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The research work of Bolatbek Askhat is devoted to an important and highly relevant
scientific and technical problem related to improving the accuracy of localization in wireless
sensor networks in open and indoor areas. The study addresses the development of methods for
radio map reconstruction based on limited measurements, improvement of indoor localization
accuracy using RSSI data processing techniques, and enhancement of node positioning accuracy
in outdoor LoORaWAN networks through hybrid localization approaches. The topic of the research
is fully consistent with current research trends in wireless sensor systems, the Internet of Things
(IoT), smart buildings, smart city infrastructures, and mobile robotic applications. The relevance
of the research is well justified by the existing limitations of traditional RSSI-based localization
methods. In indoor environments, the main difficulties are associated with multipath propagation,
obstacle influence, signal instability, and the need to collect large volumes of measurement data
for radio map construction. In outdoor LoRaWAN networks, additional challenges arise due to
Non Line Of Sight (NLoS) conditions, uneven gateway placement, and variability of signal
reception in real urban infrastructure. In this context, the author proposes scientifically grounded
approaches aimed at reducing these limitations and improving localization accuracy in both
scenarios.

The structure of the research, as described in the annotation, covers three main research
tasks. As follows from the annotation, the study covers three main scientific directions. The first
task is related to radio map reconstruction in indoor environments based on limited measurements.
In this part, the author proposed a method based on Locally Weighted Regression (LWR) for
improving the accuracy of radio map reconstruction. The second task concerns indoor localization
in LoORaWAN wireless sensor networks, where the author introduced a sectorization method for
preprocessing RSSI data in order to improve the accuracy of predicting the location of mobile
nodes. The third task is focused on outdoor localization in LoORaWAN networks, where a hybrid
approach based on Weighted Centroid Localization (WCL) and machine learning was proposed.
Such a structure demonstrates that the research is not limited to a single narrow task but instead
addresses several interconnected problems within a unified scientific framework.

The author obtained the following significant scientific results. First, the author
demonstrated that the Locally Weighted Regression (LWR) method reduces the RSSI
reconstruction error by 32% in indoor areas compared with the traditional interpolation method.
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This result is important because it shows that reliable radio map reconstruction can be achieved
even under limited measurement conditions, which directly reduces the cost and complexity of
indoor localization system deployment. Second, the research shows that the proposed sectorization
method in LoORaWAN wireless sensor networks improves the accuracy of predicting the location
of mobile nodes in indoor areas by up to 19%, depending on the complexity of the movement
trajectory. This confirms that thoughtful preprocessing of RSSI data can significantly improve the
performance of machine learning models in indoor localization tasks. Third, the author established
that the application of the Weighted Centroid Localization (WCL) method reduces the average
localization error of nodes in outdoor LoRaWAN networks by 29%. This result is of high practical
value, as outdoor LoORaWAN localization remains a difficult problem under real urban conditions.
The methods used in the research correspond to the objectives of the study and reflect modern
approaches in this field. The work combines experimental RSSI data, radio map reconstruction,
data preprocessing and machine learning methods for open and indoor localization tasks.

The practical significance of the work is evident. The proposed methods can be applied in

indoor localization systems, smart buildings, mobile robotics, warehouse and industrial logistics,
as well as monitoring systems based on LoRaWAN urban infrastructure. The approaches
developed in the research make it possible to reduce the number of required measurements,
improve the adaptability of localization systems to new environments, and obtain more reliable
localization results under complex operating conditions. The publication of the obtained results in
international scientific journals confirms the scientific quality and practical significance of the
work..
In conclusion, the research work of Bolatbek Askhat represents a completed scientific study
containing significant results in the field of wireless sensor network mobile node localization. The
work meets the established standards for conferring the degree of Doctor of Philosophy (PhD) in
the field of “Radio Engineering, Electronics and Telecommunications,” and I fully support
granting the PhD degree to the author.

Omer Faruk Beyca

Associate Professor of Industrial Engineering

Faculty of Management, Istanbul Technical University
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PhD nucceprauuscoina
MCBI3 CEHCOPJILIK XKellisepain MoGubai TyifiHaepiHiH opHBIH
Oomkayra aphanrau KyHe»
Bonar6ex Acxar
DJIEKTPOHUKA JoHe actpotusuxa kaheapacel
an-®apabu aTeiHAaFE] Kasak ynTTeIK yHUBepCHTeT

CALIBIK aHe #a0BIK KeHicTikTeri Chl

BonarGex AcxaTTeIg 3epTTEeY
KENUIEPAET]  JOKanm3amust Janairin
TEXHUKANBIK MoCeNere apHairay. 3e

KYMBICBI alllbIK JoHE KabbIK KeHiCTIKTepae ChIMCBI3 CEHCOPJIBIK
APTTbIDyFa GaFbITTalFaH MaHBI3IBI Opi OTE ©3eKTi FBUIBIMU-
PTTEYAE wWeKTeyni enmeynep Herisiiae pamHOKAPTAaHBI KAIMBIHA
KeNTipy oficTepin a3ipney, RSSI AEPEKTEpiH eHney Tacinmepi apKBUTBI ka6bIK KeHICTIKTerl JIoKanu3amus
IRNAiriH KaKcapty, CoHpak-aK ru6puuri JTOKaNu3alKs TaCiamepi Herisinge ampik opranarsl LoORaWAN
Kenliepinne TYAiHnepaiy OPHBIH aHBIKTay JAIIAIriH apTTBIPY Maceselnepi KapacTBIPbLIFaH. 3eprrey
TaKBIPLIOBI CHIMCHI3 CCHCOPIIBIK X YHenep, 3aTrap uHTEpHETI (IoT), susTkepnik FUMapaTTap, aKbLIAbI Kala
MHQPPaKYPEUILIMEI %oHe MOGHIBAI poboToTeXHuKA CananapelHNarel Kasipri FRUIBIMH GarbITTapFa TONBIK
Colikec Keneni. 3eprreymin  esexTimiri RSSI-ra merizmenren ASCTYPNI JIOKANM3aLUs SHiCTEPiHiK
KOJILAHBICTAFbl IIEKTEYNEpIMEH JKAH-KAKTH HeTi3fe/reH. JKabrIK KeHicTikTe Herisri KHBIHIIBIKTAp
Kelcaylelli CHrHan TapamybIMeH, KeJIEprinep/iis ocepiMeH, CHrHANIBIH TYPaKCBI3ABIFEIMEH JKoHE
panvoKapTa Kypy YILUiH YJKeH KejieMmuieri OJILICY NIEPEKTEPIH XKMUHAY KAXKETTiNiriMeH GaiinanpicTel, A
allblK oprazarsl LoRaW AN skeninepinze kocsimira KYpAEMiiKTep Tikesel KopiHy aiiMarsIHbIH 6onmaysl
(NLoS), mmosnepain Gipkenki OpHAJIACTIay bl JIHE HAKThI KANAIbIK HH(PAKYPBLUIBIM XKarNalibIHAA CHIHA
Kabbuiaay AbIH KYOBUIMATBUIBIFEIHAH TYBIHIARIEL OChiFan GalnaHbICTLl aBTOp aTanran LIEKTey nepai
a3aiiTyFa KOHE €Ki Xarfaiina na JIOKamu3alus JoNiriH apTTBIPYFa GarbITTANFaH FHUTBIMH HETi3felren
TOCUIEpAl YChIHFaH.

AHJnaTnaza KepceTiiren e, 3epTTey KYpbUIBIMBI YIII HEi3ri FhIIbIMK MiHAETTi KaMTHabL. Bipinwi
MiHZET %abblK KeHICTIKTe LIEKTey.Ii oMueyep Herisine PannoKapTaHb! KalllblHa KeNTipyre apHanra.
Ocsl GenimMae aBTOp pafMOKapTaHbl KajlbIHA KENTIpY DaNAiriH apTTBIPY YLUIH JIOKAJ/bl CaNMMaKTalFas
perpeccusra (LWR) Herismenren opmicTi ycbieraH. Exinmi .MiH,IlCT LoRaWAN chiMcBI3 cencopasik
KeNnepiHaeri xaOBIK KEHICTIKTeTi JIOKalM3alUMA MaCeNeciHe KaThICTl, MYHIa aBTOp MOOWNBA]
TYHiHOEpAiH OpHBIH OoJDKay HQNIIriH )KakcapTy MachaTBIHLla RSSI pepexrepin annpn a.na} e)l-xleeyret
apHallfaH CEKTOpHM3alHs oMiCiH eHrisreH. YIIHLI MiHAeT ambk opragars! LoRaWAN Keninepinaeri
JOKAITM3AUMSAFA ApHAIIFAH, MYHJA CAIMaKTaIFaH I.IeHTpOEIIlTBIK JIOKaNU3anus .(WCL)‘MeH M&IIIHH&IIBHS
OKBITYFa HerizfienreH ruOpUATI TACLT YCBIHBUIFAH. M_\a{nau KYPBLIBIM 3epT:reymu TeK 61'p Tap meﬂﬁepne[‘%
MiHIeTIeH MLiekTenMeld, GipTyTac FBUIBIMM HETi3 asdchlHIA ©3apa GaiiNaHbICTEI OipHewe maceneui
KaMTUTHIHBIH KOPCETENI. _ L

ABTOp Keneci MaHBI3ZIbl FBUIBIMH HOTHXKENEpre 'KOJII XETKI3reH. BlleHll,ELe.H, JIOKaJ}Ll.bl
canvakranran perpeccus (LWR) apicit KonnaHy Xa?bm KEHICTIKTe R_S_SI KannbiHa KenTipy Katenirix
ASCTYpJTi MHTEPIIOIALAS SAiCIMEH CAJIBICTBIPFaH/a 3UZ Yo-Fa TOMEHIETETIHI KepCGTlJI.I‘BH.. Byn HoTHKe aca
MaHbI31pl, ceGebi o mIeKTey i eleylep JXKarlaWblHAA Ja paqMOKAapTaHbl CeHiMmi TYpPAE KajmblHa
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kenTipyre OoNaThIHbIH fanenneiini, an 6yn o3 keserinne aObiK KeHicTikTeri Nokanmsauus skyiecin
EHTi3y [iH K¥Hbl'Meljl Kypaeninirid asaitagel. Exinwinen, seprrey HaTwxenepi LoRaWAN CbIMCBI3
cerjcopnbm enifepitiae YCIHbUIFAH CEKTOPH3AUIA QLiCi KO3FANIBIC TPAeKTOPHACHIHBIH KypAe/IiliriHe
OaiinanbicTbl kaObIK KeHicTikTeri MOOWAbAI Tylinmepain opHbiH Gomkay nangirin 19%-ra aeitin
apTTbIpatbibii kepcetker. byn RSSI nepekrepin cayartsl anmusi ana emmey kaGbik keHicTIKTET
JIOKanu3auus Mi.HJIC'.I'ICPiHlIe MALHHANBIK OKBITY MOLENbAEPiHiH THIMALTIrIH efayip xaKcapTa anaTbHbIH
pactaiinpl. YIIIHWIACH, CalMaKTaiFaH UEHTPOMATHIK nokanusauus (WCL) amicin xonpamy aubik
optanarsl LoRaWAN seninepinae TyHiHAepAiH opTalua JOKAIM3ALKA KaTeMirin 29%-Fa ToMeHAETeTiHi
aHbIKTaIFaH. Byl HOTIKE XKOFapbl MPAKTHKAIBIK MaHbI3FA e, OfTKEH] HAKThI KANAMbIK jKaraai/ia atlbk
opragarsl LoRaWAN Jokausauuscel i1 Ae Kypaeni Minnertepain Gipi Gonbin TaGbinagsl. 3epTreyne
KO aHbIIFaH a,uic'Tep XKYMBICTBIH MaKcaTbhlHA TOJBIK Colikec KeJlelli jkaHe OChI camafarbl 3aMaHayH
FBUIBIMY ToCiNepai kopeeTeni. JXyMbIcTa abIk jKaHe KabbIK KeHiCTIKTer] JoKaau3auus MiHeTTepi YILiH
IKCIEPUMEHTTIK RSSI.ﬂepeKTepi, pannoKapTaHbl KallbiHA KENTipy, AEpeKTepli aljblH ana eHjey sKoHe
MallHHANBIK OKBITY JAICTEPI YTHIMAbI TYPAE YifIECTipireH.

JKyMBICTBIH MPaKTHKATBIK MAHBI3ABLIBIFbI aHKbIH. YChIHBUIFAH aficTep abblK KeHicTiKTeri
JIOKaTH3alus myﬁenepjﬂﬂe, aKplUIIBI FEMapaTTapia, MOOKB/I pOGOTOTEXHHKAA, KOiMA XaHe eHAipicTik
norucTiKana, connai-ak LoRaWAN  Kanamblk HHOPaKypeUIbIMbIHA HETI3NENreH MOHHTOPHHT
)xyileneplﬂne KoﬂﬂaHBUIyle MYMKIH 3epTrey aschlHIa 93ipJEHreH TICiluep KaKerTi eleyep CaHbIH
asamyfa, JIOKaJM3alus )KYHenepl_Hlﬂ'ﬁCaHa oprara GefliMuenriluTirin apTTEIpyFa KaHe Kypaeni naiiganany
mar;[auﬂapm'}ma HEFYPIIbIM CEHIMII JIOKANM3alMs HaTIDKeNepiH alyFa MYMKiHZik Gepenmi. AJBIHFAH
HOTIKeNepiH xanmx(apaﬂbllcvrmeIMH KypHannapaa skapusnaHybl KYMbICTIH FbIIBIMH carachl MeH
NpaKTHKAJIBIK MaHbI3bIH PaCTaibl.

K.OpLIT‘bIHHLI.JIaI‘;I kente, BonatOex ACXaTTBIH 3epTTey sKYMBICH ChIMCBI3 CEHCOpIIbIK sKeiNepain
MOGU/IBAI TYHIHIEPIH JIOKAIM3ALAANAY CaNAChIHAAFBl MaHBI3NbI HATHXENEPNI KAMTHTbIH asKTAIFAH
FhITbIME 3epTTey 00BN Tabputamsl. JIMCCEPTALMANBIK Xymbic «PamnoTexuika, 3MEKTPOHHKA JKIHE
TeJeKOMMYHHKaLUATapy MaMaHzbirbl OOHbIHINA (uiocodus aokropsl (PhD) mapexecin amy yiwin
KOJMpIIaThIH TAJANTapra TONBIK CoMKEC KeJIedi AEN eCenTeiMin skoHe aBropra PhD napexecin 6epyai

TOJIBIK KOJ1AaiMBbIH.

KypmeTIieH,

/Kool KolibinFaH/

Owmep Papyx beiica

OHepKaciTiK MHKXHHUPUHT KadeapacbIHbIH KaYbIMIACTEIPbITFAH npodeccopsl
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