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1. LED BASICS
1.1. How LED works
A light-emitting diode (LED) is a semiconductor device that emits light on certain wavelength (color). A die (active area
of LED) is encased in plastic or ceramic housing. The housing may incorporate one or many dies. When LED is forwardbiased (switched on), electrons are able to recombine with holes within the device, releasing energy in the form of
photons (Figure 1.1.1). This effect is called electroluminescence.
Reflective cup

Figure 1.1.1:

When LED is switched on, electrons
recombine with holes within the
device, releasing energy in the form
of photons with certain wavelength
(color).
Photon: Unit of light
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terminal
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Negative
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Photon
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Anode lead

Electron
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The term SSL (Solid State Lighting) is common term for LED technology being used for lighting applications. It refers to
technology in which the light is emitted by solid-state electroluminescence as opposed to incandescent bulbs (where the
light is emitted via thermal radiation in visible part of spectrum – incandescence).

White LED working principle
The most common method involves coating LEDs of one color (mostly blue LEDs made of InGaN) with phosphor (Figure
1.1.2a) of different colors to form white light; the resultant LEDs are called phosphor-based white LEDs. The “blue”
photons emitted by High-brightness LED (HB LED) (Figure 1.1.2b) either passes through the phosphor layer without
alteration, or they are converted to the “yellow” photons in the phosphor layer (Figure 1.1.2c). The combination of
“blue” and “yellow” photons leads to white light (Figure 1.1.2d). In order to watch explanatory animation please visit
http://www.omslighting.sk/ledacademy/276/introduction.
Figure 1.1.2:

a) Cross-section of standard
phosphor-based white HB LED.
b) Recombination of electrons with
holes results to “blue” photons.
c) “Blue” photons either passes
through the phosphor layer
without alteration, or they are
converted to the “yellow” photons
in the phosphor layer.
d) Combined together, they create
white light.
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a)

recombination of electrons with
holes results to “blue” photons

b)
“blue” and “yellow”
photons created
white light

“blue” photon passing
through phosphor layer

“yellow” photon excited by
“blue” photon in phosphor layer

c)

d)

Spectrum of a phosphor-based white LED clearly showing blue light directly emitted by the LED die and the more
broadened yellow light emitted by the phosphor (Figure 1.1.3).
Figure 1.1.3:
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Figure 1.2.1 depicts basic parameters of LED light source compared with the most common traditional light sources. LED
shows better or at least comparable numbers for all important parameters than traditional light sources.
Figure 1.2.1:
Various light sources versus LED.

Lamp type

Technical

Incandescent bulb

Halogen lamp

Metal halide lamp

Incandescent bulb makes
Halogen gas increases the Adding rear earth metal salts
light by heating metal
lifetime of the wolfram
to mercury vapor lamp enafilament wire to light tempe- filament and avoid the darke- bles high efficiency. It works
rature until it glows.
ning of the bulb. The bulb on high pressure and temcan be operated on higher peratures, so special fixtures
temperatures, which allows are required. The advantage
colder CCT.
is the compact size in
comparison to fluorescent
and incandescent lamps.
Mixture of halides influences
the CCT. After 10 000 hours
the lumen output is approx.
83% of nominal.

Mercury vapor lamp

LED

The outer bulb is coated
with a phosphor for thermal
insulation and converts some
UV emissions into red light.
After 2000 hours only 50%
of nominal light output.

Compact and highly durable
light source enables both
new designs and advantages
in the light control. LEDs are
switched on instantly and
this makes applications with
frequent switching easy.
Tunable white and RGB
versions are already on the
market. LEDs offer several
benefits which can be employed in combination with
all well being applications.

Efficacy (lm/W)

6 - 16

16 - 30

75 - 125

40 - 75

80 - 160

Input power (W)

20 - 60

55 - 100

20 - 24 000

50 - 500

0,2 - 100

Hazardous chemical
content

no

Halogens

Argon, Mercury

Argon, Mercury

no*

Electronic ballast

no

in general no

needed to control the
current

needed

needed

CRI

100

100

70 - 95

40 - 60

65 - 97

Application

Indoor, outdoor

Indoor applications like
shops, residential

Floodlight, outdoor, shops

Outdoor applications,
streetlights, facade

Indoor, outdoor

Additional info

high IR radiation

high IR radiation

High UV radiation

High light pollution

little UV and IR radiation

Lifetime (hours)

1000

1000 - 3000

6000 - 20 000

4000

50 000

CCT (K)

2700

2700 - 3500

3800 - 7000

3200 - 4200

2700 - 8000

yes, 0 - 100%

yes, 0 - 100%

yes, 50 - 100%

no

yes, 0.1 - 100%

Compact fluorescent lamp

Fluorescent lamp

Low pressure sodium

High pressure sodium

LED

Light output decreases
shortly after first use 5-10%,
end of lifetime is approx.
70-80%. Full power is not
reached after 1 second.
The latest versions are CCFL
(cold cathode). In general,
for outdoor applications all
FLs have problems at lower
ambient temperatures,
sometimes it is not possible
to start lamp.

The lamp reaches best efficacy if the temperature of lamp
cold-spot is around 35°C.
A problem is stroboscopic
effect in some applications.
Problems occur at lower
ambient temperatures,
sometimes it is not possible
to start the lamp. After
25 000 hours lumen output
decreases down to 50%.

LPS lamps have an outer
glass vacuum envelope
around the inner discharge
tube for thermal insulation.
Yellow light is very insect
friendly. The fact is the light
source is quite spacious and
the recycling process costs
a lot of money. Practically,
this type of the lamp is
running out version because
of low CRI.

Smaller than LPS. Yellow
light is insect friendly.

Compact and highly durable
light source enables both
new designs and advantages
in the light control. LEDs are
switched on instantly and
this makes applications with
frequent switching easy.
Tunable white and RGB
versions are already on the
market. LEDs offer several
benefits which can be employed in combination with
all well being applications.

Efficacy (lm/W)

46 - 80

70 - 120

up to 200

100 - 150

80 - 160

Input power (W)

10 - 50

8 - 80

10 - 180

50 - 600

0,2 - 100

Mercury, Neon

Sodium, Neon, Argon

Sodium, Neon, Argon,
Mercury

no*

needed or build in

needed

needed

needed

needed

80 - 90

80 - 99

30

25 - 85

Indoor applications

Indoor

Outdoor, streetlight, security Outdoor, streetlight, security

Indoor, outdoor

Frequent on/off reduce
lifetime; high UV radiation

Frequent on/off reduce
lifetime; high UV radiation

Reaches full brightness rapi- Less light pollution as Mercudly; no lumen degradation
ry vapor lamps; frequent
over lifetime; relatively big
on/off reduce lifetime
light source

little UV and IR radiation

15 000

15 000 - 45 000

16 000 - 23 000

10 000 - 24 000

50 000

2700 - 5000

2700 - 8000

difficult to describe

2000 - 3000

2700 - 8000

no

yes, 50 - 100%

yes, 0.1 - 100%

Dimmable

Lamp type

Technical

Hazardous chemical Small amount of Mercury
content
Electronic ballast
CRI
Application
Additional info

Lifetime (hours)
CCT (K)
Dimmable

yes, 3 - 100%, continuous yes, 3 - 100%, continuous
dim damage the light source dim damage the light source
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1.2. LED basic parameters

65 - 97

*LEDs have to be, as all semiconductor devices, disposed in a correct way, otherwise hazardous chemicals such as arsenic or phosphorus may occur.
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Efficacy of LED luminaires
The efficacy (energy efficiency) of LED lighting fixtures is ratio between net lumen output (in lumens) and input power (in
watts) of a luminaire, or lm/W. LEDs with the highest efficacy are the coolest whites – 5000 K and above. Present (Q2,
2012) commercially available LEDs show efficacies up to 160 lm/W and already surpass the most efficient fluorescent
lamps. Warm white LEDs (ranging from 2600 K to 3500 K) approach efficacies up to 120 lm/W. Efficacy higher than 250
lm/W has been achieved in Cree Ltd. labs, April 2012. Highest LED luminaire efficacies are currently in the 100 lm/W
range and daily increasing.

Color rendering index – CRI
Color rendering index measures the ability of a light source to render colors of illuminated objects faithfully in reference
to an ideal light source – sun or incandescent bulb. By definition, ideal light source has CRI equal to 100. Therefore
CRI varies from 0 to 100, higher means better. Color rendering score Ra is derived from the results for all sample colors
(standard set: R1 – R8, or extended set: R1 – R14) tested (Figure 1.2.2).
Figure 1.2.2:
Standardized color samples set.

R1

R2

R3

R4

R5

R6

R7

R8

Correlated color temperature – CCT
Color temperature of a light source is the temperature of an ideal black-body radiator (solid object with certain properties heated up to point of incandescence) that radiates light of comparable hue to that of the light source, and its temperature is expressed in Kelvins (K). As a black body gets hotter, wave lenght of light emits progress through a sequence
of colors from red to blue (Figure 1.2.3). Sequence of colors is described by curve (Planckian locus) within a CIE 1931
color space (Fig 1.2.4).

Figure 1.2.3:
Example of LED color temperature
correlation.

Basic LED Reference Example

7.000K

Kelvin Color Temperature Scale Chart

10.000K

10.000K+: Blue Sky

9.000K
5.700K

8.000K
7.000K

7.000K – 7.500K: Cool White Seesmart LED

4.000K

3.500K

3.000K

6.000K

6.000K: Cloudy Sky
5.500K – 6.000K: Day White Seesmart LED

5.000K

4.800K: Direct Sunlight

4.000K

4.000K – 4.500K: Natural White Seesmart LED
4.000K: Clear Metal Halide

3.000K

3.000K: 100W Halogen
2.800K: 100W Incandescent
2.700K – 3.200K: Warm White Seesmart LED

2.000K

2.200K: High Pressure
1.900K: Candle

2.700K
1.000K

For colors based on black body theory, blue occurs at higher temperatures, while red occurs at lower temperatures. This
is the opposite of the cultural associations attributed to colors, in which “red” is “hot”, and “blue” is “cold”.
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0,9

Figure 1.2.4:

520

The black-body curve (Planckian
locus) defines the range of color
temperatures, from warm (reddish)
to cold (bluish), within the CIE 1931
color space
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An incandescent bulb emits light with color temperature around 2700 K (reddish end on the black-body curve). Because
incandescent lamp uses heated filament in order to emit light, the temperature of the filament is also the color temperature of emitted light.
Spectral analysis of visible light makes it possible to define color temperature for non-incandescent white light sources
such as fluorescent tubes and LEDs. LED which emits light with color temperature of 2700 K has actual temperature of
active area around 350 K (~80 °C), thus the temperature of outgoing light correlates with the temperature of black-body
radiator and not with actual temperature of LED light source. It is the reason why we, in case of non-incandescent light
sources, have to speak about correlated color temperature (see also Figure 1.2.3).
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2. LED OPTICS
2.1. Introduction
Optics is the branch of physics which involves the behavior and properties of light, including its interactions with matter and the construction of instruments that use or detect it.
Luminaire is a device that changes light distribution of a light source, diffuses the light or eventually changes its
spectral composition. This goal is reached by luminous active parts of luminaire (reflector, diffuser, lens, etc.) and auxiliary
parts (socket, leads, starter, ballast, etc.) that are designed and constructed for specific light sources. Luminaire is also
equipped with parts that are used for fixation, protection of a light source and feeder.
Figure 2.1.1:
Simplified functional scheme
of LED-based luminaire.

LUMINAIRE
AUXILIARY PARTS
• ELECTRONIC BALAST
• FIXATION

OPTICAL PARTS
• REFLECTOR
• DIFFUSOR
• LENS

LED
LIGHT
SOURCE

Optical part
The main function of the optical part is to change the distribution of luminous flux intensity from source(s) and/or diffuse
light, eventually to change its spectral composition. Different geometries of optical parts create different light intensity
distribution curves (LIDC).

Optical parts serve to:
•
•
•

Change the distribution, regulation or distraction of luminous flux
Reduce the brightness of the luminaire at the angle where can be perceived by an observer – Glare-limiting
Change the spectrum of the light emitted by a light source – Filtration

Light intensity distribution curve - LIDC
Measured values of luminous intensity of point-like light source in all directions are applied to space from the light source
as the radius-vectors. Linking these endpoints we get photometric luminance surface. In calculations, it is usually sufficient to know only certain cuts of this 3D surface, mainly in cutting planes passing through the light source. In this
manner, we get lines (lighting curves) in polar coordinates (see Figure 2.1.2).
Values of luminous intensities shown in catalogue diagrams are unified on luminous flux of a 1000-lm light source in
order to obtain lighting curves of luminaires which are independent on measured luminous flux of used light sources.
Illuminated spaces require different shapes of LIDCs (see Figure 2.1.3 and Figure 2.1.4) to achieve standards required
by particular application or visual task. There are numerous types of lighting fixtures with different optical parts to fulfil
these needs.
Figure 2.1.2:
Standardized (EN 13032-1) cutting
planes for LIDC construction.

2.
C=45º

1.

LIDCs are usually indicated in certain planes where its intersection passes through the centre of a luminaire or a light
source. The most often used beam plane is C-γ, whose axis is vertical to the main light emitting area of the luminaire.
Figure 2.1.3:
Basic shapes of LIDCs.
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Figure 2.1.4:
Basic directions of LIDCs.
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Efficiency of optical
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Output Ratio)
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The efficiency of the optical part is equal to ratio between the luminaire luminous flux ΦLuminaire and the sum of luminous
fluxes of all light sources within the luminaire.
cd / 1000 lm

cd / 1000 lm

2.2. Reflector
Reflector is an optical part that regulates luminous flux from the light source by reflection from the reflector material - a
mirror reflection, a diffuse reflection, and a mixed reflection (also see Figure 2.5.1).
Reflectors are basically divided into two groups: first group includes conic reflectors of four basic geometries – elliptical,
zonal, hyperbolic, and parabolic (Figure 2.2.1); second group includes non-conic reflectors, such as square or asymmetric
ones of the same basic geometries of reflection surfaces.
Figure 2.2.1:
Four basic geometries of a reflector.

Elliptical

Zonal

Hyperbolic

Parabolic

Elliptical reflector – if the light source is placed in focus of reflector which is formed as a part of an ellipse, then
the light beams are reflected into the second focus of an imaginary ellipse. Such reflectors are used in applications which
need medium-wide to wide LIDC.
Zonal reflector – this type of reflector uses out-centred part of the different circles connected with their ends.
Its advantage is precise direction of the light to intended location, but reflector geometry is sensitive to production
tolerances.
Hyperbolic reflector – creates medium-wide to wide LIDC.
Parabolic reflector – creates narrow LIDC. It is used for applications where it is ask for high levels of illumination
for a relatively small area.
Figure 2.2.2:
Various reflectors for LED light sources.

Facet reflector – reflector consists of large number of small surfaces (facets) with different angles of rotation, with
respect to the reflector focus, which ensures better distribution of luminous flux to the desired direction.
Figure 2.2.3:

Facet reflector – ensures better
distribution of luminous flux to the
required direction.
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Reflector shielding angle
Shielding angles denotes the degree-of-shield of the light source by a reflector within luminaire. It is the angle between
the horizontal plane and the line which links the edge of the reflector and the endpoint of given light source (see Figure
2.2.4), and it is defined by following equation:
		
h
δ = arctg –––––
			
R+r
h – distance of light emitting from surface of given light source from the exit (horizontal) plane of the reflector
R – front radius of the reflector
r – radius of the light source

Figure 2.2.4:
Shielding angle.

h
r

R

Figure 2.2.5 shows endpoint locations of various light sources. For example, clear incandescent bulb has endpoint located at the end of filament with respect to the observer.
Figure 2.2.5:
Endpoint locations of various
light sources.

Incandescent lamp

HID lamp

Opal incandescent lamp

LED light source

2.3. Diffuser
Diffuser directs the light by diffuse-scattering through its material. Diffuse light is also obtained by making light to reflect
diffusely from a white surface. Based on diffusion mechanism diffusers are divided into the following types: Opal, Gaussian, and Prismatic
diffuser (Figure 2.3.1).
GAUSSIAN DIFFUSER
PRISMATIC DIFFUSER
OPAL DIFFUSER
LIGHT

Figure 2.3.1:
Basic types of diffusers based
on diffusion mechanism.

LIGHT

LIGHT

FINE STRUCTURE
CREATED BY
SAND-BLASTING

SCATTERING
MICROPARTICLES

Opal diffuser

Gaussian diffuser

Prismatic diffuser

Diffuser with evenly scattered penetration (Opal) diffuses luminous flux from light source evenly to all directions thus
does not create an image of the light source. Diffusers with mixed penetration (Gaussian or Prismatic) change the
distribution of luminous flux preferably to certain directions thus both do not create an image of the light source and
shape LIDC.

Opal diffuser – creates cosine LIDC by scattering of a light on microparticles which are evenly distributed in basic
diffuser material.

Gaussian diffuser

– creates a Gaussian-like LIDC (see Figure 2.3.2). Scattering is provided by the fine structure
on surface resembling to sandblasted surface on which light beams are diffused into various directions.
Figure 2.3.2:
Comparison of Opal LIDC and
Gaussian-like LIDC.

Opal diffuser LIDC
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Gaussian diffuser LIDC

Figure 2.3.3:
Examples of the most used
microprismatic diffusers.

ray splitting effect with
a laser beam (schematic)
without prismatic structure:

Linear 115° prism
with structure Lin10:

LED ACADEMY

Prismatic respectively micro-prismatic diffuser – basically these are refractors. Geometric structures such as pyramids,
hexagons, spherical domes, and triangular ridges create requested LIDC using the refraction law. They are used in luminaires where high lighting quality is requested (UGR – Unified Glare Ratio; Lavg – average luminance of the luminaire).

with structure Lin11:

Linear 90° prism

ray splitting effect with
a laser beam (schematic)
without prismatic structure:

with prismatic structure:

(an orthogonal striking beam
is completely reflected)

Special microprismatic shape

ray splitting effect with
a laser beam (schematic)
without prismatic structure:

with structure R10:

with structure R11:

Square pyramidal prism

ray splitting effect with
a laser beam (schematic)
without prismatic structure:

with structure Q10:

with structure Q11:

Triangular pyramidal structure

ray splitting effect with
a laser beam (schematic)
without prismatic structure:

with structure D10:

with structure D11:
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2.4. Lens
Lens is an optical device with perfect or approximate axial symmetry which transmits and refracts light, converging or
diverging the beam.
d

d

Figure 2.4.1:
Two basic types of lenses – converging
and diverging.

ff
LIGHT

LIGHT

Positive (converging) lens
FOCAL POINT

OPTICAL AXIS

OPTICAL AXIS

FOCAL POINT
R2
R1

R2

R1

POSITIVE (CONVERGING) LENS
d

NEGATIVE (DIVERGING) LENS

d

Negative (diverging) lens
ff
LIGHT

FOCAL POINT

AXIS

OPTICAL AXIS

FOCAL POINT
R2
R2

R1

R1

POSITIVE (CONVERGING) LENS

NEGATIVE (DIVERGING) LENS

A simple lens consists of a single optical element. A compound lens is an array of simple lenses (elements) with a common axis. The use of multiple elements allows for more optical aberrations to be corrected than it is possible with a
single element. Lenses are typically made from glass or transparent plastic.

Figure 2.4.2:
Different types of lenses used with LED
light sources.

2.5. Materials for optical parts
Various optical parts need various optical materials. Aluminium with various types of finish and powder-coated metal
sheets are used for reflectors. Clear polycarbonate (PC), polystyrene, and Polymethylmethacrylate (PMMA) are used for
micro-prismatic diffusers and lenses.

Materials for reflective optics – with its various characteristics are available in order to achieve different types
of reflection. There are three basic types of reflection: mirror, diffuse and mixed reflection. Difference between types of
reflection is in the proportion of mirror and diffuse part of reflection.

Figure 2.5.1:
Different types of reflection from
material.

Ideal mirror reflection
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Real mirror reflection

Ideal diffuse reflection

Lambertian reflection

Lambertian with mirror reflection

Mixed reflection

aluminium, glazed aluminium, and aluminium sheets covered with several layers of silver are also used to reach higher
reflectivity and resistance against scratches.

Surface-treated sheet steel – white powder coating in various shades and structures is applied to sheet steel
to achieve required reflection. If highly efficient Lambertian reflection is needed, a special material (WhiteOptics97) is
applied to sheet steel.

Materials for refractive optics
PC – is easily mouldable and thermo-formable. It has index of refraction equal to 1.584.
PMMA – is transparent for infrared light within the range from 2.8 to 25 micrometre, and opaque for radiation shorter
than 300 nm (UV radiation). Index of refraction = 1.49.

LED ACADEMY

Aluminium – it is the most common material for high quality reflectors thanks to its excellent reflectance. Anodized
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3. LED THERMAL
3.1. Introduction
An LED is an electronic device that lights up when electricity is passed through. They are used as indicators in many
devices and increasingly used for other lighting purposes such as indoor and outdoor lightings. LEDs have much higher
efficacy than other traditional light sources such as incandescent, and unlike fluorescents, efficacy of LED isn’t affected
by its shape and size.
However, LEDs like all electronic devices are temperature dependent. LED performance strongly depends on the ambient
temperature. Operating LED-based luminaires at high ambient temperatures without proper thermal design may overheat LED packages, eventually lead to short lifespan or device failure in the worst case. Well-designed cooling system
is required to maintain long lifetime and high efficacy of the luminaire (Figure 3.1.1). Therefore thermal management is
the most critical part within LED-based luminaire design.
Figure 3.1.1:
a) Thermal simulation results
b) pictures of the same luminaire taken
by thermo-camera.

			

a)

b)

3.2. Heat transfer introduction
Heat transfer is a discipline of thermal engineering that concerns the exchange of thermal energy and heat between
physical systems. It is classified into three main mechanisms (Figure 3.2.1):
•
•
•

Conduction
Convention
Thermal Radiation

Figure 3.2.1:
Three main heat transfer mechanisms.

Conduction
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Convection

Thermal radiation

When a temperature gradient exists in a body, there is an energy transfer from the higher temperature to the lower
temperature region. Conduction is the most significant medium of heat transfer within solids or between solid objects
in mechanical contact.

Convection
Convective heat transfer (or convection) is the heat transfer from one place to another by the movement of fluids. It is
usually the dominant form of heat transfer in liquids and gases. Natural convection is a type of heat transport in which
the fluid motion is not generated by external source such as pump, fan, suction device, etc. Forced convection is when
the fluid is forced to flow over the surface by external means, such as stirrers, and pumps for creating an artificially
induced convection current.

LED ACADEMY

Conduction

Thermal radiation
Thermal radiation is electromagnetic radiation emitted by a body as a result of its temperature and it propagates without
the presence of matter. The characteristics of thermal radiation depend on various properties of the surface. If the radiating body and its surface are in thermodynamic equilibrium and the surface has perfect absorption at all wavelengths, it
is characterized as a black body. Lighter colors such as white or metallic substances absorb less illuminating light, and
thus heat up less. Shiny metal surfaces have low emissivity both in the visible wavelengths and in the far infrared. Such
surfaces would reduce heat transfer by thermal radiation.

3.3. Power conversion
All light sources convert electric power into light and heat in various proportions. Incandescent bulbs emit mainly in
infrared (IR) region with only approx. 8% of light emitted. Fluorescents emit higher portion of light (21%) but also emit
IR, UV, and heat. LEDs generate little IR and convert up to 40% of the electrical power into the light (see Figure 3.3.1).
The rest is converted to heat that must be conducted from the LED active area to the underlying printed circuit board,
cooling system, housing, and atmosphere.
8%
21%

Figure 3.3.1:
Power conversion rates for “White” Light
Sources.

40%

37%

19%

60%

73%
42%

High Brightness LED
Visible light

Fluorescent

Heat removed by conduction and convection

Incandescent
Heat removed by thermal radiation

In case of LED light source, there is no heat removal by thermal radiation, thus dissipative heat has to be withdrawn only
by conduction and convention. However LED has the best efficacy, thermal management of this light source is the most
challenging and proper design of cooling system is crucial for LED-based luminaire.

Wall-Plug efficiency
To calculate more accurate thermal power (i.e. how much power is converted to heat within the lighting source) for
better structure design, wall-plug efficiency (WPE) is required to count on. It is the ratio of the input electrical power and
the emitted optical power (i.e. how much power converts to visible light) of the LED. The wall-plug efficiency of LED is
typically between around 40%. It means about 60% of the input power which is dissipated as heat. In OMS, conservative 20% of WPE is assumed as emitted optical power.
If the input electrical power for all these light sources is 20W, the heat dissipated by conduction and convection for each
light source is shown below:
Case 1: Incandescent light source
20W x (1-WPE) x 19% = 20W x 80% x 19% = 3.04 W
Case 2: Fluorescent light source
20W x (1-WPE) x 42% = 20W x 80% x 42% = 6.72 W
Case 3: LED light source
20W x (1-WPE) x 75% = 20W x 80% x 60% = 9.6 W
About 60% of power will convert to heat within LED die and it is mainly removed by conduction and convention.
Without efficient thermal management and cooling system, this will overheat the LED and cause the change of LED
characteristics. This change would directly affect both short-term and long term LED performance. The short-term
effects are color shift and reduced light output while the long-term effect is accelerated lumen depreciation and thus
shortened useful life.
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3.4. LED performance
The use of LEDs has been increasing dramatically over the last few years. At the beginning, heat dissipation from LED
junction was not a problem because low-power LEDs were used. However, modern high-power LEDs dissipate much
higher portion of heat which has to be removed from the junction in order to maintain high efficacy, reliability and
lifetime of LED-based light source.
Basic parameters to evaluate LED performance are (Figure 3.4.1):
•
•

Junction temperature – Tj
Thermal resistance – Rj-a

Figure 3.4.1:
Basic parameters to evaluate LED
performance.

LED DIE
CIRCUIT
BOARD
LED

T junction

JUNCTION (ACTIVE AREA)

HEAT
SINK
JUNCTION
TEMPERATURE - Tj

Rj - a

HEAT IS REMOVED FROM
LED CHIP TO AMBIENT

Junction temperature

T ambience

Thermal resistance

Thermal resistance
Thermal resistance is the ratio between the temperature difference and the power. It shows how good the heat transfer
between the materials/components is. The equation is defined below.
R = ΔT/P
R – Thermal resistance between two points;
ΔT – Temperature difference between two points;
P – Heat transfer rate between two points.

Junction temperature
When switching-on the LEDs, by-product of the emitted light production is heat. It is important to maintain junction
temperature of LED at lowest possible value. The word “junction” refers to the p-n junction inside the semiconductor
die. You can find the maximum recommended value for each LED product in the data sheet.
As junction temperature is the highest temperature within the LED, it represents figure-of-merit when predicting LED
lifetime. From the thermal point of view, junction temperature is affected by many factors such as cooling system, environment, interface material, etc.
The equation for calculating junction temperature is expressed by:
TJ = RJC x P +TC
Where RJC – thermal resistance from junction to case which is supplied by the manufacturer, the thermal power, P – usually calculated by electrical power and WPE, and TC – the case temperature. If TJ is higher than the maximum allowable
junction temperature which is specified by the manufacturer, the luminaire has to be redesigned.

LED performance degradation
High junction temperature degrades LED performance, particulary useful life, color quality and lumen output. Beyond
the maximum rated junction temperature, the LED will experience from 30% to 50% decreases in its useful life for every
10 °C increase.
Increase in junction temperature also creates a noticeable color shift toward the higher end of the spectrum. This is
important with “white” light LED sources that typically use blue wavelengths coupled with a phosphor. With heat casing
a shift towards red wavelengths, the interaction with the phosphors is altered, resulting in a different hue of white light.
The last major factor impacted by LED thermal management system is lumen output. Increases in electrical current generally product increases in lumen output. However, higher current also increases thermal buildup within the LED. Because
of this, the current has to be adjusted in order to optimize system performance and useful life.
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From the thermal design point of view, typical LED-based luminaire consists of an LED light source, a printed circuit
board (PCB) and a cooling system. The LED light source incorporates semiconductor die (active part), optics, casing, and
heat slug which is used to withdraw the heat away from the die. Heat slug is soldered to the PCB (mostly metal core
PCB – MCPCB).
Prediction of the thermal performance of LED light source within the lighting fixture is becoming a necessity while reducing time of products under development to market. However, with increasing installed lumen package, heat dissipation
from LEDs starts to be challenge. Therefore, the thermal design of luminaires is essential for proper design of LED-based
luminaires. Thermal simulation based on finite element method is a widely used software tool in early design stages.
Figure 3.5.1 shows simplified setup of typical LED luminaire being simulated with basic input/output parameters.

LED ACADEMY

3.5. Thermal design of LED-based luminaire

JUNCTION TEMPERATURE (Tj)
Figure 3.5.1:
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Thermal modeling
Three things affect the junction temperature of LED. They are: drive current, thermal path, and ambient temperature.
In general, the higher the drive current is the greater the heat is generated at the die. Heat must be moved away from
the die in order to maintain expected light output, lifetime and color. The amount of heat that can be removed depends
upon the ambient temperature and the design of the thermal path from the die to the surroundings.

Model description
A 3D model of the LED luminaire is shown in Figure 3.5.2. In this model, different materials of housing are in use to find
out which one is the best for the heat dissipation. There is no heat sink in use and the housing will act as a heat sink
to transfer the heat from LED to the ambient. In this case, the material and the shape of the housing would be critical.
Figure 3.5.2:
Model structure of LED luminaire.

Boundary conditions
For Computational fluid dynamics (CFD) analysis, the following properties are assumed:
•
•
•
•
•
•
•

32W of electrical power
Steady state.
Ambient temperature 35°C.
Heat is dissipated through natural convention and conduction.
Radiation effect is set to 0.8 for all parts.
The orientation of luminaire is in horizontal position (the worst position).
Computational domain is (800 x 800 x 800) mm3
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Material properties
Figure 3.5.3 shows the various properties of material used for the thermal simulation.
Figure 3.5.3:
Material properties.

No.
1
2
3
4
5
6
7
8
9

Component
Chip
Dielectric layer
Circuit
Solder
Reflector
Case 1: Housing
Case 2: Housing
Diffuser
Others

Material
Gallium Nitride GaN
Alumina 96%
Copper
Solder point: Solder (Sn96.5%/Ag 3.5%)
PMMA
ADC 12
Al 6082
PMMA
Aluminum 6061

Thermal conductivity (W/m.K)
230
24.7
400
78.4
0.3
92
167
0.3
150

Results
There are two different materials for the housing, ADC 12 and Al 6082. ADC 12 material is good for die casting and Al
6082 is used for machining. From the numerical study, the model with Al 6082 is about 6% better than the one using
ADC 12. The maximum allowable case temperature of the LED chip is 78°C. Both cases pass the requirement. However
Case 1 is close to the border. The best choice will be use of Al 6082 for this luminaire. Figure 3.5.4 shows simulation
results.
Figure 3.5.4:
Simulation results for two different
materials.

Case 1: Housing is made from ADC 12 material. Case
temperature is 76.6 °C and junction temperature is 82.7 °C.

Case 2: Housing is made from Al 6082 material. Case
temperature is 72.4 °C and junction temperature is 77.4 °C.

3.6. Cooling system
Excess heat affects directly short-term and long-term LED light source performance.
•
•

Short-term: color shift and light output reduction
Long-term: accelerated lumen depreciation and shortened lifetime

Natural (passive) and forced (active) cooling systems are commonly used for heat dissipation (Figure 3.6.1).

Passive cooling
The term “passive” implies that energy-consuming mechanical components like pumps, jets, and fans are not used. Heat
sinks are the most commonly used for LED luminaires. Generally, heat sink has finned metal encasement that conducts
accumulated heat away from the LED light source. Since heat sink does not consume any additional energy, it is the most
energy-efficient cooling system. However, LED light source with high power consumption requires large cooling area, i.e.
complexly shaped heat sink, which adversely influences luminaire design.

Active cooling
The term “active” implies that cooling system contains energy consuming mechanical components like pumps, jets, and
fans. Active cooling system is necessary for high lumen packages within small luminaires since it makes smaller structural
shapes possible.
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Figure 3.6.1:
a) Passive cooling
b) Active cooling

a) LED luminaire with heat sink

b) LED luminaire with heat sink and fan

3.7. Thermal design of passive cooling
Passive cooling is the most preferable cooling system for LED luminaries. During such a thermal design it is necessary
to take into the account several factors such a spacing of LED light sources, material properties of materials used for
luminaire construction, shape and surface finish of heat sink being designed, and several others which are described in
following text.

LED spacing
Majority of the electrical power in the LED is dissipated as heat. Tighter LED spacing provides a less area for heat dissipation, resulting to higher junction temperatures. The LEDs should be spaced as far apart as packaging and optical
constraints will allow (Figure 3.7.1).
Figure 3.7.1:
Examples of LED spacing.

Material properties
Thermal conductivity is the property of a material which relates the ability to transfer heat by conduction. Some materials better heat conductors than others and thermal conductivity is used to measure the effectiveness of thermal
conduction (Figure 3.7.2). For example, pure copper has a thermal conductivity of about 400W/m.K while air is of about
0.025W/m.K.
Aluminum is a common material for heat sinks. Besides it is a cost-effective material, Aluminum can be easily staped by
using machining, casting, and extrusion processes. Another critical characteristic of heat sink is geometry and the ease
of converting aluminum into a shape conducive to thermal design needs adds to its suitability. Other factors that come
into play such as weight, corrosion-resistance, dimensional stability, etc. make Aluminum an excellent choice for heat
sink material.
Figure 3.7.2:
Thermal conductivity of selected
materials.

Material
Air
Wood
Thermal grease
Glass

Thermal conductivity (W/m·K )
0.025
0.04 - 0.4
0.7 - 3
1.1

Material
Concrete, stone
Stainless steel
Aluminum
Copper

Thermal conductivity (W/m·K)
1.7
12.11 ~ 45.0
237
401

Shape
Convection is the fluid process whether in air or liquid, in which heat-energy is transferred from the surface to the ambient. The greater the surface area is, the more convection occurs. One of the examples is heat sink. Aim of the geometry
design is to maximize convection surface area. The fins effectively increase surface area while remaining confined to a
given footprint (Figure 3.7.3).

Surface finish
The emissivity of a material (usually written ε or e) is the relative ability of its surface to emit energy by radiation. It is the
ratio of energy radiated by a particular material and energy radiated by a black body at the same temperature. An ideal
black body radiator has an ε = 1 while any real object would have ε < 1.
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High-emissive coatings are used to increase heat-transfer rate to surroundings. In general, the duller and blacker a material is, the closer its emissivity is to 1. The more reflective a material is, its emissivity is closer to 0.
Figure 3.7.3:
Fin-shape housing.

Printed circuit board
The LEDs are mounted on multi-layer FR4 or on metal core printed circuit board (MCPCB). To ensure optimal operation,
the thermal resistance of PCB should be kept as low as possible.

FR4-based PCB
FR4 is standard material for PCBs. Number of LEDs per each PCB depends on the LED input power, boundary conditions,
etc. Thermal vias are the method to transfer the heat from the PCB to the cooling system. These thermal vias are plated
through holes (PTH) that can be open, plugged, filled or filled and capped. The final thermal resistance is determined by
the number and the density of thermal vias, the copper plating thickness and PTH plating thickness.

MCPCB
Figure 3.7.4 shows structure of MCPCB. A MCPCB consists of Copper layer, dielectric layer and heat spreader, Aluminum
or Copper plate. Increasing the copper thickness and using a thinner dielectric with higher thermal conductivity would
lower the thermal resistance dramatically. Figure 3.7.5 exemplifies actual FR4- and metal core-based PCBs

Figure 3.7.4:
Cross section of MCPBC (not to scale).

Solder mask
Copper layer
Dielectric layer
Alluminium/Copper

Figure 3.7.5:
(a) FR4-based PCB,
(b) metal core-based PCB.

back / front

front / back

FR4

			

metal core

a)

b)

Roughness
Attaching a heat sink to a semiconductor package requires that two solid surfaces be brought together into contact. Unfortunately, no matter how well-prepared, solid surfaces are never really flat or smooth enough to permit intimate contact. All surfaces have a certain roughness due to microscopic hills and valleys. Superimposed on this surface roughness
is a macroscopic non-planarity in the form of a concave, convex or twisted shape. As two such surfaces are brought into
the contact, only the hills of the surfaces come into physical contact. The valleys are separated and form air-filled gaps.

Thermal interface material
Thermal interfacial materials (TIMs) are thermally conductive materials, which are applied to increase thermal conductance across jointed solid surfaces, such as between the PCB and heat sink in order to increase thermal transfer efficiency.
The gaps between surfaces which are in mechanical contact are filled with the air which is a very poor conductor (see
Figure 3.7.6).
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Figure 3.7.6:
Air gaps between two surfaces: a)
unfilled, b) filled by TIM.

a) Interstitial air

LED ACADEMY

The most common is the white-colored paste or thermal grease, typically silicone oil filled with aluminum oxide, zinc
oxide, or boron nitride. Some brands of thermal interfaces use micronized or pulverized silver. Another type of TIM is
the phase-change materials. These are solid at room temperature but liquefy and behave like grease at operating temperatures.

b) Thermal interface material

Manufacturing methods
The most common technique to take advantage of natural convection is to put holes in the top and bottom side of the
housing to allow for vertical air flow over the LED. Comparing an Aluminum die casting to an aluminum extrusion, the
extrusion process inherently creates a product with greater density (less air voids inside the heat sink) than the die casting
process (Figure 3.7.7). Assuming insulating properties of air and the conductive properties of aluminum, even the small
amounts of the air in the Aluminum die cast renders a significant reduction in thermal conductivity. Die-casted heatsinks
are 20-30% less thermally conductive than extruded ones of the same shape and size.

Figure 3.7.7:
Heat sinks fabricated by extrusion
method.

Housing design and mounting method
LED housings should be designed to provide a conductive path from the backside of PCB to the housing. This is typically accomplished by mounting the backside of the PCB directly to the LED housing such that they are contacting one
another across the entire rear surface of the PCB (Figure 3.7.8).

Figure 3.7.8:
Mounting method.

This mounting scheme can be improved by applying a thermal conductive pad between the PCB and the housing.
Thermally conductive pad conforms to the features on the backside of the PCB and provides a larger contact area for
conduction.
Also, the most common technique to take advantage of natural convection is to put holes in the top and bottom side
of the housing to allow for vertical air flow over the LED light source (Figure 3.7.8).
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4. LED CONTROLS
4.1. Cold lumens versus hot lumens
Luminous flux emitted by LED depends directly on forward current (If) magnitude. “Typical luminous flux” for nominal
If (e.g. 350 mA) is listed in datasheets. Input power needed to reach typical luminous flux is expressed by following
equation:
P = If · Vf ,

Figure 4.1.1:
Relative luminous flux as a function of
junction temperature.

Relative Luminous Flux

where Vf is LED forward voltage (voltage drop) at nominal If . Then the LED efficacy is expressed as a ratio between the
typical luminous flux and the input power. However, all these values (typical luminous flux, If , and Vf ) are listed for junction
temperature Tj = 25 °C. In this case we are talking about “cold lumens”. But in real luminaire, junction (active area) of LED is
heated up significantly by dissipative heat, which becomes from energy conversion within the LED die. Maximum allowed
Tj ranges from 130 °C to 150 °C (depending on LED type). Higher temperatures will irreversibly damage LED chip.
Luminous flux decreases with increasing Tj (Figure 5.1.1). Therefore it is necessary to keep Tj on the lowest possible
value. Term “hot lumens” is used when speaking about luminous flux emitted by LED at operational Tj (70 – 120 °C) after
steady-state conditions were reached.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

25

50

75

100

125

150

Junction Temperature (°C)

On the other hand, with the increasing junction temperature decreases internal resistance of LED chip, thus LED efficacy increases. Decrease is expressed by “Temperature coefficient of voltage” (VT), measured in mV/°C (Figure 4.1.2).
Figure 4.1.2:
Characteristics of the LED Cree XP-E HEW.

Characteristics

Unit

Minimum

Typical

Thermal Resistance, junction to solder point
°C/W		 6
Viewing Angle (FWHM) - white
degrees
120
Temperature coefficient of voltage
mV/°C
-3
ESD Classification
(HBM per Mil-Std-883D)		
Class2
DC Forward Current
mA			
Reverse Voltage
V
5
Forward Voltage (for 350 mA)
V
3.0
Forward voltage (for 700 mA)
V
3.15
Forward Voltage (for 1000 mA)
V
3.25
LED Junction Temperature
°C
150

Maximum

1000
3.5

We have 100 % of relative luminous flux at Tj = 25 °C, but only 70 % at Tj = 150 °C (Figure 4.1.1).
According equation:
Efficacy = Relative luminous flux for Tj / (Vf + ΔV) · If ),
where ΔV = (Tj – 25) · VT ,
we can calculate efficacy of LED Cree XP-E HEW with luminous flux = 114 lm at
Tj = 25°C when biased by nominal forward current of 350 mA (Figure 4.1.2) as follows:
ΔV = (25 – 25) · (-0.003) = 0 V, then
Efficacy = 114 / ((3 + 0) · 0.35) = 108.57 lm/W for If = 350 mA, Tj = 25 °C.
Now calculate efficacy of the LED at Tj = 150°C, biased by the same current (from Figure 4.1.1 luminous flux = 79.8 lm
at Tj = 150 °C):
ΔV = (150 – 25) · (-0.003) = -0.375 V, then
Efficacy = 79.8 / ((3 – 0.375) · 0.35) = 86.86 lm/W for If = 350 mA, Tj = 150 °C.
Comparison of results shows slight decrease of power consumption at higher junction temperature, but relatively steep
decrease of luminous flux. Combined together, LED efficacy decrease with increased junction temperature. In real conditions Tj will be always higher than 25 °C, thus “cold lumens” parameter is nice but useless. In practice LED light source
efficacy is always lower and also depends on ambient temperature, thus “hot lumens” parameter has to be used during
luminaire design.
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Forward current control
Since LED emits light depending on forward current magnitude, the easiest way how to control LED light source intensity
is changing bias current value. Figure 4.2.1 depicts relative luminous flux as a function of forward current value. Change of
luminous flux depends on forward-current change nearly linear; therefore control algorithm implementation is very easy.
250%

Relative luminous flux as a function of
forward current.

200%

Relative Luminous Flux

Figure 4.2.1:

LED ACADEMY

4.2. Driving LEDs
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However, altering of forward current value leads to a shift of chromaticity coordinates (Cx, Cy), what directly affects
qualitative parameters (CCT, CRI) of emitted light (Figure 4.2.2).
Chromaticity Coordinate Shift

Chromaticity Coordinate Shift
Figure 4.2.2:

x, y = f (IF ): TS = 25 °C

Cx, Cy

LED OSRAM LCW W5PM –
chromaticity coordinates
shift with:

x, y = f (Tj ): IF = 350 mA
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We have Cx = 0.440 and Cy = 0.408 (corresponding to CCT = 2985 K) at IF = 350 mA. If we decrease IF to 100 mA,
chromaticity coordinates will shift to Cx = 0.448 and Cy = 0.406 (corresponding to CCT = 2838 K), what is difference
of 147 K (Figure 4.2.2a).
This difference is increased by chromaticity coordinates shift with varying junction temperature. We have Cx = 0.436 and
Cy = 0.406 (corresponding to CCT = 3036 K) at
Tj = 20 °C, and Cx = 0.428 a Cy = 0.399 (CCT=3121 K) at Tj = 100 °C, what is difference of 85 K. It can lead to visible
(disturbing) difference of CCT mainly if several luminaires are dimmed-down simultaneously.
Advantages:
No flicker effect.
Disadvantages:
CCT changes when luminaire is dimmed-down.

PWM control
Another way how to control LED light source intensity is pulse-width modulation (PWM) method. Principle of PWM lies
on biasing LED by constant nominal current which is periodically switched on and off. Ratio between on-state and offstate defines resulting intensity of the LED. Switching frequency is high enough thus human eye perceives light emitted
by LED as continuous luminous flux with intensity depending on PWM duty-cycle. Figure 4.2.3 shows examples of PWM
signal with 50 % and 70 % duty-cycle, respectively.
Figure 4.2.3:
Examples of PWM signal.

50% Duty-Cycle

70% Duty-Cycle

On

On

Power

Power

Off

Off
0

20
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a) 50% duty-cycle

40
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20
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40

b) 70% duty-cycle
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Advantages:
Stabilized CCT over whole dimming range.
Disadvantages:
Flicker effect can occur when luminaire is dimmed down.

4.3. LED connection
One LED does not deliver enough light. Therefore LED are connected together in order to reach desired lumen output.
Exists four basic ways how to connect LEDs:
•
•
•
•

LEDs in serial connection
LEDs in parallel connection
LEDs in serial/parallel connection
LEDs in matrix connection

LEDs in serial connection
LEDs in serial connection (Figure 4.3.1) emit the same amount light regardless of forward voltage, which can vary because of uneven placement. This connection requires constant current LED driver and it is stable even in case of internal
shortcut of one or more LEDs in string. Also serial connection is ideal both for forward current control and PWM control.
It is used when stabilized CCT and CRI are requested.

Figure 4.3.1:
LEDs in serial connection.

IF

Advantages:
•
each LED uses the same current – stabilized CCT and CRI
•
high efficacy – no need of balance resistor
•
LED short-circuit defect-proof connection
•
ideal for forward current control and also PWM control
Disadvantages:
•
unstable when one LED goes to open-circuit (whole string will switch-off)
•
more expensive LED Driver

LEDs in parallel connection
Advantage of parallel connection of LEDs (Figure 4.3.2) is its resistance against single LED damage. This connection
requires constant voltage LED driver. It is used when stabilized CCT and CRI are not requested, mainly for decorative
lighting.
Figure 4.3.2:
LEDs in parallel connection.

IF

IF1

IF2

RB1

IF3

RB2

Advantages:
•
cheaper LED driver
•
LED open-circuit proof
Disadvantages:
•
low efficacy
•
unstable when one LED goes to short-circuit
•
unusable for forward current control
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IF4

RB3

IF5

RB4

IF6

RB5

RB6

Slight degradation of defect-proof feature of parallel connection is outweighed by increase of efficacy of overall connection. Also CCT and CRI parameters are more stabilized as in case of pure parallel connection and it is possible to use
constant voltage driver (lower price). Serial/parallel connection (Figure 4.3.3) is suitable for high numbers of LEDs connected such as long decorative stripes.
Figure 4.3.3:
LEDs in serial/parallel connection.

IF

IF1

IF2

RB1

IF3

RB2

IF4

RB3

IF5

RB4

IF6

RB5
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LEDs in serial/parallel connection

RB6

Advantages:
•
ability to drive very high number of LEDs
•
LED open/short-circuit proof
Disadvantages:
•
lower efficacy
•
unusable for forward current control

LEDs in matrix connection
When LEDs are connected in matrix (Figure 4.3.4), we can achieve very high number of LED used while maintaining stabilized CCT (also in case of any failure of any of the LED chips). LEDs in matrix connection can be driven by both constant
current and constant voltage driver.

Figure 4.3.4:
LEDs in matrix connection.

IF1

IF2

IF3

IF4

IF5

IF6

Advantages:
•
ability to drive very high number of LEDs
•
high efficacy
•
forward current control and PWM dimming (when constant current LED driver is used)
•
LED open/short-circuit proof
Disadvantages:
•
quite complex design of printed-circuit board
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4.4. LED driver
LED driver is simple electronic circuit which serves as an energy source for LEDs (Figure 4.4.1). The driver changes AC
(grid) voltage to DC while optimizing driving current for LEDs. Modern luminaires with added value (dimming possibility,
emergency unit, presence sensor, remote control, etc.) require more complex electronic circuitry.

Figure 4.4.1:
Basic connection scheme of LED light
source.

L
LED
DRIVER
N

LED driver types and important parameters
According to type of output signal, we have three groups of LED drivers:
•
Constant current (CC) - LEDs are mostly in serial connection, driver delivers precise current value. Ideal for
dimming.
•
Constant voltage (CV) - LEDs are mostly in parallel connection, ideal for decorative LED strips. Various numbers of LEDs can be connected. Not recommended for dimming.
•
Special (CC+CV) - Both serial and parallel connections of LEDs can be used. Quite expensive solution.

Figure 4.4.2:
Control gear of LED luminaire
Vega (OMS Elite).
Various LED drivers implemented into LED
luminaire Vega (OMS Elite).

Emergency unit
Battery powered Constant Current LED Driver
Battery pack for emergency unit

LED Driver for main light source
Constant Current LED Driver with DALI dimming

LED Driver for decorative light
Constant Voltage LED Driver with DALI relay

LED driver most important parameters:
•	
Rated Current/Voltage - Predefined output current or voltage.
•
Rated power - Output power of driver.
•
Efficacy - Ratio between output power and input power in per cents - higher number means better driver.
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Analog interface - the easiest way to control brightness of a luminaire
Analog interfaces are used in lighting industry only for dimming. It is the most used dimming system for retail (e.g. spot
lights in shops). Drawback is that it is not possible to switch off luminaire via analog dimming.
There are two basics analog interfaces:
•
TE/LE - trailing/leading edge (thyristor regulation) – only one luminaire can be dimmed.
•
0-10 V, 1-10 V dimming – supports more than one controlled luminaire (Figure 4.5.1).
Figure 4.5.1:
1-10V dimming.

LED ACADEMY

4.5. LED driver additional features

L
LED
DRIVER
N

1-10V

Digital interface – sophisticated communication with luminaire
Digital interface offers possibility to connect more LED drivers via digital interface, and control them independently. It
also supports reading the status of each luminaire. Digital interface supports dimming, presence sensor, remote control,
tunable white, scenic light schemes, etc. It is ideal solution for installations/projects with high numbers and various types
of luminaires.
Digital interfaces used in lighting industry:
•
DALI-Digital Addressable Lighting Interface – most used (Figure 4.5.2)
•
DSI-Digital Signal Interface
•
DMX-Digital Multiplex
•
KNX-Worldwide standard for all applications in home and building control
Figure 4.5.2:
DALI interface.

L
LED
DRIVER
N

DALI

Tunable white
If we duplicate some electronic parts inside the driver, we can connect and control two types of LEDs with different
CCT – cool white and warm white (Figure 4.5.3). This allows for “tuning” CCT of light emitted by a luminaire and use it
in various well-being applications.
Figure 4.5.3:
Tunable white.

L

2700K
LED
DRIVER

Warm white

N
5600K

Cold white

DALI
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Thermal feedback
Based on actual temperature of LEDs (Figure 4.5.4), driving current can be decreased in order to avoid overheating of
LEDs in case of excessive ambient temperature. Lifetime of LED light source can be easily maintained by this way.

L

2700K

Figure 4.5.4:
Thermal feedback.
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DRIVER
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t

Temperature sensor
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Remote control
LED driver can easily have implemented remote control function for wireless control of luminaire (Figure 4.5.5).

Figure 4.5.5:
Remote control.

L
LED
DRIVER
N

Emergency unit
LED driver with emergency feature continuously monitor permanent power line (Figure 4.5.6) and in case of black out,
driver starts to bias light source from battery pack. Commonly are used emergency units with batteries which can supply
luminaire in emergency mode for 1 or 3 hours. It is one of the most important features required by law for all public
installations.

Figure 4.5.6:
Emergency unit.
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5. LED BENEFITS
5.1. High efficacy
The efficacy of LEDs is improving rapidly (Figure 5.1.1). Latest lab data showed efficacy more than 250 lm/W. However,
in real lighting fixture we have to consider several factors such as control gear performance, luminous flux depreciation
with increasing junction temperature, optical losses etc., which reduce the overall system efficacy.
Figure 5.1.1:
Efficacy increase over the time
for various light sources.
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5.2. Controllability
LEDs can be integrated into the electronic control system which allows for control of color balance and intensity,
independent of each other while maintaining color rendering accuracy. This is impossible with traditional light sources.
For general illumination, LEDs have the ability to dim from 0.1 % to 100 %.

5.3. Size
LEDs are significantly smaller than all other light sources (Figure 5.3.1) which allows designers to create luminaires in
almost any shapes and sizes required by an application.
Figure 5.3.1:
Mechanical size comparison of various
light sources.

LED

Incandescent bulb

Fluorescent tubes

5.4. Directionality
Thanks to directional nature of the light emission, LEDs have higher application efficiency than other light sources in
certain lighting applications. Fluorescent and standard “bulb” shaped incandescent lamps emit light in all directions.
Much of the light produced by the lamp is lost within the fixture, reabsorbed by the lamp, or escapes from the fixture
in a direction that is not useful for the intended application (Figure 5.4.1). Thus many fixture types, including recessed
downlights, overhead general light fixtures, and under cabinet fixtures, have lumen output ratio under 60%. LEDs emit
light in a specific direction (Figure 5.4.2), reducing the need for reflectors and diffusers that direct the light. Therefore,
well-designed fixtures and lighting systems using LEDs can potentially deliver light more efficiently to the intended
location.
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Figure 5.4.1:
Unlike traditional light sources which
emits light omnidirectional, LED light
source emits most of light in certain cone
angle, what simplifies optical parts thus
improves lighting fixture efficiency.
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Figure 5.4.2:
Definition of LED light source
beam angle.
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5.5. Durability
LEDs are highly rugged. They incorporated no filament or fragile glass bulb that can be damaged due to mechanical
vibrations and shocks. LED light fixtures are especially appropriate in applications with strong probability of lamp
breakage such as bridges, industrial areas, or stadiums.

Figure 5.5.1:
Typical examples of areas with high
probability of lamp breakage.

Train bridge

Oilrig

Olympic stadium

5.6. Low-temperature operation
Low temperatures present a challenge for fluorescent lamps. At low temperatures, higher voltage is required to start
fluorescent lamp, and luminous flux is decreased. In contrast, LED performance is inherently increased at low operating
temperatures. This feature predestines LEDs for grocery stores, cold storage facilities, and outdoor application
Figure 5.6.1:
Typical examples
of low-temperature areas.

Grocery store

Cold storage

Polar base

5.7. Instant on, frequent switching
Unlike other traditional light sources such as fluorescent or metal halide lamps, LEDs reach full brightness instantly, with
no re-strike delay. In general illumination, instant turn on can be desirable for both safety and convenience. In contrast
with traditional light sources, LED’s lifetime and lumen maintenance stays unaffected by frequent switching (Figure
5.7.1). The cycling capability makes LEDs well-suited to use them with all types of on-off controls, such as occupancy
or daylight sensors.

29

Figure 5.7.1:
Importance of a) instant on,
b) tolerance to frequent switching.

a) Car rear lights

b) Traffic lights

5.8. No UV emissions
LEDs emit light with negligible ultraviolet (UV) and very little infrared radiation. Small amount of radiated heat by LEDs
makes them appropriate for goods which are sensitive to heat. The lack of UV radiation (with appropriate design of
optical part) makes them an attractive also for illumination of delicate objects such as artworks as well as materials
subject to UV degradation (Figure 5.8.1).
Figure 5.8.1:
LED luminaires are attractive for
illumination of delicate objects such as
artworks as well as materials subject to
UV degradation.

Retail shop

Food store

Gallery

5.9. Environmental impact
Using LEDs reduces environmental impact in several areas. Longer lamp life means that fewer resources are required
for maintenance. They also use no mercury and less phosphorus than fluorescent alternatives. These facts combined
together with high efficiency make LEDs a smart choice while reducing the footprint on the nature.

5.10. Reliability and lifetime
Unlike other light sources, LEDs don‘t “burn out”, they just slowly lose their light output over the time. LED luminaires
delivers highly efficient, long-lasting, high quality light with a lot of added values and no compromises. This factor is
important in determining the lifespan of LEDs. Manufacturers are now stating lifetime to L70 – 70 % of installed lumen
package. Lifetimes can vary depending on operating conditions (temperature, humidity), current, and type of LED.
Figure 5.10.1:
Lighting evolution timeline.

Primitive:
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Wasteful:
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Evolved:
LED
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6. LED APPLICATIONS
6.1. The RIGHT LIGHT applications
We perceive the environment we live in mainly by eyesight. The eye as a sense organ provides us with up to 80% of all
information. A good lighting is thus crucial. Today we have in our hands a lot of knowledge about what the lighting
should be like in relation to space, our needs and the internal biological processes which are triggered and controlled
subconsciously by its intensity. All of this knowledge can be transformed exactly into target parameters, easily captured
with values and requirements pertaining:
• illumination level and its evenness
• harmonic distribution and balanced brightness ratio
• light color temperature and light source quality related to color rendition
• light flux direction
Along with the fundamental changes in the life of the human society and the geometrically increasing share of information in our relationship with the surrounding world, the lighting also develops dynamically. The development of new
light sources and lighting fixtures takes advantage of modern technologies, new optical systems and materials, focuses
on optimum efficiency and takes the environmental impact into account. Combined together, we defined ten basic application areas with specific requirements for lighting in order to ensure RIGHT LIGHT for given space:

PRESENTATION AND RETAIL SHOP, SHOPPING MALL
INDUSTRY AND ENGINEERING, OUTDOOR WORKPLACE
OFFICE AND COMMUNICATION
HOTEL AND GASTRO
ARCHITECTURE, FACADE, CITY MARKETING AND VISUAL PRESENTATION
ROAD, PATH AND SQUARE
HOUSE, FLAT AND LIVING AREA
EDUCATION AND SCIENCE
HEALTH AND CARE
SPORT, LEISURE AND WELLNESS

6.2. Presentation and retail shop, shopping mall
Traditional track luminaires, which are commonly installed in retails, light continuously. Their replacement by LED alternatives will save huge amount of energy.
Exact light distribution from LED luminaire visualizes every simple detail of goods. Game of light and shadows will reveal
secrets of products to the customers – illuminance from several angles prevents product body to cast a shadow. Very
important function is illumination of large-area elements in shops. We attract attention by LED advertising boards, shooting video, and after that we focus customer interest on product by precisely aimed spot lights.
High color rendering renders reality of goods better. LED light sources already offers color rendering index higher than
90. With RGB LED-based luminaires we can change color of scenes inside the LED light source which enables us to skip
color filters, which have to be used with traditional light sources.
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Accent lighting fixture designed for easy and fast mounting of line/modular system (Figure 6.2.1). Its luminous flux is
capable to replace the most efficient halogen lamps, even it is close to replace metal halide lamps.
Figure 6.2.1:
Lotus

LED ACADEMY

Lotus

Vario
Suspended track system is made from aluminum profile with integrated cabling (Figure 6.2.2).OMS Vario LED spots are
attached in requested positions within the track system. According to type of application and distance of objects being
illuminated, there are several choices of reflector beam angles. High lumen output, concentrated in extremely compact
housing of luminaire, requires additional active LED module cooling – synthetic jet.

Figure 6.2.2:
Vario
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6.3. Industry and engineering, outdoor workplaces

Figure 6.3.1:
Grafias

The technical areas have completely different light operation conditions. Lighting fixtures are often installed in complex
areas with high ceilings. Replacement or other maintenance can be problematic. Therefore, lighting fixtures must fulfill
strict technical requirements to provide long lifetime. Moreover, lighting control system with daylight and presence sensors can significant reduce energy consumption in everyday use.

Grafias
The IP 65 rated luminaire for pendant and surface installation provides a high luminous flux of 9650 lm, allows for desired lighting characteristics even at higher mounting positions where previously HID lamps in the wattage ranging from
150W to 250W were commonly used.
Thanks to the latest LED technology powered by Cree (XT-E – operating efficacy of 139 lm/W for 6200K) the unique and
elegant designed luminaire delivers energy savings of almost 50% and replaces with a power consumption of 92W one
to one 150W MH lamps.
The LED light source delivery instant on and maximum lumen output within a few milliseconds, long start and restart
intervals as luminaires with gas-discharge lamps belong to the past.
A high color rendering index (CRI 70 - 80) provides excellent quality color reproduction for several in and outdoor applications, such as petrol stations, warehouses, production areas, airport or station halls, receptions and many more.
The robust die-cast aluminium body ensures perfect passive and noiseless thermal management for a wide ambient
temperature range from -40 up to +50 degrees Celsius.
Grafias is dimmable via 1-10V resulting to a perfect combination possibility with motion and daylight sensors for further
reductions in power consumption. The driver allows an operation in AC and DC as well, which enables the use of central
battery systems for emergency lighting.
With a LED lifetime of minimum 50000 hours (12 years, 12 hours per day) and 5 years manufacturer warranty, the innovative solution helps to reduce maintenance and operating costs and represents now already the reliable future of
lighting.

6.4. Office and communication
Office lighting has to fulfill all requirements according to standard for office areas EN 12 464-1. We are spending a lot
of our time in offices, therefore illuminance should be agreeable; glare has to be minimized in order to give strain away
from our eyes. We can provide LED luminaires at least comparable with variety of fluorescent luminaires; even exceeding
their parameters. Beside energy savings, user comfort is the most important for office application (dimming, daylight
sensors, and motion sensors). We are providing complete system level solutions for LED lighting systems.
Main advantage of LED lighting is its high efficacy, which means low energy consumption. LED variant can replace
traditional systems and thanks to energy savings initial investment returns in a short time period. Light emitted by LED
travels through optical system directed into the intended location. Maximum glare of illuminated area has to be less than
1500 cd/m2 under critical angle of 65°. Welcomed feature of LED luminaires installed in offices is possibility to change
correlated color temperature (CCT). Then we can program dynamic lighting characteristics convenient for our eyes or
body and therefore adapt it to our organism or health.

LED application in office:
•
•
•
•

L ED luminaire with appropriate direct optical system provide correct ratio of glare and right light distribution curve
therefore effectively illuminate maximum of office area.
Inconspicuous system of holes in soffit, with carefully designed optics emits light into surroundings with negligible
glaring.
Indirect illuminance, when required diffused light. LED light source emits light indirectly, and then whole space is
illuminated by soft diffusive light.
LEDs have low power consumption, therefore it is no problem to plug them onto battery pack and set up emergency
mode.

Some producers do luminaire sets containing more functions, such as rack, ceiling, table, and wall luminaires of the same
design. Whole area is one design element.
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Thanks to its luminous flux, it is able to replace fluorescent luminaires (4x18W T8 or 4x14W T5) – ratio 1:1. Optical system consists of microprismatic diffuser with optimized surface structure. It has rotational symmetric homogenous LIDC
provides excellent lighting uniformity (Figure 6.4.1). Microprism limits glaring to the level required by standard. With
system efficacy of 63 lm/W luminaire overcomes its predecessors such as fluorescent luminaires with efficacy of 51W.
This luminaire (600x600) is made for recessed ceiling.
Figure 6.4.1:
Gacrux – microprism limits glare value
required by standards.
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Gacrux

Becrux
Luminaire which shows how can be created pleasant atmosphere by installation of modern LED lighting system. Prima
facie of Becrux luminaire is unobtrusive and simple system of “holes in a ceiling”, but with well-designed lens optics,
which is hidden inside the luminaire. Plastic lenses, put on LED concentrate illuminated light into small holes in ceiling
and direct it into interior in accurately limited angle. The result is nearly invisible and clear architectural lighting system
(Figure 6.4.2). Another advantage is no glare. According to required illuminance level it is possible to use needed amount
of LED modules which are available with various CCTs, even in RGB version. Lighting system is maintenance-free and
without any need of follow-up service after installation.
Figure 6.4.2:
Becrux
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Indirect Vega
Luminaire of typical design is often used in offices and in similar application where is required high portion of diffused
light (Figure 6.4.3). Luminous flux comes out from the luminaire by diffuse scattering with help of reflector system
and white rear reflector. Outcome is high illuminance uniformity in space, high portion of vertical illuminance and soft
contrasts. Luminous flux values are higher than that for fluorescent variants and luminaire efficacy is equal to 55 lm/W,
which is highest from all solutions with indirect diffusive reflection. In addition Indirect Vega offers decorative ambient
light and can be delivered with emergency pack.
Figure 6.4.3:
Indirect Vega

		

Cold white

Warm white

6.5. Hotel and gastro
According to EN 12 464-1 requirements for corridors, floor illuminance intensity must reach 100 - 200 lx. Frequent
switching shortens lifetime of conventional light sources. LED luminaire lifetime is not affected by frequent switching.
Imagination of architects is not restricted and they have a chance to play with their fantasy – luminaires can be recessed
in the way to accentuate architectural elements leading to better impression in comparison to simple illumination of
space. Lights can have an informative character such as highlighting of emergency exits, guidance (in some cases RGB)
and navigation for particular targets in buildings, information board or promotion media.
Using RGB sources in general lighting allows for mood lighting. It is also possible to use additional lighting controls and
integrate them with other systems. Emergency modules inserted in luminaires ensure safety.

Downlight Vision LED
Its rotational symmetric LIDC provides perfect illumination uniformity in corridors (Figure 6.5.1). Depending on a mounting height, luminaire is provided with several luminous flux variants – up to 3000 lm. Using this luminaire leads to energy
savings; moreover, in combination with motion sensors results in additional energy savings. Frequent switching has no
impact on lifetime of the luminaire, which is three times longer than that of fluorescent lamps. If a decorative illumination is required, luminaire can be supplied with RGB module.
Figure 6.5.1:
Downlight Vision LED
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Architecture is the application area where LEDs were firstly used with their advantages such as durability, easy control,
low power consumption, and long lifetime. Nowadays LEDs are used almost everywhere. There are so many possibilities
and their implementation depends on investor’s willingness to invest in such installation. LEDs create totally new appearance of bridges, facades, and other architectural areas. Their great advantage for such applications lies in their size. LED
luminaires can be very small, resulting in ability to hide them in facades. In this case, they are virtually invisible, which is
advantage when luminaires are switched off.
In the past, classic discharge lamps were used which led to limitation of usable color temperatures (CCT) – sodium discharge lamp (2000 K), metal-halide lamp (3000 or 4000 K). In order to create color light, we were forced to use color
filters which decrease light output ratio and luminous flux resulting in higher amount of installed luminaires needed,
higher energy consumption and higher installation and operation costs.
With LED luminaire it is easy to set desired color of outgoing light resulting in freedom for designer’s ideas. Instant on,
continuous control of luminous flux, addressing possibility and easy programming of lighting scenes allow for creating
dynamic lighting systems with time dependent change of light intensity, CCT and RGB colors.

LED ACADEMY

6.6. Architecture, facade, city marketing and visual presentation

Figure 6.6.1:
Design of LED illumination of manor
house in Kittse.

Figure 6.6.2:
Examples of possible LED illumination of
modern building and TV tower.
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6.7. Road path and square
LED lighting provides better uniformity of illuminance of a street and along with high color rendering index (CRI), it
increases visibility at night. Quality of a light generated by LED luminaires is very high (CRI is similar to daylight CRI) in
comparison with conventional street lights. It provides better light perception and makes distinction of urban surveillance camera better. CRI of daylight is 100, whereas sodium discharge lamp has CRI only 20. LED light source for street
lighting emits light with CRI = 70-80.
Compared to discharge lamps, LED luminaires used for street lighting ensure 50% cut in maintenance costs. Moreover,
installation of LED luminaire will cut power consumption by 35-45%. Further savings can be achieved via intelligent
dimming that LED technology enables.
Other benefits of LED luminaire installation are reduction of light pollution, optimum light spectrum and improved design
of lighting fixtures. LED illumination selectively highlights city monuments resulting in increase of city attractiveness.
Use of LED technology in street lighting contributes to energy efficiency, reduction of CO2 emissions, minimizing light
pollution that has negative effect on fauna and flora.
Improved night visibility is reached thanks to its higher color rendering index, higher color temperature and increased
luminance uniformity. Other advantages of LED street lights:
Figure 6.7.1:
LED luminaire for street lighting.

Improved night visibility is reached thanks to its higher color rendering index, higher color temperature and increased
luminance uniformity. Other advantages of LED street lights:
•
•
•
•
•
•
•

Significantly longer lifespan
Lower energy consumption
Reduced maintenance costs
Instant-on with no run-up or re-strike delays
No mercury, lead or other known disposable hazards
Lower environmental footprint
Opportunity to implement programmable controls

Parking lots
Parking lights have to emit white, clear, and highly visible light while maintaining power consumption on the lowest
possible level. These are the reasons why LED parking lights are preferred. LED lights offer a crisp and clear light that is
brighter when compared to other light sources such as incandescent or fluorescent lamps.
Figure 6.7.2:
Garage Lighting AS

Key features of parking lot include:
•
•
•
•
•
•
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lighting uniformity
long life
low power consumption
24 hour operation
dimming possibilities
low-temperature operation (no decrease of luminous flux)
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Design is very important feature of a luminaire for residential areas, since it is usually central point of illuminated space;
therefore, it affects our senses. We should feel comfortable at home so it is crucial to find a luminaire which catches
attention and creates pleasant environment without any loss of functionality.
In order to create such lighting, we use all possible functions: from RGB functions, through light directions, programming of lighting scenes, timing, to simple control. All these together increase user comfort; moreover, sensors of motion,
illuminance, and dimming save the energy. Safety of public areas is also important to mention. In case of power outage,
it takes certain time for conventional sources to switch on again (restrike delay), while LED sources are switched-on immediately. Thanks to LED size, we can easily use them in places that were out of reach in the past. Sidewalk edges are
often dangerous for people and now it is a time for change. Simple LED edge light is an easy task.

LED ACADEMY

6.8. House, flat and living area

Downlight Polaris
LED luminaire for central or accent lighting in residential areas (Figure 6.8.1). The luminaire has CRI > 85. In combination
with warm light, typical for households, it creates an attractive lighting system. This system is indistinguishable from a
fluorescent lighting system. LED decorative ring surrounds the outer edge of the luminaire reflector, enhancing its design.
In case of empty areas, only this ring can be switched on. The advantage lies in lower power consumption and 50 times
longer lifetime of the light source.
Figure 6.8.1:
Downlight Polaris

6.9. Emergency lighting
Emergency lighting is very important and requested by law. Therefore, it belongs to all RIGHT LIGHT application areas.
The smooth operation of emergency lighting is necessary for personal safety allowing safe evacuation from building in
case of any danger. Many of installed emergency luminaires are used with incandescent or fluorescent lamps. Depends
on its placement, emergency lighting can be switched on for 24 hours per day but it leads to big energy consumption.
LED-based emergency lighting significantly reduces power consumption.
Emergency lighting standards define 2 types of emergency lighting – lighting of escape routes and lighting in open areas
(anti-panic).
Thanks to the small size of LEDs and their high luminous efficacy, LEDs are suitable for installation inside the luminaires
used for general lighting with anti-panic lighting feature.
Figure 6.9.1:
Emergency lighting of escape routes
in OMS.

LED emergency luminaires are easily addressed; moreover, luminaires can be tested and controlled by means of monitoring system, according to emergency standards. LED emergency luminaires can be powered both from battery pack
placed inside the luminaire, or from Central Battery System (CBS). Their advantage lies in low power consumption which
enables use of battery system with lower capacity, which means cheaper batteries. When supplied from CBS, there is no
need for emergency luminaire maintenance because of its long lifetime.
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7. LED STRATEGY
7.1. High brightness LED market
We can divide application of High Brightness (HB) LEDs to six different areas (Figure 7.1.1):
•
Backlight TV/monitor – LEDs are used for screen lighting
•
Mobile – LEDs are used for display lighting
•
Sign – signal devices, advertising panels
•
Lighting – such as office or industrial lighting
•
Automotive – all luminaires in cars
•
Other applications
Figure 7.1.1:
HB LED market segments.
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Sign

Lighting

Automotive

Lighting share in consumption of HB LEDs was 15% in the year 2011 (Figure 7.1.2). Figure 7.1.3 shows progress in
adoption of LED technology from 2009 to 2011.
14%
Figure 7.1.2:
HB LED market by application in the
year 2011.
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Figure 7.1.3:
HB LED market growth from 2009 to
2011.
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International experts expect the biggest growth of HB LEDs market share in lighting application (Figure 7.1.4).
Particularly, the most significant growth is expected in commercial, industrial, and architectural lighting (see Figure
7.1.5). Regarding technology, we can expect increasing market in general lighting for LED-based luminaires opposed to
decreasing trend for traditional light sources (Figure 7.1.6).

Figure 7.1.4:
Projection of HB LED market share
growth in lighting application.
(CAGR -0.2%)
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Figure 7.1.5:
Solid state lighting market 2009 – 2016.
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Figure 7.1.6:
General lighting market by technology.
Figure 7.1.7:
New installation and replacement market
trends in general lighting.
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When projecting number of newly installed lighting fixtures compared with light source replacements (Figure 7.1.7) we
can expect nearly linear growth for new installations and steady trend for replacements.

7.2. Lighting efficiency comparison
If we compare efficacy of the light sources over the time (Figure 7.2.1), we can confirm that LED technology is the fastest
growing technology in lighting.
Producers of LEDs often announce new records in efficacy of LED light sources. For example Cree, Inc. achieved laboratory record in April 2012 – LED efficacy of 254 lm/W. This is untouchable efficacy compared with conventional technologies such as fluorescents or incandescent.
CONVENTIONAL TECHNOLOGIES
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Figure 7.2.1:
Efficacy of conventional light sources
versus LEDs.

7.3. HB LED
According to the history of LED cost track, we can expect price decreasing for LED chips and modules. Experts estimate
the price would decrease from 13 $/klm (price from 2010) to 0.95 $/klm in the next 3 years which is more than ten time
less in just five years (Figure 7.3.1).
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Figure 7.3.1:
Estimated future prices for 1000 lumens
package.
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Three main reasons for such a rapid price decrease are: (1) LED packaging, (2) LED dies manufacturing technology, and
(3) increasing efficacy of LED dies (Figure 7.3.2). Regarding the manufacturing technology, major savings are on:
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7.4. LED luminaire cost track
LED lighting fixtures have higher acquisition prices compared to conventional ones. But we should look at the price
differently. However initial cost is higher (but continuously decreasing), putting together energy-savings and very low
maintenance cost over the luminaire lifetime, it makes the LED luminaire commercially attractive.
Figure 7.4.1:
Total cost of ownership for conventional
and LED light sources
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Simplified price of LED-based luminaire consist of LED light source, optical part, cooling system, and electronic gear.
Cost-track experts expect following trends (Figure 7.4.2):

•
•
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Figure 7.4.2:
LED luminaire cost tracks. (Based on
DOE SSL Manufacturing Roadmap)
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Figure 7.3.2:
HB LED package cost and efficacy tracks.

Substrate materials - silicon instead of GaN or SiC,
Wafer sizes – 300 and 400 mm wafers instead of 4 and 6 inches-sized wafers,
Epitaxial growth – improved thin GaN technology on silicon substrates.
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Figure 7.4.3:
OMCVD FAB development worldwide.
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Increasing efficacy of HB LEDs also allows for smaller (cheaper) cooling systems. Huge investments to OMCVD (OrganoMetallic Chemical Vapor-phase Deposition) technologies confirm aforementioned expectation (Figure 7.4.3).
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7.5. LED retrofits versus LED luminaires
LED retrofits are the first step of LED technology entering market but not the ideal step. LED luminaire adequate for
general lighting has to fulfill many requirements such as:
•
Optimal light distribution
•
High system efficacy
•
High CRI
•
Various Stabilized CCTs
•
Low Glaring Rates
•
Dimming Possibilities
•
Long Lifetime
•
Durability
Different technologies ask for different approach to construction, optics, thermal management, and electronic solution.
Therefore replacement of standard light sources by LED retrofits using original lighting fixture does not deliver expected
solution, only interim one.
LED retrofits are comparable to the first car (Figure 7.5.1). You can drive it but with a lot of compromises. Better cars
(adequate LED luminaires) are arriving right after - no compromises, just satisfaction.
Figure 7.5.1:
Retrofit LED light bulbs are like horseless
carriages. Retrofit is first stage in LEDbased luminaire evolution.

We can reach highest light quality standard with LED technology only via interconnected and well-done optical, thermal,
and electronic design during luminaire development (Figure 7.5.2).
RETROFITS

Figure 7.5.2:
Well-done optical, thermal, and electronic design of LED luminaire provides
starting point on a way to the highest
light quality standard.
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MAIN FEATURES:
• High system efficacy
• High CRI
• Various Stabilized CCTs
• Low Glaring Rates
• Dimming Possibilities
• Long Lifetime
• Durability
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