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Abstract 

In this paper, we propose a novel photonic integrated sensor characterized by the cascade of a ring 

resonator (RR) and an interferometer architecture consisting of a Mach-Zenhder interferometer (MZI) and a 

Sagnac loop (RR-MZI-Sagnac). We present the modelling and detailed guidelines for the design of such 

devices that are assumed to be fabricated on CMOS-compatible silicon-on-insulator (SOI) platforms. Ultra-

high refractive index (RI) sensing performance such as wavelength sensitivities greater than 2.5×10
3
 μm/RIU 

and limits of detection (LOD) down to 1×10
-8

 RIU can be achieved by employing the Vernier effect in the 

near-infrared (NIR), around the wavelength of 1.55 μm. Furthermore, we demonstrate, theoretically, that the 

novel RR-MZI-Sagnac Vernier devices can operate better than the most performing state-of-the-art Vernier 

sensors characterized by cascaded RR and MZI (RR-MZI). In fact, an operating bandwidth that is half that 

requested by the RR-MZI devices is exhibited when balanced MZIs are designed in both configurations, still 

preserving similar RI sensing performance. Alternatively, double RI sensing performance can be achieved by 

RR-MZI-Sagnac Vernier sensors with respect to RR-MZI devices when unbalanced MZIs are considered in 

both the Vernier configurations, exhibiting the same operating bandwidths. Finally, simulations reveal that 

ammonia (NH3) concentrations in the 0-30,000 ppm range and carbon dioxide (CO2) traces lower than 5,000 

ppm can be detected in DI water and air, respectively. 

1.  Introduction 

Photonic integrated sensors has attracted a great interest in the last decade due to the very high sensitivity 

and selectivity achievable in chemical and biochemical sensing, and other unique features such as, immunity 

to electromagnetic interferences, compatibility with microelectronic fabrication facilities, low-cost and large 

scale production, small footprints, integration with microfluidics systems, real-time spectroscopy in the MIR, 

label-free and lab-on-a-chip sensing functionalities [1, 2]. Nowadays, pioneering research efforts are carried 

out in order to further improve sensor selectivity and accessibility to multiple analytes in complex mixtures. 

In this context, the Vernier effect has been demonstrated as a very useful technique to enhance RI sensing 

performance of chemical and biochemical integrated photonic sensors [3, 4]. 

The Vernier principle consists in using two measurement scales with slightly different periods, where one 

scale is fixed and the other can slide over the former. By properly setting the ratio between the scale periods, 

the overall resolution of the system can be enhanced    times, with    the Vernier gain, compared to the 

measurement resolutions achievable by each of the measurement scales considered alone. Actually, this 

principle has been experimentally demonstrated in integrated photonic sensors by cascading two RRs [5-10], 

two MZIs [11], or combinations of both [12]. Practically, one of the cascaded devices should be covered by 

an insulating layer and acting as a filter, thus exhibiting a fixed wavelength-dependent transmittance. 

Conversely, the other device should be exposed to the sensitive area and acting as a sensor, whose 

transmittance can slide as a function of the sensing activities. 

When working with Vernier sensors, the cascaded devices should be properly designed in order that their 

FSRs (i.e. the periods of the two scales said above) satisfy the condition for operating in the second regime 

of the Vernier effect, i.e.,                               [8]. In particular,      is the FSR of the 

filter, while      is the FSR of the sensor, thus the device directly exposed to the sensitive area, where the 

analyte to be detected is located and sensing functionalities can occur. Then,             is the minimum 

linewidth at the full-width-at-half-maximum (FWHM) among resonant peaks of both cascaded devices. 

Finally, the Vernier gain,   , is equal to the ratio          , the Vernier sensitivity,     , is directly 

proportional to   , while the lower      the lower the Vernier LOD,     . 
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Useful plots that show how the mentioned Vernier figures of merit vary as a function of      can be 

analysed in [13]. In particular, a number of      and      combinations can be selected to achieve different 

values of     , and, even though the gain    tends to infinity when        (excluding the degenerate 

condition       , when          ), the smaller      the larger the overall Vernier FSR,     , that 

characterizes the Vernier transmittance envelope, with                      . In other words, the 

higher the RI sensing performance, particularly, the Vernier wavelength sensitivity, the larger     . 

We propose in Table 1 a useful comparison among some photonic integrated Vernier sensors operating in 

the NIR, listing their sensing performance, thus   ,     , and     , and the optical parameters,     ,     , 

    , and     . 

Table I 
RI sensing performance and optical parameters of some silicon Vernier photonic sensors demonstrated experimentally in the NIR. 

Ref.      (nm)      (nm)      (pm)         (nm)      (μm/RIU)      (RIU) 

[5] 0.6560 0.6290 0.0270 24.3 15.28 1.30 5.0×10-4 

[6] 2.1800 2.1000 0.0800 27.2 57.22 460.00 4.8×10-6 

[7] 0.7035 0.7082 0.0047 149.7 106.00 24.30 < 7.0×10-4 

[8] 0.2196 0.2114 0.0082 26.8 5.66 2.17 8.3×10-6 

[12] 1.0400 0.9910 0.0490 21.2 21.03 21.50 < 10-4 

 

With reference to Table I, a Vernier wavelength sensitivity of 24.3 μm/RIU has been achieved with a 

Vernier gain as high as 149.7 and a      as large as 106 nm [7], while a higher sensitivity      = 460 

μm/RIU has been achieved with shorter Vernier FSR,      = 57.22 nm, and a lower gain,    = 27.2 [6]. 

This confirms that the trends previously figured out are valid only for a specific Vernier device, where      

and      can be varied to achieve the required performance, and not when comparing different Vernier 

sensors, based, for example, on different waveguides, material platforms or filter and sensor devices. In this 

context, it is worth specifying that among Vernier sensor architectures based on cascaded RRs, MZIs, and 

combinations of both (RR-MZI), the latter allow similar performance of the former configurations to be 

achieved with lower gains    and, thus, lower Vernier     , as demonstrated theoretically in [14], and by 

comparing [12] and [7] in Table I. 

In summary, the inverse nonlinear relationship between      and      can represent a strong limitation 

when Vernier sensors are requested to exhibit ultra-high RI sensing performance for detecting, for example, 

part-per-billion (ppb) or part-per-trillion (ppt) gas traces or concentrations of biochemical species of the 

order or femtomoles (fM). Practically, ultra-high performance Vernier sensors with very large      (e.g., 

larger than 100 nm) require i) the use of ultra-broadband photodetectors, ii) grating couplers characterized by 

ultra-broad bandwidths and high coupling efficiency that are challenging to be achieved, iii) ultra-broadband, 

low-dispersion, and low-attenuation fibre optics, as well as iv) ultra-broadband tunable lasers that can make 

the experimental setup costly and bulky. Finally, when Vernier transmittance are characterized by      of 

hundreds of nm chromatic dispersion phenomena can affect dramatically sensing functionalities, resulting in 

very complex wavelength readout schemes. 

In this paper, we report on the investigation of a new Vernier-effect based sensor characterized by the 

cascade of a RR and an interferometer architecture based on a MZI and a Sagnac loop, named as RR-MZI-

Sagnac, and sketched in Fig. 1. 

 

 
Fig. 1. Schematic of the RR-MZI-Sagnac Vernier sensor. 
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In particular, we demonstrate, theoretically, that by implementing two different design approaches 

consisting in the use of balanced or unbalanced MZI-Sagnac configurations, state-of-the-art RI sensing 

performance demonstrated in RR-MZI Vernier sensors proposed in [14] can be achieved in half their 

bandwidths or, alternatively, double Vernier wavelength sensitivities,     , and Vernier LODs,     , can be 

exhibited by RR-MZI-Sagnac within the same bandwidths of RR-MZI Vernier architectures. 

The paper is organized as follows. In Section 2, we present the modelling of the proposed device, 

reporting the fundamental design equations. In Section 3, we demonstrate the advantages of the RR-MZI-

Sagnac Vernier sensors with respect to state-of-the-art RR-MZI Vernier sensors assumed to be fabricated on 

SOI technology platform and operating in the NIR. Finally, Section 4 summarizes the conclusions. 

2.  Modelling 

In this Section we present the modelling of the novel RR-MZI-Sagnac Vernier photonic sensor. To this 

purpose, an important contribution has been reported by C. Han et al. in the literature [15]. Authors propose 

a transfer matrix method to model the MZI-Sagnac interferometric architecture assumed to be based on 

optical fibres. In this work, we propose an extended version of the model, introducing a RR to generate the 

Vernier effect, taking into account waveguide propagation losses, the attenuation of DCs, and reporting 

fundamental equations to estimate enhanced RI sensing performance, accurately. Finally, we investigate the 

influence of the counter-propagating signals generated in the Sagnac loop on the overall device operation. 

The schematic of the RR-MZI-Sagnac Vernier device shown in Fig. 2 can be considered to investigate the 

mathematics developed in the following. 

 

 

Fig. 2. Schematic of the RR-MZI-Sagnac Vernier sensor with input and output ports labelled in, optical signal propagation paths 

indicated by the red and black arrows, DC power coupling coefficients,   ,   ,   , and   , and fundamental geometrical parameters, 

  ,   ,   ,    . 

With reference to Fig. 2,     is the input signal at the input port of the device that is coupled to the RR by 

means of the first DC characterized by a power coupling coefficient   . Then, by following the signal 

propagation indicated by the black arrows in Fig. 2, it is possible to calculate the signal    at the drop port of 

the add-drop RR by using Eq. (1): 

 

 

      

              
 
   
 

               
    

 

 

(1) 

 

In Eq. (1),            is the phase shift that the signal undergoes propagating into the RR 

characterized by the roundtrip length    , with                 the propagation constant,       the 

group index of the optical waveguide mode at the operating wavelength  . Furthermore, the parameter 

         can be calculated as         
         with   the RR waveguide power attenuation coefficient 

measured in cm
-1

. Finally,          and         are the transmission and coupling coefficients of the 

i-th DC (      , respectively [16]. 

The signal    is the input at the lower arm port of the MZI-Sagnac architecture. In particular, the presence 

of the third DC indicated in Fig. 2 with its power coupling coefficient,   , determines a part of the signal   , 

i.e.,     , to be coupled to the upper arm of the MZI, while a part of the same signal, i.e.,     , is transmitted 



4 
 

and propagates in the lower arm. In this context, it is worth specifying that these two signals undergo a 

different phase shifts when the lengths of the upper and lower arms, let us indicate them as    and   , 

respectively, are different, but also when the condition       is satisfied. Indeed, the group indices of the 

signals propagating into the upper and lower arms,      and     , respectively, are different, being the upper 

waveguide exposed to the sensitive area (e.g., covered by deionized water (DI) or air), and the lower 

waveguide isolated by a cladding material (e.g., Teflon, SU8, SiO2). In summary, the balanced and 

unbalanced MZI configurations can be distinguished when       and      , respectively, and the 

condition             is always satisfied for the motivations said above. Consequently, we name         

and         the phase shifts that the signals      and      undergo propagating in the upper and lower arms 

of the interferometric architecture, respectively. 

At this stage of the analysis, it is worth noting that the signal      takes into account the relevant 

information of the sensing functionalities occurring into the sensitive area as it is assumed on the upper arm 

of the MZI. Actually, by considering both RI homogeneous and surface sensing principles, a localized RI 

perturbation of the waveguide cladding material (i.e.,    ) or, similarly, a variation of the functionalized 

biochemical layer thickness (   ) due to the selectively adsorption of specific analytes on the waveguide 

surface in the sensitive area, can be transduced into a variation of the effective index of the optical mode that 

propagates in the upper waveguide arm, i.e.,       , as indicated by the homogeneous and surface waveguide 

sensitivities defined as                and                , respectively [17]. 

The fourth DC characterized by the power coupling coefficient,   , allows the signals      and      to be 

coupled to the Sagnac loop. Consequently, the new signals      and      undergo the same phase shift equal 

to    and dependent on the Sagnac loop radius, let us name it   . The Sagnac loop radius does not influence 

the overall device operation, thus it can be set at a specific value that allows low bend losses to be achieved, 

depending on the specific technology platform employed. Moreover, the counter-propagating optical signals, 

i.e., the clockwise,   
 , and the counter-clockwise,   

  , travel back from the Sagnac loop to the fourth DC 

and then to the third DC through the upper and lower arms, undergoing additional phase shifts similarly as 

explained previously. In particular, it is worth noting that light-analyte interactions are also enhanced due to 

the multiple forward and backward signal propagation paths into the sensitive area. 

In the following, we present the fundamental equations for calculating the forward and backward signals 

at a desired section of the RR-MZI architecture. In particular, the transfer matrix method inherent to the 

forward propagating signals is described in Eqs. (2)-(5): 
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(5) 

 

In Eqs. (6) and (8), coefficients            are the coupling loss factors for the third and fourth DCs, 

ranging between 0 (infinite coupling loss) and 1 (null coupling loss). In particular, similar coefficients have 

been taken into account also for the first and second RR DCs (see Eq. 5), but lossless DCs have been 

assumed in simulations, thus       (         ). Furthermore, the propagation loss coefficients        , 

       , and         in Eqs. (7) and (9) are defined similarly as          and allow propagation losses occurring 

in the upper and lower MZI arms as well as in the Sagnac loop, respectively, to be included in simulations. 

The transfer matrix method can be applied similarly to calculate the counter-propagating signals as shown 

in Eq. (6). In particular, the relevant contributions worth being analysed are the signal at the output port of 

the RR-MZI-Sagnac architecture, which is also useful to determine the overall sensor transmittance, and the 

signal that goes back to the input port through the cascaded RR, namely    
 . 
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(6) 

 

In Eq. (6),      is the optical signal at the sensor output port and allows the overall sensor transmittance 

         to be calculated as a function of all the geometrical and physical parameters. Furthermore,   
  is the 

backward signal that counter-propagates back to the interferometer architecture input port on the upper arm. 

Finally, the overall backward contribution at the sensor input port,    
 , can be estimated by using Eq. (1) and 

considering   
  instead of     in it. 

2.1  Refractive index sensing performance of MZI-Sagnac and Vernier RR-MZI-Sagnac sensors 

In this subsection, we report the fundamental equations that allow accurate estimations of RI sensing 

performance to be calculated. In particular, it is worth focusing our analysis on the sensing device, i.e., the 

interferometric architecture based on a MZI and a Sagnac loop, i.e., MZI-Sagnac. The choice of selecting the 

device said above as the sensing element instead of the RRs has been well demonstrated by M. La Notte et 

al. [14], evidencing how the wavelength sensitivity,   , of a typical MZI can be    times higher than that of 

an add-drop RR. In particular,    can be calculated by Eq. (7): 

 

    
     

          
 

 

(7) 

 

In Eq. 7,   is the ratio of the reference and sensing arm lengths defined as      . The assumption that 

should be done in order to quantify the gain    correctly is that the RR and the sensing arm of the MZI are 

characterized by the same waveguides (i.e., identical waveguide sensitivities,    either an homogeneous 

sensitivity,   , or a surface sensitivity,   ) and are exposed to the same RI cladding (i.e.,            ). 

Then, the expression of    becomes                     . 

Actually, the MZI wavelength sensitivity,   , that is still the same if a Sagnac loop characterizes the MZI, 

can be calculated as in Eq. (8), where all the parameters have already been defined with the exception of 

      that is the central wavelength of a peak of the sinusoidal wavelength-dependent MZI transmittance. 

 

 
   

  

   
 

         

             
 

 

(8) 

 

In this context, it is worth reporting a useful expression for the LOD that is valid when working with 

resonant peaks (e.g., add-drop RR or MZI transmittance resonant peaks), if the thermal noise is not a limiting 

factor and the resonant linewidth at the FWHM,       , is much greater than the resolution of the optical 

spectrum analyser (OSA) used in the experiments (note that typical OSA resolutions can be lower than 50 

pm) [18, 19]: 

 

 
    

 

  

      

            
 

 

(9) 

 

In Eq. (9), SNR is the signal-to-noise-ratio of the measurements valuated at the minimum of the 

wavelength-dependent transmittance and expressed in linear units. Furthermore, the expression of the LOD 

indicates that the higher    the lower the minimum cover RI variation,    , or, similarly, the minimum 

biochemical layer thickness variation,     , that can be detected. Although this analysis is in perfect 

agreement with the motivation of selecting the MZI over the add-drop RR, it is worth specifying that 

       of a MZI peak is always wider than that of a RR peak, thus resulting in an decrease of the LOD 

especially when the quality factor,  , of the resonant cavity is in the range of        . Indeed, high Q-

factors are particularly suitable for sensing applications as the effective interaction length that a resonant 

mode undergoes into the cavity is proportionally to   as                        [20], with      a cavity 

resonant wavelength. Overall, a compromise between    and        should be made as a function of the 

specific sensing application and required performance, especially in the case of Vernier-effect-based 
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photonic sensors, where wavelength sensitivities of the order of hundreds of µm/RIU and        as large 

as hundreds of nm can occur [3, 14]. 
We report the fundamental equations, i.e., Eqs. (10)-(11), that allow the Vernier LOD,     , and the 

Vernier wavelength sensitivity,     , of RR-MZI-Sagnac and RR-MZI Vernier sensors to be calculated: 

 

 
     

                

       
 

 

(10) 

 

           (11) 

 

In conclusion, it is worth noting that specific RI sensing performance can be achieved as a function of the 

sensing applications to be performed, by properly designing the overall photonic device in order to exhibit a 

desired Vernier gain,   , as also demonstrated in the case of SOI cascaded RRs Vernier sensors designed for 

methane (CH4) and ethane (C2H6) sensing at the mid-infrared (MIR) wavelength of 3.39 μm [13]. 

3.  Numerical results and discussions 

In this Section, we demonstrate the advantages of using the RR-MZI-Sagnac Vernier configuration with 

respect to state-of-the-art RR-MZI Vernier sensors, which are the most performing Vernier configurations 

demonstrated by now in the literature [14]. 

Hereafter, we consider a SOI wire waveguide characterized by a width,   = 320 nm, a height   = 220 

nm, and a buried oxide (BOX) thickness layer of 2 µm, as also considered in [14]. The assumed SOI 

waveguide can be fabricated by means of CMOS-compatible e-beam lithography and ICP etching tools. 

Furthermore, both the cascaded RR and the MZI-Sagnac interferometric architecture are assumed to be based 

on the SOI wire waveguide covered by a 1-µm-thick SiO2 cladding layer with the only exception of the 

sensitive area, where DI water is considered as the cover medium (see Fig. (1)). Moreover, it is worth 

specifying that simulations have been performed by using a mode solver based on a finite element method 

(FEM) [21], where an overall computational domain area of 8 µm
2
 and more than 90,000 mesh elements 

have been set. In particular, custom-made codes have also been developed in the FEMLAB platform to 

perform geometrical and optical multi-parametric simulations, where Sellemeir’s equations for silicon [22] 

and its oxide [23] have also been implemented to take into account the material chromatic dispersion in the 

NIR wavelength range of 1250-1850 nm. Furthermore, waveguide single-mode operation and transverse-

electric (TE) polarization of the optical mode have been considered as optimal conditions for sensing 

purposes. Finally, we report in Table II the fundamental optical parameters calculated, i.e., the waveguide 

group and effective indices with DI water (H2O) [24] and SiO2 claddings,         ,          
, and       , 

       
, respectively, the homogeneous sensitivity of the waveguide covered by DI water,       , and the 

optical field confinement in the sensitive area,        [17]. 

Table II 

Optical parameters of the optimized SOI wire waveguides simulated at the wavelength of 1.55 µm. 

Parameters Simulated values 

         1.8589 

         
 1.9227 

       4.4521 

       
 4.3060 

       0.5551 

       49.86% 

 

With reference to Table II, it is worth noting that the optimized SOI wire waveguide allows almost 50% 

of the overall optical E-field intensity to be confined into the sensitive area, where the analyte to be detected 

is concentrated. Also, an homogeneous sensitivity of 0.5551 allows more than half of the localized cover RI 

perturbation,    , to be transduced into an effective RI variation,      , thus providing an efficient sensing 

functionality. Actually, although more sensitive waveguides (i.e.,     ) such as slot waveguides [17], 

membrane or suspended wave-guiding structures [25] can be used to further enhance overall sensing 

performance, the optimized SOI wire waveguide proposed in [14] has been selected in order to better 

compare our device performance with the state-of-the-art RR-MZI sensors. Finally, a cross-sectional view of 
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the SOI wire waveguide covered by DI water is shown in Fig. 3, where the countour map of the spatial 

distribution of the   -field component of the quasi-TE polarized optical mode is simulated at   = 1.55 µm. 

 

Fig. 3. Countour map of the fundamental quasi-TE polarized optical mode spatial distribution into the optimized SOI wire waveguide 

( = 320 nm,   = 220 nm) at the operating wavelength,   = 1.55µm. 

The analysis of the RR-MZI-Sagnac Vernier sensor can start by investigating the operation of the MZI-

Sagnac interferometric architecture as a stand-alone device, i.e., without the cascaded RR. Furthermore, we 

report a useful comparison between the MZI-Sagnac architecture considered here and a typical MZI sensor 

characterized by the same DCs as sketched in Fig. 4. 

 

 

Fig. 4. (a) Schematic of the MZI-Sagnac interferometric architecture with DC power coupling coefficients    and   . (b) A typical 

MZI sensor configuration characterized by the same DCs as in (a). 

In Figs. 4(a) and 4(b), both the devices are assumed to be based on the optimized SOI waveguide shown 

in Fig. 3. In particular, the overall devices are covered by a 1-µm-thick SiO2 cladding layer with the only 

exception of the sensitive areas located at the upper arms of each configuration. As an example, we have 

assumed that    =    = 500 µm in both the devices (a) and (b), thus resulting in balanced MZIs with input 

and output ports as labelled in the same Figure. Finally, the transmittances of the devices have been 

calculated as a function of different sets of DC power coupling coefficients,    and   , i.e., (   = 0.067,    = 

0.25), (   = 0.5,    = 0.1464) and (   = 0.25,    = 0.25). The results for the MZI-Sagnac and MZI devices 

are plotted in Figs. 5(a) and 5(b), respectively. 

In Figs. 5(a) and 5(b), it is possible to see that, as also demonstrated in [15], the MZI-Sagnac wavelength-

dependent transmittance depends dramatically on specific values of the DC coupling coefficients    and   . 

Also, when the power coupling coefficient pairs (   = 0.067,    = 0.25), and (   = 0.25,    = 0.25) are taken 

into account, then FSR of the transmittances, namely     , is the same and equal to 32.89 nm around the 

wavelength of 1.55 µm. In particular, it is worth specifying that Eq. (12) can be used for estimating 

accurately the FSRs of both the devices, where      =       ,      =        
, and       is the operating 

wavelength at which a peak of the periodic wavelength-dependent transmittance is centred. 

 

 
    

     
 

               
 

 

(12) 
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Fig. 5. Transmittances of (a) the MZI-Sagnac interferometric device and (b) the typical MZI configuration, as a function of different 

values of the power coupling coefficients    and   . 

With reference to Figs. 5(a) and 5(b), it is worth evidencing that when the power coupling coefficients    

= 0.5,    = 0.1464 are set in simulations, then the typical MZI transmittance exhibits the same FSR, i.e., 

     but different transmittance values. Conversely, the MZI-Sagnac transmittance plotted in Fig. 5(a), is 

characterized by a new FSR, i.e.,      =        = 16.44 nm, with a maximum transmittance peak of 0.5 

(a.u.). This particular behaviour, which cannot be achieved neither by a standard MZI with DCs and input 

and output 3 dB Y-branches [12, 14], is mainly due the presence of the Sagnac loop that generates counter- 

propagating signals. This results in the presence of specific double phase terms, i.e.,     and    , in the 

complex exponential functions that characterize the overall transfer function calculated by using Eqs. (2)-(5). 

Then, by properly setting the power coupling coefficients    and   , it is possible to inhibit or exalt the 

presence of double-frequency components in the MZI-Sagnac overall spectral response. In conclusion, it is 

worth specifying that this demonstration is still valid when the device input and output ports in Figs. 5(a) and 

5(b) are exchanged, and when the input and output ports are located on the same arm (i.e., upper or lower) in 

the typical MZI sensor (Fig. 4(b)). 

Generally speaking, half the FSR of a balanced MZI can be achieved by properly setting the DC power 

coupling coefficients,    = 0.5,    = 0.1464, in a balanced MZI-Sagnac device. 

Actually, it is worth investigating the device operation as a function of the power coupling coefficient 

tolerances to quantify the maximum acceptable variation of    and   . To this purpose, we have calculated 

the spectral transmittances windowed in the wavelength range of 1470-1515 nm, by keeping, alternatively, 

one of the two power coupling coefficients fixed and varying the other with a step of ± 0.025 three times 

above and three times below its nominal value, and the results are plotted in Figs. 6(a) and 6(b). Finally, a 

similar investigation has been performed but considering simultaneous variations of    and    coefficients as 

plotted in Fig. 6(c). Actually, the latter condition is the most realistic because possible fabrication tolerances 

of the waveguide widths,  , and heights,  , will influence similarly both the DCs, thus inducing the same 

variations     and    . 

With reference to Fig. 6(a), it is worth noting that both positive and negative changes of    induce a non-

uniform variations of the transmittance peaks. Indeed, the lateral lobes vary similarly with respect to the 

nominal condition as relative percentage variations of 30 % affect both peaks when    is varied from 0.425 

to 0.5 (    = − 15 %). Further, when    is varied from 0.525 to 0.575 (    = 15 %), then the relative 

percentage variation of both peaks is up to ‒ 30 %. On the contrary, the central lobe, whose presence is 

strongly influenced by    and    as shown in Fig. 5(a), varies conversely. As plotted in Fig. 6(b), by keeping 

the coefficient    fixed and varying    in the range of ± 15 %, uniform transmittance peak variations of + 38 

% and – 47 % occur, respectively, with respect to the nominal transmittance peak values, i.e., 0.5 (a.u.). 

Finally, simulations plotted in Fig. 6(c) evidence that when both the power coupling coefficients are varied 

simultaneously in the range of ± 15 %, then the lateral lobes are weakly influenced as overall transmittance 

variations of + 8.76 % and – 18.66 % occur, respectively, while the central peak undergoes huge 

transmittance variations of + 63.64 % and − 71.04 %, respectively. As a result of this investigation, power 

coupling coefficient tolerances of ± 5 % can be considered acceptable in order to ensure that      = 
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      , and positive increments +    are generally better than −    to this aim. Finally, a sophisticated and 

flexible tool proposed by us in [26] and tested experimentally for RRs operating in the NIR [4] can be used 

for the rigorous design of S-bend and arc-bend DCs that characterize RR-MZI-Sagnac Vernier sensors. 

 

Fig. 6. Analysis of the influence of power coupling coefficients    and    on the transmittance of the balanced interferometric sensor 

based on a MZI and a Sagnac loop. (a)    = 0.1464 and    is varied, (b)    = 0.5 and    is varied, (c) both    and    are varied with 

respect to the nominal coefficients, i.e.,    = 0.5,    = 0.1464. Nominal transmittances are plotted in black colour in (a), (b), and (c). 

The wavelength sensitivity and LOD of the MZI-Sagnac interferometric architecture as well as of the 

standard MZI can be calculated by using Eqs. (8) and (9). Furthermore, it is worth noting that    is the same 

in both the devices, while the MZI-Sagnac transmittance peaks can exhibit a        that is half the 

       of a typical MZI, resulting in a LOD that can be reduced by at least a factor two with respect to the 

standard MZI. For example, assuming a SNR = 10
5
 and    =    = 500 µm, the wavelength sensitivity is 

estimated as ~ 6        in both the devices, while the LOD is 4.56×10
-5 

RIU in the MZI-Sagnac sensor 

(with power coupling coefficients    = 0.5,    = 0.1464) and 8.94×10
-5 

RIU in the typical MZI sensor ( with 

power coupling coefficients    = 0.25,    = 0.25). Actually, the difference between the estimated LODs is 

due to the different full-width-at-half-maximum of the MZI-Sagnac and standard MZI transmittances, 

resulting in             nm and              nm, respectively. 

The wavelength sensitivities,   , and FSRs (i.e., FSR1) of MZI-Sagnac (   = 0.067,    = 0.25) and 

standard MZI sensors have been calculated by using Eq. (8) and Eq. (12), respectively, as a function of 

different combinations of    and    in the case of         mm,        mm, and      mm. Finally, 

numerical results are shown in Figs. 7(a)-7(b). 

After fixing the length   , we have swept the    length in a range of different values around   . As a 

result, asymptotic functions for    and FSR have resulted from our calculations. Furthermore, the vertical 

asymptotes occur when denominators in Eq. (8) and Eq. (12) tend to zero, thus when               or, 

similarly, when                 . As a result, unbalanced MZI-Sagnac or MZI devices can be preferred 

over the balanced configurations to enhance the wavelength sensitivity,   , but resulting in longer FSRs. 

Moreover, by comparing Figs. 7(a)-7(b), it is evident that the longer    and    the shorter the FSR that can 

be achieved by keeping the ratio           unvaried. On the contrary, the    functions do not vary even when 

device lengths    and    of different order of magnitudes are taken into account. In conclusion, long upper 

and lower arm lengths allow a better light-analyte interaction and short FSR to be achieved but increasing the 
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overall footprint of the sensor. To this purpose, a useful design strategy that can be applied consists in 

folding both the sensing and reference arms in Archimedean spiral paths as demonstrated in [27]. 

 

Fig. 7. (a) Free spectral range, FSR, and (b) wavelength sensitivity,   , of the MZI-Sagnac and MZI sensors as a function of the 

lower arm length,   , in the case of    = 0.05 mm, 0.5 mm, and 5 mm. 

3.1  Design of RR-MZI and RR-MZI-Sagnac Vernier sensors for chemical sensing applications 

In this subsection we propose the design of Vernier sensors characterized by the cascade of a RR and 

balanced or unbalanced MZI-Sagnac architectures. Initially, we focus our analysis on a useful comparison 

between the Vernier sensor proposed here and the state-of-the-art RR-MZI Vernier sensor investigated in 

[14] with input and output Y-branches, with the aim to evidence the advantages that can be achieved in terms 

of reduced overall operative bandwidth (    ) and enhanced RI sensing performance (    ,   ). Hereafter, 

we assume lossless devices (i.e.,   = 0) for two specific reasons: i) higher values of   result, predictably, in 

lower transmittance peaks in both RR-MZI and RR-MZI-Sagnac Vernier sensors, without influencing 

dramatically, the device sensing functionalities, ii) we aim at comparing RR-MZI and RR-MZI-Sagnac 

Vernier device transmittances as a function of geometrical and optical parameters variations whose effect 

cannot be simply recognizable if losses are also taken into account in simulations. Finally, we assume that 

both RR-MZI and RR-MZI-Sagnac sensors are covered by a SiO2 cladding layer with the only exception of 

the sensitive window that is assumed to be filled with DI water. 

The first analysis is related to the balanced MZI-Sagnac and MZI configurations. In particular, we have 

referred to Tables IV and V in [14] and set MZI and MZI-Sagnac reference and sensing arm lengths equal to 

   =    = 6102.81 μm. Moreover, we have set balanced MZI-Segnac power coupling coefficients as    = 0.5 

and    = 0.1464 to achieve half the FSR of the standard balanced MZI with input and output Y-branches as 

proposed in [14]. In particular, it is worth noting that both the standard MZI and MZI-Sagnac exhibit LODs 

of 6.72×10
-6

 RIU and 3.05×10
-6

 RIU, respectively, with SNR = 10
5
 in Eq. (10), and wavelength sensitivities 

of    = 5.89 μm/RIU calculated by using Eq. (11). Furthermore, an extended version of our sophisticated 

algorithmic procedure described in [13] for the design of Vernier devices based on cascaded RRs has been 

performed to calculate filter RR lengths useful to achieve the Vernier effect in the second operating regime 

in both standard RR-MZI and RR-MZI-Sagnac sensors, with both the RR power coupling coefficients,   , 

and    equal to 0.1. Finally, the simulation results relative to the RR-MIZ-Sagnac sensor are shown in Fig. 8. 

With reference to Fig. 8, it is evident that a number of Vernier configurations can be designed in order to 

achieve specific RI performance by selecting different values of the RR radius,    . Moreover, a specific 

value of     can be set to allow extremely high wavelength sensitivities and gains as well as ultra-low LODs 

to be achieved, but resulting in overall Vernier FSR of the order of 10
4
-10

5
 nm, thus very challenging to be 

employed experimentally. Consequently, very accurate strategies can be performed for the design of RR-

MZI-Sagnac design by using the design maps plotted in Fig. 8. It is worth specifying that similar plots have 

been calculated for the design of balanced RR-MZI sensors, but different     values have resulted since the 
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RR FSRs should be comparable with the standard MZI FSRs that are almost double the MZI-Sagnac FSRs 

characterized by    = 0.5,    = 0.1464. 

 

Fig. 8. RI sensing performance and Vernier FSR of the balanced RR-MZI-Sagnac sensor characterized by    =    = 6102.81 μm, 

plotted in log scale as a function of different RR radii. 

As a result of the design procedures, we have designed a standard RR-MZI and a RR-MZI-Sagnac with 

geometrical and optical parameters listed in Table III. In particular, it is worth noting that RR radii of 

balanced RR-MZI and RR-MZI-Sagnac sensors have been chosen to achieve similar RI sensing performance 

in both the Vernier configurations, which are also the same reported in [14]. 

Table III 
Geometrical and optical parameters of a standard balanced RR-MZI Vernier sensor and a balanced RR-MZI-Sagnac Vernier sensor 
with RI sensing performance. 

Parameters RR-MZI Vernier RR-MZI-Sagnac Vernier 

    32.80 μm 65.60 μm 

    206.09 μm 412.18 μm 

   6102.81 μm 6102.81 μm 

   6102.81 μm 6102.81 μm 

   - 39.78 μm 

      2.7073 nm 1.3537 nm 

       2.6947 nm 1.3474 nm 

     12.6 pm 6.3 pm 

   214.9 214.9 

     579 nm 289.5 nm 

     1265 μm/RIU 1265 μm/RIU 

     2.139×10-6 RIU 1.07×10-6 RIU 

 

In this way, we have demonstrated that the RR-MZI-Sagnac configuration can exhibit similar Vernier 

wavelength sensitivities     , and gains,   , but in half the bandwidth of the standard RR-MZI sensor. 

Indeed, the RR-MZI-Sagnac and RR-MZI Vernier FSRs,     , are 289.5 nm and 579 nm, respectively. 

Then, half the bandwidth can be saved by taking advantage of the reduced FSR of the balanced MZI-Sagnac 

over the standard balanced MZI, by properly setting the power coupling coefficients,    and   . Moreover, 

the Vernier LOD that can be achieved by means of Vernier RR-MZI-Sagnac sensor is lower than RR-MZI 

     as reported in Table III. This is mainly due to the reduced overall Vernier peak        as can be seen 

in Figs. 9(a) and 9(b), where the Vernier transmittances of the designed sensors are plotted in the NIR 

wavelength range of 1250-1850 nm. 

By comparing Figs. 9(a) and 9(b), it is clear that the overall operative bandwidth can be halved by means 

of the RR-MZI-Sagnac Vernier sensor but the peak transmittance is also reduced by a factor 2 due to the 
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particular configuration of    and    coefficients. However, we believe that this does not represent a critical 

aspect because the optical power that can be measured from such devices mainly depends on waveguide 

propagation losses and other experimental setup attenuation contributions (e.g., grating coupling efficiencies, 

fiber optic attenuation, etc.) that can be overcome. Finally, it is worth noting that such behaviour can be 

achieved for an arbitrary Vernier sensor configuration that can be selected by the design maps in Fig. 8. 

 

 

Fig. 9. Balanced (a) RR-MZI and (b) RR-MZI-Sagnac Vernier sensor transmittances with      equal to 579 nm and 289.5 nm, 

respectively. 

A further advantage of the novel Vernier configuration proposed in this work can be demonstrated in the 

case on unbalanced standard MZI and MZI-Sagnac sensing devices. When designing unbalanced MZIs, 

similar curves as those plotted in Figs. 7(a) and 7(b) can be used in order to select the unbalancing factor 

between reference and sensing arms. To this purpose, we propose in Figs. 10(a) and 10(b) the FSR and    

design maps that are valid either for standard MZI and MZI-Sagnac devices. As an example, let us assume 

that the upper arm lengths in standard MZI and MZI-Sagnac devices are equal to 6102.81 μm and that the 

       should be 2.6 nm, similarly as reported in Table V in [14]. Consequently, in the case of the standard 

MZI a length of    = 6095 μm is suitable to this aim as shown in Fig. 10(a), resulting in    = 5.683 μm/RIU. 

On the contrary, by taking advantage of halving the FSR by setting    = 0.5,    = 0.1464 in the unbalanced 

MZI-Sagnac device, a sort of “virtual” double FSR can be selected, i.e.,               = 5.210 nm with    

= 6203 μm, as the expression for the FSR, i.e., Eq. (12), does not take into account the halving effect of    

and    coefficients. Then, a lower arm length of    = 6203 μm corresponds to almost double the wavelength 

sensitivity achieved previously, i.e.,    = 11.37 μm/RIU. Practically, the real FSR of the unbalanced MZI-

Sagnac device with    = 0.5,    = 0.1464 is equal to ∼2.62 nm. 

 

 

Fig. 10. (a) FSR and (b) wavelength sensitivity,   , of unbalanced standard MZI and MZI-Sagnac configurations as a function of the 

lower arm lengths,   , with    = 6102.81 μm. 
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At this stage, a similar design approach already discussed and presented in Fig. 8 has been performed for 

both the RR-MZI and RR-MZI-Sagnac Vernier sensors, and the resulted geometrical and optical parameters 

have been listed in Table IV. 

 

 

Table IV 
Geometrical and optical parameters of a standard unbalanced RR-MZI Vernier sensor and RR-MZI-Sagnac Vernier sensor with RI 
sensing performance. 

Parameters RR-MZI Vernier RR-MZI-Sagnac Vernier 

    33.99 μm 33.92 μm 

    213.57 μm 213.13 μm 

   6102.81 μm 6102.81 μm 

   6095.30 μm 6202.80 μm 

   - 39.78 μm 

      2.6125 nm 2.6179 nm 

       2.6004 nm 2.6057 nm 

     12.1 pm 12.2 pm 

   215.9 214.58 

     561.45 nm 559.13 nm 

     1224 μm/RIU 2442 μm/RIU 

     2.135×10-6 RIU 1.072×10-6 RIU 

 

In the case of unbalanced Vernier architectures, we demonstrate that although the RR-MZI and RR-MZI-

Sagnac Vernier sensors exhibit very similar      and   , RI sensing performance can be doubled in the 

latter configuration. Indeed, the wavelength sensitivity achieved in the case of the RR-MZI Vernier sensor is 

1224 μm/RIU, while that of the RR-MZI-Sagnac is 2442 μm/RIU, thus almost the double by exhibiting the 

same operative bandwidth as demonstrated by the      equal to 561.45 nm and 559.13 nm, respectively. 

Moreover, the Vernier LOD,     , of RR-MZI-Sagnac sensors is half the      of RR-MZI sensors, 

resulting also in an improved sensing resolution. 

To give further evidence of the enhanced RI sensing performance, we propose in Figs. 11(a) and 11(b) the 

simulated device spectra at rest, i.e.,     = 0 RIU, and when a localized RI perturbation of     = 1×10
-4

 RIU 

occurs in the sensitive area with DI water. It should be noted that the wavelength shifts can be estimated by 

using Eqs. (8) and (11), by considering               . With reference to Figs. 11(a) and 11(b), the 

wavelength shifts of the Vernier peaks,    , are as long as 244.24 nm and 122.31 nm in RR-MZI-Sagnac 

and RR-MZI sensors, respectively, although spectral features of both device transmittances are very similar 

as also confirmed by the values of      listed in Table III. Practically, the double RI sensing performance 

can be achieved by taking advantage of the double wavelength sensitivity,   , of the unbalanced MZI-Sagnac 

sensing device over the standard MZI, as demonstrated in Figs. 10(a) and 10(b). 

 

 

Fig. 11. Overall Vernier wavelength shifts,    , induced by a cover RI variation     = 1×10-4 RIU occurring in the designed (a) RR-

MZI-Sagnac and (b) RR-MZI Vernier sensors. 

Finally, we show in Fig. 12, a comparison between the overall wavelength shifts occurring in the RR-

MZI-Sagnac and RR-MZI Vernier sensors as a function of RI variations in DI water. 
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With reference to Fig. 12, it is worth noting that the enhanced sensing performance that can be achieved 

by using a RR-MZI-Sagnac Vernier sensors are represented by the improved overall     , as wavelength 

shifts occur firstly in the RR-MZI-Sagnac sensor, and sensor dynamic response as the RR-MZI-Sagnac 

longest wavelength shift due to     = 1×10
-4

 RIU is at a wavelength of 1676 nm, over 1554 nm occurring in 

the RR-MZI sensor. Apparently, the wider RR-MZI-Sagnac sensor dynamic could be considered as a 

drawback in terms of required operating sensor bandwidth but, practically, this is not properly correct as 

double wavelength sensitivities represent a concrete advantage when small RI variations occur, e.g., 10
-8

-10
-5

 

RIU, depending on the LOD. 

 

 

Fig. 12. Overall Vernier wavelength shifts,    , for RR-MZI-Sagnac and RR-MZI Vernier sensors as a function of RI variations in 
DI water and plotted in log scale. 

In conclusion, the design approach described is obviously scalable to other RR-MZI-Sagnac 

configurations that can exhibit shorter Vernier FSRs, and still exhibiting double sensing performance with 

respect to the standard RR-MZI sensors. By referring to the optimized RR-MZI Vernier sensors proposed in 

[14] for CO2 and NH3 detection in air and DI water, respectively, the double RI sensing performance 

achieved by the unbalanced RR-MZI-Sagnac Vernier sensors allow CO2 gas concentrations lower than 5,000 

ppm and NH3 concentrations in the 0-30,000 ppm range to be detected, still exhibiting the same operating 

bandwidths of RR-MZI sensors, as listed in Table IV. Alternatively, similar performance demonstrated 

theoretically in [14] by RR-MZI Vernier sensors can be achieved with half their Vernier FSR by designing 

balanced MZI-Sagnac architectures, as reported in Table III. 

The investigation of the new sensing configuration proposed in this work is completed by analysing the 

operation of the RR-MZI-Sagnac sensor, whose design and optical parameters are listed in Table III, as a 

function of    and    power coupling coefficient tolerances as already proposed for the MZI-Sagnac device 

and shown in Fig. 6. To this purpose, we have simulated the sensor spectrum at rest (i.e.,     = 0 RIU) as 

plotted in Fig. 11(a), by taking into account simultaneous variations of     =     = − 15 %, i.e., Fig. 13(a), 

    =     =  + 15 %, i.e., Fig. 13(c), with respect to the nominal coefficient values    = 0.5,    = 0.1464, 

i.e., Fig. 13(b). Numerical results, plotted in the wavelength range of 1250-1720 nm, demonstrate that the 

overall Vernier peak still preserves its shape when a maximum    and    negative variation of − 15 % occur, 

but its spectral lines undergo an overall decrease. In particular, as evidenced by the darker peak-shape in Fig. 

13(a), the peaks that allow the half        to be achieved decrease also according to simulations shown in 

Fig. 6(c), while the remaining spectral lines undergo a transmittance decrease of 20 % with respect to the 

Vernier spectrum with nominal power coupling coefficients (Fig. 13(b)). Conversely, when a maximum    

and    positive variation of + 15 % occur, the spectral lines constituting the darker peak-shape increase as 

shown with Fig. 6(c), while the remaining spectral lines undergo an overall transmittance increase up to 60 

% with respect to the Vernier spectrum plotted in Fig. 13(b). As a result of this analysis, positive power 

coupling coefficient variations are confirmed as more tolerant than negative   . Furthermore, the different 

transmittance peaks characterizing spectral lines of the overall Vernier peak do not influence the RI sensing 

performance as nominal      and      as listed in Table IV can be achieved. It is worth specifying that, 

when completely different power coupling coefficients are taking into account in balanced and unbalanced 

RR-MZI-Sagnac Vernier configurations, e.g.,    = 0.067 and    = 0.25 (see also Fig. 5(a)), the spectral 
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features of the Vernier spectra become those of a standard RR-MZI sensor, thus losing the advantages of 

halving the overall operating bandwidth and achieving double RI sensing performance, respectively. 

In conclusion, by comparing the architectures of the standard RR-MZI and RR-MZI-Sagnac sensors, the 

main difference is related to the presence of a signal, namely    
 , that is generated by the Sagnac loop and 

propagates back to the input port as shown in Fig. 2. Actually, this specific signal seems not to affect the 

device operation as experimentally demonstrated in silica microwire-based MZI-Sagnac electric field sensors 

[28] and in integrated wavelength and bandwidth-tunable silicon comb filters [29]. Anyway, we demonstrate 

in Fig. 14 that the signal    
  in a high-performance RR-MZI-Sagnac Vernier sensor can be dramatically 

minimized by properly setting the RR power coupling coefficients,    and   . In particular, by setting    = 

0.01 and    = 0.1 the    
  transmittance can be decreased of more than 95 % with respect to the configuration 

with    = 0.1 and    = 0.1, but resulting in a decrease of the output signal,     , of about 62 %. However, 

although a 62 % of      decrease can be acceptable depending on the waveguide propagation losses affecting 

the overall sensor, optimization procedures can be performed to figure out the pair of coefficients    and    

that allow the signal    
  to be reduced without influencing dramatically     . 

 

 

Fig. 13. RR-MZI-Sagnac Vernier sensor transmittances as a function of different values of power coupling coefficients    and   ; (a) 

   = 0.425,    = 0.0715, (b)    = 0. 5,    = 0.1464, (c)    = 0.575,    = 0.2214. 
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Fig. 14.     .and    
  signals in a RR-MZI-Sagnac Vernier sensor as a function of different values of the power coupling coefficients 

   and   ; (top)    = 0.1 and    = 0.1, (bottom)    = 0.01 and    = 0.1. 

 

 

4.  Conclusion 

In this paper, we have investigated theoretically a new SOI integrated photonic sensor based on cascaded 

RR and MZI-Sagnac interferometric configuration for ultra-high performance RI sensing in the NIR 

wavelength range, suitable for chemical and biochemical applications. Actually, we have demonstrated that 

by designing balanced MZI-Sagnac architectures with DC power coupling coefficients    = 0.5 and    = 

0.1464, the RR-MZI-Sagnac Vernier sensors can exhibit similar wavelength sensitivities and LODs as those 

achievable by state-of-the-art RR-MZI Vernier sensors, but with half their operating bandwidths, or, in other 

words, exhibiting half their overall Vernier FSRs. Alternatively, when the RR-MZI-Sagnac Vernier sensors 

are designed with unbalanced MZI-Sagnac architectures and power coupling coefficients    = 0.5 and    = 

0.1464, then we have demonstrated that double RI sensing performance can be achieved with respect to 

state-of-the-art RR-MZI Vernier sensors, still exhibiting their Vernier FSRs, which is a remarkable 

advantage when working with Vernier sensing configurations as the higher the RI sensing performance the 

longer the envelope Vernier transmittance FSR. In this context, we have presented a detailed theoretical 

investigation of power coupling coefficient tolerances and numerical results have revealed that variations of 

± 5 % with respect to the nominal values previously mentioned can be considered acceptable in order to 

ensure the proper device operation. However, even in the case larger variations of    and    occur, 

numerical results demonstrate that the overall Vernier envelops and sensing performance are preserved in 

both balanced and unbalanced RR-MZI-Sagnac design approaches. Moreover, we have investigated the 

influence of the counter-propagating signals generated into the Sagnac loop and find out that specific 

configuration of the RR DCs, e.g.,    = 0.01 and    = 0.1, can be used for decreasing the backward signal at 

the input port down to 95 %. Finally, we believe that the RR-MZI-Sagnac Vernier devices proposed in this 

work can be advantageous for the design of ultra-high performance Vernier sensors characterized by small 

footprints as shorter arm lengths than state-of-the-art RR-MZI Vernier sensors need to be designed and 

fabricated. Moreover, the experimental demonstration of such devices would pave the way for mid-infrared 

sensing applications and real-time, label-free spectroscopic functionalities. In fact, the Vernier effect in SOI 

and germanium-on-silicon (GOS) cascaded RRs has been already demonstrated around 3.8 μm [30, 31], 

exhibiting a very good agreement with theoretical results, that were calculated by using the modelling and 

design tools proposed in this work. In conclusion, simulations reveal that NH3 concentrations in the 0-30,000 

ppm range and CO2 traces lower than 5,000 ppm can be detected in DI water and air, respectively, by 

optimized RR-MZI-Sagnac Vernier sensors operating at NIR wavelengths around 1.55 μm. 
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