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Abstract: Mode-division multiplexing (MDM) has emerged as a promising approach for
increasing optical interconnect bandwidth density by enabling multiple spatial channels within a
single waveguide. In this work, we demonstrate fabrication-robust, high-free spectral range (FSR),
and low-crosstalk mode-selective silicon microring resonators (MRRs) for the TEq, TE, TE;, and
TEj3 spatial modes. By engineering the phase matching conditions between a single-mode ring
resonator and multimode bus waveguides, we realize mode- and wavelength-selective filtering
while maintaining a compact 5 wm ring radius. The fabricated TE;, TE,, and TE;3 devices
exhibit nominal crosstalk suppression values of 30.3 dB, 39.1 dB, and 28.8 dB, respectively. All
fabricated devices demonstrate extinction ratios greater than 23.1 dB, full width at half maximum
(FWHM) greater than 71.7 GHz, and FSRs up to 14.9 nm. Eye diagram and bit error rate (BER)
measurements further demonstrate 25 Gb/s transmission using NRZ PRBS31 signals with BERs
below 107'2 for received optical powers of —7.5 dBm and above for all fabricated MRRs, with
all eye diagrams remaining clearly open. Fabrication variation analysis further demonstrates
robust operation under representative dimensional variations in waveguide geometry, with all
fabricated device variations maintaining crosstalk suppression between 23 dB and 40 dB between
the desired mode and all lower-order modes.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The rapid expansion of Al workloads and data-intensive computing has led to unprecedented
growth in the demand for high-speed optical interconnects in data centers and high performance
computing (HPC) systems [1-4]. Mode-division multiplexing (MDM) has emerged as a
particularly promising approach for increasing optical interconnect bandwidth density, leveraging
multiple orthogonal spatial modes within a waveguide to transmit parallel data channels [5,6].
By enabling several independent channels within a single waveguide, MDM can substantially
increase both data throughput and spectral efficiency [7—11]. MDM has been widely explored
for use in data transmission [12,13], photonic signal processing [14], spatial switching [15-17],
and quantum photonics [18-20]. As a result, significant efforts have been made to design
integrated multimode photonic devices for mode multiplexing, filtering, routing, and switching
[21]. Among the devices enabling these functionalities, microring resonators (MRRs) are
particularly attractive due to their compact footprint, wavelength selectivity, and compatibility
with large-scale photonic integration [22]. Mode-selective MRRs further extend these capabilities
by enabling simultaneous mode and wavelength selectivity [23-25]. However, simultaneously
achieving high free spectral range (FSR), low crosstalk, and selective coupling to higher-order
spatial modes in compact MRRs remains challenging due to phase matching requirements
and fabrication-induced modal coupling. Previous demonstrations of mode-selective MRRs
have therefore often been constrained by low FSR, limited crosstalk suppression, or operation
restricted to lower-order spatial modes. A comparison of representative mode-selective MRR
demonstrations is summarized in Table 1.
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Table 1. Comparison of mode-selective microring resonator (MRR) demonstrations. XT: crosstalk
suppression; FSR: free spectral range; ER: extinction ratio; Fab. Var.: fabrication variations; R:

radius; L;: coupling length. “~” indicates the metric was not explicitly reported.

Reference Platform Highest Mode Ring Size XT (dB) FSR (nm) ER (dB) Data Rate Fab. Var.
Luoetal. (7] Si TE, R=10um, L. = 5um 12-22 - - 10 Gb/s® No
Jia et al. [13] Si TE; R=20pum 19.7-25.1 5 - 50 Gb/s No

Stern et al. [15] Si TE; R=16pum 16.8-240 5 - 10 Gb/s* No
Han ez al. [23] Si TE,; R =10pum 16-22 - >20 10 Gb/s No
Jia et al. [24] Si TE; R=10pum, L, =2pum  10.8-13.7 9.1 19.6-20.6 50 Gb/s No

Yang et al. [25] SiN TE; R =30um 10-18 - - 30 Gb/s No

This work Si TE;3 R=5pum, L, =246 ym 28.8-39.1 14.9 >23 25 Gb/s” Yes

9BER <1072 experimentally demonstrated.
bReported for the complete switch architecture, not an individual mode-selective MRR.

In this work, we discuss the design of fabrication-robust, high-FSR, and low-crosstalk mode-
selective silicon MRRs for the TEq, TE;, TE,, and TE; modes. By engineering the phase
matching conditions between a single-mode ring resonator and multimode bus waveguides,
the designed devices selectively couple a single higher-order spatial mode in a multimode bus
waveguide to the fundamental TE(y mode of a single-mode MRR, enabling mode-selective
wavelength filtering while maintaining a compact 5 um ring radius. Additionally, all selected
modes are coupled out at the drop port as the fundamental TEy) mode. To guide the device
design, we derive analytical coupling constraints on the full width at half maximum (FWHM) and
extinction ratio and combine these with systematic design space optimization to identify nominal
device geometries that simultaneously satisfy the crosstalk, bandwidth, extinction ratio, and
fabrication robustness requirements for practical deployment. The demonstrated mode-selective
MRRs achieve FSRs up to 14.9 nm with nominal crosstalk suppression values of 30.3 dB, 39.1
dB, and 28.8 dB for the TE;, TE,, and TE3 devices, respectively. Eye diagram and bit error rate
(BER) measurements demonstrate 25 Gb/s transmission using NRZ PRBS31 signals with BERs
below 10~'2 for received optical powers of —7.5 dBm and above for all fabricated MRRs, with
all eye diagrams remaining clearly open. Fabrication variation analysis further demonstrates
robust performance under representative dimensional variations in waveguide geometry, with all
designs maintaining crosstalk suppression between 23 dB and 40 dB between the desired mode
and all lower-order modes. As summarized in Table 1, the demonstrated mode-selective MRRs
simultaneously achieve high free spectral range (FSR), low crosstalk, compact footprint, and
experimentally evaluated fabrication robustness, highlighting their potential as compact building
blocks for high-speed integrated MDM photonic systems.

The paper is structured as follows: In Section 2, we present the analytical modeling, design
space optimization, and simulation results of the mode-selective MRRs. Section 3 details the
experimental characterization, high-speed transmission experiments, and fabrication tolerance
analysis of the fabricated devices. Finally, Section 4 presents the conclusions.

2. Device design and simulation
2.1.  Analytical design of mode-selective MRRs

We begin by considering the key performance requirements of the mode-selective microring
resonators (MRRs). First, the MRRs must selectively couple the desired spatial mode while
rejecting all other modes with high crosstalk suppression. We target a crosstalk suppression
exceeding 20 dB, corresponding to less than 1% residual power coupled into undesired modes.
Second, the MRRs must exhibit a sufficiently large Full Width at Half Maximum (FWHM) to
support high-speed data transmission. Following the criterion that the resonance bandwidth



Research Article Vol. 34, No. 16/10 Aug 2026/ Optics Express 29437 |

Optics EXPRESS : N

should be at least twice the operating data rate, operation up to 25 Gbps requires a minimum
FWHM of 50 GHz [26,27]. Third, the MRRs must provide a sufficiently high extinction ratio
(ER) to clearly distinguish between the on and off states. We target an ER exceeding 20 dB to
provide strong resonance contrast for filtering applications.

To achieve the first condition — a crosstalk suppression greater than 20 dB — we begin
by determining the phase matching conditions between the MRR and the through port bus
waveguides. Here, the crosstalk suppression is defined as the difference between the drop
port transmission at the resonance wavelength when the targeted input mode is excited and the
maximum drop port transmission when any other input mode is excited. Figure 1(a) illustrates the
geometric parameters of the mode-selective MRRs. The MRR is designed with a compact radius
of 5 um in order to achieve a high FSR. A waveguide width of 0.400 um is selected for the ring
resonator to ensure single-mode operation in a 220 nm thick silicon waveguide. Each of the four
targeted modes — TE(, TE;, TE,, and TE3; — requires a different bus waveguide width to satisfy
the phase matching condition, where the effective index of the bus waveguide mode matches the
effective index of the fundamental TEy mode of the MRR. Figure 1(b) shows the effective indices
of the four modes as a function of the silicon waveguide width, calculated using Ansys Lumerical
MODE. The dashed black line denotes the effective index of the single-mode ring resonator
waveguide with a width of 0.400 um, while the black circles denote the phase-matched widths
for each mode. Matching the effective indices of the bus waveguide and ring resonator yields bus
waveguide widths of approximately 0.405 um for TE, 0.839 um for TE, 1.265 um for TE,, and
1.694 um for TE3. These phase matching conditions provide the initial design parameters, which
are subsequently refined through Ansys Lumerical FDTD optimization to account for the full
electromagnetic coupling behavior of the mode-selective MRRs.
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Fig- 1. (a): Schematic of the geometric parameters of the mode-selective microring
resonators. Wy : through port waveguide width; Wyyop: drop port waveguide width; Wying:
microring resonator waveguide width; Dy : through port coupling gap; Dyrop: drop port
coupling gap; R: microring resonator radius; L.: coupling length. (b): Effective index
as a function of waveguide width for the supported spatial modes. The dashed black line
denotes the effective index of the single-mode microring resonator waveguide with a width
of 0.400 um. The black circles on each curve denote the phase matching conditions between
the ring resonator and each supported mode in the multimode bus waveguide, where the
effective indices of the two waveguides are matched to enable efficient optical coupling.
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To satisfy the bandwidth requirement for high-speed operation, we next analyze the Full Width
at Half Maximum (FWHM) of the mode-selective MRRs. For an add-drop ring resonator, the
FWHM is given by

A% (1= rira)
nnglnfrira ’

where A is the resonance wavelength, ng is the group index of the waveguide, L is the round-trip

length of the resonator, r| and r;, are the self-coupling coefficients of the couplers, and a is the

round-trip field transmission factor, including both propagation loss in the ring and coupler loss
[22]. The FWHM in Eq. (1) is converted to frequency units according to

FWHM = (1

FWHM; = —FWHM,, )

TeS

where c is the speed of light. For our design, we target a resonance wavelength of 1550.0 nm and
operation near the critical coupling condition to achieve high extinction ratio while maintaining a
sufficiently large bandwidth. The group index of the 0.400 um silicon waveguide is calculated
using Ansys Lumerical MODE, yielding n, = 4.45, and the typical propagation loss of silicon is
approximately 3.0 dB/cm [28]. Using these parameters, achieving a minimum FWHM of 50
GHz requires a minimum cross-coupling coefficient of Kl2 = 0.080, where Klz + rf =1

Finally, to ensure clear discrimination between the on- and off-resonance states, we analyze the
extinction ratio (ER) of the mode-selective MRRs. For an add-drop ring resonator, the extinction
ratio is defined as [22]

T,
ERgp = 10log;q ( ;:X) , 3
where ) X
T _(1_"1)(1_’2)“ )
max —
Y (U -nnap?

1-)(1-r3)a

L _=Ri-n) .

(1 + r1ra)?

Using Eqgs. (4) and (5), we find that to achieve an ER greater than 20 dB, the cross-coupling
coefficient must satisfy Kf<0. 180. Combining the conditions for the FWHM and ER yields the
design constraint 0.080</<]2 <0.180.

In the following section, we combine the phase matching requirements with the coupling
coefficient design constraints to perform parameter sweeps and optimize the MRR geometry in
order to satisfy the crosstalk suppression requirements.

2.2. Device optimization and simulation results

Starting from the phase-matched widths determined earlier, we perform parameter sweeps to
optimize the coupling coefficient and maximize the crosstalk suppression for each of the mode-
selective MRRs. The nominal through port widths are initialized using the phase-matched widths
determined in Fig. 1(b), and Ansys Lumerical FDTD is used to optimize the coupling between
the through port waveguide and the ring by sweeping the through port width Wiy, through port
coupling gap Dy, and coupling length L.. Figure 2 summarizes representative design spaces
obtained by sweeping Dy, and L., while the remaining device parameters are fixed at their final
nominal values listed in Table 2. The corresponding through port power coupling coefficient,
crosstalk suppression, extinction ratio, and FWHM are shown for each mode-selective MRR. In
addition to identifying operating points that satisfy the crosstalk, extinction ratio, and bandwidth
requirements, the design spaces enable selection of nominal device geometries located within
relatively broad high-performance regions, thereby improving robustness to fabrication-induced
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Mode-Selective Microring Resonator Design Space
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Fig. 2. Representative design spaces for the fabricated TE(, TE|, TE,, and TE3 mode-
selective MRRs. The through port power coupling coefficient (K%), crosstalk suppression,
extinction ratio (ER), and full width at half maximum (FWHM) are shown as functions of
the through port coupling gap Dy, and coupling length L., while the remaining device
parameters are fixed at their nominal values listed in Table 2. The selected nominal device
geometries are indicated by the white star markers and correspond to operating points that
simultaneously satisfy the crosstalk, extinction ratio, and bandwidth requirements while
remaining within broad high-performance regions for improved fabrication robustness.
Crosstalk suppression is not reported for the TE; MRR because no lower-order mode is
present for this case.

dimensional variations. As shown in Fig. 2, increasing the coupling strength generally improves
the crosstalk suppression and FWHM, but reduces the extinction ratio, resulting in a well-defined
design region that satisfies all three performance metrics. The selected nominal designs, indicated
by the star markers in Fig. 2, correspond to operating points that simultaneously satisfy the
crosstalk suppression, extinction ratio, and bandwidth requirements while maintaining a common
coupling length for all four mode-selective MRRs to maintain consistent resonance wavelengths
and FSRs. The drop port waveguide geometry for each mode-selective MRR 1is designed using
the same coupling geometry as the TE( through port configuration, enabling efficient coupling of
the dropped signal into the fundamental TE; mode while maintaining operation near the critical
coupling condition. The full MRR spectra are simulated using Ansys Lumerical FDTD and
Ansys Lumerical INTERCONNECT. The simulated drop and through port spectra are shown in
Fig. 3, and the final design parameters and simulated performance metrics are summarized in
Table 2. The drop port spectra demonstrate selective coupling of the targeted spatial mode, while
the through port spectra show that the targeted mode is removed from the through port and the
lower-order non-target modes remain largely undisturbed. All four mode-selective MRRs exhibit
crosstalk suppression values above 20 dB, FWHM greater than 50 GHz, and extinction ratios
above 20 dB. Together, these results demonstrate that the mode-selective MRRs provide mode-
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Mode-Selective Microring Resonators - Simulated Spectra
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Fig. 3. Simulated drop port (top row) and through port (bottom row) transmission spectra
of the TEq, TE, TE,, and TE3 mode-selective MRRs. The drop port spectra demonstrate
wavelength-selective coupling for the targeted spatial mode while suppressing coupling to
the remaining modes. The through port spectra demonstrate negligible interaction between
the mode-selective MRR and the non-target spatial modes, while the targeted spatial mode
is selectively filtered by the ring. The simulated performance metrics are summarized in
Table 2.

and wavelength-selective filtering with high modal isolation, sufficiently large bandwidth for
high-speed operation, and strong resonance contrast. In the following section, we present the
experimental characterization of the fabricated mode-selective MRRs.

Table 2. Optimized parameters and performance metrics of the simulated mode-selective
microring resonators. Wiy, : through port waveguide width; Dy, : through port coupling gap;
Warop: drop port waveguide width; Dyrop: drop port coupling gap; K12: through port power
cross-coupling coefficient; Kg : drop port power cross-coupling coefficient; a: round-trip field
transmission factor; XT: crosstalk suppression; FWHM: full width at half maximum; Q: loaded
quality factor; ER: extinction ratio; IL: insertion loss.

Mode Wy Dthru Warop  Dérop K% K% a XT (dB) FWHM (GHz) Q ER (dB) IL (dB)
TE; 0400 0.230 0.400 0.230 0.1465 0.1465 0.98951 - 102.5 1880.7 22.2 0.21
TE; 0.832  0.198 0.400 0.230 0.1353 0.1465 0.99139 352 97.4 1975.5 22.6 0.23
TE» 1.268 0.172 0.400 0.230 0.1399 0.1465 0.97687 39.8 108.0 1781.2 21.7 0.94
TE3 1.708 0.150 0.400 0.230 0.1436 0.1465 0.97626 21.2 109.6 1753.9 21.6 0.80

3. Experimental characterization
3.1. Measured device performance

Using the optimized design parameters from the previous section, the mode-selective MRRs were
fabricated through an Applied Nanotools Inc. silicon multi-project wafer (MPW) run. Scanning
electron microscope (SEM) images of the fabricated nominal mode-selective MRRs are shown
in Fig. 4(a), highlighting the variation in the through port waveguide widths and through port
coupling gaps for the different targeted modes. Figure 4(b) shows the fabricated test structure
used for experimental characterization, consisting of an adiabatic coupler (ADC)-based mode
multiplexer and a single mode-selective MRR. In each test structure, the ADC mode multiplexer
converts the fundamental TEy mode excited by the grating couplers into the higher-order spatial
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modes supported by the multimode through port bus waveguide. Figure 4(c) shows the cascaded
ADC mode multiplexer and demultiplexer test structure used to experimentally characterize the
ADC mode converters. The ADC mode multiplexer enables selective excitation of the TEq, TE;,
TE,, and TE3 spatial modes in the central multimode waveguide. The corresponding ADC mode
demultiplexer converts each supported spatial mode back to the fundamental TEy mode, enabling
characterization of the modal crosstalk and conversion efficiency summarized in Table 3. The
purpose of this characterization is to verify selective excitation of the intended spatial modes
prior to characterization of the mode-selective MRRs. The mode converters exhibit crosstalk
suppression greater than 23 dB across at least the wavelength range from 1516-1565 nm. Using
the characterized ADC mode multiplexer, each supported spatial mode is individually excited in
the through port of the mode-selective MRR. The selected mode is then coupled by the MRR
to the drop port as the fundamental TEy mode, where the resulting transmission is measured.
All transmission spectra reported in this work are measured using a broadband optical spectrum
analyzer (BOSA) with a measurement noise floor of approximately —80 dB.

Table 3. Measured mode conversion performance of the cascaded adiabatic coupler (ADC)-based
mode multiplexer and demultiplexer at 1550 nm. The optical power measured at each output port for
excitation of the TEg, TE4, TE,, and TE3 input ports demonstrates selective mode conversion and
low modal crosstalk.

Input Mode TE( Output TE; Output TE,; Output TE; Output
TEy -1.1dB -38.0 dB -42.8 dB -42.3 dB
TE, -39.7dB -1.5dB -36.0 dB -50.1 dB
TE, -42.0 dB -33.5dB -1.1dB -30.3dB
TE3 -50.2 dB -54.5 dB -33.4 dB -1.3dB

To evaluate the robustness of the nominal designs, multiple geometrical variations of each
mode-selective MRR were fabricated and experimentally characterized, including intentional
variations in the through port waveguide width Wy, through port coupling gap Dy, drop
port coupling gap Dqrop, and coupling length L.. Relative to the nominal design, Wi, and L
are varied by +40 nm, while Dy, and Dgyqp are varied by £20 nm. The measured drop port
spectra for fabricated TEq, TE;, TE;, and TE3 mode-selective MRRs are shown in Fig. 5. The
corresponding through port transmission spectra for the targeted spatial mode are overlaid as
dashed lines, confirming wavelength-selective filtering of the targeted spatial mode in the through
port. The measured performance of the nominal device designs is summarized in Table 4. The
corresponding coupling coefficients and round-trip field transmission factor are extracted from
the measured resonance spectra using a joint nonlinear optimization. All nominal mode-selective
MRRs exhibit crosstalk suppression greater than 28.8 dB, FWHM greater than 71.7 GHz, ER
greater than 23.1 dB, and FSRs of approximately 14.9 nm. The reduced FWHM and increased
drop port extinction ratio relative to simulation are consistent with the lower coupling coefficients
extracted from the experimental spectra, as weaker coupling results in narrower resonance
linewidths and higher drop port extinction ratios. The higher measured TE3 crosstalk suppression
relative to simulation is also consistent with the lower extracted coupling coefficient. As shown
in Fig. 2, the TE3 design space includes weaker-coupling operating regions with higher crosstalk
suppression because the parasitic coupling of the TE; mode from the through port waveguide
into the MRR decreases more rapidly than the desired TE3 coupling in this regime.

3.2. Bit error rate and eye diagrams

We then perform high-speed data transmission experiments to characterize the signal integrity
performance of the mode-selective MRRs. The experimental setup is shown in Fig. 6(a). A
Thorlabs MX35E linear transmitter, which includes both a continuous-wave (CW) tunable
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Fig. 4. (a) Scanning electron microscope (SEM) images of the fabricated mode-selective
MRRs. (b) Optical microscope image of a fabricated test structure used for experimental
characterization. The image shows a TE3 mode-selective MRR test structure, consisting
of an adiabatic coupler (ADC)-based mode multiplexer and a single mode-selective MRR.
Light is coupled into the chip as the fundamental TEy mode through the grating couplers,
and the ADC mode multiplexer selectively excites the TEq, TE|, TE;, and TEj3 spatial
modes in the multimode through port waveguide by choosing the corresponding input grating
coupler. Equivalent test structures are fabricated for the TE(, TE, and TE; mode-selective
MRRs. The label "5SN3" denotes a nominal TE3 mode-selective MRR with a 5 yum radius.
(c) Optical microscope image of the cascaded ADC mode multiplexer and demultiplexer test
structure used to experimentally characterize the ADC mode converters. The ADC mode
multiplexer enables selective excitation of the TE(, TE, TE,, and TE3 spatial modes in the
central multimode waveguide. The corresponding ADC mode demultiplexer converts each
supported spatial mode back to the fundamental TEqy mode, enabling characterization of the
modal crosstalk and conversion efficiency summarized in Table 3.

laser source (TLS) and optical modulator, is used to generate the modulated optical signal at
a wavelength of 1548.51 nm. Modulation is driven using an Anritsu MP1900A pulse pattern
generator (PPG) with a non-return-to-zero (NRZ) pseudo-random bit sequence of length 23! — 1
(PRBS31). The optical signal is amplified using an erbium-doped fiber amplifier (EDFA) to
compensate for grating coupler insertion loss and is coupled into the chip through a single-mode
fiber (SMF) after passing through a polarization controller (PC). The transmitted optical signal
is coupled back into SMF, amplified using a second erbium-doped fiber amplifier (EDFA),
and detected using a 40 GHz bandwidth Thorlabs RXM40AF photodetector (PD). A Keysight
N7764A variable optical attenuator (VOA) is placed before the photodetector input for bit error
rate (BER) characterization. The detected electrical signal is monitored using a Keysight N1092C
sampling oscilloscope for eye diagram analysis and is also routed back to the PPG for BER
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Fig. 5. Measured spectra of the fabricated TE(, TE;, TE,, and TE; mode-selective
MRRs. Solid curves show the drop port transmission spectra, while dashed curves show
the corresponding through port transmission spectra for the targeted spatial mode. All
devices exhibit strong mode- and wavelength-selective filtering with free spectral ranges
(FSRs) of approximately 14.9 nm. The fabricated TE, TE,, and TE3 mode-selective MRRs
demonstrate crosstalk suppression values of 30.3 dB, 39.1 dB, and 28.8 dB, respectively,
while all devices maintain extinction ratios greater than 23.1 dB and FWHMs greater than
71.7 GHz, as summarized in Table 4.

Table 4. Measured performance and extracted fitting parameters of the nominal mode-selective
MRRs. XT: crosstalk suppression; FWHM: full width at half maximum; Q: loaded quality factor; ER:
extinction ratio; IL: insertion loss. The power cross-coupling coefficients (;<12 and Kg) and round-trip
field transmission factor (a) are extracted from the measured through and drop port spectra using a

joint nonlinear optimization.

Mode XT (dB) FWHM (GHz) Q ER (dB) IL (dB)* K% K% a
TEy - 84.6 2288.7 23.1 1.05 0.1232 0.1197 0.98978
TE, 30.3 71.7 2700.7 25.0 0.86 0.1003 0.1163 0.99184
TE, 39.1 79.1 2447.9 24.0 0.86 0.0951 0.1282 0.98750
TE3 28.8 719 2485.4 233 0.60 0.0917 0.1361 0.99099

“Variations due to grating coupler performance and measurement alignment may contribute to the reported values.

testing. The oscilloscope receives a clock trigger directly from the PPG and pattern-locks to the
transmitted PRBS31 signal.

The measured BER results are shown in Fig. 6(b). All mode-selective MRRs achieve BER
below 107!2 at 25 Gbps for received optical powers of -7.5 dBm and above, where the received
optical power is measured at the input of the photodetector. Each NRZ PRBS31 signal is
transmitted continuously for approximately 2 minutes, corresponding to approximately 3 x 10!
transmitted bits and a 95% confidence level. The corresponding open eye diagrams are shown in
Fig. 6(c). A loopback measurement consisting only of the input and output grating couplers is
included for reference. The variation in BER sensitivity for each mode-selective MRR is likely
influenced by path-dependent coupling differences, as well as slight laser detuning from the
resonance wavelength. Because the transmitted power and resonance slope vary with wavelength
detuning, small offsets from the resonance peak can increase the required received power. These
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Fig. 6. (a) Experimental setup for the eye diagram and bit error rate (BER) characterization of
the mode-selective MRRs. TLS: tunable laser source; TX: transmitter; EDFA: erbium-doped
fiber amplifier; PC: polarization controller; PPG: pulse pattern generator; PRBS31: pseudo-
random bit sequence of length 231 _ 1; VOA: variable optical attenuator; PD: photodiode;
NRZ: non-return-to-zero. (b) Measured BER as a function of received optical power for the
fabricated mode-selective MRRs at 25 Gbps. A loopback reference measurement consisting
only of input and output grating couplers is included for comparison. All mode-selective
MRRs demonstrate BERs below 107!2 for received optical powers of -7.5 dBm and above.
(c) Measured open eye diagrams at 25 Gbps with NRZ PRBS31. All eye diagrams are shown
using a horizontal scale of 6.67 ps/div and a vertical scale of 100 mV/div.

results demonstrate the ability of the mode-selective MRRs to support high-speed mode-selective
filtering for integrated MDM photonic systems.

3.3. Fabrication tolerance analysis

Finally, we characterize the performance of the fabricated MRR variants to evaluate the fabrication
tolerance of the mode-selective MRRs. Typical fabrication variations arising from lithography
and etch process biases can result in approximately =10 nm deviations in waveguide widths and
coupling gaps [29-31]. To evaluate the robustness of the nominal mode-selective MRR designs,
we fabricated devices with intentional variations in the through port waveguide width Wiy,
through port coupling gap Dy, drop port coupling gap Dgrop, and coupling length L. Relative
to the nominal design, Wiy, and L. are varied by +40 nm, while Dy, and Dyyop are varied by
+20 nm. Although variations in L. do not directly correspond to fabrication-induced variations,
they are included to evaluate the sensitivity of the devices to the coupling length. These results
are highlighted in Fig. 7. Each panel shows the distribution of measured performance across the
fabricated variants for each mode-selective MRR, with individual markers corresponding to the
fabricated variants. The boxes span the interquartile range from the 25th to 75th percentile, with
the horizontal line inside each box indicating the median and the whiskers indicating the spread
of the remaining measured values. The dashed horizontal lines indicate the target performance
thresholds. Across the fabricated variants, all measured devices maintain extinction ratios above
22 dB and FWHM values above 53 GHz, while the measured crosstalk suppression remains
above 23 dB for the TE;, TE;, and TE3 devices, showing that all fabricated variants continue to
satisfy the original target metrics despite the introduced dimensional perturbations.
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Fig. 7. Measured fabrication tolerance statistics of the fabricated mode-selective MRR
variants. The distributions summarize the measured extinction ratio, FWHM, and crosstalk
suppression across perturbations in the through port waveguide width Wy, through port
coupling gap Dy, drop port coupling gap Dgrop, and coupling length L. Markers show
individual fabricated variants. Each box spans the interquartile range from the 25th to
75th percentile, with the horizontal line inside the box indicating the median; the whiskers
indicate the spread of the remaining measured values; the annotated u values indicate the
mean measured value for each distribution; and dashed horizontal lines indicate the target
performance thresholds. Crosstalk suppression is not shown for the TEjg MRR because no
lower-order mode is present for comparison. All measured variants maintain extinction ratios
above 22 dB and FWHM values above 53 GHz, while the measured crosstalk suppression
remains above 23 dB for the TE;, TE;, and TE; MRRs.

The mean extinction ratios are 24.0, 24.0, 24.5, and 25.1 dB for the TE, TE, TE,, and TE;
MRRs, respectively, indicating consistently high extinction across all four mode-selective designs.
The FWHM distributions show mean values of 82.3, 75.3, 79.1, and 78.1 GHz, respectively, with
the TE( device exhibiting the largest average linewidth. The crosstalk suppression is highest for
the TE; MRR, with a mean value of 33.6 dB, followed by the TE; and TE; MRRs with mean
crosstalk suppressions of 30.8 and 27.2 dB. The perturbed variants remain close to the nominal
measured performance described in Table 4, indicating that the explored dimensional changes do
not degrade the device performance. Differences in the distribution widths arise from variations
in the fabricated coupling coefficients, as well as from mode-dependent sensitivity to the explored
dimensional perturbations. Crosstalk suppression is not reported for the TE device because no
lower-order mode is present for this case. Although the fabrication robustness analysis does
not explicitly isolate the effects of process-induced sidewall roughness and local dimensional
nonuniformities, these effects are inherently present in the fabricated devices and intentional
geometric variants characterized in this work. Overall, the measured distributions confirm that the
mode-selective MRRs remain robust under realistic fabrication-induced dimensional variations.

4. Conclusion

In this work, we have demonstrated fabrication-robust, high-FSR, and low-crosstalk mode-
selective microring resonators (MRRs) for integrated mode-division multiplexing (MDM)
systems. By engineering the phase matching conditions between a single-mode ring resonator
and multimode bus waveguides, we experimentally demonstrate mode- and wavelength-selective
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filtering for the TE, TE, TE,, and TE3 spatial modes. The fabricated devices exhibit crosstalk
suppression greater than 28.8 dB, extinction ratios greater than 23.1 dB, FWHMs greater than
71.7 GHz, and FSRs of approximately 14.9 nm. Eye diagram and bit error rate (BER) experiments
further demonstrate 25 Gb/s operation with BERs below 10~!2 for received optical powers of —7.5
dBm and above for all fabricated mode-selective MRRs, with all eye diagrams remaining open.
Additionally, all dropped signals are coupled out as the fundamental TE; mode, simplifying
integration with downstream single-mode photonic components. Fabrication variation analysis
further demonstrates robust operation under expected process-induced dimensional variations.
These results establish mode-selective MRRs as a promising building block for compact, high-
speed, and scalable integrated MDM photonic systems. Future work will focus on integrating the
mode-selective MRRs into larger mode- and wavelength-selective photonic systems, incorporating
established thermal tuning and resonance-locking techniques to enable stable operation under
practical operating conditions, and investigating the impact of stochastic fabrication variations,
including nonuniform dimensional fluctuations and sidewall roughness, on device performance
[32,33].
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