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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics
to be accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and
the Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of geology and technical sciences in the Emerging Sources
Citation Index demonstrates our dedication to providing the most relevant and influential content
of geology and engineering sciences to our community.

Kazaxcman Pecnyonuxacol ¥nmmoix eoiivim akademusicol « KP ¥£A Xabapnapwi. 'eonoeusi scane
MEXHUKATLIK bLIBIMOAD CepUsiCbly bliblMU JcypHaabinbiy Web of Science-miy oicananranzan
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvlH xabapiaiiovl.
byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol JcypHandvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index oicone the Arts & Humanities
Citation Index-xe xabwvL10ay macenecin xapacmoipyoa. Webof Science szepmmeyuiinep,
asmopnap, bacnawbliap MeH meKkemenepee KOHmMeHm mepenoici MeH canacvih Ycovlnaowvl. KP
¥F'A Xabapnapwi. I'eonocus scane mexnuxanvlk eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yulik ey 63eKkmi Jicane 6e0eN0l 2e0N102Usl HCIHE MEXHUKATBIK
2LILIMOAp OOUbIHULA KOHMEHMKE A0ai0bleblMbl30bl OLI0IPEOi.

HAH PK coobwaem, umo nayunoiii sicypran « zeecmuss HAH PK. Cepusi eeonocuu u mexnuueckux
HayK» 6vL1 npunam 0ns undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uHOEeKCUpOBaHUuU HAXOOUMCS 8 CMAOUl paccMOmMpeHUs
rxomnanueu Clarivate Analytics ons danvheiiueeo npunsmus scypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index.
Web of Science npeonacaem xauecmeo u enyouHy Kommenma 0/ ucciedogamenell, dgmopoes,
uzoamenei u yupexcoenuil. Brxnouenue Uzeecmus HAH PK. Cepus eeonocuu u mexnuueckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nauty npugepiceHHocms K Haubonee
AKMYANIbHOMY U GIUAMENbHOMY KOHMEHMY NO 2€0102Ul U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmaa.



KAWMBIFBIMABIABIK, KOFBI

HALYK

CHARITY FOUNDATION

YD «XAJBIK

B 2016 romy ans pa3BUTUS W YAyYIIEHHS KaueCTBa >KU3HU Ka3axCTaHLEB ObLI
CO3J1aH YacTHbIH bnarorBoputenbHblid GoHa «Xaibky». 3a robl CBOSH IesITeIbHOCTH
Ha peajHu3aluio OJaroTBOPUTENILHBIX MPOEKTOB B 00JacTAX oOpa3oBaHMS M HAyKH,
COLMAJILHOM 3aIlUThI, KYJIbTYPBI, 31paBooxpaHeHus u cnopra, Ponp Beyaenua Oosee
45 MunnuapaoB TEHre.

Oco6oe BanManue biarorBopuTenbHbIH GOHT «XaJIbIK» yienseT 00pa3oBaTeIbHbIM
IporpaMmam, CUuTas 3TO HaIlPaBJIE€HUE OJHUM M3 KIIIOYEBBIX B CBOEH JIEATENBHOCTH.
Oxa3biBasi MOAJIEPKKY OTEUECTBEHHOMY 00pa30oBaHuto, GOHI BHOCHT CBOI OCHIIbHBIN
BKJIaJI B Pa3BUTHE KauecTBEHHOTo oOpa3oBanus B Kazaxcrane. Tem caMbiM ciocoOCTBY S
pOCTy uncIa JItoneH, ClIoCOOHBIX MEHSTh XKU3Hb B CTPaHe K JIy4IlleMy —Ipo(ecCHOHAIOB
B pa3iMyHbIX cdepax, MOTCHUUAIBHBIX JIMACPOB M «BEJIUKUX YMOB». OmHOH U3
3HAUUMBIX HMHUIMATHB (oHJa «Xanblk» B oOpas3oBaresibHOW cdepe cTajm MpoeKT
Ozgeris powered by Halyk Fund — mepBblii B cTpane OuzHec-uHKYOaTop ISl yUaluxcs
9-11 xmaccoB, KOTOPBIH MOMOTraeT pa3BUBAaTh HEOOXOOMMBIE B COBPEMEHHOM MUpE
MpeANPUHUMATENILCKUE HaBbIKK. Tak, Ha comeliCTBHE MajoMy OHM3HECY IMIKOJIbHHUKOB
66110 BhIIeneHo Oosee 200 rpanToB. J{iist mo/iep KKy TadaHTIIMBBIX 1 MOTHBHPOBAHHBIX
nereit @OoHI HEOAHOKPATHO BBLACISUT TPaHThI HAa 00yueHue B MexTyHapOJHOH IIKojIe
«Mupac» u B Astana IT University, a Taxke MOMOI Ka3aXCTaHCKUM LIKOJbHHKAM
npuHATH yyactue B npectxHoM KoHKypce «USTEM Robotics» B CILIA. ABropckue
pabotel B pamkax npoekra «Tomimrep», koropomy DoHI OKa3an HOAICPIKKY, JICIIIU B
OCHOBY Y4€OHOH MPOrpaMMbl, Y4€OHHKOB U Y4€OHO-METOANYECKUX KHHUT IO MIPEAMETY
«OCHOBBI TIpeANpUHUMATENBCTBA U Ou3Heca», mpenogaBaemoro B 10-11 xmaccax
Ka3aXCTAaHCKMX ILKOJ U KOJUIEIKEH.

[TomuMo mnomoIIM MIKOJIBHMKAM, ydallMMcs KoJulepked u cryaeHTtaM DoHp
CUMTAET BAXXHBIM BHECTH CBOW BKJIAJ B IMOBBILICHHE KBAIM(QHUKALWN IIE€AaroroB,
COBEpIIEHCTBOBAHNE HUX 3HAHUH U HABBIKOB, IOCKOJIBKY HMEHHO OHHU SIBJISIOTCS
MIPOBOAHMKAMH 3HAHUM OydyHIMX MOKOJIeHHH KazaxcTanueB. [Ipu mognepxke donna
«XanplK» B IOKHOH cTONMIEe ObUI OpPraHW30BaH €XKEroJHbIM TOPOACKOW KOHKYpC
nenaroroB «Almaty Digital Ustaz.

BaxHoll MHMLIMATUBOW CTayl pealu3yeMblii MPOEKT 1O OOy4YEeHHIO OCHOBAM
(UHAHCOBOM TPaMOTHOCTH MpernojaBareield n3 BockMH obmacteil Kazaxcrana, urto
JIOJDKHO OKa3aTh CYIIECTBEHHOE BIIMSIHUE Ha BOCIIUTaHUE (PMHAHCOBOW IPAMOTHOCTH H
MPEeINPUHUMATEIBCKOTO MBIIIJIEHHS Y HOBOTO TIOKOJIEHHSI IPaX</1aH CTPAHBI.

Heo6xomumyto nomorip @oHpa «Xajablk» OKa3blBaeT U TEM, KTO 0COOEHHO OCTPO
B Hell Hyxnaercs. B paMkax counaibHOM 3alllUThl HACEJIEHHsS aKTHUBHO NPOBOAUTCS
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paboTa 1o TOAJEPKKE JIETeH, OCTABIIMXCS 03 pOJAUTENCH, JeTedl W B3POCIBIX U3
COLMAJIbHO YA3BUMBIX CJIOEB HACEJICHMUS, JIFOJEH C OTPAaHUYEHHBIMHA BO3MOKHOCTSIMHU, a
TaKKe 00eCIEUESHUIO HYKIAFOIIUXCS COIUABHBIM KUIbEM, CTPOUTEIBCTBY COLIUATBHO
BaXKHBIX OOBEKTOB, TAKUX KaK JCTCKHE CaJbl, ACTCKHE TUIOIIAIAKU U (PU3KYIBTYpPHO-
03JI0POBUTEJIbHBIE KOMIIJIEKCHI.

B xommnky no0peix gen @onnma «Xanablk» MOXKHO JOOABUTh OKa3aHUE MTOMOIIH
JIETCKOMY CIIOPTY, Ky/ia OTHOCHTCS TIOJICPKKA B PA3BUTUU JIETCKOTO (PyTOOJIA M Kapare
B Hamiel crpaHe. JKMU3HEHHO Ba)KHYIO TIOMOIIL braroTBopuTeNnbHbIN QOHI «XaTblky»
OKa3aJl HalllUM COOTeUECTBEHHUKAM BO BpeMsi HeaasHell nangemun COVID-19. Torga,
B pasrap TsDKenod 0ophObl ¢ KopoHaBUpYCHOH nHpeknuerd Dounx Beiaenui cBbime 11
MUJUTMAPJIOB TEHI'e Ha MPHOOpPETeHHE HEOOXOAMMOI0 MEIUIIMHCKOTO 00O0pYIOBaHUS
U JIOPOTOCTOSIIUX MEAMIMHCKUX IPEraparoB, aBTOMOOWIICH CKOPOM MEIMIIMHCKON
TIOMOUIHU U CPECTB 3aLIUThL, aAPECHYIO MAaTEPUAIbHYIO IOMOLIb COLIMAIBHO YSI3BUMBIM
CJIOSIM HACEJICHUS U JICHE)KHBIC BBITUIATHI MEUIIMHCKUM PaOOTHUKAM.

B 2023 romy Hapsamy c OpYyrUMU TPOEKTaMH, HAlCJICHHBIMM Ha IMOBBIIICHUE
0JIaroCOCTOSIHUST Ka3aXCTaHCKUX TpaxkaaH DOHJ peniwi yneinuTb 0C000€ BHUMAaHHUE
HayKe, MOCKOJIbKY OHa SBJISIETCS YacThlO0 OOIIECTBEHHOW KYJIBTYPhI, & YPOBCHb €€
pa3BUTHS ONPEIETAET YPOBEHD Pa3BUTHUS FOCYIapCTBA.

[Honnepxkka @oHAOM BbIMyCcKa >KypHajgoB HamuonanbHOM AkageMun Hayk
PecriyOnuku KazaxcraH, KOTOpbIe BXOAST B MEXIyHapoiHble (OHABI Scopus u
Wos ¥ B KOTOPBIX NYOJNUKYHOTCS CTaTbd OTEUECTBEHHBIX YYCHBIX, JIOKTOPAHTOB W
MarvCTPaHTOB, a TaK)KE HAYYHBIX COTPYJAHHMKOB BBICHIMX Y4YEOHBIX 3aBEJCHHUN W
HAy4HO-UCCIIEA0BATENbCKUX MHCTUTYTOB HALLIEN CTPAHBI SIBJISECTCS HE MEHEE 3HAYMMBIM
BKutajjoM DOH/Ia B pa3BUTHE Ka3aXCTAHCKOTO OOIIIEeCTBA.

C yBakeHunem,
BbaarorBopurebHblii ®ona «XaabIky»!



Bac penakrop

7KYPBIHOB Mypar 7KypbIHYJIbI, XUMHA FBUIBIMIAPBIHBIH TOKTOPHL, Ipodeccop, KP ¥FA akanemuri,
«Kazakcran Pecryonukacel ¥ITThIK FhUTBIM akanemusicby PKB-win npesunenti, AK «/1.B. Cokonbckuit
aTBIHJIAFBl OTHIH, KaTalll3 jKOHE IEKTPOXUMHUS MHCTUTYTBIHBIH» Oac aupekTops! (Anmarsl, Kazakcram)
H=4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukdaiiyabl, TeXHHKa FRUIBIMIApPBIHEIH JOKTOpHI, mpodeccop, KP ¥FA

JKayanThl XaTbICkl, A.B. BekTypoB aTbIHAaFBI XUMUS FRUTBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnaknusaabplK ajdka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), TI'€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemuri, «Y.M. Axmencadunua aThIHAAFEI
THIIPOTCOJIOTHUS KOHE TCOIKOIOTHI MHCTUTYTHIHBIHY» TUPEKTOphI (AnmMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcAphI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH TOKTOPBI, mpodeccop, K.M. CarmnaeB ThIHIAFBI T€ONOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektops! (Anmarsl, Kazakcran) H=2

CHOY [Iaumen, Ph.D, kaybiMaacTeipsutran npogeccop, Hebpacka yauusepcutetiniy Cy FbUIBIMIAPbI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminae
TIeTPOJIOTHS XKOHE Taiiiaibl Ka30anap KeH OpBIHIApPBI CalachIHIAFEl 3epTTeyIepais kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®WJIOB Muxaua BopucoBud, TeXHHKa FRUIBIMIAPBIHBIH JOKTOPEI, HaHncn yHHBepcHUTETIHIH
npodeccopsl (Hancu, @pannms) H=15

IIEH IMun, Ph.D, KpITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMepHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToiFbiHbIH Mymieci (ITexun, Kpitait) H = 25

DOUIIEP Axkceab, Ph.D, /Ipe3neH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMIACTBIPBLIFAH TIpodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, TE€OJOTUS-MHHEPAIOTUs FHUIBIMIAPEIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpopumyka arblHIarbl MyHaii-ra3 TeoJIOrHsChl KHE reo(U3HKa
nHctuTyThl (HOoBOCHOHpCK, Peceit) H = 19

ATABEKOB Baagumup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH JT0KTOpEI, benapycs ¥FA akaxemuri,
JKana Matepunanaap XUMHUSICBI HHCTUTYTBIHBIH KYpMeTTi qupekTops! (Munck, berapycs) H = 13

KATAJIUH Credan, Ph.D, [[pe3neH TexHUKaIBIK yHUBEPCUTETIHIH KAy bIMaCTBIPBUIFaH IIPodeccopbt
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoiorns-MHHEPANOTHsS FHUIBIMIAPBIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.M. Carraes arsiaaarbl [ €010THs FRUTBIMIAPEI HHCTUTY THI
3epTXaHachlHbIH MeHrepymrici (Anmarsl, Kazakcran) H=11

CAYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcuteti (Hyp-
Cyurran, Kazakcran) H =11

DPATTUHMU IMaosno, Ph.D, bukokk Munan yHHBEpCUTETI KaybIMAACTHIPBIIFAH Mpodeccopsl (MmuiaH,
Uranus) H =28

«KP YFA» PKb Xaoapaapsbl. ['eosiorust xoHe TeXHHKAIBIK FHLIBIMAAP CEPUSICHD).
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menmrikreymri: «Kazakcran PecryOnukachiHBIH ¥JITTHIK FRUTBIM akageMusicky PKB (Anmarst k.).
Kazakcran PecmyOnukachiHBIH AKIapar »KoHE KOFaMIBIK JlaMy MUHHCTPJIITiHIH AKHapar KOMUTETiHIE
29.07.2020 x. 6epinrer Ne KZ39VPY 00025420 mep3imMaik 0acbUIBIM TipKeyiHEe KOWBLTY Typalibl KydJIiK.
TaKbIPBINTHIK OAFBITHL: 2€0102Usl, MYHAL HCIHE 2a30bl OHOEYOTH XUMUAIBIK MEXHOL02UAIAPbI, MYHAL
XUMUACHL, MEMAn0apObl ALy HCIHE ONAPObIH KOCLIHObLIAPHIHbIY MEXHOIOSUACDL.
Mep3iMAiTiri: )KpUIbIHA 6 PET.
Tupaxsr: 300 nana.
Penakuusiaeig MekeH-kaiibl: 050010, Anmarsr k., [lleBuenko kerr., 28, 219 6eur., Ten.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© «Kazakcran PecnyOnukachiHBIH ¥IJITTHIK FRUTBIM akagemusicky PKB, 2024
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I'naBHBbIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOP XMMHUYECKUX HayK, mpodeccop, axagemuk HAH PK,
npesunenT POO «HanmonansHol akagemun Hayk Pecryonmku Kasaxcran», renepanbHbiii aupexrop AO
«MHCTUTYT TOTUMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBII cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpogeccop, OTBETCTBEHHBIN

cekperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHas KodJgerus:

ABCAMETOB Maauc KyabicoBud, (3aMeCcTUTENb TNIABHOTO PEAAKTOPA), JOKTOP FEOIOTOMHUHEPAIIO-
THYECKUX HayK, mpodeccop, akaaemuk HAH PK, mupextop MHCTUTYTa THAPOTE€OIOTUU U T€OIKOTOTUH M.
V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2

JKOJITAEB TI'epoii KoaraeBuu, (3aMeCTUTENb INIABHOTO PENAKTOpa), JOKTOP T'€OJOTOMHHEPAo-
IHYeCKUX Hayk, mpodeccop, mupekrop MHcruryrta reonmorndeckux Hayk nm. K.M. CartmaeBa (Amnmarsl,
Kazaxcran) H=2

CHOY Jpunen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOIHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIen0BaHIN B 00JIACTH IIETPOJIOTHU U MECTOPOXKIACHHUN
M0JIe3HBIX HCKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKHX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®pannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEpUKaHCKOW acconmanuy skonomudeckux reojoros (ITexun, Kurait) H = 25

OUIIEP Axcens, acconmmpoBaHHBIH Tpodeccop, Ph.D, Texumueckmii yHuBepcurer Jlpesnen
(Hpesnen, bepnun) H=6

KOHTOPOBUY Aunekceii DMuIbeBHY, JOKTOP TI'€0OJIOTO-MHHEPAIOTHYECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H =19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akajeMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XMMHUU HOBBIX Marepuaiios (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuupoBanusiii mpodeccop, Texuuueckuit yauepcutet (JpesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecionneHT HAH PK, 3aBenyromas naboparopun MHcTHTyTa Teonormdecknx Hayk um. K.
Carnaesa (Anmarsl, Kazaxcran) H=11

CAT'MHTAEB Kanuaii, Ph.D, accormmupoBannslit mpodeccop, Hazapdaes yausepcuter (Hypcynras,
Kazaxcran) H =11

D®PATTUHU IMaoso, Ph.D, acconmmpoBanHbBIil mpodeccop, MuIaHCKUH yHHBEPCHUTET BHKOKK
(Munan, Utamns) H = 28

«H3Bectuss POO «<HAH PK». Cepusi reo10ruy 1 TEXHH4eCKHX HAYK».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
CobcrBennuk: Pecnybnmikanckoe obmmecTBeHHOe 00beinHenne « HarmonanbpHas akaeMust Hayk
Pecny6onmkn Kazaxcram» (T. AMarsr).
CBUIIETENILCTBO O MOCTAHOBKE HA YYET NMEPHOJMYECKOro medaTHoro minanus B Komurere mHpOpManuu
MunncTepcTBa HHGOpMAIHK 1 001ecTBeHHOr0 pa3Butns Pecrryoimku Kazaxcran Ne KZ39VPY 00025420,
BbliaHHOe 29.07.2020 1.
Temaruyeckass HaIpaBICHHOCTb: 2e0n02Us, XUMUYECKUe MeXHON02UU NnepepadomKu Hemu u easa,
Heghmexumus, MmexHoNI02UU U361eUeHUs MEMANN08 U UX COeOeHEHU].
IlepuoauyHocTs: 6 pa3 B rof.
Tupax: 300 sx3eMILIAPOB.
Anpec penakiuu: 050010, . Anmarsr, yii. [lleuenko, 28, od. 219, ren.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© POO «HanmonanwsHas akanemus Hayk PecryOnuku Kazaxcrany, 2024
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Editorial chief

ZHURINOYV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president
of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4

Scientific secretary

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of

NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =5
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of hydrogeology and
hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEYV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H =32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth
sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor,
academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk,
Russia) H=19

AGABEKOV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary
director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H = 20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor,
corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named
after K.I. Satpayev (Almaty, Kazakhstan) H=11
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Abstract. To date, small-sized unmanned aerial vehicles (UAVs) have taken an
important place in the life of human activity and are used in solving a wide range of
tasks: in the civil sphere (for example, for logistics, healthcare, agriculture, emergency
rescue operations), for unauthorized surveillance of important objects, for relaying data
between remote subscribers of networks communications, for carrying out terrorist
attacks and sabotage (for example, access beyond the perimeter of protected objects,
obstruction of air traffic at airports), for carrying prohibited goods (weapons, drugs),
in military affairs (for example, for reconnaissance, tracking objects, adjusting fire,
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striking). In parallel with the development of UAVs, methods of combating them
are gaining great popularity. So, to counter UAVs, means of fire damage, functional
damage by ultrahigh-frequency and laser radiation, radio-electronic suppression, etc.
are used. The main means of target designation for these systems are radar stations,
optical-electronic, acoustic and electronic reconnaissance, the latter of which have the
highest priorities due to the lack of their own radiation, sufficient detection range and
all-weather conditions. The article considers a variant of determining the direction
to small-sized unmanned vehicles in a phase two-channel radio direction finder with
amplitude modulation of the signal. Proposals for the implementation of the bearing
assessment method have been developed, shortcomings have been identified and ways
to solve them have been worked out. A block diagram of a two-channel phase direction
finder with amplitude modulation of the signal has been obtained and its layout has
been developed. The structure of checking the quality indicators of the direction finder
is considered and the results of the bearing assessment are presented.

Keywords: small-sized, unmanned aerial vehicle, two-channel phase direction finder,
radio direction finder layout, quality indicators, antenna system, bearing assessment
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INAFBIH KOJEM/I ITUJIOTCHI3 ¥YITY AIIITAPATTAPBIHBIH BAFBITBhIH
AHBIKTAM OTHIPBIIL, PAJJUOIIEJEHIATOPIBI O3IPJIEY

AnHoTanus. Byrinri TaHIa mWarelH THIOTCHI3 YTy arnapartapbl (YIIKbIIICH3 YTy
anmnapaTTapbl) aaM eMipiH/e MaHbI3/bl OPBIHFa Ue OOJIIBI XKOHE KONTETeH MiHACTTeP/l
LIeHTy e KOJIAaHbLIa Ibl: a3aMaTThIK callaia(MbICANIbI, JJOTUCTHKA, ACHCAYIIBIK CAKTaY, Ay bLI
LIapYallbUIBIFbL, aBAPHSAJIBIK-KYTKApy ONepaunusuiapbl YIiH), MaHbI3Abl OOBEKTIEpAl
PYKcaTchI3 OakpuIay YIIiH,0alIaHbIC KeTiIepiHiH KallbIKTarsl a00HEHTTEP1 apachIHIa
JepeKTepli KaiiTa Tapary YIUiH, TEpPOPUCTIK Walybuiap MEH AMBEPCUSIIAP KYPrizy
YLIiH (MbICalibl, KY3€TiIeTiH OOBEKTiIepaiH MepUMETPiHEeH ILIBIFY, dyexaiiapaa aye
KO3FaJIbICBIHA KeJepri jkacay), THIHBIM CalIbIHFaH Tayapiapibl (Kapy-Kapak, ecipTki)
TacsIMalIiay YIIiH, 9CKepH icTe (MbIcalibl, Oapiay, 00beKTinepai OaKplLiay, OpTTi TY3ETY,
COKKBI Oepy VIIiH). ¥IIKBIIICHI3 YIIy anmapaTrTapblHbIH JaMybIMEH KaTap, ojJapMeH
Kypecy oIicTepi YJIKeH TaHbIMAaJAbUIbIKKAa Me Oomyna. Ocpuiaiiina, YITKBIIICHI3 YIIY
anmnapaTTapblHa Kapchl TYPY YILiH OTTHI 3aKbIMAAY KYpalgaphl, yIbTpa >KOFapbl )KULTIKTI
YKOHE JIa3epIliK coyeneHyaiH QyHKIMOHAIABIK 3aKbIMAaHYbI, paAUO03IEKTPOHIBIK Oacy
XKOHE T. 0. OCBI )KYienep YUIIH Heri3ri HbIcaHajbl Kypalaap ONTHKAJIBIK-3JeKTPOH/BIK,

165



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

AKyCTUKAJIBIK YKOHE PaJIMO3JICKTPOH/IBIK OapIiayIblH PaIUOIOKAIIUSIIBIK CTAHIIHSIIAPhI
0oJBIT TAaOBLIAMBI, OJIAPIBIH COHFBUIAPHI ©3 COyJEICHYIHIH OOJIMaybIHA, >KEeTKUTIKTI
AHBIKTAy KAIIBIKTHIFBIHA JKOHE OapiiblK aya paibl jKarjaiiapblHa OalaHBICTBl €H
JKOFaphl OachIMJIBIKTapFa re. Makaajia CUrHaIIbIH aMILTUTY/IAJIBIK MOAYJISIUSCHI Oap
(hazasblK €Ki apHAJIbI PaJAHOIC/ICHIaTOPAAFbl IAFbIH YIIKBIIICHI3 YIIIY araparrapbiHa
OaFbpITTHI AHBIKTAY HYCKAChl KapacThIpbUIAIbl. barpiTTaymel Oaranay OICiH €HTI3y
OOMBIHIIA YCBIHBICTAD J3ipNIeHl, KEMUIIUIIKTEp AaHBIKTAJAbl KOHE OJIApIbl JKOIO
JKonmapel o3ipieHnai. CUTHANABIH aMIUTATYIATBIK MOIYJSIIFSICEI Oap €Ki apHabl
(hazanbIK TIENIEHTAaTOP/IBIH KYPBUTBIMIIBIK CXEMAachl ajbIHABI YKOHE OHBIH OpHAJIACYhI
)acayjipl. [leeHraTop bl camna KepCeTKIITePiH TEKCEePY KYPhLIBIMbI Kapaliibl JKOHE
TIeTICHTTI Oaraiay HOTHXKeNepi YCHIHBUIIBL.

Tyiiin ce3mep: MaFblH YIIKBIIIICKHI3 YITY alliaparsl, €Ki apHaIbl (Ja3aiblK MeJIEHTaTop,
PaJMOICIICHIaTOPIbIH OpPHAJIACYhl, calla KOPCETKIITepi, aHTEHHA >KYHecl, MeNeHITI
Oaramay
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AnHoTauus. Ha cerogusniamii 1eHb, MaIOpa3MepHbIEC OCCITUIOTHRIC JICTaTEIbHBIC
anmaparsl (BJIA) 3aHsuin BaXHOE MECTO B JKM3HM JESTENBHOCTH 4YellOBeKa M
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WCTIONIB3YIOTCSL TPU PEILICHUH IIHPOKOTO CIEKTpa 3ajad: B TpaxaaHCKoh cdepe
(Harmpumep, JUIsl JIOTUCTHMKH, 3JpPaBOOXPAaHEHMs, CEIbCKOTO XO34HCTBa, aBapHiHO-
criacaTebHBIX ONepauuii), Uil HeCaHKUMOHUPOBAHHOTO HAONIONEHHs 32 BaKHBIMU
00beKTaMHM, Ul PETPAHCISIIMU JaHHBIX MEXIY YAaJeHHBIMA a0OHEHTaMHu ceTel
CBSI3U, IJISl MPOBEACHUS TEPAKTOB M IMBEPCHH (HAmpuMep, AOCTyNa 3a MEPUMETP
OXpaHsSEeMBbIX OOBEKTOB, MPEMATCTBOBAHHE BO3MYIIHOMY ABHMXKCHUIO B a’pOIOpTax),
IUIL TIEPEHOCKM 3alpelIeHHBIX Tpy30B (OPYXHS, HAPKOTHKOB), B BOCHHOM JIEje
(Hanpumep, [JIsI pa3BeNKH, CIEXKEHHs 3a OOBEKTaMH, KOPPEKTUPOBKM OTHS,
HaHeceHus ynapoB). "PazBemouHble pabOTBl — 3TO MEPOIPHUSATHS, HalpaBiCHHbIC
Ha BBISBJICHUE M MOATOTOBKY MECTOPOXKICHUH MOJIE3HBIX MCKOMAEMBIX K pa3padoTKe
B TIPOMBINUICHHBIX MaciuTabax." Llempio reosoruueckux WcCCIeJOBaHHUN SBISETCS
M3y4YE€HUE MECTOIOJIOKEHHSI MECTOPOXKIEHUI IMOJIE3HBIX MCKOMAeMbIX M X COCTaBa.
Kpome Toro, BbIsBIA€TCS HaJIM4YMe CONYTCTBYIOIIMX KOMIIOHEHTOB BKIIIOYas Ta3bl
U peAKHe MeTaJlbl, MUCCIETYeTCs BO3MOXKHOCTh MX IOCIEAYIOIIEro MpPOU3BOICTBA.
[MapannensHo ¢ passutHeM BJIA Goiplryto MOMymsIpHOCTh HAOWUPAIOT M CHOCOOBI
00pb0bI ¢ HUMHU. Tak ans nporuBoaelicTBus bJIA mpuMeHsSIOTCS cpeacTBa OrHEBOTO
MOpaKeHMs, (PYHKIIMOHAJIBHOTO MOPAKCHUSI CBEPXBBICOKOYACTOTHBIM M JIa3€PHBIM
M3ITy4YeHUEeM, pPaJUOIEKTPOHHOIro mojaBieHuss W JAp. OCHOBHBIMU CpEACTBaMHU
LeneyKa3aHus A JaHHBIX CUCTEM SIBIISIFOTCS PaJMOJIOKAl[MOHHBIE CTAHIMH, CPEICTBA
OINTUKO-3JIEKTPOHHON, aKyCTHYECKOW M PaAMOd’IEKTPOHHONW pa3BeKH, MOCIEAHNE U3
KOTOpBIX 00nafaroT HauOOJBIIMM NPHOPUTETaM BBHIY OTCYTCTBHUSI COOCTBEHHOTO
W3TYYeHUs], JOCTATOYHON NalbHOCTBIO OOHApYKEHHS M BCEMOTOAHOCTHIO. B craTthe
paccMaTpuBaeTCsl BapHaHT ONpENENICHHs] HamlpaBleHHS Uil MajblX OECIUIOTHBIX
JeTaTeNbHBIX amnmapaTtoB Ha (a3oBOM JABYXKaHAJIbHOM paJUOIICJIEHTaTope C
aMIUTUTYIHOW MOZIynsinuel curHana. Paspa®oranbl pekoMeHIAMH IO BHEAPEHHIO
METOJla OLEHKH HAalpaBICHHOCTH, BBIBICHBI HEJOCTATKH M pa3pabOTaHbl MyTH UX
ycrpanenus. IlomydeHa cTpykTypHast cxema AByXKaHaJbHOTO (pasHOro meneHraropa
C aMIUIMTYAHON MOIyNsAlMed CHUTHajla U COCTaBJIEHA €ro KOMIIOHOBKa. PaccMoTpena
CTPYKTypa IPOBEPKU MOKa3aTeIel KauecTBa MeJIeHraropa U MpeiCcTaBIeHbl Pe3yIbTaThl
OLIEHKH IeJIeHraropa.

KioueBble cjoBa: MajopasMepHBbI, OECHWIIOTHBIA JIeTAaTeNbHBIN —ammapar,
JBYXKaHaJIbHBIA (Pa30BBIH paJnOIENeHraTop, MakeT paguoleleHraropa, MoKa3aTean
KadyecTBa, aHTEHHAs CUCTEMa, OLIEHKA MeJIeHTa

Introduction

The need for continuous intensive data exchange of UAVs with the control panel
requires the presence of one or more broadband radio communication channels (for
example, UAV radio control channels, transmission of useful information and video to
the operator), for which it is very difficult to ensure the required secrecy of operation. In
this regard, the high-frequency radiation of radio communications is the main unmasking
feature of UAVs relative to electronic intelligence (Figure 1) (Makarenko et al., 2020: 1;
Rembovsky et al., 2012: 3; Marple et al., 1990: 7).
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Figure 1. The scheme of interaction of the operator, UAV and radio direction finder

However, the continuous trend of improving small-sized UAVs requires retaliatory
refinement (development) of radio intelligence tools, which should have the following
advantages: small size, ease of implementation, low cost, minimal energy consumption
and sufficient accuracy in determining the direction of the UAV. The realization of the
totality of such advantages emphasizes the relevance of this topic.

The purpose of this article is devoted to the development of a radio direction finder
with small weight and size characteristics, low power consumption, minimal costs,
simple implementations and providing sufficient accuracy in determining the direction
of small-sized UAVs necessary for guidance of countermeasures.

To solve this problem, a relatively cheap and simple from the point of view of
implementation is a two-channel LimeSDR transceiver with integrated analog-to-digital
and digital-to-analog converters operating in the frequency range of 100 kHz — 3.8 GHz
(Figure 2) (LimeSDR-USB et al., 2023: 4; Solonar et al., 2023: 5; Kosachev et al., 2015:
5).

Figure 2. Appearance of the LimeSDR transceiver

The main advantages of the LimeSDR transceiver are: compactness, reliability and
low energy consumption (5V).

These advantages determined the initial prerequisites for building a radio direction
finder processing device based on a two-channel LimeSDR transceiver.

The analysis of the methods for estimating the direction of the UAV showed that the
phase method of bearing has the best properties of the whole variety. Its main advantage
is the simplicity of the implementation of the antenna system and the algorithm for
obtaining the bearing reference, as well as resistance to parasitic amplitude modulation.
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However, when developing a phase direction finder using a two-channel LimeSDR
transceiver, a number of difficulties arose, which consisted of:

Firstly, in ensuring the directional properties of the antenna pattern (AP) and the
minimum weight and size characteristics of the antenna system.

Secondly, in choosing the required switching frequency of antenna elements, which
ensures the formation of a sufficient number of bearing estimates.

Thirdly, in choosing an algorithm for estimating the direction of the UAV.

Further, the article will consider ways to solve the above reasons with the subsequent
development of the structure and layout of a two-channel phase direction finder.

Due to the need to use a two-channel LimeSDR transceiver, a sequential survey of
space is implemented by continuous rotation of the AP (electronic scanning) in the form
of a cardioid with angular velocity Q, (Figure 3), which leads to amplitude modulation
of the direction-finding signal. In this case, the phase shift of the signal envelope relative
to the origin (direction to the North) will correspond to the direction to the UAVO.

Figure 3. The method of rotation of the AP in the form of a cardioid

To reduce the weight and size characteristics of the radio direction finder, an antenna
system consisting of two orthogonal direction-finding pairs (DFP) oriented in the
directions "north — south" and "east — west" (cosine and sinusoidal directional patterns
of the DFP, respectively g, (0)) is taken as a basis (Figure 4).

Three Omnidirectional AP Difference AF Resulting AP

-~ . g_\(ﬁ_) £ ()

Figure 4. Explanation of the principle of forming a AP in the form of a cardioid
Three non — directional AP Finite difference AP Resulting AP
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To form a cardioid g,.,(®) (Figure 4), the difference signal of the DFP &a is summed
up with the signal of a non-directional antenna element &, | (AE) located in the middle
of the antenna system. In addition, this AE A is also used to solve the problem of
detection.

The formation of a cardioid is provided when the conditions are met (Rembovsky et
al., 2022: 2; Rembovsky et al., 2012: 3; Solonar et al., 2023: 5; Wentzel et al., 2001: 8)

the amplitudes of the signals of the central A| and DFP A, AE are equal

(&A0 :éA, :E.!Az);

the initial phases of the signals of the central A and first A| AE DFP are equal

(04, =¢4);

the initial phases of the signals of the central A and second A, AE DFP differ by Tt

((PA‘, —Qy, :TC)_

The resulting AP of the three AE is a cardioid with a function of the form (Figure 4):

€ (8) =1+ cos(0—0) (D)

where o - angular position of the maximum AP.

To ensure signal reception in the 2.4-2.6 GHz frequency range, a biconic antenna is
used as an AE (Figure 5). Modeling and verification of the main characteristics of AE
(for example, bottom width, standing wave coefficient) was carried out using the CST
Studio Suite software package. Practical tests of the biconic antenna showed a high
degree of compliance with the simulation results (95 %). The value of the standing wave
coefficient in the required band varied from 1.4 to 1.6.

B | »_~"

1(2)

Figure 5. The appearance of one AE (biconic antenna) and its AP

It is proposed to use a pair of ring bridges operating in the frequency range of 2.4-2.6
GHz to subtract the signals of two DFP at a high frequency (Figure 6) (Buylov et al.,
2023: 6)

Figure 6. Appearance of the ring bridge
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The use of a two-channel LimeSDR transceiver (LimeSDR-USB et al., 2023: 4)
requires the use of a combined connection to the input of the receiver of the differential
voltage DFP (Figure 7).

Eramesnter AE

A J

LimeSDR transceiver DELBIGLESSINE
> > deyice

Synchronization pulses
Y

Difference signal = -
from the 1st RE Switch Microcontroller

E—
—P
Difference signal
from the 2nd RF

Figure 7. Wiring diagram of signals from the antenna system to the LimeSDR transceiver
from the central AE LimeSDR transceiver To the processing device
Finite difference signal from the 1st DFP Finite difference signal from the 2nd DFP
Switchboard Microcontroller Sync pulses

F 3

In this case, the signal of the central AE is fed to the input of the first channel of the
LimeSDR transceiver, used to solve the problems of detecting UAVs and forming the
resulting AP (cardioids) (Figure 7). The second channel is connected via a high-speed
switch to the finite difference signals of the control unit controlled by a microcontroller
using the sync signals coming from LimeSDR (Figure 7) (LimeSDR-USB et al., 2023:
4).

Thus, the proposed method of implementing the antenna system made it possible to
eliminate the problem that arose during the development of the phase direction finder.
For this purpose, the directional properties of the bottom and the minimum weight
and size characteristics of the antenna system are provided due to the sum-difference
processing of the received signal with sequential switching of the AE. The antenna
system is represented by two orthogonal DFP oriented in the directions of the cardinal
directions and one AE located in the center. The AE design in the form of a biconic
antenna allows receiving signals in the frequency range of 2.4-2.6 GHz at the values
of the standing wave coefficient of 1.4—1.6 (Rembovsky et al., 2012: 3; Yerzhan et al.,
2023: 10; Plotkin et al., 2021: 11).

The choice of the switching speed of the DFP was determined by the characteristics
of the signals of the control channels and video of small-sized UAVs. Despite their
variety of types, models and manufacturers, the following signal parameters can
be distinguished: the minimum duration of the signal of the UAV control channel

T, =500ps; the width of the spectrum of a single signal of the UAV control channel

Oky
Afoy =(0,3..2)MHz ;the grid band of pseudo-random frequency tuning of the signal of
the UAV control channel AF, =80 MHz; the duration of the video signal transmitted
from the UAV to the operator 7|, =(2...3)ms; the width of the spectrum of the video
signal transmitted from the UAV to the operator Af, =20MHz.
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In addition, in order to reduce the errors in determining the bearing, it is necessary to
form at least 5—7 estimates for one contact with the UAV.

Having set the worst conditions for the formation of an estimate of the direction
to the UAV (the minimum duration of the signal of the UAV control channel and the
number of bearing estimates), the main requirements were worked out and the antenna
system of the radio direction finder was developed (Figure 8) with the characteristics:
AE switching frequency — 5 kHz; signal reception time by one AE — 50 microseconds;
review cycle (full rotation of the bottom in the horizontal planes) — 200 microseconds.

Figure 8. Appearance of the antenna system

Thus, the selected AE switching frequency Q, = 5 kHz provided by a high-speed
switch allows you to generate at least 5 bearing estimates per contact with the UAV with
the shortest duration of the control channel signal (T, =500 ps).

After analog-to-digital conversion in the LimeSDR transceiver (LimeSDR-USB
et al., 2023: 4) the resulting signal is sent to the spectroanalyzer. Estimation of the
instantaneous signal spectrum can be implemented using discrete or fast Fourier
transform (FFT) using statistical averaging (periodogram method) (Rembovsky et al.,
2012: 3).

To reduce the level of the side lobes, a weight treatment (w - weight function) is
used. The algorithm for estimating the instantaneous signal spectrum for n-th AE has
the form:

Ngug—1

1
$O),,=— Y | W&, v, €XP(=j2mki/ Ny ) | @)

Ny 120 k| s floar{——} Ny |~
Nemp 2

where floor(*) - rounding function to a smaller integer value; N o - FFT window
size; s - frequency reference number; i - FFT window number.

Averaging of the instantaneous spectrum during signal reception by one AE T,
allows to reduce its dispersion:

5,(0), = zg,S(e),,“ (3)
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where L= floor{T,, / (Ny,t,)} - the number of samples of the instantaneous

spectrum size Ny, t, - time sampling step.

One of the main tasks solved during the development of the direction finder was to
determine the algorithm for estimating the bearing on the UAV, due to three reasons:

By time-consistent estimation of the instantaneous power of the received radiation.

High requirements for the quality of UAV signal detection.

A large step (90°) of spatial switching of the AP when scanning.

The first reason is caused by the need to form at least 5—7 bearing estimates for
UAVs received from signals from four AE.

The solution to this problem was to use a sliding buffer for storing the results of the
n-th AE signals S (0), power estimation (Figure 9). After each AE switching, the signal
power values are shifted by one cell "to the left" and a new value is recorded. So, for
example, during the time of making a full turn of the AP (review cycle), the sliding buffer
is filled with estimates of the signal power (buffer value "1, 2, 3, 4"), received by four AE
(state 1, Figure 9). As a result, the first bearing estimate for the UAV is calculated. When
the signal is received by the second AE (state 2), the buffer data is shifted "to the left" and
a new signal power value is recorded (buffer value "2, 3, 4, 1"). The result of the shift is
the formation of the second bearing estimate on the UAV. It should be noted that the use of
a sliding buffer requires a bearing adjustment. So, for example, it is necessary to subtract
90° from the second bearing estimate, 180° from the third, etc.

1 2
[

v

AE number during observation
[t]2]s]afa]2]-|-f4]a]2]3]
Sliding buffer
Condition 1 __sz 3040

Feceptioninprogress

Lst assessment

i |

1 2nd assessment
Condition 2 2131 4 i 1 : [
i i
- Ard assessmen i
Condition3 OfmHbyl | 3 E 4 I 1121 1 t.) Beerrmgl
AE(Ta)  § ¥ | estimation

{ 4th assessment Il

i 1 t
Condition 4 E 451i2i-- L \

Condition & E' '} 411 ; 2 EED
kth assessment

Figure 9. Explanation of the principle of using a sliding buffer

State 1 State 2 State 3 State 4 State k
AE number during observation reception is underway
Sliding buffer 1-st assessment 2-nd assessment 3-rd assessment 4-th assessment k-th assessment
Bearing assessment unit Offset by 1 AE (T, )

Thus, the considered approach (Figure 9) makes it possible to form at least 5-7
bearing estimates when receiving the signal of the UAV control channel during T,,=500

us.
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The second reason is caused by the need to make the right decision about detection
due to the fact that the survey of space is carried out sequentially in time.

The solution to this problem lies in the fact that the decision on detection is made
only when the detection threshold is exceeded when receiving a signal from at least
four AE. In this case, the calculated bearing estimate for the UAV is sent to the display
device. Otherwise, the assessment is not formed.

The third reason is due to the large step of switching the AP when scanning (90°) due
to the use of two DFP. In this case, the bearing on the UAV is estimated in the width
sector (90°), which contradicts the requirements for a radio direction finder.

The solution to this problem is to use a bank of reference envelopes (Figure 10),
differing in the initial phase and then comparing them with the current estimates of
signal power (error calculation block, Figure 10) obtained in each AE.

§ [To————————-=-o------ - !
E— I Error Calculation Minimumselection| |
ol _:p. Block »| and bearing _:_..
E ) (method LSM) evaluation device | E
2 1 i | &
| I 7
o | &
o l o
E 1 Bank of Reference :
=] ! Envelopes |
[ |
[ | |

) Bearing estimation :

unit

Figure 10. The structure of the bearing evaluation unit
From the spectroanalyzer Error calculation block (the LSM method)
Bank of reference envelopes Bearing Assessment Unit
Minimum selection and bearing estimation device
To the display device

Thus, an algorithm for estimating the bearing on the UAV has been developed, which
includes three stages:

Referanca anvelopa Estimation of the Rafarance anvalops
Sz(e)ﬂ writh imiti = g5 sienal power in the AE with initial phase gy,

n

851 8- é

Figure 11. Explanation of the stages of bearing assessment
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Reference envelope with initial phase Estimation of signal power in AE Reference
envelope with initial phase Bearing estimation AE

At the 1st stage, the average square error is calculated 85,(0) (Figure 11) of the
sum of the differences between the obtained estimates of signal power and the reference
envelope M.« (Solonar et al., 2023: 5):

Nyy-1 5
55, (6) = ZO 15:(0), =M 00 4|, )
n=

where N = 4 number of AE DFP; k - reference envelope number.

At the 2nd stage, a one-time bearing estimate for the UAV is estimated (according
to the criterion of the minimum of the average square error ) (Fig. 11, lower part of the
figure):

6 = arg[min(35, (0))]. s

At the 3rd stage, one-time bearing estimates O are averaged over the observation
time T :
1 Mol

UPU _M_TH g eq , (6)

where M, - the number of UAV bearing estimates obtained during observation T,

Thus, the use of the obtained algorithm makes it possible to calculate the bearing
estimate on the UAV with an accuracy (units of degrees) sufficient to guide the means
of counteraction.

Based on the results of the conducted research, the structure of a two-channel phase
direction finder with amplitude modulation of the signal has been developed (Figure
12), which meets the requirements for modern electronic intelligence systems (Buylov
etal., 2023: 6; Abdimuratov et al., 2021: 14; Neshina et al., 2023: 15).

A, | IReceiver Lime SDR
Radio

e, | [T
receiving | ADC Block
|

device

I I

Bearing

estimation :D

unit

Spectrum
analyzer
FFT filter bank]

'}

<>

[
|
I
Radio |
| receiving H» ADC Block
device |
I
I

A A

Setting the center
frequency of the PF 'fp

e ——— J4

Phase management

Reset pulse,
Control FFT window
________ size selection

block

Base managenient

Figure 12. Block diagram of a two-channel phase direction finder
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Antenna system High-speed switchboard Control unit Database management Lime
SDR receiver Radio receiving device ADC Unit Setting the central frequency BPF
Phase control Reset pulse, FFT window size selection Spectrum Analyzer (FFT filter
bank) Bearing Assessment Unit

The appearance of the developed phase direction finder is shown in Figure 13

x 1

Figure 13 Appearance of the layout of a two-channel phase direction finder

To assess the quality indicators of the developed two-channel radio direction finder,
mathematical modeling, a semi-natural experiment and full-scale tests were carried out
in accordance with the structure shown in Figure 14.

Mathematical
modeling (input signal,[~ |
noise, phase shift)
a— 3| Processing and
|- |- s R E
experiment igasl | —p| display devise " Diselay device
recording, phase shifi)
mw? riment | o [Block for assessing
" | uality indicators

Figure 14. Structure of quality indicators verification

Mathematical modeling (input signal, noise, phase shift) Semi-natural experiment
(recording of a real signal, phase shift) Full-scale experiment (real UAV) Processing and
display device Display device Quality Indicators Evaluation unit

The tests were carried out under the following conditions:

the range to the small-sized UAV varied from 500 to 1000 m;

the effect of re-reflection of the received signal from the UAV was minimized;

the arithmetic mean deviation from the bearing norm was calculated based on the
results of a study of 600 results, which corresponded to a reliable error of 0.9 and a
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measurement error of no more than 10% (Yerzhan et al., 2023: 16; Naizagarayeva et al.,
2023: 12; Manbetova et al., 2021: 13).

The following results are obtained:

small-sized UAVs were detected at a distance of up to 1000 m;

the bearing estimate was consistent (no anomalies were observed);

the mean square deviation of the bearing did not exceed (3-5)° (depending on the test
conditions).

Conclusions

Thus, in the course of the study, the structure of a small-sized phase two-channel
radio direction finder was developed. It implements an algorithm for sum-difference
processing of the received signal with sequential switching of AE, analog-to-digital
conversion, estimation of the signal spectrum by the periodogram method, determination
of the bearing on the UAV by the criterion of the minimum standard error, followed
by its averaging during observation. Based on the results obtained, a layout of a two-
channel phase direction finder has been developed, which has: small weight and size
characteristics; simplicity of signal processing implementation; low cost in relation to
existing radio direction finders of a similar type; minimum power consumption (5V).
The test results confirmed the effectiveness of the developed direction finder. At the
same time, the accuracy of the bearing estimation did not exceed 5 degrees at a distance
of up to 1000 m.

This area of application of aerial drones is currently considered basic for the use of
drones in mining. The data obtained will be necessary when creating field work plans,
building access roads and infrastructure, further development of the facility and not only.
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