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Abstract: We designed a spot light system with an illumination range of 10 km. In the designed
system, an appropriate white light-emitting diode (LED) was selected according to the exitance and
injection power required. Subsequently, through a first-order optical design, the geometry of the
lens and reflector was determined using geometrical calculation. Because the central illuminance
of the projection spot of the reflector was 2.5 times that of the cover lens, we first considered the
fabrication error of the reflector. According to the adjustment of the optimized distance between
the white LED and reflector, we modified the design of the cover lens to fit the new location of the
white LED. An LED spot light module containing 16 spot light units was used. The module’s power
injection was only 68.2 W. Because of the excellent performance of the designed system in terms
of the divergence angle of the projection beam and maximum luminous intensity, which were 1.6°
and 2,840,000 cd, respectively, the projection distance of the LED spot light module was 3.37 Km,
according to the ANSI regulation. Finally, a spot light system with nine modules and capable of
achieving a projection distance of 10 km was successfully fabricated.

Keywords: white LED; long-distance projection; exitance; spot light

1. Introduction

White light-emitting diodes (LEDs) have been extensively applied in general lighting and special
lighting [1-5], such as stadium [6], museum [7], and workplace lighting [8], thanks to their superior
characteristics, including long life, compact size, vivid color, fast response, and environmental
benefits [9-16]. A white LED is mostly fabricated by covering a blue die with yellow phosphor; such a
white LED is also called a phosphor-converted white LED (pcW-LED) [17]. The die refers to the LED
chip, which is the core device of LED illumination. Yellow phosphor can transform blue light into
yellow light and balance the leakage blue light to provide white light. Therefore, achieving a stable
transformation from blue light to yellow light and fixing the color coordinate of the targeted white light
are important tasks. However, fixing the color coordinate is difficult because the heat generated by the
blue die is transferred to the phosphor layer and thus causes thermal quenching, which reduces the
quantum efficiency of the phosphor layer and changes the color coordinate and color temperature [18].
Therefore, the thermal problem is critical in LED lighting, especially when the driving power is large.

Traditional plasma-type light sources are applied in projection lamps, including automotive
headlamps and long-distance projection lamps, due to their large exitance [19-29]. By contrast,
the exitance of a pcW-LED is limited because the power density of a pcW-LED is strictly limited.
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Although higher power density can be achieved under a special design for heat dissipation, the system
cost increases. In this study, we measured the exitance and injection current density of six types of
commercial pcW-LEDs. The aforementioned measurements were conducted using a thermoelectric
cooler to control the board temperature at 100 °C; moreover, the flux was measured using pulse driving
current. We found that compared with the other pcW-LEDs, Osram HWQP had a larger exitance
and higher current injection density at a power density of 5 W/mm? [30]. Thus, Osram HWQP was
determined to be more suitable than the other pcW-LEDs for designing a compact long-distance spot
light system. This paper presents the design details of the spot light system and results obtained
through an experimental evaluation of the system. We used the ANSI regulation to calculate the beam
distance, defined as the distance from the luminaire at which the measured illuminance is equivalent
to 0.25 lux [31]. Finally, we evaluated the final version of the LED projection system and verified that
the projection distance could reach 10 km.

2. Optical Modeling

Due to its superior exitance and power density, Osram HWQP was selected as the light source
of the 10-km projection lamp. The pcW-LED of Osram HWQP is displayed in Figure 1, in which the
yellow region is the active emitting area. The lateral dimensions of the pcW-LED of Osram HWQP
were measured to be 1 mm X 1 mm. To achieve a 10 km projection distance, the divergence angle of
the lamp must be extremely small, and the optical model should be sufficiently precise. To build a
precise light source model, we must obtain accurate light source dimensions. There exists an empty
area at the upper corner. The datasheet of Osram HWQP indicates that its angular full width at
half maximum (FWHM) is 120° [30], which coincides with the feature of a Lambertian light source.
This property can thus facilitate the modeling process. The yellow part in Figure 1 represents the
Lambertian emitting area. To ensure the accuracy of the light source model for practical application,
we must measure the light patterns in the midfield regime [32-34]. Figure 2 displays the simulation
algorithm and the corresponding experimental setup; in the measurement, the pcW-LED was located
at the center of the rotational axis of the rotational stage. By controlling the iris size, we could control
the angular resolution in the measurement. Figure 3 illustrates a comparison of the simulation and the
measurement results in the midfield regime. Nearly all normalized cross-correlation (NCC) values
were higher than 99.9% in both the horizontal and vertical directions [35]. This indicates that the
Osram HWQP optical model is sufficiently precise in our design.
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Figure 1. Geometry of Osram HWQP LED.
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Figure 2. (a) Algorithm used in the simulation along the (b) horizontal and vertical directions. (c)
Optical setup in the experimental measurement, with a controllable iris shown in (d), along the (e)
horizontal and the vertical directions.

T o o e T T T 10 T L e e ! —r————— R
Ior@ Tor (b) 1 37t ©
“2 os | ) 2 os Z osf
g, i 11 2, Caa 2.l ]
ol =1 cn:) 2\ cR vD—3.0 ur: 8 [ D=5.0cm
T NCC =99.7% = NCC=99.9% 2. NCC = 99.9%
g J / —— Simulation .-E 02 Simulation A\ ] E “r Simulation T
E 4 - Experiment E ¢ Experiment "a\' = 0E - Experiment
N A S S S © ol v v v T o o 7 ool
Z ')ws,mmuayu:wu 10 20 30 40 50 60 70 80 90 #Z% 90 80 70 -60 S0 40 30 2010 0 10 20 30 40 6 S0 9¢ 7 $0 70 80 90
Angle [Degrees] Angle [Degrees]
1.0 T T T T TR T T T T T—T—T 1.0 T T T T T T SRR T T T T T T T 10 LIRS B B S S TTTTTTTTTT
oL@ Tt (e) 507 ()
; Tk "\. Zor ‘E +
g 06 \ z 06} ‘é 06
S ost 3 £ s} < os
il D=15cm Cl D=3.0cm = D=35.0cm
% NCC =99.7% S o} NCC = 99.9% "5 ‘ NCC=99.9%
TE' Simulation E 02 Simulation E o2 Simulation
-5 IIIII Il{\.p«“rillnfn} | ':-"" g Experiment \ g ‘ Experiment R\
z z PP s e s s s SR WY P

"7.90 80 .70 -60 -50 40 -30 20 -10 0 10 20 30 40 50 60 70 80 9 00 10 20 30 40 S0 60 70 80 90

Angle [Degrees] Angle [Degrees) Angle [Degrees)

Figure 3. Comparison of the simulated and measured normalized cross-correlation values in the
midfield regime and beyond along the horizontal direction at the distance of (a) 1.5, (b) 3, and (¢) 5 cm
and along the vertical direction at the distance of (d) 1.5, (e) 3, and (f) 5 cm.

3. Optical Design and Optimization

The first-order optical design objective was to determine a rough geometry for achieving a
projection spot with a sufficiently narrow divergence angle. In addition, we endeavored to collect all
the flux to increase the illuminance on the target at a distance of 10 km. An appropriate approach
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to this goal would be to use a TIR lens for collecting the light emitted along all directions [36-39].
However, a volume-limited TIR lens would be unsuitable for achieving a high flux and an extremely
small divergence angle; instead, a hybrid system comprising a lens with a parabolic reflector would
be more suitable. According to the ANSI regulation, the farthest distance is the maximum distance
at which the illuminance is at least 0.25 lux [31]. To reach this target, we used LED clusters to emit a
sufficiently high flux. Our data indicated that the pcW-LED could be driven at a maximum power of
5.2 W, where the current injection was determined to be 1.5 A. The objective of the proposed design was
not to drive the power to this level. In the experimental measurement, the pcW-LED emitted a stable
flux of 340 Im under a designed heat dissipation structure with a power injection of approximately 4.3
W. Therefore, the pcW-LED was driven at this power when the entire system was assembled. Our aim
was to maintain the total power of the pcW-LEDs below 700 W. Therefore, we used 144 pcW-LEDs.
In the first step of calculation, we obtained a total flux of 48960 Im and targeted illuminance of 0.25
lux. Projecting the entire portion of light onto a target is impractical. In our experience, 40-50% of
light may be projected to the target area. This thus signifies that the optical utilization factor (OUF) is
40-50%. To simplify the calculation, if the target illumination area is 2, t would be 313 m. The expected
projection distance reaches 10 km. Therefore, the full divergence angle of the spot light was determined
to be 1.79°. Regarding the effective area (1 mm?) of the pcW-LED, the projection lens should be located
at a distance of 33.8 mm from the top surface of the pcW-LED. We could then determine the vertical
dimension of the optical system. To determine the diameter of the reflector, we set the divergence angle
to 1.79° and the reflector length (L) to 33.8 mm. As displayed in Figure 4, a parabolic reflector was
used to collimate the light at larger angles. The nonzero divergence angle was caused by the lateral
extension of the emitting area of the pcW-LED. When the length of the reflector was 33.8 mm, the light
primarily contributing to the divergence angle originated from the reflector nearly halfway through
the length of the reflector (i.e., 16.9 mm), as depicted in Figure 5a. If the radius of the open top of the
reflector is r, the lateral extension of the light source can be Ar and the half divergence angle (A9) can

be expressed as follows:
A t
AO = tan_l(H—Tr) - tan_l(z) (1)
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Figure 4. Basic optical structure of the projection light.
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Figure 5. (a) Schematic of the reflector when controlling the divergence angle and (b) plot of the half

divergence angle versus the radius of the reflector.

Figure 5b illustrates a plot of AB versus r at L values of 33.8 and 16.9 mm. To achieve a divergence
angle smaller than 1.79°, the radius of the parabolic reflector should be larger than 16 mm. However,
Figure 4 illustrates that the cover lens occupies the central area of the projection system. Therefore,
the reflector surface should be moved outward. Consequently, the diameter of the lens would also be
limited. The diameter of the lens was set 32 mm, and the diameter of the open top of the reflector was
set to 66 mm.

Figure 6 presents the layout of the optical components, including the parabolic reflector and cover
lens. The figure reveals that the emitting area of the pcW-LED is located at the focus of the parabolic
reflector. The cover lens is placed on the open top of the reflector, and the lens is attached to the center
of the cover. Because of the 32-mm diameter of the lens, a clear ring aperture can be obtained for
the light reflected by the parabolic reflector. Our simulation revealed the central illuminance levels
(full divergence angles) to be approximately 2515 lux (1.38°), 1034 lux (1.2°), and 3549 lux (1.33°) for
the parabolic reflector, cover lens, and entire system, respectively. Accordingly, the projection spot of
the entire system fits the first-order design objective.

In practice, a reflector and cover lens incur a certain amount of distortion during mass production,
in which optical components are formed using the plastic medium and an injection molding machine.
One drawback is that the shrinkage or distortion rates of the reflector and lens may be different,
which could cause defocusing of the optical components. To avoid this situation, a component must
be fabricated first, after which other components are adjusted by considering the distortion of the
fabricated component. The central illuminance of the projection spot of the reflector was determined
to be approximately 2.5 times that of the cover lens. Moreover, controlling reflector distortion would
be more difficult than controlling cover lens distortion because of the larger size and complicated
shape of the reflector. Therefore, we decided to fabricate the reflector first. The reflector was fabricated
using an injection molding machine and coated with aluminum. To ensure a suitable fabrication
tolerance, we examined the defocus level by adjusting the longitudinal distance of the pcW-LED
attached to an MCPCB (Figure 7). In the original design, the emitting surface of the pcW-LED was
located at +0.5 mm from the bottom of the reflector; however, in the experiment, the best position
was found to be approximately —0.1 mm from the bottom of the reflector (Figure 8a). Figure 8b
illustrates the illuminance at a distance of 10 m for nine reflectors. Although the best positions were
different for nine reflectors, the position at —0.1 mm was the optimal one. Thus, the distortion of the
reflector caused a defocus of 0.6 mm. The measured central illuminance varied from 2403 to 2569 lux,
representing 96—-102% of the simulation value.
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Figure 6. Structure of the (a) parabolic reflector, (b) cover lens, and (c) entire system. Simulated projection
spot at a distance of 1 km and divergence angle of the light coming from the (d) parabolic reflector, (e)

cover lens, and (f) entire system.

(a) (b)

Figure 7. Distance between the pcW-LED and reflector was adjusted when (a) the pcW-LED was at the

designed position and (b) departed from the position in (a).

We adjusted the location of the pcW-LED to the optimized position by considering the fabricated
reflector. We then modified the lens shape to shorten the focal length. The lens diameter was
adjusted to 31.84 mm to fit the optimized position of the pcW-LED (Figure 9). The central illuminance
(divergence angle) varied from 1035 lux (1.2°) to 1032 lux (1.19°) in the simulation. The cover lens was
made with PMMA using the injection molding machine. Figure 10 displays the projection spots for the
nine samples. The measured central illuminance ranged from 791 to 915 lux, representing 77% to 89%
of the simulation value. The degradation of illuminance may have been caused by the deformation of
the lens during its manufacturing, where defocus, distortion, and dispersion may have been induced.
Finally, the measured central illuminance of the spot light unit was 2895-3298 lux, representing 86-98%
of the simulation value (Figure 11).
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Figure 8. (a) Projection spots and variation of the central illuminance when the pcW-LED was shifted
longitudinally. (b) Plot of the measured central illuminance versus the defocus for nine samples.

The dark green line represents the results for the original design. The measurement was conducted for

an injection current of 1.5 A with a heavy heat sink.

(a)

k 67.80

31.84

Normalized Intensity (a.u.)

Angle (Degrees)

Figure 9. (a) Structure of the modified cover lens; (b) ray fans in the simulation; and (c) divergence

angle of the spot light.
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Figure 10. (a) Simulated projection spot of the cover lens at a distance of 10 m and (b) corresponding

measurement for the nine samples. The measurements were conducted at an injection current of 1.5 A

with a heavy heat sink.
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Figure 11. (a) Simulated projection spot of the spot light unit at a distance of 10 m and (b) corresponding
measurements for the nine samples. The measurements were conducted at an injection current of 1.5 A
with a heavy heat sink.

4. Performance of the Spot Light System

To achieve a projection distance of 10 km, we constructed a spot light module comprising 16 spot
light units. The final system contained nine modules; thus, the entire system contained 144 spot light
units. Figure 12 displays one of the modules; the total power, injection current, divergence angle,
and maximum luminous intensity of the module were 68.2 W, 1.25 A, 1.6°, and 2,840,000 cd, respectively.
The projection distance was 3.37 km, according to the ANSI regulation [31]. Figure 13 illustrates the
entire system. The projected light split at a short distance and then merged toward a round spot
at a farther distance [40]. Finally, the entire system projected light to a distance of 10 km at steady
state. The total electric power of the entire system was less than 700 W. Compared with traditional
xenon projection lamps, whose electric power is in kilowatts, the proposed system exhibited greater
energy-saving effects. Heat considerably affects LEDs, and the power density of an LED is limited.
Therefore, an adequate heat dissipation design is required. Moreover, due to the high luminous
intensity of the proposed system, attention should be paid to photobiological safety to prevent strong
light from causing damage to the human eye [41,42].

Lo (b) Y

Normalized Intensity [a.u.]

; . ————— .
20 -15 -10 -05 00 05 10 15 20
Angle [degrees]|

Figure 12. (a) Spot light module and (b) measured intensity distribution.
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Figure 13. (a,b) Entire spot light system for 10-km projection; (c) light paths from the system; and (d)

light path observed at a distance far away the system.

The proposed system is suitable for several applications due to its advantages such as compact
size and low energy consumption. It is suitable for use in ships and fishing boats. Large-volume
multicombination projection systems are suitable for use in lighthouse and bird towers.

5. Conclusions

In this study, we designed a white LED spot light system to achieve a 10-km projection distance.
We created the design after comparing six commercial high-power white LEDs on the basis of
their exitance and injection power. Subsequently, we selected Osram HWQP as the light source.
Through precise optical modeling of the light source, we decided to use a hybrid optical system
containing a cover lens and parabolic reflector rather than a TIR lens. The expected projection distance
was 10 km. Therefore, the full divergence angle of the spot light system was 1.79°. Regarding the
effective area (1 mm?) of Osram HWQP, the projection lens should be located at a distance of more than
33.8 mm from the top surface of the pcW-LED. The minimum radius of the reflector was determined
through simple geometrical calculation.

Considering practical fabrication errors, we fabricated the reflector first through an injection
molding machine. The reflector’s distortion changed the best location of the pcW-LED from +0.5 to —0.1
mm on a reference plane. The cover lens was then modified to fit the new location. The measured central
illuminance of the reflector was 2403-2569 lux, representing 96-102% of the simulation value, and that
of the cover lens was 791-915 lux, representing 77-89% of the simulation value. The degradation of
illuminance was possibly due to the deformation of the lens during manufacturing, where defocus,
distortion, and dispersion may have been induced. Finally, the measured central illuminance of the
spot light unit was 2895-3298 lux, representing 86-98% of the simulation value.

The entire system contained nine modules, each of which comprised 16 LED spot light units.
The power injection of each module was only 68.2 W. Because of the excellent performance of the LED
spot light module in terms of the divergence angle of the projection beam and maximum luminous
intensity, which were 1.6° and 2,840,000 cd, respectively, the projection distance of the module could
reach 3.37 km, according to the ANSI regulation [31]. Finally, the projection distance of the entire
system was demonstrated to reach approximately 10 km with a divergence angle of 1.6°.
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