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DNEKTPOHUKA. PAODUOTEXHUKA
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OpHa 13 KNo4veBbIX TEHAEHLMIA Pa3sBUTUA COBPEMEHHBbIX CUCTEM MOGUNbLHOM cBA3M Ha ocHose MIMO OFDM
- YBENMUYEHME YUCNIA AaHTEHH, KONIMYECTBA MOAHECYLUX YaCcTOT U NMOJIOChl curHana. MaseHoi npoGnemov npu
NMPaKTUYECKOWN peanusaLum TaKMX CUCTEM CTAHOBUTCA yBENIMYEHME 3aTPaT YaCTOTHO-BPEMEHHbIX PECYPCOB Ha
OLeHKY KaHana. [lnAa yMeHblUEeHWA AONM MUIOTHbIX CUrHANOB B NUTepaType npejnaraerca UCnosnb3oBatb
nceBAoOCNy4aiHOE PaCMoNoXKEHNE NMUNOTOB U MPUMEHATb aNFTOPUTMbI CKaTbiX u3MepeHuit (aHrn. Compressed
Sensing) unu e ucnonb3oBaTb TEH30PHYI0 06paboTKy. CylecTByloLMe NpaBuia pacnosioXKeHUA MUNOTOB
HEe UMEIOT KOMMAKTHOTO onucaHua u TpebyloT GonbLLIOro KONUYECTBa NaMATH AnNA XpaHeHus. B 1o ke Bpema
nonynsApHble TEH3OpHble anropuTMbl 06beAUHAIOT NpoueAypy U3MEpPEeHUA M BOCCTAaHOBNEHMA KaHana, a
TaKKe HY)XXAAlOTCA B CNeuuanbHOW CTPYKType Kajpa, TpeOyioulein Gonblioro konuuvecrsa cumsonos. B
AaHHOM cTaTbe Mbl MpeAnaraeM HoOBOE KOMMaKTHOE ONMMCaHUe NCeBAOCYHalHOro PacnonoXKeHUs NMUIOTOB Ha
6a3e nepecTaHOBOYHbIX NONMHOMOB. KpoMe Toro, Mbl npegnaraem pasfenuTb OLLEHKY 3l1IEMEHTOB KaHaNbHOrO
TEH30pa U BOCMONIHEHNE YaCTUHHO U3MEPEHHOrO TEH30pa Ha ABe oTAenbHble 3aga4u. Ha npumepe anroputma
BOCMOJNIHEHUA, U3HAYaANbHO MPEANIOKEHHOTo AnA o6paboTkM u3oGparkeHWi, Mbl MOKa3biBa€M ABHbIN
c¢u3mnueckuii cMbicn onepauum crnaxkusaHua B koHTekcte MIMO OFDM. HakoHew, Mbl nokasbiBaeM, 4TO
npeAnoXeHHble OJHOMEpHbIE MEPECTaHOBKU TaKKe MOryT 3ajjaBaTb MHOrOMEpHYI0 MacKy W3MepeHuMn no
KavecTBy BOCMOJIHEHUA HE OT/IMYAIOLLYIOCA OT ciy4anHoW. Mo cCpaBHEHMIO C KNAacCUYECKUMU MeToAaMu
OLleHKM KaHana npeasioXeHHble MeToAbl MO3BONAIOT NpeofoneTb orpaHuyeHnsa teopeMbl KotenbHukosa u
YBENUYUTL CreKTpanbHyio 3¢ ¢deKTuBHOCTL cuctembl Ha 47%. C noMoLblO NMpPeAsiOKEHHbIX METOAOB B
AanbHeMNLEM BO3MOXHO NPUMEHUTL OOLLYIO TEOPUIO BOCMONIHEHUA TEH30POB ANA OLLEHKMU KaHana.
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I BBenenue

C pa3BUTHEM TEXHOJOTUH MOOWIEHOW CBSI3U CTAHOBSTCA BCE
6oee u Horee MOMYISIPHBI CUCTEMBI C OOTBITIMI aHTEHHBIMH pe-
mérkamu (Massive MIMO). CoBpeMeHHbIC 0a30BbIC CTAHIMU TIsI-
TOTO TMOKOoJeHus [1] MOTYT nMeTh 10 64 aHTEHHBIX JIEMEHTOB, a
Ha TI0JTb30BaTEIbCKUX YCTPOUCTBAX YHCIO AHTEHH MOXET JIOCTH-
ratb 4 win gaxe 8. OMHON U3 KITFOUEBBIX 3ajad MpH pa3padoTke
MOOWJIBHBIX CETeH IIECTOr0 IIOKOJICHHS SIBIISIETCSI yBEIMYCHHE
MIPOITyCKHOM criocobHocTH coThl ¢ 1 1o 16 I'6/c [2].

OnuH U3 HanOoJIee MepCIeKTUBHBIX [IAroB JUIsl PEIICHUsI ATON
mpobieMsl — iepexo B nuamazol 7-24 I'Ta. Komuter 3GPP pac-
CMaTpPUBAET 3TOT AWANA30H IJIsi BOBMOXHOT'O MCIIOJIb30BAHUS, a
cnenudukanmy 1 auanasona 14,8-15,35 I'T yke BKIFOUEHBI B
19 Bepcuto crangapta [3]. Ilepexon B 3TOT 4aCTOTHBIN AHANa3oH
MO3BOJIMT YBEIWYUTH IOJIOCY CUTHANA, a 3HAYUT YBEIUIUTH Pac-
CTOSIHUE MEX[y MOJHECYIIMMHU 4acTOTaMU U X kKosmdectso. ITo
ouenkam Nokia Bell Labs mosnoca curnama MOXeT BBIPAacTd J0
400 MTI' [2]. Kpome Toro, yBeTHUCHHE YaCTOTHI HECYTIICH TI03BO-
JUT WCIIONB30BaTh OOJbIIE AHTCHHBIX OSJIEMEHTOB, COXPAHSIS
(opm-dakrop pemenuit auanazona 1-5 ['Tu. Harmpumep, Ha Bce-
MHPHOM KOHIpecce MOOMIIbHOM cBsi3u (anri. Mobile World Con-
gress) B 2024 roxy B bapcenone komnanus Qualcomm mpencra-
pwia' GigaMIMO — mporoTun 6a30BOi CTaHIMH LIECTOTO TIOKO-
nenus, ¢ gacroroit Hecymer 13 [T u 4096 aHTeHHBIME IIEMEH-
Tamu. B T0 jxe BpeMs1 akTHBHO HCCIIeTyeTcsi BOSMOKHOCTD pa3Melre-
HUsI 710 64 aHTEHH Ha CTOPOHE MOJIL30BATENIHCKOTO YCTpOoucTBa [4].

Takum o0pa3zoMm, Bce pazMepHocTH TeHzopa kanaia OFDM-
MIMO yBennuMBarOTCs, YTO MPUBOIUT K YBEIMUYEHUIO BBIUUCITH-
TEJIBHON CJIO)KHOCTH alrOPUTMOB M YBEIMYEHHUIO 3aTpaT ya-
CTOTHO-BPEMEHHBIX PECypCOB Ha OLEHKY KaHana. Ecnu yBemuue-
HUE BBIUMCIUTEIBHON CII0KHOCTH MOKET OBITH CKOMIEHCHPOBAHO
paspabotkoii 6osee 3(h(heKTUBHBIX YCTPOHCTB 00pabOTKH, yBEIH-
YeHHE 3aTpaT Ha OLIEHKY KaHaJja siBJsieTcs (pu3nueckuM orpaHuye-
HHUEM Ha MYTH K YBEIWYECHHIO MPOIYCKHONW CIIOCOOHOCTH COTHI H
TI0JI/Iep>KKe MOOMIIBHBIX TToJIb30Bateneil. [1o 3Toit npuunne B pam-
Kax JJaHHOHM CTaTbU MBI COCPEIOTOUNMCS Ha YMEHBIICHUH 3aTPaT
Ha OLICHKY KaHajla, COOTBETCTBYIOIINX aJITOPUTMAaX U METOAX.

Knaccuaeckum permrennem npu orieake OFDM kanana B cytie-
CTBYIOIIMX CETSX ISITOTO MOKOJICHUS SIBIISIETCS PACTIONO)KEHNE TTH-
JIOTHBIX CHTHAJIOB MEPHOJIMYECKHU 10 YacTOTe C MEPUOAOM comb
noJHecynwx yactoT. Ha cropone npuéMHmKa 0OBIYHO MPOU3BO-
JITCSI OLICHKA YaCTOTHOM XapaKTePUCTHKU KaHalla Ha MHJIOTHBIX
MOJTHECYILUX, TTOCTIE YEero KaHaJIbHas XapaKTepUCTHKA BOCCTAHAB-
JMBAeTCsl C IOMOLIbI0 MHTeprosinuu. Ilpm TakoMm moaxone
YMEHBIIEHHE JIOJIN YaCTOTHO-BPEMEHHBIX PECYPCOB Ha OLICHKY Ka-
Hajla BO3MOYKHO TOJIBKO IPU YBEJIMYECHUH TIepuoja comb pacro-
JOXKEHHSI TWIOTHBIX TOJHECYIIMX. MaKCHMallbHOE 3HA4YCHHUE
comb B 3TOM cilyyae OrpaHH4eHO 10 Teopeme KoTenbHHKOBa,
€cIIM paccMaTpUBATh B KAUeCTBE AMCKPETU3YEMOTO CUTHAJa ya-
CTOTHYIO XapaKTEpUCTHKY KaHajla, a B KAUECTBE «CHEKTPay — Ipo-
(buITb 3aIEPIKEK B KaHAJIC.

O/HUM 13 BO3MOXKHBIX CIIOCOOOB MPEOJI0ICHHS OrPaHUYCHHI
TeopeMbl KoTenbHIKOBa ABISETCS MCEBIOCTyYaitHOE (arnepuoiu-
YEeCKOEe) PacCIOIOKEHHE MUJIOTHBIX MOJHECYIINX U IPUMEHEHHUE
METOJIOB CKaThIX m3mepeHuit (anri. Compressed Sensing). 3toT

! Be6-crpanuna MWC Barcelona 2024, nara obpamenus 27 despanst 2025 r.
https://www.qualcomm.com/news/ong/2024/02/mwc-2024-wireless-innovations-
enabling-intelligent-computing-everywhere

T-Comm Vol.l9. #4-2

SNNIEKTPOHMKA. PAONOTEXHUKA

OAXO0J Moyuns pazpurue HauuHas ¢ 2010 [5] B koHTEKCTE OJ1-
HoauTeHHBIX OFDM-cuctem. OcHOBHas IpoOiieMa TpH 3TOM 3a-
KITFOYaeTCs B HAXOJKICHUH IPOCTOTO CII0c00a 3aaHus TICEBOCITY-
YafHOTO pacIoNoKeHusT MIoToB. OIEHKY KaHaia Heo0XOIUMO
MIPOU3BOJIUTE JUIS PA3HBIX KOH(MUTYpalMii CUCTEMBI, B TO BpeMs
KaK XpaHEHHE BCEX BO3MOKHBIX BAPHAHTOB PACHOI0KEHHS MTHIIO-
TOB TpeOyeT CyIleCTBEHHOro 00béMa namsiTu. Curyarus ycyryo-
JISIeTCSI TIPH TIepexo/ie K MHOTOAHTEHHBIM CHCTEMaM, TaK Kak MCeB-
JIOCITy4aliHbIE TTOJI0KEHHUS TTMIIOTOB, COOTBETCTBYIOLIUX HECKOIIb-
KHUM aHTC€HHaM, MOT'YT COBIaaaTb, YTO MPUBOJUT K I/IHTep(bepeH-
LMK TIPH OJHOBPEMEHHOM Iiepesiadye U3MEPUTEIbHBIX CHIHAIIOB.
Oty npobieMy BO3MOXKHO PELINTh, HAIIPUMEP, C TIOMOILBIO JHC-
KPETHOW ONTHMH3AINN U TCHETHUCSCKIX aITOPUTMOB [6], OTHAKO
HUTOTOBOE PCIICHHE HE MOJYYaeTCs IPEICTABUTh B KOMIAKTHOM
Bue. HemaBHO OBUTO MPEISIOKECHO PEIIUTH ATy MPOOIeMy, HC-
MIOJIB3YS IUKIIMYECKHIE PA3HOCTHBIE MHOYKECTBA U HX CBOMCTBO IIe-
pecedennii [7]. Takol moaxo/, TEM HE MEHEe, SBIISACTCS JIHIIh He-
3HAYATEIBHBIM MPOJABIKEHUEM, TaK KaK ITMKIMYECKHE Pa3HOCT-
HbIE MHOXKECTBA CYIIECTBYIOT ISl BECbMa OTPaHWYEHHOTO Habopa
MapaMeTpoB, a Pa3InIHbIC CIIOCOOBI MOTU(PHUKALINN PA3HOCTHBIX
MHOXECTB TPYAHO OIMMCATh KOMIIAKTHBIM M yllOGHI:IM JJIA XpaHe-
HUSI CIIOCOOOM.

Emé osHMM MOX0J0M K YMEHBIICHUIO YaCTOTHO-BPEMEHHBIX
pecypcoB ISl OIIEHKH KaHaJjla SIBJISICTCS] HCIIO0JIb30BaHHUE OJIHOBpE-
MEHHOH 00pabOTKM KaHAJBHOT'O TEH30pa MO Pa3MEPHOCTSM IT0J-
HEeCyIIMX M aHTCHH C TOMOIIBIO TEH30PHBIX IIPEICTaBICHUM.
Hanpumep, OonbIION MOMyJSPHOCTBIO CPEAM HCCIEoBaTeNeH
MTOJTB3YETCSI MOJIENTh KAHOHIMYECKOTO Pa3oKeHHs TeH30pa (aHTII.
Canonical Polyadic Decomposition, CPD) a1 KOMITaKTHOTO OTTH-
canms kaHana. B wacTHocTH, B pabote [8] mpeanaraercss opraHu-
30BaTh CKaHWPOBaHUE 0Aa30BOM CTAHIMEH W TOJIb30BATEIbCKHM
YCTPOHCTBOM OJIOYHBIM METOOM, MIEpeaaBast Mpy 3TOM OJWHAKO-
BbI€ UBMCPUTCIIbHBIC CUT'HAJIbI HA OJJTHUX U TEX KE€ MOJHCCYIIUX.
[TpuHATHII CUTHAI IPHU 3TOM NPUHUMAET (HOPMY KaHOHHUYECKOTO
TeH3opa. Ecnu TeH30p kaHana Takke COOTBETCTBYET MOJIENH Ka-
HOHHMYECKOTO PA3JIOKEHUS, 3TO MO3BOJISICT CYIIECTBEHHO CHU3UTh
3aTpaTthl Ha OIIEHKY KaHaJla, B TOM YHCIIE [l MOOMIIBHBIX CHCTEM.
AJNTOPUTMBI C UCIIOJB30BAaHUEM AHAJIOTUYHOM CTPYKTYpHI U3Me-
PUTEIBHBIX CHUTHAJIOB HCIOJIBh30BANNCH, HATIPUMEp, B padoTax [9]
1 [10]. OCHOBHBIMH HEOCTaTKaMU TaKUX pabOT SBISETCS HEOO-
XOAMMOCTH UCIIONIE30BAaTh OOJBIIOE YHCIO CUMBOJIOB IS peali-
3au HeoOXoauMoi O10uHON CTPYKTYphI. boree Toro, ams mpo-
BEPKH aJTOPUTMOB HCIIOIB30BaIach IIPOCTask MOAETh KaHaa, 9To
MOJKET CYIIIECTBCHHO MOBJIHATE HA pe3yabTatsl [11].

B nannOil paboTe Mo CpaBHEHHIO C CYNIECTBYIOIIUMH METO-
namu coxateix n3Mepernii B OFDM MIMO wmbI npeaiaraem ro-
pa3mo Oojice KOMIIAKTHBIM W He MeHee d((EKTHBHBIA CIOCOO
TICEBJIOCITY4aifHOTO PacIoIOKEeHUsI THII0TOB. Kpome Toro, B OTIIN-
YHe OT CYLIECTBYIOIIUX HCCIIEOBAaHUI 110 TEH30PHOM OIEHKE Ka-
HaJla, MBI pa3jiesisieM TPOLEeaypy Mepeaadn U3MEepUTENbHBIX CHUT-
HaJIOB M TIPOLEAYPY BOCIHOJHEHHUSI TEH30pa Ha J[Ba OTAEIbHBIX
srana. HakoHer, Mbl OKa3bIBacM, 4TO PEUIOKEHHBII METOT pac-
MTOJIOXKCHUS TTUIIOTHBIX CUTHAJIOB TAK)KE MOJIXOTUT JUIS CO3aHMUS
MHOTOMEPHBIX MaCOK U3MEPEHHH B 3a/1aue BOCTIOIHECHHS TEH30pa.
Boree moapoOHO OCHOBHBIE PE3yIBTAThl CTATHH MOXKHO CPOPMY-
JUPOBATH CIIETYIONTIM 00pa3oM:

—
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e B paznene IV.A npemmosxkeH crmocod MyIbTHIICKCHPOBAHUS
OJTHOMEPHBIX Pa3pEeIKCHHBIX CUTHAJIOB C TOMOIIIBIO [IEPECTAHOBOY-
HBIX [IOJIMHOMOB. Joka3aHbl npaBmiia Ha KOG GUIUCHTHI TOIHHO-
MOB, TapaHTUPYIOLINE CBOICTBa, OJM3KHE K ONTUMAaJbHBIM B
CMBICJIE B3aMMHOI HEOPTOTOHAILHOCTH.

e B pasznene IV.B npemiokeH Meron reHepanuu MHOTOMep-
HBIX U3MEPUTEIIbHBIX CUTHAJIOB HA OCHOBE OJIHOMEPHBIX IIepecTa-
HOBOYHBIX ITOJIMHOMOB.

e B pazznene I11.B npennoxeHo paccMaTpuBath 3a/1a4y OLEHKH
OFDM-MIMO kaHana kak 0OIIyro 3a7a4qy BOCIIOHEHHS TEH30pa.
Ha ocHOBe 4HCIIEHHBIX KCIIEPIMEHTOB C Mojienbo kanana 3GPP
38.901 B pazgene V.B mokazaHa BO3MOXKHOCTb BOCIOJIHEHUS
MIMO OFDM kanaia uTepanroOHHBIMHU aJTOPUTMaMHU Ha OCHOBE
pasnoxeHus Takkepa 1 HPEUIOKEHHBIX MHOTOMEPHBIX HU3MEpHU-
TEJIbHBIX CUTHAJIOB.

e B pasnene II1.C mokazaH (U3HUUSCKHIA CMBICI MPOLEAYPHI
CTJIQXKMUBAHUA I YIIYYHICHUSA CXOAUMOCTU METOAAa IMEPEMECHHBIX
npoekiyid. B paznene V.C nokazaHo, 4To MpaBUIBHBIM 00pa3oM
BbIOpaHHBIE NAPAMETPHI CIIIXKUBAHUS B HECKOJIBKO Pa3 yCKOPSIIOT
CXOJIMMOCTb JITOPUTMAa BOCIIOJIHEHHUSL.

e B paznenie V.E ¢ MOMOIIIBIO YHCIIEHHBIX 9KCIIEPUMEHTOB T10-
Ka3aHo, YTO MPU UCIIOIb30BAHUH MIPE/UTaracMbIX H3MEPUTEIEHBIX
CUTHAJIOB M aJITOPUTM >kajHoro norcka OMP, n meron nepemen-
HBIX MPOCKIUH I BOCIIOJIHEHUS TEH30pa, MO3BOJISIIOT MPEOIO0-
JIeTh OrpaHuueHUs] TeopeMbl KOTETbHHUKOBA M MOBBICUTH CIICK-
TpanbHyIo 3((eKTHBHOCTE cucTeMbl Ha 47% MO CPaBHEHHUIO C
KJIACCUYECKUMHU METOJIaMH, UCIIONb3YIOLIUMH TIEPUOJUIECKH Pac-
MOJIO’KEHHBIE CUTHANIBL. KpoMe TOro 1mokasaHo, 4TO BOCIIOJIHEHHUE
TEH30pa TMO3BOJIAET COKPATUTH BBIYUCIUTENBHYIO CIIOXKHOCTH I10
KpaifHell Mepe B TpH pa3a Mo CpaBHEHUIO ¢ anroputMom OMP.

II IlceBaocayuaiinoe pacnoJio:keHue NUJIOTOB
u MeToAbl CxkaTbix U3mepennii

[Tpu oneHke KaHalla B MOOMJIBHBIX CHCTEMAX CBS3M HA OCHOBE
OFDM ncrnonp3yeTrcst IEPHOANIECKOE PACTION0KEHUE MMIOTHBIX
curHanoB. [Ipu onieHke kaHaa A1 OAHOM aHTEHHBI TIepelaTInKa
MOJTHECYIIIHE PE3EPBUPYIOTCS MO/ MUIOTHI ¢ HEKOTOPBIM MEPUO-
JIoM comb, TO €CThb MHOXECTBO WHJICKCOB MIJIOTHBIX MOIHECY-

mux 3agaéres kak W= {n -comb,n =0, ... (Np - 1), N, =

N
Lms:b”, rae N, — o0lee Yuciio MoJaHecymux B cucreme. Macka

nuinoTa Q omnpeaesseT MoJ0KEHHE MUIOTHBIX MOAHECYIIUX IS
BBIOPAHHOW aHTEHHBI TIEpEIaTINKA:

Qm) = {

[Nonuecymue, He BBIJEICHHBIC O] MMJIOTHI OJJHOW aHTCHHBI
nepeiaTIiKa, MOTYT, HalPpUMEp, BBIAEISTHCS IS ITHIIOTOB JIPY-
rux anTeHH (Sounding Reference Signals, SRS nim Channel State
Information Reference Signals, CSI-RS) nnn sxe ucmons3oBaTbes
Juist iepepaun qannbix (Demodulation Reference Signal, DMRS),
kak onucano ctangaptoM 5G NR [12]. [l mpOCTOTHI N3TI0KEHUS
paccMmoTpuM ciydait ogrHoanTeHHOH OFDM cructemsl ¢ KaHAIoOM
h € CVse*1, Ha nuioTHBIX MOJECYNINX MepeaaéTcss HeKOTopas
TIOCJIEI0BATEILHOCTD S C HU3KHM OTHOILICHHEM MUKOBOW MOIIHO-
CTH K CpeIHeH, Hampumep, MOCIeI0BaTeIbHOCTh 3amoBa-Uy.
Cursai Ha TPUEMHUKE B 3TOM CIIy4ae ONUCHIBAETCS CIIEAYIOLINM
YpaBHEHUEM:

y=h0OsOQ, 2

1, ectun e ¥
0, uHaue

)

rie (O oOo3HauaeT npousBeneHHe Anamapa (II0AJIEMEHTHOE
yMHOKeHue). Ha cropone mpuéMHIKa B CaMOM TIPOCTOM ciydae
MPUHATHIA cUTHAN (2) TIODJIEMEHTHO JOMHOXKAeTcs Ha KOM-
IUICKCHO-COTPSDKEHHYIO TTOCIICIOBATEIBHOCTE S, YTO COOTBET-
CTBYCT OLCHKC KaHalla Ha NOAHCCYHIMX METOAOM HAMMCHBIIUX
KBaJIPaToB:

h=y0Os"=h0OsOs*OQ=h0Q, (3)

Tak kak ecinu § — 1MOCJIE0BATENLHOCTD C SAMHUYHBIM MOJIYJIEM,
to s(n) O s*(n) = 1. J]yns nonydyeHus OLEHKH KaHAJIa Ha TIOTHE-
cymux ¢ mHAekcamu He u3 W Ha ocHOBe oueHKH (3) mpom3Bo-
JUTCSI MHTEpHOJIALUs. HanpuMep, HHTEPIOSINS MOXKET MTPOH3-
BoauThesl ¢ momomibio Jluckpernoro IlpeoOpasoBanust Dypne
(AI®). ds aToro Beraucsercs ooparaoe AI1D usmepenwii (P):

h, = Fih, 4)

rne F — marpuna JAI1®. [lanee ¢ yuérom anpuopHoil nHpopma-
UK 0 pazdpoce 3ajep)kek AT B KaHase JIeMeHTHl b, 110 MHJEK-

caM, He COOTBETCTYIOMIMM AT, 3aHYJISIOTCS ¥ BBIYUCISCTCS TIPSI-
moe JI1D:

hy = F-W(h), (5)

rue W(ﬁ,) 0003Ha4YaeT MPUMEHEHHE HEKOTOPOro OKHa (B Mpo-
CTeiIeM cityJae — MpMOYTOIBHOTO), Tzf 0003HayaeT OICHKY Ka-
HaJla Ha BCEX MOJIHECYIIHUX.

IIpu TakoMm 1Mo/X0/ie YMEHBIICHUE JIOJIN MIJIOTHBIX MOJAHECY-
KX TOPpa3yMeBaeT YBEIMUYCHHE TIeprHoa cOmb pacmoIoKeHUsI
9TUX MOAHECYIMX. MakcuMaIbHOE 3HaYeHHE COMbD B 3TOM CITy-
yae 1o treopeme KoTenpHNKOBa OrpaHHueHO pa30dpOCOM 3a/IepiKEK
B kaHaie. B camom nene, JII1®D u3mepenwuii B ypaBHeHUH (4) MO-
JKET TaKKe ObITh BEIPAXKEHO KaK

h: = h; +Q, (6)
rze * o0o3HavaeT cBEPTKY, a R, — UCTHHHYIO UMITYJIbCHYIO Xa-
PaKTepPHUCTHKA KaHaa:

. nk
he(k) = 23555 h(n)e™ Mse,

n=0

a Q; — OAII® macku u3mepeHui ), KOTOPYO MOKHO paccMaT-
pUBaTh KaK 9KBUBAJECHTHYIO UMITYJIbCHYIO XapaKTepPUCTUKY U3Me-
PUTEIBHON CUCTEMBI:

I[pu pacrnosioKeHHH MIOTOB ¢ IIEPUOAOM COMbD BBIpaKeHUE
JUTSl SKBUBAJICHTHON MMITYJIbCHOW XapaKTEPHCTHKHA M3MEPHUTEIh-
HOW CHCTEMBI IIPHHUMAET BUJ

Nge—1 Np-1
2n’j~ﬂ 27U..comb'nk
Q, (k) = Z Qe e, Q. (k) = Z e Ny =
n=0 n=0
Ny-1 2mjnk
= ano e Ne = n,k mod Ny’ (7)

rae Oy — MHIUKATOP PABEHCTBA JIEMCHTOB,
IL,n=k
Sk = { ’

0, u"aue’
C 1OMOIIIBIO 3TUX 0003HAYEHUI MOXKHO MPOUILTIOCTPUPOBATH
orpannyenue TeopeMbl KoTenpHuKoBa 6osiee y100HBIM IS Jailb-
Helfmero u3nokenus cnocooom. M3 ypasuenus (7) ciaeayer, 4ro

Q. npezacraBisieT co00H comb MEPHOANYCCKHE PACIIONOKCHHBIX
NSC

comb

TIHKOB, PACCTOSHUE MEXKAY KOTOPBIMH COCTaBIseT N, =
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0TCYETOB, Kak Moka3aHo Ha pucyHke 1. Ecim B OFDM-cucreme ¢
4acTOTOU AMCKpeTU3aluH f; pa3dpoc 3ajepixek kaHana AT mpe-
BbImaet Ny, /f; cexyn:

Ar>le (8)
fs
TO W3MEPEHUs KaHaJa ¢ MMOMOIIBI0 MEPHOJIMYECKH PACTIOIOKEH-
HBIX TTIJIOTOB OYAyT HMOABEp KeHBI d(h(heKTy HaIOKEeHHS, KaK I10-
Ka3aHOo Ha pHCcyHKe 1. B 3ToM mpumepe KOIHMUecTBO OTYETOB, 3a-
HUMaeMOo€e MMITyJIbCHON XapaKTepUCTHKON KaHana, OOoJblIe, 4eM
paccrosinue Mexxay nukamu €);. B pesynbrare nmpu cBéprke (6)
HCaITEHON UMITYJILCHOM XapaKTEPUCTHKH € {); 9aCTh KOMITOHEHT
(oTHeneHBI KpaCHOI BepTUKAIBHOI JIMHUEH Ha puc. 1) Oyner 3ep-
KaJbHO OTpaXkeHa. DTOT 3((PEKT CyIIEeCTBEHHO yXy/IIaeT Kade-
CTBO OIIGHKM KaHalla W SIBJISIETCS] MPUHIMIHAIGHBIM OTpaHHYe-
HHUEM JJIsi YMEHBLIEHHsI JOJU MUJIOTHBIX curHaioB B OFDM-
CHUCTEMaX.

[losnyuaercss, uro orpaHuueHus TteopeMbl KorenbHUKOBa
MO’KHO ITOHUMATh KaK OTPAHUYCHNUS, CBI3aHHBIC C SKBHBATICHTHON
HMMITyJIbCHOM XapakTepUCTHUKON (), M3MEpUTEIBHOW CUCTEMBI.
BrionHe 10rUYHO NPEAIONIOKUTh, YTO TP H3MEHEHHHN PACTIONOKE-
HUSI ITIJIOTOB M3MEHUTCS €1, UTO B CBOIO OUEPE/Ib MOKET H3MEHHTD
WJTH TIOJTHOCTBIO YCTPAHUTh ONMCAHHbIE OTPAaHUYCHHSI.

A.  [lcegdocnyuaiinoe pacnonodcenue RUiomos KaKk cnocoo
npeooonenus ocpanudenuti meopemvi Komenvnurxosa

JlanHast paboTa onMpaeTcs Ha ICeBIOCIydaiiHoOe (aneproau-
YECKOE) PaCIONIOKEHHE NMHIOTHBIX CHUTHAIOB 1O TOJHECYIINM.
CTOHT OTMETHTH, YTO ATa UAES IO CBOEMY IPUHIIHNITY CBsA3aHA C
TEOpUEl HEAKBUIMCTAHTHBIX aHTEHHBIX pelEToK. MHTEepec K He-
9KBHJICTAHTHOMY PACIIOJIOKEHUIO aHTEHHBIX JICMEHTOB BO3HHK
emé B 60-e TOABI MPOIIIOTro CTONETHsA. B 4acTHOCTH, HEIKBHIH-
CTAHTBhIC AaHTCHHbIC peIHéTKI/I YAOCTOCHBI OTI[CHLHOﬁ TJIaBbl B MO-
nHorpaguu P.K. Xancena [13]. OcHOoBHas 3a1a4a IPH MOCTPOCHUU
HEOKBUANCTAHTHBIX peI_[IéTOK — YMCHBIICHNUE KOJINYECTBA aHTCH-
HBIX 3JIEMEHTOB 0€3 3HAYUTENHFHOTO YXY/IICHUS THarpaMMBbI
HAIpaBJIeHHOCTH TI0 CPAaBHEHUIO C ADKBHIMCTAHTHBIMH PEIIET-
kamu. [IpuMedaTesnbHo, 4TO 3TOT MOAXO0/] AKTUBHO UCCIIELyeTCs U
1o ceit nensb [14-16].

31ech MpOCIeKUBACTCS MpsMasi aHAJIOTHSA C yMEHBIICHUEM
KOJIMYECTBA MHMJIOTHBIX MOAHECYIINX 0e3 CYIIeCTBEHHOTO yXy/I-
IIeHNs KaueCcTBa OIICHKH KaHaja. B camom nerne, mpeoOpazoBaHme
@ypbe CBS3BIBAET NPOCTPAHCTBO AHTEHH PELIETKU € MPOCTpaH-
CTBOM JIy4e# TOYHO TaKHM K€ CIIOCOOOM, KaK IMPOCTPAHCTBO Ya-
CTOT CBSI3aHO C TIPOCTpaHCTBOM 3ajaepkek B OFDM-cucremax.

HarnsiHo 3TOT IpUHIMIT MOXHO TPOJIEMOHCTPUPOBATH, €CITH
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Puc. 1. Dpdext HamoKEHUST UMITYTbCHON XapaKTEPHUCTHKH MTPU
CJIMIIKOM OOJBILIOM MEPUOJIE PacloiokeHus (comb=16) muioT-

HBIX IMOAHECYIIUX
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N3y4YUTh TOBEACHHE SKBUBAJICHTHON HMMITYJIbCHONH XapakTepH-
CTHKH U3MEPHUTENIbHOI cucTembl ), B cllydae BbIOOpa MH/IEKCOB
nuioroB W cityyaifHo paBHOBeposiTHO. Hanmoknm Takke J101od-
HHUTEBHOE YCIIOBHE, YTOOBI KOJMYECTBO MJIOTOB Ny, HE yIOBIIE-
TBOPSUIO ycoBUsIM (8) Teopembl KoTenpHUKOBa B CiTydae MepHo-
JIMYECKOTO PACHOI0KEHHS TTHIOTOB.

Kak nmokaspIBaeT prCyHOK 2, 9KBUBAJICHTHAsI UMITYJIbCHAS Xa-
paKkTepUCTHKA U3MEPUTENBHON crcTeMbl ), TIPU CITy4YaitHOM pac-
MIOJI0KEHUU MWJIOTHBIX CUTHAJIOB UMEET SIPKO BBIPAXKEHHBIN MUK
B HyJIe U LIyMoIiofgoOHbIe «00KoBbIe jdenecTkm». [Ipu cBépTke ¢
HCUTFHON MMITYJIbCHOW XapaKTEepUCTHKOHW KaHana h, atu «0o-
KOBBIE JICTIECTKI ONPEEISIOT HHTEP(EPEHIINIO MEXly HeHYJIe-
BbiMU KoMmioHeHTamu h,. Tlpu Beruucnennu OJIID ot oreHku
KaHama R Ha MUTOTHBIX MOHECYIINX OT HaGITI0AeMOil MMITYTh-
CHOIl XapakTepucTHKH R, MHOrHe KOMMOHeHTH! h, GymyT He3a-
MEHTBI U3-32 ATOW HHTEeP(EPEHIINHU, OJJHAKO CaMble CHIIbHBIE KOM-
noHeHTsl h; BcE emé MoxHO Oyaer paszinuyuth. Eciu oleHka
CHJIBHEHIIINX KOMITOHEHT i, MOKeT OBITh IPOU3BECHA C IPUEM-
JIMMOW TOYHOCTBIO, TO MHTEPHEPCHIIUIO MEXy BCEMH HEHYJIe-
BBIMH KOMIIOHEHTaMH h; MOXHO MpPaKTHYECKU IOIHOCTHIO
YCTPaHUTB € MTOMOIIBIO METOJIOB CKATBIX M3MEPEHHH, KaK JJOKa-
3aHO B pabortax [17, 18]. MeTompl C:KaThIX M3MEPEHUI HAXOAAT
IIUPOKOE IIPUMEHEHHE B TOM 4YHCIE B OECIPOBOXHOM CBA3M
[19, 20].

Takum oOpa3om, mpu BbIOOpE KONMYecTBa MHUIOTOB N,, HE
Y/IOBIIETBOPSIIOIIEM YCJIOBHIO TeopeMbl KoTeiapHuKOBa, orpaHu-
YEHUS! 9TOH TeOpeMbl MO>KHO TIPEOI0JICTh [IEHOW TIOUTH yCTpaHsI-
eMoil mHTep(epeHIINN MeXIy KOMIIOHCHTAMH HWICATBHOW HM-
ITyJTECHON XapakTepucTHKH. O030py METONIOB CXKATHIX H3MEpe-
HUI U cOCOOOB YCTpaHEHHUS 3TOW WHTEPPEPEHINMH MOCBAMIEH
CIEYIOUINI pa3ael.

B.  O6was meopua memooos cacamoix uzmepenuti

Meronbl CKaTbIX HM3MEPEHUN NPUMEHSIOTCS IS PELUCHUS
HEJI00NPEeIEIEHHBIX JUHEHHBIX CUCTEM BUA

y = Mx, (€))

rae y € C¥*! —yspectuplii Bektop usmepenuit, M € CV*1 — 30m-
aupylomas MaTpuna, X € CV*1pekTop HEU3BECTHBIX, IPUUYEM HO-
naraerca N > K. Takke BaXXKHOE MIPEANIONOKEHUE COCTOUT B TOM,
4TO BEKTOP X II0JIAaraeTcst M-pa3speKeHHbIM, T.€. COAEPKUT M K
K HeHyJneBbIX KOMIIOHEHT.

C TOUKH 3peHUS METOJIOB pa3peKEHHBIX NM3MEPEHHA, MaTpUIla
M paccMarpuBaercs kak cuctema N Bekropop {m; € CK, i =
1,..N, N > K}. Otu BekTOpa HE MOTYT 0Opa3oBLIBATh GA3KC B
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Puc. 2. BiusiHre niceBAOCTyYaiiHOTO PACIIOIOKECHNUS MIOTOB Ha
Ha0II0AaEMyI0 UMITYJIECHYIO XapaKTEPUCTHKY




DNEKTPOHUKA. PAODUOTEXHUKA

CK, Tak Kak MX KOJNIMYECTBO MPEBBILIAET PA3MEPHOCT MPOCTPaH-
ctBa. TeM HEe MeHee, BEKTOpa MOXKHO BBHIOpATh TaKUM 00pa3zoM,
9TOOBI BCS CHCTEMa BEKTOPOB Oblla TIOXO0ka Ha Oasuc. MHbIMH
CJIOBaMH, BEKTOpa M; MOXXHO BBIOpaTh «IOYTH» OPTOTOHAIIb-
HbIMH. BBOAMTCSI B3aMHasi HEOPTOrOHAIBHOCTH CTOJIOLOB (@HII.
mutual incoherence):

[(mim;)|

i) llmgllp{lm]

= (10)
rae {(a; b) 060o3HavaeT CKaIApHOE MPOW3BEICHHE BEKTOPOB @ W
b; ||a|| — Hopmy Dpobennyca (B ciydae BEKTOpa — €ro JAJIHHY).
UYem MEHBIIIE TTApaMeTp [, TeM OIIKe 30HANPYIOIIAs MaTpHIa K
OPTOrOHAJBHOW M TEM BBILIE TOYHOCTH BOCCTAHOBIICHHUS Pa3pe-
’KEHHOT'0 CUTHANA X. B 4acTHOCTH, B OTCYTCTBHE IlIyMa Mm-pa3pe-
JKEHHBIH CUTHAI X MOXET OBITh a0COIFOTHO TOYHO BOCCTAHOBIICH
B CHUCTEME C [-HEOPTOrOHAJIBHON 30HAUpYIOIEl MaTpuueil M,
€CIIH BBITMOJIHEHO YCIOBUE

(11

W3 3TOTO ypaBHEHUS CIEoyeT, YTO YeM OOJbIIe HEHYJIEBBIX
KOMIIOHEHT COZEPIKUTCS B OLIEHHBAEMOM BEKTOpE X, TeM Ooiiee
CTporHe TPeOOBAHUS IPEIBABISIOTCS K B3aUMHONW HEOPTOTOHAIIb-
HOCTH 30HMpYIomIeit MaTpubl. [pu K > +N MunHMansHO BO3-
MOJKHOE 3Ha4eHUe [ AJs 30HIUpyromed marpunsl M onpenens-
ercst rpanunei Bemma [21]:

’ N—-K
U= Uyp = KN-1)"

Ilpu aHanM3e aJrOpUTMOB CHKATBIX M3MEPEHUH TaKKe 4acTo
UCTIONB3YETCs KOHCTAHTA OTPAHNUCHHON N30METPUH. 30HANPYIO-
mass MaTpuiia M ya0BIETBOPSET CBOMCTBY OrpaHUYEHHON H30-
METpHUH TOpsAKa M, ecln cymecTByeT koHcranta 0 < &, <1
Takas, YTO HEPAaBEHCTBO

(1= &)lIsllE < IMsllF < (1 + 8, lIslIZ

m<§(%+ 1).

(12)

(13)

BBINOJHSETCS JUIS BCEX M -Pa3pe’KeHHBIX BeKTOpoB § € CN*1,
KoncranTa 6, Ha3pIBaeTCsl KOHCTAHTOW OIPaHIYCHHON H30METPHH.
B o0mem cinydyae MexIy B3aMMHON HEOPTOrOHAIBHOCTBHIO
(10) 1 KOHCTaHTOW OTPaHUYEHHON U30METPUHN HET YETKOM CBA3ZH.
OpHaxko, eciu cToI0IbI 30HANPYIOIIEH MaTpHIbl M UMEIOT 0/1-
HaKOBY0 HOpMy Dpobdenuyca (niu l,-HopMy, 4TO B IJAHHOM CITy-
Yyae OIHO U TO e), TO 3Ta CBS3b OIPEENIETCS] HEPAaBEHCTBOM

6m < (m = Dpyp < (m— Dy, (14)

Kak ObLT0 TTOKa3aHo B [22]. 13 HepaBeHcTsa (14) cnemyer, 94To MU-
HUMH3AIHS B3aMMHOW HEOPTOTOHAIBHOCTH TaKKE MUHUMH3H-
pyeT KOHCTaHTy OTpaHUYeHHON U30METPUH.

B Teopuu cxaThlX U3MEPEHUN BECbMa AKTyaJIeH CIEAYOLIUI
BOIIPOC: CKOJIBKO M3MepeHHH K HeoOXOIMMO IPOBECTH HPH H3-
BECTHON pa3speKeHHOCTH M HEM3BECTHOro curHana x € CV*1
JUIS TapaHTUPOBAHHOTO BOCCTaHOBIEHUS X7 HacKosIbKo H3BECTHO
aBTOpaM, HaWTydlllas OI[CHKa ObLIa ToyydeHa B padore [23] npu
CllyyaifHOM BBIOOpE N3MEpPEHNUIL:

K = 0(m-In(N)) (15)

JUISL 30HANPYIOIINX MaTPHII, yIOBIETBOPSIONINX YCIOBHIO Orpa-
HUYEHHOM u30MeTpuu st paspexertocta 0 (m).

[Toxaxkem Temeps, Kak 3amada oreHKH OFDM kanama MoxeT
OBITH CBeJIEHA K METO/AaM DPa3pekeHHBIX M3MepeHuid. Ilpu mc-
M0JIb30BaHUU Ny, TOAHECYIUX YaCTOTHAs XapaKTEePUCTHKA Ka-
nana h € CVsc*1 cps3ana ¢ IMCKPETHON MMITYILCHOM XapaKTepH-
cTHKOM KaHana h, ¢ momomrsio Marpuiis! JAuckperHoro [Ipeodpa-
soBanust Dypue F € CNscXNsc:

h = Fh,. (16)

[IpenmnonoxuM Teneps, 4To AJs OLEHKU KaHala UCIOIb3yeTCs
N, u3 Ny, nojHecymux u BBeIEM Matpuily P € CNo*Nse nng
ONHUCaHMs UX NoJI0KeHHs.. MaTpuna P cOCTOUT U3 CTPOK €AUHNY-
Hoit marpuisl I € CVse*Nse, npuuém Homepa BBIOPaHBIX CTPOK CO-
OTBETCTBYIOT HH/IEKCAM MIIOTHBIX HoAHecynuX. [1pu Takux 0060-
3HaueHnAx n3Mepenne OFDM-kanana B paMKax OJJHOTO CHMBOJIa
MO’KHO OITHCATh KaK

h, = PFh,, )

rae h, € C'*! — ekTop, ConepKaILMii TONBKO 3HAYCHHS KaHAIA
Ha MWIOTHBIX MopHecymwx. Ilpemamornaraercs, 4To HM3MEpeHHUs
3HA4YEHHMH HA MUJIOTHBIX NOJAHECYIUX yKe ObLIIM TPOBEICHBI B CO-
OTBETCTBUM C ypaBHeHueMm (3). 3amernm, 4yto ypaBHeHue (17)
COBIIAJIACT C YpPaBHEHUEM CXKAaTbIX nM3MepeHuil (9): auckperHas
UMITYJIbCHAS. XapaKTepUCTUKa KaHana h,, Kak NpaBWio, paspe-
JKEHA W SIBJISICTCS] B IAHHOM CITydae HEM3BECTHBIM BEeKTOpoM. Pas-
MEPHOCTb BekTopa m3mepennii b, € CVP*! menbie pasmepHo-
CTH BeKTOpa Heu3BecTHhIX h, € CNse*1 Tk N, < N, a 30811~
pytouieit matpureit sapisercs matpuua M = PF.

B 3TOM ciydae BbIpaxkeHHe Ui CKaJIIPHOTO MPOU3BEACHUS
MEXAY i1 U i, CTONONAMH 30HIUPYIOLIEH MaTPUIIBI IPHHAMAET BH

- n(ig—ip)

2
Wiyi, = Lo Q(n)e”™ ™ Nsc

W COBIaIaeT ¢ BhIpakeHneM (1) SKBUBaJIEHTHOM UMITYJIbCHOMN Xa-
PaKTEpPUCTUKU U3MEPUTENbHON cuctembl O, ipu k = iy — i,. U3
3TOr0 MOXXHO C/€JaTh BBIBOJ, YTO B JAHHOM 3aj1a4e MUHHMHU3a-
sl B3aMMHON HeopToroHanbHOCTH (10) 1 MUHIMH3aLUS «IIyMO-
BBIX» KOMITOHEHT £, KaK Ha PUCYHKE 2 SKBHBAJICHTHBI MY CO-
60ii.

B MPaKTUYCCKUX MPUITOKCHUAX IMPUHATO MPEACTABIIATEL 30H-
JIUPYIOUIYI0 MaTpUIly KakK MPOU3BEJACHHE U3MEPUTENIbHON Mart-
puIbl (aHII. Mmeasurement matrix) ¥ pa3peXaroliiero CjioBaps
(anri. sparsifying dictionary). B ciyuae ypaBaenus (17) paspe-
JKaroLuM cioBapém sieisieTcst matpuua A11d F, a usmepurenbHast
MaTpuIla MpeCTaBIeHa MaTpHIEH BBIOOpa cTpok P, Kak moka-
3aHO Ha PUCYHKE 3.

Puc. 3. Onenka kanana B OFDM cucreme kak 3ajaya
CKaThIX U3MEPEHUIN
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Beipaskenne i rpanunsl Bemma (12) B pamkax JaHHOU
3a7a4¥ IPUHAMACT BH]

Ngc—N.
Np(Nsc=1) "

U= Uyp = (18)

Paccmotpum, kak Benét ceds rpanuma Benma npu HeorpaHu-
YEeHHOM YBEJIMYEHHUH Pa3MEepOB CHUCTEMBI IIPU MOCTOSHHON ja0Jie
MTUJIOTOB!

lim = lim =0. 19
Ve oo Hwp Ve o (19)
Np—>+oo Np—>+oo

Ngc/Np=const Ngc/Np=const

U3 ypasuenwmii (11) u (19) cnenyer ocHOBHas MpUYHMHA HC-
MOJIb30BAHUS METOJIOB CXKATBIX U3MEPEHUI B CHCTEMaX CO CBEpPX-
0OJIBIINM KOJIMYECTBOM NOoAHeCyIuX. [Ipu hukcrupoBaHHOM note
MTUJIOTOB, YeM OoJIbIe 00IIee YUCIIO MOJHECYIINX, TeM OJIMKe K
HyJII0 Tpanuna Bemia v TeM 0osbliie HeHyJIeBbIX KOMIOHEHT UM-
ITyJIbCHOM XapaKTePUCTUKH KaHalda MOXHO YCIHEIIHO BOCCTAHO-
BuTh. Kak Oyzer nokasaHo janee, MHOTHE IICEBOCITyYaliHbIE Me-
TOJBI PACIOJIOKEHUS! MHIIOTHBIX MOJHECYIIUX HMEIOT CXOXKYIO
ACHUMIITOTHKY.

Emé ogao 000cHOBaHNE MPIMEHEHHS METOIOB CKATBIX H3Me-
peHuil A7 CHCTEM CO CBEPXOOIBIINM KOJITHUECTBOM MOTHECYIITUX
MOJKHO TIOJTyYUTh, €CIIH PacCMOTpeTh ypaBHeHue (15). B Tepmu-
Hax OFDM-cucteMbl OHO IPUHUMAET CIEAYIOUTHHA BUA:

N, = 0(m - In(Ng.)). (20)

[Ipu sTOM B citydae MEPHOINIECKOTO PACIIONOKEHHSI MTHIIOT-
HBIX TIOAHECYINX, HEOOXOJMMOE ISl TOYHOTO BOCCTAHOBIICHHSA
UMIYJIbCHOM XapaKTepUCTUKH, YHUCIIO MUIOTOB MMEET aCHMIITO-
tuky N, = O(Ns), uto sBHO Xyxe (20). [Ipu ManeHbKOM 4HCIIe
nmogHecymux Ng, METOIBI pa3peKeHHBIX W3MEPEHHUH MOTYT Tpe-
00BaTh OOJBIIETO YHCIA THIOTOB JUIS JOCTIKCHHS TOH XKE TOY-
HOCTH, YTO M KJIACCHYECKUE METOMABI. TeM He MEeHee, TIPH yBeIH-
yeHuH N, HauMHasi ¢ HEKOTOPOT'O 3HAUEHUSI METO/IbI CKATHIX U3~
MepeHuil OyayT TpeboBaTh MEHbBIIE NMUIOTOB IS JOCTHKECHHUS
TOH 7K€ TOYHOCTH.

C. Ipaxmuueckas  peanuzayusi
usmepenuit 015 oyenku OFDM kanana

Wnest ymenbiienus ponu muiiotoB B OFDM cucremax ¢ momo-
IIBI0 HEPETYJSIPHOTO PACIIONONKEHHSI MUIOTHBIX MOJHECYIINX
BIiepBbIe OblIa npesioxkeHa B 2008 roxy B padore [24]. [Ipeaa-
rajioch J100aBUTh OOPATHYIO CBS3b MEKIY MPUEMHUKOM U TIEepe-
JIATYUKOM TI0 CIIY’)KEOHOMY KaHaly W B 9TOM KaHajle cOOO0IIaTh
ONTUMHU3UPOBAHHOE PACIIONOKCHHE TIJIOTOB B CICAYIOIIEM CHM-
BoJIe WiH Kaape. ONTUMU3AIS PACIOI0KECHHUS TAIOTOB, OTHAKO,
OCYIIECTBIISIIACH TI0 KPUTEPUIO0 MUHUMH3AINN BEPOSITHOCTH CHUM-
BOJIEHOW OIMMOKY WIIH TIPOITYCKHOM CIIOCOOHOCTH M HE IMeTIa OT-
HOIIICHHS K METOAaM CIKaTBIX U3MEPEHUI.

Heckonbko mo3muee B padote [5] Obuia chopmysmpoBaHa
ujesl IPUMEHEHHU S MAaTEeMaTHIECKIX METO/I0B CKATHIX U3MEPEHHIM
UL OLIEHKH KaHaita B MHoroauTteHHeIXx OFDM-cuctemax. boiee
TOTO, BIICPBBIC ObLJIA OTMEUYCHA CBSI3b MEXK/Y BEIOOPOM UHJICKCOB
MUIOTHBIX MojHecymuX (17) u B3aMMHOM HEOPTOrOHAILHOCTHIO
(18) 30HIUpYFOIICH MATPUIIBL.

B ciyuae ogroanteHHbrx OFDM cucteM OBIIO TPEIIIOKCHO
BEIOMPATH MOTHECYIUE IS IIOTOB CITyYaitHO U3 PABHOMEPHOTO
pacupenenenus. bonee toro, B pabore [5] ObuTO MOKa3aHO, YTO
3amada oneHkd kaHama B MIMO OFDM cuctemax ¢ HEHYJIEBBIM

Memooos corcamaolx

SNNIEKTPOHMKA. PAONOTEXHUKA

JIOTUIEPOBCKHM C/IBUTOM TaK)Ke€ MOXKET OBbITh CBEJICHA K 3aJa4am
CKaThIX M3MepeHuid. [lonokeHrne MMII0TOB MpeaIaragoch BIOH-
paTh TAKKE CIydyaliHO, HO YK€ U3 IPAMOYrosibHUKa {1, ... Ny} X
{1, ... Ngy.} vmu MHOTOMEpHOTO Ky0a, B 3aBUCHMOCTH OT pa3mep-
HOCTH 33/1a4H.

B GompimmacTBE paboT (Hanmpumep, [25]) 171 HaX 0K ASHUS UM-
MyJIbCHOM XapaKTepHCTUKH KaHana B QopmyiupoBke (17) uc-
nosab3yercst OMP (anria. Orthogonal Matching Pursuit) — kiraccu-
YeCKMH aNropuTM CKaThlx m3MepeHuit. OMP — noBosibHO Tpo-
CTOM KaJHBI anropuT™. JIs MOJHOTHI W3JIOKEHUS TPHUBEAEM
OITMCaHMe aJIrTOpUTMa B TepMHHax 3a1auu (17).

BXxozHbIE TaHHBIE ¥ TapaMEeTPhl alITOPUTMa:

° 3onaupyromias matpurna M € CNp*Nsc

e  Bexkrop n3mepenuii b, € CNpx1

° KonunuectBo urepanuit

BrIxomHbBIC JaHHBIC ANTOPUTMA!

e Ouenxa h, € CNsc*1 yMmyIbCHOM XapaKTEPHCTHKH

e Unziexchl A HEHYJIEBBIX KOMIOHEHT fi,

° Annpokcumarust ﬁp U3MepeHuit hp

e  Ocrarokr = h, — Tlp

Anroputm:

e OcraToK MHUIHAIU3UPYETCS BETOPOM H3MEpEeHUH 1y =
h,,, MHOXECTBO MHIEKCOB MHHMIMAIU3UPYETCS IyCTHIM MHOXK€-
cTBOM Ay = (), c4ETUMK UTEpAIMH MHUIUATU3UPYETCS SIMHULICH
t=1.

e  Haxoawurcst MHACKC A, CTONONA 30HIUPYIOICH MATPHUIIB,
HMMEIOMNN HAanOOIBIIYIO KOPPEISAIIUIO C OCTATKOM:

A =arg max |(r_i;mp)], @
Jj=1,..Ng¢

rae m; — j-Thiii cTonnoen Matpuubl M. Ecnm MakcuMyM JocTHra-

€TCSI HECKOJIBKMMH CTOJIOIIaMU, BEIOUPACTCS OJTMH U3 HUX JIFOOBIM

CIIOCOOOM.

e  Uunekc A, nobaBrsiercsi B MHOXKECTBO MHJICKCOB HEHYJICBBIX
KOMIIOHEHT R,: Ay = Ap_; U A, MHOXECTBO BBIOPAHHBIX CTOJIOIIOB
obHoBisteTcs: M, = [Mt—p mzt], B peArnosiokeHuu My = (.

° OproroHanu3anus:

X = argmxin”hp — Mtx|| (22)

° Brplunciienne HOBOHM anmpoKCUMallUd HM3MEPEHUUH U
OOHOBJICHHE OCTATKA!

hPt = M.x; (23)

re=h,—h,, (24)

e  VBenmueHHe CYETUNKA UTepaluii ¢, mepexos k mary (21)

e  Tlo noCTIKEHUH KPUTEPUS OCTAHOBKH OIICHKA FIMITYJIBC-
HOW XapaKTepHCTHKH M, COXEPKHUT HEHYJICBbIE KOMIIOHEHTEI 10
HH/IEKCaM, COXPAHEHHBIM B ;. 3HAYCHHE OIEHKN R, [0 HHIEKCY
Aj PaBHO OLIEHKE j-TOH KOMIIOHEHTBI X;.

IIprmep paboTsr anroputma OMP mipn omeHKe UMITYITbCHON
XapaKTePUCTHKH C PUCYHKA 2 TIPE/ICTABIICH Ha pUCYHKE 4 s Ue-
ThIpEX uTeparuii padotsl anropurma OMP. CuanM IBETOM Ha pH-
cyHKe 4 mpezcTaBieHa cBEPTKaA (6) uaeaqbHON MMITyTBCHOM Xa-
PAKTEPUCTUKU C 3KBUBAJIECHTHON MMITYJIbCHOM XapaKTEPUCTUKOM
U3MEPUTEIbHON CUCTEMBI ().

Ora ke cBEPTKA 110 CyTH IPENCTaBIsIeT co00l HAabOp cKaysp-
HBIX MPOU3BEACHUI, IO KOTOPHIM HINETCS CHIBHEHIIAss KOMITO-
HeHTa Ha mare (21) 10 nepBoit nTepanum.

-

T-Comm Vol.l9. #4-20




DNEKTPOHUKA. PAODUOTEXHUKA

Wrepaumna 1

—h, + .
—MY .

WUrepaunn 2

—h, =0,
—M" .y,

Amnnutyna
AMnnutyna

0 500 1000 0 500 1000

BwH 3aaepmEn BWH 3a0epxKu
Wrepaumna 3 WUrepauns 4
—h, + 97, —h, =11,
1 —M* .5 - 1 —M .y,
- S
== >
E E
= =
£ 0.5 S05
= =
< <
0 0
0 500 1000 0 500 1000

BUH 3aepmKn BWH 3apepKn

Puc. 4. Ycrpanenne caMmonHTephepeHIINN MEKTy KOMIOHEHTAMH
HMITYJIbCHOI XapaKTepUCTUKH KaHaia npu pabore anropurma OMP

OpaHXeBBIM IIBETOM Ha PUCYHKE 4 IMOKa3aHBl 3HAUCHHUS TEX
)K€ CaMbIX CKaJSPHBIX TIPOHM3BEICHUM, HO YXKE Ha MPOU3BOIBHOM
uTeparii. MOXHO 3aMETUTh, YTO TIOMUMO yIAJICHUS CHIIbHEH-
X THKOB HWMITYJIbCHOM XapakTepucTukd, amroputM OMP
TakXKe YCTpaHsIeT HWHTEP(EPEHIINIO, BBI3BIBAEMYIO BBEIOPaHHON
KOMIIOHEHTOH. B pe3ynbrare qaxe 3a 4eTblpe UTEpallid YPOBEHb
uHTEp(EPEHIIMOHHOTO «IITyMay 3HAUYUTENbHO CHIKaeTcsi. CTaHo-
BUTCSI BO3MOKHBIM Pa3IMYUTh KOMIIOHEHTBHI, KOTOpPBHIE paHee
ObuTH CKpBITHI HHTEpdepeniueil. CTOUT, 0JJHAKO, OTMETHTH, YTO
anroputM OMP He B COCTOSIHUM OKOHYATEIbHO yOpaTh HHTEpQE-
PEHLIMIO MEXJy KOMIOHEHTaMH HMMITYJIbCHOM XapaKTEepUCTHKH,
0COOCHHO NMPY HAJIMYMHM [IyMa B U3MepeHusx. [1o aToit npuunne
11eJ1eco00pa3Ho TaKKe BHIOMPATH PacIoI0KEHHE MHJIOTHBIX CHT-
HAJIOB TaKUM 00pa30M, YTOOBI YMEHBIIUTH YPOBEHB «IIIyMa) JK-
BHUBAJICHTHOW MUMIYJIBCHOW XapaKTEPUCTHKH H3MEPUTEIHHOMN CH-
CTeMbI Q.

Br16op mo3uiuii MUI0TOB U3 PaBHOMEPHO CIy4YalHOTO pac-
npeJieNieHus. XOTh U JaéT XOPOIINe pe3ysbTaThl, HO HE SIBJISETCS
ONTHMAJILHBIM B CMbIcie Tpanulibl Benma (18). Psg nccnenosa-
HU OBIT HAalpaBIICH Ha JajibHEIIee yMEHbIICHUE B3aUMHON He-
OpPTOrOHAJILHOCTH cucTeMbl. Hampumep, B padote [26] mpeio-
JKCHBI B JKAIHBIX aJITOPUTMA JUIS MOMCKAa CYOONTHMAIBHOTO
PACTIONIOKEHUST TMHJIOTHBIX IOJHECYIIUX C ACHMIITOTHKAMHU
O(Ng.N,) u O(NZN,).

3ajjaya HEperyJsipHOr0 PACHOJIOKEHHS MUJIOTHBIX CUTHAJIOB
JUIS MAHAMHU3AIMH B3aUMHON HeopToroHaimpHOCTH (18) mMmeer
ontuMaineHoe pemeHue. Takum perenueM sisrores LIPM (Luk-
mueckue PasHocTHBIe MHOXKeCTBa, aHrI. cyclic difference sets).
Ha6op uncen D = {d;, ... d;} nasmBaercs (N, k, 1) — IIPM, eciu
Jutst moboro a # 0 mod N ypaBHeHHe BUa

d; —d; = amodN

MMEEeT POBHO A pemeHuii cpenyu nap (di, dj), d;,d; € D. B xon-
tekcte onleHkn OFDM-kanana nmapamerp N COOTBETCBYET KOJIH-
yecTBY nojgHecymmx Ny, k COOTBETCTBYET KOJIMYECTY MUJIOTOB
N, TlpoGema B mpakTecKoM ucnomb3oBanun LIPM 3axmmoda-
eTcs B TOM, YTO OHH CYIIECTBYIOT JUI BEChbMa OTPAHHUCHHOTO
yucia nap napamerpoB (N, k). s ycTpaHeHHsi 3TOrO HeEJo-
cTaTtka B pabote [27] OBUT MpeUIOKEH JKaJIHBIA OTITUMI3AIHOH-

HBIH QJITOPUTM, KOTOPBIH BBIOMPAET OJIM3KHE K ONITHMAIIBHBIM T10-
JIOXKEHUSIM MIJIOTOB Ha OCHOBE YCEUEHHBIX WM 00BEIMHEHHBIX
LIPM.

J171s1 MHOTOAHTEHHBIX CHCTEM 3aJjada HaXOXKICHNUS ONTHMAaITb-
HOTO B CMBICIIE B3aUMHOW OPTOTOHAJIBHOCTH PACIIOI0KEHHS U3-
MEpHUTEIbHBIX CUTHAJIIOB HECKOJBKUX AHTEHH SIBJISETCSI TOPa3Jio
Oounee ciioxkHoit. Hanpumep, ciyvaiiHblii BBIOOp MO3ULKI MTHIIO-
TOB JIJIs Ka)K)IOﬁ M3 aHTCHH NepeaaTyukKa UMECT Pl CyIICCTBCH-
HBIX HEJI0CTaTKOB IIpU IPAaKTUYECKOM peanzanuu. bes yuéra no-
TIOJTHUTEIBHBIX OIPAHNYEHUH MacKH MUIIOTOB (), COOTBETCTBYIO-
IIMe pa3HbIM aHTeHHaM, OY/IyT UMETh IlepecedeHue, T.e. CHIHAJIBI
HEKOTOPBIX aHTEHH OyIyT MMeTh obmme nonHecynme. [Ipu ox-
HOBPEMEHHOMW Tepeaade MWIOTOB ITHMH aHTEHHAMHM Iiepecede-
HUSI B YaCTOTHOM 00JIaCTH MPHUBEAYT K MHTEP(HEPEHINH MEXKIY
MUJIOTHBIMHA CHUTHAJIAMH, YTO MO0 yXYIIIMT Ka4eCTBO OLEHKH,
00 TMOTpedyeT YCIOKHEHHs alTOPUTMOB 0OpabOTKH Ha CTO-
pore mpuémHEKa. MHTEphEpeHIINH MEXAY MepeceKaroInMHUCs
IIWJIOTHBIMH CUTHAJIaMHU MOKHO I/I36€)KaTI), €CJIM niepe€aaBaTh UX B
Pa3HbIC MOMCHTEI BDEMCHH. Taxkoit oaxXo0/J, OJTHAKO, YBEJINUNBACT
BpeMs Ha OLIEHKY KaHajla U 3aTPyIHSAET IIIAHUPOBAHHUE PECYPCOB,
TaKk Kak MpU CIly4alilHOM BBIOOpE MOJIOKEHHSI MHJIOTOB HEBO3-
MOYKHO TOYHO ITPEACKa3aTh KOJUUECTBO MEPECCUCHHH.

3amper nepeceueHnii MeXxIy MacKaMH IHJIOTOB Ha JTarle BbI-
Oopa IMoJI0KEHHS MUIOTHBIX CUTHAJIOB SIBIISIETCS] caMbIM A dek-
THUBHBIM CIIOCOOOM peIIeHNs TPoOIeMbl HHTEpEPEeHINH. 3a1a9a
MYJIBTUILICKCHPOBAHUS U3MEPHUTEIIBHBIX CUTHAJIOB B TaKOM CITy-
yae (GopMysMpyercsl Kak 3ajada rmoucka MHokectBa Npy Ha0o-
POB MHACKCOB IJIA Ka)K}IOﬁ AHTCHHBbI

(v, 9, .. Py, } (25)

TaKuX, 4TO [-Tasi aHTeHHA HCIOJIB3YET Npi MNOoJAHECYIIUX B Kayde-
CTBC IIWJIOTHBIX

card(W;) = N, (26)

00beMHEHHBIE BMECTe, Ha0OPBI HHIIEKCOB 00pa3yI0T MHOYKECTBO
WHJIEKCOB BCEX JOCTYIHBIX MOAHECYIINX

UMW, = (1,2, ... Ny},

1 HAKaKie HaOOPBI, COOTBETCTBYIOIINE a3 TMYHBIM aHTCHHAM, HE
HMMEIOT 00X MHIEKCOB

YN =0 Vi) 27)

B ynpoméHHOM ciyyae Bce aHTEHHBI MOTYT HCIIONB30BaTh
OJIMHAKOBOE KOJIUYECTBO ITHJIOTOB, T.C. Npi = Np Vi B (26).

VIMeHHO B Tako#l OCTAHOBKE 3ajiada MYJIbTHIUIEKCHPOBAHHS
TICEBAOCITyYaifHBIX H3MEPHUTENBHBIX cUTHANOB 1t MIMO cuctem
Obu1a peureHa B padote [6]. s pemenus 3anaqu (25) — (27) B [6]
OBUI TPEJIOKEH T'CHETHUYCCKUH aJTOPUTM, KOTOPBIH B Ciydae
N, = 24 nunotos n3 Ny, = 512 noaHecymux creHepupoBai He-
MePeCeKaONINECs HHAEKCHI MUIOTOB /Ul 16 aHTEeHH nepeaTuuKa
C MaKCHMalbHOW B3aUMHOW HEOpTOroHaTHLOCTHIO (10) p =
0.218 npu rpanure Benma p = 0.2, 4To ABIsETCA HETIOXUM pe-
3yJIBTaTOM.

[peanoxeHHblid B [6] alropuT™ 1 no00HBIE eMy 00J1a1at0T
0OJBLION BBIYUCIUTEIBHON CIIOKHOCTBIO, INIOXO MaclITaOHpy-
I0TCSI TIPU yBEIWYEHUM Pa3MEPOB CUCTEMBI U HE IPEACTABISIOT
C)KaTOro OIMCAHUS HTOTOBBIX HA0OPOB MH/IEKCOB, YTO MOJXKET CY-
IIECTBEHHO OCJIOKHUTh MPAKTHUYECKYIO PeaTU3altIo.
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B patore [7] Huknmuyeckue Pasnoctabie MuOkecTBa (I[PM)
WCTIONB30BAHCH IJISl ONPEIESIICHUS TOJOKEHUS OJHOBPEMEHHO
repe1aBaeMbIX U3MEPUTEIbHBIX CUTHAJIOB HECKOJIBKUX aHTEHH. B
YACTHOCTH, MCIIOJIb30BAJIOCH CBOMCTBO LUKIMYECKUX CIIBUTOB
[[PM 3unrepa [28]: mpenmonoxum, 4to Macka {}; i aHTEHHbI
i, 3anaéres (NSC,NP, /1) —IIPM, a macka Qiz JIIS aHTEHHBI [, T0-
JiydeHa Iukindeckum casurom aroro L{IPM. Eciu LIPM npunan-
nexur cemeiicty LIPM 3uHrepa, To Takue Macku OyayT UMETh
POBHO A OOIIKX MTOTHECYIINX:

e, na,|, =%, nw, =2

rae ||x]|, obo3HauaeT KOMMYECTBO HEHYJIEBBIX 3JIEMEHTOB BEK-
Topa x. TakuM 00pa3oM, XOTs IEpeceyeHus] 1 BO3HUKAIOT, OHH
KOHTPOJIUPYEMBI i UX MOXKHO YCTPaHHUTh, HAIIPUMED, YAAJISS K-
JIOTHBIE MOJHECYINE y OAHOM M3 aHTEHH C NepeceKarolUMUCS
Mackamiu. B pabore [7] ObIIO MOKa3aHO, YTO TAKHUE MOTUDUKAIIH
[IPM He CWJIBHO yXy/JIIAIOT B3aUMHYIO OPTOTOHAJIBHOCTH (18)
JUTE MacKH KaXI0# OoTaensHON aHTeHHBI. Kpome Toro, B paboTe
[7] B xagecTBe ambTEpHATHBHOTO BapHaHTa OBLIO TPEITIOKCHO
HCTIONIb30BaTh OPTOTOHAIBHBIE KO/IBI Ha IEPECEICHHSIX.

Hecmotps Ha TO, UTO METO/IBI pa3peKEHHBIX U3MEPEHUN U CO-
MYTCTBYIOIIME UM HEPEryIIIpHbIE MAaCKH MUIOTOB MO3BOJISIOT CY-
IIECTBEHHO CHHU3UTH JOJIIO MUJIOTHBIX CHUTHAJIOB B cuUcTeMe 0e3
MOTEPU TOUHOCTH OLIEHKH, 3TH METOJIbI CTPAAtOT OT BBICOKOH BBI-
YUCIUTEIbHON CIO0XKHOCTH. BbICOKas BBIYMCIHUTENBHAS CIOXK-
HOCTBb 00YCIIOBIICHA, BO-TIEPBBIX, KaJHOH MPUPOJION ITUX alro-
PUTMOB, a BO-BTOPBHIX, HEOOXOJMMOCTBIO peIlaTh OJHOTHITHBIC
CHCTEMbI ypaBHEHHH HECKOJIbKO pa3. Hampumep, 4ToObI MOIHO-
CTBIO OLIEHUTh TPEXMEPHBI Ten3op kanana H € CNRX*NTx*Nsc,
HEO0XOAUMO BBITOIHHUTE anroput™ OMP 1ist kakoi mapsl mpu-
E€MHOM W mepenaroiye aHTeHHbl. HecoMHEHHO, MOg0OHBIE BbI-
YHCIEHUSI MOTYT OBITh YCKOPEHBI 3a CUET MapaulenbHONH oOpa-
6oTkm, omHako aust ciaydas Npy = 32, Npy = 256 mnomyuyaem
NryxNpy = 8192. Takoe KOJINYECTBO MapauI€IbHBIX BBIYUCIIU-
TEJBHBIX TPOLIECCOB CI0KHO PEaTn30BaTh B KOMMEPUECKUX MPO-
JIyKTax.

BerunciurenbHas cioxHocTh k-Toi uTepannu:

e  qar (21)— mouck crondua ¢ HandOIbIIEH KOPPEIALUCH:
HYXHO BBIYMCINTH Ny CKaISPHBIX MPOM3BEJCHUH ABYX BEKTO-
poB pasmepHOCTH Ny,. BeIUMCIEHHE KaXKI0T0 CKAIPHOTO MPOM3-
Beslenus TpeOyer N, ymHoxenuid u Ny, — 1 cnoxenuit. O6mas
BBIYMCIIMTENbHAS CIOKHOCTB mara — Ny (2N, — 1).

e  Pemenne LS-3amaun (22) — mpezmonaraeM, 9To perieHne
HAaXOJHUTCS C TOMOIIBIO CHHTYJISIPHOTO PA3JI0KEHUSI U MTOCIIEAYTO-
IIETO BBIYUCICHHS MICEBI000OPATHON MaTpHUIlbl. BrraucaurensHas
cioxHocTh SVD ni1st MaTpuiisl pa3mepa Np Xk, k< Np COCTaB-
msier 6Nyk? + 20k onepauwii ¢ miasromei Touxkoit (FLOPs).

o  Jlamee mar (23) cBOIUTCS K YMHOKEHHIO BEKTOpa pas-
mepa k X 1 na marpuny pasmepa N, X k, k < N,,. Beraucnurens-
Has coKHOCTh 2N,k

° [lar (24) — MO>IE€MEHTHOE BBIYUTaHHE BEKTOPOB, N,
onepauui

Takum 00pazoM, BBIYUCIUTEIbHAS CIIOXKHOCTH k-TOi nTepa-
IIUH COCTABIISAET

— _ 2 3
Ty = Ngc(2N, — 1) + 6N,k? + 20k® + 2N,k + N, + 1
OO0mas BEIYNCIUTENBHAS CIIOKHOCTE TONyYaeTCs CyMMHPO-
BAHUEM BBIYMCIUTEIBHON CI0KHOCTH BCEX I/ITepaL[I/Iﬁ BILUIOTH J10
MaKCHUMaJIbHOTO KOJMYeCTBA UTepauid Njzpr

SJIEKTPOHUKA. PAODMOTEXHUKA
Niter

T = Z Ngc(2N, — 1) + 6N,k? + 20k® + 2N,k + N, + 1 =

k=1
Niter

= Z (Nse(2N, —1) + N, + 1) + 6N, Z k* +
k=1 k=1

+20 Tyt k3.

=1

Niter

Ucnonb3yst ToxkIecTBa Y=g k% = %N(N +1D@RN+1) u

N?(N+1)2
Zgzl k3 = % U TIPUBO/IS TIOMOOHKIC ClTaraeMble, OJTyYaeM

JUTSL OTHOM TIapbl aHTEHH

T = Niter (Nsc (2N, — 1) + 3N, + 1) + N2, (4N, +5) +
Nier (2N, +10) + 5N,

BbrunciuTenbHas CII0KHOCTh OLIEHKH BCETO TEH30pa C TIOMO-
b0 OMP:

TOMP = NBSNUE(Niter(Nsc(ZNp - 1) + 3Np + 1) +

Ne (4N, +5) + N, (2N, + 10) + 5N, ) (28)

JIJ'IH YMCHBIICHUA BBIYMCIIUTENBHON CI0KHOCTH MOI'yT HC-
MOJIb30BATHCA aJITOPUTMbBI, OCHOBAHHBLIC Ha MHOFOMCpHOﬁ (TCH-
30pHOIT) 00pabOTKE CUTHAJIOB, aKTHBHO IMPHUMECHSIOIIACCS IPU
aHajM3e n300paKeHHi, BUICO U CUTHAIOB (DYHKIIMOHAIBHOM Mar-
HUTHO-PE30HAHCHOU TOMorpaduu. Peub 0 Takux airopurmax
MOMIET B CIICYIOIIEM pa3Jielie.

I1I Bocriotnenne tensopa B popmare Takkepa.
CriaxuBaHue.

[ToMrMO METOJOB CXKATHIX W3MEPEHHH OOJNBIIYIO TOIYIIIp-
HOCTb B KOHTEKCTe otieHkH 1 cxxatuss MIMO OFDM kanasa HaOu-
paroT TEH30PHbBIC METO bl 00PabOTKH. B acTHOCTH, OOJIBIIIMHCTBO
paboT MOCBSIIEHO MCHONIB30BAHMI0O KAHOHHMYECKOTO PA3JIOKECHUSI
[29], [9] unu paznoxenus «ren3opHsiit noe3m [30]. Croutr otme-
THUTb, YTO BBIOOP KAHOHUYECKOT'O PA3JIOKEHUSI B KAYECTBE MOJICIIN
KaHaJIbHOT'0 TeH30pa TPAAUIIMOHHO CONPSDKEH C IPOOIeMaMH TPH
CXOJIMMOCTH JITOPUTMOB U TPeOYeT AETaJIbHOI'0 TEOPETHUECKOTO
aHamu3a. AJTOPUTMBI HA OCHOBE TEH30PHOTO 0€3/1a, B CBOIO OYe-
pellb, TOBOJIBHO TPOMO3JKH M Ci0HbL. [1o 3T0M npuunHe B pam-
Kax JJaHHOHM pabO0ThI MBI Oy/IeM HCHOJIB30BATH MOIYJISIPHYIO H IIPO-
CTYIO MOJIETIb TaKKepa, MMEIOIIYIO SIBHYIO CBSI3b C MHOTOMEPHBIM
JII® xanangpHOTO TeH30pa [31].

A.  Pasznoxcenue Takkepa. Ancopumm HOSVD

CaMbIii TOMYJIAPHBIN U IPOCTON B IPUMEHEHUH aITOPUTM T10-
cTpoeHus pasznoxkenus Takkepa — 3to aaroputm HOSVD [32]
(High Order SVD). Cmbict HOSVD 3akirouaercs B nocieoBa-
TENFHOM BBIYHCIICHUH R) — paHTOBBIX MPHOMIKEHHHA Pa3BEPTOK
TeH3opa 1o kaxmoi u3 k = 0,1, ... D pasmepHocteii. Hampumep,
CHHI'YJISIDHOE pa3iioKeHUe ISl pPa3BEPTKU 110 k-TOW pasMepHOCTH:

= —H

j'[(k) = UkaVg = [vk ﬁk] [Zk .9 ] [Zk (29)

0 ||V

R, — paHroBoe MNpUOIIDKEHUE COCTOMT W3 IOJMATPHUIBI
ﬁk, conepxxamieil nepBeie R, crombuo matpunsl U, ; mommar-
punel V), comepxaeii nepsbie Ry cron6uoB Marpuus V u
JIMArOHAEHOM TIOAMATPHIIB X, COAepKaneii nepssie Ry, auaro-

-
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DNEKTPOHUKA. PAODUOTEXHUKA

HAITLHBIX 2JIEMEHTOB MaTpPUIBI X . Ommbka Rj, — paHrOBOTro TpH-
—(k) ..
6mmkenns 7 marpunsl passéprku H K onpenensercs or6po-

IICHHBIMU CHHTYJSIPHBIMU 3HAYCHHSMU, PACIIOJIOKCHHBIMU Ha
JTUATOHAJIH ITOIMATPHIIBI X :

e -

2 2
I I = 52 e g2
||F - ”zk”F - GRk+1 + O-Rmax
[Tocne BBIYHCIEHUS Rj, — PaHTOBBIX MPUOIIDKEHHUNA pa3BEp-
ToK D —mepHoOro teHszopa H 1o Kakaol U3 pa3sMEepHOCTEH k =
1,2, ... D, momyd4aeTcst TCH30pHOE pa3iI0KEeHUE BHIA

H=Gx, Uy X, Uy X ...xX Up, (30)

rjie paKTOp MAaTPHIIbl OPTOrOHATBHBI 110 TIOCTPOEHHUIO, 2 TEH30D-
ampo G € CR1XR2X-RD noskHO 71€TKO BBIMUCINTB, JOMHOYXKAS MC-
XOJHBI Ten3op H Ha 0OpaTHbIE (AKTOP-MATPULIBL:

G=H x, U x, U x .. x UL,

Anroputm HOSVD He rapaHTHpyeT, 9TO HCXOIHBI TEH30p
Oyzmer mpencTaBiieH B BHAE Pas3loKeHHs Takkepa HaWIyUIINM
CrOCOOOM B CMBICIC COOTHOIICHMS 3HAYCHUI  paHroOB
(R1,Ry, ...Rp) m ommOKM anmpokcumanuu. Tem He MeHee,
HOSVD nonyunsn mupokoe pacnpocTpaHEHHE B MPAKTHUYECKUX
MPWIOKEHUSIX M3-32 OPTOrOHAIBHOCTH (haKTOp-MaTpHIl M H3-3a
BO3MOXKHOCTH KOHTPOJMPOBAaTh OHIMOKY anmnpokcumanuu. B
gacTHOCTH, ommOKa (Rq, R,, ... Rp) — pPaHrOBOTO MPHOIMKEHUsI
Juis pasnoxkenuit Buza (30), monydeHHsIx ¢ nomoursio HOSVD,
OTpaHMYEHA CBEPXY Kak

(€2))

bnaronapst ouenke (31) MOXHO, UMes TIOJHBIH TEH30D, BbI-
opate panru (Ry, Ry, ... Rp) Tak, 4T00bI TOUHOCTH MPHOIMKEHHS
He IpeBbIIIana 00 Harepén 3a/1aHHO BEJIMUNHBI.

B.  Bocnoanenue mensopa. Memoo nepementvix npoexyuii

3ajaua BOCHOIHEHHMS TEH30Pa B OOIIEM BHJIE CTABUTCS CIIEY-
oM obpasom. s TeHzopa X, ymoBiaeTBOpsitomiero (Bos-
MOXHO, TPHONMKEHHO) HEKOTOPOW MOAENN WIM HEKOTOPHIM
yCIIOBUSIM, 3a/1aéTcsi OMHapHasi Macka U3MepeHuit ()

—_2 —~ 2
17 = 321l < ZecalZl

1, ecnu X (iy, ...iz) U3MepeH
0, uHave

Qiy,, o ig) = {

IeiictBue oneparopa uzmepenuii Po(X) = X O Q BBoautcs
Kak mpom3BeneHne Anamapa (TIO’JIEMEHTHOE TPOU3BEICHNE) HC-
XOJTHOTO TEH30pa Ha MacKy m3MepeHuid. B oOmem Buie 3amada
BOCIIOJIHCHHUSI CTaBUTCS KaK 3ajada BOCCTAHOBJICHHUS TOJHOTO
Tensopa X mo ero miamepenusiMm M = Pq(X) . Kak mnpasmio,
MIPEAINoJaraeTcsl, YT0 UCKOMBINA TeH30p X yAOBJIETBOPSET KaKOi-
TO TEH30pHON MOJIEIH.

[Toxompl K BOCIIOIHCHHUIO TEH30POB 10 (HhOpMAITbHOW MTOCTa-
HOBKE 3a/laydl M METOJaM PEUICHHUs] MOXHO pa3leliuTh Ha TPU
OoJIbIIINe KaTeropuy: METO/IBI BBITYKIIOW onTuMu3amu [33, 34];
METOBI HEBBITYKJIOH ontumm3anuu [35, 36]; u anredpandeckue
MeTozsl [37, 38]. B ciydae HEBBITYyKIION ONTHMH3AINN 3a/1a4a
CTaBUTCS CIICAYIOMINM 00pa3oM:

m}}nlIPQ(X) — M ||%,c orpannuenuem rank(X) = R.  (32)

B orpanndenusx 3amaun (32) panr Ter3opa X MOXKET ITOHH-
MaThbCsl MM0-Pa3HOMY B 3aBHCHMOCTH OT BBIOpaHHOW TEH30pHOU
MOJIeTH. DTO MOXET ObITh, Harpumep, KaHOHMYECKUH paHr,
panru Takkepa WM paHTH TSH30pHOTO noesna. 3agavy (32) gacto

pelIaloT B ApYyroi, Oosiee ya00HO#H HOpMYITHUPOBKE ¢ UCIIONIB30-
BaHHWEM BCIIOMOTATEILHOTO TeH30pa C:
%icnﬂx — C||% ¢ orpannuenusamu rank(X) = R,
Po(C) =M (33)

B pa6ore [39] mis perienus 3amaun (33) UCHOIB3yeTCs Cie-
JYIOILIUI UTEPATUBHBIA alITOPUTM

Xy = L(Cemy)
Ciny = Pa(M) + P, (Xwy)

(34)
(35

rae ), — onoJHeHue K Macke (), morydaemMoe 3aMeHO! Hy el Ha
SIMHULIBI U SAMHHI] HA HYJIM, TO €CTh Macka, ONpeAeIIsIomas mo-
JIO)KEHHE HE U3MEPEHHBIX 2JIEMEHTOB TeH30pa. JlelicTBue onepa-
Topa L(X) CBOAUTCS K BEIYHIICCHHIO MAJIOPAHTOBOTO MPHOIHIKE-
HUsI TeH30pa X, IpU4éM MajlopaHrOBOCTh MOXKET OIISITh YK€ MOHU-
MaTbCA MO-pa3HOMY B 3aBUCUMOCTHU OT BI)I6paHHOF0 TEH30PHOI'O
¢dopmara. Ilocne BBIYMCICHUS MAJIOPAHTOBOTO IMPUOIMIKEHUS
3JIEMEHTHI TeH30pa 3aMeHsI0TCsA (35) Ha U3HAYANbHbBIE H3MEPEHUS
10 MHJICKCaM, OTpe/ielisIeMbIM MacKoi ), nanee HaYMHAETCS Cle-
JYIOIIasi UTeparusi.

OcHOBHas1 BBIYMCIMTENbHAS CIIOXXHOCTh TaKOTO aJTOpPUTMA
3aKJIFOYAETCs! B BBIYMCIICHUH MaJIOPAHTOBOTO NprOmmkeHus (34)
Ha KaXJ0H nrepauuu. /st ycKOpeHHs 3TOH OIepalyy B cirydyae
TeH3opHOU Mozenn Takkepa B padote [39] 6bU10 IpEITTOKEHO HC-
mons30Bath anmroput™M HOSVD, HO 3aMEHUTH BBEIYMCIICHHE CHH-
TYJISIPHOTO Pa3IoKeHHUS 0 KaKI0U N3 pa3BEPTOK Ha BEIYMCIICHUE
PaHIOMU3MPOBAHHOTO CHHIYJISIPHOTO pasniokeHus. CyTb 9TOH oml-
TUMHU3AITAH 3aKJII0YAETCsl B 3aMEHE MaTpHIIbl pa3BEpTkH (29) Ha eé
TIOZIMATPHILy, COJEpIKallyto R; CTONOOB, BEIOPAaHHBIX CIIy4aifHO
0e3 noBTopeHus, rae R, — panr Takkepa 1o pazmepHocTH d.

M3y4nM BBIYHCIUTENBHYIO CIIOKHOCTH OTHON nuTeparyn (34)
— (35) B xonrekcre Tenzopa MIMO OFDM 3 € CNuE*Nsc*Nps,
npeHeOperasi BEIMUCIUTEIBHON CII0KHOCTBIO TPUMEHEHHS CaMOi
Macku B (35). 3mech U ganee Il IPOCTOTHI OyIeM CUHTATh, 9TO
BBIYHCIIUTENBHAS CIIOKHOCTh yMHOXKeHns marpuir A € CV*M g
B € CM*P onpenensercs TpUBHAILHBIM aITOPUTMOM M COCTAB-
nsier NP(2M — 1). Taxoke OyeM CUUTaTh, YTO BBIYMCIIUTEIbHAS
CJI0KHOCTh CHHTYJISPHOIO pasnoskeHus Matpuisl A € CV*M ¢co-
rnacHo [40] cocrasnser 6NM? + 20M3 (N > M) onepauuii ¢
miaBaromeil Toukor (anri. floating point operations, FLOPs).
BeraucnurenbHas CII0KHOCTh OJJHONW UTEpaLliy CKJIAJIBIBACTCS U3
CIIETYIOIHX OIIepalid:

1.  CunrynsgpHoe pa3ioXKEeHHE CIyd4aifHOH TOAMAaTPHIEI
H, € CNUEXR1 yeppoit pa3séprku H D € CNUEXNscNBS  Bprupc-
JUTENbHAs CI0KHOCT: 6NypR? + 20R; onepaumit

2. OOHOBJICHHUEC sapa PA3JIOKECHHS, TO €CTh JIOMHOXCHUE
tensopa H € CNUEXNscXNBs ya marpuny U € CNUE*R1 groms
NIepBOi pa3MEpHOCTH. DTa olepanysi SKBUBaJICHTHA MATPUYHOMY
ymHOKeHMo passéprku H D € CNseNBs*NUE ya U4 | Berancmn-
TesbHas coKHOCTh: NggNg Ry (2Nyp — 1)

3. CunrymspHOe pa3JOXKEHHE CIyd4alfHOH MOAMAaTPHIIBI
H, € CNsc*R2 paspéprin smpa no BTOpoil pasmepHoct H ) €
CNse*RaNBs  BprupcnutenbHas ciosxkHocTh: 6N R5 + 20R3.

4. OGHoBIeHHe sapa: noMHOxeHme Matpuusl H (P €
CR1NBs*Nsc ya marpuuy UY € CNse*Rz| BplupcnurensHas ciox-
Hocth Ry NgsR, (2N, — 1).

5.  CuHrymsipHOoe pa3JOXKCHHE CIIy4aifHOH TOIMAaTpHIIEI
H € CVBs*R3 paspéprin sapa no TpeTheii pasmeproct H ) €
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CNBs*RiRz Bpruucnurenshas cnosxknocts 6NggR3 + 20R;.

6. O6HoBneHne sapa: poMHoxenue Matpuubsl H ) €
CRiR2*NBs ya matpuny US € CVBS*R3, Bpraucnurensnas cinox-
HOCTBH R1R2R3 (ZNBS - 1).

BbIYHCIIUTENBHAS CII0KHOCT HA OJJHY UTEPALIMIO COCTABIISET

T = 6NygR? + 20R3 + NzgNg R, (2Nyg — 1) + 6N, R +
20R3 + RyNgsR;(2Ns. — 1) + 6NggR2 + 20R3 +
R1R2R3(2NBS - 1)

HWToroBas BEMUCTHTENBHASI CIIOKHOCTE anroputMa (34) — (35):

Tryck = Niter(6NUER12 + 20R? + NgsNycRy (2Nyg — 1) +
6NSCR% + ZOR% + RINBSRZ(ZNSC - 1) + 6N35R§ + ZOR:? +
RiR;R3(2Ngs — 1)) (36)

C. Ilpoyedypa cenadxcusanus kax Quivmpayusi.
Qusuueckuil cmoica 6 konmexcme OFDM-MIMO menzopa

B pab6ote [39] urepatuBHblii anroput™ (34) — (35) ucnons3o-
BaJICsl JIsl BOCTIOJTHEHUSI TEH30POB M300paskeHNH, TO €CTh JIBE pas-
MEpPHOCTH COOTBETCTBOBAJIM BHICOTE W IIMPHHE M300paXKECHUH, a
TPEThsl pa3MEPHOCTh COOTBETCTBOBAJIA IBETY M300pakeHus. Jlis
yiydmeHus: cxoguMoctu anroputma (34) — (35) B padote [39]
OBIIO MPEUIOKEHO HA KaXK10H UTEpaii JOTIOJIHUTEILHO ITPUMe-
HSATH CTIIAXHUBAHHUE C TOMOIIBIO CKOJIB3SIIETO CPETHETO.

[Ipouenypa criaxuBaHus BBITOJIHIACH HA JTAIEC BBIYMCIIC-
Hust Masiopanrosoro npuommwkenns L(X) B (34). B kauecTBe TeH-
30pHOI MojienH Oblia BeIOpaHa Mojenb Takkepa (30), comepika-
mras tpu runepnapamerpa (Ry, Ry, R3), COOTBETCTBYIOIINE TTPEI-
rojlaraeéMbIM paHram pasBEpTok (29) TeHzopa 1o Kax 101 U3 pas-
MepHocTel. CrimaxxuBanne B padote [39] mpousBoamiIocs nepen
BBIYMCIICHUEM CHHTYISIPHOTO pa3lokeHus pa3BeépTku (29). s
9KOHOMHH BBIYHCINTEIBHBIX PECYPCOB CpEAN CTOJOIOB pas-
BEPTKU 110 k-TOW pa3MEpHOCTH JUIs CIIIKUBAHUSI CITyYailHBIM 00-
pa3oM BBIOMpAINCH TOJBKO R, cTonbioB. Kpome Toro, criaxu-
BaroOIUi GpUiIbTp ObUT OTMHAKOBBIM HE3aBUCUMO OT Pa3MEPHOCTH,
10 KOTOpPOIi Opanack pa3BEpPTKa.

B KoHTEKCTE BOCIIOIHEHUS TEH30POB N300pasKeHNH TTOJIOKH-
TenpHOMY A ]EeKTy, KOTOPHIH 110100HOE CIIIa)KUBAHNE OKA3bIBACT
Ha cxouMocTh anroputma (34) — (35), MOXKHO /1aTh JIMIIb Kave-
CTBEHHOE 000CHOBaHME. BI0Op KOHKPETHOTO METO/1a CrilasKNBa-
HUSI B JJAHHOM cIIydae sIBIseTcs, ckopee, aBpuctukoil. [Ipn ana-
JM3€ N300pKEHUH CI0KHO TOJyYUTh KaKHe-TO yCIOBHS, KOTO-
PBIM JIOJKHA YJIOBJIETBOPATH JTyUIlash» UMITYJIbCHASI XapaKTepH-
CTHKa CIJIQ)KUBAIOIIETO (GUIBTPA.

CoBceM nWHade OOCTOUT JEJI0 MPH MPUMEHEHHWH alTOpHTMa
(34) — (35) u crnaxuBaHus K BOCTIOJIHEHHIO TeH30opoB OFDM
MIMO kanana H € CVBs*NueXNsc B srom ciyuae onepamus
¢unbTpanmu npuodpetaeT 4€Tkuil guznyeckuii cmpica. Hampu-
Mep, -TBII CTONOCT Pa3BEPTKU TeH30pa H 1O pa3MEepHOCTH TIO-
HECYIIUX

H B3 € ¢NscXNBsNug (37)

9TO HH YTO MHOE, KaK YaCTOTHAsl XapakTepucTuka kanaia h (16),
COOTBETCTBYIOIIAS [gg-TOM aHTEHHE 0A30BOM CTAHLUH U yy-TOU
AQHTEHHE I10JIb30BATEIbCKOI0 YCTPOMCTBa, Iue i = iy + Nygips.
CaépTka BekTopa h ¢ UMITYJIbCHOM XapaKTEPUCTUKOM CTIIaXKHBa-
fouiero GUIbTpPa 1Mo TeopemMe 0 CBEPTKE COOTBETCTBYET MPOU3BE-
JICHUIO TIepeIaTOuHON (PyHKIMH CTIa)XXMBaIOIIEro GUIIbTpa U uM-
ITyJILCHOM XapaKTEePUCTUKY KaHaia h,. IHpIMEU cioBaMu, B Kade-
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CTBE «CIIEKTPa» B IPUBBIYHOM ITOHUMAaHUH BBICTYTIAET CIIEKT 3a-
nepxek B OFDM kanane, a caM (QUIBTpyeMBIif CUTHAI paciioia-
TaeTcsi B YaCTOTHOW 00JIacTH.

AHaIOTMYHO MOXHO YCTaHOBHUTbh (PM3UUECKHH CMBICH CIJIa-
JKUBAHUS W NI Pa3BEPTOK IO JPYyruM pasMepHocTsaM. Tak,
HarpuMep, K -Tblid cTosder pa3BEPTKH KaHAJIBHOIO TEH30pa IO
pa3MepHOCTH aHTEHH 0A30BOM CTaHIMH

H@ e CNBsXNscNuE (38)

MpEe/CTaBIsieT COOOM MPOCTPAHCTBEHHYIO XapaKTEpHCTHKY Ka-
Halla Ha Kk, TIOJHECYIIEeH, COOTBETCTBYIOMIYIO K, aHTEHHE TOJb-
30BaTEJILCKOTO YCTPOUCTBA, TAe kK = ki + Ny k,. B aToM ciryuae
B KAUeCTBE «CIIEKTPa» B TPAJUINOHHOM ITOHUMAHUH OYy/ET BbI-
CTyNaTh YIJOBOW CHEKTP HalpaBiEHUH paclpOCTPAHEHUSI CHUT-
HaJla CO CTOpPOHBI 0a30BOi craHmmH. [loxoxwe paccyXaeHUs
MOYHO TIPOBECTH U JJIsI pa3BEPTKH 110 PA3MEPHOCTH AHTEHH I10JTb-
30BaTEIBCKOI0 YCTPOMCTBA, B 9TOM CIIydae «CIIEKTPOM» OyaeT yr-
JIOBOW CIIEKTp HaNpaBJICHUI paclpOCTPaHEHUs CUTHAJIA CO CTO-
POHBI N0JIB30BATEIBCKOTO yCTPONCTBA.

Takum oOpazom, MpoueAypy CrUIaXKUBaHUS NpU 00paboTKe
MIMO OFDM TeH3opa CTOUT BOCIPUHUMATH KaK MPOLEAYPY
dunpTpanuu. Kpome Toro, nMeeT CMBICH T pa3BEPTOK MO Kaxk-
JIOH pa3MepHOCTH HCIIOIb30BaTh pasinuyHble GuibTpel. B kaue-
CTBE KpUTepusi BbIOOpa (GrIIbTpa B 3TOM Cilydae HEOOXOAMMO Py-
KOBOJICTBOBATHCS! JIOCTYITHBIMH 3HAHUSIMH O CHIEKTPE 33JEPIKEK U
YTJIOBOM CIICKTpE.

CTaHOBHTCS] OYEBU/IHO, YTO CTIIAXMBAHHUE CKOJIB3SIIIIM Cpel-
HUM 110 L = 5 oTuéram, ucrnons3o0BaHHoe B padote [39] mist yimyd-
IIEHUS CXOMUMOCTH, B KoHTeKcTe MIMO OFDM TeH30poB MOXKET
MpUBECTH K 0OpaTHOMY pe3yibTary. B camom meme, pucyHOK 5
MIOKAa3bIBaeT, YTO B Clydae (pUIbTpalUU CKOJB3SIIUM CPEIHUM
npu L = 5 mopaBnsieTcss 3HaYWTENbHAs 4acTh ITPOCTPAHCTBEH-
HOT'O CTIeKTpa 0a30BOM CTAHIMU U 3HAYNTEIIbHAS YaCTh 3a/IePIKEK.

10° g 10°F77;

. HopmnposaHHsie
UMAYNLCHBIE XaPaKTEPHCTUKN
___Cronb3Awee cpeaHes

no L=5 atc4éTtam

—
<

AMNAUTY NS
Amnnutyna

=
5]
~

| . HopmwposaHHsie -
| YrNoBblE XapaKTEPUCTIKK| -
| Cronb3awee cpeaHee
no L=5 oTc4éTam
10—3. TET T TENT T TE Mo TS

0 0.2 0.4 0.6 0.8 1 0 b.Z 0.4 0.6 0.8 1
HopmupoeaHHan 3agepxka HopmuposaHHbIia yron

Puc. 5. ®unprpanus ckoab3sauM cpeaHum 1o L=5 orcuéram u3
pabotel [39] mpumenuTensHo kK MIMO OFDM kanany u GuibTpanuu
3aJiepIKeK (CIeBa) U YIIIOB CO CTOPOHBI 0a30BOM CTaHIIMH (CrIpaBa)

OUIBTPALUIO MOYKHO IIPUMEHSTH HE JJIsl BCEX CTOJIOIIOB MaT-
put (37) u (38), a TONBKO [UIst CITy4yaifHO BEIOpAaHHBIX, T.K. Ha IIare
(34) cuHrynspHbIE pa3iIOKEHUS! 3aMEHSIOTCS PaHIOMU3UPOBaH-
HBIMU CUHTYJIIPHBIMU Pa3yioKeHUsIMUA. C TOUKH 3pEHUS BBIYMCIIH-
TEJIFHOH CIIOXKHOCTH OYZeM CUUTaTh, YTO (PMIIBTPAINS BBITIOJIHS-
€TCSl BBIUMCIIEHMEM MPOCTOM JMHEHHOM cBEpTKU. Torma uist
¢unbTpa nopsiaka L cBéprka ¢ BekTopoM utnHbI Ny Oyaer 3aHu-
MaTh LN, oneparuii. Bcero HeoOxomumo oThuisTpoBath R, Ta-
KHX BEKTOPOB JUIsl Kak10i pasmepHoctn d = 1,2,3.

W3-3a ¢uibTpaniny BIMHCINTENbHAS CI0XKHOCTH (36) airo-
pUTMa BOCIIOJIHEHUS HECKOJIBKO BO3pacTET. Tak, Ha KaK0U UTe-
pammu Ha mrare 1 morpeOyercs momomHUTENsHO Nyp R, L omepa-

-
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uui, Ha mare 3 Ny R,L onepauuii, a Ha mare 5 NzgR3L onepa-
. [ BeramcneHus GUIBTpa MBI UCIIOJIB3YEM BCTPOCHHYIO
¢dynxmmro firceqrip makera MatLab ¢ mopsiakom dumstpa L = 50.
Taxoit BbIOOp (GHUILTPOB 0OYCIIOBIIEH MPEX/E BCEro IMPOCTOTOH
WCIIONIB30BAHMS U CITYKUT HCKJIIOYUTENBHO JUISI KauyeCTBEHHOU
nemoHcTparmu 3¢ dexros. Pazymeercs, mpoueaypa QriIbTpaIim
MOXET BBINOJIHATHCS (UIBTPAMHU MEHBIIETO HOpsiaKa 0e3 cyie-
CTBEHHOT'O M3MEHEHHSI XapaKTEPUCTHK aJITOPUTMa BOCIIOTHEHHSI.

Takum 00pazom, ¢ yuérom (QrIbTpaiy Beipaxenue (36) st
001eil BBIYMCIUTENBHON CIIOKHOCTU AJITOPUTMa BOCIHOJIHEHUS
MIPUHUMAET BUJL

Tryck = Niter(6NUER% + 20R} + NygR,L +
NgsNg.Ri(2Nygp — 1) + 6NSCR% + ZORS’ + Ng.R,L +
RlNBSRZ(ZNSC - 1) + 6NBsR32v + 20R33v + NBSR3L +

RyR;R3(2Nps — 1)). (39)

Kak Oyner mokaszaHo B pazzene V, He [UIsS BCEX pa3MepHOCTEH
(dunpTpanus 1eaecoo0pasHa, MOITOMY BBIU. CIOXHOCTh MOXET
OBITH MEHBIIIE.

IV Ilpeanaraemsle ncBegocayyaiiHbie MAaCKH MUJIOTOB
HA OCHOBE MEPECTAHOBOYHBIX MOJHHOMOB

Lens manHOM pabOTHI — IPEIOCTaBICHAE AHATUTHIECKOTO pe-
IMIEHUsT TPOOJIEMBI pa3AEieHHUs] N3MEPUTEIbHBIX CUTHAJIOB He-
CKOJIBKMX aHTEHH B CMBICIIC TTOCTAaHOBKH 3amaud (25) — (27), npu
yciioBuH, 4To HabOp MHAeKcoB W; Ut KaXKIOW aHTEHHBI Iepenat-
YHKa UMEeT HU3KYIO B3aUMHYIO0 HEOPTOrOHAIBHOCTH B cMbIcie (10).

Kak 6b110 ckazano B pazzene 11.C, cymecTByromue perneHus,
OCHOBaHHBIEC Ha Pa3HOCTHBIX MHOXKECTBaX, UMEIOT PsiJl HEJJOCTaT-
koB. [Tpu Be16Ope B kagectBe W; LIPM ¢ IUKIHYECKUM CABHIOM
JUI K)KJOH aHTeHHBI NepelaTdhka W yOaJeHHEeM IepeceKaro-
IIUXCST MHIASKCOB [7] OAMH W3 HEHOCTATKOB CBS3aH C CyIIe-
CTBEHHO OTPAaHUYCHHBIM KOJIMYECTBO Iap (NSC, Np), JUIsl KOTO-
prix cymecTtBytoT LIPM mmn 6mmskue k [IPM koHCcTpyKTmu [41].
Kpowme Toro, Takoe penienne npearoaaraeT padboTy MpocToro om-
TUMM3ALHOHHOTO anropuT™a. [Ipumenenne 3Toil cxemsl TpedyeT
60 paboTHI aNTOpUTMa B PEATbHOM BPEMEHH, YTO YTO MOJKET
OBITH KPUTHUYHO JUISl TIPUJIOKEHHUI CO CBEPXHU3KOM 3aJ1epIKKOIA,
1100 MOTpeOyeT MPEeABBIYUCICHUSI BCEX BAPHAHTOB PACIIOJIOKe-
HUSI K3MEPUTEIIbHBIX CUTHAJIOB U UX XPAaHEHHUSI, YTO CYLIECTBEHHO
YBEIMYMBACT PACXOJIbI TTAMSITH.

OjHUM U3 aJbTEPHATUBHBIX CIIOCOOOB 3aJlaHMUs IICEBJIOCITY-
YallHOH MacKH MHJIOTOB SIBIISIETCSI MCIOJIb30BAHUE ITOJIMHOMOB,
TaKUX Kak MepeMeXHTeNb Ha KBaJPATHYHOM ITOJIMHOME JUTSI TI0-
MexoycToiunBoro koauposanus cranaapra 4G LTE [42]. MHo-
JKECTBO MHJIEKCOB ITHJIOTOB MOXKET 3a/1aBaThCSI KaK

W, = (api? + a,_, P71 + -+ a;i + ap)modNy, (40)

[Tono6HBIH cr1oco0 B KOHTEKCTE OJJHOAHTEHHBIX CHCTEM OBLI
paccMotpeH B padote [43]. st 3or1upyromux Matpui Buaa (17)
MTOJTyYCHBI OIICHKH Ha KOHCTaHTYy OrpaHW4YeHHON n3omerpun (13)
1 TTOKa3aHO, YTO TAKUE MATPHIIbI 00JIaJaf0T ACHMIITOTHYECKH XO-
polei B3aMMHON HEOPTOIOHAJIbHOCTBIO.

Oro uccieaoBanne ObLIO MTPOIODKEHO B padoTe [44], rae uH-
Jekcel Hanogoowue (40) ObLIH UCTIOIB30BaHBI It onieHkn OFDM
KaHana. bhUIO TOKa3aHO, YTO TaKOE PAaCIIOIOKEHUE MUIIOTHBIX
CUTHAJIOB B COBOKYITHOCTH C METOJIaMHU CHKAThIX M3MEPEHUH M03-

BOJISICT HCIIONIB30BATh CYIIECTBEHHO MEHBINE MUJIOTHBIX IMOJIHE-
CYIIHX, YEM B ClIydae MepHOANYECKOr0 UX PacION0oKEHUS.

HecMmotps Ha TO, uTO MccnenaoBanus [43] u [44] npemiaratot
MOJTHOCTBIO JIETEPMHUHUPOBAHHBIM M MPOCTOM METOA CO3JaHus
TICEBOCITyYaifHON MaCKH MMUIIOTOB, B 3TUX pab0Tax HE HAKIIAJIbI-
BaeTCsl HUKAKUX OrpaHWYCHHNA Ha KOI(D(UIMCHTHI TOIHMHOMA
(40). B aTux paborax OTAeIBbHO OJIEPKUBACTCS, YTO OTOOpAXKE-
HHUE, 3ajaBacMO¢e MTOTMHOMOM, He OMEeKTHBHO. VHBIMH cloBamH,
cpeau uHACKCOB B W; MOTYT OBITh IIOBTOPSIFOIUECS], TPUIEM TIPU
HCIIOJIb30BaHUU MeToja u3 [44] mMOBTOpeHHE HMHIEKCOB OyIeT
03Ha4yaTh yBEJIMYEHUE MOIIHOCTH Ha BbIJCIICHHOW MOJAHECYILEH.
Bosnee Toro, B padorax [43] u [44] OTCYTCTBYET aHAIU3 BIIHSHUS
K03(p(HUIMEHTOB TOJIMHOMA HAa B3aUMHYIO HEOPTOTOHAILHOCTH
30HUPYIOLIEH MaTPHIIBL.

OtcyTcTBHE OMEKTHBHOCTH OTOOpaXKEHHsI, 3a/IaBaeMOro I10-
JIUHOMOM, SIBIISICTCSI KITFOYCBBIM TIPEIIATCTBHEM JUTS TIPUMCHCHHUS
Macok Buzaa (40) B MHOTOQHTEHHBIX cucTeMaX. Kpome Toro, Kak
OyZeT rmoka3aHo B CIEIYIOMNX pa3zeiax, BEI0Op KO3 PHUIINEHTOB
monmHOMa (40) 3aBUCHT OT IMapaMeTPOB CUCTEMBI U CYIIIECTBEHHO
BIMSICT Ha B3aNMHYIO OPTOTOHATIFHOCTH 30HUPYIOMICH MaTPHIIB.

A. Ilpeonacaemblii Memoo My1bmuniekCUpo8anus CUSHAIO08

Ha 6aze nepecmano80UHbIX NOIUHOMOS

[IpocTeie mpaBuia Ha ko3¢ ¢urrenTs! noaunaoma (40), rapas-
TUPYIOIIHE OUCKTUBHOCTD, XOPOIIO H3BECTHBI [45]. BbiOop K03 ()-
(UIIMEHTOB 3aBHCUT OT Pa3JIOKEHUs JJIMHBI Onoka (B ciiydae
OFDM cuctem — KonmudecTBa momHecymmx) Ng. Ha TPOCTHIE
MHOKUTEIIH:

Nee =p,"p," - o pp' ™, (1)
rae T — KOJIMYECTBO YHUKAIBHBIX MPOCTHIX MHOXKHTEIEH B pasio-
keaun. [ OMEKTHBHOCTH KBaJpaTHYHOrO mosimHoMa Tr(i) =
(ayi? + a,i) mod Ny, HEOOXOAUMO U 1OCTATOUHO [45], 4TOOBI

(42)
(43)

[Ipu BeIMOTHEHUN YCIOBHH (42) — (43) MyJIBTHITICKCHPOBATH
CHUTHAJIBI OT HECKOJILKMX aHTEHH IIepeIaTuiKa CTAHOBUTCS 3HAYH-
TENIBHO Tpolie. MbI MpejyiaraeM pemars 3a1a4y MyJIbTHILICKCH-
poBaHus (m)-(t), 3amaBas AN KaKIOHW AHTCHHBI INepeaaTdhKa
MIPOCTBIE HETIEPECEKAIOINECs] MACKH 10 epeMexeHus. K kaxmoit
W3 9TUX MAcoOK MbI IIpeyIaraeM IMpUMEHSTh OJMH U TOT XK€ Iepe-
CTaHOBOYHBIH MOJMHOM (HaIIpuMep, KBaJpaTHIHBIN) IS ITOJTyde-
HUA  HUTOrOBOro  Habopa  HENEepeceKarolMXCs  MacoK
{9.1, Q,, .. QNTX}, KaK [T0Ka3aHO Ha PUCYHKeE 0.

a; #0modp, vVt =1,..T
a,=0modp,Vt=1,..T

[T 1 |

(i) = (ayi + azi?)mod N2

ief,, w(i) €

Homep aHTeHHb
nepegaruuka

1000 1500 2000
Homep noaHecylen

500 !':’.Il 1500 2000 500
Homep nogHecywesn

Puc. 6. [TomyueHue HerepeceKaroMXCsl MACOK IMIOTOB ISl HECKOJIBKUX
aHTeHH ¢ noMolnsto IlepectanoBku Keanparuuneiv [ommaomom (IIKIT)

CBoIiCTBO OMEKTUBHOCTH TP 3TOM TapaHTHPYET, YTO €CIU
HaOOpBI MH/IEKCOB {‘Pl, v,, ...‘PNTX} U COOTBETCTBYIOILUE UM
MAacKH ITAJIOTOB {91,92, ...QNTX} IO TIEPECTAHOBKU MOIAPHO HE
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MepeCceKaroTCsl, TO U MOCIIE NIEPECTAHOBKH UTOrOBbIE HAOOPHI UH-
JIEKCOB {‘Pl, w,, ... ‘PNTX} U COOTBETCTBYIOLLME MM MAacKu
{91, Q... Qp, X} He OynyT nepecekatbesi. OTCyTCTBHE ITepeceye-
HUI NO3BOJIAET MepefaBaTh U3MEPUTENbHBIC CUTHAJIBI, MOJIOXKE-
HUE KOTOPBIX OIpEessieTcsl MacKkaMu {ﬂl, Q,, ...QNTX}, OJIHO-
BPEMEHHO €0 BceX Ny aHTEHH 0e3 MHTep(EepeHIINH MEX,Ty H3Me-
PHUTEIBHBIMH CUTHAJIAMHU.

OTienbHbIA HHTEPEC MPEJICTABIISET aHAIN3 BIUSHUS KO HH-
1ueHToB noanHoma (40) Ha B3aUMHYIO HEOPTOTOHATBHOCTH (10)
MacKHU MU3MEPHUTEIbHOTO CUTHAA KaX /1011 aHTEHHBI epeaaTumKa.
[Togo6HBIN aHanM3 Mpolle MPOBOANTH, aHAM3HUPYS BhIPAKEHHUE
(1) m1s SKBHBAJICHTHON MMITYJILCHOW XapaKTEPUCTUKU HU3MEpH-
TENBHOM CUCTEMBL.

B ciydae xBaapaTHMYHOrO MEpPecCTaHOBOYHOIO TOJIMHOMA
BeIpaxkeHue (1) mpuHUMaeT B

(azn +ain)k

Q. (k) = Xt Wi (44)

CornacHo ycnoBuio (43) Ha OUEKTUBHOCTh OTOOPAXKEHHUS, 3a-

Mp, Mp, Mpr .
JIaBAEMOTO  MOJIMHOMOM, Qp =P, 'P, °*..-Pp ', TpPHYEM
ny, #0Vi=1,..T. C yuérom (41) moxHO cokpatutb Nys./a, u
TTOJIYIHM LIEJIOE YHCIIO
— Nsc _ _Tp1™Mpy | Mp2"Mp, pr~Mpr
N = il 21 P, e Dy .

W3 ypaBHeHus (44) nosrygaem

2,00 = 5yt w0, (45)

Brizensia nanee noyiHblid KBajpaT B MOKA3aTeEJe SKCIIOHEHTHI,
st MoyJist || momydaem

Np-1_2mjk(ne2L)’

Q. (k)| = X2, e N 22 (46)

CymmMbl Buia (44) U3BECTHBI B TEOPHM YUCEN KaK HEIOJIHbIC
0000mEnnble cymmbl ['aycca. [lanee UMeeT cMBICI pacCMOTPETh
JIBa cIyyvasl.

1. B mepBoMm ciy4ae noxyuuM OLEHKY (46) JUIs HHAEKCOB,
nensuaxest Ha N, 1.e. s k: N mod k = 0.

k
Torma wHmekc k MOXXHO MpPEACTaBUTh B BHIC Kk = plp1

k k U
P, prT, T7Ie IPUCYTCTBYET MO KpaiHeH Mepe OHO IPOCToe
4ucio, T.e. It: ky, > 0.
B Takom cirydae B BeipaxxeHnu (46) k coxpamaercs:

L1 ai \2
Ny—1 2mj—(n+——
19,001 = [57; ! el )

rane N, = N/k. OueHka cymMM Takoro Buaa ObUIa JOKa3aHa B
pabote [46] 1 umeeT BUf
2 g (mes)
Npy—-1 Ty n+
TP, e N 2a) | <K -ay [N, (47)

rie K — HekoTopast HOCTOsIHHAs, MMeroIast sBHbIi Bu. [Toncras-
JIs1s BRIPAXKEHUE Ay U Nj, 4epe3 MPOCThIE MHOKHUTEIN, MTOTY4aeM

~N — [ NpytMp, —kp, Npp+Mpr—kpy
az N —_ asz —\/ N pT

OKOHYATEITHHO MOJYYaeM OLCHKY
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L+ -k + -k
1, (k)| <\/ Mp1~Rpy ____p;lpr Mpr T

(48)

W3 (48) craHOBUTCS TOHATHO, 9TO JuTs yMeHbineHus |Q, (k)|
HEOOXOMMO BBIOMpATh M, =M, =+ =my,. =1, T0o ecTh
K03 HHUIHMEHT [IePECTaHOBOYHOTO MOJIWHOMA IIPU KBAAPATHIHOM
YIeHe TOJDKEH COCTOSITh M3 MPOCTHIX uncen (akTopuzaimn Ny,

(41) B mepBoii cTeneHH:

as? =py Py Pr (49)

Takoii BbIOOp KOA(PUIMEHTA MO3BOJIUT JOOUTHCS JIyHIIHX
CBOWCTB B CMBbICJIE B3aMMHOH HEOPTOTOHAJIBHOCTH M B TO XKE
BpEMsI COXPaHHUTh CBOWCTBO OMEKTHMBHOCTH HOJWHOMHAJIBHOI'O
0TOOpaKeHUSI.

2. Paccmorpum BTOpoii cayuaii, nyctb N mod k # 0 B
BEIpaKCHUH (45).

[TokaskeM, 4TO M B 3TOM CIy4ae BEIOOp KOX(QHIHEHTa, CO-
TJIACHO YCIOBHIO (49), maét OMM3KUi K ONTHMAIHHOMY BUI MO-
nyist Q. (k). Mpeanonoxum, 4to Ko3POUIHEHT IPHU KBaIpaTHd-
HOM 4JIeHE BBIOpaH Kak

opt ~
a, =a, -dy,
. mp —1 mpy -1 mp.—1
e d, =a,=p, ' p, ° Py >1,1edt:im, >
1. ins sTorO Ciy4as B BRIpaKEHHH (BI) COKpaTuM C Ny, TOIBKO
opt opt
a, , B 3HaMeHaTene octaBuM M = Ny /a,"".
Honqu/IM
kay
Np=1 v (" + opt")
Q. (k) =32, (50)

Cymma (50), BooO1e TOBOPSI, B 3aBUCUMOCTH OT OTHOILCHHUS
qucia nUIoToB Ny, K KOIMYECTBY MOAHECYIHMX Ng. MOXKET yixKe
He OBITh HEMOJHOM. PaccMOTpuM Tereps Tpu cirydasi.

2.1 Cnyuait N, <M

B stom ciyuae cymma (50) ocraérest Henonnoi. Torna cnpa-
BEJUINBA OLIEHKA JUIsl CyMM BUja

SN(.X',G) = Z?{:le (51)

rae x u 6 — neficTBUTENbHBIC YMCIA, W3ydaBIIHecs B paboTax
[47]. B wacTHOCTH, MOKa3aHO, YTO JJIsl PALMOHAIIBHBIX X = a/q
Ut cyMM Bua (51) cripaBenBa OleHKa

50(2.0)| 43

e KOHCTAHTa K MOXET OBbITh BBIYMCIIEHHAs B SIBHOM BUJIE.
B koHTEeKCTE HalIel 3a7aun 3TO 03HAYAET, YTO

M
|QT(k)| S K HOﬂ(M,dz)’

rne HOJ(M, d,) — namGonpmmii oOmmii menurens. U3 sroi

mj(n?x+no)
)

(52)

Nsc
OLIEHKH CIIE/LyeT, 4T0 ecim -~ < Ny, TOo KOOPOHUIHERT A, MOXKET
2

CoJiepKaTh IPOCThIE MHOXKHUTEIH pasiioxkeHus Ng. B CTEleHH
BEIIIIE TIepBOiA. bonee Toro, Takoil BEIOOP YMEHBIIAET HIDKHIOKO
IpaHHUILy.

2.2 Cnywait N, =M

B atom ciyuae cymma (50) siBisiercst mosHOHW 0000IEHHON
rayccoBOM CYMMOH M €€ 3HaUCHHE MOXKET OBITh BBIYHCIICHO B SIB-
oM Buze [48]. Tak kak a,mod(Ny.) # 0 u aymod(N,.) =0,
rayccoBa CyMMa paBHa HYJIIO.

—
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2.3 Cnywai N, > M

B sTOoM ciydae MakCHMallbHOE 3HAYEHHWE MHJIEKCA CYMMHUPO-
BaHMs TIPEBBIIIACT 3HAMEHATENIb B IIOKAa3aTele JKCIOHEHThI W
cymmy (50) MOXKHO pasienuTh Ha MOJHYI0 CyMMY raycca W He-
nonayo. O603Haunm M = N,/M, M. = N, mod M. Torna

kb 2, ag
_ 2mj—*= n“+ n
M-1 M ( agPt ) +

Q. (k) =Xnlo e
.‘kﬁz( 2, a1 )
2mj—=| N+
Sores~le " M a?) == " (k) + Qres (k).

K nonnoii cymme raycca ﬂ{ ult (k) npuMeHUMBI paccyXJICHUS
u3 1. 2.2 ¥ OHa B JJaHHOM cllydae pasHa Hymo. K cymme Q7€ (k)
NPUMEHHAMBI PaccyJIeHus U3 1. 2.1. 1 OHa OrpaHWYeHa CBEPXY
Kak B (52). AHAIOTHYHEIC pacCyKICHUS MTPU MAKCUMAIFHOM HH-
JeKCe CYMMHPOBAHUS, NPEBOCXOJIIIEM 3HAMEHATENb CYMMBI,
MPUMEHHMBI K mojicity4aro 2.1 npu 6ombInX a, U ciayyarw 1, ko-
ra MHACKC kK COKpalaeTcs co 3HAMCHATENICM.

Takum o6pazom, muust amementoB Q. (k) mpu N mod k # 0 (k
nensiieM N ) BIroaHo (52) BEIOHpaTh Kak MOYKHO OOJIBIIINE 3HA-
YEHUS a,, YAOBIETBOPSIONIETO yCIOBUIO (42). OmHako BbIOOD
OOJBIINX 3HAYEHHUH A, NPUBOJAMT K MOSBICHHIO CUIIBHBIX BTOPO-
crenenHbix MakcumymoB Q. (k) npu N mod k = 0, kak cienyer
u3 oneHku (47). KommpomuccoM B 3TOM cllydae BBICTYTAeT BbI-
60p a, cornacHo (49), 4TO MO3BOJISIET HE JOMYCTHTh MOSBICHUS
Oounpimx 3uavenuii mpu N mod k = 0 u B T0 e Bpems 1aéT npu-
eMiuMbli pesynbTat npu N mod k # 0. OTMeTum, 4T0 BBIOOD
koo duIMenTa a,; He BIMIET Ha OLEHKU BepxHero yposHs Q. (k)
MIpH COOITIOICHUN YCIIOBUA (42).

Kak mokaspiBaeT pucyHok 7a, mpu BbIOOpe ko3¢ durmneHToB
MIEPECTAaHOBOYHOTO TIOJIMHOMA, COTJIaCHO YCIIOBHIO (49), ypOBEeHb
B3aMMHOM HEOPTOTOHAIBHOCTH B CPeAHEM OJIM30K K IpaHHIE
Benma (18). B 10 e Bpems, Kak clieayeT U3 pucyHKa 70, u3Me-
HeHne Kod(pUIUEeHTa A, B paMKax ycioBus (42) He BIHMET Ha
MaKcHMalbHbIH yposerb Q. (k)| k # 0.

(a) Nsc = 1152, I\Ip = 144, (6)
a, = 6, a, = 5

hlsc = 1152, Np = 144,
a, = 6, a, = 139

1 1

Q.(k)| Q.(k)|

0.8 —pannua Benwa 0.8 —pannua Benwa
=~ 06 ~ 06
S o4 S 0.4

0.2 0.2

”

200 400 600 800 1000 200 400 600 800 1000

(8) N . =1152, Np = 144, (r) N_. =1152, Np = 144,
L az=18,a1=5 . a2=36,a1=5
(k)| €2 (k)
0.8 —lpanvua Benwa 0.8 —lpannua Benwa
=06 =~ 06
S o4 =

T

200 400 600 800 1000
J.'

200 400 600 800 1000
A-

Puc. 7. Bausuue K03 QUIMERTOB MEPECTAHOBOYHOTO TIOJIMHOMA
na MakcumansHoe 3Hadenue Q. (k) st k # 0. 3nauenus Q. (k)
HOpMHPOBaHBI, 4T00l Q. (0) = 1

B T0 e Bpemsi, yBenuueHue Kod(hGHUIMeHTa d, IPU COOITIO-
JICHUN YCIIOBUN OMEKTHBHOCTH (42) MPUBOANT K 3HAYUTCIHHOMY
yBenmyennto yposHst |Q,(k)|, k # 0, uro wumOCTpUpYET pUCY-
HOK 7B,r. [Togo0HOE MOBEICHHE MOTHOCTHIO COMIACYETCS C Mpa-
BuUIoM (49) 1 MpUBEAEHHBIMU BBIIIE PACCYKICHUSIMH.

KoncranTsl B onieHkax (47) u (52), BooO11e roBopsi, MOTYT 3a-
BHCETh OT IIapaMeTpa a B PANUOHAIBHOM HPHOIMKEHUH
X = a/q. bonee crporas BepxHss IpaHHIA MOXET OBITH IOJY-
YeHa aHAJIOTHYHO paboTe [46] 1 B JaHHOM KOHTEKCTE OYET, CKO-
pee Bcero, H30BITOYHOM.

B. Ilpeonazaemvle MHO2OMEpHbIE MACKU C NOMOUYBIO

00HOMEPHOU NepecmaHO8KU KBAOPAMUYHBIM NOTUHOMOM

Mackn U3 nmpeablIyIIero pasjesia MOKHO MCTIOJIb30BATh JUIs
OJTHOBPEMEHHOH Iepeiaun HECKOIBKUMH aHTCHHAMH, KaK TOKa-
3aHO Ha pHUCyHKe 6. Jlanee i KaXI0H mapbl aHTEHH IepenaT-
YyyKa U HpI/IéMHI/IKa BO3MOXHO BOCCTAHOBUTH KaHAJIbHYIO XapakK-
TEPUCTHUKY C TIOMOIIbI0, HarrpuMep, anroputma OMP. Taxoi cro-
006 MYJIbTHINICKCUPOBAHUA U3MEPUTCIIbHBIX CUTHAJIOB MBI 6ylleM
Ha3biBaTh «1D-QPP», Tak xak OH moxpa3syMeBaeT NePeCTaHOBKY
TOJIBKO BJIOJIb OJTHOM Pa3MepHOCTH (TI0IHECYIIIHX ).

Kak yxe Obuto cka3zaHO, OCHOBHOW HEJOCTATOK TaKOTO MOJI-
XO/Ia 3aKJII0YaeTCsi B TOM, YTO OH HE YYUTHIBACT BO3MOJKHBIC
CBSI3M M KOPPEJSLHUIO MEKAY KaHAJIBHBIMU XapaKTEPUCTHKAMH,
COOTBETCTBYIOIIMMH COCEAHHUM AaHTCHHaM. JTHX HEIOCTATKOB
MOJKHO M30€KaTh, MCIONB3Ys TCH30PHYI0 00pabOTKy CHTrHaja,
Harpumep, onucannyto B paznene III. B stom ciywae BnoaHe
€CTECTBEHHO, UTO TOTPEOYIOTCS YCIOBHUS HarmomoOne B3anMHOU
HEOPTOTOHAJIBHOCTH HE TOJBKO AJISI Pa3MEPHOCTH MOJHECYIINX,
kak B ciaydae 1D-QPP, Ho u ast ocTanbHBIX pasMepHOcTed. Tak
KaK M3MEPUTCIIbHBIC CUTHAJIbI MIPUHUMAIOTCA BCEMU aHTCHHAMU
NpUEMHHKA, B CIIy4ae TEH30PHBIX aJITOPUTMOB Macka U3MEpeHUN
onpejensercs Marpuieit Q € CNTx*Nsc_Tlo aToit MPUYMHE 3/1€Ch
1 J1ajiee Mbl OTPaHUYNMCS IByMEPHBIMH MacKaMH1, OJTHAKO aHAaJI0-
THYHBIEC PACCy>KACHHS JIETKO 00001atoTCs Ha CIIy4ail MPOU3BOJIb-
HOH pa3MEpHOCTH.

BrionHe ecTecTBEHHBIM CIIOCOOOM 00OOIINTH MAacKW THIA
«1D-QPP» Ha mByMepHBIi citydail sSBIsSeTCS BBEICHHE BTOPOTO
MePEMEXUTENS 110 Pa3MEpHOCTH aHTeHH nepenatduka Npy. Ko
BTOPOMY TIEPEMEKUTEIIO OYIyT NPUMEHUMBI BCE T€ K€ MpaBmiIa
Ha BBIOOP KO3 GUIMEHTOB TOMMHOMA, (43), (49), TONBKO IJIHHA
«0bmokay» mepectaHOBKH BMecTO Ny, ctaHeT Nry. MOXXHO CKa3aTh,
YTO B TAKOM CIIy4ae Oy/leT NMPUMEHSTHCS IepecTaHOBKa IBYyMeEp-
HBIM TTOJIMTHOMOM

ﬂ({i, k}) = {nTX(i)PT[SC(k)} == {(aIXi +
a¥¥i?) mod Nry, (a$k + a5°k?) mod N}

Takoit crioco0 co3nanus Macok ) Mbl OyJieM Ha3bIBaTh «2D-
QPPy. Pezynbrat paboThl TAKOTO MEPEMEKUTENS IPEICTABICH Ha
pucyHke 8. AHAJIOTUYHO KOJMYECTBY MUIOTOB Ny, 17 U3MEpH-
TENBHOTO CUTHANA KaX10H aHTEHHBI JUI MEpPeCTaHOBKU BIOJb
MOJTHECYIUX, BBOJUTCS KOJIMYECTBO MIJIOTOB HA BCEX aHTEHHAX
JUIsl OOHOM mojHecyuell Nyp 1711 NepecTaHOBKH BJIOJIb AaHTEHH
nepegarunka. Kak nmokasaHo Ha pucyHke §, HadajbHasi Macka J10
TePEeCTaHOBKHA MPEACTaBIsIeT CO00H Habop OIOKOB pa3mepa

N. 1024 N 32
Nep X N,y , ﬁ=—=125,1vﬂ,=%=;=4.

[Tapametrp Nrp = 4 mpu 3TOM ONpeaeNseT KOTUYECTBO CHMBO-
JI0B, HEOOXOANMBIX UIA TIepeladd M3MEPUTEIHHBIX CHTHAJIOB C
Takoi Mackoi. IHbIMM CJI0BaMu, 32 KaX1blii CUMBOJI IEPEAALOTCS
HEMEePECeKAIOIMINECs CUTHAIBI 8 aHTCHH.

rae Np =
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Puc. 8. [Tonyuyenue macku 2D-QPP ¢ nmomonibto rnocieoBaTesbHbIX
HEePEeCTaHOBOK BJIOJIb PA3MEPHOCTH ITOJHECYIIUX U BJIOJIb Pa3MEPHOCTH
aHTEHH MepeaTynka

Emeé onua cioco6 3amaHust MHOTOMEPHON MacKH MUAJIOTOB OC-
HOBaH Ha MPUMEHEHUH OIepalli BEeKTOpU3aluu (IpeBpalleHuUs
MaTpHIbl B BEKTOP) U JIEBEKTOpH3alluK (TIPeBpalCHUs] BEKTOPA B
marpuity). Maes aToro croco6a 3aKkito4aeTcs B ClIyOIEM: BMe-
CTO 33/IaHHs JBYMEPHOH I1CEBIOCTYYaifHOM MACcKH JUIsS MaTPHIIbI
Q € CNTx*Nsc Gyniem 3a1aBaTh OJHOMEPHYIO MACKY JUIS BEKTOpA
w = vec(Q) € CNTxNscX1 Jlon10 ypcIa MUIO0THBIX CUTHAJIOB IIPH
STOM HY’KHO COXPAaHUTh TaKoH xke, kak u B ciydae 1D-QPP. T.e.
ecnu B 1D-QPP s ka0l aHTEHHBI IepejaTuMKa HCIOJIb30Ba-
JIOCh Np n3 Ny, NOJHECYIUX, TO AJIs Hallleld BEKTOPU30BaHHOM
MacCKH MbI JIOJDKHBI UCTIONB30BaTh Ny, Ng. 13 Nrx Ny, 37€MEHTOB.

B kaudecTBe MacKd ®,e. O MEPECTAHOBKHA MOXXHO BBHIOpAaTh
NscNtx

P
pucyHOK 9 (P B JaHHOM CITydae — JOJIs1 H3BECTHBIX DIIEMEHTOB).

MaCCHB U3 MOAPSAT UAYLIUX Np = €JIMHUILI, KaK ITOKa3bIBACT

AHTEHHB!
nepefaT4ynKa

100 200 300 400 500 600 700 800 900 1000
MNogHecywme

Puc. 9. [Tonyuenne macku «QPP-reshape» myrem neBekropu3anuu
OJTHOMEPHOI! IIepecTaHOBKI

IlepecTanoBky mpeniaraeTcsi OCYLIECTBIATh MPU MOMOILU
KBaJIPATUIHOTO TIEPEMEKUTENS IO 670Ky IIHHON Ny Npy:

T[vec(k) = (aijeck + a12:eck2) mod NNy, (53)

rae k = 0,1, ... N,. O60o3Ha4uMM BEKTOp HOC/IE NEPECTAHOBKHU KaK
W0 Jlanee u3 BeKTopa Wy, MHBI Ng Ny MOXKHO chopMHUpo-
Bath MaTpuily  pasmepa Nyy X Ny, pacmonaras B cromomax €2
Henepecekaromuecs: 0JI0Ku IMHBI Ng, U3 BEKTOPA TTye.. TaKOH
cnioco0 3amanus Macku ) Mbel Oynem HaszbBaTh «QPP-reshapey.

BaxHbIM SBISIETCSI BONPOC MPAKTHYECKON pean3aiiiy H3Me-
peHnii ¢ ucnoip3oBaHueM Macok «QPP-reshape». Otmmuantens-
HOM ocobeHHOCThIO Macok «1D-QPP» u «2D-QPP» sBnsercs
KOHTPOJIb 3@ KOJIMYECTBOM MEPECEUEHUH MEXIy H3MEPHUTEIlb-
HBIMU CUTHAJIAMHM HECKOJIbKMX aHTEHH. ECIM 4muciio MUIOTHBIX
MTOTHECYIINX, 3aHUMAaEeMbIX OIHOH aHTeHHOW, paBHO N, /P, TO
TaKHe MACKHU IMO3BOJISIIOT 332 OJMH CUMBOJI MYJIbTHIUICKCHPOBATh
M3MEpUTENIbHBIE CUTHANBI OT P aHTEeHH nepepaTdnka 0e3 mepece-
YEHUI B YaCTOTHOM 00JacTH. DTO MO3BOJISICT IIPOBECTH H3MEpe-
Hus 32 Npy/P cumBonioB. CoxpaHsieTcst JIM 3TO CBOMCTBO JUIsi
macku «QPP-reshape»?

T-Comm Vol.l19. #4-2025

SNNIEKTPOHMKA. PAONOTEXHUKA

Jliis oTBETa Ha ATOT BOIPOC MPEANOTI0KHUM, UTO BEKTOP W e,
npeoOpasyeTcs B AByMepHyto Macky Q € CNTX*Nsc crienryrommum
00pazoM: nepBoii CTpoKoi ) cTaHOBATCS 1epBbie Ny, SIEMEHTOB
Wy, BTOPOH cTpokoi ) craHoOBATCA BTOpblE Ng. 3JIEMEHTOB
Wy U T.10. B 3TOM cityuae MHAEKC K BEKTOPA Wyec U WHIICKCHI
CTPOK 7" ¥ CTOJIOLIOB ¢ MaTpPHUIIHI () CBSI3aHBI KaK

k = s+ tNg,.
[ToxcTaBinss 3TO COOTHOIIEHUE B BBIpaxkeHue (53), momydaeM

Tyec (k) = Q(t,s5) =

= (a¥®°(s + tNy.) + a¥®“(s + tNy.)?) mod Ny Nypy. (54)
[Tocne npocteix npeoOpazoBanuii (54) mpruHUMaeT BUIL
Tyec (k) = Q(t,s) = [s(al® + a3*°s) + tNs (a7 +

2a¥%¢s + tNg.a¥)mod Ny Npy. (55)

3ameTuM, 4TO B BbIpakeHHH (55) CTpouHBI MHAEKC t MaT-
puisl Q(t, s) Bxoaut ¢ Kodpdurmentom Ng.. DTO 03HAYAET, YTO
€CIIM B BEKTOPE @yee DICMEHT HAXOAWICS IO HHICKCY
k:k mod Ny, = s, TO 1ocie epecTaHOBKH 3TOT 3JIEMEHT OyJeT
COOTBETCTBOBAaTh JJIEMEHTY B BEKTOPE Wye, C HHICKCOM
Tyec (K)ModN,. = (sa?®® + s2a¥®®) mod N,.. Tak Kak HOJIMHOM
sa¥®® + s2a¥®° Taxxke ABNSAETCA MEPECTAHOBOYHBIM 110 MOJYJIIO
Ng¢, 9TO 03HAYACT, YTO SCIHU JI0 [ICPECTAHOBKH JJIEMEHTHI B pa3-
HBIX 0J0Kax pasmepa Ny, UMEITH OJMHAKOBBIN HHIEKC S, TO H I10-
CIIC MIEPECTAHOBKH ATH JICMEHTBI OyIyT UMETh OJMHAKOBBIN HH-
nexc say®® + s2a¥® uytpu 6;10K0B pazmepa Ny.. Ilpu BbION-
HEHHH YCIIOBHS

N,modNy. =0 (56)

B HAYaJIbHOM BEKTOPE @,ec IPH IPOH3BOJIBHOM S POBHO

N NgcN N
—E = 2 IX — ZIX yeyyneBbIX 9JIEMEHTOB. 3HAUMT, TIOCIE Hepe-
Nsc  NgcP P

N

CTaHOBKU B BEKTOPE W,oc OYIIET TAKXKE % HEHYJIEBBIX AJIEMEH-

TOB. B cmry moctpoenuns MaTpuis! ) 3TO 03HAYaeT, 9TO HA KaXkK-
. . N

JTOW TIOIHECYIeH OYAyT H3MEPHTEIbHBIC CUTHAIIBI TOJIBKO OT %

AHTEHH, KaK 1M0Ka3aHo Ha pucyHke 10.

Wyec .s S+Ne S+ s+3N,
| i e | | [ | |
1 Nee 7 3N AN “'H—___Sq{\[,___ 6Ny TWNee BN,
Wyec 3 i U [ LR
s
1 [T TT T | [ [ ]
al*s +af™s? a5 4+ al™st 4 2Np  ai™s 4 a5 4+ INgy af®s + a¥*cs? + Thpy
l [esexTopuaalua
Q |
]
Npy —L

Nk'l.‘
Puc. 10. K nokazaTenbcTBy 0 MOCTOSHHOM YHCIIE OOIINX TTOTHECYIINX
y Macok tumna «QPP-reshapey»

WHpIMU crioBamMH, TIpW BHITIOJNIHEHWH ycloBus (56), Macka
«QPP-reshape» ¢ Touku 3peHHs MPAKTUUECKON pealln3aln Tpe-
OyeT Takoro ke KOJMYeCTBA CUMBOJIOB, Kak U mMacku «1D-QPPy
n «2D-QPP». OtmeTnM, 9TO MPH 3TOM KOJIMYECTBO MHIIOTHBIX
nogHecymux B ciydae «QPP-reshape» moxer, BooOIe ropops,
HCCKOJIBKO U3MCHATHCA OT aHTCHHBI K aHTCHHC.
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IIpumMeyatenpHO, 9TO B CHITy METO/IA TIOCTPOCHHUSI MaCKH THITA
«QPP-reshape» mM03BOIJIIOT IPUMEHHUTE ATOPUTMBI CKATBIX H3-
MepeHuii (Hampumep, OMP) ns HaxoKAEHUs cpasy Bced Mat-
punst H = H (:,:, igy) € CNTX*Nsc g curnana, IpuHATOro Ha
ipx AHTEHHE NpUEMHMKA. B camom xeine, NpenrnoaokumM, 4YTO
OIICHKa 3JIeMEHTOB MaTpuilbl H 1o WHAeKcaM, 3aaaBaeMbiM €
yke npousBeieHa. [locie BeKTopHu3auy MaTpUIlbl BEKTOP h}’ u3

— NscNrx
= ——— U3MCPCHHLIX JJICMCHTOB H moxHO MnNpeACTaBUTDL 110

aHaJIOTMu ¢ OTHOMEPHBIM CJTy4a€M B BUJC

h}’ = Pvec(H), (57)

rae P — marpuna BeiGopa CTpok, ocrasisitomias B vec(H) sne-
MEHTBI, COOTBETCBYIOLIME HEHYJIEBBIM djemenTam vec () .
vec(H) € CNTxNse*1 yMojkHO npencTaBuTh uepes pasperkeHHbIi
JM®-npoo6pas  h,, «ak vec(H)=Fh,, rtne FE
CNrxNseXNtxNse — pvarprua JTI®, a b, , uMeeT GI04HYIO CTPYK-
TYpY ¥ COOTBETCBYET COBMEIEHHOMY CIIEKTPY 3a/IEPIKEK U YIIIOB
CO CTOPOHBI NepenaTunka. Beipaxkenue (57) npuobperaer B/

P _
h? = PFh,,.

TakuMm 00pa3oM, ¢ MOMOIIBIO ONEPAIMH BEKTOPH3AIUH MHO-
roMepHasi 3ajiada BOCIIOJHEHHSI MATPHIIbI WM TEH30pa MOXKET
OBITH CBelleHa K OJTHOMEPHOM 3a/1ade cKaThIX n3Mepennit. Kak n
B O/IHOMEPHOM CJTyuae, BbIOOp MepecTaHOBKH KBAJPATUYHBIM I10-
JUHOMOM corJIacHO ycioBusiM (42), (43) u (49) obecneunBaet
B3aMMHYK) HEOPTOTOHAIBHOCTH U 30HAUpYyIomerd Mmatpunpl PF
0MM3KyI0 K onTtuMalibHOU (K Tpanuiie Bemma). bonee toro, tak
Kak ctonoiel Matpuiibl PF umerot eaunuunyio l,-Hopmy, T0, co-
TJIACHO HEepaBeHCTBY (14), KOHCTaHTa OTPaHUYCHHON M30METPHH
O JUISL M-Pa3PEKEHHBIX BEKTOPOB Ny, B HEPABEHCTBE

A = )llhegll’ < PR |2 < (1 + 8)|heels  (58)

OrpaHHYeHa CBEPXY B3aMMHOH HEOPTOTOHAIBHOCTBIO L U, CIIE/I0-
BaTCJIbHO, 6J'II/I3Ka K HAUMCHBIIEMY 3HAYCHUIO.

Perienre MHOrOMEpHOH 33/1a4M C ITOMOILBIO BEKTOPHU3ALINH,
OJTHAKO, COIIPSHKECHO C OOJIBIIUMH 3aTpaTaMHy I10 MaMsITH U BBICO-
KOI BBIYMCIIUTEIBHON CIOKHOCTBIO B CHIIy OOJIBIIOTO pazMmepa
30HIMPYIOLICH MaTpuUIlbl B TaKOW mocTaHoBKe. ['opaszno addek-
THBHEE MHOTOMEPHBIC 33124l MOYKHO PelaTh TEH30PHBIMH METO-
namu. CTOMT OTMETHTB, YTO K aHAJIM3y MAacOK W3MEpEHHH I
TEH30pOB PUMEHHUM JIPYTOii, Oostee oOMMiA MOIXOM, CBSI3aHHBIH
¢ 00001mmeHneM ycIoBHs orpaHndeHHon nzomerpuu (13) Ha MHO-
roMepHblii  ciayuyail. ['oBopsT, 4YTO omepaTop U3MEpPEHMs
Rq: CN1*N2XNs 5 CNp yropeTBOpsieT Ha MHOrOOGPA3UK TEH30-
poB (UKCHpOBaHHOTO paHra (Hampumep, paHroB Takkepa
R = (Ry,R,,R3)) yCIOBHIO OrPaHUYEHHON HM30METPHU C KOH-
CTaHTOM O, €CJIM HEPABEHCTBO

(1 = SRIIXINE < IR XNIE < (1 + SR)IXIIZ, (59)

BBIIIOJIHSIETCSL JUId BceX TeH30poB X ¢ paHramu Takkepa
R = (R, R,,R;). B 3amaue BocmonHeHmst TeH30pa (MM Mart-
pHIIBI) YMEHBIICHNE KOHCTAHTHI OTPAaHMYCHHONW M30METPUH T103-
BOJISIET MOHU3UTH TpeOyeMoe Ul BOCIOJIHEHHWH YHCIIO M3Mepe-
HUH U B LIEJIOM MIPUBOJUT K YJIyUIICHUIO Ka4eCTBA BOCIIOIHEHHS
[49, 50].

3aMeTnM, 4TO B HAaIlleM MPOCTOM CiIydae ACHCTBHE OTepaTopa
HU3MEpEHUH CBOJIUTCA K YJAJICHUIO BCEX JIEMEHTOB TeH30pa X,
KPOME DJIEMEHTOB, COOTBETCBYIOIUX CIWHUIIAM B MHOFOMepHOfI

Mmacke Q. Tak kak 3HaueHne HOpMBI PpobeHnyca He 3aBHCUT OT
croco6a IpynIrpoBKH JIEMEHTOB, TO B BEIpaykeHnH (59) BMecTo
TeH30pa X MOKHO paccMaTpuBaTh €ro BEKTOPH3ALUIO M 3TO HE
MIOBJIMSICT Ha 3HAUEHHE KOHCTAHThI O'PaHUYEHHOM H30MeTpuH Op.
Janee 3ameTuM, 4TO JeficTBHE onepaTopa U3MEPEHUH Ha BEKTO-
PHU3AIHIO TOJHOTO TeH30pa aHajJoruyHo (17) cBoANTCS K JOMHO-
JKESHHIO TIOCJICAHETO Ha MaTPHILy BEIOOpa CTPOK Pq € CNp*N1N2N3
Bpoas o6o3Hauenue x = vec(X) € CV1N2N3X1 popyuaem ycio-
Bue (59) B Buze

(1= 8p)lIxlIF < IPaxllF < (1 + Sp)llx]IZ- (60)

3ametuM Janee, dYTo HOpMHpoBaHHas MaTpuma P
F: F"'F = I ynurapna, cies0BaTesibHO, OHA HE MOKET H3MEHUTD
HOopMy BekTopa. [Tostomy ycnoBue (60) SKBHBaJICHTHO

(1= 8pIIRIIE < IPoxllE < (1 + Sp)IIZIIZ, (61)

rae X = FHx. Hakonen, ucnonssys B (61) pasencrso x = FX,
HoJIy4aeM

(1 - 8pIIZNIZ < IPoFZIIE < (1 + Sp)lIZII7. (62)

CpaBuuBast BelpaxkeHus (58) u (62), HETPYJHO 3aMETHTh UX
cxozictBo. I1pu aToM Bektopa hy , B (58) M X B KOHTEKCTE Hamek
3aJ[a4 UMEFOT OJIMHAKOBBIN (PU3NIECKUI CMBICII U IPE/ICTABIISIIOT
co00¥t 0JJHM U Te ke MmapaMeTpsl. Pasnmune 3aKkmodaeTcs B TOM,
41O B cirydae (58) HepaBeHCTBO JOJKHO BBIOJIHATHCS JUIsl BCEX
m-pa3peKeHHBIX BEKTOPOB, a B ciry4ae (62) HepaBEHCTBO JODKHO
BEITONMHATECS i Beex JIID-mpooOpa3oB BEKTOPH30BAaHHBIX
Ten3opos ¢ panramu Takkepa R = (Ry, R,, R3). OxoHYaTenbHyo
CBSI3b MOJKHO YCTQHOBHUTD, €CJIN JIONTYCTUTh B 33a4€ BOCIOJIHE-
HUS TeH30pa HEKOTOPYIO JOIOIHUTEIbHYI0 HH(POPMALHUIO, B HHO-
CTpaHHOU JInTeparype nmeHHyemyto side information. bosee mo-
JpoOHO, periiast 3a/1a4y BOCIIOJIHEHHS, Mbl OyJIeM paccMaTpHuBaTh
HE TMPOCTO TEH30pBI ¢ (PUKCHPOBAHHBIMHM paHramu Takkepa, HO
JIOTIOJTHUTEIBHO HAJIOKMM Ha HHUX OTPaHUYCHHE Ha pPa3pekKeH-
HOCTb BEKTOPHU30BAHHOT'O ITPEICTABIICHUSI.

Teoperndecknii aHaIM3 BIWSIHUS TaKOTO YCJIOBHS Ha rapaH-
THH CXOJUMOCTH aJITOPUTMOB BOCTIOJTHEHHUS] MBI OCTaBHM 32 PaM-
KaM¥ ITaHHOH paboThl. CKa)kKeM JIMIIB TOJIBKO, YTO TAKOE AOITyIIe-
HHE MTO3BOJISIET HaM YCTAaHOBUTH CBSI3b MEX/y KOHCTaHTOM Orpa-
HUYCHHOW H30METpHHU O, B CMBICIE pa3peKEHHBIX H3MEPEHHI
(58) m moxoxell KOHCTAHTOH Op B CMBICIE TEH30POB MaJIOrO
panra Takkepa. [lepecraHOBKY KBaApATUYHBIM [I0JIMHOMOM JAOT
OJIM3KYIO K ONTHMAJIbHOI B3aMMHYIO HEOPTOIOHAJIBHOCTh U Clie-
JIOBATEIIbHO, «XOPOLIYI0» KOHCTAHTY Oy, IPUUEM ITO HE 3aBUCHUT
OT paHroB TeH3opa. [lo 3Tol mpuymMHE I paccMaTpUBAEMOTO
MHOXKECTBA TEH30POB MBI TAKXKE MOIYyYaeM «XOPOIIYI0» KOH-
CTaHTy Op U MOXXEM HaJesThCsl Ha YCIEUIHOCTb MPUMEHEHHs
Macku «QPP-reshape» mist BOCTIOTHEHUST TEH30POB.

\% Pe3yJ’ll>TaTl>I YUCJTCHHBIX IKCIIEPUMEHTOB

Just monyuenus teH30poB MIMO OFDM kaHana Mbl UCTIOJTb-
3yeM rathopmy monenuposanus QuaDRiGa [51], cornacytory-
1ocsi ¢ TpeboBanusiMu crangapra 3GPP. B kauectBe cuenapus
6wt BeIOpan 3GPP 38.901 UMa NLoS (Makpo-corta, OTCYyTCTBHE
MIPSIMOM BHJIMMOCTH) KaK HaMeHee OJIaronpusITHBIN /ISl TpUMe-
HEHHS METO/I0B PAa3pPEKCHHBIX H3MEPEHHI W BOCTIOTHEHUS TCH30-
POB (OTCYTCTBHUE MPSIMON BUIMMOCTH CYIIECTBEHHO yBEIHMIHBACT
KOJINYECTBO KOMIIOHEHT 3a/IEPXKKH ¥ paHru TeHsopa). Llentp Oa-

T-Comm Tom 19. #4-2025




30BOM cTaHImu ¢ Ngg = 16 X 16 = 256 anTeHHamMu UMeeT KOop-
munatsr (0,0,25). 50 noms3oBareneii ¢ Ny = 4 X 8 aHTeHHAMU
PaBHOMEPHO CIIy4ailHO PacroiI0kKeHbI B IPSIMOYTOJILHUKE C KOOP-
nunaramu (150;50), (200; 50), (200; —50), (150 — 50) Ha BbI-
core 1,5 M. PaccmarpuBaetcs ciiydail OLIEHKM BOCXOJISILIETO Ka-
HaJla, TI¢ IIOJB30BATEIb SBISICTCS MEPEHaTINKOM, a 0Oa3oBas
CTaHIUA -- MPUEMHUKOM. J[JI51 KaXKTOTO MOJIE30BATEIIS AITOPUTMBI
OIICHKH KaHaJa BBIOJHIIOTCS OTIEIBHO, PE3yNbTaThl YCPEIHs-
forcst mo BceM 50 momp3oBaremsiM. Ha rpadukax mpuBomsTes
CpeIHIe 3HAUYCHHS MUCCIETYeMbIX BEIMYNH, a TAaK)KEe OTMEUaeTCs
cpeHee KBaIpaTHUeCKOe OTKIIOHEHHE.
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Puc. 11. Omubka anmpoxcuMaIuy pa3BEPTKU KaxkI0H pa3ZMepHOCTH
B 3aBUCUMOCTH OT PaHra arinpoKCUMaluu

B cooTBeTcTBHH € XapaKTepUCTHKaMU MPOTOTHUIIOB, KOTOPbIE
Obutn TpencTaBieHbl KoMmaHued Qualcomm Ha BCEMHPHOM
KOHTpecce MOOWIBHOM cBsizu B 2024 rofdy, 4acTtoTa HECyIICH
fe = 12 I'Tu, paccrosinue mexay noanecyummu Af = 90 [,
ucnoib3yercs Ny, = 2304 nmoguecymux (192 pecypcHbix 0J10Ka
o 12 nogHecymux).

31ech W Janee MpearoaracTcs, 9To Ui BCEX aJTOPUTMOB,
uckmouas pedepencupie Mmacka Q € CNTX*Nsc  conepikut
N, = NgNrx /8 enunuu. nsa macku «1D-QPP» kospduments
MIEPECTAaHOBKHU M0 MaccuBY JUIMHBI Ny, = 2304 BBIOMparOTCs Kak
a; = 5,a, = 6. Jlns macku «QPP-reshape» rcnonb3yrorest Te xe
camble KO3((QHUINEHTHI IPH NEPECTAHOBKE 110 MACCHUBY JJIHHBI
NgeNry = 73728. AroputM BOCIIOTHEHHS TEH30Pa HHUIIAATH3H-
pyetcs ¢ momomisio Tpéxmeproro AT ¢ ynanernem 17/18 gactu
Hanbosee caadbIX KOMIOHEHT.

A. Buibop pancos Taxkepa u ux enusinue Ha cCX0OUMOCHb

aneopumma 0CnoaHeHUsl

B pamMkax 1aHHOTO HCCIIE€JOBaHUS IPEAIIOIAraeTCs, YTO PAHTH
TEH30PHOT0 MPECTaBICHHsT (PUKCUPOBAHBI U SIBIISTIOTCS THITEPIIa-
pameTpoM 3agaun. BeiOop paHroB ompenesnser omuoOKy amnmpok-
CHUMAIIMH UCXOJHOTO TEH30pa MOJEIbI0. 3aMETHM, YTO OMIMOKa
BOCITIOJIHEHHSI HE MOXKET MPEBBIIATH OLMIMOKY arllpOKCHMALUH.
[TosTOMy Tepen HccieloBaHUEM CXOAMMOCTH QJITOPUTMOB BOC-
MTOJTHEHUSI HEO0OXOAUMO BBIOpATh PaHTH TaKUM 00pa3oM, 4TOOBI
omuOKa anmpoKCHMaluy HE MPEBBINANA TPEIeTbHO JIOMyCTH-
MyI0 OIMOKY BocTioTHeHU:. Pa3nenus 00e yactu ypaBHeHUs (31)
Ha HOpMY mojtHoTO Tersopa | H ||2 = Y4_, ||Z, 1%, nonyunm BbI-
paKeHHe HOPMHPOBAHHOW CPEJHEKBAJAPaTUYHON OIIMOKM arl-
MIPOKCHMAIINH:

— 2
_ loe=%lp

e I
NMSEmodel - ”}[”12: £

I7c11%

(63)

B BrIpakernu (63) HOpMY HCXOIHOTO TCH30pa MOKHO BBIpa-
3UTh Y€pe3 CyMMY KBaJpaToOB Pa3BEPTOK 3TOTO TEH30pa MO KaxkK-
JIOM U3 pa3MEpPHOCTEH:

NFNE = N2 017 = N2 117 = -+ = 1217

-
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C yuéTom 3TOT0 3aMevaHus, OIleHKa (63) IpUHIMAaET BHT

= 2
=0l
=l

< 2
%21l
A

_l_

+ e 4

< 2
NMSE g < Ll

AT (64)

T.e. ommOKa anmpokcumanuu anropurmomM HOSVD ne npeBocxo-
JUT CYMMBI OITMOOK ammpOKCHMAIIHH BceX pa3BépTok. M3 Hepa-
BeHCTBa (64) CTAaHOBUTCS TIOHATHO, UTO JIJIsI BRIOOPa paHTOB HEOO-

< 112
XOIUMO H3YYHUTh 3aBHCHMOCTb 01H1/I6KH||Zk||F/ IZ,]I% R, —pan-

TOBOI1 anmpoKCUManuu k-Toil pa3BEPTKU OT BEJTUUUHBI paHTa Ry,
B cnyuae nccnemyemoro TpéXMepHOTo TEH30pa HEPABEHCTRO (64)
MMPUHUMAET BU

NMSEppger < NMSEy; + NMSEgs + NMSE,,

rne NMSEyp, NMSEgs, NMSE;,, —  cpeoHeKBaIpaTHYHBIC
OIIMOKM MAJIOPAHTOBOTO TPHOIIKEHUST Pa3BEPTOK HMCXOIHOTO
TEH30pa 10 Pa3MEPHOCTSIM AHTEHH I0JIb30BATEIbCKOIO yCTPOM-
CTBa, aHTCHH 0a30BOI CTAHIMH W MO PA3MEPHOCTH MOJHECYIINX.
3aBUCHMOCTh 3THX CPEIHEKBAIPATHYHBIX OMIMOOK OT paHra ar-
MIPOKCHMANMU TI0 KaXKJOH Pa3MEpHOCTH MHpEACTAaBICHA Ha pH-
cynke 11.

3amaguMcsl AMIUPUISCKH MaKCUMaIbHOW HOPMHUPOBAHHOM
omubkoit annpoxkcumaruy B NMSEy . = 1075, Toraa omubka
anmpoKCHMAIMK Pa3BEPTOK MO Kax0H u3 d = 3 pasMepHOCTel
He noyokHa npeBbimare NMSEy .y /3. U3 pucynka 10 cnenyer,
YTO JUIsl ATOTO JIOCTATOYHO BBIOpATh paHru Ry = 32, Ry, = 72,
Rps = 248. 3ameTnM, YTO NPU TaKOM BBIOOPE PAHTOB CTENECHb
C)KaTus, onpesenseMasl Kak OTHOILICHUS YUCIIa TapaMeTpOB TEeH-
30pHOIT MOJIENN K YHCITY 3JIEMEHTOB BCEro TEH30pa

CR = RyeRBsRsc+NyERUE+NBsRBs+NscRsc
NygNpsNsc

cocrasiser Bcero 4,24%.

BbIOOp paHroB 1 COOTBETCTBYIOIIAS OIIMOKA AlNPOKCUMAIIN
3aJ1al0T TOJBKO HM)KHIOIO TPAHUILy Ha TOYHOCTh BOCIIOIHECHHUS
TeH3opa. BiusiHue BbIOOpa paHTOB Ha CXOAMMOCTH UTEPAIMOH-
Horo anroputMma (34)-(35) HOCUT MeHee TPUBHAILHBIH XapakTep,
YTO IEMOHCTPUPYET PUCYHOK 12.

Hanpumep, ecim panru BBIOMpATh HCXO/151 U3 OLIMOKH allpOK-
cumanuu NMSE); 4x = 0.1, cooTBeTcBytomiei panram Ry; = 20,
Rys. = 26, Rgs = 38 u CR = 0.47%, TO 1ipu BEIYUCICHUN MaJIO-
panroBoro npudmmkeHus (34) Oyaer TepAThCs CIUIIKOM MHOTO
MHPOPMAINU ¥ aITOPUTM HE OyAET CXOAWUTHCA K MPHUEMICMbIM
3HAYCHHUSM HOPMHPOBAHHOW CpeTHEKBaApaTHYHON ommbku. Ha
pHucyHKe 12 3TOMy Ciyyaro COOTBETCTBYET rosrybasi KpuBas, Io-
cie 100 utepanuii BEIXOAAIIAs Ha YpOBEHb om0k Boime 0,5 u
HMEIOINas 3HAUUTEIbHYIO AUCIEPCHIO.

[Ipu yBenu4yeHnN paHroB CXOIUMOCTh HAUMHAET YJIydIIaThCs.
Tak, npu panrax Ryp = 32,R,. = 49,Rps = 157,CR = 2.12%
u omubke annpokcumanun NMSEy . = 1073 anroputw B cpeji-
HeM cxoautest k ommoOke 0.14, uTo yxe npuemiieMo (OpamkeBast
KpHBas Ha pucyHke 12).

JlanbHelimee yBeMUeHNE PAHTOB MPUBOANT K TOBBIIICHHIO
TOYHOCTH aJITOPUTMa BOCTIONHEHMS. B camom nene, xénras Kpu-
Bas Ha pHUCyHKe 12 coorBeTcTByeT paHraMm Ryp = 32,Rs. =
72,Rps = 248 u ommbke anmnpokcumarun NMSEyx = 107°.
B sToM ciyuae yBenuueHue ymcia napaMeTpoB MOJAEIH CHIIBHO
yIIydIIaeT CXOJUMOCTh: HOPMUPOBaHHAsl CpeJHEKBaJpaTUYHAs
ommoOKa B cpenHeM gocturaer 0.07, 4ro B Ba pasa HWXKE, YEM B
MpeIbIIyLIEM CIIy4ae.
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Puc. 12. BnustHue panroB Ha CXOAMMOCTh HTEPAIIMOHHOTO
anroputMma BocrioiaaeHus (34)-(35)

Upe3MmepHOE YBEIMYEHHE PAHTOB, OJHAKO, HE MaéT OIIyTH-
MOTO YJIy4IIEHHs CXOJUMOCTH, YTO JEMOHCTPUPYET (proeToBas
kpuBas Ha pucynke 12. Ilpu panrax Ry = 32, R, = 89,Rps =
256 u owmmbke annpokcumanuun NMSEy,x = 1077 ckopocts
CXOAMMOCTH HE3HAUMTENFHO CHMWXaeTcs W mo ucteueHuu 100
UTepaIyii aIrOpUTM B CPEAHEM BOCCTAHABIMBAET TEH30D C OIINO-
koit 0.07, kak ¥ B MpeAbIIyLIEM Cllydae. ITO MOBEACHUE MOYKHO
OOBSICHUTB TEM, UTO HanOoJIbIIIee cxkaTe B popmare Takkepa J10-
CTHTAaeTCsl MMEHHO IO Pa3MEPHOCTH ITOJHECYIINX, YTO HILIIO-
cTpupyeT pucyHoK 1. BeiOop paHroB mo pasMepHOCTH aHTEHH
0a30Boii cTaHuu R B ciaydae xénroit (Rgs = 248) u puonero-
BOii (Rgs = 256) KpHBOIi HE OKa3bIBAET BIMSHHS HA CXOAUMOCTb.

Br1OpanHsIif 1711 GHOIETOBON KPUBOW paHT MO MOJHECYIINM
Rs. = 89 3aBenomo Ooiibllle MakCHMaJIbHO BO3MOXKHOTO paHra
pasBEPTKM 10 pazMepHOCTH moaHecymx RMAX | kak cnenyer us
pucyska 1. ITo sToit npuuune ocrapmuecs Ry, — RMAX pexropos
B CHHTYJIIDHOM pPa3JIOKEHHUH COOTBETCTBYIOT SIAPY JIMHEHHOTO
peoOpa3oBaHMs, ACCONMHUPOBAHHOTO C MaTpUIEel pa3sBEPTKH.
JanbHeiiee yBenuueHue Ry, NPUBENET TONBKO K YXYZIIICHUIO
cxoxumocTtu. Takum 00pa3oM, OCHOBHOE BIIMSTHUE HA CXOAUMOCTD
ITOPUTMA B JAHHOM CIIEHapHH OKa3bIBAET COKPAIIEHHOE CHHTY-
JISIPHOE Pa3I0kKEHUE M0 Pa3MEPHOCTH MOJHECYIINX U CTIIaKHBa-
HUE TI0 BCEM Pa3MEPHOCTSM.

JleTanbHbIl aHAJIN3 CXOAMMOCTH QJTOPUTMOB BOCIOJIHEHUS
tuna (34)-(35) sBiusieTcst CI0KHOI TeOpPETHYECKOH 3a/1a4eii U BbI-
XOJ/IUT 32 paMKH JJaHHOH paboThl. CTOUT TaKXKe OTMETUTb, YTO MPH
MIOCTPOEHHUHN KPUBBIX HA PHCYHKE 12 MCIOJIB30BATIOCH CiTydaiiHOe
3ananne mMacku Q. Kak Oyzner moka3zaHo B CIEIyIOIIeM paszede,
XOPOILEH CXOANMOCTH MOXHO JIOOMTHCS ¥ IPH HEKOTOPBIX JeTep-
MUHUPOBAHHBIX ().

B. Hccnedosanue cxooumocmu aneopumma OyenKu KaHaid 8

3a6UCUMOCIU OM NAMMEPHA USMEPEHUT

[Tocne BoIOOpa panros Takkepa Ry = 32, Ry = 72, Rgs =
248 MOXHO NPUCTYNHUTh K aHAIU3y BIUSHHUA MAcKd M3MEpPEHUI
Q Ha cxogmmocTh anroputma (34)-(35). Tak kak H3MEpUTEIBEHBIC
CUTHAJIBI IPUHUMAFOTCSI BCEMH aHTCHHAMHM NpuéMHNKa (0a30Boi
CTaHIIMM), TO JOCTaTOYHO 3aJaTh JBYMEPHYI0 MacKy Q €
CNueXNsc | JIns cpaBHEHMS HMCTIOJIB30BAJICA CIy4ailHBIA BHIOOD
eauHuI] B Q U3 PaBHOMEPHOTO paclpeesieHus], a TaKkke MacKu
«1D-QPP», «2D-QPP» u «QPP-reshape» u3 pazaena [V. Pe3yms-
TaThl CPAaBHEHHS MIPECTAaBICHBI HA pUCYHKE 13.

Kax cnenyer m3 pucynka 13, ¢ mackamu «1D-QPP» u «2D-
QPP» anroputm (34)-(35) cxoauTcsi O4eHb IJI0XO, TOCTE TMPH-
MepHO 40 uteparuii B cpetHeM BBIXO/ISl Ha IJIATO € OIHUOKOM BOC-
nonHeHus 0.59. Bonee Ttoro, mocine 40 wurepanuu aucnepcus
OIMOKN YBEJMYMBACTCS. DTO 03HA4YaeT, YTO JJIsI HEKOTOPBIX

M0JIb30BaTENEH aNrOPUTM HAauMHAET pacXogurcs. TeM He MeHee
CTOUT OTMETHUTB, UTO Macka «2D-QPP» naét HeckosbKo Jryummii
pe3yiabTar, ueM « 1 D-QPPy.
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Puc. 13. Bousaue nattepHa H3MepeHUid Ha CXOAUMOCTh
anroputma (34)-(35)

B To0 xe Bpems macka «QPP-reshape» maér pesynsrar oueHb
ONMM3KHIN K CITy4JaifHOI Macke, U Take IEMOHCTPUPYET HECKOIBKO
JIy4HIIyr0 CKOpOCTbh CXOAUMOCTH U MCHBIIYIO OI_HI/I6Ky BOCIIOJIHEC-
HUsl (HOPMHUpOBaHHasi cpeJHekBajparnyHas omubka 0,04 vy
«QPP-reshape» npotus 0,07 y ciry4aiinoit mackn). Tem He MeHee,
9TO pa3INuUe HaXOJUTCS B PaMKax MOTPEITHOCTH AKCIIEPUMEHTA 1
CKOpee BCEro CBSI3aHO C HEIOCTATOUHBIM YMCIIOM TI0JIb30BaTENCH.

Tem He MeHee, pe3yJIbTaThl, IPECTABICHHBIC Ha pUCYHKE 13
TTOKA3bIBAIOT, YTO PACCY’KACHHS O KOHCTAHTE OIPaHUYEHHON H30-
MeTpuu O B HepaBeHCTBe (62) miust Macok «QPP-reshape» BbI-
MOJIHAIOTCS 10 KpaliHEN Mepe JUIsl TEH30POB U3 OMMCAHHOIO CLE-
Hapusl.

C. Cenaxcusanue ¢ yuémom anpuopHou UHGOpMayuu u e2o

GNUAHUE HA CXOOUMOCb

[Tocne Toro, KaK MBI YOSIMINCH B COBMECTHMOCTH MAacOK THIIA
«QPP-reshape» u anropurma (34)-(35), mepexouM K UCCIICTIOBa-
HUIO (PU3MYECKOTO CMBICIIA OTIEPALMH CIVIAKUBAHUS U €r0 BIIUS-
HUS HA CXOMUMOCTh anroputma (34)-(35). Kak Obu10 cka3zaHO B
paszzene III.C, crnaxuBanue u3 cratbd [39] NpUMEHHUTENBHO K
OFDM-MIMO TteH3opam mpolie paccMaTpUBaTh Kak MpoLeaypy
¢unpTpanny. Hanpumep, criaxuBanue BA0JIb pa3MEPHOCTH O/~
HECYIIMX 03HA4YaeT (QMIBTPALHUIO CIIEKTPA 33aJICPIKEK, a CTIIaXKHBa-
HHE BJI0JIb Pa3MEPHOCTH aHTEHH 0a30BOM CTAHIIMN O3HAYALT CIJIa-
JKMBAHHE CIIEKTPA YTJIIOB CO CTOPOHBI 0a30BOI CTAHIHH.

B pamkax Harero uccienoBaHUsl Mbl TIpeJIIonaraeM, 4ro 0a-
30Bast CTAaHIUS YK€ UMEET HAKOIUICHHYIO CTAaTUCTHKY, HAIIPUMeEp,
0 XapaKTepHOM pa30poce 3aJeprkeK WK 0 XapaKTepHOM pa30dpoce
yriioB. C y4€ToM 3TO MHpOpMAIMU MOXHO 0J00paTh MOJI0CY
W dunpTpa mns yaydmeHus cxoauMmocTu aiaroputma (34)-(35).
Jnst BeIOOpa TOJIOCH! M3YYHM, TPEXAE BCET0, HOPMHUPOBAHHBIE
HMITYJIbCHbIE XapaKTEPUCTHUKH ¥ HOPMHUPOBAaHHBIE YIJIOBHIE Xa-
pakrepuctuku Bcex 50 momb3oBareneill. PesynbraThel mpeacras-
JIEHBI HA pUCYHKE 14.

I'padukn 3aBUCHMOCTH HOPMHPOBAHHOW CpEIHEKBaJpaTHU-
HOM OIMIMOKH BOCTIOJIHEHHUS OT HOMEpa NTEPALIUH, COOTBETCTBYIO-
e Pa3IUIHBIM BapHaHTaM BeIOOpa (QHIBTPOB M3 pUCYHKA 14,
TIpeICTaBICHEI Ha pucyHke 15. Kpome Toro, Ha pucyHke 15 Taxxke
IIPe/ICTaBIICHA KPUBAs, COOTBETCTBYIOLIAs (DHIBTPALUH CKOJIb3s-
MM CPEeIHUM 10 L = 5 oTcuéram 1o BceM pa3MepHOCTSIM B TOM
BUJIE, B KOTOPOM OHO NPUMEHSUIIOCH B cTaThe [39].
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Puc. 14. HopmupoBaHHbIE UMITYJIbCHBIE U YIJIOBBIE XapaKTEPUCTHKH
KaHaja Juist Bcex 50 mosp3oBarteneii, COBMENEHHbIe Ha OTHOM rpaduke
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Puc. 15. BnustHue moaocsl GUIbTpa Ha CXOAUMOCTD AJITOPUTMa
BOCIOJTHEHUS

W3 pucynka 15 BUIHO, YTO NpH (UIBTPALUK CKOJIB3SIIUM
cpeaHuM 0e3 U3MEHEHHMS MapaMeTpoB (PUIIbTpa alrOpUTM HadH-
HaeT pacxXoanTcs MpuMepHo rocie 15 urepanun. Camast HU3Kas
omuoOKa, KOTOPYIO MOYKHO TOCTHYb TIPH TaKOW (QHIBTpPAINH, CO-
craBisieT B cpexneM 0,43. HeymoBneTBOpHUTENBHBIE PE3yIbTATHI
Ma€T TakKe U BBIOOP (DMIIBTpa 3a7eprKeK ¢ CIUIIKOM Y3KOH MOJI0-
coit W = 0.1 (opamxeBast KpuBas Ha puc. 15).

ITocne npubmuszurensHo 20-TOH UTEpaIK AITOPUTM B CPEIl-
HEM IepecTaéT CXOJIUTHCS, U JAUCIEPCUs] OMIMOKHM BOCIIOIHEHHMS
CUJIBHO Bo3pacTaeT. Takoe MOoBe/leHHE MOYKHO OOBSICHUTH 00JIb-
LIMM Pa3InYueM UMITYJIbCHBIX XapaKTEPUCTUK OTACIBHBIX MOJIb-
3oBareneil. [yt onpenenéHHbIX peann3aiuii pa3dpoc 3anepKex
BITOJIHE MO>KET OBITh HEOOJIBIINM, U TAKOW QHUIBTP MOXKET 3HAUH-
TEJIFHO YJIyUIIUTh CXOAUMOCTE. BMecTe ¢ TeM Juist Ipyrux peanu-
3anuit pa3dopoc 3amepikek MOXKET OBITh KpaifHe BBEICOKUM, (hrih-
Tpalysi HACTOJIBKO Y3KHM OKHOM OTOpPachIBacT 3HAYNUTEIBHYIO
4acTh MH(OPMAIMU O KaHaJle, YTO HETAaTUBHO CKAa3bIBAETCS Ha
cxoxumocTu. [Ipenmnonoxum, 4ro JydIIux pe3yiIbTaTOB MOXKHO
JOOUTHCS, €CIIM HACTPauBaTh (MIIBTP aJalTHBHO IOJ KaXIOro
MI0JIb30BATES.

[Ipn yBenuyenun mosocsl Quibtpa 3axepxkex go W = 0.25
CXOJIMMOCTh QJITOPUTMa 3HAYUTENBHO yiydinaercs (kEnrast Kpu-
Basi Ha PUCYHKe 15, MpakTHUECKH COBMAIACT C (hHOJIICTOBON) M
cpemusis ommobka BocronHeHus mocie 100 utepanuii qocTHTaeTt
0.010. HobaBneHne TOMOIHUTETHHON (DHUITBTPALINHN YTIOB CO CTO-
poHbI 0a30Boil cTanuuu ¢ monocoir W = 0.5 He ynyurmaer, a
HA00OPOT HEMHOTO YXYIIIAeT CXOJUMOCTH: CPEIHSS OIIMOKa
BocrionHeHHs mocae 100 mTepammii B 3TOM Cilydae COCTaBISCT
0,013. I'lo aTo¥i nMpUYMHE B TAJIHEHIINX HKCIIEPUMEHTaX Mbl OY-
JIET IPUMEHSITh TOJBKO (DUIBTPALIUIO 3a7CPIKEK.
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[Tpn manpHeHIIEM yBETHYESHUH MTOJIOCH! QMIILTPA 3a]IePHKEK 710
W = 0.75 cX0auMOCTh yXyIIIaeTCsi, KaK CIACAyeT W3 PUCYHKA.
HopmupoBanHast cpeiHeKBagpaTHIHAS OIIMOKa BOCHOIHEHHS B
atoM ciydae coctasisgeT 0,015. [Ipuumna Takoro moBeaeHUs 3a-
KJIIOYAeTCsl B TOM, YTO IPH HACTOJIBKO OOJIBIIOH Tooce (GUIbTp
MpaKTHYECKN HE BHOCUT U3MEHEHNUH B pabOTy allropuT™Ma, Tak Kak
B [10JIOCE TI0/IaBJICHHSI OKA3bIBAETCS TOJIBKO MAJIOE YHCIIO OTHOCH-
TEJILHO CJ1a0bIX KOMIOHEHT 3aiepkku. [1o aToii mpuumHe 311ech U
Jlanee Mbl UCIIOJb3yeM (HIbTPALMUIO TOJIBKO MO Pa3MEPHOCTH
moHeCyImuX ¢ monocoit W = 0.25.

Hccnenyem nanee, Kak BIMsieT BEIOPAHHBIA METO/] CTIIaXKHUBa-
HUs (QuiIbTpanym) Ha CXOAUMOCTH AJITOPUTMA TIPH Pa3INnIHOM
BbIOOpe Macok 2. [Ipu aToM He OyzeM nccieI0BaTh BCE MACKH U3
pa3zena IV, a orpaandamnMcs Tonpko Mackamu « 1 D-QPPy» u «QPP-
reshape», Tak kak «1D-QPP» u «2D-QPP» mator mpaxTudecku
OJIMTHAKOBO TIOXOM pe3ynbTaT 0e3 CriIaKUBaHUS, a PE3yJIbTATHI
«QPP-reshape» u ciiy4ailHOH MacKM IOYTH HE OTJIMYAIOTCS.
Pe3ynbTaThl MOICTMPOBAHUS TIPE/ICTABICHBI HA PUCYHKE 16.

0.8
-F QPP-reshape, 6e3 crnaxveanma
i ~=0QPP-rashape, co crnaxuearHnam

= \
© 1D-OPP Bes crnammeanna
= I 06| 10-QPP co crnamueaHuem
T =
B
Tmm
o X
o 9,
am s
sod
E5°
8- T
T3 O
a
(¥

Homep utepauuu

Puc. 16. Briusinue criakuBaHus Ha 3aBUCUMOCTH OT MaTTepHa
HU3MEpEHUN

MO>XHO 3aMETHUTh, YTO (PUIBTPAIMS 33/IEPKEK CYIIECTBEHHO
yJIy4IIaeT UTOTOBYIO CPEJIHIOI0 OMIMOKY BOcoiHeHHs Juis «1D-
QPP» ¢ 0,59 10 0,15. Bosee Toro, GpuibTpanus 3aaepKeK TaKKe
3HAYUTEIBHO YIYYIIAeT CXOIUMOCTh aJITOPUTMA IIPU HavyalbHOU
macke «QPP-reshape». Kak cienyer u3 pucynka 16, s goctu-
JKeHus1 olnOkH BoctioiHeHus 0,1 anropurmy ¢ puiabTpanuei Tpe-
Oyercs B J1Ba pa3a MEHbIIE UTEPALHii, UeM alropuTMy 0e3 Qpuib-
Tpanuu (22 urepanuu npoTuB 44). 3HAUUTETHLHO yMEHBIIACTCS
JHcriepcHst OIMOKH, a Takke (DUHAIBHBIH YpOBEHb CpeaHeH
omubku mocyie 100 uteparuii. Anroput™ 0e3 GuIbTpaMU 10-
cruraet ommoOku BocroiHeHus 0.04, B To Bpems Kak ¢ GuibTpa-
uel onmmbdka ymensinaercs 10 0,010 (Oosnee, ueM B ueThIpe pasza).

JlanpbHEHIINM dTan UCCISA0BAHUN — MCIOJIb30BAHNE BOCIION-
HEHHBIX TEH30POB AJI IIOCTPOCHUE IPOCTPAHCTBEHHOTO (DHIIBTpa
0a30BOM CTAHIMM JUIs Mepelladyd B HUCXOJIEM KaHalle M TMOJ-
cuéT CreKTpalbHOM (PPEKTUBHOCTH Takoil cucrembl. OpHAKO,
NpeXJe YeM MEePeHTH K 3TOMY dTaIly, He00X0MMO JIaTh MOSICHE-
HHUE 0 METOoJIax pacyéra CleKTpaIbHOU AP PEeKTHBHOCTH.

D. Memooonoeus pacuéma cnexmpanorou 3¢ppexmuerocmu

ITocne ouleHKHM TeH30pa KaHajia Ha Ka)KA0M MOJHECYLIEH ¢ To-
MOIIBIO CHHTYJIAPHOTO R; = 8-paHrOBOr0 pasyioKEeHUS] MOKHO
MOJYYUTh  TEH30pP  MPOCTPAHCTBEHHBIX  (GuiIbTpoB W E
CNBs*Ra*Nsc CriektpanbHyto 5 (peKTHBHOCTb Ha i-TOM MOHECY-
IIeil B HUCXOAIIEM KaHaie Oy/ieM pacCYMTBIBATH 110 (hopmyIie

Ci = Xr¢, log, (1 + SINR;.),
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P sig,i,r

rae SINR; . = — OTHOLLIEHUE CUTHAI-IIYM U UHTEp-

Pint:erf,i,r"""2
¢depennus (OCIHIN). Ml noaraem, 4to MaTpHIla KaHaia Ha i-
TOM MojHECYyIIeH uMeeT enuHnuHyio HopMmy ||[F(:,:, )| = 1 u
YTO MOIIHOCTH IIyMa 02 BHIYMCIAETCS MCXOAS U3 3aJaHHOrO
OCIII nepenauun B HUCXOAsLEM KaHaine SNRp; . CunraeM Takxe,
YTO ITyM PaBHOMEPHO pacmpenessieTcss Mexay BceMu R; = 8
CIIOSIMH TIepenadr. MOIIHOCTh CUTHAIA Ha 7'-TOM CJIO€ BBIYHCIIS-
eTCs KaK

. . S ~ 12
Pggir = UG, 7, D" - 3G, 0) - WC, 7, D),

rae U € CNUEXRa*Nsc _ tepy30p mpoCTPaHCTBEHHBIX (PUILTPOB CO
CTOPOHBI MPUEMHHKA (ITI0JIb30BATEs1), BBIYUCICHHBIN 110 Healb-
HOMY KaHaJly C [NOMOIIBIO CHHTYJISIPHOTO Pa3jIOKEHUsI Ha KaXK0H
moHecymel. Jist pactpeneieHus MOIITHOCTH 0a30BOM CTAHIIHH O
CIIOSIM MCIOJIb3YeTCsl BOJOHAIMBHOM anroput™. MHTepdepenums
Ha 7'-TOM CJIO€ TIepe/layM U [-TOM TIOJHECYIIEH BBIUYUCIISIETCS KaK
R UC, T D3 0) - W, T, D).

Pinterf,i,r =

Pasymeercs, mis pacuéra mpocTpaHCTBEHHBIX GuibTpoB U 1
W MOTYT NPHMEHSTCS GONee CII0XKHBIE AFOPUTMBI, HAIPUMED,
MUHUMH3HPYIOIINE CpeaHekBagpaTindHoe oTkioHeHne (MMSE)
WIA yYUTHIBAIOIINE CTAaTHCTHKY KaHama. B maHHOW paboTe MBI
BO3JICPKUMCSI OT MCIIOJIB30BAHUS STHX METO/OB, MIOCKOJBKY Ta-
KHE MPOCTPAHCTBEHHBbIC (DUIIBTPBI TIOAABAT 4acTh MHTEphEpeH-
MY, BHOCUMOM HETOYHOM OLIEHKOM KaHajia, U B TaKOM cCily4ae
rpaduku crnekTpanbHOU 3((deKTHBHOCTH He OYJIyT B IOJHOM
Mepe XapaKTepU30BaTh KAUeCTBO OIICHKU KaHasa.
OTHOIIIEHHE CUTHAJI-IIIYM B BOCXO/ISIIEM KaHaJle TP U3Mepe-
HUSIX ONPEICIIUM KaK
¥ iallZ
NRxNscoO 2

SNRUL = (65)

rae Y;; € CVBs*Nsc _ npunsthiii curnan B OTCyTCTBUE LIyMa

Yig = X005 (6, j, k)S(, k), (66)

a S € CNUEXNsc _ maTpuia n3MepUTebHBIX CUTHAJIOB, IIEPEIaBa-
€MbIX 3a OJWH CHUMBOJI BCEMH AHTCHHAMMH II0JIb30BATCIBCKOI'O
YCTpOMCTBa Ha BCEX MOJHECyHX. Bo BpeMsi OLEHKH BOCXOJif-
HIer0 KaHajla KaHalbHas MaTPUIla HOPMUPYETCS TAKUM 00pa3oMm,
uT0Ob! BhINONHsIOCH yenosue E[||Y;4l|2] = 1. Manee k npuns-
Tomy curnaiy gobasnsiercs wym: Y (i, k) = Y;;(i, k) + W(i, k),
rne W — wmarpuma amauTMBHOrO O€JIOro rayccoBa IIyMa,
W (i, k)~CN(0,02%) . MomHocTs IymMa 02 BeIOMpaeTcs TaK,
4YTOOBI IOJIEPKUBATh Harlepén 3aHHOe 3HaueHne SNRy; .

Tako# croco0 HOPMHUPOBKU OTpa)kaeT BakKHOE (HHU3MYECKOE
CBOWCTBO peaJIbHBIX CHCTEM. MaTpuIa H3MEPUTEIbHBIX CUTHAJIOB
S, BOOOIIIE TOBOPSI, COJIEPIKUT 3HAYUTEIILHYIO YaCTh HYJICBBIX AJIe-
MEHTOB, TaK KaK Iepe/adya M3MEPUTEIbHBIX CUTHAJIOB OJTHOBpE-
MEHHO CO BCEX aHTCHH Ha BCEX MOJHECYIINX HE HMEET CMBICTIA
MU3MEPUTEIIbHBIE CUTHAIIBI TPEOYETCS MYJIbTHILIEKCUPOBATh. Tak
KaK MOIIHOCTh MepeAardnka (UKCHPOBaHA, MPU YMEHBIICHUH
JIOJTM W3MEPUTENIbHBIX CUTHAJIOB B MATpPHUIIC S OTHOIICHUE CHUT-
HaJ-1IIyM Ha KaXI0H NWIOTHOW IOJHECYIEH NOJDKHO BO3pac-
taTh. HopmupoBka (65)-(66) rapaHTHPYET 3TO CBOHCTBO.

E. Cpasnenue cnexkmpanvnoii s¢pgpexmusnocmu

B cuny ctoxacTHdeckoro xapaktepa MOIETH KaHama, CIeK-
TpaibHas 3Q(HEKTUBHOCTh MOXKET OTJIMYATHCS OT Peau3aluu K
peanu3anuu. J{Jsi MOJHOM XapaKTEPUCTUKU CHCTEMbI TpeOyeTcs

M3y4unTh (PYHKIHUIO pacnpesieNieHus CrieKTpaibHoil 3 dexTruBHO-
CTH OJHOTO TOJIb30BATENs KaK CIydailHON BeIHUYMHBI. Pe3yib-
TaThl MOJICTUPOBAHUS MPEACTABICHBI HAa pUCYHKE 17.
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Puc. 17. CrnextpanbHast 3GeKTUBHOCTb CUCTEMBI IPH PA3THYHBIX
MeToJ1ax oleHKH KaHana. Meroasl «OMPy, «Bocnonuenue Tucker»
1 «comb 8» UMEIOT TpeOYIOT OAMHAKOBOE KOJIMYECTBO YaCTOTHO-
BPEMCHHBIX pecypcoB (TIOJHECYIIUX U CHMBOJIOB)

B xauectBe pedepeHCHOro Meroja UCIOJIb3yeTCsl Mepeaada
N3MEPHUTENIBHBIX CHUTHAJIOB, PACIOJIOKEHHBIX B YacTOTE 4Yepes
KaXable cOmb MOMHECYIIMX C TMOCICAYIOMCH OIHOMEPHOM
JAI®-unrepnonsuueil. Takol MeTO] OLIEHKM KaHajga COOTBET-
CTByeT ypaBHeHHIO (5) u3 pazaena I1.

Pedepencusrit Mmeton cpaBHHBaeTcs ¢ anroputMoM OMP m3
pasnena II.C mpu macke uamepenuii «1D-QPP», cooTBeTcTBY10-
mei ypasHenuto (44) u3 paszmena IV.A Hakxownern, uccrnemyercs
cnekTpaibHas d(QGEeKTHBHOCTh TPH OLEHKE KaHajlla ¢ MacKOW
«QPP-reshape» ¥ onvcaHHBIM BBIIIE AITOPUTMOM BOCIIOJHEHHS C
¢unbTpaimenr (otmeueH Ha pucyHke 17 kak «BocrnonHenue
Tucker»). [Ipu momemupoBanuu SNRy; = 30 nb, SNRy;;, = 20 nb.

[Ipn aHanmm3e KPUBBIX, COOTBETCTBYIOLIMX OMOPHOMY pellie-
HUIO, MOJKHO 3aMETHTh, YTO MPH comb = 2,4 criekTpajibHas 3¢-
(EeKTUBHOCTH OJM3KA C CIIEKTPATBHON A(PPEKTHBHOCTD TIPH HIC-
aNbHOM oneHke kaHanma. OHaKo Mpu yBenndeHun comb = 8 s
OOJBIIMHCTBA pealin3annii KaHaia yciaoBue TeopeMbl KotenbHu-
KOBa (8) HapyIIalTCs, KAYeCTBO OLIEHKU KaHaIa 3aMETHO IaJ1aeT,
YTO TPUBOAUT K YMEHBIICHHIO CIEKTPaIbHOH 3(h(heKTHBHOCTH.
Cpennsis cnekTpanbHas 3QpQeKTHBHOCTE Tipu comb = 8 cocTas-
nsiet 28,7 6ut/c/I'1, 9TO 9yTh OOJBIIE ITOJIOBHHEI OT CIIEKTPAITh-
HOH 3((EeKTUBHOCTH UlealIbHOM cucTeMsl B 50,5 out/c/I'm.

Anroputm OMP mpu macke «1D-QPP» u BoconHeHue TeH-
30opa ipu Macke «QPP-reshape» npu ToM ke uncie 4acTOTHO-Bpe-
MEHHBIX PECYPCOB, UTO U comb = 8, MO3BOJISIOT AOCTUYb CPEl-
Hel criekTpanbHOl 3 dextuBHOCTH 42,3 Out/c/I'. D10 Ha 47%
Gosnblie, 4eM y pedepeHCHOTo perieHus U cocraBisieT 83% oT
CIICKTPATBHOM 3P PEKTUBHOCTH UICATBHON CUCTEMBI.

Hecmotps Ha 10, uto OMP 1 BOCHOJIHEHHE TEH30pa MO3BO-
JISIFOT JIOCTUYB B CPEJIHEM OJJMHAKOBOMH CIIEKTPabHON A PeKTHB-
HOCTH, QYHKIIMHU paclpeeeHusl, COOTBETCTBYIOIHE ITUM METO-
JlaM, OTJIMYAl0TCA, Kak MoKa3aHo Ha pucyHke 17. [l «Xopox»»
MOJIL30BATENICH CO CHEKTPAIbHOU 3()(HEKTUBHOCTHIO BBIIIC CPE/I-
Hell Metog, OMP naét HeCcKONBKO JIyUllylo OLEHKY KaHaja U Ha
napy MPOLEHTOB OOJIBIIYIO CIIEKTPANIBHYIO 3 GEKTUBHOCTE. B TO
JKE BPEMsI JUIS «ITOXHX» TMOJTB30BATENEH CO CIIEKTpabHOI 3 dek-
THUBHOCTBIO HIDKE CPEIHEr0 BOCIOIHEHHE TEH30pa AAT 3aMETHO
0oiee KavyeCTBEHHYIO OICHKY KaHama. J[ons mojb3oBarteneii co
criekTpainbHON d(dexTuBHOCTRIO HIbke 30 Our/c/I'm s Merona
OMP cocrasnsiet 18%, a aj1s1 BOCTIOTHEHUsT TeH30pa MeHee 2%.
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Emé onHuM npenmyniecTBOM pacCMOTPEHHOIO METO/AA BOC-
MIOJTHEHNUS ABJISIeTCA MEHbINas B cpaBHeHNH ¢ OMP BeruncnuTess-
Has ci10XkHOCTh. IToncTaBuM nmapamerpsl MOAENEH U CUCTEMBI B
BelpaskeHne (28) mist Ny = 50 nrepanmit OMP u BhIpaxenue
(39) mns Ny = 100 urepanmii anroputma (34), (35) ¢ dunstpa-
LUel TOJIBKO 3a7epiKeK. B pesynbraTe momydum, 4To I OLEHKH
KaHasa ojaHoro mouse3zoBarenst OMP tpebyercs 1422.75 FLOP
(omepanuii ¢ TIaBaronIel TOYKOI), 8 AITOPUTMY BOCIOJHEHHUS C
¢unprpanueit 468.62 FLOP. MubiMu c10BaMu, Jake PpU caMoi
TPUBHATIBHOW peaM3alii MAaTPUYHOTO YMHOXCHUS, 3aHMMAro-
IIET0 3HAYNTEIBHYIO YaCTh BEIUUCIUTEIFHON CIIOKHOCTH BBIYHC-
JeHUs] pa3liokeHus: Takkepa, alrOpUTM BOCIOJIHEHHsS HMEET B
TPU pa3a MEHBUIYIO BEIYUCIUTENIBHYIO CI0KHOCTb.

BrruncnurensHast cnoxxkHocTs anroputma OMP  mortenuu-
IFHO MOXET OBITh CHHKEHA, OCHOBBIBASICH Ha MPEIIIOJIOKEHUH,
9YTO MMITYJIbCHBIE XapaKTEepPUCTHKHM KaHala, COOTBETCTBYIOIINE
pa3yMuHBIM aHTeHHaM 0a30BOH cTaHIMU (IPUEMHHKA), MOTYT
UMETh OOJIBIIOE KOJMUYECTBO COBIAIAIOIINX MO BEJIMUMHE 33JIep-
kKeK. B TakoMm ciydae BO3MOKHO OHOBPEMEHHO OLICHUBATh UM-
ITyJIbCHBIC XapAaKTEPUCTHKH KAHAJIOB BCEX aHTEHH 0a30BOM CTaH-
LIUH, UCTIONIB3YsI MaTpuuHyio mMoaudukanuio OMP — anroputm
Simultaneous OMP [52]. OmHako BMeCTe C TeM B BHIy OOJBIIOTO
pa3mMepa aHTEHHOW pPemETKH 0a30BOW CTAaHIMKA MOXKET YMEHbB-
LIUTCSI TOYHOCTD OIIEHKU KaHalla U, KaK CJIEICTBHE, CIIEKTPaJIbHas
3 PEKTUBHOCTh CHCTEMBL. JTO HAIIPaBJICHHE 3aCITy)KHBACT JIalTb-
HEHIIEro UCCieI0BaHUsL.

3akaouenue

B pamkax qaHHOH paOOThI OBUT ITPEITI0KEH METO/] IICEBOCITY-
YalHOTO PaCIIOI0KEHHMS MTUIOTHBIX MOAHECYIINX Ha OCHOBE TIepe-
CTaHOBKH KBaJPATUUHBIM MTOJIMHOMOM Jyist oieHkn OFDM kanana
METOJIaMU CKaThIX M3MEPEHUH. YCTaHOBJIEHA CBSA3b MEXIy B3a-
MMHOW HEOPTOTOHAJIBHOTBHIO 30HAMPYIOIIEH MATPUIBI U HETION-
HBIMH 0000mEéHHBIME cyMMaMu [aycca. C TOMOIIBIO OIIEHOK Ha
MOJyJb cyMM ["aycca n3 Teopun duces J0Ka3aHbl MPaBuiIa Ha KO-
A QUIMEHTHl NEePEeCTAHOBOYHOTO IOJMHOMA, TapaHTHPYIOIINE
6J'II/13KyIO K OIITUMAaJIbHOM B3aMMHYIO HCOPTOTrOHAJIBHOCTH 30H/U-
pyrowei Matpuupbl. Ilokaszana cBs3b MEXy KOHCTAaHTOW OI'paHu-
YEHHOH M30METPUH B 33/1a4€ CKAaThIX MU3MEPEHUH BEKTOPHU30BaH-
HOT'O TEH30pa U KOHCTaHTOH OrpaHUueHHON M30METPUU B 3aj1aue
BOCIIOJTHEHHUS TEH30pa. Y CTAHOBIICHHAS CBSI3b MO3BOJIIET C TOMO-
LIBIO NePeyNOPsI0UCHUS] NHIEKCOB HCIIOIB30BaTh OJHOMEPHYIO
NIepeCcTaHOBKY KBaJAPAaTUYHBIM TOJIMHOMOM JUIS 3aJlaHus OIepa-
TOpa M3MEPEHUH B 3a1a4e BOCTIOTHEHUS TeH30pa. D(H(HEeKTHBHOCTH
TIPEATIOKEHHBIX METOZI0B M3MEPEHUS TIOATBEPIKAACTCS PE3yIbTa-
TaM1 MOJICIMPOBAHMS C HCTIOJIb30BAHUEM MOJIEIIH KaHaJIa 110 CTaH-
nmapty 3GPP 38.901.

OtaenbHOE BHUMAHHUE YJIEISIETCSl CBOMCTBAM MYJIbTHILIEKCH-
POBaHUS U3MEPUTENILHBIX CUTHANIOB. B cuity cBOHCTB OMEKTHBHO-
CTH OTOOpa)KEeHUsl, 33JaBacMOr0 IMpe/UIaracMbIMH I1E€PECTAHOB-
KaMH1, MOKHO rapaHTUPOBATh OTCYTCTBUE IIEPECECUCHUN MEXKTY U3-
MEPUTCIIBHBIMU CHUTHAJIaMH PAa3HbIX AHTCHH IIEPECAaTYUKA. 910
CBOIMCTBO I103BOJISIET IPOBOJUTH H3MEPEHUsI 3a HauMEHbIee
YHCJIO CHMBOJIOB. B CpaBHEHMM C KIIACCHYECKHMH METOAaMH
OLICHKH KaHaJla aJI'OPUTMBI CXKATBHIX U3MEPEHHH M BOCIIOJIHEHHUS
TEH30pa MO3BOJISIIOT IIPEO/I0JIETh OrpaHuueHUs TeopeMbl Koress-
HHUKOBA 1 YBEIIMUYHUTh CHEKTPAITBHYIO () (eKTHUBHOCTH CHCTEMbI Ha
47%. BocrnonHeHHne TeH30pa MO CPABHEHUIO C AITOPUTMOM CiKa-
TeIX m3MepeHnii OMP mo3BOJsIeT COKPAaTHTh BBIYHCIUTEIBHYIO

SNNIEKTPOHMKA. PAONOTEXHUKA

CJIOYKHOCTBH 110 MEHBIIIEH Mepe B TpH paza 0e3 NoTepH CIEeKTpalib-
HOW 3(p(pEeKTUBHOCTH CHCTEMEI.

[penoskeHHBIE METO/IBI PACTIONIOKEHUSI U3MEPUTEIIBHBIX CHT'-
HAJIOB TIO3BOJISIIOT IEPEHCIIONIB30BATh AITOPUTMBI BOCIIOJIHEHHMS
TEH30POB U3 APYTHX 00JacTel, TAKNX Kak aHan3 curHanoB MPT
u 00paboTka m300pakeHnii. B qacToTHOCTH, B HaIeil paboTe 1mo-
Ka3aHo, 4TO OMNEPALHsl CTIIAXKUBAHUS, HOCAIIAs B KOHTEKCTE 00pa-
00TKH M300pa’keHUI IBPUCTUIECKUI XapaKTep, B CIydae TEH30-
poB OFDM MIMO npunHuMaeT sICHbIA (PU3NIeCKuil cMbIci. B ka-
YeCTBE HAIPaBIJICHNUS JabHEHIINX NCCIEeOBAHUH ObIIO OBl MHTE-
PECHO TMPUMCHUTH 60nee TOYHBIC AJT'OPUTMbI BOCIIOJIHCHUSA, a
TaK)Ke HCCIEJ0BaTh BO3MOXKHOCTH aJaNTHBHOTO CrIIQKUBAHUS
((punpTpanyu) OTACIBHO VIS KAXKI0TO M0JIb30BATEIIS.
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Abstract

The key trends of modern MIMO OFDM systems is the increase in the number of antennas, the number of subcarriers and the signal bandwidth. This
results in substantial channel estimation overhead increase. Two research directions emerge to solve this problem. The first direction proposes placing
pilots pseudorandomly to favor compressed sensing algorithms, while the second direction focuses on tensor processing. Existing rules for pseudoran-
dom patterns lack compact description and typically require either additionally calculations in real time or a lot of memory to store the results. At the
same time, popular tensor algorithms combine channel sensing and channel tensor recovery into one problem. This typically requires special frame struc-
ture and excessive number of symbols. We propose a new compact description of the pseudorandom pilot patterns based on permutation polynomials
and prove that they are close to optimal. In addition, we divide channel tensor elements estimation and partially measured tensor completion into sep-
arate tasks. Using example of image tensors completion algorithm, we show that in context of MIMO OFDM tensors smoothing operation becomes
closely related to physical parameters of the channel. Finally, we demonstrate that the proposed one-dimensional permutations can also be used to define
a multidimensional sampling pattern that yields the same completion accuracy as random pattern. Compared with classical channel estimation, the pro-
posed methods overcome the limitations of Nyquist-Kotelnikov sampling theorem and increase the spectral efficiency of the system by 47%. The pro-
posed methods can be further used to apply general tensor completion theory to MIMO OFDM channel estimation.

Keywords: channel tensor, tensor completion, compressed sensing, reference signal, MIMO OFDM, 6G
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B HacTosllee BpeMA LWLMPOKO NPUMEHAIOTCA MoAynupoBaHHble M-nocnegosarensHocTbIO NO base cUrHanbl B cu-
cTeMax paAMOJNiOKaLUM, pafMOHaBUrauMu M ob6MeHa AaHHbIMM Gnarofaps MX YHUKaJibHbIM KOPPEnALUMOHHbIM
csoitctBaM. OfiHaKo, HECMOTPA Ha UX NPEeUMYyLLLECTBA, BbICOKME YPOBHU GOKOBBIX NEeNecTkoB aBTOKOPPENALMOH-
HoWi ¢yHKuumu (AKD) MoryT cylLLleCTBEHHO CHMXaTb JJOCTOBEPHOCTL paGoTbl COOTBETCTBYIOLMX cUCTeM OGHapy-
eHua. Mounck HoBbIX KoMnnekcHbix M-nocnegosarenbHocTel, obnapaowmx 6onee HU3KMMU YPOBHAMM GoKoO-
BbIX NlIeNeCTKOB HopMupoBaHHoi AK® aBnsaeTcA akTyaNbHOW U Ba)KHOW 3ajjlayei ANA NOBbILUEHUA NOMEXOYCTOMN-
YMBOCTU U OCTOBEPHOCTU B COBPEMEHHbIX cucTeM obHapyxeHua. Llenb uccnepoBaHua coctout B TOM, HTOGbI
paspaboratb n 060cHOBaTL MeTO/ CHUXKEeHUA YpoBHA 60oKkoBbIx nenectkos (BJ1) AK® 3a cuer noucka HOBbIX KOM-
NneKcHbiX 3HayeHun M-nocneposatenbHocTeit. DTo AocTUraeTcAs NyTeM 3aMeHbl TPaAULMOHHOro andasuta
[1; -1] na accuMeTtpusnein [ 1; -exp(¢i)], nocne Yero BbIMMCAAIOTCA BbipaxeHus, onucbisatowme BJ1 HopMupoesan-
Hoi aBTOKOppenaumMoHHon ¢yHkuun (HAK®D), no koTopbiM onpeaenatoTca Takme 3Ha4eHUa @, npu Kotopbix BJ1
ob6napaalotT HaMMeHbLUUM ypoBHeM. B paGoTe npuMeHAIoTCA aHanUTUYECKUE METOABI A BbIBOJA BbIPAXKEHUI Onu-
cblBalOLMX YPOBHU GokoBbIX nenectkoe AK®, MeToabl YMCneHHOro NoMcKa KOMMNNEKCHbIX 3HavYeHui M-nocne-
AOBaTeNbHOCTEN, a TaKXKe MeToAbl KOMMNbIOTEPHOTO MOAENUPOBAHUA U MPOBEAEHUA IKCMIEPUMEHTOB ANA OLIEHKN
ypoBHei 60koBbix nenectkos AK® no HaiaeHHbIM BbipaxkeHuaM. B naHHo# paboTe ocyuiecTBNeH NOUCK HOBBIX
KOMMNEKCHbIX 3Ha4eHuit M-nocneposarensHocTel U NpoBefeHo uccneaoBaHue xapakrepuctuk ux AK®. Mony-
YeHHble pe3ynbTaTbl BKNIOYAIOT rpacduKM M 3aBUCUMOCTH, NOKa3bIiBalOLLMEe CHUXKEHME YpOBHe GOKOBbLIX nenecr-
koB AK® 3a cueT HaitileHHbIX HOBbIX KOMMJIEKCHbIX 3HaYeHU M-nocneposarensHocTel ¢ Luenbio hpopMUpoOBaHUA
MOAyNUpOBaHHOW Mo ¢hase CUrHaNbLHO-KOAO0BOW KOHCTPYKUMK. MpuMeHeHne Ha NpaKTUKe KOJOBbIX KOHCTPYKLMA,
ABNAIOLIMXCA HOBbIMU KOMMeKcHbiMM M-nocneaoBatenbHOCTAMMU NPOAEMOHCTPUPOBANO U TEM CaMbiM NMOATBEP-
AWIO yNyUlLEHNE NX KOPPENALMUOHHBIX XapaKTepucTUK. [laHHbIi NoaXo MOXKeT GbITb UCMONbL30BaH ANA NOBbILLEe-
HuA 3¢pdekTBHOCTM pabGoTbl GOpPTOBLIX ManoraGapuTHbIX PafMONOKALMOHHBLIX CUCTEM KOHTPONA 3€MHOW
NOBEPXHOCTHU, B TOM YUC/IE MHOTOMO3ULIMOHHBIX, a TaK)Ke B YCTPOWCTBaX LUuchpOBOI CBA3N U pafiMOHaBUraLum,
Tpebylowmx obecneyeHna BbICOKUX NOKasaTenei JOCTOBEPHOCTU U NOMEXOYCTOMYMBOCTH.
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1 BBenenne

Kax u3BectHO, M-11oCe10BaTeIbHOCTH MPEACTABIAIOT CO00i
0COOBIH KITaCcC MCeBI0CTY YaHHBIX KOJIOB, KOTOPbIE T€HEPUPYIOTCS
JIMHEWHBIMU PETHCTPOBBIMU CXEMaMH CIIBUTa U 00JalIaroT JI0-
BOJIbHO MIPUEMJIEMBIMH KOPPEJISIIUOHHBIMU CBOMCcTBamH [1]. OTu
MOCJICIOBATEIIBHOCTH UMCIOT CBOMCTBA, OJIM3KHE K CIIy4YailHbIM,
YTO JIeJIaeT UX HE3aMEHUMBIMH B 33/1a4aX, CBSI3aHHBIX C KOJUPO-
BaHUEM, CHHXPOHH3ANKCH 1 00HAPY)KCHIEM CHTHAIIOB.

M-nocneaoBaTenbHOCTH LUPOKO MPUMEHSIOTCS B PaHOII0-
Kanuu [2, 3], Tae OHU HCTIONB3YIOTCS VIS TeHEPALUH 30HIUPYTO-
IIeTO CUTHAJA B IEJSX MOBHIMICHIS TOYHOCTH OTIPEICIICHHS pac-
CTOSIHUI 10 0OBEKTOB M 00ECICUCHHsI JOCTOBEPHOCTH MX OOHa-
pyXeHus, rae TpedyeTcs BBIICTUTH MOJE3HBIN 9X0-CUTHAN Haj
myMoBBIM [4]. B cuctemax cBsi3u [5] oHHU Ciy’KaT Ui KOAUPOBa-
HUS TAHHBIX B LEJSIX OOECIHCUCHMs HAJCKHON CHHXPOHU3AIMU
MeX1y Tiepelaroleil 1 MpuHUMAloIel anmnapaTypoit csizu. M-
MOCJIEZIOBATEILHOCTHU TAK)KE UTPAIOT BAXKHYIO POJIb TIPU MPOESKTH-
POBaHUU MHOTOIIO3UIIMOHHBIX CHCTEM OOPTOBOI'O KOHTPOJIS, HC-
MOJIb3YEMbIX B aBUALIMOHHOW M KOCMUYECKOW TEXHUKE IUCTAHIH-
OHHOTI'0 30HAMpOBaHus [6, 7].

Bo emopom pazoene ipeacTaBICHB METOIBI BEIYUCIICHIS TIe-
puomudaeckoil n anepuogudeckor AK® mrs M-mocienoBaTens-
Hoctelt. [loka3zaHpl MEXaHU3MBI TIOTYYCHUS aHATUTUICCKUAX BBI-
pakeHH, OMMMCHIBAIOIINX YPOBHH TIIABHOTO W OOKOBBIX JICTIECT-
k0B AK®, a Tak)Ke OCYIIECTBISIETCS MOMCK HOBBIX KOMILIEKCHBIX
3HAUYEHUH 3JIEMEHTOB M-II0CIE€N0BATENBLHOCTEN ISl YIIyULIEHUS
WX KOPPEISIIMOHHBIX CBOHCTB.

B mpemuvem pazdene oCymeCTBISETCS MOWCK HOBBIX KOM-
MJICKCHBIX 3HaUYe€HU M-10ocie10BaTeIbHOCTEN B LIETSAX MUHUMU-
3alUu YPOBHS OOKOBBIX JieriecTKOB AK®D 1 BBIUNCIICHIE HAYAIIb-
HBIX (ha3 IJIEMEHTAPHBIX HMITYJILCOB JJIs (DOPMHUPOBAHHUS CHUT-
HAJIBHO-KOJOBOM KOHCTPYKIHH. [0oy4deHbI TpaduKH, OTIHCHIBAO-
mye 3aBUCUMOCTH ypoBHel ienectkoB AK® or 3HaueHus
HavaabHON (Da3bl W MPHUBEICHBI PEKOMEHMANNHU U TCHEPAIHH
peabHBIX CHUTHAJIBHO-KOJOBBIX KOHCTPYKIIHH, TPUMECHIEMBIX B
cucTeMax 0OPTOBOTO KOHTPOJI.

B uemeepmom paszodene moBECHBI HTOTH MPOBEICHHOTO HC-
CIIEJIOBAHUS U JaHBI PEKOMEHIANNH T10 UX JaTbHEHIIeMy pa3BH-
THIO B PA3IMYHBIX 00JACTAX TPaKJaHCKOTO IPUMEHEHHUSI.

2 Aneproanyeckas ¥ NepHOANYECKas ABTOKOPPe/ISIIIMOHHAS
(pynxuusa M-nocjieroBaresibHOCTel

OyHON M3 KIIIOYEBBIX MPUYUH BOCTPEOOBAHHOCTH M-Tiocie-
JIOBaTEIbHOCTEH B Pa3HBIX OOJIACTSX SIBISCTCS MX aBTOKOPPEJIsi-
IIMOHHBIE XapakTepucTuku. [Ipu BbIOOpe mocienoBaTeIbHOCTEN
YacTO OTAAIOT MPEANOYTEHHE TEM, y KOTOpPBIX ypoBeHb bJI
HAK® wmunumanbsbiid. Jns M-mocietoBaTeIbHOCTEH MaKcH-
ManbHoe 3HaueHne AK® HabxromaeTcs TOIBKO TPH HYJICBOM
C/IBUTE, @ NP JIIOOBIX APYTHX CIABUIAaX KOPPEISIINS CTPEMUTCS K
mymo. Ilepuogmueckass AK®D (ITAK®) moboit M-mocnemoBa-
TenbHOCTH UIMHBI N mMMeeT mocTossHHbIN ypoBeHb BJI, paBHBIA
—1/N [8].

Jlst Berancnenust AK® mo6oii mocie10BaTeNbHOCTH UCTIOJb-
3yeTcsl CIEAYIOIUNA allfOPUTM: MyCTh HYKHO BBIYUCIUTHE AKD
nocnenoBarenbHocT X(N). AKD obo3nauaercs kak R(K) u BbI-
yucnsercs npu nomomn Beipaxenust (1) ast [TAK® nocnenosa-
TENPHOCTEH M BblpakeHust (2) s anepuogmdecknx AKD
(AAKD) [9, 10].

Jlns Beruncnenus nepuoanueckoin AK®:
N-1

R, (k) =Y x(n)-x(n+k), (1)
n=0

rae X(N+K) — 3To a71eMeHT 1moce10BaTeIbHOCTH, CIBMHY TN Ha K
no3uttuid. Eciin N+K BBIXOUT 3a MpeIestbl JUTHHBI TIOCIIeI0BATE b~
HOCTH, TO HCIIOJIb3YETCS EPUOIUUYECKOE MTPOJOHKEHHE TIOCIe10-
BaTEJILHOCTH.

st Berunciienus anepuoanyeckoit AK®:

N—k-1

R.(K)= D x(n)-x(n+k), ©)

n=0

rae K Bappupyetcs ot 0 1o N-1. B aToM citydae cyMMUpOBaHuUe
HPOKMCXOAUT TOJIBKO [0 TeM MHAEKCaM N, I KOTOphIX N+K ocra-
&Tcd B Ipeenax [UIMHbI ocieaoBarensHocTr N.

B npouecce nccnenoBanuss M-nocieoBaTeabHOCTER BO3HU-
KaeT HeobOxoxumocTs MuHHUMHK3aluu ypoBHA BJI HAK® nmytem
MTONCKA HOBBIX 3HAYCHUH B €€ KOJ0BOI KOHCTPYKIMH. OTHUM U3
MOJIXO/I0B K PEIICHUIO ATOH 3aa4M SBJISETCS 3aMEHa SJIEMEHTOB
B CTPYKType M-IOCIE0BaTEILHOCTH CYIIECTBYIOIIETO CUMMET-
PUYHOTO TPaAUIHOHHOTO andasuta [1; —1] Ha HECUMMETPHUYHBIH
anaBuUT, COCTOSIINI N3 AEHCTBUTENBHBIX U KOMITIEKCHBIX 3Ha-
yeHU!. B KOMIJIEKCHOM BHJI€ HCHOIB3YETCsl SKCIOHEHIMAIbHAs
dopma mpeacTaBIeHHs SIIEMEHTOB Kona B Buue exp(¢i), rae ¢
MIPEACTABISIET COOON YTroJ HaIlpaBJIEH!s EANHUYHOTO BEKTOPa Ha
KOMIUTEKCHOW THIIOCKOCTH (pHc. 1) W nmamee MOXKET HCIOIB30-
BaThCs U Pa3oBoit Moxysarun (OM) sneMeHTapHBIX UMITYITb-
COB 1pu (JOPMUPOBAHNY CHT'HAIBHO-KOJIOBOI KOHCTPYKIHUH.

Im

90°

exp(gpi)

Re
180° | 0°

270°
Puc. 1. EquHIYHBINA BEKTOp Ha KOMIUIEKCHOHN IJIOCKOCTH

Ha pucynke 2 nmpeacraBieH mpuMep aMIDIHTYIHOH U (ha30BOH
Moxysin curHana [11-13] tpagummonnoit M-mocnenoBartensb-
HOCThIO mmHoM N = 15.

Puc. 2. AmmmarynHas u GazoBas MOIYJISALUK CUTHATIA
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Ha pucynke 3 mpejicTaBieHbI 1Ba BApHaHTa 3aMCHBI aji(aBuTa
[1; —1] onemenTOB TpaAULIMOHHOW M-1IOCTIE0BATEIBHOCTH B €r0
JKe CTPYKTYpe Ha JCHCTBUTEIbHBIM HECHMMETPHYHBIA ajadaBuT
[1; —a] (puc. 3a) 1 KOMIIJIEKCHBIH HECUMMETPHYHBIH andaBut co
sHaueHusMH [ 1; —exp(ei)] (puc. 30).

a)

Puc. 3. HecummerpuuHbie OuHapHbIe andaBUThI

[enb 3aMeHBI OTPULIATENIBHBIX AJIEMEHTOB € «—1» Ha «—a», B
cryJae ICHCTBUTENbHBIX YUCEI, U C «—1» Ha «—exp(pi)», B ciydac
3aMEHbI Ha KOMIUIEKCHOE 3HaueHue, B andaBuTe KOJOBOW HOCIIe-
JIOBATEIBHOCTHU 3aKJIIOYAETCSI B U3MEHEHUH €€ CTPYKTYPhl TaKUM
o0pazom, 4to0s! ypoeHb bJI HAK® Obi1 HanMeHbIINM U3 BO3-
MOJKHBIX.

Janee paccmarpuBaroTcsi 4eTblpe M-1ocie0BaTeIbHOCTH
mumrHOM 15 u 31. B Tabmuie | npuBeneHb! TOPOKIAIOIINE HX IT0-
JUHOMBI [14-17] 1 creHepupOBaHHBIE IO HUM [TOCIIEI0BATEIbHO-
CTH.

Tabnuma 1
M-HOCJIGI[OB&TGHI:HOCTI/I U TCHECPUPYIONINE UX TTOJIMHOMBI
Neo | Hnuna THopoxnaromuii ITocnenoBarenbHOCTD
ITIOJIMHOM
15 | x*+x+1 O—1-111-11-11111-1-1-1]
2 15 X+ +1 1-11-111-1-11-1-1-111]
s o F111-11-1-1-1-111-1-11-
3 3 | x4xi4d 1-111111-1111-1-1-11-11]
4 F111-1111-11-11-1-1-1-1
41 31| Xl 1-1-11-111-1-111111-1-1]

B Tabmunax 2-9 npeicTaBieHbl aHATHTHYCCKUAC BBIPAKCHUS
TJIAaBHOTO M OOKOBBIX JieniecTkoB AAK® jyist kaxkoit paccMaTpu-
BaemMoil M-TiociieoBarenbHOCTA W3 Tadmuie! 1. ['maBHEIN Jemne-
cTok obo3HavaeTcst kak «['JI» u Hymepyerces kak «1», a OOKOBEIE
JIETIECTKU HYMEPYIOTCS TIOCIeIOBATEIIEHO HAUMHAS C 2.

Tabmuma 2
AAKD M-nociaenosarensaocTi Nel

MIS=[1-1-111-11-11111-1-1-1]
Anepuoamyeckas AKD

BemectBennast

HECUMMETPIY- | 1o ymrekcHas HECHUMMETPHYHAs MOCJIeI0Ba-

Has oCIeNI0Ba- TEJIbHOCTh, TJe «—1» 3aMeHseTcs Ha
TENbHOCTb,

«—exp(pi)»
rae «—1» 3ame- p(gl)

HACTCA HA «—ay

| 7a’+8 7exp(pi) - exp(—pi) + 8
3a° —7a+4 | 4—4exp(-¢i) +3exp(gi) - exp(—pi) —3exp(gh)
20° —7a+4 | 4-4exp(=@i) +3exp(pi) - exp(—pi) — 2 exp(pi)

4 a’—7a+4 |3—4exp(—pi)+ 2exp(pi) - exp(—¢i) — 3exp(pi)

SNNIEKTPOHMKA. PAONOTEXHUKA

5 a’-7a+3 3—4exp(—¢i) + 2exp(¢i) - exp(—¢pi) — 2exp(¢pi)
6 | 2a°-5a+3 | 4—3exp(-¢i)+2exp(¢pi)-exp(-pi) —exp(¢pi)
7 | 2a’-4a+3 |3—4exp(—¢i) +exp(pi) - exp(—@i) — exp(pi)
8 2a*—4a+2 3+ 2exp(gi) - exp(—@i) — 3exp(—pi)
9 | a’-4a+2 |1-4exp(-¢i)+exp(pi)-exp(—pi) —exp(¢pi)
10| a’-4a+l 1+ 2exp(¢i) - exp(—@i) — 3exp(—@i)
11 | a>—3a+1 | —exp(gpi)—3exp(-pi) + exp(pi) - exp(—pi)
12| 2a*-a+l 1+ exp(¢i) - exp(—@i) — 2 exp(—pi)
13 2a’-a 1+ exp(gi) - exp(—@i) — exp(—i)
14 a’-a —2exp(—pi)
15 —a —exp(—¢i)
Tabmuma 3
[TAK® M-niocnenoBarensaocty Nel
M15=[1-1-111-11-11111-1-1-1]
[lepuoanueckas AKD
BemecrBen-
Has HECUM-
MeTquHaﬂ KOMHJ’ICKCHSJI HCCI/IMMeTpI/I‘{HaSI
Hocnenosa- IIOCJIC1OBATCIBHOCTD,
ri[?if(l)?;- rjae «—1» 3aMeHseTcs Ha «— exp((pi)»
MCHSCTCS HA
«—a»
rn| 7a’+8 7exp(gi) - exp(—¢i) + 8
BJ1 | 38’ —8a+4 |4 —4exp(—¢i) + 3exp(¢i) - exp(—pi) — dexp(pi)
Tabmuua 4
AAK® M-niocinenosarensHOCTH No2
M15=[11-11-111-1-11-1-1-111]
Anepuoanueckass AKD
Bemecren-
Haslt HCCUM-
MCTpHIHAs KoMmekcHast HecUMMeTpHYHAs
nocnenosa- IIOCJIC1OBATCIbHOCTD,
r;?ii[(l)?;- rIe «—1» 3aMeHseTCsS Ha «— exp(pi)»
MCHSICTCSI HA
«—a»n
| 7a’+8 Texp(pi) - exp(—@i) + 8
2 | 3a®—8a+3 | 3—4exp(—¢i) +3exp(pi) - exp(—pi) — 4exp(pi)
3 | 3a’—8a+2 | 2—4exp(—pi)+3exp(pi) - exp(—@i) — 4exp(pi)
4 | 3a’—6a+3 | 3-3exp(—pi)+3exp(pi) - exp(—pi) — 3exp(pi)
5 |32’ —5a+3 | 3-3exp(-pi)+ 3exp(pi) - exp(—pi) — 2exp(pi)
6 | 2a’—S5a+3 | 3—3exp(—pi) + 2exp(pi) - exp(-pi) — 2exp(pi)
7 | 28> —5a+2 | 2—3exp(—i) + 2exp(pi) - exp(—¢pi) — 2exp(gpi)
§ | a®—6a+1 | 1-4exp(=pi) +exp(pi) - exp(—pi) — 2exp(pi)
9 | 2a>-2a+3 3+ 2exp(¢i) - exp(—pi) — 2 exp(—pi)
10 | @>—-3a+2 | 2—2exp(—pi) + exp(pi) - exp(—pi) — exp(pi)
11| a>—3a+1 | 1-2exp(-pi) +exp(pi) - exp(—pi) — exp(pi)
12| 1-3a 1+ 2exp(—¢i) — exp(¢i)
13 1-2a 1 —exp(—¢i) — exp(pi)
14 2 2
15 1 1

—
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Tabmuma 5

[TAK® M-nocnenosarensaocTi No2

MIS=[11-11-111-1-11-1-1-111]

Ilepuoguueckas AKD

BemecrBen-
Hasl HECUM-
MeTpUYHast
OCJIE0Ba-
TENBHOCTD,
rae «—1» 3a-
MEHSIETCS Ha
«—a»

KommiexcHas HeCUMMETpUYHAsS
0CJIEZI0BATEILHOCTD,
rae «—1» 3amensercs Ha «—exp(@i)»

26 | a’-5a | —3exp(—@i)+exp(¢pi)-exp(—@i)—2exp(pi)
27 | 2a®—a+2 2 —exp(—¢i) +2exp(pi) - exp(—pi)

28 | a’-2a+1 | 1—exp(=i)+exp(gpi)-exp(-pi) —exp(¢pi)
29 1-2a 1—exp(—@i)—exp(ei)

30 a’+1 1+exp(gi) - exp(—¢i)

31 -a —exp(gi)

Tabimna 7

TTAK® M-nocaenoBarensHocTH Ne3

I'1

7a’ +8

7 exp(pi) - exp(—pi) + 8

m3t=[-111-11-1-1-1-111-1-11-1-111111-1111-1

bJI

3a’-8a+4

4 — 4exp(—@i) + 3exp(pi) - exp(—@i) — 4exp(gi)

Tabmuma 6

AAK® M-niocienoBarenbHOCTH No3

-1-11-11]
ITepuoauueckas AKD
BemectBennas
HECHMMCTPH- Kowmrmnekcnast HecummeTpuyuHas
Hast IIOCIIE/10Ba- IIOCIICIOBATEIIbHOCTD,
TCIBHOCTb,

rae «—1» 3amensieTcs Ha «—exp(oi)»
rae «—1» 3ame- p(ei)

m3it=[-111-11-1-1-1-111-1-11-1-111111-1111-1 HACTCA HA «—a» _ _
-1-11-11] IJ| 15a°+16 15exp(¢i)-exp(—¢i) +16
Anepuomnaeckas AKD BJ1| 7a2—16a+8 |8—8exp(—pi)+7exp(pi)-exp(—pi)—8exp(pi)
BemectBen-
Hasi HECHM- Tabimna 8
;A:CTE:::B?_ KOMH;;é‘;g::;:ﬁr}iecﬁ?“ﬂaﬂ AAK® M-nocnenosatensHocTH Ned
r;zn:f?gT:é_ rie «—1» 3amensiercs Ha «—exp(¢i)» M3l1=[-111-1111-1 ll—i i;l_;l_;ll -11-1-11-111-1-11
MEHACTCA HA Anepuoauueckas AKD
«—an
I | 15a%+16 15exp(¢i) -exp(—¢i) +16 ii?iiiiif
2 |7a?—-15a+8 |8—7exp(—pi)+7exp(pi)-exp(—pi) —8exp(¢pi) METPUYHAA | KomIIeKCHAsS HECHMMETPHYHAS TI0CTIEI0BaTeb-
3 682 —16a+7| 7-8exp(—pi) +6exp(i)-exp(—pi) —8exp(pi) Temsmocns, .
4 |72 —14a+7 |7~ 7 exp(—@i) + 7 exp(gh)-exp(—pi) — T exp(gh) e «71»’ rae «—1» 3amensiercst Ha «— exp(gol )»
5 6a’—14a+7 | 7= Texp(—pi) + 6exp(ph) - exp(—i) — 7 exp(pi) R
6 |5a> —15a+ 6| 6—8exp(—pi) +Sexp(¢i) -exp(-pi) — 7 exp(¢i) 1| 15a2+16 15exp(¢i)-exp(—@i)+16
7 | 6a’ —11a+8 | 8—6exp(—pi)+6exp(¢pi) - exp(—pi) — Sexp(pi) 2 | 6a>-16a+8 |8 —8exp(—pi)+ 6exp(pi)-exp(—@i)—8exp(pi)
8 |5a’—12a+7 |7—6exp(-¢i)+Sexp(gpi)-exp(—pi) —6exp(pi) 3 |6a—15a+8 8 —8exp(—pi) + 6 exp(gi) - exp(—pi) — 7 exp(@i
9 |sa’—1la+7|7-5 eXP(—(Ei) +5 eXP((pi_) . eXp(—(ﬁi_) - 6exp(¢i_) 4 | 732 -13a+8|8—7exp(—i)+7exp(pi)-exp(—@i) — 6 exp(gi
10 [4a®—12a+6 |6—5 GXP(—?!) + 46Xp(60!) ~ eXp(—@) =7 GXP(CD!) 5 |6’ _14a17|7—7exp(—pi) + 6exp(pi)- exp(—pi) — 7 exp(@i
11| 38" —13a+5 |5 6exp(=p1) + 3exp(@l)- exp(=p1) ~ 7exp(P)| 5™ T oz 14a.4 ¢ 6— 7 exp(—pi) + 6. exp(gdi) - exp(—pi) — 7 exp(goi
12 |4a®—11a+5|5-5 exp(—(fl_) + 4eXP((pl_ ) eXp(—(l_?!) - 66XP(¢7!) 7 178 —12a+6| 6 — 6exp(—pi) + T exp(gi) - exp(—ai) — 6 exp(i
13 4a§ —10a+5|5- 4€XP(—(f|_) + 4exp(¢!) . eXp(—(f!) - 6€XP((P'_) 8 |72 _12a+5|5—6exp(—pi)+ 7 exp(gi)- exp(—pi) — 6 exp(pi
14 3a2 ~lla+4 4—4exp(—qf!) +3exp(<p|_) : exp(—¢_>l_) —7eXp((/)l_) 9 | 52 _ldard | 4—Texp(—p1) + Sexp(gi)-exp(—pi) — 7 exp(
D {58 ~7a+s 5~ 2eXp(p1) + Sexp() eXp(P) = SeXDW) | 757522 13 44— T exp(—pi) + 5 exp(gi) - exp(—pi) — 6 explgi
16 5a2 —6a+5 |5— eXP(—(ﬂl)_ +5 eXp(¢?l_) . eXp(—(/il_) -5 exp((pl_) 11 |6 —10a+5| 5 — 5 exp(—pi) + 6exp(pi) - exp(—pi) — S exp(gi
12 i3 o MG ST | ety St et )Gt
19 4’ —5a-+4 | 4—oxp(71) - Aoxpleh) exp(pi) —dexp(gi)| | o-f o253 I OSPCAY LIS PO 0D
20 | 3" —6a 3 |3—2expl-i)+ Jexpleh)-expl-pi)—dexplg)] |ty A INEAYTINDIOY XPCH) I XD
21| 32 53 |3—2Xp(p1) +3enpleh)-exp(gh) Bexplg) | |28 Ia+4ITAPEI)T I DEP) I
2 |48’ —3a+3 |3-oxp(—ph) + 4expl(g) - exp(—p) —2exp(gi) | - 2a2 Fllocd 3 SO ) S S ) B
e v o oo o] |1 =508 T Sonto o) St
24 | 2 —sas1 |1-2expl(-i) - 2explgh)-expl)Sexplen| | oon At AAZIPEID IR XpCH) ZAexplo
5 | 20’ —da+1 |1-2exp(pi) + 2explen) explpi)2exple)| [~ {20 1Aty ITIXPEAYT2NA) pCh) APl
20 |3a’ —4a+55—2exp(=pi) +3exp(¢l) - exp(-@l) — 2 exp(¢i
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21 |28 —4a+5|5—2exp(—@i) + 2exp(¢pi) - exp(—pi) — 2 exp(pi
22 |a” —6a+3|3—3exp(—i) +exp(pi) - exp(—@i) —3exp(gi)
23 |28 —3a+4|4—2exp(—pi) + 2 exp(pi) -exp(—pi) —exp(pi)
24 |2a>—2a+4| 4—exp(—@i)+2exp(pi)-exp(—@i) —exp(pi)
25 | 3-4a 3—2exp(—@i) —2exp(pi)

26| 2-4a 2 —-2exp(-pi)—2exp(pi)

27 |a’-2a+2| 2—exp(—pi)+exp(pi)-exp(—pi)—exp(pi)
28 |a?—2a+1| 1—exp(—pi)+exp(pi)-exp(—pi) —exp(pi)
29 | -3a —exp(—@i) —2exp(pi)

30| a’-a —exp(—@i) +exp(@i) - exp(—@i)

31 a’ exp(gi) - exp(—pi)

Tabimna 9

TTAK® M-nocienoBarensaoct Ned

m31={-111-1111-11-11-1-1-1-11-1-11-111-1-11

1111-1-1]
[Tepuognueckass AKD
BemecrBennas
HECUMMCTpHHHAs KoMInekcHast HecHMMeTpHYHAs
HOCIIE0BATCb- MOCIIEI0BATEILHOCTD,
HOCTb,

rae «—1» 3amensercs Ha «—exp(@i)»
rae «—1» 3ameHs-

€TCA Ha «—a»
rJ1 15a* +16

BJI| 7a*-16a+8

15exp(gi)-exp(—pi)+16
8 —8exp(—@i)+ 7 exp(pi) - exp(—@i) —8exp(¢pi)

Crout 3aMeTHTh, 4TO aHaAUTHYeCKUe BbIpaxkeHus [TAKO
M-nocieqoBaTenbHOCTEN OJHOM JUIMHBI COBIAIAIOT.

3 [ToucK HOBBLIX KOMILJIEKCHBIX 3HAYEHHUIi
M-nocJieqoBaTeIbHOCTEH U OLIEHKA YPOBHEH JIeNIeCTKOB
anepUoANYeCKOH M NepUOANYeCKOH ABTOKOPPeIsiliHOHHOM
byaxuun

B pabGore [14] yxe OBbUTM OIPEICIICHBI ONTUMAJIbHBIC
JICHCTBUTEIILHBIC 3HAUCHUSI «@» IS OTPUIATEIBHBIX 3JICMCHTOB
M-nocnenosarensHocren mael N = 15, 31, 63, 127, 255, 511.
[ToaTomy nanee cienyer MpoBECTH UCCIIEAOBAHUS JUIsl Cyvas 3a-
MEHBI OTPHUIIATEIBHBIX DIIEMEHTOB Y TPaIUIIMOHHON M-1ociemo-
BaTEIBHOCTH C «—1» Ha KOMIUIEKCHOE 3HaueHue «—exp(Qi)» ¢ 1e-
apto oneHku ypoBHed BJI kak mns ITAK®, tak u ans AAKO.
B pabore [18] Takke mpeacTaBIeH MpUMEpP MOTUPHUKAIANA
M-nocieqoBaTenbHOCTEN HOBBIMHU J€HCTBUTEIBHBIMU 3HAYEHU-
SIMH, KOTOpBIE OOECIIEYHBAIOT YIyYIIEHHE KOPPEISIHOHHBIX
XapaKTEPUCTHK.

Ha pucynke 4 npencraieHo rpaguyeckoe 0ToOpaKeHue Bcex
3Hauenuit bJI nmepuomanueckoit HAK® M-nocnenoBaTensHOCTH
Nel B 3aBucumocT ot ¢aser @, rae ¢ = 0...360°.

Ha rpaduike BumHO 1Ba 3Ha49eHus (@ = 28.955° 1 o =311.045°),
B koTopbixX 3HaueHue bJI HAK® naumenbliee., 4To COOTBETCTBYET
CIICTyTOIINM KOMIUICKCHBIM 3HAMEHISIM B CTPYKType M-TiocienoBa-
tenmpHOCTH: [1 0.7740+0.63321 0.7740+0.63321 1 1 0.7740+0.6332i 1
0.7740+0.6332i 1 1 1 1 0.7740+0.63321 0.7740+0.63321 0.7740+0.6332i].

SNNIEKTPOHMKA. PAONOTEXHUKA

0 1 | L I L L L )
0 50 100 150 200 250 300 350 400

fi
Puc. 4. 3nauenue bJI nepuonuueckoit HAKD
M-nocnenosatenbHocTu Nel

Ha pucynke 5 nokazano cpaBHeHue nepuoandeckoir HAK®D
KJIaccuueckoil M-1ociieioBaTesIb-HOCTH ¥ HOBOM, ¢ ayihaBUTOM
[1; —exp(oi)]. Kak BugHO U3 rpadukoB, HoBas M-10cie10BaTe N b-
HOCTh TMOKa3blBaeT MeHbIIMK ypoBeHb bJI mnepuomnueckoit
HAK®, yem knaccuueckasi.

1

Knaccudeckuin kog

0.9 | —fi = 28.955 rpap

0.8
0.7
0.6
Xo05
0.4
0.3

0.2
| X7

X3 Y 0.0666667
Y 1.0983e-07

0.1

0 2 4 6 8 10 12 14
fi
Puc. 5. CpaBuenue nepuoguueckoit HAK®
M-nocnenoBatenbHocTu Nel

Ha pucynkax 6-7 aHaJOrMYHO MPOBOAUTCS CPaBHEHUE arnlepu-
onnueckoit HAK® mns nannoit M-mocnenoBatensHocTH. Kak
cienyer w3 TpaduKoB, mpu 3HaYeHHH @ = 28.955° wmn
@2 = 311.045° Bce BJI nopmupoBannoit AAK® gocturaior MuHu-
MaJbHOTO YPOBHSL.

ITockonbky ananutuueckue BolpaxkeHus [TAK® nannoit no-
CJIC/IOBATEIIFHOCTH COBITA/IAIOT CO 3HAYCHMSMH ITOCIIEIOBATEIb-
HOCTH, PACCMOTPEHHOMN paHee, I0CTATOYHO OTPaHNINTHCS aHAH-
30M AAK®.

—
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0 50 100 150 200 250 300 350 400

fi
Puc. 6. 3nauenue bJI anepuonuueckoit HAK®
M-nocnenosarensHocTu Nel

— Knaccuueckui kog
— fi = 28.955 rpaq

0.9

0.8
0.7

0.6

04F

0.3 I
Y02 X1

Y 0.145297

01}

0 2 4 6 8 10 12 14
fi
Puc. 7. CpaBuenue anepuoauyeckoit HAK®
M-nocnenosarensHocTH Nel

Ha pucynkax 8-9 mokazaHO cpaBHEHHE anepHOAMYECKO
HAK® knaccuueckoii M-mocieq0BaTeIbHOCTH U HOBOM, C 3aMe-
HOH «—1» Ha «—exp(Qi)».

.

0.9

Puc. 8. 3nauenne bJI anepnonnueckoit HAKD
M-niocnegoBaTeabHOCTH No2

— Knaccuueckuit ko
0.9 — fi = 28.955 rpan

0.8 [
06

0.4

X7
03kt Y 0.266667 X8 [
: Y 0.226078

02r

01r

0 2 4 6 8 10 12 14
fi

Puc. 9. CpaBuenne anepuogmaeckoit HAK®
M-nocnenoBatenbHOCTH No2

CpaBHEBasi Bce 3HAYCHUs, IONyYEHHBIC I M-TocienoBa-
tenbHOCTed jumHOW N = 15, MOXHO cAenaTh BBIBOM, YTO
HanMeHblme 3HaueHns yposueit BJI HAK® nocrurarores mpu ¢
=28.955°n @, =311.045°.

AHAJIOTHYHO PACCMOTPEHHBIM BBIIIE M-IIOCIEI0BATEIBHO-
ctsm umHoM N = 15, HyKHO paccMoTpeTs M-II0CIe10BaTeNbHO-
ctu mmmaoi N = 31. Ha pucynke 10 mpencraBieHo rpaduueckoe
oToOpakeHue Bcex 3HaueHud bJI mepuoamueckoit HAKD
M-nociiegoBatennbHOCTH Ne3 B 3aBHCHUMOCTH OT (pa3bl @, e
¢=0...360°.

1r

0.9

0 i : i P 1 ' 1 )
0 50 100 150 200 250 300 350 400

fi
Puc. 10. 3nauenue bJI nepnognyeckoit HAK®
M-nocnenoBatenbHOCTH Ne3

Ha pucynke 10 npeacrasieHs! 1Ba 3HaueHus Gpasbl ¢, paBHbIC
20.36° u 339.64°, mpu xotopbix 3HadeHus bJI HAK® munu-
ManbHbel. Ha pucynke 11 mokasano cpaBHEHHE TEPHOIMYSCKON
HAK® xnaccuyeckoii 1 HOBOM M-TociaeqoBaTeIbHOCTEH, Ie
BUJIHO, YTO HOBas IIOCJIENOBATENbHOCTh O0OecreduBaeT Ooinee
Huskue ypoBau bJI HAK®.
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AHanmuTHYECKHE BEIPAKEHUS [TAK® BCEX
L | - . M-nocneioBaTeIbHOCTEH OAMHAKOBOW JUIMHBI COBIAAAIOT, IIO-
ACCHUMECKHM KOO
09 i = 20.36 rpag 9TOMY paccMaTpHUBaTh WX CHOBAa He HY)XHO. Ha pucynkax 14-15
o MOKa3aHo cpaBHeHue anepuoandeckoi HAK® kmaccuueckoit
M-nociie10BaTeIbHOCTH ¥ HOBOM, MOJyYSHHOW IyTeM 3aMEHBI
D7, «1» Ha «—exp(@i)».
06
1r
@ 05
0.9
04
0.8
03}
0.7
0.2
06
X1 -
0 X2 Y 0.0322581 LY
Y 1.29601e-05 DCC :
o ; . ] ] ] e
0 5 10 15 20 25 30 0.4

fi
Puc. 11. CpaBuenne nepuogudeckoit HAK®
M-nocnenoBaTeabHOCTH Ne3

Ha pucynkax 12-13 npoBoIuTCsl cpaBHEHUE 3HAUCHUH anepu-

omuueckoii HAK® mis HOBOM m Kiaccuueckoir M-mociiemoBa- 0 50 100 150 200 250 300 350 400
tenpHOCTEH. ['paduku nmokaseiBarot, uto npu ¢ = 20.36° u @2 = fi .
339.64°, ananornuno nepuoamueckoir HAK®, Bce BJI nocturaror Puc. 14. 3nauenue bJI anepuonaeckoit HAK®
0oJiee HU3KOTO YPOBHSI. M-nocnenoBarensHOCTH Nod
.
Knaccudeckun kon
0.9 fi = 20.36 rpan
0.8
0.7
0.6
rost
041
03} X 15
X 16
oz k Y 0193548 | | v 0471734
& .
| M
| 0 : : : :
400 0 5 10 15 20 25 30
fi ;
Puc. 12. 3nauenne BJI anepnoanueckoit HAK®D Puc. 15. CpaBuenne anepuognueckoir HAKD
M-niocnegoBaTebHOCTH No3 M-niocnieqoBatenbHOCTH Ned

R T CpaBHEBas Bce 3HAUCHUS, MTOTYYCHHBIC TsT M-TI0CIe10BaTEeb-
09 ——1=2036 rpan nocreit mrHOM N = 31, MOXKHO CIe/aTh BBIBOJI, YTO HAMMEHBIIIHE
0.8 3HaueHust ypoBHei BJI kak Ayt nepuoyeckoil, Tak U JJis arnepuo-
nmmaeckoit HAK® nocturarorest ipu @1 = 20.36° u ¢ = 339.64°.
Tak kak exp(@ii) = exp((360° — ¢1)i), TO (2 MOKHO TIpeCTa-
BUTH Kak —@;. [ToydeHHbIe 3HaYCHNS () TSI PACCMOTPEHHBIX M-

07

0.6

Zosy TMOCJIeI0BATENILHOCTEH MpezicTaBiieHbl B Tadnuie 10.
Dt Ta6muna 10
03r
e 1:1;2 3nauenus a3 ¢ a1 M-1ocie0BaTeIbHOCTEH JNTHHON
| St | _ N=15uN=31
01t W X 15 W I
4 . Y 0.148082 . . I[J'II/IHa M-HOCHEHOB&TCHBHOCTI/I OJIYUYCHHBIC 3HAUCHUS P
0 5 10 15 20 25 30 Q1 G2
fi 15 28.955° —28.955°
Puc. 13. CpaBuenue anepuogudeckoin HAK® 31 20.36° —20.36°

M-mocitenoBaTeabHOCTH Ne3

—
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Takum 00pa3om, I aHATH3a BIUSHUS KOMIUIEKCHOW 3aMECHEI
OTPHUIATENILHBIX AIEMEHTOB M-II0CIIeI0BATEILHOCTEH Ha ee aBTO-
KOPPEJSILIUOHHbIC CBOMCTBA OBbLIN MPOBEICHBI YHCIICHHbIC dKCIICe-
PUMEHTBI. Pe3ysIbTaThl MOKa3bIBAIOT, YTO HCIOIb30BAHUE HECHM-
METPUYHOTO anaBUTa TO3BOJSIET YMEHBIIUTH YypoBeHb bJI
HAK®. B gacTHOCTH, OBIJIO YCTaHOBIIEHO, YTO ONTHMAJbHBIC
3HAYEHHS MapamMeTpa ( 3aBUCST OT JUIMHBI MOCIEI0BATEIbHOCTH

—4 M BbIiie N, TeM MEHBIIIE (.

B tabnwuie 11 npencraBieHsl MoaudunpoBaHHbie M-mociie-
noBatebHOCTH ¢ ImuHOM N ot 7 10 511, a B Tabiune 12 nokaszaHbl

Haﬁ[[eHHLIe 3HAUCHUA .

Tabmuma 11

MomudunupoBaHHble M-TI0CIIEI0BATEIIEHOCTH [UTHHOW

N=7,15,31,63, 127,255,511

Jmuna
N

M-HOCJ’IGHOBHTCJILHOCTL

7

[1 —exp(i-fi) 1 1 1 —exp(i-fi) —exp(i-fi) ]

15

[1—exp(i-fi) —exp(i-fi) 1 1 —exp(i-fi) 1 —exp(i-fi) 111 1 —exp(i-fi) —
exp(i-fi) —exp(i-fi) ]

[11—exp(i-fi) 1—exp(i-fi) 1 1 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —
exp(i-fi) —exp(i-fi) 1 1]

31

[—exp(i-fi) 11 —exp(i-fi) 1—exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi)
11 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 11111 —exp(i-fi) 1
1 1 —exp(i-fi) —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1]

[—exp(i-fi) 11 —exp(i-fi) 1 11—exp(i-fi) 1—exp(i-fi) 1 —exp(i-fi) —
exp(i-fi) —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 11
—exp(i-fi) —exp(i-fi) 11111 —exp(i-fi) —exp(i-fi) ]

63

[—exp(i-fi) 1—exp(i-fi) —exp(i-fi) —exp(i-fi) 11 1 —exp(i-fi) —
exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1 1 —exp(i-fi) 1 11—
exp(i-fi) 1 1 —exp(i-fi) —exp(i-fi) 1 I —exp(i-fi) 1 —exp(i-fi) 1 —
exp(i-fi) 1 11111 —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) —
exp(i-fi) 1 —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) 1 1 —exp(i-fi) —
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 1111]

127

[—exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) —exp(i-fi) 1 1 —exp(i-fi)
1 —exp(i-fi) 11 —exp(i-fi) —exp(i-fi) 11 1—exp(i-fi) —exp(i-fi) 11—
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1111 —exp(i-fi) 1 —exp(i-fi) 1 —
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1 —exp(i-fi) 1 —exp(i-fi) 111—
exp(i-fi) —exp(i-fi) —exp(i-fi) 1111 1—exp(i-fi) 1111111-—
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) —
exp(i-fi) —exp(i-fi) 1 1 —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) —
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 11 —exp(i-fi) 1 1 —exp(i-fi) —
exp(i-fi) —exp(i-fi) 1 —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) —exp(i-fi) —
exp(i-fi) —exp(i-fi) 11 1 —exp(i-fi) 1 | —exp(i-fi) 1 —exp(i-fi) —
exp(i-fi) 1111 —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) 1—
exp(i-fi) —exp(i-fi) 11 —exp(i-fi) 111 —exp(i-fi) 1 —exp(i-fi) ]

[—exp(i-fi) 1 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —exp(i-fi) —exp(i-fi)
1111 —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) —exp(i-fi) —
exp(i-fi) 11 —exp(i-fi) 111 —exp(i-fi) —exp(i-fi) 1 —exp(i-fi) —
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Tabnuma 12
3HaueHus ¢ 111 M-TIoce10BaTeNbHOCTEH
Ilonyuenusle 3HaueHUs @
fmana N AAK® u [TAK®
7 +41.41°
15 +28.955°
31 +20.36°
63 +14.354°
127 +10.136°
255 +7.16°
511 +5.07°
1023 +3.58°
2047 +2.53°

B Tabnunax 13 u 14 npuBeneH CpaBHUTENBHBIN aHAIN3 3HAUE-
Huil yposHel BJI Tpaaunnonnsix M-nocneaoBaTenbHOCTEH U HO-
BBIX, T'JIC OTpI/IIJ,aTeJ'l]:HHﬁ 3JIEMEHT «—1» 6I>IJ'I 3aMCHCH Ha KOM-
MIEKCHOE 3HaUCHUE «—eXp(Pi)».
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Tabnwma 13
VYposens BJI AAK® M-nocnenoBaTenbHOCTER
VYposens bJI Hopmupo- | Yposens bJI Hopmupo- | Pasnuna
N BauHON AAK® knaccu- | Bannoit AAK® momndu- | mexy
uyeckoil M-nocnenoBa- | LUpOBaHHOW M-mociie- | ypOBHAMHU
TEILHOCTH JIOBaTEJIbHOCTH
7 0.2857 0.2020 0.0837
15 0.2000 0.1452 0.0548
0.2667 0.2261 0.0406
31 0.1612 0.1481 0.0131
0.1935 0.1717 0.0218
63 0.1746 0.1613 0.0133
127 0.1102 0.0973 0.0129
255 0.0667 0.0644 0.0023
511 0.0450 0.0439 0.0011
1023 0.0450 0.0445 0.0005
2047 0.0225 0.0222 0.0003
Tab6muma 14
Yposenb BJI I[TAK® M-nocnenoBaTtenbHOCTEH
Yposens bJI HopMu- Yposens bJI Hopmupo- Pasmna
N poBanHoit [TAKD BauHo# [TAK® moandu- N
kjaccuuecko M-no- | umpoBaHHoi M-nocneno-
YPOBHSIMU
CJIe/IOBATENEHOCTH BaTEINFHOCTH
7 0.1429 0.0000025 0.1428
15 0.0667 0.0000001 0.0666
31 0.0323 0.0000130 0.0322
63 0.0159 0.0000165 0.0158
127 0.0079 0.0000090 0.0078
255 0.0039 0.0000073 0.0038
511 0.0020 0.0000031 0.0019
1023 0.0020 0.0009793 0.0019
2047 0.0005 0.0000009 0.0004

W3 ananm3a 9ucieHHbIX pe3ynsTaToB Tabmmn 13 u 14 cnenyer,
YTO MPU NPUMEHEHHH HOBOTO METO/1a MIOMCKA KOMIIEKCHBIX 3Ha-
yeHn 11 M-mocneioBaTeIbHOCTEH, OMMMCAHHOTO B pasfiene 2,
ObliIa OCYIIIECTBJICHA 3aMEHa OTPHULATEILHOTO 3JIEMeHTa «—1» Ha
HalJIeHHOE KOMILJIEKCHOE 3HaYeHUE JJIsl MOH(DUKAIIMY TPAIHIIH-
OHHOI M-1locne1oBaTeabHOCTH, B PE3YJIbTATE YEro YAAJIOoCh I0-
Hu3uTh ypoBeHb bJI AAK® u ITAK® 1o cpaBHEHUIO ¢ aHAJIOTUY-
HBIM YPOBHEM, TIOJIyYCHHBIM Ha OCHOBE KJIACCHYECKHX MPEICTaB-
JICHUH JaHHOTO KOJa.

[TosToMmy, HanpuMep, HanOOoIIbIIee YMEHBIICHHE MaKCHMalTb-
HOTO OOKOBOTO JienecTKa i1t HopmupoBaHHo AAK® cocrasmiio
0.0837, B To Bpems kak At HopmuposanHoU [TAK® —0.1428 s
nonuHOMa 3-i crenenn X° + X + 1, renepupyromero M-mocnemo-
BaTenbHOCTh MMUHBI N = 7 ¢ HaganpHOH (a3oil curHama @ =
41.41°. C yBennueHHEM UTUHBI M-TI0CIEI0BATEIIEHOCTH YPOBEHB
BbJI AK® ymenbiiaercst 10 3HaUeHUH OJIM3KHX K HYJIIO, 4TO 03-
BOJIUT TIOBBICUTH BO3MOYKHOCTh OOHApy’>KeHHUsS! CUTHAJIA Ha (QOHe
BHYTPEHHHUX 1IyMOB [19].

Hcxons u3 aToro, ciaeayeT caenarh BbIBOJI O LeJIeco00pa3Ho-
CTH UCIIOJIb30BAHMSI METO/Ia OMCKA HOBBIX KOMIIIEKCHBIX 3Haue-
HUH OTPHULIATENBHBIX JIEMEHTOB ISl Mo tuduKann M-nocieno-
BaTeIbHOCTEH. JIaHHBII METOJI MOYKHO HCIIOJIB30BATH MIPU H3Me-
PEHUU TOJIIMHBI JIbJA HA OCHOBE PUMEHEHUS CBEPXIINPOKOIIO-
JIOCHBIX CUTHAJIBHO-KOJOBBIX KOHCTPYKIHi [20].

SNNIEKTPOHMKA. PAONOTEXHUKA

4 3akJr0ueHue

B pesynbraTe npoBeIeHHOTO MCCIICAOBaHsI ObLIA BBIIOJTHEHA
OLICHKA CBOICTB aBTOKOPPEIISILIMOHHBIX (yHKIMH M-1ocrenoBa-
TETBHOCTEH, BKITIOYATOIIAsl aHAIN3 UX TIEPUOANYECKON U arepro-
JTUYECKOM COCTaBISIOMUX. Pa3paboTaHHBIN MOIX0/1, OCHOBAHHBIH
Ha 3aMCHE TPAIUIIMOHHOTO aihaBUTa TOCIIEAOBATCIFHOCTCH Ha
ACCUMETPUYHBIN, YTO MO3BOJIUIIO 3HAUUTEIBHO CHU3UTh YPOBEHb
OOKOBBIX JICTIECTKOB aBTOKOPPEIISIIIMOHHON (DyHKITHH.

3HAaUUMOCTb TIOJYUYEHHBIX PE3YJbTaTOB ISl NPAaKTHYECKOMH
cephl 3aKITI0YACTCs B X MPAUMCHCHHH JIJIS yITydIICHUS KauecTBa
CHCTEM PAaJHOJIOKAIINN U CBS3H, TJI€ MUHUMI3AIHS YPOBHS OOKO-
BBIX J1ertecTKoB AK®D sBnsieTcs 0THUM U3 KITFOUEBBIX TPEOOBAHMIHA.
MonudunmpoBanasie M-TT0CIIEAOBATETFHOCTH TPOIEMOHCTPH-
POBAIK BBICOKYIO 3((PEKTUBHOCTh TIPH MTPOBEICHUN KOMIIBIOTEP-
HBIX 9KCIIEPUMEHTOB B JJAOOPAaTOPHBIX yCIOBUAX, YTO B JabHEH-
IeM TI03BOJINT TE€HEPUPOBATh peajibHbIE CUTHAIBHO-KOJIOBbHIE
KOHCTPYKIIUHU, MIPUMEHICMBIX B TEXHHYECKUX CHCTEMax OOpTO-
BOT'O KOHTPOJISI 32 3¢MHOM MOBEPXHOCTHIO.

JlanbHele ucciaeqoBaHus B ATOM 00JacTH MOTYT OBITh
HaIpaBJIeHbl HAa TIOUCK HOBBIX M-IOCieIoBaTeIbHOCTEN C 3ame-
HOM ee KIIaCCUYECKUX JIEMEHTOB KaK OTPULIATENIbHBIX, TaK U I0-
JIO)KUTENbHBIX Ha UX MPEACTABIEHUE B KOMIIEKCHOM BHUJIE.
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Abstract

Currently, M-sequence phase-modulated signals are widely used in radar, radio navigation and data exchange systems due to their unique correlation
properties. However, despite their advantages, high levels of side lobes of the autocorrelation function (ACF) can significantly reduce the reliability of
the corresponding detection systems. The search for new complex M-sequences with lower levels of side lobes of the normalized ACF is an urgent and
important task for increasing noise immunity and reliability in modern detection systems.

Objective. The purpose of the study is to develop and justify a method for reducing the level of side lobes (SL) of the ACF by searching for new com-
plex values of M-sequences. This is achieved by replacing the traditional alphabet [I; ?1] with an asymmetric [I; ?exp(%i)], after which the expressions
describing the SL of the normalized autocorrelation function (NACF) are calculated, according to which such values of ? are determined at which the SL
have the lowest level. The paper uses analytical methods for deriving expressions describing the levels of the ACF sidelobes, algorithms for numerical
search for complex values of M-sequences, as well as methods of computer modeling and experiments to estimate the levels of the ACF sidelobes based
on the expressions found. In this paper, a search for new complex values of M-sequences was carried out and a study of the characteristics of their ACF
was conducted. The obtained results include graphs and dependencies showing a decrease in the levels of the ACF sidelobes due to the found new com-
plex values of M-sequences in order to form a phase-modulated signal-code structure. The practical application of code structures, which are new com-
plex M-sequences, demonstrated and thereby confirmed the improvement of their correlation characteristics. This approach can be used to improve
the efficiency of onboard small-sized radar systems for monitoring the earth's surface, including multi-position ones, as well as in digital communication
and radio navigation devices that require high reliability and noise immunity.

Keywords: M-sequence, autocorrelation function, side lobes, sequence analysis, phase modulation, on-board monitoring system, signal-code structures
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3apava nosbiwleHUa 6e30MacCHOCTU MUNOTUPOBAHMA BO3AYLUHLIX CyAlOB ManoW aBua-
LMK, COBEPLUAIOLLIMX CBOM MNOMEThbl Ha BbICOTaX, HE NPEBbLILLIAIOLLUX HUKHIOIO FpaHULy
0651a4HOCTH, 3aBUCUT B TOM YUCIIE OT MOMHOTbI U CKOPOCTU UHTYMTUBHOTO BOCTIPUATUA
MeTeoHaBUraLMOHHOM UH(OpMaLMK, No3Bonsiollei 3abnaroepeMeHHO BbIGUpaTL Map-
WwpyTbl o6nerta obnacreit co cnoxHbiMu Meteoycnoeuamu. [lpu 3ToM Bu3yanusauus
AaHHON MHOPMaLMM B BO3AYLUHBIX CyAaX, MpefHasHauYeHHbIX ANA MEXAYHapOAHbIX
nepeneToB, orpaHUYeHa NPUHATLIMUA CTAHAAPTHLIMU MPOTOKONAMMU Nepefiadm AaHHbIX.
AHanusupylotca orpaHuyeHus, HaknaablBaeMble MO 0TOGpaXkeHUI0 METEOHABUIaLMOH-
HOM MH(OpMaLMK, CYLLECTBYIOLLME PELIEHUA MO NMOMy4YeHUIo U oToGpaxeHuio Gonee
MOMHBIX AaHHBIX KaK O MPOCTPAHCTBEHHbIX KOOPAUHATAX, TAK U O CTEMeHN ONacHOCTU
atMoccepHbIx oGpa3oBaHuii, nonyyaeMbix B Goproebix PJIC. MpeanoxeHbl HoBble
noaxoAbl K BU3yanusaumu, yBenmumealoLme MH(OOPMaTUBHOCTb METEOHABUTaLIMOHHBIX
AaHHbIX, OPUEHTMPOBaHHble Ha MoJjilyYeHUe Gonee MHTYUTUBHO-MOHATBLIX M306paxe-
Hui. Llens pa6oTbl — nccneaoBartb Hay4HO-TEXHUYECKUI 3aen, NpUMeHAeMbIi B 6Gop-
TOBbIX paZjMONiOKaTOpax AnA aHanusa TeKyllei MeTeoo6CTaHOBKM, AOMOMHUTL €ro
npeanoXeHUAMU No paspaboTKe NepcrneKTMBHOrO BUAA O0TOGpa)KkeHMA MeTeoHaBMra-
LUMOHHO MH(OPMaLMK Ha AnCNEeAX UHANKATOPOB C obecneyeHneM NpeeMCcTBEHHOC
THU MO KPUTEPUAM OMACHOCTH, MPUHATBLIM B MEXKAYHAPOAHbLIX CTaHAApTaX AnA 60pTOBbIX
PJ1C. MpusepeHbl pesynsrathl aHanusa, NoATBepXkAaloLMe LenecoobpasHocTL nepe-
Xojja OT NNIOCKOM - ABYMepHOV (hopMbI 0TOGpaXkeHUA METEOHaBUIaLMOHHOMN MH¢OopMa-
LMK B NCEBAOTPEXMEPHOM UM TPEXMEPHOM BUAE C BU3yanusaLmen AONONHUTENbHBIX
CNoeB, MOJTyYEeHHbIX ANA TEKYLLLEro MOMOXKEHUA BO3AYLUHOTO CyiHA U3 BEKTOPHbIX KapT
MecTHOCcTU. OueHeHbl Tpe6oBaHMA K GbLICTPOAENCTBMIO NpoLeccopa, peanusyiouiero
BTOPUY4HYI0 06pabGoTKy paZiJMONOKALMOHHBIX JaHHbIX Nepej UX NOTEHLUaNbHbIM BbIBO-
AOM Ha MHAuKaTope. Pesynbratbl paGoTbl MOryT 6bITb UCMONB30BaHbl B METEOHABUIa-
LMOHHBIX GOpTOBBLIX UMNYNbCHO-AoNNepoBckux PJIC ¢ onuuoHanbHbIM BLIBOAOM U30-
6paxkeHua npu rubpuaHoN BU3yanmsauum.
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Beenenue. IlocTanoBKa 3agaun HCCIeT0BAHMS.

Hacrosiiast paboTa nocBsimieHa neciie10BaHII0 COBPEMEHHBIX
TpeOOoBaHMH, TEHAECHUMH W HAYYHO-TEXHHYECKOrO 3ajesa, J0-
CTUTHYTOTO B 00JIACTH BU3yaJIM3aIlM METEOKAapT B PEKUMaX pa-
JIMOJIOKAIIMOHHOTO OOHAPYKEHHUS OTIACHBIX JUISl TT0JIETA TPO30BBIX
(hpOHTOB ¥ 30H TYpOYJICHTHOCTH, JJIsI BRIPAOOTKH TPETIOKCHUN
0 CO3JJAHUIO TIPOTOTHIIOB NIEPCIIEKTUBHOTO, BU3yaIbHO OPUEHTH-
POBAHHOT'O U HHTYHTHBHO-IIOHATHOTO BU/Ia OTOOpakeHU s HH(OP-
MaIiy O JCHCTBYIONMICH METCOHABHTAIIMOHHON OOCTaHOBKH, Ha
JCIUIesiX OOPTOBBIX WHIUKATOPOB. JIeKOMITO3MIUS JaHHOM 3a-
Ja4y IoJpa3yMeBaeT Cleayloliee AeleHue:

— BbIJ1a4a NIPEJUIOKEHUH B YaCTH ITPOTOTUIIA TEPCIIEKTUBHOT O,
BU3yaJIbHO OPHEHTHPOBAHHOI'O BHA OTOOpayKEHHUS paJoyioKa-
HOHHOW MH(OpPMALUU O METE000pa30BaHUIX Ha AUCILIESX OOp-
TOBBIX MH/INKATOPOB;

— BBINOJIHEHHUE OLIEHKH TPEOOBaHMIT KO BpEMEHHN HAKOIIICHHS
HEoOX0MMOro 00beMa HCXOTHON MH(OPMAINK U K OBICTPOICH-
CTBHIO IIpoIrieccopa OOPTOBOM IM(PPOBOI BBHIYHUCIUTEIEHOW Ma-
IIFHEI TT0 00paboTKe W POPMHUPOBAHUIO MTAHHBIX TSI BEIBOAA HA
WHINKATOpE MEPCIEKTHBHOTO, BU3YalbHO OPHUEHTHPOBAHHOTO

SNNIEKTPOHMKA. PAONOTEXHUKA

BU/Ia OTOOPaKEHUS PaIOIIOKAIMOHHON UM TMOPUIIHON MeTeo-
HABUTAIMOHHOW MH(OPMAITUH.

1 IoHATHS MOTEHIMAJBLHO ONACHBIX /ISl M10JIETOB
MeTe000pa30BaHNii U TeKylHe TPeOOBAaHHUA K BU3YATU3ANHHA
00pTOBOI MeTCOHABMIAMOHHON HH(pOpMann
no MexkayHapoanomy crangapry ARING 708A

CrerneHb OITacCHOCTH TPO30BBIX METE000Pa30BAHMUIA CBA3BIBAIOT
C OMpEEIeHHBIM YPOBHEM UX PaJHOIOKAHOHHON OTPaKaeMOCTH
(PJIO), ob03Hauaemoii Kak Z, BeIpaskacMoi B Jeruoenax ¢ 0003Ha-
yeHueM 1bZ. B cBoro ouepelb yKkazaHHas CTENEHb ONIAaCHOCTH CBSI-
3aHa C HUHTCHCHUBHOCTBIO BBIIIAJCHUA OCAaJIKOB, I/I3MepﬂeMOI7I B
Mm/4gac [1]. B HacTosiiee BpeMsi OOJIBIIUHCTBO MEXKTyHAPOIHBIX
COBPCMCHHBIX HAa3€MHLIX U 60pTOBbIX paaroJIOKallMOHHBIX CTaH-
LIMH UCTIONB3YIOT SMITMPUYECKYTO 3aBUCHMOCTb MEX/TY PaIOJIOKa-
LIMOHHOM OTPa)KaeMOCTHIO M MHTEHCUBHOCTBIO OCAJIKOB, MOTyYCH-
HYIO aMepuKaHCcKuM cepBucoM norojsl WSR-88D B 2014 rony [2].

TunuaHble 3HAYSHNS PAANOIOKAIIMOHHON OTPakaeMOCTH 00-
JIAKOB M OCAJIKOB, MHTCHCHBHOCTH OCA/IKOB, a TaK)Ke MPOTSIKEH-
HOCTEH 10 TOPU30HTAIN M 110 BEPTHKAIH UL PA3IMYHBIX TUIIOB
007aKoB TpecTaBiIeHsl B Tabimme 1 [3-5].

Tab6muma 1
Tun obaka IIpoTrsxkeHHOCTH IIporshxkeHHOCTH Tun ocankoB PaguonokanuonHas | VIHTEHCUBHOCTH
110 BEPTUKAIH, KM 0 TOPU3OHTAIH, KM oTpaXkaeMocTh, 1bZ | ocankoB, MM/4ac
CroucTeie 0,4-1 1o 300 0CaJIKOB HE AT 0 0
BricokocioucTeie 3-6 o 100 MEJIKHE OCAIKU, OOLIYHO 0 0
HE JOCTHTAIOT TOBEPXHOCTHU 3CMJTH
BCJIC/ICTBUE MCIIAPCHUs
BricokokyueBbie HIWDKHSIS TPaHHLA MEJIKHE OCaIKH, OOBIYHO 0 0
BapbUpyeTCs B MpeaeIax HE JIOCTUTAIOT TOBEPXHOCTH 3€MITH
2-6 BCJICJICTBUC UCIIAPCHUS
MPOTSHKCHHOCTh B 110,100J1a4HOM CJIO€
0 BEPTHKAIH
0,7
Ilepuctoie 5-12 110 300 0CAaJIKOB HE JAI0T 0 0
Ilepucro-cioncreie 5-8 10 300 0CaJIKOB HE JTAIOT 0 0
[lepucro-kyueBbie HIDKHSS TpaHuLa 1o 300 0CaJKOB HE JIat0T 0 0
BapbUpPYETCs B Mpeeax
4-8
MPOTSHKCHHOCTh
10 BEPTHKAIH
1
Kyuessie 0,7-3,6 1o 50 B YMEPEHHBIX IIHPOTaX OYECHb 0-15 0-0,2
KPaTKOBPEMEHHBIN (710 5 MUHYT)
PEIKUI TOXKIb WM OTACIbHEIC
Karutd JTOK/Is
CouCTO-KyueBbIe 0,8-4,3 200-300 MEJIKHH 10K Ib 16 -35 0,25-5
(npu MeHbLICH
MHTEHCHBHOCTH
OopLIas Topu-
30HTAJIbHAS TIPO-
TSDKCHHOCTB)
CnoucTo-10%/1eBbIe 0,2-3,7 10-50 YMEpPEHHBIN J10XK/Ib 35-47 5-40
(ipu MeHbLIEH
WHTEHCUBHOCTH
GoutbIast ropH-
30HTaJIbHAS IPO-
TSHKEHHOCTD )
KyueBo-noxeBbie 0,2-5 o 10 JIMBHEBBIC HOXKI1 >47 >4()
¢ rpo3ou

-
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B cooterctBun ¢ TpeboBanusiMu ARING-708 st 60pToBBIX
METEOHaBUTallMOHHBIX PAJapOB YCTAHOBJICHBI €IUHbIEC TPAJAIN
10 OTOOPaKEHUIO NOTEHIIMAIBHON CTETIEHH OIACHOCTH ISl TT0JIe-
TOB, CBSI3aHHOH C PaIHONIOKAIIIOHHON OTPakaeMOCTHIO 0OJIAKOB
n ocaakoB. O6mactTm ¢ pa3nu4HbBIMH 3HadeHmsMu PJIO
0TOOpakarOTCs Ha MHAUKATOPE CICAYIOIINMH IIBETaMH [6]:

20 nbZ <7<30 nbZ - 3encHBIl LBET,

30 nbZ <Z<40 nbZ — enThli LIBET,

Z > 40 nbZ — xpacHBI LBET.

ObnacTp omacHO! TypOyJIEHTHOCTH - (DHOJIETOBEIH 1IBET (WITH
ITypIyPHBII LBET).

Takoe nenenne B coorBeTcTBUU ¢ TpeboBaHmsiMu ARING-708
MMPUBOJUT K TOMY, YTO Ha dKpaHaX MCTCOHABUTALIUOHHBIX pajia-
POB aBUAIIMOHHBIX HOCUTEJIEH MHOTHE BHJIbI O0JIAKOB M OCAJIKOB
HE BU3YIM3NUPYIOTCS (TaK KaK MMEIOT PaIMOJIOKAIIMOHHYIO OTpa-
s)kaeMocTh MeHee 20 n1bZ), B ToM 4uciie Ha COBPEMEHHBIX METEO-
HaBUrannoHHbIX pagapax RDR-4000 (amst camoneros Boeing) u
RDR-7000 (7151 cam01€TOB MO aBUAIMN ), YTO HOATBEPKIAIOT
JTAaHHBIC MATEePHAaJIOB [7], U3 KOTOPBIX CIIEAYET, YTO XOPOIIO 00-
Hapy>XUBAIOTCS MOKPBIH IPaj, T0XK/b, MOKPBIH CHET; IIIOXO0 — CY-
XOW TpaJ W COBCEM IUIOXO OOHAPY)KWBAaeTCs CYXOH CHET, He
HaOJII0JAF0TCS BOJISTHOM Map, o01aka, TyMaH.

Takum obpazom B 6opToBsix PJIC, O1lcHKA OITACHOCTH METEO-
00pa30BaHUil IJIst KOTOPBIX BEAETCS 10 MPUHATBHIM B CTaHAAPTAX
ARINC-708 u DO-220 moporaMm OnacHOCTH, BU3YalTU3UPYIOTCS
TOJILKO CJIOUCTO-KY4EBbIE, CJIOMCTO-/I0K/ICBbIC, U Ky4eBO-/10K/1e-
BBIE C 'PO30iA, @ TAKIKE BBITIAJICHUE OCA/IKOB B BHJIE MOKPOT'O CHETa
1 JIOK]Isl ¢ HHTEHCUBHOCTRIO Ootee 0,5 mm/gac.

[Tpu pazpaboTKe NePCIEKTUBHBIX PaAHOIOKAIIMOHHBIX METEO-
HABUTAIMOHHBIX pexkuMoB B PJIC menecooOpa3HO MPOTHO3UPO-
BaTh MOCTPOCHHE 30HBI 0030pa, YUUTHIBAIOIIEH TO, UTO 00JIACTH €
CYIIECTBEHHOH, OTPa)kaloIeil BOJHOCTHIO U caMa BEJIMYMHA T10-
TEHINAIBLHON T'PO30BOI 00JIAYHOCTH OTpaHWYEHa MPOTSIKEHHO-
CTBIO 110 BepTHKAIH. V1 3/1€Ch HyKHO BBIICIIUTD JIBE 3341, KOTO-
pBIE Ha CETOHALIHUH JICHb YaCcTO HE MPUHUMAIOTCS BO BHUMAHHE.

HepBaﬂ M3 HUX HYXXHaA JJIs1 OHCHUBaHUA TpeGyeMI)IX IIOTCHIIU-
aNbHBIX TPEOOBaHUII 10 0OHAPYKEHHIO METE00Opa30BaHuil, KO-
TOpbIE, KaK CJIEYeT U3 rPpajalyii 0 CTENEeHN ONAacCHOCTH, XapakK-
TEPU3YIOT YaCTO JIMIIb BEJIMYMHO Z, Ipenonaras, 4To BeCh Ipo-
CTPaHCTBEHHBIH 00BEM 3JIEMEHTa Pa3pelIeHus! IIEIUKOM 3arlodl-
HEH OTPaKAIOLIMMH YaCTUIIAMU. DTO MOATBEepKAaeTCs (GopMyItoi
[1], xoTopas cBsA3BIBaCT MOIIHOCTH CHTHAJa P, OTpaskeHHOro OT
9JIEMEHTA Pa3pelIeHus], KOTOPBIM PACIONIOKEeH Ha PacCTOSHUM R:

K[> ZapAg-10702R
R2k2

rae C) — K03 UIINEHT, 3aBUCSIINIA OT MapaMeTPOB CTaHLUH H
sonaupytomiero curiana; |K|* — kosdduiment, yuuThBarommii
JIMRJIEKTPUIECKYIO MIPOHUIIAEMOCTh BOJHOM YacTHIIBI MPH TEKY-
IIel JUIMHE BOJHBI N3JTyYeHHUs], Z — paIMoJIOKallMOHHAsT OTpaXkae-
MOCTb MeTeoneny; AR — MmumpuHa AnarpaMMbl HapaBJICHHOCTH
anTennsl! ([{H) o asumyty; Ae — mmpuna /IH mo yrimy mecra; A
— 1 Ha BOIHBL, | — yaensHOe 3aTyxaHue B arMocdepe.

OpHako B cilydae OTHOCHTEIBHO OonbInux 3HaueHuit PJIO —
00JIacTh MPOCTPAHCTBA, 3aHATAas METEOOOpa30BaHHEM, OTrpPaHU-
YeHa 110 BBICOTE HEKOTOPBIM 3HaYeHUueM AH, a Ha 3HAYMTENBHBIX
JTAITBHOCTSIX MTPU OTHOCHUTENILHO OOJIBIION YIIIOBOM IMPHHE JTydya
A€ — ero JIMHEHHBIH pa3Mep OOJIbINe BRICOTHI TPO30BOTO (PpOHTAa,
MO3TOMY YacTh MOILTHOCTH HE OTPa)KaeTcs, a pacHpOCTPaHSIETCS

P:C|

Jlasipllle, HE HCHBITHIBAs OTpaskeHHs. (DaKTUUECKH TIpaHUYHOE
YCIIOBHE TIOJIHOTO 3aMOJTHEHHS SJIEMEHTOM Pa3pelIeH s OTpaka-
FOLIMM OOJIAKOM I10 BBICOTE MOYKHO C(OPMYIIMPOBATH B IIPOCTOM

thopme

R——.

ITpu 3TOM CleyeT yuuThIBaTh M Pa3IU4Hs B CTPYKType 00-
JA4HOCTHU JUIS Pa3HbIX reorpauueckux pernoHoB. Bricora rpo-
30BOM sSYEHKH B Tpormueckux muporax (AH~20 km), 4ro noutu
BIIBOE OOJIBILIE YEM BBICOTA ITPO30BOI SIEHKU B CPETHUX IIUPOTAX
[8].

Kpome Toro, criibHbIe IPO30BBIE STYESHKH MOTYT OBITh €ANHHY-
HBIMHU, B TOM 4YHCJI€ OTPAHUYEHHBIMU U 1O ropu3oHTanu. C oTme-
Hoit ctaamapta RTCA DO-173, B KoTOpoM Tpeiarajaoch mpoBo-
JIUTH BBIYHMCIICHUS JaTbHOCTH MeTeoHaBurarmonHoi PJIC o rpo-
30BOH siUEHKE IUaMETPOM Mopsiika 5,5 KM Ipornaia BO3MOKHOCTb
MOJy4aTh IPOTHO3BI IO AAJTbHOCTH OOHApYKEHUs! CTAHIApTHOH
METEOLIENH, YTO TPHUBENIO YaCTO K 3aBBIIICHHBIM PACUETHBIM I10-
TEHIMAIBHBIM JAIBHOCTAM OOHAPYKEHHs OHacHbIX Tpo3. llpu
9TOM IOJIy4aeTcsl, YTO PACUETHI MOTCHIUAIBHBIX XapaKTePUCTUK
6oproBeix PJIC BenyTcst Oe3 yuera oueHKH 3pPEKTUBHOCTH MPH-
MEHEHHS B MOTEHIIMAIFHOM PETHOHE 3KCITyaTanuu. Tak i 3a-
HOJISIPHBIX IUPOT TPEOOBAHMS K KPUTEPHUSIM OTACHOCTH JIOJKHBI
OBITH MHBIMH, YEM T€, KOTOPHIE JICKIAPUPYIOTCS B MEXK/yHApO/I-
HBIX TpeOOBaHMAX pexoMeHnauusx [1, 6, 7] k 6oproseim PJIC B
LenoM. DTO NOATBEPKAAIOT U PE3yNbTaThl UCCIEAOBAHUM, IPE]-
craBlieHHbIe B [9-11].

Bropast 3a1aua — BEIOOp 3aKOHA CKAaHWPOBAHUS B BEPTUKAIIb-
HOHM IJIOCKOCTH, KOTOPBIM C OAHONH CTOPOHBI JAOJKEH OXBAaTUTh
BECh JIAIIa30H BBICOT, KOTOPBIH MOXET OBITh 3aHAT MOTEHINAIb-
HBIMH METE000pa30BaHNEM Ha OJMKHMX U CPEIHUX JAIBHOCTSAX,
a ¢ Ipyroi — Ha OTHOCUTEIIbHO OOJIBIINX JJATBHOCTSX J0JDKEH UC-
KJIFOUaTh KACAHMS JIyIOM 3€MHOU IIOBEPXHOCTH U CIIy4aeB 30H/IH-
pOBaHMs BhIIIIE BEpXHEW rpaHuipl oonaunocTy. [To aToi npuunne
MIPOTHO3UPYEMYIO MPOTSHKEHHOCTh TPO30OBBIX SYEEK IO BEPTH-
KaJu 11e7eco00pa3Ho MCIIOIb30BaTh AJIsl OLIGHUBAHKS TOW 00Ja-
CTH TIPOCTPAHCTBA, KOTOPYIO HEOOXOAMMO POCMATPUBATD C yde-
TOM BBICOTHI 110JIETa BO3YIIHOTO Cy/IHA.

Pemenne 3Tux ABYX 3ajad COBMECTHO IO3BOJISIET Pean30-
BaTh pa3yMHBIH BBIOOP TOH 30HBI 0030pa — ee pa3MepoB 110 JJaJlb-
HOCTH ¥ TIO yIJIaM, YTO ITO3BOJIAET B JAJIIbHEHIIEM OLCHHUTH Tpe-
0oBaHNS K MaMATH U OBICTPOJEHCTBHIO TIPOIIECCOPA MHUKATOPA,
KOTOpBI TOTEHIHMAIBHO MOET BBIBOIUTH 3D mn3o0paxkeHUs
MeTeo00pa3oBaHM.

IIpoBeneM TeKymIuii aHAN3 CIIOCOOOB OTOOPaKEHUS pano-
JIOKAIlMOHHON MH(OpMALUU B UHIMKATOPAX METEOHABUIALMOH-
HeIx PJIC. Ilpu pabGote 11060T0 MEKTYHAPOIHOTO aBHAITHOHHOTO
METEOHaBUTallMOHHOTO pajapa WHAMKAIMs CTaHIapTH3HpOBaHA
(o TpeboBanmsaM npoueayp ceprudukarmu (B CLLIA u B EBporne)
u cooTBeTcTBYIOIMX crannapToB ARING) u 00s13aHa conepxarb
oToOpaskeHHEe Ha YepHOM (DOHE MOTCHIIMAILHO OMACHBIX IS 10-
JieTa OTo/IHBIX 00JIacTell Ha MIIOCKOCTH B MOJISIPHBIX KOO/ IMHA-
Tax «Azumym» — «lansHocTh» (2D — BH3yanuzamyst), HaIM4ne u
CTETICHb OMACHOCTH KOTOPBIX KOAMPYIOTCS YKa3aHHBIMU paHee
rpaganusax [BeTa (3eJCHBIA, KENTHIH, KPacHBIH, (HHUOICTOBBIN).
[Ipmmeps! 00s13aTeNbHOM cTaHAapTHOH 2D — BU3yamu3anmm m300-
paKeHUs! ISl PA3IIMYHbIX COBPEMEHHBIX PafapoB MPUBEICHBI HA
pucynke 1.
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Puc. 1. IIpumepsl ceptrduimpoBanHoii 2D Bu3yann3aini MCTCOHABH-
FaLlMOHHOﬁ I/IH(i)OpMaLlI/II/I B IOJIAPHBIX KOOpJAWHATAX a3suMyT-AaJIbHOCTb
(a— Rockwell Collins RTA-4100 MultiScan (1151 OCHaIIICHUST CaMOJIETOB
Airbus); 6) — Honeywell Aerospace Technologies RDR-4000
(m7st ocHaIIeHHs camMolieToB Boeing)

DTO CcTamo BO3MOXKHBIM, TaK KaK KpOME METCOHABUTAI[HOH-
HOTO pamapa «Garminy pa3pabaTbIBacT W MPOU3BOIUT HHIHMKA-
TOPBI, a TaKXKe MPUEMOTICPEAATINKH Il CO3TAHNS PaIHOINHIH
CBSI3M C 3eMJICH C IIEJIbI0 MOMYYESHHsI BCIIOMOTATENbHBIX (JIOTOJ-
HI/ITCJ'[BHI)IX) HaBUT'allTUOHHBIX JaHHBIX, B TOM YHCJIC JJId I€pEaadn
Ha OOPT COOCTBEHHBIX ACTAIBHBIX HU(PPOBBIX KAPT MECTHOCTH
«Garminy [T UX TIOCJICIYIOICH HHIMKAIIMY HA CTPAHUIIAX HABH-
ranuu. TakuM 00pa3oM, KOMIUIEKC M3 COOCTBEHHBIX OOPTOBOM
PJIC u unnukaropa nospomsier komnanuu «GARMIN» peanuszo-
BEIBATh aJbTCPHATUBHBIN ITOAXO]] K BU3yaJIU3aIlMA MCTCOHABHT A~
IMOHHBIX JNaHHBIX [12, 13]. B menom momydaemoe n3o0pakeHue
[IPU 3TOM COXPAHSET ONPECIICHHYIO IPEEMCTBEHHOCTD 110 OTHO-
IICHUIO K TE€M, KOTOpBIC 3a/IaHBl B 0A30BBIX CEPTUHUKAIIMOHHBIX
TpeOOBAHUAX TIO MOCTPOCHUIO 2-D BH3yanm3auu, HO €CTh P
OTJINYMI:

1) Busyamm3anusa PJIO B 16-Tu 1iBeTHO# manuTpe (TOMHMO
YEepHOTO I[BETA), KaK 3TO MOKAa3aHO Ha PUCYHKE 2.

Enhanced Color Palette Intensity (in dBZ)
Black <23 dBZ
23 or24dBzZ
25 or 26 dBZ
27 or 28 dBZ
29 or 30 dBZ
31or32dBzZ
33 or34 dBzZ
35 or 36 dBZ
37 or 38dBZ
39 or40 dBZ
41 or42 dBZ
43 or 44 dBZ
45 or 46 dBZ
47 or 48 dBZ
49-50 dBZ
51-53 dBZ
>54dBZ

Yellow
Yellow

Puc. 2. Pacommpennas nanutpa Buzyanmuzanuu PJIO

2) oroOpaskeHne TypOYICHTHOCTH BBITIOTHACTCS OSITBIM IIBETOM.

Ha pucynke 3 npencrasieH npumep n300pakeHHs C PacIlu-
PEHHOI NBETOBOW MaJNUTPOH, KOTOpas Ooiee TOYHO IO3BOJISIET
nepeaBaTh N3MEHEHH Ipajalliii HHTCHCHBHOCTH OCaJIKOB B pa3-
HBIX O0JIaCTSIX MPOCTPAHCTBA B NpejeaX IMOTCHIHANIbHO orac-
HOTO MeTeo0o0pa3oBaHUs.
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Puc. 3. IIpumep 2D Busyanuzanuu MeTCOHABUTAIIMOHHOW HH()OpMAIIUU
B pexkume «I'pozay» B BPJIC «GWX-8000» (kommanun «Garminy)

2 lonosiHUTE/IbLHBIE BUABI M300paskeHU i A5 yBeJIHYeHus
MOJIE3HON MEeTEOHABUTAMOHHOM nH(popMannn
HA MHAMKATOpe MPH HCNoJb30BaHuM 3-D ckaHUpOBaHUSA

CraHgapTHBIA BHJ U 33JCPKKa MTOJYYEHHs BCEX METCOHABH-
TallMOHHBIX JIaHHBIX IUIOXO BIIMSIET HA OMNEPATUBHOCThH IHMJIOTA
IIpU MIPUHATUH pPEIIeHU 0 MaHeBpax obiera obnacTeil ¢ omac-
HBIMH TTOTOXHBIMU yCIOBHAMM [ 14]. [l peenns 3a1a4u MeTeo-
HaBUTAIlMM B YCJIOBUSAX IOJETa MO JUIUTEIBHOMY CIO0XKHOMY
MapuipyTy B 6oproBoii Mereo PJIC MokeT OBbITh TIpEIIOKEH pe-
JKUM aBTOMarudeckoro 3-D ckaHupoBaHus ¢ (OpMHPOBaHUEM
3-D O6ydepa paaroIoKaioHHON U HABUTAIMOHHOW HH(OpMAIHU
C MOCJICAYIONIMM BBIBOZOM «IceB0 3-Dy» n3o0paxkeHus B TOpH-
30HTAJILHOM M BEPTHKaJIbHOM CEUYEHHsIX, MMEIOIero Oosee Io-
HATHBIH W BU3YyalbHO OPHMEHTHUPOBAHHBIN IS OMEparopa B
0TOOpaKeHHSI METEOO0pa30OBaHHH.

Jns manukatopa 6optoBoro pagapa RTA-4100 MultiScan Bu-
3yanu3anus n300pakeHus, oIy4eHHoro nocie 3-D ckannpoBa-
HUSI, TIPUBE/ICHA HA PUCYHKE 4.

Puc. 4. Ilpumep «uceBno 3-D» Buzyanuzanuu
Ha uHAHKatope 6oproBoii PJIC RDR-4100




DNNEKTPOHUKA. PAOUOTEXHUKA

[Mockonmbky rpaduyeckoe H300pakeHHE MO-TPEIKHEMY
JIOJDKHO ynoBieTBopsTh ctanaapram ARING (BeiBoty n3o0paxe-
HUSL B IUIOCKHMX TMOJSAPHBIX KOOpAWMHATaX «A3uMyT»-«/laib-
HOCTB»), TO JIJIsl €r0 BU3YyaJIM3allMH TAK)KE UCIIOJIb3YETCSI KIICEBJIO
3-D» Bu3yanmszanus, a 00JacTH, KOTOPBIEC JISKAT HUXKE BBICOTHI
rojieTa, Py OTOOPAKEHUM HA HWHANKATOPE IEPEYEPKHUBAIOTCS
IITPUXOBBIMH JINHHUSIMHU.

[Ipn ympaBneHNn a3uMyTOM BEPTUKAIBHOTO CEYECHUS, KOTO-
poe BU3yalIn3nupyeTcsi Ha 9KpaHe, MOKHO POCMOTPETh pacIipese-
nerne PJIO obmaka mo Bricote. [IpencTaBnsiemMast Ha HHIUKATOPE
BU3YyaJIM3alUs] METEOOOCTAHOBKU JOBOJIBHO IPOAOJIKUTEIBHOE
BpEMs1 HE MEHSIETCSI, TIPH 3TOM MapKep MOJI0KEHHsI HOCUTEIIS JIBU-
HKETCSI 110 «3aMOPOKEHHOMY» TOPU30HTAIILHOMY H300pa)KEHUIO,
UCIIOJIB3Ysl HEOOXO0AUMYIO JUIsi (POPMUPOBAHUSI PAIHOJIOKAIIOH-
Hou unpopmanuu (PJIN), HakarumBaemoii B Oydepe TaHHBIX.

B kadecTBe HakaruIMBaeMbIX MapaMeTPOB BHICTYNAIOT: a3H-
MYT, YTOJI MECTa, JaJIBHOCTH JI0 [ICHTPA dJIEMEHTA pa3peieHus Mo
JlanbHOCTH, 3HaueHue B HeM PJIO, oneHKH pagnaibHON CKOPOCTH
Betpa 1 CKO pagnanbHBIX CKOPOCTEH, KOTOPOE MOXKET BBICTY-
maTh KpUTEpHeM omnacHoi TypOynentHoctH [15]. CMmeHa kaapa
n300pakeHNs, BBIBOJMMOTO HAa MHIWKATOP IMPOMCXOIUT TOT/a,
xorma 3-D Oydep HakONUT OYepepHYIO MOPIHIO HEOOXOIUMOU
nHpopManuu U cPopMUpyETCS HOBBIH Kaap «IceBao» 3-D Bu3y-
anm3anuyu (B cioydae HE3HAYUTEIHHOTO MOBOPOTAa M300paKCHUS
13-32 CMEHBI Kypca HOCUTESA).

[Ipn OCTaTOYHO CYIIECTBEHHOW CMEHE Kypca HOCHUTEIs
BBHU/1y HEIIEJIECOO0PA3HOCTH UCTIONB30BaHHSI HAKOIJICHHBIX B 3-D
Oydepe NaHHBIX, BO3MOXEH YXOJ B peKUM 2-D ckaHMpOBaHHUS C
obecrieueHreM TOH ke «rceBno 3-Dy Bu3yanuszanuu, HO C MoTe-
peit n300paXKeHUs 3aIITPUXOBAHHBIX 00JIacTel (COaepIKAIIIX Me-
TEOJJaHHBIC Ha JIPyruX BbicoTax). CienyeT OTMETUTD, YTO B CITY-
Yyae MaJIbIX I3MEHEHUI Kypca 3anoiaenue 3-D Oydepa Bo3MOKHO
Jlake MpPU HUCIIONBb30BAHUM JOCTATOYHO OOJBIIMX MAaciTaboB
JTATBHOCTEH, a TTOJIET MOSKET BBITIOJIHATHCS JOBOJIBHO JJIUTEILHOE
BpEMs C HCIOJIb30BAHMEM BHU3YAIN3UPOBAHHOTO HM300paKEHMUS,
c¢(hOpMHUPOBAHHOTO TI0 paHee MOTyYeHHONH METEOHABUTaAIIMOHHOM
nHpOpMAaLNH.

Paccmotpum paboty B pexnme 3-D ckaHMpOBaHUS caMOJIET-
Horo jokaropa «KRDR-4100 MultiScany» o ¢hopmMupoBaHuio Kaj-
poB «riceBao» 3-D n300pakeHHs: C UCIOIB30BaHHEM HAKOIUICH-
HBIX JIaHHBIX B Oydepe paauosokaroHHoW nHpopmarmu. J{is
Hakomenus PJIM npu ucnons3oBanun 3-D ckaHUpOBaHMS HC-
noJb3yercst 17 kaapoB 0030pa 1o 4 CeKyHIIbl KaKABIH C LIENbI0
TIOJTY4€HHsI IEPBUYHBIX PaJNOIOKAIIMOHHBIX JaHHBIX O TPO30BOM
AaKTHUBHOCTH M TypOyJeHTHOCTH. [laniee BBINOIHSETCS Tal o0pa-
OOTKM 3TOH NOIyYCHHOW MH(POPMAIMU U ee JalbHeHIIas Bu3ya-
nmr3anus. 3a BpeMs Habopa u (popMHUpOBaHMS OYEPETHOTO Kajapa
«tceBno» 3-D m3o0paxkenus (mopsinka 120 ¢) camoner ycrmeBaeT
nponereTs oT 30 1o 40 kM, TIpH ATOM orepaTop (MUIOT) MOIB3Y-
eTcs JaHHBIMH MPEBIIYIIET0 Kaapa «ceBao» 3-D n300paxeHus.
Takum obpasom, mpu pabore B pexume 3-D CKaHMPOBAaHUS J10-
CTYNHBIE THJIOTY caMmoJieTa MAacIuTa0bl M300pakeHUs HaynHa-
1otes ¢ 72 kM (40 MOPCKUX MUITB).

J1J1s1 MaJIOBBICOTHBIX BO3/IyIIHBIX IOJIETOB (CO CKOPOCTBIO TI0-
pszika 50 M/c) aHAJIOTMYHOE TI0 BPEMEHH HaKOIIJICHUE TPHUBOJIUT
K JIOCTOBEPHOCTH MacIITab0B JaTbHOCTH C HW)KHEH rpaHHLIeH 11o-
psnka 6 kM. Ho Bpemst MOKHO M CYIIECTBEHHO YMEHBIINUTB, M0O-
CKOJIbKY BEPXH:IsI TpPaHUIla 00JIeTa Y TaKoro KJIacca BO3YIIHBIX
CYJIOB 4acTO HE TPEBBIMACT 4-5 KM, YTO MO3BOJISICT CHU3UTD 30HY
CKaHMPOBAHUS 10 YIJIy MECTa BJBOE (B YMEPEHHBIX HIMPOTaX,

BEPXHsIS TPaHUIAa 00JIAYHOCTH JISKUT Ha BbIcoTax 8-11 kM) u mo-
JYYUTH HIDKHIOIO TPAHUITY I MacIITaO0OB MalTbHOCTH BH3Yyalll-
3UpyeMOro «1ceBao» 3-D n3o0paxkeHns mopsiaka 3 K.

3 lonoHUTeAbHBIE BUABI HHpOPMaLMH, BLIBOAMMOIi
AJI yBeJIU4eHUsI HH(POPMATHBHOCTU PATHOTOKAHOHHBIX
uzodpaxenuii. [IpeanoskeHus: Mo BHeAPEHUIO HOBBIX
MHTYUTHBHO-TOHSITHBIX CIOCO0AaX HHIAMKAIUN
METEOHABUTAIHOHHLIX JaHHBLIX

[Tpn pemeHnn 3amau¥ METEOHABHTAlMU TI0 MapuIpyTy IIO-
JeTa, KpoMe pealbHOH IOroHoN 00CTaHOBKYU U Kypca L1eJ1eco00-
pa3Ho 100aBUTh ONIMOHAIFHO PEXXUM aBTOMATHYECKOTO BBIBOJA
Ha MHAMKATOPE CJI0sI TU(POBOIT KapTHl MECTHOCTH, COBMEIIAEMON
¢ BeiBouMBbIM PJIW. Tlpu 3TOM Hale Bcero caMo COBMEIIEHHOE
n3o00pakeHne BRIBOIUTCA B OkHE «HaBuramms» [13]. TIpumepst
BU3yaIN3aIlN BBITISIAT TaK, Kak MTOKa3aHO Ha PUCYHKE 5a,0.

(KOJC

Puc. 5. Ilpumeps! BapraHThI BBIBOJA COBMEILEHHBIX U300paskeHUH
Tonorpad)nquKof/i KapThl, CJ10s1 HABUT'allMOHHBIX JJaHHBIX U METCOHABU-
TanroHHOU MH(MOPMALUK: a) U HH(PPOBOI KapThl MECTHOCTH;

0) MeTeoHaBUTaIIMOHHOW HH(OpMALIUU

CrneyromuM maroM 1o paciupeHuio QyHKIIMOHAIEHBIX BO3-
MOJKHOCTEH IITypMaHa [0 HABUT ALK CTAJIO MTOIKIFOYCHUE BHETI-
HEHl MeTEOHABUTAITMOHHOW MH(OPMAINH: 3TO WM Iepenada de-
pe3 CHyTHI/IKOByIO JIMHUIO CBS3U O6'I)CJII/IHCHI/I$IX BMECTEC JAaHHBIX C
cetn HazeMHBIX PJIC (texnonorus NEXRAD B CIIIA) ¢ remnom
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OOHOBIICHHS TIOPSAZKA 2,5 MUHYT U BBIBOJ PSIIOM M300paKeHuit ¢
pamapa u ¢ HazemHbix PJIC. Takoe oObeanHEHHE IO3BOJISIET
Jyd4llle aHaJIU3HPOBATH JOCTOBEPHOCTh M TOYHOCTb MOTOJHBIX
YCIIOBHI M YIIPOIaeT HABUTallUIO BO3AYIIHOTO Cy/IHa (pHc. 6a).

Puc. 6. CoBMeCcTHOE HCTIONB30BAHIE METCOHABUTALIIOHHOM HH(OPMAIIUH,
norygaemoii gepes cucremy NEXRAD CIIA) u ¢ 6oprooit PJIC
GWX-70 (puc. 6a) 1 OTIEIFHOE HCIOIB30BAaHUE TEXHOJIOTHU
NEXRAD (puc. 66)

B cnyuae nencnpasroctu min orcyrcrsus bPJIC cucrema siB-
JSIeTCSl €AMHCTBEHHBIM MCTOYHHKOM METEOHABHI'AllMOHHOM WH-
dhopmarmu (puc. 60), HEAOCTATKA KOTOPOH — MEUICHHBIH TEeMIT
OOHOBJICHHS TaHHBIX U HEPABHOMEPHOCTb TIOKPBITHS TEPPUTOPUH
CIIIA mazemupiMu MeTeo PJIC, koTOpast IpUBOIUT MHOTIA K TUIO-
XOH pasperaroniei CrocoOHOCTH METEOJaHHBIX, HHOT/IA K €€ OT-
CYTCTBHUIO B HEKOTOPBIX perronax. [loaromy co3naHne aBTOHOM-
HOHM CHCTEMBI METCOHABUTAIINH TTO-TIPEKHEMY SIBIISCTCS aKTyallb-
HOH 3a1a4eif, 0COOEHHO AJIs1 MAJIbIX BO3LYIIHBIX CYA0B, [I€ €€ J10-
CTOBEPHOCTH M JCTaIN3alus 00eceYnBaTh MoJeTa.

[TpakTHKy HCIOJIB30BaHMS JOMOJHUTEIBHOTO IUIAHIIETA CO
CITyTHUKOBBIMU METEOHABHTAIMOHHBIM JaHHBIMH UCIIONIB3YET HE
tonbko komnanust GARMIN (mpunoxxenne GARMIN PILOT),
Ho n kommanust Honeywell Aerospace Technologies, BbiaBast -
notam camoinéroB Boeing mumanmer ¢ npunoxenuem Weather In-
formation Service, TOJHOCTBIO OPHUEHTHPOBAHHBIA [UIST TPO-
KJIQJIKK MapuipyTa U TeKyIIUd HAaBUTAlMU C YYETOM MOTOJIHBIX
YCIIOBH, TTIOJTly4aeMBbIX CO CITyTHHKA.

Taxum 00pa3om, B 00pTOBEIX MeTeoHaBUTAITOHHBIX PJIC st
obecrieueHns (HOpPMHUPOBAHUSA HA TUCIIICSX OOPTOBBIX WHAUKATO-
POB MEPCHEKTUBHOTO, BU3yaJIbHO OPUEHTUPOBAHHOIO JUIs Olepa-
Topa Buaa otoopaxenus PJIM mereooOpa3zoBaHuii MOKHO PEKO-
MEHJIOBaTh JBa BapuaHTa MCIOJHEHUS (0a30BBIH M JONOJHEH-
HbIit). [TepBblii BapuaHT — 6a30BbIif COOTBETCTBYET MEXK/yHAPO/I-
HBIMH TPEOOBAHMSIMHU U IIPECTaBIIsieT co00M «rceBno» 3-D u300-
pakeHue, BTOpo BapuaHT popMUpyeT nosHoleHHoe 3D n3obdpa-
JKCHHE CEKTOpa MOJIYyYEHHOW paJMOIOKallMOHHBIM CII0COOOM
METE000CTaHOBKH.

Hx coBMmelieHne BO3MOXHO, TaK Kak 00OMM BapHaHTaM HC-
TTOJTHEHUSI IPUCYIIN OJJMHAKOBBIC METOJIbI ITOJyYCHHUSI METCONH-
(opmarin, 1 0ba BapHaHTa MMEIOT OOIINE XapaKTEepPHBIE NPH-
3HAKHU BBIBOANMOTO HA MHANKATOP M300pa’KeHNUs, 8 UMEHHO:

1) BBEIIIONIHEHWE aBTOMATHYECKOTO CKAaHHMPOBAHUS IIPO-
CTPAaHCTBA B TOPH30HTAIBHON IUIOCKOCTH TIPH Pa3HbIX yTJIax
HaKJIOHA (C LIEJBIO MOJIyUeHHUs! IAHHBIX O METE000OCTAaHOBKE B He-
00X0TMMOM /17151 6€3011aCHOT'O M0JIeTa IMana3oHe BBICOT);

2) TNpUMEHEHHWE  aBTOMATHYECKOTO  MacIITa0HpPOBAHMS
N300paXeHHs] B 3aBUCUMOCTH OT JIAIBHOCTH J0 OOHApy)KCHHBIX
OMACHBIX MeTe000pa30BaHUM M MX MPOTSHKEHHOCTH MO paraib-
HBIM HalpaBJICHUSIM;
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3) wucmonp3oBaHWE B (GOPMHPYEMOM Ha OMOTHECHHOM
n300pakeHUH MHOTOLIBETHON HaIUTPbI, KOTOPYIO IpeiaraeTcs
peann30BbIBAaTh IPUMEPHO TaK, KaK 3TO C/ENaHO B METEOHABUIA-
nuonnoi PJIC «GWX-8000» komnanuu «Garminy (cM. puc. 2),
HO ¢ OOJIBIIMM YHCIIOM TPaJallfii LBETOB M BU3YyAIN3allUU HE
TOJIBKO CJTy4a€B HAJINYWA JOXKIACBbBIX, Ky4€BO-A0KIEBbIX U I'PO30-
BbIX stueek u A0k ¢ PJIO 6onee 20 dBZ, HO u ciiyuaeB oGay-
HOCTH HE OINACHOM ISl I0JIeTa, HO CIIOCOOHOH YMEHBIIHUTH
3G PEeKTUBHOCTH pabOThl ONTHKO-JICKTPOHHBIX CHCTEM, HCIIOJIb-
3yeMBIX Ha OOpTy BO3JyLIHOTO CY/HA;

4)  ¢opMupoBaHue OJHOBPEMEHHO JBYX BHJIOB BH3yasln3a-
un PJIN (ropu3oHTaIbHOE CEYEHHE U BEPTHUKAIBHOE CEUCHHUE),
COBMECTHO BBIBOJJMIMBIX Ha HHIUKATOPE:

a) TOPU3OHTAIFHOE CEUYEHHUE — MpeACcTaBiIsIeT codoit 2D n300-
pa’keHNE OLIEHKH OMACHOCTH METE000CTaHOBKH, ITOyIEHHOE IIPH
ABTOMATHYECKH BBIODAaHHOM YIJIe HAKJIOHA, WK o0bemMHOe 3-D
n3o0paxkeHune (KaK pe3yJibTaT UHTEPIOJISLUH 110 JaHHBIM, MOJTY-
YCHHBIM B TOPHU3OHTAJIbHBIX CCUCHHAX C pPa3HbIMU YTJIaMHU
HaKJIOHA), HAIIPUMeEp, TaKOoe, KaK 3TO MIOKa3aHO Ha PUCYHKE 7.

0) BepTHKaJIbHOE CEYCHHUE — NpeAcTaBisieT coboii 2D n3o00pa-
YKEHHUE OLICHKH OITACHOCTH METEOOOCTAaHOBKH B BEPTHKAIBHOM Ce-
4yeHuH. BepTukansHoe ceyenne hopmMupyercs:

— I10 Kypcy noseTa (WM BEKTOpY ITyTEeBOH CKOPOCTH) TIPH OT-
CYTCTBHH HanboJiee ONacHbIX 00IacTell MpU a3MMyTaIbHOM CKa-
HUPOBAHUH,

— 70 a3uMYTy B HAalpaBJICHUHM Ha LEHTP OOHApYKEHHOTO
HanboJiee OMacHOr0 METe000Pa30BAHUS — C PAJHOJIOKAMOHHON
otpaxxaemocTbto 6osiee 30 1bz 1 pacnonoKeHHOTo ¢ HUKHEH rpa-
HUIIEH 10 TaTbHOCTH HEe MeHee 3-6 KM (M3-32 BpEMEHH HaKOIIJIe-
HUsI JaHHBIX B Oydepe);

S)  BbIBOA HM(POBOI KapThl MECTHOCTH, KOTOpas NpH ee
HaJU4dU JUIl JJAHHOM MECTHOCTH, BHU3YalIM3UPYETCSl BTOPBIM
CJIOEM, TIOMOTAET OIEepPaTOpPy OPHEHTHPOBATHCS B CIOKHOM Me-
TeooOcTaHoBKe. B «mceBno» 3-D m3o0pakeHHH 3TOT CIioid op-
MHUpYeTCs, KaK Ha TOPU30HTAIBHOW pa3BepTKe, TaK M Ha BEPTH-
KajpHOW. Ha BepTHKambHOM pa3BepTKe 3eMilsi — NPOPHUCOBBIBA-
eTcsl Kak penbed BBICOT — eIMHBIM, HAIIPUMEpP, KOPUIHEBBIM HIIN
TEMHO CEpPbIM IIBETOM.

IIpoexT mpemmaraemoro st Busyammsarmu 3-D PJIN, coBme-
IIEHHOTO ¢ U(POBOi KapToi MecTHOCTH CankT-IleTepOypra, ¢ mac-
mTaboM TATBHOCTH 5 KM M TIPOCMOTPOM 00JIaCTH BBICOT ISt ITIOCTPO-
eHust MmeteokapThl oT 0,5 710 2,5 KM Tpe/IcTaBIeH Ha PUCYHKE 7.

~s.d8z 10dBZ 15dBz 2046z 25 ooz [SdEZ NI EEEEEEEEEE] S0 ez s ooz

Puc. 7. 3D — PJIM MeTeoHaBUTAIMOHHOM HH(POPMAIMHU C MOCTHIIAIOIICH
KM (ans ynpouieHus: HaBUTallli, MOJIOYHBIM IIBETOM 0003HAYACTCS
00J1acTh ONacHOH TypOYJIEHTHOCTH)

—
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Juist n30exxanust BIUSIHASL HA METEOKapTy MEPEOTPAKEHUN OT
3eMHOH TOBEPXHOCTH CJIEYEeT IIPUMEHSTH aHTEHHBI C YMECHBIIICH-
HBIM YPOBHEM OOKOBBIX JICTIECTKOB B HIKHEH mosycdepe 1 aBTo-
MaTHYEeCKUM MOABEMOM JIyda, 3aBHCSIIIUM OT BBICOTHI TT0JIETA HO-
cutens 6oprosoit PJIC. Takue pemerns npempioxkeHs B [16, 17].
[Tpu 3TOM OHU SIBIISIFOTCS aKTyaJIbHBIMU M TIEPCIIEKTUBHBIMHU, TaK
Kak 0asupyrorcs Ha nmpuMeHeHnH TexHoioruid AP nm ADAP,
KOTOpBIE BCE YAl PACCMATPUBAIOTCS KaK COBPEMEHHAs 3aMeHa
BOJTHOBOJJHO-IIIETIEBBIX AHTEHHBIX PELIETOK C MEXaHMUECKHUM CKa-
HupoBanueM ny4a [18, 19]. OHnu xe Mo3BOJAIOT CO3/1aBaTh MHO-
FO(l)yHKHI/IOHaJ'H)HI:Ie CUCTCMbI HC TOJIBKO JJIA METCOJIOKAIIUHU, HO U
JUTS 337124 PAMOBHICHNS, TIAPAMETPhI, YHKIIHOHAIBHOE Ha3HAYC-
HHE KOTOPBIX TaKXKe JJOJDKHBI BEIOMPATHCS WM aJJallTHPOBATHCS C
YYETOM perroHa MPUMEHEHHs], KaK, HapuMep, 3TO CIETIaHO B CITy-
Yyae OpHEHTalK Ha paboTy B 3aMoJsipHBIX IHpoTax [20].

4 BpinosiHeHHe OLIEHKH BpeMeHHbIX TpeOoBaHU i
0 HAKOILJICHUI0 HE00X0AMMOro 00LeMa UCXOHOM’
MeTeOHABUTaMOHHOH HHpopManuu. OueHka TpedoBanuii
K ObICTPO/IelicTBHIO 0OPTOBOI0 BHIYMCJIMTEIIS /ISl BIBOJA
Ha nHaukatope 3-D oTo0pa:keHns MeTeOHABUTAIIOHHOI
HHpopMaLun

Jnst moctpoeHnsi M300paXkeHHs] METEOHABUIAIIMOHHOW 00cTa-
HOBKH C aBTOMaTHYECKMM MaclITaOMPOBaHUEM 110 JAIBHOCTH B 3a-
BHCHUMOCTH OT TEKYIIell MeTe000CTaHOBKH B «1iceB1o»-3D mim B 3D
BHUJIE HEOOXOJMMO HCIIOJIb30BATh HAKOIUICHUE HEKOTOPOro 00beMa
TIOJTy9EeHHOH paMoNOKaMoOHHOH HH(popManuy B Oydepe TaHHbIX.

[Moctpoenue «rceBno»-3D u3obpakenus npu 2-D ckanupo-
BaHWM — HE 3aHMMaeT MHOTO BPEMEHH, TaK KaK IpH ero GopMu-
POBaHMH HCIOIB3YETCSI HAKOIIJICHHE IBYX KaJpOB CKAaHUPOBAHUS
(TOPH30HTAIEHOTO W BEPTHKAIBHOTO), KOTOPHIE BMECTE C BBIBO-
nom PJIN Ha mHaukaTop 3aHUMaroT Bpemst He 6osee 10 ¢. Tpebo-
BaHUs K Oy(epy 9THX JaHHBIX HE PACCMaTPUBAIOTCS, TAK KaK OHH
HE 3HAUYUTEJILHBI B CPAaBHEHHUH C TPEOOBaHUAMH K Oy(epy TaHHBIX
pu peanuzannu 3-D ckaHupoBaHUS.

Just nonydenus 3-D u300paxeHust clieyeT yuecThb, YTO MpH
Kkpeiicepckoii ckopocTu 70 M/C BEpTOJICT IPOJICTACT PACCTOSIHUC B
3 KM IIpUMeEpHO 3a 43 ¢. DTO 03HAYaEeT, YTO 3HAUUTEIBHYIO 4acTh
9TOTO BPEMEHH IPHJIETCS HOTPATUTH HA COOP PaIHOJIOKAMOHHOM
nH(OpPMaINH, a OCTABLIMECS HECKOJIBKO CEKyH]| — Ha ee oOpa-
OOTKY M BU3YaJIN3AIIHIO.

Ecmu 3a 28 ¢ cmenars 7 kamgpoB 0630pa (ckopocTs 0030pa 4
Kajpa/c) 1o TOpu30HTAIN 1 | Kaap 0630pa 1o BepTuKaiu (3a 2 ¢),
TO octaBmmecs 13 ¢ MOKHO MOTPATUTh 0OPaOOTKY MOTydeHHOM
nHpopMannu (T.e. HA MOATOTOBKY K BHU3YaJIM3allNU W Ha BBIBOJ
JTaHHBIX). B aBTOMaTHYECKOM peXHMe NMPOCMaTPUBACTCS HE BCS
00J1aCTh MPOCTPAHCTBA MO BEPTUKAIH, & TOJBKO Ta €€ 4acTh, KO-
TOpask MOXKET OBITh MCIOJIB30BaHA AT 00X0Ja BEPTOJICTOM Ky-
YeBO-I0’KJCBOI 00IAYHOCTH (C YIETOM €€ MOTCHINATbHON HIXK-
Hell rpaHuIsl), To ecTh Ha BeicoTax oT 500 mo 4000 M. Paanomno-
Kal[OHHAs! OTPa)KaeMOCTh HEJIMHEWHO MEHSETCs OT HIKHEH 110
BEpXHEH I'paHMIBI 00JAYHOCTH, MOATOMY JUISl €€ MHTEPIOJISIHN
T10 BBICOTE HEOOXOANMO UMETh KaKk MO>KHO OOJIbIIIE CPE30B C pas-
HBIM yriom Mecta. [Ipu coope paanonokaroHHoN HH(OPMALH
OyzeM mpocMaTpuBaTh 7 cedeHUil (KaapoB), KOTOPHIC HA KOHIIC
MaciTada JTbHOCTH PacTIoNoXKEHB! 110 BbicoTe uepe3 500 M.

UroOBl yBETMYUTH CKOPOCTH cOOpa pagroIOKAMOHHON HH-
(dopmanmu ciexyeT CKaHMPOBATh B COBMEIIICHHOM PEKUME 00HA-
PYKEHHS TPO30BBIX ()POHTOB M OOJIACTEH TypOYIEHTHOCTH, UTO

TI03BOJIUT Cpa3y (OPMHUPOBATH JAHHBIE O PAANOIOKAIIHOHHON OT-
pakaeMOCTH U IIUPUHE CIEKTpa AOMJIEPOBCKUX dacToT. llpu
3TOM BO3HHMKAeT OTPaHWYECHHE MO MaKCHMAaJIbHOMY Macmraly
nmanpHOCTH Ut 3-D Busyanmsanuy 3HaueHueM 50 KM.

IIpn OTCYTCTBHHU CYIIECTBEHHOIO MU3MEHEHHs Kypca aBTOMa-
THYECKH MTPOBOIUTCS «3aMOPaKHBAHUE» 00JIACTH 30HUPYEMOTO
MPOCTPAHCTBA B CTAOMJIM3MPOBAHHOW TOPHU3OHTUPOBAHHOM CH-
creMe koopauHart. Mccnemayemas 06acTh IPOCTPAHCTBA I10 JJallb-
HOCTH MOXET COCTaBJIATh OT 3 /10 48 KM C JIOCTaTOYHO OOJIBIINM
YHCJIOM DJIEMEHTOB paspeuieHust ganbHocTH: (48-3) km/100M =
450 nuckperos nansHocTH. [Ip TOM MakcHUManbHO MPOCMaTPU-
BaeMblil JMana3oH YIJoB [0 a3uMyTy cocTaBisier 120 rpaaycos
(80 yrioBsIX HampasieHui gepes 1,5°). 3To o3HadaeT, uro Oydep
pannonokannoHHo nHpopMarmmu coctouT u3 36 000 muckpeToB
JATEHOCTH Ha OJHOM KaJipe, U, COOTBETCTBEHHO u3 252 000 muc-
KPETOB ITPU CEMU HAKOIUICHHBIX TOPU30HTANIBHBIX KapoB. B 3TOM
ciryyae B Oydepe DaHHBIX MO KaXJOMY 3JIEMEHTY pa3perieHHs
TpebyeTcsi COXpaHUTh 5-Th 32-0OMTHBIX CJIOB (J1Ba CIIOBA - [Is 3HA-
YeHUH paJinOJIOKALIMOHHON OTPaYKaeMOCTH U IMIMPHUHBI CIIEKTPa, U
TPH CJIOBA — [yl 3HAYEHUN KOOPAMHATHBIX COCTABIIIOIUX 110 X,
Y u Z, nony4eHHbIX U3 TEKYLIUX 3HAUECHUH JAIIbHOCTH, a3UMYTa U
yIJ1a MecTa JI0 IEHTPOB JIEMEHTOB pasperienust). Takium oOpazom,
TpebyeMblii pazmep Oydepa namsiTi 11t XpaHEeHHsT paIioIOKali-
OHHOI MH(OpManMu cocTaBuT 5*32%252*%10° Gur = 5,04 MG.
B ciyuae nmepenaun 5THX JaHHBIX B BHJICOIPOLIECCOP 33 BpEMs,
cocrapisroree He 6onee 20% OT BpeMeHH, BBIICICHHOTO Ha 00-
paboTKy, TpeOyeTcs: 00eCIeYnTh CKOPOCTh Mepeadn JaHHBIX HE
MeHee 2 M6/c.

[Tpu BeIMOTHEHNN 00PabOTKN HAKOIUIEHHOH B Oydepe pammo-
JIOKaIIMOHHOW WH(pOpPMANNU Kaapa, HAnOOIBIIEH eMKOCThIO 00-
JaaeT HUKJINYECKH BBIMOIHsAEMAasi MHTEPIIOJSIINS JaHHBIX, o0ec-
MEYNBAIONIAs TTOMYUYEHHE JUId BU3YyallM3allud 3HAUCHHUH B peETy-
JIApHOM ceTke Mo KoopauHatam X, Y U Z ¢ 3aJJaHHbIMU IIaraMu
(mopsiaka 100 m). B cnyuae ucnonb30BaHusl KBaJAPATUUYHON WH-
TEPHOJISALUH B CKOJIB3SIIIEM OKHE M3 TPEX AJIEMEHTOB T10 KOOP/IH-
HaTe Y W JTUHEHHOW MHTEPNOJIALUY 10 KoOpAMHaTaM X U Z 1o
BOCHMH TOYKaM, KOJIMUECTBO BBIMIOIHSAEMBIX OTEPALNi THIIA CJIO-
JKEHHUE ¥ BBIYUTAHHUE COCTABIISIET BEJIMUMHY TOpsiAKa 8 MITH, a orle-
pauuii TUIIa YMHOXKEHHE | JeJIeHUE — HOpsIKa 7 MIIH.

Bo3MOXXHBIH TTOPSAOK TPOBEAEHUS OTIEPALIUHA 110 HHTEPITOIIS-
IINH PA3HBIX TPOCTPAHCBEHHBIX METEOHABUTAIMOHHBIX TAHHBIX 1
IpeuIaraeMoMy CIIoco0y MX coxpaHeHHs B Oydepe moapoOHO
ommcan B [21].

KonmuecTBa BBIONIHEHNS OTIEPAIIAil UTSHNS IPH 0OpaIeHUsIX
K IaMATH COCTABIIACT nopaaka 10 MilH, TakuM o01iee KOJIMIEeCTBO
omepanuii mopsiaka 25 miH 3a 11 ¢, ¥ IPOU3BOAUTENHLHOCTD HE
Menee 2,5 MFLOPs aiist moAroToBKH W300paxkeHus. DTO He ca-
MbI€ BBICOKHE TPeOOBaHHS IO TPOM3BOAUTEIHLHOCTH IIPHU TTOCTPO-
exnu 3D oroOpaxkeHHi B pealbHOM MacliTabe BpeMEeHH.

3akarouenue

PaccmotpeHs! coBpeMeHHbIe TpeOOBaHMS K BU3yaIH3allii Me-
TeoHaBUTaMOHHON mHpopMmanun B 6opToBeix PJIC. ITokasaHo,
YTO €CJIM OHH BBIMOJHSAIOTCS TOJIBKO B PAMKaX MEXKIYHAPOIHBIX
CTaHIApTOB K IOroAHBIM 00pTOBBIM PJIC, TO OHM He SABIAIOTCS
HCTOYHUKOM HMHTYMTHBHO-TIOHSATHOH, OpPHEHTUPOBAHHOH Ha
OBICTpOE BOCTIPHATHE METECOHABHUTALMOHHOW HWH(OpMAaIued u
JIOJDKHBI OBITh OIIMOHAIBHO JJOMOJIHEHBI. B 3TOH CBsI3M packpbiTa
WJICOJIOTHST TIOCTPOCHUsS «IrceBno» 3D Bu3yanuzanuu, onucaH
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OTIBIT €€ UCTIOMHEHUS B cOBpeMeHHbIX 00pToBbIX PJIC 1 mpemo-
JKeHO 0oJ1ee HH(POPMATHBHOE PELICHHEe Ha OCHOBE HAKOIICHHS U
nocneayromero 3D oroOpaxkeHHs METeOHaBUTAIIMOHHOM HHPOP-
MaIliH, COBMECTHO ¢ HU(POBOM KapTOW MECTHOCTH, & TaKXkKe O
HOBPEMEHHBIM BBIBOZIOM JIONIOJIHUTEIBLHOTO n300paxenus ¢ PJIN
BEPTUKAIBLHOTO CJIOsi (C HAJIMYKMEM JaHHBIX O Mpouiie 3eMHOM
MOBEPXHOCTH) BBIOpaHHOTO orepaTopoM 6oprosoii PJIC npwu mo-
HCKe MaHeBpa 00JieTa uiiu 00xoj1a.
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DEVELOPMENT OF A MODERN TYPE OF DISPLAY OF METEOROLOGICAL NAVIGATION INFORMATION
ON ON-BOARD RADAR INDICATOR DISPLAY
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Abstract

The task of improving the safety of piloting small aircraft flying at altitudes not exceeding the lower cloud limit depends, among other things,
on the completeness and speed of intuitive perception of meteorological navigation information, which makes it possible to choose flight routes
in advance in areas with difficult weather conditions. At the same time, the visualization of this information in aircraft intended for interna-
tional flights is limited by the accepted standard data transmission protocols. The limitations imposed on the display of meteorological naviga-
tion information, existing solutions for obtaining and displaying more complete data on both spatial coordinates and the degree of danger of
atmospheric formations received in on-board radars are analyzed. New visualization approaches have been proposed that increase the infor-
mation content of meteorological navigation data and focus on obtaining more intuitive images. Purpose — to investigate the scientific and tech-
nical groundwork used in on-board radars to analyze the current meteorological situation, to supplement it with proposals for developing a
promising type of display of meteorological navigation information on indicator displays, ensuring continuity according to the hazard criteria
adopted in international standards for on-board radar, focused on obtaining more intuitive images. The results of the analysis are presented,
confirming the expediency of switching from a flat- two-dimensional form of displaying meteorological navigation information in a pseudo-three-
dimensional or three-dimensional form with visualization of additional layers obtained for the current position of the aircraft from vector ter-
rain maps. The performance requirements of the processor implementing secondary processing of radar data before their potential output on
the indicator are estimated. The results of the work can be used in meteorological navigation onboard pulse-Doppler radars with optional image
output for hybrid visualization.

Keywords: meteorological navigation, on-board radar, display, visualization
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PaccmoTpeHbl Bonpocskl, cBA3aHHblE C UCCNeA0BaHWEM BO3MOXXHOCTEW MaTeMaTU4eCKOro M NporpaMMHoOro
MoAenupoBaHUA LM poBbIX aNnfOPUTMOB AUCKPETHOrO NpeobpasosaHua Pypbe 6e3 anropuTMUHECKUX one-
pauuii yMHOXeHuA. AKTyanbHOCTb MccnefoBaHUA 06ycnoBsieHa BOCTPe6OBaHHOCTBIO CHUXEHUA BbIMUCIN-
TENbHOMN CNIOXKHOCTU anropuTMoB LUucgposoi o6pabotku curHanos. Llens nccnepgosanus - popmanusauus
YMCNEHHOro MeToAa MHOTOCTYNeH4YaToro AUCKpeTHoro npeobpasosanna Mypbe LUEPOBOro KOMNIEKCHOIO
curiana. Mpu nccneposaHMM NpuMeHANUCh MeTOAbl MaTeMaTUYECKOTO U NMPOrpaMMHOIO MOAENUPOBaHUA
YMCNIEeHHBbIX MeToA0B LMdpoBoi 06paboTku curHanoe. Pesyneratel uccneoBaHMA Nokasanu U NoaTBepAU-
N1 BO3MOXXHOCTb MOAENMPOBAHUA YUCIIEHHOIO MeToa MHOFOCTYNEeH4aToro AUCKpeTHoro npeobpasosaHua
®ypbe unpoBOro KOMNIEKCHOrO CUrHaNa Ha OCHOBE YUCJIEHHbIX METOAO0B Pa3HOCTHOM L posoi ¢punbt-
pauum ¢ LeNIoYUCNeHHbIMU Pa3HOCTHBLIMU K03 bULMEeHTaMN PasnUYHBIX NOPAAKOB Pa3HOCTU U YUCIIEHHOTO
MeTo/a CBeJleHUA NPAMbIX BbIYUCIEHUIA CIIOXKHBIX (PYHKLMIA K BbINOJIHEHUIO MPOCTLIX ONEpauynil CoXKeHUA
u casura. OnpepeneHo U ONMCaHO MOHATUE MHOTOCTYNEHYaTOro AUCKPETHOro npeobpasosaHua Pypbe u
KOHUenuua 3toro npeobpasosanus. MNpeanoxeHa ero MateMaTuyeckas Mmogenb U nposeaeHa ¢popmanusa-
LMA YUCNIEHHOro MeToAa Takoro npeobpasoBanuna. OTMeY€HO, YTO OH NO3BOJNAET CHUXKATb BbIMMCIIUTENbHYIO
CNOXHOCTb annapaTHO-NpPorpaMMHON peanusaumn uudposoi o6paboTku CUrHanoB 3a cveT NMPUMEHeHUA
YUCNIEHHBIX METO/I0B Pa3HOCTHOM LU PpoBOI PUNbTpaLMm, HanpaBieHHbl nepe6op U cpaBHUTENbHBIN aHa-
N13 JONYCTUMbIX HABOPOB YMCIOBbIX 3HaYEHM LieNoYuCNIeHHbIX K03 (pULMEHTOB KOTOpoi obecneynsaer
BO3MOXXHOCTb CHMXXEHMUA NOTPELLUHOCTU YUCIIEHHOTO MEeToAa MHOTOCTYNeH4YaToro AMCKpeTHoro npeobpaso-
BaHuA ®ypbe. [ANA CHMKEHUA BbIMUCIIMTENBLHOW CNOXHOCTU €r0 anropuTMOB BbiAENEeHUA FapMOHUYECKUX
COCTaBNAIOWMX UU(PPOBOro KOMMIEKCHOTO CUrHasa NpUMeHeHbl NMPUHLMMNbI pasfeneHna ero 4acToTHOro
CNeKTPa Ha y3KOMNOJIOCHbIE CMEeKTPanbHble KOMMNOHEHTbI, 4YaCTOTHOTO CABUIa 3TUX KOMMOHEHTOB U UX HU3KO-
YacTOTHOW pa3sHOCTHOW uucdposoi uncTpaummn 6e3 BeinonHeHUA apugMeTUHECKUX onepaLuii YMHOXEHUA.
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BBenenue

AKTYaJIbHOCTh HCCIIeIOBaHHsI 00YCIIOBJICHA BOCTPEOOBAaHHO-
CTBIO CHIDKEHUS BBIYUCIUTEIIFHON CI0)KHOCTH QJITOPUTMOB LU (-
poBoit 06paboTku curHanos (LIOC). B ammapaTHO-TIpOrpaMMHOI
peanuzanuu 6ompmioro gncna anroputMoB LIOC neHTpansHyo
poJib UrparoT yncieHHble MeTo bl JI1D, NoCKOIbKY OHM CITy’KaT
MaTeMaTHYEeCKOM OCHOBOH CHEKTPAIILHOTO aHaIHM3a IH(PPOBBIX
curHaioB [1-2]. DTH METOIbI MPUMEHSIOTCS IS PEIICHUS TaKUX
3aj1a4, KaK BEIYHUCIICHUE CIIEKTPOB MOLIHOCTH, OBICTPOE BHIYHUCIIC-
HUe CBEPTOK npu 1udpoBol GpuiIbTpanuy, OlleHUBaHUE Nepe/a-
TOYHBIX (DYHKIMH U UMITYJIbCHBIX OTKIHMKOB [2-3]. [ToaTomy, on-
HUM W3 NEPCIEKTUBHBIX CIIOCOOOB CHYIKEHHUSI BBIYMCIUTEIBHON
CJIO)KHOCTH aJITOPUTMOB JUCKpETHOro mnpeoOpazoBanust dypne
(JAI1d) moskeT cTaTh NPUMEHEHUE YHCIEHHOTO METOIa MHOTOCTY-
MIEHYaTOr0 TUCKpeTHOTo peodpazoBanus Dypre (MATID), mud-
POBBIE AJITOPUTMBI KOTOPOTO MOXHO ITOCTPOUTH O€3 NCIIOJIb30Ba-
HUS aITOPUTMHUYECKUX ONEpaluil yMHOXKeHUs [6-7].

eab 1 MeTOABI MCCIIETOBAHUS

Lens nccnemoBanus — (opManu3alys YUCICHHOIO METona
M/I®D nudposoro kommuiekcHoro curnaia. [lpu uccienoBanuu
MIPUMEHSUIACH METOIbl MATEMAaTHYECKOTO 1 TPOrPaAaMMHOTO MO/Ie-
JIUpOBaHUs YUCIeHHbIX MeToi0B LIOC.

Pe3yJIl)TaTl)l HCCIeT0BAHUA

PesynbraThl mWccieqoBaHUS TOKA3ald M MTOITBEPIMIH BO3-
MOKHOCTh MOJICTUpOBaHHS duciieHHOro MeToga MITID mudpo-
BOTO KOMIUIEKCHOTO CHTHAJa HAa OCHOBE aJITOPHUTMOB YHCIICHHBIX
METOJIOB Pa3HOCTHOI nugpoBoit punsrpanuu (PLP) ¢ nemognc-
JICHHBIMH Pa3HOCTHBIMHU KO3 HUIIMEHTAMH Pa3IUUHbIX TOPSIIKOB
Pa3HOCTH M METOJIOM CBEACHHSI MPSMbIX BBIYMCICHHN CIIOMKHBIX
(YHKIMI K BBITIOJIHEHUIO MPOCTHIX ONEPAIid CIIOKEHHUS U CIIBUTA
CORDIC (COordinate Rotation DIgital Computer) [7-8].

Konnenuus npemnaraemoro agantusHoro meroga MJII® co-
CTOHT B IOCTENIEHHOM («nowiacogom») L-crynendyaTtom pacuere

CTaTHCTUK  (OLICHOK) {xi(m-u,ni- T}, m=0,1,2...M-1,
Q=wpo/(2-M), n=0,1,2...N/M\-1, Ti=2-n-My/wp, M=Bmunae',
MTHOBEHHOTO CIIeKTpa {X(m-Cy)}, m=0,1,2...M-1,

Q=wp/(2-M)), M=Bymne', xommnexcuoro curnana {x(n-7)},
n=0,1,2...N-1, T=2-n/owp, Ha I-x crymenssx MIID, I=1,2,3...L,
ToubKO yrciieHHbIMU MeToamu PLI® u CORDIC 6e3 BeImomHeHUs
apU(PMETHUCCKHX ONEpaidi YMHOKCHHS.

[Ipu 3TOM, aganTanus K U3MCHEHHIO BO BPEMCHH YaCTOTHOTO
paspemernss  (4<()  MTHOBEHHBIX CIEKTpoB  {X(M1(Y)},
X(my-Q)=xi(mM- Q- T}, m=0,1,2...M-1, Q=wp/(2-M)),
n=0,1,2...N/M-1, Ti=2-n-My/wp, Mi=Byne'<N, I=1,2.3.. L, obec-
[ICYMBACTCS TIEPEXOJIOM OT BBIYUCIICHUS MTHOBCHHBIX CIIEKTPOB
{X(m-Q)}, m=0,1,2...M)-1, ¢ paspemieHHeM TO YaCTOTE
QFop/(2-M)) Ha |-t crymern MITI® K BEIYHCICHAIO MTHOBEHHBIX
cnektpoB {X(My1-Qp1)}, M=0,1,2...M+1-1, ¢ paspemiennem 1o
gactote Qi1=mp/(2-Mi:1), Ha (I+1)-it crymern MJITI®, mpu I<L [8].

B npemiaraemom uncnenHom Merone MTI®D peanuzyrorces:

— YacTOTHBI HEPEHOC IMOJOCOBBIX CIIEKTPOB Ha OCHOBE Me-
toma  CORDIC, MO3BOJISIIOIIEMY  TIOJy4aTh  BEKTOP
y(n-D=Re[y(n-D)]+i-Im[y(n-7)], n=0,1,2...N-1, T=2-n/wp, mtpu
mosopote Bekropa x(N-T)=Re[x(n-T7)]+i-Im[x(n-7)], n=0,1,2...N-
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1, T=2-n/®wp, Ha yron © Oe3 BITOIHEHHS apU(PMETHIECKHX OIle-
paumit ymHoxenus o ¢popmynam (1) — (3):

Re[y(n-7)] = -Im[x(n-T)], Im[y(n-T)] = +Re[x(n- )],

ecnu O=n.2+2-w; (1
Re[y(n-T)] = -Re[x(n-T)1, Im[y(n-T)] = -Im[x(n-T)],

eci O=n+2-m; 2
Re[y(n-T)] = +Im[x(n-7)], Im[y(n-7)] = -Re[x(n-T)],

ecnu O=31/2+2-1; 3)

rae y(n-7) — BBIXOOHOH MapaMeTp alropuTMa IO METOIy

CORDIC, n=0,1,2...N-1, T=2-n/wp; x(n-T) — BXOAHOH mapamMeTp
anroput™a o meroxy CORDIC, n=0,1,2...N-1, T=2-n/wp;

— MIOCTPOCHHE PA3HOCTHBIX CXEM Ha OCHOBE METO/1a KOHCUHBIX
pasHocreit o hopmye (4):

z(n-1)=x(n-T) - y(n-1), )

rae z(N-7) — BEIXOTHOW MapaMeTp alrOpUTMa Mo METOIy KOHEU-
HBIX pasHocTer, N=0,1,2...N-1, T=2-n/op; y(n-T) — BX0oxHOI Ta-
paMeTp aJropuT™Ma IO METOJNy KOHEYHBIX pa3HOCTEH,
n=0,1,2...N-1, T=2-n/wp; x(N-T) — BXOIHOU ITapaMeTp aIropuT™Ma
0 METOAY KOHEUHHIX pazHoctel, N=0,1,2...N-1, T=2-1/op;

— ONTHMAJIBHBIM ITONCK HAa OCHOBE METOJla HAIpPaBICHHOTO
nepedopa o dpopmynam (5) — (7):

Y(N-T)=xp-1(N-7), Xp-1(N-7) < xp(N-7),Xp(N-7) < Xp+1(N-7),

p=1,2,3...P-2; %)
y(N-T)y=xp(n-7), Xp-1(N-T) > xp(N-1),Xp(N-T) < Xp+1(N-T),

p=1,2,3...P-2; (6)
Y(N-T)=Xp+1(N-7).Xp-1(N-7) > xp(N-7),Xp(N-7) > Xp+1(N-T),

p=1,2,3...P-2; (7

rie y(N-7) — BBIXOAHOW TTapaMeTp alropuTMa o METOy Harpas-
nenHoro nepedopa, N=0,1,2...N-1, T=2-t/mp; xp(N-7) — BXOHOI
mapaMeTp ajiropuTMa IO METOAY HalpaBIEHHOTO Iepedopa,
n=0,1,2...N-1, T=2-1t/mp, p=1,2,3...P-2.

JIns cCHYKEHUS BBIYUCIUTENBHON CIIOKHOCTH BBIJCIICHHS Tap-
MOHHMYECKHX cocTaBisitoiux {xm(nN-7)}, m=0,1,2...N-1, xom-
riekcHoro curnana {x(n-7)}, n=0,1,2...N-1, T=2-n/mp, npume-
HEHBI CIIEAYIOIIIE PHHIINIIBI CHUYKEHHUS BEIYNCIUTEIFHON CI0XK-
HOCTH IIPH TIOCTPOCHUH IUPPOBBIX asropurMoB MJIII® 3a cuer
WCTIOF30BAaHUS TOJIBKO ANTOPUTMUYECKHUX ONEpanuii HauMEHb-
LI BBIYMCIUTEIBHON CII0KHOCTH:

— MPUHIMIT pa3/ieieHuss 4acTOTHOro crekrtpa {X(mi-Q)},
m=0,1,2...M-1, Q|:0)D/(2'A/I|), M:BMHH(DI, |:1,2,3...L, N-
TOYEYHOTro  (parMeHTa BpeMeHHOW  BbIOOpKH  {X(N-7)},
n=0,1,2...N-1, T=2-m/owp, Ha M| y3KOIOJOCHBIX CIIEKTPaIbHBIX
koMmmoHeHToB {xi(M;-u,ni-T)}, m=0,1,2...M-1, Q=wp/(2-M)),
n=0,1,2...N/M-1, T)I=2-n- M)/wp, ipu Mi<N, I=1,2,3.. L, u ux 4a-
CTOTHOTO CJBUTa 0€3 BBHIOIHEHUS apU(PMETHIECKUX OTeparuii
ymHOKeHus [7-8];

— IPHUHIKI HU3K04acTOTHOM PLD I-X criekTpaabHBIX KOMIIO-
HCHTOB {x.(m.Q.,n.-T.)} , m=0,1,2...M-1, Q|:(1)D/(2‘M),

n=0,1,2... N/M-l, Ti=2-n-M\/wp, M:BM;;[H@I, |:1,2,3 ...L, xom-
ruiekcHoro curnana {x(n-7)}, n=0,1,2...N-1, T=2-n/op, mpu N=M,
1o (opmysie (8) TOIBKO AITOPUTMUYECKIUMU OTIEPALHSIMH CIIOMKE-
HUA U cABUTA 34 CUCT TPUBUAJIbHOCTHU WJIN 6[/IHapHOCTI/I OCJIOYHC-
JICHHBIX 3HaueHui [7-11].
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K-l ko Kin ki
ynT =% = ...3% Zhyk)xx(nT-ksT),
n=0,1,2...N-1, T=2-7/wp, )
k():() k1:0 kJ.1:0 kJ:()

rae y(n-T) — n-w1it BpeMeHHO# 0Tc4ET N-ToueuHON BRIOOPKH I (-
POBOTO CHTHAlIa Ha BBIXOJE Pa3HOCTHOIO LU(POBOTO (HIBTpa
Ky-ro mopsinka u J-ro mopsinka pasHoctw, N=0,1,2...N-1,
T=2-1t/wp;

hp(Jd,Ks) — Ks-bIit pasHOCTHBIH KO3 UIHEHT pasHOCTHOTO U (PO-
Boro (unbtpa K,-ro mopsimka u J-ro mopsiika pasHOCTH,
k;=0,1,2...Ky-1;

J — mopsAnok pasHoCTH pazHOCTHOTrO M poBoro ¢unbrpa Ky-ro
TOPSIIKA;

K, — nmopsiziok pasHoctHoro 1udposoro ¢puibTpa J-ro nopsaka
pasHoCTH;

x(N-7-Ky-T) — (n-ky)-b1it BpeMeHHo# 0TcuéT N-TOUCUHOH BBIOOPKH
U (POBOrO CHI'HAIAa Ha BXOJE Pa3HOCTHOTO IIU(POBOro GUIbTpa
Ky-ro mopsinka u J-ro mopsinka paszHoctw, N=0,1,2...N-1,
T=2-7/wp;

N — 4ncio O0TcYeTOB BpPEeMEHHOH BBIOOPKH HU(POBOTO CHUTHAA
{x(n-1)}, n=0,1,2...N-1, T=2-/wp;

T — mepuoa BpeMEHHOW JHMCKpETH3aluH LU(PPOBOTO CUrHaja
{x(n-1)}, n=0,1,2...N-1, T=2-/wp;

®p — 4YacToTa AWcKpermsanuu nudposoro curnama {x(n-7)},
n=0,1,2...N-1, op=2-7/T.

W3HavanpHO MeTo[ mocTpoeHus anroputma PLI® Obut mpen-
JIOXKEH M pa3paboTaH Kak 0co0Oe HampaBicHHE HH(MPOBU3AINH
00pabOTKH CUTHAJIOB Ha OCHOBE HIICH, H3TIOKECHHBIX B KIIacCHYe-
ckux MoHorpadpusax mo [{OC [1-3]. On ObLT co3MaH Ha OCHOBE
MIPUMEHEHHS METO1a KKOHEUHBIX pa3HOCTEI I (POPMUPOBAHUS
K03 PHUIHEHTOB ITUPPOBOH HHUIBTPAINH Ha OCHOBE MPUPALICHAN
UX 3HAYEHUW OTHOCHUTEIBHO 3HAYCHUM NpeAbIAYIUX COCCIHUX
ko3 dunneHToB 1HdGpoBoil GuasTpanuu mo Gpopmye (9):

Alh(k+1)] = h(k+1) — h(k), k=0,1,2...K-1, ©9)

rae A — «paspsIHBIA ONepaTop», KOTOPBIHA COMOCTABIsACT (HyHK-
o h(K) ¢ pynxmmeit A[h(k+1)], onpenensiemMoi Kak «KOHEUHast
pasHOCTBY, T.e. MaTemaTtiyeckoe Beipaxenue {h(k+1) —h(k)};
h(k) — K-p1ii OTCUET MMIYIBCHON XapaKTePUCTUKH HU(POBOWH
¢dunsTpanuu K-ro mopsinka, k=0,1,2...K-1;

h(k+1) — (k+1)-p1if OTCU€T UMITYIBCHON XapaKTEPUCTHKH LIU(PO-
Bo#t unsrparu K-ro nmopsizika, k=0,1,2...K-1;

Alh(k+1)] — «xoneunast pasHoctb» (k+1)-ro u k-ro orcuéros
AMITYTbCHOW  XapaKTEePUCTHKN LHppoBor ¢uasrparmmn  K-to
mopsiaka, k=0,1,2...K-1;

K — 4nciio orcu€ToB MMITYJILCHOW XapakTepUCTHKH LU(PPOBOIA
(dunprpanum.

DTOT MeToa ObUT CBOEBPEMEHHO arpoOMpPOBaH HAa HAYYHBIX
ceccusix Poccuiickoro Hay4HO-TEXHMYECKOTO OOIIECTBAa pajuo-
TeXHUKH, deKTpoHuKH U cBsizu (PHTOPOC) umenn A.C. [Tonoa
1 Ha MexXIyHapoaHbIX Hay4HbIX KoHpepeHnusx no [LOC [9-10].
Vcrionp30BaHHbBIE TIPH 3TOM NPHUPAIICHUS 3HAYSHUH KO3 PHIIH-
€HTOB IU(POBOH (HUILTPALUY OTHOCUTEIFHO 3HAYCHUH MpEIbl-
IYIIHX COCeNHUX KO0d(D(OUIMEHTOB HU(POBONA MOTYIHIN YCIOB-
Hble HAaUMCHOBAHMS: «IIpUpAIICHUS KOd()(MHULUESHTOB» M «pa3-
HOCTHBIC K03 durmerTs» [9].

[onsitue u TepmuH «PasHoctHas 1mdpoBas (uibTpanus»
OBUTH TIPEJUIOKEHBI M ONIPE/ICIICHBI JJIs ONIPE/IIICHHs B 0003Have-
HUSI CIIOCOOOB, METOOB M aITOPUTMOB IM(POBOH (QHUIBTpALN
HIDKHHX 4acTOT C Majopa3psaHbIMu KoddduipenTamu GuiibTpa-
1M, GOPMUPYEMBIMH Ha OCHOBE METO/1a KOHEUHBIX PAa3HOCTEH H
YCIIOBHO MIMEHYEMBIMHI «Pa3HOCTHBIMH KOd(h(hUIIMEeHTaMI», a IpH-
MEHEHBI JUISl HU3KOYaCTOTHOM HU(POBOI (PHIIBTpaLlK B AJITOPHT-
Max MHOTOCTYIIEHYaTOro TUCKPETHOTO TipeodpasoBanms Dypee u
JemyxkTtuBHO# 00pabOTKH IE(POBBIX CUTHATOB [5, 7-8, 12].

OTOT TepMUH yke Oosee TPUIIATH JET UCIOIb3YeTCs B JI0-
KJajax Ha MexayHapoaHbIX HayuHbIX KoHpepeniusx no [{OC u
HayuHbsix ceccusx PHTOPOC unmenn A.C. Ilomoma, a Takxe B
HAYYHBIX CTaThsX, OIyOJIMKOBAHHBIX B JKypHAJIaX, pEKOMEH/Iye-
MbIX Bpiciiell arTectaniioHHON komuccuel npu MuHHCTEpCcTBE
HayKH | BbIcIIero odopazoBanusi Poccuiickoit @enepanmu u nH-
JIEKCHUPYEMbIX B 0a3aX JaHHBIX PELEH3MPYEMOI Hay4dHOU JIUTe-
patypel «Scopus» u «Web of Science» [4-15]. On cBuaeresn-
CTBYET O IPUMEHEHUH PA3HOCTHBIX CXEM Ha OCHOBE METO/A KO-
HEYHBIX pa3HOCTeH s PopMUPOBaHHS KOAPPHUIIHEHTOB IIHPPO-
BOW (MIBTpAIMK, KaXIbI M3 KOTOPBIX 3aMEHEH Pa3HOCTHIO
MEXAy HUM U COCEIHUM KO3 (PHUIMEHTOB, YCIOBHO HMEHYEMON
«Pa3HOCTHBIM KOX(PHUIMEHTOM 1-T0 TOpsiAKa pasHOCTH» U, B
CBOIO OYepe/b, 3aMEHEHHON Pa3HOCTb MEXK/IY 3TUM U COCEIHUM
Pa3HOCTHBIM KOA(PPHUIHUEHTOM 1-T0 TOpsiIKa pa3HOCTH, YCIOBHO
UMEHYEeMOH «pa3HOCTHBIM KO3()(DUIIMEHTOM 2-I'0 MOpPsIIKa Pa3HO-
CTH» M TaK)Ke 3aMEHEHHON Pa3HOCTHIO MEXKIY 9THM U COCEIHUM
Pa3HOCTHBIM KO3 (UIMEHTOM 2-TO MOpPs/IKa Pa3HOCTH, YCIOBHO
NMEHYEeMOH «pa3HOCTHBIM KO3()(DUIMEHTOM 3-I0 MOpsiJIKa pa3Ho-
ctu», u T.4. [9].

Uucnennstit Mmeto PLI® HeHyneBbIX NOPSIIKOB pa3HOCTH 103~
BOJSIET  CYIIECTBEHHO  YMEHBIIUTH  Pa3psTHOCTH  Kak
MULTrpuo(Kp) ymHOXUTENEH, Tak U CELLrpio(Ky) stueex ma-
MSITH, TpeOyeMBIX JUISl alapaTHON peann3aun HUQpOBIX QHIb-
TpoB HkHUX vactoT (L{OHY) K-ro nopsaxa na ocaose TPLD
Kp-ro nopsiaka u J-ro nopsaxa pazHoctu [9, 11]. Takast sxoHoMust
anmapaTHbBIX CPEACTB 00ECTIeuMBAETCS 3a CUET CIIEHITPOIECcCop-
HOH peanu3anuy Takux GpuibTpoB K-ro mopsiika Ha OCHOBE aJro-
purma TPL® Kj-ro nopsaka m J-ro mopsigka pasHOCTH TIpH
Kp=K+J. [lns sT10TO, 3HaUCHMS Pa3HOCTHBIX Kod(duimeHTosn
{hp(,k)}, k=0,1,2...K+j-1, (j+1)-ro mopsiaka pasHOCTH,
j=1,2,3...J, 3amensttores o popmyste (10) 3HaYeHUAME Pa3HOCT-
HbIx koaddunmentos {hy(j+1,k))}, ki=0,1,2...K+j, cnexymero mo-
psiaka pasuoctu (j+1), j=1,2,3...J, npu ycmosun hy(j,kj)=0, ecu
ki=0 nmu k>0:

hP(j+l7kj) = hP(jakj) - hp(jakj'l)a (10)
rae hp(j,Kj) — kj-piit pasoctasiii koapdumuent TPID (K+j)-ro
MOPsIKA | J-TO opsiaka pasHoctH, ki=0,1,2.. . K+j-1, j=1,2,3...J;
j — mopsigok pasHoctu anroput™ma TPL® (K+j)-ro mopsjka,
=1.2,3...;

J — MakcuManbpHBIN TOpAA0K pasHocTH anroputma TPL® (K+J)-
O MOPSI/IKa;

kj— HoMep pasHocTHOTO K03 duitrenta TPLID (K+j)-ro mopsiaka
u j-ro mopsimka pasuocty, Ki=0,1,2...K+j-1, j=1,2,3...J;

Ky, — mopsimoxk TPLI® J-ro mopsinka pa3sHOCTH;

K — mopsimox II®OHY, peanmsyemoro Ha ocHoBe TPL® Kj-ro
nopsika 1 J-ro nopsinka paznoctu, K=K,-J.
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Opnnaxo, anmaparHas peanuzanus [{OHY K-ro mopsika na
ocuoBe PII® (K+j)-ro mopsiaka j-bIX TOPSIIKOB PA3HOCTH ajro-
purma PH®, j=1,2,3...J, TpeOyer 3HAYHTEIBHO YHCIA
SUMMppo(K+j) cymMmaTopoB st GUIBTpaIiii MH(GPOBOTO CHT-
nana {x(nT)}, n=0,1,2...N-1, T=2n/mp [10]. DT0 00yCHIOBICHO
pocToM 4HciIa apuGMETHUECKHUX OIepalyid CIOXKEHHS B ajro-
purme TPLI® (K+j)-ro mopsimka mpu yBEIHYCHUH €r0 MOPSIKa
pasuoctu j [12]. A B cimywae mpuMeHeHHs OWHAPHBIX 3HAYCHUIT
WIM TPUBHAIBHBIX 3HAYCHUH, WIM €IUHUYHBIX 3HAYCHHI
paszHoCTHBIX K03 duimeHtoB {hy(J,ky)} mpu k;=0,1,2...K,-1, pas-
HOcTHas 1udpoBast GuiIbTpaLus He TpeOyeT BHIMOIHEHUS apud-
METHUYECKHUX onepanuil ymHoxeHus [6, 9-11].

Merononoruss  JII® npeanaraeMbIM 4YUCIEHHBIM  METOJIOM
M/ITI® yunThIBacT COBpEMEHHBIC U TIEPCHIEKTHBHBIC JOCTIKEHUS B
o0macTi (POBOTO CIIEKTPATHFHOTO aHAIN3a F UCTIONB3yeT OCHOBHBIE
metors! LIOC mpu octpoernn mudpoBbix anroputMoB M/ITIO.

CHIDKeHNE BBIUYUCIUTEILHOM CIIOKHOCTH BBIACICHHS TapMo-
HUYECKUX cocTaBisttonux {Xm(N-7)}, m=0,1,2...N-1, komriekc-
soro currana {x(n-7)}, n=0,1,2...N-1, T=2-1/®p, 4UCICHHBIM Me-
togoM M/ITI® ocHOBEIBaeTcs Ha MCIIOIB30BAHUN HEBOCTpeOye-
MbIX €1lI€ B TIOJHON MEpe PE3epPBOB CHUIKEHUS BHIYMCIUTEIbHON
CJIOKHOCTH u3BeCTHBIX anroputmoB 1IOC u mosBomnseT pemars
cneaytorme npoodmaemsl LHOC npu moctpoeHun H(POBBIX alro-
PUTMOB BBIJICJICHHSI CHEKTPAJIbHBIX KOMIOHEHTOB {X(M-W)},
m=0,1,2...N-1, W=mp/(2:N), xommiekcHoro curnana {x(n-7)},
n=0,1,2...N-1, T=2-w/®p, npu U3MCHEHUH BO BPEMCHHU €ro 4a-
CTOTHOTO Pa3pelIeHus:

— obecnieunBarb J{I1® N-ToueyHoro pparmeHTa BpeMEHHOI BbI-
0opku komruiekcHoro curHana {x(n-7)}, n=0,1,2...N-1, T=2-1/mp,
0e3 BBITIOJIHEHUST ApU(PMETHIESCKHX OTepalliii yMHOKEHUS;

— UCKJIIOYATh BBIYMCICHUSI T€X M-bIX CIEKTPaJbHBIX KOMIIO-
Hernros {X(M-W)}, m=0,1,2...N-1, W=wp/(2-N), Hannune u Benu-
YMHA KOTOPBIX B CIIEKTpe KoMIuiekcHoro curhana {x(n-7)},
n=0,1,2...N-1, T=2-n/®p, HE MPEICTABIACT MPAKTUICCKOTO HHTE-
peca Ul CIIeKTPaJIbHOTO aHallk3a, HO 00s13aTeIbHO PacCUUThIBa-
€TCsl IIPU UCII0JIb30BaHUU AIIrOpUTMOB bIID;

— MCKJIIOYATh NPUMEHEHHE M OIMHAKOBBIX IOJIOCOBBIX HIIH

COINIaCOBaHHBIX  HUGPOBBIX ¢uisTpoB K(M)-ro mopsaka,
m=0,1,2...M-1, h(mg,K)=h.(mg,k), mg=0,1,2...M-1,
mg=0,1,2...M-1, k=0,1,2...K(mg)-1, k=0,1,2...K(mg)-1,

K(mg)=K(mg), eciir g'Q, TOCKOIBKY MX CIIOKHO PEaTM30BaTh MPH
crekTpasibHOM aHanu3e meronamu MIIL® s pasHbBIX Crek-
TpanbHbIX KomoneHToB {X(M-W)}, m=0,1,2...N-1, W=wp/(2-N);

— obecrieunBaTh €AWHBIA YPOBEHb TOYHOCTH M-TOUEUHOM
MITH® K-ro mopsaaka Cvrme(M,K,Z) npu Z-pa3psiHoCcTH pea-
CTaBJIeHUs] 00pabaTHIBAEMBIX BEILECTBEHHBIX YUCEN JUISl BHIYUC-
JIGHUSI BCEX M-bIX TapMOHHMYECKHX coCTaBisitomux {Xm(N-7)},
m=0,1,2...M-1, xommnexcHoro curnana {x(n-7)}, n=0,1,2...N-1,
T=2-1/cwp, mpu N>M.

PesynbraTsl skcniepuMeHTaIbHOrO MosienupoBanust Ha [IJIMC
B paMKax MPOBEIEHHOTO HCCIENOBAHMS MOKA3aldd M IMOATBEp-
JIWJIH, YTO TIPU UCTI0NIb30BaHMU anroputMoB Metona CORDIC s
M_-Toueunoro L-crynenuaroro /II1® pazHOCTHBIMU ITHU(DPOBBIMH
(UIBETPaMu C LETOUUCICHHBIME PA3HOCTHBIMU KO GHIIUEHTAMU
Ha TOYHOCTb U BBIYHMCIIUTEIBHYIO CIOKHOCTH €r0 aJTOPHUTMOB
BIIMSIET B OCHOBHOM B3auUMOCBsI3b napamerpos PLID.

[Ipu ciaBure Ha 9acToTHI, KpatHbIe Wsy=n/2, BRIYHCIUTENbHAS
rporeaypa cABUTra My.j-X cTaTucTuK (oueHoK) {Xi.i(Int{mi/Bmuns]
Winee T}, m=0,1,2. . .Mi-1, Wii=op/(2-Mi.1), nui=0,1,2. . .N/My-1,
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Ti=2-m-Mi1/owp, M 1=Bumane'!, CHEKTpajbHBIX KOMIOHEHTOB
{X(M W)Y, mg=0,1,2.. .M 1-1, Wi =op/(2-M.1), My1=Byane",
koMmrutekcHoro curHana {x(n-7)}, n=0,1,2...N-1, T=2-1/mp, B 00-
nacth Hyns Ha l-oit crynenn MITID, 1=1,2,3...L, cBOAUTCS K BbI-
MOJHEHHsT  apU(METHUECKHX  Olepaluii  YMHOXKEHHUS  Ha
Sin[r/2]=1.

A caM 4YaCTOTHBIH CIBHUI' CTAQTUCTUK (OLEHOK) {Xi.|
(Int[m|/BM;;[nq>]-W|.1,n|_1-T|_1)}, m|:O,1,2...M|—1, W|.1:(DD/(2-A/[|.1),
n|_1:0,1,2...N/M|_1—1, T|_1:2'TC~M|_1/(0D, ]V[|_1:BM);[HQ>I'1, pacmnoio-
JKCHHBIX B 9acTOTHBIX nuamazoHax [MiXWy.i/Byvme, Wii+Mixwi-i
/Bmane) ¢ mmpuaOit Wi, cBOIUTCS K (POPMUPOBAHUIO CTATUCTHK
(OI_ICHOK) {exp[-i-m|-W|-n|.1-T|_1]-X|.1(Int[m|/BMﬂnq>]-W|.1,n|_1-T|.1)},
m=0,1,2...M-1, W=wp/(2-M,), Mi=Bmune-Mi.1, WiLi=Bmane-W,
n|_1:0,1,2...N/M|.1—1, T|_1:2-TE~M|.1/(,OD, M_lzBM);[nqyl'], pacmnooKeH-
HBIX B YaCTOTHBIX AuarazoHax [mi-Wi, Wi+m-Wy) ¢ mmpusoit Wi

[puuém, caBUr cnekTpa Ha YacToThI, KpaTHbie Wsy=n/2, He
TpeOyeT BBHINMOIHEHHS apu(PMETHYECKHUX ONepanuii yMHOKECHUS,
MOCKOJIBKY TIPH 3TOM TPUTOHOMETpPHYECKHE (YHKLIUHU TPUHH-
MAaIOT TOJBKO TpHUBHANBbHEIC 3HaYeHus (-1, 0, +1). A HampaBieH-
HBII TIepe0op M CPaBHUTEIBHBIH aHAIN3 JAOIMYCTUMBIX HAOOpOB
YUCIIOBBIX 3HAUYCHHUH IETIOYNCICHHBIX K03 durmentos PLD pas-
HBIX TOPSJKOB U PA3INYHBIX MOPSIKOB Pa3sHOCTH 0OECHEUNBACT
BO3MOYKHOCTb CHMKeHUs norpemHoctr MTIO.

JAnst CHUYKEHUSI BBIYHUCIIUTEIBHON CII0KHOCTH BBIJICIICHHUS Tap-
MOHHMYECKHX cocTaBistronmx {xm(N-7)}, m=0,1,2...N-1, xom-
riekcHoro curnana {x(n-7)}, n=0,1,2...N-1, T=2-n/®wp, c u3meHs-
IolIeMcs BO BPEMEHHM YacTOTHBIM paspenieHuem Q) < Qp xom-
wiekcHoro crekrpa {X(mp-C)}, m=0,1,2...M-1, Q=wp/(2-M)),
MEN, I=1,2,3...L, N-royeunoro ¢parmMeHTa BpeMeHHO# BBIOOPKH
KomrIutekcHoro curnana {x(n-7)}, n=0,1,2...N-1, T=2-n/mp, npex-
Jaraetcss 4ucleHHbli MeTton JIII® KOMIUIEKCHOrO CHTrHajia
{x(n-7)}, n=0,1,2...N-1, T=2-m/owp, L-crynenuaroit MIIL|® Ha
ocHoge PIL[D.

IIpennaraemomy umuciienHomy Merony MIAIID npennaraercs
MIPUCBOUTD YCIOBHBIN KO 110 popmysie (11):

XM, T)) = MDET, [{x(n-T)}],

m=0,1,2...M-1,n=0,1,2...N-1, (11)

rae xi(m;-Q,ni-T)) — Ni-if BpeMeHHOW OTCYeT M- CTaTUCTHUKH
(onienkn) MruoBeHHoro cmekrpa {X(mpCY)}, m=0,1,2...M-1,
Q=0p/(2-M)), Mi=Bymyne', chopMuposarHoro B pesynbrate |-cTy-
nengaroro MJIII® N BpeMEHHBIX OTCUETOB KOMITJIEKCHOTO CHUT-
nana {x(n-7)}, n=0,1,2...N-1, T=2-mw/wp, npu N=Bwmmne
I=1,2,3...L.

YcnoBHOE KOJMPOBAHHE TIPEJIaraeMoro YMCIeHHOro METo/a
MJII® npenycMoTpeHo st hopMau3aliy npeoopaszoBanus N-
X OTCYeTOB KoMIulekcHoro curHana {x(n-7)}, n=0,1,2...N-1,
T=2-m/wp, B N-¢ oOTCYeTHI M|-X CTATHCTHK (OICHOK)
{x.(m.~Q|,n|~T|)}, m=0,1,2...M-1, QF(,OD/(Z'M), n=0,1,2...N/M;-
1, T=2-n-M\/wp, Mi=Bumane', 1=1,2,3...L, KOMIOHEHTOB MIHOBEH-
Horo cmektpa {X(M-<)}, m=0,1,2..M-1, Q=wp/(2-M)),
Mi=Bmne', ¢ MeHsIOIEMCs BO BpeMEHH 4aCTOTHBIM pa3pelie-
nueM ) < O B yacToTHOM nuanasone [0, mp/2] npu Mi=Bmna',
KOTOpBIE ~ COOTBETCTBYIOT ~ T'apMOHHYECKMM  KOMIIOHEHTaM

{xm(n-7)}, m=0,1,2...N-1, sroro curnana npu N=Bymoe'. Jdns
N>M=wp/Q, QF(,OD/(Z'BManpl), 1=1,2,3...L, npu Bymyne=3 ¢op-
MaliM3alnus mpeajaraeMoro uuncieHsoro meroga M/II® umeer
By 1o gopmyse (12):
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xi(m- QN TY) = MDFT  [{x(n-7)}] =
Kp-1 Ko ki1

=[ = by oo 2 (3 ky)-expl-i-my- Q- (Ni1-Ka)- Tia X (INt[mi/31-3- Q4 (N11-Ka)- T, (12)
ko=0 k=0 k=0

mpr m=0,1,2...3"-1, Q=wpo/(2-3), m=Int[n.1/3], T=3-Tr.y, n=0,1,2...N/3"-1, T =213 ap, 1=1,2,3...L;

Ke-1 ko K1
X (M- Qg N Tig) = z T X hpQky) - expl-i-mi Q- (nia-Ky)-Tia] x
k():() k1:0 kJ:()

x Xp2(Int[my.1/3]-Q2, (n|,2-k3)-T|.2), (13)

npu m|_1=0,1,2. . .3"1—1, Q|,1=60D/(2~3I'1), n|,1:Int[n|.2/3], T|.1=3-T|.2, n|.2=0,1,2...N/3"2—1, T|.2:2-7T.'3I"2/0)D, |=3,4,5. . .L;

Kp—l ko K1
xl(ml-Ql,nl-Tl) = > ) hp(J,kJ)-exp[—i‘m1-Ql-(n—kJ)-T]-x(n-T-kJ~T), (14)
k():O k1:0 kJ=0

pu m;=0,1,2, le(J)D/(2~31), n1=lnt[n/3], T1=3'T, n=0,1,2.. .N-l, TZZ'TE/(DD;

Wanne(MLJ,Kp)<Wine(N) npu |Cuane(Mi,J,Kp,2)-Chne(N,D,Z2)|<e0 u Mi=N, (15)
rae x(n-7) — BpeMeHHBIE OTCYETHl N-TOUEUHOro (parMeHTa BPEMEHHOM BBHIGOPKM KOMILUIEKCHOTO CHMTHANa,
n=0,1,2...N-1, T=2-7/wp;
xi(m- N T)) —  BPEMEHHBIE OTCYETHI CTATHCTHK (OLIEHOK) PABHOOTCTOSIIUX APYT OT APYra IO YacTOTE CIEKTPaTbHbIX

komroHeHToB {X,(M;-Q)}, m=0,1,2...M-1, Q=wp/(2-M)), n=0,1,2...N/M\-1, T=2-n-M\/wp, M=Byine,
Bymane=3, 1=1,2,3...L, komrmiekcHoro curHana {x(n-7)}, n=0,1,2...N-1, T=2-7w/wp, xi(mi-,n;-T)) =
im(n|-T|)+ig(n|-T|)/M|, opu my=m;

exp[-i-mi-€-ni.;-Ti.i] — ToBoOpauMBaroIie (CABUTAOIINE) KOMILUIEKCHbIe MHOXkuTenu anroputma meroma CORDIC exp[-
MmN T ] = -1, —j, +1, +j, m=0,1,2...Mi-1, Q=wp/(2-M,), N.1=0,1,2...N/M.;-1, Ti.1=2-n-M.//0p,
M=3-M1, M ,=Byno"!, Ha I-if crynenu MTII® ¢ ocnoBanuem Bymeo=3, 1=1,2,3...L;

hp(J,k) — pasHoctHbie Ko3h¢umuentsr PLI® K,-ro nopsimka u J-ro mopsiaka pasuoctu, k=0,1,2...K,-1, hy(J,k)

=-2,-1,0,+1,+2;

BBIYHCIIUTEIbHAS MTOrpeIrHocThb L-ctynenuaroro merona M/II1® na ocuoe PLI® K,-ro mopsiaka u J-ro

TIOPSIZIKA Pa3HOCTH MPH Z-pa3psiTHOCTH TPEJICTaBICHNsI BellecTBEHHbIX urcer, M <N;

Cvano(ML,J,K;,2)

Cino(N,D,Z) — BBIUMCIHUTENbHAsE norpemrHocTs Meroga N-toueunoro JAII® mpu D-paspsimHOCTH €ro KBaHTOBaHHBIX
k02 HUIMEeHTOB 1 Z-pa3psITHOCTH TIPE/ICTABICHHS BEIIECTBEHHBIX YHCEIT;

D — Ppa3psAHOCTH KBaHTOBaHHBIX Kod(ddunmenros AI1D;

€0 —  OOWIETIPUHATHIA KpUTepril (HEOOXOAUMBIA M TOCTATOYHBINA JOIYCK) OICHKA TOYHOCTH (BBIYMCIUTEIEHON

morpenrHocT) Metona N-toueunoro JAI1D;
BBIUHMCIIUTENBHAS CIOKHOCTD L-cTy-nerdaroro merona M/II® na ocrose PLI® Kj-ro mopsiaka n J-ro
nopsika paznoctu, M <N;

Whano(ML,J,Ky)

Wirrnao(N) —  BBIYHCIUTENBbHAS CI0KHOCTH MeTo1a N-Toueunoro JIT1D;
— YHCIIO OTCYETOB BHIOOPKM KoMIulekcHoro curhana {x(n-7)}, n=0,1,2...N-1, T=2-m/wp, N=Bmzne",

Bmo=3;

T — TepuoJ BPeMEHHOM ANCKpeTH3aluu KoMIutekcHoro curnaia {x(n-7)}, n=0,1,2...N-1, T=2-1/wp;

Q — YaCTOTHOE pa3pelleHue KOMIUIEKCHOTo crektpa {X (M)}, m=0,1,2...3'-1, BpemenHoii BHIGOPKH
{x(n-7)}, n=0,1,2...N-1, T=2-n/0p, Q=wp/(2-M)), Mi=Bmmne', Bvane=3, 1=1,2,3...L;

®p — yacTtora Juckperusanuu iudposoro curnana {x(n-7)}, n=0,1,2...N-1, op=27/T.

z —  PpaspsAHOCTH MPEACTABICHHUS BEIICCTBEHHBIX YHCEIL.
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JlocTOBEepHOCTD pe3yJIbTaTOB HCCICIOBAHUS 00CCIICUUBACTCS
[IPUMEHEHHEM YHCJICHHBIX METOJOB MaTeMaTHYECKOro MOJEIH-
POBaHUA U IMOATBEPKIACTCS COOTBETCTBHEM OCHOBHBIM IPHHIIH-
T1aM TToCTpoeHus nupoBeIxX GuiasTpos [1-3, 12-19].

3akJaouenue

IIpennoxxennplit yncnenusit Meto M/ u ero anropuTmbl
ycnemHo peanusytorcs Ha [IJIVMC, B KOTOpBIX NpaKTHYECKOE pa-
BEHCTBO TaKHX MPOLEIYp NPOrpaMMHOT0 00eCIeYeHHUs KaK Mpo-
[eAypa CIIOKEHHSI W TPOLEAypa YMHOXKCHHS DPEATH3YIOTCS 3a
CUET aIapaTHO-TIporpaMMHoro obecrneuenus. [losromy Takoit
METOJ] ¥ €T0 aJTOPUTMBI MOTYT OBITh HCITOIB30BAHKI ITPH IIU(PPO-
BH3AIIMH MIEPCICKTHBHBIX METOJIOB MPe0Opa3oBaHus 1 00paboTKH
nH(pOPMAIIHN.

Yucnenusrii Metog MJIIID obecnieynBaeT MPaKTUYCCKYIO
BO3MOYKHOCTbH BBITIOJTHEHHUS TAKOTO MPE0OPa30BaHMUs C UCIOIB30-
BaHHEM MHMHHMAJIFHOTO O0O0BeMa ammapaTHBIX CPEACTB YMHOXe-
HUSI YaCTOTHO-BPEMEHHBIX OTCYETOB 00pabaThIBAEMBIX CUTHAJIOB
Y aMIUTUTYJHO-4aCTOTHBIX XapaKTEPUCTUK HUPPOBBIX (DUIBTPOB.
OTOT METO/I ¥ €T0 aJITOPUTMBI CTAJIH PEaJIbHBIM Pa3BUTHEM aBTOP-
CKOM UJIeH YaCTOTHOM CEJICKI[IH CHTHAIIOB BOOOIIE O€3 MpoIeayp
YMHOKEHUS UX OTCUETOB.

[IpuMeHeHMe Takoro METOAa MO3BOJSET YKOHOMUTD ammapar-
HBIE CPEACTBA YACTOTHOH CeeKINHU NHU(POBBIX CUTHAJIOB B YCIIO-
BHAX OCTPOTO Ac(PHUIINTa MHTETPATEHBIX MUKPOCXEM B Pa3BUTHIX
¥ Pa3BUBAOIINXCS CTPAHAX IO BCEMY MUDY.
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NUMERICAL METHOD OF MULTI-STAGE DISCRETE FOURIER TRANSFORM OF A DIGITAL SIGNAL

Alexander S. Zinchenko, Moscow Aviation Institute (National Research University), Moscow, Russia, frambe@mail.ru
Marina V. Yashina, Moscow Automobile and Road Construction State Technical University (MADI);
Moscow Aviation Institute (National Research University);
Moscow Technical University of Communications and Informatics, Moscow, Russia, yash-marina@yandex.ru
Adelia Yu. Burova, Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract

The issues related to the study of the possibilities of mathematical and software modeling of digital algorithms for discrete Fourier transform without algo-
rithmic multiplication operations are considered. The relevance of the study is due to the need to reduce the computational complexity of digital signal pro-
cessing algorithms. The purpose of the study is to formalize a numerical method for the multi-stage discrete Fourier transform of a digital complex signal.
The methods of mathematical and software modeling of numerical methods of digital signal processing were used in the study. The results of the study
showed and confirmed the possibility of modeling a numerical method of multi-stage discrete Fourier transform of a digital complex signal based on numer-
ical methods of difference digital filtering with integer difference coefficients of various orders of difference and a numerical method of reducing direct cal-
culations of complex functions to perform simple operations of addition and shift. The concept of a multi-stage discrete Fourier transform and the concept
of this transformation are defined and described. Its mathematical model is proposed and the numerical method of such transformation is formalized. It is
noted that it allows to reduce the computational complexity of the hardware and software implementation of digital signal processing through the use of
numerical methods of differential digital filtering, directed enumeration and comparative analysis of acceptable sets of numerical values of integer coeffi-
cients, which provides the possibility of reducing the error of the numerical method of multi-stage discrete Fourier transform. To reduce the computational
complexity of his algorithms for isolating the harmonic components of a digital complex signal, the principles of dividing its frequency spectrum into nar-
row-band spectral components, frequency shifting of these components and their low-frequency difference digital filtering without performing arithmetic
multiplication operations are applied.

Keywords: harmonic components of the spectrum, discrete Fourier transform, instantaneous signal spectrum, digital difference filtering, digital signal processing
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Ben Pexe6 Taycdpuk ben Kamens,
M . 3 Knroueenie cnoea: kombuHuposarue,
OCKO8CKUUI mexHu4YecKull yHugepcumem cesasu u HeopmozoHasnbHbIl docmyn, SCMA, NOMA,

uHgopmamuku, Mocksa, Poccus, MHo20aHmeHHble cucmembi, MIMO, SCMA-MIMO,
t.benrejeb@mtuci.ru aemoebi6op aHmeHH

HeopToroHanbHblit MHOXECTBEHHBIA A0CTYN — Kilo4YeBas TEXHONOruUA
ANA BHEAPEHUA B CTAaHAAPTbI COTOBOW CBA3M OyAyLuux nokoneHum. BHe-
apenue texHonormu NOMA 1peGyer cornacoBaHus c yxe ucnonb3sye-
MbIMM M XOpPOLLO 3apeKOMEH/AOBaBLUMMMU cebA TEeXHONOrMAMU, TaKUMU
KaK TeXHoOnorusa MHoroaHteHHbix cucteM MIMO. CoeMecTHoe ucnoneso-
BaHue TexHonorui MIMO n NOMA nosesonser o6ecneunts appexTuns-
HOE MCMOoNb30BaHWE PaAUOYACTOTHOIO CMEKTPa 3a CYET NPOCTPaHCTBEH-
HOW 06paboTKM CUrHANOB U BbICOKYIO €MKOCTb CE€THU 3a CYET YNNOTHEHUA
CUrHanoB abGoOHEeHTOB M (PYHKLMOHMPOBAHUA B PpEXUMe Meperpysku.
CyulecTtByeT Heckonbko pasHoBupaHoctei TexHonorum NOMA, kaxpasa
M3 KOTOpbIX MOXeT GbiTb 06beauHeHa ¢ TexHonoruen MIMO c yyetom
ocobGeHHo-cTer. HeopToroHanbHbI MHOXECTBEHHbIW JOCTYN HAa OCHOBE
npopexeHHbIX no-cneposarenbHoctei SCMA asnserca ogHoM U3 Hau-
6onee nepcnekTuBHbIX pasHoBupaHoctei TexHonorum NOMA. Llensio
AaHHOM CTaTby ABNAETCA aHANU3 BO3MOXHOCTU KOMOUHUPOBAHUA TEXHO-
norum SCMA c texHonoruein MIMO B pexuMe aBTOBbIGOpa aHTEHH
(antenna selection) ana opraHM3auuu NpPoOCTPaHCTBEHHbIX OPTOrOHasNb-
HbIX PECypCOB KaK OfHOTO M3 BO3MOXXHbIX BapMaHTOB KOMOMHMPOBaHUA
3TUX TEXHONOIMUM ANA CUCTEM MOGUNBHOW CBA3M CEAyIOLLMUX NOKONEHUA.
Pe3ynbraTtbl KOMNBIOTEPHOTO MOAENUPOBaHUA MOATBEPXKAAOT 3P dek-
TUBHOCTb COBMECTHOFO MCMOJIb30BaHMA MMeHHO pasHoBuaHoctn NOMA
C pa3pexxeHHbIMU NocneposarenbHoctaMu SCMA u texHonorum MIMO B
pe)xume aBTOBbLIGOpA aHTEHH.
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BBenenue

B pa3BuTuu cranaapToB COTOBOM NMOJIBUYKHOW CBSI3U IPOCIIE-
KHMBAETCS YETKAs TEHICHIS — KaXIbIil HOBBIN CTaHAAPT OecIIpo-
BOJHOM CBSI3M OTIHMYANCA OT MPEIBIAYIIErO HOBBIMH IPOPBIB-
HBIMH BO3MOKHOCTSIMH JIJIsI TI0JIb30BAaTeNIeH, 4YTO Beera odecrie-
YHBAJIOCh INIABHOHM (pyHIaMEHTAIbHON TEXHOJIOTHEH, JIeKAIeH B
OCHOBe cTaHjapTa. Hampumep, nNpopsIBHOMN ¢ cBOe BpeMsl okasa-
Jlach TEXHOJIOTHSI KOJOBOTO pa3fieficHHs KaHAJIOB B CHCTEMax
CDMA (Code Division Multiple Access) st CTaHIAPTOB COTO-
BOIl CBS3M TPEThETO MOKoJIeHUs. Jlangee ¢ MOsSBIEHUEM TEXHOJO-
UM OPTOrOHAIBHOIO YaCTOTHOTO MyJibTUILIEKcHpoBaHust OFDM
(Orthogonal Frequency Division Multiplexing) pe3xo Bo3pocio
Ka4eCTBO MTPEAOCTABISEMbIX YCIYT CBSI3H B CHCTEMaX YE€TBEPTOTO
nokosieHns. Pazymeercsi, Bcerna HOBbIE (DyHIAMEHTAIBHBIE TEX-
HOJIOTUH COTIPOBOX/IAJIUCH MOSBJICHUEM HOBBIX ITOMEXOYCTONUH-
BBIX KOJIOB, METOZIOB MOJYJISILIUU | T.J., HO YETKO TPOCIIE)KUBA-
€Tcsl, 4TO B KaXK/JOM HOBOM CTaHapTe Obljla OCHOBHAS IBIKYIIIAs
Y HOBasl Ha TO BpeMs (yHJAaMEeHTaJIbHAsI TEXHOJIOTHSI.

DyHIaMEHTAILHON TEXHOJOTHeH Ui OyIylIuX CTaHAapTOB
MOOMJIBHOM CBSI3U U CHCTEM PaJIHOIOCTYIA BBICTYNAET TEXHOJIO-
rust HeopToroHansHoro pocryna NOMA. Texnonoruro NOMA
MOJKHO pa3fenuThb Ha ase kateropun: NOMA ¢ koJ0BBIM pazje-
nenreM (Code Domain NOMA) u NOMA ¢ pasneneHueM 1o
MomHoctH (Power Domain NOMA).

Cxema SCMA (Sparse Code Multiple Access), siBisieTcst oa-
HOW U3 pasHoBuaHOCcTel TexHonorun NOMA, rae ans yninoTHe-
HUSI CHTHAJIOB @DOHEHTOB HCTIONB3YIOTCSI POPEKEHHBIE KOJIOBBIE
nmocnenoBarenbHOCTH. CrctemMa SCMA, Kak 1 Apyrue pa3HOBU-
Hoctu TexHonormn NOMA (yHKIIMOHHPYET B TEperpyKeHHOM
peKUMe, KOT/1a KOJIMUECTBO TI0JIb30BATENCH CUCTEMBI IIPEBBIIIAET
YUCJIO NOCTYIIHBIX OPTOrOHAIBHBIX pecypcoB K > Nres. B cury-

alyy, KOT/la KOJMYECTBO PECYpPCOB OIpPaHMUYEHO, HEOOXOIMMO
IpaBHIIO pacrpeeneHns poctynubix N o pecypeos mexay K

a0OHEHTaMHU CHCTEMBI. TaKoe IMPaBHUIIO OIMPEICIISICTCS KOIOBOM
KHHUIOM, COCTOSILIEH M3 MaTpHll, COAEpXkAlMX KOJOBBIE CIOBa
(CTONOIIBI MATPHIIBI ), OTIPEACTISAIONINX IPABO A00HEHTA HCIIOIB30-
BaTh TOT WJIM WHON PECypc CHCTEMBI.

B cucremax SCMA He HCTONB3YIOTCS TPaIUIIMOHHBIE Me-
TOJBI MOAYJISIINU. B KauecTBe MOy IATOPa BEICTYIIACT HEITOCPE -
cTBeHHO Koep SCMA, KpaTHOCTh MOTYJISIIIHA KOTOPOTO OIpee-
JISIETCSI KOJIOBOM KHUTOM.

ITocTanoBka 3a1aun

['maBHOM 3amadeii ITOH pabOTHI ABISACTCS UCCICIOBAHHUE BO3-
MOKHOCTH KoMOnHIpoBaHus TexHomorurt NOMA, a UMeHHO pa3-
HoBHHOCTH SCMA, ¢ TexHomorueit MIMO B pexwMe aBTOBEI-
6opa anTeHH. Takoil crieHapuii COBMECTHOT'O MCTIONB30BaHUS 00-
JIa1aeT PSIIOM MIPEHMYIIECTB U MOKET SBJISIETCS OJHUM U3 Hanbo-
Jiee TIEPCIIEKTUBHBIX BapHAHTOB KOMOMHHMPOBAHUS /IS BKIIOUE-
HUS B OyJyliue CTaHAapTel MOOMIBHOH cBs3u. Cucrema SCMA
M03BOJIsICT S(PPEKTUBHO YIUIOTHATH CHTHAJIBI AOOHCHTOB IS
JlajJbHENIIeN nepesayu 1Mo OAHOMY YacCTOTHOMY pecypcy, a CH-
creMa MIMO B pexxume aBTOBBIOOpa aHTEHH IO3BOJISET T0J10-
OpaTh HAWIYYIIUH pecypc s Tepefaddl CHUTHAIOB aOOHCHTOB.
KoMOuHUpOBaHHE 3THUX TEXHOJIOTHUH B TaKHX PEKUMAX HUMEET
3HAYUTEBHBIA MMOTCHIIHAN, KOTOPBIA MOXET OBITh BBIPAXKCH B
CIIEKTPATBHON (P PEKTUBHOCTH U SHEPTETHICCKOM BBIUTPHIIIIC.

B tpanuumonnsix cuctemax SCMA B kauecTBe OpTOrOHAIb-

HBIX PECYPCOB HCIOJIB3YIOTCS YaCTOTHBIC pecypesl, T.e. N

OPTOTOHANIBHBIX ~ HECYIIMX YacTOT (JMArma3oHOB  YacTOT).
CootBercTBeHHO, MacmTabupoBanre cucreMsl SCMA, Hampumep,
YBEIWYCHNE KOJIWYECTBA aOOHEHTOB WJIM YBEIMYCHUS KOJIWYECTBA
pecypcoB, TOTpeOyeT — yBEJNMYEHHS] KOJMYECTBA  YaCTOTHBIX
PECYPCOB, SIBIISIFOLIMXCS KpaiiHe orpaHn4eHHbIMU. Vcnonb3oBaHue
HECKOJIbKUX aHTEHH Ha MNepeAarollied M HECKOJIbKHUX aHTEHH Ha
NpHeMHO# cTopone (TexHonorust MIMO) 1o3BosisieT opranu3oBaTh

N res OPTOTrOHAJIbHBIX TPOCTPAHCTBCHHBIX KaHAJIOB, UCIIOJIb3YIOLIUX

OHHHaKOBLIﬁ JArarna3oH YacToT, IpHU 3TOM Nres HC OI'paHUYCHO

MPUPOHBIMH YaCTOTHBIMHM PECYPCaMHM, a 3aBHUCUT OT KOJIMYECTBA
nepeparonyx N v npuémueix N - aHTCHH.

BbIEOP UCNONBL30OBAHUA
®U3UYECKUX PECYPCOB

P®OPMWUPOBAHME CUIHANA SCMA

Koposaswwwra  Kopoeaswwwa  Kogosaswewa — __ O/ASHAERRMAFELYELOE
iroabouenTa  2roaBoMewTa 310 aBoMeHTa h
| BapwanT 1: Tpaanunonnan cncrema SCMA |
|
| OAHa aHTeHHA, HECKOMLKO Y3KONANOCHLIX |
i MACTOTHLIX KaKANOR ]
|
|
A |
! i
| v | Y |
Mpynnosoi | !
curHan SCMA | [AVAVAVAVAVAVAVAVE
R i
Qunen 10 pec/pes | AMNANNNVNN |
+ + + o+ o Cwmsan 20 pecypca frmmm s e e e
= o= ——————————mm
Cunsan 30 pecypea BapuanT 2: KomGuHuposanne SCMA u MIMO |
SRS HECKONEKO aHTEMHH, HECKOMLKD 1
NPOCTRANCTREHHLIX KAHANOE € OOHOR !
acToTo# !
"o <, '
-— =" |
'
-— = 1
1
'
1
'
1
1

Eﬁﬁ

Kopiosas kiira
4-ro abowenta

Komoaan kHra
5-ro abokenta

KonoBan KHura
6-r0 aborenTa

Puc. 1. Bo3MoxHbIE BapUaHThl OpraHu3anuy GU3NIECKHX PECYPCOB
1 cucteMsl SCMA

Wnes nucnonp30BaHUS MPOCTPAHCTBEHHBIX OPTOTOHAIBHBIX
KaHaJIOB BMECTO YaCTOTHBIX OPTOTOHAIBHBIX KaHAIOB M3JI0KEHA
B [1]. IIpu 3TOM M3MEHEHHE M0/IX0/1a K OpraHU3aliH (PU3NIECKUX
kaHanoB st cucteMbl SCMA He BAMSIET Ha CBOWCTBA CUCTEMBI U
UHAMBUAyalbHble  TpeumymiectBa  TexHomorun  SCMA
coxpansitorcsi [2]. WcnonpzoBanue Ttexnonoruu MIMO ans
opranmzanyu ¢u3ndeckux pecypcos cucteMbl SCMA wumeer
MOTEHIMAN JUIsl YIydIIeHHs XapKTepUCTHK CHCTeMbl. B cimydae
knaccmdeckord cucteMbl SCMA ¢ 9acTOTHBIMH (PH3UUECKUME
pecypcamu mepemada cuMBoioB SCMA  Tmpow3BOAHTCS IO
HMEIOLINMCS OpPTOTOHAIEHBIM HECyIINM 4acTOTaM,
XapaKTEePUCTHKH KOTOPBHIX (TepemaToyHble  KOA(PHUIINEHTHI)
OINIPEJICTISIIOTCSL  TEKYIIMM COCTOSHMEM KaHama. Ecimm ke
UCIIONB30BaTh IPOCTPAHCTBEHHbIE (PU3NUECKUE PECypehl ¢
nomMoteio TexHosorun MIMO, To MOXHO 3apaHee OCHAaCTHTh
AQHTEHHYIO pEIIeTKy M30BITOYHBIM KOJIMYECTBO aHTCHHBIX
AJIEMEHTOB ¥ C IIOMOIIbIO TEXHOJOTHH aBTOBBIOOpa aHTEHH
OCYILECTBJIATh MOUCK HAMIYYIINX NMPOCTPAHCTBEHHBIX KaHAJIOB,
T.e. J100aBUTh BO3MOXKHOCTH OTOOpa HEOOXOAWMO KOJIHYECTBa

N, MPOCTPAaHCTBEHHBIX (YHU3UYCCKHX PECYpPCOB, 00JIaNArOLINX

HAWTYYIIAMHI XapaKkTepucTukamu. HeoOXo1mmMo OTMETHTE, 9TO B
cirydae kinaccnyeckoit cucremMsl SCMA ¢ 9aCTOTHBIMHE PecypcaMu
TaKkoW BBIOOpP HE IPEJOCTABIISIETCS, KPOME TOrO KOJIHYECTBO
PECYPCOB CTPOTO OTPAaHUUEHO [2].

Takas KOHUCIIIU BO3MOX>XHa npu UCIIOJIb30BAHUN
TEXHOJIOTHH aBTOBBIOOpA aHTECHH, 00JIee U3BECTHOM B JINTEPATYPE
M HWCTOYHHMKAX Kak «Antenna selection». Paccmorpum ee
nojpoOHee, a WMEHHO KpHUTEpHUHM, Ha OCHOBE KOTOPBIX
OCYIIECTBIISICTCS] aBTOBBIOOP aHTEHH.
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ABTOBBIOOP aHTeHH B cuctemax MIMO

TexXHOIOrHYeCKH [T POU3BOIUTENCH 000pyIoBaHus 0a30-
BBIX CTaHIIUH HET CIIOKHOCTEH OCHACTUTH 0a30BYIO CTAHIIHMIO Pe-
IIETKOW aHTEHHBIX AJIEMEHTOB pa3MepHOCThIO 32, 64, 128 u 6ornee
[3]. CnosxHOCTB 3aKiTFO4aeTCs B BRIOOpE Ntx,as AKTHBHBIX aHTEHH,

a TouHee B mepedope BCEX BO3MOXKHBIX KoMOMHaumi u3 N

aHTeHH 0a30BOM CTaHIMHM W TNPHUEMHBIX AHTEHH MOOWIBHOU
CTaHIIMM HAa OCHOBAaHWHM WHQPOPMAIMU O TEKYIIEM COCTOSHHH
kaHana cBsi3u [4, 16-18]. Ha ocHOBe OLIeHKH TEKYILEro COCTOSHUS

KaHalla BBIOMpAacTCs MaTpHLla aKTHBHbIX aHTeHH H,,

ToTyJaeMasi MyTeM MpPOW3BEACHUsS TEKyIIeH MOJTHOW MaTpHIBI
BCEX MPOCTPAHCTBCHHBIX KaHanmoB H M Marpuiel BeIOOpa
aHTCHH § WM §_, B 3aBUCHMOCTH OT TOTO II¢ HPOM3BOJUTCS

BBIOOp aKTHBHBIX aHTCHH: M3 aHTEHHOU PEIIeTKH MepeaaTdnka [5, 6]
WIA aHTCHHOW pemeTkn mpuéMmHuka [5, 6[. VcxomHas monHas
marpuia kaHana H -~ pasmepHoctn N x N, myreM ymHOXe-

n SI’X

s - TAKNM 00pa3soM I0CIIe OLEHKU BCEX HPOCTPaH-

full

HUA Ha ManI/IIII)I S
N x N

tx,
CTBEHHBIX KaHAJOB CHUCTEMBI C ITOMOIIBIO MUIOTHBIX CUTHAIOB U
TIOJTY4EHHs TOJHOW MaTpPHUIBI MEepelaTOuHbIX KO3(PPHUINEHTOB
nNpUMeHeHne S =~ W S =~ OCYIIECTBIAET BEIYEPKHPBAHUA U3

N MIPUHUMAET Pa3MEPHOCTh

rx,AS

TIOJTHOM MaTpuilsl H  ~JIMIIHEX CTPOK H CTOJIOIOB, PE3yIbTaTOM

Yero SIBIISIETCS TOJIyYeHHE MATPHIII KaHajla JUisi BHIOPAHHBIX
autens H , [4, 7].

3amada BBIOOpA JTYYIINX AaHTCHH [UIA Tepeladyd Ha OCHOBE
“HpOPMAIMK O TEKYyIIeM COCTOSHUHM KaHajla 3a4acTyl0 HMeEeT
BBICOKYIO BBIUHCIUTENBHYIO CIIO)KHOCTh, TaK KakK OOBIYHO
TpeOyeT nepedopa BceX BO3MOMKHBIX KOMOMHAIMN M JIOJDKHA
BBINOJIHATBCSI MOCTOSIHHO. bBOJbIIIOE KOJMYECTBO aHTEHH Ha
cTOpOHE 0a30BOM CTAHIIMU BIICYET 32 COOO0# 0OJIBIIOE KOJHYECTBO
koMmOuHarmii [8, 9], KOTOpbIe AOJKHBI OBITH HepeOpaHHBI 3a
orpaHuueHHoe Bpemsi nepenauun cumBona SCMA [10]. s
MIPOCTOTHI JIAJIbHEHIIEI0 M3JIOKEHMsI OCTAaHOBUMCSI Ha BbIOOpE
AQHTEHH TOJILKO Ha IIepeAaloliell CTOpOHEe, T.e. NMPUMEHEHHH
MaTpHLb! S, BBIIONHSIOMICH y1aIeHHE BCEX JIMIIHUX CTOIOLOB

matpuisl H '

Paccmorpum Hambonee pacmpoCTpaHEHHBIE aITOPUTMA BbI-
Oopa aHTeHH. B nuTepaType 1 NCTOYHUKAX TeMa KPUTEPHEB aBTO-
BEIOOpa aHTEeHH Xopomio ocBemieHa [4, 11]. Heobxommmo otme-
TUTH, YTO OOJIBIIMHCTBO aJTOPUTMOB aBTOBHIOOpAa aHTEHH Tpe-
OyIOT HOJIHOTO Tiepebopa BceX KOMOMHALIMI NepeIatoIX U IIPH-
€MHBIX aHTEHH, OJIHAKO CYIIECTBYIOT aJlTOPUTMBI, HE TpEOyIOIINe
MTOJTHOTO TIepedopa, HampuMep, aNTOPUTM aBTOBBIOOPA AaHTEHH IO
KpHUTEpHUIO HanOoJiee MOLIHBIX TPOCTPAHCTBEHHBIX KaHAJIoB [4, 7,
11]:

Wcxonusie manueie: H — monnas marpuna mHGOpManuu o

COCTOSIHMHM KaHala, E.  ornomenne CHTHAJI/IIYM B KaHaie
2
20,
CBSI3U, N — TIOPSAKOBBIN HOMEP aHTEHHBI (HOMEp CTOJIONa MaT-
puisr H)

Ilaz 1. Boiuucaenue mempuxu no Cmoioyam mampuyl
Hauano yuxaa, ona n =1...N

tx ”

-
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b =H |1+ ESZHHH
20,

H" (1)

Koney yuxna
Ilaz 2. Boibop nepgvix N, .. MaKCHMaJbHBIX 3HAYCHHH [, .

Ilaz 3. Cocmagrenue mampuyvt H uz cmoabyos,

AS
coomeemcmeyrouux 3Ha4eHuIM bn , 6bl6paHHblM Ha wazee 2.

Kpurepwii (1) He TpedyeT mepedopa BceX BOSMOKHBIX MaTPHI]
KaHaJla 1, COOTBETCTBCHHO, HE TPeOYeT CIOKHBIX BBHIYHCICHUI,
YTO SIBIISIETCS €T0 TJIABHBIM MPEUMYIIECTBOM, HEOCTATKOM SIBIIS-
€TCsI €r0 HEBBICOKAsT 3(P(PEKTHUBHOCTD.

OcTanpHble HanOoJee NOMYJIIPHBIC B HICTOYHUKAX aJTOPUTMBI
aBTOBBIOOpA aHTCHH TPEOYIOT mepebopa BCeX BO3MOXKHBIX MaT-
pUL KaHaja, HallpuMep, KpUTEpU MakCUMyMa IPOIyCKHOM CIIo-
coOHOCTH [4].

B takom ciryuae nmpou3BOAMTCS TaKOW BBEIOOP MOJAMHOXKECTBA
u3 N, AHTCHH W3 N, HMEIOLKXCS NEePeAONX aHTCHH U

IIOJMHOKECTBA U3 N aHTeHH u3 N . HUMCHOIUXCA NPUEMHBIX

rx,AS
AHTCHH, YTOOBI 00CCIICYUTh MAKCUMYM IIPOIMYCKHOW CITOCOOHO-
ctu C B KaHaje:

max

ma;

C,.. =maxlog, det 1+ZN—RI:II?I' ; )

tx,as

rne H — Texymas paccmarpuBasi MaTpHiia-KaHAUAAT U3 BCEX

BO3MOYKHBIX KOMOWHAITNI pa3MepHOCTH er X le as -

ABTOBBIOOP aHTEHH Ha OCHOBE KpuTepus (2) 00magaeT BBICO-
KO 3()(eKTUBHOCTBIO, HO TPEOYET 3HAYMTENbHBIX BbIYUCICHHI
npu OonbiioM kosmuecTBe aHTeHH bC. Haumbonee mmpoxo wuc-
MOJIb3YEMbIM KPUTEPHEM JUIsl aBTOBBIOOPA aHTEHH B HCTOYHHKAX,
IOCBAIICHHBIX MHOI'OAHTCHHBIM CHCTCMaM, SBJISICTCA KpI/ITepI/Iﬁ
MakCHMMyMa OTHOLICHHSI CHTHAJI/IIyM (KPUTEpUH MakcuMyMma
HOpMBI PpobeHnyca) ITOT KPUTEPHUIA CBOAUTCS K KPUTEPHIO MAKCH-

MyMa HopMbI Dpodennyca ”ﬁ ’ BBIOPAHHOI MaTpHUIIbI KaHaIa H:
F

2

: 3)

tx,85

2 NI'X N
S
F H
m=l n=l

ﬁm n

m_axHH
H

Eme omamM kpuTepueMm Ui aBTOBEIOOpA AaHTEHH, 4YacTo
BCTPEYAOIIUMCS B MICTOUYHUKAX, SIBIICTCSI KPUTCPHA MIHUMYyMa
cieqia KOpPeIsIUOHHON MaTPHIIBI OITHOOK JAEMO T IISTIIHH:

mﬁintr SN—RI:I'I:IH : )

tx,as
Mopeas cuctembl SCMA ¢ aBTOBBIOOPOM aHTeHH

Hamnbomee  mpocToif, HO  WHTEpecHBIi B  IUIaHe
KOMOMHHMpoBaHus BapuaHT cucteMbl SCMA-MIMO npuBeneH Ha
pucyHke 2. 31ech B KadecTBE OPTOTOHAIBHBIX PECYPCOB LIS
cucteMbl SCMA BBICTYNArOT NMapajieabHbIE TPOCTPAHCTBEHHBIE
KaHallbl MEX[Iy TMEepeAaloliMMUM M TPUEMHBIMH aHTCHHAMHU
cucremsr SU-MIMO [1, 2, 7].




DNEKTPOHUKA. PAODUOTEXHUKA

I
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I
I
Danrbie 1 v
none3oBaTtenn

OauHbie 2
nonb3oBaTens

DaxHbie 3
nonL3oBaTens

Ha6op
napannensHbIX
NPOCTPAHCTBEHHBIX
KaHanos

Kopep SCMA
OueHKka KaHana

AHTEHHas pelueTka
AHTEHHas pelueTka

DOaHHble K
nons3oBatenn

Puc. 2. Unmroctpanus cuctem SCMA UCTIONB30BaHUEM TTapaUICIbHBIX
MIPOCTPAHCTBEHHBIX B KAYECTBE OPTOrOHAIBHEIX PECYPCOB

[IpencraBneHHbI Ha pUCYHKE 2 BapHaHT KOMOMHHAPOBAHHOM
CHCTEMbI MOJKET OBITH JOTIOJIHEH OJIOKOM aBTOBBIOOpA aHTEHH
Uil BBIOOpa HAWIYYIIMX TPOCTPAHCTBEHHBIX KAHAIOB C
MMOMOIIBI0 KaHaja oOpaTHOH cBs3u. lIlpumep Takoi CHCTEMBI
TIPUBEICH HA PUCYHKE 3.

Dannie 1
nonLaoearena

Danrieie 2
nonL3oBaTenA

Danvsie 3
nonsaosarena

Bnok ebiGopa
aHTeHH

Kopep SCMA
AHTeHHan peweTka
AHTEHHas peleTka

OueHka kaHana

Danrie K
noneaosatenn

Viopuauun 0 COCTORMAM Kavana

Puc. 3. MuttocTpanus BO3MOKHOT0 BapuaHTa cucteMbl SCMA
C aBTOBBIOOPOM aHTCHH

Jliist ynoOcTBa ONMMCAaHUsS BBEICM CICAYIOIIHE 0003HAYCHUS:
K — konmuectso nonb3osarernedl; N, — KOIMYECTBO MEPEAIOLIMX
anTeHH bC; Ntx’as — KOJIMYECTBO BEIOPAHHBIX AaHTCHH HA CTOPOHE
BC; N, — KOIMYECTBO aKTUBHBIX IPOCTPAHCTBEHHBIX KAHAIIOB;
N, — k1accndeckoe mms cucteM SCMA KOMH4ECTBO OpTOro-
HanbHBIX pecypcoB N = N (415 paccMaTpHBaeMOro ciry4ast);

H

aHTCHHaMK; S, — MaTpULa BbIOOpA aHTECHH Ha NEPEeArOLIeH CTo-

o — 001as MaTpua KO3 (PHUIIMEHTOB MepeIadun MEX 1y BCCMH

poue; H — marpuia kanana ¢ yyerom Bei6opa N, - nepenato-
LIMX aHTEHH M3 OOLIETO KONMYECTBa Nepefaromux antent N, .

B npencraBnenHoM BapruanTe KOMOMHUPOBAHUS HA PUCYHKE 3
texHonorusi SCMA u texaonorus MIMO npumenstoTcs moce-
JIOBATEIbHO JPYT 33 APYTOM U MPH 3TOM OOPATHOH CBSI3bIO OXBa-
yeHa Tosbko cucteMa MIMO. Takoii BapHaHT KOMOMHUPOBAHUSA

MI03BOJISIET PEAIM30BATh HCIIOIb30BaHNE IIPOCTPAHCTBEHHBIX (HU-
3UUECKHUX pecypcoB aiisi cucteMbl SCMA U coxpaHsieT WHIUBU-
JlyalbHble IPEUMYIIECTBA KaXK/I0W U3 TEXHOJIOTHi{, HO TaKoW Ba-
pHaHT KOMOMHHMPOBAHMS €Ile UMEET MTOTEHIMAILHON pe3epB, KO-
TOPBIA MOKET OBITH Pa3MCHEH Ha JIOTIOJHUTCIHHBIN BEIMTPEIII B
SHEPreTH4ecKoi 3P PEeKTUBHOCTH, TPOITYCKHOM CHOCOOHOCTH HIIH
IIOMEXO0YCTOWYHNBOCTH.

PaccmoTpeHHBIii  BapmaHT KOMOWHHPOBAHUS TEXHOJIOTHH
SCMA u MIMO (puc. 3) MOKHO TOTIOJTHUTEITHFHO MOIUDHUIIPO-
BaTh, OXBATHB KaHAJIOM 00paTHOH cBsi3u 1 Konep SCMA mist co-
MECTHOT'O IpOIecca ONTHUMHU3AIMK aHTCHHOH KOH(QUIypaluun u
BBIOOPA UCTIOIB3yeMOH K0/J0BoW KHUTH SCMA Kak IpeICTaBiIeHO
Ha pucyHke 4.

. ]
! HaGop KOROBbLIX KHUT |
H ]

BoiGop
KOQOBORA

Wrcbopmalwa 0 COCTORHMM KaHana

Ranrise 1
nonsaosarann

D 2
nonssosatens

R

Dannese 3
nons3oaarens

Bnok exiGopa
aHTeHH

Kopep SCMA
OueHka KaHana

3
2
3
z

AHTeHHas pelseTka

JDannee K
nons3oaaTens

Puc. 4. Cucrema SCMA ¢ aBTOBEIOOPOM aHTEHH C COBMECTHOI
ONTHMH3AIMEH OPsAKa MOLYJISALUH U aHTCHHOH KOHQUTYpaluu

CoBMecTHas ONTHMU3AIUS AaHTCHHOW KOH(PUTYpaIy U KOJIU-
posanust SCMA noposkaet 3a/1aqy CHHTe3a Ha0opa KOJJOBBIX KHHT
SCMA 151 pabOThI ¢ Pa3HBIM KOJHMUYSCTBOM BXOJHBIX CUTHAJIOB U
OpPTOTOHAIBHBIX PECYPCOB (TIPOCTPAHCTBEHHBIX KaHATOB). Ha man-
HBIA MOMEHT 3aJaya CHHTe3a Habopa WM CEMEWCTBa KOIOBBIX
KHUT pa3HBIX Pa3MEpHOCTEH IIIOXO0 OCBEIICHA B IUTEpaType.

st cirydast «<HUCXOIAMIET0» KaHaaa (QopMHUpOBaHHE TPYTIITO-
BOTO CHTHaja mpou3Boantcs Ha ctopoHe bC. Moxens curnana,
Ha0JII01aeMOT0 Ha MPUEMHON CTOPOHE, MOXKHO TIPEJICTABUTH Clie-
JIYIOIIUM 00pa3oM:

Y=HS X+n=H,X+17, (6]
rae S, — MaTpula BbIOOpa aHTEHH Ha MEPEelarolleil CTOPOHE,
Y= [yl Y, Y, ]T — CHUTHQJl Ha BXOJie TPHEMHHKA;
X = [Xl X, Xy = UCTIONIb3yeMast aD0OHEHTOM KOJI0Bast

matpuia [11].

C yd4eroM WCIONB30BaHUS MPOCTPAHCTBEHHBIX KAHAIIOB
MEXITy BBIOpaHHBIMHU aHTeHHamMH Ha ctopoHe BC u aHTeHHaMwH
AT B KadecTBe OTHCITBHBIX OPTOTOHANBHBIX PECYpPCOB, T.C. HC-
MOJIE30BAHUS Nres = Nch, HeoOxonumo mpuMeHeHne SVD-

pasnokeHus (CHHTYJISIPHOTO pa3yioxeHus) MaTpuipbl kaHama H

i Marpuibl H B ciydae BeIOOpa aHTEHH Ha Hepeaarolei cro-
poHe:

Y =SVD(H, )X +n=UDVX +7. (6)
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Hwmes Ha mepeparomieii cropore HHGOPMALIUIO O COCTOSIHUH
KaHaJjila, O4YCBUJHBIM ABJISACTCA HOCJ’IC}IHI/Iﬁ miar — UCIi0Jb30BaHUC
Marpuibl V' B KauecTBe NPEKOANPYIOIEH MaTpUIbl HA CTOPOHE
BC, T.e. nucnonp30BaHNE TPEKOIUPOBAHHOTO BEKTOPAa CHMBOJIOB
X=V'X.

Ymuoxas cieBa o0e wactu (6) Ha spmutoBy Matpuiny U',
IOy 4nM:

Y=U'Y=DX+U'y, @)

rae Y =U'Y - npeoOpa3oBaHHbIi BEKTOP HAOJIIOICHUSI.
Jamee Ha MpUEMHON CTOPOHE MPUMEHUM OOpATHYIO THAro-
HaJIBHYIO MaTpUILy COOCTBEHHbIX urcen D'

D'Y=X+D"U'y. (8)

Cremyer OTMETHTB, YTO YMHO)KEHHE BEKTOpA IITyMa HAOJFOICHUS
na Matpuiibl U' 1 D™ He MEHSIET €ro CTaTMCTHYECKUX CBOHCTB.

OmnucaHHBIH MOIXOJ IO3BOJIIET OCYILECTBHTH JOCTATOYHO
IIPOCTHIE ONEPAllUy NIPEKOAUPOBAHUS Ha IIePeaolIeil CTOPOHE U
JeMOJIYJISIIMY Ha IPUEMHON CTOPOHE, HO TpeOyeT HaJlMuusl 110JI-
HOUW MH(OPMAIIMHU O COCTOSIHUM KaHajla Ha [epe/latolleii CTOpOHe.

KomnblotepHoe MoaeHpoBaHHe KOMOMHHPOBAHHOM
cucreMbl SCMA-MIMO ¢ aBTOBBIOOPOM aHTEHH

s mpoBepku 3P PEKTUBHOCTH OIMUCAHHOTO METOJa KOMOU-
HUPOBaHMs OBbUIO MPOBEIECHO MOJCIMPOBAHUE CHUCTEMBI CBSI3H,
ncnoib3yromniei TexHoigoruio SCMA 11 yIJIOTHEHUS! CUTHAJIOB
aboneHTOB ¥ TexHoI0TMI0 MIMO € aBTOBBEIOOPOM aHTEHH ISt Op-
TaHU3ALUSl OTAENBHBIX OPTOTOHATBHBIX MPOCTPAHCTBEHHBIX Ka-
HasoB. [TapameTpsl MOJIeTMPOBaHMS IPUBEICHBI B Ta0IHIE 1.

Tabmnumna 1

YcaoBus MOJCIUPOBAHUA U TapaMETPbl CUCTEMBI CBA3U

Monysinust SCMA
KosnyecTBo curHagoB aDOHEHTOB 6
KonngecTBo mpocTpaHCTBEHHBIX 4
KaHAJIOB (aKTHBHBIX AaHTCHH)
KonmuectBo antenn bC 8

Kanan cBsizu He3saBucumeie peneeBckue
3aMUpaHMs 110 BCEM JIydam
SVD + Meroa MakcuMaib-
HOTO TIPaBIOTIOI00HS
[12, 13, 14]
(>kecTKast cxema IPUHSTUS
pelIeHmii)

1500

JeMonynsuus u 1EeKOANPOBaHNE

KonmyecTBo OKCHIEPUMEHTOB

TpaaunuoHHEIH crieHapuii cucteMbl SCMA 0e3 IpuMeHeHUs
texaonorud MIMO mpeicTaBiIeH Ha PUCYHKE 5 KPUBOI TOMEXO0-
ycroiunsoctr “Simple SCMA with frequency resources™. 13
pe3yJIbTaToOB MOAEIMPOBAHUS BUJIHO, UTO B CIIy4ae MPUMEHEHHS
texHosorud MIMO ¢ caMbIM ITPOCTBIM KPUTEPHUEM aBTOBBIOOpA
AQHTEHH Ha NepeAaloniel CTOPOHE 10 MaKCUMyMy HOpMBI Dpobde-
Huyca “Max. Frobenius norm” mosxHO 6€e3 paciMpeHust Criek-
Tpa CUTHaJIa MOJIyYUTh SHEPreTHYecKuid BRIUTphI 10 1,5 nb Ha
HU3KHX OTHOIIeHus X curHai/mrym (OCI) mo cpaBHEHUIO ¢ Tpa-
nuioHHor cxemoit SCMA ¢ ogHoM anTeHHO. Ha BEICOKHX
3HaueHusax OCII tpaguunonHas cxema SCMA umeer Jryurive
XapaKTePUCTHUKH.
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SCMA downlink, spatial channels vs frequency channels
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Puc. 5. Pe3ynpTaTsl MOIETUPOBaHUS KOMOWHIPOBAHHOMN CHCTEMBI
SCMA ¢ aBTOBBIOOPOM aHTEHH € UCIONb30BaHueM Kputepues (1)-(4)

BTopbIM WHTEpECHBIM pE3yTbTATOM MOJCIHPOBAHUS SIBIIS-
eTCsl IpUMEHEeHNEe KpuTepust aBToBhIOOpa anTeHH (1). Kpurepuit
(1) “Best spatial channels (fast)” #e Tpebyer momHoro mepebopa
BCEX BO3MOXKHBIX KOMOUHAIHMI aHTSHH U SIBJISIETCS] OTHOCHTEIILHO
MIPOCTHIM B PEAJM3AIMHU U TO3BOJISIET M MTO3BOJISET MOTYIHUTh 3HA-
YUTENbHBIN YHEPreTHUECKUN BRIMTPHINI A0 4 1b ¢ TOMOIIIbIO MpH-
MeHeHus TexHosoru MIMO no cpaBHEHMIO ¢ TPaIUIIIOHHOH CH-
cremoit SCMA, nipu 3TOM He TpeOysl pacIIUpEHHsI CIICKTpa Tepe-
JTaBae€MOI'0 CUTHaJA.

Kputepuu (2) u (4) “Max. capacity” u “Min.trace of errors
corr. matrix” moxkaspIBarOT HAMIYUIIHE XapaKTEPUCTUKH ITOMEXO0-
YCTOHYMBOCTH, 0OECIIeUnBasi JHEPTETHUCCKUIA BEIMTPHIN 10 7 1b
[0 CPaBHEHMIO C TpaAULMOHHON cuctemoi SCMA, oiHako mJa-
TOM 3a TakOW BBIUIPBILI SIBJISIETCSI BBICOKAs BBIYUCIUTEIbHAS
CJIO)KHOCTB alITOpPUTMa BEIOOpa aHTEHH ITyTEM TIOJIHOTO Tiepedopa
BCEX BO3MOKHBIX KOMOWHAITHH.

Cxema SCMA kak pasHOBHAHOCTH cxeMbl NOMA ams ymmot-
HEHUS CUT'HAJIOB a00OHEHTOB U peaii3allii MHOXKECTBEHHOTO J10-
cTyna ojHa W3 HauboJjee MepCleKTHBHBIX (yHIaMEHTAIbHBIX
TEXHOJIOTHi1, KOTOpasi BEICTYIIHT OCHOBOM OJMKalmX rio0ab-
HBIX CTaHIAapTOB OecrpoBOAHON cBsizu. Ee BHenpeHue B coBpe-
MEHHBIE PeaIni OTPAHUYEHHOT0 YaCTOTHOTO CIIEKTPa BO3MOKHO
TOJIBKO cOBMeCTHO ¢ TexHosorueit MIMO. [lanpHelimee yBenu-
yeHne 3(PQGEKTUBHOCTH TaKMX KOMOMHHMPOBAHHBIX CHCTEM BO3-
MOJKHO TOJIBKO 32 CUET COBMECTHOU Typ00-00pabOTKH.

BriBoabI

Hcnonb3oBanne texHosoruu MIMO B pexxnMe aBTOBBIOOpa
AQHTEHH MO3BOJISIET BBITOTHO MPEYMHOKHTH INTaBHBIC JOCTOMHCTBA
texaosorun SCMA. Hcnomnp3oBanue texuojormn SCMA BbI-
TOJIHO C TMO3WLUH YBEIWYEHHs CHEKTpaIbHOU 3()P()EeKTHBHOCTH,
YTO KPUTHYECKH aKTyaJbHO JUISi COBPEMEHHBIX CHUCTEM Oecrpo-
BOJIHOM CBsi3H, a TexHosorust MIMO B pexrMe aBTOBBIOOpA aH-
TEHH I103BOJISIET BHIOPATh HAWITYUIINI YaCTOTHBIA KaHaJ JUIs T1e-
penaun curnanoB SCMA. KombunnpoBanue texnoiorun MIMO
B pEKUMeE aBTOBBIOOpA aHTeHH U TexHosornn SCMA ciabo ocBe-
[ICHO B JIUTEPaType M MCTOYHUKAX, HO MMEHHO TaKOW BapHaHT

-
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DNEKTPOHUKA. PAODUOTEXHUKA

KOMOMHUPOBAHMS THX TEXHOJOTMH SIBJISETCS BBIFOJAHBIM. He-
OoutbIIasi UIaTa B BUE YBEIMUYCHHUS BEIYUCIUTEIBHON CII0KHOCTH
3a MpoIeaypy BbIOOpA JIyUIINX NMPOCTPAHCTBEHHBIX KaHAJIOB CH-
cteMbl MIMO 1o3BOJISIET 3HAUUTENBHO YIYUIIUTh CHCTEMY
SCMA B 5KBHBaJICHTE SHEPI€THYECKOTO BBIUTPHIIIA U MPU 3TOM
COKOHOMMTB YaCTOTHBIH PECYpPC M0 CPAaBHEHUIO € TPATUIIUOHHBIMU
TEXHOJIOTUSIMHA OPTOTOHAJIBHOTO MHO>KECTBEHHOT'O JJOCTYTIA.

B paGorte OpTa paccMOTpeHa 3Ta MepereKTHBa KOMOWHUPOBA-
HUSL IBYX KJTIOUEBBIX TEXHOJOTHH OyAyIINX CTaHIAPTOB MOOMIIB-
HOW CBSI3M B OJTHOM W3 BO3MOXKHBIX PEKUMOB paOOThL. OOBIIHO
CTaHAapTaMH MPEAyCMOTPEHO HECKOJIBKO PEKMMOB pabOThI HC-
noJjb3yeMoil TexHonoruu. Hampumep, M3BECTHas TEXHOJIOTHS
MIMO MoxeT (pyHKIIMOHUPOBATh B HECKOJIKUX PEKHMaX: Mpo-
CTPAHCTBEHHOE MYJbTUIUIEKCHPOBAHME, NMPOCTPAHCTBEHHO-BpPE-
MEHHOE KOJIMPOBaHKe, PEXKUM C 00paTHOI CBS3BIO U 0€3, PeXKUM
aBTOBBIOOpA AHTEHH M JP., IPU 3TOM KaXJIbIH U3 PESKUMOB COB-
MecTuM ¢ TexHoaorueid OFDM. OcHOBHast KOHLIEMIUSI CUCTEMBI
SCMA oTIM4HO TOAXOAUT JuIst paboThl ¢ cuctemoid MIMO c aB-
TOBBIOOPOM AHTEHH.

Pe3ynbTaTsl KOMIIBIOTEPHOTO MOJIEIMPOBAHMS MOKA3bIBAIOT,
YTO HCIIOIB30BAHUE IPOCTPAHCTBEHHBIX KAHAJIOB [UIS TIeperadu
YIUIOTHEHHBIX CUTHAJIOB O3BOJISIET MIPEOA0IIETh (PU3NUECKUE OTpa-
HUYEHUSI YACTOTHBIX PECYPCOB, @ HCTIOJIb30BaHNE HECTIOKHBIX KPH-
TEpHEB aBTOBHIOOpA AHTEHH TTO3BOJISIFOT MOTYYUTh 3HAUNTEIBHBIN
SHEPreTUYECKUi BEIMTPHILI TI0 CPABHEHHUIO C KJIACCHUECKOI cHcTe-
Mot SCMA, ucronb3yroleil 9acToTHbIe pecypchl. Peanmisanus Ta-
KX KOMOWHHPOBAHHBIX CHCTEM TAaKXKe 3aBUCHUT OT aJITOPUTMOB JIe-
moaysitun. s nemoaynsuuu curHanos SCMA npumensiercst ai-
roputm MPA (Message Passing Algorithm) [15] wmm anroputm
MaKCUMAaJIBHOTO IpaBonoaoous [ 13], ¢ moMompio KoToporo ObUTH
TIOJTyYeHBl PE3YJBTAaThl KOMITBIOTEPHOTo MozenupoBanus. O0a
alropuT™Ma 00JIaIafoT BBICOKOW BBIYHMCIUTEILHON CI0KHOCTBIO,
3HAQUUTENIPHO  YBEIWYMBAMOUICHCS TpPH  MacmTaOMpOBaHUH
CHCTEMBI: yBEJIIMUCHUH KOJINYECTBA a0OHEHTOB WM YBEIMYCHUN
KOJIMYECTBA ITPOCTPAHCTBEHHBIX KAHAJIOB.

PaccmoTpeHHBIN BapraHT KOMOMHHUPOBAHHUS TEXHOJOTHHA SIB-
JseTCs OHUM M3 HanOoJiee NepCIeKTHBHBIX U MOXKET OBITh 10pa-
0O0TaH U yJIy4lIeH 3a c4eT (OPMHUPOBAHHMS CIICIIHATIBHBIX KOJIOBBIX
KHUT 17151 cucteMbl SCMA, HalleIeHHBIX HA UCTIOJIB30BaHUE TPO-
CTPAHCTBEHHBIX PECYPCOB C YUETOM CHEUU(PHUKH PA3IUYHBIX MO-
JieNiell KaHaloB, a TaKXKe COBMECTHOTO Ipollecca ONMTUMHU3AINU
BbIOOpa aHTEHHBIX KoHpurypanuii texuonorun MIMO u pazmepa
KOJIOBBIX KHUT cucTeMbl SCMA.
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OPTICAL DIGITAL-ANALOG COMPUTER

Ben Rejeb T.B.K., Moscow Technical University of Communications and Informatics, Moscow, Russia, t.benrejeb@mtuci.ru

Abstract

Non-orthogonal multiple access is a key technology for implementation in next generation mobile communication standards. The imple-
mentation of NOMA technology requires coordination with already used and well-proven technologies, such as the technology of multi-
antenna systems. The combination of MIMO and NOMA technologies provides to ensure efficient use of the radio frequency spectrum
through spatial signal processing and high network capacity due users' signal processing in overload mode. There are several types of
NOMA technology, each of them can be com-bined with MIMO technology, taking into account the special features of both technologies.
Sparce code multiple access is one of the most promising type of NOMA technology. The main goal of this article is to analyze the pos-
sibility of combining SCMA technology with MIMO technology in the antenna selection mode to organize spatial orthogonal resources as
one of the possible options for combination of these technologies for next-generation mobile communication systems. The results of com-
puter modeling confirm the effectiveness of the joint use of SCMA and MIMO in antenna selection mode.

Keywords: combination, non-orthogonal multiple access, SCMA, NOMA, Multiple antenna systems, MIMO, SCMA-MIMO, antenna selection
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One of the most important socio-technical promises of these
advancements is the elimination of the digital divide, ensuring
that even the most remote and underserved regions have access
to modern digital infrastructure. However, deploying traditional
terrestrial cellular networks in such areas is often economically
infeasible and logistically challenging due to factors such as low
population density, difficult terrain, and lack of supporting infra-
structure. This paper explores the use of 5G frequency bands
(n254, n255, n256) for a tri-band payload in Satellite Access Node
(SAN) designed for next-generation loT and D2D non-terrestrial
networks (NTN). A comparative analysis is conducted to exam-
ine key challenges, including spectrum coexistence with incum-
bent systems, Doppler effects, and signal propagation character-
istics for each band. Additionally, the study evaluates regulatory
hurdles associated with obtaining access to these frequencies. An
expert as-sessment is provided for each factor, measuring its
impact on loT service delivery in NTN. Finally, an overall classifi-
cation is assigned to each band based on a three-tier ranking sys-
tem: high, mid, or low.
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1 Introduction

The evolution of mobile communication technologies from 5G
to future 6G networks is centered around the goal of delivering
ubiquitous, high-speed, and reliable connectivity. One of the most
important socio-technical promises of these advancements is the
elimination of the digital divide, ensuring that even the most re-
mote and underserved regions have access to modern digital infra-
structure. However, deploying traditional terrestrial cellular net-
works in such areas is often economically infeasible and logisti-
cally challenging due to factors such as low population density,
difficult terrain, and lack of supporting infrastructure.

To address these limitations, the 3rd Generation Partnership
Project (3GPP) has introduced the concept of Non-Terrestrial Net-
works (NTNs) — networks that leverage satellite systems and high-
altitude platforms (HAPs) to complement terrestrial networks.
These NTNs are especially well-suited for extending coverage in
rural, maritime, mountainous, and airborne environments where
conventional infrastructure cannot be easily deployed. NTNs are now
considered an integral component of the 5G and 6G ecosystem.

With the release of 3GPP Release 17, NTNs were formally in-
corporated into the 3GPP framework, marking a significant mile-
stone in satellite-based mobile communication. This release de-
fined two NTN frequency bands within Frequency Range 1 (FR1):

— Band n255: Uplink (UL) 1626,5-1660,5 MHz / Downlink
(DL) 1525-1559 MHz

— Band n256: UL 1980-2010 MHz / DL 2170-2200 MHz

Later, with the arrival of Release 18, a third FR1 band was
added:

— Band n254: UL 1610-1626.5 MHz / DL 2483,5-2500 MHz

These bands, operating within the L- and S-band ranges, were
specifically selected to facilitate NTN operations due to their fa-
vorable propagation characteristics, existing satellite service use,
and global regulatory considerations.

Despite their inclusion in the 3GPP standard, the practical fea-
sibility and suitability of each NTN band remain active areas of
investigation. Implementing NTNs using these bands presents
various technical and regulatory challenges, such as:

— Propagation conditions and atmospheric loss
Doppler shift induced by satellite motion
Compeatibility with incumbent satellite and terrestrial services

— Spectrum regulation and licensing

— Support in commercial chipsets and user equipment (UE)

Given these complexities, it becomes crucial to evaluate and
compare the performance and implementation readiness of bands
n254, 1255, and n256. This article aims to address that gap by sys-
tematically analyzing the trade-offs and practical considerations
associated with each band and proposing a ranking of the bands
based on their overall viability for NTN deployment.

2 State of the Art

The integration of Non-Terrestrial Networks (NTNs) into
3GPP standards has sparked significant academic and industrial
interest, with a growing body of literature exploring the key tech-
nological challenges and opportunities. However, while various
aspects of NTN implementation — uch as frequency planning,
propagation modeling, Doppler compensation, and interference
management — have been studied, these investigations are often
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fragmented. A comprehensive comparison of the FR1 NTN bands
(n254, n255, n256) remains largely unexplored in the literature.

The technical feasibility of using bands n254, n255, and n256
for NTN deployments is discussed in several recent works. For
example, [1-4] analyze the general deployment considerations of
NTN frequency bands in the context of 5G and beyond. These
studies examine link budget design, satellite-to-device communi-
cation strategies, and multi-connectivity frameworks, emphasiz-
ing the importance of seamless integration between terrestrial and
non-terrestrial segments.

The Doppler effect, caused by the high relative velocities of
low Earth orbit (LEO) satellites, is one of the most critical physi-
cal-layer challenges in NTN systems. The works in [5-8] present
various methods for Doppler shift estimation and compensation in
OFDMA systems, which are the basis of 5G New Radio (NR).
These studies explore both open-loop and closed-loop compensa-
tion schemes, as well as synchronization algorithms designed to
mitigate signal distortion and maintain robust links between satel-
lites and user terminals.

Propagation losses, which differ significantly depending on
frequency, elevation angle, and environmental factors, have been
addressed in [9] and [10]. These works provide empirical and
modeled comparisons of signal attenuation in the L- and S-band
spectrum, demonstrating that while lower frequencies generally
offer better penetration and lower free-space loss, they are also
subject to higher levels of interference due to coexisting services.

Spectrum compatibility and interference analysis are particu-
larly relevant for NTN implementation, given that bands like n255
and n256 are shared with existing Mobile Satellite Services (MSS)
and other legacy systems. The compatibility of these bands with
incumbent services has been explored in [11], highlighting chal-
lenges such as adjacent-channel interference and the need for co-
ordinated coexistence. Similarly, [12] provides an in-depth assess-
ment of potential interference scenarios related to the terrestrial
n25 band, which, while not an NTN band itself, shares spectral
proximity with NTN allocations and may introduce or experience
harmful interference under certain deployment models. Several
other works study compatibility issues of NTN systems mostly
compatibility with terrestrial segment of IMT [13-15].

Notably, band n254, introduced in Release 18, has not yet been
the focus of dedicated compatibility or coexistence studies, de-
spite its potential advantages such as increased downlink spectrum
and partial overlap with existing MSS allocations. This lack of re-
search presents a gap in the NTN landscape that this article seeks
to address.

In addition to these technical articles, broader analyses of NTN
standards, spectrum policies, and deployment strategies are cov-
ered in [16-20], which are comprehensive references that dis-
cusses the end-to-end design considerations for SG NTN systems.

Taken together, these studies form a fragmented but growing
foundation for evaluating the viability of FR1 NTN bands. How-
ever, to date, no unified study has compared the three FR1 NTN
bands from a holistic implementation perspective, incorporating
propagation, Doppler, interference, chipset support, and regula-
tory readiness.

This article aims to fill that gap by synthesizing available data
and offering a comparative analysis that informs future NTN de-
ployment strategies.

-
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3 Types of the NTN networks

NTN systems for IoT and D2D applications will consist of two
main elements:

— Space component: could be either GSO satellite or NGSO
system. NGSO system involves a constellation of hundreds or
even thousands of satellites. The number of satellites required will
depend upon the required latency, link budget parameters and con-
stellation sizing, with more satellites required for lower altitudes.

— Ground component, including the user equipment (UEs)
and gateways.

The deployment of NTN systems for IoT and D2D is possible
in two architectures: transparent mode and regenerative mode.

— In transparent mode the satellite payload forwards the Sat-
ellite Radio Interface (SRI) protocol between the service link and
the feeder link. For example, such payload may implement radio
frequency filtering, frequency conversion, signal processing and
amplification. Protocol-related base station functions are handled
at the gateway earth stations. The use of inter-satellite links is not
foreseen in this case.

— In regenerative mode the payload processes the SRI proto-
col between the service link and the feeder link, with potential use
of inter-satellite links depending on the chosen architecture. For
example, such payload may implement radio frequency filtering,
frequency conversion, signal processing, routing/switching, proto-
col handling and RF amplification. This is effectively equivalent to
having protocol-related base station functions on board the satellite.

In the case of implementing a payload with direct retransmis-
sion (transparent), it would be necessary to take into account ad-
ditional feeder links in a "star" topology, which would increase the
signal transmission and corresponding latency by 2 times. Figure
1 provides two types of NTN payloads.
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Fig. 1. Types of the NTN payloads (a) transparent (b) regenerative

Several companies have already begun using, or plan to use,
FRI-NTN frequency bands. For instance, parts of the n254 band
are currently utilized by Globalstar to provide SOS messaging ser-
vices on iPhones. Meanwhile, Bullitt and Skylo offer [oT and D2D
services via GEO satellites from ViaSat and EchoStar. Other com-
panies are also developing services in these bands—Iridium, for
example, has announced Project Stardust, which aims to deliver
standards-based NB-IoT NTN communication using its opera-
tional LEO constellation.

Figure 2 illustrates the basic NTN architecture with a regener-
ative SAN payload and highlights current usage across the n254,
n255, and n256 bands.

GlobalStart \ﬂasat"'r'" iridiur  FGHOSTAR omnispe;ge |iggg_q

- Omnispace/

Frequency band Globalstar Echostar Ligazo
1610-1618.725 MHz

2483.5-2500 MHz
1626.5-1660.5 MHz

1525-1559 MHz

1980-2010 MHz

2170-2200 MHz

@ Provide NTN services. Plan to provide NTN services @ Not used

Fig. 2. Current utilization of n254, n255 and n256 for NTN services

Despite these developments, widespread use of the n254,
n255, and n256 bands by NTN networks remains limited. The
n254 band is currently used only for emergency SOS messaging
on the latest iPhone models. The n255 and n256 bands, to date,
support just six released devices from manufacturers such as Cat-
erpillar, Motorola, and uleFone.

Additionally, current usage is largely confined to companies
that had previously operated in these bands with systems not orig-
inally designed for NTN. Unlocking the full potential of NTN ser-
vices in these bands will require new satellite constellations spe-
cifically tailored to NTN capabilities.

However, even though 3GPP has standardized these FR1-NTN
bands for NTN use, companies that do not already own incumbent
systems in these bands are likely to encounter significant regula-
tory hurdles. For instance:

— The n256 band is extensively used by ViaSat and Om-
nispace.

— The n255 band is occupied by ViaSat and Ligado.

— The n254 band is utilized by Globalstar and Iridium.

Any new entrant intending to operate in these bands must co-
ordinate with the incumbent users as part of the ITU-R filing pro-
cess.

4 Doppler shift

In contrast to terrestrial networks, where the term "base sta-
tion" implies a stationary infrastructure, satellites in non-terrestrial
networks move at significant velocities, resulting in carrier fre-
quency deviation due to the Doppler effect. Additionally, the
propagation of radio waves through the ionosphere leads to polar-
ization rotation of the waveform, a phenomenon known as Fara-
day rotation.

The development of 5G New Radio (NR) to support Non-Ter-
restrial Networks (NTN), particularly satellite communication
systems, is currently under investigation within 3GPP. The mobil-
ity of spaceborne platforms in NTN introduces significant

-—
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variation in Doppler shift over time, which differs across user
equipment (UE) based on their geographic location. When em-
ploying Orthogonal Frequency-Division Multiple Access
(OFDMA) in the uplink, each UE must apply an individualized
frequency adjustment to compensate for the Doppler shift.

To address this, 3GPP Release 17 for NTN assumes that the
UE is equipped with a D (GNSS) chipset. This enables the device
to determine its own position and compute the necessary fre-
quency adjustment based on its location and satellite ephemeris
data. Such an approach offers the potential to reduce the depend-
ency of NTN operations on continuous GNSS usage, achieving a
reasonable trade-off between implementation complexity and sys-
tem performance.

The classical formula for Doppler shift is:

fo =7 fecos (6), e

where:

— fp: Doppler shift (Hz)

— v: Relative velocity between transmitter and receiver (m/s)

— c: Speed of light (approximately 3x1083 \times 10"83x108 m/s)

— f.: Carrier frequency (Hz)

— 0: Angle between direction of motion and wave propagation

In 5G, OFDMA is used for both uplink and downlink in the
New Radio (NR) interface. Each user gets allocated a set of sub-
carriers, and the overall bandwidth is divided into numerous or-
thogonal subcarriers.

However, Doppler shift can break the orthogonality between
subcarriers, causing Inter-Carrier Interference (ICI), which de-
grades system performance. Each subcarrier in OFDM is a sinc
function in the frequency domain. In ideal conditions:

fOT e/t . o=infmtdt = 0 forn # m (2)

But if there’s a frequency shift (e.g., due to Doppler), the inte-
gral is no longer zero, meaning interference occurs between sub-
carriers nnn and mmm. In presence of Doppler, a subcarrier at fre-
quency f; becomes:

Sk (t) = ej”(fk+fD)t (3)
When demodulating, the receiver uses:
e (t) = s (t) - eIkt = ginfpt @

This extra exponential term leads to a time-varying phase ro-
tation and loss of orthogonality, which causes ICI when taking the
FFT during demodulation.

In 3GPP TS 38.101-5 V19.0.0 (2025-03) [21], the focus is pri-
marily on the uplink (UL) aspects of 5G NR satellite communica-
tions, particularly regarding how User Equipment (UE) should
pre-compensate for Doppler shifts when transmitting signals to
satellites. The document provides detailed specifications for UL
frequency accuracy and compensation techniques.

However, for the downlink (DL) — where signals are transmit-
ted from satellites to the UE — the document does not specify par-
ticular Doppler compensation methods or requirements. This
omission suggests that the UE is expected to handle Doppler ef-
fects in the DL through its inherent receiver design and synchro-
nization processes. Typically, UE receivers are designed to track
and correct frequency shifts caused by Doppler effects to maintain
accurate signal reception.

COMMUNICATIONS

To evaluate the Doppler characteristics of 5G NR NTN bands,
simulations were performed for frequency ranges corresponding
to n254, n255, and n256, as defined for non-terrestrial S-band and
L-band operation. The Doppler shift was computed assuming a
spot beam scenario, with the user terminal located directly beneath
the satellite’s ground track (i.e., elevation 90° at closest approach).

Figures 3-5 provide Doppler shift for n254, n256 and n255
bands. Overall, the results confirm that orbit selection, frequency
band choice, and waveform design must be jointly considered to
ensure robust NTN performance across diverse deployment sce-
narios.

Doppler shift in n254 DL (2483.5-2500 MHz)
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Fig. 3. Doppler shift for different types of orbits in the n254 band (a)
downlink band (b) uplink band

Simulated Doppler shift vs. time for a spot beam downlink in
the n254 band at four different LEO satellite altitudes: 340 km,
525 km, 700 km, and 1500 km. The peak Doppler shift exceeds
+55 kHz for the lowest orbits, highlighting the impact of S-band
operation in LEO. Doppler shift simulation for the uplink portion
of band n254. Due to the lower frequency compared to the down-
link, the maximum Doppler shift is proportionally reduced, peak-
ing near +33 kHz at 340 km altitude.
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Doppler shift in n256 DL (2170-2200 MHz)
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Fig. 4. Doppler shift for different types of orbits in the n256
band (a) downlink band (b) uplink band

Downlink Doppler shift simulation for band n256, showing
time-varying frequency shift across four LEO satellite altitudes.
The Doppler shift reaches up to £50 kHz at 340 km, illustrating
the challenges in maintaining frequency synchronization in
S-band downlink transmissions. Uplink Doppler simulation for
band n256, showing a symmetric Doppler shift curve with values
approaching +45 kHz for low-altitude LEO orbits.

Uplink Doppler behavior for band n255, operating in the upper
L-band. Doppler magnitude remains within +35 kHz, providing
slightly more tolerance than the S-band cases. Downlink Doppler
shift shows similar levels for band n255, reaffirming moderate
Doppler behavior across altitudes.

The figures illustrate the instantaneous Doppler shift as a func-
tion of time for several LEO satellite altitudes: 340 km, 525 km,
700 km, and 1500 km. As expected, the maximum Doppler shift
increases with carrier frequency and decreases with orbital alti-
tude. For the S-band downlink of band n254 (2483,5-2500 MHz),
the maximum Doppler exceeds £55 kHz at 340 km altitude. In
contrast, the L-band frequencies used in n255 (1525-1559 MHz
DL) exhibit lower peak Doppler values, typically within +35 kHz
under similar conditions.

Doppler shift in n255 DL (1525-1559 MHz)
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Fig. 5. Doppler shift for different types of orbits in the n255 band (a)
downlink band (b) uplink band

These results emphasize the need for effective Doppler com-
pensation techniques in both uplink and downlink paths. In the
downlink case, where the satellite is the transmitter, pre-compen-
sation of the carrier frequency may be applied to mitigate the ob-
served shift at the UE receiver. Such compensation is crucial in
maintaining subcarrier orthogonality in OFDM systems and
avoiding inter-carrier interference (ICI), particularly when the
subcarrier spacing is narrow.

5 Propagation losses

The considerable distance between user equipment (UE) and a
satellite introduces significant path loss, which is a critical factor
in the link budget of satellite communication systems. Total path
loss consists of several components, each contributing to signal
attenuation:

— Free-Space Path Loss (FSPL): FSPL is the dominant com-
ponent of path loss in satellite links and is primarily determined
by the distance between the transmitter and receiver, as well as the
operating frequency.

-
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— Atmospheric Losses: Gaseous absorption caused mainly by
oxygen and water vapor, particularly in higher frequency bands
such as the Ka-band.

— Atmospheric fading (scintillation): Arises due to variations
in atmospheric conditions, including turbulence, rain, and cloud
cover, leading to signal fluctuations and degradation.

— Building Penetration Loss: Signal attenuation can also oc-
cur when UE is located indoors. The extent of this loss depends
on building materials and structural design, and can significantly
reduce received signal strength.

Introducing free-space attenuation between isotropic antennas,
also known as the free-space basic transmission loss (symbols:
Lbf or Abf), it can be calculated as follows [22]:

A A2 41d
Lbf = —10 10g10 (m X G) = 20 lOglO (%), (5)
where:
— Ly : free-space basic transmission loss (dB)
— d: distance
— A:  wavelength, and

— d and A are expressed in the same unit.

The Figure 6 illustrates the Free-Space Path Loss (FSPL) as a
function of distance for both downlink (DL) and uplink (UL)
transmissions across 3GPP-specified NTN frequency bands:
n254, n255, and n256.

FSPL for DL and UL NTN bands
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Fig. 6. Free space loss for n254, n256 and n255 bands

The x-axis represents the distance between the transmitter and
receiver in kilometers, ranging from 300 km to 1500 km — typical
for LEO satellite altitudes. As may noted from the above results, for
downlink case n255 has the best propagation conditions, the n256
band has 2.5 dB worse link budget whereas n254 has almost 4 dB
worse link budget. For the uplink case n254 and n255 show nearly
identical results whereas n256 show almost 2 dB more attenuation.

The atmospheric losses are typically a challenge for Ku and
Ka bands, rather than L and S band therefore in this case will be
negligible. Building entry loss (BEL) will vary depending on
building type, location within the building and movement in the
building. In Recommendation ITU-R P.2109 [23] the building en-
try loss distribution is given by a combination of two lognormal
distributions. The BEL not exceeded for the probability, P, is
given by:

COMMUNICATIONS

LY (P) = 10log(10%14®) + 1001B(P) 4 1001€ ), (6)
where:

A(P) = F 1 (P)oy + 1, @)

B(P) = F*(P)oy + i, ®

¢ =-30, )

W =Ly + L, (10)

My = w + x log(f), (11

o; = u +vlog(f), (12)

o, =y + zlog(f), (13)
where: Lj: median loss for horizontal paths, given by:

Lp =7+ slog(f) + t (log(f)?, (14)

L,: correction for elevation angle of the path at the building
facade:

L, =0.212 18],
and:

f: frequency (GHz)

O: elevation angle of the path at the building facade (degrees)

P: probability that loss is not exceeded (0.0 <P < 1.0)

(15)

F~1(P):inverse cumulative normal distribution as a function

of probability.
The coefficients are as given in Table 1.

Table 1
Model coefficients
Building r S t u % w X y z
type
Related to: 1} [ 2 G2
Tradi- |12.64| 3.72 [096| 9.6 | 2.0 | 9.1 |-3.0| 4.5 | —-2.0
tional

Figure 7 presents the cumulative distribution functions (CDFs)
of BEL for three frequency bands (n254, n255, and n256), com-
paring traditional and thermally-efficient buildings.

o CDF of BEL for Traditional vs Thermally-efficient Buildings
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Fig. 7. Building entry losses for n254, n256 and n255 bands
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The curves for all three bands are nearly identical within each
building type, indicating that frequency-dependent variation in
BEL is minimal for indoor users.

However, a clear distinction is observed between the two
building categories. For thermally-efficient buildings, approxi-
mately 98% of cases experience a BEL exceeding 10 dB, com-
pared to 72% for traditional buildings. This substantial difference
highlights the impact of modern construction materials on signal
penetration and suggests that, in most scenarios, reliable satellite
connectivity may not be achievable indoors, particularly in ther-
mally-efficient environments.

6 Spectrum sharing challenges

As was indicated in the study [11] for the bands n255 and n256
bands there is a significant challenge in terms of compatibility
with existing satellite systems in this band, particularly with In-
marsat, Omnispace and other systems. Studies indicated that there
is a considerable amount of interference that would be caused by
potential D2D system to the existing systems.

For n254 band, there are two systems that operate in this band
or parts of that band, specifically Globalstar that operates in the
frequency bands 2483.5-2500 MHz (space-to-Earth)/1610-
1618.725 MHz (Earth-to-space) and Iridium that operates in TDD
mode in the 1616-1626.5 MHz band. The following interference
scenarios of mutual interference have been analyzed in this con-
tribution (Table 1):

Table 1
Interference scenarios analyzed in this study
Interference
Interferer Victim Type of interference
Band (MHz)
Globalstar NTN UE Downlink interference
2483.5-2500 Satellite
NTN Satellite | Globalstar UE | Downlink interference
NTN UE Globalstar Uplink interference
1610-1618.725 Satellite
Globalstar UE | NTN Satellite | Uplink interference
Iridium NTN Satellite | Satellite-to-satellite
Satellite interference
Iridium NTN UE Downlink interference
Satellite
1616-1626.5 NTN UE Iridium Uplink interference
Satellite
NTN UE Iridium UE Handset-to-handset
interference
Iridium NTN Satellite | Satellite-to-satellite
Satellite interference

Handset-to-handset interference was not analyzed due to the
inherently low probability of occurrence and limited impact such
scenarios pose in practical deployments. Mobile user terminals,
particularly those operating in MSS bands, typically have low
transmission power and are subject to significant path loss due to
ground-level operation, environmental obstructions, and user
body losses. Furthermore, the likelihood of two mobile terminals
operating in close physical proximity, within line-of-sight, and on
overlapping frequencies is minimal, especially considering that
NTN and Iridium services often rely on geographically dispersed
and independently operated networks. As a result, the focus of the

2

Pine = Pe - Ge(0,6) - G (0,8) - (=) Lmisc (16)
where:

— P;.: Interference power at the receiver (W)

— P,: Transmit power of the interfering satellite (W)

— G¢(0, ¢): Transmit antenna gain in the direction of the vic-
tim receiver

— G,(0,¢): Receive antenna gain of the victim receiver to-
ward the interferer

— A: Wavelength of the signal (m)

— d: Distance between the two satellites (m)

— Lpisc: Miscellaneous losses, including polarization mis-
match, filter rejection, and any pointing loss if any exist

In this study, link degradation for satellite communication sys-
tems — Globalstar, Iridium, and Non-Terrestrial Networks (NTN)
— is evaluated under various interference scenarios. The key metric
used to quantify degradation is the carrier-to-noise degradation
AC/N, which represents the reduction in effective AC/N due to
interference.

To compute this, we begin by estimating the interference-to-
noise ratio (I/N) at the victim receiver, where the thermal noise
power N is defined as:

N = kTB,

where:

— k: 1.38x102 J/K is Boltzmanns’ constant

— T: is the system noise temperatire (K)

— B: is the receiver bandwidth (Hz)

Given this, the degradation in carrier-to-noise ratio due to in-
terference, in linear scale, is:

AC_N+I_1+I
N N

kTB’

‘Which can be rewritten in decibels as:

(I/N)
& =10 log(l + 10—10‘"3>,

a7

Accoridng to ITU-R Recommendations protection threshold
of the that the maximum level of interference power in any such
digital channel caused by the transmitters of another mobile-satel-
lite network or fixed-satellite network, should not exceed for more
than (100 — X)% of any month, 6% of the total noise power at the
input to the demodulator which would give rise to the desired per-
formance objectives. This corresponds to I/N =-12.2 dB [26].

For NTN systems given that they use IMT radio interference,
protection threshold would correspond to the terrestrial IMT lev-
els. According to ITU-R Reommendations and Reports, permissi-
ble interference is I/N = -6 dB, which corresponds to the link deg-
radation by 1 dB [27].

Parameters for NTN were obtained from numerous sources
which include 3GPP TR 38.821 and Report ITU-R M.2514 and
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provided in Table 2 below [28-30]. It should be noted that in prac-
tice, NTN systems in n254 may have varieties in these parameters,
however they will not affect too much at the spectrum sharing con-
ditions.

Table 2
Parameters of NTN used in the study
Parameter Value
Orbit height 340/525 km
Number of satellites 3360 with 340 km orbit

5280 with 525 km orbit
1610-1626.5 MHz

Operational frequency

(Earth-to-space)
2483.5-2500 MHz
(space-to-Earth)

Bandwidth 180 kHz-5 MHz
Satellite EIRP 4 dBW/MHz
Satellite antenna gain 30 dBi
Satellite antenna pattern Rec. ITU-R S.1528

Satellite receiver noise temperature 500 K

User equipment power 23 dBm

User equipment antenna pattern Circular
User equipmentantenna gain -4 dBi

[User equipment receiver noise temperature 2700 K

6.1. Interference simulation between NTN and Iridium
Parameters of Iridium were obtained from HIBLEO-2 of ITU-
R filing [31] and presented in Table 3.

Table 3
Parameters of HIBLEO-2 (Iridium) satellite system

Parameter Value
Orbital height 780 km
Inclination 86.5 degrees
Number of planes 6
Number of satellites per plane 11
Operational frequency 1616-1626.5 MHz (TDD)
Bandwidth 31.5kHz
Satellite max power 3.4 dBW
Satellite min power -12.2 dBW
Satellite antenna pattern Rec. ITU-R S.1528
Satellite antenna gain 24.3 dBi
Satellite receiver noise temperature 500 K
Subscriber unit max power 2.2 dBW
Subscriber unit min power -9.8 dBW
Subscriber unit antenna pattern Circular
Subscriber unit antenna gain 1 dBi
Subscriber unit receiver noise temperature 250 K
Target C/N 9.1 dB

Figure 8 below illustrates the simulation results of mutual inter-
ference between the Non-Terrestrial Network (NTN) and the Irid-
fum system where white dots are the satellites of the NTN system.

The interference analysis covers the 1616-1626.5 MHz fre-
quency bands and is visualized in the following figures (Fig. 9).

In case of Iridium interference to NTN the downlink interfer-
ence reaches I/N levels as high as +13 dB, while uplink interfer-
ence also exceeds the —6 dB threshold for a significant percentage of
time, indicating unacceptable interference to NTN from both satellites

COMMUNICATIONS

and user equipment of Iridium. This result shows that for NTN it
would be problematic to operate within the 1616-1626.5 MHz por-
tion of n254 band.

Fig. 8. Free space loss for n254, n256 and n255 bands
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In the case of interference from NTN user equipment to Irid-
ium satellites, I/N levels peaking around —15 dB and remaining
well below the —12.2 dB threshold. This suggests that NTN user
equipment would cause limited interference to Iridium's uplink
operations, staying within acceptable limits for most of the time.

6.2. Interference simulation between NTN and Globalstar
Parameters of Globalstar were obtained from HIBLEO-4 and
HIBLEO-X [31] of ITU-R filing and presented in Table 4:

Table 4
Parameters of HIBLEO-2 (Iridium) satellite system

Parameter Value
Orbital height 1414 km
Inclination 53 degrees
Number of planes 6
Number of satellites per plane 8

1610-1618.725 MHz
(Earth-to-space)
2483.5-2500 MHz
(space-to-Earth)

Operational frequency

Bandwidth 1 MHz
Satellite max power 5.3 dBW
Satellite min power -12.9 dBW
Satellite antenna pattern Rec. ITU-R S.1528
Satellite antenna gain 24.3 dBi
Satellite receiver noise temperature 400 K
User terminal max power 5.5 dBW
User terminal min power -16 dBBW
User terminal antenna pattern Circular
User terminal antenna gain 2.4 dBi
User terminal receiver noise temperature 295K
Target C/N -24 dB

Figure 10 below illustrates the simulation results of mutual inter-
ference between the Non-Terrestrial Network (NTN) and the Global-
star system where white dots are the satellites of the NTN system.

Fig. 10. Mutual interference simulation between NTN and Globalstar

The interference analysis covers the 2483.5-2500 MHz and
1610-1618.725 MHz frequency bands and is visualized in the fol-
lowing figures (Fig. 11).
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Fig. 11. Mutual interference between Globalstar and NTN (a)
from Globalstar to NTN (b) from NTN to Globalstar

In case of NTN interference to Globalstar, in the uplink sce-
nario, the interference-to-noise (I/N) ratio curve approaches the
threshold but remains just below —12.2 dB, indicating borderline
acceptability. However, in the downlink scenario, the I/N levels
reach significantly positive values — exceeding 20 dB — which im-
plies substantial interference. These levels suggest that NTN
transmissions in the 2483.5-2500 MHz band could cause unac-
ceptable interference to Globalstar services.

In case of interference from Globalstar to NTN, for the uplink,
I/N levels peak around —27 dB, which is well below the interfer-
ence threshold and thus considered negligible. In the downlink,
peak I/N levels reach approximately —6.5 dB, and only for a very
brief duration. Therefore, Globalstar’s impact on NTN operations
remains within acceptable limits, showing no significant threshold
exceedances.

7 Conclusions
This article explored the technical, regulatory, and practical

considerations for deploying tri-band NTN payloads operating in
3GPP-defined FR1 bands: n254, n255, and n256. While prior
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sections detailed spectrum sharing and interference compatibility,
it is essential to integrate these insights with other challenges —
Doppler shift, propagation losses, device ecosystem, and regula-
tory constraints — to draw a holistic picture.

From the Doppler shift perspective, n254 and n256 exhibit
higher sensitivity due to their S-band downlink frequencies, with
peak shifts exceeding +50 kHz in low LEO orbits, potentially
compromising OFDM subcarrier orthogonality unless robust
compensation techniques are applied. n255, being in L-band,
shows more favorable Doppler behavior, making it more resilient
for low-complexity user equipment, especially in D2D and IoT
use cases.

In terms of propagation losses, n255 again demonstrates supe-
rior performance due to its lower frequencies, which result in
lower free-space path loss. Although n256 has slightly better link
budget in the downlink compared to n254, both bands suffer more
loss than n255 — specially in challenging environments or at lower
elevation angles. This favors n255 for both rural and mobile edge
deployments.

The interference studies reveal asymmetric interference dy-
namics among NTN, Iridium, and Globalstar systems. NTN re-
ceives significant interference from Iridium and causes substantial
interference to Globalstar. Whereas Iridium system appear less af-
fected by NTN in the reverse direction and NTN appear to be neg-
ligible affected by Globalstar. In case implementing NTN in the
n254 band, the use of shared spectrum between these systems
must be carefully regulated, and coexistence strategies—such as
beamforming, dynamic scheduling, guard bands, or regulatory co-
ordination — should be considered to ensure mutual compatibility
and operational integrity.

When it comes to regulatory challenges, all three bands face
incumbent constraints, but the severity varies:

n254 is heavily occupied by Globalstar and Iridium, requiring pre-
cise coordination and possibly dynamic spectrum access methods.

n255 faces constraints from Viasat and Ligado, and n256 is
similarly shared with Omnispace and others. These legacy uses
often limit new players and require complex ITU coordination.

From a device ecosystem viewpoint, commercial support is
still sparse, with only a handful of ruggedized or enterprise-class
devices supporting n255 and n256. n254 is currently supported only
in limited emergency features like Apple's SOS service, pointing to
early-stage integration in mainstream consumer devices.

In conclusion, while n255 demonstrates the best overall per-
formance for NTN in terms of Doppler tolerance, propagation, and
current chipset support, it is not free of regulatory hurdles. n256 is
more favorable than n254 in terms of compatibility but has higher
attenuation and limited device support. n254, despite its spectrum
size and dual-link potential, faces the greatest regulatory and in-
terference-related challenges and will require novel mitigation
strategies.

A strategic blend of these bands in a tri-band SAN payload can
unlock performance synergies, provided spectrum coexistence,
adaptive waveform design, and intelligent scheduling mechanisms
are implemented to ensure resilient and scalable NTN service de-
livery. Table 5 provides comparison of n254, n255 and n256 bands
based on several factors that are important to take into account.

COMMUNICATIONS

Table 5
Interference scenarios analyzed in this study
Criteria n254 n255 n256
Doppler Shift High (+55 kHz | Moderate (35 | High (£50 kHz)
DL @ 340km) kHz)
Challenge
Propagation Losses Highest among | Lowest propaga- Moderate,
the three (esp. | tion loss overall | ~2.5 dB worse
DL) than n255
Spectrum Sharing / Complex Moderate Challenging
Compatibility
Regulatory Very High — co-[Very High — spec-| High — requires
ordination with |trum coordination| coordination in
Challenges two global sys- | is required with | several regions
tems is required| companies that
are part of MoU
for L-band
Supported Devices Very limited |Limited but grow-| Also limited —
(e.g., iPhone | ing (Caterpillar, | only 6 known
SOS only) etc.) devices
Abbreviations

The following abbreviations are used in this manuscript:

BEL Building Entry Loss

CDF Cumulative distribution function
DL Downlink

FSPL Free Space Pathloss

GNSS Global Navigation Satellite System

ISI Inter-symbol interference

ITU International Telecommunication Union
IMT International Mobile Telecommunication
LEO Low Earth Orbit
NR New Radio
NTN Non-terrestrial networks
MOU Memorandum of Understanding
MSS Mobile Satellite Service
OFDMA Orthogonal Frequency Division Multiple Access
SAN Satellite Access Node
UE User equipment
UL Uplink
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CPABHUTEJIbHbIA AHAJIN3 UCMOJIb3OBAHUA TPEXAUAMA3OHHOM
MONE3HON HATPY3KU B Y3J1E CMTYTHUKOBOIo AOCTYNA
ANA BYAYLLEN CETU 5G NTN

Mactyx AnekcaHap Cepreesuy, HauuoHanbHbIl uccnedosamensckull ueHmp menekommyHukauut um. M.M. Kpusoweesa
(HNL Tenekom), Mockea, Poccus, Mockea, Poccus, apastukh@lenta.ru
AviMkoBa CeetnaHa CepreeBHa, Mockosckuli mexHuyeckull yHusepcumem ceasu u uHgpopmamuku, Mockea, Poccus,
ds@media-publisher.ru
TuxeuHckuin Banepuin Onerou4, MexxdyHapoOHbIl yHUsepcumem UHOPpMAUUOHHBIX mexHonozul, 2. Anmamsl, Kaszaxcmat,
vtniir@mail.ru

AHHOTauumsa

B cratbe paccMaTpuBaeTca vcnonb3oBaHMe AuanasoHoe 4actoT 5G (n254, n255, n256) anA TpexAuanasoHHOM MONE3HOM Harpysku B ysne
cnyTtHukosoro aoctyna (SAN), paspaboTaHHoM ana cneaytowiero nokonenus loT u HeseMHbix ceteit D2D (NTN). MNpoBoaunTca cpaBHUTENbHBIN
aHanWM3 AnA U3yYeHWA KNtoYeBbiX npobneM, BK/IOYas COCYLLECTBOBAaHWE CMEeKTpa C JAeiCTBylolmMMM cucTemamu, ddpdektel [onnepa u
XapaKTEPUCTUKN PacrpOCTPaHEHWUA CUTHaNa AnA KaKAoro AuanasoHa. KpoMe Toro, B MCCNeAOBaHWM OLIEHWUBAIOTCA HOPMATUBHbIE MPENATCTBUA,
CBA3aHHbIE C MOMyYeHNeM JOCTyna K 3TUM YacToTaM. [11a kaxaoro dakTopa npefoCTaBiAeTCA SKCNepTHaA OLieHKa, U3MepAtoLLas ero BAUAHWE Ha
npepocrtasnenne ycnyr loT B NTN. Kaxaomy avanasoHy npuceaveaetca obuias KnaccuduKaums Ha OCHOBE TPEXYPOBHEBOWM CUCTEMbI
PaHXUPOBaHUA: BbICOKUIA, CPEAHUIA U HU3KUA.

Knroueebie cnoea: 5G NTN, y3en cnymHukosozo docmyna
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Introduction

The developed urban infrastructure with high-rise buildings
and heavy traffic is typical for most cities. Comfortable conditions
for city residents entail negative consequences, including the de-
terioration of air quality. Vehicle exhaust gases (nitrogen oxides
(NOx), volatile organic compounds (VOCs), carbon monoxide
(CO), ammonia (NH3), sulfur dioxide (SO2), and primary partic-
ulate matter (PM), which are involved in the formation of harmful
secondary pollutants such, as ozone and PM 2.5, in high concen-
trations (especially within signal-controlled intersections) nega-
tively affect human health. Pollutants enter premises through
doors, windows, and ventilation systems and are no less harmful
to people indoors than outdoors [1]. Narrow streets, heavy traffic,
and adverse weather conditions are the main reasons for the for-
mation of high air concentrations of harmful substances [2, 3], [4].
Policy measures to reduce vehicle-related air pollution and asso-
ciated controversies are discussed in [5]. The authors in [6] con-
sider the implementation of measures to improve the dispersion of
pollutants in urban canyons.

Urban environmental monitoring stations cannot accurately
identify emission sources (households, industrial enterprises, or
motor vehicles) and are applicable only to specific data collection
locations.

The development and advancement of methods and mathemat-
ical models for assessing vehicle-related air pollution remains a
fixed priority. Air pollution modeling includes various mathemat-
ical approaches describing cause-and-effect relationships between
the characteristics of emission sources (traffic flow composition,
speed, delay time) and factors influencing the dispersion of harm-
ful emissions (urban area, weather conditions) [7-9]. The influ-
ence of the geometric details of building facades on the dispersion
of harmful emissions in street canyons was studied in [10]. The
paper established that building balconies affect dispersion, espe-
cially if they are located on the windward facade.

The dispersion of harmful emissions, air ventilation, and tem-
perature changes in asymmetric urban structures were considered
in [11]. Greenspace expansion, as a way to reduce air pollution, is
used in modeling the air flow and the diffusion of harmful emis-
sions in urban canyons [12].

The results of modeling the transfer of harmful substances are
largely based on accurate input data: emissions inventory, mete-
orology, land surface parameters, and chemical mechanisms in the
atmosphere [13].

There are several models of emissions from mobile sources.
MOVES (Motor Vehicle Emissions Simulator) estimates harmful
emissions based on vehicle operating modes. However, this simu-
lator requires large computational costs and a lot of input data
[14].

COPERT models vehicle emissions based on emission factors
and is focused on the European Union [15].

HERMES and VEIN are open-source models based on com-
putational languages (Python and R) and have transparent calcu-
lations with large data bulks [16, 17].

The Operational Street Pollution Model (OSPM) is fast and
easy to use, but tends to underestimate real emissions in narrow
street canyons [18].

Pollutant emissions depend on the amount of fuel used, the
way the vehicle is driven (e.g. speed, acceleration, and vehicle
load), the vehicle type, the fuel used, and the technology used to

control emissions (e.g. catalytic converters). Therefore, the sim-
plest way to estimate emissions is to use emission factors.

There is no universal model taking into account the specifics
in time and space scales. The accuracy of the estimate depends on
the accuracy of a huge amount of input data. The model should be
simple and adaptive and present output information in the most
convenient resolution.

There is a need to develop models that can assess the current
state of air quality, take into account weather conditions, and pro-
vide information on emission sources to support management de-
cisions.

CCTYV cameras for monitoring traffic intensity and the amount
of vehicle-related emissions on city highways and at intersections
have been successfully used to collect data [19, 20]. The use of
deep neural networks for recognizing moving objects on the road
allows determining the vehicle type and speed and track the mo-
tion path. The obtained data are used to calculate the amount of
emissions in real time [21, 22].

The developed AIMS eco (AIMS eco — Realtime Monitoring
https://aims.susu.ru/demo) software suite implemented in several
Russian cities monitors traffic flows and calculates pollutant emis-
sions in real time; the data are updated at 20 minute-intervals.
Emissions are calculated based on the regulatory documents of the
Russian Federation (Order of the Ministry of Natural Resources
and Ecology of the Russian Federation No. 804 dated November
27,2019 “On approval of the Methodology for determining emis-
sions of pollutants into the atmospheric air from mobile sources
for conducting summary calculations of atmospheric air pollu-
tion”’; GOST R 56162-2019 “Emissions of pollutants into the at-
mosphere”. Method for calculating the amount of emissions of
pollutants into the atmosphere by flows of motor vehicles on high-
ways of different categories.

This study presents a mathematical model for the dynamic cal-
culation of a pollutant concentration cloud implemented in the Py-
thon programming language. The predictive probabilistic model
of the influence of urban area building parameters is based on the
fuzzy logic method. The modeling results serve as a good basis for
understanding how the geometric parameters of urban area build-
ings affect the increase in pollutant concentrations when the emis-
sion source is located in wind shadows.

Conceptual model for calculating the pollutant concentration
cloud taking into account the urban area

The main conclusion based on the analysis of regulatory doc-
uments on taking into account the urban area to calculate the dis-
persion of vehicle-related pollutant emissions [1] states that the
presence of buildings near highways always increases the concen-
tration of emissions. However, the influence of the housing system
(urban area) is manifested only when the emission source falls
within the possible formation of wind shadows from buildings. Lee-
ward shadow and windward shadow zones are distinguished for the
ground layer up to two meters high. Intermediate zones half the size
of these two basic zones are distinguished for each of them.

The common calculation algorithm taking into account the in-
fluence of the housing system is expressed by the following for-
mula: the maximum ground level concentration of pollutants ¢,

is determined as

C/fm =N -Cy )

-
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where 7, is the correction taking into account the influence of the
housing system; C,, is the maximum ground level concentration

of pollutants ignoring urban area.

Notably, calculations of the pollutant concentration cloud ig-
noring the urban area, which are also regulated by the relevant
methods, were previously adapted for real-time monitoring upon
receipt of information on traffic from stationary street surveillance
cameras [2]. Ultimately, the complete mathematical monitoring
model with the tx periodicity at each point (Xm, Ym) of the emission
concentration cloud C¥(Xy, ym) for an urban intersection divided
into N areal emission sources is represented by the general for-
mula:

N ,
Ctk(xm/ym): Z(Mltk'ci(xm_‘:i/ym_ﬁi)) (2)
i=l1

where Mltk is the rate of vehicle-related emissions representing
one areal source:

1

|
M= = KMt b
i =0 ZiEMp, i T

Ky, V- 3
zl:‘/f T’Vi ML, Vl tVz ( )
where tpj is the real idle time of the j-th vehicle during the incre-
ment time tx ; ty is the real time of movement of the I-th car with
average speed V) during the increment tx over the area S;.

C;. (xm —& Y —771.) are emissions at an arbitrary point of the

intersection area (Xm, Ym) from one of N unit rate areal sources cen-
tered at the point (&, #i).

C’(xm ~SirYm 7771’):Cm -r(%m)sl(x(l"Xm))-sz(%p'xm)j @

where the hazardous wind speed Un and the reference value X,
as well as a number of correction factors r, p, Si, S> are precalcu-
lated taking into account the real wind speed U and wind direction.

This algorithm is a set of piecewise polynomial approxima-
tions for fast computer calculations. These approximations are
based on the equations of atmospheric diffusion, as well as formu-
las for the Gaussian distribution of concentrations from a point
emission source. The adapted algorithm is implemented in the
AIMS eco software suite (AIMS eco — Realtime Monitoring),
which monitors traffic flows and corresponding pollutant emis-
sions in real time and presents data with a frequency of 20 minutes.

Figure 1 presents the conceptual model for correcting concen-
trations in the emission dispersion cloud calculated using formula
(2), when introducing the correction 7,,, which takes into account

the urban area.

The model contains three auxiliary algorithms necessary to op-
erate each of the main algorithms. All the four main algorithms
have a similar calculation structure based on the following provi-
sions.

The ground level concentration of atmospheric emissions Cxy
(ignoring urban area) at an arbitrary point (x,y) and the arbitrary
values of wind direction and speed U is determined by the for-
mula:

s Yo ©

where 1=s;"s,.
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Baseline calculation (BC)

of the pollutant concentration cloud
ignoring the urban area

o

Correction calculation
taking into account the urban area

~

Main calculation algorithms (MC):

MC-1: emission source in the leeward zone;

MC-2: emission source in the windward zone;

MC-3: emission source in the intermediate leeward shadow zone;
MC-4: emission source in the intermediate windward shadow zone.

ir

Auxiliary calculation algorithms (AC):

AC-1: emission source in the leeward zone;

wind — along the normal from the building to the emission source;
AC-2: emission source in the leeward zone;

wind — from the corner of the building to the emission source;
AC-3: emission source in the intermediate leeward shadow zone;

wind —along the normal from the building or from the corner of the
building to the emission source.

Fig. 1. Conceptual model for calculating the emission concentration
cloud taking into account the urban area

When taking into account the urban area, the ground level pol-
lutant concentration is calculated similarly to formula (1) also at
an arbitrary point (x,y) and the arbitrary values of the wind direc-
tion and speed U:

Cu,x,y =r-1 'Cm (6)

where only 7 is subject to correction.

The 7 coefficient calculation sequence is selected depending
on whether the emission source base is in the leeward or windward
shadow zone, or in the intermediate zone of these shadows. There-
fore, let us consider in more detail the scope of one of the main
algorithms, in particular, the first main algorithm MC-1: calcula-
tion of the correction taking into account the urban area, when the
point emission source is in the leeward zone.

MC-1: first main calculation algorithm

When the emission source base is located in the leeward
shadow zone, the 7 value at a point located at a distance x from

the emission source along the flare axis and at a distance y from
this axis is determined by the formula:

N=(-¢)s5p+¢s ™
1) Calculation of the { coefficient
The { coefficient depending on the wind speed U and the pos-
itive acute angle y between the wind direction and the normal to
the leeward wall of the building is determined by the formulas
from AC-2:
g:O.S-(g +¢ )when V<o ®)
g:0.5~(g -G ) when y > @y

where ¢ is calculated by the formula:

! ©)

g =1-

(142.9:107 1, 42,5107 £ +92-10™° -t/ )

-
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as the " value calculated by the argument t; when ¢ is replaced
with (pk+y); ¢ is calculated similarly to {* , but when ¢ is re-
placed with |pk+y|.

In this case, the intermediate argument 3 is calculated using
the formula from AC-1:

ty =@ -~/U when U<5 m/s (10)

ty =2.24- ¢ when U>5 m/s
and the auxiliary angle gk depending on the building width/length
ratio t,= Lw/Ly, is calculated using the formula:
_ 4 3 2
Or =136.5-t5 —364-13 —273-t3 when t, <1
281
t e o3
1+0.02-£3

(11)

o =18 when tp >1

2) Calculation of the s; and s, coefficients

These coefficients are calculated using the basic MA method-
ology ignoring the urban area.

3) Calculation of the s' coefficient

The s' coefficient is calculated by the formula:

s =9 -5, when x<xy
(12)

s =.91"s“2~(1—s )+51~52-s when xp <x<L

S =8-Sy when x>1L

where all the auxiliary coefficients are also determined using aux-
iliary calculation methods. The corresponding formulas are omit-
ted due to their cumbersomeness.

The main aspect in all calculation algorithms of the conceptual
model is the replacement of the fundamental complex integral-dif-
ferential and Gaussian dependencies with piecewise approxima-
tions using the simplest mathematical expressions. This signifi-
cantly decreases the computational load in the software implemen-
tation of the considered algorithms.

Fuzzy logic-based model experiments

Any mathematical model reflects the actual situation with the
probability that depends on a set of unpredictably changing fac-
tors, which are generally also interconnected. Therefore, it is ad-
visable to conduct a model experiment in a probabilistic setting
based on the Gaussian distributions of factors with random fluctu-
ations.

The most suitable tool for the proposed experiment is an algo-
rithm based on fuzzy inference, which allows avoiding bulky cal-
culations. This algorithm was proposed by the English mathema-
tician Ebrahim Mamdani in 1975 and found the maximum practi-
cal application in fuzzy modeling problems. According to the
Mamdani algorithm, fuzzy inference is performed on a fuzzy
knowledge base where the input and output variables are specified
by fuzzy sets. The Mamdani algorithm and many other fuzzy in-
ference algorithms (Larsen algorithm; Tsukamoto algorithm;
Sugeno algorithm) have already been implemented in software
products, in particular — fuzzyTECH, etc.

Let us consider probabilistic forecast constructions for the
1] correction, taking into account the influence of the urban area
on the spread of pollutant emissions from traffic flows.

To obtain the minimax estimates of all parameters in the con-
ceptual model, let us accept a number of assumptions without prej-
udice to the generality of the obtained results:

—th emission source is in the leeward shadow;

— he height of the emission source H <2 m;

— the wind is directed along the normal to the urban building
(angle y = 0);

— this building side is designated L, and the adjacent side — L,
wherein Ly > Lj;

— the building height is designated Hh and affects the size of
the leeward shadow;

— the model is plotted for the maximum concentration point
(x = xm, y =0), wherein $; = $;= 1.

Taking into account the adopted assumptions, the above main
calculation algorithm MC-1 is reduced to the auxiliary algorithm
AC-1 based on similar calculation dependencies:

(13)

The adopted assumptions allow selecting a specific calculation
option in variational formulas (8)—(12), which ultimately allows
obtaining a mathematical model of the correction in the change in
the maximum emission concentration 7, in the following general

Nm :(l_§m)+gm'(r3'77's)

form:

i :f(L%z’Hb)

where the building width/length ratio (Lw/Li) and its height (Hn)
are selected as input factors. Other intermediate parameters are
calculated according to the following regulated ratios:

(14)

1
(142.9-107 4, +2.5-107 £ +9.2-107 -t/ )]

t,=¢ -JU, whenU_ <5 m/s

281
=184+ ———
A 1+0.02-

_ L
t, = L
A A 2 A 3
r320.67.3_m+1.67.(3_m] _1.34.[3_mj

g, .U H
when —™ <1—"=;/— always <1
Um Um Hb

7=16 when H < H,

oo te(t-D)+147  0SI(t ~4.92)° , 304
to[162:4-(t,—=1)+209] t.(t,-3.63) t,

when 8 <t <40

(xb—x)-\/ﬁ

1.1-py- X,

A 5
Um
p3 = 843[1—GJ

Sm =1-

when t, > 1

(15)
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The minimax ranges of input factor variations are determined
for the existing variants of the urban area along the main highways
of Chelyabinsk, Russian Federation, for the building width/length
ratio Lw/Li from 2 to 20 and the building height Hy from 15m to
50m. In this case, the correction 7, varies in the range from 1 to

2.016.
The predictive probabilistic model of the influence of the pa-
rameters of urban area buildings (Lw/Li; Hh) on the correction 7,

is based on the fuzzy logic method and the fuzzyTECH computer
program. Figure 2 shows the structural diagram of the model. At
the stage of phasing the input factors, Gaussian membership func-
tions were selected as splines, which maximally corresponds to
problem statement in the stochastic version. The parameters of the
Gaussian terms are determined according to the authors’ expert
estimates based on the analysis of the parameters of urban area
buildings. Five Gaussian terms were selected in the membership
function for the Ly/L factor, as the most variable parameter. Fig-
ure 2 also shows the distribution of values by terms. Three terms
were selected for the Hy factor and five terms with a similar dis-
tribution of values were selected for the output value in the model.

T3 wuln':[_mlh}\ U L) L]

Widis Length . -

' ONCENTR — CONCENTRACE
Lenght

ALbenght  aan 18 Max

Fig. 2. Model diagram and terms for the Lw/LI input factor

The logical fuzzy model for predicting the correction 7, was

defined by the table of its relationships with the input factors using
the Speadsheet rule editor block (Fig. 3).
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Fig. 3. Relationship table and forecast of the mutual influence
of variables

Notably, the relationship table my contain inconsistent or even
contradictory rules. To resolve such situations, fuzzy rules should
be checked in both a static and a dynamic approach, although these
issues are not considered herein.

The experimental studies of the model allow graphically rep-
resenting the distribution field of the mutual influence of variables
in the form of a volumetric surface. Figure 3 also shows such a
field of mutual influence of input-output variables. The correction
can be predicted numerically at the specific values of input varia-
bles. Thus, if the Lw/L, ratio is 6 and the building height Hh is 15m,
the emission concentration in the leeward shadow will be in-
creased by 1.25 times.

TRANSPORT

The modeling results serve as a good basis for understanding
the nature of the influence exerted by the geometric parameters of
urban area buildings on the increase in pollutant concentrations
when the emission source is located in wind shadows (in the con-
sidered example — in the leeward zone).

Development of a software suite for pollutant
concentration monitoring

The above mathematical model for the dynamic calculation of
the pollutant concentration cloud is implemented in the high-level
Python programming language and integrated in the existing
AIMS eco — Realtime Monitoring of vehicle-related pollutant
emissions software system as an additional module. The AIMS
Eco software suite monitors the concentration of vehicle-related
pollutants in the urban environment, taking into account the influ-
ence of the urban area. It implements mathematical models for the
dynamic calculation of the pollutant concentration cloud using
fuzzy logic methods and computer modeling. The suite allows as-
sessing the spatial heterogeneity of air pollution and adapting the
calculations to real weather conditions.

AIMS Eco functionality includes:

e Automated collection of traffic flow data from CCTV cam-
eras.

e Integration with city weather stations to take into account
weather conditions.

e Real-time calculation of pollutant concentrations with a data
update frequency of every 20 minutes.

e Use of machine learning algorithms to predict changes in
pollution.

e Data visualization in an interactive city map taking into ac-
count the influence of the urban area.

e The software suite is developed in Python and implements
optimized calculation algorithms reducing the computational load
through the use of piecewise polynomial approximations. This al-
lows promptly analyzing the air environment and taking measures
to reduce pollution.

Verification of the model calculations of the pollutant
emission concentration cloud

Various types of pollutants were measured instrumentally at
four junctions of the urban road network in Chelyabinsk, Russian
Federation. The measurements were aimed to assess the quality of
the model calculations of the emission concentration dispersion
implemented in the AIMS eco software suite, taking into account
the urban area. The measurements were carried out using a mobile
laboratory of Ecoanalytics Shared Use Center of South Ural State
University.

The following verified measuring instruments were used:

e H-105, K-100, SV-320-A1 gas analyzers;

e NS chromatic analyzer;

e DustTRAK-8533 dust analyzer;

e [WS-4 integrated atmospheric parameter sensor;

e [VTM-7MS humidity and temperature meters.

The following weather conditions were recorded during the
measurements:

e air temperature;

o relative humidity;

e atmospheric pressure;

-
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e wind speed;

e wind direction;

o weather conditions.

The following pollutants were determined in the collected air
samples:

e carbon monoxide CO;

e nitrogen oxide NO;

e nitrogen dioxide NO2;

e hydrocarbons CH;

o sulfur dioxide SO2;

e formaldehyde CH20;

e benzopyrene C20H12;

e suspended particles PM2.5, PM10.

Figure 4 presents the verification results for carbon monoxide
CO on weekdays at four intersections of the main urban highway
in Chelyabinsk.

CO (mgm/m3) —— ECOANALITICA

—AIMS eco

(1 170420 | 2 1504202 | |3 1700202 | |4 15002004 |

Fig. 4. Instrumental measurements and calculations
for carbon monoxide CO

The calculated values of carbon monoxide emissions deter-
mined by the number of vehicles on highways are generally less
than the instrumental measurements. This indicates the presence
of a general background of emissions from industrial enterprises
located within the city boundaries.

At the 1st and 3rd intersections, the average deviations of the
calculated emission values from the instrumental measurements
are within 20%. For the second and fourth intersections, the devi-
ations are within 50%, which indicates a good level of calculation
approximation to the actual situation taking into account the pres-
ence of background industrial emissions.

A similar situation is observed for other vehicle-related pollu-
tant emissions, which generally confirms the correctness of the
software implementation of the mathematical model for calculat-
ing vehicle-related emissions taking into account the urban area.

Conclusion

1. The authors developed a mathematical method for assessing
the dispersion of harmful emissions in real time, taking into ac-
count the influence of the urban area and weather conditions on
the pollutant concentration. Unlike the existing approaches, the
proposed method allows for detailing the spatial distribution of
emissions and adjusting calculations in view of the current
weather conditions. The experiments showed high calculation ac-
curacy. The deviation of the calculations from the laboratory
measurements does not exceed 20%.

2. A new adaptive algorithm for modeling the dispersion of
emissions has been proposed as a practical application of the re-
search findings. Unlike the existing ones, it takes into account

complex aerodynamic processes in the urban environment. The
practical significance of the method lies in its applicability for op-
erational environmental monitoring and the development of
measures to reduce air pollution in metropolitan cities.

3. The use of the developed mathematical methods for as-
sessing the dispersion of harmful emissions can significantly im-
prove the accuracy of air pollution forecasts in the urban environ-
ment. Unlike traditional static models, the proposed methodology
ensures the dynamic adaptation of calculations, which is essential
in case of sudden changes in weather conditions and traffic flows.
This opens up new opportunities for the more accurate planning
of urban space and development of measures to reduce environ-
mental loads. The use of the developed methodology in urban
planning and air quality monitoring will minimize the impact of
emissions on the environment and public health.

4. Further research prospects include the advancement of algo-
rithms for taking into account microclimatic factors of the urban
environment, the introduction of machine learning to improve the
accuracy of pollution forecasting, and the integration of the meth-
odology into environmental monitoring systems for prompt deci-
sion-making.
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AHHOTauusa

B cratbe npefcTaBneHbl pesynbTaThl UCCIEA0BAHNA, HANPaBIEHHOrO Ha pa3paboTKy MaTeMaTUHECKUX METOAOB OLIEHKW 3arpA3HeHWs BO3AyXa, OCHOBAaHHbIX Ha
HEYETKON JIOrMKe W HeMpoceTeBbiX TexHonorusx. OBbEeKTOM WCCnefoBaHWA SBAAETCA MPOLECC PacCeMBaHWs BpefHbIX BELLecTB, BblOpacbiBaeMbIMU
ABTOTPAHCMOPTHLIMKA MOTOKaMM, a MPEAMETOM — 3aKOHOMEPHOCTW PacrpeferieHns KOHLEHTPaLUMii 3TUX BELLECTB MOA BIUAHMEM (aKTOPOB rOpOACKON
3aCTPOMKM U MeTeoposiormyeckux ycroeui. Llenbto uccneposaHua senserca paspaboTka MaTeMaTMYecKoM MOAENM AMHAMWUYECKOro pacdéra obnaka
KOHLIEHTPaLWW 3arpsA3HAIOLLMX BELLECTB MPY MOMOLLY KOMMbIOTEPHOTO MOAENMPOBaHUs. PazpaboTaHHble METOABI, B OT/IMYME OT CyLLECTBYHOLLMX, MO3BOJIAIOT
OLIEHMBATb PaCMpeAeneHns KOHLEHTPaLMI BbIGPOCOB BPeAHbIX BELLECTB B PEXVMME PEASIbHOTO BPEMEHU W YHUTLIBAIOT BIUAHME (aKTOPOB reOMETPUM 3AaHNN,
BETPOBbIX TEHEW W METEOPOSIOTMYeCcKUX YCnoBui. [peanoXeHHbI NOAXOA MO3BONAET AETalM3MPOBaTb NPOCTPAHCTBEHHYIO HEOAHOPOAHOCTL 3arpsi3HeHUs
BO3/lyXa B yC/IOBUSX MIOTHO 3aCTPOKM. Pe3ynbTaTbl MOAENMpOBaHWs MOKasanu, YTO Mpy OMNpeAesieHHbIX MapaMeTpax 3aCTPOMKM, KOHLIEHTPaLUMs BbIGPOCOB
B MOZBETPEHHO 30HE 3[aHNI MOXKET YBENN4MBaTLCA Bonee YeM B ABa pasa Mo CPaBHEHUIO C OTKPbITbIMW YHaCTKaMU FOPOACKOI cpefpl. AHaNM3 NosyHeHHbIX
JaHHbIX MOKa3asl, YTO OTKIIOHEHWE PEe3y/bTaTOB B CPABHEHUM C TAGOPaTOPHBLIMU M3MepeHUaMM cocTaBnisieT He 6onee 20% Ha GOMbLUMHCTBE UCCNELOBaHHbIX
YHYaCTKOB ropofa, YTO MOATBEPXKAAET BbICOKYHO TOHHOCTb MOAENW. Peaynbrathl ccneoBaHmWs HALLIM CBOE MPaKTUYECKOE MPUMEHEHWE B Ka4eCTBE alropuTMa,
KOTOPbI MHTErPUPOBaH B MporpaMMHbIn komrieke "AIMS eco" 1 MOXeT BbITb MCMONb30BaH ISl OMEPATUBHOIO KOIOMMHECKOrO MOHUTOPUHIA, pa3paboTku
Mep MO CHWKEHUIO 3arpA3HeHUs BO3AyXa B ropoAax.

Knioueebie croea: mpaHcnopmHbie Nnomoku, 6bIGPOChI 3a2PAHAUWUX 6ELECms, KOHUEHmpauus ebibpocos, 20podckas 3acmpolika; Hetipocemeeas MoOesb,
NpozpammHbiILi KOMNJIEKC, 8empoabie meHu
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