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Abstract: A luminaire with a light-emitting diode (LED) array can provide hotspot illumination in a
short range. Therefore, a design of a luminaire with the largest central illuminance (LCI) and a high
uniformity is warranted. In this paper, we present a study of illuminance variation with respect to
the distance of an illumination target of a luminaire with LED array. The emission property of the
luminous intensity is characterized by the cosine power law or the divergent angle of full width at half
maximum (FWHM). A real LED module is designed to create the simulation for different luminaire
types. The occurrence of the LCI and the far-field region are observed. Our results demonstrate
that the LCI distance remains shorter than the starting distance of the far field (SDFF). To simplify
the simulation, we propose the replacement of the real LED module with a point or flat-extended
source. Such light sources must be equipped with the specific cosine power factor corresponding
to the divergent angle of the FWHM of the LED module. These light sources are acceptable for
describing illumination characteristics, including the SDFF. Our results may facilitate the design of
LED-array luminaires operated at short working distances, such as reading lighting or illumination
in microscopes.
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1. Introduction

Solid-state lighting (SSL) has been used for the generation of special lighting because of its
>100 lm/W luminous efficacy [1,2]. The introduction of the white light emitting diode (LED), with long
life, vivid color, energy-saving ability, fast response, and environmental benefit, has led to a revolution in
lighting [3–10]. In general, a white LED is fabricated with a blue die covered with a volume containing
phosphor and is thus called phosphor-converted white LED (pcW-LED) [2,11–13]. The volume
containing phosphor is usually a combination of silicone and phosphor. From the perspective of a
luminaire or a lamp, the compact size of a pcW-LED enables design freedom, which could be limited
when traditional light sources are used. To provide sufficient illuminance with high optical flux
emission, an optional design involves the use of a cluster pcW-LED [14]. However, this cluster LED
could be too bright for the human eye. Therefore, an LED array in a luminaire can alternatively be
used [15–19]. However, a large design freedom can impede some essential illumination properties.
At the level of the light source, a designer always handles the luminous intensity. However, for checking
a luminaire, one of the most important factors is illuminance uniformity on the illumination target.
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Therefore, for a luminaire, the illuminance uniformity on the illumination target is potentially more
of a straightforward performance measure than the luminous intensity. When the observer is away
from the luminaire, the working distance becomes a key issue for illuminance variation. In a certain
region, the illuminance varies rapidly, but in some other regions, the illuminance varies gradually.
Figure 1 defines regions that are crucial for exhibiting different light field properties. When light is
emitted by the active area of the light source, it passes through the microstructure of the light source
volume. After the light leaves the light source, the light field becomes scalar, with its location being in
the mid-field region, where the light pattern varies in intensity and illuminance from one distance to
another [20,21]. When the distance is increased further, such that the luminaire appears small and the
light pattern in intensity does not vary with change of distance, the light field locates in the far-field
region, where the light pattern in luminous intensity does not vary, but the illuminance changes by
inverse-square of the distance [22–25]. In general, an illumination target should be located in the
far-field region for the illuminance to obey the inverse-square law and thus become uniform. However,
in most modern devices, such as a table reading lights or a ring LED light in microscope, the distance
between the luminaire and its illumination target is not sufficiently long. Therefore, the starting
distance of the far field (SDFF) and largest central illuminance (LCI) of an SSL luminaire should be
elucidated. In this study, we investigate the illuminance distribution of SSL luminaires with various
important factors. The aforementioned SDFF and LCI are also calculated. Our result may facilitate
modern SSL luminaire design.
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Figure 1. Different illuminance fields for different observation distances.

2. Light Source and Luminare

With regard to the light source, pcW-LED is a complicated light source but not a point source.
Thus, to figure out the illumination properties of an LED-array luminaire, it could be particularly
difficult, and as a result, we may define the illumination property by using the far-field intensity rule:

I(θ) = I0cosm(θ) (1)

where I0 is the luminous intensity at the normal direction, m is the cosine power factor, and θ is the
view angle. Equation (1) will describe a Lambertian light source when m = 1, while m = 0 for a point
source, and m approaches infinity when the light is collimated [26]. Its packaging variation leads each
pcW-LED to have properties different from those of pcW-LEDs; nevertheless, the value of m remains
within 0.5–5. Moreover, rather than the cosine power factor, full width at half maximum (FWHM)
would be more suitable for describing the light source here because the actual light pattern is not pure
cosine function. Here, the FWHM value is usually used to describe the behavior of spatial intensity
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distribution of the light source. Figure 2 presents a corresponding table between the cosine power
factor and FWHM of a light source.Crystals 2018, 8, x FOR PEER REVIEW  3 of 10 
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To accurately describe the illumination property, we begin from a real pcW-LED with an optical
component to control the illumination pattern. Figure 3 presents the pcW-LED and the structure of the
optical component. The pcW-LED used here is named XP-E, manufactured by CREE [27]. The optical
component is a total internal reflection (TIR) lens [28]. The optical flux of XP-E LED is about 129.3 lm
at the electric power of 2.38 W. The optical efficiency of TIR lens is about 92%. Therefore, the luminous
efficacy of the combination of XP-E LED and the proposed TIR lens is about 50 lm/W. To change the
shape of the TIR lens, we produce the light pattern corresponding to a specific cosine power factor.
As shown in Figure 3, we fix the top open size 11 mm and the thickness 4.77 mm and adjust W and
H. Through precise light source model of XP-E by using a mid-field model [20,21], we can control
the divergent angle of the LED module with adjustments of W and H [15]. Thus, we have five LED
modules with different FWHM, where the FWHM and the corresponding geometries (FWHM, W, H)
of the TIR lens can be listed (30◦, 2.35, 3.55), (45◦, 2.5, 2.85), (60◦, 2.53, 2.05), (80◦, 2.56, 1.41), and (115◦,
without TIR lens). The geometry of the TIR lens and the corresponding cosine power factors of the
four LED modules are illustrated in Figure 4.
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Figure 4. Designed light patterns (black line) fitted with cosine power factors (red line), for the FWHM
of (a) 30◦, (b) 45◦, (c) 60◦, and (d) 80◦.

To investigate the illumination properties at different observation distances, we constructed two
types of luminaires (Figure 5). The first contained a 4 × 3 array of the LED module and we called it the
“solid array”. In the second luminaire, the central two modules were removed from the 4 × 3 LED array,
and we called it the “hollow array”. Both the luminaires had identical dimensions in all directions, so
as to make a fair comparison.
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Figure 5. (a) Solid and (b) hollow LED-array luminaires.

3. Typical and Atypical Illumination Properties

The illumination simulation was performed for the two luminaires on a target plane at different
distances. The simulation was made using ASAP (by Breault Research Organization, Inc., Tucson, AZ,
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USA) [29]. Figure 6 presents the simulation result. The vertical axis represents central illuminance
(in lux), whereas the horizontal axis indicates the luminaire-illumination-plane distance. Both axes
are in logarithmic scale. For the solid array, the LCI starts at a shorter distance and then decreases as
the distance increases. When the distance increases further, the slope of the illuminance approaches a
constant value, gradually reaching −2, as illustrated by the definition of the illuminance:

E =
I

R2 (2)

where E is the illuminance, I is the luminous intensity, and R is the observation distance. Equation (2)
for the far-field condition in the logarithmic scale can be represented as:

(log(E) − Log(I))/ log(R) = −2 (3)
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(b) hollow arrays with different divergent angles of the light source modules.

In this condition, the luminous intensity becomes constant; thus, the illuminance obeys the
inverse-square law as the slope reaches −2. Thus, we can calculate the far-field distance in Figure 6 by
calculating the slope of the curve.

In the hollow array, we found that the LCI occurs at a longer distance. There are two factors
that decide LCI location. The first is the divergent angle of the LED module. The smaller the
divergent angle, the longer is the distance. This is applicable to both solid and hollow arrays.
The second factor is the geometry of the LED module array. The pcW-LED is a relatively small light
source. Therefore, the discrete LED module array forms local hotspot at a short observation distance.
The hotspots mentioned in the article refer to the extremely bright spots that cause the light pattern to
become non-uniform distribution. Such an atypical light pattern is unacceptable in general lighting.
The presence of a hotspot depends on the divergent angle of the light source and spacing among LED
modules. As shown in Figures 7 and 8, we can observe hotspots at short observation distance when the
divergent angle of the light source module is small. In Figures 7 and 8, the red, blue, and green squares
respectively represent the light pattern at the FWHM values of 30, 60, and 80 degrees. Additionally,
each color square also has three light patterns for three distances, respectively. Notably, the hollow
array provides relatively poor results because the spacing between some LED modules is extended such
that it needs a longer distance to merge hotspots. In general, a luminaire is away from the illumination
target, when the target is located in the far-field region of the luminaire. However, in lights such as
reading lights, a reader could be at a short distance from the luminaire. Therefore, the far-field distance
of a luminaire containing different light source arrays warrants elucidation.
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Figure 8. Central illumination location patterns in hollow array. Red, FWHM: 30◦; blue, FWHM: 60◦;
green, FWHM: 80◦.

4. Simplified Simulation of the Far Field

In general, the far field can be found at a distance 5–10 times that of the luminaire dimension [22,23].
As noted above, we found that far-field distance depends on the divergent angle of the LED module
and spacing of the LED array. A more systematic study using a simpler simulation model is warranted.
Thus, we attempt to simplify the LED module by using either a point source or a flat-extended source.
In these two cases, the far-field divergent angle is set to the same level as that for the LED module.



Crystals 2020, 10, 360 7 of 10

Figure 9 illustrates comparisons among the simulation results of the cases of the LED module (black
line), point source (blue dashed line), and flat extended source (red dashed line) at the distances of 10,
50, and 100 mm, respectively. The divergent angle of the light source is set as 30◦, which will make the
similarity worse. Therefore, if the similarity is high enough, the other divergent angles will be good.
Normalized cross correlation (NCC) [20,30] between any two curves is >99%; in other words, the point
source and flat-extended source are workable compared with the LED module. Thus, deciding the
far-field region when developing a luminaire used at a relatively short distance becomes easy.Crystals 2018, 8, x FOR PEER REVIEW  7 of 10 
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Figure 9. Light patterns simulation for the light source with 30◦ divergent angle at (a) 10, (b) 50, and (c)
100 mm distances.

To find the far field, we examine the variation slope of the central illuminance as a function of
distance, all according to Equation (3). When the slope has the maximum error of ±3%, SDFF is −1.94.
A ratio between the SDFF (RFF) and the luminaire size (D) with respect to the divergent angle of the
three approaches in the two array cases is presented in Figure 10, where SDFF simulation is similar
with that of the LED module when the divergent angle is ≤115◦. Results indicate that SDFF is at
most five times that of the luminaire dimension, even when the divergent angle of the hollow array
is 30◦. When the divergent angle is >90◦, SDFF is only three times that of the luminaire dimension.
Figure 11 further illustrates the simulation of the distance for occurrence of the LCI (REmax) in the
hollow array. First, despite their LCI being relatively different, the point source and flat-extended
source are acceptable for allocating distance for LCI occurrence. Second, compared with Figure 10,
LCI distance is shorter than that for SDFF in all cases. Therefore, obtaining LCI in the far-field region is
difficult. This is a serious problem in the design of a luminaire with LED module array.
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Figure 11. Largest central illuminance (LCI) with respect to observation distance-to- luminaire
dimension ratio in hollow array (red dots: point source, black dots: flat extended source, blue dots:
LED module).

5. Conclusion

Here, we reported the study of atypical illumination of LED luminaires at short observation
distances (e.g., reading light, a ring LED light in a microscope). The most important measure here is
illuminance rather than luminous intensity at the luminaire level. However, illuminance is determined
by various factors. To handle illumination in more general conditions, we begin from the cosine power
factor of the intensity of a light source and then construct a real module with XP-E pcW-LED and TIR
lens to connect the FWHM divergent angle to the cosine power factor. The FWHM divergent angles
are set to 30◦, 45◦, 60◦, 80◦, and 115◦ for the LED module. To simplify the simulation, point sources and
flat-extended sources with corresponding cosine power factors are applied. In the real LED module,
the geometry of the TIR lens is adjusted to fit required divergent angles. To determine the property of
atypical illumination pattern (e.g., hotspots), the luminaire containing a solid or a hollow LED array
is used.

The simulation results indicate several important features of luminaires with the LED array
working at a short distance.

1. The LED array forms unacceptable hotspots on the illumination plane when the observation
distance is not sufficiently long.

2. Hotspot removal depends on the factors including a larger divergent angle of the light source
module, smaller light source array spacing, and longer observation distance.

3. When the hotspot merges, central illuminance obeys the inverse-cosine law, with observation
distance location being in the far-field region. A distance farther than the SDFF can be set as the
working range.

4. Under the small divergent angle of the light source and hollow array of the luminaire (i.e.,
serve conditions), SDFF is at most five times that of the luminaire dimension.

5. The LCI distance is shorter than that of the SDFF in all cases. In other words, obtaining LCI in the
far field region is difficult.

6. For a specific real light source, simplified light sources such as a point source or a flat-extended
source equipped with a corresponding cosine power factor of intensity can be used to determine
the appropriate working range.
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