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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�

Subject terms: free-form lens; light-emitting diode; MR16.
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Introduction

heoretically, light-emitting diodes �LEDs� have many ad-
antages, such as good reliability, long life, variable color,
nd low power consumption.1 Since the LED’s lumen effi-
iency has increased rapidly in recent years, the LED has
egun to play an important role in many applications, such
s backlighting for cell phones and other LCD displays,

091-3286/2009/$25.00 © 2009 SPIE
ptical Engineering 123002-

m: http://opticalengineering.spiedigitallibrary.org/ on 02/28/2015 Terms of U
street lighting, and interior and exterior automotive
lighting.2,3 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
December 2009/Vol. 48�12�1
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CT�, have been investigated to improve illumination
uality.4 Moreover, light efficiency into main beams and
niformity are another two issues for high quality illumina-
ion of LED MR16 lamps. A uniform and circular light
attern can enhance the light efficiency into main beams
nd uniformity. At present, due to the poor design of the
ens, which cannot control irradiation directions of lights
ffectively, the light efficiencies into the main beams and
niformities of many products existing in the market are
uite low,5 which results in poor illumination performance
nd difficulties in meeting the requirements of high quality
llumination. Most lights irradiating from the LED, espe-
ially lights generating at the center of LED die, should be
ccurately designed to irradiate at the desired points on the
arget plane to obtain a uniform and circular light pattern.
ntil now, there are multimethods to gain a uniform and

ircular light pattern, such as a total internal reflection
TIR� lens, free-form lens, and LED array. However, with
he method of the TIR lens, it is difficult to generate a
niform light pattern and the divergence angle is always
mall. And with the method of the LED array, several LEDs
hould be arranged in a special form, which is not suitable
o the MR16 lamp. Concerning the free-form lens method,
ots of work has been done, and there are multieffective
lgorithms to design free-form lenses, such as the simulta-
eous multiple surface �SMS� method,6 tailored method,7

nd discontinuous free-form lens method.8 All these meth-
ds can be used to design a free-form lens that will gener-
te a prescribed illuminance distribution on the target
lane. However, these methods are too complicated to ob-
ain a uniform and circular light pattern. Therefore, an im-
roved lens design method is needed to control lights much
ore accurately. In this study, we present a novel lens de-

ign method, and with this method a novel type of free-
orm lenses for LED MR16 lamps are designed. These
enses had small volume and compact size, and only less
han 1 /5 that of a traditional total internal reflection �TIR�
ens. A precise optical model of Cree®XLamp® XR-E LED
Cree, Durham, North Carolina� was also established as the
ight source of novel LED MR16 lamps. The numerical
imulation, based on the Monte-Carlo ray-tracing method,
hows that more than 89% of lights exiting from the lens
urface irradiate within the desired receive target, and the
amps with this type of lens have a higher uniformity illu-

inance distribution across the target and smaller volumes
f lens. But in the case of designing a small divergence
ngle lens, the efficiency of lights irradiating within the
esired receive target drops, which is elaborated later.

Problem Statement
he MR16 lamp is designed to form a uniform and circular

ight pattern on a target for accent lighting. The light dis-
ribution of a LED is always similar to Lambert, which is
ot suitable for MR16 lamp illumination; therefore, second-
ry optics design is essential to form a uniform and circular
ight pattern on the target plane. In this work, we focus on
he method of free-form secondary lens to generate a uni-
orm and circular light pattern. This secondary optical de-
ign belongs to the category of the problem of circularly
rescribed illumination. As shown in Fig. 1, the lens re-
racts the incident ray I into output ray Q, and irradiates O
t corresponding point Q on the circularly target plane. Ac-
ptical Engineering 123002-
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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
C0 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 �0
and area S0, respectively. Then a mapping relationship is
built between a couple of light source grids and target plane
grids. Therefore, the average illuminance E0=�0 /S0 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 �0 only in the longitude
direction. The light source’s intensity space distribution
I��� can be obtained from an experiment where � 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

Fig. 1 Schematic of the circularly prescribed illumination problem.
December 2009/Vol. 48�12�2
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ource is �total; according to the principle of photometry,
he relationship between luminous flux � and light intensity
is expressed as:

=
d�

d�
. �1�

he solid angle d� can be expressed as:

� = sin���d�d� . �2�

o we can obtain the following equations:

ig. 2 Design flowchart of the circular free-form lens design
ethod.

ig. 3 Schematic of light energy mapping between the light source
nd target.
ptical Engineering 123002-
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d� = I���sin���d�d� ,

� = �
0

2� �
0

�/2

I���sin���d�d� . �3�

The edge angle �1 ,�2 . . . ,�i �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 =
�total

M

�
0

�i

2�I���sin���d� = i�0. �4�

Secondly, we divide the illumination target plane into M
concentric rings with the same area S0. Suppose the radius
of the illumination target is R. Then the area of the illumi-
nation target equals �R2, and the area of each concentric
ring S0 equals �R2 /M. As the area of a circle with a radius
of ri is the summation of i concentric rings, we get the
following equation:

�ri
2 = i

�R2

M
. �5�

Then the radius ri �i=1,2, . . .M� of each ring on the
illumination target can be calculated from Eq. �6�.

ri = R� i

M
. �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 �P1� on the curve C0, and the
normal vector of this point is also determined to be vertical
up. The second point on the curve C0 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

Fig. 4 Calculations of the points on the contour line C0 of a lens.
December 2009/Vol. 48�12�3
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orresponding point on the target plane. Thirdly, as shown
n Fig. 4, we calculate the present point’s normal vector by
ncident ray and exit ray using the inverse procedure of
nell’s law, which is expressed as follows,

1 + n2 − 2n�O� · I���1/2N� = O� − nI� , �7�

here I� and O� are the unit vectors of incident and refracted
ays, N� is the unit normal vector on the refracted point, and

is the index of refraction in the lens. Finally, we can get
ll the points and their normal vectors on the curve C0 in
his chain of calculation �Fig. 5�a��. Then we fit these points
o form the lens’ contour �Fig. 5�b�� and rotate this contour
o get the entity of the lens �Fig. 5�c��. To fix the LED, a
emisphere inner cavity is needed at the bottom surface of
he lens that will not change the direction of the lights
rradiating from the light source.

.3 Validation of Lens Design
ince it is costly to manufacture a real circular free-form

ens, numerical simulation based on the Monte-Carlo ray
race method is an efficient way to validate the lens design.
ccording to the simulation results, a slight modification is
eeded to make the illumination performance better, such
s radius of the hemisphere inner cavity, installation posi-
ion of the free-form lens, etc.

Design Examples

.1 Precise Optical Modeling for the Light-Emitting
Diode

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

Fig. 5 The progress of construction of the novel free-form lens.

ig. 6 �a� Material object and �b� numerical model of Cree®XLamp®

R-E LED.
ptical Engineering 123002-
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normalized cross correlation �NCC�.11 The NCC is written
as Eq. �8�:

NCC =

�
x

�Ax − Ā��Bx − B̄�

��
x

�Ax − Ā�2�
x

�Bx − B̄�2	1/2 , �8�

where Ax�Bx� is the simulation intensity or irradiance �ex-

perimental� value, and Ā�B̄� 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 performance. Thus, the precise optical
modeling for a Cree®XLamp® XR-E LED is finished.

Fig. 7 Modeling algorithm for a LED model.

Fig. 8 Simulation light distribution curve versus experimental mea-
surement for the LED light source.
December 2009/Vol. 48�12�4
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.2 Design of Free-Form Lenses
o compare the optical performance of a traditional TIR

ens and novel LED MR16 lenses, we should model the
IR lens accurately. The modeling algorithm used in Sec.
.1 was adopted. First, we measured the TIR lens and then
odeled the lens with the parameters measured before.
econd, we measured the light distribution curve of the
ED MR16 lamp existing on the market. Third, we simu-

ated the TIR lens model with the Monte-Carlo ray-tracing
ethod. Finally, we contrasted the simulation result of the
IR lens model and the experimental results of the LED
R16 lamp and adjusted the parameters of the TIR lens to
ake NCC reach as high as 99.5%, which is shown in Fig.

. The TIR lens model is shown in Fig. 10�a�.
In this work, two novel LED MR16 lamp lenses with

ivergence angles of 90 and 120 deg, respectively, have
een designed as examples. As the comparisons show in
ig. 10, the height, diameter, and volume of the 90-deg lens
re 5.6 mm, 5.2 mm, and 105 mm3, respectively, and are
.6 mm, 15 mm, and 508 mm3 for the 120-deg lens. How-
ver, the size of the traditional MR16 lens existing on the
arket, always with this type of TIR lens, is much larger

han those novel lenses with a height of 10 mm, diameter of
8 mm, and volume more than 3000 mm3. The volume of
hese novel lenses is no more than 1 /5 of that of the TIR
ens. Thus these novel MR16 LED lenses provide a better
nd more effective way for some compact size illumination
pplications.

.3 Simulation Results and Analysis
e simulated the TIR LED MR16 lens and the designed

ovel free-form lenses numerically by the widely used
onte-Carlo ray-tracing method. Figure 11 shows the

imulation illuminance distribution on a test area 1 m away

ig. 9 Simulation light distribution curve versus experimental mea-
urement for the LED MR16 lamp existing on the market.

ig. 10 �a� A TIR lens for LED MR16 lamp existing on the market.
b� The novel 90-deg LED MR16 lamp lens. �c� The novel 120-deg
ED MR16 lamp lens.
ptical Engineering 123002-
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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
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Fig. 12 Relative illuminance distributions of different kinds of LED
MR16 lenses.

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

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

=
Emin

Emax
, �9�

here Emin is the minimal illuminance on the target plane,
nd Emax is the maximal illuminance on the target plane. In
he numerical simulation, as the illuminance of each point
n the target plane is related to the number of grids and the
umber of lights traced, which is set in the software, the
imulation uniformity u is different in different settings of
oftware. So we just choose a simulated illuminance distri-
ution chart and relative illuminance distribution curve of
ross section through the simulated illuminance distribution
hart to represent the uniformity of light pattern.

As shown in Figs. 11 and 12, the novel LED MR16
amps have a much higher uniformity illuminance distribu-
ion across the target compared with a traditional LED

R16 lamp with a TIR lens, especially for the central illu-
ination area. Thus the novel LED MR16 could provide a

igher quality and more comfortable illumination perfor-
ance in applications.
Moreover, we use this method to design a free-form lens

hile limiting the divergence angle to as little as 14 deg.
he novel 14-deg MR16 lens and corresponding simulation

esult are shown in Fig. 13. For the 14-deg MR16 lens, the
ut-off line of the light pattern becomes blurred and the
fficiency of lights irradiating within the desired receive
arget falls to 60%. And the LED die is projected onto the
arget obviously. The cause of this phenomenon is that the
urvature of the lens becomes larger when the divergence
ngle is small, which will cause point-to-point design, and
he optical system is more powerful for imaging.12 So there
s an obvious rectangle-shaped illumination area on the tar-
et plane. However, the novel 14-deg MR16 lens also has a
igher uniformity illuminance distribution across the target
ompared with the traditional LED MR16 lamp with a TIR
ens.

Fig. 13 Novel 14-deg MR1
ptical Engineering 123002-
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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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