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1 Introduction

SimuLAMP software package is intended for modeling operation of LED lamps. The software simulates
light propagation inside an LED lamp by ray tracing with account of light scattering at all optical
boundaries. It allows computation of the luminous and color characteristics of light emitted by the lamp
(luminous efficiency, emission spectrum, color rendering index, correlated color temperature, etc.) and
angular distributions of the characteristics in the far field. The simulator solves also the heat transfer
problem and predicts the temperature distribution inside the LED lamp, which can be used for
optimization of the lamp design. It is possible to get coupled solution of the optical and thermal
problems in a package of complex design, accounting for heat release in both the LED chip due to its
self-heating and conversion medium due to the light absorption by phosphor particles and Stokes shift
related to the light conversion. SimuLAMP allows simulations of white-light LED lamps with conversion
medium containing either a single phosphor or phosphor mixture. Advanced models of light conversion
based on the Mie theory are used for the simulations. The package supports the lamp designs with
single- or multichip package configurations including RGB LEDs and multi-pixel LED arrays. It enables

the analysis of the lamp operation in DC/AC/Quasi-CW modes.

This document describes the basic physical models implemented in the SimuLAMP package.

SimuLAMP Physics Summary 4 of 20



_Eli'_m—

2 Ray tracing procedure

Spectral ray tracing procedure simulates propagation of photons inside the LED lamp and their
extraction from the lamp. Photons are assumed to be emitted from the surface of the LED chip with
either isotropic or Lambertian emission pattern. The wavelength of a photon is determined via random
choice with the probability corresponding to the LED emission spectrum. The same approach is used to
obtain the initial direction of the photon propagation according to the emission pattern specified by user.

The initial energy of the photon W, is assumed to be equal the ratio of the LED chip optical power to

the number of traced rays specified by the user, and it decreases along the photon pathway as
th :thO exp(_ai L) ’ (21)
where a; is the absorption coefficient in the material and L is the path passed by the photon.

The photon may either change its propagation direction or be absorbed at optical boundaries
(boundaries between the media with different refractive indexes) and by phosphor particles embedded
in a conversion medium. Three types of the optical boundaries are distinguished in the package:
smooth, mirror-like, and LED ones.

The photon reflection/transmission at the smooth boundary obeys the Fresnel’s law [1]. The reflection
Rand transmission T coefficients are considered as the probabilities of photon reflection and refraction,
respectively, so the photon can either go to another medium (with probability T ) or be reflected and
then propagate in the same medium (with probability R ). The direction of the photon reflection or

refraction follows the Snell’s law [1].

When the photon reaches the mirror-like boundary, various physical processes may occur. The photon
may be reflected, transmitted, or scattered with the user-defined probabilities. The scattering is

assumed to be diffusive, so that the direction of scattering is chosen following the Lambert’s law.

The LED boundary type is assigned for the boundary separating submount and LED chip. Approaching

that boundary, the photon is assumed to be absorbed.

The photon propagates inside the lamp until it either leaves it or its intensity |1 becomes less than the
critical value specified by user. After that the photon tracing is finished and the tracing of the next one
starts again. The procedure is repeated until the total number of traced photons exceeds the maximum

number set by user.
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3 The model of light conversion and ray tracing in the conversion medium

3.1 Input characteristics

Conversion medium is considered as a mixture of various phosphor particles embedded into an
immersion medium, which are able to scatter, absorb, and then reemit light. An arbitrary number of the
conversion media can be considered in the SimuLAMP package since the version 2.0.

The parameters and characteristics of every conversion medium are:

> spectral and temperature dependence of the immersion medium refractive index n_(A,T)

» number N and types of the phosphors embedded (p=1...N)

» particle density of the p-th phosphor N, [cm9]

» experimental or user-defined distribution G(r,) of the p-th phosphor particle sizes (radii rp)

» experimental or approximated temperature-dependent excitation spectrum E_ (A,T) of the
p-th phosphor specified in relative units

» experimental or approximated temperature-dependent emission spectrum L (A, T) of the p-th
phosphor specified in relative units

» spectral and temperature dependence of the real part of the refractive index n’;(A,T) of the

p-th phosphor (this dependence must be defined in the spectral range covering the emission

and excitation spectra of all the phosphors and LEDs used in the lamp)
» absorption coefficient of the p-th phosphor a,(A,,T,) [cm] at a certain wavelength Ao

measured at temperature T,
» temperature-dependent quantum efficiency #7,(T) of light emission by the p-th phosphor,

approximated by the expression

- o
,7p(T)_ (T_le ) (31)
1+exp

T,

where T, and T, - parameters with the meaning of temperatures specified by user.
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3.2 Calculated characteristics

The following characteristics are calculated from the input ones before modeling the light conversion:

» wavelength dependence of the absorption coefficient of the p-th phosphor material

a,(A) =a,(A,,T,) [E,(AT)/E,(A,,T,) (32)

Here T is the reference temperature equal, for instance, the mean temperature of the

conversion medium in the LED lamp.

» spectral and temperature dependence of the imaginary part of the particle refractive index of

the p-th phosphor
ny(A) =Aa (A)/ 4r (3.3)

» spectral dependence of the extinction g!” (1), scattering g (P (1) and absorption g {? (1)

cross-sections of the phosphor particles computed within a chosen light scattering model with

account of the experimental particle size distribution G(r,) ; these cross-sections are related

with each other by the equation
o ()= 0PN+ () 34)

» light scattering pattern F (7,4) averaged by the light polarizations (see Sec.3.3), where

r=cosd, and @ is the polar angle of scattering (the angle between the propagation
directions of incident and scattered photons); this pattern is calculated with account of the

experimental particle size distribution G(r,)

» asymmetry factor g (A) being the first moment of the Mie scattering pattern, which can be

used in the Henney-Greenstein empirical model of light scattering (see Sec.3.3.3); this factor is

calculated with account of the experimental particle size distribution G(r )

3.3 Scattering models

There are three scattering models that can be used for calculations of scattering/absorption cross-
sections and scattering pattern in SimuLAMP simulator. The Mie model considers the light interaction
with the spherical particles of arbitrary size. The Rayleigh model is applicable to nano-phosphors with

the particle sizes much less than the wavelength of light. The Henney-Greenstein model is based on
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the empirical formula for the scattering pattern, which is found to work well as the approximation for

various experimental data on the light scattering by particles, dust, aerosols, etc.

3.3.1  Mie model of scattering

The Mie model characterizes light scattering by absorbing spherical particles of an arbitrary size [2].
The extinction, scattering, and absorption cross-sections are calculated numerically as a function of the
light wavelength and the particle radius. After averaging over the particle sizes with the distribution

function G(r,) the cross-sections become dependent on the wavelength only.

The scattering pattern is calculated numerically for a number of wavelengths within a given spectral
range with averaging then over the particle sizes. To obtain the pattern for a desirable wavelength, an
interpolation procedure is applied.

3.3.2 Rayleigh model of scattering

Rayleigh model is used for characterization of light scattering by spherical particles of the small size
(much less than the scattering light wavelength value). The analytical expressions borrowed from [3]
are used to calculate the extinction, scattering, and absorption cross-sections. Within this model, the
scattering pattern is independent neither of the light wavelength nor of the particle size and can be

obtained analytically as

F,(7,0)=2(1+7%) , T=cosf (3.5)

The Rayleigh approach is normally applied to nano-phosphor conversion media with relatively high
concentrations of the phosphor particles. In this case, the mean distance between the particles is much
less than the wavelength of light. This modifies the refractive index of the conversion medium as a
whole. To calculate the effective refractive index n or dielectric constant ¢, two approaches are used:

> The Bruggeman model [4]

Pn(26,—€,)+0,(26,-€,)
Q) =gt &3 +e 6,12, &= i 2 PP (3.6)

» The Monecke model [5]

_ 2(¢m£m + ¢p£p)2 + gmgp
@+ B)EntA+P))E,

£(1) n() = e¥2(A), (3.7)

where £ =n?, £, = (n'p)2 , §n=1-¢, ,and @, is the volume fraction of phosphor particles in the

conversion medium.
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The obtained refractive index spectral dependence affects the photon propagation in the conversion

medium according to Fresnel's and Snell’'s laws, see Sec.3.4.

3.3.3 Henney-Greenstein model of scattering

The model by Henney-Greenstein deals with the scattering pattern, rather than with the extinction,
scattering, and absorption cross-sections. The scattering pattern is approximated by the empirical

formula having only one parameter — asymmetry factor g, = g,(4) [6]:

1-9;
2(1+g} - 29, cosb)

F 1 (cos6, 1) = (3.8)

3/2
This parameter can be either set manually by the user or obtained from the Mie theory (see Sec.3.2).

3.4 Light propagation in the conversion medium

The initial direction of photon propagation in the conversion medium is obtained from analysis of the
photon reflection/refraction at the smooth optical boundary surrounding the conversion medium (see

Sec.2). Then the photon starts to propagate inside the medium until it interacts with a phosphor particle.

Let a conversion medium to contain the mixture of phosphors ( p =1... N ). The total extinction length

(A) of the photons in the conversion medium is defined by the expression

I tot

120 =3 NaD () 3.9

The probability of light interaction P, (absorption or scattering by the phosphor particles) after passing

the path L is calculated by the expression
P(A) =1-exp[-L/l(A)] (3.10)

P; can be obtained from the generation of the random number R within the [0,1] interval; then the free

photon path before the event of its interaction with the phosphor particle is found as:
L=-1,(A)0On1-R) .

If the value of L is larger than the possible path to the next boundary of the conversion medium, the
photon is considered to reach that boundary without interacting with particles. Then the ray-tracing of
the photon is continued in a way discussed in Sec.2. If the value of L is less than the possible path to

the next boundary, an interaction with a particle is considered to occur.
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The next step is to define the type of that particle with which the interaction takes place. The probability

P, of the photon interaction (scattering or absorption) just with the p-th phosphor particles is

P,(A) =l (DN, o2 (1) (3.11)

p~ext

The type of interacting phosphor is determined by a random choice accounting for the above
probabilities P, .
Two types of physical processes may occur as a result of photon-particle interaction, which are either

scattering or absorption. The probabilities of the light scattering Pps‘CT and absorption Ppabs by the p-th

phosphor particles are calculated as
PPN =010l , PN =0l (3.12)

These probabilities are used to determine the type of the interaction event (scattering or absorption).

The wavelength of light is not changed upon scattering by the phosphor particles, but the scattered
photons changes its propagation direction. The azimuthal angle of photon scattering is obtained by a
random choice, assuming its isotropic in-plane distribution. The polar scattering angle is obtained
numerically from the computed scattering pattern by considering the pattern as the distribution of the
probability density for the photon scattering.

If the photon is absorbed by the p-th phosphor, it either reemits light with the probability 77, (T) or
transforms its energy to heat via non-radiative recombination with the probability 1-7,(T) . Here,
n,(T) is the quantum efficiency of light emission by the p-th phosphor. Reemitted photon has a

different wavelength, which is determined from the phosphor emission spectrum, considering it as the
distribution of the spectral probability density. The propagation direction of the reemitted photon is

assumed to be random (the reemission pattern is considered to be isotropic).
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4 Computation of the color coordinates and rendering index

Photons with different wavelength extracted from the LED lamp are counted in the far-field zone to

produce the emission spectra S(/l) corresponding to a certain observation angle. These spectra are

analyzed to estimate the white light quality in terms of conventional characteristics.
The emission spectrum S(A) can be characterized by the following parameters:

» color coordinates x and y in the CIE color diagram
» correlated color temperature (CCT)
> color rendering index (CRI)

4.1 Color coordinates

The color coordinates in the CIE 1931 XYZ color space are found from the standard color matching

functions X(A), Y(A), and Z(A), which are presented in Fig.1.

2.0
1.8—3
1.6—5
1.4-5
0.8—3
0.6—3
0.4-5

0.2

00—
400 500 600 700
wavelenght [nm]

Fig.1. Spectral dependence of the standard color matching functions

The tristimulus values X, Y and Z are defined as follows

X = kjsu) [X(A) EA (4.1)
Y =k j S(A) (1) B4 (4.2)
Z=k j S(A) (1) @A (4.3)
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Here k = 100 , so that Y is normalized to the value of 100.
[ St y(A) A

Then the derived color coordinates x and y are found from the tristimulus values by normalizing to

unity as
X
X=——— (4.4)
X+Y+Z
Y
= 4.5
Y vz (4.5)

4.2 Correlated color temperature

The CCT value is found using Robertson’s method as follows. First, the (u,V) space color coordinates

are found from the known (x, y) ones by using the relationships

-2x+12y+3 4.6)
_ 6y
C —2x+12y+3 @7

Then two nearest isotherms with known color temperatures T, and T, are identified on the (u,v)
chromaticity diagram. The CCT value T, is found as

d,
d-d, (T, -T) (4.8)

where d, and d,are the distances from the (u,Vv)-point to the corresponding isotherms, which are
defined as

— (V_Vi) _ti(u_ui)
d; = Jiet (4.9)

where (ui ,vi) and t, are the coordinates and the tangent of the slope of the i-th isotherm, respectively,

which are tabulated in the temperature range from 1,000 to 30,000 K.
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4.3 Color rendering index

The light source CRI is calculated with reference to a standard illuminant with the same value of CCT
as that of the measured light source. The standard illuminant is characterized by a known emission

spectrum P(/]) and respective color coordinates (uo,vo) corresponding to this spectrum.

Then chromaticity of the standard test color samples with given reflection spectra (/1) is calculated

for their illumination by both measured and standard illuminants as follows:
Xq = kjri (1) [B(1) X(1) @A
Yg = k[ 1 (A) [B(A) /(A) e (4.10)
Zg = kjri (1) (B(N) (1) 84
X, = kjri () P(1) X(A) [BA
Y, =k|1, (1) P() F/(A) @A (4.11)
Z, = kj r.(A) CP(A) [Z(A) (8

The tristimulus values are used to calculate first the coordinates in (u,Vv)-color space and then the

coordinates in (\W*,U",V" )-color space as
W+ = 25[Y"? -17
U* =13[W* (u-u,) (4.12)
V* =13[W* (Vv-v,)
The color rendering indices for each test sample are found as

R =100-4.6AE,
(4.13)

AFE, :\/(VVP, _WS|)2+(UPi _US)2+(VP. _Vs,)2

Finally, the total color rendering index is found as
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r=13'R 414
N 2R (414

=1

Two sets of the standart test color samples, which are the 8 color and the 14 color sets [7], are used in

the simulator, thus the two values of the CRI are calculated.

4.4 Integral characteristics

Along with the color characteristics corresponding to a certain observation angle, the integral
characteristics are also computed in the SimuLLAMP package by integrating the emission spectra of the

lamp in the far-field zone.
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5 Computation of power and luminous characteristics of LED lamp

Another group of characteristics computed by the package are power and luminous characteristics of
the LED lamp, namely, the angular distributions of the radiant intensity and luminous flux of the light

extracted from the lamp and luminous efficacy of radiation and source.

First, the energy of each “photon” emitted from the chip surface is calculated as a ratio of the total
optical power provided by LED chip to the number of traced photons specified by user. The energies of
the photons extracted from the LED lamp are counted in the far-field zone to produce the radiant

intensity P, ; corresponding to a certain observation angle 6 . The angular distribution of the radiant

intensity integrated over the azimuthal angles ¢ determines the radiant pattern P, , being given in the

solver result tab. By integrating the radiant intensity distribution in the far-field zone over the

observation angle @ , the total optical power B, of the lamp is computed.

The luminous flux ®,, distribution of the extracted light is obtained as follows
®, =P, ILE,  S,(A)V(A)dA, (5.1)
0

where S,(A) is the emission spectra corresponding to a certain observation angle 8, V(A) is the

standard luminosity function (spectral eye response) and LE, = 683|Wm is the luminous efficacy of an
ideal monochromatic 555 nm light source.

The total luminous flux @, is derived from the total optical power as

tot

0]

tot

=R, [LE, q S(AV (A)dA, (5:2)

where S(A) corresponds to the emission spectrum of the lamp integrated over the observation angles.

Using the total optical power and luminous flux we further compute the luminous efficacy of radiation:

0]
LE =—2 53
rad P ( )

tot
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The luminous efficacy of the source is computed by replacing B, in Eq.(5.3) with the input electrical

ot

power P, :

L = 5.4
Eores =5 (54)

in
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6 Heat transfer and heat sources in the lamp

6.1 Heat transfer

To obtain the temperature distribution inside the lamp, the heat transfer equation is solved:
oT
c(r e, )5 =00« NOT]+QE.T) (6.1)

where T is temperature at the point with the radius-vector r andtime t, c(r,T) and p(r,T) are
the specific heat capacity and density of the material, respectively, «(r,T) is the heat conductivity of

the material, and Q(r,T) is the heat source power density.
The general boundary conditions used for Eq.(6.1) are
—k(NMT) =a(T,-T,)+eo (TS -T) , (6.2)

where Ty and Tg are the temperature gradient and temperature at the boundary surface, T, is the

ambient temperature, n is the normal to the surface, a is the heat transfer coefficient, ¢ is the
emissivity coefficient, and o is the Stefan-Boltzmann constant. At £ =0 , the boundary conditions

describe the heat release from the surface corresponding to the thermal resistance R, = A/a (A is

the area of the surface through which the heat is released). At @ =0 , the heat is removed from the

surface via radiation.

6.2 Heat sources in the lamp

There are three types of the heat source in the lamp, namely, self-heating of the LED chips, light
absorption and Stokes shift release in the conversion medium, and light absorption in the lamp units

and boundaries. Let us consider each type in more detail.

6.2.1 Self-heating of LED chips

The power density of the current- and temperature-dependent heat release in an LED chip Q o, (1, T)
can be calculated as

Qe (1, T) =R, (I, M[1-WPE(I,T)] , (6.3)
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where R (1,T)=1V(I,T) is the electrical power supplied to the LED and derived from the

temperature-dependent current-voltage characteristic, and WPE(I,T) is the wall-plug efficiency of the

LED chip. This heat release is taken into account in the heat transfer analysis via the boundary

condition on the surface of the chip, written as follows

-k (NOT,) =05 , (6.4)
where ¢ is the heat flux outgoing from the chip surface of the area A, definedas g = Q#AE\D .

6.2.2 Heat release in the conversion medium

Here the heat release originates from the light absorption by the phosphor particles. In the case of the

absorption without light conversion, the total energy of the incident photon W, is transformed into the

heat. In the case of absorption followed by light conversion, the energy of the reemitted photon VVph is

reduced due to the Stokes shift:

th :th % ! (65)
where A is the wavelength of the reemitted photon. The difference in energies of the incident and
reemitted photons is converted into the heat
A
WSokes :th [ﬁl_jj (66)
The heat release is considered to take place inside the grid cell in which the interaction of light with the

phosphor particles has occurred. After counting the total energy of all photons released in the cell as

the heat, the heat source density Q(r,T) is obtained as the ratio of the energy to the cell volume.

6.2.3 Light absorption in the lamp units and optical boundaries

Heat in the lamp might also be released due to the light absorption in the lamp units and at the optical
boundaries. The decrease in the photon intensity due to the light absorption in the lamp units follows
Eq. (2.1) . As a result, the heat source power in a certain grid cell in which the absorption occurs is
defined as

Qabs =th[1_eXp(_ai Li)] ) (6-7)
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where a; is the absorption coefficient of the cell and L, is the length of the photon path inside that

cell. The value of Q.. is taken into account in the further heat transfer computations in a way similar to

that described in Sec. 6.2.2.

As it was described in Sec. 2, the propagating photon with the energy W, might also be absorbed on

the mirror-like or LED boundary, and this process is followed by the heat release at that boundary,

which results in a surface heat flux ¢ and is taken into account as a boundary condition (6.4).
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