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Introduction

Over the past few years a new light source – light emitting diodes, or LEDs – has been
introduced into the exterior lighting market. LED luminaires are now able to deliver
appropriate lighting to achieve the lower levels of both the BS5489 ME and the S classes.
It is envisaged that within a relatively short period LED luminaires will be available to
achieve the requirements of all classes.
The LED luminaires have come from established lantern suppliers who understand the
intricate requirements of the UK local authorities, and also from a number of new
companies with a background based more on electronics.
This new light source has introduced new terms and uncertainties to the lighting
designer/engineers which are making comparisons difficult between competing LED
manufacturers and traditional HID lantern performances.
This report does not prescribe a definitive approach but its intent is to assist the lighting
fraternity to understand the new technology and to help in a decision-making process
when looking for quality products. LEDs promise the benefits of long life, low energy,
minimal maintenance and flexible lighting output – this report helps ensure these
benefits are realised.
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2.

General

Luminous efficacy (lm/W)

LEDs were developed in the electronics industry when it was discovered that light is
produced when a current is passed through a diode. This technology has seen rapid
development in the recent past. A graph of the efficiency of various light sources from
1930 to the present day is shown below.

Year
Efficiency in lumens per watt of different light sources from 1930 to the present day

If the trend continues then we may be seeing LEDs capable of producing 170 lumens per
watt or more in the short term. This could shortly exceed the performance of all HID
lamps and could establish LEDs as the premier light source for efficiency.
However, the intense light produced from a tiny source can be discomforting and can
potentially cause disability glare. The LED as a light source is being addressed by
European standards regarding laser light.
Therefore if the light output continues to increase, appropriate control of the light will be
essential to avoid glare on the highway, or at worst damage to the retina if an individual
inadvertently stares at the source for too long.
To achieve white light, either a combination of red, green and blue LEDs is used or a
phosphor coating (approximately 21 microns) is applied to a blue LED to convert some of
its light output to as many of the remaining visible colours as possible. The resulting
‘white’ light is, usually, almost all in the visible spectrum with little ultra violet (UV) or
infra red (IR) elements. Its colour rendering ability will depend on how closely the spectral
distribution matches the human eye. It should be noted that even with a high colour
rendering index (CRI 60–90) the visible differences with a conventional white light
sources may be considerable due to the way in which CRI is determined. However, if the
CRI is above 60, it can be used for subsidiary road lighting to one class lower than if the
lamp CRI is less than 60, according to BS5489-1:2003. It should be noted that a white
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LED’s colour may shift throughout its life because of the effects of both operating
temperature and natural ageing.
Currently the most efficient white LEDs are operating at around 5000–6000K, which in
northern European climates is often deemed as a cold light. Lantern manufacturers are
looking at warming the light through a variety of means to make it more attractive in
these climates.

LED failures
Defining a failed lantern is not straightforward compared to an HID source. LEDs should
be capable of a very reliable long life if produced from high quality components. However
the initial supply of some residential decorative LEDs has shown that the initial light
output can drop quickly and the unit can require replacing after a short period.

Light output
The binning (categorising) of the LEDs is a critical point. This affects the relative outputs
as well as the colour temperatures.
Most LED manufacturers will provide lumen depreciation curves similar to HID curves for
their LED range. This tends to show a lumen depreciation to say 80% or 70% over a
period. The graph is often logarithmic-based and is reliant on the LED junction operating
temperature and the current driven through the LED. These graphs are projections based
on existing knowledge and modelling to predict effective life. Given that these projections
tend to lose accuracy the longer the predicted life, claims of significantly more than
60,000 hours need to be supported with manufacturers’ data for the specific luminaire.
However, the public lighting engineer is using the LED as a tool to provide a lighting
design/ output and it is feasible that a percentage of LEDs in a lantern could fail
prematurely. This may leave a high percentage that are still operating, but the lighting
distribution may be adversely affected, so although the lighting appears to be fully
operational it is performing below the designed level. However, for the lighting engineer, a
failure is when the required lighting level falls below the design criteria and thus taking
lighting measurements is the only way of ensuring the LEDs are delivering the lighting
required, even though this poses practical problems.

LED driver/ballast
The electronic driver can potentially be the most vulnerable part of an LED luminaire and
servicing must be a consideration. Whether it is integral, remote or sealed for life depends
on the luminaire manufacturers’ philosophy and approach to the drivers. However, as with
LEDs, it is down to the quality of the design, components and manufacturing. For example,
military standard equipment can withstand intense shocks and variations in temperature
and provide long life. However the costs are high and a compromise is often delivered. It is
the level of compromise that will affect the unit’s potential life.
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3.

LED performance

Manufacturers are continually improving the performance of LEDs. The improved light
output from LEDs is not just down to developing the unit itself to squeeze more output
from it (although there is an element of that); the enhanced performance often occurs in
incremental steps where a new approach has been found to make substantial
improvements (for example, removing the skin for the LED junction from its back which
lets more light out.)
Therefore this report does not identify particular values that should be achieved now as
they may become meaningless as development moves forward.
This report identifies key aspects of LED performance which the manufacturer should
supply and the buyer should ask to have demonstrated or identified in the technical
literature.
The LED manufacturer should provide data on the optimum operating conditions for each
LED with a window that will allow variation of operation.

% Relative Luminous Flux

The LED operating temperature is critical to light output and lifetime; the junction and
board temperature should be at as low a temperature as possible to prolong life.

Time (Hours)

Typical life of LED with differing junction temperatures (degrees centigrade) over time (hours)

The light emitted by LEDs is fundamentally within the visible spectrum with negligible
amounts within the UV or IR range. Therefore LEDs have a lower environmental impact
than other light sources, particularly those that have a UV content as this tends to attract
flying insects that then attract bats.
The LED drive current is provided by the LED driver (see section 5, Driver performance)
and this will drive a known current through the LED. Working to the manufacturers’
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preferred optimum values will see the LED provide the lumen output with given life.
However, as LEDs are solid state units they are capable of being both under-run – i.e. the
current is reduced, reducing the light output and extending its life, or they can be overrun,
which will increase the light output but reduce the LED life.

Typical mounted LED chip

4.

Luminaire performance

The luminaire needs to enable the lighting engineer to provide the required lighting levels
and standards efficiently. The luminaire also needs to control the light from the LEDs and
deliver it in an efficient manner without causing glare or light trespass.
However some LED fittings tend to cut light off very sharply which may not be good for
residential areas and gives very poor vertical or semi-cylindrical illuminance – see
BS5489: Part 3:1992 Section 3.2 paragraph 2. This aspect of lighting is still important,
despite the fact that it is no longer mentioned in the current ILE standard. The k-curves
will tell the designer what he needs to know about wasted light.
LED luminaires are available with either direct or indirect lighting projection. Within these
two types are too many variations to comment on in detail, but the broad advantages and
disadvantages of either system are listed below.
Direct advantages

Direct disadvantages

More accurate optical control

Difficult to control glare

Greater efficiency possible with some
designs

Potentially poor uniformity

Flexibility of design

Failure conditions very noticeable
Often large luminaire footprint

Indirect advantages
Better glare control

Indirect disadvantages

Better uniformity

Optical control dependent on reflectors

Compact design possible

Slightly lower system efficiency
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Lumen depreciation and maintenance factors
The UK lighting industry has agreed to quote L80 as the normal depreciation figure to be
used on all LED luminaires.
With HID lamps and their established lumen depreciation and life graphs, combined with
the luminaire’s maintenance factor (MF), an overall MF that can be used in lighting
calculations can be obtained. With a 3–5 year life for HID lamps it is acceptable
methodology to over-light the subject for a number of years before changing the lamp to
ensure the design levels are constantly being achieved. As LED luminaires are likely to
have a substantially longer life than HID lamps this traditional approach may not be
appropriate, and particularly with the focus on energy reduction, over-lighting for 25 years
may seem excessive.
Constant output drivers providing a constant light output are available that will manage
the light output throughout the luminaire’s life. An MF approaching 100% could therefore
be considered.
Alternatively, lighting designers will need to make some engineering judgement to
provide a practicable solution.
Photometry from the lantern manufacturers may vary as a unified approach to
measurements has yet to be agreed.

Graph showing typical lumen depreciation with drive current and time
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5.

Driver performance

LED drivers perform a similar function to the electronic ballasts used with HID lamps, and
many of the same criteria apply.

General
There are many LED drivers available on the market –constant current, constant voltage,
DALI addressable, 0–10v dimmable and even drivers that can dim LEDs using a domestic
dimming potentiometer – so the correct type should be chosen for the given application.
LEDs are often chosen and used on their merits of efficiency, but the efficiency of the
driver is often overlooked, and this is where efficiency can be lost. Some drivers have an
efficiency as low as 50%. A high efficiency design ensures cool operation and longer
service life.

Operating temperature
If an LED driver is used within its temperature and voltage rating, unreliability should not
be a problem. As with any electronic component, reduced running temperature should
ensure increased expected lifetime of a driver. A reduction in temperature of 10 degrees,
according to Arrhenius’ law, may double the lifetime of a driver. Drivers will normally be
marked with a maximum case temperature, Tc, which should not be exceeded when the
lantern is subjected to the maximum ambient temperature specified by the lantern
manufacture standard. For most of the driver’s lifetime, its temperature will be well
below this value.

Constant output
The LED’s light output is determined by the applied current. LEDs need to be driven at
constant current as the LED light output and power consumption varies less with small
changes in current than for small changes in voltage. A constant voltage will, even within
the same LED type, result in significantly different light output. Hence an LED driver
system consists of two stages: a power supply, converting the alternating mains current
to a direct current, and a current control unit, providing a constant current.
LED drivers are available that will self-monitor the LEDs and be able to drive the light
output consistently through its lifetime, avoiding the lumen depreciation through the LED
life.

Placement
Usually, the LED driver should be placed close to the LEDs where possible in order to
reduce electromagnetic interference. Adequate heat management should be used to
ensure that both the driver and the LEDs run as close as possible to their optimum
temperatures.
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Failure
The life of drivers is determined by the life of each individual component, the power and
temperature. The LED driver should be chosen to have a lifetime compatible with that of
the LEDs. As with any similar component, the quality of the components is important to
the life of the driver. Each component has its own rated life and this should be taken into
consideration. Often the limiting components are electrolytic capacitors, which become
dry during their lifetime. Since they dry even without being operated at high
temperatures during daytime, even though they may be running at well below Tc for
much of their life, the prediction of a lifetime in service is extremely difficult.
The typical quoted lifetime of a driver is often taken as the point where 10% of the LEDs
have failed. It may be that the life of the driver is appreciably less than the expected
lifetime of the LEDs, requiring replacement within the LED’s life. Hence drivers should be
easily accessible.

6.

Five key questions to ask –
Factors influencing the suitability of an LED luminaire for outdoor use

Q1

Average life expectancy of the LED

Q1a

What is the hot and cold junction or board temperature of the LED?

The temperature will have a direct bearing on the life of the LED. The cooler the
board/junction temperature the longer life the product will most probably have. The
supplier should advise what the temperature is when tested in the lab (cold) and also
when tested live (hot). It is usual for laboratories to test LEDs at an ambient temperature
of 25°C. There are moves to drop this to 15°C for street lighting lanterns to better reflect
the working temperatures of lanterns in northern Europe.

Q1b

What forward current are the LEDs being driven?

The life expectancy is usually given as the life to give a certain percentage of the flux
compared to a new LED, L80 – the life to 80% flux – being typical. Long quoted life may
be simply the life to a lower flux output (e.g. L50). A standard test method for the
measurement of lumen maintenance of LEDs is IESNA LM80 and is commonly used by
the major LED manufacturers. Fixture manufacturers should be able to substantiate
lifetime claims through determining the LED ‘junction temperature’ at the highest design
ambient temperature that the fixture is suitable for. The operating current for the LED
relating to its operating temperature will provide information on the light output and
projected life.
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Q2

What test conditions are the photometry based on?

The output of LEDs is dependent on temperature and therefore it is important to know
the conditions on which the output is based. Unrealistically low test temperatures in the
laboratory will yield a higher output than is achievable in practice and the fixture may
therefore not deliver what is expected.

Q3

Average life expectancy of installed driver

The driver life should be rated and tested in a similar manner to HID ballasts. The life of a
driver may have an impact on the life of the lantern, i.e. it may be the part with the
shortest life. As a general rule the cooler the driver and its components are running the
longer and more trouble free it is likely to be.

Q4

Total circuit/system watts

It is important to understand real electrical load and whether the lantern has an UMSUG
rating.

Q5

Colour appearance and rendering

Q5a

What colour temperatures are the LEDs working at?

The most current efficient LEDs are cooler in appearance (5000–6000K) but may not be
perceived as warm enough in the UK and other northern European counties.

Q5b

Do they maintain a stable colour over the entire rated lifetime?
How do you know?

Colour stability is a common problem in lower quality LED fixtures. It can be a result of
poor LED selection, poor thermal management, or both. LEDs should be appropriate for
the application (lighting-class LEDs, not 5mm lamps designed for toys and novelties, for
example), and the lantern design should have a good thermal management capacity for
the worst-case expected operating environment. Colour shift is measured through
Macadam Ellipses and the fewer steps the LED is rated at (for example, 2 Macadam
Ellipses) the less variation is likely through life.

Panel
Nigel Parry – ILE
Nigel Townsend – Urbis Lighting
Car Clarke – Advanced LEDs
Steve Austin – Philips Lighting
With supporting information from numerous ILE members
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Appendix
Guidelines for specification of LED lighting products
Cross industry agreed guidance to enable the specification of the appropriate LED
lighting product is reproduced below.

'ƵŝĚĞůŝŶĞƐĨŽƌ^ƉĞĐŝĮĐĂƟŽŶ
ŽĨ>>ŝŐŚƟŶŐWƌŽĚƵĐƚƐ
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tŝƚŚ>ƐĞŵĞƌŐŝŶŐĂƐĂŶĞǁůŝŐŚƚƐŽƵƌĐĞƚŚĞƌĞŝƐĂŶĞĞĚƚŽĞŶƐƵƌĞƉĞƌĨŽƌŵĂŶĐĞĐůĂŝŵƐĂƌĞŵĂĚĞŝŶĂ
ĐŽŶƐŝƐƚĞŶƚǁĂǇ͘ůƚŚŽƵŐŚƐƚĂŶĚĂƌĚƐĂƌĞĚĞǀĞůŽƉŝŶŐƚŚĞƌĞǁĂƐĐŽŶĐĞƌŶƚŚĂƚƚŚĞƐƉĞĞĚŽĨŝŶŶŽǀĂƟŽŶǁĂƐ
ŵŽǀŝŶŐĂŚĞĂĚŽĨƐƚĂŶĚĂƌĚŝƐĂƟŽŶ͘ƐĂƌĞƐƵůƚĂŶƵŵďĞƌŽĨŽƌŐĂŶŝƐĂƟŽŶƐŚĂǀĞƉƌŽĚƵĐĞĚĂƚĞŵƉůĂƚĞĂƐƚŚĞ
ďĂƐŝƐĨŽƌƚŚĞƐƉĞĐŝĮĐĂƟŽŶŽĨ>ůƵŵŝŶĂŝƌĞƐƉĞƌĨŽƌŵĂŶĐĞĐƌŝƚĞƌŝĂ͘

ƌŝƚĞƌŝĂ

DĞĂƐƵƌĞŵĞŶƚ

dŚĞƐĞĐƌŝƚĞƌŝĂĂƌĞĚĞƐŝŐŶĞĚƚŽĞŶƐƵƌĞƚŚĂƚƉĞƌĨŽƌŵĂŶĐĞ
ĐůĂŝŵƐĐĂŶďĞŵĂƚĐŚĞĚĂŐĂŝŶƐƚƚƌĂĐĞĂďůĞĚĂƚĂ͘dŚĞǇ
ĂƌĞĂůƐŽĚĞƐŝŐŶĞĚƚŽĞŶƐƵƌĞƚŚĂƚƚŚĞƉĞƌĨŽƌŵĂŶĐĞĚĂƚĂ
ƌĞůĂƚĞƐƚŽƚŚĞůƵŵŝŶĂŝƌĞĚƵƌŝŶŐŽƉĞƌĂƟŽŶĂŶĚŶŽƚũƵƐƚ
ƚŽƚŚĞƉĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞ>͘dŚŝƐŝƐďĞĐĂƵƐĞ͗

&ŝǀĞ/ƚĞĐŚŶŝĐĂůĐŽŵŵŝƩĞĞƐĂƌĞĐƵƌƌĞŶƚůǇǁŽƌŬŝŶŐŽŶ
ŵĞĂƐƵƌĞŵĞŶƚŵĞƚŚŽĚƐĨŽƌƚŚĞŵĞĂƐƵƌĞŵĞŶƚŽĨ>
ƉĞƌĨŽƌŵĂŶĐĞ͘;^ĞĞŶŶĞǆͿ͘

ͻ dŚĞƌŵĂů>ŽƐƐĞƐ͗dŚĞƚĞŵƉĞƌĂƚƵƌĞŽĨƚŚĞƉͲŶ
ũƵŶĐƟŽŶŽĨƚŚĞƌĂǁ>;ĚŝĞͿ;dũͿŝƐŵĞĂƐƵƌĞĚĂƚĂŶ
ĂŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞŝŶƚŚĞǀŝĐŝŶŝƚǇŽĨƚŚĞ>ŽĨ
ϮϱcǁŚĞƌĞĂƐŝŶĂůƵŵŝŶĂŝƌĞŝƚǁŝůůďĞŽƉĞƌĂƟŶŐĂƚ
ĂŚŝŐŚĞƌƚĞŵƉĞƌĂƚƵƌĞ͘ůůƉĞƌĨŽƌŵĂŶĐĞƉĂƌĂŵĞƚĞƌƐ
ĂƌĞǀĂƌŝĂďůĞǁŝƚŚ:ƵŶĐƟŽŶdĞŵƉĞƌĂƚƵƌĞ;dũͿ͘

&ŽƌůƵŵŝŶĂŝƌĞĚĞƐŝŐŶĞƌƐƚŚĞ>ƐĂƌĞŶŽƌŵĂůůǇƐƵƉƉůŝĞĚ
ĂƐĂƉĂĐŬĂŐĞĐŽŵƉƌŝƐŝŶŐŽĨƚŚĞƐŝůŝĐŽŶǁĂĨĞƌŝŶƚĞŐƌĂƚĞĚ
ŝŶƚŽĂƉĂĐŬĂŐĞƌĞĂĚǇĨŽƌƉůĂĐŝŶŐŽŶƚŽĂĐŝƌĐƵŝƚďŽĂƌĚŽƌ
ǁŝƚŚŝŶĂůƵŵŝŶĂŝƌĞ͘dŚĞƌĞŝƐĂŶĂĚǀŝƐĞĚŽƉĞƌĂƟŶŐƚĞŵͲ
ƉĞƌĂƚƵƌĞ͕ƚŽĂĐŚŝĞǀĞƚŚĞŝƌĚĞƐŝŐŶƉĞƌĨŽƌŵĂŶĐĞ͕ŽŶƚŚĞ
ŽƵƚĞƌƐƵƌĨĂĐĞŽĨƚŚĞƉĂĐŬĂŐĞŽƌ>ŵŽĚƵůĞdďŽĂƌĚ;ƐĞĞ
ĮŐƵƌĞϭͿdŚŝƐŵĂǇďĞĂĐŚŝĞǀĞĚƵŶĚĞƌŶŽƌŵĂůŽƉĞƌĂƟŶŐ
ĐŽŶĚŝƟŽŶƐĂŶĚĂůƐŽĂƚƚŚĞƌĂƚĞĚǀŽůƚĂŐĞͬĐƵƌƌĞŶƚͬƉŽǁĞƌ
ǁŚĞŶĂƉƉƌŽƉƌŝĂƚĞŵĞĂƐƵƌĞƐƚŽƌĞŵŽǀĞŚĞĂƚĨƌŽŵƚŚĞ
ĚĞǀŝĐĞŚĂǀĞďĞĞŶĂĚŽƉƚĞĚ͘dŚĞũƵŶĐƟŽŶƚĞŵƉĞƌĂƚƵƌĞ
ĐĂŶďĞĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞƚŚĞƌŵĂůƌĞƐŝƐƚĂŶĐĞͬtĚĂƚĂ
ĂǀĂŝůĂďůĞĨƌŽŵƚŚĞ>ƐƵƉƉůŝĞƌ͘

ͻ KƉƟĐĂů>ŽƐƐĞƐ͗/ŶĂĚĚŝƟŽŶƚŚĞůƵŵŝŶĂŝƌĞŽŌĞŶ
ŝŶĐůƵĚĞƐ͚ƐĞĐŽŶĚĂƌǇ͛ŽƉƟĐƐƚŽƐƵŝƚƚŚĞƉĂƌƟĐƵůĂƌ
ĂƉƉůŝĐĂƟŽŶŶĞĞĚƐŽĨƐƵĐŚůƵŵŝŶĂŝƌĞ͕ďƵƚůĞĂĚŝŶŐƚŽ
ĂĚĚŝƟŽŶĂůƉĞƌĨŽƌŵĂŶĐĞůŽƐƐĞƐĂƐǁĞůů͘
ͻ ƌŝǀĞƌůĞĐƚƌŽŶŝĐ>ŽƐƐĞƐ͗/ŶŵŽƐƚĐĂƐĞƐĂŶ
͚>ͲĚƌŝǀĞƌ͛ŝƐŝŶĐůƵĚĞĚŝŶƚŚĞůƵŵŝŶĂŝƌĞǁŚŝĐŚǁŝůů
ŝŶƚƌŽĚƵĐĞĂĚĚŝƟŽŶĂůůŽƐƐĞƐĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞ
ŝŶŝƟĂů>ƉĞƌĨŽƌŵĂŶĐĞ͘

ĂƚĂ

TũƵŶĐƟŽŶ

ĂƚĂŝƐƐƉůŝƚŝŶƚŽƚǁŽƉĂƌƚƐ͗

Tslug

ϭ͘>ƵŵŝŶĂŝƌĞŵĂŶƵĨĂĐƚƵƌĞƌƐĚĞƐŝŐŶĚĂƚĂ͕ĂǀĂŝůĂďůĞĨŽƌ
ƚƌĂĐĞĂďŝůŝƚǇ

TďŽĂƌĚ
TĂŵďŝĞŶƚ

Ϯ͘>ƵŵŝŶĂŝƌĞŵĂŶƵĨĂĐƚƵƌĞƌƐĚĞĐůĂƌĞĚƉĞƌĨŽƌŵĂŶĐĞĚĂƚĂ

&ŝŐƵƌĞϭ͗ƌŝƟĐĂůƚĞŵƉĞƌĂƚƵƌĞƉŽŝŶƚƐŝŶĂ,ŝŐŚWŽǁĞƌ>

13

Institution of Lighting Engineers– technical briefing note

ϭ͘>ƵŵŝŶĂŝƌĞŵĂŶƵĨĂĐƚƵƌĞƌ͛Ɛ
ĚĞƐŝŐŶĚĂƚĂ͕ĂǀĂŝůĂďůĞĨŽƌ
ƚƌĂĐĞĂďŝůŝƚǇ
ϭ͘ϭ

DĂŶƵĨĂĐƚƵƌĞƌŽĨƚŚĞ>ƉĂĐŬĂŐĞĂŶĚƉĂƌƚ
ŶƵŵďĞƌŽƌŽƚŚĞƌĚĞǀŝĐĞŝĚĞŶƟĮĞƌ

ϭ͘Ϯ

ƌŝǀĞĐƵƌƌĞŶƚͬǀŽůƚĂŐĞͬƉŽǁĞƌ

ϭ͘ϯ

>ƵŵĞŶĚĞƉƌĞĐŝĂƟŽŶĐƵƌǀĞƐ͕ĞůĞĐƚƌŝĐĂůůŝĨĞ͕d͕ǆ
ΘǇĂŶĚZ/ĨŽƌƚŚĞ>ƉĂĐŬĂŐĞŽƵƚƐŝĚĞƚŚĞ
ůƵŵŝŶĂŝƌĞĂƚĂŶĂŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞŽĨϮϱΣ

ϭ͘ϰ

dŚĞďŽĂƌĚƚĞŵƉĞƌĂƚƵƌĞdďŽĂƌĚΎΎŽĨƚŚĞ>ƉĂĐŬ
ĂŐĞŝŶƐƚĂůůĞĚŝŶƚŚĞůƵŵŝŶĂŝƌĞ͕ǁŚĞŶƚŚĞ
ůƵŵŝŶĂŝƌĞŝƐŽƉĞƌĂƟŶŐĂƚĂŶĂŵďŝĞŶƚ
ƚĞŵƉĞƌĂƚƵƌĞŽĨ ϮϱΣ͘;ϭϱΣĨŽƌǆƚĞƌŝŽƌ
ůƵŵŝŶĂŝƌĞƐͿ

ϭ͘ϱ
>ƵŵĞŶĚĞƉƌĞĐŝĂƟŽŶĐƵƌǀĞƐ͕ĞůĞĐƚƌŝĐĂůůŝĨĞ͕d͕ǆ
ΘǇĂŶĚZ/ĨŽƌƚŚĞ>ƉĂĐŬĂŐĞĂƚƚŚĞŽƉĞƌĂƟŶŐ
TďŽĂƌĚ **
ϭ͘ϲ

dŚĞĐŽůŽƵƌďŝŶ͕d͕ǆΘǇ͕ǀĂůƵĞƐĂŶĚDĂĐĚĂŵ
ĞůůŝƉƐĞĐĂƚĞŐŽƌǇ;Ğ͘Ő͘ĂƚϭͲϰͿŽĨƚŚĞ>ƉĂĐŬĂŐĞ
ĂƚƚŚĞŽƉĞƌĂƟŶŐdďŽĂƌĚ**

ϭ͘ϳ

ZĂϴŽůŽƵƌZĞŶĚĞƌŝŶŐ/ŶĚĞǆĂƚƚŚĞŽƉĞƌĂƟŶŐ
TďŽĂƌĚ **

ϭ͘ϴ

ZĂϭϰŽůŽƵƌZĞŶĚĞƌŝŶŐ/ŶĚĞǆĂƚƚŚĞŽƉĞƌĂƟŶŐ
TďŽĂƌĚ **

ΎΎdŚĞƐĞŵĂǇďĞĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞ>ŵĂŶƵĨĂĐƚƵƌĞƌƐ
ĚĂƚĂŽĨƉĞƌĨŽƌŵĂŶĐĞǀƐũƵŶĐƟŽŶƚĞŵƉĞƌĂƚƵƌĞ͕ƚĂŬŝŶŐ
ĂĐĐŽƵŶƚŽĨƚŚĞƚŚĞƌŵĂůƌĞƐŝƐƚĂŶĐĞďĞƚǁĞĞŶƚŚĞũƵŶĐƟŽŶ
ĂŶĚƚŚĞďŽĂƌĚ͕ĂƐƐƵŵŝŶŐĂĐĐƵƌĂƚĞĐŽƌƌĞĐƟŽŶĐƵƌǀĞƐ
ĞǆŝƐƚ͘

Ϯ͘>ƵŵŝŶĂŝƌĞŵĂƵĨĂĐƚƵƌĞƌ͛Ɛ
ƉĞƌĨŽƌŵĂŶĐĞŵĞĂƐƵƌĞŵĞŶƚ
Ϯ͘ϭ

>ƵŵŝŶĂŝƌĞůƵŵĞŶŽƵƚƉƵƚ

Ϯ͘Ϯ

>ƵŵŝŶĂŝƌĞƉŽǁĞƌ

Ϯ͘ϯ

>ƵŵŝŶĂŝƌĞĞĸĐĂĐǇ

Ϯ͘ϰ

ŽƌƌĞůĂƚĞĚŽůŽƵƌdĞŵƉĞƌĂƚƵƌĞ͕d;нƐŚŝŌ
ŽǀĞƌůŝĨĞͿ

Ϯ͘ϱ

ŽůŽƵƌĐŽŽƌĚŝŶĂƚĞƐ͕ǆΘǇ;нƐŚŝŌŽǀĞƌƟŵĞͿ
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Ϯ͘ϲ

ŽůŽƵƌƌĞŶĚĞƌŝŶŐŝŶĚĞǆ͕Z/͕ZĂϴ;нƐŚŝŌŽǀĞƌ
ůŝĨĞͿ

Ϯ͘ϳ

>ƵŵŝŶĂŝƌĞ>ŝĨĞǁŚŝĐŚƐŚŽƵůĚĂůǁĂǇƐďĞ
ƋƵĂůŝĮĞĚďǇ͗
>ƵŵĞŶĚĞƉƌĞĐŝĂƟŽŶͬŵĂŝŶƚĞŶĂŶĐĞĂƚ>ϴϬ
&ĂŝůƵƌĞƐŽǀĞƌůŝĨĞĂƚ&ϭϬ

Ϯ͘ϴ

>ƵŵŝŶŽƵƐ/ŶƚĞŶƐŝƚǇŝƐƚƌŝďƵƟŽŶ

>ƵŵŝŶĂŝƌĞŵĂŶƵĨĂĐƚƵƌĞƌƐ͛ƉĞƌĨŽƌŵĂŶĐĞĐůĂŝŵƐĂƌĞ
ŵĞĂƐƵƌĞĚŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚƚŚĞƌĞƋƵŝƌĞŵĞŶƚƐ
ŽĨ/ͬW^ϲϮϲϭϮ͗ĚŝƟŽŶϭ͗ϮϬϬϵͲϬϲ͗ůĂƵƐĞƐ
ϰ͕ϲ͕ϳ͕ϴ͕ϵ͕ϭϬĂŶĚϭϭ͘;dŚĞƚĞƐƟŶŐƋƵĂŶƟƚǇĨŽƌ>
WĂĐŬĂŐĞůĂŵƉƐŝƐŐŝǀĞŶĂƐŵŝŶŝŵƵŵϮϬĂŶĚĂǀĂůƵĞĨŽƌ
ŵŽĚƵůĞƐĂŶĚůƵŵŝŶĂŝƌĞƐǁŝůůŶĞĞĚƚŽďĞĐŚĞĐŬĞĚ͘Ϳ
dŚĞĚƌŝǀĞĐƵƌƌĞŶƚĂŶĚďŝŶƌĞĨĞƌĞŶĐĞĨŽƌƚŚĞ>ƵƐĞĚ
ĨŽƌůƵŵŝŶĂŝƌĞƉĞƌĨŽƌŵĂŶĐĞĚĂƚĂƐŚŽƵůĚďĞƐƚĂƚĞĚ͘
^ƵƉƉŽƌƟŶŐŝŶĨŽƌŵĂƟŽŶŽŶƚŚĞƉĞƌĨŽƌŵĂŶĐĞĐůĂŝŵƐŝƐŐŝǀĞŶŝŶ
ŶŶĞǆ

ϯ͘WŚŽƚŽŵĞƚƌǇ
WŚŽƚŽŵĞƚƌŝĐĚĂƚĂŝƐĂǀĂŝůĂďůĞŝŶƚǁŽĨŽƌŵĂƚƐ͘ďƐŽůƵƚĞ
WŚŽƚŽŵĞƚƌǇĚŽĞƐŶŽƚƌĞƋƵŝƌĞƚŚĞƵƐĞŽĨĂƐĞƉĂƌĂƚĞ
ůƵŵĞŶŽƵƚƉƵƚĨŽƌƚŚĞůŝŐŚƚƐŽƵƌĐĞ͘ZĞůĂƟǀĞWŚŽƚŽŵĞƚƌǇ
ƌĞƋƵŝƌĞƐƚŚĞ>ƉĂĐŬĂŐĞŇƵǆƚŽďĞƋƵŽƚĞĚ͘ŽƚŚ
ŵĞƚŚŽĚƐƉƌŽĚƵĐĞƚŚĞƐĂŵĞƌĞƐƵůƚ͘dŚĞŵĂŶƵĨĂĐƚƵƌĞƌ
ƐŚŽƵůĚƐƚĂƚĞƚŚĞĨŽƌŵĂƚŝŶǁŚŝĐŚƚŚĞƉŚŽƚŽŵĞƚƌŝĐĚĂƚĂ
ŝƐƐƵƉƉůŝĞĚ͘
ďƐŽůƵƚĞƉŚŽƚŽŵĞƚƌǇŽĨ>ůƵŵŝŶĂŝƌĞƐƐŚŽƵůĚďĞ
ĐŽŶĚƵĐƚĞĚĂĐĐŽƌĚŝŶŐƚŽ/^>DͲϳϵͲϬϴWŚŽƚŽŵĞƚƌŝĐ
DĞĂƐƵƌĞŵĞŶƚƐŽĨ^ŽůŝĚͲ^ƚĂƚĞ>ŝŐŚƟŶŐWƌŽĚƵĐƚƐ͘ZĞůĂƟǀĞ
ƉŚŽƚŽŵĞƚƌǇƐŚŽƵůĚďĞĐŽŶĚƵĐƚĞĚĂĐĐŽƌĚŝŶŐƚŽ
EϭϯϬϯϮͲϭ;ϮϬϬϰͿ>ŝŐŚƚĂŶĚůŝŐŚƟŶŐͲDĞĂƐƵƌĞŵĞŶƚĂŶĚ
ƉƌĞƐĞŶƚĂƟŽŶŽĨƉŚŽƚŽŵĞƚƌŝĐĚĂƚĂŽĨůĂŵƉƐĂŶĚ
ůƵŵŝŶĂŝƌĞƐͲWĂƌƚϭ͗DĞĂƐƵƌĞŵĞŶƚĂŶĚĮůĞĨŽƌŵĂƚĮůĞ
ĨŽƌŵĂƚ͘
dŚĞƐĞƐƚĂŶĚĂƌĚƐĐŽŶƚĂŝŶĂĚǀŝĐĞŽŶŵĞĂƐƵƌĞŵĞŶƚ
ƵŶĐĞƌƚĂŝŶƚǇ͘>ƵŵŝŶĂŝƌĞƉĞƌĨŽƌŵĂŶĐĞĚĂƚĂƚŽďĞƋƵŽƚĞĚ
ĂƚŽƉĞƌĂƟŶŐƚĞŵƉĞƌĂƚƵƌĞdďŽĂƌĚ͘
WŚŽƚŽŵĞƚƌŝĐƌĞƐƵůƚƐƚŚĂƚĂƌĞĐĂůĐƵůĂƚĞĚďǇĚĞǀŝĂƟŽŶ
ĨƌŽŵƚŚĞƚĞƐƚĞĚƐĂŵƉůĞďǇƚŚĞƵƐĞ͕ĨŽƌĞǆĂŵƉůĞ͕ŽĨ
ŚŝŐŚĞƌŽƌůŽǁĞƌĚƌŝǀĞĐƵƌƌĞŶƚƐŽƌĚŝĞƐĨƌŽŵďŝŶƐŽƚŚĞƌ
ƚŚĂŶƚŚĞďŝŶƵƐĞĚĨŽƌƚŚĞƚĞƐƚĞĚĚĞǀŝĐĞĂƌĞƚŽďĞĐůĞĂƌůǇ
ŝĚĞŶƟĮĞĚĂƐƐƵĐŚ͘ŽƌƌĞĐƟŽŶĨĂĐƚŽƌƐƵƐĞĚĂƌĞƚŽďĞ
ƉƌŽǀŝĚĞĚǁŝƚŚƚŚĞƌĞƐƵůƚƐ͘

Understanding LEDs

ŶŶĞǆĂŶĚ
ϭ͘ĸĐĂĐǇ
>ƵŵŝŶĂŝƌĞĞĸĐĂĐǇƐŚŽƵůĚďĞĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞŝŶŝƟĂů
ůƵŵĞŶŽƵƚƉƵƚŽĨƚŚĞůƵŵŝŶĂŝƌĞƚŚĂƚŚĂƐƌĞĂĐŚĞĚƚŚĞƌŵĂů
ƐƚĂďŝůŝƚǇŽƉĞƌĂƟŶŐŝŶĂŶĂŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞŽĨϮϱΣ
ĂŶĚďĂƐĞĚŽŶƚŚĞƚŽƚĂůƉŽǁĞƌŽĨƚŚĞ>ƐĂŶĚĚƌŝǀĞƌ
ĐŝƌĐƵŝƚ͘
Ϯ͘ŽůŽƵƌWŽŝŶƚ;ƐĞĞůĂƵƐĞϳ/ϲϮϲϭϮͬW^Ϳ
dŚĞĐŽůŽƵƌƉŽŝŶƚ;ǆΘǇͿŽĨƚŚĞůƵŵŝŶĂŝƌĞĂŶĚƚŚĞĐŽůŽƵƌ
ƚĞŵƉĞƌĂƚƵƌĞĚĞƌŝǀĞĚĨƌŽŵŝƚƐŚĂůůďĞŽŶĞŽĨƚŚĞůŝƐƚĞĚ
ƉƌĞĨĞƌƌĞĚǀĂůƵĞƐ͘

ϲ͘ŶĚƵƌĂŶĐĞƚĞƐƚ
dŚŝƐĐŽŶƐŝƐƚƐŽĨƚŚĞĨŽůůŽǁŝŶŐ͗
Ͳ
dĞŵƉĞƌĂƚƵƌĞĐǇĐůĞƐŚŽĐŬƚĞƐƚ
Ͳ
sŽůƚĂŐĞƐǁŝƚĐŚŝŶŐƚĞƐƚ
Ͳ
ŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞƚĞƐƚĂƚϰϱΣ
/ƚƐŚŽƵůĚďĞŵĂĚĞĐůĞĂƌǁŚŝĐŚĮŐƵƌĞƐŚĂǀĞďĞĞŶ
ŵĞĂƐƵƌĞĚĂŶĚǁŚŝĐŚŚĂǀĞďĞĞŶĚĞƌŝǀĞĚĨƌŽŵ
ĞǆƚƌĂƉŽůĂƟŽŶŽƌĐĂůĐƵůĂƟŽŶ
ϳ͘dĞŵƉĞƌĂƚƵƌĞĐǇĐůĞƐŚŽĐŬƚĞƐƚ
>ƵŵŝŶĂŝƌĞƚŽďĞŽƉĞƌĂƚĞĚĂƚĨƵůůƉŽǁĞƌ;ĂƚĞůĞǀĂƚĞĚ
ĂŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞ͖ŝŶĞǆĐĞƐƐŽĨϰϱΣͿƵŶƟů
dďŽĂƌĚс>ŵĂŶƵĨĂĐƚƵƌĞƌƐŵĂǆŝŵƵŵŽƉĞƌĂƟŶŐůŝŵŝƚ
ĨŽƌϭŚŽƵƌƚŚĞŶůƵŵŝŶĂŝƌĞƚŽďĞƌĂƉŝĚůǇĐŽŽůĞĚƚŽϬΣďǇ
ƉůĂĐŝŶŐŝŶĂƚĞŵƉĞƌĂƚƵƌĞĐŽŶƚƌŽůůĞĚĐŽŶƚĂŝŶĞƌƐĞƚƚŽϬΣ
ƵŶƟůdďŽĂƌĚсϬΣ͘

dŽůĞƌĂŶĐĞ;ĐĂƚĞŐŽƌŝĞƐͿŽŶŶŽŵŝŶĂůǆΘǇǀĂůƵĞƐ
ůůŵĞĂƐƵƌĞĚǆΘǇĐŽůŽƵƌĐŽŽƌĚŝŶĂƚĞƐ͗
ϯͲƐƚĞƉĞůůŝƉƐĞƐĂƚϭ
ϱͲƐƚĞƉĞůůŝƉƐĞƐĂƚϮ
ϳͲƐƚĞƉĞůůŝƉƐĞƐĂƚϯ
ϯ͘>ŝĨĞ;ƐĞĞůĂƵƐĞϭϬ/ϲϮϲϭϮͬW^Ϳ
>ŝĨĞŝƐĐĂůĐƵůĂƚĞĚďĂƐĞĚŽŶƚǁŽĨĂĐƚŽƌƐ͗ůƵŵĞŶ
ĚĞƉƌĞĐŝĂƟŽŶĂŶĚĨĂŝůƵƌĞ͘>ŝĨĞƚĞƐƟŶŐĂůƐŽĐŽŶƐŝƐƚƐŽĨĂŶ
ĞŶĚƵƌĂŶĐĞƚĞƐƚ͘/ƚƐŚŽƵůĚďĞŵĂĚĞĐůĞĂƌǁŚĂƚƉĂƌƚŽĨƚŚĞ
ůŝĨĞĂŶĚůƵŵĞŶĚĞƉƌĞĐĂƟŽŶŚĂƐďĞĞŶŵĞĂƐƵƌĞĚĂŶĚǁŚĂƚ
ŚĂƐďĞĞŶĚĞƌŝǀĞĚĨƌŽŵĞǆƚƌĂƉŽůĂƟŽŶŽƌĐĂůĐƵůĂƟŽŶ͘
ϰ͘>ƵŵĞŶĞƉƌĞĐŝĂƟŽŶ
dŚĞůĞŶŐƚŚŽĨƟŵĞĚƵƌŝŶŐǁŚŝĐŚĂĐŽŵƉůĞƚĞ
>ůƵŵŝŶĂŝƌĞƉƌŽǀŝĚĞƐŵŽƌĞƚŚĂŶĂƉĞƌĐĞŶƚĂŐĞŽĨƚŚĞ
ƌĂƚĞĚůƵŵŝŶŽƵƐŇƵǆƵŶĚĞƌƐƚĂŶĚĂƌĚƚĞƐƚĐŽŶĚŝƟŽŶƐ͘
ĐƵƐƚŽŵĞƌŵƵƐƚďĞĂƐƐƵƌĞĚƚŚĂƚƚŚĞĚĞĐůĂƌĞĚůŝĨĞŝƐƚŚĞ
ĚĞƐŝŐŶůŝĨĞ͘/ƚƐŚŽƵůĚďĞŵĂĚĞĐůĞĂƌǁŚŝĐŚĮŐƵƌĞƐŚĂǀĞ
ďĞĞŶŵĞĂƐƵƌĞĚĂŶĚǁŚŝĐŚŚĂǀĞďĞĞŶĚĞƌŝǀĞĚĨƌŽŵ
ĞǆƚƌĂƉŽůĂƟŽŶŽƌĐĂůĐƵůĂƟŽŶ͘
&ŽƌŝůůƵŵŝŶĂƟŶŐůƵŵŝŶĂŝƌĞƐƚŚĞƉĞƌĐĞŶƚĂŐĞƐŚŽƵůĚďĞ
хϴϬй͕ŝŶĚŝĐĂƚĞĚĂƐ>ϴϬ͘&ŽƌĚŝƌĞĐƚǀŝĞǁůƵŵŝŶĂŝƌĞƐƚŚĞ
ƉĞƌĐĞŶƚĂŐĞƐŚŽƵůĚďĞхϱϬй͕ŝŶĚŝĐĂƚĞĚĂƐ>ϱϬ

ϴ͘sŽůƚĂŐĞƐǁŝƚĐŚŝŶŐƚĞƐƚ
>ƵŵŝŶĂŝƌĞƚŽďĞƐƵďũĞĐƚĞĚƚŽĂƐǁŝƚĐŚŝŶŐĐǇĐůĞŽĨϱ
ƐĞĐŽŶĚƐŽŶϱƐĞĐŽŶĚƐŽīĨŽƌϮŵŝŶƵƚĞƐ͘
ϵ͘ŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞƚĞƐƚĂƚϰϱΣ
>ƵŵŝŶĂŝƌĞƚŽďĞŽƉĞƌĂƚĞĚŝŶĂƚĞŵƉĞƌĂƚƵƌĞĐŽŶƚƌŽůůĞĚ
ĐŽŶƚĂŝŶĞƌƐĞƚƚŽϰϱΣ͘dďŽĂƌĚƚŽďĞŵŽŶŝƚŽƌĞĚƵŶƟů
ƐƚĞĂĚǇƐƚĂƚĞƌĞĂĐŚĞĚ͘/ĨdďŽĂƌĚĞǆĐĞĞĚƐ>
ŵĂŶƵĨĂĐƚƵƌĞƌ͛ƐǀĂůƵĞĨŽƌĐůĂŝŵĞĚůŝĨĞĂŶĚŽƵƚƉƵƚŽĨ
ĮƫŶŐƚŚĞŶƚĞƐƚŝƐĨĂŝůĞĚ͘
͘/dĞĐŚŶŝĐĂůŽŵŵŝƫĞƐ
ͻdϮͲϰϲ/ͬ/^KƐƚĂŶĚĂƌĚƐŽŶ>ŝŶƚĞŶƐŝƚǇ
ŵĞĂƐƵƌĞŵĞŶƚƐ
ͻdϮͲϱϬDĞĂƐƵƌĞŵĞŶƚŽĨƚŚĞŽƉƟĐĂůƉƌŽƉĞƌƟĞƐŽĨ>
ĐůƵƐƚĞƌƐĂŶĚĂƌƌĂǇƐ
ͻdϮͲϱϴDĞĂƐƵƌĞŵĞŶƚŽĨ>ƌĂĚŝĂŶĐĞĂŶĚůƵŵŝŶĂŶĐĞ
ͻdϮͲϲϯKƉƟĐĂůŵĞĂƐƵƌĞŵĞŶƚŽĨ,ŝŐŚͲWŽǁĞƌ>Ɛ

ϱ͘&ĂŝůƵƌĞ
dŚĞƉĞƌĐĞŶƚĂŐĞŽĨĂŶƵŵďĞƌŽĨƚĞƐƚĞĚ>͛ƐŽĨƚŚĞƐĂŵĞ
ƚǇƉĞ͕ƚŚĂƚŚĂǀĞƌĞĂĐŚĞĚƚŚĞĞŶĚŽĨƚŚĞŝƌŝŶĚŝǀŝĚƵĂůůŝǀĞƐ
ĂŶĚŚĂǀĞŶŽǀŝƐŝďůĞůŝŐŚƚŽƵƚƉƵƚ͘

ͻdϮͲϲϰ,ŝŐŚƐƉĞĞĚƚĞƐƟŶŐŵĞƚŚŽĚƐĨŽƌ>Ɛ

&ŽƌůƵŵŝŶĂŝƌĞƐƚŚĞƉĞƌĐĞŶƚĂŐĞƐŚŽƵůĚďĞфϭϬй͕ŝŶĚŝĐĂƚĞĚ
ĂƐ&ϭϬ
dŚŝƐĚŽĐƵŵĞŶƚŝƐĂƉƉƌŽǀĞĚĨŽƌƵƐĞďǇƚŚĞĨŽůůŽǁŝŶŐ͗

,ŝŐŚǁĂǇůĞĐƚƌŝĐĂůDĂŶƵĨĂĐƚƵƌĞƌƐΘ
^ƵƉƉůŝĞƌƐƐƐŽĐŝĂƟŽŶ

WƌŽĨĞƐƐŝŽŶĂů>ŝŐŚƟŶŐĞƐŝŐŶĞƌƐ
ƐƐŽĐŝĂƟŽŶ
/ŶƐƟƚƵƟŽŶŽĨ>ŝŐŚƟŶŐ
Engineers

^ŽĐŝĞƚǇŽĨ>ŝŐŚƚĂŶĚ>ŝŐŚƟŶŐ

>ŝŐŚƟŶŐ/ŶĚƵƐƚƌǇ&ĞĚĞƌĂƟŽŶ

/ŶƚĞƌŶĂƟŽŶĂůƐƐŽĐŝĂƟŽŶŽĨ>ŝŐŚƟŶŐ
Designers
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