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A model for LED spectra at different drive currents
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A mathematical model for the spectra of monocolor light-emitting diodes (LEDs) and phosphor-coated
white LEDs at different drive currents is established. The simulation program of the color rendering
of a white light LED cluster is developed based on this model. The program can predict not only the
spectral power distribution and color rendering index (CRI), but also the number of LEDs, drive currents,
input power, and luminous efficacy of a white light LED cluster at a given color temperature according
to the requirement of the luminous flux. The experimental results show that the relative spectral power
distributions (SPDs) and chromaticity coordinates of the model LED are very close to that of the real LED
at different drive currents. Moreover, the correlated color temperature (CCT), CRI, special color rendering
index (R9) luminous flux, input power, and luminous efficacy of the white light LED cluster predicted by
simulation are also very close to the measured values. Furthermore, a white/red cluster with high rendering
(CCT = 2903 K, CRI =91.3, R9 = 85) and a color temperature tunable warm-white/red/green/blule LED
cluster with high rendering (CCT = 2700—6500 K, CRI > 90, R9 > 96) are created.

OCIS codes: 230.3670, 330.1715.
doi: 10.3788/COL20100811.1090.

One of the most important characteristics of light sources
for general lighting is color rendering. Color rendering is
a property of a light source, which shows how natural
the colors of objects look under the given illumination.
If color rendering is poor, the light source will not be use-
ful for general lighting. This is an important aspect to
be considered in developing white light-emitting diodes
(LEDs) for general lighting. To create white light from
LEDs, two distinct approaches have been adopted: the
use of individual primary-color LEDs (e.g., red, green,
and blue, also known as RGB), and the combination of
wavelength down-converting phosphor with a blue or ul-
traviolet LED. Color rendering index (CRI) can reach
above 90 in any color temperature region from 2700 to
13000 K by matching the ratio of red and green phos-
phors and silica gell!]. The light-extraction efficiency of
LEDs has been improved by double-layer or multi-layer
phosphor package structures!?. The multichip RGB ap-
proach allows for high color rendering, chromaticity-point
stabilization, and color adjustment®~5!. However, the
strong temperature dependence of performance and high
cost are among its main disadvantages. It is possible
to maintain precise and stable color temperature con-
trol using optical and thermal feedbacks!®!. Meanwhile,
phosphor-coated white LEDs have the advantages of be-
ing relatively low cost and having great color stability
over a wide range of temperatures!®). These can also be
tuned to achieve higher CRIs and luminous efficacies of
radiation through dual-blue emittin%; active regions as
opposed to single-blue white sources!”. In order to an-
alyze the numerous designs of white light LED clusters,
mathematical models for relative spectral power distribu-
tion (SPD) of LEDs at a given drive current have been
developed®=5!. However, the drive current affects the
peak wavelength, half spectral width of the monocolor
LED, the relative SPD of the phosphor-coated white
LED, and the color rendering of white light LED clus-
ters. Thus, simulated programs developed by these mod-
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els cannot predict the drive currents, luminous flux, in-
put power, and luminous efficacy of white light LED
clusters. In this letter, the mathematical model for the
spectra of monocolor LEDs and phosphor-coated white
LEDs at different drive currents is established, and the
simulation program of the color rendering of the white
light LED cluster is developed based on this model. The
simulations and verifications of the two white light LED
clusters are also presented.

Based on the established mathematical model for
the spectra of monocolor LED, its relative SPD,
SLED (A, Ag, AN), is given by

StED (A Ao, AX) = [g(X\, Ao, AN) + k1g(\, Ao, AN)F2]
J(1+ k1), (1)

where
9\ dos AN) = exp[—(A = Xo)?/(AN)?],
AN — { A/\l7 ()\ < )\0)

Adg, (A > Xo)
B A< N)
ki - { k‘?,()\ 2 )\0) (Z - 172)7

Ao is the peak wavelength, A)\; is the left half spec-
tral width which is 2 f:s/\g% 2 SLED(A)AA, AX; is the right

half spectral width which is 2 (" "™ Step(\)dA, AXg
is the half spectral width which is [(AX; + AXg)/2],
and k; (i = 1,2) represents the characteristic parame-
ters of the spectral shape. Figure 1 shows an example
of this LED model compared with the SPD of a typ-
ical blue LED. The average residual sum of squares,
Chi? /DoF, for the model and real SPDs of blue LED is
1x1076. The difference of the chromaticity coordinates
(u, v) of the model and those of real blue LED, dC' =

(Au)? + (Av)2, is 6x107".
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Fig. 1. SPDs of a real and model blue LED.
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Fig. 2. Curve of Ao versus Ir for a typical blue LED.
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Fig. 3. Curve of A)g versus Ir for a typical blue LED.

LED drive current affects the peak wavelength and half
spectral width of monocolor LED. The functional rela-
tionship of the peak wavelength A\g and the drive current
Ir, Mo (Ir), is given by

Mo(Ir) = Ay, exp(By,Ir) + Cx,, (2)

where A,,, B),, and (), are function parameters of
Ao(Ir). The curve of A\ versus Ir for a typical blue LED
is shown in Fig. 2. Chi?/DoF for the curve of Ay versus
Ir of blue LED is 1x10~2.

The functional relationship of the half spectral width
A)g and the drive current Iy, AXo(Ir), is given by

AXo(Ir) = Aax + BaxIr, (3)

where Aa) and Ba) are the function parameters of
AXo(Ir). AN and AXy can also be expressed by Eq.
(3). The curve of A)gy versus Ir for a typical blue LED
is shown in Fig. 3. Chi?/DoF for the curve of A)q versus
Ir of blue LED is 1x1073.

In this letter, the LED drive current affects the char-
acteristic parameters k; (1=1,2) of the spectral shape

1091
1.0
—— white LED
08
z_; ....... bllle
E o6fF Iy 0 == flourescence
2
g
E 04
<}
=02+ ‘\_,"‘
A\
0.0 PAY L L
380 480 580 680 780
Wavelength (nm)

Fig. 4. White, blue, and fluorescence spectra of the phosphor-
coated white LED.
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Fig. 5. Curve of Ir versus @ for a typical white LED.
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Fig. 6. Curve of Py, versus @ for a typical white LED.

for monocolor LED. The functional relationship between
the characteristic parameter k; and the drive current I,
k;(Ir), is given by

ki(Iv) = A; exp(B;lr) + Cj, (4)

where A;, B;, and C; are the function parameters of
ki(Ir).

Four monocolor LEDs (red, yellow, green, and blue)
were tested. Their parameters are shown in Table 1.
Chi?/DoF for the model and real SPDs of these LEDs
at different drive currents are shown in Table 2. dCs of
the model and real LEDs at different drive currents are
shown in Table 3. The results show that the SPDs and
chromaticity coordinates of the model LED are very close
to those of real LED.

A mathematical model for the spectra of phosphor-
coated white LED was established in this work. The
relative SPD of phosphor-coated white LED, Sw(A), is
given by

Sw(A) = SB(A) + Se(X), (5)
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Table 1. Parameters of Monocolor LEDs
Xo AX ki k3
LED 1 1 1 2 2 2
Ax, By, Cxry, Aax  Canx Aj B Ci Af B o
Red 627.12 9.46x107° 0 30.5 19.90 0.1582 —0.0085 1.7220 0.9855 —0.0085 6.9403
Yellow  595.57 7.34x107° 0 30.2 1891 1.4151 0.0001 0.0000 0.7000 —0.0095 6.4750
Green 10.96 —7.45x107% 514 30.8 36.81 9.3850 0.0002 0.0000 1.3725 —0.0461 5.3000
Blue 8.38 —5.61x107% 455 30.1 2025 0.7617 —0.0288 1.6600 0.6189  —0.0288 4.7700
Xo A ks k3
LED 1 1 1 2 2 2
Axg B, Cry Aax  Canx Az B; Cs A3 B; C3
Red 627.12 9.46x107° 0 30.5 14.25  2.5089 0.0004 0.0000 5.9287 0.0001 0.0000
Yellow 595.57 7.34%x1076 0 30.2 14.25 3.1765 0.0002 0.0000 0.6720 —0.0095 4.7960
Green 10.96 —7.45%107% 514 304 36.81 1.2082 0.0006 0.0000 2.3553  —0.0461 6.3000
Blue 8.38 —5.61x107% 455 30.1 2291 1.6600 0.9576 0.0003  4.7700 4.5226 —0.0288
Table 2. Chi?/DoF for the Model and Real SPDs of Monocolor LEDs (x10~ %)
Ir (mA) 30 60 90 120 150 180 210 240 270 300 330 350
Red LED 1.8 2.5 2.0 1.7 1.6 1.7 1.7 1.8 1.4 1.4 1.4 1.4
Yellow LED 1.6 1.4 1.2 1.2 1.1 1.2 1.1 1.5 1.1 1.6 1.1 1.2
Green LED 3.8 6.3 5.5 4.5 4.4 4.6 4.4 4.1 4.0 3.9 4.0 4.0
Blue LED 0.1 1.8 3.8 3.5 2.5 1.6 0.9 0.6 0.4 0.2 0.1 0.1
Table 3. dC of the Model and Real Monocolor LEDs (x10™%)
Ir (mA) 30 60 90 120 150 180 210 240 270 300 330 350
Red LED 1 3 3 2 2 3 2 3 2 2 2 2
Yellow LED 1 5 4 3 2 2 3 1 2 3 1 1
Green LED 0 4 2 0 2 3 4 4 3 1 0 0
Blue LED 0 1 4 3 1 0 1 4 4 3 1 0
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Fig. 7. SPDs of the phosphor-coated white LED.

where Sw (A), Sp(\), and Sy () are the white, blue, and
fluorescence spectra of phosphor-coated white LED, re-
spectively. Sp(A) can be expressed by Eq. (1). Sp()\) can

475
be determined by Y [Sw(A) — Sg(M\)]? — min. Sw()\),
380

Sp(A), and Sp(A) of a typical phosphor-coated white
LED are shown in Fig. 4. Chi?/DoF for the model and
real SPDs of the LED is 3x107° and dC of the model
and real white LEDs is 1x10~%.

The drive current also affects the relative SPD of
phosphor-coated white LED. Equations (2)—(4) can be

applied to the blue spectrum of phosphor-coated white
LED. The functional relationship of the fluorescence
spectrum Sp(\) and the drive current Ir, Sp(\Ip), is
given by

SF()\, IF) = SF()\, IFmax) + Ap exp(BFIF), (6)

where Ay and Bp are the function parameters of Sg(A,
Ir). Chi?/DoF for the model and real SPDs of phosphor-
coated white LEDs at different drive currents are shown
in Table 4. dCs of the model and real phosphor-coated
white LEDs at different drive currents are shown in Ta-
ble 5. The results show that the SPDs and chromaticity
coordinates of model white light LED are very close to
those of the real white light LED.
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Table 4. Chi?/DoF for the Model and Real SPDs of Phosphor-Coated White LEDs (x10~°)

Ir (mA) 30 60 90 120 150 180 210 240 270 300 330 350
WWLED 05 13 15 20 3.0 1.7 1.0 0.9 0.7 0.6 0.5 0.5
NWLED 04 04 05 07 07 0.7 1.3 0.7 06 05 0.5 0.4
CWLED 06 16 23 32 3.1 2.8 2.5 2.1 2.0 1.6 1.3 1.2

*WW, NW, and CW LEDs refer to warm-white, neutral-white, and cool-white LEDs, respectively.

Table 5. dC of the Model and Real Phosphor-Coated White LEDs (x10™%)

Ir (mA) 30 60 90 120 150 180 210 240 270 300 330 350
WW LED 1 1 1 0 0 1 2 2 1 1 0 0
NW LED 0 0 0 1 0 1 2 1 1 1 1 1
CW LED 1 2 3 2 3 2 2 2 2 1 1 1

Table 6. CCT, CRI, R9, ¢, Pi,, and i of the White/Red Cluster

CCT CRI R9 & (Im) Pn(W) 7 (m/W)
Predicted 2009 90.3 84  457.4 5.94 77.0
Measured ~ 2903  91.3 85  464.9 5.91 78.6

Table 7. Predicted and Measured Results of WW /Red/Green/Blue Cluster (Pin=8 W)

N CCT (K) 2699 2098 3497 3999 4497 4995 5699 6505
WW LED 4 s (mA) 330 321 300 279 261 245 217 200
Red LED 3 Ir (mA) 263 226 184 156 136 121 106 94
Green LED 4 Ir (mA) 157 182 216 241 259 271 207 303
Blue LED 1 s (mA) 0 2 82 136 187 235 277 339
CRI 94.3 944 943 941 938  93.6  92.6  92.3
‘ R9 97.6 98.3 984 985 983 982 9082 987
Predicted Results )y ATT1 4769 4694 4589 448.0 4372 421.0  406.7
P (W) 8.0 80 80 80 80 80 80 80
1 (Im/W) 59.6 50.6 587 574 560 546  52.6  50.8
CCT (K) 2639 2077 3523 4010 4492 4979 5676 6422
CRI 94.8 942 936 934 931 929 920 916
Measured Results R9 96.0 975 985  98.6 988 983  OT.8  99.2
& (Im) 4852 ATL1 4528 4414 4293 4170 398.0  383.0
P (W) 7.5 75 75 75 75 16 16 16
1 (Im/W) 64.4 627 602 587 569 551 525  50.4

To predict the drive current of LED at a given lumi-
nous flux, the functional relationship between the drive
current [y and luminous flux @, Irx(9P), is given by

Ip(®) = ki &7 (1 + 1 9?), (7)

where ki, ¢1, and v are the function parameters of Ix ().
The curve of Iy versus @ for a typical white LED is shown
in Fig. 5. ChiQ/DoF for the curve of Iy versus @ for a
typical white LED is 6x1072.

To predict the input power of LED at a given luminous
flux, the functional relationship between the input power
Py, and luminous flux @, P,(®), is given by

Pon(®) = kp 87 (1 4 cp D?), (8)

where kp, cp, and 7/ are the function parameters of
Py, (®). The curve of Py, versus @ for a typical white
LED is shown in Fig. 6. ChiQ/DoF for the curve of P,
versus @ for a typical white LED is 2x10~.

To analyze the possible performance of the white light
LED cluster, a simulation program was developed accord-
ing to the principles of additive color mixture and the
Commission International del’” Eclairage (CIE) method
of measuring and specifying color rendering properties
of light sources. The simulation program can predict
the SPD of phosphor-coated white LEDs by spectra
mixture of blue chip, yellow, green, and red phosphor ac-
cording to the requirements of the CCT and CRI. Thus,



The predicted and measured SPDs and CRIs of the W/R
cluster are shown in Figs. 9 and 10, respectively. The
CCT, CRI, &, P, and n of the W/R cluster are shown

The WW/R/G/B clusters (P, = 8 W) with the WW
LEDs (excited wavelength Ao = 454.0 nm, CCT = 3162
K, =792 1m, P, = 1.21 W, and = 65.5 lm/W at
Ir = 350 mA), the red LEDs (\g = 633.6 nm, ¢ = 32.7
lm, P, = 0.75 W, and n = 43.6 Im/W at Ir =350 mA),
the green LEDs (Ag = 522.9 nm, ¢ = 45.2 lm, P,,, = 1.08
W, and n = 41.9 Im/W at Ir = 350 mA), and the blue
LEDs (Mg = 454.3 nm, ¢ = 12.8 lm, P, = 1.21 W, and
n = 10.6 Im/W at Iy = 350 mA) were simulated. The
predicted and measured results are shown in Table 7.

The experimental results show that the correlated color
temperature, CRIs, luminous flux, input power, and lu-
minous efficacy of white light LED cluster predicted us-
ing simulation are very close to the measured values. Fur-
thermore, CRI and R9 of the W/R and WW/R/G/B
clusters are over 90. This result is the first to be created
successfully in a laboratory as far as we know.
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the program can predict not only the SPDs, chromatic-
ity coordinates, and CRIs, but also the number of LEDs
(N), drive currents (Ig), input power (Py,), and the lu-
minous efficacy (n) according to the requirements of the
CCT and luminous flux ().

To validate the simulation for phosphor-coated white
LED, a real warm-white LED (CCT = 3183 K, u =
0.2429, v = 0.3487, CRI = 80.4, excitation wavelength
Ao = 451.0 nm) was simulated by our program. The sim-
ulated and measured SPD and CRIs of phosphor-coated
white LED are shown in Figs. 7 and 8, respectively. The
simulation results show that the predicted spectra are
very close to the real spectra of the warm-white LED,
and that the predicted CRIs are almost equal to the mea-
sured values.

To wvalidate simulation for the white light clus-
ter, white/red LED (W/R cluster) and warm-
white/red/green/blue LED (WW/R/G/B cluster) were
tested in our laboratory.

The W/R clusters with white light LEDs (excited wave-
length Ag = 450.0 nm, CCT = 4587 K, ¢ = 95.1 lm, P,
= 1.15 W, and n = 82.7 lm/W at Ir = 350 mA) and red
LEDs (A\g = 631.9 nm, ¢ = 37.6 lm, P,, = 0.75 W, and 5
= 50.1 lm/W at Ir = 350 mA) were simulated according
to CCT = 2900 K and ¢ = 450 Im. The predicted num-
bers of white light and red LEDs were four and three,
respectively, while the predicted drive currents of white
light and red LEDs were 350 and 220 mA, respectively.

In conclusion, a mathematical model for spectra of
monocolor and phosphor-coated white LEDs at different
drive currents is established. The simulation program of
the color rendering of the white light LED cluster is de-
veloped based on this model. The program can predict
both the SPDs and CRIs, as well as the numbers of LEDs,
drive currents, input power, and luminous efficacy of a
white light LED cluster at a given color temperature ac-
cording to the requirement of luminous flux. As far as
we know, our laboratory is the first to create success-
fully the W/R cluster with high rendering (CCT = 2903
K, CRI = 91.3, R9 = 85) and a color temperature tun-
able WW/R/G/B cluster with high rendering (CCT =
2700-6500 K, CRI > 90, R9 > 96).

This work was supported by the Shanghai Science and
Technology Committee under Grant No. 09DZ1141100.
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