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�
Abstract





The Paper presents a novel frequency method of measurement for modern integrated frequency-output temperature sensors. It permits to measure the frequency with high accuracy in the wide measuring range with constant quantization error. Main emphasis being lay on the integration of frequency to code conversion with the temperature sensor in  one chip.








1 Introduction





Integrated temperature sensors are of great interest in many fields, for example in control systems, biomedical applications, ICs and MCMs thermal testing and monitoring of their internal state.


There are many known temperature sensing principles and a lot of commercially available sensor design for these  applications. The temperature sensor classification is shown in Figure 1. In dependence on the output values, 
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Figure 1. Temperature Sensor Classification


proportional to measurand temperature, all these temperature sensors can be divided into the following main groups: the temperature sensors with voltage, current, time interval and frequency output.  The first one is an analog solution providing an output voltage proportional to the absolute temperature. It is, for example, the widespread integrated temperature sensors of National Semiconductor LM 135/235/335 [1], CMOS temperature sensor S-8100B (Seiko), sensors, described in the [2], as well as new solutions, adduced in the [3]. The absolute error of such sensors is usually within the limits of + 0.5 - +2 oC. For reception of more accuracy some of these sensors need the calibration. The one more defect of such sensors is quite low sensitivity.


Among the sensors with current output it is possible to allocate the sensors AD590J/M of Analog Devices [1] and 


the sensors described in the [4]. Its output current range is 1 - 10 mA, and absolute error is within the limits of  +0.05 - +0.3 oC. The defect of the first sensors is the necessity of two fine-tunings for achievement of high accuracy. The disadvantages of the second ones are that the temperature - current characteristic is not exactly linear and the sensitivity depends on the process-dependent parameters [4].


For most of the digital circuits the digital-output sensors are often preferred for the reason of easier evaluation [5]. For this, the standard signal in the sensor must be the utmost economic and noise immunity signal. Except code modulation, such signal is the frequency-modulated signal [6]. The essential advantages of frequency as informative output parameter of sensors are:


 the opportunity more precisely to measure and integrate the values in comparison with simple means;


 the absence of distortions at its switching; 


 the high noise immunity;


 the ease of scale change of transformation and reception of any code, required for input of result of measurement in computer and transmission it in communication channels.


It is expediently to execute the transformation of an amplitude-modulated signal in the frequency-modulated one in the sensor. The variants of such solution are adduced, for example, in the [7]. Such temperature - frequency converter has the sensitivity S = 10 Hz/K. Its specified measuring range is 0 - 100 oC, and error does not exceed + 0.3 oC. The frequency-output sensor based on the analog current-output sensor is described also in the [4]. Its frequency range is 0.5 - 1 MHz.


The original converter of temperature to relative impulse duration is adduced in the [8]. The transformation is described by the expression 
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where Tx is the positive impulse's duration on the comparator's output; T is the period of these impulses; U0 is the constant voltage on the integrator's input. The average voltage U1 is negative and has the positive temperature factor + 4.4 mV/oC. At T = 20 ms, duration of output impulses Tx will be changed from 5 to 15 ms.


An excellent solution in many aspects is when the output signal is a square-wave output of an oscillator the frequency of which carries the temperature information. This is the sensor based on the thermal feedback oscillator (TFO) element [9]. This solution has considerable advantages:


 absolute measure of the temperature without scaling and calibration;


 provide the frequency square-wave, microcontroller compatible output linearly dependent on the temperature;


 Compatible with standard CMOS IC technologies assuring that the sensor and the joined signal processing circuitry can be realised on the same chip.


For the further evaluation of the temperature information that is carried by the sensor's frequency output it is necessary to use the methods of frequency measurement. In spite of the fact, that the frequency can be measured most precisely in comparison with the other informative parameters of signal, in practice, it is by no means  the triviality task "a simple time-window counting". Besides the end user (consumer), as a rule, is not expert in the area of frequency-time measurements.


The generalised frequency range of existing temperature sensor is wide enough. The use of traditional methods of measurement for frequency can result in essential errors, comparable with the accuracy of temperature sensors itself. Besides that at measurement of output frequency for the temperature sensors it is necessary to take into account the specific features of the sensors. For example, it is the strong jitter in the temperature sensors due to the thermal noise [9]. Besides that with the aim to use widely the designed sensors as a library cell for all kinds of applications, the method of measurement for frequency should have the economic realisation (minimum additional hardware), enabling be easily inserted into any digital design. Hence, the development of frequency methods of measurements, accounting the specific features of integrated frequency-output temperature sensors is the urgent problem.











2 The principle of the method and 


    it's realisation





The conducted above analysis of temperature sensors with frequency output has shown, that their frequency ranges are in the limits of 0.5 - 1 MHz for frequency-output sensors, based on the analog current-output sensor and 70 - 200 kHz for the sensor, based on the TFO element. The elementary decision of problem of measurement for frequency would be, on the face of it, to use the standard Plug-In Data Acquisition (Timing I/O) Boards for the computer, designed, for example, by the National Instruments, USA [10]. The performances of such Data Acquisition Boards are shown in the Table 1.


The low accuracy of measurement for frequency-time parameters and necessity in additional board for input the information in computer are common faults of such solution.


Besides, it is preferable  to have the temperature sensors, which could be interfaced with the computer through standard serial or parallel I/O ports and the frequency to code conversion would be executed directly, inside the temperature sensor. Such solution does not require the additional board, as the serial and parallel I/O ports  exist in any PC. Let us  analyse the main frequency methods of measurement and their realisations.


Main demerit of elementary classical method of measurement for average frequency is the dependence of relative quantization error from the measurand frequency:
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where fx = 1/Tx is the measurand frequency; To is the reference time-window. With the aim to simplify the measuring circuit, the time interval To is chosen equal to 1 s. Then the number Nx, calculated by counter, will be equally to the measurand frequency:
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Type�
Maxmum source 


frequency,


MHz�
Base clock


accuracy, %�
�
Enhanced Multifunction I/O Boards for the IBM PC�
�
AT-MIO-16E-2�
20�
0.01�
�
64E-3�
20�
0.01�
�
16E-10�
20�
0.01�
�
16SDE-10�
20�
0.01�
�
16XE-50�
20�
0.01�
�
High-Resolution I/O Board for the IBM PC�
�
AT-MIO-16X�
6.897�
0.01�
�
Low-Cost I/O Board for the IBM PC�
�
PC-LPM-16�
8�
0.01�
�
Timing I/O Board for the IBM PC�
�
PC-TIO-10�
7�
0.01�
�
Multifunctional I/O Board for PCMCIA�
�
DAQ Card-700�
10�
0.01�
�
Data Acquisition and Control for Parallel Port�
�
DAQPad-1200�
8�
0.001�
�
SCXI 12-Bit Data Acquisition and Control�
�
SCXI-1200�
8�
0.005�
�






Table 1: Performances of the Data Acquisition Boards








The quantization error at measurement in the beginning of frequency range of the temperature sensor (at 70 kHz) will be dmax= 0.001 %, and  at  the  end  of  range ( at  fx = 1 MHz ) dmin = 0.0001 % accordingly. Then, the factor of change of error will be calculated as 
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For realisation of such method of measurement directly in the temperature sensors except the 20-bit binary counters, the reference quartz generator, frequency divider, time selector and control block are also necessary.


The ways of measurements, based on the coincidence measuring method permit to receive the higher metrological performances. The time diagram of one of them is shown in Figure 2. Such  method of measurement  assumes 


�


the generation of two reference time-windows and parallel counts of impulses for measurand fx and reference fo frequencies. The main advantage of such ways of measurement is the independence of quantization error from the measurand frequency fx in all specified measuring range:
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The factor of change of the error a is equal to 1. For realisation of this method it is necessary to add two counters, and for calculation of frequency, proportional to the measurand temperature, according to the formula
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the arithmetic block, executing multiplication and division is necessary. Thus, the hardware will be more in comparison with the previous solution.


The most perspective solution in our opinion is the use for aim to measure  the frequency on temperature sensor's output the novel frequency methods of measurement (so called program-oriented methods of measurement (PMM)) , developed by the author [11-13]. The offered methods are also based on the coincidence measuring method. However, with the aim to minimise the hardware, the measuring circuit is realised completely on virtual level, inside the functional-logical architecture of embedded microcontroller core. All elementary measuring procedures (Figure 2) are realised on the software level.


As microcontroller core, it is assumed to use the 8051 microcontroller compatible core. As the standard library cell this core exists in many CAD systems and can be easily inserted in the CMOS digital design.


The example of software of one developed way of measurement  for  frequency  is  shown  in  Figure  3. The impulses count of fx and fo is done simultaneously by the built-in timer/counters (TCs). The To can be formed with the help of the program delay or 3-d T/C. The internal interrupts cause the T/C overflows, which are calculated by the virtual counters based on the general-purpose registers R0 and R1. The greatest possible measurand frequency and minimum quantization error can be achieved in this case.


The To2 is formed by the two levels interrupt system on the INT0 and INT1 inputs.


The embedded microcontroller core in the temperature sensor and proposed program methods of measurement make sensors with really digital output. The sensor interface with computer can be easily realised through the standard serial (RS-232) or parallel interface. The seven-segment display (LCD or LED) can be connected directly with such smart sensors. It allows to realise the independent thermometers based on the various semiconductor temperature sensors.


Except the library of elementary measuring procedures, the arithmetic library was also developed. The last one is optimised according to the code size and permits to neglect calculation errors.


For realisation of the all mentioned functions and a method of measurement not more than 1 Kbytes of internal ROM is necessary. Besides that, the embedded microcontrollers can realise the mathematical operations, connected with the use of complex combinations of test signals and the built-in circuitry test. It also can provide the work with the sensor array in one VLSI chip. Its fabrication will not require extra technological steps, and can be realised by the usual digital processes.


The dependencies of quantization errors from measurand frequencies for the methods of measurements of average frequencies and proposed method of measurement





ntfo:�
bit�
d0h.5�
�
�
�
mov�
tmod,#55h�
�
�
�
mov�
ip, #05h�
;high priority for INT01�
�
�
setb�
tcon.0�
�
�
�
setb�
tcon.2�
�
�
repr:�
clr�
a�
�
�
�
mov�
th0,a�
�
�
�
mov�
tl0,a�
�
�
�
mov�
th1,a�
�
�
�
mov�
tl1,a�
�
�
�
mov�
r0,a�
�
�
�
mov�
r1,a�
�
�
�
clr�
intf0�
;clear PSW.5�
�
�
setb�
tcon.4�
;start T/C0�
�
�
mov�
ie, #8bh�
�
�
�
call�
deley�
;1 s deley�
�
�
clr�
tcon.4�
;stop T/C0�
�
�
setb�
ie.2�
�
�
wait:�
jnb�
intfo,wait�
;wait for PSW.5=1�
�
�
�
�
�
�
�
call�
math�
;processing and �
�
�
call�
indfx�
;temperature indication�
�
�
jmp�
repr�
�
�
cint0:�
setb�
tcon.6�
;start T/C1�
�
�
clr�
ie.0�
�
�
�
reti�
�
�
�
cint1:�
clr�
tcon.6�
;stop T/C1�
�
�
clr�
ie.2�
�
�
�
setb�
intf0�
�
�
�
reti�
�
�
�
timer0:�
inc�
r0�
�
�
�
reti�
�
�
�
timer1:�
inc �
r1�
�
�
�
reti�
�
�
�






Figure 3. Example of PM Software


based on the coincidence measuring method are shown in the Figure 4. In both cases the reference time interval is chosen equal to 1 s.
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Figure 4.�
The dependencies of dq =F(fx) for the methods of measurements of average frequencies (1) and proposed method of measurement (2).
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3 Future researches





All the methods of measurement for frequency listed above have the constant time of measurement, and consequently the certain time redundancy. The further development of methods is connected with realisation of modern precise methods of measurement with non redundant time interval To1 [14]. Such method is called the method depending on the count. The duration T01 is determined by the required error of the measurement d that previously can be put in by operator. In this case, the quantization error can be given as
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Thus, the time of measurement always equal to the integer number of periods and is non redundant:
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where DNmax = fo/fx.


The following perspective direction of researches is connected with the elimination of strong jitter on the sensor's output. In this case, the large time-window for averaged  stochastic fluctuation of the frequency, should be chosen so that the jitter does not disturb the measurement. With the purpose of time reduction of measurement and increases the accuracy, it is expediently to  take advantage of frequency methods, which are based on realisation of special noise suppress weight functions.


It is expediently to devote the further researches to selection (synthesis) and realise such noise suppress weight functions for suppression of interference presenting on the output signal of temperature sensors as fluctuations.


The realisation of the proposed program-oriented method of measurement in the functional - logical architecture of RISC microcontroller core will be the next stage in the investigation.








4 Conclusions





The modern semiconductor temperature sensors include in the structure the electronic circuits for conversion and normalisation of the signal, enabling to receive the frequency output signal. The indisputable advantage in comparison with the other sensors (on weight, overall dimensions, reliability, profitability and adaptability to manufacturing process) will have sensors, in which the frequency to code conversion is realised directly in the  chip with the sensor itself.


The main advantages and features of the proposed frequency method of measurements for integrated frequency-output temperature sensors are the following.


 The method is based on the coincidence measuring method. The measuring circuit is realised on virtual level inside the functional - logical architecture of embedded microcontroller core. Thus, the additional hardware is minimum and includes only one standard library cell - the 8051 microcontroller compatible core.


 The method has universality. It provides the precise frequency measurements for the all known temperature sensors with the frequency output in the wide frequency range with constant quantization error. For example, at time of the measurement 0.25 s and the reference frequency fo = 8 MHz, the quantization error does not exceed 5 . 10 -5 % in all specified measuring range of frequencies.


 The method provides really digital output with opportunity to enter information into computer through the serial or parallel I/O ports, as well as opportunity of direct connection with the seven-segment display.


 The easy realisation of work with sensor array in one VLSI chip.


 Perspective of  further  use  in  the future,  at occurrence more accurate temperature sensors, is necessary for calibration of thermal simulation tools based on the results of measurements for obtaining better agreement between simulation and measurements.


 The fabrication of such sensors with built-in frequency to code conversion does not require extra technological steps and can be fabricated by the usual CMOS digital processes.


 Due to the developed libraries of measuring and computing procedures, as well as formalization of all stages of design flow algorithms for offered methods of measurement, the synthesis technique for frequency methods of measurement is developed. Its realisation in CAD tools for temperature sensor design would  essentially reduce the time to market.


 Realisation of the temperature sensors together with the novel program methods of frequency/code conversion implemented in the same chip can create the basis for new intelligent smart temperature sensors and microsystems, which have mostly digital signal processing.


 The given approach allows to provide technical bridge between sensor's and embedded system's technologies, as well as between existing architectures and future temperature sensor generations.
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