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Learning Objectives  

Å Basic intro to LED technology ï specifically, White Lighting -
class LEDs ï and the critical engineering disciplines required 
to design and specify an LED luminaire  

Å Develop a broad understanding of the inter -disciplinary 
(optical, thermal, electrical) trade -offs when designing 
luminaries with LED light sources (new designs & retrofits)  

Å Understand how LED brightness and color binning work, 
their strengths, weaknesses, and limitations  

Å Understanding of the key standards that apply to SSL 
(including IES LM -79, IES LM -80, and IES TM -21)  

Å Equip you with the questions to ask to help you specify a 
quality LED Luminaire and a technical foundation to help 
you understand the answersé 
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LED Fundamentals  

LED basics  
ÅTheory of operation, materials of construction  

ÅLED technology & packages types  

ÅRemote phosphor  

ÅBinning (cold, hot, otherwiseé) 

ÅLED reliability & lifetime projections  
 

 
 

LED Performance Parameters  
ÅVoltage, current, heat, optics, impact on light  

ÅLED Performance in the REAL world  

ÅLEDs are awesome!  What could go wrong?  

ÅLED performance and cost roadmaps  

ÅStrategies for reducing cost and coping with rapid 
technology change  

Standards update  

10:30 -11:00  

 

 

 

 

11:00 -11:30  
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Weôre Going to Get Our Hands Dirtyé 
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To Further Stretch An Analogyé 

ÅWe used to have to really 
know and understand  how a 
car worked to operate oneé 

ÅWho still does that é? 

ÅLEDs will get there too, but 
in the mean time, we will 
equip you with the basics so 
that you can:  

ÅKnow what to look 
/look -out for, and  

ÅHave some level of 
confidence in the 
technology  
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How LEDs Work/Behave  

1. Two rocks  

2. Apply a  
voltage  
potential  

3. Current flows  

4. Blue light is 
produced  

5. More current, more 
light, higher power  

6. Convert the  
blue light to  
any CCT white  
via phosphor  

2 

3 

4 

5 

5 

6 

1 
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ñHow Itôs Madeéò 

Anatomy of an LED.mov
anatomy_of_led.mov
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Materials of Construction  

 * Murphy and Mikolajczak  Indium Corporation; 
http://www.indium.com/techlibrary/whitepapers/sustainability-of-

indium-and-gallium-supplies-in-the-face-of-emerging-markets 

ÅWhite, Lighting -class LEDs:  
Åécontain no mercury, metals 

Åéutilize no rare or exotic materials 

Åésave A LOT more energy in use 
than they consume in 
manufacturing  

http://apps1.eere.energy.gov/buildings/publi

cations/pdfs/ssl/matthews_chicago09.pdf 

Åéare RoHS compliant 

Åécontain no substances of 
very high concern (SVHCs) as 
defined in the EU REACH 
program  

Åéare ñArticle Exemptò from 
an EPA TSCA standpoint . 

http://www.epa.gov/oecaerth/civil/tsca/tscaenfstatreq.html
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Traditional Lamp vs. LED Technology  

The two most 
important 
differences are in:  

ïDirectionality of 
generated light  

ÅOmni -directional 
vs. directional  

ïMeans of 
evacuating 
generated heat  

ÅConvection vs. 
conduction  

Traditional lamps:  
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(heat) 

LEDs: 
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(heat) 

(light) 
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Pros:  

ÅTunable colors, CCT  

ÅAny color possible  

Cons:  

ÅDifficult to control  

ÅLow CRI (<50)  

ÅLow LPW efficacy 
(<40LPW *)  

ÅHigher cost  
   

Pros:  

ÅSingle LED type 
easy drive, control  

ÅEasy secondary 
optics  

ÅGood CRI (~ 75+)  

ÅGood system 
efficacy (~70 -100+ 
LPW*)  

Cons:  é? 

* Achievable system efficacy @ 5000K, varies by application 

Most Common Ways to Produce White Light with LEDs  

Pros:  

Å+10% efficacy v. blue 
LED + phosphor*  

ÅGood CRI (~75+)  

Cons:  

ÅRigid form factors  

ÅLarge optical source  

ÅBinning can be tricky  
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Typical Lighting -class LED Package  

LED Chip:  

ÅDetermines raw  
brightness and efficacy  

Phosphor system:  

ÅDetermines color  
point and color point stability  

Package:  

ÅProtects the chip and phosphor  

ÅHelps with light and heat 
extraction  

ÅPrimary in determining LED 
lifetime  
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Chip Architecture Features  

ÅA photon is a terrible 
thing to wasteé 

ïSurface Features  

ïBeveled saw cuts  

ïInternal mirrors  

ïThin Film  

ïFlip -chip  

Mirror layer 

Wire Bond Pad 

AlInGaN 
light emitting  
layer 

Backside  ohmic  contact metal 

SiC Metal bonding layer 

Backside  ohmic  contact metal 

n - AlInGaN 

Mirror layer 

Wire Bond Pad 

AlInGaN 
light emitting  
layer Metal or semiconductor 

Metal bonding layer 
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What you are Really Buying:  mm 2 InGaN epi:  

ÅBig chips allow higher drive currents, 
smaller optical source sizes  

ÅGenerally   better for indoor  

ÅSmall chips distribute the light better, 
allow higher V F, more efficient driver 
topologies (esp. in low wattage apps)  

ÅGenerally   better for street, outdoor area 
and linear indoor lights  

ÅAnybody who tells you one approach is 
best for all cases probably does not 
carry products using the other 
approaché 

 

=  =  =  

Note:  
Generalizing 

anything about 
LED can be 
misleading  

= 2 mm 2 
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Engineering Trade -off between:  

ÅEfficacy (LPW) 
ÅæCCT 
ÅSource size 

Å Color Stability 
ÅReliability 
ÅCost 

ÅBinning 
ÅIP 
ÅColor 

Phosphor Deposition Approaches  

4.  Chip coating or plate  

2. Dispersed in encap  

3. Conformal coating  

1. Glob  
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Color 

Consistency 

Long-Term 

Reliability 

Optical 

Control 

Color vs 

Angle 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

Glob  
Chip coating  

or plate  
Conformal  

coating  
Dispersed  
in encap  

Evolution of Phosphor Techniques  

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

ÅÅÅÅÅ 

Remote 
phosphor  

Remote 
phosphor can 
also be the most 
efficient, but 
only with:  

ÅThe exact right 
blue LED pump  

ÅA carefully 
designed 
mixing cavity  

ÅThe right end 
application  

ÅIP to practice it  
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Current State of Remote Phosphor  

Å Works fantastic in theory  

Å Not a panacea for every application ï 
reality does not match the hype  
Å Should work very well ï >15% LPW 

performance increase ï for some 
applicationsé 

Å Marginal increase at best for othersé 

Å Lots of engineering details to watch:  
Å Cavity design/shape  

Å Emitter wavelength  

Å Emitter supply chain  

Å No standard LED lumen maintenance; 
LM-80, TM -21 do not apply  

Å IP considerations  
 

Å Upside:  Smart people are working on 
solutions to these issues all the timeé 
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Lamp Type  Drive Current  Light Output  Brands  Applications  

T1-type  
(3 ï 7 mm) 

5 ï 20 mA <1 ï 4 lm 
(Commodity 

product) 

Å Indicators 

Å Novelty lights 

Å Traffic signals 

Å Electronic signs 

Surface 
mount  

5 ï 20 mA   1 ï 10 lm 

Å TopLED 

Å SideLED 

Å Cree CLA1A 

Å Automotive 

Å LCD backlighting 

Å Electronic signs 

P4 20 ï 100 mA   1 ï 20 lm Å Piranha 
Å Automotive 

Å Channel letters 

High power   200-1500 mA 50-400 lm 

Å DRAGON 

Å LUXEON 

Å XLamp XPG 

Å General illumination 

Å Portable 

Å Architectural 

Multi -small 
chip  

 200-700 mA 150-500 lm 
Å XLamp MX6 

Å XLamp MLE 
Å General illumination 

Multi -power 
chip  

200-1000 mA 300-3000 lm 

Å OSTAR 

Å XLamp MPL 

Å XLamp MCE 

Å General illumination 

ñFried Eggsò 100-1000 mA 500-3000 lm 

Å Bridgelux 

Å Citizen 

Å XLamp CXA 

Å General illumination 

LED Packages and Types  
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LED Packaging Trends  

Å Application -specific  

Å Smaller size  

Å Multiple high power chips  

Å Multiple small chips  

Å Phosphor coatings vs. glob or 
dispersed  

Å Higher wattage packages  

Å Deposited silicone primary lens 
systems  

Å ñFried Eggsò 

Last Gen Packages 

New Gen Packages 
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Relative Advantages of the Approaches  

Small -chip,  
dispersed phosphor  

 

Pros:  

ÅæCCT, uniformity of light  

ÅOK lifetime  

ÅOK for reflector optics  

Cons:  

ÅRelatively limited drive 
capability  

ÅSlightly higher V F 

ÅLarge source size for TIR 
optics  

Large -chip, coated 
phosphor system  

 

Pros : 

ÅMuch higher drive 
capability  

ÅSlightly lower VF 

ÅSmall source size; good 
for secondary optics  

ÅBest lifetime, TM -21  

Cons:  

ÅæCCT, uniformity of light  

ñFried Eggsò 
 

 

Pros : 

ÅEase of use  

ÅTons of light ï  
thousands of lumens  

Cons: 

ÅLower efficacy  

ÅThermal, binning,  
challenges  

ÅVery large optical source  

ÅLM-80, TM -21  
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Best For  

Small -chip,  
dispersed phosphor  

 

ÅSome Indoor  

ÅLinear  

ÅNon -directional 
retrofit lamps  
(A - lamps)  

ÅAny application 
where uniformity and 
color are critical  

Large -chip, coated 
phosphor system  

 

ÅMost Outdoor  

ÅTorch  

ÅDirectional retrofit 
lamps (PAR, MR16)  

ÅAny application that 
requires a TIR optic, 
long throw  

ñFried Eggsò 
 

 

ÅHigh -output 
downlights, some 
non -roadway 
outdoor (e.g.  
wallpacks)  

ÅAny application 
where low -tech 
manufacturing  
is driving the  
decision  
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Binning ï Root Cause  

ÅThe human eye is 
extraordinarily sensitive  

ÅSmall process variations 
in LED chip wavelength; 
phosphor thickness, 
concentration, 
composition; and/or 
deposition conditions 
make a big perceived 
difference in white light 
CCT & quality  

Blue LED 

White Light 

Yellow 
Phosphor 
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LED Binning ï Two Types  

ÅChromaticity binning  

ïSome defined ñbox ò in the 
white area on or near the 
Black Body Locus  

ïBin sizes (x, y coordinates) 
varies by supplier (currently * )  

ÅBrightness or LF binning  

ïMinimum luminous flux 
(most suppliers)  

ïBin sizes/flux range 
varies by supplier 
(currently * )  

 
* A new standard for this was just approved by NEMA  
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Chromaticity Binning  

CCy: 0.35 

CCx: 0.365 

Driver 
350 mA 

25ºC, 25ms  

Pulse test 

+ 
 
 
- 

ñ3Cò Chromaticity bin 
(varies by supplier*) 

* A new standard for LED binning was just approved by NEMA (NEMA SSL -3)  
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Luminous Flux Binning  

119 lm 

Driver 
350 mA 

Flux: 

+ 
 
 
- 

ñR2ò Flux bin 
(varies by supplier*) 

25ºC, 25ms  

Pulse test 

* A new standard for LED binning was just approved 
by NEMA (NEMA SSL -3)  
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ANSI C78.377A 

~7-step MacAdams 

LED Bins in Context  

~4-step MacAdams 

~2-step MacAdams 
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LED Pulse & Temperature Testing  

ÅLEDs are manufactured in very 
high volume  

ÅLEDs go into a many different 
applications and operating 
environments  

ÅLight output is diminished as a 
function of temperature  

NIST Comparison of Pulse vs. Steady-State*  

*  Y. ZONG, Y. OHNO, National Institute of Standards and Technology, NEW PRACTICAL METHOD 
FOR MEASUREMENT OF HIGH-POWER LEDS, p.4,  CIE SYMPOSIUM, July 2008 

ÅTherefore, LEDs are 
normally tested at ~20ms 
pulse and 25ºC  

ÅA new IES LM standard is 
being proposed for pulse 
LED testing  

No  
Difference!  
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ñHotò Binning 

100 

90 

80 

70 

120 

110 

LF Binning @ 85ĚC 

100 

90 

80 

70 

120 

110 

LF Binning @ 25ĚC 

Generic  

ñ120ò lm LED 

Å ñHotò binning could be important if your design runs only, 
always, and forever, EXACTLY at the ñhotò binning 
temperature AND ñhotò binning current your LED vendor 
has selected for you (e.g., 85ęC, 350mA) 

ÅThe marketing guys may claim to have eliminated binning, but theyôve 
really just created another framework from which to do the same old 
math  



p. 28  

Bottom Line On Hot Binning  

ÅVarious LED companies have been claiming to have 
eliminated binning for years, but so far nobody has really 
done it  

ÅñEliminatingò binning may ñcreateò (or mask) other issuesé 

ÅHot binning makes sense for some applications  

ÅLED binning is a reality of LED technology ï no  
matter what mathematical framework you start from  

LED Color Shift Over Max Current & Temp  

LED ñAò: æCCT = 411K 
350 -1500mA; 35 -105ęC 

LED ñBò:  æCCT = 31K 
350 -1500mA; 35 -105ęC LED ñBò 

LED ñAò 
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50,000 hours is:  

137  Years at 1 hour/day  
68.5  Years at 2 hours/day  
34.2  Years at  4 hours/day  
22.8  Years at 6 hours/day  
17.1  Years at 8 hours/day  
11.4  Years at 12  hours/day  
5.7  Years at 24  hours/day  

éA WAG when it comes to 
LED lifetimeé  
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Well -designed systems with Lighting -class LEDs at 
low T A, TJ will run a very, very long timeé 

LEDs Last Forever!! [under ideal conditions]  
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Thermal Path is Critical to LED Lifetime  

Å 5mm lamps have almost 
no thermal path  

Å RTH >350ºC/W typical  

Å Chip (T J) and phosphor 
can essentially cook 
themselves  

Å Lighting -class LEDs are 
designed for high temp 
operation  

Å RTH <10ºC/W typical  

Å Lamp can stay within 
data sheet parameters 
with good thermal  
design  

 

Thermal path  

Lighting -class LED  5mm LED  

No Thermal  

 path  
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The LED junction is the area of the chip that actually creates  
 light.  Under normal operation, this area of the chip will get hot  

LED Junction Temperature (T J)  

Running an LED above its rated 
maximum junction temperature 
will decrease  lifetime and 
accelerate lumen depreciation  

TJ is affected by:  

ÅTemperature of the LEDôs immediate surroundings (T SP)  

ÅThermal path between the LED junction and solder point (R TH)  

ÅPower dissipated by the LED (Watts = I F * V F)  

TJ must be CALCULATED ; cannot be measured  
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Junction Temperature Calculation  

TJ = T SP + R TH * I F * V F 

ÅTSP is solder point temperature  

ÅRTH is the thermal resistance of the LED in ºC/Watt (LED datasheet)  

ÅI F is the forward current in Amperes  

ÅVF is the forward voltage in Volts  
 
 

Example:  

ÅTSP = 60 ºC (measured)  

ÅRTH = 9 ºC/Watt (from data sheet)  

ÅI F = 700mA (0.7A)  

ÅVF = 3.2V  
 
    Č TJ = 60 + [(9) * (0.7) * (3.2)] = 80 ºC 

TSP 
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Semiconductor Reliability Testing  

Reliability test methods and acceptance criteria for 
semiconductor components have been standardized 
(JEDEC, EIAJ, othersé) and practiced for decades 

ÅThink:  processors, regulators, microcontrollers, etc..  

 

If youôve ever flown in an airplane, driven in a car, 

or talked on a cell phone, youôve depended on this 

body of scientific work and testingé 
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LED Reliability Testing  

ÅLEDs are semiconductor  
components that happen to emit lighté 

ÅMost LED manufacturers conduct standardized 
semiconductor component reliability testing ï 
the same tests Intel tests their microprocessors 
with ï on their LED lamps  

ÅThe Illumination Engineering Society of North 
America published IES LM -80 in 2008 to 
characterize the Lumen Maintenance aspect of 
LED semiconductor components  

ÅNote:  Lumen Maintenance  Í LED Lifetime  
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Everyone Asks for an ñLM-80 Reportò 

Product Lamp Color Temperature Drive Current (mA) BoardID Lamp Number 0 168 336 672 840 1008 1176 1512 2016 2520 3024 3528 4032 4536 5040 5544 6048 6552
XRE XLamp Cool White 55C 350 DUR011H 1 119.56 117.79 117.89 119.25 119.35 119.29 119.66 119.12 120.01 118.40 118.91 118.75 117.61 117.87 116.63 116.18 116.77 115.09
XRE XLamp Cool White 55C 350 DUR011H 2 120.68 117.35 118.22 119.45 119.56 119.92 120.48 119.68 120.78 119.30 119.94 120.05 118.55 119.12 117.91 117.41 118.23 116.58
XRE XLamp Cool White 55C 350 DUR011H 3 118.83 117.36 117.99 118.98 119.15 119.34 119.88 118.90 119.95 118.34 119.01 118.97 117.64 118.17 116.96 116.70 117.28 115.70
XRE XLamp Cool White 55C 350 DUR011H 4 120.38 118.24 118.79 119.81 119.71 119.69 120.17 119.32 120.20 118.42 119.03 118.86 117.63 118.05 116.78 116.36 116.80 115.20
XRE XLamp Cool White 55C 350 DUR011H 5 122.92 121.63 121.95 123.00 123.05 123.21 122.55 122.90 122.84 122.21 121.52 121.65 120.26 120.74 119.56 120.45 121.06 119.20
XRE XLamp Cool White 55C 350 DUR011H 6 122.38 120.78 121.19 122.33 122.32 122.53 122.94 122.50 123.48 121.86 122.34 122.52 121.19 121.58 120.32 120.35 120.76 119.11
XRE XLamp Cool White 55C 350 DUR011H 7 120.91 118.77 118.52 119.81 120.69 120.85 120.66 121.06 121.21 120.52 120.11 120.33 118.88 119.21 118.08 118.62 119.25 117.21
XRE XLamp Cool White 55C 350 DUR011H 8 119.57 118.10 119.03 120.05 119.56 119.72 119.41 119.71 119.97 118.90 118.56 118.68 117.44 117.67 117.67 117.31 117.68 116.00
XRE XLamp Cool White 55C 350 DUR011H 9 120.19 117.72 118.51 119.43 119.01 119.02 118.70 118.75 119.11 118.07 117.88 118.00 117.14 117.32 117.17 116.76 117.48 115.41
XRE XLamp Cool White 55C 350 DUR011H 10 121.60 120.19 119.78 120.77 121.58 121.53 121.32 121.37 121.56 120.37 120.21 120.27 119.19 119.37 118.09 118.94 119.21 117.40
XRE XLamp Cool White 55C 350 DUR011K 1 99.24 98.26 99.18 99.96 99.81 99.93 100.58 99.93 100.96 99.46 100.04 100.07 99.09 99.21 98.00 97.74 98.24 96.64
XRE XLamp Cool White 55C 350 DUR011K 2 100.77 99.83 100.81 101.47 101.21 101.21 101.02 101.10 101.23 100.61 100.52 100.66 99.58 99.76 98.48 99.38 99.87 98.14
XRE XLamp Cool White 55C 350 DUR011K 3 100.35 98.17 99.08 99.81 99.55 99.60 99.38 99.31 99.42 98.81 98.56 98.51 97.56 97.63 96.30 97.27 97.82 96.01
XRE XLamp Cool White 55C 350 DUR011K 4 102.73 102.12 101.92 103.39 103.10 103.08 102.96 102.80 102.82 102.10 101.78 101.74 100.73 100.77 99.50 100.26 100.72 98.92
XRE XLamp Cool White 55C 350 DUR011K 5 97.67 97.87 97.83 99.40 99.27 99.27 99.18 99.33 99.46 98.99 98.90 99.06 98.17 98.29 96.88 97.92 98.56 96.82
XRE XLamp Cool White 55C 350 DUR011K 6 101.04 100.58 100.74 102.20 102.09 102.24 102.04 101.94 102.01 101.40 101.08 101.02 99.88 100.07 98.69 99.67 100.13 98.40
XRE XLamp Cool White 55C 350 DUR011K 7 98.79 98.89 99.08 100.51 100.43 100.53 100.41 100.28 100.56 99.90 99.72 99.79 98.50 98.81 97.63 98.61 99.08 97.35
XRE XLamp Cool White 55C 350 DUR011K 8 101.24 101.75 101.38 103.27 103.13 102.92 102.94 102.96 103.05 102.29 102.08 101.97 101.34 101.37 100.01 100.82 101.22 99.43
XRE XLamp Cool White 55C 350 DUR011K 9 102.19 101.46 101.58 103.02 102.82 102.88 102.67 102.59 102.56 101.92 101.52 101.51 100.11 100.41 99.22 100.27 100.78 98.99
XRE XLamp Cool White 55C 350 DUR011K 10 99.18 97.31 98.19 98.90 98.72 98.80 98.64 98.53 98.60 98.11 97.80 97.79 96.63 96.94 95.72 96.67 97.21 95.34
XRE XLamp Cool White 55C 350 DUR011M 1 97.48 98.37 97.86 98.88 100.06 99.95 99.34 99.90 99.39 99.17 98.16 97.85 96.90 97.03 95.27 94.95 94.70 92.33
XRE XLamp Cool White 55C 350 DUR011M 2 97.16 95.95 95.58 96.73 97.90 97.74 97.14 97.68 97.53 97.50 96.67 96.47 95.82 96.20 94.84 94.80 94.77 92.85
XRE XLamp Cool White 55C 350 DUR011M 3 96.73 97.69 96.73 97.86 98.14 98.62 97.99 97.73 98.05 97.70 96.80 96.71 96.16 96.15 94.79 94.59 94.48 92.50
XRE XLamp Cool White 55C 350 DUR011M 4 96.29 94.96 95.40 95.92 96.28 96.17 96.18 95.83 96.14 95.24 94.99 94.91 93.75 93.92 92.45 92.65 92.85 91.06
XRE XLamp Cool White 55C 350 DUR011M 5 97.11 96.56 96.16 97.05 97.36 96.96 96.77 96.75 96.81 95.72 95.40 95.02 94.03 92.96 91.41 90.94 90.65 88.58
XRE XLamp Cool White 55C 350 DUR011M 6 97.56 97.30 96.89 97.95 98.07 97.80 97.67 97.79 97.74 96.79 96.56 96.29 95.54 94.86 93.43 92.95 92.93 90.94
XRE XLamp Cool White 55C 350 DUR011M 7 97.11 96.35 96.47 97.24 97.62 97.40 97.45 97.17 97.31 96.51 96.03 95.92 94.93 95.81 94.40 94.21 94.24 92.00
XRE XLamp Cool White 55C 350 DUR011M 8 95.08 94.82 94.64 95.48 95.96 95.81 95.69 95.44 95.45 94.62 94.42 94.20 93.21 94.19 92.85 92.84 92.92 90.83
XRE XLamp Cool White 55C 350 DUR011M 9 96.43 96.11 96.06 96.76 97.10 97.18 97.14 96.79 96.93 96.08 95.62 95.41 94.54 95.41 93.85 93.98 93.96 91.31
XRE XLamp Cool White 55C 350 DUR011M 10 96.64 96.18 96.06 96.84 97.05 96.96 96.86 96.57 96.76 95.89 95.55 95.48 94.46 95.36 94.01 94.14 94.26 91.79

0 0 168 168 336 336 672 672 840 840 1008 1008 1176 1176 1512 1512 2016 2016 2520 2520 3024 3024 3528 3528 4032 4032 4536 4536 5040 5040 5544 5544 6048 6048 6552 6552
Product Lamp Color Temperature Drive Current (mA) BoardID Lamp Number ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy ccx ccy

XRE XLamp Cool White 55C 350 DUR011H 1 0.31780 0.33520 0.31776 0.33226 0.31697 0.33263 0.31722 0.33264 0.31755 0.33281 0.31698 0.33271 0.31685 0.32973 0.31430 0.32670 0.31638 0.33148 0.31622 0.33109 0.31692 0.33010 0.31613 0.33048 0.31484 0.32955 0.31470 0.32934 0.31483 0.32951 0.31404 0.32734 0.31380 0.32532 0.31416 0.32759
XRE XLamp Cool White 55C 350 DUR011H 2 0.31781 0.33644 0.31725 0.33421 0.31706 0.33107 0.31517 0.32965 0.31622 0.33168 0.31691 0.33336 0.31670 0.33320 0.31570 0.33072 0.31602 0.33172 0.31606 0.33141 0.31626 0.33024 0.31544 0.33156 0.31530 0.33027 0.31484 0.33019 0.31468 0.33026 0.31475 0.33017 0.31411 0.32891 0.31524 0.32957
XRE XLamp Cool White 55C 350 DUR011H 3 0.31942 0.33512 0.31791 0.33385 0.31668 0.33310 0.31668 0.33329 0.31691 0.33356 0.31678 0.33338 0.31622 0.33063 0.31684 0.33208 0.31612 0.33220 0.31532 0.33017 0.31716 0.33070 0.31532 0.33136 0.31549 0.33005 0.31445 0.33010 0.31457 0.32997 0.31381 0.32777 0.31421 0.32928 0.31394 0.32842
XRE XLamp Cool White 55C 350 DUR011H 4 0.31856 0.33609 0.32010 0.33708 0.31877 0.33541 0.31792 0.33452 0.31894 0.33480 0.31841 0.33545 0.31765 0.33397 0.31908 0.33470 0.31808 0.33441 0.31874 0.33388 0.31744 0.33281 0.31624 0.33228 0.31630 0.33255 0.31692 0.33179 0.31599 0.33225 0.31464 0.32884 0.31529 0.33069 0.31421 0.32797
XRE XLamp Cool White 55C 350 DUR011H 5 0.32009 0.33523 0.31910 0.33556 0.31877 0.33484 0.31901 0.33440 0.31865 0.33454 0.31802 0.33301 0.31840 0.33386 0.31736 0.33189 0.31837 0.33317 0.31870 0.33274 0.31673 0.33078 0.31802 0.33127 0.31639 0.32976 0.31480 0.32760 0.31641 0.32986 0.31647 0.33124 0.31713 0.33075 0.31657 0.33126
XRE XLamp Cool White 55C 350 DUR011H 6 0.31961 0.34096 0.32095 0.34111 0.31963 0.34097 0.31933 0.34038 0.32001 0.34062 0.31954 0.34064 0.31902 0.33961 0.31906 0.33978 0.31813 0.33773 0.31752 0.33627 0.31816 0.33829 0.31799 0.33858 0.31730 0.33748 0.31776 0.33672 0.31730 0.33570 0.31725 0.33721 0.31723 0.33659 0.31688 0.33490
XRE XLamp Cool White 55C 350 DUR011H 7 0.32138 0.34430 0.32088 0.34325 0.32170 0.34259 0.32101 0.34215 0.32050 0.34179 0.32051 0.34245 0.31992 0.34111 0.31990 0.34035 0.32079 0.34019 0.32052 0.34081 0.31879 0.33899 0.31826 0.33842 0.31893 0.33926 0.31853 0.33944 0.31941 0.33946 0.31870 0.33969 0.31715 0.33617 0.31872 0.33952
XRE XLamp Cool White 55C 350 DUR011H 8 0.31786 0.33375 0.31581 0.32791 0.31775 0.33182 0.31596 0.32934 0.31653 0.33019 0.31848 0.33025 0.31750 0.33080 0.31639 0.32834 0.31631 0.32998 0.31621 0.32982 0.31492 0.32436 0.31506 0.32828 0.31492 0.32831 0.31648 0.32793 0.31353 0.32552 0.31563 0.32806 0.31666 0.32730 0.31481 0.32808
XRE XLamp Cool White 55C 350 DUR011H 9 0.32359 0.34138 0.32158 0.33984 0.32154 0.33937 0.32134 0.33886 0.32155 0.33892 0.32234 0.33854 0.31970 0.33571 0.32150 0.33631 0.32095 0.33489 0.31978 0.33625 0.32007 0.33472 0.31932 0.33642 0.32022 0.33553 0.31807 0.33411 0.31902 0.33648 0.31836 0.33468 0.31840 0.33377 0.31994 0.33694
XRE XLamp Cool White 55C 350 DUR011H 10 0.32012 0.34131 0.32091 0.34271 0.32019 0.34240 0.31958 0.33965 0.32114 0.34173 0.31980 0.34179 0.31930 0.34069 0.31895 0.34002 0.32007 0.33866 0.31849 0.33756 0.31812 0.33857 0.31804 0.33774 0.31693 0.33704 0.31729 0.33805 0.31742 0.33817 0.31744 0.33817 0.31709 0.33770 0.31709 0.33660
XRE XLamp Cool White 55C 350 DUR011K 1 0.30957 0.32778 0.30914 0.32669 0.30949 0.32701 0.31002 0.32631 0.30779 0.32356 0.30833 0.32485 0.30905 0.32666 0.30911 0.32479 0.30853 0.32591 0.30852 0.32559 0.30790 0.32458 0.30767 0.32500 0.30663 0.32282 0.30699 0.32256 0.30663 0.32281 0.30731 0.32360 0.30541 0.31972 0.30841 0.32355
XRE XLamp Cool White 55C 350 DUR011K 2 0.30992 0.32951 0.30882 0.32711 0.30791 0.32641 0.30857 0.32635 0.30895 0.32864 0.30881 0.32823 0.30907 0.32815 0.30852 0.32787 0.30774 0.32403 0.30868 0.32650 0.30799 0.32485 0.30707 0.32530 0.30710 0.32598 0.30644 0.32444 0.30724 0.32334 0.30677 0.32459 0.30678 0.32350 0.30675 0.32134
XRE XLamp Cool White 55C 350 DUR011K 3 0.30350 0.31697 0.30341 0.31658 0.30273 0.31507 0.30347 0.31750 0.30373 0.31776 0.30289 0.31533 0.30290 0.31580 0.30322 0.31671 0.30269 0.31475 0.30292 0.31604 0.30207 0.31360 0.30074 0.31122 0.30322 0.31298 0.30069 0.31253 0.30112 0.31054 0.30013 0.31121 0.30091 0.31339 0.30291 0.31209
XRE XLamp Cool White 55C 350 DUR011K 4 0.31022 0.32142 0.30911 0.32278 0.30926 0.32247 0.30907 0.31734 0.30959 0.32238 0.30864 0.32128 0.30760 0.31908 0.30883 0.32150 0.30919 0.32098 0.30977 0.32072 0.30778 0.31997 0.30675 0.31738 0.30749 0.31901 0.30838 0.31879 0.30685 0.31906 0.30672 0.31898 0.30547 0.31616 0.30590 0.31695
XRE XLamp Cool White 55C 350 DUR011K 5 0.30857 0.32362 0.31059 0.32470 0.30763 0.32140 0.30733 0.32125 0.30902 0.32486 0.30923 0.32374 0.30881 0.32445 0.31027 0.32386 0.31070 0.32353 0.30848 0.32368 0.30703 0.32070 0.30837 0.32297 0.30628 0.31937 0.30678 0.32147 0.30684 0.32152 0.30856 0.32112 0.30742 0.32068 0.30728 0.31925
XRE XLamp Cool White 55C 350 DUR011K 6 0.30798 0.32173 0.30819 0.32251 0.30855 0.32226 0.30768 0.32186 0.30651 0.31797 0.30743 0.32071 0.30707 0.31780 0.30941 0.31943 0.30699 0.31943 0.30754 0.31887 0.30660 0.31953 0.30739 0.31943 0.30558 0.31835 0.30645 0.31810 0.30555 0.31822 0.30538 0.31811 0.30614 0.31746 0.30440 0.31569
XRE XLamp Cool White 55C 350 DUR011K 7 0.30921 0.32296 0.30847 0.32159 0.30868 0.32210 0.30969 0.32021 0.30846 0.32166 0.30851 0.32180 0.30853 0.31966 0.30807 0.32097 0.30830 0.32058 0.30781 0.32042 0.30615 0.31698 0.30605 0.31743 0.30639 0.31833 0.30611 0.31829 0.30603 0.31817 0.30590 0.31793 0.30495 0.31453 0.30768 0.31578
XRE XLamp Cool White 55C 350 DUR011K 8 0.30685 0.32063 0.30608 0.31987 0.30596 0.31986 0.30448 0.31690 0.30581 0.31964 0.30591 0.31919 0.30476 0.31563 0.30603 0.31792 0.30542 0.31705 0.30437 0.31648 0.30460 0.31751 0.30438 0.31750 0.30452 0.31621 0.30352 0.31619 0.30451 0.31467 0.30508 0.31592 0.30251 0.31401 0.30383 0.31529
XRE XLamp Cool White 55C 350 DUR011K 9 0.30739 0.31953 0.30889 0.32023 0.30906 0.32094 0.30779 0.32131 0.30736 0.31982 0.30993 0.32126 0.30789 0.32091 0.30719 0.31882 0.30568 0.31613 0.30737 0.31995 0.30686 0.31922 0.30750 0.31925 0.30574 0.31730 0.30585 0.31825 0.30589 0.31816 0.30388 0.31355 0.30549 0.31767 0.30519 0.31664
XRE XLamp Cool White 55C 350 DUR011K 10 0.30734 0.32060 0.30811 0.31969 0.30576 0.31847 0.30575 0.31866 0.30623 0.31929 0.30620 0.31930 0.30461 0.31556 0.30572 0.31840 0.30543 0.31551 0.30489 0.31646 0.30521 0.31677 0.30459 0.31692 0.30409 0.31574 0.30343 0.31237 0.30390 0.31560 0.30404 0.31545 0.30411 0.31484 0.30329 0.31453
XRE XLamp Cool White 55C 350 DUR011M 1 0.31256 0.31962 0.31371 0.31889 0.31042 0.31493 0.31159 0.31802 0.31067 0.31576 0.31207 0.31809 0.31067 0.31579 0.31031 0.31466 0.31104 0.31689 0.31098 0.31696 0.30849 0.31143 0.31041 0.31652 0.31104 0.31320 0.31016 0.31632 0.31194 0.31652 0.30941 0.31443 0.31196 0.31708 0.31124 0.31848
XRE XLamp Cool White 55C 350 DUR011M 2 0.31004 0.31810 0.31028 0.31906 0.30976 0.31760 0.31030 0.31857 0.31024 0.31903 0.31160 0.31842 0.31085 0.31818 0.30971 0.31808 0.31114 0.31740 0.30926 0.31702 0.30908 0.31670 0.31059 0.31692 0.30987 0.31548 0.30829 0.31506 0.30856 0.31665 0.30873 0.31681 0.30800 0.31451 0.30897 0.31746
XRE XLamp Cool White 55C 350 DUR011M 3 0.31113 0.31543 0.31193 0.31617 0.30998 0.31388 0.30924 0.31101 0.31166 0.31510 0.30926 0.31245 0.31130 0.31453 0.31014 0.31433 0.31011 0.31248 0.30854 0.31118 0.31007 0.31279 0.30878 0.31258 0.30762 0.31011 0.30871 0.31281 0.30821 0.31158 0.30943 0.31344 0.31035 0.31277 0.30968 0.31463
XRE XLamp Cool White 55C 350 DUR011M 4 0.31545 0.32814 0.31662 0.32750 0.31562 0.32707 0.31469 0.32311 0.31369 0.32513 0.31533 0.32659 0.31454 0.32527 0.31390 0.32591 0.31251 0.32275 0.31229 0.32105 0.31104 0.31918 0.31204 0.32287 0.31097 0.32072 0.31105 0.32075 0.31263 0.32422 0.31419 0.32421 0.31252 0.32412 0.31317 0.32527
XRE XLamp Cool White 55C 350 DUR011M 5 0.31444 0.32145 0.31482 0.32177 0.31412 0.32103 0.31475 0.32056 0.31411 0.32094 0.31514 0.32040 0.31417 0.31842 0.31345 0.31974 0.31460 0.31911 0.31329 0.31933 0.31217 0.31718 0.31502 0.31925 0.31236 0.31837 0.31313 0.32001 0.31472 0.32049 0.31581 0.32232 0.31532 0.32146 0.31407 0.32104
XRE XLamp Cool White 55C 350 DUR011M 6 0.31571 0.32306 0.31514 0.32210 0.31314 0.31933 0.31482 0.32180 0.31429 0.32215 0.31407 0.32179 0.31339 0.32037 0.31426 0.32097 0.31339 0.32060 0.31302 0.31960 0.31288 0.31965 0.31273 0.31825 0.31245 0.31972 0.31272 0.32032 0.31491 0.32077 0.31181 0.31783 0.31396 0.32200 0.31481 0.32366
XRE XLamp Cool White 55C 350 DUR011M 7 0.31137 0.31313 0.30908 0.30924 0.31156 0.31201 0.30922 0.31095 0.30870 0.30951 0.30924 0.31084 0.30871 0.30957 0.30864 0.30965 0.30701 0.30587 0.30950 0.31058 0.30665 0.30407 0.30714 0.30665 0.30804 0.30966 0.30688 0.30725 0.30829 0.31034 0.30996 0.31068 0.30863 0.30851 0.30948 0.31270
XRE XLamp Cool White 55C 350 DUR011M 8 0.31557 0.31917 0.31275 0.31525 0.31265 0.31640 0.31207 0.31259 0.31313 0.31836 0.31058 0.31398 0.31363 0.31744 0.31310 0.31712 0.31162 0.31471 0.31213 0.31188 0.31031 0.31225 0.31177 0.31535 0.31045 0.31530 0.30939 0.31328 0.30834 0.31058 0.31027 0.31500 0.31131 0.31630 0.31154 0.31769
XRE XLamp Cool White 55C 350 DUR011M 9 0.31114 0.31388 0.31054 0.31281 0.30980 0.31116 0.31067 0.31250 0.31255 0.30988 0.30959 0.31083 0.31007 0.31196 0.31089 0.31168 0.30972 0.31119 0.30958 0.31100 0.30825 0.30830 0.30889 0.31052 0.31006 0.30997 0.30986 0.31001 0.30830 0.30535 0.30729 0.30610 0.30902 0.31120 0.30992 0.31276
XRE XLamp Cool White 55C 350 DUR011M 10 0.31350 0.32077 0.31508 0.32276 0.31510 0.32203 0.31455 0.32093 0.31489 0.32162 0.31433 0.32023 0.31258 0.31693 0.31347 0.32121 0.31376 0.32063 0.31382 0.32059 0.31139 0.31670 0.31030 0.31507 0.31239 0.31918 0.31196 0.31938 0.31175 0.31883 0.31258 0.31971 0.31188 0.31929 0.31102 0.31540

Here is what one looks like (too detailed, no interpretation, just dataé): 
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Typical LM -80 Lumen Maintenance Behavior  

Å LEDs do not normally fail catastrophically; gradually lose 
light output over very long time periods  

Å Small ñhumpò is frequently observed between 0 and 500 
hours  

Å Lower drive currents and lower temperatures can yield  
much higher Lumen Maintenance curves  
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TSP = TA = 85ĚC; IF = 1500mA 

TSP = TA = 55ĚC; IF = 350mA 
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Å TM-21 supplements IES LM -80 raw test data to provide LED 
lifetime projections that are consistent and understandable  

Å Committee included Cree, Philips Lumileds, Nichia, OSRAM, 
U.S. Dept Of Energy, NIST & PNNL  

Å TM-21 provides two major functions:  

1. Extrapolate a single LM -80 data set to estimate L xx  LED 
lifetime  

2. Interpolate a matched LM -80 data set (same current, 3 
different temperatures) for a specific temperature, and 
estimate L xx  LED lifetime  

LM-80  
(testing)  +         =  

TM-21  
(projection)  

Something 
useful  

LM-80 & TM -21  
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TM-21 New Concepts  

Lxx (Yk)  

Åxx = % lumen maintenance (e.g., L 70 , L88  , L50 )  

ÅY   = duration of LM -80 test used for the projection  

 

Calculated & Reported Lifetime  

ÅCalculated  = what the extrapolation says  

ÅReported    = Calculated, limited by LM -80 test duration  
      (6x LM -80 for sample size Ó 20) 

 

Lifetimes always rounded to 3 significant digits  

Å36,288   Ą 36,300  

Å215,145 Ą 215,000  

Example:  L 85 (12k)  
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TM-21 Projection Algorithm (Some Math)  

Any Lxx value can be calculated from a & ɓ: 

ÅTM-21 requires that all lifetime projections include a & ɓ 

Projection Method: 

Å Exponential least squares curve-fit 

through the averaged values 

Å Curve fit through last 5000 hours 

or 50% of LM-80 duration, 

whichever is longer 

Å Creates 2 important values: 

a = decay factor 

ɓ = intercept 
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XLamp XM -L LED @ I F = 2000mA  
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The Math Will be Made Easy (tools under development)  

Å Note: Reported Lifetime limited to 6x LM -80 
duration (10k hrs)  

Å Math works for any L xx  (L 70 , L80 , L90é) 

 

A Real TM -21 Example ( 10 k)  
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TM-21 Temperature Interpolation Example  

Å Interpolation between matched LM -80 data sets  

Å Same current, 3 different temperatures: 55
 

C, 85
 

C & manufacturerôs choice 

Å Lxx  calculation possible on interpolated case (Tsi)  

Å a & ȁ for Tsi are derived from next higher & lower LM -80 data sets  

ÅBoth sets valid ( a > 0): a by Arrhenius interpolation; ȁ = sqrt( ȁ1* ȁ2)  

ÅOne set valid ( a > 0): use a & ȁ of the valid set  

ÅNeither set valid ( a > 0): use Reported Lifetime rules  

LED

I

Ts1 Tsi (Interpolated) Ts2

Tsp 55°C 75°C 85°C

Tsp 328.15 K 347.15 K 358.15 K

Ea/kB

A

ʰ 9.543E-07 1.625E-06 2.155E-06

ʲ 9.887E-01 9.861E-01 9.834E-01

Calculated L70 L70(6k) = 362,000 hours L70(6k) = 211,000 hours L70(6k) = 158,000 hours

Reported L70 L70(6k) > 36,300 hours L70(6k) > 36,300 hours L70(6k) > 36,300 hours

Calculated Lifetime L90(6k) = 56,200 hours

Reported Lifetime L90(6k) > 36,300 hours

3191.23

1.5965E-02

XLamp XM-L White

2000 mA
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Situation  Possible Implication  

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 

 
 

Energy Star & DLC have 
indicated preference for 
ñReportedò TM-21 values  

Could help rein in irrational 
exuberance on LED lifetime 
claims  

LEDs are ñunshackledò from L70  Potential to reduce over -
lighting; even more energy 
savings in LED lighting 
designs on the table  

New LEDs are introduced all the 
time, ñolderò LEDs sometimes 
change (chip structure, 
packaging materials, etc.)  
 

ñOlderò, more stable LEDs 
may be more valuable in high 
reliability applications  
 
Many LEDs may be ñstuckò at 
6k hours LM -80 for a long 
time  

Some Possible Implications of TM -21:  

TM-21 only solves the LED part 
of the lifetime puzzle  

Drivers, gaskets, painté? 
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LED Lifetime Is Irrelevant  

System Lifetime is What Creates Value 

LED Lamps :  Practically never 
fail; depreciate very slowly in 
a well -designed system  

Optical Components :  Can 
(rarely) yellow over time and 
lose light; system design choice  

Driver :  Currently the weakest 
point of the system, but the big 
companies are working on this  

Heat Sink :  Linchpin of the entire system.  
If this is poorly designed, all the other 
components can be compromised  
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LED Basics Summary  

Å LEDs are solid state semiconductor  
devices ï and they really are ñgreenò 

Å LED lamps are also complex systems with three  
major subsystems:  chip, phosphor, and package.   

ÅAll three must work together to get the ñadvertisedò results 

Å There are a number of types of LEDs on the market.  Some 
are designed for lighting applications; many are not ï caveat 
emptoré 

Å LEDs are ñbinnedò for luminous flux and chromaticity ï same 
as traditional lamps are ñbinnedò for wattage and CCTé  

Å 50,000 hours is an arbitrary number, and TM -21 allows us to 
easily calculate and predict any L xx  (L 70 , L90  é) LED lifetime    

Å LED lifetime can be predicted with confidence if the luminaire 
system parameters (T J/T SP, I F, and T AIR ) are well -understood 
& controlled, but the LEDs are just part of the overall 
equationé 



p. 46  

LED Fundamentals  

LED basics  
ÅTheory of operation, materials of construction  

ÅLED technology & packages types  

ÅRemote phosphor  

ÅBinning (cold, hot, otherwiseé) 

ÅLED reliability & lifetime projections  
 

LED Performance Parameters  
ÅVoltage, current, heat, optics, impact on light  

ÅLED Performance in the REAL world  

ÅLEDs are awesome!  What could go wrong?  

ÅLED performance and cost roadmaps  

ÅStrategies for reducing cost and coping with rapid 
technology change  

Standards update  

10:30 -11:00  

 

 

 

 

11:00 -11:30  
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SSL Luminaire:  Multi -Disciplinary Effort  

Delivered  
lumens  

Electrical ÅIntegrated systems approach 
required  

ÅLED light is different than existing 
light technologies  

ÅNot intuitive at first  

Thermal Delivered  
LPW 

ÅThese graphs are on all LED data 
sheets; familiarization with them 
is essential to getting good 
results  

Optical 
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Lumens, LPW in the REAL World  

1.  Find 700mA point on 
relative intensity curve  

2. Typical LF per lamp  
should be:  
 

LF = 100 lm * 167%  

 LF = 167 lm  
 
 
 

EASY!! 

 

Case Study :  
ÅLow Bay Parking Lot Light  

Å2500 lumens, 5000K  

ÅLED LF bin = 100 lumens (@ 350mA)  

Å700mA I F 

ÅDesign Goal:  55 LPW  

 

Note:  ñOverdrivingò is a myth; there is no such 
thing as overdriving an LED  
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Lumens, LPW in the REAL World, p.2  

3.  Determine your junction 
temperature ( TJ)  
ïRequires measurement of 

TSP and calculation of TJ 
 

 
 

 LF = 150 lm  

 Assume TJ = 60
 

C 
  
 

  LF = 167 lm * 90%  

 EASY!! 

Case Study :  
ÅLow Bay Parking Lot Light  

Å2500 lumens, 5000K  

ÅLED LF bin = 100 lumens  

Å700mA I F 

ÅDesign Goal:  55 LPW  

 

TSP 
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Lumens, LPW in the REAL World, p.3  

4. Find 700mA on V F curve  
 
VF = 3.4V @  25 ºC 
 

5. Calculate V F @ 60 ºC from 
data sheet  
 
 VF = 3.4 -(0.004*(60 -25))  
 VF = 3.26V  
 

6. LED LPW = lumens / Watts  

  = lumens / V F * I F 

  = 150 / 3.26 * 0.7  

  = 66 LPW  
 

  EASY (kind ofé)!! 

 

Case Study :  
ÅLow Bay Parking Lot Light  

Å2500 lumens, 5000K  

ÅLED LF bin = 100 lumens  

Å700mA I F 

ÅDesign Goal:  55 LPW  
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Typical Optical Losses  

Secondary Optics  

Reflector 

Lens 

Diffuser/Glass  

Diffuser  

Glass 

85% -90% Efficient  75% -95% Efficient  
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Typical Driver Losses  
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Generally, 80% - 85% is a good  
estimate ï but some will claim MUCH higher  
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Your Boss shows you press 
releases from LED companies and 
the spec sheets of LED luminaires 
from your competitors and wants 

to know why your design is so 
uncompetitive?  

Lumens, LPW in the REAL World, p.4  

7.  Assume:  

ï 90% Efficient Glass Cover  

ï 80% Efficient Driver  

Delivered Lumens, LPW  
 = 150 * 90% (optical loss)  

 = 135 lumens per LED  

 = 135/3.26  * 0.7  

 = 59 LPW, 18 LEDs needed, ~2500  lm  

 

 = 59 LPW * 80% (driver loss)  
 = 47 LPW (wall -plug, delivered LPW)  
 

 

(Design Goal:  55 LPW )  
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Iterative Process:  More Power = More Lighté 
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éBut More Power = Lower Efficacy (Droop) 

The good  news :  Most of you will NEVER have to do this; 
this work gets done by a good luminaire manufactureré 
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 IF(mA) 700 500 300

 LPW 47 57 64

 # of LEDs 18 22 34

 Cost $ $+ $$

There is often an opportunity to trade -off drive 
current (I F) and thermal design for both system 

LPW (efficacy) and overall system cost  

Many Opportunities For Optimization  
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Tools For Doing Ité 

Many LED suppliers have developed tools to help us speed the 
design process and handle the up -front design iterations:  

http://www.futurelightingsolutions.com/ssldesigner/  http://www.osram -os.com/osram_os/EN/Downloads/index.html  

http://pct.cree.com/   


