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Binning and Filtering: The Six-Color Solution

Ian Ashdown*, Shane Robinson, and Marc Salsbury
TIR Systems Limited, 7700 Riverfront Gate, Burnaby, British Columbia, Canada V5J 5M4

ABSTRACT

The use of LED backlighting for LCD displays requires careful binning of red, green, and blue LEDs by dominant
wavelength to maintain the color gamuts as specified by NTSC, SMPTE, and EBU/ITU standards. This problem also
occurs to a lesser extent with RGB and RGBA assemblies for solid-state lighting, where color gamut consistency is
required for color-changing luminaires.

In this paper, we propose a “six-color solution,” based on Grassman’s laws, that does not require color binning, but
nevertheless guarantees a fixed color gamut that subsumes the color gamuts of carefully-binned RGB assemblies.

A further advantage of this solution is that it solves the problem of peak wavelength shifts with varying junction
temperatures. The color gamut can thus remain fixed over the full range of LED intensities and ambient temperatures.

A related problem occurs with integrated circuit (IC) colorimeters used for optical feedback with LED backlighting and
RGB(A) solid-state lighting, wherein it can be difficult to distinguish between peak wavelength shifts and changes in
LED intensity. We apply our six-color solution to the design of a novel colorimeter for LEDs that independently
measures changes in peak wavelength and intensity. The design is compatible with current manufacturing techniques for
tristimulus colorimeter ICs.

Together, the six-color solution for LEDs and colorimeters enables less expensive LED backlighting and solid-state
lighting systems with improved color stability.

Keywords: Color binning, LED backlighting, RGBA assemblies, optical feedback, Grassman’s laws

1. INTRODUCTION

As computer display and television manufacturers work on the development of liquid crystal display (LCD) panels with
high-flux light-emitting diodes (LEDs) rather than cold cathode fluorescent lamps (CCFLs) as backlighting sources, the
question arises: is it possible to maintain consistent color within the requirements of broadcast television standards? At
present, the solution appears to involve careful color binning of LEDs. This is an expensive approach however, and it
does not address the issues of peak wavelength shifts with varying color temperatures.

In this paper we present a novel solution that involves six colors for both LEDs and tristimulus colorimeter design. The
goal is to develop inexpensive LED backlighting systems that comply with international standards for television and
computer display monitors.

2. INDUSTRY STANDARDS

The first industry standards for color video displays were established by the Federal Communications Commission in
1953 under the auspices of its National Television Standards Committee (NTSC)'. Phosphor technology for cathode-ray
tube (CRT) displays has obviously advanced in the past half-century, and so industry standards have changed
accordingly.

In order to improve the quantization of colors on 8-bit digital displays, the color gamuts defined by today’s phosphors
have been significantly reduced from the original NTSC color gamut. In North America, color television primaries are
now specified by the Society of Motion Picture Engineers, while in Europe, television color primaries are specified by

" Ian.Ashdown@tirsys.com; phone 1-604-473-2335; fax 1-604-294-3733; http://www.tirsys.com.
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the European Broadcast Union and high-definition television (HDTV) color primaries are specified by the
Radiocommunication Sector of the International Telecommunications Union (Figure b
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Figure 1 — Television phosphor gamuts LED color binning ranges and (adapted from Ref. 12)

These standards place quite stringent requirements on manufacturing tolerances for the chromaticities. For example, the

SMPTE

standard specifies chromaticity tolerances of +0.005 units for both x and y in the CIE 1931 chromaticity

diagram, while the EBU standard specifies that chromaticity variances should be less than 0.003 units in the CIE 1960 uv

diagram

to meet the needs of skin tone reproductionz‘3 .

Standard | Red (x,Y¥) Green (x,y) | Blue (x,9)
NTSC 0.670,0.330 | 0.210,0.710 | 0.140, 0.060
SMPTE C | 0.630,0.340 | 0.310,0.595 | 0.155,0.070
EBU /ITU | 0.640,0.330 | 0.290,0.600 | 0.150, 0.060

Table 1 - Reference display primary chromaticities

Proc. of SPIE Vol. 6337 63371A-2
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It must be noted that these are display chromaticities that are independent of the technology. For CRT displays, they
represent the excited phosphor colors as filtered by the CRT glass faceplate and antireflection coating; for LCD displays
they represent the CCFL lamp chromaticity as filtered by the diffuser optics, polarizing filters, LCD substrate, pixel
micro-filters, and protective screen. In other words, it is the perceived colors of the display screen that are being
measured.

3. CCFL CHARACTERISTICS

Jiang et al. provide a good summary of CCFL characteristics that form a basis for understanding LED backlighting
requirements”. To summarize, CCFLs must provide the following to be useful for LCD panel backlighting:

e  High luminous flux output
e  Specific spectral radiant flux distribution
e Long life

While CCFLs have the visual appearance of being “white” light sources with specific color temperatures like
conventional fluorescent lamps, they differ in that most of their spectral radiant flux output is desirably concentrated into
three narrow spectral bands centered on approximately 450 nm (blue), 544 nm (green), and 610 nm (red)®. The
narrower these bands are (as measured by their full-width half-maximum, or FWHM, values), the more strongly
saturated the primary colors appear and the larger the achievable color gamut.

Each rare-earth-activated phosphor generates a specific color (red, green, or blue) when excited by the ultraviolet
emission from the lamp’s mercury vapor arc discharge. An advantage of CCFLs is that their correlated color temperature
(CCT) can be varied from 2700 to 24000 Kelvin or higher simply by changing the phosphor mix ratios at the time of
manufacture. However, the phosphor emissions are combined with those of the visible mercury vapor spectral lines at
405, 436, 546, 577, and 579 nm. Also, the phosphor ratios must take into account the spectral absorption distribution
characteristics of the remainder of the LCD system’s optical train.

The CCFL luminous flux output does not remain constant over its lifetime of 5,000 hours or so. Early lamp lumen
depreciation occurs due to residual gas absorption, mercury and phosphor interactions, while long-term depreciation
occurs due to slow but steady phosphor degradation during use. This results in significant lamp chromaticity shifts of up
to 0.02 units when measured in the CIE 1976 u'v’ uniform color space, mostly because the phosphor emissions degrade
while the mercury vapor emissions remain constant in intensity>’.

Like conventional fluorescent lamps used for general illumination, CCFLs must be “burned in” by operating them at full
power for approximately 100 hours before their luminous flux and lamp chromaticity values stabilize for laboratory
measurements and color-critical applications (such as graphic arts proofing)*’.

Finally, while CCFLs can be dimmed over a range of 3:1 or so by modulating their drive currents, Jiang et al.
demonstrated that color shifts in the CIE 1931 xy color space of Axy = 0.01 units can be expected, or about twice the
allowable tolerances for SMPTE phosphors and three times the allowable tolerance for EBU / ITU phosphors®”.

The purpose of discussing these lamp characteristics for LCD backlighting purposes is that LED-based backlighting
designs should be expected to compete with CCFL backlighting only when these less-than-ideal characteristics are taken
into consideration.

4. LED CHARACTERISTICS

Perhaps the most compelling reason for using high-flux LEDs for backlighting LCD panels is that they generate
narrowband radiation that is more saturated than most CCFL phosphors. As a result various authors, including Harbers et
al., Sugiara et al., and Perdujin et al. have noted that RGB LED-based backlighting of commercial LCD panels offer
90% to 105% coverage of the NTSC color gamut. Conventional CCFLs, on the other hand, offer approximately 65% to
70% coverage of the NTSC color gamut®°.

With this note as a preamble, the design of LED-based backlights for LCD panels needs to take into account several
characteristics of high-flux LEDs. As enumerated by Ashdown, these include'":

e Junction temperature
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Luminous flux depreciation
Dominant wavelength
Spectral broadening
Intensity and color binning

The following discussion is based on Lumileds product literature, but it is generally applicable to most high flux LEDs

available from other manufacturers'>'*,

4.1.  Junction Temperature

The most important LED characteristic is the decrease in relative luminous flux output with increasing LED die junction
temperature. Referring to the example products, green LEDs have a linear coefficient of —0.45 units / deg. C., while blue
LEDs have a coefficient of ~0.0006 units / deg. C., over a range of —20 to 120° Celsius for the junction temperature'*.

Red LEDs differ in that they have more pronounced and nonlinear luminous temperature dependencies’. This is
significant in that the color balance of an RGB cluster of LEDs is therefore nonlinearly dependent on the junction
temperature and hence (assuming passive cooling with a heatsink) the ambient temperature.

Worse, the instantaneous junction temperature is dependent on the drive current. Large changes in drive current (either
pulsed or continuous) will cause the LED junction temperatures to change; the magnitude and rate of change will depend
on the heat sink design. Most high flux LEDs have turn-on times of 100 nanoseconds or less, but the junction
temperatures may not stabilize for several seconds to minutes, depending on the thermal resistance and heat capacity of
the thermal management system. For an RGB cluster, this can result in noticeable color changes as the LEDs adjust to
their new thermal equilibria in the absence of a color feedback mechanism.

4.2. Luminous Flux Depreciation

The luminous flux depreciation over time is log-linear. Red LEDs typically exhibit 20 percent depreciation after 4,000
hours of operation at full rated current, while blue and green LEDs are somewhat better with 20 percent depreciation
after 6,000 hours'*. However, these values are dependent on the junction temperature, and may be subject to change with
improved LED process technology. The issue for LCD panel backlighting is that the unadjusted color balance of an RGB
module may shift towards cyan after several thousand hours of operation.

4.3. Dominant Wavelength

The dominant wavelengths of LEDs are dependent upon the junction temperature®'*. Typical values for one-watt LEDs
by color are given in Table 2.

Color Wavelength Sensitivity
Red 0.05 nm/°C
Green 0.04 nm / °C
Blue 0.04 nm /°C

Table 2 - Dominant wavelength sensitivity

While these temperature dependencies may appear insignificant in terms of the 400 nm span of the spectral locus in the
CIE 1931 xy chromaticity diagram, it is important to remember that these are LED junction temperatures. Assuming a
maximum allowable junction temperature of 120° C. and an ambient temperature of 20° C., the temperature range
becomes 100° C. This leads to dominant wavelength shifts of 5 nm for red LEDs and 4 nm for blue LEDs as the LEDs
are dimmed from full intensity to the off state. In terms of CIE 1931 xy chromaticity coordinates, these represent Axy
differences of approximately 0.0010 and 0.013, which are in excess of the SMPTE and EBU / ITU phosphor tolerances
of £0.005 and +£0.003 units respectively.

" The difference is mostly due to chemistry — blue and green LEDs are AllnGaN devices, whereas red LEDs are
AlInGaP devices.
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It is unlikely however that the LED backlighting of an LCD system will be designed to be fully dimmable while
maintaining full colorimetric calibration’. Consequently, the above chromaticity differences are likely immaterial from a
visual perspective. On the other hand, if the dominant wavelength of an LED happens to coincidence with the slope of a
sensor’s spectral response, a change in wavelength will be difficult to distinguish from a change in LED intensity. (This
issue is addressed further in Section 6.)

4.4.  Spectral Broadening

The spectral bandwidth of LED spectral distributions is dependent on Junction temperature. It is predicted by:
AA=125x107" *T (1)

for AllnGaP (red ) LEDs, where A is in nm and 7 is in Kelvin'>. Based on this equation, the FWHM for a red HBLEB
with a peak wavelength of 625 nm and a junction temperature of 25° C should be 14.6 nm. Referring to the
manufacturer’s literature, it is 20 nm'*. The spectral bandwidths and temperature dependencies of AllnGaN (green and
blue) LEDs are more complex, but can be successfully modeled using empirical methods'®

More to the point however is the increase in bandwidth with increasing temperature. Assuming a worst-case junction
temperature of 120° C, the predicted FWHM is 20 nm — an increase of 40 percent. The result is a decrease in saturation
and hence a change in primary chromaticity. Using a relative spectral power distribution (SPD) for single-color LEDs
based on Man et al. and assuming an increase in FWHM of 40 percent but without peak wavelength shifts, the simulated
changes in chromaticity over the temperature range of 25° C to 120° C are shown in Table 3'°:

Color | Wavelength | FWHM X2s5 Yas X120 V120 Axy
Red 630 19 1 0.6993 | 0.3004 | 0.6911 | 0.3086 | 0.0116
Green 530 351 0.1995 | 0.7202 | 0.2262 | 0.6538 | 0.0716
Blue 470 25 1 0.1260 | 0.0715 | 0.1267 | 0.0860 | 0.0145

Table 3 — Spectral broadening (simulated)

In other words, spectral broadening over the full temperature range results in chromaticity changes that exceed the
SMPTE and EBU / ITU phosphor tolerances by over an order of magnitude. This is significant even if the display is
designed to be dimmed over (for example) a 3:1 range. ;

In practice, the effects of peak wavelength shift and spectral broadening on chromaticity are inseparable. Nevertheless,
they must both be considered in any simulations.

4.5. Intensity and Color Binning

It is important to remember that the LED parameters presented above are based on averaged or sample measurements.
Productions devices vary in their performance characteristics, as indicated by the industry practice of binning by
intensity and color (Figure 1). Even within bins, the intensity may vary considerably (+15 percent in the case of
Lumileds products), and color binning is done by dominant wavelength only (typically +5 nm) without consideration of
excitation purity'>'*,

Another problem with current intensity and color binning practices is that binning is typically performed at nominal
rated current and one percent duty factor without heat sinking to avoid thermal stabilization issues'>. This makes sense
for production line testing, but it does not really characterize the device for most applications — the junction temperature
is 25° C. rather than the usual design range of 100 to 120° C.

LED backlighting system designs wherein the LEDs are mounted directly behind the LCD panel necessarily require very
careful color binning. However, designs wherein the LEDs provide illumination for an edge-lit diffuser only requires

, ' An exception occurs with RGB LED clusters that directly illuminate a high dynamic range (HDR) display, wherein the
- LEDs are individually controlled to increase dynamic range beyond that attainable with LCD panels alone.
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that the mixed color of the LEDs meet the display primary chromaticity requirements. As noted by Folkerts et al, this
allows a wider range color bins to be employed'”.

4.6. Thermal Management

With the exception of luminous flux depreciation, the undesirable characteristics of LEDs as backlights are related to
temperature and thermal management. Regardless of how carefully the LEDs may be binned or matched for intensity
and color, their optical performance will be determined by the LED junction temperatures and hence the passive or
active cooling of the LED heatsinks.

Even if the LEDs are designed to operate at full power without dimming, it may take several seconds to tens of minutes
for the heatsinks to thermally stabilize. During this time, the unadjusted white chromaticity will visibly shift. Monitoring

the heat sink temperature and applying drive current corrections to the LEDs can compensate for this chromaticity
shift'®,

5. SIX-COLOR BINNING
As can be seen from Figure 1, it is necessary to carefully bin green and blue LEDs by color for LCD backlighting
applications if the EBU / ITU or SMPTE color gamuts are to be fully covered. Considering the broad ranges of dominant

‘ wavelengths produced for AllnGaN LEDs with current manufacturing techniques, this implies that production yields
will be quite low for backlighting applications.

Even with careful color binning, the primary chromaticities may be expected to change in response to changing thermal
conditions, including system warmup, backlight dimming and ambient temperature changes. While these changes can be
compensated for with a combination of colorimetric feedback and thermal feedforward techniques, it complicates the
overall system design®'.

A solution to both of these problems can be found in Grassman’s three laws of color additivity'®. The first law states that
any color C can be matched by a linear combination of three other colors R, G, and B, for example, SMPTE or
EBU /ITU display primaries, provided that none of the three colors can be matched by a combination of the other two
and can be defined as follows:

C=aR+bG+cB @)
" where a, b, and ¢ are constants of proportionality.

| Grassman’s second law states that any two colours C; and C, can be matched by a linear combination of any three other
colors R, G, and B that individually match the two colors C; and C,. This law can be defined as follows:

|
\ C=dC, +eC, =(ay+ay)R+ (b +b,)G +(c, +¢,)B 3)

|
‘,‘ where a;, ay, by, by, ¢, €2, d, and e are constants of proportionality.

‘ Grassman’s third law states that color matching persists at all luminance values within the range of photopic vision, and
| can be defined as follows:

||
\‘; | kC = k(dC, +eC,) @)

where d, e, and k are constants of proportionality.

| These laws form the basis of our “six-color” binning solution. Referring to Figure 2, it is sufficient to choose at least two
‘ LEDs of each color whose chromaticities result in a hexagonal color gamut that subsumes the display phosphor
~ chromaticities. In accordance with Grassman’s second law, it is evident that the luminous flux output from two or more

LEDs with the same nominal color (red, green, or blue) can be blended to produce a composite third color whose
saturation is approximately equal to that of the individual LEDs.

‘ Sugiura et al. developed a similar solution using Smm LEDs with six colors, but their solution relies on a sequential field
\ approach where each triplet of colors is alternately energized during each frame period with a fixed duty factor”. This
approach does not allow for dynamic control of the LED’s relative intensities to maintain constant chromaticity, and it
does not allow high-flux LEDs to be driven at full power.
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Figure 2— Six-color binning example
A more efficient approach is to choose two or more LEDs for each color such that the desired chromaticity (as indicated
in Table 1) is between the chromaticities of the LEDs, such as for example G, and G, as shown in Figure 2. The LEDs
are then simultaneously driven using pulse and/or analog modulation to produce the desired chromaticities. Further, the
ratio of drive currents for each color can be dynamically adjusted to maintain these chromaticities regardless of changes

in the LED chromaticities due to peak wavelength shifts and spectral broadening.
The primary advantage of six-color binning is that the LEDs do not need to be carefully binned. This should improve the
yield of LEDs destined for backlighting applications and thereby lower the overall system cost.

6. TRISTIMULUS COLORIMETERS

There is however one disadvantage of six-color binning. In order to maintain constant intensity and chromaticity for the
backlight, it is necessary to independently measure the intensity and chromaticity of the composite primary colors

generated by the LEDs.
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While it is possible to design laboratory-grade instruments that can accurately and precisely measure chromaticity, their
cost and complexity greatly exceed the economic considerations of consumer electronics?. However, much simpler
tristimulus colorimeters based on commercially available integrated circuits have been shown to provide adequate
performance for LED backlighting applications'®'?>, For example, Perdujin et al. demonstrated that a Hamamatsu
(9303 color sensor module in an optical feedback system can maintain the chromaticity of an LCD system with LED-
based backlighting to within Au’v’ = 0.003 over a temperature range of 30° to 70° C. with a D65 white point and
constant intensity'**,

Unfortunately, it is not possible to independently measure radiant intensity and chromaticity for each primary color with
a conventional tristimulus colorimeter. While Perdujin et al. reported acceptable performance with a particular LED-
based backlight design, peak wavelength shifts and spectral broadening have been shown to result in poor feedback
performance'®. It is possible to manage these problems with a combination of colorimetric feedback and temperature
feedforward techniques, but this assumes that the LED junction temperatures can be accurately and continuously
monitored, possibly on a per-LED basis.

The basic problem is twofold: 1) LEDs are not monochromatic light sources; and 2) tristimulus colorimeters do not have
ideal bandpass filters. (In fact, an ideal tristimulus colorimeter has four color filter-detector pairs whose spectral
responsitivities exactly match those of the CIE tristimulus color matching functions™*'.) The output of each filter-
detector pair is therefore proportional to the product of the LED SPD and the filter-detector pair spectral responsivity
over wavelength. Any change in the SPD (e.g., Figure 3) will result in a change in the filter-detector pair output that
cannot be distinguished from changes in LED intensity.
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Figure 3 — Typical high-flux LED spectra (adapted from Ref. 10)
7. SIX-COLOR FILTERING

It is possible to independently measure radiant intensity and chromaticity for each primary color by using two filter-
detector pairs per color. With this real-time information, it is further possible to maintain the chromaticity of each
primary color to satisfy SMPTE or EBU / ITU requirements, and to similarly maintain the display white point through
precise intensity control of each color.

There are three variations of this “six-color filtering” technique, as shown in Figures 4-6. In Figure 4, two filter-detector
pairs with complementary spectral responsivities measure the output of a single LED. If the LED intensity changes
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without any change in peak wavelength or spectral broadening, the relative output ratio of the two detectors will remain
unchanged, and so the intensity can be measured directly. If however a peak wavelength shift or spectral broadening
occurs, the relative output ratio will change, thereby allowing the chromaticity to be indirectly measured.

Figure 4 — Six-color filtering with complementary response filter-detectors pairs

In operation, changes in both peak wavelength and SPD are a consequence of intensity changes and so will occur
together. However, the six-color filtering technique makes measurement of the resultant changes in intensity and
chromaticity separable.

Figure 5 — Six-color filtering with sloping and flat response filter-detectors pairs

Figure 5 shows a second variation wherein one filter-detector pair has a sloping spectral responsivity while the other pair
exhibits a flat response in the region of the SPD. In this case the flat response detector output provides the intensity
measurement, while the sloping response detector output scaled by the flat response detector output provides an
indication of peak wavelength shift and spectral broadening.

Figure 6 — Six-color filtering with narrowband filter-detectors pairs
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Figure 6 shows a third variation wherein two (or more) filter-detector pairs exhibit narrowband spectral responsivities.
Similar to the first variation, the outputs of these filters can be used to separably measure intensity, peak wavelength
shift, and spectral broadening. (In the limit, of course, this becomes a low-resolution spectroradiometer.)

As each of these variations has advantages and disadvantages, the preferred design for a given application will depend
on the LED spectral bandwidths, the range of LED dominant wavelengths, junction temperature ranges, and the system
optical design. Choosing a design is complicated by the fact that spectral responsivities of the filter-detector pairs are
unlikely to exhibit the linear slopes shown in Figures 3-5. Consequently, the transfer function between input and output
may be nonlinear. Rather than attempting to model the system response, it may be better to train individual systems on
the factory floor using neural network techniques®.

On the plus side, it may not be necessary to employ two filter-detector pairs for each primary color. As noted by
Robinson et al., the spectral peak wavelength shift and spectral broadening issues are compounded by the strong junction
temperature dependencies of red AllnGaP LEDs'®. The luminous intensities of green and blue AllnGaN LEDs are only
weakly dependent on junction temperature, and so it may be sufficient to rely on colorimetric feedback and temperature
feedforward techniques to simultaneously maintain intensity and chromaticity for these primary colors.

8. CONCLUSIONS

In this paper, we have proposed a “six-color solution” for LED-based backlighting of LCD panels that does not require
color binning, but nevertheless guarantees that the chromaticity of the primary colors will be within the limits specified
by SMPTE and EBU / ITU television display standards.

We have further applied our six-color solution to the design of a novel colorimeter for LEDs that independently
measures intensity, peak wavelength shifts, and spectral broadening. The design is compatible with current
manufacturing techniques for tristimulus colorimeter ICs.

Together, the six-color solution for LEDs and colorimeters enables less expensive LED backlighting and solid-state
lighting systems with improved color stability.
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