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Abstract—A complete smart capacitive sensor solution based on a microcontroller was 

developed. This approach includes the development of both the hardware and software. 

The hardware part comprises an 8-bit microcontroller equipped with two timers/counters 

and a three-gate stable RC relaxation oscillator. The software part handles system 

configuration, measurement control, communication control, and data processing. Hence, 

the microcontroller acts as a frequency meter with an adaptive measuring time, and the 

relaxation oscillator generates a square wave with a frequency depending on the value of 

the capacitance of the sensor. The paper also proposes a calibration method that reduces 

the measurement range to 1 pF. The experimentally proven relative measurement errors 

of sensor capacitance are less than 0.012% for values smaller than 12 pF, and less than 

0.0084% for values from 12 pF to 300 pF. 

Index Terms—Capacitance-to-frequency converter, relaxation oscillator, capacitive 

sensor, microcontroller, Arduino Micro. 

I. INTRODUCTION

Capacitive sensors are used to convert nonelectrical physical or chemical quantities into 

capacitance. This makes it possible to measure, among others, moisture content [1]–[5], relative 

humidity [6]–[12], force [13], [14], pressure [15]–[17], liquid level [18]–[20], and even the 

mass of small quantities of water [21], steel surface corrosion [22], and atmospheric particulate 

matter [23] by measuring the capacitance of these sensors. To measure the value of the sensor’s 

capacitance, its capacitance must be converted into a voltage (based on the capacitance-to-

voltage techniques, as classified in [24]) or into a signal frequency (using one of the frequency 

modulation techniques that are a subset of the capacitance-to-time techniques, as described in 

[24]) using an electronic circuit. In the second case, relaxation oscillators are most often used, 

which generate a square (triangular) wave with a frequency that depends on the value of the 

sensor capacitance. Thus, in such a case, it is enough to measure the frequency of the signal and 

then convert its value into a value of capacitance or a given physical or chemical quantity. This 

task can be performed, e.g., by microcontrollers equipped with timers/counters [2]–[4], [14], 

[20], [24]–[29]. 

Based on the active components used to build the relaxation oscillators, they can be divided 

into those based on: 
− operational amplifiers [1]–[3], [6], [12], [19], [25], [30]–[35], including those with

comparators [26], [36], and including those with inverters [13], [14], [27],

− CCIIs [7], [37]–[39],

− CMOS inverter gates (NOT gates):

− three-stage ring oscillators [8], [16], [17], [23], [40],

− five-stage ring oscillators [9], [10], [41],

− three-gate stable RC oscillators [20], [21],

− an IC 555 Timer [4], [5], [11], [18], [22].
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A good solution for the interface circuit of the capacitive sensor, because it is very simple, is 

to use the well-known three-gate stable RC relaxation oscillator [42] as a capacitance-to-

frequency converter circuit, because it can be built from only one 74xx digital logic integrated 

circuit, two reference resistors, and one capacitor (capacitive sensor), and, as shown in [21], it 

is characterized by a low noise level and low sensitivity to temperature changes [20]. 

As mentioned above, the microcontroller can measure the frequency of the signal generated 

by the relaxation oscillator, control the measurement system (in this case referred to as the smart 

sensor), and process and store the measurement results, and of course communicate with the 

environment via serial interfaces (e.g. UART, USB). 

The paper proposes a new, complete approach to the development of smart capacitive sensors 

for sensors located close to the system integrating hardware, i.e., the interface circuit (the 

microcontroller and the relaxation oscillator) [42], with software, i.e., a measurement algorithm 

and a calibration algorithm with a calibration dictionary stored in the microcontroller’s program 

memory. This solution includes the following novelties: 

− Ability to measure the values of capacitive sensors from single picofarads and at least 

hundreds of picofarads, with a resolution of 0.0035% of the measured value and relative 

uncertainty of less than 0.012% based on the proposed simple hardware. 

− Development of a frequency meter based on a microcontroller with at least two counters, 

including one 16-bit (hardware), with an adaptive measurement duration ensuring a 

measurement resolution of between 1/215 and 1/216 for the entire measurement range, which 

made it possible to measure capacitance with a resolution of 0.0035% of the measured 

value. It is based on a new measurement procedure (software). 

− Development of a calibration method (a calibration algorithm and a calibration dictionary) 

and a method of determining the value of the capacitance based on the measured frequency. 

As a result, high measurement accuracy is achieved, as shown in the first point. 

− Proposing criteria and a method of determining the value of the reference resistors of a 

relaxation oscillator depending on, inter alia, the range of the measured capacitance values 

and the measuring capabilities of the microcontroller. 

− Using the popular HC240 series of octal buffers and line drivers instead of typical CMOS 

inverter gates (e.g. MC14049UB [21], 74HC06, etc.) to build the relaxation oscillator 

circuit. As a result, the microcontroller can be isolated from the sensor, which increases the 

reliability of its operation. This is an advantage of the proposed solution from a practical 

standpoint because the sensors are often outside the device casing and thus exposed to 

damage that could lead to damage to, e.g., the microcontroller which is the heart of the 

measurement system. We can also turn off the sensor circuit, which reduces the power 

consumption. 

In addition, the paper presents a complete example of a smart sensor solution based on a 

popular Arduino Micro module [43], specifically the ATmega32U4 microcontroller [44], and 

one SN74HC540 octal buffer and line driver with a 3-state output [45]. 

The proposed approach was analyzed with the LTspice software and experimentally tested 

with the use of a set of silver mica capacitors with values from 1 pF to 300 pF, which includes, 

inter alia, the ranges of the capacitance values of humidity sensors [46]–[48]. 

II. OPERATING PRINCIPLES 

The logical structure of the smart sensor solution designed for microcontrollers for capacitive 

sensors is presented in Fig. 1. This solution is divided into two parts: the hardware part, which 

includes a microcontroller, a square wave generator with a capacitive sensor, and a 

communication system, and the software part, which is responsible for the system 

configuration, measurement control, communication control, and data processing. 
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Fig. 1. Logical structure of the smart sensor solution designed for microcontrollers. 

 

 
Fig. 2. Three-gate stable RC relaxation oscillator [42] based on an SN74HC540. 

 

A. Square wave generator 

The task of the relaxation oscillator shown in Fig. 2 is to generate a square wave vs with a 

frequency fs depending on the value Cs of the sensor’s capacitance. In this case, the frequency 

fs is approximately inversely proportional to the capacitance value Cs [42]: 
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where: R1 and R2 are reference resistors (Fig. 2). 

If we assume that R1 = R2 = R, then: 
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   (2) 

However, as demonstrated by simulation studies with the use of LTspice and preliminary 

experimental studies, formulas (1) and (2) are valid only for Cs > 1 nF, which means they are 

useless in the typical application of capacitive sensors. The relative error in determining the 

capacitance value is as high as about 1000% for 1 pF and decreases to about 25% for 300 pF. 

This is due to, inter alia, the delays introduced by the inverters not being taken into account 

(Fig. 2). For this reason, a new method for determining the value of the capacitance was 

developed, which is described in Section V. 

B. Frequency meter based on a microcontroller 

The microcontroller, together with the software, acts as a frequency meter and communication 

system and determines the value of the sensor capacitance based on the measured frequency. 

The concept of frequency measurement with the use of a microcontroller is shown in Fig. 3. 

Timer0 determines the duration of the measurement—the time tgate in which the number of 
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pulses ps generated by the relaxation oscillator is counted, i.e. as shown in Fig. 3, it controls the 

gate opening time tgate by generating a vgate pulse. An 8-bit counter/timer equipped with a 

prescaler is sufficient for this task. 

However, a 16-bit counter/timer should be used for Timer1 to measure the fs frequency to 

ensure the highest possible measurement resolution. Also, for this reason, the number of 

measured pulses ps in the tgate time should be as large as possible, i.e. in our case within the 

range from 215 to 216 for the entire frequency measurement range. Therefore, a new frequency 

measurement method with an adaptive measurement duration was developed. It will be 

illustrated on the example of an ATmega32U4 microcontroller that meets the above-mentioned 

requirements.  

 

 
Fig. 3. Concept of frequency measurement based on a microcontroller equipped with two 

timers/counters. 

 

 
Fig. 4. Smart capacitive sensor based on an Arduino Micro module. 

 
The complete smart sensor prototype based on this microcontroller is shown in Fig. 4. A 

PL2303 communication module [49] has been added to the system, which provides 

communication between the device and a PC. 

As shown in Fig. 4, the AND gate from Fig. 3 is unnecessary due to the proposed measuring 

procedure, the algorithm of which is shown in Fig. 5. Timer0 generates a square wave vgate with 

a period Tgate, the rising edges of which cause Timer1 to latch and save the current value of the 

counted pulses ms of the vs signal in the ICR1 register [44, page 117]. The period Tgate should 

be selected so that for the minimum value of the capacitance Cs_min, i.e. for the maximum value 

of the frequency fs_max, at least two rising edges at the ICP1 input of Timer1 appear. The first 

value of ms latched by the first edge denoted by ms_first and the last value of ms latched by the 
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mgate-th edge of the vgate signal are ultimately stored. Then the number of counted pulses ps in 

the time tgate = mgate · Tgate is ps = ms_first – ms. Hence, the formula for the measured frequency fs 

is as follows: 

 
gategate

s
s

Tm

p
f


=    (3) 

The code of the frequency measurement procedure written in ANSI C is divided into the main 

function and two interrupt services (Fig. 5). In the main function, Timer0 and Timer1 are 

cleared and then started, while Timer0 works in CTC mode (Toggle OC0A on Compare Match) 

with the prescaler set to the value of clk/1024. Then Tgate = 5.12 ms, for the microcontroller 

clock frequency of fclk = 16 MHz [43]. Timer1 works with the following settings: an external 

clock source on the T1 pin and counting on the rising edge, capture the value of  

 

 
Fig. 5. Frequency measurement algorithm. 

 

the counter at the rising edge at the ICP1 pin, and set Input Capture Noise Canceler [44, page 

118]. Then, the stop_meas variable responsible for the control of the measurement duration is 

cleared, as well as the m_gate variable containing the current/final number of pulses counted 

on the ICP1 pin by the Timer/Counter1 Capture Event interrupt service. When the stop_meas 

variable is set in the Timer/Counter1 Overflow interrupt service, the main function stops Timer0 

and Timer1 and calculates the frequency value based on the formula (3) using the values m_s 

and m_s_first saved by the Timer/Counter1 Capture Event interrupt service. 
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III. DETERMINATION OF REFERENCE RESISTOR VALUES  

OF THE RELAXATION OSCILLATOR 

As already mentioned, the value of a frequency fs of a signal vs generated by the relaxation 

oscillator is primarily dependent on the Cs, R1, R2 values and the delay d introduced by the 

inverters. The delay d for a given integrated circuit and its operating conditions is constant and 

the range of changes in the capacitance values of the capacitive sensors Cs is also constant 

because it is set from Cs_min to Cs_max. Thus, the values of the desired frequency range can only 

be determined with the use of reference resistors R1 and R2. 

The criterion that should be taken into account when selecting the values of these resistors is 

the limitation of the maximum value of the signal frequency fs that can be fed to the input of 

the counter of the microcontroller. For each microcontroller, we can write the condition: 

 
 clks ff      (4) 

 

where: fclk—system clock frequency of the microcontroller, —constant resulting, inter alia, 

from the Nyquist sampling theorem.  

 
Fig. 6. Proposed model of the inverter of the SN74HC540 for LTspice. 

 

For the Atmega32U4, it is 0.4 [44, page 93]. For example, for fclk = 16 MHz [43], the values 

of fs should be less than fs_max = 6.4 MHz. 
The inverter model shown in Fig. 6 was adopted for the LTspice simulation studies. The 

values of the input capacitance Ci, input resistance Ri, output resistance Rout, as well as rise Trise, 

fall Tfall, and propagation Td times were determined based on an analysis of the technical 

documentation of the SN74HC540 [45] and preliminary experimental tests. 
The first conclusion was that the values of the resistors R1 and R2 should be equal so the 

amplitude of the triangular wave at the input A0 is as large as possible, which ensures a more 

reliable conversion of this waveform into a square wave by the inverter G0 (Fig. 2). Hence, an 

initial rough value of R = R1 = R2 can be determined based on formula (2), taking fs_max, Cs_min 

for the calculations. Then, simulating the operation of the relaxation oscillator in LTspice, we 

select the values of R so condition (4) is met.  
For practical reasons, it was assumed that the frequency could be measured even for the 

relaxation oscillator without a capacitance sensor (Cs,0 = 0 F). Hence, R = 10 k was 

determined, then, for this value from the simulation, fs,0 = 6.44 MHz, and from the 

measurements, fm,0 = 6.11 MHz. Of course, we can choose a bigger R value, but this extends 

the measurement time, which increases the energy consumption of the system. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Methods and materials 

A prototype of the smart compact sensor shown in Fig. 4 was experimentally tested. 

R1 = 10.021 k, R2 = 10.017 k, and Vcc (+3V3) = 3.2927 V were measured by an Agilent 

34410A, and a set {Cs,i} i = 1, …, I (I = 19) of silver mica capacitors emulating a capacitive sensor 

with values from Cs,1 = 1.0004 pF to Cs,19 = 293.12 pF was precisely measured by an Agilent 

4263B and a Hewlett-Packard 16047A. 

After each measurement made by the smart sensor, the measurement results were sent to a 

PC via a USB interface. 

B. Testing the measuring accuracy of the frequency meter 

In the first stage of the experimental research, only the frequency measurement system was 

tested. For this purpose, a square-wave signal generated by an Agilent 33250 was applied to the 

T1 input of the microcontroller. A signal was generated in the range from 62 kHz to 6.093 MHz, 

which corresponds to the range of frequencies generated by the relaxation oscillator for the 

assumed capacitance range of the sensor. 1024 independent measurements were performed for 

each frequency value. Based on these measurements, the maximum and minimum values of the 

relative errors f of the frequency measurement were determined. The results are shown in 

Fig. 7. 

 
Fig. 7. Relative errors f of the frequency measurement of the frequency meter in Fig. 4. 

 

It can be seen from Fig. 7 that the relative error of frequency measurement f is at the level 

of 0.0035% and is not much higher than the 2 LSB discretization error of the 16-bit counter, 

which is 0.00305%. Therefore, this value can be taken as the relative measurement accuracy of 

the measurement system.  

C. Scaling of the measurement system 

Also in this case, 1024 measurements of the frequencies of the signals generated by the 

relaxation oscillator were performed for each i-th capacitance value Cs,i. Then, from each i-th 

set of results, the maximum fmax,i, minimum fmin,i and average fm,i values were determined. The 

values of the absolute error fi (5) and the relative error fi (6) were also calculated: 

 iii fff min,max, −=    (5) 

 
im

i
i

f

f
f

,


=    (6) 
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The results for the full range of capacitance values are shown in Fig. 8. 

Fig. 8 shows that the relative error f of the frequency measurement in the range from 12 pF 

to 300 pF is in the range of 2–3 LSB and does not exceed the value of 0.0084%, while for 

capacitances smaller than 12 pF, it is in the range 2–4 LSB, reaching a maximum relative error 

of 0.012%. Such a good result proves the high stability and accuracy of the frequency of the 

square wave generated by such a simple relaxation oscillator. Unfortunately, the disadvantage 

of this solution is the fact that it is impossible to write a simple formula for the relationship 

between the measured frequency fs and the corresponding capacitance value Cs, as shown in 

Fig. 9, which shows graphs of the measurement data, data from the LTspice simulation, and 

data calculated from formula (1). However, this problem was solved by using a calibration 

method based on the calibration dictionary described in the next section. 

 
Fig. 8. Graphs of the measured average frequency fm, absolute f, and relative f errors as a 

function of the capacitance value Cs for the circuit in Fig. 2. 

 

 
Fig. 9. Comparison of measurement results with simulation results from LTspice and based 

on formula (1). 
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The duration of a single measurement tgate,i was measured simultaneously with the frequency 

measurements. The results are presented in Fig. 10. The figure shows that this time for the 

assumed measurement resolution of Timer1, in our case 16-bit, is approximately linearly 

dependent on the capacitance value, and inversely proportional to the measured frequency fs, 

which results from the measurement algorithm (Fig. 5). For example, for the assumed 

capacitance range Cs_min to Cs_max of the sensor and resistance values R1 and R2, the duration of 

a single measurement of the frequency fs for an uncertainty level lower than 0.012% (Fig. 8) is 

in the range from 14 ms to 471 ms. 

 
Fig. 10. Duration tgate of a single measurement as a function of the capacitance value Cs for 

the assumed measurement accuracy (215 < ms <216). 
 

V. CALIBRATION METHOD 

A calibration method is proposed to determine the capacitance value Cs based on the measured 

frequency fs. It consists of two parts. The first part is performed once during system design or 

startup, during which a calibration dictionary is created, similar to [24], [50], and the second 

part uses this dictionary to determine the capacitance value of the sensor. 

It should be remembered that the calibration should be performed under the target operating 

conditions of the circuit, i.e. for the same value of the supply voltage Vcc, and at the same or 

similar ambient temperature Ta. 

The algorithm for creating the calibration dictionary is as follows: 

1. For given reference values of Cs,i, in our case we used a set of silver mica capacitors, we 

measure M times the frequencies fs,i, where i = 1, …, I, and then determine the average value 

fm,i. It is worth making I = J · K + 1, where K is the number of splite functions that are 

polynomials of the J-th degree. The simulation research showed that the best approximation 

is obtained for square functions, hence J = 2. K = 9 was selected, thus I = 19.  

2. Then a set of measurement points {(fm,i,Cs,i)}i = 1,…, I is divided into K subsets consisting of 

J + 1 points, where K = (I – 1) / (J + 1). It was assumed that one knot is common to the 

neighboring functions, hence we have I – 1. So, for each k = 1, …, K, we have three points 

with indexes i = r + 2·(k – 1), where r = 1, 2, 3. 

3. So, e.g. using the polyfit Matlab function, for each k, we calculate a set of square function 

coefficients {aj,k}j = 1, 2, 3 based on three measurement points with indexes 1 + 2·(k – 1), 

2 + 2·(k – 1), and 3 + 2·(k – 1). We also determine the frequency thresholds 

fmax,k = f3 + 2·(k – 1) that will be used to choose the k index in the algorithm for determining the 

measured capacitance value. 
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Fig. 11. Chart of the set of splite functions representing the calibration dictionary. 

 

Thus, the calibration dictionary is in the form of {aj,k, fmax,k}j = 1, 2, 3; k = 1, …, K, where aj,k is a 

double type variable (8 bytes), and fmax,k is a long integer variable (4 bytes), hence the size of 

the dictionary for K = 9 is only 252 bytes. The chart of the set of splite functions representing 

the calibration dictionary is shown in Fig. 11. 
In contrast, the algorithm for determining the value of Cs based on the measured fs value and 

calibration dictionary consists of the following two steps: 
1. We determine the k index so that the fs > fmax,k condition is met, where fmax,k is the highest 

value from the set {fmax,k}k = 1, …, K fulfilling this condition. 

2. Then, using the value of fs and index k, we calculate the value of Cs based on formula (7): 

 
+

=

−=
1

1

1
,

J

j

j
skjs faC    (7) 

or its simpler form (8), which can be directly implemented, e.g., in ANSI C: 

 
 sskskks ffafaaC ++= ,3,2,1    (8) 

 

It can be seen from (8) that calculating the value of Cs requires only three multiplication 

operations, two addition operations, and one assignment operation. Hence, the function written 

in ANSI C that performs these calculations occupies only 708 bytes in the program memory of 

the microcontroller. So, this function together with the calibration dictionary take up less than 

1 KB of the 32 KB available [44, page 18]. 

As for the number M of the frequency measurements, it should be such that the standard 

deviation of the mean value of fm,i is less than the discretization error of the 16-bit counter. By 

assuming, for example, that the confidence interval is “4-sigma”, it is enough if M = 32. 

However, we decided on such a large value of M = 1024 because the relative uncertainty of the 

standard deviation assessment is 2.2%, which allows for a precise statistical analysis of the 

results, and thus for an accurate assessment of the proposed method based on the experimental 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


11 

 

data. Hence, the time of all measurements during the calibration process is about 1 min 24 s for 

M = 32 to 44 min 34 s for M = 1024. 

 

TABLE I 

COMPARISON OF THE SOLUTIONS BASED ON A THREE-GATE STABLE RC RELAXATION 

OSCILLATOR 

References [20] [21] This work 

Range of 

capacitance values 

1.069–2.076 nF 77–182 pF 1–300 pF 

Relative uncertainty 

of measurement 

0.6% 0.55% 0.012% 

(0.0084% for Cs > 12 pF) 

 

VI. COMPARISON WITH THE STATE OF THE ART 

In most applications of microcontrollers for measuring the capacitance of sensors, they are 

used to measure the pulse duration based on direct sensor-microcontroller interface methods 

[24], [26], [28], [29]. Similar approaches include measurement of the period of the square wave 

signal, e.g. based on measurements of the duration of the high and low states [25], and also 

based on a constant pulse counting method [27]. Other solutions include a method in which one 

counter counts the input pulses (in a period 60 s) while the other counter counts the interval 

clock pulse which is 1/12 of fclk [20], and a method that used the counter in capture mode and 

is clocked by an internal 200 kHz signal [4]. In contrast, typical frequency measurement is used 

in [2], [3], where the pulses of a square wave are measured precisely for 1 s by the 8-bit TMR0 

counter of a PIC16F877A microcontroller using its overflows. 

Hence, the advantages of the proposed frequency meter based on a microcontroller over the 

above-mentioned methods are its simplicity of use and high measurement accuracy, full use of 

the capabilities of a 16-bit counter, and short (optimal) measurement time relative to the 

measured capacitance, e.g. ranging from 14 ms to 471 ms for the assumed measuring range of 

the capacitive sensor. 
Table I summarizes the solutions for capacitive sensors based on the generation of a square 

wave with the use of a three-gate stable RC relaxation oscillator. 

The table shows that the proposed approach, inter alia thanks to the use of the calibration 

method, enables the measurement of smaller capacitances starting from 1 pF, as opposed to the 

other methods. But, above all, it is characterized by a much lower relative measurement 

uncertainty, which is about 46 times smaller, or even 65 times smaller for the same capacitance 

ranges, than the relative measurement uncertainty for the methods presented in [20], [21]. 
At this point, it should also be mentioned that it has been proposed to build a relaxation 

oscillator based on the popular HC240 series of octal buffers and line drivers, which enables 

the sensor to be turned off, which can protect the system against damage and reduce energy 

consumption. 

VII. MEASUREMENT UNCERTAINTY ANALYSIS 

To analyze the measurement uncertainty of the sensor capacitance Cs, it was assumed then 

tested that the graph in Fig. 9 can be approximately described by the following rational function: 

 
dCc

f
s

s
+


1

   (9) 

where: c, d—coefficients determined, e.g., based on two points belonging to the graph in Fig. 

9, e.g. for Cs,1 and Cs,10, c = 28618 s/F, d = 0.186 s. 
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Based on analogy to formula (1) and the fact that the relaxation oscillator introduces a 

constant delay d, it can be assumed (inferred) that the coefficients c = 2··R, and d = d. Hence: 

 
ds

s
CR

f
 +


2

1
   (10) 

Where, in this case, the coefficients , R, and d characterize the properties of the relaxation 

oscillator circuit. 
So, the formula for Cs has the form: 

 
s

ds
s

fR

f
C



−






2

1
   (11) 

Therefore, the relative uncertainty Cs of the indirectly measurable variable Cs can be given 

by a root-sum-square formula of relative uncertainties [51]–[53] of the circuit coefficients , R, 

d, and the measured value fs, whose formulas are as follows: 

 ( )






=sC    (12) 

 ( )
R

R
RCs


=    (13) 

 ( ) ds
ds

ds f
f

C 


 
−

−
=

1

1
   (14) 

 ( )
s

s

ds
ss

f

f

f
fC




−

−
=




1

1
   (15) 

where the values of , d, and R define the inaccuracy of the calibration of the capacitive 

sensor circuit, as , R, and d characterize the electrical properties of the relaxation oscillator 

circuit built on a given integrated circuit and for given operating conditions, e.g. supply voltage 

Vcc or ambient temperature Ta. Thus, these values mainly depend on the stability of the operating 

conditions of the system. 
For example, the LP2985-33DBVR voltage regulator mounted on the Arduino Micro module 

[43] with a load current IL < 1 mA (this value is consumed by the relaxation oscillator circuit) 

has an output voltage tolerance of 1.5%, which gives a maximum voltage change in the range 

of ±0.05 V. This, in turn, changes the propagation time td of one inverter by a maximum of 

±0.05 ns [45]. Hence, finally, for the assumed range of measured frequencies, the value of 

Cs(d) is smaller than 0.002–0.52% as shown in Fig. 12. 

The voltage stability Vcc was measured to verify the actual effect of supply voltage variations 

on Cs(d). It was found that the voltage stability error is 0.1%, i.e. it is about 15 times lower 

than the catalog value, hence Cs(d) is also about 15 times smaller and can be neglected. 
The uncertainty Cs(fs) has a similar shape in the function of fs as Cs(d). For the relative 

measurement accuracy of the measurement system fs / fs = 0.0035%, its maximum values are 

in the range of 0.003–0.023%. 

 

 
Fig. 12. Graph of the relative uncertainty Cs(d). 
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Formula (13) represents the tolerance of the resistors R1 and R2, and in fact their thermal drift 

in our case. As precision metal film resistors with a thermal drift of 0.0015% were used, a 

change in temperature, e.g., by about ±10oC, causes a change in the Cs(R) value at a level close 

to the maximum relative measurement error of fs (Fig. 8). 
Hence, the conclusion from the above considerations is that to maintain high measurement 

precision of the measurement of the sensor capacitance, the calibration of the system should 

take place in its target operating conditions, i.e. for a given supply voltage and the assumed 

ambient temperature range. For example, the prototype of the smart sensor was tested at 

Ta = 24 oC, which is currently intended for the precise measurement of capacitance at room 

temperatures. Of course, there is nothing to prevent the assignment of calibration dictionaries 

to individual ranges of operating temperatures. Then, e.g., after the microcontroller measures 

the temperature Ta, e.g. based on the method proposed in [54], the appropriate calibration 

dictionary generated for a given operating temperature range can be selected. 

VIII. CONCLUSION 

The report presented a new complete solution of a smart capacitive sensor for sensors located 

close to the system. The approach is designed for microcontrollers with at least one 8-bit 

counter/timer equipped with a prescaler, which determines the duration of the frequency 

measurement, and one 16-bit counter/timer used to count the number of pulses of the signal 

generated by a relaxation oscillator. A three-gate stable RC circuit built on an SN74HC540 

octal buffer and line driver was used as the relaxation oscillator, which works as a capacitance-

to-frequency converter. 

The proposed solution also includes software that performs frequency measurement with an 

adaptive measurement time and determines the value of the sensor capacitance based on a 

calibration method that uses a calibration dictionary and communicates with a PC. It was 

written in ANSI C for a very common 8-bit microcontroller mounted on an Arduino 

Micro/Leonardo module. 

It should also be noted that the method is based on simple hardware and software, as described 

above, which makes it easy to implement, which is a big advantage from a practical point of 

view. 

The experimental studies confirmed that the relative capacitance measurement errors 

introduced by the proposed measurement system, among others thanks to the calibration 

method, are less than 0.012% for values smaller than 12 pF, and less than 0.0084% for values 

from 12 pF to 300 pF, which, for example, for 1 pF gives a resolution of about 0.12 fF. 
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