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Abstract: Phosphor-converted light-emitting diode (pcLED) is one of the most promising
methods to generate white light. The interaction of the excitation light with the phosphor
in pcLED is a complicated phenomenon, combining light absorption, light conversion, and
scattering. An effective and efficient way to predict the optical behavior of pcLED is using
the bidirectional scattering distribution function (BSDF). In this paper, the BSDF for pcLEDs
with arbitrary phosphor concentration and thickness was established. The measured inte-
grating energy and angular distributions of BSDF were successfully fitted by the interpolation
method and the ABg model, respectively, realizing the calculation of BSDF values for arbi-
trary phosphor configurations. The proposed model was applied to a remote pcLED using
an arbitrary phosphor configuration in Monte Carlo simulation. The output radiant power
and the angular distributions of the blue and yellow light show good agreements between
experiments and simulations; the errors of radiant power were all less than 4%, validat-
ing the effectiveness of the model. Consequently, this study provides a simple and useful
tool to precisely predict the optical performance of pcLEDs with arbitrary concentration and
thickness, it is essential for white LED design and fabrication.

Index Terms: Precise optical modeling, phosphor-converted white light-emitting diodes,
bidirectional scattering distribution function, photoluminescence.

1. Introduction
Light-emitting diodes (LEDs) are regarded as the next-generation light source and have been
broadly used in recent years attributed to their outstanding advantages such as high luminous
efficiency, environmental friendliness, compact size, and long lifetime [1], [2]. There are mainly two
methods to create white LED: one is to combine monochromatic LED chips with different colors
(usually red, green, and blue), the other is to combine monochromatic LED chip with phosphor,
namely, phosphor-converted LEDs (pcLEDs) [3]. The most promising configuration of pcLEDs is
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the one using blue III-Nitride LED chip as pump excitation source and yellow YAG phosphor as
luminary due to the high luminous efficiency of both [4], [5], [6]. The phosphor configuration will
critically impact the optical performance of pcLEDs such in light output efficiency (LE), angular
color uniformity (ACU), and color rendering index (CRI), etc. Thus, researchers have studied the
effects of phosphor on pcLEDs numerically, in terms of the particles size [7], the concentration
[8], the extinction coefficient [9], and especially the geometric morphology [10]–[12]. Most of these
studies employ Monte Carlo method [13] to simulate light propagation inside the phosphor layer,
where the optical properties of the phosphor are solved by the Mie scattering model [14]. However,
the Mie model requires lots of microscopic parameters to be set during the simulation, some of
which are rather difficult to acquire precisely. Moreover, the Mie model is an exact mathematical
solution of the scattering property for the homogeneous spherical particle only, while there exists
non-spherical particles in the phosphor layer [11], [15], [16]. Consequently, the simulation results
of both the output blue and yellow light and their angular distribution may not accord well with the
experiment, it is difficulty to precisely predict the light quality of pcLEDs.

To obtain the precise optical modeling for pcLEDs, Zhu et al. used a double integrating sphere
system to investigate the radiant power of the transmitted and reflected light of a YAG phosphor
layer illuminated by a fiber-guided source [17]. Wu et al. also measured the radiant flux of the
transmitted and reflected light of series phosphor layers with a double integrating sphere system,
and then used the result to optimize the Mie parameters in optical simulation [18]. Kang et al. [19]
developed a 1-D model to calculate the light absorption and conversion in the phosphor layer and
Hu et al. improved this model by further considering the scattering effect [20], [21]. But researches
above did not pay attention to the angular distribution of the output light. Hung et al. [22] and
Chen et al. [23] introduced the measured bidirectional scattering distribution function (BSDF) to
characterize the optical properties of the phosphor layer. Their simulation results show an excellent
agreement with the experiments in the intensity distribution of both blue and yellow light. Most
importantly, the BSDF model can accurate simulate the light distributions without considering the
light scattering and absorption processes in the phosphor layers, it is not limited by the shape of
phosphor particles and can significantly save the simulation times compared with the bulk scattering
method based on Mie scattering. Similarly, Huang et al. proposed a planar lighting system based
on BSDF data [24]. Acuña et al. applied BSDF to a pcLED module and obtained a precise result
of the output light power, and then further optimized the mixing cavity of the module [25], [26].
However, arbitrary phosphor concentration and thickness that can significantly influence the light
scattering and absorption [27]–[29] are not considered in previous BSDF model, causing it difficult
to be utilized in pcLEDs requiring various phosphor configurations.

In this study, the optical properties of YAG phosphor plates with series concentration and thickness
are measured. The effect of concentration and thickness on the BSDF distributions were discussed.
The measured results were used to establish the BSDF model considering phosphor with arbitrary
concentration and thickness parameters within the research range. Finally, the model is applied to
a cylindrical pcLED in simulation, verifying its accuracy and effectiveness.

2. Experiments
The commercial YAG:Ce3+ phosphor purchased from Intematix (YAG-04) with an average diameter
of 13.7 μm is mixed with silicone. After stirring under a vacuum circumstance for 10 minutes, the
silicone mixes with phosphor is cured at 150 °C for 3 hour to manufacture phosphor plates. The
phosphor plates used in this paper has concentration ranging from 10% to 60% and thickness from
0.1 mm to 1.3 mm, as shown in Fig. 1.

Light scattering by phosphor in pcLED can be divided into three situations, i.e., blue light incident
leading to blue light output (BIBO); blue light incident leading to yellow light output (BIYO); and
yellow light incident leading to yellow light output (YIYO). It should be noticed that the BRDF data
at incident angles around θi = −5◦ are approximately regarded as that at normal incident angles,
which is due to the interference between the laser source and the detector head. The blue light
is considered as the light emitted by the LED chip, and yellow light as the light converted by the
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Fig. 1. Phosphor plates with concentration ranging from 10% to 60% and thickness from 0.1 mm to
1.3 mm.

Fig. 2. Measurement setup of the scattering characteristic.

phosphor. In the scattering measurement, we used lasers with the wavelengths of 450 nm and
550 nm as the blue and yellow light source respectively for simplification. These two wavelengths
are selected because they are close to the peak emission wavelengths of the LED chip and the
YAG: Ce phosphor. The scattering characteristics of the phosphor plates are measured with the
equipment shown in Fig. 2. Its detection unit consists of a detector head connect with an optical
fiber to a spectrometer. The center of the phosphor plate is irradiated by the blue laser beam and
the yellow laser beam with different incident angles, respectively, and the radiant power of light
escaping from this phosphor plate with different scattering angles θs are recorded. The output
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Fig. 3. BTDF of (a) BIBO, (b) BIYO, (c) YIYO, and BRDF of (d) BIBO, (e) BIYO, (f) YIYO at normal
incident angle with thickness of 0.3 mm and concentration ranging from 10% to 60%. The insets are
results on logarithmic scale.

power of lasers are 20 mW to avoid the thermal influence on phosphor plates during measurement
[30]. Please note that the thermal effect on the refractive index [31], the emission spectra [32], and
the scattering characteristics [33], [34] are not considered in this study.

3. Modeling Methods
3.1 BSDF Characterization of the Phosphor Plates

The scattering properties of the phosphor plates can be characterized with the BSDF, defined as:

B SD F (θi , ϕi , θs, ϕs) = dL s (θi , ϕi , θs, ϕs)
dE i (θi , ϕi )

= dPs (θi , ϕi , θs, ϕs)
Pi (θi , ϕi ) cos θsdωs

(1)

where θ, ϕ are the zenith and azimuth angle referring to the surface normal, ω the solid angle, L the
radiance, E the irradiance, P the radiant power. Subscripts i, s mean incident light and scattered light
respectively. BSDF can be further divided into forward scattering and backward scattering, which
are called as bidirectional transmittance distribution function (BTDF) and bidirectional reflection
distribution function (BRDF), respectively.

3.1.1 BSDF Characterization With the Light Source Incident at the Normal Direction: According
to its definition, BSDF varies to the incident angle of the light source. However, since the spatial
luminous intensity distribution of the blue LED chip is nearly Lambertian, which means the intensity
is the strongest at normal direction, we chose θi = 0◦ as the incident angle of the laser to acquire
the most typical BSDF data. Please note that the interference is occurred between the light source
and the detector when the laser is incident at 0°, we offset the incident angle to −5° for BRDF of
BIBO and YIYO to obtain a more complete curve and take it as the result of normal incident.

Please note that two cases are discussed in this section as examples. One is that phosphor
plates have the thickness of 0.3 mm and the concentration ranging from 10% to 60%, as shown
in Fig. 3; the other is that phosphor plates with concentration of 20% and thickness ranging from
0.1 mm to 1.3 mm, as shown in Fig. 4. As for the former configuration, the BTDF of BIBO, BIYO,
and YIYO at normal incident angle are shown in Fig. 3(a)–(c), respectively, while the BRDF of
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Fig. 4. BTDF of (a) BIBO, (b) BIYO, (c) YIYO, and BRDF of (d) BIBO, (e) BIYO, (f) YIYO at normal
incident angle with concentration of 20% and thickness ranging from 0.1 mm to 1.3 mm. The insets are
results on logarithmic scale.

BIBO, BIYO, and YIYO at normal incident angle are shown in Fig. 3(d)–(f), respectively. As for
the later configuration, the BTDF of BIBO, BIYO, and YIYO at normal incident angle are shown in
Fig. 4(a)–(c), respectively, while the BRDF of BIBO, BIYO, and YIYO at normal incident angle are
shown in Fig. 4(d)–(f), respectively. As can be seen in Fig. 3(a) and Fig. 4(a), the BTDF curve of
BIBO exhibits a distinct peak within the range of ±10° around the specular transmitted direction
(i.e., θs = 0◦), and values at other angles are relatively small. As the concentration and the thickness
increase, the peak value of the curve decreases gradually to 0. This is because that the probability of
blue light encountering the phosphor particles increases, leading to much more absorption events.

As can be seen in Figs. 3(b) and 4(b), the distribution angle range of BTDF curve of BIYO
is distinctly broader compared with the blue light. Besides, the BTDF curve rises first and then
declines with the increase of the thickness of the phosphor plates. This is because when the
amount of phosphor reaches a certain level, the transmitted blue light is completely absorbed
and the energy of the converted yellow light reaches the peak. After that, if the amount of the
phosphor continues to increase, it will be more difficult for the yellow light to transmit forward, so the
BTDF curve will decline. Moreover, it is worth noting that when the thickness (concentration) of the
phosphor plate is small, the curve is relatively flat and even concave around the normal direction. As
the thickness (concentration) increases, the curve becomes more and more steep, and eventually
the shape of the curve approximates cosine distribution. This is because when the phosphor
plate is relatively thin, it has less absorption to the blue light. When scattered at the angle of 0°,
the absorption of the blue light is the least due to the shortest travel distance. As the scattering
angle increases, the distance of the blue light traveling within the phosphor layer becomes longer,
so the absorbed proportion of blue light is higher. Although the scattered blue light can be regarded
as Lambertian distribution, the converted yellow light at larger angle could be more comparing with
the normal direction after considering the absorbed proportion, which leads to the concave shape
of the scattering distribution curve, as shown in Fig. 5(a). When the phosphor plate is thick enough,
the blue light scattered at 0° can also be absorbed adequately, resulting in the maximum converted
yellow light. Thus, the scattering distribution curve approximates cosine distribution eventually, as
shown in Fig. 5(b). Similar phenomena could be observed in low phosphor concentrations to high
phosphor concentrations.
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Fig. 5. Scattering of BIYO of (a) a relatively thin, and (b) a relatively thick phosphor plate.

As evident from Figs. 3(c) and 4(c), the BTDF curve of YIYO exists a sharp peak around the
specular transmission direction (i.e., θs = 0◦) in the curve while the phosphor film is relatively thin. As
the thickness increases, the peak gradually weaken and disappear, and the curve becomes smooth,
uniform and eventually approximates cosine distribution. The reason to this phenomenon is that
when the phosphor is less, the scattering to light is not complete, and part of the incident yellow
light transmits through the phosphor layer directly without scattering. Thus the light at specular
transmission direction has a high energy density, which represents as the peak in the curve. When
the amount of phosphor increases, the scattering enhances and thus flattens the curve.

As shown in Figs. 3(d) and 4(d), the BRDF curves of BIBO of different plates are almost coincident
with each other, which show a peak shape around the specular reflection with a peak value at
θs = 5◦. The data outside the peak shape are almost 0. We considered that the BRDF in the specular
reflection direction was caused by the reflection of the surface of the phosphor plates. When the
blue light is irradiated onto the surface of the phosphor plates, a part of blue light transmits into
the phosphor layer, and then is absorbed, converted and scattered by the phosphor particles; the
other part of the blue light is directly reflected back along the specular direction. The scattered
blue light will suffer from secondary absorption and scattering when encountering the phosphor
particles. Thus the energy of the scattered blue light outside the specular direction is quite limited to
0. However, the amount of reflection light is related to the incident angle and the refractive indexes
of the two propagation media according to Fresnel reflection. For phosphor plates with different
parameters, their refractive indexes are almost the same. Besides, the incidence angles of the
laser source are all −5°. As a result, the energy of the reflected blue light is basically the equal for
different phosphor plates, which represents the overlap of the scattering distribution curves.

Figs. 3(e) and 4(e) show that the BRDF curves of BIYO are quite similar to the forward distribution
curves of BIYO discussed above. The symmetric center is at the normal direction rather than the
specular reflection direction (i.e., θs = 5◦). This is because the yellow light scattering is mainly
caused by the emitting of phosphor, which is similar to diffuse scattering. Thus, the scattering
distribution is similar to Lambertian distribution eventually. Moreover, the BRDF curve rises with
the increase of the thickness (concentration) of the phosphor plate because on one hand, the
conversion and scattering of yellow light increase, and on the other, it is more difficult for the yellow
light to transmit forward but easier backward.

The BRDF curve of YIYO depicted in Figs. 3(f) and 4(f) can be divided into two parts, one is
the significant peak around the specular reflection direction (i.e., θs = 5◦), and the other is the
diffuse scattering except the peak value. The specular reflection part of the curve is identical with
the curve of BIBO above, which is caused by the reflection of the surface of the phosphor plate.
Thus, the curves of different plates are almost coincident with each other as well. The diffuse
scattering part is caused by the scattering of the phosphor particles inside the plates. The curve
rises with increase of the thickness (concentration) of phosphor, because backward scattering
becomes stronger with the increase of phosphor. For example, the plate with the concentration of
20% and the thickness of 0.3 mm, the diffuse reflection part of the BRDF curve is successfully
fitted by the cosine curve, as shown in Fig. 6. The result shows a great agreement between the
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Fig. 6. Cosine fitting for the diffuse scattering part of BRDF of BIYO.

Fig. 7. (a) BTDF (b) BRDF of BIBO with different incident angles. The phosphor plate has a concentration
of 20% and thickness of 0.3 mm.

measured and fitted curves, so we regard the diffuse scattering part of the curve in BRDF of YIYO
as cosine distribution. In addition, the BRDF values are closed to 0 near θs = 5◦, this is due to the
interference between the laser source and the detector.

3.1.2 BSDF Characterization With the Light Source Incident at Different Angles: After performing
the BSDF measurements with the light source at a normal incident angle, we selected the phosphor
plate with a thickness of 0.3 mm and a concentration of 20% to investigate the influence of the
incident angle on the BSDF. The incident angles −15°, −30°, −45°, −60° were studied for these
measurements.

The BTDF and BRDF of BIBO at different incident angles is shown in Fig. 7(a) and (b), respec-
tively. As the deviation of the incident angle from the normal direction increases, the BTDF curve
will decline. This is caused by two reasons: First, an increase in the incident angle leads to an in-
crease in the reflectance and a decrease in the transmittance according to Fresnel’s law. Next, the
travel path of light inside the phosphor layer lengthens at larger incident angle, which enhances the
chance of light being absorbed, and then lower the transmitted energy of the blue light. The shapes
of BRDF curves with different incident angles are similar to each other, which all have a peak value
in the specular reflection direction. As the incident angle increase, the curve rises and the reflected
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Fig. 8. (a) BTDF (b) BRDF of BIYO with different incident angles. The phosphor plate has a concentration
of 20% and thickness of 0.3 mm.

Fig. 9. (a) BTDF and (b)BRDF of YIYO with different incident angles. The phosphor plate has a con-
centration of 20% and thickness of 0.3 mm.

energy enhances, consistent with Fresnel law. According to our study above, we consider that the
BRDF of BIBO is the same for different phosphor plates.

The BTDF and BRDF of BIYO at different incident angles is shown in Fig. 8(a) and (b), respectively.
The curve shapes of the BSDF at different incident angles are almost the same, which are all
symmetric about the normal axis. The curve declines as the incident angle increases, this is
because that the transmitted blue light decreases, leading to a reduction in the converted yellow
light.

The BTDF and BRDF of YIYO at different incident angles is shown in Fig. 9(a) and (b), respectively.
The BTDF of YIYO is similar to the BTDF of the BIBO above. The specular reflection part of the
BRDF of YIYO is identical to the BRDF of the BIBO, and curve of the diffuse scattering part almost
remains the same at different incident angles.

3.2 BSDF Modeling the Phosphor Plates With Arbitrary Concentration and Thickness

3.2.1 BSDF Modeling With the Light Source Incident at the Normal Direction: The BTDF (BRDF)
energy ratio refers to the ratio of the integrated energy of BTDF (BRDF) to the total incident energy.
The BTDF energy ratio and BRDF energy ratio are defined by hemisphere transmittivity T and
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Fig. 10. (a) BTDF energy ratio of BIBO and (b) its fitting curved surface for arbitrary concentration and
thickness.

hemisphere reflectivity R, respectively:{
T = ∫

2π
f r (θi , ϕi , θr , ϕr )cos θr dωr

R = ∫
2π

f t(θi , ϕi , θt, ϕt)cos θt dωt
(2)

where f r , f t are the value of BRDF and BTDF, and subscripts r, t represent reflection and transmission
respectively. In this section, we build a calculation model for the energy ratio (T and R) and take the
normal-incident condition as an example. This model is based on the interpolation method and the
concentration x and thickness y of the phosphor plate are used as independent variables. Through
the fitting curve equations with determined interpolation coefficients, the energy ratio of phosphor
plate with arbitrary parameters can be acquired.

Fig. 10(a) shows the BTDF energy ratio of BIBO TBIBO obtained by integrating according to
equations (2). The curved surface equation of the BTDF energy ratio of BIBO is then fitted. The
fitting surface is shown in Fig. 10(b), and its equation is (3) with a determination coefficient R2 of
0.9983.

TBIBO(x, y) = 0.10240 − 0.05056
x

− 0.07604
y

+ 0.00391
x2

+ 0.00621
y2

+ 0.03146
xy

− 5.04593 × 10−5

x3
− 1.04807 × 10−4

y3
− 0.11255

xy2
− 0.00118

x2y
(3)

The BRDF curves of BIBO for phosphor plates with different concentration and thickness param-
eters are coincident as shown in Figs. 3(d) and 4(d). Therefore, the BRDF curves of BIBO are the
same, and there is no need to analyze their energy ratios for different phosphor configurations.

Fig. 11(a) shows the BRDF energy ratio of BIYO R BIYO, and its fitting curved surface is shown in
Fig. 11(b), with a fitting equation of (4) and a determination coefficient R2 of 0.9992.

R BIYO(x, y) = 0.14565 + 1.43543x − 2.71810x2 + 2.04896x3 + 0.09981 ln y
1 + 0.74259x − 2.07370x2 + 1.78447x3 + 0.03899 ln y

(4)

The BTDF energy ratio of BIYO TBIYO is shown in Fig. 12. As can be seen, the curves of different
concentrations are inconsistent with each other, which is inconvenient for surface fitting. Therefore,
we add the energy of BRDF and BTDF together to investigate the total energy ratio of the BSDF of
BIYO SBIYO. The result shown in Fig. 13(a) reveals a good similarity between the curves of different
concentrations. The fitting curved surface of the energy ratio of the BSDF of BIYO is shown in
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Fig. 11. (a) BRDF energy ratio of BIYO and (b) its fitting curved surface for arbitrary concentration and
thickness.

Fig. 12. BTDF energy ratio of BIYO.

Fig. 13. (a) BSDF energy ratio of BIYO and (b) its fitting curved surface for arbitrary concentration and
thickness.
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Fig. 14. (a) Peak value and (b) its fitted curved surface of the diffuse scattering part of BRDF for arbitrary
concentration and thickness.

Fig. 13(b), the fitting equation is as (5) with a determination coefficient R2 of 0.9964. Once we
calculate the energy ratios of BRDF and BSDF of BIYO using (4) and (5), the energy ratio of BTDF
can be obtained by SBIYO − R BIYO.

SBIYO(x, y)= 0.55380+0.24464 ln x +0.19919 ln y +0.03066ln2x +0.01878ln2y +0.04306 ln x ln y

1+0.47111 ln x +0.39317 ln y +0.07446ln2x +0.04872ln2y +0.11073 ln x ln y
(5)

From the discussion above in Figs. 3(f) and 4(f), we know that the BRDF of the YIYO can be divided
into specular reflection part and diffuse scattering part. Its specular reflection part is identical to
that of the BRDF of BIBO, which is constant and determined by the Fresnel reflection. However, the
diffuse scattering part is various at different phosphor configurations, exhibits a cosine distribution
as shown in Fig. 6, i.e., f r = acos θs where a is the peak value of the curve. Consequently, the
diffuse scattering part of BRDF of YIYO is fitted with cosine distribution curve to obtain the values
of a for different phosphor plates, as shown in Fig. 14(a). The distribution of the peak values a is
fitted into a curved surface as shown in Fig. 14(b). The fitting equation is as (6) with a determination
coefficient R2 of 0.9988.

a(x, y) = 0.14625 + 0.01403 ln x − 0.01402
y

− 0.00400ln2x + 0.00203
y2

+ 0.00685 ln x
y

− 0.00054ln3x − 0.00011
y3

− 0.00022 ln x
y2

+ 0.00128ln2x
y

(6)

Fig. 15(a) shows the BTDF energy ratio of YIYO, and its fitting curved surface is shown in
Fig. 15(b), with a fitting equation of (7) and a determination coefficient R2 of 0.9987.

TYIYO(x, y) = − 0.26256 + 0.29729
x

− 0.24421 ln y − 0.04306
x2

− 0.01966ln2y

+ 0.01086 ln y
x

+ 0.00214
x3

− 2.5534 × 10−4

(
ln3y + ln2y

x
+ ln y

x2

)
(7)

Consequently, the integrated BTDF and BRDF energy for different phosphor concentration and
thickness can be achieved once the total incident energy is given. This means that the total energy
of forward emission blue light, backward emission blue light, forward emission yellow light, backward
emission yellow light are determined after inputting the total incident energy of blue light.
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Fig. 15. (a) BTDF energy ratio of YIYO and (b) its fitting curved surface for arbitrary concentration and
thickness.

3.2.2 BSDF Modeling With Light Source Incident at Different Angles: The BRDF of BIBO for
different phosphor plate are the same, just as shown in Fig. 7(b). Besides, the specular reflection
part for the BRDF of YIYO is identical with the BRDF of BIBO, and the diffuse scattering part does
not change with the incident angle. Thus, there is no need to model the BSDF of these two cases
(BRDF of BIBO, BRDF of YIYO) for different incident angles.

The symmetry of the BSDF curve decreases gradually with increasing incident angles, as shown
in Figs. 7 and 9. Therefore, we use the shift-invariant scattering model (or Harvey-Shack model) to
characterize the variation in BSDF at different incident angles. For many optical surfaces, the curve
of BSDF will not change in shape but will only shift in distribution position, when the scattering
direction vectors are used instead of the scattering angle as variables for BSDF [35]. If we denote
the projection of the unit vector in the scattering direction on the sample surface as �β, and the
projection of the unit vector in the specular direction as �β0, then:

fS = A

B +
∣∣∣�β−�β0

∣∣∣g A , B , g ≥ 0 (8)

where A, B, and g are parameters that can be used to fit the formula of the measured BSDF data.
From the form of the formula, we can see that the parameter A is equivalent to a proportional
coefficient, which only determines the height or energy of the BSDF curve but not changing the
shape of the BSDF curve. Thus, as long as we fit the ABg parameters using the BSDF data of the
normal incident direction, the parameters of other incident angles can be obtained by calculating A
value according to the multiple relations between the energy of BSDF, while remaining the values
of B and g unchanged. This relation can be simply defined by the ratio of TBIBO at arbitrary θi to
TBIBO at θi of 0°, which refers to n. As a result, the fitted A at arbitrary θi can be achieved by the
product of the n and the fitted A at θi of 0°. We also use the phosphor plate with a concentration
of 20% and thickness of 0.3 mm as an example. The fitted parameters of BTDF curve of BIBO
at normal incident direction in Fig. 7(a) are A = 0.02147, B = 0.04095, g = 1.2223. Accordingly,
Table 1 shows their fitted A values of different incident angles. The fitted and the measured BTDF
curves achieved by a phosphor plate with a concentration of 20% and thickness of 0.3 mm are
shown in Fig. 16, revealing a great agreement.

Fig. 8 shows that the distributions of BSDF of BIYO are almost the same at different incident
angles, which can be directly used without ABg fitting. Instead, the BSDF curves at arbitrary θi can
be achieved by scaling the curve of the normal incident according to the multiple relations of the
BSDF energy ratios. The energy ratios and their multiple relations of BTDF and BRDF are shown
in Tables 2 and 3, respectively.
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TABLE 1

Energy Ratios, Multiple Relations, and Fitted A Values of BTDF of BIBO at Different Incident Angles.
The Phosphor Plate has a Concentration of 20% and Thickness of 0.3 mm

Fig. 16. ABg fitting result of BTDF of BIBO at different incident angles. The phosphor plate has a
concentration of 20% and thickness of 0.3 mm.

TABLE 2

Energy Ratios and Their Multiple Relations of BTDF of BIYO at Different Incident Angles. The
Phosphor Plate has a Concentration of 20% and Thickness of 0.3 mm

TABLE 3

Energy Ratios and Their Multiple Relations of BRDF of BIYO at Different Incident Angles. The
Phosphor Plate has a Concentration of 20% and Thickness of 0.3 mm

Similar to BTDF curves of BIBO, the BTDF curves of YIYO at normal incident angle can also be
fitted with ABg model and the fitted result is A = 0.09537, B = 0.12016, g = 1.2865. Table 4 shows
the multiple relations of the BSDF energy ratios and the fitted A values at other incident angles.
The fitted and the measured BTDF curves are shown in Fig. 17.

Consequently, the BSDF curves at arbitrary incident angles for phosphor plates with various
configurations can be achieved according to the above ABg fitting method.
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TABLE 4

Energy Ratios, Multiple Relations, and Fitted A Values of BTDF of YIYO at Different Incident Angles.
The Phosphor Plate has a Concentration of 20% and Thickness of 0.3 mm

Fig. 17. ABg fitting result of BTDF of YIYO at different incident angles. The phosphor plate has a
concentration of 20% and thickness of 0.3 mm.

Fig. 18. (a) The remote phosphor LED lamp and its (b) schematic diagram and (c) blue source.

4. Model Validation
We apply the proposed BSDF model to a remote phosphor LED lamp as shown in Fig. 18. The light
source is composed of 9 blue LEDs mounted on an aluminum core print circuit board (ACPCB),
with a working current at 350 mA. We model the LED light in the commercial software of TracePro,
setting its inner surfaces as mirror material with a reflectivity of 0.98. The reflective index of the
silicone lens is set to 1.54, and the reflectivity of the aluminum board is set to 0.90.

The phosphor plate with concentration of 20% and thickness of 0.25 mm is selected and then
applied to the LED lamp. Please note that this is an arbitrary phosphor configuration that has not
been used in BSDF modeling. The BSDF curves of this phosphor plate is obtained by the BSDF
model established in this paper, as shown in Fig. 19.

Then we set the calculating BSDF data as the surface scattering property of the phosphor
plate in TracePro. The total radiant flux of the blue source is set as 4.041 W with a Lambertian

Vol. 10, No. 5, September 2018 8201117



IEEE Photonics Journal Precise Optical Modeling of Phosphor-Converted LEDs

Fig. 19. Calculating BSDF of Phosphor plate with concentration of 20% and thickness of 0.25 mm
(a) BIBO (b) BIYO (c) YIYO.

TABLE 5

Radiant Power of Blue and Yellow Light of the Remote Phosphor LED Lamp With Concentration of
20% and Thickness of 0.25 mm

Fig. 20. Spatial angular distributions of the blue (B) and yellow (Y) light for remote phosphor LED lamp
with concentration of 20% and thickness of 0.25 mm.

intensity distribution, and the number of rays is set to 1 million to ensure an adequate simulation
accuracy. Furthermore, the wavelengths of the blue and yellow light are set as 450 nm and 550 nm
respectively. The simulated radiant powers are shown in Table 5, comparing with the measured
values. As can be seen, the errors between the simulated and measured data are within 4%,
indicating a high accuracy of our simulation method. Moreover, to further verify our model, the
spatial angular distributions of the blue and yellow light are demonstrated both numerically and
experimentally as shown in Fig. 20. The simulation result shows a quite good agreement with the
experimental one. Consequently, this method can effectively predict the optical power and angular
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light distributions for pcLEDs with arbitrary phosphor concentration and thickness, which is essential
for white LED design and fabrication.

5. Conclusion
In this paper, a BSDF calculation model for phosphor plate with arbitrary parameters of thickness and
concentration is established. The BSDFs of the YAG: Ce phosphor plates with various concentration
and thickness were measured under different scattering conditions. We find that the BSDF integral
energy of different phosphor thickness and concentration can be fitted using interpolation method.
However, the BRDF integral energy of blue light at BIBO keeps constant for different phosphor
thickness and concentration, which can be calculated by the Fresnel reflection law. Moreover, the
BSDF of BIYO is almost the same for different incident angles, and the BRDF of BIBO and YIYO
for different incident angles can be obtained by the Fresnel reflection law. Therefore, only the BTDF
of BIBO and YIYO varies from different incident angles, which is successfully calculated using ABg
model. According to the proposed BSDF model, a Monte Carlo ray-tracing simulation is performed to
achieve the optical performance of the LED lamp using a phosphor plate with arbitrary parameters.
Compared with experimental results, the errors of the simulated radiant powers were all less than
4%, and the spatial distributions can be predicted with high accuracy in simulation. Consequently,
this study provides a useful tool to precisely predict the optical power and light distributions for
pcLEDs with arbitrary concentration and thickness, which is essential for white LED design and
fabrication.

References
[1] E. F. Schubert and J. K. Kim, “Solid-state light sources getting smart,” Science, vol. 308, pp. 1274–1278, 2005.
[2] S. Pimputkar, J. S. Speck, S. P. DenBaars, and S. Nakamura, “Prospects for LED lighting,” Nat. Photon., vol. 3,

pp. 180–182, 2009.
[3] D. A. Steigerwald et al., “Illumination with solid state lighting technology,” IEEE J. Sel. Topics Quantum Electron., vol. 8,

no. 2, pp. 310–320, Mar./Apr. 2002.
[4] P. Pust, P. J. Schmidt, and W. Schnick, “A revolution in lighting,” Nat. Mater., vol. 14, pp. 454–458, 2015.
[5] R. M. Farrell, E. C. Young, F. Wu, S. P. Denbaars, and J. S. Speck, “Materials and growth issues for high-performance

nonpolar and semipolar light-emitting devices,” Semicond. Sci. Technol., vol. 27, 2012, Art. no. 024001.
[6] J. S. Li, Y. Tang, Z. T. Li, X. R. Ding, L. S. Rao, and B. H. Yu, “Effect of quantum dot scattering and absorption on

the optical performance of white light-emitting diodes,” IEEE Trans. Electron Devices, vol. 65, no. 7, pp. 2877–2884,
Jul. 2018.

[7] C. Sommer et al., “The effect of the phosphor particle sizes on the angular homogeneity of phosphor-converted high-
power white LED light sources,” IEEE J. Sel. Topics Quantum Electron., vol. 15, no. 4, pp. 1181–1188, Jul./Aug. 2009.

[8] R. Hu, Y. Wang, Y. Zou, X. Chen, S. Liu, and X. Luo, “Study on phosphor sedimentation effect in white light-emitting
diode packages by modeling multi-layer phosphors with the modified Kubelka-Munk theory,” J. Appl. Phys., vol. 113,
2013, Art. no. 063108.

[9] F. Wenzl et al., “Impact of extinction coefficient of phosphor on thermal load of color conversion elements of phosphor
converted LEDs,” J. Rare Earths, vol. 32, pp. 201–206, 2014.

[10] Z. Li, Y. Tang, J. Li, C. Wu, X. Ding, and B. Yu, “High color uniformity of white light-emitting diodes using chip-scaled
package,” IEEE Photon. Technol. Lett., vol. 30, no. 11, pp. 989–992, Jun. 2018.

[11] K.-J. Chen et al., “Enhanced luminous efficiency of WLEDs using a dual-layer structure of the remote phosphor
package,” J. Lightw. Technol., vol. 31, pp. 1941–1945, 2013.

[12] J.-S. Li et al., “A detailed study on phosphor-converted light-emitting diodes with multi-phosphor configuration using the
finite-difference time-domain and ray-tracing methods,” IEEE J. Quantum Electron., vol. 51, no. 10, pp. 1–10, Oct. 2015.

[13] S. T. Flock, M. S. Patterson, B. C. Wilson, and D. R. Wyman, “Monte Carlo modeling of light propagation in highly
scattering tissues. I. Model predictions and comparison with diffusion theory,” IEEE Trans. Biomed. Eng., vol. 36, no. 12,
pp. 1162–1168, Dec. 1989.

[14] W. J. Wiscombe, “Improved Mie scattering algorithms,” Appl. Opt., vol. 19, pp. 1505–1509, 1980.
[15] P. Yang, K. Liou, M. I. Mishchenko, and B.-C. Gao, “Efficient finite-difference time-domain scheme for light scattering

by dielectric particles: application to aerosols,” Appl. Opt., vol. 39, pp. 3727–3737, 2000.
[16] J. Li, Y. Tang, Z. Li, K. Cao, C. Yan, and X. Ding, “Full spectral optical modeling of quantum-dot-converted elements for

light-emitting diodes considering reabsorption and reemission effect,” Nanotechnology, vol. 29, 2018, Art. no. 295707.
[17] Y. Zhu, N. Narendran, and Y. Gu, “Investigation of the optical properties of YAG: Ce phosphor,” SPIE Opt.+ Photon.

Int. Soc. Opt. Photon., vol. 6337, pp. 63370S–63370S-8, 2006.
[18] H. Wu and D. R. Jenkins, “Phosphor modeling and characterization,” Opt. Eng., vol. 53, 2014, Art. no. 114107.
[19] D. Y. Kang, E. Wu, and D. M. Wang, “Modeling white light-emitting diodes with phosphor layers,” Appl. Phys. Lett.,

vol. 89, pp. 26–822, 2006.

Vol. 10, No. 5, September 2018 8201117



IEEE Photonics Journal Precise Optical Modeling of Phosphor-Converted LEDs

[20] R. Hu and X. Luo, “A Model for calculating the bidirectional scattering properties of phosphor layer in white light-emitting
diodes,” J. Lightw. Technol., vol. 30, pp. 3376–3380, 2012.

[21] R. Hu, H. Zheng, J. Hu, and X. Luo, “Comprehensive study on the transmitted and reflected light through the phosphor
layer in light-emitting diode packages,” J. Display Technol., vol. 9, pp. 447–452, 2013.

[22] C.-H. Hung and C.-H. Tien, “Phosphor-converted LED modeling by bidirectional photometric data,” Opt Exp., vol. 18,
pp. A261–A271, 2010.

[23] K.-J. Chen et al., “An investigation of the optical analysis in white light-emitting diodes with conformal and remote
phosphor structure,” J. Display Technol., vol. 9, pp. 915–920, 2013.

[24] H. T. Huang, Y. P. Huang, and C. C. Tsai, “Planar lighting system using array of blue LEDs to excite yellow remote
phosphor film,” J. Display Technol., vol. 7, pp. 44–51, 2011.

[25] P. Acuña, S. Leyre, J. Audenaert, Y. Meuret, G. Deconinck, and P. Hanselaer, “Power and photon budget of a remote
phosphor LED module,” Opt. Exp., vol. 22 no. Suppl 4, 2014, Art. no. A1079.

[26] P. C. Acuña, S. Leyre, J. Audenaert, Y. Meuret, G. Deconinck, and P. Hanselaer, “Impact of the geometrical and optical
parameters on the performance of a cylindrical remote phosphor LED,” IEEE Photon. J., vol. 7, no. 5, Oct. 2017,
Art. no. 1601014.

[27] C. Sommer et al., “The impact of light scattering on the radiant flux of phosphor-converted high power white light-emitting
diodes,” J. Lightw. Technol., vol. 29, pp. 2285–2291, 2011.

[28] K. Du et al., “The rate equation based optical model for phosphor-converted white light-emitting diodes,” J. of Phys. D
Appl. Phys., vol. 50, 2017, Art. no. 095101.

[29] J. Li, Y. Tang, Z. Li, X. Ding, D. Yuan, and B. Yu, “Study on scattering and absorption properties of quantum-dot-
converted elements for light-emitting diodes using finite-difference time-domain method,” Materials, vol. 10, 2017, Art.
no. 1264.

[30] H. Ye et al., “Electrical–thermal–luminous–chromatic model of phosphor-converted white light-emitting diodes,” Appl.
Thermal Eng., vol. 63, pp. 588–597, 2014.

[31] Y. Ma, W. Lan, B. Xie, R. Hu, and X. Luo, “An optical-thermal model for laser-excited remote phosphor with thermal
quenching,” Int. J. Heat, Mass Transfer, vol. 116, pp. 694–702, 2018.

[32] S. Schweitzer, C. Sommer, P. Hartmann, P. Pachler, H. Hoschopf, and F. P. Wenzl, “Improvement of color temperature
constancy of phosphor converted LEDs by adaption of the thermo-optic coefficients of the color conversion materials,”
IEEE/OSA J. Display Technol., vol. 9, no. 6, pp. 413–418, Jun. 2013.

[33] T. H. Yang et al., “Noncontact and instant detection of phosphor temperature in phosphor-converted white LEDs,” Sci.
Rep., vol. 8, 2018, Art. no. 296.

[34] P. Fulmek et al., “On the thermal load of the color-conversion elements in phosphor-based white light-emitting diodes,”
Adv. Opt. Mater., vol. 1, pp. 753–762, 2013.

[35] B. M. Song and B. Han, “Spectral power distribution deconvolution scheme for phosphor-converted white light-emitting
diode using multiple Gaussian functions,” Appl. Opt., vol. 52, 2013, Art. no. 1016.

Vol. 10, No. 5, September 2018 8201117



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


