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AHHOTanus. B coBpeMEHHOM TOPOICKOM penbede CYIIeCTBYeT OONBIIOE KOMHYECTBO
MIPEMSITCTBUIN B BUJE 3aHUM, IPOBOJIOB, IEPEBBEB, ABMAIOIIUXCA TPUIUMHAMHE MIEPEOTPAKEHH
CHUTHaJIa, YTO B CBOIO OYEPEeIb MPUBOMUT K CIIOKHOCTSIM PH ACTEKTUPOBAHNH UCXOAHOTO CUTHA-
na. MHoroIy4eBoe pacrpocTpaHeH e IPOUCXOIUT U3-3a OTPAKEHUSI, PACCESIHUS U TUPPaKIIUA
JJIEKTPOMArHUTHBIX BOJTH TIPH TOMAJaHUU Ha MIPUPOAHBIE U TEXHOT€HHbIE MPensITcTBHUs. B pe-
3yNbTaTe B MPUEMHYIO aHTEHHY PUXOIUT MHOKECTBO BOJTH C PA3IMUHBIMU 3aJIep>KKaMH, 3aTy-
XaHWsIMHA U pazaMu. [yt 60psObI C STUM HeraTUBHBIM 3()(HEKTOM BOZMOXKHO TIPHMEHEHUE CHUC-
TeMm ¢ Texnonorueir MIMO. B nHacrosiiee Bpemst TexHonorust MIMO (Multiple Input Multiple
Output) UCIIOIB3YETCS MPAKTHYSCKH BO BCEX COBPEMEHHBIX OCCITPOBOIHBIX TEXHONOrHsX. JlaH-
Hasl TEXHOJIOTUS [T03BOJISIET MCIIONB30BATH HECKOIBKO TIPUEMO-TIEPEIAlONINX aHTEHH VIS YBEJH-
YEHUS MPOITYCKHOM CIOCOOHOCTH KaHAJIOB CBSI3U M YMEHBIIIEHHUS! OIIMOOK, BO3HUKAFOLIHX MPH T1e-
penade naHHBIX. B pabore paccMarpuBaroTCcs MPUEMHHK C Jiekoppensiuueii (ZF-npueMHuK) u
MPUEMHHK, MUHAMH3HPYIOLIEro CPETHEKBAIPATHIECKYIO OIMHOKY oreHnBanus (Minimum Mean
Square Error (MMSE). Taroke maercst alnroput™ paboThl MOZENH chcTeMbl repeaadd MIMO ¢
npumMenenneM ZF- 1 MMSE-npueMHIKOB. B 3akimiounTeNnbHOM 4acTh cTaThU MIPUBOISTCS pe-
3ynbTaThl MoAenupoBanus BER npu pasnuuHoM KonuyecTBe IpUEMO-TIepenatonuX aHTEeHH.

KuiroueBble ciioBa: curuali, cxema, KaHajl CBSI3H, aHaliu3 naHubix, MIMO, 3aryxanue,
HCKa)KeHUs, ToMexu, MmonenupoBanue, BER, ZF, MMSE.
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B nacrosiee BpeMsi OONBIIMHCTBO U3 CO-
BPEMEHHBIX OCCIPOBOJHBIX CHUCTEM Iepenadu
JTAHHBIX HCIOIB3YIOT TexHonoruio MIMO [1].

B cucreme MIMO Ha cTopoHe mepenat-
YHKa, JaHHbIE OJHOBPEMEHHO MEepeaaroTcs de-
pe3 M anteHH. Ha npueMHO# cTOpoHE Kakas
u3 N IpHEeMHBIX aHTCHH MPUHUMAET CYMMY CHT-
HaJIOB OT mepenaronux anTeHH. Ha pucynke 1
n3o0paxkeHa CTPYKTypHasi CXeMa CHCTEMBI C
ucrnons3zoBanrneM MIMO.

Bnaromaps Hamuumio 3¢ eKTa MHOTOIyYe-
BOCTH B TpPaKT€ paclpoCTpaHEHHs PaJHOBOIH,
KaXK1bIil 13 M U3 Ty4EHHBIX CUTHAJIOB MHOTOKpAT-
HO TIEPEeoTpa)kaeTcsl OT Pa3IMYHBIX HAa3EeMHBIX
00BEKTOB, TAKUM 00pa3oM (HOPMHUPYIOTCS He3a-
BHCHMBIC TPACKTOPHH MTPOXOKICHUS PAUOBOIH
MEXy KaKJI0i nepeaarolieid U Kaxaou npuem-
HOW aHTeHHaMH. TakuM oOpa3oM, TEXHOJIOTHS
MIMO no3BoJIsIeT U3BJICYb MONB3Y U3 dPdekTa
MHOT OJTy4€BOCTH.

Hwxe mepednciensl cymecTByIoIue Me-
TOABI ICTEKTUPOBAHHUS OJHOBPEMEHHO TIepesa-
BAaeMBIX CHUTHAJIOB.

Juneiinvte npuemuuru. CI0XHOCTH Je-
KOJAMPOBAHUS IPOCTPAHCTBEHHO MYJIBTHUIIICK-
CHPOBAHHBIX CHTHAJIOB MOXXHO CYIIECTBEHHO
YMEHBIIUTH 32 CUYET MPUMEHECHHUS JTUHEHHOTO
(dpoHTaTBLHOTrO IpUEMHHKA (PHC. 2), 9TOOBI CHA-
yaja pa3feiauTh MepeaaHHble TOTOKH TaHHBIX,
a 3aTeM HE3aBHCUMO JCKOIMPOBATH KaKIBIi
13 TOTOKOB.

[Iponenypa pa3aeneHuss CHMBOJIOB OIpese-
nsercs cootHomenueM z(k) = W(k)r(k).

B kauectBe W(k) MOTyT CITy>KWUTB:

1. llpuemuuk ¢ aexoppeasiumeii (ZF-
MPUEMHHUK), KOTOPBII OmpenensieTcsa COOTHO-
HIEHUEM:

W, k)= H"" = (H"H)'H", (1)
rne HMP = (HHH)'HY o3nauaer ncesmoobpainenune
Mypa-Ilenpoy3a kaHanbsHON MaTpuLsl H [2].

Ha Brixone ZF-npueMHuKa nomnyyaem

z=s+ H"Pp, )

JT0 moKasbiBaer, 4yTo ZF-mpuemMHuK pas-
JieJIAeT MaTPUYHBIA KaHa Ha N HapajulebHbIX
CKISAPHBIX KAaHAJIOB C aJIMTHBHBIM MPOCTPaH-
CTBEHHO-OKpaIllleHHbIM ImyMoM. Kaxiplii cka-
JSIPHBIA KaHaJl 3aTeM JCKOJAHPYETCs] He3aBUCH-
MO, HTHOPHPYS KOPPETUPOBAHHOCTH IIyMa B 00-
pabaTeiBaeMbIX TOTOKaX. ZF-npueMHHK Tpeos-
pasyer mpobiieMy COBMECTHOTO JIEKOJMPOBAHUS
N IpoOJIeM NEKOAMPOBAHUS OTAEIbHBIX I10TO-
KOB (TO ecTh OH mnojarysier MSI), Takum o0pa-
30M 3HAYUTENBEHO CHUXKAsI CIIOKHOCTH IIPUEMHU-
Ka. DTO CHH)KEHUE CIIOKHOCTH MTPOUCXOIHT, OJI-
HAKO, 32 CUET YBEIUYCHHUS IIIyMa, YTO IPUBOIUT
K 3HAYUTETHHOMY YXY/IIICHHIO Ka4eCTBa MO CPaB-
HeHuto ¢ MII-npueMHUKOM.
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Puc. 2. CtpykTypHas cXeMa CHCTEMBI CBSA3H C JTMHEHHBIM (DPOHTATIBHBIM TPHUEMHUKOM
JIJIS pa3/ieieHust IOTOKOB IaHHBIX, iepelaHHbIX dyepe3 MIMO-kanan
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2. llpueMHNK, MUHMMHM3MPYIOLIMIA cpef-
HEKBAPATHYECKYI0 OMIMOKY OleHUBaAHUS
(Minimum Mean Square Error [MMSE] receiver).

®ponransablii MMSE-npuemHnK ypaBHOBe-
muBaer ymenbinenne MSI u yBenndenue nryma
U OINPEAEISAETCS COOTHOLICHUEM:

n -
WMMSE(k):(HH_'_?TInT) H'. 3)
B pexxume nuzkux SNR (p = 1) MMSE-

MPUEMHHK TPUOIIMIKAETCS K COTIIACOBAHHOMY
GuIBTpY, onpenensieMoMy COOTHOIICHHEM

. A. Tioxmses, H.H. Epuaxosa, E.C. Cemenos. Uccnenopanue nerexkrupoBanus ZF u MMSE B cucremax MIMO

WMMSE = N(;IHH (4)

U NpeBOCXOoaUT ZF-IpueMHUK, KOTOPBIA yBENIH-
guBaer myM. Ha Beicokux SNR (p=1):

w W (5)

MMSE —

[IpousBenemM MoaenupOBaHUE NPUEMHU-
ka ZF u MMSE B mporpamMMHOM HpPOAYKTE
Matlab. Anroput™ paGoThl MOJICITH IIPEACTAB-
JICH Ha PUCYHKE 3.
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Puc. 3. Anropurm padotst ZF u MMSE
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B kauecTBe kaHasa CBSI3U OBLI UCIIONB30-
BaH KaHai c OenbiM ['aycCOBCKMM IIyMOM, KO-
TOpBIH MeHsics B nuamnaszone ot 0 J16 xo 20 10
[3]. PesynmbTaThl paboTHl MOJIENU TIpENCTaBIIC-
HbI Ha pUCYHKax 4 1 5.

B XO[€ OKCIICPUMEHTA 6I)IJ'IO BBIAIBJICHO, YTO
B clydae, €Clii KOJIWYECTBO MPUEMHBIX aHTEHH
OOJIBIIIE KOMMYECTBA TEPEIAIOIINX, HET Pa3HUIIbI,
Kakol MeToJl MCIONb30BaTh Ha pueme. B ciydae,
€CJIN KOJIMYECTBO IMTPUEMHBIX AHTCHH PAaBHO KOJIU-
YeCTBY IEpeAarollnXx, UCIONb30BaHUE METOa
MMSE 6osee ompaBaaHo, Tak Kak OH TO3BOJISICT
YMEHBIIUTH KOJTMUYECTBO OLIHOOK.
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Abstract. The proliferation of obstacles in urban environments, such as buildings, wires, and
trees, can cause signal re-reflection, resulting in difficulties in detecting the original one. Multipath
propagation occurs when electromagnetic waves hit natural and man-made obstacles, leading to
the reflection, scattering, and diffraction of waves. This can result in multiple waves arriving at the
receiving antenna with different delays, attenuations, and phases. To address this problem, the
widely used in modern wireless communication systems MIMO technology (Multiple Input Multiple
Output) can be utilized. It uses multiple transmitting and receiving antennas to increase communication
channel throughput and reduce errors that occur during data transmission. This paper examines a
receiver with decorrelation (ZF receiver) and a receiver that minimizes the minimum mean square
error (MMSE). Additionally, an algorithm for a MIMO transmission system model using ZF and
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MMSE receivers is presented. In the final section of the article, the results of Bit Error Rate (BER)
modeling are presented for different numbers of transmitting and receiving antennas. The presented
algorithm can significantly reduce errors that occur during data transmission in urban environments,
where multipath propagation is common because of signal re-reflection. The use of MIMO
technology with decorrelation and MMSE receivers can increase the efficiency of communication
channels and make wireless communication more reliable in urban environments.

Key words: signal, circuit, communication channel, data analysis, MIMO, attenuation,
distortion, interference, modeling, BER, ZF, MMSE.
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