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		  application brief ab20 - 5   replaces an 1149 - 5        secondary optics design  considerations for superflux leds     secondary optics are those optics which exist outside of the led package, such as reflector  cavities, fresnel lenses, and pillow lenses. secondary op tics are used to create the desired  appearance and beam pattern of the led signal lamp.     the following section details the optical characteristics and optical model creation for lumileds  superflux leds. in addition, simple techniques to aid in the design o f collimating reflectors,  collimating lenses, and pillow lenses are discussed.     table of contents     optical characteristics of superflux leds   2   led light output   2   superflux led radiation patterns   2   optical modeling of superflux leds   3   point source optical  model   3   detailed optical models   4   secondary optics   5   pillow lens design   9   design case ? pillow design for an led chmsl   9   non - symmetric pillow lenses   11   selecting the size of the pillow optic   11   recommended pillow lens prescriptions   12   other diverging optics   13   reflector design   14   design case ? reflector for a chmsl application   14   reflector cavities with linear profiles   15   reflector cavities with square and rectangular exit apertures   15   other reflector design techniques   16   collimating lens design   17   fresnel len s design   18   design case ? collimator lens   19   other lens design options   19   appendix 5a   21

 optical characteristics of    superflux leds     led light output     the light output of an led is typically described  by two photometric measurements, flux and  intensity.     in simple terms,  flux   describes the rate at which  light energy is emitted from the led. total flux  from an led is the sum of the flux radiated in all  directions. if the led is placed at the center of a  sphere, the total flux can be described as the  sum o f the light incident over the entire inside  surface of the sphere. the symbol for  photometric for flux is  f v , and the unit of  measurement is the lumen (lm).     in simple terms,  intensity   describes the flux  density at a position in space. intensity is the  flux per unit solid angle radiating from the led  source. the symbol for photometric intensity is  i v , and the  unit of measurement is the candela  (cd).     solid angle is used to describe the amount of  angular space subtended. angular space is  described in terms of area on a sphere. if a solid  angle  w , with its apex at the center of a sphere of  radius  r , subtends an a rea  a   on the surface of  that sphere, then  w  = a/r 2 . the units for solid  angle are steradians (sr).     to put some of these concepts into perspective,  consider the simple example of a candle. a  candle has an intensity of approximately one  candela. a candle pl aced in the center of a  sphere radiates light in a fairly uniform manner  over the entire inner surface ( w  = a/ r 2   = 4 p  r 2 / r 2   =  4 p  steradians). with this information, the flux from  a candle can be calculated as shown below:             superflux led radiation  patterns     the radiation pattern of an led describes    how the flux is distributed in space. this is  accomplished by defining the intensity of the  led as a function of angle from the optical axis.     since the radiation pattern of most leds is  rotationally s ymmetric about the optical axis, it  can be described by a simple, two - axis graph of  intensity versus angle from the optical axis.  intensity is normalized in order to describe the  relative intensity at any angle. by normalizing  intensity, the radiation patt ern becomes a  description of how the flux is distributed,  independent of the amount of flux produced.  figure 5.1 shows a graph of the radiation pattern  for an hpwa - mx00 led.     an attribute of the radiation pattern that is of  common interest is known as the   full - width, half - max,  or 2 q 1 / 2 . this attribute describes the full  angular width of the radiation pattern at the half  power, or half maximum intensity point. looking 

 3   figure 5.2 percent total flux vs. included angle for  an hpwa - mxoo led.   at figure 5.1, the 2 q 1 / 2  of the hpwa - mx00 led  is approximately 90  .     another attribute that is of common interest is   the  total included angle , or  q v 0.9 . this attribute  describes the cone angle within which 90% of  the total flux is radiated. using figure 5.1, the  percent of total flux versus included angle can  be calculated and graphed. (the derivation of  this graph is  shown in appendix 5a.) this graph  is included in the data sheet of superflux leds  and is shown in figure 5.2 for the hpwa - mx00  led.     looking at figure 5.2, the total included angle is  approximately 95  . this implies that 90% of the  flux produced by an hpw a - mx00 led is emitted  within a 95   cone centered on the optical axis.                         optical modeling of superflux leds   an optical model of the led is useful when  designing secondary optic elements such as  reflector cavities and pillow lenses. the optical   output of an led can be approximated as a  point source of light passing through an  aperture, but modeling errors may be  unacceptable when lenses or reflectors are  placed within 25 mm of the superflux led. a  more accurate technique involves using an  optica l model, which takes into account the  extended source size of the led.     point source optical model     the internal structure of a superflux led is  shown in figure 5.3. light is produced in the  led chip. a portion of this light goes directly  from the ch ip and is refracted by the epoxy  dome (refracted - only light). the remainder of  the light is reflected by the reflector cup and  then refracted by the epoxy dome (reflected - refracted light).     the light that is refracted appears to come from  a certain locati on within the led, while the light  which is reflected and refracted appears to  come from a different location. in addition,  because the led chip itself has physical size  and is not a point source, the refracted - only light  does not appear to come from a sin gle location,  but a range of locations or a  focal smear . this is  true for the reflected - refracted light as well.  figure 5.1 graph of the radiation pattern for an  hpwa - mxoo led.  

 4   these focal smears overlap, creating an  elongated focal smear as shown in figure 5.4.     to create the best approximation using a point  source m odel, the center point of the focal  smears should be chosen as the location of the  points source; and the aperture size should be  equal to that of the epoxy dome at its base as  shown in figure 5.5.     the optimal position of the point source for each  superfl ux led is shown in table 5.1.                             detailed  optical models     detailed optical models of leds include all    the internal optical structures within the led  including the chip, the reflector, and the dome.  in order to accurately construct such a  model,  detailed information about the chip, the reflector  surface, and the epoxy encapsulant must be  known. the process usually involves a tedious  trial and error technique of changing parameters  in the model until empirical measurements are  matched.     ta ble 5.1     position of point source for superflux leds   superflux led    part number   position of point source    ?z? ( mm )       hpwa - mxoo   1.03     hpwa - dx00   1.13     hpwt - mx00   0.99     hpwt - dxoo   1.17     due to the complexity of this process, lumileds  lighting provides cus tomers with rayset files for  superflux leds. the raysets contain spacial  and angular information on a set of rays exiting  the device at the dome surface. these raysets  can be used by many optical - modeling software  packages. contact your local lumileds  appl ications engineer for more information and  copies of the raysets.     figure 5.3 internal structure of a superflux  led.   figure 5.4 focal smear produced by reflected  and reflected - refracted light.  

 5   secondary optics   this section contains practical design tools for  secondary optic design. more accurate and  sophisticated techniques exist which are beyond  the scope of this applicatio n note. the design  methods discussed here are proven, but no  analytical technique can completely replace  empirical testing. designs should always be  prototyped and tested as early in the design  process as possible.     secondary optics are used to modify the  output  beam of the led such that the output beam of  the finished signal lamp will efficiently meet the  desired photometric specification. in addition,  secondary optics serve an aesthetic purpose by  determining the lit and unlit appearance of the  signal la mp. the primary optic is included in the  led package, and the secondary optics are part  of the finished signal lamp. there are two  primary categories of secondary optics used,  those that spread the incoming light (diverging  optics), and those that gather t he incoming light  into a collimated beam (collimating optics).     the most common type of diverging optic used  in automotive signal lamp applications is the  pillow lens. the pillow lens spreads the incoming  light into a more divergent beam pattern, and it  b reaks up the appearance of the source  resulting in a more uniform appearance. a cross  section of an led signal lamp with a pillow lens  is shown in figure 5.6.                           figure 5.5 point source model of a superflux  led.   figure 5.6 cross section of an led signal  lamp with a pillow lens.   figure 5.7 cross section of an led    signal lamp with a reflector cavity and  pillow lens.  

 6                     as the spacing between the pillow and the  leds is increased, each  led will illuminate a  larger area of the pillow lens. as the spot  illuminated by each led grows and as the  adjacent spots begin to overlap, the lens will  appear more evenly illuminated. the trade - off  between lamp depth and lit uniformity is a  common consid eration in led design, where  both unique appearance and space - saving  packages are desired.     collimating optics come in two main varieties:  reflecting and refracting. reflecting elements are  typically metalized cavities with a straight or  parabolic profile.  a cross section of an led  signal lamp with a reflector cavity and a pillow  lens is shown in figure 5.7.     refracting, collimating optics typically used in  led signal lamp applications include plano - convex, dualconvex, and collapsed plano - convex (fresnel)  lenses. a cross section of an  led signal lamp with a fresnel lens and a pillow  lens is shown in figure 5.8.     in general, designs that use collimating  secondary optics are more efficient, and produce  a more uniform lit appearance than designs  utilizing only  pillow or other non - collimating  optics. fresnel lenses are a good choice for thin  lamp designs and produce a very uniform lit  appearance. reflectors are a good choice for  thicker lamp designs and are more efficient than  fresnel lenses at illuminating non - circular areas.  this is because reflectors gather all of the light,  which is emitted as a circular pattern for most  superflux leds, and redirect it into the desired  shape. in addition, reflectors can be used to  create a unique, ?jeweled? appearance in both   the on and off states.     the dependency of reflector height on reflector  efficiency will be covered later in this section.     figure 5.8 cross section of an led signal  lamp with fresnel and pillow lenses.   figure 5.9 half - angle subtended by an individual  pillow (a) for convex (upper) and concave (lower)  pillow lenses.  

 7                         figure 5.10 half - angle divergence of the  input beam (b).   figure 5.11 ideal radiation pattern  produced by a pi llow optic where    a(n - 1)  >  b.   figure 5.12 ideal radiation pattern  produced by a pillow optic where    a(n - 1)  <  b.   figure 5.13 ideal input beam with half - angle divergence b.  

 8                                                             table 5.2     chmsl intensity specification     vertical test points   (degrees)   minimum luminous intensity   ( cd )   10 u   8       16     8   5 u   16   25   25   25   16   h   16   25   25   25   16   5 d   16   25   25   25   16   horizontal test points   (degrees)   10 l   5 l   v   5 r   10 r                   figure 5.14 common form of the input  beam with half - angle divergence b.   figure 5.15 ideal vs. actual radiation  patterns from a pillow lens.  

 9       pillow lens design     consider a pillow lens where the half - angle  subtended by and  individual pillow is  a   as  shown in figure 5.9, and the input beam has    a half - angle divergence  b   as shown in figure  5.10.     the ideal radiation pattern generated would be  as shown in figure 5.11, where  n   is the index of  refraction of the pillow lens materi al. it should be  noted that figure 5.11 is applicable when  b   is  smaller than  a(n - 1) . this assumption is true for  most led applications using a collimating  secondary optic.     in cases where  b   is larger than  a(n - 1) , which is  often the case when the led is use d without a  collimating optic, the ideal radiation pattern  would be as shown in figure 5.12.     the ideal radiation patterns shown in figures  5.11 and 5.12 assume that the input beam has    a box - like radiation pattern as shown in figure  5.13.     however, in act ual cases the input beam will  have the characteristics of the cosine form of    the lambertian as shown in figure 5.14.     the differences between the ideal, box - like input  beam, and the more common lambertian input  beam result in changes to the final radiatio n  pattern as shown in figure 5.15. the magnitude  of this deviation in the radiation pattern can be  estimated by evaluating the magnitude of the  input beam?s deviation from the ideal. this  deviation from the ideal should be considered    in the design of the  pillow lens.     design case ? pillow design for an led chmsl   using a center high mounted stop lamp (chmsl) as an  example, we can see how the design techniques discussed  previously can be used to determine an optimum value of  a .  the minimum intensity values  for a chmsl are shown in  table 5.2.     as a conservative estimate, we can treat this pattern as  symmetric about the most extreme points. the extreme  points are those with the highest specified intensity values  at the largest angular displacements from the ce nter of the  pattern. these points are shown in italics in table 5.2. the  angular displacement of a point from the center is found by  taking the square root of the sum of the squares of the  angular displacements in the vertical and horizontal  directions. a  point at 10r and 5u would have an angular  displacement from the center of:     these points are charted on an intensity versus angle plot in  figure 5.16.     consider the case where a collimating secondary optic is  used producing a beam divergence of  b  = 5   ( b  <  a(n - 1) )  and similar to that shown in figure 5.14. the pillow lens  material is polycarbonate which has an index of refraction of  1.59 ( n  = 1.59). the ideal chmsl radiation pattern is shown  in figure 5.17 such that all the extreme points of the  specificati on are satisfied. figure 5.17 shows the predicted  actual radiation pattern.     from figure 5.17, we can see that  a(n - 1) - b = 8  ? and    a(n - 1)+b = 18  ;  therefore,  a  = 22  .  the value of  a  selected  will determine how much spread the pillow optic adds to the  input beam.                

 10                         figure  5.16 extreme points on the chmsl  specification.   figure 5.17 ideal and actual  radiation patterns satisfying the  extreme points of th e chmsl  specifications.   figure 5.18 toroidal pillow  geometry.  

 11                         non - symmetric pillow lenses   in our previous example, the chmsl radiation  pa ttern was treated as if it were symmetric  about its center. in this case, the radii of the  pillow were the same along the horizontal and  vertical axes, resulting in a spherical pillow.     in some signal lamps, the desired output beam  is much wider along the  horizontal axis than  along the vertical axis. in these cases, the  optimum value of  a   will be larger for the  horizontal axis ( a h ) than the vertical axis ( a v ).  the resulting geometry would be that of a  circular toroid, which can be visualized as a  rectangula r piece cut from a doughnut as  shown in figure 5.18.     for non - symmetric pillow designs, an exercise  similar to that performed for the chmsl  example must be performed for both the  vertical and horizontal axes in order to  determine  a v   and  a h . the resulting i socandela  plot of the radiation pattern will appear as  shown in figure 5.19.     selecting the size of the pillow optic   after determining  a   for both axes, the next step  is to determine the size, or pitch of the pillows.  the pitch of the pillow typically does  not effect  performance, provided the individual pillows are  small relative to the area illuminated by the light  source. for incandescent designs, this is not an  issue and aesthetic considerations dictate the  pillow size. however, for led designs, the light   source is an array of individual leds. the pillow  lens pitch must be small relative to the area  illuminated by a single led or the pillow will not  behave as designed. for this reason, pillows  designed for led applications typically have a  pitch of 1 to 5  mm; where those designed for  incandescents can be as large as 10 mm.     figure 5.20 shows a top view of a single pillow  with the pitches along both the horizontal,  p h   ,  and vertical,  p v , axes. in addition, the cross - section geometry through the center of the   primary axes is shown.     after  a h   and  a v   have been calculated, and the  pitch has been chosen along one axis; the radii,  r , and pitch along the other axis can be  determined by using the following equations:  ( note: p h   was chosen as a known value for this  ex ample.)         figure 5.19 radiation pattern  produced by a toroidal pillow  (determine a v   <  a h )  

 12   recommended pillow lens prescriptions   table 5.3 lists recommended pillow  prescriptions ( a h   &  a v ) for different signal lamp  applications. the pitch can be changed to suit  by varying  r  as described in the previous  section.     examining table 5.3, w e observe that for  chmsl designs, a symmetric pillow  prescription was chosen ( a h   =   a v ). however, for  the rear combination lamp/front turn signal  (rcl/fts) application utilizing a collimating  optic, a non - symmetric pillow prescription was  used ( a h   >   a v ). th e desired output beam pattern  for the rcl/fts applications is twice as wide in  the horizontal than in the vertical; whereas in the  case of the chmsl, the desired output beam is  the same in the vertical and horizontal. in  addition, for applications where no  collimating  secondary optic is used, the function of the  pillow is to break up the appearance of the  sources rather than spread the output beam.    in these cases, a weak, symmetric prescription  pillow was chosen.     the technique described above provides som e  practical tools for designing pillow lenses. if  optical modeling software is available, along with  an accurate model of the led source, these  tools should be utilized to aid in the design  process and provide more accurate models of  the final output beam.   table 5.3     recommended pillow lens prescriptions   application   led type   collimating  optic   a h   ( deg )   a v   ( deg )   r h   ( mm )   p h   ( mm )   r v   ( mm )   p v   ( mm )   chmsl   hpwa - mhoo   fresnel lens   (b = 5  )   22   22   5.3   4   5.3   4   chmsl   hpwt - dhoo   none   (b = 20  )   5   5   17   3   17   3   rcl/fts   hp wt - mxoo   fresnel lens   (b = 7  )   30   20   4.0   4   8.9   5.7   rcl/fts   hpwt - mxoo   reflector  cavity   (b = 20  )   5   5   17   3   17   3                             figure 5.20 geometry of a single pillow.  

 13                     other diverging optics   pillow lenses are the most popular diverging  optic used in automotive signal lamps, howeve r,  other types exist which produce similar effects  but have different appearances. alternate types  of diverging optics include: diffuse lenses,  faceted lenses, rod lenses, and many others  including combinations of the above. for  example, diffuse lenses pro duce a uniform lit  appearance and a cloudy unlit appearance. pillow  lenses can be diffused by bead - blasting the pillow  lens surface on the mold tool resulting in a less  efficient optic, but one that is more uniform in  appearance when lit.     figure 5.21 cross - section geometry of a  desired reflector cavity.   figure 5.2 2 geometry of a parabola.   figure 5.23 led position relative to the  parabola.   figure 5.24 design of parabolic reflector  with f = 0.66 mm.  

 14   reflect or design     reflector cavities serve two main purposes:  to  redirect the light from the led into a useful  beam pattern, and to provide a unique  appearance for the finished lamp. often the look  sought after is not achievable by the most  optically efficient  design. as a result, there is a  trade - off required between optical efficiency  and lit appearance to arrive at an acceptable  design.     as discussed in the previous section  point  source optical model , a parabola is designed  to collimate the light from the po int source. for  the design technique discussed here, the led is  treated as a point source. this treatment is very  accurate for larger parabolas where the size of  the dome is small relative to the exit aperture of  the reflector. once the parabola has been  d esigned, a cavity with a profile comprised of  multiple linear sections that closely approximates  the form of the parabola may be used depending  on the look desired.     in order to accommodate the superflux led  dome, the bottom aperture of the reflector must  be greater than three - millimeters in diameter.  considering the tolerances of the molded  reflector, the led, the led alignment to the pcb,  and the alignment of the reflector to the pcb, the  bottom reflector aperture should be a minimum of  3.5 mm in diameter . the focal length of the  reflector must be greater than 0.5 mm to produce  a bottom aperture of greater than 3.5 mm.       design case ? reflector for a chmsl application     consider the case where a reflector cavity will be used to  collimate the light from an  hpwt - mh00 source, and a  pillow optic cover lens will be used to form the final radiation  pattern. vacuum - metalized abs plastic will be used as the  reflector material. the reflector cavity can be a maximum of  20 mm in height and should have a minimum openin g for  the led dome of diameter 3.75mm to accommodate piece - part misalignment and tolerances. the led spacing is 15  mm, and each cell must illuminate a 15 mm x 15 mm patch  on the pillow lens. figure 5.21 shows a cross - section of the  lamp described above. th e geometry of a parabola, in polar  coordinates, is described by the following equation:             figure 5.22 shows how the terms in this equation are  applied.     from table 5.1, we find that the optimum point source  location for the hpwt - mh00 led is at  z   = 0.99  mm.  placing the point source of the led at the focus of the  parabola will result in an led position as shown in figure  5.23.     since the base of the led dome is above the location of the  parabola?s focus, this implies that 2 f   < 1/2 base aperture =  3.75 mm/ 2 = 1.875 mm ( f   < 0.94 mm). this information will  give us a starting point to begin searching for the optimum  parabola.     table 5.4 describes the profiles of three different parabolas    ( f  = 0.9 mm, 0.7 mm, 0.66 mm).     an efficient, practical collimator desig n for a chmsl  application should collimate all the light beyond 20  ?from on  axis ( f     20  ). more efficient reflectors can be designed which  collimate more of the light, but they are typically too deep to be  of practical value.     the ideal reflector for this  application will have the following  characteristics:     height constraint : 0.99    z    20 mm     fit of led dome into bottom aperture: x (z = 0.99 mm)  3 ?1.875  mm     15 mm pitch:  x ( f  = 20  )  @ ?7.5 mm     looking at table 5.4, we find that the parabola with  f  = 0.66  mm  most closely meets these requirements. figure 5.24 gives  the geometry of the parabolic reflector chosen.            

 15   figure 5.25 shows the profiles of several  practical reflector geometries ( f   = 0.5 to 1.0  mm). it should be noted that in order to  produce a reflec tor with a cutoff angle less than  20  , the height must increase radically. for this  reason, reflectors with a high degree of  collimation ( 16   other reflector design techniques   many ot her methods exist to design reflectors  for led sources.     nonimaging techniques focus on extracting light  from the led source and redirecting it such that  the exit beam has the desired divergence. the  most common form of a nonimaging reflector  used for led  applications is a truncated,  compound parabolic collector (cpc). several  publications explaining the principles of  nonimaging optics exist. one such text is  high  collection nonimaging optics   by welford &  winston, 1989.     other reflector design techniques ha ve been  developed by william b. elmer. one concept of  particular interest is a method for designing  rotationally symmetric reflectors by mapping the  flux contained within the source beam into the  desired output beam. this method breaks the  input beam into  angular sections, each containing  a known percentage of the total flux. it is then  determined at what angle each of these flux  packets should be reflected to produce the  desired output beam. the profile of the final  reflector will consist of a series of st raight  sections. as the number of flux packets  considered is increased, the number of steps in  the reflector increases, until a smooth curve is  approximated.      detailed information on the reflector design  principles developed by william elmer can be  found  in  the optical design of reflectors   by  william elmer, 1989.                                         figure 5.26 linear profile approximation of a  parabolic reflector (f = 0.66 mm).   figure 5.27 isocandela plots of a circular vs.  square reflector design.  

 17   table 5.4     profile geometry of parabolas ( f  = 0.9  mm , 0.7  mm , 0.66 mm )     f   ( mm )   f   (deg.)   f   (rad.)   r   (mm)   x   (mm)   z   ( mm )   20   0.35   29.85   10.21   28.05   22   0.38   24.72   9.2 6   22.92   25   0.44   19.21   8.12   17.41   30   0.52   13.44   6.72   11.64   35   0.61   9.95   5.71   8.15   40   0.70   7.69   4.95   5.89   45   0.79   6.15   4.35   4.35   50   0.87   5.04   3.86   3.24   55   0.96   4.22   3.46   2.42   60   1.05   3.60   3.12   1.80   65   1.13   3.12   2.83   1.32   0.9   70   1.22   2.74   2.57   0.94   20   0.35   23.21   7.94   21.81   22   0.38   19.23   7.20   17.83   25   0.44   14.94   6.31   13.54   30   0.52   10.45   5.22   9.05   35   0.61   7.74   4.44   6.34   40   0.70   5.98   3.85   4.58   45   0.79   4.78   3.38   3.38   50   0.87   3.92   3.00   2.52   55   0.96   3.28   2.69   1.88   60   1.05   2.80   2.42   1.40   65   1.13   2.42   2.20   1.02   0.70   70   1.22   2.13   2.00   0.73   20   0.35   21.89   7.49   20.57   22   0.38   18.13   6.79   16.81   25   0.44   14.09   5.95   12.77   30   0.52   9.85   4.93   8.53   35   0.61   7.30   4.19   5.98   40   0.70   5.64   3.63   4.32   45   0.79   4.51   3.19   3.19   50   0.87   3.70   2.83   2.38   55   0.96   3.10   2.54   1.78   60   1.05   2.64   2.29   1.32   65   1.13   2.29   2.07   0.97   0.66   70   1.22   2.01   1.89   0.69     collimating lens design     in this section we will deal with spherical lenses  and  geometrical optics   design techniques,  treating the led a s a point source of light. more  sophisticated and accurate methods exist, but  are beyond the scope of this application note.     an led signal lamp with a dual - convex,  collimator lens is shown in figure 5.28. the  ?lensmaker?s? formula for this arrangement    i s shown below:   where:   f   = focal length of the lens   n   = index of refraction of the lens material   r 1 = radius of lens surface nearest the led   r 2 = radius of other lens surface   t  = thickness of the lens     if  t   is less than one sixth of the diameter of the  lens,  then this equation simplifies to:  

 18   for thin lenses, it is a good approximation to  measure  f   from the center of the lens.     for thin, plano - convex lenses (r 1   =    ), the  equation further simplifies to:       the above equations assume all rays arrive at  shallo w angles with respect to the optical axis  (paraxial assumption). however, for superflux  led applications, where much of the flux is  contained at angles far from the optical axis,  this is not the case. as a result, rays which are  not close to the optical ax is will be bent at too  great an angle, a condition known as  spherical  aberration . a correction factor,  c , can be added  to the above equations to compensate for this  effect as shown below:       for most led collimator designs, a correction  factor of  c   @  1.35 will produce the best results.  the value of  f   chosen can be checked by  tracing a ray from the source to the outer edge  of the collimator lens (edge ray). if the edge ray  is under collimated, the value of  c   used is too  large. if the edge ray is over  collimated, the  value of  c   used is too small. figure 5.29  graphically depicts the edge ray method for  checking  f .     fresnel lens design   a fresnel lens can be visualized as a thick  convex lens which has been collapsed about a  series of circular, stepped setb acks. this type  of lens takes on the properties of a much  thicker lens and eliminates the difficulties  involved with the manufacture of thick lenses.    a cross - section through the center of a plano - convex lens, and its fresnel counterpart are  shown in figur e 5.32.     the thickness of the fresnel lens is reduced as  the number of steps is increased. typically fresnel  lenses are designed with the minimum number of  steps needed to achieve the desired thickness,  because additional light losses may occur at the  inte rnal faces and joining vertices. however, for  plastic lenses, a thin design is desirable where  excessive lens thickness will result in sink  distortions. therefore, the performance and  moldability of a lens are traded - off when choosing  the optimal number of  steps.                                                   figure 5.28 cross - section of an led signal  lamp using a dual - convex, collimator lens.   figure 5.29 edge  ray method for checking  f .  

 19     design case ? collimator lens       consider the case where a lens will be used to collimate the  light from an hpwt - dh00 source, and a pillow optic cover  lens will be used to form the final radiation pattern. clear  pmma ( n  = 1.49) will be used as the lens material. the led  spacing is 20 mm and the spacing from the top of the pcb  to the top surface of the lens must be less than 25 mm.     the total included angle of the hpwt - dh00 is 70  ,  therefore, to capture 90% of the light from the led, the lens  must span 35  ?from the optical axis, and fill a 20 mm x 20  mm area. the combination of included angle, lamp depth,  and led spacing define the necessary items to determine  f .  figure 5.30 shows  a cross - section of the lamp described  above.     examining the geometry shown in figure 5.30, the desired  focal length,  f , is approximately 15.3mm. a lens of this  power will be a dual - convex, and  r 1  and  r 2  can now be  calculated using the following equation:       to optimize collection efficiency,  r 1  must be greater than  r 2 .  by placing the flatter surface closer to the led, the ray  bending is more equally shared between the two lens surfaces.  however, if  r 2  becomes too small, the lens will be too thick  and diffic ult to manufacture. a good compromise between  these two competing factors is  r 1  = 24 mm, and  r 2  = 18 mm.  figure 5.31 shows a cross - section of an led signal lamp with  this dual - convex lens design.         consider a case with a plano - convex lens (r =  19mm) whe re an aperture diameter of 25 mm    is desired for use as a collimating lens. this lens  will be too thick to properly injection mold  (greater than 6 mm), so a fresnel design will be  used with a maximum height of 4 mm. the  resulting design will have three ste ps, as shown  in figure 5.32.     convex - fresnel lenses can be designed in  which a large radius (low curvature) lens is used  on the led side, and a fresnel - type lens with a  smaller radius (more curvature) is used on the  other side as shown in figure 5.33.     oth er lens design options   in this section we have discussed only spherical  lens designs. spherical lenses are easily  designed, specified, and checked; but may not  be the most efficient collimator due to spherical  aberrations. other lens designs, such as  hyper bolic - planar, sphero - elliptic, and free - form  lenses can be designed which may be more  efficient than spherical forms. however, the  design of these types of lenses is more complex  and generally requires optical modeling software  and accurate optical models  of the led.     another class of lens exists which couple the  principles of refraction and total internal reflection  (tir). these lenses are commonly referred to as  reflective/refractive, or catadioptric lenses. lenses  designed by fresnel over 100 years ago f or light  houses contained such tir faces for improved  efficiency. an example of a catadioptric lens is  shown in figure 5.34.     this type of lens is useful when refractive lens  designs cannot efficiently bend the light rays at  the required angle. by combinin g reflection and  refraction into a single optical element, a very  powerful and efficient lens can be designed. tir    is most efficient when incident rays are nearly  tangential, where as refraction is most efficient  when the rays are close to the normal.          

 20                                                   figure 5.30 cross - section of the  desired led lamp configuration.   figure 5.31 cross - section of    an led signal lamp with a dual convex  lens (r 1  = 24mm, r 2  = 18mm).   figure 5.32 cross - section of a plano - convex lens and its fresnel equivalent.   figure 5.33 convex - fresnel lens  used as an led  collimator.   figure 5.34 cross - section of a catadioptric lens  used as an led collim ator.  

 21   appendix 5a     flux integration of rotationally symetric radiation patterns     the cummulative flux as a function of angle  from the optical axis (figure 5.2) can be  calculated from the radiation pattern (figure  5.1).  this calculation is simple for rotationally  symetric radiation patterns and is shown below:     intensity is defined as the flux per unit solid  angle, or       this equation can be rearranged to solve    for flux.     f v   = i v   w                                 (2)     f  v   =    i v   d   w                           (3)     solid angle,  w,  as a function of  q  can be  determined with the aid of figure 5a.1.     d w(q) = 2 pt  sin q  d q                   (4)     assigning a value of r=1, this equatio n becomes     d w(q) = 2 p  sin q  d q                   (4)     and substituting (5) into (3) we can solve for     f v (q).     f v (q)  = 2 p      i v  (q) sin q  d q                   (6)     consider the case where the led has a  rotationally symetric, lambertian radiation  pattern as  shown in the figure 5a.2.     substituting  i v ( q ) into (6) we get:   f v ( q)   =  2  p     cos q   sin q  d q                  (7)                =   p  sin 2   q                                                                 figure 5a.1  graphic explanation of flux integration  technique.   figure 5a.2  rotationally symmetric, lambertian  r adiation pattern.  

 22   the plot for equation (7) is shown in    figure 5a.3.     by normalizing the y - axis to 10 0% at 90  , this  graph becomes that which is typically shown in  the led data sheets (figure 5a.4). it should be  noted that the data sheet refers to the x - axis as  ?total included angle? which is equal to 2 q  (see  figure 5a.1).     for rotationally symetric radia tion patterns that  cannot be easily represented with functions,  simpson?s rule can be applied to approximate  the integral. for example, the hpwt - mh00  radiation pattern cannot be easily described by  a function. in such a case, the radiation pattern  can be d ivided into a finite number of elements  each with an angular width,  d q , as shown in  figure 5a.5.     the smaller the  d q   chosen, the larger  n   will  become and the more accurate the  approximation of the integral becomes.  applying simpsons rule, we can approximate  (6) by the following summation         as before, (8) can be plotted a s shown in figure  5a.6.                                                                               figure 5a.3  graphic representation of  equation (7).   figure 5a.4  percent cummulative flux vs. total  included angle.   figure 5a.5  approximation of the hpwt - mh00  radiation pattern.   figure 5a.6  graphic representation of  equation (8).  

 23   company information     lumileds is a world - class supplier of light emitting diodes (leds) producing  billions of leds annually. lumileds is a fully integrated supplier, producing  core l ed material in all three base colors (red, green, blue)    and white. lumileds has r&d development centers in san jose,    california and best, the netherlands. production capabilities in    san jose, california and malaysia.      lumileds is pioneering the high - fl ux led technology and bridging the gap  between solid state led technology and the lighting world. lumileds is  absolutely dedicated to bringing the best and brightest led technology to  enable new applications and markets in the lighting world.                                                   lumileds   www.luxeon.com   www.lumileds.com     for technica l assistance or the  location of your nearest lumileds  sales office, call:     worldwide:   +1 408 - 435 - 6044   us toll free: 877 - 298 - 9455   europe: +31 499 339 439   fax: 408 - 435 - 6855   email us at info@lumileds.com     lumileds lighting, llc   370 west trimble road   san jose,  ca 95131   ? 2002 lumileds lighting. all rights reserved. lumileds lighting is a joint ven ture between agilent technologies and philips  lighting. luxeon is a trademark of lumileds lighting, inc. product specifications are subject to change without notice. publication no. ab20 - 5 (sept 2002)  
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