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In this paper, we discuss the principle of coupling an optical signal to an optical resonator. We give the broad outlines of the principle and the experimental parameters then we look at how to optimize this coupling using finite element simulations on COMSOL software. Simulation of the coupling is based on straight and ring waveguides placed very close to each other so the waveguide can be transmitted from one to other.

INTRODUCTION

We have seen that optical resonators with a very high quality factor, at least 100 millions, are useful for various types of applications in metrology, sensors or oscillators [1 -5]. Studies in the literature concerning the modeling of coupled device based on optical fiber with crystalline resonators which involve the aspect of simulation and optimization [1 -7]. It is also necessary to take into account the technological constraints of manufacture for the coupling [START_REF] Salzenstein | Electrically driven thermal annealing set-up dedicated to high quality factor optical resonator fabrication[END_REF]. The first step of multi-criteria optimization shows that we can simulate and then find an optimal design. The sensitivity analysis shows a relatively good correlation between the experimental Q factor obtained, and that obtained with the simulation by the finite elements. This optimization process incorporates certain constraints related to the manufacturing process, and to the thermal analysis of the resonator. However, some parameters require a domain which is non-continuous, it is chosen between fixed positions, but this makes the convergence more complicated to achieve. We therefore focus on the implementation of the experimental concept and on the coupling of crystalline resonators under a straight waveguide and the simulation is based on the multi-physics software COMSOL [9 -11]. We present simulation results and also the comparison with the experiment.

COUPLING OF A RESONATOR TO A GUIDE

Need to couple the optical resonator

If we want to mount optical resonators in oscillator mode, or if it is simply necessary to characterize it, it is necessary to proceed by coupling. An optical resonator considered as a cavity could be ideal if we had a totally closed system being isolated from the world outside. The propagation of a signal inside this cavity could then correspond to a high and intrinsic quality coefficient of the resonator. Nevertheless, in reality, an optical resonator, i. e. a resonant cavity, is not a closed system at all. We must measure its quality coefficient parameters. However, it is obvious that any external intervention could break the insulation of a cavity. It is necessary to be able to inject and of course recover the information. The main objective is to inject an optical signal inside the cavity. Figure 1 shows how a resonator is to an optical tapered fiber. There are of course other methods to inject a signal. What comes to mind first is to illuminate the cavity with lighting of which the power would be quite significant. However, this method could not highlight the strong quality coefficients, which, at the opposite, require a certain finesse. There is the possibility of sending a signal by using a prism, which is convenient in the case of a compact and robust component. We could also use a tapered fiber or tip, which approaches the resonator sufficiently closer to be able inject signal in the resonant cavity. The method we find easier to do in the lab is to use a stretched and tapered fiber. We first remove the sheath of the fiber, then we stretch from each end, performing this stretch under a flame [START_REF] Salzenstein | Experimental study of a crystalline-resonator based optoelectronic oscillator[END_REF]. We therefore act on the principle that the resonator is coupled to a tapered fiber. (e,L) refer respectively to the thickness and to the width of the Si3N4 microring and the ridge. (D, g) refer respectively to the diameter and to the gap between the Si3N4 microring and the ridge. N-C (Not Known) show that the parameter was not described or listed in the reference.

Main active parameters

In Table 1, we give the typical parameters that are involved in the comparison of the Q factor for optical resonators of micro disk type. They are all silicon nitride on a silicon chip so they are better comparable.

Unfortunately, not all references describe and give full details of their experiences. However, it is very interesting to give a narrow range of variation of the factor Q obtained as well as the associated parameters such as the thickness, the diameter and the width of the micro ring Si3N4 and of the ridge. Authors at Cornell University have obtained a good Q-factor with a propagation loss within the ring equal to 4.2 dB/m and we estimate the absorption loss to be 71%.

3. Main parameters for the crystalline material: MgF2 and Ca F2:

For analysis, we select two materials. The first material is the Magnesium Fluoride (MgF2), which is characterized by its refractive index, for the ordinary and extraordinary ray between (No, Ne) respectively equal to 1.37 and 1.38, for a Transmission Range between 0.12 and 8.5 µm. The MgF2 is density is 3.148g/cm 3 . The second material is the Calcium fluoride (CaF2), which is characterized by it is refractive index for the ordinary and extraordinary ray between (No, Ne) respectively equal to 1.42 and 1.44 with a Transmission Range between 0.2 and 9 µm. The CaF2 is density is 3.18g/cm 3 . Typical parameters are involved in the Q-factor comparison for the silicon nitride micro-rings and ridge on a silicon chip. We have reported the results in reference [START_REF] Bassir | Optimal design of a crystalline and integrated resonator coupled with optical fibre[END_REF]. A number of references give a more accurate picture of typical parameters [13 -16]. Thickness is between 320 nm and 910 nm. Width of the Si3N4 micro-ring vary in the range of 500 nm to 1.8 µm, when diameter of the ring vary from 20 to 115 µm. Gap between the Si3N4 micro-ring and the ridge is in between 160 and 680 nm. Figure 1 gives a better understanding of the various parameters mentioned for coupling to a micro-ring. Q-factors are up to 7x 10 6 . Cornell University have obtained a good Q-factor with a propagation loss within the ring equal to 4.2 dB/m and we estimate the absorption loss to be 71%. These performances are interesting. However, it is clear that the micro-rings quality factors are not as high as are those obtained with crystalline resonators. We concretely have selected two different materials for the sensitivity analysis. The first one is Magnesium Fluoride (MgF2). It is characterized by it is refractive index. For the ordinary and extraordinary ray between (No, Ne), it is respectively equal to 1.37 and 1.38 with a transmission in the range 0.12 -8.5 µm. Density of MgF2 is 3.148g/cm 3 . The second chosen material is Calcium fluoride (CaF2). Its refractive index for the ordinary and extraordinary ray between (No, Ne) is respectively equal to 1.42 and 1.44. Its transmission is in the range 0.2 -9 µm. Its density is 3.18g/cm 3 .

MODELLING OF THE COUPLED DEVICES

We look at the coupling between a thin fiber and a resonator. One can refer for the coupling of resonators to a paper, which concerns another type of resonator, the micro-spheres [START_REF] Salzenstein | Coupling of high quality factor optical resonators[END_REF]. We can make some analogies between the propagation of an optical signal and that of a microprobe signal along a coplanar line [START_REF] Salzenstein | Coplanar waveguides on dielectric membranes micromachined on GaAs substrate[END_REF]. The design problem that has been studied in order to maximize the factor (Q) is described in the figure 2. The value d1 refer to the gap between the fiber and resonator (which should be less that the λ in the center of the fiber), d2 is the optical fiber diameter, d3 is the inner diameter of the resonator, and d4 is the external diameter. Modelling is based on the following references [20 -24]. Because of the optical symmetry and the Gallery mode in the resonator, we assume that the main phenomena will take place at the close circumferential structure of the resonator disc. For the Final element modelling, we reduce the study at the circumference area of the resonator. In the following simulation, we have included the discontinuity at the boundary between the straight waveguide and the ring waveguide. This integration of the phase discontinuity and thereby the discontinuity in the field envelope, E1, a Field Continuity boundary condition is used at the boundary between the straight waveguide and the ring waveguide. Parameters are given on Fig. 3. Tangential components of the electric and the magnetic fields are then continuous at the boundary, despite the phase jump. Incident and transmitted/coupled fields are obtained in the equation [Eq.1] :

(

Following the above equation, it describe the relation between the incident fields (Ei1 and Ei2) and the transmitted/coupled fields (Et1 and Et2), the transmission with the coupling coefficients t and k, as well as the round-trip loss L. In the Matrix, we assume that the total input power equals the total output power and the summation of the coupler' transmission and coupling coefficients are equal to one. The propagation around the ring waveguide is in function of the loss coefficient L and the accumulated phase ϕ is described in equation [Eq.2]:

Where /t/ refers to the transmission loss and the ϕt refers to the corresponding phase. The difference between the two phase (ϕt and ϕ) is integer value and promotional to 2 at the resonance frequency. At the critical coupling when |t| = L, transmission field is supposed to be equal to zero. Objective function is the improvement of the quality factor Q that is evaluated in term of λo central resonance wavelength, Q = λo/Δλ. The ranges of the parameters variation are chosen so as the coupling between the resonator and the optical fiber are always active. Finite element results at the resonance is described below. The optimal quality factor Q obtained is quite similar to the one obtained by experimental. This should consolidate our finite element simulation and the coupled strategy for further optimizations. Fig. 4 indicates a result of simulation. The field continuity boundary condition between the straight waveguide and the ring waveguide allowed us to ensure that the tangential components of the electric and the magnetic fields are continuous at the boundary, despite the phase jump.

CONCLUSION

At this first step of the multi-physic optimization, we have demonstrated that we can simulate and find an optimal design. We can be extended this process to other application using coupled devices. Our sensitivity analysis shows a good correlation between Q-factor obtained with experiment and with finite element simulation. This optimization process may integrate later some constraints related to the manufacturing process, thermal analysis of the resonator so we can represent better at actual stage it can bring a great support to define better performances in several applications of these resonators in achieving high performances devices. Optimization of the model should bring a help to define better performances in several other applications of these resonators in achieving high performances devices [25 -28] or sensors.
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 1 Fig. 1: Photograph of an optical resonator coupled to a tapered optical fiber.
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 23 Fig. 2: 3D & 2D views of the design parameters used for the optimization process. The contour represent the boundary condition as we need to model the gap in the air.

Fig. 4 :

 4 Fig. 4: Modeling and meshing of the waveguide (a, b & c) with Finite element simulation of the coupled resonator based on the following assumption of optical symmetry and the Gallery mode in the resonator (d &e).
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 1 Table

	References	e	L	g	D	Q-factor
	Colombia University & University of California, Si3N4	750nm	N-C	N-C	N-C	6.6x 10 6
	[14]					
	Cornell University, Si3N4 [15]	644nm	900nm	N-C	20µm	3x 10 6
	Cornell University, Si3N4 [13]	910 nm	1.8 µm	680nm	115µm	7x 10 6
	Femto-st Institute, Si3N4 [17]	1µm	3µm	600nm	90µm	1x 10 5
	Guangxi University, Silicon [16]	320nm	500nm	160nm	40µm	N-C

of the main parameters for silicon nitride microrings and their coupling to a ridge realized on a chip.