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AHHOTaIMA

Boinonmen 0630p memo0os, no360NAIOUUX PeAnu306amn
pabomy adanmueHoll AHMEHHOU DpeulemKu NpUMeHU-
MenvHO K HABUZAUUOHHOTI annapamype nompebumeneil.
Hns 0630pa ucnonv3osamv cmamvy, 0ny6nUK0BAHHbLE
6 cOopHuKe «PaduonasuzayuoHHble MexHomoZUU» U Hyp-
Hane «Paduomexnuka» ¢ 2012 no 2022 2., u numepamypa
no oOannoii memamuxe. OnuUcaHvl OCHOBHbIE NOHAMUS,
C6A3AHHDIE C NOBbIUUEHUEM NOMEXOYCOUHUB0CU HABU-
2AUUOHHOT annapamypv. nompebumerneti, U 6videseHbl
OCHOBHbIE PA3HOBUOHOCHU 6 DPednu3auuu anzopummos
adanmayuy adanmueHoLi AHMeHHOT peulemKy Ha 0CHOBe
NPOCMPAHCINBEHHOL U NPOCMPAHCIBEHHO-8PEMEHHOTE
o6pabomku cuenana. [lokazanvl nodxodvl K peanusayuul
An20pUMMO8 A0ANMAUUU HA OCHOBE MeOPUU CMAamu-
CMUYecK020 AHANU3A U CUHME3d PAOUOMEeXHUUECKUTI
cucmem U no0xXo0bl, 0CHOBAHHbIE HA NOUCKE ONTNUMATIBHO-
20 peuieHus 0N 3A0AHHOL CMPYKMYypbl Memooamu ma-
MeMAmu4eckoti  ONMUMU3AUUL, HA NomyyeHUuu
C0271aC0BAHHO020 petdeHUs (ONMUMANbHO20 peudeHUst 07
danHbix ycnosuii). B pamxax dannvix nodxo0oe ompasice-
HbL U CONOCMABIIEHbL Pe3ynbmamvl 6 0071acmuy noeviule-
HUS NOMEXOYCMOUMUBOCIU U Peanu3ayull aneopurmmos
adanmayuy a0anmusHovLX aHMeHHbIX peuternok. Ynoms-
HymMbl HEKOMOPble 0COOEHHOCMU pednu3auuy adanmus-
HbIX AHIMEHHbIX PEUemOoK 6 U30eTUsX.

m. e.

KroueBsie cmoBa

Cnymuukosvle  paduoHABULAUUOH-
Hble CUcmeMmbl, annapamypa nompe-
6umerneil,  nosviuieHue
YCMOTMUBOCU, NOMEXOYCMOTMUBAS
annapamypa nompebumerneti, adan-
MusHble aHmeHHvle PeuemKi, npo-
CMPAHCMBEHHO-8PEMEHHAST  00pa-
6omKa cueHana, NPoCMPaHcmeeHHo-
BpeMeHHAT PUILIMPALUST, NOMEXONO-
oasnerue

nomexo-
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HaBuraunonnas annaparypa notpebureneit (HAII) cnyTHuUKOBOI pagyoHaBy-
raumonHoit cucrembl (CPHC) npunyuMaer m o6pabaTbiBaeT CUTHAT C MOIIHOCTBIO

nopszka —160 nbBt BO/mu3u moBepxHoCTY 3eMIM, YTO MEHbIIe YPOBHS COOCTBEHHBIX
mrymMoB. 910 o6bsacHseT yazsumoctb HAIT CPHC x felicTBUIO IIOMeX, KOTOpble Ha

Bxofe npuemHyka HAII co3gaioT NMpOTSDKEHHBII IO YacTOTe LIYMOBOI (OH, Hapy-

maronmit pabory HAIIL. ITomexoycroitumsocts (ITY) B TakoM cimydae MOXeT OBITH

OLI€HEHA MAaKCMMAa/IbHbIM OTHOIICHMEM MOH.[HOCTCI?I IIOMEX!N 1 CUTHaIa (OTHOH.ICHI/IC

1oMeXa-CUTrHan J / S), mpu xoropom HAII npopo/mkaeT NpoBOANTh HABUTAIMIOHHO-

BpemeHHOe onpegeneHue (HBO). ITY sBnseTcs ogHOM 13 OCHOBHBIX XapaKTEPUCTUK

HATI [1].
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ITpobnema nmosbimrenus I1Y HAII ABnserca akTyanbHON, 0CO6€HHO B 067macTy
BBICOKOTOYHOI alaparypel. ITO CBA3aHO C PACTYLIMMU TPeOOBAHNUAMIY, P bABISA-
eMmbiMu K HATI. Heobxomumo obecriednBath HagexxHoe HBO ¢ 3amaHHbIMM TOYHOCT-
HBIMU XapaKTePUCTMKAMI B YCIOBVAX KaK IIPeHAMEPEHHBIX, TaK Y HeIIpefHaMepeH-
HBIX TTOMeX.

CambIM 9¢(eKTUBHBIM C11oc060M HoBbIIIeHusA I1Y AB/IseTCsA MPOCTpaHCTBEHHAS
bunbTpanysa moMex ¢ MOMOLIBI0 afanTUBHONM aHTeHHON perrerku (AAP). Drta pe-
IIeTKa CIocOOHa MEHATD CBOIO IIPOCTPAHCTBEHHYIO N30MPaTe/IbHOCTD B 3aBUCUMOCTH
oT curHanbHO-nIoMexoBoit obcranoBku (CIIO), dopmupys «Hymm» AuarpaMMbl
HanpasieHHocTH ([IH) B HampaB/ieHMsAX HeVICTBUA HMOCTAHOBLIMKOB IIOMEX M «MaK-
CHMYMBI» B HAIIPABJIEHNAX [IJICTBYA VICTOYHMKOB CUTHA/IA. DTO JOCTUTAETCA B pe-
3y/JIbTaTe B3BELIEHHOTO C/IOXKeHMs IpOolieccoB (faee HaOMIOfeHMIT), HAOTIOMaeMbIX
Ha BbIXOfle KaHamoB AAP. BecoBble KO3 @PUIMEHTHI ONpeNeATCd BBIOPAHHBIM
QJITOPUTMOM 0OPabOTKIL.

I ouneHku addexkTUBHOCTY pabOTh aIropuTMOB AAP 1MCHONMB3YIOT Clefyto-
I[ye TOoKasaTem: KoappuimeHT nopasnienns, koaddumnyent spdexkruBrocTn (Mmm
BpIATPbIL I1Y), 1O/ HeNoJaBIEHHOTO IIPOCTPAHCTBA, CTENEHD Jierpafialiisi TOYHO-
ctu $ha3oBBIX U KOIOBBIX U3MepeHuii [1, 2].

Koa¢pduimenT nogapnenns xapakrepusyeT CTelleHb ofaBaeHus nomex. Otmm-
qye KoapuunenTa 3QpPeKTUBHOCTY OT Koo uIeHTa IOjaB/IeHNs B yueTe 0cnab-
JIEHVIS1 CUTHAJIA B Pe3y/IbTaTe IO/jaB/IeHNs IIOMEX.

[Tockonpky addekruBHOCTb paborsl 3aBucut or CIIO, KoTOpas Kak IpaBUIO
ABJIACTCS CITy4allHON, TO IS CpaBHeHUs anroputMos AAP crepgyer mpuBOAuTH CTa-
TUCTUYECKMIT TI0Ka3aTe/b. Tak 1[e/1ecoo0pasHoO MCIIONIb30BaTh (PYHKIMIO pacIipefiere-
HIIS1 OTHOILIEHMA CUTHAJI-IIYM Ha Beixoge AAP [3].

OpHako 4acTo Ipy OMMCaHUY anroputMoB AAP ykasbiBaloT K0apPUIMeHT 1o-
HaBjIeHNs (IIOCKOIbKY NMPUOMIVKEHHO ero MO>KHO pPacCMaTpUBaTh Kak KoadduumeHT
3 PeKTUBHOCTY) WIM BBIATPBII IpU npyuMeHeHuu AAP pia Hauxypmel moMexu,
MHOIZA AMana3oH M3MeHeHNsA koadduumenTa spdexTnBHOCTH. Hamxynmei nome-
XOJi ABJIAETCA TaKas IIOMeXa, JIA KOTOPOIl HaO/MI0AI0TCsA caMble XY/AIIe 3HaYeHMA
nokasareeit a¢pdexTuBHOCTH paboTsr AAP.

B maHHOII cTaTbe BHINOTHEH 0630p METO/OB, O3BOJIAIOIINX peann3oBaTh padbory
AAP npumennrensHo k HATIL, u oTpakeHs! ocobenHOCTY peanusanyy AAP.

[TpoBeneHHBIN aHAM3 CTaTell, ONYO/IMKOBAaHHBIX B cOOpHMKe «PamuonaBuranm-
OHHbIE TEXHOIOTUM» U XXypHase «Paguorexunka» ¢ 2012 no 2022 r., u nuTepaTtypa 110
IaHHOJ TeMaTVKe II03BOJIAeT BBIIE/IUTD JIBE TPYIIIILI METO/IOB:

1) KTaccuyecKye METO/bl, OCHOBAaHHBIE Ha TEOPUY CTATMCTUYECKOTO aHAIN3a U
CMHTe3a PaINOTEeXHIIECKUX CUCTEM;

2) HeKIaccu4yecKye MeTO/bl, OCHOBAaHHbIe Ha IIOVMCKE ONTVMAIbHOTO pelIeHM
IUISL 3alaHHOM CTPYKTYPBI METOJAMIU MaTeMaTH4YecKO} ONTMMU3AIVM, T. €. IIOIyde-
HII€ COIIACOBAHHOTO pellleHNs (ONTHMMAaIbHOTO pelleHNs A JAHHBIX YCITOBMIL).
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MO>KHO BBIIETIUTD CIEAYIOIIMEe PASHOBULHOCTY 3TUX METOJOB: IIPOCTPAHCTBEH-
Has obpaborka curHana (IIOC) [1, 3-10] u mpocTpaHCTBEHHO-BpeMeHHast 06paboTKa
curHana (ITBOC) [11-14]. ITpu ITOC ucnonb3ywTcs cBOJICTBAa KOPPEMMPOBAHHOCTH
HabmofieHna B KaHanmax AAP, o6ycnoBiieHHbIe He3HAYMTEIbHBIM pasHeceHMe IpyeM-
HbIX nosuimii, a B IIBOC ncnonpsyercs Takke KOppeIMpOBAaHHOCTb HAOIOfEHMA
B pasHble MOMEHTBI BPEMEHIL.

Kraccuyeckne MeTOfbl MO3BOJIAIOT IIOMYYUTh ONTUMAIBHYI0 CXeMy 00paboTKu
C y4eTOM MOfie/M HabmofeHns 1 ee MHGOPMALMOHHBIX apaMeTpoB. OHAKO TaKoil
TIIOZIXO, AAB/IAETCA 60JIee TPYOEeMKIM.

K anropurmam I1OC, monmy4eHHBIM KITacCUYECKMM METOJOM, OTHOCUTCS aHTeH-
HbI KomneHcarop nnomex (AKII, wim nullformer B 3apy6e>xHol! muTepaType) u ajamn-
tuBHOe (opmupoBanue ayda (ADJI, wmm beamformer B 3apybexxHoit muTeparype),
ak [IBOC - AKII ¢ mHoroorBogubiMu nuHusAMu 3agep>xku (AKIT ¢ MJI3) u ADJI ¢
MHOTOOTBOIZHBIMU uHUAMU 3afiepKku (ADJI ¢ MJI3), KOTOpBII 4acTO Ha3bIBAIOT
IIPOCTPAaHCTBEHHO-BpeMeHHBIM ¢punbTpoM (IIBD).

MatemaTnyeckas 3anuch, onyceiBaomas padory amropurma ADJI [1, 3], umeer
BUJ,

n(t) =H N"¥(),
rie M(f) — ouuieHHOe HAOJIOfieHMe, KOTOPOe MOfJAeTcss Ha BPeMEHHON (QuabTp
(xoppensTop); §(t) =Hs(t)+n(t) — M-mepHoe HabmofeHue; s(t) — HABUTAIMOH-
HBIII payiocurHam; n(f) — BEKTOp cMecu LIyMoB U nmoMex; H — BekTop, xapakrepu-
3yIOLIMIT aMIUIUTYAHO-(a30Bble pacmpereneHns Ha snmeMeHTax AAP; N — koppers-

*
IOVOHHasA MaTpuna Ha6HIOI[eHI/[$[; () — OoIepaigyuAa 3pMUTOBa COIIPAKEHNA. HTIF[

anropurma AKII H=(1 0 ... O)T

Hna ITOC anroputm ADJI ABnAeTCsA ONTUMAIbHBIM aITOPUTMOM IIpYeMa CUTHA-
7a, MO3BOJIAIIINM OCYIIeCTBUTh KaK IOflaBlieHMe IOMeXM, TaK ¥ IpueM CHUTHaja
C MaKCUMaJIbHOJI 9HEpreTuKoil 0e3 MCKaKeHMs ¢(asbl HABUTAIVIOHHOTO CHUTHAJIA.
AKII aBnseTcsa onTMMaIbHBIM aATOPUTMOM IofasieHuA u nepexoaut B ADJI mpu
HaJIM4My CUTHa/A B OgHOM 13 KaHanoB. Ha ocHoBe AKII Mo)xHO opraHms3oBarb KBa-
3MONTVMA/IbHBIE CXEMBI IIPMEMA, €CTIM CTOUT 3afjadya ONTMMAa/JIbHOIO MOMABIEHNA 110-
MeX C JIOIYCTMMBIM YPOBHEM NCKaXXEHMI CUTHana. 1A 3TOr0 IpOBOAMUTCA IOf-
cTpolika BekTopa H.

Marematndecku pabora IIBO ommcsiBaercs BoipakeHueM [11-14]

T
N =H ) Qi —1),

rie Q(t) — MxM MarpuyHas MMITYIbCHAs XapaKTepPUCTMKA IPOCTPAHCTBEHHO-
BPEMEHHOTO MHOTOKAHAJIbHOTO KOMIIEHCATOpa IIOMeX, sBJIAIOMIAsACS O0OpaTHON
byHKUMel K MATPUIHOI KOPPeTSIMOHHOI GYHKIMM BEKTOPHOTO Habmonerus §(t).
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bonbmnit nuTepec cpenu anroputmos AAP npepcrasnaior anroputmsl 11BOC,
IIOCKOJIbKY Ha ImpakTuke AAP, ncnomnbsyromue anroputmbl [I0C, He O3BOAOT [0-
ctiub cymecrseHHol I1Y. Anroputmer IIBOC 6b1my moydeHb! U3 pellleHNs 3agadn
ONITYMA/IbHOTO IIpYeéMa CUTHA/Ia B YC/IOBMAX MHOTOTYyYeBOIO PACIpOCTPaHEHuUsA Io-
Mex. B anropurme [IB® ncnonb3yoTcs KoppenAaunoHHbIe CBOVICTBA HAOTIONEHMIT KaK
MeXJy KaHaJlaMM, TaK X B pasHble MOMEHTbI BpeMeHM. [laHHDI IOAXOM MO3BOJIAET
HO/Ty4aTh OYMIEHHOE HAOMIOfleHNe C IOCTOSIHHBIM IPYIIIIOBBIM BpeMEHEM 3ala3/ibl-
BaHus (I'B3) 6e3 nckaxeHus ¢asbl, YTO MOAXOANT A/I BBICOKOTOYHBIX CYCTEM.

OtMmernm, uto anroputm [IBO mmMeer pasHOBUAHOCTM (ONTUMAIbHBIN 110 BuHe-
Py, cuMMeTpuuHblit). Ha TeKkymmii MOMEHT CTaparoTCs MICIIO/Ib30BATh ONTUMA/IbHBII
10 Bunepy IIB® B cuy 6ortee mpocroit annaparHoi peanusanuy. Axanorngao [I0C
anroput™ AKII ¢ MJI3 ABiAeTcsa ONTUMaNbHBIM C TOUKY 3peHUA IOAABIEeHNA, U IPU
($OKyCHpOBKe CUTHala B OJHOM U3 KaHA/JIOB OCYIECTBJISIET OITMMA/IbHBIN IpueM
CUTHAaJIA.

9P PeKTUBHOCTD AITOPUTMOB KJIACCUYECKOTO METOJa B PeabHOI almaparype
nokasaHa B Tabmmue [14]. 9ddeKTUBHOCTD 3aBUCUT OT 4MciIa 371eMeHToB AAP, ycmo-
BUJI MHOTOJIYYEBOCTY ¥ JIeKOPPEIMPYOLUINX (aKTOPOB, HAOMIOAAEMbIX B PeaTbHO
anmaparype (JMHaMUYeCKMil AMANa3oH, HeJIMHETHOCTD, YaCTOTHOE PaccoI/IacoBaHye
aMIUIUTYJHO-9aCTOTHBIX XapaKTEePUCTHK U JIp.), IO3TOMY JJAHHOE CPaBHEHMe CKopee
MMeeT KauyeCTBEeHHBbIII XapaKTep.

XapaKkTepuCTUKU aNTOpUTMOB AAP

XapaKkTepucTHUKa AKII AD]JI AKII ¢ MJI3 IIBD
Boiurpeim B ITY, b 10...20 20...25 40...60 40...60
Vickaxenns ¢aspl Ila Her Ia Her
MckaxxeHns CUTHAaNbHOTO Her Her n Her
BpeMeH!

Tounocts / npefenbHas | Enyuuust M / | Egyanust M / | Eguanns M/ | Eguanie My /
IIOTPEIIHOCTD Im 0,1 m 10 M 0,1m
COXXHOCTD peanusalunn IIpocraa Cpenusas Boicokaa | OueHb BbICOKAsA

Anroputmbl [IOC He pekOoMeHAYIOTCA K peanmsaumy BBUAY yxyaueHusa IIY
B ycnoBuAx MHoromydesocti. AKIT ¢ MJI3 obecrednBaeT IOMEXOYCTOIYMBOCTD
OCHOBHOII Macchpl onb3osareieit CPHC, KoTOpbIM ZOCTaTOYHO METPOBOI TOUHOCTH.

Hanmuuane orBopioB B I[IB® 6/1aroTBOpHO B/IMsieT Ha pacCOINacOBaHME B YaCTOT-
HBIX XapaKTepUCTUKax, a B caydae [IOC i ycTpaHeHus paccornacoBanus Tpebyer-
Cs1 JOTIOJTHUTEIBHO MCIOb30BaTh (PUIbTPBI-9KBaIaii3epbl. ITO MO3BOJISAET HOCTUYD
6onpunx sHadenui I1Y [4].

CTOUT OTMETUTb, YTO CYIIECTBYIOT paboThl [12], B KOTOPBIX IOKa3aHO, YTO
UCIIONIb30BaHMe TaKOTO MeTofja CMHTe3a pafiMOTEeXHNYECKON CHUCTeMbl ITO3BOTUT
CO3J]aTh CXeMbI CJIeKEHNUsA C YIeTOM IIPOCTPAHCTBEHHON MH(OPMALUY, YTO YIYYIIUT
TOYHOCTD OIleHKM MH(OPMaIMOHHBIX TapaMeTpoB curHana B HATIL
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B [5, 6] 6pu1n cuHTe3MpoBaHbl M cpaBHeHbI aroputMel [I0OC B KOMIUIEKCHOI
Y iefiCTBUTENbHON popMax. IIpyMeHeHre TaKuX aIfOPUTMOB IIOMOXKET CHU3UTD BbI-
YMCIUTENbHYIO TPYAOEMKOCTb afropuTMos AAP.

Hexmaccuueckue MeTOAbI IIO3BOJILAIOT MOTYYNTh COIIACOBAHHOE pelleHre (ONTH-
Ma/libHOE pellleHne /I JaHHBIX ycmoBmit). [lma sToro 3apmaercsa cxema 0OpabOTKM
U KpUTepUM onTUMusanym. Takoll Mogxoy 03BOJIsIeT MCIIOIb30BATh CBOJICTBA JIMHEN-
HOJ1 a/Ire0pbl, YIUTHIBATh OCOOCHHOCTY 9KCIUTyaTalluyl ¥ SKOHOMUTD BBIYMC/IUTE/IbHBIE
3aTpaThl.

Anropurm Space-Time Adaptive Processing (STAP), HazBaHMe KOTOPOTO MHOTAA
IIepEBOMIAT KaK «IIPOCTPAaHCTBEHHO-BPEMEHHO aJallTUBHBIN Hporeccop» [2], omm-
coiBaer AKII ¢ MJI3. OpgHako anroputM ObUI OCTPOEH Ha OCHOBE APYIUX IPEAIo-
JIO>KEHUIL.

B [7] 6bU1 mpepyiosKeH MeTOJ, YCTpaHEeHNs MOMeX C VICIIO/Ib30BaHVeM pa3HeceH-
HBIX aHTEHH, OCHOBAHHBIJI Ha CIIEKTPA/IbHOM pa3jIoXKeHM! KOBApUAIVIOHHON MaTpu-
1pl. Tak)Ke MOXKHO BBIJIeJINTb METO, IJITABHBIX KOMIIOHEHT KOPPEIALMOHHOTO aHa/IN-
3a B 3ajjaye KOMIIEHCALMU IIOMeX, B KOTOPOM MCIIO/Ib3yeTcsl COOCTBEHHAs CHCTeMa
OLIeHKY IIPOCTPAHCTBEHHON KOPpesALMOHHOI MaTpuiipl [4]. B [5] mokasan anropurm
HOBBIIIEHNA 9(PPEeKTUBHOCTU NMPOCTPAHCTBEHHO-BPEMEHHOTO (puIbTpa ¢ IpuMeHe-
HJEM IIpefBapUTEe/IbHON IPOCTPAHCTBEHHON 00paboTkm. B crarbe mokasaHO, Kak
pemnTb mpobnemy uckaxxenue JJH AAP npu orcyrcrBuu nomex. [l 3TOro ucnosnp-
3yeTcs NpefBapuTe/IbHas IPOCTPAHCTBEHHAss 06paboTKa ¢ MOC/IeAyolell IIPOCTPaH-
CTBEHHO-BpeMeHHOI1 06paboTkoit B 6110ke cxoxxeMm ¢ AKII ¢ MJI3.

OTMeTuM, 9TO OONBIIMHCTBO CTaTel, OCBAILIEHHBIX anropuTMam st AAP, pea-
msytor IIOC, mnokaspiBass pabOTOCIIOCOOHOCTb JJAHHBIX PpeLIeHWi, M OMYCKAaioT
[TBOC, 4To sAB/sieTCs MPAKTUYECKM 005I13aTe/IbHBIM pellleHIeM IIPY Peann3ariuin mep-
cnextuBHOI HAII.

OTpenbHO BBIIEMUM PAf, CTaTell, B KOTOPBIX MCCIERYIOTCS Y IPOBEPSIOTCSA acIieK-
THI, CBSI3aHHBIE C PeIbHON AIMapaTypoil. DTV CTATby MOXKHO IOApAs[e/NTh Ha [Be
TPYIIIBL.

1. CraTby, ONMCHIBAIOLINE MOJIE/Ib PEAIbHOTO BXOJHOTO HAOIIOfieHNs, KOTOPYIO
HeoOXO[VIMO 3aK/Ia/IbIBaTh IIPYU peajnsalunuy anroputMoB AAP, wim craTby, IOCBA-
IleHHBIe OIleHKe Hey4YTeHHBIX ¢akTopoB [17-22]. Tax, B [17-18] 6b11u MccnenoBaHbI
BOIIPOCHI, CBsA3aHHbIe C HEMIEHTUYHOCTBIO NPMEMHBIX KaHanoB. B [21] mpemnoxken
MeTof, 3afaHnsa TpeOOBaHMII K HeMIEHTMYHOCTU IPUMEMHBIX KaHA/IOB I JOCTIDKe-
HIISA TIOTE€HIIMATbHBIX 3HAYEHNUI TIOMEeXOIO/aBIeHNA.

2. CraTby, MOCBSAIEHHBIE 9KCIIEPYMEHTAIbHBIM MCCIeI0BAaHNAM, KOTOpPbIE CBS-
3aHBI ¢ peanusaiueit amroputma AAP [23, 24].

B crarbax [19, 20] u3ydeH BOIIPOC HETMHEITHOCTH M CBSA3Y €€ C IIOTeHIVIa/IbHBIMM
3HAYeHNAMM IIOMeXOIofaBienHus, a B [22] uccneposana IIOC ¢ monApusanoHHbIM
KOMIIEHCATOPOM IToMeX. B [23] paccMoTpeH BOIpPOC, CBA3aHHBIN C BBIPAaBHNMBAHIEM
HeUJIEeHTMYHOCTY NIPMEMHBIX KaHa/lIOB C IOMOIIbI0O KOPPEKTUPYIOIINX GUIbTPOB I
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JOCTVDKEHVS NTOTEeHIMANIbHBIX 3HaueHmit nomexononasnenus AKIIL. B [24] paspabo-
TaH U MCCIeOBaH aIropuT™M GOPMUPOBAHNA JIy4a, YTO aKTYa/lTbHO /I peanns3alum
A®JI, mockonbKy mns GOpMUPOBAaHUA JTyda HEOOXOAVMO YYMTBHIBATb HEMIEHTHY-
HOCTb pafii0O4acTOTHOI YacTy IIpMEeMHMKA.

O60611as pesynbTaThl IIPOBEJEHHOTO 0030pa, MOXKHO CJIelIaTh BBIBOABI O POCTE
MHTepeca K anroputMam agantaunu AAP u ux mpakrmdeckoir peanusanuu. Cpenn
BCeX ITOPUTMOB Hambosee a¢dekTuBHbIMU ABIAOTCA anroputmsl IIBOC, B vacr-
Hocti cumMmeTpuuHbii [IB® [15]. AmmaparHad peanmmsanys JAHHOTO aJTOPUTMA
KpaliHe BBIYVC/IUTENIPHO 3aTpaTHA, YTO YKa3bIBaeT HAa HEOOXOAMMOCTb pa3paboTKu
6onee cosepiieHHoro anroputma [IBOC, KOTOpbIii MO3BOMUT OOeCHeYUTb 3HAYM-
TebHBIN IPUPOCT B ITY 1 CHU3NTD TpebOBaHMA K BBIYMCIUTETbHOMY pecypcy HAITIL
[ns satoro cnepyet ucnonb3osarh ocobennocty HAIT (auHamuKa gBVDKEHNS, CIIeIy-
¢uxa reomerpun AAP). BO3MOXXHBIM IIyTeM IO/Ty4eHUs TAKOTO AJITOPUTMA KaXKeTcs
HEK/IACCUYIECKUI METOH, TOCKOIbKY, KaK II0Ka3bIBaeT IMPAKTUKA, TaKye PeIIeHNsa Co-
IJIACYIOTCS € KTACCHMYECKMMM 1 00eCTIeYNBaIOT BHICOKYIO 3P PEKTUBHOCTD.
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Overview of methods for improving noise immunity of the satellite radio navigation systems...

OVERVIEW OF METHODS FOR IMPROVING NOISE IMMUNITY
OF THE SATELLITE RADIO NAVIGATION SYSTEMS RECEIVING
EQUIPMENT USING THE ADAPTIVE ANTENNA ARRAYS

L.V. Soldatov soldatoviv@aeropribor.ru

JSC Aeropribor-Voskhod, Moscow, Russian Federation

Abstract Keywords

The paper reviews methods that make it possible to Satellite radio navigation systems,
introduce the adaptive antenna array in relation to the consumer equipment, increase in
consumer navigation equipment. The overview used the noise immunity, noise-immune con-
articles published in the Radio Navigation Technologies sumer equipment, adaptive antenna
collection and in the Radio Engineering Journal from arrays, space-time signal processing,
2012 to 2022, and other literature on this topic. Basic space-time filtering, noise suppression
concepts associated with increasing noise immunity of

the consumer navigation equipment are described, and

main variations in implementing the adaptive antenna

array adaptation algorithms based on spatial and

space-time signal processing are identified. Approaches

to introducing the adaptation algorithms based on the

theory of statistical analysis and the synthesis of radio

engineering systems are demonstrated, as well as ap-

proaches based on finding the optimal solution for a

given structure by the mathematical optimization

methods, i. e. on obtaining a consistent solution (opti-

mal solution for the given conditions). Within the

framework of these approaches, results in improving

noise immunity and implementing adaptation algo-

rithms in the adaptive antenna arrays are reflected and pe cived 19.04.2023

compared. Certain features of the adaptive antenna © Bauman Moscow State Technical
arrays introduction in the products are provided. University, 2023

References

[1] Bakitko R.V., Boldenkov E.N., Bulavskiy N.T. et al. GLONASS. Printsipy postroeniya
i funktsionirovaniya [GLONASS. Principles of construction and operation]. Moscow, Ra-
diotekhnika Publ., 2010, 800 p. (In Russ.).

[2] Monzigo R.A. Adaptivnye antennye reshetki: vvedenie v teoriyu [Adaptive Antenna Arrays:
An Introduction to Theory]. Moscow, Radio i svyaz’ Publ., 1986, 448 p. (In Russ.).

[3] Kharisov V.N., Pavlov V.S. Statistical Approach to Determining the Noise Immunity
Characteristics of PVOS Devices. Radionavigatsionnye tekhnologii: sb. st. [Radio naviga-
tion technologies: a collection of articles]. Moscow, Radiotekhnika Publ., 2020, 102 p.
(In Russ.).

[4] Efimenko V.S., Pastukhov A.V., Voronchikhin D.N. Implementation of space-time pro-
cessing algorithms. Radionavigatsionnye tekhnologii: sb. st. [Radio navigation technolo-
gies: a collection of articles]. Moscow, Radiotekhnika Publ., 2015, 144 p. (In Russ.).

Politechnical student journal. 2023. no. 05 9



1.V. Soldatov

[5] Efimenko V.S., Kharisov V.N., Davydenko LN., Papushoy V.I. Interference canceller
model with channel frequency response correction. Radioengineering, 2003, no. 7. (In
Russ.).

[6] Perov A.L, Ippolitov S.P. Synthesis and modeling of algorithm of estimating parameters
with space-time processing in real numbers from observations by antenna array. Radi-
oengineering, 2018, no. 9, pp. 139-144. (In Russ.).
http://doi.org/10.18127/j00338486-201809-24

[7] Perov A.L, Ippolitov S.P. Comparative analysis of space-time signal processing algorithms
in complex and real forms. Radioengineering, 2019, no. 9 (14), pp. 14-22. (In Russ.).
http://doi.org/10.18127/j00338486-201909(14)-02

[8] Sokolov .M., Kinkul’kin L.E., Kalmykov P.V. Antenna diversity elimination method. Ra-
dionavigatsionnye tekhnologii: sb. st. [Radio navigation technologies: a collection of arti-
cles]. Moscow, Radiotekhnika Publ., 2015, 144 p. (In Russ.).

[9] Nemov A.V. Determining the dimension of the signal subspace in the implementation of
the principal component method in the noise compensation problem. Radionavi-
gatsionnye tekhnologii: sb. st. [Radio navigation technologies: a collection of articles].
Moscow, Radiotekhnika Publ., 2020, 102 p. (In Russ.).

[10] Gribov P.S., Shatilov A.Yu. Increase in effectiveness of space-time compensation of inter-
ferences in radio navigational receivers due to signals preprocessing in antenna array. Ra-
dioengineering, 2019, no. 9 (14), pp. 22-33. (In Russ.).
http://doi.org/10.18127/j00338486-201909(14)-03

[11] Shatilov A.Yu., Tyuftyakov D.Yu. Spatial filtering method for imitation interference of
global navigation satellite systems. Radionavigatsionnye tekhnologii: sb. st. [Radio naviga-
tion technologies: a collection of articles]. Moscow, Radiotekhnika Publ., 2016, 146 p.
(In Russ.).

[12] Efimenko V.S., Kharisov V.N., Pavlov V.S. Optimal space-time processing algorithms and
their properties. Radioengineering, 2016, no. 9, pp. 113-120. (In Russ.).

[13] Kharisov V.N., Pel'tin A.V. The spatial-temporal algorithm for processing of multipath
signal for receivers with an antenna array. Radioengineering, 2017, no. 11, pp. 32-38.
(In Russ.).

[14] Karutin S.N., Kharisov V.N., Pavlov V.S. Optimal'nye algoritmy prostranstvenno-
vremennoy obrabotki signalov dlya vysokotochnykh prilozheniy. Radioengineering, 2018,
no. 9, pp. 131-138. (In Russ.). http://doi.org/10.18127/00338486-201809-23

[15] Karutin S.N., Kharisov V.N., Pavlov V.S. Synthesis of an interference-resistant space-time
filter for high-precision measurements of navigation parameters according to the signals
of global navigation satellite systems. Measurement Techniques, 2020, vol. 63, no. 6,
pp. 476-486. http://doi.org/10.1007/s11018-020-01812-1

[16] Gribov P.S., Shatilov A.Yu., Akhlamova A.M. Analysis of the non-identity components of
the frequency characteristics of the receiving channels of noise-protected navigation
equipment of a satellite radio navigation system. Radionavigatsionnye tekhnologii: sb. st.
[Radio navigation technologies: a collection of articles]. Moscow, Radiotekhnika Publ.,
2019, 108 p. (In Russ.).

[17] Gribov P.S. Evaluation of the efficiency of the space-time algorithm for interference sup-
pression in the presence of non-identity of frequency paths of consumer navigation

10 Politechnical student journal. 2023. no. 05



Overview of methods for improving noise immunity of the satellite radio navigation systems...

equipment. Radionavigatsionnye tekhnologii: sb. st. [Radio navigation technologies: a col-
lection of articles]. Moscow, Radiotekhnika Publ., 2016, 146 p. (In Russ.).

[18] Pavlov V.S. Influence of nonidentity reception channels in adaptive antenna ARRAYS on
GNSS signals reception characteristics. Radioengineering, 2016, no. 9, pp. 128-134.
(In Russ.).

[19] Pavlov V.S., Stolyarov S.A. The influence of nonlinear receiver channels on the perfor-
mance of multichannel jammer canceller. Radioengineering, 2012, no. 10, pp. 15-18.
(In Russ.).

[20] Efimenko V.S., Sizov R.N., Papkov R.S. Non-linearity parameters and their relation with
jammer suppression potential characteristics. Radioengineering, 2007, no. 7, pp. 109-112.
(In Russ.).

[21] Kharisov V.N., Bystrakov S.G., Pastukhov A.V., Sizov R.N. The method of the channel
non-identity requirements definition for jammer cancellers. Radioengineering, 2007,
no. 7, pp. 113-120. (In Russ.).

[22] Efimenko V.S., Kharisov V.N., Bystrakov S.G., Konanykhin E.S. The investigation of an-
tenna polarization jammer canceller characteristics for GNSS receivers. Radioengineering,
2007, no. 7, pp. 102-108. (In Russ.).

[23] Efimenko V.S., Pastukhov A.V., Kharisov V.N. Experimental researches of digital correcting
filters in channels of antenna noise cancellers. Radioengineering, 2008, no. 7, pp. 56-59.
(In Russ.).

[24] Gribov P.S., V’yunov LP., Shatilov A.Yu. Development and experimental studies of the
algorithm for forming rays on navigation satellites. Radionavigatsionnye tekhnologii: sb.
st. [Radio navigation technologies: a collection of articles]. Moscow, Radiotekhnika Publ.,
2015, 144 p. (In Russ.).

[25] Perov A.L. Noise immunity analysis of navigation receiver operated with pulse signal with
inside phase shift keying. Radioengineering, 2020, no. 9 (18), pp. 48-60. (In Russ.).
http://doi.org/10.18127/j00338486-202009(18)-04

Soldatov I.V. — Technician, JSC Aeropribor-Voskhod, Moscow, Russian Federation.

Please cite this article in English as:

Soldatov I.V. Overview of methods for improving noise immunity of the satellite radio naviga-
tion systems receiving equipment using the adaptive antenna arrays. Politekhnicheskiy mo-
lodezhnyy zhurnal, 2023, no. 05 (82). (In Russ.).
http://dx.doi.org/10.18698/2541-8009-2023-5-896

Politechnical student journal. 2023. no. 05 11



