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Preface

‘Smart Sensors and MEMS’ was the title of a NATO Advanced Study
Institute (ASI) held in Povoa de Varzim, Portugal, from 8 to 19 September
2003. The purpose of the meeting was to discuss and disseminate the
latest knowledge in field of smart sensors, transducers and MEMS
technologies with a view of advanced signal processing and novel
conversion methods. With that in mind, a broad range of physical,
chemical and biosensors design principles, technologies and applications
were included in the programme.

It was a first attempt to discuss in the same event different physical,
chemical, biological sensors and MEMS technologies in point of view of
smart sensors creation. Fourteen experts from Czech Republic, Germany,
Italy, Israel, Netherlands, Portugal, Russia, Switzerland, Ukraine and USA
have been invited to give lectures on latest achievements in sensors area
and technologies.

The main task of measuring instruments, sensors and transducers
designing has always been to reach high metrology performances. At
different stages of measurement technology development, this task was
solved using technological methods, consisting in technology perfection,
as well as structural and structural-algorithmic methods. Historically,
technological methods have received prevalence in the USA, Japan and
Western European countries. The structural and structural-algorithmic
methods have received a broad development in the former USSR and
continue developing in NIS countries. The improvement of metrology
performances and extension of functional capabilities are being achieved
through the implementation of particular structures designed in most cases
in heuristic way, and using advanced calculations, algorithms and signal
processing (for example, Lyapunov’s characteristic functions, weight
functions, inferential calculations for soft sensors, advanced self-adaptive
methods for frequency-to-digital conversion, etc.). Digital and quasi-
digital smart sensors and transducers are not the exception [1].

The last crisis in the area of high technologies has evidently shown,
that it is not enough to use only the technological methods. Despite of
crisis, we need now smart sensors with increased accuracy, reliability and
speed. Nowadays, intelligent sensors are extremely necessary for such
applications, as electronic noses and tongues, smart vision systems,
personnel (human body) detection, authentication systems, building
monitoring system, etc. Most effectively for achievement of this purpose
is a combination of technological methods and structural-algorithmic
methods. It allows to achieve the same performances (or even better) at
reduced material and human costs, with a much faster response.

xii



Preface xiii

The NATO ASI has brought together experts from the various and
highly diverse areas of this broad field and to diffuse their work in the
field of smart sensors and MEMS. The diffusion and share of concepts is
very important and timely for the future developments in this emerging
scientific area. In fact, the main objective of the NATO ASI was to
disseminate up to date knowledge concerning the new and emerging
applications of modern smart sensors (including their usage in the defense
against terrorism) and to stimulate active international cooperation in the
area of novel physical and (bio) chemical sensing principles, modern
microsystem technologies and new methods of signal processing and
conversion.

The NATO ASI ‘Smart Sensors and MEMS’ has presented the state-
of-the-art and given an excellent opportunity to provide a systematic, in-
depth treatment of the new and rapidly developing field of smart sensors
and MEMS. The ultimate goal of the NATO ASI - to encourage the
participants from many countries to work together on different smart
sensors and to develop joint projects in the future has been achieved in
full.

In addition to the round table and two panel discussions, the addition
discussion on ‘Smart Sensor Systems’ has been initiated by lecturers and
participants and held during the NATO ASI. It has been considered that
there are a lot of new technologies, suitable for smart sensors creation [2],
for example, micro- or nano-cantilevers (lecturer P. Datscos, Oak Ridge
National Laboratory, USA) porous silicon (lecturer U. Mescheder,
University of Applied Science, Furtwangen, Germany), thick films
(lecturer V. Ferrari, Universita di Brescia, Italy), resonant piezoelectric
(lecturer F. Josse, Marquette University, USA), molecular architecture
and nanotechnologies (lecturer E. Katz, The Hebrew University of
Jerusalem, Israel) and other modern technologies let to produce different
sensors classes: physical, chemical and biological. But still there is a
problem how to joint them and use in a frame of smart sensor systems.
One of points of view was to use novel frequency-to-digital conversion
methods and converters (lecturer S. Yurish, International Frequency
Sensor Association) in order to move from a traditional analog (voltage
and current) signal domain to frequency-time signal domain. The last one
lets to eliminate a lot of technical problems due to properties of frequency
as informative parameters. No output standardization is necessary as in
the case of analog signal domain. Nevertheless, as rule, the sensitive
response of many sensors is in mV, it is expediently to use the voltage-to-
frequency intermediate conversion. In additional such approach will give
an opportunity to create new self-adaptive smart sensors (S. Yurish).

New conversion methods and advanced signal processing will play
role a bridge between many different technologies at smart sensor systems
design. The best modern approach for smart sensor systems creation is to
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use both modern technologies and advanced methods for signal
processing and measurement, especially in the frequency-time signal
domain. Many type of sensing elements and read-out circuitry can be
merged by this way on a single chip or in SoC. However, the combination
of monolithic and hybrid integration with advanced processing and
conversional methods in many cases allows also to achieve good results.

Such kind of research has been initiated by International Frequency
Sensor Association IFSA [3] and now is a hot topic for a big international
joint research project.

The aims of this volume are to disseminate wider and in-depth
theoretical and practical knowledge about smart sensors and its
applications, to create a clear consciousness about the effectiveness of
MEMS technologies, advanced signal processing and conversion
methods, to stimulate the theoretical and applied research in these very
important areas, and promote the practical using of these techniques in the
industry.

The book is an excellent guide for the practicing engineer, the
researcher and the student interested in this crucial aspect of actual smart
sensor design.

REFERENCES

[1] Yurish S.Y. Modern MEMS Technologies and Advanced Signal Processing: How to
Obtain More Benefits in Smart Sensors Systems ? Sensors & Transducers 2003;
36:1:111.

[2] Smart Sensors and MEMS: Tutorials and Posters Abstracts, NATO ASI ‘Smart Sensors
and MEMS’. Preprints, ed. by Maria Teresa Gomes and Sergey Y. Yurish, Povoa De
Varzim, 8-19 September 2003 (ISBN 0-9733840-0-X).

[3] Yurish S.Y., Novel Measurement Techniques up for License, IFSA Press Release, 21
November 2002, Toronto, ON, Canada, http://www.sensorsportal.com

Lviv, January 2004 The editors



Acknowledgements

The rapidly growing interest in smart sensors design as observable
through the activities of International Frequency Sensor Association
(IFSA) has been the motivation to start the preparation of a NATO
Advanced Study Institute on the topic ‘Smart Sensors and MEMS”.

The NATO ASI and this book would not have been possible without
the support and enthusiasm of many people and organizations. But still the
book cannot reflect the stimulating mood of the many discussions during
the course, which were due to the interest and active contribution of the
ASI lecturers and students.

For the excellent and very responsive hosting in Povoa de Varzim, the
congress manager Vanessa Pinto Campos (LusoCongressos, Portugal)
deserve our acknowledgement.

All lecturers did a great job in the preparation of the contents of their
contributions both during ASI and for this book. Since only a few books
are available on this hot topic.

Finally, however, neither the NATO ASI nor this book would have
been possible without the considerable financial support of the NATO
Scientific Council who deserves our very special acknowledgement.

The NATO ASI ‘Smart Sensors and MEMS’ was sponsored by

NATO — North-Atlantic Treaty Organization
(Grant No. PST.AS1.979712)

and organized with the technical cooperation of
University of Aveiro, Department of Chemistry
LusoCongressos (Portugal)

International Frequency Sensor Association (IFSA)
Sensors Web Portal, Inc. (Canada) — media support

The directors of the NATO ASI on Smart Sensors and MEMS,
Povoa de Varzim, 2003,

Sergey Y. Yurish,
National University Lviv Polytechnic, UA

Maria Teresa S.R. Gomes
University of Aveiro, Department of Chemistry, Portugal

XV



Chapter 1

SMART SENSORS FOR ELECTRICAL

AND NON-ELECLRICAL, PHYSICAL AND
CHEMICAL VARIABLES: STATE-OF-THE-ART

Sergey Y. Yurish
National University Lviv Polytechnic, UA

Abstract: The chapter gives an overview of industrial types of smart sensors
(temperature, pressure, rotation speed, optical, humidity, gas, chemical,
acceleration, biosensors etc.) and contains quasi-digital, smart sensors
and MEMS definitions. Digital and quasi-digital (frequency and duty-
cycle output) sensors and transducers are considered. The obvious
tendency of sensors accuracy increasing up to 0.01 % or better and wide
conversion frequency range from several hundredth parts of Hz up to
several MHz are observed. Main advantages of frequency-time domain
signal as informative parameters for modern smart sensors are
described.

Keywords: smart sensor; MEMS; frequency-time domain; digital sensor; quasi-
digital sensor; transducer; integrated sensor; intelligent sensor;
parametric sensor; self-generating sensor; modulating sensor, biosensor

1. INTRODUCTION

Smart sensors and MEMS are of great interest in many fields of industry,
control systems, biomedical applications, etc. Very fast advances in IC
technologies have brought new challenges in the physical design of
integrated sensors and Micro-Electrical-Mechanical Systems (MEMS).

Modern microsystem technology (MST) offers new way of combining
sensing, signal processing and actuation on a microscopic scale and allows
both traditional and new sensors to be realised for a wide range of
applications and operational environments. The term “MEMS” is used in
different ways: for some, it is equivalent to word “MST”, for others, it
comprises only surface-micromechanical products. MEMS in the latter sense
are seen as an extension to IC technology: “an IC chip that provides sensing
and/or actuation functions in addition to the electronic ones” [1]. The
definition of a smart sensor is based on [2] and can be formulated as: “smart
sensor (or intelligent sensor) is one chip, without external components,

1
S. Y. Yurish and M.T.S.R. Gomes (eds.), Smart Sensors and MEMS, 1-50.
© 2005 Kluwer Academic Publishers. Printed in the Netherlands.
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including the sensing, interfacing, signal processing and intelligence (self-
testing, self-identification, self-validation or self-adaptation) functions”.

During measurements different kind of measurands are converted into
limited number of output parameters. The mechanical displacement was the
first historical type of such (unified) parameter. The mercury thermometer,
metal pressure gauge, pointer voltmeter, etc. are based on such principle [3].
Amplitude of electric current or voltage is another type of unified parameter.
Now almost all properties of substance and energy can be converted into
current or voltage with the help of different sensors. All these sensors are
based on the usage of an amplitude modulation of electromagnetic processes.
They are so called analog sensors.

Digital sensors appeared, when a necessity to input results of
measurement into computer arisen. According to researches of International
Frequency Sensor Association (IFSA) the following division of output
sensor signals is observed today (Figure 1).

Frequency-Time
Domain
20%

Analog Domain
55%

Figure 1. Classification of in Terms of Output Signals (studied by IFSA, 2003).

Firstly, the design task of digital sensors was solved by transforming of an
analog quantity into a digital code by an analog-to-digital converter (ADC).
The creation of quasi-digital sensors, in particular, frequency sensors, was
another very promising direction [3]. Quasi-digital sensors are discrete
frequency-time domain sensors with frequency, period, duty-cycle, time
interval, pulse number or phase shift output. Today, group of frequency
output sensors is the most numerous among all quasi-digital sensors
(Figure 2). Such sensors combine a simplicity and universatility that is



Sergey Y. Yurish 3

inherent to analog devices and accuracy and noise immunity, proper to
sensors with digital output. The further transformation of a frequency-
modulated signal was reduced to counting of periods of a signal during
reference time interval (gate). This operation exceeds in a simplicity and
accuracy all other methods of analog-to-digital conversion [4].

Time Interval

6% Pulse Number
0

2%
Duty-Cycle

12% \

Digital
45%

Figure 2. Classification of Sensors from Discrete Group in Terms of Output Signals
(studied by IFSA, 2003).

Separate types of frequency transducers have been known for many years
ago. However, the output frequency of such sensors (before digital
frequency counters appeared) was measured by analogue methods and
consequently substantial benefit from the usage of frequency output sensors
practically has not been achieved.

The situation has dramatically changed since digital frequency counters
and frequency output sensors attracted the increasing attention. As far back
as 1961 professor P.V. Novitskiy wrote: "... In the future we can expect, that
a class of frequency sensors will get such development, that the number of
now known frequency sensors will exceed the number of now known
amplitude sensors..." [3]. Although there are frequency output sensors
practically for any variables, this prognosis has not been fully justified in the
full because of some reasons.

With appearance sensor microsystems and heady development of
microsystem technologies all over the world, the technological and cost
factors have been modified for the benefit of digital and quasi-digital
sensors. Modern technologies allow to solve rather complicated tasks,
concerned with creation of different sensors. Up to now, however, have still
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been some major obstacles preventing industries from largely exploiting

such sensors in their systems. Most likely, there are only some subjective

reasons:

e The lacking awareness of the innovation potential of modern methods
for frequency-time conversion in many companies, as this processing
techniques have mainly been developed in Former Soviet Union;

e Tendency of the companies to return, first of all, major expenditures,
invested in development of conventional ADC;

e Lack of emphasis being placed on the business and market benefits
which such measuring technologies can bring to companies and etc.
Today situation has changed dramatically. According to Intechno

Consulting, the non-military world market for sensors will grow at an annual

rate of 5.3% to reach US § 42.2 billion. Under very conservative

assumptions it is expected to reach US § 50-51 billion by 2008; assuming
more favorable but still realistic economic conditions, the global sensor
market volume could even reach US $ 54 billion by 2008. Sensors on
semiconductor basis will increase their market share from 38.9% in 1998 to
43% in 2008. Strong growth expected for sensors based on MEMS-
technologies, smart sensors and sensors with bus capabilities [5]. According
to The Freedonia Group the USA market for sensor products (sensors,
transducers and associated housing) is projected to increase 6.7 % per year
through 2006 to US $ 13.4 billion. The fastest growths will occur in sensors
based on advanced, sophisticated technology — especially MEMS and
optoelectronics — and/or used in dynamic applications such as automotive
telematics and information technology. Also holding good prospects are
imaging sensors [6]. It is reasonable to expect that silicon sensors will go on
to conquer other markets, such as the appliances, telecommunications and
PC market [7].

2. SMART SENSOR ARCHITECTURES
AND DATA ACQUISITION

The processing and interpretation of information arriving form the
outside are the main tasks of data acquisition systems and measuring
instruments based on computers. Data acquisition and control systems need
to get real-world signals into the computer. These signals come from a
diverse range of transducers and sensors. According to [8] Data Acquisition
(DAQ) is collecting and measuring electrical signals from sensors and
transducers and inputting them to a computer for processing. The further
processing can include the sensors’ characteristic transformation, joint
processing for many parameters as well as statistical calculation of results
and represent them in a user-friendly manner.



Sergey Y. Yurish 5

According to the output signal, sensors and transducers can be divided
into potential (amplitude), current, frequency, pulse-time and digital. As a
result, the task of adequate sensor interfacing with PC arises before
developers and users of any data acquisition systems. For solution of this
problem, the special attention must be paid to problems of output conversion
into a digital format as well as to high accuracy and speed conversion
methods.

In general, a sensor is a device, which is designed to acquire information
from an object and to transform it into an electrical signal. A classical
integrated sensor can be divided into four parts as it is shown in Figure 3.
The first block is a sensing element (for example, resistor, capacitor,
transistor, piezo-electric material, photodiode, resistive bridge, etc.). The
signal produced from the sensing element itself is often influenced by noise
or interference. Therefore, signal conditioning and signal processing
techniques as amplification, linearization, compensation and filtering are
necessary (second block) to reduce sensor non-idealities.

Signal
conditioning
and processing

Sensing
element

Sensor-bus

interface PC

Figure 3. Integrated Sensors.

Sometimes if some sensing elements are used on the same chip, the
multiplexer is necessary. In cases of data acquisition, the signal from the
sensor must be in a serial or parallel digital format. This function can be
realised by the analog-to-digital or frequency-to-digital converter. The last
block is a sensor-bus interface. A data acquisition system can have a star
configuration in which each sensor is connected to a digital multiplexer.
When using a large number of sensors, the total cable length and the number
of connection at the multiplexer can become very high. For this reason it is
much more acceptable to have a bus-organized system which connects all
data sources and receivers. This bus system handles all data transports and is
connected to a suitable interface that sends accumulated data to the computer
[9].

Dependent on the smart sensor architecture, various data acquisition
schemes are possible. In the smart sensor architecture shown in Figure 4, the
analog output of the sensor element S is at first amplified and corrected for
offset, non-linearity, etc. Then the voltage-to-frequency conversion takes
place. The frequency-time domain signal (frequency, period, time interval,
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duty-cycle, etc.) is converted into digital. The format of the frequency-to-
digital converter is such that the signal is transferred to the bus system at the
command of the bus controller.

In the second example (Figure 5) some sensors elements form a sensors
array. A single multiplexing circuit feeds signal-conditioned signals from
sensing elements one after the other into a single frequency-to-digital
converter and from here, the signals are transferred to the bus.

- \Y F
S Amplifier PC
F

1

1

1

1

1

|

Correction i
1

1

1

1

Figure 4. Smart Sensor Architecture with Preliminary Correction in Analog Domain
and Further Conversion into Frequency-Time Signal Domain.

s1 Sign. Cond. I MX
S2 Sign. Cond. I

Sn Sign. Cond.

A

v

Figure 5. Architecture of Smart Sensor Array.

Such a sensor array or a multiparameter sensor can, for example, measure
different variables like the temperature, the pressure, the humidity, etc. at
a certain location.

In the third example of the smart sensor architecture, a sensor element is
connected via a frequency-to-digital converter to a microcontroller
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(Figure 6). The microcontroller can store the sensor’s characteristic data in
its internal ROM and, based on this information and the sensor signal, the
microcontroller transfers the corrected signal to the bus. A very useful
feature of such a smart sensor architecture is that the microcontroller also
permits the central computer to send data back to the sensor, which can be
used to change the measuring range, to exert a recalibration or to adjust the
offset.

__________________________________________________________

Figure 6. Smart Sensor Architecture with Microcontroller.

The microcontroller can itself realize the frequency-to-digital conversion
with the help of co-called program-oriented frequency-to-digital conversion
methods. In this case, the smart sensor architecture becomes simpler
(Figure 7).

Signal
Conditioning

Sensing
element

nc PC

Figure 7. Smart Sensor with Program-Oriented Frequency-to-Digital Conversion.

A microcontroller is typically used for digital signal processing (for
example, digital filtering), analog-to-digital or frequency-to-digital
conversions, calculations and interfacing functions. Microcontrollers can be
very well combined or equipped with standard interface circuits. Many
microcontrollers include the two-wire I°C bus interface, which is suited for
communication over short distances (several meters) [10] or the serial
interface RS-232/485 for communication over relatively long distance.

However, the essential difference of the smart sensor from the usual
integrated sensor with embedded data processing circuitry is intelligence
capabilities (self-diagnostics, self-identification or self-adaptation (decision-
making)) functions. As a rule, these functions are implemented due to a
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built-in microcontroller (microcontroller core ("microcontroller like" ASIC)
or Application Specific Instruction Processor (ASIP)) or DSP. New
functions and a possibility to modify sensor’s performances are main
advantages of such a smart sensor. Due to a smart sensor adaptability the
measuring process can be optimized for maximum accuracy, speed and
power consumption. Sometimes “smart sensors” are called “intelligent
transducers”.

The smart sensor architecture (Figure 7) is used with the aim to realize
such a property of smart sensors as self-adaptation when dependent on
measuring conditions or measurands the parameters of the method for
frequency-to-digital conversion will be varied, for example, conversion time
or accuracy of measurements.

In such a subsystem with the bus architecture of each sensor or a group of
sensors can also contain a circuit, which can recognize addresses, this means
the circuit can detect, when the communication between the sensor and the
central computer is desired.

For many years, most of the described components of a bus system were
separated and had their own housing. However, more recent developments
have enabled the components indicated by the dashed lines in Figure 4-7 to
be integrated into a single chip by implementation of standard
microelectronics library cells.

These typical considered smart sensor architectures are used for creation
of digital output smart sensors. Data transmission in the digital form
excludes the inphase interference and the voltaic coupling of sensor's output
with the computer can be provided if it will be necessary. Instead of buses,
the binary encoded information can be transmitted into a parallel or a serial
port. When parallel data transmission is feasible, the pulses representing the
information arrive simultaneously at the central computer input making fast
data transfer possible. However, in most cases the distance between the
sensor and the computer is too far to permit the parallel data transfer and
here the serial data transmission is required. The main advantage of such an
approach is, that for its realization it is not necessary to use any additional
computer boards and specialized software drivers. All connections are
external and drivers are standard. External connection provides an additional
coupling in comparison with the usual data acquisition system with the bus
connection. As the cost of microcontroller continues to decrease, having
microcontroller at each measurement location will become affordable. In the
future, a lot of different signal processing circuits can be integrated into the
sensor ship. This approach is the next step to much wider distribution of
intelligence. From Figures 4-7 the most important elements of a bus-oriented
data-acquisition system can be deducted. It can be expected that starting with
large data acquisition systems, the analogue data transfer will gradually be
replaced by digital systems.
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3. SMART SENSORS: TECHNOLOGIES, INFORMATIVE
PARAMETERS AND PROPERTIES

At present, a lot of different types of sensors are available. Rapid
advancement of the standard process for VLSI design, silicon
micromachining and fabrication provide the technological basis for the
realization of such a type of sensors, opens an avenue that can lead to custom
integrated sensors to meet the new demands in performance, size and cost.
This suggests a smooth merging of the sensor and electronics and the
fabrication of complete data acquisition systems on a single silicon chip. The
essential issue is rather the fabrication compatibility of the sensor, sensor-
related analogue microelectronic circuits and digital interface circuits [11].
In fact, for any type of a silicon sensing element and read-out circuitry, a
process can be developed to merge them on a single chip. However, process
development is very expensive and therefore only a huge production volume
will pay off the development cost. Successful integrated-sensor processes
must have an acceptable complexity and/or applicability for a wide range of
sensors [12]. MEMS technologies allow to miniaturize sensors and, at the
same time, to integrate their sensor elements with microelectronic functions
in minimal space. Only MEMS technologies make it possible to mass-
produce sensors with increasing cost-effectiveness while improving their
functionality and miniaturizing them.

Of course, the implementation of the microcontroller in one-chip together
with sensing the element and signal conditioning circuitry is an elegant and
rather preferable engineering solution by creation of modern integrated smart
silicon sensors. However, the combination of the monolithic and hybrid
integration with advanced processing and conversional methods in many
cases allows to achieve magnificent technical and metrological performances
for the shorter time-to-market period without additional expenditures for
expensive CAD tools and the long-time smart sensor design process. By
implementation of smart sensors with hybrid-integrated processing
electronics the hardware minimization is a necessary condition to reach the
reasonable price and high reliability. In this case, we have the so-called
“hybrid smart sensor” in which a sensing element and an electronic circuit
are placed in the same housing.

Frequency-time domain sensors are rather interesting from a
technological and fabrication compatibility point of view, the simplifications
of the signal conditioning circuitry and measurand-to-digital converter, as
well as metrology performances and the hardware for realization. The last
one essentially influences the chip area. Such sensors are based on resonant
phenomena and variable oscillators, whose information is embedded not in
the amplitude but in the frequency or the time parameter of the output signal.
First of all these are sensors with the frequency (f,), the period (7, = 1/f,), the
pulse width (#,), the spacing interval (7,), the duty-cycle (#,/T), the on-line
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time ratio or the off-duty factor (7./,), the pulse number (N), the phase shift
(@, or the single time interval (z7) output. These informative parameters are
shown in Figure 8. Because of such parameters used as informative ones
with properties of analogue and digital signals simultaneously, these sensors
have been called "quasi-digital". Frequency output sensors group is the most
numerous among all quasi-digital sensors (Figure 2). Let us consider main
advantages of the frequency as the informative sensor’s output signals.

Ty =1/1

\ 4

A\ 4
A

Px

Figure 8. Frequency-Time Domain Sensor Informative Parameters.

e High noise immunity. In frequency sensors, the key opportunity to
reach a high accuracy in comparison with the analog sensors with
analog-to-digital conversion is greeted. This objective property of the
high noise immunity proper to a frequency modulation is apparently, the
principal premise perspective of frequency sensors in comparison with
analog ones. The frequency signal can be transmitted by communication
lines for the too much greater distance than analog and digital signals.
The signal transmitted by the frequency way practically represents a
serial digital signal. Thus, all advantages of digital systems are shown on
it. Alongside with it, only the two-wire line is necessary for transmission
of such a signal. In comparison with the usual serial digital data
transmitting it has the advantage of not requiring of any synchronization.
A frequency signal is ideal for high noise industrial environments.

o High output signal power. The sensor’s signal can be grouped into six
energy domains: electrical, thermal, mechanical, chemical, radiant and
magnetic. Electrical signals are currently the most preferred signal form.
Therefore, the sensor design is focused on developing of transducers that
convert the signal from one or the other energy domain into a quantity in
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the electrical domain. From the power point of view, the section from a
sensor output up to an amplifier input is the heaviest section in a
measuring channel for signal transmitting. Here the signal is transmitted
by a very small level of energy. The losses, originating in this section
can not be filled any more by any signal processing. Output powers of
frequency sensors are, as a rule, considerably higher. In this case, the
power affecting the generated frequency stability is the oscillation
(reactive) power of the oscillating loop circuit and by a higher quality-
factor of the oscillating loop its power is higher.

e Wide dynamic range. Since the signal is in the form of the frequency,
the dynamic range is not limited by the supply voltage and noise. The
dynamic range of over 100 dB may be easily obtained.

e High accuracy of frequency standards. The frequency reference, for
example, crystal oscillators, can be made more stable, than the voltage
reference. It is possible to explain it with the help of the same objective
differences of information properties of amplitude modulated and
frequency modulated signals.

o Simplicity of commutation and interfacing. Parasitic emf, transient
resistances and cross-feed of channels in analog multiplexer by the usage
of analog sensors are reduced to the occurrence of complementary
errors. The frequency-modulated signal is not sensitive to all listed
above factors. Multiplexers for frequency sensors and transducers are
simple enough and do not introduce any errors into observed results.

e Simplicity of integration and coding. The precise integration in time of
frequency sensor's output signal can be realized simply enough. The
adding pulse counter is an ideal integrator with unlimited time of
measurement. The frequency signal can be processed by
microcontrollers without any additional interface circuitry.

All this makes the design and usage of different frequency-time domain
smart sensors very efficient.

The most important properties of smart sensors have been well described
in [9]. Here we will briefly describe only basic focus points for an intelligent
frequency-time domain smart sensors design.

Adaptability. A smart sensor should be adaptive in order to optimize the
measuring process. For example, depending on measuring conditions, it is
preferable to have an opportunity to exchange measurement accuracy for
speed and conversely, and also to moderate power consumption, when the
high speed and accuracy are not required. It is desirable also to have an
opportunity to adjust a clock crystal oscillator frequency depending on the
environment temperature. The last opportunity also essentially influences the
following focus point — the accuracy.

Accuracy. The measuring error should be programmable. The self-
calibration will allow to reduce the systematic error, caused, for example, by
the inaccuracy of the system parameters. The usage of statistical algorithms
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and composited algorithms of the weight average would allow to reduce
random errors caused, for instance, by interference, noise and instability.

Reliability. 1t is one of the most important requirements especially in
industrial applications. Self-diagnostics is used to check the performance of
the system and the connection of the sensor wires.

For the subject analyses of modern state in the quasi-digital smart sensor
area, it is expedient to use the following classification. Depending on
conversion of the primary information into frequency, all sensors are divided
into three groups: sensors with measurand-to-frequency conversion, with
measurand-to-voltage-to-frequency conversion and with measurand-to-
parameter-to-frequency conversion.

I. Sensors with x (t) =p F (t) conversion. These are sensors that, due to
the underlying principle, themselves generate a frequency output. Electronic
circuitry might be needed for the amplification of the impedance matching,
but it is not needed for the frequency conversion step itself. The obtaining of
measuring information like the frequency or the frequency-pulse form is
most simply reached in inductive, photoimpulse, string, acoustic and
scintillation sensors, since its principle of operation allows to realise the
direct conversion x(2) — F(#). One group of such sensors is based on
resonant structures (piezoelectric quartz resonators, SAW (surface acoustic
wave) dual-line oscillators, etc.) whereas another group is based on the
periodic geometrical structure of the sensors, for example, angle encoders.

I1. Sensors with x (t) = V (t) = F (t) conversion. This group is rather
numerous in number of different electric circuits. These are Hall sensors,
thermocouple sensors and photosensors based on valve photoelectric cells.
When a frequency output is required, a simple voltage-to-frequency or
current-to-frequency conversion circuit can be applied to obtain the desired
result.

II1. Sensors with x (t) = P (t) =p F (t) conversion. The sensors of this
group are rather manifold and numerous. These are the so-called electronic-
oscillator based sensors. Such sensors are based on the usage of electronic
oscillators in which the sensor element itself is the frequency-determining
element. These are, first of all, inductive, capacity and ohmic parametric
(modulating) sensors.

Parametric (modulating) sensors are devices producing the primary
information by the way of respective alterations of any electrical parameter
of some electrical circuit (inductance, capacity, resistance, etc.), for
measuring of which it is necessary to have an external auxiliary power
supply. Examples of such types of sensors are pressure sensors based on the
piezoresistive effect and photodetectors based on the photoelectric effect.

In turn, self-generating sensors are devices permitting to receive a signal
immediately by the way of a current i(z) or voltage V(?) and not requiring any
source of power other than the signal being measured. Examples of such
types of sensors are Seebeck effect based thermocouples and photo effect
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based solar cells. Self-generating sensors are also called in literature “active”

sensors, while modulating sensors are called “passive” sensors.

The signal power of modulating sensors is the largest and, therefore, from
the noise-reduction point of view their usage is recommended.

The distinctiveness of these three sensor groups is the absence of
conventional ADC. With the aim to design digital output smart sensors in
this case, it is expedient to use a microcontroller for the frequency- to-digital
conversion. The production of such smart sensors does not require extra
technological steps. Moreover, modern CAD tools contain microcontroller
cores and peripheral devices as well as voltage-to-frequency converters
(VFC) in the library of standard cells. So, for example, Mentor Graphic
CAD tool includes different kinds of VFC like AD537/650/652, CAD tool
from Protel includes a lot of library cells of different Burr-Brown’s VFC.

In comparison with the data capturing method using traditional Analog-
to-Digital Converters (ADC), the data capturing method using VFC has the
following advantages [13]:

e Simple, low-cost alternative to the A/D conversion;

e Integrating input properties, excellent accuracy and low non-linearity
provide performance attributes unattainable with other converter types,
make VFC ideal for high noise industrial environments;

e Like a dual-slope A/D converter, the VFC possesses a true integrating
input and features the best, much better than a dual-slope converter,
noise immunity. It is especially important in the industrial measurement
and data acquisition systems. While a successive approximation A/D
converter takes a “snapshot” in time, making it susceptible to noise
peaks, the VFC’s input is constantly integrating, smoothing the effects of
noise or varying input signals;

e It has the universality. First, it is the user-selected voltage input range
(£ Supply). Second — it is the high accuracy of the frequency-to-digital
conversion (up to 0.001 %). The error of such conversion can be
neglected in a measuring channel. This is not true for traditional analog-
to-digital conversion. The ADC error is commensurable with sensor’s
error, especially if we use the modern high precision sensors with
relative error up to (0.01 %).

e  When the data capturing method with the voltage-to-frequency converter
is used, a frequency measurement technique must also be chosen which
meets the conversion speed requirements. While it is clearly not a “fast”
converter in a common case, the conversion speed of a VFC system can
be optimized by using efficient techniques. Such optimization can be
performed due to advanced methods of frequency-to-digital conversion,
quasi pipeline data processing in a microcontroller and the usage of
novel architectures of VFC.

Pointing on well-known advantages of frequency sensors, it is necessary
to mark, that the number of physical phenomena, on the basis of which the
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sensors with frequency and digital outputs can be designed, is essentially
limited. Therefore, now analog sensors with current and voltage outputs
have received broad dissemination. On the one hand, it happens because of
high technological working off analog sensor units, and also because of
heady development of the analog-to-digital conversion in the last years. On
the other hand, voltage and current are used rather widely as unified standard
signals in many measuring and control systems.

By the choice of those or other sensors the important role is played by the
technological and cost factors. Therefore, the common statements, what
sensors are the best - frequency or analog - disregarding concrete conditions
of the usage, are not correct enough. With the appearance for the last years
of sensor microsystems and the heady development of microsystem
technologies all over the world, the technological and cost factors were
modified for the benefit of frequency sensors.

Sensor types with the highest demand volumes are temperature sensors,
pressure sensors, flow sensors, binary position sensors (proximity switches,
light barriers, reflectortype photosensors), position sensors, chemical sensors
for measurement in liquids and gases, filling sensors, speed and rpm-sensors,
flue gas sensors and fire detectors worldwide. The fastest growing types of
sensors include rain sensors, thickness sensors, sensors that measure the
quality of liquids, navigation sensors, tilt sensors, photodetectors, glass
breakage sensors, biosensors, magnetic field sensors, and motion detectors
[5].

The part of the frequency-time domain sensor group is constantly
increasing. At first, it is connected with the fast development of modern
microelectronic technologies, secondly with the further development of
methods of measurement for frequency domain parameters of signals and
methods for frequency-to-digital conversion, and thirdly, with advantages of
frequency as the informative parameter of sensors and transducers. Today it
is difficult to find physical or chemical variables, for which the frequency
output or digital sensors do not exist. It is naturally, this book does not claim
for the scale completeness of the description of all existing sensors and their
principles of operation. To the readers wishing to acquaint with smart
sensors development history we would like to recommend the article [7].

4. SMART SENSORS STATE-OF-THE-ART

This review is made with the aim to illustrate frequency-time domain IC
sensors state-of-the-art by the original solutions with high metrology
performances, and also to formulate the basic requirements for such an
important smart sensor's part, as the frequency-to-digital converter.

Frequency-time domain sensors can be grouped in several different ways.
We will group them according to the measurand domains of the desired
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information. There are six signal domains with the most important physical
parameters, shown on Figure 9. Electrical parameters usually represent a
signal from one of the non-electrical signal domains.

Radiant

Figure 9. Sensor Classifications.

4.1 Temperature Sensors

Temperature is one of the most widely measured variables in industrial,
consumer, and computer applications. It is an analog quantity, but digital
systems often use temperature to implement measurement, control, and
protection functions. In most applications in which temperature is measured,
the measured value must be converted from analog to digital form. There is
now a broad selection of digital and quasi-digital sensor types, which should
match system's needs.

Four temperature sensor types (analog, digital, “analog plus” and system
monitor are described in [16]. An ideal analog sensor provides an output
voltage that is a perfectly linear function of temperature. In the digital I/O
class of sensor, temperature data in the form of multiple 1s and Os are passed
to the microcontroller, often via a serial bus. Along the same bus, data are
sent to the temperature sensor from the microcontroller, usually to set the
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temperature limit at which the alert pin's digital output will trip. The alert
interrupts the microcontroller when the temperature limit has been exceeded.

"Analog Plus" sensors are available with various types of digital outputs.
The Vour vs. temperature curve is for an IC whose digital output switches
when a specific temperature has been exceeded. In this case, the "plus"
added to the analog temperature sensor is nothing more than a comparator
and a voltage reference. Other types of "plus" parts ship temperature data in
the form of the delay time after the part has been strobed, or in the form of
the frequency or the period of a square wave.

Digital sensors include a digital interface that permits communication
with a microcontroller. The interface is usually an I’C or SMBus serial bus,
but other serial interfaces such as SPI are common. In addition to reporting
temperature readings to the microcontroller, the interface also receives
instructions from the microcontroller. Those instructions are often
temperature limits, which, if exceeded, activate a digital signal on the
temperature sensor IC that interrupts the microcontroller. The
microcontroller is then able to adjust fan speed or back off the speed of a
microprocessor, for example, to keep temperature under control [16].

This type of device is available with a wide variety of features, among
them, remote temperature sensing. To enable remote sensing, most high-
performance CPUs include an on-chip transistor that provides a voltage
analog of the temperature. (Only one of the transistor's two p-n junctions is
used.) Other applications use a discrete transistor to perform the same
function. Another important “smart” feature found on some of these types of
sensors is the ability to interrupt a microcontroller when the measured
temperature falls outside a range bounded by high and low limits. On other
sensors, an interrupt is generated when the measured temperature exceeds
either a high or a low temperature threshold. These limits are transmitted to
the temperature sensor via the SMBus interface. If the temperature moves
above or below the circumscribed range, the alert signal interrupts the
processor.

This digital I/O class of devices finds widespread use in servers, battery
packs, and hard disk drives. Temperature is monitored in numerous locations
to increase a server's reliability: at the motherboard (which is essentially the
ambient temperature inside the chassis), inside the CPU die, and at other
heat-generating components such as graphics accelerators and hard-disk
drives. Battery packs incorporate temperature sensors for safety reasons and
to optimize charging profiles, which maximizes battery life.

The system monitor is the most complex IC of the four. In addition to the
functions provided by the digital I/O type, this type of device commonly
monitors the system supply voltages, providing an alarm when voltages rise
above or sink below limits set via the I/O bus. Fan monitoring and/or control
are sometimes included in this type of IC. In some cases, this class of device
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is used to determine whether a fan is working. More complex versions
control the fan as a function of one or more measured temperatures [16].

Reading temperature with a microcontroller is simple in concept. The
microcontroller reads the output code of an analog-to-digital converter
(ADC) driven by a thermistor-resistor voltage divider, analog-output
temperature sensor, or other analog temperature sensor. The ADC built into
some controllers can simplify this design. ADCs require a reference voltage,
which can be generated by an external device. For example, the reference
voltage for a thermistor sensor is usually the same as that applied to the top
of the resistor-thermistor voltage divider. However, the following
complications can arise in these systems: the sensor's output-voltage range is
significantly smaller than the ADC's input-voltage range; limited number of
ADC and/or microcontroller’s pins; etc.

The design problems are simplified by usage a temperature sensor with a
digital interface. Similarly, temperature sensors with time- or frequency-
based outputs can alleviate the measurement problem when ADC’s inputs
and microcontroller’s I/O pins are in short supply.

Temperature sensors play an important role in many measurements and
other integrated microsystems, for example, for biomedical applications or
self-checking systems and the design for the thermal testability (DfTT). IC
temperature sensors take advantage of the variable resistance properties of
semiconductor materials. They provide the good linear frequency, the duty-
cycle or the pulse width output proportional with the temperature typically in
range from —55 °C to +150 °C at the low cost. These devices can provide the
direct temperature reading in a digital form, thus eliminating the need for an
A/D converter. Because IC sensors can have a memory, they can be very
accurately calibrated, and may operate in multisensor environments in
applications such as communications networks. Many IC sensors also offer
communication protocols for the use with bus-type data acquisition systems;
some also have addressability and the data storage and retrieval capabilities.

Smart temperature sensors need to be provided with some kind of the
output digital signal adapted to microprocessors and digital processing
systems. This signal can be a time-signal type, where the measurement is
represented by the duty-cycle or the frequency ratio, or the fully digital code
that is sent to the processor in a serial way through the digital bus [15]. Some
important restraints, caused by the integration of sensing and digital
processing function on the same chip are [17] (a) the limited chip area,
(b) the tolerances of the device parameters and (c) the digital interference.

Since CMOS is still the most extensively used technology the integration
of temperature sensors in high-performance low-cost digital CMOS
technologies is preferred in order to allow signal conditioning and digital
processing on the same chip [14].

In the framework of the COPERNICUS EC project CP0922, 1995-1998,
THERMINIC (THermal INvestigations of ICs and Microstructures), the
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research group from Technical University of Budapest has dealt for several
years with the design problem of small-size temperature sensors that must be
built into the chip for thermal monitoring [18-21]. One of such sensors is
based on a current-to-frequency converter [18, 19]. The analog signal of the
current output CMOS sensor is converted into a quasi-digital one using a
current-to-frequency converter. The block diagram of the frequency output
sensor is shown on Figure 10. The /,, output current and its “copy”
generated by a current mirror charge and discharge the capacitor C,. The
signal of the capacitor is led to a differential comparator the reference
voltage of which is switched between the levels V¢ and Vp [19]. The
resulting frequency is

f — . out - ) (1)

Temperature-to-
Current Converter

Current-to-Frequency
Converter

Figure 10. Temperature Frequency Output Sensor.

The sensitivity is —0.808% / °C. The output frequency 0.5 =+ 1.3 MHz is in
the convenient range. The complete circuit requires only an area of
0.018 mm® using the ECPD 1 pm CMOS process. The low sensitivity on the
supply voltage is a remarkable feature: + 0.25 V charge in Vpp results only
in £ 0.28 % charge in the frequency. The latter corresponds to the
+ 0.35 °C error. The total power consumption of this sensor is about
200 pW [20].

The characteristic of this sensor is quite linear and the output frequency
of these sensors can be approximately written as

fou = Fooces €XP(Y(Tees — 20° 0)), ()

in the =50 ... + 120 °C temperature range, where y is the sensitivity, f>pcess 1S
the nominal frequency related to 7=20 °C. Using the AMS 0.8 um process,
the area consumption is 0.005 mm® [21]. The THSENS-F [22] sensor
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characteristic is shown in Figure 11. This sensor can be inserted into CMOS
designs, which can be transferred and re-used as cell (layout level) entities or
as circuit netlists with transistor sizes. The sensor’s sensitivity is
~ -0.8 % / °C; the temperature range is -50 ... +150 °C; the accuracy is
~+ 2°C for (0...120 °C). Two last parameters depend on the process.
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Figure 11. Sensor Characteristic (Output Frequency vs. Temperature).

If temperature sensors described above are inserted into a chip design,
additional circuitry must be implemented in order to provide the access to
such sensors [21]. Built-in temperature sensors can be combined with other
built-in test circuitry. The boundary scan architecture [23] is suitable for
monitoring temperature sensors. This architecture has led to the standard
IEEE 1149.1 and is well suitable for incorporating frequency output
temperature sensors. The end user has to encapsulate the prototype thermal
measurement chips (TMC-s) into the package that has to be characterized by
thermal measurements. The TMC9 and TMC81 chips are based on the same
basic cell that is mainly covered by dissipating resistors and also contains a
CMOS frequency output temperature sensor. These basic cells are organized
into arrays of different size. Control of measurements is provided via a
digital interface or standard boundary scan interface providing a digital read-
out of measured temperature values. The TMCS81 layout is shown in
Figure 12.

Another interesting fully-CMOS temperature sensor designed by this
research team is based on the temperature dependence of the internal thermal
diffusion constant of the silicon. In order to measure this diffusion constant
an oscillating circuit is used in which the frequency-determining element is
realized by a thermal delay line. The temperature difference sensors used in
this delay line are the Si-Al thermopiles. This circuit is the Thermal-
Feedback Oscillator (TFO). The frequency of this oscillator is directly
related to the thermal diffusion constant and thus to the temperature. This
constant can be defined as
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D, =Mc, 3)

where A is the thermal conductivity and ¢ is the unit-volume heat
capacitance. This diffusion constant shows a reasonably large (-0.57 % / °C)
temperature dependence in the silicon. In order to measure this diffusion
constant the oscillating circuits were used in which the frequency-
determining feedback element is realized by a thermal time-delay line. If the
feedback element is a thermal two-port (thermal delay line) then the
frequency of the oscillator is directly related to the thermal diffusion
constant and thus shows similar temperature dependence as the thermal
diffusion constant [18].
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Figure 12. TMCS81 Chip Layout (Reproduced from http://www.micred.com).

The thermal delay line requires, however, a significant power input.
Because of this disadvantage, the circuit is not really suitable for on-line
monitoring purposes [19]. However, these sensors and the sensor principal
can probably be used for other applications.

Among a lot of temperature sensors it is necessary to mark the low power
consumption smart temperature sensor SMT160-30 from Smartec (The
Netherlands) [24]. It is a three terminal full silicon integrated temperature
sensor, with a duty-cycle output. Two terminals are used for the power
supply of 5 V and the third terminal carries the output signal. A duty cycle
modulated output is used because this output is interpretable by a
microprocessor without AD converter, while the analogue information is still
available. The duty cycle of the output signal is linearly related to the
temperature according to the equation:

t
D.C.= ==t -f, =0.320+0.00470 - t, 4)
T

X
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where 1, is the pulse duration; 7 is the period; f; is the frequency; 7 is the
temperature in °C. This sensor is calibrated during the test and burn-in of the
chip. The sensor characteristic is shown on Figure 13.
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Figure 13. SMT 160-30 Sensor Characteristic (Temperature vs. Duty-cycle).

If the output signal is measured with an analogue device, the temperature
can be obtained as well. The mean voltage (and the RMS value as well) is
directly proportional to the duty cycle and the supply voltage. So V,./Vau
represents #,/7 just as well. In this way the temperature can be measured in
an analogue way as well as digitally equally simple and accurate.

The SMT160-30 (TO18 model) has an overall accuracy of £ 0.7 °C in the
range from -30 °C to +100 °C and an accuracy of 1.2 °C from -45 to
+130°C. This makes the sensor especially useful in all applications where
"human" (climate control, food processing etc.) conditions are to be
controlled. The relative error is 0.47 %, the frequency range is 1 + 4 kHz.

The one wire CMOS output of the sensor can be connected to all kinds of
microcontrollers and handle cable length up to 20 meters. This makes the
SMT160-30 very useful in remote sensing and control applications.

This smart temperature sensor represents a significant totally new
development in the transducer technology. Its novel on-chip interface meets
the progressively stringent demands of both the consumer and industrial
electronics sectors for a temperature sensor directly connectable to the
microprocessor input and thus capable of direct and reliable communication
with microprocessors.

In application where more sensors are used, easy multiplexing can be
obtained by using more microprocessor inputs or by using simple and cheap
digital multiplexers.

The next specialized temperature sensor is interesting due to the high
metrology performances and, first of all, its high accuracy. It is the SBE 3F
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temperature sensor with the initial accuracy of 0.001 °C and typical stable to
0.002 °C per year [25]. It is used for custom oceanographic profiling systems
or for high-accuracy industrial and environmental temperature-monitoring
applications. Depth ratings to 6 800 and 10 500 meters (22 300 and
34 400 ft) are offered to suit different application requirements.

The sensing element is a glass-coated thermistor bead, pressure-protected
in a thin-walled 0.8 mm diameter stainless steel tube. Exponentially related
to the temperature, the thermistor resistance is the controlling element in the
optimized Wien Bridge oscillator circuit. The resulting sensor frequency is
inversely proportional to the square root of the thermistor resistance and
ranges from approximately 2 to 6 kHz, corresponding to temperatures from
-5 to +35 °C.

Speaking about digital and quasi-digital output IC and smart temperature
sensors it is necessary to mention interesting developments of such
companies as Analog Devices, Dallas Semiconductor, National
Semiconductor, Maxim, Texas Instruments and some others.

The TMPO03/TMP04 are monolithic temperature sensors from Analog
Devices [26] that generate a modulated serial digital output that varies in the
direct proportion to the temperature of the device. The TMPO3 is a complete
temperature data-acquisition system on a monolithic silicon chip. Including a
silicon-based sensor, internal voltage reference, and sigma-delta A/D
converter, it fits in a 3-pin (power, common, and output) TO-92 transistor
package. Its digital output is a low-frequency variable-duty-cycle serial data
stream, available at an open collector with 5-mA sink-current available. A
companion product, the TMPO4, is identical but has a CMOS/TTL-
compatible output. The quiescent power requirement is a modest 1.3 mA at
+5V (4.5 to 7V range).

The TMPO3's digital output allows multi-channel systems to be
constructed easily (additional sensors share a single-channel low-cost
digitally-multiplexed decoder).

Typical applications of the TMPO3 include isolated sensors,
environmental control systems, computer thermal monitoring, thermal
protection, industrial process control, and power-system monitors.

Analog Devices bandgap references generate both a constant voltage and
a PTAT (proportional to absolute temperature) voltage. In the TMPO3, these
are applied as inputs to a first-order sigma-delta modulator. The device
output is a 35-Hz (nominal) accurately mark-space-modulated digital signal
that is insensitive to frequency. The TTL/CMOS compatible output allows
the TMPO3 to interface directly to standard logic.

Thus the TMPO3 and TMP04 are well suited to interface directly to a
microcontroller timer/counter input port and programmable logic arrays. The
TMPO04 provides a high-output-current logic output capable of driving a load
capacitance of 1000 pF with minimal loss of switching-edge definition.
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Since it is completely self-contained, the TMPO03/TMP04 has
specifications that are close to the final system specifications. A single
temperature accuracy specification for the TMP03/04 combines errors due to
the sensor's transfer function, signal conditioning and conversion. Typical
accuracy (-25 to +100°C) is to within 1.5% (4% max), with non-linearity of
0.5°C and power supply sensitivity of 0.7°C/V (1.2°C/V max). The device's
operating temperature range is -55°C to +150°C.

The digital output format of the TMPO03/04 design allows this
temperature transducer to be located away from the host computer system
without degrading system accuracy; and the 35-Hz low-frequency output
further insures data integrity over long distances. Cable capacitance between
the TMPO3 and its host computer will of course round the rising and falling
edges of the square-wave output, but delays of the order of microseconds
add negligible error relative to a 29-ms clock period. In most applications,
temperature is a slowly changing variable, and a 35-Hz carrier has little
effect on the measurement dynamic accuracy.

If a 100° higher output frequency, say 3 kHz, had been chosen, the output
circuitry would need to drive high currents into the load capacitance to keep
the logic transitions acceptably short; a 1-ms asymmetry between the rise
and fall times would have added about 1°C error. High output current
requirements also increase the required supply current. An alternative
solution for high frequency, low-level transducer output: i.e., adding a local
RS-232 (or RS-485) interface to drive a long cable again increases the
remotely supplied current required.

The TMPO3 sensor uses mark-space ratio modulation, embodying the
relationships

T
T . =235--H.4
e =235 =400 )
T.,. =455—11.720, ©)
L

Where T(H) and T(L) are the high and low periods of the square-wave
output.

With the basic TMPO03 sensor error specs, errors introduced in measuring
T(H) and T(L) are the only other parameters needed to determine system
accuracy. For example, if T(H) and T(L) are measured using a 125 kHz
clock frequency and 12-bit counters, gated by the edges of the square-wave
output, the quantization error is less than 0.5°F.T(H) and T(L) may be
conveniently measured using discrete counters, programmable logic arrays,
or from a microprocessor with an on-board timer/counter port. If absolute
temperature is required, it can be calculated using a microprocessor or PC.
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Digital output temperature sensors from Analog Devices are adduced in
Table 1 The AD7818 (single-channel) and AD7817 (4-channel) [26] are on-
chip temperature sensors with 10-bit, single and four channel A/D
converters. These devices contain an 8 ms successive-approximation
converter based around a capacitor DAC, an on-chip temperature sensor with
the accuracy of = 1°C, an on-chip clock oscillator, inherent track-and-hold
functionality and an on-chip reference (2.5 V £ 0.1%).

Table 1. Digital Temperature Sensors from Analog Devices.

s # ADC Temperature
Model Description Interface Channel Accuracy Range
AD7416 10-bit TDC + r'c None | #2°C | -55°C to 125°C
prog. OTI
+
AD7417 | AD7416+4 ADC I’C 4 +2°C | -55°C to 125°C

input channels

AD741g | AD7416+1 ADC I’C 1 £2°C | -55°C to 125°C
input channel

SPI version of

AD7816 AD7TALE SPI None | 42°C | -55°C to 125°C
ap7g17 | SP L‘]')e;i‘?;‘ of SPI 4 +1°C | -55°C to 125°C
AD7818 Spk‘]’)e;ii?g of SPI 1 +2°C | -55°C to 125°C
AD7814 13{22??5 SPI None | #2°C | -55°Cto 125°C
AD7414 | 1O-Bit TDCin Fe/smbus [\ e | a0ec 1o 48500

SOT23 prog OTI' | (SMBus Alert)

10-Bit TDC in 2 o o R
AD7415 SOT23 I"C/SMbus None +2°C | -40°C to +85°C

Dallas Semiconductor offers a broad line of factory-calibrated 1-, 2-, 3-
Wire® or SPI buses temperature sensors/thermometers that can provide
straightforward thermal management for a vast array of applications. This
unparalleled product line includes a variety of "direct-to-digital" temperature
sensors that have the accuracy and features to easily improve system
performance and reliability [27]. These devices reduce the component count
and the board complexity by conveniently providing digital data without the
need for dedicated A-to-D converters. These sensors are available with
accuracies ranging from = 0.5 °C to + 2.5 °C (guaranteed over wide
temperature and power-supply ranges), and they can operate over the
temperature range of —50 °C to +125 °C.

The conversion time range for the temperature into a digital is
750 ms + 1.2 s. The 1-Wire and 2-Wire devices have the multi-drop
capability, which allows multiple sensors to be addressed on the same bus.
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In addition, some devices (DS1624, DS1629 and DS1780) combine the
temperature sensing with other valuable features including EEPROM arrays,
real-time clocks, and the CPU monitoring. One more interesting “smart”
feature of Dallas Semiconductor’s temperature sensors is expandable from 9
to 13 bits or user configurable to 9, 10, 11, or 12 bits resolution.

Dallas Semiconductor's DS1616 Temperature Data Recorder with the
3-Input Analog to Digital Converter adds the potential for three powerful
external sensors to the base design of the DS1615 Temperature Data
Recorder. It permits to logging of not only the temperature, but also the
humidity, the pressure, the system voltage, external temperature sensors, or
any other sensor with the analog voltage output. The DS1616 provides all of
the elements of a multi-channel data acquisition system on one chip. It
measures the selected channels at user-programmable intervals, then store
the data and a time/date stamp in the non-volatile memory for the later
downloading through one of the serial interfaces.

The DS1722 Digital Thermometer and Thermostat (-55°C to +120°C
temperature range and 12.0°C) with SPI/3-Wire Interface provides
temperature readings which indicate the temperature of the device. No
additional components are required; the device is truly a temperature-to-
digital converter. Temperature readings are communicated from the DS1722
over a Motorola SPI interface or a standard 3-wire serial interface. The
choice of interface standard is selectable by the user. For applications that
require greater temperature resolution, the user can adjust the readout
resolution from 8 to 12 bits. This is particularly useful in applications where
thermal runaway conditions must be detected quickly. Applications for the
DS1722 include personal computers/ servers/workstations, cellular
telephones, office equipment, or any thermally-sensitive system [28]. Some
other temperature sensors from Dallas Semiconductor are adduced in table 2.

National Semiconductor also proposes some digital temperature sensors
[29] with different temperature ranges from —55 °C up to +150 °C:
SPI/MICROWIRE plus the sign digital temperature sensor LM70 (10-bit)
and LM74 (12-bit); the digital temperature sensor and the thermal watchdog
with the two-wire (I*C™ Serial Bus) interface LM75 (+3 °C); digital
temperature sensors and the thermal window comparator with the two-wire
interface LM76 (1 °C), LM77 (+1.5 °C), LM88 (£3 °C, factory
programmable dual remote-diode temperature sensor with 3 digital
comparators) and LM92 (+0.33 °C). The sensors LM70, LM74 and LM75
include the delta-sigma analog-to-digital converter.

The window-comparator architecture of the sensors eases the design of
the temperature control systems conforming to the ACPI (Advanced
Configuration and Power Interface) specification for personal computers.
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Table 2. Digital Temperature Sensors from Dallas Semiconductor.

Model | Description | Accuracy
1-Wire Digital Output Temperature Sensors
1-Wire™ temperature sensor with alarm function. +0.5°C
DS18B20 | 64-bit ROM address allows multiple DS18B20 (Flip Chip is
to reside on the same 1-Wire bus +2.0°C)
DSI821 1-Wire temperature sensor and standalone 41.0°C
thermostat
1-Wire temperature sensor with alarm function.
DS1822 64-bit ROM address allows multiple DS18B22 +2.0°C
to reside on the same 1-Wire bus
2-Wire SMBus Temperature Sensors
DS1631 9-12 bit temperature sensor and thermostat +0.5°C
DS1721 9-12 bit temperature sensor and thermostat +1.0°C
DS1731 9-12 bit temperature sensor and thermostat +1.0°C
DS1775 | 9-12 bit temperature sensor and thermostat +2.0°C
9-12 bit temperature sensor functionally o
DS75 compatible with LM75 £2.0°C
SPI/3-Wire Temperature Sensors
3-wire, 9-12 bit temperature sensor o
DS1626 with standalone thermostat function £0.5°C
SPI or 3-wire, 8-12 bit temperature o
DS1722 sensor compatible with 1.8V logic £2.0°C

Maxim Integrated Products provides the largest selection of thermal
measurement integrated circuits (ICs) in the industry [30]. Maxim's single-
wire output digital temperature sensors provide high-performance
temperature sensing with a choice of period, frequency, or pulse-width
modulation (PWM) output. Maxim's 2-wire SMBus™ temperature sensors
provide high reliability protection for CPUs, FPGAs, and ASICs. They
include features such as SMBus time-out, fault queue, and fail-safe hard wire
connection. Models are available in single and multi-channel versions with a
variety of performance and alarm configurations. Maxim's pulse-width
modulation (PWM) digital temperature sensors provide high-performance
with a single-wire output. They are available in variety of performance,
supply voltage, and output configurations. Maxim's SPI™ digital
temperature sensors provide high-performance temperature measurement
and are available in a variety of product configurations. The digital
temperature sensors from Maxim are adduced in table 3.
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Table 3. Digital Temperature Sensors from MAXIM.
Model | Description | Accuracy
1-Wire Digital Output Temperature Sensors
MAX6666/ Single wire, 35Hz PWM, open-drain or push-pull outputs +1.0°C
MAX6667 (90pA current typ). )
MAX6672/ Single wire, 1.4KHz PWM, open-drain or push-pull output: 40.5°C
MAX6673 (150pA current typ.) )
MAX6675L/H Allows uP to interface with up to eight sensors on a single 43.0°C
control wire (150pA current typ).
MAX6676/ Single wire, 1.8KHz PWM, open-drain output +1.0°C
MAX6677 (80pA current typ.) )
2-Wire SMBus Temperature Sensors
MAX6625/ 9-bit/12-bit temperature sensor with digital +1.0°C
MAX6626 OVERT-bar temperature alarm )
MAX6633/ 9-bit/12-bit temperature sensor with 0, 1 or 2 comparator +1.0°C
MAX6635 outputs. )
MAX6648/ Remote/local temperature sensor with ALERT-bar 40.8°C
MAX6692 and OVERT-bar outputs. )
145°C remote/local temperature sensor with ALERT-bar ar o
MAX6649 OVERT-bar outputs. £1.0°C
System monitor includes temperature sensors and o
MAX6652 four voltage measurements with ALERT-bar output. £1.0°C
Remote/local temperature sensor with 5
MAX6654 ALERT-bar output. £1.0°C
MAX6655/ Dual remote temperature sensor, one internal +1.0°C
MAX6656 sensor, and four voltage monitors. )
MAX6657/ Remote/local temperature sensor with ALERT-bar +1.0°C
MAX6658 and OVERT-bar outputs )
MAX6659 Remote temperature with dual OVERT-bar outputs. +1.0°C
MAX6680/ Fail-safe pin-programmable ALERT-bar +1.0°C
MAX6681 threshold, factory-set OVERT-bar threshold. )
Remote/local temperature sensor with o
MAX6690 ALERT-bar output. £2.0°C
SPI/3-Wire Temperature Sensors
MAX6627/ 12-bit remote temperature sensor with SPI interface. +1.0°C
MAX6628 )
12-bit local temperature sensor with SPI interface
MAX6629/ and either a 0.5 second conversion rate +1.0°C
MAX6632 (200puA typ supply) or an 8 second (35pA typ ’
supply).
12-bit temperature sensor with linear fan control, o
MAX6661 fan excitation, and SPI interface. £1.0°C
MAX6662 12-bit logal temperature sensor with two alarms +1.0°C
and SPI interface.
Thermocouple-to-digital converter with
MAX6674 10-bit, 0.125°C resolution from 0°C to 128°C, +2.0°C
SPI interface.
Thermocouple-to-digital converter with 12-bit
. L +3.0°
MAX6675 0.25°C resolution from 0°C to 1024°C, SPI interface 3.0°C
Thermistor-to-digital converter, 10-bit, 1
A 2 > :l: . o
MAX6682 LSB accuracy, SPI interface. 3.0°C
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The MAX6666/MAX6667 are high-accuracy, low-cost, low-power
temperature sensors with a single-wire output. The MAX6666/MAX6667
convert the ambient temperature into a ratiometric PWM output with
temperature information contained in the duty cycle of the output square
wave. The MAX6666 has a push-pull output and the MAX6667 has an open-
drain output.

The MAX6666/MAX6667 operate at supply voltages from +3V to
+5.5V. The typical unloaded supply current at 5.0V is 200pA. Both devices
feature a single-wire output that minimizes the number of pins necessary to
interface with a microprocessor (uP). The output is a square wave with a
nominal frequency of 35Hz (= 20%) at +25°C. The output format is decoded
as follows:

TC =235 2000 %

t,

where #; is the fixed with a typical value of 10 ms and t, is the modulated by
the temperature . The MAX6666/MAX6667 operate from -40°C to +125°C.
Texas Instruments manufactures the programmable digital temperature
sensors TMP122 and TMP124 with SPI interface and 1.5+2 °C accuracy. It
has 9-12 bit temperature resolution and programmable temperature
thresholds. The temperature range is —40° C to +125° C. Programmable
resolution, programmable set points and shut down function provide
versatile for any application. The TMP122 and TMP124 are ideal for
extended thermal measurement in a variety of communication, computer,
consumer, environmental, industrial, and instrumentation applications [31].
Applied Microsystem Ltd. has proposed the smart temperature sensor with
0.0050 C accuracy and RS-232 ASCII communications. It is a low cost, real-
time alternative ideal for integration into others’ systems [32].
Thermometrics is now manufacturing direct-to-digital temperature
sensors. These units provide a 9-bit digital output over the temperature range
-55° to +125°C (-67° to +257°F) in increments of 0.5°C (0.9°F). 1 wire, 2
wire, 3 wire and SPI buses are available. Each unit contains a unique serial
number integral to the silicon chip so that multiple units can be wired onto a
single 1-wire bus, and each is recognized by its own serial number. This
feature suggests applications in HVAC and other areas where multiple
temperatures need to be economically monitored by a central station.
Interface (both hardware and software) are available to provide readout
and alarm functions right through the PC’s serial port. Accuracy is £ 0.5°C
from -10° to +85°C with 9-bit resolution [33].
Another example of the digital output sensor is +GF+ SIGNET 2350 with
the temperature range from -10 to +100 °C and the accuracy = 0.5 °C.
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The temperature sensor’s digital output signal allows for wiring distances
between sensor and temperature transmitter of up to 61 m. An integral
adapter allows for the integration of the sensor and the transmitter into the
compact assembly.

4.2 Pressure Sensors

Similarly to temperature sensors, pressure sensors are also very widely
spread. Pressure transducers are found in numerous OEM applications, and
they are used widely in process control. The introduction of the
microcontroller has increased the functionality and expanded the use of
pressure transducers over the past 15 years.

In Europe, the first truly integrated pressure sensor was designed in 1968
by Gieles at Philips Research Laboratories [34], and the first monolithic
integrated pressure sensor with the digital (i.e, frequency) output was
designed and tested in 1971 at Case Western Reserve University [35] as a
part of a program addressing biomedical applications. Miniature silicon
diaphragms, with the resistance bridge at the center of the diaphragm and
sealed to the base wafer with the gold-tin alloy, were developed for implant
and indwelling applications.

A wide variety of pressure sensing technologies is available today.
Pressure sensors convert the external pressure into the electrical output
signal. To accomplish this, semiconductor micromachined pressure sensors
use the monolithic silicon diffused piezoresistors. The resistive element,
which constitutes the sensing element, resides in the thin silicon diaphragm.
The applying pressure to the silicon diaphragm causes its deflection and
changes the crystal lattice strain. This affects the free carrier mobility,
resulting in a change of the transducer’s resistance, or piezoresistivity. The
diaphragm thickness as well as the geometrical shape of resistors, is
determined by the tolerance range of the pressure. Advantages of these
widely spread transducers of such a type are:

e high sensitivity;

e good linearity;

e minor hysteresis phenomenon;
e small response time.

The output parameters of the diffused piezoresistors are temperature
dependent and require from the device to be compensated if it’s used over a
wide temperature range. However, with occurrence smart sensors and
MEMS, the temperature error can be compensated due to the usage of built-
in temperature sensors.

Most of today’s MEMS pressure transducers produced for the automotive
market consist of the four-resistor Wheatstone bridge, fabricated on a single
monolithic die using the bulk etch micromachining technology. The
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piezoresistive elements integrated into the sensor die are located along the
periphery of the pressure sensing diaphragm, at the points appropriate for the
strain measurement [36].

Now the designers can choose between two architectures for the sensor
compensation: the conventional analog sensor signal processing or the
digital sensor signal processing. The last one is characterized by the fully
digital compensation and the error-correction scheme. A very fine geometry,
mixed-signal CMOS IC technologies have enabled the incorporation of the
sophisticated digital signal processor (DSP) into the sensor compensator IC.
The DSP was designed specifically to calculate the sensor compensation,
enabling the sensor output to realize all the precision inherent in the
transducer.

As it was considered in [37] ‘as the CMOS process and the
microcontroller/DSP technology have become more advanced and highly
integrated, this approach may become increasingly popular. The debate
continues as to whether the chip area and the circuit overhead of standard
microprocessor designs used for this purpose will be competitive with less
flexible (but smaller and less costly) dedicated DSP designs that can be
customized to perform the specific sensor calibration function’. For example,
the integrated pressure sensor uses a custom digital signal processor and the
non-volatile memory to calibrate and temperature-compensate a family of
pressure sensor elements for a wide range of automotive applications.

This programmable signal conditioning engine operates in the digital
domain using a calibration algorithm that accounts for higher order effects
beyond the realm of most analog signal conditioning approaches. The
monolithic sensor provides enhanced features that typically were
implemented off the chip (or not at all) with traditional analog signal
conditioning solutions that use either laser or electronic trimming. A
specially developed digital communication interface permits the calibration
of the individual sensor module via connector pins after the module has been
fully assembled and encapsulated. The post-trim processing is eliminated,
and the calibration and the module customization can be performed as an
integral part of the end-of-line testing by the completion of the
manufacturing flow. The IC contains a pressure sensor element that is
coprocessed in a submicron, mixed-signal CMOS wafer fabrication step and
that can be scaled to a variety of automotive pressure sensing applications
[37].

Now, let us give state-of-the-art and some industrial examples of modern
pressure sensors and transducers. There are many different manufacturers on
the modern sensor market who are producing pressure sensors and
transducers with accuracy range from 1 % FS up to 0.01 % FS, frequency,
digital output (RS-232/485, IEEE-488) and bus capabilities (CANbus,
Modbus, HART, Fieldbus, etc.).
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The major attention was given to the creation of pressure sensors with the
frequency output in the USSR [38, 39]. The first of them was based on the
usage of voltage-to-frequency converters and had the accuracy up to 1 %, the
effective range of measuring frequencies 0 + 2 kHz in the pressure range
0 + 40 MPa. The second was founded on the usage of the piezoresonator.
The connection of this device into the self-oscillator circuit has allowed to
receive a frequency signal, proportional to the force. The relation between
the measured pressure p and the output frequency signal f'is expressed by the
following equation:

p:(f_fo)/Kp; Kp:KF'Seff’ (8)

where f is the frequency at p = 0; f is the measurand frequency; K, is the
conversion factor of pressure-to-frequency; Kr is the force sensitivity factor;
Ser1s the membrane’s effective area.

The silicon pressure sensor with based on the bulk micromachining
technology and VFC based on CMOS technology was described in [40]. It
has 0 + 40 kPa measuring pressure range, 280 + 380 kHz frequency output
range and the main error £ 0.7 %.

Kulite company produces the frequency output pressure transducer ETF-
1-1000. The sensor provides an output, which can be interfaced directly to a
digital output. The transducer uses a solid-state piezoresistive sensing
element, with the excellent reliability, repeatability and accuracy. The
pressure range is 1.7 + 350 bar, the output frequency is 5 + 20 kHz, the total
error band is + 2%. Other examples are pressure transducers VT 1201/1202
from Chezara (Ukraine) with 15 + 22 kHz frequency output range and the
standard error £ 0.25 % and £ 0.15 % accordingly.

The shining example of the sensor with x(2) — V(#) — F(t) conversion is
the pressure sensor from ADZ Sensortechnik GmbH (Germany). The IC LM
331 was used as VFC. The output frequency of the converter can be
calculated according to the following formula:

_ (Uin B Uoffset ) R6

out H (9)
2.09V-R4-R8-C6
where
v
U, =P, -0533—+0.5V (10)
bar

The measuring range is 0 + 8.8 bar, the frequency range is 1 + 23 kHz.

Honeywell manufactures pressure sensors and transducers for a variety of
applications designed to provide 0.1 + 0.03 % FS accuracy with digital and
analog functionality [41].
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Omega Engineering Inc. has announced the frequency output type
(1+6 kHz), 1 % FS accuracy microprocessor compatible pressure transducers
PX106 series. Ten pressure ranges from 0-6 psi up to 0-2 000 are available
[42].

The high-accuracy (0.01 %) fibre-optic pressure transducers have been
developed in ALTHEN GmbH by applying the optical technology to
resonator-based sensors [43].

Further development of microelectronic technologies and smart sensors
has declined in the rise of the high-precision (up to 0.01 % FS) digital and
quasi-digital output pressure sensors and transducers. Some of them are
described below.

The Paroscientific Inc. Digiquartz® Intelligent Transmitter [44] consists
of a unique vibrating quartz crystal pressure transducer and a digital
interface board in the integral package. Commands and data requests are sent
via the RS-232 channel and the transmitter returns data via the same two-
way bus. Digital outputs are provided directly in engineering units with the
typical accuracy of 0.01 % over a wide temperature range. The use of a
frequency output quartz temperature sensor for the temperature
compensation yields the achievable accuracy of 0.01 % full scale over the
entire operating temperature range. The output pressure is fully thermally
compensated using the internally mounted quartz crystal specifically
designed to provide a temperature signal. All transmitters are programmed
with calibration coefficients for full plug-in interchangeability. The
Intelligent Transmitter can be operated either as a stand-alone standard
output pressure sensor with the display, or as a fully integrated addressable
computer controlled system component. Transducers use crystalline quartz
as the key sensing elements for both the pressure and the temperature
because of its inherent stability and precision characteristics. The pressure
sensing element is a quartz beam, which changes frequency under the axial
load. The transferred force acts on the quartz beam to give a controlled,
repeatable, and stable change in the resonator’s natural frequency, which is
measured as the transducer output. The load dependent frequency
characteristic of the quartz crystal beam can be characterized by a simple
mathematical model to yield highly precise measurements of the pressure
and pressure related parameters. The output is a square wave frequency [44].

Over thirty full scale pressure ranges are available - from a fraction of an
atmosphere to thousands of atmospheres (3 psid to 40 000 psia). Absolute,
gauge, and differential transducers have been packaged in a variety of
configurations including intelligent transmitters, depth sensors, portable
standards, water level systems and meteorological measurement systems.
Intelligent electronics have two-way digital interfaces (bi-directional RS-232
and RS-484) that allow users to adjust resolution (up to 0.0001%), update
rates, engineering units, sampling commands and other operational
parameters.
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Other examples are intelligent pressure standards (series 960 and 970)
from Pressure Systems [45]. In 960 series, the pressure is measured via the
change in the resonant frequency of the oscillating quartz beam by the
pressure-induced stress. Quartzonix™ pressure standards produce the output
frequency between 30 and 45 kHz and can achieve the accuracy of + 0.01%
FS. The precise thermal compensation is provided via the integrated quartz
temperature sensor used to measure the operating temperature of the
transducer. The Series 970 uses a multi drop, 9 600 baud ASCII character
RS-485 type interface, allowing a network of up to 31 transducers on the
same bus. The output pressure measurement is user programmable for both
the pressure units and update rate.

The PDCR 450 and DPS 4000 series CANbus digital output pressure
sensors are produced by Druck [46]. Fully temperature corrected pressure
readings are output as a digital word in any one of 24 engineering units,
requiring no user system set-up or calibration. The integral digital electronics
enhance performance to levels unmatched by traditional analogue
transducers. “Smart” functions include a device self-checking and
diagnostics.

The Atmodule AT2640-16A precision digital-output pressure sensor
from Atmos uses smart sensor techniques to correct pressure readings for
temperature and linearity, achieving a total error band of under 0.1% FS
(0.016 PSI) over the -58 F to +185 F temperature range. The module
contains an aerospace-grade silicon pressure sensor, sensor interface
electronics (four-wire serial interface, three-wire user interface), a 21-bit
A/D converter, EEPROM calibration memory, and a sensor signal processor
[47].

The differential pressure sensors SDP1000 and SDP2000 with
CMOSens” technology are available from Sensirion. It combines an
economical yet highly precise sensor element with electronics for signal
processing on a single chip (ASIC). SDP1000/SDP2000 are suited for
numerous applications, such as HVAC medical applications, air and
environmental protection, and portable instruments [48].

Instrumentation Northwest’s AquiStar” PT2X submersible smart sensor
represents the latest in state-of-the-art level measurement technology. This
digital (RS485/RS232 interface Modbus protocol) output device offers
improved noise immunity, thermal performance and transient protection. In
addition, this device stores over 130,000 records of pressure, temperature
and time data, operates with low power. The PT2X comes with INW's easy-
to-use Aqua4Plus software. Aqua4Palm is available for Palm®-based
handhelds.

This sensor also provides updated accuracy and resolution and simple
software field calibration, which increases data integrity but reduces overall
system costs [49].
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4.3 MEMS Accelerometers

Another very popular silicon sensor from the mechanical signal domain is
the accelerometer. The measurement of acceleration or one of its derivative
properties such as vibration, shock, or tilt has become very commonplace in
a wide range of products.

The first attempt at developing a piezoresistive accelerometer for the
shock and vibration measurement community occurred in 1962 [50] and
incorporated a patented butterfly bulk semiconductor gauge. During the
1970s, MEMS accelerometers began to become commonplace in the market.
The past decade has increasingly seen MEMS accelerometers married to a
separate chip containing electronic circuitry and packaged in a hermetically
sealed housing. This has enabled a full-scale output signal level on the order
of volts. In 1968 [50], a patent was filed to incorporate a 2-wire IC (FET)
into a piezoelectric accelerometer. In time, all manufacturers of piezoelectric
accelerometers endorsed this principle and more complex circuits were
developed. Over the past 10 years, the demand for piezoelectric
accelerometers with integral electronics has continued to increase [51].

The focus of the 1990s, guided by IEEE (Institute of Electrical and
Electronics Engineers) standards, is smart transducers. IEEE 1451.2 provides
a definition of transducer electronic data sheets (TEDS) that are capable of
interfacing with one or more transducers in individual smart transducer
interface modules (STIMs). This standard will allow the transducer industry
to design stand-alone STIMs for marketing to military or aerospace system
integrators or end test users. The STIM could integrate the transducer(s),
signal conditioning, digitizers, and address logic into a single package. What
is the thermal sensitivity change, thermal zero correction, last calibration,
and so forth of a given transducer? The TEDS could contain this
information. The signal from a transducer could be corrected in near real-
time. IEEE P1451.3 and P1451.4, when complete, are intended to move this
technology further toward the marketplace. To envision the implications of
smart transducers in the aerospace market, it is necessary only to imagine the
structural dynamics qualification of a new airframe. Not only would the
opportunity for misidentification of channels be lessened, but also much of
the thousands of feet of cabling necessary for signal transmission could be
eliminated [51].

The types of a sensor used to measure the acceleration, shock, or tilt
include the piezo film, the electromechanical servo, the piezoelectric, the
liquid tilt, the bulk micromachined piezoresistive, the capacitive, and the
surface micromachined capacitive. Each has distinct characteristics in the
output signal, the development cost, and the type of the operating
environment in which it functions best of all [52]. The type, which has been
used for many years, is the piezoelectric and which is relatively new is the
surface micromachined capacitive. To provide useful data, the first type of
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accelerometers requires the proper signal conditioning circuitry. For the last
years, the working range of these devices has been broadened to include
frequencies from 0.1 Hz to above 30 kHz.

Capacitive spring mass accelerometers with the integrated electronics that
do not require external amplifiers are proposed by Rieker Inc. These
accelerometers of Sieka series are available with the analog DC output,
digital pulse-width modulated, or frequency-modulated outputs [53].

The surface micromachined products provide the sensor and the signal
conditioning circuitry on the chip, and require only a few external
components. Some manufacturers have taken this approach one step further
by converting the analog output of the analog signal conditioning into a
digital format such as a duty cycle. This method does not only lift the burden
of designing of the fairly complex analog circuitry for the sensor, but also
reduces the cost and the board area [52].

A very simple circuit can be used to measure the acceleration on the basis
of ADXL.202/210 accelerometers from Analog Devices. Both have the direct
interface to popular microprocessors and the duty cycle output with 1 ms
acquisition time [54]. For interfacing of the accelerometer’s analog output
(for example, ADXLO05) with microcontrollers, Analog Devices proposes
acceleration-to-frequency circuits based on AD654 VFC to provide a circuit
with a variable frequency output. A microcontroller can then be programmed
to measure the frequency and compute the applied acceleration [54].

The ADXL202E is a 2-axis acceleration sensor on a single IC chip, with
a measurement range of £2 g. The ADXL202 can measure both dynamic
acceleration (e.g., vibration) and static acceleration (e.g., gravity).

The outputs are duty-cycle modulated (DCM) signals whose duty cycles
(ratio of pulse width to period) are proportional to the acceleration in each of
the 2 sensitive axes. These outputs may be measured directly with a
microprocessor counter, requiring no A/D converter or glue logic. The DCM
period is adjustable from 0.5 ms to 10 ms via a single resistor (Rggr). If an
analog output is desired, an analog output proportional to acceleration is
available from the Xgr and Yt pins, or may be reconstructed by filtering
the duty cycle outputs.

The dual (X, Y) axis accelerometer inclinometer KXG20 from Kionix
also has a duty-cycle output [55]. This silicon micromachined linear
accelerometer consists of a sensor element and an ASIC. The sensor element
functions on the principle of differential capacitance. Acceleration causes
displacement of a silicon structure resulting in a change in capacitance. An
ASIC, using a standard CMOS manufacturing process, detects and
transforms changes in capacitance into a duty-cycle signal, which is
proportional to acceleration. The sense element design utilizes common
mode cancellation to decrease errors from process variation and
environmental stress.
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ST Microelectronics’ LIS3L02 linear accelerometer is the first one-chip
three-axis MEMS-based accelerometer sensor with an interface chip [56].

The Dual Axis MEMS - based accelerometer MXA2500U has been
introduced by MEMSIC. The device includes the integrated circuits and
sensor on one chip based on standard CMOS process. The layout is shown in
Figure 14.
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Figure 14. MXA2500U Accelerometer Layout
(Reproduced from Sensors & Transducers e-Digest, No.5, May 2002).

Accelerometer’s features include the continuous self-test and custom
programmable specifications [57].

Self-testing is a desirable requirement in certain safety applications such
as crash detection for airbag actuation. The self-test procedure for a
micromachined silicon accelerometer realised using a commercially
available microprocessor is described in [58]. The self-test procedure must
be performed at resonance and the microprocessor is used to identify the
individual resonant frequency of each device and confirm the operation of
the PZT elements. The microprocessor could also be used in the future to
fully test and calibrate the device thereby ensuring correct and accurate
operation.

Summit Instruments Platinum Series Smart Accelerometer Systems are
complete, easy-to-use, user-configurable acceleration measurement systems
containing one, two or three accelerometers, a temperature sensor, signal
processor, IRIG-106 PCM encoder, RS-485 interface and three analog
outputs in a small, easy-to-install package [59].

All channels are sampled simultaneously to avoid data skewing. The
digital signal processor takes 16-bit samples, filters, ranges, and calibration
compensates at up to 42,500 samples/sec/channel. Digital data can be
streamed out at up to 3 Mbit/sec.

The output range, filter frequency and calibration of each channel, as well
as telemetry configuration, can be set by the user via the RS-485 command
processor. The CRC-16 error checking is used to ensure command and data
integrity.
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The built-in temperature sensor can be used by critical applications to
correct for any residual temperature effects.

For a frequency output sensor, Homeywell produces the Accelerex
RBA-500 accelerometer [60]. It is primarily used to supplement GPS
navigation systems. It's a good choice where frequency output, high-g, small
size, low power, and light weight are necessary. The acceleration is
measured as a function of the frequency difference between two vibrating
quartz beams. The output of the Accelerex accelerometer is also thermally
compensated through the use of an internal temperature sensor and
Honeywell-supplied coefficients; when integrated over time, delta velocity is
directly provided to the user's system.

4.4 Rotation Speed Sensors

There are many known rotation speed sensing principles and many
commercially available sensors. The overwhelming majority of such sensors
are based on the Hall-effect and magnetoresistors sensing principles or
inductive sensing principle. According to the nature, rotation speed sensors
are from the frequency-time domain. Pulses are generated on its output. Its
frequency is proportional to the measured parameter. The measuring
frequency of the rotation speed is given by

60
n :f T, 11
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where Z is the number of modulation rotor’s (encoder’s) gradations.

For modern applications the rotation speed sensor should provide the
digital or the quasi-digital output compatible with standard technologies.
This means that the sensor and the signal processing circuitry (the
microcontroller core) can be realized in the same chip. An excellent solution
in many aspects is when this signal is a square-wave output of an oscillator
the frequency of which is linearly dependent on the rotating speed and
carries the information about it.

The semiconductor active position sensor of relaxation type designed by
authors together with Autoelectronic company (Kaluga, Russia) can serve as
an example [61, 62]. It was developed on the basis of the crankshaft position
sensor. Its principle of action is based on the effect of the continuous
suppression of oscillations of the high frequency generator by passing of
each metal plate of the modulating rotor in front of the active sensor element
and its subsequent resumption. Due to that, the rectangular pulses with the
constant amplitude (+V,.) are continuously formed on the sensor output. The
frequency of these pulses is proportional to the rotating speed. If the metal
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tooth of the rotor-modulator comes nearer to the active element (generator
coil), the logic level "1" (+V,.) is formed on the sensor output. When the
active sensor part appears between the teeth, the logic level "0" is formed on
the output. Thus, the active sensor forms the pulsing sequence, the frequency
of which is proportional or equal to the rotating speed. This sensor does not
require any additional buffer devices for the tie-in measuring system and has
a very easy interface to be integrated in the microsystem. Besides, the sensor
meets to requirements of the technological compatibility with other
components of the microsystem.

By the sensor design, the “chip & wire” technology was used, which
combines the advantages of both monolithic and hybrid integrated
technologies. All electronics was realized in a single chip, only the
inductance, two resistors and the stabilitron were implemented in accordance
with the hybrid technology.

The comparative features of the modern non-contact sensors of different
principles of function are adduced in Table 4. Here sensors A5S07/08/09 are
made by BR Braun (Germany), DZXXXX — by Electro Corporation (USA);
VT1855, 00020 - by NIIFI (Penza, Russia); 4XXXX- by Trumeter (UK);
LMPC- by Red Lion Controls (USA).

Table 4. Comparative Features of Non-Contact Sensors of Rotation Speed.

Frequenc Suppl Current Consumption,

Sensors Ran:e, kI;;. Voltglg)ele mA P Type
ASRS 0+50 45+24 7+15 active
A5S07 0.5+25 8+ 28 15 + load current hall-effect
AS5S08/09 | 0.5+25 8+25 15 hall-effect
DZ375 0+5 45+16 20+ 50 magnetic
DZH450 0+5 4.5+30 20 hall-effect
DZP450 1+10 45+16 50 hall-effect
VT1855 0.24 + 160 27 3 inductive
00 020 0.24 = 720 27 100 photo
4TUC 03+2 10+ 30 200 mag./inductive
4TUN 03+2 6.2+12 3 mag./inductive
45515 0.002 + 30 25 20 hall-effect
LMPC up to 10 917 25 mag./inductive

Active, magnetic and Hall-effect sensors are more suitable for the
determination of the object status “Stop” (a shaft is stopping). The advantage
of active semiconductor sensors is the possibility of the operation with non-
magnetic modulating rotor’s teeth (steel, copper, brass, aluminium, nickel,
iron). Therefore, the modulating rotor can be made of plastic and its teeth —
of the metallized coating. It essentially raises the manufacturability and
decreases the cost value. With the exception of the non-contact rotation
speed sensing, such sensors can be used like an angular position sensor, a
position sensor, a metallic targets counter and an end-switch. In addition, a
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smart sensor on this basis allows to realise the measurement of the rotation
acceleration.

Active semiconductor sensors are not influenced by run-out and external
magnetic fields in comparison with the usage of Hall-effect sensors. By
usage of the Hall-effect sensors, it is also necessary to take into account the
availability of the initial level of the output signal between electrodes of the
Hall's element by absence of the magnetic field and its drift. It is especially
characteristic for a broad temperature range. A Hall-effect rotation speed
sensor needs encoders with magnetic pole teeth.

Another good example of a smart sensor for the rotation speed is the
inductive position, speed and direction active micro-sensor MS1200 from
CSEM (Switzerland) [63]. The device has the output that can switch up to
1 mA and is compatible with CMOS digital circuits, in particular with
microprocessors. The frequency range is 0 + 40 kHz, the air-gap is
0 + 3 mm. The core is a sensor chip with one generator coil and two sets of
detection coils (Figure 15).
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:
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Figure 15. MS 1200 Functional Block Diagram.

The detection coils are connected in a differential arrangement, to reject
the common mode signal. The sensor also includes an electronic interface,
which is composed of a high frequency excitation for the generator coil and
two read-out channels for the two sets of detection coils (channels A and B).
The read-out electronics extract the amplitude variation of the high
frequency signal due to the presence of a metallic target. The output stage is
a first order low-pass filter and a comparator. For a nominal target period of
2 mm, the outputs are two channels in quadrature (A quad B) as well as a
direction signal and a speed signal (4X interpolation). It is composed of two
silicon chips, one for the integrated micro-coil and the other for the
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integrated interface circuit. The sensor produces a two-channel digital
output, as well as a direction signal.

ATS660LSB true zero-speed Hall-effect adaptive gear-tooth sensor is
manufactures by Allegro [64]. It is a gear-tooth sensor solution for uniform
teeth targets as found in today's demanding transmission applications. The
ATS660LSB incorporates patented self-calibration circuitry (U.S. Pat.
5,917,320) that nulls out the effects of installation air gap, ambient
temperature, and magnet offsets to provide superior timing accuracy with
symmetrical targets over large operating air gaps - typical of targets used in
speed-sensing applications (pitches varying from below 0.5 to over 1.2 teeth
per diametric millimeter). The self-calibration at power up keeps the
performance optimized over the life of the sensor. The ATS660LSB has an
open-collector output for direct digital interfacing with no further signal
processing required.

The integrated circuit incorporates a dual-element Hall-effect sensor and
signal processing that switches in response to differential magnetic signals
created by the ferrous gear teeth. The circuitry contains a sophisticated
digital circuit to eliminate magnet and system offsets and to achieve true
zero-speed operation. D-to-A converters are used to adjust the device gain at
power on and to allow air-gap independent switching, which greatly reduces
vibration sensitivity of the device.

The sensor PicoTurn-SMS5.x from Transducers Direct, LLC is made out
of a simple coil mounted on a ferrite core. In combination with a resistor this
forms an R-L network. The time constant of this R-L network is measured
precisely by use of a TDC (Time-to-Digital Converter). If a vane of the
compressor wheel is brought in front of the sensor, the time constant changes
by attenuation through eddy currents. A DSP, succeeding the TDC, takes
this information to calculate the rotational speed [65].

The time measurement is done with high precision, the resolution is about
125ps. The time constant of the R-L network can be chosen to be very short.
The rotational speed detectable can be very high in consequence.

Attenuation by eddy currents is best for dia- and paramagnetic materials.
Thus the sensor is especially suited to detect aluminium wheels. The
maximum spacing between sensor and compressor wheel depends on the
shape of the vanes. It typically is in the range of 0.7 to 1.0 mm. The cable
length may reach up to 3m. Guaranteed by the special measuring method,
the system is insensitive to variations of the dielectric constant due to dirt.
Measurement range is 200 + 350 000 rpm.

4.5 Intelligent Opto Sensors

Next, we shall examine a technique of delivering the output from optical
(light) sensors into the frequency-time (quasi-digital) domain. Light is a real-
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world signal that is often measured either directly or used as an indicator of
some other quantity. Most light-sensing elements convert light into an
analog signal in the form of the current or the voltage, then a photo diode
current can be converted into the frequency output. Light intensity can vary
over many orders of the magnitude, thus complicating the problem of the
maintaining resolution and signal-to-noise ratio over a wide input range.
Converting the light intensity to a frequency overcomes limitations imposed
on the dynamic range by the supply voltage, the noise and the ADC
resolution.

The device to realise this is a low-cost programmable silicon opto sensors
TSL230/235/245 from Texas Instrument with the monolithic light-to-
frequency converter [66]. The output of these devices is a square wave with
the frequency (0 + 1 MHz) that is linearly proportional to the light intensity
of the visible and short infrared radiation. Additionally the devices provide
the programming capability for the adjustment of the input sensitivity and
the output scaling. These capabilities are effected by a simple electronic
technique, switching in different numbers of the 100 elements of the photo
diode matrix. For the cost reason, the low cost microcontroller with the
limited frequency range may wish to be used for the frequency-to-digital
converter due to the output scaling capability. Options are an undivided
pulse train with the fixed pulse width or the square wave (50% duty-cycle)
divided by 2-, 10- or 100-outputs. The light levels of 0.001 to
100 000 pW/am? can be accommodated directly without filters [66].

Since the conversion is performed on-chip, effects of the external
interference such as noise and leakage currents are minimized and the
resulting noise immune frequency output is easily transmitted even from
remove locations to other parts of the system. The isolation is easily
accomplished with optical couples or transformers.

Texas Instrument manufactures also the TSL2550 two-wire serial SMBus
ambient light sensors (ALS) [67]. Conventional silicon detectors respond
strongly to infrared (IR) light that peak in the range of 700-1100 nm which
the human eye does not see. Accordingly, if conventional detectors are used
as ambient light sensors, inaccurate results will occur due to differences in
the IR spectrum of various light sources. This problem is overcome in the
TSL2550 through the use of two photodiodes without the use of an
expensive optical filter. One of the photodiodes (Channel 0) is sensitive to
both visible and infrared light, while the second photodiode (Channel 1) is
sensitive primarily to infrared light. An integrating ADC converts the
photodiode currents to a digital output which in turn is input to a
microprocessor where illuminance (i.e. ambient light level) in lux is derived
from the two channels to approximate the human eye response.

The linear array (LA) TSL3301 from the same manufacturer is a linear
300 dpi optical sensor array with integrated 8-bit analog-to-digital converter
that operates with a supply voltage in the range of 3 to 5 volts and has a
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programmable sleep mode. It is intended for high-performance, power and
cost sensitive applications including scanning, rotary and linear encoders,
bar code readers and OCR readers to name a few. The array consists of 102
pixels spaced on a 300 dpi centers. Associated with each pixel is a charge
integrator/amplifier and sample-hold circuit. All pixels have concurrent
integration periods and sampling times. Data communication is
accomplished through a three-wire serial interface. The array is split into
three 34 pixel zones, with each zone having programmable gain/offset levels
[68].

The Smart Vision Sensor is a combination of sensor and general-purpose
image RISC processor on the same semiconductor chip (Figure 16).
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Figure 16. Smart Vision Sensor MAPP2500

MAPP2500 (Matrix Array Picture Processor) is a two dimensional Smart
Vision Sensor containing a full matrix of 512x512 sensors and 512 processor
units. The built in processor array handles a full row of pixels in parallel.
The MAPP2500 is based on an SIMD (Single Instruction stream, Multiple
Data stream) architecture containing 512 parallel processing elements. To
simplify programming, all registers also have a uniform width of 512 bits
[69]. The device handles all of the critical tasks found in an image
processing system; image sensing, digitization and data reduction. Its
performance is in many cases superior to that provided by other
programmable solutions.

Another interesting examples are the integrated smart optical sensors
developed in Delft University of Technology [70, 71]. Integrated on-chip
colour sensors have been designed and fabricated to provide a digital output
in the IS2 bus format. The readout of photodiodes in the silicon takes place
in such a way that pulse series are generated with the pulse frequency
proportional to the optical intensity (luminance) and the duty cycle to the
colour (chrominance). The colour information is obtained using the
wavelength dependence of the absorption coefficient in the silicon in the
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optical part of the spectrum, so no filters are required. The counters and the
bus interface have been realized in a bipolar and CMOS version with the
enhanced resolution, which is being investigated.

4.6 Humidity and Moisture Sensors

Frequency-time domain humidity and moisture sensors can be created
based on humidity — capacitance — frequency (or duty-cycle) converters.
Taking into account that accuracy of such sensors is not so high (1+ 5%), the
analog low cost IC timer 555 or 556 can be use as a voltage-to-frequency
converter in order to produce a quasi-digital sensor output.

Although an RH sensor might seem a simple device, its proper operation
is highly dependent on careful humidity calibration [72].

Relative humidity sensors HS1100/HS1101 from Humirel (USA) are
based on a unique capacitive cell. Together with two types of frequency
(duty-cycle close to 50%) output circuits, these sensors are with x(2) — C(?)
— F(t) conversion. The circuits are based on the IC TLC555. Though these
timers are not precise, the conversion error does not exceed 1%. The typical
frequency range is 5 978 + 7 285 Hz. Based on the rugged HS1101 humidity
sensor, HF3223 / HTF3223 is a dedicated humidity transducer designed for
OEM applications where the reliable and accurate measurement is needed.
The direct interface with a microcontroller is made possible with the
module’s linear frequency output (8 030 + 9 560 Hz) for 10 + 95 RH (%)
measurements [73].

E+E FElektronik (Germany) manufactures the humidity/ temperature
transmitter with the frequency output (EE05, EE 25 series) [74]. It provides
a pulsed signal for both the humidity and the temperature. Every
microprocessor system is able to read these data by simply counting the
pulses without the expensive A/D converting. The measuring range is
0 +100% RH, the frequency range is 62.3 + 47.1 kHz and 12.5 + 9.4 kHz
dependent on the type and the accuracy is + 2% RH (for EE 25 series).

Another humidity sensor was fabricated by Galltec (Germany). It is also
the sensor with x(?7) — C(?) — F(?) conversion. One application circuit with
the frequency output for FE09/1, FE09/2 and FE(09/4 humidity sensing
elements is designed on the discrete components (5 + 95% RH
corresponding to 54 + 47 kHz). The second application circuit with the
frequency output for the same sensing elements is based on the IC 555
(5 + 95% RH corresponding to 33 + 27 kHz and 3 + 2 kHz for FE09/1000
sensing element).

The Soil Moisture Smart Sensor from ONSET integrates the field-proven
ECH20™ Sensor and a 12-bit A/D, providing = 3% accuracy in typical soil
conditions, and + 1% accuracy with soil-specific calibration. Readings are
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provided directly in volumetric water content. The sensor has relatively low
sensitivity to salinity and temperature effects [75].

Following to the modern trends, Swiss-based Sensirion AG has
introduced a new generation of integrated, digital, and calibrated humidity
sensor using CMOS micromachined chip technology [76]. The new product,
SH11 (Sensmitter), is a single chip relative and temperature multi sensor
module with a calibrated digital output, which allows for simple and quick
system integration. The device includes two calibrated microsensors
(Figure 7) for relative humidity and temperature, which are coupled to an
amplification, A/D conversion and serial interface circuit on the same chip.
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Figure 17. SH11 (Sensmitter)
(Reproduced from Control Engineering Europe, April/May 2002).

The A/D conversion makes the signal extremely insensitive to noise. A
checksum generated by the chip itself is used for additional reliability. Other
advantage includes very short response times (4 sec at 1/e). The sensor chip
can be connected directly to any microprocessor system by means of the
2-wire interface [76]. The SH15, SHT75 series of the chip has increased
accuracy up to + 2 % RH [77].

4.7 Chemical and Biological Intelligent Sensors

An academic/industrial UK LINK project is currently being out to
develop the hand held electronic nose (H’EN) - an array of sensors
simulating the human olfactory response. The approach described in [78]
places the resistive sensor in the feedback loop of a ‘digital” RC oscillator
the output of which is a square wave with a frequency inversely proportional
to the sensor resistance. The frequency measurement technique used (period
counting) counts the number of cycles of the internal FPGA oscillator
module 7, over a period equal to a fixed number of cycles of the sensor
oscillator n,. The current prototype H’EN uses an embedded ELAN SC400
486SX microcontroller. In order to reduce the interference due to the noise
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the acquired data are averaged by increasing #, until the noise performance
becomes acceptable. This approach achieves two objectives: firstly, random
errors due to noise tend to be minimised and secondly the resolution of the
final measurement is improved. Both are achieved at the expense of the
measurement speed.

The Portable Electronic Nose PEN2 - intelligent chemical sensor for
gases and gas mixtures — is manufactured by AirSense Analytics [79]. The
detection of the gases is performed with an array of gas sensors. Single
compounds or mixtures of gases can be identified after a training step by
using the pattern generated by the sensors.

The sensors constituting the array are selected for their chemical affinities
and are typically based on chemisorbing polymer films. Many of the
following sensors can be used, and a serial polling of each sensor reading
creates outputs. In the ideal array response each output corresponds to only
one analyse or chemical compound. One of such solid-state SAW sensors is
described in [80]. This sensor is an uncoated, high-Q piezoelectric quartz
crystal with the natural resonating frequency of 500 MHz. Its surface
temperature is controlled by a small thermoelectric element that cools the
surface to promote the vapour condensation and then heats it for cleaning
between analyses.

The added mass of the analyte condensing on crystal's surface lowers the
vibration frequency in direct proportion to the amount of condensate. This
frequency is mixed with a reference frequency, and the intermediate
frequency (typically 100 kHz) is counted by a microprocessor.

The acoustic gas sensor is described in [81]. In this sensor, the sound
velocity is continuously measured with the high resolution in a gas-filled
cell, by controlling the frequency of an oscillator via the transit time of the
sound between an ultrasound transmitter and a receiver element. The
circuitry for control, signal processing and communication is based on the
microcontroller PIC-17C44. This microcontroller can handle frequency input
signals directly, and also provides analog output signals by means of the
pulse width modulation (PWM).

Chemical signal domain sensors can be used not only for measuring
different chemical quantities and compositions of mixed gases, but also for
measuring such a "non-chemical" quantity like the rotation speed [82], for
which measuring the electrical and magnetic signal domain sensors are
usually used. Electrochemical oscillations have often been observed in iron
immersed in the solution containing phosphoric acid and hydrogen peroxide.
This oscillation has been interpreted by the cross linkage between
electrochemical reactions and mass transport processes in the vicinity of an
electrode. Therefore, the oscillation frequency is expected to reflect the flow
rate around the electrode. A rod of carbon steel SS0C was mounted in the
rotating disc apparatus. The intersection of the rod rotated concentrically. In
the mixture of 0.5M phosphoric acid and 1.5M hydrogen peroxide the highly
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stable electrochemical oscillation appeared. The amplitude of the potential
change was about 600 mVp-p. The oscillating frequency was a sensitive
function of the rotation rate in the range of 100 rpm to 2 000.

Last five years the big attention was given to so-called intelligent
biosensors (intelligent material-based sensors).It is high technology devices
incorporating a biological sensing element either closely connected to, or
integrated within, a transducers system [83]. The usual aim using a biosensor
rather than any other sensor is to produce an electrical signal being
proportional in magnitude or frequency to the concentration of a chemical or
biochemical to which the biological element reacts. Biosensors combine the
specificity and sensitivity of biological systems with the computing power of
the microprocessors or microcomputers [83].

Biosensors represent a rapidly expanding field, at the present time, with
an estimated 60% annual growth rate; the major impetus coming from the
health-care industry (e.g. 6% of the western world are diabetic and would
benefit from the availability of a rapid, accurate and simple biosensor for
glucose) but with some pressure from other areas, such as food quality
appraisal and environmental monitoring. The estimated world analytical
market is about £12,000,000,000 year-1 of which 30% is in the health care
area. There is clearly a vast market expansion potential as less than 0.1% of
this market is currently using biosensors. Research and development in this
field is wide and multidisciplinary, spanning biochemistry, bioreactor
science, physical chemistry, electrochemistry, electronics and software
engineering [84].

4.8 Multiparameters Sensors

Modern micro-electro-mechanical and semiconductor technologies
enable the integration of microelectronics circuits and multifunctional sensor
arrays fabricated on silicon substrates for detecting of different kinds of
chemical and physical parameters. Such sensors are called multiparameters
sensors and represent the single construction, allowing the perceiving of the
set of physical or chemical quantities, which action is concentrated in a
small, local area. It is not a simple unit of one-functional sensors, but rather
its structurally advanced combination is created with the aim to reduce the
chip area and share the usage of the digital or quasi-digital output, etc.
Advanced sensors for detecting simultaneously of various parameters such
as temperature, pressure, gas and vapour concentration, odour, acceleration,
inertia, electric and magnetic fields, etc. can generate frequency-time domain
output signals carrying the information provided by sensing elements. It
must provide not only high signal-to-noise ratio in a wide dynamic range but
also good cross-sensitivity. In general, the sensors consist of two elements: a
detector and a platform that communicates with the detector through an
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active interface with variable electrical, mechanical, optical, or chemical
impedance. The platform must be able to generate output electrical signals
carrying the information provided by the detector [85].

Modern silicon technologies offer many advantages in the design of
multifunctional (multiparameters) smart sensors. It is expedient to have
multi-sensor arrays in electronic noses and tongues as well as in medical
implemented sensors; to join temperature, pressure and humidity detection in
one multiparameters sensor for different environmental tests and a very
broad range of applications (e.g. biotechnological, food industry, etc.). The
perspective is also the creation of multifunctional sensing elements.

The first multiparameters (multifunctions) sensors were a natural
combination of temperature and pressure or temperature and humidity
sensors in the single device. The temperature sensors have been used also for
temperature error compensation. Some examples of such kind of sensors are
here: SBE49 FastCAT CTD integrated temperature, conductivity and
pressure sensor [86]; 9401-ADM smart sensor for temperature, RH and
dew/frost points from Graftel Inc. [87]; AH31 (Sensmitter) - fully calibrated
digital relative humidity sensor, temperature and dewpoint sensor from
Sensirion [48]; Combined pressure and temperature sensor (WEPS) with
analog, frequency or digital output from Read Group [88]; WX200/WM918
temperature/humidity sensor [89], etc.

Another example of multiparameters sensor is the MPS-D sensor from
SEBA Hydrometrie GmbH for the simultanecous measurement of six
parameters: pH-value, redox-potential, c, temperature, water level and
dissolved oxygen [153]. The sensor has a digital output for connection to the
data logger MDS (RS-232), directly to the PC, or to data transmission units
(modem, radio-modem, etc).

5. CONCLUSIONS

The huge number of frequency-time domain sensors certainly is not
restricted by the review adduced above. However, from this survey it is
possible to draw the following conclusions. The rapid development of
microsystems and microelectronics in a whole promotes the further
development of different digital and quasi-digital smart sensors and
transducers. Today there are frequency-time domain sensors practically for
any physical and chemical, electrical and non-electrical quantities. The
obvious tendency of the accuracy increasing up to 0.01 % and above is
observed. These devices are working in broad frequency ranges: from
several hundredth parts of Hz up to several MHz. The extension of their
"intelligent" capabilities including the intelligent signal processing is traced.

The process of miniaturization boosts the creation of multichannel,
multifunction (multiparameter) one-chip smart sensors and sensors arrays.
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More detailed information can be obtained from the monthly updated
Sensors Web Portal (http://www.sensorsportal.com) in appropriate sensors
sections.
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Chapter 2
NOVEL CONVERSION METHODS FOR
SELF-ADAPTIVE SMART SENSORS

Sergey Y. Yurish, Nikolay V. Kirianaki

International Frequency Sensor Association (IFSA)

Abstract The chapter discusses classical (standard counting technique, indirect,
interpolation and combined counting methods) and advanced (suitable
for self-adaptive smart sensors) methods for frequency (period)-to-code
conversion: reciprocal, ratiometric, constant elapsed time (CET), M/T,
single (SB) and double buffered (DB), direct memory access (DMA),
self-adapting methods of dependent count (MCD) and method with non-
redundant reference frequency and methods for duty-cycle — to — digital
and phase-shift — to — digital conversion. The comparative analysis is
given.

Keywords: frequency-to digital conversion methods; duty-cycle — to — digital conversion
methods; phase-shift — to — digital conversion methods; method of dependent
count (MDC); method with non-redundant reference frequency.

1. INTRODUCTION

One of the main parts of frequency-time domain smart sensors is the
frequency (period, duty-cycle or time interval)-to-digital converter. This unit
directly influences such sensor metrological characteristics, as the accuracy
and the conversion time as well as the power consumption. In spite of the
fact that the frequency can be converted into digit most precisely in
comparison with other informative parameters of the signal, in practice, it is
not a trivial task of simple time-window counting. Besides, very often a
consumer or a sensor manufacturer is not an expert in the area of frequency-
time measurements. Let us consider most popular frequency-to-digital
conversion discrete methods and give an analysis of metrological
performances, conversion frequency ranges and requirements for realization
with the aim to admonish against mistakes by the choice of this or that
conversion method.
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2. CLASSICAL FREQUNCY-TO-DIGITAL CONVERSION
METHODS

2.1 Standard Direct Counting Technique

The frequency counting scheme according to the standard counting
method for conversion of the average frequency during a fixed reference
gate time is shown in Figure 1 [1-3]. It is one of the most commonly used
techniques for converting of the output of a sensor to a numerical quantity.
Due to advantages and simplicity of implementation the method is still used
today [4]. The rest circuitry, which must be used to reset the counter before
the next gate period occurs, is not shown in this simplified diagram.

£ ] JLL

» )Q Counter Ny

To

Reference
Oscillator

Figure 1. Simplified Diagram of Standard Counting Method.

The conversion method consists of counting a number of periods 7, of the
unknown frequency f. during the gate time (the reference time interval) 7.
The gate time is formed by dividing a reference frequency f; down to a
suitable period. The output pulses of the sensor are simply accumulated
during the time the gate signal is high. The result of conversion can be
calculated by the following way:

Nx = O/Tx :T()fx > (1)
If Ty is equal to one second, for instance, the output N, is equal to the sensor
frequency f.. In common case, the converted frequency is determined
according to the following equation:

f =Nx'f0= : (2)
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The time diagram of the described circuit (Figure 2) shows that the
absence of synchronization of the beginning and end of the gate time 7, with
pulses f. results in an error of the measurement; its absolute value is
determined by values Af; and A¢,. It is easy to see, that actual time of
measurement is

T,=N, T, =N_/f =T, +At, —At, (3)
therefore
Nx = TO 'fx +(Atl _AtZ)/Tx (4)
T, =N,T, +At, —At, =N T, +At=N T, £ A_ (5)
Tx
| || I T O I O
To
| | .
HilEEENE .
Aty ~ At
L TO’ v

Figure 2. Time Diagrams of Direct Counting Method.

Time intervals A¢; and A¢, can be changed independently from each other,
accepting values from O up to 7, with the equal probability. Then the
maximum relative quantization (discretization) error caused by the absence
of synchronization, will be

LI
TN T, f

X

(6)
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Without special measures the absolute error 4, with maximal value does
not exceed + 1 count pulse, will be distributed according to the triangular
law (Simpson's distribution law).

The moment of the beginning of measurement can be synchronized with
the converted frequency but the moment of the ending of measurement
cannot be synchronized. The quantization error for this case may be
determined from the equation (4), if A¢; =0. Then the quantization error will
be determined according to the following equation:

Oy =~ (7

The value &, can be reduced, if f; pulses are shifted compulsorily in a
half-period in reference to the beginning of the gate time 7). In this case
Aty = T,/2, and the quantization error will be determined

1

=t
O, =% 2T T, ®)
In this case, the distribution of the methodical quantization error is the
uniform symmetric (unbiased) law.

It is obvious, that by the calculation of the gate time Ty according to the
equation (5) its maximum value will be determined by the lower frequency
fumin of the conversion frequency range. The high range of frequency
conversion is limited by the maximum pulse counter speed.

By the direct frequency measurement, there are two most essential error
components. These are the frequency reference error o, and the above
considered, quantization error o,

The frequency reference error . is the systematic error, caused by
inaccuracy of the initial tuning and the long-term instability of the quartz
generator frequency. The casual component of the resulting error is
determined by the short-term instability of the frequency f;.

As known, the frequency deviation of the non-temperature-compensated
crystal oscillator from the nominal due to the temperature change is
(1 + 50) 10° in the temperature interval —55 =+ +125 °C. This error's
component may be essential in the measurement of high frequencies. For
reduction of the systematic frequency reference error an oven-controlled
crystal oscillator is used at which the maximal value of frequency reference
error §,gf=10'6+10'8 remains in the given limits for a long time.

The maximum permissible absolute quantization error is
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q

1
A, =+ =t—
0T ©)

In turn, the limits of the absolute error of frequency-to-digital converter
based on the standard direct counting method can be calculated as:

1
Amax = i(Sl"effx +T_J (10)

0

Limits of the relative error of such a frequency-to-digital converter in
percent is

8max =t 8ref +L 100 (11)
f T,

The quantization error &, depends on the converted frequencies. It is
negligible for high frequencies above 10 MHz, grows at the frequency
reduction and may reach an inadmissible value in the low and infralow
frequency range. For example, by the measurement of the frequency
f- =10 Hz at gate time 7 = 1 s the quantization error will be 10 %. On the
other hand in order to reach the reasonable quantization error of at least
0.01%, a frequency of 10 Hz will result in an increased conversion time up
to Tp = 1 000 s. Effective methods of reducing quantization error in the
standard direct counting method are:

a) multiplication of converted frequencies £, in & times and subsequent
measurement of the frequency f.- k, that is reduced to increase the pulse
number inside the gate time;

b) usage of weight functions.

Both ways result in some increase of hardware or increase in the chip
area for realization of the additional frequency multiplier, increase of the
conversion time by the realization of the weight averaging with the help of
the microcontroller core.

One of the demerits of this classical method is the redundant conversion
time in all frequency ranges, except the nominal frequency.

2.2 Indirect Counting Method

The indirect counting method [5-6] is another classical method for the
frequency-to-digital conversion. This method is rather effective for the
conversion of low and infralow frequencies. According to this method the
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number of pulses of the high reference frequency f; is counted during one 7
or several n periods 7, (Figure 3).

To

ARRRRARRRRRRRRRRRRNNNNI

Tx

al

p

Nx
L .t

> Atl —_—p Atz
Figure 3. Time Diagrams of Indirect Counting Method.
Thus, the following number will be accumulated in the counter:
Nx:n.Tx/T():n.fO/fx’ (12)

where 7 is the number of periods 7,. The number N, is equal to the converted
period. By the same way, it is possible to convert the pulse width #,, or the
time interval zbetween start- and stop- pulses into the code.

The number of pulses N, counted by the counter is determined by the
number of periods 7T,=1/fy during the time interval 7,. Therefore the average
value of 7, is equal to:

T, =N, T, (13)
In view of the absolute quantization error because of non-synchronization
T, =(N, —1)T, + At, + (T, - At, )= N, T, + At, —At, =N T, £ A (14)
By synchronization of the reference frequency f; with the beginning of

the converted interval T, it is possible to provide 4¢; = 0. However, it is
impossible to synchronize the ending of this interval in a similar way.
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In order to have the result equals to the converted frequency it is
necessary to calculate the ratio

Ny =— (15)

By using the microcontroller core, this operation is carried out without
any problems and in parallel to the conversion process. It is also possible to
use various functional converters or digital integrators working in the mode
of hyperbolic function modelling so that the conversion results in units of
frequency.

Commonly, the error of frequency-to-digital converters of the periodic
signal of any form based on the conventional indirect counting method is
determined by the instability of the reference frequency, the quantization
error and the trigger error due to internal and input signal noises. Trigger
errors occur when a time interval of the measurement starts or stops too early
or too late because of the noise on the input signal. There are two sources of
this noise: the noise on the signal being measured and the noise added to this
signal by the counter’s input circuitry.

The relative quantization error can be calculated according to the
following equation:

f
o =—2—--100
Y n-f, (16)

The quantization error can be reduced by increasing the reference
frequency fy or n - numbers of converted periods 7,. It increases with
increasing number of converted frequencies. Limits of the relative error of
the frequency-to-digital converter based on the indirect counting method are

1 8 riggerError
8max =t 8ref + + e (17)
f,T.n n

In turn, the trigger error can be calculated as

_ 1'4\/(Vnoise7input )2 + (Vnoise—signal )2

TriggerError S.T
X

, (18)

where S is the signal slew rate (V/s) at trigger point. At rectangular pulses
with the wavefront duration no more than 0.57), the trigger error is equal to
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zero. Such output signals are used in the majority of modern frequency
output sensors.

The quantization error of the frequency-to-digital converter using the
indirect counting method also depends on the measurand frequency £, (16).

From the given equations it follows, that the conversion of short time
intervals causes the large quantization error. It can be reduced by three
possible ways. Two of them are obvious direct solutions - increasing of the
reference frequency f, and converting a greater number of intervals »
accordingly. The first way require a high-frequency generator and counter.

There is another conversion method, which reduces the quantizaton error.
It is the co-called interpolation method, in which instead of an integer
number of reference periods filling out the converted time interval, fractional
parts of this period between the reference and the first counting pulse as well
as the last counting and reference pulse are also taken into account [7]. This
conversion method is illustrated in Figure 4.

The first counting pulse during 7, is delayed relative to the period's
wavefront for time At;, and the tail of 7, and the next counting pulse
appearing after the tail - for time A¢,. If it is possible to take precisely into
account intervals A¢; and At,, the quantization error would be excluded. The
task of measuring the intervals A¢; and At, can be solved in the following
way.

During the time interval Af¢; a capacitor is linearly charged, and then
discharged in 1 000 times slowly. This interval is filled out by the same
counting pulses and the number N, is accumulated. The time interval Az, is
measured in the same way. As a result, the required time interval 7, is
measured with absolute quantization error 7," = T,/1 03, which is equivalent
to the filling by the counting pulses with a frequency in 10° times more than
Jo-

The speed of the indirect counting method is determined by the time
interval 7, and the latency of the new measuring cycle. The latency can be
reduced by two times in the case of the pulse signal or up to zero by using
two counters working alternatively. The indirect counting method is a
method with a non-redundant conversion time. However, its main fault is a
high quantization error in the medium and high frequency range. So, for
example, for conversion of a frequency f, = 10 kHz and reference frequency
fo=1 MHz the quantization error will be 1 %.
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Figure 4. Time Diagrams of Interpolation Method.

2.3 Combined Counting Method

A modification of classical frequency-to-digital conversion methods is
possible using the combined conversion method with adaptation possibilities
according to the frequency range. In the middle and high frequency range the
conversion is carried out according to the standard counting method and in
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the low and infralow frequency range - according to the indirect counting
method [2, 8].

The boundary frequency of adaptation at which methods are switched, is
determined by the condition of maximum quantization errors (6) and (16)
equality at n=1 and determined as

f
fxbound = T_O (19)
0

Such a combination results in a number of properties, which expands the
application of the combined method. The quantization error is essentially
reduced at the ends of the conversion range of frequencies. With the increase
of T) the quantization error ¢, is decreased, and fipouna 15 shifted into the low
frequencies. In turn, with the increase of f, the boundary switching frequency
of conversion methods is shifted into the high frequencies.

The combined frequency-to-digital conversion method may be easily
realized based on a microcontroller. According to the initial data, the
microcontroller determines the boundary frequency fipouns at which
conversion modes will be switched, analyses the actual value of the
converted parameter and forms the command for the mode change. The
particular choice of the microcontroller will depend upon the required
performance and the operating range as well as other system requirements.
Performance factors such as the accuracy and measurement range depend
upon available on-board peripherals and the operating speed of the
microcontroller.

3. ADVANCED AND SELF-ADAPTING FREQUNCY-TO-
DIGITAL CONVERSION METHODS

3.1 Ratiometric Counting Method

In spite of the fact that today frequency can be measured by the most
precise methods in comparison with others physical quantities, precise
frequency-to-digital conversion with the constant quantization error in a
wide specified measuring frequency range (from 0.01 Hz up to some MHz)
and with non-redundant conversion time can only be realized based on novel
methods of measurement for frequency-time parameters of the electric
signal. This requires additional hardware costs and arithmetic operations:
multiplication and division for calculation of the final result of conversion.
Therefore, additional measuring (conversion) devices should be included in
the microsystem. These include two or more multidigital binary counters, the
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multiplier and the code divider, logic elements, etc. There are some different
design approaches in this case. In the authors' opinion, a successful solution
is the use of a microcontroller core in such microsystems. In this case, with
the aim to minimize the built-in hardware, it is expedient to take advantage
of the program-oriented methods of measurement for frequency-time
parameters of signals.

We shall first consider the idea of the original method of the discrete
count [4, 7], called the ratiometric counting method, which allows
frequency-to-digital conversion with a small constant error in a wide
frequency range, we shall than consider how this method can be realized.

Let's assume, that the converted periodic signal is in the form of sine
wave. By means of input forming device it will be transformed into a
periodic sequence of pulses, the period 7, of which is equal to the period of
the converted signal. There are wvarious devices and principles for
transformation of periodic continuous signals into a sequence of rectangular
pulses.

Regardless of this sequence the first reference time interval (gate time)
Ty; is formed (Figure 5). It is filled out by N; pulses of the periodic
sequence. The number N; is accumulated in the first counter. The converted
frequency £’ is determined according to the following

. N
f,=—+ (20)
T01

The frequency deviation from the value f, is determined by the
quantization error, the reduction of which is the aim of this method.

Simultaneously, the second gate time 7, is formed. Its wavefront
coincides with the pulse, appearing right after the start of the first gate time
Ty;, and the wavetail, with the pulse appearing right after the end of the first
gate time 7),;. Thus, the duration of the second gate time 7, is precisely
equal to the integer number of periods of the converted signal, i.e.

Ty, =N, -T, (21

The wavefront and the wavetail of the formed gate time are synchronized
with the pulses of the periodic input sequence generated from the input
signal, therefore the rounding error is excluded. The second gate time is
filled out by pulses of reference frequency f; whose number is accumulated
in the second counter.

The formula for calculation of the converted frequency can be obtained in
the following way. The number of pulses, which have got into the second
gate time, as can be seen from Figure 5, is determined by the ratio
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N2:N1'TX/TOZN1'fo/fx (22)
hence

N
=X b (23)
2

where f; is the reference frequency. This can be done in a PC or a
microcontroller core along with the offsetting and scaling that must often be
performed.
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Figure 5. Time Diagrams of Ratiometric Counting Method.

The accuracy of the frequency measurement is determined by the
quantization error of the time interval N;T..
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Let's withdraw the equation for the relative quantization error &, for the
frequency-to-digital conversion. First of all we shall determine the maximum
value of the relative quantization error for the time interval Ty,=N,T,. As this
interval is filled out by counting pulses with the period 7), the maximum

absolute error is A, = # T}, and the maximum relative error is:

TO
N,-T

X

3, =iTT—°=i (24)
02

The equality N,;T, = T, can be presented as f, = N;/Ty,. Then according to
rules of the error calculation for indirect measurements the measurement
error of the function f. is connected with the measurement error of the
argument Ty, by the ratio (with the accuracy of the second order of
smallness): 6, = o0,. After substitution the 6, from (24) we shall receive

T f
8 ='_|‘—0 Zi 2 'T 25
©* N,-T, N, @)

According to the standard direct counting method it is possible to write
the equality 7, = N,/f.”. Substituted the relation f./N;, = 1/Ty; into (25)
instead f,/N; we obtain

5 a0 s
T01 f0 'Tm

(26)

This formula let us draw the conclusion that the maximum value of the
relative quantization error for the frequency-to-digital conversion for this
method does not depend on converted frequencies and, hence, is constant in
all conversion ranges of frequencies.

For the reference frequency f, = 1 MHz and the first gate time 7); =1s the
maximum value of the relative quantization error will be &, = + 10™ %.

If, by the measurement of the time interval T7,,=N,;7, using the
interpolation method, considered in 2.2 with the same frequency and gate
time we obtain &, =+ 107 %.

Finally, we consider the block diagram of the converter (Figure 6), which
realizes the frequency-to-digital conversion according to the considered
ratiometric counting method.

It contains two counters and a D-trigger clocked by the sensor output. All
counter functions can be provided by the counter/timer peripheral
component, which interfaces to many popular microcontrollers.
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Figure 6. Ratiometric Simplified Counting Scheme.

This method can also be used for the period (7,)- to-code conversion.
Thus, the period is calculated according to the following formula

N
N, °

The main demerit of the considered conversion method is the redundant
conversion time.

3.2 Reciprocal Counting Methods

A variations of the method described above is the reciprocal counting
method (Figure 7). The cyclicity of the conversion cycle T, is determined
by the reset pulse. The beginning of the counting interval 7,,,, coincides
with the next pulse of sequence f,, appearing after the ending of the ‘Start’
pulse, and the end coincides with the next pulse f,, appearing after the ‘End’
pulse [9]. The frequency is calculated during the interval 7.

The frequency or the period are calculated similarly as described above
according to equations (5.4) and (5.11) accordingly. The quantization error is
calculated according to the following:

1
§ =4
- (28)

count
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Figure 7. Time Diagrams of Reciprocal Counting Method.
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However, in this method, the value of the first gate time 7, can be
determined only approximately. Having set the conversion cycle equal to 1 s,
it is possible to assume only roundly, that 7., = 1s. It is a little bit
inconvenient for engineering calculation of the quantization error J.

This method has the same demerit like the ratiometric counting method -
the redundant conversion time.



66 Smart Sensors and MEMS

3.3 M/T Counting Methods

The so-called M/T counting method, which also overcomes demerits of
conventional methods (standard direct counting method and indirect
counting method) and achieves high resolution and accuracy for a short
detecting time was described in [10].

Time diagrams of the M/T counting method is shown on Figure 8. The
detecting time 7y, is determined by synchronizing the generated output pulse
first after a prescribed period of time 7);.
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Figure 8. Time Diagrams of M/T Counting Method.

It is easy to notice, that the M/T method differs from the above described
ratiometric counting method by the synchronization of the first reference
time interval 7); with the pulse of the converted frequency f.. The converted
frequency or the period are determined similarly according to equations (23)
and (27). The quantization error does not depend on the converted frequency
and is constant in all frequency ranges.

The detecting time is calculated by the following formula:

T, =T, +AT 29)

The method uses three hardware timer/counters. One of them works in
the timer mode in order to form the first time interval 7y; the rest are used in
the counter mode.
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The M/T method has the same demerit as the previous two methods - the
redundant conversion time.

3.4 Constant Elapsed Time (CET) Method

The Constant Elapsed Time (CET) method is another advanced method
with the constant quantization error in a wide specified conversion frequency
rage [11]. Like the M/T counting method, the CET method is based on both
counting and period measurements. Both measurements starting at a rising
edge of the input pulse. The counters are stopped by the first rising edge of
the input pulse occurring after the constant