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Abstract 

As a fundamental optical approach to interferometry, Sagnac interference has been widely used 

for reflection manipulation, precision measurements, and spectral engineering in optical 

systems. Compared to other interferometry configurations, it offers attractive advantages by 

yielding a reduced system complexity without the need for phase control between different 

pathways, thus offering a high degree of stability against external disturbance and a low 

wavelength dependence. The advance of integration fabrication techniques has enabled chip-

scale Sagnac interferometers with greatly reduced footprint and improved scalability compared 

to more conventional approaches implemented by spatial light or optical fiber devices. This 

facilitates a variety of integrated photonic devices with bidirectional light propagation, showing 

new features and capabilities compared to unidirectional-light-propagation devices such as 

Mach-Zehnder interferometers (MZIs) and ring resonators (RRs). Here, we present our latest 

results for functional integrated photonic devices based on Sagnac interference. We outline the 

theory of integrated Sagnac interference devices with comparisons to other integrated photonic 

building blocks such as MZIs, RRs, photonic crystal cavities, and Bragg gratings. We present 

our latest results for Sagnac interference devices realized in integrated photonic chips, including 

reflection mirrors, optical gyroscopes, basic filters, wavelength (de)interleavers, and optical 

analogues of quantum physics.  

 

I. Introduction 

mailto:dmoss@swin.edu.au
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Optical interferometers are of fundamental importance for precision measurements in modern 

age, underpinning research and industrial applications in a variety of fields such as astronomy 

[1-3], remote detection [4, 5] , surface profiling [6, 7], optical communications [8], quantum 

optics [9, 10], biosensing [11, 12], fluid dynamics [13, 14], optometry [15], and holographic 

imaging [16, 17]. Generally, an optical interferometer starts with a light input, then splits it into 

several beams, exposes parts of them to external effects (e.g., changes in length or refractive 

index), and finally recombines for superposition. Hence, the power or spatial form of the 

recombined beam can be utilized to extract relevant physical quantity such as refractive index, 

distance, surface irregularity, and mechanical stress.  

The earliest reported optical interferometer can be traced back to 1801 by British scientist 

Thomas Young in his famous two-slit interference experiment [18, 19]. Since then, a wide range 

of optical interferometers have been developed [20, 21], which can be classified into two main 

categories depending on whether they operate based on wavefront or amplitude splitting. 

Wavefront splitting interferometers, represented by Young’s two slits [18, 19], Lloyd’s mirror 

[22], and Rayleigh interferometers [23], are mainly implemented in spatial light devices to split 

input light wavefront emerging from a point or a narrow slit. In contrast, amplitude splitting 

interferometers split the amplitude of the input light into directional paths, which can be realized 

in both spatial light and waveguide devices. Figure 1 shows schematic configurations of typical 

amplitude splitting interferometers, including Fizeau, Michelson, Mach–Zehnder, Fabry–Pérot, 

Twyman–Green, and Sagnac interferometers [20, 23].  

https://www.rp-photonics.com/michelson_interferometers.html
https://www.rp-photonics.com/fabry_perot_interferometers.html
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Figure 1. Schematic configurations of typical optical interferometers including (a) Fizeau, (b) Michelson, (c) 

Mach–Zehnder, (d) Fabry–Pérot, (e) Twyman–Green, and (f) Sagnac interferometers. LS: light source. CO: 

collimating optics. BB: beam block. BS: beam splitter. IO: imaging optics. IS: image sensor. RF: reference flat. 

IM: inspected mirror. M: mirror. PTM: partially transmissive mirror. BE: beam expander. RM: reference mirror. 

Sagnac interferometers [24, 25], which were named after French scientist Georges Sagnac 

(Figure 2(a)), were first demonstrated for rotation sensing in 1913 (Figure 2(b)). After that, 

several milestones in their development history greatly broadened their capabilities and 

applications. The first Sagnac ring gas laser (Figure 2(c)) was proposed in 1962 by Rosenthal 

[26], which was subsequently implemented in 1963 by Macek and Davis to detect the rotation 

rate [27]. After that, Sagnac ring laser gyroscopes (Figure 2(d)) were also used for detecting 

general relativity and geodesic phenomena [28-31]. Sagnac fiber ring interferometers, which 

have achieved many successes in sensing and optical communication applications [32-34], were 

first suggested by Brown in 1968 in a study of inertial rate sensing [35], and blossomed along 

with the development of optical fiber technologies [36-40]. The first fiber-optic gyroscope 

(Figure 2(e)) was demonstrated by Vali and Shorthill in 1976 [41], and experienced rapid 

progress after 1980s (Figure 2(f)) [42, 43]. Nowadays, Sagnac interferometers have been used 

https://www.rp-photonics.com/michelson_interferometers.html
https://www.rp-photonics.com/fabry_perot_interferometers.html
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in extensive applications such as inertial navigation [44, 45], optical communication [46], 

lasering [47, 48], and sensing [49, 50] (Figures 2(g) ‒ (k)).  

 
Figure 2. The development of Sagnac interferometers. (a) A photo for French physicist Georges Sagnac (1869 ‒ 

1928). (b) Schematics of Sagnac’s original interferometer in 1913. (c) Schematic diagram of the first Sagnac ring 

laser demonstrated by Macek and Davis in 1963. (d) A Sagnac ring laser gyroscope. (e) Schematics of the first 

fiber-optic gyroscope built by Vali and Shorthill in 1976. (f) A fiber optic gyroscope based on Sagnac effect. (g) 

A strain sensor based on Sagnac effect in optical fibers. (h) Microscope image of a Fabry–Pérot resonator 

assembled using microfiber Sagnac interferometers. (i) A scanning electron microscope (SEM) image of an 

integrated Sagnac interferometer. (j) Mask layout (up) and a microscope image (down) of an integrated Sagnac 

ring laser gyroscope. (k) Mask layout (up) and a microscope image (down) of an integrated tunable laser including 

a Sagnac interferometer. SOA: a semiconductor optical amplifier. MMI: multi-mode interference couplers. ERM: 

electro-refractive modulators. PD: photodiodes. (a) Adapted with permission  [51]. Copyright 2014, Pleiades 

Publishing, Ltd. (b) Adapted with permission [26]. Copyright 1962, Optica Publishing Group. (c) Adapted with 

permission [27]. Copyright 1963, American Institute of Physics. (d) Adapted with permission [52]. Copyright 

2011, IEEE. (e) Adapted with permission [41], Copyright 1976, Optica Publishing Group. (f) Adapted with 

permission [53]. Copyright 2016, SPIE. (g) Adapted with permission [54]. Copyright 2017, SPIE. (h) Adapted 

with permission [55]. Copyright 2013, De Gruyter. (i) Adapted with permission [56]. Copyright 2018, AIP 

Publishing LLC. (j) Adapted with permission [57]. Copyright 2018, IEEE. (k) Adapted with permission [58]. 

Copyright 2016, Optica Publishing Group. 

In a Sagnac interferometer, two split light beams travel in opposite directions and share a 

common optical pathway. Compared to Michelson and Mach–Zehnder interferometers that 

have different pathways for the split beams, Sagnac interferometers are free of phase control 

between different pathways, thus providing high stability against external disturbance such as 

https://www.rp-photonics.com/fabry_perot_interferometers.html
https://www.degruyter.com/search?query=*&publisherFacet=De+Gruyter
https://www.rp-photonics.com/michelson_interferometers.html
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vibration [20, 25]. Moreover, Sagnac interferometers, with their output intensity being 

determined only by the power split ratio of the beam splitter, exhibit much lower wavelength 

dependence than the Michelson, Mach–Zehnder, and Fabry–Pérot interferometers. 

The hardware implementation of Sagnac interferometers has been realized based on a wide 

range of device platforms, including spatial light systems (e.g., Figures 2(b) ‒ (d)), optical 

fibers (Figures 2(e) ‒ (h)), and photonic integrated circuits (PICs, Figures 2(i) ‒ (k)). 

Compared to discrete off-chip devices that suffer from limitations in system complexity and 

production scale, integrated Sagnac interferometers fabricated via mature complementary 

metal-oxide-semiconductor (CMOS) technologies provide competitive advantages in achieving 

compact device footprint, low power consumption, and low-cost manufacturing. More 

importantly, the high stability and scalability of integrated devices enable the design and 

engineering of functional on-chip systems with Sagnac interferometers as building blocks ‒ 

similar to the ring resonator systems that have achieved many success [59, 60]. In contrast to 

ring resonators where light only propagates in one direction, Sagnac interferometers involve 

light waves propagating in two opposite directions as well as mutual interaction between them. 

This offers additional degree of freedom in engineering the mode interference in resonators 

formed by Sagnac interferometers and hence more versatile spectral responses.  

Here, we present our latest results for integrated photonic devices based on Sagnac 

interference, which have a wide range of applications to reflection manipulation, spectral 

engineering, and precision measurements. We highlight the role of integrated Sagnac 

interferometers as fundamental building blocks in PICs, as well as their comparison and synergy 

with other building blocks such as Mach-Zehnder interferometers, ring resonators, photonic 

crystal cavities, and Bragg gratings. 

This paper is structured as follows. In Section II, the fundamentals of integrated Sagnac 

interference devices are briefly introduced, including modeling method, basic properties, and 

comparisons with other building blocks in PICs. Next, we present our latest results for 

https://www.rp-photonics.com/michelson_interferometers.html
https://www.rp-photonics.com/fabry_perot_interferometers.html
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integrated Sagnac interference devices in Section III, including reflection mirrors, optical 

gyroscopes, basic filters, wavelength (de)interleavers, optical analogues of quantum physics, 

and others. Some outstanding challenges are discussed in Section IV, followed by conclusions 

in Section V. 

II. Fundamentals of integrated Sagnac interference devices 

In this section, we briefly introduce the fundamentals of integrated Sagnac interference devices, 

highlighting their comparison with other building blocks in PICs such as Mach-Zehnder 

interferometers (MZIs), ring resonators (RRs), photonic crystal (PhC) cavities, and Bragg 

gratings. Note that the integrated photonic devices discussed in this section delineate a wide 

range of on-chip devices that can be implemented based on different material platforms such as 

silicon, silicon nitride (SiN), doped silica, III-V materials, and chalcogenide glasses [61-65]. 

For linear optical devices, the basic principles introduced in this section are universal for all 

material platforms.  

1. Waveguide Sagnac interferometers and other integrated building blocks 

Directional couplers are basic elements that comprise MZIs, RRs, and Sagnac 

interferometers, all of which are building blocks of PICs. A directional coupler is formed by 

two closely placed waveguides with mutual energy coupling (Figure 3(a)), which can split a 

guided optical wave into two physically separated coherent components and vice versa. The 

universal relation between the input and output of the directional coupler in Figure 3(a) can be 

given by [66]: 
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where j = √-1, Ein-1, Ein-2, Eout-1, and Eout-2 are the input and output optical fields right before and 

after the coupling region, t and κ are the self-coupling and cross-coupling coefficients, 

satisfying the relation t2 + κ2 = 1 when assuming lossless coupling. When t = κ = ½, the 

directional coupler works as a 3-dB coupler for equal power split.  
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A MZI (Figure 3(b)) can be realized by cascading two directional couplers in Figure 3(a), 

its field transfer function is expressed as [67]:  
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where ∆L is the length difference between the two arms, and k = 2πng/λ, with ng denoting the 

group index and λ the wavelength. When assuming 3-dB coupling for the two directional 

couplers, Eq. (2) can be simplified as:  
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By connecting two ports of the same waveguide in a directional coupler to form a closed 

loop, a RR (Figure 3(c)) can be obtained, its field transfer function is given by [59, 60]:  
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where a = e-αL/2 is the round-trip transmission factor, with α denoting the power propagation 

loss factor and L the loop circumference. In Eq. (4), φ = 2πngL/λ is the round-trip phase shift.  

A waveguide Sagnac interferometer (Figure 3(d)) can be formed by connecting two ports 

of different waveguides on the same side of a directional coupler. In contrast to RRs that only 

allow for unidirectional light propagation, it supports bidirectional light propagation as well as 

mutual coupling between the counter-propagated light waves. Its field transmission and 

reflection functions are:  
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Figure 3. (a) Schematic of a directional coupler. (b) ‒ (d) Schematics of building blocks in PICs formed by 

directional couplers, including (b) a MZI, (c) an all-pass RR, and (d) a waveguide Sagnac interferometer. CW: 

clockwise. CCW: counter-clockwise.  

As can be seen from Eqs. (5) and (6), for constant t and κ, the output light intensities (i.e., 

|TSI|
2 or |RSI|

2) are constants without any wavelength dependence. This is because the clockwise 

(CW) and counter-clockwise (CCW) light waves that interfere at the output ports share a 

common optical pathway and hence experience the same phase shift. By changing t and κ, the 

output light intensities can be varied, with the wavelength independence being maintained. This 

forms the basis of implementing complex photonic systems consisting of Sagnac 

interferometers, particularly for integrated photonic devices with high stability and scalability. 

When t = κ, the Sagnac interferometer operate as a total reflection mirror with a zero 

transmission, i.e., TSI in Eq. (5) equals zero.  
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Figure 4. Comparison of a MZI, an add-drop RR (AD-RR), and a resonator formed by two cascaded Sagnac 

interferometers (2-CSIR). (a), (b), and (c) shows the device schematics, electric field distribution profiles, and 

power transmission spectra, respectively. In (c), (i) shows the transmission spectra corresponding to the outputs at 

port Eout-1 for all the three devices, and (ii) compares the 3-dB bandwidths of the transmission peaks in (i). For 

comparison, the maximum transmission and center frequencies of the transmission peaks in (c-ii) are normalized. 

By cascading waveguide Sagnac interferometers, Fabry–Pérot (FP) cavities can be formed. 

where the Sagnac interferometers perform as reflection mirrors similar to those in FP laser 

diodes [68, 69]. In Figure 4, we compare the performance of a MZI, an add-drop RR (AD-RR), 

and a resonator formed by two cascaded Sagnac interferometers (2-CSIR). Figure 4(a) shows 

the device schematics. For comparison, all three devices are designed based on the silicon-on-

insulator (SOI) platform with the same ng = 4.3350, α = 55 m−1 (i.e., 2.4 dB/cm), and t1,2 = 

0.865. In addition, the length difference between the two arms of the MZI (i.e., ∆L), the 

https://www.rp-photonics.com/fabry_perot_interferometers.html
https://www.rp-photonics.com/fabry_perot_interferometers.html
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circumference of the AD-RR, and the cavity length of the 2-CSIR (i.e., LSI + Lw, with LSI and 

Lw denoting the lengths of the Sagnac loop and the connecting waveguide, respectively) are 

assumed to be the same. Figure 4(b) shows the electric field distribution profiles obtained via 

three-dimensional finite-difference time-domain (3D-FDTD) simulations. As can be seen, the 

MZI and AD-MRR show a travelling-wave (TW) interference pattern, whereas the 2-CSIR 

shows a standing-wave (SW) interference pattern. Figure 4(c) shows the power transmission 

spectra calculated based on the scattering matrix methods [56, 70]. In Figure 4(c-i), the free 

spectral range (FSR) of the 2-CSIR is half of those of the AD-RR and MZI ‒ a result of its SW 

resonator nature. This indicates that the 2-CSIR has a cavity length that is half that of an AD-

RR with the same FSR, thus allowing for a more compact device footprint. In Figure 4(c-ii), 

the MZI has the lowest quality (Q) factor (defined as the ratio of the resonance wavelength to 

the resonance 3-dB bandwidth). This arises from its finite-impulse-response (FIR) filter nature, 

in contrast to that of infinite-impulse-response (IIR) resonators such as the AD-RR and the 2-

CSIR. The Q factor of the 2-CSIR is about twice that of the AD-RR, making it attractive for 

applications requiring high Q factors [71-74].  

The ability to control the energy coupled into and out of the resonant cavities is crucial for 

practical devices. Depending on the difference between the energy coupled inside the resonant 

cavities and their intrinsic loss, the resonator can be classified into three coupling regimes ‒ 

under coupled, critically coupled, and over coupled [60, 66, 75]. For MRRs, the three coupling 

regimes with distinctive intensity, phase, and group delay responses have been widely exploited 

for a range of signal processing applications such as fast/slow light [76-78] , analog computing 

[79-81], and advanced optical modulation formats [82-84]. In Figure 5, we compare the 

intensity, phase, and group delay responses of the AD-RR and 2-CSIR in Figure 4 for various 

t1 but constant t2 = 0.865. As can be seen, the AD-RR show typical responses corresponding to 

under coupled, critically coupled, and over coupled regimes at the through port when t1 = 0.83, 

0.865, and 0.9, respectively. Similarly, the 2-CSIR show the responses corresponding to the 
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three coupling regimes at the reflection port, indicating that the three coupling regimes can also 

be achieved in a SW resonator like the 2-CSIR. 

 

Figure 5. Comparison of intensity, phase, and group delay responses of the AD-RR and 2-CSIR in Figure 3 for 

various t1 but constant t2 = 0.865. 

 

More versatile spectral responses can be obtained by cascading more Sagnac 

interferometers. For a resonator formed by multiple cascaded Sagnac interferometers, each 

Sagnac interferometer acts as a reflection/transmission element and contributes to the overall 

output spectra, which is similar to other SW resonators such as PhC cavities [85-87] and Bragg 

gratings [88-91]. In Figure 6, we compare the performance of a one-dimensional PhC (1D-



  

12 

 

PhC) resonant cavity, Bragg gratings, and a resonator formed by eight cascaded Sagnac 

interferometers (8-CSIR). For comparison, all of the three devices are designed based on the 

SOI platform. In each device, all the reflection/transmission elements are assumed to be 

identical except that an additional phase shift of π/2 is introduced to the central element. As can 

be seen, all the three SW resonators show similar transmission spectra, with a transmission 

peaking appearing in the stop band. This is induced by enhanced light trapping in the central 

elements resulting from the additional π/2 phase shift. Compared to the 1D-PhC cavity and the 

Bragg gratings that have sub-wavelength cavity lengths, the 8-CSIR with a longer cavity length 

shows a smaller FSR of ~100 GHz that matches with the spectral grid of wavelength-division-

multiplexing (WDM) optical communication systems [92]. The large cavity length not only 

makes it easy to tailor the reflectance/transmittance of each element for flexible spectral 

engineering, but also yields higher tolerance to fabrication errors.  

 
Figure 6. Comparison of (a) a one-dimensional photonic crystal (1D-PhC) resonant cavity, (b) Bragg gratings, 

and (c) a resonator formed by eight cascaded Sagnac interferometers (8-CSIR). In (a) ‒ (b), (i) shows device 

schematic, (ii) shows on-resonance electric field distribution profile, (iii) shows zoon-in view of (ii), and (iv) shows 

power transmission spectrum. In (c), (i) shows device schematic and (ii) shows power transmission spectrum. The 

three devices in (a) ‒ (c) are designed based on the SOI platform. For each device, all the elements are assumed to 

be identical except that an additional phase shift of π/2 is introduced to the central element. 
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2. Modeling of complex integrated Sagnac interference devices 

The scattering matrix method is widely used to calculate the spectral transfer functions of 

RRs and complex photonic systems consisting of RRs [93, 94]. For integrated Sagnac 

interference devices, the calculation of their spectral transfer functions is more complicated 

since light waves propagate in two directions. In the following, we introduce a universal method 

to calculate the spectral transfer functions of complex integrated photonic systems, using the 

device in Figure 7(a-i) formed by two mutually coupled Sagnac interferometers as an example. 

First, the device is divided into several directional couplers and connecting waveguides, with 

Ei (i = 1 ‒ 16) denoting the optical fields at the dividing points. At each point, since there are 

optical fields travelling in two directions, we define the one that travels from left to right or in 

a clockwise direction as “+” and the opposite one as the “-” direction. Next, the scattering matrix 

equations showing the relation between the input and output ports of the directional couplers 

and the connecting waveguides can be easily obtained, as shown in Table 1. After that, the 

system input should be set, e.g., E1
+ = 1 for input from Port 1, and E4

+ = 0, E13
-  = 0, E16

-  = 0 for 

no input from Ports 2 ‒ 4. Finally, the output spectral transfer function can be obtained by 

solving all the linear equations (via matrix operation or computing software such as MATLAB) 

to obtain the optical fields at corresponding output ports, e.g., E4
- , E13

+ , and E16
+  for Ports 2, 3, 

and 4, respectively. Figure 7(a-ii) shows the intensity spectral responses at Ports 2 ‒ 4 for 

device in Figure 7(a-i) with input from Port 1, which are plot based on the spectral transfer 

functions calculated using the above method. Note that this method can be used to calculate 

spectral transfer fucntions for not only Sagnac interference devices with bidirectional light 

propagation, but also RRs with unidirectional light propagation, and even hybrid systems 

including both Sagnac interferometers and RRs.   

 

 

 



  

14 

 

Table 1. Definitions of structural parameters of device in Figure 7 and the corresponding 

scattering matrix equations. 
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wi

)  and Tsi
1 2⁄

(i = 1, 2) = asi

1 2⁄
exp(-jφ

si
2⁄ )  are the field transfer functions of the bus 

waveguides and half-length of the Sagnac interferometers, respectively. 

b Si (i = 1 ‒ 4) = [
ti jκ

i

jκ
i

ti
], are the field transfer functions of the directional couplers. 

c TAD-RR is the field transfer function of the add-drop MRR. RSI-i and TSI-i (i = 1, 2) are the field transmission and 

reflection functions for the two Sagnac interferometers, respectively. 

For complex photonic systems, the spectral transfer functions of independent basic units 

such as a single RR or a single Sagnac inteferometer can be substituted as a whole into the 

scattering matrix equations to simplify the calculation. Here, “independent basic units” 

delineates the units that have energy exchanges with other parts only via connecting waveguides. 

Figure 7(b-i) shows a hybrid resonator consisting of an AD-RR sandwiched between two 
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Sagnac interferometers. The corresponding scattering matrix equations and intensity spectral 

responses are shown in Table I and Figure 7(b-i), respectively. By substituting the spectral 

transfer functions of the AD-RR and the Sagnac inteferometers, the total number of scatering 

matrix equations is 12, in contrast to 32 for completely dividing the device into directional 

couplers and connecting waveguides.  

 
Figure 7. Modelling complex integrated photonic filters based on the scattering matrix method. (a) A resonator 

formed by two mutually coupled Sagnac interferometers (SI). (i) shows the schematic illustration, which is divided 

into directional couplers and connecting waveguides. (ii) shows the calculated intensity spectral responses at Port 

2 ‒ 4 with input from Port 1. (b) A resonator formed by an add-drop RR (AD-RR) sandwiched between two Sagnac 

interferometers. (i) shows schematic illustration, which is divided into three basic units including a AD-RR and 

two Sagnac interferometers. (ii) shows the calculated intensity spectral responses at the reflection port (R) and Port 

2.  

3. Device design and tuning 

The accurate control of the coupling strength between optical waveguides is fundamentally 

needed for the design and implementation of not only Sagnac interference devices but also 

MZIs and RRs. As shown in Figure 3, the MZI, RR, and Sagnac interferometers all contain 

directional couplers. In a directional coupler formed by two closely placed optical waveguides 
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with mutual energy coupling (Figure 8(a)), the coupling strength can be changed by varying 

either the interaction length or the separation gap between them. According to the coupled mode 

theory [95, 96], the operation principle of a directional coupler can be simplified and explained 

based on the phase matching condition between the two fundamental eigenmodes of the coupled 

waveguides, which are commonly termed the even and odd modes, or the symmetric and anti-

symmetric modes. Figure 8(b) shows the mode profile of the even and odd modes of a 

directional coupler formed by two parallel silicon wire waveguides. The optical power 

oscillates between the two waveguides as the modes travel with different propagation constants, 

and after each distance termed the cross-over length, Lx, the optical power totally transfers from 

one waveguide to the other. The Lx can be given by [96]:  

)(2  , , oddeffeveneff

x
nn

L
−

=


                                                    (7) 

where λ is the light wavelength, neff, even and neff, odd are the effective indices of the two modes, 

respectively. For a straight coupling length of Lc, the field coupling coefficient, κ, can be 

expressed as [96]:  

).
2

sin(
x

c

L

L
 =                                                         (8) 

      Figure 8(c-i) shows κ as a function of the gap width G between the two silicon wire 

waveguides, which was calculated based on Eqs. (7) and (8). As can be seen, for a fixed straight 

coupling length of Lc that is smaller than Lx, the coupling strength of the directional coupler can 

be enhanced by reducing the gap width. This is because the decrease in gap width results in a 

smaller Lx and hence a larger κ according to Eq. (8). Note that the decrease in κ for G < 50 nm 

in Figure 8(c-ii) is attributed to the fact that Lx in this range is smaller than the fixed Lc = 14 

μm used in the simulation. For practical devices, the minimum achievable gap width depends 

on the particular fabrication techniques employed. For electron beam lithography, it is typically 
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between 50 nm and 150 nm. Whereas for deep ultraviolet (e.g., 193 nm or 248 nm) lithography, 

it is typically above 150 nm. 

 

Figure 8. Design of directional couplers in integrated photonic devices. (a) A directional coupler formed by two 

silicon wire waveguides, (i) shows the device schematic and (ii) shows the simulated electric field distribution 

when the directional coupler works as a 3-dB coupler. (b) Simulated mode profiles of (i) even and (ii) odd modes 

of the directional coupler in (a). (c) Coupling coefficient κ of the directional coupler in (a) as functions of (i) gap 

width G between the two waveguides and (ii) light wavelength λ. The ranges of gap width that can be achieved 

via state-of-the-art electron beam lithography and deep ultraviolet lithography are labeled in (c-i). In (a) ‒ (c), the 

width and height of the silicon wire waveguides are assumed to be W = 500 nm and H = 220 nm, respectively. 

Figure 8(c-ii) shows κ as a function of incident wavelength, which was calculated based 

on Eqs. (7) and (8) after taking account of the waveguide dispersion (including both the material 

and structure dispersion). As can be seen, the coupling strength of the directional coupler is 

wavelength dependent due to the existence of dispersion. For a gap width of 100 nm, the κ 
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varies from ~0.599 to ~0.820 in a wavelength range of 1500 nm ‒ 1600 nm, and from ~0.662 

to ~0.741 in the telecom C-band from 1530 nm to 1565 nm. Whereas for a larger gap width of 

200 nm, the change of κ with wavelength becomes more gradual, which only varies from ~0.263 

to ~0.314 in the C-band. For practical devices, the coupling strength can only be regarded as a 

wavelength-independent constant in a small wavelength range, as we assumed in previous Eqs. 

(1) ‒ (6) and Table 1. Whereas for devices with large operation bandwidths, the wavelength 

dependence of the coupling strength needs to be considered.  

For passive integrated photonic devices, the response spectra are fixed except for tiny 

variations with environmental factors such as temperature. In practical applications, active 

tuning of the passive devices is often needed, either to achieve the optimized device 

performance or to meet the requirements of different applications. The tuning can be achieved 

by introducing thermo-optic micro-heaters [97-99]  or PN junctions [100, 101]. The former has 

typical response times on the order of 10-3 s or 10-6 s, whereas the latter can achieve faster tuning 

on the order of 10-9 s or even lower.  

Figure 9 shows the device configurations of tunable Sagnac interferometers, where a 

tunable MZI coupler replaces the directional coupler in the Sagnac interferometer in Figure 

3(d). The effective coupling strength of the MZI coupler can be externally controlled by 

adjusting the phase difference ∆φ between the two arms. In principle, by integrating a micro-

heater along one arm of the MZI coupler (Figures 9(a) and (b)) to introduce additional π/2 

phase shift, the reflectivity of the Sagnac interferometer can be tuned from 0% to 100% (Figure 

9(e)). The tuning of the Sagnac interferometer can also be achieved by integrating PN junctions 

along the MZI coupler. Figures 9(c) and (d) show the device configurations with two PN 

junctions operating in the common and differential modes, respectively. In the common mode, 

the phase shifts along the two arms varies symmetrically, which does not introduce any changes 

in the effective coupling strength and hence the reflectivity. Whereas for the differential mode 

with the phase shifts along the two arms varying asymmetrically, the effective coupling strength 
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is changed, thus resulting in a variation in the reflectivity. The tuning efficiency is also doubled 

compared with the devices in Figures 9(a) and (b) that have only one phase shifter (Figure 

9(f)).  

 
Figure 9. Tunable Sagnac interferometers with MZI couplers. (a) – (b) Schematics of tunable Sagnac 

interferometers with a micro-heater integrated along one arm of the MZI coupler. (c) – (d) Schematics of tunable 

Sagnac interferometers with PN junctions integrated along both arms of the MZI coupler. (e) – (f) Reflectivity of 

the Sagnac interferometers in (a) – (d) as functions of phase difference between the two arms ∆φ and wavelength, 

respectively. 
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III. Integrated Sagnac interference devices 

Integrated Sagnac inteferometers that feature a simple configuration, low wavelength 

dependence, and high scalability are versatile for implementating a variety of functional 

photonic devices. Along with the advances in fabrication techniques, a series of applications of 

integrated Sagnac interference devices have been continuously demonstrated. In this section, 

we present our latest results for integrated Sagnac interference devices. These include reflection 

mirrors, optical gyroscopes, basic filters, wavelength (de)interleavers, optical analogues of 

quantum physics, and others.  

1. Reflection mirrors 

A direct application of integrated Sagnac interferometers is reflection mirrors, which are 

fundamental components in PICs [102]. Compared to reflection mirrors based on Bragg 

gratings [103], PhCs [104], and coupled RRs [105], Sagnac loop reflection mirrors (SLRMs) 

are advantageous by simultaneously providing high fabrication tolerance, broad reflection 

band, and high flexibility in tuning the reflectance. Figure 10 shows a variety of photonic 

integrated systems including SLRMs.  

Figure 10(a) shows an arrayed waveguide grating (AWG) system fabricated on an SOI 

wafer [106], where an array of SLRMs implemented based on 1 × 2 multi-mode interference 

(MMI) couplers were employed to reflect the signals back to the arrayed waveguides. Figure 

10(b) shows a silicon optical delay line system consisting of 13 cascaded RRs and a SLRM 

[107], where the light reflected from the SLRM passed through the cascaded RRs for a second 

time, thus allowing for a doubled delay-bandwidth product. Figure 10(c) shows a 

monolithically integrated multi-wavelength laser on an indium phosphide (InP) wafer [108], 

where each laser cavity was formed by two SLRMs, together with an AWG and multiple 

semiconductor optical amplifiers (SOAs) that serve as frequency selection and signal 

amplification modules, respectively. Figure 10(d) shows a silicon-based optical driver for fiber 

optic gyroscopes [109]. Similar to the multi-wavelength laser in Figure 10(c), there is a FP 
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laser cavity between the two SLRMs, which were designed to have different reflectivities to 

direct the generated light towards the subsequent module. Figure 10(e) shows another type of 

integrated multi-wavelength laser [110], where coherent laser frequency combs were generated 

based on optical parametric oscillation in the high-Q SiN RR, with a SLRM serving as the laser 

output coupler. 

 

Figure 10. Integrated Sagnac loop reflection mirrors (SLRMs). (a) A schematic and SEM images of a silicon 

arrayed waveguide grating including multiple SLRMs. WG: waveguide grating. (b) A schematic and images of a 

silicon optical delay line terminated with a SLRM. (c) A microscope image of an InP multi-wavelength laser with 

an array of SLRMs. SOA: semiconductor optical amplifier. (d) A schematic and a photograph of a silicon-based 

optical driver (IOD) for fiber optic gyroscopes including SLRMs. (e) A schematic and a photograph of an 
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integrated optical frequency comb generator with a SLRM. (a) Adapted with permission [106]. Copyright 2018, 

IEEE. (b) Adapted with permission [107]. Copyright 2014, Optica Publishing Group. (c) Adapted with permission 

[108]. Copyright 2010, Springer. (d) Adapted with permission [109]. Copyright 2017, Optica Publishing Group. 

(e) Adapted with permission [110]. Copyright 2018, Springer Nature Limited. 

2. Optical gyroscopes 

Optical gyroscopes providing a powerful approach for highly precise rotation measurement 

have formed the backbone of inertial navigation systems in modern ships, airplanes, satellites, 

submarines, and spacecraft [111, 112]. In an optical gyroscope, the Sagnac effect induces a time 

difference between light waves traveling in opposite directions around a circular path, which 

increases with the rotation rate and can be measured via optical interference. This time 

difference is detected as a phase shift when the circular path is open or a frequency shift when 

the circular path is closed.  

The advances in technologies for integrated device fabrication as well as accurate 

measurement of Sagnac interference in PICs have enabled chip-scale optical gyroscopes, which 

provide significantly reduced size, weight, and power consumption (SWaP) compared to 

conventional ring laser gyroscopes [43] and fiber optic gyroscopes [34, 113]. In concert with 

the development of ultra-low-loss waveguides [114-117]  and ultra-high-Q resonators [118-

120], various schemes have been proposed to realize chip-scale optical gyroscopes. Here we 

classify them into three categories, including interferometric optical gyroscopes (IOGs), 

passive resonant optical gyroscopes (PROGs), and Brillouin ring laser gyroscopes (BRLGs). In 

the PROGs and BRLGs, ultrahigh-Q resonators are employed. Note that although some 

ultrahigh-Q whispering-gallery-mode (WGM) cavities are off-chip discrete devices, recent 

progress in fabrication techniques has enabled their full integration in PICs [121, 122], therefore 

they are considered as integrated devices. We also note other types of optical gyroscopes using 

integrated III-V semiconductor ring laser cavities as both optical sources and sensing elements 

[123, 124], which was first proposed in the 1980’s [125] and gradually replaced by the PROGs 

and BRLGs after 2010, mainly due to the fact that the backscattering, mode competition, and 
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lock-in effect inside the ring laser cavities make it quite complex to generate stable and low-

noise beat signals for angular rate measurement [111, 126]. In Table 2, we summarize and 

compare the performance of the state-of-the-art integrated optical gyroscopes.  

Table 2. Performance comparison of the state-of-the-art integrated optical gyroscopes.  

Type Integrated components Platform 
Bias drift a) 

(deg/h) 

Sensitivity b) 

(deg/h) 

ARW c) 

(deg/h1/2) 
Ref. 

IOG Coiled waveguide SiN 58.7 ‒  8.52 [127] 

IOG Coiled waveguide Si ‒ 184680 ‒ [128] 

IOG Coiled waveguide Silica 7.32 ‒ 1.26 [129] 

IOG 
All the passive components and 

a thermo-optic micro-heater 
Si ‒ 2304 ‒ [130] 

IOG 

A MZI switch, two RRs with 

thermo-optic micro-heaters, two 

germanium photodiodes, and 

several waveguide couplers 

Si 21600 432000 650 [131] 

PROG RR Silica ‒ ‒ ‒ [132] 

PROG RR Silica ‒ ‒ ‒ [133] 

PROG RR Silica 324 ‒ ‒ [134] 

PROG RR Polymer ‒ 324 ‒ [135] 

PROG RR InP ‒ 10 ‒ [136] 

PROG 

A spiral resonator coupled  

to a straight bus waveguide 

 through a MMI coupler 

InP 1 10 ‒ [137] 

PROG RR Silica 14.4 3.74 ‒ [138] 

PROG 
All parts are integrated on  

an optical micro-bench 
CaF2 3 ‒ 0.02 [139] 

PROG Microrod resonator Silica ‒ 7200 ‒ [140] 

BRLG Disk resonator Silica  ‒ 22 ‒ [141] 

BRLG RR SiN ‒ 90000 ‒ [142] 

BRLG Wedge resonator Silica ‒ ‒ ‒ [143] 

BRLG Wedge resonator Silica 3.6 5 0.068 [144] 

a) Bias drift (deg/h): deviation from the mean value of the output rate in the bias stability measurement. 
b) Sensitivity (deg/h): minimum detectable angular rate or angular velocity of the gyroscope. 

c) Angle random walk (ARW, deg/h1/2): noise contribution to the rotation angle value, describing the average 

deviation or error that occurs during signal integration. 
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A. Interferometric optical gyroscopes (IOGs) 

In integrated IOGs, long coiled waveguides are usually employed as sensing modules to 

accumulate the Sagnac phase shift. Figure 11 shows typical integrated IOGs implemented 

based on different material platforms such as SOI, SiN, and silica. 

An IOG with an SiN coiled waveguide has been demonstrated (Figure 11(a)) [127], where 

the coiled waveguide had a length of ~3 m and a low propagation loss < 0.78 dB/m, yielding 

an angle random walk (ARW) of  ~8.52 deg/h1/2  and a bias drift of  ~58.7 deg/h. Subsequently, 

another IOG with an SOI coiled waveguide has been reported (Figure 11(b)) [128], where the 

multi-mode coiled waveguide had a length of ~2.76 cm and included 15 crossings, with an 

average propagation loss of ~1.33 dB/cm and an average crossing loss of ~0.08 dB. An IOG 

with a 2.14-m-long SiO2 coiled waveguide has also been investigated (Figure 11(c)) [129], 

which was connected to other optical devices of the gyroscope system via fiber tail coupling. 

By optimizing the bend radius and the space between adjacent loops, a low insertion loss of 

~8.37 dB was achieved for the fabricated coiled waveguide with 11 crossings, yielding a low 

bias drift of ~7.32 deg/h and a low ARW of ~1.26 deg/h1 ∕ 2. 

Figure 11(d) shows a silicon IOG consisting of two mode multiplexers, two 3-dB couplers, 

a thermo-optic micro-heater, two bent connecting waveguides, several grating couplers, and a 

coiled waveguide [130]. Two counter-propagating modes in the coiled waveguide induced a 

constant phase difference, which was engineered to achieve significantly improved detection 

sensitivity for the system. Compared to conventional IOGs, the IOG assisted by mode 

interference did not require any phase modulators or circulators, yielding both reduced system 

complexity and strong capability for monolithic integration. 

A hybrid integrated IOG with a compact footprint of ~2 mm2 has been reported [131], which 

consisted of an electro-optic MZI switch, two RRs with thermo-optic micro-heaters, two 

germanium photodiodes, and several waveguide couplers on a single SOI chip (Figure 11(e)). 

The MZI switch was used to change the direction of light injected into the RRs and hence the 
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output toggles between the two photodiodes. The output signals from the two photodiodes were 

summed and mixed with the reference frequency to extract the amplitude related to the rotation 

rate information. Owing to the significant reduction of thermal fluctuations and mismatch 

enabled by the reciprocity of such system, sensitive detection of small phase shift down to 3 

nrad was achieved, which is 30 times smaller than typical fibre-optic gyroscopes.  

 

Figure 11. Integrated interferometric optical gyroscopes (IOGs). (a) An IOG with an SiN coil waveguide. (b) An 

IOG with an SOI coiled waveguide. (c) An IOG with a SiO2 coiled waveguide. (d) A silicon IOG with improved 

sensitivity enabled by mode interference. (e) A hybrid integrated IOG with reciprocal sensitivity enhancement. (i) 

and (ii) shows the schematic and the practical device, respectively. (a) Adapted with permission [127]. Copyright 

2017, IEEE. (b) Adapted with permission [128]. Copyright 2018, Springer Nature Limited. (c) Adapted with 

permission [129]. Copyright 2020, Optica Publishing Group. (d) Adapted with permission [130]. Copyright 2019, 

Springer Nature Limited. (e) Adapted with permission [131]. Copyright 2018, Springer Nature Limited.  
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B. Passive resonant optical gyroscopes (PROGs) 

In contrast to the use of long coiled waveguides as sensing modules in integrated IOGs, the 

sensing modules in integrated PROGs are implemented by passive resonators, thus allowing for 

more compact device footprint. Moreover, unlike the IOGs with their sensitivities being 

restricted by the transmission loss of the long coiled waveguides, the PROGs based on high-Q 

optical resonators show advantages in achieving high sensitivities [129, 132, 145]. Figure 12 

shows several typical integrated PROGs. 

A PROG based on silica planar lightwave circuit (PLC) resonator with a circumference of 

~14.8 cm and a propagation loss of ~2.4 dB/m was first demonstrated (Figure 12(a)) [132], 

where the system configuration enabled countermeasures for noise induced by both 

backscattering and polarization fluctuations. In the experimental demonstration, the former was 

effectively suppressed by using binary phase shift keying modulation to compensate the spectral 

response of the thermo-optic modulator and the electronic gating, whereas the latter was 

lowered by adjusting the spacing between the two eigenstates of polarization to control the 

waveguide birefringence. 

A PROG based on a silica RR with a diameter of ~4 cm has been demonstrated  (Figure 

12(b)) [133], where laser frequency modulation spectroscopy technique was used for signal 

detection in the open-loop operation PROG system. A dynamic range between –2.0 × 103 and 

2.0 × 103 rad/s was experimentally achieved for the PROG, and the slope of the linear fit for 

the equivalent gyroscope rotation was about 0.330 mV/(deg/s) based on the –900 to 900 kHz 

equivalent frequency. By using a trapezoidal phase modulation technique to achieve real-time 

compensation for the output of the gyroscope, another PROG based on a silica RR with a 

diameter of ~6 cm has also been reported [134] (Figure 12(c)). The experimental demonstration 

verified that the deviation induced by noise and short-term drift was significantly reduced after 

the compensation, yielding a bias stability of ~0.09 deg/s with an integration time of 10 s over 

3000 s. Other modulation techniques have also been investigated, either to improve the output 
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from signal detection modules [146-149], or to reduce the backscattering [145, 150, 151] and 

backreflection [145, 152-154] noise. 

The use of a polymer RR with a diameter of ~1 cm as the sensing element of a PROG has 

been investigated (Figure 12(d)) [135], where the fabricated polymer RR had a propagation 

loss of ~0.5 dB/cm and a Q factor of ~105. The theoretically estimated shot-noise-limited 

sensitivity of such PROG was < 0.09 deg/s, reaching the level of rate-grade gyroscope. Another 

PROG with a InP RR as the sensing element has also been investigated (Figure 12(e)) [136]. 

The fabricated RR with a diameter of ~26 mm had a propagation loss of ~0.45 dB/cm and a Q 

factor of ~1 × 106, leading to theoretically estimated shot-noise-limited resolution of ~10 deg/h. 

Figure 12(f) shows an InP spiral resonator coupled to a straight bus waveguide through a 

MMI coupler, which was designed as the sensing element of a PROG [137]. The fabricated InP 

spiral resonator had a total length of ~60 mm and a Q factor of ~5.9 × 105, resulting in 

theoretically estimated resolution and bias drift of ~150 deg/h and ~4 deg/h, respectively. 

A PROG based on a Ge-doped silica RR with a circumference of ~7.9 cm has been 

demonstrated (Figure 12(g)) [138], where the RR was pigtailed with single-polarization fibers 

instead of polarization maintaining fibers to reduce the polarization induced error. In the 

experimental demonstration, a high bias stability of ~0.004 deg/s over 1 h was achieved, with 

the detection resolution exceeding the earth’s rotation rate. In addition, a PROG based on a 

WGM cavity with a diameter of ~7 mm has been reported (Figure 12(h)) [139]. The WGM 

cavity featured both high Q factors (with a finesse of 105) and low Rayleigh backscattering (< 

10 ppm), yielding an ARW of ~0.02 deg/h1/2 and a bias drift of ~3 deg/h at a cavity driven 

power of ~80 μW.  Figure 12(i) shows a schematic of another PROG based on a silica micro-

rod resonator with a diameter of ~2.8 mm [140], where symmetry breaking induced by Kerr 

nonlinear interaction between the counter-propagating light waves was utilized to significantly 

enhance the responsivity by about 4 orders of magnitude.  
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In addition to the experimental reports mentioned above, there has been significant 

theoretical work proposing new device designs for the PROGs, such as those based on coupled 

resonators [155-159], PhC cavities [160-162], and plasmonic devices [163], with the aim of 

increasing the sensitivity or reducing the footprint. 

 

Figure 12. Integrated passive-resonant optical gyroscopes (PROGs). (a) A PROG based on a silica planar 

lightwave circuit (PLC) resonator with countermeasures for noises induced by backscattering and polarization 

fluctuation. (b) A packaged silica RR used for a PROG with open-loop operation. (c) A PROG based on a silica 

RR using trapezoidal phase modulation technique. (d) A centimeter-scale polymer RR designed as sensing element 

of a PROG. (e) Four RR chips on a InP wafer as sensing elements for a PROG. (f) An InP spiral resonator coupled 

to a straight bus waveguide through a MMI coupler designed as sensing element of a PROG. (g) A Ge-doped silica 

RR coupled with single-polarization fibers (SPFs) used for a PROG. (h)  A PROG based on a WGM cavity. (i) A 

PROG based on a silica micro-rod resonator. (a) Adapted with permission [132]. Copyright 2000, Optica 

Publishing Group. (b) Adapted with permission [133]. Copyright 2014, IOP Publishing. (c) Adapted with 

permission [134]. Copyright 2015, Optica Publishing Group. (d) Adapted with permission [135]. Copyright 2016, 

Elsevier B.V. (e) Adapted with permission [136]. Copyright 2013, Optica Publishing Group. (f) Adapted with 

permission [137]. Copyright 2015, IEEE. (g) Adapted with permission [138]. Copyright 2017, Optica Publishing 

Group. (h) Adapted with permission [139]. Copyright 2017, Optica Publishing Group. (i) Adapted with permission 

[140]. Copyright 2021, Optica Publishing Group.  
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C. Brillouin ring laser gyroscopes (BRLGs) 

With the unique property of narrowing the pump laser linewidth, highly coherent and ultra-

low phase noise emission, and operation across wide wavelength ranges (e.g., from visible to 

infrared [164, 165]), ring lasers based on stimulated Brillouin scattering (SBS) are promising 

candidates for high-spectral-purity optical sources [166-169]. BRLGs were first studied in 

optical fibers [170] and more recently in integrated platforms [142-144]. Compared to PROGs, 

BRLGs based on narrow-linewidth Brillouin lasing can yield better sensitivity. Figure 13 

shows typical integrated BRLGs demonstrated experimentally. 

A BRLG based on a high-Q silica micro-disk resonator with a diameter of ~18 mm has been 

demonstrated (Figure 13(a)) [141], where the frequency shift induced by Sagnac interference 

was measured by using a single pump to trigger Brillouin lasing in a cascaded fashion. In the 

rotation-rate measurement, a sensitivity of ~15 deg/h/Hz1/2 and a rotation rate down to ~22 

deg/h were achieved. 

Figure 13(b) shows another BRLG demonstrated using a Brillouin laser chip and discrete 

front-end gyroscope components on a rotation table [142]. The Brillouin laser was realized 

based on a high-Q SiN RR with a circumference of ~74 mm, achieving a fundamental linewidth 

down to ~0.7 Hz. By applying a rotation rate varying from 0 to 75 deg/s, the BRLGs achieved 

linear operation with a scale factor of ~152 Hz/deg/s. 

Figure 13(c) shows a BRLG with enhanced response to rotations when working near an 

exceptional point where multiple eigenstates coalesce [143]. In the experimental demonstration, 

precise control of the counter-propagating laser modes with a high stability was achieved via 

phase matching of the Brillouin gain and the dispersion of the silica wedge resonator. Four-

times improvement of the Sagnac scale factor was observed by measuring rotations with an 

amplitude of about 1 revolution per hour. 

Figure 13(d) shows a BRLG integrated on a silicon chip [144], where counter-propagating 

Brillouin lasing was generated by counter-pumping a high-Q silica wedge resonator with a 
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diameter of ~36 mm. The fabricated device was used for measuring the Earth’s rotation rate 

with both high sensitivity and stability, achieving an ARW noise of ~0.068 deg/h1/2 and a bias 

drift of ~3.6 deg/h.  

 

Figure 13. Integrated Brillouin ring laser gyroscopes (BRLGs). (a) A BRLG based on a high-Q silica micro-disk 

resonator. (i) shows the system schematic and (ii) shows the packaged gyroscope. (b) A BRLG based on a high-Q 

SiN RR. (i) shows the system schematic and (ii) shows the fabricated SiN Brillouin laser chip. (c) A BRLG based 

on a high-Q silica wedge resonator. (i) shows the system schematic and (ii) shows illustration of the dual stimulated 
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Brillouin scattering laser process in the wedge resonator. (d) A BRLG system based on high-Q silica wedge 

resonator used for earth rotation measurement. (i) shows the system schematic and (ii) shows the packaged 

gyroscope. (a) Adapted with permission [141]. Copyright 2017, Optica Publishing Group. (b) Adapted with 

permission [142]. Copyright 2018, Springer Nature Limited. (c) Adapted with permission [143]. Copyright 2019, 

Springer Nature Limited. (d) Adapted with permission [144]. Copyright 2020, Springer Nature Limited. 

3. Basic filters 

Basic filters such as comb, Butterworth, Bessel, Chebyshev, and elliptic filters are of 

fundamental importance for signal filtering and processing in communications and computing 

systems [100, 171-174]. Integrated photonic resonators provide an attractive solution to realize 

these filters in the optical domain and with compact device footprint. Compared to devices with 

unidirectional light propagation such as RRs, Sagnac interference devices with bidirectional 

light propagation provide more versatile mode interference that can be tailored for realizing a 

range of basic optical filters. In Table 3, we compare different basic optical filters, including 

both Sagnac and non-Sagnac interference devices. 

Table 3. Comparison of integrated basic optical filters. 

Filter name Key characteristics of spectral response 
Non-Sagnac 
interference 

device 

Sagnac  
interference 

device 

Comb filter 

With an amplitude response consisting of a 

series of regularly spaced notches or peaks 

that resemble a comb. 

[175-177] [100, 174, 178-180] 

Butterworth 

filter 
With a flat bandpass amplitude response [181-183] [56, 180, 184-188] 

Bessel filter 
With a linear phase response (i.e., constant 

group delay) over the amplitude passband 
[181, 189] 

[180, 184, 185, 187, 

188] 

Chebyshev 

Type I filter 

With passband ripples and flat stopband 

response 
[181, 190, 191] [187, 188] 

Chebyshev 

Type II filter 

With stopband ripples and flat passband 

response 
[190-192] [187] 

Elliptic filter 

With ripples in both passband and stopband, 

thus providing the steepest roll-off than 

other types of filters. 

[191, 192] [187] 
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A tunable silicon photonic comb filter formed by two cascaded Sagnac interferometers has 

been demonstrated (Figure 14(a)) [100], which had 54 filtering channels with a spacing of 

~115 GHz in the wavelength range of 1510 ‒ 1560 nm. Interleaved PN junctions were 

implemented to electrically tune the comb filter, with both blue and red shift of the comb 

channels being achieved. By replacing the directional couplers in the Sagnac interferometers 

with tunable MZI couplers, this comb filter was upgraded to achieve both wavelength and 

bandwidth tuning (Figure 14(b)) [174], where 93 filtering channels with a spacing of ~40 GHz 

were obtained in the wavelength range of 1535 ‒ 1565 nm. Micro-heaters were integrated to 

thermally tune the MZI couplers, achieving wavelength tuning with an efficiency of ~0.019 

nm/mW as well as continuous bandwidth tuning from ~6 GHz to ~25 GHz.   

Figure 14(c) shows a silicon photonic Butterworth filter formed by four cascaded Sagnac 

interferometers [180]. Both bandwidth tuning from ~8.50 GHz to ~20.25 GHz and central 

wavelength tuning exceeding one FSR were demonstrated by tuning the thermo-optic micro-

heaters integrated along the coupling regions and the connecting waveguides between adjacent 

Sagnac interferometers, respectively.  

An integrated optical filter formed by a self-coupled Sagnac interferometer has been 

proposed (Figure 14(d)) [184]. By properly designing the device structural parameters, both 

Butterworth and Bessel filters can be realized. Since the filter shape of such device resulted 

from mutual coupling between two counter-propagated modes in the same resonant cavity, it 

showed higher power-efficiency in phase tuning as well as higher tolerance to fabrication errors 

compared to RRs.  

Another integrated optical filter formed by three cascaded Sagnac interferometers coupled 

to a top bus waveguide has also been investigated (Figure 14(e)) [187]. By tailoring coherent 

mode interference in such a device consisting of both FIR and IIR filter elements, its spectral 

response was engineered to achieve Butterworth, Bessel, Chebyshev, and elliptic filters with 

broad filtering bandwidths and high extinction ratios.  
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Figure 14. Basic optical filters formed by intergraded Sagnac interferometers. (a) An electrically tunable silicon 

photonic comb filter formed by two cascaded Sagnac interferometers. (b) A thermally tunable silicon photonic 

comb filter formed by two cascaded Sagnac interferometers with MZI couplers. (c) A silicon photonic 

reconfigurable Butterworth filter formed by four cascaded Sagnac interferometers. (d) Butterworth and Bessel 

filters based on a resonator formed by a self-coupled Sagnac interferometer. (e) Butterworth, Bessel, Chebyshev, 

and elliptic filters based on a resonator formed by three cascaded Sagnac interferometers coupled to a top bus 

waveguide. In (a) ‒ (e), (i) shows the microscope image or schematic of the device, and (ii) ‒ (iv) show the spectral 

response. (a) Adapted with permission [100]. Copyright 2013, Optica Publishing Group. (b) Adapted with 

permission [174]. Copyright 2016, Optica Publishing Group. (c) Adapted with permission [180]. Copyright 2021, 

Optica Publishing Group. (d) Adapted with permission [184]. Copyright 2011, Optica Publishing Group. (e) 

Adapted with permission [187]. Copyright 2021, Optica Publishing Group. 
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4. Wavelength (de)interleavers 

Wavelength (de)interleavers are key components for signal multiplexing and demultiplexing in 

WDM optical communication systems [193-195]. To date, various schemes have been proposed 

to realise compact chip-scale interleavers based on RRs [196, 197], MZIs [195, 198, 199], and 

Sagnac interferometers [70, 179, 194, 200]. To achieve high filtering roll-off, these devices 

usually include multiple cascaded subunits. Compared to (de)interleavers composed of RRs or 

MZIs, (de)interleavers formed by Sagnac interferometers can achieve the same level of filtering 

flatness and roll-off with fewer subunits, due to the stronger coherent mode interference within 

more compact device footprint enabled by the bidirectional light propagation as well as the SW 

resonator nature. In Table 4, we compare the performance of the state-of-the-art integrated 

wavelength (de)interleavers based on Sagnac interference. 

Table 4. Performance comparison of integrated wavelength (de)interleavers based on 

Sagnac interference. ER: extinction ratio. CS: channel spacing. IL: insertion loss. SI: 

Sagnac interferometer.  

Device structure Integrated 

platform 

Device 

footprint (μm2) 

ER 

(dB) 

CS 

(GHz) 

IL 

(dB) 

Ref. 

7 coupled SIs SOI ~320 × 150 ~20 ~100 ~8.0 [194] 

4 cascaded SIs SOI ~125 × 376 ~20 ‒ ~6.0 [201] 

2 cascaded SIs in a 

Saganc interfering loop 
SOI ~120 × 60 ~25 ‒ ~7.3 [200] 

2 cascaded SIs with 

MZI couplers in a 

Saganc interfering loop  

SOI ~736 × 523 ~20 ‒ ~6.0 [179] 

1D-PhC FP cavity in a 

Saganc interfering loop 
SOI ~64 × 70 ~20 ~2370 ~0.5 [202] 

A MZI structure with 

cascaded SIs in the two 

arms 

N/A a) N/A a) ~29 ~50 ~1.0 [186] 

2 parallel SIs coupled 

to a bus waveguide 
N/A a) N/A a) ~32 ~50 ~0.8 [70] 

2 coupled SIs with a 

feedback loop 
N/A a) N/A a) ~13 ‒ ~0.4 [203] 

a) This is simulation work.  
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Figure 15(a) shows a passive silicon photonic interleaver based on coupled Sagnac 

interferometers formed by a self-coupled optical waveguide [194]. Compared to ring-assisted 

MZI interleavers [204-206], the high-order filtering capability of the multi-stage Sagnac 

interferometers enabled both a reduced footprint and an increased extinction ratio. The 

fabricated device exhibited a flat-top spectral response with a steep roll-off, achieving an 

extinction ratio of ~20 dB and an insertion loss of ~8 dB in the C-band.  

A tunable silicon photonic interleaver based on a Michelson-Gires-Tournois interferometer 

formed by cascaded Sagnac interferometers has also been demonstrated (Figure 15(b)) [201], 

where thermo-optic micro-heaters were integrated to tune the phase shifts along the waveguides 

and hence the filtering center wavelength. The SW resonator nature of cascaded Sagnac 

interferometers yielded both a small device footprint of ~125 × 376 μm2 and a high tuning 

efficiency of ~0.04 nm/mW for the fabricated device. The interleaver had a channel spacing of 

~2.5 nm (i.e., ~312 GHz) and achieved a high 20-to-3 dB bandwidth ratio of ~1.37. 

Figure 15(c) shows another tunable silicon photonic interleaver formed by incorporating 

two Sagnac interferometers in an interfering loop [200]. Similar to the device in Figure 15(b), 

a micro-heater was employed to thermally tune the phase shift along the connecting waveguide 

between the two Sagnac interferometers, enabling a tunable center wavelength across the entire 

FSR with an efficiency of ~0.08 nm/mW. To achieve flat-top filtering, the coupling strengths 

of the directional couplers were optimized by setting the second-order derivative of the intensity 

transfer function to zero. An operation bandwidth of ~60 nm and a 20-to-3 dB bandwidth ratio 

of ~1.42 were achieved for the fabricated device with a footprint of ~120 × 60 μm2. 

By replacing the directional couplers of the Sagnac interferometers with MMI-assisted 

tunable MZI couplers, the interleaver in Figure 15(c) was modified to provide an additional 

degree of freedom in tuning the extinction ratio (Figure 15(d)) [179]. By tuning the micro-

heaters along one of the MZI couplers and the connecting waveguide between the two Sagnac 
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interferometers, tunable extinction ratio from 11.8 dB to 24.0 dB and center wavelength with 

an efficiency of ~0.0193 nm/mW were demonstrated, respectively. 

Figure 15(e) shows another silicon photonic interleaver modified on the basis of the 

device in Figure 15(c), where the two Sagnac interferometers in the interfering loop were 

replaced by etched holes to form a 1D-PhC cavity [202], yielding a reduced footprint and an 

increased FSR for coarse WDM applications. The fabricated device consisted of two identical 

interleavers that could separate the reflection light from the input, thus avoiding additional off-

chip circulators. Other attractive features included a compact footprint of ~64 × 70 μm2, a low 

insertion loss of ~0.5 dB, and a large channel spacing of ~19 nm.  

In addition to the experimental work mentioned above, there have been theoretical 

investigations. An optical interleaver based on a MZI structure with cascaded Sagnac 

interferometers in its two arms has been proposed (Figure 15(f)) [186]. The designs for such 

interleavers with channel spacings of 200 GHz, 50 GHz, and 25 GHz were provided, together 

with a detail analysis for the influence of the reflectivity and the number of Sagnac 

interferometers on the insertion loss, channel spacing, and extinction ratio. Another optical 

interleaver formed by two parallel Sagnac interferometers coupled to a top bus waveguide has 

also been investigated (Figure 15(g)) [70]. The hybrid nature of such device, which includes 

both TW and SW filter elements as well as FIR and IIR filter elements, enables strong mode 

interference in a compact device footprint and hence good filtering flatness for wavelength 

interleaving. Figure 15(h) shows an optical interleaver featuring a simple design and high 

fabrication tolerance [203], which consists two coupled Sagnac interferometers formed by a 

self-coupled optical waveguide. The high fabrication tolerance is enabled by using a single self-

coupled waveguide, so the length fabrication errors in different segments would not induce any 

asymmetry of the filter shape. 
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Figure 15. Wavelength (de)interleavers formed by intergraded Sagnac interferometers. (a) A passive silicon 

photonic interleaver based on coupled Sagnac interferometers formed by a self-coupled optical waveguide. (b) A 

tunable silicon photonic interleaver based on Michelson-Gires-Tournois interferometer formed by cascaded 

Sagnac interferometers. (c) A tunable silicon photonic interleaver based on a FP cavity formed by two Sagnac 

interferometers in an interfering loop. (d) A tunable silicon photonic interleaver formed by Sagnac interferometers 

with tunable MZI couplers. (e) A passive silicon photonic interleaver based on a 1D-PhC FP cavity in an interfering 

loop. (f) An integrated optical interleaver based on a MZI structure with cascaded Sagnac interferometers in the 

two arms. (g) An integrated optical interleaver formed by two parallel Sagnac interferometers coupled to a top bus 

waveguide. (h) An integrated optical interleaver based on two coupled Sagnac interferometers with a feedback 

loop formed by a self-coupled optical waveguide. In (a) ‒ (h), (i) shows the microscope image and/or schematic 

of the device, and (ii) shows the spectral response. (a) Adapted with permission [194]. Copyright 2016, Optica 

Publishing Group. (b) Adapted with permission [201]. Copyright 2016, Optica Publishing Group.  (c) Adapted 

with permission [200]. Copyright 2017, IEEE. (d) Adapted with permission [179]. Copyright 2018, Optica 

Publishing Group. (e) Adapted with permission [202]. Copyright 2018, Optica Publishing Group. (f) Adapted with 

permission [186]. Copyright 2018, IEEE. (g) Adapted with permission [70]. Copyright 2021, Optica Publishing 

Group. (h) Adapted with permission [203]. Copyright 2022, SPIE. 

 

5. Optical analogues of quantum physics 

Similar to the interaction between quantum states in multi-level atoms, coherent mode 

interference in coupled resonators can yield optical analogues of many quantum phenomena in 

atomic or condense matter physics, such as electromagnetically induced transparency (EIT), 
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electromagnetically induced absorption (EIA), Autler–Towns splitting (ATS), and Fano 

resonances. These optical analogues have been utilized in a variety of applications such as light 

storage [207-209], sensing [210-212],  dispersion engineering [213, 214], photonic computing 

[97], and signal multicasting [215, 216]. A variety of integrated photonic devices, including 

those based on Sagnac interference or others, have been used to realize optical analogues of 

EIT, EIA, ATS, and Fano resonances. Compared to the devices formed by TW resonators such 

as RRs, the devices formed by Sagnac interferometers show advantages in terms of device 

footprint due to their SW resonator nature. The strong mode interference within compact 

resonant cavities can also yield increased Q factors and reduced FSRs [217, 218]. In Table 5, 

we summarize optical analogues of quantum physics generated by integrated photonic devices 

based on Sagnac interference. In the following, we discuss them in detail. 

Optical analogues of ATS in a close-loop resonator formed by two Sagnac interferometers 

were utilized for selective millimetre-wave (MMW) signal generation (Figure 16(a)) [219]. By 

varying the coupling strength of the central directional coupler, the spectral range between the 

split resonances was changed, thus enabling the extraction of frequencies with different 

intervals and hence the generation of MMW signals at different frequencies. In the experimental 

demonstration, ~39-GHz and ~29-GHz MMW signals were generated by using two passive 

devices with different coupling strengths of the central directional couplers.  

By replacing the central directional coupler of the device in Figure 16(a) with a MZI 

coupler and integrating a micro-heater along one arm to tune the phase shift, a similar device 

was employed as a tunable photonic analog computer to solve differential-equations (Figure 

16(b)) [97]. The split resonances arising from the optical analogues of ATS were self-aligned, 

therefore there were neither unequal thermal wavelength drifts nor the need for accurate 

wavelength alignment as in the case of cascaded RRs. An experimental demonstration was 

performed using 10-Gb/s optical Gaussian and super-Gaussian signals as the input, and the 

results showed good agreement with theory. In Ref. [220], a tunable spectral range between the 
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split resonances from zero to the entire FSR was demonstrated for a device with the same 

structure.  

Table 5. Comparison of optical analogues of quantum physics in integrated photonic 

devices based on Sagnac interference. SI: Sagnac interferometer. 

Device structure Integrated 

platform 

Corresponding 

atomic physics 

Demonstration 

of dynamic 

tuning  

Ref. 

A close-loop resonator formed by 2 SIs 

connected via a directional coupler 
SOI ATS No [219] 

A close-loop resonator formed by 2 SIs 

connected via a MZI coupler  
SOI ATS Yes [97, 220]  

2 coupled SIs formed by a self-coupled 

optical waveguide 
SOI EIT Yes [221] 

2 coupled SIs formed by a bottom RR 

and a top S-bend waveguide 
SiN EIT Yes [222] 

2 cascaded self-coupled optical 

waveguides including 4 SIs 
SOI EIT Yes [223] 

4 coupled SIs SOI EIT Yes [224] 

2 cascaded SIs with MZI couplers 

embedded in a RR 
SOI EIT Yes [225] 

3, 4, and 8 cascaded SIs SOI 
Multiple energy  

level splitting 
No [56] 

An add-drop RR coupled to an FP 

cavity formed by cascaded SIs 
SOI Fano resonance Yes [226] 

Two coupled FP cavities formed by 

cascaded SIs 
SOI Fano resonance  No [227] 

A zig-zag-like resonator formed by 3 

coupled SIs 
N/A a) Fano resonance N/A a) [187] 

3 SIs formed by a self-coupled 

waveguide 
N/A a) Fano resonance N/A a) [188] 

 a) This is simulation work.  

Optical analogues of EIT in coupled Sagnac interferometers formed by a self-coupled 

optical waveguide have also been investigated, first via theoretical simulation [228], and 

followed by an experimental demonstration based on the SOI platform (Figure 16(c)) [221]. 

The Sagnac interference in such resonator allowed for the co-excitation of the CW and CCW 
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resonance modes in the same cavity, which was engineered to realize different filtering 

functions. Single-channel, dual-channel, and broad stopband spectral responses were realized 

for the passive devices with different coupling strengths of the directional couplers. Dynamic 

tuning was also demonstrated by replacing the directional couplers with MZI couplers and 

integrating p-i-n diodes to electrically tune the phase shift via the free-carrier effect of silicon.  

Figure 16(d) shows a tunable optical filter formed by a bottom racetrack RR and a top S-

bend waveguide that vertically coupled with each other [222]. The coupling between the 

racetrack RR and the S-bend waveguide induced Sagnac interference in the device. By 

engineering their coupling strength, optical analogues of EIT were generated by the fabricated 

devices based on the SiN platform. A tunable resonance wavelength was demonstrated by 

integrating a micro-heater along the bottom racetrack RR to tune the phase shift. In contrast, 

the micro-heaters along the top S-bend waveguide had little influence on the spectral response, 

reflecting the thermal stability of such device. 

Figure 16(e) shows a tunable silicon photonic filter formed by cascading two self-coupled 

optical waveguides in Figure 16(c) [223]. Optical analogues of EIT and high-order bandstop 

filtering were observed for the measured spectral responses of the fabricated devices. Dynamic 

tuning of the spectral response was also demonstrated by applying different electrical powers 

to either a micro-heater or a p-i-n diode along the connecting waveguide. Another silicon 

photonic resonator modified on the basis of the device in Figure 16(c) is shown in Figure 16(f) 

[224], which consists four coupled Sagnac interferometers. Optical analogues of EIT were 

generated in the resonator when there was weak coupling for the two outer directional couplers 

and strong coupling for the two inner directional couplers. Dynamic tuning of the spectral 

response of the device was demonstrated by integrating a micro-heater to tune the phase shift 

along the feedback waveguide. 
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Figure 16. Optical analogues of quatum physics in integrated photonic devices based on Sagnac interference.  (a) 

Millimeter-wave signal generation based on optical analogues of ATS in a silicon photonic resonator consisting 

of two Sagnac interferometers connected via a directional coupler. (b) A tunable differential-equation solver based 

on engineering optical analogues of ATS in a silicon photonic resonator consisting of two Sagnac interferometers 

connected via a MZI coupler. (c) Optical analogues of EIT generated by a silicon photonic resonator consisting of 

coupled Sagnac interferometers formed by a self-coupled optical waveguide. (d) Optical analogues of EIT 

generated by a SiN photonic resonator formed by a bottom racetrack RR and a top S-bend waveguide that vertically 

coupled with each other. (e) A tunable optical filter based on a silicon photonic resonator formed by cascading two 

self-coupled optical waveguides in (c). (f) Optical analogues of EIT generated by a silicon photonic resonator 

consisting of four coupled Sagnac interferometers formed by a self-coupled optical waveguide. (g) A tunable 
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optical filter based on engineering optical analogues of EIT in a silicon photonic resonator consisting of two 

cascaded Sagnac interferometers embedded in a RR. (h) Optical analogues of multiple energy level splitting in a 

silicon photonic resonator formed by multiple cascaded Sagnac interferometers. (i) Optical analogues of Fano 

resonances generated by a silicon photonic resonator consisting of an add-drop RR and an FP cavity formed by 

two cascaded Sagnac interferometers. (j) Optical analogues of Fano resonances generated by a silicon photonic 

resonator consisting of two FP cavities formed by cascaded Sagnac interferometers. (k) Optical analogues of Fano 

resonances generated by a zig-zag-like structure formed by three inversely coupled Sagnac interferometers. (l) 

Optical analogues of Fano resonances in a resonator consisting of three Sagnac interferometers formed by a self-

coupled optical waveguide. In (a) ‒ (l), (i) shows the microscope image and/or schematic of the device, and (ii) 

shows the spectral response. (a) Adapted with permission [219]. Copyright 2016, Elsevier B.V.  (b) Adapted with 

permission [97]. Copyright 2015, IEEE. (c) Adapted with permission [221]. Copyright 2013, IEEE. (d) Adapted 

with permission [222]. Copyright 2018, Optica Publishing Group. (e) Adapted with permission [223]. Copyright 

2013, Optica Publishing Group. (f) Adapted with permission [224]. Copyright 2018, Optica Publishing Group. (g) 

Adapted with permission [225]. Copyright 2017, Optica Publishing Group. (h) Adapted with permission [56]. 

Copyright 2018, AIP Publishing LLC. (i) Adapted with permission [226]. Copyright 2017, Optica Publishing 

Group. (j) Adapted with permission [227]. Copyright 2019, Optica Publishing Group. (k) Adapted with permission 

[187]. Copyright 2021, Optica Publishing Group. (l) Adapted with permission [188]. Copyright 2021. IEEE. 

The generation of optical analogues of EIT based on a resonant cavity consisting of two 

cascaded Sagnac interferometers embedded in a RR has also been demonstrated (Figure 16(g)) 

[225, 229]. The two Sagnac interferometers formed an FP cavity inside the RR, and the coherent 

mode interference between them enabled the generation of EIT-like resonances. Tunable 

extinction ratio and bandwidth of the EIT-like spectrum were demonstrated by tuning the 

micro-heaters along the MZI couplers of the Sagnac interferometers. 

Optical analogues of multiple energy level splitting in resonators formed by multiple 

cascaded Sagnac interferometers have also been investigated, first via theoretical simulation 

[230], followed by an experimental demonstration using silicon photonic devices (Figure 

16(h)) [56]. Coherent mode interference in these devices was tailored by engineering the 

reflectivity of the Sagnac interferometers and the phase shifts along the connecting waveguides, 

which enabled the generation of multiple split resonances with potential applications for 

enhanced light trapping [185], wavelength multicasting [215, 216], and RF spectral shaping 

[231, 232].  

Optical analogues of Fano resonances, which feature an asymmetric resonant lineshape, 

have formed the basis for many sensors and switches in photonics and plasmonics [228, 233-
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235] [233, 236, 237]. Here, we present our latest results on integrated photonic devices based 

on Sagnac interference. 

A silicon photonic resonator consisting of an add-drop RR and an FP cavity formed by two 

cascaded Sagnac interferometers was employed for generating optical analogues of Fano 

resonances (Figure 16(i)) [226]. Fano-like resonances arising from the coherent mode 

interference between the RR and the FP cavity were generated when they were weakly coupled 

with each other. The fabricated device achieved a maximum extinction ratio of ~23.2 dB and a 

maximum slope rate (defined as the ratio of the extinction ratio to the wavelength difference 

between the Fano-like resonance peak and notch) of ~252 dB/nm. Wavelength tuning via the 

co-integrated micro-heater along the RR was also demonstrated, achieving an efficiency of 

~0.23 nm/mW. 

Figure 16(j) shows another silicon photonic device that was used for generating optical 

analogues of Fano resonances [227], where two FP cavities with quite different Q factors 

formed by cascaded Sagnac interferometers were weakly coupled with each other. The high-Q 

and low-Q cavities served as discrete-like and continuum-like states, respectively, and the 

coherent interference between them enabled the generation of Fano-like resonances. A 

maximum extinction ratio of ~22.3 dB and corresponding slope rate of ~413 dB/nm were 

achieved for the fabricated device. In Ref. [101], a silicon electro-optic modulator was 

demonstrated based on a device with a similar structure, where the resonance wavelengths of 

the optical analogues of Fano resonance were tuned by integrating a PN junction phase shifter 

for carrier-depletion refractive-index modulation, achieving extinction ratios of ~2.8 dB and 

~3.4 dB for 20-Gb/s and  10-Gb/s on-off keying (OOK) signals, respectively. 

Optical analogues of Fano resonances generated by a resonator with a zig-zag-like structure 

formed by three inversely coupled Sagnac interferometers have also been investigated (Figure 

16(k)) [187]. By engineering coherent mode interference in such devices consisting of both FIR 

and IIR filter elements, periodical Fano-like resonances can be generated, with a high extinction 
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ratio of ~76.3 dB and a high slope rate of ~998 dB/nm being achieved in theoretical simulations. 

Figure 16(l) shows another resonator structure capable of generating optical analogues of Fano 

resonances [188], which consists of three Sagnac interferometers formed by a self-coupled 

optical waveguide.  Similar to the device in Figure 16(h), this device has a high tolerance to 

the length fabrication errors. In theoretical simulations, an extinction ratio of ~30.2 dB and a 

slope rate of ~748 dB/nm were achieved.  

6. Other applications 

In addition to the applications discussed above, there are other applications for integrated 

photonic devices based on Sagnac interference, such as Q factor enhancement, FSR broadening, 

sensing, and quantum optics.  

The enhancement of the Q factor of a silicon add-drop RR has been realized by embedding 

it in an integrated FP cavity formed by two cascaded Sagnac interferometers (Figure 17(a)) 

[238], where the FP cavity reshaped the transmission spectrum of the RR, yielding both an 

increased Q factor and extinction ratio. Up to 11-times enhancement of the Q factor and 8-dB 

improvement in the extinction ratio were achieved for the fabricated device. The enhancement 

of the Q factor of a silicon 1D-PhC cavity has also been realized by connecting an integrated 

SLRM (Figure 17(b)) [239], where the light reflected back from the SLRM was recycled by 

the 1D-PhC cavity to enable the Q factor enhancement. The theoretically estimated increase in 

the Q factor compared to the device without the SLRM was up to ~79.5%. 

A silicon photonic resonator with an ultra-wide FSR has been realized by embedding a 

Sagnac interferometer in a RR (Figure 17(c)) [240]. The Sagnac interferometer was designed 

to have strong reflection for all the resonances except for one, which resulted in only a single 

resonance with a high extinction ratio in a wide spectral range. Dynamic tuning of the resonance 

wavelength was demonstrated by using a Sagnac interferometer with a MZI coupler and tuning 

the phase shift along its one arm via a co-integrated micro-heater. A tuning range of over 55 

nm was achieved for a low power of ~16 mW.  
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Figure 17. Other applications of integrated photonic devices based on Sagnac interference. (a) Q factor 

enhancement of a silicon add-drop RR via spectral reshaping by an FP cavity formed by two cascaded Sagnac 

interferometers. (b) Q factor enhancement of a silicon 1D-PhC cavity by connecting an integrated SLRM. (c) A 

silicon photonic resonator with an ultra-wide FSR enabled by embedding a Sagnac interferometer with a MZI 

coupler in a RR. (d) Broadband quadrature squeezing generation based on an SiN resonator consisting of four RRs 

coupled to a Sagnac interferometer. (e) Wavelength selective switches based on Sagnac interference in silicon RRs 

with nested pairs of subrings. (f) An integrated photonic sensor formed by a RR and a Sagnac interferometer with 

a MZI coupler. (g) An integrated photonic sensor consisting of a RR coupled to an FP cavity formed by two 

cascaded Sagnac interferometers. (a) Adapted with permission [238]. Copyright 2017, AIP Publishing LLC.  (b) 

Adapted with permission [239]. Copyright 2021, MDPI (Basel, Switzerland). (c) Adapted with permission [240]. 

Copyright 2017, Optica Publishing Group. (d) Adapted with permission [241]. Copyright 2020, AIP Publishing 

LLC. (e) Adapted with permission [242]. Copyright 2015, Optica Publishing Group. (f) Adapted with permission 

[243]. Copyright 2017, Elsevier B.V. (g) Adapted with permission [244]. Copyright 2021, Optica Publishing 

Group.  

Broadband quadrature squeezing has been realized based on an SiN resonator consisting of 

four RRs coupled to a Sagnac interferometer (Figure 17(d)) [241]. Two counter-propagating 

bright squeezed states were generated and re-interfered in the Sagnac interferometer to create a 
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single quadrature squeezed state, which yielded both reduced spurious noise and optical power. 

The measured quadrature squeezing level was ~0.45 dB in the telecom band.   

      On-chip 1 × 2 wavelength selective switches have also been implemented based on Sagnac 

interference in silicon RRs with nested pairs of subrings (Figure 17(e)) [242], which induced 

coherent interference between the CW and CCW modes in the outer RRs and hence resonance 

splitting at certain resonance wavelengths. The fabricated devices achieved extinction 

ratios >16 dB and processing bandwidths >25 GHz. By using thermal micro-heaters to tune the 

phase shifts along the nested subrings, experimental demonstrations of dynamic channel routing 

using fabricated devices with one and two pairs of subrings were performed for 10 Gb/s non-

return-to-zero signal. 

An integrated photonic sensor formed by a RR and a Sagnac interferometer with a MZI 

coupler has been proposed (Figure 17(f)) [243]. The incorporation of the Sagnac interferometer 

supporting counter-propagating light transmission enabled a 2-fold enhancement in the 

refractive index sensing performance. The theoretically estimated wavelength sensitivity was 

more than 2.5 × 103 µm/RIU (refractive index unit). Figure 17(g) shows another type of 

integrated photonic sensor consisting of a RR coupled to a FP cavity formed by two cascaded 

Sagnac interferometers [244]. The transmission spectrum of this device was comprised of Fano-

like resonances and FP oscillations, which were used as sensing and reference peaks, 

respectively. The theoretically estimated sensitivity was 220 nm/RIU. The multiplexing 

capability of this sensor concept was also investigated by introducing multiple RRs with 

different radii.  

IV. Challenges and perspectives 

As evidenced by the substantial body of work presented and referenced here, the past decade 

has witnessed a rapid growth in research on integrated photonic devices based on Sagnac 

interference for a wide range of applications. These devices not only have reduced footprint 

and improved scalability compared to their conventional counterparts implemented by spatial 
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light or optical fiber devices, but also show many new features and capabilities compared to 

integrated photonic devices based on MZIs, RRs, PhC cavities, and Bragg gratings. Despite the 

current success, there is still much room for future development. In this section, we discuss the 

open challenges and exciting opportunities of this field.  

As mentioned in Section II, due to the existence of dispersion induced by both the 

waveguide material and structure, the coupling strengths of directional couplers (Figure 18(a)) 

can no longer be regarded as a wavelength-independent constant for devices with broad 

operation bandwidths such as reflection mirrors and wavelength (de)interleavers. To reduce the 

wavelength dependence for integrated optical couplers, many novel coupler designs have been 

proposed, as shown in Figures 18 (b) ‒ (j). By introducing an intermediate phase delay in a 

MZI coupler consisting of two directional couplers with different coupling strengths (Figure 

18(b)), the effective coupling strength no longer monotonically increases with wavelength as 

in the case for directional couplers, which has been used for reducing the wavelength 

dependence of MZI couplers [245]. Similarly, curved directional couplers (Figure 18(c)) can 

also achieve wavelength-flattened coupling strengths by introducing a phase mismatch between 

the modes in the two bent waveguides [246]. On the basis of the curved directional couplers, 

combined straight and curved directional couplers (Figure 18(d)) have been proposed [247], 

where the straight coupled waveguide sections provide an additional degree of freedom to 

engineer the transmission characteristic. Asymmetric-waveguide-assisted directional couplers 

(Figure 18e) can mitigate the wavelength dependence by using asymmetric waveguides to 

generate a slight phase shift between the two symmetric couplers [248]. By employing tapered 

waveguides to adiabatically convert the mode of a single waveguide into either even or odd 

mode of two coupled waveguides, adiabatic couplers (Figure 18(f)) with no power coupling 

between different modes also enable wavelength-flattened coupling strengths [249]. MMI 

couplers (Figure 18(g)) that show advantages in achieving compact footprint and high 

fabrication tolerance can be properly designed to achieve broadband wavelength insensitivity 
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[250-252]. Wavelength-insensitive sub-wavelength grating (SWG) couplers (Figure 18(h)) 

have also been reported [253, 254], where SWGs were embedded in a directional coupler to 

engineer the dispersion properties of the optical modes within the coupling section. Similarly, 

MMI-SWG couplers (Figure 18(i)) with ultrabroadband operation bandwidth have been 

realized by using SWGs to engineer the dispersion properties of the MMI section [255, 256]. 

Broadband SWG-adiabatic couplers (Figure 18(j)) that combines the advantages of SWGs and 

adiabatic couplers have also been demonstrated [257, 258], where tapered SWG waveguides 

were used to achieve adiabatic mode evolution in a more compact volume than conventional 

adiabatic couplers.  

In directional couplers, apart from the coupling in the central straight regions as expressed 

by Eq. (8) in Section 2, the coupling between the input/output bending waveguides also affects 

the coupling strengths of practical devices. Therefore, the coupling contributions of these 

bending waveguides should be considered in a more accurate modelling, where Eq. (8) can be 

modified as [96]:  

                                                 κ = sin (
π

2
.

(L
c
 + Lb)

Lx

)                                                         (9) 

where Lb is the effective additional coupling length introduced by the bending waveguides. To 

minimize the difference induced by the coupling between bending waveguides, small 

waveguide bending radii that do not induce significant bending loss are preferable. Increasing 

the gap width could be another option, although this could also result in a longer straight 

coupling region to achieve comparable coupling strength. An approximate value of Lb in Eq. 

(9) can be obtained via 3D-FDTD simulations. For fabricated devices, more accurate values of 

Lb can be derived from the measured power split ratios, which, in turn, can be used as empirical 

values for the design of similar devices.  
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Figure 18. Integrated optical couplers with different structures. (a) Straight directional coupler (DC). (b) MZI 

coupler. (c) Curved DC. (d) Combined straight and curved DC. (e) Asymmetric-waveguide-assisted (AWA) DC. 

(f) Adiabatic coupler. (g) MMI coupler. (h) Sub-wavelength grating (SWG) DC. (i) MMI-SWG coupler. (j) SWG 

adiabatic coupler. In (a) ‒ (f), the figures above show the device schematics, and the figures below show the 

fabricated devices. (a) Adapted with permission [259]. Copyright 2006, Optica Publishing Group. (b) Adapted 

with permission [245]. Copyright 2009, Optica Publishing Group. (c) Adapted with permission [246]. Copyright 

2016, Optica Publishing Group. (d) Adapted with permission [247]. Copyright 2017, Springer Nature LimId. (e) 

Adapted with permission [248]. Copyright 2015, Optica Publishing Group. (f) Adapted with permission [249]. 

Copyright 2015, Optica Publishing Group. (g) Adapted with permission [251]. Copyright 2007, Optica Publishing 

Group. (h) Adapted with permission [254]. Copyright 2016, IEEE. (i) Adapted with permission [255]. Copyright 

2016, John Wiley & Sons, Inc. (j) Adapted with permission [257]. Copyright 2016, Optica Publishing Group. 

https://www.wiley.com/
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In tandem with the development of PICs, many tunable integrated optical couplers have 

been demonstrated by using thermo-optic [97, 260] or electro-optic [261, 262] effects to tune 

the refractive index and hence the waveguide phase shift. Except for the widely employed 

tunable MZI couplers [97, 179, 225], compact tunable directional couplers have been 

demonstrated by integrating thermo-optic micro-heaters above the coupling region [180, 260], 

where phase velocity mismatch between the coupled modes of the waveguides induced by 

thermal gradient allows for dynamic tuning of the coupling strength. Although integrated 

thermo-optic and electro-optic phase shifters have been widely used for state-of-the-art PICs, 

they suffer from limitations with respect to relatively small refractive index changes on the 

order of 10-3 or 10-4, which result in long tunable regions as well as high power consumptions. 

In addition, their volatile nature necessitates a continuous power supply to maintain their 

working states. Recently, phase-change materials have shown great potential to implement 

high-performance tunable directional couplers due to the strong nonvolatile modulation of their 

refractive indices upon the phase transition between amorphous and crystalline states over 

broad bands [263, 264].  

       Similar to integrated photonic devices based on SWGs and PhC cavities, there is 

bidirectional light propagation in integrated Sagnac interference devices. The backward light 

transmission at the input ports could induce damage to the laser sources, which needs to be 

properly managed for practical systems. For laser output injected into integrated photonic 

devices via fiber-to-chip coupling, commercial fiber-optic isolators can be employed for 

managing the back reflected light coupled into the input optical fiber. Whereas for light input 

from integrated laser sources, integrated optical isolators that enable nonreciprocal light 

transmission are needed. According to the Lorentz reciprocity theorem, nonreciprocal light 

transmission cannot be achieved in linear, nonmagnetic, and time-invariant systems [265], as 

the case for most linear integrated photonic devices. In the past decade, there has been a rapid 

surge in a variety of nonreciprocal optical devices in chip scale, either by employing magneto-



  

51 

 

optic materials [266-269] or introducing different asymmetric nonlinear effects such as thermo-

optic nonlinearity [265, 270, 271], SBS [272-274], optomechanically induced transparency 

[275-277], and nonreciprocal Kerr effect [278]. These devices have achieved notable 

performance, although still face challenges in terms of large-scale on-chip integration for 

commercial products as well as simultaneously achieving efficient, fast, and stable time 

modulation, hinting more exciting new breakthroughs in the future. It should also be noted that 

the bidirectional light transmission in integrated Sagnac interference devices could lead to 

undesired signals at unused output ports, and the light reflected from these ports could induce 

distortions on the transmission spectra. Therefore, these ports should be properly designed (e.g., 

terminated with MMI structures or grating couplers [81, 219, 279]) to dissipate the undesired 

signals. 

In practical applications, reducing the thermal drift induced by temperature variation is 

widely required for many integrated photonic devices, including those based on Sagnac 

interference. This is particularly true for silicon photonic devices given the large thermo-optic 

coefficient (TOC) of silicon (~1.86 × 10-4 K-1 [280]). To address such limitation, several 

approaches have been proposed to reduce the temperature sensitivity of integrated photonic 

devices. These can be classified into four main categories, each of which has pros and cons, 

and the best option should be well tailored to a particular application scenario. The first one is 

to achieve active stabilization of the device temperature by using local temperature controllers, 

which normally comes at the expense of complex feedback systems, increased power 

consumption, and added cost. The second exploits other integrated platforms that have small 

TOCs, such as SiN (with a TOC of ~2.5 × 10-5 K-1 [281]), silicon oxynitride (with a TOC of 

~1.8 × 10-5 K-1 [282]), silicon carbide (with a TOC of ~2.8 × 10-5 K-1 [283]), and high-index 

doped silica glass (with a TOC close to that of silica, i.e., ~1.1 × 10-5 K-1 [61, 65]). The third 

introduces cladding materials (e.g., polymers [284, 285] and titanium oxide [286, 287]) that 

have negative TOCs to compensate the positive TOC. This can be applied to both FIR and IIR 
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filers, but usually requires accurate control of the cladding thickness and waveguide geometry. 

The last one implements devices having waveguide sections with different TOCs [288, 289], 

which does not require active control but only works for the FIR filters (e.g., MZIs and AWGs). 

As presented in Section III, SLRMs with a high flexibility in tuning their reflectivity as 

well as a high fabrication tolerance have already been employed as functional building blocks 

in many integrated photonic systems. To implement SLRMs with broad operation bandwidths, 

the optical couplers in the SLRMs need to be specially designed to reduce the wavelength 

dependence, as those mentioned in Figure 18. In addition, to reduce the footprint of SLRMs 

for compact integration, MMI couplers can be employed to replace the directional couplers. 

Since in theory the reflectivities of SLRMs are only affected by the coupling regions, the 

circumferences of the Sagnac loops can also be reduced unless there is significant bending loss 

induced by the small bending radii.  

Integrated optical gyroscopes show significantly reduced device footprint and power 

consumption compared to conventional well-established bulk ring laser gyroscopes [43] and 

fiber optic gyroscopes [34, 113], for which their size, cost, complexity of assembling, and 

operability in harsh environments limit their applicability despite their excellent performance 

in terms of precision and stability. Moreover, to implement gyroscopes in integrated form also 

yields high scalability for implementation of sophisticated gyroscope arrays that can perform 

more complicated functions. The continuous improvement in technologies of micro/nano 

device fabrication as well as advances in accurately measuring Sagnac interference in small 

volumes is beginning to open the door for manufacturable integrated optical gyroscopes with 

high performance. On the other hand, state-of-the-art integrated optical gyroscopes still face 

several limitations that hinder their practical deployment for wide applications. First, 

implementing integrated optical gyroscopes with high sensitivity and precision poses a 

challenge for device fabrication, where fabrication errors as well as mismatch between different 

components could induce significant performance degradation by introducing extra loss and 
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noise. Second, there are also demanding requirements for accurately measuring the very weak 

and slowly varying response in integrated optical gyroscopes, for which highly efficient and 

stable light coupling between the integrated components and the other functional modules are 

critically needed. Third, although many schemes of integrated optical gyroscopes have been 

proposed, the lack of simplified and universal schemes hampers the development of relevant 

commercial products. Finally, current work on integrated optical gyroscopes only demonstrates 

some integrated submodules, there are still challenges to achieve monotonically integrated 

optical gyroscope systems. Although just using integrated coiled waveguides or resonators to 

replace their bulky counterparts already yields significant benefits in terms of size, cost, and 

complexity, there is much more to be gained by increasing the level of integration for the overall 

system. In principle, all the components can be integrated on the same chip. For example, the 

optical components such as lasers [290, 291], electro-optic modulators [292, 293] and 

photodetectors [294-296] have already been heterogeneously integrated on silicon chips. The 

electrical components in the read-out modules such as amplifiers, adders, and mixers also have 

their integrated forms [142, 144, 297] that can potentially be co-integrated. All of these pave 

the way for implementing the entire gyroscope system on a single chip in the future.  

In addition to the common issues mentioned above for all types of integrated optical 

gyroscopes, there are still specific issues to be addressed for integrated IOGs, PROGs, and 

BRLGs. For integrated IOGs, long coiled waveguides have already been demonstrated based 

on silicon, SiN, and silica platforms. Compared to silicon coiled waveguides, SiN and silica 

coiled waveguides have much lower propagation loss that is desirable for achieving high 

sensitivities, while the SiN and silica platforms suffer from limitations with respect to co-

integration with other components such as lasers, modulators, and photodetectors. To address 

this, heterogeneously integrated SiN coiled waveguides and silicon devices [298] could be a 

possible solution, where specially designed couplers that enable efficient and stable light 

coupling between the SiN and silicon modules [299] are needed for minimizing the insertion 
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loss and increasing the sensitivity. For integrated PROGs and BRLGs based on high-Q 

microresonators, apart from the current demonstrations using microresonators made from silica, 

SiN, CaF2, InP, and polymer, many other material platforms can be exploited. This is 

particularly true given the fact that a range of material platforms have been developed for 

fabricating high-Q microresonators used for generating optical microcombs [300-302], which 

mainly include doped silica [303, 304], magnesium fluorides (MgF2) [305, 306], aluminum 

nitride (AlN) [307, 308], diamond [309], lithium niobate (LiNbO3) [292, 310, 311], aluminum 

gallium arsenide (AlGaAs) [312, 313], silicon carbide (SiC) [314], tantalum pentoxide (Ta2O5) 

[315], and gallium phosphide (GaP) [316]. For WGM cavities implemented based on bulk 

optics, recently there have been exciting advances in developing fabrication methods for their 

on-chip integration [121, 122]. For waveguide-based microresonators, spiral ring resonators 

[317, 318] can be employed to increase the lengths of interference paths while maintaining the 

device footprint. To further improve the sensitivity of integrated PROGs and BRLGs, the shot 

noise can be reduced by increasing the Q factors of microresonators via modified device 

structure and fabrication [238, 319, 320]. Other noise sources such as polarization fluctuations, 

backscattering, and Kerr effect should also be well suppressed by optimizing the hardware 

implementation of practical systems. Some detailed methods have been proposed in Refs. [132, 

138, 153, 321-329]. 

For classical filters based on integrated Sagnac interference devices, there have already 

been investigations of a range of basic network synthesis filters [330] such as Butterworth, 

Bessel, Chebyshev, and elliptic filters. Compared to integrated photonic resonators formed by 

RRs, these devices realized by engineering the coherent mode interference in resonators with 

bidirectional light propagation show advantages with respect to device footprint and diversity 

of mode interference. To achieve the desired filter shapes, both the coupling strengths of the 

optical couplers and the lengths of the connecting waveguides in the integrated Sagnac 

interference devices need to be accurately designed and controlled. On the other hand, as the 
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field grows, more types of classical filters are expected to be investigated. These include not 

only other network synthesis filters such as Linkwitz–Riley filters [331, 332], Legendre–

Papoulis filters [333, 334], and Gaussian filters [335, 336], but also image impedance filters 

such as Zobel network filters, lattice (all-pass) filters, and general image filters [337, 338].  

Similar to the classical filters, wavelength (de)interleavers based on integrated Sagnac 

interference devices can also reap the great dividend of strong mode interference within small 

volumes enabled by the bidirectional light propagation and self-aligned resonances. For 

wavelength (de)interleavers, large extinction ratios, high filtering roll-off, low insertion loss, 

and broad operation bandwidths are highly desirable in practical applications. State-of-the-art 

wavelength (de)interleavers based on integrated Sagnac interference devices have already 

achieved notable performance in each of these parameters [70, 179, 186, 194, 200-203], and 

yet still face challenges in balancing the trade-offs among them. In theory, the extinction ratios 

and filtering roll-off can be improved by cascading more subunits. Whereas for practical 

devices, this would also impose more stringent requirements for device fabrication and 

normally occurs in accompany with deteriorated filter shapes and operation bandwidths. To 

overcome these limitations, active tuning mechanisms can be introduced to compensate for the 

fabrication errors of the passive devices. Another attractive solution is to implement the 

wavelength (de)interleavers based on single self-coupled optical waveguides [188, 194], where 

the random fabrication errors in the lengths of different parts do not cause any asymmetry in 

the filter shape, thus yielding a high fabrication tolerance. 

In the past decade, integrated Sagnac interference devices have been engineered to realize 

a range of optical analogues of quantum phenomena in atomic or condense matter physics, such 

as EIT, EIA, ATS, and Fano resonances [97, 187, 188, 219-227]. These optical analogues, 

although originating from different underlying physics, are related to each other and sometimes 

can transit from one to another. For example, although both the EIT and the ATS are featured 

by a transparency window in their transmission spectra, the former results from Fano 
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interferences enabled by the coupling of a discrete transition to a continuum [339, 340], whereas 

the latter is not related to interference effects and stems from the splitting of energy levels driven 

by strong fields [341, 342]. By changing the coupling strength between two coupled resonant 

cavities, successful transition between the EIT and the ATS has been demonstrated [343]. 

Understanding the differences and connections between these optical analogues is critical for 

the design and implementation of devices. Detailed discussions on these have been given in 

Refs. [236, 237, 339, 343]. In recent years, an interesting phenomenon called bound states in 

the continuum (BICs) has attracted significant attention by providing a promising solution for 

engineering light trapping and high-Q resonances in photonic resonators [344, 345]. The 

transitions from Fano resonances to BICs can be achieved by changing the structural parameters 

or the excitation conditions of Fano resonance devices. This offers new opportunities for 

realizing BICs based on integrated Sagnac interference devices. In addition, Fano resonances 

in integrated photonic devices have been engineered to achieve nonreciprocal light transmission 

[346-348], indicating the possible use of integrated Sagnac interference devices for 

implementing optical isolators. Apart from the optical analogues mentioned above, optical 

analogues of many other coherent quantum effects such as Rabi splitting [349-351] and parity–

time symmetry [352-354] remain to be explored. Although the majority of the current work on 

the optical analogues of quantum physics remains to be proof-of-concept demonstrations, it is 

expected that their practical applications in sensing, optical switching, nonreciprocal 

transmission, and data storage will increase along with this fast growing field.  

Engineering Sagnac interference in integrated photonic devices to achieve new 

functionalities holds promise for many potential applications. For example, by introducing 

SLRMs at the output ports of nonlinear integrated photonic devices, the reflected light will pass 

through the devices twice, yielding doubled interaction lengths for enhanced nonlinear 

performance without sacrificing device footprint. This can also be used for enhancing light-

matter interaction in sensors as well as hybrid integrated photonic devices incorporating 
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polymers [355-359], liquid crystals [360-362], or 2D materials [363-369]. Sagnac interference 

could also be introduced to optical microcomb devices [301, 370, 371] to facilitate mode 

locking and soliton control. Recently, by engineering backscattered light from the 

microresonator to the pump laser cavity, turnkey soliton microcomb generation without the 

need of complex startup protocols and feedback control circuitry has been realized [372]. The 

Q factor enhancement of resonant cavities achieved by exploiting Sagnac interference [56, 187, 

238, 239] can be employed for implementing low-linewidth lasers, high-sensitivity sensors, and 

high-efficiency nonlinear optical devices. Given the bulky size and complex structure of state-

of-the-art microscopy systems based on Sagnac interference [373-375], integrated Sagnac 

interference devices hint at the implementation of miniatured microscopy systems with reduced 

SWaP. By connecting multiple basic modules of Sagnac interference devices, more complex 

filtering arrays or banks can be implemented, which could find possible applications for optical 

routers [376-378], phase array antennas [379-381], microwave photonic beamformers [382-

384], and optical neural networks [385-387]. Apart from spectral filtering, temporal signal 

processing functions of integrated Sagnac interference devices can also be investigated, which 

have potential applications for high-speed image processing [388-390] and neuromorphic 

computing [304, 391, 392]. Although the computing accuracy of state-of-the-art photonic 

hardware is still not as high as their electronic counterpart, a recent demonstration of fast self-

calibrating PICs [393] provides a promising way towards overcoming such drawback. In 

addition, increasing applications of integrated Sagnac interference devices in quantum optics 

are expected, which would bring new capabilities and improved performance for quantum 

optical sources [394-396], sensing [45, 397-399] and nondemolition measurements [400] (e.g., 

gravitational-wave detection [401, 402]). Although state-of-the-art integrated Sagnac 

interference devices are mainly implemented based on SOI, SiN, and Group III/IV platforms, 

their implementation in other integrated device platforms such as LiNbO3 [292, 310, 311],  
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chalcogenide glass [64, 403], AlN [404, 405], and Ta2O5 [315] is of fundamental importance 

and could be interesting topics of future work.  

Sagnac based integrated interference devices realized in nanophotonic chips will have a 

significant impact not just on linear photonic filters but potentially on nonlinear photonic chips 

including microcombs [407-428] and their subsequent applications to RF and microwave 

photonics. [429-458] The advanced filtering functions achievable with Sagnac devices offer a 

key and fundamental capability for this wide range of linear and nonlinear photonic devices, as 

well as potentially for quantum optics [459-471] as well as nonlinear devices based on graphene 

oxide. [472-489]   

The general nature as well as the clear exciting conditions of Sagnac interference make it 

capable of engineering interference processes across many branches of physics, providing a 

powerful source of a number of innovative concepts and possible applications. Although many 

real applications of engineering Sagnac interference in integrated photonic devices are still in 

their infancy and yet to be implemented, the realization of relevant devices based on integrated 

platforms is already taking a big step towards compact cost-effective commercial products that 

can be easily used by the broad community. Along with the continuous improvement in 

integrated device fabrication technologies as well as the broadening of the application scope, it 

is anticipated that research on integrated Sagnac interference devices will continue to thrive, in 

parallel with the development of commercial products that will enable eventually bridge the 

gap between laboratory-based research and practical industrial applications.  

V. Conclusion 

Sagnac interference, as a classical optical interferometry configuration named after its creator 

‒ French physicist Georges Sagnac, has laid the foundation for a variety of modern optical 

systems with wide applications to reflection manipulation, precision measurements, and 

spectral engineering. In the past decade, the implementation of Sagnac interference components 

and systems in integrated form has brought new vitality to this field, yielding a vast array of 
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functional devices with superior performance and new features. In this paper, we present our 

latest results for functional integrated photonic devices based on Sagnac interference. We 

present the theory of integrated Sagnac interference devices and highlight their comparison with 

other integrated building blocks such as MZIs, RRs, PhC cavities, and Bragg gratings. We then 

present our latest results for integrated Sagnac interference devices for a range of applications 

including reflection mirrors, optical gyroscopes, basic filters, wavelength (de)interleavers, 

optical analogues of atomic systems. We discuss the current challenges and future perspectives. 

Along with future growth of this field, ever more researchers and engineers will carry the torch 

of Georges Sagnac who had a lifelong passion for optics [406]. The synergy between advances 

in device fabrication technologies and the expanded applications with demanding requirements 

will be a strong driving force for the performance improvement and wide deployment of 

integrated Sagnac interference devices as well as the extensive translation of them into 

commercial products.  
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