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  ABSTRACT

The Helmholtz-Lagrange Principle is applied to compare two methods of plastic optical fibre coupling from wide beam LEDs. A novel method of improvement is analysed.

M. J. Lazarus,  V. Ellarby and D. Campbell.
1. INTRODUCTION

Glass fibres have shown spectacular performance in optical communications, but the technology involved is too expensive for individual terminals such as fibre-to-the-desk and opto-coupled control links. A cheaper alternative must be found which can serve the needs of these applications. There are many advantages offered by the use of plastic optical fibres (1,2) which include:

· The lower manufacturing and system installation costs 

· The eye safety of working with visible light, together with the associated ease of detecting losses

· The increased strength and flexibility - a 1mm diameter plastic optical fibre is durable enough to withstand repeated bending with a curvature radius of a few centimetres. 

· Large diameters also facilitate electromagnetically immune power delivery to photovoltaic converters to energise safety critical amplifiers or opto-electronics in medical or avionic systems.

· No special training or special tools are required to apply connectors.

· There is no expensive requirement for micro-precision maintenance of connectors in repeatedly demounted cables, e.g. with audio or medical applications.

Plastic optical fibres can therefore provide low cost, short-distance links, in contrast with glass which is more cost effective for long distance applications. There are two main reasons for the current lack of interest in plastic optical fibres:

· They are relatively new, and therefore there is a natural scepticism towards unproven products. Together with this, the range of components presently available is limited and existing components used with glass optical fibres are not suitable.

· The word “plastic” is mistakenly associated with inferior quality products. However, this is a misguided point of view, since it is much easier to produce high quality optical components from plastic than by the grinding of glass.

2. COUPLING FROM A  LIGHT EMITTING DIODE TO A PLASTIC OPTICAL FIBRE. 

The coupling to plastic optical fibre by means of a bulb-lens antenna is considered in reference 7. If the input came from perfectly collimated beams, then the rays would be launched into the fibre parallel to the axis.  However, for an extended source of diameter d  with rays at angle to the axis, the final launch angle '   into an aperture of  diameter D (fibre here) is often estimated from the paraxial equation of the Helmholtz -Lagrange "invariant" or "theorem" (6).

                                                  ndn''D                                                           (1)



                                                       wheren  is the refractive index of the medium adjacent to the sourceand n'  is the refractive index of the fibre material.

Although we can make the final angle ' small so that  sin'   and   tan' are approximately equal to ' , such an approximation is not usually valid for the initial angle   of the cone of radiation from a light emitting diode(LED).

In general, the approximation of equation (1) must be replaced by a more analytical formulation of the Helmholtz-Lagrange equation for each optical system.
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In this study we shall consider the bulb-to-fibre system described in reference 7, but with two alternative couplings from the LEDs , (each with the possibility for multiple source coupling, e.g. for signal multiplexing or for power delivery). The two systems are shown in figures 1a and 1b. In figure 1a, the LED illuminates a thin lens which intercepts a cone of radiation of semi angle  .   For a typical radiator with an approximate Lambertian cos  pattern we would need to intercept with maximum    of around 50 degrees for reasonable efficiency. However, the same efficiency would be achieved if we used the system in figure 1b, with the maximum  /nof around 33 degrees for n (In fact it is even slightly better than this - see appendix A). Thus we can identify an immediate advantage for multibulb LED couplers. However,  both systems will now be analysed since system 1a can be made with mostly standard components, whereas it could be some time before system 1b can be mass produced at low cost.
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3. LED-TO-LENS COUPLING
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Referring to figure 2, we must ensure that the output angle    is small to obtain maximum benefit from the bulb-to-fibre transmission.   In fact this is not a problem since the LED active diameter d will be a few tens of microns whereas the focal length f  of the thin lens will be orders of magnitude greater. Hence,
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However, we must intercept a large value of angle for efficient light collection by the lens, so the radius R of the lens must be comparable with f  or greater. Hence,
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   and  tan cannot be approximated to 

From (2) and (3), we have
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     (4)

              which is a semi-paraxial form of the Helmholtz-Lagrange  condition with equal 

refractive indices. Since   is small we can cascade (4) with the the Helmholtz-Lagrange

condition for ', the launch angle into the fibre of diameter D and refractive index n' . From figure 1a and equation (4)    n''D = 2R   = d tan.
 Therefore' = 
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To see the significance of equation (5a), consider a cone of radiation of semi-angle 

45 degrees from an LED with active diameter d=75 microns.  For a plastic fibre of diameter D = 1 millimetre  and n' = 1.5, the launch angle ' will be slightly less 

 than 2.9 degrees.

Fig  2  LED RADIATING TO THIN LENS  
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4. LED TO SUSIDIARY BULB COUPLING

In figure 3 the active area of the LED radiates directly into the SUBSIDIARY bulb of refractive index n. From the graph in appendix  A  we can observe that the sine function 

in Snell’s law of refraction can be approximated to the angle for quite large angles, while

the paraxial ray which accounts for the spreading due to the extended source with diameter d<< f  will be at small angles    arctan d/(2 f ) ~ d/(2 f ) inside the plastic bulb and at angle I ~ nd/ (2 f )  when it emerges from this first bulb.   From reference 4, equations 13 and 14, we can write f = Zo = 
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  for the focal lengths from the pole of the ellipsoidal surface to the centre of the emitting  surface of the LED.  Thus from figure 3
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 .  This combines with the paraxial form of the air-to- fibre Helmholtz-Lagrange condition      2Rn''D  
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Fig   3               LED RADIATING INTO SUBSIDIARY BULB.  Note that by Snell’s  Law, a ray at angle   in air has its angle in the plastic reduced to 
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     ( see Appendix A )             

4. RESULTS FOR TYPICAL REFRACTIVE INDEX n ~ 1.5

It is of interest to compare equations 5a and 5b for the usual case of   n' = n  = 1.5. 

The curves in figure 4  show such a comparison for a lens subtending half angles up to 50

degrees and bulbs collecting almost the same radiant flux with half angle of  50/1.5 ~ 33 degrees (or, more correctly,  ~ 30 degrees – see appendix A ). Thus the conclusions which can be drawn from these equations and their graphs are as follows:
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. The subsidiary bulbs will give superior performance. Also they will be significantly smaller, since they can have ~30 degrees semi-angle to collect the same flux as  thin lenses subtending ~50 degrees semi-angle, as can be seen from figure 3 and Appendix A.  Therefore their fabrication as alternatives to standard thin lenses is well worth while.  In fact we can observe the advantage for the launch angle if we start with a wide semi-angle of, say 50 degrees (e.g. from a low cost LED). It is better than merely the reduction by factor 1/n as compared with the thin lens. Examination of figure 4 shows that the LED-to-bulb results in an eventual fibre launch angle which has been reduced by factor ½  even though the maximum  angle from the LED has only been reduced by factor1/1.5. 

Fig  4
HELMHOLTZ  - LAGRANGE  IMPROVEMENT ON A THIN LENS TO FIBRE LAUNCH ANGLE USING A 75 MICRON DIAMETER LED THROUGH A BULB "ANTENNA" LAUNCHER TO  A  1.0 mm  DIAMETER PLASTIC OPTICAL FIBRE

 ( refractive indices  n = n' = 1.5 )
5. EFFECTS OF VARYING THE REFRACTIVE INDEX  n   OF  THE 

    SUBSIDIARY BULB
Most of the available transparent plastics have refractive indices  which are close to 1.5 as discussed in the previous paragraphs. However much research and development is proceeding to provide greater variety although the constraints for the flexible fibre will be

more restrictive than those for the rigid bulbs. Attention will now be given to the effect of

varying the refractive index n of the bulb material whilst retaining  n' = 1.5   for

the fibre.

From reference 4, equations 13 and 14, we had  

                                     f = Zo = 
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for the focal length from the pole of the ellipsoidal surface of the bulb to the centre of the emitting  surface of the LED.  The significance of  equation (6) in the present context is most perspicuous if we compute the graph for the typical value of R = 2.5 millimetres.

It can be observed from figure 5 that the focal length does not become unacceptably long until very low values of refractive index are reached. To identify any advantages of different refractive indices, figure 5 presents plots of equations (5a) and (5b), with 

d/D =0.075  as  before, but now as functions of n with  = 50 degrees.  We can see from figure 5 that the advantage of the bulb over the lens becomes greater for lower n but the focal length tends asymptotically to a singularity if the refractive index becomes too low.
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As the refractive index is reduced, the ellipsoidal surface must be made more bulbous, thus increasing the focal distance from the pole of the bulb to its focus.  It is important to note that the cone semi-angle is not  arctan(R/f )  - see figure 5 of reference 4. Instead this angle must be found by solving the above implicit transcendental equation (6)  for  or we can use the approximation n.   Fortunately there is a convenient common vertical scale of numbers for degrees and centimetres in figure 5.

6. CONCLUSIONS

It has been shown that the coupling of light emitters to plastic optical fibres can be 

accomplished more efficiently using bulb-antenna systems instead of conventional lenses.

Moreover, by selecting the refractive index of the material for the bulbs, there are distinct advantages over the use of traditional lens systems, since the bulbs provide better launch numerical aperture for the transmission of light into the fibres. Also, the subsidiary bulbs

can be made smaller than lenses for the same light collection efficiency, hence allowing

a large array of emitters to feed a particular fibre without the need for power dividing couplers. Although prototypes will be made with CNC machines, the eventual production of bulbs by injection moulding should be as cost effective as that for conventional plastic lenses.
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[image: image40.png]Fig. 5 Effects of varying the refractive index of the subsidiary bulb
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