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CYYACHI BUAU MOIYJIALIN 3 PO3IMIMPEHUM CIIEKTPOM B
MYJBbTHUCEPBICHUX TEJIEKOMYHIKAIIMHUX MEPEKAX

Discant A.A., Muzychuk 1.V., Rutkivsky D.S. Modern types of modulation with extended
spectrum in multiservice telecommunication networks

An analysis of the prospects for the development of MIMO standards is presented. It is shown that
the MU-MIMO specification is one of the most significant technological improvements to MIMO. At
present, the standardization of mobile communication technologies to lay the foundations of wireless
networks 5G, there is a general view of the need to replace the fundamental OFDM technology at the
expense of more efficient, which can better operate in 5G conditions. For this purpose, a number of new
forms of modulation have been introduced. It should be noted that at the same time, these methods have a
basic principle of OFDM technology. The main idea of OFDM technology is to divide the frequency
selective channel into a number of narrowband sub-channels. In these subchannels or subcarriers,
orthogonal narrowband signals are transmitted in parallel. Since each of these signals undergoes shallow
fading, then a fairly simple scalar correction of the channel.

The main methods of promising technologies UF-OFDM, FBMC, and GFDM are described, which
are logical continuation of OFDM-modulation development. In many ways, FBMC has much in common
with CP-OFDM and OFDM, which use a cyclic prefix as a security signal. GFDM is a flexible multi-
carrier transmission method, which is largely similar to OFDM. UF-OFDM uses filtering to provide its
unique characteristics.
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Hickant 0.0., My3uuyk LB., Pyrkiecbknii I.C. CyuyacHi Buau MoayJsiliii 3 po3mMpeHuM
CIEKTPOM B MYJIbTHCEPBICHUX TeJeKOMYHIKaNiHHUX Mepeskax

[IpencraBneHo aHami3 MePCHeKTHB Ppo3BUTKY cTaHaapTie MIMO. Iloka3aHo, 1o crnerudikariis MU-
MIMO € opaniero 3 HaWOUIBII 3HAYYHIMX TEXHOJOTYHUX ymockoHasieHb MIMO. OmwucaHo OCHOBHI
Metogu mnepcrnektuBHuXx Texuojorii UF-OFDM, FBMC, i GFDM, siki € JOriYHUM MPOIOBKCHHIM
po3sutky OFDM-moaysuii. barato 8 womy FBMC wmae 6araro crinbeaoro 3 CP-OFDM ta OFDM, siki
BUKOPHCTOBYIOTh IMKIIYHUH Mpedike B sikocTi 3axucHoro curHany. GFDM sBIsSETBCS THYYKUM METOIOM
mepenadi 3 JAeKiTbKOMa Hecy4nMH, sSkuii 6arato B domy cxoxuii 3 OFDM. UF-OFDM BukopucTOBYy€
¢inpTparmito, mod 3a06e3MeYnTH CBOI YHIKaIbHI XapaKTePUCTHKH.

Juckant A.A., My3biuyk WH.B., PyrkoBckmii JI.C. CoBpeMeHHble BHABI MOAYJSUMI ¢
PACHINPEHHBIM CIIEKTPOM B MYJIbTHCEPBHCHBIX TEJICKOMMYHHKAIIHOHHBIX CeTHAX

[IpencraBnen ananu3 mepcrekTuB pa3BuTHs ctaHgaptoB MIMO. IlokazaHo, uTo cnenuduxarus
MU-MIMO sBnsercst ogHO# U3 HamboJiee 3HAUNMBIX TEXHOJIOTMYECKHX ycoBepIneHCTBoBaHUH MIMO.
Onucanbpl OCHOBHBIE MeTOJbl nepcnekTuBHBIX TexHonorun UF-OFDM, FBMC, u GFDM, kotopsie
SIBIISIFOTCS JIOTHYECKUM TpoaonkeHneM pa3Butust OFDM-moxaynsanun. Bo muorom FBMC uMeer MHOTO
obmero ¢ CP-OFDM u OFDM, koTOpbIe HCHONB3YIOT HUKIMYECKUH MPEPUKC B KaueCTBE 3aIIUTHOTO
curHana. GFDM siBisieTcss THOKMM METO/IOM Iepefadyn ¢ HECKOJIBKUMHU HECYIMMH, KOTOPBI BO MHOTOM
cxoxk ¢ OFDM. UF-OFDM wucnons3yer ¢uubTpanuioo, dYTOoOBI 00ECHEeYHTh CBOM YHUKAJIBHBIC
XapaKTEPUCTUKH.

Kaiouessie ciopa: UF-OFDM, FBMC, GFDM, MIMO

Beryn

IcTropuuHo cKkilajocs, MO HOBI TMOKOJIHHA TEXHOJOTIH paaiofoCTyly BIPOBAKYIOTHCA 3
1HTEpBaJIOM NMPHUOJIM3HO AECATh POKiB, 100 BIopaTHCs 3 pocToM MoOUIbHOTO [HTepHEeT-Tpadika. Le
JI03BOJISI€ B MOBHINA Mipi CKOPUCTATHCS €BOJIOIIEI0 TEXHOJIOTIYHMX KOMIIOHEHT 0e3 sSKUX-HeOyab
3acTapiuioro Tsaraps.

B 2010 p. 3aBepmieHo po3poOky cnenmikariii Texnosorii Long Term Evolution - Advanced
(LTE-A), sixa BimHOCHUTBCS 10 4-T0 mokomiHHS (4G) TexHouoriit MoOLTEHOTO 3B’s13Ky. TexHomoril
pamiofoctymy 5-ro mokoiiHHA (5G), sIK OYIKY€ThCs, CTaHYTh JOCTYITHI 111 KOMEPIIIHOTO 3amyCKy
omseko 2020 p. [1]. Ix possuTok TpmBatMme 0 2030, MiCAs YOTO MM 3MOKEMO OTPUMATH
MOTEHIIMHUN JOCBIJl KOPUCTYBAHHS TEXHOJIOTISIMH 6-T0 MOKOMiHHS (6G).
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OcCKinbKHM Ha JaHWW Yac BUKOHYETHCS CTaHAAPTH3AIlisl TEXHOJIOTIH MOOLIBHOTO 3B 53Ky, 1100
3aKiacTy QpyHaaMeHT 6e3mpoBoIoBUX Mepexk SG, icHye 3aranbHa JyMKa Mpo HEOOXI1THICTh 3aMiHH
¢bynnamentanpHoi TexHoiorii OFDM 3a paxyHok Oinbil e(eKTHBHUX, $AKI 3[0aTHI Kpaiie
¢dbynkmionyBatu B ymoBax 5G. 3 miero metoro, B 2015-2016 pp., Oynu BBeAeHI psa HOBHX (OpM
Moayusii. Bapro Big3HAYWTH, IO B TOU ke Yac, 1[I METOIM MAIOTh OCHOBHHI MPUHITUIT TEXHOJIOTI]
OFDM. OcHnoBHa ines texnosorii OFDM mnonsrae B ToMy, mo0 po3aiIuTH 4acTOTHO-BUOIPKOBHIA
KaHaJl Ha HU3KY BY3bKOCMYTOBUX MigkaHaiiB. [lo mux migkaHamax abo migHECYYMM OPTOrOHAIbHI
BY3bKOCMYTOBI CHTHaJM IepenaloThes mnapaneiabHo. OCKIIbKM KOXKEH 3 IIMX CHUTHAJIB 3a3Hae
HErJMOOKe 3aBMUPAHHS, TO JOCUTh IPOCTOI CKAJIIPHOI KOPEKIii KaHaTy.

JIOCIIIKEHHIO TIEPCIIEKTUB PO3BHUTKY 1 MEXaHI3MiB, SIKi BHKOPHCTOBYIOTHCS IPHU MOOYHIOBI
TEXHOJIOTIH PajioloCTyIly, IPUCBAYCHO 3HAYHY KiIbKicTh poOiT Buenux: JL.H. bepkman, M.M.
Kimmam, O.B. Jlememko, B.M. Bummuescekoro, A.l. Jlaxosa, G.R. Hiertz, S.C. Bruell, L.
Kleinrock, H. Takagi, L. Fratta Ta in.

OpHak KOO HEBHPINICHHX 3aBlaHb O€3MepepBHO 3pOCTae, 1 Mojelni, moOyIoBaHI BCHOTO
KUTbKa POKiB TOMY, BXKE HE 33/I0BOJILHSIOTH BCIM BHMOTaM 1 OCOOMMBOCTSIM cydacHHX Mmepex. 1o
POOUTH aKTyaJTbHUMU JOCIIKEHHSI IPEACTABIIEH] B 1aHIi CTaTTI.

1. Hosi TexHoJorii Mmoayasinii Mmepex Mo6iibHOTO 3B’ 3Ky 5G

€ KiIbKa HOBUX TEXHOJIOT1H Moaysnii 5G, siki posrisinatorbes [1, 5-10]:

FBMC (Filter Bank Multi-Carrier). bararo B yomy FBMC mae 6araro croinsroro 3 CP-OFDM
ta OFDM, sKi BHKOPHCTOBYIOTh IHMKIIYHHNA Tpedikc B sSKOCTI 3axucHoro curHany 4G. 3amicTh
Toro, 100 ¢QuIbTpyBaTH BClO cMyTy, ak y Bunagky OFDM, FBMC o¢uibTpye KOXHY miHECYdy
inuBinyansHo. FBMC He mae muxmiyHoOro mnpedikca, i B pe3yabTari 3[aTHa 3a0€3MeUUTH JTyKe
BHCOKHH PiBE€Hb CIIEKTPATbHOT €()EKTHBHOCTI.

QinpTpy MigHECYYNX MAIOTh AY)KE€ BY3bKY CMYTY 1 BUMAararoThb TPUBAJIHMX IOCTIHHUX Yacy
¢inpTpa. 3a3BUyail MOCTiMiHA Yacy B YOTHpPU pa3u Oulblle, HXK OCHOBHA JIOBKMHH CUMBOJIY 3
BEJIMKOIO KUIBKICTIO MIIHECYUHX, 1 B PE3YyJIbTaTi, IOOIMHOKI CUMBOJIM NEPEKPUBAIOTHCS B yaci. J{is
JOCSITHEHHSI OPTOTOHAIBHOCTI BUKOPUCTOBYEThCSI QAM B sikOoCTi cxemu Monyisii, Tak sik FBMC
HE OPTOrOHAJIbHA, 1110J10 KOMILJIEKCHOT mtomuHu. Puc. 1 nokazano 6inok-cxemy FBMC-monyssmii.

OCKiNbKM BY3bKOCMYTOBHM (UIbTp BUKOPUCTOBYeThCs i FBMC-cyOkaHaniB, mocTiiiHa
IPYNOBOi 3aTPUMKHU UGPOBUX QLIBTPIB MOXKE OyTH OUIBIIONO, HIK 3aralbHU HOMEp cyOKaHamy.
Le#t meTon ¢inpTparnii Moxke OyTH peasi3oBaHMi JBOMa croco0aMu - y YacTOTHIM oOnacti abo B
yacoBiit o6nacti. Jns BuzHauenns nosxuuu OLIIID mo 3arampHOTO YKcna cyOkaHaTIB MIAXOIUTh
MeTo]1 00poOKHU B 4acoBoi 00acTi, 3 Bukopuctanusm [lomidaznoi mepexi (IIOM) [10].

FBMC-monynsmisi, 1o BUKOPUCTOBYE BY3bKOCMYTOBY (IIbTpAIlil0, 3HAYHO IOKPAIIyE
XapaKTepUCTHKH M03aCMYToBOi Iepefayl AaHuX. 3 IHIIOro OOKY, MOCTiMHA TpymnoBoi 3aTpUMKH
1uppoBuX (GUIBTPIB NOTPIOHA /I MOKPAIIEHHS XapaKTEPUCTHUK, IPUOIU3HO B YOTUPH pa3H Olblie
3arajlbHOrO YMCia CyOKaHaliB, 110 NOTpedye YOTHPH MOBHHUX ITEpallil 10 BUKOHAHHIO 3aTPUMKH B
[IOM. Tomy, He auBnguuck Ha Te, o FBMC-monynaunisi epeKTUBHO MpaIioe MpU CTBOPEHHI
KaHaly 3B’SI3Ky, HampUKIaJ MpU TMepeAadi IOTOKOBOTO Bijfie0, BOHA Ma€ OUIbII HU3BKY
e(eKTHUBHICTb Nepeadl JyIsl KOPOTKUX MAKETIB.
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Puc. 1. brnok-cxema FBMC-monynsmii
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GFDM (Generalised Frequency Division Multiplexing). GFDM siBisieTbcsi THyYKHM METOJIOM
nepeaadi 3 JeKUIbKOMa HECydYnMH, sk O6arato B yomy cxoxkuii 3 OFDM. OcHOBHA BIMIHHICTD
MOJISITa€ B TOMY, IIO MiHECYUl HE € OPTOrOHATBHUMHU 0uH 10 ogHoro. GFDM 3aGesmneuye kpaiue
YOpaBIiHHSA I[103aCMYT'OBOIO €MICI€I0 Ta 3MEHIIEHHS IMKYy IOTY)KHOCTI B CIHIBBIIHOIIEHHI 3
CepeIHBOI0 MOTYXKHICTIO. OOUIBI 11l TPOOJIEMHU € OCHOBHUMHE HeolikamMu TexHonorii OFDM.

Ha puc. 2 mnokazana Onok-cxema GFDM-monmymsamii. Ilpomec Momymsiii BHUKOHYETHCS
¢ineTpoM popMyBaHHS IMITYIBCY g[n] AN KOXKHOTO CyOKaHally 1 peati3yeThCsl 3a JOIMOMOTOI0
UKJTIYHOT 3rOpTKU. JleMoayIisiliss BAKOHYETHCS 32 IOTIOMOTOI0 TOTO camoro (ijbTpa, 1o i mporec
MOJTYJISAIIT, 1 3MEHIIIYe MIX)KCUMBOJIbHY iHTepdepenuito [12, 13].

g(n)
v A
o PopMyBats | | oo | : : +CP >
cyOkaHamiB . - g(n)
I A =

Puc. 2. brok-cxema GFDM-monymsiiii

UF-OFDM (Universal Filtered OFDM). Sk Buauo 3 Ha3Bu neil Bug OFDM BukOpHCTOBYE
¢inpTpamnito, mo06 3a0e3neunTy cBOi yHiKalmbHI XxapaktepucTuku. [lpu Bukopucranni UF-OFDM,
CMyra 4acToT KaHaly, [0 sIKOMY CUTHall Mae OyTH MepeaHuil, po3/ljieHa Ha KiJbKa MiJiana3oHiB.
Pi3H1 THNUM mocayr po3MiiieHi B pi3HUX Mijjaianma3oHax 3 HaHOUIbII MPUAATHOI (POPMOIO CUTHAITTY.
Lle no3Bossie HabaraTo Kpaile BUKOPHCTOBYBATH CIIEKTP AJIsl Pi3HOMaHITHOCTI mociyr [14].

Puc. 3 mnokasye Onok-cxemy ¢ynkuii moaymsuii UF-OFDM. CdopmoBanuii curnan
PO3MOAUIEHUH MO MEBHOMY 4YMCIy OJIOKIB 1 4MCIy cyOKaHamiB Juis KoxKHoro Onoky. Jlani s
KOXKHOTO OJIOKY 004MCIIO0Thes 3a gornoMoroo 3IITID 1 mepeTBoprorOThCS B TOCIIIOBHOCTI Yacy,
PiBHI 3arajbHOI KUIBKOCTI CyOKaHaiB.

Ax nmacminok curHan UF-OFDM crae 4acoBUM MakeTOM 3 JIOBKMHOIO PIBHOIO TOCTINHIN
rpynoBiii 3arpumii nuppoBux ¢inbTpiB. JoBKMHAa MoOke OyTH BCTaHOBJIEHA pIBHA JIOBXKMHI
nukiigHoro npedikca curnany CP-OFDM. Tomy UF-OFDM mae Oinpin BUCOKY cyMicHICTb 3 CP-
OFDM.

—> dopMmyBaHs cyOKaHaJiB OLUTID » Filter >
—> dopmyBaHs cyOkaHaliB oulrne » Filter >

. + >
—> dopmyBaHs cyOKaHaiB OLUTID » Filter >

Puc. 3. brnok-cxema ¢pynkuuu moaymnsuun UF-OFDM
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3. Texuiuni oco0auBOCTI MOOYI0BH 0araTOKaHAJbLHHUX CHCTEM Jisl JAeKLIbKOX
KOPHUCTYBa4iB

Mopenb cuctemun MIMO mnokazana wa puc. 4 [15, 16]. IlpencraBumo cucremy 3B’S3KY
nepeAaBaTbHUMU aHTeHaMu N, 1 IpUMaJIbHUMHU aHTeHAMU NRg.

[TepenaBau Ta V Ry [Tpuiimau
X
X1 Y1
Bal vl
X2 _ _ Y2

E TxNT RxNR E
XNT YNR

H(Nt ‘Ng)

Puc. 4. CtpykrypHa cxema moaesns MIMO-cucremu

AHTeHH Txi,...,TxnT BIATIOBIIHO HAJCUIAIOTh CUTHAIM X1,...,XNT Ha IPUHOMHI aHTEHHU Ry, ...,
Rxnr. KoxkHa mpwiimanbHa aHTeHa 00 €IHYE BXIiIHI CHUTHANHM, SKI TOCHIJOBHO CKJIQJalOThCS.
OTtpumaHi curHanu Ha aHTeHaX Ryi,..., RxNr BIAMOBIIHO MO3HAYAIOTHCS Y1, . . .,YNR-

[TpuiinsaTuil curHan Ha anteHi Tyqg; q=1,...,NRr, BUpaxxaeMo sK:

Ny
Y= Ngy X, +bgq=1..,Ng. (3)
p=1

Monens 3aBmMupanas MIMO kaHanmy onucyeThCsl BIAHOIIEHHSIM BBOJY-BHUBOJly B HACTYITHOMY
BUTJISAI:

y=H-X+Db, (4)

ne 1) H — xommnexcHa Marpuis posmipHicTio (Ng - Nt ), 10 BU3HAaYeHa SK:
hy, h, K thT
hy hy K h 2N,

H=
M M M M
L Nr1 hNRZ hNRNT_
Ngp; p=1,....N1; q=1,..., Nr — KOMIIIeKCHI KOe(ilieHTH MiJACHICHHS KaHATy MK NepeIaBaTbHUMU

aHTeHamu TXp 1 NpUiOMHMMH aHTeHaMH Rx,.

T

2) X= [XI,K : XNTJ KomuTekcHuit Bektop (N -1) mepeiaHoro curHaiy;
T

3) y= [yl,K ) yNJ KOMILIEKCHUH BEKTOP (NR -1) MIPUHHATOTO CUTHAILY;

N
4) b= [bl,K by, ] KoMIuIeKCHUH BeKTOp (N -1) aIUTHBHOTO ITyMy CHTHAIY.
Monens Ge3nepepsroi acoBoi 3aTpuMku ( Ny - N;) MIMO-kanany H i3 3atpumkoro gacy 7 i

IIIyMOM CHTHaITy b(t) BUpa)XaeThCs SK:

y(t)=_[H(t,r)x(t—r)dr+b(t), (3)
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1e y(t) — mpocTopoBoO-uacoBHii BuXimuuii curHai; X(t) — mpocTopoBo-4acoBUil BXiAHHI curHAam; b(t)
— IIPOCTOPOBO-YACOBUM LIIYMOBUI CUTHAIL.

Texuomoris MU-MIMO (Multi-User Multiple Input Multiple Output) po3BuTkOM TexXHOJIOTT
MIMO i cnpoboro BUpilIeHHS TPOOIEMH 3pOCTAIOYOT0 00CATY MEPEJaHnuX TaHUX B OE3MPOBOJOBUX
Mepekax. 3aBIsSKH 1d, BCSA TMPOIMyCKHA 3aaTHICTh Mepexi Wi-Fi mMoxke Oytu edeKTHBHO
BUKOPHCTaHA, a KOPHCTYBaul OTPUMAIOTh MOXIIMBICTH OOMiHY NAaHMMHM 31 IIBUJAKICTIO TiraGailT B
cekyunay [17].

3 mosiBoO mpomno3utiii 3i crierudikamiero 802.11ac 3HaYHO MOKpAIIMIKNCS paio-TIapaMeTpy i
XapaKTePUCTHKU HOBOTO CTaHIAPTY.

MU-MIMO cnupaeTbesi Ha MOXKIUBICTh (DOPMyBaHHSI TPOMEHS IMepeadi JJIsi BCTAHOBJICHHS
YOTHPHOX OJHOYACHUX HaIpaBieHUX pagiodacToTHUX 3B’s3kiB. MU-MIMO Touka moctymy (T/)
BUKOPHCTOBYE PO3LIMPEHI METOH (POpMYyBaHHS MPOMEHS JJIsl MAaKCUMi3allil mepeaadi B HAPsIMKY
[IJTLOBOTO KIIIEHTA OJJHOYACHO 3BOJISAYM J0 MIHIMYyMY Iepeady B HampsMKy HeOaKaHMX KIIE€HTIB
gyepe3 (a3zoBO-aMILTITYAHY pi3HUIO. Lleii mMeron, BioMuii SIK METOA MOBTOPHOTO MPOCTOPOBOTO
BUKOPHUCTaHHS, 3a0e3Meuye KOXKHOIO 3 YOTHPHhOX KOPHCTYBayiB BJIACHUM BHJAUICHUM KaHAJIOM 3
MOBHOIO MPONYCKHOIO 3JaTHICTIO TaK €aMoO, SK y CTUIBHHKOBUX MEpekKaX BHUKOPHUCTOBYIOTH
HEBEJMKI CTUIbHMIN 1 METOJIM MOBTOPHOI'O BUKOPHCTAHHS CIIEKTpa JJs 30UIbIICHHS MPOMYCKHOI
3IaTHOCTi CUCTEMH.

VY npukiani, mokazanomy Ha puc. 5, 802.11lac MU-MIMO T/l 3 dyoTupMa aHTEHAMH MOXeE
OJIHOYACHO IepeIaBaTH KOKEH MPOCTOPOBHUH MOTIK HA HOYTOYK, cMapTQOH 1 riaHmeT okpemo [18].

Sk 1 B KOXXKHOMY CKJIQJIHOMY MpPOEKTi, MEepIIUM KpOoKoM y po3poOii mpoekty MU-MIMO e
BU3HAYCHHS YMHHHKIB, SKI MAlOTh HaWOUIBIIMK BIUIMB HAa KPUTUYHI OCOOJIMBOCTI, BapTIiCTh Ta
MPOAYKTUBHICTH. L{UX YMHHUKIB € 6arato, aje BCi MPOEKTHI PIllIEHHS 1 KOMIIPOMICH ONUPAIOTHCS Ha
ocHOBHI 11Ba [19]:

® KUTBKICTh IPOCTOPOBUX MOTOKIB;

® KUIBKICTh OJTHOYACHUX KOPUCTYBaiB.

Kinpkicte mpoctropoBux mnortokiB. Crangapt 802.11n, mo Bnepme mnpeacraus MIMO,
BU3Ha4MB 4oTUpU MIMO MOTOKH SIK MAaKCHMaJIbHO MOKJIMBY KUIBKICTB JJISi OJJHOYACHOI mepeaayi
onHomy mnpuctporo. 802.11ac 30uiblilye MakCUMalbHY KUIbKICTH MOTOKiB MIMO, oTpumanHux
CTAaHLIEI TPHU3HAYEHHs, /10 BOCbMHM, (AKTHYHO, IOJBOIOIOYM MPONYCKHY 3JaTHICTh MEpexi
802.11ac y nopiBusiaHI 3 802.11n.

ITHT 04

TToTik 1
SU-MIMO HOTiK % \
OTIK
poyTep Tlotik 4 /

S ‘
—— Tlorik2 —

———

MU-MIMO E—
OTIK
poyTep ITotik 4

[

Puc. 5. Ilpuanun nii SU-MIMO 1 MU-MIMO
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KinpKicTh IPOCTOPOBUX MOTOKIB 1 HIBHJKICTH MEpefadi pa3oM BKa3ylOTh Ha MOTEHIIHHY
MPOMYCKHY CIPOMOKHICTh 1 KUIBKICTh MIATPUMYBAHHX MPUCTPOIB. SIKIIO KOXKEH MPOCTOPOBHIA
NOTIK MOoTpedye BUALICHOTO KaHanmy npuidomy/nepenadi, To T/l crangapty 802.11ac xondiryparii
8X8, 3maTHa miATpUMYBATH BCl BICIM MPOCTOPOBUX MOTOKIB, MOTPEeOy€E BiCiM HE3AICKHUX KaHATIB 1
anteH. PoOora nHa moBHiii motyxHocti T/l crammapry MIMO B xondirypamii 8x8 Bumarae
KoH(iryparlii KilieHTa Takox 8X8, 1110 € He MPaKTHUYHO.

baratpma 3 mpuUCTpOiB, sKI MmigKIOYarOThCs 10 Wi-Fi Mepex Bce dacTilie CTaroTh MOOUTBHI
MIPUCTPOI, TaKi K cMapTPOHM 1 TUIAHIICTH, K1, K MPaBUJIO, MIATPUMYIOTh KOHpiryparito 1x1 abo
2X2. MU-MIMO n03BoJsi€ KiTbKOM KJIIEHTAM PO3IUTSITH BETUKY KiTbKicTh TOTOKIB T/I.

Kinpkicte omgHouacHux kopuctyBadiB. 802.1lac MU-MIMO cnemnudikaiis BU3Ha4Yae
KoH(irypariito, o miATPUMYE 10 YOTUPHOX onHouacHuX MIMO kanaiiB. J[ogaBaHHS MOKIUBOCTI
HIATPUMKH KOXKHOTO JJOJATKOBOTO KOPHUCTyBaya 30UIbIIYye 3arajibHy BapTicTh pilieHHs. Asne, MU-
MIMO ¢opmyBaHHS TPOMEHS BBOJIUTH KiJIbKa 1HIIUX KOMITPOMICIB, SIKI MAIOTh I11€ OLTbII 3HAYHUI
BIUIUB, 1, OT)KE, TaKOXX IOBMHHI OYTH PpO3MVIAHYTI 10 NPUUAHATTSA PIMIEHHS NPO KIIBKICTh
iATPIMYBaHHX KOPHCTYBaUiB.

Hna pobotu MU-MIMO, y 802.11ac BkItoueHO MeXaHI3MH 30HAYBaHHA KaHaimy. Koxken
KIIIEHT BCTAHOBIIIOE 3BOPOTHUI 3B’A30K, A€ mepenae iHGopMaliio mpo CTaH KaHamy, 1 0
iHpopMmallis BUKOpUCTOBYeThbcst TJ| anms 3acrocyBaHHA HEOOXIOHMX MapaMeTpiB MOTYKHOCTI
nepeaadi sl KOXKHOTO TPOCTOPOBOro MOTOKY. [licist Toro, sik kanan 30HayBaHHS 3a0e3neuye T /1
YiTKOI0 KapTUHKOIO MPO CTaH Horo cepenoBuia, T/l 3acToCOBYe MexaHi3M (pOpMyBaHHS IPOMEHS
IUISL TIepefiadi CUTHay B OakaHOMY HAmpsIMKY 1 HiBEJIOBAaHHS Iepeaadi CUTHANY y HeOaXaHOMy
HanpsMKY.

Ha mpaxTumi nporec ¢popMyBaHHS MPOMEHsI HEAOCKOHAJIMH, 1 YaCTUHA €HEepril MpOoCTOPOBOTO
MOTOKY BUHUKAa€ y BUIIIAI OiuHUX memocTok. L{i npibHi mpomeHi BUXOIATH 3 000X OOKiB BiA
OCHOBHOTO TIPOMEHSI 1 HaIllpaBJieH] Ha JEKIIbKa TPagyciB B CTOPOHU BiJ BiCi OCHOBHOTO MPOMEHH.
Xoua 1e 1 He € npobnemoro anst SU-MIMO, ane nBa cymikaux noroku MU-MIMO nounHaroTh
3aBa)kaTU OJMH OJHOMY, SIK TUIbKM iX OIYHI MEIIOCTKU IMOYMHAIOTH nepekpuBaTucs. HasBHiCTh
I[bOTO BTPYYaHHS CTBOPIOE JOAATKOBUI IIIyM KaHaIy.

Yucno OHOYACHO MIATPUMYBAaHHMX KopHCTyBadiB TJ| CHIBHO BIUIMBAaE€ Ha MIIXOAW TIO
npoektyBaHHIO0 cucteM MU-MIMO. [lonaBanHsa yerBeproro mpocropoBoro MU-mortoky moxmae
MDKIIOTOKOBY 1HTEepQepeHIlito, ane 30UIbIIye KUIbKICTh JOCTYIHHUX MPOCTOPOBUX MOTOKIB. Tak 1o
€ Kommnpomic. Ske pimeHHs 3a0e3neuye Kpally NponycKHY 3AaTHICTh Mepexi? Lle 3amexuts Bin
HaBKOJIMIIHBOTO CEpeJIOBUIA KaHaly 0araTonpoMEHEBOro pPO3IMOBCIOKEHHS. bararompomenesi
XapaKTepUCTHKH BHYTPINIHBOTO KaHAJy BH3HAYAIOTh CKUTBKM TIEPEIIKOJI CTBOPIOETHCS TMPH
nojgaBaHHl 1me oaHoro MU-motoky. JlocuTh 3aBaHTa)ke€HE CEpeAOBHINE MIATPUMYE 10 TPbOX
IIPOCTOPOBUX MOTOKIB 3 JOMYCTHUMOIO iHTep(epeHLiero, 3a0e3neuyloud MpH LbOMY HaWBHUIIMHA
piBeHb poOOTH cXeMH MOAyJsAlii Ta konyBaHHs. Ilpu pJojgaBaHHI YeTBEpTOro MOTOKY,
iHTepdepeHIIis NepelKoKae poOOTI HAMBUIIMX PIBHIB MOAYJIALIT Ta KOAYBaHHS, 1, TAKMM YHHOM,
MIPOIYCKHA 3/1aTHICTh 3HUKYETHCS.

[Ipu mpoekryBanHi cucreM MU-MIMO HeoOXiAHO NOTPUMYBAaTHCh HACTYIHUX BaXKIIMBUX
BUCHOBKIB [19]:

e cucteMa B KOH(pirypamii 4 Ha 4 3 TpbOMa KOpPHCTyBauaMH JOCSTa€ MaKCHUMAaJbHOI
NpOAYKTUBHOCTI 1 cTabinbHoCTi podotn MU-MIMO. T/ 3 4 antenamu i 3-ma kopuctyBauamu N+1
nae MoxmBicte MU-MIMO mertony ¢gopmyBaHHS TpoMeHst Habarato IMWPIINI Miala3oH pPyXy
[UIIXOM 3MEHIIEHHS iHTepdepeHIil 1 MiIBUIIEHHS 3aralbHOT MPOITYCKHOT CIIPOMOKHOCT] KaHaIly.

e T]I Takoi koH}irypariii 3a6e3neuye noBHOLIHHY podoTy MU-MIMO ni1st miATpPUMKH BUCOKOT
MPOMYCKHOI 3/1aTHOCTI HMU3XIJHOI JiHIi 3B 43Ky 1 MiABUIIYE NANbHICTh Aii Ui OUIbII MPOCTHX (HE
MIMO) kmieHTiB.

e 3a 0ararbOX YyMOB, JIOJIaBaHHS YETBEPTOTO0 KOPHCTyBada 3HAYHO 3MEHIIYE JOCTYIHY
MPOIMYCKHY CIIPOMO>KHICTh CUCTEMH, MPOAYKTHUBHICTD 1 MIBUKICTH TIEpeIadi.
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BucHoBKkH

Onucano ocHoBHI Metoau mnepcrnekTuBHUX TexHomorii UF-OFDM, FBMC, i GFDM, ski €
JIOTIYHUM TIpOJIOBXKEHHSM pPo3BUTKY OFDM-monynsamii. bararo B womy FBMC wmae 6arato
cruineHOro 3 CP-OFDM Ta OFDM, sIKi BUKOPUCTOBYIOTH IUKJIIYHHNA MpediKCc B SKOCTI 3aXHCHOTO
curHary. GFDM sBis€ThCS THYYKMM METOJIOM Tepeaadi 3 JCKIIbKOMa HECYYHMMHU, SIKHi 06arato B
yomy cxoxuid 3 OFDM. UF-OFDM BukopuctoBye (pinbTpalito, mood 3a0e3MeYnuTH CBOi YHIKaJIbHI
XapaKTePUCTHKH.

[IpencrasneHo aHami3 nepcrnekTuB po3BUTKY cranaaptiB MIMO. Ilokazano, mo cnenudikaiis
MU-MIMO € onHi€ro 3 HAMOUIBII 3HAYYIUX TEXHONOTIYHUX yaockoHaneHb MIMO. Cnenudikamis
MU-MIMO e posButkoMm TexHoznorii MIMO 1 crnpo0oro BHUpilieHHS MPOOJIEeMH 3pPOCTal0uoro
o0csAry mepelaHuX JaHuX B OE3MPOBOJOBUX MeEpeXax. 3aBIsSKH iif, BCS NMPOMYCKHA 3/1aTHICTh
Mepexi Moxe OyTH e(peKTHBHO BHUKOPHCTaHA, a KOPUCTYBadi OTPUMAIOTh MOXIHUBICTH OOMIHY
JAHUMU 31 MIBUJKICTIO TirabaiT B CeKyHay. BcTaHOBIEHO, MO CHCTEMa aHTEHHUX JIAHIIOTIB Bif
YOTUPHOX JI0 YOTHPHOX Ta TPHOX KOPUCTYBAUiB € HAHOUIBII MPOAYKTUBHOIO Ta €(PEeKTUBHOIO.
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