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Temperature-to-Frequency Converter With 1.47%
Error Using Thermistor Linearity Calibration

Chua-Chin Wang™, Senior Member, IEEE, Zong-You Hou, and Jhih-Cheng You

Abstract— Temperature variation is well known to be very
critical for estimating other parameters, e.g., the state of charge
and the state of health of batteries. A high-accuracy temperature
to frequency converter with thermistor linear calibration based
on the thermistor linearization circuit is designed and analyzed in
this investigation, where a voltage-to-frequency converter (VFC)
is added instead of an analog-to-digital converter. The proposed
design converts the voltage into a digital signal (frequency output)
to reduce design complexity as well as the cost of chip area.
A detailed analysis, including the method using the thermistor
linearization calibration circuit and VFC, is reported in this
paper. The measurement results in a thermal chamber establish
that the output frequency is 1.62 to 2.27 MHz, the maximum
linearity error is +£0.5%, and the temperature error is <1.47%
in the temperature range of 268.15 to 313.15 K.

Index Terms— Thermistor, temperature variation, sensitivity,
VFC, linear calibration.

I. INTRODUCTION
MART electronic products are often equipped with many
sensors to carry out specific functions, e.g., voltage, cur-
rent, or temperature sensing, at a given time. Temperature
is considered to be one of the most important parameters.
For instance, high temperature usually results in higher power
consumption and even system breakdown.

Many temperature sensing methods are used in indus-
trial applications, including the thermocouple, resistance ther-
mometer, infrared spectrum, and thermistor. The thermocouple
is an electrical device consisting of two dissimilar electrical
conductors with different temperature coefficients forming an
electrical junction. If the conductors are used, the electrical
device will generate a weak voltage. When the temperature
of one conductor is measured, the temperature of the other
conductor can be derived from the weak voltage according to
the Seebeck effect. Although the resistance thermometer has
been used for temperature measurement, the measured resis-
tance is not accurate enough due to its poor sensitivity. The
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Fig. 1. Thermistor characteristic [1], [2].

infrared thermometer utilizes the infrared spectrum to measure
the temperature. The sensing principle of the thermistor is very
similar to that of the resistance thermometer, but the material
is mainly composed of ceramic polymer. Thus, the reaction
is faster and the volume is also smaller. Table I compares the
above four temperature detection methods.

Thermistors having features such as ruggedness, high sensi-
tivity, accuracy and low cost are often used for cost-effective
usage in industry. However, the thermistor sensor has a serious
flaw, namely, a highly nonlinear resistance-temperature char-
acteristic as shown in Fig. 1 [1], [2]. Many researchers have
focused on resolving this issue, e.g., [3], [4]. Sarkar et al. [4]
use an inverting operational amplifier with a linear correc-
tion resistor to correct the thermistor. The advantage of this
method is the simple implementation. However, the sensing
temperature range is too wide, and the resistance of the linear
correction resistor does not vary moderately with temperature
so that the maximum error is 3% at the lowest and highest
temperatures. In addition, the amplifier is a commercially
component with dual power supply, which makes the overall
circuit large and complicated.

Fig. 2 shows a linearization scheme for thermistor-based
sensing in biomedical applications [5]. The oscillator fre-
quency varies with the temperature. The resistance (r) is used
to calibrate the linearity of the circuit. The resistance value of
1 is selected on the basis of Eqn. (1):

e RrM(RTLRT™M + RTMRTU — 2RTLRTU)
2(RTLRTU — Ry

where Rty is the resistance of the thermistor at the highest

selected temperature, Rt is the resistance of the thermistor at

the lowest selected temperature, and Rty is the resistance of
the thermistor at the center temperature. The output frequency

(1
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TABLE I
THE COMPARISON TABLE OF THE TEMPERATURE DETECTION METHODS

Thermocouple Resistance thermometer Infrared Thermistor
Sensing temperature range(°C) -200~1200 -200~500 -50~400 -90~150
Volume (mm) ~(20x 2000 ~(10x2000 ~200x50x50 ~00.5x1
Reaction fast slow fast fast
Flexibility none none none yes
Disadvantage Need a reference temperature Expensive Limited measurement method ~ Nonlinear
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Fig. 2. Linearization scheme for thermistor-based sensing in biomedical
applications [5].
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Fig. 3. Block diagram of an ANN-based linearization technique for the VCO
thermistor circuit [6].

is derived as follows:

1

Frequency of Vou(T) = —————
quency of Vou(T) 2RC - In(1 + &)

)

where R, C, and Rt are shown in Fig. 2.

Because the output frequency is used to denote the output,
data error caused by noise with long-distance transmission
can be avoided. However, this circuit has too many resistors
resulting in a large output error due to resistance variations.

Fig. 3 shows the block diagram of a neural-network-based
method [6]. The neural network calculates the weights and
biases of different thermistors and transmits them to the
LM based-ANN. Thus, F(T) is linearly corrected to Fpin
in accordance with the weights and biases. The simulation
results of this work are very impressive. However, this design
requires an additional computer, which is hard to integrate
into a portable system to calculate parameters and frequency
correction. It is extremely inconvenient in a space-limited
scenario.

Nenova and Nenov [7] proposed a temperature sensor com-
prising a 7555 timer with a thermistor (Rt) as shown in Fig. 4.
Rt varies with temperature, and the output frequency (f) timer

R 8 4 .
7 33—
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[
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Fig. 4. Temperature sensor composed of a 7555 timer and a thermistor [7].
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Fig. 5. Thermistor sensor by piecewise linear interpolation in FPGA [8].

varies with Rp. Therefore, f is written as follows:

1.44

~ C(R; + 2Ry) 3)

where C and R; are shown in Fig. 4. Thus, the relationship
between frequency and temperature is linearized by selecting
the appropriate R;. This design does not require any extra bias
voltage. Besides, it uses fewer resistors to reduce errors caused
by resistor variation. However, poor sensitivity leads to design
difficulty of the back-end readout circuit.

Sonowal and Bhuyan [8] proposed a thermistor sensor
that employs piecewise linear interpolation implemented by
an FPGA as shown in Fig. 5. The output voltage curve of
the voltage divider is divided into many segments. Then,
the FPGA determines the segment the voltage is located in to
derive the temperature. However, the FPGA requires massive
data computation to converge. Thus, disadvantages are extra
memory as well as high computation cost. A similar method
can also be found in [9].

The thermistor sensor is a good choice according to Table I,
but Bosson et al. show that the resistance does not have a
linear relationship with the temperature. Nevertheless, none
of these methods are unable to resolve the trade-off between
linearization and design complexity. Therefore, this paper
proposes a simple architecture with a temperature-to-frequency
converter to increase the sensitivity and reduce the error rate.

In general, digital temperature sensors can be classified into
two categories: voltage-domain temperature sensor and time-
domain temperature sensor. They have their own temperature
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Fig. 6. Block diagram of the proposed temperature-to-frequency converter.

sensing components, respectively, to attain an analog signal
with respect to the temperature variation. The analog signal
will be converted to digital signal through a voltage-to-digital
converter (ADC) or time-to-digital converter (TDC). Because
the thermistor sense is one kind of voltage-domain temperature
sensors, the voltage to frequency converters (VFC) is selected
as a converter. The VFC is a popular choice for many elec-
tronic control and measurement systems, e.g., [10]. In mea-
surement systems, the sensing voltage is drastically affected by
noise, which results in unacceptable accuracy. The VFC is able
to convert the sensed voltage into a ratio-metric frequency with
great noise immunity. Besides, to ensure conversion accuracy,
the ratio-metric frequency should be a reliable function of
the corresponding sensed voltage. Thus, sensitivity, bandwidth,
and linearity become quality factors of the VFC. A good ratio-
metric frequency of the VFC provides insightful information
regarding the selection of passive or active elements, which
also play a role as sensors [11]-[13].

Since the ocean is considered as the most abundant nat-
ural resource on the earth, many countries are developing
autonomous underwater vehicles (AUV) to explore this terri-
tory. Battery module system of AUV is the main power source
to carry out underwater tasks with the efficiency and safety.
Notably, the temperature significantly affects the charge and
discharge of the batteries. The temperature of the sea water is
from 0 °C to 24 °C [14]. Meanwhile, AUV may generate waste
heat during operations. Therefore, a high-linearity voltage-to-
frequency device for linear calibration of the thermistor sensor
for battery monitoring in the [—5 °C, 40 °C], which is wider
than the mentioned temperature range, is proposed in this work
to monitor the temperature around batteries, as shown in Fig. 6.
A detailed schematic and analysis of the proposed design is
given in Section II. Section III describes detailed measurement
results to that demonstrate the performance of the thermistor
linearity calibration circuit and the VFC design. Conclusions
are drawn in Section IV.

II. ARCHITECTURE OF PROPOSED
TEMPERATURE-TO-FREQUENCY CONVERTER

With reference to Fig. 6 again, a temperature-to-frequency
converter is composed of a thermistor linearity calibration
circuit, a voltage-to-current circuit, and a decision circuit.
Because the characteristic function of the thermistor, Rgr(t),
is nonlinear, we add a thermistor linearity calibration circuit
to carry out predictable linearization. However, the output
signal of the Thermistor linearity calibration circuit is seriously
affected by supply voltage variation and the associated noise
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coupled with it. Hence, we propose to take advantage of a VFC
composed of a voltage-to-current circuit and decision circuit
converting the output of the thermistor linearity calibration
circuit into a signal with a ratio-metric frequency. All of
the sub-circuits in Fig. 6 will be analyzed and designed
theoretically in the following text.

A. Thermistor Linearity Calibration Circuit

The thermistor linearity calibration circuit is composed
of two resistors, R¢y and Ry, and an opamp as shown
in Fig. 7, where Vg i, is an external DC bias. The thermistor
linearity calibration circuit is used to enlarge the range of
the sensing voltage and reject the noise coupled from the
following circuitry. The resistance of the thermistor is shown
in Eqn. (4) [15]:

1 1
Rpr(t) = RoeP (170 )

where Rg is the resistance of the thermistor at 298.15°K, f3
is the temperature constant of the thermistor, t is the sensed
temperature, and to is 298.15°K. Vg ou(t) is derived as
Eqn. (5):

R¢

vV t) = VBT i 1 Rolf) L R >
BT_out(t) BT in X [1 + Rpr(t) + Rca1] ®

where R, is a resistor for calibration, and Ry is a feedback
resistor. The Taylor series expansion of Eqn. (5) is derived to
obtain the following result:

VBT_out(t) = VBT_out(tm) + (t - tm)V;gTiout(tm)

(t—tm)?
Tfnvﬁ/"l"fout(tm)_’_' ..

(6)
where t, is the central temperature of the selected temperature

range. After truncating all the terms except the first three
terms, VBT out(t) is reorganized as

(t—tm)?
+ TmVﬁTfout(tm) +

VBTfout(t) = VBTfout(tm) + (t - tm)V%T_out(tm)
(t = tm)®
+27‘rn %T_Qut (tm) (7)
Therefore, the coefficient of the quadratic term needs to be
nullified for linearization, which is expressed as Eqn. (8):
2
) VBTfout(t) |t=tm

de?
& v ne— N
= — H X
dt2 BT RpT (tm) + Real

Because VBT in is a constant, we only need to deal with the
rightmost term. Assume f(t) is defined as follows:

=0 ®

f(ty =1+ Re )
B Rp7(t) + Rea
The quadratic differential of Eqn. (9) becomes Eqn. (10):

d2

— (D))=

52 Ol

_ RilReat + Rpr(tm)Rgr(tm) — 2Rjy (tm)”]
[Real + RBT(tm)]3

li=tn =0 (10)
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Fig. 7. Schematic of thermistor linearity calibration circuit.

When Eqn. (10) holds, the numerator must be zero as
follows:

Reat + Rp1(tm) Ry (tm) — 2Ry (tw)” = 0 (11
Rcar is then derived as follows:
2R 2 (tm)
Reat = —P— — Rpr(tm) (12)
Rp7(tm)
Using Eqn. (4), Rea is reorganized as
p—2-t
Real = f5+72: X Rpr(tm) (13)

Thus, the coefficient of the quadratic term can be made 0
by selecting Rgy with an appropriate resistance. In sum,
the first step is to select the temperature range to detect, and
then choose the center temperature to plug into Eqn. (12) to
derive R¢y. Finally, a thermistor, two resistors, and an opamp
comprising the non-inverting amplifier are able to linearize the
function of the sensing voltage.

B. Voltage-to-Frequency Converter

The VFC in Fig. 6 is responsible for converting the lin-
earization of the sensed voltage (VBT out(t)) to a digital pulse
train with corresponding frequency. The VFC consists of a
voltage-to-current circuit and a decision circuit, which will be
introduced in the following text.

C. Voltage-to-Current Circuit

In the voltage-to-current circuit, a reference current (If)
is generated by the left-hand-side circuit in Fig. 8, where an
opamp, and a resistor, Rs are used. The improved high-swing
cascode current mirror composed of MP3 ~ MP9, MP14,
and MN2 ~ MN7 eliminates the channel length modulation
and drain-induced threshold shift to provide a highly accurate
mirroring current [16]. Therefore, L. is written as follows:

VBT_out (t)
Rs

Because the W/L ratio of MP1 and MP3 is selected to be
K, the current of MP3 is I;.f/K. The current mirror composed
of MP3 ~ MP9, MP14, and MN2 ~ MN7 in Fig. 8 duplicates
1/K times of ILf to I as follows:

Iref = ( 14)

_ E _ VBT_out(t)

— et 15
*T K K x Rs (5)
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Thus, the Ik current charges or discharges the capacitor (C1)
depending on the controlled signals (S1 and S2) to generate
a voltage (V¢ap). Notably, S1 and S2 are generated from the
following decision circuit.

D. Decision Circuit

The decision circuit in Fig. 6 consists of two comparators,
one SR latch, one AND gate, and two inverters, as shown
in Fig. 9. When the system starts, start_int is reset low to
make the voltage-to-current circuit charge C;. Then, because
Veap is continuously increased and is finally higher than VH,
compl will be pulled high while comp2 will be pulled low.
Furthermore, SR_out is pulled high and start_int turns high.
Therefore, S1 is pulled high to turn off MP11 (in Fig. 8), and
S2 is pulled low to turn on MP10 (in Fig. 8). The discharging
current of C; equals Ix. By contrast, when V¢up is smaller
than VL, the scenario becomes the opposite of the above
operation. The voltage-to-current circuit charges C; with Iy
again to increase Vcup. The waveforms of those signals in the
decision circuit are shown in Fig. 10. The above steps are
iterated to generate a digital pulse signal with a frequency
(fout) as follows:

Ix

fout= ——>*
2C,(VH-VL)

(16)
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TABLE II

THE RESULT OF LINEARIZATION APPLIED TO DIFFERENT THERMISTORS
BY THE PROPOSED METHOD AND EQUATIONS

R R Before After
Thermistor B (kf) (kc)al linearization  linearization
(%) (%)
B57861S103J40 3988 30 11.74  90.5 9991
B57861S0104 4540 100 76.78  88.86 99.56
B57861S0503 3760 100 3631 9146 99.75

From Eqn. (5) and Eqn. (15), fout can be derived as

R
[+ Rero-rReg )
2C;(VH-VL)K x Rs

On the basis of Eqn. (17), Rp(t) is reorganized as follows:

fout = VBT in X (17)

VBT in X R¢
2C1(VH-VL)K x Rs x fout — VBT in

On the basis of Eqn. (4), the temperature (t) can be indirectly
estimated using Rpr(t):

RBT(t) = — Real (18)

1
= — (19)
1n(L[§B“) )

1
Pt

To justify the functionality of linearizing by our method,
we apply the proposed method (Eqn. (18)) on three ther-
mistors and the appropriate Rgy derived by Eqn. (13) as
shown in Table II. The linearities of all these three dif-
ferent thermistors are all calibrated to be over 99% in the
[-5 °C, 40 °C] by the proposed method and equations
therewith.

III. IMPLEMENTATION AND MEASUREMENT

The proposed temperature to frequency converter with the
linearization circuit for the thermistor is implemented using
a TSMC 0.5 um CMOS high voltage mixed signal based
LDMOS USGAL 2P3M polycide (TSOUHV). Fig. 11 shows
the layout and die photo of the proposed converter. The area of
the entire chip is 1577.67 x 1515.79 umz, and its core area is
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All-PVT-corner post-layout simulation results.

586 x 400 um?. The all-PVT-corner post-layout simulation
of the proposed converter is shown in Fig. 12. When the
sensing temperature range is 268.15 ~ 313.15°K (-5 ~
40°C), the proposed converter has the worst-case linearity
error of 1.42% when the corner in SS process, VDD is —10%
VDD, and the temperature is 25 °C as shown in Fig. 13.
Besides, the worst sensing error is —1.04°C, and the average
error is 0.37°C, as shown in Fig. 14.

The measurement of the proposed design on silicon is
shown in Fig. 15. The thermistor is placed in the program-
mable compact temperature and humidity chamber (TERCHY
MHK-120). The power supply (Rohde and Schwarz E3631A
DC Power Supply) generates the supply voltage. The oscillo-
scope (Agilent 54855A) is used to display fout.

To ensure that the proposed chip is functional in
the range 268.15 ~ 313.15°K, the power supply is
applied to provide 10 temperature cases, i.e., 268.15,
273.15,278.15,...,313.15°K. The measurement results of
the temperature sensor are summarized in Table III, and the
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Fig. 15. Measurement setup of the proposed temperature sensor.

digital output waveforms are shown in Fig. 16. When the
sensing temperature range is 268.15 ~ 313.15°K, the output

range of

the Temperature sensor, fout, is 1.62 ~ 2.27 MHz.

TABLE III
THE MEASUREMENT RESULTS OF THE TEMPERATURE SENSOR

Real fout Derived Temperature  Linearity
temperature temperature  error error
(°K) MHz)  (°K) (%) (%)
268.15 1.6183  267.3236 -0.31 -0.50
273.15 1.6854  272.4577 -0.25 0.07
278.15 1.7658  278.0057 -0.05 0.19
283.15 1.8561  283.811 0.23 0.06
288.15 1.9478  289.5231 0.48 -0.18
293.15 2.0355 295.021 0.64 -0.41
298.15 2.1012  299.2772 0.38 -0.51
303.15 2.1637  303.5254 0.12 -0.47
308.15 22223 307.7709 -0.12 -0.08
313.15 22705  311.5266 -0.52 0.50
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Fig. 16. Timing measurement results of the proposed temperature sensor.
(@) =5 °C. (b) 0 °C. (c) 5 °C. (d) 10 °C. (e) 15 °C. (f) 20 °C. (g) 25 °C.
(h) 30 °C. (i) 35 °C. (j) 40 °C.

Fig. 17 summarizes the measurement results of fout. The
maximum error with respect to a linear asymptotic line is as
low as £0.5%.
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TABLE IV
PERFORMANCE COMPARISON OF TEMPERATURE SENSORS
[7] [17] [18] [4] [19] [20] [21] [22] .
TIM ISIE ICPEICES SJ HNICEM TBCS SJ ST This work
Year 2009 2010 2016 2016 2017 2018 2017 2008 2018
Implementation PCB 180 um CMOS PCB PCB PCB prototype 65 um CMOS discretes TS0UHV CMOS
Power (mW) N/A 0.5 N/A N/A N/A 1.58 53 (UW) 15 11
Output frequency (kHz) 1 ~ 7.5 0 ~ 2000 0~ 50 N/A 0~ 10 (Hz) 5~ 10 (Hz) 1.83 N/A 500 ~ 2200
VEC input range (V) N/A 0~ 16 N/A N/A N/A N/A N/A N/A 0.5~ 25
Linearity error (%) 1 2 4.61 1 9.05 1.017 N/A N/A +0.5
Sensitivity (kHz/V) N/A 1250 N/A N/A N/A N/A N/A N/A 850
Temperature range (°C) 0 ~ 120 0~ 80 0 ~ 100 30 ~ 120 -10 ~ 100 30 ~ 42 30 ~ 70 -40 ~ 100 -5~ 40
Temperature error (%) 3 8 5 3 4.204 4 8 3.8 1.47(< £30)
FOM® 40 10 20 30 26.17 3 5 36.84 37.41

Note: ’FOM = Temperature range/Temperature error

--------- Line regression

—~22
N
T 21 2
=
519
&g R =0.9921

17

16

265 275 285 295 305 315
Temperature ('K)
Fig. 17. Measurement result of fout at —268.15 ~ 313.15°K.
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Fig. 18. Statistics of measurement results of proposed temperature sensor.
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Fig. 19. Sensing temperature error of the proposed temperature sensor.

Three chips of the proposed Temperature sensor are used
to run six temperature measurements five times for each chip.
These measurement results are summarized in Fig. 18. The

The standard deviation of measurement results

50
40
30
20
10
() — —
-20~-0 -0~0 0~+o

-30™-20 +20™+30

+0™+20

Fig. 20. Standard deviation distribution of measurement results.

theoretical sensing temperature is derived from fout on the
basis of Eqn. (17). Next, the error of the sensed temperature
compared with the real temperature is shown in Fig. 19. The
maximum error with respect to the ideal line is as low as
—1.47%. The standard deviation of measurement results is
smaller than £3¢ as shown in Fig. 20.

The performance comparison of the proposed design with
the design described in several recent works is tabulated
in Table IV. Notably, the proposed design is the only solution
that generates a digital signal (frequency) without using an
ADC. In addition, the proposed design works in the range
268.15 ~ 313.15°K, with a maximum error of approximately
1.47%, which is the best result achieved to date.

IV. CONCLUSION

In this paper, a temperature-to-frequency converter with
linearity calibration is proposed. A detailed schematic design
and analysis of the proposed design are given as well. The
proposed design can be adapted to different thermistors as long
as the appropriate Ry based on Eqn. (13) is selected. That
is, any nonlinear thermistor can be calibrated to attain high
linearity by the proposed method. The measurement results
of thermistor linearized by our method demonstrate a high
linearity, where the linearity error is smaller than £0.5%.
Besides, not only are the sensitivity and the output frequency
enhanced, the temperature error, which is less than 1.47%,
is also better than that of the traditional temperature sensors.



WANG et al.: TEMPERATURE-TO-FREQUENCY CONVERTER WITH 1.47% ERROR USING THERMISTOR LINEARITY CALIBRATION 4811

Moreover, this work converts the sensed voltage into a digital
signal (frequency) without using an ADC. The digital signal
denoting temperature can be used in many applications, e.g.,
the parameters for calculating SOC of the battery system.
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