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INCREASING Q-FACTOR OF THE DIGITAL SENSOR SIGNALS PROCESSING PATH IN AUTONO-
MOUS MOBILE ROBOTIC PLATFORMS WITH LIMITED COMPUTING RESOURCES
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Abstract. The paper is considered the problem of constructing autonomous mobile robotic platform with
the possibility of rearranging their characteristics depending on the operating conditions. A new approach is
proposed for calculating the parameters of a new connection with a series connection of low-order compo-
nents of the same type. The resulting ratio allows you to accurately calculate the frequencies of the n-th con-
nection of the same type components. Such a connection allows increasing the quality factor characteristic
of the amplitude frequency characteristic and reducing the bandwidth by 3 times with eight connected filters
of the same type. Bandpass filters and notch Butterworth filters are considered. Behavior of the AFC for se-

rial connection is described.
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Introduction

The construction of autonomous mobile robotic
platforms (AMRP) with limited computing resources
for various purposes is not a trivial task, since such
platforms have the need to autonomously solve a
large number of problems in analyzing the internal
state of the platform, its relationship with the envi-
ronment, orientation in space, planning and solving
target problems Therefore, AMRP cannot function
without computing components and a large number
of sensors and actuators.

With limited computing resources and a large
number of ongoing tasks, autonomous platforms
very well fit into the concepts of Industry 4.0, 5.0
and 6.0. In accordance with them, platforms and
their components must meet new requirements for
mobility, flexibility, adaptability, adaptability to op-
erating conditions. In addition, they must create in-
tegrated and connected systems capable of exchang-
ing information [1-5].

In general, the use of such computing compo-
nents in autonomous mobile robotic systems can
support the requirements of all three industrial stag-
es, as they provide real-time data processing, adapt-
ability to changing conditions, and increased effi-
ciency in sensing the environment. The final choice
of the concept will depend on the specific needs and
development strategy of a particular system.

It should be noted that AMRP is an important

© Sytnikov T. V. 2024

element in building intelligent control systems for
multiple platforms that can adapt to changing operat-
ing conditions in real time. That's why a set of multi-
functional sensors, hardware and software compo-
nents of computer technology and actuators that
must operate in real time are added to the system.

The AMRP must include components that can
rearrange their own characteristics using software or
hardware depending on operating conditions. In the
sensor signal processing path it is necessary to in-
clude components that adapt depending on the pres-
ence of interference and noise to increase the relia-
bility and efficiency of the system as a whole.

Digital devices which are using to process sen-
sor signals include various frequency-dependent
components. [6] In AMRP with limited computing
resources, such components are produced on the ba-
sis of low-order components. This is due to the low
cost of calculating the transfer function coefficients
and the number of coefficients, ease of debugging or
restructuring, moderate power consumption and pro-
cessing time. When working in real time, there is a
limitation on the calculation, restructuring and tran-
sient process of the new configuration of the signal
processing unit. First and second order components
are often used as low order components.

When using such components, typical tasks in
difficult operating conditions are changing the
bandwidth of the processing unit and increasing the
steepness of the amplitude frequency characteris-
tic(AFC).
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A typical sensor signal processing unit is a series
connection of frequency-dependent components.
Then, when the transfer functions of components of
the same type are connected in series, their transfer
functions are multiplied. Since the transfer functions
consist of amplitude-frequency (AFC) and phase-
frequency (PFC) characteristics, and the components
are of the same type, then when similar components
are cascaded together, their characteristics are multi-
plied by proceeding to exponentiation. In this case,
their characteristics of the AFC and PFC are respec-
tively transformed as follows: the AFC is raised to a
degree, and the PFC is multiplied by the exponent.
Then, with such a connection, the main changes oc-
cur in the AFC [7-9].

The purpose of the research is to analyze the se-
ries connection of the same type of frequency-
dependent components to increase the Q-factor of
the AFC of strip elements and to search for new
computational formulas. Let's consider this using the
example of bandpass and notch digital filters, since
they are widely used in signal processing units of
AMRP sensors.

1. Quality factor characteristic of digital
bandpass filters

It is known that the Q-factor (quality factor
characteristic QFC) of bandpass filters is determined
by their AFC [6]. To do this, determine the band-
width B as the difference in cutoff frequencies at a
level of 0.707 (approximately —3 dB) from the
height of the AFC maximum, because half of the
signal power at the filter output is concentrated here.
Thus, the QFC Q is determined as follows

f
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where f,, f,, f, - are the right and left cutoff
frequencies, respectively, as well as the central fre-
guency of the AFC.

Naturally, the higher the QFC, the steeper the
AFC, i.e. rate of rise and fall of the characteristic.

2. Increasing the quality factor characteristic
of digital bandpass filters

When connecting bandpass filters of the same
type in series, the AFC of the new connection, as
noted above, seems to be “compressed”, while the
cutoff frequencies shift to the central frequency and
the steepness of the AFC increases, thereby increas-
ing the QFC of such a connection, Fig. 1 [7].
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Fig. 1: Amplitude frequency characteristics of
digital second-order Butterworth bandpass filters
when connected in series.

The transfer function of a basic bandpass filter is
mathematically described as follows:

-1 -2
a,+az " +a,z

H(z) =
(2) 1+bzt +b,z7°

where a,,a,,a,,b;,b, - the real coefficients of the
numerator and denominator, respectively.

When substituting z™* =e™1” or according to Eu-
ler's formulas z™* = cos(@) — jsin(@), @ - where
. . f
is the normalized angular frequency, @ =27 —,

d
we [O,zz], f, f, - line frequency and sampling fre-
guency, respectively.

Based on this transformation, we obtain a complex
transmission coefficient, and on its basis the AFC at

a, =—a,, a8 =0 and after the transformation we
obtain the squared AFC in the form:

(2a, sin(@))?

H*(@) =

(1-b,)* +b’ +2b (L+b,)cos(w) +4b, cos’ (@)
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It should be noted that the AFC peak frequency does
not change in this case and is determined by the
equation, Fig. 3

@, = arccos(- b, ).
1+b,
Typically, the level at which the cutoff frequency is

determined is ¢ = 1. 0,707, those H(w, ) =c,

J2

where @, AFC cutoff frequency at the level €.

When multiplying AFC of the same type or raising
their power, the level remains the same, but then to
determine the cutoff frequencies of the AFC of a
new connection, when they are connected in series,
it is necessary to extract the root of the correspond-

ing order from the level ¢ those Q/E Fig. 2. In Fig.
1, these levels are shown by horizontal lines.
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Fig. 2: Graph of the cutoff level depending on the
number of connected filters of the same type.

(2a, sin(,,))” 1

In this case, using the AFC of the main fil-
ter, it can be calculated the cutoff frequencies of the
AFC of the new connection. In Fig. 3 shows the cor-
respondence between the cutoff frequencies of the
main first-order AFC at level ¢ and the AFC with a

series connection of 5 (five) similar first-order AFC.
These cutoff frequencies are determined by the main
AFC, the parameters of which are known, and by the
new level.
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Fig. 3: Amplitude frequency characteristics of the
main first-order Butterworth filter and the AFC
when five first-order Butterworth filters of the same
type are connected in series

To determine the cutoff frequencies of the
new AFC after connecting n filters of the same type
using the main AFC, it is necessary to solve the
equation [10]

H%(@) =

where @, - cutoff frequency on the new level e
according to the main AFC.

However, when substituting another expression from
[7] instead of a,

(1-b,)* +b? +2b,(1+b,)cos(w,,) + 4b, cos’ (z,,)

(1-b,)*(1-cos’(m,,)) 2

=yC =C

Instead of sin(a,,)* =1-cos’(@,,) obtain

n

H%*(w@) =

Introducing a new designation X =cos(@,,) and

transforming we obtain a quadratic equation of the
form

(1-b,)* +b? +2b,(1+b,)cos(w,,) + 4b, cos’ (w,,)
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2 2

{4bzc§ +(1— bz)z}xz +2b (1+b,)x + [cnbf +(1-b,)*(c" -1) |=0.

By solving this equation, we will find formulas for
determining the cutoff frequencies for the nth con-
nection of filters of the same type. To simplify the
presentation of the result, introduce new notations

2

A=4b,c" +(1-b,)?;

2

B=-b,(1+h,)c";

C= (l—bz)\/(l—ci)[@b2 —bf)c§ +(1—b2)2};

As a result, obtain the cutoff frequencies of the
AFC for the n-th connection of filters of the same
type, Fig. 4

B+C,.
@, = arccos( )i
B-C,..
@, = arccos( )i
w:
0.54
045}
*
* .
04t * % Right
* * ¥ 4
0351
031 ‘be
* *
* % t
* Left
0.25F i &
*
0.2 : : 5 : 5 § 5 : n
1 2 3 4 5 6 7 8 9 10

Fig. 4: Graph of cutoff frequencies when connecting
filters of the same type in series versus the number
of connections.

In accordance with the formulas obtained, it is pos-
sible to determine the bandwidth of such a connec-

tion as @y, = |@,, — @), Fig. 5.
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Fig. 5: Graph of bandwidth @y, versus number of
connections.

As can be seen from Fig. 5, the bandwidth
decreases exponentially. In this case, it is possible to
show how many times the bandwidth of a serial
connection will decrease, and therefore the QFC of
such a connection will increase, Fig. 6, 7.
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Fig. 6. Graph of bandwidth reduction @, versus
number of connections.
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Fig. 7. Graph of quality factor characteristic Q ver-
sus connection number.

For example, when connecting four compo-
nents of the same type, the bandwidth is reduced by
more than two times, and with eight, by more than
three times, and with ten, the bandwidth is reduced
by 3.5 times. At the same time, the QFC increases
accordingly by 2.4 times - 3.4 times - 3.8 times.

4. Implementation of this approach

This approach can be implemented digitally in
both hardware and software. The hardware imple-
mentation is based on the serial connection of n sim-
ilar components.

The main component is calculated based on data
flow information and operating modes. This deter-
mines, for example, the cutoff frequencies and
bandwidth, as well as the gain. After this, you can
implement the block diagram shown in Fig. 8.
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Fig. 8: Block diagram of serial connection of similar
components.

The circuit designated as BPBN considers the
sequential connection of several Hg, filters of the

same type at the same time and the Rg; registers at

the outputs of these components. The MX switch
switches the register outputs to the device output.
This allows you to reduce the time for re-switching
filters and the transient process time, since the nec-
essary data is already in the registers. Such an im-
plementation can be implemented on an FPGA.

The software implementation was used to pro-
cess data from an ultrasonic obstacle sensor in
AMRP based on similar first-order components.

For this purpose, a generalized n-th order algo-
rithm of the form

: i it - i i! .
yn = a‘Oxn + IaO lalxn—l + F aO zalzxn—z + Ia'0 3aan_3 + alxn—A - bi yn—l - F bl2 yn—2 - |b13yn—3 - bl4 yn—4 !

where @, and b; - coefficients of the numerator and

denominator of the first order, respectively, i -
number of connected first order components,
i=12234.

Such an algorithm was implemented, but
turned out to be difficult to implement and operate.
It required additional calculations, although some of
the coefficients of this algorithm were calculated in
advance and stored in memory.

For the ATMEL MEGA128 microcontroller,
an algorithm was developed and a data processing
program was written according to a different princi-
ple. This made it possible to reduce the hardware of
the system, since all sensors are connected to the
ADC, which is located in the microcontroller, and
also to reduce the processing time of data from the
ADC because it is located on the same data bus with
the processor.

The signal graph of a first-order bandpass filter
is shown in Fig. 9.
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Fig. 9: Signal graph of a first-order digital bandpass
filter

Based on the signal graph, a system of equa-
tions for the state of the units of the ordered signal
graph has been compiled, according to which the
calculation algorithm has been compiled:

x[i1= %, (1)
X111 = x,[i ~1];
x,[i] = x,[i ~11;

X, [i1 = kx [i1—byx;[i] - b, X, [i1;
X[i1 = &, * {X,[i]+ X, [i1} + 2%,[i];
Yo (i) = X[il;

where X, X[i],y, - respectively, the input se-

guence, the state of the graph unit, and the output
sequence.

This solution is more convenient to imple-
ment and operate, which reduced computation time,

since some constants were calculated in advance and
stored in memory cells. In addition, subprograms
were written that were run when it was necessary to
increase the filter order and the steepness of the
AFC.

5. Application of this approach to notch fil-
ters

Bandpass filters also include notch filters, which
do not pass the necessary frequencies, but cut them
out. By analogy with bandpass filters, in this case
there will be compression of the AFC. But when
connected in series, the AFC of notch filters does
not narrow, but expands in accordance with the
transfer function of this filter.

a,+az " +a,2”

H(z) =
(2) 1+bz*" +b,z7?

The mathematical description of the AFC of a
notch filter looks like this.

(a, +2a, sin(@))’

H(@)= \/ TR 5 -
(1-b,)"+b +2b,(1+b,)cos(w) + 4b, cos(=)

As the AFC expands, its steepness also increases
with the expansion of the frequency band cut out
from the signal spectrum, Fig. 10.

This is not convenient in some objectives, since
as the order increases, it is necessary to narrow the
cutting band with an increase in the steepness of the
AFC.

Then can offer another solution. Form a notch
filter based on a bandpass filter in this way

HSB(Z)=1_ HBP(Z) 1)

where, respectively, the transfer function of the
notch filter Hg(z) and the bandpass filter

Hep (2).
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Fig. 10: AFC of first-order digital notch Butter-
worth filters when connected in series.
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In this case, the notch filter will be compressed
when low-order bandpass filters are connected in
series, Fig. 11.
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Fig. 11: AFC of a first-order digital notch But-
terworth filter obtained from a Butterworth bandpass
filter.

Based on this ratios, it is first necessary to find
the corresponding bandpass filter from a series con-
nection of the same type, and then, in accordance
with formula (1), obtain a notch filter, Fig. 12-13.
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Fig. 12: Amplitude frequency characteristics of
a first-order digital notch Butterworth filter obtained
from a Butterworth bandpass filter when two similar
filters are connected in series.
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Fig. 13: Amplitude frequency characteristics of
a first-order digital notch Butterworth filter obtained
from a Butterworth bandpass filter when three filters
of the same type are connected in series Other re-
mains the same as in Fig. 12.

6. Implementation of this approach for notch
filters

This approach for notch digital filters can be im-
plemented based on the hardware implementation
shown in Fig. 8.

SM Yout

BPBN -4
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Fig. 14: Block diagram of the implementation of
a serial connection of similar components for notch
filters.

In Fig. 14 block BPBN is an implementation of
Fig. 8. In this block, a series connection of bandpass
filters of the same type is implemented, and then
ratio (17) is implemented on the adder. The Z* delay
block provides time alignment of the Xin signal be-
tween blocks. In general, such a block can be called
SBBN by analogy.

In addition to hardware implementation, this
task can also be implemented in software.
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Conclusion

Thus, the analysis showed that the series con-
nection of the same type of bandpass filters makes it
possible to increase the QFC of the AFC discretely
by an amount equal to the number of connected low-
order filters of the same type. Increasing the QFC
leads to an increase in the steepness of the character-
istic, “compression” of the AFC and narrowing of
the bandwidth. Based on the analysis, new formulas
were obtained for accurately calculating new cutoff
frequencies. This allows quickly calculate the re-
quired discrete “compression” of the AFC, and with
limited computing capabilities on board the AMRP,
use preliminary calculations in the form of tables of
values. This approach makes it possible to automati-
cally increase the security of sensor signal pro-
cessing in the presence of interference.

In addition, the analysis showed that series con-
nection of notch filters does not allow obtaining a
similar result for signal processing in order to cut out
unwanted frequencies in a narrow frequency band.
As shown, this does not result in a narrowing of the
cut band, but rather a spread of the band, which is
not desirable in such systems.

Another approach based on bandpass filters is
proposed to obtain a notch filter, which, when con-
nected in series with bandpass filters, is compressed
with an increase in the steepness of the AFC and an
increase in the QFC of the filter.

The research also shows that with such a con-
nection the central frequency does not change. It
remains in its place, and the cutoff frequencies (left
and right) shift to the center.

References

1.  The Industry 4.0 Standards Landscape from
a Semantic Integration Perspective Conference Pa-
per September 2017 DOl:
10.1109/ETFA.2017.8247584 Conference: Confer-
ence: 2017 IEEE 22nd International Conference on
Emerging Technologies and Factory Automation
(ETFA), At Limassol, Cyprus, available:
https://www.researchgate.net/publication/318208930
_The_Industry_40_Standards_Landscape_from_a_S
emantic_Integration_Perspective

2. Industry 4.0: an overview. Conference Paper
July 2018 available:
https://www.researchgate.net/publication/326352993
_Industry_40_an_overview

3. Industry 4.0, available:
https://www.cognex.com/ru-ru/what-is/industry-4-0-
machine-vision/development.

4. Adel Amr. Future of industry 5.0 in society:
human-centric solutions, challenges and prospective
research areas. Journal of Cloud Computing volume
11, Article number: 40 (2022), available:
https://journalofcloudcomputing.springeropen.com/a
rticles/10.1186/s13677-022-00314-5

5. M.Murugan, M. N. Prabadevi Impact of In-
dustry 6.0 on MSME Entrepreneur's Performance
and Entrepreneur's Emotional Intelligence in the
Service Industry in India. Journal Revista de Gestao

Social e Ambiental, 2023, Ne 4, p. 03340
https://doi.org/10.24857/rgsa.v17n4-007
6. Quality Factor and Bandwidth.

https://ecstudiosystems.com/discover/textbooks/basi
c-electronics/filters/quality-factor-and-bandwidth/

7. Ukhina, H., Sytnikov, V., Streltsov, O., Stu-
pen, P., Yakovlev, D. “Transfer Function Coeffi-
cients Influence on the Processing Path Bandpass
Frequency-Dependent Components' Amplitude Fre-
guency Characteristics Properties at the NPP TP
ACS”. Conference Proceedings of 2019 10th Inter-
national Conference on Dependable Systems, Ser-
vices and Technologies, DESSERT 2019, June
2019, Article number 8770050, Pages 193-196;
Leeds; United Kingdom; 5 June to 7 June 2019,
DOI: 10.1109/DESSERT.2019.8770050

8.  T.Sytnikov, V. Sytnikov, O. Streltsov, P.
Stupen Increasing Order of Digital Filters of the
Same Type in Robotic Systems IEEE 12th Interna-
tional Conference on Intelligent Data Acquisition
and Advanced Computing Systems: Technology and
Applications (IDAACS, 7-9 Sept. 2023) 2023, Pag-
es:1200 - 1204, DOI: 10.1109/IDAACS58523.2023

9. TB. Curhiko, II. B. Crynens
PobGororexHiuHa cucrema 3 OIHOTHUITHUMHA
YaCTOTHO-3AJIC)KHUMHU  KOMIIOHCHTAMU Y TpaKTi
00poOKHM curHajiB aat4yukiB // EnekrporexHiuHi Ta
KOMIT'FOTepHI cucreMu: Hayk.- TexH. XypHal —
Oneca: HY «Opecbka momitexnika». — 2023, —
Ne37(113). - C 52 - 61 DOI
https://doi.org/10.15276/eltecs.37.113.2023.06
https://eltecs.op.edu.ua/index.php/journal/issue/view
1124

10. G. Korn., T. Korn Mathematical handbook
for scietists and engineers — McGraw Hill Book
Company, N.York, 1974 — 832 p.

Komm ' 1oTepHi cucteMu, Mepexi Ta iX KOMIOHEHTH 33


https://www.researchgate.net/publication/318208930_The_Industry_40_Standards_Landscape_from_a_Semantic_Integration_Perspective
https://www.researchgate.net/publication/318208930_The_Industry_40_Standards_Landscape_from_a_Semantic_Integration_Perspective
https://www.researchgate.net/publication/318208930_The_Industry_40_Standards_Landscape_from_a_Semantic_Integration_Perspective
https://www.cognex.com/ru-ru/what-is/industry-4-0-machine-vision/development
https://www.cognex.com/ru-ru/what-is/industry-4-0-machine-vision/development
https://journalofcloudcomputing.springeropen.com/articles/10.1186/s13677-022-00314-5#auth-Amr-Adel
https://journalofcloudcomputing.springeropen.com/
https://journalofcloudcomputing.springeropen.com/articles/10.1186/s13677-022-00314-5
https://journalofcloudcomputing.springeropen.com/articles/10.1186/s13677-022-00314-5
https://ieeexplore.ieee.org/author/701730455955494
https://ieeexplore.ieee.org/author/288235392880770
https://ieeexplore.ieee.org/author/812985600643672
https://ieeexplore.ieee.org/author/486518749213847
https://ieeexplore.ieee.org/author/486518749213847
https://ieeexplore.ieee.org/document/10348806/
https://ieeexplore.ieee.org/document/10348806/
https://doi.org/10.1109/IDAACS58523.2023
https://doi.org/10.15276/eltecs.37.113.2023.06
https://doi.org/10.15276/eltecs.37.113.2023.06
https://eltecs.op.edu.ua/index.php/journal/issue/view/124
https://eltecs.op.edu.ua/index.php/journal/issue/view/124

ISSN 2221-3805. EnexkrpoTexHiuni Ta KoMt 1otepHi cuctemu. 2024, Ne 39 (115)

HNIABUINEHHA JOBPOTHOCTI LIJIAXY OBPOBKHU CUT'HAJIIB HIU®POBOI'O JATYUKA B
ABTOHOMHUX MOBIJIBHUX POBOTU30BAHUX IIVIAT®OPMAX 3 OBMEXEHUMU
OBYUCJ/IIOBAJIBHUMHU PECYPCAMU

T. B. Cutnikos!
1Hauionaﬂbyuﬁ yrigepcumem « O0ecbKa NONIMEXHIKAY,

Anomauin. Y pobomi poszersoaemvcs npodiema nobyoosu asmMoHOMHOI MOOLIbHOI poOOMU306aHOT
naame@opmu 3 MONCIUGICIMIO NepedYOosU IX XapaKmepucmuK 3a1eliCHO 8i0 YMO8 eKCHayamayii. 3anponono-
68AHO HOBUU NIOXI0 00 PO3PAXYHKY NAPAMempie H08020 3'€OHANHA 3 NOCHIO08HUM 3'€OHAHHAM OOHOMUNHUX
KOMNOHEHMI8 HU3bK020 NOps0Ky. Ompumane cnig8ioHoOueH s 00380IA€ MOYHO PO3PAXYBAMU YACHMOMU N-20
3'€0HanHsi OOHOMUNHUX KOMNOHeHmis. Take niOKUeHHs 00360J5€ NIOSUWUMU O0OPOMHICIb AMNIINMYOHO-
4ACTMOMHOI XAPAKMEPUCIUKY A 3MEHWUMU CMY2y RPONYCKAHHA 8 3 pasu npu 80CbMU RIOKIIOYEHUX 0OHO-
munuux girempax. Posensoaromscs cmyeosi ghinompu ma pexcexkmopni ginompu bammepsopma. Onucano
noeedinky AFC 05t nociiooéno2o niokuoyueHHs.

Knrouosi cnosa: amniimyono-4acmomua xapakxmepucmura, Qazowacmomna Xapaxmepucmuxd, npo-
mucnogicmo 4.0-6.0, yupposuii ginomp, cmyeosuii Qinemp, pedxicekmopHuil Qinemp, 00OpomHicms Xapax-
MEPUCTNUKU, YACTHOMHO-3ANENHCHULI KOMNOHEHM, PEHCEKMOPHULL inbmp Ha OCHOBI cMY208020 Qirbmpa, no-
cni008He 3'€OHAHHSL.
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