PE®EPAT

AKTyanbHicTh Temu. CTpiMKuil po3BUTOK TexHouorii [nTepuery peueit (IoT)
IpU3BIB 10 MAacOBOTO BIPOBAIKEHHS O€3IPOTOBUX MPHUCTPOIB, IO (PYHKIIIOHYIOTh Y
ckaangi Mepex kimacy LPWAN (Low-Power Wide Area Networks). Onnum i3
HaWMoIIMpeHIuX pimeHpb € TexHoorisa LoRa, ska 3abe3neuye nepenaBanHs JTaHUX
Ha BEJIMKI BIICTaH1 32 HU3bKOT'O €HEProcokuBaHHA. EQekTuBHICTh QyHKIIIOHYBaHHS
TaKMX CHCTEM HamlpsMy 3aJeKUTh BiJ] MapaMeTpiB IEpe/laBaHHs JaHUX, a CaMe:
koedimierTa posmuperHs crekrpa (SF), motyxuocti curnany (TxPower) Ta yactotn
BUXO0J1Y B edip. Y pealbHUX YMOBAX €KCIUTyaTallli CTaH paJlloKaHally Ta HABAaHTAKEHHS
MepeXi MOXXYTh IIBHUJIKO 3MIHIOBATHUCS, IO MOPOKYE KOH(MIIKT MiXK HAIIHHICTIO
nepeaayi 1aHux Ta eHeproePekTuBHICTIO cucTeMu. CTaHAAPTHUM MEXaHi3M ajanTarii
Adaptive Data Rate (ADR), sikuii peanizoBanuii B mpotokosni LoORaWAN e npukiiagom
copoOM BHPIIIUTH JaHy npobsnemy. OnHak uepe3 BIACYTHICTb ypaxyBaHHS
KOMIIJIEKCHOTO CTaHy MEpEXI Ta 3arajbHy 1HEPTHICTh BIH JIMIIE YAaCTKOBO BHPILIYE
npobiieMy. Lle cTBoproe nepeayMoBu J1st po3p0OIeHHS METOTy KOHTEKCTHO-3aJIEAKHOT
ajanrailii, SKuUd 3a0e3reuyye OJHOYACHE BpaxyBaHHS PIBHS CHUTHANY, HaJINHOCTI
JIOCTaBKU Ta CTAOLIBHOCTI KaHAITY.

Meta pooortu. IliaBuiieHHsT HaAIMHOCTI NEpeAaBaHHs JaHUX 3 YpaxyBaHHIM
eHeproe@ekTuBHOCTI (pyHKIIOHYBaHHS low-power [0T cuctem nuisgixom po3poOJieHHs
METOJy aJanTHBHOIO KEpyBaHHs IapaMeTpaMu paIloNpOTOKOIy Ha OCHOBI
0araToKpuTEPIAIbHOI OIIIHKU SKOCTI 3B'A3KY.

00'exT pocaigxenns. [Ipouec oOMiHy naHumu MK By3namu low-power 10T
Mepeki B yMOBaxX 3MIHHOTO CTaHy paJioKaHaly.

Ipeamer pocaigxennsa. KOHTEKCTHO-3aJIE)KHI METOJM aJlalTallii mapaMmeTpiB
PaJioNPOTOKOITY Ha OCHOBI (DYHKIIIT OIIIHKH SKOCTI 3B's13KYy Q(t).

Metoau pociigkeHHs. Y poOOTI 3aCTOCOBAHO METOAM CHUCTEMHOTO Ta
MOPIBHSUIBHOTO aHaJI3Y /IS y3arajibHEHHS Cy4acHUX MIXO/IIB ajarTallii napaMeTpin
LoRa-mepex. s hopmanizaiiii 6aratokputepianbHOi (GYHKIIIT OIIHKH SKOCTI 3B'S3KY
Q(t) 3acTocoBaHO  METOAM  MAaTEMaTHYHOTO  MOJIeNIOBaHHs.  Peamizarito

3aIpoONOHOBAHOTO MeToay Ha Tuiargopmi STM32WLSS5 BukoHaHO 3 BUKOPUCTAHHSIM



MOJAYJBHOTO MporpamyBaHHsd MoBOI0 C Ta MiAXOAIB MPOEKTYBaHHS BOYJAOBAHHMX
cucrteM. EpexTuBHICTE pO3pOOICHMX aJITOPUTMIB OIIIHEHO 3a JIOTIOMOT'O0 HATyPHHUX
eKCIIEPUMEHTIB 1 00poOKH pe3ynbTaTiB 3a kputepismu PDR Ta eneproedekTuBHOCTI.

HaykoBa HOBU3HA. Y pe3ynbTaTi BUKOHAHHS pOOOTH OTPUMAHO TaKl HAyKOBI
pe3ynbTaTi. Y JIOCKOHAJIIEHO METOJ ajanTtaiii mapameTrpiB mnepenaBanHs y LoRa-
cucremax. Ha BiamiHy Bif cTanmapTHoro mexanizmy ADR, po3poGnenuii anroputm
0a3yeTbcs Ha OaraToKpUTepialibHIN PYHKIIIT OIIHKH SIKOCTI 3B's13KYy Q(t), 110 BpaxoBye
onHovacHo piBeHb curHairy (RSSI, SNR), nagiiinicts noctaBku (PDR) Ta cTabinbHICTh
aKOoCcTl KaHaly (mucriepcito SNR 3a BIKHO CHOCTEpEKEHHSI) 3 BaroBUMU
KoedimieHTamMu, 10 JA03BoJiA€ eEeKTUBHIIIE pearyBaTu Ha 3MiHY CTaHy paJioKaHaTy
Ta HaBaHTaXeHHS Mepexi. JlicTana moaanpmioro po3BUTKY KOHIEMNIisS KOHTEKCTHO-
3aJIeKHOT ajanTallli mapaMmeTpiB paaioNpoOTOKONy, SKa, HA BIAMIHY BiJ BIJJOMHX
pilieHb, 3a0e3nedyye ojHo4yacHy Yyi3romkeHy 3miHy SF 1 TxPower Ha OCHOBI
IHTErpOBaHO1 OLIHKK CTaHy MEpExXl, 0 CKOPOUYYy€ KUIbKICTh MOBTOPHHUX Mepenay 1
3MEHIIY€ EHEProCIOKUBAHHSI BY3JIIB 32 YMOB IMHAMIYHOI'O PaJI10CEPEIOBHILIA.

IpakTuyna wiHHicTh. OTpUMaHi pe3yslbTaTH MalOTh MNPAKTUYHY LIHHICTh
3aBJISIKM MOJKJIMBOCTI 3aCTOCYBAaHHsS PO3POOJICHOT0 METOAY TMpH MNPOEKTYBaHHI
eneproooMexxenux loT-cucrem Ha 6a3i TexHosorii LoRa. PeanizoBanuii Ha muiargopmi
STM32WL55 nporpaMHo-anapaTHUii MPOTOTUIT METOJY JIEMOHCTPY€E MiABUIIEHHS
HAJIHHOCTI Tepe/laBaHHs JaHWUX Ta 3HWKCHHS CHEPrOCIIOKHUBAHHS Yy TMOPIBHIHHI 31
cTaHgapTHUM MexaHi3MoM ADR 3a yMOB JAuHaMidHOrO pajiocepeoBHIIIA.
3anponoHOBaHUM MiAXiT MOXKE OYyTH BIPOBAKEHUN Yy CHUCTEMax BiIJAJICHOTO
MOHITOPUHTY TOBKULIS, TpoMuciaoBoro [oT Ta macmTaboBaHUX CEHCOPHUX MEpEekKax,
7€ KpUTUYHUM € OaJlaHCYBaHHS MIX HAIIMHICTIO 3B'SI3KYy Ta CTPOKOM aBTOHOMHOI
poOOTH MPUCTPOTB.

OcoOucTuii BHeCOK MaricTpaHTa. Yci OCHOBHI HAyKOBI Ta HpPaKTHYHI
pe3yJbTaTH AucepTallli ojepkaHl aBTOPOM OCOOMCTO. Y CHUIBHMX MyOJiKaIisax
3m00yBau OpaB y4acTh B aHai3l CydaCHHUX METOJIB adanTarlii mapameTrpiB LoRa-
Mepexi. Takok BIH y3arajJlbHUB OOMEXEHHS ICHYIOUMX MiAXOAIB 1 copMyIroBaB

KOHIIETIIIIF0 KOHTEKCTHO-3aJIEKHO1 a/lanTallii mapameTpiB repeaaBaHHs, sika 6a3yeTbest



Ha KOMIUJIEKCHIH OIlIHII CTaHy pajioKaHaly. ¥ Mexax MariCTepchbKoi qucepTaliii aBTop
CaMOCTIHHO po3poOUB opmaizailito OaraToKpuTepiaabHO1 (YHKIIT OIIIHKH SIKOCTI
3B's13ky Q(t) Ta Ha ii ocHOBI 3ampornoHyBaB anroputM Q-ADR. Kpim Toro, aBTop
CIPOEKTYBAB 1 peajli3yBaB IPOrpaMHO-arapaTHy apxXiTEKTypy LbOr0 METOJy Ha
mwiatdopmi STM32WLS5 ta mpoBiB eKCriepuMeHTaIbHE JOCIIKEHHS €(EeKTUBHOCTI
3allpOIIOHOBAHOTO METOJy 3 TOPIBHAHHAM 13 (DIKCOBAaHUMHU TIapaMeTpaMH Ta
crangaptHuM ADR. HaykoBuit kepiBHUK 3/11MCHIOBAB TIOCTAaHOBKY 3ajadi, 3arajibHe
KEPIBHUIITBO TOCIIPKEHHSM 1 HaJlaBaB KOHCYJIbTATUBHY JOTIOMOTY.

Amnpobania pe3yabraTiB aucepramii. OCHOBHI TOJIOKEHHS 1 pe3yJbTaTH
pobotu Oynu mpezactarieHi Ta obroBoproBanuch Ha XVIII HaykoBiii koH]epeHiii
MaricTpaHTiB Ta acnipanTiB «lIpuknagHa maremMarrka ta komn'totur — [IMK'2025»
(m. KuiB, 19-21 nucronana 2025 p.).

Iyouaikanii. 3a pe3ynabTaTamMu JOCIIKEHHS OMyOJ1KOBAHO /1Bl HAYKOBI Ipalli:
OJIHy CTarTI0 y (axoBoMy HaykKoBoMy BHAaHHI kateropii «b» («Komm'torepHo-
IHTETpOBaHI TEXHOJIOTIi: OCBiTa, HayKa, BUPOOHUIITBOY», 2026, Ne 62, ¢. 311-320) Ta
onHi Te3u nponoBiai Ha XVIII HaykoBifi KOH(EpeHIli MariCTpaHTIB Ta acHipaHTIB
«[Ipuxnagna matemaruka Ta komn'toTiar — [IMK'2025» (M. Kuis, 2025, c. 334-339).

Crtpykrypa Ta 006cAr podoru. Maricrepchbka AucepTalis CKIaZa€eThCs 31
BCTYITy, YOTHUPHOX PO3/1IiB, BACHOBKIB JI0 KOKHOT'O PO3/LTY Ta 3arajbHUX BUCHOBKIB
1o poOOTI, CIUCKY BUKOPUCTAHUX JIKEPEII Ta JOJATKIB.

Y BCTym TNOAAHO 3arajbHy XapaKTepUCTUKY poOOTH, OOIPYHTOBAHO
aKTyaJIbHICTh OOpPaHOTO HAMpsAMY JOCIIKEHb, CHOpPMYyIIbOBaHO METy 1 3ajaadi,
BHU3HAUEHO O00'€KT 1 MpeaMeT AOCHIIKEHHS, BIAOOpa)KeHO HAayKOBY HOBHU3HY Ta
PaKTUYHY LIHHICTh OTPUMAHUX PE3yJIbTaTIB.

Y mepmiomy po3aini MPOBEAEHO aHali3 Cy4YacHUX METOMIB aJIalTHBHOTO
KepyBaHHA napamerpamu LoRa-mepex, po3risiHyTo ctanaaptHuid mexanism ADR Tta
1oro oOMeXeHHsI, MPOoaHaIi30BaHO MiAXOAM 3 JUHAMIYHUM KEPYBAHHSIM MOTYXKHICTIO
nepefaBaHHs, METOAM Ha OCHOBI MAalIMHHOTO HAaBYAaHHS Ta KOHTEKCTHO-3aJIEKHOT

ajanTallii, BA3HAY€HO HaMpsIM yJI0CKOHAJICHHS.



Y npyromy po3maiiai oOrpyHTOBAaHO BHOIp METPUK SIKOCTI KaHaly 3B'SI3KY,
chopMyIbOBaHO OaratokpuTepiaibHy (QYHKIIO OIlIHKKM CcTaHy 3B'SI3Ky Q(t),
pO3po0JIeHO MOJIEeTh KOHTEKCTHO-3AJIEKHOI ajanTaiii mapaMmeTpiB IepeaBaHHS,
BU3HAYEHO METOJMKY €KCIIEPUMEHTAIBHOTO JTOCII1JIKEHHS.

Y  TperhOoMy  pO3AlLTI  ONMHWCAHO  TPOTPAMHO-ANMapaTHy  peasi3aiiio
3alpoNoOHOBaHOr0 MeToay Ha miaatgopmi STM32WLSS5 3 BUKOpUCTaHHSIM TPHOX
By3niB (Master, Slave, Interferer), HaBepeHO apxiTEKTypy MNpPOTOKOJIYy OOMIHY Ta
peatizailiro TpbOX BapiaHTIB alTOPUTMIB KepyBaHHs — ¢ikcoBani napamerpu (Fixed),
cranaaptauid ADR 1 3anpononoBanuii Q-ADR.

Y  yerBepTOMy pO3ILII HABEAEHO pe3yJbTaTH EKCIEPUMEHTaIbHOIO
JOCIIIJKEHHSI €(EKTUBHOCTI 3alpOINOHOBAHOTO MeETOay 3a Kputepisimu PDR Ta
eHeproeeKTUBHOCT1 y PI3HUX CIIEHAPISIX Pajl0yMOB, NPEICTABICHO MOPIBHAILHUN
aHaJi3 3 ICHYIOUMMH PIIICHHSIMHU.

V¥ BUCHOBKax MiJICYMOBAaHO pe3yJIbTaTH MPOBEACHOT pOOOTH.

PoGora Bukianena Ha 97 cropiHkKax, MICTUTh 13 pHUCYHKIB, 8 TaOIMIb,
MOCWJIAHHS Ha CIIUCOK BUKOPHUCTAHMX JpKepen 13 20 HallMEeHyBaHb.

Kuarwuosi cioBa: LoRa, LPWAN, IoT, anantuBue kepyBanns, Adaptive Data
Rate, KOHTeKCTHO-3ajexHa  ajanTaiis, OaraToOKpuTepiaJibHa  ONTHMI3allis,

eHeproeeKTUBHICTb, HAAIMHICTH 3B's13Ky, STM32WLS5S.



ABSTRACT

Topic relevance. The rapid development of Internet of Things (loT)
technologies has led to mass deployment of wireless devices operating within Low-
Power Wide Area Networks (LPWAN). One of the most widespread solutions is LoRa
technology, which enables long-range data transmission at low energy consumption.
The performance of such systems directly depends on transmission parameters, namely
the spreading factor (SF), the transmitter power (TxPower), and the transmission
frequency. Under real-world operating conditions the state of the radio channel and
network load may change rapidly, which gives rise to a conflict between transmission
reliability and energy efficiency. The standard Adaptive Data Rate (ADR) mechanism
implemented in the LoRaWAN protocol is one example of an attempt to resolve this
issue. However, due to the lack of awareness of the comprehensive network state and
its general inertia, it solves the problem only partially. This creates the prerequisites
for the development of a context-aware adaptation method that simultaneously takes
into account signal level, delivery reliability and channel stability.

Aim of the work. Improving data transmission reliability while taking into
account the energy efficiency of low-power 10T systems through the development of a
method for adaptive control of radio protocol parameters based on a multi-criteria
assessment of link quality.

Object of research. The process of data exchange between nodes of a low-
power loT network under variable radio channel conditions.

Subject of research. Context-aware methods for adaptation of radio protocol
parameters based on the link quality assessment function Q(t).

Research methods. The work applies methods of systems and comparative
analysis to summarise current approaches to parameter adaptation in LoRa networks.
Mathematical modelling methods are applied for the formalisation of the multi-criteria
link quality assessment function Q(t). The implementation of the proposed method on
the STM32WL55 platform is carried out using modular programming in the C

language and embedded systems design techniques. The effectiveness of the developed



algorithms is evaluated through field experiments and processing of results against the
criteria of PDR and energy efficiency.

Scientific novelty. The following scientific results have been obtained in the
work. The method of transmission parameter adaptation in LoRa systems has been
improved. Unlike the standard ADR mechanism, the developed algorithm is based on
a multi-criteria link quality assessment function Q(t), which simultaneously takes into
account signal level (RSSI, SNR), delivery reliability (PDR) and channel quality
stability (SNR variance over observation window) with weighting coefficients,
allowing more effective response to changes in the radio channel state and network
load. The concept of context-aware adaptation of radio protocol parameters has
received further development which, unlike known solutions, provides a coordinated
simultaneous adjustment of SF and TxPower based on an integrated assessment of the
network state, which reduces the number of retransmissions and decreases node energy
consumption under dynamic radio environment conditions.

Practical value. The obtained results have practical value owing to the
possibility of applying the developed method in the design of energy-constrained IoT
systems based on LoRa technology. The hardware-software prototype of the method
implemented on the STM32WL55 platform demonstrates improved data transmission
reliability and reduced energy consumption compared to the standard ADR mechanism
under dynamic radio environment conditions. The proposed approach can be applied
in remote environmental monitoring systems, industrial 10T and scalable sensor
networks where balancing link reliability against device autonomy is critical.

Personal contribution of the master's student. All major scientific and
practical results of the dissertation were obtained by the author personally. In the joint
publications, the author participated in the analysis of current methods for parameter
adaptation in LoRa networks. The author also generalised the limitations of existing
approaches and formulated the concept of context-aware adaptation of transmission
parameters based on a comprehensive assessment of the radio channel state. Within the
master's dissertation, the author personally developed the formalisation of the multi-

criteria link quality assessment function Q(t) and, on its basis, proposed the Q-ADR



algorithm. In addition, the author designed and implemented the hardware-software
architecture of this method on the STM32WL55 platform and conducted experimental
research on the effectiveness of the proposed method, comparing it against fixed
parameters and the standard ADR. The supervisor performed the problem statement,
provided overall research guidance and consultative assistance.

Approbation of the dissertation results. The main provisions and results of the
work were presented and discussed at the 18th Scientific Conference of Master's and
PhD Students "Applied Mathematics and Computing — AMC'2025" (Kyiv, 19-21
November 2025).

Publications. Two scientific works have been published on the basis of the
research results: one paper in a professional scientific journal of category "B"
("Computer-Integrated Technologies: Education, Science, Production™, 2026, No. 62,
pp. 311-320) and one set of conference theses at the 18th Scientific Conference of
Master's and PhD Students "Applied Mathematics and Computing — AMC'2025"
(Kyiv, 2025, pp. 334-339).

Structure and scope of the work. The master's dissertation consists of an
introduction, four chapters, conclusions to each chapter and general conclusions to the
work, a list of references and appendices.

The introduction provides a general description of the work, substantiates the
relevance of the chosen research direction, formulates the aim and tasks, defines the
object and subject of research, and reflects the scientific novelty and practical value of
the obtained results.

The first chapter analyses approaches to adaptive control of data transmission
parameters in LoRa networks, examines the standard ADR mechanism and its
limitations, reviews approaches with dynamic transmission power control, methods
based on machine learning and context-aware adaptation, and identifies the direction
for improvement.

The second chapter substantiates the choice of channel quality metrics,

formulates the multi-criteria link quality assessment function Q(t), develops a model



of context-aware adaptation of transmission parameters and defines the methodology
of the experimental study.

The third chapter describes the hardware-software implementation of the
proposed method on the STM32WL55 platform with the use of three nodes (Master,
Slave, Interferer), presents the architecture of the exchange protocol and the
implementation of the three control algorithm variants — fixed parameters (Fixed), the
standard ADR and the proposed Q-ADR.

The fourth chapter presents the results of the experimental study of the
effectiveness of the proposed method against the criteria of PDR and energy efficiency
under different radio condition scenarios, with a comparative analysis against existing
solutions.

The conclusions summarise the results of the conducted work.

The work is presented on 97 pages, contains 13 figures, 8 tables and references
to a list of 20 sources.

Keywords: LoRa, LPWAN, IoT, adaptive control, Adaptive Data Rate, context-
aware adaptation, multi-criteria optimisation, energy efficiency, link reliability,
STM32WL55.



