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Abstract: The indirect illumination system with diffuse reflection light-emitting diode (LED)
is widely applied in various fields that require high illumination uniformity. On the basis
of the Lambertian characteristic of LEDs and the ideal diffuse surface, a design method
that features a multiple diffuse reflectance freeform surface is proposed and its related
mathematical model is established in this paper. A nonlinear algebraic equation is solved
to redistribute the energy emitted by the LED to a uniformity illuminated scene. The outline
of the diffuse surface is obtained by solving equations numerically. With the use of the ray
tracing software TracePro, simulation results show that the effect is generally the best and
the uniformity and efficiency are significantly improved compared with other methods when
the proportion between the radius of the target surface and the distance between the LED
light source and the target surface is 1:4.

Index Terms: Diffuse reflection, uniform illumination, freeform surface.

1. Introduction

Lighting and display are among the most important branches of technology at the beginning of the
21st century. They have changed how people think about general lighting design and application
and provided important solutions for energy saving and environmental protection today and in the
future [1]-[7]. Therefore, energy saving and humanization in lighting have attracted much attention.
However, energy wastefulness and the human factor problem in lighting such as light pollution,
glare, and non-uniform illumination are typically observed [8], [9]. To solve these problems, finding
an appropriate design for luminaires is one of the most important issues in modern lighting. The
problem of glare is usually solved by enlarging the effective area of the light source [10], [11].
Indirect illumination using light-emitting diodes (LEDs) and diffuse reflectors has been widely used
in various fields that require uniform illumination. However, high uniformity is always achieved at
the expense of light efficiency. The simultaneous multiple surface (SMS) method is an effective
method of ensuing illumination efficiency [13]. This method can effectively couple two pairs of
wavefronts, thus obtaining two freeform surfaces. A combiner designed by this method can typically
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increase the LED output by 30%—-40% compared with flat-cover LEDs. Benitez [14] proposed
the SMS method in 3D geometry, which provides an optical system with two freeform surfaces,
thus enabling better light emission than single freeform-surface designs and improving efficiency.
Hernandez [15] presented a new design of a TIR lens-mushrooms device developed with the SMS
method, which also reduced loss and improved efficiency. Other methods are used to enhance the
illumination efficiency. Ding [16], [17] introduced energy conservation into the design of the lens,
and the desired value of the target surface is used as a condition to establish a partial differential
equation. Uniformity can also be promoted by diffuse reflection.

Indirect illumination with LEDs and diffusers is widely applied in various fields that require uniform
illumination. However, its high uniformity comes at the cost of sacrificing light efficiency. The diffuse
reflector has the advantages of convenient material processing and high uniformity. Therefore, it is
often added to non-imaging optical design to improve the uniformity of the optical system. However,
the diffuse reflector is less efficient than other optical designs. Therefore, the improvement of the
efficiency of the diffuse reflector is still a significant subject of research. Zhu [18], [19] introduced
diffuse reflection into lighting system design. By solving a series of nonlinear algebraic equations of
mathematical models, a design method of diffuse reflection freeform surface was proposed, and a
mathematical model of diffuse reflection hemisphere based on circular LED array was established.
Compared with traditional direct illumination, this method greatly improved the uniformity and
efficiency of diffuse reflection hemisphere surfaces. However, the theory of diffuse reflection still
needs to be further improved. Therefore, Zhu [20], [21] adopted energy-saving measures, which
greatly compensated for the inefficiency of the design. With the use of the bidirectional reflectance
distribution function (BRDF) of the inner surface of a diffuse freeform surface, a mathematical
simulation algorithm was established to represent the radiation of the irradiated plane. The ex-
pected values on the target plane were calculated according to the conservation law, and a set
of nonlinear algebraic equations was established. Compared with the traditional design methods
(direct lighting and diffuse illumination with hemispherical inner surface), better uniformity and
higher efficiency were obtained. Then, a method of designing diffuse reflective asymmetric surfaces
was proposed [22], which could be used to obtain different asymmetric surfaces for different LED
arrays. Compared with the traditional methods, this method improved not only the efficiency but
also the uniformity. Moreover, in the far-field situation, the efficiency of the proposed surface for
hexagonal LED array can reach 70.86%, while the rotational symmetry is 64.73%; and the direct
irradiation is only 47.59%.

In this paper, a series of mathematical models for the reflection of light on a diffuse freeform
surface is presented. These models mainly consider diffuse reflection plane, first diffuse reflec-
tion freeform, second diffuse reflection freeform and third diffuse reflection freeform surfaces. In
Sections 2.1, 2.2, and 2.3, the related mathematical models are mainly introduced. A mathematical
model of multiple diffuse reflectance is established. The designed diffuse reflectance freeform
surface redistributes the energy emitted by the LED to obtain a uniform illumination area on the
target plane. On the basis of the law of conservation of energy, the expected value uniformity
on the target plane is calculated, and then a mathematical simulation algorithm is established
to represent the radiation of the irradiated plane by using the bidirectional scattering distribution
function of the diffuse freeform surface. A set of nonlinear algebraic equations is established
according to the expected values on the target plane calculated by the conservation law. The
relevant diffuse reflector plane, the primary diffuse reflector freeform surface, the secondary diffuse
reflector freeform surface, and the cubic diffuse reflector freeform surface are established by using
this method. Experimental results show that the uniformity and efficiency are nearly maximum at
about 86% and higher uniformity and efficiency are obtained compared with traditional methods
when the third diffuse reflection occurs.

2. Design Method of the Diffuse Reflection Freeform Surface

In order to construct the mathematical simulation algorithm of the whole system, it is necessary to
establish a single LED illumination model. The radius of ordinary LED chip is generally between
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1 mm and 3 mm, and the whole system size is larger than the radius of LED chip, so a single LED
chip can be regarded as a point light source in the whole diffuse illumination system. Ideally, the
radiant intensity of LED point light source can be expressed as shown in Eq. (1):

E(r,6) = Ey(r)cos™d (1)

Where 6 is the angle between the light and the optical axis; r is the distance between LED
and illuminated area, Eq(r) is the irradiance distribution at a distance d and 6 = 0°, the value of
dis dis the distance from the LED to the illumination plane, and the value of mis related to the
relative position of the region where the center of curvature of the spherical package of the LED
emits light. If the position of the chip coincides with the center of curvature, m =1, the LED can
be approximated as a Lambert. In practice, the value of m of a typical LED is greater than 1,
and is related to the angle 0, which can be determined by the half-intensity light angle 6;,.. The
half-intensity light angle 61,» can be obtained from the LED manufacturer. It can be defined as the
angle between the light and the optical axis when the radiation intensity is half of the radiation
intensity in the direction of & = 0°. When 6 = 6,5, E(r, 8) = Eq(r)/2, substituting into the Eq. (1),
the m value can be expressed by:

—In2
m=——— 2
In(cos 6y ,2) @)
When the LED is illuminated onto a plane perpendicular to its optical axis, the irradiance
distribution E which gives by Eq. (1) can be further adapted as:
lhcos™d
E(ro) =" (3)
Where |y is the radiant intensity (W/sr) of the LED along the normal direction, d is the distance
from the LED to the illumination plane. When the irradiance distribution of single LED given by Eq.
(1) iluminates a point on the plane, the equation is transformed into a Cartesian coordinate system
(x, y, 2), and Eq. (3) can be transformed into:

Zm/o

E(x.y.2) = 3 (4)
/2
[(x=x)2+ (y =2+ 22"
Where (x;, y;) is the position coordinate of the LED, Eq. (4) is the irradiance distribution model of
single LED.

2.1 Diffuse Reflection Plane (Ideally)

In this paper, it is considered that the diffuse reflection freeform surface has rotational symmetry.
Therefore, we consider the 2-D model and take the X-Z plane as an example. Fig. 1 shows the
points on the diffuse reflection freeform plane P and target plane T can be further represented as
p(xi, 0, z;) and E;(j)(x:p, 0, —H) on the 2-D plane of X-Z. According to the knowledge of space vector,
we can get:

—
OUT = (xip — Xi, —H — z)

N=(-1.0) (5)
cosy = QUT-N_
ouT|.|A|

—>

Where OUT is the vector that represents the emergent ray from_goint p and t after reflection by
P, N is the normal vector of P at point p, 9 is the angle between OUT and N.

Lambert surface can be defined as a surface with constant illumination in any direction, and its
hemispheric reflectance is 1. Since the hemispherical surface is a highly diffuse reflective surface,
it can be approximately seen as a Lambertian surface. For Lambert’s surface there are:

ly = lhcosd (6)
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p(x;,0,21)1=1,2,3,...
Diffuse reflection
plane (ideally)

Target plane
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Fig. 1. Schematic diagram of the diffuse reflection plane (ideally).

Where I; is the emergent light intensity in a certain emitting-angle 9. Accordingly, the irradiance
distribution on the target plane can be given by the following formula:

E - BRDF - cosd - dS
d?

Where E is the received irradiance of the freeform surface given by Eq. (4), d’ is the distance be-
tween the freeform surface and the direction plane, dS represents the area element on the freeform
surface. The BRDF is bidirectional reflectance distribution function, which used to represent the
freeform surface reflectance properties. It can be given by:

E=J (7)

BRDF = £ (8)
T

Where w is the diffuse reflectance ratio of the freeform surface. To simplify the calculation, the
reflected irradiance distribution of the target plane given by Eq. (7) in complex integral from is
replaced by a simple irradiance superposition from all these secondary sources:

E — XN: E (x;, 0, z)) ABRDF Acosd;

d/2 (9)

i=1

Where N is the number of discrete points in the intersection. Then substituting Eq. (5) and Eg.
(8) into Eq. (9), the illumination of a single discrete point on the target plane is obtained as shown
in Eq. (10):

E(x,0,2) - (X — Xp)

37 (10)

E (. 0. —H) =)

=1 7 - [(xtp - x,-)2 + (H+ z;)z]

2.2 First Diffuse Reflection Freeform Surface

Fig. 2 shows the points on the diffuse reflection freeform surface P and target plane T can be further
represented as p(x;, 0, z)) and T (x;p, 0, —H) on the 2-D plane of X-Z. According to the knowledge of
space vector, we can get:

—
OUT = (xp— X, —H — 7))

N= (—dZ‘,—g/X) (1 1)
cosd = TN
out||A|
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Diffuse reflection
freeform surface

Target plane

T(x4,,0, -H)

Fig. 2. Schematic diagram of the diffuse reflection freeform surface for the first diffuse reflection occurs.
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Fig. 3. The diffuse reflection freeform surface 2D contours and 3D diffuse reflection freeform surface
for for the first diffuse reflection occurs.

Then substituting Eqg. (8) and Eq. (11) into Eq. (9), the irradiance simulated algorithm of the point
T(x:p, 0, —H) on the target plane can be reduced as shown in Eq. (12):

E' (X 0, —H) Z E(x.0.2) w-[(%p— %) (Z1 —Z)+ (H+Z) - (X1 — x)] (12)

[(xfp P 2] [ = 207+ O~ 7]

With the continuous improvement of high-power LED emission intensity, the lighting system using
single LED as point light source has been widely used. On the basis of the theory of differential
geometry, a series of partial nonlinear equations are established, and according to the energy
mapping relations between source and the target plane are established. The points of the surface
are obtained by solving the differential equations with Matlab (Version 2014). Fig. 3 shows the 2-D
contour of a freeform surface when the first diffuse reflection occurs. The desired freeform surface
is constructed by using the obtained surface data in the 3-D modeling software Solidworks (Version
2015). Fig. 4 shows the surface shape of a freeform surface when the first diffuse reflection occurs.
The obtained freeform surface is imported into the optical simulation software Tracepro (Version
7.4.3) for simulation.

2.3 Second Diffuse Reflection Surface

Fig. 4 shows the points on the diffuse reflection freeform surface P and target plane T can be further
represented as p(x’;, 0, Z';) and T (x'tp, 0, —H) on the 2-D plane of X-Z. In this paper, assuming that
there are N radiation points on the diffuse reflector freeform surface, the radiation illumination value

Vol. 12, No. 4, August 2020 6500917



R(x;,0,2)i=1,2,3,...

Diffuse reflection
freeform surface

P(,0,2)1=1,2,3,...

Target plane

-H

T(x}p 0,—H)

Fig. 4. Schematic diagram of the diffuse reflection freeform surface for second diffuse reflection occurs.
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Fig. 5. The diffuse reflection freeform surface 2D contours and 3D diffuse reflection freeform surface
for the second diffuse reflection occurs.

of each point is E;, and each radiation point radiates to two non-adjacent points. We can get:
1:E=YN,E

2:E =Y ,E

: (13)
i—1:E_41=Y"2F

itE =Y E

Combining the Eqg. (8), Eq. (9), Eqg. (12) and Eqg. (13), the irradiance simulated algorithm of the
point T(x'sp, 0, —H) on the target plane can be reduced as shown in Eq. (14):

(i 0,y = 3 £ 0. H) 0 (¥t =) (2 =20) + (420) {2y )]

3/2 1/2
S = x)" 20| (@ - 20"+ (@ 0]

The points of the surface are obtained by solving the differential equations with Matlab (Version
2014). Fig. 5 shows the 2-D contour of a freeform surface when the second diffuse reflection occurs.
The desired freeform surface is constructed by using the obtained surface data in the 3-D modeling

(14)
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Fig. 6. Seven different diffuse freeform surface models in the case of third diffuse reflection.

software Solidworks (Version 2015). Fig. 5 shows the surface shape of a freeform surface when
the second diffuse reflection occurs. The obtained freeform surface is imported into the optical
simulation software Tracepro (Version 7.4.3) for simulation.

2.4 Third Diffuse Reflection Surface

The same can be obtained, according to the second diffuse reflection formula in the part lll, we can
get:

Bo (X190, =H) -0 [ (X = %) - (21 = 20) + (H+2) - (1 = X))
; 2 3/2 1/2
T on Cgm) )| [ - g )

Diffuse reflection is the reflection of light projected on a rough surface in all directions. When
a parallel beam of incident light strikes a rough surface, the surface will reflect the light in all

(15)
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Fig. 6. Continued.

directions. Therefore, although the incident rays are parallel to each other, the reflected light is
reflected irregularly in different directions due to the different normal directions of each point. This
reflection is called diffuse reflection and the reflected light is called diffuse light. Many objects, such
as plants, walls, and clothes seem to have a continuous rough surface, but a closer look at them
with a magnifying glass shows that their surface is uneven. Thus, the parallel sunlight is reflected
by these surfaces, diffusely shining in different directions.
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Fig. 7. Schematic diagram of the diffuse reflection freeform surface for nth diffuse reflection occurs.

To prove the validity of the paper more effectively, this paper establishes several different
mathematical models under the condition of distance Z = 400 mm and R = 100 mm, Z is the
distance between the LED light source and the target illumination surface, and R is the radius of
the target illumination surface, as shown in the following Fig. 6.

2.5 NTH Diffuse Reflection Surface

As shown in Fig. 7, the points on the diffuse reflection freeform surface P and target plane T can
be further represented as p(x/~',0, z/') and T(x/, ', 0, —H) on the 2-D plane of X-Z. In this paper,
assuming that there are N radiation points on the diffuse reflector freeform surface, the radiation
illumination value of each point is E;, and each radiation point radiates to two non-adjacent points.

Therefore, according to the above diffuse freeform surface, we can further obtain that when
the nth diffuse occurs, the illuminance distribution of the diffuse freeform surface on the target
illumination surface is:

Er (x50, ~H) =
=1

En-1 (x{’p‘z, 0, —H) W - [(x,”p‘1 — x,”“) (=Y + H+2) - (0 - x,."“)]

n—1 n—1 2 n—1\2 8z n—1 n—1\2 n—1 n—1\2 172
T (ti =X ) +(H+27) [(Zm =20+ (X )]

3. Simulation Results and Discussion

For the above seven diffuse freeform surface models, in order to obtain the best model, it is
necessary to verify the accuracy of all models under various parameters. As shown in the following
Table 1 and Table 2.

It can be seen from the above table that the third diffuse freeform surface of type ¢ selected in
this design can get the best results in most parameters of Z and R. In the same way, the efficiency
of different diffuse freeform surfaces under various parameters has little difference. To carry out
further simulation experiments, type c freeform surface is selected as the optimal freeform surface
in the third diffuse freeform surface model.

Vol. 12, No. 4, August 2020 6500917



|IEEE Photonics Journal Establishment and Solution

TABLE 1
Uniformity of Seven Kinds of Diffuse Freeform Surfaces Under Various Parameters in Fig. 8

Uniformity
a b c d e f g
7Z=150,R=40 82.34%  83.20% 84.51% 84.41% 83.63% 83.04% 81.08%
7=200,R=40 81.65% 80.84% 82.98% 82.19% 81.26% 81.49% 78.66%
7=200,R=50 83.21% 83.08% 84.62% 84.14% 82.93% 83.08%  80.64%

7=300,R=100 82.90%  83.06% 83.07% 82.43% 82.57%  82.69%  81.59%
7=400,R=100 82.05% 83.42% 85.29% 83.86% 82.92% 82.65% 80.35%
7=400 R=150 81.27% 81.711% 81.84% 81.00% 81.28%  81.50%  80.29%
7=600,R=150 82.44% 83.49% 85.24% 83.70% 83.12% 82.35%  80.58%
7Z=800,R=150 81.50% 79.22% 81.49% 81.77% 80.48%  80.99%  78.69%
Z=600,R=200 8295% 82.92%  83.10% 82.45% 82.68% 82.61% 81.57%
Z=800,R=200 82.23% 83.51% 85.31% 83.58%  83.22%  82.38%  80.55%
Z=1200,R=400 82.71% 83.22% 83.16% 82.35% 82.67% 82.84% 81.23%

Z=1600,R=400 82.32% 83.25% 85.34% 83.61% 83.21% 82.49% 80.44%

When we obtained the freeform surface, TracePro (Version 7.4.3) is used to simulate and verify
the results of the diffuse transmissive freeform surface illumination performance. Here, a single
LED at the origin can be treated as the source for the simulation and the LED has an analogous
Lambertian radiation distribution, with the die size of 1 mm x 1 mm and the power of the single LED
is 1Watt. Compared with the size of the free-form surface, the LED can be regarded as a point light
source. In this simulation experiment, the distance between the LED light source and the target
illumination surface is between 150 mm and 1600 mm. Table 3 shows the uniformity and efficiency
of Fig. 7 under seven different diffuse freeform surface models at distance Z = 400 mm and R
= 100 mm. From the table, it can be seen that the efficiency of the seven models is not much
different, all of which are about 5.83%. For uniformity, the uniformity of model ¢ is the highest,
reaching 85.29%.

Fig. 8 shows the simulated results of ray-tracing simulation with Z = 600 mm. Meanwhile, the
simulation results of different distances and radius further show the importance of the method in
Table 2. It shows that the efficiency and uniformity of the target plane get better under different
conditions. By adjusting the illumination distance and the size of the target plane, we compare
four kinds of diffuse reflective surface, which are diffuse reflection plane, first diffuse reflection,
second diffuse reflection, third diffuse reflection, to verify the validity of the design method of the
surface. From Fig. 8, we can see that the illumination uniformity is 84.49% under the condition of Z
= 600 mm, which is suitable for various fields requiring uniform illumination.

To prove the correctness and accuracy of our research, we selected several sets of data for
comparison. On the basis of the results, we can conclude that this paper has a certain significance.
Table 4 shows the lighting efficiency and uniformity of four lighting methods (diffuse reflection plane,

Vol. 12, No. 4, August 2020 6500917



IEEE Photonics Journal Establishment and Solution

TABLE 2
Efficiency of Seven Kinds of Diffuse Freeform Surfaces Under Various Parameters in Fig. 8

Efficiency
a b c d e f g
Z=150,R=40 6.57% 6.57% 6.57% 6.57% 6.57% 6.58% 6.60%
7=200,R=40 3.81% 3.81% 3.81% 3.81% 3.81% 3.81% 3.82%
7=200,R=50 5.83% 5.83% 5.83% 5.83% 5.83% 5.83% 5.83%

7=300,R=100 9.91% 9.90% 9.91% 9.90% 9.91% 9.93% 9.96%
Z=400,R=100 5.83% 5.82% 5.83% 5.83% 5.83% 5.83% 5.85%
7Z=400,R=150 12.20%  12.20%  12.20%  12.20%  12.21%  12.23%  12.26%
7Z=600,R=150 5.83% 5.83% 5.83% 5.83% 5.83% 5.83% 5.85%
7Z=800,R=150 3.37% 3.36% 3.37% 3.36% 3.37% 3.37% 3.38%
7=600,R=200 9.91% 9.91% 9.91% 9.91% 9.92% 9.93% 9.96%
7Z=800,R=200 5.83% 5.82% 5.83% 5.82% 5.83% 5.83% 5.85%
7Z=1200,R=400 9.91% 9.91% 9.91% 9.91% 9.92% 9.93% 9.96%

Z=1600,R=400 5.83% 5.82% 5.83% 5.83% 5.83% 5.83% 5.85%

TABLE 3
lllumination Uniformity and Efficiency of Seven Different Models of Diffuse Freeform Surface in Fig. 5

Diffuse Reflection Freeform Surface Model Uniformity Efficiency

a 82.05% 5.83%
b 83.42% 5.82%
c 85.29% 5.83%
d 83.86% 5.83%

82.92% 5.83%
f 82.65% 5.83%
g 80.35% 5.85%

first diffuse reflection, second diffuse reflection, and third diffuse reflection). With the increase in
the source—target distance, the uniformity of traditional systems becomes unstable. In this paper,
the illumination uniformity of the diffuse reflection freeform surface is higher than that of the other
lighting systems. At the same distance and different radius of the target plane, the illumination
uniformity is higher than that of other lighting systems. When the source—target distance is Z =
200 mm and the radius of the target plane is 50 mm, the uniformity of illumination reaches the
maximum. Simulation results show that when the radius of the target surface and the distance
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Fig. 8. Simulation results of the irradiation uniformity over the target plane at the distance Z = 600 mm.
(a) the irradiation distribution of the illumination scene which is a circular area with the radius R =

600 mm. (b) the uniformity across the center of the target plane along x axis and y axis.

TABLE 4
lllumination Uniformity and Efficiency of Four Lighting Methods

Uniformity Efficiency
diffuse first diffuse second third diffuse diffuse first diffuse second third diffuse
reflection reflection diffuse reflection reflection reflection diffuse reflection
plane freeform reflection freeform plane freeform reflection freeform
freeform freeform
Z=150,R=40 81.43% 82.84% 84.17% 84.41% 5.29% 6.36% 6.48% 6.57%
7Z=200,R=40 77.07% 80.08% 82.44% 82.68% 2.30% 3.75% 3.81% 3.81%
Z=200,R=50 79.89% 82.18% 85.25% 85.36% 5.10% 5.63% 5.83% 5.83%
Z=300,R=100 79.50% 80.93% 83.48% 84.77% 5.67% 9.34% 9.76% 9.77%
Z=400,R=100 79.77% 80.67% 84.35% 85.29% 3.15% 5.48% 5.83% 5.83%
Z=400,R=150 79.93% 80.24% 81.97% 82.03% 9.34% 11.51% 12.2% 12.2%
Z=600,R=150 79.58% 82.31% 84.80% 85.24% 4.02% 5.63% 5.82% 5.83%
Z=800,R=150 76.86% 79.65% 81.45% 81.43% 2.30% 3.25% 3.36% 337%
Z=600,R=200 79.97% 80.60% 83.39% 84.49% 8.53% 9.90% 9.90% 9.90%
Z=800,R=200 81.84% 82.44% 84.16% 85.31% 4.16% 551% 5.63% 5.83%
Z=1200,R=400 80.01% 81.40% 83.34% 84.82% 7.84% 9.36% 9.20% 9.78%
Z=1600,R=400 81.20% 82.98% 85.33% 85.34% 4.30% 5.48% 5.84% 5.84%
Vol. 12, No. 4, August 2020 6500917
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Fig. 9. Simulation results with different illumination schemes and at different source-target distances
irradiation uniformity over the target plane.

135
12.0
10.5 |
9.0
—~ 15 F
&Q L
< 60
5 L
8 4.5 _—
Q
& 3.0 i
Hoystk
00 L —=— diffuse reflection plane
s i —&— first diffuse reflection free-form
3'0 3 —4A— second diffuse reflection free-form
“H —¥— third diffuse reflection free-form
'4~5’1.1.1.1.1.1.1.1.1.1.1.1
(150,40) (200,40) (200,50) (300,100) (400,100) (400,150) (600,150) (800,150) (600,200) (800,200) (1200,200)(1600,400)
(Z.R)

Fig. 10. Simulation results with different illumination schemes and at different source-target distances
irradiation efficiency over the target plane.

between the source and the target surface is 1:4, the effect is generally the best. After three diffuse
reflections, the uniformity can reach about 85.36%.

Fig. 9 shows the simulation results with different illumination schemes and at different source-
target distances irradiation uniformity over the target plane.

Fig. 10 shows the simulation results with different illumination schemes and at different source-
target distances irradiation efficiency over the target plane. We can find the efficiency of the second
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Fig. 11. (a) Uniformity of different illumination distances when the target plane radius is 150 mm.
(b) Lighting efficiency at different lighting distances with a target surface radius of 150 mm.
(c) lllumination uniformity of different target plane radii with illumination distance of 400 mm.
(d) lllumination efficiency of different target plane radii with illumination distance of 400 mm.

diffuse reflection and the third diffuse reflection are very close to each other. When the source—
target distance is Z = 400 mm, and the radius of the target plane is 150 mm, the efficiency of
illumination reaches the maximum.

Fig. 11 shows the illumination uniformity and efficiency of different diffuse freeform surfaces
under different conditions. Evidently, the lighting condition of each lighting system changed with
the increasing distance between the light source and the target plane. Figs. 11(a) and 11(b) show
the variation trend of uniformity and efficiency of different lighting systems when the radius of
the target lighting surface is unchanged and the illumination distance is changed. The illumination
efficiency of four different diffuse freeform surfaces decreases with the increasing distance between
the light source and the target illumination surface. However, the illumination efficiency of the three
diffuse freeform surfaces is higher than that of the other three forms. The radius of the target
illumination surface changes when the distance between the control light source and the target
illumination surface is constant. Figs. 11(c) and 11(d) clearly show that the irradiance uniformity
of the system reaches the maximum value when the distance Z between the light source and the
target illumination surface is maintained at 400 mm and the radius of the target plane reaches
100 mm. The irradiance uniformity of the system reaches the maximum value when the radius
r of the target illumination surface is maintained at 150 mm, and the distance between the light
source and the target illumination surface reaches 600 mm. Similarly, when the radius of the target
illumination surface is maintained at 150 mm, the illumination efficiency of the system will gradually
decrease with the increasing distance between the light source and the target illumination surface.
When the distance between the light source and the target illumination surface is maintained at
400 mm, the illumination efficiency of the system will gradually increase with the increasing radius
of the target illumination surface.
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Fig. 12. Association and implementation of various diffuse freeform surfaces.

From Fig. 12, for the diffuse plane (ideal case) and the diffuse freeform surface obtained when
one diffuse occurs, the light source is emitted from the LED; after light passes through the diffuse
freeform surface, only one reflection occurs and then reaches the target lighting surface. At this
time, the diffuse plane and the diffuse freeform surface can be obtained according to the corre-
sponding expression. Diffuse reflection is the reflection of light on a rough surface in all directions.
When a beam of parallel incident light strikes a rough surface, the surface will reflect the light in all
directions. Although the incoming rays are parallel to each other, the normal directions of each point
are not the same, resulting in the light being reflected irregularly in different directions. Therefore,
on the basis of this theory, this paper considers the existence of multiple diffuse reflections. When
the second diffuse occurs, as shown in Fig. 4, the light emitted by the light source from the LED
reaches the R point on the diffuse freeform surface. At this time, the R point is equivalent to a
Lambert body light source that continues to reflect to the diffuse freeform surface to the P point. By
the same principle, a series of R and P points of the diffuse freeform surface begins to occur. The
following principle is obeyed: Each radiation point radiates to two non-adjacent points. After a series
of irradiance superposition, the freeform surface is obtained when the secondary diffuse reflection
occurs when light arrives at the T-point of the illuminating surface of the target surface, and the
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Fig. 13. Comparison of simulation results between diffuse reflector plane and diffuse reflector freeform
surface.

corresponding multiple diffuse freeform surface is obtained by applying its rules to the cases of
secondary, tertiary, and multiple diffuse reflection. Finally, the simulation results are analyzed and
compared.

In accordance with the above methods, we choose a suitable mathematical model of the
fourth diffuse reflectance freeform surface and conduct an optical simulation experiment on the
model. The experimental results are compared with those of the previous three diffuse reflectance
mathematical models. The results are shown in Fig. 13.

From Fig. 13, we can see that the best effect is achieved when the third diffuse reflection freeform
surface occurs, that is, when the fourth diffuse reflection occurs, the energy is consumed in the
process of reflection.

4. Conclusion

In this paper, a model of a multiple diffuse reflectance freeform surface is established based on the
design of diffuse reflectance freeform surface. The simulation results show that when the distance
between the target surface and the light source is 4:1 in proportion to the radius of the target
surface, the uniformity is generally the highest, and when the third diffuse reflection occurs, the
maximum uniformity and efficiency are achieved. Compared with the other three methods, the
proposed model has better fault tolerance and stability in terms of illumination uniformity and
efficiency. The simulation results show that the uniformity of the illuminated circular area on the
target illumination surface is close to 86%, and the light output efficiency is better than that of
the traditional light source. The diffuse reflector freeform lens designed in this work has high
illumination uniformity and light output efficiency, thereby providing economic benefits to LED
lighting projects. For diffuse indirect illumination, the significant improvement of efficiency and
uniformity can increase the utilization of illumination systems to a certain extent.
Disclosures: The authors declare no conflicts of interest.

References

[1] J. Jiang et al., “Optical design of a freeform TIR lens for LED streetlight,” Optik - Int. J. Light Electron Opt., vol. 121,
no. 19, pp. 1761-1765, 2010.

[2] C. W. Chiang, Y. K. Hsu, and J. W. Pan, “Design and demonstration of high efficiency anti-glare LED luminaires for
indoor lighting opt,” Opt. Express, vol. 23, pp. 12-23, 2015.

[38] C. H. Tsuei, . W. Pen and W. S. Sun, “Simulating the illuminance and the efficiency of the led and fluorescent lights
used in indoor lighting design,” Opt. Express, vol. 16, pp. 18692—701, 2008.

[4] H. C. Chen, J. Y. Lin, and H. Y. Chiu, “Rectangular illumination using a secondary optics with cylindrical lens for LED
street light,” Opt. Express, vol. 21, no. 3, pp. 3201-3212, 2013.

Vol. 12, No. 4, August 2020 6500917



IEEE Photonics Journal Establishment and Solution

5]
(6]
(7]
8]
9]
(10]
(1]
[12]
(13]
(14]
(18]

[16]
(7]

(18]
[19]
[20]
[21]
[22]
(23]

[24]

Z. Feng, Y. Luo, and Y. Han, “Design of LED freeform optical system for road lighting with high luminance/illuminance
ratio,” Opt. Express, vol. 18, no. 21, pp. 22020-22031, 2010.

H. C. Chen, J. Y. Lin, and H. Y. Chiu, “Rectangular illumination using a secondary optics with cylindrical lens for LED
street light,” Opt. Express, vol. 21, pp. 3201-12, 2013.

J. W. Pan, Y. C. Sy, and Y. S. Chen, “Secondary optical element design for intracorporeal LED illumination system,”
Opt. Lett., vol. 39, pp. 224-227, 2014.

J. J. Vos, “On the cause of disability glare and its dependence on glare angle, age and ocular pigmentation,” Clin.
Express Optometry, vol. 86, no. 6, pp. 363-370, 2010.

T. Kasahara, D. Aizawa, T. Moriyama, M. Toda, and M. lwamoto, “Discomfort glare caused by white LED light sources,”
J.Light Vis. Env., vol. 30, no. 2, pp. 95-103, 2006.

A. Travis, N. Emerton, and S. Bathiche, “Collimated light from a waveguide for a display backlight,” Opt. Express,
vol. 17, no. 22, pp. 19714—-19719, 2009.

J. A. Wheatley et al., “Efficient LED light distribution cavities using low loss, angle-selective interference transflectors,”
Opt. Express, vol. 17, no. 13, pp. 10612—-10622, 2009.

C. C. Sun et al., “Calculating model of light transmission efficiency of diffusers attached to a lighting cavity,” Opt.
Express, vol. 18, no. 6, pp. 6137-6148, 2010.

O. Dross, J. C. Mifano, P. Benitez, A. Cvetkovic, and J. Chavez, “Non-imaging optics combine LEDs into one bright
source,” Int. Soc. Opt. Eng., 2006.

P. Gimenez-Benitez et al., “Simultaneous multiple surface optical design method in three dimensions,” Opt. Eng.,
vol. 43, no. 7, pp. 1489-1502, 2004.

J. L. Alvarez et al., “TIR-R concentrator: A new compact high-gain SMS design,” in Proc. Spie Int. Soc. Opt. Eng.,
2001, Art. no. 4446.

P. Gu et al., “Freeform LED lens for uniform illumination,” Opt. Express, vol. 16, no. 17, 2008, Art. no. 12958.

Y. Ding, P. F. Gu, and Z. R. Zheng, “The freeform reflector for uniform rectangular illumination,” Japanese J. Appl. Phys.
Part 1, Regular Papers, Brief Commun. Rev. Papers, vol. 46, no. 12, pp. 7771-7773, 2007.

Z. M. Zhu et al., “Uniform illumination design by configuration of LED array and diffuse reflection surface for color vision
application,” J. Display Technol., vol. 7, no. 2, pp. 84-89, 2011.

Z. M. Zhu et al., “Design of diffuse reflection freeform surface for uniform illumination,” J. Display Technol., vol. 10,
no. 1, pp. 7-12, 2014.

Z. M. Zhu, H. Liu, and S. M. Chen, “The design of diffuse reflective freeform surface for indirect illumination with high
efficiency and uniformity,” IEEE Photon. J., vol. 7, no. 3, 2015, Art. no. 1600510.

Z. Zhu, “Uniform illumination study by light-emitting diode ring array and diffuse reflection surface,” Acta Optica Sinica,
vol. 31, no. 1, 2011, Art. no. 0115001.

Z. M. Zhu, X. Sun, and B. Peng, “The design of diffuse reflective off-axis surface for noncircular LED arrays,” IEEE
Photon. J., vol. 9, no. 1, 2017, Art. no. 1600210.

W. E. Vargas, “Optimization of the diffuse reflectance of pigmented coatings taking into account multiple scattering,” J.
Appl. Phys., vol. 88, no. 7, pp. 4079-4084, 2000.

Z. Zhu et al., “Design method of double freeform surface lens with diffuse reflection,” Lighting Res. Technol., 2019.

Vol. 12, No. 4, August 2020 6500917




<<
  /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


