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BBepeHue

CerogHsa B obnactmn 6ecnpoBogHoOM CBA3M HabnogaeTcsa sBHas TEHAEHU NS YBEJIMYEHUNSA CKOPOCTEN
rnepenayun faHHbIX U, Kak CnencTBme, HexBaTKa AOCTYMNHOro pagmnocnekTpa. B cBs3mn ¢ 3Tum, npeamMeToMm
AKTUBHOI0 NCCNeA0BaHUSA BbICTYNAET BO3MOXXHOCTb NPUMEHEHNA MUIJIMMETPOBOMO ANarna3oHa B CeTAX
6ecrnpoBoAHON CBA3M NATOro nNokoseHns. Cpean BO3MOXXHbIX KaHANOATOB BbICTyNaeT TEXHOI0rns
802.11ad/WiGig, koTopas oTAnYaeTCca MasbiM paguycam gencteus n yactotom B 60 'y, CTaHgapT
802.11ad cymnTaeTca ogHUM M3 Hanbosiee NepCrnekTUBHbLIX PELLEHW OS5t BbICOKOMPOM3BOANTENbHbIX
6ecnpoBOAHbIX CUCTEM.

B MunnnmeTpoBOoM Amnana3loHe OJ1 KoMneHcaum 6onblnx NoTepb Ha Tpacce (CUrHasbl BbICOKOW YacToThl
ObICTPO 3aTyXatloT) 06bIYHO NUCMOJIb3YETCA CPABHUTEJIbHO HOBas TexHoslornsa beamforming, nossonswoLwas
dhopMmpoBaTb AMarpaMmy HarnpaBJEHHOCTN, HAaNPaBAEHHYI0 MaKCMMYMOM TOYHO B CTOPOHY NMpuUeMHuKa. B
COBpPEMEHHON paano3n1eKTPoHHOW annapaType beamforming peannsyetca Ha ocHoBe PAP (ha3mpoBaHHbIX
aHTeHHbIX pelleTok). Ha npakTuke beamforming nossosnsieT o6ecneynTb BO3MOXHOCTb yrpaB/ieHNs Jly4oM
B Anana3oHe 100 - 120 rpagycoB, MO3TOMY B C/ly4ae MCMNOJIb30BaHMNSA 3TON TEXHONOIMW 418 TOYEK JOCTyNa
Heob6Xx0AMMO NCMNOJb30BaTb HECKOJIbKO aHTEHHbIX pagnuoMoaynen ansa JOCTUXKEHUS OXBaTa BO BCEM
Anana3soHe yrnos go 360 rpagycos.

Mpwn pa3MeLLeHnn 60bLLOro KOMYecTBa MOBMbHBIX CTaHUNIA NPEANOYTUTENbHO NCMNOb30BaTb A1
Ka>X40ro pagMo4acTtoTHOr0O MOAYNA OTAENbHbIN KaHan cBsa3u. OgHako, B gnana3oHe 60 'L JoCTynHbI
ToJIbkO 4 KaHana (nogpobHee 06 3ToM 34€eCb), N BECNPoOBOAHbLIE NHWUW CBSA3X NPU 3TOM MOMYT UCMbITbIBATb
6o/blUMe NOMEXU, PUCYHOK 1:
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PucyHok 1

IEEE 802.11ad / WiGig ncnosb3yeT 4Ype3Bbl4aiHO LUMPOKYIO NOJI0CY NponyckaHusa 1,76 'L Ha 0AWH KaHan ¢
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VHTEepBaJZioM Mexay HUMu B 2,16 'L, 3To NpMBOAUT K TOMY, Y4TO B OTJINYME OT 0ObIYHbIX COTOBbLIX CUCTEM,
npuemMornepenaTyumk ¢ 4Yactotom 60 'y obnagaeT nnoxon n3brpaTenbHOCTbLIO MO KaHasy, 4YTo
NoTeHUWMaIbHO Bbi3blBaeT 60/blLUME NOMEXU B COCEeAHEM KaHasle B 3aBUCMMOCTW OT MECTOMOJIOXKEeHUS
MOBUIBHOM CTaHUUN. HXKe Mbl paCCMOTPUM, KaK BAUSAET MHTepEPEHUNS MeXay COCeAHUMMN KaHalaMu B
60-rurarepLoBbIX CETAX, OTBETMM Ha BOMPOC, KaKy MeToAMNKY NoOaBAEHMNSA MOMEX MOXXHO UCMO/b30BaTh, a
TaK>Xe HaCKOJIbKO OHa 3pheKTrBHaA.

NuTtepdhepeHums B cetax 802.11ad
Hwxe byneTt nprMBeneHa OLEeHKa TOro, Kak nHTepdepeHunsa B CeTAX MaJsloro paguyca AENCTBUSA MOXET
BJINATb Ha Ka4eCTBO CBA3U. 3aa4v4a NosicHAeTCA PUCYHKOM 2, Ha KOTOPOM MNOKa3aHO, 4TO TOYKa A0CTYyMa

pa3MeLllaeTcs Ha BbicoTe 110 cM B TPEXMEPHOW CUCTEME KOOpAuHaT (X,y,z)=(0,0,110). Touka C
KoopamMHaTamum Xx=0 COOTBETCTBYET rpaHuLLe 30H NOKPLITUSA ABYX MOBUNbHbLIX CTaHUuui (STA - Station).

Touka gocTyna

RF Moay.ib 2
Z,y (CH3)

RF Moayv.ab 1
(CH2)

- X

Ex. m3M.: cM.

PucyHok 2

MobunbHble cTaHuun STAL 1 STA2 pa3MeLLaloTca B MeCcTax, COOTBETCTBYIOLWMX KOOpANHaTaM (X,y,z)=
(5,60,0) n (x,y,z)=(-5,60,0) cooTBeTCTBEHHO. Ha pnCyHKe 3 NoKa3aHbl ABa TUMNYHbIX C/ly4Yas, Koraa noMexmu
B COCelHEM KaHaJie BJINAIOT Ha KayecTBo npuema STA.
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PucyHok 3

Cn/IOWHBIMU CUHMMWU NINHUSIMW MOKa3aHbl NOJse3Hble CMrHasibl BO BTOPOM KaHaJsie (CH2), NyHKTUPHbIMK
KPacHbIMUW JINHUAMM - CUTHaJIbl MOMEXWN OT TpeTbero kKaHasna (CH3). Ha pucyHke 4 noka)keM BpeMeHHble
AnarpamMmmbl MakeToB, NepefaBaeMbiX ABYMS CUTHaNaMu:
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PucyHok 4

N3 pucyHka cnegyeT, 4To STAL NpuUHUMaeT KOPOTKME NaKeTbl C BLICOKOW MPOMYCKHOW CrMocobHOCTLIO, a
STA2 - OJINHHbIE NaKEeTbl C HN3KOW MPOMYCKHOW CMOCOBHOCTLIO. Mpn 3TOM Ka4yeCTBO CBA3M MOXXHO OLEHUTb
nyTeMm namepeHunsa KoadppurumneHTa owmnbok naketo (PER - Packet Error Rate) B Tpebyemoi MobusbHON
cTaHuum STA. B Tabnnue 1 npuBoaATCcs pe3ysbTaTbl U3MEPEHU YacToThl ownbok PER gnsa
paccMmaTpuBaeMbixX ABYX C/ly4HaeB: NepBbln (PUCYHOK 3 cfieBa), KOrga nomMexa oT TOYKM A0CTyrna oKasbiBaeT
B/INSAHME Ha cocefHioto STAL, n BTOpon (pUCyHOK 3 cnpaBa) - UCTOYHUKOM nomexn ans STAL asnsdeTcsa
HenocpeAcTBeHHO MobunbHasa ctaHumsa STA2. PocT PER HabntogaeTca ToNIbKO B MEPBOM CJlyYae U
coctasnset 12.4%.

Tabnnua 1 - U3mepeHne YacToThl ownbok B STAL

NMomexa ot T Ha Momexa ot STA2 Ha
STAl STAl

PER (ko3¢ ¢dpmrumeHT oLLM60YHO NPUHATBIX
naxkeToB), % 12.4 0
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OCHOBbIBasICb Ha pe3yJsibTaTax M3MEepPeHUl, MOXXHO CAeslaTb BbIBOA O TOM, 4TO Korga STA pa3MelleHbl
[I0BOJIbHO G6/IM3KO APYr K APYTY, CH/UXEHNE NPOU3BOANTESIbHOCTY Bbi3BAaHO, B OCHOBHOM, MeLLaloLWnm
CUIHANOM OT TOYKW AOCTYrMa, KOTOPbIN MOCTYMNAET B TOM XKe HamnpaB/eHWW, YTO U MOJIE3HbIA CUTHaJ.

Mopnasnenme nHrepcgepeHuun c nomoubio beamforming

Ons ymeHblLIeHNa NnoMex OT TOYKM A0CTyna B MobuabHOW cTaHumn STA MmoxxeT 6bITb MCNOJIb30BaH
rmbpnaHbIA MeToh aHasnoBo-uMdpoBoro beamforming’a ons Rx nyyen, KOTopbIA pacCMaTprMBaeTCs 34eCh.
OH no3BonseT 3heKTUBHO NPOTUBOAENCTBOBATL MOMEXaM, a ero peaansayns MMeeT 40BOJIbHO MaJibli
rabapuTHble pa3Mepsbl, Kak MOKa3aHO Ha PUCYHKe 5 BMecTe ¢ 6s10k-gmnarpamMMon (cxema 3aMMCTBOBaHa 13
YKa3aHHOIro UCTOYHMKA):
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PucyHok 5

B cxeMe npon3BoamMTCa aBTOMaTUYeCKoe (hOpMUPOBaHME AMarpaMMbl HanpaBIeHHOCTN, HeobxoanuMon s
Ka4yeCTBEHHOr o NMpueMa curHasa ot aboHeHTa, TO eCTb UMeoLas MaKCMMYM U3Jly4YeHUsl B HanpaBJIEHUN Ha
WCTOYHUK CMrHanNa, U MUHUMYM - B HanpaBieHUN NoMeXn (PUCYHOK 6).
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PucyHok 6

PaccmoTpum 6onee noapobHo cxemy, n3obpa>keHHyo Ha pucyHke 5. B paccmaTprnBaemon cxeme Asa 610ka,
dhopmumpytowine 3agaHHyto gnarpammy - AFE (Analog Front-End) ynpasnsatoTcs obwimm reHepatopom TCXO
(temperature compensated crystal oscillator), KoTopbln Tak>Xe UCMOMb3YyeTCHA B Ka4eCcTBe ONOPHOro cMrHana
ans 6noka PLL (phase locked loop - ba3oBoOn aBTONOACTPONKM HACTOThI). MNonyyYyeHHble curHasnabl oT AFE
nogatoTcs B 610k undposon 0b6paboTkm (ADC), KOTopbI NPON3BOANT 06begNHEHME ONS NOAABJ/IEHNS
nomex B 6noke IRC (Interference Rejection Combining). IRC - 3T0 anropnt™ noaaBneHNsS KOMOBMHNUPOBAHHbIX
rnoMex OT COCeAHMNX NCTOYHMKOB (MHTepecylowmecs noapobHee 0 HeM MOryT NpoYnTaTh 34ech. C
ncrnonb3oBaHueMm IRC nosb3oBaTenb Nony4yaeT Bosiee BbICOKME CKOPOCTM nepefayn AaHHbix 6bnarogaps
CHV>XEHWIO YPOBHSA NoMex (1 Kak cneacteue - ysenmyeHuto SNR). AnropuTtm IRC obecneymBaeTt

dopMMpoBaHUE HY>XHOW AnarpamMmMbl HanpaB/IEHHOCTU, KOTOpas NodasnseT ycuneHne Rx B HanpasneHnu
rnomMex, pUCyHoK 7.
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PucyHok 7

IRC. OueHKa cTeneHu noaaBJsieHUA UHTepdepeHLMOHHbIX NoOMeX

B 06bI4HbIX aHTeHHbIX MIMO-cnctemax g NoaaBAeHNS MOMeEX NCMNOJIb3yeTCs MeToA NPOCTPaHCTBEHHO-
BpeMeHHo 06paboTKn CMrHaNOB MO KPUTEPUIO MUHMYMa CpeAHeKBaapaTnieckon ownbku (Minimum Mean
Square Error - MMSE), B To Bpems Kak IRC ncnonb3syeT nMHpoOpMaLuto 0 HanpaB/eHUW rnoaaBsieHNs MOMeXxN,
YTO MPUBOAUT K yny4deHuto oTHoweHna SNR. MMSE ncnonb3yetca B LTE ceTax, HadynHasa ¢ Release 8,
onybnnkosaHHoro B 2012 roay 1 Ha nepsbIX 3Tanax xopowo cebs 3apekomeHao0Bas, 04HaKO B BUAY TOro,
4YTO CMTyauus B MMKPOBOJIHOBOM Auarna3oHe 3a rnocjiegHue 5 et A0BOJIbHO CUJIbHO M3MeHW1acCb, TO Ha
CMeHyY el paHO 1AM N034HO OKOHYaTeslbHO npuaeT anroputMm IRC, KOTOPbIN y>Ke MpUMeHsAeTCs BO MHOMMNX
peweHunax. Huxe npnesonaTca pesynbTaThl cpaBHeHus MMSE n IRC onda nogasneHns nHTepgepeHuMoHHbIX
nomex. Cxema aKkcnepumeHTa nsobpa>keHa Ha pucyHke 8.
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PucyHok 8

To4yka OOCTyMna HaxoauTcs Ha BbicoTe 110 cM, paccTosHue mexay AFEL n AFE2 (ynpaBnseMble MogynsaMm
RF 1 n RF 2 B STA1) cocTaBnseT 10 cM. PacnonoxxeHune STA nsameHsietca B obnactn 100x80 cm B gnanasoHe
-50=x=50 - B ropu3oHTasNbHOWN NA0CKOCTN, N 20<y=100 B BEpTNKaJIbHOW MJOCKOCTW C Warom B 10 cM 1
COCTaBJISeT, TakuM obpa3oM, 99 Touyek n3MepeHus. B KaXkaon To4YeK N3MepeTCa YpoBeHb CUrHana oT AFE ¢
MOMOLLBIO LLMGPOBOro ocumaaorpada, a 3aTeM € NOMoLLbIo LUngposon 06paboTkn cMrHanos (cpeacTeamu
Matlab) namepsieTca BennymHa BekTopa owmnbok EVM. OTHoCcuTeNnbHasa Be/IMYNHA KOHTPOJIMPYEMbIX MaKeToB
COOTBETCTBYET PUCYHKY 4. Pe3ynbTaTbl M3MepeHnin onybankKoBaHbl 30eCh.
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PucyHok 9a
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PucyHok 96

Ha pucyHke 8a nsobpaxkeHa pyHKumna pacnpepeneHnsa (CDF) namepenHoro EVM pgns ogHoro notoka Rx oT
Kaxgoro us AFE. Ha pucyHke 86 nsobpakeHa Ta xxe pyHKUUSA pacnpeneneHns asyx notokos IRC Rx. B
0OHOMOTOYHOM CJlyYae BCJIeACTBME BO3AENCTBUA NOMeX HabnogaeTcs yxylleHne KayecTBa CMrHaNa Ha 2
Ob. Kak noka3aHo Ha pucyHke 86, IRC Rx noka3biBaeT Ha 3 Ab ny4wue pe3synbTaTbl B CpaBHEHUN C
0AHONOTO4YHbLIM AFE Rx. HyBCTBMTENbHOCTb RX cocTasnsna -21 ab ana 16-QAM, a 30Ha NOKPbLITUSA OQHOMO
notoka Rx coctasnsna 30-52% nccneayemon ob6nactu nsMmepeHuns, Torga Kak gns aByx notokoB IRC Rx oHa
cocTaBnsana 86%. Takum obpasoM, npumeHeHue |IRC obecnednBaeT He TONbLKO yay4lieHne EVM, Ho n
yBesin4ymBaeT B ~1.5 pa3a 30HY paanonoOKpPbITUA.

Takxe nposoaunack oueHka EVM gna obbivHoro metoga MMSE Rx, a 3aTeM 3T0 3Ha4YeHMe CpaBHMBaAOCh C
IRC Rx. Pe3ynbTaTbl U3MepeHnn Noka3laHbl B Tabnuue 2. OTpuuaTenbHble 3Ha4YeHUs yKa3biBalOT Ha TO, 4TO
IRC Rx npesocxoant MMSE Rx. 3Ha4YyeHMs CO 3HAKOM IMJIl0OC 03HA4alT, YTO B 3TOM CJlyvae NpuMeHeHune
MMSE ny4we B cpaBHeHuu c IRC Rx.

X

-50 | 40 [ -30 | -20 | —-10 0 10 20 30 40 50

20 |-08 | +0.2 |=06 |-02 1-0.7 |-08 | +0.3 | +0.1 |-0.1 |-0.2 | -0.6
30 |06 |-03 |-01 |-0.7 |-0.1 |-04 |-01 |+0.0 | 0.0 |-0.1 |-0.8
40 | +0.1 |-0.2 |-13 |-0.1 |-0.6 |-0.1 | +0.1 |-01 |-03 |-0.2 | -0.4
50 |04 |-02 |-0.3 |+0.2 1-0.3 |-02 |-1.1 |-14 | +04 ] +04 ]|-0.1
60 | -0.0|-04 |-01 | +0.2 |-04 |-01 | +04 [ +0.1 | +0.4 | -0.1 | +0.2
70 |13 |-03 |-04 |+00]-0.2 | +0.3 | -0.2 | +0.0 | -0.1 | +0.3 | +0.0
80 |-0.7 |-05 |-05 |-04 |-0.2 |-04 |-01 [+02 | +0.2 |-0.2 | -0.5
90 |04 |-09 |-0.7 |-03 | +0.3 ]| 00 |-01 [-01 | -0.0]-04 | +0.1
100 | =1.7 |-0.2 |=1.1 ] +0.3 |-04 | +0.0 }=0.7 |-0.2 | +0.0 | +0.3 | -0.1
—:IRC is better than MMSE, + : MMSE is better than IRC Unit:dB

Tabavya 2 - cpaBHeHne MMSE un IRC

Mo>XHO 0TMeTUTb, 4To IRC Rx NoKa3biBaeT Ny4LlyO NPON3BOANTENLHOCTb B BOMBLLINHCTBE TOYEK
n3MmepeHns. Takxxe MOXKHO 3aMeTUTb, 4YTO sieBasd bokoBas obnacTb (x<0) nmeeT nyywune 3Ha4YeHns no
CpaBHeHM o ¢ Npason (x>0). 2To CBA3aHO C TeM, YTO NOMEeXN N3 cocefHero KaHana (pUcyHokK 7) B neson
YacTun 6onblie, Tak 4To IRC Rx MOXXeT AOCTUYb BosblUuero NnofasseHns nomex, 4em nomexa obbiyHoro MMSE
Rx. B Tabnnue 2 npmBeaeHbl pe3yfibTaTbl C TOYKM 3pPEHMS 30HbI MOKPbITUSA, B LenomM IRC Rx nokasbiBaeT
nydwmne pesynbTaTbhl n3MmepeHnsa EVM no 73% o1 obwien naowagn.

3akKniouyeHue

B maHHOM cTaTbe npmBeaeHbl pe3ynbTaTbl OLEHKN BJINAHUA NMOMeX OT CoOCeAHNX KaHaJl1oB B cpene C MaJibiMn
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aYenkamu 60 NMu. CornacHo nsmepeHusMm, PER yxyalwaeTcs n3-3a noMmex B cocegHeM KaHaJslie, KoTopble B
OCHOBHOM CO34al0TCH HECKOJIbKUMUN PagmMod4acTOTHbIMU MOAYASAMN B TOYKe AoCcTyna. YTo6bbl yMEHbWNTbL 3TO
HeraTueBHoe BJINAHNE, NCNOJIb3yeTCca MeTo nofgasneHue nomex ¢ nomoubto IRC (Interference Rejection
Combining) c oBymMa notokaMmu. UamepeHunsa nokasanum ynyyweHue B EVM, a TakXXe paClUMPEHNE 30HbI
MOKPbITUA AYENKW, AEMOHCTPUPYSA 3PPEKTUBHOCTL NMPUMEHAEMOr0 MeToAa A1 HEBObLUMX CUCTEM C
ncnonb3oBaHmeM IEEE 802.11ad / WiGig. Tanm obpa3omM MOXKHO CAenaTb BbIBOA, YTO B MUIJIMMETPOBOM
Avana3oHe OJIH BOJIH C HTepdepeHLmnen MOXXHO 3pdeKTMBHO 6opoThCsa ¢ NomMoLblo gaHHoro Mmetoaa IRC,
KOTOpPbI MOCTEMEHHO NPUAET Ha 3aMeHy 4YacToucnosibayemomy MMSE. Penn3 6ecnpoBogHOro
obopypnosaHna 802.11ad B 2016 roay noka He BkJtoYaeT noanep>xky IRC, HO Kak TOJIbKO Takue yCTpOCTBa
rnosiIBATCS X MOXXHO ByaeT cMesio 6paTb Ha BOOPY)XeHNE U MHTerpuposaTh B paboTatowmne Wi-Fi ceTn
HafeAacb Ha CTabunbHy paboTy YCTPONCTB C rTMrabuTHbLIMU CKOPOCTAMMU.
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