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Preface

With the total number of vehicles steadily increasing and soon approaching
one billion, the world is facing serious challenges in terms of both safety of
road transport and sustainability. Consequently the two major persistent issues
for the automotive industry are improved safety and reduced emissions.

The estimated number of road fatalities is about one million per year. Fast
growth of mobility in the developing world and an accelerated urbanisation
pose high demands to the automotive industry. Thanks to smart systems
anticipating dangerous traffic situations road fatalities will have dropped by
more than 30% from 2001 to 2010.

Beyond intensive stock-rearing — with 30% the major contributor to climate
change - road traffic is one of the main sectors contributing to climate change:
exhaust gases from vehicle engines account for about 20% of the greenhouse
gas emissions. Car industry is bearing this challenge and enormous progress
has been achieved particularly during the last decade.

The integration of complex microsystems with enhanced intelligence, so-called
smart systems has enabled an increase of efficiency of the previously ‘dumb’
internal combustion engine by on average 1% annually during the last 20
years. In the future, smart systems may help to leverage novel powertrain
concepts towards the zero emissions vehicle. Particularly for electric vehicles,
anticipatory power management and efficient driving assistance by smart sys-
tems will be needed to overcome the range limitations. Adaptive systems pre-
dicting the energy demand for a chosen route will help the driver to increase
energy efficiency. Networked devices for car-to-car communication could help
to avoid the waste of energy due to unnecessary braking and accelerating.
Intelligent systems for tire monitoring and control deserve special attention
since insufficient tire pressure accounts for more than 3% of the efficiency
losses in the car. Future electrical in-wheel motors require new miniaturised
functionalities enabled by advanced micro- and smart systems.

Bearing in mind the particular needs of applications for the automobile, stake-
holders from the European Technology Platform on Smart Systems Integration
(EPoSS) recently compiled a list of future strategic research priorities for next-
generation smart systems. These include: advanced functionalities, energy
autonomy and networked operation, as well as matters of integration and
reliability in harsh environments. The tire monitoring system that comprises
an energy harvesting function for autonomous operation presented at the



AMAA 2008 is exemplary for these developments of advanced smart systems
devices.

The conference book in hand is a showroom of activities, the AMAA has been
known for during the last 12 years: advanced sensors even including one
based on the giant magneto resistance (GMR) effect — a finding for which two
European physicists were awarded the Nobel prize, recently — several camera
and radar systems making road traffic safer by assisting the driver in recog-
nizing pedestrians and obstacles, and human-machine interfaces based on the
recognition of hand gestures - an striking example of how smart systems will
further enhance the usability of vehicles and the comfort of driving.

I like to express my gratitude to all authors and speakers for their interesting
contributions to the AMAA 2008. Financial support was given by the European
Commission through their Innovation Relay Center (IRC) Northern Germany
which is as gratefully acknowledged as the funding we received from major
players in the automotive sector. Kudos has to be given to the members of the
Honorary and the Steering Committees for their valuable advice.

And, last but not least, I have to address my particular thanks to Michael
Strietzel and Dr. Gereon Meyer of VDI/VDE-IT for their outstanding engage-
ment, and especially Dr. Jiirgen Valldorf, the AMAA Chairman, for the organi-
sation of both the event and the publication in hand.

Berlin, March 2008

Wolfgang Gessner
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Advanced Safety Systems — The Opportunity for
Semiconductor Vendors

C. P. Webber, H. Gustafsson, Strategy Analytics

Abstract

Advanced Safety Systems, such as Autonomous Cruise Control (ACC)
and Lane Departure Warning (LDWS) have been available for a num-
ber of years now. Until recently, fitment has largely been confined
to expensive, luxury vehicles. Such systems are now becoming more
widely available on mass-market vehicles, such as the Ford Mondeo.
These sophisticated electronically controlled systems provide impor-
tant growth opportunities for semiconductor vendors in maturing
regional markets. This paper examines in detail the significant of
advanced safety features for automotive semiconductor market. It
is based upon extensive vendor research undertaken by Strategy
Analytics’ Automotive Electronics Service.

1  The Growth in Safety Electronics

For nearly 20 years, Strategy Analytics has been conducting industry-based
research into the market for automotive electronics. Although initial electron-
ics applications centred around the vehicle’s powertrain, in recent years safety
applications have emerged as the fastest growing area of electronics use in the
vehicle. Strategy Analytics expects the volume demand for ECUs used in safety
applications to grow at 12% per annum over the period 2006 to 2011 [1].

Much of this growth is coming from features that are mandated, such as tire
pressure monitoring systems in the USA — but a group of applications known
as Advanced Driver Assistance Systems (ADAS) is a significant contributor to
growth rates. These systems typically make use of long range sensors such as
cameras, radars and lidars to examine the environment around the vehicle,
warn the driver of any potentially situations, and ultimately,, take control of
the vehicle to either avoid or mitigate an accident.

Examples of ADAS technologies include lane departure warning, autonomous
cruise control with collision mitigation/avoidance, blindspot monitoring, night
vision, traffic sign recognition and car-to-car communication. Also, ultimately

3
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the successful deployment of European E-Call will rely upon it being positioned
in the market as a safety system within ADAS.

2 The Importance of New Features to OEMs

Essentially, vehicle manufacturers and their suppliers exist to make a profitable
return for their owners and shareholders. There are many factors influencing
profitability for an automaker, but one way to improve margins is to sell more
high trim vehicles, and more optional extras. An example of the importance of
this has been demonstrated recently by Fiat [2], which has managed to change
the product mix of its Punto model significantly over the period 2004 to 2006.
Top trim level Grande Punto models have around 5.5 times the margin of base
models, and by offering the right blend of features, Fiat has managed to raise
the proportion of Punto buyers purchasing these models from 5% to 18%.

Old Punto vs. Grande Punto Grande Punto Margin by Version

HIGH

MEDIUM

= MEDIUM Source: FIAT

Fig. 1. Higher Trim Models Have Significantly Greater Margins

At present, ADAS technologies are almost exclusively offered as optional
features, with price points typically in the 1000 to 2000 range. They thus
offer the possibility for automakers to support their margins on the platforms
on which they are offered. Profitability for suppliers does not directly flow, as
competition to supply these systems is intense, and pressure on pricing levels
is high. However, Strategy Analytics’ experience over the years indicates that
carmakers that are highly profitable make better long-term partners for the
supply chain!
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3 What Is the Significance for the Automotive Semiconductor
Market?

The primary growth drivers for automotive semiconductor demand are
positive: Light vehicle production is expected to grow at a CAAGR (Compound
Average Annual Growth Rates) of 3.8% over the period 2006 to 2011; automo-
tive electronic system volumes are expected to increase at 8.7% CAAGR over
the same period.

Subsequently, the total automotive semiconductor market is forecast to grow
by 8% CAAGR from $17.7B in 2006 to $26B by 2011, and reach $31B by 2014
[3], including semiconductor-based sensors (Fig. 2).

Source: Strategy Analytics

M Europe

3 N. America

2006 2011 2014

Fig. 2.  Automotive Semiconductor Global Market Growth

The overriding picture of long term global light vehicle production is a shift
East — both in terms of where the vehicle are being made and in who is
making them. This shift East should be of concern to semiconductor vendors
primarily dependent upon European and US-based Tier 1 and Tier 2 suppliers
that have traditionally had only a small part of their business with Asian-
owned brands.

» In 2007, US-owned vehicle manufacturers will account for 28% of glo-
bal output, European-owned 31% and Asian-owned 39%. By 2014, the
US-owned share of global production is expected to have shrunk to 24%,
European held steady and 31% and the Asian share climbed to 42%.

The slowing of overall semiconductor market annual growth rates is more
pronounced in the most mature vehicle production regions, NAFTA, Europe
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and Japan. However these regions are also where advanced electronic sens-
ing and control applications will first be deployed by vehicle OEMs. Hence
Strategy Analytics analysis has identified these regions as providing the most
significant growth opportunities for new semiconductor business demand
from existing and emerging safety applications, including ADAS technologies
(Fig. 3).

P Strategy Analytics’ industry research shows a high degree of industry
optimism about the success of ADAS features, with fitment levels of
systems such as lane departure warning, autonomous cruise control
and blindspot monitoring forecast to grow rapidly from their current
low base.

Audio
Driver Info.
Body
Safety : 12.0%
Security I

Chassis

Powertrain

f T T T T T T
0.0% 2.0% 4.0% 6.0% 8.0% 100%  12.0%  14.0%
CAGR 2006 - 2011

Fig. 3. Automotive Semiconductor Growth by Application

Airbags are the predominant “passive” electronic safety system. Growth from
such systems will come from increased deployment in emerging regions, such
as Russia, China and India.

ADAS systems are intended to actively enhance vehicle and occupant safety
by monitoring the vehicle’s immediate environment and to provide driver
assistance and communications connectivity. Looking forward, these active
systems will provide the highest semiconductor growth opportunity, account-
ing for 17% of the $1.8 billion global automotive safety application semicon-
ductor demand in 2006, but increasing to 48% of the $4.6 billion market
demand by 2014 (Fig. 4).
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Source: Strategy Analytics

2006

Safety Systems

2011

2014

H Passive Safety

B Active Saftey

Automotive Semiconductor Demand from Active and Passive

Conclusions

Strategy Analytics’ automotive electronics market research has identified
safety technologies as the fastest growing application area for automotive elec-
tronics. Advanced Driver Assistance Systems play a key part in driving this
growth. With overall automotive semiconductor annual demand growth slow-
ing in mature vehicle production regions, ADAS applications provide the most
significant growth opportunities for semiconductor IC and sensor vendors.

References

[1]
[2]
[3]

Automotive System Demand 2005 — 2014, Report, Strategy Analytics, Oct 2007
A Fiat brand Progress Report, PowerPoint File, Fiat, Sep 2006

Automotive Semiconductor Demand 2005 — 2014, Report, Strategy Analytics,
Oct 2007

Chris Webber

Strategy Analytics
Milton Kaynes, UK
cwebber@Strategyanalytics.com



8 ‘ Market

Hakan Gustafsson

Strategy Analytics GmbH
Landsberger Str. 394

81241 Miinchen

Germany
hgustafsson@strategyanalytics.com



Safety



Dual Frequency Methods for Identifying Hidden Targets in
Road Traffic

A. Fackelmeier, C. Morhart, E.M. Biebl, Technical University Munich

Abstract

Protection of vulnerable road users (VRU) is a key issue of future
driver assistance systems. There, an important point is to determine
whether a VRU is visually hidden to the driver. This additional infor-
mation is essential for the driver to prevent an accident or to reduce
its severity. In this paper we show that by using a transponder
attached at the VRU, wavelength dependent diffraction effects can
be utilized to distinguish between visible and hidden VRUs. Several
diffraction measurements were carried out taking place in open
space areas with simple big scattering objects and in different road
traffic scenarios demonstrating a reliability of nearly 100%. If future
driver assistance systems for detecting VRUs are complemented
with automotive electronics which enable distinction between visible
and hidden VRUs, accidents can be avoided [5]

1 Introduction

Protection of vulnerable road users (VRU) is a key issue of future driver assis-
tance systems. Currently, several different systems are under investigation,
based on passive sensing techniques (radar, lidar, camera) as well as on coop-
erative sensor systems. In a cooperative system the VRU is required to wear a
transponder in order to identify themselves as a VRU as well as to send a bea-
con signal for localization. In contrast to passive sensing, the beacon signal can
also be detected if the person wearing the transponder is visually hidden, for
instance by a parked car or a roadside tree. Of course, information about this
situation, i.e. whether the transponder is visually hidden or not, will be of great
value for alerting the driver of the car. If the person wearing the transponder
is visually hidden, the situation is much more hazardous.

Our method to identify visually hidden persons is based on dual-frequency
discrimination. A transponder (according to the terms of radar technology we
call it “active target”) attached at the VRU emits two signals with different
frequencies which are detected by the receiver in the car. If the VRU is invis-
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ible for the driver, the signals are diffracted around the scattering object and
get an additional attenuation. Signals with different wavelengths experience
different attenuation at different observation angles in the shadow zone due
to the wavelength dependent diffraction. The difference in signal power at the
two frequencies compared to the difference at line of sight (LOS) received at
the driver side is an indicator whether the emitter is hidden or not. There are
many parameters to be investigated affecting the measurement result such as
orientation of the VRU to the scattering object and to the receiver, height of
the antennas, multipath propagation due to buildings or objects nearby and
the size and shape of the scattering object which hides the VRU. Our objec-
tive was to determine whether this diffraction effect is measurable in real
road traffic scenarios, how reliable a detection of hidden VRU is, and how the
parameters mentioned above influence the measurement results.

2 Wave Propagation Effects

For theoretical analysis, the dimension of this scattering problem compared
to the wavelength is too big for applying EM field simulation methods. The
Geometrical Theory of Diffraction (GTD), first introduced by Keller in 1962 [3],
is an extension to the geometrical optics which adds diffracted rays £, to the
geometrical optics [1].

—Jkos4

E,=R(Y,9,,9,, A, polarization) - A(s,) - E, - e )

Dimensional considerations show that the edge diffraction is the strongest
besides corner and surface diffraction [3] and therefore, the latter are neglect-
ed. Edge diffraction occurs with an edge radius small compared to A. The inci-
dent wave is diffracted at the edge and spreads out as a cylindrical wave.

Incidcnt\

wave

Diffracted
wave

’ Sd

Fig. 1. Edge diffraction
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With the diffraction coefficient R, the signal power difference in the shadow
region can be calculated for different frequencies. E; is the field incident at
the point of diffraction and A(s,) (= 1/ s for edge diffraction) is the spreading
factor with the distance s; between the scattering point and the observation
point P were the diffracted field strength E, is present. Between f, = 433 MHz
and f, = 2.45 GHz the ratio in signal power of the diffracted waves is about
7.5 dB.

RX

X

Fig. 2. Double edge diffraction at a car

If there is a second edge, double edge diffraction occurs and the power dif-
ference amounts to about 15 dB. Double diffraction occurs quite often in
road traffic situations with cars as scattering objects (Fig. 2). The mentioned
frequencies were chosen because a bigger difference in frequency results
in a bigger difference in signal power of the diffracted wave. Lowering the
frequency f, to the next lower ISM band which ranges at 40.70 MHz brings
no significant increment in signal power difference but unfavourably bigger
antennas. A higher frequency for f, can be advantageous but this has not been
investigated.

Multipath propagation can cause an attenuation of more than 15 dB which
is very problematic in this application as it has to be distinguished between
attenuation due to scattering objects in the signal path and attenuation due
to multipath propagation. In road traffic situations, multipath propagation can
occur through every object near the road such as buildings, vehicles or other
obstacles nearby.

3 The RF-Power Measurement System

A RF-power measuring system was developed and built up for the ISM-fre-
quency bands at 2.45 GHz and 433 MHz with commercial IC devices to show
that the target detection is realizable also without high-precision measure-
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ment equipment. For each emitter (TX), Phased Locked Loop (PLL) frequency
stabilization is used to avoid a frequency drift which can result in an output
power variation and therefore decrease the measurement accuracy. At the
receiver (RX) a high dynamic range is necessary to cover different distances
of RX and TX and the additional attenuation due to the scattering objects in
between. A low pass filter is implemented to flatten the interfering fast fading
peaks in the signal waveform.

| =
| Transmitter (TX) Bandpass
245 GHz
PLL-Synthesizer . %
2.45GHz "1 PA N :

433 MHz
Multiresonant antenna
PLL-Synihesizer on \\_)X/Q (2.45 GHz & 433 MHz)
433IMHz = J‘\
g g g g g g g g S
:_Hucx!lvl!l (RX) F=2.45GHz :
1 Af=200MHz |
I 1
] >— \._,)(_\ Power I
] Antenna Bl LNA \\__XQ » Amp detector 1
I 245GHz I
i ADC & I
I Fy=434MHz signal I
: _Af=GMHz processing :
! \._)‘/-\ Power I
: Antenna LNA % e detecior :
1 433MHz 1
1 I

The transmitter antennas have to be quite omni-directional enabling detec-
tion of the target at every orientation. Other parameters like polarisation also
affect the measurement results. The small distance of the transmitting anten-
nas to the object leads to distorted measurement results due to displacement
between the antennas. To overcome this problem, a multi-resonant antenna
was developed which provides a nearly coinciding phase centre.

4  Detection in Case of Single Objects in the Signal Path

To verify radiation effects, several measurements with simple objects were
carried out in open space areas. The transmitter (TX) emits continuous wave
signals at both frequencies that travel to the receiver (RX) either directly or
disturbed by an scattering object. A relative movement of the target, receiver
or object causes a position-dependent signal power at the receiver antennas.
This signal power is measured separately for both frequencies at RX. The
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scattering object used is a metal sculpture with sharp edges and dimensions
of 2 m in each direction.

A Distance TX - RX '
- >
& [
3 - >
O i Tal?fbn;:;l Scattering
: object

e

Fig. 4. Measuring setup for detection of a target hidden by a single
object

Fig. 5 shows the diffraction measurement with a distance of 35 m between
the receiver and the target and 1 m distance between target and object. After
measurement point MP 200, the target person gets invisible for the receiver,
and there are only waves present at RX which are double diffracted at the
edges of the scattering object. The 433 MHz signal experiences only a small
attenuation due to the object compared to the 2.45 GHz one. The lower graph
indicates the ratio in signal power of both frequencies. As the theory predicts,
this value is about 15 dB if the target is hidden relating to O dB for line of sight
(LOS). If the threshold is placed for instance at -5 dB, it is easy to figure out in
which interval the object is hidden by the target.

-
=

10
Shadow

o

o
(=]

Rel. power (dB)
3

Paower ratio PR (dB)
in

{ 10
= I 2.45GHz 15
T 433MHz
30 20
0 100 200 300 400 500 0 100 200 300 400 500
Measuring point Measuring point

Fig. 5. Detection of a target hidden by a single object above: normalized
received power at the two frequencies, below: power ratio for
the detection (distanceyy gy = 36 m, antenna hight;y = 1.2 m,
antenna hightzy = 0.8 m, ground: mown grassland)
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At certain distances, strong peaks in signal power arise in the shadow region
resulting from interference between waves diffracted around different sides
of the scattering object which can be verified through comparing propagation
paths. At scattering objects with big radii, creeping waves have been detected.
This has been verified through calculation of ray propagation paths leading to
points with destructive interference which agree with measured peaks in the
diffracted wave signal [4].

5 Detection of Hidden Targets in Road Traffic Scenarios

Several different road traffic scenarios have been analyzed to verify that the
results are repeatable. Figure 6 shows a typical situation - parked cars at the
roadside. In the first measurement, the emitter (TX) moves normal to the road
in a certain distance to the parking car. The receiver (RX) is placed at a fixed
position at the road. With this configuration, the scenario of a VRU moving
from invisible positions to visibility is analyzed at a fixed position of the car.
The measurement starts at d; = 10 m corresponding to the measuring point
(MP) zero in figure 7, where the target is hidden by the cars. After MP 390,
the target person becomes visible for the receiver, and TX and RX are in LOS.
By setting the threshold again at -5 dB, the target person can be identified as
hidden (before MP 390) or as visible (afterwards). In this case, the detection
has a reliability of about 95% for the target positions regarded. By averaging
the signal over a certain time period, the error probability can be minimized.

% 1 8

4 4, (distance RX — car)
y =
@ Course RX =

d; (distance RX = TX)

"! .y,
an.?

&

g

{ebpa - X1 @ouels|p) p

(420 — x| @oUelSIp) tp

X1 @sinog |

Fig. 6. Measurement configuration for traffic situations
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Disturbing ripples of up to 20 dB arise due to constructive and destructive
interference between direct and reflected waves in LOS case between dif-
fracted and reflected waves or also between several diffracted waves in the
shadow region. By averaging the signal over a certain period of time, the
power ratio between the two frequencies for hidden targets amounts always
to about 15 dB relating to O dB for LOS. This result was confirmed in different
measurements with moving targets and coincides with the theoretical calcula-
tion of chapter 2.

10 - .
g Shadow Region
S M\ ol
o
% Sk ﬂ‘l\ A J\nﬂ
.10 V
2 P=15d8 /
@ 45l A y f |
F ] ]
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-2 YIVETRT SV v ) ——— 248 GHz 7
vt [ . ¥ o th
o5 W v, ; i } L L a—
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Measuring point
10 II T T T ! | II
- PR gg) = Prel. 245012 48P rel. 4330z e AN A [
m - L ; | i i g ! 1 A
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Fig. 7. Detection measurement of a moving target; above: normalized
received power at the two frequencies, below: power ratio
for the detection (d, = 30m, d; =1m, d; = 1m, antenna
heighyy = 0.8 m, antenna heightgy = 0.6 m, ground: asphalt)

The following measurement takes place in the same scenario indicated in
figure 6 but with a moving receiver (RX) and an emitter at fixed positions.
The receiver moves parallel to the street as can be seen from Fig. 6. During
this measurement, the emitter remains at a fixed position. Two measurement
results with different target - edge distances (d;) have been put together in
Fig. 8: d; ;os = 0 m (target just visible) and d; y;ppry = 2 m (target hidden).
With this configuration the scenario of a moving car is analyzed in two cases
— one with a hidden VRU and one with a VRU just visible.
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Fig. 8. Detection measurement of a moving target, above: received
power at the two frequencies, below: power ratio for the detec-
tion (d; = 1m and dy = 1m, d;;pg = 0m (target just visible)
and d; yipppy = 2 m (target hidden) antenna height;y = 0.8 m,
antenna heightgy = 0.6 m, ground: asphalt)

The movement starts at a target distance of d, = 35 m (MP 0) and stops at
d, = 2 m (MP 400). At the last few meters there is a big misalignment of the
antennas because TX is displaced from the RX moving path by 3 m (target hid-
den) or 1 m (target in LOS) respectively. So these values after MP 350 are not
used for calculation of the mean value. In contrast to the prior measurements
which show relative power levels this time the absolute signal power as a func-
tion of distance is shown in the upper graph of figure 8. The difference in the
mean values of the power ratio in LOS and hidden case range with 18 dB in
the same size as in the previous measurements. The signal difference is at all
distances big enough for detection of hidden targets. By setting the threshold
again to —5 dB, the detection has a reliability of more than 95%.
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The height of the antenna over the ground has a big impact on the measure-
ment results. If both antennas are at a height where LOS can be achieved
through the windows of the cars, the signal difference is less because the sig-
nals experience double slit diffraction. For 2.45 GHz, the slit (car window) is
big enough that at RX a signal power level is measured which is even higher
than for LOS because of Fresnel diffraction. Otherwise, if the antennas are
placed too low above the ground, destructive interference of the direct signal
with the signal reflected on the ground occurs and Frii's transmission equa-
tion gets invalid and has to be replaced by the two-ray model. In this case,
at certain distances, the 2.45 GHz signal is attenuated up to 20 dB, and the
detection will be incorrect.

5 Conclusion

In this paper, the detection of hidden persons by using a transponder attached
at the person is demonstrated. It has been shown that wavelength dependent
diffraction effects can be utilised for the detection whether an emitter is hid-
den. In order to show that this effect is measurable without measurement
equipment, a RF-measuring system was developed and built up for 2.45 GHz
and for 433 MHz. In open space areas with the used system configuration,
detection of targets hidden by single big objects can be achieved up to 60 m
distance between TX and RX. Here the power difference amounts to about
15 dB between hidden emitters relating to O dB for LOS confirming the theo-
retical calculation of chapter 2.

Several target detection measurements in different road traffic scenarios have
been carried out. The strong ripple in the power measurement arises from
multipath propagation. By averaging the signal over a certain period of time,
the power ratio between the two frequencies for hidden targets amounts to
about 12 -18 dB relating to O dB for LOS.

The detection whether a target is hidden behind a car is possible at any ori-
entation of the car but depends on the height of the emitter. Relatively small
objects like persons or street lamp poles in the signal path do not lead to detec-
tion which may be desirable.

The results were confirmed in many different measurements with moving
targets and also with moving receivers. Multipath propagation causes strong
interferences. Especially in situations with buildings or other objects at the
roadside, a detection with-non averaged measurement values is in some cases
impossible because of the strong ripple in signal power. A solution to overcome
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this problem is using diversity reception. In this case, for the reception of a
continuous wave signal only, this can be accomplished by switching two or
more antennas consecutively to one LNA and always taking the highest signal
value.

An important aspect is to set the threshold at a level with the best detection
reliability between LOS and hidden target. A variable threshold depending on
other parameters such as distance between RX and TX which has to be mea-
sured simultaneously may be advantageous.

If the body of the target person turns into the signal path, both frequencies
are attenuated up to 30 dB. This attenuation does not arise at the same turn-
ing angle for both frequencies, so an additional power difference of more than
15 dB must be taken into account, too. For this reason, the error probability
in detection for statistical target orientation increases significantly. Further
investigations have to be made to determine the impact of the target person’s
orientation at different road traffic situations.
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Abstract

According to the “Ambient Intelligence” concept (Aml), Tecnalia-
Automocién is working on several new applications and one of
them is an ECG sensor integrated with the steering wheel. A previ-
ously developed prototype of a sensorized active headrest which was
designed to maintain desired horizontal and vertical safety distances
to head is related to this work.

Even though no continuous ECG signal could be acquired from the
steering wheel because hands position is changing, nevertheless
it would be possible to sample this information and find out how
some particular parameters are changing during the driving activ-
ity, like those based on HRV (Heart Rate Variability). Then, Tecnalia-
Automocién is designing a networked solution with smart sensors
and actuators integrating the IEEE 1451 standard group, to be
applied to the previously mentioned active headrest prototype and
this ECG sensor.

1 Introduction

Aml is the abbreviation for the "Ambient Intelligence” concept, the selected
words by ISTAG (Information Society Technologies Advisory Group) as a guiding
vision to give an overall direction to Europe’s Information Societies Technology
programme. Aml stresses the importance of social and human factors as well
as developing the base technologies on which aspects of the vision are founded,
and it's the limit of a process which introduces the technology into people’s
lives in such a way that the introduction never feels like a conscious learning
curve: no special interface is needed because human experience is already a
rich ‘Manual’ of ways of interfacing to changing systems and services.

According to these "Aml” principles, Tecnalia-Automocién is working on sev-
eral new applications. One of them is a developed prototype of a sensorised
active headrest which it is shown within, the “Previous works” chapter. This
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application defins some common solutions to network several sensors and
actuators for other different AmI applications.

The number of car sensors and actuators is increasing (an average car has
between 50 and 100 sensors). This means that solutions related to network-
ing sensors and more intelligent sensors (more features on the sensor side)
are being considered as strategic ways for the future, not only for sensors but
also for actuators as elements to execute actions within a distributed control
system. Tecnalia-Automocion is researching intelligent sensor networks and
his availability and application in car systems and devices. All sensors and
actuators mentioned would be integrated within a networked system taking
the IEEE 1451 standard for a “plug & play” system into account.

In the following paragraphs is described how these concepts and standards
considered for the active headrest are being applied to an ECG sensor.

2  Previous Works

One of the previously mentioned applications is a developed prototype of a
sensorized active headrest which was designed to maintain desired horizontal
and vertical safety distances to driver head.

This active headrest detects the position of the user’s head using measured
information by contact-less devices: two infrared sensors placed in the head-
rest. One of them is a presence detecting sensor and the other one is an
analogical sensor to measure the distance to an object. With these, we can
pinpoint the edge of the head and find out the distance from the headrest to
the head. The system adjusts the headrest to the optimal safety position using
two independent motion controls for the horizontal and vertical directions. A
clarifying scheme is shown in Fig. 1.

All sensors (4) and actuators (2) of this application were designed to be inte-
grated within a networked system and taking the IEEE 1451 standard for a
“plug & play” system into account.

The following paragraphs describe how concepts and standards related to
intelligent sensor networks are applied to an ECG sensor too.
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3 ECG Sensor: State of the Art

Two different anatomical structures are used as physiological indicators of
workload measures: Central Nervous System (CNS, it includes the brain, brain
stem, and spinal cord cells), and Peripheral Nervous System (PNS). The PNS can
be divided into the Somatic Nervous System (SoNS), which is concerned with
the activation of voluntary muscles and Autonomic Nervous System (AuNS),
which controls internal organs and is autonomous because AuNS innervated
muscles are not under voluntary control. The AuNS is further subdivided into
the Parasympathetic Nervous System (PalNS) maintaining bodily functions and
the Sympathetic Nervous System (SyNS) for emergency reactions.

Infrarad Infrared

P

X

\1'9

wgw
Al

4 \ .
a-.:@ P

Hanzontal Verbcal

Fig. 1.  Active headrest

Most organs are dually innervated both by SyNS and PaNS, and both can be
coactive, reciprocally active, or independently active. Heart rate is controlled
by the AuNS.

Physiological Indicators

Fig. 2. Anatomical structures
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3.1 Heart Activity

As mentioned before, the heart is innervated both by the PaNS and SyNS. Each
heart contraction is produced by electrical impulses that can be measured in
the form of the ECG (Electrocardiogram). The following figure shows typical
register of heart electrical activity:

R

Fig. 3. Heart activity

Time domain, frequency and amplitude measures can be derived from the
ECG signal:

Time Domain:

In the time domain the R-Waves of the ECG are detected, and the time between
these peaks (IBI: Inter Beat Interval) is calculated. IBI is directly related to
Heart Rate (HR), however, this relation is non linear and IBI is more normally
distributed in samples compared with HR. Therefore, IBI scores should be used
for detection and testing of differences between mean HR. IBI scales is less
influenced by trends than the HR scale.

According to some scientific works, average heart rate during task perfor-
mance compared to rest-baseline measurement is a fairly accurate measure
of metabolic activity, and not only physical effort affects heart rate level.
Emotional factors, such high as responsibility or the fear of failing a test, also
influence mean heart rate. Other factors affecting cardiac activity are speech
and high G-forces. The effect of sedative drugs and time-on-task resulting in
fatigue is a decrease in average HR, while low amounts of alcohol are reported
to increase HR.

In the time domain, heart rate variability (HRV) is also used as measure of
mental load. HRV provides additional information to average HR about the
feedback between the cardiovascular systems and CNS structures. In general
HRV decrease is more sensitive to increases in workload than HR increase,
although there have been several reports of both HR and HRV unaffected. One
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of the causes for finding no effect of mental load on HRV lies in the globalness
of the measure and its sensitivity to physical load. Some works showed that an
increase in physical load decreased HRV and increased HR, while an increase
in mental load was accompanied by a reduced HRV and no effect on HR (Lee
& Park, 1990). Fatigue is reported to increase HRV (Mascord & Heath, 1992)
while low amounts of alcohol decrease HRV (Gonzalez Gonzalez et al., 1992).

Frequency Domain:

In frequency domain, HRV is decomposed into components that are associated
with biological control mechanisms (Kramer, 1991; Porges & Byrne, 1992).
Three frequency bands have been identified (L.J.M. Mulder, 1988, 1992): a
low frequency band (0.02-0.06 Hz) believed to be related to the regulation
of the body temperature, a mid frequency band (0.07-0.14 Hz) related to
the short term blood-pressure regulation and a high frequency band (0.15-
0.50 Hz) believed to be influenced by respiratory-related fluctuations (vagal,
PaNS influenced — Kramer, 1991):

Low {0.04 - 0.15Hz)

High (0.8 - 0.4Hz)

PSD

0.02 01 0.18 s 0.4 042 0.5

Fig. 4. HRV: frequency analysis (PSD =Power Spectral Density). (The John
D. & Catherine T. MacArthur Foundation)

A decrease in power in the mid frequency band (0,10 Hz"” component) and in
the high frequency band have been shown to be related to mental effort and
task demands (Jorna, 1992; Backs & Seljos, 1994; Paas et al.-1994).
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Amplitude Domain:

Finally, amplitude information from the ECG signal can be used to obtain infor-
mation about workload. The amplitude of the T-wave (TWA) is said to mainly
reflect SyNS (Furedy, 1996) and decreases with increases in effort.

3.2 Driver mental workload

The reason to consider the integration of driver ECG signal within the car sys-
tem is closed related to the “driver mental workload” measurement and the
relation with some physiological indices. One of them is the heart activity and
the changes produced on some parameters calculated from the ECG signal.

Driving is a very dynamic task in a changing environment. Moreover, the driv-
ing task is large influenced by drivers themselves. Nowadays, there are factors
that may even lead to increased human failure in traffic:

» The number of vehicles on the road is increasing, so increased road
intensity leads to higher demands on the human information process-
ing system and an increased likelihood of vehicle collisious.

» People continue to drive well into old age. Elderly people suffer from
specific problems in terms of divided attention performance, a task
that is more and more required in traffic. One of the causes of these
increased demands is the introduction of new technology into the vehi-
cle.

P Drivers in a diminished state endanger safety on the road (longer
journeys, night time driving, and so on). Driver fatigue is currently an
important factor in accident causation.

The above mentioned factors and situations have in common that in all cases
driver workload is affected. Although there are several definitions and mod-
els to explain it, *mental workload” could be defined as a relative concept; it
would be the ratio of demand to allocated resources. From this point of view,
several scientific works have demonstrated that some parameters obtained
from physiological measures (pupil diameter, heart rate and respiratory,
electro dermal activity, EEG, electro-oculography, ...) could help to know the
driver’s mental workload and one of them is the ECG. Due to its low level
invasive characteristic, ECG information seems very interesting information
to increase safety in driving tasks. Main idea is to use laboratory methods
considered in traffic research and based on ECG signal, and integrate these in
a car to improve safety and/or wellness.
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4  Adopted Solution

Measurement of heart rate is not very complex, the ECG signal needs little
amplification (about 10 to 20 times less as EEG) and electrode placement is
not very critical if measurement is limited to R-wave detection and registra-
tion. Then, the following solution has been selected by Tecnalia-Automocién to
integrate an ECG sensor in a car:

So no continuous ECG signal could be acquired from the steering wheel
because hands position is changing, nevertheless it would be possible to
sample this information and find out how some particular parameters are
changing during the driving activity. According to this schema, heart rate (HR)
may provide an index of overall workload, and spectral analysis of heart rate
variability (HRV) would be more useful as index of cognitive, mental workload
(Wilson & Eggemeier, 1991).

Steering wheel

Pre-Amplifier

Fig. 5. Adopted solution.

4.1 Networking

Tecnalia-Automocion is designing a networked solution with smart sensors and
actuators, to be applied to the previously mentioned active headrest prototype
and this ECG sensor.
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Fig. 6. Networked solution.

Both developments, the active headrest and ECG sensor, will be integrated in
a system with one NCAP (Network Capable Application Processor) and two
STIM's (Smart Transducer Interface Module). As shown in Fig. 6, one STIM
will collect information from four different sensors (Infrareds, Horizontal and
Vertical). In the same way, the STIM will be connected to the two actuators of
the head-rest system (horizontal and vertical). On the other hand, one STIM
more will be dedicated to ECG sensor getting data from a pre-amplifier & fil-
ter device. So, all sensors’ data and actuators’ control will be accessible from
a NCAP device. This networked strategy will let to combine information from
these two STIMs (and others in the future) and improve safety in driving activ-
ity by monitoring the driver mental workload, taking into account that this
parameter is not easy to be measured and evaluated. In this case, data about
head position would be complementary and welcome.

4.2 Plug & Play Feature

Sensors and actuators for both AmI developments (active headrest and ECG)
will be integrated within a networked system taking into account the IEEE
1451 standard to add “plug & play” feature.

The family of IEEE 1451 is a group of seven standards, some of them in revi-
sion phase, describing a set of open, common, network-independent communi-
cation interfaces for connecting transducers (sensors or actuators) to micropro-
cessors, instrumentation systems, and control networks; and to make it easier
for transducer manufacturers to develop smart devices and to interface these
devices to networks, systems, and instruments. The goal of 1451 is to allow
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the access of transducer data through a common set of interfaces whether the
transducers are connected to systems via a wired or wireless means.

Only the following two standards from the IEEE 1451 group have been con-
sidered in this work:

IEEE P1451.0: providing a uniform set of commands and TEDS (Transducer
Electronic Data Sheet) for the family of IEEE 1451 smart transducer standards.
This command set let to access any sensors or actuators in the 1451-based
networks. This standard will be used to assure uniformity within the family of
IEEE 1451.x interface standards.

IEEE P1451.6: defining a transducer-to-NCAP interface and TEDS using the
high-speed CANopen network interface. It defines a mapping of the 1451
TEDS to the CANopen dictionary entries as well as communication messages,
process data, configuration parameter, and diagnosis information.

TEDS definition is the key feature of this family of standards and it would be a
memory device attached to the transducer having information like transducer
identification, calibration, correction data, measurement range, manufacture-
related information, and so on.

A general overview for the ECG sensor STIM is shown in Fig. 7:

STIM

2]

IEEE 1451.6

CONDITIONING
& CONVERSION

Fig. 7. STIM.

STIM has been designed considering tree modules working together too.
SW_TIM_01 will be an implementation of IEEE 1451.6 standard (STIM side).
SW_TIM_02 will have implemented the 1451.0 standard and will manage
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TEDS with all information related to the ECG sensor connected to this STIM.
Finally, SW_TIM_O03 will do conditioning tasks for data received from ECG
Pre-Amplifier. As it's shown in the previous figure, two more interfaces are
considered (INTF_03 and INTF_04). This STIM device will be similar device
for the active headrest but only modifying his TEDS data according to his con-
nected sensors and actuators.

5 Conclusions

Summarizing all activities carried out in this work, the following conclusions
could be underlined:

P The number of car sensors and actuators is increasing, it means that
solutions related to networking sensors and more intelligent sensors are
being considered as strategic ways for the future.

» Tecnalia-Automocion is researching intelligent sensor networks for AmI
systems and his application in cars: A networked solution formed by an
active headrest and an ECG sensor is being developed.

» The driving task is very influenced by drivers themselves and there are
factors that may even lead to increased human failure in traffic. These
factors and situations have in common that in all cases driver mental
workload is affected.

» Some scientific works have demonstrated that some parameters
obtained from physiological measures (pupil diameter, heart rate and
respiratory, electro dermal activity, EEG, ...) could help to know the
driver mental workload.

» One of them is the ECG and due to his low level invasive characteristic,
ECG information seems very interesting information to increase safety
and/or wellness in driving tasks.

P Related to the ECG, a sensorized steering wheel has been adopted to
acquire ECG signal, sample this information and analyse some particu-
lar parameters: HR to provide an index of overall workload, and HRV
spectral analysis as index of cognitive and mental workload.

P Sensors and actuators for both AmI developments (active headrest and
ECG) will be integrated within a networked system taking into account
the IEEE 1451 standard to add “plug & play” feature.
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Multi Spectral Pedestrian Detection and Localization
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Abstract

A fusion method of multi spectral video sources for pedestrian
localization is presented. The question of how an image from a far-
infrared (FIR) camera can be registered with an image from a CMOS
video camera to extract distance information is discussed. Because
the nature of thermal images is quite different to standard video
images, one of the biggest challenges is to find mutual information
from each of the cameras that can be combined. A new approach
for multi-modal stereo-matching based on contour information as
common feature is introduced. In the first step, the object contour
is extracted on hot spots in the FIR image by means of extended
active contour models. In the second step the stereo correspondence
problem is solved with a fast active contour shape matching algo-
rithm utilizing the epipolar constraint. Finally, a postponed image
classification based on histograms of gradients decides if the region
of interest encloses a relevant object such as a pedestrian.

1 Introduction

Currently, several automotive manufacturers offer night vision systems based
on far infrared technology (FIR). These systems support the driver in low-light
situations by highlighting non- or sparsely illuminated living objects such as
pedestrians and animals. FIR systems use an imager which directly measures
the thermal radiation of objects. The primary advantage of a FIR imager is the
high-contrast mapping of objects like pedestrians, animals and vehicles which
are warm in comparison to the background. This enables both an improved
visibility of far distanced objects to the driver and an enhanced recognition
potential for an automated image vision system.

Future driver assistance systems will require increased reliability in environ-
mental perception and data representation of the real world. Systems like
collision warning or autonomous braking for example also require accurate
distance estimates of relevant objects. With a monocular vision system, only a
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rough longitudinal position information can be estimated by means of model
assumptions like the flat world assumption. However, with multi-camera sys-
tems an improvement of the classification and localization quality is achievable.
Although depth information can be deduced through a disparity analysis of
multiple images, it is not desirable to purchase two FIR-cameras, due to the
additional costs and limited installation space in the car. Therefore, it would be
very attractive to combine data from a FIR camera with a CMOS video camera
since there may be a video camera already in the car for other driver assistance
systems (e.g. lane departure warning). The major difficulty is that most well-
known standard stereo algorithms that calculate disparities based on image
intensities would fail.

The paper at hand describes a multi-camera computer vision algorithm that
processes images taken with a multi spectral stereo system which is composed
of a FIR and a video camera. The nature of FIR-images is quite different from
standard vision-based images. On surfaces with homogeneous temperature
and thermal emissivity, the resulting image will appear unstructured in the
FIR image while the object may have a textured pattern in the visible spec-
trum. Conversely, an object that is untextured in the visible spectrum but has
a distribution in surface temperature would look quite structured in a FIR
image. Thus, texture information is not suitable to combine these mixed video-
sources.

Consequently, the introduced approach operates solely on contour information.
The presented solution utilizes pedestrian hypotheses which are provided by a
monocular FIR system. In a further step it extracts the object contour by means
of active contour models. A high performance shape matching algorithm based
on epipolar constraints calculates a corresponding match of the contour in the
video image. Finally, the distance information of the model can be deduced via
triangulation.

2  Multi-Spectral Stereo Algorithm

Since texture information is not suitable to combine multi modal video-sources
we solely operate on contour information. Active-Contour Models, first intro-
duced by Kass [1], are curves defined within an image domain that can be
deformed under the influence of internal and external forces to lock onto
features of interest in an image. Usually, the features are object boundaries
defined by an edge map. Active Contours are widely used in many applica-
tions, including edge detection [1], shape modeling [2], segmentation [3], and
motion tracking [4]. Given an initial guess of the pedestrians boundary in an
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image, active contour models can find the “actual” boundary of an object and
with some modifications to the energy formulation they can be used in a fast
shape matching algorithm to solve the stereo correspondence problem for
multi spectral images.

2.1 Parametric Active-Contour Model

A parametric Active-Contour Model [5] is represented as an ordered collection
of n contour points in the image plane:

\' {viseeayVa}

(xi,3i)s f:{l,...,ﬂ}

[

(1a)
Vi

where v, corresponds to the image point (x;.y;). Every point v; has one predeces-
sor v, and one successor v, |, where vy = v, and v, | = v|. In the practical use
case of representing a pedestrians shape as a deformable contour, a first initial
approximation is needed. Due to the large number of variation in appearance,
a simplified and general model turns out to be the best. Particularly, a centered
ellipse representation is chosen (see Eq. 1(a)).

In a second step the initial active contour model is modified iteratively from
its position through a process of local minimisation of an energy functional.
For each image point in an rectangular neighborhood of v;, an energy term is
computed:

Ei = aEcn(vi) + BEawn(¥i) + YEing(Vi)
~ e Y N o (1b)
internal forces external forces

where the "internal forces" are coming from within the curve itself and the
"external forces" are computed from the image data. ¢, 3 and ¥ are constants
providing the relative weighting of the energy terms and E;, E.,,,,, E..., and E;;,
are matrices = R"*". The value at the center of each matrix corresponds to the
contour energy at the image point v,. Other values in the matrices, named as
E(v;)/* correspond to the energy at each point in the m x m neighborhood of v,
while p, * denotes the image points around v;. The definitions of E.,, and E,,,,
have been adopted from [6]. The external force E;,, is the common formulation
of the negative gradient magnitude.
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Eon(vi)* = d—|p/*—viuil2 (1c)
Eaurn(Vi)* = |Vie1 =207 + Vi 2 (1d)
Emg(vi)* = —|Vf(p!") (le)

The Eq. (1c) tries to minimize the distance between the contour points which
has the effect of causing the contour to shrink. The first term is the average
euclidean distance between all points v;,. The Eq. (1d) forces the contour to be
smooth and Eq. (1e) attracts the contour toward the strongest image gradient
Jf{...). At each iteration step the energy function E; is evaluated for the current
point v; and for the points p‘,-i *in its mxm neighborhood. All contour points v;
are moved to the position in their neighborhood which attains the minimum
energy, assuming that this local solution approaches the global optimum. The
iteration process is aborted if the length of the model outline u = Y ; ||vi — vit1]|2
does not change any longer or if a maximum amount of iteration steps is
reached (see Fig. 1). These terminating conditions ensure both a stable model
shape and an abort in case of incorrect behavior.

Fig. 1. Approximation of a pedestrian shape with an active contour model
after O (a, left), 16 (b, middle left), 24 (c, middle right) and finally
in the stable stage after 32 (d, right) iterations. The contour points
Vi are marked by yellow crosses.

2.2 Improvements

In the conventional Active-Contour Models as defined in (1b), only the gradient
magnitude contributes to the "external forces” energy. However, the simple
force definition of Ej,, has some major disadvantages. When an image has
a complex background, the active contour gets confused by including strong
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background gradients into the minimisation process (see Eq. 1(d)). In order to
improve the effectiveness of the active contour, it is helpful to use all available
information. It is assumed, that a pedestrian in a FIR Image always appears
warmer and therefore with higher intensity values than the surrounding back-
ground objects. The image gradient direction is defined as

8)‘("&))
O (v;) = arctan 2 (— 1
( I) gx(“rr') ( f)
where g:(v;) is the horizontal and g,(v;) the vertical image gradient at position
(x;,¥7). The gradient map can be obtained by applying an arbitrary gradient
operator to the image, such as Sobel or Prewitt.

First, the absolute difference 6» between the image gradient direction 6¢(v;)
and the model orientation 6y(v;) = arctan2 (‘ P ) is computed by:

Xj— ) —Xi

(m—1086(vi) — 6u(v;)]) modzm  6a(vi)>m

Os(vi) = |86 (vi) — Ope(vy)] clse

Finally, the definition of the external force from Eq. (1e) is replaced by

-V o) <e

Enmglvi)'* = (1g)
0 else

where image gradient magnitudes are excluded whose directions differ more
than a threshold € from the active contour model gradient direction.

This redefinition of the extended force equation improves the result of the
contour approximation in many practical cases, but there is still one major
problem. Caused by the limited capture range of the m x m matrix E;,, and
the local property of the edge magnitude Vf, active contours have difficulties
progressing into boundary concavities. For example, the head-shoulder body
part of a pedestrian is such a region. The basic idea is to increase the capture
range of the external force field to guide the active contour toward the desired
boundary. One solution is to apply a nonlinear transformation to the edge
magnitude map. This transformation, known as “distance potential forces” [7]
does not change the direction of the gradients, only their magnitudes. A better
solution that addresses to that problem is the gradient vector flow (GVF) [8,
9]. The approach extends the gradient map farther away from the edges and
into homogeneous regions using a gradient directional preserving diffusion
process (see Fig. 2(a) and 2(b)). The gradient vector flow field is the vector field
V(x.y) = lulx.y) = ge(x,¥). v(x.y) = gy(x,y)] that minimizes the energy functional:
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¢= / /u(u_% iy +vi+v=y?) + |V~ V[ Pdxdy. (1h)

To obtain the corresponding dynamic active contour equation, the external
force — |V f(x,y)| in Eq. (1g) and the gradient direction 6;(x,y) in Eq. (1f) are
simply replaced by:

=V )| = yJulxy)?+v(x,y)? (1i)
(e v) — u(x,y) )
6;(x,y) = arctan2 (v(x:y) ) (1))

2.3 Active-Contour Matching with Epipolar Constraint

The objective of the shape matching algorithm is to find a set of corresponding
points V' = {v,...v,} in the video image that maximizes some cost function. It
is assumed, that this set of points is the most feasible match of the extracted
active contour shape V in the FIR image. In the literature, there are many
investigations devoted to the problem of matching a shape represented by a
ordered set of points to an image [10, 11, 12]. However, the results by which-
ever method are not satisfactory because the correspondence problem v, < v:-
is not straightforward to find a fast uniquely one-to-one mapping between the
two images. Our stereo matching algorithm solves the correspondence prob-
lem by stepwise model shifting in a predefined search window utilizing the
epipolar geometry.

Let X; be a 3D Point, P;X; = x; and P,X; = x; be its projections into image 1 and
image 2. P; and P, are two projection matrices ¢ R3*4. For every point x; its
corresponding point x: satisfies the epipolar constraint:

xTFx =0 (22)
where F is known as the fundamental matrix [13]. If the relative camera
geometry is known, then, given a point v;, its epipolar line l,f = Fv; can be com-
puted and the search space can be restricted to the line I,’-. In the practical case
of searching a pedestrian model, which is a representation of an 3D object
where the minimum and maximum dimensions h;”,{’;’},,d, nex, , in the real world
are known, its corresponding model point v;- has only to be searched along a
restricted part of 1,'- rather than the whole epipolar line (see Fig. 3). If the height
hworia. the focal length f and the height in the image plane £;y,q,., Which is the
major axis of the model V, is known, these dimensions can be directly trans-
formed to a distance interval D = [dyy, . . . dya] Where d = Lfueid

himage
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I
i g

Fig. 2. Gradient vector field of a FIR pedestrian with bidirectional gradi-
ent direction and a decreasing gradient strength from red to blue.
Gradient vector field with GVF after O (a, left) and 120 (d, right)
iterations. Approximation of a pedestrian shape with an active con-
tour model based on GVF after 8 (a) and finally in the stable stage
after 24 (d) iterations.

The next step is to compute a set of models

' ' ' ’
-#smmh = {Evll yeee ,"'"El, un !L("]m! vaey ‘,nkz} (Zb)
VTI \::k

which cover the entire restricted search space in the video image. .#seur; Can
be obtained by applying a back-projection to every contour point v; in the first
image. A more accurate and faster solution can be obtained by using a back-
projection only for d,,;, and d,,,,..

v = PyXi(domin) (20)
V:-w = &Xi(dmax)

For the » model points the distance &;(x,y) = pmax _ymin | jg multiplied by a scal-
p i i

ing factor « < 1. By means of the step-size width &(x.y) = a&;(x,y) all points

'min max

between v/ and v/*** can be calculated by linear interpolation.
f Foos
-#_;mr{-ﬁ — {(VIM‘H,. . '1vﬂﬂlﬂ1’)‘
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Fig. 3. Left: Projection P, from X,-'""ﬂ X" to v;. Right: Projection P from
. g . ’ .
XM, X" 1o v/ and v;"**. The new restricted search space at the
epipolar line l; is color-marked.

Fig. 4. (a, left) Multiple projections of the active contour model into the
video image. The height of the model has been scaled within the
interval [0.8...2.4] m. The distance has been increased with a
step width of 0.4 m. The epipolar lines for the head and the foot
point are marked in blue colour. (b, right) Model .//{,,p, with the
smallest error.

In a last step the best fitting projected active contour model V,,; in respect to
the edge information has to be selected out of .#se.r. If the correct correspond-
ing model in the video image has been found, the distance of the pedestrian
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can be deduced via triangulation. As a result of noise and imprecise calibration
the resulting lines are skewed and do not fullfil the epipolar constraint. For
that reason the point with the smallest distance to the two triangulation lines
has to be found. This can be achieved by solving a minimization problem with
a singular value decomposition [13]. The final distance result is the average of
all triangulated active contour model points.

3 Classification

The image region which is used as initial starting area for the active contour
stereo approach is selected by a hypotheses generation process which focuses
on hot spots in the far infrared image. The selection is performed in a rule-
based manner which solely utilizes simple edge relationships as hypothesis
indication. Thus, both the false positive and the true positive rate are rather
high. In order to discard as many non-pedestrian hypotheses as possible a sub-
sequent classification step is essential.

The feature set of the current state-of-the-art pedestrian detector from Dalal
and Triggs [14] is based on normalized Histograms of Oriented Gradient (HOG)
descriptors. They are similar to the SIFT image descriptors [15] but are com-
puted on a dense grid of uniformly spaced cells. An image with pixel size w x h
which is split up into histograms H; with » gradient bins and a rectangular cell
size of k pixels results in the feature vector

\'=(H|=(h|“...h,,]._H2“..,H%») (3)

A L2-normalization of the histograms is necessary to compensate for additive
and multiplicative illumination variations. Dalal achieved the best results with
a normalization which also accounts the cell neighbours. In order to preserve
real-time performance we decided to use a normalization without considering
the cell-context:

H;

A= ———
i

4)

Finally, a support vector machine with linear kernel is trained with the feature
vectors ¥; which are extracted from a sufficient amount of pedestrian and non-
pedestrian image patches.

The algorithm performs best if the pedestrian is image-centered with an
additional small pixel margin around. To ensure that, the best-match model
M,p: is chosen to calculate its rectangular bounding box. An extra margin rela-
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tive to the width and height of the bounding box is added to the region. The
image region is scaled with a linear filter to match the pedestrian model size
of 128x64. This has to be done, since the feature extraction operates solely on
equally-sized image patches.

4  Sensor Configuration

We have set up an experimental car with a CMOS video camera and a far infra-
red imaging device. The video camera is situated behind the wind shield on the
front passenger side while the far infrared imaging device has been integrated
into the bumper on the drivers side. These sensor mounting points have been
chosen to ensure an almost maximal possible camera-baseline for an automo-
tive front-percepting stereo-system (see Fig. 5). This leads to an increased
spatial accuracy in higher distances.

Fig. 5. Mounting locations of the video camera (top) and the far infrared
image device (bottom) on the experimental car.

5 Results

A first evaluation was performed on several outdoor scenarios under differ-
ent weather conditions (see Fig. 6, 7 and 8). All FIR pedestrian positions were
manually labeled [16] and serve as initial starting point for the active contour
model energy minimizing process. The scenes were recorded with constant
own car velocities and the pedestrians walked likewise in a constant manner.
Therefore, the measured distances between experimental car and located
pedestrian should also vary linearly.
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The measurement results of the 3D reconstruction are visualized in the scatter
plot diagrams. False active contour matches are highlighted with a circle. The
red regression line shows the linear behavior of the distance values. This pro-
cedure does not need ground truth data of the pedestrian positions. However,
a precise accuracy estimation is not possible with this course of action. Exact
ranging measures with a reference sensor such as a laser scanner would be
absolutely essential to determine measuring variances. The used evaluation
method offers only a rough performance estimation.

We achieve real-time capabilities on a dual core processor with 2.16 GHz as
long as only one model has to be calculated. The calculation times split up
as follows: Approximately 10% are needed for the calculation of the gradi-
ent images, 55% for the calculation of the active contour model including the
retrieval of the corresponding model in the video image, 15% for the triangu-
lation and reconstruction and 20% for the classification. The calculation time
sums up to 24 ms per model on average.

4

°
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o 10 20 30 40 50 60 70 80 920 100
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Fig. 6. Scene 1 was recorded at rainy weather on a testing site. The dis-
tance of the pedestrian which has been measured with the ACSA
algorithm is 26.8 m in the FIR and video images (a, upper left),
(b, upper right). (c, bottom) shows the measured distances in com-
parison to the linear regression (red line) while approaching the
pedestrian.
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Fig. 7.

Fig. 8.

50 100 150 200 250

t[ frames]
was recorded in the urban area. Warm background objects are
visible. The distance of the pedestrian in the FIR (a, upper left),
and the video (b, upper right), image is 33.7 m. (c, bottom) shows
the measured distances in comparison to the linear regression (red
line) while approaching the pedestrian

o o
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w . . . . . .
[ 20 40 60 80 100 120
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was recorded in the urban area epsdawn. The distance of the
pedestrian in the FIR (a, upper left), and the video (b, upper right),
image is 43.5 m. (c, bottom) shows the measured distances in com-
parison to the linear regression (red line) while approaching the

pedestrian.
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6 Conclusions and Future Work
6.1 Conclusions

The paper at hand proposes a fusion method of multi spectral video sources
for pedestrian localization. Since the nature of a FIR image is quite different
from a standard video image one of the biggest challenges is to find useful
information that can be combined from both imagers. A new approach for
stereo-matching, based on contour information as common feature, is intro-
duced. In the first step the object contour is extracted by using extended
active contour models with gradient vector flow. In the second step the stereo
correspondence problem is solved with a fast active contour shape matching
algorithm utilizing the epipolar constraint. Finally, a postponed multi-spectral
classification confirms or discards the object.

6.2 Future Work

There are some possibilities for additional methods to improve the conver-
gence of the active contours. Whenever the approximation of the pedestrian
contour does not fit well, the correct determination of the model position in
the video image applying the presented cost-function is not determinable.
The resulting effect is, that consecutively viewed position results can vary a
lot in the distance assigned to the reconstructed 3D-position. Improvements
in the accuracy of the pedestrian contour alignment should result in a higher
precision shape matching in the video image. The last but most important
point is the evaluation of image sequences in the corresponding FIR- and video
images.

Currently, the multi spectra stereo reconstruction is performed frame by
frame. Tracking methods incorporating driving dynamic, would improve the
object stability, even when consecutive classification results end up in false
negative matches. Several suitable tracking algorithms are conceivable [17,
18]. An object classified at time step ¢ could be reassigned at time step ¢+ 1
with a certain probability. Computing time can be reduced, whenever it is
possible to use a preformed initial active contour model from the preceding
step. Hence, the number of convergence iterations could be reduced signifi-
cantly, because there is no need to use the generalized ellipse as initial model.
Moreover, computational load can be significantly reduced by applying the
distance information derived from the 3D-reconstruction process. If a pedes-
trian can be matched to its preceding match the distance information from the
3D reconstruction can be added to the matching process and the search space
could be greatly reduced.

33
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Finally, further evaluation has to be performed to acquire both recognition
rates and accuracy on a more versatile training set. A reference sensor system
to acquire ground truth information is mandatory.
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Abstract

An MDSI (Multiple Double Short-Time Integration) range camera
consists of a grid of pixels which are utilized to measure the near
infrared laser intensity back-scattered from an illuminated scene. For
each pixel two consecutive intensity measurements are conducted
which encode the time-of-flight as well as the reflectance of the
illuminated objects. From these two intensity values the distance
to the object in the observed solid angle element can be computed.
Estimation of range camera parameters which are essential for
accurate range reconstruction can be performed using a coordinate-
measuring device. The corresponding calibration procedure, how-
ever, is tedious and inflexible. In this paper we therefore present a
new, simple and flexible approach to range camera calibration based
on separate representations of viewing rays corresponding to the
range pixels. Our approach uses range reconstruction superiority of
a calibrated gray-value camera for planar calibration patterns. The
resulting range information is given in the coordinate system of the
gray-value camera.

1 Introduction

To keep safe distances to obstacles and road users such as motor vehicles,
cyclists, and pedestrians, one needs reliable depth information to relevant
objects in the front scenario. Such range information can be obtained at low
cost using homogeneous multi-sensor systems combined of a matrix of time-
of-flight range sensors. Prominent examples of such sensors are laser scanners
and range cameras like the 64x8 range camera developed within IP PReVENT,
subproject UseRCams, led by Siemens CT.

A range camera consists of a grid of range pixels. Each range pixel provides
the distance between the observed scene and the sensor element. In a first
approximation, this distance can be idealized as being measured along a view-
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ing ray. A feasible way to realize a range camera, which is even suitable for out-
door measurements, has been presented by Mengel et. al. [1, 2]. In their MDSI
(Multiple Double Short-Time Integration) approach each range pixel integrates
the radiation emitted by a near infrared laser and reflected by the observed
objects during two time periods of different length. For each range measure-
ment two intensity acquisitions are made, starting consecutively at time ¢;
and f,, respectively. For each intensity measurement a separate laser pulse is
emitted. Let the radiation intensity at area element a A, where A is the active
sensor area, and time ¢ be denoted by (¢, f) and let the sensor sensitivity at
point a be denoted by (a). Then the (voltage) signals s and / corresponding to
the two integration measurements are given by the following expressions:

5= f [ ®(a.t) ¥(a) dadr 1= I [ ®(a.t) ¥(a)daar @
n oA noA

(These equations hold, provided that the movement of the scene objects is neg-
ligible - which implies that the reflectivity assigned to the observed solid angle
element remains constant during the two subsequent integration periods.)

Both acquisition periods start before the backscattered light from the associ-
ated laser pulse reaches the sensor surface. It is assumed that the inequality
t;+1,<t, holds, although the difference is very small. The short shutter period
t, is chosen in such a way that s contains a part of the laser radiation reflected
from the scene. This fraction depends on the round-trip run-time of the laser
pulse. The second shutter period ¢, is significantly longer than f; hence within
the period / all laser pulse radiation reflected from the solid angle element of
the scene is collected.

According to [1] the distance to the observed object is linear in the quotient s//.
In other words, for each range pixel there exist coefficients p,g, such that for
the distance to the observed scene d(s,l) the following holds:

d(s,l):p % +q @

A range camera calibration is conceived as an algorithm, which takes as
input for each range pixel a set of signal pairs (s;, [,),...,(s,, [,) obtained from
observed objects of known nature. It returns the parameters p and g for each
range pixel.

Finding a simple way how to obtain the parameters p and g turns out to
be a challenging task. The measured signals are subject to strong noise.
Furthermore, both signal values are perturbed by ambient influences, like
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reflectivity of the observed scene, saturation of the hardware units, or crosstalk
effects. A prevalent tool to perform range calibration is a coordinate measuring
device. However, the corresponding hardware setup is inflexible, expensive,
and time-consuming. Furthermore, such a calibration setup suffers from the
inherent error implied by the unknown relation between the coordinate sys-
tem of the range camera and that of the coordinate-measuring device.

A task equivalent to range calibration as defined above is to establish a func-
tion, which for two corresponding intensities provides the Z coordinate z(s,[)
of the observed world point in some user-defined reference coordinate system
rather than returning just the distance d(s,/) to the sensor surface pixel. In
automotive applications a suitable reference coordinate system may be defined
with regard to a front-view gray-value camera. Since the estimation of the
spatial relation between the range and gray-value camera is difficult, it is sen-
sible to represent the range information directly in the coordinate system of
the gray-value camera. Many applications of range cameras, like segmentation
of objects, can even be better performed using the Z coordinate instead of the
distance measure. For this reason, we speak of range calibration also in the
case of estimation of the function z.

In this paper we present a new simple and fully autonomous range calibration
procedure for an MDSI range camera which is simple to execute and can be
conducted largely autonomously. Our method is based on range reconstruc-
tion superiority of a calibrated gray-value camera for known observed objects.
The coordinate-measuring device is replaced in our approach by a gray-value
camera and a plate with a suitable pattern. Since the accuracy of calibration
plate reconstruction utilizing the gray-value camera is considerably higher
than of the range camera, the proposed procedure provides precise and stable
range camera calibration with respect to the coordinate system of the gray-
value camera. It is one result of this paper that pixel-wise range camera dis-
tance calibration and Z coordinate calibration are exchangeable: The obtained
parameters can be transformed into each other with little additional calibration
effort. Our contribution is a first step on the way to a full calibration of an MDSI
range camera: A fully calibrated MDSI range camera will not only provide dis-
tance data but also coordinate data.

The outline of the paper is as follows: In Section 2 the calibration setup and the
calibration procedure from the perspective of the user are described. Section 3
deals with the details of the calibration procedure and the corresponding math-
ematical background. In Section 4 we give a sketch of our experimental results
and we discuss the accuracy of the proposed method. Section 5 summarizes the
achieved results and gives an outlook about future development efforts.
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2 Hardware Setup

The hardware setup consists of an off-the-shelf gray-value camera and an MDSI
range camera with rigid mutual spatial relation. It has to be emphasized that
once the system has been calibrated the special relation between the gray-
value camera and the range camera must remain fixed. An obvious require-
ment is to keep the effects of the displacement parallax small. This implies
that the relevant fields of views (FoV) of both cameras overlap and that their
positions do not differ too much when compared to the distances of interest.

A sample calibration setup is depicted in Fig. 1. The gray-value camera must be
calibrated first, for example by using the methods described in [3].

Fig. 1. Hardware setup

The planar reference calibration pattern can be chosen mostly arbitrarily: It is
even possible to use different calibration patterns for different distance ranges.
The only requirement is that the calibration pattern can be used to reconstruct
the plane equation of the pattern surface in the gray-value camera coordinate
system. Several methods how to achieve this are described in [4]. One possible
pattern is depicted in Fig. 2.

During image sequence acquisition, the pattern is continuously exposed at dif-
ferent distances and orientations to both cameras. From these sequences, only
images of plane orientations orthogonal to the optical axis of the gray-value
camera are selected: Appropriate choices can be made by the requirement that
the parameters of each reconstructed plane Eq.

ax+by+cz=d 3)
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satisfy the following constraints:

((a5,)(1,0,0)) =0, ((a.b,c)(0.1,0))=o0. @

This is achieved by using stable geometric reasoning methods as described in

[5].

Fig. 2. Calibration plate

The above data acquisition procedure results in pairs of synchronously record-
ed gray-values and intensity images of the employed planar pattern. When a
sufficiently large number of pairs has been acquired, the calibration procedure
can be started off-line.

In order to determine whether or not the calibration plate is in fact mapped
onto a specific range pixel, a simple segmentation algorithm (see e.g. [6]) can be
applied to the quotient image of each pair of corresponding intensity images.
The correctness of this approach is justified by Eq. (2), considering that all
pixels behave in a similar way. Fig. 3 illustrates a mask image, where the high-
lighted range pixels of Fig. 3 (c) indicate the calibration plate.
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Fig. 3. Intensity images and the corresponding mask image of the calibra-
tion plate after segmentation. (a) Long intensity shutter (top), (b)
Short intensity shutter (middle), (c) Mask image (bottom).

3 Calibration Procedure

The reference coordinate system is defined by the coordinate system of the
gray-value camera. It is assumed that the perspective center and the optical
axis of the gray-value camera coincide with the origin and the Z-axis of the
reference coordinate system, respectively. It is assumed furthermore that the
exposure direction corresponds to the positive direction of the Z-axis.

The calibration procedure is conducted for each range pixel separately.
Suppose, for some range pixel one has obtained the measurement pairs, (s, /;),
..., (s,, 1,) and, by making use of the gray-value camera, the corresponding
plane equations

ax+by+cz=d,...ax+by+c, =d, (5)

The employed data acquisition procedure implies that ¢,=b,=0 and c;=1 for all
1 { n. This simply means that the optical axis of the gray-value camera is
orthogonal to each of the planes. The corresponding plane equations thus sim-
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plify to z=d;; that is, all points (x;, y;, z;) of the plane i have the same distance d;
to the XY plane of our reference coordinate system.

The range calibration thus yields the following least-squares problem:

0, 1 d,

0, 1 d,

Here, the shutter quotients are denoted by Q;=s/[;. The optimization problem
(6) can be solved by using a pseudo-inverse or, in an efficient and numerically
stable way, using Householder transformations [7].

It remains to be shown that the optimization problem in (6) is based on correct
assumptions. In our case we have to show that the linear model also applies to
the Z coordinate of points in our reference coordinate system: In other words
there exist some p ¢ €R which obey the following equation:

!

Z(si,li)=di =p % +q 7

l

Suppose the considered pixel has the range parameters p and ¢g as given in Eq.
(2). As before, the somewhat idealized assumption is made that the distance to
the plate is measured along the viewing ray {c+ur:ueR,*} where c=(c,c,c,)
denotes a point on the sensor surface and reR7 is normalized, i. e. | |r| | =1. Note
that all coordinates are given in the reference coordinate system. With regard
to the above considerations, the coordinates of the observed plane points
W;=(X;y;2;) are

i

Particularly the Z coordinate of each pixel is thus given by

di=cz+p%rz+qrZ ©

1
Setting p "=pr, and g =c,+gr, the following result has been shown:
The Z coordinate of points on a viewing ray of one range pixel is linear in the

intensity shutter quotient s// in any coordinate system obtained by an isometric
transformation from the coordinate system of the range camera.
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The validity of the optimization problem in (6) is a direct consequence of this
result. For the solution of (6), neither the viewing ray nor the transformation
between the coordinate systems of the gray-value and the range camera must
be explicitely taken into account.

Fig. 4. UseRCams range camera prototype

Fig. 5.  Calibration plate with identified points

4  Experimental Results

Experimental results were conducted with an MDSI range camera prototype
developed by the partners of the European project UseRCams led by Siemens
CT. The range camera has a resolution of 64x8 range pixels. The prototype is
shown in Fig. 4.
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The experimental calibration plate shown in Fig. 5 has been designed to be eas-
ily recognized by the gray-value camera in a variety of distances. Fig. 5 depicts
a gray-value image with an overlay of identified calibration points. The plane
reconstruction algorithm used for this plate follows the ideas in [4].

Fig. 6 shows some low resolution sample intensity images of the planar calibra-

tion plate. Note that the intensity images are scaled according to the aspect
ratio of the range camera pixels.
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Fig. 6. Gray-value and corresponding intensity images

All algorithms described in this paper are implemented and integrated into a
suitable graphical user interface. The required user interaction is negligible:
It only calls for the kick-off of the acquisition process and, after acquisition of
sufficiently many image pairs, for the activation of the calibration procedure.
The progress of image acquisition is controlled by the underlying application:
A visual feed-back signal is displayed after each range pixel has collected suf-
ficient data for accurate calibration. Fig. 7 shows the off-line user interface.
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Fig. 7.  Graphical user interface

The described range camera calibration procedure has been applied to an
indoor environment. Subsequently, image sequences resulting from a distinct
scene utilizing the very same calibration plate at a distance of approximately 5
meters were evaluated to cross-validate the primary calibration results. For the
cross-validation the same data acquisition procedure was used as for the initial
calibration. For each calibrated range pixel the absolute range reconstruction
error e(s;, [, d;) has been measured with respect to the calibration plate

e(sl.,l,,di)=p % +q-d. (10)

i

To obtain comprehensive results for our experiment we have assumed the
range reconstruction error of all range pixels to be identically distributed. With
this assumption one can aggregate sample data from all pixels as if being taken
from a single population. Fig. 8 shows the distribution of the absolute range
reconstruction error for all calibrated pixels.
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Fig. 8. Distribution of the range reconstruction error

From the distribution in Fig. 8 and the above assumptions it can be concluded
that errors with an absolute value of more than 16.5 cm occur in less than 25%
of all cases and that errors with an absolute value of more than 29.5 cm occur
in less than 5% of all cases. The error expectation of 0.02 cm confirms the accu-
racy of the novel calibration procedure and the correctness of our model. In
other words, the measured errors originate primarily from the sensor noise.
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5 Conclusions

We have presented a flexible low-cost, and simple-to-use calibration procedure
for an MDSI range camera utilizing an intrinsically fully calibrated gray-value
camera. The proposed procedure takes advantage of the superior range recon-
struction quality of algorithms for gray-value cameras for known objects. The
price one has to pay for such flexibility is the requirement to keep the gray-
value and the range camera in a fixed relation to each other once the calibra-
tion has been accomplished. For small deviations of the coordinate systems
the corresponding error can be neglected considering the measurement devia-
tions of the range camera. The accuracy and applicability of the new approach
has been evaluated using an MDSI sensor prototype developed in the project
UseRCams. As a challenging task for future research the complete reconstruc-
tion of the range camera viewing rays is considered; this will significantly
elaborate the calibration technique presented in this paper. A fully calibrated
range camera may even help to replace coordinate-measuring devices in the
future.

Acknowlegdments

This work was partially supported by the project MIDIAS funded by the
German Federal Ministry of Eduction and Research (BMBF) under grant no.
16SV2262.

References

[11 P. Mengel; G. Doemens; L. Listl, “"Fast range imaging by CMOS sensor
array through multiple double short time integration (MDSI),” in International
Conference of Image Processing (ICIP), Thessaloniki, Greece, October 2001, IEEE,
vol. I, pp. 169-172.

[2] O. Elkhalili; O. M. Schrey; P. Mengel; M. Petermann; W. Brockherde; B. J. Hosticka,
“A 4 x 64 pixel CMOS image sensor for 3-d measurement applications.,” IEEE
Journal of Solid-State Circuits, vol. 39, pp. 1208-1212, 2004.

[31 Z.Zhang, “A Flexible new technique for camera calibration,” Tech. Rep., Microsoft
Research, 1998, Technical Report MSR-TR-98-71.

[4] R. Hartley and A. Zisserman, Multiple View Geometry in Computer Vision, chap-
ter Epipolar Geometry and the Fundamental Matrix, Cambridge University Press,
2000.



MDSI Range Camera Calibration ‘ 61

[6] W.Forstner, “Uncertainty and projective geometry,” in Handbook of Computational
Geometry for Pattern Recognition, Computer Vision, Neurocomputing and
Robotics, E.Bayro-Corrochano, Ed. Springer, 2004.

[6] Y.J. Zhang, “A survey on evaluation methods for image segmentation,” Pattern
Recognition, vol. 29, no. 8, pp. 1335 — 1346, August 1996.

[7] C.L. Lawson and R.J. Hanson, Solving Least Squares Problems, Prentice-Hall,
Englewood Cliffs, NJ, 1974.

Tobias Hanning

University of Passau

Innstr. 43

94032 Passau

Germany
tobias.hanning@uni-passau.de

Aless Lasaruk

FORWISS, University of Passau
Innstr. 43

94032 Passau

Germany
lasaruk@forwiss.uni-passau.de

Reiner Wertheimer

BMW Group Forschung und Technik
Hanauer Str. 46

80937 Miinchen

Germany

reiner.wertheimer@bmw.de

Keywords: range camera, calibration, gray-value camera



Laserscanner Based Cooperative Pre-Data-Fusion

F. Ahlers, Ch. Stimming, Ibeo Automobile Sensor GmbH

Abstract

The Cooperative Pre-Data-Fusion is a novel approach for a coopera-
tive environment perception system. It is being developed within
the integrated research project SAFESPOT under the subproject
SAFEPROBE which specifies and develops an in-vehicle sensing plat-
form. This paper describes the approach of fusing Laserscanner data
with information of surrounding vehicles, transferred to the host-
vehicle using wireless network technology in a cooperative way.

1 Introduction

SAFESPOT is an integrated research project co-funded by the European
Commission Information Society Technologies among the initiatives of the 6th
Framework Program. The objective is to understand how intelligent vehicles
and intelligent roads can cooperate to produce a breakthrough for road safety.
Therefore, the general aim of the project is to create a Safety Margin Assistant,
detecting potentially dangerous situations between road users of any kind in
advance [1].

For a clear project structure, the development of the sensing platforms is
separated from the application development. This yields two subprojects, one
for the in-vehicle platform called SAFEPROBE and one for the infrastructure
platform referred to as INFRASENS.

Although the architectures of both platforms have strong similarities and also
foresee the Cooperative Pre-Data-Fusion, this paper describes and focuses on
the Cooperative Pre-Data-Fusion of the in-vehicle platform developed within
SAFEPROBE specifically.

The remainder of this paper is organized as follows: In the second chapter,
the purpose of the Cooperative Pre-Data-Fusion is described. The third chapter
explains the architecture and the full data processing chain in detail. The paper
will close with a conclusion and acknowledgments.

63



64 ‘ Safety

2 Cooperative Pre-Data Fusion

The Cooperative Pre-Data Fusion is a new approach for an environment percep-
tion system using the in-vehicle SAFEPROBE multi-system platform.

Conventional automotive data fusion systems for environment perception data
fuse all relevant information gathered by in-vehicle sensors only. This might be
laserscanners [3] and camera systems or radar sensors.

This new approach fuses information about other road users, transferred to the
host-vehicle using wireless network technology, in a cooperative way. Within
SAFESPOT and therefore in the remainder of this paper, the data transferred
via the wireless network is referred to as Vehicular Ad-hoc Network data
(VANET-data).

The fusion of environment perception data gathered by thelLaserscanner with
VANET-data is performed prior to object-level fusion with further sensor data
such as radar or camera system data.

Therefore, this approach is referred to as Cooperative Pre-Data-Fusion (CPDF).

3. System and Data Fusion Architecture
3.1 Data Sources

The CPDF makes use of four data sources feeding into different levels of the
pre-data fusion process as shown in Fig. 2.
» laserscanner data: range profile of the environment of the host vehicle
[3]
» VANET-data: static and dynamic information transferred from one vehi-
cle to the host vehicle using wireless network technology [5]
» Motion data of the host vehicle
» Static map data: precise digital map [4] provided by the Local Dynamic
Map (LDM) running on the main PC

The output of this fusion process is a reliable and robust object description in
the field of view of the laserscanner. The object description contains state esti-
mation and classification information for basically any road user detected (e.g.
passenger cars, trucks, bikes, and pedestrians).
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3.2 Laserscanner Sensor

The key component of the CPDF is the laserscanner installed into the front
bumper of the host vehicle. The host vehicles are conventional passenger
cars as well as trucks. The processing and fusion of the data is performed on
a laserscanner ECU which is connected to a VANET-router, a vehicle gateway,
and a main PC providing access to a digital map.

Motor with
Angle Encoder

Reflected
Echo

Receiver

Fig. 1. Schematic of the used laserscanner

The laserscanner (shown in Fig. 1) observes its environment horizontally and
gathers a range profile of the host-vehicles vicinity of up to 200 meters. The
rotational frequency of the mirror guiding the laser beam is 12.5 Hz. The mea-
surement frequency enables distance measurements every 0.25 degrees hori-
zontally. The applied multi-echo technology ensures proper performance even
under adverse weather conditions like rain, snow, or any other precipitation.

The range profile gathered during one revolution of the laser beam is referred
to as one laser scan, which in turn consists of many scan points (distance mea-
surements).

3.3 Pre-Processing

Fig. 3a shows a range profile captured by the laserscanner for the example
environment scene of an intersection. The captured raw data is sent to the
scan data pre-processing and segmentation sub-module of the CPDE.

The pre-processing uses its knowledge about the physical characteristics of
the laserscanner and its measurement technology to categorize the range
profile.
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Fig. 2.  Architecture overview of the Cooperative Pre-Data-Fusion

This pre-processing includes, for example, a ground detection algorithm, which
marks all scan points measuring the road surface in order to exclude them from
further processing. This is useful as an ideal range profile would only include
scan points reflected by obstacles and road users, but not the road surface.

3.4 Data Fusion and Tracking

Another part of the pre-processing is the background elimination. This step
utilizes digital map data which is taken from the highly precise LDM and the
knowledge of the host vehicle’s precise position calculated by the position-
ing system. The LDM and the positioning system are both developed within
a third SAFESPOT sub-project called SINTECH. Both are part of the onboard
SAFESPOT system and therefore always available to the CPDE.

In order to distinguish between background objects (e.g. bushes, buildings,
and front yards) and foreground objects (e.g. passenger cars, trucks, bikes, and
pedestrians), the surrounding static road and lane geometry is compared to
the range profile (see Fig. 3b). All scan points of the current range profile out-
side the boundaries of the surrounding road, sidewalk, and traffic islands are
marked as background and not further processed (Fig. 3c). During this elimina-
tion process, it is important to take accuracy estimations of the host vehicle's
position and orientation into account as well as accuracy estimations of the
digital map. This is needed in order to avoid false elimination of foreground
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objects. With this background elimination, the overall processing performance
and robustness is increased significantly.

Subsequently, a segmentation algorithm is performed that groups single scan
points into clusters based on a weighted distance between two scan points.
Ideally, one cluster represents one real object such as a passenger car or pedes-
trian. These clusters are forwarded to the tracking and classification module.
Such clusters are called segments.

Fig. 3.  Steps of the Cooperative Pre-Data-Fusion showing (a) a raw range
profile, (b) map association, (c) tracked objects, and (d) cooperative
VANET-data association.

3.5 Laserscanner Object Tracking

The tracking of established laserscanner objects is performed by comparing
one segment’s parameters with predicted parameters of known objects from
the previous scans. Such parameters are the reference point coordinates of
the segment and object. The reference point is the centre of gravity of all scan
points belonging to the segment in the most simple case (e.g. for pedestrians).
Under certain conditions, the segment’s geometry is analysed and geometri-
cal reference points based on the segments shape are used. This is the case
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for passenger cars, trucks, and busses, already classified. The benefit of this
alternative method is a more precise position, velocity, and course angle esti-
mation.

Segments that do not correspond to any object’s parameters of the previous
scans are instantiated as new objects, initialised with default dynamic param-
eters.

In order to estimate the object’s state parameters, derivatives of the Bayes
filter are well known from literature and applied successfully in various appli-
cations. Most prominent implementations are the Kalman filter and its non-
linear extensions. Another very popular branch of implementations are the
nonparametric filters, e.g. the particle filter. With these filters one is able to
model complex dynamic models appropriately. An extensive introduction into
the current state of the art on probabilistic filter algorithms is given in [2].

For the problem at hand a Kalman filter approach is chosen. Our implementa-
tion focuses on a fast and precise object tracking.

The algorithm performing the association of tracked objects with segments of
the current range profile is based on the nearest neighbour and global nearest
neighbour method. It weights many factors besides the simple distance such
as the shape, the velocity, and the object age (how long a laserscanner object
has been tracked).

3.5 VANET Data Association and Fusion

An additional improvement of the tracking performance and reliability is
achieved by fusing static and dynamic vehicle information transferred via
wireless vehicle-to-vehicle communication into the filter.

The major challenge within this cooperative approach is an accurate and
robust association of VANET-data to the correct vehicle detected by the laser-
scanner. In case, the transmitting vehicle’s position is based on SINTECH's
positioning system, its position accuracy will be fairly high and therefore easy
to associate to the correct laserscanner object.

In a more complex but also likely case, the transmitting vehicle is not equipped
with such a positioning system. Most likely, the position estimation would be
based on a standard GPS signal and therefore be quite inaccurate. As an exam-
ple, one could assume that the position estimation based on GPS has a circle of
95% probability with a radius of 15 m (see Fig. 3d). This would result in many
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association candidates for dense traffic scenarios and thus make a correct
association based on the position estimates very demanding. Consequently,
further parameters are required to find the correct laserscanner object. Most
obvious parameters are the object’s velocity and course angle, its size (length
and width) and also its type (e.g. passenger car, truck, bus, motor bike). Based
on this additional static and dynamic information on the transmitting vehicle
and the knowledge on the laserscanner object, an association likelihood is
calculated for each object. The most likely object is then associated and the
object parameters are fused.

Fig. 3d shows a scene where the red vehicle sends its information about itself
to the host-vehicle. The transferred position is depicted as a red striped vehicle
while the red circle illustrates the circle of 95% probability of the vehicle’s true
position. In case of an unblocked view and only a few road users, the asso-
ciation is straight forward. However, in dense traffic scenarios more complex
analysis and association technique as described above is required.

3.6 Object Classification

The final step of the whole Cooperative Pre-Data Fusion process is the object or
road user classification. This process determines the road user’s type:

P passenger car,

» truck or bus,

» bike,

» pedestrian, or

» unknown object (default).

The likelihood for each class is calculated by the classification. Currently, it is
state of the art to associate the object to one class by comparing its geometric
information like its shape and dynamic data such as its velocity to typical rep-
resentatives of each class.

One optimization is achieved by adapting the probability for an object class
based on its position within the static map. One example would be an object on
the sidewalk. Its likelihood of being a car would decrease while the likelihood
of being a pedestrian would increase. In SAFEPROBE, the procedure is done
automatically by feeding all this information into a specialized, well trained
artificial neural network (ANN) [5].

On top of this optimization, additional information on the object provided via
VANET is fused into the classification process [6]. By performing this fusion,
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it is assumed that the vehicle’s knowledge on its own class is very high and is
therefore fused using a high probability value.

After the Cooperative Pre-Data Fusion process is finished, the gathered object
information data is sent to the object-level fusion. It fuses and processes the
object information collected by all installed environment perception systems
specified within SAFEPROBE.

The subsequent time step of the CPDF is triggered by the next scan sent to
the laserscanner ECU. The full process starts over again using the road user’s
position and classification information as optimized through the cooperative
fusion.

4  Project Progress

The described system is currently under investigation. A SAFEPROBE proto-
type system is being built and real-life performance tests are being prepared.
So far, the first simulations and tests indicate quite promising results, but
quantitative measurements will not be available before mid-2008.

5 Conclusion

As described within the previous chapters, the Cooperative Pre-Data-Fusion
increases the reliability and robustness of standard tracking and classification
based on laserscanner data only. It therefore enables many safety relevant
applications developed within SAFESPOT.
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Satellite-Based System for Predictive Control in Vehicles
and its Field of Applications

A. Zlocki, Institut fir Kraftfahrwesen Aachen

Abstract

A satellite-based system for predictive control enhances advanced
driver assistance systems in the fields of comfort, safety and environ-
ment. The predictive information of the GNSS-receiver in combina-
tion with a next generation digital map are fused with local environ-
ment information of the vehicle’s internal sensors and a distance
sensor in the front of the vehicle. In comparison to conventional
ADAS sensors, which can only take the distance of 200 m in front of
the vehicle into account, ADAS with predictive sensor information
can react to driving events such as velocity limitations, curve radii,
intersections, road inclinations and traffic signs in an early stage and
therefore help to increase the driving comfort and traffic safety and
increase the traffic efficiency and reduce fuel consumption as well
as CO, emissions. The development of the predictive preview system
as well as the integration into test vehicles have been conducted at
the ika (Institut fiir Kraftfahrwesen Aachen). Two different applica-
tions are presented as examples and the benefit of the satellite-based
system is described in simulation and test results.

1 Introduction

In the past decade technical systems have been developed in order to support
the driver in complex driving situations and relieve him of monotonous driving
tasks, due to the increasing traffic volume and the resulting complexity. These
systems are so-called advanced driver assistant systems (ADAS). ADAS help to
compensate the known weakness of a human driver (inattentiveness, reaction
times etc.) and therefore are promising to decrease accident numbers.

ADAS are interlinked with all three elements of the closed control loop “traffic”
(vehicle, environment and driver) as given in Fig. 1. Additionally there are sys-
tems available, which partly take over the driving task and replace the driver
in defined tasks completely, e.g. ESP, Lane Keeping and ACC (adaptive cruise
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control). In these cases the control loop consists of the vehicle, the environ-
ment and the advanced driver assistance system.

Fig. 1. Advanced driver assistance systems in the traffic system

Driver assistance systems support the driver to achieve the following aims:

» Driving comfort: Today most driver assistance systems concentrate
especially on driving comfort. These are usually systems, which relieve
the driver from annoying and monotonous tasks to ease the drive. Those
systems can also have an indirect positive impact on traffic safety.

» Safety: Advanced driver assistance systems can be used to prevent
accidents, to decrease accident damages and improve the rescue man-
agement. Therefore, these driver assistance systems either completely
take over the vehicle control or give additional information or warning
to the driver.

» Traffic efficiency: An improvement of street capacity is expected by the
usage of driver assistance systems. Thus traffic jams can be prevented
or dissolved faster. In addition the vehicles, which are approaching the
traffic jam, can be redirected automatically.

» Environment: The support of the driver in form of technical systems
can be used to reduce fuel consumption as well as CO, and noise emis-
sions. The assistance system can give a suggestion for a driving style
depending on the situation and the foresight of the traffic in front. For
complex drive train structures (hybrid engine) the operating strategy is
set to an optimum.

The driver controls the vehicle in longitudinal and lateral direction. At the
same time he has to cover various driving tasks, which can be classified into
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three main categories using the three level model shown in Fig. 2 [1]. These
three levels are:

» navigation

» guidance

» and stabilisation.

ADAS are able to support the driver in each of the three levels. Today sophisti-
cated systems provide assistance in even more than one level only. Depending
on the assistance, the vehicle needs to be equipped with sensors and actuators.
The control algorithm determines the desired set values and operates actua-
tors as for example throttle position, steering wheel angle or adjustment of
the headlights’ range.

Depending on the ADAS application the sensor systems have to detect the
surrounding environment. Local traffic conditions are detected by distance
sensors based on radar or lidar technology with a distance of up to 200 m in
front of the vehicle. Image processing systems detect objects on the driving
route, lane markings or recognise traffic signs. An extended field of preview
with a range of more than 200 m independent of curve radii and direct field
of view allows the introduction of new applications.

Transportation Task

v
Driver Field of
| Navigation | S L
_— Vehicle | Environment
Chosen Driving Route

Chosen Reference Input
Variable

Loagitudinal- and I Road Surface ||Trui'licﬁil|mrinn|| Driving I

Stabilisation Lateral Dynamics Route

Fig. 2. Three level model and the closed control loop vehicle guidance

The determination of the position on the driving route is conducted by means
of a global navigation satellite system (GNSS). Navigation systems, which sup-
port the driver on the navigation level, are already widely popular, as modern
receiver units can fit easily into small pocket pc or mobile phones based on
their small cross-section and low prices.
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Today two GNSS-systems are available, the American NAVSTAR Global
Positioning System (GPS) and the Russian GLObal NAvigation Satellite System
(GLONASS). GALILEO, the European systems, is currently under construction.

Since the 2rd May 2000 the GPS-system provides accuracy below the range of
10 m depending on the number of satellite signals, which are received at the
same time. Differential GPS increases the accuracy by transmitting a correc-
tion signal by radio communication from a ground station at a precise known
position. GALILEO will provide different services with higher accuracies.
Accuracies within the meter range (< 4 m in the open service and < 1 m in
the commercial service) and a reliable detection of problems within 10 seconds
as well as a maximum coverage are the expected advantages of this civil satel-
lite navigation system.

In combination with a digital map the satellite navigation system is able to
enhance the horizon of the traffic situation from 200 m up to several kilome-
tres ahead of the vehicle. Additionally new attributes, which are impossible to
detect by sensor systems are included into the digital map. This preview sys-
tem is used as an additional sensor for ADAS applications. European manufac-
turer, supplier and research institutions are aware of the advantages of these
systems and formed research programs such as NextMAP (2000 — 2001) and
the PReVENT subproject MAPS&ADAS (since 2004). Japanese manufactures
apply such systems since 1998 (AISIN AW'’s Navimatic).

At the Institut fiir Kraftfahrwesen Aachen (ika) a satellite-based system for
predictive preview and the control of different ADAS has been developed. The
system consists of a GPS/TMC-receiver in combination with a next generation
digital map, which is enhanced by attributes in form of a database. These
attributes describe the infrastructure of the driving route (intersections, curve
radii, inclinations etc.) and traffic regulations (velocity limitations, signs, right
of way regulation etc.). The description of the system, the integration into
the vehicle and the field of ADAS application are introduced in the following
chapters.

2 System Description

The main components of the predictive preview systems are the GNSS-receiv-
er and the next generation digital map. These are combined with a distance
sensor and information about the vehicle state as for example velocity, accel-
eration and yaw rate. The GNSS-receiver determines the current position of
the vehicle. Additional attributes, so-called route data, are integrated into the
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digital map or can be added manually depending on the application of the
system. This information about the driving route and the route data is used for
a situation classifier in combination with local sensor data from the vehicle’s
sensors as well as the distance sensor. The classified driving situation and the
next upcoming event is available in form of CAN-data for the controller of the
ADAS application. The available number of upcoming events can be adjusted
depending on the application. In order to minimise the data on the CAN-bus
the number of events should be limited to a maximum of approximately 20.
This provides an average preview horizon of 2 to 5 minutes for an average
drive.

Prediction System

Route Prediction and HMI Vehicle and Environment
* HMI . GNSS-Data i é
i | Distance Sensor Vehicle Sensors
Digital Map i !
y P
) _I Posilionini; I i Situation Classifier
) -
_ | —
) Route Data i
™! CAN-Bus

I CAN-Interface l

Situation class data / next event

Fig. 3. Scheme of route prediction system

The software structure of the overall system is given in Fig. 4. The GNSS-
receiver, the distance sensor and the vehicle sensors provide input data for
the system. Traffic jam detection is realised by using a RDS/TMC (Radio Data
System/Traffic Message Channel) receiver.

The vehicle's position has to be constantly available and updated for a correct
calculation of the route prediction. During tunnel situations and temporarily
drop-outs of the satellite signal, because of occlusion in alley roads or high
buildings at the roadside, the signal is checked for validity first. In case the
signal does not provide valid data, the current position is determined by means
of interpolation of previous coordinates. In case the new position data is valid a
road matching is performed in which the deviation of the determined position
and the available infrastructure of the digital map is minimised.

Currently available digital maps are not yet fully equipped with all necessary
information. The attribute database is integrated as an additional information
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source. For each vehicle position the next relevant events are provided by this
database on attributed routes (see section 2.2 for details).

The distance sensor detects vehicles in front of the current driving position up
to 200 m on straight tracks. Out of all detected objects the relevant target is
identified and handed over to the situation classification module. Statements
about the local traffic condition can be derived from this sensor.
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Fig. 4. Flow chart of the route prediction system

The situation classifier processes all input information and determines the
current situation, which is handed over to the ADAS controller. The overall
driving route is divided into incremental sections, which are in between events
on the route.

2.1 Human-Machine Interface

The human-machine interface (HMI) should allow the driver to operate the
ADAS and provide information about the driving route and the current status.
The layout of the HMI is adapted to each ADAS application. Basically the lay-
out is divided into status information on the left side and the visualisation of
the current route on the right side, as given in Fig. 5 in two examples for the
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HMI of two different systems. Therefore the HMI can also be used as a naviga-

tion system in the next development step.

The system constantly checks the status of the GNSS-receiver and the com-
munication to the vehicle’s CAN-bus. The current velocity limitation, which is
calculated on basis of curve radii, signs or traffic regulations, is displayed. The
next event, the distance to the next event and the value of the next event, e.g.
velocity limitations, inclinations or other attributes, are shown. TMC informa-
tion is also provided, if available for the chosen driving route. Optional the
current situation class and the sensor data of the connected sensors are shown

for control purposes.
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Fig. ba. Layout of HMI for hybrid vehicle applications.

Cm el Katw Gibe Mo Wl

sleglal+=|fe

& CAN Stmur ok GRS Ck

pimd | Eregnis &
Wren
Kiarmanm
Viimt
Kirana
Kisrranss
Farranz

Fahrerfronabe

Stuton; [§5 AOMNIVF 13
Selwang [ T

Sullorz ar Sombes ane

Fig. bb. Layout of enhanced ACC applications.

79



80 ‘ Safety

2.2 Map Attributes

Today’'s European navigation systems provide an accurate mapping of the
road infrastructure. Manufacturers of digital maps are currently working on
the next generation standards. Those maps will include attributes like the
number of driving lanes, inclinations and declinations, velocity limitations and
curve radii. Prototype systems of regional maps are available and used within
research projects.

A useful classification of map attributes is given in [4]. The two main cat-
egories are range markings, which provide the start and the end of an event
within a certain range, and route markings, which provide values of events at
certain positions on the driving route.

Range markings are:
» Beginning, end and value of velocity limitations
» Beginning, end and type of passing prohibition
» Beginning, end of construction sites
» Beginning, end of traffic jam areas

Position markings are:
» Curve radii
» Positions of lane markings
P Inclinations/declinations
P Positions of traffic lights
P Positions of traffic signs
P Intersection topographies
» Lane numbers
» Turning possibilities
» Lane merging
» Traffic regulations

At ika a recording tool for attributes with regard to driving velocity and the
position of traffic signs, which have influences on the driving velocity, was
developed. The tool creates the necessary database to add relevant informa-
tion to the predictive preview system of any driving route. This information
is stored in the database by means of measurement drives on the designated
driving route. For this purpose a HMI is implemented into the recording tool,
as given in Fig 6.

The measurement begins at the starting point of the driving route. Depending
on the legal driving velocity the corresponding value is chosen from a list of
icons (see Fig. 6). Traffic signs, which have relevance for the driving velocity,
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are also available. Curve radii have to be obtained by using the GPS-data of
the measurement drive. In an offline process the curve radii are calculated
and included into the database. After the measurement is conducted and the

calculation of curve radii is processed the database is stored in combination
with the driving route.
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Fig. 6. HMI for manually measurement of driving routes
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The list of recorded attributes can be extended depending on the ADAS appli-
cation.

TMC-data are broadcasted by radio stations in most European countries with
approximately 60 bit/s. Each TMC-message contains an event code and a posi-
tion code to describe local traffic situations. These attributes are filtered by the
predictive system for messages, which have influence on the driving velocity
on the route such as traffic jams, accidents and redirections.
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Fig. 7. Hardware components integrated into the test vehicle
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3.3 Hardware Implementation and Testing

The satellite-based system for predictive control is implemented into a test
vehicle at ika. The target platform of the digital map is a MS Windows XP
based PC for automotive applications, which can be operated in a wide tem-
perature range. The GNNS-receiver is connected to the computer via the USB-
port. The implemented system uses a GPS/TMC-receiver with a SiRFStarlle/LP
chipset. The HMI of the system is a 7” TFT touch screen display at a resolu-
tion of 800 x 480 pixels (16:9). The computer is connected to the CAN-bus
of the situation classifier or alternatively directly to the vehicle-CAN in case
the ADAS application does not require the situation classifier (see Fig. 7). An
INFINEON C167 microcontroller represents the gateway between the vehicle-
CAN and the preview module. The situation classifier as well as ADAS applica-
tions are implemented into the software of the controller. The distance sensor
is a FMCW-far-field-radar on 76 GHz basis with a range of approximately
200 m mounted at the front of the vehicle. The relevant object in front of the
test vehicle is priorised by the C167 microcontroller.

The power supply of the components is provided by the ika test vehicle.
Additionally a CAN- and USB-bus are available.

Test results of the implemented system are given in Fig. 8. The test vehicle
was driving on the A544 motorway leaving in the direction Europaplatz in the
city of Aachen. The figure shows the velocity limitations of the digital map, the
distance to the next event (velocity limitations on the driving route) calculated
on basis of the GPS-position and the distance to the target vehicle from the
radar sensor of the test vehicle. Due to the update rate of the GPS-satellites the
distance to the next event is calculated with a frequency of 1 Hz. The velocity
limitation changes from 100 km/h to 80 km/h to 60 km/h. The distance to the
target vehicle decreases from 140 m at the beginning of the measurement
down to 30 m at the end. The predictive preview system provides the neces-
sary data for ADAS applications as described in the next section.
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Fig. 8. Testdrive result on the A544 motorway in direction of Europaplatz,

Aachen

4  Field of Applications for ADAS with Predictive Preview

The field of application ranges from comfort systems, which support the
driver in monotonous driving tasks and enhances functionalities of available
ADAS systems to safety systems, which can warn the driver in an early stage
about upcoming hazards or take over the driving task in critical situations.
Furthermore, the predictive preview can increase traffic efficiency. Especially
for hybrid vehicles the system increases the constancy of the driving velocity
and therefore reduce fuel consumption and emissions.

The following table shows an overview of ADAS systems, which utilise the
predictive preview as an additional sensor. The systems are classified into
the categories safety, comfort and environment (fuel consumption and traffic
volume).
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predictive preview

Collision Warning /
Collision Mitigation /
Collision Avoidance

Adaptive Light
Control

Curve Velocity
Warning
Curve Velocity
Control

Lane Keeping Assi-
stant / Lane Change
Assistant

ACC, ACC Stop&Go

Autonomous Driving

ISA (Intelligent
Speed Adaptation)

Fuel Consumpti-

on Optimisation /
(Hybrid) Power train
Management

Fig. 9.

In the following two examples of predictive preview applications are described

in more detail.

Safety applications
Warning or active intervention

into the brake system before
possible collisions

Situation adaptive light system

Warn driver of upcoming nar-
row curves

Reducing vehicle velocity

Warning / informing or active
support of driver for lane kee-
ping / lane changes

Comfort applications

Cruise control with distance
detection to target vehicle

Fully automated driving

Environment

Adjust driving speed to certain
values

Predictive drive train control /
strategy

Support of distance sen-
sors for object tracking
Situation classification
Prediction of direction of
the host vehicle
Information about road
type
Inclination/declination
Curve information
Information about curve
radii

Prediction of upcoming
curve radii

Support of image process-
ing system in complex
situations, e.g. motorway
Jjunctions

Support of distance for
object tracking

Velocity limitation based
on curves and traffic regu-
lations (signs, intersections
etc.)

Precise positioning of host
vehicle

Support of environment
sensors

Static route information

Prevention of traffic jams
by decreasing the current
driving speed on crowded
motorways

Information about road
topology

Overview of applications with predictive preview [4]
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4.1 Predictive Preview for ACC

The predictive preview system increases the field of application of modern
ACC-systems. Not only motorway situations, but also country roads and urban
roads are taken into account. Furthermore the controller behaviour of the
ACC is adapted according to the corresponding driving situation. Different
controller behaviour for motorways, country and urban roads are the results.
Furthermore, information about surrounding road infrastructure improves
driving safety, as the system automatically adapts to the velocity limits given
by the legislator. This limit represents in most cases the safest and most
appropriate maximal velocity for the considered road section. A more realistic
adaptation to the actual driver behaviour, e.g. in stop-and-go traffic on urban
and suburban roads, is possible.

Different driving situations have been derived from proband tests as described
in [3]. The implemented system considers 17 different situations in total. These
situations are: manual mode, standing still (urban roads), stopping on urban
roads (vehicle ahead), approaching on urban roads, stopping on urban roads
(infrastructure), driving off, following (urban roads), free driving considering
velocity limits (urban roads), free driving (urban roads), standing still (traffic
jam), stopping (traffic jam), approaching (motorway), driving off in platoon
(motorway), following (motorway), free driving considering velocity limits
(motorway) and free driving (motorway).

The main criteria for the difference between situations on rural roads and
motorways is the legally allowed driving velocity. This is an attribute of the
digital map. Based on this information the classifier differentiates between
motorways with mostly high velocities (except for traffic jams) and the urban
roads with low range velocities and stop and go situations (for example at traf-
fic lights).

Furthermore, the situation classes are separated in situations with and without
a target vehicle. This is of importance in order to adapt the control behaviour
to the situation. Driving behind a target vehicle is much more critical than free
driving or free driving considering velocity limitations based on the infrastruc-
ture. Therefore, the longitudinal vehicle control behind a target vehicle has a
higher priority, e.g. the end of a velocity limitation (as an information of the
digital map) has no influence on the control in case the target vehicle is remain-
ing in a lower velocity range.

In situations with or without a target vehicle it is separated between an accel-
eration manoeuvre and a deceleration manoeuvre. In case a standing vehicle in
the own driving lane is detected by the distance sensor, a situation class is cho-
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sen by the classifier, which describes a braking procedure such as approaching
or stopping. Braking manoeuvres can become relevant without having a target
vehicle in front, e.g. because of a traffic sign. The situation class “stopping on
infrastructure” describes these manoeuvres, in which a controlled and smooth
brake down of the vehicle is realized. This class is not available for motorway
situations as stopping manoeuvres on the motorway are normally caused by
the traffic ahead. Situation classes, which result in a braking of the host vehicle,
are “approaching”, “stopping”, standing still” and “stopping on infrastructure”.
Situation classes such as “driving off considering velocity limitations”, “driving
off” as well as “following” result in acceleration.
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Fig. 10. Test results for predictive preview ACC with situation classifica-
tion

The satellite-based route prediction and the classifier are implemented into the
ika test vehicle within the framework of the HONDA Germany Initiation Grant
2006 [5]. In combination with a situation adaptive ACC-controller the system
was tested on a test track in the region of Aachen under real life conditions.
The test track consists of a motorway with high probability of traffic jam and
stop&go traffic, urban roads and inner city driving. An exemplary test result
for a driving situation in urban traffic is given in Fig. 10. The ika test vehicle
is following a target vehicle at approximately 40 km/h at the beginning of the
measurement. The target vehicle slows down at traffic lights and comes to a
standstill. During this manoeuvre different situations classes such as free driv-
ing, following, approaching, stopping and standing still are detected by the
system. The velocity limitation from the digital map is given with 50 km/h.
Based on the detected situation class and the maximum velocity limitation
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the controller behaviour is adapted to urban roads in comparison to motorway
driving.

3.3 Predictive Preview for Hybrid Drive Trains

Hybrid vehicles are currently being successfully introduced into the market.
The acceptance of the combined combustion engine and electric motor drive
train is a step towards environment friendly vehicles. This is widely accepted
and demanded by the public and the legislator.

The operating mode strategy for hybrid vehicles is depending on various fac-
tors such as the state of charge of the battery, the power demand in the current
driving situation and the driving style of the driver. The intelligence of the
operating mode strategy is increased depending on the available information
of the driving route. The satellite-based system for predictive control allows
the improvement of this strategy as inclinations and declinations of the road
ahead as well as curve radii and velocity limitations are known. Therefore the
necessary power demand is estimated and integrated into the vehicle control.
Further improvement of the operating mode strategy is achieved by partly tak-
ing the driver out of the loop and automating the longitudinal vehicle control
by means of ACC.

In a first step software in the loop (SIL) simulations with the traffic simulation
tool PELOPS [2] have been conducted. PELOPS represents a combination of
vehicle-, environment and traffic specific models. Its advantage is the possibil-
ity to take into consideration all interactions occurring between driver, vehicle
and traffic. The core of the program is formed by the three essential elements:
traffic systems stretch/environment, driver and vehicle. These elements enable
PELOPS to simulate traffic in accuracy unequaled so far.

In order to simulate a complex drive train and energy management of a hybrid
vehicle the vehicle model and the operating mode controller is designed in
MATLAB/SIMULINK. This model represents the longitudinal dynamics of
the vehicle including all driving resistances and engine characteristics. This
vehicle model is connected to the driver and environment model of PELOPS.
The predictive preview algorithm is implemented into PELOPS and can there-
fore substitute the digital map and the GNSS-system with PELOPS data of the
environment module.

In order to decrease the fuel consumption furthermore an ACC-controller
is implemented into the vehicle model in MATLAB/SIMULINK. Instead of
the driver the ACC-controller provides the acceleration demand to PELOPS.
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PELOPS calculates the preview data, which are handed over to the vehicle
module, based on the program'’s environment data.

Simulation results of the impact of the route prediction and the ACC-controller
for a test scenario are given in Fig. 11. The diagram shows the fuel consump-
tion of the vehicle model in a sub-urban scenario. As a reference a PELOPS
driver is compared to different parameter settings of the ACC-controller (time
gaps, controller characteristics, point of acceleration/deceleration before/after
events).
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Fig. 11. Fuel consumption with route prediction and ACC-controller [7]

The fuel consumption is dependent on the driving time. Different PELOPS
driver provide variations in the time/fuel consumption ratio depending on their
driving behaviour and driving style. The ACC-controller with predictive control
provides a fuel consumption reduction of 0,8 1/100 km in comparison to the
driver model of PELOPS without preview. This is a reduction of about 20 %. In
the slowest case the driving time increases from 1100 s to 1185 s, which is an
increase of 7 %. For an equal driving time (different ACC-parameters) the fuel
consumption reduction provides 3 % in comparison to the PELOPS driver [6].

The evaluation of the system on a test track in the region of Aachen is con-
ducted within the framework of a BMBF supported project. The target of the
project is to build up a hybrid vehicle with route prediction and maximize the
fuel consumption reduction [7].
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5 Summary and Outlook

Future ADAS applications will be equipped with an electronic horizon. Digital
maps will provide attributes about the driving route, which provide much more
information than the road network of today’s digital maps for navigation sys-
tems. The civil European satellite navigation system GALILEO is expected to
provide the vehicle position within accuracy in the meter range.

A satellite-based system for predictive control of vehicles is developed and
implemented in a test vehicle at the ika. Several test routes in the region of
Aachen are recorded and additional attributes such as curve radii, velocity
limitations, traffic signs and traffic regulations are recorded and implemented
into the database of the test route. The predictive control system provides the
basis for various ADAS applications. The traffic status of parts of the motorway
in the region of Aachen is available by means of TMC-data.

The functionality of the system is shown for two different ADAS applications.
A description of the systems and first test results of the prototypes are given.
Additional applications for the predictive system are mentioned.

The system works on motorway, sub-urban and urban roads. Within inner city
limits high buildings prevent the reception of satellites signals from the neces-
sary number of satellites in order to increase the position accuracy. This causes
deviations from the expected system reaction towards changes of events. The
introduction of GALILEO receivers, which are also able to detect GPS satellites,
will solve this problem in the future. Additionally an image processing system
can support the preview prediction. By means of image processing traffic lights
and signs can be detected. Furthermore the status of traffic lights can be taken
into account for the longitudinal control of the vehicle.

Communication between vehicles (Car2Car communication) and the infrastruc-
ture allows the system to react dynamically towards events on the driving
route. As this form of communication will be handled directly between the
vehicles the delay of information processing and updating, e.g. TMC, is left
out. Communication devices are being specified in form of the IEEE 802.11p
standard. Local hazard warning around curves and an early adaptation of the
driving velocity according to the traffic ahead are applications for such com-
munication systems.
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Results of the EC-Project INTERSAFE

K. Ch. Fuerstenberg, B. Roessler, IBEO Automobile Sensor GmbH

Abstract

The INTERSAFE project was created to generate a European
approach to increase safety at intersections. A detailed accident
analysis was carried out. Based on the derived relevant scenarios
driver assistant functions were developed to support the driver in
critical intersection situations. These functions are described in this
paper. In addition evaluation and user test results of the Intersection
Driver Warning System are presented and discussed.

1 Introduction

In the 6t Framework Programme of the European Commission, the Integrated
Project PReVENT includes Intersection Safety. The project started on February
1st, 2004 and successfully ended in February 2007. The INTERSAFE partners
are:

» Vehicle manufacturers: BMW, VW, PSA, RENAULT

» Automotive suppliers: TRW, IBEO

» Institutes/SME ‘s: INRIA, ika, FCS, Signalbau Huber

The main objective of the INTERSAFE project is to improve safety and to reduce
(in the long term avoid) fatal collisions at intersections. In order to identify the
most relevant scenarios for accident prevention, a detailed accident analysis
was carried out. Based on the scenarios and the driver mistakes derived from
the accident analysis a basic functionality is described. It considers for example
the time budget, which is available in order to warn the driver.

The importance of these accidents leads to a deeper analysis of the scenarios.
An in depth analysis of available data from reconstructed accidents in France
and Germany shows the central position of two accident types:
P Collisions with oncoming traffic while turning left and
» Collisions with crossing traffic while turning into or straight crossing an
intersection.
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Additionally the importance of the actual right of way regulation leads to the
consideration of traffic light controlled intersections. The specification of the
key technology components like sensors and communication technologies are
derived from the given requirements.

Altogether, about 60%-72% of all car-related accidents in intersections are cov-
ered directly by the selection of these three scenarios. The possible coverage
of other comparable accidents needs further investigations.

A general overview on the INTERSAFE subproject was given in [1]. The main
focus of this paper is to give a better understanding of the functionality of the
sensor based test vehicle used in this project.

2 INTERSAFE Concept & Vision
The INTERSAFE project realizes two different approaches in parallel.

The first approach is a Bottom-Up Approach, based on state of the art sensors
and vehicle-to-infrastructure (V2I) communication. Furthermore, some com-
munication modules are installed at selected intersections in public traffic to
realize the bidirectional communication between the vehicle and the traffic
lights. This approach results in a basic intersection system, which can be
evaluated in public traffic at selected intersections.

The second approach is a Top-Down Approach, based on a BMW driving
simulator. The driving simulator allows the analysis of dangerous situations,
independent of any restricted capabilities of the sensors for environmental
detection. The results of this approach are used to define an advanced inter-
section safety system, including requirements for advanced on-board sensors.

3 Demonstrator

The INTERSAFE VW Phaeton Demonstrator is equipped with two laserscan-
ners, one video camera and additional communication systems, as shown in
Fig. 1. The video camera is used to process data about lane markings at the
intersection while the laserscanner collects data of natural landmarks as well
as data about the road users. Highly accurate vehicle localisation is performed
by fusion of the outputs of the video and laserscanner systems based on a
detailed map of the intersection (high-level map).
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In a second step, a dynamic risk assessment is done. This is based on object
tracking and classification, communication with the traffic management
and the intention of the driver. As a result of the dynamic risk assessment,
potential conflicts with other road users and the traffic management can be
identified.

Consequently, the intersection safety system is able to support the driver at
intersections.

The laserscanner is described in detail, because this sensor detects and tracks
the road users which are essential for the functionality. Nevertheless, the
video processing data and the fusion with the laserscanner data is crucial for
the correct functioning of the host localisation process [2].

Fig. 1.  Sensor integration in the INTERSAFE demonstrator.

In the first section of this paper the localization of the host vehicle and the
laserscanner based object detection, tracking and classification is described.
This serves as the input level for the scenario interpretation and risk assess-
ment which is described in the second part.

4  Localization of the Host Vehicle

GPS-based localisation is generally not able to provide sufficiently accurate or
reliable localisation in urban areas where intersections are typically located.
The laserscanner system obtains a relative position within the intersection by
detecting landmarks such as posts and other similar fixed objects next to the
intersection, which are registered in a digital map.



94 ‘ Safety

5  Object Detection, Tracking and Classification

In order to meet the functional requirements of monitoring crossing traffic
two precise laserscanner are integrated into both left and right front corners
of the demonstrator vehicle. Thus a combined scan area of 220 degree around
the vehicle is achieved. Based on the laserscanner data detection, tracking and
classification of road users are performed.

In the beginning the generated range profile is clustered into segments.
Comparing the segment parameters of a scan with predicted parameters of
known objects from the previous scan(s), established objects are recognised.
Unrecognised segments are instantiated as new objects, initialised with
default dynamic parameters.

In order to estimate the object state parameters a Kalman filter is well known
in the literature and used in various functions, as an optimal linear estimator.

Object classification is based on object-outlines (static data) of typical road
users, such as cars, trucks/buses, poles/trees, motorcycles/bicycles and pedes-
trians. Additionally the history of the object classification and the dynamics
of the tracked object are used in order to support the classification perfor-
mance.

Laser-
scanner
Sensor

No Warning

Camera
System

Perception ‘

Level Information

Warning

vl
Comm.

%M pwlm ‘?u_uuuuu\.
Object Speed jRiskvae
Red light status

EqoPosis

Fig. 2. General system description [3].

6 Validation Methodology

Fig. 2 shows a general diagram of an intersection safety system and the inter-
nal system interfaces connecting each system level. Examples for transferred
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signals are shown. The figure simplifies the architecture and depicts on which
system level the tests evaluate the system performance.

Starting with the technical verification, the output of the environmental sen-
sors (laserscanner and video) and the communication module is monitored.
Here the data are compared to the values described in the technical specifica-
tion. At interface 1 (perception level) the output of the relative localisation of
each sensor system, the detection, tracking and classification of road users and
the V2I communication is evaluated.

The second phase deals with operational verification. Here the system is
inspected at interface 2 (application level). In addition, the implementation of
the components is evaluated with respect to the operational specification.

Finally, the user aspects are addressed in the third part of the tests, the user
test. The system is tested at interface 3 and tests with subjects are performed.
The subjects performed test drives as well as the assessment of the system
responses and the HMIs. Within this phase the same scenarios as in phase 2
are considered.

7 Validation Results

Some of the main validation results achieved in this project will be described
in the following sections [4].

A. Sensor Test

In the first evaluation phase, the sensors were tested to check the function of
the INTERSAFE system at the perception level. In order to get a representative
result, diverse objects were used as sensor targets in the tests. These targets
were: VW Golf (silver estate car), VW Lupo (black compact car), BMW 325i
(red middle size car), BMW 728i (black large size car), Honda VFR800 (silver
motorcycle), pedestrian (dark clothing) and a wooden dummy target for the
test of position accuracy.
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Detection Range of the Laserscanner

In this test the laserscanner maximum detection range for all five test vehicles
and the pedestrian was determined. The test started with the target vehicle
moving towards the standing demonstrator vehicle.

Three different approaching directions of the target vehicles were applied in
this test: frontal, 45° and 90° (see Fig. 3). If the opponent vehicle is perpen-
dicular and far away from the host vehicle, it will typically leave the intersec-
tion before the host vehicle enters. Therefore the maximum detection range of
perpendicular vehicles was just additional and performed with the VW Golf.

In order to avoid coincidences with regard to repeatability, every test was car-
ried out twice for each target and approaching direction.

The maximum detection ranges of all the frontal and 45° tests are illustrated
in Fig. 4. The CAN specification in the VW Phaeton demonstrator was limited
to 200 m; a higher distance was not necessary.. Therefore in this test, the
maximum detection range of the laserscanner reported is 200 m.

During the tests, all the vehicles were correctly classified immediately after
detection. All the cars were detected at a distance of more than 200 m, both
in frontal and 45° tests. Just the maximum detection range of the motorcycle
was slightly shorter.

The detection of pedestrian was also tested. Result showed that the pedestrian
was detected and correctly classified as a pedestrian at distances of 110 m. In
the 90° tests, the VW Golf was detected at about 165 m.

[Demonstrator vehicle] Target vehicle

/\
- @G

Fig. 3. Test layout.
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Fig. 4: Detection range of the Laserscanner.
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Fig. 5.  Object range accuracy of the Laserscanner.

Object Range Accuracy of the Laserscanner

A wooden dummy is used as the sensor target in this test. It is positioned
either directly in front of the demonstrator vehicle or in a 45° position. In
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order to determine the accuracy at different distances, the demonstrator
vehicle stands still and the target is moved in every test.

The relative distance of the target is measured by the laserscanner and a refer-
ence device. The reference line is located around 15 m in front of the demon-
strator vehicle’s rear axle (the zero axis of the laserscanner output). The target
is moved from this position until 50 m in five metre steps; namely 20 m, 25 m,
30 m, 35m, 40 m, 45 m and 50 m.

The test results are illustrated in Fig. 5. The average error is around 10 cm.
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Fig. 6. Localisation error over distance for the camera (blue), laserscanner
(red) and the fusion system (yellow).

Localisation Accuracy

This test was applied to inspect the Localisation accuracy of the laserscanner,
the video system and the fusion output. The laserscanner system localises the
vehicle position by detecting landmarks while the video system utilises road
markings. As an example, the test for evaluation of longitudinal distance was

described here.

In order to determine the demonstrator vehicle’s distance to the intersection, a
microwave sensor and a light barrier sensor were mounted at the rear end of
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the car. Four reflectors were put on the ground as reference positions for the
light barrier. The distances to the intersection of these references were 10 m,
30 m, 50 m and 70 m respectively. According to the vehicle speed measured
by the microwave sensor and the reference positions by the light barrier, the
vehicle position could be calculated precisely.

The test was carried out five times. The localisation error for one exemplary
test run is shown in Fig. 6. The average absolute errors of each test as well as
the average of all the tests are summarised in Fig. 7. The outputs of all localisa-
tion systems were continuous, meaning no signal drop-outs occurred.

03

ECamera @Laserscanner [OSensor Fusion

Test 1 Test 2 Test3 Test 4 Test5 Average

Fig. 7. Localisation accuracy distance for the camera (blue), laserscanner
(red) and the fusion system (yellow).

B. System Test
The INTERSAFE system functions at the application level were tested in this
evaluation phase. The evaluations were carried out based on the number and

the rate of correct alarms, false alarms and missing alarms.

During the test, the demonstrator vehicle was driven through the intersection
and the functions of the system were evaluated in the form of a check list.
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The results of system test indicated that the Intersection Assistant had a
correct alarm rate of 93% in left turn scenarios and 100% in lateral traffic
scenarios. Both traffic light assistant systems achieved together an average
correct alarm rate of 90%.

C. User Test

Sixteen subjects had been selected by taking their age, gender and driver
experience into account. Each subject took around 2.5 hours to drive the
demonstrator vehicles on ika’s test track and assessed the performance of the
INTERSAFE systems.

The assessment was realised by means of questionnaires. Subjects were asked
to fill out a pre-questionnaire before the driving test, three questionnaires dur-
ing the test and one post-questionnaire after the test.

The results regarding the helpfulness of the systems are shown in Fig. 8. The
centre line means the average value while the lower and upper lines mean the
average plus/ minus standard deviation.

As illustrated in Fig. 8, the subjects rated the INTERSAFE systems helpful and
relieving, stated especially by male and older subjects. Traffic Light Assistant
was rated more helpful than Intersection Assistant. Further analysis showed
that the subjects thought the Intersection Assistant for left turn was more
useful than for lateral traffic. They judged that INTERSAFE could have helped
them in their daily driving and it was agreed that it would improve the traffic
safety.

2.1 How would you evaluate the assistant?
1= not helpful ; 5= very helpful

5 -
4 I | 4
s i
2
1
VW- VW- BMW-
Traffic Light Assi ion Assi: Traffic Light Assistant

Fig. 8. Helpfulness of the Intersection Assistant systems.
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8 Conclusions

This paper describes the evaluation and testing of the two INTERSAFE demon-
strator vehicles developed and implemented for intersection driver assistance.
The tests were carried out in three evaluation phases: sensor test, system test
and user test.

During the sensor test, sensors (laserscanner and video system) and the com-
munication module were under investigation. The focus of this phase was
to verify the sensor performance required for the INTERSAFE functions.
The chosen sensors were fully suitable to fulfill the tasks in the INTERSAFE
Intersection Driver Assistance System.

The system test was carried out to check the system’s functionality before the
user test. Because of the system layout, a false-alarm-free result had not been
achieved. In average, the correct alarm rate of the intersection assistant sys-
tem was 97% and for the traffic light assistant 90% for both demonstrators.

In the last testing phase, sixteen subjects had driven the demonstrator vehicles
on the test track and assessed the performance of the INTERSAFE Intersection
Driver Assistance Systems. Generally (and in particular, male and older sub-
jects) think the INTERSAFE systems are helpful and relieving. Subjects think
Traffic Light Assistant is more helpful than Intersection Assistant. Intersection
Assistant for left turn scenarios is rated more useful than the one for lateral
traffic scenarios.

The INTERSAFE systems would have helped the subjects in their daily driving
and it was agreed that it would improve traffic safety and that they want to
have them in their car.
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Crank Angle Resolved Determination of Fuel-Concentration
and Air/Fuel Ratio in a SI-Production Engine by Using a
Modified Optical Spark Plug

A. Grosch, V. Beushausen, Laserlaboratorium Goéttingen e.V.
O. Thiele, LaVision GmbH

Abstract

Local, crank angle resolved fuel density variations were detected
with a fiber optical sensor system in the vicinity of the spark posi-
tion in a cylinder of a four-stroke SI production engine. The infrared
absorption sensor detects the attenuation of infrared radiation in the
3.4 pm wavelength region due to the infrared vibrational-rotational
absorption band of hydrocarbons (HC). The absorption path was inte-
grated in a modified spark plug and a tungsten halide lamp was used
as an infrared light source. All investigations were carried out on a
four-stroke spark ignition engine with fuel injection into the intake
manifold. The engine operated with common gasoline (Euro Super) at
different preset overall air/fuel-ratios. Fuel concentration variations
and the mixing process before the combustion were investigated for
single engine cycles. In order to derive air/fuel-ratios from the mea-
sured HC-concentrations a special approximation method was used.

1 Introduction

Modern ignition engine development targets at an enhancement of engine
performance and a simultaneous reduction of pollutant emissions. A continual
improvement of the combustion process in engines is necessary in order to
meet these oppositional requirements. The ignition and an efficient combus-
tion of the air/fuel-mixture are mainly influenced by the fluctuating air/fuel-
ratio during the compression stroke at the position of the spark plug. The
mixture formation is dominated by strongly interacting processes and flow
parameters like fuel-injection, vaporization, in-cylinder flows, pressure and
temperature. These factors of influence can lead to strongly fluctuating fuel
density at the ignition position which has strong influence on combustion per-
formance. A highly time-resolved measurement method for analysing the fuel
density at the spark position is of great importance to optimize combustion per-
formance. In order to optimize the combustion performance, engineers need to
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know the fuel density and the air/fuel-ratio especially at the ignition location
and if possible crank angle resolved. Additionally this information needs to be
generated in production engines with negligible mechanical modifications and
with common gasoline as fuel because changes in engine geometry and fuel
composition inevitably lead to alterations in the mixture formation and the
following combustion processes.

Recently different optical methods were applied in order to analyze mix-
ture formation and combustion processes inside the cylinder of car engines.
Especially diagnostic methods like Rayleigh scattering [1, 2], Raman scattering
[3]-[5], and Laser Induced Fluorescence LIF [6-9] have been used. These meth-
ods usually need to be carried out at so called transparent research engines
which are strongly modified for optical access. However large optical access
reduces the mechanical stability of the cylinder and its thermodynamical prop-
erties. Besides, these optical techniques often demand the use of special model
fuels which usually can not reproduce all properties of common gasoline.

Another method, applied for mixture formation and combustion analysis, is
gas sampling [10-12]. Gas sampling is the best known method for crank-angle-
resolved in-cylinder fuel concentration measurements in production engines
despite the time delay caused by the length of the sampling pipe.

In several investigations infrared absorption is used for measuring the hydro-
carbon concentrations in the cylinder. Hall et al. [13-18] used a tungsten
halide lamp as an infrared light source with a corresponding band-pass filter
that coincides with the fundamental vibrational-rotational absorption band of
hydrocarbons at 3.4 pm. A HeNe-Laser was used by Tomita et al. [19-22]. This
laser emits radiation at a wavelength of 3.392 pm which is also suitable for
fuel concentration measurements. Usually a calibration with several air/fuel-
mixtures at different temperatures and pressures is needed to eliminate the
temperature and pressure dependence of the monochromatic absorption coef-
ficient.

Unlike to most of the other measurement techniques the infrared absorption
method allows a crank angle resolved determination of the fuel concentration
in many consecutive cycles and the sensor can be integrated in a modified
spark plug, so that the combustion chamber has not to be modified for optical
access. An outstanding advantage of this technique is that common gasoline
can be used as the fuel, since no interferences from fluorescence emissions
need to be worried about.

In this study, a tungsten halide lamp was used as an infrared radiation source.
All investigations were carried out on a production four stroke engine, operat-
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ing with standard gasoline (Euro Super) and fuel-injection into the intake mani-
fold. The engine worked with different preset overall air/fuel-ratios (lambda
values) which occur at the end of the compression stroke in the combustion
chamber due to the homogeneous engine running mode. All investigations
were carried out at low engine revolution speed (500 rpm) in order to simulate
starting conditions.

Fuel density variations in motored and fired single engine cycles were investi-
gated. The fuel density and pressure data resulting from optimal combustion
as well as particularities like delayed combustion and misfire are displayed in
this study.

Furthermore, time resolved mixture-formation near the ignition position was
investigated in this study. The mixture generation with different quantities
of fuel and its effects on combustion was detected crank angle resolved dur-
ing compression. An approximation method was applied in order to calculate
lambda-values (air/fuel-ratios).

2 Infrared Absorption Method

Due to the fundamental CH stretch vibrational band, IR-radiation is strongly
absorbed by fuel hydrocarbon compounds at wavelength around 3.3 and
3.5 pm. Hardly any other combustion related molecular species has absorption
bands in this wavelength region which interfere with those of hydrocarbons.
Only water molecules absorb radiation in the named wavelength range but
due to low molecular density and lower absorption strengths the absorption
is about hundred times weaker than the absorption caused by hydrocarbons
[23].

The concentration of hydrocarbons determines the intensity / of monochro-
matic radiation which passes the measurement region. There is a correla-
tion between transmissivity ///, and molar concentration C of fuel which is
expressed by Lambert-Beer’'s law (Eq. 1). I, describes the intensity for the
case that no hydrocarbons are present inside the absorption path. During a
single engine cycle the intensity /, can be measured at several times. This is
important since I, should be recorded most often, best once every cycle, in
order to detect and correct fouling of the in-cylinder optics. For every engine,
a time interval exists where no fuel is present in the absorption path at the
spark plug. Usually this is the case during the exhaust phase when all fuel
molecules should be burned. However in case of misfires as well as delayed
or incomplete combustion, unburned fuel is still existent during the exhaust
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phase, and it is not possible to detect the ongoing /, in the exhaust gases. For
that case the intensity /, can be measured during the intake stroke, after the
air/fuel mixture from the intake manifold has passed the measuring area and
only pure air is flowing through the absorption path. In Lambert-Beer’s law L
defines the length of the absorption path.

1
—Inl =

J_co 1
e, L

The absorption of monochromatic radiation usually depends on temperature
and pressure of the absorbing gas. Therefore the wavelength dependent
absorption coefficient  of the fuel molecules is not constant during a com-
plete engine cycle due to Doppler broadening of the absorption lines during
compression. In the case of gasoline another effect arises which superposes
Doppler broadening. Common gasoline is composed of a huge amount of dif-
ferent hydrocarbon species whose CH-fundamental stretch vibrations exhibit
slight energy shifts due to different molecular structures and the resulting
shifts of the vibrational energy levels. At large these shifts result in a broad
absorption band of gasoline (3.3-3.5 pm) which is a superposition of all the
absorption bands of the single fuel components. Since this broadening effect
is dominating, Doppler broadening does not carry weight any more.

A broad band radiation source and an optical band pass filter which matches
the whole absorption band of the fuel-hydrocarbons were used for the experi-
ments. Hall et al. verified that Doppler broadening of the infrared absorption
lines, caused by temperature and pressure variations during compression in an
engine cycle, can be neglected. Therefore the transmission curve of the band
pass filter has to match the whole absorption band including the broaden-
ing effects. The absorption coefficient depends on the wavelength across the
absorption band and the resulting band integrated absorption coefficient is not
following Lambert-Beer s law directly [16].

In case of a closed volume during the compression phase, the number of
absorbing fuel molecules as well as the number of air molecules is constant.
This means there is a constant concentration of fuel in the volume of air. A
decrease of the cylinder volume increases merely the number of absorbing
molecules in the absorption path, which decreases the transmissivity /1.
Therefore the transmissivity is dependent on the density of fuel molecules
in the alternating cylinder volume. Since there are no corresponding data for
band integrated fuel absorption coefficients available in the literature and the
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changing fuel density has to be related to a corresponding transmissivity sig-
nal a calibration has to be carried out.

3 Experimental Setup

A tungsten halide lamp (75 W) was used as a broadband radiation source. An
elliptical reflector focuses the radiation onto the end of a sapphire fiber with a
diameter of 425 pm. Sapphire fibers are used because they are transparent in
the mid-infrared spectral region and do simultaneously withstand high tem-
peratures which occur after ignition at the spark plug.

.m11| Aquisition

Spark-
Plug

Sapphire
Fibres

4-f-arrangement
with filter

Cross Section
Cylinder

=

==SM] 2=

Halid Lamp

Fig. 1. Experimental setup

A square wave signal is produced by a chopper wheel, positioned between
lamp and fiber. The square wave signal is necessary in order to correct errors
caused by infrared background radiation generated by the excited hydrocar-
bon molecules during compression and the radiation of the heated metal mir-
ror. The rotational frequency of the chopper wheel has to be high enough to
generate a crank-angle resolved data flow. For an engine revolution speed of
500 rpm a square wave frequency of around 3 kHz is necessary to calculate
absorption signals with a temporal resolution of one degree crank angle.

The sapphire fiber transmits radiation to the absorption path which is placed
at the tip of the modified spark plug (see Fig. 2 and Fig. 3) and a small spheri-
cal mirror reflects the radiation back to a second fiber which guides the light
to the detector. The absorption path consists of a small stainless steel tube with
integrated slits in order to enable free circulation of fuel/air mixture (Fig. 3).
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The measured signal comprises two kinds of different information. If there are
hydrocarbons in the absorption path the intensity of the square wave signal
will decrease. This reduced signal is an indication of the fuel density in the
measurement region. Additionally background radiation at 3.4 pm is detected,
which results from thermal radiation emitted by hot cylinder walls, hot mirror
surfaces and the spontaneous emission of compression heated fuel. This radia-
tion superimposes the absorption signal. By subtracting the pure background
signal, which is detected during the chopper phase “excitation light off” from
the signal detected at the chopper phase “excitation light on”, it is possible to
calculate the pure hydrocarbon absorption signal.

© Middle Flectrode

Ignition Position
Fig. 2. General view of the spark plug with integrated absorption path

Fig. 3. Spark plug head with eccentrically placed ignition electrodes and
absorption path

The ignition electrode of the modified spark plug is positioned eccentrically
beside the absorption path as shown in Fig. 3, in order to avoid electrical
flashovers. More technical details about the construction of the measurement
spark plug are presented in a previous publication [24]

The second fiber transmits the radiation from the measurement region back
to a HgCdTe-detector. A band-pass filter with a center wavelength of 3.42 pm
and a FWHM of 300 nm blocks the broadband radiation of the tungsten halide
lamp and the background radiation from hot mirror. Only the radiation in the
spectral range of the C-H absorption band can pass the filter.

A voltage amplifier with an integrated low pass filter, placed between the
detector and the data acquisition system, reduces the signal noise. Beside the
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absorption signal, the in-cylinder pressure was recorded by a Kistler pressure
conductor with sub crank angle resolution

The engine, used for the experiments, was a throttled four stroke spark ignited
production engine with fuel injection into the intake manifold. Tab. 1 shows
the engine specifications and the opening and closing times of the intake and
the exhaust valves.

Parameter Value

Stroke / mm 85

Bore / mm 89

Compression Ratio 9:1

Intake Valve Opening (IVO) 20° after TDC of intake
Intake Valve Closing (IVC) 249° after TDC of intake
Exhaust Valve Opening (EVO) 510° after TDC of intake
Exhaust Valve Closing (EVC) 20° after TDC of intake
Intake Pressure 0,520 bar

Intake Temperature 303 K

Coolant Temperature 353 K

Tab. 1. Engine Specifications

3 Measurements
3.1 Raw Data

The raw data recorded during a fired engine cycle consist of a square wave sig-
nal with a frequency of 3 kHz which is shown in Fig. 4 and 5. The amplitude
of the upper signal envelope is a superposition of transmitted signal from the
tungsten halide lamp and background emission out of the cylinder. The lower
signal envelope represents pure background radiation mainly due to hot sur-
faces and spontaneous emission of heated hydrocarbons. The graph displays
a complete cycle of 720 degree crank angle, beginning at Top Dead Center of
intake (TDC).

At roughly 20 degree crank angle, the pressure curve decreases due to closure
of the exhaust valves and the volume expanding movement of the piston. The
throttle limits the air flow from the intake manifold and generates a pressure
of 520 mbar inside the cylinder. At point of injection an air/fuel-mixture cloud
flows into the cylinder, which is noticeable as a small decrease of the IR-signal
around 40 to 90 degree crank angle. The square wave signal is diminished
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due to the absorption caused by the excitation of CH-stretch vibrations of the
gaseous fuel, which flows into the cylinder and through the absorption path
at this time. The background radiation of the hot mirror decreases because the
IR-radiation is shadowed by cool fuel droplets and absorption by cool vaporized

fuel.
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During compression the pressure increases and the amplitude of the square
wave signal (difference between “excitation light on” and “excitation light off”)
decreases due to increasing density of absorbing hydrocarbons. The spike in
the transmission signal at roughly 343 degree crank angle indicates the spark
noise of the ignition.

Fig. 5 shows an enlarged view of the raw data of Figure 4. This data repre-
sentation impressively demonstrates the high data acquisition frequency with
one degree crank angle resolution which can be generated by the experimen-
tal setup. At least one full signal period (signal on and signal off) during one
degree crank angle is needed in order to calculate the crank angle resolved
transmission signal.

An immense increase of the background radiation during the power stroke
occurs at crank angles around 362°. This is due to strong increase of IR-radia-
tion from combustion the flame as well as increased thermal radiation of the
metal mirror inside the absorption path which is also heated by combusting
gases and eventually from thermal radiation of glowing soot particles. It is
obvious in Fig. 5 that the increase in background radiation occurs at a time
delay of about 19 degrees crank angle relative to ignition at about 343 degrees
crank angle. This delay results from the time needed of the developing flame
kernel to bridge the gap between ignition electrode and absorption path.

3.2 Calibration Procedure

In order to convert the measured absorption intensities to quantitative fuel den-
sities during the whole combustion cycle a calibration with premixed air/fuel-
mixtures of well known concentration need to be carried out. Unfortunately
the used engine test bench does not offer the possibility to generate a defined,
homogenous, vaporized gasoline/air-mixture. However, since the fuel injection
occurs at an early stage of the engine cycle into the intake manifold the gener-
ated air/fuel-mixture has time to homogenize during intake and compression
so that it can be assumed to be homogenous at the end of the compression
stroke. In case of misfire, a homogeneous mixture is established over a longer
period of time up to the point where the intake valves open again. This leads
to another possibility to calibrate the absorption signals of the sensor on fuel
densities by using the homogenous mixture after a misfired cycle. During a
misfired cycle, an adiabatic compression and expansion of the in-cylinder gas
mixture can be assumed when the valves are closed. For a first approximation
temperature losses will be neglected and the equations for ideal gases will be
used to describe the gas-mixture during compression.
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The in-cylinder pressure Deyr Was recorded by a piezo pressure conductor. It
is possible to calculate the adiabatic temperature variation during a motored
engine cycle by using the recorded pressure p.,in Eq. 2. The temperature
T,, and pressure p;, are the values measured in the intake manifold. For the
present mixture the specific heat ratio K equals 1.3.

K-l

pc ol < 2
Tcyl =|—= ’ T;‘n @

pin

The amount of substance of the air/fuel-mixture n,, can be calculated by the
ideal gas law (Eq. 3) at the time the intake vales are closing (Pey.;vc/Veyi.vc/ Tey)
and this calculated number 7, will be constant during the compression.

n,, = Peoi-ve 'ch/—n/c @
‘ R- Tcyz-ch

The -value (Eq. 4) of the homogenous mixture depends on the injected quan-
tity of fuel. This value can be controlled by the lambda probe which measures
the concentration of oxygen remaining in the exhaust gas for multiple engine
cycles. It describes the mass ratio of the actual air/fuel mixture compared to
the stoichiometric one which indicates complete combustion. The mass ratio
of the air/fuel-mixture for stoichiometric combustion is assumed to be 14.7:1.
The masses in Eq. 4 can therefore be replaced by a product of the amount of
substances and the molar masses.

7\’ — mfuel — nair ) Mair
m 14.7- nfuel ’ Mfuel

M g0

4)

sto

Eq. 4 can be solved for the number of air molecules n,;, (Eq. 5). In case of the
detected misfired cycle the engine works with a homogeneous mixture of a
specific lambda value of =1.1. The amounts of substances of air and fuel can
be calculated by following equations 5 and 6. Whereas the molar masses of air
M,;. and fuel M, are 28.97 g/mol and 100 g/mol respectively.

air
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air

M
A-14.7-n,, - Mﬁ‘e’ =n (5)

air

Ny =Ny 1, (6)

As mentioned before, the gas mixture is assumed to be homogenous during
the expansion after TDC. In case of equilibrium, the total pressure of a gas
mixture is the sum of the partial pressures of each individual gas in the mix-
ture (Eq. 7).

pa/f = Pair + pfuel @

In an air/fuel mixture, which is assumed to be an ideal gas, each component
has a partial pressure which the gas component would have in case it would
occupy the cylinder-volume alone. The amounts of substances of the mixture
nyrand of the fuel n;,,, are known and constant during compression and expan-
sion. Eq. 8 determines the partial pressure of fuel p,; in the cylinder during
the compression with the measured in cylinder pressure p..;.

n
_ "“fuel
pfuel - ' pcyl ()]
al f

The knowledge of the time resolved partial pressure of fuel p;,, and air p,;,.,
the referring adiabatic temperature 7,,, and the gas constant R, allows to cal-

culate the crank angle resolved density of the homogenously distributed fuel,
fuer @nd air 4, in the cylinder during compression (Eq. 9 and 10).

p _ pfuel ’ Mfuel )
fuel —
R- Tcyl
pair ) Mair
pair = (10)
R ’ Tcy/

The calculated fuel densities which occur during expansion can be plotted
over the measured transmissivity I/, as shown in Fig. 6. The data were fitted
with a rational function of order two, which is indicated by the solid line. By
using this function it is possible to calculate any fuel density, referring to the
measured transmissivity.

As mentioned before, this calibration procedure was performed with data gen-
erated during a misfired cycle with a lean air/fuel mixture of =1.1 during the
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expansion stroke. At richer mixtures the density of fuel is higher at the end
of the compression stroke. The data for measurements performed with rich
mixtures at =0.7 exhibit a transmissivity ///, of about 0.65. It is important for
the interpretation of the following graphs to keep in mind that the calibration
only covers a transmissivity range of 0,72 to 0,98. All data beyond this range
are calculated values gained by the fitted curve.
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Fig. 6. Fuel density calibration with data taken from a misfired cycle

3.3 Fuel Density Measurements

The absorption measurements were performed with different, preset air/fuel-
ratios in the range between =0.7 and =1.1. One single data set for each
air/fuel-ratio contains 50 single cycles. Representatively, the measurements
made with an air/fuel-ratio of =1.1 will be discussed in more detail because
the data fit best in the calibrated range (see chapter 3.2) and the extreme
ratios seem to be interesting because the engine operation shows instabilities
at these air/fuel-ratios. Fig. 7 shows the measured fuel densities for 50 single
engine cycles and a preset -value of 1.1. The first peak between 40 and 90
degree crank angle indicates fuel, flowing from the intake manifold into the
cylinder and crossing the absorption path. It is visible, that cyclic fluctuations
of the fuel density during intake are quite strong. This may be due to incom-
plete evaporation inside the intake manifold. Fuel droplets could cause errors
in the absorption measurements, therefore only qualitative conclusions can be
made for the intake phase.
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After the fuel has passed the measurement region the detected fuel density
decreases rapidly and only pure air flows into the cylinder. Between 100 and
180 degree crank angle hardly any fuel is detectable, only noise, resulting
from the detector is visible.

The compression starts at 180 degree crank angle and the piston pushes the
air/fuel-mixture back to the cylinder head to the measurement spark plug,
which leads to an increase of the measured fuel density. After combustion,
between 360 and 540 degree crank angle, strong signal intensity fluctua-
tions occur. The combustions sometimes seem to be incomplete at this time.
The variation of fuel densities during this period of the engine cycle will be
discussed for special cycles later on. Pre-combustion fuel density fluctuations
during the compression phase will be discussed first.
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Fig. 7. 50 crank angle resolved fuel density curves for a preset air/fuel-

ratio of = 1.1

Fig. 8 displays the standard deviations of the recorded data sets at air/fuel-
ratiosof =1.1/ =1.0/ =0.7 respectively. The fluctuations of the fuel den-
sities during cycles, recorded at rich or lean engine operation modes ( =1.1
and =0.7), are directly compared to data, recorded for a preset stochiometric
air/fuel-mixture with a lambda value of =1.0.

During intake, at roughly 60 degree crank angle, the fuel density signals vary
stronger in case of rich mixtures with =0.7. This stronger variation is a
result of the fuel surplus because especially rich air/fuel-mixtures with a large
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amount of fuel lead to an incomplete vaporization at this time in the cycle. The
fluctuations caused by fuel droplets crossing the absorption path are assumed
to be higher at rich mixtures, compared to lean mixtures.

Between 90 and 180 degree crank angle, after the fuel from the intake mani-
fold has passed the measurement region, there are hardly any fluctuations
for all investigated ratios. This is also an indication for the assumption that
no fuel molecules are present and only pure air flows through the absorption
path at this time. During compression, the standard deviation for every inves-
tigated ratio increases and indicates more fuel density fluctuations. Especially
at the end of compression, between 270 and 340 degree crank angle, the fuel
density fluctuations of leaner and richer mixtures are higher compared to the
stochiometric one.

r=1.1
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0 90 180 270 360 450 540 630 720
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Fig. 8. Crank angle resolved standard deviation of the fuel density for dif-
ferent air/fuel-ratios

The raw data of the single cycle fuel densities show strong cyclic variations
for crank angles around 360 degree crank angle. This is due to strong fluc-
tuations in the flame kernel development which leads to fluctuations in the
time, the flame front needs to reach the absorption path. This phenomenon
occurs independently for any preset air/fuel mixture. Nevertheless it tends to
be stronger for mixture ratios which vary more from the stoichiometric one.
The strong variations up to 380 degree crank angle are mainly due to strong
combustion fluctuations.
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The fuel density variations, caused by incomplete or delayed combustion at
rich or lean mixtures, are significant in Fig. 8 between 380 and 540 degree
crank angle. After 540 degree crank angle there is hardly any fuel density
fluctuation detectable. Slight differences in the fuel density variation dur-
ing the outlet stroke result from unburned fuel which is pushed through the
absorption path into the outlet manifold by the movement of the piston.

Fig. 9 shows the fuel density over crank angle for 50 averaged single engine
cycles at different preset air/fuel-ratios. As described before, the first peak
indicates the fuel flowing through the absorption path during intake. The
amplitude of the signal is directly related to the amount of fuel, which was
injected into the intake manifold. Richer mixtures lead to a lower transmissiv-
ity and therefore to a higher density of absorbing fuel molecules.
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Fig. 9. Fuel density measurements at different air/fuel-ratios

During compression the curves slightly differ from each other, depending to
the preset air/fuel-mixture. The enlarged region before the ignition shows the
differences between the fuel densities according to the preset lambda values.
The more left a curve lays the richer is the mixture. The highlighted region
in the graph indicates the calibrated density range. During compression, most
of the fuel should be evaporated, hence the density values can be analyzed
quantitatively.
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Engine cycles with an ideal and a delayed combustion as well as a misfired
cycle are displayed in Fig. 10 and 11. The graphs show related pressure and
fuel density data of single engine cycles at a preset lambda value of =1.1.

All pressure curves in Fig. 10 show similar behavior during the intake and
compression stroke. At roughly 20 degree crank angle the exhaust valves close
and the movement of the piston induces a pressure drop. At 249 degree crank
angle the intake valves close, the compression of the gas mixture starts and
therefore the pressure rises. The curves obviously differ strongly after TDC of
compression. The pressure of the misfired cycle decreases during the power
stroke nearly symmetrically to the compression stroke. During the fired cycle,
the highest pressure occurs some degrees crank angle after TDC. The pressure
curve of a delayed combustion is characterized by a second increase of the
pressure after TDC. There are some pressure fluctuations detectable during
the exhaust stroke due to pressure variations in the exhaust pipe.
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Fig. 10. Pressure curves for single engine cycles

Fig. 11 displays the fuel density belonging to the pressure curves in Fig. 10.
All fuel concentrations show very similar behavior during the intake and com-
pression strokes. The hydrocarbon-density increases rapidly after the intake
valves open and the vaporized fuel flows from the intake manifold into the
cylinder. The fuel density decreases back to the initial value after the fuel has
passed the absorption path of the sensor because only air is entering the cyl-
inder from the intake manifold. All fuel densities rise in the same way during
the homogenization phase of the compression stroke.
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The fuel density characteristic of the misfired cycle indicates a homogenous
mixture during the power stroke because the density decreases symmetrically
to the increase during the compression stroke. At 510 degree crank angle the
exhaust valves open and exhaust gas from the preceding cycle flows back into
the cylinder, due to the resulting pressure difference between the cylinder vol-
ume and the outlet manifold. This leads to a further decrease in measured fuel
density. At 540 degree crank angle, the density rises again because the piston
pushes the unburned mixture, which is not yet mixed with the recirculating
exhaust gas, out of the cylinder. The constant value of the fuel density during
the whole exhaust stroke is an indication of a homogenous mixture as well.

During the well ignited cycle, fuel density drops down after the flame front
has passed the measurement volume because there are no detectable hydro-
carbons in the measurement region anymore. The small increase of fuel
density at 420 degree crank angle indicates absorption probably caused by
hydrocarbons outgassing from crevices inside the cylinder [16].

Fuel Density [g/l]

0 20 180 270 360 450 540 630 720
Crank Angle After TDC

Fig. 11. Fuel density measurements for single engine cycles

The ignition of the delayed cycle occurs also at roughly 343 degree crank
angle indicated by the spark noise. Fig. 11 also shows the curve of the fuel
density during the delayed combustion. At 380 degree crank angle, the flame
front reaches the absorption path indicated by the fast drop of the fuel density.
Remaining fuel shows an incomplete combustion, because the fuel density is
much higher than fuel density measured after an ideal combustion.
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3.4 Approximation Method for Time Resolved Lambda Values

The measurements of the single engine cycles were performed on a test
bench, which enables to determine an averaged lambda-value for multiple
cycles by a lambda probe in the exhaust pipe. The data record of the absorp-
tion signals, at different preset lambda values started when a stable lambda
value was measured by the lambda probe. With the knowledge of the air/fuel-
ratio (lambda-value) and the pressure p,,; as well as the adiabatic temperature

T.,, it is possible to calculate the stoichiometric amount of air in the cylinder by

using Eq. 3, 5 and 6 at the time the intake valves close. By assuming a homog-
enous distribution of air and an adiabatic compression until ignition, the time
resolved density of air ;. can be calculated with Eq. 10. The fuel density 4,
was determined by the measured transmissivity and the calibration function
presented in chapter 3.2.

Eq. 11 shows the combination of the time resolved densities of air ;. and fuel
fuer t0 @n air/fuel-ratio. In reference to the stoichiometric air/fuel-ratio, which
is given with m,;/my,,,=14.7, the lambda value can be calculated.

p/ p/
Ve P fuer _ P fuer
m

1 14.7
mair air
mf”‘)[ sto mﬂ‘gl sto

3.5 Time Resolved Air/Fuel Ratio Measurements

(11)

The three crank angle resolved fuel density variations (misfire, ideal combus-
tion and delayed combustion), presented in chapter 3.3, will be used in combi-
nation with the theoretical determined air density to calculate the crank angle
resolved lambda values with the approximation method of chapter 3.4.

Fig. 12 shows the crank angle resolved development of the lambda values
during the homogenization phase just before ignition. There is a homogenous
air/fuel-mixture until the ignition because of the early fuel injection into the
intake manifold, which is indicated by the almost constant lambda value. After
ignition, there is a time delay of nearly 20 degree crank angle for the “ideal”
combustion until the flame front reaches the measurement region. The rising
lambda value indicates the lack of detectable hydrocarbons in the measure-
ment path after the flame front has passed this area.
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Fig. 12. Crank angle resolved lambda values for single engine cycles and a
preset -value of 1.1

The time delay between the ignition and first detection of the combustion for
the “delayed combustion-cycle” is about 40 degree crank angle, which is indi-
cated by the rising lambda value at 380 degree crank angle. It is an incomplete
combustion because there is still an amount of fuel present in the measure-
ment path which leads to an air/fuel-ratio with a lambda value of about =2.0.
The misfired cycle shows a nearly constant lambda value of =1.1 during the
whole compression phase.

4  Summary and Conclusions

This publication describes the test of a fuel density sensor for automotive
applications. The measurements were carried out on a SI production engine
by using ordinary gasoline Euro Super.

The variations of fuel density during the intake and compression stroke
were analyzed as well as the air/fuel-ratio dependent differences in the delay
between ignition and combustion. A variation of preset lambda values showed
that the system is able to resolve slightly different fuel densities during the
homogenization phase.

Single engine cycles, with particular characteristics like misfire and delayed
combustion, were investigated in this study and compared to the fuel density
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variations during ideal combustion. The time resolved lambda value was also
determined for particular cycles by an approximation method which uses the
calculated air density and the measured fuel density. Specific characteristic
behavior of the air/fuel-mixture-formation at starting conditions and variations
in the combustion processes resulting from air/fuel-ratio fluctuations during
the homogenization could be revealed in this study.
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Two-Line LIF-Emission Thermometry for Gas-Temperature
Determination in IC-Engines

R. Miller, V. Beushausen, Laser-Laboratorium Géttingen e.V.

Abstract

It is still a huge challenge in the combustion diagnostics to deter-
mine the temperature of the fuel/air-mixture within a combustion
chamber. But the knowledge of the temperature is a essential infor-
mation for developing engine systems. In this work a measurement
technique is introduced, which could be a solution for this problem.
This technique is based on two-line-emission-spectroscopy in which
formaldehyde is used as a tracer molecule. The fluorescence excita-
tion is generated by a pulsed UV-laser with a wavelength of 355nm.
A chamber is used, which enables to vary the temperature and
the pressure. Measurements are done under motor-driven condi-
tions. Thereby the fluorescence behaviour of the tracer substance is
investigated both in air environments and in fuel/air-mixtures. The
extracted results show a direct temperature-dependent relation of
the detected fluorescence signals. These conclusions establish the
analytical basis for a measuring system to determine the tempera-
ture of fuel/air-mixtures within combustion engines.

1 Introduction

Applications of internal combustion engines are found all over the world, espe-
cially in cars and commercial vehicles. Therefore it is of paramount importance
to minimize the entire pollutant emission and consumption of the slender fos-
sil fuel resources, which are caused by this technique. For developing engines
this means to decrease the fuel consumption and to increase the degree of
efficiency concurrently. In order to achieve success in these developments,
an accurate knowledge of the physical and chemical processes within the
combustion chamber is necessary. For this purpose mixture formation, igni-
tion and combustion need to be to examined. In this connection one important
parameter is the temperature of the fuel/air mixture, which has a crucial influ-
ence. In particular this is of great importance for the realization of the HCCI-
combustion concept (HCCI: Homogeneous Charge Compression Ignition). Here
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auto-ignition of the fuel/air mixture is generated due to compression induced
temperature increase.

An acquisition of this physical parameter with high spatial and temporal reso-
lution is still a huge challenge. For that a contactless optical method is most
suitable. Some techniques were developed in the past. Schulz et al. [1] used
Rayleigh scattering to determine the temperature. This method has the disad-
vantage, that the intensity of the scattered laser light is very weak. Because
of scattering light caused by the combustion chamber wall, fuel droplets and
sooty particles strong background signal is generated, which produces a low
signal-to-noise-ratio. This makes an application difficult. Also Raman spectros-
copy was done by Zur Loye et al. [2] in order to determine the temperature.
Again a weak intensity of the signal presents a problem and also the small
gaps of the Stokes and Antistokes lines demand a very high spectral resolu-
tion. Laser-induced fluorescence (LIF) of NO and OH radicals were deployed
for temperature measurements. Palmer et al. [3] observed NO radicals in a
shock tube experiment and Arnold et al. [4] examined OH radicals in flames.
Both species are present only during the combustion process. Therefore this
method can not be used to determine the temperature of the fuel/air mixture
before ignition. For temperature determination based on simultaneous scan-
ning of the distribution of two energy levels in the electronic ground state,
usually two different excitation lasers are necessary. Hence the realization
needs a complex set-up. Einecke et al. [b] used it for examining 3-pentanone
and got a good verification of the temperature. Contrary to the common LIF-
methods, which detect the thermally excited population distribution in the
electronic ground state, this work utilizes a two-line fluorescence method,
which is based on detecting the vibronic population distribution of the tracer
molecule formaldehyde in the electronically excited state.

2 Measurement Method

In this LIF-method formaldehyde is used as a tracer molecule. In the fluores-
cence spectrum of formaldehyde the vibronic transitions can be clearly detect-
ed. Furthermore Shibuya et al. [6] showed, that a thermal population distribu-
tion of the vibronic levels caused by collision-induced redistribution is finished
within some picoseconds. The fluorescence lifetime of formaldehyde is quite
longer so that thermalization is completed early during fluorescence emission.
The population of the energy levels can be described via the Boltzmann distri-
bution. By simultaneous probing the population of two thermalized electroni-
cally excited vibronic states by detecting two fluorescence emission bands, the
vibronic temperature of the tracer molecules can be determined.
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Usually two-line temperature measurements are based on simultaneous prob-
ing of the populations of two vibronic levels in the electronic ground state
of molecules. In that case two different excitation lasers are needed. In this
work a method is used, which analyzes emission spectra of electronically
excited states. This has the advantage, that only one excitation laser is needed.
Therefore the technical complexity is strongly diminished.

The applied two-line fluorescence method uses the emission of the electroni-
cally excited formaldehyde molecule, in order to get the temperature informa-
tion. Here three emission lines are detected simultaneously. Via the Arrhenius
equation the intensity-ratio of two emission lines is connected to the vibra-
tional temperature of the tracer molecules. Thus a calibration function can be
derived, which establishes a relationship between fluorescence intensity ratio
and temperature.

The aim of this work is a basic examination of the utilizability of the described
measurement technique for the evaluation of the gas temperature during mix-
ture formation and compression inside the cylinder of Otto-engines. Therefore
the parameters gas pressure, gas temperature and gas composition were var-
ied systematically. It was evaluated, if cross sensitivites of pressure and gas
composition variations to the measured temperature occur.

3 Measuring System

In order to generate static motor-driven conditions, a temperature and pres-
sure controlled gas bomb with three fused silica windows is used (Fig. 1). This
chamber can be evacuated and is compression-proof up to 30bar. In the cham-
ber a gas temperature of 200°C can be reached. Because under normal condi-
tions formaldehyde is existent in the polymerized form para-formaldehyde,
the gas bomb and all tubes are heated up to 120°C before filling. Para-form-
aldehyde breaks down to gaseous formaldehyde at around 80°C. Therefore
re-polymerization of formaldehyde and hence an alteration of the previously
defined formaldehyde concentration is avoided. Afterwards synthetic air was
filled into the chamber by a heated choke valve and mixed up with formalde-
hyde homogeneously. Several mixture ratios were examined. During the filling
with the components the temperature of the gas bomb was kept to approxi-
mately 90°C. After generation of the targeted gas composition and reaching
thermal equilibrium, the chamber was slowly heated up to 200°C. During the
heat-up phase the formaldehyde was excited by a pulsed frequency-tripled Nd:
YAG laser (Quantel Brilliant B, wavelength 355 nm, repetition rate 10 Hz). The
laser beam diameter was 7 mm and the laser energy was 60 mJ. Perpendicular
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to the laser beam the fluorescence was detected. With the help of a mirror and
a biconvex lens (f=100 mm) the fluorescence light was focused onto a slit of a
spectrometer (Oriel Multispec, focal length 125 mm, Grating 2400 L/mm). The
spectrometer is coupled to an image-intensified CCD-camera (LaVision, Flame
Star 2), in order to acquire the spectra during the heat-up phase continuously.
An optical filter (Schott GG 375) is used in order to suppress elastically scat-
tered laser light. A thermocouple was used to determine the temperature
within the gas bomb simultaneously to the spectroscopic measurements.

Measurements were done with mixtures of formaldehyde and synthetic air at
different concentrations and pressures. Furthermore a formaldehyde enriched
isooctane/air mixture was examined. For establishing this mixture primarily
para-formaldehyde was solved in ethanol at a temperature of 90°C. This form-
aldehyde/ethanol solution can be easily mixed up with isooctane. In order to
get a defined -value inside the gas bomb the required amount of fuel/formal-
dehyde mixture was injected through a septum by a syringe.
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Fig. 1. Left: Temperature and pressure controlled gas bomb, here with
the sensor system described in chapter 4. Right: Scheme of the
experimental set-up.

3.1 Results

The applied method was adopted from Burkert et al. [7] to investigate tem-
perature fields of flames under normal conditions. The work described here
in particular deals with the extension of the applicability of the method to
higher pressures and reactive compounds in a moderate temperature range.
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Also there was a substantial interest in finding two fluorescence lines, whose
intensity ratio does not exhibit interferences from pressure and mixture com-
position variations. The acquired spectral range comprehends the transitions
20,49, (395 nm), 4%; (405 nm) and 29,41, (413 nm). The detected vibration
spectrum is shown in Fig. 2. The curves are normalized to 413 nm in order to
highlight the temperature induced intensity fluctuations. Calibration curves
are obtained by plotting the line intensity ratios over the respective tempera-
tures.
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Fig. 2. Normalized fluorescence emission lines of formaldehyde.

Under engine conditions a mixture of fuel and air is generated. Therefore
the oxygen induced fluorescence quenching of formaldehyde was examined.
Thereby 100 mbar formaldehyde was mixed up with different amounts of
synthetic air. The air fraction of the respective mixture was chosen, that total
pressures from 1 bar up to 10 bar are derived. Ratios of all possible combina-
tions of the detected fluorescence lines were calculated and it was checked,
which ratio shows the strongest temperature dependency and the lowest cross
sensitivity to pressure and composition variations. The analysis showed, that
the line ratio 405 nm / 413 nm shows nearly an identical dependency for all
observed cases (Fig. 3). The variation of the curves is fairly small and shows
only minor pressure dependency. In addition, it appears that an alternation
in concentration does not have any influence on the result, because in each
measurement the amount of formaldehyde was constant, but the fraction of
air increases proportional to the total pressure.
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This behaviour still exists in case a fuel/formaldehyde/air mixture is used
instead of the pure formaldehyde/air mixture. For these experiments in para-
formaldehyde is previously solved in a small amount of ethanol and then
mixed up with the model fuel isooctane. With this solution and with air differ-
ent mixtures were generated inside the gas bomb. Measurements were done
for defined -values. A lean mixture ( =1,7), a rich mixture ( =0,6) and an
almost stoichiometric mixture ( =1,1) were examined. All three samples show
a nearly identical behaviour (see Fig 4).

sparkplug thread
M14x1,25

Fig. 5. The developed sensor system can be installed into an engine
instead of a sparkplug.

4  Fiber-optical Sensor System

A fiber-optical sensor system was developed, which enables LIF-measure-
ments in production engines without the usually necessary modifications of
the engine geometry. The optical access is generated by constructing a fiber-
optical sensor which fits into the sparkplug thread of the engine (Fig. 5). This
allows conservation of the thermodynamical properties of the engine, because
no other window needs to be established in the cylinder wall or the piston.
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Instead of a sparkplug the sensor can be placed into the combustion chamber
wall so that measurements under unfired engine conditions can be accom-
plished. In this concept the laser light is coupled into the combustion chamber
by a fused silica rod, which is axially arranged in the sensor and extends into
the measurement volume (see Fig. 6). This rod has a 45° polished end face,
which makes sure that the light is coupled out normal to the sensor axis until
it is reflected by the circular metal surface which is the outer rim of the sen-
sor head. Due to multiple reflections complete illumination of the ring-shaped
detection volume should be achieved. The gas, which is inside this volume, will
be excited and exhibits fluorescence emission. Fused silica fibers are used to
detect the fluorescence light. These are arranged circularly around the guid-
ance of the fused silica rod. These fibers guide the fluorescence light to the
spectrometer where it is analyzed.

First performance tests were carried out within the temperature and pressure
controlled gas bomb.

detection fibers

reflecting inner surface

reflected laser

light

reflecting surface
(angle 137°)

Fig. 6. Optical path of the laser light in the sensor system.

4.1 Results

A formaldehyde/air mixture (100 mbar formaldehyde and 900 mbar syn-
thetic air) was filled into the chamber with a total pressure of 1 bar. During
the tests the gas bomb was heated up continuously from 90°C to 150°C and
spectroscopic measurements were carried out simultaneously. Unlike an inter-
nal combustion engine the walls of the gas bomb, where the sensor head is
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screwed in, is not cooled (engine wall temperature: ~90°C). Therefore it is
very likely that the complete front part of the sensor head will heat up to the
gas temperature inside the bomb. Due to the limited temperature stability of
the adhesives which were used inside the sensor, the final gas temperature
was restricted to 150°C.
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Fig. 7. Normalized fluorescence emission lines measured with the sensor
system.

Although only low fluorescence intensity could be detected with the new
setup the first tests of the sensor show promising results (see Fig. 7). The
three vibrational transitions are clearly detectable but much stronger noise
is overlapping the signal. It turned out, that the bad signal intensity is due
to laser induced destruction of the roof shaped mirror surface which is hit by
laser light (see Fig. 6). Nevertheless despite the very low fluorescence signal
detected the temperature dependency of the line ratio 405 nm / 413 nm could
be reproduced (see Fig. 8). Improvements are underway to avoid laser induced
damaging of the mirror surfaces.
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measured by the newly developed sensor system (first results).

5 Summary

In this work an optical measurement method was presented, which can be
used to determine the temperature of fuel/air mixtures inside combustion
engines. The method is based on the temperature dependency of the intensity
ratio of fluorescence emission bands of the tracer substance formaldehyde.
Experiments were carried out inside a temperature and pressure controlled
gas bomb where stable engine like conditions can be generated. Different tem-
peratures, pressures and fuel/air mixtures were investigated in order to evalu-
ate the applicability of the technique for determination of the gas temperature
inside the cylinder of spark ignition engines. The results are very promising
and display that gas temperatures can be measured without strong influence
of varying gas-pressure and fuel/air ratios.

Since the technique shall also be applied to production engines with limited
optical access a fiber optic sensor system is constructed which can be screwed
into the spark plug thread of an engine head in order to determine the gas
temperature at the spark plug position. First test show promising results.
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Human Vehicle Interaction Based On Electric Field Sensing

C. A. Pickering, Jaguar Cars Ltd.

Abstract

The intervention of a human body part entering the path between
a low frequency transmit electrode and a receive electrode causes a
change in the displaced current measured at the receive electrode.
This method of human interaction with low frequency electric fields
can be used to create a wide range of interactive applications includ-
ing human computer interfaces, interactive surfaces, musical instru-
ments, virtual reality and automotive applications. This paper pres-
ents a review of electric field sensing techniques and applications
involving Human Vehicle Interaction (HVI). The HVI applications are
split into three categories: proximity sensing and touch detection;
gesture recognition; user discrimination.

1 Introduction

It is possible to use multiple electrodes to create electric fields, and then mea-
sure the induced potentials and displacement currents caused by the proximity
of a human body part. The term Electric Field Sensing (EFS) will be used to
refer to a family of non-contact measurements of the human body that may be
made with slowly varying electric fields [1]. These measurements can be used
to measure the distance of a human hand or other body part from an object;
this facilitates a vast range of applications for a wide range of industries. The
unique benefits offered by low frequency electric field sensors include; no
requirement for line of sight, fast response times, low power consumption,
high resolution and they are safe to use.

2 Previous Work

One of the earliest forms of Electric Field Sensing was the non-contact musi-
cal instrument called the Theremin, invented in 1919 by a Russian Physicist
named Lev Sergeyevich Termen (later changed to Leon Theremin).
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Between 1919 and the early 1990’s, few applications of electric field sens-
ing have been found, mainly due to the lack of electronic devices that can be
controlled by very tiny currents, then in the early 1990’s the Massachusetts
Institute of Technology (MIT) Physics and Media Laboratory carried out sub-
stantial research concerning media, musical and human computer interface
applications of EFS [2].

This paper expands on the early work carried out by MIT and applies EFS
theory and techniques to the automotive environment, this creates new tech-
nical challenges which are discussed in section 4.1. Before solutions to these
automotive specific technical challenges can be discussed, it is first necessary
to understand the basic theory of EFS.

3 Electric Field Sensing Modes of Operation

Fig. 1 shows the basic operation of Electric Field Sensing, this is a model that
describes all 3 sensing modes for a single transmit-receive pair with a single
target object [3]: Human Shunt Mode, Transmitter Loading Mode and Human
Transmit Mode. The latter is used in HVI applications and is briefly described
in section 3.1.

Co
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electrode Ct o
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Low frequency, Co -
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= transmitter g

Fig. 1. Equivalent circuit for all modes of EFS

This simple hand sensor consists of two electrodes: a transmitter driven by a
low frequency, low voltage signal, and a receiver that detects the transmitted
signal through the capacitive paths given in Fig. 1. In order to reduce interfer-
ence from ambient electromagnetic background, the receiver usually has a
narrowband response centred at the transmit frequency, generally provided
by a synchronous detection scheme [4].
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The transmit and receive electrodes can be used in a variety of ways, each of
which modifies these capacitances differently. These changing capacitances
are seen as a changing current arriving at the receiver.

3.1 Transmit Mode

In transmit mode, the transmit electrode is put in contact with the users body,
which then becomes the transmitter, either because of direct electrical con-
nection, or capacitive coupling through the clothes, which is shown as path C,
which dominates.

When the hand moves, the spacing to the receiver changes, which changes
the value of C,. When the spacing from the hand to the receiver, r, is large,
the received signal is approximately 1/72 because the hand acts like a point
object and the field falls off as 1/r2. By Gauss’s Law, the induced charge on the
receiver also goes as 1/r2. Since the potentials on the electrodes are defined
by the circuit, we know the capacitance to be C=Q/V, and the received cur-
rent [,=2 CV. When the hand is very close to the receiver, C, (typically) has
the geometry of a parallel plate capacitor, and the signal goes to 1/r [1]. The
Transmit mode sensing technique works very well for tracking the motion of
a user in contact with a transmitter, as the received signals are only a simple
function of the distance between the body and receive electrode, limb position
can be easily estimated [4]. The Transmit Mode sensing technique is one that
has been overlooked until recently.

4  System Hardware

The capacitance and displacement currents for electric field sensing are of the
order of picofarads (10-12 F) and nanoamps (10 A), requiring sophisticated
detection strategies [2]. A synchronous detection circuit is used to detect the
transmitted frequency and reject all others, acting as a narrow band-pass fil-
ter. The displacement current can be measured with approximately 10 or 12
bit accuracy. Small displacement currents require good shielding, however the
capacitance of shielded coaxial cable is orders of magnitude greater than the
capacitance between the electrodes. Placing a current amplifier at the receive
electrode allows higher frequencies to be used, the typical frequency range
for electric field sensing human computer interface applications is 50 KHz to
150 KHz.
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The only power consumed by the transmitter is the energy required to charge
the capacitance of the transmitter electrode to the oscillating voltage. In prac-
tice the transmitter power is less than a milliwatt. This allows the design of
very low power systems with no radio interference.

4.1 Automotive EFS Technical Challenges

Automotive experiments carried out by the author have demonstrated that
when the transmit electrode is placed inside the seat cushion and receive
electrodes are placed inside various mechanical push button switches, there
are several factors which affect the amplitude and phase of the received signal
level. These include; distance between the user and the transmit electrode
- typically due to varying thickness of clothing or change of seating position,
water contact between transmit electrode and occupant, signal coupling
between vehicle occupants, and the loading affects of nearby objects at ground
potential.

To overcome these challenges a reference receive electrode was placed in
the seat cushion using additional electronics and software, the signal from
the reference receive electrode was used to measure the signal strength on
the user and then dynamically introduce compensation adjustments for those
cases when the signal on the user was degraded by being earthed or increased
by being wet. This research and the resolution of these system limitations
resulted in a patent application [5].

5 Automotive EFS Applications

Many non automotive EFS systems have been developed by MIT, and
Mitsubishi Electric Research Laboratories have also developed a desktop EFS
system called DiamondTouch, these are noted for completeness and serve to
illustrate the wide range of possible applications to which EFS can be applied
[6].

EFS can also be used for a variety of automotive applications, examples include:
placement of sense electrodes in the seat to detect if a person is sat on a seat
or not, and by adding more sense electrodes around the seat area it is possible
to detect whether an occupant is sat out of position allowing the airbags to be
disabled in the event of a crash; using sense electrodes placed in a roof liner
it may be possible to detect the very small head movements called micro-nods
to detect the first signs of driver drowsiness. However, this paper will focus on
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automotive EFS applications relating to HVI and these can be split into three
separate categories; (i) proximity sensing and touch detection, (ii) gesture rec-
ognition and (iii) user discrimination.

5.1 Proximity Sensing and Touch Detection

Proximity sensing, including touch detection, is the simplest form of EFS HVI
and in the example below the system comprises of 3 switches, when a hand
approaches one of these three switches, a display in front of the driver is trig-
gered and as the hand moves closer to the switch, the display graphics change
colour to help guide the drivers hand to the required switch. This system,
shown in Fig. 2. below, was given the name "Phantom” and was jointly devel-
oped between Jaguar Cars and Pi Technology, Cambridge.

Fig. 2. Phantom system

Fig. 3. illustrates how the graphics change to visually guide the driver as the
hand approaches.

Similarly, proximity sensing could be used to trigger the illumination of touch
sensitive switches, which would be unlit when no hand is detected and illu-
minated when an approaching hand is sensed. To improve usability, a small
vibrator could be added to the switch surface to provide tactile feedback when
the switch is touched.
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Fig. 3. Sequence of graphics changing with hand position:
no hand present (upper left), hand proximity detected (upper
right), hand approaching knob (middle left), hand almost touching
centre knob (middle right), hand touching centre knob (lower left),
hand adjusting centre knob (lower right).

5.2 Hand Gesture Recognition

The primary goal of the author’s research into hand gesture recognition for
automotive human vehicle interaction is to identify and evaluate possible
applications and driver safety benefits. Most current research is focussed
on gesture interfaces for menu based secondary control systems since these
potentially offer the most safety benefits. It is likely that hand gestures will be
used as a supplementary method of user control similar to voice and steering
wheel controls.

Because one-handed gestures used in human-human conversation are limited
in number, the author does not believe that either mapping different hand
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gestures to a complete in-vehicle device such as a radio, or mapping each dif-
ferent type of in-vehicle control type is feasible. The use of selective mapping
to theme and function appears to offer more realistic practical possibilities and
potentially greater safety benefits [7]. After considerable analysis of all the
possible selective themes and functions, it was found that each set of natural
hand gestures could fit into the following 5 application domain classifications
described below:

5.2.1 Pre-emptive Hand Gestures

A pre-emptive natural hand gesture occurs when the hand is moving towards
a specific control type or device and the detection of the hand approaching
is used to pre-empt the drivers intent to operate a particular control.

Examples of such functions could include operation of the interior courtesy
light, as the hand is detected approaching the light in the roof console, the
light would switch on. If the hand is detected approaching the light again
it would switch off, thus the hand movement to and from the device being
controlled could be used as a pre-emptive gesture. If this basic technique
of simply detecting hand proximity is used then clearly there are limited
potential applications because many controls are located together to provide
logical grouping for the driver. To pre-empt which control the driver requires
even at a distance of several centimetres would be prone to error. Therefore,
the target applications are those devices and controls that are well separated
from other controls. In addition to the interior light, other possible candidate
applications might include lighting the door pocket when a hand approaches,
operation of motorised sun visors to automatically fold down or away when a
hand approaching is detected and increasing the brightness of switch graphic
illumination at night when an approaching hand is detected.

5.2.2 Function Associated Hand Gestures

Function associated gestures are those gestures that use the natural action
of the arm/hand to associate or provide a cognitive link to the function being
controlled.

For example, moving the arm in an angular sweep pivoted about the elbow
in front of the windscreen could be used to signify that the driver wishes to
switch on the windscreen wipers. Similarly, moving the driver’s hand/arm
downwards along the side of the door window pillar is associated with opening
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the door window. These gestures have an action that can be associated with
a particular function.

5.2.3 Context Sensitive Hand Gestures

Context sensitive hand gestures are natural gestures that are used to
respond to vehicle system prompts or automatic events.

Context sensitive gestures to indicate yes/no or accept/reject could be thumbs-
up and thumbs-down or even a horizontal and vertical wipe. These could be
used to answer or reject an incoming phone call, an incoming voice message or
an incoming SMS text message. The same yes/no gestures could also be used
to accept or reject prompts for automatic navigation re-routing if the advanced
navigation system has been informed of an accident ahead. Similarly, if low
fuel is detected, the system could ask the driver if he/she would like to be auto-
matically routed to the nearest fuel station. It may also be possible to use one
of the yes/no gestures for other functions, for example, if a previously heard
Traffic Announcement (TA) comes on as the driver is listening to a music CD,
the same no gesture could be used to stop the TA and return to the CD.

J “CLICK CLICK CLICK™ _ ™

Fig. 4. Context sensitive accept gesture in response to incoming phone
call

5.2.4 Global Shortcut Hand Gestures

Global shortcut hand gestures are in fact natural symbolic gestures that
can be used at any time; the term natural refers to the use of natural hand
gestures that are typically used in human to human communications.
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It is expected that hand gestures will be selected whereby the user can easily
link the gesture to the function being controlled. Possible applications could
include fairly frequently used controls that present unwanted high visual
workload, such as phone dial home, phone dial work or set navigation destina-
tion data entry to home.

5.2.5 Natural Dialogue Hand Gestures

Natural dialogue hand gestures utilise natural gestures as used in human to
human communication to initiate a gesture dialogue with the vehicle, typi-
cally this would involve two gestures being used although only one gesture
at any given time.

For example if the driver fanned his hand in front of his face, the system could
interpret that the driver is too hot. An audible and/or visual prompt could be
offered to the driver to ask if he/she would like all climate controls to maxi-
mum cold. If the driver then uses the context sensitive thumbs-up gesture,
all the climate controls could be automatically set to low, including; switching
on the air conditioning, setting the temperature to lowest setting, directing
air vents at the drivers face and switching the heated/cooled seat to lowest
temperature. Other dialogues could be initiated in a similar manner by using
appropriate gestures, a natural gesture for I'm cold could initiate a dialogue of
“do you want hottest settings?”, or a natural gesture for I'm hungry or thirsty
could be used to initiate a dialogue of “do you want to be directed to the near-
est services or restaurant?”. The applications are only limited by our ability
to find a natural gesture to initiate the required meaningful dialogue; it is
acknowledged that vision-based gesture systems are better suited to detecting
natural dialogue hand gestures.

5.3 User Discrimination

User discrimination is achieved by using EFS in transmit mode as described in
section 3.1 with separate transmit electrodes built into the driver and passen-
ger seat cushions. A receiver electrode is built into each of the user controls.
Under software control, the excitation signal is switched alternately to each
vehicle occupant’s transmitter electrode. For each occupant, while the excita-
tion signal is present, the received signal level at each user control electrode
is measured, as is the level on both occupants’ seat mat receiver electrodes.
These measurements are then processed by complex algorithms to provide
the approximate impedance between each occupant and each of the controls.
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These results may then be simplified to establish for each user control whether
an individual user’s hand is close, or touching it.

A signal indicating the identity of the user is then sent from the EFS module
to a CPU that enables the authorised functions for that user, and activates a
display through a graphics controller which provides visual feedback of the
controller position and/or status to the user. For specific functions like alphanu-
meric text data entry, if the controller has sensed the driver, the display may
not be activated since it may not be safe for the driver to carry out text entry
when the vehicle is moving, however, if the passenger is detected, the con-
troller could enable full functionality allowing the passenger to enter satellite
navigation destination addresses when the vehicle is moving [8].

5.3.1 EFS User Discrimination HVI Applications

EFS is capable of hand proximity sensing, touch detection and gesture recogni-
tion. Using transmit mode, user discrimination can be applied to each of these.
The following categories of HVI user discrimination features are possible:
switch reduction; conditional passenger inhibit; driver enable; conditional
driver inhibit; passenger enable.

A significant benefit of switch count reduction is improved driver safety.
Presenting a lower number of switches to the driver causes less distraction
to locate the required switch. This is achieved by using one common switch
where currently two are used, for example dual zone temperature controls
which provide duplicate temperature up and down switches for both the
driver and passenger could be replaced by one set of switches. Similarly, by
moving the powered window lift switches or seat control switches towards the
centre of the vehicle, one set of switches could be used. In some applications
the switches can be completely removed, for example the interior map reading
light switches could be replaced by hidden electrodes to trigger the lights on
proximity, and user discrimination could be added to allow the driver to switch
both lights but allow the passenger to operate his/her map reading light only.

Applications of passenger inhibit and driver enable could include preventing
the passenger from operating specific controls such as traction control, sports
mode buttons, or possibly even electronic hand brakes and gear shifters that
use the latest shift-by-wire technologies, however, the latter two applications
may have complex legal and safety ramifications. For less critical systems it is
conceivable that a configurable menu structure could be implemented to allow
the driver to choose what controls the passenger can operate. Taken to the
extreme, the passenger could be prevented from operating all climate control
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and in car entertainment functionality, which could be useful when driving
with a child passenger!

For safety reasons, many automotive manufacturers currently disable specific
vehicle functionality when the vehicle is in motion, and these can include
alphanumeric text entry via touch screens for satellite navigation destination
entry and SMS text messaging. With user discrimination it is possible to pro-
vide a more customer-friendly solution by allowing the passenger only to oper-
ate these features, this maintains driver safety benefits and at the same time
enhances convenience. For example the driver will no longer need to stop to
enter an address or send a text message via the touch screen as he can simply
ask his passenger to do the task.

The prototype system hardware, which was developed for a vehicle demon-
strator of user discrimination is now described. The donor vehicle was a Jaguar
X-Type and user discrimination was implemented for the central rotary con-
troller (Fig. 5), steering column pedal adjust switch (SCPA) and touch screen
(Fig. 6).

Fig. 5. Central rotary controller with user discrimination

Receive electrodes were designed and embedded in, or mounted on, each of
these controls. An off-the-shelf display was mounted over the central air vents
and used to indicate recognition of driver and/or passenger together with pro-
viding visual feedback when using the central rotary controller, see Figs. 7 and
8. Fig. 7 shows the display as seen by the driver when he operates the central
rotary controller when the vehicle is moving, for safety reasons the naviga-
tion destination entry and mobile phone functions can be inhibited as shown.
However, Fig. 8 shows that when the Passenger is operating the same central
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controller under the same vehicle conditions, full use of all functions including
navigation and mobile phone functionality are available.

Fig. 6. Touch screen with user discrimination

Phgna n

Jaguar Phantom

System

Jaguar Phantom

Fig. 7. Left: Driver operation of central rotary controller
Fig. 8. Right: Passenger operation of central rotary controller

6 Limitations of Electric Field Sensing

There are several important limitations to electric field sensors in an automo-
tive environment which are briefly discussed here: First, the electronics, typi-
cally capacitances of picofarads, create very tiny current signals at the receive
electrodes. The supporting electronics must be carefully designed to provide
adequate sensitivity while maintaining robust rejection of stray capacitance
and electro-magnetic interference (EMI). Secondly, the automotive interior is
limited by how much real estate is available for the sensor packaging. This
directly affects sensing range and field shape [9].



Human Vehicle Interaction Based On Electric Field Sensing

Electric field sensors detect a bulk effect from the entire body in transmit or
shunt mode. Therefore, care is needed in the design of input devices which
are intended to measure isolated parts of the body, such as individual hands
or fingers, so that the receivers will be responsive to movements of these, and
the effect of the rest of the body can be offset by cross-referencing between
sensor channels [10].

EFS in Transmit Mode for in-vehicle applications is also affected by numer-
ous uncontrollable parameters including the size of user, earthed user, gloved
hands, thickness of clothing, wet seats, wet user, wet receive electrodes and
padding on seat.

7  Future Research and Conclusion

Further work will focus on system modelling and prototype development of
automotive HVI and safety applications using electric field sensing in transmit
mode. Further research and development will also be carried out to evaluate
the scope of the identified limitations of electric field sensing in transmit mode
for in-vehicle applications.

This Paper has presented an overview of HVI sensing techniques and applica-
tions for low frequency electric field sensors. In particular the human trans-
mitter mode has been identified and described.

The benefits of electric field sensors were outlined; these include low power,
low weight, high resolution and the ability to be aesthetically hidden since
electric field sensors can penetrate non-conductive surfaces.

The limitations of transmit mode electric field sensors in an automotive envi-
ronment were also briefly discussed.

The benefits and possible applications offered by electric field sensors are now
being recognised with the emergence of new automotive applications such as
occupant detection and classification, drowsiness detection, smart airbags and
window safety systems. Since the original Theremin was developed in 1919, it
has taken almost a century to get the necessary pre-requisite elements in place
to ensure the successful and widespread use of EFS applications.
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Automotive 1 Gbit/s Link Goes Standard

T. Rothhaupt, INOVA Semiconductors GmbH

Abstract

The growth in complexity of highly integrated semiconductors is
a challenge for the industry. Semiconductors with a lot of pins are
bigger, more difficult to handle during manufacturing and are more
vulnerable to malfunctions. With APIX (Automotive PIXel link) ini-
tially developed by INOVA Semiconductors there is now an industry
accepted technology available to address these limitations. APIX is a
1 Gbit/s differential serial link capable of handling video streams in
harsh automotive environment, enabling chip designers to replace
parallel interfaces with a 2-pin serial interface for video pixel data
reducing the number of pins on chips significantly. This addresses
the need of next generation automotive applications using cameras
and displays.

1 Introduction

Applications such as navigation, rear-seat entertainment, infotainment, rear
view cameras, lane departure warning, and blind spot detection will increase
the number of displays and cameras in the next generation of automobiles.
Market intelligence is therefore forecasting the use of up to 8 cameras and up
to 4 displays per car in the future. This means a lot of video data has to be cre-
ated, processed and transferred between different electronic units in the car,
requiring the latest advancements of semiconductor technology. The process-
ing performance of handling several independent video streams even on the
same chip is available. The critical issues to be considered are:
P Getting one or more video streams in and out of the same chip
» Keeping the size of the chip (in this case determined by the number of
pins) as low as possible
» Having a light, thin, bidirectional and cheap physical connection
between different ECUs (Electronic Control Units) bridging up to 15 m.
» Compatibility of solutions provided by different semiconductor manu-
facturers and guaranteed interoperatibility
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Fig. 1. Displays and cameras in cars (Inova)

APIX solves this issues and provides a technology available for integration.

2 APIX Technology

APIX is a long-distance high-speed bit serial link, DC-balanced with low laten-
cy and low EMI. It is optimized to connect central video/imaging processors
systems to dispatched displays or cameras with only 2 wires.

2.1 APIX - Physical Interface

Selectable 0.5 or 1 Gbit/s operation, adjustable driver characteristics of the
CML-IOs (Current Mode Logic) and integrated spread-spectrum clocking allow
for the lowest EMI at maximum transmission distances. This significantly
reduces the link’s system costs while increasing the system functionality com-
pared to simple serializer/de-serializer chip sets.
1 GBit/s
.‘—
18 MBit/s

up to 15 meter copper cable (STP)

APIX®

Fig. 2. APIX - physical principle (CML)

The link is configurable during power-up to achieve maximum link bandwidth
at different interface widths supporting typical cameras and displays used in
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automotive applications. The individual drive current control and pre-emphasis
adjustment, dynamic line coding and spread-spectrum clocking enable best-in-
class EMI performance, especially in complex cable and connector assemblies
with non matching constant impedances.

2.2 APIX - Capabilities

The available receiver and transmitter chipsets from INOVA (INAP125Txx
and INAP125Rxx) offer a choice between two physical layer return paths: the
embedded (Common Mode Jump Signalling on the video down stream link)
or the separate return channel. These bi-directional sideband channels offer
real-time operation and therefore are totally independent from the pixel clock
fed into the video interface. The integrated bi-directional sideband channel
offers an 18 Mbit/s capability that can be used, as an example, for I2C-compat-
ible operations for controlling CMOS camera sensors or display settings. Even
CAN-bus can be transferred almost transparently.

This allows the implementation of camera connections where the powering
of the camera, transmission of the video data and controlling the camera
remotely can be handled only by one pair of wires.

The 1 Gbit/s data rate allows the connection of state of the art TFT displays sup-
porting popular resolutions. The devices are configurable to achieve maximum
link bandwidth at different interface widths such as 10, 12, 18, 24 bits and of
course transmission of typical control signals such asHSYNC, VSYNC and PxCLK.
Again pixel data and control data can be send over one pair of wires in an
optimized solution.

Fig. 3. APIX - display link (Inova/Fujitsu)
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3 APIX - Automotive System Concepts

APIX physical interface and available discrete solutions are already used in
different applications requiring high-speed data transfer over 2-wire cop-
per cables. For applications enabling the system designer to use discrete or
integrated APIX solutions from different vendors it is necessary to guarantee
interoperatibility of the products available.

3.1 Interoperatibility

There are two aspects to be considered to achieve compatibility of APIX based
systems:

» The physical interface

» A lower level protocol handling the data link

Every product with APIX technology available — discrete or integrated — is
compatible with each other beyond the pure physical interface but also on a
lower protocol level. This is optimized for automotive applications to ensure
a stable link with error free data transfer covering areas such as CRC (Cyclic
Redundancy Check) or ARQ (Automatic Repeat reQest) to name examples.
Every semiconductor vendor integrating APIX products is bound to support
the protocol. This is well documented and a prerequisite to do a proper APIX
compatible design.

embedded discrete embedded discrete

FPGA

INAP125T24

Phusica wr (etandar
| Physical Layer (standa

Fig. 4. APIX - system concepts (Inova)



Automotive 1 Gbit/s Link goes Standard

3.2 Integration

Beyond the availability of discrete APIX receiver and transmitter chipsets, the
technology is integrated in more complex VLSI chips such as graphic control-
lers/processors, imaging sensors, microcontrollers/processors or FPGAs.

Typical high end graphics controllers have several parallel interfaces for
video capture (48 pins), PCI (44 pins), memory control (109 pins), and RGB
(32 pins), thus increasing the number of pins and the size of chips significantly.
Semiconductors with >250 pins and more are difficult to handle during pro-
duction, less reliable and more expensive compared to lower pin count devices.
The integration of more functional blocks is not limited by the size of the die
or feature size of the semiconductor technology being used but by the number
of pins and the size of the package. This is called pad limited.

By integrating APIX into more complex chips (such as graphic controllers) the
number of pins can be reduced resulting in lower system cost due to the fact
that now fewer chips can be used and boards can be designed smaller. On the
other hand it also offers integration possibilities for other functionality.

Fujitsu and other semiconductor vendors have started to integrate APIX inter-
faces into the next generation of graphics controllers.

4  Validation

A key element for the acceptance and success of APIX as a solid and reliable
technology for display and camera links is to ensure the interoperatibility
between the different chips available. An independent reference to validate
this is dedicated test equipment from Agilent.
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‘ Features

Interfaces:

PC Connectivity:

Temperature:

Humidity:
Safety standards:

Power Supply:

Power Consumption:

4 digital in, 4 digital out pins
APIX Rx Full speed/Half speed (*)
APIX Rx Low speed (*)

APIX Tx Full speed/Half speed (*)
APIX Tx Low speed (*)

100 BaseT Ethernet
USB 2.0

Operating: -30°C to +70°C
Storage:  -40°C to +70°C
Operating: 15% - 95

EN ISO/IEC 17025,

IEC 61010-1/EN61010-1

100...240 V AC with adapter in lab
7..30VDC

Less than 10 W

The APIX protocol tester is covering the receiver and transmitter physical
tests as well as the APIX lower level link protocol - including a 1 button compli-
ance test, following the APIX specification.

By that system validation and interoperatibility can be guaranteed when using
APIX implementations in different semiconductors.

Fig. 5.

Agilent — APIX protocol tester (Agilent)

This of course can be used also during the manufacturing of APIX based elec-
tronic systems as well as regular car service cycles.
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5 Conclusion

APIX provides an independent solution for linking cameras and displays in
cars.

It allows connectivity between systems using APIX interface based semicon-
ductors from different vendors, covering physical and link protocol integrity.

By design it is a reliable, serial high speed link, capable of transferring video
pixel data and control information bidirectionally over one thin and light 2-
wire copper cable, optimized for harsh automotive environments.

Interoperatibility, verification and test of APIX links is ensured by indepen-
dent automated test equipment

APIX is available as standalone solution (INAP125xxx chipsets) or as an inte-
grated solution initially at high pin count devices such a graphics controllers.
There are more integration activities by semiconductor vendors on the way
and it can be expected that there will be wide choice of specialized ICs avail-
able with APIX interfaces integrated.
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Imaging Millimeter Wave Radar with Phased Array Antenna

R. Kérber, Astyx GmbH
V. Ziegler, EADS Innovation Works
U. Schmid, Saarland University

Abstract

In the joint research project ,RADARAUGE", funded by the Federal
Ministry of Education and Research (BMBF), the development of a
phased array radar sensor operated at 79 GHz with active MEMS-
based micro-switches is targeted for automotive environmental
recognition purposes. Basically, driver assistance systems need a
narrow beam to detect objects at long distances and to reject reflec-
tions originating from objects located next to the road. To survey the
traffic on several lanes in medium and short distances, however, a
wide detection range is required. The movement of vehicles in the
neighbourhood shall be monitored to support lane change manoeu-
vres etc. Both tasks can be covered by a phased array antenna, which
provides electronic beam steering of a narrow lobe over a wide
detection range. Beside the automotive application, the sensor can
be used to detect wake-vortices of departing and landing aircrafts.
This allows the optimization of the time intervals typically inserted
between take-off and landing procedures.

1 Introduction and Technical Objectives

The overall technical goal of the project is the hardware realization and the cor-
responding final field test of a radar sensor with a compact design operated at
79 GHz. This device is mainly targeted at automotive applications, requesting
a broad detection range (+40°) at a simultaneously narrow lobe characteristics
of each individual beam (3°x5°). These requirements are advantageously met
using an antenna which is electronically steered. Due to this approach, it is pos-
sible to survey with the phased array radar sensor several lanes up to medium
distances in the range of 30 to 80 m. Furthermore, a precise tracking of moving
objects is feasible to determine the actual values for the velocity and for the
position, respectively. Besides this usage, the device offers the qualification for
a pre-warning function in the short range regime which enables a complete
monitoring of the automobile up to 30 m. For the fabrication of the radar
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module with reduced volume being in addition competitive in the economi-
cal sense, a highly integrated assembly is targeted applying a combination of
organic and ceramic materials, such as glass-fibre reinforced polyimide and
LTCC (Low Temperature Co-fired Ceramics), in a most beneficial way. To meet
the tough tolerances for the lateral dimensions of core components, such as the
antenna elements, the applicability of thin film technology is of utmost impor-
tance. In addition, an electrical wiring approach is envisaged mainly based
on thin film elements and hence, with a reduced number of wire bonds. In
an accompanying paper [1], a novel process is developed to implement locally
a tailored porosity in fired ITCC substrates in the surface-near region, thus
reducing the permittivity substantially. For this procedure, phosphoric acid, a
well established wet etchant in MEMS and microelectronic industry, is used.
The phase control of the antenna elements is done by novel and low-cost RF-
MEMS switching elements. In this context, high temperature stable materials
for the movable structure in the RF micro switch, such as tungsten-titanium,
are investigated [2]. Due to an enhanced temperature stability compared to
aluminium-based alloys in the temperature range up to 400°C, a hermetic
sealing of the cavity encapsulating this component seems to be possible apply-
ing e.g. a glass-frit based seal frame. A detailed characterization of the RF-
based core component, especially in terms of reliability, accompanied by the
corresponding modelling and simulation of the device performance ensures a
product-oriented development approach, even at the early stage.

2 Device Layout and Pre-Evaluation of Core Components

2.1 Combination of Ceramic and Organic Materials

For a cost-effective approach guaranteeing simultaneously an optimized per-
formance, the radar sensor consists in principal of a combination of organic
and ceramic materials. Fig. 1 shows in a schematic view the corresponding lay-
out of the front end. The TX/RX electronics as well as the matched corporate
feed network for the different antenna lines are directly arranged on a low-
loss multilayered LTCC substrate. The relatively high permittivity of the LTCC
material (i.e. ,=7..8) compared to air minimizes parasitic radiation effects
arising from the feed network, thus resulting in an undisturbed antenna
characteristics. When using LTCC technology, vias with a complex design and
passive electronic components, such as resistors, capacitances and inductors,
all needed for providing an appropriate DC supply to the RF components and
for the control of the phase shifters can be implemented into the ceramic body
in a compact arrangement. In contrast, organic materials offer a low permit-
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tivity down to values of ,=2 in the GHz-range. In the area of the antenna
elements, this material property is advantageous, as optimized radiation pat-
terns at a high energy efficiency are generated. The organic foils having the
antenna elements located on top are implemented into a cavity inserted in
the first ceramic layer. Doing so, the length of the wire bonds is reduced to a
minimum when ensuring low discrepancy in height in respect to the surface
of the adjacent feed network.

Transmit-Antenna:
6°-h x 10°-v/ 13 Beampositions

Aol X UroT L BUTRIUY -IATI0NY

l MEMS-Phasenshifter-Array I

| Matched corporate feed-network |

Fig. 1. Schematic of the RF front end with phased array antenna
approach.

2.2 Phased Array Antenna with RF-MEMS Phase Shifters at 79 GHz

For the radar systems under consideration, namely automotive and wake-vor-
tex detection radar, both receive and transmit antennas were first completely
modelled, simulated and then fabricated. To finally assemble all sub-compo-
nents of the electronically steerable antennas, several steps were performed
in advance to characterize the individual parts of the antenna architecture
(i.e. the fixed-beam antennas and the RF-MEMS phase shifters). The first step
was the fabrication of fixed-beam antennas to determine their radiation pat-
terns and to validate the excitation coefficients of the feed networks [3]. One
example of these antennas is shown in Fig. 2, which illustrates the receive
antenna for the wake-vortex detection radar.

The transmit antenna consists of 28 1D-antenna arrays fed in parallel by a
corporate feed network. This arrangement results in a narrow, pencil-shaped
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beam characteristic, which can be steered in 21 discrete positions between
+30° in the final stage. The excitation coefficients used to feed the 2D arrays
are determined by a so-called Remez-type algorithm. This algorithm computes
the best approximation in the Tchebycheff sense of the ideal radiation char-
acteristic and ensures the realization of the minimum side lobe level, while
achieving a certain predefined beam width. The corporate feed network is fab-
ricated with asymmetrical T-junction power dividers dimensioned to achieve
the Tchebycheff aperture distribution. The feed network of the next genera-
tion of antennas will be realized on LTCC substrate, having a higher dielectric
constant than the Rogers substrate currently used in order to minimize the
radiation of the feed network. The location of the RF-MEMS phase shifters,
which will be implemented in the next integration step to steer the antenna
beam in the horizontal plane, are also indicated in Fig. 2.

Future location
of phase shifters

Fig. 2. Microstrip patch antenna array with beam widths of 3° in horizon-
tal and 5° in vertical direction.

While designing and fabricating the fixed-beam antennas, effort was put in
parallel in the realization of the RF-MEMS based phase shifters. To achieve the
necessary performance in terms of beam-steering, 4-bit digital phase shifters
were developed. These are fabricated in the EADS low-complexity RF-MEMS
technology [4], which already demonstrated excellent microwave performance
[5] with high reliability [6]. The RF-MEMS switches incorporated in the phase
shifting circuits showed low insertion losses and high isolation at 77 GHz mea-
sured on wafer level. The complete phase shifters are already fabricated and
are currently measured. A microscope photograph of a 180° bit in switched-
line configuration is illustrated in Fig. 3.
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N

Fig. 3. Detailed view on the 180°-bit of a 4-bit RF-MEMS phase shifter.

3 Application and Product-Related Objectives

As mentioned above, the radar sensor is designed for surveillance purposes
in the mid- and short range regime for automotive application scenarios.
Applying marginal modifications to the design of the antennas and during
operation, a sensor element with a similar design can be used for the detection
of wake vortices. Another potential application scenario for the radar sensor is
the surveillance of the operating area of robots, enabling a safe cooperation of
individuals and robots in the same working place.

3.1 Automotive Radar for the Short- and Midrange Obstacle Detection

Basically, driver assistance systems need a narrow beam to detect objects at
long distances and to reject reflections originating from objects located next to
the road. To survey the traffic on several lanes in medium and short distances,
however, a wide detection range is required. The movement of vehicles in
the neighbourhood shall be monitored to support manoeuvres, such as lane
change. Both tasks can be covered by a phased array antenna, which provides
electronic beam steering of a narrow lobe over a wide detection range. A
further potential field of application is the autonomous brake activation when
collisions with pedestrians or other traffic participants are inevitable. For this
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purpose, the radar sensor scans in the narrow-beam configuration the traffic
situation establishing in front of the car by the detection of the position and
the relative velocities of the different obstacles in respect to each other. Besides
further data originating from optical-based devices (e.g. cameras) these infor-
mations are supplied to an electronic control unit which activates under this
condition the emergency brake modus. Fig. 4 shows the specified detection
range of the radar sensor. Several lanes are monitored with 13 beams up to a
distance of 40 m within a view of +40°. The beams are activated sequentially.
The angular resolution is 0.6° at an accuracy in depth of 15 cm.

Fig. 4. Schematic on the different detection regimes of the automotive
radar sensor.

3.2 Avionic On-Board Wake-Vortex Detection Radar

Beside the automotive application, the sensor can be used to detect wake-
vortices of departing and landing aircrafts. This allows the optimization of
the time intervals typically inserted between take-off and landing procedures.
When implemented on-board, areas having a high vortex density are located
and the aircraft is exposed to lower vibrational stress levels due to an adapted
timing for e.g. take-off. Furthermore, additional information on the upcoming
flight conditions is provided for the automatic aircraft stabilization. At bright
weather conditions these hazardous turbulences in the air are detected with
optical sensors based e.g. on LIDAR. Basically, the motion of the water contents
is tracked independently of their physical condition, such as water droplets,
snow or ice particles. The detection limit, however, is already reached at mod-
erate raining (i.e. 1 mm/m? per hour) and snowing conditions. Fig. 5 shows the
specified detection range of the corresponding radar sensor. In contrast to the
automotive type, the view is slightly reduced to +30°, but a higher number
of beams (i.e. 21) with an aperture of 3° scan the front view. Furthermore,
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only a resolution in depth of 1 m is requested, as this information is of less
importance. For this application, the velocity vector of each individual clutter
cell is of interest, showing the shape and strength of the wake vortex. These
informations on the actual state of the wake vortices is electronically evalu-
ated and made visible to the pilot or to the decision makers working in the air
safety department. In a more sophisticated scenario, the corresponding flaps
at the aircraft are activated to perform a self-controlled stabilization during
operation.

Fig. 5.  Schematic on the different detection regimes of the airborne radar
sensor.

4  System Design and Simulation Results

Independent of the application scenario, it is proposed to use a linear, frequen-
cy-modulated continuous wave (FMCW) radar with extremely high modulation
frequency. The latter feature enables to measure the distance and the velocity
of each pixel simultaneously. To determine the sign of each component of the
velocity vectors and to increase the sensitivity a two-channel receiver is imple-
mented (I/Q mixer) in the receiver electronics which provides information not
only on the amplitude, but also on the phasing of the detected obstacles. Only
the beam of the transmitting antenna is steered to keep the volume of the
sensor module as low as possible. The receiving antenna covers with a broad
beam the complete field of view. The angles which the objects take up in
respect to the car are simply deduced from the position of the exciting beam.
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41 Functional Block Diagram with GaAs- or SiGe Chip Set

In Fig. 6a, the functional block diagram of the radar sensor using electronic
components based on GaAs is shown. First, the transmitting signal is gener-
ated by an oscillator at 12.6 GHz and subsequently linearly modulated in the
frequency domain. The oscillator used offers an enhanced linearity as well
as extreme low phase noise levels. The frequency output is stabilized using
a phase-locked loop (PLL) approach, so that a control of the frequency is not
possible when ultra-fast sweeps are applied. Under these conditions, the oscil-
lator is free-oscillating. The oscillator output signal is transformed into the 76
to 77 GHz range and amplified. With the corporate feed network the signal
is distributed across the phase shifters which control the antenna lines, thus
realizing the beam steering. A portion of the transmitting signal is diverted by
a directional coupler to provide an oscillating signal serving as reference for
the receiver. The reflected signal is detected with the receiving antenna in a
broad beam configuration covering the complete view. The use of a low-noise
pre-amplifier increases the sensitivity of the complete system substantially.

After having passed the I/Q mixer the information on both the amplitude and
the phasing of the reflecting obstacles is gained enabling a distinct determina-
tion of the velocity vectors which is not possible with a one-channel receiver.
The mixer converts the signal directly into the base band. When applying the
FMCW radar approach the frequency of the beat signals is proportional to the
distance of the obstacles. Undesired reflections originating in the short range
regime from a crosstalk of the antenna elements, the radiator grill or from
the bumpers are eliminated from the signal path by a high pass filter after
having passed the mixer. Next, the signal is amplified and filtered again with
an element having a 1/f-output characteristics compensating the free-space
attenuation of the radar signal and hence, increasing the dynamic range of the
radar sensor. This important feature is further amplified by the implementa-
tion of a software-controlled AGC (automatic gain control) amplifier which is
mainly necessary for the automotive application scenario, as obstacles having
a very strong reflection characteristics, such as loading door of trucks, as well
as those with a low reflecting performance, such as individuals or plastic-based
posts, may both occur in the view.

After amplification the signal is confined in its bandwidth by an anti-aliasing
filter and loaded into an A/D converter. Finally, a FPGA (field programmable
gate array) provides a pre-conditioning so that the information both on the
distance and on the velocity is extracted for each single range gate from the
raw data. The modulation and the beam steering applied during operation
of the radar sensor are performed with a micro-controller which performs in
addition the post-processing and delivers the object list to the driver assistance
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system. In Fig. 6b, the layout of a front-end is illustrated using components
fabricated in low-cost silicon germanium (SiGe) technology. In contrast to the
GaAs approach, the signal is directly generated in the millimetre wave band
at 76 GHz. As the chips offer a differential output, the signals need to be
transferred to the microstrip line with a balun. Besides the oscillator, the mixer
elements are fabricated in SiGe technology. For the pre-amplifier, no prototype
or commercial product is available. Therefore, this component is replaced by

a GaAs chip.
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4.2 Signal Modulation and Timing

When applying the signal modulation a linear frequency modulation is applied
with an ultra-fast slew rate. The corresponding time frame is typically in the
10 ps range. In Fig. 7, the modulation scheme is illustrated. The receiving sig-
nal is sampled and synchronized with the modulation frequency of the trans-
mitter. The signal pre-condition is delayed by one modulation period. For an
enhanced sensitivity of the system, 128 sweeps are averaged at each antenna
beam. The evaluation of additional sweeps is taken into account to increase the
resolution of the velocity vector which is derived from the change in phasing
for each obstacle. The distance range covered by one beam is measured within
a time frame of about 1 ms, so that the complete view in front of the automo-
bile is scanned within a maximum time frame of about 13 ms.
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Fig. 7. Modulation scheme und timing for both application scenarios
(blue: automotive, red: airborne application).

4.3 Signal Processing Concept

A two dimensional FFT (fast fourier transformation) is performed for signal
pre-conditioning. First, a complex FFT is calculated from the data gained from
each single sweep. Next, the frequencies are arranged in a matrix which is
again subjected to an algorithm based on FFT. This final matrix provides in
the rows the distance values, whereas in the columns the velocity is displayed.
Furthermore, the FFT averages the signal levels due to an integration proce-
dure. Doing so, the sensitivity of the system is increased, as the influence of
uncorrelated noise is reduced. The matrix built up for each antenna beam is
either suited to display the corresponding amplitudes or to generate a veloc-
ity-related graph.



Imaging Millimeter Wave Radar with Phased Array Antenna

4.4 Simulation of the Received Signals Gained from Predefined Objects

To estimate from pre-defined objects and under different weather conditions
the quality of the back-scattered signals serving as input for the radar sen-
sor, extensive simulations were performed. The receive signal is conditioned
according to the above mentioned procedure. Besides the characteristic values
associated with the electronic components, shown in the functional block
diagrams (see Figs. 6a and 6b), critical parameters of real devices, such as
the non-linear output behaviour of the oscillators, damping factors, antenna
parameters, noise figures of the receiver, are considered in the calculations.
Fig. 8 shows a typical result. In this simulation, three objects are assumed
having the following parameters: Object 1 is located at a distance d;=10 m
with a velocity v;=40 m-s. Object 2 (3) has values d,=15 m (d;=40 m) and
v,=4m-s? (v3=50 m-s?), respectively. In all cases, the minimum reflectance
of a sphere with a diameter of 10 cm is assumed. In Fig. 8, the x-axis shows the
velocity, the y-axis the distance and the z-axis the signal height. At the origin
of the coordinate system, the reflection of the antenna is observed which is
eliminated by the high-pass filter later on. Basically, all three objects can be
well detected due to an outstanding signal-to-noise ratio.

‘ Antennenisolation

Pr
#2

#1

#3 R

Fig. 8. Simulation results on the detection performance of the three
objects.
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4.5 Functional Verification of Signal Processing Concept and System
Performance Using an Experimental Radar

To verify the concept for signal conditioning and to validate the tracking of the
hydrometeors via their velocity profiles, a field test was performed applying an
experimental radar. For this basic study, a radar module whose antennas still
need to be steered mechanically, thus having a low degree of integration, was
fixed to the bumper. The presence of hydrometeors was simulated by a water
jet. Additional objects with known reflectance were placed into the view of the
radar sensor. Fig. 9 shows the set-up used for testing and a typical measure-
ment result where the different colours are attributed to varying velocities of
the objects: objects in rest are displayed in green and the water jet containing
moving water droplets is in blue. The information on the amplitude is not vis-
ible in this configuration.

Velocily -Image: green (v = 0), blue (v >0)

grass comer-reflectors

\ '
|

walerdrop -beam

Fig. 9.  Field-test with a state-of-the art radar sensor for automobiles.

5 Conclusions and Outlook

In this study, basic considerations are presented to develop an advanced radar
sensor with phased array antennas for automotive and airborne applications
targeted to operate at 79 GHz. Using an electronic beam steering approach,
it is feasible to implement a radar module which does not need to be moved
mechanically, thus giving space in the automobile for additional environment
sensor systems, such as a camera. For an overall compact design, LTCC technol-
ogy is combined with organic materials to have on the one hand the possibility
for a high degree of integration and on the other hand to modify dielectric
properties to a maximum extend. First results on core components, such as
the antenna performance and the MEMS-based switching elements, are very
promising and give confidence that prototypes can be successfully fabricated.
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To design the read-out and the control electronics functional block diagrams
were built up for both potential scenarios using either GaAs or SiGe chip sets.
Furthermore, the receiving signals were simulated applying realistic values for
the implemented components resulting in an acceptable signal-to-noise ratio.
A field test using a mechanically steered automotive radar module at 76 GHz
proves the potential to detect hydrometeors. Therefore, it can be concluded
that radar sensors in this frequency range are also well suited for airborne
applications.
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Tungsten-Titanium as Advanced Material for RF-MEMS
Switches
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A. Wiirtz, Atmel Germany GmbH

Abstract

In this paper we present first results on the development of high
temperature stable tungsten-titanium (WTi) based MEMS cantilevers,
using conventional sputter deposition technique and wet chemical
etching. By synthesizing two WTi layers with slightly different, but
tailored film properties an out of plane deflection of the cantilevers is
achieved. This core component is most favourably used in RF-MEMS
switches actuated electrostatically. Based on this design, a high isola-
tion in the up-state and a low insertion loss in down-state are guar-
anteed. Furthermore, the temperature stability of WTi thin films is
determined and evaluated up to a maximum annealing temperature
of 450°C, appearing during hardware realisation. The results gained
so far give confidence that this type of MEMS cantilevers is well
suited for the proposed application scenario.

1 Introduction

In recent years, one of the main trends to improve car safety is to equip
automobiles with radar-based on-board driver assistance systems. In order
to exploit their full potential two basic requirements are essential: a narrow
beam is requested for long distances and a broader detection range for short or
medium distances. These application-oriented requests can be met with a radar
beam, which is electronically steered. For an adequate control of the different
antenna elements with respect to their phasing, the use of RF-MEMS switches
represents an advanced approach for the realisation of phase shifters with
optimized performance due to a low insertion loss in down-state and a high iso-
lation in up-state of the micromachined component [1]. Since sticking is one of
the most frequent reasons for the failure of movable MEMS devices, especially
when fabricated in surface micromachining, a hermetic housing is preferen-
tially targeted to protect these structures from humidity and hence, to achieve
a good long term stability. Most of the commonly on-wafer level housing
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techniques, however, providing a hermetic packaging, require temperatures
starting well above 250°C. As demonstrated in a previously published study
on the temperature stability of aluminium-based cantilevers, reliable operation
up to 120°C can be achieved with this material combination [2]. In addition,
packaging temperatures up to 250°C can be withstood using the current alloy
composition. But, with the objective to monolithically integrate the RF-MEMS
switches with silicon germanium (SiGe) devices and to use high-temperature
hermetic packaging processes, a material with higher temperature stability is
needed to conserve the intrinsic film stress implemented intentionally during
deposition. Due to its high melting point tungsten (W) is regarded to be well
suited for this purpose. Since the adhesion of tungsten on silicon dioxide is a
critical parameter, an alloy made of tungsten and titanium (Ti) is used, accept-
ing somehow lower values for the electrical conductivity and the thermal
stability compared to pure tungsten.

It is the objective of this study to present first results on the development of
high temperature stable, WTi-based, cantilevers. The technology used for fab-
rication is reported. Furthermore, the temperature stability of sputter-depos-
ited WTi thin film is determined and evaluated up to a maximum annealing
temperature of 450°C.

2 Fabrication Process

The devices are fabricated applying a surface micromachining approach
on thermally oxidised silicon wafers. First, a thin layer of aluminium (Al) is
deposited by DC magnetron sputtering on the front side of the wafer. This
layer is used as the sacrificial layer during device fabrication and hence, its
height strongly influences the actuation voltage required for switching. Next,
the oxide on the backside is removed with buffered hydrofluoric acid. After
that the sacrificial layer is patterned with standard photo lithography and a
subsequent wet etch in phosphoric acid. The functional layer consists of two
WTi layers each 1 pum thick, which are sputter deposited from a tungsten
(90%)-titanium (10%) target. Defined variations in deposition parameters
cause the layers to be slightly different in nature. Thus, the biaxial film stress
is influenced, resulting in the desired deflection after the release of the struc-
tures. Controlling the sign and the level of the film stress in each layer is most
challenging during the fabrication process for the reproducible realisation of
cantilevers, as a predefined bending behaviour is of utmost importance for the
targeted RF-MEMS switches. Again, the patterning of the WTi layers with a
thickness of 2 pm in total is done with standard photo lithography and a wet
etch process. A hard mask is required for this procedure, since the etching is
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done in hydrogen peroxide. For the final release, the sacrificial layer is exposed
to phosphoric acid. In the same processing step the hard mask is removed, as
the sacrificial layer as well as the hard mask consists of the same material.
After etching, the wafers are first purged in deionised water and then swilled
in hot propanol to reduce in-process sticking [3]. Due to the high spring force
of the beams a more sophisticated release process, such as offered by a critical
point dryer, is not absolutely necessary.

3 Results
3.1 One-Sided Clamped Cantilevers

Figs. 1 and 2 show an example for a released beam structure. Fig. 1 is taken
with a scanning electron microscope (SEM) at a magnification of 350 and
Fig. 2 shows a scan done with a white light interferometer (WLI). As desired,
the cantilevers bend away from the surface due to the difference in film stress
of both layers. So the air gap between substrate and cantilever increases from
the anchor to the free end and this leads to the high isolation in up state. For
evaluation purposes cantilevers with two different widths w, 150 pm and
200 pm, and different lengths L ranging from 100 pm up to 600 pm with a
step size of 50 pm have been realised. The corresponding tip deflections cover
a spectrum from 4 pm (i.e. at L = 100 pm) up to 80 pm at 550 pm long can-
tilevers. For an enhanced performance during release and an easy access for
inspection the sacrificial layer was chosen to 400 nm in the first run.

Fig. 1. SEM picture of the released tungsten-titanium cantilever on SiO,
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Fig. 2. Surface profile of the cantilever presented in Fig. 1.

The length and the width of the cantilever shown in Figs. 1 and 2 are 350 pm
and 150 pm, respectively. The maximum tip deflection determined with both
methods is about 54,5 pm. A typical plot of the curvature extracted from the
measurement with the WLI can be seen in Fig. 3. Typically, the deflection has
a circular shape. This cannot be seen in the plot based on the different scaling
of the axes. Due to the low aspect ratio when comparing the thickness of the
sacrificial with the functional layer, the transition region between the cantile-
ver and the anchor is clearly to observe (see Fig. 4). Besides this influence, the
WTi looks fragile in this area, as the film stress in the active layer is in addition
very high (see Chap. 3.2). Applying an optimized design with a reduced gap
height in the order of 100 nm and below while keeping the WTi thickness as
fixed, this weak point can be eliminated.
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Fig. 3. Curvature along the centerline of the beam.
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Fig. 4  SEM micrograph of the transition region between released struc-
ture and anchor.

Despite this large air gap the cantilevers can be electrostatically activated
resulting in actuation voltages of 60 V and above. According to [4] the pull-in
voltage of cantilevers with residual stress gradients is described by

Vi =5.51x107 ZAGAW)]
pulln &L (L+3(h+1))

(1)

where E,; denotes the effective Young’s modulus, L and 7 the length and the
thickness of the cantilever, , the electrical permittivity in vacuum and ,( )
the tip deflection. When reducing only the gap size /4 from 400 nm to 100 nm
while leaving all other parameters unchanged, the pull-in voltage is assumed
to decrease by a factor of approximately two. Thus, actuation voltages in the
order of 30 V seem to be feasible. For each consecutive switching operation
the sign of the voltage has to be changed. Otherwise, the beam structure is
not pulled downwards reliably because of charging effects in the silicon oxide
layer located below (see Ref. [2] and references cited herein).

3.2 Temperature Stability

As mentioned in the previous chapters RF-MEMS switches are very sensitive
to environmental influences, such as humidity and contaminants. Therefore,
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a hermetic on-wafer level packaging is the preferred choice for sealing these
devices. Since all conventional hermetic packaging techniques (e.g. based on
glass frit) require temperatures in the range of 400°C, the tungsten-titanium
thin films ideally have to be resistant to any impacts on material properties
arising from temperature. At least, the change in film properties needs to be
predictable and reproducible. Consequently, the parameter influencing the
device performance predominantly as a function of annealing temperature is
the film stress and hence, needs to be investigated in more detail.

For these analyses a set of different WTi thin films have been prepared by
sputter deposition on double-side polished 4" silicon wafers. The synthetization
parameters have been varied to a maximum extend to evaluate the perform-
ance of thin films with different properties in respect to their temperature
stability. The values applied for thin film preparation are shown in the Tab. 1.

_ Deposition Parameters

Power [W] 100 250 500 1000
Pressure[mbar] 31073 5103 7107 9107

Ar-Flow [sccm] 30 50 70 90

Tab. 1.  Parameters for WTi thin film deposition.

To cover the complete range of possibilities when combining the three most
important sputtering parameters among each other, a bundle of 64 wafers
would be needed. To save time and money, but keeping the loss of information
on the interaction of the different parameters in respect to their influence on
film growth and film stress as low as possible, 16 wafers have been prepared
using the approach proposed by the Taguchi method. The thickness of each
thin film is fixed to 1 pm. Applying the well-established “wafer bow” measure-
ment technique to determined the corresponding curvature, the biaxial film
stress is gained using Stoney’s formula [5]. After measuring the stress in the
“as-deposited” condition all wafers are put into a muffle kiln for annealing and
analysed subsequently to any change in film stress after having cooled down
to room temperature. Following this sequence, the samples are heated up to
450°C with a step size of 25°C starting at 50°C. The dwell time at each peak
temperature is 30 minutes.
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Fig. 6  WTi thin film with compressive stress.

Depending on the deposition parameters tungsten-titanium thin films with
either tensile or compressive stress can be realised (see Figs. 5 and 6). Besides
the difference in sign, the temperature behaviour of the film stress varies to a
great extent when applying different sputter parameters. Most of the samples
prepared show an annealing behaviour whose characteristics are similar to
that shown in Fig. 5. Starting from room temperature the stress is either
more or less constant up to a temperature of about 350°C before reaching a
local maximum in the upper annealing range. Increasing the annealing tem-
peratures even further, the film stress starts to decrease for all samples inves-
tigated, independent whether they show originally tensile or compressive
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stress behaviour. For samples with a low tensile stress in the “as-deposited”
state it is even possible that they change from tensile to compressive stress
values. Compared to the aluminium based cantilevers, the WTi films exceed
their temperature limitation substantially and make possible the realization of
cantilevers with a film stress that is almost constant over the targeted tem-
perature range.

5 Conclusions and Outlook

In this study cantilevers based on tungsten-titanium were presented. Depending
on the geometrical dimensions tip deflections up to 80 ym were realized at a
film thickness of 2 pym. With voltages alternating in their polarity and applied
across the substrate the beam structures could be activated. The absolute
values of the switching voltages were larger than 60 V due to an air gap of
400 nm. According to theoretical calculations, however, these values can be
reduced by a factor of two when decreasing the gap height to 100 nm.

Besides the fabrication of the cantilever itself, the temperature behaviour of
WTi thin films was evaluated up to annealing levels of 450°C. It was demon-
strated that in the “as deposited” state the residual film stress can be tailored
in a broad range using different deposition parameters. Doing so, thin films
with either tensile or compressive film stress can be realised. Basically, the
samples can be divided into two types: the first show a temperature behaviour
which is relatively constant over the whole temperature range. In contrast, the
second type has an intrinsic stress that is constant up to 200°C before increas-
ing when exposed to 350°C. Above, the film stress decreases at annealing
temperatures up to 450°C. In the near future further investigations have to
focus on the temperature stability of released cantilevers up to temperatures
of 450°C and on the high frequency characterisation of the corresponding
switches. Based on the results gained so far, however, it seems to be feasible
to realize one-sided clamped high temperature stable cantilevers representing
the core component of micromachined RF switches.
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Local Modification of Fired LTCC Substrates for High
Frequency Applications
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Abstract

In this study, a novel process is presented to generate a defined and
homogeneous degree of porosification in fired LTCC (low tempera-
ture co-fired ceramics) substrates. For this purpose, a phosphoric-
based acid is used which represents a standard wet chemical etchant
in MEMS and microelectronic industry. This surface-near process is
very attractive for the realization of selected areas on conventional
LTCC substrates having modified dielectric properties, especially for
high frequency applications. From morphological investigations, this
portion of the glass matrix enveloping the Al,O; particles is very
important to enable the penetration of the acid into the LTCC body.
Increasing the time of the etch attack at a given bath temperature,
pores are preferentially formed due to a selective removal of the
Al,0O4 particles compared to the residual glass matrix. High frequen-
cy measurements of the permittivity using ring oscillators showed a
significant reduction compared to the original bulk value.

1 Introduction

In recent years, LTCC (low temperature co-fired ceramics) has attracted much
attention as technology platform for the realization of advanced hardware solu-
tions both on device and substrate level. This is in particular due to the multi-
layer approach, the possibility to implement vias with a low sheet resistance
based on Au, Ag or Ag/Pd and the integration of passive electronic components
(i.e. inductors, resistors and capacities) into the ceramic body, thus making use
of the 3rd dimension [1,2]. The latter advantage enables the arrangement of
electronic components in a compact way within a gas-proof body. Therefore,
they are well protected from environmental impacts when operated under
harsh environmental conditions, such as high temperatures [3]. Basically,
LTCC is a glass-ceramic consisting of a glass matrix in which aluminium oxide
particles with a typical diameter in the range of 2-3 pm are embedded as a
filler material. For metallization purposes, thick film printing technique is the
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standard technology used. Due to the low sintering temperatures with peak
levels in the range of 850°C the complete assembly of filled vias and printed
structures are fired in one single step with the substrate which is in this status
of the fabrication flexible (i.e green sheet). By the liquid sintering process the
soft sheets are densified to form the ceramic body monolithic in nature.

LTCC is most favourably used as substrate for micromachined devices and
systems operated at high frequencies typically ranging up to the microwave
region. Although there are also other types of high-density, multilayer sub-
strates available, based on organic laminates, further outstanding features of
the LTCC for this field of application are the excellent thermal conductivity
compared to organic materials and a coefficient of thermal expansion close to
silicon [4]. Compared to a standard organic substrates reinforced with a glass-
fibre based component, such as FR-4 or RT/Duroid, the dielectric losses are low.
In contrast, the relatively high permittivity of ,= 7 - 8 is disadvantageous for
some application scenarios, such as the performance of microwave antennas
directly arranged on the LTCC surface. To avoid this drawback either a com-
bination of ITCC with a local application of a low-k organic material [5] or the
modification of the LTCC substrate itself is targeted. Beside the modification
of the glass-matrix and the crystallization behaviour [6, 7], the generation of a
defined porosity is the most commonly used approach to reduce the dielectric
constant and the dielectric losses of materials [8].

It is the objective of the paper to report about a novel process to generate
locally a defined porosity in LTCC being in the fired state. Up to now, a maxi-
mum penetration depth for the porosification process of about 40 pm below
the substrate surface is demonstrated. Phosphoric-based acid is used which
is a well-established chemical product used for the patterning of aluminium-
based strip lines within the fabrication process of micromachined devices. The
process and hence, the degree of porosification and the corresponding penetra-
tion depth, can be controlled very easily by monitoring the etch time and the
temperature of the etchant at a given bath concentration. The impact of these
relevant parameters on the modified LTCC microstructure is investigated via
SEM (scanning electron microscopy) and FIB (focused ion beam) technique. A
successful application of thick-film based test patterns on the modified LTCC
is demonstrated. High frequency measurements in the GHz-range using ring
resonators indicate a substantial decrease in permittivity.
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2 Experimental Details

To study the porosifiaction process, commercially available LTCC substrates
(DP 951 AX) from DuPont was used. The blank sheets were laminated at a
pressure of 20 GPa and fired at a peak temperature of 850°C for 30 min. in
batch furnace. Further details of the fabrication process can be found else-
where [9]. After co-firing, a compound material was generated consisting of
a glass matrix with different crystalline and chemical phases in which Al,O4
particles with a typical size in the pm-range are implemented (see Fig. 1).
Basically, the DuPont 951 LTCC tape consists of corundum, anorthite and a
glass phase consisting of a lead silicate glass after firing [10].

Fig. 1. SEM top view on a conventional LTCC (DP 951) substrate. To
highlight the microstructure, the LTCC substrate is dry etched for
several minutes applying an argon flux, thus removing the glass
coverage from the surface.

To chemically attack the LTCC substrates, phosphoric acid with a purity of
85 vol% is used. The bath temperature is closed-loop controlled on a hotplate
purchased from Heidolph Instruments and varied between 90 and 130°C.
Dwell times at peak temperature were between 1 to 8 h. Finally, the samples
were rinsed in deionized water and dried with purged air.

To measure the penetration depth of the porosification process, the specimens
were embedded into a resin matrix (Demotec 30), cross grinded on a stand-
ard turntable from Struers and analysed via SEM technique (LEO 435VP). To
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investigate the micro gaps and pores generated after wet chemical etching in
more detail, a SEM in a Dual Beam FIB - FEI Strata DB235 workstation was
applied. In these cases, cross-sectioning was done by means of FIB technique.
The surface roughness was measured with a profilometer (Alphastep 200)
from Tencor Instr. At a fixed scan length of 2 mm, the values for the maximum
roughness depth R,,,, and the average roughness R, are determined.

Fig. 2. Typical sit-in for the high frequency characterization of the sub-
strates.

As shown in Fig. 2, the permittivity of the different LTCC substrates was meas-
ured using a microstrip ring resonator configuration [11]. Sputter deposition
technique and standard lithography followed by a wet chemical etching proc-
ess were applied for the realization of the copper-based test structure. The gap
between the ring resonator and the feed lines is about 200 pm [see Fig. 2]. The
electromagnetic wave is capacitively coupled into the resonant structure and
extracted via a second feed line located on the opposite side. Standard SMA
connectors are soldered carefully to the thin film metallization. The resonance
spectra of the S-parameter S,; are measured with an Agilent EB363B network
analyser in the range between 1 to 10 GHz. For an ideal loss free resonator
the resonance frequency f is an integer multiple of half of the ring perimeter
p being in this case
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2c (1)
f;) =
np

Due to the dielectric properties of the substrate material the resonance peaks
are shifted so that the effective dielectric constant can be calculated accord-
ing to
2
n-c (2)

zn.r 'f;'es

m

Sr,eff -

where the quantity » is an integer, ¢ denotes the speed of light in vacuum, r,,
the radius and f,,, the measured resonance frequency. The relative dielectric
constant of the LTCC material is derived from the effective dielectric constant
and the effective width of the microstrip line:

2-¢, ,+M-1 2-n)
L — +—

€, with M:=|1
M+1

3)
eff

where / is substrate thickness and Weﬂ the effective microstrip width, respec-
tively. The latter quantity is determined according to

W, =W+ e @
; T t

where ¢ denotes the conductor thickness and W the microstrip width [11].

3 Results and Discussion

In Fig. 3, the porosification depth d, in fired LTCC substrates is known as a
function of time ¢ at different bath temperature levels 7}, of the phosphoric acid
is shown. A minimum value for 7}, of 90°C is required to obtain in a time frame
of about 1 h a detectable porosification depth of about 300 nm. As expected,
dp increases when enlarging the duration for the etch attack at a given bath
temperature. Increasing 7), has a similar impact on a'p while keeping the
parameter ¢ as fixed. At the onset of the etch attack, a'p and hence, the porosi-
fication rate, is relatively low at 7;,= 90 and 110°C. In the range of 2 to 5 h,
the corresponding values of dp show a linear relationship with # before reach-
ing a bath-temperature dependant saturation level. Excluding under these
conditions a period of about 2 h at the beginning to activate the porosification
process, the curves obey in principle a functional characteristics, well-known
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e.g. for the different growth regimes of silicon dioxide when subjected to a
standard wet oxidation process of silicon substrates [12]. This demonstrates
that in the linear regime the etch attack for the porosification process of
LTCC is reaction-limited, while in the saturation regime, it is diffusion-control-
led. Increasing the bath temperature to 110°C, the porosification process is
activated above average resulting in an almost linear relationship between dp
and ¢ from the very beginning of the process. In comparison to the lower bath
temperatures investigated, a saturation regime establishes after a period of
about 5 h resulting in a maximum porosification depth of about 40 pm. From
the application-oriented point of view, this wet etching process provides a suf-
ficient depth promising a substantial reduction of dielectric properties, such
as the permittivity, for high frequency applications. In Fig. 4, a typical cross-
sectional view on the surface-near porosification is shown used to extract the
data presented in Fig. 3. Besides the determination of dp, a constant value for
this important porosification parameter is demonstrated on technical-relevant
length scales, providing a homogeneous reduction in dielectric properties
across a given area.

2 90°C
|« 110°C . ]
130°C

N
(@)
[ ]

N
o

Porosification depth [um]
o

Time t [h]

Fig. 3.  Porosification depth dp in LTCC (DP 951) as a function of time ¢ at
different bath temperatures of the phosphoric acid.
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Fig. 4. Typical result when using a phosphoric acid at 110°C for 5h to
generate a porous microstructure in LTCC.

To investigate the nature of the porosification process and the corresponding
microstructures in more detail, FIB technique in combination with SEM analy-
ses were applied. For comparison purposes, Fig. 5a shows the topography of
an “as manufactured” DP 951 LTCC substrate. The surface is highly undulated
in the pm-range (i.e. R,,,,~ 1.7 pm and R,~ 0.4 pm) due to the implemented
Al,0; particles and covered with the glass matrix based on the liquid sinter-
ing process. After exposure to the phosphoric acid for 3 h at 90°C, the glass
matrix is locally attacked on the surface forming gaps and pores with dimen-
sions well below 1 pm (see Fig. 5b). Increasing 7 to 8 h, the glassy top coverage
is almost completely removed giving view on the Al,O3 particles located below
(see Fig. 5c). After etching 8 h at 130°C, the glass phase totally disappears (see
Fig. 5d). Furthermore, the mean gap size is substantially increased indicating
the penetration of the wet chemical into the body of the LTCC. It is worth
mentioning that despite the removal of the top layer the Al,O; particles still
adhere sufficiently to the substrate due to only a partial removal of the glass
matrix enveloping each single grain.
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Fig. 5.  Surface morphology of LTCC in different modifications:

a) “as manufactured” (upper left),

b) after etching for 3 h at 7;,= 90°C (upper right),
c) after etching for 8 h at 7= 90°C (lower left),
d) after etching for 8 h at 7;,=130°C (lower right).

In Fig. 6a, a cross-sectional view on the porous layer is given after an etch
attack at 7= 90°C for 8 h. The assumption that the phosphoric acid pen-
etrates via gap-sized structures into the body of the LTCC substrate is con-
firmed. This is especially obvious at the proceeding porosification front in
the LTCC body where this portion of the glass matrix surrounding the Al,0O;
particles is preferentially etched. Close to the surface, the formation of larger
pores is indicated, as in this long etching regime, the Al,O; grains are now
selectively etched compared to the residual glass matrix. When increasing 7},
but decreasing f to 2 h, only the presence of sub-pym sized gaps and pores are
detected supporting the findings on the porosification process, drawn from
Fig. 6b. Again, the results are similar to those shown in Fig. 6¢c when increas-
ing on this high temperature level 7 to 8 h, besides a more pronounced pore
formation and a larger penetration depth which can not be fully exploited
via FIB technique due to a depth range for characterization limited to about
20 pm. From these morphological investigations it can be concluded that the



Local Modification of Fired LTCC Substrates for High Frequency Applications

grain-near portion of the glass matrix is very important to enable the penetra-
tion of the phosphoric acid into the depth. This selective etching behaviour
may be either based on the microstructure of the glassy envelope close to the
Al,0; particles having a lower degree of crystallinity (e.g. amorphous) or on a
different chemical composition to the residual glass matrix, as pure SiO, has a
negligible etch rate in respect to phosphoric acid.

P '
i XameWwm .0
Fig. 6. Cross-sectional view on the microstructure of LTCC close to the
surface. The glass-ceramic is etched in phosphoric acid for
a) 8 h at 7j,= 90°C (upper row),
b) 2 h at 7T),= 110°C (lower left) and for
c) 8 h at 7;= 110°C (lower right).
The platinum top layer is only applied to avoid any structural dam-

age to the probe surface during FIB preparation procedure.

From the results presented so far, an increase in surface roughness is expected
when generating a higher degree of porosification or a larger penetration
depth. Starting from the values associated with the “as manufactured” LTCC
substrate, R, stays below 1 pm, whereas the maximum surface roughness can
range up to several microns. Despite the increase in surface roughness conven-
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tional thick film metallization including post firing levels around 850°C can be
applied similar to “as manufactured” LTCC substrates without damaging the
porous structure.

To measure the change in permittivity ring resonators are arranged on porous
LTCC substrates. All analyses were done on DP951 LTCC ceramics with a
substrate thickness of d; ;= 820 pm. The permittivity is determined from a
resonance peak at around 6 GHz.

In Tab. 1, the impact of the porosification depth on the dielectric constant
is shown. Starting with the quantity ., directly determined from the ring
resonator the influence of the air is eliminated according to Egs. 3a, 3b and 4
resulting in the modified values labelled with ,. As expected, a substantial,
but not very effective reduction in permittivity is achieved when increasing dp
up to 35 pm independent of the evaluation stage. A value of 7.8 is determined
for the “as manufactured” LTCC fitting very well into data published recently
[13] and giving confidence into the proposed procedure. Assuming, however,
a more realistic set-up when placing the ground plane not in a distance of
820 pm, but 100 pm below the ring resonator, the portion of the porous layer
in respect to d;rcc is more pronounced. Calculations show that the effective
permittivity of a layer with d; ;= 100 pm is below a value of 3 at a maximum
porosification depth of 35 pm. Under these conditions, the modified LTCC is
competitive with organic materials commercially available on the market.

. . Calculated value
Porosification ford — 100 um
depth d, LU= v

r,100 um
0 um 5,20 7,8 7,8
2 um 5,12 7,22 4,69
15 um 5,10 7,19 4,54
35 um 4,62 6,45 2,87

Tab. 1. Measured permittivity for various porousification depth of LTCC.
, is the calculated permittivity of the 820 ym ITCC, ,,100 pm is
the calculated permittivity for a single LTCC layer of 100 pm
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4  Conclusions and Outlook

In this study, a novel process based on a wet chemical etchant is introduced to
generate a tailored porosity in fired LTCC substrates (DP 951). Due to the use
of a phosphoric acid which is well-known for the patterning of aluminium thin
films in MEMS or microelectronic industry a local porosification is feasible by
using a photosensitive polyimide as mask material. The method is very simple
to monitor, as important parameters, such as the bath temperature and the
exposure time, strongly determine the degree and the depth of the porosifi-
cation process. In addition, the LTCC fabrication process does not need to be
changed, as commercially available tapes can be used. Typically, this process
step could be implemented in the flow chart of a device or module before final
metallization. It could be demonstrated that at a bath temperature of 130°C,
the penetration depth has a maximum value of about 40 pm. To enable the
penetration of the wet etchant into the LTCC body, this portion of the glass
matrix enveloping the Al,O; grains plays an important role, as it is preferen-
tially etched at the onset of the process. With increasing exposure time, how-
ever, the etching of the Al,0; grains becomes more pronounced, so that the
originally gap-sized microstructure changes to a pore-sized geometry. Basically,
the porosification process is reaction-limited at the beginning, while changing
to a diffusion-controlled regime after an exposure time of about 5 h independ-
ent of bath temperature and indicated by an almost constant saturation level.
Associated with the enhanced porosity is an increase in surface roughness.
Therefore, R, changes from about 0.4 pm in the “as manufactured” state to a
maximum value of about 1 pm for the porosification parameters investigated.
Finally, test patterns were applied on the modified LTCC substrates using thick
film screen printing technique and post-firing temperature up to 850°C. Thus,
the standard metallization approach for this glass-ceramic material can be
used as in the “as manufactured” state. First measurements of the permittiv-
ity indicate a clear reduction with increasing porosification depth. Minimum
values for the permittivity in the range of 3 using an optimized design make
this approach attractive for high frequency applications.

In the near future, further investigations have to be performed to understand
in more detail why the glass matrix enveloping the Al,O; grain is etched first
and why this feature is based on the corresponding microstructure or on the
chemical composition. Due to the challenges linked with the determination
of quaternary phases it is assumed that a chemical analysis of the elements
dissolved from the LTCC in the etchand will give more insight in the mecha-
nisms involved. Furthermore, the impact of the porosification on the dielectric
properties, such as the permittivity and dielectric losses, has to be determined
in more detail by varying in particular the bath temperature and the exposure
time to exploit the full potential of this promising procedure.
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Determination of Complex Permittivity of LRR Radome
Materials Using a Scalar Quasi-Optical Measurement
System

F. Pfeiffer, E. Biebl, Technische Universitat Miinchen,
K.-H. Siedersberger, AUDI AG

Abstract

We developed a low-cost quasi-optical measurement system to deter-
mine the complex permittivity in the E-band (from 60 to 90 GHz).
The evaluation is done in a non-destructive way and can be used for
all kinds of single-layered and multi-layered dielectric materials. The
method is based on measurements of the scalar transmission coef-
ficient through planar samples for several angles of incidence and
two different polarization states (parallel and perpendicular to the
plane of incidence). A numerical optimization technique is used to
derive the complex permittivity from the measured coefficients. The
method utilizes a physical model of a dielectric slab of known thick-
ness, which assumes that a plane wave is incident on the surface of
the dielectric material. Measurement results are presented, which

are in good agreement with data from the literature.

1 Introduction

An increasing number of mid and high class car models are equipped with
radar sensors, which use millimetre wave signals. These sensors are usually
mounted at highly design relevant positions in the automobile front. Therefore
radomes are often used to cover the sensors. The radome’s surface generally
affects electromagnetic wave propagation. For a proper radome design and an
appropriate choice of the material it is essential to know accurate data for the
relative permittivity , and loss tangent at the radar’s operating frequency.
Therefore we developed a scalar free space transmission measurement system
operating in the E-Band — appropriate for automotive long-range 76 to 77 GHz
radar (LRR) applications. A picture of the system'’s free space part is shown in

Fig. 1.
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Fig. 1.  Picture of the free space measurement system

For millimetre wave material characterization a free space measurement con-
figuration is attractive due to the non-destructive nature of the system and
the little effort required for sample preparation. Furthermore, we decided for
a scalar measurement system due to the lower cost of the measurement equip-
ment (compared with vector measurement equipment) and the simplicity of
the mechanical setup. Free space phase measuring at millimetre wavelengths,
would require a highly precise mechanical adjustment in the range of microm-
eters.

2 Measuring Setup

Based on Gaussian beam optics, we designed the measurement system. A
schematic representation of the optical path is shown in Fig. 2.

Horn Lens Sample Horn

Fig. 2. Schematic representation of the optical path
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The system consists of a pair of corrugated horns with Gaussian beam radiat-
ing characteristic. The transmitting horn illuminates a focusing lens with a
focal distance f of 210 mm. The diameter of the dielectric lens is 131 mm and
hence approximately three times the maximum beam waist at this position.
Therefore 98.9 % of the beam’s power goes through the lens. The sample
material is inserted at the output beam waist location, where the wave fronts
are flat. In order to minimize the diffraction effects, the size of the dielectric
sample is larger than three times the radius of the collimated Gaussian beam
w, over the entire frequency range. The Gaussian beam is received by an iden-
tical horn antenna. The sample holder is mounted on a precision rotary stage
to allow a variation of the incident angle 0. In the receiving path a harmonic
mixer is used to down-convert the RF-signal to an intermediate frequency of
741.4 MHz. The power of the down-converted signal is measured with a spec-
trum analyser R&S FSP40. The scalar transmission coefficient 7 is calculated
by dividing the measured power P,, by the power P,ef of a reference measure-
ment without a sample in the free-space path
P

7=t (1)

Ref

This normalization procedure is the only error correction available for scalar
measurement and eliminates only the frequency response. In order to mini-
mize the influence of multiple reflections between sample, transmitting and
receiving horns only angles of incidence «; bigger than 10° are used. The
maximum angle of incidence is limited to 40°, to avoid diffractions from the
edges of the sample holder and the sample itself.

3 Theoretical Outline

For the determination of the complex permittivity ¢ = g)’, - jg:’ a theoretical
model for the transmission coefficient 7 ;; for both polarization states is used.

The model is based on a plane electromagnetic wave incident on an infinite
dielectric slab, as shown in Fig. 3.

Since the tangential part of the electric field £ and the magnetic strength H
must be continuous across the boundaries (air / dielectric slab), the incident
field can be calculated in terms of the transmitted field [2]. The transmission
coefficient can be obtained by dividing the fields.
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reflected wave

incident wave

€0
transmitted wave

Fig. 3. Model of a plane wave incident on a dielectric slab

The transmission coefficient is then given by

tE’H _ ErE,H _ 2Y0E,HYSE,H (2)
EFT 2¥ Y cos(kyh) + jsin(k,h) (Y)Y + (YT

1

Where KE is the effective wave admittance for the E polarization

3)

4)

The lower index i indicates the dielectric material. Where S stands for the die-
lectric sample and 0 for the surrounding air. The product of the wave number
ko and the effective length A, represents the phase difference of the plane
wave transmitted through the dielectric slab and is given by

kOhs = kOds 8r,s“‘r,s COSGS (5)

ko is the wave number in free-space and dg the physical thickness of the
dielectric sample. The refracted angle oy in the dielectric material can be cal-
culated from the incident angle o; using Snell’s law. Assuming that the rela-
tive permeability is one in the dielectric sample, the transmission coefficient
only depends on the complex permittivity and the geometrical measurement
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conditions. As there is no analytical way to express the complex permittiv-
ity in terms of the transmission coefficient £#, the incident angle o; and the
thickness of the slab d,, it will be determined by fitting the theoretical model
to the measured values of magnitude. For the parameter fitting a non-linear,
least-squares method is used. The error function is defined as the sum of the
error functions for £ and H polarization.
2 2
)+ Slebbe) ©
»
k=1

(Bt

E.H .. -
. ¢ and f, " are the calculated and measured transmission coefficients for N
angles of incidence. To minimize the non-linear error function a Gauss-Newton
algorithm is used.

E
c.k

E
m,k

H
c.k

H
m,k
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1 1
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EF = EF* + EF" = E(
k=1

4 Results

The measurement system has been tested with a dielectric sample of
REXOLITE® material with a thickness of (12.90+0.02) mm. The sample thick-
ness has been measured mechanically with a measuring gauge.

In a first step the scalar transmission coefficient has been measured at 201
different frequencies between 60.1 GHz and 89.9 GHz and an angle of inci-
dence of 10°. A coarse approximation of the complex permittivity has been
calculated with the assumption of constant permittivity over the entire fre-
quency range. In a second step the measurement has been implemented for
65, 75 and 85 GHz for 62 incidence angles in the range of 10° < o, < 40°,
respectively. The complex permittivity has been calculated numerically using
as starting value the result of the first step.

As shown in table 1, the results are in good agreement with the complex per-
mittivity, we presented some years ago measured with a high accurate vecto-
rial W-band (75 to 95 GHz) measuring system [1].

g, tan o &, tan o
fin [GHZ] Scalar meat. Vectorial meas. [1]
65 2.526 0.1-1073 - -
75 2.528 10-3 2.5294 104
85 2.531 103 2.5293 104

Tab. 1. Complex permittivity of REXOLITE® at 65, 75 and 85 GHz
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Some further measurements have been made to characterize polypropylene,
polyethylene, Teflon, PVC, Makroblend® - a PC / PET based polymer used at
AUDI AG for LRR radomes. The following table shows the dielectric constant
and loss tangent at the LRR’s operating frequency of 76.5 GHz.

Polypropylene 225 04103
Polyethylene 232 0.31073
Teflon 2.05 0

PVC 2.89 8.3-1073

MAKROBLEND® 2.81 9.6:103

Tab. 2. Complex permittivity at 76.5 GHz

We plan to extend the method in order to characterize layered and composite
materials that are usually used as bumper and front grill.
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Speed Sensors for Automotive Applications Based on
Integrated GMR Technology
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Abstract

Magnetic sensors are widely used in modern cars for example as
wheel speed sensors for ABS or to determine crank shaft position in
motor management systems. Increasing demand for larger air gaps
and better noise performance (lower jitter) requires sensor principles
with higher sensitivities compared to the currently used devices.
The presented approach with the monolithic integration of GMR
(Giant-Magneto-Resistors) sensing elements on top of the signal con-
ditioning ASIC provides a smart, single chip sensor solution which
combines superior performance with high reliability.

The presented family of GMR based wheel speed sensors covers a
wide range of automotive applications where speed and direction
information is required together with precise timing (low jitter) and
high air-gap capability. The described sensors can be used with a
magnetized pole wheel or in a backbias configuration with a ferro-
magnetic target wheel.

1 Introduction

A growing demand for sensors in modern vehicles, caused either by safety
requirements, comfort features, or legislation drives the development of new
measurement principles and sensors with high performance and increased
capabilities. To meet the high reliability requirements in the automotive
industry, an integration of the sensing element and the signal conditioning
electronics within a single chip is advantageous to minimize failures due to
interconnections. In addition, this integration gives a small, smart sensor ele-
ment which can be manufactured in a mainly standard silicon technology with
high yield and low cost.

The giant magneto resistive (GMR) effect was discovered in 1988 and shows
a resistivity which is depending on the external magnetic field. Compared to
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other magnetic sensing principles as Hall or AMR (anisotropic magneto resis-
tance), the GMR effect exhibits the largest sensitivity and lowest noise. This
makes the technology well suited for automotive applications which require
a large air gap and/or a very precise timing (low jitter). The GMR sensing
elements can be monolithically integrated in a standard BiCMOS ASIC which
contains the signal conditioning circuitry. Based on this concept, a family of
sensors is developed which targets applications including wheel speed mea-
surement for the Antilock-Braking Systems (ABS) or crankshaft speed and
position measurement for motor management systems.

2 The GMR Effect and the Spin Valve Configuration

The GMR effect can be understood as interface scattering of the conducting
electrons when moving through a stack of magnetic layers (typically Ni, Co or
Fe) separated by non-magnetic spacer layers. Each electron has a spin which
can be either “up” or “down”. The scattering probability of the electrons
depends on the orientation of the spin and the magnetic moment of the layer.
Parallel orientation yields a low scattering probability (low resistance) whereas
anti-parallel alignment leads to a high scattering probability and therefore to
a high electrical resistivity (Fig .1)

IR o S

el el

Fig. 1. The scattering of the electrons is depending on the orientation of
the spin and the magnetization direction of the magnetic layers

The configuration which is used for the presented GMR sensor is a so called
spin valve [1]. This structure consists basically of a “hard” layer, the “pinned”
layer, which has a fixed magnetic orientation whose direction cannot be
changed by an external magnetic field. This layer is separated and magneti-
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cally decoupled by a non-magnetic spacer from the “soft” or “free” layer with
a magnetization which can perfectly follow the external (in plane) magnetic
field (Fig. 2).

external field

‘_A@V

4

free layer

spacer layer

pinned layer

F 3

Fig. 2.  Spin valve structure with pinned layer and free layer.

The electrical resistivity of such a structure depends on the orientation of
the magnetization of the pinned layer with respect to the free layer, whose
orientation can be changed from parallel to anti-parallel applying an exter-
nal magnetic field. This structure is used as the basic sensing element, the
GMR resistor. The electrical characteristic of such a stack is shown in Fig. 3.
For magnetic fields exceeding B, the resistivity saturates. In this case, the
magnetization of the pinned layer and the free layer are completely aligned
in parallel. Further increase of the external field results in no change of the
resistivity. For magnetic fields in the range -B;, < B < +B,, the resistivity shows
a linear behaviour.

-B

Fig. 3.  Electrical characteristic of a spin valve
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For a typical spin valve B, is in the range of 5 mT and the change of resistivity
is around 10%. The magnetization direction of the pinned layer of such a spin
valve is fixed by coupling to an artificial antiferromagnet, which is also part of
the spin valve [2]. Therefore, no external stabilization magnet is necessary in
contrast to an AMR based device.

3 Concept of the Sensor

Four GMR resistors are arranged in a Wheatstone bridge configuration on the
chip with a spatial distance of 2.5 mm. This comprises the basic sensing ele-
ment and is sensitive only to differential magnetic fields in x-direction thus
increasing signal amplitude and suppressing external interferences and mag-
netic offsets. The bridge is integrated in a standard 0.5 pm BiCMOS process
as last processing step on top of the signal conditioning circuitry. The result-
ing bridge voltage is amplified and sampled with a 12 bit AD converter and
200 kHz sampling rate. All further signal processing such as offset correction
and calculation of the switching thresholds is done in the digital domain. Due
to the intrinsic signal clamping of the GMR sensing element (saturation) the
input stage of the AD converter can perfectly be adjusted to the maximum
possible signal level. In this way there is no need for any programmable
gain amplifier (PGA) for signal matching. To determine the optimum switch-
ing threshold, which is the zero-crossing of the differential magnetic field,
the signal extrema (minima and maxima) are continuously detected by the
digital circuitry and the signal offset is calculated. With this information, the
zero-crossing of the offset-corrected magnetic signal can be detected and the
output of the sensor is switched. The output signal of the IC can either consist
of a two wire 7 mA/14 mA current interface for the ABS sensor type or an
open collector voltage interface for the crankshaft sensor. The principle block
diagram for the ABS sensor is shown in Fig. 4.

To improve noise performance, an internal threshold By, is defined. The
signal maxima have to exceed this value to be recognized as a valid signal. All
magnetic fields below that threshold are not considered for evaluation. A zero-
crossing of such a signal therefore does not lead to an output switching. This
concept is known as hidden hysteresis. As an example, if a vibration modulates
the distance of the sensor to the pole wheel, this signal change is suppressed
as long as it is below the implemented hysteresis. On the other hand, the value
of By, determines the maximum air gap which can be reached in the appli-
cation, so that there is a trade off between maximum air gap and immunity to
interference. For the discussed device By;,; can be selected to be 300 uT for
the standard version and B,;,,;,;= 150 puT for the high sensitivity device. In the
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case of a large magnetic field however, there is no need to have a small hys-
teresis. To account for such a condition the hysteresis is adaptive. This means
that after power on or chip reset, it is always 300 pT or 150 pT, respectively.
As soon as the magnetic signal is tracked by the IC, the hysteresis adjusts to
25% of the present signal maximum.

o Vee
supply reset
| | digital part
min / max
R R
|
Pre-amp ADC 2:‘;03?:2% lout
R Ry digital | |
comparator
[
=3
GND

Fig. 4. Block diagram for the integrated GMR (iGMR) wheel speed sen-
sor

Therefore, the noise performance is optimized without sacrificing air gap capa-
bility. Only when it is required due to the magnetic circuit or after power on,
the sensor operates in the highest sensitivity mode (smallest possible By;,,;,)-
After power on, where there is no information about the signal maximum and
minimum values, the self-calibration algorithm can not work. As the offset is
unknown, no switching at zero-crossing can be performed. In this case, the
switching threshold is an internal value defined as 2 x Bj;,,;, (600 nT and
300 pT respectively). For the first and second detected magnetic edge this
behaviour is responsible for the output switching in a mode referred to as the
uncalibrated mode. Due to this uncalibrated mode of operation, an output sig-
nal can be obtained even for the first valid magnetic edge. After two magnetic
edges the value of the minimum and maximum magnetic field can be deter-
mined and the offset calculated. From there on, the output switching occurs at
the true zero-crossing of the magnetic field and the sensor is now in calibrated
mode. An additional feature is the true zero Hertz capability of the device.
Since there is no reset timer resetting the chip after a certain time without
detecting a signal change, it is possible to measure magnetic signal frequen-
cies down to practically O Hz. The ABS sensor type has a two pin package with
an integrated 1.8 nF capacitor on the leadframe to enhance EMC (electromag-
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netic compatibility) performance. The crankshaft sensor is packaged in a three
pin package with one integrated 47 nF capacitor between VDD and GND and
one 4.7 nF capacitors between OUT and GND. (Fig. 5).
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Fig. 5. Two pin and tree pin leaded package with integrated capacitor for
the integrated GMR speed sensors

4 GMR Sensor for ABS and Crank Shaft Position

The wheel speed information is used for various systems in a vehicle. Well-
known is the ABS system which avoids a blocking of the wheel during brak-
ing to prevent the car on the one hand from sliding and on the other hand to
reduce the braking distance. The ABS functionality is usually a sub-system of
the ESC system (electronic stability control). A magnetized encoder is mounted
at the wheel hub and the wheel speed sensor measures the magnetic field. To
generate a differential magnetic field, the pitch of the pole wheel has to match
with the pitch of the Wheatstone bridge on the sensor. This means that for an
optimum signal the pole wheel pitch should be close to 5 mm (Fig.6).

The direction of the tangential magnetic field components of the pole wheel
determines the direction of the magnetization of the free layer. In the case
that one side of the bridge is in the low ohmic condition (free layer parallel
to pinned layer), the other side has a high electrical resistivity (free layer and
pinned layer anti-parallel). An output signal of the bridge is generated which is
evaluated by the signal conditioning circuitry. The GMR sensor is sensitive to
the tangential (in-plane) magnetic field components, whereas a Hall sensor is
sensitive to the perpendicular field component. As a magnetic encoder wheel
has both components in similar magnitude, the identical pole wheels can be
used without any change for Hall and GMR based devices. The only difference
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to Hall is a 90° phase shift of the output switching regarding the mechanical
encoder position. This refers to the fact that the zero-crossing of tangential and
perpendicular field components is shifted by 90°.

Pole Wheel  Vae—

d
d =2.50mm

Fig. 6. GMR speed sensor with magnetized pole wheel
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Fig. 7. Relative differential signal amplitude for pole wheels with differ-
ent pitches
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The differential GMR sensor can be used with a wide range of pole wheels
with different pitches. A deviation from the optimum pitch value of 5 mm
leads only to a small degradation of the signal amplitude (Fig. 7)

The ongoing challenge for improved driving performance, lower fuel consump-
tion and lower emissions goes hand in hand with upcoming lower exhaust
and fuel consumption limits set by law. This bears the need for even more
advanced engine control systems in the future.
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Fig. 8. Differential input signal for different air gaps

The active magnetic speed sensors for engine management provide a digital
switching signal, which maps the mechanical teeth profiles or the magnetic
domains of a passing pole wheel. Subsequent processing in the microproces-
sor determines the current speed or angle position of the target wheel from
this switching signal. This data is further processed for ignition control and
misfire detection.

The task of the sensor is therefore to provide the switching flanks with
good reproducibility and high angle accuracy relative to the target wheel.
Nevertheless the mounting tolerance of the sensor should be relatively large
to keep the system costs low. Summarized, the sensor should provide a phase
accurate output signal for magnetic input frequencies from O to 10 kHz and
over an amplitude range of approximately 1 to 100. The required temperature
range is from -40°C to 150°C with an air gap range of O to 3.5 mm [3].
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In general, pole wheels or gear wheels that are used in crankshaft applications
have markings, which affect the magnetic input signal for the sensor near the
signature region. This discontinuity also changes the shape of the magnetic
signal over air gap (distance sensor to encoder). This can lead to wrong output
signals if not considered The complex calibration algorithm has to cope with
these demands.

The general function of an active crankshaft sensor is detecting speed, posi-
tion and rotational direction of the crankshaft.

The direction information is transferred via a 45/90 us PWM (pulse width
modulation) protocol. The frequency of the output pulses corresponds to the
rotational speed of the target wheel. The pulse width includes the rotational
direction information. During forward rotational direction of the crankshaft,
45 ps pulses are being issued at every magnetic rising edge of the input signal
(Fig. 9).

Sensing left Sensing right
Bx_left \ / z
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\-._.-/ \-._-/ V B it Sl Pt S
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Zero crossing, out

switching Hidden adaptive
hysteresis
Qutput
signal
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Fig. 9. Differential signal processing, PWM protocol

The rotational direction information is mandatory for new hybrid and start/
stop mode engines. A sensor in the center of the IC is used to provide a typi-
cally 90° phase shifted signal (Fig. 10).

Depending upon the rotation direction of the target wheel, the signal of the
center probe anticipates or lags behind for 90°. This phase relationship can be
evaluated and converted into rotation direction information by sampling the
signal of the center probe in the proximity of the zero crossing of the “speed”
bridge signal. The evaluation of the rotation direction is interesting only at low
rotation speed, since a direction of rotation reversal can take place only there.
Hence at low rotation the already existing ADC can be used in time multiplex-
ing to convert also the “direction” signal of the center probe without losses of
phase accuracy in the output signal [3].

219



220 | Components and Generic Sensor Technologies

Vs
Reset
+ TLES027
" d_core_5027
Digital
subsystem Min/Max

PWM OD interface

IGMR1 .':':-'; I:l.amm 23
(o
Wik $Min] Max
- ._________________._-_-‘ > r | switching
T Multi- | H—» Filter Level
plexed

| - a
ADC dg l—'
6 1 Comparator
i 5 ¥ ‘ _|
IGMR4

IGMR2 " Direction

[ GND

Fig. 10. Block diagram crankshaft sensor

After a change of the rotational direction a 90 ps output pulse is being issued
at the magnetic falling edge. In this way the reference to the mechanical edge
of the gear tooth is still consistent.

For accurate evaluation of the crank shaft position, a sensor output signal with
low jitter is required, thus minimizing phase errors between output switch-
ing and mechanical crank shaft position. Due to the high sensor sensitivity of
the GMR elements an excellent noise performance is found. The dominating
noise source is the digital signal conditioning, e.g. clock noise and quantiza-
tion noise and not the sensing element itself. As these effects are temperature
independent, the measured jitter is mainly constant in the complete operating
temperature range. Comparing these results with a Hall based sensor clearly
shows the high jitter performance of the GMR based devices (Fig. 11).

A minor dependence on the temperature can be seen only in the case of a very
small magnetic field of 0.6 mT. This is a result of the temperature induced
noise of the sensing element (GMR resistor), which is the dominant effect for
the Hall based device.

Another advantage in magnetic encoder applications which can be achieved
with the help of iGMR technology is to place the device parallel to the x/z
plane (Fig. 12). This can be done as the GMR sensor is sensitive to the in-plane
magnetic field components. With this new arrangement both sensor module
size and cost can be reduced. For Hall based sensors it is mandatory to bend
the IC at 90° (device parallel to x/y plane) as the sensitive direction is in the
Z-axis.
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Fig. 12. Left: Slim iGMR sensor module; right: Hall based sensor module

The advantages of the GMR based speed sensor family can be summarized as
follows:
P large air gap performance due to the high sensitivity of the sensing ele-
ment
P low jitter, thus giving high accuracy and small phase error for position
detection in crank shaft sensing
» temperature independent jitter even for very small magnetic field val-
ues for high accuracy position measurement
» monolithic integration of sensing element and signal condition circuit;
additional capacitor integrated on the lead frame of the package to
enhance EMC performance
» more flexibility with regard to sensor module design (slim sensor mod-
ule)
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5 GMR Sensor with Backbias Magnet

The use of a GMR speed sensor with a magnetized pole wheel is straightfor-
ward as shown in the previous chapters. Some applications, however, require
a configuration with a ferromagnetic tooth wheel instead of a magnetized
encoder. In this case a magnet has to be attached to the sensor to generate
a magnetic bias field (“backbias magnet”). Due to the high sensitivity of the
GMR device care has to be taken in this configuration that the backbias mag-
net does not drive the GMR sensing elements into saturation. Ideally, the bias
field has a pure z-component, i.e. pointing perpendicular to the sensor surface.
Magnetic fields in this direction have no effect on the GMR resistivity as the
field is perpendicular to the sensitive axis of the sensor (x-axis). A ferromag-
netic tooth passing by would bend the magnetic flux lines and an in plane field
component (x-component) is generated. This is measured by the sensor and
the output switching is similar to the case of a magnetized pole wheel. This
ideal condition, however, with a pure z-component of the bias field can not be
realized in practice. Due to position tolerances of magnet and sensor and the
magnetic field distribution of a small magnet, there is always an x-field com-
ponent present, even without ferromagnetic target wheel. This x-component
generates a magnetic offset which brings the GMR resistors into saturation
in the worst case and no measurement would be possible. A special magnetic
circuit has to be developed, to avoid this magnetic offset and maintain the
working point for the GMR element in the center of the resistivity curve. Two
possible concepts can solve this problem.

P With a static magnetic field in y-direction (in-plane but perpendicular
to the sensitivity axis) the characteristics of the GMR resistor shown
in Fig. 3 can be changed. These magnetic field component acts as an
additional force on the magnetization of the free layer. A larger exter-
nal field is required to align this magnetization parallel or anti-parallel
to the pinned layer. Therefore, the linear region of the characteristic is
extended. A small magnetic offset in sensitivity direction, caused by an
inhomogeneous magnet or position tolerances has only a minor influ-
ence and causes only a small shift of the working point.

P A special magnet is designed which generates no magnetic offset at
the location of the GMR resistor. The magnetization of such a magnet is
not homogeneous but is inclined symmetrically in the +x and —x direc-
tion.

In Fig. 13 the above mentioned magnets are shown. For the first option (mag-
net A), the magnetization is inclined in the y direction (not pure z-component).
In that way a static field component in y-direction is generated and the linear
region of the GMR element is extended. For the magnet displayed on the right
side (magnet B) in Fig. 13 the inhomogeneous magnetization in the x-z plane
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is shown, the size of the magnet in x/y direction being 10 mm x 10 mm. For
reference measurements, a magnet with identical size and magnetization but
with 0° inclination is used.

o y direction | \
10.30° |
|

1

yﬁen
25mm . .
2.5mm

Fig. 13. left: Magnet A with magnetization in z-y plane to increase the
linear region of the GMR element. Right: magnet B with inhomo-
geneous magnetization to generate an offset-free magnetic field.

To evaluate the performance of each of this magnets, the GMR characteristics
and the Wheatstone bridge offset in the presence of a rotating ferromagnetic
target wheel was measured for different air gaps. The signal offset is calcu-
lated from measured signal maxima and minima. Fig. 14 shows the results for
magnet A with 20° inclined magnetization compared to the reference magnet
with 0°.

It can be seen that the GMR characteristic is changed and the linear region
is enhanced from +5 mT to more than +25 mT. The measured bridge offset
for the reference magnet is close to the saturation value of 800 mV. For small
air gaps, an almost offset-free signal can be found. The zero-offset signal cor-
responds to an output value of 1250 mV (center of the GMR characteristics).
Therefore, a 0° magnetized magnet is not suitable for a back biased GMR
application. For the magnet A, the characteristic has a much large linear range
and small signal offsets are therefore not that critical. In addition to that,
the remaining offset is smaller and closer to the center of the characteristic.
In Fig. 15 the results for magnet B are shown. As there is no magnetic field
component in y-direction, the GMR characteristic is unchanged with respect
to the reference magnet characteristic. However, the signal offset of magnet
B is much closer to the center of the characteristics and exhibits almost no
remaining offset.
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Fig. 14. Measurements of the GMR characteristic and bridge offset of a
backbiased sensor for magnet A with 20° magnetization com-
pared to the reference magnet

These results show that with a suitable magnetic circuit design, the GMR
speed sensors can be used for applications with ferromagnetic target wheels.

6 Lifetime Measurements

Compliance with qualification requirements including temperatures up to
150°C and lifetimes exceeding 10.000 hours operating life are essential for the
use of such a sensor in an automotive application. For an ABS sensor the oper-
ating temperature can have peak values up to 190°C, due to the vicinity to
the braking disk. Measurements were performed to investigate the stability of
the GMR sensor over time and temperature. For this purpose, several samples
were stored at T = 250°C for various times and the GMR effect (change of
resistivity between high and low saturation value) was measured. Two differ-
ent etching processes (process A and B) were used for structuring the GMR
resistor. A clear dependency of performance degradation on the on etching
process was found (Fig. 16).
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The main reason for this behaviour is a corrosion effect which occurs at the
GMR layers. An improved etching process (process B) was developed which
greatly enhanced the stability and lifetime of the sensor. From the measure-
ment data an activation energy of approx. 1 eV for the degradation process
was derived. Taking the relative change of 2% of the GMR effect (e.g. resistiv-
ity change from 10% to 9.8%) as performance limit, the stability at different
operating temperatures can be calculated based on an Arrhenius model. For
etching process A this yields a lifetime of more than 400 h at 175°C whereas
the limitation for process B is in the range of 10.000 hours at a temperature
of 175°C.

7 Summary

In conclusion, we present a family of novel speeds sensor for automotive
applications based on an integrated GMR technology with the sensing ele-
ment and signal conditioning circuit on one IC. Sophisticated calibration and
an offset compensation algorithm based on digital signal processing, together
with high sensor sensitivity, accounts for superior performance compared to
Hall sensors. High air gap capability and low, temperature independent jitter
makes the devices ideally suitable for ABS/ESC systems and crank shaft sens-
ing with the potential to address further applications (e.g. transmission speed
sensing). Investigations on GMR stability prove that the technology meets the
requirements of the automotive industry regarding reliability and lifetime.
The sensors can be used for magnetic pole wheel application as well as for
ferromagnetic target wheels with a backbias magnet.

References

[1] B. Dieny, VS. Speriosu, S.S.P. Parkin, B.A. Gurney, D.R. Whilhoit, D. Mauri; Phys.
Rev.B. 43 (1991)1297-300.

[2] W. Roessler, J. Zimmer, Th. Bever, K. Pruegl, W. Granig, D. Hammerschmidt,
E. Katzmaier, “Integrated Giant Magneto Resistors — a new Sensor technol-
ogy for Automotive Applications”, in J. Valldorf, W. Gessner (Eds.), "Advanced
Microsystems for Automotive Applications 2006”, Springer 2006, pages 323-
342.

[3] E. Katzmaier, W. Raberg, K. Kapser, P. Slama, “Integrierte selbstkalibrier-
ende I-GMR Drehzahlsensoren mit 5 pT Phasengenauigkeit fiir automobile
Anwendungen”, Sensoren im Automobil, Expert Verlag, 2007.



Speed Sensors for Automotive Applications Based on Integrated GMR Technology | 227

Konrad Kapser, Sigmund Zaruba
Infineon Technologies AG

81726 Munich

Germany
konrad.kapser@infineon.com
sigmund.zaruba@infineon.com

Peter Slama, Ernst Katzmaier
Infineon Technologies Austria AG
Siemensstr. 2

9500 Villach

Austria
peter.slama@infineon.com
ernst.katzmaier@infineon.com

Keywords: magnetic sensor, GMR sensor, giant magneto resistor, ABS, crank shaft,
wheel speed sensor



Micro-Rotation Angle Sensor with Integrated Hall IC
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Abstract

Given the functional sophistication of today’s automotive electronic
control systems, the need for higher performance sensors is increas-
ing in various technical fields, including engine and vehicle controls.
Various sensors have been developed and installed in automobiles
in order to detect the mechanical states such as the moving stroke
and rotation angle of automotive parts, both of which are important
for accurately monitoring the operation of control equipment and
devices. The authors developed a high accuracy micro-rotation angle
sensor incorporated with a Hall IC. Because of a newly devised mag-
netic circuit, this sensor achieves small size and high environmental
tolerance, and is already being used in the latest on-vehicle control
systems.

1 Background of Sensor Development
1.1 Rotation Angle and Moving Stroke Sensors in Vehicles

In keeping with sophistication and functional improvement of automotive elec-
tronic control systems, there has been an increasing demand for sensors that
detect the mechanical conditions of control equipment and the operating con-
ditions of drivers in various technical fields including engine and vehicle con-
trols. In this connection, rotation angles and moving strokes are typical physi-
cal quantities for determining these conditions. Under such circumstances, as
shown in Fig. 1, rotation angle sensors are the main currents. Furthermore,
in practice, many sensors mechanically convert moving strokes into rotation
angles as a way to determine moving strokes. When detecting such rotation
angles, mainstream needs used to be to detect relatively large angles. However,
with the need for small size and high accuracy for vehicle equipment, there
has been an increasing need for high-performance angle sensors which can
detect micro-angles (less than several degrees) with high accuracy and which
have environmental resistance, durability, and cost-competitiveness, that are
sufficient for on-vehicle sensors.
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Among the detection methods capable of meeting such requirements, mag-
netic sensors excel in terms of cost and durability, but this type of sensor has
suffered from insufficient accuracy.

This presented the challenge of producing high-accuracy magnetic sensors,
which the authors have solved by devising a simple new magnetic circuit
using a Hall IC.
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Throttle valve position
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Optical axis angle /
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Fig. 1. Typical rotation angle and moving stroke sensors mounted in a
vehicle

1.2 Typical Angle Sensors

Fig. 2 shows some structures, output signals, and subjects of typical rotation
angle sensors. An optical sensor can detect micro angles if the slit width is nar-
row, but the costs associated with this are high. Furthermore, it is necessary
to provide protection for the sensor and to restrict the use environment when
the sensor is to be used in the environment required for automotive sensors
(including temperatures and stains). On the other hand, a sensor using Hall or
magneto resistive (MR) elements has high environment resistance but has so
far not been made sensitive enough to measure micro angle ranges. This fact
constituted an obstacle to the achievement of high accuracy.
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2 Concept for Improvement of Sensor Sensitivity

Fig. 3 shows the structure of a basic rotation angle sensor. The magnetic detec-
tion element used here is a Hall IC, which has a temperature characteristic
correction function and which is capable of adjusting output voltages with
respect to producted magnetic flux densities. Rotation angles of the magnet,
which is a rotor, are detected as variations in the magnetic flux density that

Typical rotation angle sensor

passes through the yoke portion (portion A in this figure).

Fig. 3.

Generally speaking, detection accuracy depends on the extent of variations in
magnetic flux density in the measurement range. For a sensor with the basic

Magnetic

fhux density

Basic structure of sensor
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structure in Fig. 3, if, for example, a micro-angle of about 2 to 3 degrees is to
be measured, the variation in magnetic flux density decreases significantly.

The rotation angle detection range can be reduced by increasing the number
of poles of the magnet, which is a rotor, and the number of yoke tabs. Fig. 4
shows a case where the number of poles of the magnet is six and the number
of tabs is six. While this decreases the detection range to one-third of that of
a sensor with this basic structure (as shown in Fig. 3), at the same time, the
maximum value of magnetic flux density that passes through the Hall IC also
decreases. Therefore, there is almost no difference in magnetic flux density
variation with a change in angle. In the figure, this is shown by the blue curve.
The reason for this is that the magnetic flux that passes through the Hall IC
experiences only the magnetic flux from nearby magnetic poles, thus failing
to utilize the magnetic flux from more distant poles.
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Fig. 4. Multipole magnet case

To solve this problem, it is possible to increase the magnetic flux density that
passes through the Hall IC, if the tab portions where magnetic flux density
variations due to magnet angle changes are the same are concentrated in one
place in some way or another and a Hall IC is installed there, as shown by the
red curve in the Fig. 5.

4  Sensor as Devised

To put this concept into practice, we devised a sensor with a new structure
shown in Fig. 6. The sensor consists of an annular multipole magnet with
alternating N- and S-poles, as well as two yokes on the outer periphery of the
multipole magnet, each with a comb-tooth shaped tab. In the initial state, the
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tab portions are located at the boundary between an N-pole and an S-pole, and
the magnetic flux from the magnet flows only between the tabs without pass-
ing through the area between the yokes. When the multipole magnet rotates,
then what happens, for example, is that a large part of the tab portion of the
upper yoke is in contact with an N-pole, while a large part of the tab portion
of the lower yoke is in contact with an S-pole, so the magnetic flux from the
magnet flows from the upper yoke to the lower yoke. This enables detection
of the magnetic flux, since a Hall IC is arranged between the upper and lower
yokes.

-——-z

fhox dens:

%b
\ E Magnetic

Fig. 5. Method of increasing magnetic flux density variations

As mentioned above, by adopting a multipole magnet it is possible to reduce
the angle detection range. Furthermore, the magnetic flux generated by the
magnet is concentrated in one place, and a Hall IC is arranged there, with
the result that the variation of magnetic flux density with angular change is
increased, thus improving detection accuracy. Moreover, the magnetic flux
flowing from the magnetic poles to the yoke tabs is concentrated in one place,
and therefore, the effects exerted on the polarization scatter of the magnet
and on the dimensional scatter of the pork tabs are averaged out, thereby
contributing to the improvement of the detection accuracy.

Fig. 7 shows the magnetic flux density that passes through the Hall IC as the
number of magnetic poles is changed. It is possible to obtain ideal magnetic
flux density variation by selecting the appropriate number of poles for the
desired rotation angle range.
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Fig. 6. Explanatory diagrams of sensor structure and operation
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Fig. 7.  Sensitivity improvement effect due to adoption of multipole mag-
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4  Actually Applied Sensor Structure

Detection of torsion bar twist angle due to torque is one of the purposes of
micro-angle detection. Fig. 8 shows the structure of a sensor used for this pur-
pose. Specifically, a multipole magnet is placed at one end of a torsion bar, and
yokes are placed at the other end, making it possible to detect relative twist
angles during rotational motion. However, in the case of the structure as is in
Fig. 6, rotation occurs up to the Hall IC, thereby causing hindrance.. To solve
this problem, magnetic flux collecting rings are arranged in the vicinity of
the outer peripheries of the yokes in such a way that the magnetic flux in the
yokes is taken out into the magnetic flux collecting rings so that the magnetic
flux between the upper and lower flux collecting rings will be detected by the
Hall IC. With this arrangement, the magnetic flux collecting rings and the Hall
IC can be held fixed without being rotated, thus making it easy to take out
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wiring. Furthermore, if multiple Hall ICs are installed, it is possible to easily
enhance redundancy.

Fig. 9 shows the output characteristics of this sensor. The maximum angle
detection range of this sensor was set at 3 degrees. As shown in the figure, it
was possible to obtain output characteristics with satisfactory linearity up to
a twist angle of 3 degrees.

o Input axis
|

- mults pole magnet

Magnetic flux
collection ring

Torson bar

" Output axis
Fig. 8.  Structure of micro-angle sensor

50

10 L

Sensor output(V')
N

oo -3 -2 -1 0 1 2 3

Twist angle[deg]

Fig. 9. Output characteristics of this sensor

5 Magnetic Field Simulation Analysis

In establishing the specifications, including the dimensions, of the above-men-
tioned sensor, we utilized magnetic field simulations to study the shapes of rel-
evant components. In order to improve accuracy, it is desirable that magnetic
flux density variations be large with respect to rotation angles. The shape of
the yoke tabs also has a great effect on this matter. As an example, Fig. 10
shows the results of an analysis of the effect of varying the short side of trap-
ezoidal tabs. Furthermore, the placement of this micro-rotation angle sensor is
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important when consideration is given to the fact that magnetic flux density
is detected by the Hall IC in this micro-rotation angle sensor. Fig. 11 shows the
results of the simulation used in this study.
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Fig. 10. Study of tab dimensions
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Fig. 11. Study of Hall IC placement

6 Conclusions

To design a micro-rotation angle sensor with excellent vehicle mountability,
the authors developed a small sensor which uses a new magnetic circuit and a
Hall IC and which also have excellent environmental resistance. This sensor is
featured by a structure consisting of a multipole magnet, yokes with tab por-
tions that concentrate the magnetic flux from the magnet, and magnetic flux
collecting rings. In this way it was possible to achieve both high accuracy and
high sensitivity with the magnetic type sensor.
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D. I. Katzourakis, ECE, Technical University of Crete
A. |. Katzourakis, Foundation for Research and Technology
Abstract

Evaluation and testing of electronic stability adaptive control sys-
tems in automotive vehicle, in the real environment confronts with
cost and safety concerns leading to an overdue prototyping of the
actual system. This paper addressees a simple Electronic Stability
Control Algorithm, evaluated, tested and post-process simulated in a
1:5 scaled model car especially designed for rapid system prototyp-
ing. The custom-developed model car acting as experimental plat-
form is fully equipped with sensors, actuators, a controller to collect
data and a Linux based computer system to process data. By using
a scaled model car we introduce realistic simulation dynamics and
disturbances. The reference model for stabilization is based upon the
dynamics of the Bicycle Model. The Stability Control System issues
commands to the individual car brakes in order to reduce the error
between the actual and desired response of the car. The experimen-
tal results are enlightening regarding the algorithm'’s applicability
and the vehicle’'s dynamics.

1 Introduction

Electronic Stability Control (ESC) is a closed loop computer based system which
helps the driver to maintain control of the vehicle and prevent skidding under
highly demanding situations by applying individual wheel braking and/or
readjusting the engine-delivered torque. The driver can be modelled as a high
gain system whose reactions are cursory and boorish and might worsen a
situation of instability. Even an experienced driver in a panic situation might
try to counteract the effect of oversteer (or understeer) in a rear wheel drive
vehicle by applying the brakes, an action that will increase the violence of the
effect. The loss of handling in such a scenario is probably to result to a fatal
accident. Several studies since the wide mass introduction of ESC, in the year
1998, have showed the system'’s effectiveness [1]. At least 40% of fatal acci-
dents are triggered by skidding and the global installation of ESC could reduce
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skidding accidents up to 80% [2]. The undisputed benefits from ESC led the
European Union to launch a campaign called “Choose ESC” at the Bridgestone
European Testing Ground, on 8t May 2007. The aim of this campaign was to
spark people’s awareness towards ESC and promote the active safety market
in automotive industry with the installation of ESC, in all vehicles in European
ground. It is prominent that in year 2007, in Germany, Denmark, Austria and
Italy, ESC system is standard fit for almost all brands. The goal of the “Choose
ESC” campaign was to halve the road fatalities by 2010.

Fig. 1.  Scaled model car

Extensive research towards stability and yaw control has been conducted by
several authors and different approaches have been proposed [4,5,8] with
BOSCH GmbH being the pioneer and thereinafter leader in ESC. The stabili-
zation of the vehicle is accomplished by individual wheel braking [7], active
steering [5, 6] and hybrid methods [9] combing the precedents along with
dynamic engine’s torque distribution. Challenging position on modelling about
stability and desired path tracking on rally driving techniques has also been
addressed by [10] and [11], where maneuvers commonly used for high speed
cornering, like pendulum turn and trail braking have been analyzed. Similar
to previous systems should be adapted by automotive manufacturers for their
fast fleet cars as an optional cachet in order to increase vehicle’s fun to drive
side.
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ESC course along with fondness towards automobiles and high speed driv-
ing, challenged us to develop a 1:5 scaled model car to be used as test bed
for experiments in vehicle dynamics and control (Fig. 1). Similar work has
been done by [3] and [13]. The rest of the paper is presented in four sections:
System'’s Implementation, Vehicle Dynamics and Stabilization Algorithm, Real
Environment Evaluation, Conclusions and Future Work.

2 System’s Implementation

The test bed is based on a XRC 1:5 scale remote control car. The model is a 2
rear wheel drive car, with a single cylinder 23cc two stroke air-cooled engine.
It has a centrifugal clutch for transmission, a single disk brake for the rear axle
and two independent disk brakes for each of the front wheels. It has a standard
2 channel FM radio with one servo for steering and another for throttle-brake
with 18 kg-cm and 5.5 kg-cm torsion correspondingly with response time of
0.48 s/60°. In order to meet our experimental standards, the platform had to
be completely self-contained from equipment or machinery off the vehicle,
had to be inexpensive, independent from special hardware and commercial
software and correspond the terms of GNU general public licence. The model
is equipped with all the necessary sensors, actuators and computing power
for data fusion, dynamics modelling and control. The main processing unit of
the system is a mini ITX VIA Computer running Linux. The data logging and
actuation control is implemented in an ATMEL 8 bit microcontroller which
communicates through the serial port with the computer. The majority of the
software for the microcontroller and the computer is written in C/C+ + and all
the necessary hardware is built from scratch. The system also has a wireless
LAN for remote access through a laptop with IEEE 802.11.

21 Hardware

As mentioned before, our goal was to build a low cost experimental platform
with the potentiality to alter and publish software and results, without any spe-
cial licence. We concluded that a mini ITX (form factor 17 cm*17 cm) PC with a
free operating system would be appropriate. Hence the system is based on VIA
Jetway single board computer (SBC), with onboard VIA C7 1.5 GHz nanoBGA2
Processor, an integrated graphics card, 400 MHz FSB, 512 MB DDR2 400 MHz
RAM, 1 PCI slot, ATA 100/133 & 2 SATA ports support, IEEE 1394 firewire, 8
USB 2.0 ports & 2 COM ports and VIA 10/100 Ethernet, running an Ubuntu
6.10 Linux distribution under the GNU general public licence. There has also
been installed a wireless g Linksys WRt54GC compact router connected to the
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SBC via the Ethernet port. The SBC is powered through 12 V 80 W pico power
supply and the power source is 12 V, 4 Ah NiMh battery pack. Data fusion and
actuation control is conducted by a versatile custom designed 2-layer PCB. The
PCB has an attached AVR ATMega32 RISC microcontroller connected to the
serial port of the SBC; with 32 Kb program flash and 2 Kb RAM. USB commu-
nication was prohibitive, because it would consume the majority of computing
power of the microcontroller running at 16 MHz. ATMega32 doesn’t have an
embedded USB core, so the communication would have to be incorporated in
software. The speed of data flow is 115.2 Kbs which is more than adequate for
our purpose, since the bottleneck of the system is the actuation and not the
computing power. The microcontroller has been exploited to the limits, since
it manages to control 6 actuators (servo) and log data from 17 sensor inputs, in
a sum of 32 I/O ports with an astounding real time precision.

Microcontroler
Power Supplies

802.11 wi-fi rodte
Power Supplies

X

Rear Brake”
S f__ 0

HillS Effect

N

Front:
Accélerometef

Fig. 2. Hardware Placement.

2.2 Sensors and Actuators
Sensors:

P Lateral and longitudinal acceleration in the front and rear axle of the
vehicle is evaluated through two ADXL311 accelerometers from Analog
Devices. ADXL311 is a low cost +2g accelerometer with analog output,
proportional to the measured acceleration. The output of this sensor (X
and Y axis measurement) is fed to the microcontroller through an ana-



Scaled Test Bed for Automotive Experiments ‘ 243

log to digital converter (ADC) I/O line. Lateral and longitudinal accelera-
tion for the center of gravity of the car, is evaluated via one ADXL.213
+ 1.2g accelerometer from Analog Devices. The output of this sensor is
pulse width modulated and the acceleration can be realized from the
duty cycle of the signal. The signal (from both X and Y axis) is fed to
a XOR gate, and the output of the XOR gate is fed to the first of three
external interrupt lines of the microcontroller. The signal is also driven
to two I/O lines. The external interrupt is programmed to be triggered
by any logical change. Hence, any logical change from the output of
the ADXL213 will signal an interrupt, allowing the microcontroller to
determine the duty cycle from X or Y axes with a single interrupt.

P Steering angle estimation is conducted via variable resistance. An
articulated mechanism moves the shaft of a potentiometer, with motion
derived from the steering axon. The output of the potentiometer is
driven to an ADC I/O line. Because the voltage generated is not propor-
tional of the actual steering angle [14], we have sampled enough volt-
age values with respect to the actual angle of each wheel. With the built
in function of MATLAB, polyfit (uses LMS to fit values to a polynomial),
we have derived to a third degree polynomial of angle with respect to
voltage. The actual and estimated angle is quite close.

» Wheel angular velocity is computed with four SS433 Hall effect sen-
sors from Honeywell. When exposed to the appropriate magnetic flux,
SS443 sinks its output. 8 reed relay magnets have been attached at
each rim. The angular velocity is updated every 100 msec, delivering
2*pi/(8*100 ms) rad/sec or 0.4625 m/s (longitudinal speed with 11.7 cm
wheel diameter) resolution for each wheel. A timer counter interrupt
measures the logical transitions for every sensor for a certain amount
of time. The same scheme like ADXL213's, using one I/O external inter-
rupt and a XOR gate has been used here too.

P Yaw rate estimation is conducted through an ADXRS300 gyroscope
from Analog Devices. It is a +300°s yaw rate gyro with signal condi-
tioning. The output from the gyro is analog, proportional to the yaw
rate, and has 5 mV/%s sensitivity. The output is fed directly to an ADC
line for estimation.

» Driver’s Command from the transmitter are delivered to the receiver
and sampled from the microcontroller. The output of receiver is a pulse
width modulated 50 Hz signal. It is sampled in a satisfactory manner,
every 32 ps.

Actuators:
P Standard model servo mechanisms are the actuators for the platform.
There are two servos attached to the nave of each of the left and right
wheel correspondingly and another one for the real axle brake; exclu-
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sive of the two factory installed servos. The greatest drawback of the
design is the usage of standard servos. A real automobile, with ABS
installed has hydraulic valves as actuators and the reaction time is ten
times less than an electro mechanical servo. The system can also con-
trol the servos for throttle, brake, and steering.

2.3 Software

Single Board Computer:

The operating system installed is Linux Ubuntu 6.10. There have been installed
an SSH server, the GNU GCC compiler, an FTP server and an Apache web-
server. Everything was set to meet the necessary requirements for the robust
function of the platform. A daemon server was developed for data acquisition
from the computer’s serial port. The daemon is written in C/C+ + and besides
the data collection calls the routine for the stabilization of the vehicle, also
written in C/C+ +. A Java Server/Client program for graphical user interface
through a common browser is being developed at the moment.

Microcontroller:

The firmware for the microcontroller was developed in C language, with
WinAVR [15] a suite of executable, open source software development tools for
the Atmel AVR series of RISC microcontrollers. WinAVR includes the GNU GCC
compiler for C and C+ +. The software in total is free and available in WWW.

3 Vehicle Dynamics and Stabilization Algorithm
3.1 Vehicle Dynamics

A single track model is used for our implementation that is derived from
the mathematical model considered by [14] for steady state cornering. The
model takes into account tractive and inertial around the yaw axis forces, and
neglects roll and pitch motion. Nevertheless, the complete dynamics of a real
vehicle are highly non-linear and difficult to control. Interesting approaches
have been proposed for non-linear systems with measurable state by [16],
where an unknown non-linear system is controlled, with the usage of recur-
rent high order neural networks. The geometry of our single track model is
shown in Fig. 3. The dynamics equations are given by 3.1, 3.2, 3.3 and 3.4:
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, Center of Turn
J|l \\
Fig. 3.  Vehicle Model

Applying Newton’s Second Law in the lateral direction of the vehicle, we can
derive the necessary dynamics equations. For a vehicle travelling with a speed
of V, the sum of the lateral forces ( F;) originating from the tires acting on the
vehicle are equal to the centripetal force.

v’ 3.1
ZFL:FL,/'-l_FLr:M? G-

Where M the mass of the vehicle, R: radius of turn, F;, and F;; the sum of
the lateral forces (vertical from each wheel’s direction of travel) acting on the
rear and front axle correspondingly. Applying Newton's second law around
the Center of Gravity (CG), if we consider the vehicle to be in an equilibrium
moment:
Fyly=F,-1,=0 (3.2)

Where /; and /, are the distance of the front and rear axle from the CG corre-
spondingly. If we substitute equation 3.2, back to 3.1:
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2 [ +1,
ML e By = By () = By () 5
RO ! !
Z» 2
FLr = M(If)%
; V2 (3.4)
F . o=M-(x)—
v %
If we look at Fig. 3, we conclude:
. l V2 (3.5)
FLf=F)f~cos(af+6)+Fxf~s1n(af+6)=M~(z’)~? :
: I, v?
F,, =F, -cos(a,)+F, sin(a,)=M: (z)-? (3.6)

Key parameters and symbols defined in Tab. 1.

Symbol ‘ Variables and parameters for the single track model

M Mass of the Vehicle

\% Forward speed

lf, [ Distance of front, rear axle from the center of gravity
L Wheelbase (L= l;+ [,)

FipFy, Sum of lateral forces for front and rear axle.

FopFy Cornering forces: front, rear axle

F P F, Tractive forces: front, rear axle

asa, Slip angles: front, rear axle

o Steering Angle

R Radius of Turn

Tab. 1. Key parameters and symbols

Cornering forces F,;, F,,, are linear w.r.t. slip angle at low slip angles [14]. The

relationship between forces and slip angle is:
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Fyr = Car ’ ar
. (3.7)
£, =Cyra,

For angles less than 20°, the error for a first order approximation for sine and
cosine (sin oo = o and cos o = 1), is less than 6.5%. From Fig. 3, assuming small
angles, we can derive:

l,« +X a, :small l,« +X
tanar = —— ar = h
l - X a, :small l - X
tan(B,) = fh B1’=6_af d-a, = fh | (3.8)
h . h
_ B, :small L
COS(BZ) R |32=ar_5+a/,=0 R 1

Where x is distance from CG to the projection of Center of Turn on the longitu-
dinal axis of the vehicle. Adding the first two and substituting the 34, yields:

[+1,

_ L
ar+6—af= 7 i)é =E+af_ar (3.9)
If we substitute equations 3.7 into 3.5 and 3.6, we get:
: L.V (3.10)
C,a,-cos(a, +d)+F, -sin(a, +d)=M -(z)-?
: I, v
C,-a -cos(a)+F -sin(a)=M:- (z) 3 (3.11)

Again, assuming small angles:

fcosf) -sina, sind zl—af )

sin(a, +8) =cosa, sind +sina, cosd =6 +a

cos(a, +8)=cosa

S A

Using the above relationships into 3.10 and 3.11:
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VZ
R

. L.V
Caf a, —qu ‘a, ) +F;f a, +Fxf ) =M.(Z).?

a,>9=0 (3.12)
if a;8=20"—a,’5=0.04

/
Caf-af-(l—af-6)+F;f-(af+6)=M-(Z’)-

C, - F_ - F,-8d=M- L, .VZ
o Gy tlicad,+100,°0 = (z)?
And
/ 2
C,a-1+F_-a =M-(-—f)-V_ (3.13)
' L R
Solving 3.12 and 3.13 w.r.t. ar and a, yields:
ML F,-8
T Fy F, (3.14)
Caf'(1+ YY.-R-L Caf'(1+ )
| C“f . Caf
M-1,-V?
4, = ' (3.15)

r F
C (1+—)R-L
" ( C )

ar

If we substitute equations 3.14, 3.15 into 3.9, and solve w.r.t. R we get:
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Fy
O | 1+2-—+ s
o) _1 M-V’ M-V
Foor |t F F =
1+—2 C, (1+=5)-L C,-(1+=%)L
( Caf) a( Cﬂ/_) C.
2.
R=A~[L+(VLM)-(B—C)) (3.16)
F,
A=1 Y/ B= L C= -
F_ F;c/' F;cr
(Hz.xf C, (1+=5) C, (1+—=x)-
C‘ Ca/ ar
af

If we consider a steady steering angle §, we can analyze the behaviour of the
radius in a turn for each term (A, B and C) of the above equation.

3.2 Oversteer and Understeer Effects

When a vehicle oversteers it tends to narrow the radius of turn. On the other
hand, when a vehicle understeers, tends to widen the radius (Fig 4). Applying
the right inputs when the effect of oversteer or understeer is detected, the ESC
system can counteract the undesired effects within the physical limits of the
system. With a closer look at equation 3.16 we can determine which would be
the appropriate inputs for each case.

Oversteer: In order to counteract oversteer; we have to increase the radius
of turn:

P Reduction on the magnitude of a positive F, or better a negative Fy
increases both A and B terms, consequently R. This is translated as
releasing throttle on a FWD vehicle or applying brakes at the front
axle.

P Increase on the magnitude of a positive F,, reduces C terms, therefore
increases R. This accounts for applying throttle on RWD vehicle.

Understeer: In order to counteract understeer, we have to decrease radius of
turn:

P Increase on the magnitude of a positive F,; reduces both the A and B
terms, therefore R. This is translated as applying throttle on FWD vehi-
cle.

P Reduction on the magnitude of a positive F,,, or better a negative Fy
results to an increased C term, therefore R. This accounts for releasing
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throttle on a RWD vehicle, or applying brakes at the rear axle (tail-
brake).

Understeer

Oversteer

Fig. 4. Oversteer, Understeer and Neutral Steer

3.3. Stabilization Algorithm

The stabilization scheme has been designed in order to be simple to imple-
ment, easy to adjust and would be cost effective on a real vehicle, considered
an ABS system already installed. It could be implemented with a single dual
axis accelerometer and a simple microcontroller with an embedded CAN Bus
core, in order to be able to cooperate with the ABS controller and the ECU of
the vehicle.

The radius of turn for a vehicle travelling with low speed, with absence of
oversteer or understeer, assuming small angles will be equal to R,,=L/ [14].
This is the inverse of Ackerman steering angle, for a desired radius of turn.
We can use the inverse of Ackerman’s angle as a reference model for driver’s
desired radius of turn. The actual turning angle can be determined from a dual
axis accelerometer, installed at the CG of the vehicle. The accelerometer can
measure lateral acceleration towards the center of turn. The relationship is:
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2

3.17
Acc =— ( )
R

Through the accelerometer, we can determine the magnitude of slip angle for
CG. The direction of travel for the vehicle at CG is vertical to the vector of lat-
eral acceleration. The dual axis accelerometer is oriented so that can measure
both lateral (Accy) and longitudinal (Acc,) acceleration of the vehicle. Therefore,
slip angle acg; at CG (Fig.3) can be determined by:

o[ Acce,

acg = tan oo (3.18)

Vv

Since the only available speed for measurement is towards the vehicle’s longi-
tudinal axis (Vy), we can compute

V- via: V=V, -cos(ag;) (3.19)

Thus, through equations 3.17, 3.18 and 3.19 we can determine the radius of
turn relatively well.

The stabilization algorithm is built for a RWD vehicle. The actuation is per-
formed on the brakes of front or rear axle. A sensitivity parameter S has been
implemented in the algorithm for an adjusted desired understeer or oversteer
behaviour of the vehicle.

4  Real Environment Evaluation

The stabilization algorithm proposed, although it looks promising, did not
provide the expected results when evaluated on the test bed. Real environ-
ment simulation showed that the use of a single accelerometer for electronic
stability control is inhibitory for a scaled vehicle. The limited functionality of
the stabilization algorithm lies in the physical operation of the accelerometer.
Vibration from the engine (two stroke single cylinder engine) and the anoma-
lies from the ground in combination with small size of the vehicle corroded the
measurements from the accelerometer. Although the accelerometer ADXL213
has provisions for bandlimiting the measurements and can achieve low pass
filtering for antialising and noise reduction, it was physically constrained by
the harsh environment of operation. Fig. 6 shows static vibration sampled
from the ADXL213 w.r.t. time. The bandwidth for the accelerometer was set
at 50 Hz, much lower than the frequency operation of the engine in the lower
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speed, which is about 800 rpm, for a typical two stroke engine. The selection
of the bandwidth for the accelerometer was a trade off between necessary
measurements and noise reduction. 50 Hz was the best choice for our imple-
mentation. The outcome from the miss measurements was a miss calculated
actual radius of turn. In most cases, the algorithm detected understeering,
thus applied brakes on the rear axle, provoking the vehicle to oversteer.

1) Evaluate Driver's Desired Radius of Turn

R =—, O: steering input in radians

m

2) Estimate Actual Radius of Turn
v’ V=V, cos(a.,)
Acc |a,. = tan”' (Accx / Ace, )
3) fR<S-R *
Apply Instantaneous Brakes on Front Axle
Elseif R > (1/8) R
Apply Instantaneous Brakes on Rear Axle
Else
Do nothing
4) Repeat Forever

* S: Sensitivity 0 < § < 1

Fig. 5. The ESC Algorithm

Another drawback of the algorithm that was clarified from experimental data
is that the reference radius used in the algorithm is valid only for very slow
speed turning. Measurements from the rest of the sensors revealed that the
necessary centripetal force for the vehicle to follow the desired radius of turn
is difficult to be produced in real environment. From the data, we can also
derive the maximum yaw rate, before the vehicle loses control, with respect to
individual wheel speed and steering angle. Loss of control can be determined
from the behaviour of vehicle’s yaw rate. That means if we have a constant
steer angle and small variations at the speed of front wheels (back wheels
might be spinning, thus are bad candidates for remarks) and we experience
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great variations on yaw rate if the vehicle oversteers. On the other hand, if
we have an increase at the speed of vehicle’s front wheels and/or increase of
steer angle, and experience little or decrease in magnitude of the yaw rate, the
vehicle understeers. Fig. 7 and Fig. 8 present yaw rate development in time, in
perspective with individual wheel speed and steering angle.
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Fig. 6. Static Acceleration from Vibration

Fig. 7 shows a loss of handling situation. At time around O sec the driver steers
the vehicle to the left. The driver realizes that the car oversteers, and tries to
counteract by turning the wheels at the opposite direction (right) and applying
throttle around 0.5 sec. The rear right wheel starts spinning and after almost a
second of drifting the vehicle stabilizes at 2.5 sec. Fig. 8 shows a different loss
of handling situation. From time equals O sec until 1.4 sec the vehicle over-
steers very intensely. Notice at time equals 1 sec that the rear left wheel has
the lowest speed of all, since it is the inner wheel w.r.t. a left wise turn; thus
has the smallest trajectory. At 1.2 sec the driver applies throttle inducing the
rear left wheel to start spinning. Application of throttle at the rear axle and
the turning at the opposite direction (right), produces moments of understeer
at time=1.5 sec. At around 1.4 sec, the electronic stability system, applies
brakes at the front axle increasing understeer.
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5 Conclusions and Future Work
5.1 Conclusion

A scaled test bed was presented along with the evaluation of an electronic
stability control scheme. Although the applicability of the proposed ESC sys-
tem is limited, many useful results came up from the trial run. First of all
the use of gyroscope is one — way solution for an ESC system on a scaled test
bed. All three accelerometers embedded in the scaled car, reported similar
to ADXL213 corruption at measurements. There are several factors that can
undermine the credibility of the samples. Vibration from the engine, shock
from a bump on the road, inclination of the ground etc. The effects from the
precedent would be reduced in a full scale vehicle, compared to a scaled car,
but they wouldn't obliterate. The collected experimental data provide also the
opportunity for a better understanding of understeer and oversteer effects.
Thereupon, we might be able to derive more robust ESC schemes and heuristic
algorithms. Through examination of velocity, steering angle and yaw rate we
might be able to determine the maximum yaw rate a vehicle can experience
before it loses handling. Thus, it is possible to construct an off — line reference
function for yaw rate and discern when the vehicle experiences an undesired
effect.

If we prove an explicit connection between the test bed and a real vehicle, the
results and algorithms that would derive from the scaled car would be appli-
cable to a real vehicle too. Therefore, the use of scaled test beds in automotive
engineering could accelerate the prototyping process and diminish the cost of
development.

5.2 Future Work

P Limit the bandwidth for the accelerometers to 10 Hz. Implement more
magnets in the wheels, in order to decrease sampling period for wheel
speed (100 ms at the time) and increase together accuracy in measure-
ments. Add faster and more powerful actuators (higher torque) on the
model.

P Manifest the connection between experiments in the test bed and a real
vehicle.

P Use car dynamics based on double track model and investigate vehicle’s
behaviour under high speed driving techniques [10, 11].

P Design appropriate yaw rate reference function and develop an adap-
tive algorithm for stabilization.

Implementation of similar sensory provision on a real vehicle is desired.
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A New Micromechanical Pressure Sensor for Automotive
Airbag Applications

B. Adam, T. Brandt, R. Henn, S. Reiss, M. Lang, Ch. Ohl
Robert Bosch GmbH

Abstract

Automotive restraint systems today are more and more using pres-
sure sensors in order to early and safely detect side crashes. A reli-
able, precise and fast measurement of the air pressure is the key
precondition for an optimized system performance.

We present a new generation of Bosch pressure sensors called PPS2
(Peripheral Pressure Sensor) that is specifically designed for airbag
system application.

The key component of the sensor is a pressure sensor module
(SMD187) that integrates a micromechanical membrane, an ASIC
with band-pass filter, trimming, and signal processing as well as
the digital interface. The micromechanical part is realized using the
new pressure sensor technology developed by Bosch named APSM
(Advanced Porous Silicon Membrane). APSM purely bases on sur-
face micromechanical process steps and turns out to be very robust
monocrystalline Silicon membranes.

The sensor provides a filtered and normalized differential pressure
signal P/P, to the airbag ECU using the well-established PSI5 stan-
dard current interface. The pressure range of the sensor allows to run
the system at altitudes up to 4000 m above sea level. The normal-
ized differential pressure signal is transferred within a range of -5 to
+15% of the ambient pressure.

PPS2 allows easy application and system setup, offers high system
flexibility and provides a reliable, precise and fast pressure signal to
the airbag system.
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1 Introduction

In 1996, the first airbag pressure sensor for detection of side crashes was
introduced. Due to increased performance requirements in regards to side
crash protection pressure sensors have become widely utilized. Today, pres-
sure sensors are common practice for fast and robust detection of side crashes
in middle and upper class vehicles. Mostly, the performance of airbag systems
gets optimized by combining pressure sensors with acceleration sensors. By
using systems with suitable combinations of pressure and acceleration sensors
the system firetimes and the robustness against misuses can often be improved
compared with systems that are purely based on acceleration sensors.

The crash detection bases on measuring the increased pressure inside the door
cavity due to the deformation of the door during an impact where the sidedoor
gets hit. Pressure signals used for firing decisions often allow a faster and safer
distinction of different kinds of crashes. The signals are directly correlated
to the deformation of the door and thus to the crashseverity. The sensor is
mounted inside the side door cavity. It can be placed either in the dry-room or
in the wet-room area. However, the sensor always senses the pressure inside
the outer wet-room cavity and thus must always be connected to the wet-room
area of the side door.

The second generation pressure sensor PPS2 by Bosch provides a pressure
sensor solution specifically designed for usage in airbag systems. The techni-
cal performance of the sensor has been further improved and the compliance
with the new PSI5 interface standard is given. PSI5 is a well-proven current
interface standard providing highly reliable and fast data transmission and
enabling easy system setup and high system flexibility at very low cost. Band-
pass filter of the pressure signal, signal conditioning and signal processing are
integrated into the sensor. The sensor provides a normalized differential pres-
sure signal which is independent of temperature and ambient pressure. By
this means, system resources can be saved and crashalgorithms do not need
to reflect ambient conditions.

Additionally the pressure sensor PPS2 optionally can transmit the internally
available absolute ambient pressure to the electronic control unit (ECU). The
absolute pressure can either be used for other applications or control units
within the car or it can be used for system diagnosis by comparing absolute
pressures of different airbag pressure sensors. This feature allows to improve
the system diagnosis without causing additional effort or cost because pres-
sure sensors in airbag systems are always used in pairs.

Technical requirements to the new generation of pressure sensor are:
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» the application must be possible in wet- and dry-room door cavity

» the mounting process must allow electronic documentation

P the pressure sensor must allow full system functionality in heights
of -100 to 4000 m above sea level, the signal range for normalized
differential pressure must consider pressure changes of -5 to 15%

» the current consumption must be reduced to allow compatibility to
acceleration sensors

» an option must be implemented to transmit the absolute pressure
to the ECU

» the sensor performs internal self-diagnosis and indicates the failure
if an error is detected

P an electronic label is sent by the sensor during the initialization
phase that allows identification of the pressure sensor in the ECU

Key component and main innovation of the new pressure sensor is the new
sensor module SMD187. The sensor module is exclusively developed for usage
in airbag systems. It integrates the micromashined pressure sensor element
and an ASIC. Besides the sensor module no active components and only few
external passive components are needed. The pressure sensor element is fab-
ricated using the new Bosch APSM (Advanced Porous Silicon Membrane) pro-
cess. The ASIC uses CMOS-technology. ASIC and sensor element are packaged
into a mold-premold housing. The 2nd - level package of the sensor has been
developed based on well-proven technologies. The package design enables
easy and robust mounting of the sensor and provides the required protection
of the electronic circuitry while at the same time allowing dynamic pressure
changes to reach the pressure sensing element.

2 Basic Aspects of Using Pressure Sensors in Restraint Systems
2.1 Physical Principle and Reason for Using Pressure Sensors

The following considerations apply to the physical principle for using pressure
sensors for side-impact detection.

In the case of deformation of an automobile side door, the volume of the
door (and thus the pressure in the cavity) changes in a very short period of
time. Because the event occurs too quickly for heat to be exchanged with the
environment, the pressure change can be calculated using the adiabatic state
equation as follows:
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AVzvol-A—chonst-A—P 0
L F,

AV represents the change in the volume of the cavity, 4P the increase in
pressure, and P, the ambient pressure (initial state). The signal AP/P, is thus
proportional to the change in volume and correlates directly to the crash
intensity and risk of injury. The entire door is considered as a detection area.
It is important to note that the signal amplitude and shape are essentially
determined by the impermeability of the door, the geometry of the cavity, and
the point of impact on the door in the crash because the percentage change in
volume and pressure can be larger or smaller, depending on these conditions,
with otherwise constant crash parameters.

Fig. 1 shows sample signal waveforms for different crash conditions. The cor-
relation with crash intensity is clearly recognizable, as well as the fact that a
distinction between deployment-relevant crashes and the illustrated no-fire
crash can be made in only a few milliseconds. This time scale is compatible
with the very high requirements for side impact detection where, due to a
minimal crush zone, only a few milliseconds are available for the deployment
decision. This is demonstrated by the consideration that a vehicle with a speed
of 50 km/h requires only 0.7 ms to travel a distance of 1 cm.
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Fig. 1. Pressure signal waveforms during side impacts with various inten-
sities.

A further important property of measuring the pressure in the door volume
is the independence of the sensor signal from the exact mounting point of the
sensor inside of the door. Fig. 2 shows the simultaneously recorded pressure
waveform for 3 different mounting locations inside the door, which illustrates
the independence of mounting location. This is a major difference relative to
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accelerometers, which are typically mounted on vehicle frames or underbod-
ies because this provides reliable, interference-free acceleration data that is
maximally decoupled from the contact point of the vehicles involved in a
crash. There is another related benefit of using pressure sensors: particularly
in side impacts with high points of impact (see Fig. 3), the doors are typically
deformed quickly, with a delay in transferring the accelerations to the rest
of the body. In such situations with high points of impact, pressure sensors
enable clearly better recognition of side impacts than with purely using accel-
erometers mounted on vehicle underbodies or frames. Corresponding crash
requirements result from the large number of relatively high-standing SUV
vehicles and are incorporated in crash tests, such as the ITHS Test.

Pressure vs. Time
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Fig. 2. Measured signal waveforms of pressure sensors mounted at differ-
ent locations inside a door

Fig. 3. Basic depiction of a side impact with a high point of impact
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In summary, the following conclusions can be drawn with regard to using pres-
sure sensors for side impact detection:
P Pressure sensors support quick, robust deployment decisions
P the physical measurement principle provides a direct link to the risk of
injury and the crash intensity
» mounting locations inside the door can be chosen flexibly
P pressure sensors are ideal for detecting side impacts with high impact
points

2.2 Functional and Signal Processing Requirements

The functional and signal processing requirement for pressure sensors used
in automotive airbag application is that the sensor signal measured during a
crash must be independent of the following parameters: ambient pressure
(influenced by weather and elevation) and ambient temperature.

If this is not assured, these effects must be taken into account in the algo-
rithms in the control unit, which would lead to increased computational effort
and is not desirable.

The following considerations apply to temperature dependence: the pressure
profile during a particular crash must not vary as a function of temperature.
This means that the sensor must ensure that pressure measurement is inde-
pendent of temperature. If the measurement principle of the sensor does not
assure this, temperature compensation must be provided in the sensor.

Sensor Low-pass
doment | | filer iR i
§
Calculation Signal Signal
P,= 8PP, | scaing | | encodng

Fig. 4. Signal processing principle of an airbag pressure sensor. A nor-
malized differential pressure signal P, is necessary to eliminate

dependence of the crash signal on the ambient pressure.

Regarding the dependence of the ambient pressure, it must be noted that the
pressure profile of a crash varies depending on the ambient pressure. It follows
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from Eq. 1 that with constant deformation of the vehicle body, the pressure
increase in the cavity is proportional to the ambient pressure. Pressure sen-
sors for use with airbags thus have internal signal processing and generate a
normalized differential pressure as the useful signal for the algorithm:
— AP — pP— P() (2)
P=S P S P

Here S is a scaling factor that amplifies the signal according to the digitally
available signal range of the interface between the sensor and the control unit.
This factor is therefore also called the digital sensitivity.

P, represents a slowly varying ambient pressure. It is derived from the cur-
rently measured pressure P. A low-pass filter adapts P, to varying ambient
pressures and simultaneously ensures that a constant absolute pressure refer-
ence is available during the course of the crash.

In order to filter out high-frequency interfering signals and reduce the noise
sensitivity of the sensor sensitivity, pressure sensors and airbag accelerom-
eters both have internal low-pass filters with a cut-off frequency of a few
hundred hertz.

The basic elements of the signal processing required in airbag pressure sen-
sors are shown in Fig. 4.

3 Mounting and Environmental Requirements

As described in Section 1, pressure sensors are integrated in airbag systems
as an alternative or supplement to peripheral accelerometers. The pressure
sensors are mounted inside of the vehicles side doors. The interior of current
side doors is usually divided into a wet space and a dry space. The dry space
houses devices such as control units and loudspeakers. The wet space houses
items such as retracted side windows.

The pressure sensor must be mounted such that the pressure of the outer wet
space is detected. In the event of a side impact, this cavity is directly impacted
and measuring pressure at this point will deliver the earliest signal.

The sensor and its connection can be located either in the wet or dry space as
long as it is ensured that the pressure inlet has free access to the volume of
the wet space.
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The typical mounting locations are shown in Fig. 5. Depending on the seal-
ing concept of the door, seals may be required on the sensors to ensure that
the sensor mounting holes in the sheet metal or partition wall are completely
sealed.

The environmental conditions to which the sensor is exposed are derived
directly from the installation space. Typical requirements are resistance to
immersion, water spray, humidity, humidity variations, salt spray and other
media that may be present in the door cavity.

Door wet-room | Door dry-room Door wet-room ] Door dry-room

—— sealing
(optional)

Fig. 5. Mounting options for airbag pressure sensors in the side door on
the partition wall between the wet and dry spaces.

4 PPS2 Assembly and Mechanical Interface

A significant improvement in second-generation pressure sensors relative to
first-generation sensors is the degree of integration of the electronics.

The micromechanical sensor element and all active electronic components
are integrated in a single component: the SMD187 sensor module. Only a few
passive external components are necessary in addition to the sensor module.
The sensor module and the external circuitry are packaged in an external
case called the second-level package. The second-level package provides the
mechanical and electrical interface to the restraint system and the car. This is
described in more detail below, but first the structural concept of the case and
the required processes are explained.
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4.1 Structural Concept of the PPS2

The second-level package is essentially based on known an proven processes.
A sample is illustrated in Fig. 6, and the sensor structure is shown in sche-
matic form in Fig. 7.

Fig. 6. Sample of a new-generation airbag pressure sensor with cover

The sensor module is mounted on the circuit board with only a few external
passive components using reflow soldering. The circuit board is fixed and con-
tacted inside of the external housing by a press fit technology. The press-fit
pins are molded into the housing. They provide the contact between circuit
board and housing and additionally serve as the connector pins. The press-fit
pin provides a mechanical connection between the circuit board and the case
as well as the electrical contact. The sensor has a 2-wire interface compliant
with the PSI standard, so two pins are sufficient for electrical contact.

The sensor housing is closed by a plastic cover that is attached using laser
welding technology. The plastic cover hermetically seals the interior of the
SEensor.

Inner Sensor lid with Sensor element
sealing pressure inket SMD187

Printed circuit board

Fig. 7. Schematic diagram of the structure of the airbag pressure sensor:
the electronic components are mounted on the circuit board using
standard reflow soldering and the circuit board is then pressed
into the housing to provide mechanical and electrical connections.
The housing is sealed by a laser-welded cover.
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A special requirement on the structure of the pressure sensor results from
the fact that external pressure must be routed to the pressure-sensitive mea-
suring unit inside the housing. This function is fulfilled by the pressure inlet
integrated in the cover.

The pressure inlet must fulfill the following functional requirements:
P Protection of the sensor element against dirt and media
» sealing with respect to the inner electronics space (circuit board and
pins)
» no influence on the dynamic behavior of crash-relevant pressure
waves

In order to ensure proper protection of the sensor element from the effects of
dirt and media, the pressure inlet must have at least one 90° bend. The sensor
element is further protected by a cap. The sensor is mounted in the vehicle
such that the pressure inlet is pointing downward. The form and size of the
inlet is designed so that any dirt or media that penetrates into the inlet will
leave due to the effect of gravity.

The impermeability and protection of the interior electronics space is ensured
by a seal fitted to the sensor cover around the pressure inlet. When the cover
is attached, it seals the inlet channel to the sensor module. This ensures that
any media that enters the pressure inlet does not reach the interior electron-
ics space.

In order to ensure adequate dynamic behavior of the sensor with respect to
rapid, crash-relevant pressure fluctuations, the pressure inlet is designed to
maximize the cross section of the channel and to minimize its length without
thereby adversely affecting the previously mentioned protective require-
ments.

Attention must also be given to ensure that the geometry of the pressure inlet
does not allow any resonances in the frequency range relevant to airbag appli-
cations so that sensor operation is not impaired by resonance effects.

In this respect the Helmholtz frequency of the inlet channel can serve as a
reference, although it must be mentioned that the geometry of the inlet chan-
nel is only partially comparable to a classical Helmholtz resonator. Evaluation
using the Helmholtz Eq. is only a rough approach, and the dynamic properties
of the sensor must also be verified by means of real measurements with the
Sensor.

The Helmholtz frequency is given by
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f 3)

2 \V-(+nr/2)

Here c is the speed of sound, r is the radius of the pipe, [ is the length of the
pipe, and V is the volume of the hollow body.

Geometrical measurements of the pressure channel yield resonance frequen-
cies of a few kilohertz based on Eq. 3, which can be regarded as non-critical.

4.2 PPS2 Mechanical Interface

Most current commercially available pressure sensors resemble the sensor
shown in Fig. 8 with regard to external geometry.

20mm

Fig. 8. Standard design and mounting template of current commercially
available pressure sensors. The pressure sensor is attached to the
inner wall of the vehicle door using two mounting points.

The package has two tabs, each with a hole, with which the sensor can be
attached to the inner wall of the door. The fasteners are typically screws or
rivets. Depending on the forces imposed by the fasteners, the holes in the
flanges may be fitted with bushings to decouple the mechanical stress from
the plastic.

If the sensor is mounted on the dry space side of the inner wall of the door,
an external seal around the pressure inlet is usually necessary to ensure that
the hole connecting the pressure inlet to the wet space is sealed. Using two
fastening points helps ensure uniform, stable pressure on the seal over the
vehicle lifetime.
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5 Sensor module SMD187

The Sensor module contains the micromechanical pressure sensor membrane
and an ASIC. The ASIC incorporates electronics for signal analysis, signal pro-
cessing and a digital interface.

5.1 Construction and Sensor Module Housing

The sensor module is enclosed in a mold-premold housing (MPM housing) as
shown in Fig. 9 and 14.

The MPM housing has been chosen because it is very similar to commonly
used standard SOIC-housings. The footprint of the MPM housing is the same as
for SOIC wide-body. The ASIC is molded into the MPM housing using methods
that are comparable to the SOIC housing process. A cavity in which the pres-
sure sensor element will later be installed is deliberately created during the
molding process. The pressure sensor element and the ASIC are electrically
interconnected via the lead frame, to which the required signal pins are bond-
ed. The ASIC is bonded prior to molding and the pressure sensor afterwards.

Fig. 9. Mold-premold housing (MPM housing) for the SMD187 sensor
module. Shown here with and without cover.

The sensor element and the bond wires that provide the contact for the sen-
sor element are protected from the surrounding environment by a layer of
gel. The cavity containing the sensor element, bonding wires and gel layer is
subsequently protected by a cover to prevent mechanical damage.
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Fig. 10. Section through the SMD187 sensor module’s MPM housing.

5.2 Micromechanical Sensor Element based on APSM Technology

The sensor element is manufactured from silicon using a surface micro-
mechanical process. APSM technology (APSM = Advanced Porous Silicon
Membrane) is used to manufacture the membrane. It is described in further
detail in the second half of the chapter.

The sensor element is shown in Fig. 11. A pressure membrane and a tempera-
ture diode are located on the sensor element.

Pressure is measured by means of piezoresistors located on the upper side of
the membrane. The mechanical strain at the edge of the membrane is thus
converted into an electrical signal.

A total of four piezoresistors are mounted on the membrane. Two of the
resistors exhibit a positive piezoresistive characteristic and the other two a
negative one. The piezoresistors are connected in a Wheatstone bridge con-
figuration in such a way that the different resistance characteristics of the
piezoresistors are additive in regards to the output signal. The bridge is elec-
trically energized by the ASIC, which also processes and analyzes the output
signal from the bridge.

The diode is used to measure the temperature of the sensor element. The ASIC
analyzes the diode output signal and the resulting temperature data is used by
the ASIC to compensate temperature effects of the characteristic line of the
pressure-sensing element.
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Fig. 11. Pressure membrane on the PPS2 sensor element (top view). A
temperature diode is located on the sensor element in addition to
the pressure membrane.

APSM technology, a surface micromechanical process, is used to manufacture
the membrane.

A section through the membrane is shown in Fig. 12. The process results in
the creation of a shallow cavity containing vacuum which on the top side is
covered by a membrane. The membrane is approximately 14 pm thick and
covers a cavity which is approximately 4 pym deep.

membrane

substrate

Fig. 12. Typical cross-section of the sensor membrane. It is manufactured
using a surface micromechanical process (APSM = Advanced
Porous Silicon Membrane).
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Fig. 13. APSM process, schematic representation of the steps in the mem-
brane manufacturing process. a) after the wet chemical etching, b)
after epitaxy, c) after producing the piezoresistors and metalliza-
tion.

The steps required to make the membrane are shown schematically in Fig.
13.

First the membrane is structured and the monocrystalline starting layer for
the subsequent membrane is formed. A wet chemical etching process is then
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used to etch underneath the monocrystalline starting layer creating a porous
silicon layer where later the final cavity will be created.

After that, a monocrystalline silicon layer is epitaxially applied to the entire
wafer and therefore also to the monocrystalline starting layer. The thermal
budget for the epitaxial process and the subsequent high-temperature steps is
sufficient to cause the silicon atoms in the porous silicon area to migrate and
leave behind the final cavity in which there is vacuum.

The final step is to process the piezoresistors on the monocrystalline silicon
layer and apply the metallization required for electrical connections and to
measure the membrane deflection.

The APSM process is beneficial because it allows very robust membranes to be
easily and cost effectively manufactured using purely surface micromechani-
cal procedures. Because the membranes consist of monocrystalline silicon,
they are completely leakproof and stable throughout their entire life. These
properties are very well suited to the application and requirements of airbag
pressure sensors.

5.3 ASIC and Signal Path

The following basic functions are integrated into the ASIC:
P internal power supply
» voltage and current supply for the sensor element
P sensor element temperature and pressure signal analysis
P pressure measurement characteristic compensation
» filter and signal processing (e.g., low pass, P/P, calculation)
» PSI5 interface
P internal diagnostics and error detection

A block diagram of the signal path in the pressure sensor ASIC is shown in
Fig. 4. The ASIC used in PPS2 devices is designed so that the bridge and diode
signals are digitized directly at the input and subsequent signal processing is
completely digital. This results in very high design and operational reliability
and is favorable because of the integration density available in modern ASIC
processes.

The ASIC basically operates autonomously, as it has its own internal clock and
its own power supply. It simply needs to be connected to an external voltage
supply and requires an external trigger signal in synchronous mode, which
initiates the data transmission.



A New Micromechanical Pressure Sensor for Automotive Airbag Applications ‘ 275

The ASIC is produced using a high-voltage CMOS process. The ASIC and thus
the sensor can be connected directly to the controller of the ECU. The exter-
nally needed circuit only consist of few passive components.

6 Technical Features and Characteristics
6.1 Operating Characteristic and Measuring Ranges

The PPS2 pressure sensor characteristic is designed for sensor operation and
airbag systems used at an altitude of - 100 to 4000 m above mean sea level.
The specified dynamic range for crash detection is - 5 to + 15% relative to the
mean ambient pressure.

These specifications result in a working pressure range of the sensor or sys-
tem of 526 to 1100 mbar. The absolute pressure range covered by the sensor
is equal to the absolute working range plus the dynamic range. It is 500 to
1265 mbar. The graph in Fig. 14 shows the relationship between the working
range, the absolute pressure range and the dynamic range. Fig. 14 also shows
that the relative dynamic range of the sensor over the ambient absolute pres-
sure is constant. As a result, the absolute dynamic range is proportional to the
ambient absolute pressure.

& 4

Phlluull
Dynamic range at
= Dynamic range
Pa = 1100 mbar il
Dynamic range at Dynamic Range
Po = 526 mbar ~ 105 mbar
Po=$26 Po=1100
500 605 1045 1265 P [mbar]

Fig. 14. Operating characteristic and working range of the PPS2 pressure
Sensor.
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6.2 Interface, Initialization and Operating Modes

For automotive applications very high requirements apply regarding the elec-
tronic interface of sensors. Besides the data integrity the availability of the
data and thus the performance of the interface plays a key role. Missing sensor
data even for fractions of a second could delay the systems reaction which is
not acceptable. Therefore, the data rate of the connection between sensor and
ECU must be at constant level and must be safe and robust against external
influences like radiated immission (EMC), ESD and others. On the other hand
the cost of the interface must be as low as possible, the implementation effort
should be low on sensor and on ECU-side and the interface must be flexible in
regard to interchanging sensors of the same as well as of different types.

PPS2 uses a standardized current interface fulfilling all of the previously men-
tioned requirements: PSI5 (Peripheral Sensor Interface, 5t generation). PSI5 is
an interface based on different former proprietary interfaces used in automo-
tive applications. It is an open standard that is controlled by a steering com-
mittee and no license fees apply for using the standard. The working principle
and features of PSI5 as implemented in the PPS2 are described in the following
sections. Fig. 15 shows a comparison of PSI5 and other commonly used digital
interface types by rating implementation cost and data transmission rate.

Sensors & Embedded Control Multimedia
10M
FlexRay
wire/oplical

2-Wire Sensor
Interfaces

Bluetooth
wireless

100k

Data Transmission Rate [Bit/s]

®

Relative Implementation Cost

Fig. 15. Overview of digital interfaces

Fig. 16 shows a typical system setup concerning the connection between sen-
sors and ECU. The sensors are connected to the ECU by two wires. These wires
on one hand serve as power supply to the sensor. On the other hand sensor and
ECU communicate over these two wires. The receiver supplies the sensors with
the needed voltage and reads in the sensor data.



A New Micromechanical Pressure Sensor for Automotive Airbag Applications ‘ 277

The example shows a point-to-point connection for sensors one and two and a
bus configuration for sensors three and four which is also supported by PSI5.

ECU Peripheral

Sensors

uc PSIS Sensor 1

Receiver PSI5 Two-Wire
SPI Interfaces
Sensor 2
11 I
Sensor 3 Sensor 4

Fig. 16. Typical system setup showing examples for commonly used sensor
configurations

PSI5 is based on the common principle of a current interface. The sensors are
supplied by two connections to the receiver: Ground and supply line. The static
condition on the line is defined by the quiescent current of the sensors con-
nected to one receiver channel. In order to transmit data from the sensor to the
ECU a current source is switched by the sensor drawing some extra current in
active state. The current changes are detected by the receiver in the ECU using
a shunt resistor that translates current signals into voltage signals.

Receiver Sensor

- z—_|-[:l-—f§§l— e
Twisted 3Tl

_< Pair
S 1

Fig. 17. Physical layer of PSI5 current interface
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The relatively high sending currents of 26 mA itself result in a very good noise
immunity of the interface. Only very high noise levels can disturb the data
recognition and in addition high frequency noise gets significantly damped by
the bus systems due to the high capacitive load in the range of 30 to 100 nF.

Using PSI5 single data bits are coded into current level switching using the
so-called Manchester Code. Other than the NRZ-code (Non Return to Zero) each
bit is coded by switching the current level in the middle of the bit. A logical
“0"” is represented by a rising edge and vice versa. The principle of Manchester
Coding is shown by Fig. 18 and 23.

BIO  Bi1  Bi2
o - =
'Hgn - A
I Thresh Al A Y
IlLow + y -
-
Tait

Fig. 18. Manchester Code

The data link layer of PSI5 works as follows. Each data packet consists of 2 start
bits each and of an additional variable number of 8, 10, 16, 20 or 24 data bits.
To ensure data integrity a parity or a 3-bit CRC-checksum are transmitted at
the end of each data packet. Between different data packets a break of at least
the length of one bit must be maintained. PPS2 uses solely 10 bit wide data
words for data transmission as shown in Fig. 19.
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Fig. 19. 10 bit data packet in Manchester Code as used in pressure sensor
PPS2
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The data range definitions in PSI5 standard and specifically for PPS2 are of
high significance. Safety relevant systems require a reliable distinction of sen-
sor output data used for system algorithm and status or failure code data that
is used to indicate the sensor state. The data range therefore is divided into
different ranges. The data range reserved for transmitting the sensor output
signal in PSI5 reaches from 480 to +480. PPS2 only uses the range of -102
to +307 which translates into the range of the normalized differential pres-
sure of -5% to +15% relative to ambient pressure. The data ranges of PSI5 and
PPS2 are described in Fig. 20.

Dec Hex Description Data range
+511 Ox1FF
: : status- and failure messages 2
+481 0x1E1
+480 0x1EO0 highest positive data signal
+307 0x133 highest positive output signal PPS2 (15%)
0 0x000 signal amplitude ,,0* 1
-102 0x39A smallest (negative) pressure change PPS2
-480 0x220 smallest (negative) output signal PSI5
-481 0x21F
- - transmission of additional data 3
- - status data
-512 0x200

Fig. 20. PSI5-data ranges as used for PPS2 based on a data packet size of
10bits

PPS2 offers the option of transmitting the precise absolute pressure P, in
parallel to sending the normalized differential pressure P,. This is achieved by
splitting up the 12 bit wide P, into 4 sub-blocks of 3 bit each, combining them
with a 2 bit wide position index and coding these overall maximum 32 possible
5bit blocks into the 32 data words of data range 3 as indicated in Fig. 20.

In order not to lose any relevant P, data the transmission of the 4 P, data pack-
ets gets instantaneously suppressed in case P, reaches the internally coded
noise limit.

During initialization PPS2 performs internal self-tests and transmits an elec-
tronic label to the ECU and indicates its state by appropriate status data and
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if needed error codes. The transmission of the electronic label is using data
range 3 and includes information like sensor type code, configuration data of
the sensor, manufacturer code, manufacturing date, protocol type, customer
specific part code and a unique sensor serial number. In case the initialization
is completed successfully the sensor switches into normal operation mode
sending pressure data until it is switched off. In case an error occurs during
initialization the sensor sends error messages.

PPS2 offers different operating modes described in the PSI5 standard, version
1.2. Supported operating modes are asynchronous point-to-point, synchronous
point-to-point and parallel bus mode.

In asynchronous mode the sensor works independently of the ECU once
switched on by the ECU when applying the supply voltage. After having per-
formed the initialization the sensor continuously transmits pressure data to
the ECU every 228 ps. The ECU receiver synchronizes with the bit-rate of the
sensor by means of the two start bits.

ECU
S1
Vss —/_// //
ov
(0] | (s | S | A | s |

Fig. 21. Point-to-point configuration with asynchronous data transmission

In synchronous and bus mode the sensor gets periodically triggered by the
ECU receiver by a voltage modulation. A sync-pulse is sent every 500 ps and
between two sync-pulses 3 different time slots can be used for data transmis-
sion. The time slot to be used is determined during end of line trimming of the
sensor. The advantage of the bus mode is that up to 3 sensors can be hooked
up to only one receiver channel which in some cases can be very beneficial.
The bus configuration set up is shown by Fig. 22.
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Fig. 22. parallel bus configuration using synchronous mode for data trans-
mission

The compliance of PPS2 to PSI5 is very beneficial from a system flexibility
point of view. PPS2 can be easily interchanged with for example an accelera-
tion sensor that also complies to PSI5. If the hardware and the software are
prepared to it a system can be run with either a PSI5 acceleration sensor or
the pressure sensor PPS2.

7 Diagnostic Concept

The PPS2 pressure sensor performs extensive self testing during the initializa-
tion phase as well as during continuous operation. This enables the sensor to
quickly detect internal sensor problems and to send appropriate error informa-
tion to the controller in order to avoid erroneous system operation.

The sensor’s signal path, the sensor element’s measurement bridge and the
temperature diode are internally tested. Furthermore the sensor conducts
internal noise and signal range tests.

The transmission of absolute pressure P, offers a further opportunity to
improve and to extend test coverage of the system.

In case the sensor transmits the absolute pressure P, the controller is able to
compare absolute pressure data originating from the right and left doors and
thus to detect errors such as drifting of the sensor’s operating characteristic.
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Comparing absolute pressure data of different sensors also enables the system
to detect a blocked pressure inlet if the ambient pressure changes sufficiently
and one of the sensors is unable to track the change in absolute pressure. A
sensor would be unable to detect such a problem independently. A system
using this feature will not safely detect the blocked inlet because the pressure
change is a prerequisite for detection but it at least offers the possibility to
detect such a failure and thus improves the test coverage.

8 Summary

Pressure sensors have been used in airbag systems to detect side crashes since
1996. They have become more and more common practice since then, particu-
larly in midrange and high-end vehicles. Pressure sensors indirectly measure
the deformation of the car body and thus are able to quickly and reliably detect
side impacts. They provide a signal that is proportional to the severity of the
crash and that is robust regarding interferences. Especially in cases where the
point of impact is located high the pressure sensor provides a very fast signal
and enables the system to quickly detect the crash and to reliably distinguish
between fire and no-fire crashes.

The technical performance of Bosch’s second-generation PPS2 pressure sensors
for airbag applications is once again improved over that of the previous genera-
tion. The housing and construction of the sensor is based on the proven tech-
nology of the previous generation. The core of the sensor and primary source
of innovation is the SMD187 sensor module, which integrates an ASIC and a
micromechanical sensor element. The sensor element is manufactured using
the Bosch APSM process, which is based on purely surface micromechanical
process steps. The key distinguishing features of the resulting membrane are
robustness and reliability. A high-voltage CMOS process is used to manufacture
the new ASIC. It allows a high degree of logic integration, while at the same
time requiring only simple external circuitry of few passive components.

The sensor is designed for operation of the system in heights between -100
and 4000 m above mean sea level at pressures of 526 to 1100 mbar and has
a dynamic signal range used to detect crashes of -5 to +15%. The sensor
performs internal signal conditioning and signal processing and transmits a
normalized differential pressure signal P, to the airbag ECU, which in case of
a crash is independent of the ambient pressure.

The sensor interface is designed to use a proven and reliable 2-wire Manchester
encoded current signal and is compatible with the PSI5 standard interface
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specification. PPS2 supports asynchronous and synchronous point to point and
also parallel bus interface configuration. Due to the reduced current consump-
tion the pressure sensor PPS2 can be exchanged with a PSI5 acceleration sen-
sor without changing the interface hardware of the ECU.

The sensor performs extensive self testing during initialization as well as dur-
ing operation. The tests are designed to detect sensor problems and prevent
failures in the airbag system. The test coverage of the system can further be
improved by using the option of PPS2 to transmit precise absolute pressure
data P, and by detecting possible failures by comparing pressure data of dif-
ferent sensors on system level.

With PPS2 a pressure sensor for usage in airbag systems is available that has
been specifically optimized for this kind of application. It provides high-speed
crash data in case of side impacts and thus helps to enhance the airbag system
performance while at the same time enabling easy integration into the system
and the car.
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Trusting Your Senses

G. Hardman, Silicon Sensing Systems Limited

Abstract

The concept of signal integrity as a measure of trustworthiness
of data is described using a simple analogy. Contrasts are drawn
between integrity and accuracy in regard to the use of the data in a
safety related application. The concept of “false plausibility” of data
is described, with associated failure modes of the analogy examined.
An implementation of a yaw rate sensor is described that takes
advantage of the use of continuous numeric analysis of the control
loop variables to provide very high levels of loop observability in real
time. It also considers detectability of failures in times significantly
less than the time constant of the sensing system, i.e. fault detec-
tion that is not bandwidth limited. Also considered are feedback as
a means of verifying the conversion processes within the sensor,
and parallel verification of the operation of the sensor software and
microcode by using pseudo-random seed data from the sensor.

1 Introduction

In everyday situations, there are often times when an action or reaction relies
critically on the ability to sense both accurately and reliably. Decisions that
affect safety are based on the trustworthiness of the data. It isn’t acceptable
to have a suspicion that something is true, it is essential to be sure beyond a
basic level of trust.

Take an occurrence that happens millions of times each day. A driver wishing
to join a flow of traffic on a major road must confidently and reliably know
that it is safe to do so. At junctions fitted with traffic lights, one level of trust
is that when the lights are green to join the major road, oncoming traffic is
inhibited by a red light. However, it cannot be guaranteed that it is safe to join,
as it depends on all other drivers obeying the rules: stop on red. The detection
of a green light gives no data as to the safety of joining, as it doesn’t have any
information on the rest of the traffic environment. Emergency vehicles may
legitimately continue against a red light; an inattentive driver might do so
regardless.
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So, what is needed is reliable, trustworthy data. Not necessarily accurate data;
there is no need to estimate to within a couple of metres where an oncoming
motorcycle is, only whether it is sufficiently far away and travelling sufficient-
ly slowly that it is safe to pull out in front.

What this sensing scenario requires can be dubbed “integrity” That is, a
dependence on having data that is sufficiently accurate for the purpose, but
with a quality aspect that means that the data can be used unambiguously
to initiate or control an event. A high integrity sensor is one which gives an
adequate level of performance in terms of the normal parameters, (sensitivity,
offset, noise) but in addition provides unambiguous data. A low integrity sen-
sor might be more accurate, (more sensitive, lower noise), but cannot be trust-
worthy if there are any circumstances where the output is “false plausible”.

Failure mode Plausibility check
Can I see anything View obscured, (window Can I see anything at an
coming? fogged, parked truck). appropriate range?
Can I see anything One glance giving time Look again, can I see
moving towards me?  invariant data. movement? Has the

scene changed?

Can I predict that the Wet road, lost traction, Historic data trend
gap is wide enough to bad estimate of own (i.e. change in range of
give time to pull out?  acceleration. oncoming vehicle, re-

sponsiveness at previous
junction) correlation
with other data, (wipers

on icy).
Are there other cha- Oncoming emergency Signal characteristic
racteristics of the data vehicle signalling to turn. analysis, (flashing blue
that should inhibit lights, turn signals, vehi-
pulling out? cle road positioning).

Tab. 1. Failure Modes in joining traffic

The concept of “false plausible” is an essential factor of any system that has
safety implications. In particular, it must be considered in the system'’s failure
modes as well as its normal operation.

Let’'s return to the junction. Consider a traffic light system employing only
red lights; here a “"no red light” condition may be interpreted as permission to
proceed. This is fine in normal operation, but has an obvious “false plausible”
failure mode - the bulb fails or there is no power. Now, “no red light” only
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means that it cannot be said that it is definitely unsafe to proceed, as the
data is ambiguous. Even having a green light still has “false plausible” failure
modes. Whilst a green light shows that the lights are active, (and even assum-
ing that the designers have a fail-safe that prevents the lights from being
green both ways), there are still the failure modes of the inattentive driver or
the oncoming emergency vehicle.

The requirement for this environment is therefore a sensor having “integrity”.
This is a combination of design parameters, methodology and an intimate
understanding of the failure modes. Some of the failure modes are given in
Table 1. For the driver in our scenario, the primary sensor is the eye, (in part-
nership with the cognitive functions of the brain). Now the signal from the eye
can be checked for plausibility.

So having a very accurate sensor, such as excellent eyesight, is insufficient if
there are inadequate checks and cross checks. A skilled driver adds integrity
to the observed scene.

2 Redundancy - The Limited Option

Some systems attempt to improve the integrity of the data by adding redun-
dancy to the sensing. However, the use of two similar sensors can address only
a small proportion of the failure modes, leaving many of them unchanged. This
is because the use of two similar sensors cannot overcome “common cause”
failure mechanisms. Consequently, there is often little improvement in integ-
rity for the system as a whole. In the example above, a driver having two eyes
has much greater defence against poor range estimates, as the brain performs
a ranging function on the binocular image. This addresses some of the third
set of failure modes, as movement towards the observer is easier to detect, but
does little or nothing for the other three sets. Unless the view is obscured by a
very narrow object, having two eyes close together doesn’t add much observ-
ability to the scene. Redundant systems have a defence against total, detect-
able signal loss, but have no added defence against false plausible failures.

Following the weight of evidence regarding the improvement in safety,
Electronic Stability Control (ESC) is rapidly gaining prevalence in braking sys-
tems. This has the ability to make certain accident types entirely avoidable,
and is being mandated by NHTSA for fitment into passenger cars in the US,
with other markets introducing such systems as standard. Clearly, in order to
improve the safety of a vehicle, the ESC system must be reliable and trustwor-
thy. It must have high integrity.
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Reduced to its simplest, an ESC system comprises the means of modifying the
braking forces at each wheel to reduce understeer or oversteer if the actual
behaviour of the vehicle varies from that desired by the driver. The primary
mechanism for detecting this variation is by inertially sensing the actual
dynamics of the vehicle, (lateral acceleration and yaw rate) as distinct to that
commanded by the driver, (primarily steering wheel angle) and the response
at the wheels, (wheel speed). The absolute minimum requirement for an ESC
system is the ability to unambiguously measure the vehicle yaw rate to vali-
date the response to steering inputs.

In this application, it is essential that any failure mode of the sensor results in
an error that is detectable or that results in a signal that cannot be regarded
as “false plausible”. If the sensor fails completely, i.e. fails “silent”, then the
system has the potential to avoid making erroneous braking demands. The
system does not improve the safety of the vehicle in this instance, but neither
does it make it worse. The worst case scenario is if a failure mode exists that
causes a false plausible yaw rate output, which provokes the system into mak-
ing braking demands that are not required. In this case, the vehicle may be
forced into over or understeer without any warning or input from the driver.

3 High Integrity Rate Sensing

Silicon Sensing’s VSG4 family of sensors has been developed specifically to
address this issue. Throughout the design and development, key to the process
has been the identification and mitigation of potential error sources and false
plausible failure modes. Several techniques are employed that have given rise
to a high integrity sensor, or the ability to provide high integrity data when
integrated into a system. An overview of the operation of the yaw rate sensor
helps in understanding the techniques to improve integrity.

The sensor uses a bulk silicon micro-machined ring structure and a mixed sig-
nal ASIC together with a signal conditioning processor to make a single-axis
yaw rate Sensor.

3.1 Principle

The silicon ring is driven in a cos 2 mode shape to produce the radial velocity
components required to make a Coriolis gyroscope.
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Fig. 1.  Vibration mode

Fig. 1 shows the movement of the silicon ring while vibrating:— As the ring
oscillates in its natural state, the ring moves in the way shown by (1). When
the gyro is rotated about its sense axis, the Coriolis force acts tangentially on
the ring as shown by (2). The vector sum of these forces result in a combined
resultant vibration 45° out of alignment with the primary vibration, as shown
by (3).The force required to null this resultant vibration completely is directly
proportional to the angular rate.

3.2 Implementation

Eight uniformly spaced transducers are placed around the sensor ring struc-
ture to form two pairs of drive transducers and two pairs of pick-off transduc-
ers. VSG4 uses electrostatic transducers, where the forces are detected or
created by charged capacitor plates.

One pair of diametrically opposed drive transducers is used to excite the
cos 2 mode with the phase and amplitude sensed by the corresponding pick-
off transducer pair. The drive amplitude and frequency is controlled by the
electronic control loop to establish an accurate radial velocity component at
the resonant frequency of the structure. Frequency is set by a Phase Locked
Loop (PLL), operating with a Voltage Controlled Oscillator (VCO), whilst ampli-
tude is controlled using an Automatic Gain Control, (AGC). The primary loops
set the basic operating point and scale factor of the system.

Unlike more basic sensors that attempt to measure the rate of turn directly,
and are unable to eliminate internal errors, all Silicon Sensing gyros use a
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servo to measure the force required to completely cancel out the secondary
vibration. To do this, a secondary rate nulling loop is set up using the other
drive and pickoff transducer pairs to enable the Coriolis forces (generated by
applied angular rate) to be detected and servoed to zero using digital filters
within the processor. This fully closed loop operation largely removes depen-
dency of performance on the mechanical amplification factor, Q, of the reso-
nator and enables excellent bias and scale factor performance to be achieved
without any compensation. The force required to null the Coriolis force is a
very accurate measure of the applied angular rate. From an integrity view-
point, null is the least ambiguous state to determine!

Primary Secondary
— Ring Vibration Stimulation —— —— Rate Response —,

|\ Drives

L~
AGC
L]
5,

Angular
Fate Qutput

T Vag

Sy
| )

~J P
Frequency Control Amplitude Control Pick-Offs
Loop cop

Fig. 2. Sensor control and servo loops

All of these driving forces and servoed null responses occur at the resonant
frequency of the ring. To be useful to an external system, they are demodu-
lated to baseband where they give direct measure of the behaviour of the sen-
sor and its motion in free space. In VSG4 (Fig. 3), all of the demodulators, loop
controllers filters and remodulators are implemented directly in digital form
within an internal digital signal processor, (DSP). The yaw rate and telemetry
regarding the status of the control loops are available directly in numerical
form. This more sophisticated technique eliminates performance variation or
drift typical of analogue control loops, as the numeric control is inherently free
from ageing, temperature and manufacturing tolerances. All numeric process-
ing is synchronised to the MEMS resonant frequency, which eliminates the
temperature-sensitive, phase-related detector errors commonly found in other
MEMS sensors.

The derived rate data is digitally filtered, scaled and then output via the Serial
Peripheral Interface (SPI), bus . For legacy applications, the rate data is also
converted to analogue format via the Digital-Analogue Converter, (DAC) (with
factory programmable scale factor and bias) and output at separate pins.
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VSG4 Capacitive Rate Sensor

Mixed Mode ASIC

MEMS

[

3l o =

é ('Y w
S ___J___'x.'_,\]
f S Lo
I VSG4 SW | Wachdog | |
I l| I | f————— -
| e s e ] | | |
| J(:;ﬂ Comms ko= =3
| Conirol Processor | | |
| 1 Lt o J
|

|

: |
e )

CG w2

Fig. 3. VSG4 system block diagram

3.3 Structured Integrity

As the sensor system is inherently digital, it lends itself to several indepen-
dent techniques to ensure that false plausibility is minimised. These operate
continuously, without interrupting or otherwise corrupting the rate output.
The nature of the ring structure itself is such that failure mechanisms are
catastrophic rather than parametric in nature, as can be the case with forks or
combs, again eliminating the possibility of false plausible responses.

The ring structure has a single moving surface mounted on eight compliant
spokes. This has the disadvantage that the signal levels are low, inherently due
to the small capacitances involved. In artificial conditions, such as in the labo-
ratory, this results in comparative tests that suggest that such sensors have
high levels of noise. This is true in so-called “tombstone” conditions, where the
sensor is immovably fixed to a massive stationary object, (the “tombstone”).
This reduction in signal to noise ratio is largely irrelevant in real world envi-
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ronments, particularly when the sensor is mounted on a vehicle travelling on
real tyres on real roads. Tombstone conditions give idealised performance in
the laboratory, are mathematically interesting but of little value in practice.

Conversely, there are major disadvantages in increasing the signal level by the
use of combs or inter-digitated structures. The ring structure has a very high
mechanical Q, around 12000, which means that the resonant characteristic
has a bandwidth of around 1 Hz. This does change with temperature, but the
change in frequency over the extremes of temperature is less than 10 Hz. The
structure has been designed such that, if the ring should break, it will immedi-
ately stop vibrating, as the changes in the mechanical tuning of the structure
will cause the resonant frequency to change massively beyond the control
range of the primary phase locked loop. Also, as there is only one interface to
the structure, it isn’t possible to lose part of it and continue to operate with
reduced sensitivity. It will fail completely.

The same is not true of comb structures. If it can be guaranteed that a failed
comb structure will give an implausible output, such as by shorting out the
capacitance completely, or mechanically jamming the motion, then such a
sensor may be acceptable. However, the problem is that failed or disconnected
teeth within a comb can result in small changes to the overall capacitance of
the plate. The effect of this is to reduce the sensitivity of the sensor whilst
not inhibiting its output. This will inevitably give rise to false plausible output
that cannot be detected without some other inertial reference, i.e. a second
dissimilar sensor.

3.4 System Node Observation

Implementing the servo control in the digital domain enables every “node”
of the system to be observable. Analogue control loops can only be examined
internally for plausibility by the use of additional comparators. In that way, it
is possible to determine when the control loop has completely saturated, but
only by the addition of more circuitry, all with its own failure rate and error
budgets. Such techniques are costly and risk unacceptable false-alarm rates.
Whereas, by having every term expressed as a variable, every node can be
checked for reasonableness, plausibility and time-variance. In this way, a term
that has become stuck is drifting, or has simply gone out of specification, can
be detected and reported via the SPI interface. As all of this can be achieved
within the DSP code, there is no additional circuitry required, no additional
time delay and much more opportunity for unambiguous fault detection.
Furthermore, these reports form part of the standard payload of the SPI pay-



Trusting Your Senses ‘ 293

load, and are reported within every message, at one millisecond intervals. Fig.
4. shows how this can be achieved for a full four-loop control system.
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Fig. 4. Observable nodes

3.5 Analogue Feedback

The sensor block diagram shows that the voltages from the transducers (which
contain the primary motion and Coriolis force information) feed through an
ADC before being passed to the DSP. The return signals, (i.e. the feedback
voltage demands for the servo loops) are converted to an analogue voltage by
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a DAC. This signal chain, together with that portion of the DSP software asso-
ciated with conversion and internal communication, can be tested by feeding
the rate signal back through the same signal path. To do this, use is made of
the analogue rate output channel and a spare multiplexed channel into the
ADC, the auxiliary analogue input channel, as shown in Fig. 5.
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Fig. 5.  Triple verification

The digital rate output is converted to an analogue voltage by passing the
digital rate value through the internal SPI bus from the DSP to the ASIC. This
value is converted in the same DAC as is used for force-rebalance, and made
available at an external pin. Two separate checks are now possible. Firstly, the
analogue rate can be digitised by a host system, such as the ESC Electronic
Control Unit, and compared with the rate as reported over the SPI bus. There
is a little signal degradation in the conversion process, but the result will be
sufficiently close to confirm that the output of the conversion from digital to
analogue is plausible. Secondly, this analogue signal can be connected to an
auxiliary input of the same ADC as is used to monitor the transducers. It is
redigitised within the sensor and presented to the host as an auxiliary data
field in the SPI payload. Consequently, there are three measures of yaw rate
that can be compared. If the redigitised rate disagrees with the digital rate,
then the sensor operation is implausible. If the host’s digitised rate disagrees
with the redigitised rate, then the host operation is erroneous.
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This technique also checks many of the op codes for the DSP, since corrup-
tion of any of the communication, loading, register manipulation or scaling
software will result in a corrupted analogue output, which is consequently
detectable.

3.6 DSP Verification

The control loops for the sensor are implemented as executable code within
a very small DSP, running synchronously to the sensor resonant frequency.
The clocks for the DSP are derived from the sensor’s primary resonance,
(being multiplied up 1024 times by phase-locked loop). Complete catastrophic
failure of the DSP is very easy to detect, as this would be a “fail silent” situ-
ation. Parametric errors in the variables within the servo loop are detected
as described above. There remains the failure mode whereby the DSP could
perform an operation incorrectly, for example corrupt an operation of the
arithmetic unit, such that the result of a calculation is in error. In this instance,
without mitigation, the sensor would report an incorrect rate output with no
means of internally validating the result.

This is overcome using a technique that is employed by every child on encoun-
tering a calculator for the first time. Children use the calculator to multiply 2x2
and smile when they get the answer 4. They use known input data to give
an expected result, verifying the input, manipulation and output of the data.
However, this is an example of a test that can give a false plausible output.
Consider the case where the operator may have failed, (x becomes +), but the
answer is correct, (still 4). The next thing they try is 3x3. This is to ensure that
the system can respond to a VARYING input and give a different, but still pre-
dictable, result. Better still, this calculation is less prone to ambiguity. Hence
by checking that 3x3 isn't 6, the operator has been verified. This is essential
in tests for high integrity, as “stuck” data can be hard to detect — especially if
it is plausible.

Obviously, with only one arithmetic unit, the sensor cannot check for this in
isolation. However, the sensor has a ready source of time variant data that can
give a predictable result to a test calculation. A scheme for using this time-
variance is shown in Fig. 6.
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By using the low order byte of rate data from the PREVIOUS message to the
host system, (low order such that it is time varying simply by the presence of
the noise on the low order bits), a test calculation is run that exercises all of
the operation types required to implement the control loop filters, (i.e. ADD,
SHIFT, MULTIPLY, LOAD), and a packet of data can be generated that is com-
pletely predictable by the host, simply by implementing the same calculation.
The output from this test calculation is included in the message payload to the
host. In the mean time, the host will have received the seed data in the previ-
ous payload, run the same algorithm, and can compare the result at the next
message cycle. The comparison is a simple equivalence function. For the test
to pass, the calculation in both the host and the sensor must have been per-
formed correctly or must have failed in exactly the same manner. As the host
will not have an identical tiny DSP, the probability of a false plausible result is
extremely low as there are no common cause failure mechanisms. In this way,
whilst it is not possible to isolate a failure to the host or the sensor ALU, it is
very practical to verify that the data transmitted is plausible.
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3.7 Commanded BIT

The failure identification mechanisms described in the preceding sections
operate continuously without interrupting or modifying the rate output. This
is regarded as Continuous or Background Built In Test (BIT). There is also a
commanded BIT, which is provided for backwards compatibility with legacy
systems. Its operation mirrors many of the commanded BIT implementations
in other sensors, but doesn’t offer any advantages on its own.

In response to an external command, (either via the SPI interface or in
response to a logic input), the secondary loop is disturbed to artificially invoke
a fixed rate offset. This causes the output to change by a predetermined offset,
which can be detected by the host system either via the SPI interface or via
the analogue output. However, on its own in any system, Commanded BIT is
a poor indicator of output plausibility. It has value in determining that a sen-
sor is basically operational as part of a power up sequence. It is well known
that many failure modes in electronic systems are the result of power cycle
stresses, so Commanded BIT can detect a sensor that failed catastrophically at
power-up or previous power-down.

In this regard, it is rather like an annual medical exam; it has a value in terms
of an assessment of operation at one off-line instant in time, but gives no
information regarding the ongoing health of the patient, nor whether they
are fit to undertake some activity. Many sensors have a commanded BIT that
causes the sense element to respond so as to give a maximum output, (i.e. the
analogue output goes to rail). These have value only in that they confirm that
the sensor is wired up.

3.8 Message Structure

Using the techniques described above, the sensor collates and exports a data
payload to the host. The final link in the chain is to ensure that the data pay-
load is also free from “false plausible” errors.

As the data payload includes status, rate output, the test calculation modified
rate, the reconverted analogue rate and the usual communication niceties of
checksum and command handshake, there remains one final error mecha-
nism. If the sensor continuously outputs a stable, invariant data packet without
corruption, then the only way to trap this is to compare the data with some
historic trend. Curiously, this would result in a very stable gyro giving false
alarms, as the data might not change perceptibly, particularly if the vehicle
was stationary at the time.
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This is easily overcome by inserting a simple message counter (even if only
two bits), such that the message cannot avoid having a time variant compo-
nent. Not only would this ensure that the checksum is exercised, but it allows
the host to simply compare adjacent messages for evidence of update. By add-
ing the counter into the host checking, the input buffer of the Host can also
be verified as not having stuck data.

4  Summary and Conclusion

All of the aspects considered in the “traffic light” scenario can be applied to a
yaw rate sensor designed with high integrity from the outset. Simply replicat-
ing sensors to add redundancy does not result in significant improvements in
integrity. False plausibility has been categorised, and mitigating operations
included for each category. The rate signal can be checked to be in a realistic
range, derived from information that has itself been checked against control
limits. The manipulation of the data to form a measurement can be checked
by performing a parallel verification calculation, and simple steps can be taken
to ensure that it isn’t stuck. Finally, the data can be “peer reviewed"” by shar-
ing variables with the host and manipulating them in a low-overhead manner.
Far from being an academic exercise, these techniques have been successfully
embodied in Silicon Sensing’s VSG4 production for cost effectively providing
yaw sensing with high integrity.

Geoff Hardman
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Plymouth PL6 6DE
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Great Britain
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