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1 Introduction

Theoretically, light-emitting diodes (LEDs) have many ad-
vantages, such as good reliability, long life, variable color,
and low power consumption.1 Since the LED’s lumen effi-
ciency has increased rapidly in recent years, the LED has
begun to play an important role in many applications, such
as backlighting for cell phones and other LCD displays,
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Abstract. Light-emitting diode (LED) MR16 lamps, regarded as one
typical general lighting product of LEDs, are being widely used in many
applications. Light efficiency into a main beam and uniformity are two
key issues for high quality illumination of LED MR16 lamps. In this study,
a practical and precise nonimaging optical design method is presented,
and two novel 90- and 120-deg free-form lenses for high illumination
quality LED MR16 lamps are designed according to this method. Based
on the Monte-Carlo ray-tracing method, numerical simulation results
demonstrate that the light output efficiencies of these novel lenses reach
as high as 98% and are 17% higher than that of traditional total internal
reflection (TIR) MR16 lens. Moreover, more than 89% of light exiting
from the surfaces of these novel lenses irradiate within the desired re-
ceive target, while only 60% irradiate for traditional TIR lens. The unifor-
mities of illuminance distribution across the target of these novel MR16
lamps also are much higher. In addition, these novel lenses are both
quite compact and no more than 1/5 of that of the TIR lens. Therefore,
these LED MR16 lamps integrated by novel lenses provide an effective

solution to high quality illumination. © 2009 Society of Photo-Optical Instrumenta-
tion Engineers. [DOI: 10.1117/1.3274677]
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street lighting, and interior and exterior automotive
lighting.z’3 One typical general lighting product of LEDs is
the LED MR16 lamp. MR16 lamps are typically used as
outdoor spotlights or accent lighting for part of a room, in
restaurants, museums, or retail displays. The light distribu-
tion of LEDs is always similar to Lambert, which is not
suitable for MR16 lamp illumination, therefore secondary
optics design is essential. Two issues of LED MR16 lamps,
the color-rendering index (CRI) and color temperature
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(CT), have been investigated to improve illumination
quality.4 Moreover, light efficiency into main beams and
uniformity are another two issues for high quality illumina-
tion of LED MR16 lamps. A uniform and circular light
pattern can enhance the light efficiency into main beams
and uniformity. At present, due to the poor design of the
lens, which cannot control irradiation directions of lights
effectively, the light efficiencies into the main beams and
uniformities of many products existing in the market are
quite low,” which results in poor illumination performance
and difficulties in meeting the requirements of high quality
illumination. Most lights irradiating from the LED, espe-
cially lights generating at the center of LED die, should be
accurately designed to irradiate at the desired points on the
target plane to obtain a uniform and circular light pattern.
Until now, there are multimethods to gain a uniform and
circular light pattern, such as a total internal reflection
(TIR) lens, free-form lens, and LED array. However, with
the method of the TIR lens, it is difficult to generate a
uniform light pattern and the divergence angle is always
small. And with the method of the LED array, several LEDs
should be arranged in a special form, which is not suitable
to the MR 16 lamp. Concerning the free-form lens method,
lots of work has been done, and there are multieffective
algorithms to design free-form lenses, such as the simulta-
neous multiple surface (SMS) method.® tailored method,’
and discontinuous free-form lens method.® All these meth-
ods can be used to design a free-form lens that will gener-
ate a prescribed illuminance distribution on the target
plane. However, these methods are too complicated to ob-
tain a uniform and circular light pattern. Therefore, an im-
proved lens design method is needed to control lights much
more accurately. In this study, we present a novel lens de-
sign method, and with this method a novel type of free-
form lenses for LED MRI16 lamps are designed. These
lenses had small volume and compact size, and only less
than 1/5 that of a traditional total internal reflection (TIR)
lens. A precise optical model of Cree®XLamp® XR-E LED
(Cree, Durham, North Carolina) was also established as the
light source of novel LED MR16 lamps. The numerical
simulation, based on the Monte-Carlo ray-tracing method,
shows that more than 89% of lights exiting from the lens
surface irradiate within the desired receive target, and the
lamps with this type of lens have a higher uniformity illu-
minance distribution across the target and smaller volumes
of lens. But in the case of designing a small divergence
angle lens, the efficiency of lights irradiating within the
desired receive target drops, which is elaborated later.

2 Problem Statement

The MR16 lamp is designed to form a uniform and circular
light pattern on a target for accent lighting. The light dis-
tribution of a LED is always similar to Lambert, which is
not suitable for MR16 lamp illumination; therefore, second-
ary optics design is essential to form a uniform and circular
light pattern on the target plane. In this work, we focus on
the method of free-form secondary lens to generate a uni-
form and circular light pattern. This secondary optical de-
sign belongs to the category of the problem of circularly
prescribed illumination. As shown in Fig. 1, the lens re-
fracts the incident ray I into output ray Q, and irradiates O
at corresponding point Q on the circularly target plane. Ac-
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Fig. 1 Schematic of the circularly prescribed illumination problem.

cording to the energy mapping relationship, the edge ray
principle, and Snell’s law, the coordinates and normal vec-
tor of point P on the surface of the free-form lens is able to
be calculated. In this work, we present a novel lens design
method based on nonimaging optics,9 and design two novel
lenses with free-form surfaces for LED MR16 lamps that
can control almost all the lights of arbitrary angles from the
light source to the target plane.

3 Novel Nonimaging Optical Design Method

To improve the illumination performance, a novel nonim-
aging optical design method is suggested to enhance the
uniformity of light pattern and the optical efficiency into a
main beam and to reduce the optical system volume. The
method is briefly described in Fig. 2 and consists of three
main steps as follows.

3.1 Establishment of Light Energy Mapping
Relationship

Since the circular target and light intensity distribution of
the light source both have central symmetry, the lens is also
designed as central symmetry. Then only the contour line
Cy of the lens’ cross section needs to be calculated, and
then the lens can be formed by rotating this contour line
around the symmetry axis.

In this design, the light source and illumination target
plane are divided into M grids with equal luminous flux @,
and area S, respectively. Then a mapping relationship is
built between a couple of light source grids and target plane
grids. Therefore, the average illuminance Ey=®,/S, of
each target plane grid is the same, and a uniform light pat-
tern can be obtained when the grid is quite small compared
with the whole target plane.10

First, since the light source has central symmetry, we
divide the light source’s intensity space distribution into M
grids with equal luminous flux ¢, only in the longitude
direction. The light source’s intensity space distribution
I(0) can be obtained from an experiment where 6 is the
angle between the ray and the symmetry axis of the light
source, as shown in Fig. 3. Suppose the total flux of light
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Divide the light source and illumination target into several
energy grids

'

Establish the energy mapping relationship between those grids above

Y

Calculate the points of the contour line of the lenses and
their normal vectors coorespondingly

Y

Construct the lens

Validate freeform lens or surface design by ray
trace simulation

Optimize the
design

‘ An acceptable design ‘

Fig. 2 Design flowchart of the circular free-form lens design
method.

source iS ¢y,; according to the principle of photometry,
the relationship between luminous flux ¢ and light intensity
I is expressed as:

_d¢
I—dw. (1)

The solid angle dw can be expressed as:
dw=sin(6)dfde. (2)

So we can obtain the following equations:

Energy Mapping
between Two Gri

S

Division of Light Source Division of Illumination Target

Fig. 3 Schematic of light energy mapping between the light source
and target.
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Target Plane ‘

Fig. 4 Calculations of the points on the contour line C, of a lens.
d¢=1(6)sin(0)dbd ¢,

27 (w2
b= f f 1(6)sin(0)dbde. (3)
0 0

The edge angle 6,,6,...,0; (i=1,2,...M) of each part,
which defines the direction of edge light of each source
grid, can be calculated from Eq. (4).

0;
f 271(0)sin(0)dO=id,. (4)
0

Secondly, we divide the illumination target plane into M
concentric rings with the same area S,. Suppose the radius
of the illumination target is R. Then the area of the illumi-
nation target equals 7R?, and the area of each concentric
ring S, equals 7R?/ M. As the area of a circle with a radius
of r; is the summation of i concentric rings, we get the
following equation:

2.
C=—. 5

77}"[ l M ( )
Then the radius r; (i=1,2,...M) of each ring on the

illumination target can be calculated from Eq. (6).

i
r,:R\/%. (6)

3.2 Construction of Lens

There are four steps to calculating the contour of lens. First
of all, as shown in Fig. 4, we fix a point as the vertex of a
lens which is the first point (P;) on the curve C, and the
normal vector of this point is also determined to be vertical
up. The second point on the curve C,, can be determined by
the intersection of incident ray and the tangent plane of the
previous point. Secondly, the direction of the exit ray can
be calculated by the point obtained in the first step and the
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Fig. 5 The progress of construction of the novel free-form lens.

corresponding point on the target plane. Thirdly, as shown
in Fig. 4, we calculate the present point’s normal vector by
incident ray and exit ray using the inverse procedure of
Snell’s law, which is expressed as follows,

[1+n2-20(0-D]">N=0 -nl, (7)

where I and O are the unit vectors of incident and refracted

rays, N is the unit normal vector on the refracted point, and
n is the index of refraction in the lens. Finally, we can get
all the points and their normal vectors on the curve C, in
this chain of calculation [Fig. 5(a)]. Then we fit these points
to form the lens’ contour [Fig. 5(b)] and rotate this contour
to get the entity of the lens [Fig. 5(c)]. To fix the LED, a
hemisphere inner cavity is needed at the bottom surface of
the lens that will not change the direction of the lights
irradiating from the light source.

3.3 Validation of Lens Design

Since it is costly to manufacture a real circular free-form
lens, numerical simulation based on the Monte-Carlo ray
trace method is an efficient way to validate the lens design.
According to the simulation results, a slight modification is
needed to make the illumination performance better, such
as radius of the hemisphere inner cavity, installation posi-
tion of the free-form lens, etc.

4 Design Examples

4.1 Precise Optical Modeling for the Light-Emitting
Diode

A precise optical model of the light source should be estab-
lished before simulation. A Cree®XLamp® XR-E LED
(Cree, Durham, North Carolina) is adopted as the light
source in this study, and Fig. 6 shows the material object
and numerical model of this LED. The flow chart for build-
ing the light source is shown in Fig. 7. A precise LED
optical model can be built by comparing the similarity be-
tween the simulation light intensity distribution curve and
the experimental measurement, which is quantified by the

, &»

Fig. 6 (a) Material object and (b) numerical model of Cree®XLamp®
XR-E LED.
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‘ LED model parameters Fi

‘ Lights emitted from LED source ‘
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Light rays reflected and refracted by optical
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Y

‘ 1D light patterns at certain distances ‘

Y

Normalized cross correlation between
measurement and simulation

@ YES
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Precise LED model

Fig. 7 Modeling algorithm for a LED model.

normalized cross correlation (NCC).!' The NCC is written
as Eq. (8):

2 (Ax _A)(Bx - E)

X

S A,-23 (B,-B? |

X

NCC=

(8)

where A (B,) is the simulation intensity or irradiance (ex-

perimental) value, and A(B) is the mean value of A(B),
which are different from each other with the changing angle
value along the x axis. Due to the modeling algorithm for a
LED model mentioned in Ref. 11, we adjusted the scatter-
ing characteristic and index of some packaging material
used in the LED until the NCC reached as high as 97.6%
(as shown in Fig. 8), which is quite acceptable for the simu-
lation of the lighting é)erformance. Thus, the precise optical
modeling for a Cree XLamp® XR-E LED is finished.
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Fig. 8 Simulation light distribution curve versus experimental mea-
surement for the LED light source.
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Fig. 9 Simulation light distribution curve versus experimental mea-
surement for the LED MR16 lamp existing on the market.

4.2 Design of Free-Form Lenses

To compare the optical performance of a traditional TIR
lens and novel LED MR16 lenses, we should model the
TIR lens accurately. The modeling algorithm used in Sec.
4.1 was adopted. First, we measured the TIR lens and then
modeled the lens with the parameters measured before.
Second, we measured the light distribution curve of the
LED MRI16 lamp existing on the market. Third, we simu-
lated the TIR lens model with the Monte-Carlo ray-tracing
method. Finally, we contrasted the simulation result of the
TIR lens model and the experimental results of the LED
MR16 lamp and adjusted the parameters of the TIR lens to
make NCC reach as high as 99.5%, which is shown in Fig.
9. The TIR lens model is shown in Fig. 10(a).

In this work, two novel LED MR16 lamp lenses with
divergence angles of 90 and 120 deg, respectively, have
been designed as examples. As the comparisons show in
Fig. 10, the height, diameter, and volume of the 90-deg lens
are 5.6 mm, 5.2 mm, and 105 mm?, respectively, and are
5.6 mm, 15 mm, and 508 mm? for the 120-deg lens. How-
ever, the size of the traditional MR16 lens existing on the
market, always with this type of TIR lens, is much larger
than those novel lenses with a height of 10 mm, diameter of
28 mm, and volume more than 3000 mm?>. The volume of
these novel lenses is no more than 1/5 of that of the TIR
lens. Thus these novel MR16 LED lenses provide a better
and more effective way for some compact size illumination
applications.

4.3 Simulation Results and Analysis

We simulated the TIR LED MR16 lens and the designed
novel free-form lenses numerically by the widely used
Monte-Carlo ray-tracing method. Figure 11 shows the
simulation illuminance distribution on a test area 1 m away

- ( a )
(a) (b) (©)

Fig. 10 (a) ATIR lens for LED MR16 lamp existing on the market.
(b) The novel 90-deg LED MR16 lamp lens. (c) The novel 120-deg
LED MR16 lamp lens.
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Fig. 11 Simulation illumination performance of different LED MR16
lenses on a test plane: (a) a TIR LED MR16 lamp lens; (b) the novel
90-deg MR16 lens; and (c) the novel 120-deg MR16 lens.

from the LED module. The light output efficiencies (LOEs)
of these two novel free-form lenses reach as high as 98%,
and less than 82% for the TIR lens. This probably is due to
the fact that some lights irradiate downward after being
reflected several times at the internal surface of the TIR

144 —n—2a LED MR16 Lamp's Lens on the Market
1.2 —e—Novel LED MR16 Lamp-120 Degrees
’ —a—Novel LED MR16 Lamp-90 Degrees
@
<9 4
£ 1.0 o °
g
£ 0.8+
=
S 0.6
Z
=
< 0.4
-7
0.2 1
0.0

-2500-2000-1500-1000 -500 0 500 1000 1500 2000 2500
Distance Across the Target

Fig. 12 Relative illuminance distributions of different kinds of LED
MR16 lenses.
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Fig. 13 Novel 14-deg MR16 lens and its simulation results.

lens, and these lights are totally lost. For the 90-deg MR16
lens, 89% of lights exit from the lens surface into the main
beam, and 90% for the 120-deg MR16 lens, which is much
higher than that of the TIR lens with only about 60% of
lights exiting from the lens into the main beam.

For MR16 lamps, the uniformity u of a light pattern is
always defined by the following equation:

i

min , (9)

max

u=

&

where E;, is the minimal illuminance on the target plane,
and E,,, is the maximal illuminance on the target plane. In
the numerical simulation, as the illuminance of each point
on the target plane is related to the number of grids and the
number of lights traced, which is set in the software, the
simulation uniformity u is different in different settings of
software. So we just choose a simulated illuminance distri-
bution chart and relative illuminance distribution curve of
cross section through the simulated illuminance distribution
chart to represent the uniformity of light pattern.

As shown in Figs. 11 and 12, the novel LED MR16
lamps have a much higher uniformity illuminance distribu-
tion across the target compared with a traditional LED
MR16 lamp with a TIR lens, especially for the central illu-
mination area. Thus the novel LED MR16 could provide a
higher quality and more comfortable illumination perfor-
mance in applications.

Moreover, we use this method to design a free-form lens
while limiting the divergence angle to as little as 14 deg.
The novel 14-deg MR 16 lens and corresponding simulation
result are shown in Fig. 13. For the 14-deg MR16 lens, the
cut-off line of the light pattern becomes blurred and the
efficiency of lights irradiating within the desired receive
target falls to 60%. And the LED die is projected onto the
target obviously. The cause of this phenomenon is that the
curvature of the lens becomes larger when the divergence
angle is small, which will cause point-to-point design, and
the optical system is more powerful for imaging.'2 So there
is an obvious rectangle-shaped illumination area on the tar-
get plane. However, the novel 14-deg MR16 lens also has a
higher uniformity illuminance distribution across the target
compared with the traditional LED MR16 lamp with a TIR
lens.
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From the simulation results, obvious light rings exist at
the edge of the light pattern, especially with lenses of small
divergence angles. This is mainly caused by two reasons. 1.
Some lights, especially for those with large mergence
angles, could not irradiate to the desired points on the target
only by one refracted optical surface. To control large mer-
gence angle lights more effectively, two or more optical
surfaces need be designed simultaneously in future work. 2.
The LED light source is simplified to a point light source
during the free-form optics calculation. However, in truth
the LED is an extended source with a length of 1 mm and
a width of 1 mm, and lights generated at the edge of the
LED could not irradiate at the desired points on the target,
which also resulted in light rings. Considering more than
one point light source distributed at different positions of
the LED simultaneously during calculation is one possible
solution to the extended light source problem.

5 Conclusions

In this study, to improve illumination performance, a novel
nonimaging optical design method is suggested. Based on
this method, two novel free-form lenses are designed as
examples for LED MR16 lamps. Simulation results show
that the novel LED MR16 lamp lenses of small volume and
compact size have high optical efficiencies into main beams
and high uniformity illuminance distribution across targets,
which are much better than that of the products existing on
the market, especially for the large divergence angle MR16
lens. However, obvious light rings still exist at the edge of
the beam pattern when the lens divergence angle is small,
which probably could be reduced by designing two or more
optical surfaces and point light sources simultaneously in
future work.
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