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	Abstract: State-of-the-art of frequency (duty cycle, period, time interval) output sensors is considered in the Paper. The reasons of lag of frequency output signal processing from reaching of modern microelectronic technologies is surveyed. It is exhibited, that for effective solution of the problem the tight international cooperation and creation of particular infrastructure is necessary. The International Frequency Sensor Association (IFSA) creation in 1999 was the  first step to such effective cooperation. Copyright © 1999 IFAC
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1. Introduction

Very fast advances in IC technologies brought new challenges in the physical design of integrated sensors and Micro-Electrical-Mechanical Systems (MEMS) - an IC chip that provides sensing and/or actuation functions in addition to the electronic ones. This progress is essential for developing measurement science and technology in the next Millennium.

The main task at designing of measuring instruments, sensors and transducers was and is at present to reach high metrology performances. At different stages of measurement technology development, this problem was solved by different ways. It is 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 Europe countries. The structural and structural-algorithmic methods have received a broad development in the former USSR and continue the developing in NIS countries. The improvement of metrology performances and extension of functional capabilities are reached by implementation of particular structures retrieved in most cases by heuristic way in combination with calculations and signal processing. Smart sensors and transducers with frequency output were not the exception. In comparison with analog, frequency output has following known advantages:

· Possibility to be easily isolated transmitted or recorded. It can be directly interfaced to many commonly used microcontrollers and microprocessors;

· Ideal for high noise industrial environments;

· It is easily handled in large multichannel systems. Frequency information can be transmitted over long lines with excellent noise immunity using low cost digital line transmitters and receivers;

· Many channels of frequency data can be efficiently steered using simple hardware, avoiding expensive analog multiplexing circuitry;

· Minimum hardware and size due to the program-oriented method of measurement (frequency-to-code conversion) make possible to place the circuitry inside the RS-232 cable connector.

The signal transmitted by frequency, practically represents the series digital signal. Thus it has advantages of digital systems and needs for its transmission only two-wired line. In comparison with usual digital output (for example, according to the RS-232/485) it does not require the synchronisation.

As far back as 1961 professor P.V. Novitskiy has written: "... In the prospect, it is possible to expect, that class of frequency sensors will be received such development, that the number of known now frequency sensors will exceed the number of known now amplitude sensors..." (Novitskiy, 1961). Although today there are frequency sensors practically for any quantities, this prognosis was not justified in the full because of objective reasons: beginning of "perestroika”, collapse of Soviet economy and science. Today situation gradually varies to the best and, despite of the lost years, it is possible to forecast, that the frequency and digital sensors will occupy a leading position all over the world in the Next Millennium. 

2. Frequency Sensors State-of-the-Art

For the subject analysis of modern state in the frequency output  smart sensor area   it is expediently  to use the classification, shown in figure 1.
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Fig. 1. Frequency Sensor Classification. 

(x(t)–measurand; F(t)–frequency; V(t) – voltage, 

proportional to the measurand; P(t) – parameter)

Depending on conversion of primary information into frequency, all sensors are divided into three groups:

I. Sensors with x (t) ( F (t) conversion. The obtaining of measuring information like frequency or pulse-frequency form is most simply reached in inductive, photoimpulse, string, acoustic and scintillation sensors, as its principle of operation allows to realise the direct conversion x (t) (
 F (t).

II. Sensors with x (t) ( V (t) ( F (t) conversion. This group is rather numerous on the number of different electric circuits. It is Hall sensors, thermocouple sensors and photosensors on the basis of valve photoelectric cells.

III. Sensors with x (t) ( P (t) ( F (t) conversion. The sensors of this group are rather manifold and numerous. It is, first of all, inductive, capacity and ohmic parametric sensors. 

Up to middle of 70 years the creation and application of all frequency sensors except technological reasons was restrained by the absence of universal advanced methods for frequency-to-code conversion with non-redundant conversion time and constant quantization error. Besides, the main obstacle of Voltage-to-Frequency Converters (VFC) usage in sensors from the 2nd group was the considerable readout time delay This situation was essentially interchanged to the best side at the beginning of 80 years. This was promoted by appearance of the new method of measurement of frequency-time parameters of electrical signals (Kirianaki and Berezyuk, 1980) . In turn, the modern development of microelectronic technologies has reduced in appearance of different VFC with high performances. So, Mentor Graphics cell library contains the AD537, AD650 and AD652 VFC. In comparison to the data capturing method using traditional Analog-to-Digital Converters (ADC), the data capturing method using VFC has the following advantages:

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

· Integrating input properties, excellent accuracy and low nonlinearity provide performance attributes unattainable with other converter types makes VFC ideal for high noise industrial environments;

· Like a dual-slope A/D converter, the VFC possesses a true integrating input. 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;

· It has the universality. First, it is user-selected voltage input range (( Supply). Second - high accuracy of frequency-to-code conversion (up to 0.001 %).  The error of such conversion can be neglected in 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 %). 

When data capturing method with 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, conversion speed of the VFC system can be optimised by using efficient counting techniques. Such optimisation can be performed due to the novel method of frequency measurement (conversion) with non-redundant conversion time (Kirianaki, et al.,1998; Koval and Yurish, 1997) as well as quasi pipeline data processing in the microcontrollers.

Based on the materials of two biggest sensor events in 1999 (9th International Trade Fair and Conference for Sensors, Transducers & Systems (SENSOR’99), 18-20 May, 1999, Nurnberg, Germany and EUROSENSORS XIII, 12-15 September, 1999, the Hague, the Netherlands) let us to consider the situation in the frequency output sensor area. From 671 exhibitors of SENSOR’99 near 4(5 % have exposed digital and frequency (duty cycle) output sensors. First of all, it is necessary to mark the low power consumption smart temperature sensor SMT 160-30 from Smartec (Holland).  It is a sophisticated full silicon sensor with duty cycle modulated square-wave output.  The duty cycle of the output signal is linearly related to the temperature according to the equation:
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where ( is the pulse duration; T is the period; F is the frequency; t is the temperature in 0C.

One wire output can be connected to all kind of microcontroller directly without A/D conversion. The temperature range is –45 0C  ( +150 0C, the best absolute accuracy, including all error is ( 0.7  0C, the relative error is 0.47 %,  the frequency range is 1 (4 kHz. The CMOS output of the sensor can handle cable length up to 20 meters. This makes the SMT 160-30 very useful in remote sensing and control application. This smart temperature sensor represents a significant totally new development in transducer technology. Its novel on-chip interface responds the progressively stringent demands of both the consumer and industrial electronics sectors for a temperature sensor directly connectable to microprocessor input and thus capable of direct and reliable communication with microprocessors. 

CSEM (Switzerland) exhibited the inductive position, speed and direction active sensor MS1200. The device has output that can switch up to 1 mA and is compatible with CMOS digital circuits, in particular with microprocessors. The frequency range is 0(80 kHz, air-gap is 0(3 mm. 

Kulite SEMI-CONDUCTOR GmbH (Germany) exposed 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 excellent reliability, repeatability and accuracy. The pressure range is 1.7 ( 350 bar, the output frequency is 5(20 kHz, total error band is 
( 2 %. 

The shining example of the sensor with x(t) ( V(t) ( 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:
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where
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The measuring range is 0…8.8 bar, the frequency range is 1…23 kHz.

Speaking about pressure transducers it is necessary to mention also SensorTechnics company. Many SensorTechnics products are available with optional features as 1 ( 5 kHz frequency output. 

The high-accuracy (0.01 %) fibre-optic pressure transducers have been developed in ALTHEN GmbH by applying optical technology to resonator-based sensors (Paros, 1992).

HUMIREL  (USA) exhibited the relative humidity sensors HS1100/HS1101 based on a unique capacitive cell. Together with two types of frequency output circuits, shown in the Technical Data, it is sensors with x(t) ( C(t) ( F(t) conversion (3rd group in Fig.1). The circuits are based on the IC TLS555. Though these timers are not precision, the conversion error does not exceed 1 %.

E+E ELEKTRONIK GmbH (Germany) exposed the humidity/temperature transmitter with frequency output (EE 25 series). It provides a pulsed signal or both humidity and temperature. Every microprocessor system is able to read this data by simply counting the pulses without 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 type, the accuracy is ( 2 % RH.

Another humidity sensor was exhibited by Galltec  (Germany). It is also sensor with x(t) ( C(t) ( F(t) conversion. One application circuits with frequency output for FE09/1, FE09/2 and FE09/4 humidity sensing elements is designed on the discrete components (5…95 % RH corresponding to 54…47 kHz). The second application circuits with 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). 

BR Braun GmbH exhibited the Hall effect based speed sensor series A5S07/08/09 with square wave output in 0.5 Hz…25 kHz frequency range.

The radial turbine flow sensors for liquids (series VR00, VR10, VR25) from SIKA (Germany) have 10-1000 Hz, 4 ( 23(29) V rectangular output signal. It is directly proportional to the number of revolutions of the rotor and therefore to the flow quantity.

Some companies, for example, Pulsotronic Merten GmbH, Sensopart (both from Germany) and PLOSKON AT (Slovak Republic) proposed a lot of inductive proximity sensors with different frequency ranges (50 Hz …10kHz). Besides, Pulsotronic Merten GmbH also exposed the laser sensors with switching frequencies up to 800 kHz.

The encoders SYN2, SYN3 and SYN4 with two square-wave output signals up to 5 kHz were proposed by WOELKE Magnetbandtechnik GmbH. The typical applications for such encoders are registration of rotation, rotation angle and position.

The silicon Hall sensors were proposed by Infineon Technologies and Melexis (USA). 

During the annual conference EUROSENSORS XIII (12-15 September, 1999, the Hague, the Netherlands) near 6 % papers from 260 accepted were consecrated to the frequency sensors. 

An academic/industrial UK LINK project is currently being out to develop the hand held electronic nose (H2EN).  The approach described in the paper  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 (Hatfield, 1999). The frequency measurement technique used  (period counting) counts the number of cycles of the internal FPGA oscillator module no over a period equal to a fixed number of cycles of the sensor oscillator ns. The current prototype H2EN uses an embedded ELAN SC400 486SX microcontroller. In order to reduce interference due to noise the acquired data is averaged by increasing ns 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 measurement speed.

The capacitance-to-period converter for pressure sensors is described in the paper (Ménini et al., 1999). Among many analog-to-digital conversion techniques, a simple solution consist in using variable oscillators coupled with counters. This transducer is based on a capacitance ratio to frequency ratio conversion in order to procure a high level of self-compensation for temperature drifts and non-linearity. The equation of the period is:

	
	
[image: image5.wmf](

)

,

C

C

K

T

s

d

+

×

+

t

=


	(4)


where 
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and If is the leakage current; Cs is the stray capacitance; (d = (1 + ( 2 ( 4(t  is the offset.

The system which combines passive telemetry with a pressure measuring system, which is based on a capacitive type pressure sensor and ASIC chip which converts capacitance variations into frequency is described in (Chatzandroulis, et al., 1999). The output frequency (up to 160 kHz) can be calculated as:
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The acoustic gas sensor is described in (Hök, et al., 1999). In this sensor, the sound velocity is continuously measured with high resolution in a gas-filled cell, by controlling the frequency of an oscillator via the transit time of sound between an ultrasound transmitter and 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 provide analog output signals by means of pulse width modulation (PWM).

As it is visible from the state-of-the-art, the modern technologies allow solving the rather complicate tasks, concerned with creation of different microsensors. However, the output frequency signal processing is not always realised by optimal way. As consequence, we can see the artificial narrowing of dynamic range and speed decrease due to the usage of classical methods for frequency-to-code conversion with all disadvantages, proper to them. If there is embedded microcontroller in the design, any of technical and technological problems of the usage of advanced signal processing methods does not arise. Most likely, there are only some subjective reasons: a lack of information, as this processing techniques were mainly developed in former Soviet Union; tendency of the companies to pay back, first of all, major expenditures, nested in development of conventional A/D of conversion. Essential step in solution of mentioned problems was made due to creation of International Frequency Sensor Association (IFSA) in 1999 year.

3. International Frequency Sensor Association (IFSA)

International Frequency Sensor Association (IFSA) is founded in 1999. It is non-profit association, created with the aim to provide a forum for academicians, researchers and engineers from industry to present and discuss the latest research results, experiences and future trends in the area of design and application of different sensors with digital, frequency (period), time interval or duty-cycle output. Unfortunately, there were no conferences devoted solely to these particular subjects. The scientific and technical problems related to frequency output sensors were presents only on some events devoted to sensors. 

On the basis of the mentioned above it has been decided to start international cooperation in the frame of IFSA by providing an appropriate infrastructure. One of the main IFSA activities is to link R&D in instrumentation and frequency sensors. The IFSA Web site (http://members1.infostreet.com/syurish) creation was the start point in this activity. This site is a concentrator of knowledge, ideas, engineering solutions, information and computer technologies, new physical effects and principles of frequency sensors on the basis of modern silicon technologies. It is a snap-short of what is happening now in the field of sensors and serves for dissemination of current research information in this area. Edited from international printed and electronic media, using research, application, novelty and innovation as key words, the site gives to researches the best. Here users can find and place the information about all mentioned problems, to discuss proposals, receive consulting and references, find investors, partners for joint research and networking projects.  Due to our joint efforts, the IFSA Web site becomes a foothold of international effective cooperation, will provide scientific-and-technical progress in the field of new frequency sensors for different quantities and measuring instruments for the next Millennium. The screen shot of home page and sensor section of IFSA’s Web site are shown in figure 2. 

4. Conclusions

Today, frequency (duty cycle, period) output sensors make about 10 % among all sensors, manufactured in the world. However, being grounded on the conducted brief analysis it is necessary to mark, that the sensors of the given type will play an essential role in the next Millennium. The intensive development of microsystem technologies (technological methods of improvement of the metrological performances) as well as the modern methods of frequency signal processing (algorithmic methods of improvement of metrological performances) testifies to this.

Pointing on well-known advantages of frequency sensors, it is necessary to mark, that number of physical phenomenon, on the basis of which the sensors with frequency and digital outputs can be designed, is essentially limited. Therefore, now analogue sensors with current and voltage outputs  have  received  broad  dissemination.  It  is  because  of  high  technological  working off of  analogue sensor units, and also with heady development of  analog-to-digital conversion in the last years. At choice of those or other sensors the important role play the technological and cost factors. Therefore, the common statements what sensors are the best - frequency or analogue - disregarding of concrete conditions of the usage are not correct enough. With appearance in the last years sensor microsystems and heady development of microsystem technologies all over the world, the technological and cost factors were modified for the benefit of frequency sensors.
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Fig. 2. Screen Shots of Home Page (a) and Sensor Section (b) of IFSA’s Web Site.
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