight waveguide configuration exhibits greater
sensitivity to fabrication imperfections, leading to the persis-
tent presence of the fundamental TMy mode across the entire
spectral range. To further characterize the microring perfor-
mance, the intrinsic Q factor (Qp) and average transmission of
the fabricated rings (12 of each type) are evaluated. The Euler-
modified pulley bus microring exhibits the highest transmis-
sion (82%) with a Qg (8.66 x 10%), comparable to the circular
pulley bus microring (75% transmission, Qp = 8.62 x 10%).
The straight bus microring shows the lowest values, with 71%
transmission and a Qg of 7.29 x 10°. Additionally, increasing
6 in the Euler-modified pulley bus can enhance the coupling
strength. With the phase matching condition satisfied, the cou-
pling strength can achieve 100%, theoretically.
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Fig. 5. Measurement setup and separate characterizations of microring. (a) Schematic drawing of the measurement setup. Transmission spectra
of the microring with circular pulley bus (b), Euler-modified pulley bus (c), and straight bus (d).

4. Conclusion

In conclusion, we have demonstrated a strong over-
coupled multi-mode lithium niobate microring resonator with
single-mode excitation by utilizing an Euler-modified pulley
bus. The mode mismatch in the circular pulley bus is analyzed,
and the high-order mode excitation in the Euler-modified pul-
ley configurations is simulated using 3D FDTD. To validate
the simulations, we fabricate three types of microrings: cir-
cular pulley bus, Euler-modified pulley bus, and straight bus.
The Euler-modified pulley bus, through a curvature gradient

design (with curvature increasing linearly from zero), achieves
a smooth mode field transition, reducing the excitation of
higher-order modes to negligible levels. This enables single-
mode excitation in the compact pulley-type microring, while
maintaining a high Q factor and strong coupling efficiency.
While the Q factor is slightly lower than that of some reported
microring resonators, it achieves compatibility between low-
loss and single-mode excitation through Euler curve geom-
etry optimization, offering functional integration advantages

within a compact structure. Combined with the increasing fab-
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rication difficulties, this design is highly valuable for many de-
vices requiring low loss, compact microring with a pure trans-
mission spectrum, such as self-injection locking lasers, broad-
band filters, and compact phase modulators.
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