l ' ﬁ PV v Agentira na podporu vyskumu a vyvoja
v

Formular ZK

Zavereéna karta projektu

Nazov projektu Evidenéné cislo projektu APVV-15-0055

Inteligentné dynamické riadenie frekvenéného spektra pre nastupujice kognitivne
komunikaéné systémy

Zodpovedny rieSitel Ing. Juraj Gazda, PhD.

Prijemca Technicka univerzita v KosSiciach - Fakulta elektrotechniky a
informatiky

Nazov pracoviska, na ktorom bol projekt rieSeny

Katedra pocitaCov a informatiky, Fakulta elektrotechniky a informatiky, Technicka univerzita
v KoSiciach

Nazov a stat zahrani¢éného pracoviska, ktoré spolupracovalo pri rieSeni

Dept. of Computer Convergence Software, Korea University, South Korea, prof. Minho Jo
Aalto University, Finland, prof. Heikki Hammainen
Lviv Polytechnic University, Ukraine, Dr. Taras Maksymyuk

Udelené patenty/podané patentové prihlasky, vynalezy alebo uzitkové vzory, ktoré su
vysledkami projektu

NajvyznamnejSie publikacie (knihy, ¢lanky, prednasky, spravy a pod.) zhriiujuce
vysledky projektu — uved’te aj publikacie prijaté do tlace

[1] GAZDA, Juraj - KOVAC, Viliam - TOTH, Peter - DROTAR, Peter - GAZDA, Vladimir: Tax
optimization in an agent-based model of real-time spectrum secondary market/ - 2017. In:
Telecommunication Systems. Vol. 64, no. 3 (2017), p. 543-558. - ISSN 1018-4864 (IF =
1.7)

[2] GAZDA, Juraj - BUGAR, Gabriel - VOLOSIN, Marcel - DROTAR, Peter - HORVATH,
Denis - GAZDA, Vladimir: Dynamic spectrum leasing and retail pricing using an
experimental economy / - 2017. In: Computer Networks. Vol. 121 (2017), p. 173-184. -
ISSN 1389-1286 (IF = 3.03)

[3] GAZDA, Juraj - SLAPAK, Eugen - BUGAR, Gabriel - HORVATH, Denis - MAKSYMY UK,
Taras - JO, Minho: Unsupervised learning algorithm for intelligent coverage planning and
performance optimization of multitier heterogeneous network / - 2018. In: IEEE Access. Vol.
6 (2018), p. 39807-39819. - ISSN 2169-3536 (IF =4.1)

[4] GAZDA, Juraj - SIMONAK, Slavomir - PIETRIKOVA, Emilia - CHOVANEC, Martin -
CHOVANCOVA, Eva - ADAM, Norbert - SZABO, Csaba - BALAZ, Anton - MADOS,
Branislav: Agent-based model of the spectrum auctions with sensing imperfections in
dynamic spectrum access networks / - 2017. In: Computing and Informatics. Ro¢€. 36, ¢. 5
(2017), s. 1041-1062. - ISSN 1335-9150 (IF = 0.524)

[5] VOLOSIN, Marcel - GAZDA, Juraj - DROTAR, Peter - BUGAR, Gabriel - GAZDA,
Vladimir: Spatial real-time price competition in the dynamic spectrum access markets / -

Formular ZK, strana 1/4



2017. In: Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics) volume 10207 : EUMAS 2016. - Cham :
Springer, 2017 P. 217-229. - ISBN 978-3-319-59293-0 - ISSN 0302-9743

[6] DROTAR, Peter - SIMONAK, Slavomir - PIETRIKOVA, Emilia - CHOVANEC, Martin -
CHOVANCOVA, Eva - ADAM, Norbert - SZABO, Csaba - BALAZ, Anton - BINAS, Miroslav:
Comparison of filter techniques for two-step feature selection / - 2017. In: Computing and
Informatics. Ro¢. 36, €. 3 (2017), s. 597-617. - ISSN 1335-9150 (IF = 0.524)

[7] GALAJDA, Pavol - GALAJDOVA, Alena - SLOVAK, Stanislav - PECOVSKY, Martin -
DRUTAROVSKY, Milo$ - SUKOP, Marek - SAMANEH, |.B.A.: Robot vision ultra-wideband
wireless sensor in non-cooperative industrial environments / - 2018. In: International
Journal of Advanced Robotic Systems. Vol. 15, no. 4 (2018), p. 1-12. - ISSN 1729-8814 (IF
=1.223)

[8] ] GALAJDA, Pavol — SLOVAK, S. — SOKOL, M., et.al.: Integrated M-Sequence Based
Transceiver for UWB Sensor Networks / - 2019. In: Radioengineering. Vol. 28, no. 1(2019),
p.1-8 (IF = 0.967)

[9] GAZDA, Juraj - VOLOSIN, Marcel - BUGAR, Gabriel - GAZDA, Vladimir: Frequency
spectrum as the investment: an agent-based approach for modeling operator’s strategies / -
2017. In: Joint CTTE and CMI conference 2017. - Copenhagen : Aalborg University, 2017
P. 1-2.

[10] BUGAR, Gabriel - MAKSYMYUK, Taras - GAZDA, Juraj: Techno-Economic Framework
for Dynamic Operator Selection in a Multi-Tier Heterogeneous Network, Ad Hoc Networks
(2. recenzné kolo) (IF = 3.6)

[11] GAZDA, Juraj, et.al. "Dynamické zdielanie frekvenéného spektra v 5G sietach",
Elfa,KoSice, ISBN

Uplatnenie vysledkov projektu

Vysledky dosiahnuté v projekte je mozné realizovat' v nastupujicej 5G mobilnych
komunikacnych systémoch, resp. v ich daldej evolucii. Praktickou aplikaciou navrhnutych
metdd je mozné vyrazne zlepSit prevadzkové vlastnosti bezdrotovych komunikaénych
systémov. Vyvinuté metody su zaloZzené na aplikacii strojového ucenia a heuristickych
pristupov, ktorych uplatnenie vo vysoko-dynamickych systémov vykazuje vynikajuce
vysledky. Tieto predpoklady boli potvrdené aj v dynamickych modeloch vyvinutych v ramci
projektu. Navrhnuté metody sa orientuju na optimalizaciu dynamickej distribucie
frekvencného spektra medzi participujucimi operatormi (optimalizacia cien a prevadzkovych
vlastnosti siete) a na optimalizaciu RAN topoldgie operatorov. V rdmci projektu bol
navrhnuty unikatny realisticky model vybranych svetovych velkomiest, realistickych
prenosovych kanalov (vratane mnohocestného Sirenia), ako aj realistickej RAN topologie
operatorov, ¢o vyrazne zvySuje déveryhodnost navrhnutych metéd. Navrhy jednotlivych
metdd boli publikované v prestiznych svetovych ¢asopisoch, ¢o potvrdzuje akceptaciu
jednotlivych metod vo svetovom meradle.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Projekt APVV15-0055 rieSil mimoriadne aktualne témy v oblasti 5G komunika¢nych
systémov. Cielom projektu bolo analyzovat a) moznosti dynamickej distribucie
frekvenéného spektra medzi rozli€nymi druhmi operatorov a v redlnom €ase; b) moznosti
zvySenia efektivity pokrytia 5G sieti vyuzitim strojového ucenia; c) moznosti
experimentalneho overenia monitorovania spektra v licencovanom/nelicencovanom pasme.
Je nutné poznamenat, Ze tieto vyskumné smery tvoria diskutovanu oblast v procese vyvoja
5G a Beyond5G sieti a nds vyskum bol silne korelovany s vyskumom na poprednych
svetovych instituciach. Prva etapa projektu bola venovana najma vyskumu v oblasti
dynamickej distriblcie frekvenéného spektra. V ramci tejto etapy boli navrhnuté viaceré
modely analyzujuce moznosti zdielania frekvenéného spektra medzi tradi€énymi operatormi,
virtualnymi operatormi, ako aj operatormi vlastniacimi infrastruktaru malych bazovych stanic.
Navrhnuté modely su Skalovatelné, vyukazuju vysoku mieru realistickosti a vysoko-
paralelizované. Okrem iného umoziuju dynamicky vyber simulovaného prostredia, moznost
vyberu realistickej infrastruktury operatora (pol6h bazovych stanic, vysielaceho vykonu a
pod.). Na zaklade vysledkov dosiahnutych v ramci projektu je mozné tvrdit, Ze dynamicka
distribucia frekvenéného spektra umoznuje zlepSenie prevadzkovych viastnosti 5G siete, no
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suCasne moOze ohrozovat relativne stabilné zisky tradiCnych operatorov. Tieto relativne
protiiduce faktory je nutné dalej analyzovat, pricom v buducnosti o€akavame nevyhnutnu
regulaciu tradiéného licencovaného vyuzivania dostupného frekvenéného spektra napr.
zadkonnymi zasahmi narodnych telekomunikacnych uradov. Vysledky v tejto vyskumnej téme
boli v ramci projektu publikované na viacerych vyznamnych konferenciach (napr. EUMAS),
ale aj v ¢asopisoch svetového vyznamu (okrem inych Computer Networks (kvartil Q1),
Telecommunication Systems (kvartil Q2), ¢i Ad-Hoc Networks (2. recenzné kolo, kvartil
Q1)). Dosiahnuté vysledky plne koreSponduju s vyzvami uvedenymi v pracovnych balikoch
PB1, PB3, PB6, PB7. PB8 ¢i PB14 a preto je mozné povazovat za vyskumné vyzvy v
tychto pracovnych balikov ako splnené. Vyuzitelnost strojového u€enia za ucelom zlepSenia
prevadzkovych vlastnostii 5G siete bol analyzovany v pracovnych balikoch PB9 a PB11. Z
dovodu neustaleho zvySovania zlozitosti telekomunikacnych sieti su tradi¢né formy
planovania RAN siete operatora velmi neefektivne. S nastupom pohyblivych bazovych
stanic (drony, autd) je nevyhnutné vyuzivat algoritmy strojového u€enia, resp heuristické
algoritmy, ktoré umoznia dosiahnut optimalizaciu parametrov RAN siete operatora (napr
poloha bazovych stanic malého rozsahu, €i ich vysielaci vykon). V ramci projektu bola
navrhnuta celd sada algoritmov strojového u€enia (supervised, unsupervised a
reinforcement learning), ktoré umoznovali optimalizaciu poldh malych bazovych stanic, i
trajektérii lietajucich dronov. Vysledky boli experimentalne overené v realistickych
modeloch velkych miest v RAN sieti operatora T-Mobile a AT&T. Vyznamné uspechy
dosiahnuté v ramci tohto vyskumného smeru boli publikované v prestiznom karentovanom
Casopise IEEE Access (kvartil Q1) a dalSie su momentalne v recenznych konaniach. Téma
experimentalneho overenia monitorovania spektra v licencovanom, resp v nelicencovanom
pasme umoznila aplikaciu vybranych smerov teoretického vyskumu v praktickych
scenaroch. V ramci tejto vyskumnej etapy boli navrhnuté spektralne efektivne modulacie
QAM ur¢ené pre vojenské ucely, resp prostredie loT, & HW navrh antén pre senzorové
systémy, ktoré spadaju pod PB 11.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

The project APVV15-0055 dealt with the most current topics in the field of 5G
communication systems. The aim of the project was to analyze a) possibilities of dynamic
distribution of the spectrum between different types of operators and in real time; b)
possibilities to increase the efficiency of coverage of 5G networks by using machine
learning; c) possibilities for experimental verification of spectrum monitoring in the licensed /
unlicensed band. It should be noted that these research directions form the area under
discussion in the process of developing 5G and Beyond5G networks, and our research has
been strongly correlated with research at the world's leading institutions. The first phase of
the project was devoted mainly to research in the field of dynamic distribution of spectrum.
Within this phase, several models have been proposed analyzing the possibilities of
spectrum sharing between traditional operators, virtual operators as well as operators
owning infrastructure of small base stations. Designed models are scalable, show a high
degree of realism and highly parallelized. Among other things, they allow dynamic selection
of the simulated environment, the possibility of selecting the realistic infrastructure of the
operator (positions of base stations, transmit power, etc.). Based on the results of the
project, it can be argued that the dynamic distribution of the spectrum makes it possible to
improve the operational characteristics of the 5G network, but at the same time it may
jeopardize the relatively stable profits of traditional operators. These relatively backward
factors need to be further analyzed, and in the future we expect the necessary regulation of
the traditional licensed use of the available spectrum, for example. statutory interventions of
the telecommunications authorities. The results of this research topic have been published
within the project at several important conferences (e.g. EUMAS), but also in magazines of
world importance (among others Computer Networks (quartil Q1), Telecommunication
Systems (quartil Q2), or Ad-Hoc Networks (2 review round, quartil Q1)). The results
achieved fully correspond to the challenges presented in the work packages WP1, PB3, W6,
WP7, WP8 or WP14 and can therefore be considered as research challenges in these work
packages as fulfilled. The usability of machine learning to improve the operational features
of the 5G network has been analyzed in the WP9 and WP11 work packages. Due to the
ever increasing complexity of telecommunication networks, traditional forms of RAN network
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planning are very ineffective. With the advent of mobile base stations (drones, cars), it is
necessary to use machine learning algorithms, or heuristic algorithms, which will enable the
optimization of RAN parameters of the operator network (eg position of small stations or
their transmit power). Within the project, a whole set of machine learning algorithms
(supervised, unsupervised and reinforcement learning) was designed to optimize the
positions of small base stations or trajectories of flying drones. The results were
experimentally verified in realistic models of large cities in the T-Mobile and AT&T RAN
network. Significant achievements in this field of research have been published in the
prestigious, IEEE Access journal (quartil Q1), and others are currently under review. The
topic of experimental verification of spectrum monitoring in the licensed or unlicensed band
enabled the application of selected directions of theoretical research in practical scenarios.
Spectral effective modulations of QAM design for military purposes, loT environment or HW
antenna design for sensor systems were designed within this research phase (WP11).
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