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HarionansHuit yHiBepcuTeT «JIbBIBChKA MOMITEXHIKA»

BIJI KA®EJIPU PAIIOTEXHIKH JIO KA®EPU ITPOrPAMHO-
AIIAPATHUX CUCTEM IH®OKOMYHIKALII: EBOJTIOLIISI
HAYKOBOI'O HAIIPSIMKY

Kadenpa nporpamHo-anapaTHix cucTeM iHpoKoMyHiKariii HarionansHoro
yHiBepcuTeTy <«JIbBiBChbKa TIONITEXHIKA» SIK MPABOHACTYIHUIS KadeapH
TEOPETHYHOI PaTiOTEXHIKH Ta pa/iiOBUMIpPIOBaHb 3acHOBaHa y >koBTHI 1939 p.
K Kadenpa pamioTeXHIKH i KepiBHUITBOM IMpodecopa [PporkoBchKoro
SAnyma TeomopoBuva B CKJaji €JIEKTPOTEXHIYHOTO (hakynbTeTy JIbBiBCHKOTO
MOJITEXHIYHOTO THCTUTYTY Ha OCHOBI PaJiOTEeXHIYHOI TPYIH, 10 iCHYBaia
Ha Kadeapi dizuxu Nel (3riguo i3 BuTsrom 3 nporokony Nell Bix 9 TpaBHs
2024 p. 3aciganas Buenoi pamu [HCTHUTYTY TenekoMmyHikaIlid, pamioenex-
TPOHIKH Ta eIeKTPOHHOI TexHiKN HamioHanmpHOTO yHIBepcuTeTY «JIBBiBChKa
nomitexHika»). Haykosi mpami npogecopa I'pomikoseskoro 5. T. npucesaeHi
METO/IaM TeHEpyBaHHS 1 CTa0LIi3alli] eJISKTPUYHUX KOJMBaHb, PO3POOICHHIO
METO/IB 1X aHali3y, a TAaKOXK MpodIeMaM BaKyyMHOI TEXHIKH.

ITicns BimHOBIEHHS poOOTH JIEBIBCHKOTO MOJITEXHIYHOTO IHCTUTYTY B
1944 p. ma 0a3i kadenpu pamiorexHiku HakazoM Ne 57 Big 1 k0oBTHS
1944 p. nHa enekTpoTexHIUHOMY (aKyasTeTi oOpraHizoBaHa Kkadezapa
pamioTeXHIKM Ta TeleMexaHiKu B TakomMy ckiani: 3araeBchkuii T. K. —
3aBimyBau kadenpu, Benmuuxo 1O. T. — B. 0. mouenTa, Jlro6enscrkuii K. K. —
acuctent, Kopusira Y. /1. — crapmmii nabopanr, [anssens I I. — nabopanr.
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3 7 xxoBtHs 1944 p. 3aBigyBaueM KadeapH pamiOTEXHIKH Ta TelleMeXaHIKH
MPU3HAYEHO JIOKTOpAa TEXHIYHMX Hayk, npodecopa Xapkeruua OsekcaHipa
OrexcanipoBMYa, BiIOMOTO BYEHOTO B Taly3i Teopii aBTOKOJIMBAaHb, TEOPil
iHdopmMariii Ta enekrpoakyctmuHuX amaparis. [Ipodecop O. O. XapkeBud
3aknaB y JIbBIBCHKOMY MOJNITEXHIYHOMY iHCTUTYTI MiJIBAJIMHH HAayKOBO-
nociinHoi naboparopii pagioTexXHIUHOTO MPOQIIo, sSKa BiATaK BUPOCHA B
HaykoBo-mocmiiHuii KOHCTPYKTOPCHKHI 1HCTHTYT €NeKTPOHHOI BHMipIO-
BasibHOT Ta oOuncimoBanbHOT TexHiku (HJIKI «EJIBIT»). 3romom y 1964 p.
BiH OyB 0Opanwuii ailicHuM uinenoMm Akazaemii Hayk CPCP.

VY Gepesni 1945 p. kadenpy pagioTexHIKH 1 TeJIEMeEXaHiKU OyJ0 PO3IiICHO
Ha JnBi kKadenpu — «PamiorexHika» Ta «ABTOMAarMka Ta TEJICMEXaHIKa».
3aBimyBauem Kadenpu «PamioTexHika» TpH3HAYEHO JoleHTa [iTmoBa
I'eopris Binerensmouya.

I3 uepBHs 1946 p. 3aBigyBadem kadenpu «PamioTexHika» MpHU3HAUYCHO
crapioro Buknagaia Bennuka FOpist Teodanosuua. YV 1947 p. 0. T. Benmuxo
VCIIITHO 3aXWCTHUB KaHAWAATCBKY JWCEpTaIlifo, MPUCBIYEHY NPoOIeMi
CIIPSDKEHHS KOHTYPIB CYNEPreTepoJMHHOIO IpHiiMada, i1 CTaB IepImMm
BUKJIaJaueM i3 HaykoBUM cryrmeHeM. Y 1949p. Ha mocamy acucreHTa
3apax0OBaHO BUITYCKHHKA MEPLIOr0 BUITYCKY CIelialbHOCTI «PanioTexHika»
M. A. 3axapito, sxuit y 1950 p., yCIIIIHO 3aXHMCTHB IIiJ KepiBHHUITBOM
npodecopa K. b. KapanneeBa kaHmuaaTchKy AHMCEPTaIlifo, IMPHUCBSIYCHY
Teopii MOXMOOK JETeKTOPHUX MpWIALiB, i CTaB JPYrMM BHUKJIaJadeM
kaeapy 3 HAyKOBUM CTYTICHEM.

Y 1952 p. Ha 6a3i kadenpu «PagioTexHIKN» yTBOpPEHO NBi Kadeapu —
«TeopernuHoi pajgiorexHiku» (3aBigyBad Kadeapw, [TOICHT, K. T. H.
Bennuko 0. T.) Ta «PagionpuiiMansHuX TPUCTPOiB» (3aBigyBay kademapw,
1. T. H., npodecop Kapaunees K. B.), siki 3a0e3nedyBajiu MiArOTOBKY Ta
BUIYCK IH)KEHEpIB cremiaibHOCTI «PaniorexHika». Y mrar kadenpu
«Teopernuna pagiorexHika», kpim lO. T. Benmnuka, Oynm 3apaxoBaHi Ha
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mocajy acHCTEHTiB K. T. H. 3axapis M. A. Ta Baxynenko O.JI. Ha meui
1O. T. Bennuka 3HOBY Jirvia BelluKa poOoTa 3 (OopMyBaHHS BUKIIAIAIBKOTO
ckiany kadeapu, opraHizailii HOBUX Ja00paTopiid, pO3MUPEHHS HAYKOBUX
JOCITI/KEHB, TMIArOTOBKM HaykoBHX KanapiB. Ha kadenpi ¢dyHKmioHyBamm
naboparopii TeopeTHYHOI Ta 3arajbHOI PaJiOTEXHIKH, PaJiOBUMIpIOBaHb,
aHTCHHO-(1IepHOro 00JIaIHAHHS, SJICKTPOHHUX 1 HOHHMX TPUIIAJIiB.

Mpotsrom 1953 — 1959 pp. 1O. T. Benmuuko TmoenHyBaB 0O0OB'SA3KH
JleKaHa paaioTexHivHOTO (DaKynabTeTy Ta 3aBigyBada kadenpu «Teopernduna
pamioTexHika», He TOKWHYB HAyKOBOi POOOTH H 3aBEpIIMB PO3pOOIECHHS
Teopii MPOXiJHOTO YOTHPHIIONIOCHHMKA, sIKa JIAIla B OCHOBY HOTO
JokTopehkoi muceprartii. [1ig #ioro HaykoBuM kepiBHUITBOM €. ®. 3amopa
3aXUCTHUB KaHAUAATChKY nucepraiito. Y 1958 p. omyGnikoBana MoHoTpadis
0. T. Bennuka «IIpoxigHi YOTUPHUIIONIOCHUKIY, SIKa B TOW 4ac Oyia OfHI€eo 3
Nepimmx y KpaiHi YKpalHOMOBHHMX HAyKOBHX Tpallb, JIe NogaBajach MOBHA
Teopist JIHIKHOTO TPOXiJTHOTO YOTHUPHUIIONMIOCHUKA 3 BHKOPUCTaHHIM
MarpuiieBoro Tta rpadiyaoro gucienHs. OmHogacHo HO. T. Bemmuko pasom i3
KOJISKTHBOM AaBTOpIB TIPAIOBaB HAaJ POCIHCHKO-yKpaiHCBKHM EIIEKTPO-
PaIioTEeXHIYHIM CIIOBHUKOM, SIKH BUHMIIIOB y CBIT TexX y 1958 p.

VY 1966 — 1967 pp. BUILIOB y CBIT HaBYaNbHUI MociOHUK «TeopeTnuHi
OCHOBH PaJiOTEXHIYHUX MEPEeX», SKUH € pe3yJapTaToM ILTTHOI Mpari
10. T. Bennuka Ha pO3BUTKOM TeOPii JIHIMHAX €NeKTpHIHUX Kii. HaykoBi
poborrn FO.T. Benuuka 3HAWM BHU3HAaHHA IIHPOKOI HAyKOBOi Tpo-
MaJaceKocTi. BiH craB wieHoOM peakoneriii kypHamiB «l3BecTHs By30B
CCCP. Pammorexnuka» Ta «Teopermueckas smekTpoTexHuka». llkomy
HayKoBoi poboTu mix kepiBHUITBOM 0. T. Benmmuka npoitnnmu B 50-1i poku
Haropuuii JI. 5. ta InpHunbkuii JI. ., ski 3romoM 3axUCTHIN JTIOKTOPCHKI
mucepranii, Mymkapnen E. M. ta  [minenko K. C., ski  3axuctwim
KaHIUIATChKI JTUCepTallii Ta TOMOBHWIN BUKIAJANBKANA CKIAA pajio-
TEXHIYHOTO (paKyIBTETY.
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VY 1960 p. micast cTBopeHHs (hakynbTeTy PaJiOTeXHIKH Ta aBTOMATHKH
(®PA) wma 06a3i pagioTexHiuHoro ¢axymerety kKadempa «Teopernuna
pamioTexHika» ficrama HOBY Ha3By. «TeopeTwuHa pajioTexHiKa Ta
pamiosumiproBauus» (TPP).

Po3BuBatoun Teopito JHIMHUX Kil 13 TMOCTIHHUMH MapaMeTpamH,
10. T. Bennuko pa3oM i3 TUM CKEpOBYBaB CBOIX acIipaHTiB Ha JOCIi-
JOKEHHS Ta PO3BHTOK TEOPil MapaMeTpUIHHX 1 HeMHIHHUX Kin. Y 60-1 pokn
MUTAHHSIM CUHTE3Y JIiHIWHUX Kil 3aiimaBcs acmipast €. O. IlonpoBuit, Hag
aHaJi30M TIEPIOAMYHMX PEXHUMIB y MapaMETPUYHHUX KoJiaX IpalfoBaB
acmipant M. /1. Bipiok, a B aBTOKONMBANIbHUX MPHCTPOSIX — AacHipaHT
b. A. Manpgziii. I3 npuxomom Ha kadeapy k. 1. H. T. [. bapaunu nmocunuses
HAyKOBHMH HANpsIMOK, IOB'S3aHUH 3 aHAJIi30M YacTOTHHX IIEPETBOPEHH Y
HeNmiHifHUX Komax. Y meil xe mepion moment M. A.3axapis po3po6ss
METOIU PO3PAaXyHKY IMIYIBCHHUX CXeM, a 3 cepequHu 60-Mx pokiB movas
poboty Haja mpobiieMaMH BUMIPIOBAJIBHOI TEXHIKM HAJBUCOKHX 4YacToOT,
pe3ynbTaTi SAKOi 3HAWNUIM BimOOpakeHHS B HABYAIBHOMY MOCIOHUKY
«OCHOBH HAJIBUCOKOYACTOTHHX BUMIpPIOBaHb», OIMyOlikoBaHOMY B 1972 p.
Ilin maykoBuM KepiBHMITBOM M. A.3axapii mpamioBantu acHipaHTH
X. Mimapac (Kimp) ta I. H. [Ipyauyc, siki BiATak YCHIIIHO 3aXHUCTHIIN
KaHJUIATChKi AUCEPTallii, MPUCBIYCHI MpoOieMaM aHaJi3y Ta po3poOIeHHs
npuctpois HBY. JlocnimkeHHsIM IIyMOBHX BIACTMBOCTEH JHIHHUX KilT Ha
kadenapi min kepiaunTeoM 0. T. Benuuka 3aiimaBcs 1. I. KoBtyH, sikuii y
1973 p. 3axuCTHB KaHAMOATCHKY aucepramito. Y 1974 p. BHHIIOB y CBIT
nocionuk P. JI. ['punibkiBa «OcHOBH Teopil JOBTUX JNiHINA», SIKUH Oa3zyBaBCA
HAa METOMUWIl aHamizy dmiHid, 3amporoHoBaniit lO. T. Bemmukom. Hag
PO3pOOKOI0 MOJIENCH TPAH3UCTOPIB SK KOMIIOHEHTIB IHTEIPAJIbHUX CXEM
posnouaB pobory min kepiBHUITBoM [O. T. Benmuka acucrent Kice-
auyHuK M. J1., pe3yasratd sIKOi JIAMIM B OCHOBY MOro KaHAMAATCHKOI
mucepranii, 3axuineHoi B 1982 p. I3 npuxomom Ha kadenpy IoneHTa
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M. M. Cymuka 3amoyaTKOBaHO HOBHH HAayKOBWU HampsM, TMOB'SI3aHHUN 13
1u¢pOBOIO OOPOOKOIO CHTHAJTIB.

Y 1977 - 1980 pp. Ha xadenpi TPP mpamroBaB TOKTOp TEXHIYHUX HAYK
npodecop A.d.Yammin. BiH akTuUBI3yBaB TOCIIOTOBIpHY HAayKOBO-
nocrigay pooory (HJIP) 3 po3poOsieHHS HOBHX aHTEHHHUX MPUCTPOIB,
oprasizyBaB Ha (aKylIbTeTI HAyKOBO-IOCIHiaHY Jiaboparopito. Ilim ioro
HAayKOBUM KEpIBHUIITBOM 3aXWHCTWJIA KaHAWJATCHKI AucepTamii €BreH
Muxaiinony SmmmH, Muxaiino FOpiiioBna Muxaiinos, Oner Bacnibo-
B4 Camcontok, Bikrop BacunboBuy ['oOnmuk, Annapiit €paHos.

Y mortomy 1976 p. 1O. T. Benuuko mnepeiinioB Ha mocanay mnpodecopa
kadeapu, a 3aBijgyBauem kadenapu OyB oOpaHwuii morieHT Manjsiii Bornan
AmnppiiioBuu. Y 1976 p. i3 HJIJI-2 Ha kadenpy mnepeilmoB Ha mocany
acucrenra b. 0. Bomouiii. ¥ To#f yac AOMiHYIOYHM HAIpsIMOM HayKOBOI
pobotun Ha kadenapi craya TEOpis Kul, sKa IHTEHCHBHO pO3BUBAIACh
3aBJISIKU ITUPOKOMY BUKOPUCTAHHIO €JIEKTPOHHO-00UMCITFOBAILHOT TEXHIKH.
Ilepen HaykoBUM KOJICKTHBOM Kadeapu MOCTalO 3aBHaHHS aKTHBHO
BKITFOYUTHUCH Y POOOTY 3 po3poOIeHHS] METOAIB aBTOMAaTH30BAHOTO aHAII3Y
NPUCTPOIB Ta BIIPOBAKEHHS 1X B iH)KEHEPHY MPAKTUKY Ta B HaBYAJIbHHHA
npouec. Cepen eHTy3iacTiB po3pOOJNICHHS METOIIB aBTOMATH30BAHOTO
aHamzy JiHIHEX Kinm Ha Kadeapi OyB k. T H. P. B. [IMutpummH, sxuit
OpraHi3yBaB TPYyIly aBTOMaTH30BaHOTO IPOEKTYBaHHS B CTyIeHTCHKOMY
npoeKkTHO-KoHCTpyKTOopchkomy Otopo (CITIKB). ¥V 1980 p. BiH omyOnikyBaB
MoHorpadito «Onrumizallis eJeKTpOHHUX cxeM Ha EOM».

[Mounnarouu 3 1982 p. yci pobotu 3 aBromaru3aniii npoektyBanHs PEA,
axi mpoBommnuck B CIIKbB, Oymm 3ocepemkeHi B OmXHOMY BT i
KepiBHUITBOM MmupocnaBa PomanoBuya Ilomombcekoro, a HaykoBe
KEepIBHUITBO Oyl0 3akpimieHe 3a 3aBimyBauem Kadeapu «TeopermuHa
palioTexHika Ta pajioBUMIPIOBaAHHS» JIOIEHTOM b. A. Manmziem. Y e
Mepiof BiJAINT aBTOMATH3aIlii TPOEKTYBaHHS BUKOHAB PsII TOCIIOTOBIPHAX
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poOiT i3 po3pOOJCHHS MPOrpaM aHali3y HETIHIMHHUX CJIIEKTPOHHUX CXEM,
KOHTPOJIO TIPaBUJIBHOCTI ~ 3aCTOCYBAaHHS  €JIEKTPOPATiOKOMIIOHEHTIB Y
panioenexTponHiii anaparypi (PEA) Ta oniHrOBaHHS MOKa3HHUKIB HATIHHOC-
Ti, MATEMaTHYHOTO Ta MPOTPaMHOTrO 3a0e3MEeYeHHs] CHCTEM AaBTOMATH30-
BaHoro npoektyBaHHi PEA, a takoxk CAIIP cxeMOTeXHIYHOrO MpPOEKTY-
BaHHA «[IAPYC».

Ha xadenpi B et nepion Bukonysanmu HJIP «Po3poOka opieHTOBaHMX
Ha 3aCTOCYBaHHsI €JEKTPOHHO-00uMcioBabHUX MammH (EOM) moxeneit
KOMIIOHEHTIB Ta MpoleciB (yHKIIOHYBaHHS palioOeIeKTPOHHUX MPUCTPOIB
Ta CHUCTeM», y paMKax sKOi psJ acmipaHTiB Ta 3100yBadiB HAayKOBOTO
CTyTIEHS] BUKOHAIH W 3aXUCTHIIU TIi1 KePiBHUIITBOM AorieHTa b. A. Mann3is
kaHauaarchki  guceprartii: 1. 1. Tapacumis (1984 p.), B. O. Ilemnimmok
(1987 p.), A.TI Boumapes (1987 p.), P. I. XKemnsx (1989 p.). 3a pesynabraramu
nocmipkerb y 1991 p. omyGnikoBaHa MoHorpadist «MalmHHe MOJICITIOBaHHS
pamioeeKTPOHHHX 1 eIEeKTPOTeXHIYHMX mpucTpoiB» (aBropu I. I. I'apacu-
miB, b. A. Manmsiin, O. M. @enumitiH).  [lix  KEpiBHUIITBOM JIONEHTA
T. I. bBapounu BuUKOHYBanM JucepTaliiiHi gocmimkerHs acmipadt [. 'ep-
xapn (3axuct y 1973 p.), acmipant A.I. OcraniH, 3700yBad HayKOBOTO
crynens JI. I. Tpunak (3axuct y 1981 p.) ta acmipant O. I'. Kpyk (3axuct y
1990 p.). Ix mwcepramii mpucBAYEHi BiNMOBIAHO THTAHHAM TIEPETBOPEHHS
YaCcTOTH TapMOHIYHMX CHTHAJNIB, MiIBUINEHHS iH()OPMATHBHOCTI OCIHIIO-
rpadiB Ta MIABWIIEHHS TOYHOCTI YHCEIBHWX METOMIB IHTErpyBaHHS
nudepeHIiaTbHIX PiBHSIHb.

Y 1981 p. moBepHyBcs Ha Kadempy Iicis 3aKiHUEHHS acIipaHTypu
K. T. H. b. }O. Bonouiii i 3amouarkyBaB HoBu# i kadenpu TPP naykoBwmii
HanpssMOK «Teopist i TpakTUKa CHCTEMHOrO aHalli3y eKCILTyaTamiiHol
TIOBEIIHKA Pa/IiOENIeKTPOHHUX KOMILUIEKCIB Ta CHCTEM Ha eTalli iX CHCTeMO-
TEXHIYHOTO MPOEKTYBaHHA». PO3BUTOK ILOTO HAYKOBOTO HAINPSIMKY JaBaB
MOXJIMBOCTI BUKOHYBaTH HJIP Ha 3aMOBJIEHHS ¥ BiJIIOBiTHO TTOHOBUTH

poboTy HaykoBO-I0CIiHOI Jiaboparopii kadenpu HJIJI-51. JlaGoparopis
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MpaioBajia HaJ MPoOJeMOI 3a0e3MEeUYCHHS BiJIMOBOCTIMKOCTI OOpPTOBUX
iH(popMaliiiHO-BUMIpIOBAILHUX CHCTEM. 3 PO3POOJICHHS METOAIB Ta 3aco0iB
CHCTEMOTEXHIYHOTO HaIiHICHOTO MPOEKTYBaHHS PaiOeIEKTPOHHUX CHCTEM,
HAJIMHICHUX MOJeNed Ta MeTOodiB (PYHKI[IOHATFHOTO KOHTPONIO BEIUKHUX
IHTErpaJbHUX cXeM, pafialiiHoi ctiiikocti PEA. YV HaykoBHH KOJEKTUB
naboparopii HIJI-51 y ueii mepiox npwuitnum fApocnaB bamra, Biktop
bensies, Banepiit XKarnin, Irop [Tmennannit, Bomogumup Ocinuyk, Exyapa
[HwuxoBwy, Irop YiukeBny, k. T. H. FOpiit bo6ano, k. T. H. Muxaiino MeneHs.

Y 80-x pokax rpymoro B ckimani b. }O. Bonouis, b. A. Manngis,
10. C. O6yxa, I. C.Ilmennunoro B cmiBmpaumi 3 Iropem JImutpoBnuem
KanamnikoBum i Pomanom Bormanosuuem Masenoro Benock po3poOiieHHS
MaTeMaTUIHOTO 3a0e3MeueH s IJIsl YHIBepCaTbHOI MPOTPaMHOI CTOXaCTHYHOT
MOJIeNi  eKCIUTyaTalifHol HaAiHICHOT TOBEMIHKH BiIMOBOCTIMKHX CHCTEM.
Marematnune 3a0e3liedeHHsT Jajo 3MOTy 3AIHCHUTH  pO3pOOJICHHS
nporpamuoro 3aco0y ACHA-1 (aBromaru3oBaHa cHCTeMa HailHICHOTO
aHajizy), SIKMA TPU3HAUYCHUN [UIS PO3B’S3aHHS 3aj7ad HaJiiHICHOTO
MPOEKTYyBaHHS OOPTOBUX IH(OPMAIIMHIX CHUCTEM KOCMIYHHX araparisb.
Po3po6nukamu niporpamuoro 3acody ACHA-1 6ynu FOpiii CrenanoBuy
O0yx Tta Irop CraxoBudu [lmennynuii. Pe3ynsratu mocnigkeHp 3a Ii€l0
TEMaTHKOIO TIpeAcTaBlieHi B MoHorpadii «lIpoexTyBaHHS BiAMOBOCTIHKHX
MIKpPOTIPOIIECOPHUX 1H(OPMAITIITHO-BUMIPIOBATEHIX CHCTEM», OITyOITiKOBaHi i
B 1987 p. (aBropu Bb.1O.Bonouiii, I. /I. KanammnikoB, P.b. Masemna,
b. A. Maunn3iii).

Y npyrid monmosuHi 80-mX pokiB 3a moTpebamu 3aMOBHHKA 3arlo-
YaTKOBAaHO HAYKOBHH HANpPSIMOK PO3pOOIICHHS MOJENeld Ta METONIB JUIs
OLIIHIOBAHHSI CTPYKTYPHOI >KMBYYOCTI MEpPEX 3B'I3KYy 3 KOMYTAL€I0 MaKe-
TiB. JI7151 BU3HAUEHHS MMOKAa3HUKIB CTPYKTYPHOI KHBYUOCTI MEpPEXKi 3B'SI3KY
i3 citkoBoto crpykryporo b. 0. Bomouiii ta E. T. llluxoBuu 3amporony-
BaJI METOJ NepeTBOpeHHs (pparMenTa ii Mozeni y BUNIIAAI IMOBIPHICHOTO
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rpada 31 CTPYKTyporw «0OararonmpoMeHeBa 3ipKka» B «0araTOKyTHHK». Y
noganbmomMy b. FO. Bonouiti Ta B. Il benses 3ampornonyBanu MeTOx
(hopMyBaHHA Mozenell IS OUIHIOBAHHA CTPYKTYPHOI JKHBYYOCTI MeEpex
3B'SI3KYy 3 KOMYTAIII€IO TAKETIB i3 CITKOBUMH Ta CKJIAIHUMH 1€papXidHAMHU
cTpykTypamu. Lleit MeTon oTprMaB Ha3By «METOJ KOMYTallii HMOBIpHICHUX
MaKeTiB».

I3 mpuxomom Ha kadenpy mouenrta b. €. Pumaps Ta JI. llleBuenka Oymo
po3nodato poboTH 3 po3pobieHHs By3iiB anaparypu AMP-cnexTpockorrii,
siKi 3rofioM nipoorkuB AoneHT 1. I. KoBryH.

HoBuii ans kadeapu HampsMOK HayKOBOI TeMaTHKH, IOB’S3aHUH i3
MOZICTIIOBAaHHSAM Ta ONTUMI3alli€l0 TEXHOJOTIYHUX MPOIECiB BUPOOHUITBA
PEA 3a xputepisMu SKOCTI Ta HaIiHHOCTI, 3’SBUBCS 3 TPHUXOIOM Ha
kadenpy mouenta JI. A. Hemocryma.

OTxe, 1o kiHns 80-x pokiB OCHOBHHUMH HallpsIMKaMH HayKoBOi poOOTH
kadeapu ta nadoparopii HAJI-51 npwm i kadeapi cranu: aBroMaTH3aIlist
CXEMOTEXHIYHOTO TPOEKTYBAaHHA PaJli0eNIEKTPOHHUX TNPUCTPOIB, HATIH-
HICHE TPOEKTYBaHHS BiJIMOBOCTIMKHX pPaiOeNeKTPOHHINX KOMIUIEKCIB 1
CUCTEM Ta PO3pOOJICHHS METOAIB 1 3aco0iB 3a0e3neveHHs HaAiMHOCTI Ta
skocti PEA B mpomeci BUpOOHUWITBA. Y3araabHEHHSIM OaratopidHoi
HayKoBOi pOOOTHM cTamum JOKTOpchbki mucepramii b. A. Manmsis Ta
JI. A. Henoctyma.

Y motomy 1986 p. 3aBimyBauem kadeapu OyB oOpaHWE JOLEHT
B. FO. Bosouiit. Y Toit nepion 3 MOsIBOIO Ha Kadenpi eIeKTPOHHO-00YHCITIO-
BaJHbHUX MAIMH 3 SBUJINCS HOBI MOXJIMBOCTI B pPO3poOIeHHI 3aco0iB
aBTOMAaTW3allii CHUCTEeMOTEXHIYHOTO W CXEMOTEXHIYHOTO TPOEKTYBaHHS
pamioeneKTPOHHUX KOMILIEKCIB, CHCTEM Ta MPUCTPOIB.

Crnin 3a3HauuTH, WO mNepexin KonekTuBy nadoparopii HJJI-51 Bin
BUKOPUCTaHHA B HAyKoBili pobOoTi Bemnknx EOM 10 mepcoHambHUX
KOMIT IOTepiB J1aB 3MOTY 3pOOWTH BEIHMKHA KPOK y PO3BUTKY Teopii i
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NPaKTUKH CHUCTEMOTEXHIYHOTO MPOEKTYBAHHS PalliOCTICKTPOHHUX CHUCTEM
Ta KomruiekciB. Tak Ha nmouatky 90-ux poki Biktop Bensie 3anpononyBas
HOBHUH MJXiJ 70 aBTOMAaTH30BAaHOTO CTBOPEHHS CTOXAaCTHYHUX MOIEIeH
eKCIUTyaTaliiHoi HaAIMHICHOT TOBEMIHKM BiJIMOBOCTIMKHX CHCTEM. B
OCHOBY MIiJXOAy TMOKIaJAeHO (opmMasizoBaHe NPEACTABICHHS Y BHIVISAL
CTPYKTYypHO-aBTOMaTHOi Mozeni. HuMm cTBOopeHo mporpamuuii 3aci6
ACHA-2, skuii y TO€THAHHI 31 CTPYKTYPHO-aBTOMATHUMH MOJCIISIMH
eKCIUTyaTaniiHoi HaJiifHICHOT TIOBEAIHKH BiIMOBOCTIHKHX CHCTEM PI3HHX
KOH(]irypariif (THIIB) YTBOpIOBaB iX MPOTrpaMHi CTOXacCTUYHI MOJEII.
BukopucTaHHsl IpOrpaMHUX CTOXaCTHYHHX MOJIeJiel 3a0e3Meuno CyTTeERY
aBTOMATH3alIlil0 MPOIECY PO3B'A3aHHS 3a/lad HAiHICHOTO MPOCKTYBaHHSI
PalioeIeKTPOHHNX CHCTEM 13 BIACTHBICTIO BiZIMOBOCTIHKOCTI.

Y mnopmampmioMy meW miaxig gaB 3Mmory cdopmyBard iHpopMamiiHy
TEXHOJIOTII0 CTBOPEHHS CTOXaCTHYHUX MOJICNICH eKCIUTyaTalliiiHoi (hyHKI[io-
HaJIbHOI MOBeAiHKH cucteM. [lounHaroun i3 npyroi mojgoBuHu 90-X pOKiB,
HasBHICTh 1H(POpPMAaNiHHOI TEXHOJIOTii CTBOPEHHSI CTOXACTUYHHX MOJIETei
eKCIUTyaTalifHoi (yHKIIOHATbHOI ¥ HAAiIHICHOI TIOBEIIHKH CHCTEM
BIIKPUJIO HOBI MOMKIIMBOCTI JJIsl PpO3B’A3aHHS HAyKOBO-TIPUKJIATHUX
3aBJaHb Ha €Tall CUCTEMOTEXHIUYHOTO IMPOEKTYBAHHS PalliOeIeKTPOHHUX
cUCTeM Ta KoMmIuiekciB. He TOBHHWI mepemik po3B’si3aHUX KOJEKTHBOM
HAayKOBOTO HANPSMKY 3aBJIaHb € TAKHM:

1) po3pobiieHa CTOXaCTHYHA MOJAETh eKCIUTyaTaminHoi QyHKIIOHATBHOT
MOBEAIHKH NPUIIILHOTO PalioeIeKTPOHHOTO KOMILIEKCY;

2) CTBOpEHa METOIMKA CHCTEMHOTO aHasli3y Ui pO3pPOOJIEHHs CHCTEMH
¢ poBoro 00poOIeHHS 300pakeHb, 3 BUKOPUCTAHHIM SKOI ITOKa3aHO, IO
e(DeKTUBHICTh 3alpPOINOHOBAHUX METOIB CETMEHTalii 300paXEeHb €
ONM3BKOIO JT0 MOTEHIIHHO MOXKIIMBHX 3HAUEHb;

3) po3po0IIEHO Psiji CTOXaCTUYHHUX MOJIEJIeH eKCIUTyaTalliiHOl TTOBEIIHKA
BiTMOBOCTIHKHX CHCTEM Ma)KOPHUTAPHOTO THUIY 3 IMIJBHUIIEHUM CTyIEHEM
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aJICKBaTHOCTI, HA OCHOBI SIKUX CTBOPEHO METOIMKH iX HaJIHHICHOTO
napaMeTpUYHOTO CUHTE3Y;

4) po3pobiieHa CTOXaCTHYHA MOJEJb CTpaTrerii TEXHIYHOTO 0OCITyroBy-
BaHHS Ta PEMOHTY CHCTEM PEriOHAJIBHOTO PadioeNeKTPOHHOTO KOMILIEKCY,
B sKill BpaxoOBaHO PO3MIIICHHS CHUCTEM, 0arartoeTamHIiCTh MPoIecy
TEXHIYHOTO OOCITyTOBYBaHHS Ta PEMOHTY, BUKOHAHHS OJHI€I0 PEMOHTHOIO
OpHUragor0 BOX BHIIB BiJIHOBIIOBaHHX pOOIT (IUIAHOBOTO TEXHIYHOTO
00CIIyroByBaHHs Ta aBapiiHOTO BiJHOBJICHHS), BIIKIFOYEHHS CHCTEM
miiyac TEXHIYHOTO 00CITyrOByBaHHS;

5) po3po0IeHO METOIMKY MPOCKTYBaHHS aJrOPUTMIB (DYHKIIIOHYBaHHS
pafioeNeKTPOHHUX CUCTEM KOPOTKOTPHUBAIOTO BUKOPHCTaHHS, B OCHOBY
SKOT TIOKJIAZICHO CTOXaCTHYHY MOJIENb 1X eKCIDTyaTamiiHo1 (h)yHKIIIOHAIBHOT
TIOBEIHKA, JJIs 11i€1 METOAWKH 3allpOMTOHOBAHO HOBWH METOHA TMOOYIOBH
MOJISJTI eKCIUTyaTalliiHol (DYHKI[IOHATBHOI TIOBEIIHKU CHCTEMH KOPOTKO-
TPHBAJIOrO BUKOPUCTAHHS y BUTIISI «CXEMH IUIAXIBY,

6) po3pobiieHo MateMaTHuHe 3a0e3MeYeHHs Ul aBTOMAaTH30BAHOTO
CTBOPEHHS CTPYKTYPHO-aBTOMAaTHUX MOJIENICH eKCITyaTaliifHol MOBEXiHKI
BiIIMOBOCTIHKHX CHCTEM, Ha OCHOBI SIKHX Y MPOrPaMHUX CTOXaCTHYHHUX
MozeTsIX GOPMYIOThCS Tpady CTaHIB 1 MEPEXO/iB;

7) oTpuMa PO3BUTOK TEOPETHYHI 3acajd, a Ha 1X OCHOBI METOIH,
MOJIeNTi Ta METONWKH, fKi [Al0Th 3MOTY BH3Ha4aTH clabki wicus B
paaioeneKTpOHHUX 1H(OPMAIIHHUX CHUCTEMax BiJIMOBIIAILHOTO IMPHU3HA-
YeHHS 3 TOYKH 30py QYHKIIHHOT 6€3MeuHOCTi.

3a pesynpraraMu HayKoBOi poOOTH oImyOmiKoBaHO MOHOTpadii:

— «CHucTeMHHUI aHami3 SKOCTI BHPOOHMIITBA MpEru3iiHOI pasioenek-
TponHOi anaparypu» (1996 p.) — aBropu 1O. 5. Bobano, M. [I. Kicennunuk,
JI. A. Henoctym.

—«CucreMu pO3Mi3HAaBaHHS oOOpa3iB 3 MajauMu 0Oa3aMu JTaHUX»
(1996 p.) — aBropu b. O. Kanycrii, b. I1. Pycun, B. A. TasHoB.
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[potarom 1997 — 2004 pp. xadeapy Bapyre odomoBaB 1. T. H.,
npopecop b. A. Manaziii. Y Toil mepiom 3aXUCTHIM KaHAWUJIATCHKI
nuceprartii crapumii Bukiaanad JI. JI. Osipkoeskuit (2002 p.), O. B. JIazsko
(2003 p.)., A. 4. benu (2004 p.).

3a pesynbraraMu HayKoBO1 poOOTH OIyOIiKOBaHO MOHOTpadii:

— «DyHKIIOHabHA HaJiHHICTE 1HdpoBUX mnpucTpoiB» (1997 p.) —
astopu bobaio 0. 4., Kanycriit b. O., Mananziii b. A.;

— «IMmynbcHA Ta YacTOTHA JIarHOCTHKA KOAKCHANBHUX JIHIN 3B A3Ky»
(2000 p.) — aBropu Hemoctym JI. A., Jlaseko O. B., Kicennunuk M. JI.,
Bobano 0. 4.,

— «MaremaTHYHe MaKpOMOJICIIOBAHHS TUHAMIUYHMX CHCTEM: TEOpis Ta
npaktuka» (2000 p.) — arop Margiituyk 5. M.;

— «MopnenroBaHHS Ta OINTHMI3alis TMPOIeciB (OpMYyBaHHS 1 KOHTPOIO
SKOCTI pazioenekTporHoi amaparypu» (2001 p.) — asrop Kicemmunuk M. 1.

— «TexHOMNOrisI MOAETIOBAHHS aJTOPUTMIB MOBEIIHKH iH(OpMaIiHHIX
cuctem» (2004 p.) — aBrop Bosouiii B. O.

Ipotsrom 2005 - 2014 pp. kadenpy odvONOBaB [I.T. H., mpodecop
Hemoctyn JI. A. 'V 1eit mnepionm IOKTOPCHKI AucepTaiii 3aXUCTUIH
A.TI. bormgapes (2008 p.), b.1O. Bonouiii (2008 p.), IO. f. bo6ano
(2010 p.), 3. O. Komomiit (2011 p.), KaHIUIATChKi IUcepTallii 3aXHUCTHIIN
M. M. Bmucuumii (2013 p.), 1. B. Kymuk (2013 p.), O. B. Mynsik (2014 p.),
L. TT. MakcumiB (2014 p.).

[potsrom 2004 — 2006 pp. mix xepiBHUITBOM Tpodecopa b. A. Manngzis
BukoHaHi HJIP «Bepbais» i3 Ha3Bow «Po3poOka KOMI'FOTEPHUX MoOjeTeH
BIJIMOBOCTIHKHX pajioenekTpoHHuX 3aco0iB». IIporsrom 2007 — 2009 pp.
ta HJIP «KpokiT» i3 Ha3Bow ,,Po3po0Oka KOMII'IOTEPHUX MaKpOMOJeIeh
pamioeNeKTPOHHUX CUCTEM Ta iX (PyHKIIOHAJIBHHUX BY3JiB, aallTOBAaHHUX JI0
3a/1a4 Ha/liiHICHOTO TTPOEKTYBaHHS .
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3a pesynbratamu HaykoBoi cmiBmpamni S. M. Marsiiiuyka i €. B. Crop-
yyHa omyOnikoBaHa MoHorpadis «biogi3nyHi Ta MareMaTudHi OCHOBH
IHCTpYMEHTAIbHUX METO/IB MeIHuHO1 aiarHoctukm» (2009 p.).

IMporsirom 2009 — 2011 pp. Buxonana HJIP JIB/BipH i3 Ha3Bowo «Mo-
JICTIOBAHHS 1 MYJIBTHKPUTEpiaJibHa ONTHMI3allis MPOIECiB 3a0e3neueHHs
AKOCTi Ta OE3BIIMOBHOCTI pPaioelIeKTPOHHHX MpUCTpoiB». KepiBHHKOM
pobotu 6yB mpodecop JI. A. Hemoctym.

IMporsirom 2010 — 2012 pp. Bukonana HJP JIB/TTHPJI i3 Ha3Boio
«Po3po0iieHHsT MoOJieNel, METOIB Ta AJITOPUTMIB I aBTOMAaTH30BaHOI
OLIIHKY TTOKa3HUKIB HAAIHHOCTI palioeNeKTPOHHUX Ta eIEKTPOMEXaHIuHUX
npucTpoiB i cuctem». OCHOBHUMHU pe3ynbsraTamu BukoHanHs H/IP “ITHPIT”
Oynmu: JBI KOJIEKTHBHI MOHOTpadii: «MaremMaTndyHi MojeNni Ta METOIU
aHai3y HaAIMHOCTI PaioeTeKTPOHHIX, eIEKTPOTEXHIYHAX Ta IPOTPAMHNAX
cuctem» (2013 p.) — asropu lO. 5. Bo6ano, b. 0. Bonouiii, O. 0. Jlo-
suHchkul, b. A. Manmzii, JI. /1. Osipkocekuii, [I. B. ®enactok, C. B. Ilep-
ooBcekux, B. C. SIlkoBuHa Ta «[IpoektyBaHHS e(EKTHBHHX CTparerii
TEXHIYHOTO OOCIyTroByBaHHS. MareMaTWdHI MOJENi, aJTOpUTMH 1 METO-
nuku» (2014 p.) — aBropu b. Bomnouiid, JI. O3ipkoBcbkuii, 1. Kymuk.

Iporsrom 2013 — 2015 pp. Bukonana HJIP JAB/TPUKA® i3 Ha3Borw
«Po3pobnenHss Monenel HaliiHOCTI, PU3UKY Ta 0E3MeYHOCTI MpOrpaMHO-
armapaTHUX TEXHIYHHX cucteM». OCHOBHHUMH pe3ylbTaTaMH BUKOHAHHS
HIP «TPUKA®D>» Oynu nBi KosekTHBHI MOHOTpadii: «MaremaTtiuuHi Mozeni
Ta METOIU aHaJi3y HAIIHHOCTI PajiOCICKTPOHHMX, CJICKTPOTCXHIUHUX Ta
nporpamuux cucrem» (2013 p.) — aBropu IO. f. Bo6asno, B. F0. Bomouiii,
O. 10. Jlozunceknit, b. A. Manngi#t, JI. JI. O3ipkoBcekuit, /| B. ®enacioxk,
C. B. lllepooBcrkux, B. C. flkoBuna Ta «[IpoekTyBaHHS e(eKTUBHUX
CTpaTeriii TeXHIYHOro 00CIYrOByBaHHS. MaTeMaTu4Hi MOJIEN, aTOPUTMH i

meroauku» (2014 p.) — aBropu b. Bomnouiii, JI. O3ipkoBchkwit, 1. Kymuk.
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3 motoro 2015p. go motoro 2016 p. kadeapy odomoBaB 1. T. H.,
npodecop bounmapes A. I1. Ilix keisaurreom bounapesa A. I1. po3BuBaBcs
HAyKOBWH HANpPAMOK ITiJIBUIICHHS 3aBaJIOCTIMKOCTI MPHUCTPOIB CHHXPOHI-
3amii. ¥ 2015 p. ma xadenpy TPP mepeiimoB 1. 1. H., moment l. B. T'op-
0aTuif, 3 TPUXOAOM SIKOTO 3’SBUBCSI HOBHH sl Kadenpu HayKOBHI
HANPSMOK, TOB’SI3aHMI 3 TMIiJBUIICHHSAM 3aBaJIOCTIMKOCTI, BiJMOBOC-
TIHKOCTi,  KpPHWMTO3aXHUIIEHOCTI  TEJNEKOMYHIKallilHUX CHCTEM  TIpH
BHCOKOIIIBHIKICHOMY TIepelaBaHHI JaHWX B yMoBax 3aBaj. HoBi HaykoBi
pe3yNbTaTH B ILOMY HAaIpsIMKY OTPUMAaHO, 30KpeMa, 3aBASKH BHUKOPHC-
TaHHIO 3allPOTIOHOBAHOTO i 3amatentoBaHoro ['opbarum 1. B. HOBOTO BHCO-
KO€(DEeKTUBHOTO PI3HOBUAY aMILTITyIHO-(a30BOT MOIYNSIMIi — aMIUTITYTHOT
monyssii Oaratbox ckiaanoBux (AMBC), 3actocyBaHHS SKOi Ja€ 3MOTyY
MiABUINATH e()EeKTUBHICTh 1 3aBa/I03aXHINEHICTh TEIEeKOMYHIKaIiiHHIX
CHCTEM B YMOBAaXx 3aBa/l.

[potarom 2016 — 2022 pp. xadeapy ouomoBaB K. T. H., JOLEHT
Kicemmuauk M. JI. Ilporsrom 2016 — 2017 pp. mix KepiBHUITBOM IIpO-
¢decopa A. Il BoumapeBa BukoHana HJIP JIb/®mioeHc i3 Ha3BOIO
«[HdopmManiitHO-BUMipIOBaJIbHA CHCTEMA MOHITOPUHTY MarHiTHOTO MOJISl Ha
OCHOBI palialiifHO-CTIHKMX HAHOPO3MIpPHUX METAJIEBUX IEPETBOPIOBAYIBY.
3axucTUIM KaHauaarchbki qucepraiti A. B. Mamrak (2016 p.), O. I1. Ilkiarox
(2017 p.) i C.I. Anrynin (2019 p). ¥V 2020 p. DOKTOPCHKY AMUCEPTAILiIO
zaxuctuB JI. JI. O3ipKoBCHKHIL.

[potarom 2017 — 2018 pp. min kepiBHMUTBOM mpodecopa Boio-
yist b. FO. Bukonana HJIP [IBb/Pusuk i3 Ha3Bowo «Po3poOiieHHS Mate-
MaTHYHOTO 3a0e3nmedeHHs IJIs MPOTPaMHOro 3acoly aHaimizy (yHKIIio-
HaJIbHOI OE€3MEeYHOCTI Ta HaAIWHOCTI MPOTpaMHO-amapaTHUX CHUCTEM Bil-
MOB1TAJTbHOTO TIPU3HAUCHHSI».

IMporsirom 2018 — 2019 pp. Bukonana HJIP JIB/3B’s30k i3 Ha3BOIO
«[limBumeras egeKTUBHOCTI 3aco0iB  0e3ApOTOBOTO 3B’S3KYy  BiATO-
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BiZJAJIbHOTO MPHU3HAUEHHS Ta MPOLELyp MOJCIIOBAHHS 1 MPOTHO3YBaHHS X
xapakTtepuctuk», kepiBHUK mnpodecop lO. 5. bobano, BianoBinanbHU
BukoHaBellp jgoneHT I. B. [opOarmii. 3a pesymsraramu mi€i poOOTH B
2019 p. Oyna omyOmikoBaHa HaykoBa MoHorpadis asropiB [opbatoro I. B.,
Kensixa P. 1., Kicennmunuka M. JI. «Metonu ¢opmyBaHHS i 00poOieHHS
CHTHAJIIB y TEICKOMYHIKaIlIHHUX cucTeMax» (3a 3ar. pel. J-pa TeXH. Hayk,
norr. I. B. Topbaroro).

Y 2019 p. B Mexkax MiXKHapOAHOI HayKoBoi cmiBmparli kadpenpu TPP Ta
Bapmagcekoi momitexaiku (ITospia) mpoBeaeHo ¢GopMyBaHHS, 00po0-
JICHHSl Ta EKCIEPUMEHTANbHE MOCIIIKEHHS XapaKTePUCTHK CUTHAIIIB Ha
OCHOBI HOBOT'O 3amporioHoBaHoi npogecopom Topbarum 1. B. ammityaHoi
Moyl 6aratbox ckiaanosux (AMBC).

3 Bepecus 2022 p. xadeapy TPP owomoe n.t1 H., mnpodecop
I. B. Topbatuii. Ilporsrom 2022 — 2023 pp. Ha kadenpi Bukonana HJIP
Jb/lemoaynsiist 3a AepkOOMKeTHUM (iHAHCYBaHHSIM i3 Ha3Bow «Po3-
pOOJIEHHSI KPHMITO3aXMINEHOI CHCTEMH BHCOKOIIBHKICHOTO TepeJaBaHHs
maanx y gianazonax YBY i HBY 3 migBuimeHnM# 3aBaJIOCTIMKICTIO Ta
BiZIMOBOCTIHKicTIO», KepiBHHK mpodecop FO. f. Bobano, BimnosinansHMiA
BUKOHaBelb npodecop 1. B. [opbaruii.

3 mpuxomom Ha Kadenpy K.T.H. bymapenskoro FO.l. 3’sarBuBcs HOBHit
HAayKOBUI HaNpsIMOK pPO3pOONeHHs YHiI(DIKOBAaHMX PaioNOKAIlIMHIX BHMi-
pIOBadiB MapaMeTpiB pyxy Ha3eMHHX i MOBITPSHUX 00’ €KTIB i3 MMiJBUIIICHUMU
3aBaJIOCTIMKICTIO Ta TOYHICTIO BU3HAYCHHS TIOTOYHUX KOOP/IMHAT.

Y 2023 p. 3amicte HJJI-51, sika mpunmHMIA CBOIO POOOTY, CTBOPEHO
HayKOBO-JIOCTITHY JIabOpaTopito TeNeKOMYHIKaIiiHAX, 1HPOpMaIliitHO-Kepyto-
YUX Ta KOHTPOJIbHO-BUIIPOOYBalIbHUX paaioTexHiunux cuctem (HJ/IJI-132)
HamionansHoro yHiBepcureTy «JIpBiBcbka mofiTexHika». HaykoBum
KepiBHHUKOM Jaboparopii mpusHadeHo mpodecopa lopbaroro . B.,
3aBigyBauem maboparopii — K.T.H., €. H. ¢. bymapernpkoro HO. 1.
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Hayxosumu nHanpsimamu H/IJ1 € ymockoHajJeHHS! TeleKOMyHiKalliiiHUX
Ta 1HPOKOMYHIKAIIMHUX CHUCTEM, PAAIOTEXHIYHUX CHUCTEM OTPHUMAHHS
JaHUX NP0 MapaMeTpu pPyXy Ha3eMHMX, HAIBOAHUX Ta HOBITPSHUX
00’€xTiB, 1HPOPMaIIHHO-KEPYIOUNX PaTiOTEXHIYHUX CHUCTEM, KOHTPOJIHHO-
BUNIPOOYBJILHUX PaJiOTEXHIYHUX CHCTEM JJIs HUISIXOBUX BHUIPOOYBaHb
JOPOXKHBO-TPAHCTIOPTHUX 3ac00iB CHELialbHOTO 1 3ara’dbHOrO MpHU3HA-
YeHHs, TIiJBHINCHHS $KOCTi, HAIIHHOCTI, JOCTOBIPHOCTI, O€3IeKH,
0e3MevHOCTi, 3aBI0CTIHKOCTI, KPUITOCTIKOCTI, €PEeKTHBHOCTI, TOYHOCTI
Ta ONEePaTUBHOCTI TEJICKOMYHIKAI[IHHNX 1 PaAiOTEXHIYHUX CUCTEM.

V 2024 p. na xadenpi posnouanocsk Bukonanus HJIP JIb/Perpaucisatop
i3 Ha3BO1O «CHCTEMa KPUNTO3aXHUILEHOTO 3aBaJ03aXHUIICHOTO IPUXOBAHOTO
3B’s13Ky 3 OE3MIIOTHUMH JTATBbHAMH amapaTaMH BEJIHKOTO pajiycy mii 3
BUKOPUCTAHHSM peTpaHcisATopa», kKepiBHUK mpodecop FO. 5. bobano,
BiJINIOBiIanbHUI  BUKOHaBelb mpodecop [ B.Topbaruii, a Takox
momnozixkaa H/IP JIb/Panio3B’si30k 3a nep:kOrOmKeTHUM (hiHAHCYBaHHSIM 13
Ha3BOIO «MeToay Ta aNropuTMH POOOTH 3aBa/I03aXMIIEHOTO paiOKaHaTy
3B’A3Ky 3 BHMKOPHCTAHHSIM TEXHOJIOTI] NPOrpaMHO-BU3HAUCHOIO paIio»,
kepiBHUK K. T H. C.l. AnTyHiH, BIiANOBiJaJIbHUH BHKOHABEUb K. T. H.
O. II. lkimok.

Y 2024 p. mix wepiBHUITBOM Tpodecopa [opbatoro I. B. 3axuctus
nquceprariito gokropa ¢inocodii Hrnmobamoxk 1. P.

PazoM 3 pO3BUTKOM TpaIulifHUX HAyKOBHX HAIMPAMKIB MPOTATOM
OCTaHHIX pOKiB 3a crpusiHHS mpodecopa bonpmapesa A.Il., nonenra
IHkimoka O. I1., crapmmx Bukimaga4diB Anrtynina C. I. Ta 3mucHoro M. M.,
acucrenra llumOamoka [.P. Ha kadenpi akTHBHO pO3BHBA€ETHCS HOBHA
HAyKOBHI HAIlPSIMOK NMPOEKTYBAaHHA BOYIOBaHMX MPOLECOPHUX CHCTEM i3
BUKOPHUCTAHHSM ILITYYHOTO 1HTEIEKTY i HEHPOHHUX MEPEXK.

Y 2024 p. Bunukia morpeba y NpuBEICHHI Ha3Bu Kadenpu y Bil-
MOBIIHICT, [0 HOBHX HAyKOBHX Ta HaBYabHUX HANPSAMKIB y Tamysi
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NpOrpaMHO-anapaTHUX BOYIOBaHUX MPOIECOPHUX CUCTEM, TEIEKOMY-
HiKalliifHUX Ta iHQOKOMyHIKamiiHUX cucTeM. 3rifHo 3 HakazoM Ne759-1-10
Bin 19 rpymus 2024 poky kadenpy TEOPETHYHOI paJlOTEXHIKH Ta
pamioBUMIpIOBaHbh TEepeiiMEHOBAaHO Ha Kadeapy MporpaMHO-anapaTHIX
cucteM iHpoxomyHikaniii (I[TACI), a IHcTHTYT TenexkoMyHiKalliid, pasmio-
CJIGKTPOHIKM Ta ENeKTPOHHOI TeXHIKH Ha [HCTUTYT iH(oOpMamiiiHo-
KOMYHIKAI[IfHUX TeXHOJOTii Ta enekTpoHHoi imkenepii (IKTE).

3a poku icHyBaHHA Kadenpu BUKOHAHO ab0 MPOIOBKYE BHKOHYBATHCH
39 H/IP, 3axumieHo 45 nucepraniii Ha 3M00yTTsl HAYKOBUX CTYIICHIB.

Cranom Ha 2025 pik HaykoBa MisUTbHICTE Kadeapu MpOrpamMHO-
armapaTHUX CUCTeM 1H(OKOMYyHiKamild 3MiHCHIOETBCSI B TaKMX HAyKOBUX
HaIpsMKax:

1. TenexomyHiKariiai, iHPOKOMYHIKAIiiiHI Ta pamiOTEeXHIYHI CHCTEMHU
nepeiaBaHHsl JaHUX, CUTHAIIB KEPYBaHHS Ta TeJleMeTpUYHO1 iHdopmarii.

2. Teopis i mpakTUKa CHCTEMHOTO aHaji3y eKCILTyaTaliifHOT MOBEeIiHKN
palioeNeKTPOHHNX KOMITJIEKCIB Ta CHCTEM Ha eTali X CHCTEMOTEXHIYHOTO
IPOEKTYBaHHS.

3. [igBuieHHs 3aBaA0CTIHKOCTI TPUCTPOIB CUHXPOHI3AILII].

4. TlpoexTyBaHHs BOYJOBaHUX MPOLECOPHUX CHCTEM 13 BUKOPUCTAHHIM
IITYYHOTO IHTENEKTY i HEMPOHHUX MEPEK.

5. IlinBumenHs sxocti 1 HagiiHocTi PEA.

TakuM YMHOM, BiJl 4Yacy 3acHYBaHHS 1 JO CBOTOIHI CIOCTEpIraeMo
€BOJIIOIII0 HAYKOBOTO HANpSAMKY KadelpH MpOrpaMHO-anapaTHUX CHUCTEM
iHpoxomyHikaniii HamionaneHoro yHiBepcurery «JIbBiBCbKa MOJITEXHIKa»
3 METOI0 3a0e3MeUeHHs PO3BUTKY PaliOTEXHIYHOI OCBITH 1 HAyKH B YKpaiHi.
[ligTBepUKEHHSIM LILOMY € THCSYi BHUITYCKHUKIB-PaJiOTEXHIKIB, NECSATKH
3aXMIICHUX KaHIWAATIB Ta JOKTOPIB HAyK, JECSITKH BHKOHAHUX HAayKOBO-
JMOCIITHUX POOIT, THCSYlI OMyONIKOBAaHMX HAyKOBUX Ta HAyKOBO-
MeToanyHNX Tpanb. ChOromHi KONEKTUB KadeApu He 3yNMHHAEThCS Ha
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JOCATHYTOMY, a PYXa€eTbcsi A0 HOBUX HAyKOBHX 3[00yTKIiB 1 MPOIIOHYE
abiTypieHTaM OCBITY 3a HOBUMH OCBITHBO-IIPOECITHUME ITpOrpamMamMu.

[1] TTpyauyc 1. H., Hlumka O. B. Ictopist paaioTexHi9HOI OCBITH 1 HAYKH
yJIsBiBCBKiH momiTexHimi (1952-2012). JIeie : BumaBuuirreo JIbBiBCHKOT
noaitexHiky, 2015. — 324 c.

[2] Byuko M. 1., Kunapenxko B. I'. JIepkaBuuii yHiBepcuteT «JIbBiBChKa
nomitexnika» (1844-1994). BumaBHunTBo JIep)KaBHOTO YHIBEPCHUTETY
«JIpBiBCchKaA momiTexHika», 1994, — 146 c.
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'Hauionanbuuii yaisepcuter «JIbBiBChKA MOTITEXHIKA»
’HarioHabHUI aepOKOCMIYHHMI yHIBEPCUTET

«XapKiBCHKH aBiallifHUI IHCTUTYT»

SMinicTepcTBO 060pOHM YKpaiHu

“3anopispkuii HarionansHuil TeXHIYHKUI YHIBEPCHTET
«3amnopi3bKa MoJTITeXHiKa»

*HamioHanbHa akaeMisi CyXOMyTHHX BiliChK

iM. rerbMaHa [lerpa Caraiiiaunoro

TH®OPMAIIIHA TEXHOJOTTSI CTOXACTUYHOT O
MOJIEJTIOBAHHSI EKCILTY ATAIIIMHOT OBETHKH
PAJIIOEJIEKTPOHHUX CUCTEM TA KOMILIEKCIB

Beryn. B nomoBiai MoBa e mpo CTBOpEHHS AUCKPETHO-HETIEPEPBHUX

CTOXaCTHYHMX MOJIeJiell eKcIuTyatanifHoi (QyHKImiHHOT 1 HafAiiHICHOT

MOBEIIHKH PaliOeIEKTPOHHIX CUCTEM Ta KOMITIEKCIB.

Mera mAOMOBiAi: TOKa3aTH MOXKIUBOCTI PO3IMMPEHHS MPAKTUIHOTO

3aCTOCYBaHHSI TEXHOJIOTi] CTOXaCTUYHOTO MOJICTIOBAHHS €KCIUTyaTamiifHo1

MOBEJIHKKM Ti4ac po3po0JCeHHS HOBHX a00 YJIOCKOHAJICHHS ICHYHOUUX

panioenektponaux cucteM (PEC) i kommiekcis (PEK).

Tpanuiiiiina TeXHOJIOTis Nepe0ayac BUKOHAHHS TAKUX CTalliB:

1) cTBOpeHHs1 BepOaNbHOT MOJIEIi eKCIUTyaTalliiiHOT MOBEMIHKU pajio-

eJIEKTPOHHOT CHCTEMH a00 KOMILIEKCY;
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2) BCTaHOBJICHHS BiIMOBITHOCTI ekcruTyarariiiinoi moseainku PEC abo
PEK nuckperHo-HenepepBHil CTOXaCTUYHINA MOAEN;

3) pospobients Mozeni ekcrutyaraitiiinoi noseainku PEC a6o PEK y
BUTIISAII IMOBipHICHOTO Tpada,

4) bopMyBaHHS CTOXaCTHYHOT MOJIEITi eKcIuTyaTaniiiHoi moeainku PEC
abo PEK y Burmani cucremu audepeHIianbHUX piBHSHL Kommoroposa-
UenmeHa Ta ii po3B’sI3aHHS;

5) xkoMnoHyBaHHS (OPMYIT [Tl BU3HAYEHHS TOKA3HKUKIB €(hEKTUBHOCTI
naxitaocTi PEC a6o PEK, 1o npoekryerbes;

6) po3B’si3anHs 3amau ananizy ta cunresy PEC ta PEK.

KokeH eram TexXHOIOTII CTOXaCTHYHOTO MOJIETIOBAHHS Ma€ CBOIO
METOJUKY. 3a3Ha4MMO, IO B TPAAWIIHHIA TEXHOJOTii CTOXaCTHYHOTO
MO/JIEITIOBAHHSI BUSIBIIEHA Ha eTari «Po3B’s13aHHs 3a/1a4 aHaJIi3y Ta CHHTE3y»
HEOOXITHICTh 3MIHIOBATH 3HAYEHHs IMOKA3HWKIB Ta MapaMmeTpiB BHUMarae
po3pobIeHHS HOBOI Bepcii IMOBIpHICHOTO Tpada.

HKe npusHayenHs cmoxacmuyHux mooeneil eKCnayamayitiHoi
nogedinKu cucmem?

1. OrpumyBatu craructuuHi nokasuuku sikocti PEC abo PEK 6e3 (110)

MPOBEJICHH HATypHUX BHUMNpPoOyBaHh abo mpoOHOI ekcroryaTamii. Jo
MOKA3HUKIB SIKOCTI BIJIHOCHMO TIOKa3HUKW e(EeKTHBHOCTI 1 TOKa3HUKH
HaxifiHocTi PEC Ta PEK.
B nomoBimi MoBa iijie mpo pajioeIeKTPOHHI CUCTEMH 3 BIIACTHBICTIO
BiIMOBOCTIHKOCTI 1 pajiOENeKTPOHHI KOMIUIEKCH 3 BIACTHBICTIO
JKUBYYOCTi. 3 BUKOPUCTAHHAM OTPUMAHHX PE3YyJIbTATiB CTOXaCTUYHOTO
MOJIETFOBaHHS BipTyasbHOI eKkcruryaraniitHoi moBeminku PEC abo PEK
po3po0HHK OyJie OOTPYHTOBYBATH BHOIP TEXHIYHMX PIllICHb HA eTarmi ix
CHCTEMOTEXHIYHOTO MPOEKTYBaHHS.

2. 3meHmuTH 00’€eM HaTtypHuUX BHUNpPoOyBaHb po3pobiernx PEC Ta
PEK.
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3. TlepeBipsATH IOUINBHICTH BIPOBAKCHHS BIOCKOHAJICHBb (TEXHIYHUX
pimens) B niporeci ekciutyatanii PEC ta PEK.

4. OuinroBaru (nporHo3yBatH) edexTuBHICTH BBeAeHHs st PEC a6o
PEK 3aco6iB migBumieHHs (yHKIIHHOI Oe3meYHOoCTi, HamifHOCTI Ta
KUBYYOCTI.

5. JlocmimpkyBaTi BIuMB HeHaniiHocTi ckianopux PEC abo PEK Ha
3Ha4YeHH MOKa3HUKa ii e(heKTUBHOCTI.

AKi 6uou excniyamayiiHoi noedinKku padioeneKmpOoHHUX
cucmem i KOMIAEKCI8 MU PO3PIZHAEMO OJisi pO3POOIEHHA il
cmoxacmuunoi Mooeni?

J1st po3po0IieHHST CTOXaCTHYHUX MOJIeNlel eKCITyaTaIliifHO1 MOBEIiHKU
PalioOCNeKTPOHHUX CHUCTEM 1 KOMIUIEKCIB pPO3pi3HIEMO (QYHKIiHY
MOBEIHKY 1 HafiliHicHY mnoBeAiHKy. CToxacTHuHa MOAeNb (GYHKIIHHOT
noseninku PEC npu3Hadena /y1si BU3HAUYEHHS MMOKA3HUKIB 11 €)eKTUBHOCTI.
CroxactmaHa Mozens HafiitHicHOT moBeminkun PEC mnpusnavena s
BU3HAUEHHS [MOKAa3HMKIB ii HamidHOCTI Ta (yHKUiHHOI Oe3MmeYHoCTi.
3AYBAXHNMO, mo «cnoctepexeHHs» 3a poOOTO palioeTeKTPOHHUX
CHCTEM Bi0yBa€eThCs B Hamnii ysBi. st Toro mo6 Ha 1[bOMY HArOJOCHUTH
MU BHKOPHCTOBYEMO TMOHSTTS «BipTya/ibHAa eKCILTyaTalliiiHa moBeIiHKa
CHUCTEMD.

Lo mu Ha3usaemo eKcniyamayiliHow QYHKYIlIHOW0 NO8EOIHKOI
padioenexmpounoi cucmemu?
3a3HaynMo, 110 MOBA ii/ie PO BipTyalibHY €KCIUTyaTaliiHy MOBEIiHKY
PEC a6o PEK. ExcmmyararmiiiHa ¢yHKITiifHa TOBEIiHKA CUCTEMH CITYKUTh
MIPEJICTABICHHSIM YCIIIIHNAX 1 HEYCIITHUX BapiaHTiB BUKOHAHHS CHCTEMOIO
CBOro anroputMy (YHKIIOHYBaHHS 3 ypaxyBaHHSIM BCiX (akTopiB, SKi
3aBa)KalOTh WOTO BHKOHAHHIO. Y BHUKOPUCTAHOMY TMOHATTI «BCi (pakTopm»
MoOBa ¥ie mpo (HakTopH, SKi MOXKE «IO00aYUTHU» B CBOTH ysBI pPO3POOHUK
CTOXaCTHYHOI MOJENI eKCIUTyaTarifHol (QyHKIIHHOI MOBEAIHKH CHCTEMHU.
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Iadopmariiro npo HecnipuATIHBI HaKTOPH POSPOOHHUK CTOXACTUYHOI MOJIENi
TaKOXX MOXKE OTPUMATH BiJI CHEMIaTiCTIB MPEAMETHOI 00JacTi, JUIS SKOI
HpU3HAaYEeHa CUCTEMA, [0 MPOEKTYETHCS.

Ll]o mu Ha3ueaEMO excntyamayitinoi HAOIUHICHOI NOBEOIHKOIO
8I0MOBOCIILIKUX cucnem?

IlonsaTTs «eKcIDTyaTaliiHa HaaiHICHA TIOBEIIHKa» TPEACTAaBIISE
pe3yabTaTH YSIBHOTO TPHUBAJIOTO «CIOCTEPEKEHHS» 32 HEMEePEPBHOIO
poboToto Benukoi KibkocTi PEC 3 BIacTHBICTIO BiZIMOBOCTIMKOCTI, B SIKMX
MOJTis KpUTHYHA BiJIMOBA HACTAE 3 PI3HUX MPUYMH.

3 akumu mpyoHowamu 3ycmpivaemvcs Kopucmyeay (po3pooHuK)
niouac BUKOPUCMAHHS MPAOUYTIHOL MEXHON02I] CMOXACIUYHO20
MOOEN08aHHs eKCHIYAmAayiiiHol n08edinKu cucmem?

1. BukopucranHs TpaAuIiiHOI TexXHOJOril BUMarae 0araTo yacy Ha
BHKOHAHHS 3aBJIaHb 11 €TalllB.

2. Bucoka HWMOBIpHICTh BHECCHHS MOMWIOK B WMOBIpHICHUN Tpad
eKCIDTyaTalliifHOT TTOBE[IHKU Ha eTari HOTO Po3poOJIeHHS.

3. Ckmagnicte y 3abe3nedeHHi riauO0Koi AeTamizallii eKcIuryaraminHol
MOBEJIIHKK CUCTEM Y BepOalibHiA Mozeni. MoBa Hie Tpo JOCSITHEHHS
BUCOKOTO CTYNEHS aJeKBAaTHOCTI CTOXAaCTHYHHMX MoJeliell BipTyalbHOI
eKCIDTyaTalliifHOT MOBEIIHKM, Peajli3oBaHOi B MOJENI, peaibHild eKcInTya-
TaIifHI} MOBEAIHIN B MAaOyTHHOMY.

4. Bucoka HMOBIPHICTh BHECECHHS MOMWIIOK B pe3yJbTaTH (3HA4YCHHS
NOKA3HMKIB HAJIHOCTI) Ha €Tami «PO3B’s3aHHS CHCTEMHU AU(PEPEHINATBHUX
PIBHSHBY.

3actocyBanHa iHopManiiiHOI TeXHOJOTII CTOXaCTHYHOTO0 MOJEJI0-
BaHHA 10 PO3pPO0JIEHHA CTOXAaCTHYHUX Mojelieil BipTyaabHoOI ekc-
miayaTaniiHoi HajgiliHicHoi moBeNiHKH BiIMOBOCTIHKHX cHCTeM.
TpynHOIII BHKOPHUCTaHHS TPAAMUILIAHOT TEXHONOTii CTOXaCTHYHOTO MOJe-
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JIFOBAHHS CKCIUTyaTalliiHol HaJAilHICHOT TOBEIIHKU CHUCTEM IIOKOKEMO Ha
NpUKIaJi BU3HAYCHHS IIOKAa3HUKIB HANIMHOCTI pamxionepenaBada 0a30BOi
CTaHIlli KOMIPKOBOTO 3B’SI3KY, Ky 3a0e3MeulTh BiJIMOBOCTIMKAa cHCTEMa.
BimmoBocriiika cuctema 3abe3mnedye HEOOXiMHY HaIIHICTD pajionepeaaBayda
OJTHOKPAaTHUM PEe3epBYBaHHAM Ta OaraTOKpaTHUM BiHOBJICHHSIM HECTIPABHOTO
pamioniepenapaya. Ha pucynky 1 300pakeHa CTpyKTYpHa CXeMa BiJ]MOBO CTili-
KOI CHCTeMHM 3 OJHOKPaTHAM pe3epBYBaHHSM, Ha SIKiii BHKOPHCTaHI Taki
nozHaueHHs. PII — pagiomepenasay; 3K — 3aci6 xonTposro; I1 — nepemuxad;
CTOIiP — cinyx6a TeXHIYHOr0 00CITyTOBYBaHHS 1 pEMOHTY.

BepbansHa Monenb ekcrulyaTtaliifHoi HaAidHICHOI MOBEJIHKM BiJMOBOC-
TIHKUX CUCTEM 3 OJJHOKPATHUM PE3epBYBaHHIM Ma€ MPEICTABUTH PUINHH
KPUTHYHUX BiZIMOB Ta BCi mepeadadeHi BapiaHTH peakilii BiZIMOBOCTIHKHX
CHCTEM Ha BTpaTy Ipale3laTHOCTI OCHOBHOro a00 pe3epBHOro
paxionepenaBaviB. [IlpyumHamMu KPUTHYHUX BIJIMOB  BiJIMOBOCTIMKHX
CHUCTEM MOXe OyTu: BTpara Impare3larHocTi ocHoBHoro PII, ske He
3adikcyBaB 3aci0 KOHTPOINIIO, TIPHCTPii TepeMHUKaHHS HE MiAKITIOYNB
peseperuii PII 3amicts HecipaBHoro ocHoBHOro PII; mpucTpilt mepeMukaHHS
MIIKIIIOYMB HecnpaBHUW pe3epBHuid PII, sikmii BTpaTMB mpane3naTHICTh
niepeOyBarouM B PE3EPBi; CIIy:KOa PEMOHTY IlIe HE 3aBepIlniia BiJHOBICHHS
HecnpaBHoro PII, a minkmouennii pesepsanii P11 BTpaTuB mpane3gaTHiCTs.
3a3HaunMoO, MIO0 TIOBHOTA IIHOTO TMIEPEINiKy TOili BHW3HAYAE CTYIiHb
aJICKBATHOCTI  CTOXACTUYHOI MOJENI  eKCIUIyaTalliitHOlT  HajiiHiCHOT
MOBEJIIHKH, a BIIMIOBIHO 1 IOCTOBIPHICTh 3HAYCHD MMOKA3HUKIB HAIIMHOCTI.

VY excrutyataniiiHiii HaJiiHICHII MOBEMIHII PO3ITIAHYTHX BiJIMOBOCTIHKHX
CHCTEM TependaveHi 3 BapiaHTH X peakilii Ha BTpaTy mpane3narHocti. /Ipa
BapiaHTH TMOKa3ylOTh peakiii BiJMOBOCTIHKMX CHCTEM Ha BTpary
nparie3[aTHOCTI OCHOBHOTO pajnionepenaBaya PI1-1. Tpertili BapiaHT TOKa3ye
pEaKIlifo BiMOBOCTIHKMX CHCTEM Ha BTpaTy TMpale3laTHOCTI Pe3epBHOTO
pamioniepenasada PI1-2 B Toif yac, konu BiH repeOyBae B pe3epsi.
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Pucynok 1. CTpykTypHa cXeMa BiIMOBOCTIHKOI CHCTEMH 3 OJHOKPATHUM
pe3epByBaHHAM pajionepenaBada 0a30BOi CTAHIIT MOOLIBHOTO 3B SI3KY
Ta 3 0araTOKpaTHUM BiJTHOBJICHHSIM IPALE3/1aTHOCTI HECIIPAaBHOTO
pamionepenasaya

[MpeacraBneny y BepOanbHiA MoJeni HaIiiHICHY MOBEIiHKY BiAMO-
BOCTIMKMX CHCTEM 3 JBOMa pajionepeaaBadyaMu MH 100auuMo B
MaliOyTHROMY B TIpoIieci iX peanbHOI ekcruryaramii. | yum Ommk4dor0 110
pearbHOi OyzZe «BipTyadbHa ekcIulyaTaniiiHa HaailiHicHa moBediHKa
BiIMOBOCTIiiKMX CHCTEM», TUM BUIIUM € CTYIMiHb aJCKBATHOCTI pO3-
poOeHOT CTOXAaCTUYHOI MOJENI 1 BIAMOBITHO BHILNOK € JIOCTOBIPHICTH
3HaYeHbh TOKA3HWKIB HAMIMHOCTi, OAEPKYBAaHMX 3a JIOTIOMOTOIO MOJIEIT.
KpiMm mporo mpucyTHICTP B TOHSTTI «BipTyadbHa eKcIulyaTamiiina
HajliliHiCHA MoBeJiHKAa BiAMOBOCTIKMX CHCTEM» CJIOBa «eKCIIyaTa-
niifHa» Jae 3MOTY BHKIIIOYHTH TIYMAau€HHS [BOTO MOHATTS SK «aIrOpUTM

peaxiiii BiTMOBOCTIlKoOI cucTeMHU HA MOSIBY BITMOBH».
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Ha pucynky 2a 300paxkeHuii, oka3aHuii B 0araThOX KHIIKKAX MpO
HaIIHICTH CHCTEM, IMOBIpHiICHUH Tpad, chopMOBaHH 3TiTHO BepOATEHOT
MOJIEJl eKCILTyaTaI[iiHOl HaAiHICHOT TOBE{IHKY BiIMOBOCTIKUX CUCTEM 3
ONTHOKPATHUM pe3epByBanHaM. Leit rpad) mae Taki mapamerpu: Ay, Ay, U —
IHTCHCUBHOCTI TMEpPeXo/iB MK cTaHamH rpada. 3HaUeHHS WX iHTCHCHUB-
HOCTElM BU3HAUYAIOTH: A, — Uepe3 Cepe/lHe 3HAYEHHs TPUBAIOCTEH O€3Bil-
MOBHOI HernepepBHOi PoOOTH OCHOBHMX pajiomepenasadis, A, — wuepes
CepelHE 3HAYCHHS TpHUBAJOCTel mepeOyBaHHS B Mpale3gaTHOMY CTaHi
pe3epBHHX pajionepeaBaviB, KOJM BOHU MepeOyBalOTh B PE3EPBi; [ — Uepes
CepelIHE 3HAYCHHsS TPHUBAJIOCTEH BIJIHOBICHHS HECTPAaBHUX pajionepe-
nasauiB. JIo mpOro ciijg Aoxatd, Wm0 B CTOXacTHYHY MoOIenb (cuctemy
nudepeHiaibHUX PiBHSAHB), C(OPMOBaHy 3a MM rpad)oM, BHECEHO TakKi
yMOBH (0OMEKECHHS):

a) HWMOBIPHICTh YCIIIIHOTO BMKOHAHHsS HpPOLEAYPU KOHTpomo Py,
MMOBIPHICTh yCHINIHOTO BUKOHAHHS TPOLEAYpU nepemukanss B, #mo-
BIPHICTh YCIIIIHOTO 3aBEpIIEHHS MPOLENYp BiJHOBIECHHS HECHpPaBHUX
pazionepenaBayis P, JOPiBHIOKOTH OJMHHMIIL,

0) cepeqHe 3HAYCHHS TPUBAJIOCTEH BHKOHAHHS MPOLEIYPH KOHTPOJIIO
tx Ta cepelHe 3HAYEHHS TPUBAIOCTEH BUKOHAHHS IPOLEAYPH TEPEeMHUKAHHS
t, IOPiBHIOIOTh HYJIIO;

B) KUIBKICTh BiJHOBJICHb HEMPABHOTO pajiornepesaBada Ha 0a30Biid

CTaHIiT MOOIJILHOTO 3B’ 3Ky HE OOMEKEeHa.

AK 3MIHAMbCS 3HAUEHHS] NOKAZHUKIE HAOIIHOCTI
8I0MOBOCMITIKOT cucmemu 3 060Ma padionepeoasaiaml, AKU0

nepeniueni yMoeu He SUKOHYIOMbCS?
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3HATI yMOBU
(cnpoLeHHs):

)P, <1
t,>0

2)P<1
t,>0

3)By=<1

Pucynoxk 2. [IpeacTaBieHHs iABUIICHHS CTYICHS aJICKBaTHOCTI
CTOXaCTHYHOT MOJIENI eKCIUTyaTalliifHO{ MOBEIHKH BiIMOBOCTIIKIX
cucrteM B 11 iMOBipHICHOMY Tpadi

Ha pucynky 26 300paxenuii IMOBIpHICHUI rpad), B IKOMY 3HATa YacTHHA
nepeniyeHnx Buile yMOB (OOMeXeHb). A came TOKa3HHKaM (yHK-

5 MOXKHA

IOHATILHOCTI  CKJIQJIOBUX BIZIMOBOCTINKOI cuctemMu B, B, B
3ajaBaTd OyJb-siKi 3HAYCHHS. TakoX 3HSATa YMOBA, IO CEPEIHI 3HAYCHHS
TPUBAJIOCTEH MPOIIEAYP KOHTPOIIO 1 IepeMUKaHHS TOPIBHIOIOTH HYITIO.

Ane nns OTpUMaHHS WIBHMJIKOI BIIMOBIZI HAa TIOCTaBJICHE IHTaHHS
JOIUTFHO ~ BUKOPHCTAaTH 3alpOTIOHOBAaHI  YAOCKOHAJIEHHS TEXHOJOTIl

CTOXaCTHYHOT'O MOJICITFOBAHHS €KCILTyaTaI[iiHOT TOBEIIHKA CUCTEM.

B axux nanpamkax Heobxione nooanvuie Ni0BUWEHHS CIYNeHs
A0eK8amHOCI CMOXACMU4HOi MoOeni?
1. Tpeba maTh MOXIHBICTH 3aJaBaTH IS PO3PAXYHKY ITOKAa3HUKIB
HAQIIMHOCT] BiJIMOBOCTIMKOI CHCTEMH Oy/b-fKE ajic KOHKPETHE 3HAYCHHS

KITBKOCTI  BiTHOBIIEHb. 3a3HayMMO, M0 B HWMOBipHICHUX Trpadax,

41



300paXeHUX HA PUCYHKY 2 MPHUHHATA yMOBA MPO BIJICYTHICTh OOMEKEHHS
Ha KUIBKICTH BiTHOBJICHB.

2. Ins toro mio6 mocmiguté (OTPUMATH) 3aJ€XKHICTh TPHBAIOCTI
BITHOBJIGHHS BiJ KUIBKOCTI pPE3epPBHHUX pajionepenaBadiB i HaBIaKH,
HEOOXIIHO MaTH CTOXacCTHUYHY MOJEIb eKCIUTyaTallifiHOi HaJiiHICHOT
MOBEIIHKA BiIMOBOCTIMKHX CHCTEM, B fAKiil OyZe MOXIIMBICTH 3MIiHIOBATH
KiTbKicTh pe3epBHUX PIL

3. B po3poOneHiii cToXacTW4Hii MOJAEN MpoLecy AOBrOTPHBAIIO
eKCILTyaTallii BeJMKOI KUILKOCTI BiIMOBOCTIHKHX CUCTEM 3 OJHOKPATHUM
pe3epByBaHHSIM HE BpaXOBaHO «XHOHY TPUBOTY» Bifl 3ac00y KOHTPOITIO.

4. Tpeba BpaxoByBath e¢ekT (BIUIMB) CTapiHHS  CKJIQJOBHUX
BIIMOBOCTIMKOI CUCTEMM Ha 3HAYEHHS ITOKA3HUKIB HAIHOCTI.

5. 3a3HauMMo, M0 EKCIOHCHIIIMHUNA 3aKOH MIUIMHHOTO PO3MOALTY
WMOBIpHOCTEH &7l TPUBAIOCTEH MPOIENyp KOHTPOIIO 1 TEpeMUKaHHS,
TPHUBAIIOCTEH BiTHOBJICHHS Ta TPUBAJIOCTEH 0€3BiIMOBHOI pOOOTH CHCTEMHU
He BiAmoBigae aificHocTi. ToOTO Tpeba MaTH MOXKIUBICTH BPaxOBYBaTH
1HIIII 32KOHHM IIJTMHHOTO PO3MOALTY /7Sl HA3BaHUX TPUBAJIOCTEH.

B yomy nonseae yoockonanenns mexnHonozii cmoxacmuiuno2o
MOOENIOBAHHS eKCILYAMAyitiHol nogediHKu cucmem?

B TpagmiiiiHiii TEXHOMNOTIi CTOXaCTUYHOTO MOJIENIOBAHHSA BIZIOMOIO €
MOXITHBICTh (DOPMaITi30BaHO TIPENCTABISATA BepOallbHY MOJENb EKCILTya-
TaIlifHOT TIOBEIHKA BEJIMKOI KUTBKOCTI OJTHOYACHO (PYHKIIOHYFOUHX Paio-
ENIEKTPOHHHUX CHCTEM Ta KOMIUIEKCIB OJTHOTO THUILY Y BUIJISII MMOBIPHICHOTO
rpadga. YIOCKOHAIIEHHSM TEXHOJNOTii € BBEACHHA B HEl CTPYKTYPHO-
aBTOMAaTHOI MOJIENTi, pO3POOJEHHs SIKOI 3IHCHIOETECS Ha OCHOBI OIIOPHOTO
AMoBipHicHOro  rpada. DakTUYHO  CTPYKTypHO-aBTOMAaTHA  MOJENb
eKCIUTyaTalliiHOI TIOBE/IIHKU CHCTEM — IIe OpUTiHAJIbHA CTHCHYTA (KOMIIaKTHA)
(dopma mpezcTaBiIeHHS WMOBIpHICHOTO Tpada, ska Halae TEXHOJOTII s
3pYYHOCTEH 114 ii MPAKTUYHOI'O BUKOPHUCTAHHS.
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BukopuctanHs yIOCKOHAJIEHO! TEXHOJOTIT CTOXaCTHYHOTO MOJIEITIOBAHHS
niepeoayac:

a) pO3pOOJIEHHS CTPYKTYPHO-aBTOMATHOI MOJENi EeKCILTyaTalliiHol
MOBEJIIHKK CUCTEM Ha OCHOBI 11 BepOasibHOT MOJIEII;

0) dopmyBaHHs cucTeMHu audepeHiiaabHuX piBHAHb Kommoroposa —
UenMmeHa Ha OCHOBI CTPYKTYpPHO-aBTOMAaTHOI MOJIEI;

B) BH3HAUCHHs MOKa3HHKa e(eKTuBHOCTI abo HamiiHocTi PEC abo PEK
32 CKOMIIOHOBaHMMH (HOpMYyJIaMHU 3 OTPHUMAHOrO IIICAS PO3B’SI3aHHS
CUCTeMH Ju(epeHIlialbHuX pIiBHIHb pO3MOJUTYy WMOBIpHOCTEH B
nepeOyBaHHS B cTaHaX WMOBIpHICHOTO rpada.

PiBenp (opmasizariii METOAMK BUKOHAHHS MYHKTIB 0) 1 B) J03BOJIHB
aBTOMATH3yBAaTH X BHKOHAaHHS B TporpamHomy 3abesnedeHHi ASNA-2.
3ayBaXuMO, IO TiCIsl 3aBaHTAXEHHS CTPYKTYPHO-aBTOMATHOI MOZENi B
nporpamue 3abe3neueHHs ASNA-2 oTpuMyeMO MpPOrpaMHy CTOXaCTHYHY
Mojens. [IporpamMHa ctoxacTuuHa MoJieb 3a0e3redye po3B’ s3aHHS 3a/1a4i
CUHTE3y TNoKa3HUKiB (pyHKIioHampHOCTI ckiagoBux PEC abo PEK uepes
OaraToBapiaHTHUH aHami3 i3 3HAYHO MEHIIMMH BHUTpaTaMH dHacy, HIX
TpaJauIliiHa TEXHOJIOTiS CTOXaCTHMYHOIO MOJCIIOBAHHS EKCIUTyaTalliifHol
HOBEIHKH CHUCTEM.

3a3HaunMo, 0 B TPAIUIIAHIA TEXHOJOTI] CTOXaCTHIHOTO MOJICTFOBAHHS
HEOOXiIHICTh 3MIHIOBATH 3HA4YEHHS TOKA3HUKIB Ta MapaMeTpiB BHMAarae
po3pobneHHsT HOBOI Bepcii HMoBipHiCHOTO Tpada. B  yanockoHameHii
TEXHOJIOT1] 3MiHIOBaHHS 3HAYEHB MTOKA3HUKIB Ta TapaMeTPiB 3AIHCHIOETHCS
B CTPYKTYpPHO-aBTOMAaTHOI MOZETI i BiJIIIOBiIHO BHECEHHS 3MiH B CHCTEMY
JIuQepeHLialbHUX PIBHSHb € aBTOMAaTH30BAHUM.

Jns po3poOneHHs CTPYKTypHO-aBTOMATHOI MOJEN eKCIUTyaTaiiHO1
Ha/I1HICHOT TTOBEIiHKH BiJMOBOCTIMKMX CHCTEM Ha OCHOBI ii BepOarbHOI
MO/IENTi 3apOIOHOBAHI: METOUKA PO3POOJICHHSI HMOBIPHICHOTO OTIOPHOTO
rpada Ha ocHOBi 0a30BMX IMOMINM EKCILTyaTaIliifHOT MOBEIIHKA CHUCTEM Ta
MeToMKa mepeTBopeHHs (Tpancdopmariii) HWMOBIPHICHOTO OMOPHOTO
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rpada MOBEIiHKHM CHCTEM Yy CTPYKTypHO-aBTOMAaTHY Mojenb. ®PparMeHT
PO3pOOIEHHS OMOPHOTO WMOBIpHICHOTO Tpada moka3anuii B Tabmuri 1. A
po3pobiieHa CTPYKTYPHO-aBTOMAaTHA MOJIEIIb MTOKa3aHa B Ta0JIuIl 2.

Hns popmyBanHs cuctemu audepeHIiaabHuX piBHsSHE Kommoroposa —
YenmMeHa Ha OCHOBI CTPYKTYpHO-aBTOMAaTHOi MOJENi 3alporOHOBaHO
METOJ| i BIAMOBITHUI anroput™ (OPMYBaHHS CHCTEMHU TU(EPEHITiaTbHAX
piBHsiHE KomMoroposa — UenmeHa.

[Iporpamue 3ade3neuenHss ASNA-2, Bukonye Taki (QyHKmii: Ha OCHOBI
CTPYKTYpHO-aBTOMAaTHOI Mojeli ¢opMmye cucteMy AudepeHIiabHIX
piBasiHE KomMoropoBa — Yenmena; po3B’s3ye i1 YHUCENBHUM METOAOM
Pynre — Kyrra — Mepcona; Ha OCHOBI OTPUMaHOTO PO3B’SI3KY pPO3PaXOBYE
3HAYCHHS ITOKA3HUKIB HAJIMHOCTI, a caMme <«HWMOBIPHICTH O€3BiIMOBHOI
poOoTH ISl 3ajaHO1 TPHUBAIOCTI CIIOCTEPEKECHHS» Ta «CEpelHE 3HAYCHHS
TpHUBaJIOCTEN OE3BiAMOBHOI pOOOTH».

MeTtoanka po3poOJieHHS MOJENli  BIpTyalibHOI  eKCIUTyaTamiiHOi
Ha/I1IHICHOT MTOBETIHKY BiIMOBOCTIKHX CHUCTEM y BUTIISAI WMOBIPHICHOTO
rpada Ha ocHOBI ii 6a30BUX MOIii Ta BEKTOpa CTaHIB.

«lHCTpYyMEHTOM» Uit PO3pOOJSICHHsT MMOBIpHICHOTO Tpada eKcIuTyaTa-
L1iHOT MOBEAIHKHY € Ta0uuLd 1, B SIKiil € Takl KOJIOHKH:

K1: Homep kpoky BU3HaY€HHS HACTYITHOTO CTaHy MMOBIpHICHOTO Tpada.

K2: Yeproswuii (motouHwuii) cTaH WMOBIpHICHOTO rpada, 1o po3riisIacThes,
1 aKkTyaJbHa JJIS IIbOTO CTaHy 0a30Ba IMOJIS SKCILTyaTalliiHOl MOBEIIHKU. 3a
HasIBHOCTI 710 0a30BO1 MMOJIiT MPUETHYIOTHCS 3BEJICH] 3 HEr0 0a30Bi MO/

K3: VmogipHocTi icHyBauns ansTepuatnBHuX cutyauiii (IAC) wist 6a3oBoi
To/1i1 eKCIUTyaTamiitHoi IOBEiHKH. AJIFTepHATHBHI CHTYaIlii MOXXYTb OyTH 00y-
MOBJIEH] SIK 6a30BOIO MOIEFO TAK 1 3BEAEHOIO (3BENECHUMI) Ga30BHMH TIOiSIMI.

K4, K5, K6, K7: KomnoHneHTH BEeKTOpa cTaHiB HMOBipHICHOTO Tpada.

K8: [IpusnavenHs HoMepa JjIsi HOBOT'O CTaHy HMOBipHicHOTO rpada, 1o
PO3pO0IISETHCS.
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K9: Tlepexinm i3 TOTOYHOrO CTaHy, IO PO3IJISNAETHCS, B HOBHIA
(mactymHuit chopMOBaHmii) cTaH IMOBiIpHiICHOTO rpada.

K10: ®opmyna po3paxyHKy iHTeHCHBHOCTI mnepexomy (®PIIT) i3
MMOTOYHOTO CTaHy B HACTYITHUI CTaH MMOBIpHICHOTO Tpada.

Tabmuus 1. dparMeHT nporecy po3podieHHs KMOBIpHICHOTO rpada
eKCIUTyaTaIiifHOT HaiifHiCHOT MOBEIHKM BiJIMOBOCTIHKHX CHCTEM 3
OTHOKPATHHUM pe3epBYBaHHSIM Ha OCHOBI ii BepOasHOI MoJei

Iotounuii |+ . BexkTopu craHiB
cTaH i Hwmosiproc HiMOBipHiCHOTO rpada Ne crany
Ne 1i IAC s #imoBipuicuHoro | IMepexin ®PIIT
aKTyaJbHa
BIl Vi| v2 | v3| v4 rpada
BIT
1 2 3 4 5 6 7 8 9 10

Ba3soBa nojisn «BitMoBa ocHOBHOTO pajionepenaBaya y BiaMoBocTiiikux cucremax» (BI11) B
eKCIUTyaTaniitHii HaaifHICHIH MTOBEAIHII BIAMOBOCTIHKUX CHCTEM

[TouaTkoBHI

1 - 1 1 0 2 1 - -
cTaH rpada
1BIT1 PUkPuP 1 0 1 2 2 1-2 }\-opukpup
2| (3sBI2, | (1-Pw) 0 1 0 1 KB 1— KB | A(1—-Pyw)
38bI13) Pud(1 - Pup) 0 1 1 2 KB 1—-KB L\Puk(l'Pup)

MeTtoauka po3po0/ieHH CTPYKTYPHO-aBTOMATHOI MoJieJIi eKciya-
TaniiiHol HagiHHiCHOI MOBeXiHKM BiIMOBOCTIHKHX CHCTEM HAa OCHOBI
iiMoBipHicHOro rpaga. Po3poOineHHS CTPYKTYpHO-aBTOMAaTHOI Mojieni
eKCIUTyaTalliifHoT  HafiiiHICHOT TMOBEMIHKH  BiJMOBOCTIMKHX CHCTEM
3I1HCHIOETHCS B TaKiil OCIIIOBHOCTI!

1) s koxHOI 6a30BOI MOJIT eKCIUTyaTaiiHOl HaiHHICHOT MOBEIiHKH
BU3HAYAEMO CUTYallil, SKUX BOHA Oyne (Moxke) BiOyBaTucs;

2) nnst GOpMalli3oBaHOTO HPEICTABICHHS KOXKHOI CHTYallii, Ha OCHOBI
BiJIMIOBITHOTO BEKTOpA CTaHy, 3alICYEMO JIOT1YHUH BUpa3;

3) I KOYKHOTO JIOTTYHOTO BHPA3Yy:

a) KOMIIOHYEMO (OPMYITy UIS PO3PAaXyHKY 3HAYEHb iHTEHCHBHOCTI
nepexony (dhopmysy P3II) i3 moToynoro crady rpada B HACTYITHHH
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Horo craH; SKIIO A7 0a30BOi MOAil iICHYIOTh adbTepHATHBHI CHTYaIIii,

TO JJIsl KOYKHOT allbTePHATUBH TPpeOa CKOMIIOHYBATH CBOIO (POPMYITY;

0) BCTaHOBIIOEMO MPaBMIO MOAM(IKAIi KOMIIOHEHT MOTOYHOTO
BekTopa crany (npaBwio MKIIBC); sikmio ast 6a30Boi mojii iCHYIOTh
anbTePHATHBHI CHUTyallii, TO Ui KOXXHOI aJIbTEpPHATUBU Tpeda
ckoMIioHyBaTH cBoe mpasmwio MKIIBC;

4) nst KOKHOI 6a30BOT MOIT eKCIUTyaTaiiHOT HaXiHHICHOI TIOBEIiIHKH
MIEPEBIPSEMO HASBHICTh OAHOTHITHUX CUTYAIlil; SKIO OJHOTHIIHI CUTYyaIlil
BUSIBIIEHI, TO HEOOXiIHO 3MIMCHUTH OO’ €THAHHS IX JIOTIYHHX BHUpa3iB Ta
npaswii MKIIBC; skmo B JIOTIYHMX BUpa3ax € YHCJIOBI 3HAYCHHS
rmapaMeTpiB, BUKOPHCTAHUX IS PO3POOJIEHHS OMOPHOTO WMOBIPHICHOTO
rpada, To HeoOXiTHO BUKOHATH X 3aMiHy OYKBEHHHMH MO3HAUYEHHSIMU,

5) BuKOHyeMO BepH(DIKaI[if0 PO3pPOOIEHOI CTPYKTYpHO-aBTOMATHOT
MOJIEJ1 eKCIUTyaTaIiitHOl HaTiifHICHOT TOBETIHKY BiIIMOBOCTIHKHAX CHCTEM.

Aka kopucmo 8i0 00’ OHAHHA OOHOMUNHUX CUMYayiil i 3aMIiHU

YUCNI06020 3HAUEHHS napamempa mooeni (hanpuknao,
KIIbKOCII 8i0HO6IEHb) HA cuMBobHe nosnavents (01s
Kinbkocmi 8ionoenens nosnavenns Kv)?

B Tabnuii 2 mokazaHa CTPyKTypHO-aBTOMATHA MOJEIb Micis 00’ e-
HaHHS OJTHOTUITHUX CUTYaIlild i 3aMiHM YHMCJIOBOT'O 3HAYCHHS Mapamerpa
KIJIBKICTh BIJHOBJIEHL MOJEII Ha CHUMBOJBHE IMO3HaueHHI KV, ska €
YVHIBEpCaJIbHOI0. YHIBEpPCAIbHICTh CTPYKTYPHO-aBTOMATHOI MOJIEINI B TOMY,
0 micisl 3aBaHTaKeHHA ii B mporpamHe 3a0e3medeHHs ASNA-2
PO3POBHUK otpumye mporpaMHy CTOXaCTHYHY MOJENb eKCILTyaTamiiftHo1
HA/IIMHICHOT MOBEIIHKY BiJIMOBOCTIHKHX CHUCTEM JIsS PO3B’s3aHHS 3aBJaHb
CHCTEMOTEXHIYHOI'O MIPOEKTYBaHHS. 3a3HaYMMO, 10 NIPOTpaMHa CTOXACTHYHA
MOJICIb eKCIUTyaTalliiiHol TIOBE/IHKM aBTOMATH3YE pO3B’sS3aHHS 3aBJaHb
CHCTEMOTEXHIYHOTO MPOEKTYBaHHSI.
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Tabnums 2. CTpyKTYpHO-aBTOMaTHA MOJICNb EKCIUTyaTaI[ifiHOT Ha IiitHiCHOT
MOBE/IIHKHU Bi]MOBOCTIHKHUX CHUCTEM 3 OJJHOKPATHUM PE3EPBYBaHHSIM

JloriuHi Bupa3un
ba3zosi MPEACTABICHHA CHTYAINH, B dopmyJia IMpaBuio
nonii AKHX BIIOYBAIOTRC | pyppy MKIIBC
«0a30Bi MOii eKcIIyaTaiiHOI
HAXIMHICHOT MOBETIHKHN»
AoPukPup V2:=0; V3:=V3+1
(V1=1) AND (V2=1) AND (V3<Kv) ho(1-Pu) V1=0' V4 =-1
AND (V4=2) 0 T
AoPuk(1-Pup) | V1:=0; V3:=V3+1
(Vi=1) AND (V2=0) AND AoPuk V1:=0; V3:=V3+1
BIT1 (0<V3<Kyv) AND (V4=2) Ao(1-Puk) V1:=0; V4.=1
3BbII2 ((v1=1) AND (V2=0) AND (V3<Kyv) hoPuk V1:=0; V3:=V3+1
38BII3 [ AND (V4=1) Ao(1-Puk) V1:=0; V4:=0
V1=1) AND (V2=0) AND (V3=Kv M NJA
,(AND ()\/4:2) ( ) ( ) Ao V1:=0; V4:=1
(V1=1) AND (V2=1) AND (V3=Kv) AoPukPup V2:=0; V4:=1
AND (V4=2) Xo(1-PuPup) | V1:=0; V4:=1
V1=1) AND (V2=0) AND (V3=Kv A\ A
)(AND ()\/4:1) (V2=0) ( ) ho V1:=0; V4:=0
g4 |(V1=)  AND  (V2=0)  AND mPuy v2:=1
(0<V3<=Kv) AND (V4=2) m(1-Puy) Va:=1
BII5 |(V1=1) AND (V2=1) AND (V4=2) Ar V2:=0; V4:=1

Po3risineMo npukiIajg BHUKOPHCTAHHSA PO3P00JIEHOI NPOrpaMHOI

CTOXAaCTHYHOI MoOJeJi  CKCIUTyaTal[iiHOi  HaaidHICHOI  MOBEIIHKH
BiIMOBOCTIHKHX CHCTEM JIJIsl TIOPIBHSHHS 3HAYEHb MOKA3HUKIB HAJAIMHOCTI
BIZIMOBOCTIIKOT CHCTEMH 3 OTHOKPATHUM PE3epPBYBAHHSM Ta 3 OaraTOKpaTHUM
BiJIHOBJICHHSIM TIPAIIe3/1aTHOCTI HECIIPABHOT'O pajaionepeaBada, OTPAMAHUX 3
BUKOPUCTAaHHIM 3-X BapiaHTIB MOZENI 3 Pi3HUM CTYIEHEM aJleKBATHOCTI.
[MTopiBHSIHHS BUKOHAHO 32 TAKUMH MMOKa3HUKaMHU HaJiHHOCTI: «IMOBiIpHICTh
0e3BiIMOBHOI POOOTH BiIMOBOCTIHKMX CHICTEM 3 JIBOMa PajlioTiepeaBadyaMu
3a vac ekcruryaraiii 20000 romme» Psp(20000) Ta «cepeaHe 3HAYCHHS

TpUBAIOCTEH HelepepBHOI 0€3BIAMOBHOT pOOOTH» T p.
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Js Beix Mopeneit mpuitHATI Taki yMOBH:

1) panmionepenaBad, sikuii mepeOyBae B pe3epBi, BKIOYEHHH Pa3oM 3
OCHOBHHM pajiiorniepeiaBadeM (pe3epB rapsyuil);

2) MOKa3HUK HAAIHHOCTI OCHOBHOTO 1 PE3epBHOrO pajionepenaBayiB
«IHTEHCHUBHICTD BIAMOB» Ma€ OJHAKOBE 3HAUYECHH,

lo=1,=5e-4 1/ron

3) cepenHe 3HAYCHHS TPUBAIOCTEH BiJHOBICHHS pajionepeaaBaya
TiCJIsl BTpaTH Mpare3naTtHocTi 1 rogauxa.

Mopens 1 i Mopens 2 3a0e3medyrOTh OTpUMAaHHS 3HAaY€Hb TOKAa3HHKIB
HAIIIHOCTI 32 BUKOHAHHS TaKNX YMOB:

4) moka3HUKK (YHKILOHAIBHOCTI 3ac00y KOHTPOJIO 1 3acoly mepe-
MHKaHHS, a caMe «HMOBIPHOCTI YCIIIITHOTO BHWKOHAHHS MPOIEAYp»
JIOPIBHIOKOTH OJIMHMUII];

5) moka3HUK e(EeKTUBHOCTI CIyKOM TEXHIYHOTO OOCIYyroByBaHHS 1
PEMOHTY, a caMe «HMOBIPHICTh YCHIIIHOTO PEMOHTY HECTIpaBHHX
pazionepenaBavip» JOPiBHIOE OJHHUIL;

6) KuTbKiCTh BiZHOBIEHb (PEMOHTIB) pajioniepesaBaya ICIS BTPaTH
npanesnarHocti B Mojieni 1 HeoOMexxena. B Moneni 2 1 B Mogeni 3
oOmexeHa: 3amtaHoBaHo 20 peMOHTIB pajionepeaaBada Micis BTpaTH
Tpare3aTHOCTI Ha KOXKHil 0a30Biii CTaHIIiT KOMIPKOBOTO 3B’s3KY.

Mogens 3 3abe3nedye OTpUMaHHA 3HaYCHb TMOKAa3HUKIB HAIiMHOCTI 3a

BUKOHAHHA TaKHUX yMOB:

4) mnoka3HUKM (YHKIIOHATBHOCTI 3ac00y KOHTpPONIO 1 3acoly
NepeMHUKaHHs, a caMmMe <«HUMOBIPHOCTI YCHIIIHOTO BHKOHAHHS
MPOIEAYP» MOXKYTh IpuitMaTh Oyab-sike 3HadeHHs Big 0 1o 1,

5) moka3HUK e(PEeKTHBHOCTI CIyKOM TEXHIYHOTO OOCIyroByBaHHS i
PEMOHTY, a caMe «HMOBIPHICTh YCHIIIHOTO PEMOHTY HECTPaBHUX

pamionepeaaBadiB» MOXe MpUiMaTh Oyab-ske 3HadeHHs Bix 0 mo 1.
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3ane:KHOCTI WMOBIpHOCTI O€3BiIMOBHOI POOOTH BEJNWKOI KUIBKOCTI
BiZIMOBOCTIHKHX CHUCTEM 3 OJIHOKPAaTHUM PE3E€PBYBAHHSM i 3 BiIHOBICHHAM
BiJl TPUBAJIOCTI 1X eKCIUTyaTaIlii, OTPUMaHMX 32 IOTIOMOTOK0 TPHOX MOZeTei
3 Pi3HHM CTYTIEHEM aJIeKBaTHOCTI BiJl MPOrpaMHOi CTOXaCTHYHOI MOZEIi Ha
oCcHOBI nporpamuoro 3ade3neyenHss ASNA-2 nokasaHi Ha pucyHKy 3 [6].

Pep |\ e

< Mogenb 1°
0,9 R

e < Mogenb 2

0,8 /.
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0, Mogaenb 3.3 A
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Pucynox 3. 3ane)KHOCTi NOKa3HUKa HAIHHOCTI «iIMOBIPHICTH HEMEPEPBHOT
0e3BiIMOBHOT poOOTH» BiIMOBOCTIHKHX CHCTEM BiJl TPHBAJIOCTI iX
eKCIUTyaTalii, OTpUMaHi Bl MOJETIeH 3 Pi3HIM CTYIICHEM aJIeKBaTHOCTI

IToka3Huku HaMIHHOCTI BiJIMOBOCTIMKOI CHUCTEMH 3 OJIHOKPATHUM
pe3epByBaHHSIM 1 3 BIJHOBJIEHHSM, OTPHMaHi Ha OCHOBI 3aJeKHOCTEH
MOKa3aHWX Ha PUCYHKY 3, mpejicTaBieHi B Tabumi 3 [6].

Ilpo wo «eo6opsimev» pesyrvmamu, nokazaui 6 madauyi 3?
1) migHATHI CTYMiHR aJE€KBATHOCTI MOedi 3a0e3rmedye ImiIBUIIECHHS
JIOCTOBIPHOCT] IIOKA3HWKIB HAQJIMHOCTI BIJIMOBOCTIHKOI CHCTEMHU 3
OJIHOKPATHUM PE3ePBYBAHHSM Ta 3 OOMEKEHOIO KIJIBKICTIO BiJIHOBJICHB;
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2) BU3HAYATH BUMOTH JI0 CITYKOM TEXHIYHOTO 0OCIYTOBYBAaHHS Ta PEMOHTY;

3) uepe3 OararoBapiaHTHHMI aHANi3 MOXXHA PO3B’SI3yBaTH 33734y CHHTE3Y

MOKAa3HUKIB (DYHKI[IOHATBLHOCTI CKJIAJJOBUX BIJIMOBOCTIMKOI CUCTEMHU;

4) oTprMaHi 3HaYEeHHsI TIOKA3HUKIB HAJIHHOCTI MTPU BCTAHOBJICHHI 3HAYCHB

Puk, Pup, Puw pIBHHX OWHWMIN JalOTh 3MOTY 3aCTOCYBATH ISl BaJimariii
po3pobneHoi Momem iX TOpIBHSHHS 3 TIOKa3HUKaMH HaJiHHOCTI,

OTpUMAaHUMMH 3 BUKOPUCTAHHAM BiILOMI/IX MO[[GJICI‘/'I.

Tabmuus 3. [Toka3HUKK HaIHHOCTI BiIMOBOCTIHKOT CHCTEMH 3 OJHOKPATHUM
pe3epBYBaHHSM i 3 BiIHOBJICHHSIM, OTPHMaHI Ha CTOXaCTHYHUX MOJIEISX PI3HOTO

CTYIICHA a,I[eKBaTHOCTi

Iloxka3Huku Ta Monen 3
napaMeTpu
BiiMoBoCTIliKOT Moneas 1 | Mopeis 2 pe3yNbTar | pe3ysbTar | pe3ynbTar
CHCTEMH 3.1 3.2 3.3
lo, 1/ron 5e-4 5e-4 5e-4
I+, 1/ron 5e-4 5e-4 5e-4
tv, rog 1 1 1
Kv 0es 20 20
0O0MEKECHHS
Puk 1 1 0,999 0,99 0,9
Pup 1 1 0,999 0,99 0,9
Pu 1 1 0,999 0,99 0,9
Ps.,(20000) 0,9905 0,7055 0,677 0,4675 0,0143
Tée.p, TOX 197424 22895 22340 18122 5494

Aki moosicnusocmi 000ae 01 NPAKMULHO20 BUKOPUCTAHHS

MEeXHON02Ii CIOXacmuyYHO020 MOOENI0BAHHA eKCHIYAMAayiliHOl

NOBEOIHKU CUCeM CHIPYKIMYPHO-A6MOMAMHA MOOE/b?
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1. CrpykTypHO-aBTOMaTHa MOJenb 3a0e3mneuye aBTOMaTH30BaHy
Moaudikamiro WMoBipHiCHOTO Tpada QyHKIIHHOI abo HamilHICHOI

noseninkn PEC ta PEK mpu 3MiHi 3Ha4YeHb MOKa3HUKIB (PYHKIIIO-

HaJBHOCTI, HAIHHOCTI Ta mapameTpis ix ckiagoBux [3], [5].

3a3Ha4yumo, 1I0:

a)

6)

aBTOMaTH30BaHa Moaudikamis HWMoBipHicHOro rpada (yHKIiHHOT
abo HanirtHicHOi oeninku PEC a6o PEK, mo BukoHye mporpamue
3abe3neyeHHs: ASNA-2, 3OiiiCHIOETbCS 3aBASKH  CTPYKTYPHO-
aBTOMATHIN MOJIEITi eKCIUTYaTaIliifHOI MIOBEAIHKH CHCTEM;

micis  aBTOMaTH30BaHOI Momudikamii WMoBipHICHOTO Tpada,
nporpamHe 3abesneyeHHs ASNA-2 dopmye i po3B’sizye HOBY
cuctemy auepeHIiaJbHIX PiBHSHB;
aBTOMaTu3oBaHa Moju(ikamis HMOBipHICHOTO rpada mae cyTTeBe
3MEHIICHHS BUTPAT 4acy Ha pO3B’s3aHHS 3a/1a4 MapaMeTPpUYHOTO Ta
CTPYKTYPHOTO CHHTE3Y, IO Ba)KJIMBO Ha €Tall CHCTEMOTEXHIYHOTO
npoektyBanns PEC a6o PEK.

2. CTpyKTypHO-aBTOMaTHa MOJENb MiJTPUMYy€E TI€PEHECeHHs 3ajadi
BU3HAYCHHS MOKA3HUKA (DYHKIIIHHOT OE3MEeYHOCTI 3 MOJEl MOBEIIHKH

TUIy «JIEPeBO BIiAMOB» Ha CTOXAaCTHYHY MOJEIb EKCIUTyaTamiiHOi

HaIHHICHOT MOBEMIHKY cKIanuux cucreM [2], [4].
IlepenecenHst 3amadi BU3HAUYCHHS TOKa3HWKA (DYHKIIHHOI Oe3MeYHOCTI 3

MOZIETi TIOBEMIHKM «IEpeBO BiIMOB» Ha CTOXAaCTHYHYy MOJETh Ja€

MOYKJIMBICTD.

a)

NEepEeBIPATH JOCTOBIPHICTh OTPUMYBAaHHMX 3HAUCHb ITOKA3HUKA
(byHKIiHOT  0E€3MeYHOCTI [UIIXOM TOPIBHSAHHA  Pe3yJIbTaTiB,
OTPUMAHMX BiJl MOJEIl TOBEIIHKH «JIEPEBO BIAMOB» 1 BiX
CTOXACTHYHOI MOJIEII TTIOBEIIHKH;

0) CYTTEBO 3MEHIIIMTH BUTPATH Yacy Ha PO3B’A3aHHS 3a/1a4ui BU3HAUCHHS

nokasHuka ¢yHkiiitHoi 6e3meunocti PEC abo PEK.
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3. CrpyKTypHO-aBTOMaTHa MOJENb 3a0e3Meuye BHUCOKHMU CTYIIHb aJIeKBaT-
HOCTI JUIi CTOXaCTHYHHUX MOJICNICH eKCIUTyaTalliifiHol HaaiiHiICHOT
MOBEIHKH BiIMOBOCTIHKHX cucTeM [6].

3a3HauMMO, 110 MiJABUINEHHS CTYICHS aJIeKBaATHOCTI CTOXaCTHYHOI MOJEII

MiHIMAa€E ITOCTOBIPHICTh OTPUMYBAaHHMX 3HAUYEHb IMOKA3HWKIB HAMINMHOCTI

PEC 3 BiiacTHBICTIO BIAMOBOCTIHKOCTI.

MoBa e Tpo BiAMOBOCTIHKI CHCTEMH 3 PI3HAMH BUIAMH BBEIEHHS

CTPYKTYPHOI HaUTHIIKOBOCTI (HANPUKIIA/, MAXKOPUTAPHE PE3EPBYBaHHS).

4. CTpyKTypHO-aBTOMaTHa MOJIENb 3a0e31euye MOXKIIUBICTh aBTOMATU3yBaTH
JOCHIDKEHHS CTPYKTYpHOI *uBy4ocTi Mepex 3B s13ky PEK 3 citkoBoro
CTPYKTYPOIO.

3a3HaunMo, M0 JOCIIDKeHHsS CTPYKTypHOI *)uBy4docTi PEK 3 mepexero

3B’SI3KY, fKa Ma€ CITKOBY CTPYKTYPY 3I1HCHIOEMO 32 TIOKa3HUKAMU:

a) IMOBIpHICTh MAPHOT 3B’ A3HOCTI MiXK MOJFOCAMH CITKOBOI CTPYKTYPH;

0) cepeaHe 3HAUCHHS HWMOBIPHOCTEH MapHUX 3B’S3HOCTEH Mik ycima
napamH MOJIFOCIB CITKOBOI CTPYKTYPH;

B) CEpeIHE 3HAYCHHsS HMOBIPHOCTEH MapHUX 3B’SI3HOCTEH MK ycima
MOJIFOCAMU 1 TOJIOBHUM TIOJTFOCOM CITKOBOI CTPYKTYpH.

5. CrpykrypHO-aBTOMaTHa MOJIENb HAJAa€ MOXIJIHMBICTh 3aMiHUTH
eKCIIOHEHIIIMHUN 3aKOH MIIJTMHHOTO PO3MOAUTY WMOBIpHOCTEH IS
TPUBAJIOCTEH BUKOHAHHS MPOLEAYp, SK II€ 3aKIaJeHO BUKOPHCTAHHIM
cucremMu audepeHuianbHux piBHAHb Konmoropoa — UYenmena,
3aKoHOM po3snoiny Epnanra [1].

3a3HaunMMo, IO 3aKOH po3nojalTy Epranra, B 3aJie)KHOCTI BiJ| 3HAYCHHS

Horo mapamerpa «IOPSJIOK 3aKOHY», A€ 3MOTY BHKOPHUCTOBYBATH BHOIp

thopmu i€l xapakTepucTHKH. TOOTO BiH Ha/a€ MOXITUBICTh allPOKCHMYBATH

XapaKTePUCTUKH IHIIMX 3aKOHIB PO3MOJUTY 3aKOHOM posmoniny Epmanra

BiJIIIOBiAHOTO TIOPSIIIKY.

6. CTpyKkTypHO-aBTOMAaTHa MOJEJb 3a0e3leuye MOTCHIIIHHY MOXJIUBICTh
BpPaxOBYBaTH MPH JOCITPKEHHI HaIIHHICHOI MTOBEIHKY Ta OI[IHFOBaHHI
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BIJIIOBIIHAX TOKa3HUKIB CHCTEM, 30KpeMa (YHKI[I TOTOBHOCTi, 3
ypaxyBaHHSM TO-Tiepiie, Oe3BiAMOBHOCTI MPOTPAMHUX 3aco0iB I
Pi3HUX 3aKOHIB PO3MOALTY 4Yacy IO NpOsiBICHHS Ac(eKTiB 3a MEeBHHUX
BXIIHUX MaHuX, 1, MO-Ipyre, 3a MEBHHX YMOB, YCIIIIHOCTI aTak Ha
BPAa3JIMBOCTI Ta OCOOIMBOCTEM X MmaTuepu3anii.
Taka nmepcreKTrBa CYyTTEBO PO3IIUPIOE chepy BUKOPUCTAHHS CTPYKTYPHO-
aBTOMAaTHUX MOJeJIed Ta ICHYIOYOI TEXHOJNOTil Ui 3aJad OIiHIOBaHHSI
TapaHTO3/[aTHOCTI CKJIQHMX CUCTEM, SKa IMOEIHYE BIIACTUBOCTI HAJIHOCTI,
(hyHKIIiHHOT Ta KibepOe3eK.

BHCHOBOK

3anpoItOHOBaHE YIOCKOHAJICHHSI TEXHOJIOTTi CTOXaCTHYHOTO MOJICTTFOBAHHS
eKCIUTyaTallifHol TOBEMIHKM PAJliOCIEKTPOHHUX CHCTEM 1 KOMIUIEKCIB
BIIKpUBa€ pO3POOHHMKY MOXKIIMBICTE CYTTEBO MIIBHIUTH aJCKBATHICTH
CTOXaCTUYHHX MOjeJiel, a BIAMOBIIHO i JOCTOBIPHICTh 3HAYECHBb MOKA3HUKIB
eeKTUBHOCTI, HaIIHOCTI Ta (QYHKIIHHOI OE3MEeYHOCT.

Hdns  pos3s’si3aHHA 3ajjady CHHTE3y MOKa3HUKIB (PYHKIIOHAIBEHOCTI
cknanoBux PEC ab6o PEK wuepes OararoBapiaHTHHMI aHami3, 3aBISKH
aBTOMaTH3allii BUKOHAHHS YACTWHHU €TaliB TEXHOJIOTii CTOXacTUYHOTO
MOJICJTIOBaHHsI, PO3POOHUK BUTpayae (MoTpedye) 3HAYHO MEHIIE Yacy Hik
3a TPaIUIIHHOIO TEXHOJOTIEIO.
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MIMPOKOCMYTOBI ITIPUCTPOI TEHEPYBAHHSI
I BUITPOMIHIOBAHHS XAOTHUYHUX CUI'HAJIIB
JJIsA PAJIOEJIEKTPOHHUX CUCTEM

Posmmpenns nmiama3zoHy poOOYMX YacTOT 1 TMiJBMILEHHS eHeproedex-
THUBHOCTI TIPUCTPOIB TEHEPYBaHHS Ta BHIIPOMIHIOBAHHS PaJiOCHTHAIB €
OJTHUM 3 HaWOUIBII aKTyalbHUX 3aBIaHb CYYaCHUX TEXHOJIOTiIA CTBOPEHHS
panmioeneKTpOHHUX cucTeM. Ha cyyacHOMy erami po3BUTKY pajioqacTOTHOI
iHKeHepil MIMPOKOTr0 MOIIMPEHHS] Ha MPAKTUIl OTPUMAlld BUKOPHUCTAHHS
OCTaHHIX JOCSTHEHb TeOopil JMHAMIYHOTO XaoCy, CIIJIHHO 3 eIeMEHTaMHu
Teopii Oidypkarriii i ppakrais [1].

VY 3B'I3KY 3 IIUM, aKTyalbHUM HAayKOBO-TIPAKTHYHUM HAMPSIMOM Cy4acHOTO
PO3BUTKY TEXHOJIOTIH €JeKTPOHHWX KOMYHIKaliii € po3poOJeHHS HOBHUX 1
VAOCKOHAJIEHHS  BiJJOMHX METOAIB TeHepyBaHHA, (OpMyBaHHI Ta
BUTIPOMIHIOBAHHS CHUTHAJIB 13 3aCTOCYBaHHAM CHTHANIIB JWHAMIYHOTO
xaocy. [eHepaTopy XaOTHYHHUX CUTHATIB BUKOPHCTOBYIOTBHCS SIK JIKepesa
HMIMPOKOCMYTOBHX CHIHANIB 13 HemependadyBaHO auHamikoro [2]. Taxi
CUTHAJIM BaYXKO BUSBUTH Ta IMiIPOOUTH, MO POOUTH X MPHUBAOIUBUMHU IS
pasioeneKTpoHHOT 6OPOTHOM, MaCKyBaHHSI CHTHAJIIB Ta 3aC00iB 3B’ 513Ky [2].

XaOoTWYHI CHT'HAIM MAIOTh IIUPOKHNA CIIEKTP, IO POOUTH 1X MpHUAATHUMH
it UWB-komyHikalliid, 7¢ BaXJIMBE HHU3bKE EHEPrOCIOKUBAHHS, BHCOKA
MIBUJKICTh Ta HHU3bKa mMOMITHICTH [3,4]. Bimomi uYHCIeHHI TpUKIAINA
3aCTOCYBaHHS XaOTHYHUX CHUTHAIIB y CHCTeMax 0e3pOTOBUX KOMYHIKAIIii.
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Tax, Hanpuknazn, B 2012 poui y npoekrax DARPA (CILA) nocimKyBaich
XaOTHYHI CUTHAJIU SIK albTepHATHBA TPaJULiHUM iMIYJIbCHUM CHUTHAJNAM Y
UWB. Takox y Wi-Fi/LoRa-momi6Hux Mepexax aKTHBHO PO3POOJISIIOTHCS
metoau xaorrmaroro CDMA (chaotic code division multiple access) [5].

[HIMM MepCreKTHBHUM HaIpSIMOM 3aCTOCYBaHHS XAOTHYHHMX CHUTHAIIIB
€ BUKOPHCTaHHSI BIACTUBOCTI XaOTHYHHUX CUCTEM JJIsi CTBOPCHHS IPUCTPOiB
1 CHCTeM paioeNeKTpoHHOI mpotuiii. Bigomi mpuKiIagn BHKOPHUCTAHHS
XaO0TUYHHX TeHeparopiB st (JOPMyBaHHS IIMPOKOCMYTOBHX, HETlePiOANIHUX
3aBajl, SIKi BXKKO BiA(UIBTpyBaTH ad0 NPUAYIIHTH TPAAULiHIMH METOJaMH
(Hanpukian, cMyroBuMH (GiIBTpaMu 4d (ha30BHMH aBTOIIJIAIITOBYBAYaMH)
[6, 7].

[puctpoi, mo BHIPOMIHIOIOTH CUTHAIHM JHHAMIYHOTO XaoCy € aHTEHO-
tdinepri mpuctpoi. 1o aHTeH, SKi BWUIPOMIHIOIOTH XAOTHYHI CHTHAIH,
BUCYBAaIOTh HM3KY CHEIH(IYHUX BHUMOI, OCKIIBKH X XapaKTepUCTUKU
3HAYHO BIJIPI3HSIOTHCS BijJl TPaAUIIMHUX AHTCH I TapMOHIYHHX abo
BY3bKOCIIEKTPAIbHUX CHTHANIB. 1) Taki aHTEHW MalOTh MiATPUMYBAaTH
MIAPOKHUA JTiarma3oH YacToT, mo0 3abe3neunTr eeKTHBHE BUIPOMiHIOBAHHS
XaOTHYHOTO CHTHany;, 2) dopMa Jiarpamu COpsMOBAaHOCTI HE MOBHHHA
3HAYHO 3MIHIOBATHCS B YChOMY YaCTOTHOMY Jlialia3oHi; 3) aHTCHU MOBUHHI
3a0e3medyBaTn MiHIMaNbHI ()a30Bi CIIOTBOPEHHS, TOOTO TiHIMHY (a3oBy
XapaKTEepPUCTUKY B YAaCTOTHOMY Jiama3oHi, 1100 HE BUKPHBISATH YaCOBY
CTPYKTYpPY XaOTHYHOTO CHUTHaimy. TakoX € crnenudiuai BUMOTH [0
YaCTOTHOI XapaKTepUCTUKU TPYHOBOTO Hacy 3ali3HIOBAHHS TaKMX aHTEH.
Tomy s$K TpUCTPOi BUIIPOMIHIOBAHHS XAOTWYHUX CHTHATIB TOTPIOHO
BUKOPUCTOBYBATH AHTEHH 3 HHU3BKOK JOOPOTHICTIO, OCKUIBKH BHCOKO-
JOOpOTHI aHTEHM € aHTEHaMH PE30HAHCHOTO THUIY, SKi NPH3BOIUTH [0
¢inprpanii curnamy. Takok, aHTEeHH Al BUNPOMIHIOBAaHHS XaOTHYHHUX
curHaniB moBuHHI Marn Hm3bKMHA KCX y mupokiii cMmy3i 9acToT mpHu
i IKITFOUEHHI 10 (ifiepy 31 CTaHIapTHUM XBHJIBOBHUM oropoMm [8].
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BupinieHHs Kojla  OKpecleHHX 3a1ad  yMOXJIHMBUTH  CTBOPEHHS
KOMYHIKAI[IHHAX CHCTEM 3 BHCOKOK) CTIWKICTIO O TMEPEIIKOi, HU3HKOO
HAMOBIPHICTIO BUSIBICHHS Ta MEpeXolieHHs. HacTymHumu HampsmMamu
JOCHIDKEHb € CTBOPEHHS aJaNTHBHUX Ta IHTEIEKTYaJbHUX CHCTEM
pamioeneKTPOHHOI MPOTH/IT HAa OCHOBI Xaocy, 0 YMOXKJIMBUTh IHTETPYBaTH
XaO0THYHI TeHepaTopH 3 Helipomepexamu abo EBONOIIHHUMH aJTrOpUTMAMH,
AKi afanTyloTh XapaKTepPUCTHKH 3aBajJl y peasbHOMY 4aci. Lle 3abesneuunts

BHCOKY aJIallTUBHICTb JIO 3MiH CEPEJIOBHIIA Ta IPOTHIIT CYIPOTHBHHKA.

[1] C. S. Pappu and T. L. Carroll, “Chaotic waveform for optimal joint
radar communication systems,” Chaos, Solitons & Fractals, vol. 169, p.
113261, Apr. 2023, doi: 10.1016/j.chaos.2023.113261.
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Hamionansauii yHiBepcuteT «JIbBiBChbKa MOMITEXHIKa»

®I3UKO-TEXHOJIOI'TYHI OCHOBU CUHTE3Y
TA KOHTPOJIbOBAHOI MOIU®IKAILIL BTIACTUBOCTEN
MATEPIAJIIB ®YHKIIOHAJIBHOI EJTEKTPOHIKU

CydacHa eJNeKTpOHiIKa MPOHMKAE MPAaKTUYHO B YCi Taiy3i HApOIHOTO
TOCIIOIapCTBA 1 CTajla aKTUBHUM KaTalli3aTopoM iX IHTEHCHBHOTO PO3BHTKY.
EnextpoHika B 3HauHid Mipi BH3HA4Ya€ BIOCKOHAIECHHS TEXHIYHUX 3ac00iB
aBTOMATHKH, CHCTEM YIIPABITiHH, 00poOKH 1 mepenadi iHpopmarii. BaxxnmBoro
JIaHKOIO ENIEKTPOHIKM € CEHCOpPHA €JIEKTPOHiKa, 0e3 K0T HEMOXKIIMBO YSBHTH
Oynb-sikuii TexHoyoriunui nporiec. [lotpeda B ceHcopax CTPIMKO 3pOCTaE, IO
THOB'3aHO 3 OypXJIMBHM PO3BHTKOM aBTOMATH30BAHHMX CHCTEM KOHTPOIIO Ta
KEpYBaHHs, 3aCTOCYBAaHHSIM HOBHMX TEXHOJIOTTYHUX MPOILIECIB, MEPEXOIOM JI0
THYYKHX aBTOMATH30BaHUX BUPOOHMITB. OKpiM BHCOKHX METPOJIOTIUYHHX
XapaKTepUCTHK, CEHCOPH ITOBWHHI BOJOMITH BHCOKOI HAIiHHICTIO, JOBIO-
BIYHICTIO, CTaOUTBHICTIO, MaJIMMH Ta0apUTaMH, MacoOl0 Ta EHEepProcroXu-
BaHHSM, CYMICHICTIO 3 MIKPOGNEKTPOHHUMH TIPHCTPOSIMH  0OpOOKH
iHpopMarlii, TP HU3BKIA TPYIOMICTKOCTI BHTOTOBJIEHHS Ta HEBENHKI
Baprocti. Lli mpoOmemn MOXKHA BHUPIMIUTHA JIUIIE [UISIXOM — CKIIQJHUX
(yHIaMEHTAJIBHUX JTOCHIKEHb MaTepialiB (yHKIIOHAILHOI €IEeKTPOHIKU Ta
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Monu(ikamieo MmapaMeTpiB eIeMEeHTHOI 0a3d MPHUCTPOiB, IO MOXYTh
TIPAITfOBaTH B.T.4. B CKJITHIX YMOBAxX eKcIuryararii. B maboparopii ceHcopHOT
CJIEKTPOHIKM Kadeapy HamiBIPOBITHUKOBOI €JIEKTpOHIKM HarioHansHOro
yHiBepcuTeTy «JIbBIBChKA MOJITEXHIKA» MPOBOIUTHCS KOMILIEKC AOCIIKEHB,
NOB’SI3aHMI 3 TEXHOJIOTIYHMMH acHeKTaMHd pOCTy IIMPOKOTO CHEKTPY
HAITIBIPOBITHUKOBUX MaTepialiB y BHINISAI HUTKOMOMIOHNX KPHCTAIIB, IO €
iZIcaIbHUMA  MOJICIbHUMH 00 €KTaMH  SIK JIJIsl BUBYCHHS XapPaKTEPUCTHK
MarepialliB, TaK 1 3aCTOCYBaHHA iX B SIKOCTI UYTIMBHX €JIEMEHTIB MEPBUHHUX
nepeTBOproBadiB  pismyAmMx BenmwunH. lle, Hacammepen, HHUTKOMOMiOHI
KPUCTAJIM KJIACHYHHUX HAaIiBIIPOBIIHUKIB KPEMHIiI0, TepMaHil0 Ta iX TBEpAWX
poszuuHiB [1]. OkpiM TOrO MIMOOKOMY BHBYEHHIO IMiAIAI0Th HAIIBIPOBITHUKA
AHTUMOHIy IHAIIO Ta TaNilo, apCEeHiy TaNil0 Ta CIIOIYK Ha OCHOBI BICMYTY
[2,3]. Binblire TOro BUBYAOTHCS CTPYKTYPH Ha OCHOBI KPEMHIIO Ha 130J1TOpi, B
SKUX aKTUBHUH 1ap cOpMOBaHHMH Ha OCHOBI MONIKPUCTAIIYHOTO KPEMHIlO
[4]. TenepasbHHM HampPSIMKOM JOCII/DKEHb IIEpETiYeHHX MarepiaiiB €
BUBUCHHS MAarHITO-TPAHCIIOPTHUX  XapaKTePUCTHK  HAIliBIPOBITHUKOBHX
MIKpO- 1 HAaHOCTPYKTYp, JIETOBaHUX JOMIIIKaMH B IIMPOKOMY Jiara3oHi
KOHIICHTpAIlili B 00JIACTI NIEPEXOy METaJI-JIIeJICKTPHK ITiJi BIUIMBOM CHJIbHHX
MarHiTHUX 0B (10 14 Ti) Tta nmedopmariii (o 0,3%) B inTepBai
temrieparyp 1,5 — 300 K, 1110 103BOJIUTE pO3LMIMPHUTH ICHYIOUI YSBICHHS IPO
OpUPONY KiHETUYHHX e(EeKTiB Yy HU3bKOPO3MIPHUX TBEPIMX TiJlax JUis
OTpUMaHHS (DYHKI[IOHAJBHUX HAHOCTPYKTYp 3 IPOTHO30BAaHMMH XapakTe-
pUCTHKaMH, SIKi BH3HAYaTh IUIIXH 3aCTOCYBaHHS B TIPUCTPOSIX CEHCOPHOI
CJIEKTPOHIKH.
VY 3B’3Ky 3 IIUM B Jiaboparopii peali3yroThCs HHU3Ka JOCIIIHUIBKUAX
HATPSIMIB, SKi OXOIUTIOIOTh:
*  ONTHMI3alisl TEXHOJOTl BUTOTOBJIEHHS MIKPO- Ta HAHOCTPYKTYp Ha
OCHOBI TONKPUCTAIIIYHAX Ta HUTKOMOJIOHWX HAITiBIIPOBITHUKIB IS

CTBOPEHHSI Yy TJIUBHX €JIEMEHTIB CEHCOPIB,;
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JOCITI/PKEHHS eJIEKTPOIPOBIHOCTI Ta MarHETOOIIOPY HUTKOIMOIIOHUX
MIKpO- 1 HAHOKPHUCTAIB y HIMPOKOMY iHTepBaii Temneparyp (4,2—300
K) ta marnHerHux mnoniB (mo 14 Tn) B T.4. METOIOM iMIeaacHOl
CIIEKTPOCKOIII] AJIsi CTBOPEHHS HAITiBIIPOBIJHUKOBUX MEPETBOPIOBATLHUX
eJIEeMEHTIB EIeKTPOHHOT TEXHIKH,

BUBYCHHS BIUIMBY 30BHIIIHIX YMHHUKIB (medopmariii, MarHiTHOro
HoJIs, ONPOMIHEHHS, TEMIIEPAaTypH) Ha BJIACTUBOCTI CTPYKTYp
KpEeMHil- Ha-130J5TOpi Ta HUTKOMOJAIOHMUX MIKPO- 1 HAHOKPHUCTAIIIB SIK
YyTIMBHX €JIEMEHTIB CEHCOPIB (Di3UYHUX BEIUYHH,

JIOCJIIJPKEHHSI HAMArHIY€HOCTI, MAarHITHOI CIPUAHSTIMBOCTI 3 METOO
BUBYCHHS MOJISPHU3AIIMHAX MPOIECiB, MO XapakTepHi Ui MarHeTo-
TPAHCIIOPTHOTO TIEPEHECEHHSI HOCIIB 3apsiy B paMKax KBaHTOBOTO
TYHEJIOBaHHS 32 HU3bKUX TEMIIEPaTyp;

BCTAQHOBJICHHS YMOB, iHIyKOBaHUX aedopMmalti€ro (CTHUCKY, pO3TIry),
HaJIMPOBIAHOCTI B HUTKOMOMIOHMX HAITiBIPOBIAHUKAX, IO TIPOSBIISETHCS
y BUHUKHEHHS (a3u beppi B MarHiToOnopi MiKpOCTPYKTYp, 3yMOBJIICHOO
CHJILHOIO CITIH-OpOITabHOI0 B3a€EMOJIEI0 HOCIIB 3apsimy B 00macTi
HEePEXOY MEeTaI—/TieNeKTPHK;

OLIIHKa MapaMeTpiB NPUIIOBEPXHEBOI MPOBIJOCTI, SIKa € BU3HAYAILHOIO
HIO/I0 3aCTOCYBaHHS HUTKOMOAIOHMX HAMiBIPOBIAHUKIB Y MPHCTPOSIX
MIKpO- Ta HAHOCUCTEMHOT TEXHIKH, BU3HAYMBIIIN JIOBKUHY (ha30BOi Ta
CHiH-0pOiTaIbHOI KOTEPEHTHOCTI, SIKi €KCIIOHEHIIaIbHO 3MEHIITYFOThCS
31 3pOCTaHHAM TeMIIEpaTypH;

CTBOPEHHSI JUCKPETHUX IMPUIAiB MIKpO- Ta HAHOCUCTEMHOI TEXHIKU
Ha OCHOBiI MIKpO- Ta HAHOCTPYKTYp JIETOBaHWX HaIliBIIPOBIIHUKIB,
BUKOPHCTOBYIOUH DPE3YJIBTaTH EKCIIEPUMEHTAIbHUX Ta TEOPETHYHHX
JIOCIIKEHD,

PO3pOOICHAS HOBUX MIAXOMIB 10 CTBOPEHHS MPHUCTPOIB, BUTOTOBIEHI
3a CyMINIEHMMH TEXHOJIOTISIMH Ha OCHOBI METOJiB BHUPOIIYBaHHS 3
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razoBoi Qasu 3a wmexanizmom (VLS) mnapa-piguHa kpucram Ta
(LPCVD) ocamkeHHs 3a TOHWKEHUX THCKIB;

*  pPO3po0JICHHS BHUMIPIOBAJILHUX CHCTEM Ha OCHOBI 3alpOIIOHOBAHUX
CCHCOPIB Ta PO3BUTOK TPAKTUYHUX PEKOMEHIAIH Mmoao iX
3aCTOCYBaHHSA, 30KpeMa B iHPOpMaIiifHUX CHCTEMaX.

TakuM YMHOM, TIPOBEICHHS CHUCTEMHHMX JIOCHI/KCHb KiHETHYHUX
edekTiB (crmiH-noispu3aliiHi e)eKTH MarHeTOTPaHCIOPTY HOCIIB 3apsiy,
BHCOKOTEMIIEpaTypHA HaJIPOBIHICT, JieopMarlitHO-CTUMYITLOBaHE
BUHHUKHEHHs1 beppi (a3u, riraHTChbKHil JIHIMHUA MarHeToOMip) y JIErOBaHUX
HAaIiBIIPOBIIHUKOBUX MIKpO- 1 HaHOCTPYKTypax y IIMPOKOMY iHTepBai
TEMIEpaTyp 1 MarHiTHUX IOJIiB MOXYTh JISATTH B OCHOBY PO3POOJICHHS
Cy4YaCHHX TIXOMIB O CTBOPEHHS HOBITHIX €IEMEHTIB CEHCOPHOI TEXHIKH 1
JTO3BOJISITH MPOTHO3YBATH HEOOXiTHI TapaMeTpy MiKpO- Ta HAHOCTPYKTYD, a
BiJITaK 1 MPUCTPOIB Ha iX OCHOBI, B MPOIIEC iX BUTOTOBJICHHS.

[1] A.Druzhinin A., 1.Ostrovskii, Yu. Khoverko et al., “Spin-related
phenomena in nanoscale Si <B, Ni> whiskers” in Journal of Magnetism
and Magnetic Materials, vol. 473, pp.331-334, 2019,
doi:10.1016/j.jmmm.2018.10.073.

[2] I.Khytruk, A.Druzhinin, 1.Ostrovskii, Yu. Khoverko, N. Liakh-
Kaguy, “Properties of moped GaSb whiskers At low temperatures” in
Nanoscale  Research  Letters, vol.12, no0.156, pp.1-8, 2017,
d0i:10.1186/s11671-017-1923-1.

[3] A. Druzhinin, 1. Ostrovskii, Y. Khoverko, N. Liakh-Kaguy, |I.
Khytruk, K. Rogacki, “Peculiarities of magnetoresistance in InSh
whiskers at cryogenic temperatures” in Materials Research Bulletin,
vol.72, pp. 324-330, 2015, doi: 10.1016/j.materresbull.2015.08.016.

[4] A. Druzhinin, 1.Ostrovskii, Yu. Khoverko, K.Rogacki, “Rashba interaction
in polysilicon layers SemOl-structures” in Journal of Electronic Materials,
vol.48, no.8, pp.4934-4938, 2019, doi:10.1007/s11664-019-07290-8.
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Harionansamit yHiBepcuTeT «JIpBIBCHKA MOMITEXHIKAY

YACTOTHHUI CI/IMBOJII)H'I/II‘/JI METO/J AHAJII3Y LPTV KLJI
BUCOKOI CKJIIAJTHOCTI

Y nomnoBifi UTUMETHCS TPO YACTOTHUH 1 y TOHM k€ 4ac CHMBOJIbHUI
METO/I aHaji3y JiHIHHUX MapaMeTpUYHHX KiJl, TapaMeTp €JIEMEHTIB SIKUX
(omuH YW JeKigbKa) 3MIHIOIOTBCS Yy dYaci MEepioAWYHO, a came KOJIo
3HAXOJUTBCS y YCTAJICHOMY pEeXKHUMi. MeETox 4YacTOTHHH, TOMY IIO
nependaydae JOCH/DKEHHS KoJla y 4YacTOTHiIM oOjacti, 3a3Bu4ai, 3
(hopMyBaHHSIM TEpelaBalbHUX (YHKIH, a CHMBOJIBHUA — TOMY IO IIi
nepeqaBaibHi  (QYHKIII MICTATH TapaMeTpu JIesKuX eINeMEeHTIB Koia i
YacTOTy HE Yy BUTIJSAI YHCEN, a y BHIVISIII CHUMBOMNIB. Takuil BHIIISI
nepesaBaTbHAX (YHKINH TO3BOJISE MiJACTABIATH Y HUX YUCIOBI 3HAYESHHS
3aMiCTh CUMBOJIIB Ha 3aBEPIIAIbHUAX €Tarax MPOSKTYBaHHs KiJl, 10 J03BOJISIE
CYTTEBO TOKPAIIUTH PO3B’SI3yBaHHS TaK 3BaHMX OaraToBapiaHTHUX 3ajad,
30KpeMa ONTHMi3alii Y¥ CTaTUCTUYHOTO aHaNli3y IMMapaMeTPpUYHUX Kill
tomo. CHMBONBHI BUPa3H, KPiM TOTO, YMOXXIWBIIOIOTH (popMyBaHHS ix
MOXIJTHUX, IHTErPaJiB YW iX CIPOIICHHS 3a BIJIOMUMH MaTeMaTHYHUMHU
tdhopmynamu Tomo. Koo HazuBaTMMeMO KOJIOM BHCOKOI CKIIaHOCTI, SAKILO
e He icHye a0 HaMm HEBiIoMi mporpaMHi 3acobu ix aHaiizy (y Hamomy
BHITQJIKy CHMBOJIBHOTO aHaII3y).

Bimomo, 110 cHMBOJILHHHN aHaMi3 eJIeKTPUYHKX KiJl y YacTOTHIH o0iacTi
Ma€ CyTTEBUH HENOJIK, SKUH MOJArae y pi3KoMy 3pOCTaHHI HEOOXiIHOTO
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KOMIT IOTEpHOTO 4Yacy MOJEIIOBAHHS TPHU 3POCTaHHI CKIAJHOCTI Kosa. Y
Bunagky LPTV xin usg mpobnema cTae me OUTbII KPUTHYHOIO, TOMY
BAMara€ KapAWHAIBHOTO ii pPO3B’S3aHHS 1 PO3UIMPEHHS, y HAIIOMY
BUMAJAKY, YaCTOTHOTO CHMBOJIBHOTO Metoay aHamizy LPTV xin Ha komna,
IO MICTATh JICCSATKUM YM COTHI (y OKpEeMHX BHIIQJIKAX THUCSYi) BY3JiB i
€JIEMEHTIB 3 IMOCTIHHMMH YK 3MIHHHUMH Yy 4Yaci mapameTrpamu. Takwii
YaCTOTHUH CHMBOJBHUA METOJ HAa3MBaTHMEMO PO3LIMPEHHM YacTOTHHM
CHMBOJIBHUM METOJIOM.

Hamu B35TO 3a OCHOBY YaCTOTHUII CHMBOJIBHUN METOJ, SKUM, CBOEIO
yeprow, ocHoBanuii Ha wmeromi (piBHsuui) JI.A.3aze [1, 2]. Meron
JLA.3age HamMW PO3IMMPEHO 3 OAHOTO PIBHSHHS Ha CUCTEMY JIiHIMHHX
mudepenmiansaux piBasab (CJIJIP), cxmageHy 3a METOIOM BY3JIOBHX
Harpyr [3, 4, 5, 6, 7]. lle mo3Boswio chopmyBaTH BH3HAYCHI HAMHU Tak
3BaHI MaTPUYHI YaCTOTHI CHMBOJIBHI MOJIEJIl €JEMEHTIB KOja, 3 SKUX
cucteMa JHiIAHMX  anreOpaiunumx piBHsHb (CJIAP)  dopmyerbes,
MPaKTHYHO, 3a TOM K€ KOMITIOTEpHHH dYac, M0 W pIBHAHHSI Kola 3
nocriiaumu  miapamerpamu [8, 9]. s pose’ssyBanus Ttakux CJIIAP,
BB2)KAIOUM, 110 BOHU JIECATOTO, COTOTO YHM HAaBiTh THUCSIYHOTO MOPSIKY,
BHKOPUCTAHO OJMH 3 HaWOimbIn eekTHBHUX MeTOoAiB miacxem (Mmeron d-
nepes) [10, 11, 12, 13], sxwuii Hamu posmmpeno Ha LPTV koma Bucokoi
ckiaagHocTi [11, 12, 13].

Meron d-nepeB nepebayae onepyBaHHs MapaMeTpaMH €IEMEHTIB KoJa
y BUTJISAJI MIPOBITHOCTEH, TOMY JIOTIYHUM OYJIO, SIK 3a3HAYCHO BUIIE, B3ATH
3a OCHOBY OIIHC KOJIa 32 METOJIOM BY3JIOBUX HAIIPYT.

Merto/1 By3JI0BHX HAIpYT, 32 SKHM Yy 3arajlbHOMY BHITAIKY (OpMyeThCs
cucrema inrerpo-audepenmiaapaux piasap (CJIIP), Ta meton JI.A.3ase,
SKHl BHMara€ OMUCY KoJa TUIbKK AudepeHIiaTbHIMU PiBHSIHHSIMH,
MOCTaBWIM Tiepen Hamu 3amady BukitouenHs y CJII/IP inrerpanis, sxa
PO3B’sI3aHa TUITXOM 3aMiHHM 3MIHHUX 1 TIEPEeXOy BiJ BY3JIOBUX HANpyT Y
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CJIAP nmo noBux 3minmHux y CJIIAP Ta, Burikatoumx 3 Hux, CJIAP y
OpsSIMOMY HaTPSMKY i, Micid ii po3B’s13yBaHHsl, Y 3B0POTHOMY HATPSIMKY.

Y pobGoti HaBemeHo mnpukiIamu MoaemoBanHa LPTV kim Bucoxoi
CKIIQJIHOCTI y cepefoBumli po3pobneHoi Hamm cuctemu (ynknin UDF
MAOPCs [10, 14].
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/I Proc. of the IRE, 1950. — VVol.38, Issue 3. — P. 291-299.
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TRANSFORMING SUSTAINABILITY
WITH Al, BIG DATA,AND ICT

In today’s digitized era, information has become a critical asset driving
efficiency in economic, social, and administrative domains. Digital
transformation, as a dynamic and ongoing process, involves the integration
of innovative digital technologies into all facets of organizational and
governmental operations to better meet evolving demands and improve
service delivery [1]. As societies face growing environmental and socio-
economic challenges, Artificial Intelligence (Al), Big Data, and
Information and Communication Technologies (ICT) are emerging as
powerful enablers of sustainable development (Fig.1).

Figure 1. Conceptual representation
of Al and ICT integration for sustainable development
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At its core, digital transformation aims to automate routine processes,
streamline decision-making, and enhance flexibility, safety, and operational
efficiency across systems. However, the path to digital transformation is
complex [ 2]. It requires more than the adoption of new toolsit demands the
restructuring of traditional infrastructures, the adoption of intelligent, data-
driven approaches, and the alignment of technology with sustainability goals.

Amid this transformation, emerging networking technologies such as
5G/6G, Internet of Things (1oT), Software-Defined Networking (SDN), and
Intent-Based Networking (IBN) are playing a pivotal role in reshaping how
digital ecosystems operate [3]. These technologies enable cost-effective
deployment, advanced traffic management, and higher Quality of Service
(QoS) by leveraging the power of Artificial Intelligence (Al), Big Data
analytics, and cloud computing. This paper explores how the convergence
of these advanced technologies supports the evolution of sustainable
systems in the digital age. It provides a comprehensive analysis of
innovative network infrastructures and their role in enabling smart,
resilient, and sustainable digital transformation. An illustrative overview of
these emerging technologies is presented in Fig. 2.

[P R R O P T o e o)

Flgure 2. Top 10 trending technologies for sustainable
development transformation [4]
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The Fig.2 presents a concise overview of the most impactful
technological domains driving the evolution of next-generation network
infrastructures. These technologies are interconnected and contribute
collectively to building intelligent, scalable, and resilient communication
systems.

At the center of the diagram is the core concept of future networks
supported by ten key technological pillars:

loT — Encompasses diverse domains such as industrial 10T, wearable
devices, smart homes, and vehicular communication, enabling massive
machine-type communication and real-time data exchange.

SDN - Facilitates dynamic network programmability, central control,
and resource optimization through virtualization and separation of control
and data planes.

NFV — Enables flexible deployment of network functions over standard
hardware, supporting cost-effective service chaining and scalable
architecture.

Cloud Computing (CC) Services — Provides on-demand infrastructure
(laaS), platforms (PaaS), and applications (SaaS), and supports the
distributed nature of modern service delivery, especially in mobile and edge
computing.

Edge Computing — Shifts processing closer to data sources, reducing
latency and enabling localized intelligence, particularly for time-sensitive
and bandwidth-heavy applications.

Time-Sensitive and Deterministic Networking (TSN/DN) — Ensures
guaranteed latency and jitter, vital for industrial automation, real-time
control systems, and tactile Internet use cases.

Information-Centric Networking (ICN) — Focuses on content-based
routing and in-network caching, improving data availability, network
resilience, and efficiency.
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5G/6G Mobile Networks — Represent the ongoing evolution of wireless
communications, offering high-speed, low-latency connectivity and
enabling new applications such as holographic communications, immersive
media, and Al-native services.

Al-Based Networking — Integrates artificial intelligence to automate
network management, intent translation, anomaly detection, and QoS/QoE
optimization through cognitive and self-healing mechanisms.

Container-Based Networking — Supports microservice architectures
using technologies like Docker and Kubernetes, enabling agile service
deployment and cross-platform scalability.

In conclusion, the integration of Al, Big Data, and ICT is a key enabler
of sustainable digital transformation. These technologies enhance
automation, improve decision-making, and support efficient resource
management across various domains. The combined impact of 10T, SDN,
NFV, cloud and edge computing, ICN, TSN, 5G/6G, Al-based and
container networking creates a solid foundation for building intelligent and
resilient infrastructures. Together they contribute to addressing global
sustainability challenges and accelerating progress toward smarter and
more inclusive digital ecosystems.
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SECTION 1. Theory of Signals and Electronic Circuits.
Radio Measurements. Metrology

CEKUIIA 1. Teopisi curHaJjiiB Ta eJIeKTPOHHUX KiJl.
PagioBumiproBanns. Merpouioris
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hlobaanton@gmail.com

BHTY

OBEPTAHHSI ITPOEKIIII BIZIOBPA’KEHHS HA EKPAHI
OCHMJIOTI'PA®A CKIIAJHOI'O ATPAKTOPA TEHEPATOPA
JJAHAMIYHOTI'O XAOCA Y ®A30BIi ILTOLIUHI

Illupoka HOCTYMHICTH 1 JeNIeBH3HA HAIMIBIPOBIIHUKIB Ja€ 3MOTY
TIEPEBIPATH JOCITIKYBaHI MaTeMaTHIHI MOJIeJi HA HASBHICTh TMHAMIYHOTO
Xaocy, MPEICTaBIAI0YN iX y ¢GopMi enekTpudHoi cxemu. Yacto it mux
[iJIell BUKOPUCTOBYIOTH ONEepamiiiHi MiJCHII0BaYi, aHATIOTOBI TOMHOXKXYBadi
Ta JIOTiuHI eneMeHTH. CTBOPHBIIM TaKUM YHMHOM aHAJOI MaTeMaTHYHOI
Mojiesti, 1HOMI 1X Ha3WBaIOTh «aHAJOTOBHMH KOMITtorepamu» [1], MoxHa
MIEPEBIPUTH JUHAMIKY CHCTEMH IIiJ] 4ac 3MiHUM I[apaMeTpiB CIIEMEHTIB,
BIJICJIIIKOBYBAaTH TEPEXOAM BiJl TPAHUYHOTO IUKITY, TIOABOEHHS MEPIOAy 110
OUBHOTO arpakTopa. OCTaHHI MOXHa CHOCTEepiraTh 3a JIOIOMOTOIO
ocmimorpada, nepeseaeHoro B pexum X-Y. KomOiHyouM cHWrHamM, 1o
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HOJAIOTHCSI, MOXKHA criocTepiratu Tpu npoekuii arpakropa (X-Y, Y-Z, X-
Z). Takuii MiaXija Aa€ 3MOTY OTPUMATH 3arajibHi YsBJICHHS po Horo gopmy
1 TOpIBHATH 3 pe3ylbTaTaMd YHCENBHOTO MojemtoBaHHsA. OgHaK mpu
CKIIQJIHUX 1 3alUTyTaHUX TPAEKTOPisAX OyBae CKIAIHO CHOCTEPIraTH BCHO
CTPYKTYpY TUIBKH 3 TphOX cTOpiH [2]. IHmum cmocobom peamizarii
MaTeMaTUJHO1 MOZ[CJ'Ii € BUKOPUCTAHHA MIPOrpaMOBAHUX BCHTHUJIIBHUX
marpuib (FPGA), nporpamoBanux ananoroBux wmacusiB (FPAA) a6o
CrelliaibHAX TIPUCTABOK, Hampukiajn, cepii «Analog Discovery» abo
«National Instruments NI USB». Takwuii crioci6 mae 3mory 30mparu Bci
HEOOXiHI JaHi, BUKOPHCTOBYIOUM TEPCOHAIBLHUN KOMITHOTEP, a TaKOX
OymyBaru 3D Mopeni aTpakTopiB y cHeliaibHOMY IPOrPaMHOMY 3a0€3IeUeHHI.
Ilpr mpOMy 4YacTHHA TaHHX BTPAYaETHCS depe3 OOMEXEHHsS aHaJOTOBOTO-
mmdposoro-nieperBoproBada (ALIIT), sik i B pa3i BUKOPHUCTaHHS IH(BPOBOTO
ocuuiorpada 3 HU3bKOH KUTbKICTIO ICKPETH3ALIIL.

OpHak icHye crnoci0 BUKOPHUCTaHHS JOBOJNI MPOCTOi B peaiizamii
MPHUCTaBKH 10 ocipuiorpada, MO Ja€ 3MOTY IOCTIIOBHO obepraTu
BiTOOpayKeHHs aTpakTopa BiAHOCHO 0oOpaHOi oci. TakuMm YWHOM MOXKHA
JoMmortucs  edekry rncepno 3D, BHKOpHCTOByrouM —ocwiorpad. Y
KOMITIOTEpHill rpadimi Ui bOTO BUKOPUCTOBYIOTH MAaTpHUI MOBOPOTY, Y
pe3yibTaTi TIepeTBOPEHHS OTPHUMYIOTH HOBI KOOpAWHATH 00'ekTa. OmHUM 3
CHOCO0IB €IEeKTPUYHOI peaizallii YaCTHHW Takoi MaTeMaTH4yHOI omeparii €
BHKOPHCTaHHS SiN/COS moTeHIitioMeTpa abo pe3onbsBepa [3], Ha sAKi MomaeThes
CHTHAJII-KOOP/IMHATA, ajie TaKi elleMeHTH ab0 He BUIYCKAIOThCS, ab0 3aHaITO
BEJIHKI 1 JOpori. 3aMiHOK0 MOXKE CIyTyBaTH TaOJIHIIS 3HAYCHB KYTiB SiN/COS, 1m0
30epiratotbcss B moctiiHii  mam'sti (ROM)  MikpokoHTponepa, a
BUKOPHCTOBYIOUYM «AQHAJIOTOBUI KOMITIOTEP» BHKOHYIOTHCS peliTa BCIX
HEOOXIJIHUX MareMaruuHux onepanil. [lpukmag Takoro npPUCTPOIO, 3
JIOKJIQTHAM OIMCOM, HaBeleHO B [4], CTPYKTypHY CXeMy HaBEIEHO Ha
pucyHKy 1.
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Pucynok 1. CTpykTypHa cXema MpUCTPOIO JIJIsl 00EpTaHHHS MPOCSKIITMHI

S&IL 1
Caontrol

arpakTopiB i cTBopeHHsI nepeTuny Ilyankape [4]

[Tpunan nae 3mory obeprary arpakrtopu 3a Tphoma ocsimu Ha 360 rpaayciB
i3 kpokom 0.7, BimoOpakatm meperuH [lyaHkape i KepyBaTH IUIOIIHHOIO
riepepi3y. YIpaBmiHH KyTOM ITOBOPOTY Peajli30BaHO Ha 8 KHOITKAaX IS KOXKHOT
0cl, fIK1 3a[1af0Th ABIMKOBHI KOJ — 3HAYEHHS 3 TAOJIHII.

[HmmMit BapiaHT 3 MEHIIOK KUIBKICTIO (YHKIIH, ajne Ha CydacHii
eneMeHTHii 0asi, mpornonyeTbes B [5]. [IoBOPOT MOXIMBHI TUTBKH TO JTBOX
ocsix, Ha 360 rpamyciB 3 KpokoM B 1, yIpaBIiHHS peali3oBAHO Ha JIBOX
HOTEHIIOMETPax Ipy0o/TouHO. BHUKOpHUCTAHHS MIiKPOKOHTPOJIEPY JIa€ 3MOTY
BiloOpakaTy 3Ha4CHHsI KyTa MOBOPOTY HAa CBITIOAIOAHOMY muciuiei. Peari-
3aIlisl TAKOTO MPHUCTPOIO 1 (POTO OBEPHYTOIO arpakTopa 300pakeHO HA PUCYH-
Ky 2 (a-€). O6umBa MPUCTPOI NPAIFOIOTH i3 CHrHAIAMK 4acToTor0 /10 20 KI I,
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(r) (m) (€)

Pucyroxk 2. [IpoTOTHIT TIPUCTPOIO IyIst 00EpTaHHs aTpakTopiB 3a IBOMa ocsmH (a),

MOBEPHYTHIA Ha JesKkuil Kyt arpakrop Jlopenua (0, €) [5, 6]

Byno HaBeneHo nBa BapiaHTH peaiizailii mpwiagiB sl oOepTaHHS
aTpakTopiB y (pa3oBoMy HpOCTOpi Ta BimoOpaskeHHS MPOEKINI Ha OMHY 3
wiomuH. OCHOBHHM €JIEeMEHTOM TaKHX HMPHCTPOIB € SiN/COS MOTEHLiOMETp
abo ioro anaior. 3 HOro JOMOMOTOI pEANi3yeThCS YacTHHA OPTO-
TOHAJFHOTO TIEPETBOPEHHS, SIKE Ja€ 3MOTy 00epTaTH aTpakTOpH B TICEBIO
3D. Ileit enement Moxke OyTH pearnizoBaHuid 3a JonomMororo 3B's3ku: Al
nocTiHui 3amam'sitoByBaibHuid mprcTpiii (ROM) 3 3aHeceHO0 B HBOTO
Tabnuero  kKoe(ilieHTiB, H(PO-aHATOTOBHH MOMHOXKYBad  (opmye
curHaiau Sin(x), cos(x)). Tum camMuM 3MEHIIYETHCS PO3MIP MPHCTPOIO.
3amina ROM Ha MIKpOKOHTpOJEp Ja€ 3MOTY BBECTH JIOAATKOBI (DYHKIII,
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HANPHKIIA], HIAKAINIO Ta PO3UIMPEHHS KyTa OBOpoTY [5]. TlepcriekTHBHOO
€ o0'eqHanHs Ta Mmomudikallis HampaitoBanb poOit [4, 5]. TlepeBencHus
NPUCTPOI0 HA CydacHy €JIeMEHTHY 0a3y, PpO3IIMPEHHS YacTOTHOTO
Jliama3oHy, KEepyBaHHS IMOBOPOTOM aTPAKTOPiB T'€HEPAaTOpiB AMHAMIYHOTO
Xaocy OuIbIIOl PO3MIpPHOCTI, OUTHIIMK KOHTPOJIb HAJ KYTOM MOBOPOTY
(nuIIXOM BBEZIEHHS JIBIMIKOBOTO YHCIIa KHOTNKAMH ab0  EHKOAEpOM) Ta
okpeMuMH QYHKIISIME Tpwiagy. Hampukian, mONOXKEHHSIM NepeTHHY
[Tyankape, BimoOpa’keHHSIM BEpXHBOI Ta HW)KHBOI YaCTHHM aTpakTopa
(po3mineHoro MIOIMIKHOIO Tepepisy), KEPYBAHHAM BiJCTAHHIO 0 TUTONTHHU
nepepizy, IMepeMUKaHHSIM MDK TPOEKIiIMH Ta pO3MIpHICTIO, 0e3-
HepepBHUM/PYUHUM TIOBOPOTOM.

[1] B. Ulmann Analog Computing. De Gruyter. 2022. doi:
https://doi.org/10.1515/9783110787740

[2] A. Cemenos, b. IlinaeB, A. Xnpo6a, M. Illypxan ta B. OnpxoBud,
“MIKpOENEeKTPOHHAN TEHEepaTop JEeTEPMIHOBAHOTO XaoCy Ha OCHOBI
OinmomnsipHOi TPAH3UCTOPHOI CTPYKTYpH 3 BT €MHUM IU(EPEHIIHHUM
omopom”, Measuring Comput. Devices Technolog. Processes, Ne 3, c. 206—
217, Bepec. 2023. doi: https://doi.org/10.31891/2219-9365-2023-75-24

[3] D. M. MacKay, Analogue computing at ultra-high speed: An
experimental and theoretical study. New York: Wiley, 1962.

[4] L.O.Chua Ta T.Sugawara, “Panoramic views of strange
attractors”, Proc. IEEE, T. 75, Ne 8, c. 1107-1120, 1987.
doi: https://doi.org/10.1109/proc.1987.13853

[5] “A  3-Dimensional  Projective  Unit”.  Glen's  Stuff.
URL.: https://glensstuff.com/3dpu/3dpu.htm (nara 3sepuenns: 02.05.2025)

[6] “A Lorenz Attractor Circuit”. Glen's Stuff.
URL.: https://glensstuff.com/3dpu/3dpu.htm (mara 3sepuenns: 02.05.2025)
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ANEW EXAMPLE TO ILLUSTRATE THE PROBLEM OF
CALCULATING THE AVERAGE PULSED POWER

Introduction: Pulsed currents are at the core of modern technologies
and devices, from household appliances to military and aerospace systems
and to renewable energy sources. Billions of different pulse devices have
been produced worldwide, and their range and number continue to grow.

A practical example of the inclusiveness of different types of electrical
currents — in terms of the quantity of functions and devices they support,
thereby emphasizing their importance — is drones for diverse environments:

— direct current — up to 30% — power supply of all on-board systems;

— harmonic currents of radio frequencies — up to 20% — wireless data
transmission, satellite communication channels, RADARS, GPS, GNSS;

— pulsed currents of various shapes and frequencies — more than 50% —
Embedded microprocessor control systems and real-time systems, digital
signal processing units, digital modulation wireless and fiber optic
communication systems, GPS, GNSS, RADAR, LIDAR, SONAR, thermal
imagers, infrared sensors, gyroscopes, accelerometers, magnetometers,
step-up and step-down pulse width modulated switching voltage converters
(SVCs), stepper motor drive systems and speed controllers, environmental
monitoring sensors (humidity, temperature, pressure, direction and strength
of wind or water waves), anti-jamming modules, etc.
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Pulsed power has a significant impact on system efficiency, especially
under conditions of fast load changes. This requires accurate modeling and
calculation methods that take into account the evaluation of the dynamic
characteristics of the pulsed processes. In this context and scale, the
improvement of traditional calculation methods and modelling tools,
focusing on the use of pulsed currents, becomes relevant, especially in view
of the identified shortcomings.

As one of the results of the study of the effectiveness of the SVCs [1], it
was revealed that the formula for the average value of the function to
calculate the power of conduction current pulses is used incorrectly.

In particular, in the example of the Multisim simulator from National
Instruments Corp. show the discrepancy in the results of calculating the
average power of unipolar rectangular pulses using different formulas.

Further analysis of this discrepancy showed that it goes beyond the issue
of unipolar rectangular pulses and reflects a broader problem that includes
bipolar rectangular pulses, and requires the study of pulses of various
shapes approximated by both linear and nonlinear functions, which have
been widely used.

The problem is not just the inability to accurately evaluate efficiency
when testing and certifying pulsed devices. Taking into account the critical
role of mathematical modeling and analysis tools, the power measurement
error illustrated by the example of the widely used Multisim simulator
highlights the risk of making wrong decisions at the design stage.

A new example of an error in the average power calculating in the
Multisim simulator: Let's compare the result of calculating the average
power of symmetrical bipolar rectangular pulses with amplitude Uy = 10 V
and duty cycle D = 0.5 on a resistor R = 10 Ohm by Ohm's law with the
readings of the wattmeter XWML1 in the Multisim environment in Figure 1.
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Figure 1: Screenshot of measurements of average power symmetric rectangular
bipolar pulses in the Multisim simulator environment

For this purpose, we hereby take note of the fact that in the “Wattmeter’

section of the “Multisim Help Professional Edition Help File’ is set: “The
field at the top of the instrument face displays the average power’.
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The duty cycle D = 0.5 for symmetrical bipolar pulses can be divided
into D) = 0.25 for positive and D = 0.25 for negative pulse waves. And
according to Ohm's law, for positive and negative pulse waves, the average
values of voltage Uavge+), Uavge and current lavge), lavg) are calculated as
follows:

Uavgr) = Uo - D) = Uagy = | -Uo | - Dy =10 - 0.25=2.5V,
lavg+) = Uavg+) : R = lavg) = Uavg) : R=2.5:10=0.25A.

Then, from the values of Uay), Uavge), lavg), lavge), the average power
Pavg Of symmetrical bipolar rectangular pulses is obtained:

Pavg = Pavg(+) + Pavg(—) =
= Uavg(+) : |avg(+) + Uavg(_) : |avg(—) =25-025+25-025=125W.

In compare, the XWM1 wattmeter reading in Figure 1 is 4.982 ~ 5 W,
which is four times higher than the average power calculated by Ohm's law.

The reason for this is the methodologically incorrect use in the Multisim
simulator software of equivalent transformations in accordance with Ohm's
law to calculate power using the formula for the average value of a
function. This leads to the interpretation of power in the formal expression
p(t) as an elementary function similar to current i(t) and voltage u(t). In
doing so, the meaning of electrical power is lost, which by definition is a
composite function formed by the product i(t)-u(t).

And the peculiarity of bipolar pulses is that the error is twice as large as
that of unipolar pulses with the same duty cycle D.

Conclusions and proposals: To this day, to calculate and measure the
average power of rectangular pulses of conduction current with one type of
charge carrier in the active resistance, which is described by a composite
function in the form of the product of voltage and current, the formula is
used, which in its original form was derived in mathematics for elementary
functions. This leads to an overestimation of the calculation results.
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In some cases, such as ensuring the reliability of the pulse device, this
overestimation does not lead to significant negative consequences because
it implies more cautious solutions than are possible. But in most cases, the
consequences can be undesirable. In particular, it concerns energy losses in
the active resistance of power supplies and other components of the SVCs,
which reduces the accuracy of their efficiency evaluation. As a result, it can
slow down the process of finding ways to improve them.

In order to solve the problem outlined above, a formula adapted to
calculate the average power of unipolar and bipolar rectangular conduction
current pulses in an active resistance has been proposed.

Further research is planned to cover all pulse waveforms approximated
by linear and non-linear functions, specifically the exponential ones that
occur in circuits with reactive components of step-up and step-down SVCs.

[1] Bratiuk P., Ozirkovskyi L. A controversial aspect of the theory of
assessment and practice of measuring the efficiency of energy
accumulation in reactive components of switching voltage converters, Il
International scientific and practical conference information and measuring
technologies IVT-2024, November 13-14, 2024, Lviv, Ukraine, p. 85 — 86.
URL.: https://science.lpnu.ua/ivt-2024/proceedings
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JIHY imeni IBana ®panka

3MEHIIEHHS BIIJIUBY 3A3EMJIEHHSI HA BUMIPFOBAHH S
B BE3BKOHTAKTHIN EJJEKTPUYHIN IMITEJAHCHIM
CHEKTPOCKOIIIi

ImnenancHa crekrpockomnis (IC) € BHCOKOYYTIMBUM METOIOM aHaji3y
eJICKTPUYHMX BJIACTUBOCTEH CHCTEM, IO JO3BOJAE HE JHule OyayBaru
ekBiBasieHTHI cxemu 3amirnendst (EC3), a i BUSBISTH 3MiHH B XapakTe-
pHUCTHKAaX IOCITiIKYBAaHOTO cepenoBuia. Bucoka uyrinuBicts MeToquku [C
3yMOBIIIOE HEOOXiJHICTh BpaxyBaHHS Ta KOHTPOIIO HU3KM 30BHIIHIX Ta
BHYTpIIIHIX (DaKTOpiB TiJg Yac BHUMIpPIOBaHb, SIKi MOXYTh CIPUYHHUTH
nosiBy HeOakaHUX apTedakTiB B OTPUMaHMX JaHHX. SIK 3a3HadeHo B [1],
CIOTBOPEHHS JaHMX MOXXYTh BHMHUKATH BHACIHIJIOK 3MiH HaBKOJHIIHIX
YMOB, BHYTPIIIHBOTO OMOPY aHali3aropa, 3MiHH Mapa3uTHOI EMHOCTI TOMIO.
Jeski 3 UX YMHHUKIB MOXXHa €(EeKTHBHO KOHTPOJIOBATH, HAIPHUKIIA]
TeMIieparypy abo TeOMeTpilo JOoCTipKyBaHOI cuctemMu. OnHaK, BIUIMB
Mapa3UTHOI EMHOCTI 3HAYHO CKIJIAJIHIIIE TIepea0auynTH i KOHTPOJIOBATH, HAaBITh
32 YMOB peTeNbHOI MiATOTOBKU eKcriepuMeHTy. Lle muraHHS cTae 0coOnmBO
aKTyaJlbHUM Yy BHIAJKaX, KOJM BHUMIPIOBAHHA IPOBOIATHCA B CEpenuHI
CTIeIlialli30BaHNX KaMep 3 MMiATPUMKOIO BOJIOTOCTI Ta TEMITIEpaTypH.

VY nmiteparypi onucaHO IIOHAWMEHIIE JIBa METOIM MiHIMI3allii BIUIMBY
napa3uTHol eMHocTi. [lepmmii MeTon monsirae B eKpaHyBaHHI JOCHiDKY-
BaHOI cucTeMH 3a JomomMororo Kiitku Papanes. Lle 3MeHmye BIuuB
30BHIMIHIX TOMIB, IPOTE CYTTEBO MiIBUIIYE MApa3UTHY €MHICTH. Uepes 1e,
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JIOCIIITHUKY PEKOMEH/YIOTh BHKOPHUCTOBYBATH HOTO JIMINE JUIS YacTOT
amwkae 20 T'm, mo € cyrreBum oomexenusM i IC [2]. Tammit migxin
0a3yeThCsl Ha OIlHII TMapa3WTHOI €MHOCTI BHUKOPHCTOBYIOUM 30BHIIIHI
KOHJIEHCATOPH TIAKIIOYeHi 10 JOCTiKyBaHoi cuctemMu. Pobounii miamnazon
1poro Metoay cranoBuTh Bix 50 k[’ qo 1 MI'm, mo Ttakox mMoxe OyTH
obomexyrounM (akropom ans IC. OpHak OCHOBHMUM HENONIKOM € HEoO-
XigHICTh TAOOpPY KOHIEHCATOPIB 3 ONTUMAJIHHIMH HOMIHAJIAMH, SIKi MAlOTh
OyTH MEHIIIMMH a00 PIBHUMH 3HAYCHHIO MMAapa3suTHOI EMHOCTI cuctemu [3].

VY wmiit poOOTi TpeAcTaBIeHo HOBUI MeTO KOPEKIii BIUIMBY Mapa3suTHOL
€MHOCTI, 3yMOBJICHOI 3a3eMJICHUMH TI00 M3y 00’ €kTaMu. MeTon He noTpedye
eKpaHyBaHHs cUcTeMd a00 Tia’€THaHHS 30BHIIIHIX €JIEMEHTIB IO
JocHipKyBaHoi cucteMu. BiH pospoOnenmii  Anst  MiHiMi3amii  BIUTUBY
3a3eMJICHHS MeTajeBOi KaMepu Il Yac BHUMIPIOBAaHb BCEPEAWHI TeMIie-
parypHOi KamepH, OJIHAK MOr0 MOXHA BHKOPUCTATH ISl OyJb-SIKHX
BUMIpIOBaHb, SIKI TPOBOMSTHCA MOONM3Y 3a3eMIICHHMX OO'€KTIB Ta MaroTh
JIOMIHYIO9Y €MHICHY CKJIaJIoBy. BUMiprOBaHHSME 3 JOMIHYIOYOK €MHICHOIO
CKJIAIOBOK0  HA3MBAIOTh  OC3KOHTAKTHOIO  EJIEKTPHYHOIO  IMIIEJAHCHOIO
CIIEKTPOCKOITIE€I0 — METONIOM, TIPH SIKOMY MK €JIeKTPOJIOM Ta 3pa3KoM HasIBHUH
JeNeKTpUIHUNA 0ap’ep, 110 YHEMOXKIIMBIIIOE HAsIBHICTh PE3UCTUBHOTO 3B’ SI3KY
MUK eNIEKTPOIaMH He3aJIeXKHO BiJ] XapaKTePUCTHK JOCTIHKyBaHOTO 3paska. Lle
JIO3BOJISIE YHUKHYTH KOPO3ii eIEKTPOIiB Ta 3a0pyTHEHHS 3pa3KiB.

CyTb 3ampoOIIOHOBAHOTO METOAY MOJISITAaE Y PO3MIILCHH] JTOCIiIKyBaHOT
CUCTEMH Ha METAJIeBil IUIACTHHI, SKa BiJIrpae pojb OCHOBHOTO JpKEpesa
napasutHoi emHocTi. BumiproBanHs IC mpoBomuThCs 3a JAOMOMOTORO
aHamizaropa iMIeNaHCy y JBOX pI3HHX KOH(QITypaIlisx IIiIKITI09eHHS.
[epia koHirypariisi — craHAapTHE MiIKIOUESHHS JOCTIKYBaHOT CUCTEMU
JI0 aHaji3aropa IMIIEAHCY 3 3a3¢MJICHHSM MeTalieBoi IuiacThHH. Jlist
Ipyroi KOH(}iryparii MeTaneBy IUIACTUHY MiAKIIOYEHO J0 BipTyaabHOTO
HyJIs1 aHatizaropa imnenancy (moptu Lcur Ta Leot). Ha ocHOBI oTpumanux
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JIAaHUX OOUHUCITIOIOTHCS CKOPETOBaHI 3HAYCHHS IMITEJAHCY 31 3MEHIICHUM
BIUIMBOM ITapa3uTHOI EMHOCTI 3a (hOPMYIIOHO:
2747
x = Zg + 7, )
e Zg — iMmenanc s mepiioi koHdiryparii; Z) — iMmenaHc Juis apyroi
KoHQirypanii; Zx — CKOperoBaHuWi iMIeqaHc 31 3MEHIICHUM BIUTHBOM
Mapa3uTHOI EMHOCTI.
3anporoHOBaHUH MiAXia Mae HHU3KY TepeBar MOPIBHAHO 3 iCHYHOUYNMH
METO/aMH, 30KpeMa He TMOTpedye MOMaTKOBHX 30BHIIIHIX EINEMEHTIB Yy
BUMIpIOBaIbHIN CXeMi Ta MOXKe OyTH 3aCTOCOBaHHA JI0 BCHOTO Jialla3oHy
4yacToT. Pesynprati BUMIpIOBaHb MOKa3ald, MIO Xo4ya Ied MeTon He
JTO3BOJISIE TIOBHICTIO YCYHYTH BIUTMB TAapa3WTHOI €MHOCTI, BiH Ja€ 3MOTY
3MEHIIUTH BIUIMB 3a3€MJICHUX O0’€KTiB BTPWUYi MOPIBHSIHO 3 KIACHYHUM
BUMiproBaHHIM — 3 15% 1o 5% (auB. puc. 1).

25 o
200 3 |
R ]
S 15
S
I_TJ1O* 1
5. 4
0 s
104 10°

Frequency, Hz

Pucynoxk 1. Piens moxu6oxk ans BEIC-BumiproBanbs Boan y pi3HHX
KOH(DIrypamisx IiKITFOYCHHS.
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BumiproBanHs npoBogwincs B giama3oni yactot Bix 1 k' qo 1 MTIm.
OTpumaHuii piBeHb TOYHOCTI € OiIbII NpUHHATHUM A aHamizy EC3 i
JTO3BOJISIE TIABUINUATH TOCTOBIPHICTD OTPHMAaHWX MapaMeTpiB MpH aHami3i
JIaHUX.

[1] B. W. Veal, P. M. Baldo, A. P. Paulikas, J. A. Eastman,
Understanding Artifacts in Impedance Spectroscopy, Journal of The
Electrochemical Society. 162 (2014) H47, doi: 10.1149/2.0791501jes.

[2] J. Fleig, J. Jamnik, J. Maier, Inductive Loops in Impedance
Spectroscopy Caused by Electrical Shielding, Journal of The
Electrochemical Society. 143 (1996) 3636, doi: 10.1149/1.1837263.

[3] C. Aliau-Bonet, R. Pallas-Areny, A fast method to estimate body
capacitance to ground at mid frequencies, Journal of Electrical
Bioimpedance. 6 (2015) 33-36, doi: 10.5617/jeb.2569.
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PE3OHAHCHA CUCTEMA JJIs1 BUMIPIOBAHHS
IHAPAMETPIB JIEJEKTPUKIB 3 BEJIMKUMU BTPATAMU B
MIJIIMETPOBOMY JAIAIIA3OHI

B po6ori [1] moka3zaHo, 1110 B MOPOKHHOMY HariBCHEPUIHOMY BiIKPHTOMY
pesonatopi (HBP) mnpu mnepudepiiinomy 30yKeHHI MOXKYTh ICHYBAaTH
aKCiaJbHO-CHMETPHYHI KONMBAHHA. 1X OCOONMBICTH YTOMy, IO B HEHTpI
JI3epKalia iCHye 30Ha, 16 HalPyXEHICTh eIeKTPUIHOTO OIS TOPIBHIOE HYIIIO.
PosramryBanHst B miii oOmacti 3pa3ka MAieNeKTpUKAa y BHTJISAI Imaiidm abo
KIOBETH 3 DIIMHOIO JI03BOJISE BHU3HAUUTH €JIEKTPOQi3WYHI TapaMeTpu
pEUOBHH, SIKI MarOTh BelHKi BTpatu. Lle nyxe akryanbHe 3aBaaHHs [2].

Meroto poGoTu (B OTMOBIiZI HaBeAEHI pPe3yJbTaTH) € IOCIIHKEHHS
cnekTpy konmuBaHb B HBP, skwii 30ymKyeThcsl UIUIMHHUM €IEMEHTOM
3B’s13Ky. BiH po3ramoBanmii Ha nepudepii KpHBOMiIHIHHOTO BiIOMBayYa.

Ho cxmagy HBP Bxomsate cdepuunuit 1 ta mmackumii 2 BigOuBaui 3
aneptypamu 2a=60 mm. Paniyc kpuBu3au ceprunoro nzepkana R=85 mm.

brok-cxema eKCHeprMeHTaJbHOI YCTAaHOBKM HaBeJeHa Ha puc. 1.
Pezonarop 30ymKyeTbcs IIUIMHHEM E€IEMEHTOM 3B’S3Ky 3 po3Mipamu
3,6%0,17 mM. Bin posramoBanuii Ha nepudepii a3epkana 1 Ha BixcTaHi
13,13 MM Big oci. B pe3oHaTopi 3 BHCOKOI €(EKTUBHICTIO TMOBHHHI
30ymKyBaTUCS BUINI akKciadbHO-HecHMMeTprudHi KoimuBaHHS TEMios Ta
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TEMap24 (L/R=0.6). B sixocTi mkepena 6 BHKOPHUCTOBYETHCS TeHEPATOp
curHaniB ['4-142. Yacrora f reneparopa — 70,622 I'Ty (1=4,248 mwm).
Curnan 3 pe3oHaropa (IKCYeThCs 3a JOMOMOTOI JPYTOTO HIUTMHHOTO
eJIeMeHTa 3B’ 53Ky 3 TAKUMHU K po3Mipamu. BiH po3TamoBaHnii CAMETPUIHO
eJeMeHTy 3.

PI/ICYHOK 1. brok-cxema CKCIIEPUMEHTAJIBHOTO CTEHAA

Curnan B XBWIEBIJHUH TPAKT HAIXOJUTh IO JIEIEKTPUIHOMY XBHIICBOAY 3
nornepeyHuMu po3mipamu 3.6x2 M. It y3ro/pKeHHsI IHOTO XBUIIEBOLY 3
TeHepaToOpOM B CXEeMi YCTAaHOBKHM IependadeHi JBa MipaMiJallbHUX PYIOpH
(7, 9). Posmipu poskpusiB pymopie 14,5x11,5 mwm, Bucora 19,5 mm. B
CXeMy Takox BXojuTh areHtoaTop 10 3 ikcoBanum nocnabiensusm — 8 nb,
a Takox 11. Ile HeoOXigHO A1 TOTO, 11100 MOXKHA OYJIO BUMIpATH KOeDillieHT
BIIOUTTS Bil BXOMy pe3oHaTopa. [IoTy:KHOCTI, SKi BUIUIIOTHCS BiJl TaAar0do1
Ta BiIOWTOI XBWIIb, Yepe3 XBWIIEBOAI 3TMHU 12 HagXxomsTh B y3TOMKEHI
HaBaHTaxxkeHHs 13, 14. Uepes Biapizok xBuieBoxy 15 Ta enemeHT 3B’ 513Ky 4
CUTH&JI HAAXOAWTb B MNpuUHAManbHUM TpakT. IlpuiiManbHuil  TpakT
CKJIQJIAEThCS 3 JIBOX XBUWJIEBIJHUX 3TUHIB 16, BUMIpIOBAILHOTO aTeHIOATOpA
17, xsunemipa 18, merektopa 19, pesonancHoro miicwioBada 20 Ta
ociutorpada 21. B nenTpe rumackoro a3epkana 2 € IUIMHHUA 3JIEMEHT
3B’s13Ky 5 posmipom 3,6%1,8 mMMm. 3a HOro JONOMOrOHR iEHTH(]IKYFOTHCS
KOJIMBaHHS 3 MaKCHMaJbHOIO HAIPYKEHICTIO EeNeKTPUYHOIrO IMOJI MO Oci

88



pesonatopa (TEMoog, TEMa2oq). B 11t TpakT BXOISTh: BiIPi30K XBUIEBOIY
15, BuMiproBaibHHI aTCHIOATOP 22 Ta €JIEMEHTH, SIKi OITUCaHI BHIIIE.
Meronuka mpoBe/ieHHs] BUMiproBaHb Taka. [lepecyBaerbcs m3epkano 1
Ta M0 MaKCMMAIbHOMY CHTHANy Ha eKkpaHi ocmuumorpada 21, skuit
YBIMKHYTHI B TPaKT IIUIMHHOTO €JIeMEHTa 3B’3KY 4, (iKCYEThCS PE30HAHC.
3a 10moMoroo MmpoOHOro Tifa 24, sike 3aKpiluieHe Ha KalpoHOBIH HUTLI 23
topumHOl0 0,1 Mm (puc. 1), imeHTH]IKYETbCS THII KOJUBAHHS, SIKE
30ymkyerbcsi B HBP. [IpoOHe Timo siBisie co0oro po3citoBady MeETalidHy
KyJbKy giamerpom 0,9 mm. JlinbHuns criextpy konmBanb HBP HaBenena Ha

Ha pHc. 2.
—
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Pucynox 2. JlineHuns criektpy xoiusanb HBP

3 pucyHKa BHJHO, IO chekTp kojmBaHb HBP, skwuii 30ymxyerbes
UIUTMHHUAM €JIEMEHTOM 3B’s3Ky 3 TycTvid. TyT Mmo3HayeHi KOJWBaHHS, SKi

1IeHTH(}IKYIOTBCS 32 JOTIOMOTOI0 MTPOOHOTO Tia. AKCialbHO CHMETpUYHE
xonuBanHs TEM,,, (TEM,,,;) Mae po3noaisn Hanpy»XeHOCTI MoJs y BHIJISL

Kibls. Takok OYeBHIHO, IO MAaKCUMAaJIBbHUM KOe(IIli€eHT mepemadi MaroTh
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xonmuBanHst Ty TEMy,, u TEMzop. Ile moB’s3aHo 3 posTairyBaHHs
eneMeHTa 3B’ 53Ky 3 Ha n3epkaii 1.

SIKmo TOMICTHTH B IEHTpI IMJIAcKoro n3epkaia maiidy 3 mnaryHi
niametpom 6 MM Ta Brcotoro 1 mMm (~1/4), To oTpuMaeMO BHCHOBOK, IO
maiida 3 TakMMH pO3MipaMU TPAKTUYHO HE BIUTUBAE Ha Koe(ilieHT

nepenadi xonusanus TEM,,.,. Ha nepudepil mwiackoro msepkana 2 Ha
0112

BiiIcTaHi 5 MM Big HOro Kpaiw pO3TAIOBYIOTECS YOTHPU CMYKKH
MOTIMHAIOYOTO Matepiany nomkuaoo 10 MM Ta mmpunoto 4 mM. Bincranb
Bil Kpawo JA3epkaiia BHOpaHa Takowo, 100 TOTNIMHAIOYHA MaTepian He

BIUIMBaB Ha KoiuBaHHSA |EM;,. JliIbHHUI CIEKTPY TAKOro pe30HaTopa

noka3aHa Ha puc. 3.
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Pucynok 3. [lineHuns criektpy koxuBans HBP 3 maiitoro
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3a pe3ysibTaTaMy MPOBEICHUX CKCIICPUMEHTATIBHUX JOCITIKEHb MOXHA
3pOOUTH JIEKiJIbKa BAXKIIMBUX BUCHOBKIB.

1. Ilpu BUKOpPHUCTaHHI €JIEMEHTIB 3B’3Ky, SKi 3MimeHi A0 mepudepii
mepkan, B HBP 30ymkyerbcs akciadbHO HECHMETPUYHE KOIWBAHHS

TEI\/I;llq . Pe3oHaTop 3 TakuM THTIOM KOJNMBaHb MOXE OYTH BHKOPHUCTaHUH

JUTS. BAMIPIOBAaHHSI [TapaMeTPiB JieIEKTPUKIB B MUJIIMETPOBOMY JIiama3oHi.
2. Ilpu po3ramyBaHHI 3pa3ka JieJIeKTpUKa Yy BUTJSAI [Iaiiou ado

KIOBETH 3 PIAMHOI0 B IIEHTPiI IUIACKOTO MA3epKalla MOMKJIIHBO PO3PiTUTH

CIEKTP KOJIMBaHb Ta BUMIPIOBATH HapaMeTpPH IENEKTPUKIB 3 BEITUKUMHU

BTpaTaMHu.

[1] B.l. Muzychishin, 1.K. Kuzmichev, O.B. Senkevych, and S.A.
Pogarsky, “Spectrum of OR Oscillations with a Segment of a Circular
Waveguide,” 2022 IEEE 9th International Conference “Problems of Info
communications Science and Technology” (PIC S&T “2022), October 10-
12, 2022: conf. proc., Kyiv, Ukraine, pp. 524-528, October 2022. DOI:
10.1109/PICST57299.2022.10238663

[2] J. Arumugam, N. R. Edhayaraj, S. Shanmugavadivelu, and V.
Sathyanarayanan, “Design of Microwave Electromagnetic Sensor for Liquid
Characterization,” in  Journal of High-Frequency = Communication
Technologies, vol. 1, no. 3, pp.73-83, July 2023.
https://doi.org/10.58399/TLCX9900
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IPE HAH Vkpainu

OB'€IHAHHS MOJIEJIEM CUT'HAJIIB,
BIJIBUTUX OF'€EKTAMU CKJIATHOI ®OPMU,
JI0 KOMBIHOBAHOI MOJIEJII

CyuacHi TEOpeTHYHi OCTIPKeHHS CHUTHANIIB 1 MPaKTU4YHI PO3pPOOKH i3
3aCTOCYBaHHSIM IIMX JOCATHEHb B Trany3i iXx OOpoOKH CIIOHYKaloTh i
JIO3BOJISIFOTh BUKOPHCTOBYBATH BECh IIEH apceHaN Jisi BHPIIICHHS TaKWX
CKJIQJIHUX 3aBJIaHb K PO3Ii3HABAHHS CUTHAJIIB PI3HOMAHITHOTO (Di3UUHOrO
TUIY, BIAMIHHMX 3a MPHHIUIIAMH TEHEpallii, cepear PO3TMOBCIOKCHHS,
METOJIB TpHUIMaHHA, BH[UICHHA, (iIbTpalii, IHINUX T[EPBUHHHX,
BTOPUHHHUX Ta BCIX JIOJAaTKOBUX IepeTBopeHb. lllupoko Bimoma Bemuka
KUTBKICTh MOJIENIeH B3a€EMOIiT PiI3HOMAHITHUX CHTHAIIB ( paaionoKaIifHuX,
aKyCTHYHHUX, JIa3€PHUX) 3 O0'€KTaMH CKJIAJHOI (GopMH Ta TOJaIbIIa
00poOka 3 MeTow iX BUSBIEHHA, aHalmizy, kmacudikamii. Koxanid, XT0
CTUKAEThCS 13 3aBIAHHAM pO3MI3HABAHHS, IIOCTAE TMepel] MpodiieMaMu
oOpaHHS MIiAXOMiB, TEXHIKH, OE3MEeYHOT0 BHKOPHCTAaHHS. 3BICHO, MiAXiI
Mae OyTHm — HaWpe3yJbTaTUBHIMINM, — TOOTO HAWAOCTOBIpHINIAM 3a
BHCHOBKOM, IIBUJIKICHHM, a TaKOX CYYaCHUM, MIHIMAQJIbHO TMOMITHUM J{IsI
00’exTa abo 1HmUX 3ac00iB pagioOTeXHIYHOI MPOTHIIi, EKOHOMIYHUM MO0
pecypciB, oTke, ePEeKTHBHHM.

Y JomoBiji, NPHCBSUEHI TIEBHOMY IMiJHANPSMKY JIOCIIiPKEHb,

PO3TISAAEMO  PaMiONOKAIlifiHI CHTHAIM, IO OTPUMaHi KOT€PEeHTHUMHU
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paaiosoKaTopaMu B PI3HOMAHITHHX PEKHMaxX IMI0J0 aKTHBHOI/ACHBHOI
JIOKaIlii, HECyJMX 4acToT i 3aBafioBoi cuTyarii. diznko-MareMaTiHyHa MOJIENb
KoMOiHOBaHa — OaraToo3HakoBa (OararorapamMeTpuyuHa) 3 BHUKOPHCTAHHIM
HermapamMeTpuyHuX (B 3aralbHOMY BHIAJKy TaKOXK 1 MapaMeTPUYHHX)
XapaKTePUCTHK, 3 OpraHi3alli€lo, Ha eTari JOCIiKEHb (KHABYAHHS» CHCTEMH),
BCIX JIOCTYIIHMX [aHMX Ta MPOrPaMHO-MOBHOTO iHCTpyMEHTapiro — B
«aHCcaMOIT» (KKOPTEXI», KTypTH») O3HAK, 3 aHAJI30M iX iHHOPMATUBHOCTI IS
OymyBaHHS BiJIIOBITHUX IIBUIKICHAX BUPIIIYIOUMX AITOPUTMIB 1 TPOTrpam.
IToOynoBa cucremu BigOyBaeThcsi y aBa erand — 1) HaByaHHsA (3
(opMyBaHHSIM 03HAKOBOT'O MPOCTOPY) 1 2) MoOyI0Ba BUPIIIYBaIbHHUX MPABUIT
(m1st anamizy curyartii moTpiOHO 3'sicyBat — 110 sikoro 3 N kiacie { C1, C2,
... Cn } nanexuts “rectoBa” BUOIpKa i B peruTi — peanbHuil 00'ekT. Ha ertarmi
HABYaHHS 3aCTOCOBYIOThCS TONEPEAHHLO OTPUMaHI ab0 3MOJIEIbLOBaHI
peamizarlii KO)KHOTO KJIacy CHTHAJIB 3 y3aralbHEHHMH O3HaKaMH, B SKOCTI
sKUX BHKOpUCTOBYrOThcsi EINP, mBuukicte (3a Jlommiepom Ta 3MiHOIO
KOOP/IMHAT), CIEKTPaJIbHI XapaKTepPUCTHKH (CHEPreTHYHI CHEKTpH, IX
3MiHHICTB/IIBIIKICTh 3MIHHOCTI MAKCHMYMIB, IIHUPHUHHU, BiHOIICHHS IIUPHH,
MOIa/00KOBI  CKJIAOBi,  «IICEBIO»  CIEKTPH).  AHATi3yeThes  1X
iHpOpMAaTUBHICTh /11 TOOYAyBaHHS BIINOBIJHUX HIBUIKICHUX BHpILIY-
BATGHUX anropuTMiB 1 mporpam. OriHka iHGOPMATHBHOCTI 0a3yeThes, Y
BHUIIAZKy TIOTO/DKCHHS KPUTEpiiB  3aCTOCYyBaHHS,- HAa BHKOPHCTaHHI
neperBopeHb Kapynena-Jloesa, B iHIINX — HAa TOOYTOBI MEXKEBUX €TAJIOHIB.
Jns moOymoBH BiNMOBIMHMX MIBUAKICHUX BHPINIYBATBHUX aJTOPUTMIB 1
MporpaM 3a HasIBHOCTI CTATHCTUYHUX MapaMeTpiB — baecoBi BUpIlTyBaibHi
npaBuiIa, s HeapaMeTpUUHUX — KpUTepii «Haitbnmk4oro cyciga» ta/abo
BU3HAYEHHS NOTPAILUIAHHS B MEXI BiJIIOBIAHOTO €TaJIOHA.

BukopHCcTaHHsI MiIXO0/y ITYYHOTO HTENEKTY 3 iMiTalli€ero /GopMyBaHHM

HEWPOMEpexki 3 BarOBUMH KOS(IlliEHTAMU HA THX K€ 3aCajaX BUKOPHCTAHHS
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niepeTBopeHs Kapynena-JloeBa motpedye m0oCiikeHHS Ha eKBIBAJICHTHICTH Ta
IIBUKICTH OTPIMAHHS PE3YJIbTaTy.

Kinmesa MeTa — moOy10Ba Mparro0voro MakeTa CUCTEMH PO3ITi3HABaHHS.

BucHoBKM: mepcneKTHBHAM sl 3a0e3medeHHs e(eKTHBHOTO pPO3-
Mi3HaBaHHS THUITy CHTHANIIB, MO BiAOWTI Bixg 00'ekTiB cKIamHOi QopmH, €
3aCTOCYBaHHS KOMOIHOBaHHX MOJICIICH.

[Ipormo3umii: npoBaguTH MOCHIHPKCHHS Ta MOOYA0BY 3aco0iB po3-
Mi3HaBaHHS CHUTHAJIB, B TOMY YHCII i3 3aCTOCYBAaHHSIM CHCTEM IITYyYHOTO

IHTETIeKTY.
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AI1 JIpBiBcTaHAAPTMETPOIIOTIS

Hamionansauii yHiBepcuteT «JIbBiBChbKa MOMITEXHIKA»

METPOJIOI'TYHE 3ABE3IIEYEHHSA IHOPAYEPBOHOI'O
BUMIPIOBAHHS TEMIIEPATYPHU Y PAJAIOEJIEKTPOHILI
TA TEJJEKOMYHIKAIIMHUX MEPEXKAX

3 CTPIMKHM PO3BUTKOM PaIiOeieKTPOHIKH, iH)OKOMYHIKaLlil, 1HXEeHepii
1 IIMPOKOTO 3aCTOCYBaHHS MIKPOCXEM, aKTyaJhbHOK 3aJMIIAETHCS MpodIeMa
MePerpiBy, 3MiHA POOOYOTO0 TEMIEPATYPHOTO PEXHUMY, IO B CBOIO UEPry
MOYKE O3HAYaTH PO HECIPABHICTh CUCTEMHU a00 OKpEeMUX i1 KOMIIOHEHTIB, 1
NPOBOKYBAaTH HECHpaBHOCTI. TakoX akTyaJlbHUM € TEeXHIUuHe 00ciIyro-
BYBaHHSI, BUSBIICHHS ITOIIKO/PKEHUX €JIEMEHTIB, JUI CBOEYACHOI 3aMiHHU YU
TUTAHYBaHHSA TEXHIYHOTO OOCITyTOBYBAaHHS.

[leperpiB € OCHOBHIUM 0OMEXyBalbHUM (HaKTOPOM ISl TIPOTYKTUBHOCTI,
HaJiMHOCTI Ta TepMiHy CIy)kOM CydYacHHX pajJiOeleKTPOHHUX Ta
TEJICKOMYHIKAIIHHUX KOMITOHEHTIB (HANPUKIIAA, TOTYXHi ITiCHIIOBaYI,
nporiecopr B 0a30BHX CTAHIIISX, MIKPOXBUIIBOBI cXeMH). TOMy MPOMOHYETHCS
MeTo, OE3KOHTAKTHOTO 1H(Pa4epBOHOTO BHUMIPIOBAHHS TEMIEpaTypu SIKHA
JO3BOJIUTH TPOBOIUTH MOHITOPHHI POOOYMX TeMIEPaTypHUX PEKUMIB
PaIioeNeKTPOHIKH, Ta 3aM00IrTH KPUTHIHNAM HACI IKaM.

Janwii MeTon ieallbHO MiAXOMUTH AJII MOHITOPHHTY TEIUIOBHUX TOYOK,
BUSIBJICHHS aHOMAJIid Ta ONTHUMI3allii pIIICHb OXOJOMKEHHS TiJ Yac
NPOEKTYBaHHS, BHPOOHMITBAa Ta ekciulyarauii. lle Mae BupimanbHe
3HA4YeHHS Ui 3armoOiraHHs 3001B, miaBHIIEHHS €(pEeKTHBHOCTI poboTH Ta
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OPOJOBKEHHS TepMiHy caykOum mnpucTtpoiB. Ha pmaHuit MomeHT

BUKOPHUCTAHHS MIPOMETPIB Ta TEIUIOBI30piB Y cepi pamioeIeKTPOHIKU Ta
TEJeKOMYHIKaIliil CTPIMKO 3pOcTae i cTae Bce OLIBII aKTyaIbHUM.

Tabmurs 1 Chepa 3actocyBaHHS

MOHITOPHHT SIKOCTI

BusiBieHHsI JIOKaJbHUX 30H IEpPerpiBy, JUIS OLIHKH

MIKpOCXeM CIPaBHOCTI Ta BUSBJICHHS MOTEHIIHUX NepeKTiB Ha
PaHHIX CTafisIX
Hiarnoctnka Bizyamizamis po3moznity TeMIeparyp TUTS

JPYKOBaHUX ILIAT

ineHTHGikauii HecnpaBHHX a00 IEepeBaAHTAKEHUX
KOMIIOHEHTIB

CepgicHe MoHiTopHHT cTaHy OJIOKIB JKHBJICHHS, IPOLECOPIB i
00CITyTOByBaHHS MiICHTIOBAYiB  y PEXKUMI peaspHOro dacy 0e3
TeJIeKoM-0071a THaHHS 3YMUHKH CHCTEM

HanaromkenHs OrmepariBHa TIepeBipKa TEILIOBOTO PEKHMY B XOIi
€JIeKTPOHHHX HaJlaro/keHHs abo micisi peMOHTy 0e3 BIUIMBY Ha
HPHCTPOIB CXEeMH

Po3pobka HOBUX Onrumizawisi ~ po3TamlyBaHHS  KOMIIOHEHTIB 3
HPHUCTPOIB ypaxyBaHHSAM 1X TEIUIOBOTO BIUIMBY i 4ac

MOJICIIFOBAHHA Ta TECTYBaHHA

ToukoBi BUMIipIOBaHHS MOXXHa BHKOHYBATH 3a JIOTIOMOTOIO ITipOMETpa

Ut iH(pauepBOHUX BHMipIOBaHb. JlaHuil 3aci0 BHMIpIOBaIbHOI TEXHIKH €

Pucynok 1 ITipometp Testo

830T1

JOCTYITHUM 1 MpPOCTHM Yy eKCIUTyaTarii.

OcHOBHUMU Horo METPOJIOTIYHIM
XapaKTEePUCTUKAMH € Jliaria30H BUMIpPIOBaHb
-30...+400 °C, Tta moxmoOka: *1,5 °C abo
+1,5 % Big Bum. 3H. (+0,1..+400 °C).

OCHOBHMMHM TiepeBaraMu IMipOMETpiB €:
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JEleBIi 1 TPOCTilll y BHKOPUCTAHHI, WIBHIKWH BHUMIp OIHIET TOYKH
(mampukian, TepeBipka OKpEeMOro 3'€HAHHS Ha MeperpiB), MOXHA
BHUKOPHCTOBYBATH B OOMEKCHHMX yMoOBax (TiCHI MPOCTOPH, €JIEKTPOHIKA).
AJle TonpH 1Ie BOHHM HE TOKaXyTh 3arajlbHOI TeMIlepaTypHOi KapTHUHHU i
MOXKHA TPOIYCTUTH «rapsdy TOYKY», fKa MOXKEe BKa3yBaTH Ha
HECIPABHICTb.

3arajpHy TEeMIepaTypHy KapTUHY BHMIpIO-
BAILHOTO 00’€KTa MOXYTh BiOOPa3UTH TUIBKH
TETUIOBI30PH, SIKi € JOPOKYMMH Y BUKOPHCTAHHI, aje
MaIOTh IUPIIHNK (QyHKIIOHAT 1 GBI MOKIIMBOCTI 3
TI€I0 K TOYHICTIO.

MeTpornoriyHIM XapaKTepPUCTUKAMH TETIOBI30pa .

€ nmiana3oH BumiptoBanb -20...+280 °C, moxuOka Pucynox 2 Tenosizop
Testo 865

BuMiptoBanb 2 °C abo =2 % Bijg BUM. 3H. Ta

tepmouyTiauBicte (NETD) sixka y mamiit momem ckmamae 0,1 °C, mio €

KJTFOYOBOIO XapaKTEPUCTHKOIO ISl TOYHOCTI BUMiproBaHb[1].

BaxnuBuM y BUMIpIOBaHHAX TEMIIEPATypH 3a BUIPOMIHEHHSM IS 000X
3aco0iB  BUMIpIOBaNBbHOI TexHikH Oylge BHU3HA4YCHHS KoeQillieHTy
BUIIPOMiHEHHS TIOBEPXHI, SIKUH XapaKTepu3ye CTYIiHb 31aTHOCTI MaTepiaily
BUITPOMIHIOBAaTH iH(ppadepBOHE BUIPOMIHIOBaHHS. MaKCHMallbHa BUIPOMiHIO-
BaJlbHAa 3JATHICTh TPUHAMAETBCS SK OAMHUI. Tim 13 MakCHMaIbHOIO
BUIIPOMIHIOBAIEHOIO 3/IaTHICTIO B MPHUPOAL HE iCHYe, aje pemra 00’ €KTiB
MOPIBHIOETHCS 32 WI€I0 SIKICTIO. 3arajoM, mpo3opi 00’€KTH MOXKYTh MaTH
HIBBKHAN KOeQilieHT BUIPOMIHEHHS TTOBEPXHI, OCKUIBKA BOHHU IPOIYCKAIOTh
BHUIIPOMIHEHHS Kpi3b ceOe[2]. dopmyra st mpo30pux 00’ €KTIB BPaxoBye
KoeillieHT MOMTMHAHHS, 1 KOe(iLiEHT BiIOUTTS BUIIPOMIHEHHS TIOBEPXHI:

e+p+r=1 @
ne p- koedimieHT BigOUTTS MOBEPXHi, T- KOe(Dilli€HT MPOIyCKaHHs 00’ €KTa,
& — xoedimieHT BUMIpOMiHeHHA TOBepxHi. JlaHa dopmyna mokasye, 1o
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KOC(II[IEHT BUIPOMIHEHHS MPO30POro 00’€KTa 3aJIeKUTh BiJ 11 37aTHOCTI
BinOWBaTH, MOIIMHATH Ta MPOIMYCKAaTH BUNpPOMiHEHHs. [[ns Hemposzopux
00’€eKTiB KOE(]iIlieHT BHIIPOMiHEHHS 3a3BHYail BUIIWA HIK Yy MPO30PUX
00’€KTIB, OCKIIBKH BiJICyTHE TPONMYCKaHHS BHIIPOMIHEHHS B CEpEIHHI
00’€eKTy:

e+p=1. 2

MertpornoriuHe 3a0e3redeHHsT iH(PpPadepBOHUX BHUMIPIOBAaHb TeMIIEpa-
TypH € KJIFOYOBHM [UJIs 3a0e3MeueHHs SIKOCTI TMPOBEACHHS aHami3y Ta
BKIIIOUaTuMe y ceOe mepiofuyuHe MPOBEACHHS KaliOpyBaHHS, MOBIPKH Ta
TEXHIYHOTO O0CITYyTOBYBaHHS BUMIpPIOBaJIbHOTO O0JIaIHAHHS.

BumiproBanbHi npuiaad MaroTh IPOXOAUTH KamiOpyBaHHS YH MOBIPKY Y
BIJIMOBIIHO AaTE€CTOBaHWX JIA0OPATOpiX 3 BHUKOPUCTAHHSM ETaJIOHIB
temneparypu (Hampukian — 4dopHoro Tina) Lle n03Bosisie BCTAHOBHTH
HEBU3HAYCHICTh UM OXMOKY MpuIialy Ta 3a0e3MmeunTy HOro BiTBOPIOBAHICTh
y Meax 3aJaHuX JIOIyCKiB.

Y npoMHCIOBOMY CepemoBHUINI abo TpH TMOJHOBHX BHMIiPIOBaHHSIX
OpuiIagyl MOXYTh BTpadaTd TOYHICTh. KOHTpOJb Jae 3MOTY BHUSBUTH
BIIXWJICHHSI Ta 3amo0IrTH MONIMPSHHIO HEJAOCTOBIPHUX JaHWX. BeneHHs
TeXHIYHOI MoKyMeHTamii. Bci amii 3 MerpomorigHoro oOcCIyroByBaHHS
MaroTh OyTH JOKYMEHTOBaHi: cepTudikaty KamiOpyBaHHS, CBIIOITBOM TIPO
MOBIPOK, TUIAHK OOCIYrOBYBaHHS TOIIO. Y TEIUIOBI3IMHOMY OOCTEKEHHI
paxioenekTpoHHux Aeraneit BiaxwieHHs y 0,5 °C Ha moBepxHi 3eHaHHS
MOYKE BKa3yBaTH Ha HAaSABHICTH 'TapsA4nX TOUOK', SIKI BEAYTHh IO 3HIDKEHHS
KKJl ycranoBkn abo HeOe3nmeku 3aiimaHHs. HempaBuimbHO Bimkamiopo-
BaHWW TEIUIOBI30p YW MIpOMETP MOXKE TNPOMYCTUTH Taki IUIAHKHA abo
BUJIATH TIOMHJIKOBI CHUTHAJM, IO TPHU3BEAC JO XHUOHUX TEXHIYHUX
pimens[3].

OTxe, TPOBIBIIM JaHe IOCIHiPKEHHS MOXKHA JINTH BHCHOBKY IO
BUMIPIOE CepellHIO 1HTEHCHBHICTh 1H(padepBOHOTO BHIIPOMIHIOBAHHS Bij
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KOHKPETHOI TOYKH IEPEeTBOPIOE ii B 3HAYEHHS TEMIIEpPaTypd Ha OCHOBI
3akoHy [lmaHka, BpaxoByrOuHM eMiciiiHicTh moBepxHi. Koxen mikcens [U-
MaTpHIll BUKOHYE Ty X caMmy Jito, 0 ¥ MpoMeTp, aje MacoBO i IapajellbHO
CTBOPIOETHCS TEIUIOBA KapTa 00'€KTa, 3 MOXKIUBICTIO TMONAJBINOT TH(POBOT
00poOKH (BUSIBJICHHS MAaKCUMYMiB/MiHIMyMIB TOII0), IO B CBOIO YEPry Ja€
JIOaTKOBY 1HOMpALI0 UIS aHaji3y CTaHy OKPEMHUX paioeNeKTPOHHHUX
cucteM 9u OmokiB. Merpomoriune  3abe3meuerHs  [U-BumiproBaHb
TeMITepaTypu — I He TpocTo (hopMabHa MPOIIeypa, a HeBil €MHa YacTHHA
CHCTEMH YMpPaBIiHH SKICTIO B PaliOCTIEKTPOHIL Ta TEJIEKOMYHIKaIlisX.

[1]«BumiproBanHsi TemIiiepatypu: Teopis Ta mpakthka», beckun bin,
JIeBiB 2006 p.

[2]«IadpauepBona Tepmorpadis» O. Toccopr. Mup 1988 p.

[3]«BumiproBanHsi TemrepaTypyd MajJuX TiI MiPOMETPaMH YacTKOBIO
BunpoMinenHs», Yepuun. C. M., Koran A. B. M. Enepris, 1980.
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'Hauionanbuuit ynisepcuter «JIbBiBCbKa MOMITEXHIKaA»

2AT «YKpTENeKoM»,

JepxaBHUI YHIBEPCHUTET IHTENEKTyaIbHUX TEXHOJOTIH 1 3B'SI3KY

HNEPCIIEKTUBU 3ACTOCYBAHHSA MOAU®IKOBAHOI'O
®A30BOI'O JETEKTOPA Y IPUMMAYAX JIJII MASSIVE MIMO

Po3BuToK 0Oe3mpoBigHHMX cUcTeM mocToro mnokoiinHs (6G) BiakpuBae
HOBI TEpPCHEKTUBH Yy cdepi MOOIIBHOTO 3B 53Ky, OpPIEHTYIOUHCH Ha
HajBucoki wactotu (mo 300 I'T'u), HamuiinbHE PO3rOpTaHHS MPUCTPOIB,
CIleHapii 3 BHCOKOIO MOOUTBHICTIO Ta IHTENEKTyallbHY peKOH]Iryparito
CEpEeNOBUILA NIOIIMPEHHS CUTHAILY. BoHOUAC LieH TPOLEC CYITPOBOMXKYOTHCA
MOSIBOI0 HOBWX, HETPUBIANBHHUX THITIB 3aBajl, 30KpeMa (a30BOrO NIyMY,
IMITyTbCHAX ~ CIIECKiB, HeCTaOIIhbHOCTI KaHaIy, a TaKoXX CHJIBHHAX
JIOTIIEPIBCEKUX CHOTBOpPeHb. OCOOIMBO Bpa3iMMBHMH 1O WX BIUIUBIB €
CUTHAJH 31 CKIIQJHOIO (Pa30BOI0 Ta aMILTITyTHO-(Da30BOI0 MOAYISINETO, SKi
€ OCHOBOKW MaiiOyTHiX cranmapTiB cucteM 6G. Jlo Takux CHUTrHaIiB
BigHocaTees QPSK, APSK, OTFS, DQPSK ta inmmi [1]. Knacuuni metoan
KoMIeHcalii (a3oBUX CHOTBOpeHb 1 Qinprpamii 3aBaj, po3poOieHi s
cucreM 4G-5G, He 31aTHI eekTHBHO (DYHKIIOHYBAaTH B YMOBaX CTPIMKHX
3MiH (a3 ab0 HU3BKOTO CITiBBITHOIICHHS CHTHAJ/IIYM, XapaKTepHOTO IS

HAJBUCOKHMX YaCTOTHHUX J1ala30HiB.
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YacTKoBO JesKi 3 IMX MpoOJIeM BUPILIYIOTh 3aCTOCYBaHHIM CIeUU(piUHNX
TexHOJ0riH, Takux sk Massive MIMO [2], sixka € kmouoBoro mist 6G i 3a
JIOTIOMOTOI0 SIKOT pealli3oBaHO TPOCTOPOBUI PO3MONIT KaHATIB 3B’ A3KY,
mijzecnpssiMoBane (OpMyBaHHS TIPOMEHIB 1 3MEHIIEHHS HETaTHBHOTO
e(ekTy BiJl 6araTonpPOMEHEBOTO MOITUPEHHS.

OpHuM i3 pilleHb, 34aTHAM Yy peallbHOMY dYaci pearyBaTh ¥ ycyBaTu
aHOMAaJTbHI CKadk¥ (hasH, 110 BHHHUKAIOTH YHACHIIOK BIUIMBY 3aBajf, MOXE
cratn MomudikoBanuii (azosuit gerexrop [3]. YV wiit poboTi po3mIsHYTO
CTPYKTYpy Momu(ikoBaHOTO (Ha30BOr0 JIETEKTOpa, crenuiky Horo
3aCTOCYBaHHS B YMOBaxX BIUIMBY 3aBajl y 6G-cepenoBuiax Ta HaBeICHO
pe3yabTaTi HOTo iMIiTaIliHHOTO MOJICITFOBAHHSI.

Cytp Momuikamii (puc. 1) momsrae y tomy 1o y cuH(pasHOMYy Ta
KBAaZpaTypHOMY KaHali TpuiiMada Teper (a3oBUM JIETEKTOPOM BCTAHOB-
JIFOOTBCSL By3bKOCMYTOBI TpOMopiiiHo-iHTerpytodi Gpuisrpu (I[11D), koxeH 3
SKHX CYTTEBO OOMEKYe aMILIITyay CTpHOKiB (pa3u i TaKUM YHHOM yCyBae
aHOMaJIbHI CTPUOKH, SKI MOXYTh CIPUYMHUTH BHUHUKHEHHS TTOMHIIOK.
ITicns ¢as3oBoro aeTekTopa BCTAaHOBIEHO KOPETYHOUHH (IiIBTp BEpXHIX
gactor, KUX sxoro € obGepuenoro mo KUX III®, mo 3abesmedye

BiZ[HOBHeHHSI Z[I/IHaMi‘-IHI/IX BIIAaCTUBOCTEH CUT'HAJTY.

OnopHuii
Cuncbashui KaHAA | repeparop
| RS
BxiaHa * nie +
haza Pazo-
O— HaeTex-
TOR
J R
’ nie | KsaapatypHuhi
KGHaA ({)
MeTas PAMNY
xS
PBY

Pucynox 1. Cxema Moan¢ikoBaHoro pa3oBoro JeTeKropa
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Takuii 1eTEKTOp € MOBHOI[IHHUM CXEMOTEXHIYHUM PILICHHSM, & 0TXKEe, Ma€e
HepeBard Haj TOTCHIIHMMM MPOTPAMHUMH  pillleHHAMH (HalpUKIas,
HelipoMepei), OCOONMBO B yMOBAaX BHCOKHMX YacCTOT, ¢ 3aTPHMKH IIiJT Yac
MporpamMHOi 00pOOKH € KPUTHYHIM (hakTopoM. BapTo Takok 3a3Ha4YHTH, IO
MPOrpaMHi PIIICHHS Y BUCOKOYACTOTHUX CUCTEMAaxX 3B’S3KYy TaKOXK MOXYTh
MaTh 0OMEXEHHS TI0 IIBUAKOII araparHOi YacTHHH, aJiKe 00poOKa CUTHAIIB
HAJIBUCOKOI YaCTOTH BUMArae BUCOKOT OOYHCITIOBAIILHOT ITOTY>KHOCTI.

Jns mpoBeneHHS iMITaIifHOrO MOZENOBaHHS OyJa0 OOpaHO CHTHAI 3
QPSK (quadrature phase shift keying) momyssitiero, OCKiTbKH BiH, 3aBIAKA
MPOCTOTI peamizallii Ta TiIBUIIEHIA 3aBaJIOCTIHKOCTI, € XOPOIINM IIPETeH-
JCHTOM JUIsi 3a0e3MeUeHHs] CTaloro 3B’sI3KYy, 30KpeMa B CyOTepareproBUX
Jiarna3oHax 4acToT.

Y mporpamHomy cepenoBuini  Matlab 3aco6amu  Simulink  Gymo
pearizoBaHo cxemy MomudikoBaHoro ¢asosoro gerekropa (puc. 1),
mxepeno curHany QPSK 3 HocitiHoo yactororo 100 I'T'ix i kaHam 3B’s3Ky,
37IaTHUI HAKJIAIATH HA [ CUTHAJ aNTHBHY 3aBajly 3aJ1aHOi MOTY>KHOCTI.

Imitaniiine monentoBaHHsS BiaOyBasiocst B Jekinbka eramiB. Crepiry
OyJ0 BHKOHAHO TIEPEBIPKY aJEeKBATHOCTI MOEINi, KpUTepieM sKoi Oyna
BIIMOBIIHICTH JliarpamMu 3aje)KHOCTI WMOBiIpHOCTI mosiBu noMuiiku (BER)
Bia BigHomienHs curHaid/mym (SNR) y kaHami 3B’s3Ky 70 aHAIOTi4HOL
niarpamu st QPSK curHany, HasiBHOT y BigkpuTux pkepenax [4]. Tlicns
BOTO OyJI0 3HATO OCHWJIOTPaMH BHXITHOTO CHTHAITY Oe3 BILTMBY 3aBafH
(puc. 2 a), iioro AeTeKTyBaHHs KJIaCHYHUM (ha30BUM JeTeKTOpoM (puc. 2 0)
i momudikoBanuMm (azoBum gerexkropoMm (puc. 2 B). B 000X Bumagkax
MOMEHTH 3MiHU a3y CUTHaiy, il HampsiM Ta BEJIMYHHY OYyI0 BigoOpakeHO
KOPEKTHO, XO4Ya OCHWJIOrpaMa Uil MOAM(IKOBAaHOTO JETEKTOpa € MEHII
HaIJISTHOIO B cHTy ocoOnuBocTeil podotu ioro moaudikanii. Hactymaum
erarioM OyJ0 TPOBENEHHS MOIENIOBaHHS B yYMOBaxX [ii 3aBajy y KaHami
3B’s13Ky. 3a MOPIBHIHO BUCOKOTO BimHomenHs curnan/mym (10 n1b) obunsa
JIETEKTOPH KOPEKTHO BimOOpa3miii MOMEHTH 3MiHH (a3u CcurHamy, il
HAIIPSIM Ta BEIUYUHY.
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Pucynok 2. Pesyneraru iMitamiiiHoro mogemoBanus y Matlab Simulink

O,I[HaK, B YMOBax NoOJaJILIIOTO 3pOCTaHHSA HOTY)KHOCTi 3aBaju y KaHaJl

3B’513Ky, KJIACHYHHMH JETEKTOp IOYaB MPOSBIATH cebe nenani ripme —
3’SIBUIIMCS aHOMaJIbHI CTPHOKH 3Ha4deHHs (asu curHaiy (puc. 2 1), sKi

103



MOXYTb TPHU3BECTH JO HENpaBWIBHOrO 1 TpakTyBaHHs (ha30BHM
JICTEKTOPOM, 1, SK HACHJIOK — JIO TOSBU IOMUJIKH JCTEKTyBaHHS.
Bonnouac, mopudixoBarmii (ha30BuUil IETEKTOP MPOSBHUB CTIHKICTH 10 3aBaj
i 3a ymoBu HH3bKOro SNR (7 1B) xopekTHO BiZ0OOpa3B MOMEHTH 3MiHU
(asu curHasiy, il HanpsiM Ta Benumuuny (puc. 2 ).

Omxe, 3a pe3yabraTaMH iMITAI[IIHOrO MOJICIIIOBAaHHS MOXHA 3POOUTH
BHUCHOBOK, 110 MOAUGIKOBaHMH JAETEKTOp MPOJEMOHCTPYBAaB BHIILY
3aBaJIOCTIMKICTh Y MMOPIBHAHHI 3 KJIACHYHUM JIETEKTOPOM 332 YMOBH BHCOKOT

Y4aCTOTH HOCIHHOT CUTHAITY Ta HU3bKOTO BIJHOLICHHS CHTHAJ/IITYM.

[1] Xinggin Lin, Jun Zhang, Yuanwei Liu, Joongheon Kim,
“Fundamentals of 6G Communications and Networking”, Springer
International Publishing AG, 2023. — 766 p.

[2] Y. Huo et al., “Technology trends for massive MIMO towards 6G”,
arXiv preprint arXiv:2301.01703, 2023.

[3] A. Bondariev, S. Altunin, I. Horbatyi, 1. Maksymiv “Firmware
implementation and experimental research of the phase-locked loop with
improved noise immunity”, Eastern-European Journal of Enterprise
Technologies. — 2018. — Ne 5/9 (95). — P. 17-25.

[4] Goldsmith A. “Wireless Communications” — Cambridge: Cambridge
University Press, 2005. — 644 p.
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OPTIMIZING SUPPLY MODE IN ENERGY-EFFICIENT SENSORS

With the development of information technology, in particular sensor
devices in the 10T (Internet of Things) concept [1], the requirements for
their embedded systems are increasing significantly. The critical parameters
of embedded signal conversion systems in modern sensor devices are the
ability to be programmatically reconfigured, miniaturization, stable
operation with low-voltage power supplies, and micro-power consumption.
In sensor electronics, the concept of Mixed Signal Front-end has been
formed [2, 3] with the implementation in the basis of System on Chip
(SoC) [4], in particular, Programmable System on a Chip PSoC 5 (Cypress
Semiconductor, Infineon Technologies) [5]. Such PSoCs contain a wide
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range of mixed signal conversion nodes with the possibility of their
reconfiguration and programmatic control.

This paper solves the problem of minimizing the power consumption of
embedded mixed signal conversion systems for 10T sensor devices. Most of
these sensor devices operate in pulse modes. Therefore, the problem of
minimizing power consumption is solved by optimizing the switching
power supply modes of sensor device components and generating
informative signals, taking into account the dynamic parameters of the SoC
signal paths.

Pulse modes of operation of electronic devices are well known and
widely used, in particular, in computer equipment, communication systems,
navigation aids, medical diagnostics, etc. In recent years, the direction of
minimizing the power consumption of microprocessor-controlled devices
using a cyclic Wake-up transition between active mode and sleep mode has
been intensively developing.

In a generalized form, the structural diagram of the Mixed Signal SoC
of sensor devices is shown in Fig. 1. The formation of informative signals
is realized by primary transducers (sensors of physical, chemical or
biochemical quantities). It should be borne in mind that the functionality
and parameters of the primary transformation are determined not only by
sensors (Sensor, S) but also by actuators (Actuator, A) that activate the first
process of the measurement transformation.

Sensor ) ( Mixed Signal SoC

PGA| | SD [ |ADC| |pmA|
TIA | +- PsSA

»

Yy<

S

Dour

P 4 DF
A < CC lenn DC/DC| =
B cony| |1=

A

J &

Fig.1. Generalized structural diagram of the sensor device
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In addition to the primary conversion unit, the new generation of sensor
devices based on the Mixed Signal SoC concept contain a programmable gain
amplifier PGA, pulse power supply controller for the actuator CC (Current
Controller), synchronous detector SD, analog-to-digital converter ADC, digital
filter DF, Direct Memory Access DMA controller, photovoltaic energy
converter and power stabilizer (DC-DC CONV) and other nodes. In particular,
these are communication units (wired, optical or radio frequency), indication
units, etc. For simplicity, these nodes are not shown in the generalized diagram.

Most energy-efficient sensor devices operate in pulse modes with a
certain repetition period Te (Fig. 2). In each Tp period, there is a time
interval tp of active measurement (Active Mode) and a time interval tz of
the passive state (Sleep Mode). The power supply during the active
measurement interval is determined by two main components — the
activation current lo of the sensor (primary transducer) and the supply
current Is of the signal (secondary) conversion circuit. The power supply
current in the passive state interval 1 is significantly less than the current Ia
+ |5 of the active measurement.

The analysis of the functioning of sensor devices with a pulse mode of
operation shows that the same informational capacity can be provided both
by increasing the activation current I, and the supply current Is of the signal
converter while shortening the interval tp of active time measurement (Case
A, upper diagram of Fig. 2) and by reducing the activation current I, and
the supply current Is of the signal converter while extending the interval tp
of active time measurement (Case B, lower diagram of Fig. 2).

Analyzing the speed of signal converters, we note that the signal settling
time, in particular at the amplifier output, is determined by a number of
parameters. The performance parameters of such amplifiers are the product
of the gain coefficient by the bandwidth GBP (Gain Bandwidth Product) in
frequency units (Hz), the slew rate (SR) in Volts/seconds (V/s), and the
output voltage setting time (ST) in time units (s).
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Fig.3. Opamp PSoC configuration window (a) and examples of calculating the
normalized power consumption Ey (b)

The performance parameters are determined by the supply current of the
IS circuit — the higher the value of the IS current, the faster the output
voltage is established. In modern components of mixed signal conversion
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with programmable functioning parameters, in particular, as shown in the
Operational Amplifier (Opamp, Fig. 3, a) specification of the PSoC 5
programmable system on a chip, a choice of Programmable Power and
Bandwidth power modes is provided — Low, Med, and High Power [6].
Examples of calculating the normalized power consumption Ex from the
current I for certain sets of values Ia, Iz, Ki, to, Tp are shown in Fig.3, b.

[1] Neshenko N., Bou-Harb E., Crichigno J., G. Kaddoum, Ghani N.,
Demystifying 10T Security: An Exhaustive Survey on 10T Vulnerabilities
and a First Empirical Look on Internet-Scale loT Exploitations, IEEE
Commun. Surv. Tutor., 21 (2019), No. 3, 2702-2733.

[2] Pérez-Prieto N., Delgado-Restituto M., Rodriguez-Vazquez A.,
Acrtifact-Aware Analogue/Mixed-Signal Front-Ends for Neural Recording
Applications, IEEE Int. Symp. Circuits Syst. (ISCAS), 2019, 1-5.

[3] Holyaka R., Barylo G., Marusenkova T., Khilchuk M., Boyko O.,
Programmable Mixed Signal Front-End for Sensor Applications, IEEE 16th
Int. Conf. on Advanced Trends in Radioelectronics, Telecommunications
and Computer Engineering (TCSET), 2022, 482-485.

[4] Xie H. et al., GaN-on-Si HEMTs Fabricated With Si CMOS-
Compatible Metallization for Power Amplifiers in Low-Power Mobile
SoCs, IEEE Microw Wirel Co, 31(2021), No. 2, 141-144.

[5] Castellanos-Ramos J. et al., Adding Proximity Sensing Capability to
Tactile Array Based on Off-the-Shelf FSR and PSoC,” IEEE Trans.
Instrum. and Meas., 69(2020), No. 7, 4238-4250.

[6] PSOC™  Creator. https://www.infineon.com/cms/en/design-
support/tools/sdk/psoc-software/psoc-creator/.
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DISPERSION CHARACTERISTICS OF GYROELECTRIC
PHOTONIC CRYSTALS

This paper considers gyroelectric photonic crystals, which are a special
class of materials whose electrical properties change under the influence of an
external magnetic field. This phenomenon occurs due to the anisotropy of the
crystal structure and specific mechanisms of interaction with electromagnetic
waves. Such materials belong to a broader class of magneto-optical media,
which enable the dynamic tuning of optical properties for advanced photonic
applications, such as isolators and circulators.

Gyroelectric crystals exhibit a dependence of dielectric properties
coming from the direction of propagation of an electromagnetic wave.
Dispersion properties can change under the influence of external electric
and magnetic fields, this is especially important in precision optical
systems and sensors operating over a wide temperature range. Magnetic
field increase leads to significant changes in the width and location of the
band gap. The increase in the width of the band gap occurs mainly on the
high-frequency side. Since the operating frequency range of photonic
crystal devices (waveguides, resonators, etc.) is within the frequency band
gap of cladding, it can be assumed that the influence of the change in the
external magnetic field on the spectral characteristics of the photonic
crystal waveguide will be carried out according to the same laws [1].
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Indium antimonide (InSh) is one of the promising materials in the study of
gyroelectric effects. It’s a semiconductor crystal with a narrow band gap,
characterized by high carrier mobility and sensitivity to a magnetic field. The
properties of InSb can change under the influence of a magnetic field, which
affects the laws of wave propagation and allows this material to be used in
devices with adjustable optical parameters [2]. As the magnetic field strength
increases, the elements of the permittivity tensor in indium antimonide are
altered, leading to modified electromagnetic wave propagation conditions. This
induces a range of magneto-optical phenomena, including nonreciprocal wave
behavior and tunable dispersion characteristics [3].

A model of photonic crystal was built using a finite element analyzer, solver,
and simulation software package COMSOL Multiphysics. A diagram of a two-
dimensional photonic crystal consisting of cylindrical elements with a radius of
0.4a (where a is a lattice constant) made of indium antimonide and arranged at
the nodes of a square lattice is presented at a Fig. 1.

Figure 1. Schematic of a photonic crystal with gyroelectric elements

The dielectric tensor for such a medium under a static magnetic field B,
in the z-direction takes the form:
Exx l&y O
e=|—l&xy &y 0],
0 0 €,
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where &, « By, and the off-diagonal elements represent the magneto-
optical activity responsible for the gyrotropic behavior [4]. Gyroelectric
crystals exhibit a dependence of dielectric properties on the direction of
wave propagation and polarization state. This anisotropy affects the band
structure of the photonic crystal, leading to magnetically tunable band gaps.
An external magnetic field alters the refractive index contrast and hence
changes the position and width of photonic bandgaps.

After making numerical calculations, using different programs, both
figures show graphs build from two sets of results (Fig. 2). Solid curves
represent results that were achieved using MIT Photonic Bands package, and
dotted curves are the results from COMSOL Multiphysics package. After
closer inspection, both program results show the same dispersion
characteristics proving the calculations were correct. Numerical modeling
shows that the bandgap opens under external magnetic field effect (Fig. 2b). In
contrast, dispersion diagram is shown at the Fig. 2a with no magnetic field
affecting the medium.
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a) b)
Figure 2. a) Dispersion characteristic of a photonic crystal with no external
magnetic field, b) Dispersion characteristic of a photonic crystal with an
external magnetic field
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The results of the simulations for the dispersion relations of gyroelectric
photonic crystals reveal clear trends: increasing the magnetic field not only
shifts the bandgap but also modifies its width. This allows engineering of
photonic devices with programmable spectral properties. The main factor
determining these changes is the increase in the mobility of charge carriers
under the action of a magnetic field. In addition, in the InSb medium, the
emergence of unidirectional edge modes is possible, which are insensitive
to scattering and backpropagation. Controlling these features with external
fields provides a pathway to active photonic systems for telecommunications,
sensing, and on-chip signal routing, with potential for integration in silicon
photonics through hybrid material approaches.

[1] Q. Gong and X. Hu, “Photonic crystals principles and applications.”
New York: Jenny Stanford Publishing, 2013, 366 p., doi: 10.1201/b15654.

[2] L. He, Q. Shen, J. Xu, et al., “One-way edge modes in a photonic
crystal of semiconductor at terahertz frequencies” in Scientific Reports, vol.
8, 8165, 2018, doi: 10.1038/s41598-018-26395-4.

[3] Y. Demydenko, V. Novytskyi, E. Odarenko and A. Shmat'ko,
“Tunable photonic crystal waveguides with gyrotropic elements” in 2024
IEEE 17th Int. Conf. on Advanced Trends in Radioelectronics,
Telecommunications and Computer Engineering (TCSET), Lviv, Ukraine,
2024, pp. 325-328, doi: 10.1109/tcset64720.2024.107556009.

[4] F. Fan, Sh.-J. Chang, W.-H. Gu, X.-H. Wang and A.-Q. Chen,
“Magnetically tunable terahertz isolator based on structured semiconductor
magneto plasmonics” in IEEE Photonics Technology Letters, vol. 24, no.
22, pp. 2080-2083, Nov. 2012, doi: 10.1109/LPT.2012.2219858.
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Harmionansauit yHiBepcuTeT «JIbBIBChKA MOMITEXHIKA»

NEPCIHEKTUBU 3ACTOCYBAHHS TEXHOJIOI' SDR Y
CUCTEMAX 3ABAJIOCTIMKOI'O 3B'SI3KY

Beryn. IlosiBa Ta crpimkmii po3Butok Texnosorii Software-Defined
Radio (SDR) BinkpuBae HOBI MOMJIHBOCTI JUIsS peajizailii KOMIUIEKCHHUX
3aXMIICHUX CHCTEM 3B’SI3Ky PI3HOTO pIiBHS 1 1€ OCOOJIMBO CTOCYETHCS
cdepu BiiickkoBOTO 3B’s13Ky. Bukopucranns texnomnorii SDR nmae 3mory
o0’emHaTH (YHKIIIOHAN PATIOCTAHINI 3 MOMIIMBOCTSIMH KOMIT FOTEPHHAX
3ac0o0iB. SDR-mpucTpiii BHKOPHUCTOBYE KillbKa PIiBHIB MPOrPAMHOTO
3a0e3IeueHHs JIIi BUKOHAHHS PI3HUX 3aBJaHb. TakUM YUHOM, CHCTEMa
Paaio3B'sI3Ky CTa€ THYYKOKO Ta aJIallTUBHOMNO, ajKe 11 MOXKHA HaJallTyBaTh
Ha TPUHAOM Ta TIEpeJaBaHHSA MPAKTHYHO OYIb-SIKUX CHTHAIIB, 3MiHIOIOYH
JUIIE TporpaMHe 3a0e3leueHHs, a BUKOPUCTAHHS alNTOpUTMIB Iu(poBOT
00poOKM CHTHANIB Ja€ 3MOTYy OTpPHMAaTd sIKiCHiIly (inbTpamito, HiK 3
JIOTIOMOTOI0 aHAJIOTOBUX MeToiB. KIlouoBOrO TepeBaror0 BUKOPHCTaHHS
npucTpoiB Ha Tuiatdopmi SDR € MOXIUBICTH 3a0e3neueHHs] CyMiCHOCTI
3acTapinux 3aco0iB pajlio3B's3Ky Ta CY4YacHHWX CHCTeM. BukopucraHHS
texHoyiorii SDR  cnpomokHe 3a0€3MEUuTH  QAanTailiio 0 HH3KH
MIPOTOKOJIIB, 00 Pi3HI MOJIENI PaiiOCTaHIIIH 1 MEPEK MOTJIM B3aEMOIISITH.

IMepcnexkTuBu 3actocyBanHs SDR. HaykoBo-mpakTudHi iIXoau
o0 3MeHmIeHHs aii 3aBaj B SDR mocTiiHO pO3BHBAETHCS, 1 € KilbKa
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NEPCIEKTHBHUX HANPSMKIB /i1 MalOyTHIX YIOCKOHaJeHb. BUKOpHCTaHHS
HITYYHOTO 1HTENEKTY i MAIIMHHOTO HABYaHHS BiJKPUBAE HOBI MOXKIIUBOCTI JUIsI
migBUIeHHsT 3aBafgocTiikocTi. LTydHWid iHTEIeKT 1 MallMHHE HaBYaHHS
TAKOK MOYKE 3aCTOCOBYBATHCS [UISI IHTEJIEKTYaJbHOTO BHOOPY ONTHMAIBHUX
METOMiB TIpUAYIICHHS 3aBajJ Ha OCHOBI KOHKPETHHX XapaKTEpHCTHK
BUSIBJICHUX 3aBajl. KpiMm Toro, 1ie Moke 3Ha4HO IMOKPAIIUTH KIacu(iKaIlio Tta
imeHTH(IKaIio CUTHAIIB, J03BOILIIOUN cucteMaM SDR pospisasaTa Oaxkani
CUTHAJIH 1 Pi3HI THIM 3aBaJl, & TAKOXX BHUSBISATH aHOMAJIbHI TIATEPHU 3aBa/l, SIKi
MOXKYTh CBITYUTH PO 3JI0BMHUCHY JISUTBHICTB [1].

AJanTHBHI aNTOPUTMH  YNIPaBIiHHA MOXYTh JHHAMIYHO PETY/IIOBaTH
Jiarpamy CHIpsSMOBAHOCTI aHTEHHOI PEIITKHA IJIsl BiJCTEXXEHHS OaKaHHX
CUTHAJIB, OIJHOYACHO PO3MIIIYIOUM HYyJIl B HampsAMKy JDKEpeNl 3aBal.
Peaumizamist mpoctopoBoro pozHeceHHst B SDR BrMarae HassBHOCTI JTEKiTBKOX
AHTEHHHX €JIEMEHTIB i CHHXPOHI30BaHMX MPHUIMAadiB, a alrOPUTMU 0OpOOKU
CHTHAJIIB BUKOHYIOTHCSI TIPOTpamMHO. BripoBa/ykeHHs HalCy4YacHIINX METO/IiB
MOJYIIAII, SIKI XapaKTepH3yIOThCS BHCOKOIO CTIHKICTIO /IO 3aBaj, a TaKOX
METOZIB PO3MIMPEHHS CIIEKTpa 1 MYJIBTUIUIEKCYBAaHHS 3 OPTOTOHAJIBHHM
YacTOTHUM po3fiaensm kaHaais (OFDM), 3sHa4HO MiABHIIYE CTIHKICTD 10 i
3aBajl. Metoau KoportkodacHoro meperBopennss Dyp'e (STFT) i BeiiBner-
MIEPETBOPEHHS, MOXYTh OyTH IIHHAMH IS XapakTepu3allii Ta yCyHEeHHS
3aBaJi, SIKi MalOTh HECTAIlIOHAPHUIA XapaKTep.

[TprHIMTI KOTHITUBHOTO Paio, sSKi HEBiJ €MHO TIOB'SI3aHI 3 TEXHOJOTIEO
SDR, mpoIoHYIOTh MOTYXHY OCHOBY JUIS IOKPAIIEHOTO YIIPABIiHHS 3aBa-
Jamu. KOTrHITMBHI pajiocTaHIii MOXYTh AWHAMIYHO Big4yBaTH pasio-
YaCTOTHHUH CIEKTpP, BU3HAYATH HEIOBUKOPHUCTAHI CMYTH YacTOT 1 OTPUMYBATH
JOCTYII JI0 IUX CMYT, HE CTBOPIOIOYH TIEPEIIKO AJIsi IEPBUHHUX KOPUCTYBAdiB.
MexaHi3Mu 00'e¢IHAHHS 1 CIIJIBHOTO BUKOPUCTAHHS CIICKTpa MOXYTh IS
OinbIie MABUIINTHA €(QEKTUBHICTH BUKOPHUCTAHHS CIIEKTpa i 3MEHIINTH IO

3aBan. CHCTEMH KOTHITHBHOTO paaio TAaKOX MOXYTh AaKTHBHO YHHKATH
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TMIEPeIKoy], TUHAMIYHO 3MIHIOIOYH CBOIO po004dy YacToTy abo mapaMeTpu
Niepe/iaBaHHsl B PEXXMMi peasibHOro vacy. KorHiTuBHe pamio, moOygoBaHe Ha
ocHoBi SDR, no03Bonsic 3MiHMTH MapagurMy B OiK iHTEJEKTYyalbHOIO i
ABTOHOMHOIO  YIPaBIiHHA OOpOTHOM 3  TEpelIKoZaMH, J03BOJISIOUU
PaIioCTaHIlIsIM aJIaNTyBaTUCS JI0 CIEKTPAJILHOrO cepenosuia. Lled miaxin
o0irge edexTuBHINE BUKOPUCTAHHS CIIEKTpa i 3MEHIIEHHS 3aBaji 3aBIISKU

JIMHAMIYHOMY 1 THYYKOMY BHKOPHCTaHHIO HasiBHUX pajiopecypcis [2].

Tabmmig 1. Metoan miaBUILIEHHS 3aBa0CTIMKOCTI B CHCTEMAX
panio3B’s3ky Ha 6a3i SDR

Meton IHepeBarn Henomaiku 3acrocyBaHHsI
Tyganit | Bucoka amanTuBHICTh | Bucoka Cucremn
IHTEeNIeKT Ta | JI0 CKJIAJHHX 1 00UHCITIOBaTbHA Pasio3B’ 13Ky,
MalllMHHE | JUHaMiYHHX 3aBa]l, CKJIaHICTb, 3HaYHa | MIO MPALOIOTh
HABYAHHS MOXKJIUBICTH KUIBKICTB TAHUX B CKJITHOMY

ABTOHOMHOI poOOTH | JUIsl HABYAHHS 3aBa/IOBOMY
MOJIEJTl, MOXKJIHBA CepeIOoBHIII
BEJIMKA 3aTPUMKa
Kornituere | Junamiunuii goctyn | Cxagsi BiiicbkoBi
pamio IO CIIEKTDY, AITOPUTMHA CHCTEMH
YHUKHEHHS 3aBa]] MOHITOPHHTY 3BSI3KY,
Yyepe3 MOXKIIUBICTh CIIEKTPY Ta TaKTHYHI
JMHAMIYHE TIPUIAHSTTS PIllieHb, | PaIiOCTaHIII],
HaJIAIITyBaHHA CKJIaJTHICTB Ta Mmepexi loT
YaCTOTHHX JIOPOTOBH3HA B
napameTpiB KaHaTy peaizarii
3B’SI3KY
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Posumpen- | OmipHicTs 10 INorentitina BitickkoBuit

HS CIIEKTPY | BY3BKOCMYTOBHX BPa3JIUBICTH JI0 3B’SI30K, MEPEKI
3aBajl, MOYKIIMBICTH IIIAPOKOCMYTOBHX 10T, 3B’s130K 3
MPUXOBAHOTO 3aBajl BIUTA
patioss’si3Ky

AnantuBHl | AnanTuBHe CKIIaqHICTh Cranmi

AHTEHHI PETYITFOBaHHS araparHoi YaCTHHHU | CTLUTHHUKOBOTO

PEIiTKH Jliarpamoro Ta aJITOPUTMIB 3BSI3KY,
CTIPSIMOBAHOCTI 00pOOKM cUTHAITY, | paionoKariiHi
AHTCHHHX PEILITOK HEOOX1IHICTh Ta
JUTSL Kparmoi KamiOpyBaHHs pajioHaBirartin
(hinbTparrii 3aBaj Hi crcTeMH

lopuani | [loennanus nepeBar | CkiagHIiCTb Cucremu

METOU IHIIIMX METOJIIB /Ui | peajizalii Ta pamio3B’s3Ky 3

MPUIYIISHHS 3aBal | IHTerparii pi3sHUX | MiJBUIICHOIO

PI3HUX THTIIB METO/IIB HaJIHICTIO

[HTErpalis mMTYYHOTO IHTENEKTY i MAITMHHOTO HABYAHHS Ma€ BEIMUYE3HI
MEepPCIeKTUBU JUIsl 3HAYHOTO TOCHIIEHHS 3aBaiocTiikocti B SDR. i
IHTENIeKTyalbHi METOIM TPOIOHYIOTh TMOTEHNIan JUisl aJanTHBHUX,
ABTOHOMHUX 1 BHCOKOS(EKTHBHUX CTparerii 3MEHIIeHHS 3aBaj, sKi
MOXXYTh HAaBYaTHCS 1 PO3BHUBATHCS Y BIAMOBiAb Ha TOCTIHHO MiHJIMBE
pamiodactoTHe cepenowiie. Ilepenosi meronn DSP, mpuHIMTH KOTHITHBHOTO
paaio Ta TIOpUAHI MiAXOAM, MO TOEAHYIOTh CHJIBHI CTOPOHHM Pi3HHX
METO[IiB, TAKOX TOTOBI BiJlirpaBaTH BUPIIIAIBGHY POJb Y AOCSTHEHHI BHUIIMX
piBHIB 3aBajocTiiikocTi. Xoua Ii TepenoBi METOAM MPOMOHYIOTh 3Ha4YHi
TiepeBary, BOHM TaKOXK CTBOPIOIOTH MPOOJIeMH, TIOB'sI3aHi 3 00UHCIFOBAITHHOO
CKJIQ/IHICTIO, E€HEPrOCIIOXHMBAaHHSAM, CKIQTHICTIO CHCTeMH 1 MOTpedo B
crenianizoBaHoMy oOjiagHaHHi. Tomy mnpu BuOOpi Ta BHpPOBaKEHHI
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KOHKPETHHUX METO/IB 3MEHIIEeHHs 3aBa]] y cucreMi SDR HeoOXifHO peTenbHO
BPaXOByBaTd BHMOTH JI0 3aCTOCYBaHHs, XapaKTEPUCTHKHA O4YiKyBaHOTO
3aBaIOBOTO  CEPEIOBMINIA Ta HasBHI pecypcd. 3pemiToro, MOCTiiHI
JOCHI/DKeHHST 1 po3poOku B ramysi TexHonorii SDR, ocobmiBo B oOmacti
THTENEeKTYaJbHIX ANTOPUTMIB 1 TIOPHIHMX apXiTEKTyp, MPOKIaayTh IUIX JI0
BCe OLIBIN CTIHKMX 1 HAAIWHUX CHUCTEM OE3pPOTOBOIO 3B'SI3KY, 3IATHHX
e(eKTUBHO IPAIFOBATH HAaBITh B YMOBAaX BUCOKOTO PiBHS 3aBa/l.

BucnoBku. ['ayukicts TexHomnorii SDR nae 3Mory peanizyBat mUpoKy
HU3KY METOHIB Ijisi OOpOTBOM 3 pI3HMMHU THUIIAMH Ta PIBHAMH 3aBajl.
[epenoBi MeTonu MdpoBoi 0OPOOKH CUTHANIB, TPUHLUIHA KOTHITHBHOTO
pajio Ta TiOpUIHI MiIXOAH, IO MOETHYIOTh CHJIbHI CTOPOHU PI3HUX METOJIB,
BiIirpaBaTUMyTh BUPIIIAIGHY POJIb Y TIIBUIIEHH] 3aBaJIOCTIMKOCTI ICHYFOUHX
CHCTeM 3B’sI3Ky. A IHTETparlis MTYyYHOTO iHTEJEKTY i MallMHHOTO HaBYaHHS
Ma€ BEJIMYE3HI MePCIEeKTUBH LISl TOOYJ0BH aAalTHBHUX Ta aBTOHOMHHX, IO
pearyroTh Ha MiHJIMBE Pa/liouacTOTHE CEPEIOBHIIIE.

1. H. N. Nguyen, G. Noubir. Towards an Al-Driven Universal Anti-
Jamming Solution with Convolutional Interference Cancellation Network

2. M. M. Olama, S. M. Killough, T. Kuruganti, T. E. Carroll. Design,
Implementation, and Evaluation of a Hybrid DS/FFH Spread-Spectrum
Radio Transceiver
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Hauionansauii yHiBepcuteT «JIbBiBChKa MOMITEXHIKA»

3ACTOCYBAHHS METOY OBEPJIPAIB
JJIA EJIEKTPOOIITUYHUX CUCTEM
3 TOBCTUM IHAPOM PIIKOI'O KPUCTAJY

Ornroenektponni  mpuctpoi 3 ToBcTuM  (Oinbme 40 MKM)  pigko-
kpuctamiuanM (PK) 1mapoM 3HaxomsiTe CBOE 3aCTOCYBaHHS SIK EJIEMEHTH
ONITHYHHX CHUCTEM Taki SK KEPOBaHI PO3Taiy)KyBadi, CBITIIOBOIHI CTPYKTYpH,
(dokycyrodi eneMeHTH Tomlo. [IpUHIMM Aii TakMX EJIEeMEHTIB MOoJsIrae y
ctBopeHHi B mmiapi PK mig Ji€to elneKTpUYHOro mojisi MEBHOTO PO3MOALTY
MOKa3HNKA 3aJIOMJICHHSI.

CnaOkuM MiclLieM TaKUX CHCTEM € JOCHTh BENUKI Yacu BKIIIOYEeHb. OnHIM
3 IUIAXIB BUPIIIEHHS i€l mpobiemMu € 3acTocyBaHHs MeToay Response Time
Compensation (RTC). Axanrartii 1b0r0 METOAY JUIS MPUCTPOIB 3 BEJIMKOIO
ToBIMHOIO mapy PK mpucesiuena s pobora.

RTC, Takox BimoMuii SK OBEpIpaiB, € METOIOM, IO BHKOPHCTOBYETHCS
JUIL TIOKpallleHHS dYacy eNEeKTPOONTHYHOTO BIATYKY PiIKOKPHCTAIITHUX
JWCIIJIEIB, SIKMH 4YacTo € HEAOCTaTHbO IIBHIKMM ISl BiITBOPEHHS BiZeO
koHTeHTYy. Llelt MeTon nepenbadae 3acTOCyBaHHS MPOTATOM YiTKO BU3HAYECHOTO
Yacy 301UIBIIEHOTO 3HAUYSHHS KePYIOU0i HalpyTy 3 TOJANBIINM ii 3MEHIIIEHHIM
JI0 HEOOXiJTHOro 3HAYCHHs JUIsl KOMIICHCAIli MOBUILHOTO yacy Biaryky [1,2].
RTC nepexomutoe 1u¢poBuii Bieonotik. BiH nmopiBHIOE TOMEpeIHI0 KOMAHTY
PiBHSI Ciporo (IIEBHOTO 3HAYEHHSI HANPYTH) LIS KOYKHOTO TIKCEJIS 3 TIOTOYHOIO
KOMaH/IOF0 piBHS ciporo. Ha OCHOBI I[bOTO TOPIBHSHHS 3 TOMEPEIHBO
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Bi3HaueHo! Tabmuii momyky (LUT) BuOMpaeThcsi abTepHATUBHUIA PiBEeHBb
ciporo. lleil anpTepHATHBHHUI PiBEHb CIPOTO XapaKTEPH3YEThCS 3aBUILCHUM
3HAYEHHSAM HANpyrd TaK 3BaHOK «mepeHampyroro» (Over-boost) a6o
3aHIDKEHUM 3HAYCHHSM «HeoHarnpyrorwo» (Under-boost), mo 3actocoByeThest
HPOTSTOM OJHOTO KaJpy UISl IPHUCKOPEHHS MePeXoTy 10 0a’KaHOTO IIOTOYHOTO
piBast ciporo. LUT wmictuth 3amucu Uit KOKHOI MOMUIIMBOI KOMOiHaIi
NOTIePeTHHOT0 Ta MOTOYHOTO PiBHIB Ciporo, 1o 3ade3rnedye KOMIICHCAIIo B
000x HampsiMkax (30imbIeHHs a00 3MeHIeHHs sickpaBocTi). Ileit meron €
Jo0pe BIAIIPaIibOBAHMM JiJTsl IPUCTPOiB B sikux 1map PK we mepesuye 10 Mxm
[3]. OnnHak mpu ToBHIMHAX APy pigKoro Kpucrtainy Outbiine 40 MKM CyTTEBO
3MIHIOETBCSl XapakTep mepeopieHTanii mapy PK. V Bumagky manux ToBUIIMH
TiepeopieHTallis 1apy BiI0yBaeThCsl O€3 CYTTEBOI BTPATH BIIOPSIKOBAHOCTI, IO
NPUBOAUTH JI0 MOHOTOHHOTO 3MEHIICHHS YaciB TEpPEKITIOYEHHS 3 POCTOM
Kepyro4uoi Harpyrd. Y BUNAQJIKy BEJIMKAX TOBIIMH CHTYallisl KapAUHAILHO
smiHtoeThest [4]. Ha pric.l. HaBeneHo 3a1eKHICTh Yacy BCTAHOBJICHHS CTaOLTbHOT
TekcTypu HemarmgHoro PK B mpukiiaieHol HanpyT /Uit HEMAaTHIHHUX PiIKHAX
kpuctainiB MBBA Ta SP92 nipu ToBmmHi mapy PK 50 MxM.

60

50

40

+ 30

204

104

Pucynox 1. 3anexHicTh 4acy yTBOPEHHsI CTa0UILHOT CTPYKTYPH Bijl BEJIMUNHH
npukianeHoi Hanpyru: 1-MBBA; 2- SP92.
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HociikeHHsl IWHAMIYHHX XapakTePUCTUK MPOBOAMINCH METOAOM
peecTparlii 3MiHM KOHOCKOMIYHMX KapTuH [5]. OTpumani ekcriepuMeHTasbHi
3aJIeKHOCTI MalOTh SICKPaBO BHPaKEHI MIHIMyMH, SIKi HE CITOCTEPITraloThCs B
3pa3kax 3 Manoro ToBmuHOIO mapy PK. Taky moBemiHKY MOXKHa TOSCHUTH
3MEHILIEHHSIM ~ JTOCKOHAJIOCTI  PiIKOKPHCTAiYHOI ~TEKCTYpH MiA  JIi€l0
30BHIIIHBOTO EIEKTPUYHOIO OIS, BiJHOBIEHHS SIKOi BUMAarae J0AaTKOBOTO
yacy.

Taka ocobnuBicTh YacoBuX XapakrepucTuk PK mpu BeTMKuX TOBIIMHAX
BUMAarae CyTTEBOTO BiockoHayieHHs merony RTC. Ha puc.2 HaBemeHo
4acoBi JiarpaMu Kepyrouux Harpyr ais koMipku 3 PK MBBA. Crpinkamu
BKa3aHO YacH BCTAHOBJIEHHs cTabinbpHOI TekcTypu PK mapy.

60 + 5

50 + 4

U,B

10 + 1

t, mc

Pucynok 2. Yacosi giarpamMu KepyrO9Inx HApyT
quist komipku (d=50mkm) 3 PK MBBA miist TekeTyp
npu U=10B (1); U=20B (2); U=40B (3); U=50B (4); U=60B (5).

3HadyeHHs HArpyru OVer-bDo0oSt 0OMeKEeHO BEIMUYMHOLO, SIKA HE TPUBOIHUTH
o cyTtreBoro mamiHHA gockoHanocti PK tekcrypm. JlocmimkeHHS KOHO-
CKOHi‘-IHI/IX KapTHH IOKa3aJiyk, 10 MAaKCUMAJIbHO JOITYCTUME 3HAUCHHA HAIIPYT'U
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over-boost (Uog) mnpu 30epeskeHHi HEOOXiJHOI JOCKOHAJIOCTI TEKCTYpH
cranoBuTh 90% Bix BeNWYMHM TIPU SIKIA JOCSTAE€THCA MiHIMAIIBbHI Yacu
BKJTFOUeHHsI. OfHaK, U1 poOOTH OMHMCaHUX BHIIE MPUCTPOIB HEOOXITHUMH €
TaKOX TaKi PO3MOIIN MOKa3HUKA 3aJIOMJIEHHS, SIKI MOXJIMBO JIOCATHYTH JIMIIIE
IpH Hampyrax 3Ha4HO BHUINUX HIXK JOIyCTUMa BenuuyuHa OVer-boost. Tak,
Ui 3abesniedeHHs cTa0inpHOI maHapHoi Tekctypu ansi PK MBBA
sHadeHHst kepyrouoi Hanpyru (Uiep) cTanoBuTh 60 B, 1110 mpakTtudHo BABiUi
OlblIie HIXK BeMdnHa OVer-boost. OTke, 11 MPUCTPOIB 3 TOBCTHUM IAPOM
PK 3actocyBanns RTC mokHa BHOKpeMUTH ABI 30HH. [Ipu BKITIOUEHHI
TEeKCTypH, Aisi sikoi BUKOHYeTbcss yMmoBa Ugp < Uos (dakTuuHO
3aCTOCOBY€EThCS KJIACHYHHMN MiAXia MpH skoMy Kinnea Tekctypa PK 90%
yacy (opmyeTrscs mpu Harpysi BennunHO Uog 3 mepexomom a0 U, Ha
¢binanprOMy etarmi. J{ist BUaaKy Usep > Uog TpuBaiicts aii Uos (B 1aHOMy
BUIAJKy TOHIDKCHE 3HA4YCeHHs Hanpyru) BusHavaetbest sk 90% Bifg
MiHIMaJIbHOTO Yacy BCTaHOBIICHHS TEKCTYPH B SIKOT Uyep > Uog.

AHasli3 OTPUMAHMX pe3yJbTaTiB A€ 3MOry CTBEPIXKYBard IO
3actocyBaHHs MoamdikoBaHoro RTS meromy ansi TpUCTPOIB 3 TOBCTUM
mapoM PK nae 3Mory cyTTeBO 3MEHIIUTH YacH BKIIFOYEeHHs Bij 2.5 o 1.5.

Ha ocHoBi MmogudikoBanoro RTS MeTony po3po0ieHo cxeMy KepyBaHHs
NPUKJIAICHOI0 HAIPYrol 3 CHCTEMOI0 IPOTHO3YyBaHHS ONTHMAaJIbHUX
YaCOBHX IHTEPBAIIB.
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SECTION 3. Software and hardware of electronic
and infocommunication devices and systems

CEKUIA 3. [Iporpamuo-anapaTHi 3aco0u
palioeIeKTPOHHUX Ta iH(POKOMYHIiKANIITHMX NPUCTPOIB
i cucrem
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2KBI im. C. I1. KopomnboBa

AJANITALIA TOBXKUHU BUBIPKHU CUT'HAJTY
EHEPTETUYHOTI'O JETEKTOPA 10 BI/IHOIIEHHS
CUT'HAJI-IOYM B YACTOTHOMY KAHAJII

BcerynHa yacTuHa

Posmimienss Ha 6e3mioTHOMY JliTansHOMY amaparti (BriJIA) 3aco6iB s
BelleHHs pagiomoHiTopunry (PM) Hakiamae neski OOMEXCHHS Ha HHX, a
caMe BOHHM TMOBHHHI MaTé Maji ra0apuTh Ta Bary, a TaKoXX HH3bKE
EHEeprocrnoXMBaHHs. 3 iHIIOro OOKy, MAaHOpaMHHI aHaNi3 Pagio4acTOTHOTO
cnekrpa (PUYC) HeoOXiaHO MPOBOAUTH MPAKTUYHO B PeaTbHOMY MacInTadi
yacy, 10 MOTpedye 3HAYHUX €HEPreTHYHUX Ta OOYUCITIOBAIEHUX PECypCiB.
3okpema sl KOHTPOJIIO 3aHHATOCTI YaCTOTHMX KaHANIB B 3a/aHil cMy3i
yacToT (HAmpWKIad, TOIIYK BUTBHMX KaHANB JUIS CHCTEM KOTHITHBHOTO
pamio) HeoOXiJHO TOCTIHHO aHai3yBaTH piBeHb CHUTHANy B HUX. Jlis
BUpIIIEHHS JaHOTO 3aBIaHHS B YMOBaX HeBimoMoi (opMu CHTHATY
HalyacTillle BUKOPHCTOBYIOTb EHEPIeTHYHUM NETEKTOp, HMOKA3HUKH SKOCTI
SAKOro 0e3MmocepelHbO 3aJIeKaTh BiJ 3HAYCHHS BiJAHOIIEHHS CUTHAN-IIYM
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(BCIL) B xaHami Ta TPUBAJIOCTI Yacy aHaiidy (IOBKUHHM BUOIPKU CHTHAIY,
mo anamizyetscst). Ilpu Bucokux 3HadenHsx BCII mis mpuiHATTS
pIlIEHHsT TPO 3aiHATICTh KaHaNy TPWUBAJICTh IHTEpBaly aHalli3y MOXKHA
3MEHITYBaTH, a BUAUICHUHA pecypc Yacy IMepepo3MOAUIATH MK IHIIMMHA
kaHamaMu. [l 1pOoro HeOoOXiJHO BCTAHOBUTH aHATITHYHI 3aJICKHOCTI
TpuBajocTi iHTepBaiy ananizy Bigx BCLI B kaHami /i 3a1aHUX MMOKa3HUKIB
SKOCTI BUSIBIICHHSI CUTHAJTY.

3MicTOBHA YacTHHA

Jns By3pKOCMYToBOoTrO (ibTpa 1 IIMPUHH CHEKTpa CHTHAIY, IO
MIEPEBHIIy€ IIUPUHY HOTO CMYyTH mpomyckanHs, 3HaueHHS BCII moxxHa
pO3paxyBaTH K BiJHOIIEHHS MOTYKHOCTI CUTHAJY JI0 TIOTYXHOCTI IITyMy B
CMYy31 IPOITyCKaHHS.

s eHepreTM4HOro JETeKTopa TECTOBY CTaTUCTHKY  OyaeMo

PO3paxoByBaTH y TAKOMY BUIJISI:

21 N 21 N 2 (1)
=gax =—alsi+é),
N = N2
Iie Xj — i-i BIAJIIK IPUHHATO! CUTHABHOI CyMIIli; Si — i-i BIAJIKIB CUTHAINY,

& — i-# BiTiKk mrymy; N — moBXIHA BUOIpPKHM CHTHAITY.
NmoBipricTh xuOHOI TpPWBOTH BIiAMOBIZHO 10 Kputepis Heiimana-

[TipcoHa MOXHa po3paxyBaTH BiAIOBIIHO 0 TAKOTO BUPa3y:

¥
Y
e p(EX) — posmoxin mineHOCTI imMoBipHOcTei  (PILIA) TectoBoi

CTAaTUCTHUKH AJIA IIyMY, Y — IIOPOTOBE 3HAYCHHSI TECTOBOI CTATUCTHUKH.

125



I/IMOBipHiCTI) MMpaBWJIBHOTO BHUABJICHHA BU3HAYAaTUMCEMO 3a TaKUM

BUPA30M:
Po =0 p(Ex)dEx’ )

e p ( Ey ) — PIIIM TecToBOI CTATHCTHMKY 1S CYMillli CUTHAITY i TIIyMmy.

Bupasu (2) ta (3), a takox momkuHa BuOipku N i 3nadenus BCII q

OB’ sI3aHi MiXK COOOIO TaKUM CIiBBiAHOLIEHHM [1]:

2Qzz (Pe)9
_ c - 4
PD_QC%E 3+1 i “
0

ne QCZ (X) — 3HaueHHs inTerpany Bix PIIU xi-kBaapar Biz X 10 oo.
N

[Ipore aHANMITUYHO OTPUMATH 3AJICKHICTh 3HAYCHHSI JIOBKHHU BHOIPKU
Bim BCIII i3 Bupasy (4) HEeMOXIJIHBO, OCKiUIbKM 3HavueHHs N BiacHe i
Bi3Havae hopmy PILIH xi-kBajpar.

Ipu Bemuknx 3Hauennsx N (6inbire 30) PILIM tecToBoi craTucTHm is
OIyMy MOXKHA HaOJNM)KEHO BBaXKaTH HOPMalbHUM 1 BHUKOPHCTOBYBAaTH
JOCUTH MPOCTi anpokcumaliii [2-3]. Binbin ToYHI aCHMTOTHYHI BUPa3H JUIst
PO3paxyHKy KBAaHTHIIIB Xi-KBaJpaT PO3IMOITY HE Hal0Th 3MOTH aHATITUIHO
BHPA3UTH 3HAYECHHS 00’ €My BHOIpKH.

HpOTe I MaJlIuX 3HAa4YCHb N, IO € BAXXJIMBUM JIsI CKOPOUCHHA 4acCy
aHaJi3y YacTOTHOTO KaHaIy, P]_HI71 TECTOBOI CTAaTUCTUKU CYTTEBO
BIZIPI3HAETHCA BiJl HOPMAIFHOTO, IO HE JO3BOJISIE AHATITUYHO OTPHMAaTH
3aNeKHICTh MK KinbkicTio BiynikiB Ta BCIL ans 3amaHMX ITOKa3HUKIB
SKOCTi BUSIBIICHHsI. TOMY JaHi 3aJIe)KHOCTI JJIsl ISSIKUX 3HAUCHb MapaMeTpiB
Oylno OTpPUMaHO YHCENBHO 13 BUKOPHUCTAHHSM KPHBHUX BHSIBJICHHSI.
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ExcriepuMeHTanbHi 3aeXHOCTI 00’ eMy BuOipku Bin 3HaueHHs BCLL mus
Pi3HUX MOKa3HUKIB SKOCTI BUABJICHHS 1 1X Jlorapu)MiuHOMY TpeAcTaBIeHHI
€ TIPAaKTUYHO JIHIHHIMHA. BUKOPHCTOBYIOYHM TIOTIHOMIANBHY alpOKCHUMAIIIFO
TPETHOTO TMOPSIKY 3a1eXHOCTI Jorapudma goxuan Bubipku Bix BCII B
1b MO)KHA HaBECTH y TAaKOMY BHIJISIIII:

3
10Ig(N (q)) » éﬁﬁq' , ®)
i=0
Jie 3HaYeHHs KOe(ilieHTIB A; pO3paxOBYIOThCS MUISIXOM alpOKCHMAIT] st
KOHKpETHHUX 3HaueHb Pp i Pr.

[[lo6 He mepepaxoByBaTh IJsi KOKHOTO BuMipstHOTO 3HaveHHs BCIII
3HaueHHs N MokHa mis poboumx 3Ha4eHb Pp i Pr 3 nmeskuM Kpokom
(mampuknan 1 nb) BCILI pospaxyBaru 3nauennst N(Q), 3ammcatu ix B
TaOJIUITIO 1 30epiraTi B maM’ siTi.

Omuinky 3HaderHs BCII B wacToTHOMY KaHai MOXKHa OTPUMATH JIAIIE
Toi, KoM Oy/e TMPUHHATO pIlIeHHS MPO BHUSBICHHS JDKEpela CHUTHAIY.
OCKiNbKH BUSIBIICHHSI CUTHAITY € BUITaJIKOBOIO MOMAI€I0, TO [PKEPEIO CUTHATY
Moke OyTH BHsBIICHE SK NpH HU3bKUX 3HaueHHAX BCILL Tak i He BUsBICcHE
npu BUCOKUX. [IpoTe, OCKiIbKY WMOBIPHICTH BUSBICHHS JKEpPesia CUTHAITY
npu H3bKuX BCII € HMK490¥0, Hi’K TPH BUCOKHX, TO TAKUX BUTIAJIKIB Oy/e
BITHOCHO HeOararo, B TOpiBHSHHI 3 Bumagkamu, ko BCII B kanami
Habararo mepeBulilye HeoOximHe. Jlanuii (akT € mnepeayMoBOO [0
CKOPOUYECHHS 4acy Ha aHali3 YaCTOTHUX KaHAJIB i3 BUCOKUMH 3HAYEHHIMHU
BCILI.

BucHoBkM Ta npono3umii

Y Xozi mpoBeACHUX MOCIIIKEHB ISl OMTUMI3aIlii IPOIlecy CKaHyBaHHS
PUC 3zampomoHOBaHO 3iHCHIOBATH aJanTallif0o JOBXHHH BHOIpKH
EHEepPreTHYHOT0 AETEKTOpa BiANOBiAHO 10 iHdopMarii npo 3nHadeHHss BCLL
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B YaCTOTHOMY KaHaJi. 3ampoNOHOBAaHUM MiAXiA JA03BOJSE CKOPOTUTH Yac
aHaJli3y CMyTd YacTOT B 3aJIeKHOCTI Bij aiana3ony 3minu BCIHI mo 90 % i
MIEPEePO3TMOAUIATH WOT0 MK IHITUMH KaHAJaMH, IO JO3BOJUTH MaKCHUMi-
3yBaTH KiJIbKICTh BUSBIEHHX PaiOCIEKTPOHHIX 3aC00iIB 13 BAKOPHCTAHHSIM
MajioradapuTHUX MaHopaMHUX 3aco0iB PM, posmimiennx Ha bBrnJIA B
YMOBax 0OMEXEHb Ha TPUBAIIICTb HOTO MOJIBOTY.

CxopoueHHS 4acy Ha ONISA CMYTrd YacTOT aHaiily 3a0e3leduTh
301TBIIEHHs] INBHAKOCTI 1 CKaHyBaHHs, IO TIpUBEAE OO0 3POCTaHHS
AMOBIPHOCTI ~ BHSBJICHHS KOPOTKOTPHBAJIMX CHUTHAJIB, 30KpeMa 3
TICEBIOBUIIA/IKOBOI0 IepeOy0BOI0 Po00U0i dYacToTH. Takok B Mexax
3aJ]aHOTO OIOMKETy 4acy Ha OJlHE CKaHYBaHHS CMYTH YacTOT MOXIIUBO
3MIACHIOBATH HWOTO TIepepo3noia 0e3 3araibHOTO CKOPOYEHHS, IO JacTh
3MOTY BUSIBJISITH JDKEpena CUTHaJIB npy Hkunx 3HadeHHs X BCIL, To6T0
Oinpllle Yacy BUIUIATH HA Ti YacTOTHI KaHaIM, JI¢ CUTHAI HE OyIo

BHUABJICHO.

1. Kay S. M. Fundamentals of statistical signal processing: Practical
algorithm development, Vol. 3. Prentice Hall, New Jersey, 2013. 403 p.

2. Kay S. M. Fundamentals of statistical signal processing: Detection
theory, Vol. 2. Prentice Hall, New Jersey, 1998. 576 p.

3. Zhang W. Handbook of Cognitive Radio. Springer, 2019. 2034 p.
doi: 10.1007/978-981-10-1394-2.
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SOME FEATURES OF A RADAR DUAL POLARIZED SIGNAL
WITH A LARGE BASE

Assessment of elements (three amplitudes and two relative phases) of
full Polarization Matrix of Scattering (PMS) requires a complete
polarization technique in a certain polarization basis (PB).

Let’s consider formation and processing of a Radar signal in a circular
PB. Orts of this PB (on a double complex plane) look like:

(5R. é)L) — (e—ijn/4, eijn/4).

In this PB a Radar signal ES with intensity E,=1, intra-impulse

modulation of orientation angle 6 according to the law:
0(t) = 0 x t?,

where 0, [Rad /s?] — some constant, can be represented like:
Es = {ER = ép{Eosin(¢ + m/4) x e (®0*00t},

° E, = é,{E, cos(g +m/4) x el (@o=00t}

T, else Es =0,

where n =0... N — impulse sequence; T — period of sequence; 7, — pulse
duration, ¢ - angle of ellipticity; w, — HF circular frequency of
Electromagnetic Field (EMF). Components of E correspond to the signals with
the Linear Frequency Modulation (LFM-signals) which have equal deviations
of frequency |Af| = ©t,/m with opposite signs and obey the condition [1]:

Iy Er(t) x Ef (t)dt = 0.

when n-T<t<nT+
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So, the signal E”S is the DPS with double orthogonality — spatial and in
sense of Fourier. Generalized Uncertainty Functions (GUF) of LFM-signals
(for Eg, E;) are well known. Let’s recall that the response of correlator (or
matched filter) represents the time-reversed GUF. Then, Eg, E,-responses
and the result of their multiplying can be described by expressions [2]:

_ _ |sinl(rf-07)(7p+7)] _ _ |sinl(mf+07)(1p+7)]
XR( Tl f) - (T[f—@T)Tp ’XL( Tl f) - (7Tf+®T)Tp

UX(_Tl f) = XR(_Tl f)XL(_T’ f):

where f, T — frequency and temporary displacement of OPC relative a

reference signal correlator.

Figure 1. Surfaces of the normalized GUFs of signals Ex, E;, and result of their
multiplying [Ex x E,]

104

Z(0,0)=1

In a simplified form, the received radar signal E' = |S|Es can be
represented as:

E,R = SrrEr+SpiEL;

E),L = SLRER_FSLLEL
Double orthogonality of Eg allows you to divide E’ into four channels
corresponding to the elements of the PMS |S|- Ul~Sgr, U2~Sg,.
U3~S,r, U4~S,,. Taking into account the attenuation coefficient v in
space these responses look like: Ul =v2|Sgg X xg(—7,f)|, U2=

V2| Sy, X (=1, £)|SkL, etc. To eliminate the influence of the attenuation
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coefficient v, signals U1, U2, U3, U4 can be normalized to U2. Based on
the principle of reciprocity (Sg, = S.z) equality of modules |U2| = |U3]
and their relative phases (9gg — 9gr) = ((Uggr — 91z) mean that 7, f = 0
and x.,x, & 1. This is a criterion for matching OPC signals with the
correlators of the corresponding receiving channels, which allows to
achieve potential accuracy for the LFM-signals of the PMS-elements
estimation [3]. This processing does not implements the potential accuracy
of evaluating elements of PMS for LFM-signals and their processing. The
dispersion of the PMS estimates opys = 0,0 are determined by the width
of the main peak GU. LFM-signals do not have high resolution and have a
serious drawback in the form of velocity error [4]. To remove this error and
achieve a more stringent execution of equality 7, f = 0 and, accordingly,
Xg X, = 1, itiis possible to apply the strobing of the PMS channels by the
signal from the multiplicative channel Uy (—t, f). It has GUF main peak
sufficiently less than for LFM-signals in both 7, f-planes. This action
reduces dispersion

Ot

g
Opuslx = o7 X Jflx ~ (~1.8 XT].C8)|LFM

The functional diagram of the DPS receiver that provides the complete
polarization detection, correlated processing and combined unification of
signals of orthogonally polarized components.

This diagram includes the high-frequency channel () that contains a
circular polarization divider 1, mixers 2, local heterodyne oscillator 3 (wg);
intermediate frequency channel (IF) (Il) that contains the selective
intermediate frequency amplifier (IFA 4) for the intermediate frequency of
w1 = wg — (wy — O) and the selective intermediate frequency amplifier
(IFA 5) for the intermediate frequency of w; = wg — (w, + O) (filtration
of four components that are proportional to the elements of polarization

~ 0.30pys|Lrm-
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scattering matrix of an object), phase detectors 6; consistent processing
channel ( 111'), that includes correlators 7, integrators (low-frequency filter)
8, detectors 9 and reference signal sources 10; primary data processing
channel ( IV ), that includes summers 11 and 12, threshold device 13,
signal multiplication device 14, object parameters metering device 15 and
normalization units (dividers) 16. This scheme is approximate, but shows
the basic processing procedures

Figure 2. The functional diagram of the DPS receiver
with full polarization processing

The degradation of the signal-to-noise ratio at the additive unification of
OPC of polarization-diverse signals with the bases equal to 1 will be in the
range of -1.5 dB to -3 dB and in case of additive-multiplicative unification
it will be equal to -2.5 dB. But the degradation of signal-to-noise ratio is
compensated at the signal bases of B = 2TF = m in case of similar
processing.

The multiplicative unification slightly reduces the probability of correct
detection P (which is near 0.95...0.9) and, very importantly, significantly
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reduces the probabilities of false alarms F, because they are quite low in all
channels (F<<1). In addition, due to low side peaks of multiplying GUF,
such signals are very useful when detecting group targets.

Further increase in accuracy of assessments of polarization parameters,
distance and radial velocity of the object can be achieved by optimizing the
deviation of the frequency and duration of the radar pulse that determine
the mutual position of yz(—1, f) and y.(—1, f). In this case, the volume
under Uy (-1, f)) is minimized, which reduces ops.

[1] A.G. Fox, “An adjustable waveguide phase changer”, PIRE, vol. 35,
n. 12, pp.1489-1498, 1947.

[2] R. Benjamin, “Modulation, Resolution and Signal Processing” in
Radar, Sonar and Related Systems, London: Admiralty Underwater
Weapons Establishment, 1968, pp. 145-176.

[3] N. Li, “Formulas for measuring radar ECCM capability”, IEE
Proceeding. vol. 131, no.4, p.p :417-423, 1984.

[4] A.V. Oppenheim, Applications of Digital Signal Processing,
Massachusetts Institute of Technology Cambridge, Mass. Prentice-Hall,
Inc., Englewood Cliffs, New Jersey, pp 552, 1978.
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3aximHOYKpaiHCHKHUI HAlliOHATBHUH YHIBEPCUTET

CYYACHI METOAU OLHIHKH HAIIPSAMKY IIPUXONY
HIMPOKOCMYT'OBHUX PA/IIOCUT'HAJIIB

Y po6oTi pO3MISIHYTO 3afady OLIHKH HAMpSIMKy HPUXOAY CHTHANIB
(DOA — Direction of Arrival) anst ck1agHUX IMAPOKOCMYTOBUX CUTHAMIB,
takux sk CSS (chirp spread spectrum — crekTp, pO3MMPEHUA TiproM) Ta
FHSS (frequency hopping spread spectrum — cnektp i3 nepecTpuOyBaHHIM
vactoT)[1],[2]. TlomiOHi curHamM IIMPOKO BUKOPHCTOBYIOTHCS B Oe3mp-
OBITHUX KOMYHIKAIiHHUX CHCTEMax i3 HHU3BKOIO HWMOBIPHICTIO MEpEeXol-
JIEHHsI Ta YCKJIaTHIOIOTh 3aCTOCYBaHHS KiacmIHuX anroputMiB DOA, 30kpema
MUSIC (Multiple Signal Classification) Ta ESPRIT (Estimation of Signal
Parameters via Rotational Invariance Techniques)[3],[4], sixi nepeadadaroTh
BY3bKOCMYTOBY MOJIEJIb CUTHAITY.

3anporoHoOBaHO MiAXif, KWW MONATae y TonepeaHiii oopoOIli cCUrHaIiB
3a JIOIIOMOTOI0 KOMIUIEKCHOTO BeWBIeT-mepeTBopeHHss Morlet 3 meroro
BI/II[iHeHHSI JIOKAJIbHUX BY3bKOCMYTOBUX KOMIIOHCHT. HJ’DI KOKHOI'0O 4aCOBO-
YaCTOTHOTO BIKHA, JI¢ YacToTa CHTHANy € KBasicTalor, (opMyeThcs
MaTpUIA CIIOCTEPEKEHb 10 aHTeHaX. Ha OCHOBI ITMX MaTPHIlh BUKOHYETHCS
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OIlIHKAa KOBapialliifHOT MaTpwWIili 1 TOH;ajbllleé 3aCTOCYBaHHS AalTOPUTMY
MUSIC nns BU3HaYEHHS HAMPSIMKY TPUXOTy CUTHAITY.

Jis Bepudikariii 3anpornoHOBaHOTO MiAXoAy 3MozesiboBano CSS-curnan
TpUBaNiCTIO 1 C 13 JiHIHHUM po3ropraHHsaM uactotd Big 50 mo 300 I
[Ipwifom 3mificHIOBAaBCS YOTHpPMa aHTEHaMH 3 MIKEIEMEHTHHUM KPOKOM
d=A/2, ne A — [OBKHMHA XBWII HOCIS. ICTHHHMI HampsMOK MPHXOLY
CUTHAJy BCTaHOBJICHO i KyToM 30°. JlogaHo anquTHBHUN Oiuii TayCOBUiA
IIyM, 1110 Bignosijnae BigHomieHHto curHain/myMm (SNR — Signal-to-Noise
Ratio) = 10 gb. [Ins xokHOTO BHIIPOOYBaHHS OOUYMCITIOBANIACS OIiHKA
MUSIC y By3pKoMy "HacoBomy (peiimi TpuBamictio 10 Mc, 3 momanpmum
OOUHUCIIEHHSIM CEPeHbOI a0COMOTHOI MOMWIKH oliHku KyTa (RMSE —
Root Mean Square Error).

Ha pucynky 1 naBemeno mopiBHsHHS MUSIC-ciexTpiB UIsi TpHOX
migxomiB: 0e3 momepenHboi OOpOOKH, 3 KOMIUIGKCHUM  BEHBIET-
nepeTBopeHHsIM Mopie Ta 3 (GOpMyBaHHSM aHAIITHYHOTO CUTHAIIYy 32
JonomMororo ['i1e0epToBoro nepeTBOpeHHs.

MopiBHAHHS MUSIC-cnekTpiB ans CSS-curHany (pisHi meToam opmyBaHHs dasn)

] — Iy
e s b

e I e

Be3 ginbTpauii (peanbHnit curian)
-3 —— BeiiBneT Mopne

—-= TinbbepToBe nepeTBOPeHHs

----- ICTUHHWA Hanpsam (30°)

HopmoBsaHuii cnekTp (dB)

=75 750 =5 0 25 50 75
KyT npuxopy (rpanycu)
Pucynoxk 1. IlopisasaEs MUSIC-cniektpiB must CSS-curnany (6e3 dinsrparmii, 3

BeiiBieToM Mopie, 3 Hilbert-iepetBopentsim). Ietunnunii kyt — 30°.



Cepenns

Meron nomuaka DOA YMOBH MoeTI0BaHHS
(rpamycu)
MUSIC 55.5 CSS, SNR=10 1B, Ges
(dhinmprparii
CSS, SNR=10 nb, Morlet
Wavelet + MUSIC | 30.6 ’ ab, Morlet,
macmtad 30

CSS, SNR=10 nb, ananituyunii

Hilbert + MUSIC | 15.1 .
Her curnai (Hilbert Transform)

3anporoHOBaHUH MiAXiJ Moke OyTH 3aCTOCOBaHHMN Yy CHCTEMax
PaJiOMOHITOPUHTY Ta EJICKTPOHHOT PO3BIIAKY IS MOKPAIEHHS JOKai3arii
JDKEpEes CUTHAIIIB 13 PO3MIMPEHUM CIIEKTPOM.

Xoua anroputMu MUSIC Ta ESPRIT mependauaroTh By3bKOCMYTOBY
MOJIeJIb CHTHAITY, 3aCTOCYBaHHS KOMIUIEKCHOTO BEHBIET-IIEPETBOPEHHS
HA/a€ MOMIIMBICTH JIOKAJi3yBaTW HIMPOKOCMYTOBHI CHUTHajl Yy 4acoBO-
YaCTOTHUX BIKHAX i3 Maibke CTallor 4actoror. lle cTBoproe ymoBH, 3a
akux kiracnyHi mMetomm DOA MoxyTh OyTH KOPEKTHO 3aCTOCOBaHI JI0
KOXXHOTO ()parMeHTy, a pe3ynbTaru 00’ €THaHi.

HoBu3Ha mossrae y BUKOPUCTaHHI KOMITIEKCHOTO BEHBIIET-TIEPETBOPECHHS
SIK eTaIy MorepeIHpo1 00pOOKH epet MoOYA0BO0 KOBaPIaI[iiiHOT MATPHIT SIS
DOA-omiHOBaHHS MIMPOKOCMYTOBUX CHTHaMiB. Takwil miaxim mae 3Mory
sukoprctoByBatd  MUSIC in  CSS/FHSS-curnanmis  6e3 mepexoay 10
HIMPOKOCMYTOBUX MOJIEJICH UM CIIelialli30BaHuX aHTEH.

Meton 3anmexuTh Bijl BUOOpPY MacmTaly BEWBJIETY, CTaOLIBHOCTI
CHHXpOHI3amii Ta AKocTi JokajgpbHOro SNR. YV mojgambmmx IOCHTiHKEHHIX
TUTAHYETHCS peati3yBaTH aBTOMAaTHYHUI BHOiIp MacmTaly 3a KpUTEepieM
CHEKTPaJIbHOI KOHIICHTPALIil.
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ANBTEpHATUBHUM MIJIXOOM J0 OTpUMaHHs (a3oBoi iH(opmalii €
BUKOpPUCTaHHA | iT50€pPTOBOTO MEepEeTBOPEHHS AT (POPMYBaHHS aHAIITHY-
HOro curHaiy. Ha BigMmiHy Bijg BeHBNeTiB, sIKi JIOKaNi3ylOTb CHUTHAN Y
4acoBO-4acTOTHINM obmnacti, ['imp0epToBe mepeTBOpeHHs 3a0e3ledye MOBHE
KOMIUJIEKCHE IpEACTaBICHHs CHTHally B 4aci 0e3 BTpaTh eHepreTHYHOl
KoMIoHeHTH. [IpoBeieHe MonentoBaHHs Tokasano, mo meron MUSIC y
noeHaHHi 3 [11b0epTOBUM-aHAIITHYHAM CUTHAJIOM JIA€ CEPEIHIO TIOMUIIKY
Br3HaueHHs1 DOA 6mm3pko 15.1°, mo € kpamum 3a BeWBieT-(inbTpario B
yMoBax cTabinpHOI 4YacToTHOi CTpykTypH, sk y CSS. Bomnowac s
CUTHAJIB 13 pPO3PHBHOIO a00 CTPUOKOMOAIOHOIO CTPYKTYpOKO CIIEKTpa
(manpukman, FHSS), BeiiBraer-nepeTBOPEHHS 3aTHIIAETHCS €(EKTHBHIIINM,
OCKIJIbKH 130JTI0€ BYy3bKOCMYTOBI JUISTHKHA CUTHAIY B Yaci.

OxkpiM I11OTO, METOJ] € MEPCIIEKTUBHUM JIJIsl TIACUBHUX CHUCTEM JIOKAIii,
SDR-kommtekci (Software Defined Radio — mporpaMHo-BH3Ha4yBaHOTO
pamio), OesminorHux tiatgopm i loT-cucrem (Internet of Things —
iHTepHeTy peueit), mo BukopucToByloTh LPI/LPD-Texnomorii (Low
Probability of Intercept / Low Probability of Detection — Ttexmosorii 3
HHU3bKOI0 HMOBIPHICTIO BUsBICHHs/TIepexoruieHHs). [Tomanbiini 10CiiHKeH-
HS 30cepemkeno Ha mopisasHHI i3 Wideband MUSIC (mmpokocmyroBoro
momudikamiero MUSIC), anropurMamMd Ha OCHOBI  PO3DiKECHOTO

MIPEJCTABIICHHS Ta IHTErpallii METOiB NIMOOKOTO HAaBYAHHSI.

1. Azim, AW, Shubair, R., & Chafii, M. (2024). Chirp spread
spectrum-based waveform design and detection mechanisms for LPWAN-
based loT: a survey. IEEE Access, vol. 12, pp. 24949-24968. doi:
10.1109/ACCESS.2024.3352591
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2. Risti¢, V.B., Todorovi¢, B.M., & Stojanovi¢, N.M. (2022). Frequency
Hopping spread spectrum: history, principles and applications. Military
Technical Courier, vol. 70(4), pp. 856-876. doi: 10.5937/vojtehg70-
383425.

3. Huang M., Li R, Zou Y. et al. A comprehensive review of
metasurface-assisted  direction-of-arrival ~ estimation.  Nanophotonics,
(2024), vol. 13, iss. 24, pp. 4381-4396. Doi: 10.1515/nanoph-2024-0423

4. Shmuel D. H., Merkofer J. P, Revach G., van Sloun R. J. G,
Shlezinger N. Deep Root-MUSIC: Towards Data-Driven Root-MUSIC
DoA Estimation. In: Proc. IEEE ICASSP (2023), pp. 1-5. doi:
10.1109/ICASSP49357.2023.10096504
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SWITCHING RIPPLE DATATRANSFER TECHNOLOGY

Introduction. The ripple parameter in a DC-DC converter refers to the
amount of voltage fluctuation present in the output voltage. It represents the
deviation or variation of the output voltage from its average or nominal
value. Almost impossible to avoid this parameter in today’s DC-DC and
AC-DC converters due to the cost and efficiency requirements. Other way
it is possible to use ripple for data transfer between source and load
devices. This method can be applied to any industry, where currently each
block has both — power and data transfer wires. Switching ripple
communications can be used to deal with challenges for various industry
as: healthcare, automotive, military, automation, battery management[1],
and loT. Wiring complexity of modern devices, it's not uncommon for there
to be thousands of individual wires running throughout modern devices,
connecting various components and systems. However, the exact number of
wires can vary greatly depending on the specific device and its
configuration. SRC technology is proposed to reduce wiring complexity
and reduce the product cost.

Model and theory of operation. SRC system[2] can be described in
several sequential blocks that take part in overall signal operations. The
signal chain starts from the ASK signal source.

DC-DC regulator margining involves fine-tuning the output voltage of a
DC-DC voltage regulator to meet specific requirements across different
operating conditions. By adjusting the regulator's output voltage within a
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defined margin, engineers can simulate various scenarios and assess the
system's ability to handle changes in supply voltage, load conditions, and
environmental factors. Figure 2 demonstrates an SRC host model, where
“V6” is ASK signal source, connected to the feedback loop through “R4”.

) Transition
ﬂ
ASK Signal » < Asétilrgnnal

Figure 1. General system block diagram

DC-DC
Converter

Voltage
Source

L1

3V Vin SW—/FF
uz IS
v3 c2 Y @ 22u
LTC3564
22p L Run B
5 GND '
R2 cs
J7 1Meg [20p R4 "
i
R3 20Meg Ve
316k

Figure 2. SRC schematic approach

SRC transmitter is based on LTC3564, a monolithic synchronous buck
regulator with a constant 2.25Mhz switching frequency. Buck regulator is
designed in the current mode architecture. Current rating of LTC3564 is up
to 1.25A with efficiency up to 96%. LTC3564 has a high switching
frequency and fast transient load response, what makes it a perfect DC-DC
converter for feedback modulation applications.
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Figure 3. Simulated ASK waveform and DCDC output waveform

A wire transmission line, also known as a transmission line, is a
specialized cable or other structure designed to carry alternating current
(AC) of radio frequency (RF) or, in some cases, direct current (DC) from
one point to another. Figure 4 demonstrates a transition line model with
parasitic elements. R11 represents a DCDC load and C7 is a value of line
device input capacitance.

Rw Lw

Figure 4. Transition line approach

Inductance is the property of a conductor by which a change in current
through it induces an electromotive force (EMF). It arises from the
magnetic field generated by the alternating current flowing through the
conductors. Inductance can cause signal distortion and phase shift,
particularly at higher frequencies.
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A band-pass filter is an electronic circuit that allows signals within a
specific frequency range to pass through while attenuating signals outside
that range. This type of filter is essential in various applications, such as
audio processing, radio communications, and signal processing, to isolate a
particular band of frequencies.

o.5d V(field rx) g
12
s AR Ve
kv 1 27k
1
=5 <
&
L UE
] ;. il (S A _out
VLOAD— 1+ - ot = VoW
"
. B € [Lrieos r,3|
< e
Tk irT A
i 2
< Z -6.0dB . . o
= 1KHz 10KHz 100KHz

Figure 5. BPF model, phase and frequency response

Conclusion._This research proposed DC power line communication
system approach using a high frequency buck converter with modulated
feedback loop. Each signal transfer stage has a visible simulation result.

2.0 V{in)+1 . V(out)
vev/| || PR | N A B | R 15.00% THD
e L[ [ [\ [\ “ NANA [\ [\ /)
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Figure 6. Simulation results, relation between SRC line length and THD
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Simulation results shows that THD increases with a wire length.
Optimal length for THD<6% is above 4 meter for AWG 16 cable. Low
THD swing on even 5-meter distance makes this system considerable for
industries listed in introduction block. The probability and relatability of
signal transmission remains stable.

[1]V. VWoloskyi, Y. Leshchyshyn, N. Romanyshyn, A. Palamar, and L.
Tarasenko, "Method and algorithm for efficient cell balancing in the
lithium-ion battery control system,” presented at the The 1st International
Workshop on Bioinformatics and Applied Information Technologies 2024,
Zboriv, Ukraine, 2024. [Online]. Available: https://ceur-ws.org/\ol-3842/.

[2] L. Tarasenko and V. Voloskyi, "SWITCHING RIPPLE DATA
TRANSFER TECHNIQUE USING STEP-DOWN DC-DC
CONVERTER," Information and communication technologies, electronic
engineering, vol. 4, pp. 121-129, 2024, doi: 10.23939/ictee2024.02.
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Hamionansauii yHiBepcuteT «JIbBiBChKa MOMITEXHIKa»

AHAJII3 MOXKJIMBOCTE BUKOPUCTAHHSA METOIY
MAIIMHHOI'O HABUYAHHS «BUITAJIKOBUMH JIIC»
JJIs1 HEPEBIPKN EKCIIEPUMEHTAJIBHUX TAHUX
AKOCTI BOIN

Amnortamis. Bonma € BaXmBAM pecypcoM IS JTFONCHKOT KUTTEMISITBHOCTI. 3
KO)KHAM POKOM MH CIOCTEpIraeEMo ITOCTYTIOBE 3MEHIIEeHHS il KiJIbKOCTI Ta
HOTipIIeHHS 11 KocTi. B yMOBaxX po3BUTKY IITY4YHOTO iHTENIEKTY Ta HIMPOKOTO
3aCTOCYBaHHS TPHCTPOIB [HTEpHETYy peyeid, JOUUIBHUMU € JOCIHIIKSHHS
MOXXJIMBOCTI 3aCTOCYBAHHS HEMPOHHMX MEpeX Uil aHalli3y SKOCTI BOAM.
Cranom Ha 2025 pik icHye 0araro HayKOBUX TIpallh, B SIKHX JOCII/PKYIOTh
BUKOPHCTaHHS IITYYHOTO IHTENEKTYy y cdepi BOAHUX pecypciB. OmHuM 3
HaﬁHCpCHCKTHBHiHIHX MCTOI[iB MAIIIMHHOI'O HaB4YaHHA Ha3HWBalOTb MCETO/
BUITQJKOBHUX JICIB, IO MiATBEPIKEHO pPEATFHUMH eKCIepUMeHTaMu. B
JaHiii poOOTI mepeBipeHo, SK HaBYA€ThCS MOJAENh Ha OE3KOITOBHINA 0a3i
JaHWUX 3 TIapamMeTpaMu SKOCTI BOAM Ta SK BOHA aHAII3ye peajbHi aHai3H
BOIH, 3p00sieHi y JIbBoBI Ta JIBBIBCHKIlN 00JIACTI.

Pesynpraru. Jlocmimkenus npoBoamwiocs Ha miatdopmi GoogleColab.
BuxoprcroByrour MoBy nporpamysants Python Gyno HamucaHo nporpamy
JUTsl HABYaHHS HEHPOHHOI MOJIEJII METOJIOM BHIIAIKOBUX JicCiB. [010BHUM
€JIEMEHTOM IIbOTO JOCTIKeHHsS € 0a3a maHux. JlocmiauBmm pecypcH, Ha
AKUX pO3MilIeHHI 0a3W JaHWUX Ta HANpAlOBaHHA Y BHUKOPHUCTaHHI
HEHPOHHMX MeEpeX JUId OIiHKA SKOCTI Bomw, Oyrmo 3HaiaeHo 0a3y 3
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Habopom manux Ha monaa 3000 3paskiB Boau [2]. B miii 6asi omucani Taki
napameTpu Bomu: PH, >KOpPCTKiCTh, MiHepamizallis, XJIOpHIH, cyibdaTH,
MIPOBIHICTH, BMICT OPraHiYHOTO BYTJIEIIO, TPUTAJIOMETaHH, KaJaMyTHICTb
Ta iH(pOopMaIlis PO MPUAATHICTH IS TIATTSL.

BianoginHo, peanizoBaHa Mojeab HaBUaNacs Ha 1ii 0asi. [{yist oninkwm ii
skocTi BukopuctaHo ¢yskuito Classification Report 3 Giomioreku Scikit-
learn, pe3yibraTi OI[iHKH TTOKa3aHi Ha pUCYHKY 1.

Classification Report:

TouHKTL NMopnoTa F14metpukn Kinbkicte

HenpunaTtha 8.71 9.86 8.78 261
NpugaTha 0.66 0.45 @.53 163
TouHicTE e.7e 424

CepeHe (mMa kpol 0.69 ©.65 9.66 424
Cepepre (3panmeHed 0.69 0.70 0.69 424

Pucynok 1. 300paxxeHHs pe3yibTaTiB MEPEeBIPKH SKOCTI OIIHKH MapaMeTpiB
HABUCHOIO MOJEILIIO

Ax BumHO 3 puc.l 3arampHa TO4HICTH Mojeni craHoBuTh 70%. Llei
MOKa3HUK HE € 3aJ0BUIBHMM, OCKUTBKH 0araro mependaveHp HeHpOHHOT
Mepexi € xuOHuMH. st miaTBepHKeHHS IHOTO OylI0 BUBEIEHO MAaTPHIIIO
HETOYHOCTI, Ha SKid BHUIHO, 10 Moaeib Bu3Hasia 90 3paskiB mpugaTHOl
BOJIM SIK HETIPUJIATHY, Ta 73 3pa3KiB HENPUAATHOI SIK IPUIATHY.

Just mepeBipky i€l Momeni Oymo 3po0IieHo OIiHKY 0a3u TaHWX PealbHIX
aHayiziB BoaH, 3pobneHux y JIpBoBi Ta JIpBiBCHKIiH obmacti. st miporo Oymo
copmoBano aiin real_water_data B sxomy onmcani mapamerpu pH,
JKOPCTKICTh, MiHepaJizawis, cynb(aru Ta xmopuau 3 11 mxepen 3a0opy BoH.
B pesynrari Mozens BU3Ha4MIIA IX SIK MIPUAATHI, IO € MIPAaBIIBHAM.
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s Toro, mo6 nepeBipuTH, YN HEWPOHHA Mepe)ka BU3HAYa€ HETPUAATHI
3pa3ky, Oyln0 3HAYHO 3aBUIINECHO TIOKA3HHMK MiHepasi3allii, SKHH 3TiIHO
JCanlliH "T'irieHiuni BUMOTH 710 BOJU ITUTHOT, IPU3HAYCHOT JIJIs CIIOYKUBAHHS
momunoro” (JICanlTliH 2.2.4-171-10) mae Oytu me OGinbme 1000 mr/mve.
BianoimHO B TpROX pi3HHX 3pa3Kax Oylno BCTAHOBJIEHO W MapameTp Ha
piBai Bix 1500 1o 3000 mr/am® Ta 36epeskeno y daiin real_water_datal.

Otpumani nmaHi Oyo TIepeBIpeHO HEWPOHHOKI MEPEeXero, SKa BHIaa
iH(hopMariiro, mo Bci 3pa3ku NMpuaaTHi. Pe3ynbrati omiHKu 000X BUMAIKIB
mokazani Ha puc. 2. OTpUMaHHS TaKOrO peE3ylbTaTy MOXe OyTH
00yMOBJIEHE HEAOCTaTHHOIO TOUYHICTIO HABYEHOI MeEpexi, HETHIIOBHM
301TBIICHHAM TTapamMeTpy (3HAYHO TEPEBHIIYE 3HAYCHHS 10 BKa3aHi B 0a3i
JaHUX JUIS HABYAHHS), BUKOPHCTAHHSIM MaJioi KUIBKOCTI MapaMeTpiB Jyist

OI[IHKY Ta HEJIOCKOHAJICTIO Peai3oBaHOl MOJIEI.

MpuaaTtHicTs Bogw: real_water_data MNpupaTHicTe Boaw: real_water_datal

KineKicTe 3pa3xis
KinbKicTs 3pasxia

04

0
Npnaatha NpwnaTHa

Pucynok 2. Pe3ynbratn OLiHKY pealbHUX aHAi3iB BOIW Ha MPUAATHICTh

BucHoBku. [IpoBeneHuii eKCepUMEHT MPOJEMOHCTPYBAB, HACKIIBKH
BaXJIMBO NIPAaBUJILHO 0OMpary 0a3u JaHUX JUIsi HABYaHHS MOJIENI, OCKIIBKU
e 6e3mocepenHbO BILTUBAE HA SKICTH 11 pe3ysIbTaTiB.

146



OTpuMaHi pe3ynbTaTd CBiYaTh NMPO HU3BKY SIKICTH MOJENi, 0COOIUBO
JUIT BUKOPUCTAHHSI OLIHKM peaJlbHUX aHaii3iB Boxu. [IpHynHOIO 1BOTO
Moyke OyTH HEepiBHOMIpHHI PO3MOALT MPUAATHUX Ta HEMPUAATHUX 3pa3KiB
y TpeHyBalbHOMY Habopi nanux. B oOpaHiii 6a3i Oyno Oiible HEeTpHUAaTHUX
3pa3KiB, B pe3yibrari TOMITHHA yXWiI B TOYHOCTI JIO BH3HAYCHHS
HenpuaatHoi Bogu. OTke, HEPIBHOMIPHICTh BHOIPKM JaHUX € OTHHM 3
KITFOYOBUX (DaKTOpiB MOXMOOK MOAETEH.

Hpyruit GaxTop, mo BIDIMHYB HA pe3yabTaTH — OOpaHi mapamMeTpu It
OIIHKYU SIKOCTI BOJM PEAbHUX aHAJI3iB MAalOTh 3HAUHO MCHINY KiJIBKICTh,
HIK B HaB4yanpHiA 0azi. Kpim Toro, Monens 0asyeThcs nuile Ha HasBHUX
O3HaKax 0e3 JKOPCTKOi TMepeBipKH mpaBwi (TpaHudHUX HOpM). Uepes 1e
BUTIQJAKNA 3 KPUTHUYHO BHCOKOIO MiHepami3alieo Oylu BigHECeHI [0
MPHUIATHUX Yepe3 BiJICYTHICTH BiJNIOBITHOTO HABYAIBHOTO MPHUKIIATY.

OTxe, OTpUMaHI Pe3yJIbTaTh JO3BOJISIFOTH 3PO3YMITH IT1IX0/IU 10 BUOODPY
HaBYaJIpHUX 0a3 JaHUX Ta MapameTpiB s UUX HaByaHb. OCKIIBKH, B
Cy4aCHHX HAyKOBHX MpAalAX € MiATBEpKeHHsS €(eKTUBHOCTI Ta TOYHOCTI
MalIMHHOTO HAaBYAaHHS METOIOM BHITAJKOBHX JICIB, BapTO YIOCKOHAIHTH
nporpaMy HaBYaHHS I1i€i MOJENI Ta MNPONMUCATH 4YiTKI MpaBWia, sKi
Bignosinatots Hopmam 3 JICaulliH 2.2.4-171-10.

[1] Aparna Ponnuru, J. V. Madhuri, Dr. S. Saravanan, T. Vijayakumar,
Dr. V. Manimegalai and Dr. Abhijeet Das, Data-Driven Approaches to
Water Quality Monitoring: Leveraging Al, Machine Learning, and
Management Strategies for Environmental Protection. Journal of Neonatal
Surgery, 14 (5s), 664-675, 2025

[2] Elias Salloun, Water_potability. URL:
https://www.kaggle.com/datasets/eliassalloun/water-potability
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[3] Leonard Piittmann, "Water quality dataset — what makes clean
water?" URL: https://deepnote.com/app/leonard-puttmann-a8ef/\Water-
quality-dataset-14a5f99f-9b81-49¢9-9327-973b1c9fOb1f

[4] Norashikin Nasaruddin, Nurulkamal Masseran, Wan Mohd Razi
Idris and Ahmad Zia Ul-Saufie, A SMOTE PCA HDBSCAN approach for
enhancing water quality classification in imbalanced datasets, April 2025,
doi:10.1038/541598-025-97248-0

[5] Xiaohui Yan,Tiangi Zhang, Wenying Du,Qingjia Meng, Xinghan Xu
and Xiang Zhao, A Comprehensive Review of Machine Learning for Water
Quality Prediction over the Past Five Years, 13 January 2024,
d0i:10.3390/jmse12010159
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HY «3anopi3bka nomitexHika»

AHAJII3 CXEMOTEXHIYHUX KOMIIOHEHTIB
TA IPOTPAMHOTO 3ABE3IEYEHHSI EJTEKTPOHHUX
KOHTPOJIEPIB LIBUJKOCTI (ESC) BE3KOJIEKTOPHUX
JIBUT'YHIB MOCTIMTHOI'O CTPYMY (BLDC)

VY CcydacHHX TEeXHOJIOTISIX Oe3KOJEKTOPHI JBUTYHH TOCTIHHOTO CTpyMy
(BLDC) Habysu MIHPOKOro 3aCTOCYBaHHS 3aBISIKU X BHCOKiH €eKTHBHOCTI,
HAJIITHOCTI Ta HHU3BKAM BHUMOTaM J0 OOCIyroByBaHHS. BOHW BHKOpHC-
TOBYIOTECSI y JIPOHAX, E€IEKTPOMOOUIAX, POOOTOTEXHIMi Ta IPOMHUCIOBIH
aBromatm3aiiii. Opnak, st peanizamii ¢ynkiiin BLDC mnotpiOHe BuKO-
PHCTaHHS CIIeliali30BaHuX eJIEKTPOHHUX KOHTposiepiB mBuakocti (ESC), ski
BUKOHYIOTh YIPaBJiHHA IIBHAKICTIO, HANpPSIMKOM OOEpTaHHS Ta KPYTHHM
MOMEHTOM JIBHT'YHA.

Meroro € aHami3 TeXHIYHUX pimeHs s cTBopeHHs ESC, Bu3HaueHHS
OCHOBHHUX KOMITOHEHTIB, SIKi BIUIMBAIOTh Ha X €(PEeKTHBHICTh, Ta aKIIEHT Ha
CTaHmapTH3amii MiAXOAiB M0 iX MPOEKTYBaHHS I HAaHPi3HOMAaHITHIIIAX
cep 3acTocyBaHHSI.

OcHoBHa yBara mpujiieHa komnoHeHtam ESC, ix B3aemo3B's3ky Ta
NPakTUYHOMY 3aCTOCYBAHHIO B peajbHUX yMoBax. s TOJermeHHs
aHaJI3y MPEJCTABICHO TaOJUIll TMOPIBHSHHSA KOMITIOHCHTIB 1 HaBEJICHO

cTpyKTypHY cxemy ESC.

149


mailto:ra.mashkovskyi@gmail.com
mailto:vvkozlov@zp.edu.ua

ESC cxianaerbes i3 HACTYITHUX KITFOYOBUX KOMITOHCHTIB!
Cexkuiss sxuBneHas (GiTbTpyrodi KOHAEHCATOPH, CcTabiizaTopu
HAIpPyTH).
biok mikpokonTtposepa (MCU)
JpaiiBepu KItOUiB
[MonpoBi Tpan3uctopu (monboBi Tpanzucropu, Taki sk MOSFET,
IGBT, GaN Ta SiC).
Buxinna cekuis
Inrepdeticn 3B'3Ky U1 B3a€MOJii 3 30BHIIIHIMH CHCTEMaMHU
(PWM, UART, CAN).

Pucynok 1 mpexcraBise THIOBY CTPYKTypHY cxemy ESC, mo

JIEMOHCTPYE B3aEMOJIII0 Mi’K KOMIIOHEHTAMH.

Tenemerpin Kepysanna
perynaropy wemaKicnio

obepris obepranxa
ENeKTpOXMBAEHHA O O Komnopatopwa cxema ans -
3 Garapei sumipiosanna obeprie
o |
Mixpoxonrponep O O
peryastopa X \
obeprie \ \
" Nomonni (Onomonsi
L O'DU')‘(W Tpancron
Crabinisarop
Dinsrpyroni Y
KOoMaeMca- pery, — | |  fe-q--
g | | Cofepris | [Wpmnces
0 O L
1 Craned | Cncet
TPaIR 0D TPt ropy
3emna

Pucynok 1. TunoBa crpykrypHa cxema ESC.
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[IpoBeneno anamiz kmo4yoBux KommoHeHTiB ESC, BpaxoByroum ix
BAYUIMBICTh ISl 3a0e3leveHHs e(QEeKTUBHOCTI Ta HAJIiHHOCTI CHCTEM
kepyBanHs BLDC nurynamu.

Ha mpuknazi cuiaoBHX TPaH3UCTOPIB IXHI XapaKTEpUCTHKH, IEpPEeBary,
HEJOMIKU Ta 00JIacTi 3aCTOCYBaHHS BUKJIAACHO y Ta0n. 1. Takuii mimxif
JIO3BOJISIE IBHUJIKO OI[IHWTH, KWW TUI TPAH3MCTOpA HaMKpaile MigX0InuTh
JUIT KOHKPETHOTO 3aBJaHHS, BPAaXOBYIOUM BHMOTH 10 €(eKTHBHOCTI,
HaMpyTH, CTPYMY Ta YMOB €KCILTyaTallii.

Tabnuus 1. [TopiBHSHHS OCHOBHUX THITiB TPaH3UCTOPIB

Tun IlepeBaru Henonixn 3acrocyBaHHA
B o . ObmexeHa I
ncoka e()eKTHBHICTh o OHH, CUCTEMHU
MOSFET . " | cTifikicTh 10 POHH, i
MIPOCTHH KOHTPOJIb cepeHbO1 HAalpyTH
P P HepeHanpyru P 124
Binbm ..
PoboTa npu BHCOKHX . EnexTpomo0ii,
IGBT MOBUJIbHE .
Harpyrax MPOMUCIIOBI YCTaHOBKH
NepeMHUKaHHS
GaN Bucoxka mBHaKicTh Bucoka CucreMu 3 BUCOKOIO
MIepEeMHUKAHHS BapTICTh MPOTYKTHUBHICTIO
sic Bucoka remneparypra | CknaaHIiCTh [Tpomuciosi cuctemu Ta
CTIHKICTD KOHCTPYKILIi | eKcTpeMaJibHi yMOBHU

OcobmmuBy yBary Oyno mpuaiieHo 0oky mikpokontposiepa (MCU), skuii
BuKoHye (yHkmii "Mo3ky" ESC, o0po0isiioun BXifiHI CUTHAJH, ONTHMIi3YOUN
airoput™Mi  kepyBauus gsuryHom (FOC abo PWM), i 3abesmneuyroun
HiATPUMKY pisHux nportokoiis 38’s3ky (PWM, UART, CAN).

Y cywacaux ESC BaximBy ponb Bilirpac BHOIp NpPOIIMBKH SIK
KITFOYOBOTO (haKTOPY B MPOEKTYBAaHHI Ta CyMiCHOCTI. CaMe THIT TPOIIHNBKH
(BLHeli, SimonK, AM32 Ta iHii), @ Tako)X HOro MOXIIMBOCTI KepyBaHHS
JBUTYHAMH BHU3Ha4atoTh, skuii came MCU Oyne iHTerpoBaHO BcepeuHi
ESC. B 1a6n. 2 HaBe/ieHO BIAMOBIIHICTh MpoIIuBOK Ta Tuie MCU.
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Tabmuus 2. 3B8's130k Mixk mpomuBkamu Ta MCU B ESC

IIpommuBka Tumnosi MCU

BLHeli ATMEL

SimonK ATMEL

BLHeli_S SILABS BusyBee BB1 & BB2
BLHeli_32 ARM STM32 FO, F3, L4
AM32 ARM STM32 FO, F3, L4
BlueJay SILABS BusyBee

KISS ARM STM32 FO

Tun MCU y ESC 3a3Buuaii 3aJIeKUTh BiJl IPH3HAYECHHS TPHCTPOIO.

Hanpuknaz, roHo4YHi ApOHU MOTPeOyIOTh BUCOKONPORyKTHBHEX STM32 MCU

cepii F3 abo F4, ski 3a0e3nedyioTh MIBHAKICTH TMPOTOKOMIB 1 HH3BKY

3aTPUMKY, HEOOXiIHY IS TOYHOTO YMpaBIiHHA. Y ToW Yac sk Hemopori ESC

MOXyTh BUKOpHCTOByBatH 8-0iTHi ATmega MCU, npommciioBi abo BiIKpHUTI

cuctemu, Taki sk AM32, yacto Bumararots notyxxkHux ARM Cortex-M MCU.

B Ta6n. 3 naeneno tunu MCU B ESC B 3a1e:KHOCTI BiJl IPU3HAYCHHSL.

Tabmuns 3. Tunosi MCU B ESC B 3a51e3KHOCTI BiJ| MPU3HAYCHHS

Tun ESC Tlsllgﬂm Bp};l;;;ﬁ[gu IMpusnauenns ESC
ESC s STM32F3/F4 Bucoxka FPV nponu mis
TOHOYHHX IIBHIKICTh MIePEroHiB a00
JIPOHIB MIPOTOKOITiB (pucraiiny

DShot1200,

HH3bKa 3aTPHMKa
ESC ATmega 8-0itr | ExoHOMIUHICTB, Henopori crioxuyi
HI0YaTKOBOTO npocTe JPOHU
piBHS KepyBaHH

JIBUTYHAMU
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ESC s Infineon InTerpoBane Benuki mpomuciioi
npomucioux | XMC1000 KepyBaHHS BLDC nBurynu
JIPOHIB cepii MOTOpaMH,
CTilKiCTb 110
BHCOKHX Hanpyr

ESC na6asi | STM32F0/F3 Bucoka Tounicts | BucokonpoaykTuBHi

AM32 ARM Cortex- 0OYHCIIEHD, ESC i3 BigkpuTIM
M BIZIKpUTE KOJIOM
nporpaMHe
3a0e3neYeHHs

ESC € HeBiT'€eMHOIO YacTHHOI cydacHHWX cucteM ynpasiinas BLDC.
He3Baxkatoun Ha pi3HOMaHITHICTH 3aCTOCYBaHb — BiJ] KOMIIAKTHUX JPOHIB 1
pagioKepoBaHUX MOJENeH [0 NPOMUCIOBUX YCTaHOBOK Ta €IEKTPO-
TPaHCHOPTY — OCHOBHa CTpyKTypHa cxema ESC 30epiraeTbcsi HE3MiHHOIO
HE3aJIe)KHO BiJl BHpOOHWKA 4 cdepr BUKOpPUCTaHHA. Taka yHidikaris
TICHO TIOB'A3aHA 3 BHUKOPHCTAaHHSIM OJHAKOBHUX KOMITOHEHTIB, (QyHKIIiH, i
NPUHIMIIB POOOTH, SKI CTaHOBIATH (pyHOameHT st kepyBaHHs BLDC

ABUT'YHaAMMU.

[1] The MathWorks, Inc. Introduction to Brushless DC Motor Control
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MmysibpTHKOTITEpaXx [Enektponnuii pecypc] / P.A. Mamkosebkuii, B.B.
KosnoB // CywacHi mpoOieMu i HOCSATHEHHS B Taily3i pajiOTEXHIKH,
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153



https://www.mathworks.com/campaigns/offers/next/introduction-to

Penxon.: JI.M. Iliza, O.FO. Manuii Enekrpon. nmani. — 3amopixoks: HY
«3anopi3bka noiitexuika», 2024. — C. 123 — 127. — 1 enexTpoH. OMNT. JUCK
(DVD-ROM). — Ha3Ba 3 THT. €KpaHa.

[3] Manuit O.FO. Metoauka HepeanpoeKTHOrO BHOOPY KOMIIOHEHTIB
FPV kBajpokonTepHOro THITy 3a 3aJIaHUMHU 3HAUYCHHSMU TSATH, IIBUIKOCTI
ta yacy nonboty / Manuit O.10., ITocnieea, ®ypmanosa H.1., OuumeHko
B.®., 3Banyxuauii M.IO., IBanoB B.B. // EjekrporexHika Ta
€JIEKTPOCHEPreTHKA. - 2024. - Nel. - C. 35-49.
DOl:doi.org/10.15588/1607-6761-2024-1-4.

154



[ipoxenko O.0.

Manuit O.}YO., kaHz. TexH. HayK., JO1I.
Onwnmenko B.®., kaua. ¢i3.-mMat. Hayk
pirozhenko.aall@gmail.com
docsasha2@gmail.com
vfonish@zp.edu.ua

HY «3amnopi3pka momitexHika»

PO3POBKA CTPYKTYPU TA AJITOPUTMIB POBOTHU FMCW-
PAJTAPHOI CUCTEMM J1JIs1 BUSIBJIEHHSI MAJIOTABAPUTHHUX
BIIJIA HA BA3I SDR

CrpimMKHii pO3BUTOK Oe3mioTHUX JiTadbHux amaparis  (BITJIA)
[UBIIFHOTO Ta BIICHKOBOTO MPU3HAYEHHS CTUMYJIIOE MOIIYK HOBUX PIllIEHb
JUIE IXHBOTO BHSBICHHS Ta KOHTPOMIO. Y 3B’S3Ky 3 IMM 3pOcTae
aKTyaJbHICTh CTBOPEHHS HEIOPOTHX, MOPTAaTUBHUX paJapHUX CHCTEM,
3aTHAX TOYHO BH3HAYaTH IOJOXKEHHS Ta MIBHAKICTH MaJOpO3MipHUX
noBiTpstHUX  00°ekTiB. CydacHi TEXHOJOTIi JJO3BOJSIOTH MOEIHYBaTH
nporpamMHo-Bu3Ha4YeHi paaio npuctpoi (SDR) 3 moTy)kHUMH MeTofaMH Ta
ajyropuTMaMyd OOpOOKM CHTHANIB, IO BiJKPWBA€ HOBI MOXKIIMBOCTI IS
CTBOpEHHSI Ta HANAIITYBAaHHS aJallTUBHUX Pa/iapiB i KOHKPETHI 3a/1adi.

Mera pobOoTu Tonsirae y KOHCTPYIOBaHHI Ta aHali3i (yHKIiIOHYBaHHS
nporotuny panmapHoi cucremu Ttuny FMCW  (Frequency-Modulated
Continuous Wave) 1ist BUSIBIICHHST MAJTHX MOBITPSHHUX IIiJICH, 30KpeMa JPOHIB.
OcCoONMMBOCTSIMH  CUCTEMH € BHKOPHICTaHHS HEOPOTMX KOMITOHEHTIB,
MOOLTBHICTh Ta MOXKJIUBICTh CAMOCTIHHOTO BiITBOPCHHSI.

OcHOBY pajapHOi TEXHOJOrIl CTaHOBUTH 3JATHICTh BHU3HAYATH
MPOCTOPOBI TapaMeTpu OO0’€KTIB MUIAXOM aHalli3y eJIeKTPOMAarHiTHUX
XBWJIb, BITOUTHX Bij 1iii. Pamapn MoxkHa kiracugikyBaru Ha iMIyIIbCHI a60
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oesmepeprui (CW). ImmynbeHi pagapu 3a0e3MeuyioTh TOYHE BHU3HAYCHHS
JIATBHOCTI 3aBJKA BHCOKIM YacoBiMl pPO3AUILHOCTI, OJHAK BUMAararTh
CKJIQJIHOI eNeKTPOHIKM JUI TeHepamlil BHCOKONOTYXHHX, KOPOTKHX
IMITyTbCIB T4 MaloTh OOMEXeHHs B eHepreTuuHid edexrmHOCTI. CW-
pazapy MOCTIHO BUIPOMIHIOIOTh CUTHAJ 1 BJIOBJIIOKOTH 3MiHU YacTOTH B
pe3yasrari edekry Jlomiepa. Lle nae 3Mory 3 BHCOKOI TOYHICTIO BU3HAYaTH
IIBAAKICTH 00’€KTa, OTHAK HE J03BOJISIE OE3MMOCEPEIHFO BUMIPSTH BiJICTaHb.
Jns mofonaHHs bOro 0OMEKEHHS 3aCTOCOBYIOTh YaCTOTHO-MOJIYJIEOBAaHY
oesmepepruy xBuwio (FMCW), y skiifi dgacTora mepegaHoro CHTHATY
JIHIAHO 3MIHIOETHCS 3 YacOM. YHACIHiJOK TMOPIBHSHHS TNEpPEAaHoro u
NPUAHITOTO CUTHATY (OPMYEThCS TaK 3BaHa 4acTOTa OWUTTS, HIO HPSMO
MIPOTOPITiiiHA 3aTPHUMIIL Ta BiFICTaHi 0 00’ €KTA.

TonoBHoto mepeBaroro FMCW-panapiB € OamaHc MiX pPO3ALUTEHOIO
3[aTHICTIO, EHEPreTUYHOI e(PEKTHBHICTIO Ta anapaTHO MPOCTOTOO, IO
poOuTh iX iflcabHUMU JUIS 3374 Mayiol JIAJBHOCTI, TAaKUX SK BUSBJICHHS
JIPOHIB Y CKJIAJJHUX CEPEIOBHIIAX.

3anpornoHoBaHa CTPYKTypHa cxXema pajapHoi cucremu Ha 0a3zi SDR
(puc 1.) mepenbavae BuOip BiAMOBiAHOI amapaTHOl 0a3u, HaJIAIITYBaHHS
reHepalii Ta NpuiioMy CHTHAJIIB, a TAKOX OpraHizalio nudpoBoi 0OpoOKu
maanx. OCHOBY TIPOEKTY CTaHOBHTh BukopucTanHia SDR-moardopmu
HackRF y nmoennanni 3 reneparopom ADF4159, o no3sossie Gopmysatu
4acTOTHO-MOAY/IboBaHi curHanu abo umpnu (CHIRP — Compressed High-
Intensity Radiated Pulse) i3 3anaHuMu XapakTepHCTHKAMH.

Jns mepenaBaHHA —CUTHATy  BHKOPHCTOBYETHCS OKpEMa  aHTEHa,
nepeaBalbHAid  TPakT TOOYOBaHWH 3 BHUKOPUCTAHHSAM  IIJICHIIFOBaYa
ADLB8107 ta mikmrepy LTC5548, a npuiiom 30iHCHIOETHCS HIIMM KaHAaJIOM.
OO0wuiBa CUTHAJIM — MIEPEJaHui Ta BiIOUTUH — MOJAOTHCS HA MIKIIEPH, sIKi
BUKOPHCTOBYIOTH CITiJIbHE JIOKIBHE OIOpPHE JDKEPEeNo, IO Ja€ 3MOTy
OTPUMATH YacTOTy OWTTS 3 MiHIMATBHUM (a3zoBuM apeiidom. Lleit miaxin
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Jlae 3MOTy TPOBOJUTH 0OpPOOKY CUTHAITy HAa HU3bKiH MPOMIXKHIN 4acToOTi Ta
3MeHIIMTA BuMoru jo mBuakonii ALIIl. Yactory Outrs MOXHa po3-

paxyBaTi 3a GOopMyIIor0:

2v
fp = f, e,

ne fr — gacrora orpumana npu BinOuBanHi, fi — yacTora mepemadi, Viarget —
HIBUJIKICTB 00’ €KTY, C — ITOCTiHA MIBUJIKOCTI CBITJIA.

LTC554
O ™~ \
M \\\\\ \\ /
/’/ ,w/ \\\ T § \
={ IF X RF |—=>ADL8107 >——=
/SNl / -
W
*”Tf\\ N AHTeHa
i \\‘
f 7™ \
HackRF £\, | ADF4159

AHTeHa

LTC5548
Pucynok 1. Cxema pagapHOi cucTeMu

KimtowoBumu mapamerpamu FMCW-cuctemu €:

- YacTOTa MOBTOPEHHS YHPILY, BiJ| SIKOT 3aJIe)KUTh OHOBIEHHS iH(opMarlii
po 00'eKTH;

- MHUpPUHA CMYTH MOMYJAIil, MI0 BHU3HA4Ya€ PO3AUIbHY 3HaTHICTH 3a

ANBHICTIO);
- TpHBaJiCTh YHpIY, SKa BIUIMBA€ Ha 3[aTHICTh BiJICTEXKyBaTH

HMIBUAKICT.
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BaxxnuBO0 CKIIAJIOBOO € CHHXPOHI3AIliS MMOYaTKy YMPIy 3 MOMEHTOM
3axoruieHHs1 Oydepa mpuitomy. J[s 1[bOTO BHKOPUCTOBYETHCS KEPOBaHHIA
immynbe Ha miHi TXData renepatopa ADF4159, skuii curHamizye mo4aTtok
monyssitii. CurHan cuHxponizamii 3untyerbest HackRF, mo nossosse
TOYHO BHIUIMTH JiHIHHY YacTHHY 4YHPIY Ta YHHUKHYTH CIIOTBOPEHb,
CIPUYMHEHUX HENIHIHHICTIO (h)a30BOTO aBTOMI 1A TOBYBAHHS.

OO6poOka CHrHAJIIB BUKOHYEThCS MporpamMHo Ha MoBi Python Ha erami
aHami3y paJioNOKaliiHUX CHUTHANIB KJIIOUYOBOIO METOI0 € BHUAUICHHS
iHQOPMaTHBHUX XapaKTEPHCTHK, 30KpeMa JaJIbHOCTI Ta IIBUAKOCTI
00’ekTiB. [IJi1 IbOTO BHKOPHCTOBYETHCS CIIEKTpajbHa OOpOOKa CHUrHaIY,
OTPUMAHOTO 3 MPUIMAaJIBHOTO KaHaJy Micis MIKIIyBaHHS. BukopucrtanHs
neperBopentss Pyp'e (FFT) mis omHoro wmpmy 03BOJISIE OTPHUMATH
PO3MOiN eHeprii CUrHaIy 3a JaNbHICTIO, aje He Hagae iHdopmarii mpo
JMUHAMIKy 1ine#. JIJis BU3HAYeHHS NMIBUAKOCTI 00’ €KTIB BUKOPUCTOBYETHCS
MOCTIIOBHICTh CIIEKTPIB YMUPIiB Yy BUIIIAI MaTpuui. Jlo wiei marpumi
3aCTOCOBY€EThCS JBOBHMipHE meperBopenus Dyp'e (2D FFT), sxe nae
3MOTY TOOyIyBaTH KapTy «JaNbHICTH-IIBHAKICTE» —  KIACHYHY
JIOTUIEPIBCHKY Jliarpamy.

3 MEeTOI0 YCYHEHHSI CHTHAJIIB BiJl HEPYXOMHUX 00’ €KTIB 3aCTOCOBYETHCS
obpobka MTI (Moving Target Indication), sika rpyHTy€eThCsl Ha BigHIMaHHI
MOCIIIJOBHUX YHPHiB. SIKI0 00’€KT HEpyXoMui, Horo curHamum OymyTh
MaiiKe OTHAKOBHMH, 1 iX pi3HUILS TpsMYe 10 HyIs. J[ist pyxomux 1inei, ski
MalOTh JIOTUICPIBCHKUIA 3CYB, BiHIMAHHS 3aJIUIIA€ 3HAYYIIMHA 3aJTUIIKOBHIMA
curHai. 3a gormomororo MTI MoxHa BUAIIATH 3HAYYII pyxoMi 00’ €KTH Ta
T IBUIIYBaTH KOHTPACTHICTH BiIOOpaKeHb.

st BUSIBIICHHS peajbHUX 00 €KTIB cepell IIyMy BHKOPHUCTOBYETHCS
anroputm CFAR (Constant False Alarm Rate). Bin oriHioe JoKaabHMH
myMoBUil (JOH y MeXax OKOJIYy HABKOJIO KOXKHOI KIIITHHKH CHEKTpy Ta
BU3HaYa€ afanTUBHUN mopir mns ¢ikcamii mineit. Lle mo3Bonse yHWKaTH
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XUOHMX CIIPALOBaHb MIPU 3MIHHUX PIBHAX LIyMY, OCOOJHMBO aKTyalbHUX Y
JIUHAMIYHOMY CEPEIOBHIIII.

BanpornonoBana cucteMa FMCW-panapy Ha 6a3i HackRF mo3Bossie
BusiBIsTH ManorabaputHi BITJIA, mMae HU3BKY BapTicTh BHpOOHHWIITBA Ta
BUCOKY MOPTATHBHICTh Yepe3 3MEHIICHHS KUTBKOCTI (DI3MYHMX EIEeMEHTIB

3a paxyHOK IPOTPaMHOI peaizallii 00poOKH CUTHAIIB.

[1] Manuii O.FO. BigHocHa OIliHKa MO3MILT i MapIIpyTy MepeCyBaHHs
poboriB 3a momomoror oxomerpii. / Mamuit O.10., 0.0. Ilipoxenko //
Twxnens Hayku-2020. GakynsreT pagioeNeKTPOHIKH Ta TEIEKOMYHIKaIii.
Te3u momoBizel HayKOBO-TIpakTU4HOI KoHGepeHwii, 3amopixoks, 13-17
kBiTHs 2020 p. [Enexrponnuii pecypc] / Penkon.: B.B. Haymuk (Biamos.
pen.) Enexrpon. mani. — 3amopioks: HY «3amopi3pka MOMiTEXHIKa,
2020. — c. 68-71.
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HY «3anopi3bka nojiTexHika»

METOJIMKA PEAJI3ALIII TPAHCUBEPA LORA Y
CEPEJIOBMILI GNU RADIO 3A JOTIOMOT'OIO SDR-
MPUCTPOIO HACKRF

s mepenaBanHs iH(GOpMAILT 3a JOTIOMOTOI0 €JIEKTPOMATHITHIX KOJTMBAaHb
y cHUCTeMax 3 BEIWKOI JANBHICTIO /ii Ta HU3BKOI IMBHIKICTIO Tepenadi
3aCTOCOBYEThCSI MOIYJIAILSL 3 PO3MIMPEHHSM CrieKTpa, 30kpema LORa (Long
Range). Ha Bxig momysistopa HaaXomuTh IM(PPOBUA CHTHAT, TEKCTOBE
TIOBIIOMJIEHHSI — SIK€ KOAyeThcs y ((opMmy, TpuaarHy Aias Tepenadi
pajiokaHaoM y BUITISIAL IocmigoBHOCTI LORa-cuMBomiB.

INepenaBad € CTpyKTypHHM €JIEMEHTOM TIepeaaBaIbHOIO PHCTPOIO Ha 6asi
texHosorii SDR (Software Defined Radio). Sk mpukiam Takoro mpucTporo
posmisiHeMo LORa-niepenasay, peamizosanuit y cepemosuiii GNU Radio 3a
noromoroto  Oiomioreku Librelora. IlepemaBau, moOynoBaHuii y BUIIsL
iepapxiuHoro  OJIOKY, JI03BOJIIE€  3MIMCHIOBATH  TEpeiadyy  TEKCTOBHX
MOBIJIOMJICHb Yy pajioedip 3a nonomororo CSS-momynsiii 3 mapamerpaMu
LoRa. IIpencraBneHHs Takoi cXxeMH MepelaBaHHs HaBe/IeHO Ha PUCYHKY 1.

VY naniii cxeMi pealli3oBaHO MepeIaBaHHs MMOBIIOMIICHHS 3 JOBXKHHOWO 10
OaiitiB. [loBimoMiieHHs (POPMYETHCS y BXiTHOMY OJIOLI, JIe BOHO MOIAETHCS JIO
nauiora 0opooku. Criouarky aaHi mpoxoasaTs uepe3 omoku Bytes to Nibbles i
Randomize, o Gopmytots 6aiiTOBY CTPYKTYpPY TMOBIIOMIICHHS, JOJAI0YH JI0
Hel paHJI0Mi30BaHy MOCIIIOBHICT Ta KOHTPOJbHY cyMy CRC (16 6irt).
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Porumeler | |10: awOatsdate
e

Pucynok 1. Ilpeacrapienns nepejapaya TEKCTOBUX MOBIIOMIIEHD i3
sukopuctanusm GNU Radio, LoRa ta HackRF
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[Ticns 1poro 3acTocoByeThes Moaysswis: Oioku Encode, Interleave Ta
Symbol Mod 3mificHIOIOTH TEPETBOPEHHS JaHHUX Yy CHMBOJH, IO
BI/IOBIJaAt0Th KOHKpeTHMM mapameTpam LORa (manpuxmax, Spreading
Factor = 8, Bandwidth = 125 xI'm, Code Rate = 1). IIi cumBOmM
HePETBOPIOIOTHCS Y vipmi-curHaiau Osiokom Frequency Mod. [Ins 3a0e3ne-
YCHHSI CUHXPOHI3aIlii TOBIJOMJICHHS JIOTIOBHIOETHCSI MPeamMOyIIor0 Ta JBOMa
CHHXPOCJIOBaMH, SIKi qomaroThest 6iokom Append Prefix.

Hactymaum kpokoMm € (hopMyBaHHS OCTaTOYHOTO IMMakeTa 3 (ikCOBaHOIO
TPUBAJICTIO, IO AKOTO JOMAETHCSA 3aTpuMka uepe3 Omok Append Silence.
ITicns nbOro CHUTHAN MepeaacThes M0 BuxigHoro 6moky Pad Sink, a mami —
Ha SDR-npucrpiii HackRF.

Pucynok 2. Cniextp curHany y gianasoni 415-419 MI'n

Jlnst mepeBipkM Tpale3qaTHOCTI CTBOPEHOI CXEMU IepenaBada Oyio
NpPOBEICHO TECTyBaHHS 3a JIOMOMOrOW mporpamu Spectrozir SA 'y
noeqHandi 3 SDR-mpuctpoem HackRF One. ¥V xomi ekcriepuMeHTy
Banocs 3aikCcyBaTH NepelaHiii CUTHAN Y YaCTOTHOMY Jiama3oni 415-419
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MI', mo HaBeJeHO Ha PUCYHKY 2. Y CHEKTporpami BHUAHO XapaKTepHHUH
CTEKTP CUTHAY, 0 BiAMOBiTa€ MOAYIAILIT 3 posutupenusM crekrpa (CSS),
sIKa BUKOPUCTOBY€EThCS y TexHozorii LoRa

3apnsku BukopucranHio GNU Radio, cxema mepenaBada € MOBHICTIO
MPOrPaMOBAHOI0, 1[0 JIO3BOJISE INBHJKO 3MIHIOBAaTH THI MOMIYJISAIIII,
CTPYKTYpY Kajapy, abo cam ¢opmaT nepelaHux AaHuX — 0e3 HeoOXimTHOCTI
BTPYYaHHs y amaparHy dYacTuHy. Lle Hajae MmMpOKi MOXIMBOCTI ISt
TECTYBaHHS CHCTEM 3B SI3KY.

Takum yrHOM, peanizamist LORa-nepenasaya B cepenosumii GNU Radio
i3 3acrocyBanusmM HackRF Ta 6i6miotexku Librelora memonctpye
Ha/3BUYaHO e(DeKTUBHMI 1 Cy4acHHIA MiAXiA IO CTBOPEHHs Oe31pPOTOBUX
KOMYHIKaIifHUX cucteM Ha 0a3i TexHomorii SDR. Bukopucramnas iiei
TEXHOJIOTIi BiIKpMBAE HOBI MOMIMBOCTI IJII PO3POOKH CHCTEM 3B'SI3KY,
OCKUIbKM BOHa JI03BOJISIE 3HAYHO CIPOCTUTH TPOIEC HAJAINTyBaHHS 1
onTUMi3alii 0e3IPOTOBUX MEPEK.
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HY «3amnopi3pka momitexHika»

METOJUKA PEAJIBALIT JETEKTOPA CUTHAJIIB LORA
HA BA3I SDR

Jns BUSBICHHS €JEKTPOMArHiTHUX KOJIMBaHb 3 METOI BHIIUICHHS
3aKkJaeHoi B HUX iH(GOpMAIli BHKOPHUCTOBYIOTH JAeTekTopu. Ha Bxin
JeTeKTOopa HAAXOAWTh BHCOKOYACTOTHWI CHTHAJ, Ha BHXOMl JAETEKTOpa
OTPUMY€EMO HW3bKOYACTOTHUH MOIYIIOIOYMH CUTHAJN, SIKMKH 1 Hece B coOi
iH(pOpMAIIiTo.

JleTekTop € CTPYKTYpHUM €JIEMEHTOM IPUUMAIBHOIO IMPUCTPO B
poboti Oymo peamizoBaHO nerekTop curHamiB LORa Ha 0a3i mporpamHo-
kepoBanoro pamio (SDR) HackRF One Ta BukopucTaHO MpOrpaMHMA
incrpymenrapii GNU Radio. [Ipencrasienns npuiiMada i3 JeTEKTOPOM y
nporpami GNU Radio moxHa mobaunTti Ha pucyHky 1.

e wuipn-merextop, 3marHuii  oOpoOOBaTH  iH(OpMAIlito, IO
TIepPeacThCs, BU3HAYATH KOEe(IIliEHT PO3MOBCIOPKEHHS Ta KaHal, mo OyB
BUKOPUCTAHHHN TS TIEPEJaBaHHA, a TAKOXK aHANI3yBaTh Tpadik y Mepexi Ha
OCHOBI OTPUMAaHOI CTATUCTHKHU.

BusHaueHHS MUTTEBOi YAacCTOTH OTPHUMAHOTO CHUTHANy MAareMaTH4HO
MOYKHA OITUCaTh (OPMYJIIOFD:

o i il2
J(wi) = E[Eie-|xiri — cos(mpi?)e x|, @)
Jie Xj — OTpUMaHU{ CUTHAIL.
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Takuil JeTeKTOp AEMOAYIIOE CHTHAJ, IO MepelJaHuil i3 pO3IIUpEeHHS
CIIEKTPY METOJIOM JIiHIiHOI yacToTHOT Moayssawii — chirp spread spectrum.
Ileit metom BukOpHCTOBYeThCst y TexHomorii LoRa (Long Range) mis
MiABUINEHHS eQEeKTUBHOCTI TepefaBaHHA iH(popMarii y O0e31poToBHX
Mepekax Ha BeJHKIi BifICTaHI 13 HUI3bKUM €HEPrOCIIOKUBaHHSIM Yepe3 KaHall
13 CyTTE€BUMH JIiHIHHUMHU CITOTBOPEHHSIMHU.

LoRa-curHamu 3acTOCOBYIOTH 30KpeMa Yy CHCTeMax KepyBaHHS
Oe3minoTHUMHU JitansHUME anaparamu (a6o BITJIA). Hanpukian Takux sik
ELRS (ExpressLRS a6o Express Long Range System) ta pi3Hux Bapiarisix
TBS - Crossfire, Tracer, Mambo tomo.

Sx Bimomo BIIJIA MOXyTh BHKOPHUCTOBYBaTHICS JIUIS PO3BiJIKH,
HE3aKOHHOTO IPOHMKHEHHS B KOHTPOJIBOBAaHI 30HH, TPAHCIIOPTYBaHHS
3a00pOHEHUX TMPEIMETIB Ta HABITh JJIS araKk Ha KPUTHUYHO BaXKJIMBI
00’€KTH, CTBOPIOIOYM HOBI BUKIMKH y cdepi Oe3neku. Tomy BHHHKAE
norpeda y po3poOili epeKTUBHUX TEXHOJIOTI aBTOMAaTHYHOTO BUSBJICHHS,
CYTIPOBO/IKEHHS Ta iIeHTUdiKaIlii Takux 00’ €KTIB y peaabHOMY Jaci.

SDR-nipuiimMay i3 4ipIi-IeTeKTOPOM MOXKE CTATH OCHOBOIO JUISI CTBOPECHHS
KOMIUIEKCHOI CHCTEMH pO3Mi3HaBaHHS, CYNPOBOMKEHHS Ta KepyBaHHS
HaBefeHHsiM Ha BITJIA. 3aBmsiku oOpaniii Texnonorii LORa Taka cucrema
3abe3meuyBaTuMe HajidHE BUSBICHHS Ta BIJCTEXKEHHS OE3MIOTHUKIB Y
BU3HAYEHOMY MPOCTOPI HABiTh 32 YMOB YacTKOBOTO TEPEKPHUTTS CIOCTe-
pexeHHs ab0 CKIIQJIHUX YMOB HaBKOJHMIITHBOTO cepenoBuina. [lo Toro »x SDR-
TIPUCTPOI TO3BOJISIFOTH BCTAHOBIIIOBAaTH a00 AWHAMIYHO 3MIHIOBATH PoO0di
mapaMeTpy — [iana3oH YacToT, THN MO TOm0 — 3a JIOMOMOTOO
NpPOrpaMHOr0 3a0e3MeUeHHs], IO 3HAYHO PO3UIMPIOE MOMKIMBOCTI OO
PO3Mi3HaBaHHS Ta aHaji3y CWUTHAJIB HaBiTh 32 YMOBM CTPIMKHX 3MiH Ta
PO3BUTKY TEXHOJIOTiH, 110 3acTocoBYIOThC Y BITJIA.

Orxe, peamizamis nerektopa curHaniB LoRa nma 6asi SDR €
MIEPCIIEKTUBHUM  HampsMKOM Juis  3a0e3medeHHs Oe3lmekw TMix  bac
Bukopuctanusa BITJIA.
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Pucynok 1. IIpencraBieHns npuiiMaya i3 JIETEKTOPOM i3 BUKOPUCTAHHAM
nporpaMHoro incrpymenrapiro GNU Radio
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ALGORITHM FOR INFORMATION INTERACTION OF SENSORS
IN INTERNET OF THINGS NETWORKS

Today, most IoT systems use edge computing and fog computing to bring
computing and storage closer to the device layer, reducing bandwidth
consumption and latency. Although the use of these multi-layer architectures
can improve performance, they are difficult to design because the dynamic and
changing 10T environment can affect the quality of service (QoS) and system
performance [1]. loT systems are often exposed to changing environments that
cause unexpected events during execution, such as signal strength instability,
increased latency, and software crashes [2].

The purpose of the study is to evaluate the possibility of integrating
Node-RED and AWS loT Core, applying these technologies in the field of
Internet of Things. To develop a simulation model using these technologies
and verify its ability to test several approaches to ensuring energy
efficiency in the field of home automation.

To conduct an experiment on a system under test, the system must be
connected in such a way that it can receive the necessary output data.
However, at each stage of the simulation, a separate node is assigned to
transmit temperature data, since it is assumed that the system should
regularly receive new temperature data in the rooms it monitors. Figure 1
shows a set of nodes designed to receive sensor readings and control
synchronization.
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(e}
PIR

1o3
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Clock U Timing Outdoor Temp Indoor Temp

Figure 1. Main components that provide sensor readings

The main sensor of HVAC equipment performance in the context of
energy management is the temperature sensor of the controlled room. A
typical use of this sensor is to turn on and off the heater depending on the
current room temperature and external requirements. Figure 2 shows
possible nodes for processing temperature readings.

Temp below threshold? Heater on
Temp Diff
Heater off

Figure 2. Temperature sensor processing unit

The need to clarify energy use makes sense. Presence sensors should be
used. For example, the system can maintain multiple states as a state
machine and transition between these states based on information from
sensors. In this case, the control of the device will depend on the status of
the installation. The system node designed to respond to messages from
such sensors is shown in Figure 3.

Activity
Occupancy

Set occupancy
Figure 3. Motion sensor data processing unit
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They are used in two directions: one is system quality analysis; the other
is system quality analysis. Secondly, it is the production of sensory
indicators. An intuitive representation is shown in Figure 4.

From heater Reslore
On/Off
Heat fiow Energy Cost
Heat fiow = 0 Delta Q losses

Update T_in

Figure 4. Units of calculation of internal temperature

For data visualization, Node-RED provides special graphical nodes that
allow you to create interface elements such as text fields and graphics on
so-called “dashboards”. The nodes responsible for collecting and
transmitting data and displaying data on the graph are shown in Figure 5.

json Temperature
Save & step e <
json Cost
&)
Format cost Cost
Cost json Back to msg Heat cost
o
Temperature json Back to msg Temperature

Figure 5. Data collection, transmission, and visualization nodes

We can immediately load the system settings so that they can be
considered in further analysis. The nodes for creating, updating, and
loading files are shown in Figure 6.
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Figure 6. File Processing Node

The “Start Simulation” button is located on the same sticker in the

console. Thus, users can see dynamic changes in temperature, power
consumption, and the number of steps during experiments and download
the obtained data after completion, which can then be analyzed separately.
This is done in order to avoid loading resource-intensive parts of the
diagram. The tab with the above graphical interface elements is shown in

Figure 7.

Erergy consumpticn -

Tots (owt
Heat cost

"

..: T —

| e

“= t 1 4 8 d T e UM AT E N DN
Temperature

BV R A N RT RPN UMSMITAWM AN DN

Figure 7. Simulation Tab
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From this perspective, the baseline system is expected to be the least
efficient, while the system using both strategies is expected to be the most
efficient. The results of the simulation experiment yielded the following
results. The total energy cost is 14.87 for the baseline system, 12.64 for the
active strategy, 11.52 for the busy strategy, and 9.88 for the comprehensive
strategy. The dynamic accumulation of the total cost can also be seen in the
diagram shown in Figure 8. In particular, we observed that the strategies
that include monitoring the presence of people in the room benefited from
the fact that energy was not consumed for a long time. The hypothesis put
forward is now confirmed.

14

12

0 5 10 15 20 %

Figure 8. Accumulation of energy consumption

We present the process of developing a system for testing and modeling
Internet of Things systems using Node-RED and AWS loT Core, including
a mathematical model of the processes taking place and methods for its
implementation. As a result, a program for modeling Internet of Things
systems using Node-RED and AWS loT Core was developed. Based on the
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experiments, recommendations were formulated for the application of
several approaches to ensuring energy efficiency.

[1] Belej O., Lohutova T., Halkiv L. (2021) Development of
Evaluation Templates for the Protection System of Wireless Sensor
Network. In: Ageyev D., Radivilova T., Kryvinska N. (eds) Data-Centric
Business and Applications. Lecture Notes on Data Engineering and
Communications  Technologies, vol 69.  Springer, Cham.
https://doi.org/10.1007/978-3-030-71892-3_10.

[2] O. Belej, N. Spas and I. Artyshchuk, "Development of an Algorithm
for Detecting Cyberattacks in Distributed Information Systems," 2021
IEEE 16th International Conference on Computer Sciences and
Information Technologies (CSIT), 2021, pp. 325-328, doi: 10.1109/
CSIT52700.2021.9648805. -
https://ieeexplore.ieee.org/document/9648805
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MMPOI'PAMHO-AITAPATHUI KOMILIEKC JOCJI>)KEHHSI
VIIAPHUX I BIPAIIIMHUX HABAHTAKEHB B MICIISIX
BCTAHOBJIEHHS PAJIIOEJIEKTPOHOI AITAPATYPU

Bci Bunu pamioenekrponnoi anaparypu (PEA) 3a3Hatoth 30BHiIIHIX a00
BHYTpimmHiIX MexaHiyaux mgii. I[lpm BcranoBmenHi PEA ma 3acobax
030poenHs i BiificbkoBoi TexHiku (OBT) BUHMKaIOTH yaapHi Ta BiOpariiiHi
HABaHTAKEHHA, SKI MEPEeNaroThCs KOKHOMY EJIEMEHTY 1 BHUKIHMKAIOTh 1X
BiOpamii. Buknukani BiOpariii MOXXyTh MaTu pe3oHaHCHUH xapaktep. [Ipu
PE30HaHCI BUHUKAIOTH OCOOJMBO BENHWKI JedopMaltii, IKi CYIPOBOKYIOTHCS
BEJIMKAMH MEXaHIYHHUMHU HamNpyraMd 1 MOXYTb NPHU3BECTH HaBiTh [0
pyliHyBaHHs enemeHTy PEA.

3abe3neveHHs yaapHOi i BiOpaIliifHOi CTIMKOCTI Ta MIIIHOCTI € 3a/1a4ero,
sKa BU3HAua€ yAapHy Ta BiOpamuiliHy CTIHKICTh SK BIACTUBICTh 00’ €KTa MPH

3alaHuX yhaapax 1 BiOpamisx BHKOHyBaTdh 3amaHi (yHKIII Ta 30epiratu
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3HAYEeHHS CBOIX MMapaMeTpiB y Mexax HOpPMH, a yaapHy 1 BiOpamiifHy
MIIHICTP — $AK BJACTUBICTh O00’€KTa BUTPUMYBAaTH 0e3 pyWHYBaHb
OaraTokpatHi ynapu i TpuBajii BiOpaIliiiHi HaBaHTaXKCHHSI.

VYnapay 1 BiOpamiliHy CTIMKICTh Ta MIIHICTh MOXKHA ITiJBUIIATH 3a
pPaxyHOK CTBOPEHHS Ta 3aCTOCYBaHHS CIICHiahbHHUX 3aCO0iB 130JIOBaHHS
enemenTiB PEA Bif 30BHINIHIX MexaHIYHUX Jiil. HaiiOinbi yHiBepcaapHIM
1 edekTBHUM criocoOoM OOpOTHOWM 3 BHHHKHEHHSM ynapiB 1 BiOpariii B
3acobax OBT e i3omsmist 06’ekty PEA Big 30BHIMIHIX Aiif 32 JOITOMOTOIO
aMOpTU3aTOpiB. AMOPTH3aTOPH € TPY)KHUMH €JIEeMEHTaMH, Ha SKHX
BCcTaHOBMIOEThCsT 00°ekT PEA. Takwmii cmoci®é 3axucTy Mae 3arajibHi
npaBuiIa Ta PEKOMEH/Iallii, OHaK MOTpeOye iHANBITyanbHOTO piteHHs [1].

O06’ext PEA, 1110 BCTaHOBIIOETHCSI HA aMOpTH3aliiHUX Mardhopmax, B
3araJbHOMY BHMAJIKY SK TBEPJE TiJIO Ma€ IIICTh CTYNEHIB BUTBHOCTI. ToMmy
KopIyc 00’€KTa MOXKE OJHOYACHO 3J[IHCHIOBATU IIICTh MPOCTUX KOJUBAHb:
TPH NOCTYNANIBHI Ta TpU 00epTabHI KOJMBaHHs. SIK MPaBUIIO 111 KOJTHBAHHS
3B’s13aH1 MiX CO00¥0, 30Y/PKEHHST OJTHOTO 3 HUX NMPUBOAWUTD 10 BUHUKHEHHS
iHmmx. Take sBUIIE PO3IMIMPIOE MOKIMBICTE BHHUKHEHHST pe3oHaHcy. [Ipu
NPOEKTYBaHHI aMOPTH3ALiHHUX IUIATPOPM ICHYIOTH TI€BHI NPUHOMH
3pOOWTH IIi KOJMBAaHHS HE3AJICKHUMH. SIKIIO 1€ BHAETHCS, TO 3arajibHa
3aja4a BiOPO3aXUCTy 3BOAMTHCS A0 OUBII MPOCTHX 3aj4ad BiOpOi30sLii
ogHomacoBoi mozeni. Toxi, B mepury 4epry, HaMararThCsl 3aXUCTUTHCh BiJl
HaNOUTBIIT HeOe3MeYHOTo 30yHKEHHS.

Oco6nuBy HeOe3MeKy CTaHOBIATh yAapHi 30y/UKeHHs. YIapHUI iMITybC

30y/Ky€e KOJNHMBAaHHS HIMPOKOTO CIHEKTPY, BKIIOYAIOYM i HU3bKI YaCTOTH.
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IMpn ymapHux 30y/UKEHHSX 3aCTOCOBYIOTH aMOPTH3ATOPH 3 BHCOKHUMU
JIeMI(YIOYNMH BIACTUBOCTAMH.

Tpeba maM’siTatH, IO HEMTPABWIFHUI BUOIp aMOPTHU3aTOPIB Ta CXEMH iX
PO3MIILIICHHSI MOXKE TPUHECTH OiNble MIKOAHM, HDK yaapw 1 BiOpatis, 1o
JIIOTh HAa HE3aXMIIEHy TEXHIKy. ToMy Ui NpPaBHJIBHOTO PO3PAXyHKY
CHUCTEMH aMOPTH3aTOPiB MOTPiOHI MEBHI OYATKOBI JaHi:

* mapamMeTpud MeXaHIYHUX Jid (XapakTepUCTUKH BiOpalliid, yaapHUX
IMITYJIBCIB TOIIIO);

* YMOBH €KCILTyaTallii;

* KOHCTPYKTHBHI mapamerpu arnaparypu PEA (Mmaca, ooKeHHs EHTPY
Mac, MOMEHTH iHepuii BiJIHOCHO TOJOBHUX OcCeH, rabaputHi posmipu
TOIIIO);

* momyctuMi nedopmariii Ta TMHAMIYHI HAaBAaHTAXKEHHS;

* CTAaTHYHI Ta TUHAMIYHI XapaKTEPUCTUKH aMOPTH3aTOPIB.

Haii6inpm egexTnBHIM CITIOCOOOM BH3HAYEHHS TAPAMETPIB MEXaAHITHUX
Iifi, a came XapakTepuUCTUK BiOpamiii 1 ymapHUX IMIOYNBCIB, €
eKCIIepUMEHTANIbHI JOCTIKSHHS [TUX TapaMeTpPiB B MICI[IX BCTAHOBJIEHHS
Ha 3aco0i OBT o6’ektra PEA 3a momomoroto #Horo maco-rabapuTHOTO
3pa3ka. ToMmy po3poOka, CTBOPEHHS 1 METPOJIOTiYHA aTecTallis IporpaMHO-
ammaparnoro komiutekey (ITAK) mist mocmimkeHHs yaapHUX i BiOpariiHux
HaBaHTaXXeHb, 110 Aif0Th Ha 00’ ekT PEA B Micigx HOro BCTaHOBIEHHS Ha
3aco6ax OBT € akTyanbHOIO HAYKOBO-TEXHIYHOIO 337a9€10.

3amporioHoBaHO CTPYKTYpHY cxemy IIAK mus  mocmimkeHHs mii
30BHIIIHIX MEXaHIYHMX BIUMBIB Ha 00’ekr PEA B wicusax ioro

BCTaHOBJICHHs Ha 3acobax OBT (puc. 1).
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Pucynok 1. Crpykrypra cxema [TAK.

Posmimennst ckmagoBux wactuH [IAK Ha amopTmsamiiHii
wtatdopmi (AIT) mpu BcTaHoBaeHHI Ha rapMati J[20 HaBeaeHO Ha puc. 2.

TV LT
‘g".b REDMINOTE 8 PROJIE
CO AIQUAD CAMERA

Pucynok 2. Po3minienns ckianosux yactud [IAK na AIT: 1-3acio OBT; 2-
00’ext PEA; 3-emementn All; 4-natunk HaBanTaxkeHb 00 AIl; 5-marumk
HaBaHTaxxeHb mmicis All; 6-mifgcuiroBadi BiOpaIliitHUX CUTHANTIB; 7-Ka0eb

3’€THAHHS 3 OJIOKOM XHMBIICHHS 1 KOMYTAIIii.
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3a pesyabraTamMu JIOCTIKCHb OTPUMAaHI OCIHJIOTPaMHU BiOpariiHux

HaBaHTAXEHb, 1110 AitoTh Ha PEA mipw ii Bctanosnenni na OBT (puc. 3).

CH1
96.000

76.000
56.000
E

16000

-4.000

-24.000

-44.0001

-64.000

-84.000

Pucynok 3. Ocrinmorpama BiOpamiiHUX HaBaHTa)KEHb.

Pozpobnennit [IAK mo3Bonsie BHM3HAUNTH TPAKTUYHI 3HAYCHHS
yaapHUX 1 BiOpaliiHUX HaBaHTAXXEHb B MiclsX BcTaHOBIeHHS PEA Ha
3acobax OBT 1, BiANOBIAHO 1O OTPUMAaHUX JaHUX, OITUMI3yBaTH
amopTH3aliiiny mmargopMmy s 3a0e3ledeHHs 3aJaHWX TTOKa3HUKIB
HafiitHocTi 00’ekTy PEA.

1. KoHcTpyloBaHHS Ta TEXHOJIOTISl BUPOOHUITBA TEXHIKU peecTpaii
iHpopmanii: ¥V 3-x ku. Ku. 2. OcHoBu KoHCTpyroBaHHs: HapuyanmbHuii
nocionuk / €. M. TpaeuikoB, B. C. JlazeOumii, I I. Bnaciok, B. B.
[Minincekuii, B. M. Cnibak, B. b. [1IBaiiuenko. 3a 3arayisHotro penaxiiieto B. C.
JlazeOHoro—K.:«<KADEJIPA», 2015. — c.: in.ISBN 966-8934-05-9 (kH. 2).
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RESEARCH OF THE PASSIVE METHOD FOR OBJECT
POSITION AND DIRECTION DETERMINATION BY THE
DOPPLER SHIFT CHANGE

I. Introduction

The paper presents a method (hereinafter referred to as the OwlEars-1
method) for determining the location and direction of an object by the
Doppler shift change of the signal emitted by this object. In general,
Doppler location methods are based on the analysis of the change in
frequency of a signal reflected or emitted by an object moving relative to a
receiver. This principle is used, in one form or another, in radar, in satellite
navigation systems, etc. The essence of the OwlEars-1 method is to
determine the location of an object based on three short (minimum for 1
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signal period) signal measurements in order to determine the relative
change in the Doppler shift between these three measurements. Currently, a
simulation of the method's operation under ideal conditions has been
conducted, however, to assess the reliability and accuracy of the method's
operation under real conditions, a number of studies of the influence of
various factors need to be conducted.

1. OwlEars-1 method description

OwlEars-1 method demonstrates potential for advanced research that
aims to utilize and develop sophisticated location estimation techniques
based on the Doppler effect. Also it could serve as a foundation for future
innovations in both theoretical modeling and practical applications.

When developing the OwlEars-1 method, two key tasks were identified:
to determine the location and direction of movement of the object by the
Doppler shift change of the signal emitted by the object.

The nature of a Dopler shift imposes certain limitaions on a condition
that allows it successful application for object detection. Following
conditions are required:

- The object moves along a linear trajectory at least during the
interval of its location;

- Moves at a fixed speed, which is known with a certain error;

- Constantly emits a periodic signal (harmonic or complex signal)
that is unchanged in spectral components. In this case, the spectrum
(frequency) of the signal without the influence of the Doppler
effect is unknown;

- There are two (more if necessary) receiving devices that can
capture signals from the object with rough synchronization (the
synchronization accuracy is not high, on the order of units of ms
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for acoustic signals). The coordinates of the receiving devices are
known.
Moving object relatively to the receiver M is shown in Figure 1.

Figure 1. Simplified diagram of the object's motion
relative to the receiver M

Considering the prerequisites defined above, the following is necessary
and sufficient for determining the location of a moving object using the
OwlEars-1 method:

1) Make three short (one or more periods) measurements of the signal
from a moving object at points A, B, C (see Fig. 1) with a time
interval Ts;

2) Determine the relative time compression coefficients of the signals
obtained at points A, B, C due to the Doppler shift;

3) Perform calculations using the method described below.

Points A, B and C show the position of the object at the moments when
the signal from the object is recorded. M is one of the receivers. The value
L is the distance from point O to point B. The value D is the shortest
distance to the trajectory of the object, the so-called traverse, or in other
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words, the radius of the circle to which the trajectory of the object is
tangent. The point of contact between the mentioned circle and the
trajectory of the object is denoted by the letter O. The basis of the OwlEars
method is the determination of the values D and L for each of the signal
receivers (only one receiver is shown in the figure for simplicity). As a
result of the successful determination of these values from several
receivers, the relative position of the object at point B can be easily
determined by the multilateration method.
Finding the unknowns D and L, according to the OwlEars-1 method,
comes down to solving a system of transcendental equations of the form:
Ratiol(D,L)-MeasuredRatio1=0 @
Ratio2(D,L)-MeasuredRatio2=0

Where Ratiol(D,L) and Ratio2(D,L) are the frequency ratios at different
positions of the object obtained using the OwlEars-1 method,;
MeasuredRatiol and MeasuredRatio2 are the frequency ratios of the
received signal measured by the receiving device M, which are calculated
using the following formulas:

MeasuredRatiol :% 2
a
MeasuredRatio2 = %

Where the values of the frequencies f., fy, fc are obtained by measuring
the signal from the object.
I11. Conclusions and proposals

Key advantages of the OwlEars-1 method is that signal spectrum from
the object is irrelevant since the method uses only the relative Doppler shift
obtained at adjacent measurement times, which corresponds to the relative
compression of the signal in time. Also, the proposed method does not
require high synchronization accuracy between receiving devices, as in the
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case of the time-difference method (TDoA), which simplifies
implementation and also allows the receiving devices to be separated by a
large distance.

Taking into account method prerequisites and limitations listed before,
the key proposal is to assess their impact on location accuracy. Most
important deviations should be considered:

1) Distance to the object and direction of its movement relative to the
location of the receivers;

2) Distance between the receiving devices (bases);

3) Obiject speed and acceleration;

4) Variation in object altitude;

5) Sudden change in movement direction between measurement
intervals Ts;

To be able to perform OwlEars-1 accuracy analysis the so called
testbench planned to be developed which allows to simulate Doppler
shifted signals produced by flying objects at different distances, angles and
velocities. Such a testbench allows to vary mentioned parameters and
calculate accuracy of the method. In addition, testbench allows to model
inaccuracies that occur in the real implementation. Examples of such
inaccuracies are:

1) Microphones synchronization mismatches;

2) Analog to digital converter sampling rate limitation;

3) Object velocity non-uniformity e.t.c.

In general, this testbench should simulate the physical environment of
the experiment, by taking into account as many relevant factors as possible
which will allow for a quick assessment of their impact.
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GPS ANTENNA FOR USE ON UNMANNED VEHICLES
IN ELECTRONIC WARFARE CONDITIONS

Introduction. Global Positioning Systems (GPS) determine user
coordinates based on triangulation. However, the accuracy of this process
can be significantly reduced due to the influence of unwanted signals such
as deliberate jamming or multipath propagation, in which signals reflect off
the Earth's surface, terrain irregularities, buildings, or other objects. To
address these challenges, this study proposes the use of an antenna with a
limited beamwidth. This antenna effectively filters signals arriving from
undesirable directions, particularly those originating from below the
horizon or caused by reflection.

The right-hand circularly polarized antenna was modeled and
experimentally validated, demonstrating a substantial reduction in
interference and improvement in the reception quality of useful signals. The
results of this research have practical significance for enhancing the
accuracy and reliability of positioning in unmanned vehicles operating
under real-world conditions, which is crucial for their safe and effective
deployment.

This research aims to develop a 3D model and experimental prototype
of a passive GNSS antenna for GPS signal reception.

To fulfill this objective, the study investigated the theoretical
foundations of GPS systems, calculated the antenna dimensions, created a
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3D antenna model, and constructed a prototype whose performance was
evaluated through measurements of its electrodynamic characteristics and
satellite signal strength.

Research Methodology. During the operation of GPS systems, certain
problems may arise that affect the accuracy of coordinate determination,
particularly due to signals from jamming devices or reflections from
buildings, which can degrade the signal-to-noise ratio or alter the signal
path. This study addresses these issues by using an antenna with a 90-
degree beamwidth, right-hand circular polarization, and an operating
frequency of 1.57 GHz. These characteristics allow the antenna to mitigate
the effects of interference and multipath signals.

Main Results. This section presents the modeling results of a square
microstrip antenna in ANSYS Electromagnetics (Figure 1a). The antenna is
fed through a power divider with a 90-degree phase shift between input
ports. The dielectric substrate is based on RO4003 hydrocarbon ceramic
material with a relative permittivity of . = 5.4 and a thickness of 1.5 mm.

With these parameters, the patch width was calculated to be 2.38 mm.

b) c)
Figure 1. 3D model of the antenna (a) and its 3D radiation pattern(b)

The first segment has a width of 2.4 mm with a characteristic impedance
of 50 ohms. The two segments connecting to the square radiator have a
width of 1 mm and an impedance of 100 ohms, as they are connected in
parallel with the first segment of the feed line. Numerical calculations of
the antenna’s electrodynamic characteristics were conducted using Finite
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Element Method (FEM) based on the developed 3D model. The antenna
exhibits upward directivity, because of the metallic ground plane (Figure 1b).
As seen in the 3D radiation pattern (Figure 1c), the antenna’s operating
bandwidth ranges from 1.57 to 1.66 GHz with a Voltage Standing Wave
Ratio (VSWR) of less than 2.

A prototype antenna was fabricated and experimentally tested.
Measurements of its electrodynamic properties were performed using a
LiteVNA device, as illustrated in Figure 2. The measurements include the
VSWR across the 1-2 GHz frequency range and the frequency dependence
of the antenna’s input impedance.

S11VSWR R=  STIR=X(Q) o

65
155 248

1.0 8.00 413
1.000G 1.5006 2.0006 1.000G 1.5006 2.0006

a) b)
Figure 2. Experimental results of antenna measurements: VSWR in the
1-2 GHz frequency band (a) and input impedance (b)

To transmit the coordinates obtained by the Neo-6M module via Bluetooth,
a mock-up based on Arduino Nano was constructed (Figure 3a). The results of
the Neo-6M module's operation with the custom antenna are shown in Figure
3b, depicting satellite positions in the celestial sphere from which the module
received signals. A comparative study using a complete reference antenna
supplied together with the Neo-6Mv2 module was also conducted. The
developed directional antenna successfully received signals from nine
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satellites, which is three more than the number received using the reference
antenna.

Bluctaotirmmaye

a) b) c)
Figure 3. Prototype-based on Arduino Nano (a) and the positions of satellites on
the celestial sphere (b), from which signals were received by the module (c)

The transmission range for coordinate and velocity data was up to 10
meters. The coordinates were transmitted to a mobile device and displayed
in a terminal application (Figure 3c).

Conclusions. This study has examined the fundamental aspects of the
GPS system, including its technical specifications, applications, and the
advantages and disadvantages of GPS technology. Various antenna
polarization types and methods for achieving circular polarization were also
explored. The ANSY'S Electromagnetics software was employed to perform
3D modeling of a microstrip transmission line and a microstrip antenna
with circular polarization. The results of the experimental investigation
confirmed the efficiency of the developed antenna.
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Asneenxo I'. JI., kaH. TexH. HAyK
django2006 @ukr.net
KIII im. Iropst Cikopcbkoro

3ACTOCYBAHHA SDR-TPAHCHUBEPIB JJISI TIPAKTUYHOI'O
JOCJIJI)KEHHSI TEXHOJIOT' T U®POBOI'O
TEJEBI3IMHOI'O MOBJIEHHSI CTAHJIAPTIB DVB

CyyacHuil CBIT XapakTepH3yeEThCS BCEOIUHUM PO3BUTKOM Ta BIIPOBa-
JOKeHHSM  1HpOpMaIiifHO-KOMYHIKAI[IHAX ~TEXHONOTid B yci cdepu
JONCHKOI MisbHOCTI. CTOCYETBCS 1€ 1 CUCTEM IM(PPOBOrO TENEBi3IHHOIO
mosients (L[TBM) pisuux cranmaprie. Ha ceorogmimuiit geHp Ha
TepuTopii YkpaiHi posropHyTi Ta mitoth Mepexi L[TBM eBpomeicbkix
crangapris IITBM (DVB) 1ro ta 2ro nokosidb: 1) CymyTHHKOBE MOBIICHHS
cranaaprieB DVB-S ta DVB-S2; 2) nazemHe edipHe MOBICHHS CTaHAAPTIB
DVB-T ta DVB-T2; 3) kabGenpHe wmoBieHHs cranmgapry DVB-C.
Ilepeniueni crarmaptu LITBM xapakTtepu3yroTbcsi TPAHCIAIIEID B MeXax
BUJIICHOT CMYTH YacTOT MakeTy MporpaMm y BUIISAII OararomporpamHOro
tpancrnoptHoro notoky MPEG TS, mio iHoxi 3BeThCst MysbTHILIEKCOM [1].
Jns popmyBaHHS paiodacTOTHOTO CHTHAITY cy4acHUX TexHoorii [[TBM,
KU TIepeIaBaTUMETRCS JI0 KiHIIEBOTO KopHcTyBada (aboHeHTa), 3a3BHUaif
BUKOPHUCTOBYETHCS HAO1p THUIIOBOTO 00T HAHHS Ha TiepelaBalibHIi CTaHIIil:
SHKOZIEpH, MYIBTUIUIEKCOPH, MOIYISATOPH, KOHBEPTOpH, IepenaBadi,
T CYITIOBadl, aHTeHHO-QiAepHI MPUCTPOi TOMO. Y SAKOCTI aOOHEHTCHKOTO
HPUCTPOIO 3a3BHYail BHKOPHCTOBYIOTHCSI THUIIOBI pecuBepu (CeT-Torl-
Ookcu), siKi miaATpuMytoTh nipuiioM curraiie [{TBM ycix 3x eBponenchbkux
CTaH/IapTiB Ta CTAHJAPTHI TENEBi3iifHI aHTEHW METPOBOTO Ta JIEIMMETPOBOTO
Jiarma3ony, 37e01IbII0ro «XBHUIbOBHH KaHam» (Yma-5ri) Ta oromnepioqunyHi.
OckibKy 00 THAHHS TIePeIaBaIbHOI CTOPOHU cydyacHux cucteM L[TBM e
Jy’)K€ JOPOTHM, OCHOBHI TPAKTHUYHI ACTIEKTH BHBYEHHS TaKHX CHCTEM
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3a3BUYail 3BOJSATHCA 0 BUOOPY, BCTAHOBJICHHS Ta HANAIITYBaHHS TUIIOBOTO
a0OHEHCHhKOTO OONmafHaHHsA st npuiiomy curHanmiB L[TBM: anTtenHo-
(bimepHHX cucTeM, TUIBHUKIB Ta BiJTrandyXyBadiB IMOTY)KHOCTi, PECHUBEPiB
Touio. [Ipy nboMy MpakTHYHI MUTaHHS 0COONMMBOCTI (HOPMYBaHHSI CUTHAIIIB
LTBM nHa nepenaBaibHiii CTOPOHI 37€0iIbIIIOT0 BUBYAIOTHCS TEOPETHIHO.
TakuM YHHOM aKTyaJbHOIO € 33jada MOJAJIBIIONO  YIOCKOHAJEHHS
NPaKTHYHOTO BUBYEHHS acrekTiB noOynoBu cuctem LITBM y 3aknanax Buioi
OcBiTH YKpaiHu, sKi TOTYIOTh (axiBUiB aist cepu iHPOKOMYHIKaIiH, sKa
BpaxoBy€ TIIPaKTUYHE BHBYCHHS NHTaHb (OPMYyBaHHS CHTHATIB HA
nepenaBanbHiii cToponi cuctemu I[TBM. AnsrepHaTuBo0 A0pOrOoMy
npodeciiinoMy o0naaHaHHO i1 GopMyBanHs curaantiB LITBM moxyTb OyTH
KOMITAKTHI TIPUCTPOI Ha 0a3i TEXHOJNOTIi MPOrpaMHO-BU3HATYBAIBHOTO PAIio
(SDR), TpaHcHBepH $KOi Ha JaHMHA MOMEHT 4Yacy HaJiuylOTh JOCTATHHO
HIMPOKY HOMEHKJIATypy JOCTYIHUX Ha puHKY Moxeneii: BladeRF, HackRF
One, USRP, LimeSDR, PlutoSDR Tta 6araro immmx. Taki SDR-
TpaHCHBEpPH M03BOJNSIOTH (QopmyBarn B miamazoHax CB, KB, VKB Ta
HBY(mo 6 I'Tu BKIIFOYHO) pamiocurHanmu Oyab-sikoi 0e3ApOTOBOI TEXHOJOTIT
nurixoM nporpamysanss ix [IJIIC BignoBigHMM mporpamMHUM KomoMm 0e3
HEeoOXiTHOCTI 3MiH B araparHiil YacTHHI TpaHCHUBEPA 3 BUXiTHOIO TOTYXHICTIO
pamiocurHaia (6e3 3aCTOCYBaHHsI 30BHIIIIHBOTO ITiICHITIOBAYa MOTYXKHOCTI) HE
oinpmre 10...20 nbm. Bumemricts Bkazanmx SDR-TpaHcuBepiB miaTpumye
poboty 3 nporpamuum nakerom GNURadio, y sikomy mpucyTHIN MIHApOKHit
(hyHKITIOHAN CTBOpPEHHSI MPOTPAMHOTO KOMy 3a JOMOMOTON Bi3yaJIbHUX
OnokiB s peamizamii Oyab-sikoi cy4dacHOi TeXHOJOTii O0e3XpOTOBUX
iHpoOKOMYyHIKallil, BKItoyatouu i cucremu LITBM [2].

VY naHuX Te3ax MPEeACTaBICHO PO3POOIEHUH Ul HaBYAIBHOTO MPOIIECY
HaykoBIsIMU  Kadenpu TtenekomyHikanii HH ITC KIII im. Irops
CikopcbKoTo poOoYrid BapiaHT MaKeTy CHCTEMH IEpelaBaHHd Ta TMPUHOMY
CHTHAJIy TeleBi3iiiHoro MoBieHHs cranmaptis DVB-T/T2 ta DVB-S/S2, B
SKOMY pajionepeaBagbHUil TPUCTPIM peanizoBanuii Ha 06a3i SDR-
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tpancuBepa HackRF One [3], a npuiimanbHuii Ha 6a3i MyJIBTUCTAHIAPTHOTO
nobytoBoro pecuBepa EuroSky ES-19 Combo (puc.l). dopmysanus
paniocurnany I{TBM Ha nepemaBaibHiil CTOPOHI MakeTy 3JiHCHIOBAIOCH
SDR-tpancuBepom HackRF One 3a 101omMororo nporpaMHOMY 3aCTOCYHKY
GNURadio 3 ogno- Ta 6ararornporpaMHoro TpancnoptHoro notoky LITBM
31 craHAapToM cTtucHeHHs H.264, sxuii OyB momepenHbO 3amucaHHil Ha
SSD-nick TepcoHaLHOTO KOMIT FOTepa y BUIVISL (Baiiny 3 po3MUpeHHIM
*1s. ®aiin TtpancmoprHoro mnotoky s GNU Radio ¢opmysascs 3
BiJICOKOHTEHTY, TOMEPEIHbO 3aBaHTaXXeHOro 3 Youtube 3a J10MOMOroro
(hyHKITiOHaTYy TIPOrpaMHOTO 3acCTOCYHKY FFMpeg 3 o6pobnenHs Bifeo- Ta
ayniodaitnis [4] BianoBinHO 110 puc.2.

TTepconanbHuit AHTeHa I=5u AHTeHa /TB TpriMat

KOMIT'TOTep IepenaBaIbHa W npHitMaTbHa mepcoHaNbHUIT

KOMIT'IoTep
ﬁ TT frr = 470...862 MI'n iL USB/HDMIII
. 950...2150 MI"
TB monynstop [TincumroBay ( ) IMixcumoBay P
(SDR-Tpancusep :> HOTYHOCTI (32 (3a :> LEI:?FI/}?E/F

HackRF One) HeoOXiTHOCTI) Heo6XinHOCT])

Pucynok 1. CTpyKTypHa cXeMa MakeTy CHCTEMH IIepeIaBaHHs
ta npuitomy curtany LITBM crangapris DVB-T/T2 ta DVB-S/S2

CdopmoBanwmii B TaDOPaTOPHUX YMOBAX Ha NEpelaBajibHIl CTOPOHI MaKeTy
pamiocurnan [ITBM 3 BuxinHO noTyxHicTIO He Outbiie 20 1bMm Ta Hecy4oro
gactoToro B miamasoni 470...862 MI'n (i crargapry DVB-T/ T2, mupuna
criektpy BurnpominioBanHs 8 MI') a6o 950...2150 MI'y (mist cranmapry
DVB-S/S2, mmpuHa cnekTpy BHIpPOMiHIOBaHHS He Oinbme 15 MI'm)
BUITPOMIHIOBABCS 32 JIOTIOMOTOI0O HECHMETPUYHOI BiOpaTOpHOI aHTEHH Yy
BUTJISIII  €TIEKTPOMATHITHOI XBWJII 3 BEPTUKAIBHOIO TMONSPHU3AIIEI0 B
HampsIMKY MpUHMalbHOI YacTHHH MaKeTy, ska Oyna po3TamioBaHa Ha
Bifcrani 6imsa 5...7 ™ Big nepemaBansHoil (puc.l). Tlpuitom pamiocurHaty
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LITBM niana3oHy 3ailiCHIOBAaBCS TaKOK CaMOIO SIK 1 JJIs MepelaBaibHOT
CTOPOHH HECHMETPHYHOIO BiOpaTOpPHOIO AHTEHOIO, SKa 3a JOTIOMOTOIO
KOAKCiaJIbHOrO KaOemro MiAKIodanack 10 epipHOro ado CyMyTHHKOBOTO
Bxoay pecuBepa EuroSky ES-19 Combo. PecuBep y cBorO uepry uepes
inteperic HDMI migkmrouaBcst nmo TteneBizopa abo 3a JOMOMOTORO
xouBepropa HDMI/USB 1o mepconanbHoro komm’'rorepa (HOyTOyka), B
SKOMY BiJIe0300paskeHHs Ta 3BYKOBHH CyNpoBiJ nepenaHoi TB mporpamu
BiZTBOprOBajKcs 3a jgomomororo Mmemiarieepa VLC abo PotPlayer i mami
HAJTAIITOBYBaBCS Ha TMOIIYK PaJioCUTHANY BifanosigHoro cranaapry LITBM
yepe3 BIacHe mporpaMHe MeHio. Kpim Toro, s 00’ €KTHBHOTO KOHTPOIIO
napaMeTpiB mepeanoro ta mnpuiiHatoro TB curnamy Ha Buxomi SDR-
TpaHCHBEpa Ta TNPUIMAIBHOI AaHTEHH MOXYTh OyTH  BCTaHOBJIEHI
BiTally’)kKyBadi CHTHANIB, O OJHOTO 3 BHXOHNIB SKOTO MOXYTh OyTH
MiIKITIOUEeH] CTaHIapTHI aHaizaTopu curaaiis L{TBM.

) Daitx ARaIi3 mapaveTpis Bubip anropurmis
BUIEOKOHTEHTY ——"\| Bi/lcOKOHTEHTY (32 JONOMOTOK [\ cryicpeis aytio- Ta
(*.avi, *.mp4) Mepiamneepa VLC) Bi/ICOIOTOKY

u 1

Qailn -
Buxopucranss Pospaxyrok HeoOXizHO]

TPAHCIIOPTHOTO TIOTOK g :
P P Y <j oibmiotexn FFmpeg <::| TIBHAKOCTI

*
(*1s) TPAHCIIOPTHOTO TIOTOKY

Pucynox 2. ®opMyBaHHSI TPAaHCIIOPTHOTO TIOTOKY ISl IPOIPAMHOTO MAKETy
GNU Radio 3a nonomoroto nporpamuoro 3actocynky FFmpeg

Pesynbraté mpoBeACHUX BHIPOOYBaHb 3alpONOHOBAHOTO Ha pwuc.l
MmakeTy cucremu [{[TBM migreepawiu HOro moBHy Npane3aTHiCTh, TOOTO
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HaJIiiiHy TPaHCIAII0 Ta NpUiioM pagiocurHanis craaaptis DVB-T/T2 ta
DVB-S/S2 B n1abopaTopHuXx yMOBax.

Hana poGora Oyma miarpmmana HarioHansHUM (HOHIOM HOCIiIKEHB
VKkpaiHH B paMKax BHKOHAHHS TPAHTOBOTO IPOEKTY «MIiKpOXBHIBOBI
OpucTpoi Ha OCHOBI PE30HAHCHHUX CTPYKTYp 3 MeTaMarepiajJbHUM
BJIACTUBOCTSIMH JUIS 3aXUCTY KUTTEIISUIBHOCTI Ta iH(OpMAIliitHOT Oe3neKu
Vipaiau» (Peectpamiiinuii Homep mpoekty 2021.01/0030) ta HATO B
paMkax BukoHaHHs TpaHToBOoro mpoekty NATO SPS G6002 “3D
Metamaterials for Energy Harvesting and Electromagnetic Sensing”.

[1] Fischer W. Digital Video And Audio Broadcasting Technology: A
Practical Engineering Guide, 4th Edition. — Springer, 2020. — 1051 p.

[2] Friedt J.-M., Boeglen H. Communication Systems Engineering with
GNU Radio: A Hands-on Approach, Wiley, 2025. — 336 p.

[3] Great Scott Gadgets HackRF One.
URL:https://greatscottgadgets.com/hackrf/one/ (mara 3BEPHCHHS:
09.05.2025)

[4] FFmpeg. URL: https://www.ffmpeg.org/ (mara 3BepHEeHHsS
09.05.2025p)
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WAVEGUIDE-DIELECTRIC FILTERS FOR ELECTRONIC
COMMUNICATIONS APPLICATIONS IN 60 GHZ

The 60 GHz frequency range is significant in telecommunications,
particularly within the millimeter wave spectrum. It is commonly used for
high-speed wireless communication and low-latency applications. This
frequency band, which spans from 57 to 66 GHz, is globally recognized as
an unlicensed band, meaning it can be utilized without a license from
regulatory bodies like the FCC [1]-[2].

Technologies that employ this range include WiGig (WiFi 802.11ad),
WirelessHD, and various wireless personal area networks (PANS).
Additionally, it plays a crucial role in 5G networks and advanced radar
systems.

The 60 GHz frequency offers ultra-high data rates and secure short-
range transmission due to its high bandwidth of approximately 9 GHz. It
also enables high EIRP. However, one disadvantage of the 60 GHz band is
its limited range and susceptibility to environmental factors, making it ideal
for low-power, short-distance communication.

Bandpass filters are indeed crucial in telecommunications and various
RF applications. They allow specific frequency ranges to pass while
blocking others, which is essential for reducing interference and improving
signal quality.

Waveguide-dielectric resonator filters are particularly promising due to
several advantages [3]-[4]:
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These filters exhibit a high-quality Q-factor, indicating low energy loss
and the ability to maintain a narrow bandwidth. They can be designed to be
more compact than traditional waveguide filters, making them suitable for
modern applications where space is constrained. The dielectric materials
used in these filters often showcase excellent thermal stability, ensuring
consistent performance across varying temperatures. There is also the
potential to utilize a mechanical thermos-stabilization system for resonators
made from leukosapphire and quartz. These filters typically have low
insertion loss, which helps maintain signal strength. Waveguide-dielectric
resonator filters can be integrated into a variety of systems, including
satellite communications, radar systems, and 5G networks. 6. Possibility to
design both ultra-narrow and ultra-wideband filters.

Furthermore, advanced manufacturing techniques, such as additive
manufacturing, allow for precise integration of dielectric and metallic
components, enhancing the practicality of these filters in real-world
applications.

Modern technologies for manufacturing filters using waveguide-
dielectric resonators are advancing rapidly and offering several effective
methods. One prominent approach is Additive Manufacturing (3D
Printing), which enables precise fabrication of complex geometries that are
challenging to achieve with traditional methods [5].

In mathematical terms, filter design synthesis is connected to the
scattering problem in periodic dielectric structures at the cut-off waveguide,
which links to the junction of regular structures. This process involves both
approximate calculations and comprehensive full-wave rigorous
calculations that utilize the scattering matrix approach [6].
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These mathematical models have enabled us to develop an innovative
method for evolutionary filter design and to create an Al system for
synthesizing optimal designs [7].

This paper presents the results of optimizing a three-link filter based on
the rectangularity coefficient of the amplitude-frequency characteristic. The
optimized filter features a cut-off waveguide size of 1.39 mm, with outer
resonator lengths of 0.64 mm and a central resonator length of 0.69 mm.
The total length of the filter is 4.05 mm, and the squareness coefficient at
the 20 dB level is 1.661. The figure below illustrates the filter
characteristics.
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Frequency, GHz
As demonstrated, the filter displays low losses within the passband and
a high level of suppression outside the band.

[1] RFWirelessWorld, “60 GHz RF Channels and Frequency Allocations”,
https://www.rfwireless-world.com/terminology/rf-basics/60-ghz-rf-channels-
frequency-allocations

[2] RFWirelessWorld, “Understanding the 60 GHz Frequency Band:
Applications and Challenges{,

https://ww.rfwireless-world.com/terminology/rf-basics/understanding-60-
ghz-frequency-band

[3] A.G. Yushchenko, “High Unloaded Qs MM Wave WDR Filters
Designing”, International Journal of Infrared and Millimeter Waves 22, 1831—
1836 (2001). https://doi.org/10.1023/A:1015031802727

[4] A.G. Yushchenko, D.B. Mamedov, “Comparative Characteristics of
Band pass Filters Based on WDR and Microstrip Resonators|” . Electrical and
Electronic Engineering,- USA, 2012, - vol.2, -No.2, pp. 7-10. doi:
10.5923/j.eee.20120202.02

[5] Pons-Abenza, A., Garcia-Barceld, J., Romera-Pérez, A., Alvarez-
Melcon, A., Quesada-Pereira, F. D., Hinojosa-Jiménez, J., Guglielmi, M., Boria
Esbert, V. E., & Arche-Andradas, L. (2020). Design and implementation of
evanescent mode waveguide filters using dielectrics and additive
manufacturing techniques. AEU — International Journal of Electronics and
Communications, 116, 153065. https://doi.org/10.1016/j.aeue.2020.153065

[6] D.B. Mamedov A.G. Yushchenko,, “Development of a mathematical
model of microwave filter based on the partially filled cross-shaped
waveguide-dielectric resonators”,
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'Hauionanbuuit ynisepeuter «JIbBiBCbKA MOMITEXHIKa»
2HarrionanbHa aKajeMis CYXOINYTHHUX BIMChK IMEHI TeThMaHa
[Terpa Caraiinaunoro

CTPYKTYPHO-ABTOMATHA MO/JEJb EKCIIYATALIAHOI
®YHKIIIHOI NOBEJAIHKHU PAJIOEJIEKTPOHHOT'O
KOMILIEKCY 3 IBOX AKYCTUUYHUX TA OJHIET ONTHUKO-
EJIEKTPOHHOI CUCTEM

Beryn. OnauM i3 crioco0iB TiIBUILICHHS! €)EKTUBHOCTI CHCTEM BUSIBJICHHS
Oe3nioTHUx JIA € To€qHaHHS KUTbKOX CUCTEM BUSBJICHHS PI3HUX TUIIB B
onuH pamioenekrponrnii komiuieke (PEK) [1]. B ckiaa ymockoHaieHOTo
PEK BxomsaTh He ofHa, a Bxke aBi akyctuuni cucremu (AC), maBadi sKux
PO3MillieHI Ha MePeIHIX pyOexax AalbHbOI Ta OJIMKHBOT KOHTPOJILOBAHUX 30H;
PETPaHCIATOpP, SKUH BCTAHOBJICHUH B JaJbHIN 30HI; iH(OpMAaIiiHO-KepyroJa
cucrema (IKC); ontuko-enekrponra cucrema (OEC). 3rigHo anroputmy
(hyHKITIOHYBaHHS B NATBHIN 30HI MpaIffoe mepiia aKyctnaHa cucrema ACL; B
cepenniii nparroe OEC 3 jeHHMM 1 HIYHMM OaucHHSM; B ONWOKHIN 30HI
npaifroe apyra akycruuna cuctema AC2 i OEC. Omxe 00’ekToM po3misay
JlaHOi poOOTH € ekcruTyaTaniitHa ¢yskiiitHa moBeninka PEK.
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Etranu po3podiennst Moaedi. BupimeHHs 3amaui  po3poOneHHS
JICKPETHO-HETIEPEPBHOI CTOXAaCTHYHOI MOJIEN eKCILTyaTaliiHol QyHKIIHHOT
noseninku PEK i3 3amanum anropurmMom GyHKIIOHYBaHHS 3IiHCHIOETHCS B
TaKil MOCIIIJOBHOCTI!

1) mobymoBa BepbanbHOI MOMENb EKCILTyaTalliiHol  (QyHKIHHHOT
nopeninku PEK B cknami ACl, AC2, OEC ta IKC. BepOanbHa mopaeinb
cthopMoBaHa AJIs 33J]aHOTO BapiaHTy aJTOPUTMY HOTO (DYHKITIOHYBaHHS Ta
moKa3ye Tofii 1 cuTyarlii, aKi MaloTh Micie npu nponborax briJIA uepes
KOoHTpOJIbOBaHi cucremamu PEK 30HM.

2) BU3HAUCHO MPUITYLICHHS Ta YMOBH, SIKi BPaXOBaHO B CTOXAaCTHYHIN
MojieNi  ekcrutyataniiinoi moseminku PEK: mns iHTepBaniB dyacy Bij
MOMEHTY TOsIBH 0e3miToTHHX JIA B KOHTPOIBOBAaHUX 30HAaX JI0 MOMEHTY iX
BUSIBJICHHS BiAMOBinHOIO cuctemoro PEK BukopucTano ekcroHeHIIHHUI
3aKOH pO3MOJUTY HMOBIPHOCTEH; IIiJ] Yac KOXHOrO MpoiboTy brJIA
MIEPETUHAE JIAIBHIO, CEPEIHIO0 Ta OJMKHIO KOHTPOJIBOBaHI 30HHM, JaBadi
akyctnyHux cucreM ACl i AC2 B KOHTPONBOBAaHMX 30HAX, IPAIIOIOTh
HE3aJIe’)KHO OJWH BiJl OFHOTO, PETPAHCIATOP PaTIOCUTHANIB 3aBXKIU
nepeOyBa€e y ClipaBHOMY CTaHi i BUKOHYE CBOIO (DYHKIIIFO 3 HMOBIpHICTIO 1,
IKC Bci ¢yHKIIIT BUKOHYE YCITIIIHO 3 HMOBIpHicTIO 1.

3) BusHaueHO 0a30Bi momii ekcrutyaramiiiHoi mnoseminku PEK s
PO3pOOIEHHS OTIOPHOTO WMOBIPHICHOTO Tpada.

4) BH3HAYEHO KOMIIOHEHTH BEKTOpa CTaHIB Ui MpPEICTABICHHS
BepOaIbHOI MOJICITi eKCIUTyaTalliiiHol ¢pyHkiiiHOoT moBeninku PEK.

5) BHM3HAYEHO TOKA3HUKU €(PEKTUBHOCTI CHCTEM, $IKi OyayTh TMpen-
CTaBJIeHI B cToxacTUuHill moneni noseninku PEK.

Po3poGiennss cTtpyktypHo aBtomatHoi moaeni (CAM). B sxocti
6azoBux momiit (BIT) mist cToxacTUUHOT MOJIEN BUKOPHCTOBYEMO TIOJIT, 10
MIPECTABISIOTH 3aKiHUEHHSI TPOLIEAYp anropuTMy dyHkmioHyBaHHs PEK.
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Hanpuxiazn, BI11 — noxis pearyBanns AC1 na nmosisy briJIA B panbHiit
KOHTPOJIbOBaHiH 30Hi. J[Is1 MHOXKWHH 1HTEpBaJIiB Yacy BiJi MOMEHTY IOSIBU
BrJIA B manbHiif 30HI 10 MOMeHTY Horo BusBieHHs: ACLl BukopucTaHO iX
cepenHe 3HaueHHS T ac1. B pasi He BusBnensas briJIA ACL B 110 MHOXHHY
BXOJIITh IHTEPBAM Yacy BiJ MOMeHTY mosiBM briJIA B mampHil 30HI 110
MOMEHTY 3aBEpIICHHS pO3PaxyHKOBOro dYacy mniepeOyBanHs brnJIA B
JanbHiKi 30H1. CXO)KMM YIHOM OMHUCYIOTHCS 1HII 6a30Bi MOl

Jns po3pobneHHst iiMoBipHiCHOTO Tpada HEoOXimgHO OOTpYHTYBaTH i
MPU3HAYATHA KOMITOHEHTH s BekTropa cTaHiB. V1 — mokaszye cran ACL B
JTBHIN KOHTpoONbOBaHii 30Hi; V2 — mokazye cran OEC B cepemniii
KOHTPOITbOBaHi# 30Hi; V3 — nmokasye ctan AC2 B OIMKHIN KOHTPOJIbOBAHIN
30Hi; V4 — mokazye cran OEC, sika mpairtoe mo xomasai Bif IKC B 6mmkHIN
KOHTPOJIBOBaHiN 30HI; V5 — «mmoka3ye» BiAMOBIAHICTH (hiHATHHUX CTaHIB
rpada BUKOHaHHIO Y1 HEBUKOHAHHIO 3aBIaHHA CKiIamoBumMu PEK.

[puiiasto imMoBipHocTi BusiBnenHs briJIA AC1, AC2 ta OEC B 30Hax
KOHTPOJIIO Ta CepellHi 3HaUeHHs IHTepPBaIIiB Yacy BiJ MOMeHTY Bxoxy briJIA
B KOHTPOJFOBAHI 30HU O MOMEHTY X BHUSBIICHHSI BiAIIOBITHOIO CHCTEMOIO!
Pac1 — #imoBipHicTs BusiBneHHs briJIA ACl B nmanpHiii KOHTpOIHOBaHIN
30H1; Tac1 — cepenHe 3HaYSHHS iHTEpPBaTiB Yacy BiJf MOMEHTY Bxoay briJIA
B JAJTbHIO 30HY 0 MOMEHTY #oro BusBieHHs: ACL, abo /10 3aKiHYEeHHS Yacy
nponboTy brJIA uwepes mampHIO 30HY, Poei — WMOBIpHICTH BHUKOHAHHS
3apnanHs PEK 3 Buxopucranasm OEC B cepenHiii KOHTpOIBbOBaHii 30Hi,
Toe1 — cepenne 3HaueHHs1 TpuBanocteir podotn OEC B cepenniit 30Hi; Pac2 —
nimoBipHicTs BusieneHHS briJIA AC2 B OnmiKHIM KOHTPOIBOBaHiH 30H1; Tac2 —
cepeqHe 3HAYCHHS IHTEPBAJiB Yacy BiJ MoMmeHTy Bxonay brmJIA B GmmkHIO
30HY J10 MOMEHTY Horo BusiBeHH AC2, a00 10 3aKiHUEHHS 9acy MPOJIbOTY

BrJIA gepe3 OmmxkHIO 30HY; Poe2 — HMOBIpHICTh BUKOHaHHS 3apnaHHs PEK
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3 puxopuctandsiM OEC B OmkHI#T KOHTPONBOBaHI 30HI; Toe1 — cepenHe
3Ha4YeHHs TpuBajoctel poootu OEC B OnmkHIlN 30HI.

B TexHosorii ¢cTOXaCTUYHOTO MOJICIIOBAHHS 3aCTOCOBYETHCS METOIHMKA
po3pobieHHs WMoBipHICHOTO Tpada, KWK Ha3uBaeEMO OmopHUM. Mopens
ekcruryaramiiHoi ¢ynkniHoi moseninkn PEK y Bummsinmi #MoBipHICHOTO
rpada pospobmena 3rigHO cdopmoBaHOi BepOambHOI MOAENi #oro Bip-
TyallbHOI ~eKCIUTyararidHoi moBemiHkn. @DparmMeHT po3poOIeHOro  ¥Mo-
BipHiCHOrO Trpada 300pakennit B Tabmumi 1. 3 mporo rpada B CAM
nepexosITh 06a30Bi mofii i popMyH po3paxyHKy IHTEHCHBHOCTEH TEPEXOMIiB
Ta TpaBWiaa Momudikarii KOMIOHEHT BekTopa craHiB. Pospobmena CAM
nokazaHa B Ta0iuii 2 Ha ocHoBi rpada chopMoBaHO crcTeMy TudepeHT-
miabHMX piBHAHL KommoropoBa-UernMena, B pe3ynsTaTi po3B'Si3aHHS SIKOT,
OTPUMYETHCSI PO3MOALNT WMOBIpHOCTEH mepeOyBaHHS B cTaHax rpada, a
BiTaK 1 3aleXHOCTI WMOBipHOCTI BHKOHaHHA 3aBmaHHs PEK Bix

MOKa3HUKIB €(h)eKTUBHOCTI HOTO CKIIQJOBHUX.

Tabnmuns 1. @parment onopHoro rpada excryaramiiinoi moseninku PEK

Crani Bekrop crany
No AN [T T T T Necrany | Tepexin OPIII
akyaibha bl V1|{V2|V3[V4|V5 '
|| Moyarkomii cran 010(0[0]0 | - -
1
2 Pt L1001 0(0 2?:1)/ 1-2ay Py T_
— AS]
1BI11 1
3 l- PAS] 2 0 0 0 0 311.!1 1 - 3an (1 _PASI)T_
AS1
4 POE] 2 2 0 2 0 40yq) 23\ = 10\ P()El T—
— 2BI12 "“1
5 l- POE] 2 3 0 | 0 50.H 23\ - 50H (1 - P()El) T_
0F1
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Tabmuus 2. ®parment CAM mogeni excrutyaTaiiiiinoi nosefinku PEK

Basosi nogii dopManizoBaHuit ONUC CUTYaLiii, B AKUX G EEENE
ekcnnyarauinHoi BinbysatoTbes H6a3osi noaii peakuii PEK Ha impe(:z‘:x::geﬁ T:ﬂ:ﬂ?::"
noeeniHkn PEK nepeTuH BnJlA KOHTPONLOBaHMX 30H nepexofie B rpacpi  BeKTopa CTaHIB
BIN1: PearysaHHs Ha Py V1:=1
Bn/1A signosigHoi AC Curtyauia 1: (V1=0) AND (V2=0) AND (V3=0) AND T
B AanbHiit (V4=0) AND (V5=0) a-r )L V=2
KOHTPONbOBaHIN 30Hi A s
Bl2: 3aBepliexHs ponL V2:=1; V5:=1
pobotn OEC B Curyayia 1: (V1=2) AND (V2=0) AND (V3=0) AND Tor
cepeaHin (V4=0) AND (V5=0)

1
- Pogy)— V2:=2; V5:=2
KOHTPOMNbOBAHIi 30Hi (1= Poe))7—
1

BI3: Pearysants Ha CHTyauin 1: (V1=2) AND (V2=0) AND (V3=0)AND  Pasa V3:=1; V5i=5

BnJ1A sianosigHoi AC (V4=0) AND (V5=0) a-p )L V3:=2: V5:=6
B BrnxHii a52) 7 — 1=2; Vo:
KOHTPONbOBaHii 30Hi 1 =1 /5=
(siabynocn abo He  CvTyaLiia 2: (V1=1)AND (V2=2) AND (V3=0)AND  Panp  VITTVESS
Biabynocs) (V4=0) AND (V5=2) - ,»m)# V3:=2; V5:=6

BucHoBkn. B pesynsrati moemHaHHS PoO3poOJIEHOI  CTPYKTYpPHO-
aBTOMaTHOI Mozeni i mporpamHoro 3adesmeueHHs ASNA-2 otpumyemo
NpOrpaMHy CTOXAaCTHUHY Mozenb. lIporpamHa croxacTHuHa MOZAETb Ia€
3MOr'y aBTOMaTH30BaHO PO3B’SA3yBaTH 3aady CHHTE3y 3HAUCHb [TOKA3HUKIB
(YHKIIOHANBHOCTI ~ CHUCTEM  PAaJiOeNeKTPOHHOTO  KOMIUIGKCY  JUIs
3a0e3MevyeHHs 33/1aHOT0 3HAYCHHS MOKa3HWKa HOro eeKTUBHOCTI, a came
WMOBIpHOCTI BUsiBIIeHHS Oe3minoTHuX JIA.

[1] Bonouiii b., Onumenxo B., OzipkoBcbkuii JI.. TIporpaMua anamitnyna
CTOXaCTUYHA MOJIENIb CKCIUTyaTalliiHOl (PYyHKIIMHOT TIOBEIIHKK pajio-
€JIEKTPOHHOTO KOMIUIEKCY BHUSBICHHS OE3IMIJOTHUX JITAIFHUX araparib.
[HpoKOMyHIKaIIiiiHI TEXHOJOTII Ta eIeKTpOHHA imKeHepis. HarioHambHMI
yHiBepcuteT «JIpBiBcbka momitexHika». JIpBiB: HY «JIII», 2023. Bum. 3,
Ne2, C. 126-149.
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Philadelphia University / Independent Researcher

REVIEW AND PERFORMANCE EVALUATION OF FIFO,
PQ, CQ, FQ, AND WFQ ALGORITHMS IN MULTIMEDIA
WIRELESS SENSOR NETWORKS

Multimedia Wireless Sensor Networks (MWSNSs) are designed to support
the transmission of time-sensitive data such as video and audio streams, in
addition to traditional sensor readings. In these networks, queue management
at the node level plays a crucial role in ensuring quality of service (QoS),
especially in terms of delay, packet loss, and fairness. This paper presents a
comparative review and performance evaluation of five common scheduling
algorithms: First-In First-Out (FIFO), Priority Queuing (PQ), Custom Queuing
(CQ), Fair Queuing (FQ), and Weighted Fair Queuing (WFQ).

A small-scale simulation experiment was conducted using NS-3 to assess
the performance of each algorithm under identical network conditions. The
scenario included ten sensor nodes transmitting a mixture of real-time video
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and temperature data to a central base station. The performance was evaluated
based on average packet delay and packet loss rate.

The FIFO algorithm, while simple to implement, demonstrated high delay
and packet loss, particularly under increased traffic load. Priority Queuing
improved the delivery of high-priority video packets, but lower-priority data
such as temperature readings were often delayed or dropped. Custom Queuing
offered better control by allowing bandwidth allocation for different traffic
classes, yet required careful configuration to achieve optimal results. Fair
Queuing provided more balanced resource distribution, reducing the starvation
of lower-priority flows. However, the best performance was observed with
Weighted Fair Queuing, which introduced traffic weights and dynamically
prioritized packets based on their importance and traffic class. WFQ
maintained low delay and packet loss across both real-time and non-real-time
data.

In conclusion, the study highlights that while no single algorithm fits all
scenarios, WFQ offers a practical balance between complexity, fairness, and
QoS performance. For multimedia applications in WSNs where timely and
reliable data transmission is critical, WFQ stands out as a robust and efficient
choice.

Keywords: MWSNs, QoS, Scheduling Algorithms, FIFO, PQ, CQ, FQ,
WFQ, Wireless Sensor Networks

[1] S. Keshav, An Engineering Approach to Computer Networking,
Addison-Wesley, 1997.

[2] N. Kaur and R. Sharma, "Performance analysis of queuing
algorithms in NS2," International Journal of Computer Applications, vol.
45, no. 12, pp. 10-14, 2012.
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HauioHansHuii TEXHIYHAN YHIBEpCUTET

«XapKiBCbKHUI TONITEXHIYHUHA IHCTHTYT»

MOZEJIb TPOAYKTHUBHOCTI BATATOLIIAPOBUX
BE3IPOTOBUX MEPEX 3 IUHAMIYHUM PO3ITIOALIJIOM
PECYPCIB

Po3BuToK GararomapoBux O€37POTOBHX MEpEX € BaKIMBHM HAIPSIMOM
MiJBUIICHHST €()EKTUBHOCTI TeJICKOMYHikalliii. BoHu 00'eHYIOTh Makpo-,
miKo- Ta ()EeMTOCOTH 3 PI3HOPIBHEBUMH KOPUCTYBauaMH, IO YCKJIAIHIOE
ONTHMAJBHUNA PO3IMOMINT pecypciB dYepe3 3MiHHI yMOBH Tpadiky,
inTepdepenuito Ta eHeprocnokuanHs [1]. KirodoBumu acrnekramu €
JMHAMIYHE YIPaBIiHHS CIICKTPOM, TOTYXXHICTIO Ta JOCTYIOM [2].

Tpamuiiiiiti cTaTHYHI METOIU MOCTYIMAIOTHCS aaTHBHUAM miaxomam [3].
OpmHUM 13 TIEPCIIEKTUBHUX IIIXOJIB € 3aCTOCYBAaHHS METO[IB HEIiHIHHOTO
ONTHUMI3AIIMHOTO MOJICIIIOBAHHS, SIKI JO3BOJISIFOTH 3HAXOJUTH KOMIIPOMIC
MDK TIPOIYCKHOIO 3[aTHICTIO, 3aTPUMKaMH Ta €HEProcIoXKuBaHHAM. [l
MOJZIETIIOBaHHS €()eKTUBHOCTI PO3MOALTY PECYpCiB MOKHA BUKOPHCTOBYBATH
ONTHMI3amiifHI (QyHKIi, 0 BPaxoBYIOTh OajaHC MK MaKCHMi3aIliero
MIPOIYCKHOT 3aTHOCTI Ta MiHIMIi3aI[i€r0 3aTPUMOK:

max %iL; Ri(x) — AT Di(x),
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ne R;(x) — mpomyckna 3maTHicTh i-ro KopucTyBaua, D;(x)— 3arpuMka, A—
BaroBuil KoeQillieHT, 10 BU3HAYAE MMPIOPUTETHICTH TTApaMeTPiB.

Jdns  nuHaAMi9HOTO — pO3MOMiNY  CHEKTpaJbHUX  PEcypciB  MOXKHA
BUKOPHCTOBYBATH JITOPUTMHU ONTHMI3allii HA OCHOBI €BOJIOIHHUX METOIIB,
HAlpUKIIaj, TEeHEeTH4YHI anropuT™Mu abo audepeHmiansHy eBomrorito. Lli
METOAM JTO3BOJISIFOTH 3HAWTH KBa3iONTHUMAIBHI PIIIEHHS B YMOBAaX BENHKOI
KUTBKOCTI 3MIHHHX TTapameTpiB. Hanpukian, y BUITaaKy reTeporeHHIX MEpEK,
10 MOEIHYIOTh JIICH31MHUN 1 HEJIIIEH3IMHUI CTIeKTp, e(hEeKTUBHHUN PO3IOMLT
pecypciB Moxe OyTH peai3oBaHMii Yepe3 PillleHHsI HACTYITHOT ONTUMI3aI[iiHOT
3aau4i:

min BjL, (P;(x) + ;(x)),
ne Pj(x)— notyxmicte nepenasanns, Ij(x) — pisens inTepdepenmii B j-iit
T IMepexi.

BaxiMBUM HampsSMKOM € BHKOPHUCTaHHS MAalIMHHOTO HaBYAHHS I
NPOTHO3YBAHHS CTaHy MEpeXi Ta aJanTHBHOTO YNPaBIiHHA MapameTpamu
0e31poToBOro J0CTyIy. BUKkopucTaHHs HEHpPOMEPEKEBUX MOJICICH J03BOJISE
TIOKPAIIATH €(PEeKTHBHICTH aIaNTUBHOTO PO3MOILTY PECYPCIB IIIIIXOM aHaJi3y
icTOpYHAX JaHuX Tpadiky Ta mependadeHHs MaiOyTHIX 3MIH y Mepexi.
Hanpuknan, 3actocyBanus 3roprtkoBux Heripomepexx (CNN)  mosBossie
aHANI3yBaTH MPOCTOPOBI  XapakTEpUCTHKX Tpadiky Ta MPOTrHO3yBaTH
IHTCHCHBHICTh HABAaHTQKEHHA Ha Pi3HI piBHI Mepexi, MO CIpUse
HPOAKTHBHOMY PO3IOJITY YaCTOTHOTO CIIEKTpa Ta MOTYKHOCTI NepelaBaHHs.

Ha puc. 1 mokazaHo mopiBHSHHS €(EKTHBHOCTI TPaJWIiHHOTO Ta
ONTUMI30BAaHOTO IMAXOMiB N0 PO3MOAUTY pecypciB y OararomapoBiid
Mepexi. ONTHMI30BaHUH METON JO3BOJISIE CYTTEBO 3HH3HTH DIBEHb
iHTepdepen i Ta MOKpaIUTH MPOAYKTUBHICTH MEpexXi HaBiTh 3a yYMOB
BHCOKOi 3aBaHTaXEHOCTI.
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Pesynwsrati mociipkeHHsI TOKa3ylOTh, 110 BUKOPUCTAHHS aJalTUBHUX

METOJ/IB ONTHUMI3allii J03BOJISE 3HAYHO IMiJBUIIMTUA MPOIAYKTHUBHICTH

OararomapoBuX 0€3IPOTOBHX MEPEXK.
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MpoayKTUBHICTE Mepexi

03

= TpaauuiAKWA poanomin

®- OnTUMi30BaHWi pe3noain

0.4 0.6
HaBaHTaxeHicTs mepexi

0.8

Pucynoxk 1. [TopiBHSHHS TpaIuIiifHOTO Ta ONTUMi30BAHOTO ITiAXO/IB

JIO PO3MOJIUTY PeCypciB y baraTomapoBiii 6e3ApOTOBIN Mepexi

Tabnuis 1. [TopiBHAHHS MiX TPaUIIIHHUM 1 ONITUMI30BaHHUM ITi{XOaMH

ITapamerp

Tpamuuiitnuii migxin

OnTuMmizoBanui mixxin

CepemHiii piBeHb
inrepdepenii (1b)

Bucokwuii (~15-20 1b)

Huspkuii (~5-10 a1b)

TpomycKHa 31aTHICTH
(M6irt/c)

Cepenns (50-100
M6it/c)

Bucoka (100-300
Moit/c)

Cepenns 3arpumka (Mc)

Bucoka (~50-100 mc)

Huspka (~10-30 mc)

kopucryBada (MBT)

CrabinpHICTh Husbka (HecTabinpHa Bucoka (crabinpHa
MPOITYKTUBHOCTI IIBHIKICTB) IIBHUIKICTB)
Eneprocnokuanns Ha | ~500 MBT ~300 mMBT

KinpkicTs
HepenigKIoueHb IpU
BHCOKOMY
HaBaHTaKEHH1

Yacri (>10 3a

XBUITUHY)

PiaxicHi (<3 3a xBuIuHy)
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[omanemii  gocmimkeHHS MOXYTh OyTH 30Cepe/pkeHi Ha po3poOri
TiOpUHKUX AJTOPUTMIB, IO MOEJHYIOTh MAIIMHHE HABYAHHS, CTOXACTUYHY

OTITHUMI3AIlif0 Ta KOTHITHBHI ITiTXOH /IO YIPABIIHHI PECYPCAMH.

[1] Pustovoitov, P., Okhrimenko, M., Voronets, V., & Udalov, D.
(2021). The speed calculating increasing method of the markov model
network node. Advanced Information Systems, 5(3), 13-17.
https://doi.org/10.20998/2522-9052.2021.3.02

[2] TMycrosoiiros, I1. €., & Kommaniens, B. O. (2024). Meron
(hopMyBaHHS caMOITOIOHOTO TIOTOKY 13 3aJJaHUM TapaMeTPOM XepcTa Tt
MojemoBaHHs Tpadiky B mMepexi. Texuiuna inocenepis, (2(94), 185-190.
https://doi.org/10.26642/ten-2024-2(94)-185-190

[3] Mycrosoiitos I1. €. MeTton amamizy SKOCTi JOIiYHMX KaHAIB Ta
BUOIp MapmpyTiB y OIHOpaHroBiii ceHcophii mepexi [/ II. €.
ITycroBoiiroB, M. 10. Oxpumenko // CucteMu ympaBiiHHS, HaBiramii Ta
3B's3Ky. — [onrrasa : I[THTY, 2024. — Bum. 4 (78). — C. 204-208.
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INFORMATION MODEL OF SOFTWARE SUPPORT’S IMPACT
FACTORS ANALYSIS USING R-SYSTEM AND PYTHON

Introduction. One of actual scientific and applied problems nowadays
lies in the need of development an effective and efficient information
model (IM) for the analysis of different impact factors affecting the process
of software complexes’ support automation. The purpose of this research is
to find optimal solutions for the development of the necessary IM with the
possibility of its further implementation, application, testing, analysis, as
well as processing obtained results, while solving the aforementioned
practical applied problem. Among the main research methods are computer
modeling methods using the R-system and Python environments. Having
analyzed the main directions of automation, in the context of software
complexes support area, based on works [1]-[7], the most common of them
are, in particular: testing automation, DevOps automation, and decision
making automation. But those are only particular examples, while whole
field of software complexes’ support automation includes a lot of other
directions and areas. While, in this work, we consider all these automation
cases (from testing, to decision-making, and other possible ones) from the
point of view of subjective perception of each of these cases, as well as the
supported software complexes or their support processes as a whole. In
particular, the main goal at this stage of the conducted research is,
precisely, the analysis of various pre-defined impact factors affecting the
results of the subjective perception of the supported software complexes by
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the relevant subjects interacting with them (from testers, to project
managers, and real client users). So appropriate IM (for automation of
software complexes support’s impact factors analysis) has been developed
in scope of this research, as well as its realization in aforementioned R-
system and Python environments, using the relevant sources [8]-[13].

Developed information model. The declared information model has
been developed specifically for software modeling of the processes of
impact factor analysis. A key features of the developed model are:

e the realized symbiosis of two powerful specialized programming
environments: R-system and Python;

e as well as a specially developed mechanism for data preparation and
processing, which provides the possibility of appropriate identification and
analysis of the investigated subjective factors of influence (impact). The
developed IM has a three-component structure, where each component is a
separate semi-autonomous software module that can interact with other
modules directly or indirectly by processing a common data flow. Dataset
preparation module for training & testing the encapsulated multilayer
perceptron (MP) model, as well as corresponding datasets for testing the
isolated effects of influence of each individual impact factor. Responsible
for the preparation of input data in the specified format, as well as for the
preliminary depersonalization and normalization of these data, which is
mandatory in accordance with the general practice of working with similar
datasets. This module is implemented in Python. Module for building and
training the corresponding multilayer perceptron model: is responsible for
building and training the designed and encapsulated MP-model(s) with
usage of the dataset(s) prepared by the previous module. This module is
implemented in the R-system environment. Module of testing trained
multilayer perceptron model, as well as finding and forming reverse chains
of maximum weights for further identification and analysis of impact
factors. This module is implemented in Python. Fig. 1 below represents
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example results obtained by functioning of appropriate module of testing
trained MP model and forming reverse chains of maximum weights. Also,
Fig. 2 below presents a visualization of interpreted modeling results
example, obtained by functioning of developed information model for
automation of software complexes support’s impact factors analysis with
usage of the R-system and Python environments.

Olx] <-HLN[3] [ N[2] [x]<-HLN[1] [x]<-HLN[0] [x]<-I[x]

[1] [4]<-HLN[
[1] [0]<-HLN[
[1] [4]<-HIN[

Local Python 3 + Thonny's Python =

Figure 1. Example of results obtained by functioning of the developed IM

Probability (%) of belonging separate Neuron of MP — to impact factory <No of factor>

Neuron <l> 2> <3> <4> | HLN{1}{4} - - 67 33
HLN{3}{1} | 27 73 - 0 HIN{0}{3}| 1 29 69 1
HLN{3}{3} - - 70 30 | HIN{O}{1}| 1 72 16 11
HLN{2}{0} | 17 - 83 - HLN{3}{0}| 0 1 0 0
HLN{2}{1} 1 99 - - HIN{3}{2}| 0 1
HLN{2} {4} 1 98 - 1 HIN{1}{0}| 0 0 1 0
HLN{2}{2} - - 67 33 |HIN{1}{3}| 1 0 0 0
HLN{1}{1} 1 99 - - HIN{0}{2}| 1 0 0 0

Figure 2. Visualization of interpreted modeling results example
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Conclusions. This paper is devoted to the development of IM for
automation of software complexes support’s impact factors analysis with
usage of the R-system and Python environments. In particular, results,
obtained by functioning of the developed IM, provide the possibility of
further quantitative calculation (in the numerical equivalent) of assessing
the degree of influence of the specified impact factors on the subjective
perception of the supported object by relevant investigated subjects of
interaction with this object, and to form appropriate “portraits” of these
subjects. In general, the developed IM provide all needed possibilities for
appropriate analysis of different impact factors affecting the process of
software complexes’ support automation.
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GRAPH-ENHANCED LLM TEXT-TO-SQL FOR LARGE-SCALE
INFOCOMMUNICATION SYSTEM ANALYTICS

Modern Infocommunication Systems (ICS) are characterized by an
exponential growth in data volume and heterogeneity, with data distributed
across various repositories with distinct structures and formats (relational
DBs, NoSQL, data lakes, APlIs, etc.). In live ICS environments, data assets
live across graph connected silos: real time NWDAF tables, KPI marts
time-series databases, billing aggregates in relational databases, and
streaming logs in streaming databases. Effective use of this data for
decision-making requires tools that allow users, including those without
deep technical knowledge, to formulate complex queries. Traditional data
access methods, such as writing SQL queries directly or using complex Bl
tools, often become bottlenecks. Text-to-SQL technologies offer a
promising solution, but their scalability and adaptation to heterogeneous
environments remain relevant scientific and technical challenges. LLMs
have recently surpassed 90% accuracy on academic text to SQL
benchmarks, but those benchmarks assume a single, well scoped schema
[1]. The aim of this work is to develop conceptual foundations and
architectural solutions for building scalable Text-to-SQL frameworks
capable of providing intelligent querying in complex, distributed ICS.

The proposed architecture integrates Natural Language Understanding
(NLU), knowledge graph augmentation, and federated query execution to
enable scalable, intelligent translation of natural language queries into

214


mailto:yurii.v.zanichkovskyi@lpnu.ua

structured SQL or hybrid query forms, suitable for heterogeneous info-
communication environments. The system consists of five major
components: User Interface, Query Processing and SQL Generation,
Metadata and Knowledge Management, Query Execution, and Scalability
& Intelligence Layer.

User Interface
User
Natural Language Query [ = = = =— =— =— — — — -
(NLQ) |
T
— |
/ Query generation e Metadata/Knowledge |
LLM Feedback I
Loop I~ 4~ _Metadata |
updates — — — — —= |
Metadata, Schema, |
linage, domains |
Aggregated data
GraphRAG 1
™~ |
A/ Knowledge |
sQL Graph |
Generation I
Module
T I
\ |
User Interface I
——| Federated Query |— ——————————— - —
r Heterogenous data sources B
- - - - |

Figure 1. Proposed architecture for Graph-Enhanced Text-To-SQL

At the entry point, the system receives user input in the form of a natural
language query. This layer facilitates interaction between non-technical
users and the underlying data infrastructure, enabling intuitive access to
complex data ecosystems.

The input query is first processed by the LLM based Natural Language
Understanding (NLU) module, which employs modern NLP techniques
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such as Named Entity Recognition (NER), reasoning and intent recognition.
The output includes the semantic structure of the query—identified entities,
attributes, and user intent.

This structured representation is then passed to a Graph Retrieval-
Augmented Generation (GraphRAG) module [3]. This module retrieves
contextual knowledge from a semantically enriched Knowledge Graph
(KG) to enhance understanding of domain-specific terminology, inter-entity
relationships, and schema constraints [2]. The KG itself is derived and
continuously enriched from the OpenMetadata catalog.

Next, the SQL Generation, Validation, and Optimization module utilizes
a Large Language Model (LLM), guided by both the semantic parse from
the NLU and contextual signals from the GraphRAG, to generate an
executable SQL (or cross-system query). This step includes schema
alignment, type validation, and optimization strategies to improve
execution performance and correctness.

Central to this architecture is the OpenMetadata platform (or alternative
data catalogue), serving as the source of truth for metadata about all
datasets, including schemas, data lineage, and semantic tags [6]. It provides
the foundational layer for constructing the Knowledge Graph, which is
enriched with semantic relationships and operational dependencies to
support intelligent reasoning during query generation. This graph structure
plays a dual role: it aids query disambiguation and acts as a dynamic
context provider for the LLM used in generation.

The system supports federated query execution through a dedicated
orchestration module. This module receives the generated SQL or hybrid
query and dispatches it across multiple backend systems, including:

- Relational Databases (e.g., PostgreSQL, MySQL)
NoSQL Systems (e.g., MongoDB)
APIl-accessible Services
Data Lakes
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The system includes built-in mechanisms for adaptive learning and
performance optimization. This approach supports heterogeneous, multi-
source querying, crucial in modern info-communication systems where data
resides across disparate formats and storage paradigms. Aggregated results
are collected, normalized, and returned to the user.

This work presents a graph-enhanced Text-to-SQL framework tailored
for heterogeneous, large-scale info-communication systems. The proposed
architecture integrates advanced natural language understanding with
contextual augmentation from a knowledge graph built on top of
OpenMetadata, enabling robust and semantically accurate SQL generation.

Preliminary results obtained from synthetic datasets indicate that Graph-
based context enrichment significantly improves SQL generation accuracy
in multi-domain schemas.

To rigorously evaluate the system’s generalizability and performance,
we propose the following future research directions:

Benchmarking on Public Text-to-SQL Datasets (BIRD, Spider
[4105])

Benchmarking on Open Datasets in Telecommunications to simulate
real-world info-communication queries

Refine the process of extracting domain-specific relationships from
OpenMetadata to improve performance in telecom-specific ontologies
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& Huang, X., Next Generation Database Interfaces: A Survey of
LLM based Text to SQL., February 2025
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MATHEMATICAL CONCEPTS OF CLUSTER ANALYSIS,
VECTOR MACHINE ALGORITHM AND NEURAL NETWORKS
IN MASS SERVICE SYSTEMS

Nowadays, mass service networks are researched by using a variety of
methods. However, the results that have been achieved this far are
intermediate ones, especially, in case of multi-service telecommunication
networks. The present abstracts provide an overview of cluster analysis,
support vector machine (SVM) and neural networks algorithms. The
comparative analysis of mentioned models’ prediction results was
conducted, and it was practically showed that neural networks can provide
a powerful tool for the telecommunications industry because Neural
Networks are nonlinear dynamic systems able to offer a solution almost
anywhere where classic methods have failed. Neural Networks have
certainly become one of the key technologies nowadays, though critical
analysis reveals some drawbacks.

There is many scheduling methods presented in literature, most of them
based on Data science algorithms, multilayer supervised networks and
other competitive algorithms. All these models are capable to deal with
bursty traffic in any conditions.

1. Cluster Analysis — is the task of grouping a set of objects in such a
way that objects in the same group (called a cluster) are more similar (in
some sense or another) to each other than to those in other groups
(clusters).
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Let us consider k-mean method, whereas an example, we generated data
for the three different segments in the form of records with traffic
parameters (traffic intensity, traffic irregularity, parameter-1, parameter-2,
parameter-3) shown below (Python programming language code, uses the
NumPy library):

cl =np.array([19., 100., 0.6, 44., 5.])

c2 = np.array([26., 110., 0.8, 55., 200.])

¢3 = np.array([45., 90., 0.77., 70., 20.])

vl = np.array([5., 20., 0.15, 10., 6.])

v2 = np.array([7., 30., 0.1, 23., 20.])

v3 = np.array([12., 32., 0.1, 27., 12.])

d1 = np.random.normal(c1, v1, size=(200,5))

d2 = np.random.normal(loc=c2, scale=v2, size=(120,5))

d3 = np.random.normal(loc=c3, scale=v3, size=(150,5))

data = np.vstack((d1,d2,d3))

Let us do some clean-up after data generation for i in
range(data.shape[0]): a,g,s1,52,s3 = data]i] if a < 10: a = 10.

Now the data is normalized, which means all vectors are distributed
inside the unit cube. An example of data normalization:

plt.scatter(datal[:,1:2], data[:,2:3])

plt.axis(‘equal’)

plt.plot([0,0,1,1,0], [0,1,1,0,0], 'r")

For this normalized data calculated Customer traffic intensity
distribution:
In [219]:
plt_hist(data[:,0:1]*(d_max-d_min)[0] + d_min[0],
bins=20)
plt_show()
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Figure 1. Customer traffic intensity distribution

It is then easy to see how each traffic parameter is distributed compared
to other traffic parameters.

2. Support Vector Machine — supervised ML algorithm for data
classification
Training dataset:

Let us consider 5 labeled samples for each class:

(Python uses the scikit-learn library for machine learning, from sklearn import svm)
X1 =d1[:20]

Y1 = np.ones(20).astype('int’)

X2 =d2[:20]

Y2 =2 * np.ones(20).astype(‘int’)

X3 =d3[:20]

Y3 =3 * np.ones(20).astype('int’)

X = np.vstack((X1,X2,X3))

Y =np.hstack((Y1,Y2,Y3))

#clf = svm.SVC(kernel="linear")

clf =svm.SVC()

clf.fit(X, Y)

print "Correctly predicted 1: %i%%" % (100*clf.score(d1, np.ones(d1.shape[0]).astype('int')))
print "Correctly predicted 2: %i%%" % (100*clf.score(d2, 2*np.ones(d 2.shape[0]).astype('int’)))
print "Correctly predicted 3: %i%%" % (100*clf.score(d3, 3*np.ones(d 3.shape[0]).astype('int’)))
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We have got predicted results:
Correctly predicted parameter-1: 15%
Correctly predicted parameter-2: 100%
Correctly predicted parameter-3: 14%

3. Neural Networks

The fundamental idea of artificial neural is to assemble several single
simple processors that interact through a dense web of interconnections,
which result in a network architecture that is unlike the sequential linear
processing and architecture of conventional computer systems. A neural
network consists of many simple processing elements called neurons or
nodes. Each neuron is connected to other neurons by means of directed
communication links, each one with an associated weight. The weights
represent information being used by the network to solve a problem.

One of the most popular neural network architectures is the multi-layer
feed forward neural network, also called multi-layer perception (MLP):

1. Each processing element receives input from other elements.

2. The inputs are weighted and added.

3. The result is then transformed (by a transfer function) into the output.

Hidden hyer

Figure 2. An example of a multilayer neural network
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After entering the training data, we got the predicted results:

Correctly predicted for parameter-1: 84%

Correctly predicted for parameter-2: 90%

Correctly predicted for parameter-3: 32%

The results of the research show that the differences in prediction
between neural networks and SVM are statistically significant.

Conclusion: K-means cluster analysis effectively solves classification
problems, and neural networks provide higher prediction accuracy than
SVM, which helps analyze the characteristics of queueing networks. Neural
networks are applicable in telecommunications for encoding, decoding,
error correction, image processing, fraud detection, software analysis, and
predictive modeling. They are also used in design, management, routing,
and control of networks with thousands of nodes and diverse traffic.

[1] Edwards T, Tansley D.S.W, Frank R.J. & Davey N. Traffic Trends
Analysis Using Neural Networks. // Proceedings International Workshop on
Applications of Neural Networks to Telecommunications 3 (IWANNT'3),
2003.-P.157- 164.

[2] Field, S.D.H., Davey, N., Frank, R. J./Using Neural Networks to
Analyze Software Complexity// Australian Journal of Intelligent
Information Processing Systems. — 1999. — Vol 3, No. 3. — P.14-32.
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EVALUATING RELATIONAL DATABASE
SCALING STRATEGIES IN WEB ENGINEERING

In web engineering, relational databases remain the basis for storing
structured information, which enables the operation of numerous online
services [1, 2]. With the growth of data volumes and the number of users,
there is a need to ensure stable operation of databases under high loads,
which makes scaling a critical aspect of their architecture [3-5]. Choosing
the right scaling strategy affects the efficiency of web applications, but
implementation comes with some challenges. Namely, maintaining
consistency, distributing the load and adapting the architecture. This
necessitates an assessment of existing approaches and the definition of
practical recommendations for their application.

Database scaling is the adaptation of the system to the growth of data
volumes or an increase in the number of queries. There are two basic
approaches to scaling: scale-up and scale-out. Vertical scaling involves
increasing the capacity of a single server, such as adding RAM, a more
powerful processor, or a faster SSD storage. The implementation of this
approach is simple, but it has physical and economic limitations, which
makes it less effective when working with large systems. Horizontal
scaling, in turn, distributes the load across multiple servers. This allows for
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high availability and performance, however, requires a more complex
architecture and careful management of data consistency.

Another aspect to consider when choosing a scaling strategy is the type
of database load. For transactional systems, write speed and data integrity
are key, while for analytical systems, read and aggregation efficiency is
important. However, web applications typically work with hybrid
workloads, which also requires an integrated approach to scaling.

Relational databases, unlike many NoSQL solutions, follow a strict data
schema and provide support for transactions, making them difficult to scale
horizontally. However, traditional scaling approaches, such as replication,
sharding, or clustering, require a deep understanding of the database
architecture and application program logic.

Next, we will consider the key strategies for horizontal scaling of
relational databases that are used in practice in web engineering.

One of the most common approaches is replication, where copies of a
database are synchronized between multiple nodes. The classic version uses
the master-slave model, where one server (master) accepts all records and
updates, and the rest (slaves) serve read requests. This allows you to reduce
the load on the main server and improve performance with a large number
of reads. But this approach requires synchronization mechanisms and
accounting for replication delays, which can lead to data inconsistency.

More complex, but also more flexible, is multi-master replication, where
all nodes can both read and modify data. This scheme provides high
availability and resilience to failures, but creates risks of change conflicts,
which requires additional algorithms to resolve them, for example, using
node priority.

The next method of horizontal scaling is sharding — distributing data
between independent databases, where each stores only a part of all
information. For example, users can be categorized by geographic region.
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The advantage of sharding is the ability to process a large number of
requests in parallel and avoid overloading a single server. But the
implementation of sharding requires changes in the logic of the application,
since requests must be routed to the appropriate shard, and combining data
from different shards becomes more difficult.

Another option is clustering, including the use of solutions such as
Galera Cluster for MySQL, which enables synchronous replication between
nodes with simultaneous write support. This approach provides a high level
of consistency, but requires low network latency between servers and more
complex administration.

An auxiliary but extremely important practice is the use of caching
(such as Redis or Memcached), which allows you to reduce the number of
database accesses, especially for repetitive, infrequently changed queries.
Caching is not scalable in the literal sense, but it provides quick access to
the information you need and improves system performance.

Thus, horizontal scaling is based on a combination of approaches that
allow you to distribute the load, increase fault tolerance, and ensure the
efficient operation of relational databases in scalable web applications.

Now that the most effective methods for scaling relational databases
have been identified, let's evaluate them. A comparative analysis of these
strategies will allow you to assess their feasibility depending on the
requirements of a particular web application. The main evaluation criteria
are: performance, reliability, complexity of implementation, data
consistency and scalability.

Replication is effective when read operations predominate, as in content
platforms or analytics systems. On the other hand, in systems with a large
number of concurrent entries or transactions (such as financial services),
master-slave replication quickly becomes a bottleneck. Multi-master
configurations reduce this limitation, but make it more difficult to maintain
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consistency. This method provides good readability, medium reliability, and
low implementation complexity, but requires compromises in consistency.

Sharding allows data to be distributed across nodes and provides the
highest scalability. It is optimal for systems with a large amount of data and
millions of users (marketplaces, social networks), but it is too complex and
inefficient for small applications or projects with closely related tables.
Provides the best performance and scalability, but requires complex routing
logic and consistency control.

Clustering (for example, based on Galera Cluster or MySQL Group
Replication) will be appropriate in financial or medical systems where data
loss is unacceptable, but will be excessive for less critical projects. It
provides high data consistency and reliability, but requires a stable
infrastructure and complex administration.

No strategy is universal. A combination of multiple approaches, such as
replication with caching or sharding with clustering, is often effective. This
allows for a balance between scalability, performance, and data
consistency. Preliminary architecture analysis and modeling of scaling
scenarios contribute to the creation of adaptive and stable systems.

After all, scaling relational databases is not only a technical task, but a
strategic decision that determines the durability and competitiveness of a
web project.

[1] M. Rudenko, S. Sotnik, "Overview of approaches to scaling relational
databases in development and adaptation of web applications” in Cyuachi
npoONieMrl 1 JIOCATHEHHS B Taly3l paJiOTeXHIKH, TeJIeKOMYHIKaIliii Ta
iHpopmaniitaux Texuomnorid: Te3u nomnosimedt XII MixHapomHOT HayKOBO-
npaktuaHoi koHdepentii (10-12 rpymaus 2024 p., M. 3anopixoks), pp. 398-402
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pp. 69-76

228



Tarynosa M.IO., kaHI.TeXH.HAYK., JIOII.
Bobups A.C., acm. rp. A-172-13
mary.tyagunova@gmail.com
dmitriybobyr@gmail.com

HY «3anopi3bka nomitexHika»

OCOBJIMBOCTI CTBOPEHHS CYYACHOI
ABTOMATH30BAHOI CUCTEMHU HNIBOPY MOTOPHOI
OJIUBU

VY cy4acHHX yMOBax pO3BUTKY TPAaHCIIOPTHOI iHGpacTpyKTypu Ta
MIPOMUCIIOBUX TEXHOJIOTIH 3pocTae moTpeda B IHHOBAIIHUX IMiIX0JaxX st
3a0e3MmevYeHHs] HaliiHOI pOOOTH TEXHIKH. BayKIMBUM YHHHUKOM y IIbOMY €
TIpaBUIILHUN BUOIp MACTHIBLHMX MaTepialiB, 30KpeMa MOTOPHOI ONMMBH. Ii
AKICTh 1 BIJMOBIIHICTP YMOBaM e€KCIDIyaTarlii 0e3rmocepelHb0 BILUTUBAIOTH
Ha TEpMiH CITy’KOH, eHeproeeKTHBHICTh Ta Oe3redHy poOOTy ABHUTYHIB.
HesBaxaroun Ha HasBHICTb Pi3HUX HU(POBHX pillleHb HA PUHKY, )KOJJHE 3 HUX
He MOJke 3a0e3MeUnTH MOBHY HE3aJIeXKHICTh Bijl BAPOOHHKA, MacIITaO0BaHICTh
1 aJJaNTUBHICTH JIO0 peabHAX YMOB €KCILTyaTallii TEXHIKH.

Ha ceoroaHimHi#i neHp OUNBIIICTE ICHYIOUMX IHCTPYMEHTIB IS
mi00py ONMBU OPi€HTOBaHI HA KOHKPETHHUX BUPOOHUKIB i HE BPaxOBYIOTh
IHIUBIlyalbHUX TEXHIYHUX XapaKTEPUCTUK Ta yMOB ekcrutyaramii [1, 2].
e ctBOproe moTpedy y CTBOpPEHHI YHIBEpCaIbHOI aBTOMATH30BaHOI
CUCTEMH TIATPUMKHN MPUHHATTS PIillIeHb 00 BUOOPY MOTOPHOI OJTUBH.

Mertoro po0OTH € BU3HAUYEHHSI BUMOT 10 CTBOPEHHS aBTOMaTH30BaHOI
CHCTEMH ITiI00PY MOTOPHOI OJIMBH, IO BPAaXOBYBAaTUME IIHUPOKHHA CIIEKTp
TEeXHIYHUX 1 eKCIUTyaTallifHIX mapaMeTpiB, Oye HE3alIeKHOK Bix OpeHmy
Ta 37]aTHOIO JI0 THYYKOI iHTerpaiii 3 iHmuMH UG POBUMH TIATHOPMaMH.
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Ha cyyacHoMy puHKY ICHYIOTh OHJNaiH-Tatgopmu OpeHuniB
(Castrol, Motul), mo6ineni 3actocynxku (Oil Finder, AutoMate), ERP-
MoyJi Ha aBTocepBicax [3, 4]. Asile BOHM MarOTh Psijl MEBHUX HEIOJIKIB:
OPIEHTYIOTHCS Ha TPOAYKINIO OJHOTO OpeH/y, HE BPaxOBYIOTh cCrielu(idHi
YMOBHM €KCIUTyartalii, cia0ka iHTerpamis 3 iHIIMMH iH(QOpMaiiHHUMU
cHCTEMaMH, py4yHe BBEJCHHS MapaMeTpiB. 3 ypaxyBaHHIM HU3KH iCHYIOUHX
MpoOJieM CydacHHMX aBTOMATH30BAHWX CHUCTEM MiOOpPYy MOTOPHOI OJUBHU
[5], y poboTi mpomoHyeThCsi CTBOPEHHS HOBOI CHCTeMH. BOHA TOBHHHA
BpPaxOBYBaTH HE3AJICKHICTH BiJl OpeHIy, J€ CHUCTEeMa Mpairoe 3 0azamu
JaHWUX PiI3HUX BUPOOHUKIB, 1 MaTH MOJIYJBHY apXiTEKTypy 3 MOXKIHUBICTIO
macmTa0yBaHHs. CucTema MOBHMHHA MaTH CBOIO iHTerpaimiro uepe3 API,
KOJIM JJaHI OHOBJIIOIOTHCS y PEKHMMI peasbHOTO 4acy. J{o TOro  BayKIIMBOIO
CKJIQJIOBOIO € HASIBHICTh YHIBEPCAIBHOTO iHTEepdeicy B3aeMOoii 3 KIIEHTOM
(Bebrumaropma Ta MOGITBHUIA TOAATOK).

Takox Tpeba BpaxyBaTy (DyHKIIIOHAIBHI Ta HE(PYHKITIOHAIbHI BUMOTH.
Jo dyHKITIOHATBPHUX BUMOT BiTHOCHMO: 30ip TAHWX MPO TPAHCTIOPTHHH 3aci0
(Momenb, piK, JBHI'YH), aHali3 yMOB eKciutyaraiii (Temmeparypa,
HABAHTA)XEHHS, 3HOIICHICTh), TEHepalliss PEeKOMEHIAIil 0[O0 THIY Ta
MapK{d OJIMBH, albTEPHATUBHI BapiaHTH y pa3i BiICYyTHOCTI TMPOAYKTY,
pEeKOMEeHAIli]l Moo iHTepBaly 3aMiHM Ta MaTH MOXJIMBICTh OpPMyBaHHS
3BiTiB 'y ¢opmari PDF a6o HTML. [do HedyHKIiOHAIEHUX BHUMOTH
BiJTHOCHMO: BHCOKY IIBUKICTh OOpOOKH 3aIUTIiB, HaIIHHICTh Ta CTIMKICTh
JI0 HAaBaHTa)XEHb, 3aXUCT MEPCOHATBHUX JaHUX KOPUCTYBaUiB, MOKIIUBICTD
ABTOHOMHOTO (JIOK&JIbHOT0) Ta XMapHOrO BHUKOPHUCTAHHS, IHTYITHBHHI
iHTepdeiic, aanToBaHUiA A1 KOPHCTYBAdiB 3 PI3HAM PiBHEM IIiITOTOBKH.

Peamizamisi  3anmponoHOBaHOT KOHIEMI JIO3BOJUTH 3HAYHO
HiJBULINTH SIKiCTh 00CITyrOByBaHHS TEXHIKH, 3HU3UTH PU3HKH OB’ sI3aH1
3 BUKOPHCTAHHSIM HEBIAMOBIAHUX MACTIJIPHUX MaTepiamiB, a TaKOX
3a0e3neunt e(heKTHBHY pPOOOTYy CEpPBICHMUX IEHTPIiB. 3aCTOCYBaHHSI
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IHTeJeKTyaJIbHUX TEXHOJIOTiH CIPUATHME MOCTIHHOMY BIOCKOHAJICHHIO
CUCTEMHU Ha OCHOBi HAKOIIMYCHUX JaHUX.

TakuM YHMHOM, MOTPUMAaHHS  BHCYHYTHX BHMOT TIpH peaizallii
PO3BUTKY IH(PPOBOI MATPUMKH TEXHIYHOTO OOCITYyrOBYBaHHS TPAaHCIIOPTHUX
3ac00iB.

[1] Pavlenko, 1., Pitel, J., lvanov, V., Berladir, K., Mizakova, J.,
Kolos, V., & Trojanowska, J. (2022). Using regression analysis for
automated material selection in smart manufacturing. Mathematics, 10(11),
1888.

[2] Aziza, O. R., Uzougbo, N. S., & Ugwu, M. C. (2023). Al and the
future of contract management in the oil and gas sector. World Journal of
Advanced Research and Reviews, 19(3), 1571-1581.

[3] BebGcucrema migbopy OJIBH Motul. URL:
https://www.motul.com/uk-UA/lubricants
[4] Bebcucrema miadopy OJIUBH Castrol. URL:

https://www.castrol.com/uk_ua/ukraine/home/product-finder.html

[5] Aljuboury, M. I. A. (2021). Designing an ERP System by
Adopting the Decision Tree Algorithm: A Case Study in the General
Company of Oil Products Distribution. TANMIYAT AL-RAFIDAIN, 40
(130), 102-134.
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METHODS FOR EVALUATING THE RELIABILITY OF WEB
PORTALS AT DIFFERENT STAGES OF DEVELOPMENT USING
THE INTEGRATION OF IMMUTABLE INFRASTRUCTURE
AND CONTAINERIZATION

Web portals are critical for modern business. This study evaluates
reliability assessment methods for web portals during development,
focusing on immutable infrastructure and containerization to enhance
stability and scalability, as traditional methods may be insufficient for
increasingly complex systems[1]. The research will analyze current
methods, explore the impact of immutable infrastructure and containerization
on reliability, investigate their integration across development stages, and
develop practical recommendations. This study benefits developers and
project managers aiming for high reliability in dynamic environments by
improving development, testing, and the adoption of advanced
technologies.

Reliability metrics in software development

Reliability in software development is crucial and measured by metrics
like MTBF, MTTR, downtime, and error rate. While traditional evaluation
methods involve test coverage and performance monitoring, they may not
suffice for complex systems. Modern approaches like immutable infrastructure,
ensuring unchanged post-deployment components, and containerization,
isolating software for consistent performance and scalability, significantly
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improve reliability, especially for high-traffic web portals. Assessing
reliability across development stages requires a clear plan using evolving
key indicators, from code quality in development to defect detection in
testing, and metrics such as cyclomatic complexity and test coverage.
Integrating immutable infrastructure and containerization enhances the
accuracy of these evaluations, leading to more reliable web portals and
optimized development processes[2].

Methods of data collection and analysis

Data collection, crucial for metric accuracy, occurs via code analysis in
design, version control and CI/CD pipelines in development for automation
and continuous monitoring, and continuous testing tools in testing for early
defect detection [3]. Analysis must consider each stage's specifics [4] and
leverage CI/CD integrated tools for continuous reliability verification,
enabling timely issue detection.

Data analysis, the final assessment stage, identifies architectural risks in
design, component stability and code quality in development, and defects
and testing effectiveness in testing. Machine learning and big data can
enhance prediction accuracy based on historical data, ensuring higher web
portal reliability and reducing operational risks.

Development stage

Reliable web portal development hinges on software code quality,
emphasizing adherence to standards, readability, maintainability, and error
minimization. Metrics like cyclomatic complexity and test coverage assess
code complexity, efficiency, and reliability. Cyclomatic complexity quantifies
program complexity by the number of independent test paths required.

Formula for calculating cyclomatic complexity:

M=E—N+2PM=E—N+2P

Where: MM — cyclomatic complexity, EE — the number of edges in

the program control flow graph (represents transitions between operations),
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NN — the number of nodes in the graph (represents operations, conditions,
etc.), PP is the number of components associated with the flow of control
(usually 1 for an application).

Cyclomatic complexity reflects code logic complexity. High values
indicate many conditionals/loops, complicating testing and maintenance;
functions above 10 may need refactoring for simplicity[5].

The importance and relationship of metrics

Cyclomatic complexity and test coverage are key for code quality
assessment, identifying testing needs and code coverage. They help locate
and test risky code areas. Effective configuration management, crucial for
complex portals, maintains system consistency using automation tools.

Build time and frequency indicate development efficiency. Optimizing
build time enhances team efficiency, while high frequency reflects effective
CI/CD.

Various tools automate processes and ensure quality throughout web
portal development, including static/dynamic analysis, automated testing,
and configuration management.

Integrating CI/CD with immutable infrastructure, where instances are
replaced for updates, significantly improves deployment reliability by
reducing configuration drift.

Combining configuration management, drift monitoring, build optimization,
and CI/CD with immutable infrastructure greatly enhances web portal
reliability and stability, ensuring high-quality development and rapid
change implementation crucial for large systems.

Research results
Maintaining web portal reliability throughout development is crucial.
Integrating immutable infrastructure and containerization improves stability
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and predictability [6], mitigating configuration drift. This study highlights
how these technologies provide a more reliable and scalable structure for
intricate web systems. Automated code coverage testing with immutable
infrastructure ensures consistent software testing, minimizing environment-
related errors through Docker and CI/CD, utilizing tools like Jest and
Jacoco. Empirical findings indicate a 20% decrease in error rates and a 15%
improvement in MTTR. Furthermore, containerization enables rapid
scaling, enhancing both reliability and performance. Static code analysis
using tools such as SonarQube within a containerized setup increases the
precision of identifying potentially problematic code, thereby enhancing
reliability and stability. Automated configuration control and drift
monitoring, employing tools like Terraform and integrated with immutable
infrastructure, guarantee early detection and correction of inconsistencies,
ultimately boosting reliability, predictability, and stability across all phases
of web portal development.

1. Hub M., and M. Zatloukal. 2010. “Model of Usability Evaluation of
Web Portals Based on the Fuzzy Logic.” WSEAS Transactions on
Information Science and Applications 7, no. 1: 29-39. Accessed August 22,
2024.

2. Sambir A., Yakovyna V., Seniv M. Recruiting software architecture
using user generated data // Perspective technologies and methods in
MEMS design (MEMSTECH) : proceedings of XIllth International
conference, Polyana, April 20-23, 2017 — JIesis : IIIT "Bexa i Ko". — C.
161 - 163.

3. Yuriy Bobalo, Vitaliy Yakovyna, Maksym Seniv, lvan Symets
Technique of automated construction of states and transitions graph for the
analysis of technical systems reliability // Proceedings of the 13th
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THREE STAGE WEIGHTED LEAST SQUARES ALGORITHM
FOR TDOA-BASED LOCALIZATION

The time-difference-of-arrival (TDoA) method is popular for indoor
tracking systems due to its simplicity, efficiency, performance, and low
power consumption. To solve the non-linear optimization problem of tag
coordinates calculation from number of measurements on synchronized
anchors, often a low complexity linear least square technique or one of its
more advanced variants are used: e.g. two-step least squares or constrained
least squares methods (2LS). However, these techniques suffer from an ill-
conditioned problem for a specific anchors and tags locations lying on
vectors of high symmetry, so a new Parametric Three-stage Least Squares
algorithm is proposed (P3LS).

New algorithm identifies a family of solutions and works even in rank
deficient conditions, ensuring accurate and reliable estimates for core areas
of the anchor nodes mesh cells. To achieve the best performance outside the
core area, the hybrid algorithms are also introduced utilizing the eigenvalue
ratio and independent parameter correlation criteria to switch between
algorithms. The performance of the proposed algorithms was analyzed
under conditions of Gaussian noise for square mesh
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The Time-Difference-of-Arrival equation:
ctiy=d;—d; =d; —d=lRx; — Tx || =l Tx ||,
where d; = || Rx; — Tx || - distance to i"anchor, d; - reference anchor
First step:
Multiple data from anchors after linearization form system of
equations:

Gipy = hy,
where
[Xz Yy, CTyy [x% +YZ (ct21)? 1
[X3 Y3 CTz1] |X3 +y3 — (CT31)
G, = 2|X.4 ¥4 CT_41| h, = X3 +y4 —(CTyy)?| P1 = [ ]
lXi Yi CTi1J le +y?Z — (CTil) j

However, d; is treated as an independent variable to simplify second order
curve intersection computations.

To estimate position of the tag under conditions of overestimated system of
linear equations

P, = (GlﬂGl)_lGlﬂhl

Xm
Figure 1. Model of positioning measurement system

238



Second step:
Equation x? + y? = d? resolves independency of d; and finalizes
estimation:

G,p, = hy,
where
10 2
G2 =1|0 1] pzz[z] h, = p}
11 y

However, in case of matrix G;"G, is singular, error could reach
significant values. This could be solved with proposed new Parametric
Three-stage Least Squares algorithm, based on eigenvectors of G;"Gj.

That is proven that in case of the ill-condition problem, the least squares
solutions p; of the TDoA system of linear equations G{p; = h; forms a
line in the direction of the linear span of the G;"G; matrix eigenvector
with a smallest eigenvalue

" Initial guess |

@ Final estimation
——— Solutions family

d2=‘2+yz

.yt
151 /
1+

0.5 "'1‘-'*"' o5
Y, m X, m

Figure 2. Family of solutions created by matrix singularity
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This span is described parametrically as:

ﬁz = ﬁl + AVmin,

Uy () £(2)
— — |s@1 = | (2
Wherevmin_[vJ’] ﬁl_ y() ﬁz— y()'
Vg a Flo)
102
—#—Time-Difference-of-Arrival(2WLS)
Time-Difference-of-Arrival(P3WLS)
107 49— Time-of-Arrival
=
£ 100
]
4, 4
Y 2
102 z
P 2
103
&
1 “|
10712 10" 10710 10°° 10°®

o,s
Figure 3. Bias error of different algorithms tested under
different variance of Gaussian white noise

Final solution is interpreted the intersection of conic surface and line, and
calculated by quadratic equation.

Parametrical Algorithm shows good results related to 2WLS staged
under the same conditions.

[1] I. Kravets, O. Kapshii, O. Shuparskyy, and A. Luchechko, "A New
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Based Localization," IEEE Access, vol. 12, pp. 119829-119839, 2024, doi:
10.1109/ACCESS.2024.3449444.
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CHUCTEMOTEXHIYHMIA MIJIXIJ JO MOBYI10OBU
IHOOKOMYHIKALIIITHOT MOJIEJI OLIIHIOBAHHSI
ONTUMAJIbHOCTI YKPUTTS LIUBLILHOI'O HACEJIEHHSI

3axucT UUBIIFHOTO HACEJNECHHS Y Cy4acHHX yMOBax riOpuaHoi BifiHU pd
npotu YKpaiHuM € He JHIle TyMaHiTapHOlo, a i iH(okomyHikamiiHOIO,
CHUCTEeMOTEXHIYHOIO Ta iHKeHepHOIo 3a1adeto. [locTiifHi MOBITPsHI aTaku y
BEIMKNX MicTaXx Ta ypOaHi30BaHMX palOHAaX CTBOPIOIOTh HOBI BUKJIHKH
mono Oe3neku MupHOro HaceneHHs [1].  VYkpurrsa, wmo ictopudHO
PO3IIsIAIHCS SIK TACMBHHUIM IHCTPYMEHT 3aXHCTY, IOBUHHI OyTH IHTETpOBaHi y
MUHAMidHI iHpOpMaIiifHI CHUCTeMH, M0 aJanTyrTbCS A0 3MiH 3arpo3 y
PEXHUMI PeaTbHOTO Yacy.

Ha cporoani nuBineHa iHdpacTpykTypa OiibIocTi MicT YKpaiHu He Ma€e
JOCTaTHBOI iHTerpamii 3 Hu(ppPOBUMHU cCUCTEMaMH TPOTHO3YBaHHA aTak, II0
oOMexye e(]eKTHBHICTh eBaKyallifHMX IMpOIECiB Ta PO3MOALTY PEeCypciB
3axucTy. KpUTHYHO Ba)KIIMBHM € CTBOPEHHS 1HTENEKTYaJIbHOI IIaTQOpMH,
sKa 37aTHa MOHITOPUTH 3arpo3, MPOTHO3YBATH HACIIIKH aTakK, BU3HAYATH
ONTUMAJIbHI MapIIPyTH €BaKyallii Ta OlepaTHBHO OHOBIIIOBATH iH(OpMaIito
PO YKPHTTS.
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Takok BpaxyBaHHS BTOPUHHOTO ypaK€HHS BiJ YJAaMKIB MicCis
NepeXOIUIeHHs] TIOBITPSAHUX MLiJied Mae KJIIYOBE 3HAYEHHS IS peasibHOI
OIIiHKY Oe3meku. BibIIicTh CydacHUX CHCTEM 3aXHUCTy (POKYCYIOTHCS JIAIIE
Ha Oe3rmocepeHhOMY yIapi, 3ajUIIalovd 10332 yBarol BIUIMB OCKOJIKIB,
yAapHUX XBHJIb 1 KACKAJHUX PyHHYBaHb MiChKOi 3a0y/IOBH.

OCHOBHOIO METOI0 JIOCHI/IKEHHSI € PpO3poOKa aJanTHBHOI 1H(OKOMY-
HIKaIIH#HOT MOJEI, IO JO3BOJISIE:

- ONEpaTWBHO OIHIOBATH MPUAATHICTH YKPHUTTIB 10 Pi3HUX THIIIB
aTaK i3 BUKOPUCTAHHSIM CKJIaJHUX aHATITUYHUX aITOPUTMIB Ta CIICHAPHOTO
MOJICITIOBaHHS;

-  iHTerpyBaTH JaHi yKpUTTiB y miardopmu Tuny «besmeune micto»
Ta 3a0€31e4nTH iX 3B’ A30K 13 CHCTEMaMH CIIOBIIIEHHS HACEJIEHHS,

- TPOTrHO3yBaTW HACHiIKM arak 3a JJOTIOMOIOK MaTeMaTHYHHX
Mojieieli BTOPMHHOTO YPaXCHHS Ta METOMAIB OaJacTHOTO MOJCIIOBAHHS
NOLIMPEHHS BUOYXOBOT XBHII;

-  ONTUMI3yBaTH MapIIPYTH €BaKyallii BIIIMOBIJIHO 10 aKTyaJbHHX
JaHUX MPO MICTO, BPaXOBYIOYHM TMOBEMIHKOBI XapaKTEPUCTUKH HACEICeHHS,
MIOTOJTHI YMOBH Ta CTYMiHb 3a0y10BaHOCTi paiioHy;

-  BOPOBAJAMTH MOOUIBHHI 3aCTOCYHOK 3 PEKOMEHIAIISMU MO0
HAONMMKYMX YKPUTTIB Ta IHAWBIAyaJdbHUX TIapaMeTpiB 3aXUCTy 3
ypaxyBaHHSM Micisg nepeOyBaHHS, BiKy Ta MOOIJIBHOCTI KOPHCTYBaya.

[HpoxoMyHIKaIIiiiHa cHCTeMa CKIaIa€ThCs 3 TPHOX PiBHIB!

- piBeHb 300py IaHUX;

-  piBeHb OOpPOOKY JaHUX;

-  piBeHb yXBaJIeHHS PillICHb.

PiBenb 300py AaHUX BKIIOYAE:

- panioNoKaliifHWH MOHITOPHUHT, 1o (ikCye HAOMMKEHHS pakeT abo
Oe3minoTHuX JitaneHux anapatis (brJIA) [2];

243



- loT-mepexi (yapTpa3ByKOBi, T€OMArHiTHi Ta CEHCMIUHI CEHCOPH),
10 BU3HAYAIOTh TEXHIYHUI CTaH YKPUTTIB;

- MmoOinbHI Tmardgopmu Ta GPS-TpekiHr, 10 OIHIOITH TUHAMIKY
TIEpPEeMIIIeHHS [IUBITHbHOTO HACETICHHS;

- CHUCTEMH aHalli3y MOJBOTHOI TPA€EKTOpii, BKIIOYAIOYM JaHI BiA
CHCTEM TIPOTHITOBITPSHOT 000poHH Ta ruiardopm Tumy Delta.

PiBenp 00poOKH HaHUX:

- BUKOPHCTOBYE METOIH OaraTtodakTOpHOrO aHalily, JiHIIHOI 3rOpTKU
KPUTEPiiB, CLICHAPHOTO MOJIEITIOBAHHS Ta aIANITHBHUX PErpeciiiHuX Mofese;

- BU3HAUA€E CTIAKICTH YKPUTTIB BIJMOBITHO IO TApaMETPiB 3arpo3H;

- BUKOHye OajacTHe MOJETIOBAaHHS, IO TPOTHO3YE HACIHIIKU
YpaKeHHS yIlaMKaMH,

- KOpHTY€ Baropi KOe(illiEHTH B PEKUMIi peabHOTO Yacy BiAMOBIIHO
IO 3MiHHHX 3arpo3.

PiBeHp yxBajieHHS pillleHb!

- TeHepye MepCOHATI30BaHI PEKOMEH/IAIli Ha OCHOBI BiKY, MOOLIBHOCTI
Ta Micls iepeOyBaHHS KOPHUCTYBaya,

- 3a0esnedye IHTEpaKTHMBHMH JamoOopA A OpraHiB MiCIEBOTO
CaMOBPSITyBaHHS;

- IHTerpyeThcs 3 KapTOIO YKPUTTIB, III0 OHOBIIIOETHCSI aBTOMATHYHO.

dopmyia oriHIOBaHHs Oe3neYHoCTi YKpUTTiB [3] Mae Burmsi:

F(x) = a1 fi(0)+... +a; fi(x)+... +ag fi (x), 1)

Jie @ — BaroBi Koe(iIlieHTH TPHU JOKAIBHUX KPUTEPISX ONTHMAaJIbHOCTI,
KOPHUIYIOTBCS 3aJI€XKHO BiJl KOHKPETHOro cueHapiro 3arposu; fi(x) —
napaMeTpH, M0 BPaxOBYIOTh TEXHIYHMUN CTaH, CEpPEIHIM Yac eBaKyallil,
JOCTYIHICT Ta (PAKTOP BTOPHHHOTO YPAXKEHHS, | — iHAEKC JIOKAIBHOTO

kputepito (1, 2,...K).
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Takoxx MOZIEJIb BpaxOBYE:

- HMOBIpHICTH YITAaMKOBOTO YPa)K€HHS MICIIS MIEPEXOTUIEHHS PaKETH;

- aHami3 pO3TallyBaHHS YKPUTTS HIOAO BIAKPHUTOI MICIEBOCTI Ta
3a0y/TOBaHHX 30H,;

- BIUIMB THUITy MaTepially yKpUTTS Ha 3aXHCT BiJ yIapHOI XBHIIi.

TecTyBaHHS TIPOEKTYy HA HaBUaJbHIM BHOIPI MPOAEMOHCTPYBAJIO
CKOpOYCHHS 4acy o0poOku crenapito no 0,8 c; ysromkenicte DSS i3
eKCTiepTHUM aHanizoM y 92% BWNAnKiB;, THYYKICTh MOJAET MpHU 3MiHi
3arpo3u (pakera/briJIA/kackajHa araka); 3MEHINCHHS MOXHOKH OI[IHKA
JIOCTYIHOCTI YKpUTTIB 10 6% 3aBasku GPS-tpexkinry.

[TepcriekTHBY PO3BUTKY Ta MOJAMBIII JOCTIIKCHHS:

- PO3IIUPEHHS MPOTHO3yBaHH: 3arpo3 3a jornomororo RNN/LSTM;

-  (QopmyBaHHs pH3MK-TIpOdiNiB paifoHIB, IO BPaxOBYBATUMYTb
CTYMiHb 0€3MeKH YKPUTTIB;

- omnThMi3alis eBaKyalifHUX MapHIpyTiB 3 ypaxXyBaHHSIM MOOLTBHOCTI
HACeJIEHHS Ta IPOrHO30BAHUX 3arpo3;

- CTBOPEHHS €IVHOI IUTaT(OpMH IUBLUTFHOTO 3aXUCTY, IO IHTETPYETHCS
3 cHCTeMaMu OroBileHHs (Hanpukia, «[IoBiTpsiHa TPUBOTa»).

3anpornoHoBaHa agalTHBHA CHCTEMa OIIHIOBAaHHS YKPHUTTIB JIO3BOJISIE
MIBU/IKO pearyBaTH Ha 3MiHy 3arpo3, BHKOPHCTOBYIOYH CIIEHApHE
MojemoBaHHA Ta Al-aHali3; BpaxoByBaTH BTOPUHHE YPaXKCHHS BiJl YIaMKiB
Ta yJapHOi XBWII, IO PaHillle HE BPaxOBYBAJIOCh Yy CTAHIAPTHUX MOJEISX
YKPHUTTIB; iHTErpyBaTH [aHi YKPUTTIB y MiChKi rutar(opmu s [H1IBHIICHHS
e(heKTHBHOCTI eBaKyallii Ta 3aX1CTy HaCeJICHHS.

s cucrema 3akianae GpyHAaMeHT AJisi CTBOPEHHSI HOBOI MacITaboBaHOi
iHpopManiitHol mathopMu MUBLIEHOTO 3aXHCTY, IO BPaxOBYE BCI aCHIEKTH
0e3meKn HaceJICHHSI.

[1] Yakovenko, V., Furmanova, N., Malyi, O., & Sharafanov, A. (2024,
October). Generalized Optimal Criteria for Urban Civilian Shelter
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Selection. In 2024 IEEE 17th International Conference on Advanced Trends in
Radioelectronics,  Telecommunications and Computer  Engineering
(TCSET) (pp. 408-411). IEEE. DOI: 10.1109/TCSET64720.2024.10755940

[2] Volochiy, B., Onishchenko, V., Ozirkovskyi, L., Shkiliuk, O., &
Zmysnyi, M. (2024, October). Evaluation of Potential Capabilities of Radio
Electronic Complex System for Detecting Unmanned Aerial Vehicles.
In 2024 IEEE 17th International Conference on Advanced Trends in
Radioelectronics, Telecommunications and Computer Engineering
(TCSET) (pp. 2811-284). IEEE. Lviv, Ukraine, 2024, pp. 1-4, doi:
10.1109/TCSET64720.2024.10755511.

[3] Yakovenko, V., Furmanova, N., Flys, 1., Malyi, O., Farafonov, O., &
Moroz, H. (2024). Determination of the generalized optimality criteria for
selecting civilian shelter facilities from attacks by ballistic (cruise) missiles
and kamikaze drones in urbanized areas. System research and information
technologies, (3), 25-43. doi; 10.20535/SRIT.2308-8893.2024.3.02
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BUKOPUCTAHHS METO/IB IHTEJIEKTYAJIbHOI
MAPIIPYTHU3AIIL B BE3NIJIOTHUX MEPEXKAX 3 OIITHKOIO
BTPAT CUT'HAJIY

Beryn

VY cydacHUX yMOBaX 3aCTOCYBaHHS O€3MUIOTHHMX JIITAJIBHUX anapariB
(BTIJTA) BUXOAWTB 332 MEXI TPAAUIIIHOTO BiJICOCTIOCTEPEIKEHHS 1 OXOILTIOE
chepy HaA3BUYAMHUX CHUTYyallif, JOCTAaBKH, C€KOJOTTYHOTO MOHITOPUHTY
tomo. [Ipu npomy QopmyroTecs moBiTpsiHi Mepexi 3 brnJIA-By3namu —
FANET (Flying Ad-Hoc Networks), siki otpe0ytoTh CTiiiKOi MapIpyTH3arii
y AWHaAMIYHOMY cepenoBuimi. Yepe3 yacTi 3MiHH TOMOJOTii, OOMEXeHy
JATBbHICTH 3B'I3Ky Ta MOXIIMBI BTpaTW CUTHAJy BUHUKAE HEOOXIIHICTH B
aNANTUBHUX, IHTENEKTYaJbHUX METOJAaX  MapUIpyTH3allii, 3IaTHHX

BPaxXOBYBATH SIKICTh KaHaJly B peXUMI peanbHoro 4acy [1].

Ouninka BTpaT cCMTHAJIY Ta iHTeJeKTyaJbHAa MapIIpyTH3aLis

Oco6nuBocti FANET Ta BTparu curHamny.

Mepexi FANET cknanatoteest 3 Mmo6inbaux By3miB (BIJIA), siki wacto
PYXatoThCsl 3 BENMKOIO MIBUJKICTIO. Lle CTBOprOE CKIIaaHOMII AL Tpa ULiHHIX
npotoxosiB Maprpytusaiiii (AODV, OLSR), siki He BpaxoByIOTh 3MiHH SIKOCTI
KaHaJTy ab0 pearyroTh Ha HHX i3 3arti3HeHHsM [1].
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SKicTh 3B’S13Ky MK JAPOHAMH CHJIBHO 3aJISKUTh BiJl BTpaT CUTHAIY, AKi
3pOCTaIOTh 3 BiJICTAHHIO, HASBHICTIO IMEPEIIKOZ Ta 3MIHOK BUCOTH. Jlis
OIIIHKH BTPAT CUTHAJTY BUKOPUCTOBYIOTH Moaens Dpica:

A 2
Pr=Pt'Gt'Gr(m)

Jle P. — moTY>KHICTh Ha TpHiiMadi; Py — MOTYXHICTh niepenasava; G, G, —
KoeiIli€HTH MiJCHICHHS aHTEeH; A — JOBXHMHA XBHJIi; d — BifgcTaHb [2].

Y peajlbHHX YMOBaxX BUKOPUCTOBYIOTH JIOTAPUPMIUHY MOJEIbH
3aracaHHsl:

d
L(d) = L(d,) + 10nl0gy, (d_o>

e L(d) — 3aranbhi BTpatH moTy:KHOCTI curHaiy (y aeunubenax, nb) Ha
BifcTani d Biag mepenaBava. lle 3HaYeHHs TOKa3ye, HACKIUIBKHA CHIIBHO
ocabMBCs CUTHAJI HA TMEBHIN qucTaHiii B peaibHux ymosax. L(dy) —
BTpaTH CHTHAIYy HA KOHTPOJIbHIH (pedepeHTHiii) BigcTani dg, 3a3BUyaiil y
BUIbHOMY mpocTopi (dacto mpuiimaioth dy = 1 M abo iHme ¢ikcoBane
3HauyeHHs). lle Haue «Oa3oBa» BTpara CUTHANY, 3 SKOI IMOYHMHAETHCS
oOuucnenHs. d, — pedepeHTHa BiJACTaHb, Ha SKid BiJIOMi a00 BUMIpsHI
BTpaT# CHTHAIMy. YacTo BHKOPHUCTOBYETHCS SK Oa30BHH €TalOH IS
OOYHCIICHHS TIOJANIBIIUX BTPAT. N — MOKa3HHUK CepeoBHIla (3aracaHHs),
I1I0 BPaXOBYE THUIT MICIIEBOCTI (BIIKPHUTHIA MPOCTIp, MICTO, Jiic ToI1io) [2].

1i Mozeni TO3BONSIOTH HE JIMIIE OIIHIOBATH BTPATH, a 1 MPUIMAaTH PilIeHHS
MO0 HAIHHOCTI MapIIPYTY: SIKIIO MOTY>KHICTh CUTHATY OITYCKA€ThCS HIKYIE 3
TIOpIT, BY30J1 MOXKE 3a3/1aJIeri/Ib TIEPEKITFOUYUTH MapILIPYT.

[HTeNneKTyanbHi METOAM MaplIpyTH3aLii

Fuzzy Logic

OpmHMUM 13 MAXOMIB € HEYiTKA JIOTIKa, sIKa JO3BOJISIE MPUAMATH PilIeHHS
3a KiJIbKOMa MapaMeTpaMu. PiBEHb CUTHAITY, 3aJIMIIOK Oarapei, MBUAKICTb
npoHa tomo. Hampuknan, monudikoBanuii mporokon OLSR+ 3actocoBye
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HeuiTKi mpaBwiaa st BHOOpY cTaOimpHHX MapmpyTiB. [lpu 1mpomy
BPaXOBYETHCSI IOBIOBIYHICTD JIIHKY Ta eHeproedekTiBHICTH [3].

Reinforcement Learning

Ile omuH mmiaxix — HaByaHHs 3 miakpiwieHHsM (RL). KoxkeH By30i1 BUKOHY€E
pOITh areHTa, sIKUi OTPUMY€ HarOpOIH 3a IOCTABKY JIAHUWX 1 mTpadu 3a BTpary
makeTiB. Ha OCHOBI IhOro BiH HaBYAETHCS ONTHMI30BAHMM MAapIIPyTaM.
Harpuxman, Q-FANET — me RL-mipoToxot, 1110 3MEHIIINB CEpPeTHIO 3aTPUMKY
Ta KUIBKICTh BTpaYeHHX MakeTiB mopisasaHo 3 AODV [4].

[IporHo3yBaHHS SKOCTI KaHAITY

IHmmm MEPCICKTUBHUM MCETOAOM € BUKOPHUCTAaHHA NPOTrHO3YBAHHA. Yy
[5] mpencrasneno Metonm MapiipyTu3anii 3 ¢imsrpamiero Kanmana, skuit
J03BOJIsIE Tiepen0avyaTy 3MiHYy MOJOKEHHsS JApOHAa Ta BTPATH CUTHAINY.

3aBsIKY IbOMY Mepeska TepeOyJoBy€e MapIIpyTH 00 PO3PHBY JIiHKY.

[MopiBHsuTbHA TAOIHUIIS

N Tpaauuiiiai .
Kpurepiit InTenexryanabpHi METON
HPOTOKOJIH
Peakuis wa  BTparu .
[Ticns po3pusy Jo po3puBy (mporHos)
CHTHAITY
| SAxicTs MapmIpyTy ” Haiixopotmmii || Hattragiftaiommit
| Apnanrartis ” Husbka || Bucoka (RL, Fuzzy)
| Burparu pecypcis ” MiHimMalbHi || Bui, ane epexruBHimi
. ) Bucoxa  (ocobnmBo  mpum
Cranictb niepenadi [Mocepenns )
3MiHax)
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[Ipuxmnan apxiTexrypu

(LoRa nepepasaui)

Pucynok 1. Apxitekrypa FANET 3 nponamu-perpancisTopamMu
(LoRa-3B’s130K), 110 3a0e3Me4yI0Th 3B’ 130K MIXK By3JIaMU
B YMOBAax CKJIaHOTO penbedy [2].

BucHoBku

3aBISKH OIHII BTpPAT CUTHAJIY Ta BIPOBA/DKEHHIO 1HTEIEKTYaIbHUX
anroputmiB Mapmpytusamnis B FANET crae 3HagHO OinbIn afanTHBHOIO Ta
HaaiiHON. HewiTka Jorika, HaBYaHHSA 3 TIAKPIIUICHHSAM Ta METOIU
NPOTHO3YBAaHHS JIO3BOJIAIOTH HE JIMIIC 00MpaTh e(eKTUBHI MaplIpyTH, a i
3ano0iratu iX Jerpajaiii 1me J0 BTpaTH 3B’s3ky. Lle 0coOIMBO BaXIIMBO B
TUHAMIYHUX CepeAoBHINaxX 3 oOMexeHnM eHepropecypcom. Ilomampmri
JOCII/DKEHHST CIpPSAMOBaHI Ha TiIOpHAW3aIliio MiIXOAiB Ta 3MEHIICHHS
OOUUCITIOBAILHOTO HABAHTAXKCHHSI.

1. Yau K.-L.A. et al. Routing Schemes in FANETSs: A Survey // Sensors. —
2020. - \ol. 20, no. 1. - P. 38. DOI: 10.3390/s20010038.

2. Saraereh O.A. et al. Performance Evaluation of UAV-Enabled LoRa
Networks for Disaster Management Applications // Sensors. — 2020. —
\ol. 20, no. 8. — P. 2396. DOI: 10.3390/s20082396.
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3. Rahmani A.M. et al. OLSR+: A new routing method based on fuzzy
logic in flying ad-hoc networks (FANETS) // Vehicular Communications. —
2022. —\ol. 36. — 100489. DOI: 10.1016/j.vehcom.2022.100489.

4. da Costa L.ALL.F. et al. Q-FANET: Improved Q-learning based
routing protocol for FANETs // Computer Networks. — 2021. — \Vol. 198. —
108379. DOI: 10.1016/j.comnet.2021.108379.

5. Sun K. et al. Adaptive Extended Kalman Prediction-Based SDN-
FANET Segmented Hybrid Routing Scheme // Sensors. — 2025. — Vol. 25,
no. 5. — P. 1417. DOI: 10.3390/s25051417.
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SUBOPTIMAL ALGORITHM FOR SEPARATION AND
DEMODULATION OF THREE MUTUALLY NON-ORTHOGONAL
UNEQUAL-POWER BPSK SIGNALS

In the context of the rapidly increasing demand for data transmission
services, the efficient utilization of limited spectral resources becomes a
critical challenge for modern radio communication systems, particularly for
fifth-generation (5G) mobile networks, which face exponentially growing
traffic volumes and stringent capacity requirements.

One of the promising techniques to enhance spectral efficiency in such
systems is Power Domain Non-Orthogonal Multiple Access (PD-NOMA).
PD-NOMA enables simultaneous transmission of multiple signals over
the same time-frequency resources by assigning them different power
levels at the transmitter, followed by separation and demodulation at the
receiver.

However, the reliable separation and demodulation of simultaneously
transmitted, mutually non-orthogonal signals with unequal power levels
require the development of dedicated signal processing algorithms.

This paper proposes a suboptimal algorithm for separation and
demodulation of three concurrently transmitted mutually non-orthogonal
BPSK signals with different power levels. The approach is based on
compensating the interference from the third (strongest) signal on the two
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weaker ones, and subsequently compensating the influence of the second
(medium-power) signal on the first (weakest) signal.

To reduce computational complexity and improve noise resilience,
Binary Phase Shift Keying (BPSK) is selected as the modulation
scheme — a justified and widely adopted solution in PD-NOMA systems
due to its low demodulation complexity, high energy efficiency, and
robustness in interference-prone environments with limited processing
resources.

The proposed method targets radio communication systems
where a balance between detection accuracy and computational cost is
essential.

To demodulate three mutually non-orthogonal, unequal-power BPSK
signals, individual symbol decisions must be made for each signal.

A hybrid demodulation scheme is proposed, combining Successive
Interference Cancellation (SIC) and Maximum Likelihood Detection
(MLD).

In particular:

The symbol of the third (strongest) signal is detected directly, without
interference cancellation.

The second (medium-power) signal is detected after cancelling the
strongest signal using SIC, then applying MLD.

The first (weakest) signal is detected after sequential SIC-based
cancellation of both stronger signals, followed by MLD.

This suboptimal SIC-MLD approach increases computational
complexity compared to traditional SIC but significantly enhances interference
immunity — particularly under high power disparities and in scenarios with
strong interference — while retaining lower complexity than full MLD.
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The algorithm is derived using principles of statistical signal separation
and optimized to minimize bit error probability in estimating the discrete
parameters of each individual signal. The baseband model assumes:

r; = rect[—Kythb; — Ki,thb, — K 3thb; — K,3thb thb,thbs]. 1)
Herein rect(X = 0) = 1; rect(X <0) = 0;
by3 = NiOfT Veé123(t)dt; Ko = 1 — th2R1,th2R 3th2R,3 > 0;

Kij = _chRU + chRikchRjk;

1 [ _
Rij =5~ f G@E(0dt; i ke={123112;i # jik # i; k #J.
0
T

3
ye = ) (~17§(@) +n(o),
i=1

where n(t) — additive white Gaussian noise (AWGN) with one-sided power
spectral density No;
T123 = 0,1 — the information discrete signals.

Given typical BER requirements in radio channels (e.g., <10 ),
the decision metric in expression (1) can be approximated by replacing
thby ;3 = signb, ,3 € —1,1.

Under these conditions, expression (1) simplifies to:
signb, K, + signbs K5

Ko Ko

ry =rect|—b; + Arth

1+ signb,signbs %
0

~rect{—b; — signb,[Arth(th2R,3th2R,3) — 2R;,] —
—signbs[Arth(th2R,,th2R,3) — 2R3}
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Assuming:
h3 = 4h3; h3 = Ah?, where h?,5 = — [ &2, ,5(t)dt,
0

We finally obtain the approximation: (th2R,3; = 1 and th2R,, = 1):

r; = rect[—b, + sign(b, — 2R,3signb3)2R,, + signb;2R,3)].

Conclusions. A key requirement for effective PD-NOMA
performance is maintaining a minimum power level difference of 6 dB
between simultaneously transmitted signals. This enables the receiver
to apply joint SIC and MLD procedures effectively. Greater power
separation improves detection accuracy and reduces residual interference
from stronger to weaker signals. The proposed simplified separation
and demodulation algorithm facilitates the practical implementation
of PD-NOMA systems with BPSK signals, making it suitable
for integration into 5G mobile communication technologies.

[1] Y. Cai, Z. Qin, F. Cui, G. Y. Li and J. A. McCann, “Modulation
and Multiple Access for 5G Networks,” in IEEE Communications Surveys
& Tutorials, vol. 20, no. 1, pp. 629-646, Firstquarter 2018,
doi: 10.1109/COMST.2017.2766698.

[2] O. Maraga, A. S. Rajasekaran, S. Al-Ahmadi, H. Yanikomeroglu and
S. M. Sait, “A Survey of Rate-Optimal Power Domain NOMA
with Enabling Technologies of Future Wireless Networks,” in IEEE
Communications Surveys & Tutorials, vol. 22, no. 4, pp. 2192-2235,
Fourthquarter 2020, doi: 10.1109/COMST.2020.3013514.

[3]J. S. Yeom, H. S. Jang, K. S. Ko and B. C. Jung, “BER Performance
of Uplink NOMA With Joint Maximum-Likelihood Detector,” in IEEE
Transactions on Vehicular Technology, vol. 68, no. 10, pp. 10295-10300,
Oct. 2019, doi: 10.1109/TVT.2019.2933253.
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Hamionansauii yHiBepcuteT «JIbBiBChKa MOMITEXHIKA»

ABTOMATH30BAHA 'EHEPAIIISI XMAPHOI
IHOPACTPYKTYPHU HA OCHOBI BUCOKOPIBHEBOI'O OITUCY
MPUPOIHOIO MOBOIO TA BEJIMKUX MOBHUX MOJEJEN

CydacHUii CBIT HEMOKJIMBO YSBUTH O€3 BCECBITHBOI Mepexi [HTepHeT.
Po3BuTOoK HaBUaNBHUX IHCTHTYIH, Oi3HECIB OyIb-IKOTO HAMpSIMKY, TpO-
MaJICBKHX OpTaHi3allif TICHO TOB’sI3aHUI 3 HAsBHICTIO iH(opMartii mpo HUX B
mepexi [1]. 3Bimcu BuILIMBaE HEOOXiJHICTH CTBOPIOBATH 1 MiATPHUMYBATH
IHTEepHET-IHPPACTPYKTYPY, 3MeOLTHIION0 XMapHi CEPBICH.

HanamryBanus xMapHOi iH(pacTpyKTypH BEMarae BHUCOKOI Kamidi-
Kallii, TOMy ITUM 3aiiMarOThca BY3BKOMIPO(ITBHI creniagicTi. 3 pO3BUTKOM
ninxony «lHdppactpykrypa sk kom» (1aC) Oinbmiiii KiTbKOCTI pO3pOOHUKIB
CTaJO JIeII0 MpOCTIllle CTBOPIOBATH XMapHi iHppacTpykrypu [2]. OmHak
npolec A0CI 3IMIIAETHCS CKIIAAHUM 1 BUMOITIMBUM /10 ITOIIMOJIEHNX 3HAHb
KOpuCTyBaya. | OZHMUM 3 MOTEHIIHUX pIlIEHb IS CHPOIICHHS HpOLECy
OMUCY XMapHHUX 1H(OPACTPYKTYp € BHUKOPUCTAHHS T'CHEPAaTHBHUX MOjeien
HITYYHOTO iHTENEKTY.

IloctanoBka 3agaui. Meroro poOOTH € 3MEHIIEHHS CKIIATHOCTI
OITMCY XMapHOi iHPPACTPYKTYPH 32 JOIMOMOTOI0 BETMKHX MOBHUX MOJENEH
(BMM). e nmae 3mory kopucTyBauam Oe3 IIMOOKMX TEXHIYHHX 3HAaHb
cTBoproBati mnoBHOIIHHI koH(irypamii 1aC [3]. 3aBmsku 3acTocyBaHHIO
BEIMKMX MOBHHMX MoOJeJell SK areHTiB JUIsl TEeHepyBaHHA XMapHUX
iH(hpacTPyKTyp, Y KOPHUCTYBadiB € MOXKJIMBICTh HAAaBaTH 3arajlbHHUNA OIHC
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KOMIIOHEHTIB XMapHO1 iHPpaCTPYKTYpH Ta OTPUMYBATH 3T€HEPOBAHUHN KO,
IO JIETaJbHO OIMUCYE TaKy iHPPacTPyKTypy.

MeTtonuka aocain:kenHs. Po3poOneHnii Meros TeHepamii OIHUCIB
XMapHUX 1HPPACTPYKTYp MONIATAE Y BUKOPUCTAHHI ITPOMiKHOI MOBH OITHUCY,
110 BUKOPHUCTOBY€E abCTPaKIlii BUIIIOTO PiBHS, HIX KiHIleBa MoBa Terraform.
Omnwc mpoMi>KHOT MOBH TIpeCTaBiIeHo B poboti [4]. Moness npeacraBieHa

Ha puc. 1.

/ ™~

/ Cloud Infrastructure Intermediate
{ |
| Description —Input—: LargeML:dr;g:uage utput— language
\ in Natural Language / description

%,

Input
i
Intermediate

' intion l4—Output—
|.l.lTerrafm'm desnnptmn._u(— Tput—| exhlings cirmter

F

Pucynox 1. Monens resepariii onmcy XMapHoi iHQpacTpyKTypH.

Peaizaiis MeToqy BHKOHaHa 3 BHUKOpHCTaHHsAM momeni DeepSeek
R1 3 7 mimpsipramu napamerpiB Ta minrpumkoro “chain-of-thought” [5].
Jlnis i€l Mozenti HeoOXiMHi okpeMi iHCTPYKIl st podoTu 3 Terraform Ta 3
MPOMIKHOIO MOBOIO. [HCTPYKIIiT HaJaBaJIMCh B CXOXKOMY OOCSI31 I O1TBII
00’€KTHUBHOTO TIOPIBHSHHS  pe3ynbTariB. TakoK  BUKOPHUCTOBYETHCA
KOMITUTATOP POMI>KHOT MOBHU y MoBY Terraform.
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JociimkeHHsl TPOBOIUTBCS 3 HACTYNHHMH TpPbOMa MPUKIAIaMH

3aIUTIB BiJ] KOPUCTYBadiB:

1. CrBopeHHs NIPUBATHOTO CEPBEPY.

2. CrBopeHHs MyOIigHOTO CEpBEPY.

3. CrBopeHHs MyONiYHOTO cepBepy 3 aBTOMATHYHUM PO3MOIiIICHHIM

HaBaHTAKEHHS cepel ACKUTBKOX KOMiH.

PesyabTaTu gociainskenns. Bummii piBeHs aOCTpakiiid MpoMiXHOT

MOBH Ta iX CTPYKTypOBaHICTb CIPOILYIOTh PO3YMiHHS 3TEHEPOBAHOTO

ONuCy XMapHuX iHppacTpykTyp. Lle 103BoJsi€ YHUKHYTH CEMaHTHYHHX

MIOMWJIOK Ha PAaHHBOMY eTarri po3poOku. B Tabmuisax 1 ta 2 mpencraBineHo

MOPIBHSIHHSL PEe3yNbTaTiB TeHEPYBaHHSA PI3HUX XMapHHX iHQPacTpPyKTyp 3

reHepyBaHHIM KOy MOBOIO Terraform ta mpoMi>kHOIO MOBOFO OTIHCY.

Tabmuus 1. IlopiBHAHHS pe3yabTaTiB FTeHEPYBaHHS OMICY MOBOIO

Terraform.
IMpuknan 1 [puknan 2 IMpuknan 3
KinbkicTh psakiB
42 62 75
OIIHCY
6 8
2 . . . .
) ] (meicyroui (meicuyroi
o (meicyroui
KinpKicTh MOMHIIOK napamerpH, napamerpHu,
HapamMeTpu . N . o
) ) HEBIIIOBINHICTh | HEBIAMOBIAHICTH
KoHirypauii) ) ) ) )
KoH(Irypalrii) KoH(irypariii)
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Tabmuus 2. IlopiBHAHHS pe3yabTaTiB TeHEPYBaHHS OMUCY

POMI>XKHOIO MOBOIO.

IMpuknan 1 [puknan 2 IMpuknan 3
KinbkicTs psaakiB 12 10 29
OTHCY
1 1 3
Kinbkicth (nagano Ginbie (HexkopekTHA (neicuyroui
MOMIJIOK JIOCTYIIB, HIXK koHirypanis OC CYTHOCTI 1
HEOOXiTHO) cepBepa) KOH(iryparrii)

Sk BUIHO 3 pe3yJbTariB, uepe3 HU3bKOPIBHEBICTh 1 KOMILIEKCHICTb
moBu Terraform kimbKiCTh PSZKIB OMKCY Ta TIOMUJIOK 3HAYHO OLIbINE, HIX
MIPH BUKOPUCTaHHI NpOoMiKHOI MOBH. Jlesiki 3TreHepoBaHi OMUCH HE TOTOBI
JI0 TIOAAJIBIION0 BUKOPUCTAHHS Y MPOIECi PO3ropTaHHs iHPPaCTPYKTYpH i
noTpeOyIOTh PyYHOTO BUIIPABICHHS.

BucHoBku. [lpoBeneHe AOCHIDKCHHS Ta TMOPIBHSUIBHUN aHAIi3
pE3yNBTaTiB MOKa3y€e MOMUIBHICT, BHKOpUCTaHHS BMM st crpolneHHs
H(PaCTPyKTYD,
NPOMIXKHOT MOBH IS IOKPAILEHHS pe3y/bTariB podotn BMM.

TeHepailii OmHCIB  XMapHHUX a TaKkoK BHKOPHCTAHHSI

OtpumaHi pe3yibTaTd MOKa3yloTh MepeBary BUKOPUCTAHHS TaKoOTo
MiIXOAy HaX TPagullifiHIM HaNMCaHHAM omwmciB 3a momomororo laC.
Cruciictp ommwcy Ta BIACYTHICTh HH3BKOPIBHEBHX JeTaledl CIPOIILye
PO3YyMiHHSI KiHIEBOI iH(QpPacTpyKTypH. MeHIIa KilbKiCTh 3reHepOBaHHX
pecypciB  J03BOJISiE 3MEHIIMTH MOTEHIIWHI BUTpaTH Ha PO3rOPTaHHS 1
BUKOPHUCTAHHS 3T€HEPOBAHNX 1HPPACTPYKTYD.

3 HemomNiKiB BHKOPHUCTAaHHS MOXXHa BHOKPEMHTH HEOOXiIHICTH
BUKOPHCTaHHS OKPEMOT'0 TPAHCIIATOpa 3 MpoMikHOi MOBH B Terraform.

Hogansmi HanpAMKM JdocHigKeHb. [ Kpamioro BUpILICHHS

KOHKPETHOI 3a[a4l OIUCy BapTO JOCIIANTH BIUIUB TPEHYBaHHS MOZEJeH Ha
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BIZIMOBIAHUX Habopax IJaHWUX 3 OMHCaMH XMapHHX iH(pacTpykTyp. Kpim
ILOTO, MOTPeOy€e PETENBHOTO JOCIIKEHHS TOTCHINIMHE BHKOPUCTAHHS
3aIpOIIOHOBAHOTO METOY B aBTOMAaTHYHUX MPOLECaxX CTBOPEHHS XMapHHUX
iH(pacTPyKTyp Ta 3amMyCcKy CEepBiCiB Ha IUX 1HPPACTPYKTYpax.
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comparative study. International Journal of Computer Applications &
Information Technology, 5(2), 46-53.

3. Quattrocchi, G., & Tamburri, D. A. (2023). Infrastructure as code.
IEEE Software, 40(1), 37-40. https://doi.org/10.1109/MS.2022.3212034
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MMAPAMETPH TEXHOJIOTI'Ti LORA TA iX BILIUB HA
3ABAJTO3BAXMIIEHICTD PAIIOKAHAJTY

VY 3B’A3Ky 31 3pOCTaloyMM TONUTOM Ha EHEproeeKTUBHI TEXHOJOTii
0€31pOTOBOr0 3B 3Ky 3 BEJIMKOI JAJIBHICTIO JIii, OCOOJUBO B CHUCTEMax
Intepuety peueii (10T), 3HaYHy yBary JOCIIJHUKIB IPUBEPTAE TEXHOJOTIS
LoRa. Texunosorisi LORa (Long Range) e oxnieto 3 HaiirepCrieKTHBHIIITUX
JUIL CTBOPEHHSI EHEProe(eKTUBHMUX OE3IPOTOBHX MEpEeX 3 BEIHKOIO
JabHICTIO Nii. BOHa MIMPOKO BHUKOPHUCTOBYETHCS y cHUCTeMax [HTepHeTy
peueit (10T), ne BaXTHMBUMHK TTapaMeTPaMH € 3aBa03aXMIICHICTh Ta HU3bKE
EHEProCIOKUBAHHS. [1 OCHOBOIO € MOJYJISIIS 3 PO3MIMPEHHAM CIIEKTpa Ha
6a3i gipn-curnanis (CSS — Chirp Spread Spectrum), sika 3abesmeuye
BHUCOKY 3aBaJIOCTIMKICTh HaBiTh B yMOBaX HU3bKOTO CITiBBITHOIICHHS
curnai/mym (SNR). [1].

IIpuctpoi LoRa 3a3Bmuaii mpaioroTh B MPOMHCIOBUX, HAayKOBHX Ta
meanuaux (ISM) mianasonax gactot, 30kpema Ha 433 MI'n, 868 MI'i ta
915 MTI'u. Yepe3 HopMaTuBHI OOMEXEHHs Ha TOTYKHICTh Iepeaadi B IUX
niamazonax LORa Hanmae mpiopuTeT 4yTIMBOCTI MpHUiiMada A AOCSTHEHHS
BEJIMKOTO Jiama3zoHy 3B's3Ky. [lpumiTHO, mo mnpuiimadi LORa MoxyTh
VCIINIHO 3aXOIUIFOBAaTH Ta JekoayBatd curHanu jo 20 ab Hibkue piBHS
OIymy, o MPU3BOJUTH JI0 YyAOBOi UyTIMBOCTI mpuiimMaua. s migBumena
YyTIAUBICTH 3HAUHOIO MIpOIO CIIPUSIE PO3MIMPEHOMY Jlialla30Hy Ta CTIMKOCTI
LoRa o neperxos [2].

262


mailto:oleksandr.m.holovko@lpnu.ua

CSS-Mopyrsiiss BUKOPUCTOBYE YHUPHH JUIS PO3MOALTY CHTHAIY IO
HIMPIIiH cMy31 MPOMycKaHHs. UMpH XapaKTepHU3yeThCsl CUTHAIOM, YacToTa
SIKOTO JIIHIHO 3MIHIOETBCS 3 4acoMm, abo 30iibmryrounch (Upchirp), abo
smenmryrodnch (downchirp). ¥V LoRa uupmu citykarh OCHOBOIO ISt
KOJIyBaHHSI JJaHHUX IIUIIXOM MOJYJISIIIT MOYaTKOBOT YaCTOTH KOXKHOTO YHPIIA.
Koeoiuient posmmpenns (SF), xmouoBuit mapamerp y LORa, Busnawae
KUTBKICTh YHPIIB, IO BHUKOPUCTOBYIOTHCS IS TPEICTABICHHS OIHOTO
cuMBoITy. binbmuid SF BiAMOBiIa€ JOBIIOMY YHPIY Ta HIDKYIN IBUIKOCTI
nepenayi JaHWX, aje BiH TaKOX IiJIBHMINYE YYyTDIMBICTh MpuiiMada Ta
pO3LIKPIOE [iana3oH 3B's3Ky [3].

LoRa BuxopuctoBye komOiHamito upchirp ta downchirp ans moOynoBu
MOBHOTO TakeTy. Y Haimnpocrimomy Burisini CSS mMoxke OyTh peanizoBaHa
3a moromoroto ON-off keying, me maHi KOAYIOTHCS MIISIXOM MEPEMHUKAHHS
mixk upchirp Ta downchirp. Oanak peanizaumis CSS y LORa € Oinbm
CKJI/IHOO, MOJIYJTIOIOUH JIaHi IIUISIXOM 3MIiHH [TOYaTKOBOT YaCTOTH KOXKHOTO
4yupra. MUTTEBA 3MiHA OYaTKOBOI YaCTOTH BU3HAYA€ MEXY cuMBoIy [3].

4acTOTa

npeambyna 3aronosok KopucHe
HaBaHTaXeHHA

Pucynoxk 1. [lpuxmag Bucxigaoro xanpy LoRa

Cnoci6 ¢opmysanns uupniB y LORa 3nauno BmiuBae Ha SNR,
METPHKY, SKa KiIbKICHO BHU3HAYA€ CHJIYy CHUTHAIY BiTHOCHO ()OHOBOTO
mymy. binemuit SNR o3Ha9ae 9UCTIMIMA CUTHAN 3 MEHIIOI Y9acTOTOO
nomuiok Ha Oit (BER). SF Bimirpae noMiHyo4y posib y BH3HA4YCHHI
SNR. 3i 30inbmienHssM SF curHan po3moaiIIEThCS MO WIUPIIiIH CMY3i
MPOMYyCKaHHs, 10 MPHU3BOAUTH JO BUIIOTO KoedimieHTa oOpoOku Ta,
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otrxe, Bumoro SNR. Ile#t edexr po3mupeHHss poOUTH CHUTHAJ OUIBII
CTIHKHMM JI0 TepemKo ta mymy [4].

HIupuna cmyru (BW) takok BruBae Ha SNR. Binbina BW npussonuts
JI0O MEHIIIOi TPUBAJIOCTI YUPIIIB, 10 MoTeHIiiHO mokpairye SNR. OnqHak 1e
BiZIOYBA€THCS 3a PaXyHOK IMiJBHUILEHHS PiBHS IIyMY, IO MOXKE HiBEIIOBaTH
nepeBaru KOpoTmux yupiis [3].

Ha momarox no SF Ta BW, xapakTtepucTWKH €HEProcCroKHBaHHS
npuctpoiB LORa mos's3ani 3 ¢opmysanusm gupmiB Ta SNR. I[Ipucrpoi
LoRa po3pobneni mns poOOTH 3 HU3BKUM CHEPrOCIIOKUBAaHHSM, 31
cTpyMamu mepefadi 6mam3pko 28 MA mpu 13 nbm Ta ctpymamu npuiiomy
ommspko 11,5 MA. Lli HU3BKI 3HaYeHHS CTPYMY CHPHSIOTH MPHUAATHOCTI
LoRa mns mpuctpoiB 3 KHUBIEHHSM Bijg Oarapei Ta #Horo 3maTHOCTI
IPAIfoBaTH MPOTATOM TPHUBAJIOTO Yacy Oe3 dactoi 3aminu Garapei [5].

[Ile omHi€l0 BaKIMBOK KOHIICIIIIEIO, TOB'SI3aHOI0 3 (HOpMYBaHHAM
yupmiB Ta SNR, € "edexr 3axomnenns”. Lleit edekr BuHHMKae, Komu
OJTHOYACHO TIPUIMAIOThCs Kilibka curHaiiB LORa 3 ognakosum SF. ¥V Takux
CIIEHapisAX NpHUiiMad MOXKE YCIITHO JEKOAyBaTH HAMCHIIBHININK CHUTHAI,
npurHivytoun cnadmi. Lleit edekr 3axorsieHHs Moke OyTH KOPHCHHM Y
nepeBaHTaXEeHUX Mepexkax LORa, ne omHouacHO MoXke nepeaaBaty Kijgbka
IIPUCTPOIB.

Orxe, (GopMyBaHHA YHPIIB € KIIOYOBUM IS 3a0€3MEUeHHS 3B'A3KY
LoRa na Benmki BigcTaHi 3 HHU3BKHM eHeprocrnoxuBaHHsM B [0T.
Koeoiuient posmmpenns (SF) ta mmpuHa cmyru npomnyckanus (BW)
BU3HAYAIOTh XapaKTEPUCTHKH (OPMYBaHHS 4YHPIIB Ta IX BIUIMB HA
crmiBBigHomenns: curnan/mym (SNR). 3matnicte LORa mpairoBati mpu
Haa3BuyaiiHo Hu3bkux SNR, HaBiTh Ha 20 nb HmWK4Ye piBHA Mmymy, €
KIIIOYOBUM (paKTOpOM HOro MOKJIMBOCTEH Ha BesuKi BifictaHi. Lle mo3Bossie
LoRa mocsrati Gimpmioi 4yTaMBOCTI MpHiiMada Ta OLNBIIOTO Jiala3oHy
MOPIBHSHO 3 1HIIMMU METOAAMH MOAYISAIil. Y Mipy pO3BUTKY TEXHOJOTIl
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LoRa ¢opmyBaHHS 4HMpPIIB 3aJUIIATUMETHCS ECHTPAIbHUM AaCHEKTOM ii
30aTHOCTI 3abe3medyBaTH HaAiMHWUN Ta eHeproeeKTUBHHI 3B'SI30K Ha
BEJIMKI BiCTaHi.
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YIPABJIIHHSI 3HAHHSIMH Y BUPOBHUIITBI
EHTOMOJIOTTYHOI MPOAYKIIL

[ligBumieHHs eQEeKTUBHOCTI BHPOOHUIITBA EHTOMOJIOTIYHOI TPOXYKIIT
TapaHTOBAaHOI AKOCTI Ist Oiororizamii 3emiiepoOcTBa B YKpaiHi moTpebye
KOMIDIEKCHOTO ~TIAXOAy JO TIPOIECiB YNpPaBIiHHA 3HAHHSIMH, IO €
HallBO)KJIMBIIIMM aKTHBOM CYy4YaCHOTO MiJIIPHEMCTBA Ta CYTTEBHM YHMHHUKOM
cTBOpeHHs IiHHOCTI [1, 2]. Peamizaiiro 1poro 3aBmaHHs 3arpOIIOHOBAHO HA
OCHOBI KOTHITUBHOTO aHalli3y, 3aCTOCYBaHHS SIKOTO BIZIOMO y JOCIiIKEHHIX
CKJIQJIHUX TEXHIYHMX CHCTEM, IHTEJEKTYaJIbHUX CHUCTEM MIATPUMKH TIPHIA-
HATTS pilieHs, moao ¢opmalrizamii Ta aBroMaru3arii ciado CTPYKTYpOBaHHX
3apianb [3]. I3 BUKOpHCTAHHSIM aHaIi3y HayKoBHX Tipaib [1-7] po3pobieHo
KOTHITHBHY MOJENb TIPOIECiB YIPaBIiHHA 3HAHHSAMH Yy BHPOOHHIITBI
€HTOMOJIOTIYHOT MMPOIYKIIi, CTPYKTYpY SIKOi IIOKa3aHo Ha puc. 1.

Himosa —»{ BrH3HaueHHA THI1 3HaHb CTPYKTYpOBaH1
BepIIHHA
i
YnpaBniHHA
K MpOLIEC aMH
cepyroua —p{ IIpH3HaYeHHA [ BHPOGHHLITEA MpoLEeAYPHi
BepluHHa €HTOMOIOTiHO]
TP OJTyKLIii
i i
ITudposizauia
BepimHa- npotecis
iHKaTop Sactoeys 7| oS
EHTOMOJIOTT4HOT
TIPOYKLIi .
EeBPHCTHYHI
Indopmaniiina . OHTONOTIYHI
opnavy —» 30epiraHHA .
BepIIHHA GasH 3HaHb _.I opraHizaLifiHi

Pucynok 1. CtpykTypa KOTHITHBHOI MOJIEIi TIPOIIECiB YIIPaBIiHHS 3HAHHAME Y
BUPOOHUIITBI €HTOMOJIOTTYHOT IPOYKIIil
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Y Tabmumi 1 HaBemeHO Kiacudikallilo BH3HAUCHMX THUIIB 3HAHb Y

BUPOOHUITBI €HTOMOJIOTTYHOT TPOIYKIIii.

Tabmuns 1. Knacudikarist 3HaHb

Tun 3Hanb

Kaacudikanis

CTPYKTYpOBaHi

(bpeiiMu, OHTOJIOTIT, CEMAHTUYHI MEpexi, 0a3u TaHUX
Ta 3HaHb, OPi€HTOBaHI rpadu

JIEKJIapaTUBHI

aBTOMATH3allisl IPOLECiB KePYBaHHS BUPOOHUIITBOM
eHToMOo(ariB, aBTOMaTH3aIlis CIa00 CTPYKTYPOBAHIX
3aBJlaHb, YIIPABJIIHHS AKICTIO CHTOMOJIOTTYHOT
TIPOIYKIIii, yIIPaBIIiHHA SKICTIO POIIECiB BUPOOHUIITBA
enromodaris, popMyBaHHS cTpaTerii ynpasiiHHs
BHPOOHHLITBOM B yMOBaX HEBU3HAUCHOCTI

MpOIEeypHI

KOHTPOJIb TTAPaMETPiB TEXHOIEHO3Y (a0iOTHYHUX i
TEXHOJIOT1YHHUX), Oi0JIOTTYHHMX TOKA3HUKIB SKOCTI
SHTOMOKYJIBTYD; PO3pO0Ka €KCIICPTHUX CHUCTEM,
HEUPOHHUX MEPEK, KOTHITHBHUX KapT Ta MOJIEIEH;
pO3pO0OKa IHTEICKTya IbHHUX aJITOPUTMIB 0OPOOKH
iHpopMaii

€KCTEHCIOHAIbHI

(axtu (mapameTpu TEXHOIEHO3Y, GiomoriuHi
MOKa3HUKH SIKOCTI EHTOMOKYJIETYP, EHepPreTHHi

BUTPATH)

IHTEHCIOHAJIbHI

TIpaBWIIA, SIKi JTO3BOJISIOTH OTPUMYBATH HOBI (hakTH
(mpomykiitHi MpaBUiIa THIY «SIKIO-TO» EKCIIEPTHAX
CHCTEM HEYiTKOrO Ta HEHPO-HEHiTKOTO BUCHOBKY);

MOBEPXHI HEYITKOTO BUCHOBKY; HEHPOHHI Mepexi

€BPUCTUYHI

(dhopmaitizairis crabo CTPYKTYPOBAHHX 3aJICKHOCTEH

oprasizaniiHi

KOHTPOJIb TOYHOCT] MIATPHUMKH TEXHOIOTTYHUX BUMOT
BUPOOHMIITBA, il JIIOAWHY y IpoLiecax yIpaBIIiHHS
BUPOOHHUIITBOM
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KornitiBHa MoOZenb MICTUTH LIJIBOBY, Kepyrouy, iHpopMaliiiHy BepLIMHH
Ta BepIIUHY-iHIuKaTtop. OCHOBHUMH TIPOLIECAMH YIIPABIIHHA 3HAHHAMH €
BU3HAYEHHs1, IPU3HAYCHHSI, 3aCTOCYBaHHs1, 30epiranHs.

IlepeBaraMy 3ampOTIOHOBAHOTO TMIXOMY MO YHIPABIiHHSA 3HAHHSAMHA Y
BUPOOHHUIITBI €HTOMOJIOTTYHOT MPOMYKIIIT € TiBUILICHHS PiBHS 1HTENEKTyami3arlii
MPOIIECIB  YIPABITIHAS BUPOOHHIITBOM, IH(POBI3aIls 3HAHH MIONO MPOIECIB
BUPOOHMIITBA i3 BUKOPUCTAHHSAM CYy9YaCHHX IPOTPAMHHUX 3aC00IB.
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PATH RECONSTRUCTION ALGORITHMS TO ENHANCE
CONTEXT-ORIENTED SERVICES IN WIRELESS NETWORKS

The Internet of Things (loT) is becoming increasingly popular
nowadays. Projections suggest that the number of 10T devices will reach 50
billion within the next decade [1]. This growth is mainly caused by the
availability of cheap narrow-band systems such as Bluetooth Low Energy
(BLE) and Zigbee, which are widely used in industries including
healthcare, fitness, beacons, security, and home entertainment [2]. The
basic requirement for these applications is the ability to estimate the
distance between two devices, which later can be used for localization
purposes.

Phase-Based Ranging (PBR) method involves the measurement of 1Q
components at several frequencies [3, 4]. Both the initiator and reflector
transmit and receive harmonic signals (tones) at each frequency, enabling
the measurement of phase and magnitude. The channel is measured
between two devices — initiator and reflector — on a uniform frequency
sequence over the desired bandwidth [3]. These measurements can be
processed using the Inverse Discrete Fourier Transform (IDFT) [5] to
obtain the Channel Impulse Response (CIR). However, in a multipath
environment where signals may take multiple paths to reach the receiver,
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the accuracy of this method is limited due to the resolution of the IDFT [6].
In this case, instead of FFT, super-resolution algorithms such as Multiple
Signal Classification (MUSIC) can be used to enhance the accuracy of
ranging in multipath environments [7].

Due to the two way tone exchange, it travels twice longer distance that
is between the devices (initiator and reflector). It leads to channel transfer
function to be squared [8]:

A;(f, d)el0if:d) A (f, d)elor(fd) = A2, (f, d)ei20cn(f.d), (1)

where A;/-(f,d) — magnitude of the tone measured by initiator/reflector
at frequency f and distance d, 6;, — phase delay of the tone of
initiator/reflector. The problem begins, when there is multipath — one or
several reflections, so there becomes more than one propagation distance —
Line of Sight (LoS) and Non Line of Sight (NL0S). From the equation 1, it is
obvious that there will be cross modulations between distances (Figure 1).
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w0 50 60

Figure 1. Example of channel impulse response of three propagation distances:
a — expected; b — received due to the square of channel transfer function.

In case FFT or IDFT or similar algorithm is used to estimate channel
impulse response because computational resources are limited for example,
the resolution would be much less than is shown on Figure 1 due to lobes
would have some width defined by frequency bandwidth. Thus, the lobes of
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true paths and lobes of cross modulations can interfere with each other,
which potentially can lead to significant reducing of ranging accuracy, so in
such case path reconstruction algorithm is required.

Path reconstruction algorithm is about how properly take the square root
of the sequence of complex values. It is known that square root of complex
number has two solutions and it is not obvious which is correct in the
sequence of such values (Figure 2).

1 ‘:52  f10°
oot H 2 H

0 02 04 06 08 1 3
10% 3 2 - 0 1 2 3

Figure 2. The ambiguity after taking square root
of sequence of complex values (1Qs)

Also one of the problems is that some of the IQ values can have
magnitude close to zero, so the trajectory would cross the origin. In that
case the phase is almost undefined due to the internal noise of the devices.
So the algorithm should handle that as well. In addition, if the sequence of
measured frequencies is not uniform (there are some gaps), or frequency
step is instead of 1IMHz — 2MHz, 4MHz, etc., it becomes much more
complicated to solve the ambiguity.

Several algorithms were proposed and tested its performance according
to the statistical multipath model, where 1Qs were generated with 1MHz
frequency step [9]. The simplest one is based on the vector length between
two neighbor 1Qs. The ambiguity is solved for the result if the vector length
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between previous value and the result of square root is the shortest. The
second one is based on the constant direction of the phase change of the 1Q
sequence. The third one is based on a race car model (turns only left),
where tensor differentials are used to reconstruct the trajectory.

Addressing multipath challenges, Phase-Based Ranging requires
effective path reconstruction algorithms, which can solve 1Q sequence
ambiguities, managing near-zero magnitudes and handling non-uniform
frequency sequences.

The *“Race Car” algorithm demonstrates superior performance,
especially in strong multipath conditions and greater distances, outperforming
simpler alternatives. For sure, there still would be cases where the path
reconstruction would not work correctly, but it only highlights the necessity
of robust algorithms for reliable distance estimation in complex
environments.
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PERFORMANCE AND USABILITY ASSESSMENT OF
CHROMADB FOR OFFLINE SEMANTIC SEARCH

Large language models (LLMSs) have become essential for a wide range
of natural language tasks, including question-answering, summarization,
and conversational Al, due to their ability to generalize from large-scale
pretraining [1]. However, they often require access to external knowledge
sources to remain accurate and current. The retrieval-augmented generation
(RAG) approach uses vector databases as a foundation for data [2]. These
vector databases store high-dimensional embeddings for fast similarity
search [3]. Also, Al agents powered by LLMs and RAG are autonomous
systems capable of understanding, generating, and reasoning, enabling
various applications from virtual assistance to complex decision-making
across multiple domains [4]. Modern LLM and Al Agentic applications
increasingly rely on vector search to retrieve relevant documents.
ChromaDB is one of the open-source vector stores designed for this
purpose, offering a lightweight solution for storing and querying high-
dimensional embeddings in local environments [5]. With the advent of
Apple Silicon, running and fine-tuning these models locally has become
more feasible, thanks to its unified memory architecture and integrated
neural processing capabilities [6]. Apple Silicon is a strong foundation for
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local microservices incorporating MLX, RAG, and LLMs, enabling
efficient, private, and scalable edge Al deployments.

This study assesses ChromaDB's suitability for local and offline vector
search applications on Apple Silicon. To achieve this, the evaluation
focuses on performance metrics and the developer experience, including
ease of setup and integration. Based on the results, the study offers insights
into ChromaDB’s strengths, limitations, and potential areas for improvement.
A key limitation of this study is that it focuses exclusively on evaluating
ChromaDB without performing a direct, empirical comparison against
other widely used vector databases such as FAISS, Qdrant, Milvus, or
Weaviate.

The evaluation dataset comprises 25 PDF documents from open-access
repositories such as Springer and arXiv, with file sizes varying from 0.14
MB to 7.97 MB, with an average size of approximately 2.50 MB. Text was
extracted from each file, excluding all images and non-text elements. The
extracted text was segmented into fixed-size chunks of 1,000 characters
using a sliding window with a 200-character overlap. Before chunking, the
text was normalized to remove common PDF artifacts, including Unicode
normalization (NFKC), removal of hyphenated line breaks, newline
consolidation, space reduction, and stripping of bullets, page markers, and
other formatting. Document lengths varied significantly, with word counts
ranging from 1935 to 32275 (average: 11926) and character counts from
15150 to 182247 (average: 75617). The number of generated text chunks
per document ranged from 19 to 224, with an average of approximately 93
chunks.

ChromaDB processes natural language queries by embedding the input
text and comparing it to stored document vectors to return the number of
most semantically similar results. By default, Chroma utilizes the “all-
MiniLM-L6-v2” model from Sentence Transformers to generate
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embeddings. It also uses L2 (Euclidean) distance to compute similarity but
can be configured to use cosine similarity. By default, ChromaDB
generates embeddings on the CPU unless manually configured for GPU use
via CUDA, which is unavailable on Apple Silicon. MLX is not supported at
the time of evaluation.

A dedicated Python application was developed to support this
evaluation, incorporating a modular architecture for dataset loading,
preprocessing, validation, and testing. In addition, custom Python scripts
were implemented to evaluate key metrics and visualize the results for
interpretation. This framework ensures consistency in experimental setup
and provides a foundation for extending evaluation to other vector
databases in future work.

All experiments were conducted on a local machine equipped with
Apple Silicon (M1) architecture, featuring an 8-core CPU and 16 GB of
unified memory. This configuration represents a typical development
environment for lightweight, offline Al applications.

The evaluation produced a set of results for ChromaDB under local
conditions. Figure 1 shows two performance-related plots for ChromaDB.
In (a), insertion time generally increases with document character count but
shows variability, indicating that processing overhead affects performance.
Insertion times into ChromaDB ranged from 0.80 to 1.61 seconds,
averaging 0.91 seconds, with most insertions completing between 0.8
and 1.1 seconds. In (b), query time remains stable across varying query
lengths, with most queries completing between 0.7 — 0.9 seconds,
suggesting that query length has minimal impact on retrieval latency.
These results indicate that ChromaDB’s performance is more sensitive
to document size during insertion than to query length during retrieval.
All queries used a fixed setting of top n = 3, returning the three most
similar results by vector similarity.
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(a) Text Chunk Character Count vs. Insertion Time (b) Query Character Count vs. Query Time
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Figure 1. Performance trends in ChromaDB

After inserting the processed text and embeddings, ChromaDB occupied
approximately 379.6 MB of disk space, including vector data, metadata, and
persistence files. During the evaluation, memory usage ranged from
approximately 615 to 1124 MB of real memory.

In summary, ChromaDB stands out for its simplicity, fast setup, and
Python-native design. It is well-suited for local experimentation, offline
applications and rapid prototyping in LLMs powered by retrieval-augmented
generation (RAG) workflows. Its minimal configuration requirements, built-in
embedding support, and tight integration with popular LLM allow developers
to quickly build and test semantic search systems without the overhead of
managing external infrastructure.

However, ChromaDB’s SQLite-based persistence limits its
scalability for larger datasets. There are opportunities for improvement,
particularly by introducing features commonly found in production-
grade vector databases, such as hybrid search, fine-grained filtering, and
Apple Silicon GPU acceleration.
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Despite these constraints, it fills an important niche between low-level
libraries and enterprise vector search platforms by offering a practical,
developer-friendly tool for academic, educational, or low-scale operational use.
Future improvements could expand its relevance to broader applications, such
as on-disk indexing, sharding, and real-time querying enhancements.
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'Hauionanbuuit yaisepcuter «JIbBiBCbKa MOMITEXHIKaA»
?HarrionanbHa akageMis CYXOIYTHUX BIHChK

iMeHi retbMmana [lerpa Caraiinaunoro

OIIHIOBAHHS CTPYKTYPHOI ) KUBYUOCTI
BE3/IPOTOBOI MEPEXI 3B'SI3KY JIJISI TPYIIU
BE3NIJIOTHUX JITAJIBHUX AITAPATIB

Berynna yacTuna

I'pyna 3 yotuprox Ge3minorHux JIA B ckmani “A”, “B”, “C” 1 “D” mae
BHKOHATH TIEBHE 3aBIaHH. 3aBIaHHs Oy/ie BUKOHAHO, SIKIIO 32 BCTAHOBJICHHUI
yac monboTy Mik OesminmotHumu JIA “A” i “D” icHyBarume 3B's30K. B
rpymi 6e3minorHux JIA koxHuit brniJIA mae cBoe mpu3HAuYeHHs, a came:
BrJIA “A” — "kepiBauk" rpymy; 6e3ninoTHi JIA “B” 1 “C” — perpancnsaTopy;
BriJIA “D” - "BukoHaBeus'. 3B'i30k Mik Oe3miyioTHumMu JIA B rpymi
3abesneuytots kKaHamu 1, 2, 3, 4, 5, mokazani Ha pucyHky 1. Maemo
NPUAHITH A0 yBaru, 10 B MPOLECi MOJIbOTY TPYNH LI KaHAJIW BTPadaroTh
Mpane3IaTHiCTh. 3ayBa)XKMMO, MO0 BHKOHAHHSA 3aBmaHHSA Tpymu brJIA
3a0e3leuye CTBOpEHA KaHaJlaMu 0e3IpOTOBa MEpeia 3B'SA3KY 3 CITKOBOIO
CTpyKTypoto. B momoBimi MoBa e mpo OIIHIOBaHHS CTPYKTYpHOI
JKUBYUYOCTI TAKOT MEPEXKi 3B'SI3KY.
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3a3Ha4MMoO, 10 B PEABHOCTI KUIbKICTh Oe3miyioTHuX JIA B rpymmi Moxe
Oyt pi3HOI. 30KpemMa Moke OyTH pI3HOIO KiTBKICTh PETPaHCISATOPIB,
KUTBKICTh «BUKOHABIIBY» 1 KiJIBKICTh «KEpIBHUKIB». TOMy MpakTHYHY LiHHICTh
TMIPENICTABIISIE METOANKA BU3HAYEHHS MiHIMAJIBbHOI KiTbKOCTI Oe3minoTHnx JIA
B TpyImi, sKa 3a0€3NCUUTh BHKOHAHHS 3aBJaHHS i3 3aJlaHUM 3HAYCHHSIM
MOKa3HUKA «MMOBIPHICTh BUKOHAHHS 3aBIJaHHS» TPyIoio Oe3mioTHuX JIA.
Jlns Mepeki 3B'SA3Ky 3 CITKOBOIO CTPYKTYpPOKO IIEH TIOKa3HHK OylaeMo
BU3HA4YaTH SK WMOBIpHICTE 3B's3HOCTI MK brmJIA “A” 1 “D” 3a
BCTaHOBJICHHH Yac MOJILOTY TPYIIH.

B nmomogizi Gyme mokazaHo i 00rpyHTOBaHO BHOIp METOY ISl BU3HAYCHHS
NOKa3HWKa "HMOBIpHICT MapHOI 3B'I3HOCTI" It OE3IPOTOBOI Mepei
3B'SI3KY 3 CITKOBOIO CTPYKTYPOIO.

NN

1 3 Pucynok 1. I'pyna
/ 6esninotHx JIA 3
\2

6€31pOTOBOIO0 MEPEKEIO
3B’5I3KY 3 CITKOBOIO
/ CTPYKTYpPOIO

[¢)]

3MicToBHA YacTHHA
Jns BuU3HA4YCHHS TIOKa3HUKA «HMOBIPHICTh TApHOI 3B'I3HOCTI» JUIS

MepeX 3B’SI3Ky 3 CITKOBOIO CTPYKTYPOIO ICHYE psii METOIIB JIOTiKO-

HWMOBipHICHOTO MOJemoBaHHA. OHAaK aBTOPU WX METOIIB BKa3yIOTh, IO
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METOIUKHU IX BUKOPHCTaHHS IJIi OTPUMaHHS PO3PAXyHKOBHX (OpMYya He
OpUAaTHI Ui ONEPaTUBHOTO aHaNi3y CITKOBUX CTPYKTYpP 3 BEIIUKOIO
KUTBKICTIO By3JiB Ta riiok. Tomy Mu oOpasin MeToJ JIOTiKo-HMOBIpHICHOTO
TpaexTopHOro Mozemopanus (JIMTM), skuii Mae nepeBary HaJ BiZOMHMH
METO/IaMU B TOMY, 1110 CTYMiHb (hopMaltizailii MeTOJUKH HOTro 3aCTOCYBaHHS
Jla€ 3MOTY KOMIIOHYBaTH (QOPMYIH IUIsl pO3PaxyHKY 3HAYeHb MOKa3HHKa
«AMOBIPHICTh TIAPHOI 3B'I3HOCTI» NI MepexX 3B'SI3Ky 3 CITKOBOIO
CTPYKTYPOIO, B SIKAX € BEJIMKA KUTBKICTh BY3JIiB Ta TiJIOK.

IpakTHuHe BUKOpHCTaHHS Metoxy JIMTM mnokasano, mo pesyiasTaTi
0o0YHCIIeHHS TIOKa3HWKA «HMOBIPHICTb TapHOi 3B’S3HOCTI» M Mepexi
3B’SI3Ky 3 CITKOBOIO CTPYKTYPOIO 3aJIeXaTh BiJl MPHU3HAYEHOTO TOPSIKY
PO3ITIsTY TPAEKTOPIH, sIKi MarOTh crinbHi Tinkn. Y meroni JIUTM nopsmok
BUOOPY TPAEKTOPIH Il MPOXOHKEHHS WMOBIPHICHUX TMAaKeTiB i BifAMO-
BiJTHOr0 KOMIOHYBaHHS (YOPMYIH HE 0OyMOBIICHHH.

Ha puc.2 rpadivuno 306paxxeHo BCi IPOCTi TPAEKTOPii MPOXOIKEHHS MiX
MOYaTKOBUM A i KiHreBuM D By3mamu (mojrocamu) TOMOSOTIYHOTO Tpada
MepexKi 3B'I3KY Mijl 4ac KOMIIOHYBaHHS (POPMYIH AJIS PO3PaxXyHKY 3HAYSHHS

MOKa3HUKA 11 CTPYKTYpHOI JKUBYYOCTI — HIMOBIPHICTh TTAPHOT 3B'SI3HOCTI.

U
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/ e ,
,n\/ - .
§ D
o ' PucyHok 2. 300pakeHHs BCiX MPOCTHX
/ TPAEKTOPiH MPOXOIKEHHS HMOBIPHICHHUX MaKeTIB
\ . MiX nouatkoBuM A i kiHueBuM D Byzinamu
B )
\‘ = .
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[opiBHsieMo fBa creHapii A7 BCTaHOBJIGHHS TMOPSAKY PO3IVISIIY
TPAEKTOPIH AJIS1 KOMIIOHYBaHHSI (hopmyInu:
I B mepumiomy creHapii mnepiie HPOXOMKEHHS 3 (GOpMyBaHHIM
WMOBIpHICHUX MAKETIB 3MIMCHIOEThCS 110 TpaekTopii A-B-D;
I B J1pyromy creHapii mnepiie TPOXOMKEHHS 3 (opMyBaHHIM
HMOBIpHICHUX TaKETiB 3iIHCHIOEThCS 0 TpaekTopii A-B-C-D.
MMOBipHiCHI MakeTH (OPMYIOTBCS IUISXOM MOCITIIOBHOIO MPOXOMKEHHS
TUTOK TpaekTopii 3 ypaxyBaHHsSM SK HWMOBIDHOCTEH ICHYBaHHS, Tak 1
HMOBIpHOCTEW HE iICHYBaHHS IUX T1iJIOK.
B Tabnuiii 1 nokaszaHo, sk pe3yyibTarid 00YKCIICHHS TOKa3HUKA «HMOBIPHICTh
napHOi 3B’SI3HOCTI» AJIST MEPEXi 3B’S3KY 3 CITKOBOIO CTPYKTYPOIO 3aJIeKaTh
BiJl TIPHU3HAYEHOTO TOPSIKY PO3DIAILY TPAEKTOPiH, SKI MarOTh CILIBbHI

TUIKH.
Tabmuus 1. 3HaueHHs TOKa3HKUKA 3B’ I3HOCTI AJISt MEPEXKi 3B’ SI3KY B
CITKOBOIO CTPYKTYpOIO Mixk momtocamu A ta D aiist 1Box crieHapiiB
MTPOXOKEHHS TPAEKTOPIH MiXK HIUMH.
[epmra TpaekTopis y MmosiproCT MmosipHOCTI He
BCTaHOBJICHOMY TIOPSIIKY 3B'SI3HOCTI MiXK 3B'SI3HOCTI MK BY3JIaMH
MPOXOKEHHS TPAEKTOPIN By3namu AiD AiD
A-B-D 0,97119 0,02881
A-B-C-D 0,83439 0,16561

TobTo MeTonm JIOTiKO-MMOBIPHICHOTO TPAEKTOPHOTO MOJICITIOBAHHS €
YyTJIMBUM JI0 BCTAHOBIICHHS MOPSIIIKY PO3IIISLY TPAEKTOPIH TS TPOXOIKEHHS
WMOBipHICHUX TmakeTiB. B 1iif  poOoTi chopMyITbOBaHO MPABIIIO
NpPU3HAYEHHS TOPSIKY PO3IVISALY TPAaeKTOpid. B maHoMy po3misiii cHiibHY
rinky AB maroTs mepmia i Aapyra tpaektopii. A chinbHy rinky AC MaioTh
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Tperss 1 dyerBepra Tpaektopil. 11 TpH3Ha4YeHHS TOPSOKY PpO3MISLY
TPAeKTOpiid, $KI MaroTh CHUTBHY TiNKy, TpeOa BHU3HAUYUTH 3HAYCHHS
JfiMOBIpHOCTell iCHYBaHHS TpaekTOpii. MMOBIpHICTH iCHYBAHHS KOMXKHOI
TpaeKTOpii BU3HAYAEMO SK JOOYTOK BiAOBITHIUX WMOBIPHOCTEH iCHYBaHHS
rinok, mo T ckianaroTe (yTBOpIOIOTH). OTKe NpU3HAYATH HOPSIOK
pO3LNISIly TPaeKTOpid Tpebda BiJl TPaekTOpil 3 HAWOUIBIINM 3HAYCHHSM
WMOBIPHOCT] iCHYBaHHS JI0 TPAEKTOPii 3 HAIMEHIIUM 3HAYEHHSM. 3T1IHO
3aIpOIIOHOBAHOIO TIPAaBWJIA B PO3MISHYTOMY BHIIE HPHUKIAII, IMOPSIOK
po3misy Tpaektopiii Mae oytu takuii: ABD—ABCD—ACD—ACBD.

s poGoTa BukoHaHa 3a miaTpUMKH HaiioHanbHOTO (OHIY JOCIiKEHb
Vkpainu, npoekt Ne 2023.04/0116 «MopynbpHa akycTH4YHA CHUCTEMa
MOHITOPHHTY TIOBITPSIHOTO TPOCTOPY» 3a KOHKypcoMm «Hayka st
3MIIIHEHHSI 00OPOHO3/IaTHOCTI YKpaiHI».

BucHoBok

Bukopucrauus Merony JIMTM 3a6esneuye BH3HAYEHHS MOKA3HHKA
KUBy4YocTi Besukoi rpynu brJIA, i sAxkoi BUKOHAHHS 3aBIAHHS
3a0e3rnedye O0e3ApOoTOBa MEpeka 3B'A3KY 3 CITKOBOIO CTPYKTYPOIO.

I mpuiimaroun 70 yBaru BUMOTY 10 3HA4YEHHS MOKa3HUKa «HMOBipHICTh
BUKOHAHHS 3aBAaHHS», METOJ JIa€ MOXIIUBICTb OOTPYHTOBAHO BBOIWTH B
CKIIaa Tpymu nonatkoBi OesminoTHi JIA mms 3abe3nedeHHs HEOOXiTHOTO
PiBHS 11 )KHBYUYOCTI.

283



Kapnayx /.M., acmiipant

Tarynoa MLIO., kaun. TexH. HayK, AOLL.
Kupuuek I'T", kaHa. TexH. HayK, 0L,
d.karnaukh@gmail.com
mary.tyagunova@gmail.com
kirgal08@gmail.com

HY «3amnopi3pka momitexHika»

PECYPCH I IEPCIIEKTUBH NIJBUILEHHSI CTIHKOCTI 10
NEPEHIKOJA BE3IPOTOBUX MEPEXX CUCTEM IOT

AXTyanbHa TEHIEHINS JJIsI Cy9acHOTO COIiyMY — TIJIBHIIEHHS O€3IeKH i
KOM(OPTY HUTSIXOM BUKOPHCTAHHS IHTENEKTyIbHUX €JIEKTPOHHUX CHUCTEM, 11O
BUKOPHCTOBYIOTh BENIMKY KUTBKICTH MPUCTPOIB: Kamep, AAT4HKIB, aKTyaTopiB
Ta IHIMX ejneMeHTiB cucreMu «IHtepHery peueii» (10T), ob'emHanumx y
Mepexi. Hampukman, mpoOGmema onTuMisarii aganTHBHOTO PETYIIOBAHHS
JIOPOXKHBOTO PYyXy Ha MEPEXPECTSX 3 BUKOPUCTAHHSIM HOBITHIX ITiIXOJIIB,
NOB’SI3aHMX 13 3aCTOCYBAaHHS IITYYHOTO iHTENEKTy [1], pO3BHTOK MiChKOT
IH(paACTPYKTypH B «pPO3yMHHX» MICTaXx depe3 iHTerpariiro iHdopmMariiiHo-
KOMyHiKamiiHux Texuosnoriii ta 10T [2], morut Ha kKomdopTHE Ta Oe3redHe
cyyacte urio [3] Ta iHmre.

BukopucTaHHS TPOBIOHMX 3'€HAHL CTA€ HENPHUITYCTUMO CKIJIAJHHUM,
301ITBIITy€e BapTICTh IHCTAJIAIIT Ta OOCITYTOBYBaHHS BCi€l cucteMu. MOXKIHBICT
3aMiHH TIPOBITHUX MEPEeX Tepeiadi JaHUX 3 BEMKOO KiJTBKICTIO TIPUCTPOIB HA
0e31pOTORI Mepeski 3HIMAE 11i OOMEKESHHSI, aJie BUMAarae 3a0e3neyeHHs BUCOKOT
3aBaJIOCTIMKOCTI B CKJIaJHUX YMOBAax TIEPEXpecHMX Ta IHAyCTpiaJIbHUX
TIEpeIKoy] B MICHKHX arfoMmeparisx. TeirexoMmyHikalliiiHa Mepeka TOBHHHA
BMITH pearyBaTd Ha MOXIIMBI 3MiHH B CEPEIOBHII MOIIUPEHHS CUTHAITY.
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[TinBuIIeHHS CTIMKOCTI pajiOKaHATIB 3B'SA3KYy JI0 MEPEIKO]] — aKTyallbHE
HAyKOBO-TEXHIYHE 3aBJaHHS B KOHTEKCTI pO30yd0BH HHU(DPOBUX MEPEK,
ICHye 3HaYHW 3alUT Ha HAAIWHWA 3B'SI30K 3 TIIBHINEHOI MEpPeIIKo-
JTO3aXHUIIEHICTIO I KOPOTKUX JTUCTAHIIIMH.

Hosuit cranmapt IEEE 802.11be (Wi-Fi 7) ans 6e3mpoToBHX Mepex
Ha/la€ JONATKOBI MOXJIMBOCTI AJISi CTBOPEHHS! THYYKHX MEpEeX MPUCTPOiB
10T, mo IEeMOHCTPYIOTh BUCOKY CTIHKICTB J0 PajIiONepenIKoz.

KirouoBi ¢yukmii IEEE 802.11be, siki migBHIIYIOTh CTIHKICTE MeEpexi
JIO PaiioNePEIIKOI;

- cMyTa MpoITycKaHHA posmupeHa g0 320 MI'n;

- omaHo yacToTHMi alamaso” 6T, gxkuil MEHII 3aBaHTAXXKEHWUM, HIK
nianazonu 2,41 i 5I'T'1, 110 BUKOPUCTOBYIOTHCS 3apas;

- MHOXXMHHUH JOCTYH 13 OpPTOrOHAJbHMM YacCTOTHHUM HOAIJIOM
(OFDMA) — Hazmae 3MOry KiIbKOM CIIOKHMBadaM TOIUIATH MDK COOO0
pecypeu onHoro kKanamy [4];

- OaratokananpHa poOota (Multi-Link Operations) — 1e xitouoBmit
aCIIeKT HOBOTO CTaHIAPTy, BiH HaJa€ MOXJIMBICTh BiJINpPaBICHHS Ta
OTPHMaHHA TMOTOKY JaHMX 3 JIOMOMOTOI0 KiNBKOX pajioiHTepdeiiciB
OIHOYACHO 3 BUKOPHUCTAHHSAM BCiX HasIBHUX YaCTOTHHX PECYpCIB CHCTEMH B
cmyrax 2,41 T, 5I'T ta 61T,

IEEE 802.11be ob'ennye nekinbka ¢i3udHHX paaioiHTepdeiciB B OUH
BipryansHul, 3 ogHielo MAC-aapecoro. TloTik gaHHX PO3MOIUISETHCS MiXK
inTepdeiicamu (pajiokaHaTaMn) aBTOMATHYHO, 3QJIEXKHO BiJl SIKOCTI CHUTHAIY.
Jl1st KJTieHTa Mepexi KaHaM YCiX YacToTHUX jmianasoHiB (2,4ITt, S5ITi Ta
6I'T) BipryassHO 00'€fHAHI B OMWH miana3oH. Lle J03BOJsiE BUKITFOYHTH
3aTPUMKH TEPEMHMKaHHS Ha KaHal IHIIOTO YacTOTHOrO Jiama3oHy (depe3
crabKuii piBeHb CHTHATY ab0 30BHiMIHI Tiepenikonu) [4,5].
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Jdani MoxxHa IepemaBaTd aCMHXPOHHO Yepe3 JeKinbka KanamiB. Lle
3HAYHO IMOKpAIly€ CTIMKICTh 3'€IHaHHS JO nepemkos. [lepeMukanHs Mix
KaHaJaMH BiZI0yBa€ThCs TUHAMIYHO, O€3 po3puBy 3'enHanHHs [5,6].

VY nocnmimkenni [7] Oymo 3milicHeHO BHIIPOOYBaHHS €(GEKTHBHOCTI
poboTH GararokaHalbHUX KOMYHIKaIiifHUX MpoTokoiiB. Kongiryparmii mis
TECTIB HaBEIEHO Ha puc. 1, pe3yasTaTu TecTyBaHHS — Ha puC. 2.

bararokananpHi  KOH(pirypamii  I€MOHCTPYIOTH  CYTTEBO  Kparili
pe3ynbTaTH, HiXK omHOKaHANbHI. A mpu monyisii 4096-QAM Tta mmpuHi
cmyru 320MI'11 npomyckHa 31i0HicTh Aocsrae go 30 ['6it/c.

Cases Aggregation Link CBW (MHz) QAM
Case 1-1 1024 v 1 320 v 4K v
Case 1-2 256 2 (320 MHz for link 1 + 160 MHz for link 2) v 320 v 4K v
Case 1-3 256 2 (320 MHz for link 1 + 320 MHz for link 2) v 320 v 4K v
Case 1-4 1024 v 2 (160 MHz for link 1 + 160 MHz for link 2) v 160 4K v
Case 1-5 1024 v/ 2 (320 MHz for link 1 + 160 MHz for link 2) v/ 320 v 1K
Case 1-6 1024 v 2 (320 MHz for link 1 + 320 MHz for link 2) v/ 320 v 1K
Case 2-1 1024 v 2 (320 MHz for link 1 + 160 MHz for link 2) v/ 320 v 4K v
Case 2-2 1024 v 2 (320 MHz for link 1 + 320 MHz for link 2) v 320 v 4K v

Case 3 1024 v 3 (320 MHz for link 1 + 160 MHz for link 2 + 160 MHz for link 3 ) v 320 v 4K v

Pucynox 1. Koudirypartiitai napamerpu [7]

45000

& 40000
£ 35000
30000
5 25000
E 20000
2 15000
5000
4]

Case 1-1 Case 1-2 Case 1-3 Case -4 Case 1-5 Case |1-6 Case 2-1 Case 2-2 Case 3

®DL SU  15701.29 14734.09 1715536 1832245 214731 2671088 2474863 30416.12 33537.06
mUL SU 1553712 1468896 1695493 1830282 2143511 27109.2 24881.12 3105258 32823.04
mDL MU 1983022 2349508 2925769 20341 95 2530735 33764.38 30041.38 39717.17 38911.1
ULMU 210126 27356 34998.55 21331.97 26659.91 35457.07 31669.9 42069.83 40570.56

iM

LI

Thro

mpLSU mULSU sDLMU = ULMU

Pucynok 2. IIpormyckHa CripOMOXHICTb [ 7]
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BucnoBku. 3pocrtanns yucna npuctpoiB 10T, 30inblieHHsT BUMOT 10
cTabinbHOCTI OE3APOTOBOTO 3'€JHAHHS € OCHOBHUMH (PaKTOPaMH PO3BUTKY
Mepex 6e3nporoBoro 38's13ky. Cranmapt IEEE 802.11be cyrreBo mokpariye
CTIliKiCTh, HAIIMHICTD Ta TPOIYCKHY 3AATHICTh OE3APOTOBUX KaHAIIB
3aBASKH BIIPOBA/DKEHHIO 0araTOKaHANIBHOIO PEXHUMY Ta BIOCKOHAJICHHM
MeXaHi3MaM YIpPaBIliHHS SKICTIO 00cIyroByBaHHs. (yHKIOHaN CTaHIApTy
3HAlle IMMpPOKe 3acCTOCYBaHHS B TakWX cdepax, ak mpomuciouii [0T,
«pO3yMHI MicTa», ISl MAKITIOYEHHS! CEHCOpIB, KOHTPOJIEpiB, POOOTIB Ta iH.
IEEE 802.11be € nepcrieKTHBHUM /115t 0€3IPOTOBUX MEPEKEBUX TEXHOJIOTIH.

[1] M.IO. Tarynosa, J.M. Kapnayx, «J/lomiibHicTh pPO3pPOOKH
IHTEJIEKTyalTbHUX CHCTEM PETYIIOBaHHS PyXy Ha mepexpecTsax». Haykosi
npami JorHTY. Cepis «Iadopmarnka, kibepHeTHKa Ta OOYHCIIOBaIFHA
texnika». 2024. Ne1(38). DOI: 10.31474/1996-1588-2024-1-38-71-76.

[2] H. Rehan, «Internet of Things (IoT) in Smart Cities: Enhancing Urban
Living Through Technology». Journal of Engineering and Technology, vol.5,
no.l, pp.1-16, June 2023, URL.: https:/Amwww.researchgate.net/profile/ Hassan-
Rehan/publication/383611526_Internet_of Things_loT_in_Smart_
Cities_Enhancing_Urban_Living_Through_Technology/links/66d40d5123
90e50b2c2463e4/Internet-of-Things-10T-in-Smart-Cities-Enhancing-
Urban-Living-Through-Technology.pdf

[3] S. Padmanaban, M.A. Nasab, M.E. Shiri, H.H. Javadi, M.A. Nasab,
M. Zand, T. Samavat, «The Role of Internet of Things in Smart Homes.
Artificial Intelligence based Smart Power Systems» / ed. by S.
Padmanaban, S. Palanisamy, S. Chenniappan, J.B. Holm-Nielsen. 2022.
P.259-271. DOI: 10.1002/9781119893998.ch13

[4] E. Avdotin, D. Bankov, E. Khorov, A. Lyakhov, «Resource allocation
strategies for real-time applications in Wi-Fi 7». 2020 IEEE International
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in ETF Journal of Electrical Engineering, vol.29, no.1, 2023. DOI: 10.59497/
jeev29i1.266, URL: https://jee.ucg.ac.me/index.php/files/article/download/
266/99/311.

[6] A. Loépez-Raventés, B. Bellalta, «Multi-Link Operation in IEEE
802.11be WLANSs» in IEEE Wireless Communications, vol.29, no.4, pp.94-
100. 2022. DOI: 10.1109/MWC.006.2100404. URL.: https://ieeexplore.ieee.
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HY «3amnopi3pka momitexHika»

OCOBJIMBOCTI KOMIT'IOTEPHOI CUCTEMH
JJISI IMCTAHIIMHOTI'O HABUAHHSI HA BA3I LITYYHOI'O
IHTEJIEKTY

VY cBiTi, e Mexi M (Hi3UUHOO Ta U(POBOIO IPHUCYTHICTIO TOCTYTIOBO
CTHPAIOTHCS, OCBITa TEX NepexuBae TpaHcopmaiito. [lannemis, BiliHa,
3arpo3a Oesmemli 1 HecTaOiIbHICTH, 3pOOMIM JHMCTaHIIWHE HABYaHHS
JKUTTEBO HEOOX1THUM 1HCTPYMEHTOM.

CyuacHmii CTyIeHT Ma€ TOCTYI A0 MiJILHOHIB CTOPIHOK iH(opMarii, aie
HE 3aBX/IU PO3YMie€, sIKi caMe 3HaHHS oMy moTpiOHi. Buknanau Butpadae
TOIMHHU HA CTBOPEHHS TECTiB, MPOTE HE 3aBXAM 0auuTh, YOMY CTYIEHTU
POOIIATH TIOMUJIKH.

CamMe y BIANOBiAP Ha Il BUKIWKH ¥ Oyma po3poOiieHa KOMIT FOTEpHA
cucteMa JUIs JWCTAaHIIHHOTO HaBYaHHS 3 I1HTErPOBAaHMM MITyYHHM
IHTETIEKTOM — HE TPOCTO CaMT 13 JIEKLISIMHU Ta TeCTaMH, a iIHTeJeKTyalIbHUN
MOMIYHUK BUKIQJa4a 1 THYYKHH I1HCTpYMEHT [UIs BCi€l OCBIiTHBOI
iH(ppacTpyKTypH.

B ocHoBi 1mi€i cucremu — cydacHi BeOrexmosorii (Laravel, React),
CTpYKTypoBaHa 0a3a 3HaHb Ta HelpomepexeBi moxeni Ha 0a3zi GPT. Ane
TOJIOBHE — II€ HAyKOBMH MiJXiJ 10 HABYAJIBHOTO TPOIECY. HE MPOCTO
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KOHTPOJIFOBAaTA 3HAHHS, a pO3yMITH cjadKi MICIs, PEKOMEH]yBaTH,
IHOACHIOBATHU, HaABYaTH.

Tam, ne Moodle 3aBepmiye cBiii GyHKIIOHAT — JaHa CHCTEMa MOYHHAE
anami3. L{g mnatrdopma — 1e kpok y Oik MallOyTHBOTO OCBITH, /i€ INTYYHHH
IHTETIEKT JOTIOMara€ KOXXHOMY CTYAEHTY 3pO3yMITH OuibIe, i BYUTHCH Ha
CBOIX IIOMUJIKAX.

Ha nanuit MOMeHT Be € kojtoBa 06a3a cuctemu y Burisiti MVP (minimum
viable product), mo Bxe BriO4ae B cebe: Momyib aBTeHTHGIKAIT 3
PO3MOIIOM POJICH, CTBOPSHHS KYpCiB, JI0JlaBaHHs MarepiaiiB, OpraHizailis
TECTIB, MOHITOPHHT YCIIIIIIHOCTi, TEHepallisi TEeCTiB Ha OCHOBI TeMH 1
kopotkoro omucy uepe3 APl GPT, poskian 3asHsaTh, 3axWIilIeHa cHUCTEMa
mmpyBaHHsT OONIKOBHX JAHHX, XXYPHAIOBAHHS Jill Ta KOHTPOJb OCTYILY
1o API.

[IpoBiBIIM eKCTIEpUMEHTH Oyllo MPaKTUYHO PO3MISHYTO TepeBaru
PO3pOOIIEHOT CHCTEMH TIepe 3BUMHUM ITiAXO/IOM Y CTBOPEHHI TECTy, a caMe
MIOPIiBHSIHHSL BUTpAT 4acy IpU CTBOPEHHI TecTiB 3a poromoroo I ta Ge3
T [1].

[poBenene mpaxkTHyHe TeCTyBaHHS (DYHKIIOHATY BHSBHJIO, IO CHCTEMa
CTBOpMJIA TECTH 3 17€aJbHOIO SIKICTIO, s 3aiHsI0 1ie Onmm3bko 20 XBWIMH
npotd 125 KkojdM BOHU CTBOPIOBAIHCH BpyuHy. OTpHMaHi pe3ylbTaTH
CBiUaTh TMPO BENWKHW TOTEHIaN IIi€l I1HHOBAii JJIsI TPAKTHYHOTO
BUKOPUCTAHHA.

OpmHUM i3 HampsMIB TIOAAJBIIOTO PO3BUTKY CHUCTEMH € BIPOBAHKEHHS
IHTENEKTYaJ bHOTO OJIOKY pO3IIMPEHOTO aHaNi3y pe3y/bTaTiB TecTyBaHHS,
SIKUI BUKOHYE TaKi 3aBIaHHS.

1. INosicHIOBAJIEHMIT KOMITOHEHT, B SIKOMY CTYICHTH OTPHMYIOTh KOMEHTapi
JI0 KOXKHOTO nuTaHHs y (hopmari: "Baiiia BijloBi/Ib — HEPAaBUIIbHA, TOMY IIIO...
[IpaBunsHa BiAOBIAE — ... OCKLIBKH...". Lle popMye KpuTHIHE MUCICHHS Ta
mrOIIe pO3yMiHHS MaTepiaiy;
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2. AHaji3 ycHilmIHOCTi, B IKOMY CHCTeMa BU3Hayae Haiuacrinie oOpaHi
XuOHI BapianTH, Kiacu(ikye THIOBI TOMWIKHM (HANpHUKIag, JOridHa
TyTaHuHa", "TepMiHOJIOTIYHa TOMIITKA", "HEYBaKHICTE'") — 1110 MOXe OyTH
BUKOPHUCTAHO /ISl TPYTIOBOTO aHAaIi3y Ha 3aHSTTI;

3. ®opMyBaHHSI PEKOMEHIOBAHUX PECYPCIB, KOJU HAa OCHOBI MOMUJIOK,
CTYJIEHTY HAJar0ThCs 1H/MBIIyalibHI MMOCHJIAHHS HA PO3JIIM KOHCIICKTIB,
BIJIEO UM METOIMYHI BKa31BKH,

4. @opmyBaHHA aJaNTUBHUX TECTIB, KOJIU CHCTEMa AaBTOMAaTHYHO
dbopMye HOBI TecTH 3a CIa0KMMH TeMaMH, IO JO3BOJSIE CTYACHTY
MTOBTOPHO TIEPEBIPUTH MaTepial 3 SIKUM Y HbOTO Oyl TIpOOIeMH.

et ¢ynkiionan Moxke OyTH MOOYIOBaHUI Ha OCHOBI OKpeMol
migcuctemu i3 BrnacHow bJl 3HaHb, a0 3 HEWPOHHOK MOJIEIUTIO, IO
TPEHY€EThCS Ha JIOKAIBHUX HaBYAIBHUX MaTepianax, mo0 OyTH MOBHICTIO
BIIEBHEHUM B TOMY, 10 JDKepeia OyIyTh KOPEKTHUMH.

3anporoHoBaHa CUCTEMa TIOEHYE CyJacHi BEOTEXHOIOTI Ta iIHCTpyMEeHTH
HITYYHOTO 1HTENEKTY, BiIKPHBAIOUYM HOBHUH €Tal y PO3BHUTKY IUIaTGOpM UIst
JMUCTAHIIHHOTO HaBYaHHS. 3aBISKH HAyKOBIH HOBW3HI — MEPEXOAy Bif
KOHTPOJIIO 3HaHb [0 1HTEJEKTyaJlbHOTO CYNPOBOAY — CHCTEMa Mae
MOTeHIian OyTH BUKOPHCTaHOIO SIK y 3aKJIaJaX BHIIOI OCBITH, 3aKPUTHX
KOPIIOPAaTHBHHUX HABYAJIBHUX CEPEOBHINAX, TaK 1 U1 MPOCTOrO CaMo-
PO3BHTKY B SIKiiCh HOBI cdepi.

[1] Kostetskyi D. V., Tiahunova M.Yu., Kyrychek H. H. Computer
system for distance learning with integrated artificial intelligence.
Proceedings of the IX International Workshop on Professional Retraining
and Life-Long Learning using ICT: Person-oriented Approach (3L-Person
2024) co-located with 19th International Conference on ICT in Education,
Research, and Industrial Applications (ICTERI 2024). Lviv, Ukraine,
September 23, 2024. P. 160 -174. https://ceur-ws.org/\Vol-3781/paper22.pdf
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Jep>kaBHUI yHIBEPCUTET iHTEIEKTYyaIbHUX

TEXHOJIOTIH 1 3B’ 513Ky, M. Onieca

BIIJIMB HECTABIJIBHOCTI IAPAMETPIB KAHAJIY
HA PIBEHbB 3ABA/Jl Y PETEHEPATOPAX IU®POBUX CUCTEM
HEPEJAYI

Perenepamist mmudpoBoro curnamy B LCII mo cBoiii mpupomi €
JIBOMIPHUM IIPOIIECOM, IO BKJIFOYA€ YCTAHOBKY MO aMIUTITYIi 1 MOMEHTY
Bi/utiKy. SIKicTh (h)yHKLIOHYBaHHS UQPOBOI CUCTEMH IMepeadi OLiHIIOTh
M0 OKO-Jliarpami CHTHajdy Ha BXOMi MPUCTPOIO MpUHHATTS pimenHs. [lo
OKO-JliarpaMi MOXJIMBO OIIHWTH 3B 30K MIX 3aXWINEHICTIO CHTHAIY Bif
3aBaJl Ta HMOBIPHICTIO TOMHUJIKH.

BinxuiaeHHsT XapaKTepUCTUK TPaKTy KaOelb-KOPEKTOp, BHUSBICHHS
(hopMH €JIeMEHTapHOTO CHUTHATY Ha BXOJi MPUCTPOIO MPUUHATTS PillICHHS
pereHepatopa ua ¢a3oBi TPEMTIHHA CHUTHAJy TaKTOBOI CHHXPOHi3allil
(BiZXWIIeHHS MOMEHTY BIUTIKY BiJl ONTHMAJIBHOTO) TPHU3BOIATH [0
3MEHILIEHHS PO3KPHUTTSI OKO-AiarpaMmH.

Ili BigxwieHHs BiA iX HOMIHAJbHUX 3HAUYeHb BHHHKAIOTH BHACIIIIOK
HETOYHOCTEH, MOMYIIEHWX y MpOIECi BUTOTOBICHHS Ta HAaJalITyBaHHS
amaparypd, a TakoX 3MiH ITapaMeTpiB €JIeMEHTIB anapaTypH Ta 30BHIIIHIX
YMOB, 1110 BUHUKJIH B ITPOIIECI eKCIUTyartallii JiHii 3B8's13ky. KpiM Toro, 3mina
psIy mapaMeTpiB MOXKe BUKJIMKATH BiIXWJICHHsI XapaKTEPUCTHK ITiICHITIOBaYa
BiJl pO3paxoBaHOI oONTUMAIBbHOI GopMH. Yci I BIOXWICHHS MOXYTh
BUKJIMKATH TIOSBY IHTEHCHBHOI MIDKCHMBOJIHOI 3aBaJ Ta IiJBUIICHHS
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WMOBIPHOCTI TIOMWIOK Ipu mnepenadi indopmarii. Byremo posrisgatu
JIMIIE MI>KCMBOJIBHI 3aBaJIH, TIOB'sI3aHi 3 CIIOTBOPCHHSIMHU Yy BUCOKOYAaCTOTHIN
YaCTHHI CTEKTpa NMPUHHATHAX IMIYIBCIB. Y BiJOMUX aBTOpaM MOHOTpadisx
[1 - 4], a Takok BWAAHHX Y TEPIOMUYHIA JiTEpaTypi CTATTAX MM
NUTAaHHAM HE TPUJIIICHO HaJIS)KHOT yBarH.

VYV wmonorpadii [4] 3ampornoHOBaHO HAOMMKEHHH aHATITHYHHNA METO
OIIIHKY BIUTUBY MaJiX BigxuieHb AUX aHamoroBoi 4acTHHU pereHepariifHoro
nmimstaku LICID Ha ¢dopMmy eneMeHTapHOTO CHUTHally Ha BXOZI MPHUCTPOIO
NPUAHSTTS pillIeHHs pereHepaTopa.

Po3srsiHeMO MeTOAWKY OIiIHKK BIUIMBY HEeCTaOiMBbHOCTI MapaMeTpiB Ha
piBEHb MEXCHUMBOJILHBIX 3aBaj. Y TPOBENECHOMY HIDKYE aHami3l y BCiX
BUIAAKaxX OyZeMO BBaKaTH, IO KOPUTYIOUMH ITJCHIIOBaY pereHeparopa
3a0e3neuye JNiHIHHICT (a30-4acTOTHOI XapaKTEePUCTUKU TPaKTy KaOelb-
KOPPEKTOP.

[lo3HaunMo BiXWMIIEHHS MOMEHTIB B3SITTS BIIIKIB y TIPUCTPOi MPHAHSATTS
pIllICHHS BiIHOCHO MOMEHTIB, MaKCHMAaJIbHOTO PiBHS iMIyJbciB. MixcuM-
BONlbHA 3aBajla Bill IMIYJAbCIB CyCIIHBOTO TAaKTOBOTO IHTEpBAITY

BU3HA4YA€THCA BUPA30M

K

Syen (T +D1) = plos(w)x K s W)*K ey (W) 1 Cosw(T +Dt)dw, (1)
0

ne S(W)— CIEKTP EJIEMEHTApPHOIO CHUIHAJy Ha BXOIl pereHepauiifHoro
pinsakn; K (W)- aMmutiTyaHo-4acToTHA XapaKTepUCTHKA CepeIoBHIIA
PO3TOBCIOMKEH s JtiHilHOro curuany; K . (W)- ammmitymHo-yactorHa

XapaKkTepHCTHKA IiJICHIIOBada — KOPEKTopa; 7- TPHBAJIICTh TaKTOBOTO
iHTEepBaYy.

Koedimient BrmmmBy mapamerpaDt Ha piBeHb MiKCHMBOJBHUX 3aBaj
MO>KJIMBO OLIIHIOBAaTH YaCTKOBOIO ITOXiTHOIO HACTYITHOTO BHIY:
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¥
dS(L: Dt)‘ _ plOWXS(W)xKKK(W)xsianxdw, )
0

ne Ky (W ) =K, (W)XK Kve (W ) - aMIUTITYHO-4aCTOTHA XapaKTEPHCTHKA
TPaKTy Kabeah-KOPEKTOpP.
s BU3HaYeHHS YyTJIMBOCTI CHCTEMH JI0 HETOYHOCTI MOMEHTY BLIJTIKY

BUKOPHUCTOBYIOTHCS BiJITIOBIIHI BEIMYMHH, BiJPaxoBYIO4H PiBEHb 3aBaIu

BiZIHOCHO 1IOPOroBoro piBH Unep i BiZIXMJICHHS Dt BiIZTHOCHO TPHBAJIOCTI TAKTOBOTO

IHTEpBay T.
¥
7 = U:(,,, Id S(L: Dt)I = pJ OW XS W)X K e (W) SinwT xdlw. 3)

nop o
Hexali mepenmatHa QyHKIisI TpakTy KabOemb-KOppeKTopa BiAIoBinae
XapaKkTepUCTUKaM ineanbHoro (insTpa HWKHBOI 4vacToTH. [IpuitmMaemo
(opMy eleMEeHTapHOTO CHTHAJly Ha BXOMAl JUISTHKH pereHepariii
HPSIMOYTHOIO Ta TpuBaiicTiot, =T/2.
CriexTpanbHasi TyCTUHA TaKHX IMITYJIbCIB!
S(w)=£3inWT/4.
2 wT/4

3BEpHITh TaKOX yBary, IO B MPUCTPOI MPUHAHATTA PIIIEHHS pereHeparopa

(4)

niopir Uper BCTAHOBIIOETBCS HA PiBHI TOJOBHHU aMILTITYIHOTO 3HAYEHHS
IMIYJIBCY Ha BUXO/I1 KOPEKTYIOUOTO MiACHITIOBAYa.

L= L4

op =5 0 S(W)X K (W)XdW- (5)

o O~

ITincrasusiim Bupasu (4) i (5) B (3), mepeioBm 10 HOPMOBAHOI YaCTOTH
N =w/w, Ta CKIHYCHHM MeXaM IHTErpyBaHHS JUI OOYMCIICHHS iHTErpaiy
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YUCJIOBUMH METOJaMH Ha KOMITIOTEpi, OTPUMAalM BHUpa3 UYyTIMBOCTI [0
HETOYHOCTI XpOMYBaHHSI PUCTPOIO MPUIHSATTS PillIeHHS pereneparopa

2 .
. _sinpn/2 .
4p |gn =L ={1K 4 (0 )rsin 2pn xdn
sn = Lo PN/2 . (6)
! Ssmpn/z
o Pn/2

Bruus Bapiarii TprBanoCTi €J1€MEHTAPHOTO CUTHAITY.

OnTtrManbHa XapaKTepUCTHKA ITiICHITIOBaYa-KOPPEKTOPa PO3PaXOBYETHCS Y
NPUITYIIEHHI HOMIHAJIBHOI TPHBAJIOCTI €JIEMEHTAPHOTO CHTHALY Ha BXOAI
perenepamiiinoi  minstHKK. [lpm  1poMy 3MiHAa TpHBaNOCTI  IMIYJIBCIB
HPHU3BOIHTH JI0 TOTO, IO XapaKTEPHCTHUKA KOPETYIOUOTO MiCIIIIOBaYA JUTS IUX
HOBUX YMOB BX€ HE Oylle ONTHUMAJIBHOI0, IO BUKIIMKAE ITiJBUIICHHS PiBHS
MIDKCUMBOJIBHUX 3aBaj.

IIpn BM3HaYeHHI YYTIMBOCTI N0 BIIXWIIEHh TPUBAJIOCTI E€IEMEHTApPHOTO
CHUTHaJy y BHpa3i MDKCHMBOJBHOI 3aBajli TPEACTABICHO B CHEKTPalbHIi

¢ysKwii immynbeis Sw) :
s(w) = gsin(w t,/2)
w
Takum 9MHOM, KOC(IIIEHT BIUIMBY BiJXUJICHb TPUBAIOCTI €JIEMEHTAPHOTO

CHTHAITy Ha PiBeHb MXKCUMBOJIBHUX 3aBa/] Oy/le BU3HAYATHCS BUPA30M

0

dS‘*"’x( ) d Glogsm(wty/z))d{m( )xcos wT xdw | =

dt, dt, &p p

¥

=EOCOSWT/4XKKK(W)XCOS wT xdw]. (7)
0

[MepeiinemMo 10 HOPMOBAHUX 3HAYECHb HANPYTH 3aBaJH, HAIPYTH HOpora
Ta TPUBAJIOCTI IMITYIIbCY — BiJHOIICHHS 2t /T .
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OOMEKHMBIIN MEXi iHTETpyBaHHs, OTPHMYEMO
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Ocos (pn/2)XKKK("|)Xcos 2pn xdn
S“ =2 0
ty

2 .
E)smp(?] ?Z/Z)X K ke (n )an
UyTmBicTh A0 3MiHU CMYTH TIPOIYCKaHHS TiICHITIOBada-KOPPEKTOpa
BpaxxarumeMo, 110 3MIHIOETBCSI cMyTa MPOITyCKaHHsI KaHaiy, aje gopma
aMILTITYJTHO-4aCTOTHOI ~XapaKTEePUCTUKN 3alMIIaeThcsl HeaMiHHOm. Lli

YMOBH BiJJOOpaxkaroTbCs B KoedillieHTI mepenadi mijgcumonada K .. (W),

3aMiHUBILINA apryMeHTW Ha W/( , e § - KoedilieHT, BIAXUICHHS SKOT0 Bij

OJIMHUII XapaKTepH3ye 3MiHY CMYTH TPOITYCKaHHS MiCHIIIOBAYA.
BigxwnenHs  iIMOyTbCHOTO — BiATYKa  TpPakTy  BH3HAYa€ThCS  3a
BiIXHJICHHSIM #oro AUX, 3aCTOCYBaBIIM YKMCIIOBI METOJU 3 BUKOPUCTAHHSIM
neperBopeHHs Dyp’e.
Toni Bupa3 Mi>KCHMBOJIBHOT 3aBaIH BiJl IMITYJIBCIB CYCiTHROTO TAKTOBOTO

IHTEepBaTy 3alMIIEMO Y BHIVISII
¥

17 2W 0
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P 9o
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1 %euT T
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Wi
4

296



BucHoBkn

3MEHIIEHHsI TPUBAJIOCT] EIEMEHTAPHOTO CUTHAY BUKIIMKA€E 3MEHILICHHS
aMILTITyIM CUTHAITy Ha BXOJli IPUCTPOIO MPUIHSTTS pillieHHS pereneparopa
Ta 3MEHLICHHS BIUIUBY MI>KCHMBOJIBHOT 3aBaJy ajie 3pOCTA€ BIJIMB BJIACHUX
3aBa/l.

30iMbIICHHS TPUBAJIOCTI €IEMEHTApHOTO CHUTHATY MPH3BOAUTH [0
30UTBIIIEHHST aMIUTITYId CUTHAIy Ha BXOJll MPHUCTPOO MPUHHSTTS PillIEHHS
pereHeparopa Ta 3pOCTaHHIO BIUIMBY MI>KCUMBOJIBHOI 3aBa .

HeoOxiHO  BU3HAUUTH  ONTHUMAJBHE  CIIBBIJHOIICHHS  TPUBAJIOCTI
eJIEMEHTapHOTO CUTHAITY JI0 TPUBAJIOCTI TAKTOBOTO iHTEpBaly, IO MiHIMI3y€e
sk BB MCI tak BiacHoro mymy kananmy. Lle € mpeaMeTom moganbIinx
JOCTIIKEHb.

[1] Electronic communications systems Fundamentals Through
Advanced, Fifth Edition, Wayne Tomasi, DeVry university, Phoenix,
Arixona Prentice Hall, 2004.

[2] Benedetto S., Biglieri E. and Castellani V. Digital Transmission
Teory. Prentice Hall, 1987.

[3] Digital communications/ Fundamentals and applications, Second
Edition/ Bernard Skar. Communications Engineering Service, Tarzana,
California and University of California, Los Angeles. Prentice Hall P T R
Upper Saddle River, New Jersey 07458, www.phptr.com

[4] Digital transmission systems. P. Bylanski, M.G.W. Ingram, Rev. 2nd
ed, London, Peter Peregrinus, LtD, 1980.
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Harmionansauit yHiBepcuTeT «JIbBIBChKA MO TEXHIKA»

JOCJIIKEHHSI TEXHOJIOT'T BE3ITPOBIJTHOI'O 3B’ SI3KY
JIJISI MEPEK IHTEPHETY PEUEH (10T), 30KPEMA
MOJYJISIIIN LORAT LR-FHSS

EBomtoriis  TexHomoriii  6e3IpOTOBOTO 3B’SI3KY, OPIEHTOBAaHHX Ha
3acTocyBaHHs B Mepexax IHTepHery peueir (I0T), 30kpema Momyssiiiit
LoRa ta LR-FHSS. LoRaWAN BukopuctoBye moayisiito LORa Ha ocHOBI
PO3IIUPEHHST CHEKTpa 3a JOMOMOror d4actoTHuxX iMmyiabciB (CSS),
3apeKkoMeHIyBana cebe sK OfHa 3 Haie(EeKTHBHININX TEXHOJOTIH s
3a0e3MevyeHHs] S€HEeproomanHoro 3B’s3Ky Ha BeNHKi BiacraHi. BomHowac
KIacuyHUK miaxig go peamizanii LORaAWAN oOmexeHuit y mpormyckHii
3maTHOCTI Yepe3 crpomiedi MAC-IpoToKon Ta peryisTopHi 0OMeXeHHH,
MpUTaMaHHI Pi3HAM pETiOHaM.

LoRaWAN € 00’€KTOM aKTHBHOTO JOCI/DKCHHSI B HAyKOBIM CIIIBHOTI
3aBASKM 11 3marHOCTi 3a0e3nevyBaTH €(QEKTUBHHUMA 3B’S30K Ha BEJIMKI
BiJICTaHI K y MPHUMIIIEHH], TaK 1 HA BIAKPUTOMY mpocTtopi. Y poboti [1]
aHaizyetbes Moayssiiis CSS, 110 BUKOPHCTOBYEThCS SIK (Bi3UUHUIA PIBEHb
y LoRaWAN.

3anmpoBaKYIOTbCS aJITOPUTMH Ha OCHOBI T€OMETPUYHOTO PO3MOALTY
(GD) mist BIOCKOHAJIEHHSI MEXaHi3My aIalITHBHOTO PETYJIFOBAHHS IIBUIKOCTI
nepenaui (ADR), skuii BukopucToByeThesi B Mepexax LORaWAN [2].
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[NopiBHIOIOUM MiAXiA 3 PIBHOMIPHUM PO3MOAIIOM BY3JIB 1 iCHYIOUUMH
anroputmamu, takumu sk ADR, EXPLoRa, QCVM i SD moxomumo 10
BHCHOBKY, 1110 BUOIp MK KoedimieHToM ycrimmHoi goctaBku naketis (DER)
Ta EHeProCIOXMUBAHHAM Ma€e Oa3yBaTHcs Ha crienuiti 3acToCyBaHHS.

Hocnimxenns apxitektypu LORaWAN i ii ocHOBHUM XapaKTepHCTHKaM
Ta 3aCTOCYBAaHHS TEXHOJIOTIl y cdepi mocrauaHHs, Kiaacu(iKOBAHO THIH
TaKWX 3aCTOCyBaHb, oOmiHeHO edekTuBHiCTH LORAWAN Tta Hagano
pexoMeHarii moao ii BUKOPUCTAHHA JUIs YIpaBliHHSA pecypcamu B 10T
[3].

Jns mpsimoro miakitodeHHs 10 Iateprery pedeit (DtS-10T) moxiuse
3aCTOCYBaHHS KOHCTPYKIIii NpuiiMada-iepefaBada 3 BHKOPHCTAHHIM
texHosorii LR-FHSS [4] na 6a3i ASIC ta FPGA, pe3sysbraru sike 3a0e3redye
IIPOKE MOKPHUTTS, CTAOUIBHICTh 3’ €HAHHS Ta BUCOKOIIBUIKICHY TIepenady
JaHUX U1 MailOyTHIX 6G-Mepex.

3acnyroBye yBaru miaxij 0 migBUIICHHS MaciitaboBaHocti LR-FHSS
TS 33]J0BOJIEHHSI IOTpe6 MacoBux 3’enHanb y 10T-cepenoBuii [5].

IcTopiro pO3BUTKY, MPUHIIMIIA Ta MPHUKJIATN BUKOpHUCTaHHS MeToxy FH-
SS y BilicbKOBIH 1 IMBLIBHIN cepax HaBeneHO B [6]. 30kpemMa, Big3HAYEHO
HOro BUCOKY 3aBaJIOCTIMKICTh, 3JaTHICTh YCKJIAJHIOBATH TEPEXOTUICHHS
3B’S13Ky Ta 3a0e3medyBaTd KONOBHUH MO KaHANIB dYepe3 MHOXHHHUN
JOCTYIL.

HexonyBannst FHSS-curnaniB nmpoBogutbesi 3 BUKopuctanHsIM GFSK-
Moyl [7]. 3anpornoHoBaHHE METO KOMIIPECiT CUTHAIB ITOKAa3aB BUIIY
e(eKTUBHICTh BUSBIICHHS MIPUHHATHX YaCTOT 1 KpaIlly TOYHICTh IEKOTyBaHHS B
nopiBusiHHi 3 iHmmmu migxomamu (EOMP, amantuBHe BHOIpKOBE SIIPO).
[NokpaleHHsI pe3ynbrariB TOCATHYTO 3aBISKH 3MEHIIEHHIO HOPMaili30BaHOI
CEepPEAHBOKBAZPATHYHOI TIOMIIIKA Ta HMOBIPHOCTI TIOMMJIKH JEKOTYBaHHS.
IlopiBHsIHHA TIpoBeZleHO Ha OcHOBI cumymsanii 'y MATLAB i3
BukopuctanasM ROC-kpuBux.

299



3aJie)KHO BiJ] BUMOT JIO INBHUIKOCTI Tepejadi JaHuX, CUCTEMa MOXKeE
JIMHAMIYHO BUJIJISTH PIi3HY KUIBKICTh KOJOBMX KaHAJIIB, IO JO3BOJISE
ONITUMI3yBaTl BUKOPHCTaHHS JOCTYITHOTO YaCTOTHOTO pecypcy. OmHuM i3
KJIFOUOBMX 3aBllaHb Koe(il[leHTa PO3MIMPEHHS CIEKTpa € 3a0e3NeUcHHS
OPTOTOHAJIBHOCTI CUTHAJIB, YOTO JOCSTalOTh 3aBASKK BUKoprcTaHHI0O OV SF-
xomiB (Orthogonal Variable Spreading Factor). Ili xoau m03BOJISIOTH
(hopMyBaTH cWTHaNH, SIKI MOXYTh TIepeIaBaTHCs OIHOYACHO 0€3 B3aEMHHUX
HePETIKO.

Hampuxman, npu koedimieHTi po3mmpeHHS 4 MOXIHNBO CTBOPUTH
YOTUPH OPTOTOHANBHI KaHadM I OJHOYACHOI Tepenadi JaHuX Bif
YOTHUPHOX KOPHUCTYBadiB 0e3 B3aeMHHUX 3aBajl. OCKITBKH TOJI0COBUH Tpadik
1 mepemadya MaHWX BHUMAararTh PI3HOI TMPOIYCKHOI 3AAaTHOCTi, IS HHAX
3aCTOCOBYIOTHCS BiJIITOBI/THI 3HaUE€HHS KOe(DiIli€HTIB pO3MIMPEHHS.

Texnomnoriss FHSS (Frequency-Hopping Spread Spectrum — croektp i3
nepecTpuOyBaHHSAM YacTOT) peallizye 3MiHy HECydOi YacTOTH CHUTHAIy 3a
MOTEPEIHLO BU3HAYCHUM 1 CHHXPOHI30BaHUM IMIA0JIOHOM, IO Y3TO/DKEHO
MK mepenaBadeM i mpuiiMadeM. 1 CTOpOHHBOTO TpuiiMadva, SIKHH He Mae
CHUHXPOHI3allil, TAKUI CUTHAJI BUIJISJIAE SIK BUTIAIKOBUI IMITYJIBCHHUN TITYM, 11O
3HAYHO YCKJIa/IHIOE MTEPEeXOIUIeHHs a00 HABMUCHE 3aryTyILeHHs Tiepeiadi.

3actocyBanHs FHSS € axkrtyansHuM y BHIIaAKax, KOJIM TPHUBAJICTh
nepenayi Mmakera TEepPEeBUIIYE BCTAHOBIEHI PErymsTOPHI OOMEXeHHS Ha
nepeOyBaHHs Ha OfHIA dYactoTi. Y LORA TeXHOIOTiE YacTOTHOTO
nepecTpuOyBaHHS AaKTHBYETHCS LUIIXOM HAJANITYBaHHS IapaMeTpiB y
perictpax RegHopPeriod ta FreqHoppingPeriod.

Takox BapTo 3a3HauuTH, MmO LORa-Momem migTpuMye Ba peXUMHU

dbopmyBanns makera: explicit (ssBauit) i implicit (nesiBHUIA).
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nPreamble Symbols nHeader Symbols

Preamble Header | CRC Payload Payload
(explicit mode only) CRC
CR=4/8 a CR = CodingRate

SF = SpreadingFactor

Pucynok 1. Ctpykrypa makera LORa

Y SBHOMY peXnMi NepeaaeThCsi KOPOTKUM 3arojoBOK, SKHH MiCTHUTh
iH(opMaIlifo Mpo JAOBKHUHY MakeTa, kKoedimieHnt kopekii mommwiok (FEC) i
HasiBHICTH KOHTpOsbHOI cymu CRC. Crpykrypa makery (puc. 1) BKirodae
Taki ocHoBHI wactuHu: IIpeamOyra (Preamble), 3aromosox (Header)
(HeoOOB’I3KOBHH, 3alCKHO Big pexuMy), KopucHe HaBaHTaKEHHS

(Payload)

[1] Maleki A., Nguyen H. H., Bedeer E., Barton R. A Tutorial on Chirp
Spread Spectrum Modulation for LoRaWAN: Basics and Key Advances
IEEE // Open Journal of the Communications Society. — 2024. — Vol. 5. - P.
4578-4612. — DOI: 10.1109/0JCOMS.2024.3433502.

[2] Tempiem P., Silapunt R. Enhancing Spreading Factor Assignment in
LoRaWAN with a Geometric Distribution Approach for Practical Node
Distributions // Telecom. — 2024. — Vol. 5, No. 4. — P. 941-960. — DOI:
https://doi.org/10.3390/telecom5040047.

[3] Khairullah E. F., Alghamdi A. M., Al mojamed M. M., Zeadally S.
LoRaWAN-based smart water management loT applications: a review //
Journal of Information and Telecommunication. — 2025. — P. 1-27. — DOI:
https://doi.org/10.1080/24751839.2025.2458889.

[4] Jung S., Jeong S., Kang J., Im G,, Lee S., Oh M.-K,, Ryu J. G., Kang
J. LR-FHSS transceiver for direct-to-satellite IoT communications: Design,
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[6] Risti¢ V., Todorovic B., Stojanovic N. Frequency hopping spread
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[7]1 Ghanem S. Decoding and measurement of frequency-hopping spread
spectrum signals using an adaptive algorithm-based compressive sensing //
Int. J. Commun. Syst. — 2021. — Vol. 34, No. 3. — DOI: 10.1002/dac.4675.
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CONCEPT OF SMART ENERGY MANAGEMENT BASED ON Al,
BLOCKCHAIN, AND ICT INTEGRATION

In the era of global digitalization and heightened environmental challenges,
sustainable energy management and business continuity have become critical
priorities for organizations worldwide. The integration of Al and ICT offers
transformative opportunities to address these demands by enabling smarter
energy consumption, predictive maintenance, dynamic resource allocation, and
enhanced operational resilience. Al-driven analytics, combined with real-time
ICT infrastructures, provide the ability to monitor, forecast, and optimize
energy usage patterns, while simultaneously ensuring that businesses can
maintain uninterrupted operations even under adverse conditions [1].

This research paper focuses on the evolution of the role of artificial
intelligence and ICT in shaping sustainable energy development strategies
and ensuring business continuity. It highlights how machine learning
algorithms, Internet of Things (1oT) networks, intelligent automation, and
data-driven decision-making are reshaping energy management practices
and operational risk mitigation. By examining recent advances, best
practices, and practical implementations, this study provides a comprehensive
overview of how technology-driven approaches contribute to achieving
sustainability goals and enhancing organizational resilience in an
increasingly complex and uncertain environment.
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The conceptual architecture of an intelligent energy management and
monitoring system, integrating Al, ICT, distributed energy resources,
blockchain technologies, and multi-network communication channels
(2G/3G/5G and optical networks), is depicted in Fig. 1.

This concept demonstrates the interaction between conventional power
generation, smart communities with residential prosumers, distributed
renewable energy sources, edge computing nodes, blockchain-based data
centers, and monitoring centers to enable real-time energy management,
power trading, and sustainability-driven decision-making [2].
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Figure 1. Conceptual representation of Al, blockchain
and ICT-based approaches to smart energy management
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The architecture of proposed concept consists of four functional layers:
the physical layer, the network layer, the cyber layer, and the application
layer. The physical layer comprises household electrical appliances,
sensors, data collection devices, and actuators, along with distributed
energy resources, storage systems, and electric vehicles that support two-
way energy flows. The network layer ensures data transmission through
wireless technologies such as Wi-Fi and ZigBee, and long-distance
communication via 5G. The cyber layer manages data storage, processing,
and analysis using cloud computing technologies, enabling seamless
bidirectional interaction between physical devices and digital control
systems. The application layer provides user-oriented services, including
demand response management and condition monitoring. In a practical
scenario, the local home area network aggregates environmental and energy
consumption data, which is then transmitted to a remote cloud center
operated by a service provider. The data is processed and analyzed using
CPPS platforms to optimize the SHEMS model and generate control
parameters. Based on these insights, the control center issues commands to
actuators to manage energy consumption effectively. The integration of
blockchain technologies into this architecture enhances security by
ensuring the integrity and transparency of transactions [3]. As Ukraine
rebuilds its energy infrastructure in the aftermath of the war, it has the
opportunity to establish a modern energy system founded on advanced
technologies, including artificial intelligence, 10T, blockchain, 5G, and
cloud computing. The hypotheses formulated within the conceptual
framework remain highly relevant for solving a significant scientific and
practical challenge: the development of innovative methods and hardware
solutions for data transmission, processing, monitoring, management, and
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accounting across the full life cycle of energy resources.The ongoing
missile and cyberattacks on Ukraine’s critical infrastructure have exposed
vulnerabilities that can be partially addressed through the modernization of
the energy sector using the proposed solutions. In the short term,
modernization will improve monitoring and management efficiency. In the
long term, it will contribute to the creation of an intelligent, next-generation
energy system characterized by resilience, operational reliability, and
efficiency across generation, transportation, and consumption processes [4].

A new concept known as "Smart Grid 2.0" is currently being proposed
for implementation beginning in 2025. This next generation of smart grids
introduces significant advancements compared to current systems. Smart
Grid 2.0 envisions enhanced interaction between energy supply and
demand through the deployment of advanced smart metering infrastructures
and the establishment of information infrastructures that enable the
distribution of energy and related information among stakeholders.

This concept also introduces flexible energy exchange mechanisms,
such as vehicle-to-grid systems, where distributed energy resources,
including electric vehicles, can supply energy back to the grid. The
principle of "plug and play" allows distributed generation sources to
connect easily to the grid, supporting the role of consumers who also act as
energy suppliers, known as "prosumers.”"In Smart Grid 2.0, a significantly
wider range of equipment will be under operational control, enhancing the
flexibility of the energy network. Managing such a diverse and extensive
infrastructure will require the application of advanced big data analytics
and real-time management tools. Projections indicate that more than half of
the overall energy demand will be under real-time control, improving the
efficiency of electricity markets. Participants will engage in peer-to-peer
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(P2P) market transactions via online interfaces, directly linking sellers and
buyers. Unlike the first-generation smart grids, which primarily focused on
deploying advanced metering infrastructures at the local level, Smart Grid
2.0 aims for a more global scale of implementation.

[1] M. Meliani, A. E. Barkany, I. E. Abbassi, A. M. Darcherif, and M.
Mahmoudi, “Energy management in the smart grid: State-of-the-art and
future trends,” Int. J. Eng. Bus. Manag., vol. 13, p. 184797902110329,
2021.

[2] D. Guetter, A. Luntovskyy, P. Beshley, and M. Beshley, “The
energy transition in Germany requires an Al-supported dynamic control of
the power supply network,” in Lecture Notes in Electrical Engineering,
Cham: Springer Nature Switzerland, 2024, pp. 184-228.

[3] P. Beshley, N. Kryvinska, M. Beshley, “Al-based 10T System for
Energy Forecasting and Load Management in Smart Grid,” in Lecture
Notes in Computer Science, Cham: Springer Nature Switzerland, 2024, pp.
26-36.

[4] P. Beshley, M. Kaidan, M. Beshley, A. Masiuk, S. Mokhun and Y.
Drohobytskiy, "Intelligent Class-based Electricity Consumption Profiling
for Optimized Load Forecasting and Energy Planning," 2024 IEEE 17th
International Conference on Advanced Trends in Radioelectronics,
Telecommunications and Computer Engineering (TCSET), Lviv, Ukraine,
2024, pp. 257-260
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ADVANCED APPROACHES TO THE DEVELOPMENT OF
MOBILE ROBOTIC SYSTEMS

The field of robotics has seen significant development over the past
decade, driven by advances in artificial intelligence, sensor technologies,
and embedded systems. Mobile robotic systems, in particular, have been
rapidly evolving, with new methodologies for path planning, obstacle
avoidance, and autonomous decision-making being implemented across
various industries.

One of the key trends is the integration of deep learning algorithms into
robotic platforms. Neural networks enable robots to adapt to dynamic
environments and perform complex tasks with minimal human intervention.
Recent studies [1] demonstrate that convolutional neural networks can
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significantly enhance object recognition accuracy, leading to safer and
more efficient robot navigation.

Simultaneous localization and mapping (SLAM) algorithms are crucial
for allowing robots to map unknown environments while tracking their own
position. The combination of visual SLAM and LiDAR-based solutions
provides robust capabilities for both indoor and outdoor mobile systems
[2]. Particularly in cluttered environments, hybrid SLAM algorithms
combining visual, ultrasonic, and infrared data streams significantly
improve navigation reliability.

In terms of practical application, mobile robotic systems are
increasingly used in logistics for warehouse automation, in healthcare for
hospital deliveries, and in agriculture for crop monitoring and field
analysis. In these contexts, mobility, environmental adaptability, and energy
efficiency are critical features ensuring operational success.

From the hardware perspective, improvements in energy storage
technologies, such as solid-state batteries and supercapacitors, have extended
operational time and agility of robotic systems. Battery management systems
(BMS) play a vital role in ensuring efficient power consumption and safety,
which is critical for mobile applications where size and weight constraints
are stringent.

The development of swarm robotics has opened new possibilities for
solving complex tasks through the cooperation of multiple simple agents.
Research in decentralized control algorithms, such as ant colony
optimization and particle swarm optimization [3], highlights the potential
of swarm intelligence for tasks like environmental monitoring, disaster
response, and military reconnaissance.

Sensor integration remains another critical trend. Robots now utilize a
variety of sensors including LiDAR, radar, ultrasonic, and vision sensors to
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build a comprehensive understanding of their environment. Sensor fusion
techniques ensure that data from heterogeneous sources is processed
effectively to provide robust perception under varying lighting, weather,
and terrain conditions.

Security aspects are gaining increasing attention as mobile robots
become connected to cloud services and wider networks. Cybersecurity
threats can endanger mission-critical robotic systems, leading to potentially
dangerous failures. Therefore, robust authentication protocols, encrypted
communications, and Al-based anomaly detection systems are becoming
essential components of modern mobile robotics infrastructure.

Future trends point towards greater autonomy, enabled by advances in
reinforcement learning, transfer learning, and federated learning. These
techniques allow robots not only to learn from their own experiences but
also to benefit from knowledge shared across a fleet of devices,
significantly accelerating adaptation and capability development.

Furthermore, edge computing and on-device Al are reducing reliance on
cloud infrastructures, enabling faster decision-making and decreasing
vulnerability to network interruptions. Combined with miniaturization of
hardware components and optimization of real-time processing algorithms,
mobile robots are becoming increasingly autonomous and capable of
operating in previously inaccessible environments.

In conclusion, robotics continues to be a rapidly advancing field with
tremendous potential for transforming numerous sectors. By addressing
current  technological challenges and leveraging interdisciplinary
innovations, the next generation of mobile robotic systems will become
more autonomous, reliable, intelligent, and safe. Such advancements will

310



lead to wider adoption across industries, ultimately improving efficiency,
safety, and the quality of human life.

1. Redmon, J., Farhadi, A. YOLOv3: An Incremental Improvement.
arXiv preprint arXiv:1804.02767, 2018.

2. Mur-Artal, R., Tardés, J.D. ORB-SLAM2: An Open-Source SLAM
System for Monocular, Stereo, and RGB-D Cameras. IEEE Transactions on
Robotics, 2017.

3. Brambilla, M., Ferrante, E., Birattari, M., Dorigo, M. Swarm
Robotics: A Review from the Swarm Engineering Perspective. Swarm
Intelligence, 2013.

4. Khamis, A., Hussein, A., EImogy, A. Multi-robot Task Allocation: A
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ONTUMIBALIA CACTEMHY IMIATPUMKU NPUMHATTSI
PILIEHb CIMEMHOI'O JIIKAPS 3A JIONIOMOI'OIO
INPUKJIAJHUX TA T'PAIIEHTHUX METOAIB

CimeliHi JTikapi € OCHOBOK CHCTEMU TEPBUHHOI MEIMYHOI JIOTIOMOTH B
VYkpaiHi, BUKOHYIOUM BaXJIMBi (QYHKIIT 3 MpoiTakTUKH, MIarHOCTUKU Ta
JKyBaHHA IIMPOKOTO CHEKTpa 3axBOpIOBaHb. PoOoTa ciMeiiHMX IikapiB
yCKJTaJHEHa OOMEXEHHM 4YacoM, HECTader0 MaHuX 1 pi3HOMaHITHICTIO
KIIHIYHMX BHUMAIKIB. TOYHA JIarHOCTHKA € KIIFOYOBOIO, aDKE BIX HeET
3aJIeKUTh MPaBWIbHUN BUOIp JikyBaHHs. [loMuiiku Ha erami AiarHOCTHKH
MOXYTh TPHU3BECTH 10 CEPHO3HMX HACHIJKIB, TaKUX SK MpPU3HAYCHHS
Hee()eKTUBHOTO JIIKyBaHHS, TOTIpIIEHHS CTaHy XBOPOTO YH HaBiTh
JIETAJIbHI BUIIAIKH.

CyuacHi iH(popMaIlifiHi TEXHOJOril, 30KpeMa CHUCTEMHU IiJITPUMKH
npuitaatts pimens (CIITIP), cTaioTh KIFOYOBHMH IHCTPYMEHTaMH ISt
MiIBUIIEHHS SKOCTI MEIUYHOI TPaKTUKHA. Taki CHCTeMH JO3BOJISIOTH
CiMEHHMM JiKapsiM o0OpoONATH BeNHWKi O0CSITH MJaHWX, IHTErpyBaTH
iH(opMalito 3 pi3HUX [pKepen (SJICKTPOHHI MEIMYHI KapTKH, JJabopaTopHi
pe3yJbTaTH, MPOTOKOJIM JIKYBaHHS) Ta OTPUMYBAaTH OOIPYHTOBaHi
pexomennarii. [Ipore ams 3abesmedyenHs Bucokoi edextuBHOCcTi CIITIP
HEOOXiTHO MOCTIHO BIOCKOHAIIIOBATH, BUKOPUCTOBYIOUH TIEPEAOBI METOIU
onTHMI3allii, TakKi SK TPUKIAJHI Ta TpajieHTHI Metomu. Lli migxomu
JOTIOMAraloTh aJanTyBaTd CHCTEMY [I0 pealbHUX MOoTped MeaudHOi
MIPAKTHKH Ta TiABUIYBATH i1 HAIHHICTb.

312


mailto:bdn993@gmail.com

MeTor 11i€i poOOTH € aHami3 i Po3po0Ka NMUIAXIB ONTHMI3allil CUCTEM
OIATPUMKHA TPUHHATTS pillleHb Uil CiMEHHHMX JiKapiB B YKpaiHi 3
BUKOPUCTAHHAM TPHUKIATHUX Ta TPAAIEHTHUX METOMIB ONTHUMI3allii.
Oco0nrBa yBara MpUAUIAETHCS BIOCKOHAICHHIO €TalliB, SKi JO3BOJSIOTH
BUSIBIISITH TIOTEHLiHHI TpoOiieMu B POOOTI CHCTEMH Ta OIEPaTHBHO iX
ycyBatH. JlocmipkeHHs cpsiMoBaHe Ha (popMyBaHHS TEOPETHYHOI OCHOBH
st BnockoHanenHs CIIIIP, a Takox Ha TpakTUYHE BIPOBAHKEHHS TaKHX
CHUCTEM Y TIOBCAKACHHY poOOTy CIMEHHHX IiKapiB, IO CHOPUATAME
T JIBUIICHHIO SKOCTI MEJIMYHHUX TOCIYT.

Cucremu miarpumku npuiiHstTs pimenb (CIIIP) e edexTuBHIM
IHCTPYMEHTOM y MEIIUIIUHI, IO MiJITBEPPKYIOTh JOCIIKCHHS B YKpaiHi Ta
3a xopmonoMm. H. B. bimak Haromomrye Ha CTpyKTypOBaHOMY MiIXOA1 O
pillieHb y CKJIQJHUX KIiHiYHUX cuTyartisx [1], a €. B. Pamsimescrka Ta O.
B. Bucompka — Ha mepesarax imrerpamii E-Health mist omruwmizarii
JiarHOCTUKY ¥ nikyBanHs [2]. 3apyOixHi BueHi, 30kpema R. T. Sutton ta
1H., Big3HA4atoTh migBuUIeHHs TogHOCTi miarHoctuku CIIIIP, ane BkazyoTh
Ha PU3MKK TEXHIYHMX 300iB 1 HEIOCTaTHIO MiATOTOBKY mepcoHany [3].
ABtOp crarTi 3amponoHyBaB monens CIIIIP mns Ykpainu, BpaxoByroun
Bumoru MO3 i jtokasnbHi 0cobauBocTi [4].

Oxpemoi yBarm 3acilyrOByIOTh METOAM ONTHMi3amii, $Ki aKTHBHO
3actocoByroThest y BrockoHaneHHi CIIIIP. I'pagieHnTHi mMeToqu HaBUaHHS
HITYYHUX HEHPOHHUX MEPEX € 0COOIMBO MEPCIIEKTUBHUMH ISl BUPIILICHHS
3ajau 0araTOBUMIPHOI HEJTIHIHHOT onTuMizailii. BoHH J103BOJNISIOTE CUCTEMI
00po0naATH cKkiIamHi HabOpW NaHWX, 3HAXOAWTH ONTHMAJbHI DIlIEHHS B
YMOBax HEBM3HAUEHOCTI Ta afalTyBaTUCS 10 HOBHX BHUKJIMKIB MEIUYHOL
NPaKTHKH.

CIIITP - ne KoMIUIEKCHE MpOrpaMHO-anapaTHe pillleHHs], SKe JoroMarae
CIMEHHNM JiKapsiM y Tpolleci aHajily MeAWYHUX JaHWUX, ITOCTAaHOBKH
JiarHO3y Ta BUOOpY ONTHMANBHHUX JIKyBalbHUX cTparerii. OcHOBHI
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xomrioneHtu CIIIP BrimowaroTh: ba3zy 3HaHB, sKa MiCTUTh MEIUYHI
nporokony, cranaaptd (MKX-10), kiiHidHI pekoMeHnaiii Ta iHIIy
peneBaHTHY i1HQOpMAIIif0; aNITOPUTMHA OOpOOKH JaHWX, IO aHANI3YIOTh
BBEICHI JiKapeM JaHi (CHMIITOMH, aHaMHE3, pe3yJbTaTd OOCTEKEHbD);
iHTepdeiic KopucTyBaya, SKuii 3a0e3neuye 3py4Hy B3a€MOIII0 3 CUCTEMOIO
HaBITh IS JIKapiB 3 MIiHIMAJbHUM JIOCBIJOM POOOTH 3 TEXHOJOTISIMH,
MOIYNIb PpEKOMEHJallid, M0 TeHepye OOIPYHTOBaHI MPOMO3MIIi IIOIO0
JIarHOCTHKH Ta Teparrii Ha 0CHOBI 00pobseHux aanux [4]. Po3pobiena mis
cimeiinux nikapiB Ykpainu CIIIIP BpaxoBye crenmdiky MicieBoi cuctemMu
OXOpOHHU 3II0pOB’sl: OOMEXKEHICTh pecypciB, HEOOXiIHICTh BiAMOBIAHOCTI
BuMoram MO3, a TakoXX THIIOBI KJiHIYHI CHUTYyaIlii, 3 SKUMH CTHKAIOTHCSI
mikapi. Cucrema aBTOMaTH3y€ pPYTHHHI TIPOIECH, 3MEHIIyE BIUIHB
cy0’eKTHBHOTO (haKkTOpa Ta JIOTIOMArae iHTerpyBaTH Pi3HOMAHITHI JpKepena
iHpopManii — BiJ €JIEKTPOHHHX KapTOK /O JaHUX JIabopaTOpHUX
JIOCIIIJDKEHb — JUISE CTBOPEHHS WITICHOI KapTHMHU CTaHy mamieHTa. Jlis
MiABUIIEHHS 11 €(EeKTHBHOCTI 3aCTOCOBYIOTHCS METOAM ONTHMIi3arlii, sKi
JIETAIbHO PO3IVISIIat0ThCs HIKYe [4, 5].

[Mpuknamui Meroau onTuMi3amii BIAICParOTh BAXIUBY pPOb Yy
BrockoHanieHHi CIIITP Ha pi3HuX eTanax poOOTH CIMEHHOTO JiKapsi:

- Posmozin pecypci. Y nepBuHHINA MequuHiN J10mOMO3i pecypcu (dac,
oOnmagHaHHs, TMepCoHal) Yacto oOMekeHi. ONTUMI3aIls  T03BOJISIE
PO3MOIUIUTH iX MaKCUMallbHO e(EeKTHUBHO, HAlpUKIad, BHU3HAYAIOUYH
NPIOPUTETHICTb OOCTEXEHb JIsi MAIE€HTIB 13 KPUTUYHAM CTaHOM 4H
ONTHUMI3yIouH Tpadik poOOTH MEINYHOTO TIEPCOHAITY.

- Po3poOka mpoTokomiB iikyBaHHS. MeToqu onTuUMi3allii JOIOMararTh
CTBOPIOBAaTH CTaHIAPTHU30BaHI MPOTOKOJIH, SIKIi BPaxOBYIOTh SK 3arajbHi
KJTiHIYHI peKoMeH/allii, Tak i 1HIUBiTyaabHi 0COONMBOCTI MaIlieHTIB (BiK,
CYIyTHI 3axBoproBaHHs, aneprii). Ile miaBuirye eheKTUBHICTH Teparii Ta
3HIKY€ PH3HK JTIKAPCHKUX TTOMHUIIOK.
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- [InanyBanus oOcrexenb. OnruMmizailis BU3HAUa€ HaWKpaliuid dac i
MOCTIIOBHICTh MPOBEACHHS TIarHOCTUYHUX MPOUEAYyp, MO0 OTpHMaTu
MakcUMyM iHQoOpManmii 3a MiHIManbHHX BHUTpaT pecypciB. Hampuxian,
CIIITP moxxe peKOMeHIyBaTH MPOBECTH 0a30Bi aHAI3W TMEpe]] CKIaTHUMHI
Bi3yauTi3aiitHIMU JOCITIKEHHSIMHU.

- Bubip mixyBampHMX MeTomiB. Ha 1mipoMy erari MeToam ONTHMI3arii,
30KpeMa rpali€eHTHi, JOTIOMararoTh 0OpaTH ONTHMAJIBHY CTpaTeTio Teparii,
BPaXOBYIOUHM BEIMKY KUTHKICTh 3MIHHMX — BiJl CHMITTOMIB JIO TIPOTHO30BaHUX
PE3YNBTATIB.

Y MemuvHHX 3a/1adax oOcCsT mapaMeTpiB MOXKe OyTH BEIHYE3HUM depe3
CKJIQJIHICTh JaHuX (300paskeHHs, icTopii XBopoO). TomMy 3acTOCOBYIOTHCS
monudikamii rpagieatHoro cmycky — Adam, RMSprop, Adagrad — sxi
IPUCKOPIOIOTh HABYAHHS Ta IMiJIBHUIIYIOTH HOro TO4YHiCTh. Hampuknan, y
CIIIIP HeiipoHHa Meperka MOKe HABYATHCS HA TaHWX TUCSY MAIli€HTIB, 00
TOYHO TPOTHO3YBaTH HWMOBIPHICTH TEBHOTO JiarHO3y YW OINTHUMAJIbHICTh
tepartii [5].

Etanm Bubopy mikyBalbHUX METOINIB € HANBIAMOBIAAIBHIIIAM y pOOOTI
cimeltHoro mikaps. s oro onTuMizaiii TPONOHYETHCS iHTETpallis OI0Ky
IITYYHOTO 1HTENIEKTY Ha OCHOBI HEWPOHHUX MepeK, HABYCHUX TPaTi€HTHUMH
Mmeromamu. lle 3a0e3meunTh TMOKpANICHHS MiarHOCTHKH, JIO3BOJHTH
TIEPCOHANII3YBaTH JIIKYBaHHS BpaxOBYIOUM I1HAMBIIyallbHI OCOOIWBOCTI
MAIliEATa, aHaJi3yBaTH MEAWYHI 300paXeHHS Ta IMiJBUIIMTH TOYHICTH
JOCIipKeHb. Takuil Miaxix T03BOJNsSE aBTOMATHU3YBATH CKIIQ/HI TPOIIECH,
3MEHIITYBaTH Cy0’ €KTHBHICTS 1 iIBUIyBaTH SAKICTh MEAMYHUX PIllIEHb.

BucHoBok. 3acTocyBaHHA TPHUKIATHUX Ta TPAMIEHTHUX METO/IB
ornrumizanii B CIIIP mist cimeiiHux JikapiB MiABUIIYE SKiCTh MEIUYHOI

JIOTIOMOTH B YKpaiHi. BoHM onTuMi3ytoTh poOOTY JiKaps BiJ| PO3MOIiITY
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pecypciB 10 BUOOpY Tepallii, MOKPAIyIOud JIiarHOCTUKY Ta €(PEKTHUBHICTS,

110 IMO3UTUBHO BILJIMBA€ Ha SHOpOB’ﬂ HaCCJICHHA.
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OVERVIEW OF THE POSSIBILITY OF USING CELLULAR
AUTOMATA FOR SWARMS OF AUTOMATED DEVICES IN
DYNAMIC ENVIRONMENTS

Cellular Automata (CA) are mathematical models that demonstrate
complex behavior through simple local rules. The paper outlines
classification based on transition rules, states, structure, and grid layout.
Special attention is given to the operating principles of cellular automata
and their application in both military and civil aviation, particularly in
swarms of autonomous robotic devices such as robot groups. The analysis
explores CA applicability in rapidly changing dynamic environments,
emphasizing their parallelism and adaptability. The paper also reviews new
modeling approaches involving active cells, hexagonal grids, and
probabilistic modeling.

Keywords: cellular automata (CA), path planning, swarm of unmanned
vehicles in dynamic environments.

Cellular automata (CA) are dynamic systems that generate complex
collective behavior through simple local interactions and computational
processes. They were first developed by John von Neumann in the 1950s
and have been used to model physical, biological, and technological
processes. A CA consists of a grid of cells, each acting as an automaton
with its own state, determined by the states of neighboring cells.
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CA exist in one-dimensional (e.g., Wolfram’s automaton), two-dimensional
(e.g., Conway’s Game of Life), and higher-dimensional forms. Three-
dimensional automata can simulate physical environments. They may be finite
or infinite, with fixed or periodic boundaries. Based on neighborhood structure,
CAs are classified into von Neumann automata (considering four orthogonal
neighbors), Moore automata (including diagonal neighbors—up to eight), and
Margolus neighborhood automata (where cells are grouped into blocks like
2x2 or 4x4 and updated as units). CA grids can also be non-traditional, such as
hexagonal, triangular, or hyperbolic.

By the number of states, CAs are divided into binary (two-state) and
multi-state automata (with more than two states), which enables modeling
of various particle types or genetic processes. Based on the type of
transition rules (local updates), CAs can be:

e Homogeneous (each cell uses the same rule),
e Programmable (cells can change their rule over time, suited for
dynamic, adaptive models),
Stochastic (transitions occur with certain probabilities),
e Totalistic (a cell’s state depends on the sum of its neighbors' states).
To study CA behavior, tools such as de Bruijn graphs, matrix
algebra, reachability trees, and parameters like A, Z, ® are used [1].

CA are applied in modeling transportation dynamics, including both
civil and combat aviation, ground drones, aerial unmanned vehicles, and
maritime systems—which is especially relevant during wartime. They are
also used to simulate physical systems (e.g., gas models, Ising models for
studying phase transitions in magnetism, fire spread, waves, and heat),
biological processes (e.g., cell growth, morphogenesis, population
behavior), and cryptographic applications (e.g., stream ciphers, hash
functions, key and ciphertext generation).
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There are developments in CA-based path planning for commercial
robot swarms, which can be adapted for swarms of ground-based
unmanned drones. These rely on a method that allows robots to move along
their trajectories simultaneously in rapidly changing dynamic environments
while avoiding collisions with obstacles and other robots. The robot
movement is based on a grid where local transition rules determine the next
cell, influenced by individual goals. A distinguishing feature of this model
is that robots not only seek a path to the target but also consider the
positions of others to avoid deadlocks and collisions. Decisions are made
locally but with awareness of the global environment. The method includes:

Space Initialization (creating cells, obstacles, start and end points),

e Local Analysis (analyzing neighboring cells for optimal direction),
e Movement and State Update,
e Coordination (devices assess priority or seek alternative paths in

case of conflict).

Authors also propose a model where robots are repelled from obstacles
and each other to prevent deadlock. Advantages include parallelism and
real-time adaptability [2].

Ukrainian researchers have proposed a new method for strike aviation
flight planning to target ground objectives based on a three-dimensional CA
model of a lattice gas. This multi-criteria task distinguishes between
automated and non-automated route planning methods. To solve it, the 3D
airspace is divided into uniform cells, each of which may be empty or
occupied. Routes are generated through probabilistic transitions between
cells, factoring in the desired direction and spatial risks. The method also
accounts for spatial constraints such as no-fly zones or hazardous areas,
modeled as parts of a 3D grid. Studies demonstrate this approach’s
efficiency and flexibility in environments with multiple constraints and
complex conditions [3].
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Another paper presents an improved navigation method for autonomous
robots in complex environments using CA with active cells. The goal is to
enhance navigation efficiency and computational capacity, enabling real-
time obstacle avoidance and movement decisions. Here, each
environmental cell has a state and activity property. Active cells contain
path-related information, considering obstacles, and help robots make
locally optimal decisions. To optimize computation, only nearby cells are
active and pass information forward, constructing possible optimal paths
without evaluating the entire space at once. The grid uses hexagonal cells
(not standard square ones), enabling more neighbors and reducing
computational load. This local-computation-focused method allows
operations without GPS, which is critical in tunnels or low-signal areas [4].

CA are also used in civil aviation route planning, offering reductions of up
to 41.67% in node count, 5.82% in route length, and 6.22% in operational costs
compared to existing networks. This method constructs airspace based on
classical CA, using Moore neighborhood rules (eight neighbors). The objective
is network optimization—minimizing nodes, path lengths, and operational
costs. The model accounts for no-fly zones, weather conditions, and military
zones to ensure accurate constraints. Therefore, it can be adapted for UAV
optimization, enhancing fuel efficiency and mission persistence while avoiding
natural and man-made obstacles [5].

In conclusion, cellular automata offer a powerful approach for
simulating complex systems and are effective in navigation and pathfinding
for autonomous robotic devices and aircraft. Thanks to their flexibility,
simplicity, and parallel processing capabilities, CAs enable the
development of adaptive swarm algorithms in rapidly changing
environments, allowing autonomous decision-making without reliance on
external coordinate systems. The presented results show the potential of CA
in both defense and civilian sectors, especially under spatial constraints and
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complex topologies. Future research should focus on UAV swarm flight
modeling in the conditions of military operations, integration of CA with
other Al techniques, and their use in multi-component systems.

1. Bhattacharjee, K., Naskar, N., Roy, S., & Das, S. (2020). A survey of
cellular automata: Types, dynamics, non-uniformity and applications.
Natural Computing, 19(2), 433-461. https://doi.org/10.1007/s11047-018-
9696-8

2. loannidis, K., Sirakoulis, G. Ch., & Andreadis, I. (2011). A PATH
PLANNING METHOD BASED ON CELLULAR AUTOMATA FOR
COOPERATIVE ROBOTS. Applied Artificial Intelligence, 25(8), 721-
745. https://doi.org/10.1080/08839514.2011.606767

3. Bopo0Giios, €.C & IlaBnenko, M.A & XnebHikos, €.10 & 'maaummes,
M.I. (2018). BuxopwcTaHHsS KIITKOBOIO aBTOMaTy y METOIi BHOOPY
BapiaHTy MaplpyTy MOJBOTY YAAPHHX JITaKiB MO0 YPa)KCHHS Ha3eMHHX
mineir. Cuctemm  030poeHHss 1 BilickkoBa  TexHika.  84-90.
https://doi.org/10.30748/s0ivt.2018.53.12.

4. Alzoubi, S., & Miraz, M. H. (2024). Enhancing Robot Navigation
Efficiency Using Cellular Automata with Active Cells. Annals of Emerging
Technologies in Computing (AETIC), 8(2), 51-61.
https://doi.org/10.33166/AETiC.2024.02.005
5.Wang, S., Cao, X,, Li, H., Li, Q., Hang, X., & Wang, Y. (2017). Air route
network optimization in fragmented airspace based on cellular automata.
Chinese Journal of Aeronautics, 30(3), 1184-1195.
https://doi.org/10.1016/j.cja.2017.04.002

321


https://doi.org/10.1007/s11047-018
https://doi.org/10.1080/08839514.2011.606767
https://doi.org/10.30748/soivt.2018.53.12
https://doi.org/10.33166/AETiC.2024.02.005
https://doi.org/10.1016/j.cja.2017.04.002

Mehmet KORKMAZ, PhD., Assoc. Prof.
mehmetkorkmaz@aksaray.edu.tr
Aksaray University

EVALUATION OF DIFFERENT BAYES FILTERS
FOR SOC ESTIMATION

Abstract. This study investigates the accurate estimation of the State of
Charge (SoC) of batteries, which are increasingly utilized in the fields of
radioelectronics and telecommunications. SoC estimations are performed
using a well-characterized battery. Various Bayesian filtering algorithms are
employed for this purpose, and their estimation performances are
compared. Among the methods, the Particle Filter (PF) demonstrates
superior performance in SoC estimation while the Extended Kalman Filter
(EKF) offers significantly lower computational cost and faster execution
time. These findings highlight the trade-off between estimation precision
and computational efficiency in battery related applications.

Keywords. Battery models, Kalman filter, SoC estimation

Introduction
Machine learning, regression, optimization, deep learning, and various

filtering techniques constitute today’s knowledge-based systems. These
technologies have found widespread application in battery-related systems,
especially in electric vehicles [1-4]. As batteries become increasingly
popular, one of the most critical challenges is the accurate estimation of the
remaining charge, commonly referred to as the State of Charge (SoC) [5-7].

The SoC indicator provides essential information about the available
energy in a battery and plays a vital role in ensuring reliable and safe
operation. Numerous studies in literature have addressed this issue from
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various perspectives, including both algorithmic/model-based approaches
and data-driven techniques [6-9].

Given the complexity and importance of battery behavior, there are
several technical and computational challenges that need to be addressed
[5, 7]. This work focuses on analyzing and comparing the performance of
different prediction algorithms on a specific battery dataset and presents the
results in terms of pros and cons.

Content

In this study, a Turnigy Graphene 5000 mAh lithium-polymer battery
was analyzed under various discharge conditions at different ambient
temperatures. The data used for evaluation was obtained from the UDDS
(Urban Dynamometer Driving Schedule), a standardized driving cycle
designed to replicate urban driving patterns. In the datasets, the discharge
profile corresponding to 25 °C was selected as a representative operating
condition for detailed analysis [10].

To estimate the battery's State of Charge (SoC) considering the
conditions, four distinct Bayesian filtering algorithms were implemented
and comparatively evaluated. These algorithms are the Extended Kalman
Filter (EKF), Unscented Kalman Filter (UKF), Ensemble Kalman Filter
(EnKF), and Particle Filter (PF) [5, 6, 10]. Although these algorithms share
a common Bayesian foundation, they differ in their approaches in a way to
handle the problem. All of them operate through two principal stages: a
prediction step and a measurement/update step, which iteratively refine the
state estimation. A conceptual overview of this Bayesian filtering process is
illustrated in Figure 1.
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Figure 1 Bayes Filters

Figure 2 presents a comparative analysis of the State of Charge (SoC)
estimation errors produced by each algorithm. In the plot, the black squares
are the Particle Filter (PF), the red circles correspond to the Ensemble
Kalman Filter (EnKF), the blue triangles represent the Unscented Kalman
Filter (UKF), and the green inverted triangles are the performance of the
Extended Kalman Filter (EKF).
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Figure 2. SoC error values for the estimation results
of the algorithms (left: general view, right: zoomed part)
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As illustrated, the PF algorithm exhibits the closest results to the
reference SoC values which emphasize its superior accuracy in terms of
varied nonlinearities. The EKF also demonstrates competitive performance
with relatively small deviations, making it a strong candidate for real-time
applications due to its computational efficiency. In contrast, the UKF
algorithm shows the largest estimation errors, which makes it the worst one
of all algorithms.

Figure 3 provides a statistical interpretation of the terminal voltage
estimation errors across the evaluated algorithms. The vertical axis
represents the magnitude of the voltage errors, and the horizontal axis
denotes the individual algorithms. The graph refers to the distribution of
error values for each method and maximum/minimum limits. The central
box indicates the interquartile range (IQR), encompassing approximately
80% of the data.
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Figure 3. Terminal voltage error values for the estimation results of the algorithms
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Examining the graph, it is obviously seen that all algorithms exhibit
comparable error ranges, indicating similar levels of performance in
voltage prediction. However, the EKF and EnKF algorithms stand out by
exhibiting a tighter clustering of error values, indicating a more consistent
and stable performance in predicting terminal voltage than other
approaches.

A comprehensive evaluation of the algorithms was conducted using
performance index values, the Root Mean Square Error (RMSE). The
RMSE results, normalized to a 0-100 scale for clearer comparative
analysis, are illustrated in Figure 4. This normalization simplifies the
evaluation of the relative performance of each algorithm.

[ eI UK EnkFI PF

SoC / RMSE Terminal Voltage / RMSE

Figure 4. RMSE values normalized to 100% for SoC
and terminal voltage errors (left SoC, right voltage)
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As depicted in the graph, the Particle Filter (PF) yields the most
accurate results in SoC estimation, outperforming all other algorithms. It is
closely followed by the Extended Kalman Filter (EKF), which also
demonstrates high accuracy. Conversely, the Unscented Kalman Filter
(UKF) exhibits the poorest performance, producing the largest RMSE
values.

This outcome is consistent with the findings from the previous SoC
error analysis (Figure 2), where PF showed superior tracking capability and
UKF lagged. Likewise, in terms of terminal voltage estimation, UKF again
recorded the highest error values, while the other algorithms produced
comparably reliable results.

Conclusion

Batteries play a critical role in electric vehicles, household electronics,
communication devices, etc. One of the key challenges in battery
management is accurately determining the remaining energy (SoC). The
study at hand addresses this issue by implementing SoC estimation for a
5000 mAh lithium polymer battery using various Bayesian filtering
algorithms. Among the methods, the Particle Filter (PF) demonstrated the
highest estimation accuracy. Although its superior performance, the
computational time is very high making it less suitable for real-time or
online applications. In contrast, the Extended Kalman Filter (EKF)
provided results that closely matched those of the PF while maintaining a
much lower computational burden. Given these findings, PF is
recommended for applications where accuracy is the priority and
computational resources are not limited, whereas EKF offers a good trade-
off between performance and efficiency in time-sensitive environments.
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Future studies could explore performance under different temperatures and
driving cycles to enhance the generalizability of the results.
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HarmionansHuit yHiBepcuTeT «JIbBIBChKA MOMITEXHIKA»

JOCHIAKEHHS IHTEI'POBAHOI'O KEPYBAHHJSI I'PYIIOIO
BE3INIJIOTHUX JIITAJIBHUX AITAPATIB

Coepa 3actocyBanHs Oe3miioTHHX JitajgpHux amaparie  (BITJIA)
JEMOHCTPYE MOCTiHE PO3UIMPEHHS, IO CYMPOBOKYETHCS YCKIAAHEHHIM
BUMOT 10 iX (yHKUiOHyBaHHS. SIKIIO paHimie AJs BUKOHAHHS OKPEMHUX
3aBlIaHb JOCTAaTHHO OyJI0 BUKOPUCTAHHS OJHOTO arapara, TO Cy4JacHi peaii
BHUMararoTh BIPOB3/DKEHHS KOMIDIEKCHHX TimxomiB. Lli migXomy BKITFOYarOTh
VIOCKOHAJICHE KEPYBaHHS, CTBOPCHHS 3aXMIICHUX KAaHAIIB  3B’s3KY,
BUKOPUCTAHHSI DI3HOMAHITHUX CHCTEM TO3MIIOHYBaHHS, aBTOMAaTH30BaHE
NUTOTYBaHHS, a TAaKOK CHHXPOHI30BaHE, KOJEKTUBHE BHKOPHCTaHHS
JeKinpKox amapariB. I'pynose posropranus BIIJIA 3abesnedye migBuIeHy
e(eKTUBHICTh 3aBISKH PaIliOHATEHOMY PO3NOALTY (YHKIIKA MK araparamd,
MOXKJIMBOCTI OXOIUICHHSI OUTBIIMX TEPUTOPId 1 3AaTHOCTI TMPOAOBKYBATH
BUKOHAHHS 3aBJaHb HAaBITh 32 YMOBH BTpPAaTH YacTUHM amapariB. [lns
MOBHOIIHHOI peatizamii Takoro MiJXomy HEeOOXiIHO BIPOBAHKEHHS YiTKO
BHU3HAYEHUX MTPOTOKOIIIB B3aEMOJII Y MEXaX CHCTEMH.

CucTeMH NO3UIIOHYBAHHS BiAirpar0Th KIOYOBY POJb B yNpaBIliHHI
rpynoto BIUIA. Ix smauymicts ob6ymoBieHa TuM, mo kosxkeH BITJIA
MOBUHEH IIepeJaBaTH IHPOPMAIII0 TPO CBOE MIiCIE3HAXOKCHHSI
IHIIIM KOMITOHEHTaM CHCTEMH, a TAaKOXX OTPUMYBATH JaHi MPO MO3HIIii
iamux BIIJIA. Ile 3a0e3neuye mpaBUIbHY B3a€EMOJII0 Ta JOMOMArae

YHUKHYTH 31TKHEHb. KpiM TOro, Taki CHCTEMH BHUKOPUCTOBYIOTHCS IS
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ABTOMAaTHUYHOI'O IJIOTYBaHHS, SIKE € OCHOBHUM €JIEMEHTOM aJIFOPUTMIB
iHTerpoBaHOTO KepyBaHHs[1].

B3aemonis 3 rpymoto BIUJIA monsrae B oOMiHI iHpopMmaliero Mix
yciMa KOMIIOHEHTaMH cucTeMu. [loBiIOMIIEHHS yMOBHO MOZiISIOTHCS
Ha! CHHXPOHI3aIlilo, MapmpyTHy iHQOpMaIlifo, MaHi s KOHKPETHOTO
BIIJIA, cratucTuyHy iHGOpPMAIlit0, KOMaHU BUKOHAHHS 3aBJ1aHb.

CunxpoHizyrwoua iH(pOpMAIlis HAJAXOIUTh BiJ] KOMIUIEKCY KEepyBaHHS
0 BCi€l Tpynu Ta BHKOPHCTOBYETHCS [UIsl KOpEKLii 3aTpUMOK TNpHU
OTpUMaHHI KoMaHja. MapmpyTHa iHGOpPMAIIS OXOIUTIOE KOOPAMHATH
TOYOK, 4ac IX IPOXOPKEHHS, BUCOTY, LIBUAKICTh, Iepenkoay, Birep. Ha
ocHoBi mux naHux koxeH BIIJIA po3paxoBye BIacHy TpaeKTOpilo.
IMoBigomnenus mis okpemoro BIIJIA BkiIIOYAarOTh HOr0 TO3UIIO B
Tpymi, 3MiHYy MicHs B TpyIi, TPAa€eKTOPil0, BUKOHAHHS CIIEMialbHUX
(hyHKIi# 1 KopuryBaHHS TONBOTY. CTarncTryHa iH(OpMaIlia nependavae
napaMeTpu MOJbOTY, BiIAXWUIICHHS BiJl MapLIpyTy Ta 30BHIIIHI BILJIMBH,
AKi TepelaroThCsl 0 KOMIUIEKCY KepyBaHHS. KomaHnu Ha BUKOHAHHS
3aBnaHb KOHKpeTHHM BIIJIA MicTaTh TpaekTopiro, mepenik MaHEeBpiB i
croco0Ou MOBEPHEHHS 10 TPYIH.

ANTOpUTM mependadae TP €Tanu: PO3TOPTaHHS, IMOJIT 1 3aBEPIICHHS
nonboty. PosropranHs moumHaerbest 3 peectpauii BIIJIA B cuctemi.
Koxxnomy BIIJIA mpucBOrOEThCS yHIKaNbHUE igeHTH]IKATOp A
OpUOMy KOMaHJ, BHUKOHYETHCS CHUHXPOHI3alisi 4acy 3 KOMIUJIEKCOM
kepyBaHHA. Ilicist peectpalii BCTaHOBIIOETHCS HYJIbOBAa TOYKA T'PYIH,
BU3HAYA€THCA MOJO0KEeHHS KoxkHoro BIIJIA Tta kxoopauHatu ix pos-
TallyBaHHs BiAHOCHO ueHTpy rpynu. BIIJIA oTpumyroTh TpaekTopii
BHXOJly Ha IO3MIIl, 3MIMCHIOIOTH BHUXIJ 1 3BITYIOTh PO pE3yibTar.
Jiarpama miaroToBKH 0 MOJBOTY HaBeaeHI Ha puc.l.
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Komnnekc kepyeaHHs BIrIA

I
loop J[nmmpmmm AnA kowHoro EMNA

TRy nH]

NPHCBOEHHA [aexTudikaTopa
CUHXpOHIZalyin Yacy N

loop J[numpmnm AnA koxHoro BIIA rpynu]

KOODOMHATI HYNLOBOT TOYKIA TRYIA
KOOPAWHATIA 3HAXOMKEHHA Gnna & rpyni
TPACKTORIA BUXOZY Ha 3aimaHy noavyjio o

aHani3 oTpHMAaHKE KoopaWHaT
Buxig BMNNA Ha noauyio
nNo 3anaHIA TpaeKTopil

-

nigreepmxesHa swogy BMNMNA Ha noaudgio
4 KOOPAWHETH 3HaxKoAXeHHR BITA

|
[

Pucynoxk 1. [liarpama mporiecy miATOTOBKH

rpynu BITJTA no nonmsory.

Koopnunartist monsoty rpynu BITJIA modnHaeThes 3 OTPUMAHHS CIACKY
KOOPIWHAT 1 TapaMeTpiB MOIOTY: MIBUIKOCTI, BUCOTH, IPUCKOPEHHS TOIIIO.
Koxen BIIJIA pospaxoBye CBOIO TPaeKTOpil0, BPaxOBYIOUM KOOPAWHATH,
TOJIOKEHHSI B TPYI, TEXHIYHI XapaKTEPUCTUKH Ta MaTeMaTHYHY MOJEINb.
Ilicnst oTprMaHHS CHTHATY IIPO CTapT TpymHa po3modrHae pyx. Komrmiekc
KepyBaHHS HaJCUJIa€ OHOBJICHUM CIIMCOK KOOPAMHAT MICIIsl KOXKHOI PO IEHOT
TOYKHM, BUAAISIOUM TPOMJIEHI 1 JoAaroun HOBi. [Iporiec MOBTOPIOETHCS 10
3aBepiueHHs nonboTy. Koken BIUJIA micist mpoXOmKeHHsSI TOYKU 3BITY€E PO
KOOpAMHATU Ta TapaMeTpH MONbOTY. Y pa3i BIIXUICHb KOMIUIEKC KEepyBaHHS
KOpUTY€E TIapamMeTpy TOoNbOTy it Beiei rpymu unm okpemux BIUIA. fAxmio
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BITJIA 3HauHO Bincrae, MoXke OyTH yXBaJieHE PillICHHS [IPO HOTO TIOBEPHEHHS
Ha 6a3y. [letani koopauHalii HONbOTY HaBeIEHI Ha PHC.2.

Komnnekc kepysaHHS BIIA

I
loop |[xoopaunauia nonkoty rpynu]

nepenik TOUOK NoNkLoTY
NapaMeTpH NonLoTy

loop

PO3pasyHOK TPAEKTOPIl NONEOTY
BianoaiaHe A0 OTPHMaHOT iHhopsmayyl
Ta BNACHUX XAPaKTEPUCTHK

CUHX POHI3aLIAHE NOBIOOMNEHHA

loop |

nonit BNJIA no po i TpaskTopll ]

CTaTUCTHYHA IHChopMaLA NoNLoTY
4 KkoopanHaTh BNINA
Al

aHania cTaTuCTHIHOT
iHcpopnayl nonsoTy BNNA

alt [xopesyla nonboTy rpynM]

NapameTpu NonbLoTy
B MEXAX HOPIA
KOPEKLIA He NPOBOAWTLER

MpUCYTHI BIAXKUNEHHA
B NapameTpax nonboTy
POBOOMTLCA KOpEKLIA

Pucynox 2. Jliarpama nporiecy koopauHaiii noiapoty rpymnu bBITJIA.

[licna 3aBepiueHHs MOJIBOTY Ipyna 3ynuHsAeTbes. KomIueke kepyBaHHS,
KepYyIO4HCh KOMaHJaMH OIleparopa, MOCTynoBo mepenae kokHoMmy BILJIA
KOMaHJM Ha Tocajaky. [loBiJIOMIIEHHS BKJIIOUAE KOOPAMHATH TOYKHU
NpU3EMIICHHST Ta TPAEKTOPiI0 Ui 3axody Ha mocanky. KokeH amapar
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3MIMCHIOE MOCAAKy Ta BIAMPABIISE MiATBEPAXKECHHS O CUCTEMU KEPYBaHHSI.
Jerani 3aBepiieHHs NONBOTY HaBeJEeHi Ha pHcC.3.

Komnnekc kepyBaHHs BrNA

[ I
loop J[aaxlnuanna nonLoTY, NOBTOPETLCA
Aana koxHore BMNNA rpynM]

KOOPZMHATIA TOUKKM NOCaAKNA
TpaekTopiA 3axody Ha nocagky o
P,

3axif Ha nocagky

4 NiaTBEpIKEeHHA NOCaAKK
h

Pucynox 3. [liarpama erarry 3aBepLIeHHS [10JIbOTY.

3anporoHoBaHUH MiAXiy 3abe3medye KOHTPOJIh 3a TOJOKEHHSIM i
MEpeMillleHHssM, a TaKoK TOYHY CHHXPOHI3aIlil0 BCIX KOMIIOHEHTIB
CHCTEMH, IO JO03BOJISIE 3AIMCHIOBATH MaHEBPYBAaHHS Yy CKJIaJi Tpynud B
peXuMi pealbHOTO Yacy. 3acTOCYyBaHHS METOAY CHUIBHUX TOBiJOMIICHD
JUISl KEpYBaHHS TPYMOBUMH JIisIMH CIIPUSE ONTHUMI3allii BUKOPUCTAHHS
KaHaTy 3B 53Ky, OCKUTBKA OOYMCIIEHHS TPAEKTOPi MONBOTY BiAOyBa€ThCsS
aBTOHOMHO Ha piBHI kokHoro BIUIA BiamoBimHO 40 3a3manerigp
BU3HAYCHUX TapaMeTpiB. AHaNI3 i HAKONMYEHHS CTAaTHCTHYHHUX JaHUX TPO
nonboTH BITJIA maioTh 3Mory omepaTrMBHO BUSIBISITH BiIXWJICHHS B JIisIX
Ipylid Ta CBOEYACHO KOPHUTYBaTH MapaMeTpH IMOJbOTYy 3 ypaxyBaHHSAM
HNOTOYHUX OOCTaBUH.

[1] Elkhan Sabziev (2021) “A control algorithm for joint flight of a

group of drones”, Scientific Journal of Silesian University of Technology
Series Transport, 2021, no. 110, pp. 157-167. doi:10.20858/sjsutst.2021.110.13
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[2] Dung D. Nguyen, Daniel Rohacsl (2021) “Air traffic management
of drones integrated into the smart cities”, 32nd congress of the
International council of the Aeronautical sciences, available at:
https://www.icas.org/ICAS_ARCHIVE/ICAS2020/data/papers/ICAS2020
0456_paper.pdf (Accessed 8 May 2025).

[3] Konrad Wojtowicz, Przemystaw Wojciechowski  (2023)
“Synchronous Control of a Group of Flying Robots Following a Leader
UAV in an Unfamiliar Environment”, Advanced Intelligent Control in
Robots 2023, no. 23, p. 740. doi: 10.3390/523020740
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BiiicekoBa akagemis (M. Omeca)

KOMILJIEKCYBAHHSI AJANITUBHOI OBPOBKH
IMPOCTOPOBO-YACOBUX CUTHAJIIB TA TEXHOJIOTIi
DS-CDMA JI/151 KEPYBAHHSI T'PYIIOIO BE3ILJIOTHUX

3ACOBIB B YMOBAX PAIIONPOTUIT

VY cydacHIi pOCIHCHKO-YKpATHCBKIA BiifHI BigMi4aeThCsl CTiKa TEH-
JieHIist 00ioBOro 3acTocyBaHHs O€3MUIOTHUX CHCTEM Ha3eMHOTO, TIOBITpS-
HOTO 1 Mopchkoro OaszyBaHHS. CHCTEMH 3a3HA4E€HOTO KIacy YCHIiIIHO
BUDIIIYIOTh 3aBOAHHS PO3BIAKM 1 YpakeHHS OO0’€KTIB IPOTHUBHUKA.
3p0o3yMiso, IO MOsIBA TAKMX CHCTEM BUMAarae ynoCKOHAJICHHS TEXHOJIOTIH i
pO3pOOKH HOBHX CMOCOOIB 3aCTOCYBAaHHSI CIPSIMOBAHMX Ha IiJBUIICHHS
e eKTUBHOCTI OOHOBUX il MiAPO3/iNIiB 30pOHHUX CHIL.

[epm 3a Bce, BTiJIeHHS B MPaKTUKY 30poiiHOI O0poTHOM Oe3MiTOTHUX
CHCTEM PI3HOTO NpU3HAYCHHS! MOTpeOye PO3BUTKY TEXHOJOTII KepyBaHHS
TaKMMHU CHCTEMaMH B CKJIQJHUX YMOBaX paionpoTHAii mpoTWBHHKA. TyT
CIIiJT aKIIEHTyBaTH yBary Ha TEXHOJOTil 0€3IpOTOBOTO KepyBaHHS TPYIIOO
6esminotHux 3aco6iB (B3), OCKiIbKH KepyBaHHS MOOJHHOKHM 00 €KTOM €
OKpEeMHUM BHIIAJIKOM TPYHOBOTO KepyBaHHA. OueBHAHO, MO Oe31poToBE
KepyBaHHs (KepyBaHHsI MO pajioKaHally) TPYNO 00 €KTIB B pealbHOMY
MacmTadi yacy J03BOJIsIE TIOBHOIO MipOIO peatizyBaTH OOHOBI MOMKJIMBOCTI

B3 piznoro mnpusHaueHHs. OnmHak, y UbOMY BHUIAAKy aKTyaJlbHOIO €
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npobnemMa 3abe3nedeHHs HEOOXiAHOT TMPOIMYCKHOI CIIPOMOXHOCTI i
3aBa/I03aXUIICHOCTI CHCTEMHU KEpyBaHHsI Oe3MIIOTHUMHU 00’ €KTaMH.

CyyacHi TeHAEHII MiABUIIEHHS MPOMYCKHOI CHPOMOXKHOCTI CHCTEMH
KepyBaHHS TPYIO0 00’€KTiB 30Cepe/keHl Ha MEepCHeKTHUBHIN TeXHOJIOTil
KOMILJIEKCYBaHHSI OOpOOKH MPOCTOPOBO-YACOBUX CHTHAJIIB 32 JIOTIOMOTOIO
aIANTUBHUX aHTeHHHWX perriTok (AAP) i KomyBaHHS HIMPOKOCMYTOBHX
CUTHANIB I TpwitioMy 1 miepemadi. 3actocyBaHHs AAP mo3Bomsie
peani3oByBaTH CKJIaJHI METOAM MPOCTOPOBO-4aCOBOI OOPOOKH CHUTHAIIB Y
cucteMax 3 OaraTokaHaibHUM BxogoM i BuxomoMm (MIMO), 1o crpuse
3pOCTAaHHIO TPOMYCKHOI CIPOMOXKHOCTI KaHaJIiB 0€3IpOTOBOTO 3B’S3KY 3
MOOITEHUMHE 00’ €EKTaMH.

MerToro poOoTH € TeOpeTHYHE OOTPYHTYBaHHS peaizailii 0e3IPOTOBHUX
CHCTEM TpPYIIOBOTO KEpyBaHHsI, 110 BiAPi3HSIIOTHCS BHCOKOIO MPOIYCKHOIO
CIIPOMOXKHICTIO, €IEKTPOMArHiTHOIO CYMICHICTIO 1 3aBaJI03aXHIICHICTIO, Ha

OCHOBI KOMIUTeKcyBaHHs TexHosorii AAP Ta DS-CDMA.

B y3aranpHeHOMY ysiBIIeHHI curHanm Ha Buxomi AAP é € pe3yabTaToM
BaroBoOTO MiICyMOBYBaHHS CYKYITHOCTI CHUTHAJIB, SIKi MOCTYMAIOTh HA BXOAN
AAP i ipencrapneHi BEKTOpoM criocTepeskens U :

$(M,1)=w"(M,N)U(N,1), (1)
ne wH (M , N) — KOMIUIEKCHA (M - N)—MipHa MaTpHuLs BaroBHX

koedimientis AAP; N — posmipuicte AAP (kimbkicte Bxomi); M —

KUIBKICTh BUXOJiB; H — CHMBOJI KOMIUIEKCHO-CIIPSKEHOT TPAHCIIO3UIII].
Bupa3 (1) € ocnHoBHuM piBHsHHAM cuctemu MIMO, ne N > M.

®aktnuno M - ue kinekicte B3, Ha ski MOXyTh OyTH Opi€HTOBaHi

MPOMiHI iarpaMu cripssiMOBaHOCTI OaraTorpomeHeBoi AAP.
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[psivmokyTHa wmatpurs W' (l\/l , N) B (1) moemnye M Bekropis-
CTOBOIIiB, KOXHHUH 3 IKUX MAE PO3MIPHICTh (1' N ) .

Bimomo, 1o omirka (1) 3am0BONBHSE KPUTEPIF0 MaKCHMaIbHOI
MPaBIOTOAIOHOCTI, SKIO Oyab-IKWH MmapaMeTpudHuil BekTop AP

W, (N, 1) TW(N,M),i T[L, M ] mae 3nauenns

W)= SO iThm) ®

ne I'-’Q'l = I!Q'l(N,N) — iHBepCis OLIHKKM KOPEeJsmiiHOI MaTpuii
CIIOCTEPEKEHD, V.(N ,1) — BEKTOp KOMIUIEKCHUX €KCIIOHEHT, SKUHI

BM3HAYa€ OPIEHTAIlI0 B MPOCTOPI MaKCHMyMy JiarpaMH CIIPSMOBaHOCTI
AAP. Tomy MoxHa 3amucaté PiBHICTB Vi(N,l):V(qi), ne (; Kyrosa
KOOpJHHATa i-ro 00’ €KTa BIIHOCHO HOpMaJi 10 po3kpuBy AAP.

IIpouenypa iHBepcii OLMIHKA KOPENSAIiHHOI MaTPUIll CIIOCTEPEKEHD I-IQ'l
B amroputmi (2) Moke OyTd opraHizoBaHa y Hu(GpPOBOMY BHUIISII 3a
PEKYPEHTHOIO CXEMOKO OOUYHMCIICHHSI.

Buxonsun i3 (1), (2), MOXKHA BU3HAYUTH €CKi3 CTPYKTYpH MPUAMAIBbHOT
yactuHn AAP, sika 3a0esredye 3B’S30K 3 TPYyHO0 MOOITEHUX 00’€KTIB B
YMOBax 3aBa.

B 3aranpHOMy BUNagKy KOJOBaHMH CHTHaln Z =~ € IPAMHM J100yTKOM

BEKTOPIB BUXIJIHOTO KOPHCHOTO CHUTHAJNy 1 KOJOBOI TMOCIIiJOBHOCTI,
TPHBAJIICTH SIKOT JOPiBHIOE L :

z, (LKxL)=s, (LK)A®, (1L), 4)
e (I)m(l, L) — KOZIOBa IOCTIIOBHICTE L enmemeHTiB, Sm(l, K) -
BEKTOp KOPUCHOTO CHTHaiy, skud mnoeanye K-BuOipox; M — Homep
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JDKeperIa KOPHCHOTO cHrHANy (MOGiTbHOro 06’ €kTa); A — CHMBOI IPSIMOTO
OOYTKY MaTpHIIb.

Komosa  mocmigoBricte @ (1, L) HaJIOKUTh  J0  MHOXHUHH
OPTOrOHAJILHUX KOJAOBHX mociigosHocTeir W, ((I)) (M - kinbkicTe
MOO1TbHUX 00’ €KTIB), SIKi 33JJ0BOJILHSFOTH YMOBI

o, (1 L)o (L 1)=Lu
10,0 L)@k (L Y)=0p ©
mT[LM] KT[LM]

EdexTuBHICTF KOMIUIEKCYBaHHA aJalTHBHOI OOpPOOKH MPOCTOPOBO-
yacoBux curHaiiB i Texaojorii DS-CDMA miaTBepIKyeTbesl pe3yibraramMmu
IMiTalliiHOro MozIeIOBaHHs. IMiTyBaMCs BUX1IHI MOCHIIOBHOCTI S, 1 S, 1
pesynsrat 3roptku B RAKE-mpuiimaui él , éz xkomoBanux Z,, Z, i
OMOpHUX mociigoBHOCTEeH («kitouiB») @1, @,. [Ipu 1boMy KomoBaHi 3a
texHojorietro DS-CDMA nociiioBHOCTI BiAMOBINat0Th Buxoay AAP.

Po3mip apantuBHoi AAP nopisaroe N =10. Ha Bxonu AAP ogHOouacHo
BILIMBAIOTH TP LIYMOBI 3aBajM 3 HanpsMKiB ¢, = -15°% ¢, =8°% ¢, =15°
i KOPHCHI CHTHAJIM BijT 1BOX MOOUIBHUX 00 €kTiB (M = 2), siki po3ramioBani
Ha onHOMY HanpsMKy (s = 0°. EHeprernuHe nepeBUIIEHHs KOXKHOI i3 3aBajl
HaJ BHYTpimHiM mymom cknamae @, =3005; 0,=2005; ¢, =3005.

Enepris curnanisB nepesuilye BHyTpimHii mymMm AAP Ha Benmnumny s = 10
ob.
Pesynpraté  MopmedroBaHHS —JIEMOHCTPYIOTH  CTiKe  PO3IUICHHS

CUTHAIIIB él 1 éz, HE3BaYKAI0OYM HA BIJICYTHICTh YAaCTOTHHX, YaCOBHX 1

MPOCTOPOBHUX BIMIHHOCTEH MK HHMH, a TaKOXX HASBHICTh ITyMOBHX
3aBajl y KaHallax 3B’ SI3KYy.
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Pesynbraru qociimKeHHs MiATBEPAKYIOTh e()eKTHBHICTh KOMILIEKCYBaHHSI
00po0OKM TIPOCTOPOBO-YacOBUX curHamiB Ta TexHomorii DS-CDMA B
cHCTeMax KepyBaHHS Tpyror Oe3mimoTHux (Oe3ekinmakHux) 3acobiB B
YMOBaX PaiONpOTH/II] 32 BiICYyTHOCTI YaCTOTHUX, YAaCOBHX Ta MPOCTOPOBHX
BiIMIHHOCTEH MapaMeTpiB X CUTHAJIIB.

3 aHamizy pe3y/ibTaTiB MOJCIIOBAHHS BUTIKAaE, 1110, y TOPIBHSHHI 3
TPaJUIIIHHUM KOJIOBUM PO3JIICHHSIM CHTHAIIB 3a TexHojorieto DS-CDMA,
KOMIUICKCYBaHHSI METOMIB OOpoOKM cHrHaliB 3a cxemor «AAP + DS-
CDMA» n03BOJIsIE CYTTEBO MiABHIIUTH MPOMYCKHY 3[JaTHICTh CHCTEMHU
kepyBaHHs b3 B ymoBax pamiomporunii. Lls oOcraBuHa Mae BUKIIOYHE
3HAYEHHs JJIsl OpraHizaiii OJHOYACHOTO KepyBaHHS TPYNOI0 HE3aJeKHUX
b3 B HeneTepMiHOBaHIN CHTHAIBHO-3aBaI0BIH cuTyarlii. OTprMaHi pe3yasTaTi
BKa3ylOTb Ha KOPHCTh KOMIUICKCYBAaHHS aJalTHBHOI IPOCTOPOBO-4acOBOI
00poOku curHaniB 1 TexHonorii komoBoro posaiieHHss DS-CDMA mpu
opraHizauii pagiokepyBaHHs O€3MUJIOTHUMH TPAHCIOPTHUMU Tu1aTGopMamu B
YMOBax pagionpOTH/I.
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OCOBJUBOCTI MIK ETAITHOT'O CUTYAIIIHHOI'O
YHPABJIIHHSI HASEMHUM KOMIIVIEKCOM
PAJIOEJIEKTPOHHOI'O ITIPUAYIIEHHSA MAJIUX BIIJIA

B cucrtemi aBromarn3oBaHoro ympariiHas komiuiekcom PEIT [1-4] wa
Horo eranax (pyHKI[IOHYBaHHS IPUIMAEThCS BEJIMKA KUTBKICTh PI3HOMAHITHHX
PpillICHb CTOCOBHO BHYTPIIIHBO Ta MK €TallHOTO CUTYAIIHHOTO YIPaBIiHHS.
Bonn pizHATECS 32 3MiCTOM, TepMiHaMH Jii Ta pO3pOOJICHHSM, CIIPSIMOBaHICTIO
BIUTUBY, iH(OPMAITIIHOIO 320€3MeYeHICTI0, BAKOPHCTAHHSIM PECypciB, piBHEM
OPUAHSTTS pillleHb TOmO. Y 3B’S3KYy 3 IMM, BUHUKAE HeoOXigHa moTpeda B
VIOPSAKYBaHHI pillleHb MK €TalHOTO CHUTYallifHOTO YMpaBIiHHA ISt
TIBUIIIEHHI KEPOBAHOCTI Ta Pe3yABTaTUBHOCTI HazeMHOTo Komiuiekcy PEIL
npu npotuii MamuM (terkuMm) BITJIA mpu 3axucTi BaximBoro iHgpa-
CTPYKTYpHOTO OO'€KTy [Jisi CLeHapiiB KepoBaHOTO Ta aBTOHOMHOTO
nonboTiB BITJIA B ymoBax aediuunTy yacy npoTHi .

Mera mOmOBiNi: TOKa3aTH CTPYKTYPY Ta OCOOIWBOCTI MapaieiabHO-
MOCITITOBHOTO TIOOYJIOBH aJTOPUTMY IHKIy MiXK €TaIHOTO CUTYaIliifHOTO
yrnpaBniHHs (QyHKIIOHYBaHHSIM HazeMHOro komiutekcy PEII 3anexHo Bix
TTX BILUIA i TakTWKH HOTO 3aCTOCYBaHHS Ta Pi3HUX HWXKYE 3a3HAYEHUX
(hakTOpiB BIUIHBY.

Mertonvka MOCHTIPKEHHS Y MIHJIMBIH 0OCTAHOBII CKIAIAETHCS 3 iHPOpMa-
[IIfHOTO OMHCY CIPOIIEHOT JBOCTOPOHHBOI JMHAMIYHOI MOJeNi KOH-

(himiKTHOT B3a€MOJII CKIIAAOBUX YaCTWH 0araToQyHKIIOHAIEHUX CTPYKTYP
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HazemHoro komiuiekcy PEIT ta manoro (nerxkoro) BIUIA. Lls monens
BPaxXOBY€ MOTCHIIINHO MOXIIMBY 3a3/1aJIeTi/ib OpraHi3allito IiJIeCIPIMOBAHUX
etamniB (QyHKIIOHYBaHHS Takoro komruiekcy PEII, #oro nukmiB BHyTPIilIHBO
€TarHOTO CHUTYAIlIfHOTO YIpPaBIiHHSA 3aco0aMu  PO3BIAKH, (QI3UIHOTO
CUTHAJIFHOTO Ta MPUXOBAHOTO iH()OPMAIITHOTO MPHUIYIIEHHS CTPYKTYPHUX
enemeHTiB BIIJIA, a Takoxx koopauHaIii — BUKOHAHHS YMOB Y3TOIIKEHOCTI,
IHTETparii Ta KOHTPOITIO MPOIECIB Ta PE3YNIBTATIB TX B3a€EMOIii B IIUKIT MiXK
€TaIHOTO CHUTYAIlIHHOTO YIIPaBIiHHS.

Pesynmeraty  gocnmipkeHHS TONSATAlOTh Y HacTynmHoMmy. Hamano iH(Op-
MamiiiHi  OMMCH JUHAMIYHOTO CTaHy KOH(QJIIKTHOI CHTyamii, WO €
y3arajJbHEHUM OO0'€KTOM YTIPaBIiHHSA B JMHAMIIl KOH(IIKTY Ha OCHOBHHX
eranax ¢yHkmioHyBaHHs komiuiekcy PEIL. Ommcn crany MicTsaTh 3a
norpeboro ioro eramiB (yHKI[IOHYBaHHS BXiJHI 1 BHXIJHI CKJIaJO0BI
KOH(ITIKTHOI cuTyarii y pi3Hi MOMEHTY Yacy Ha iHTepBasli POOITHOTO HYacy
KOMIIJIEKCY, SIK MPOTHCTOSHHS KPUTHYHO Ba)KJIMBOTO NEPETIKY MOKAa3HUKIB
y3araJbHEHNX TaKTHKO -TeXHIYHMX XapaktepucTtuk BIIJIA Ta xommiekcy.
Hagegeno ans cuenapiiB xepoBaHOro ab0 aBTOHOMHOTO monbOTiB BITJIA
TIEpeiki MOXKJIMBUX €TalliB MapalieTbHO-TIOCTIIOBHOTO (DYHKI[IOHYBaHHS
xomrmiekcy PEIL, 1o 3a3manerins opieHTOBaHI Ha CKOOPMHOBAHE AOCATHEHHS
T'onoBHOT MeTH ympaBiiHHS — HEHTpaizamito iX 3arpo3 00’ €KTy 3aXHCTYy.
BunineHo Kpoku anropuTMy IIUKITY MiXK €TaIHOTO CUTYAIliifHO yTpaBITiHHS,
AKi, KpiM 3a0e3neueHHs ONTUMI3aIlil po3B'sA3aHHS 3aBJaHb [IOTOYHOTO ETaITy
npu OOMEXEHHI BUTpAaT pecypciB, 3MIMCHIOIOTh yMOBH Y3TOIKEHHS,
IHTETpaIio Ta KOHTPOIb Pe3yNbTaTiB KepyBaHHS IMpPH 3MiHI €TaliB, MI00
OTpUMATH Pe3yIIbTaTUBHICTh, O€3MepepBHICT, KEepPyBaHHS Ta 3aKiHYEHHS
UKy ynpaBmiHHSA. OcoOaMBOCTI TOOYIOBH alrOPUTMY KpPHUIOTHCS Y

CHiJILHOMY BUKOPHCTaHHI Ha iHTepBaJli pOOITHOrO Yacy KOMIUIEKCY 3ac00iB
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PO3BiKH Ta 3aC00iB MPHUIYIICHHS, HAPOILyBaHHs 3yCHIIb 32 3MiHH €TalliB y
Mipy HaKONHMYEHHS Ta HAIXOMXEHHS pPO3BilyBajbHOI iHpOpMaIii s
KEpyBaHHS, a TAKOXK y TEXHOJOTIYHHX OCOOJMMBOCTSIX Horo peasnizarii, 1o
MOB'sI3aHi 13 HEOOXiHICTIO 3aCTOCYBaHHS 3aCO0IB MITYYHOTO 1HTEIEKTY

EdexTuBHICTE anropuTMy, MmO PpO3IIATAETHCSA, XapaKTEPH3yETHCS
MEBHUM TIPUPOCTOM pe3yiabratuBHOCTI Komriuiekcy PEIl — momimmeHHSIM
noka3HuKiB npuayiieHas bIJIA 3a Oinbmn kopoTkwii 9ac QyHKITIOHYBaHHS
1 Ha OLTBIIIH BiZICTaHi BiI 00’ €KTy 3aXMCTy TIpH 3a0€3TeUeHH] Oe3epepBHOCTI
YIIPaBITiHHS 3aC00aMH PO3BIJIKH 1 CIIPSIMOBAHOTO 32 HAIPSMKOM MTPHUAYIICHHS
KOMOIHAIISIMH Pi3HMX BHJIB 3aBaJ] 3 HapOCTAIOYMM MAacKyro4uMm abo/ta
imiTytounm edekramu BIuuBy [4,5] .

Hageneno oomexenHs, BracTiBi HazeMHOMY Komrutekcy PELL, po3yminas
SKUX BIJKpHMBA€ IUIIX 10 iX MojmonaHHs. Hampukimam, BKITIOYEHHS 70 HOTO
CKJIaIy TIPUB'S3HOTO aepoCTary Beie /0 JOCSATHEHHS NOTEHIIHHOI pe3yiib-
TaTUBHOCTI mpoTuAii pizHuM Tunam Manux BILJIA 3a paxyHOK cyTTeBOTO
po3mMpeHHs  (YHKIIOHATGHUX MOXIJIMBOCTEH KOMIDIEKCY, 301IbIIEHHS
Horo iHTepBady pOOITHOTO dacy, MOSBI HOBHUX OO'€KTIB PpO3BIIKH Ta
NpUIYINIEeHHS B HOBHX YMOBAaxX NPOTHIIl, /1€ BHKOPHCTOBYETHCS BCS
CTPYKTypa Mayoi Oe3IiJOTHOI CHCTeMH, fKa paHime Oyra HemxoCTyIHa

HazeMHoMy komiuiekcy PEIL

[1] Generation of Counter UAS Systems to Defeat of Low Slow and
Small (LSS) Air Threats. https://apps.dtic.mil/sti/pdfs/AD1152139.pdf

[2] TeBio I'B., Osenyk M.M. AHali3 CIPOMOXXHOCTEH OINISIOBHX
PJIC PTB mono BusiBJI€HHS, CYPOBOMKEHHS Ta iMeHTH]IKaIii 0e3MmiIoTHIX

mitanbHUX anapariB. Cucmemu 030poenns i siticokosa mexuika. 2021.
Ne 3(67). C. 24-30. https://doi.org/10.30748/s0ivt.2021.67.03
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B.M. Kannenan // Pagiorexnika : Bceykp. MikBia. Hayk.-TexH. 30. 2024.
Bum. 219. C. 68 — 81. DOI:10.30837/rt.2024.4.219.08

[5] B.M, Kannenan, A.A. Moruiaa. OcoOIUBOCTI yIPaBIIiHHS 3aBajIo
3axumieHicTio onsinoBoi PJIC npw ii npuayIneHHi akTHBHUMH 3aBaJlaMU Ta
iHhpopMaIiiHiMu  BruTMBaMH, 1m0 3aBaxarote. /[ ISSN  0485-8972
Pamiorexuika. 2021. Bun. 207, — C. 89-101.
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EVALUATION OF THE RELIABILITY OF BIOMETRIC
FINGERPRINT IDENTIFICATION

Introduction. The use of fingerprints in biometric identification
remains one of the most relevant and widespread authentication methods
due to the uniqueness and stability of papillary patterns throughout a
person's lifetime. This method is actively employed in access control
systems, mobile devices, banking operations, and government registries.
Fingerprints offer a high level of accuracy and efficiency, making them
well-suited for large-scale applications [1]. Furthermore, modern
fingerprint recognition technologies enable high-speed data processing
even in systems with a large number of users [2]. A well-established
method for recognizing partial fingerprints, based on localized secondary
features derived from the relative information of minutiae, enables high
accuracy even when dealing with incomplete or low-quality images [3].

The aim of this study is to improve the accuracy and reliability of
fingerprint-based biometric identification systems by examining the impact
of decision threshold values on error rates.

The specific objectives of the study are as follows:

1. To analyze current fingerprint identification methods and the stages
of fingerprint image processing.
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2. To implement an algorithm for image preprocessing, feature
(minutiae) extraction, and data storage in numerical format.

3. To develop a fingerprint matching procedure based on similarity
assessment and threshold determination.

4. To conduct an experimental investigation of the dependence of False
Acceptance Rate (FAR) and False Rejection Rate (FRR) on the selected
threshold.

5. To determine the optimal threshold value that ensures a balance
between system accuracy and user convenience.

Research Methodology. This study implements a complete fingerprint
image processing cycle, including preprocessing, minutiae extraction,
template matching, and accuracy evaluation. A dataset of 72 images was
used, and all processing was performed in the MATLAB environment.
Special attention was given to the selection of the decision threshold, as it
significantly affects the balance between FAR and FRR errors. These errors
may result from poor fingerprint quality, hardware limitations, or human
factors [4].

In practice, the optimal threshold is often determined empirically or
through analysis of the receiver operating characteristic curve, which
provides a visual representation of the trade-off between FAR and FRR [2].
The analysis demonstrated that a threshold set too low increases the
likelihood of unauthorized access, whereas an excessively high threshold
leads to a greater number of false rejections. An optimal threshold ensures a
balance between security and usability, as confirmed by the observed
relationship between FAR and FRR.

Main Results. Fingerprint image processing is a sequential procedure
that begins with image acquisition using a sensor (optical, capacitive, or
ultrasonic), which captures a grayscale image with visible papillary ridges
(Image 1a).
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For fingerprint image preprocessing, the MATLAB software was used.
Initially, noise is removed from the image, brightness is normalized,
contrast is enhanced, and the image is binarized (Image 1b). During the
enhancement stage, specialized filters such as Gabor filters are applied to
emphasize ridge contours, thereby facilitating subsequent analysis.

The next step is thinning, which reduces thick ridges to a single pixel in
width — an essential process for the accurate analysis of the ridge structure
(Image 1c).

Following this, feature extraction is performed, most commonly
involving minutiae such as ridge endings and bifurcations. To locate these
points, a crossing number method is used for each black pixel (value 1) in
the image. The algorithm evaluates its eight neighboring pixels (in a 3x3
window) and counts the number of transitions from white (0) to black (1)
as the neighborhood is scanned in a circular manner.

The minutiae information, including the coordinates and the orientation
of the ridge or bifurcation approaching each minutia, is represented as a
numerical data array and can be stored in a text format (Figure 1d).

Date: 2020-11-05
-~ Number of Terminations: 81
.. Number of Bifurcations:

Y Angle
65 77.00
78 49.00
133 83.00
85 18.00
151 89.00
94 175.00

d)

Figure 1. Stages of fingerprint image processing
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After feature extraction, the program initiates the matching stage, in
which the new fingerprint is compared with all templates stored in the
database. For each pair, a similarity score is calculated: the minutiae
structures are aligned, and the number of matching points is determined
based on their spatial positions and orientations. A final matching score is
then computed based on this comparison.

This score is compared with a predefined threshold. If the score exceeds
the threshold, the system recognizes a match and returns the user identifier.
If the score is below the threshold, the program reports that no matching
fingerprint was found.

The total number of fingerprint images used in the study was 72. As a
result of repeated comparisons, a graph showing the relationship between
the error rates and the threshold value was obtained (Figure 2). The higher
the matching score, the greater the similarity between the two fingerprint
images.

0.8
v 06
©
g \ —— FAR
o044 FRR
0.2

0.2 0.3 04 0.5 0.6 0.7
Treshold

Figure 2. Dependence of FAR and FRR errors on the threshold
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As shown in Figure 2, at the intersection point of the two curves, when
the threshold is 0.4, the values of FAR and FRR are approximately equal
to 0.015. Systems requiring high security, such as access control in military
or financial institutions, prioritize a low FAR, while applications focused
on user convenience, like smartphone unlocking, favor a low FRR.

Conclusions. The study has determined that the threshold value has a
significant impact on the accuracy of fingerprint identification. An optimal
balance between FAR and FRR is achieved at a threshold value of 0.4. The
results can be used to improve the reliability of biometric systems.

[1] Jain, A. K., Bolle, R., & Pankanti, S. (Eds.). (2006). Biometrics:
Personal Identification in Networked Society. Springer-Verlag. DOI:
https://doi.org/10.1007/b117227.

[2] Maltoni, D., Maio, D., Cappelli, R., & Wayman, J. L. (2003).
Handbook of Fingerprint  Recognition.  Springer-Verlag. DOI:
https://doi.org/10.1007/b97303.

[3] Bansal, R., Sehgal, P., & Bedi, P. (2011). Minutiae Extraction from
Fingerprint Images - a Review. arXiv. DOl:
https://doi.org/10.48550/arXiv.1201.1422.

[4] Ulery, B. T., Hicklin, R. A., & Roberts, M. A. (2011). The accuracy
and reliability of fingerprint analysis: A comprehensive evaluation.
Proceedings of the National Academy of Sciences, 108(12), 5085-5090.
DOI: 10.1073/pnas.1018707108.
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MPUCTPIN JJIs1 TEPEBIPKA ASUMYTAJIBHOTI'O KAHAJTY
PAJIOTEXHIYHOI CUCTEMM BJINKHBOI HABITAIIIT
MOBITPSIHUX CYJEH IIUBLJIbHOI ABIALIII

Posmsimarotbess  MpOMO3MII MO0 — MEPCIEKTUBHOTO — PO3BUTKY — Ta
3aCTOCYBaHHS KOHTPOJBHO—TIEPEBIPOYHOI anaparypH, sika MpU3HauYeHa JUis
KOHTPOJIO TEXHIYHUX MapaMeTpiB OJIOKIB aBiaIlifHOrO pafioerIeKTPOHHOTO
obnagranus (APEO) nositpsiaux cyaen (I1C) nuBineHOI aBiarii (IIA) 3
METOIO ITiJIBUIIICHHS CBOEYACHOCTI BUsiBIeHHS BiMOB APEQO, ckopoucHHS
yacy Ha nomyk BimMoB APEOQ, 30unbmienns kiabkocti 0mokiB APEQO, siki
Mi/UIATal0Th KOHTPOJIO, 3MEHIIeHHI JIOACHKUAX 3arpar, IiJBHUIIEHHI
TOYHOCTI W JIOCTOBIPHOCTI pe3ynbprariB KoHTpomto OmokiB APEO, ske
MIEPEBIPSETHCSI B PE3YJIbTaTi IMPOBEJACHHS PEIIAMEHTHUX Ta PEMOHTHUX
po0it Ha APEO I1C nugineHOTI aBiariii.

Huni nipu 36inbmeHHi moTpedu nepeBe3eHHs MacaXHupiB 1 BAaHTaXIB Ha
PI3HMX KOHTHHEHTaX HAIIoOl TUIAHETH aBialliiHUM TPaHCIOPTOM, TOCTPO
3poctae norpeda posmupenHs napky [1C macaxupcbkoi 1 TpaHCHOPTHOT
IHA Ta me rocrpiiie BUHUKAE TpolieMa oOciyroByBaHHs ta peMoHTy [1C
HA. Ilpobnema momsirae meprn 3a Bce y 30UTBIIEHHI BUMOT A0 Oe3meKku
aBlallifHNX TIepeBe3eHh HE3AJICXKHO B BIACTaHI MDK ITyHKTAaMH TPU3HA-
YEeHHS, 1X PO3MIIICHHS Ha 3€MHIii MOBEPXHI, METEOPOJIOTIYHMX YMOB, a
TAKOXK y KIJIBKOCTI 1 CBOEYACHOCTI IEpeBE3eHb MACaXKHUPIB 1 BaHTaXIB,
3MEeHIIeHH KiabKocTi wieHiB exinaxy [1C IA. B Hacminok 1ip0ro BUHUKaE
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notpeba y minBumieHHi (yHKUiHd mpu aBromaruuHid po6oti APEO, mio
Bignosinae 30inbmeHHl0 APEO cBoiX (yHKIIOHAILHUX 3a37a4 1, TUM
camuM, KibKocTi dyHKmioHaMbHUX By31iB APEQO. Tomy, cBiTOBI (priarmanm
— Bupoouuku APEO TIC 1A, Taki, sk Aireon [1], mocriitHo BexyTh poOOTH
IIOZI0 PO3BHUTKY TEXHOJOTIH TMPOSKTyBaHHS Ta BHUPOOHHIITBA Cy4acHOI
enektponHoi 6asu APEO. Ilpu poskpuBaHHI 1ux (akTopiB, BHHHKAE
3amaqa oOCIYyrOBYBaHHS Ta PEeMOHTY cydacHWX OnokiB APEO mmsxom
PO3BUTKY Cy4YacHOI KOHTPOJIHO—TIEPEBIPOYHOI amapatypy CIIeialbHOTO
(s mepeBipku TakTHUHHX xapaktepucTHk APEO, Takux sk a3umyT,
JalbHICTh, Kypc 1 T.JI.) Ta YHIBEPCAJILHOTO MPU3HAYCHHS IS TEPEBIPKU
TEXHIYHUX XapaKTepUcTUK (ocimiorpadu, MyIbTUMETPH, YaCTOTOMIpH Ta
iHIIe).

Y JomoBimi pO3TIANAETHCA TPHUHIWI PO3POOKH Ta 3aCTOCYBaHHS
MPUCTPOIO LTS MEPEBIPKH a3UMYTaIBHOTO KaHATY PaJiOTEXHIYHOI CHCTEMU
ommwkuboi Hasiramii (PCBH) TIC IIA 3 3acTocyBaHHSM MEPCOHATBHUX
komt torepiB (ITK), mikpokoHTpoaepaux miardopm tumy Arduino, USB —
rereparopiB Ta pamiomomyrmiB (puc. 1) [2]. 3a momomororo TTK mo mikpo-
KOHTpOJIEpa 3allMCYEThCSl TpOrpaMa 3 pajiOHaBIrallifiHUMK MapamMeTpaMu
ymoBHoro monboty [IC 3a ymOBHUM a00 peanbHHUM —MapIIpyTOM.
MikpokoHTposiep ¢GopMye HHU3BKOYACTOTHI BiJICOIMIYIBCHI CHTHAIU
ammutitynoro Unl, TpuBamicTio iMIynecy tsr = 6 MKC Ta miepiogoM Tupr =
58mkc (puc. 2), aHanoriydi TuM, ki popmye HazemHuil pagiomask PCBH-
H tuny VOR, TACAN [3] i Bunae ix na USB — reneparop, sikuii y cBOIO
Yepry MepeTBOPIOE iX y HU3BKOUACTOTHI PaAioiMITYIIbCHI mociigoBHOCTI Umn2
(puc. 2), 3 nepionom Ty = 58 MKC Ta TPUBAIICTIO IMITYJIbCY Tor = 6 MKC, sIKi
3aKiIajieHi y TporpaMi MIKpOKOHTposiepa. B pamiomomyni Iii  cHUTHaJIU
MIEPETBOPIOIOTECS Y BUCOKOUACTOTHI PaIioiMITyiTbCHI mocmigoBHoCTI Umg, (pHc.
2) 3 tuM ke nepionoM Tupr = Tugr Ta TPUBAIICTIO IMITYJIBCY Toi = Tpr. Y
pamiomonyrmi curHamu Um3 migcwmorotees, 10 piBast Umd (puc. 2), i
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BUIIPOMIHIOIOTECSI 32 JIOTIOMOTOI0 aHTEHH 1 MOTIM MpPUIMAlOThCS AHTEHOIO
6oprosoi PCBH TIC.

[IK

» ARDUINO

"| reneparop

USB-

[lepenapanbHa
AHTEHA

»PaiomMozyIb
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Pucynok 2. Enropu curnanis mikpokoHnTponepa Unl, USB — rerepatopa Um2 Ta

pamiomoayist Un3, Und
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IIporpama wmikpokontposiepa Ty ARDUINO pospoOisiiacs Ha MOBI
nporpamyBanHs "C" Ta 3a momomoror IIK 3aBaHTaxkyBamacsa [0
MikpokoHTpoJiepa [4]. ¥V ckeTui onucaHi nmapamMeTpu MiAKIOYSHHS OJJHOTO
3 1mudpoBux BuxomiB o USB — reHepaTopa 3a JIOMOMOTOIN KOMAaHIH
"pinMode(13, OUTPUT)", ne 13 ue migkmrouenuit Buxia. [Mapamerpu Trsi
Ta Tpr OMUCYIOTH (popMyBaHHS (PPOHTIB 1 3pi3iB, TPHUBANICTH IMIYJIBCIB i
YacOBHM IHTEpBaJl MDK HHMH BIANIOBITHO 3a JOMOMOIOI0 KOMaHI!
digitalWrite(13, HIGH); digitalWrite(13, LOW); delay(0,006); delay(0,0018).
Komanma "HIGH" nepeBomauth mudposuid Buxin 13 y cran soriudoi 1"
Komanma "LOW" nepeBoants nudposwmii Buxin 13 y cran moriudoro "0".
Komanmga " delay(0,006)" dopmye TpuBamicts immyascy 6 mxe. Komamma
delay(0,0018) dbopmye gacoBuii inTepBan Mixk immyabcamu 18 mxc. Tlepion
Tus1 popmyernest komarmamu delay(0,006) + delay(0,0018).

OTxe, el NpUCTpili CTBOPEHO AJIS 3aMiHM ICHYIOUMX MPUCTPOIB THITY
IMKCO-69, TICO4-3151 [5], mo 3MeHIIHTh KiTbKICTh MOMHJIOK IPU
BHUMIpIOBaHHI pPajlioHaBIrallilHUX MapaMmeTpiB, MiABUIIMTH TOYHICTH 1
JIOCTOBIPHICTh PE3YNbTaTiB MEPEBIpKU. 3a TOMOMOTO PO3pOOIEHOTO
OPUCTPOI0  BUKOHYEThCs  imitamiss monboty [IC, mnpu  sikomy
3ailicHIOEThCA TiepeBipka OmokiB 6oprooi PCBH y moBHOMY 00cs3i. Le
JTIO3BOJISIE HE BUKOHYBATH KOHTpoJbHMIA TomiT [1C micas pernmaMeHTHHX i
PEeMOHTHHX POOIT 3aco0iB pajlioHaBiraiii i, 0TKe, CyTTEBO €KOHOMUTHU
Ha aBiaiifHAX MMaJMBO-MACTWIIPHUX MaTepiajiaX, Ha3eMHOMY 3a0e3TeueHH]
pamio3B’s3KOM, IITYPMaHCHKOMY, IHXXKEHEpHO-aBiallifHOMy, panioHaBira-
[IHHOMY Ta METEOPOJIOTIYHOMY 3a0e3IeUeHHI, Ha IMiJIrOTOBII 10 MOJbOTY
PYJAUKHUX JOPIXKOK 1 3IMITHO-TTOCAJKOBOI CMYTH IUISXOM KOHTPOIJIO Ha

BIJICYTHICTh BUOOIH, TPILIIMH, HASBHICTh CTOPOHHIX mpeamMeTiB [6], doro
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HEMOXJIMBO YHHKHYTH OpH eKkciulyaTtanii npunagiB tumy ITKCO-69,
TIC0O4-315U Ta im noaiOHuX.

[1] Aireon: URL.: https://en.wikipedia.org/wiki/Aireon (1ara 3BepHeHHS:
10.11.2018).

[2] 1O. B. CeBocthsiHoB, M. P. ApacnanoB, "A3uMyTajbHUI KaHa
OPUCTPOI0 IS TEpeBipKH OOPTOBHX paJiOHABIralliiHUX CHCTEM 3
nepenporpamyBanbhuM  ARDUINQO". TlareHT Ha KOpHCHY MOJIeNb
Ne 125038, Kait. 2018.

[3] Very high frequency Omni directional radio Range: URL:
https://www.avsim.su/wiki/VOR (nara 3Bepuaenns: 25.05.2017).

[4] Programming Arduino: URL: https://coollib.cc/b/369142-saymon-
monk-programmiruem-arduino/read (nara 3Bepuenns: 12.03.2018).

[5] Au-24, Au-26, Au-30. TY 10 BBIOJIHEHHUIO PEMIAMEHTHBIX PaboT.
Beimyck 19, wacte 2 (ITepmommueckoe TO): URL: https://an-26.com/TU-
24/18-19/TU-19-2.pdf. (nara 3Bepuenns: 02.04.2019).

[6] TTpo 3arBepmxenns IIpaBui iHXKEHEPHO-aBiallifHOTO 3a0e3MeUeHHS

nepkaBHOi aBiamii Ykpainu. MiHictepctBo OGoporn Yikpainum. Hakaz Ne
343 Bix 05.07.2016: URL: https://zakon.rada.gov.ua/laws/show/z1101-
16#Text (nara 3Bepuenns: 22.03.2017).
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SIMULATION OF AN AUTOMATIC CONTROL SYSTEM
WITHAPID CONTROLLER: ACASE STUDY OF AN INVERTED
PENDULUM

Introduction

The design of self-balancing robots based on the inverted pendulum
plays a crucial role in robotics, autonomous navigation, and control theory
education. These inherently unstable systems serve as benchmarks for
stabilization techniques, with PID controllers widely used for their
simplicity and effectiveness. These systems integrate theoretical knowledge
with practical skills in electronics, modeling, and programming. In [1], a
two-wheeled robot with a PID controller demonstrates effective stabilization.
Study [2] emphasizes kinematic modeling for robotic systems, while [3]
explores model-based and data-driven approaches, highlighting the
relevance of this research in contemporary science.

The aim of this study is to develop, model, and construct a self-
balancing mobile robot based on the inverted pendulum principle.

The study aims to develop a mathematical model of the self-balancing
robot in Scilab, implement a hardware platform based on a microcontroller
that utilizes an inertial measurement unit and a wheel drive system,
implement a PID-based control system to maintain stable equilibrium, and
analyze the system’s performance under varying PID coefficients to assess
their impact on stability and balancing accuracy.
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Research Methodology

This study uses mathematical modeling of inverted pendulum dynamics
in Scilab, experiments with the MPUG6050 inertial sensor for position
measurement, PID  controller implementation on the ESP32
microcontroller, empirical tuning of PID coefficients through controlled
experiments, and comparative analysis of test results to assess stability and
balancing accuracy.

Key Results

The inverted pendulum is an inherently unstable and nonlinear system that
requires an active controller to maintain its center of mass above the pivot
point, i.e., to preserve equilibrium. A common approach to implementing the
inverted pendulum is to mount the pivot point on a cart that is able to move
horizontally.

By applying a free-body diagram and summing the forces, two equations
are derived to describe the system's behavior — one for the pendulum's position
and one for the cart's position relative to the applied force.

The transfer function G(s) of the output, i.e., the pendulum position @(s)
with respect to the driving force F, is given by:

mig
6(s) = 26) - q rad)
F(5) g3 BU+mB) ,_ (M+mymgl _bmgl| N |
q q q

where g = (M + m)(I + ml?) — (ml)? .
The transfer function G(s), representing the output — i.e., the pendulum
position ®(s) with respect to the driving force F — is given by:

[ +ml? <2 — aml
H(s) = 26) _ q I oy
F(s) o4y b(I +ml2)s3 (M +m)mgl$2 _ bmgls NT
q q q
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where M is the mass of the cart, m is the mass of the pendulum, b is the
cart’s friction coefficient, | is the distance to the pendulum’s center of mass,
| is the pendulum’s moment of inertia, F is the force applied to the cart, ¢ is
the angular position of the pendulum, and x is the position of the cart.

The mathematical modeling of the inverted pendulum dynamics was
carried out in the Scilab environment (Figure 1). The result of the
simulation of the impulse response of the pendulum without the action of
the PID controller is shown in Figure 2a.

The inverted pendulum with a PID controller was implemented on an
ESP32 microcontroller, with the code written in Arduino IDE. The control
system software consists of a simple loop.

<)

Random
generator

s-al
bY g+ (¢)a2—sal— a4
e

Figure 1. Block diagram of the inverted pendulum with a PID controller

Sensor values are read, stored, scaled, and filtered for reliable data. The
error between input values and the setpoint is calculated and processed by
the PID controller to generate a control signal. The motor speed and
direction are adjusted, causing the robot to compensate for the error and
maintain balance.
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Figure 2. Pendulum in free fall without PID control: a — simulation; b —
measurement

Figure 2b shows the results of the physical modeling of the impulse
response of the inverted pendulum without the action of the PID controller.
The system is unstable in the absence of control: an input with limited
energy produces an output of unbounded magnitude.

Figure 3 presents results illustrating the effect of the PID controller
coefficients on the system’s transient responses in the time domain

When all three components of the PID controller are used, the system
becomes stable, as evidenced by its response to a short-duration impulse.

A study was also conducted on the influence of mass distribution in the
object to be stabilized.

a) b)
Figure 3. Time-domain impulse response with PID controller:
a— Kp=60, K\=0, Kp=0; b- Kp=60, K=20, Kp=4
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It was found that the mass distribution affects the quality of the transient
response. This finding was taken into account during the design of the
experimental prototype. In particular, the battery compartment, which is the
heaviest of the components used, was elevated to the second tier.

Conclusions

The study developed a mathematical model of the inverted pendulum
system and implemented it using a PID controller on an ESP32
microcontroller. The experiments investigated the effect of PID parameters
on stability and balancing performance. Results confirm the PID
controller's effectiveness in stabilizing inherently unstable nonlinear
systems in real time. The system can serve as an educational example for
modeling, programming, and designing automatic control systems.

[1] A. Das, M.M. Rahman, A.R. Adib, M.R. Anam, “Object avoiding
self-balancing robot with PID-controller using ultrasonic sensor”,
Proceedings of the International Conference on Mechanical Engineering
and Renewable Energy 2021 12 - 14 December 2021, Chattogram,
Bangladesh, Pages 1-7.
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2023, Pages 1-8, DOI:10.33552/0JRAT.2023.01.000523.

[3] A. Abdelgawad, T. Shohdy, A. Nada, “Model- and Data-Based
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LabVIEW and Arduino” IFAC-PapersOnLine, Volume 58, Issue 9, 2024,
Pages 217-222, DOI: https://doi.org/10.1016/j.ifacol.2024.07.399.
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PO3POBKA HABITAIIIMHUX CUCTEM JIJISI BE3INLJIOTHUX
JITAJIBHUAX AITAPATIB HA OCHOBI TEXHOJIOT'TA
TEXHIYHOI'O 30PY

VY cydacHux ymoBax Oe3minotHi mitaneHi amaparu (BITJIA) aktuBHO
BUKOPUCTOBYIOTHCS B CEPEIOBUINAX, JIe TPAIUIliHI HaBiraiiiiHi MeTOmH,
3okpeMa GPS, HenocTynHi ab0 HecTabLbHI. [le akTyanbHO JUTsS MOIBOTIB Y
MPUMIIIEHHX, TyHENIX, JlicaX Yd MiJ3eMHHUX CIOpylIax. 3 OnsIIy Ha Ie,
BUHUKA€e TOTpeda y CTBOPCHHI aBTOHOMHHUX HAaBIral[iiHUX CHUCTEM, IO
JIO3BOJISIFOTh BU3HAYATH MOJIOKEHHS Ta MBUAKICT, BIIJIA 0e3 30BHIIIHIX
curHaiiB. OMHAM i3 IEPCIIEKTUBHUX HAIIPSMIB € 3aCTOCYBaHHS TEXHOJOTIH
TEXHIYHOTO 30pYy — aHajizy 300pakeHb, OTPUMAHHX i3 KaMmep, BCTaHOB-
JICHUX Ha OOPTYy JpoHa

Texuiunuii 3ip no3eossie BITJIA crnpuiiMaTH HaBKOJMIIHE CEPEIOBHUIIEC
yepe3 00poOKy BigeonoToky. OCHOBHI 3aBIaHHS:

®  BH3HAYCHHS KOOPAMHAT 3a JIOTIOMOTOIO0 PETIEPHUX MapKepiB;
®  PO3paxyHOK NEePEMIIIEHHS 32 ONTHYHUM IIOTOKOM;
e 00yaoBa JIOKAJbHUX KapT 1 Opi€HTAllisl Yy IPOCTOP.

i meTtomu 3a0e3MeuyOTh BUCOKY aBTOHOMHICTB, OCKUTEKH TOTPEOYIOTh
JIUIIIEe KaMEPHU Ta aJITOPUTMIB 00pOOKH 300paKEHb.

st 06poOkH 300pakeHb BUKOPUCTOBYETHCSI MOJICIh KaMepU-00CKYpa.
Bona omucyerbcs BHyTpilmHIME ((DOKyCHa BIJCTaHb, ONTHYHHIA LIEHTD,
JMCTOPCisl) Ta 3OBHIMIHIMEA TapameTpaMu (IIOJIOKEHHSI 1 Opi€HTalis B
npoctopi). s yCyHEHHS TE€OMETPHYHHX CIIOTBOPEHb 3aCTOCOBYETHCS
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KamiOpyBaHHS 32 IaXOBUM IOJIEM 3 BUKOpPHCTaHHsAM anroputmis OpenCV
a6o ROS. Ile n03BosiE KOPEKTHO TMO3UIIOHYBATH 00'€KTH Y TPUBUMiPHOMY
TPOCTOPI.

[IpoekTrBHA TeOMETpisi € OCHOBOIO JJisl TIepeTBOpeHh Mixk 3D-cuenoro
ta 2D-300paxkeHHsM. KiTlouoBHMH 1HCTPYMEHTAMH €:

®  OJIHOPIHI KOOP/JWHATH;

®  MAaTpHUILA KaMEpH;

e romorpadis 1y OOUNCIEHHS TTOIOKEHHS KaMep BITHOCHO 00'€KTIB.

Ili meromn MO3BOJNAIOTH BHKOHYBaTH TOYHE ITO3MIIIIOBAHHS arapara,
OpIEHTYIOUHCH Ha BiJIOMi Bi3yajibHi OPiIEHTUPH.

Perrepri mapkepu — me crnemianbHi rpadiudi (irypu 3 yHIKaIbHAM
komoMm (Hampukian, ArUco). Bouu sierko ineHTH(DIKYIOThCS 3a 4OTHpMa
KyYyTOBUMU TOYKaMH, IO JO03BOJII€E BHU3HAYUTHU AK TIIOJIOKCHHSA, TaK 1
opieHTanito kamepu. CucreMH 3 MapKepaMd BHUPI3HSIOTHCS TPOCTOTOIO
peasizaiiii, IEIeBH3HOI0 i BICOKOI TOYHICTIO, OCOOIMBO B KOHTPOIbOBAHHUX
cepenoBuIax (aboparopii, Ckian).

OnTryHMiA TOTIK — I BEKTOpHE TI0JIe, SKe BinoOpa)xae 3MiHy TOJNOKEHHS
00’exTiB MK Kagpamu. J{Is HOro po3paxyHKy 3aCTOCOBYIOTH AallTOPHTM
Jlykaca-Kanane. Hemoniku — 4YyTiaMBICTE /A0 OCBITICHHS 1 TEKCTypH,
HAKOITMYCHHS MOMHJIKH 3 4yacoM (apeiid). BupimieHHsIM € moeaHaHHS 3
JaTbHOMIpaMH Ta 3aCTOCYBAHHS i€papxidHux (mipamiTaibHUX) CTPYKTYP
300paXCHb.

Haii0inbm e(eKTUBHUMH € CHCTEMH, SKi MOEJHYIOTh ONTHYHUE MOTIK
(s JTOKANBHOTO TepeMillieHHs) 1 perepHi Mapkepu (s TI06aTBHOT
KOpEKIIil mosokeHHs). Taki cucTeMu TeCTytoThes y cumyisitopax (Gazebo,

AirSim), 1o 103B0JIsIE MOIEITIOBATH PeajibHi YMOBH 0€3 PU3HKY.
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BucHoBKH:

1.

TexHiuHUN 3ip € KJIYOBHM I1HCTPYMEHTOM JUJIsi TOOYIOBU
aBToHOMHUX HaBiramiiaux cucrteM BIUIA y GPS-memoctymamx
30HaX.

Metoau Ha OCHOBI peMepHUX MapKepiB 3a0e3MeuyloTh BHCOKY
TOYHICTh, @ ONTHYHHH TOTIK — Oe3nepepBHE IMO3UIIIOBAHHS Y
POCTOPi.

IloemHaHHS METOMIB JO3BOJNISIE OTPUMATH CTaOINBHI PE3yNbTaTH,

HaBITh 33 3MIHHUX YMOB HAaBKOJIUIITHBOT'O CEPEIIOBUIIIA.

IIpono3umii:

1.

Po3po0uTH JIerky MOAYJbHY CHCTEMY 3 BiIKPHTHM KOXOM st
BIIPOBAJKEHHSI HaBiramii Ha OCHOBI TEXHIYHOTO 30py y MalluX
BILIA.

3abe3neunty iHTerpamio 3 apromijiorom PX4 a6o ArduPilot
gyepe3 MAVLINK as1st npakTH4HOTO 3aCTOCYBaHHS.

Bukopucraru cumyisitopu Gazebo a6o AirSim s MacmraGHOro
TECTYBAaHHSI i HABYAHHSI MoJieJieil, 30KpeMa i3 BHKOPHCTaHHSIM
HEHUPOMEPEXK Yy NOJANBIIOMY.

Po3MIUpuTH CHCTEMY 3a PAaXyHOK MOEAHAHHS TEXHIYHOIO 30py 3
THC (inepiiiiHO0 HaBiramiiHOW CHCTEMOIO) /ISl KPAIoi TOYHOCTI
y JIOBIOTPUBAJIHX TIOJIbOTA

Bradski G., Kaehler A. Learning OpenCV: Computer Vision with

the OpenCV Library. — O’Reilly Media, 2008.

2.

Faugeras O. Three-Dimensional Computer Vision: A Geometric

Viewpoint. — MIT Press, 1993.

3.

Hartley R., Zisserman A. Multiple View Geometry in Computer

Vision. — Cambridge University Press, 2004.
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4. Rublee E., Rabaud V., Konolige K., Bradski G. ORB: An Efficient
Alternative to SIFT or SURF. — In ICCV 2011.

5. Garrido-Jurado S. et al. Automatic generation and detection of
highly reliable fiducial markers under occlusion. — Pattern Recognition,
2014.

6. bimoyc B.C., JlaBpos /I.O. ABTOMaTHU30BaHi CUCTEMU KEpPyBaHHS
0e3MUIOTHUMHU JIiTATLHUMH anapatamu. — Xapkis: XAl, 2020.

7. Kpusomeit C.I. MaremaTidHe MOZAETIOBaHHS CHUCTEM TEXHIYHOTO
30py. — Kuis: HAY, 2018.

8. Jlucenko B.A., Konmo C.O. 3aco0u Ta METOAM KOMIT FOTEPHOTO
30py y 3aaa4ax podororexHiku. — Bicauk XHYPE. — Ne3, 2021.

9. Ilememxo J[.51., Ksacmmus 1.B. Iudopmariitai TexHomorii B
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ONTUMI3ALIA CXEMOTEXHIKHA TA KOHCTPYKIIIT
BE3JIPOTOBUX NIPUMMAUYIB AHAJIOTOBOI'O
BIJIEOCUT'HAJIY ITPU IX 3ACTOCYBAHHI
JJIAA JETEKTYBAHHSA BITJIA

VY cydacHHX cHCTeMax MCTAHIIHHOI Oe3MpOTOBOI Mepeadi BiICOCUTHATIIB 3
FPV-npoHiB mij yac iX MoiboTy i 6e3ApOTOBOTO BiICOCTIOCTEPEKEHHS BAYKITHBY
POITb BiIIrparoTh MpHiiMadi, 3aTHi MpairoBary B AianazoHi 5,8 ['Tn. OmuH i3
HaWOUTBIII TIOMYJSIPHMX BapiaHTIB TPWIIMaviB aHAJIOTOBOTO BiJICOCHTHATY B
poMy Jtiana3oni — momyiab RX5808, 1m0 mnoeaHye KOMITAKTHICTh, TPOCTOTY
iHTerpanii ¥ edexkTHBHy poOOTY B CHCTEMax aHAJIOrOBOI Tepenmadi Bifeo.
BuBueHHs Ta onTHMI3AIliS HOTO CTPYKTYPH Ta CXEMOTEXHIKH € BAKIMBUM TS
PO3POOKH BIIACHHX TPUITMAdiB, III0 MOKYTh 3aCTOCOBYBATHCH SIK /IS CTBOPEHHS
Ha3eMHHX CUCTEM IPUIMaHHS BiJleo 3 SIKUMH TpalioroTs onepatopu BITJIA Tak
1 7151 IOOY/IOB JICTEKTOPIB aHAJIONOBOTO BileOCUTHATY st BusieneHHs BITJTA
NPOTHBHHUKA YH 37IOBMHCHHKA.

RX5808 — 1ie rotoBHii MOAYIb BifgeonpuiiMada aiamazony 5,8 I'T'm, sxuit
HIMPOKO BHKOPHUCTOBYeThbc y FPV-cucremax. BiH mosBonsie mpuitmMaTtu
aHaJIOTOBUH BiJIEOCUTHA, 1110 MEpeAaeThes 3a gonomororo FM-monymnsmii, 1
BUBOIHTH HOT0 y BUINIsii KomnosuTHoro curiany (CVBS). Monyins He Mae
MIKpOKOHTpOJIEpa sl KepyBaHHS, a SIBIIIE COOOI0 JIMIIE Palio4YacTOTHY
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YaCTUHY 1 JJIs1 KEpYBaHHsI HUM HEOOXiJTHO BUKOPHCTOBYBaTH MiKPOKOHTPOJIE,
kWi Oyae moaaBaTh KOMaHAW KepyBaHHs 1o mmHI SPIl. OcHoBOIO Moayns €
gyun RTC6715, sxwii 3a0e3mnedye MeMOAYIAIII0 CUTHATY, HaJamlTyBaHHS
gactoru depe3 SPl Ta aBromarumune perymoBanus mifacuwieHas (AGC).
CrpykrypHa cxema npuiiMaua RX5808 300paxena Ha pucyHky 1.

VIDED. OUT

o on
1
od

Pucynok 1. CtpykrypHa cxema mpuiimada RX5808

Monyine RX5808 npairoe 3a TakuM NPUHLIUTIOM: MPUHHATHH aHTEHOO
5.8 [T anamoroBuil BineOoCHTHANd MPOXOAWTH Yepe3 BXiJHUH CMYTOBHH
¢imeTp anmg  BimOOpy TOTPIOHOTO dialla3oHy dYacTOT, TMCHS  HYOTO
migcuIroeTbess ManomyMuauM  migcwioBadeM (LNA) wis  migBuineHHs
9yTIMBOCTI. Jlami curHaim HaXoJUTh Ha 3MIlllyBad, JIe MePETBOPIOETHCS Ha
npomixkny dactoty (IF) 3a momomororo curnany Bia rereponutna (VCO),
crabimizoBanoro cucremoro MAITY (PLL). CurHam mpoMikHOI 94acTOTH
(ITBTpYETHCS Ta IMICKITIOETHCS, @ TTOTIM JIeMOIYIFoeThest FM nemomynstopom
JUISL BHJTYYeHHS BHXIJHMX aHAJOTOBHX Bigeo Ta (3a HAABHOCTI) ayjio-
CUTHAJIIB, PiBEHb SIKUX aBTOMaTU4HO perymoeThest cuctemoro AGC mepen
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Mojlayer0 Ha BiAMOBiAHI Buxomu. 3o0paxkeHHs wmoxayias RX5808 3
BKa3aHHIM OJIOKiB [TOKa3aHO Ha PUCYHKY 2.

B poboti mipoBemeHO KOMIUIEKCHE MAOCHIDKEHHS TapaMeTpiB  Ta
KOHCTPYKTHBHHX ~OCOOJHMBOCTEM TIpWiiMada aHaJOrOBOTO  BiJCOCHTHATY
RX5808. MeTtoro mocmimkeHss: Oyio MTHOOKe pOo3yMiHHS HOro MOXJIMBOCTEH
Ta OOMEXEHb Ul TOMAIBIION0 MPOCKTYBAHHS AHAJIOTIYHOrO MpHiiMada 3
TIOKPAIICHUMH ~ XapaKTepPUCTHKaMH, OpPIEHTOBAHOTO Ha 3aCTOCYBaHHSI B
CHCTeMaXx JICTCKTYBaHHS Oe3MuIOTHHX JliTaibHUX arnapartiB (BITJIA).

-

|

fah fam

/2

ST ¢

Pucynok 2. Moxyns RX5808
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Pucynok 3. Po3pobiena mara aranora moxyns RX5808

JociimkeHHs] BUKOHYBAJIOCh 32 HACTYITHUMH €TaraMu:

- JOCHiDKEHHS KOHCTPYKIIi MOMYNs, KOMIOHEHTHOI 0a3u Ta
0COOIIMBOCTEH TpacyBaHHS APYKOBAHOI TUIATH;

- eKCIEpPUMEHTaJbHE AOCHIPKEHHS KIIOYOBUX apaMeTPiB MOILYJS,

- BUMIpIOBaHHA YyTJIMBOCTI IpUiMaya,;

- ouUiHKa BHOIPKOBOCTI Ta 3[aTHOCTI NPUTHIYYBaTW I[03aCMYTOBI
3aBajy;

- BW3HAYCHHA PiBHS BIACHUX IIyMiB MpuiiMaya.

- BUMIPIOBAHHS CHOXKHBAaHHS CTPyMY Ta €(EKTHBHOCTI €HEProCIIOXH-
BaHHSL.

- JOCHI/DKeHHS CTabiIbHOCTI pOOOTH B PI3HHX YMOBax (HAIpUKIIA],
[P 3MiHI HATIPYTH YKHUBJICHHS).

- BUSBICHHA OOMEKEeHb Ta MOTEHIaTy JAJIs TOKPAIICHHS.
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[IpakTunum pe3yinbTaToM JlaHOi poOOTH € po3poliieHa JpyKOBaHA
riata aHanora monyias RX5808, ska cimyryBatume eKCIEPUMEHTAIBLHOIO
mIaTOpMOr0 ISl TOCHIDKEHHST Xapakrtepuctuk mnpuiimadie 5.8 T Ta
BHBYCHHST MOXKJIMBOCTEH TXHBOT OMTHUMI3aIlii JIJIsl 3aCTOCYBaHHS y CHCTEMax
BusiBieHHst BITJIA. Etan excnmeprMeHTaIbHOTO TECTYBaHHS PO3pOOIEHOT
TUTATH 3HAXOAUTHCS HA CTaJil BUKOHAHHS, a OTPUMaHI JaHi CTaHYTh

OCHOBOIO JIJIS TIOIAJIBIIIOTO aHAi3y Ta BUCHOBKIB.

[1] Crpykrypa Ta OCHOBHI KOMIIOHCHTH Cy4YacHHX O€3IMIOTHHX
JTaTBHHUX armapatiB i aBTOHOMHUX 3aBaadb / Jleuenko J[.C., Bapanos
€.0., Tappumok A.O., Manuit O.10. // Bueni 3amucku THY imeni B.L
Bepuancekoro. Cepist: Texuiuni Hayku. — Tom 35 (74) Ne 6, 2024. — c. 124-
128 https://doi.org/10.32782/2663-5941/2024.6.1/21

[2] Mamuit O.10., ®ypmanoBa H.I, Onmimenxko B.®. [ludpysanHs
AHAJIOTOBOTO BiJICOCUTHAITY 3 BUKOPUCTaHHSIM Xa0TUYHUX
curHanis/Marepiamn 1 MiDKHApOIHOI  HAYKOBO-TEXHIUHOI  KOH(epeHrit
«CyuacHi npoOiieMu B pajiioesieKTpoHilt, TenekomyHikarisx» (CITPT’2024),
JIbBiB, Ykpaina, 22-23 tpapus 2024. — JIeBiB : BumaBuuirBo JIbBiBCHKOT
IMOJIITEXHIKH, 2024, c. 172-176- Pexxum JOCTYITY
https://science.lpnu.ua/sites/default/files/attachments/2024/apr/34397/atrt-
2024conferenceproceedings.pdf . 22-23 tpasus 2024 p., JIsBiB, YkpaiHa,
riopunHmii popmat

368


https://doi.org/10.32782/2663-5941/2024.6.1/21
https://science.lpnu.ua/sites/default/files/attachments/2024/apr/34397/atrt

Oleksii M. Liske, PhD (Technical Sciences)
Roman M. Velychko, student
oleksii.m.liske@Ipnu.ua
roman.velychko.ap.2024@Ipnu.ua

Lviv Polytechnic National University

ACCESS CONTROL SYSTEM USING FACIAL AND HAND
GESTURE RECOGNITION ON ARDUINO

Introduction. In modern access control systems, the use of facial
recognition technologies based on Arduino microcontrollers is gaining
increasing popularity due to their affordability, flexibility, and ability to
integrate with actuators such as servo motors. These systems enable
contactless, automated user identification, which is particularly relevant for
enhancing security in smart homes, offices, educational institutions, and
transportation facilities. For instance, the study in [1] presents an loT-based
solution for automated door opening using the ESP32-CAM, which
combines facial recognition with servo motor control.

Another study [2] demonstrates the implementation of an Arduino-based
access control system employing machine learning algorithms for facial
recognition, highlighting the effectiveness of such approaches in enhancing
security. Furthermore, the work in [3] explores the integration of facial
recognition with contactless temperature measurement to improve safety in
the context of a pandemic. These studies emphasize the importance of
continued scientific research in this field to develop more reliable, adaptive,
and secure access control systems.

The purpose of this development is to design a user identification
system based on facial recognition using a camera and biometric data,
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which also processes hand gestures and activates motors when specific
conditions are met.

Research Objectives:

1. To investigate biometric identification methods, image and gesture
recognition techniques; to define the system’s technical requirements, select
appropriate hardware, and develop machine learning algorithms for facial
and gesture recognition.

2. To integrate the algorithms with the motor control system; to design
and test a prototype under conditions close to real-world environments; to
evaluate accuracy using test data; to assess system performance and
security, followed by further optimization.

Main Results

A key component of the recognition system, implemented in Python, is
a subroutine for building a user face database. It utilizes technologies such
as OpenCV, dlib, face_recognition, and NumPy. This module captures
images from a webcam (via OpenCV), recording faces from various angles
and lighting conditions to improve recognition accuracy. During the
preprocessing stage, illumination equalization, color normalization, and
noise filtering are applied using OpenCV image processing functions.
Feature extraction is performed using histogram of oriented gradients and
local binary patterns algorithms, available through the dlib and scikit-image
libraries. Face vectors are generated using the face_recognition library,
which is based on deep neural networks. The resulting data is stored in files
or databases with optional encryption.

To optimize performance, clustering algorithms and data compression
techniques are used to speed up subsequent searches. The final stage
involves recognition accuracy testing and automatic database updates,
ensuring data relevance and stable real-time system operation. Altogether,
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this enables the creation of a user-friendly application that requires minimal
manual intervention while providing high identification accuracy.

User Enrollment Mode

The process of creating a facial image database begins with capturing
images of a new user by activating the webcam through the program’s
menu interface (Figure 1). Image enhancement is performed using a
contrast-limited adaptive histogram equalization method. The facial region
is then detected using a Dlib-based face detector. Detected faces are
cropped and resized to 200x200 pixels, and a specified number of grayscale
images (as defined via the GUI) are saved in a folder named according to
the user input provided in the GUI text field.

Figure 1. Program menu and user interface

The next stage involves training the recognition model based on the
collected data. Once trained, the model is saved, allowing it to be reused in
the future without retraining — simply by loading the existing model.

The process concludes with testing and validating the model using new
data and cross-validation techniques, during which key performance
metrics such as accuracy, sensitivity, and specificity are evaluated to assess
recognition effectiveness. During this stage, images are captured from the
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camera, the region containing a face is detected, and each detected face is
passed to the model, which returns a confidence score. If the confidence is
below a predefined threshold (e.g., unknown_threshold = 80.0), the system
displays the corresponding user’s hame from the database.

In recognition mode, in addition to user identification based on facial
imagery, hand gestures are also recognized. The MediaPipe library is
employed to track hand movements and calculate the distance between
fingertips. Specifically, the distance between the index finger and the
thumb (landmarks 4 and 8) is measured.

The recognition performance was evaluated by analyzing the
dependence of the False Acceptance Rate (FAR) and False Rejection Rate
(FRR) on the threshold value (see Figure 2).

Arduino receives data via the serial port. This data includes information
about the distance between fingertips, the presence of a hand in the frame,
and the user's name, if a hand is detected. If a hand is present and the
recognized user is authorized to control the system, a message in the format
${distance}; is transmitted. If no hand is detected or the user's name does
not match, the message $0; is sent.

FAR

Figure 2. The dependence of FAR and FRR errors on the threshold value
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Arduino processes this input for further actions, such as controlling a
device (e.g., a motor or sensor). In such a case, if the distance changes (e.g.,
between fingers), Arduino responds accordingly and performs predefined
actions.

Conclusions

As a result of the research work, an autonomous access control system
based on biometric authentication was developed. The errors of the facial
recognition system were also evaluated. The system operates independently
and does not require external computational resources.

[1] Binti Harun, N., & Bin Zainal, M. S. Development of Face
Recognition Smart Door Lock System Using ESP32-CAM and Telegram
Application As Media Control and Monitoring. Progress in Engineering
Application and Technology, 4(2) 2023, 035-048.

[2] Nasir, J., Ramli, A., & Michael. Design of Door Security System
Based on Face Recognition with Arduino. JOIV: International Journal on
Informatics Visualization, Vol. 3 (2019) No. 2, 127-131.

[3] Li, L., Yang, J., Hong, R., & Yu, M. (2022). Integrated Access
Control System of Face Recognition and Non-Contact Temperature
Measurement Based on Arduino. International Journal of Computer and
Organization Trends, Volume 12, Issue 2, 2022, 1-5.
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Harionansauit yHiBepcuTeT «JIbBIBChKA MOMITEXHIKA»

JOCJIJI)KEHHSI METO/IIB IHEPI{IMHOI'O KEPYBAHHSI
BE3IIJIOTHUMM JIITAJIBHUMU AITAPATAMU

CydvacHuii po3BUTOK Oe3mioTHuX jitansHux amapatis (BILJIA) cympo-
BO/UKYETHCS Je/lali BUIIMMH BHUMOTaMH JI0 TOYHOCTI IXHBOTO TO3HIIIOHY-
BaHHA Ta aBTOHOMHOCTI KepyBaHHs. [HepuiliHe KepyBaHHS CTalI0 OIHHUM i3
KITFOYOBUX HANpPSMIB JOCITIKEHDb Yy 1[Il rairy3i, OCKUTbKA BOHO 3a0e3Iedye
BUCOKY HAJIiHICTb B YMOBaX, 1€ BHKOPHCTaHHS JIMIIE CYyIMyTHUKOBUX
HaBiramiitHux cucreMm, Takux sk GPS, moxe Oytn oOmexxernM. Hampukian, y
MICBKHX YMOBaX, IiJl 4acC TIOJILOTIB B yIIEIMHAX a00 B YMOBAX PaJliONepenIKo
CYIIyTHUKOBA HaBiraifiss MOXxe cratd HeHauiliHoro. lle ctBoproe mortpely y
BHUKOPHCTaHHI KOMOIHOBAaHHMX CHCTeM HaBirailii, siki 00’€IHyIOTh iHEpIliiHI
CCHCOPH, AJILTUMETPH, JIaBa4i MIBHIKOCTI, 3 TAKOXK METOM OOUMCITFOBATIBHOTO
aHaJIi3y JaHUX JUIs [IOKPAICHHS TOYHOCTI MTO3UI[IOHYBAHHSI.

IcHytodi miaxomu 10 iHepIiHHOTO KepyBaHHS 0a3yrOThCS Ha 3aCTOCYBaHHI!

1. Kuacnunux iHepuiitnux Hapirauiiinux cucrem (IHC). Bonu BHKO-
PHCTOBYIOTh TIPOCKOITM Ta aKCEIEePOMETPH Uil OOYMCIICHHS MOJIOKEHHS,
mBuakocti Ta opienrtamii BITJIA (puc. 1). OcHOBHHII HENONIK TaKUX
CUCTEM TIOJISiTAa€ B HAKOMMUYCHHI MOXUOOK uepe3 npeid ceHcopis, Mo
00MeXye TXHIO TOYHICTh IPU TPUBAIOMY BUKOpHCcTaHHi [1].

2. MertoniB komOiHOBaHO! Hagiramii. Ili cucTeMu TOENHYIOTH HaHi
IHC 3 GPS, mo n03Boisie KOMIIEHCYBaTH TIOXUOKH Apeiidy. Hanpuknan, y
[2] 3ampomonoBano amroput™ ¢inerpy Kanmana, sikuii moeanye GPS ta
IHEpIIiiHI JaHl I BUCOKOTOYHOTO TO3MIIIOHYBaHHs. [IpoTe Taki miaxomu
Bpa3nmBi 110 BTpatu curHairy GPS.
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3. Buxopucranus Lidar Ta immmx cencopis. Lidar mossomse TowHO
BU3HAYaTH BUCOTY Ta BiJICTaHb JI0 00 €KTIB Y HABKOJIMIIIHLOMY CEPEHAOBHII. Y
poboti [3] posmisimaernes imTerparis Lidar-mammx 3 iHepridHMMH IS
MOKpaIeHHsT aBTOHOMHOTO KkepyBanHs bBIIJIA B ymoBax oOMexeHOT
BUIUMOCTI (puc. 2).

bnok ceHcopis Bnok obuncneHb

MepeTsopeHHA

ncremu

PostawyBaHHA
koopguHaT
’[ LiBnakictb

lipockonu j [NonoxeHHa

Pucynok 1. CTpykTypHa cXeMa KJIaCHYHOI CHCTEMH iHEpIiHHOT HaBirarii

A

AkcenepomeTtpu

bnok ceHcopis Bnok obuncneHb

MepetsopeHHA
AkcenepomeTpu Picuctemm
koopauHaT

{

LBnakictb

lipockonu I ‘i [onoxeHHa Kﬁ

| MaruitomeTp H
Poswmpenuit GinbTp Kanmara —
|,U,o,qa'n<oai ceHcopu lﬁ

Pucynok 2. CtpykTypHa cXema pOo3IINpEHOl CHCTEMH 1HEPIIiHHOT HaBirarii 3

JAOOAaTKOBUMU CEHCOPpaAMHU
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OmHUM 13 KJIFOYOBHX €IIEMEHTIB CY9acHOTO IHEPIIHOTO KEepyBaHHS €
anroput™m ¢inerpa Kanmana, sikuii 103BoJisi€ €(DEKTUBHO 00’ €IHYBATH JaHi
3 Pi3HHMX CEHCOpPIB 3 ypaxyBaHHIM IXHIX IMOXHOOK Ta JUHAMIKH CHUCTEMHU.
Ineprifina HaBiramiiHa CHCTEMa HaJa€ BHCOKY YaCTOTY OHOBJICHHSI
iHpopMaIii mpo MONOXKEeHHs, MBHAKICTh Ta opieHTanito BIUJIA, ognak ii
TOYHICTH 3 YAaCOM 3HIJKYETHCS Yepe3 HAKOIMMYECHHS IMOXHOOK, 3yMOBICHUX
npeiipom cencopiB. Jlns xommencamii mporo edekry ¢imsrp Kammana
BUKOPHUCTOBYE BUMIPIOBAHHS 3 JOJATKOBMX JpKepen Takux sk GPS,
marairomerpu, 6apomerpu um Lidar. Ha ocHOBI momepenHporo crany Tta
MOJIeJTi PyXy BiH MpOrHo3ye Hose noyioxkeHHss BILJIA, a nmpu HaaxXomKeHHI
HOBHX CEHCOPHHUX JaHUX BHUKOHYE KOPEKIIO MPOTHO3Y, 3BaXKYIOUH BHECOK
KOXKHOTO CEHCOpa BiJIOBIIHO JI0 Horo HajiiHocTi. Takuii miaxia 103BoJsie
3HAYHO TiJIBUIUTH TOYHICTh TO3MIIOHYBAaHHS Ta 3a0€3MCUUTH HaJiNHE
AaBTOHOMHE KEepyBaHHS HaBiTh 32 yMOB BTparu curHamy GPS abo B ymoBax
paionepenikon. 30kpema, y mporpamaomy 3adesmedenni Ardupilot peatizo-
BaHO posmupennii Gpinsrp Kamvana (EKF), sikuii inTerpye nasi 3 iHepIidHux
CEHCOpIB, CYIYTHHKOBOI HaBirailii, MarHiTOMETpiB Ta BHCOTOMIpiB IS
(hopMyBaHHS CTIMKOI Ta Y3rOMKEHOI OIiIHKWA CTaHy JITaJBHOTO amapara B
peanbHOMY 4Yaci.

[Mporpamue 3abe3neuenns, Take sk Ardupilot Ta Mission Planner, €
NOTY)KHUMH  1HCTpYMEHTaMH JJIsl  peajizalii CcUcTeM aBTOHOMHOTO
kepyBanHs BITJIA. Bonu 3a0e3neuytoTs poOOTy 3 3aBaHT)KEHHUMHU KapTaMH
Ta JJO3BOJISIFOTH THYYKO HAJALITOBYBAaTH aJrOPUTMH HO3HULIOHYBaHHs. Y [4]
nokaszano, sk Ardupilot inrerpye nani GPS, marnitomerpa Ta iHepIliiHHX
CEHCOPIB /ISl TOOYAOBU TOYHUX TPAEKTOPIN TOTBOTY.

OxpiM TpaTuliHUX MiAXOMIB JO iHEPUIHHOTO KEPYBaHHS, Y CyYacHUX
JOCTIDKeHHSIX BCE YacTillle BUKOPUCTOBYIOTHCS METOIU INTYYHOTO iHTe-

JIEKTY, 30KpeMa MaIlMHHOIO HAaBYaHHS, AJIsi OOPOOKH CEHCOPHUX JaHUX Ta
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MIiJIBUIIICHHS TOYHOCTI mporHo3yBanHs Tpaektopii BIIJIA. Hampuknarn,
HEHPOHHI Mepeki MOXKYTh €(PEKTHBHO KOMIICHCYBATH MOXUOKH, BUKIUKaHI
HecTaOUTBHICTIO ceHCcopiB abo HemependadyBaHUMH 30BHIIIHIMA BILTHBAMH,
TaKWMH 5K BiTep ab0 TypOyIeHTHICTb.

3Ha4yHy poJib BiJIrparoTh TaKOK METONH (iNbTpallii, 30KpeMa po3LIMpeHi
Bapiantn Quterpa Kammvana (Extended Kalman Filter, Unscented Kalman
Filter), sixi 3matHi npaigoBaté 3 HeMiHIMHAMH Mojpensmu pyxy BITJIA Ta
3a0e3redyBaTy BUILY CTIHKICTh i TOYHICTD HABITAIIHHUX OOYHCIIEHb.

OnHUM 13 BKJIMBUX BHKIHUKIB y pealizamii iHepIiiHOro KepyBaHHS €
MiHIaTIOpU3allis anapaTHUX 3aco0iB, 10 30epiraroTh JOCTATHIO TOYHICTH
npy 3HWKEHIH Maci Ta eHeprocrnokuBanHi. MEMS-inepiiini ceHcopu
(MiKpOeNIeKTpOMEXaHiYHi CHCTEMH) CTaJd B@KIUBHM  KOMIIOHEHTOM
cydacaux bBILUJIA 3aBmsku CBOiM KOMIIAKTHOCTI, TIPOTE BOHM XapakTe-
pVBYIOTBCSL BUIIMM pIBHEM IIYMIB Ta HECTaOUIBHICTIO, IO MOTpedye
CKJIQ/THIIIINX aNTOPUTMIB OOPOOKH.

3HayHy yBary MNPUAULIIOTE TaKOK CHCTEMaM CaMOKalTiOpyBaHHS iHep-
LIMHUX CEHCOpIB y peanbHOMY 4Yaci, sIKi J03BOJISIIOTH aAamlTyBaTUCS O 3MiH
HABKOJIMIITHKOTO CEPE/IOBUINA Ta 3HOIIYBAHHS KOMIIOHEHTIB. Taki Tiaxomu
3a0e3reuyoTh 3pocTaHHs aBTOHOMHOCTI BIUIA, ocobmmBo y cueHapisx, me
BIICYTHI/ TOCTYT J0 30BHIIITHIX JDKePeT HaBIiraliiiHAX TaHHX.

3 orsagy Ha mocTiiiHe 3poctanHs poni BIIJIA y umBinpHHX Ta
BilichkOBUX c(epax, Bij CiIbCHKOTO TOCHOAApPCTBA 10 aepodOTO3HOMKH
Ta MOHITOPUHTY iH(GpacTpykTypH, €(EeKTHBHI METOAM IHEpPIiiHOTOo
KepyBaHHS MalOTh cTpaTeriuyHe 3HaueHHs. [lomanmeini qociimkeHHs 3o0ce-

PEUKYIOTBCS Ha CTBOPEHHI TiOpUIHUX CHCTEM, 3[aTHUX JIO CaMo-

377



HABYaHHSA, BIJHOBJIEHHS ITICJIS BIIMOB Ta BHCOKOI CTIMKOCTI IO CKJIa-

JAHUX MIOTOAHUX YMOB.

[1] W. Titterton and J. Weston, Strapdown Inertial Navigation
Technology, 3rd ed., Institution of Engineering and Technology, 2014.

[2] Grewal, Mohinder S., and Angus P. Andrews. Kalman Filtering:
Theory and Practice Using MATLAB, Wiley, 2020.

[3] Zhang, J., & Singh, S. (2017). "LOAM: Lidar Odometry and
Mapping in Real-time." Robotics: Science and Systems.

[4] Ardupilot Documentation, "Ardupilot Overview," [Online].
Available: https://ardupilot.org
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CEKUIIA 7. be3aneka ingokoMyHiKalliiHUX cHUCTEM
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Hauionansauii yHiBepcuteT «JIbBiBChKa MOMITEXHIKA»

MOJEJIb BUSABJIEHHS MEPEKEBUX ATAK HA OCHOBI
RANDOM FOREST TA SHAP-AHAJII3Y

Beryn

3pocTaHHS CKJIAIHOCTI Ta OOCSTIB MepexeBoro Tpadiky y CydacHHUX
1H(pOpMAIITHO-KOMYHIKAIlIHHIX CHUCTEMaxX TiJBHIYE PH3UKH HECAHKIIIO-
HOBAHOTO JIOCTYITY, atak tury D0S, in’ekiii Ta iHmux kidep3arpos. OaHum i3
Halle(pEeKTUBHININX HaNPsIMiB 3aXUCTy € aBTOMAaTU30BAHE BUSBJICHHS aHOMAJIil
Yy MEPEXEBUX MOTOKAX 3 BUKOPHCTAHHSM aJTOPUTMIB MALIMHHOTO HaBYaH-
Hs1. Asroputm Random Forest, sik oxuH i3 HalOLIbII CTIHKKX Ta 1HTEpIIpe-
TOBaHMX METOJIB, LIMPOKO 3aCTOCOBYETbCA Yy 3aladax Kiacugikaiii
aHomaisHOro Tpadiky [1], 30kpema Ha BimoMux Habopax JaHUX TaKUX 5K
CICIDS 2017 [2].

YTiM, An8 TOPaKTUYHOTO 3aCTOCYBAaHHS MOJENl Yy  peanbHuX
iHQpacTpyKTypax Ba)IJIMBO HE JIMIIE AOCATTH BHCOKOI TOYHOCTI, aje U
MOSICHUTH, YOMY CHCTeMa MPHUIHSIA MEeBHE PIlIeHHs. Y IbOMY KOHTEKCTI
meron SHAP (SHapley Additive exPlanations) [3] € ogauM i3 HaiiGimbII
MOIUPEHNX 1HCTPYMEHTIB [UIsl TOOYTOBH 1HTEPIIPETOBAHUX MOJIETei
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MAITUHHOTO HAaBYaHHS, BKJIIOYAOYH Ti, 1110 MoOymaoBaHi Ha ocHOBI Random
Forest. 3aBasiku 1bOMY 3’SIBIIIETHCS MOXJIMBICTH K JUIS TJ100QJILHOTO
aHami3y MOJAENi, TaK 1 Ui TOSICHEHHS OKPEMHX pIlIeHb y KPUTHYHO
BKJIMBUX CUCTEMAaX.

MeTononoris

VY pobori Bukopucrano nosuuii Hadip CICIDS 2017 [2], mio micTuth
PI3HOMaHITHI THIH MepexeBoro Tpadiky 3 MO3HAYEHHSM KJIAaciB «araka»
abo «HopMmanmpHUH Tpadik». JlaHi Oymm momepeaHbO HOpMAaTi3oBaHI 3a
momomororo  StandardScaler. o tpenysamns wmomeni Random Forest
3anmyuyeHo 80 % 3paskis, pemty 20 % BUKOpUCTAHO JJIS BaJIigaIlii.

HaB4aHHA MosicHeHHA
'3 N\ 'dl B |
Mepexesi gaHi MepenGaueHk) He06po6JjeH| 03Haku
(CICIDS 2017) (TecToBI 3paskn)
|\ 4 4
A
4 N\ ( b
Random Forest > SHAP-aHani3
N J _ J
4 I N\
moGanbHWi aHani3
BaXXNMMBOCTI
= I .
JlokanbHa
iHTepnpeTauis

Pucynoxk 1. briok-cxema moOy10BH OSICHIOBAHOT MOJIEITI
Ha ocHosi Random Forest i3 SHAP-ananizom

Autroputm Random Forest o0paHo 3aB/siki HOTO 3aTHOCTI MPAIFOBATH
3 BEJIMKOIO KUJIBKICTIO O3HAK Ta CTifikocTi 10 miymiB y manux [3]. Ilicis

TpPEeHyBaHHS MOJIENi Ul MOSCHEeHHS 11 pillleHb BUKopucTano merox SHAP
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(TreeExplainer), sixuii 103BOJITE OTPUMATH SIK TIOOANBHUI BIUTHB KOXHOT
O3HaKW Ha Tepen0ayeHHs, TaK 1 JIOKAJIbHI TOSCHEHHS JJIS KOHKPETHUX
3paskiB [3].

I'moGanbHMiI aHaNli3 BHKOHYBABCSl IIUIIXOM PO3PAxXyHKY CEpeIHbOTO
abcomoTtHoro SHAP-BIMBY Uil KOXKHOT O3HAaKM Ha TECTOBiH BHOIpII.
JlokanbHe MOSCHEHHS peanizoBaHo 3a gormomororo waterfall-epaghixa ms
OKpeMHUX NPHKIAAIB, IO JO3BOJISIE MPOCTEKUTH, SKI camMe O3HAKH
3MIIIlyBaJIM MPOTHO3 y OiK Ki1acy «araka» abo «Hopma» [4].

PesyabTaTtn

[Micns TpenyBanus moneni Random Forest va u6ipui CICIDS 2017 i3
noHax 70 uucnoBumu o3Hakamu Oyino npoBeneHo SHAP-ananiz Ha
YaCTHUHI TECTOBHX HaHWX. [JoOampHA iHTEpHpeTamis IoKasana, IIo
HaWOINMBPIINK BIUIMB Ha PIlICHHS MoAem moao kmacudikarii Tpadiky sk
«aTaka» MaroTh Taki xapakrepuctuku, sk Bwd Packet Length Std,
Init_Win_bytes_backward, Packet Length Mean, Fwd IAT Std Ta
Destination Port.

PucyHok 2 inrocTpye pes3yibTatd IOOANBHOTO aHalli3y BaXKIIMBOCTI
O3HaK: 300pakeHO 5 03HaK i3 HalWBUIIUM cepeqHiM abcoiaroTHuM SHAP-
BIUIMBOM. lle 103BOJIsIE 3pOOUTH BUCHOBOK, IO MOJEIL TIPYHTYETHCS
MEPEeBaXHO HAa XapaKTepUCTHKaX, OB ’S3aHUX 3 00CATOM, HAIMPSIMKOM i
CTPYKTYPOIO TIOTOKY JJaHUX.

I[Hﬂ JIOKAJIBHOT'O ITOSACHCHHSI piHICHHﬂ MO[[eHi Ioa0 KOHKPETHOIrO
3pa3ka BukopuctaHo waterfall-rpadik, 300paxenuit Ha puc. 3. Ha
HBOMY BHIHO, SK OKpeMmi o3HaKkW, 30kpema Average Packet Size,
Init_Win_bytes_backward ta Bwd Packet Length Std, 306inbmryrors
sorapu)MiuHy WMOBIPHICTh BiJJHECEHHS 3pa3Ka JI0 KJIacy «araka». BogHodac
o3Haka Destination Port 3meHiyBana 3arajibHe 3Ha4eHHs (YHKIi aKTHBAIL.
et migxim Ho3BONsE aHANI3yBaTW HE JIWIIE 3arajbHi 3aKOHOMIPHOCTI, a
MEXaHI3MH TIPUHHATTS PIllIeHb IS OKPEMHX BUITAJIKIB.
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BaxxnuBicTb opuriHanbHux o3Hak y Random Forest (knacudikauis ataku)

Average Packet Size

Packet Length Mean

Bwd Packet Length Std

Destination Port

Init_Win_bytes_backward
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CepepaHiin abconoTHuin SHAP-Bnave

Pucynok 2. Ton-5 BrmmBoBUX 03HaK 3a pe3ynsratamu SHAP-anamizy
(TreeExplainer, knac «ataka»)
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Pucynok 3. JlokanbHe MOsICHEHHS TiepeabaueHus Moeni Random Forest
3a nomomororo SHAP waterfall-rpadixa anst ogHoro 3paska
(kmacuikaris sk «araka»)
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JlokanpHui aHami3 i3 BukopucranHsm Waterfall-rpadika mo3Bonus
IHTepIIpeTyBaTH OKpeMi BUNaaku kiacudikamii. Hanpuknazn, aist oqHOTO
31 3pa3kiB aHOMaNbHOrO Tpadiky HAWOIMBIIMKA BIUIMB Ha pilIEHHS
Mozeni 1mono kiacudikaiii sk «araka» Mald BHCOKI 3HadeHHs Bwd
Packet Length Std, Init_Win_bytes_backward ta Packet Length Mean.
Bonnouac o3mnaka Destination Port wmama crpumyounii BIUTHB i
3HIDKYBaia WMOBIpHICTH Kiacudikamii 3paska sIK IIKiAIuBoOro. Takuid
MiJX11 T03BOJISIE YITKO MPOCTEKUTH BHECOK OKPEMHUX XapaKTEPUCTHK Y
MPUAHATTA PIlIEHHS Ha PiBHI KOHKPETHOTO Tpadiky.

BucHoBku

Y poboti Oyimo mpoaeMOHCTPOBaHO €(heKTUBHICTh TOETHAHHS MO
Random Forest i3 SHAP-ananizom [uist 3a1adi BUSBICHHS MEPEKEBUX
atak. OTpuMaHi pe3yibTaTH MiATBEPIKYIOTh, o SHAP no3Boisie He
JIUIIE JOCSATTH BUCOKOI TOYHOCTI kiacuikamii, ane ¥ 3abesmneuye
IHTEpPIPETOBAHICTh MOJEII, IO € BAXKIMUBOI YMOBOIO AJIS MPAaKTUYHOTO
3aCTOCYBaHHS y CHCTEMax Kibep3axucTy.

[ToGynoBa m1o0anbHOrO NPODUIFD BaXKITUBOCTI O3HAK A€ 3MOTY
BHUSIBUTH, SIKi XapaKTepUCTUKHU Tpadiky € HaHiH(GpOpMaTHUBHIIIUMH TpPH
BUSBIICHHI arak. JIoKalbHI MOSICHEHHs, CBOEIO UYEProro, MOXYTh OyTH
BUKOPUCTaHI aaMiHicTpaTopaMu Oe3NeKH [JIsi IHTepIpeTamnii OKpeMHux
IHIINJICHTIB Ta YXBaJeHHA pillleHb Y peaJbHOMY Yaci.

Y momanbmIMX JOCHIIKCHHSIX TJIAHYETHCS I1HTETpalis MOSCHEHb Y

CHCTEMY MOHITOPUHTY Tpadiky 3 MOXIMBICTIO aBTOMAaTH30BaHOTO
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pearyBaHHA Ha TMOAil, a TaKoXX PO3MHPEHHS MiAXOAYy sl poOOTH 3

notokamu B pexxumi online.

[1] M. Loecher, “Debiasing SHAP scores in random forests,” AStA
Advances in Statistical Analysis, vol. 108, pp. 427-440, 2023. doi:
10.1007/s10182-023-00479-7.

[2] Canadian Institute for Cybersecurity, CICIDS 2017 Dataset.
[Online]. Available: https://www.unb.ca/cic/datasets/ids-2017.html

[3] S. M. Lundberg and S.-1. Lee, “A Unified Approach to Interpreting
Model Predictions,” Advances in Neural Information Processing Systems,
vol. 30, arXiv preprint arXiv:1705.07874, 2017.
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SIMULATION-BASED TEST
OF SOURCE-SIDE AUTHENTICATION
IN ANALOG VIDEO TRANSMISSION SYSTEMS

Nowadays the analog-video transmission systems are considered
outdated and actively are being replaced by digital counterparts.
However, in certain situations they are still a valid option, especially
when cost, low-latency and resilience in noisy environments are
priorities, for example in unmanned vehicle operations or surveillance
systems.

This work is focused on developing a method for the analog-video
source verification using modern asymmetric cryptographic algorithms,
adding the ability to reliably check if the video transmission is coming
from the verified source.

Previously known works focused mostly on the signal encryption
[11[2] or copyright protection [3][4] methods, and based on symmetric
cryptographic algorithms, such as DES, AES, TOCT- 28147-89 [1][2].
The proposed method uses both symmetric (AES) and asymmetric
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(RSA) algorithms for video encryption and source validation, preventing
most of the security risks, such as signal spoofing, key injection or key
replacement, man-in-the-middle attacks and unauthorized viewing.

Video stream is encoded using block-permutation (16x16 blocks) and
XOR-masking, with AES-128 in CTR used as a secure random-number
generator for session encryption keys. Session metadata that contains
session key and nonce is encrypted on the transmitter side using the
receiver RSA-2048 public key, and then the resulting sequence is
digitally signed with RSASSA-PKCS1-vl_5 with SHA-256 using the
transmitter private RSA-2048 key. Encrypted metadata with a digital
signature is encoded into the VBI region of the frame. On the receiver
side the payload is decoded from the VBI region, decrypted with the
receiver's private key and digital signature is verified using the
transmitter’s public key. Next — encrypted video frame is decrypted
using the session key information from the VBI metadata.

The simulation consists of two separate Python-based modules: a
transmitter and a receiver. The simulation environment uses OpenCV for
video processing and socket-based networking to emulate real-time
transmission. Test video sequences were processed to validate both
functional integrity and source authentication behavior. Real-time
toggling of signature generation was implemented to demonstrate the
receiver’s capability to detect signature mismatches (the results are
shown on Figure 1).
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Figure 1. Source validation simulation results

The presented simulation demonstrates the feasibility of secure key
distribution and source authentication over analog video links using VBI
without altering the visible content. This makes the approach applicable to
legacy systems where full digital migration is not feasible. Future work
includes experimental validation on real analog transmission hardware,



evaluation of noise resilience in real-world conditions, and optimization of
payload capacity to maximize metadata throughput without compromising
signal integrity.

[1] myxoB B.C., Menbuuk A.O., Ilyiina B.S. JlocmimkeHHs HUISXiB
CTBOpPEHHS Koiepa Ta Jnekoaepa BigeocurHany // BicH. Jlepx. yH-TY
«JIpBiBCHKA momiTexHika». — 2003. — Bum. 492,

[2] Yang C.-H. Design and Implementation of Cryptographic Systems
Using 68HCO05 Microcontrollers. Proceedings of the APCMTA 2000.
Taiwan: National Kaohsiung First University of Science and Technology,
2000. P. 1-4.

[3] Macrovision Corporation. Analog Protection System: A Presentation to
the Ana-log Reconversion Discussion Group. March 5, 2003. Available at:
https://w2.eff.org/IP/DMCA/Macrovision_v_321Studios/20030320_Macrovisi
on_APS.pdf

[4] US7162146B2 - System and method for the assertion and
identification of rights information in an analog video signal. U.S. Patent.
Issued January 9, 2007.
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META-ANALYSIS OF TIME-TO-EXPLOIT AND SEVERITY
OF EXPLOITED VULNERABILITIES BY THREAT ACTORS,
AND HOW IT AFFECTS THE PRIORITIZATION
OF VULNERABILITY REMEDIATION EFFORTS IN ENTERPRISE
INFOCOMMUNICATION NETWORKS

Introduction

Enterprise infocommunication networks face a continuously evolving
threat landscape in which adversaries actively exploit software
vulnerabilities to gain unauthorized access, disrupt operations, or exfiltrate
sensitive data. As attack sophistication and automation capabilities
increase, so does the speed at which threat actors weaponize newly
disclosed vulnerabilities. Traditional remediation models that rely on fixed
patch cycles or reactive prioritization are no longer adequate to address the
growing risks. Recent research reveals a marked decrease in the average
time-to-exploit for disclosed wvulnerabilities, compelling enterprises to
adopt more dynamic and intelligence-driven vulnerability management
strategies [1, 2].

The prioritization of remediation efforts must therefore be informed not
only by the severity score (e.g., CVSS) of a vulnerability but also by
exploitation likelihood and the observed time between public disclosure
and first exploitation in the wild [1]. This paper presents a meta-analysis of
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statistical and research-based findings from 2018 to 2023 to inform more
responsive and effective remediation planning.
Time-to-Exploit and Vulnerability Severity: Empirical Trends
Recent studies confirm that threat actors are exploiting vulnerabilities
faster than ever. The following summarizes key findings:

[0}

[0}

(o}

(o}

[0}

[0}

(o}

Critical vulnerabilities (CVSS > 9.0):

Median time to first known exploitation has declined from 22—
63 days in 2018 to <5 days in 2023 [1, 2].

Over 50% of critical vulnerabilities are now exploited within 7
days of public disclosure [1, 2].

Case studies such as VMware Workspace ONE Access (CVE-
2022-22954) and F5 BIG-IP (CVE-2020-5902) demonstrated
exploitation within a few days of disclosure [3, 4].

Non-critical vulnerabilities (CVSS < 9.0):

A significantly lower percentage are ever exploited; only 4—
5% of all published CVEs are exploited in the wild [5, 6].
When exploited, the typical delay ranges from weeks to
months, and often in targeted or opportunistic scenarios [1, 2].
Exploitation of medium/low CVSS vulnerabilities is often
associated with ease of exploitation and presence of public
PoC [5, 6].

Trend over time:

Average time-to-exploit decreased from ~63 days in 2018 to
~5 days in 2023 (Google/Mandiant) [1].

Rapid7 reported an increase from 30% (2020) to 56% (2022)
of vulnerabilities being exploited within one week [2].
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o Increased availability of PoC code, wvulnerability diffing
techniques, and attacker automation tools has accelerated
weaponization [3, 4, 7].

Conclusion and Recommendations

The accelerated exploitation timelines of critical vulnerabilities
necessitate reevaluating enterprise remediation practices. Based on the
meta-analysis, the following practical recommendations are proposed:

1. Adopt a risk-based prioritization model incorporating CVSS score,
exploit availability, active exploitation status (e.g., CISA KEV
catalog), and asset criticality [1, 8].

2. Remediate critical vulnerabilities (CVSS > 9) ideally within 48-72
hours of disclosure. Use emergency patching pipelines and interim
mitigations where direct patching is not immediately feasible [1, 2].

3. Continuously monitor exploit developments and update
prioritization in near real-time using threat intelligence feeds [7, 8].

4. Automate vulnerability scanning, ticketing, and patch deployment
across hybrid environments to reduce operational delays [8].

5. Educate IT and security teams on time-to-exploit trends and
reinforce urgency in patch management procedures [1, 2].

Limitations and Future Research
This study synthesizes open vendor telemetry and public research but
lacks access to proprietary exploit telemetry from private sector sources. As
such, true time-to-exploit may in some cases be shorter than observed.
Furthermore, the role of attacker motivations (e.g., APT vs. cybercrime)
and exploit reuse patterns were not explored.
Future work will examine:
The correlation between exploit predictability (via EPSS) [9] and
actual exploitation timelines.
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Industry-specific trends in vulnerability exploitation speed (e.g.,
finance vs. healthcare).
The effectiveness of real-time threat intelligence integration into
enterprise vulnerability management platforms.
By understanding the shrinking window for defensive action, enterprise
defenders can better align remediation strategies to counter the evolving
speed of threat actor operations.

[1] Google Cloud, “How Low Can You Go? An Analysis of 2023 Time-
to-Exploit Trends,” Google Cloud Blog, Nov. 15, 2023. [Online]. Available:
https://cloud.google.com/blog/topics/threat-intelligence/time-to-exploit-
trends-2023

[2] Rapid7, “Vulnerability Intelligence Report 2022,” 2023. [Online].
Available: https://www.rapid7.com/about/press-releases/rapid7-
vulnerability-intelligence-report-shows-attackers-developing-and-
deploying-exploits-faster-than-ever/

[3] C. Condon, “Widespread Exploitation of VMware Workspace ONE
Access CVE-2022-22954,” Rapid7 Blog, Apr. 29, 2022. [Online].
Available: https://www.rapid7.com/blog/post/2022/04/29/widespread-
exploitation-of-vmware-workspace-one-access-cve-2022-22954/

[4] Cybersecurity and Infrastructure Security Agency, “Threat Actor
Exploitation of F5 BIG-IP CVE-2020-5902,” Cybersecurity Advisory
AA20-206A, Jul. 24, 2020. [Online]. Available:
https://www.cisa.gov/news-events/cybersecurity-advisories/aa20-206a

[5] A. D. Householder, J. Chrabaszcz, T. Novelly, D. Warren, and J. M.
Spring, “Historical Analysis of Exploit Availability Timelines,” Software
Engineering Institute, Carnegie Mellon University, Pittsburgh, PA, Tech.
Rep. CMU/SEI-2020-TR-001, 2020. [Online]. Available:
https://insights.sei.cmu.edu/documents/596/2020 019 001 644727.pdf
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by CVEs,” Deploy Securely, Sep. 2, 2022. [Online]. Awvailable:
https://blog.stackaware.com/p/but-is-it-exploitable

[7] MITRE Engenuity, “Adversary Emulation Library,” Center for
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[8] National Institute of Standards and Technology (NIST), “Framework
for Improving Critical Infrastructure Cybersecurity,” Version 1.1, 2018.
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METO/IUKA BUBHAUEHHS IOKA3HUKIB BE3INEYHOCTI
BIIMOBOCTIMKOI CUCTEMH

Beryn

Cucremu BignoigansHoro npusHauerns (anri. — Safety Critical Systems,
SCS) 3aiimMaroTh KJIIOUOBE Miclie B iH(GPACTPYKTypax, 1€ MOPYIICHHS IX
(hyHKITIOHYBaHHSI MOYKE TPU3BECTH 10 KaTtacTpoiyHUX HacmiakiB. CucTeMu
Bi/INOBIIAJIGHOTO TIPH3HAYEHHSI BUKOPUCTOBYIOThCS y BIMCHKOBIH, aBiamiiiHil,
Me/IMYHIH, TPaHCTIOPTHIH, eHepreTHyHiil Ta KocMiuHii cdepax. Ix ocHoBHUMY
XapaKTepUCTUKaMU € 3AaTHICTh (YHKI[IOHYBaTH B YMOBaxX BIAMOB ix
TMIJICKCTEM YU MOJYJNIB, aIalITUBHICTh 0 3MiH HABKOJHIITHHOTO CEPEIOBHIIIA,
a TaKoXXK BUCOKHUI piBeHb HaJilHOCTI Ta Oe3meyHocTi. [IpoekTyBaHHS Takux
CHCTEM 3JIIHCHIOETHCS BIATIOBITHO JI0 MIXKHAPOJHHUX CTAHAAPTIB OE3MEUHOCTI,
takux sk IEC 61508, I1SO 26262, DO-178C i3 BHKOpPHCTAHHSM BIiIMO-
BOCTIMKHX apXiTeKTyp, 30KpeMa MaKOPUTAPHUX CTPYKTYP.

Maxoputapaa ctpyktypa [1,2] € eheKkTHBHUM pilleHHSIM IS
MiJBUICHHS HamiiHOCTI Ta Oe3neunocti SCS. Bona 06a3yerbcs Ha
MIPUHIIMII TOJIOCYBaHHs, KOJNW BXigHI JaHi OOpoONsOThCS TphoMa abo
OimpIe MOAYNSAMH, a pPE3yNbTaT BU3HAYAETHCS 3a OUIBIIICTIO, METOIOM
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rojocyBaHHs. Y pa3i BiIMOBH OJHOTO 3 MOJIYJIB Taka cucTeMa 30epirae
npane3gaTHICTh, OCKUIBKM Ma)KOpDUTApHHUN eJNeMEHT iJeHTUudiKye Ta
BiJIKMJIa€ HEKOPEKTHUH pe3ynbTatr. KpimM 1mporo, MakopurapHa CTpyKTypa
JTO3BOJISIE BUSIBJISTH Ta HIBEIIOBATH OKpeMi 3001, MIO CYTTEBO IIiJIBUIIYE
0e3MeYUHICTh Ta 3araJibHy CTIHKICTh CUCTEMHU JIO BiJIMOB.

OniHBaHHA NMOKA3HUKIB 0e3IeYHOCTi BITMOBOCTIHKNX CHCTEM HA
eTamni NPoEKTYBaHHSA

Ha cucremMoTexHiuHOMY eTalli MPOEKTYBAHHS CHCTEM BiANOBIAaTBEHOTO
npusHaueHdst (SCS), konu mie He icHye (isuuHOi pearizariii, HaI3BH-
YaifHO BAXKJIMBO OLIHUTH €(QEKTHBHICTh 3aCTOCOBAHMX MeXaHi3MiB 0e3-
nevyHocTi Ta HammmkoBocTi [3] . Ile mae 3Mory 1me 10 BOPOBAKEHHS
CHUCTEMH B €KCILTyaTaIlilo MIPOaHalli3yBaTH il MOBEIHKY B YMOBaX BiIMOB,
AKi TPU3BOJATH aBapiiHWX cuTyamiii. Cepex TOMMPEHHX METO/IB
OIIIHIOBaHHs TOKa3HWKIB Oe3meuHocTi — naepesa Biamos (FTA), aepesa
moxiti (ETA), amamiz Buaie i Hacmigkie BigmoB (FMEA/FMECA),
cTpykTypHi cxemu HamiHocti (RBD) ta Mertom mpoctopy crauiB. [4]
[Ipote mi Meroau MarOTh HHU3KY CYTTEBHX OOMEKEHb. HE BPaXOBYIOTh
KOpeJsIiii MK aBapiiHUMH CUTyalisiMH, 0a3yIOThCS JIUIIE HA TOYKOBHX
OIlIHKaX MOKAa3HMKIB, a TaKOXX HE BPaXOBYIOTh CTpaTerii MOBEpHEHHS
CHUCTEMH [0 HOPMAJIHHOTO CTaHy Iicis BigMoBH. lle yckimamgHroe OIiHKY
MOKA3HHUKIB OE3MeYHOCTI BIIMOBOCTIHKOI CHCTEMH 3 BpaxXyBaHHAM
0co0IMBOCTEH 11 TOBEIHKH.

VY 3B’s3Ky 3 IIUM BCe OLIBIIOI aKTyalbHOCTI Ha0yBa€ yAOCKOHAJIEHUH
METOJ TIPOCTOPY CTaHiB, [5] sSKuil ma€ 3MOry MOJENIOBATH CHCTEMY SIK
CYKYTHICTh MOXKJIMBUX CTaHIB i3 ypaxyBaHHSIM 4acOBOi TWHAMIKH 1X 3MiH.
et migxix MA03BOJIIE pO3paxOBYBaTH K TOKAa3HWKH HATIHHOCTI
(imoBipHicTh Oe3BimMoBHOT pobotu R(t), cepemniii wac 10 BiAMOBH
(MTTF), tak i noka3Huku 6e3meqHocTi (HMOBIpHICTh HACTAHHS aBapiitHOT
curyarii Q(t), wactora ii BunukHeHHs W(t), pyHkiis aBapiitnocti FA(t)) 3
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€IMHOI Mojeni. 3aBASKH IbOMY METOAY MOJIJIMBO TPOCTEKUTH BIUTUB
3MiH KOH(]Irypaiii CHCTEMH, TaKHX SK JTOJJABAHHS PE3€PBHUX MOYJIIB, 3MiHA
NpaBwjia TOJIOCYBaHHs UM 3apOBaPKEHHS TEXHIYHOTO 00CITyroBYBaHHS, Ha
MOKA3HUKHN (QYHKIIHHOT O€3NEYHOCTI CHCTEMHU.

IToGynoBa Mozeli 3a yIOCKOHAJIEHHM METOJIOM MPOCTOpPY CTaHiB [5]
MOYMHAETHCA 3 (OpMYyBaHHS BepOanbHOI MOJIENi, Ha OCHOBI SIKOT IUIIXOM
JIOTIYHOTO aHali3y CTBOPIOEThCS rpad cTaHiB 1 mepexofiB. Baxknmporo
OCOONHBICTIO € Te, MO BiAMOBH HE 00’ €IHYIOTHCS B OAHWH CTaH, K y
KJIACUYHOMY METOAlI TPOCTOpPY CTaHiB, a YTBOPIOKOTH MiAMPOCTIp
Henpane3JaTHUX CTaHiB. [l KOXXHOTO MOAYJS BHKOPUCTOBYETHCS
OKpeMa KOMIIOHEHTa BEKTOpa CTaHiB, IO JO3BOJISIE OTPUMATH IOBHY
iH(opMaIio PO Mpane3IaTHICTh KOXKHOTO MOAYJISl CHCTEMH B OyAb-SKHiA
MoMeHT uyacy. Lle, 3 omHOro OOKy, CYTTEBO PO3IIMPIOE MiAIPOCTIP
mpare3aTHIX CTaHiB, a 3 iHIOro — 3abe3medye TOYHE BigOOpakeHHS
JUHAMIKU QYHKIIOHYBaHHSI CUCTEMH IPU HOPYLICHHSAX Mpale31aTHOCTI.

AHaNmiTHYHa MOJENb Y BHUIISIII CHCTEMH JIHIHHUX AUQepeHIialbHuX
piBastHb  KonmmoropoBa-Uenmena 3  mocTidHHMH — KoedilieHTaMu
OynyeTbcsl Ha OCHOBI rpada CTaHIB 1 MEepexoliB, /e KiIBbKICTh PiBHAHD
BiJINIOBila€ KUTBKOCTI cTaHiB y rpadi. [ns KokHOro cTaHy piBHSIHHSA
OTHCY€ 3MiHY WMOBIPHOCTI WOTO IOCSTHEHHS, SK CyMy BIUIMBIB IHIITUX
CTaHIB — 3 YypaxyBaHHSM IHTEHCHBHOCTEH TIEpeXoiB MK HHUMHU.
Po3B’s13aHHs  1OOy/MOBaHOT CHUCTEMH pIiBHSHb (HAapUKIAL, METOJOM
Pynre-Kyrtu-MepcoHa) 103BOJIsie BU3HAYUTH HMOBIPHOCTI mepeOyBaHHs
CUCTEMH B KOXHOMY 31 cTaHiB. 3 ¥MOBipHOCTeH mepeOyBaHHSA Yy
KO)KHOMY cTaHi (OpMYyIOTh BHpa3d /s PO3PaxyHKy TOKa3HHKiB

HaIHHOCTI Ta OE€3MEYHOCT] BIIMOBOCTINKOI CHCTEMH.
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MeToanka BH3HAYEHHS NMOKA3HHUKIB O0e3meuyHOCTI BiZMOBOCTIHKOL
CHCTEMH 3 BHKOPHCTAHHSM YIOCKOHAJEHOr0 METOAY HPOCTOpY
CTaHiB

BukopuctaHHs yIOCKOHAJIEHOTO METONy Jda€ 3MOTy OTpPHMAaTH
¢dyHK1i0 aBapiiiHOCTI 3 rpady craHiB Ta nepexoxiB. OyHKuig aBapiitHOCTI
(FA(t)) € ananmorom cykymnHocTi MiHiManbHHX ciueHb (MSC) Ha ychomy
inTepBaii excrutyataiii SCS). Po3pobiena MeTo1uKa MpoiTFocTpOBaHa Ha
MPUKJIaAI BIAMOBOCTIWKOI CHCTEMH BIANOBINATBHOTO TPU3HAYEHHS 3
MaKOPHTApHOIO CTPYKTypoto 2 3 3-x 0e3 BimHOBIEHHS. MeTonuka
CKJIaJIa€ThCs 3 6-TH MOCIiJOBHUX €TalliB:

1. ®opmyBaHHA JOT1YHOI YMOBH BiIMOBH CHCTEMH.

2. MiHimizamis JorigHol (QyHKIII YMOBH BiJIMOBH 32 TpaBHIAMHU
anreOpu JOTIKH.

3.  @opMmyBaHHS MacoK aBapiiHUX CHUTYaIlil.

4., Bubip cranHiB, 3 HiANpPOCTOpPY HeNpale3JaTHUX CTaHiB, SKi
BIJIMTOBIAIOTh KOHKPETHIN aBapiiHINA CUTYyaIIi].

5. ®opmyBaHHA BHUpa3iB U BU3HAYCHHS YaCOBUX 3aJIEKHOCTEH
¢dbyHKLi# aBapifHOCTI.

6. dopMmyBaHHS BUpa3y Ui OOUHMCICHHS WMOBIPHOCTI MOTPAILISHHS
CHUCTEMH B aBapiiHy CHTYAIII0.

Ha mnepmomy eram HeoOxigHO cdopMyBaTH IOTiYHY (DyHKIIFO
BiJIMOBU CHCTEMH y BUIJISIII IU3 FOHKIIIT KOH FOHKIIA. B maHomy BUnaaxy
CHUCTEMa BHXOIUTHh 3 Jady, SKIIO HECIPaBHHUMH CTAalOTh JBa 3 TPbOX
MOJYJNIB, IO MOXE BiIOYTHCS B OIHIHN i3 TPhOX MOXJIMBUX KOMOIHAIIii:
MepIInHN 1 JPYTui MOy, IepITui 1 TpeTiid abo aApyTHil i TpeTiH.

Ha npyromy erami HeoOXigHO MiHIMi3yBaTH JIOTiYHY (PYHKIiIO YMOBU
BIJIMOBU BIJIMIOBIHO 70 MpaBwmi ajreOpu Jyioriku. Ha Ttpetbomy erari, 3
MiHIMi30BaHOI YMOBHU (hOPMYIOTHCSI MACKH aBapiiHUX CHUTYaIliH, KiTbKIiCTh
SAKUX BIJTIOBia€ YUCITy eJIeMEHTapHUX KOH IOHKIiH. OCKiJIbKH Y BUITAIKY
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MaKOPHTApHOT CTPYKTYpH 2 3 3-X € TpU TaKUX KOH IOHKIIi, TO
orpumyemo Tpu Bignosigni macku: (V1=0 AND V2=0), (V1=0 AND
V3=0) ta (V2=0 AND V3=0).

Jami, 3a MOMOMOro IHUX MacOK BH3HAYAOTHCS KOHKPETHI CTaHU
CHCTEMH, IO BiAMOBIIArOTH aBapiitnum cutyarism. Macka (V1=0 AND
V2=0) BkjIIOYa€E CTaHW, B SKUX TeEpII JBI KOMIOHEHTH BEKTOpa
nopiBao0Th Hymro. Macka (V1=0 AND V3=0) oxomiwoe craHu, Ie
mepiia Ta TpeTs KoMmroHeHTH piBHI Hymo. Macka (V2=0 AND V3=0)
BiJINIOBi/la€ cTaHaM, Jie Ipyra i TpeTss KOMIOHEHTH JOPiBHIOIOThH HYJIIO.

Hactynmaum etanom € GopMyBaHHs BUpa3iB AJsi BUBHAYEHHS 4aCOBUX
3anexxHocTeld (QyHKIiH aBapiliHocTi. DYHKIISI aBapiiHOCTI BU3HAYAETHCS
K cyMa WMOBIpHOCTeH mepeOyBaHHS y CTaHaX, BUOPAHUX 3a JOIIOMOTOIO
Macok. TakuM 4HHOM, Ui BIIMOBOCTIHKOI CHCTEMH 3 Ma)KOPUTApHOIO
CTPYKTYpOIo 2 3 3-X OTpUMaHO Tpu GYHKIII1 aBapiiHOCTI:

FAL(t)=P5(t)+P8(t)
FA2(t)=P6(t)+P8(t) 1)
FA3(t)=P7(t)+P8(t)

I'padiku 3anexHocTel QyHKIINA aBapiiHOCTI (TOYKOBI, IITPUXOBI Ta
WITPUX-MYHKTUPHI JIiHIT) BiJ mepiogy eKcIulyartallii BiIMOBOCTIHKOT
CHCTEMH BiJIIOBIJAILHOTO MPU3HAYCHHS 3 MKOPUTAPHOIO CTPYKTYPOIO 2
3 3-X mpejcTaBieHo Ha puc. 1.

JMoBipHiCTh MOTpAIUISHHA cHCTeMH B aBapiifHy cutyamio Q(t)
00YHCITIOETHCS SIK cyMa (YHKIIIH aBapiitHOCTI:

Q(t)=1-(1-FAL(t))-(1-FA2(t))-(1-FA3(t)) (2

I'padik 3amexHOCTI WMOBIPHOCTI MOTPATUISTHHS B aBapiiiHy CHUTYAaIlifo
(cyminpHa kpuBa) BiJg TMEPiOAy eKCILIyaTarlil BiAMOBOCTIHKOI CHCTEMH
BIJIMOBIJAIBHOTO TPU3HAYCHHS 3 Ma)XOPUTAPHOI CTPYKTYpor 2 3 3-X
MpeicTaBleHo Ha puc. 1.
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Pucynox 1. ®ynkuii aBapiiinocti (FA1(t), FA2(t), FA3(t)) Ta iimoBipHicTh
MOTPAIUISIHHSA B aBapiifHy cutyartiro (Q(t)) BinMOBOCTIiKOT cucTeMH
BiJITIOBIZIAJIbHOTO MPU3HAYCHHS 3 MAXXOPUTAPHOIO CTPYKTYPOIO 2 3 3-X

st poGoTa BuKOoHaHA 3a miaATpUMKH HamioHanmsHOTO QOHIY AOCITiKEHD
Vkpainu, npoekt Ne 2023.04/0116 «MonysiabpHa akycTH4HA CHCTEMa MOHi-
TOPUHTY MOBITPSIHOTO MPOCTOPY» 3a KOHKypcoM «Hayka amsi 3MillHEHHS
000pOHO3ATHOCTI YKpaTHI»

BucHoBkn

Meroauka BU3HAUYEHHS IIOKA3HMKIB O€3[EYHOCTI BIJIMOBOCTIHKUX
CHCTEM Ha OCHOBI YIOCKOHAJICHOTO METOAY MPOCTOPY CTaHiB, Ja€ 3MOTY
OTpUMATH TIOKA3HWKHU OE3MEeYHOCTI He SIK TOYKOBi OIlIHKH, a SIK 9acoBi
3ale)KHOCTI Ha BCHOMY IHTEpBami ekcruryatarii cucremu. I[loOymoBani
¢GyHKIIT aBapiiHOCTI J03BOJSIOTH IOCHIAMTH YacOBY JWHAMIKY CIaOKHX
MICIIb 3 YpaxyBaHHSIM HE TUIbKU CTPYKTYpPH CUCTEMH, a TAKOXK ii MOBEAIHKH
MpH BIAMOBaxX MiACHCTEM Y MOAYMiB. Takuii miaXif MO3BOJSE OIIHWUTH
B32€MO3AJIEKHOCTI MK OKPEMHUMH aBapiifHUMHU CHUTYaIlisIMH, IIIO CYTTEBO
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PERFORMANCE ENHANCEMENT OF COVERT UAV
COMMUNICATION SYSTEMS VIA CDMA TECHNIQUES

This thesis presents an adaptive code division multiple access (CDMA)
based method to enhance covert unmanned aerial vehicles (UAVS)
communications. The approach improves throughput and reduces detection
risk under realistic fading and jamming conditions. Simulation results show
significant gains in reliability and stealth compared to static methods.

Index Terms: Unmanned Aerial Vehicles (UAVS), covert communication,
Code Division Multiple Access (CDMA), anti-jamming, secure wireless
communication.

Introduction. Covert communication is essential for UAV operations in
contested environments to ensure stealth and mission success. CDMA
techniques enhance covert UAV communication by enabling multi-user
access with low probability of detection and resilience to interference. Prior
works demonstrated CDMA’s effectiveness in dense UAV radar systems,
optimization of covert transmission under jamming [1], and adaptive covert
frameworks for robotic swarms [2]. This thesis advances these efforts by
proposing novel CDMA-based code and power allocation schemes to
maximize covert throughput while minimizing detectability, supported by
analytical modeling and simulation.
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Threat and Detection Model. In covert UAV communication, the
system must avoid detection by a passive adversary (warden) monitoring
the spectrum. The warden may apply energy detection or likelihood ratio
tests to identify signal presence. To ensure covertness, the probability of
detection must be bounded as P; < e, where € is a small predefined
threshold representing acceptable detection risk. This model considers
realistic air-to-ground fading and additive noise conditions. CDMA’s
spectral spreading reduces energy concentration and cross-user interference,
aiding in satisfying covert constraints without degrading communication
quality.

Proposed CDMA-Based Covert Strategy. Spreading Techniques
and Jamming Mitigation. Unlike conventional CDMA systems, the
proposed strategy significantly enhances performance by integrating
advanced spreading and robust anti-jamming mechanisms. While
traditional approaches rely on fixed spreading codes, this system employs
orthogonal or pseudo-orthogonal codes specifically chosen to minimize
multiple access interference (MAI) and preserve signal separability among
UAV nodes operating simultaneously. In contrast to static signaling
schemes, the proposed method introduces adaptive code selection and
frequency hopping across CDMA subchannels, dramatically increasing
signaling variability. This dynamic and unpredictable transmission pattern
greatly complicates efforts by passive detectors and active jammers,
enabling low-probability-of-detection communications in highly contested
and adversarial environments.

Power and Code Allocation Method. To balance throughput and
covertness, a joint power and code allocation strategy is employed. UAV
transmit powers are dynamically adapted based on channel state
information (CSI) and estimated detection risk. Spreading codes are
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assigned to minimize MAI and maximize signal-to-interference-plus-noise
ratio (SINR), defined as the ratio SINR = Pg;gnai / Pinterference + Proise-
The optimization objective is to maximize covert throughput under
detection and power constraints:

max R (P, O) subject to P < g P <P

pP,C covert d— i max

where P and C denote the vectors of power and code assignments,
respectively, and P; is the transmit power of the it" UAV.

Performance Metrics. SINR: indicates link quality by comparing
signal power to the combined interference and noise. Higher SINR
corresponds to more reliable communication.

Probability of detection (P,;): reflects the likelihood that an adversary
detects a UAV transmission. Maintaining P; < € ensures covert operation.

Throughput: represents the effective data rate achievable under covert
constraints, measuring system efficiency and overall communication
performance.

Simulations and Results. Simulations evaluated the proposed
CDMA-based covert UAV communication system under realistic
conditions. The number of active UAVs ranged from 1 to 10, with the
channel modeled as Rician fading and subjected to both jamming and
noise.

SINR performance: the adaptive power and code allocation strategy
maintained SINR levels from 25dB (with 1 UAV) to 15dB (with
10 UAVs), significantly outperforming the static allocation approach,
which dropped below 10 dB at 10 UAVSs. This result demonstrates superior
interference management and improved link quality.

Throughput under covert constraints: throughput decreased with more
UAVs but remained high with the adaptive method, achieving about
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950 kbps for 1 UAV and 850 kbps for 10 UAVs. This is roughly 30%
higher than static allocation, showing improved data rates while keeping
the detection probability P; below 0.1.

Probability of detection vs. jamming: under jamming (JSR 0-20 dB),
adaptive power control kept P; below 0.1, preserving covertness. Static
power control exceeded this threshold at higher JSR, risking detection.

Robustness to burst jamming: throughput and SINR degraded gracefully
with increasing JSR under burst jamming. At 20dB JSR, throughput
remained about 460 kbps and SINR around 11dB, confirming the
framework’s robustness to hostile interference.

Table 1. Performance Comparison:
Adaptive CDMA vs. Static Approach

Adaptive
Metric Static CDMA CDMA Improvement
(Proposed)
SINR at 10 UAVs <10dB 15dB 1 5dB
Throughput at ~300
10 UAVS 650 kbps 850 kbps ™ ~30%
Throughput at .
1 UAV 730 kbps 950 kbps ™ ~30%
P, at JSR=20 dB >0.1 <0.1 Covert
Robustness to Low High Maintains
Burst Jamming SINR/Throughput
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These results validate that adaptive joint power and code allocation
enhances covert communication performance by balancing throughput,
interference, and detection risk in challenging environments.

This thesis developed an adaptive CDMA-based covert communication
method for UAVs. Results show improved throughput, signal quality, and
jamming resilience while maintaining low detection probability. The
approach enables reliable and stealthy UAV communication in contested
environments.
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