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A collective micro-optics is developed for coupling laser diode arrays to single modefibre ribbons. The arrangement consists of graded index multimode fibre ribbons and coreless silica fibre ribbons of calibrated lengths which are spliced and cleaved collectively. Coupling losses of 1.07  0.11 dB with a working distance of 30.4  1.2 µm are achieved. A theoretical model which predicts the coupling efficiency as a function of the lengths of the sections, is also established.

Introduction

The large scale deployment of optical fibres in the access network will require the development of low cost, small package size and multichannel optical and optoelectronic modules [START_REF] Unziker | Low-cost packaging of semiconductor laser arrays[END_REF][START_REF] Nakagawa | Highly Efficient Coupling Between LD Array and Optical Fiber Array Using Si Microlens Array[END_REF][START_REF] Shiraishi | A fiber with a long working distance for integrated coupling between laser diodes and single-mode fibers[END_REF]. Today, the packaging of the laser diodes remains one of the most critical steps. It is generally based on an active assembling which takes a long time: each laser is activated and individually positioned in front of each fibre. To overcome this difficult problem, we investigate a new method which permits a passive assembling of a laser array with a single-mode fibre ribbon. Our approach relies on a very good matching of laser an fibre spot sizes, by using large spot size lasers and specially developed new micro-optics. Microlenses fitted at the ends of optical fibres were first introduced to improve coupling between laser diodes and single-mode optical fibres [START_REF] Cohen | Microlenses for Coupling Junction Lasers to Optical Fibers[END_REF][START_REF] Mathyssek | New coupling arrangement between laser diode and single mode fiber with high coupling efficiency and perticularly low feedback effect[END_REF][START_REF] Meilleur | High power 1.48µm laser pump module using efficient and low feedback microlenses[END_REF][START_REF] Shiraishi | A lensed-fiber coupling scheme utilizing a graded-index fiber and a hemispherically ended coreless fiber tip[END_REF]. Our micro-optics is based on a fibre ribbon shape arrangement which is spliced at the end of the single-mode fibre ribbon. Low coupling loss, wide misalignment tolerances, long working distance, low return loss, and small package volume could be achieved. The fabrication process is easy and fairly compatible with mass production. The principle and first results have been previously published [START_REF] Chanclou | Highly efficient collective coupling between laser diode and lensed fibre ribbon[END_REF]9]. Here, we present a theoretical modelling of coupling loss properties of these micro-optics compared with experimental results.

Principle and Fabrication

As shown in Fig. 1, the micro-optics is made of standard ribbons including four 250 µm spaced fibres. It is composed of a graded-index 85/125/250 (GRIN) fibre section which acts as a GRIN lens which is maintained at the proper distance from the G652 single-mode fibre (SMF) by a coreless silica fibre section. The fabrication process [START_REF] Chanclou | Highly efficient collective coupling between laser diode and lensed fibre ribbon[END_REF]9] is collective as only ribbons of GRIN, silica and single-mode fibres are cleaved and spliced. Commercially available ribbon splicer and cleaver are used. An important advantage is that the fibre outer diameter of 125 µm remains unchanged along the length. Neither diameter bubble or conical end shape occurs during the process. This micro-optics is called GRADISSIMO in view of the different sections of GRADed Index, Silica and SIngle MOde fibres.

Focusing Properties

As shown in Fig. 3, the silica section allows to expand the optical beam from SMF, in order to use the largest useful area of the GRIN fibre. The interest of this solution is to provide a larger range of the spot size variation than in a configuration without silica [START_REF] Meilleur | High power 1.48µm laser pump module using efficient and low feedback microlenses[END_REF] (Selfoc configuration). The mode expansion in the GRIN section is only limited by the core diameter. The length of the GRIN section is calculated to obtain the required spot size and working distance. Fig. 4 shows the spot size diameter (defined at 1/e² of the maximum of intensity) at the focal point for varying lengths of GRIN and silica sections at 1.3 µm. The theoretical curves are in good agreement with measurements. 

Coupling Loss Theory

The calculation of the coupling losses requires the study of the propagation in the various sections which compose the micro-optics. The scheme of the GRADISSIMO micro-optics is represented in Fig. 5. The coupling between the laser and SMF is improved by the GRIN lens [START_REF] William | Analysis and evaluation of graded-index fiber-lenses[END_REF]. The silica section length corresponds to the rear working distance of the GRIN lens. The parameters used are denoted as x and y, the spot size radius at 1/e² of the maximum of intensity for the laser diode (LD) field endface in the x and y directions, respectively. To simplify equations, it is assumed that x=y=. f is the spot size of the fundamental-mode LP01 field (approximated by a Gaussian field) of the SMF. LW is the working distance in air between LD and micro-optics. Lg and Ls are the length of silica and GRIN sections. The Gaussian field distribution in the z propagation direction (one measures z from the waist) is given by
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where k=2/ is the propagation constant in the index medium n and r measures the distance from the axis. (z) and R(z) are determined using the spot size o at the beam waist as
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The parameter zo=ko²/2 is the confocal (Fresnel) distance of the beam. We have similar equations for the SMF beam in the silica where the refractive index is ns. The length of the silica section is limited by
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the beam expansion from the SMF. Because of the limited useful diameter of the GRIN fibre ((Ls)<g) the maximum length of the silica section is L1lim=680 µm at 1.3µm. The GRIN section is a medium where the refractive index varies quadratically with the distance r from the optical axis. This multimode fibre has a 85 µm core diameter, the refractive index along the optical axis equal to 1.472 and a quadratic gradient constant g equal to 4.326 mm -1 at 1.3 µm.
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The propagation laws for Gaussian beams in such medium, are described by H. Kogelnik [START_REF] Kogelnick | On the propagation of gaussian beams of light through lenslike media including those with a loss or gain variation[END_REF][START_REF] Kogelnick | Laser Beams and Resonators[END_REF]. The spot size g(z) and radius of curvature Rg(z) in the z direction are given by
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where ko=2no/ and k2=2n2/. Parameter Q is defined as
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where Q1 is the beam parameter at the input plane in the graded index medium at z=0. As sketched in Fig. 6, the beam expansion of the gaussian field from LD in the graded index medium is larger than the core diameter of the GRIN fibre. The Gaussian field distribution is then truncated by the cladding during its propagation in the Selfoc [START_REF] Li | Focal Shift in Focused Truncated Gaussian Beams[END_REF]. Fig. 7 Intensity distribution of SMF emission and LD emission in the integration plane.

The Gaussian field distribution on the wave plane section in the GRIN fibre, is truncated by the cladding. We equate the field distribution in this wave plane section as
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The truncation coefficient of the Gaussian field is defined as The lengths of the silica and GRIN sections are defined to optimise the coupling efficiency between the LD array and SMF ribbon. Note that the model takes into account the fact that the beam propagation is truncated by the optical cladding of the GRIN sections. The optimum lengths of silica and GRIN sections for the LD coupling is a compromise between the equality of mode diameters and the truncation of the beam. The optical-power coupling efficiency between the mode of the SMF and the beam of semiconductor laser, in the integration plane is evaluated
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where r and  are polar co-ordinates. The field distribution is adequately approximated by a Gaussian mode. This Gaussian distribution along the optical axis after the interface between the selfoc and silica section, can be expressed for SMF emission through the silica section by
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where ns is equal to the refractive index of the silica and for LD emission through GRIN section by
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where RT is the truncation radius of the beam in the integration plane. We consider that the truncation coefficient in the integration plane or the wave plane section is similar. By using Equ. ( 8), the truncation radius is given by
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Inserting the field distributions [START_REF] William | Analysis and evaluation of graded-index fiber-lenses[END_REF][START_REF] Kogelnick | On the propagation of gaussian beams of light through lenslike media including those with a loss or gain variation[END_REF] into the formula (9) of the coupling efficiency yields
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where has been defined the parameter
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The surface reflection and wavefront distortions of the micro-optics are ignored in the coupling efficiency formula. The wavefront distortions are caused by insufficient polishing or other surface deficiencies [START_REF] Hillerich | Influence of lens inperfections with LD and LED to single-mode fiber coupling[END_REF]. The roughness parameters of the cleaved surface is measured using a differential interference pattern. Since no polishing was applied at the end-face of the ribbon, the measurements was  = 30 nm. The stochastic wavefront distortions cause a reduction of the coupling efficiency by a factor  

exp( )

 k 2 . The reduction of the coupling efficiency is about -0.2 dB. Calculated coupling losses in this microoptics are used to understand the influence of parameters involved in the design of the micro-optics.

Coupling Properties

The micro-optics ribbon is held in a silicon fibre-carrier fitted with four 250 µm spaced Vgrooves. For these experiments a tapered LD at 1.3 µm (Alcatel) was used whose emitting half angles (and radius mode) defined by the far-field at 1/e² of the maximum of intensity, are 10.3° ( = 2.3 µm) and 10.5° ( = 2.23 µm) in the parallel (x) and perpendicular (y) directions. Fig. 8 shows the lensed ribbon coupled with the LD array. In order to evaluate the homogeneity of the micro-optics (Fig. 9), the coupling efficiency of each fibre of the ribbon is measured at the optimum position in front of a single LD. The achieved coupling efficiency, defined as 10log(Pcoupled/Pemitted LD), is -1.070.11 dB for the LD with a working distance of 30.41.2 µm. The lengths of silica and GRIN are optimised for a working distance of 30 µm. The lengths can also be optimised for other working distances (Fig. 10). As shown in Fig. 11, the efficiency of optimised micro-optics depends on the working distance. 

Fig. 11 Coupling loss characteristics of optimal microoptics at different working distances.

Experimental results are reported to show the good flexibility on section lengths, to obtain the desired working distance Lw. The coupling loss increases, due to the aperture limitation and truncation of the Gaussian field as a function of the working distance. Nevertheless this flexibility of the working distance allows the decrease of the optical feedback in LD resulting from the proximity of the SMF. The measurements of coupling losses as a function of axial and lateral displacements, are shown in Fig. 12 for micro-optics optimised at a working distance of 75 µm. The optical coupling of the micro-optics is compared with a butt coupling of cleaved SMF. Fig. 12 The optical alignment tolerance is 16 µm in the axial direction with 1 dB excess loss. It is better than SMF in the +40 µm to -85 µm range around the optimum coupling position. The lateral tolerance is 1.8 µm with 1 dB excess loss that is better than SMF in the 2.4 µm range. The fluctuation of the coupling-loss due to optical feedback of LD to the fibre, decreases when micro-optics is used. The oscillation amplitude of the coupling loss along the z axis is about 0.3 dB for cleaved SMF and 0.1 dB for GRADISSIMO due to the rather long working distance (75 µm). Optical misalignment induce excessive coupling losses, but the manufacturing faults in silica and GRIN section lengths is also a source of excess loss. As shown in Fig. 13, the length tolerances of the GRIN and silica sections are 20 µm and 80 µm respectively, with 1 dB excess coupling loss between LD and the micro-optics. The length tolerances are much larger than the cleaving precision of 2 µm, which provides a very tolerant fabrication process. mode of optical source as shown in Fig. 14. Fig. 15 depicts the coupling efficiency against LD radius mode at a working distance LW=50µm. The experimental results are in good agreement with the theoretical curve. The total coupling loss due to surface reflections and stochastic wavefront distortions is estimated to be -0.55 dB, which is taken into account in our calculation. 

Conclusion

To our knowledge GRADISSIMO is the first micro-optics designed and realised on a singlemode fibre ribbon arrangement. The feasibility of long working distances, high coupling efficiency and large positioning tolerances has been demonstrated. Moreover, the fabrication process is simple, collective, reproducible and therefore suitable with mass-production of multichannel optoelectronic modules. Finally, the modularity provided by the concept of GRIN and silica sections would allow to serve a wide variety of devices in the field of optical interconnection applications.
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 89 Fig. 8 Photograph of a four-channel LD array chip coupled with a micro-optics ribbon

Fig. 10

 10 Fig.10Length of GRIN and silica sections for optimal micro-optics at different working distances.

2 Fig. 12

 212 Fig. 12 Coupling-loss characteristics as a function of axial displacement (a) and lateral displacement (b) of a micro-optics optimised at a working distance of 75 µm. The dashed lines are theoretical curves.
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 115 Fig. 15 Coupling loss characteristics as a function of light source radius mode at LW=50µm. The continuous lines are theoretical curves.