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NPUMEHEHUE MIMO-CUCTEM IS ITIOBBIIHNEHUA HAJTE2)KHOCTH
TEJIEKOMMYHHUKAIIMOHHBIX CUCTEM KPUTHYECKOI'O IIPUMEHEHUA

B craTthe mpeanaraeTcs HCMOIB30BATh CUCTEMBI CBSI3U 1o npuHIUY MIMO 1 MOBBIIIICHUS TIPOIYCKHOM CITO-
coOHOCTH OecTIpOBOAHBIX ceTei. sl CHI)KEHHSI yPOBHS OIIMOOK ¥ MOBBIILICHNS HaJISKHOCTH CBSI3M B MMITYJIbC-
Hoit MIMO-crcTemMe KpUTHIECKOTO IPIMEHEHHS MIPEIaraeTcsl HCIOIb30BaTh KOTUPOBaHNE ATaMOYTH.

MIMO, uudposasi anTeHHasi pelleTka, nUdpoBass 00padoTKa CHITHAIOB, NPOCTPAHCTBEHHO-BPEMEHHOE

KOMpPOBaHHe AJIaMOYyTH

AKTYaJIbHOCTDb 314U

CoBpeMeHHbIE 00BEMBI B TIOTOKH Tepeaadn HHQPOp-
Manuy TpeOyIOT NOBBILIEHHs CKOPOCTEH Iepeiadn AaH-
HBIX. B CBSI3U ¢ pocTOM HOMYJISPHOCTH PA3INIHBIX MO-
OWJIBHBIX CPEICTB CBSI3H, BCE OOJIbIIICE BHUMAHUE TIPH-
BJICKACT Pa3BUTHE OCCIPOBOJHBIX TEIEKOMMYHHKAIINH.
Bbosnbime HaJCKIAbl B PCHICHUM 3adadyu TOBBIMICHUA
MPOIYCKHOHW CIIOCOOHOCTH ¥ TOBBIMICHHUS YCTOWIHBO-
CTH CBSI3U B IIOCIIEAHEE BPEMsl BO3JIAraroT Ha pa3BHUTHE
texaosiorud MIMO (Multiple Input — Multiple Output,
CHCTEMa CBS3M C MHOXXECTBEHHBIM BXOJIOM M MHOECT-
BEHHBIM BbIX0oioM) [1 — 4]. [TocTossHHOE COBEPIIIEHCTBO
cnoco0oB nepenayr HHGOPMAIMK M0 STOMY HPUHLHITY,
npunsatre crtanaaptoB IEEE 802.16-2004, 802.16e, a
Taroke oxupaemoro 802.11n roBopHUT 00 aKTyaIbHOCTH
JTAHHOTO HAIPaBJICHUS.

MIMO — 3T0 TeXHONOTHs OSCIPOBOJHON TEepenavn
JaHHbIX, CYThb KOTOpOﬁ 3aKJIIO4acTCsa B TOM, YTO €IH-
HBIN MTOTOK JAHHBIX pa30uBaeTCs Ha HECKOIBKO U Iepe-
Ja€TCA 10 HE3aBUCHUMbBIM KaHajlaM OJHOBPEMEHHO.

Hcnonp3oBaHue DaHHOW TEXHOJIOTHH B OECIpOBO-
HBbIX CCTAX o6eu1aeT PCUINTDb TaKUC KapJAWHAJIbHBIC IIPO-
OlrleMBI, KaKk ITOCTOSIHHO YBEeJNWYHBAOImIasica HHTepge-
pEeHILsl, OrpaHUYEHHAasl M0J0ca MPOIYCKaHUs U HeJ0C-
TaTouHbll paaunyc neictBus. Kpome Ttoro, mepenaua
nH}poOpMaLMK NapajulelIbHO M0 HECKOJbKMM KaHallaM

MOBBIIIACT HAAC)KHOCTH U OTKaSOyCTOﬁ‘IHBOCTL CBA3U.

Heablo cTaThy ABISETCA U3JI0KEHHE HOBOTO NPHUH-
muna ¢popmuposanus curaanos B MIMO-cucreme, no-
3BOJISIIOLLIETO TIOBBICUTh HAJEXKHOCTh U HPOIYCKHYIO
CIOCOOHOCTh TAKHX CHCTEM, & TaKK€ BO3MOXKHOTO CIIO-
co0a JOMOHUTENBEHOTO TIOBBIIIECHHS HAaJIS)KHOCTH CBSI3H
B TEJICKOMMYHHKAIIMOHHBIX CETSIX KPUTHYECKOTO MpU-

MCHCHMU.

AHaJM3 CylIeCTBYIOIIMX pean3auui
MIMO-cucrem

K cucremam MIMO MOXHO OTHECTH JTFOOYIO TEXHO-
JIOTHIO, KOTOpasi OCHOBBIBAETCS HA MCHOIb30BaHUU
MHOTOKAaHAJIbHBIX aHTEHHBIX CUCTEM B yCTPOMCTBAX IO
obeum cropoHaMm paaronuHuU. COOTBETCTBEHHO, COYe-
TaHHe pa3HOOOpa3HBIX CIOCOOOB Tepeayu U NpuemMa, B
KOTOPBIX 3aJeHCTBYIOTCS HECKOJIBKO IEpealolinX |
NPUEMHBIX AHTEHH, MOXET OBITh OIpENeNIeH0 Kak
MIMO-meron. OgHako CYLIECTBYIOIIME pealu3alun
cucreM MIMO [1, 2] moka HE3HAYUTENHFHO YCKOPSIOT
TpaduK M HECIOCOOHHI TepenaBaTh JaHHBIC Ha OOJb-
e paccTosiHus [3].

Bumecte ¢ Tem MIMO-npuHIun mno3BosiseT yMEHb-
IIATh YHCIO OMMOOK INPH pagrooOMeHe ITaHHBIMH
(BER) 06e3 cHIXEHHs CKOPOCTH Tepelayd B yCIOBUSIX
MHOXKECTBEHHBIX TepeoTpaxkeHuii curHamoB [3]. Ilpm
3TOM MHOT'O3JIEMEHTHbBIE AHTEHHBIE YCTPOWCTBa obec-
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— pacmHpeHHe 30HBI TOKPBITHA pPaIHOCHTHAIAMH
Y CTJIQ)XKMBAHKE B HEH «MEPTBBIX 30HY;

— WCIIOJIb30BaHME HECKOJNBKUX ITyTeH pacrpocTpa-
HEHHSI CUTHAJIA, YTO MOBBIIIAET BEPOSTHOCTh PAOOTHI IO
TpaccaMm, Ha KOTOPBIX MEHbIIE MPOOJIeM C 3aMHUPaHHUS-
MU, IEPEOTPAKECHUSIMHU U T.I1.;

— YBENHMYCHHE NPOIYCKHOW CIIOCOOHOCTH JIMHUH
CBsI3H 3a cueT (POpMHPOBaHUS (PH3MUECKH Pa3ITHIHBIX
KaHAJIOB (pa3Ae’IeHHBIX POCTPAHCTBEHHO, C MIOMOIIBIO
OPTOTOHAIBHBIX KOJIOB, YacTOT, MOJSPHU3AIIMOHHBIX
MOJ).

B nacrosmee Bpemsa B cucreMax MIMO npumens-
10Tcs npeumytectBeHHo Bapuantsl OFDM-monynsauuu
CUTHAIOB [3], KOTOpBIC MPEICTABISIOT COOOH MaKeThI
OTHOCHTEIIBHO TPOTSDKEHHBIX BO BPEMEHH OPTOTOHAIB-
HBIX TI0 dYacToTe panuokoneOanmii. Takwe pemeHus
HUMEIOT CIEIYIOIIe HEeOCTATKH:

— HEoOXOTUMOCTh OPTOTOHAJIBFHOCTH YacTOT He-
CYIIIUX CUTHAJIOB;

— CpaBHUTEIILHO BBICOKHE TPeOOBaHUsI K MIHOBEH-

HOMY JAWMHAMHWYCCKOMY JHUAIla30HY HNEpeAaromunX KaHa-

JIOB.

Cnoco0 noBbINIEHUA HAACKHOCTH CBA3H
B MIMO-cucremax

3amauell HMCCIENOBaHUN SIBISETCA OaJIbHEHIIEE I10-
BBILIICHUE MPOMYCKHOW CIIOCOOHOCTH M YyBEIMYECHHUE
JaneHOoCcTH cBsA3u B cucteMax MIMO c onHOBpeMmeH-
HBIM TIOBBIILICHHEM WH(QOPMALMOHHON HA/JIEKHOCTH
TEJIEKOMMYHHUKALMOHHBIX CHCTEM.

B orimume oT M3BECTHBIX pean3alyii, mpearacTcs
WCIIOIb30BaTh HOBBIM MOAXOA Npu (OPMHUPOBAHUM CHT-
HanoB B cucteme MIMO [4, 5], KOTOpBIIf COCTOHT B TIe-
perade KaKIbIM MapLHaIbHBIM 3JIEMEHTOM LH(POBOI
anTenHoi pemetrkn (LIAP) makeToB B3aMMHO MepeKphI-
BarOIMXCs BO BPEMEHU HMMITYJIbCHBIX CUT'HAJIOB. dakTu-
4eckH pedyb uuer o0 umnynscrhou MIMO-cucteme. Ha
puc. 1 mokasaHsl npeyiaraemslii (puc. 1, a) U Tpagumy-
OHHBIH (puc. 1, 6) criocoOs! HOPMUPOBAHNUS CHTHAIIOB.

B nepBom cirydae (puc. 1, a) cHTHaJBI B T TIepearo-

MUX KaHajgax (OPMUPYIOTCS B Pa3HbIE MOMEHTHI Bpe-

MEHHU, HO MX B3aMMHBIN C/IBUT HE MPEBBILIACT IJTUTENb-
HOCTh OJIMHOYHOTO MMITyJjibca (B OTIMYHME OT TPaIUIId-
OHHO HCIIOJIb3YeMOH cxeMbl m3nydenus (puc. 1,0), rae
CUI'HAJIbl BO BCCX I KaHajlaX MU3JIYy4YarOTCsa B OJUH U TOT

K€ MOMEHT BPEMEHH).

Ut U,

Puc. 1. [IpennaraeMslil MpUHIUI U3Ty4ESHUS

WUMITYJIbCHBIX CUTHAJIOB aHTEHHOW pelieTKoH (a)

(6 — TpaAMIIMOHHO UCTIONIb3yeMast CXeMa M3JTyYESHUs])

3aKOHBI M3MEHEHHsI OTMOAIOINX HMITYJIbCOB, (op-
MHUPYEMBIX B Pa3HBIX KaHAaIaX, MOTYT OBITh OJMHAKO-
BEIMH WM Pa3WYHBIMH, HO B JIFOOOM Cllydae ToJjara-
IOTCS. TOYHO HM3BECTHHIMU [4]. AMIDIUTYABI TapIifaiib-
HbIX MMIIYJIbCOB IIEPEN H3JIyYEHUEM IOABEPraroTCs
MHOTOYPOBHEBOM aMIUIMTYJHOM WM KBaJpaTypHOU
ammuTyaHoi MoayssiiusaM (M-QAM). CriocoOs! aeko-
JMPOBAaHMSI TOIYYCHHOW TaKUM 00pa3oM CHUTHAJIBHOM
cMecu onucansl B [5]. Ilpu atom, B otnmure ot OFDM,
OTCYTCTBYET HEOOXOIMMOCTb B OPTOTOHAJIHHOCTH dac-
TOT HECYLIUMX CHUTHAJIOB, YTO IO3BOJISIET CY3HUTh CIIEK-
TPaJbHYIO MOJIOCY pPamuoiIMHUU CBs3u. Kpome Toro,
CHIDKAIOTCSI TPEOOBaHMS K MTHOBEHHOMY JWHAMHYECKO-
My Juana3oHy nepenaronux kananoB L[AP, mockombky
H3TydaeMble HMITYJIBCHl HAKJIaJBIBAIOTCA BO BpPEMEHH
JIpyT Ha Jpyra HE B aHAJIONOBOM MEPENAIOIIEM TpakTe,
Kak 3TO IIPEyCMOTPEHO B [6], a B IPOCTPAHCTBE.

Kak yxe ormeuanoch, caMo mo cebe MpHMEHEHHE
cucreMbl MIMO TIOBBIIIIAET HAIEKHOCTH M OTKAa30-
YCTOMUMBOCTb CBSI3U 32 CUET Mepeaaur napaie]bHbIMU
KaHaJIaMHu OJHOHM | Toi e mHpopmanuu. OgHaKO, MO-
CKOJIbKY B IIpeajiaraeMoM crocode GpopMHupoBaHuUs CHT-
HaJOB KaX[blil KaHaJl JOIMOJIHUTENBHO YIUIOTHSETCA U

nepeaacT CBOK, HE MOBTOPAIOMIYIOCA B IPYTUX KaHAJIaX



208

Cucmemu uyughpoeoi 06pooKu cuznanie

HHPOPMALINIO, HEOOXOIUMO MPEIyCMOTPETH CIIOCOOBI
MOBBIIICHUS] HAIEKHOCTH IepeJaBacMoil TakuM oOpa-
30M uH(popmanuu. Kpome TOro, CKOpocTh nepenadu B
cucteme MIMO moBbilIaeTcss B MEPBYIO OUEpedb 3a
CYET CHIDKEHHUs ypoBHs omnOok [3]. Benencreue artoro,
BO3HHMKAEeT BOIPOC JIOTIOJHUTEIHHOTO IOBBIIICHUS Ha-
JISKHOCTH TIepeiaBaeMoil MH(OpMAIHH.

Kax BapuanT, BO3MOXXHa niepefadya B M-KaHAJIbHOU
AP xaxmbm i-Mm (i = 1,2, ..., M/2) aHTeHHBIM KaHa-
JIOM TIONIe3HOW WH(OPMALUK B COOTBETCTBUH C TIPE-
JIOKEHHBIM B [4, 5] cioco0oMm u1st ycKOpeHus nepegadn
coobmenus, a j-M (j = M/2+1, M/2+2, ..., M) xanaiom —
nyomupytomeii MHGOPMAMK ISl CHWDKEHHS YPOBHS
OomKOOK M, KaK CIEICTBUE, OISThH KE MOBBIIIEHHS CKO-
pOCTH TIepenayu.

Jns IMIyIIECHOM CXeMBI MOIYJISIIAN TpeiiaracTcs
MpUMEHUTh KoaupoBaHue Amamoytu [3, 7]. Ilpemmo-
KEHHOE AJITaMOYyTH pa3/eieHHe CUTHAJIOB Ha IPUEMHOM
cropoHe cuctembl MIMO oTHOCHTCS K Kjaccy Mpo-
CTPaHCTBEHHO-BPEMEHHOTO OJIOKOBOTO  KOJMPOBAHUS
(OSTBC, orthogonal space-time block codes). ITpun-
LIUIT KOAMPOBAHUS 1O AJIAMOYTH COCTOHMT B TOM, YTO
o yIeXamas mepeaade MmociaeJ0BaTeIbHOCTE CHMBOJIOB

pasbuBaercs Ha Hapbl X; U X;,; . OObIYHO JuIA Hepena-

YK TaKOro OJIOKa TPEOYIOTCS JBa U3JIydaTelis U J1Ba WH-
TepBajia mepenavn. B mpemiaraeMoM BapuaHTE BMECTO
JIByX HE3aBHCUMBIX UHTEPBAJIOB MEPEIAYH HCIIOIB3YET-
csl KBaJpaTypHas aMIUTHTYTHAs MOIYJSIHS B Ka)XIOM
MepearmeM KaHaine HMaphl UMITYJIbCHBIX PaIdOCHTHA-
JIOB, CIEIYIOUINX CO B3aMMHBIM HAJIO)KEHHEM BO Bpe-
MeHU. [lepBbli MMIYJIbCHBIM PagUOCUIHAT IEpenaro-

mel aHTeHHb! | Oyner MOmyTHMpoOBaH CHUMBOJIOM X,
TOrJa KaK aHTEHHBI 2 — cUTHaIoOM X;,;. Cienyromuii
HMIYJIbC M3JTy4aeMOl Maphl CUTHAIIOB aHTEHHBI 1 mepe-

*
JacT CUMBOJI  —X;|, @ U3JIy4arelb 2 — COOTBETCTBEH-

* *
HO X; . 3HaK O3HAYaeT KOMILIEKCHOE CONPSKECHUE!

. * .
ecnu x; =a; + jb;, T0 x; =a; — jb; . Duzndeckas cym-
HOCTb TaKUX MAaHUITYJISAIUI C U3Ty4yaeMbIMU CUTHAJIAMU
CTAQHOBUTCS ITIOHSTHOM, €CIH BOCHOIB30BAaThCA HX Ma-

TEMATUICCKUM NIPEACTABIICHUEM !

x;p=a;+ jbis xppp =aiq+ jbigy;

* .
x; =a;— jb;;

%
—Xi41 = A1 T jbiyy

HecnoxxHo 3aMeTuTh, 4TO NpH CHH(pA3HOCTH CUTHA-
JIOB B TIEPBOM BPEMEHHOM HHTEpBaJle, BO BTOPOM OHH
o0s3arenbHO OynayT B IpoTuBodase, u Haobopot. Ecmm
ke (pa3bl CUTHAJIOB B NIEPBOM MHTEPBAJIC OPTOTOHAIIBHBI
(pazHocTh 90°), TO TAKOBBIMH OHU OCTAaHYTCS U BO BTO-
POM CIIOTE Iepeiayu, ¢ TOW JIMIIb Pa3HULEH, 4To orre-
pekeHne (aspl M3IydeHHUs 1MoodepeaHo OyIeT BO3HH-
KaTb TO Ha MEPBOIA, TO HA BTOPOI aHTEHHAX.

Korma nepenatomast aHTeHHasi CHCTEMa COCTOMT U3
JIBYX HECUMMETPHUYHBIX BUOPATOPOB, PE3yIbTUPYIOIIAS
nuarpamMMa HanpasieHHocTH ([IH) cymecTBeHHO 3aBH-
CUT OT COOTHOIICHHS (a3 BXOJHBIX CHUTHAJIOB (pHC. 2).
B o61em cityuae pesynsrupytomas IH oTkioHsiercs ot
HOpMaJu K JIMHUH, COSANHSIONEeH BUOpaTopsl, B CTOPO-

HY 3JIEMCHTA, HAa KOTOPOM (1)3321 CHUI'HaJia 3ara3abIBacT.

a 0
Puc. 2. I3MeHeHne OpHeHTallud MaKCUMyMOB
M3IYYCHUST CHCTEMBI U3 JIBYX BUOPATOPOB
B 3aBHCHUMOCTH OT Pa3HOCTH (ha3 MUTAIOIINX CUT'HAJIOB:
a — cuH(pa3Has 3aIMTKa U3JTydaTese;
0 — mpoTuBO(ha3Has 3aMMUTKA

Takum 00pa3oM, MakCHMyM 3HEPTUH UMITYJIbCHOU
curHanbHOM cMecu MIMO, xoxupoBaHHOI 1o Anamo-
YTH, H3Iy4aeTcss KOKABIM pa3 B Pa3IMYHBIX HaIpaBle-
HUSIX, IPUYEM Pa3JIMYHBbIX IS KaKI0M HOBOHM mnepena-
BaeMOW Iapbl CHMBOJIOB B 3aBHCHMOCTH OT Pa3HOCTH
(a3 curHasioB. OTO MOBBIMIACT BEPOSATHOCTh UX MPOXO-
KACHUA C YYETOM HaJIM4Yusd MHOXKCCTBCHHBIX MEPCOT-
paxkaTenei.

['maBHBIM OTpaHWYEHHWEM B TIPIMEHEHHH PACCMOT-
PEHHOTO MeToNa KOAWPOBAaHWS — IOMYIICHHE O HEU3-
MEHHOCTH XapaKTepHUCTHK KaHaJda HE TOJBKO B IBYX

IIOCJIEA0BATCIIBHBIX BPEMCHHBIX HMHTCpBaAJIaX, IO KOTO-



Cucmemu uyughpoeoi 06pooKu cuznanie

209

PBIM PAaCCUMTHIBAIOTCS TEPENATOYHBIE XapaKTEPUCTHKH,
HO U BIUIOTh O MOMEHTa OKOHYaHHS ITPHUEMa MOJIE3HOH
nHpopmanuu [3]. Ilo 3Tol mpuuMHE MPOCTPAHCTBEHHO-
BPEMEHHOE KOIUPOBaHHE AJIAMOYTH JUII MOOHIIBHBIX
aOOHEHTOB CONPOBOXKIAETCS MaaeHneM 3P dexTHBHOCTH
nepeiayu.

Crnenyer OTMETUTh, YTO IO CHMBOJIOM, IOJUIEKa-
MM TIepefade, B PACCMOTPEHHOM CIIy4ae MOXKET IOJI-
pa3ymeBaThCs OJOK M3 HECKOJIBKUX OMTOBBIX MOCIENO-
BarenbHOCTEeH. [Ipy 3TOM BMecTO mapbl MepeKpbIBarO-
UXCA UMITYJIbCHBIX CUI'HAJIOB MOKET HCIIOJIb30BATLCA
HNX MHOXXCECTBCHHAs I'pyHinpoBKa.

[Tpn yBenmuueHnM KOJIMYECTBa IEPEaloInX aHTeHH
JI0 4eThIpeX yIOOHO MCIIOJIb30BaTh PACIIMPEHHYIO CXe-
My KomupoBaHus AnamoyTH [3, 8], mpuBEIEeHHYIO B
Tabn. 1. B Heil mox HOMEpOM BPEMEHHOTO WHTEpBAJa
cJlelyeT MOHNMATh HOMEP MMILYJIbCa B KBaIPOCUTHAIIb-
HOM CMECH, COCTOSIILIEN U3 YEThIPEX NEPEKPhIBAIOIIMXCS
BO BpPEMEHHU paauoumiryiibcoB. [Ipu sTom obuiee xonu-
YECTBO U3JTy4Ya€MbIX B 3(1)I/lp C HAJIO)KCHUEM BO BPEMCHU
CUTHAJIOB paBHO 16.

Tabmumna 1

PacmmpenHnas cxema KogupoBaHusi AlnaMoyTH

AnTeHHa 1|AHTeHHa 2|{AHTeHHa 3|AHTeHHA 4
Wureps.1 X; Xi+1 Xit2 Xi+3
Wnreps.2 x,il - X;ﬁ X?+3 - x?+2
Wnreps.3 x;z X,*+3 _xl* —x;l
Nureps.4 | Xj43 —Xit2 —Xit] X
BobiBoa

[IpumeHeHre OTJIIMYHOTO OT M3BECTHBHIX CIIOCOOOB
pasHeceHns] MH(GOPMAIOHHBIX COOOIIEHHH IO cocell-
HUM BO BPEMEHH HMITYJICaM CIIOCOOCTBYIOT IOBEHIIIIE-
HUIO HANEKHOCTH CBS3M B TEJICKOMMYHHKAITHOHHBIX
cucTeMax KpuThuueckoro npumeHeHus. [lpemaioxeHHbIi
crnoco0 Tmepenadyd IO3BONIAET CY3UTh CHEKTPAIBHYIO
I10JIOCY PaJUOJIMHUY, IOBBICUTH €€ IPOIYCKHYIO CIIO-
COOHOCTB, YTO TaK)Xe IOBBIIIAET HAJEKHOCTh U 0e30-

IHaCHOCTH CBA3H B LICJIOM.
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