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ABSTRACT The correct selection of sampling frequency when reading signals from sensors ensures high quality of digitized
data and saves memory when storing such data. The complexity of automatic selection of the sampling frequency is
explained by the fact that this frequency depends on the frequencies of the useful signal, which are not always known.
Therefore, in the work the computer system for reading signals from temperature, humidity, and lighting sensors with
automatic selection of the sampling frequency based on the Fourier spectrum analysis of the signals was developed. Signals
from digital sensors (DHT22) are transmitted directly to the Raspberry Pi3 microcomputer. Signals from analog sensors
(LM335M, light sensor) are fed to the Arduino Uno device. An algorithm for the analysis of Fourier spectra of one-
dimensional signals has been developed, which is designed to determine the optimal sampling frequency and decimation
coefficient of signals read from sensors. Based on the initial signals, their Fourier spectra are calculated, and by analyzing
the spectra, the maximum frequency of the useful signal and the optimal sampling frequency are determined. Specified
sampling frequency according to the sampling theorem is calculated as a double value of the maximum frequency of the
useful signal. Decimation (thinning) of the signal is performed with a coefficient determined by the ratio of the initial and
specified sampling frequencies. To assess the quality of the signal after decimation, the decimated values were interpolated
by splines. The root mean square error of interpolation was calculated. Experimental testing of the developed tools for
reading and analyzing signals from temperature, humidity and lighting sensors was carried out. In all considered cases, the
sampling frequency is determined correctly. The resulting sampling rates can be used for decimation of signals or for

subsequent reading of signals from sensors.
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I. INTRODUCTION

he task of developing a computer system for
T reading the signals of temperature, humidity and

lighting sensors with automatic selection of the
sampling frequency is important, since the correct
selection of the sampling frequency ensures high quality
of digitized data and saves memory when storing it [1-4].
The complexity of automatic selection of the sampling
frequency is explained by the dependence of this
frequency on the frequencies of the useful signal, which
are not always known. Setting the same frequency when
reading different signals is technically a simple solution,
but it has two significant disadvantages: undersampling
leads to signal distortions, and oversampling leads to
excessive memory consumption when storing data. In
modern computer systems, the shape and spectra of
signals are analyzed to select the optimal sampling
frequency [1-2]. For this purpose, artificial neural
networks (ANN), in particular, convolutional neural
networks (CNN) [3] are also used. However, the analysis
of the shape and spectra of signals is not yet fully
automated, and the use of ANN requires a complex
learning process. At the same time, choosing the sampling
frequency in manual mode is a time-consuming process.
Therefore, an urgent task is to create a computer system
for reading sensor signals with automatic selection of the
sampling frequency based on the analysis of the Fourier
spectra of the signals.

Il. ANALYSIS OF SPECTRA OF FOURIER SIGNALS
The one-dimensional direct Discrete Fourier
Transform [4, 5] of the digital signal y(i), where i = 0, 1,
..., 0-1, is determined by the formula

F(n)=in_1y(i)exp(—j-2n( ni B (1)
0 i=0 0-1

where F is the Fourier image (Fourier coefficients); ; is an
imaginary unit (°= -1); n is the reference number for the
signal frequency, where =0, 1, ..., O-1.

Based on the Fourier spectrum F, the initial function

y(i), where i = 0, 1, ..., O-1, can be obtained using a one-
dimensional inverse discrete Fourier transform
N . n-i
y(i)= X F(n)exp| j-2n . (2)
n=0 Q -

Analysis of Fourier spectra allows to determine the
value of the signal frequencies f'and use them to calculate
the sampling frequency fd. If the maximum frequency of
the signal in the spectrum is fs_max, then according to the
counting theorem, the sampling frequency should be
chosen equal to fd = 2fs max. The Fourier amplitude
spectrum is determined by the formula

F, =|F|= \/Re(F)z +Im(F)? , 3)
where Re(F) is the real part of F, Im(F) — imaginary part.
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I1l. HARDWARE AND SOFTWARE IMPLEMENTATION OF
A COMPUTER SYSTEM FOR READING AND ANALYSIS OF
SENSOR SIGNALS

In the developed computer system (Fig. 1), signals
from digital temperature and humidity sensors (DHT22)
are transmitted directly to the Raspberry Pi3
microcomputer [6-8]. The signals from the LM335M
analog temperature sensor and the photoresistor [9] are
first fed to the Arduino Uno device [10], where they are
converted into digital form using an ADC and then sent to
the computer (or Raspberry Pi). On the basis of the
signals, their spectra are calculated, and by analyzing the
spectra, the optimal sampling frequency fd is determined.
The connection between the Raspberry Pi and the
computer is made through a network connection, the
connection of the Arduino Uno device with the computer
is made through the USB port.

The software for the Arduino Uno device, which reads
temperature and light signals, is written in the Processing
language. The software in the Raspberry Pi3 that reads the
temperature and humidity signals is written in Python.

The analysis of the signal spectra is performed by the
"p_spectr 23" program developed in the Python
language. Analysis of signal spectra is performed
according to the following algorithm (Fig. 2). First, the
initial signal y(x) is read from the sensor (Fig. 3), the O
values of which are written into the arrays vx and vy.
Voltage U, temperature 7 or humidity A are used as the y
parameter of the signal. Time 7 is used as the x parameter
of the signal. The Fourier spectrum F of the signal is
calculated using the fftpack module of the scipy library
with the function fft (Fast Fourier Transforms). Next, the
Fourier spectrum is centered with the command
Fc=np.fit.ffishift(F), after which the zero frequency f
corresponds to the center of the spectrum Fc. The module
of the Fourier coefficients is calculated by the command
Fa=abs(Fc¢) (Fig. 4).

A number of parameters are calculated for the
obtained Fourier spectrum. The sampling frequency of the
initial signal fd0 is calculated through the sampling time
Ax according to the formula fd0 = 1/ Ax.

The maximum frequency of the spectrum f max
according to the Nyquist sampling theorem is calculated
as half of the sampling frequency: f max = fd/2.

The maximum value of the modulus of the Fourier
coefficients for noise FaN max is calculated as the
maximum value of the modulus of the spectrum Fa for
1/4 of the highest frequency part of the spectrum.

Temperature Raspberry Pi 3 Computer
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sensor Signal reading _,| Spectrum
DHT22 T(t), HE) ¢ > calculation
Spectrum
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Signal reading v
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(photoresistor) UL®) USB

FIG. 1. Structure of a computer system.
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FIG. 2. Flowchart the signal spectrum analysis algorithm.
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FIG. 3. The graph of the initial signal of the photoresistor.
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FIG. 4. Modulus of the spectrum Fa of the signal of the
photoresistor.

The minimum value of the Fourier coefficients
modulus for the signal is calculated by the formula

FaS min=FaN_max-kS , 4

where &S is a coefficient that depends on the sensor:
kS =10 for photoresistor;
kS =5 for the DHT22 sensor (temperature signal);
kS = 2 for the LM335 thermal sensor.
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The maximum frequency of the useful signal fs max
is calculated as the frequency value at which the modulus
of the Fourier coefficients Fa exceeds the minimum value
of the modulus of the Fourier coefficients FaS min.

The specified sampling frequency fd according to the
sampling theorem is calculated as the doubled value of
the maximum frequency of the useful signal f5 max, i.e.
fd =2-fs max. Decimation (thinning) of the signal is
performed with a coefficient

Nd=[ fd0/d]. (5)

For example, if Nd = 4, then 1 of 4 readings remains.
After decimation, the quantity of points for the signal
values Qd is reduced by Nd times, i.e. Qd=[Q/Nd], and
the signal values after decimation are written into arrays
vxd and vxd. Taking into account the decimation, the
specified sampling frequency fdN is calculated

fdN =fd0/Nd . (6)

At this sampling frequency fdN, the waveform is
preserved, but the signal does not contain redundant data
(Fig. 5). To assess the quality of the signal after
decimation, the estimated values of vyd were interpolated
by splines using the «InterpolatedUnivariateSpliney
function. The interpolated values of yi (Fig. 6) are close to
the initial y and contain the same Q points, and the
difference between them is described by the root mean
square error (rmse).
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FIG. 5. Initial signal (y) and signal after decimation (yd).
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FIG. 6. Initial signal (y) and signal after interpolation (yi).

IV. EXPERIMENTAL CHECK OF THE DEVELOPED SYSTEM
By Arduino UNO device the signal from the LM335
temperature sensor was read (Fig. 7). The signal spectrum
was calculated (Fig. 8). A fairly high value of the
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decimation coefficient (Nd=11) was obtained, but the
signal shape was preserved.
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FIG. 7. The initial signal (y) from the LM335 temperature sensor
and the signal after decimation (yd).
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FIG. 8. The spectrum module Fa of the signal (Fig. 7).

The obtained sampling frequency fdN can be used for
the subsequent reading of signals from sensors.

The temperature and humidity signals read from the
DHT?22 sensor are similarly processed. The sampling
rates of the temperature, humidity and lighting signals are
calculated correctly.

V. CONCLUSION

An algorithm for the analysis of Fourier spectra of
one-dimensional signals has been developed, which is
designed to determine the optimal sampling frequency
and decimation coefficient of signals.

A computer system for read signals from the DHT22
temperature and humidity sensor, the LM335M
temperature sensor, and the light sensor (photoresistor)
was developed. Signals from digital sensors (DHT22) are
transmitted directly to the Raspberry Pi3. Signals from
analog sensors (LM335M, light sensor) are fed first to the
Arduino Uno and then sent to the computer.

An experimental test of the developed tools for
reading and analyzing signals from temperature, humidity
and lighting sensors was carried out. The obtained
sampling frequency can be used for subsequent reading of
signals from sensors. In all considered cases, the optimal
sampling frequencies were determined correctly.
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34NTYBAHHA CUTHANIB CEHCOPIB i3 aBTOMAaTUYHUM
BMH6OpOM YacToTn auckpertmusauii

~ * . .o ~
Ceprii Banoscsk , Bitanin Jlakycra Ta XpuctmHa OpaiicbKa

Kadenpa Komn'toTepHUX cUCTEM Ta MepeX, YepHiBeLbKMIi HaLioHaNbHUI yHiBepcuTeT imeHi tOpia ®eabkoBuya, YepHisui, YKpaiHa
*ABTOp-KOpecnoHAeHT (EnekTpoHHa agpeca: s.balovsyak@chnu.edu.ua)

AHOTALLIA MpaBuabHWUIA BUBIp YacTOTU AMCKPETU3aLii Npu 34UTyBaHHI CUrHaNIB i3 ceHcopiB 3abesnedyye BUCOKY AKICTb
oundpoBaHMX AaHMX Ta €KOHOMItO Mam’ATi Mpu 36eperkeHHi Takux AaHux. CKAaAHICTb aBTOMaTMYHOro BMOOPY YacToTu
LMCKpeTM3aL,ii MOACHIOETLCA TUM, L0 TaKa YacToTa 3a/1€XKMTb Bif, YaCTOT KOPUCHOTO CUTHANY, AKI He 3aBXAW Bigomi. Tomy B
poboTi po3p06aeHO KOMMN'IOTEPHY CUCTEMY AR 3UNTYBAHHA CUTHAIB i3 CEHCOPIB TEMMepaTypu, BOIOTOCTi Ta OCBITAEHHS i3
aBTOMaTUYHUM BMBOPOM YacTOTU AMCKPETM3aLLii Ha OCHOBI aHaAi3y cnekTpis Pyp’e curHanis. CUrHaaun 3 UMPPOBUX CEHCOPIB
(DHT22) nepepatotbca 6e3nocepeaHbo B MiKpokomn'toTep Raspberry Pi3. CurHanu 3 aHanorosux ceHcopis (LM335M,
CEHCOop OCBIT/NIEHHA) NOAAOTbCA HA NpuUcTpii Arduino Uno. Po3pobaeHo anropntm aHanisy cnektpis ®yp’e oAHOBUMIPHUX
CUTHaNiB, AKUMA MPU3HAYEHUI ANA BU3HAYEHHA OMTMMANbHOI YacTOTU AMCKPeTU3aLil Ta KoedilieHTy geummali curHanis,
34ynUTaHUX 3 ceHcopiB. Ha OCHOBI MOYaTKOBUX CUTHANIB 0BUYUCAIOIOTLCA X cnekTpn Dyp’e, a WAAXOM aHani3y CrnekTpis
BM3HAYAETbCA MaKCMMa/ibHA 4acToTa KOPMCHOTO CUrHaly Ta ONTUMAsbHA 4YacToTa AMCKpeTusauii. YTouyHeHa 4YactoTa
OVCKpeTM3aLii 3a Teopemolto BigniKiB 06UYNCNIOETLCA AK NOABOEHE 3HAYEHHA MAKCMMA/IbHOI YaCTOTU KOPWUCHOTO CUTHany.
Oeummauia (npopigKyBaHHA) CUrHaNy BUKOHYETLCA 3 KOEDILLIEHTOM, KM BU3HAYAETLCA Yepes BiAHOLWEHHA NoYaTKOBOI Ta
YTOYHEHOI YacToT AMCKpeTu3aLii. [na OUiHKKM AKOCTI CUrHany nicna geummalii BUKOHAHO iHTepnosAuiio AeUnMMOBaHUX
3HayeHb cnaaiHamn. OBYMcNeHo cepegHIo KBaApaTUYHY NOXMBKY iHTepnonALii. MpoBeaeHO eKcnepMMeHTaibHY NepPeBipKyY
po3pobaeHnx 3acobiB ANA 34MTyBaHHA Ta aHani3y CMrHaniB i3 CEHCOpiB TemnepaTypu, BOJIOTOCTi Ta OCBIT/NIEHHA. B ycix
PO3rNAHYTUX BUMAAKaAX 4YacToTa AUCKPETU3aLii BM3HAYAETbCA KOPEKTHO. OTpMMaHi 4acToTM AUCKpeTu3auii MOXKYyTb
BMKOPWUCTOBYBATUCA A1A Aeunmalii curHanie abo 4na HaCTYNHOro 34MTYBaHHA CUTHaNIB 3 CEHCOPIB.

KNKOYOBI C/IOBA ceHcopu TemnepaTypu, BONOFICTb Ta OCBIT/IEHHSA, YacToTa AUCKpeTu3aLi, cnektp ®yp’e, Python.
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