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Abstract: The design of standard and aspherical optical surfaces often requires time-consuming iterative calculations
and relies on point-source assumptions. Consequently, these standard designs are often unsuitable for high-power
LEDs with extended emitting areas due to the mismatch between design assumptions and actual source characteristics.
In this study, we performed ray tracing simulations to investigate optical efficiency as a function of the light-emitting
source size. First, we modeled systems using commercially available surfaces. Under the simulation conditions,
maximum power efficiency on a 0.5 mm X 0.5 mm target plane at z = 100 mm decreased from 0.95 to 0.83 as the
source width increases from 0.1 mm and 1.4 mm. However, using our proposed strategy optimized for larger emitting
areas, the efficiency remained stable, shifting only from 0.93 to 0.91 for the same source widths. Although the
proposed model shows a slight reduction in peak efficiency for near-point sources compared to the standard model, it
demonstrates significantly higher efficiency and stability for larger light-emitting sources.
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1. Introduction
Light emitting diodes (LEDs) offer numerous advantages over the traditional incandescent lamps, including lower
cost, reduced electric power consumption, a longer lifetime, improved stability, and greater environmentally
friendliness [1-5]. Consequently, LEDs have found applications in various fields, such as spotlights, streetlights,
vehicle headlamps, and medical industry.

LEDs exhibit a Lambertian radiation distribution, which can pose challenges when applied to general lighting
systems. This necessitates a specifically designed lighting system, potentially resulting in relatively lower efficiency.
The optical design for the LEDs enables the emitted light to be uniform and efficient distribution onto the target
illumination surface, fulfilling the necessary requirements for illumination.

Standard conic and aspherical optical surfaces are considered for producing specific distribution by redirecting
light rays. Lenses employing multiple conic or aspherical optical elements have been developed based on these
candidates [6,7]. However, this design approach often leads to huge volume and inefficiencies in effectively utilizing
light rays. Moreover, the assembly of these elements requires strict alignment to achieve optimal performance.

Total internal reflection (TIR) lenses are good substitutes for conventional lenses, designed to optimize light
efficiency in LED illumination. Constructed as a unified unit, they offer distinct advantages, such as notably reduced
light loss and a more compact form factor.

While a few methods have been proposed to design the TIR freeform lens [8—11], there are some potential issues
such as relatively large surface design error. Thus, the determination of the freeform surface in a rigorous manner
usually leads to the tedious Monge-Ampere second order nonlinear partial different equation [12,13].

In many applications demanding high-power LEDs, the size of the light sources often increases. When designing

TIR surfaces, LEDs are typically treated as point sources, but this simplification can lead to inaccuracies. Since all
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optical systems must adhere to etendue restrictions, the TIR surface might not precisely collimate the light emitted
from an LED. As a result, adjustments to the TIR surface become necessary. However, optimizing this surface usually
requires iterative calculations, which can be a time-consuming process.

In this paper, a straightforward strategy for determining the total internal reflection surface is introduced. Unlike
other methods, this approach does not necessitate complex derivations. The design of TIR surface is validated through
ray tracing simulations. To optimize surfaces for large emitting areas, Divergence angles were divided into two groups:
angles within 30° and angles between 30° and 90°. For angles up to 30°, a spherical surface effectively collimates the
light from the LEDs, while for angles between 30° and 90°, collimation is achieved by the total internal reflection
surface. The optical efficiency is investigated in terms of various source sizes. Consequently, an optimal size of total
internal reflection surface can be determined in relation to the sizes. This method facilitates the creation of an efficient

TIR surface suitable for high-power LEDs with larger emitting areas.

2. Methods
Figure 1 illustrates the typical optical design of a TIR lens, accounting for two divergence angle ranges: within 30°
and exceeding 30°. In Fig. 1(a), the ray tracing result depicts divergence angles within 30°, where most rays can be
regarded as paraxial rays effectively collimated by a spherical surface. However, light with divergence angles larger
than 30° is difficult to collimate using conventional optical systems comprised of spherical surfaces, resulting in a
significant decrease in optical efficiency. As shown in Fig. 1(b), this large-angle light is effectively collimated by

utilizing total internal reflection.
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Figure 1. Optical design of total reflection surface: (a) considering divergence angle within 30° and (b) considering

divergence angle between 30° and 90°.

Figure 2 shows geometrical analysis of total internal reflection for the light with divergence angles larger than
30°. Light rays propagate through the air and are refracted at the inner surface of the lens in accordance with Snell’s

law. The position of outer TIR surface can be established using Cartesian coordinates, requiring the definition of an
incremental angle A@ . This value can be obtained by dividing the largest angle 6, , which depends on the

divergence angle of an LED, by N elements. The number of N elements should be numerous for precise calculation

of the TIR surface.
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The coordinates of the refraction point are expressed as a function of the incident angle as follows:

I’i(@i)=(xi,yi)=(x0,x0 tan@i), (D

where 6, is incident angle at (x;, y;) . The refracted light with a refracted angle 6, travels inside the medium and is

then reflected at outer TIR surface. With the position where the light undergoes reflection, the refractive angle 6,

can be calculated by determining the difference between the refraction position and the reflection position. The

condition for total reflection is given as follows:

nysin@ =n sind, =n, sinz =n, )
where 6, is incident angle, which corresponds to the refraction angle at the inner surface, and &, is critical angle
which is treated as the reflection angle at the outer TIR surface. n, and n, are refraction indices. Since the light travels
the air before refraction, 7, is 1. Assuming that reflection is specular. The incident angle and the reflection angle

must be equal at the outer surface. The angle can be expressed in conjunction with the refractive angle 0, .
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where @ and ¢’ are the incident angle and the reflection angle, respectively. The intersection point of the ray

R;(x;,y;) and the subsequent point of the ray R, , = (x oY f) composes tangential equation as follows:

Yy~ Vi

= tany “)
.xf - xi

where the point of the ray R, = (x;,y;), the point of the subsequent ray R, , = (x oY f) , the angle y is equal to 6,

based on Fig. 2. By solving this equation iteratively for each angular step A@, the continuous profile of the TIR

surface is generated, ensuring that light from the extended source region is redirected efficiently.
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Figure 2. Geometrical analysis of total reflection surface.

3. Results and discussions
To validate the calculation of the total reflection surface, two TIR surfaces are examined, as depicted in Fig. 3. The
initial model (grey solid line) is a conceptual representation resembling a commercially available TIR lens. This model
was designed under the assumption of a point source. However, when dealing with larger light emitting source sizes,
the lens struggles to sufficiently collimate the emitted light, resulting in decreased optical efficiency. Consequently,
modifications to the TIR surface become necessary. The overall efficiency is contingent upon the etendue. To preserve
a low divergence angle, the TIR surface size needed enlargement, as illustrated in the Modified model (black solid

line).
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Figure 3. Comparison of total reflection surfaces.

The source width was varied from 0.1 mm to 1.4 mm. A detector plane with dimensions of 25 mm % 25 mm was

positioned at a distance of z = 100 mm. The source was modeled with a divergence angle of approximately 140° to
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match commercially available LEDs, as shown in Fig. 4. For this simulation, the LED output power was assumed to

be 1 W.
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Figure 4. Divergence angle of commercially available LEDs.

The evaluation of the TIR surface was conducted by considering various divergence angles. To collimate all rays
emitted from the LED using the TIR surface, the surface area must be enlarged, which inevitably increases the system
volume. For optimal performance, rays within a 30° angle are designed to pass through the inner spherical surface, as
shown in Fig. 3, while the remaining rays are reflected by the TIR surface.

Figure 5 presents an investigation of optical power relative to source size, specifically for rays within the 30°
divergence cone. Although the inner spherical surface was iteratively optimized to collimate rays from the source,
adequate collimation was not achievable, as illustrated in Fig. 5(a). Figure 5(b) depicts the optical power efficiency at
the illuminated plane. With a source size of 0.1 mm, the efficiency is 0.98 for the Original model and 0.97 for the
Modified model. However, with a source width of 1.4 mm, the efficiency drops to 0.56 and 0.80 for the Original and
Modified models, respectively."
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Figure 5. Optical power investigation within a divergence angle of 30°: (a) optical layout and (b) optical power variations with

source width.
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The rays reflected by the TIR surface were investigated as shown in Fig. 6. Figure 6(a) illustrates the optical layout
of the TIR surface for ray angles ranging from 30° to 90°. Unlike the results in Fig. 5(a), collimated rays are clearly
evident here. Figure 6(b) presents the optical power efficiency received at the illuminated plane. With a source size of
0.1 mm, the efficiency is 0.94 for the Original model and 0.93 for the Modified model. For the Original model,
efficiency decreases to 0.90 when the source size reaches 1.34 mm. In contrast, at a source width of 1.4 mm, the

efficiency is 0.89 and 0.92 for the Original and Modified models, respectively.
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Figure 6. Optical power investigation within a divergence angle range of 30 to 90°: (a) optical layout and (b) optical power

variations with source width.

The investigation of rays emitted from the source is presented in Fig. 7. Figure 7(a) shows the optical layout of the
TIR surface considering the full angular range. Similar to Fig. 6(a), collimated rays are clearly evident. Figure 7(b)
displays the optical power efficiency received at the illuminated plane. For a source size of 0.1 mm, the efficiency is
0.95 for the Original model and 0.93 for the Modified model. However, with a source width of 1.4 mm, the efficiency
shifts to 0.83 and 0.91 for the Original and Modified models, respectively. Notably, the Modified model maintains
higher efficiency with larger sources. These findings suggest that the Modified model is more suitable for high-power

LED applications characterized by large emitting area and large source size.
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Figure 7. Optical power investigation considering full divergence angle: (a) optical layout and (b) optical power variations with

source width.
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4. Conclusion
Two TIR surfaces were developed using a streamlined design strategy, serving as an alternative to the complex
derivations required for conventional conic and aspheric surfaces. Ray tracing simulations validated these designs by
assessing optical efficiency across varying source sizes. The results confirm that to overcome etendue limitations and
accommodate larger emitters, the TIR surface must be enlarged. While the Modified model exhibits a slight reduction
in optical efficiency compared to standard commercial surfaces for point sources, it provides superior stability and
uniformity for extended sources. This design effectively enables uniform illumination for high-power LEDs with large

emitting areas.
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