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Abstract: Recent rapid progress in automotive lighting
technology led to the emergence of headlamps featuring a
large variety of light distributions that are highly adapted
to provide best possible road illumination in particular
traffic situations. Visual assistance systems which high-
light relevant objects or project symbols to communicate
with other traffic participants, further improve road safety.
Implementing all these functions within a single headlamp
usually requires the use of several additional modules with
high and low resolution. This multitude of modules im-
pacts the installation space, styling and cost of automotive
headlamps. This paper presents a high-resolution red-
green-blue (RGB) laser headlamp module which provides a
good illumination of the road and can also be used for
external communication purposes. A specially developed
laser scanning unit, based on a bi-axial resonant micro-
electro-mechanical systems (MEMS) scanner and a high-
power RGB laser, serves as the technical basis. Three
module concepts are designed using light simulation,
constructed as computer-aided design (CAD) models and
integrated into a serial headlamp package. The concepts
are based on design, simulation and measurement data of
the scanning unit.

Keywords: geometric optical design; illumination design;
micro-optical devices; nonspherical mirror surfaces;
optical engineering.

1 Introduction

Ever since people started using motorized vehicles on
public roads, the contradictory requirements of maximum
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road illumination and minimum glare for other traffic
participants motivated the engineers to develop more so-
phisticated automotive lighting systems. The simplest
headlamp system, defined by the current legislation sep-
arates the area in front of the car into two segments with a
nearly horizontal cut off line: the high (main) beam on the
top and the low (dipped) beam underneath [1]. The driver
can decide whether to illuminate the lower part of his field
of view with the low beam or activate the high beam to
illuminate the upper area, as long as other traffic partici-
pants are not glared. The performance of the low beam can
be improved by switching on additional light sources or by
swiveling the light cone in bends (so called cornering/
bending light). In 2010 Volkswagen introduced [2] a
headlamp which separated the high beam into two seg-
ments with a vertical cut off line. Using the swiveling
mechanism of the headlamp, a dark “tunnel” between the
left and right headlamp beam could be created and
controlled in its width and position: the glare free high
beam was born. The recent rapid development of solid state
light sources allows separating the driver’s field of view
into more and more segments, illuminated by individual
light sources (see Figure 1A). First systems [3] implemented
a horizontal segmentation of the high beam to illuminate
road areas between other traffic participants (see
Figure 1B). Later systems [4] also allow a vertical segmen-
tation of the high beam. Light modulation technology from
the field of consumer electronics enables high resolution
headlamps with millions of pixels, each controlled indi-
vidually. With this approach light can be modulated in
space or in time [5].

Headlamps with a segmented light distribution that
offer a high-quality road illumination and enable pro-
jections or marking of objects on and next to the road are
currently state of the art [7]. High-resolution modules
which enable the projection of symbols in color onto the
road are the next stage in the headlamp technology
development [8]. The projected symbols can be used to
assist the driver or to communicate with other traffic par-
ticipants [9]. The current work aims to develop a single
module with high optical efficiency, able to realize all light
functions and projections in a broad field of view.
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Figure 1: AUDI A6 (model series 2018) headlamp with a segmented
glare free high beam A and its schematic pattern of various light
functions B [6].

The central component of the high-definition RGB
laser headlamp presented in this paper is a so called light
engine, which consists of a resonant 2D MEMS scanner
(hereafter referred to as MEMS) and an RGB laser light
source with collimating optics. The scanning procedure is
realized using a small electrically operated mirror that
deflects the laser light by means of controlled oscillation
around two axes. If the mirror trajectory is known, the
power of the RGB laser channels can be modulated in
order to produce a desired light intensity and color in
defined spatial directions. With a sufficiently high refresh
rate, a complete light distribution is achieved that can be
dynamically changed. Using redistributing optics the ra-
diation pattern of the light engine can be reshaped. The
resulting scanning module combined with an additional
foreground base beam module can provide high and low
beam light distributions. Furthermore, this setup allows
to selectively mask other traffic participants (glare-free
high beam) and to project symbols onto the road with a
high resolution. The target width of the light distribution
of the scanning RGB module is +15° and the target height
+5°. The maximum light intensity should reach at least
40,000 cd in the direction of the reference axis and follow
the current ECE Regulation No. 123 (Economic Commis-
sion for Europe) guideline for active lighting functions
[10]. The light intensity should decrease towards the
edges. By achieving an almost constant light intensity in a
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broad angular range (+10° horizontal and +3° vertical),
provided a sufficient light flux is available, the concept
should be applicable for a purely digital implementation
of the bending light function and headlight leveling
control [11].

In the following Chapters, the characteristics of the
used MEMS are discussed, followed by the characterization
of the light engine and the subsequent definition of three
modules in an automotive headlamp package. The effect of
the MEMS alignment in the module on the achievable
resolution is investigated. Lastly, it is demonstrated how
the light distribution of the module could look like in order
to realize bending light and headlight leveling control
without mechanical module movement.

2 Characteristics of the 2D MEMS
scanner

A 2D MEMS scanner which has been adapted to the system
requirements by Senger et al. from the Fraunhofer Institute
for Silicon Technology [12], is used as the basis for the
conception and development of a scanning RGB laser
headlamp (see Figure 2). During the development of this
MEMS, a special focus was put on a relatively large mirror
surface (5.5 mm diameter), which oscillates around two
perpendicular axes. The amplitudes should be as large as
possible and the resonance frequency as high as possible.
A vacuum package under a glass lid reduces the air resis-
tance. The scanner is placed at the edge of the printed
circuit board (PCB) and the mirror axis with the higher
amplitude is positioned perpendicular to this edge. Addi-
tionally, the MEMS are equipped with a system, which
senses the mirror tilt to trigger the laser modulation ac-
cording to the desired image. Depending on the mirror
position, an algorithm decides which pixel on the rectan-
gular input image (1024 x 512 pixel) the beam is currently
corresponding to and switches the laser into a state
matching the pixel’s luminance and color.

The designed mirror geometry supports two resonant

rotational modes (see Figure 3) with the amplitudes Géx) =5°

(rotation around the x axis) and 0(()" ) =12.5° (rotation around
the y axis). The MEMS suspension is designed in a way that
the axis with the higher amplitude (so-called fast axis) is
moved around the axis with the smaller amplitude (so-
called slow axis). It is assumed that the mirror oscillates
harmonically and that the two modes do not influence each
other. More specifically, this means that the mirror tilt
around one axis does not affect the mechanical properties
(e.g., inertia moment) with respect to the other axis. Under
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Figure 2: 2D MEMS scanner with a 5.5 mm (in diameter) mirror and
vacuum package under a glass lid on the PCB. The target optical
scanning angle equals ¢(y) target = +25° and ¢(x) target = +10°.

these conditions, the rotation around each axis can be
described as

00 (¢) = Bo(x’y) -sin(f () .t 4 y("'y)) 6]

with the tilt angle from the equilibrium position 6, ampli-
tude 8,, oscillation frequency f and phase y. According to
the law of reflection (angle of incidence is equal to the
angle of reflection), a laser beam incident perpendicularly
to the mirror’s equilibrium position, is deflected at an angle
equal to twice the mirror tilt angle. Thus, a Lissajous figure
with a size of 10° x 25° emerges. However, to ensure that the
optics, shaping the incident beam, do not block the
deflected beam, the incident beam must be inclined with
respect to the wafer. This leads to distortions in the
resulting light distribution. These distortions must be
characterized for the chosen laser position in order to be
able to precisely adjust the downstream optics to the ra-
diation characteristics of the light engine.

Figure 3: Simplified MEMS model with a mirror (yellow), fast y axis
(blue), slow x axis (magenta) and wafer (green): A rotation mode
around the fast axis and B rotation mode around the slow axis.
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3 Characterization of the light
engine

3.1 Measurement

In order to set up a light simulation for designing the head-
lamp system, the light distribution of the light engine should
be obtained first. Thus, MEMS behavior can be analyzed in
terms of light intensity distribution. A test setup comprised of
an RGB laser, optical fiber, collimator and MEMS is used for
the purpose of this analysis. The RGB laser light with a
maximum total power of approximately 9 W from five laser
modules (2 x red, 2 x green and 1 x blue) is coupled into a
square optical fiber with a core edge length of 100 pm. The
optical fiber is connected to an optical holder using a Sub-
Miniature version A (SMA) port. The emitted laser beam is
collected by a lens and collimated with a remaining diver-
gence angle of approximately 1° full width at half maximum.
The collimated beam is then directed onto the MEMS under
anangle of a; = 30° to the MEMS normal to avoid a shadowing
of the scanning image. The resulting optical axis of the setup
is directed towards a photometer head to record the light
distribution. The described setup, mounted on an automo-
tive goniophotometer, is depicted in Figure 4.

3.2 Simulation

In parallel to the measurement, a simulation model of the
light engine is defined. Simulations are conducted using the
non-sequential Monte Carlo ray tracing software Lucid-
Shape. The mirror rotation around each axis is assumed
according to Equation (1). The probability of the mirror’s
angular position with respect to one axis is assumed to be
independent of the mirror’s position or angular velocity
relative to the other axis. As a result, the mirror motion can
be separated into two independent rotation components:
around the fast and around the slow axis. Additionally, to
perform a light simulation the mirror motion must be

Photometer head
= a,

Incident beam
. @ Optical fiber with RGB laser

Collimator

2D-MEMS

Figure 4: Test setup mounted on an automotive goniophotometer:
optical fiber with a coupled RGB laser, collimator optics and MEMS
on an adapter plate (from right to left).
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discretized. This is achieved by selecting a discrete number
of possible mirror tilt values relative to each axis and
describing the overall bi-axial movement through a combi-
nation of all selected tilts. To reconstruct the mirror motion
correctly (see Figure 3), the mirror is first rotated around the
fast axis and the resulting geometry is then rotated around
the slow axis. The mirror oscillation around the fast axis is
divided into 90 temporally equidistant steps:

o0 = [o) 0", .00 @
= [-125°,...,12.5%]

Due to their temporal equidistance, each mirror position has
an equal probability. On the other hand, the total range of
the mirror oscillation is covered by the selected positions.
The angle difference between two adjacent mirror states is
varying: the difference is small at large deflection angles and
largest in proximity of the mirror’s equilibrium position as a
result of the highest scanning speed. Similarly, the move-
ment around the slow axis is divided in 45 steps:

6% = 6,65, ....6, . 3)

= [-5%...,5°
Out of all combinations of (2) and (3), 4050 mirror positions

are obtained which fully cover the oscillation range of the
mirror:

(6r.6). (017.68")..... (61,68
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N————
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%)
It can be assumed that for a laser in continuous wave mode,
each generated mirror position contributes equally to the
light intensity distribution averaged over time. The overall
result is therefore achieved by adding up the simulation
results of the resulting 4050 states. Since the analyzed
structure is symmetric to the plane that is spanned by the
MEMS normal and the optical axis, it is sufficient to simulate
only half of the states. The other half is obtained through
mirroring, thus considerably reducing the simulation time.

3.3 Light intensity distribution of the light
engine

The projected light distribution of the light engine is shown
in Figure 5A. In addition to the effective scanning image
(white page) and a bright spot at its center, sufficiently high
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laser brightness makes further larger images visible. The
white page is the first order image and the main image that is
capable of creating an automotive light distribution.
Figure 5A also displays the second and third order images.
These have a similar shape as the first order image and
emerge as a result of multiple reflections between the MEMS
mirror surface and the MEMS glas lid. Figure 5B provides an
analytical analysis of the light pathways considering Fresnel
reflections. The laser beam (100%) is directed at the MEMS.
The first Fresnel reflection (4% for reasons of simplification)
takes place at the first boundary between glass and air and is
visible on the projection screen as a bright spot at HV = 0°
(see Figure 6A and B). The remaining light (96%) propagates
inside the glass plate. The second boundary between glass
and vacuum leads to another Fresnel reflection (again, 4%
for reasons of simplification) and contributes also to the spot
in the middle of the radiation pattern. Any further Fresnel
reflections of this beam portion within the glas lid can be
ignored. Though the zero order image (no interaction with
the mirror surface) contains only 8% of the total light flux, it
is distributed across a solid angle that is approximately two
magnitudes smaller than that of the main image. Conse-
quently, the light intensity of the zero order reflection is
relatively high. The remaining light flux of 92% is reflected
(with reflection losses) by the mirror back to the glass plate
with a deflection equivalent to the double of the mirror tilt.
Additional Fresnel reflections at boundary surfaces emerge
during the second transition through the lid, reflecting light
back onto the mirror. The first order image (light which has
interacted with the mirror surface once) consequently has a
72% share of the total light flux provided by the laser.
Accordingly, the projected second order image (two re-
flections on the mirror surface) has a light flux share of less
than 5%. Furthermore, the expanse of the second image
reaches twice the expanse of the first image in each
dimension due to additional deflection of light caused by the
second reflection from the mirror. Thus, the light intensity of
the second order image is approximately two magnitudes
lower than the light intensity of the first order image. The
third order image with a light flux share far below 1% can be
ignored due to a very low intensity: In both directions, the
aperture angle of the third order image is three times as large
as the aperture angle of the first order image. In the area of
the first order image, all images overlap. Therefore, it is
impossible to use only the main image ignoring other
reflection orders. Hence, further measures must be taken to
reduce the described ghost images in the next MEMS gen-
eration to fulfill strict stray light and glare requirements for

automotive light distributions with this system.
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The light engine radiation pattern is obtained using a
goniophotometer (as described above and displayed in
Figure 4) within an angular range of h = +25° and v = +9° with
a resolution of 6h = 0.1° and v = 2°. Figure 6A shows the
measured light distribution. The illuminated area has a
quadrilateral, but not exactly rectangular shape. There is a
step visible in its lower edge. This effect can be explained by
the vertical resolution and the adjustment of the system: the
upper edge of the light distribution serves as reference for
the horizontal alignment, the lower edge is therefore slan-
ted. Hence, the lower edge of the light distribution traverses
a scanning line of the goniophotometer and an impression
of a step appears. The corners of the light distribution exhibit
a significantly higher intensity compared to the central area.
The reason for this is a longer dwell time of the scanning
laser beam spot at the turning points at the edges of the light
distribution. Moreover, a peak with the maximum intensity
is observed at HV = 0. The intensity of this peak is approx-
imately two orders of magnitude higher than the intensity in

the remaining image. The measurement shows a scanning
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Figure 5: Qualitative analysis of the light engine’s light intensity
distribution: A Illumination of a projection screen and definition of
the order of each emerging image, B calculation of the relative share
of single reflections and transmissions in reference to the total light
flux, C simulation of the various orders of a pixel.
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from the target values ((pt(ayr)get =+25°and <p§;3get =+10°) can be
explained by a certain tolerance towards the specifications
during mirror manufacturing and should be adjusted in the
next MEMS generation.

The light simulation of the measured setup is pre-
sented in Figure 6 B. The resulting light distribution is
vertically symmetric. Due to the non - perpendicular
MEMS irradiation (see arrangement in Figure 4), the right
edge of the light distribution is longer than the left one.
This causes the light distribution to be horizontally slightly
asymmetric, which confirms the measurement results. The
analysis of the geometry shows that the longer vertical
edge of the light intensity distribution is formed when the
mirror is tilted around the y axis towards the laser. This
situation represents an almost perpendicular incidence of
light on the mirror surface (for the equilibrium state of the
oscillation around the x axis) and the vertical deflection of
the laser beam equals almost double the mechanical mirror
displacement around the slow axis. As the mirror surface
tilts further away from the laser around the y axis, the laser
beam hits the surface in a steeper angle of incidence
causing the deflection around x to be less than double the
mirror displacement around the corresponding axis-which
is the case for the shorter left edge of the light intensity
distribution. Simulations further show that the horizontal
expansion of the light distribution (in the plane spanned by
the incident beam and the MEMS normal) matches the

expected @)

arget = T25° (double the mechanical mirror

displacement). Figure 6D depicts the sections of the light
distributions. The behavior of the measured curves is in
good agreement with the simulated light distribution. De-
viations emerge at the edges and in the area of Fresnel
reflections because large gradients cannot always be
accurately depicted in a measurement due to the finite
sensor size. Subsequently, a simulation without an
encapsulation of the MEMS is conducted to emulate the
planned MEMS optimization aiming at minimizing the
ghost images. Figure 6C shows that the light spotin HV = 0°
disappears completely while the utilized light flux in-
creases. The scanning angles remain the same. This model
serves as a basis for the design and construction of the
module concepts.

4 Conceptualization of a scanning
RGB laser headlamp
The results of the light engine characterization are used to

design an automotive headlamp module. It is hereby
assumed that the module is to be integrated into the
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Figure 6: Light distribution of the light engine: A measured using an automotive goniophotometer, B simulation with glass lid, C simulation

without glass lid, D sections through A, B and C at v=0°.

headlamp of a Volkswagen Tiguan. The CAD data is
analyzed and the available installation space is defined.
The most important dimension is the distance between the
outer lens and the rear housing wall. This distance equals
to approx. 240 mm (see Figure 7).

Though masking specific areas and symbol projection
can be performed using the light engine directly [13], the
aperture angle and the locations of the maxima in its ra-
diation pattern are not suitable for an automotive light
distribution. These attributes must be reshaped using
secondary optics. However, the secondary optics should
only distort the Lissajous scan trajectories of the light

engine, not interrupt them. Otherwise the adjustment and
controlling effort would significantly increase. To avoid
chromatic effects, a redistributing reflector is used instead
of a lens or other transmitting optical components. The
redistributing reflector is placed at the rear housing wall of
the headlamp, where the serial BILED module is usually
positioned. This reflector is illuminated by the light engine
which is located off the resulting optical axis. It deflects the
light in the direction of travel. Within the housing, the light
engine can be positioned either beneath the redistributing
reflector or next to it inboard. The latter option must be
discarded as it would interfere with the planned
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Figure 7: Module concept with redistributing reflector and light cone inside a serial headlamp: A and B arranged horizontally (vertical fast
MEMS axis) and C and D arranged vertically (horizontal fast MEMS axis).

foreground module. Therefore, the orientation of the MEMS
is the only degree of freedom in the design left: the fast axis
can be positioned horizontally or vertically. This axis de-
fines the direction of the higher resolution of the light en-
gine [14] and the larger dimension of the redistributing
reflector. In the present work, both orientation options are
implemented, integrated into the headlamp package and
analyzed. The results are depicted in Figure 8. The hori-
zontally elongated shape of the redistributing reflector al-
lows a compact light emitting area in vertical direction and
the light cone can be good integrated into the existing
headlamp design. The concept with the vertically elon-
gated redistributing reflector requires the entire height of
the outer lens for the light cone of the module. However, a
higher vertical resolution is expected as a result of the
orientation of the light engine — an advantage for the
symbol projection [15]. The light distribution (white page)
of both modules can be compared in Figure 8A and B. The
efficiencies as well as the light intensity distributions of
both modules are very similar. The minor differences are
caused by numerical variations in the calculation of the
reflector shape. The light intensity peaks in the center of the
light distribution, near HV = 0°. It decreases towards the

edges in all directions. If necessary, the exact pattern can
be further adapted via additional iterations in the reflector
layout: The light intensity can decrease slower or a con-
stant intensity area can be implemented.

The resolution dependence on the orientation of the
fast MEMS axis is analyzed. For this purpose, selected
pixels at approx. h = {-15, -10, -5, 0, 5, 10, 15} and
v={-5,-2,0, 2, 5} are simulated, displayed and compared.
Figure 8C and D shows that the pixel size increases towards
the edges of the light intensity distribution for both setups.
The module with the horizontal fast axis has smaller ver-
tical pixel dimensions and can therefore resolve more ac-
curate in this direction. The module with the vertical fast
axis can resolve finer details in the horizontal direction. An
analysis of the headlamp package shows, that the hori-
zontally elongated redistributing reflector fits better into
the headlamp package and delivers a pixel size at the
center of the light distribution comparable to that of the
vertically elongated redistributing reflector. For that
reason, this concept was chosen for the final module
development inside the headlamp housing. The results are
shown in Figure 9. All module components are integrated
into the available package. Both the redistributing reflector
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Figure 8: A comparison of the light intensity distributions and
resolutions of two modules with different orientations of the fast
MEMS axis: A white page and C selected pixels of the module with a
horizontally oriented fast axis and B and D of the module with a
vertically oriented fast axis, respectively.

and the black tube body that encloses the light cone can be
produced via plastic-injection molding. Obviously, bezels
and housing have to be slightly modified compared to the
serial design. However, the light cone exits the headlamp
without being shaded.

To visualize a possible evolution of the developed
module, the redistributing reflector depicted in Figure 9
has been adapted in order to produce a light intensity

DE GRUYTER

Figure 9: Serial headlamp of a Volkswagen Tiguan with integrated
scanning module based on 2D MEMS with a vertical fast axis and its
light cone (yellow).

distribution following in its horizontal section the curve
depicted in Figure 10A. The shown light intensity flat top
should also be realized in vertical direction within the
angle range of +3°. Figure 10B and C show the resulting
light distribution: the desired profile is mostly matched.
Such a white page allows the peak of the light distribution
to be shifted electronically in a broad angle range without
loss of maximum intensity, solely by modulating the laser.
The module can therefore be statically installed inside the
headlamp. The displacement resolution of such a system is
approx. 0.02° and is only limited by the control electronics.
The marking resolution in the central area of the light
distribution is less than 1° (see pixel size in Figure 10D). The
masking resolution is comparable with the displacement
resolution and is far below 1°. The luminous flux of approx.
1000 Im currently provided by the laser is yet insufficient
for an electronic headlamp leveling. It needs to be
increased to more than 4000 Ilm in order to realize a cor-
nering light function and leveling control without me-
chanical swiveling and still achieve a sufficient maximum
light intensity.

5 Summary

The paper presents the development process of an RGB
laser headlamp on the basis of a resonant mirror oscillating
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Figure 10: Light distribution of a module which allows an electronic
maximum shifting: A horizontal section (v = 0) through the desired
light intensity distribution, B the result of the optical design, C
horizontal section (v = 0) through the achieved light intensity
distribution and D selected pixel for visualizing the module
resolution.

around two axes. A MEMS scanner was developed and
produced according to defined requirements. It serves as
the core part of a high resolution module which allows the
projection of symbols in any combination of red, green and
blue onto the road. In combination with a foreground
module, a headlamp, equipped with this technology, can
provide adaptive low beam, glare-free high beam and
marking beam functions. Assuming a sufficiently strong
light source, the concept can be further extended to
generate a fully adaptive light distribution in a broad angle
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range and simultaneously enable functions that require
very fine-grained cut-off shifts (e.g., headlamp leveling
control, bending light, etc.) without mechanically moving
parts. During the development, the light engine comprised
of the MEMS and the laser light source was photometrically
characterized by goniophotometer measurements and with
the aid of a simulation method specially developed for this
purpose. Based on the knowledge gained, a CAD model of
the module was designed and integrated into a serial
automotive headlamp package. It was demonstrated that
the orientation of the MEMS axis with the higher amplitude
has a significant impact on the module resolution. The
presented system offers the advantage of a high frame rate
resonant scanner. By means of a redistributing reflector it
eliminates its downside: high intensity towards the edges
of the radiation pattern. The individual layout of the
redistributing reflector allows a high flexibility in the light
distribution design in terms of cross section and aperture
angle without changes in the module core component, the
light engine. A low number of optical components and
their simplicity allows a broad application in multiple
vehicle models and classes. As the next step towards serial
production, additional tests under realistic automotive
conditions in real driving situations must be conducted.
Furthermore, a strategy for the generation of the light
distributions and symbols needs to be developed.

An alternative application of the presented optical
approach is a LIDAR system, which can support autono-
mous driving systems. The LIDAR approach suggests
implementing an infrared light source into the headlamp
module and using the already existent MEMS and redis-
tributing reflector to sample the vehicle’s surroundings.
Alternatively, a separate LIDAR system can be designed
with a dedicated redistribution of the scanning velocity
and field of view. Further possible applications are optical
lithography and imaging.
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