
The last quarter of the 20th Century 
has witnessed a steady evolution in 
the sources and optics used for exte
rior automotive lighting.1 These 
changes have been driven in part by 
the desire to improve the energy 
efficiency of vehicle accessories. This 
imperative will become even 
more important in the next 
century as manufactur
ers introduce vehi

cles with hybrid and fuel cell 
power trains. Additionally, 
the use of new lighting 
technologies is essen-

for energy efficiency, automobile styling, and the introduction of new power technologies. 

Future optics innovations may include laser and holographic technologies. 
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tial to the execution of modern vehicle styling themes. 
Products are periodically updated by using methods 
such as making minor alterations to the body, and mod
ifying the lighting theme is an inexpensive method of 
providing differentiation. Exterior lighting devices can 
be divided into two general classes: those that illuminate 
objects such as head, fog, and backup lamps, and those 
that provide signals to be seen such as tail, brake, and 
turn lamps.2 The performance and aesthetics of lumi
naires designed for these tasks have been impacted by 
numerous technical innovations. In this article, we first 
review the progress of automotive lighting technology 
during the last 25 years. We then propose a seemingly 
unlikely candidate for the vehicle light source of the 
next century: the diode laser. Specifically, we will present 
several prototype laser based lamp systems that use 
optics of our own 
design, together with 
emerging holographic 
and diffractive optical 
element technologies. 

Our discussion of 
U.S. automotive head
lamp technology begins 
in the early 1970s. 
Prompted in part by 
the energy crisis, sealed-
beam halogen head
lamps were introduced 
because of their greater 
energy efficiency.3 They 
consist of a halogen 
bulb in a parabolic 
reflector that is hermet
ically sealed to an outer 
lens. The required beam 
pattern is formed by 
optical elements (usual
ly cylindrical lenses) 
disposed on the outer lamp surface. A disadvantage of 
these lamps is that the whole unit must be replaced when 
the bulb burns out. In addition, their styling possibilities 
are limited because they are manufactured in a relatively 
small number of shapes and sizes. Indeed, the rectangular 
package of this lamp was reflected in the boxy-looking 
front ends of mid-1970s to early 1980s vehicles. 

Starting in the mid-1980s, use of the sealed-beam 
lamp was beginning to be supplanted by the replace
able-bulb aerodynamic headlamp. This luminaire was 
developed to satisfy the consumer's desire for an auto
mobile with a sleek, highly swept front end. It consists 
of a reflector cavity, designed to blend into the styling 
theme of a specific vehicle, and a replaceable halogen 
capsule. These lamps offer a reduction in the vehicle 
frontal area, hence lowering the drag and improving fuel 
economy. 

In the late 1980s and early 1990s, complex reflector, 
aerodynamic headlamps were introduced.4-5 In these 
lamps the reflector surface is subdivided into a number 
of smaller reflector segments giving it a faceted appear
ance. The required light distribution can be produced 

by adjusting the geometric form of the individual reflec
tors, thus eliminating the need for optical elements on 
the outer lamp surface. As a result, the reflector surfaces 
are clearly visible and can be used as part of the vehicle 
styling theme. More recently, additional improvements 
in the efficiency of vehicle headlamps have been 
obtained through the use of high intensity discharge 
(HID) lamps.6 The luminous efficiency of HID sources 
can be as high as 70 lm/W compared to 30 lm/W for 
halogen incandescent bulbs. 

Our review of headlamp technology concludes with 
a description of HID-based remote lighting.7 Although 
it has been anticipated for nearly a decade, it has yet to 
be implemented on a production vehicle. It consists of 
an HID source whose output is coupled into one or 
more large diameter (>12 mm) optical fibers which car

ry the light to the exte
rior lamps. By optimiz
ing the efficiencies of 
the light engine and 
lamp optics, such a sys
tem can use less energy 
than conventional in
candescent headlamps. 
Additionally, removing 
the 'hot' light source 
from the light distribu
tion optics allows for 
the design of smaller, 
more interestingly 
styled lamp packages. 
One of the technical 
issues still being debat
ed is the preferred con
figuration for the opti
cal fiber. An essential 
performance require
ment is that the guide 
must be able to effi

ciently carry large optical fluxes without altering the 
color or intensity of the light during the vehicle lifetime. 

Our review of signal lighting is restricted to rear 
lamps. These luminaires must be compact and con
tribute to the styling theme of the vehicle.8 Thin lamps 
allow for greater styling flexibility and provide the con
sumer with more useful trunk space. To realize these 
objectives, automotive companies and suppliers have 
introduced lamps based on light emitting diode (LED) 
and neon sources.9-11 LEDs were first introduced in sig
nal lighting applications as sources for the center-high-
mount-stop lamp (CHMSL). This lamp is illuminated 
during braking and is usually located in the rear win
dow or on the top of the trunk lid. It is anticipated that 
LEDs will soon be used in passenger-vehicle brake, tail, 
and turn lamps. As an interesting aside, we note that 
LEDs are now being used in a wide range of general 
lighting applications.12 For example, many cities are 
realizing significant energy savings by replacing the 
incandescent bulbs in red traffic lamps with LEDs. 
Because of its appealing uniform illumination, neon 
sources have also been used in CHMSL applications. 

Figure 1. Optical schematic of laser-illuminated signal lamp system. 
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Other advantages of LED and neon sources include 
their fast turn on time (which reduces the time between 
initiating a brake signal and lamp illumination), long 
life, and high-energy efficiency. One goal not yet 
achieved with the sources discussed thus far is a rear 
lamp with a total thickness of less than one inch. Such 
luminaires offer significant simplifications in the sheet 
metal operations associated with rear lamp assemblies 
and improve vehicle fit and finish. 

What will be the next step in the evolution of vehicle 
lighting technology? Ideally, exterior lamps should occu
py as small a volume as possible, provide a variety of 
interesting lit and unlit appearances, conform to any 
body contour, be energy efficient, and never require ser
vice. To design the automotive lamp of the 21st century, 
a team composed of members of Ford Research Labora
tory, Visteon Exterior 
Systems, and the Tech
nology Integration 
Group turned to a non-
traditional automotive 
light source: the visible 
diode laser. 1 3 - 1 4 Unlike 
LEDs, incandescent 
bulbs, neon lamps, and 
HID sources, lasers emit 
extremely bright, highly 
directional light that 
can be easily and effi
ciently coupled into the 
edge of thin (<5 mm) 
plastic sheets. Within 
the sheet, the light can 
be manipulated using 
refraction and reflection 
from surfaces, edges, and 
shaped holes, and ex
tracted to form the 
required beam pattern. 
By eliminating the need 
for a large, bulky reflector, the total thickness of a laser-
based lamp can be well under one inch. Because the 
most technically mature visible diode lasers emit in the 
red, our first application of this technology is for rear 
signal lamps (brake, tail, and turn). However, the optical 
systems we will discuss can also be used in headlamp 
applications when the appropriate blue and green diode 
lasers become available. 

Figure 1 shows an optical schematic of our remotely-
lit laser lamp system. Light from a high-power visible 
diode laser is coupled into a small diameter (<1 mm) 
optical fiber and carried to the sheet-optic. The laser 
power requirements are determined by the function of 
the lamp, such as brake, tail, or turn signal, the efficien
cy of the optical system, and the wavelength of the laser. 
For example, a brake lamp must provide a minimum 
total flux of ~25 lm to meet requirements set by the fed
eral government. For a lamp system with a total optical 
efficiency of 57%, a laser emitting at 650 nm would have 
to supply 0.6 W to meet this specification. Assuming the 
diode laser has a wall plug efficiency of ~20% such a 

brake lamp would consume seven to eight times less 
power than one that uses an incandescent source. 
Because of the increased luminous efficiency at shorter 
wavelength (i.e., more lumens per radiated watt), these 
energy savings can be doubled by using a laser that 
emits at 635 nm (assuming the same optical and electri
cal efficiencies). Although there are no laser products 
optimized for automotive applications, several compa
nies including Coherent Inc., SDL Inc., and SemiLab 
manufacture AlInGaP-based devices that emit in excess 
of 1 W below ~690 nm. 1 5 The lasers used in our proto
types are capable of emitting up to 0.6 W at 650 nm. 

The thin-sheet optic consists of a manifold section 
that accepts the light exiting the fiber and a kicker sec
tion that directs it out of the lamp. An important design 
criterion is the ratio of lamp surface lit to total lamp 

area. The manifold, 
which does not emit 
useful light, must be 
hidden from view by 
masks or other styling 
features. Since these 
obscuring areas in
crease the lamp size 
and complexity, it is 
desirable to minimize 
the manifold foot
print. Additionally, the 
thin-sheet optic must 
be efficient (to reduce 
the required laser 
power) and provide 
the desired lit and 
unlit appearances. 
Finally, the optical 
output of the lamp 
must meet federally 
mandated optical in
tensity and angular 
spread specifications. 

The suitability of a particular thin-sheet optic con
figuration is determined by using ray-tracing software. 
We have found that the development process is vastly 
more efficient if the preliminary design and all subse
quent modifications are carried out in a solids modeling 
program that is file-compatible with our ray tracing 
software. Although shape modeling is possible in the 
optical simulation software, C A D tools offer more 
sophisticated methods for altering the part geometry 
and allow contributions from design team members 
who do not require access to the optical modeling pro
gram. For example, some of our CAD work was done 
using Ironcad (Visionary Design Systems, Inc.), which is 
based on the ACIS solids modeling kernel. Optical sim
ulations were performed using TracePro from Lambda 
Research Corporation, which also uses the ACIS kernel. 

Figure 2 shows one of our fabricated sheet optics de
signs. Light exiting the fiber (not shown in the figure) 
illuminates the edge of the sheet, which contains a cylin
drical lens. The lens collimates the light so it propagates 
in the sheet without bouncing (expansion continues 

Figure 2. So l ids model and ray-trace of a thin-sheet opt ic us ing T r a c e P r o 
( L a m b d a R e s e a r c h Corpora t ion) . Light en ters from the left s ide of the 

d e v i c e via an opt ica l fiber (not shown) . 
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within the plane of the sheet). The light expands until it 
reaches a lens formed in the plane of the sheet that colli
mates and directs it towards a series of four triangular 
mirrors: the first three mirrors are formed by cut-outs 
that partially penetrate the sheet, while the last mirror 
completely penetrates the optic. The depths of the par
tial-penetration mirrors are chosen such that they reflect 
equal amounts of light toward the facets comprising the 
kicker section, which reflect light out of the optic. A 
device similar to this with a kicker area of 50 X 150 mm 2 

consisting of 20 facets each 0.25 mm in height was 
machined from a 5-mm-thick sheet of acrylic. Using a 
photometry imaging system developed at the Technology 
Integration Group, the efficiency of this optic was mea
sured to be ~68% compared to the predicted value of 
~78%. The discrepancy between the measured and pre

dicted efficiency is most likely due to scattering caused by 
imperfections in the device shape and surface finish 
caused by the machining process. In production these 
optics would be made using injection or compression 

molding techniques resulting in precise, smooth surfaces. 
The angular spread of light exiting the device can be 

controlled by curving the partial penetration mirrors, 
adjusting the angles of the kicker facets, and by using 
micro-optics on the outer surface of the sheet optic. 
Alternatively, a holographic diffuser can be used to 
spread the light into the appropriate beam pattern. Use 
of the diffuser creates a lamp with an extremely uniform 
lit appearance, similar to what could be obtained using a 
neon tube but without the need for a bulky ballast. 

Figure 3 shows a sheet-optic design that uses a linear 
fanout diffractive optical element (DOE) at the entrance 
of the manifold. Light is coupled into the fiber at a low 
numerical aperture (<0.13) exits, and is split into six 
beams of equal intensity by the DOE. It spreads within 
the manifold, is intercepted by six mirrors (formed by 
holes that completely penetrate the sheet) and reflected 
into the kicker section. This device was machined from a 
5-mm thick acrylic sheet and had a measured efficiency 
of ~60% compared to a predicted value of ~80%. As in 

Figure 3. Optical schematic of a thin-sheet optic, which uses a dif
fractive optical element to split the light, entering the device into 

six beams of equal intensity. 

Figure 4. Prototype lamp incorporating optics shown in Fig. 3. 
In the top panel, the laser is off and the gold color of the metal 

behind the sheet optic can be seen. Bottom panel shows the lamp 
with laser turned on. 
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the case of the optic described above, the reduced effi
ciency is due to imperfections introduced by the machin
ing process. The use of a DOE allows for more precise 
control of the light and a reduction in the size of the 
manifold. Figure 4 shows a signal lamp prototype made 
using the optic of Figure 3. Compared to a thickness of 
four inches for its incandescent counterpart, the laser-
based lamp has a total thickness of less than one inch. 

Figure 4 illustrates an interesting styling feature 
made possible because the lamp optic is fabricated from 
transparent plastic. Specifically, the lamp can take on 
the color of the underlying sheet metal when unlit. 
When lit, the illuminated facets create the illusion of 
large lamp depth. 

The lamp systems discussed above are compact, ener
gy efficient, and provide a variety of unique lit and unlit 
appearances. Our ultimate goal is to develop luminaires 
with a total thickness of several millimeters that can con
form to the vehicle-body contours. Although LEDs can 
be used to make lamps that are energy and package-size 
efficient, it is our view that diode laser-based lamps are 
needed to turn our full vision into reality. 

In closing, a few words should be said about the 
implications of the amazing recent progress in GaN-
based LEDs and diode lasers.16 As mentioned pre
viously, a headlamp could be designed using thin-
sheet-optics illuminated by the combined outputs 
of red, green, and blue diode lasers. At this point it 
is unclear whether GaN or InGaN-based diode 
lasers can be made that emit at the blue and green 
wavelengths necessary to produce acceptable 
white light (~450 and 520 nm). LEDs that emit 
these wavelengths currently exist, although the 
impact of these devices on headlamp applications 
is uncertain. It is our view, however, that the next 
century could well see Edison's filament based 
bulb replaced by cooler, more energy efficient, 
semiconductor light sources in both automotive 
and general lighting applications. 
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