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A Simple Linear Temperature-to-Frequency Converter
Using a Thermistor

Osama I. MOHAMEDT, Toshifumi TAKAOKATt
and Kenzo WATANABE', Members

SUMMARY A novel temperature-to-frequency converter
consisting of the thermistor-controlled current source, compar-
ator, and monostable multivibrator is developed. Linearization is
made by comparing the voltage developed across the current
source with an exponentially growing voltage. A prototype con-
verter built using standard components shows an excellent linear-
ity with the residual error less than 0.2 % over the range from 273
K to 353 K. The converter features the simple configuration, high
accuracy, and single supply operation.

1. Introduction

Temperature is one of the physical quantities close-
ly related to human life and thus its measurement and
control are eternal engineering problems. To solve the
problem, many temperature transducers such as a ther-
mocouple, resistance thermometer, p-n junction diode,
and thermistor have been developed. Of these a thermis-
tor is the most inexpensive transducer with the highest
sensitivity. Its resistance variation against temperature
is, however, highly nonlinear, plagueing the design of the
interface between the transducer and a digital system.

A well-acknowledged method for interfacing is the
frequency encoding of the thermistor resistance. To
linearize the relation between frequency and temper-
ature, two approaches are common ; one is to linearize
the oscillation frequency of an astable multivibrator or
a Colpitts oscillator by means of two resistors connected
one in series and the other in parallel with the thermis-
tor =" This approach features the simple
configuration, but is applicable only to the limited tem-
perature range because of the approximation. The sec-
ond approach compares the voltage across the thermis-
tor with an exponentially growing or decaying voltage
to convert the exponential variation of the thermistor
resistance with temperature into the linear change in
time® -V Exact linearization is possible, but the
temperature-to-frequency (T/F) converters based on
this approach were more complicated than the astable
multivibrator and, what is worse, required the bipolar
power supply.
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A thermistor features, as stated above, its low cost
and high sensitivity. In order to make the best use of
these merits, its interface should be necessarily simple
and low cost. A simple T/F converter based on the
second approach of the linearization is developed to
meet such requirements. Following this introductory
section, Sect.2 describes its circuit configuration and
principles of operation. The practical performance
obtainable with the converter calibrated at two temper-
atures is estimated in Sect. 3. Sect. 4 presents the experi-
mental results. The paper concludes in Sect.5 with the
potential application of the T/F converter.

2. Circuit Description

Figure 1 (a) shows the circuit diagram of the T/F
converter. OP-amp A, and transistor @, constitute the
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Fig. 1 The circuit diagram (a) and waveforms (b) of the T/
F converter.
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thermistor-controlled current source, producing the
temperature-dependent voltage Vr at the collector of .
The RsC, low-pass filter is incorporated to prevent the
current source from oscillating. The voltage Vr is then
compared with the exponentially growing voltage Ve
across C. by the comparator A.. When the capacitor
voltage V. reaches Vr, as shown by the waveform in
Fig. 1 (b), the comparator A: triggers the monostable
multivibrator (MV). The output pulse of the MV with
duration = makes, in turn, the transistor €. on to
discharge the capacitor C.. After tm, Cc is charged
toward the supply voltage V. until it reaches Vr.
Repeating this process, the circuit produces the rectan-
gular pulse train whose frequency depends on tempera-
ture.

Referring to Fig. 1 (a), the voltage V7 is given by

V= Vcc(l_kRs/RT), (1 )

where £=R./(R,+ R:) and Rr is the thermistor resist-
ance expressed as

Rr=Roexp B(=—7), (2)
where R, is the resistance at the reference temperature
T, and B is the constant determined by the thermistor
material. The capacitance C. is charged through R.
until its voltage reaches V7. The charging time . is thus
given by

R T T,

Tc=CcRc<ln R, | B B).

(3)

Setting the output pulse width z» of the MV such that

rm=CcRc< B R, )

TO——In k Rs ( 4 )
hold, one can get the linear relation between the oscilla-
tion frequency and temperature T ;

jo 1 _ T _
TC+Tm CcRcB

ST, (5)

where S. denotes the conversion sensitivity.
3. Measurement Accuracy and Range
3.1 Calibration

The divider ratio k is determined by the allowable
internal power dissipation of the thermistor. The load
resistor R of the current source is then chosen such that
Vr be in the range appropriate for the comparator A..
With % and Rs thus fixed, R. of known value, and C¢, R:,
and C. roughly selected, the T/F converter is calibrated
by the following procedure.

First, the oscillation frequencies f; and f. are meas-
ured at two temperatures 7\ and 73;

R, , B B ,
R T T n)*f’"' (6)

Lo CCRC'(ln
1,2

where a prime denotes the component to be trimmed.
Manipulating Eq. (6), one can obtain the relation

_ 1 _nL'-T
- CcRc,B o fl_l_—f271 ) ( 7)

Trim R/ at this stage such that the conversion sensitiv-
ity S. fit the specified value. Next, trim the resistor R.
such that the oscillation frequency, say /i, meet Eq. (5).
This completes the calibration.

S

3.2 Accuracy

The above description assumes that B is constant
over the measurement temperature range. In fact, it is a
bilinear function of temperature, causing the nonlinear
error. Expanding B into a Taylor series, we have

B=By+B\(A4T)+ BLAT )"+ BA4T )+
=Bo+Bi(4T)+0(49, (8)
where
AT =T —T,,

B_1_dB
"=l AT

(n=1, 2, --+)
and O(AZ)=§2Bi(AT)i. (9)

The practical oscillation frequency f” is then given
by

f= 1 (10)
C.R[Bo/T —{B:AT + O(NATITT,)

In deriving Eq. (10), Eq. (4) with B replaced by By is

assumed. The nonlinear error is thus

LS _ BT+ ATL)
f BoTo

Typical values of B/’s for the thermistor with Ro=20 kQ
and B,=23884 at T,=323K are: Bi=2.04, B,=—7.06X
1073, B;=1.22x107%, Bs=—7.05x107°. Using these val-
ues, ¢ is estimated to be less than 0.34 % for 4T = %50
K.

(11)

Another error source is the temperature variation
Arm of the output pulse width z»'”. The relative fre-
quency deviation & due to dr» is given by

_4f At Tn

0 f Tm T

(12)

A typical temperature coefficient of dtn/tm is 100 ppm/
°C. The ratio =/t falls within 1/2 if the oscillation fre-
quency is below 10 kHz. The maximum frequency devia-
tion over the temperature range 100 K is thus estimated
to be —0.5%. Fortunately, the frequency deviation ¢
tends to cancell the deviation e. Therefore, an excellent
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Fig. 2 The measurable temperature range 47 versus the ther-
mistor constant B with the supply voltage V. as a
parameter.

linearity can be expected from the present T/F con-
verter.

3.3 Measurement Range

The measurable temperature range 47 is limited
by the allowable input voltage range of the comparator
Az Let Vmax and Viun be the maximum and minimum
voltages, respectively, that can be applied to the
camparator. Then, from Eqgs. (1) and (2), we have

aT :L In Vcc— len
(TO—AT/Z)(T0+AT/2) B Vcc_ Vmax.

The relation between 47 and B is plotted in Fig. 2 with
Ve as a parameter. Here, 7,=300K, Vmn=1V, and
Vmax=Vec—1 (V) are assumed. Referring to this figure,
one can select the thermistor and the supply voltage
appropriate for a given temperature range.

(13)

4. Experimental Results

A prototype T/F converter was built using the
thermistor with B=3440 and R,=5.2 kQ at 7,=298 K.
The relevant circuit parameters were : k=0.01, V..=24
V, Rs=100kQ, C.=5.6nF, and C,=23nF. The small
divider ratio % eliminates the self-heating problem of the
thermistor. The calibration was performed at two tem-
peratures 7:=273 K and 7>=323 K, to trim R. so that
the conversion sensitivity be 10 Hz/K. The output pulse
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Fig. 3 The oscillation frequency f versus temperature T
measured by a prototype converter.

width 7. was adjusted by means of R: so that the
oscillation frequency be 3.23 kHz at 7,=323 K.

The relation between the oscillation frequency f
and temperature 7 was then measured by immersing
the thermistor into a temperature-controlled oil bath.
The results thus obtained are plotted in Fig. 3. An
excellent linearity can be seen. The residual linearity
error and the correlation between 7 and f were calcu-
lated to be less than 0.29% and 0.9984, respectively.
These results confirm the principles of operation and the
accuracy estimate. The measurable temperature range
was about 80 K, which also fits the measurement range
plotted in Fig. 2.

5. Conclusions

A linear T/F converter using a thermistor was
described. It features a low cost made possible by the
small component-count and the single supply operation.
Therefore, it can find a wide applicability as a digital
thermometer. Another salient feature of being accurate
makes it feasible to implement a low cost and high
precision digitally programmable temperature control-
ler based on the phase-lock loop, which is now under
development.

Acknowledgement

The authors thank Kurabe Industrial Co. Ltd.,
Kamimura, Japan, for supplying themistors and support-



THE TRANSACTIONS OF THE IEICE, VOL.E 70, NO. 8

778

ing the experiment.
References

(1) M. Ikeuchi, T. Furukawa, and G. Matsumoto: “A linear
temperature-to-frequency converter”, IEEE Trans. Instrum.
& Meas., IM-24, pp. 233-235 (1975).

(2) S. Natarajan: “Widely linear temperature-to-frequency
converters”, ibid., pp. 235-239 (1975).

(3) D. Stankovi¢ and J. Elazar: “Thermistor multivibrator as
the temperature-to-frequency converter and as bridge for
temperature measurement”, IEEE Trans. Instrum. & Meas,,
IM-26, pp. 41-46 (1977).

(4) A.A. Khan and Sen Gupta: “A linear temperature-to-
frequency converter using thermistor”, IEEE Trans. In-
strum. & Meas., IM-30, pp. 296-299 (1981).

(5) A.A.Khan and Sen Gupta: “A new approach to reducing
power dissipation in thermistor probe for multivibrator”,
IEEE Trans. Instrum. & Meas., IM-31, pp. 278-279 (1982).

(6) T.S. Rathore: “Improved temperature-to-frequency con-
verter”, IEEE Trans. Instrum. & Meas., IM-34, pp. 99-101
(1985).

(7) W.S. Chung and K. Watanabe : “A linear temperarure-to-
frequency converter using an integrable Colpitts oscillator”,
IEEE Trans. Instrum. & Meas., IM-34, pp. 534-537 (1985).

(8) B.Z. Djordjerich: “Wide range temperature-to-frequency
converter”, Electron. Lett., 12, pp. 627-628 (1986).

(9) B. Sundqvist : “Simple, wide range, linear temperature-to-
frequency converter using standard thermistors”, J. Phys. E,
16, pp. 261-264 (1983).

(10) A.A. Khan and Sen Gupta: “A linear thermistor-based
temperature-to-frequency converter using a delay net-
work”, IEEE Trans. Instrum. & Meas., IM-34, pp. 85-86
(1985).

(11) A.A. Khan: “An improved temperature-to-voltage con-
verter using a thermistor in a log network”, IEEE Trans.
Instrum. & Meas., IM-34, pp. 635-638 (1985).

Osama Ismail Mohamed was born in
Cairo, Egypt, on February 8, 1954. He
received the B. Sc. degree in Electronics
and Electrical communications from Al
Azhar University, Cairo, Egypt, in 1977,
and the M. Sc. degree in image signal
processing from Al Azhar and Ein Shams
Universities, Cairo, Egypt, in 1981. He is
presently a Ph. D. candidate at the
Research Institute of Electronics, Shizuo-
ka University, Hamamatsu, Japan. His
current research is in the area of transducer signal processing.

From 1977 to 1981, he held the position of Instructor in the
Department of Electronics and Electrical Communications, Al
Azhar University, and from 1982 to 1985, he was a Research and
Teaching Assistant in the same department. He is a member of
the Engineering Institute of Egypt.

Toshifumi Takaoka was born in
Shimada, Japan, on May 1, 1962. He
received the B. Eng. degree from Shizuoka
University, Hamamatsu, Japan, in 1986.

He joined Toyota Motor Corp. Ltd.,
Susono, Japan, in 1986, and is now
engaged in research and development of
automotive engines.

Kenzo Watanabe was born in Fu-
jinomiya, Japan, on February 14, 1940. He
received the B. Eng. and M. Eng. degrees
from Shizuoka University, Hamamatsu,
Japan, in 1962 and 1966, respectively, and
the Dr. Eng. degree from Kyoto Uni-
versity, Kyoto, Japan, in 1974.

From 1966 to 1976, he was a Research
Associate at the Research Institute of
Electronics, Shizuoka University, and
since 1977 he is an Associate Professor. In
1982 he stayed at University of California, Los Angeles, as a
visiting Professor. He is now interested in active-RC and
switched-capacitor circuits for data conversion, sensor signal
processing, and motor control.

He is a member of the Japan Society of Applied Physics and
a senior member of IEEE. He received the Andrew R. Chi Paper
Award from IEEE Instrumentation and Measurement Society in
1984.





