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Light extraction efficiency in SSL with conformal phosphor-converted LEDs can be 

enhanced with remote phosphor LED technology which allows the extraction of 

backscattered light and lowers the thermal operation point of the phosphor. In this 

study, a remote phosphor module was simulated using ray tracing software. The BRDF 

of the reflective material in the cavity was determined, a ray file was obtained for the 

blue pump LEDs, and the remote phosphor component was modeled with 

experimentally obtained bi-spectral BSDF data. Simulation and experimental results 

match in the near and far field behaviour. 

1. Introduction 

In order to optimize a phosphor converted white LED (pcLED) system, different 

simulation models have been proposed for the phosphor element. In  [1] and [2] a YAG 

phosphor is simulated within a pcLED by defining the reflected and transmitted flux of 

blue and yellow light measured with two integrating spheres. In [3] a model based on 

Mie theory using the microscopic parameters of the phosphor and the embedding matrix 

was defined. These models either do not consider the angular dependence in the 

scattering process, or they require plenty of microscopic parameters to be set in the 

simulation, whose acquisition is rather difficult. In [4] , the interaction of the light with 

the phosphor is characterized by measuring the bi-directional scattering distribution 

function (BSDF) of a phosphor on a PET substrate and simulating the forward mode for 

a conformal pc LED.  

A simulation model for a remote phosphor plate is proposed in this work, based on the 

bi-spectral BSDF, for both: backwards and forwards emission. The remote phosphor 

plate manufactured by Intematix consists of a diffuse polycarbonate plate coated on one 

side with a silicate phosphor doped with Eu. The proposed simulation model allows to 

analyse the influence of the incident angle on the phosphor extraction efficiency, that in 

turn can be used in the analysis of the recycling process due to the presence of the 

mixing chamber.  

2. BSDF of the phosphor plate  

The phosphor plate will be modelled based on the macroscopic scattering behaviour. 

The scattering of radiation can be described by the BSDF   (           ), according to 

[5], defined as: 

  (           )  
      (           )

      (     )
[
 

  
] 

Eq. 1 

With       (           ) de radiance of the sample at a particular viewing angle (     ),and 

       the irradiance on the sample from a particular incident solid angle (     ).  

When elastic scattering occurs, i.e. there is no wavelength conversion, this expression 

quantifies properly the impulse response of the material to the incident light at different 

angles. For inelastic scattering, i.e. when wavelength conversion takes place, this 
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expression is not valid anymore. To extend the Nicodemus’ derivation to the cross-

wavelength energy transfer, the contribution of each discrete incident wavelength within 

the excitation range to each scattered wavelength by the fluorescent material at a certain 

direction (     ) has to be considered [6]. This is called the bi-spectral BSDF, 

expressing the fact that scattering at one wavelength is caused by several incident 

wavelengths. Mathematically expressed the bi-spectral BSDF     (                 ) 
can be defined as the derivative of the BSDF   (           ) with respect to the incident 

wavelength    :  
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Eq. 2 

In order to know the contribution of an incident wavelength range    to the spectral 

scattered flux at the scattered wavelength   , it is necessary to integrate Eq. 2 with 

respect to     over a particular range. The integration range is between 450 and 470 nm 

for incident blue light, mimicking the emission of blue LEDs. From this result an 

average value         can be calculated for any scattered wavelength    as a function 

of the scattered angle (  )  
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Eq. 3 

Simulation of the detailed bi-spectral BSDF is extremely cumbersome, therefore it is 

simplified by simulating only two wavelengths, yet properly reproducing the conversion 

and scattering behaviour of the phosphor plate. Each wavelength takes an average value 

resulting from the integration of          over the scattered wavelengths, for both the 

BRDF and the BTDF. 

3. Experiments and Simulation 

This plate is meant to be excited by pump-LEDs whose emission peak is about 450 nm, 

resulting in white light with a CCT of 3000 K. The BSDF for the phosphor plate was 

characterized with the setup described in [7], consisting of a goniometer with a fixed 

position light source and a mobile detector, with a position and inclination adjustable 

sample holder in between the light source and the detector. For every incident polar 

angle (θi =5°, 45°, 56°) the scattered spectral flux        was measured for the scattered 

polar angles 0°≤θs ≤90° in the incident plane in increments of 5° for both the reflection 

(backwards) and transmission (forwards) hemispheres. Two incident spectra have been 

applied: “blue light” within the excitation spectrum (Figure 1-right) of the fluorescent 

material mimicking the pump-LED and “yellow light”. The BSDF measurement when 

“yellow light” impinges is required in order to characterize the interaction between the 

phosphor plate and the emission spectrum of the phosphor after being reflected in the 

mixing cavity. 

In total three different BSDFs are defined, corresponding to the elastic and inelastic 

scattering in response to the blue incident light, and to the elastic scattering in response 

to the yellow incident light. These functions are converted into tables that define the 

scattering simulation model in the ray tracing program. Each of this functions are 

assigned as a surface property to the geometrical representation of the phosphor plate. 

The mixing chamber consists of a cylindrical cavity with radius 35 mm and height 43 

mm, whose inner surface has the BRDF characteristic of an MPET material. The light 
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source is represented by a ray-file of four blue LEDs located at the base of the mixing 

chamber and equidistantly distributed along a radius of 18 mm (Figure 1 -left). The ray-

file was measured by a near-field goniometer equipped with a luminance camera 

(TechnoTeam Rigo 801).  

  
Figure 1 Whole module simulation in ray tracing (left); Excitation and emission spectrum for the phosphor 

plate (right) 

4. Results and Discussion   

From the phosphor characterization one incident angle is chosen (      ) to illustrate 

the response of the phosphor plate to the blue and yellow light. 

  
Figure 2 Responses of the phosphor plate to excitation at an incident angle of 45°. Bi-directional transmittance 

distribution function (Left); Bi-directional reflectance distribution function (Right) 

From Figure 2 the transmittance distribution function presents a rather lambertian 

behaviour for the three responses due to the effect of the diffuse (polycarbonate) plate 

along with the phosphor coating. On the other hand, the reflectance distribution 

functions present higher values around the specular angle for the elastic scattering, and 

lambertian for the inelastic scattering. 

To validate the simulation model of the whole module it has been compared: (1) the 

spatial distribution of the exitance at the outer surface of the phosphor plate, and (2) the 

intensity distribution in the far-field region. The spatial distribution of the exitance was 

calculated for each concentric ring equally distributed over the phosphor plate. 

A good agreement exists between the experimental and simulation results as showed in 

Figure 3. From the simulation it is possible to determine the increment in light 

extraction due to the light recycled by the mixing chamber. Simulations performed 

when attributing a reflectance of zero to the mixing chamber are compared to the 

simulation results when the MPET characteristics have been used. The light extraction 

with the mixing chamber is 1.7 times the amount of light extracted when the mixing 

chamber is totally absorbing. These results are confirmed with integrating sphere 

spectral radiant flux measurements of the whole module, equipped with reflecting and 

absorbing walls of the mixing chamber respectively. 
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Figure 3 Validation of the simulation model for the whole module. The exitance over concentric rings 

characterized by the distance to the centre (left) and the normalized intensity distribution (right). 

5. Conclusions 

The simulation model of a cylindrical mixing chamber covered by a remote phosphor 

plate (a phosphor coating in combination with a diffuse polycarbonate plate) has been 

developed. This model allows to predict the response of the phosphor plate to different 

mixing chamber designs. Future work will be focused towards the use of the model in 

optimizing the geometry and form factor of the mixing chamber. 
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