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Abstract — Light-emitting diodes (LEDs) using phosphor conversion inherently have a wide variation
of multiple parameters, including correlated color temperature (CCT), light output power (LOP), and
forward voltage Vi. A method, based on the formation of LED pairs with complementary charac-
teristics, is presented to produce LED-based light sources with narrow CCT, LOP, and V distributions.
A weighted matching algorithm was developed to select LED pairs under a multiple selection criteria.
Based on the weighted matching algorithm, 96 LEDs were combined to form 48 LED pairs, and it was

experimentally demonstrated that the variance of LED CCT and LOP distributions decreased by 93%

and 71%, respectively.
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1 Introduction

Solid-state light emitters are becoming the dominant light
source for applications ranging from low-power indicators
to high-power illumination sources. Especially, liquid-crys-
tal-display (LCD) backlighting units (BLUs), automotive
headlights, and interior and exterior lighting have received
extensive attention.! The core components for high-power
solid-state lighting sources are (i) a III-nitride-based light-
emitting diode (LED) that uses GaInN multiple quantum
wells and (ii) a phosphor, such as a cerium-doped YAG
(YAG:Ce), which is optically excited by the LED chip. As a
result of this optical excitation, the phosphor emits yellow
light that, when mixed with the blue light of the LED chip,
results in white light.2

The color of a light source can be specified by its chro-
maticity coordinates; for example, the CIE 1931 xy coordi-
nates.> Light emitted by an LED may be regarded as white
if its chromaticity coordinates are suitably close to the
Planckian locus. For a light source with chromaticity coor-
dinates close to the Planckian locus, one can define the
correlated color temperature (CCT), which is the tempera-
ture at which a blackbody radiator best matches the color of
the light source. Although all points on the Planckian locus
are considered white, there is visible variation in the color
of white light. On a large scale, a lower CCT yields a yellowish
appearance and a higher CCT yields a bluish appearance.
On a small scale, chromaticity points with an equal color
difference from a defined chromaticity point describe an
ellipse in the chromaticity diagram. The sizes of these ellip-
ses were recorded by MacAdam and are called MacAdam
ellipses. The radius of the MacAdam ellipses are known as the
standard deviation of color matching (SDCM).4 Although a

chromaticity spread of up to seven SDCM is generally accept-
able for a daylight illumination application, a chromaticity
difference of larger than two SDCM is distinguishable to
the human eye.5

The variance of properties (CCT, light output power,
peak wavelength, and forward voltage) is much greater for
LEDs than for conventional light sources. This fact is one of
the great challenges of solid-state-lighting (SSL) technol-
ogy. Because of the fundamentally much greater variance in
optical and electrical properties, binning (sorting of LED
devices into a number of bins according to their charac-
teristics) is needed to ensure that an application appears
uniform in color (i.e., within acceptable color differences),
output power, and forward voltage. The origins of color vari-
ance for white LEDs include the variation of chip wave-
length, chip position inside the package, and phosphor
quanti’cy.6 Therefore, it is necessary to reduce the variation
of parameters influencing the color distribution. Prior-art
technologies developed by Steranka et al.” and Braune et al.8
alter phosphor dispensing method to have a conformal coat-
ing. The phosphor concentration and thickness is more pre-
cisely controlled compared to non-conformal phosphor
dispensing, such that the wavelength shift and the intensity
of yellow phosphorescence is confined into a smaller range.
Another method includes the fabrication of phosphor plates
that have an intentional variation of chromaticity.9 By
matching specific blue LEDs with specific yellow phosphor
plates, the variance in chromaticity of the resulting white-
light source can be reduced. In this paper, we discuss a
method that reduces the variance of white LEDs by about
one order of magnitude. We first present the theory and
then experimentally demonstrate the concept.
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2 Design and theoretical modeling

Consider that we have 2N LEDs; after pairwise combina-
tion we will form N LED pairs. There are (2N)/N!(2HN pos-
sible configurations of N LED pairs. Each configuration has
an arrangement of LED pairs in a particular combination.
The optimal configuration of N LED pairs would be the
configuration that creates N LED pairs that are charac-
terized by the least possible variance of their properties.
Therefore, the question arises, what is the optimal configu-
ration and how can we find it? The question could be solved
by comparing the variance of each configuration and the
configuration with the smallest variance is the optimal con-
figuration. However, the number of possible N-pair configu-
rations (2N)I/N!(2DN is too large for practical computation,
particularly when N is large. For example, for N = 50, the
number of possible configurations is 2.73 X 1078, In order to
solve the above question, the weight function wij for the pair
consisting of the ith and jth LEDs is defined as

n

wij<P1>P2""’pn> = \/Z<Pk ~ Prarget k

)2

where py and Ptarget k i the kth property value and the kth
target property value (e.g., CCT, light output power LOP,
forward voltage V, and forward current Iy), and n is the
number of selection criteria. When considering three prop-
erties, e.g. CCT, LOP, and V¥, then the number of selection
criteria is n = 3. Here the property pi of the pair of ith and
jth LEDs is calculated from the superposition of experimen-
tal data of each LED. It is notable that because an LED pair
can have a serial connection or a parallel connection between
two LEDs, the property of either Vg or Iy can be selected
at once. For example, the property of Iy under an assump-
tion of a constant voltage can be calculated for the parallel
connection of the LED pair, while the property of Vi under
an assumption of a constant current can be calculated for
the serial connection of the LED pair.

The weight function represents the deviation of an
LED pair from the target values. After having defined the
weight function, we find the optimal configuration by iden-
tifying the one that minimizes the sum of weights. In other
words, we are interested in the x;; which minimize the sum
of weights Zi’j wij x5 Here, xj represents an LED pair of the
ith and jth LED; xjj=1 if the ij pair is formed and xij=0 if
the pair is not formed. Because x;;, which means a self-com-
bination, is not allowed to be formed, we force w;; — .
Besides, leﬁxlj =1forj =1, 2,... 2N to guarantee that one
LED can be selected into an LED pair only once. By formu-
lating this problem, we avoid to identify the optimal con-
figuration from the huge number of possible configurations
N)UN!I2DHN, which approximately equal to J2@N/eN
(from Stirling’s approximation); instead, the number of pos-
sible pairs is N(2N — 1), which approximately equal to IN2
and is much smaller than the number of possible configura-
tions. The above problem is known as weighted matching in
the field of computer science and can be solved efficiently

by Edmond’s algorithm.10 Briefly speaking, this problem
can be seen as a linear programming problem of finding the
extreme value of a linear combination of weights and vari-
ables with certain constrains. In our case, the variable is x;;
representing the matching of two single LEDs and the con-
straint is that an LED can be selected only once into a pair.
This algorithm gives the optimal configuration of N LED
pairs which has the narrowest distribution closest to the
chosen target value. For our case, it takes less than 30 sec of
computation time to match 96 LEDs for two selection cri-
teria. As another example, it takes less than 5 minutes of
computation time to get the optimal matching result for
1000 LEDs on the Intel Core 2 Duo 2.4-GHz computer
equipped with a 2-GB memory.

3  Results and discussions

Although the algorithm can be used in either parallel or serial
arrangement of an LED pair, we assume that the LED pair
has a serial arrangement of two LEDs in this section to sim-
plify proof-of-concept. For the experimental part of this
work, we measure the spectral power distribution (SPD) of
each LED in the integrating sphere at a DC current of
10 mA. Figure 1(a) shows the measured SPD of three indi-
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FIGURE 1 — (a) Spectral power distributions of typical individual LEDs
from the By, B,ve, and By bins. (b) Spectral power distributions of two
LED pairs from B, — B,ye and By — By ;.

432 Lin et al. /A technique to reduce the variance of optical and electrical properties of LEDs



vidual LEDs from different CCT bins, where By,j ranges
from 4700 to 4900 K, B, ranges from 4900 to 5100 K, and
By ranges from 5100 to 5300 K. From the measured SPDs
of the LEDs, we can superpose and calculate the SPD of any
LED pair. Figure 1(b) illustrates that a combined LED pair
with complementary characteristics from By; and By
could have a very similar SPD of the LED from B,,,. Fur-
ther, from the SPD of the LED pair we can determine the
CCT and LOP. To minimize the variance of LED pairs with
respect to correlated color temperature CCT and light out-
put power LOP, we define a weight function wj of the pair
of the ith and jth LED as follows:

2+ (op—Lop. )2

wij(CCT,LOP):\/(CCT—CCT target

target
where CCTirget and LOPyyget is the target value of CCT
and LOP. After implementing the weighted matching
method for 96 LEDs, we can obtain the optimal configuration.
Distributions of the CCTs and the optical powers from the
original individual LEDs are shown in the first row of Figs.
2(a) and 2(b). For the targeted values (CCTargets LOPparget) =
(5000 K, 7 mW), the calculated distributions of the CCTs
and optical powers of the LED pairs are shown in the sec-
ond row of Figs. 2(c) and 2(d), respectively. The average p
and standard deviation ¢ are also shown in Fig. 2. By using
2N LEDs to form N LED pairs, the CCT standard deviation
and optical power standard deviation changes from 177 to
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FIGURE 3 — Measured two-dimensional distribution chart of the CCT
and the LOP for the individual LEDs (blue box) and the LED pairs (red box).

46 K and from 0.38 to 0.11 mW, respectively. It means that
the variance of CCT and LOP is narrowed down to 7% and
8% of its original value, respectively. Therefore, by the
weighted-matching algorithm, the distributions can be simul-
taneously narrowed by a very large amount.

Based on the weighted matching method, we combine
96 individual LEDs to form 48 LED pairs and measure
the CCT and the LOP at the same current, 10 mA, used in
the single-LED measurements. Figure 3 shows a two-dimen-
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FIGURE 2 — (a) The CCT and (b) the calculated LOP distributions from the individual LEDs. (c) The calculated CCT and (d) the
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sional distribution chart for the CCT and LOP before and
after the LED pair formation. The measured CCT and LOP
standard deviations decrease from 165 to 43 K and 0.28 to 0.15
mW, respectively. In other words, the variances of measured
CCT and LOP decrease by 93% and 71%, respectively.

4  Summary

In summary, the consistency in CCT, LOP, and V¥ is of par-
ticular importance for many LED applications. However,
phosphor-based white LEDs have inherently a much wider
variation of these properties compared to that for conven-
tional white-light sources. An LED-matching method is
presented to produce LEDs with narrow CCT and LOP dis-
tributions. This method is based on the combination of com-
plementary LEDs, and a weighted matching algorithm is
adopted to determine the optimal LED pairs that have
smallest variance among all possible LED-pair configura-
tions. The advantage of the method is to increase the
number of usable LEDs restricted by certain criteria. We
demonstrate experimentally that the CCT and LOP distri-
butions of LEDs are decreased simultaneously by about one
order of magnitude (93% and 71%) after formation of com-
plementary LED pairs. The method presented here over-
comes one of the greatest obstacles of solid-state lighting.

Acknowledgment

The RPI authors gratefully thank Samsung LED, National
Science Foundation, New York State, and Sandia National
Laboratorys Solid-State Lighting Science Center, an Energy
Frontiers Research Center funded by the U.S. Department
of Energy, Office of Science, and Office of Basic Energy

Sciences.

References

1 E. F. Schubert, Light-Emitting Diodes (Cambridge University Press,
Cambridge, 2006), p. 21.

2 M. Krames et al., “Status and future of high-power light-emitting
diodes for solid-state lighting,” J. Disp. Technol. 3, 160-175 (2007).

3 T. Smith and J. Guild, “The CIE colorimetric standards and their use,”
Trans. Opt. Soc. 33, 73 (1931).

4 G. Wyszecki and W. Stiles, Color Science (Wiley, New York, 1967).

5 C. Hoelen et al., “Color-consistent LED modules for general lighting,”

Proc. SPIE 7231, 72310A (2009).

6 J. S. Kim et al., “White-light generation through ultraviolet-emitting

diode and white-emitting phosphor,” Appl. Phys. Lett. 85, 3696-3698

(2004).

F. Steranka et al., “High power LEDs-technology status and market

applications,” Phys. Status Solidi A 194, 380-388 (2002).

8 B. Braune et al., “A new wafer level coating technique to reduce the
color distribution of LEDs,” Proc. SPIE 6486, 64860X (2007).

9 H. Bechtel et al., “Lumiramic: A new phosphor technology for high
performance solid state light sources,” Proc. SPIE 7058, 70580E
(2008).

10 C. H. Papadimitriou and K. Steiglitz, Combinatorial Optimization:
Algorithms and Complexity (Prentice Hall, Englewood Cliffs, NJ,
1982), p. 247.

434 Lin et al. /A technique to reduce the variance of optical and electrical properties of LEDs



