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M easur ement method for capacitive sensorsfor microcontrollersbased on a
phase shifter

Abstract

A complete measurement method dedicated to capacitive sensors has been developed. It includes
the development of hardware (an analogue interface circuit for microcontrollers with built-in
times/counters and analogue comparators) and software (a measurement procedure and a systemati
error calibration (correction) algorithm which is based on a calibration dictionary). The interface
circuit consists of a low-pass filter and a phase shifter with a capacitive sensor. A prototype circuit
based on a mid-range 8-bit microcontroller has been developed and investigated. We also analysed
the relative inaccuracy of a measured capacitance of the sensor and performed experimental
research. We obtained the relative errors of capacitance determination < 0.06%, which gives a
measurement accuracy < 72 fF for the assumed range of the capacitance (100 pF — 300 pF).

Keywords. sensor electronic interface; microcontroller; capacitive sensor; phase shifter

1. Introduction

An important group of capacitive sensors are sensors, which convert a given physical or
chemical quantity into capacitance. Hence we distinguish, among others, sensors that are used for
measurements of humidity [1-5], pressure [6-8], position [9-14], surface-force [15,16], carbon
dioxide concentrations [17,18], flow of fluid and biomass flour materials [19,20], liquid level
[21,22], and also oil pollution by water and soil moisture [21,23-25]. In the next step, based on the
analogue interface circuits, we have to transform the value of the capacitance of the sensor to a
measurable electrical quantity, e.g. voltage, duration, period or frequency of an electrical signal.
From the above, the interface circuits can be classified into two main categories of analogue
conversion techniques and their subcategories:
— Capacitance-to-voltage (C-V):

— based on an excitation by a sine wave (Fig. 1a) [9-11,14,15,18,19,22,25-30],

— based on an excitation by a square wave (Fig. 1b) [31,32],

— based on switched-capacitor C-V converters (Fig. 1c) [20,33],

— based on a relaxation oscillator, a comparator or a diode detector, and a low-pass filter (Fig.

1d) [1,34].
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— Capacitance-to-time (C-T):

— Period Modulation (PM) techniques [1,5,16,35-41],

— Frequency Modulation (FM) techniques [42—-45],

— RC chargel/discharge techniques — e.g. based on a direct sensor-to-microcontroller interface

[3,4,46-48],

— A charge balancing method [23],

— A method based on a phase shifter [24].

We can also add the third category of the interface circuits — based on capacitance-to-digital
domain conversion techniques. In this case, the value of the capacitance of the sensor representing
any physical or chemical quantity is converted into a digital code and read from the circuit (usually
implemented as an integrated circuit) by a serial interface, e.g. commercial integrated circuits:
MAS6513 (FC, SPI), AD7747 fiC) and integrated circuits primarily dedicated to MEMS [6,49].

As shown in Fig. 1 the interface circuits based on the C-V conversion techniques generally
consist of three blocks: the block responsible for generating the excitation signal, the block that
converts the capacitance to e.g. an amplitude of the signal or a PWM signal, and the last block that
converts this amplitude or the PWM signal to DC voltage. The construction of the second block
strictly depends on the sensor topology (floating or grounded single element sensor, differential
sensor) and also on the dynamics of the changes in the quantity measured by the sensor [14,19].
Proposals of constructions of the interface circuits based on a sinusoidal excitation (Fig 1a) are

included in Table 1.

Table 1. Comparison of capacitance-to-voltage analogue techniques based on a sinusoidal excitation
approach from the recent literature.

Ref. Sensor  |Circuit topology of Cto v, Circuit topology of AC-DC conversion
topology [conversion blocks signal blocks
[9] d. two frequency-independent AC |phase sensitive demodulation based on

bridges + differential amplifier  four-quadrant multiplier + LPF

[10] s. f. current feedback circuit peak detector circuit + LPF
[11] s. f. capacitance (voltage) divider LPF
[14] S. Q. two T-networks + differential (to fast ADC)
amplifier
[15] S.g. serial LC oscillator frequency demodulation circuit + LPF
[18] s. f. centre-tap transformer + summing LPF
amplifier
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[25] s. f. capacitance divider withy - full-wave rectifier +LPF -
differential anfr

capacitance divider witl¢ - full-wave rectifier +LPF -
[27] s. f. Cx- rectifier +LPF -
modified gyrator circuit summing amplifier
Cref - rectifier +LPF -
[28] S. g. trafo-based AC bridge phase sensitiveatiilation based on
multiplier + LPF
[19] s. f. modified De-Sauty AC bridge (to fast ADC)
[26] s. f. modified De-Sauty AC bridge rectifielPF
[22] s. f. modified De-Sauty AC bridge rectifielPF
[29] d. modified De-Sauty AC bridge witmixer + LPF
a Voltage Controlled Resistor
[30] s. f. modified De-Sauty AC bridge witimixer + LPF

Voltage Controlled Resistors

Notes: d — differential, s — single, f — floatigg- grounded, LPF — low-pass filter.

The interface circuits using a square-wave exoita(iFig. 1b) are based on a relative phase
delay technique [31,32]. In this case, the cirethich converts the capacitance of the sensor into a
PWM signal is simple and generally consists of fmwerter gates and one XOR gate. Therefore,
only a low-pass filter is needed to convert the P\8ifyhal into DC voltage.

C-V conversion based on switched-capacitor tectesdéig. 1c) [20,33] is especially used for
on-chip integrated circuits [6,35].

The last interesting proposal of the interfaceutris a solution based on a relaxation oscillator
(Fig. 1d). Instead of a square wave, a triangleenaith an amplitude that depends on the sensor
capacity is used. Therefore, a comparator witixadfivoltage reference [1] or a diode rectifier [34]
is enough to obtain a PWM signal which is conventgd a DC voltage by a low-pass filter.

The second group of interface circuits based onGHe techniques includes circuits that are
structurally simpler than the presented C-V grokpr example, most circuits based on the PM
technique are relaxation oscillators that genesasguare wave with a peridddepending on the
value of the sensor capacitance. Papers [1,35,8fjope interface circuits for single floating
sensors, papers [5,36,38,40,41] for single grounskstsors, and papers [16,39] for differential
sensors, while papers [5,38,40] refer to relaxadseillators based on CCII.

Similar to the C-T technique, in the C-F technigame,oscillator circuit is employed to convert

the capacitance change into an equivalent variatidrequency, but this frequency is usually in the

3
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order of MHz or even tens of MHz, and frequencynestion techniques are used to improve the
measurement accuracy [42], e.g. frequency-lockexp I43] and phase-locked loop [44]. A
different approach is proposed in [45] where a ed®op switched-capacitor capacitance-to-
frequency converter for differential sensors amgle floating sensors is presented.

The RC charge/discharge techniques are based omm#asurements of the charging or
discharging times of the RC circuit consisting ofeference component and a capacitive sensor.
Thanks to using the direct sensor-to-microcontralgproach, the interface circuit consists of only
a few passive components (including the capacemmesor). Generation of the excitation signal,
time measurements, i.e. control of the measuremeess, is carried out by the microcontroller,
and more precisely by its peripheral devices suchinaers/counters, analogue comparators (ACs)
or analog-to-digital converters (ADCs). Proposdlmterface circuits for single floating sensors ar
included in [3,4,46,50], for single grounded sessor [48,51], and for differential sensors in
[46,47,50].

The interface circuit based on a charge balanciethod [23] consists of a circuit used to
generate sinusoidal compensating driving signai® parallel capacitance-to-phase conversion
circuits (one with a reference sensor and the ailittra measurement sensor) ending with Schmitt
gates connected to one XOR gate which is useddtacting the phase difference between both
sensor signals.

The last described method is based on a phasersfi#t]. The interface circuit consisting of
two signal paths (reference circuit and sensowudifgaths) is stimulated by a square wave. A phase
shift between a reference signal and the outpuiasigf a phase shifter circuit (based on an active
all-pass filter) with the capacitance sensor issnead using an oscilloscope.

Often, capacitive sensors are implemented as sswrsors; that is, they work as data
acquisition systems. They can be a component ofsunement devices or actuators, or, for
example, act as sensor nodes of wired or wirelessanks. In the latter case, they should be as
simple as possible and also small and energy-effi¢db reduce production and operating costs. For
these reasons, microcontrollers can be used —atewne-chip low-power complete devices that
are used as control and measurement systems (imgldeta processing and storage), and they are
increasingly equipped with communication interfaces

For the smart sensors based on microcontrollemsplsi and inexpensive direct sensor-to-
microcontroller interface circuits have been depebb [3,4,46-48]. As mentioned before, the
interface circuits consist of only a few passivenponents, i.e. they do not contain active analogue
circuits (operational amplifiers, analogue compargatCClls, etc.). However, they do not have the
same measurement accuracy as interface circuiesdbas, e.g. C-V techniques, which results,
among other things, from the influence of the péicasapacitances of the microcontroller pins. The
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values of these capacitances are different foefit microcontrollers and, moreover, for different

operating conditions, e.g. pin loads or operatamgperature of the circuits. Hence, the parameters

of the interface circuits are strictly dependenttbe specific microcontroller used. Obviously,
solutions minimising this impact are used: e.g[3/4,46,47], measurement procedures containing
additional measurement cycles were proposed, af#8ij61,52], software calibration algorithms.

Thus, the paper proposes a new analogue interfeiceitcand a measurement procedure
dedicated to microcontrollers, that are independeinthese influences, i.e. they isolate the
capacitive sensor from the microcontroller, withoatising too much hardware redundancy. Hence,
strict requirements were adopted when developiegrterface circuit. First, the C-T technique is
used — time measurement is much more accuratevititage measurement by a microcontroller
(microcontrollers have 16-bit timers/counters tte be cascaded as needed, and only 10- or 12-bit
ADCs). Moreover, the interface circuits based om @V technique are complicated, as shown in
Fig. 1 and in Table 1. Secondly, the operationgbldiars used must be placed in a single package
and must be powered by a single voltage supplyirg microcontroller, i.e. we can use the
single/dual/quad rail-to-rail operational ampliaavailable in one package.

The measurement method (an interface circuit amgasurement procedure) was designed and
investigated for single grounded humidity sensao$ distant from the system. The following
novelties were proposed:

— A new analogue interface circuit based on a castdoe-pass filter and a phase shifter
connected to the microcontroller (Fig. 2).

— What is new is the fact that the low-pass filtemsisting of reference resist@s and capacitive
sensolC, (Fig. 4), is treated as a phase shifter. The tisetypical phase shifter based on an all-
pass filter [24] is impossible because it invetis signal and requires a symmetrical power
supply. Moreover, it emphasises the signal digingj which was found during simulation tests
with the use of LTspice.

— A new measurement procedure using to determineatue ofC, of the capacitive sensor.

— Measurement procedure algorithms (including softyarfor 8-bit microcontrollers
implementing the measurement procedure.

— A correction (calibration) algorithm of systemagcoors dedicated to the proposed analogue
interface circuit based on a calibration dictionang its software implementation.

The proposed method was analysed and experimentifjed with the use of a set of ceramic
capacitors with values specified in [48,51] compgscapacitance values for commercial relative

humidity sensors [53-55] instead of capacitive se@s.
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2. Operating principle

The smart sensor solution based on the proposekbgaea interface circuit designed for
microcontrollers for grounded capacitive sensofzésented in Fig. 2. It consists of three bloeks:
microcontroller, a low-pass filter (Fig. 3), anglaase shifter (Fig. 4).

The microcontroller is responsible for two funcsohe first is that it generates stimulation
square wave, (vin is equal to the supply voltag&c of the microcontroller) and period at the
output pin Pin 1 using one of its timers/countdilse second function is that it measures tites
andt; using the other of its timers/counters as showign 5 and next calculatas=t, —t;. Timet;
is the delay introduced by the low-pass filter ¢sirwavevy), and timet, is the sum of delays
introduced by the low-pass filter and by the phsiséter (sinus waveys), hence the calculated
delay 7 represents the phase shift introduced only bypthese shifter containing the capacitive
sensor. Signalss and vys are connected to the input of the AC with the shodd voltage
Vin = Vee /2 via an AMux (analogue multiplexer) (input ping R and Pin 3, respectively). Voltage
Vin can be set by any internal voltage reference soafcthe microcontroller (e.g. a digital-to-
analogue converter (DAC), a voltage scaler, a sebltage reference sources) or, if we do not have
such capabilities, we can use a resistive dividdt bf R, andRs (connected to Pin 4 and Pin 5 as
shown in Fig. 2). Hence, a necessary conditioniredby the method is that the microcontroller
should have two timers/counters and one AC. Usudlig AC is equipped with an 8-channel
(sometimes even 16-channel) AMux. These criteri@ amet even by mid-range 8-bit
microcontrollers. Therefore, the proposed solutidgh be shown using the example of an 8-bit
ATXmega32A4 microcontroller [56,57].

The low-pass filter block is based on a second+o8#dlen-Key low-pass filter configuration
(Fig. 3). It converts square wave, with amplitude Vcc and period T into sinus wave
Vi = Vec/2:sinft) + Vec/2, where w= 27T, by filtering the higher odd harmonics of the sgua
wave.

The phase shifter consists of reference resR§and capacitive sens@ (Fig. 4) in the RC
low-pass filter configuration, and a non-invertvgtage follower based on a rail-to-rail operationa
amplifier. An LTC2051 dual zero-drift operationahglifier in the MS8 package was chosen [58].
The RsC circuit shifts signalv; by 7, and also acts as a first-order low-pass filteig.(/b),
additionally filtering the waveform of odd harmosicTheR;C, circuit can be considered a phase
shifter because it is assumed tiiaf.e. @) is constant. The amplitude of thg signal depends on
the changing value oy however, it has no significant effect under tlomdition Vi, = Veco/2,

because both the andv,s signals are fed to the AC.
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2.1. Measurement procedure algorithm

The ATXmega32A4 is powered by a supply voltage = 3.3 V and its clock source is a
16 MHz crystal oscillator. During the measurememicpdure, square wawg at output pin PCO of
the microcontroller is generated by a 16-bit TCAm@/Counter CO) in Frequency (FRQ)
Waveform Generation Mode. Simultaneously, the 16FGi1 (Time/Counter C1) used to determine
t; andt, works in a Normal Mode with Capture on Channel #aBle, and it is controlled by the
Event System (ES) by the Analogue Comparator nur@d@&C AO0). Threshold voltag¥y, of the
AC A0 is controlled by the 12-bit DAC connectedthe PORTB (DACB) with the reference set to
Vce [56]. Signalvs is connected to input pin PA1, and signalto input pin PA2.

It is proposed a low energy consumption measuremgotithm which flowchart is presented
in Fig. 6. To reduce energy consumption, odly- 1 measurements of timgsandt, are made, of
which M is then averaged (e.® = 64). The first dummy single measurement is tmgoithe
analogue interface circuit out of its initial state

The algorithm of a single-measurement is shownign Fand also in Fig. 8. This is due to the
fact that this algorithm is partly implemented oftevare (Fig. 7), and more specifically in two
sections of the code: the section of the main fancfMain function) and the section of interrupt
services (Interrupt services), and partly “inclutiedthe configuration of the peripheral modules of
the microcontroller setting up the time measuremaidrosystem (Fig. 8): cascaded connected
ACO, ES, TC1, which, among other things, enablésrogation of energy consumption [59].

The main section code (Fig. 7)of the single-measerd function is responsible for executing:

— It sets pin PAL1 as the input of the AC and setarableend_meas which is used to synchronise
the hardware and software (handled by the intesaptice).

— Then we wait for the time measurementtpto be completed by testing varialded meas.
When the value of voltage achieves the valuéy, the AC generates an event (step 1 in Fig. 7
and Fig. 8), which writes the current value of T®lthe register TCC1_CCA. Then a write
event to this register generates an interrupt (8jept the end, the measured value of timis
saved and variablend_meas is cleared — the result is to go to the main fiomct

— Next, it sets pin PA2 as the input of the AC argbalets variablend_meas.

- After that, step two of the algorithm is perfornfedthev,s signal, and timé, is measured.

— At the end, timeris calculated.

The code ofsingle- and multiple-measurement functions writterANSI C takes only 1192
Bytes (including 54 Bytes of the interrupt servioé)the program memory, and the configuration
function of the peripheral devices occupies only Btes. It should be also mentioned that by

using the subtraction operatiomr {t, —t;), we eliminate the influence of propagation delays
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introduced by the measurement path, including thnepass filter, which is an advantage of this

approach.

2.2. Analysis of the phase shifter circuit

The formula for transfer functioikps(s) of the phase shifter (Fig. 4) has the form:

1
K ps(s) = JRIC, )1 (1)

Substitutings =j-«y we obtain the following formulas for modulu§,{ )| and phase shiffs of

the transfer function of the circuit:

1
Ks\w) =
e JwR, T, f +1 @
¢ps = —arctania)[IP3 EDX) (3)
where:
a)zz?n , ¢ps:2?nﬂ' andr=t,—t; (4)

In practice, the measured value of sensor capa&ei@nis loaded with parasitic capacitance
hence we can write th&, = C, + C,. From this fact and (3) and (4), we can deriveftimula for
Cm

Cpn= (an —

21TR, T

Square wave, is generated, and timgsandt,, i.e. timer, are measured by 16-bit timers of the

T 21
j ()

microcontroller clocked directly by the system #owith the periodtyk. If we assume that
T = Niax-tak @andm; = 7/ tax (Nmex = 2'° — the maximum value counted by the tinter,— the value

counted (determined) by the timer for timjewe can write that:

Cry = Alian(y ;) )
LR = Nmax |:ﬂclk - 2 . . .
where: 8 2R, 4 N andC, — interface circuit constant parameters.
That is, we finally get the following formula f@d;:
C=C,-C, (7)
8
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Parameterg3 and y are constant and describe the configuration ofsystem. They can be
specified only once during writing of the softwavethe smart sensor. Whereas, paramegr
which represents the physical properties of thes@hghifter circuit, can be measured or either
determined by the PCB design software. These padeasnean be saved as constants in the program

code of the microcontroller. Therefore, calculasiaf the value o€, are simple.

2.3. Determination of referenceresistor Rs

Measurements of timds andt, should be carried out with the best possible tdgsm of the
16-bit timer of the microcontroller to minimise tlggantisation error. Therefore, it was assumed
that periodT of stimulation square wawg, is equal toNmxtak. IN the proposed prototype of the
smart compact sensor, the microcontroller is cldcké 16 MHz (this is its maximum clock
frequency [57, page 20]), therefore peribd 4096ps. For this value of period, the values of
low-pass filter elementB;, R;, C;, andC; (Fig. 3) were determined. If we would like to spag
the measurement procedure, i.e. shorten pdri@dr the assumed measurement resolution), then a

microcontroller clocked with a higher frequencyrsfyshould be used.
It was also assumed that the value rangeCipis as follows [48,51]:C, D<Cx,mm;meax>,

Cxmin = 100 pF, andC, max = 300 pF. Hence the middle value (which can besicmed as a nominal
value) isCy mean = 200 pF. For this value, we should be in the neidd the phase shift measurement
range, i.egys = 77/ 4. Since the phase shifter is also a low-padtes,fiv= 2-7#FR3-Cxmean / T. Hence,
using (3) and (4), the determined valueRafis 3.18 M2 (e.g. 3.62 M2 for the nominal value
180 pF of a HS1101LF relative humidity sensor [53])

Ultimately, the value oR; should be selected so th@tux-min = MACxmax) — MACxmin), Which
determines the dynamics of changes in the valua,q¢f = m/tyy), is as high as possible, and thus
that the measurement resolution of the sensor'aai@mce is as high as possible. Therefore, the
graphs shown in Fig. 9 were prepared. Fig. 9a shtbegraphs of the value aif; depending on
capacitanceC, and resistancé&s, while Fig. 9b and Fig. 9c show the graphsn®fu.min and
Mmin = MA{Cxmin) @s a function oRs, respectively. Therefore the vallg = 3.3 MQ was chosen
(based on the E6 value series). For this valueththeretical measurement resolution is about 24 fF
(1 pF— 41 bits).

For example, for a range of 33 pF — 100 pF we Hve 10 MQ and for a range of 10 pF —
30 pF we haveR; =33 MQ. For these ranges, only simulation studies usifgpice were
performed. They confirmed the possibility of usithg proposed method also for such capacitance

values.
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3. Analysisof errorsintroduced by theinterface circuit

The accuracy of determining the valueGfis influenced by systematic errors resulting from
inaccurate setting or stability of the constantapagters of the interface circuit, and systematat an

random measurement errors of timgeandt,, i.e. the timer — the valuem..
A maximum possible relative uncertainty of an iedity measurable variablg = f(><1,..,x|) is

given by the following formula [48,51,60,61]:

k> ‘['“' @

where:x — directly measurable variablex 1, 2, ..]), Ax — maximum absolute uncertainty>ef

We can notice from (5) and (6) that indirectly meable valueC,, depends on the accuracy of
the R; value —ARg, the stability of a quartz oscillator and the disisation error ofyx — Atqy, and
the accuracy of the measured valuemnpf- Am,. For these direct variables based on (8), we wbtai

the formula:
AC, 1 [E| 0CH(Re)| ar, 4]
|Cm(R3'tc|k,mr)( |Cm(R3’thk’mr)| ‘ R, ‘

where:C,,> 0,R; > 0,tyx > 0, andm; > 0.

After the transformations of (9), we obtain theldaling formula for the maximum possible

(tcl «)

Otok

Ci

(9)

0

relative uncertainty o€y,

AC,, :AR3 Aty -
CnlRotaicm ) Ry * e +g(m, )iam, (10)
where:
2y
m)= [sin(2y i ) (11)

The first elemenAR; / R; of formula (10) represents the toleranceRgfand also the thermal
drift of Rs [48,51]. For a prototype device or for small protilon series, we can measure the value
of Rs and save it in the microcontroller program codhkiclv eliminates this error. Otherwise, it is
suggested that resistBg has a tolerance of 0.01%, which enables this émite on the accuracy of
the determination df, to be neglected.

10
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The second elememtyy / tyx Of this formula can also be omitted. The stabibifya quartz
oscillator is at the level of 50 ppm (0.005%) ahe dliscretisation error for measured tinhesndt,
is less than 0.006% and 0.005%, respectively, addeas not depend on the trigger noise [62,63] as
thev; andyv;;s signals are fed to the AC.

Hence, the third elemerdm, =g(m,)-Am;, of formula (10) has a significant influence on the
maximum possible relative uncertainty@f. The graph of thg(m,) function is shown in Fig. 10a.
For comparison purposes, the; values obtained during the measurementdffer 1 (in Fig. 15a)
and forM = 64 (in Fig. 16a) were used to prepare the chiarEsg. 10b and Fig. 10c, respectively.
Comparing the relevant charts with each otherait lose seen that in both theoretical (Fig. 10b and
Fig. 10c) and practical (Fig. 15b and Fig. 16b)esaghedm; errors have similar values, which
confirms the compliance of the theoretical assuomgsti The main differences result from the fact
that for smalleC, values, we have less noise filtering.

The Am; error depends on the precision of the AC trigggrire. the accuracy of the setting of

the threshold voltag¥,:

V,
Vth = % t AVth * Vnoise (12)

WhereasAVy, represents the accuracy of the valuevgfset e.g. by the DAC or a voltage
divider (R, andRs) and also an input offset voltage of the AG < 10 mV [57, page 66] and is
constant for a given microcontroller) — a systematror which can be minimised. Wheregsgs is
the noise (or more precisely, disturbances) mogeyerated by the digital systems of the
microcontroller (e.g. by its core processor, timansl clock system) — a random error. Therefore,

based on (12), we can write:

Amr = Amr_s(AVth ) + Amr_noise(vnoise) (13)

where:Am; s — a systematic error part &M, Am; e — a random error part &m;.

If we assume thakViy, = Vi, My = t1 / tgk, andnmy, =t, / tgx, We can write the equation:
My =My —my (14)
where:

my =’y + Amy(Vor, Vi) and mp = my +m'z + Amp(Vor, Vps(Cx)) (15)

11
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where: Vs — an amplitude of thes signal, andV,s — an amplitude of the,s signal,m’; andm’, —
ideal values of the measured tinteandt,, andAnmy, andAn, — absolute error values derived from
Voir andVs or Vps(Cy), respectively.

After the transformations of (15), we obtain thenfala for theAm, s error:
Am; s = Amz(voff,vps(cx)) — Ay (Vorr, V) (16)

Amplitude V; is constant, while amplitudé,s (i.e. the “slope” of ther,s signal (Fig. 5)) depends
on the value of capacitanGy of the sensor whe,; > 0 V, as shown in Fig. 11b.

By transforming (16), we obtain the final form bdktformula forAm;, s

A =M arcsi VL —arcsi VLﬁ
Mrs 2r Vps(cx) Vs an

A graph ofAm; s as a function o€, for four values oWy =1, 2, 5, 10 mV is drawn in Fig. 12.
As shown in Fig. 12, in the case of the id¥al=Vcc/ 2 (Voff =0 V), the value ofC has no
influence on systematic errdm; . However, in the case of a mismatdly, # Vec / 2 (Voff > 0 V),
this influence is proportional tgoff. Hence, in order to eliminate this errédinf, s < 1 LSB for the
entire range ofC,), the condition\fyy —Vcec / 2| <1 mV should be met. Obviously, the valués o
Am; ¢ taken from this graph can be used to conmect

It should be mentioned that =V, / Vcc = 0.5 set by the 12-bit DAC, as proposed in tlaigg,
is constant for a given microcontroller and is genhsitive to temperature changes, as shown in
[48,51]. To meet the above condition for the refieeevoltageV,« = Ve = 3.3 V, the value in the
DAC should be set with accuracy to 3 LSB.

In the case of using resistive dividey, Rs (Fig. 2) as the threshold voltage source of the IAC
order to minimise thém;_s error, the following conditions must be m&; + Rs >> Ryinz on and
Rs << Ryinz oft, WhereRying on — OUtpUt pin resistance at a high voltage levieb(h 50Q), Rying off —
input pin resistance (about 3Xp [57, page 67]. Fig. 13a shows a diagram of coieiffit
a=R,;/ (R4 +Rs), and Fig. 13b shows the relative erdwr of this coefficient depending on the
value ofR = Ry = Rs and the values of pin resistané®ss on, andRyinz orf. HENce, the smallest error
oa = 0.0013% is obtained fét, = Rs = 330 K2 (Fig. 13b).

It should also be remembered that toleramti®s/ Ry = ARs / Rs of Ry andRs should be such
thatVee:lo— 0.5| < 1 mV. Hence, for a tolerance of 0.05%,haeeVcc:|a — 0.5] < 0.825 mV, and

for a tolerance of 0.1%, we haVec:|a — 0.5| < 1.6 mV (the value of about 1.6 mV istfoe worst
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case whem\R, = -ARs). Moreover, resistorR, andRs must have the same temperature coefficient

of resistance so that is not sensitive to temperature changes of theessistors.

4. Methods and materials

The measurement method including the analoguefaatercircuit (built on an LTC2051) was
experimentally tested based on the prototype of dmart compact sensor controlled by the
ATXmega32A4. The supply voltag€cc = 3.2997 V, the threshold voltagé, = 1.6495 V (the
value 2073 written to the DACB_CHODATA data registé the DAC B) —a = 0.49989, and the
reference resistdRs = 3.2994 M2. An Agilent 34410A was used to measure the vokage and
Vin and the resistande.

The sensor was replaced by a 96t} i-1, ., of | =12 ceramic capacitors. An Agilent 4263B
and a Hewlett-Packard 16047A were used to measiuew of these capacitors (Table 2).

Table 2. Values of ceramic capacitors.

index i 1 2 3 4 5 6 7 8 9 10 11 12

Cyi[pF] | 99.84 | 109.29 119.67| 130.92| 147.11| 162.74| 179.32| 200.24| 219.67| 238.12| 286.12| 297.09

We carried out. = 1024 measurements for @l}; values, and for two low energy consumption
measurement modes: for a single-measurement of {ffoeM = 1) and for a multiple-measurement
of times (forM = 64). Therefore, we performed a total of 66,568asurements (dummy single
measurements are not included). E.g. for the assuarege of capacitance values the multiple-
measurements procedure (Mr= 64 and.x = 62.5 ns) takes approximately 87 ms to 109 ms.

After eachl-th single- and multiple-measuremeht(1, ..,L) for eachi-th capacitance valugy;
the measured values of timés, andty;;, i.e. values read directly from the data regisiér
timer/countemy ;| andnmy;; , and also the valué€s,;; computed by the microcontroller were sent to

a computer used a USB interface.

5. Experimental results and discussion

For both measurement moddd £ 1 andM = 64), for each reference val@;, the lowest

values mr_nin,izmlin{mr,i,l}, highest values ”}_max,i:mlaﬁ”},i,d, and middle values

M ean,i = (m,_min,i M i )/2 from the measurement result sats{} -1, .. were calculated.
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The scaling results of the analogue interface tirate shown in Fig. 14, where the middle
valuesm; meanj Were used to plot the measurement scaling curdditidnally, in Fig. 14, there are
simulation scaling curves generated with the usMlaflab and LTspice. It can be seen in Fig. 14
that these curves are similar in shape. The diffeze result from the fact that the ideal operationa
amplifier model was used in Matlab (it was alscuassd that the parasitic capacitaie= 10 pF),
and the simulations in LTspice were based on th€2051 amplifier model with parameters
determined for a supply voltage of 5 V (which méfeet the accuracy of the model for the supply
voltage of 3.3 V). These differences, especiallyween the measurement curve and the Matlab
simulation curve, can be treated as a graphidi#itisn of systematic errors. Therefore, we can use
these results to develop an algorithm for corrgcsiystematic errors, which will be described in the
following subsection.

The noise effect (mainly due to disturbances) am dhcuracy of measurements, that is, the
random relative errors for single mode, are degdiateFig. 15, and for multiple mode, in Fig. 16.
These figures show absolute errd®; noiei and relative error®m; noisj Of determining timer

(m;), and the absolute error of determining capaceé#ts;,;, as defined below:

Amr_nois;e,i = (mr_max,i M inj )/2 (18)
amr_noise,i = Arnr,i /Amr_rrean,i [100% (19)
ACm,i = (Cm_maxj _Cm_maxj )/2 (20)

where: Cp minj, and Cn maxi are calculated based on (6) and the valuesmgfini, Mz maxi,

respectively.

In the first case (Fig. 158m; noise ranges from 33 to 72 LSB, with the result t@i; noise iS less
than 0.7% and\C,, is less than 2 pF. E.g. this accuracy should & tlean 0.2 pF to obtain an RH
resolution at a level of 1% [53]. For this reasargsingle-measurement mode is useless. However,
when we want a fast and low-energy measurementt@mhly estimate the value of the sensor
capacitance, we can use this approach.

However, for the multiple-measurement case (Fig, @6orAm; nise IS already in the range of
2-3 LSB. Thanks to this, errdm; nsise is smaller than 0.06%, and ertd€, is smaller than 72 fF.
That is, a 64-fold increase in the measurement tedeced erroAC,, by approximately 28 times.

Of course, we can still extend the measurement tm@der to obtain greater accuracy [48], but
this is at the expense of the energy consumed dylelice. For example, the measurements were

carried out for the valu€,; andM = 256. Under these conditions, absolute ey s 1 IS
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+1.5LSB QAC, less than 36 fF.), i.e. an additional fourfold re@se in the measurement time

contributed to an approximately twofold reductidrttas error. It is even possible to continuously

measure the sensor capacitance and read the wsultemand, as it depends only on the
microcontroller software.

For example, when compared to similar solutionsgmeed in the literature, e.g. for a more
complicated analogue interface circuit (3 rail-ail-loperational amplifiers and a comparator, two
analogue multiplexers, some simple digital gateslgfounded capacitive sensors [41] dedicated to
microcontrollers equipped with timers/counters Nbe 128, erroiAC, is less than 86 fF. Whereas,
e.g. for the methods based on a direct sensor<¢ooontroller approach, this error is less than
100 fF for the method proposed in [48] flgr= 64, and less than 62 fF for a 3-point calibratio
technique [3] foM = 100, respectively. So, the proposed method esahke sensor capacitance to
be measured with a resolution similar to the preskmethods, and moreover, it has a simple
structure of the interface circuit and, importantigolates the sensor from microcontroller
influences (both rail-to-rail operational ampligplaced in one package operate in voltage follower
configurations, as shown in Fig. 3 and Fig. 4).

Moreover, a proposed solution in relation to theedi sensor-microcontroller approaches
increases the safety of the microcontroller opematas the microcontroller is isolated from the
sensor. In many cases, sensors must be locatadeothie housing of the device, therefore they are
exposed to various types of damage. In such a &asthe direct connection of the sensor to the
microcontroller (when using the direct sensor-ngoraroller interface), damage to the sensor may
result in damage to the microcontroller. By isalgtithe microcontroller from the sensor we
eliminate this problem, what is an advantage of gh@posed solution from a practical point of
view. Furthermore, we can design the interfaceudiras a separate module or e.g. as a PCB part
design, calibrate it once and use it with any naordroller.

In addition, the methods were compared in termsrdrgy consumption by the interface
circuits. In order to be able to objectively compdine methods the following assumptions were
made:

— the discharging times for the methods in [3,41¢ tharging time for the method in [48], and
the time of a single-measurement for the proposethod are similar for maintaining the same
measurement resolution and similar power consumpifothe analogue interface circuit with
the capacitance sensor,

— the same microcontroller is used (the ATXmega32A4crocontroller, V. =3.3V,
fosc = 16 MHZ),

— energy consumption by the microcontroller and &ctircuits during one measurement cycle

will be compared.
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Table 3. Comparison of current consumption by therface circuits

Reference [3] [41] [48] Thiswork

Microcontroller | core processd?, | core processd?, | core processd?), | core processd?,

peripherals timer ® timer ® timer, DAC, | 2 - timer, DAC,
AC ® AC ®
Active some gates, LTC2051
components - MAX4560, - (two op-amps)
OPA2350,
MAX987,
AD8607
Total current | 7.519 mA -39 =] 7.519 mA .39= 8.792 mA 8.811 mA
consumption by 22.557 mA 22.557 mA
the
microcontrller
Total current 15.199 mA - 39 1.5 mA
consumption by - =45.597 mA -
active
components
Total current 22.557 mA 68.154 mA 8.792 mA 10.248 mA
consumption

Notes: (a) - the core processor of the ATXmega3&Aerocontroller consumes about 7.5 mA [57,
page 70] in the active mode at 3.3V, for a 16 Mékternal clock and at 26 (there is no
information about using low-power consumption teghbes in [3,41,48]), (b) - current consumption
of peripheral devices read from the documentatidh page 62], (c) — methods proposed in [3,41]
are based on a 3- point calibration technique —roeasurement cycle consists of measurements of

three discharging times, hence the multiplier of 3.

As shown in Table 3, the proposed solution is attarzed by low energy consumption. This
consumption is much lower than for the methods psed in [3,41] and only about 16.6% higher
than for the method described in [48], which is mhaidue to the current consumption of two

operational amplifiers.
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5.1. A systematic error calibration (correction) approach

It was assumed that the calibration (correctionth&f systematic errors should be done by
software, so as not to complicate (expand) theogal interface circuit. The proposal to minimize
the systematic errors is based on a calibratiotiodiary, similar to that presented in [51,64]. The
calibration dictionary and an algorithm of the gysatic error corrections described below were
implemented in the microcontroller software (writie ANSI C).
The calibration dictionary is created as followssk a set of point€,; = f(M; mean;i) is plotted
in a plane with coordinate®s; men, Cx (Fig. 17). We then use the spline functions describy 3rd-
degree polynomialB(-) to approximate this set of points. Hence, thefficientsa;x (k= 1,.., 4) of
a givenj-th polynomialP;(-) are always determined based on four points frgmints, so that the
polynomials overlap at least in one knot, in théfeing way:
j=1forn=1, 2, 34,
j=2forn=4,5, 6,7,
j=3forn=7, 8,9, 10,
j=4forn=9,10, 11,12,
where point numbar in bold is the common knot for adjacent functicas shown in Fig. 17.
So we can write that for eagh= 1, 2 ,3, ..., we have four points with indexes r + 3-( — 1),
wherer =1, .., 4 andh <. Thanks to this, we obtain a set of valuagj{j=1,., 4x=1,, aWhich is a
component of the calibration dictionary. The rekthe calibration dictionary consists of values
{m} =1, aused to select the givgrth spline function. These values are determinefbbsws:
m =M maxp, Wherep=3 + 1, if p>1 thenp =1. Hence finally this dictionary can be written as
follows: {ajx, M} j=1.,4k=1,., 4 Hence the dictionary is small because it contaimly 16 elements
of the type “double” and 4 ones of the type “intégd@hat is, it takes only 104 bytes of program
memory of the microcontroller.
Thus, the determination of the value@f based on the systematic error calibration algarith
consists of the following steps:
1. The value om; = m, —my is determined based on the measured vatyesidm, of times
t; andt, — performed by the measurement function.

2. The value of indekis determined based om{ j -1, sand a simple procedure presented
in Listing 1

3. The corrected value of capacitance se@apd is calculated based oy} k=1, afor a
givenj and (21)
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uint_16_t mj[4] = {6587, 8237, 9729, 10818};

i =4, 7, 10, 12
i =0 /lj =0, .., 3for ANSI C
if(mtal > mj[3]) {

=3
}

el se {
while(!(mtal <= mj[j])){

j ++;

Listing. 1. Code implementing the procedure foesehg the value of index

4
k-1
C:m_corr = Zaj,k m.ﬂr (21)
k=1

ay — coefficients of the-th spline function determined by the calibratidgoaithm.

Thanks to the presented approach, it is possibt®apletely reduce the systematic error for a
given analogue interface circuit. Thus, the deteedivalue ofCy, o IS burdened with only the
random errors, as presented earlier.

Moreover, the computational complexity of formull) implemented in the C language is
lower than that of formula (6) containing the fuonttan() from the GNU C library libm.a
(math.h). Only three additions and four multiplioatoperations are enough to calculate the value

of C corr USING (21).

6. Conclusions

We presented a new measurement method developedefermining values of capacitive
sensors, dedicated, inter alia, to grounded reatumidity sensors. The method is intended for
microcontrollers with buit-in timers/counters an@€# The new structure of the analogue interface
circuit consists of a low-pass filer (a second-or8allen-Key low-pass filter) and a phase shifter
with a capacitive sensor (an RC low-pass filtergnek, we use only two rail-to-rail operational
amplifiers placed in one package. Also, a measunemecedure and a algorithm of systematic
errors correction based on a calibration dictiontogether with their implementations in the

microcontroller’'s software were elaborated.
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The experimental studies were carried out baseahoexample of a prototype controlled by an
8-bit microcontroller. They confirmed that for theultiple-measurement approad¥ € 64) relative
errors of capacitance measurements introducedebgirthlogue interface circuit are < 0.06%, which
gives a capacitance resolution < 72 fF for the eamigassumed capacitance (100 pF to 300 pF).

Despite the simple structure of the analogue iatericircuit, we obtained so good results thanks
to the use of an algorithm of systematic errorsremtion (calibration) based on a calibration
dictionary dedicated to this circuit and the muétmeasurement approach.

In addition, software has been written in ANSI G fn exemplary 8-bit microcontroller
(ATXmega32A4) implementing the measurement methetijch confirms that the limited
computing power and sizes of data and program memof mid-range 8-bit microcontrollers are

sufficient for this method.
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Figures captions

Fig. 1. Classification of methods based on the EaKversion technique.

Fig. 2. Scheme of a proposed analogue interfacaittonnected to a microcontroller.

Fig. 3. Block scheme of a second-order Sallen-Keypass filter

Fig. 4. Block scheme of a phase shifter with a cdpa sensor,.

Fig. 5. Timings of the stimulation signak(t), the output signal of the low-pass filtgft) and the
output signal of the phase shiftgg(t) for Vcc = 3.3 V, T = 4.096 msRs= 3.3 MQ, C, = 100 pF.

Fig. 6. The multiple-measurement procedure algarith

Fig. 7. The single-measurement procedure algorithm.

Fig. 8. Configuration of peripheral measuring citswf the microcontroller.

Fig. 9. (a) Graphs of the value of; depending on the capacitanCg and the resistandgs. (b)
Graph ofMmypaxmin @s a function oRs. (¢) Graphmyin = m{Cxmin) as a function oRs.

Fig. 10. (a) Graph of thg(m, function of m, (b) Relative uncertaintiedm;, for valuesAm;
obtained during the measurementsNbe= 1 in Fig. 15b. (c) Relative uncertaintiés, for values

Am; obtained during the measurementsNbr 64 in Fig. 16b.

Fig. 11. (a) Graph of a phase shiff as a function o€, values for the capacitive sensor. (b) Graph

of a module\/ps| as a function o€ values for the capacitive sensor.

Fig. 12. Graph of an absolute uncertaifty, s as a function o€, for four values oWy =1, 2, 5,
10 mV.

Fig. 13. (a) Graph of the coefficient=R;/ (R4 + Rs) as a function oR = Ry = Rs, (b) Graph of the

relative errorda of the coefficientr as a function oR=Rs =Rs
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Fig. 14. Scaling curves of the analogue interfaceut based on measurement results and

simulation results with the use of Matlab and LTspi

Fig. 15. Single-measurement approach case: (a)létes@andom measurement errtis; noise. (0)
Random relative measurement errés; nsi. (C) Absolute random errors of determining the

capacitancéC,.

Fig. 16. Multiple-measurement approach case: (egoAlle random measurement errirs; nise.
(b) Random relative measurement erroms: noise. (C) Absolute random errors of determining the

capacitancéC,.

Fig. 17. Graphs of a set of measurement pointsaaset of spline functions approximating this set

of points.
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Figure 6.
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Figure 7.
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Figure 9.
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Figure 11.
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Figure 12.
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Figure 16.
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Figure 17.
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