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Abstract — The recent advances of sensor technologies have been
powered by high-speed and low-cost electronic circuits, novel
signal processing methods and innovative advances in manufac-
turing technologies. The synergetic interaction of new develop-
ments in these fields allow completely novel approaches increasing
the performance of technical products. Innovative sensor struc-
tures have been designed permitting self-monitoring or self-
calibration. The rapid progress of sensor manufacturing technolo-
gies allows the production of systems and components with a low
cost-to-performance ratio. Among microsystem manufacturing
technologies, surface and bulk micromachining are increasingly
winning recognition. The potential in the field of digital signal
processing involves new approaches for the improvement of sensor
properties. Multi-sensor systems can significantly contribute to the
enhancement of the quality and availability of information. For
this purpose, sophisticated signal processing methods based on
data fusion techniques are more effective for an accurate compu-
tation of measurement values or a decision than usually used
threshold based algorithms.

In this state-of-the-art lecture we will give an overview of the re-
cent advances and future development trends in the field of sensor
technology. We will focus on novel sensor structures, manufac-
turing technologies and signal processing methods in individual
and multi-sensor systems. The predominantly observed future
development trends are: The miniaturization of sensors and com-
ponents, the widespread use of multi-sensor systems and the in-
creasing relevance of radio wireless and autonomous sensors.

Keywords — Sensors, Sensor Systems, Technology, Signal Proc-
essing, Future Trends

I. INTRODUCTION

The competition in markets requires the permanent enhance-
ment of quality and reliability of products. The rising demand
for automation, security and comfort leads to completely new
sensor applications. The number of sensor systems required
and the diversity of their application is permanently increas-
ing. Nowadays, sensor technology intrudes in new application
fields and mass markets like automobiles [1] or smart homes
[2]. To keep up with the requirements in these application
fields and with additional rapid developments in science and
technology, the sensor design is required to provide novel
approaches and solutions. An exhaustive consideration of the
newest developments in the wide spectrum of sensor technol-
ogy is very important to promote synergy effects in this field.
For new applications, even well-known solutions should be in
general adapted to specific requirements.
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II. DEVELOPMENTS OF SENSOR TECHNOLOGY

Sensors and sensor systems achieve their function through an
interlocked interaction of sensor structure, manufacturing
technology and signal processing algorithms.

The developments in sensor technology are consequently
based on the permanent technical progress in these fields (fig.
1). Particularly, in the last years a significant upturn is ob-
served in this fields involving a great potential for completely
novel approaches of sensors and sensor systems. Using new
technologies and signal processing methods, even well-
known measurement principles could be used leading to con-
siderably improved sensor features.

With selected examples, we will give in this state-of-the-art
paper an overview about the significant developments of
methods, structures, manufacturing technologies and signal
processing characterizing today’s sensors and sensor systems.
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Figure 1: Decisive fields for the development of sensor technology

III. SENSOR DESIGN

In the design process the technical and economical consid-
eration of the target application are generally necessary. The
specific requirements and boundary conditions are useful for
the concrete specification of the sensor system on which the
design of the sensor system bases (fig. 2). At beginning, sev-
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eral libraries of well-known system structures, sensor ele-
ments, simulation models and signal processing methods are
available. These generally result from earlier approaches and
solutions. In a pre-design step, rough structures of the sensor
system are specified and evaluated. As a result we obtain the
sensor concept, which is gradually refined. The final compo-
nent are generally obtained after an experimental examina-
tions within the total system.
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Figure 2: Design process of sensors and sensor systems [3]

Simulation techniques are usually used in order to considera-
bly shorten the sensor time-to-market and to improve the
sensor properties during the design process. The realized
efficiency of the design cycle thereby can lead to a successful
system design on the first fabrication attempt, so that the total
resulting costs are significantly reduced. Some cases of op-
eration, which occur accidentally or are only realizable with
difficulties, can be precisely investigated. Making use of
simulation techniques, statistical characteristics describing the
behavior of the sensor system can be easily calculated.

IV. SENSOR STRUCTURE

In the kernel of a sensor system is the sensor element, which
changes its output depending on the measured quantity (fig.
3). In a pre-processing unit, the sensor signal is transformed
in an adequate signal using analog signal processing tech-
niques.

By means of low-cost analog-digital converters, signal proc-
essing is increasingly shifted from the higher system level in
the sensor level. The diverse facilities in the field of digital
signal processing involve new approaches for the improve-
ment of sensor properties. For instance, the consideration of
manufacturing variance caused by fluctuations during the
technological production process becomes a simple task,
which can be carried out during the system configuration.

In order to be integrable in higher-level systeins, an adequate
interface, such as a bus interface is generally conceived as an
essential component of the sensor system itself.
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Figure 3: Standard sensor structure

In recent research, other functions, such as online self-test or
self-calibration, are being embedded in the sensor structure
during the design process. That way designed sensor systems
have many advantages especially considering the system
reliability and the cost reduction of installation and mainte-
nance.
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Figure 4: Sensor structure with self-test or self-calibration

The structure of a sensor with self-monitoring differs from the
standard structure in particular through the consideration of
supplementary knowledge to the actual measurement infor-
mation (fig. 4). Generally, specific relationships are required
about the sensor behavior and the expected confidence limits
of senscr properties [5].

The state of the sensor system can be inspected by a compari-
son of the real output to the expected value due to the previ-
ously known relationships [3]. For instance, by acceleration
sensors with a closed-loop structure, the inertial force acting
on the mass is compensated through an electrically generated
restoring force (fig. 5). Through the application of restoring
forces with well-known values, self-tests can be carried out

[31.

310



Inertial
Force

Restoring F; s

y Force /

7 g
7

I YL LN o i L v &

Figure 5: Acceleration sensor with a closed-loop structure

A further potential of built-in self-tests is possible in multi-
sensor systems, making use of more information provided by
the individual sensors. For instance, through a comparison of
the outputs redundantly available sensors, strongly deviating
sensors can be detected and eliminated from the following
signal processing.

For a self-calibration process, the real sensor outputs by fixed
well-known inputs are moreover used in order to calculate
sensor parameters. Through self-calibration, sensor aging
effects can be considered, so that defined measurement accu-
racy limits could be guaranteed during the operating time.
The trend towards built-in self-test or self-calibration function
leads up to the design of totally calibration-free sensor sys-
tems.

In recent research dealing with temperature measurement
based on p-n junctions [6], a novel sensor principle have been
developed, in which temperature can be calculated without
needing any calibrations during production or maintenance

processes.
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Figure 6: Calibration-free temperature measurement based on the p-n
junction i-u characteristic (6]

Simultaneous Parameter Extraction
of all unknown Parameters:
T s a, a8

The “a priori”-knowledge about the sensor behavior is repre-
sented in this case by the model of the i-u characteristic, in
which temperature is one unknown parameter between others
(fig. 6). The measured voltages at different supply currents
are fitted to the i-u characteristic model, so that temperature is
simultaneously calculated online together with all unknown
parameters in the characteristic model. This calculation proc-
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ess is repeated at every temperature measurement process, so
that no unknown parameters are needed to be determined
before sensor operating. This sensor principle works without
calibration by definite reference temperature. This fact helps
to significantly reduce sensor production and maintenance
costs.

V. SENSOR TECHNOLOGY

Many recent advances in the sensor technology become
mainly possible by means of microtechnologies. These new
technologies offer low-cost systems with smaller size, lower
power consumption and higher reliability.

Among microtechnologies, silicon micromachining is one of
the most significant microtechnologies [7, 8]. The eminent
properties of the silicon material {7], such as the freedom of
hysteresis errors and many advances in the field of micro
electronics have permitted this important technical evolution.
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Figure 7: Isotropic etching in bulk micromachining [3]

In case of bulk micromachining the substrate is structured by
means of wet and dry etching processes. In an isotropic proc-
ess, the etching speed is independent from the direction in the
substrate (fig. 7). On the contrary, in an anisotropic process
the etching speed is direction dependent.

The manufactured devices in this technology have a high
aspect ratio. This means, that the structure height is high
relative to the minimal lateral dimension of the whole struc-
ture. Therefore, for some applications, bulk micromachining
is more suitable than surface micromachining.
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Figure 8: Typical process steps by the manufacturing of a detached polysili-
con micro bridge in surface micromachining [3]



In case of surface micromachining, three-dimensional me-
chanical and mechanical structures are developed through
successive separation and structuring of sacrifice layers,
which is mainly a SiO,-layer (fig. 8). The individual layers
are separated with sacrifice layers which generally get struc-
tured before the next layer is separated. For instance, figure 7
shows the individual steps for the manufacturing of a de-
tached polysilicon micro bridge in surface micromachining.

Examples for successfully developed micromachined sensors
are pressure, rotary rate (fig. 9), and acceleration sensors (fig.
10). These sensors are generally used in automotive, medical,
consumer and industry applications.

Figure 9: Rotary rate sensor in bulk micromachining [9]

For example in automobiles, micromachined pressure sensors
are used for the motor management, micromachined accel-
eration sensors are used in the airbag release system, and
rotary rate sensors are used for the control of driving dynam-
ics (ESP) [9]. :
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Figure 10: Accelerometer in a closed-loop structure [8]

VI. SIGNAL PROCESSING

Because of the fluctuation of several factors during the pro-
duction process, sensor devices show generally a certain
manufacturing variance. Influence factors, such as tempera-
ture, pressure and humidity can have an effect on the sensor
behavior. Aging processes are in some cases considerable and
affect sensor properties, such as the sensitivity or the zero
point.

The signal processing has the task to determine the measured
quantity from the measured data in spite of all these effects,
which are in some cases unavoidable and represent a system-
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atical source of measurements errors (fig. 11). Making use of
appropriate signal processing techniques, the properties of the
sensor systems and especially the precision of measurement
can be significantly improved.
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Figure 11: Signal processing for sensors

A. Signal Processing for individual sensors

Whereas the sensor element can deliver a weak signal, the
transmitted signal should generally have a high signal level
and perhaps a suitable values, in order to reach superior units
undisturbed and to simplify the calculation of the measure-
ment value. Therefore the sensor signal should be generally
pre-processed. Thereby many important tasks could be real-
ized (fig. 12), such as:

Special measures for the secure operation
Conjunctions with other components in a chain, par-
allel or closed-loop structure [3]
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Figure 12: Signal processing by individual sensors



Nowadays, a current practice is the local digitalization of the
sensor signal. Through the increasing use of distributed sys-
tems with bus based networking, the signal digitalization is
becoming more and more necessary. In addition to the dis-
burden of the total system, the local signal digitalization have
the advantage, that the measurement data could be transmitted
without precision loss independently of the distance between
the sensor and the higher processing unit.

By shifting of signal processing from hardware to software,
the measurement precision can be simpler improved. The
manufacturing variance can be considered by a simple pa-
rameterization in stead of mechanical or electrical trimming
processes. Using physical or mathematical models describing
the sensor behavior, a more precise measurement could be
carried out, taking into account some influence effects. In this
context, especially mathematical models making use of the
principle of the basis function method have shown a special
aptitude for the correction of influence effects.

For instance, giant magneto resistance (GMR) elements are
able to measure an angle with a high resolution [10]. A par-
ticular property of these elements, is e. g. that they can meas-
ure the direction of a magnetic field independently of its am-
plitude. In this case, the sensor signal must be generally am-
plified and the temperature influence compensated. The ac-
tual calculation of the angle is carried out by an analog signal
processing in a half or a full bridge circuit with GMR-
elements with different preference magnetization [11].

The possibility to use sophisticated signal processing methods
leads to completely new sensors using principles, which are

in fact already well-known, but technological problems, like -

manufacturing variance, or the low level of the signal pre-
vented their effective use for measurements. For instance
inductive planar sensors can be used for a position detection.
The measurement principle is that an approaching metallic
sheet generates an eddy current, which depends on the dis-
tance to the coil. This signal only can be used for a distance
measurement, if an adapted analog and digital signal proc-
essing is implemented.

B. Signal Processing for Multi-Sensor Systems

In general, single sensor systems can only provide partial
information on the state of the environment while multi-
sensor systems combine related data from multiple similar
and/or different sensors. The goal by using multi-sensor sys-
tems is to provide synergetic effects that enhances the quality
and availability of information about the state of the meas-
urement environment.

The aim of the signal processing by multi-sensor systems is to
acquire a determined information using the necessary set of
measured data. Generally a certain level of e. g. precision or
reliability is required, that only one sensor could not achieve.
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For instance, for presence detection, ultrasonic detectors have
a high sensitivity to noise, thermal induced air turbulence and
movements of hanging curtains and plants. Microwave de-
tectors may detect an object motion outsides the observed
room or be mislead by other electromagnetic fields (mobile
telephones etc.). The combination of both detectors and the
use of adapted signal processing [12] achieves a better detec-
tion reliability, because of the different ways in which both
detectors are affected by disturbances. In figure 13, the prob-
ability of false alarms is shown versus the probability of dis-
missals (=1-Probability of a true detection). The result proves
the evidence of the superior performance of a multiple sensor
in comparison with a single sensor.
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Figure 13: Receiver Operating Curves of : Pra-probability of false alarm, Pry
~ probability of false dismissal [12]}

A sophisticated signal processing based on data fusion tech-
niques can generally improve the measurement accuracy
more than usually used simple threshold based algorithm. The
process of multi-sensor data fusion should be specially de-
signed in each case under consideration of the spectial circum-
stances in the target application, in order to ensure the right
calculation of the required measurement values or decisions
(fig. 14). Typical approaches thereby are: Statistical deci-
sions, average value methods, Kalman-filter for the fusion of
sensor rough data, fuzzy logic for qualitative formulated
problems and neural networks for problems, where the ex-
pected behavior could be trained using a set of characterizing
examples. -
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Figure 14: Sensor fusion in multi-sensor systems [3]



For instance, in gas measurements, while individual sensors
are generally not accurate enough for a precision measure-
ment, the use of high quality analyzing devices is expensive
and therefore not acceptable for many applications.

The use of several low cost sensors in a multi-sensor system
can reach a significant improvement of reliability and preci-
sion in the gas concentration measurement [13]. Important
circumstances for the data fusion are in this case the cross
sensitivity of the sensors and effects of influence factors such
as temperature, humidity or pressure. The relevant influence
factors should be generally measured by separate sensors.
Through calibration processes, the reaction of the multi-
sensor system on different lead gases is tested. Depending on
the sensor reaction, the combination of the sensors for the
data fusion is determined by the sensor management module,
so that an accurate concentration measurement can be carried
out in spite of the deficiency of the individual sensors [13].

Multi-sensor systems are nowadays indispensable in hazard
warning applications such as free range protection by video
signal evaluation, detection of lying persons or in the fire
early detection, because of the required high level of reliabil-
ity. For instance, in the early fire detection, sensor arrays
including optical scattered light detectors and gas sensors
have been proposed [14]. In this case the signal processing
should be able to discriminate between fire, not-fire and dis-
turbing event situations by identifying fire signatures from
measured sensor responses [14] (fig. 15).

No Alarm

Figure 15: Structure of a sophisticated fire detection algorithm [14]

A feature extraction unit is required in order to reduce the
dimensionality of the measurement space and to extract suit-
able information characterizing fire situations. The extracted
features are than classified by means of neural network, in
order to estimate the class to which the measured data belong
and to know if an alarm should be sent to the fire brigade.

VIL. FUTURE TRENDS IN SENSOR TECHNOLOGY

The development trends in sensor technology result from
market-economical aspects, general customer requests and the
requirements for an implementation in the target applications.
Costs reductions, improvements of accuracy, reliability and
speed are reached using measurement methods with a higher
performance, new manufacturing technologies and sophisti-
cated signal processing methods.

The main development trends in sensor technology go to-
wards miniaturization and an increasing use of multi-sensor
and wireless systems (fig. 16).

~ p-System Technology

Figure 16: Future trends in sensor technology

A. Trend to Miniaturization: Microsystem Technology

Miniaturization is an outstanding strategy of success in mod-
ern technologies. A reduction of characteristic dimensions
usually results in shorter response times and higher resonance
frequencies so that a correspondingly higher speed is achiev-
able in signal generation and processing [15]. It reduces pro-
duction costs and increases performance by integration of
microcomponents.

Miniaturization is gaining importance in all fields of applica-
tion where smaller structures and greater precision are be-
coming decisive to the market acceptance of individual prod-
ucts. Even whole sensor systems are concerned by this trend,
particularly in application fields where the acceptable volume
or weight is limited. The development trend to miniaturiza-
tion go on within the Nanotechnologies [4, 16].

For instance, for the monitoring of vital parameters of human
beings, health care devices can be used, so that an emergency
call could be released automatically in case of unconscious-
ness of the observed person. For acceptance by users, the
device should be light and provide a unhindered mobility.
The user should be able to ignore it and to live normally
without being obliged to take it down in any situation during
the whole day.

The concept of the MIT-ring (figure 17), as a highly minia-
turized solution, that can fulfill the requirements for this spe-
cial application. A light-emitting diode in the ring continu-
ously emits light into the finger of the observed person. By an
evaluation of the reflected light, the ring can measure the
pulse rate, the potential cardiac condition and may be the
blood pressure. By means of an embedded antenna signals
can be transmitted to a signal receiver in the surroundings.

314



Transmitter

Ring LEDs

Photo Diodes
Figure 17: MIT-Ring for healthcare [17]

B. Trend to the Use of Multi-Sensors

The use of multi-sensor systems is becoming more important
in widespread application fields [13, 14, 12]. Their applica-
tions reach from the monitoring and automation of manufac-
turing processes to robotics, automotive applications, smart
home, process control, environmental engineering, biotech-
nology and life sciences.

Multi-sensor systems provide the advantage, that economical
sensors can be used even for the achievement of a high level
of precision and reliability. Thereby a big set of available
information is managed using sophisticated signal processing
techniques, so that the system can achieve a better perform-
ance.

Multi-sensor data fusion is in effect intrinsically performed
by animals and human beings to achieve a more accurate
assessment of the surrounding environment, thereby improv-
ing their chances of survival [20]. A directly related applica-
tion is the electronic nose, which consists of an array of dif-
ferent sensors that have been shown to respond to a number
of organic and inorganic compounds with low concentrations
(fig. 18). The response of the sensor array is used in the iden-
tification of the constituents of a gaseous environment. The
applications of the electronic nose are widespread in the
chemical analysis, environment monitoring, food and wine
inspection, emission control and narcotic detection.
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Figure 18: Electronic nose [21]

The development trends of multi-sensor systems goes to the
development of modular systems [13]. The advantage thereby
is the easy extendibility of the system with new units and the
possibility of updating old system units without disturbing the
functions of the total system.

C. Trend to Wireless Systems

With the big amount of components, which are indispensable
for the achievement of the required functionality, the electric
wiring of spatially distributed systems becomes complex and
causes difficulties in the system’s handling.

The use of wireless systems implies a better convenience and
lead to a considerable costs reduction. Wireless sensor sys-
tems have the advantage, that they can be unristricted placed,
and can therefore record the measured quantity closely to its
occurrence independent of potential harsh circumstances.

Wireless sensors can communicate over ultrasonic or infrared
signals [17, 18, 20, 22]. For instance, surface acoustic wave
devices (SAW) are novel sensor elements (transponders) for
object identification and for the measurement of physical,
chemical, and biological quantities such as temperature, pres-
sure, torque, acceleration or humidity.

The SAW transponder principle can be described as follows
(fig. 19): A radio frequency burst impulse transmitted by a
local transceiver is received by the antenna of a passive SAW
device and re-transmitted to the receiver part of the local
transceiver. Amplitude, frequency, phase and time of arrival
of this RF response signal carry information about the SAW
reflection and propagation mechanisms which can be directly
attributed to the measured effect.

Antenna Reflectors

M c
Rqu?CSt —C M response

RF request signal

crystal
unit

Figure 19: Radio-link system incorporating radar transceiver and SAW
transponder {22}

Energy autonomous sensors will gain a particular importance
among wireless sensors [17], because in this case no wires are
necessary anymore, even for electricity supply.

VIII. OUTLOOK

The sensor technology profits from synergetic concurrence of
both of manufacturing technologies and signal processing
methods. New sensors provide promising technical solutions
which can significantly contribute to an improvement of
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quality, reliability and economic efficiency of technical prod-
ucts.

For the development of new sensors, an interdisciplinary
work of key competence from university and industry is in-
dispensable. In the future sensor systems would be designed
in an integrated design processes including not only the tech-
nological aspects, but also the design of the specific manu-
facturing steps [23].
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