ISSN 1999-9941, “IHOOPMALIIIAHI TEXHOJIOI'Ti TA KOMIT'FOTEPHA IHXXEHEPISA”, 2023, Ne 1

VIIK 621.391

M. B. BacunbkiBcekuii, O. C. 'opoaernpka, O. B. Cranpuenko, b. C. Knumuyxk

HIABUIIEHHA ECEKTUBHOCTI IHTEJEKTYAJIBHUX
MEPEXK MIMO HA OCHOBI 6G

Binannpkwii HaIliOHATHHAN TEXHIYHUHA yHiBepcuTeT, BiHHUIISA

AwnoTtanist. BizHaueHo crocoOu ImiBHILEHHs e(pEeKTUBHOCTI Mepex paxiofocTymy 6G 3a paXyHOK HOBHX MPHUHIMIIB HPOSKTYBAHHS Ta KPHU-
TepiiB ontumizanii ctpykrypu MIMO. JlocnimkeHa rHydka Ta yHiBepcalbHa Mepeka i3 MOMIIHMBICTIO PO3LIMPEHHS HE TINBKHU 32 PaXyHOK
JIOCSTHEHb B ICHYIOUHMX TEXHOJIOTIsX, a i 32 PaXyHOK YHCIEHHUX HOBHX TEXHOJIOTiH, Takux sk ELAA, RIS, mTy4nuii iHTeNeKT, CkaHyBaHHS,
HOBHX MaTepiajiB, a TAKOXK HOBUX KOHCTPYKI[H Ta CTPYKTYyp aHTEeH. PO3IIISIHYTI TEXHOJOTIi HaJaayTh YHiBepCcalbHUil HAOIp IHCTPYMEHTIB
301JIBIICHHS TIPOITYCKHOT 3]aTHOCTI Mepexi. JJOCIiPKEeHO JOCATHEHHS B ralty3i palio4acTOTHUX KOMIIOHEHTIB, 0OPOOKU CUTHAIIIB Ta aHTEHO-
O 3B'SI3Ky, SIKi BIUIMHYTh Ha pi3Hi acnekTd cucreM MIMO, BKItouaioun MOIyISTOpH, (JOPMH CHTHAJIB Ta KOHCTPYKIIi mpuitmadis. Po3ris-
HyTi QYHKLIIOHANBHI TAPaMETPH TPAHCHUBEPIB HA OCHOBI €IEKTPOHHKX, (OTOHHUX Ta KOMOIHOBAHMX TEXHOJIOTIiH. JJOCIiKEHO BUKOPHCTAH-
HS IHTENEKTYyalbHHUX DPaJiOKaHAJIB, SIKi 3HAYHO NOKPAIYIOTh SKICTh 3B'I3KY, MPOAYKTHBHICTH CHCTEMH, HOKPHTTS CTIIHHHKA Ta SIKICTh
3B'513Ky Ha MEXI CTiIJIbHHMKA B 683[1p0TOBI/IX MEpeKax, Io 6y.TIO JOBEACHO YHCJICHHUMHU PE3YyJIbTaTaMHU MOJCIIOBAHHSA y piSHI/IX CHCHHpi}IX.
Bu3sHaueHo mepcrieKTHBHHI HANPSIMOK AOCTiKeHb 1t HaaMacuBHuX MIMO 6G, sikuil € akTyaabHUM IIPU BUKOPHCTAHHI IPATOK 3 Ha/Be-
mukoto aneptyporo (ELAA). Buznadeno mety ELAA, sika mossirac B ToMy, o0 BCi KOPUCTYBadi BUKOPHCTOBYBAJIN B3a€MHO OPTOIOHAJIBHI
KaHalld 3 IIPOITyCKHOO BHaTHiCTIO JJIL KOKHOT'O KOpHUCTyBaya, AHAJIOTIYHOI0 KaHally 3 aJUTUBHHUM I'ayCOBHUM OlrmM IIyMOM. I[OCHiI[)KBHO
inTenektyanphuii Macusauit MIMO B mMepesxi 6G Ha ocuoBi LI, mo 3a6e3nedye mosermeHHs HaBYaHHS Ta MiABUILYE HOro e(heKTHBHICT.
PosrisiayTo Texnomnorito OAM Juisi BUCOKOIIBU/IKICHOT Iepe/iadi Ha OCHOBI MYJIBTHILUICKCYBaHHS JOCTYIY 3 PO3AUICHHIM MoA. JociipKeHo
npakTH4yHe 3acTocyBaHHA TexHonorii OAM mpu TpaH3WTHIH nepemadi Mk 0a30BUMH CTaHLISMH, Iepenadi Bill IPUCTPOIO IO MPUCTPOIO
(D2D) Ta 3B'S13Ky MiX HITyYHHMH CYIyTHHKaMH, /¢ BiTHOCHO JIETKO OTPHUMATH HEOOXiIHEe BUPIBHIOBAHHS OCi. 3[AIHCHEHO aHATi3 PO3BUTKY
texHonorii MIMO BpaxoByloun xapakrepuctuku TI'I-kaHamy, 30KpeMa BHKOHAHO MOCIIJDKCHHS PEKOH(IrypOBaHHX IHTEIEKTyalbHUX
TIOBEPXOHB, SIKI XapaKTEPU3YyHTHCS MMPOCTOTOIO anapaTHo'f apXiTCKTypI/I, HHU3BKOIO almapaTHOO CKHaI[HiCT}O, HU3BbKHUM €HEPTOCIIOKUBAHHIAM i
BHCOKOIO €(EeKTHBHICTIO BUKOPHCTAHHS CIIEKTpy. BH3HAUYEHO OCOOIMBOCTI CTBOPEHHS aHTEHHHX TPATOK 3 HAIBEIHKOI amepTyporo Mpu
3aCTOCYBaHHI HOBHX CX€M MYJIbTUILICKCYBaHHS, BHKOPUCTOBYIOUH iH(OPMALIiIO PO NMPOCTOPOBY IIMOUHY UL MOy IOTOKIB abo 00nan-
HaHHS 32 JOIOMOTOO IOIEPEeIHBOr0 KOXyBaHHs. 3MiiCHeHO mimBHINeHHS epekTHBHOCTI MIMO 3 BHKOPHCTaHHSAM IITYYHOIO iHTEIEKTY,
sIKuii 3aaTHII MiHiMizyBatd BER Ta miaBumuTu criektpanbHy edexTuBHiCTs MacuBHOrO MIMO MiniMeTpoBOro Aiamna3oHy Ta CyTTEBO 3Me-
HIIYIOYH 00YHCITIOBAIbHY CKIIAHICTh. BUKOHAHO OCIIDKEHHS albTepHATHBHUX TexHoorii MIMO.

Kaiouosi cioBa: mMepe:ka pagiogoctyny 6G, IITyYHHil iHTeJIeKT, MPOMYCKHA 3JaTHICTh Mepe:ki, PyHKIIOHAILHUI MapaMeTp TpaH-
cuBepy, 0e3poToBa Mepexka, KaHAJI 3 aIUTHBHUM rayCcoBHM OLIMM mymMoM, iHTenexkTyaabHuii MacuBuuii MIMO, mMyJabTUIIEKCY-
BaHHS 0CTYIY 3 PO3iJIeHHSIM MOJ.

Abstract. Methods of increasing the efficiency of 6G radio access networks due to new design principles and optimization criteria of the
MIMO structure have been determined. A flexible and versatile network with the possibility of expansion not only due to advances in exist-
ing technologies, but also due to numerous new technologies, such as ELAA, RIS, artificial intelligence, scanning, new materials, as well as
new designs and structures of antennas, has been studied. The considered technologies will provide a universal set of tools for increasing
network bandwidth. Advances in RF components, signal processing, and antenna communications that will affect various aspects of MIMO
systems, including modulators, waveforms, and receiver designs, are explored. Functional parameters of transceivers based on electronic,
photonic and combined technologies are considered. The use of intelligent radio channels, which significantly improve the quality of com-
munication, system productivity, cell coverage, and the quality of communication at the cell boundary in wireless networks, was investigat-
ed, which was proven by numerous simulation results in various scenarios. A promising direction of research for super-massive MIMO 6G,
which is relevant when using lattices with an extra-large aperture (ELAA), has been determined. The goal of ELAA is defined, which is that
all users use mutually orthogonal channels with a per-user bandwidth similar to an additive Gaussian white noise channel. Intelligent massive
MIMO in the 6G network based on Al has been studied, which facilitates learning and increases its efficiency. The OAM technology for
high-speed transmission based on multiplexing access with mode separation is considered. The practical application of OAM technology in
transit transmission between base stations, device-to-device (D2D) transmission, and communication between artificial satellites, where it is
relatively easy to obtain the necessary axis alignment, has been studied. An analysis of the development of MIMO technology was carried
out, taking into account the characteristics of the THz channel, in particular, a study of reconfigurable intelligent surfaces, which are charac-
terized by the simplicity of the hardware architecture, low hardware complexity, low energy consumption and high efficiency of spectrum
use, was carried out. The peculiarities of creating antenna arrays with an ultra-large aperture when applying new multiplexing schemes, using
spatial depth information to separate streams or equipment using pre-coding, are determined. MIMO efficiency has been improved using
artificial intelligence, which is capable of minimizing BER and increasing the spectral efficiency of massive MIMO of the millimeter range
and significantly reducing computational complexity. A study of alternative MIMO technologies was carried out.
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Beryn

Beznporosuii 3B'130K 3 KiIbKOMA IEpeAalouuMK aHTEHAMHU, 110 IIEPEBEpIIye MOXKIMBOCTI (pa3oBaHUX aH-
TEHHHX PEIIiTOK [1], CTaB MOMYJISIPHOIO TEMOO TOCIiKeHb HAPpUKIHII XX cTomiTTs. [IpoTarom 1poro nepioay
3'iBHJIOCS O€3J1i4 HOBHX CXeM Iepesadi Ta MpuiloMy, TaKuX sIK MPOCTOpOBO-dacoBi OiokoBi koau (STBC) [1],
ko1 AnamoyTi [2], 6aratomaposuii npoctip-dac Bell Laboratories (BLAST) [3] Ta chepuune nekonysanns [4].
Ile 3HaYHO MOKPANIMIO POIYCKHY 3/IaTHICTh KaHATY Ta HAJIHHICTh KIIBKOX TIepeaBaJbHUX aHTEH.

He3a6apoM 1i HOBI TexHoorii Gymu Biposamkeni y 3GPP. Horo nepma sepcist (1G LTE) migrpumyBana
JI0 YOTHPHOX IOPTIB MepeJaBaibHOI aHTEHH HA HHU3XIAHOMY KaHall, sKi Morn OyTH iIeHTH]IKOBaHI KOPHCTY-
BaYaMH 3a JOMOMOTOK OTIOPHUX CTimbHIKOBHX curHaiiB (CRS). Jlyist 3a10BOJIEHHS TOCTIHHO 3pOCTAIYOTO IO~
MUTY Ha yIIUTbHEHHS KOPHCTYBAdiB, MPOIMYCKHY 3/[aTHICTH 1 HaAIHHICTD 3'€AHAaHHA, pa30M 3 HOBHMH BEpCiMHU
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LTE moctynoBo mokpanryBaiacs i miarpumka MIMO. [li3Hinre, npu 3acTocyBaHHI HOBOTO paiioiHTEepdeicCy,
macuBHui MIMO cniouaTky ninTpumyBaBcs uepes apxiTektypy MIMO Ha ocHOBI poMeHiB, 0cCO0JIMBO B Jiiarna-
3oHax TDD, ski nonermmiau Macose posroptants MIMO (uepe3 mpocritie oTpuMaHHs iHpopMalii Ipo kKaHa).
JU1st TOCATHEHHsI CTPOTUX KIO4YoBHX MokasHukiB epekruBHocTi (KPI) Mepexi 6G moBuHHI mimmaBaTHCsa
YIIUIBHEHHIO, IO JIO3BOJISIE PO3MILIYBaTH MIMPLIY CMYTY IPOIYCKaHHS y BYXKYHX Jiara3oHax Ta BUKOPHUCTOBY-
Bat MIMO migBuieHoro nopsaky. KpiM Bemuues3Hoi KiIbKOCTI YaCTOTHUX pecypciB, Teparepiosuii MIMO
CIPHUATUME JIOCATHEHHIO 1HITNX KIIFOUOBHX MOKa3HUKIB e(heKTUBHOCTI 6G, TaKuX SIK JIOKaji3alis Ta CKaHyBaHHS.

AKTyaJabHicTh

HesBaxaroun Ha Te, mo B NR OyB mocsarHyTHI 3HAYHUHA ITPOTpeC Y MiABHUIICHHI HANIHHOCTI Ta MPOIYCKHOL
cupoMokHOCTI KaHaiiB MIMO, monanpiie BIOCKOHAJICHHS [UIS CTBOPEHHS IIe OUThII IIBUAKUX Ta HAIIHHUX
kaHaiiB MIMO e 0axaHuUM Ta JOCSHKHHM.

B nmanmit wac NR mae mmpoxy minrpumky MIMO sk HU3BKO-, TaK i B cepeJHbOYACTOTHOMY Jiana3oHi HHU-
xkuae 7,125 I'Tn, Bimomomy sk dactotHuil miamazon 1 (FR1) [1], a Takox y miama3oHaX BHCOKHX YacTOT BiX
24,250 no 52,6 I'Tu (Bimomux sk FR2) [2]. Onnak nopanbmia niarpuMka MIMO B enoxy 6G mnos'sizaHa 3 Hu3-
KO0 npobusieM. Hanpukinaz, npu 301IbIICHH] KUIBKOCTI aHTEHHUX €JIEMEHTIB, PO3TOPHYTHX y KOKHOMY BY3Ii, 1
MPOMEHIB Iepeaadi/mpuioMy TakoX 301IbLIYIOTHCS BUTPATH BUMIPIOBAHHS pa/ioCUTHAIY, KEPYBaHHS MpOMe-
HEM Ta OTpUMaHH: iHpOpMail PO CTaH KaHay.

Merta gociigkeHb

Mera cTaTTi € miIBUILEHHS €(EeKTUBHOCTI Mepex paniofoctyiy 6G 3a paxyHOK HOBUX MPUHLIHUIIB IPOEK-
TyBaHHSA Ta KpUTEPiiB onTuMizamii ctpykrypu MIMO.

IlocranoBka 3agau

MIMO € oxHOIO 3 KIFOUOBHX TEXHOJIOTIH, sKa T03BOJIsAE MepekaM 6G TOCATTH HiThOBUX ITOKA3HUKIB ede-
KTHUBHOCTI 3 TOUKH 30pY KOPHUCTYBaIBHHUIBKOI Ta MEPEKEBOI MPOITYCKHOI CIIPOMOKHOCTI, HaiifHOCTI, MaHeBpe-
HOCTI Ta eHepro3oepekeHHs. Ycmix TexHonorii MIMO y mepekax 6G 3aeXnuTh HE TUIBKH BiJl yIOCKOHAJICHB
ICHYIOUMX TeXHOJIOTiH 5G, a 1 Bii HOBUX pillleHb. 30KpeMa, OUIKYeThCs, o MaiOyTHI cuctemu MIMO Bkiroua-
TUMYTb MEPEAOBI JOCATHEHHs B Taly3i paJio4acTOTHUX TEXHOJIOTIH, a TAKOK HOBI MaTepiaiii, apXiTeKTypH aH-
TeH Ta MeTo 1 00poOKu curHaiiB. PosristHemo HOBI TexHouorii MIMO y 6G Ta iX MOXJIMBOCTI 1 IpoOIEeMH.

[ependavaeTbes, mo B Mepexxax 6G BiIOyIeThCsl CyTTEBE PO3LINPEHHS 1ialla30Hy CIIEKTPY, B IKOMY MOXKE
MpaloBaTH TEXHOJIOTIs pagiomoctymy. CreKTpalbHUN Jialma3oH OXOIulroBaTUMe XBWii Big MmeHme 1 I'Tu mo
MUIIMETPOBHX Ta TeparepLeBy YaCTUHY cHeKTpy. Takox y Mepexax 6G 3'SBISATHCS pi3HI HOBI TUIHM Ha3EMHHX Ta
HEHAa3eMHUX MEPEeKEBUX BY3IiB, BKItodatoun cymytHuku, HAPS, BITJIA Ta HaBite RIS. 3 ypaxyBaHHSIM IHX
3miH MIMO B Mepexi 6G BUKOPHCTOBYBATUME apXIiTEKTYPy Ha3eMHOTO/TIOBITPSHOTO MOBIICHHS, III0 OXOILTIOE
BCi YaCTHHH BiZIBEJICHOTO CIIEKTPY MOPIBHAHO 3 TpaMiiiiHuM HazeMHMM MIMO, BcTaHOBJIIEHMM Ha CTalioHap-
HUX TUIaTGopmax.

IMepenbaveno, mo Touku npuitManHs-nepenasanns (TRP) BKiI0YaTUMyTh pi3HI THIH aHTEH, SIKI MOXYTb
OyTH akTHBHAMHU a00 MacHBHUMH, (pikcoBaHMMH a00 pyXOoMHUMH. Bci aHTEHH YTBOPIOIOTH BipTyalbHY BEJIHKY
AHTEHHY PEIIITKY, sIKa 3MOXe IHTEeJIeKTyaJbHO Ta THYYKO 00OCIyroByBaTH MOOULIbHMX KOPUCTYBAadiB, 3aJ0BOJIb-
usroun Bumoru KPI 6G. Taka rHyuka Ta yHiBepcajabHa Mepeka pO3LIMPIOETHCS HE TUIBKHU 32 PaXyHOK JOCSTHEHb
B ICHYIOUHX TEXHOJIOTINX, & 1 32 paXyHOK YUCICHHUX HOBHX TEXHOJIOTIH, Takux sk ELAA, RIS, mryunuii inte-
JIEKT, CKaHyBaHHs, HOBI MaTepiajM, a TaK0oK HOBI KOHCTPYKLIi Ta cTpyKTypHu anrteH. L{i TexHosorii HagaayTh
yHiBepcaJlbHUI HaOlp IHCTPYMEHTIB 301IbLICHHS IPOIYCKHOI 34aTHOCTI Mepesxi. 11106 ckopucraTucs 1IMMU TeX-
HOJIOTISIMH 3 MAaKCUMAJIGHOIO BiJjlauero, HEOOX1HO MPUHHATH HOBI IPUHIMIN IIPOESKTYBAHHS Ta KpUTepii onTu-
Mizarii ctpykrypu MIMO y mepexax 6G, ki OyayTh po3risHyTi B poOoti. BpaxoByroun ckazaHe, B JaHiii cTat-
Ti pO3B’SI3yIOTHCS TaKi 3a/1adi:

- aHauti3 po3BuTKy TexHouorii MIMO BpaxoByroun xapakrepuctuku TI -kaHamy;

- JIOCTIJDKEHHS PEeKOH(IrypOBaHMX IHTEJIEKTYalIbHUX HOBEPXOHb, SIKi XapaKTepH3YIOThCs MPOCTOTOIO ara-
paTHOi apXiTeKTypH, HH3bKOIO arapaTHOI CKJIAJHICTIO, HU3HKHM €HEProCIOKHBAaHHAM 1 BHCOKOIO e(eKTHB-
HICTIO BUKOPUCTaHHS CIIEKTpY;

- 0COOJIMBOCTI CTBOPEHHS aHTEHHUX T'PATOK 3 HAJBEJIHMKOIO alepTypol0 MPH 3aCTOCYBaHHI HOBHUX CXEM
MYJIBTHIDIEKCYBAaHHS, BUKOPUCTOBYIOUHN iHPOPMAIIiFO IIPO MPOCTOPOBY IMIHOMHY IS MOJLTY TIOTOKIB ab0 00iaz-
HaHHSI 32 JIONIOMOTOI0 TIOIIEPETHBOTO KOTyBaHHS;

- miguiieHHs egexkruBHocti MIMO 3 BUKOPHUCTAHHSIM IITYYHOTO 1HTEJIEKTY, SIKUI 3/aTHUI MiHIMI3yBaTH
BER Ta migBUMmWTH creKTpaidbHy e(peKTHBHICTH MacuBHOoro MIMO wMiniMeTpoBOTO Hdiama3oHy Ta CYTTEBO
3MEHIIYI0YN 00YHCITIOBAIBHY CKJIAIHICTB,

- TOCJIDKCHHS ambTepHaTUBHUX TexHomoriit MIMO.

Po3BuTok Texuosaorii MIMO

[MoctiiiHO 3pocTaroumii MONUT Ha OE37POTOBI JlaHi, 10 MEPEAAIOTHCS 31 MBUAKOCTIMH HOpiaKy TOiT/c Ha
KOPOTKI BiJICTaHi, MOXXe OyTH 33J0BOJICHMH TIJIBKM 32 PaxyHOK BHKOpHCTaHHs mupokoro cyoTl n-criexTpy ua-
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cror. Ha Bukopucranus TIm-criekTpy BIUIMBae Oe3lid pi3HUX acleKTiB MOOYyA0BH Mepexi. BuBueHHIO muX
BIUIMBIB MPUCBSIYCHO Oarato gocimimpkens [1, 2]. Cmyra yactor TI1-miana3oHy 3aiiMae qiama3oH MiK MUTIMET-
POBUMHM XBHJIAMHU Ta iH(PauepBOHMM CBITJIIOM, SIKi MOB'A3aHI 3 PaJiOYaCTOTHUMHM Ta ONTHYHUMH MPUCTPOSMHU
BiAMOBiHO. JIOCATHEHHS B rajy3i paJio4acTOTHHUX KOMIIOHEHTIB, OOpPOOKH CHUTHAJIIB Ta aHTCHOTO 3B'A3KY BILIU-
HYTb Ha pi3Hi acniektu cucreM MIMO, BkitoYar04u MOAYJISITOpH, (OPMHU CUTHAJIB Ta KOHCTPYKLII NpuiiMadiB.
V HOBHX TpaHCHBEPaX MOXXYTh BUKOPHUCTOBYBATHCS €JCKTPOHHI, (GOTOHHI ab0o koMOGiHOBaHi TexHomorii [2, 3].
HoBa aHTeHHa TEXHOJIOTisI MOXKE BUKOPHUCTOBYBAaTH PEIIITKM 3 aKTUBHHUX Ta NMACUBHHX EJIEMEHTIB ISl TOKpa-
MIeHHS QOPMYBaHHA AiarpaMy CIIPSIMOBAHOCTI Ta IIOKPHUTTSI.

Mix MiziMeTpoBuUME XBIWISIMHE Ta TT II-niana3oHOM € 6arato CIiibHOTO, MO poduTs po3ropranas MIMO y
IINX YaCTHHAX CIIEKTPY CXOXUM. Tomy Oyno O MpHpPOTHO MOMIMPHUTH PIillleHHS Ta apXiTEKTypH MiiIMETPOBOTO
Jiarma3oHy Ha TeparepleBuil miama3oH. OmHAK iCHYIOTh BaXKIHMBI XapaKTEPHUCTHKH Ta MPAKTHYHI MipKyBaHHS
IIOA0 BiAMIHHOCTEH ITMX NBOX [iama3oHiB. [0 HUX BIIHOCATBCS: XapaKTEPHCTUKU KaHATY, KOHCTPYKIIS TpH-
CTPOIO Ta TEHEPAIlis CHTHANIB, & TAKOX aHTCHHA TeXHOJoTist [4].

TepareprioBUM XBWISM XapaKTepHiI BUCOKI BTpaTH MpH NMOLIMPEHHI B pamioiniHii. BuzHaueHo, mo Brpatu
Ha Tpaci 30iTbLIYIOTECS KBAAPATHYIHO 3i 30LIBIICHHSIM HECY4ol 4acTOTH y BiibHOMY mpoctopi [2]. Kpim mux
BEJIMUE3HUX BTpaT y TpakTi nepenaui, 3 TTu-xBwisiMu moB'si3aHi W iHIII MpoOJeMH, Taki SK HHU3bKa e(ek-
TUBHICTb IiJICHIIIOBAYiB ITOTY>KHOCTI Ta MpOoOJIeMH, CIPUYMHEH] TOroHUMHU yMoBamH. [IpupoaHi dakropH, Taki
SK MOJICKYJISIpHE MOTJIMHAHHS a00 CUMHTWILALIS Yepe3 TEIUIo Ta BOJIOTICTh, 0OMEXyIoTh BHKOpuctaHus TI -
Jiana3oHy JIOKaJbHUMH CIEHAPisIMU, TAKAUMH SIK BHYTPIIIHI Mepexi, po3yMHi odicu Ta po3ymui dabdpuku [3].
Binmemre Toro, ockinpku 6e31poToBi KaHamu TT1-mianma3oHy mpakTHYHO HE 3a3HAIOTh PO3CIFOBAHHS, IX OXOIUICH-
Hs oOMexeHe (pi3MYHNMH 3aBaJaMH, TAaKUMH 5K CTiHU Ta creni. Kpim Toro, depes3 He3HauHy AU(PPAKIi0 XBHIb
0e31pOTOBI KaHATHM CKJIAJAIOTHCSA B OCHOBHOMY 3 IIUIAXIB IPSMOI BHAMMOCTI i, MOXIIHMBO, 3 KUTBKOX IUIAXIB
BiOOpa’keHHs, CTBOPIOBAHUX CTiHAMHU 200 MEOIISAMI.

Jyxe mmpoka cMyra MpOIlyCKaHHs, AOCTyITHa Ha dactotax TI'm, mos's3ana 31 cnenndidHuMu mpobiema-
M. [T0TyXHICTH TEIUIOBOTO IIyMYy JIHIKHHO MPONOpLiiiHa poOOoYiit CMy3i IPOIYCKaHHS, IO PU3BOAUTH 10 IyXKe
HHU3BKOTO CITIBBiJHOIICHHS CUTHAJ/IIYM HaBiTh Ha cepeaHix Bimcrtausx Tx-RX [4]. IIupoxocmyrosi pamioda-
CTOTHI CXEMHU JIOPOXKYi 1 TIOTCHIIKHHO PO3CIIOIOThH OLIbIIE €HEePril, 110 MPU3BOJUTH A0 e HIKYOI eHeproedek-
THBHOCTI TeparepuoBux TpaHcuBepiB [5]. CTpykrypa pemritku 3 aHTeHHHX TpaTok (AoSA) TIi-TpaHcuBepiB
HOPSJ 3 Iy’Ke HIMPOKOI0 CMYTOIO MPOIYCKaHHS MPU3BOAUTD JO SBHIIA BIAXWICHHS a00 PO3IICINICHHS IPOMEHIO
[6]. Le Bunukae yepe3 HEOOXiAHICTH MiATPUMYBATH NMPUHHATHY anepTypy aHTeHH. Po3Mipu aHTEHOI maHemi He
MOJXYTh JIIHITHO 3MEHITYBaTHCS 31 3MiHOO CMYTH YacTOT, TOAi K TPUBAIICTh IMITyJIECIB CKOPOUYYETHCS B Mipy
30UIBIICHAS AOCTYITHOI CMYTH TPOITyCKaHHA. B pe3ynbTati pi3Hi aHTeHHI eleMeHTH ([0 HalekaTh ado 0 OA-
Hi€i, 200 10 Pi3HUX AHTEHHUX IPATOK) BOJIOJIIOTH PI3HUIICIO B Yaci MPOXO/KEHHS TUCTAHIIIT, 0 CITiBPO3MipHA 3
TPHBAJICTIO IMITyJIbCY abo0 Oibiry 3a Hei. Llg pi3HUI B 9aci mpu3Bene 1O TOTo, MO MPOMEHI B pOOOYHX YacTH-
Hax CMYTH IPOITyCKaHHs OyAyTh CIPSIMOBAaHI B PI3HUX HAIpSIMKaX, sIK TOKa3aHo Ha puc. 1. Ile sBumue BigxuieH-
HSl IPU3BOJMTH JI0 TOTO, II0 HAJA3BHUYAHHO BY3bKi IEepeAaBaibHi Ta IPUHMaJIbHI TIPOMEHI MOMINPIOIOTECS Y Pi3-
HUX (1 HeO0aXKaHUX) HANpPsIMKax. MOXKJIMBUM PILICHHSIM [[bOTO SIBUIIA € BUKOPUCTAHHSI MIONIEPETHHOTO KO/IyBaHHS
i3 3arpumkoro [7].

@

min

fmax
Pucynok 1 — Bingxunernns npomento y TT-niamazoHi

[HII010 MIPOOGIIEMOIO IS TepareploBUX JIiHIH € HENPOIYKTHBHE HABAaHTa)XKEHHS MUIOT-CUTHAIY Ta 3BOPOT-
HOTO0 3B'I3KY, [0 HEOOXiHE JuIsl (OPMYBaHHS Ta MiATPUMKH Hap MPOMEHIB MiXK NepeaBadeM Ta IprUiMaueM.

[Momyk npoMeHro BUMarae ckaHyBaHHS Ha 000X KiHIIX Oe31poToBoro 3B'13Ky. Hesnaunwmii pyx abo moso-
POT 3 Oyb-5IKOT CTOPOHH MO>KE MPU3BECTH [0 BTpaTH npoMeHio [4]. OTxe, THyYKe KepyBaHHs MPOMEHEM 3 HHU-
3bKUMH HaKJIaJHUMH BUTPAaTaMH Ta BHCOKOIO HAJIMHICTIO € KIIFOUEM J0 YCIiXy posropraHHs mepexi y TIn-
niama3oHi. Xo4a mociioBHE (OPMYBaHHS IiarpaMu CIPSIMOBAHOCTI 3aJIMIIAE€THCS MOIJIMBHAM PIilIEHHSIM IS
HU3BKOBUTPATHOTO TOMIYKY BY3bKHX IPOMEHIB, ajle XapaKTePHU3YEThCS IBOMA HEJOTIKaMH: Ay>Ke HU3BKUM O10-
JOKETOM KaHaJly Ha €Talli MONIYKY IMUPOKOTO MPOMEHIO 1 BETMKOIO 3aTPUMKOI0 depe3 301IbIIeHHS KiIBKOCTI BH-
MIpIOBaHb Ha KO)XKHOMY Kpolli. Taka 3aTprMKa Ta HakJIaJHI BUTPATH, SIKIIO BOHU HE OyAyTh yCyHEHi, 0OMexaTh
BHUKOPHUCTAHHS Ta mepeBaru 3B's13ky y Tl n-miana3oni. BpaxoByioun nmpobiemu 3 KepyBaHHIM IIPOMEHEM Ta iHIII
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xapakTepucTuky TT-kaHamy, JJis IPOTOKOJIIB BUIIOTO PiBHA, TaKWX K MpoTokoiaun MAC, moTpiOHi epeKTHB-
Himm pimennst [1].

JocaimxkenHs pexoH}irypoBaHux iHTeJIeKTyaaIbHUX MOBEPXOHb

[nrenexryanshi pexoHdiryposani nosepxHi (RIS) BinHOCHO HexaBHO cTanu 6araTooOIISFOYO0 HAPaIHT-
MOIO TIPOEKTYBaHHs 0€3APOTOBUX MEpEX 1 pexkHUMIB 0e31poToBOi nepeaadi. BoHM TakoK MOXKYTh CTBOPIOBATH
IHTeJeKTyanbHi paniocepenoBuina (a0 iHTEJIEKTyaJbHI pajioKaHallM), TOOTO MOXXHAa KEpyBaTH IMOLIMPEHHIM
PaioXBWIb Y HABKOJUIIIHEOMY CEPEIOBHII JIJIsi CTBOPECHHS MEPCOHATI30BAHOTO KaHay 3B's13Ky [5]. V y3aranis-
HEHii Mozedi, 300paxeHiit Ha puc. 2, mepexka RIS dhopmyerses mixk kimpkoma TRP mis cTtBopeHHS Benmmkomac-
MTA0HUX IHTENEKTYaTbHUX PaaiOKaHANTIB, SKi OOCIYTrOBYIOTh KiIbKOX KOPHCTYBadiB. IIpu BiCYTHOCTI KepoBa-
HOTO CEpeloBHINA apXiTeKTypa Oe3qpoTOBOi CHCTEMH Ta PEXUM Iepefadi MOXKYTb OyTH ONTHMIi30BaHi JIMIIE
BiJIIOBIZTHO J0 CTAaTUCTHYHHX BIACTUBOCTEH (Qi3MUHMX KaHAJIB Ta/abo iHpopmarii, o MOBEpPTAEThCA Bil MpHIA-
Mada 70 mepenaBada. Y KepoBaHOMY cepenoBumni RIS crmouaTky BH3HAYArOTh MaHI CepeloBHINA ITOMIMPEHHS i
NOBEPTAIOTh B CUCTEMY. BUXOAM4M 3 LMX JaHUX, CUCTEMa ONTHMI3ye peKUM Iepenadi Ta mapamerpu RIS mo
IHTEJIEKTyalbHUX pajJlioKaHajlax Ha CTOPOHI IepesiaBaya, KaHaty Ta Mpuimada.

3aBsikK miATpUMI GopMyBaHHSI IPOMEHIO, MOB's13aHOTO 3 RIS, BUKOpUCTAaHHS IHTEIEKTya bHUX pajioKa-
HaJIiB MO’KE 3HAYHO MOKPALIMUTH SKICTh 3B'SI3KY, IPOIYKTUBHICTH CUCTEMH, MOKPUTTS CTIJIBHUKA Ta SKICTH 3B'S3-
Ky Ha MEXI CTUIbHHKA B 0€3APOTOBUX Mepexkax, o OyJo TOBEACHO YHCICHHUMH Pe3ybTaTaMU MOZIETIOBAHHS
y pisHux ciieHapisx [6]. He Bci maneni RIS MaroTh 0JJHAKOBY CTPYKTYpY uepes3 iX pi3Hi MOKJIMBOCTI PETYJIFOBaH-
Hi (asu, SKi 3MIHIOIOTh PEXHUM BiJI IUIABHOTO KepyBaHHS (Da30r0 10 JUCKPETHOTO KepyBaHHS TUIBKU 3 KiJIbKOMa
piBHaAMH. J{oCTiIKEeHHS TTOKa3ald, II0 IPH BENUKiH KimbKkocTi 01okiB RIS oOMexeHnx perympoBaHHAM (a3 Ha
0JI0K JOCTaTHBO JUIsl 3HAYHOTO TIOKPALICHHS 3arajJbHUX XapaKTePUCTUK CHCTeMH [ 7].

RIS f;x
ooooo
S = TRP,

ID ooo\d 5
2000 U—Ez \ D
RIS ek RIS /f E
UE v
ooooOF ' oooo 7 UE,
TRP, coooo DDDDD‘*i(j
TRP — Touka npuiiMaHHs-niepeaBaAHHs I:l

UEs

UE — aGoHeHTCchKe 00, 1aTHAHHS
RIS — PexondirypoBana inTesiekTyajIbHa MOBePXHs

PucyHoxk 2 — Cxema 6e31poToBoi nepesayi 3 interpoBanumu RIS

Inmum 3acrocyBanasM RIS € mepemaBauwi, ski Oe3mocepeHbO MOAYIIOIOTH BIACTHBOCTI IMATar0uUX
panioXBWIIb, Taki K (haza, aMILIITYAa, HOSAPU3AIls Ta YacToTa, 6e3 HeoOXiTHOCTI B aKTHBHUX KOMITOHEHTaX (SIK
TOr0 BUMATalOTh Pali0OYaCTOTHI CXeMH y TpaauiiiHux nepeaaadax MIMO) [2, 3]. HemonasHo Oyio BUpoOy-
BaHO MoxayIriito 256QAM Ha ocHoBi RIS [4]. [lepexaBaui Ha ocHOBi RIS maroTe Garato mepesar, Taki K MMpo-
CTa amapaTHa apXiTeKTypa, HW3bKa alapaTHa CKJIaJHICTh, HU3bKE €HEPTOCIIOXHMBAHHA 1 BHCOKa €(DEKTHUBHICTH
BUKOpHCTaHHsI criekTpy [2, 3]. Takum uuaOM, RIS € HOBHMM HampsIMKOM y po3po0iii repe/iaBadiB B paaiochcTe-
Max.

MIMO i3 miarpumkoro RIS mae iHmi nmoreHmiiiHi 3acTOCYBaHHS, HDK Ti, 10 MU BXXE OOTOBOPIOBAJIH
panimre. Hanpukian, Horo Mo>kHa BUKOPHUCTOBYBATH JUIsl IIBUIKOTO ()OPMYBAHHS IIPOMEHIO 3 BUKOPHUCTaHHSIM
TOYHOTO MMO3HUIIOHYBaHH: abo0 I MoJoTaHHA e(ekTiB OIIOKYBaHHS 33 paXyHOK 300py JaHUX PO KaHAJH B CH-
cremi MimimerpoBux xBuib [4]. Moro takox Moxna BukoprcToByBatH B NOMA [UIs MiBHIIEHHS HaifiHOCT
IpH TyXe HU3bKOMY BiJIHOWICHHI CHTHAJ/IIYM, IO JO3BOJISE PO3MICTUTH OiNIbIIe KOPHCTYBa4iB i BUKOPHUCTO-
BYBaTH CXEMH 3 MOAYJIALi€r0 BULIOro mopsaky [3]. RIS Takoxk mOTEHUiIHHO MOKYTb OyTH BUKOPHCTaHI AJst Op-
rafizamii nepenadi 3 BOy/moBaHow (i3HuHO Oe3meKoro, 0e3poToBoi nepenadi eHeprii (a00 0OJHOYACHOI Tepe-
JaJi JaHuX Ta 6e3IpOTOBOI epenayi eHeprii) Ta rHy4YKHX ronorpadivynux ekpanis [1-3].

Oco006,1MBOCTi CTBOPEHHS AHTEHHUX IPATOK 3 HAABEJIHKOIO aNlePTYPOI0

3a ocranni 10 pokiB Oysu po3po0IieHi Ta MPOTECTOBaHI Pi3HI NPUCTPOI, AITOPUTMH Ta CUCTEMHI KOMITOHE-
HTH, 10 PO3IIUPIOIOTH Mexi 3actocyBaHHs MIMO. TlepcrieKTUBHIM HAITPSIMKOM JOCIIKEHb /IS HaIMACUBHUX
MIMO 6G € 0co6mMBOCTI BAKOPHUCTAHHS TPATOK 3 HaIBeInKo0 amepTyporo (ELAA).

ELAA MoXHa XapaKTepH3yBaTH K I'PaTKy, IO CKJIAZAETHCS 3 COTEHb aHTEHHHUX €JIEMEHTIB, SIKi CIIJIBHO
00CITyroBYIOTh po3moiiieHnX kopucTyBadiB. Kinmesa mera ELAA mossirae B ToMy, 1100 BC1 KOPUCTYBadi BHKO-
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PHUCTOBYBaIM B3a€MHO OPTOTOHAJIbHI KaHAIH 3 MPOITyCKHOIO 3/aTHICTIO Ul KOXXHOTO KOPHCTYBada, aHAJIOTId-
HOIO KaHaJy 3 aIMTUBHUAM raycoBUM Oinum 1ymom [4]. Ha 1omatok 10 po3MupeHHs OCayTr MOOIIBHOTO IIHPO-
KOCMYTOBOTO 3B'SI3KY, II0 CTaHOBJISATH BEJIHMKY YacTHHY O0e3apoToBoro Tpadiky [2], BENMKY NPOCTOPOBY pO3-
nineHy 3aatHicTh ELAA Takok MO)KHa BHKOPHCTOBYBATH JJISI IIPOCTOPOBOTO MYJIBTHIUICKCYBAHHSI BEIHMKOL
KIJIBKOCTI TIPUCTPOTB 3B'3KY.

3HavHa KUIBKICTh JIOCHIPKeHb Oyia 30cepe/keHa Ha TOIIYKY HOBHUX aJITOPUTMIB, SIKi BiAMOBIAIOTH 0C00-
muBuM BuMoram ELAA. Ockinbku Meronu o0podkn MMSE MOXyTh BHKOPHUCTOBYBATHCS JUIS HPHIYLIEHHS
MDKCTITBHUKOBHX 3aBaf, oTxke, ELAA Moke epeKTHBHO MPAIOBAaTH IIPH PO3TOPTaHHI B CTUTHHUKAX.

Hocmimkensas ELAA BHABHIIO y HUX YHIKaJNbHI BIACTHBOCTI, SIKi 3HAYHO BIAPI3HAIOTHCS BiJl TPaIUIiHHIX
MacuBHIX MIMO: npu 30inbimeHHi po3mipy ameptypu perritku B ELAA xBHisoBHiA QPOHT CTa€ BiggyTHO ce-
PUYHUM i, OT)Ke, MOXKe OyTH anpoOKCHMOBAaHWH SK IUOcKa XBWIA. OTke, IPH MOUMIMPEHHI eJIeKTPOMATHITHOTO
BUIIPOMIHIOBAHHS TTIOYMHAE TIEPEBAKATH TaK 3BaHE OJIMKHE BHUIPOMIHIOBAIbHE IoNie. BukopucToByroun chepu-
yHy (hopMy XBHIBOBOTO (PpOHTY, aHTCHHA PEIIiTKa MOKE BH3HAYATH HE JIHMIIEC NMPOCTOPOBI KYTH XBUIIi, TOOTO
KyT npuxoay (AoA) Ta xyT Buxoay (AoD), a if mpocTopoBy riMOuHy, siIKy npoiuuta xBuis. Lis HoBa dyHKIis
JIOZIATKOBO JI03BOJISIE 3aCTOCOBYBATH HOBI CXEMH MYJIBTHIUIEKCYBaHHS, BAKOPUCTOBYIOUH 1H(POpPMAILiO PO Mpo-
CTOPOBY INIMOWHY JUIS MOJITY HOTOKIB abo 00ajHaHHS 32 JOIOMOTOIO TIOTIEPEIHBOr0 KOTYBaHHS; y BUIAIKY
KOJIM anepTypa IpaTKU OXOIUIIOE COTHI JIOBXXWH XBHJIb, O€3POTOBHI KaHAI MOXKE CTaTH HecTralioHapHuM. Lle
O3HaYae, 10 PO3CIFOBa4l BHHO JIMILE YAaCTKOBO ab0 IX BHECOK y IOTY>KHICTh MO’KE 3HAUYHO 3MIHIOBATHUCH IO
BCiX Iparkax. HecralioHapHIiCTh IPHBHOCUTH Yy CHCTEMY XapaKTepHY PO3PiIDKEHICTh KaHAJIB, KOJM CHI'HAJ Bij
OyIb-KOTO KOpHCTYBada 3'ABISETHCS JIMIIC Yy HEBENMHMKid dacTwHi pemriTkd. [lomiOHa po3pimKeHICTh KaHANTIB
CHpUsIE CIIPOIICHHIO CXeM 00pOOKH CUTHAIIIB, TAKKX SK IPUAYIICHHS 3aBaJI BiJl MiIPEIIITKH, Ta METO/IB IIepea-
4i moBigoMieHb. ToMy, Ui MOKpAIIeHHS TapaMmeTpiB cucteMu mpu po3podui ELAA HeoOXigHO BpaxoByBaTu
3a3HauYCHi YHIKaIbHI OCOOIUBOCTI.

EdexruBae MIMO 3i muryunnm inreaekrom

3aBIsIKM CBOTH BUHATKOBIW 3/IaTHOCTI OTPHMYBATH XapaKTEpUCTHKH 3 1HOOPMALIHUX JaHUX MAallMHHE
HaBYaHHS CTAJI0 0araToo0ILI0YNM pillIeHHAM 0araTboX NPUKIAJHUX 3aB/aHb, BKIIOYAIOUH MPOOIeMH repeaadi
Ha (izmyHoMy piBHi [3]. 3arasoM ManIMHHE HABYAHHS MOYKHA BUKOPHCTOBYBATHME ISl MiJBUIIEHHS TPOIYKTH-
BHOCTI ICHYIOUHX QJITOPHUTMIB, 100 HAOIU3UTHCSA 1O ONTUMAIBLHOI MPOJYKTHBHOCTI QJITOPUTMY 3 MEHIIIO
ck1ammicTio. Moro HaBiTh MOXHA BHKOPHMCTOBYBATH IS TIOLIYKY PillleHb IUIAXOM MOJIE/TIOBAHHS 3aBJaHb, SKi
HEe MOXYTh OyTH BHpILLIEH] iHIIMMHU cIIoco0aMu.

MammmHHe HaBYaHHS BUKOPUCTOBYBANIOCS Y MIHPOKOMY cHekTpi mogaTtkiB MIMO. [leski THTIOBI IPUKITaIN
BKJIFOUAIOTh KepyBaHHs noTyxHicTio MIMO [1], nerexryBanns indopmarii mpo cran kaHany [2], OL[iHKY KaHaTy
[3], monepenne koxyBanus MIMO [4] Ta nerexktyBansst [5].

VY MalmmMHHOMY HaBYaHHI IITYYHHWH iHTENEKT BUBYAE€ OCHOBHI XapaKTEPHUCTHKH LiJIbOBOTO IApaMeTpy Ha
OCHOBI JIaHUX, sIKi HOMY HaJaJiy, a TI0TIM MO>KEe 3aCTOCYBATH I1i 3HAHHS JI0 1HIIOTO 3aBAaHHs. Lle MokHa po3ris-
JIATH SIK OHOBJICHHS TPAJHIiHHUX ITXO/IB J0 BUPIMICHHS MPOOIIEM, KOIU JesKi MapaMeTpH ONTUMI3yIOThCS Ha
OCHOBI CIPOLICHOI MaTeMaTHYHOI MOJeNi LIbOBOT XapakrepucTuku. [lomiOHI TpaaMuiiiHi MiAXoau OOMexeHi
TOYHICTIO 1 CKJIQ/IHICTIO MaTEeMaTUYHUX MOJIEJICH, SIKi YaCTO HE MOXKYTh TOYHO BpaxyBaTH OCHOBHI XapaKTepHC-
THKH ITapaMeTpy, [0 PO3rIsIaeThesl. Sk NOKa3yloTh MOTOYHI JocuimkeHHs, cxeMut MIMO 31 mTyuyHuM iHTeNeK-
TOM 3aBXK/IM NepeBepIlyoTh 3Bu4aiiHi cxemu. HaBenemo npuknaan MIMO i3 BUKOpHUCTaHHSM INTYYHOTO iHTe-
aekty (ILI). Otpumansst iHpopMmarii Ipo cran KaHamy 3a goromororo LI, 1e BUKOPHCTOBYBAIKCS MapH MEPEK
KOJIep/AeKoiep AJsl OTPUMaHHS O1IbI eEeKTHBHOTO 3BOPOTHOTO 3B'SI3KY NPO CTAH KaHAITY. 3aMiCTh BHUKOPHC-
TaHHS BHIIAJIKOBOI MPOEKIIii, KOJep BUBYAE NMEPETBOPCHHS (BiJ BUXIAHUX JAHWX KAaHAIIB JJO CTHUCIIHX YSIBJICHB)
3a JJOOMOT'0I0 HaBYaJbHUX JIaHUX. THM 4acoM JIEKOJep Tak caMO BHBYA€ 3BOPOTHE MEPETBOPEHHS (i3 CTUCIUX
ySIBJIICHB Y BUXITHI aHi KaHaJiB). 3TiTHO 3 pe3ylbTaTaMu TECTYBaHH:, [Ieil 0a30BaHWI HAa JAHWX METOJl MOXKE
OTPUMATH OUIBII TOYHY OIIHKY KaHAITy, HiXK 3BHYaiHI MeToau. [loanpmoro miaBHICeHHS SKOCTI HAaBYaHHS MO-
JKHa 10cArTH, Ko MIMO 31 mTyYHHM iHTEJIEKTOM JI0JaTKOBO BUKOPHUCTOBYBAaTHME MOJICIIIOBAHHS aJTOPUTMIB
y mporieci HaB4aHHA. [HTeTpylo4un cTparterii, 3aCHOBaHI Ha MOJEIIX, y 3BHUYAiiHe HaBYaHHS HAa OCHOBI JaHUX,
MO>KHA JIOCATTH OUTBII IBHKOI 301KHOCTI Ta OiNBII TOYHOTO BUCHOBKY. CxXeMa MomepeaHhoro KOTyBaHHS 3a
noriomororo 11, ne 3anponoHOBaHO 3aCHOBaHY Ha INIMOOKOMY HaBUYaHHiI cTpykTypy MIMO MminiMeTpoBoToO fia-
Ma3oHy Jyis €(heKTHUBHOTO TiIOPUIHOTO MOMEpeIHLOTro KoayBaHHs. Llel miaxin cnpsMoBaHUE Ha Te, 100 BHHUTH
3a QyHAaMeHTaIbHI 0OMEXXEHHS iICHYIOUHX TiOpHMAHMX CXeM IONepenHboro KoayBaHHS. Lli oOMexeHHsS BKIO-
Yar0Th BUCOKY CKJIQJHICTh Ta IOTaHE BHKOPHCTAHHS MPOCTOPOBOi iHpopMamii. Y 1IbOMY JOCHITKEHHI KOXEH 3
MPEKOo/IepiB, HEOOXiTHUX /ISl OTPUMAHHS ONITHMI30BaHOTO JEKOJIepa, PO3IIISIAETHCS SIK BiIOOpasKeHHS B TIIHO0-
Ky HelipoMepexy. Pe3ynbpTaTi mokasyroTh, 1m0 el miaxin 3aatHuii MiniMizyBatd BER ta mizBumwuTy criekrpa-
JbpHY edekTuBHicTs MacuBHOro MIMO MiniMeTpoBOro AianasoHy, IpU HBOMY CYTTEBO 3MEHIIYIOUH OOYHCIIIO-
BAIBHY CKiIanHicTh. Halikpamyi pes3ysnbTaTd TakoX CIHOCTEpiraloThCsi mij dac jaerekTyBanHs MIMO 3a
JIOTIOMOT'010 MAIIMHHOTO HaB4YaHH:S. B pe3yibTarTi, 3aponoHOBaHO MepeXy IIIMOOKOro HaBYaHHS ISl BUCOKOS-
KicHOTO aerekTyBaHHsS MIMO. 3BHn4yaiiHuil JeTEeKTOp MAKCHMAIBHOI MPABIOIOIIOHOCTI € ONTUMAIEHUM 3 TIOT-
sy MiHiMiZamii WMOBIPHOCTI MOMMJIKM NpPH OJHOYACHOMY JIETEKTYBaHHI CHMBOJIIB, ale Ma€ Jy)X€ BHCOKY
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CKJIQJHICTb. 3alpONOHOBAHA TIINO0Ka HEHpoMepexka OTPHMaHa 3 BUKOPUCTAHHSIM METOAY IPOrHO30BaHOTO Ipa-
JIEHTHOTO cIycKy. MopentoBaHHs TOKasye, 10 I Mepexa 3abe3neuye Maibke ONTHMaibHI MOKa3HUKU JIETEK-
TYBaHHS — TOYHICTb, aHAJIOTIYHY JETEKTOPY MaKCHMaJIbHOI NPaBIONOoAIOHOCTI, ajie IPH LIbOMY OUIbII e(eKTHB-
Ha 1 HajiliHa; BOHA mpamioe sk MiHiMyM y 30 paziB mBuame. Ouinka kanaxy MIMO 3a pomomororo I €
aKTyaJIbHUM 3aBJaHHSAM, OCKUIBKH LIBHJKE Ta SIKICHE OI[IHIOBAHHS KaHAJy CTA€ BCe OUIBII CKIIAAHUM 3aBJaHHIM
JUIS CTUTHUKOBHX Mepex 3 MacuBHUM MIMO mpu 30uIbIeHHI KUTBKOCTI aHTeH. [Ipu 11boMy, 3aIipONOHOBAHO
METO/]1 OLIIHKHM KaHaJly Ha OCHOBI MIMOOKOTr0 HaBYaHHs JuIs OaratocTiibHUKOBUX cucteM MIMO 3 oOMexeHnMu
3aBagamu. OmiHIOBaY BUKOPHUCTOBYE CHEWiaJbHO po3po0iIeHy TIHO0OKY HelpoMepeKy. 3alpOoIIOHOBAaHIH METO/
BKJIFOYA€ JIMIIE /[Ba KPOKH: TO-TIEpIIe, ITyMOIPHIYIICHHS MPUHHIATOTO CUTHAITY, a MO-APYTe, OLIHKY KaHay 3a
JIOTIOMOTOI0 3BHYAHHOTO AJITOPUTMY HalMEHIINX KBaJApaTiB. MOAETIOBaHHS TOBOAMTH, IO IIEH MOIYJh OIIHKH
MOJKe HaOIM3UTHCH A0 MiHIMaJIbHOI cepenHbokBaapaTuaHoi mommwikn (MMSE) mis curHaiiB Benukoi po3mip-
HOCTi, YHUKAIOUH TIPH I[bOMY CKJIAJHHUX MEPETBOPCHb KaHAJIB 1 HE BUMaralo4yu BU3HAUYCHHs KOBapialiifHOI MaT-
pumi karary. Llg omiEka Takox cTiiika 10 3alTyMIICHHS MIJIOTHOTO CHTHAIY i 3a IIEBHUX YMOB MOX€E HOTO ITOBHi-
CTIO YCYHYTH.

Buxonsun i3 3HaUHUX MOKpALIeHb NOKa3HUKIB CHCTEMH, 3a(iKCOBAaHUX y XOJI HOTOUYHHUX JOCIIIKEHb, T1e-
pendaueno, o 1111 3ymoBitoe 3abe3nedenss OibmI HagiiHoro Ta edexrusnoro MIMO y 6G. Onnak, nepur Hix
I moxHa Oyze HIMPOKO 3acTOoCOBYyBaTH B cucTteMax MIMO, HeoOXiqHO BUPIMIMTH pi3Hi podiaemu. [To-mepie,
icHytoui nmpoektd MIMO 3i ITyYHUM IHTEIEKTOM MOXKYTh HAaBUYATHCSl HA BXiJHHUX JaHHX, ajie TIOraHO y3aralb-
HIOIOTBCSI Ha MOJU(DIKOBaHUI pO3MOIUT YK HecTalioHapHIcTh. HeqocTaTHe BUKOPHUCTAHHS 3HAaHb € ILE OAHUM
KIIFOYOBUM HEIOJNIIKOM NOTOYHHX Moneneid MIMO 3 BUKOpHUCTaHHSAM IITYYHOTO iHTenekty. KpiMm Toro, Heamek-
BaTHE BHWIYYEHHS AAHUX MOXXE OOMEXHTH €(EeKTHUBHICTh Ta TOUYHiCTh anroput™misB MIMO 3 BHKOpPHCTaHHIM
IITYYHOTO iHTENeKTy. Bei mepepaxoBaHi (hakTOpH YCKIaTHIOIOTH JTOCSATHCHHS 0allaHCy MK BHTPATHICTIO HaB-
YaHHSA 1 TOUHICTIO BuBeneHHS B MIMO mupoxoro 3acTocyBaHHs 3 Bukopuctanasam L1

3aBIsIKKM CBOTH YyJOBiil 34aTHOCTI JI0 y3araJbHEHHsI, TOYHOTO BU3HAYEHHS O3HAK 1 BUCOKOTO MapaesizMy
I moxe nokpanuTu nokasuuku cucteM MIMO. Ane nacamnepen 111 mae cnpusita BupoBamkennio MIMO y
6G, 30KkpeMa J0NOMOKe BIOPATHCS 3 BEIMKUMHU PO3MipaMH PELIITKU Ta BCe OLIbLI Pi3HOMaHITHUMH MEPEKeBHU-
MU crieHapisMid. OCHOBHUMH MPOOIeMaMu Mpu 301IbIICHHI PO3MIPIB PELIITKH B IPUCTPOSX 6G € BUCOKOIPOIY-
KTUBHE JIOT1YHE BHMBEACHHS KaHaNIB, MMONEPEJHE KOMYBaHHs/(hOPMYBaHHS AiarpaMu CHPSMOBAHOCTI Ta CXEMH
nerektyBanHsa. OTxe, He3anekHo Bix Bukopuctanas SU-MIMO, MU-MIMO a6o BincTe:xxeHHs MPOMEHIO poOo-
ta MIMO 3a51eXuTh Bil BACOKOTOUHOTO JeTekTyBaHHs CSI Ta monmanbioro nomnepeaHboro koayBanHs. OmHak
JOCSITHEHHSI BHCOKOTOYHOTO TTOTIEPEHBOT0 KOYBAaHHS CTAa€ BCE CKJIAIHIIINM 3aBJaHHAM. YacTKOBO Iie MOB'A3a-
HO 3 Pi3KUM 30UTBIICHHAM 00CATY TMOTPiOHUX OOYUCIICHb. AHAJOTIUHI MPOOIEMH BUHUKAIOTH i 9ac JACTEKTY-
BaHHsI MIMO. [lns BupimeHHs 1ux npodiem mpu npoekryBanHi MIMO 3a momomoroto 111, HeoOXimHO mpumi-
JSITH yBary 300py Ta BUKOPHCTaHHIO JaHHWX, PO3BUTKY TEOpii HABYaHHS Ta HOBATOPCHKUM CXeMaM JUIS Pi3HHX
crernapiie MIMO. PosristHeMo Taki pillieHHs TOKJTaJHIIIe.

Po3BuHeHi Ta omnparpoBaHi cXxeMH 300py, EPEBIPKU Ta BUKOPUCTaHHS JaHUX MAlOTh BUpIIIANbHE 3HAYCH-
Hs JUIs1 3a0e3Me4YeHHs] TOYHOTO 3aCBOEHHS (MOTEHIIHO) BEJIMUE3HUX OOCSITIB JaHUX, 10 HA/IAI0ThCSl IPUHMalIb-
HUMH IPUCTPOSIMU Ta JaTurkamu y cuctemax 6G. Lli nani no3sossttors LI pobutu npsimi abo ornocepekoBaHi
BUCHOBKH Ta MPOTHO3YBaTH BiANOBiAHY iH(MopMmalito st orpumanHs CSI, kepyBaHHSI IpOMEHEM, MOOUIBHOCTI,
nepenaydi 00CIyroByBaHHsI, KellyBaHHs (HANPUKIAZ, NajdbHICTH Iil IPHCTPOIO, HMIBUAKICTH Ta Opi€HTALis), JO-
IepiBCbKHi 3¢yB, A0A ta AoD. Otxe, npu otpumanti CSI, 3aBIsiKM BEJIMKIN KIIBKOCTI AaHUX, 0 HAJAIOTHCS
npucTposiMu Ta pataukamu, 111 Moxxe oTpuMmyBaTn OibIlle KOPHCHUX XapaKTEpUCTHK 3 iH(opMmanii mpo KyT Ta
BiJICTaHb, 100 BiMHOBHTH abo crporHo3yBaTu CSIL.

Momampmm qociiKeHHS B rairy3i Teopil HABYaHHS Ta BUBEICHHS JO3BOJATH peaji3yBaTd OiIbII TOYHI Ta
edextuBHI npoektr MIMO 3a nonomororo HII. Hanpuknax, BUBYCHHS IHTEPIIPETOBAHOCTI TITHOOKHUX HeipoMe-
pex, MIMOBIpHO, JIOTIOMOKE HaM PO3POOHMTH MeToJoJIoriI0 BuOopy mpaswmibHOi Moneini I Tta i momanmbmioro
e(eKTUBHOTO HAaBYAHHS, IO IOCIYXUTh (QpyHIaMEHTOM JuIsi cTBopeHHs BOynoBanoro LI. TTokpamrytoun crioco-
0¥ TOBTOPHOTO BUKOPHUCTAHHS Ta PO3OHTTS HA MOAYII MOTIEpeHbOi iH(opMaIii, 110 HaTae€THCs IUISIXOM CKaHy-
BaHHsI, MOYKHA MMOKPAIIUTH HaBYaHHS Ta jioriune BuBeaeHHs [1II MIMO Ha ocHOBi MoJieneli Ta JaHUX, a Y CBOIO
4yepry HaBYaHHS Ha OCHOBI MOJeNel Ta JaHUX MOKPALIUTh MOKa3HUKK cuctemMu MIMO 3 TOYkH 30py TOYHOCTI
MPOTHO3yBaHHS Ta HAKJIA[HUX BUTPAT HA HAaBUaHHs (HAPHKJIA/, OOCIT HABYAJIBHUX JIAHHUX Ta 4ac).

I'pyHTYyrOUNCHh HAa BHYTPINIHIX BIIMIHHOCTSAX MK TpaauuiiianMu pimenasmMa MIMO Ha ocHOBI Moxeneit
Ta cCXeMaMH, 1o 3ajexaTh Bix qaanx, MIMO 3a mommomororo 11 BHece pyHmaMeHTaNbHI 3MiHA O TPagUIiHHOL
crpykrypu MIMO. 3okpeMa, cHCTeMH Ha OCHOBI aBTOEHKOJEPIB MOXYTh €(EKTHBHO 3aMiHMTH TpaIuLiiHi
ckiaaHi kaHamu. Cxema Mofyss (hizndHOTO piBHA 11 HackpizHoro kaHainy E2E mae Oytn po3paxoBana Ha crii-
JBbHY ONTHMIi3alliio npuiiMadiB. BpaxoByloun MOTEHIIHHO BeIMYE3Hi 0OCSATM NaHWX Ta OYIKYBaHHH PO3BUTOK
Teopii MaIIMHHOTO HaBYaHHs, MOXHA NpurycTuty, mo MIMO 3a nonomoroto 111 crane HeBig'€eMHOIO pHUCOIO
6G. HaBeneMo NpHHIMITN NPOEKTYBAaHHS Ta MOMJIMBI HAaNpsIMKK fHociikens it MIMO 3 miaTpuMKoro mryd-
HOTO IHTEJIEKTY.
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3aBISKHA BUKOPUCTAHHIO MTy4YHOTO iHTENeKTY MIMO y Mepexax 6G TIOBHHEH MAaTH HaJ3BHYAiHO HU3bKI
HaKJIa/HI BUTPaTH Ha BUMIPIOBAaHHs KaHaJly, 3BOPOTHHH 3B'SA30K, KEPYBAaHHS IPOMEHEM Ta JEMOJYJISIII0 JaHUX.
3aBIsIKM CBOIM Bpa)KalouuM aHATITHYHUM 31i0HOcTsM 11II MOke MOBHICTIO JOCTITUTH BHYTPIIIHIO CTPYKTYPY
0araToBUMIpHHMX KaHAJIB Ta IPOBOJUTH HA/I3BHYaiHO e()eKTHBHI BUMIpIOBaHHS. BukopucToByoun cBoo 31art-
HICTB J10 BUCHOBKIB 3 BUKOPHCTaHHIM 4acoBoi kopeswii, L1 Mosxe 101aTKOBO MOKPALIUTH MOTOYHI (200 HaBiTh
MaiOyTHI) BUMIpPIOBaHHsS Ha OCHOBI JaHUX MOIEpPENHIX BUMIpIOBaHb. B pe3ynbraTi, HE3aJIeXHO BiJl TOTO, SIKY
(dopmy Mae aHTeHa, BUBEJCHHS KaHaTy Oyze peanizoBaHo B cucremMax MIMO 3 Hag3BuuailHO HU3BKUMH BHUTpa-
TaMu mijoT-curaaiy. Lle moxmuBo 3apnsaku 3naTaocTi LI po3ymiT BHyTpimHIO CTpyKTYypy KaHaimiB. LI Takox
MoOJke OpaTu ydJacTb y iHTeleKTyalsHOMY (OopMyBaHHI TpoMeHI0. Ha OCHOBI IITYYHOTO 1HTEIEKTY MOXHA MO0Y-
IyBaTH OLTHII eheKTHBHY, IHHOBAIIiIfHY Ta MEHII CKIIAJAHY CHCTEMY KepyBaHHS IPOMEHEM.

BuxkopucToByroun CKiIanHi JOTiUHI Ta 00unciroBambHi MOXHBOCTI LI MoXHA epeKTHBHO BHPIMINTH Ki-
JbKa TPaJUmiHHUX 1podieM 3 By3pkumu Micisivu MIMO (manpuknan, nerekryBanas MIMO, kepyBaHHS 3aBa-
JTaMH Ta PO3MOILN PecypciB), MO0 HAOMUIUTHCS IO TEOPETUIHNX MEX MPOAYKTUBHOCTI. OTXKe, NETEKTYBaHHS 3a
NPUHIUIIOM MaKCHMaJIbHOT MPaBAOIOiOHOCTI MOXKe 3a0€3MeUNTH ONTUMAIIbHY POOOTY 3 ICHYIOUMMH JIETEKTO-
paMu; IpoTe MpH 30UTBIIEHH] KIIBKOCTI 3MIHHHX, 10 BU3HAYAIOTh PIIICHHS, HOT0 CKJIAIHICTh 3pOCTa€ EKCIIOHe-
HUiHHO. He3Baxkaroun Ha Benukuil iHTEpec O peanizalii HEONTHUMAIBHUX aJITOPUTMIB JIETEKTYBaHHS, CyYacHi
ITOPUTMH CTPAXKAAIOTH BiJ MPoOJeM 13 HalifHICTIO Ta 3aTPUMKOI0. BUBUaroun npaBuiia AETEKTyBaHHs Ha OC-
HOBI AanuX, Il Moke HaTaTH HOBHMA MIAXIN JJIs TOCATHEHHS Mai)Ke ONTHMAJIBHOIO NETCKTYBAHHS 3 MCHIIOHO
CKJIAJTHICTIO.

I Tygnwii iHTENEeKT DOOpEe BIZOMHUI CBOIM TOYHMM BH3HAUYCHHSIM MapaMeTpiB i3 pi3HUX THIIB AaHUX. 3a
HasABHOCTI TOCTAaTHHOI KibKOCTI HapdabHUX AaHuX LI moxe otpumaru epextusHimi yssiaerns CSI. st mpu-
Kiamy oOuacTi, sika MO)ke OyTH MOKpalieHa, MoKHa Ha3BaTh feTtekTyBaHHSI CSI NR, sike 3aBXIu BUKOPHUCTOBYE
MPOCTY MOJIENb BiZOOpaXXEHHs 1 KBaHTYBaHHS, IO NMPHU3BOAWUTH IO BIJHOCHO ITOTaHOTO BHKOPHUCTAHHS PO3pi-
JUKeHUX 0o3HaK. 3 iHmoro 6oky, 11 3abe3medye Oinpm TouHe Bu3Ha4YeHHS 03HaK CSI 3 maHWMX 3a paxXyHOK BHUKO-
PHCTaHHS METOJIB, 110 3aJIeXKaTh BiJ AaHUX, Al CTBOpeHHs edekTuBHiNMX ysBieHb CSI. Kpim Toro, 3aBmsaku
PI3HOMAaHITHOCTI JIJaHUX 13 30BHIMIHIX IPUCTPOIB TAKOX MOXE OyTH rapaHTOBaHa yHIBEPCAIbHICTb.

Jlyis oTprMaHHs CrpaBi iHTeNIeKTyanbHOro MacuBHoro MIMO B mepexi 6G He0OXiTHO po3pOoOUTH LI
HaMIAHUH, edekTUBHIMUI 1 mpocTimuil y peanizarii MIMO 3a nonomoroto 11, [{ns qocsrHeHHs i€l MeTH ciia
BUKOpHCTOBYBaTH 3po3yminuii 1111, mo 3a0e3neynTts nosiermenHs HaBYaHHs Ta MiJBUIIUTE HOTO €()eKTUBHICTS.
Jlyist 3abe3mneueHHs OKpaIeHoi Ta qudepeHiiioBaHol B3aeMOIii 3 KOPUCTyBaueM MOTPiOHA CTPYKTYpa, Halliie-
Ha Ha TpiopuTeT KopucTyBada. Hapemri, 1t Hagitroro HapuaHHs 111 B HackpizHOMy kanam E2E Bci cTpykTy-
P i pillICHHS TOBHHHI MaTH IBOCIIPSIMOBAHICTb.

AJibTepHaTUBHI TexHoJorii MIMO

VY 2007 poni bo Tine Ta iH po3mmprmu koHNenito OAM (KyToBHiI MOMEHT €IEKTPOMAarHiTHOTO IpoMe-
HIO) Ha PaJi04acToTH, 10 MPHU3BEJIO JI0 MosBU paaiodyactotHoro OAM (nani - OAM) [3]. ®opmu enekTpomarHi-
THUX XBHIIb, II0 HecyTh Moau OAM, ski Ha3uBaroTh nmpoMeHssMu OAM, MOXXHA PO3IUIATH Ha KiTbKA THIIIB, Ha-
NPUKIAJ] raycoBHid NpoMiHb, npomiHb Jlarepa-I'ayca, mpomins becens i Beccens-I'ayca. B 0ezaporoBomy
3B'SI3Ky, B rajiysi pamiodactot, mpoMeHi OAM 30iIbIIyIOTh HECTALIOHAPHICTH OE3IPOTOBUX KAaHATIB 1 BHOCSITH
cripanbHy (a30By CTPYKTYPY B pagiajibHHA HAMpPSIMOK MOIMUpPEHHs. [lomepeaHi MOCIIPKEHHS MiATBEPIUIN
3nificHeHHicTh OAM sk 3 TeopeTHdHOi [4], Tak 1 3 mpakTu4HOi [5] Touku 30py.

Knacuuni meronu npuiimManHs Ha ocHOBI OAM-MyIIbTUILICKCYBaHHS HaBeneHi B Tabm. 1. [lis amanramii
OAM 10 BeMUKHX BiZICTAaHEH Ta MOBUTFHOI MOOLITEHOCTI OyITH 3aIpPOITOHOBaHI METOIM HAa OCHOBI JIBOBHMIipHIX
KPYTOBHX PELIITOK 3 KEPOBAaHUM MPOMeHeM [4], MeTO1 ICeBI0A0ILIePiBChKOT iHTeprosLil [5], MeTo BiAOUTKIB
SJIEKTPOMArHiTHOTO T0JIs [6] Ta METOX MOIYJIBHOTO CTajoro ($pa3oBoro rpagieHra [7].

Bci morouni mociimpkeHHs BkasyloTh Ha OAM sik Ha e(eKTHBHHUM METOJ BUKOPHUCTAHHS IPOCTOPOBOI 00-
JacTi, 0cOOJIMBO KOJIM TIepeaBay 1 mpuitMad 3HaXOAATHCS B OMIKHBOMY II0JIi, TOOTO ONMKYe, HiX BijcTaHb Pe-
nest (BU3HAUCHA B TaHOMY BHIIAJIKY SIK OCHOBA BIJICTaHb 3 pi3HUIECIO (a3 7/8 MiXk OCROBHM Ta KPaliOBUMH IIPO-
MensiMu) [2]. Jlnst OTpMMAaHHSI BHTpAILY BiJ MPOCTOPOBOTO PO3HECCHHS B yMOBaX JHHAMIYHOTO KaHaly 3
BUKOPUCTAHHAM YHi(iKOBaHOTO 00JaIHAHHS 3aIPOIIOHOBAHO iHTErpoBaHy cTpyKTypy OAM mmroc MIMO, sxy
Ha3MBAIOTh TAKOXK OaratopexxuMHo-Gararompocroposoto (MOMS) [3].

o HenomnikiB BukopuctanHs npomeHiB OAM Mo)kHa BiJHECTH: BiJICYTHICTh MOXIIHMBOCTI C(OPMYBATH
HOBHH HE3aJEe)KHUH CTYIiHb CBOOOTM B CHCTeMi O€3ApOTOBOTO 3B'SI3KY 1 HE MOXKIHMBICTD IIiIBUIICHHS
npomnyckHoi crpomokHocti MIMO 3a pamku TpaauIiiHOI 3 THM caMUM KaHalbHUM cepenoBuinem. OTxe,
texHonoris OAM He MoOKe MiABHIIMTH €(EeKTHBHICTh BHKOPUCTAaHHS cHekTpy cucreM MIMO y knacuaHmx
cIieHapisix 0e3IpOTOBOTrO 3B'SI3KYy, TAaKHX K MEpexi MOOUIBHOTO paaiofocTymy. [Ipore B IEsKUX CHPUSATIMBUX
CIleHapisix (HampHKIal, MIKPOCOTax 1 MallMX coTax BcepenuHi npuminmieHs) OAM wmoxe 3a0e3nednuTH
HifBUILEHY e(EeKTHBHICTh BHKOPUCTAHHSA CIIEKTPy Yy MOpiBHAHHI i3 cucremamu MIMO 3 npoctumu i
HEONTUMAaJIbHUMH JAeKoiepamH. Lle moB’13aHo 3 THM, 10 MHOXHUHHI Mot OAM MOKpaIlyroTh NO3ULIHHE YHCIIO
(condition number) kaHaiy.
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Tabmumg 1 — Kitacnaai mMetoau npuiiManas Ha 0cHOBI O AM-MyIbTHILIEKCYBaHHS

Merton npuitmMaHHs ArnepTypa npuiiMaIbHOT aHTCHH
CxaysipHO-(ha30BHI TPATIEHT [ToBHa
CriekTpaIbHUH aHaTi3 [ToBHa
[IpocTopoBe cIiBBiTHOIIEHHS HA OCHOBI HEH- [ToBHa
pomepexi

CkassipHo-(ha30BHii TPaJIIEHT YacTkoBa

BekropHo-(ha3oBuii rpalieHT YacTkoBa

IceBaoaomIepiBChKHIA YacTkoBa

HesBakaroun Ha Iii HEJOMIKH, ICHY€E MOJBIMHA KiHIEBa BUTOJA Bij BrpoBajpkeHHA nepexadi OAM. Ilo-
nepiie, KoK KaHall 33/10BOJIbHSE NapaKkcHaIbHOMY oOMexxeHHIo Ta yMoBi LOS, iHdopmaris, 110 nepeHoCUThCs
opToroHanbHUMHU npoMeHsMu OAM, wMoxe Oyt e(eKTHBHO [eMyJIbTHIUIEKCOBaHa 0€3 CKIIaIHOTO
HicIs100pOOJICHHS CUTHANY, SIK IMOKa3aHo Ha puc. 3. Ll Hu3bKa CKIaJHICTh 0OPOOKH Ma€ BEJIHMKE 3HAUECHHS JUIA
HaJIBUCOKOI IIBUJIKOCTI 0€3ApOTOBOrO 3B'I3Ky (HANpPHKIaJ, MPOIyCKHA 3/aTHICTH 10IT/C y MIiJIMETpOBHX Ta
Tlr'n-mianasonax). Ilo-mpyre, mpomeni OAM MokHA pO3MIAOATH SK CHEHiadbHUHA METOJ MPOCTOPOBOI
(inpTpamii, skuit MojkHA KOMOIHYBaTH 3 00p0o0Kor0 curHaNiB MIMO 115 OTpUMaHHS THYYKOTO KOMIIPOMICY MK
MYJIbTHUILICKCYBAHHSIM Ta BUTPAIIEM Bijl PO3HECEHHS y OLIbIII 3araibHUX yMoBax kaHaiy [4]. Taka komOiHOBaHA
cxeMa 0coOJIMBO MiAXOIUTH U aHTEHHUX PEIIiTOK MUTIMETPOBOTO Jialla30Hy Ha MaJHX BiICTaHIX.

®azouii PeryaoBanus LNA ®azoBuii

3CyB MACHJICHHSA 3cyB

Pucynok 3 — Cuctema 6e31poToBOro 3B's13Ky Ha ocHOBI OAM

Ha npaktuni texnosnorito OAM MoXHa BHKOPHCTOBYBATH JJIsl BUCOKOLIBHMJIKICHOT Iepeiadi NUIIXOM
BBE/ICHHA MYJIbTHIUIEKCYBAaHHS JIOCTYIy 3 PO3IUICHHSAM MoJ. 30Kpema, il MOXXHa BHUKOPHUCTOBYBATH IIPH
TpPaH3WUTHIN mepenadi Mixk 0a30BIMHU CTAHIIISIMU, Tiepeaadi Bif mpuctporo a0 npuctporo (D2D) Ta 3B's13ky Mik
IITYYHUMH CYITyTHUKaMH, JIe BIIIHOCHO JIETKO OTPUMATH HeOOXiHE BUPIBHIOBAHHS OCI.

TeopernuHa eMHICTh cucTeM moTykHUX MIMO 3pocTae 3i 30UTbIIEHHAM KUTBKOCTI aHTeH. Lle 03Havae, 1o
TEOPETHYHO 3aBXK/U Kpallle MaTu OilbIlle aHTEH, a ONTUMaJIbHA KiJIBKICTh € HeCKiHYeHHO Benukoio [3]. Omnax
Ha NPaKTHLI BUHUKAIOTH MPOOJIEMH 13 MOCTIMHMM 30UIBLICHHSIM KiIbKOCTI aHTeH. Hampukian, onHa npobiema
MOJISITAE B TOMY, SIK peali3yBaTH YK€ BEIUKY KUIBKICTh aHTCH B OOMEKEHOMY MPOCTOpi Y GOopMi IPOCTOPOBO
Oe3mepepBHOI amepTypu mepeaadi/mpuiManHs. [HIIOW MPoOIEeMO0 € 0OMEKEHHS MPOIYCKHOI CIPOMOYKHOCTI
MIMO npu po3risigi eIeKTPOMarHiTHOro e(ekTy MK INUIBHO PO3TallOBaHMMH aHTeHamH. JlocmipKeHHs,
CIpSMOBAaHI Ha BUPIIIEHHS TaKuX MpoOJeM, CTOCYIOThCs KaTeropii gocmimkens rojorpadigvaoro MIMO (Holo-
MIMO). Opnak momiOHE IOCHIMKEHHs OTpUMAajo KilbKa 1HIMUX Ha3B, BKJIIOYAIOYH JOCIiIKESHHS
rosorpagiyHoro pajio, rojsorpadiyHUX pagioyacTOTHUX cucTeM [4] a0o HaBiTh rojorpad)ivHOro MacHBHOTO
MIMO ta ronorpadiuHoro popmMyBaHHs NpoMeH:o [5].

Holo-MIMO Bu3HauaeTbes K equHa opMa IPOCTOPOBO-0OMEIKEHOT CUCTEMH 13 MHOXKHMHOIO aHTEH, B SIKii
KUTBKICThP aHTEH MOXE HEOOMEKEHO 3pOCTaTH TpH 30epekeHHI OOMEKEHOrO po3Mipy amepTypu (TOOTO
npubin3HO Oe3nepepBHOI anepTypH). LI KOHCTpYKIis 3aCHOBaHA Ha MPHHIMIAX, MPOTHIICKHUX KOHCTPYKIIi
ELAA, ne Bucoka riau0uHa pi3KOCTI JOCSTAEThCs 3a paXyHOK 30UIBIICHOT anepTypH peuriTku anteHu. OnHiero 3
noTeHniitanx nepesar cucremu Holo-MIMO € Te, mo GesnepepBHa aneprypa Moke 3a0e3IMeUnTH TTiIBHIICHY
MIPOCTOPOBY PO3UIBHY 3[IaTHICTh y 6€3IPOTOBOMY 3B'SI3KY, HiXK JyXKe BEIHKA KUJTbKICTh 3BUYANHUX TUCKPETHUX
anreH. Ille oxHa mepeBara mousisirae B TOMy, 1[0 Oe3lepepBHa anepTypa J03BOJSIE CTBOPIOBATH Ta MpHUilMaTH
€IeKTPOMArHiTHI XBWIi 3 JIOBUIBHHAMH IPOCTOPOBO-9aCTOTHHMH KOMITOHEHTaMH 0e3 HeOakaHMX OidHHX
MEJIFOCTOK.
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[Ipu mocmimkeHHI CTyNEeHIB CBOOOAM CYIUIBHUX Ta OOMEXKEHHX amepTyp Oyso IMoKa3aHo, M0 TIHOWHA
pI3KOCTI JIHIHHO 3aJeXHTh BiX NOOYTKY pPO3MIpYy amepTypd Ta KyTOBOTO PO3KHIY 3TiTHO 3 BHIIAJKOBUM
HOMIMpeHHsAM 1o3a npsiMoro Buaumictio (NLOS). Tomy 00'eMHi anepTypu MOXXYTh aCUMITOTHYHO TPHU3BOANTH
JI0 IBOPa30BOT'0 301IBIICHHS JOCTYITHOI TJIMOMHHU Pi3KOCTI MOPIBHSHO 3 INIOCKUMHM alepTypaMH, He3alIeKHO Bif
TOTO, HACKUIbKM TOHKHUMHU € 00'eMHI amepTypu. s JMOoCATHEHHS BUPaKCHOTo e(eKTy HaJlpO3HECEHHS MOXKE
OyTH BHKOpHCTaHE B3a€EMHE 3B'S3yBaHHS OJM3bKO pPO3TAllOBAaHUX AaHTEH 3a JOIOMOIrOI0 IIONEPEIHHOTO
KOJTyBaHHSI.

[Ipu3HayeHHAM roJ0rpadiqHOTO Panio € CTBOPEHHS aKTHBHOI Oe3MmepepBHOI eNeKTPOMArHiTHOI arepTypH,
sKa 3a0€3MeYNTh IPOCTOPOBE MYJIBTUIUIEKCYBAHHS Ha PiBHI rojorpadigaux 300pakeHb HAJBHCOKOI IIITHHOCTI
Ta TMiKcewmi3amii 3 HaIBHCOKOI pO3AUIBHOIO 3maTHIiCTIO. IIpocTopoBmWiA CHHTE3 Ta MOXIYIAIIS OIS
PamiovyacToTHOI XBHJII JO3BOJLIOTH OTPHMATH TPUBUMIPHE EIEKTPOMArHiTHE IOJe, CTPYKTYpOBaHE Ha piBHI
miKcemiB (IPOCTip MyJNBTUILUIEKCYBaHHS 3 BUCOKOIO IIUTFHICTIO B ToNOrpadiqHOMY pasio), sIKe BiAPI3HAETHCS Bif
PO3PIIKEHOTO POCTOPY IMPOMEHIO, TIOB'SI3aHOTO 3 TpaauninHuM MacuBHIM MIMO. B pesynbrati, popmyBaHHS
300paXkeHHsI 3 ToJIorpadiuyHOI0 iHTep(EepeHIiel0 Moke OyTH BHKOPHUCTaHE JUIi OTPHUMAHHS CIEKTPaJIbHOT
roJIorpaMH pajionepenaBajbHUX JpKepell (MMPUCTOCYBaHHS KOPHCTyBada). Y TaKOMY BHIIAJKy € MOXIIHMBICTbH
YHUKHYTH HEOOX1JTHOCTI y 3BUYAfHUX IpOLeypax nepeaadi MiioT-CUrHaly Ta OLIHKY CTaHy KaHaly.

OnHiero 13 mpobiieM rojiorpadiyHUX PaaioCHCTEM € BapTICTh pealtizallii akTHBHUX OE3MEePePBHUX anepTyp.
[Tpu upoMy, MOXJIMBE pillleHHS 00'€JHATH BEJIUKY KIJIbKICTh aHTCHHHUX €JIEMEHTIB Y KOMIIAKTHHUI MPOCTIp 5K
MmeranoBepxHi. OnHaK 1eil MeToJ OOMEeXEHHH MAaCHBHUM BiJOOpaKeHHSM uepe3 BIACTUBOCTI METAINOBEpPXHi.
ToMy BiH HE MiOXOAWTH IS AKTHBHUX IPAaTOK. AJBTEpHATUBHUM (i OUIBII MEPCHEKTHBHHUM) pIlICHHIM €
BUKOPHCTaHHSA JKOPCTKO ToB's3aHuX rpatok (TCA) mmpokocMyroBux aHTeH. Ll TexHoONOris 3acHOBaHa Ha
TOKOBIH TIaCTHHI (POTOAETEKTOPIB 3 0OMHOCTOPOHHIM pyxoM HociiB (UTC-PD), ne ymiinsHeHa BUCOKOYAaCTOTHA
Mepexa JKUBIJICHHsS 3aMiHCHa BOJIOKOHHO-ONTHYHHMMHM JIHISIMH, NepeBaraMM SKUX € HHU3bKa BapTiCTh 1 Maie
SHeprocroXxuBanus [6].

[Hmoro mpoOGiemMoro rojorpadivHOro pajaio € CKIAAHICTh OOpOOKHM CHIHANIB, L0 BUHUKAE BHACIIJIOK
BEJIMUE3HOI KUIBKOCTI JaHWX, IO TEHEPYIOThCS Maike HECKIHYEHHOK KUIBKICTIO aHTEHHHMX eJIEMEHTIB
ycepenuni OesnepepBHOi aneptypu. OHUM 3 PIllIeHb € MEPETBOPUTU PATIOCUTHAIN Ha ONTUYHI Ta 00pOOIATH 1X
Oe3nocepeIHbO B ONTHYHIN Tajy3i, e MOXKJIMBI ITiIBUIIEHA IIBUJKICTE OOPOOKH Ta MEHIIIE €HEPrOCIIO)KUBAHHSI.
[TepeTBOpeHHS Ha ONTHYHI CUTHAJIM MOXE OYTH JOCSTHYTO 32 JIOTIOMOTOI0 ONITHYHOTO MIBUAKOTO MEPETBOPEHHS
Dyp'e [7].

Touni mepeBaru ymakoBKH OLTBIIOI KiTBKOCTI aHTEH B amepTypi OOMEKEHOTO PO3MIpYy 3alHIIarOTHCS
HesicHUMU. [10TOYHI JOCIiKeHHS MOKa3yloTh, 10 TIIHOMHA PI3KOCTi Joci 0OMekeHa po3MipoM anepTypu. Uepes
BIJICYTHICTE MoOJeneil ronorpadidne pamio motpedye ocoONMMBOi Teopii Ta TEXHIKHM MOJCTIOBAHHS IS
30JIIKCHHST Teopill 3B'A3Ky Ta eNeKTpoMarHeTmsmy. B pesymbrari, omiHka moka3HukiB 3B's3ky Holo-MIMO
BUMArae CreLialbHUX OOYHCICHb Y Tally3i eNeKTPOMAarHeTU3My, TaKHX SK QJITOPHUTMH Ta I1HCTPYMEHTH
MOJICJTIOBAaHHS, MOB's13aHi 3 00YMCIIOBAIBHUM €JICKTPOMArHETH3MOM Ta KOMIT'FOTEPHOIO rojiorpadiero.

BucHoBku

3niiicHeno aHaiiz po3BUTKY TexHojorii MIMO BpaxoByoun xapakrepuctuku TII-kaHaiy, 30KpemMa BHU-
KOHAHO JIOCJI/DKEHHS PeKOH(DIrypOBaHUX 1HTEJIEKTYaIbHUX [TOBEPXOHb, SIKI XapaKTepH3YIOThCs IPOCTOTOIO aria-
paTHOi apXiTeKTypH, HU3bKOIO anapaTHOK CKJIAIHICTIO, HU3bKHM EHEPrOCIIOKMBAHHSIM 1 BUCOKOIO e(eKTHB-
HICTIO BUKOPUCTaHHS CIIEKTPy. BU3HaueHO 0COOIMBOCTI CTBOPEHHS aHTEHHUX TPATOK 3 HAJ[BEJIMKOIO allepTyPOrO
NPU 3aCTOCYBaHHI HOBHUX CXEM MYJIbTHIUIEKCYBaHHS, BUKOPHCTOBYIOUH iH(OPMAIIiI0 PO MPOCTOPOBY TIMOMHY
JUTS TIOALUTY TIOTOKiB 200 00JaTHAHHA 32 JOITOMOTOIO MOTIEPETHHOTO KOAYBaHHs. 3MIHCHEHO IiABHUICHHS e(eK-
tuBHOCTI MIMO 3 BHKOpHCTaHHSM IITYYHOTO 1HTEIEKTY, SKUi 3aaTHUH MiHiMi3yBaTi BER Ta minBumutH cre-
KTpanbHy edekTuBHiCTh MacuBHOTO MIMO MiiMeTpOBOTO Jiamna3oHy Ta CYTTEBO 3MEH-IIYIOYHA OOYUCITIOBAIB-
HY CKJIaTHICTh. BUKOHAHO HOCITiKeHHS albTepHAaTUBHUX TexHoJoriin MIMO.
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BinomocTi npo aBTopiB

BacuabkiBecsknii Mukosa BogoauMupoBHY — KaHIUAAT TEXHIYHUX HayK, JOLEHT Kadenpu iH(OKO-
MYHIKaIiHIX CHCTEM i TEXHOJIOTIH.

Toponenska Okxcana CTenaHiBHA — KaHIUIAT TEXHIYHIX HAYK, TOIEHT Kadeqpr 00UnCITIIOBaIbHOT TEXHIKH.

Cranbuyenko Ouexcanap BosionuMupoBuy — KaHIUJaT TEXHIYHUX HAyK, HOLEHT Kadeapu iHHOKOMYyHIKamii-
HHUX CHCTEM 1 TEXHOJIOT1i.

Kanmuyk Bornan CepriiioBuu — crynent rpynu TKC-21wm, kadenpa iHpoKOMyHIKaI[IHHUX CHCTEM 1 TEXHO-

JIOTIH.
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