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Designing Freeform Micro Lens Array With
Prescribed Luminous Intensity for LCD
Backlight Units

Zhengbo Zhu

Abstract—The precise luminous intensity control for liquid crys-
tal display (LCD) backlight units is an important issue that has
not been well addressed in current research. A proper luminous
intensity distribution can significantly enhance the viewing experi-
ence. In this paper, we propose a method for designing a freeform
micro lens array that is capable of producing a prescribed luminous
intensity distribution for direct-lit LED backlight module. As the
luminous intensity distribution is usually need to be constrained
within a quadrilateral pyramid region, a special coordinate system
is developed by scanning two semicircles containing light rays along
the X axis and Y axis to provide a flexible model for luminous in-
tensity tailoring. Further, we convert the luminous intensity design
problem to a specific illuminance problem by using a lossless energy
conversion strategy. Then, an integrable ray mapping between the
source domain and the target domain is established to implement
the freeform optics design to regulate the converted illuminance
distribution. The effectiveness of the proposed method is verified
via various design examples including on-axis configuration and
axis-off configuration, the influence of the LED size on the optical
performance is also analyzed.

Index Terms—Backlight system, freeform optics design, LED,
micro lens array.

1. INTRODUCTION

EDs (light-emitting diodes) offer several advantages over
the traditional light sources, which have made LED back-
lighting a popular choice for liquid-crystal display (LCD)
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applications, including consumer electronics, automotive dis-
plays, and medical displays, among others. The direct-lit LED
backlight unit (BLU) is a crucial component of large-area LCD
and high-brightness LCDs displays. It aims to produce high-
quality lighting effects by evenly placing a series of LEDs behind
the LCD panel. The image quality of the LCD significantly relies
on the illumination quality of the direct-lit LED BLU.

Extensive research has been done on designing direct-lit LED
BLU for LCD applications [1], [2], [3], [7]. For instance, Ding
et al. designed compact lenses to tailor the light from extended
LED sources, the thin and high-quality direct-lit LED backlight
systems have been realized [1]. Kikuchi et al. optimized the size
and arrangement of reflective dots to obtain a higher uniform
luminance distribution and a broader light distribution with a
small number of mini-LEDs [3]. Yoon et al. designed a semi-
partitioned light guide plate patterned with inverse-trapezoidal
microstructures, which achieved uniformity in both local and
global luminance distributions, as well as a local dimming ability
[6]. These works are mostly involved in pursuing more uniform
illuminance distribution for LCDs, reducing the thickness of
the BLU while maintaining high brightness, realizing the local
dimming capability, and so on.

However, for some special LCD applications including anti-
peeping screens and head up displays, it is crucial for the LCDs
to be visible only within a certain angular space and to evenly
distribute the luminous intensity of the screen across this range
of viewing angles. Taking the LCD in head up display as an
example, if the luminous intensity of the BLU is Gaussian, stray
light will be inevitably generated in the optical system, and the
contrast of the picture observed by the human will be reduced,
thus leading to visual fatigue of the driver and endangering
driving safety [8], [9]. For these special applications, the precise
luminous intensity control of the direct-lit LED BLU is ex-
tremely important. To achieve the prescribed luminous intensity
distribution, brightness enhancement films and privacy filters are
commonly adopted at the expense of the overall brightness of the
LCD, and stray light is also hard to be avoided [10], [11], [12].

In previous work [13], [14], we have explored the freeform
illumination optics design method to achieve prescribed illu-
minance distribution, which proves the strong illuminance con-
trol ability of freeform optics. Here, we develop a method for
designing a freeform micro lens array (MLA) that is utilized
in a direct-lit LED backlight module and capable of produc-
ing a prescribed luminous intensity distribution. A reference
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Geometrical layout of the freeform MLA based backlight system for

spherical surface and a virtual plane are employed in the design
process, and a light conversion strategy is adopted to convert
the luminous intensity distribution problem to an illuminance
distribution problem via a numerical transformation. Then, we
design a freeform MLA to achieve the converted illuminance
distribution on the virtual plane, thereby, the required luminous
intensity distribution can be achieved. The whole design pro-
cess that combines the problem statement, the light conversion
strategy and the ray mapping method is detailed in Section II. In
Section III, we provided several challenging examples to prove
the feasibility of the proposed method, and elaborate analyses
of the designs are also made in this section before we conclude
our work in Section IV.

II. DESIGN METHODOLOGY

The conceptual configuration of the freeform MLA based
backlight system for LCD with specific luminous intensity dis-
tribution is presented in Fig. 1. A series of LED light sources
with identical parameters are evenly arranged, and the freeform
MLA is positioned between the LCD panel and the LEDs. Each
LED is precisely aligned with the center of its corresponding
sub-lens, which has the same shape and size. The freeform
MLA is used to controls the light beam emitted by the LEDs,
with the objective of achieving a specific luminous intensity
distribution within a specified angle range, while maintaining a
uniform illuminance distribution on the LCD panel. This unique
backlight unit is similar to the directional backlight which is
typically used in 3D displays [15], [16], but has a simpler
structure and non-adjustable directivity.

A. Light Conversion Strategy

At present, most of the published research on freeform illumi-
nation optics design is primarily involved in achieving a specific
illuminance distribution on the pre-determined target [13], [14],
[17], [18], [19], [20], [21]. If the relation between illuminance
distribution and intensity distribution can be established by
a mathematical model, the problem of intensity distribution
regulation might be transformed into an illuminance control
problem. In this section, we establish this potential mathematical
model to convert the problem of generating the specific intensity
distribution of LCD panel into designing freeform optics for the
corresponding illuminance distribution problem.
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Fig. 2(a) depicts the sketch of the luminous intensity control.
Alight source is located at the origin of the global coordinate sys-
tem, which emits light in the up-half space. The freeform lens to
be designed redistributes the incoming rays from the light source
to achieve a prescribed intensity distribution. The regulation
of rotationally symmetric luminous intensity distribution has
been well solved [22]. However, for some special illumination
systems, luminous intensity distributions with non-rotationally
symmetric characteristic are commonly required. For instance,
the luminous intensity is required to be distributed within a
certain range of angles up and down, as well as a certain range
of angles left and right, that is to form a quadrilateral pyramid
like spatial luminous intensity distribution. This leads us to
establish a special coordinates system («, () for tackling the
light regulation problem of LCD panel, which will be described
in detail below.

Luminous intensity refers to the light flux within a unit solid
angle in a given direction of a light source [23]. Assuming a
reference spherical surface exists with its center located at the
light source, the illuminance value generated by the light beam at
the point of intersection with the spherical surface is proportional
to the intensity value corresponding to the angle of the light
beam.

Based on the above analysis of the relationship between lumi-
nous intensity and illuminance, a reference semi-spherical sur-
face is introduced with its center located at the origin, as shown in
Fig. 2(b). The prescribed luminous intensity distribution on the
spherical surface is defined in terms of illuminance information,
thus converting the luminous intensity design problem to an
illuminance control problem on the spherical surface. However,
a precise light control on a 3D target is more challenging than
that of the conventional plane targets. Inspired by our previous
research [24], we further employ a virtual plane that is perpen-
dicular to the optical axis. The illuminance distribution on the
reference spherical surface is then further converted to the virtual
plane, thus transforming the initial luminous intensity problem
into an illuminance distribution problem.

The height of the virtual plane is preset as A, and the radius
of the reference sphere is R.. In analyzing the distribution of
luminous intensity in a far-field configuration, the sizes of the
optical element and light source can be ignored compared with
the whole illumination system. We directly trace rays from the
origin to the reference hemispherical surface and virtual plane
in sequence, the information of the intersection points P, (x.,
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Fig. 3. (a) The prescribed luminous intensity distribution in X direction (up)

and Y direction (down), (b) the corresponding illuminance distribution on the
virtual plane at z = 200 mm.

Ve, Ze) and Py (xy, Vv, hy) can be calculated as:

z. = R; tan a/\/(tan a)? + (tan 8)* + 1

Ye = R, tanﬁ/\/(taunoz)2 + (tan B)* +1 1)
ze = Ren/1 — a2 + 42

{xv - (hv - Zc) xc/zc + Xc

, 2
yV:(hv_ZC)yc/Zc+yc ( )

where « is the angle between the X—Z plane and the yellow
shaded surface containing light ray OP. and axis OX, and (8
represents the angle between the Y-Z plane and the green shaded
surface containing light ray OP, and axis OY, as shown Fig. 2(b).
The luminous intensity distribution is denoted as I («, 3). The
proposed representation of intensity directly connects the light
distribution with the required quadrilateral pyramid region of
the LCD panel luminescence, which is more convenient and
straightforward compared with the traditional intensity defined
on spherical coordinates. The illuminance distribution on the ref-
erence spherical surface can now be calculated by a parametric
space {a, 8}, 1.e, E. (x¢, yc) = f (o, B). Further, the illuminance
distribution E, (x, y,) on the virtual plane can be deduced with
the assumption of a lossless system:

0(zc, ye)
ANy, yy)’

where 0 (g1, g1)/ 0 (a1, az) denotes the Jacobian of vector-value
function g (g1, g1) to variables (a;, az). So far, the luminous
intensity distribution I («v, 3) in the three-dimensional space has
been successfully converted to the illuminance distribution E,
(xy, yv) in the two-dimensional space.

We give a design example to demonstrate the effectiveness of
the above light conversion method. In a quadrilateral pyramid
like space {(a, ) | |a|<40°, |8]<30°}, a uniform luminous
intensity distribution is desired as illustrated in Fig. 3(a), the
illuminance distribution on the virtual plane with a height of 4, =
200 mm is calculated as shown in Fig. 3(b). It clearly shows that
the illuminance distribution on the virtual plane is non-uniform.
And the next work in this section is to design a freeform lens
to redistribute the light from the LED to form the converted
illuminance distribution E (xy, yy) on the virtual plane, and

Ev(xv;yv) = Ec(mcvyc) 3)
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further verify the optical performance of the corresponding
freeform MLA.

B. Ray Mapping Process

In this section, we will design the freeform lens for generating
a predetermined illuminance on the virtual plane obtained in the
previous section. It should be noted that all the well-developed
zero-étendue methods can be used. For our purpose, we will uti-
lize the so-called ray mapping method [24], [25] to complete the
design. The ray mapping method is to solve a mapping relation
between the source domain and the target domain satisfying the
flux conservation and the boundary condition:

d(mi,m2)

Es(zs,ys) = Ey(m(zs, ys)) (s, Ys)

7(xs7ys) € S7

m(9S) = aV, )

where E; and E, are the illuminances on the source and the vir-
tual plane respectively. The rays from the source with positions
(x5, ¥s) are mapped to the virtual plane on positions m = (m1,
ms), and the notation O denotes the boundary of domains. The
surface is constructed based on the solved mapping to achieve the
precise light control. However, the surface may fail to redirect the
light rays to the desired positions. This leads to the most critical
problem in ray mapping methods that the resulting normal field
N of the surface should satisfy the integrability condition N- curl
(N) =0.

The integrability condition is not straightforward for solving
a ray mapping connected with (4). Here, we transform the
constraints of normal fields to the output ray bundles. According
to the Theorem of Malus and Duplin [26]: If a system of rays
constituting a normal congruence is subjected to any number of
reflections and refractions at the surfaces of successive homoge-
neous media, the congruence remains normal throughout. The
theorem requires the output ray bundle produced by the target
map being a normal system which means that there is a family
of surfaces normal to the rays (the wavefront). Here, we can
transform the integrability condition from the normal field to
the output ray bundle in the following condition:

00 or 00 or
ou ov  Oov ou 0 )

where O and r are the direction and the position of the ray
bundle respectively which is defined on a parametric coordinate
(u, v). (5) is also known as the étendue 2D and the quantity
should be zero if the rays belong to a normal congruence [27],
[28]. An iterative process should be implemented to obtain
the ray mapping that can produce an integrable ray bundle.
Assuming that r is the points on the freeform surface in one
iteration, the direction O can be calculated by (m -r) /| m - r |
where m is positions of the current ray mapping on the virtual
plane. Substituting O into (5), we can obtain the relation of
the integrability condition to the ray mapping m and the partial
derivatives (Om/Ou, 0m/0v).

Directly solving (4) with constraints (5) is a complex task.
Here, we employ a heuristic procedure demonstrated in our
previous work [24], [25]. Instead of solving a ray map satisfying
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(5), this method traces the rays through the current surface
which will lead to a mapping automatically satisfy (5) and
corrects the mapping to satisfy (4) with limit variation of its first
partial derivative. The method can be regarded as the process
to iteratively correct an integrable ray map to approach energy
conservation and boundary condition. The detailed method can
be found in [24], [25].

III. DESIGN EXAMPLES

In this section, some examples are provided to verify the ef-
fectiveness of the proposed method. The polymethyl methacry-
late (PMMA) with a refractive index of 1.49 is chosen as the
material of the freeform MLA, and light sources are LEDs
with Lambertian property. The entrance surface of the MLA is
chosen as flat for the convenience of manufacturing. LightTools
is implemented to conduct optical performance analysis based
on Monte-Carlo ray tracing. For all examples, the resolutions of
luminous intensity distribution and illuminance distribution on
the LCD are set as 60 x 60 and 80 x 80, respectively.

In the first design example, the goal is to generate a uni-
form luminous intensity within the angle space of {(a, )| ||
< 40°, |8] < 35°}. This design will detail the whole design
process of the above method. Firstly, we convert the required
luminous intensity into the illuminance distribution on the ref-
erence spherical surface using (1), and the result is given in
Fig. 4. (a), which shows a uniform illuminance distribution.
Secondly, we introduce a virtual plane perpendicular to the
Z axis at z = 200 mm. The distance between the virtual
plane and the light source is insignificant since the relative
illuminance distribution generated on different parallel planes
is consistent. By using (2) and (3), the calculated illuminance
distribution on the virtual plane is presented in Fig. 4(b), which
shows a non-uniform illuminance distribution with a rectangular
shape.

Now, we will proceed to design a single freeform lens to
generate the converted illuminance distribution on the virtual
plane. The distance between the LED and the incident surface
of the MLA is fixed at 0.5 mm. The obtained ray mapping m
between the source map and the target map via (4) and (5) is
presented in Fig. 4(c), where 201 x 201 grids are interpolated
into 31 x 31 grids for better visualization. The arrow in the
figure indicates that the ray mapping maps the energy within the
grid of the source domain to the corresponding grid in the target
domain in sequence. Next, we employ the method introduced
in Ref. [29] to calculate the point cloud of the freeform surface
and use 3D modeling software to construct a solid model of the
freeform lens.

The obtained single freeform lens model is depicted in
Fig. 4(d), the size of the lens is 4.10 mm X 3.96 mm x 1.72
mm (length, width and height). A point-like LED source (LED
chip: 0.05 mm x 0.05 mm) is assumed, whose size is negligible
compared with the freeform lens. The Monte Carlo ray tracing
method is adopted here to verify the light control capability of
the obtained freeform lens. Then, we trace 200 million rays,
and the simulated luminous intensity distribution is shown in
Fig. 4(e). The cutoff line of the angular distribution is clear, and
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Fig. 4. Design results of the single freeform lens: (a) the illuminance distribu-
tion on the reference spherical surface; (b) the converted illuminance distribution
on the virtual plane at z = 200 mm; (c) the ray mapping between the source
domain and the target domain; (d) the single freeform lens model and (e) the
simulated luminous intensity distribution along X axis (blue line) and Y axis
(red line).

the range of the luminous intensity distribution is consistent with
the desired value, which demonstrates a well light control.
Further, the freeform lenses are arranged to form a micro-lens
array (MLA) to assess the light control ability of a direct-lit
backlight unit (BLU) for LCDs. As an example, a direct-lit BLU
with 11 x 11 lighting modules is presented, as shown in Fig. 5(a).
Initially, a point-like source is still used to verify the optical
performance, and the normalized luminous intensity distribution
is displayed in Fig. 5(b). It is evident that the luminous intensity
regulation capability of the MLA is consistent with that of the
single freeform lens (in comparison with Fig. 4(e)). To analyze
the uniformity of the illuminance distribution on the LCD, we
position an illuminance receiver at z = 6 mm and recorded
the illuminance distribution above it. The resulting normalized
illuminance distribution is presented in Fig. 5(c), illustrating a
uniform illuminance distribution. As a rule of thumb, we use the
root mean square (RMS) as the quantitative index to evaluate the
uniformity of the illuminance distribution [1]. A smaller RMS
value means a more uniform illuminance distribution. The range
of 36 mm x 36 mm on the LCD is chosen as the effective
lighting area, as plotted by the black dotted border in Fig. 5(c),
and the RMS value in this area is found to be 0.0516. To obtain
a uniform illuminance on the LCD, it is necessary to adjust the
distance between the adjacent LEDs or the distance between
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Fig. 6.  Optical performances of the designed MLA for different sizes of LED:
(a) Illuminance distributions and (b)luminous intensity distributions.

the LED and the LCD, particularly when aiming for a narrower
angle of luminous intensity distribution. Specifically, shortening
the spacing between adjacent LEDs or increasing the distance
between the LED and the LCD would be required.

We investigate the influence of LED size on the light control
performance of the designed MLA. The LEDs are varied in size,
specifically set as 0.4 mm X 0.4 mm, 0.8 mm x 0.8 mm, and
1.2 mm X 1.2 mm, respectively. We perform a Monte Carlo ray
tracing simulation for each configuration, and the resulting illu-
minance distributions are presented in Fig. 6(a). The RMS values
of the illuminance inside the effective lighting area are found
to be 0.0509, 0.0486, and 0.0455, respectively. These results
suggest that the LED size has minimal effect on the illuminance
uniformity on the LCD panel. Fig. 6(b) provides the luminous
intensity distributions for different LED sizes. To emphasize the
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is changed: LED is (a) 0.2 mm closer and (b) 0.2 mm farther to the MLA;
(c) LED is moved a distance of 0.2 mm in + Y-axis direction, and (d) LED is s
rotated 8° about the Y-axis.

differences more clearly, only the intensity distributions along
the X-axis are depicted. The luminous intensity for the point-like
LED source is also included for comparison. From this figure
we observe that as the LED size increases, the boundary of the
luminous intensity distribution becomes more diffuse, resulting
in a smoother cutoff line around +40°. The primary reason for
this phenomenon is that as the size of the LED increases, the
large angle light rays emanating from the edge of the LED enter
the adjacent sub-lens, causing the direction of light propagation
to be out of control. However, due to the Lambertian radiation
property of the LEDs, the energy carried by these light rays is
relatively weak, resulting in insignificant effects on the overall
luminous intensity distribution, provided the LED size is not too
large.

As installation errors are inevitable in practical engineering,
we analyze the effects of installation errors on the optical perfor-
mance of the designed MLA, specifically focusing on rotational
deviation, horizontal deviation, and vertical deviation of the
LEDs. For instance, we select LEDs of size 0.8 mm x 0.8 mm
and conduct a tolerance analysis on the center LED. Only the
change in illuminance distribution is considered, as the position
of a single LED has a negligible effect on the overall luminous
intensity distribution. Fig. 7(a) and (b) show the simulated results
when the center LED source is moved 0.2 mm closer and farther
from the MLA, respectively. Fig. 7(c) illustrates the simulated
result when the center LED source is moved a distance of 0.2
mm in the 4 Y-axis direction, while Fig. 7(d) shows the result
when the center LED is rotated 8° about the Y-axis. These
results indicate that an increase in the distance between the
LED and MLA leads to a decrease in illuminance value on the
LCD. However, under the condition of small position deviation,
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other forms of LED position offset have little influence on the
uniformity of illuminance.

In the second design example, we intend to verify the light
control ability of asymmetric intensity distribution of the pro-
posed method, which means that the angle range of the luminous
intensity distribution is not symmetrical. This special configu-
ration might have practical applications in super-sized display
devices, where the human eye is typically positioned below the
center of the screen. For this design, the luminous intensity dis-
tribution angle range is set as {(a, 3) | |a|<30°, —30</3<20°},
and the required luminous intensity is assumed uniform in this
angular space. The normalized illuminance distribution on the
virtual plane z = 200 mm is illustrated in Fig. 8(a). This figure
illustrates an off-axis light configuration where the center of
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the illumination region is not on the optical axis. The designed
lens model and the corresponding freeform surface profiles are
shown in Fig. 8(b), revealing the asymmetry of the designed
lens. The simulated luminous intensity distributions along X
and Y directions are shown in Fig. 8(c), demonstrating a well
agreement with the desired one.

IV. CONCLUSION

We have developed a novel method for designing freeform op-
tics to achieve prescribed luminous intensity distribution, which
can be applied to LCD direct-lit backlight units. For tackling the
special luminous intensity distribution of LCD, we build a spe-
cial coordinate system by scanning two semicircles containing
light rays along the X axis and Y axis, which provide a flexible
model for tailoring the intensity of LCD panels. By establishing
the conversion relationship between luminous intensity distribu-
tion and illuminance distribution in three-dimensional space, we
have transformed the problem of luminous intensity control into
the problem of illuminance regulation. We have also established
the ray mapping that can result in integrable surface normal
fields between the source domain and the target domain, which
is essential for freeform optics design. The effectiveness of
the proposed method has been demonstrated through various
design examples, including both coaxial and off-axis conditions.
Our method is capable of achieving well-controlled luminous
intensity distribution for extended LED sources while maintain-
ing uniform illuminance distribution on the LCD panel. The
simulation results also show that a compact BLU can be realized
by using the proposed freeform optics design method, where the
LED size cannot be ignored compared with the freeform lens.
Additionally, the proposed method is capable to design MLA
for LED displays which directly use a huge number of LEDs
to display, as well as design freeform optics for other types of
luminous intensity.

APPENDIX

As shown in Fig. 9, A;; denotes the ray intersection on
the entrance surface, B; ; represents ray intersection on the
freeform surface. The incident ray sequence a; ; and the target
point sequence T, ; are determined by the obtained ray mapping
illustrated in Fig. 4(c). b; ; represents the unit ray vector from
A; j to B; ;. For far field assumption, the outgoing ray sequence
can be calculated as O; ; — T; ; /| T; ; |, then the normal vector
of the freeform surface can be obtained via Snell’s law:

N, = m, (©)
i, i,
where n represents the refractive index of the lens. Then, the
point B; ; and the normal vector B; ; can be linked as:

(Bij+1—Bij) - (N 41 +N; ;) =0,
(Bit1,; —Bij) - (Nig1,; + N; ;) = 0.

(7

This equation means that the chord connecting the two ad-
jacent points is perpendicular to the average of their normal
vectors at these two points. The point B; ; can be determined
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by a; j-a; j+ b, ;-b; ;, where a; ; and b, ; represent the distance
from light source to point A; ; and the distance from point A; ;
to point A; ;, espectively:

Bij+1 = ij+12ij41 + bijrabijia,
Bit1,j = ait1jai41,5 + biy1,5biv 5,
Bij = aijaij +bijbi ;. (®)

Combining (7) and (8), we can obtain a system of linear
equations of b which can be formulated as a single matrix
equation:

HP =c, )

where H represents a sparse matrix containing all the coefficients
of b; ;. Pis the vector of length n x m containing all the unknown
length values b; ;, and ¢ is a vector with all zero elements. After
setting one surface point to a given value in the column vector
¢, we can get a unique least-squares solution as:

P=(H'H) 'H'ec. (10)

The above freeform surface construction algorithm is con-
cretely introduced in Refs. [29], [30].
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