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Abstract
We theoretically investigate integrated photonic resonators formed by two mutually coupled Sagnac loop
re�ectors (MC-SLRs). Mode interference in the MC-SLR resonators is tailored to achieve versatile �lter
shapes with high performance, which enable �exible spectral engineering for diverse applications. By
adjusting the re�ectivity of the Sagnac loop re�ectors (SLRs) as well as the coupling strength between
different SLRs, we achieve optical analogues of Fano resonance with ultrahigh spectral slope rates,
wavelength interleaving / non-blocking switching functions with signi�cantly enhanced �ltering �atness,
and compact bandpass �lters with improved roll-off. In our designs the requirements for practical
applications are considered, together with detailed analyses of the impact of structural parameters and
fabrication tolerances. These results highlight the strong potential of MC-SLR resonators as advanced
multi-functional integrated photonic �lters for �exible spectral engineering in optical communications
systems.

1. Introduction
Integrated photonic resonators fabricated via complementary metal-oxide-semiconductor (CMOS)
technology offer competitive advantages of compact device footprint, high stability, high scalability and
low-cost mass production [1, 2]. To date, these micro/nano scale resonators that provide a strong
resonance �eld enhancement, narrowband wavelength selectivity and versatile �lter shapes have found
their way into many applications including for lasers, �lters, modulators, switches, buffers, sensors, and
signal processors [2–10].

Fano resonances, that feature asymmetric resonant lineshape pro�les, are a fundamental physical
phenomenon induced by interference between a discrete localized state and a continuum state [11–13]. It
was �rst reported early in the 20th century [14, 15], and has been widely used in atom spectroscopy since
then [12]. Recent advances in photonics and nanotechnology has led to new ways of realizing optical
analogues of Fano resonances with broad applications in light focusing beyond the diffraction limit,
optical switching, sensing, data storage, topological optics, and many others [16–20]. These optical
phenomena have been demonstrated in many types of resonant cavities such as dielectric rods,
disordered structures, lattices of nanospheres, metasurfaces, and integrated photonic resonators [16, 17,
19, 21–24].

Optical interleavers, switching nodes and bandpass �lters (BPFs) are core components for signal
multiplexing/demultiplexing, routing and monitoring in wavelength division multiplexing (WDM) optical
communication systems [25–27]. To realize these devices, optical �lters with a �at-top spectral response
that can minimize �ltering distortion, are highly desirable. To date, various schemes have been proposed
to improve the roll-off of optical �lters for achieving quasi �at-top spectral responses [27, 28–34].
However, these schemes, based on either �nite-impulse-response (FIR) �lters such as Mach–Zehnder
interferometers (MZIs) or in�nite-impulse-response (IIR) �lters such as Fabry-Perot (FP) cavities and
microring resonators (MRRs), usually achieve �at-top spectral responses via cascading many subunits
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[35]. This not only results in a bulky device footprint but also imposes stringent requirements on the
alignment of resonant wavelengths from separate sub-components. Moreover, it is challenging to
maintain the desired spectral response given the unequal wavelength drifts for different sub-components
induced by the thermo-optic effect [36, 37].

To realize Fano-resonance based devices, optical interleavers as well as switching nodes and BPFs in the
form of photonic integrated circuits could reap the greatest dividends in terms of compact footprint, high
stability, high scalability and mass-producibility for practical applications. Recently we demonstrated
multi-functional photonic �lters based on cascaded Sagnac loop re�ectors (CSLR) in silicon-on-insulator
(SOI) nanowires [33]. Here, we theoretically investigate more advanced �lter structures – namely, mutually
coupled Sagnac loop re�ectors (MC-SLR) − using similar principles. As compared with the CSLR
resonators that include only IIR �lter elements, the MC-SLR resonators that consist of both FIR and IIR
�lter elements provide more versatile mode interference and greatly improved �exibility for spectral
engineering. We tailor the mode interference in MC-SLR resonators to achieve optical analogues of Fano
resonances, or alternatively EIT or Autler-Towns splitting, that yield BPFs with ultrahigh slope rates,
wavelength interleaving and non-blocking switching functions with signi�cantly enhanced �ltering
�atness with improved roll-off, all in a compact footprint. Detailed analyses of the impact of varying the
structural parameters, including fabrication tolerances, are provided to facilitate device design and
optimization. For practical applications, the key requirements including a high extinction ratio, low
insertion loss, low crosstalk and meeting the ITU-T spectral grid [38] are also considered. These results
verify the effectiveness of using MC-SLR resonators as advanced multi-functional integrated photonic
�lters for �exible spectral engineering in optical communication systems.

2. Device Design
Figure 1(a) illustrates the schematic con�guration of the MC-SLR resonators. We investigate two types
MC-SLR resonators: the �rst, consisting of two parallel Sagnac loop re�ectors (SLRs) coupled to a top
bus waveguide, is termed a parallel MC-SLR resonator while the second, consisting of two inversely
coupled SLRs, is termed a zig-zag MC-SLR resonator. In both resonators the bus waveguides introduce
additional feedback paths for coherent optical mode interference, which provide greatly improved
�exibility for engineering the spectral response. We model the MC-SLR resonators using the scattering
matrix method [33, 39], where the waveguide and coupler parameters are de�ned in Table I. To simplify
the comparison, we assume that the two SLRs are identical for each individual MC-SLR resonator, i.e.,
LSLR1 = LSLR2 = LSLR, L1 = L2 = L, ts1 = ts2 = ts, tb1 = tb2 = tb.

When ts = 1, the parallel MC-SLR is equivalent to an MZI (i.e., FIR �lter), and it is equivalent to a FP cavity
(i.e., IIR �lter) when ts = 1 and tb = 1, respectively. On the other hand, the zig-zag MC-SLR resonator is
equivalent to a MZI combined with a SLR when ts = 1 and tb = 1, respectively. When ts ≠ 1 and tb ≠ 1,
both can be regarded as a hybrid �lter consisting of both FIR and IIR �lter elements. The mutual
interaction between the FIR and IIR �lter elements yields a very versatile coherent optical mode
interference. The freedom in designing the re�ectivity of the SLRs (i.e., ts), the coupling strength between
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the SLRs and bus waveguides (i.e., tb), and the lengths of the SLRs (i.e., LSLR) as well as the connecting
bus waveguides (i.e., L) forms the basis for engineering the spectral response of the MC-SLR resonators,
which leads to diverse applications.

TABLE I
DEFINITIONS OF STRUCTURAL PARAMETERS OF THE MC-SLR RESONATORS

Waveguides Length Transmission factor a Phase shift b

Bus waveguides between SLR1 and SLR2
(i = 1, 2)

Li ai φi 

Sagnac loop in SLRi (i = 1, 2) LSLRi asi φsi
Directional couplers Field transmission 

coefficient c
Field cross-coupling coefficient c

Coupler in SLRi (i = 1, 2) tsi ksi
Coupler between SLRi and bus waveguide 

(i = 1, 2)
tbi kbi

     

a ai = exp (-αLi / 2), asi = exp (-αLSLRi / 2), a is the power propagation loss factor.

b φi = 2πngLi / λ, φsi = 2πngLSLRi / λ, ng is the group index and   is the wavelength.
c tsi

2 + κsi
2 = 1 and tbi

2 + κbi
2 = 1 for lossless coupling are assumed for all the directional couplers.

In the following sections, we tailor the spectral response of MC-SLR resonators to achieve various �ltering
functions with high performance, including optical analogues of Fano resonances, wavelength
interleaving and non-blocking switching, and BPFs. The devices are designed based on, but not limited to,
the SOI integrated platform. In our design, we use values obtained from our previously fabricated SOI
devices [33, 40] for the waveguide group index of the transverse electric (TE) mode (ng = 4.3350) and the

propagation loss (α = 55 m− 1, i.e., 2.4 dB/cm).

3. Ultra-sharp Fano Resonances
In this section, we investigate the realization of optical analogues of Fano resonances by tailoring the
mode interference in the parallel MC-SLR resonator. Figure 2(a) shows the power transmission spectrum
from Port 1 to Port 4 of the parallel MC-SLR resonator. The structural parameters are LSLR = L = 100 µm, ts

= 0.74 and tb = 0.94. It is clear that there are multiple Fano resonances with asymmetric resonant
lineshapes. Figure 2(b) shows a zoom-in view of Fig. 2(a) in the wavelength range of 1550.0 nm – 1550.6
nm. The extinction ratio (ER), Q factor, and insertion loss (IL) of the Fano resonance in Fig. 2(b) are ~ 13.9
dB, ~ 33700, ~6.3 dB, respectively. In particular, the resonance spectrum shows a high slope rate (SR,
de�ned as the ratio of the ER to the corresponding wavelength difference at the Fano resonance) of 389
dB/nm, indicating strong coherent optical mode interference in the parallel MC-SLR resonator. Compared
to the FP cavity based on two cascaded SLRs [41], the top bus waveguide in the parallel MC-SLR
resonator forms an additional feedback path that allows more versatile coherent optical mode
interference between the two SLRs. As compared with previous work in achieving Fano resonances based
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on integrated MRRs [42, 43], the mutual interference between the FIR and IIR �lter elements yields Fano
resonances with a high SR in a compact device, requiring only two SLRs.

In Figs. 3(a) − (c), we further investigate the impact of ts, tb, and L on the performance of the Fano
resonance generated by the parallel MC-SLR resonator. We change only one structural parameter, keeping
the others the same as in Fig. 2(a). Figure 3(a-i) shows the power transmission spectra for various values
of ts, with the calculated SR and IL as functions of ts depicted in Fig. 3(a-ii). Clearly both the SR and the IL
decrease with ts, re�ecting the trade-off between them. Figure 3(b-i) shows the power transmission
spectra for different values of tb while the corresponding values of IL and SR are depicted in Fig. 3(b-ii).
The change in SR and IL with tb shows the opposite trend to their dependence on ts while still maintaining
the trade-off between them. Figure 3(c-i) shows the power transmission spectra for various L. Figure 3(c-
ii) depicts the calculated SR and IL as functions of L. One can see that the resonant wavelength redshifts
as L increases, indicating that it can be tuned by adjusting the phase shift with thermo-optic micro-
heaters [37, 39] or carrier-injection electrodes [44, 45] along the connecting bus waveguides. In Fig. 3(c-ii),
both SR and IL increase with L, while the change in SR is more dramatic than that for IL. This indicates
that the SR of the Fano resonance can be signi�cantly improved at the expense of a slightly increased IL
within a reasonable range.

4. Wavelength De-interleaving And Switching
In this section, we investigate the use of the parallel MC-SLR resonator to achieve high performing
wavelength interleaving / non-blocking switching functions in WDM optical communication systems.
Figures 4(a-i) and (a-ii) show the wavelength de-interleaving operation achieved based on the parallel MC-
SLR resonator with input from (i) Port 1 and (ii) Port 2, respectively. The corresponding power
transmission spectra are shown in Figs. 4(b-i) and (b-ii). The structural parameters are LSLR = L = 346 µm,
ts = 0.995, and tb = 0.707, which are designed in order to achieve a channel spacing (CS) of about 100
GHz in the C band to meet the ITU-T spectral grid standard G694.1 [38]. The input signal is separated into
two spectrally interleaved signals that transmit to different output ports. Given the reciprocal optical
transmission between the input and output ports, the same device can also perform a wavelength
interleaving operation to combine the two sets of WDM signals input from Port 3 and Port 4.

Figure 5(a) shows the spectral response of the parallel MC-SLR resonator for various values of ts. Since
the spectral responses for inputs from Port 1 and Port 2 are complementary for the same device, we only
consider the spectral response from Port 1. The spectral responses at different output ports are slightly
different, as shown in Fig. 5(a-i) for the output from Port 3 and Fig. 5(a-ii) for the output from Port 4. The
calculated 1-dB bandwidth (BW) and normalized root-mean-square deviation (NRMSD) within the 1-dB
BW range as a function of ts are depicted in Fig. 5(b). The 1-dB BW decreases with ts, and the
corresponding NRMSD increases with ts. This re�ects the deterioration of the �ltering �atness for an
increased ts. The spectral responses of the parallel MC-SLR resonator for various tb are shown in
Fig. 6(a). The 1-dB BW and the corresponding NRMSD within 1-dB BW range versus tb are plotted in
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Fig. 6(b). Their changes with tb shows an opposite trend to their change with ts, indicating improved
�ltering �atness for an increased tb.

Table II compares the performance of the MZI and the parallel MC-SLR resonator in terms of 1-dB BW,
NRMSD within 1-dB BW, ERs and ILs. The MZI and the parallel MC-SLR resonator are designed to have to
a small CS of about 100 GHz. As compared with the MZI, the MC-SLR resonator shows an increased 1-dB
BW and improved �ltering �atness, at the expense of reduced ERs and increased ILs within reasonable
ranges. Note that we used a moderately low waveguide propagation loss (α = 55 m− 1, i.e., 2.4 dB/cm) in
our design, but well within experimental capability for SOI nanowires. For waveguides with lower
propagation loss, such as is achievable silicon nitride or doped silica waveguides [46–75], for example, a
more signi�cant improvement in the 1-dB BWs and �ltering �atness can be achieved.

TABLE II

PERFORMANCE COMPARISON OF THE INTERLEAVERS BASED ON MZI AND PARALLEL MC-SLR
RESONATOR

Parameters MZI

with input light from
Port 1

Parallel MC-SLR resonator with input light from
Port 1a

Output ports Port 3 Port 4 Port 3 Port 4

1-dB BW (GHz) 59.9887 59.9767 67.8828 60.8639

NRMSD within 1-dB BW
(%)

55.43 60.09 33.92 47.3

ER (dB) 45.9179 46.4525 33.7906 32.3885

IL (dB) 0.2065 0.1652 0.6083 0.3341

CS (GHz) 100.0053 100.0053

a The structural parameters are LSLR = L = 346 µm, ts = 0.995, and tb = 0.707.

 By changing LSLR and L in the parallel MC-SLR resonator, wavelength interleaving / de-interleaving with
various spectral grids can be achieved, making the MC-SLR resonator versatile enough to meet the
different spectral grid requirements for different WDM systems. Figures 7(a) and (b) show the power
transmission spectra of the parallel MC-SLR resonator with CSs of approximately 50 GHz and 200 GHz,
respectively. The corresponding device performance parameters and structural parameters are provided
in Table III, together with those of the device with a CS of 100 GHz. The high 1-dB BW to CS ratios
highlight the �ltering �atness. The almost equal 3-dB BW to the CS ratios and the ERs for the
complementary output ports also re�ect very symmetric wavelength interleaving / de-interleaving for
these devices.
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Table III

Performance of the interleaver based on parallel MC-SLR resonators With different spectral grids

CS (GHz) 50.0025 100.0053 200.0122

Output ports Port 3 Port 4 Port 3 Port 4 Port 3 Port 4

ER (dB) 31.9609 30.9357 33.7906 32.3885 34.8738 33.2153

IL (dB) 0.8115 0.4965 0.6083 0.3341 0.5065 0.2529

1-dB BW / CS 0.6773 0.6077 0.6787 0.6086 0.6780 0.6082

3-dB BW / CS 1.0025 0.9923 1.0005 0.9912 1.0015 0.9917

Structural
parameters

ts 0.995 0.995 0.995

tb 0.707 0.707 0.707

LSLR
(µm)

692 346 173

L (µm) 692 346 173

Given the characteristics of the parallel MC-SLR resonator as a four-port device, a 2 × 2 non-blocking
switching unit was further designed based on it. We chose the Benes switching architecture since it
exhibits minimum complexity among various non-blocking switching architectures [76]. Figure 8(a)
shows the (i) cross and (ii) bar states of the non-blocking switching unit and the corresponding spectral
responses between the different ports, shown in Fig. 8(b). The structural parameters of the parallel MC-
SLR resonator were the same as those in Fig. 4(b). Two resonance channels centered at wavelengths of
λ1 = 1549.4938 nm and λ2 = 1550.2945 nm were selected for the operation of the cross and bar states,
respectively. When the resonance channel at λ1 is red shifted to λ2, the switching unit changes from the
cross state to the bar state. Practically, the red shift can be realized by slightly increasing the chip
temperature via temperature controllers or injecting a high-power pump at other resonance wavelengths
[26, 32, 77, 78]. Figure 8(c) shows the shift of the center wavelengths of the resonance channels at (i) λ1

and (ii) λ2 as a function of chip temperature variation ΔT. The thermo-optic coe�cient (dn / dT = 1.8 ×

10− 4 / °C) of silicon used in our calculation was the same as that used elsewhere [76]. It can be seen that
the resonance channel red shifts when increasing ΔT. Table IV shows the ERs, ILs and crosstalk for the 2
× 2 non-blocking switching unit based on the parallel MC-SLR resonator. As can be seen, �at-top spectral
response with high ERs, low ILs and low crosstalk is achieved. When the input port is changed to Port 2,
the wavelength channels for the cross and bar states remain unchanged, i.e., λ1 = λ1

′ and λ2 = λ2
′.

TABLE IV

PERFORMANCE OF THE NON-BLOCKING SWITCHING UNIT BASED ON MC-SLR RESONATOR
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Operation state Cross Bar

Operation wavelength (nm) λ1  = λ1
′  = 1549.4938 λ2  = λ2

′  = 1550.2945

Extinction ratio (dB) PC - PB = 32.3885 PD - PA = 33.7906

Crosstalk (dB) PA - PC = -34.0669 PB - PD = -32.1142

Insertion loss (dB) 0.3341 0.6083

PA, PB, PC, and PD denote the transmission powers at point A, B, C, and D in Fig. 9b, respectively.

We also investigate the impact of varying ts and tb on the IL and ER, which are important parameters for
the non-blocking switching unit. Figure 9 (a) plots the IL and ER of the transmission spectra from Port 1
to (i) Port 3 and (ii) Port 4 of the parallel MC-SLR resonator versus ts. The other structural parameters
were the same as those in Fig. 4(b). Clearly the IL decreases with the ts while the ER shows the opposite
trend, re�ecting a trade-off between them. The IL and ER as functions of tb are plotted in Fig. 9(b). As
shown in Fig. 9(b), the IL of the output spectrum remains almost unchanged at Port 3 and it increase at
Port 4 with the tb while the ER of the output spectrum at Port 3 decreases with the tb and it remains
almost unchanged at Port 4, re�ecting an increase in the difference between the ERs for different output
Ports with tb.

5. Compact Bpfs With Improved Roll-off
In this section, we tailor the mode interference in the zig-zag MC-SLR resonator to realize compact BPFs
with improved roll-off. Figure 10(a) shows the power transmission spectrum of the zig-zag MC-SLR
resonator from Port 1 to Port 2 in the wavelength range of 1549 nm − 1550 nm. There are wide-�at
stopbands and a passband with improved roll-off, arising from coherent mode interference within the zig-
zag MC-SLR resonator. The structural parameters are LSLR = L= 100 µm, ts = tb = 0.78. Figure 10(b) shows
the corresponding group delay response of the BPF in Fig. 10(a). To quantitatively analyze the
improvement in the �ltering roll-off, we further compare the 3-dB BW of the BPF based on two zig-zag MC-
SLRs (2-Z-SLRs) with BPFs based on other types of integrated photonic resonators, including a single
add-drop MRR (1-MRR) [77, 78], two cascaded SLRs (2-C-SLRs) [41], three cascaded SLRs (3-C-SLRs) [33],
and two parallel coupled MRRs (2-MRRs) [77, 78]. For comparison, the above �lters were designed based
on the same SOI wire waveguide (i.e., with the same ng = 4.3350 and α = 55 m− 1) and had the same ER
and free spectral range (FSR) as those of the BPF in Fig. 10(a). Figure 10(c) shows the normalized power
transmission spectra of the BPFs based on the various types of integrated resonators mentioned above.
The corresponding 3-dB BWs are shown in Fig. 10(d). It is clear that the BPF based on the two zig-zag
MC-SLRs resonator has the largest 3-dB BW and the best roll-off, re�ecting enhanced mode interference
in this compact device consisting of only two SLRs.
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We further investigate the impact of ts, tb, and L on the performance of the BPF based on the zig-zag MC-
SLR resonator. We only changed one structural parameter, keeping the others the same as those in
Fig. 10(a). The power transmission spectra for different ts, tb and L are shown in Figs. 11(a-i), (b-i), and (c-
i), respectively. The corresponding ILs, ERs and 3-dB BWs are shown in Figs. 11(a-ii), (b-ii), and (c-ii),
respectively. As shown in Figs. 11(a) and (b), by increasing ts and keeping constant tb or vice versa, both
the ER and 3-dB BW increase, together with a slightly increased IL. This indicates that the ER and 3-dB BW
can be further improved by sacri�cing IL within a reasonable range. In Fig. 11(c), the ER, IL and 3-dB BW
remain unchanged for different L when LSLR is constant. This not only veri�es the feasibility to implement
tunable BPFs by introducing thermo-optic micro-heaters [37, 39] or carrier-injection electrodes [41, 45], but
also highlights the high fabrication tolerance of the BPF. Finally, this approach towards integrated optical
�lters is also applicable for phase-�lters such as tunable dispersion compensators and delays [79–83].

6. Conclusion
We theoretically investigate advanced �lter structures based on MC-SLR resonators consisting of both
FIR and IIR �lter elements. Mode interference in the MC-SLR resonators is tailored to provide optical
analogues of Fano resonances with ultrahigh SRs, a �at-top spectral response for wavelength
interleaving/non-blocking switching functions, and compact bandpass �lters with improved roll-off. A
detailed analysis of the impact of varying the structural parameters is presented, with a particular focus
on the requirements for practical applications. This work highlights the strong potential of MC-SLR
resonators as multi-functional integrated photonic �lters for �exible spectral engineering in optical
communication systems.

Declarations
Competing interests:

The authors declare no competing interests.

References
1. C. Gunn, "CMOS Photonics for High-Speed Interconnects," IEEE Micro, vol. 26, no. 2, pp. 58–66, 2006.

2. W. Bogaerts and L. Chrostowski, "Silicon Photonics Circuit Design: Methods, Tools and Challenges,"
Laser & Photonics Reviews, vol. 12, no. 4, p. 1700237, 2018.

3. W. Bogaerts et al., "Silicon microring resonators," Laser & Photonics Reviews, vol. 6, no. 1, pp. 47–73,
2012.

4. H. Arianfard and R. Ghayour, "Nanoscale plasmonic �lter based on coupled metal-insulator-metal
waveguides using nonlinear nanoslot resonator," Journal of Nanophotonics, vol. 9, no. 1, p. 093799,
2014.



Page 10/24

5. S. Feng, T. Lei, H. Chen, H. Cai, X. Luo, and A. W. Poon, "Silicon photonics: from a microresonator
perspective," Laser & Photonics Reviews, vol. 6, no. 2, pp. 145–177, 2012.

�. Z. Yao et al., "Integrated Silicon Photonic Microresonators: Emerging Technologies," IEEE Journal of
Selected Topics in Quantum Electronics, vol. 24, no. 6, pp. 1–24, 2018.

7. J. Wu et al., "2D Layered Graphene Oxide Films Integrated with Micro-Ring Resonators for Enhanced
Nonlinear Optics," Small, p. e1906563, Mar 11 2020.

�. J. Wu et al., "Compact tunable silicon photonic differential-equation solver for general linear time-
invariant systems," Opt Express, vol. 22, no. 21, pp. 26254–64, Oct 20 2014.

9. A. Hamed, K. Bahareh, and G. Rahim, "Tunable band (pass and stop) �lters based on plasmonic
structures using Kerr-type nonlinear rectangular nanocavity," Optical Engineering, vol. 56, no. 12,
pp. 1–5, 12/1 2016.

10. W. Liu et al., "A fully recon�gurable photonic integrated signal processor," Nature Photonics, vol. 10,
no. 3, pp. 190–195, 2016.

11. M. F. Limonov., et al., “Fano resonances in photonics,” Nat. Photon., 11(9), 543, 2017.

12. E. Kamenetskii., et al., “Fano resonances in optics and microwaves: physics and applications,”
Springer International Publishing, 2018.

13. A. E. Miroshnichenko., et al., “Fano resonances in nanoscale structures,” Rev. Mod. Phys., 82(3), 2257,
2010.

14. U. Fano, “Sullo spettro di assorbimento dei gas nobili presso il limite dello spettro d’arco,” Il Nuovo
Cimento., 12(3), 154, 1935.

15. U. Fano, "Effects of con�guration interaction on intensities and phase shifts," Phys. Rev., 124(6),
1866, 1961.

1�. M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S. Kivshar, "Fano resonances in photonics," Nature
Photonics, Review Article vol. 11, p. 543, 09/01/online 2017.

17. A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, "Fano resonances in nanoscale structures," Reviews
of Modern Physics, vol. 82, no. 3, pp. 2257–2298, 08/11/ 2010.

1�. L. Stern, M. Grajower, and U. Levy, "Fano resonances and all-optical switching in a resonantly coupled
plasmonic–atomic system," Nature Communications, vol. 5, no. 1, p. 4865, 2014/09/08 2014.

19. Y. Deng, G. Cao, H. Yang, G. Li, X. Chen, and W. Lu, "Tunable and high-sensitivity sensing based on
Fano resonance with coupled plasmonic cavities," Scienti�c Reports, vol. 7, no. 1, p. 10639,
2017/09/06 2017.

20. B. S. Luk’yanchuk, A. E. Miroshnichenko, and Y. S. Kivshar, "Fano resonances and topological optics:
an interplay of far- and near-�eld interference phenomena," Journal of Optics, vol. 15, no. 7,
p. 073001, 2013/05/03 2013.

21. E. Kamenetskii, A. Sadreev, and A. Miroshnichenko, Fano Resonances in Optics and Microwaves:
Physics and Applications. Springer International Publishing, 2018.



Page 11/24

22. A. N. Poddubny, M. V. Rybin, M. F. Limonov, and Y. S. Kivshar, "Fano interference governs wave
transport in disordered systems," Nature Communications, vol. 3, no. 1, p. 914, 2012/06/26 2012.

23. K. Y. Yang, J. Skarda, M. Cotrufo, G. H. Ahn, A. Alú, and J. Vučković, "Inverse designed Fano
resonance in Silicon microresonators," in Conference on Lasers and Electro-Optics, San Jose,
California, 2019, p. SW4J.3: Optical Society of America.

24. X. Long, M. Zhang, Z. Xie, M. Tang, and L. Li, "Sharp Fano resonance induced by all-dielectric
asymmetric metasurface," Optics Communications, vol. 459, p. 124942, 2020/03/15/ 2020.

25. S. Cao et al., "Interleaver technology: comparisons and applications requirements," Journal of
Lightwave Technology, vol. 22, no. 1, pp. 281–289, 2004.

2�. J. Wu et al., "Non-blocking 2 × 2 switching unit based on nested silicon microring resonators with
high extinction ratios and low crosstalks," Chinese Science Bulletin, vol. 59, no. 22, pp. 2702–2708,
2014.

27. M. Oguma et al., "Compact and low-loss interleave �lter employing lattice-form structure and silica-
based waveguide," Journal of Lightwave Technology, vol. 22, no. 3, pp. 895–902, 2004.

2�. L.-W. Luo et al., "High bandwidth on-chip silicon photonic interleaver," Optics Express, vol. 18, no. 22,
pp. 23079–23087, 2010/10/25 2010.

29. S. Lai, Z. Xu, B. Liu, and J. Wu, "Compact silicon photonic interleaver based on a self-coupled optical
waveguide," Appl Opt, vol. 55, no. 27, pp. 7550–5, Sep 20 2016.

30. N. Zhou, S. Zheng, Y. Long, Z. Ruan, L. Shen, and J. Wang, "Recon�gurable and tunable compact
comb �lter and (de)interleaver on silicon platform," Optics Express, vol. 26, no. 4, pp. 4358–4369,
2018/02/19 2018.

31. R. A. Soref, F. De Leonardis, and V. M. N. Passaro, "Multiple-Sagnac-Loop Mach–Zehnder
Interferometer for Wavelength Interleaving, Thermo-Optical Switching and Matched Filteri," Journal of
Lightwave Technology, vol. 36, no. 22, pp. 5254–5262, 2018/11/15 2018.

32. et al., "Compact on-chip 1 × 2 wavelength selective switch based on silicon microring resonator with
nested pairs of subrings," Photonics Research, vol. 3, no. 1, pp. 9–14, 2015/02/01 2015.

33. J. Wu, T. Moein, X. Xu, and D. J. Moss, "Advanced photonic �lters based on cascaded Sagnac loop
re�ector resonators in silicon-on-insulator nanowires," APL Photonics, vol. 3, no. 4, p. 046102, 2018.

34. T. Dai et al., "Bandwidth and wavelength tunable optical passband �lter based on silicon multiple
microring resonators," Optics Letters, vol. 41, no. 20, pp. 4807–4810, 2016/10/15 2016.

35. B. E. Little et al., "Very High-Order Microring Resonator Filters for WDM Applications," IEEE Photonics
Technology Letters, vol. 16, no. 10, pp. 2263–2265, 2004.

3�. X. Mu, W. Jiayang, W. Tao, H. Xiaofeng, J. Xinhong, and S. Yikai, "Push–Pull Optical Nonreciprocal
Transmission in Cascaded Silicon Microring Resonators," IEEE Photonics Journal, vol. 5, no. 1,
pp. 2200307–2200307, 2013.

37. J. Wu et al., "On-Chip Tunable Second-Order Differential-Equation Solver Based on a Silicon Photonic
Mode-Split Microresonator," Journal of Lightwave Technology, vol. 33, no. 17, pp. 3542–3549, 2015.



Page 12/24

3�. (2012). G.wdm.1. Available: http://handle.itu.int/11.1002/1000/11482

39. J. Wu et al., "Compact on-chip 1 × 2 wavelength selective switch based on silicon microring resonator
with nested pairs of subrings," Photonics Research, vol. 3, no. 1, p. 9, 2014.

40. J. Wu, T. Moein, X. Xu, G. Ren, A. Mitchell, and D. J. Moss, "Micro-ring resonator quality factor
enhancement via an integrated Fabry-Perot cavity," APL Photonics, vol. 2, no. 5, p. 056103, 2017.

41. X. M. Sun et al., "Tunable silicon Fabry-Perot comb �lters formed by Sagnac loop mirrors," (in
English), Optics Letters, vol. 38, no. 4, pp. 567–569, Feb 15 2013.

42. G. Zhao et al., "Tunable Fano resonances based on microring resonator with feedback coupled
waveguide," Optics express, vol. 24, pp. 20187–20195, 09/05 2016.

43. S. Zheng et al., "Compact tunable electromagnetically induced transparency and Fano resonance on
silicon platform," Optics Express, vol. 25, no. 21, pp. 25655–25662, 2017/10/16 2017.

44. M. C. Souza, G. F. Rezende, L. A. Barea, A. A. von Zuben, G. S. Wiederhecker, and N. C. Frateschi,
"Spectral engineering with coupled microcavities: active control of resonant mode-splitting," Opt Lett,
vol. 40, no. 14, pp. 3332–5, Jul 15 2015.

45. A. Li and W. Bogaerts, "Tunable electromagnetically induced transparency in integrated silicon
photonics circuit," Opt Express, vol. 25, no. 25, pp. 31688–31695, Dec 11 2017.

4�. D. J. Moss, R. Morandotti, A. L. Gaeta, and M. Lipson, "New CMOS-compatible platforms based on
silicon nitride and Hydex for nonlinear optics," Nature Photonics, vol. 7, no. 8, pp. 597–607, 2013.

47. J. Wu et al., "RF Photonics: An Optical Microcombs’ Perspective," IEEE Journal of Selected Topics in
Quantum Electronics, vol. 24, no. 4, pp. 1–20, Art no. 6101020, 2018.
DOI:10.1109/JSTQE.2018.2805814.

4�. H. Bao et al., “Laser cavity-soliton microcombs,” Nature Photonics, vol. 13, no. 6, pp. 384–389, Jun.
(2019).

49. M. Kues et al., “Quantum Optical Micro-combs”, Nature Photonics vol.13, no. 3, 170–179 (2019).
DOI:10.1038/s41566-019-0363-0.

50. C.Reimer et al., “High-dimensional one-way quantum processing implemented on d-level cluster
states”, Nature Physics vol.15 no.2, 148–153 (2019). DOI:10.1038/s41567-018-0347-x

51. M. Ferrera et al., “On-Chip ultra-fast 1st and 2nd order CMOS compatible all-optical integration”,
Optics Express vol.19, (23) 23153–23161 (2011).

52. L. Razzari, D. Duchesne, M. Ferrera et al., “CMOS-compatible integrated optical hyper-parametric
oscillator,” Nature Photonics vol.4 (1), 41–45 (2010).

53. M. Ferrera, L. Razzari, D. Duchesne et al., “Low-power continuous-wave nonlinear optics in doped
silica glass integrated waveguide structures,” Nature Photonics, vol.2 (12), 737–740 (2008).

54. M. Ferrera, D. Duchesne, L. Razzari et al., “Low power four wave mixing in an integrated, micro-ring
resonator with Q = 1.2 million,” Optics Express, vol.17 (16), 14098–14103 (2009).

55. D. Duchesne, M. Peccianti, M. R. E. Lamont et al., “Supercontinuum generation in a high index doped
silica glass spiral waveguide,” Optics Express, vol.18 (2), 923–930 (2010).



Page 13/24

5�. M. Ferrera, et al., “On-chip CMOS-compatible all-optical integrator”, Nature Communications, vol.1
Article 29 (2010). DOI:10.1038/ncomms1028

57. A. Pasquazi, R. Ahmad, M. Rochette et al., “All-optical wavelength conversion in an integrated ring
resonator,” Optics Express, vol.18 (4), 3858–3863 (2010).

5�. A. Pasquazi, Y. Park, J. Azana et al., “E�cient wavelength conversion and net parametric gain via
Four Wave Mixing in a high index doped silica waveguide,” Optics Express, vol.18 (8), 7634–7641
(2010).

59. M. Peccianti, M. Ferrera, L. Razzari et al., “Subpicosecond optical pulse compression via an
integrated nonlinear chirper,” Optics Express, vol.18 (8), 7625–7633 (2010).

�0. D. Duchesne, M. Ferrera, L. Razzari et al., “E�cient self-phase modulation in low loss, high index
doped silica glass integrated waveguides,” Optics Express, vol.17 (3), 1865–1870 (2009).

�1. Pasquazi, M. Peccianti, L. Razzari, D. J. Moss, S. Coen, M. Erkintalo, Y. K. Chembo, T. Hansson, S.
Wabnitz, P. Del’Haye, X. Xue, A. M. Weiner, and R. Morandotti, Physics Reports vol.729 (1), 1–81
(2018).

�2. M.Peccianti, A.Pasquazi, Y.Park, B.E Little, S.Chu, D.J Moss, and R.Morandotti, “Demonstration of an
ultrafast nonlinear microcavity modelocked laser”, Nature Communications, vol.3 765 (2012).
DOI:10.1038/ncomms1762

�3. M.Kues, et. al., “Passively modelocked laser with an ultra-narrow spectral width”, Nature Photonics,
vol.11 (3) 159 (2017). DOI:10.1038/nphoton.2016.271

�4. A. Pasquazi, L. Caspani, M. Peccianti et al., “Self-locked optical parametric oscillation in a CMOS
compatible microring resonator: a route to robust optical frequency comb generation on a chip,”
Optics Express, vol.21 (11), 13333–13341 (2013).

�5. A. Pasquazi, M. Peccianti, B. E. Little et al., “Stable, dual mode, high repetition rate mode-locked laser
based on a microring resonator,” Optics Express, vol.20 (24), 27355–27362 (2012).

��. C. Reimer, L. Caspani, M. Clerici et al., “Integrated frequency comb source of heralded single
photons,” Optics Express, vol.22 (6), 6535–6546 (2014).

�7. C. Reimer, et al., “Cross-polarized photon-pair generation and bi-chromatically pumped optical
parametric oscillation on a chip”, Nature Communications, vol.6 Article 8236 (2015). DOI:
10.1038/ncomms9236

��. C. Reimer, M. Kues, P. Roztocki et al., “Generation of multiphoton entangled quantum states by
means of integrated frequency combs,” Science, vol.351 (6278), 1176–1180 (2016).

�9. M.Kues, et al., “On-chip generation of high-dimensional entangled quantum states and their coherent
control”, Nature, vol.546 (7660) 622–626 (2017).

70. H. Bao et al., “Turing patterns in a �bre laser with a nested micro-resonator: robust and controllable
micro-comb generation”, Physical Review Research vol.2 (2), 023395 (2020).

71. L. D. Lauro et al., “Parametric control of thermal self-pulsation in micro-cavities,” Opt. Lett. vol. 42, no.
17, pp. 3407–3410, Aug. 2017.



Page 14/24

72. H. Bao et al., “Type-II micro-comb generation in a �lter-driven four wave mixing laser,” Photonics
Research, vol. 6, no. 5, pp. B67-B73, May 2018.

73. L. Yang et al., "General architectures for on-chip optical space and mode switching," Optica, vol. 5, no.
2, pp. 180–187, 2018/02/20 2018.

74. X. Xu et al., "Advanced RF and microwave functions based on an integrated optical frequency comb
source," Opt Express, vol. 26, no. 3, pp. 2569–2583, Feb 5 2018.

75. X. Xu et al., "Photonic RF Phase-Encoded Signal Generation With a Microcomb Source," Journal of
Lightwave Technology, vol. 38, no. 7, pp. 1722–1727, 2020.

7�. J. Teng et al., "Athermal Silicon-on-insulator ring resonators by overlaying a polymer cladding on
narrowed waveguides," Optics Express, vol. 17, no. 17, pp. 14627–14633, 2009/08/17 2009.

77. A. Jian et al., "Theoretical analysis of microring resonator-based biosensor with high resolution and
free of temperature in�uence," Optical Engineering, vol. 56, no. 6, p. 067103, 2017.

7�. M. Borghi, A. Trenti, and L. Pavesi, "Four Wave Mixing control in a photonic molecule made by silicon
microring resonators," Scienti�c Reports, vol. 9, no. 1, p. 408, 2019/01/23 2019.

79. D.J. Moss et al., "Tunable dispersion and dispersion slope compensators for 10Gb/s using all-pass
multicavity etalons”, IEEE Photonics Technology Letters, vol. 15, no. (5), 730–732 (2003).

�0. DOI: 10.1109/LPT.2003.809921.

�1. D.J. Moss et al., ”Multichannel tunable dispersion compensation using all-pass multicavity etalons”,
paper TuT2 Optical Fiber Communications Conference, Anaheim (2002). Postconference Technical
Digest (IEEE Cat. No.02CH37339). Opt Soc. America. vol.1, 2002, pp. 132-3. Washington, DC, USA.

�2. D.J. Moss et al.,“Tunable dispersion compensation at 10 Gb/s and 40 Gb/s using multicavity all-pass
etalons”, Optical Fiber Communications Conference (OFC) paper TuD1, page 162, Atlanta, GA, March
(2003). Post-conference Digest (IEEE Cat. No.03CH37403). Opt. Soc. America. Part vol.1, 2003,
pp. 162-3. Washington, DC, USA.

�3. L. M. Lunardi et al., “Tunable dispersion compensators based on multi-cavity all-pass etalons for
40Gb/s systems", Journal of Lightwave Technology, vol. 20, no. 12, 2136 (2002). DOI:
10.1109/JLT.2002.806768.

�4. L.M. Lunardi et al., “An Etalon-Based Tunable Dispersion Compensator Device for 40-Gbit/s
Applications”, European Conf. on Optical Communications, Paper 5.4.6 Copenhagen, Sept. (2002).
vol. 2, 2002, Piscataway, NJ, USA. Print ISBN: 87-90974-63-8.

Figures



Page 15/24

Figure 1

Schematic con�guration of (a) parallel and (b) zig-zag MC-SLR resonators consisting of two SLRs (SLR1
and SLR2), respectively. The de�nitions of tsi (i = 1, 2), tbi (i = 1, 2), LSLRi (i = 1, 2), and Li (i = 1, 2) are
given in Table I.

Figure 2

(a) Power transmission spectrum of the parallel MC-SLR resonator from Port 1 to Port 4 when LSLR = L =
100 µm, ts = 0.74 and tb = 0.94. (b) Zoom-in view of (a) in the wavelength range of 1550.0 nm –1550.6
nm.
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Figure 3

(a-i) Power transmission spectra and (a-ii) the corresponding SR and IL for various ts when tb = 0.94 and
LSLR = L = 100 µm, respectively. (b-i) Power transmission spectra and (b-ii) the corresponding SR and IL
for various tb when ts = 0.74 and LSLR = L = 100 µm, respectively. (c-i) Power transmission spectra and
(c-ii) the corresponding SR and IL for various L when ts = 0.74, tb = 0.94 and LSLR = 100 µm, respectively.
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Figure 4

(a) De-interleaving operation and (b) output transmission spectra of the parallel MC-SLR resonator,
respectively. In (a) and (b), (i) and (ii) show the results for input from Port 1 and Port 2, respectively. The
structural parameters are LSLR = L = 346 µm, ts = 0.995, and tb = 0.707.



Page 18/24

Figure 5

(a) Power transmission spectra of the parallel MC-SLR resonator for various ts for input from Port 1 to (i)
Port 3 and (ii) Port 4 when tb = 0.707 and LSLR = L = 346 µm. (b) Calculated 1-dB BW and corresponding
NRMSD within 1-dB BW range as a function of ts for the transmission spectra in (a).
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Figure 6

(a) Power transmission spectra of the parallel MC-SLR resonator for various tb for input from Port 1 to (i)
Port 3 and (ii) Port 4 when tb = 0.707 and LSLR = L = 346 µm. (b) Calculated 1-dB BW and corresponding
NRMSD within 1-dB BW range as a function of tb for the transmission spectra in (a).
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Figure 7

Output transmission spectra of the parallel MC-SLR resonator from Port 1 to Ports 3 and 4 with CSs of (a)
~50 GHz and (b) ~200 GHz.
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Figure 8

Schematics showing the (i) cross and (ii) bar states of a non-blocking switching unit. (b) Power
transmission spectra of the parallel MC-SLR resonator (i) from Port 1 to Port 3 and Port 4 and (ii) from
Port 2 to Port 3 and Port 4. λ1, 2 and λ1′,2′ denote resonance wavelengths in (b-i) and (b-ii), respectively.
(c) Shift of center wavelength of the resonance channel versus chip temperature variation ΔT, (i) from
Port 1 to Port 3 and (ii) from Port 2 to Port 4.
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Figure 9

(a) IL and ER of the power transmission spectra of the parallel MC-SLR resonator versus ts with input
light from Port 1 when tb = 0.707 and LSLR = L = 346 µm. (b) IL and ER of output spectra versus tb with
input light from Port 1 when ts = 0.995 and LSLR = L = 346 µm.
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Figure 10

(a) Power transmission spectra of the zig-zag MC-SLR resonator from Port 1 to Port 2 in the wavelength
range of 1548.9 nm –1551.2 nm when LSLR = L = 100 µm, ts = tb = 0.78. (b) Group delay of the BPF in
(a). (c) Normalized transmission spectra of BPFs based on various types of integrated photonic
resonators, including single add-drop MRR (1-MRR), two cascaded SLRs (2-C-SLRs), three cascaded SLRs
(3-C-SLRs), two parallel coupled MRRs (2-MRRs) and two zig-zag MC-SLRs (2-Z-SLRs). (d) 3-dB BWs of
the BPFs in (c).
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Figure 11

(a-i) Power transmission spectra and (a-ii) the corresponding IL, ER and 3-dB BW for different ts when tb =
0.78 and LSLR = L = 100 µm, respectively. (b-i) Power transmission spectra and (b-ii) the corresponding
IL, ER and 3-dB BW for different tb when ts = 0.78 and LSLR = L = 100 µm, respectively. (c-i) Power
transmission spectra and (c-ii) the corresponding IL, ER and 3-dB BW for different L when LSLR = 100 µm
and ts = tb = 0.78, respectively.


