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BBEJIEHUE

B 3aBucuMocTH OT Ha3Ha4y€HUS U YCIOBHM (YHKIMOHMPOBAHUS CHUCTEMBI PAJHOCBS3U €€
3¢ HEKTUBHOCTh OLIEHUBAETCSI HA OCHOBAHUU TEX WJIM UHBIX [TOKa3aTelneil (KpuTepueB), OCHOBHBIMU
U3 KOTOPBIX SBISIOTCS JHEPreTHMUECKUW U CHEeKTpajdbHbld. COOTBETCTBEHHO, BaKHEHIIMMMU
XapaKTepUCTHUKAMU JIO00M CHUCTEMBI PaJMOCBS3U SIBISIIOTCA SHEPreTHYecKass M CIEKTpasibHas
3(pGEKTUBHOCTb, XapaKTEPU3YIOLIME, COOTBETCTBEHHO, HHEPreTUUECKUE 3aTpaThl U  I0JIOCY
3aHUMAaeMbIX 4aCTOT, HEOOXOUMBbIE [yl epeaul COOOIEHUH.

K coxanenuto, 0lHOBPEMEHHOE JOCTH)KEHUE IpENEIbHbIX 3HAYEHMHM 3TUX IOKa3aTenei
3¢ PEKTUBHOCTH OKa3bIBACTCS HEBO3MOXKHBIM, TaK YTO B Ka)KJJOM KOHKPETHOM CIIydae IMOCTPOCHUS
CHCTEMBl PaJUOCBA3M INPUXOAUTCS PYKOBOACTBOBATbCS KOMIIPOMHUCHBIMH COOOpPaXKEHUSMU IpU
ONTHUMH3AI[MN XaPAKTEPUCTUK U PEKUMOB (DYHKIIMOHUPOBaHHUs cuctemsl [1-4].

O¢ddexkTrBHBIE METOABI MOAYISAIUU W TIOMEXOYCTOWYMBOTO KOJUPOBAHHUS BCE MIMPE
UCIOJIb3YIOTCSL B COBPEMEHHBIX IUPPOBbIX TenekommyHuKanMoHHbIX cucrtemax (TKC). Ilepexon B
TKC k ancamOisM MHOTONO3UIIMOHHBIX CUTHAJIOB YBEJIMYMBAET MH(POPMALMOHHYIO CKOPOCTh U
obecrieynBaeT mnepenady OoJibIIMX MHOTOKOB HHpopmauuu. CoBpeMeHHas »3jieMeHTHas O0asza
no3BosisieT npuMeHATh B TKC 10CcTaTOYHO CII0’KHBIE METO/IbI IOMEXOYCTOMYMBOTO KOAUPOBAHUS U
o0ecrieynBaTh TEM CaMbIM BBICOKYIO BEPHOCTH Hepenadyn umH(popmanuu. VccienqoBaHnio METOI0B
monynsiuu U kogupoBaHus B TKC mnocBsiieHa oOmupHas JuTepaTypa, OTpaxkamomas Kak
JOCTHKCHHUS TEOPUH, TaK M BOMPOCHI €€ MPAKTHYSCKUX MpriokeHni [1-18].

Kak wu3BecTHO, Teopusi CUTHAJIOB U TEOPHs] KOAMPOBAHUS JUIMTEIBHOE BpeMsS pa3BUBAINCH
He3aBUCHMO. B mocnenHue roapl 3HAUUTEIBHO BO3POC HMHTEPEC K HOBOMY MEPCIEKTUBHOMY
HalpaBJIEHUIO, BO3HUKIIEMY Ha CTBIKE 3THX HayK. B pa0oTax OTEUeCTBEHHBIX M 3apyOexkHbIX
aBTOPOB MHTEHCHUBHO HccienytoTes BosMokHOCTH TKC, B KOTOpbIX Ui mepenaun MH(OpMaIuu
UCIIOJIb3YIOTCS aHCAMOJIM MHOTOMO3UIIMOHHBIX CHTHAJOB B COYETAaHMM C MOMEXOYCTONYMBBIMU
KOJaMM, TMpHYeM, MPOLEeAypbl  MOAYISIUU/KOAUPOBAHUS  (IE€MOIYISLNN/IEKOAUPOBAHMS)
OCYILECTBISIIOTCA coémecmHuo. 1lpyu palMOHAIBHOM IIOCTPOEHUH TAaKUE CUZHATbHO-KOOO6ble
xoncmpykyuu (CKK) coueraroTr B cebe MOJOKXUTEIbHbIE KauecTBa KaK MHOTOINO3UIIMOHHBIX
aHcamOJeil CUTHAJOB, TaK W IOMEXOYCTOMUYMBBIX KOJOB, IOIMYCKAIOT JOCTaTOYHO MPOCThIE U
peayiu3yeMble Ha NpaKTHKE aJIrOpUTMbl AEKOIUPOBaHHA M mpu wucnonb3oBanuu ux B TKC
MO3BOJIAIOT CYIIECTBEHHO MPOABUHYTHCSA K TeOpeTHdeckuM mpenenaM 3¢ dextuBHOCTH. Bonpocs!
CHHTE3a TaKUX CUCTEM MOJIYJISIIIMU/KOAUPOBAHUS, aHAIN3A UX CTPYKTYPBI, IOMEXOYCTOHYUBOCTH U
3¢ (EKTUBHOCTH, JEMOAYJSALUN/IEKOAUPOBAHUS COCTABJSIOT OCHOBHOE COJEp)KaHHE HOBOTO
NEPCIIEKTUBHOIO HAIIPABIIEHUSI B TEOPUH CBSI3U - MEOPUU CUZHAIbHO-KOO08bIX KOHCIPYKUUIL.

Onuu nyTth Gasupyercs Ha BBefAeHHOM A.I'. 3ioko [1, 2] moustuu 3QHEeKTHBHOCTH CHCTEM

CBsI3U. AHamu3 u CpaBHCHUC B(I)(I)CKTI/IBHOCTI/I CHUCTEM C MHOI'OIIO3MIMOHHBIMHU CHI'HaJlaMHU U
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CUCTEM C KOPPEKTUPYIOIIMMHU KOJAaMU NPUBOAUT B uHpopmayuonnoii meopuu CKK x unee ux
KOMOUHayuu 6 eOUHOl CUSHANbHO-KOO080U KOHCmpyKkyuu. TakoW MyTh SIBISETCS HATJISIHBIM,
yOequTeNbHBIM U H3JaraeTcsi 0€3 CTpOrux MaTeMaTHYeCKHUX BBIKJIAZOK. JTOT MyTh MOXET OBITh
UCIIOJIB30BaH JIJIs MOMYJISIPHOTO U3J10keHus ocHoBanuii Teopun CKK [1-4].

Cratuctuyeckass TEOpHs CBSI3U MpeuiaraeT OOJbIIOEe KOJHMYECTBO BAPHAHTOB IOCTPOCHUS
TEJIEeKOMMYHUKAIIMOHHBIX cHcTeM. Kak H3 3TOro MHO)XKecTBa BBIOpaTh BapuaHT, Hauboee
nenecoo0pasHblii B 3aAaHHbIX ycioBusix? Ilo kakuMm KpuTepusM cleqyeT MNpPOU3BOAUTH ATOT
BbIOOpP? Hackonbko oOmpaBgaHO MPUMEHEHHE TEX WM HWHBIX HOBBIX CHCTEM M Kak
COBEpLIEHCTBOBATh CYILIECTBYIOIIKME cuctembl? lIpuHLMIIUMANbHOE pELIEHHE 3TUX BOIPOCOB B
KOHEYHOM UTOT'€ CBOIAUTCS K ONMUMUZAYUL CUCTEM C853U NO Kpumepuim d¢hghekmugnocmu.

TunoBas cTpykTypa OJHOKaHAIBHON CHUCTEMBI mepeaadu quckpetHoi nnpopmanuu (CITIN)
npuBeseHa Ha puc. 1.1. McTounuk BelpabaThIBaeT COOOIIEHUS, KOTOPbIE HEOOXOAUMO ME€PENAaBATh
no kaHainy CIIJAM. Dto Moryr ObITh MOCIENIOBATEIBHOCTH OUCKpEemHblX COOOLIEHUH (AaHHBIE,
TenerpadHbie COOOIIEHUS U T.1.) TH00 HenpepviéHble COOOIEHUS (PeUb, TEIEBUICHUE, PE3YIIbTATHI
TeJIeu3MEPEHUN U JIp.), IpeoOpa3oBaHHBIC B yupposyo opmy.

PeanbHbIe COOOLICHHS CONEPKAT U3DLIMOYHOCHb U ISl COTIACOBAHHS MCTOYHHUKA C KaHAJIOM
nepeaadyd UHPOPMALMKU UCTIONB3YIOT K0oep ucmoyruxka. COBMECTHO C 0eKkodepom OHU 00pa3yroT
KoOeKk ucmounuxa. MeToapl KOIUPOBAHUS HCTOYHHMKA M3JI0KEHBI B padorax [2, 3, 7, 9-11, 13-16,
181].

Ocnognble TpeboBanus k CITIU hbopmynupyroTcst J0CTaTOYHO MPOCTO:

1.  eepnocmo,

2. CcKopocmb,

3. ceoesepemeHHOCHb 00CMABKU UHOPpMAYUN OM OMNPAGUMeENs K NOAYYamenio.

B cucremax 06e3 1momMexoycTOMYMBOro KOAMPOBAHUS BEPHOCTh M CKOPOCTh 3aBUCAT OT BHJA
WCIIOJIb3YEMBIX ~ CHUTHAJIOB-TICPEHOCYUKOB. [IpUMEHEHHE MOMEXOYCTOHYMBOTO  KOJWPOBAHUS
MO3BOJISIET TIOBBICUTH BEPHOCTH Mepefayu, HO 3a CUeT CHIKeHUs ckopoctu. C Apyroil CTOpOHBI,
BHIOOPOM CHTHAJIOB MOKHO JOOUTHCS TMOBBIIIEHUS CKOPOCTH Tepefauyd HHQPOpMAIUH, HO,
3ayacTyro, B yuepO BepHOCTH mnepenaud. OJHAKO, CIEQyeT YYWUThIBaTh, 4YTO MPUMEHEHHE
KOPPEKTHPYIOIMIUX KOJOB BHOCHUT 33JICP’KKY B Iepenady MUGPOBBIX JAHHBIX, YTO YXYANIACT TaKOH
MoKa3areib, KaKk CBOEBPEMEHHOCTh JIOCTaBKM HH(popmanuu. B Kaxa0oM KOHKpETHOM cllydae
tenekoMmyHUKaMoHHBIX cucteM (TKC) wmoryr ObITh chopmynupoBaHbl KOJTHYECTBEHHBIC
BBIp@XEHHUS 3TUX TpeboBaHuil. DTo 3aBucHUT oT HaszHaueHus TKC u Buga mepenaBaeMoro
coobmieHusi. B oOmiem ciydae mokasaTeld BEpPHOCTH, CKOPOCTH M CBOEBPEMEHHOCTH Iepeladu

MH(OPMAaLIUY HAXOASATCS B IPOTUBOPEUNBBIX COOTHOILICHUSX.



Kpome OTMEUYEeHHBIX BBIIIE, CIEAYET YIOMSHYTh O OONOIHUMENbHBIX MpeDo8aHuUsX, KOTOPbIC
OTIpeAEISI0T MPUMEHEHHE TOTO WM MHOTO METO/Ia Nepeiayu HHPOpMaIiu:

Cnexkmpanvnasa rgpgpexkmuenocms. CoBpemennoie TKC pabGortaror B yciaoBusx nedumura
9aCTOTHOTO CIIEKTPa, OTBOJUMOTO IS Tiepeaayn HHPOpMaIi. ITO U 00YCIOBIMBAET BAKHOCTh
METOJIOB (POPMUPOBAHUS KOMHAKMHBIX CHEKMPO8 CUSHAN08, TIEPEIAaBAEMBIX 10 JHMHHUSM CBSI3U C
OrpaHUYEHHOM MOJ0CON YacTOT.

Chosicnocmob peanuzauuu mMemooos mooyaayuu-Koouposanus. Teopus wHbOpMAITIH
YKa3bIBa€T MYyTh MOBBIIICHUS MOMEXOYCTOMYMBOCTH - HWCIIOJIB30BAHUE ISl MEpPeAauud OJUHHbIX
nocne008amenbHOCmell CUSHAI08 U KO0008, JUId W3BIEUYEHUS HH(OpPMAIMK M3 KOTOPBIX Ha
IPUEMHON CTOPOHE MPHUXOAUTCA MPUMEHSTHh JIOCTATOYHO CIIOXKHBIE AJITOPUTMBI OOpPaOOTKH.
[Toatomy KoHCmpyKmugHas meopus KoOUpoeaHus HaNpaBlieHa HA TIOUCK KOPPEKTUPYIOIIUX KOAOB,

JIONYCKAIOIIUX peanuzyempie aneopummol 0ekoouposanus [4].
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Puc. 1.1. Crpykrypnas cxema CIIJI1
Cornacno u3BecTHbIX TeopeM K. IlleHHOHa, B MPUHILHUIIE B03MONCHO CKOb Y20OHO OONbULOE

noevluleHUe 8epHOCmU nepeoadu ungdopma uu, €CJIN CKOPOCTh IIEpCaavr IO KaHal R HEC
P P pyay i

IMPCBLIIACT HpOHyCKHOﬁ CIIOCOOHOCTH KaHaja CK I[OCTI/II‘aCTCH 9TO NPUMCHCHHUEM NOCTATOYHO

IMHHBIX  koppexmupyiowux koooé (KK). C otoii mnensto B cTpykrypy KK BBOAMTCS
U3OLIMOYHOCTb.

Kooex KK (kooep u oexooep kanana) nokaszan Ha puc. 1.1. B peanbHbIX ycIOBHSAX JUTMHA KOJA
OTrpaHUYEHA JIONMYCTUMOW  CJOXKHOCTBIO  YCTPOMCTB  KOJIUPOBaHMS M, TIPEXKIE  BCETO,
JNEKOTUPOBAHHS, TOITOMY OJ(PQPEKT OT NPUMEHEHHUS KOPPEKTUPYIOIIUX KOJOB 3aBUCUT OT

apaMeTpoB KOJa U OrpaHUYEHHUN Ha pean3aliio KoJeKa KaHaja.



CoBpeMmeHHas Teopust MpeAsiaraeT MUPOKUi HA0Op KOPPEKTUPYIOIMIUX KOJOB, PA3IMYHBIX IO
CTPYKTYpE, MPUHIIMIIAM TTIOCTPOCHHS U KOPPEKTUpYIoIIen criocooHoctu. Kodem CKK BKIOYaeT B
cebst coueTaHue KoaeKa/ Moy IsTopa U, COOTBETCTBEHHO, IEMOIYJIATOpa/IeKoAepa.

B obmiem cinydae pe3ynabTar paboThl CHCTEMBI CBS3H ONPEACIACTCS KOJTMYECTBOM M Ka4eCTBOM
nepenaBaeMoii wHGopmaru. KomndecTBo OICHHBACTCS CKOPOCTHIO Tepenadyn WH(POpMAaIuu 1o
kaHaiy (OuT/C), a KadecTBO - BenmuunHOM omuOku. CormacHo teopemam K. IllenHnona, ommoOka
IpU COOTBETCTBYIOIIEM BBIOOpE MeToAa mepenayd (MOIYNALUU/KOTUPOBAHUS) MOXKET ObITh
cleNaHa MPOU3BOJIBLHO Maiod. B TO ke Bpems, CKOpPOCTh TMepeAadyd HE MOMKET OBITh BBIIIES
HEKOTOPOT0 MH(POPMAIIMOHHOTO pecypca, Ha3bIBAEMOT0 nponyckHol cnocoonocmoio kanana C.

B pabote A.I'. 310k0 [2] OBUIO MPEIIOKEHO CUMTATHh OAHUM M3 TOoKaszaresel 3¢ (HEKTUBHOCTH

CUCTEMBbI BEJIMUUHY CPEHEN CKOPOCTH RKaH npu koMecto /Ui hopmyIbLTOpOI odecredynBaeTcs

3a/laHHas BEPHOCTh mepenadn nHpopmanuu. [Ipu 3T0M MOTYT OBITH ONMpEACNCHBI CIICTYIOIINE
nokazamenu 3¢ gexmusnocmu:
- HUugopmayuonnaa r¢pghekmuenocmo cucmemvl, onpeoenarwuias CcmeneHs

UCNnOJIb306AHUA nponycrmoﬁ CHOCOOHOCMU KAHAIA OMHOCUMETbHOU GCIUYUHOU

“KCZH
n= 11

B peabHBIX YCIOBHUAX IIOKAsaTelb 7] BCETJa MCHBIIC CAWHHUIIBI. UeMm Ommxe 1 K €OMHHUILE,

TEM COBEpIICHHee cucTeMa nepeaayd MHpopmanuu. JocTmkeHue HEOOXOIUMBIX CKOPOCTH U
BEPHOCTH IE€pEeAauu COIPOBOXKIAETCS ONPEEICHHBIMU 3aTpaTaMu JIpYTUX BaKHEHUINX PECYpPCOB:

MOUHOCMU CuZHa.la PC H noiocel wacmom KaHaja Fk Takoil moaxon IMO3BOJMI BBECTHU

IMoKa3aTCIn Sq)(beKTI/IBHOCTI/I HCIIOJIb30BaHUA PECYPCOB CUCTEMbI, d HUMCHHO!

- Jnepzemuueckan Ihhexmusnocmo

_ RKaH
P = Pe/Ng (1.2)

rac N 0 - CIICKTpaJIbHAA IJIIOTHOCTh MOIIHOCTH IIIyMa,

- Yacmommnasn 3¢hhekmuenocmep

Rya
— _Kan 1.3

rac F - I10JI0Ca 4aCTOT KaHalia.



1
Mokazarenu W ¥ WMMEIOT CMBICI YAEIbHBIX CKOpOcTeif, a obparnbie Bennuunsl [ =1/ 3

u ¥y =1/y  onpenensior yodenvuwie pacxodvi coomeemcmeyiowux pecypcoé Ha Tepenady
nH(popMaIuu ¢ eAMHUYHON CKOpocThiO (1 OuT/C).

HJ’IH rayCCOBCKOI'O KaHalla C nosocoit F , OTHOLLICHHUEM MOIITHOCTEH CUTHAjIa 1

o]
myma P = P_C u npomnyckHoii coco6roctero C = F log 2(f|.+ ) Oblia ycTaHOBIIEHA
w

CBSI3b MEX/Y TIOKa3aTeIsIMU 3P HEKTUBHOCTH

n= /4

) 0,1+ 1)

Jlns ueansHoi cucteMsl (77) onpejienena Takxe npesiebHas 3aBUCHMOCTh

__r 1.5
s 7 1 (1.5)

3aBUCHUMOCTh SHEPreTHUecKoi 3(h(HEeKTUBHOCTH OT YIEIbHON CKOPOCTH yI0OHO MPEICTaBUTh B

uy=pp

BHJIE€ KpHBOil Ha ruiockoctn [y (puc. 1.2). OHa oTpakaeT HaMIy4IIni oOMeH Mexay [ u ¥ B
HenpepbiBHOM KaHase (HK-mpenen Illennona). Ilpu 3ToM uactoTHas 53QQeKTHUBHOCTH )

HU3MCHACTCA B IIpEAciiax OT 0 J00C TO BpEM:A KaK 3HCPreTUYCCKas 3(1)(1)6KTI/IBHOCTI> OrpaHu4cHa

CBEpXY, TOCKOJIbKY

. . 1
= lim B= lim -/ =~ ~1443(15905 1.6
Pmax 7_)0ﬂ 027 Z1 -2 ( ) (1.6)

AHaJIOTUYHbIE MpeeabHbIe KPUBBIE MOTYT OBITh MOCTPOEHBI JUIS JIPYTHX THIIOB KaHaJoB [2]

(AHK-muckperHo-HenpepbiBHbIN KaHal, JICK-auCKpeTHBI CHMMETpUYHBIN KaHal Ha puc. 1.2).

B, B l—ll-d.li ('npe,lﬂ.e_rl LI_I[EHHC)II—[EL)
o — } } :
TAIIK . A7 — 2
———
St \& = |
\ DA, Ad = =
=" =
JNCIC, A7 — 2+
- | I SN
INCH . Adt — A 1 \\\
-8
-10

1
Iy
4 —
——/

Y- b

Puc. 1.2. Kpussle npeaenbHoi 3 ()EeKTUBHOCTH CUCTEM CBA3H
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[Tonocy wacToT, 3aHMMAEeMyl0 CUTHAJIOM KOHEYHOW JIJIUTEIBHOCTH HE BCEra MOXHO
onpeAenuTh oaHo3Ha4yHO. [loaTomy nanee ans aHanu3a W cpaBHEHHUS 3(G(GEKTHUBHOCTH Oynem
paccMaTpuBaTh CIEIYIONIYI0 MOJIEINb Mpoliecca nepeaadn nHpopMaluu.

[Tonaraem, 4YTO Ha MHTEpBaJe | MO KaHAy IIE€PENAETCA ONPEIEICHHOE KOJIMYECTBO

nesaBucuMeix orcyeroB N (mo B. A. Korensunkoy Np =2FT ).

N
Torna D= i YHUCIO nnepe€aaBacMbIX OTCYCTOB B €IMHUIY BpCMEHHU.

T

B aT0it MOenr MOTYT OBITH OIIPECITICHBI CISIYIOIINE ITOKA3aTEIN:
- Yoenvnaa ckopocms nepedauu ungpopmayuu

RN =Ry, I D (6um! omcuem), (1.7)

-Yoenvnas ungpopmayuonnas emkocms* Kanana
Cy\y = ¢ (6um [ omcuemv) (1.8)
N D ’ '

- Yoenvnaa cpeonasa 3uepcua cucnana, 3ampauueaemas Ha nepeoavy 00HO20

omcuema
EN =P, /D
- Yoenvnasn s hekmuenocmo ucnons306anus nPOnYCKHoll CROCOGHOCHU KaHa
IN==_=1 (1.9)

- Yoenvnaa snepzemuueckas rppexkmuenocms (yoenvnas Ippexkmuenocmeo

Uucnonb3oeanus Inepzuu cqua.rm)

— RN _
g, in, = -0

- Yoenvnaa ckopocmo nepedauu ungopmayuu
VN = RN' (1.11)

HCpCXOI{ K YACJIIbHBIM ITOKA3aTCIAM S(I)(I)CKTI/IBHOCTI/I 03HA4acT, 4TO IMpOLECC (I)OpMHpOBaHI/IH

CUTHAJIOB pacCMAaTpuBACTCA B OPTOTOHAJIbHOM Oasmce. HpI/I 9TOM YJCJIBbHBIC TIIOKA3aTCIIN
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spdexruBrocTH (1.9) 1 (1.10) TouHo coBmamaroT ¢ kaHoHmueckumu (1.4), (1.5), HO ymaercs

n30exaTh HEONPEICICHHOCTH MPH OLIEHKE MOJI0CHI yacToT [1, 2].

B I'maBe 1 yuebGHOro nocobus paccmMaTpuBaroTcs HUGPOBbIE BUBI MOIYJSIIUN U CUTHAIIBHOTO
KOJIMPOBAaHUs, UX CIEKTpaJbHAas M SHEpPreThuyecKas a¢pdexruBHOCTL. [IpUBOASTCS KpaTKue
TEOPETUYECKHUE CBEICHUS U MTPAKTUIECKAsi MX peanu3alus Ha 6a3e mporpammHoro obecreueHus NI
LabVIEW. Jlanbl pe3yibTaThl UCCIICAOBAHKS BEPOSTHOCTH OIIMOKH Ha OMT OT OTHOIICHUS CUTHAI
IIyM B KaHajie s pa3inuHbix BunoB monyismuu FSK, MSK n GMSK, a taxke QAM, M-QAM,
PSK, M-PSK, co3Be3nusi isi MHOTOIO3UIIMOHHBIX METOJ0B MOAYJISLUHU, CHEKTPHI, TJIa3KOBBIC

nuarpammsbl [11] u mxurrep.

B I'maBe 2 paccmarpuBaeTcsi NMpOMYCKHas CHOCOOHOCTh KaHana cBsi3u. KonaumpoBanue
ucrounuka. Teopema K.IllenHOHa 0 KOAMPOBaHMM B TUCKpPETHOM KaHaie 6e3 momex. [IpoBoaurcs
HCCIIE0BAaHUE KOJUPOBAHUS HMCTOYHHMKA IUCKPETHBIX coobmieHuit meromamu lllennona-dano,
uccienoBaHue anroputMmoB Jlemnens - 3uBa, @pakTalibHbe METOJIbl KOAMPOBAHUS N300paKEHU,
a Tak)Ke BeWBIIET MpeoOpa3oBaHMs CUTHANIOB U H300pakeHuil ¢ ucnonb3oBanuem 110 MATLAB
[13].

B T'maBe 3 wuccrmemyercss MOMEXOyCTOMYMBOE KOIUPOBAHHE B TEJIEKOMMYHUKAIIMOHHBIX
cucremax. Mccnenyroresa xapakrepuctuku koo Xemmunra, bBUX (boysa-Hoyaxypu-XokBeHrema)
u Puga-Conomona Ha 6aze MATLAB. IlpoBeaeHo uccienoBaHue MUKINYECKOTO HU30BITOYHOTO
kona (Cyclic redundancy check) CRC c¢ ucnonb3oBanuem [10 MATLAB. PaccmoTpeHsl Koaepbl
CBEPTOUHBIX KOJOB WM METOJIbI WX JEKOAUPOBAHHE, BKIIIOUass MeToa BurtepOu, uccineqoBaHbl MX
xapakTepucTuku C ucnonb3zoBanuem [10 MATLAB. T[loapobHo uccnenoBaHo TypOOKOIUpPOBaHUE,
0000meHHas cxema TypOoKoJiepa ¢ mapalljielbHbIM KackaaupoBaHueM. CBepTOUHBIE TYpOOKOIBI.
JlexonupoBanue TypOOkomoB.  OIlleHEHBl XapaKTEPUCTUKU IMMOMEXOYCTONYMBOCTH CBEPTOYHBIX
TypOokonoB. WccnemoBanue TypOOKOAOB TipoBeAeHO ¢ wucnonb3oBannem I[10 MATLAB.
PaccMoTpeHBl HU3KOIIOTHOCTHBIE KOJBI, AaHa kiaccudukanus LDPC-konoB, moka3zaHbl METOIbI
MIOCTPOEHHUS TMPOBEPOUYHBIX MAaTpull. Peann3oBaHbl aJrOpUTMbl AEKOAUPOBAHUS HHU3KOILJIOTHBIX
KOJIOB, MPOBEJCHA OIEHKa CJIOKHOCTU alNTOPUTMOB JekoaupoBaHus Ha 0aze MATLAB u NI
LabVIEW, wuccnemoBanbl kackaaabie koasl Ha 6aze MATLAB Simulink 2015 [1, 3, 8-11, 16].

B I'maBe 4 paccCMOTpEHBI CHTHAJIbHO-KOAOBBIE KOHCTPYKIIMM B TEJIEKOMMYHHKAIIMOHHBIX
CUCTEeMax, KpuTepuu >PQPEeKTUBHOCTH CUCTEM Nepenadynd MHpopManuu, HHGOPMaAMOHHAS TEOPHs
CUTHAJIbHO-KOJIOBBIX KOHCTPYKIMMA, cucTeMbl MHOrodactotHoi OFDM mopynsmuum - mpoBeneHo
MMUTAIIMOHHOE MojenupoBanue B cpene LabVIEW, peanuzoBanbl Tpemanc KogoBas MOIYISLIUS

(TCM) um mpoeneH ee aHanu3 ¢ wucnonb3oBanneM MATLAB, paccMOTpeHBI METOIBI
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poCTpaHCTBEHHO-BpeMeHHoro koauposanusi (MIMO) u ouenena ux s¢dexTuBHOCTs Ha 6aze NI
LabVIEW [12, 16].

B TmaBe 5 paccMOTpeHBI MOAEMBI M KOJCKH COBPEMEHHBIX TEJIEKOMMYHHKAIIMOHHBIX
CHCTEM, UIMUTAIIMOHHOE MOJICTIMPOBAHNE CHCTEMbI MOOMIIbHOM cBsi3u cTanaapToB GSM na 6aze 10
MATLAB, uMUTallnOHHOE MOJIETMPOBAHUE CHCTEMBI MOOMIIbHOM cBs3u ctannapra CDMA na 6a3e
IO MATLAB, uMHTalMOHHOE MOJCIMPOBAHUE CUCTEMBbI MOOWIBbHOW CBsi3u craHmapra |EEE
802.11 (WiFi) na 6aze MATLAB 2015, uMuTanMOHHOE MOJCIMPOBAHHE CHUCTEMBI MOOHMIBLHOMU
ces3u crangapra IEEE 802.15.4 ZigBee na 6aze 110 MATLAB, nuMuTanmoHHoe MOAETUpOBaHHE
cucreMbl MoOuibHOM cBszu crangapra |IEEE 802.15.1 (Bluetooth) na 6a3ze 10 MATLAB,
MMHTAIIMOHHOE MOJICIIMPOBAaHNE CHCTeMbI MOOMILHOM cBs3u crannapta IEEE 802.16 (WiMAX) na
06aze 110 MATLAB [16, 18], uMuTanMOHHOE MOJEIMPOBAHUE CHUCTEMBI MOOHWIIBHOHN CBS3U
crangapra |IEEE 802.20 LTE na 6a3e II0 MATLAB, uMuTanimoHHOE MOJEIMPOBAHNE CHCTEMBI
U(pPOBOTO HA3EMHOTO TEIEBU3HOHHOTO Bemanuss DVB-T [16], umwuranmonHoe
MOJICIMPOBAHUE CUCTEMbI IU(PPOBOrO CIYTHHKOBOTO TEJIEBU3HMOHHOTO  Bemanus DVB-S u
CHCTEMbI  BBICOKOCKOPOCTHOTO  IippoBOoro  crmyrtHukoBoro TB-semanus DVB-S2  [16],
MMUTALMOHHOE MOJICTUPOBAHUE CHUCTEMBI LU(POBOT0 KaOETHHOTO TEJIEBU3MOHHOTO BEUIAHUS
DVB-C u cucrembl BBICOKOCKOpPOCTHOTO IrdpoBoro kadenpHoro TB-emanus DVB-C2 [16],
MMUTALMOHHOE MOJICIIMPOBAHUE CHUCTEMBI IH(PPOBOrO0 MOOHMIBLHOIO TEJICBU3MOHHOTO BEIIAHHS

DVB-H u cucrembl BBICOKOCKOPOCTHOTO 1uppoBoro MmobuisHoro TB-semanus DVB-H2 [16, 19,

20].
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I'JTIABA 1. HU®POBBIE BUJbI MOAYJIAIIMA U CUTHAJIBHOI'O KOAUPOBAHMUSI,
HUX CIIEKTPAJIBHASA U DHEPTETUYECKAS S3®OEKTUBHOCTD
1.1. Anaiu3 nudpoBbIX METOT0B MOAYJISILMHU
MoayasTop
N3BecTHO [6, 7], 4TO Y3KOIMOJIOCHBIM MOIYJIMPOBAHHBIM CHTHAJ C TPOU3BOJBHBIM BUAOM
MOJYJISILIMM MOKHO IIPEJCTaBUTh B BUJE:
s(t) = I (t) cos(awt) —Q(t) sin( wt), (1.12)
rie - Hecymas dactota pamuocurHana, |(t) wu Q(t) maseBaroTcs cooTBeTcTBEHHO

cungasnoll u K6adpamypHoti COCTABISAIOIMIUMU MOAYJIUPYIOLIETO CUTHAA.
Takum oOpazom, Ui OCYIIECTBIICHUSI TPOU3BOILHOTO BUJIa MOIYJISIIUU CUTHAIA
He00X0IUMO

BBITIOJTHUTH J1Be oneparuu: (1) chopmupoBath cuH(a3HYIO U KBAAPATYPHYIO COCTABJISIOIINAC

MOAYJIUPYIOIIETO CUTHAJA (BU IaHHBIX COCTABIIAIONINX Oy/IET ONPEAEIsATh BU MOTYJISIINN )

1 ( 2) BeIMOJIHUTH NIpeoOpa3zoBanue (1.12).

Bremonnenue onepanuii (1) u (2) BbIONHSETCA pa3iMdHbIMEU OJOKaMH MEPEAAOIIero TPaKTa.
Onepanus (1) ocymectsisercs B baseband-npoueccope, a onepauus (2) B xpagparypaom (1Q)
MOJYJISTOPE.

Baseband-modynamop dopmupyer nuskouacrorssie (baseband) curmamer |(t) u Q(t) wus

3aKOAUPOBAHHOT'O I/IH(l)OpMaI_II/IOHHOFO CUTHaJ1a (HOCJ'Ie,Z[OBaTeJ'ILHOCTI/I Hyﬂeﬁ n e)II/IHI/II_I). 3aKOH, 10

KOTOPOMY BBIINTOJIHACTCA TaAHHOC npeo6pa3013aHHe, OMpECaACIACT BUA MOAYJIAIIMKA CUT'HAJIA.

O
cos(wot + @q) ‘

(t) cos(wot + @g) + Q (1) sin(wet + @q)

Q)

leHepaTop
Hecylen

Puc. 1.3. 1Q-moxymsitop

s 1Q-moaynsiTopa BXOIHBIMU CUTHAJIAMHU SIBIISTFOTCS
i (€)= 1(0): Qi (1) =Q(t) .
In in
CdopmupoBannbie baseband-mpoiieccopoM W3 HCXOAHOTO HH(POPMAIMOHHOTO CHUTHAjda |
OTIPEIEIISAIONINE BUI M CBOMCTBA MOJIYJIMPOBAaHHOTO CHTHaja. Ha MOZyNsTOp TakKe MOCTYMaeT

HEMOJIyJINPOBAHHOE Hecylllee KosiebaHue BHJIA COS(a)t). Ha BeIXxOozme monynsaropa oOpasyercs
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curan (1.12) mocpenctBom ymHoxkenuss curHana |(1) Ha HemomynmpoBaHHOe Hecymiee
xone6anue, Q(t) ma memomynuposanHoe Hecymiee koneGanue, ciBuHyroe mo (dase Ha 90°, u

MOCJEYIOIEr0o CyMMUPOBAHUS.

Bunno, uro crpykrypa IQ-monynsTopa sBisieTcs HWHBAapMAHTHOM OTHOCUTENIBHO BHJA
MOIyIsMH. TakuMm 00pa3oM, OCYILECTBIEHHE TOTO HJIM HMHOTO BHAA MOIYJSIMH ONpEAesieTcs
porpamMMoii, BbINoJIHsAEeMON baseband-npoueccopoM, a MMEHHO AJIrOPUTMOM (OPMHUPOBAHUS
KBaJpaTypHBIX COCTABIIAIOLIMX W3 3aKOJAMPOBAHHOIO MH(pOpMALMOHHOrO curHana. [Q-moxymnsrop
paboTaeT Ha BBICOKOW (HECYIIeH) 4acToTe M, KaK MPaBHIIO, SBISETCS aHAJOTOBBIM YCTPOMCTBOM.
Taxkum 00pazom, CTPYKTYpHO MEpeNaloNINii TPAKT MOXKHO pa3feiuTh Ha IU(PPOBYIO U aHATIOTOBYIO
4acTH, pa3zeiiecHHbIe IU(po-aHanoroBeiM npeodpazosareiem (LIAIT), bopmupyrommum aHATIOTOBBIH
CUTHAJI U3 MOCJIE0BATEIbHOCTH MOCTYNAIOUX Ha HEro OTCYETOB.

Bo3MoskHa Taxke M wHas peanuzanusi, Korga [Q-MomynsTop BhIONHEH B HU(POBOM BUAE H
npeobpasoBanue (1.12) ocymectusiercs baseband-nporeccopom. B sTtom ciydae Ha BBIXOAE
baseband-mniporieccopa dhopmupyercs currai S(f) Ha TPOMEKYTOYHOM YacTOTE, CYIIECTBEHHO Ooee
HU3KOM, ueM Hecymias. [laHHbli curHan npeoOpasyercs B aHanoroBsiid ¢ moMoibio L{AIT u 3aTtem
€ro CIEKTpP MEPEHOCUTCS Ha HECYILYIO YAaCTOTY C MIOMOIIBIO CMECHTEISL.

Hudposbie BUABI MOayIsiinu [7]

[Tudpossie BUABI MOAYIALUH (4acTo HUPOBas MOAYJISALUS Ha3bIBACTCS MAaHUIYJIALMEH), Kak U
aHAJIOTOBbIE, MOT'YT OBITh AMIUIUTYAHBIMH, (a30BBIMH, YACTOTHBIMM MJIM KOMOMHHPOBAaHHBIMU
(Hampumep,  aMIUIUTYyAHO-(a30BBIMHM), B 3aBUCUMOCTH OT TOr0, Kakoll H3 MapaMeTpoB

HeMoxyaupoBanHoro  Hecymero komebamms  S(t) = A(t)cos(wt) + p(t) wusmenserca B

COOTBETCTBUM C H3MEHEHHEM HWH(OPMAlMOHHOTO cHUrHama. Tak Kak 3HauyeHus IUPpOBOTro
MH(OPMALIMOHHOTO CUTHAJa SBJSAIOTCS JUCKpPETHbIMH (Hampumep, {0,1}), AUCKpETHBIM sBISETCS
TaK)X€ M BO3MOKHBIM HAOOp 3HAUEHUH Ka)XA0ro u3 napaMmerpoB. OgHako eciu MH()OpPMallMOHHBII
CUTHAQJI MPOXOAMUT yepe3 baseband-puubTp Ui orpaHWyeHHs CHEKTpa, €ro 3HAUYEHUS YK€ He
SABJIAIOTCS IUCKPETHBIMHU, IO3TOMY PEAJIBHO MEPEX0]] OT OAHOIO JUCKPETHOTO 3HAYEHUS ITapaMeTpa
Kosie0aHus (Hanmpumep, U3BMEHEHNE aMIUIUTY bl WU (a3bl) IPOUCXOUT INIaJJKO U HETIPEPHIBHO.

Ammumntyaabie Buabl Moy sinun (OOK, ASK, M-ASK)

Haubosiee mpocTbIM BHIOM MAaHUNYJSIMM CHUTHAlA SBISETCA AaMIUIUTYAHAs MaHUITYJISIHSL.

MOIly.HI/IpOBaHHHﬁ CHUI'HaJl UMCCT BU

s(t) = A(c(t) + B)cos(awt + goo),

rae C(t) - uadopmanmonHsiii udpoBoit curnan, A, B u ¢g - noctosHubie, B > 0, o - Hecymas
yacrtora. I[lycTh MHOXeCTBO BO3MOXHbIX 3HaueHwit C(t) {0,1}, B=0. B »Tom ciyuae

MoaynupoBaHHbI curHan umeer BuI S(t) = Ac(t) cos(wt + ¢, ), ero ammuTyna HOpUHUMAeT
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3HaueHune () MpU HyJIECBOM 3HAYECHHHM WH(POPMAIIMOHHOTO CUTHAJA U A Tpu enuHUYHOM (puc.l.2).
Tako#t tun Manumyssiuu HaszeiBaeTcss OOK (On-Off Keying, BxirodeHo-BrikiroueHo) U 9acTo

HCIIOJIB3YCTCA B CUCTEMAaX CUTHAJIM3alMK U OXPaHHBIX CUCTEMAX.

a) 1 0 1 1
a) t
s8) t

Puc. 1.4. Moaymsiiuss OOK: a - nundopmarnimonHoe coodiienue; 0 - MOTyIupyomui nudpoBoi
CHTHAJI; B - MOJIyJTUPOBAHHBII painOCUTHAT

Jonyctum teriepp B =1. B stom ciiydae ammmTyaa MOyIMpOBAHHOTO CUTHANIA IPUHAMAET
3Ha4eHHue A TpU HYJIEBOM 3HAYCHHHM MH(POPMALMOHHOTO CUTHaNa W 2A mpu enuHUYHOM. Bun
moxymsauu, Juis  kortoporo B >0, wHocut HaszBanme ASK (Amplitude Shift Keying -
ammuutyaHas Manunyssnus). OOK sBisercs yactHbM cnydaeM ASK npu B=0. CymectByer nBa
OCHOBHBIX KpHUTEpHs CpaBHEHHUS 3()P()EKTUBHOCTU pa3IMUYHBIX BUJOB MOIYJSALUH. DTO Kpumepuu
cnekmpanvHou U dHepeemuyeckou  gpgexmusnocmu.  CrekrpanbHas — 3(PPEKTUBHOCTD
XapaKTepu3yeT MOJIOCY YacTOT, HEOOXOAUMYIO JUISl TIepeaud  MHPOPMAlui € ONpeaesIeHHON
CKOpOCTBI0. DHepreTuyeckas 3((eKTUBHOCTh OMUCHIBAET MOIHOCTh, HEOOXOIUMYIO JUIs NepeJadn
uHbOpMallUU C 3aJaHHOM JOCTOBEPHOCTHIO (BEPOSTHOCTHIO OLIMOKM). M3BECTHO, YTO CHEKTp
MOJTyJTUPOBAHHOTO CUTHAJA HA PAJMOYACTOTE C TOYHOCTHIO JIO MOCTOSTHHOTO MHOXKUTEIISI COBITAAeT
co crekTpoM wMoxayiupytomero (baseband) curHama, omHaKo, LEHTP CHEKTpa paguOCUTHAIA
pasMellleH Ha Hecylledl uJacToTe, a He Ha HyjneBod. IloaTomMy, Kak mpaBWIIO, aHAIU3HPYIOTCS
CIEKTpaJIbHbIE TUIOTHOCTH MOJYJIMPYIOLIMX CUTHAJIOB, LIEHTPUPOBAHHBIE OTHOCUTEIBHO HYIJIEBOU
yacToThl. CriekTpanbHble MIOTHOCTH MourHoctd ASK curnanoB g pasiauuHbiXx baseband-
¢unbTpoB npuBeneHsl Ha puc.l.4. Ha puc.1.4 moka3zaHbl COOTBETCTBYIOLINE (OPMBI HMITYJIHCOB
MOJAYJIHPYIOIIETO CUTHAla Iocjie MpoxoxiaeHus baseband-¢unbrpa. U3 cpaBHenus puc.1.4 u
puc.1.5 BuaHo, uro Oonee riankas (GopMa HMIyJIbca MOAYJIHMPYIOLIETO CHUTHajla MPUBOAUT K
pacIIMpeHnio TJABHOTO JIETIECTKA CHEKTPAIbHOW TUIOTHOCTH MOITHOCTH MOIYJIMPOBAHHOTO

CUTHaJIa U 6oJiee OBICTPOMY YMEHBIIEHUIO aMIUTUTYAbBI OOKOBBIX JIETIECTKOB.
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Puc. 1.5. CnekrpanbHast maoTHOCTh MOIIHOCTH ASK-curnana. @opma umiynbca

MOAYJIUPYIOLICTO CUTHAJIA: 1- npsaMOyroJjibHas, 2 - KOCHMHYCOHUaJIbHas, 3- HpI/IHOI[HSITHﬁ KOCHUHYC.

MHOXECTBO BO3MOXHBIX 3HaueHH KBaaparypHbix kommoHeHT I(f) u Q(t) HasbiBaercs

cueHanvubiM  cossezouem. Kak IIpaBHuJIo, JaHHOC MHOXCECTBO 0T06pa>1<a10T Ha HeKapTOBOﬁ

IUTOCKOCTH, TJIe 10 OCH aOCIHMCC OTIOKEHBI 3HauYeHus: cuH(paszHoi cocrapisomeit 1(t), a mo ocu
opauHat - kBaaparypHod Q(t). Touka Ha IUIOCKOCTH C KOOpIMHATaAMU (X,y) COOTBETCTBYET
COCTOSIHMIO CUTHajla, B KOTOPOM CHH(a3Has COCTaBIAIOIIAs paBHA X, KBaApaTypHas paBHA Y.
Takum oOpa3oM, CHUTHAJIBHOE CO3BE3/IUE€ - 3TO JUarpaMMa BO3MOXHBIX COCTOSTHUW CHUTHAaa.

I/ICHOJ'IIBYH O6IJ_II/II71 BUJA MOAYJIIMPOBAHHOI'O padHOCUTIHAId, MOXHO II10Ka34Tb, 4YTO aAMIUIUTYJ4d

MOAYJIMPOBAHHOTO paIMOCUTHAIA B TCKYILIEM COCTOSAHUHN paBHA

A) = 12(1)+Q2(1),

a ¢asa paBHa yriay BEKTOpa, ykasbiBaromiero B Touky (I,Q), orcunteiBaeMoro ot ocu abciwcc.

Jas mogynsauuit OOK n ASK curnanbHoe co3Besziie n300paxxeHo Ha pucyHke 1.6.

/\Q /\Q

0 1 0 I
a) & ° > 0) ° —>
A i A, A, [

Puc. 1.6. Bunbsl Mogysiiiuu: a - curaanbHoe co3e3aue Moy OOK, 6 - curramsHOe

co3Be3nne moayisiuu ASK

MHuorono3uuuoHHast aMmmutyaHasi monyJasiusi (M-ASK)

HpI/I MOAYJIAIUHU ASK MHOXECTBO BO3MOXKHBIX 3HAUYCHUM AMIUIATYAbl paauoCHUTIHaJIa
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OTpaHUYMBAeTCS JByMs 3HadeHusMH (0e3 ydera criaxuBaHus baseband-GuiabTpom).
CnekrpanbHasg 3(()EKTUBHOCTE MOKET ObITh CYIIECTBEHHO IIOBBILIIEHA, €CIM HCIOJIb30BATh
OosiblIee KOJIMYECTBO 3HAYCHUH aMILTUTYAbI paJiMOCUTHAIA.

Crpynmupyem OUTBI HCXOAHOTO MH(OPMAIIMOHHOTO cooOmeHus B mapsl. Kaxnaas Takas mapa
Ha3bIBAETCS CUMBOJIOM. Eciy kaxplii OUT nMeeT MHOXecTBO 3HaueHuit {0,1}, TO Kaablii CUMBOJI
MMEEeT YeThIpe BO3MOXKHBIX 3HaueHus u3 MHokectBa {00, 01, 10, 11}. ConoctaBum KakxIoMy u3
BO3MOXXHBIX 3HAUEHUIN CHMBOJA 3HAUYEHUE aMIUTUTYIbl paJuocurHana u3z MHoxkectBa {0, A, 2A,
3A}. AHanoruuHeIM 00pa30M MOXKHO TPYHITHPOBATH TPOMKH, YETBEPKHU U OOJIbILIEE KOJTHMYECTBO OUT
B onHOM cuMBoJie. [lomyduTcst MHOTOYpPOBHEBBIM (MHOrOmo3uuuoHHbIH) curHan M-ASK ¢
Pa3MEpHOCTHI0 MHOXKECTBA BOBMOXKHBIX 3HaueHUH aMIuutyapl curiana M = log, K, raoe K - uncno
OUT B OJJTHOM CHMBOJIE.

Hanpumep, curnan ¢ monymsmueit 256-ASK umeer 256 BO3MOXKHBIX 3HAYEHUW aMIUTATYAbI
curHasia u § OUT B OZTHOM CUMBOJIE.

Ha pucynke 1.7 n3o6paxkeHa crieKTpajibHasi INIOTHOCTh MOIIIHOCTH BOCBMUYPOBHEBOT'O CUI'HAJIa
8-ASK u cnektpanbHas mioTHocTh curHana ASK ¢ ummynbcamu npsimoyronbHoOu (opmbsl (6e3
baseband-¢unpTpanyu). MHOTOMO3UIIMOHHBIA CHUTHAJT WMEET MEHBIIYI0 IIUPUHY TJIABHOTO
JernecTka (3aHMMAaeT MEHBUIYIO MO0JIOCY YacTOT) U 0oJsiee HU3KUI YPOBEHb OOKOBBIX JIETIECTKOB, T. €.

HUMCECT 6OJ'ILI_HYIO CIICKTPAJIbBHYIO 3(1)(1)CKTI/IBHOCTB 10 CPABHCHUIO C IBYXYPOBHCBbBIM CUT'HAJIOM.

PSD(fTp), nb
T

assccchenasadanss®®
e et b LT

0O 1 2 3 4

Puc. 1.7. CpaBHeHHE CHEKTPAIbHBIX MNIOTHOCTEH MOIIHOCTH JIBYXYPOBHEBOI'O
BochMUypoBHeBoro AM-curnanos: 1 - curnan ASK, 2 — curnan §-ASK
AMITTUTYAHBIE BUABI MOJIYJSLUNA UMEIOT HEBBICOKYIO SHEPreTH4ecKyro 3(h(PeKTUBHOCTH (Tak
KaK CpEeIHUN ypOBEHb MOIIHOCTH CYIIECTBEHHO MEHbILIE MaKCHUMaJbHOTO0), TPeOYIOT BBICOKOM
JUHEWHOCTH U OOJBIIOrO JMHAMMYECKOT'O JHala3oHa ycWiIuTeds MouHocTH. Ommlka B

AMIUIUTYC CUTHalla N3-3a HEJIUHEWHOCTH YCHUIIUTECIIL NPUBEACT HCIIOCPEACTBCHHO K CHMBOJIBHOM

18



OH_II/I6KG, T. K. BHAYCHUC CUMBOJIa OMMPCACIIACTCA aMHHHTYHOﬁ currana. OTHOIIICHHE MaKCUMAaIbHOM
AMIUIMTYAbl CHUIHAJIa K MUHHMaJIbHOU JOCTAaTO4YHO BBICOKO H Tpe6yeT YCUIIUTEIIA C OOIBIINM
JAUWHAMHUYCCKHUM AHaIlla30HOM. Bansaue AAJUTUBHOIO IIymMa HWJIHW IIOMEXHM HEIIOCPECACTBCHHO
HU3MCHACT aMIUIMTYyy CUT'HaJIA, IIO3TOMY aMIUIMTYAHBIC BHUblI MOAYJIALIMKA HE O6Hal[aIOT BBICOKOM
HOMGXOYCTOI;'I‘-II/IBOCTBIO. OI[HaKO OHHU OOCTATOYHO IMPOCThI B pCaiu3alvu. CursaiasHOE CO3BC31UC

st 8-ASK npuBeneno Ha pucyHok 1.8.

N0

000 001 O11 010 110 111 101 100
—6—0—90—0—0—0—0—>
Ay Ay Ay Ay A5 A 47 Ay ]

Puc. 1.8. Curnanbraoe co3Be3aue moayisiuu 8-ASK
®da3oBbie Buabl Moaysasinuu (BPSK, QPSK, M-PSK, QAM)
da3oMo Iy TUPOBAHHBII CUTHAT UMEET BH/I:
s(t) = Acos(awt +(t) + @), (1.13)

rne Au @ - TOCTOSIHHBIC, () - HECYII[asl 9acToTa.

WNndpopmanus xonupyercs (aszoit ¢(7) . Tak kak Npu KOrepeHTHON IEMOAYJIALNN B IPUEMHHUKE
uMmeercs BoccTaHoBienHas Hecymias Sc(t) = A cos(ot + @g), TO MyTeM CpaBHEHHS CHUTHaja C
HECYIIeH BBIYMCIISACTCS TEKyIni caBur (asel ¢(f) . 3MeHenue (a3l ¢(7) B3aMMHOOJAHO3HAYHO
CBSI3aHO ¢ MH(OPMAIMOHHBIM cUTHaATOM C(t).

QPSK  (Quadrature Phase Shift Keying) - Ksaaparypuas ¢a3oBas MOIYJISAIUS
(ueTplpéxypoBHeBas (azoBas MonynAnus). B nanHoi (a30Boil MOAYNSIIMM UCHIOJIB3YIOTCS YEThIpE
3Ha4yeHus ¢asbl Hecylero kojebanus. B aToM ciyyae ¢asza currana JopKHa NPUHUMATh YEThIpe
sHaueHus: 0°, 90°, 180° u 270°. Oxnako yarie MCHOIB3YIOTCS Apyrue 3HadeHus ¢az: 45°, 135°,

225° u 315° ¢ marom, KpatHbiM 7t / 2.

CooTHolIeHne MEXIy CIBUTOM (ha3bl MOAYIMPOBAHHOTO KOJEOaHUS W3 MHOXECTBa {*m/4,
+3m/4} W MHOXECTBOM CHMBOJIOB (nubutoB) uu¢ppoBoro coobmenus {00, 01, 10, 11}
YCTaHABIMBACTCA B KAKJOM KOHKPETHOM CIy4ae CTaHAAPTOM Ha paJroKaHal M OTOoOpaxaeTcs
CHUTHAJIBHBIM co3Be3aneM. CHTHaJIbHOE CO3BE3JMe — OTO NPEACTaBICHHE MaHMITYJIUPOBAHHBIX

paaroCUTrHaJIOB Ha KOMILJIEKCHOM MIOCKOCTH.
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MoaynupOBaHHBIM CUTHAJI MOXHO MPEACTaBUTh KaK BEKTOp Ha rpaduke B MOJSPHOM cucteme
KOOp/IMHAT; JJIMHA BEKTOpa COOTBETCTBYET aMIUIMTYJE CUIHajla, a ero opueHranus — Qasze. Ha

pucynke 1.9 mpeacraBneno curnanbHoe co3esaue 1 QPSK moymnsum.

»C

g

Puc. 1.9. Curnansnoe co3pe3aue st QPSK moaymnsum.

@da3za MOXKET NEPEXOAUTh U3 OJJHOTO COCTOSHUS B Ipyroe. Takue nepexoabl NpeAcTaBIeHbl Ha

)
- r
1 1
£ LY
b rd
oo 10

Puc. 1.10. ITepexost u3 0gHOTO (ha30BOTO COCTOSIHHS B IPYTOe

pucynke 1.10 y€pHbIMU cTpenKaMu.

g

13 Teopuu CBsI3M M3BECTHO, YTO HAMBBICIICH MOMEXOYCTOHYMBOCTHIO 00JaaeT IBOMYHAS
dazoBas moaymsinust BPSK. OpHako B psiie ciiydaeB 3a CUYET YMEHBIICHHS TOMEX0YCTOHIMBOCTH
KaHaJla CBSI3U MOXHO YBEJUYHUTh €r0 MPOIYCKHYIO CIIOCOOHOCTb.

KBanparypao-ammuutyanas moxymsimust - QAM (QAM — Quadrature Amplitude
Modulation) moxxer paccMaTpuBaThCs Kak pacIIUpeHHas MHOTOoypoBHeBass @M, B KOTOpoil jBa
UCXOJIHBIX CHUTHAJa TCHEPUPYIOTCS He3aBucHMO. Takum o00pa3oM, 37eCh HMEIOT MECTO [IBa
MOJIHOCTBIO HE3aBMCHUMBIX KBAJPATYPHBIX KaHaa, BKJIIOYAIOIINE MPOMECCHl KOAWPOBAHHS U

JIETEKTUPOBAHMS B OCHOBHOM IOJIOCE.
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Ha pucynke 1.11 nokazaHo CUTHQJIBHO - TOYEHOE IIPOCTPAHCTBO JUIsl cuctemsl ¢ 16-QAM n
YEThIPbMS YPOBHSAMH B KaXJIOM KBaJpaTypHOM KaHaie. TOUYKHM NpeAcTaBis0T COCTABHON CUTHAI, a

IOTPUXHU HA OCAX OTMCYAIOT YPOBHHU aMIINIMTYAbI B KAXXJI0OM KBaJApaTypHOM KaHalicC.

4 Q

e
e
a8
e
Y

Puc. 1.11. CurnanpHO-TOY€YHOE IPOCTPAHCTBO MOIYJISLUU
s 16-QAM

B otnnuune ot ®M curnanos curaainsl QAM He coepiKaT MOCTOSHHOM orubarorieit. Hamunune
MOCTOSIHHOM ~ ormbaromeir B DM  00BACHSETCS MONJEp)KAaHWEM OTHOIICHUS YpOBHEH B
KBaApaTypHbIx KaHanax. B QAM Ttakue orpaHuyeHuss HE BBOJASTCS BBHUJY TOTO, YTO B KaXXIOM
KaHaJIe YpOBHU HE3aBUCHUMBI.

Xapakrtepuctuku omubok cucteM QAM u OM mopymsauuii cuiabHO oTinuatrcsa. [lpu
JOCTaTOYHO OOJIBIIIOM YHCIIE CHTHAIBHBIX TOUeK cructeMbl QAM uMEIOT, Kak MpaBuIIO, JTyYIINe
XapaKTEePUCTHKHU, yeM cucteMbl ¢ @M. OcHOBHas MPUYMHA COCTOUT B TOM, UTO PACCTOSTHHE MEXKITY
CUTHaJbHBIMU TOYKAMHU Ha AMarpamme Aiis cucteMbl ¢ QAM Oombliie, 4eM AJisi COOTBETCTBYIOIIEH
cucteMbl ¢ OM.

QAM wumeer npeumymiecTBo Haja cucteMoit @M 1pu TOM ke MUKOBOW MOITHOCTH.

10!
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108

OtromeEHe SHEPTHE Ea OHT K mwIoTHO cTH myMa (Ey/No). a1b
Puc. 1.12. BepositHocTH 0mboK B cuctemax QAM
JlocTOoMHCTBO BBICOKMX 3HaueHH Homepa QAM — 3TO MOBBIIEHHAs CKOPOCTh Iepeaayu

AAHHBIX, ITOCKOJIBKY TaKUM 06pa30M OoJlblllee KOJIMYECTBO OHMTOB I/IH(I)OpMaI_[I/II/I MOXKET OBITh
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nepenaHo B TeYeHHH OJHOro nukia. OIHaKo, ¢ IPYroil CTOPOHBI, B 3TOM Cliy4ae OOJIbIIee YHCIIO0
YPOBHEH aMIUIMTY/Abl CHTHAJIA PACIoiaraloTcs OJM3KO APYr K JAPYry, IMOBBINIAs TEM CaMbIM
BEPOSITHOCTh HEPA3IMYMMOCTH JBYX YPOBHEH, W KaK CIEJICTBHE — IIOBBINIAs YYBCTBHTEIHLHOCTH
CHCTEMBI K IIyMY.

Ha pucynke 1.13 npencrasieno otHomeHue nmapamerpa SNR k mapamerpy BER (Bit Error

Rate — Oraomenue but/Ommobka).

40
22 TV i
30 T ——— .-
g 251 —oweent T TR0 —
=5 r“ —_—-———-___
3 ?2 e P 16-QAM p—
g — — —
10 |_—~ =" QPsK
5
0_ - w [ 0 =
o o b o b b o b o b o

BER

Puc. 1.13. Ortnomenne napamerpa SNR k mapamerpy BER

JBonuHas pazosasi moxyssinusi (BPSK - Binary Phase Shift Keying)

MHuoxxecTBy 3HaueHuidl wuHopmanuonHoro curHamna {0,1} craBUTCI B OJHO3HAYHOE
COOTBETCTBHE MHOKECTBO M3MeHeHul dassl {0, n}. [Ipu usmeHeHnn 3HadeHust ”HHOPMAITMOHHOTO
curHasia (aza paguocurHana uaMensercs Ha 180°. Bpemennas ¢opma curnama m ero co3Be3aue

noka3aHbl Ha pucyHke 1.14.

a). 110 |1 | 1 1YY
6):; : B f
o JEANMANAN.

VWUUTIVIVUY

Puc. 1.14. Bpemennas ¢opma u curHaibHoe co3Besaue curtaina BPSK: a — mudposoe
cooOuieHue; 6 - MOAYIUPYIOIIUNA CUTHAIT; B - MOyupoBaHHOe BU-konebaHue; I - CHTHaJIbHOE

CO3BEC3aUC

KBanparypuas ¢a3osas monyasimus (QPSK - Quadrature Phase Shift Keying)
KBanparypHass ¢a3oBas MOAYISIHS SIBISETCS YETHIPEXYPOBHEBOH (ha30BOM MoIyssinueit

(M=4), npu xotopoil ¢aza BBICOKOYACTOTHOTO KOJIEOAHUS MOXKET MPUHUMATh 4 pPa3IUYHBIX
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3HAYEHHSI C IIaroM, KpaTHeIM 7/ 2 .

CootHomieHre MexXJIy cIBUTOM a3l MOAYJIUPOBAHHOIO KOJ€OaHUS M3 MHOXKECTBA
{#n/4,£31/4} W MHOXXECTBOM CHUMBOJIOB (quOuTOB) IM(ppoBoro coodbmenus {00, 01, 10, 11}
YCTAQHABJIMBACTCSI B KAKJOM KOHKPETHOM CIIydae CTaHJApTOM Ha pPaJMOKaHAI M OTOOpa)kaeTcs
CUTHAJbHBIM CO3BE3JUEM, aHaJIOTMYHbIM pucyHke 1.15. Crpenkamu 1oKa3aHbl BO3MOXKHbBIE
Mepexo/ibl U3 OJJHOTO (Pa30BOr0 COCTOSHUS B APYTOE.

Q

ar/a b /4
(10) (11)

-3n/4 /4
(00) (01)
Puc. 1.15. CurnansHoe co3Besnue moaymsiiuun QPSK

W3 pucyHka BHJIHO, YTO COOTBETCTBHE MEXIYy 3HAuEHUSIMM CHMBOJIOB M (a3oil curaaia
YCTAaHOBJIEHO TaKUM oOOpa3oM, YTO B COCEJHUX TOYKAX CHUTHAJIBHOIO CO3BE3/IMs 3HAYEHUS
COOTBETCTBYIOLIUX CUMBOJIOB OTJIMYAIOTCS JIUIIb B OJJHOM OHTE.

[Tpu mepenave B ycloBHsX IyMa HanOosee BEpOSTHOH omuOkoil Oyner ompeneneHue (asbl
coceHEeN Touku co3Be3aus. [Ipu yka3aHHOM KOAMPOBAaHMM, HECMOTpPS HAa TO, YTO IPOHU3OILLIA
omuOKa B ONpPECIICHUH 3HAaYEHUs CHMBOJIA, 3TO Oy/IeT COOTBETCTBOBATH OIIMOKE B OJHOM (a HE
nByx) 6ute nHopmanuu. Takum 00pa3oM, TOCTUTaeTCsl CHUKEHUE BEPOSITHOCTH OIIMOKMU Ha OWT.
YkazaHHBIN C1IOCOO KOJMPOBAHUS Ha3bIBaeTCs KoJoM I'pes.

Kaxnomy 3HaueHu1o ¢a3bl MOAYIMPOBAHHOTO CUTHAJIA COOTBETCTBYET 2 OuTa MHPOpPMALIUH, U
MOATOMY M3MeHeHue Mopaynupyromero curtana npu QPSK - momymsiuu npoucxomut B 2 pasa
pexe, yem npu BPSK-monynsiuu npu oanHakoBO# ckopocTH nepenayn nHpopmanuu. M3BectHo
[5], yro cmekTpanbpHas IUIOTHOCTH MOIIHOCTH MHOTOYPOBHEBOTO CHTHaja COBIAIacT Co
CMEKTPAJIbHOM TUIOTHOCTHIO MOIIIHOCTH OMHAPHOTO CUTHAJA MPH 3aMeHe OMTOBOro MHTEpBaja Tp Ha
CHUMBOJIbHBIN wuHTepBan Ts = T, logz, M . [ns dersipexypoBHeBoW wmoaymsiiuun M=4 wu,
crenoBaTenbHO, 15 = 2Tp. PaccrosHMe MexIy TEpBBIMH HYISIMH CHEKTPaTbHON IUIOTHOCTH
momtHocty curHana QPSK paBno Af = 1/ Tp, uro B 2 pasa meHblie, 4eM st curHana BPSK.
JlpyrumMu ciioBamHM, crieKTpajibHas 3¢ ¢eKTUBHOCTh KBajaparypHoi moxynsuuu QPSK B 2 pasza

BBIIIIE, YeM OnHapHOU Moaysannu BPSK.
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Mmuorono3uunuonnas ¢gazosas moayJsiust (M-PSK)

M-PSK ¢dopmupyercsa, kKak u JApyrHe MHOTOIO3UIIMOHHBIE BHJIBI MOJYJISALHH, ITyTEM
rpyrmnupoBku K = 1og, M OMT B CHMBOJIBI M BBEICHHEM B3aMMHO-OJIHO3HAYHOTO COOTBETCTBHUS
MCKAY MHOKCCTBOM 3HA4YEHUH CUMBOJIa 1 MHOKECTBOM 3HAYCHUU caBura (baSBI MOAYJIUPOBAHHOT'O
KOJIe6aHI/I$I. 3Ha‘IeHI/I$I caBura (1)3,31:1 N3 MHOXCCTBA OTJIMYAIOTCA HAa OJMHAKOBYHO BCIWYHHY. I[JISI

npuMepa Ha pucyHke 1.16 nmpuBeneHo curnansHoe co3Besnue st 8-PSK ¢ kogupoBanuem [pes.

A5

101 4 o 110
100 / 1010
° o
T4 T
‘® ®
000 ®-
4o
001

Puc. 1.16. CurnansHoe co3Be3aue moaynsauuu 8-PSK

AMILTHTYIHO-(a30BbIe BUABbI Moy asiuun (QAM)

Moaynasiusi, Tpd KOTOPOH MPOUCXOJUT OJHOBPEMEHHOEC H3MEHCHHE JIBYX I1apaMeTpoOB
HECYIIEro KOJIeOaHus - aMIUTUTY/IbI M (pa3bl ~-HA3bIBACTCS aMILTUTYIHO-()a30BOM MOAYIIAIIUCH.

MUHUMAJIBHBIA YPOBEHb CHUMBOJIBHBIX OIIMOOK OyIET TOCTHTHYT B CIydYae, €CId PacCTOSHHE
MEXy COCEIHUMH TOYKAMH B CHUTHAJIBHOM CO3BE3MH OyIET OJUHAKOBBIM, T. €. paclpelesicHue
TOYEK B CO3BE3AMU OyIeT PaBHOMEPHBIM Ha IIOCKOCTH. Clie0BaTEeIbHO, CUTHAIBHOE CO3BE3/HE
JOJDKHO HMETh pelleTdaThiii Bua. Moaymsnus ¢ TOJ0O0HBIM BHIOM CHUTHAJIBHOTO CO3BE3AUS
Ha3bIBaeTCs KBaJpaTypHOW ammuutyaHod Monymsinuedn (QAM - Quadrature  Amplitude
Modulation). QAM siBisieTcss MHOTOIMO3MIMOHHON Momyssiuei. [Ipy M=4 oHa COOTBETCTBYET
QPSK, mostomy opmanbro cuntaercs it QAM M > 8 (T.k. uuciio out Ha cumBoia K = log, M, k
E N, To M MoXeT mpruHHMAaTh TOJBKO 3HA4YeHHS crernenei 2: 2, 4, 8, 16 u 1.1.). Jlns mpumepa Ha

pucynke 1.17 npuBeneHo curHaiabHoe co3Beszaue 16-QAM c konupoBanuem [ 'pes.

0100 o110 o111 6101
5] @+ @ ®
1100 1110 1111 1101
® ®.T @ B
3 -1 +1 +3
] il i i}

1 T T 1
1000 1010 1011 1601 1

® ®-.T @ &
0000 aoio0 6011 aon1
® ® 1+ @ ®

Puc. 1.17. CurnanbHoe co3Besaue Monyssiuu 16-QAM

24



Ha mnpaktuke ucnoneiyrorcs Oonbmiune 3HadeHus M, BIioTh 10 1024-QAM. Takue BuabI
MOJYJSILMM TO3BOJSIOT JOCTHYb MCKIKOYHUTEIBHO BBICOKOM CHEKTPaJbHOM 3(PPEKTUBHOCTH.
OpnHako, Kak BHJIHO M3 CUTHAJIBHOIO CO3BE3/UA, TaK Kak MH(pOpMalUs KOJUPYETCS B TOM YHCIeE
aMIUTUTYI0H ¥ M3MEHEHUS aMIUTUTYAbl Belukd, TO QAM mpeabsBisieT BbICOKHE TpeOOBaHHS K
JMHEWHOCTH YCHUJIUTEINS MOIIHOCTH U €ro AMHAMHUYECKOMY JAMaIa3oHy, 0COOEHHO i Ooibimx M.
[IpakTrueckoe ocymectBienne QAM-MOIYISIIIMU BBITOIHSACTCS CISAYIOIMM oOpa3oM. B mamsaru
npoleccopa XpaHuTcs Tadiuia 3HadeHWi kBaaparypHbix kommoHeHT I(t) m Q(t), umeromuxcs B
CUTHAJIbHOM CO3BE€3/IMU M PACIIOJIOKEHHBIX B MOPSAKE BO3PACTAHUS 3HAYEHUSI COOTBETCTBYIOIIETO
cuMmBoa. [Ipoueccop aHamM3uUpyeT BXOAHYIO IOCIEIOBATEIBHOCTh OWTOB, pa3OMBaeT ee Ha
CUMBOJIBI M JJIsI KaXJOro CHMBOJIa BbIOMPAaeT COOTBETCTBYIOLIME 3HAUCHMsI KBAJApaTypHBIX
KOMITOHEHT U3 TaOJuIIbl. 3aTeM BBINOJNHsAETCS baseband-dubrpamnus curnanos I(t) u Q(t).

CpaBHeHHe Pa3JIMYHBIX BH/I0B MOAYJISILIUH

Kak yka3piBajioch, OCHOBHBIMH KpUTEPUSAMH 3()(HEKTUBHOCTH PA3IMUHBIX BHIIOB MOMYJISIIUN
ABJISIIOTCSL  KPUTEPUM CIIEKTPAJbHOW M SHEpreTudeckod 3¢ (EeKTUBHOCTH. ODHepreruyeckas
3pGEKTUBHOCTh XapaKTEpU3yeT SHEPruio, KOTOPYI HEOOXOJUMO 3aTpaTUTh Ul Hepeaayu
nHpOpMaMM ¢ 33JaHHOH JOCTOBEPHOCTHIO (BEPOATHOCTHIO OIIMOKH). CnexrpanbHast
3G PEKTUBHOCTh XapPaKTEPU3YET TIOJIOCY YacTOT, HEOOXOIUMYIO IJISi TOTO, YTOOBI IIepeaaBaTh
uHGOpPMALMIO C ONpeAETIeHHOM cKopocThlo. Kpome 1aHHBIX KpUTEpUEB, BHUAbI MOAYJSALUU
CPaBHMBAIOTCSI IO YCTOMYMBOCTM K pAa3JIMYHBIM THUIIAM IIOMEX W MCKaKEHUH M CII0XXHOCTH
anmapaTHOW peanu3aliy. YBeln4YeHue Mo3uiuil (ypoBHel) Moxymsinun (Moayrsiiuu M-ASK, M-
PSK u M-QAM) yBenuuuBaeT criekTpaibHyto 3¢ dexkruBHocTh B K = 109, M pas. Taxke oTMedeHo,
YTO HAauOOJbLIeH CIEeKTpalbHONW 3(PPEKTUBHOCTBIO CPEAN YaCTOTHBIX BUJOB MOAYIALUU 00Ja1aeT
monyssiiust MSK. MSK siBnsiercst ciektpanbho B 2.6 paza meHee s dextuBHol, uem QPSK u B 1.3
pa3a menee 3pdextuBHoi, ueM BPSK. CpaBHUM BUJIbI MOYJISLIUN IO KPUTEPUIO IHEPTETUUECKOM
s¢dextuBHOCTU. JlJI1 3TOTO OLIEHMM JJIsi KaKJIO0ro BHJA MOJYJALUU TPeOYeMyIO SHEPTHUIO IS
nepeaayn MHGOpMAlMK ¢ OJUHAKOBOM BEPOSTHOCTHIO OMIMOKM Ha OWUT. B Tabmmue npuBoaarcs
3aBHCUMOCTH BEpPOSTHOCTH OIIMOKM Ha OuUT oT orHomeHuss Ep / Ng amst pa3nuyHbIX BHIOB

MOJTYJISIIIUH.

0.1

o.o1
10 F
BPSK
DBRPSE

HENo repeHTHS A
DBRPS

Ao e

Y

Puc. 1.18. CpaBHenue sHepreTrndeckoit 3pPeKTHBHOCTH MOIYISIIIANA C OTHOCHTEIHHBIM
kogupoBanueM: DBPSK, DQPSK u nekorepentnoit DBPSK.
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Opnako BER mns BPSK u QPSK ommcheiBaroTcs OguHAKOBBIMEH (DOpPMYTaMH, TPH ITOM
QPSK B 2 paza cnekrpansHo 3ddexktuBnee, dem BPSK. CnemoBarensno, QPSK Bcerma
cymectBeHHO 3¢ dextuBaee, yeM BPSK, u, 00bIKHOBEHHO, UMEET CMBICT UCTIOIb30BaTh QPSK,
a He BPSK.

CpaBHUM BHIBI MOIYJSIUU TIO KPUTEPHUIO dHEPreTHUEcKOd 3¢ dekTuBHOCTH. s 3TOTO
OLICHUM JJIsl KaXJOro BHUZA MOIYJSALMU TPeOyeMyl0 SHEpPruio JUisl mepenadyd HHpopMaruu ¢
OJIMHAKOBOM BEpOSATHOCThIO omuOku Ha Out. B [2], [10] ompeneneHbl COOTHOIICHUS,
CBSI3bIBAIOIIUE BEPOSTHOCTh OMTOBOW OIMIMOKM ¢ BenmuuuHOH Ep / Ng uis pasiuuHbIX BUIOB

MOAYJIAINUU:

Ey
BER = f| (|, (1.14)

0
rae BER - BepositHOCTh ommbOku Ep - sHeprus, HeoOXomumas Ui Nepeladyd OJHOTO OuTa
uHpopmanuu, No - CeKTpaibHas MJIOTHOCTh MOIIHOCTH Oesioro nryma B kKaHane. Eciu MomHoOCTh
nepenaTanka paBaa P, To BenmunHA YHEPTUY, MPUXOISIIAsCS Ha OAWH OUT nH(pOpManuu, paBHa Ep
= PTy, rne Ty - noutenpHOCTh OuTa. B Tabm. 1.1 nmpuBOasATCS 3aBUCUMOCTH BEPOSTHOCTH OIIMOKH
Ha OuT oT oTHOMIeHUs Ep / No 171t pasnuuHbIx BUIOB MOy Isiuu [1].

Tabmuua 1.1. BeposSTHOCTD OMUOKY [T PA3TUYHBIX BUI0B MOAYIISITHH

Bua Moay aisimHH BepoaTHocThs omHOKM Ha 6uTt (BER)

OOK OG/E, /I N,

BPSK 2FE,/N,)
S I S
S € b Gt )

OQPSK kon I'pes

O(N2FE, I Ny)

KorepenrHast
DOQPSK
npu 1, / N, == 1

2O0f2F, /N,
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2 2L, log, M . ,
M-PSK koz I'pest O p OB san“[ij
log., A N, M

FSK O [1 B sin(zz-m)J E,
- 2 -m N,

MSK OGZE, I Ny)

_- , o

M_MSK 2 =) Gl [, ar L

M log ., A 1 N, f

nnst kK =log, AM , kK —veTHOE:!

2
BER:M, roe
log, A

P o_ 2(~W/AM —1) O 3log, M I,

QAM kox I'pes o \/H = AM—-1 N,

IOJIsI HEYETHBIX k!

BER<—L |1 [1-20| [21082M £,
log, A1 M—-1 N,

1
O(x) =
B tat6:. \/E

M - gucno mo3uuuit 111 MHOTOMO3UIIMOHHBIX BHUIOB MOIYISALUU, M - UHACKC MOAYIISIIUH IS

J.etz/Zdt

- HHTETpaJl OIMOOK (MHTETPa BEPOSATHOCTH),

yacToTHOU Monynauuu, BER - BeposiTHOCTE o11nbku Ha OUT.

W3 Tabn. BUAHO, YTO C yBENUYEHUEM MO3UIIMOHHOCTH MOJIYJISIMH, BEPOSITHOCTH OHMTOBOM
OIIMOKY yBenruuBaetcs (cM., Hanpumep, hopmynsl M-ASK u M-PSK, Q(X) siBsieTcst yObIBaroIei
¢bynkuueit aprymenra). Takum oOpa3oM, Kak TpaBWIO, HpU YEeIUudeHuu CHeKmpaibHOU
aghghexmusnocmu snepeemuyeckas d¢hghekmusHocms yMeHbUIAEMCAL.

Onnako BER mns BPSK u QPSK ommceiBarotest omuHakoBeiMu (hopmynamu, pu 3Tom QPSK
B 2 paza crektpanbHo dddekruBnee, uem BPSK. CnemoBarensno, QPSK gcecoa cywecmeenno
agpgpexmusnee, uem BPSK, u, obwiknosenno, umeem cmuvicn ucnonvzosams QPSK, a ne BPSK.
dusnuecku, 3To 00bscHsIeTCS TeM, 4To B ciiyyae QPSK nobapnsercs NOMONMHUTENbHAS CTENEeHb
cBOOOBI: KBamparypHas coctapistomnias Q(t). B ciyuae BPSK wucmonbs3yercss Toabko cuH(pazHas
cocrapisroiast 1(t). Keamparypras ¢gopma xorepeHTHOro (ha3oBOTO JEMOIYJSATOpA MPHUBOIAUT K
TOMY, YTO JBa KaHaja JeTeKTOpa O0O0eCHeunBaIOT He3asUCUMbIY TIPUEM JBYX OWHApHBIX
($a3oMOyIMPOBAaHHBIX CHUTHAOB. AHAJIOIMYHOE SIBJIEHHME HMEET MECTO M IpH CpaBHEHUHU
monynsuii DBPSK n DQPSK (¢ otHOCcHTENnbHBIM KOZHMpOBaHUEM). XOTs BeIpakeHus aiusi BER
HECKOJIbKO OTJIMYAIOTCS, C BBICOKOW CTEMEHBIO TMPUONIKEHUs] OHU COBMAamarT (puc.24).

MOI[y.HSII_II/II/I C OTHOCUTCIIbHBIM KOAUPOBAHUCM UMCIOT HeOO0IbIIOMH BHCPFCTH‘ICCKI/II‘;I IIPOUTPHII 1O
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cpaBHeHHiO ¢ oObikHOBeHHbIMH BPSK u QPSK (0.3 - 0.9 nb). DBPSK ¢ HekorepeHTHbIM
JNETEKTUPOBAHUEM TaK)Ke€ MMEET HeOOJbIIION MpourpsI o cpaBHeHnio ¢ DBPSK ¢ xorepenTHBIM
nerektupoBanueM (okosio 0.5 nb), puc. 1.20. [Tog sHEpreTUYECKUM BBIUTPHIIIEM MOHUMACTCS

pasHuna B 3HaueHuu Ep ' N ¢ mpu o1rHaKOBOM 3HAUE€HUH BEPOSTHOCTH OMIMOKHU HA OUT.

0.1 F

ool

1107 %

BPSIK 4
DEPSE 1o 7]
HERO MEpeeHTHSA 1 rlljij ]
DBEPSE _

DIOPSE 11077 .

11077
-

o

10

110

Puc. 1.20. CpaBuenue suepreruueckoit apdexruBnocti moayisinuii BPSK, DBPSK,
DBPSK u DQPSK
TakuM 00pa3oM, UMEET CMBICI CPaBHUBATH BUIBI MOIYJSAIUUA C OJUHAKOBBIM YHCIIOM
no3uruii. CpaBauM nByxypoBHeBeie OOK, BPSK u MSK. Kak Bumno u3 ta6n.,, OOK u MSK
UMEIOT OoauHaKkoByl0 3(dexkruBHocTs u ycrynmaror BPSK (u, coorBerctBenno, QPSK) mo

sHEpreTudeckoit 3hekruBHoCTH MpUbIM3UTEILHO 3 b (prc.1.21).

1 T T T T T T T T
0.1

0.01
1107 %
110 ¢

QOK, MSK 110 °

BFSH 1107 %

1107
-8a

o

10 1

| | 1 1
a] 2 < & 2 10 12 14 1e 18

Eu Ve

1107

Puc. 1.21. CpaBnenue suepretudeckoit apdexrusaoctu moaysiuuii OOK, MSK u BPSK
[To pe3ynbTaTam TaHHOTO CPAaBHEHHS MOKHO CIETaTh BEIBOJ O TOM, YTO MPU YHCIIE YPOBHEH 10
4 rumrountenbHo QPSK siBisieTcs ciekTpalibHO M 3HEpreTHYeckn Hanboee 3OPEKTUBHBIM BHIOM
Monynsiuu. OAHaKo 37ech CleAyeT CcHeNaTh OJHO CYIIECTBEHHOE 3aMeuaHHe OTHOCHTEIbHO
monysiiun GMSK. Ee cniektpanbhas a¢¢dextuBHOCT HIKe, yeM QPSK, B cucremax c unetinbiv
yeunenuem.  GMSK, kak  dYacTOTHBI  BHJ ~ MOIYJISIIIUH, TO3BOJSET  WCIOJIB30BATh
BBICOKO()(DEKTHBHBIC HENWHEHHBIE YCWINTENM W OrPAaHUYUTENH, YTO JaeT DHEPreTHYECKUi

Berpeil. [Ipu mpoxoxaennn QPSK uepes momoOHBIE yCTpOWCTBa, €€ CHEKTP pacIIupsercs
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(IPOUCXOAUT HEKOTOPOE BOCCTAHOBJICHHE OOKOBBIX JIEMECTKOB). [103TOMY, B HEKOTOPBIX CIyYasX,
GMSK moxer umers Oonbinyto 3¢ dektuBHocTh, yeM QPSK. B wacthoctu B cranmapre GSM
BbIOOp caeman B moias3dy GMSK, a B CDMA - OQPSK. Onnako, ycoBepII€eHCTBOBAaHHBIC BH/IbI
Moyt QPSK (aampumep, FQPSK) B mrobom ciryuae npeBocxoaat GMSK.

CpaBHUM Teneph MOIYJISIUU ¢ YrciIioM ypoBHeH M>4. Ha puc. 1.22 uzo0paxeHo cpaBHEHUE
SHEPreTU4ecKkoil A(PQGEKTUBHOCTH Ui aMIUIMTYIHOW, (a30BOii W aMIUIMTYIHO-(a30BOM

MaHumyssiuy npu M=16 u M=64.

16-PSK L
— 64-PSK

16-ASK
e 64-QAM
16-CIAM

Puc. 1.22. CpaBuenue sueprerudeckoit apdexrnBroctu monymsauuii M-ASK, M-PSK u M-

QAM: a-M=16, 6 - M=64

Kak Buano u3 puc. 1.22, aMIiMTyaHas MOIyisuus cymectBenHo (6onee 10 b mpu M=16)
ycrynaeT Gpa3oBoi U aMIUTUTYAHO-(a30BoH, modToMy nipu M=64 cpaBHEHHE ¢ HEll HE POBOTUTCS.
IIpu cpaBuennun M-PSK ¢ M-QAM Bugno, uto M-QAM npeBocxonut mo 3¢ dexruBHOCTH M-
PSK, mpuuem snepreruyeckuii Beiurpsiimn M-QAM yBenuuuaetcst ¢ pocrom M. Hanpumep, ans
M=16 BbiurpsIi coctasiseT okono 4 nb, a npu M=64 oxomno 10 n1b. ®uznuecku 310 0ObICHAETCS
TEM, YTO PACCTOSIHHE MEXy COCEITHUMH TOYKaMH B CUTHAJILHOM co3Be3anu M-PSK menbmie, yem
M-QAM. CurnameHoe co3Besgue M-PSK mpexncraBnser co0oil OKpYXHOCTH C pPaBHOMEPHO
pacrpelieieHHBIMH Ha HeH Toukamu, a co3Besgue M-QAM - kBagpaT ¢ paBHOMEpPHO
pacrpeeieHHbIMU [0 €ro IUIOIAAM TouykaMu. YeM Oojbllle paccTOSIHME MEXAy TOYKaMH B
CO3BE3IMM, TEM MeEHee BEepOsiTHa OmMUOKa B JIETEKTUPOBAHHUM COCETHETO CHMBOJIA.
MHOTOMO3UIIMOHHAST YaCTOTHASI MOTYJISIIIHSI HCTIONIB3YETCSI TOPA3/I0 peXke, TaK KaK npu yeeaudeHuu

Yucia yposHell U COXPAHEeHUU UHOEKCA MOOYVIAYUU ee CHeKMp He CYHCAemcs, d pacuupsemcs,

M
BBUAY TOT'O, YTO BBOAATCA HOBLIC YAaCTOTHI U INIHWPHHA CIICKTpa PACTET IO 3aKOHY —, Kax
’ log, M

BUHO U3 Tabn. 1.1, ogHako, npu ysenuuenuu yucaa yposuei M-MSK, 6 omauuue om ecex opyeux
8UO08 MOOYIAYUU, BEPOSAMHOCMb OWUOKU Ha Oum ymenvbuiaemcs. Mpl TOJlydaeM BBIUTPHIIT B

9HEepreTudeckoil 3(h()eKTUBHOCTH 3a CYET YMEHBIIEHUS CIIEKTPabHON 3P PEKTUBHOCTH.
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Takum 00pa3oM, MpH orpaHudeHHoi moioce, npu M < 4 nambGonee 3¢dekTuBHON sBISETCS
monysinusg QPSK, a mpu M > 4 - QAM. QPSK sBnsercs wactapiM ciaydaeM QAM mpu M=4.
Mosxno cuntate QAM Haubonee 3pPEeKTUBHBIM BUAOM MOIYJISIIMU TIPH JIFOOOM YHCIIE YPOBHEH.
Eme Oonpmmii BBIMTPHII 1O CcpaBHEHUIO C 0ObikHOBeHHBIMH QPSK u QAM gmaror wux
YCOBEpPILICHCTBOBaHHBIE MOAM(UKaIMKY, Takue, kak Moaudukammu Peepa [11] (FQPSK, FQAM),
MOJYJIAIMS ¢ perreTdaThiM KoaupoBanueM (TCM), ontumusaius popMbl CUTHATIBHBIX CO3BE3AUMN U

HCIIOJIB30BAHUEC MHOI'OMEPHBIX CUTHAJIBHBIX COSBCS,HPIfl.

1.2. Moaemsbl cotoBoii cBsizu FSK, MSK GMSK u ync/ieHHbIi aHAIU3 BepOSITHOCTH
CHMBOJIbHOMH OIIMOKH ¢ ucnojb3osanuem IO LabVIEW
Yacrornas manunyasmus (FSK)

3navyeHusM «0» u «1» HHPOPMAITMOHHON MTOCTIEIOBATEIHPHOCTH COOTBETCTBYIOT OIPEIeIEHHBIE
4acTOThl CHHYCOWJAJIBHOIO CHUTHAJIa INpPU HEU3MEHHOM amiummryzne. YacToTHass MaHUIYJISLUSA
BECbMa IOMEXOYCTOMYMBA, MOCKOJbKY IOMEXH TeJe(POHHOrO KaHajla MCKa)KaloT B OCHOBHOM
aMIUIUTYly, @ HE 4acToTy curHana. OJIHaKo NOpHU YaCTOTHOW MAHUNYJSLMU HEIKOHOMHO
pacxoayercsi pecypc MOJOCHI 4YacTOT TeleoHHOro KaHana. [lo3ToMy STOT BHI MOIYISIHN
IIPUMEHSIETCA B HU3KOCKOPOCTHBIX NMPOTOKOJIAX, IO3BOJISAIOIIMX OCYILECTBIAThH CBS3b 110 KaHajaM ¢
HU3KUM OTHOILIEHUEM CUTHAJI/IIyM.

CymectByet Takxke noasuj 3to Moxyasuuu GFSK. Ipunuun pabotsl mogynaropa GFSK
noxoxk Ha FSK, 3a uckitoueHuem Toro, 4ro cHavaia moJjioca UMIyibCcoB (-1, 1) mpoxoauT yepes
¢unbTp Naycca ans criaxuBaHusi, 4To o0ecreunBaeT YMEHBIICHUS IIUPUHBI €0 CIIEKTpa, a yxkKe
nocie nonagaer B FSK. @unprpanus ['aycca — oauH M3 caMbIX pacHpOCTPaHEHHBIX CIIOCOOOB
YMEHBIIEHUS [IUPUHBI CHIEKTPA.

Ha pucynke ke mnpuBeneH rpaduk IBOMYHONM OWHAPHOW MOCIEIOBATEIBHOCTH HYJIEH M
€IMHUIl U, COOTBETCTBYIOLIUN €My, I'padMK 4YacCTOTHO-MAHUITYJIMPOBAHHOIrO curHaia. Huskomy
YPOBHIO OMHApHOTO JIBOMYHOTO CUTHAja cooTBeTcTBYeT yactora 1 KI'l, a BeIcokoMy - yactota 0,5

KFI_I HECYIICT'O CUTHAJIa CHHYCOUAAJIbHOTO THIIA.

Puc. 1.23. YacToTHass MaHUITYJISIIIHS

B nmporpaMMHON KOMIUIEKCE MOKHO OCYILECTBUTH MHOTONO3MIIMOHHYIO YacTOTHYIO
monynsmuro (MFSK) 3amaB B mone M-FSK nyxHbIit ypoBeHb oT 2 no 64. B Ounapnoit FSK

MoAayJdanuu, T.€. MpUu M:2, ABa JBOWYHBIX YHCJIa MPEACTABIAIOTCA CUTHAJIaMH ABYX PA3JIMYHBIX
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4acTOT, PACIOJIO0KEHHBIX OKOJIO Hecylllel. buHapHas 4acToTHas MOAYJSIUs MEHEE BOCTIPUUMYKBA
K OIIMOKaM, YeM aMIUTUTYAHAs. MOAYJISIIHSL.

bonee > pexTuBHOI, HO U OoJiee MOABEPKEHHON OIIMOKaM, SBISETCS CXeMa MHOTOYaCTOTHOM
monayssiinu (Multiple FSK - MFSK), B koTopoii ucrnoinb3yercst 6ojiee AByX 4actoT. B aTom ciydae
Ka)KJasi CUTHaJIbHAs MTOChUTKA TIpeicTaBisier 6osee ogaoro 6uta. [lepenanusbiii curaan MFSK (nms

OAHOro nepuoaa rnepeaayun CHTHAJIbHOM HOCLIJ'IKI/I) MOXHO OIIPpEACINTE CICAYOIINM 06pa30M:

§; = Acos@r fit), l<<i<<M

31ech
fi=fo+@i-1-M)f,

rac fC - HeCyllasa 4acCToTa, fd - Pa3HOCTHAsA 4aCToTa, M - gmcno PAa3JIMYHBIX CUTHAJIBHBIX

nocsuiok =25 ;L - kouuecTBo 61TOB Ha OJIHY CUTHAJIbHYIO TIOCBLIKY.

Ha puc. 1.24 npencrasnen npumep cxembl MFSK ¢ M=4. BxonHoil noTok OUTOB KOIAUpYyETCs
1o JiBa OUTa, TOCJIE Yero MepeIaeTcs O/HA 3 YEThIPEX BO3MOXKHBIX JIBYXOMTOBBIX KOMOMHAITUHA.

Jlist  yMEHBIICHUS 3aHMMAeMOM IIOJIOCKI YacTOT B MOMAYJISATOPAX CHTHAIOB ¢ (ha30BOM
MOJIYJISIIUCH MPUMEHSIOT CrUIaXUBaronme (GuibTphl. [IpuMeHEHWE CriIaKHUBAOIMUX (HUIHTPOB
MPUBOAMUT K YBEIUYCHUIO Y(PPEKTUBHOCTH HCIOJIB30BAHUS IOJIOCH, HO B TO JX€ BpeMsi W3-3a
CTJI&KUBAHMSI YMEHBIIIACTCS PACCTOSIHME MEXKIY COCCIHUMH CUTHaJlaMH, YTO TIPUBOJIUT K
CHIDKCHHUIO TTOMEXO0YCTOWYHNBOCTH.

[aHHkIe

1 11 00 11 11 01 10 00 00 11

fo+3fd
£ fo+ fa
O G
E foofd = teWod
& fo-3fd —

g =
Bpems
K

Puc. 1.24. Vcnonb3oBanue gactotel cxemoit MFSK (M = 4)
[Toctpoenue rpaduKkoB IJ1a3KOBOM AUarpaMMBbl U €€ BUJ JaeT MHOTO UH(MOPMALUU O JUKUTTEPE
CUTHaja, TaK K€, KaKk U 0 MHOTHX JpYI'MX €ro mapamerpax. Hampumep, MHOXECTBO OTIEIBbHBIX

(I)pOHTOB " CI1aJ10B TOBOPHUT O BECPOATHOM IMPUCYTCTBUU JDKUTTEPA, 3aBUCAIICTO OT JaHHBIX.
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['ma3koBast auarpaMMa HE MPOCTO MPENOCTaBIsieT MHOXKECTBO HH(poOpManuu, oHa ynoOHa
IPOCTOTOM INMPUMEHEHHs] M TeM, YTO MOXKET IPHUMEHAThCS A W3MEpPEeHUH B JIOOOH Lenu ¢

pC€ajibHbIMU NAHHBIMU.

BirGpos HL PEpEoHeM PROHTE SOrHECEors &

l LLIYH H HCEXKEHHA Hpenrn

T - IMnyp rhasea

v

gﬂﬁ)ﬂcﬂi‘ﬂ;ﬂﬁwwmml

Puc. 1.25. [TapameTpsl T71a3KOBOM AHATPaMMBbI

ITo MHAMKATOPHOM JUarpaMMe MOXKHO BBIITOJIHUTH PsJl BAKHBIX U3MEPEHUMN:

* yeM 0O0JIbIlIe OTKPBIT IT1a30K, TEM JIerde pazandaTh jJorudeckue 1 u 0;

* IIMpUHA OTKPBHITUS TIJa3KOBOM JuarpaMMbl (BpeMs MEXIy IepeceyeHUs MU JIMHUN
noruyeckoid 1 ¢ nornyeckum 0 u jormyeckoro 0, c yoruyeckoil 1) mokasbpiBaeT BpEeMEHHOMU
MHTEpPBaJl, B TEUEHUE KOTOPOTO CUTHAII MOXKET ObITh 3aMepeH 0e3 OIMOKH U3-3a MEKCHMBOJIBHOIO
BIIUSIHUS;

* [ICEBJIOCITYYaifHON MOCIIeI0BATEIbHOCTH OUTOB U OTOOPAYKEHHSI CUTHAJIOB Ha 3alIOMUHAOILEM
ocuniuiorpade MOJydaeTcs CTPYKTypa, KOTOpas Ha3bIBa€TCs WHAMKATOPHOM (TJIa3KOBOM)
auarpammoii (eye diagram). TunudHasi ”HAMKATOPHAS JMarpaMMa MpHUBEJICHA Ha puc. 3.

* BBICOTA OTKPBITHUSA TJ1a3Ka U3MEPSET 3a1ac IOMEXOYCTONYMBOCTH Ha BBIXOJIE IIPUEMHUKA;

* IIUpPUHA JIMHUH IJ1a3Ka K TOYKax MepeceyeHns B yriax Iia3ka sBJsieTcs Mepoil (piyKTyaluu B
cucreme rnepenayd. daykTyaluu BBI3BIBAIOTCS Pa3OpOCOM BpPEMEHH BKJIIOYEHHS M BBIKIIOUEHUS
Ja3epa; UCKaKEHHWEM HMMIYJIbCa ONTHYECKHM BOJOKHOM U IIyMOM. (DIyKTyaluu BbIpaXKaroTCs B
MUKOCEKYH/1aX, Tpajlycax MM B MPOLIEHTaX UHTEpBaia OUTa;

* TOJIIIMHA JUHUA UMITyJIbCa HABEPXY M BHU3Y IJ1a3Ka IMPONOPILUOHAIbHA IIYMY U HCKAKEHUSAM
B CHCTEME Iepe/iaul; BpeMs IMepexo/ia CUTHAa B CXEME IJ1a3Ka C BEPXHEro YpPOBHS (JIOTHUECKOTO
0) B HmwkHMA (7ormyeckas 1) m HAOOOPOT yKas3bpIBaeT BpPEMEHA MOJbEMa M CMaJa CHUCTEMBI
nepeayr. OHU 0OBIYHO 3aMepstoTCs Mex 1y oTMeTkaMu 10 u 90%;
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* BpEeMEHa MOoJbe€Ma M CHaja BaXKHBI JUIsI OLEHKH YYBCTBUTEIBHOCTH CHCTEMBI K
CHHXpOHH3aIuu 3amepoB (sample timing). YUem Oosibliie BpeMeHa MoabeMa M Cliajia CUTHAa, TeM
0oJjiee YyBCTBUTEIbHA CHCTEMA K OIIMOKAaM CUHXPOHU3AIIHH;

* yToOBl O0Oecreunth CHCTEME MaKCHUMAaJbHYI0 HEBOCHPUMMYHMBOCTh K LIYMY, JIYYIIHM
BPEMEHEM I 3aMEPOB YPOBHSI CUTHAJIA SIBJIAETCS BpEMs, KOIIa BBICOTA OTKPBITHS MHIMKATOPHOU
JarpaMMbl MakCUMaJlbHa.

Jbxutrep unu ¢dazoBoe qpokaHue HU(POBOro CUTHAIA NaHHBIX — HeKeJaTelbHble (a30BbIe
W/WIM YacTOTHBIE CIy4YalHbIE OTKJIOHEHHs IEPeJaBacMOro CHrHaja. BO3HHKAIOT BCIIEICTBHE
HECTaOMJILHOCTH 33JIal0IET0 TeHepaTopa, M3MEHEHUH MapaMeTpoB JIMHUU NEpeaaydl BO BPEMEHH U
Pa3IMYHON CKOPOCTH PACHPOCTPAHEHUS YACTOTHBIX COCTABJISAIOIIMUX OJHOIO U TOTO K€ CUTHAJA.

B uudpoBeix cuctemMax TMposBISETCS B BHAE CIy4allHBIX OBICTPBIX M3MEHEHUHN
MECTOIOJIOKEHUSI PPOHTOB LIUPPOBOrO CUTHATIA BO BPEMEHH, YTO NPUBOJUT K PACCUHXPOHU3ALUU
U, KaK CIJIe/ICTBUE, NCKXCHHIO NepeaaBaeMoit nadopmanmn. Hanmpumep, eciau ppoHT nMeeT Maiyro
KPYTU3HY WJIM «OTCTajl» IO BPEMEHU, TO LU(POBON CUTHAI Kak Obl 3ala3/bIBacT, CIBUTaeTCs
OTHOCUTEJIbHO 3HAYalller0 MOMEHTa BPEMEHM — MOMEHTa BPEMEHH, B KOTOPBIA IPOUCXOIUT
OLICHKA CUTHAaJIA.

JkutTep SBISETCS OAHON M3 OCHOBHBIX MPOOJIEM MPHU MPOCKTHPOBAHUH YCTPOUCTB IUPPOBOI
ANEKTPOHUKH, B YaCTHOCTH, IUGPOBBIX HHTepdeiicoB. HemocTtaTouHOo akkypaTHBIA pacueT
JDKATTEpa MOKET MPHUBECTH K €r0 HAKOIUICHUIO TIPU MPOX0KACHUU HHU(POBOTO CUTHANA IO TPAKTY
1, B KOHEYHOM CuéTe, K HepabOTOCIIOCOOHOCTH yCTPOIMCTBRA.

[Tpu4yrHBI BOSHUKHOBEHHUS JDKUTTEpA:

o @azosbie mymbl netiu OAIIY (a3oBoil aBTOMOACTPONKHM YaCTOTHI) YCTPOMCTRBA,
CUHXPOHU3UPYEMOI0 BHEIIHUM curHaioM. J[xurrep, Bei3biBaeMbiii OAIIY, nposisercs
MIpU MPOCIYHIMBAHUK MaTepHalla C 3alMCBhIBAIOLIETO YCTPOMCTBA, CHHXPOHU3UPYEMOIO OT
BOCIIPOU3BOAIIETO YCTPONCTBA.

e AIIIl. B coBpemeHHBIX HHU(POBBIX CHCTEMAX 3BYKO3AaIUCH U BOCIPOM3BEIECHUS
OCHOBHBIM HUCTOYHUKOM kutrepa siBnsiercs ALl HeiHemHue moaHOCTRIO IHQPOBBIE
CTyIMAHBIE CHUHXPOHH3ATOPbl JIOCTATOYHO COBEPIICHHBI M YacTO BHOCAT JDKUTTED
MeHbiui, uem ALIT.

Onucanne npudopa ¢ FSK monyasinmeii (Manunyasinmei)
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Puc. 1.26. Unrepdeiic npudopa ¢ FSK monynsaueit

= Message Symbols — noka3siBaeT KOJIMUYECTBO MEPEI1aBACMbIX CHMBOJIOB.

» M-FSK — nokassiBaeT ypoBeHb MoayJsiiiuu. JloctymHel pexumsr: 2,4,8,16,32,64

» FSK Deviation (I'tr) — OTKJIOHEHHE 10 YaCTOTE YaCTOTHON MOTYJISIIUH.

» Eb/NO- oTHOIIEHHE CUTHAJ/IITYM

= Frequency offset —3aaepskka mo yacrore

= TX Filter — BeiOop dunbTpa i nepemarunka. JJoctymusl cieayromue: Gaussian,
Raised Cosine, Root Raised Cosine

= Symbol Rate — mopsitok cMMBOJIOB.

= Symbol Phase Continuity —ipomomxurenbHOCTh (a3sl uMnyinbca. COOTBETCTBEHHO
pesxumbl Continuous(Koneunast), Discontinuous (beckoneunast).

= Transmitted Bits — nepenanHbie OUTHI.

= Received Bits — npuHsTbIC OUTHI.

= BER Trigger Found — BeposTHOCTH HIHMOKH

» BT - OespasmepHas BenuuumHa paHas BT = B_3ﬂ5 *T,roe B—3aE- nosoca

dunbrpa Taycca mo ypoeuwo -316, T =1/By - mmurenshocts emmumuoro mmimyibca

mudpoBoit  mHOpManUHK, TepeaaBaeMoil  co  ckopocThio Br  6umr\c. Hampumep

By =20x6um/c, torma T=50mc w npu monoce ¢unbrpa I'aycca mo yposHio -3 ab

B—3a5 =10xly nonywaem BT =10xl1y *50mxc =0.5. Takum o6pazom, mapamerp BT
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MOKa3bIBaeT BO CKOJBKO pa3 mojoca ¢uistpa [aycca B 3,5 OTMUACTCS OT CKOPOCTH

nepefaun nHpopmarmu By, BeIpakeHHO# B eAMHUIIAX H3MEPEHHS YACTOTHI.
= Coxkpamenus: TX — Ilepenatunk, RX — [Ipuemuuk
HccaenoBanue munun nepegauu ¢ FSK mopyasinmeii
IIpexBapurejabHas puabTpanus

CpaBHI/IM CIICKTpPbI CUTHAJIOB U HUX HOMGXOYCTOﬁqHBOCTB IIpHU UCIIOJIB30BAHUU

¢dbunpTpa ["aycca u 6e3 ¢punbTpa

be3 ¢punbTpa npu coorHomeHnu curHai/mym = 80

FFT Magnitude (TX}
50,0 -

FFT Magnitude (FX)

50,0 -
40,0- 40,0
30,0 - 30,0 -
20,0 -

10,0-

20,0 -
10,0 -
0,0 -

Amplitude (dB)
Amplitude (dE)

0,0-
-10,0 -
-20,0 -

-30,0-1
-200,0k

-10,0 -

-20,0 -

-20,0 -
-200000,0

[
-100,0k

1 1 1
0,0 100000,0 200000,0

Frequency (Hz)

[]
0.‘0 100‘,0k -100000,0

Frequency (Hz)

2000

Puc. 1.27. Cniextp nepeganHoro (cjieBa) 1 IpUHUMAEMOTo (CIpaBa) CUTHAJa
Kak BugHO u3 pucynka 1.27, criekTp MouTH HE U3MEHHJIICS, HO B HEM NPHCYTCTBYET BBICOKUI
YPOBEHb OOKOBBIX JICTIECTKOB, YTO MOXKET IOBIMATH Ha COCEAHHE KaHAJbl, TaKKe IMPHICTCS

BBIACINUTD bounee H_II/IpOKI/Iﬁ KaHaJl B JIMHUH IICPCAadu, 4TO HC BCCraa ABJIACTCA ITO3BOJIUTCIbHBIM H

BBII'OIHBIM.

Ewe Diagrarm

FM Demodulated Waveform (Hz)

0 0
15.0u 20.0u
Tirme (s}

d
25, 0u 22.5u

Puc. 1.28. T'ma3koBas auarpamMma

be3 wucnonn3oBanus Q)Hanpa B CHUIrHagd HE BHOCATCA AOIIOJHHUTCIBHBIC HMCKaXCHUA

CJICOOBATCIIbHO JOKUTTCP U IIOMEXU MUHHUMAJIbHBI.

[pumenenne punsrpa laycca. [pu cootHomenun curnan/urym = 80, BT =0,5

FFT Magnitude (TX)
50,0
40,0
30,0-]
20,0-]
10,0-]
0,0-

Amplitude (dB)

-10,0-
20,0
-30,0-1

'
-100,0k

D
0,0
Frequency (Hz)

0
100,0k

I
200,0k

FFT Magnitude (RX)
50,0

40,0
20,0
20,0

Amplitude (dB)

10,0
0,0 7
-10,0-

-20,0-]

-30,0-1
-200000,0

) ) \
0,0 100000,0  200000,0

"
-100000,0

Frequency (Hz)

Puc. 1.29. Criektp nepeganHoro (clieBa) ¥ MpUHAMAEMOTro (CIpaBa) CUTHaja
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CyXeHHe TO0JIOCHl 3aHMMAaEeMbIX 4YacTOT YAAJIOCh IOCTUTHYTh 3@ CYET IPEIBAPUTENIBHOM
buIbTpauu MOAYJIHPYIOIIETO CUrHaia (UIBTPOM HHU3KON 4acTOThl ¢ ['aycCOBCKON MMITYJIbCHOMN

XapaKTePUCTHKOM.

Eye Diagram Eye Diagram
30,0k

(Hz)

FM Demodulated Waveform (Hz)
(=]
[=]
|
FM Demodulated Waveform

1 1 1 1 | | 1 1 1 1 1 1
00  50u 10,0u 150u 20,0u 250u 32,5u Ll iZin Ui Sl 32.5u
Tirne (<) Time (=)

Puc. 1.30. I'mazkoBas quarpamma 6e3 gubTpa (ciieBa) u ¢ GUIBTPOM
["aycca (crpaBa)
CpaBHUBas JBE IIa3KOBBIC qUarpamMMbl 0€3 HCIOIb30BaHUS QuibTpa U ¢ QuibTpom ["aycca
BUJHO, YTO IOMEXOYCTOHYMBOCTh CHHU3WJIACh, TOSBUIMCH TOMEXH W HWCKaXCHHUS, a TaKxkKe

YBCIIUYHUIICS JKUTTEP.

I'padpuxn
OunbTp raisedcosine : M-fsk 4 (kpacHbiit) u 2 (cuHuit)

1,2

1 B \
0,8
0,6
AN
N\

— T—
0 e — <= . ’ — .
18 20 22 24 26

Puc. 1.31. 3aBHCHMOCTb BEPOSTHOCTH OLIMOKH OT OTHOIICHHSI CUTHAI/IIYM

OunpTp rootraisedcos: M-fsk2 (kpacusbriit) u 4 (cunuin)
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Puc. 1.32. 3aBUCHMOCTH BEPOSTHOCTH OIIHOKH OT OTHOIIEHHUS CUTHAJI/IIyM

®unsTp Gaussian: M-fsk2 (kpachbiit) u 4 (cuHMI)

1,2

1 O \
0,8
0,6 \
0,4 \
AN

0+ oy : m

20 22 24 26 28

Puc. 1.33. 3aBUCHMOCTb BEPOSITHOCTH OIIUOKH OT OTHOIICHUSI CUTHAI/IIYM

YacToTHAsi MAHUIYJISIIIAS ¢ MUHEMAJbHBIM caBurom (MSK)

MSK »To 4YacTHBINM Ciy4ail CUTHAJIOB C YaCTOTHOW MaHMITYJSIMEH C HENpepbIBHOW (ha3oit
CPFSK ¢ MUHMMaJIbHBIM HHAEKCOM YacCTOTHON MaHUMysAuuu M=0.5, mo3ToMy HIMpUHA TJIaBHOT'O
neriectka criektpa MSK curHamoB - MHHMMabHash M3 BCEX BO3MOXKHBIX CHTHAJIOB C YaCTOTHOU
MaHUITYJISIUCH.

[TpencraBisier coboit cmoco® MOAYIALUHU, NMPU KOTOPOM HE NMPOUCXOAMUT CKAuKoOB (a3bl U
M3MEHEHHME 4YaCTOThl IMPOMCXOJUT B MOMEHTHI IepecedeHus Hecylled HyneBoro yposHs. MSK
YHHUKaJIbHAa TOTOMY, YTO 3HAYEHHE YaCTOT COOTBETCTBYIOIIUX JOorudeckuM «0» u «1» oriauyarorcs
Ha BEJMYMHY paBHYIO TOJIOBHHE CKOPOCTH TIepeladyd MaHHBIX. JIpyruMu ClioBaMH, HHIEKC
MoayJsiuuu pasel 0,5.

YacroTHas MOAYISIMA C MHUHMMAaJIbHBIM pazHocoM yacToT MSK mo3BoisieT yMEeHbUIMTH
[IPUHY TOJIOCHI YacTOT, 3aHUMAaEMbIX ITU(PPOBBIM pamuocurHaioM B 3¢upe. OmHAKO Jake TOT
BUJ MOJYJSIIIMA HE YIIOBIETBOPSET BCEM TPEeOOBAHUSM, NPEABSBISEMBIM K COBPEMEHHBIM
paauocuctemMam  MoOwiabHOW  cBsizu. OObmyHO curHan  MSK B panuonepenaruuke
I0(UIBTPOBBIBAIOT OOBIYHBIM (PUIBTPOM. FIMEHHO MOTOMY MOSBUIICA €I1I€ OJUH BUI MOJIYJISIINH C
erte 0oJsiee y3KMM CIIEKTPOM PaguodacToT B adupe.
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CyxeHHe TOJOChl 3aHMMAEMBIX YacTOT YAAJIOCh JOCTUTHYTH 3a CYET IpeABAPUTEIBHOMN
buIbTpauu MOAYJIHPYIOIIETO CUrHaia (UIBTPOM HHU3KON 4acTOThl ¢ ['aycCOBCKON MMITYJIbCHOMN
xapaktepuctukoil. Ilupuna cnexktpa curHana GMSK onpexpensercs npou3BeacHUEM
JUTMTENIFHOCTH TIEpEelaBaeMOro CHMBOJIA Ha TOJOCY mpomyckanusi ['ayccosckoro ¢uibrpa BT.
Nmenno nomnocoit nponyckanust B u otnnyarorcs pasnuunsie Buasl GMSK apyr ot npyra. GMSK
ucrnonb3yercs B ctangapre GSM coToBoii cBs3H.

®opmupoBanne GMSK  paamocurHana  OCymIeCTBIISETCS TakKMM — 00pa3oMm, 4YTO Ha
UHTEpBaJIe oxHOro MHpOpMannOoHHOro Outa (aza Hecymedl wu3mensercs Ha 90°. 3to
HaMMEHbIIEe BO3MOXKHOE M3MEHEeHHE (Da3pl, pacro3HaBaeMoOe MpPH JAHHOM THUIE MOJYJISIHH.
HenpepriBHOe u3MeHeHHE (a3bl CHHYCOMAANBHOTO CHUTHAlla JaeT B pe3yibTaTe YacTOTHYIO
MOJYJIALIMIO C JUCKPETHBIM M3MEHEeHHeM 4acToThl. [Ipumenenuwe ¢uubrpa ['aycca mo3BomsieT
OpU  JUCKPETHOM HW3MEHEHHWH YacTOTHI MONYy4uTh 'rhaakue mnepexonsl”. B cranmapre GSM
npumensiercs GMSK-monymsinust ¢ BenmuuHoOi HOopMupoBaHHO# mosmocet BT - 0,3, tme B -
HIMpUHA TOJNIOChl QuibTpa 1o ypoBHIO MuHyc 3 ab, T - §giauTensHOCTH OAHOTO OWTa
uuppoBoro  coobmenus. OcHoBoit dopmupoarenst GMSK-curnana sBisieTcst KBaApaTypHBIH
(1/Q) momynstop. CxemMa COCTOMT M3 JIByX YMHOXKHTENCH W OJHOrO CyMMaTopa. 3ajava dToi
CXEMBI 3aKJIOYaeTCss B TOM, YTOOBI OOECIEYUTHh HENPEPHIBHYIO, OYEHb TOUYHYIO (Da30BYIO
Moaymauu. OIUH  yMHOXKHUTENb HW3MEHSEeT AaMIUIMTYly CHHYCOMJAIbHOTO, a BTOPOH
KOCHHYCOUIAJBHOIO KoJieOaHus. BXonHOW cHUrHam a0 YMHOXHTENs pa3OuBaeTcss Ha  JBE
KBaJpaTypHbIC COCTaBJAIONIME. Pa3iokeHHe MNPOMCXOIUT B JABYX 0003HadeHHBIX "Sin" m "cos"
OJI0Kax.

Mopaymnsuuto GMSK' otnuMuaroT crefyronye CBONHCTBAa, KOTOpPbIE MPEANOYTUTEIbHBI JUIS

MOJABHKHOM CBSI3U:

J NIOCTOSTHHAsE TI0 YPOBHIO OTMOAIONIasi, KOTOpas MO3BOJISAET HCIOIb30BaTh
3¢ deKTUBHBIE

J niepelaroIie yCTPOWCTBA ¢ YCHIIUTEISIMU MOIITHOCTH B peskuMe Kinacca C;

o KOMITAKTHBIA CIIEKTP HA BBIXOJE YCHIUTEIS MOIIHOCTH TEePEIaroIIero
YCTPOMCTBA,

J o0ecIeunBarONINi HU3KUI YPOBEHb BHETIOJIOCHOTO M3ITyYCHUS;

o XOPOIIUE XapaKTEPUCTHKU TTOMEXOYCTOHYNBOCTH KaHAJIA CBSI3H.

HmnynbcHas xapakTepucTuka ['ayccoBcKoro puibTpa onuchIBaeTCs ciaeayromeil popmynoii:

2 _E (72[))2
T n
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rae B — nonoca npomyckanust puiabTpa 1no yposHio 3 1b.

GMSK ¢ ¢umprpom T'aycca ¢ BT = 1, Beipoxkmaercs B kimaccudeckyro MSK. s

dhopmupoBanus curaasioB GSM crangapTHoO ucnonbiyercs punbtp ["aycca ¢ BT = 0.3.

CAEETE MOWHOCTE MOAYIIMFOBAHHOMD ClMHANA

Or : : . : : :

MOWHOCT, 6

HACTOTA, KL,
Puc. 1.34. CpaBHeHue CIIEKTPOB JABYX BHIOB MOAYJIsuu ¢ GpuibTpom ["aycca(GMSK)
u 6e3 punpTpa(MSK)

B toukax B3atusa orcueroB curHan GMSK 3aBUCHUT OT mpenpIAyIuX 3HaYEHUN NIEpeJaBacMoro
CUTHaJla. DTO BbI3BAHO JEWCTBUEM TIayCCOBCKOIo (QUIbTpa, (OPMHUPYIOIIErO CHEKTp CHUrHaja
GMSK. B pesynpratre momexoyctoiunBocTh curHaia GMSK Hmke 1o CpaBHEHHIO Jaxe ¢
nomexoycroiunBocTthio curHana MSK. KoHkperHoe 3HaueHHE MOMEXOYCTOMUYMBOCTH CHUTHAJIOB
GMSK cunpHO 3aBucut oT mnpousBeneHuss BT. Ilpumep 3aBHCHMOCTH BEpPOSTHOCTH OIIMOKH
npuema curHana GMSK B 3aBHCHMOCTHM OT OTHOILICHMS CHUTHAJ/IIYM Ha BXOJE pPEILIAroIero

YCTpOMCTBa MpHBeieH Ha pucyHke 1.35.

Bepoaraocts owmbm

1 2 a a S -1 7 a a 10

Curaamiirn (GB)
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Puc. 1.35. I'paduk 3aBucumocTH BeposiTHOCTH omnOku GMSK B 3aBUCUMOCTH OT OTHOIICHHUS

CUTHAJI/IIIyM Ha BXOJI€ PELIAIOIEr0 YCTPOHCTBA

[Tpu unpgexce monmymsauuu m = 0.5 3a BpeMs Iepeiayd OJHOTO CUMBOJa (a3a HeCyIlero
KoJieOaHusl ycrieBaeT M3MEHUThCs Ha yron +90°. Pemerka mepexonoB ¢azsl B MSK curnane Ha

MPOTSDKEHUH IBYX CHMBOJIBHBIX TIEPHOOB IpUBEIeHA HAa pucyHke 1.36.

——— e e e e e =

150

100

a0

-50

©A3A TPADVCH
o

-100

-150

I S ) S e s g ———

10 20 30 40 50 B0 70 =] a0 100

Puc. 1.36. Pemerka nepexonoB azer B MSK curnane

JIBa BO3MOXHBIX 3HaueHUs (a3bl HECyIIero KojeOaHHWs B OTCUETHOM TOUYKE Ha OJHOM
BPEMEHHOM HMHTEpBaJie OTJIMYAIOTCSA OT JIBYX BO3MOXKHBIX 3HaueHUIl (pa3bl Hecyuiero koyiebaHus
OTCYETHOW TOYKEe Ha coceaHeM uHTepBaie Ha 90°. PaccMoTpeHHas cuUTyalMs MOXET ObITh
MPOMILTIOCTPUPOBAHA Ha BEKTOPHOU iarpaMme, MpUBEIeHHON Ha pucyHke 1.37.

(ol

nepenada “1°

nepegayga “0°

Puc. 1.37. Pemretka nepexonoB (¢a3el B MSK curnare.

Konenr BekTopa, oTpakaromuii aMIUIMTYy HECYIIero KojeOaHus Ha pUCyHKe 4, B CHUTHae
YAaCTOTHOM MOJYJSILIMM MOKET JBHUIaThCs CTPOro IO OKpYKHOCTH. Ha 3TOM pucyHKe mapa
COCTOSIHHMM CUTHaJa MOKa3aHa MYCTBIMH KPY>KOUKaMH, a Iapa COCTOSIHUM CUTHaja Ha COCEIHEM

CHUMBOJIC — 3aIlIOJJTHCHHBIMMU.
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PaccmoTpenHbIe 1uarpamMMbl MOKa3bIBalOT, YTO MPU pa3paboTKe paguolpUEMHOr0 yCTpoiicTBa

MOJXHO IIPUMCHHUTDL CXEMY (1)330B01"O ACTCKTOpPA. HpI/IHI/IMaeMBIe ABONYHBIC CMMBOJIBI B OTCUCTHBIX

TOYKax OyAyT OTJIMYATLCS JIPYT OT apyra mo ¢asze Ha 180°.

Omnncanne npudopa ¢ MSK moayiasinmeit (MaHumyJisinueii)

oo e ™

e Tools Window Help

[OToTioT)

f <, 2]

# Message Symbols
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Puc. 1.38. Hurtepdeiic mporpammel c GMSK Moaynsueit

- Message SymbOlS — IIOKa3bIBACT KOJIUYCCTBO IIEPEAABACMBIX CUMBOJIOB.

= ED/NO- otHOmICHHE CHTHAN/TITYM

» Frequency offset —3agepsxka o yacrore

= TX Filter — BeiOop dunbTpa i nepemarunka. JJoctymusl cieayromie: Gaussian,

Raised Cosine, Root Raised Cosine

= Symbol Rate — mopsitok CHMBOJIOB.

= Transmitted Bits — mepenanHbie OUTHI.

» Received Bits — mpuHsTBIC OUTBL

= BER Trigger Found — BeposTHOCTH MIMOKH

» BT - 6e3pasmepHas Benuunna pasaas BT =0,5

» Coxkpamenus: TX — Ilepenatuuk, RX — Ilpuemuuk

Hccnenopanue qunum nepeaaun ¢ MSK monyasiumeii

B kadectBe xapakrepuctuieckoro mapamerpa GMSK ucronssyrot nponssenenne BT, rne B -

HmMpuHa crekrpa ummyibca h(t) mo yposuio 3 1b, a 7- miurensHOCTh onHOTO Outa. Ha puc. 1.39

1/1306pa>1<eHa CIICKTpaJibHAaA IJIOTHOCTH MOITHOCTU HA BBIXOAC UCAJIBHOT'O
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Puc. 1.39. Cnextp curnana c GMSK moxynsauuneit
GMSK-monynsitopa (BT = 0,3), HOpMaIM30BAaHHOTO 10 OTHOIICHUIO K epuony 7. CpaBHEHHE
aToro rpaduka co cHekTpanbHOW IIOTHOCTRIO MomHOocTH MSK u BPSK, ykaseiBaeT Ha
CEepbEe3HOE MPEUMYIIECTBO ATOH MOIYISLHHU, IMPEXKIEe BCEro - B YaCTH CKOPOCTH CHaJlaHus

BHCIIOJIOCHOI'O M3JIYUYCHHA, T.C. CKOPOCTU CHUIKCHHUA YPOBHA MOIIHOCTU OOKOBBIX CIICKTPAJIbHBIX

JICTICCTKOB.
55,2 — FFT Magnitude (RX}
40,0 g
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Puc. 1.40. CnexTtp nepenaBaemoro (cieBa) u npuHIMaemMoro (crpasa) curnana ¢ GMSK

moayssiiuedt ipu BT = 0.2, curnan/mym = 80
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FFT Magnitude [RX})
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2 o00- = 0.0
= =
E E
= 20,0 < 20,0
-40,0 - _10,0-
-53.0- 0 0 0 d -50,0 -7 0 0 i
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Puc. 1.41. Cnextp nepenaBaeMoro (cieBa) u mpuHIMaeMoro (crpasa) curaaina ¢ GMSK

moayssiiuedt ipu BT = 0.3, curnan/mym = 80

FFT MMagnitude (TX)
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Puc. 1.42. Cnextp nepenaBaemoro (cieBa) u npuHuMaemMoro (crpasa) curnana ¢ GMSK
moayssiueit mpu BT = 0.5, curnan/mym = 80
MoskHO BuIEeTh, uTo B criektpe GMSK npu ymenbsmiennun BT ymeHbIaroTcss ypoBHH OOKOBBIX
JENECTKOB, KpOME TOIO 3HAYMTEIbHO BO3pacTaeT CKOPOCTb YObIBaHMA cHekTpa. Tak
MaKCUMaJlbHBI ypoBeHb OokoBoro senectka GMSK mpu BT = 0.3 menpme, yem npu MSK

MOOYJIAONH, a CKOPOCTb Y6BIBaHI/IH JIMHEMHO 3aBHUCHUT OT 4aCTOTHI, YTO O6YCJ'IOBJ'IGHO IMPUMCHCHHUECM

msipsid sy

LN DEwogn|sFeq prejowy (Hs)

(2) amiT

Puc. 1.43. I'mazkoBas auarpamma curaaina ¢ GMSK monynsmueii npu BT = 0.2,

curnan/mym = 80
Eye Diagram

FM Demodulated Wavefarm (Hz)

I
1,5E-5
Time (s]

Puc. 1.44. I'na3koBas auarpamma curtana ¢ GMSK monynsmueit nmpu BT = 0.3,

curHan/mym = 80
Eye Diagram

FM Demodulated Waveform (Hz)

1
1,5E-5
Time (=)

Puc. 1.45. T'mazkoBas auarpamma curnana ¢ GMSK monymsiiueii mpu BT = 0.5,
curHai/mym = 80
W3 pHCYHKOB OTYETIIMBO BHIHO, YTO C YMEHBIICHUEM MEKCHMBOJIBHAS WHTEpDEpPEHITHS
yCHIIMBaeTcs BBUAY pacmmpenus ¢pumiaptpa [aycca. @unbtp 'aycca BHOCHT MEXKCHUMBOJIBHYIO
UHTEpQEpPEHIINI0 U TO3BOJSIET CHHU3UTh YPOBEHb OOKOBBIX JIEMIECTKOB CIIEKTpa, a TakkKe
3HAYUTENBHO YBEIMYUBAET CKOPOCTh yObiBaHus criekTpa GMSK curnana mo cpaBHenuto ¢ MSK
curHasiamu. Ha mpaktuke GMSK monyssiiiust Haiia mpuMeHeHne B COTOBOM ¢Bsizu ¢popmara GSM
npu , BBUAY Haunbosnee 3(p(PEeKTUBHOTO MCIONB30BAHUS PAAMOYACTOTHOrO pecypca. JlanbHeiiee

YMCHBIICHUC TIapaMeTpa IMPUBOAUT K CYHICCTBCHHOMY YCJIOXHCHHUIO amImaparypbl U CHJIBHO
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YBCIMYHUBACT BCPOATHOCTH OIIIOOYHOTrO npueéMa CHUMBOJIa HM3-3a HCAOIMYCTUMO BBICOKOM

MEXCHUMBOJIBHOM UHTEp(EpEHITUN.

3 IMOJIYYCHHBIX Fpa(bI/IKOB MOXHO CJCJaTb BBIBOJA 4YTO OJIA oOecrieyeHnss TOHM K€ CaMoOM
BCPOATHOCTHU OIINOKU TpeGyeTCH pPas3IMIHOC OTHOLICHHUC CI/IFHaJ'I\I_HYM, T.C. IIpHU HCIIOJb30BAHUH

¢mbTpa ['aycca TpebGoBaHMs K KaueCTBY MPUHIUMAEMOTO CUTHAJIA BO3PACTAIOT.

T Trellis graph

Puc. 1.46. ®da3oBas auarpamma nepeaaBaeMoro CurHaiza

F Trellis Graph
ST i D

00,00 —
200,00 —
A0, O

o0 —

—100, 00 —

—200,00 —

-Z00, 00 —

Phase

—aso,00 8 ! ! : .
Lo [ | o e O T 20, 0w = e S0, O S0, 0w

Puc. 1.47. ®a3oBas auarpamma MoJy4€eHHOTO CHTHaIa MpU BER:2.04*10'3,

curHan/mym = 14

R Trellis Graph

1 1 1 1
a, LD, D 20, 0w =0, 0w E e ] 50,00

Puc. 1.48. ®da3oBas nquarpamma rnoixy4eHHOro curaajia npu BER= 10, cUTHaj/urym = 28
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RX Constellation

Autoscale I

Puc. 1.49. CurnansHoe co3sesue curnana npu BER=2.04*107, curnan/mym = 14

RX Constellation

'1-N=|| | |
-104 -075 -050

| | | | I
025 000 025 050 075 104

Autoscale I
[t |

Pric. 1.50. CurnansHoe co3esme curnana npu BER= 10, curman/urym = 28

TX Filter Raised Cosine (cunuii), Root Raised Cos (kpacubiii), Gaussian (3eneHblit)

1
0,9 \
0,8
07 \
0,6 \
0,5 \
04 \
' AN
0,3

0,2
0,1
0 +—— T T T o T —'.A“ 1

9 10 12 14 16

Puc. 1.51. 3aBucuMoCTb BEpOSITHOCTH OUTOBOM OMIMOKHU OT OTHOLIEHHS] CUTHA/ITYM
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Taxum 00pa3zom, MOTy4aroTCsl CAEAYIOIINE XapaKTepUCTHKH 3Tux Moayisinuii. FSK - mpocrora
peanu3anui U OTHOCUTENbHO Imupokuid crnektp. GFSK - mpocToTa peanuzanuu MEHBIIUN CIIEKTP,
HO M HECKOJIBKO XYAIIas MOMEXO0yCcTOMYMBOCTh N0 oTHomeHni K FSK. MSK - odenp BbicOKas
MMOMEXOYCTOMYNBOCTh MIPH OTHOCHTEIHLHO HEOOJBIIOM CIIEKTPE, HO CIOXKHAs CXeMa MOJIYJIATOpa-
nemoaynsitopa. GMSK - mmpuHa criekTpa mpakTUYecKu ONM3Ka K TeOpeTHYecKoMy mpeaeny Br
(ckopocth mepemauu 1UGpoBol HHGOPMALINK), HECKOJIBKO XY/IIas MOMEXOYCTOWYMBOCTH IO

cpaBHeHUIO ¢ MSK, cltoKHOCTH MOJYJISITOpA-IEMOAYJISATOpa Takas xe kak y MSK.

[lpu wcmonp30BaHMKM MporpamMmHoro obecrmedyenus LabVIEW, Obum  co3maHbl  BE
BUPTYyaJbHBIC H3MEPUTEIbHBIC TA0OPATOPUHM C PANIMYHBIMA BUAAMH MOJIYJSIUW CHUTHAJIA
FSK(Frequency Shift Keying) 1 MSK(Minimal Shift Keying) B kaxmoii U3 KOTOPBIX MOXXHO
MIPUMEHUTD MPEeABAPUTENbHBIE GUIBTPAIIMH U MOXY4YHTh apyrue noasuasl GMSK wiu GFSK, ecnu

ucnoins3oBath GuibTp ['aycca.

1.3. Moaembl cnyTHUKOBBIX cucTeM cBsizu M-QAM, M-PSK u ync/ieHHBII aHAIH3
BEPOSITHOCTH CHMBOJILHOM omu0OKM ¢ ucnoab3zoBanuem I10O LabVIEW

B nannom paszene ObU1 pa3paboTaH MPOrpaMMHBIN KOMIUIEKC JJi U3y4eHUs] MHOTOYPOBHEBBIX
METOJIOB MOJYJISAIUK MPUMEHSEMbBIX B CIYTHHKOBBIX CHCTeMax paspaborannas B 10 LabVIEW
2011 SP 1. B pa3paborannom [1O MOXHO WCCieIOBaTh Takue BUABI MaHUTYsuu kak BPSK,
QPSK, 8-PSK, 16-PSK, 32-PSK, 64-PSK u M-QAM Ha To, Kak BJIUSET OTHOIICHUE CUTHAJ/IIYM
Ha BHUJ JUarpaMMbl, MOCMOTPETh TJ1a3KOBbIE TUArpaMMbl, CHEKTp, oneHuTh BER, mocmorpersb
BIUsIHUE (PUIBTPOB HA AHArPaMMY.

Haunbomnee wuacto wucnonmpdyror QPSK  wmanumynsmmro. OHa WMeeT NPEerMYyIIECTBO,
MMOCKOJIEKY MOJKET paboTaTh MPH MOIIHOCTH TPAHCIOHJEpa, OMU3KOW K HACBHIIMIEHUIO, TO €CTh
s dexTuBHON oTHauelt sHepruu. B Tabnuie 1 mpuBeneHBl TEOPETUYECKUE 3HAUEHUS OTHOIICHUS
CUTHAJI/LITyM, TpeOyeMble AJis ToCTHxkeHus BennunHbl BER, paBHo#t 100, Ges KOJIUPOBaHUs KaHaia
CBSI3M JUTSl PA3JTUYHBIX METOJIOB MAHUITYJISIIHH.

Tabmuma 1.2. CpaBHeHue MeTo10B 1uppoBoii Manumyssiiuw st BER, paBHO# 10

MeTo MaHUITYJISILIVH. Curnan/mym oe3 B¢ hexkTuBHOCTH
NPUMEHEHHUsI  KOJUPOBAHMUS, | UCTIOIb30BAHUS MIOJIOCHI
nb. MpomycKaHusi, OuT/C.

BPSK 13.06 1.0

QPSK 13.06 2.0

8-PSK 16.55 3.0

16-PSK 21.09 4.0
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4-QAM 13.06 2.0

16-QAM 16.98 4.0

64-QAM 21.40 6.0

KBaaparypuas ¢azoBas manunyasuus (QPSK)
QPSK maHumynsius CTPOUTCS Ha OCHOBE KOJHUPOBAHUS JBYX OUT mepenaBaeMoi
nH(pOpMaUK OHUM CUMBOJIOM. [Ipu 3TOM CHMBOJIbHASE CKOPOCTh B JBa pa3a HUKE CKOPOCTH

nepenauyn napopmanmu. Ha puc. 1.43 npencrasinena Bekropras quarpamma QPSK.

Puc. 1.52. Bexropnast quarpamma QPSK.

KomupoBanue OCyIIeCTBISETCS CIACAYIOIIUM 00pa3oM: BeCh OWTOBBIH IOTOK
pa30buBaeTcs Ha YeTHbBIC U HeueTHbIe OuThI, Toraa () Oyaer koaupoBarh yeTHbie OUTHI, a Q(t) —
HeuyeTHBIC. [/[Ba mocienoBaTeNbHO UIAYIIUX APYT 3a ApyroM Outa MHGOPMAIMH KOIUPYIOTCS
onHoBpeMenHo cuH(pasubM () 1 kBagparypubiM Q(t) curHazaMu. ITO HATIISAHO MOKAa3aHO Ha

ocoujuiorpaMmax, HNpPHUBCIACHHBIX Ha PHUCYHKE 1.53 JJI I/IH(I)OpMaI_II/IOHHOFO IIOTOKa

«1100101101100001».

Byl
- 1
|Br
1]1]oJof[afJof1[1]o]J1]1][o[Oo][O0[O]1]
] | | | | | | | | [ |
0 | I ] | | | | | I I [ | T
FaTaL |
] [ | ] —
0 L | Ly | 1 | |
o4
h I h 4 "'I h .
D.T:lf's*.l'l v w | | L v | 7

Puc. 1.53. Cundaznas u kBagparypHas cocrapisitomue QPSK curnana
Ha BepxHeM rpaduke BXOJHOW IMOTOK paslelieH Ha Mapbl OMT, COOTBETCTBYIOIIMX
onHou Touke co3esnusa QPSK, mokazannoro Ha pucynke 1.53. Ha BTopom rpaduke mokazana

ocutorpamma |(t), coorBercTByromas nepenaBaemoid napopmaruu I(t)>0. Eciau uetHbiid Out
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paBeH 1 (OUTBI HYMEPYIOTCS C HYJIS, a HE C €AWHHIIbI, TIO3TOMY TIEPBBIA B OYepeId OMT MMECT
Homep 0, a 3HaYUT OH dYeTHBIM 1O mopsaky), u I(t)<0 ecam yernsni O6mt O (T.e. b(t)<0).
AHaJIOrMYHO CTPOUTCS KBaaparypHbiii KaHaim Q(t), HO TOJBKO 1O HEYETHBIM OHTaM.
JITUTensHOCTh OAHOTO cuMBoJia T=1/Sr B ngBa pasza OoJblie UIMTEIBHOCTH OJHOIO OWTa
UCXOHOM uH(pOpMAaIK. YCTPOUCTBO BhINONHSOMIEe Takoe koaupoBanue I(t) u Q(t) cormacuo

co3Be3anto, QPSK yciaoBHO moka3zaHo Ha pucyHke 1.54.

BektopHaa awarpamma QPSK

o(t)
01 1_? oll
— 10
—— i 4
6ol 1) —{313 > ;
1 I+
., o0 7=/ 1
00 @ 0

Puc. 1.54. YcrporicTBO KoaupoBaHus cuH(pA3HOW U KBAIPATYPHOU COCTABIISIFOIINX Ha
ocHoBe co3Be3aust QPSK.

B 3aBucumocts or mapbl OuT D(t) Ha BXOJe Ha BBIXOJE IOJIy4aeM IIOCTOSHHBIC B
npenenax JUIMTENbHOCTH 3ToW mapel Out curHaisl I(f) u Q(t), 3HaueHHE KOTOPBIX 3aBUCHT OT
nepeaaBaeMoil HHGOpMaIIiu.

CrpykrypHas cxema QPSK moayasitopa.

Crpykrypnas cxema QPSK mMonynsaTopa Ha OCHOBE YHMBEPCAIbHOTO KBaJpaTypHOIO

MOJyJISITOpa NOKa3aHa Ha pucyHke 1.55.

I(1) ()

Bbolt) —=

[o]]e]

lells

()N

oS (gt + gy
@
Puc. 1.55. CrpykrypHas cxema QPSK moxynsitopa.

Curnan Sqpgsk (t) nmeer Buj:

SQPSK (t) = I(t) -cos(apt + @) —Q(t) - sin(apt + )
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Cunasnas I(t) u kBagparypnas Q(t) cocrapisrolye 3T0 HUYTO HHOE, KaK peajbHas 1 MHAMAs

yactu KoMIuiekcHoil orubaromeit QPSK  curmana Z(t) = 1(t) + j-Q(t), xoropwie sBusoTCs

BXOAHBIMH CUTHAJIAMHU KBAJAPATYPHOI'O MOAYJIATOpPA. Torz[a MOXHO IMPE€ACTAaBUTH SQPSK (t) qepes

€ro KOMIUIEKCHYI0 orubaromtyto Z(t): Sqpg (t) = R‘Z(t)-exp( ja)Ot‘. W3 xoMIUIEKCHO# orubaromieit

MO>KHO BBIJICJINUTD (Da30BYI0 OTHOAIOIIYIO KaK:

iz QW)
R[Z(1)] I (t)

Baxno OTMCTHUTD, YTO APKTAHI'CHC OOJDKCH BBIYMCIIATBCA C YUCTOM YCTBCPTHU KOMIIJICKCHOM

o(t) = arctan[ ] = arctan(

wiockoctu (GyHKiuu apktanreHc 2). Bua ¢azosoii ormbaromenn ¢(t) mis uHMOPMAIMOHHOTO
notoka «1100101101100001» moxa3an Ha pucynke 1.56.

()t

Y

0 |

Oft)]

g

-y

g

p(t)]

L:pJ
=

/4
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—1t/4

-
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Puc. 1.56. ®a3oBas orubdaromras QPSK curnana.

QazoBass  ormbaromiasi  MpeacTaBiseT  CcOOOM  CTymeH4yaryro  (YHKLUHIO  BpPEMEHH,
MIPETEPIIEBAIOIIYI0 pa3pbiBbl B MOMEHTHI cMeHbl cuMBosia QPSK (oaun cumBon QPSK Hecer aBa
oura uHpopmauuu). Ilpu sToM B mpenenax omHOro cuMBoOia BekTopHas auarpamma QPSK
HaXOJUTCSI BCErja B OJIHOM TOYKE CO3BE3AMs, KaK 3TO MOKA3aHO BHHU3Y, a MPU CMEHE CUMBOJIA —
CKAa4KOOOpa3HO NEepeXOoAUT B TOYKY COOTBETCTBYIOILYIO CIEAyIOIIeMy cHUMBOINY. ITockonbky y
QPSK Bcero yetbipe TOUKH B CO3BE3/IUH, TO (a3oBasi OrudaroNasi MOXKET IPUHUMATh BCErO YEThIpe
‘T

-3
u+—
4

3HAYECHUS: +

NE]
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AwmmuntynHas orubaromias QPSK curnana a(t) Takxke MOKeT OBITh MOTyYeHa U3 KOMIUICKCHOM

orubaromieit Z(t):

a(t) = 12(t) + Q2 (1)

AmmuntynHas orubaromast QPSK curnana paBHa equHHIIE BCIOAY, 32 HCKIIOYCHHEM MOMEHTOB
CMEHBI IIepe/IaBaeMbIX CUMBOJIOB, T. €. B MOMEHTHI IIepecKoka (a3bl M Mepexoa OYepeHON TOUKe
CO3BE3/1HU1.

[Ipumep  ocmmutorpammbl  QPSK  curnmama  npu BXOAHOM ~ OMTOBOM  TTOTOKE
«1100101101100001» mpu ckopoctu nepenaun nHpopmanuu Br=10 k6ut/c u Hecymeit gacrore 20

k['11 mokaszaH Ha pucyHke 1.57.

L | I | I PR B | I | PR L | IR B R
1 | i ". i I|| f |'| I|'|| |n| ||‘| |F| |||| In| ||| ||| o | f I I | 1

I W 1 N
iHnninEee | |||H|| BN ML L]

||||
| |
H

T

0.

R

e L2}
[
—

oy

0.

[ ]
I -

[, M
Puc. 1.57. Ocrunnorpamma QPSK curnana.

daza Hecymero kKojeOaHusI MOXET MPUHUMATh YEThIpe 3HAYCHUS: ?% U —T—%T panuas. [Ipu
3TOM (haza CIEIYIOUIEro CHMBOJA OTHOCHUTENBHO MPEIbIIyIIer0o MOXKET HE HW3MEHUTCS, WIH
U3MEHUTbCI Ha igmm Ha +m paguaH. Takke OTMETHM, YTO WPH CKOPOCTH TEpeaavn
nHpopmanuu Br=10 xOut/c MBI IMEEM CHMBOJBHYIO CKOpOCT Sr=Br/2=5 xbut/c, U IIUTENBHOCTH
ogHoro cumBoaa T=1/Sr=0.2 mc, YTO OTYETIMBO BHIHO Ha OCHUIUIOTpaMMe (CKauoK (asbl

npoucxoaut yepes 0.2 mc).

®opmupoBanue cnekTpa QPSK curnajna c nomomsio puabrpos HaiikBucra.
Ha pucynke 1.58 mnokazan cnektp QPSK ‘SQPSK( f )‘2 curHaioB 1pu Br=10 xb6ut/c u

Hecymieit yactore 100 k['m. MOXHO 3aMeTUTh, YTO MIMPUHA TIIABHOTO JIETIECTKA, a TAKKE OOKOBBIX
nenectkoB QPSK curnana Bnoe menpiie ueM y BPSK curnana npu onHoil ckopocTu nepenauu
nHpopmanuu. IT0 00yCIOBICHO T€M, YTO CUMBOJIbHAS CKOpocTh SI QPSK curnana B1Boe MeHbIIE

CKOpOCTH Iepeaun nHpopmanuu Br.
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Ucnonb3oBanue (opmupymux GUIBTPOB NaeT BO3MOXKHOCTH mepenaBath (0.5 cuMBONa B
cekyuay Ha | I'm momocel, wnmm 1 Owmr/c mmdpoBorr wmHbopmamuu Ha 1 I'm momockl mpu

ucnoinbp3oBanuu ¢puinbTpa ¢ AUX BHIa NPUOAHATOrO KOCUHYCA.

60 80 100 120 140

J. K1
Puc. 1.58. Cnextp QPSK curnana.
Ha pucynke 1.58 wdepHsiM mokazan coektp QPSK curnama 06e3 wWCmOnb30BaHUS
dbopmupytromero guibtpa. BugHo, uro npumenenue guibTpa HalikBrcTa mo3BOJSET MOJHOCTHIO
nonaBuTh 60KoBbIE JieriecTku B criekTpe QPSK curnanos. CtpykrypHas cxema QPSK monynstopa

MIPH UCTIONB30BaHUM (popMupytomiero GpuiIbTpa mokasana Ha pucynke 1.59.

o QPSK BPSK

|SBPSK':.f:|

BT ] L T [ I [ I [P [T

Puc. 1. 59. Cnextp QPSK curnana ¢ ¢popmupyrounum ¢puiastpom HaiikBucra
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Puc. 1. 60. Ctpykrypnas cxema QPSK MonynsiTopa ¢ MCIIONIb30BaHUEM

dhopmupyromero GpuIbTpa

['paduku, noscusromue padory QPSK monynsropa nmokazansl Ha pucynke 1.61.

by ()4
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[udposas uHGOpMaIHs MOCTyHAeT CO CKOPOCThIO Br u mpeobpasyercst B cumBousl i(t) u q(t) B
cootBeTcTBUH C co3esmueM QPSK, umTenbHOCT OMHOTO IEpeaaBaeMoOro CHMBOJIA pPaBHA
T=1/Sr=2/Br. TakToBBIi TeHepaTop BBAAET IOCIEIOBATEIBLHOCT JEIbTA-UMITYyJIbCOB C
nepuozioM T, HO OTHECEHHBIX K IeHTpy ummyibca i(t) u (), kak 3To MOKa3aHO Ha YETBEPTOM

rpaduke. MMmynbchl TakTOBOro reHeparopa cTpoOupyroT i(t) u q(t) mpu momomm Kimo4erd u
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MoJIyyaeM OTCYETHI [ U Q) , TOKa3aHHbIE HAa JBYX HWXKHHX TIpaduKax, KOTOpble BO30YXKIaloT
bopmupyOLIHUil GUIBTP UHTEPIIOJIATOP ¢ UMITYJIbCHOM XapakTepucTukoi N(t) 1 Ha BbIXOjE UMEEeM
cungasnyio I(t) u  kBagpatypuyro Q(t) cocrapnstonie KOMIUIEKCHOH —Orubaromieil, KOTOpbIe
MOJIAal0TCd HAa YHUBEPCANBHBIM KBaJpaTypHbIM MomyisTop. Ha Beixoze momynsitopa moiydaeM
QPSK curnan ¢ nogaBiieHneM OOKOBBIX JICTIECTKOB CIIEKTPA.

OOparum BHUMaHue, uyTo cuH(pasHas I(t) u kBagpatypnas Q(t) cocraBisroinue CTaHOBATCS
HEeTMIPEPHIBHBIMUA (PYHKITUSIMH BPEMEHH, B PE3y/IbTaTe BEKTOP KOMILIEKCHOU orubaromieit QPSK yxke
HE HAXOAMTCA B TOYKAX CO3BE3/Us, NEPEeCKaKuBas BO BpeMs CMEHBI CHMBOJA, a HEMPEpPBHIBHO
JBUKETCS KOMIUIEKCHOM IUIOCKOCTH KakK 3TO II0Ka3aHO Ha pHUCyHKe 1.62 mpu HCIONb30BaHUU

(bUIbTpa IPUMIOTHATOrO KOCHHYCA C PA3IMNYHBIMU MTapaMeTpami f.

1.5 T T T T

Bes dbopumpytomero dbunstpa B=1.0

1k - 1k -

olt)
1
1
olt)

ol
ol

Puc. 1.62. TpaekTopuu JBM>KEHUS BEKTOpa KoMIulekcHoH orubatomieit QPSK curnana npu
pa3nuyHbIX napamerpax ¢popmupymomero Guiastpa HalikBucra.

Ha Bepxnem neBoM rpaduke T1OKa3aHa BEKTOpHas JAMarpaMMa TIpd  OTCYTCTBUU
dbopmupyromero  QuibTpa TPU  CKAYKOOOpAa3HOM  TEpPEMENIEHWH BEKTOpa KOMILIEKCHOU
orubaromieid. Ecnu Bkmounts GuinbTp HailikBucTa, TO mpu yMeHbIIEHUH [3 BEKTOpHas auarpaMma
npeBpamaercs B «kiyook». Ilpu f=1 momydaem Haumyuiiee NpuOIMKEHHE K HJI€AIbHOU
JarpaMMe.

[Ipu HenpephIBHOM JIBYKEHHUH BEKTOpa KOMIUIEKCHOW Orubarolieil ero aMIuinTy/la HauuHaeT
MEHATHCS BO BpeMeHH, 3HauuT y QPSK curnama mpu wmcnons3oBaHuu GopMUPYIOMIETO (UIBTPA

HAaYWHACT MCHATLCA aMIINIUTyIHAs OT 1/163}0111351
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a(t) = 12(t) + Q2(t) |

YTO HAIJIAJHO IeMOHCTpUpyercs ocummiorpammoil QPSK curnana, nokaszannoit Ha pucynke 1.63.

1.5

D

l
12 14 1.6

i ‘llu!"l”’.mlJ!h. (MW.Hlull“' il ’l ”,l,I “. ”\ !’“ @. M| ll |”1M.’| ”!WI“WW]W' il m”‘]”

-1

-15 & 1 i 1
0 0.2 04 06 08 1

t, MC

Puc. 1.63. Ocuumnorpamma QPSK curnana npu ucnosiab3oBaHuu GopMHUpYOLIEro GpuibTpa
HaiikBucra

Bunno, yto ¢unsTp HalikBuCTa NPUBOIUT K TOSIBJICHUIO IMApPa3UTHOW aMIUTHTYIHON
moayasiiun. [Ipu 3ToM B Toukax korma u cuHpasHas I(f) u kBagparypuas Q(t) cocraBmsiorime
KOMIUICKCHOU orubarouieil paBubl Hyito, ammumutyaa a(t) QPSK curnana taxke nagaer 1o Hyls, U
¢da3a moBopaumBaercs Ha 7 paauaH. [y0okas amIUTUTYAHAs MOAYJALUS — 3TO HETaTUBHBIN
saddekr, kotopslii yerpansercs opcernoit QPSK (OQPSK) moaynsuuu. BaxkHo 0TMETUTH, 4TO MpU
uenpepbiBHbIX I(f) 1 Q(t) pasoBas orubaromasi TakKe CTAHOBUTCS HENPEPBIBHOW (DyHKIHEH
BPEMEHH U TEPECTaeT MEHATHCS CKAaYKO0OPa3Ho, a MIIAaBHO MEPETEKAeT OT CUMBOJIA K CHMBOITY, YTO
Y IPUBOJUT K cykeHuto criektpa QPSK curnana npu ncnons3oBanuu GopMUpPYIOLIETo GUIbTPa.

IIpakTHyeckas 4acThb.

Bremnuit Bu pa3paboTaHHOTO MTPOTPAMMHOTO 00SCTICUEHUS IPEICTABICH Ha pUCYHKE 1.64.

o | |

o
(o Root Raized Cos

o |

:
(T 0000 3 v e

-
-

ool o Jozs aseor

;: | Constellation (TX output) FIill:llill:ll!li:li:l

Lo ol Jo b I

Puc. 1.64. Buemnwuii Bun papadorannoro 10 mis uccnenoBanus QPSK.
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[Iporpamma nmeet aBa OJI0Ka:

1. Bsok HacTpoliku (cieBa);

2. biok oToOpakeHus pe3yibTara (Crpana).

B 0i0ke HACTPOWKH MOXHO 3a/iaBaTh KOJMYECTBO CHMBOJIOB B TIEpEIaBaeMOM COOOIICHUU
(mosie Message Symbols), dem 6osbliie CHMBOJIOB B COOOIICHHH, TEM JIOJIbIIE OHO OymeT
nepenaBathes. Ha pucynke 1.65 mokazano kak mensiercst auarpamma QPSK cHsitas ¢ mpuemMHuKa B

3aBUCHUMOCTH OT KOJIMYECTBA CHUMBOJIOB COO6H.[€HI/II/I.

Puc. 1.65. Jlmarpamma QPSK. 10 cumBos10B B coobmienuu (ciesa), 1000 cuMBoJIOB B
coo01eHuu (cmpana).
MoxHO 3amaTh 3Ha4deHHe oTHomeHus curHan/mym (monme EL/NO, dB). Ha pucynke 16
npencrasieHa quarpamma QPSK miist pa3HbIX 3HAYCHHN CUTHAI/TITYM.

1,5-

1,0-
0,5
< 00-
-0,5-
-1,0-

-1,5-) 1 1 ] 1 1 I
-1,5 -1.0 -05 0.0 05 1.0 15

Puc. 1.66. [Imarpamma QPSK. OtHomenue curnan/mym 0 1b (ciesa), OTHOIIEHHE
curHa/mym 60 b (cripasa).
W3 pucynka 1.66 BHAHO, YTO 4YeM OOJbIIE OTHOIICHHE CHUTHA/IIYM, TE€M YeTdue BBITIISIUT

nuarpamma QPSK.
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Ha pucynke 1.60 noka3zano kak u3mensercs auarpamma QPSK B 3aBUCHMOCTH OT BBIOPaHHOTO
3Ha4yeHus M.

1.5+

1,0
0,5+
& p0-

-0,5-]

I
-5 -0 05 00 0,5 1,0 1,5

’ -1.3 -1,0 -0,5 0,0 0,5 10 1.5

A TTT T LA

Puc. 1.67. Inarpamma QPSK. CneBa Ha mpaBo cBepxy BHHU3 - 2,4,8,16,32,64.
B pazpaboTannoM mporpaMMHOM 00eCTieYeHUH MOKHO CHUMATh CTIEKTp MepefaTdrka (BKIaaKa

TX Spectrum). Ha pucynke 1.67 npeacrasiens! criekrporpammbl QPSK it paszubix GuibTpos.
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FFT Magnitude Spectrum
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FFT Magnitude Spectrum
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Puc. 1.68. Cnexrporpammbel QPSK ¢ BbICTaBIeHHBIME 3HAYCHUSAMHU (UIIBTpa (CIeBa Ha MPaBO -

cBepXxy BHU3): Oe3 (uibTpa, mpunoHaThIi KocuHyc, Root Raised Cos

B paSpa6OTaHHOM IMporpaMMHOM obecreyeHn MOKHO CHHMAaThb IIa3KOBYKO auarpamMmy ¢

npuemHuka (Bkimagka Eye Diagramm(RX) ). Ha pucynke 1.68 mpencraBieHbl TJ1a3KOBBIC

IMarpaMMbl TIpH pa3HbIX 3HaueHUss M mis ocu Q, a Ha pucyHke 1.69 mpencTaBieHBI TTa3KOBBIC

JauarpamMmbl Ipy pa3Hbix 3HaueHust M st ocw |

Eye Diagram
1,4

1,0-
0,5-

0,0-

Amplitude

-0,5-

-1,0-

-1,5-
00

1
15,0u
Time

I
10,0u

1 I
20,0u  25,0u

Eye Diagram
1,0=

Amplitude

1 1
15,0u  20,0u

Time

1
10,0u

1
5,0u

I
30,00
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Eye Diagram
1.2-

Amplitude

=
5

Eye Diagram
1,2
1,0-3

Amplitude

i
5,0u

1 1 1 1 1
100u  150u  200u  250u  30,0u

Time

I I 1 1
100u  150u  200u  250u

Time

Eye Diagram

Amplitude

Eye Diagram

Amplitude

)
il

I I I 1 1
10,0u  150u  20,0u  250u 30,0u
Time

I I 1 I
5,0u 150u  20,0u  250u  30,0u
Time

Puc. 1.69. I'nmazkoBbIe quarpaMmbl JUTsl pa3HbIx 3HaueHud M Ha ocu Q (cieBa Ha mpaBo —

cBepxy BHU3): 2,4,8,16,32,64

Eye Diagram

Amplitude

0,0+

1 1 1
1000 1500 20,0u

Time

| |
250u  30,0u
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Eye Diagram Eye Diagram
1,3+ 1,2-

1,0+

0,5-

Amplitude
=
=
1
Amplitude

i ] I I 0 i I I ] I I I
00 50u  100u  150u 200u 250u  30,0u 0,0 50u  100u  150u  200u  250u  30,0u

Time Time

Eye Diagram
13-

¥

Eye Diagram
3

1,0
05 | 05-§
u ; . u
° ; T
3 3
= 00 T 00
E E
< <
-05 5
-1,0-4
-1.3-) ] ] I ] i i 1,24 I I I I I I
0,0 500 100u 150u 200u  250u  300u 00 50u  100u 1500 200u 250u 300u
Time Time

Puc. 1.70. I'na3koBble TuarpaMMsl Juis pa3HbIX 3HaueHUil M Ha ocu | (cneBa Ha paBo — CBEpXy
BHIM3): 2,4,8,16,32,64

Ocb BeIOHMpaetcs Ha Bkiajake Eye Diagramm (RX) B mone Display 1/Q.

Tak e mnporpammHOe obOecrniedeHne paccunteiBaer BER (Bit Error Rate — OwuroBas
BEPOSTHOCTH OLIMOKH). DTO 3HaUEHHE MOXKHO yBUAETH B moie Bit Error Rate.

BeIcTpo ompenenuTh ecTh OMMUOKM WIM HET MOXKHO €CJIHM TIOCMOTPETh Ha 3€JICHYI KHOIKY C
noamuckto BER Trigger Found, eciu oHa Oyner ropeTh 3HA4YUT OUTOBAas BEPOSITHOCTh OIIUOKH
MIPUCYTCTBYET.

B mnpaBom HIkHeM yriy ecth uH(popMmanMoHHoe okHO Error Out, B koTtopoe Oyzner
BBIBOJIUTHLCS KOJ M COOOIIICHHE OITMOKY B Clydae He KOPPEKTHOW pabOThl TPOTPAMMBIL.

Ha Bxiagkax Transmitted Symbols u Demodulated Symbols moxHO mocMoTpeTh nepeiaHHbIe
U JIEMOJyJIMPOBAHHBIE CUMBOJIBI COOTBETCTBEHHO.

KBanparypuo-amniuryanas wmoayiasuusi - QAM (QAM - Quadrature  Amplitude
Modulation) mMoxeT paccMaTpUBaThCS KakK pacIIMpeHHas MHOTOypoBHeBas ®M, B KOTOpoii 1Ba

UCXOJHBIX CHUTHalla TEHEePHUPYIOTCS He3aBUCHUMO. TakuMm o0pa3oM, 3/1eCh HMMEIT MEeCTO JBa
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MOJIHOCTBbIO HE3aBUCHUMBIX KBaJIpaTypHBIX KaHaja, BKIIIOYAIOIIME IPOLIECCHl KOJIUPOBAHUS W
JETEKTUPOBAHUS B OCHOBHOM IT0JIOCE.

Ha pucyHke mnoka3aHO CHUTHaJbHO - TOYEHOE MPOCTPAHCTBO Ml cucTeMbl ¢ 16-QAM wu
YETHIPbMS YPOBHSIMU B KaXKJIOM KBaJIpaTypHOM KaHayie. TOUYKHM MPEeACTaBISIOT COCTABHOM CUTHA, a
IITPUXHA HA OCSIX OTMEYAIOT YPOBHU aMILUTUTYAbl B KaXKIOM KBajJpaTypHOM KaHasie. OCHOBHas

cxeMa MOJyJIsaTop — aeMoayistopa 16-QAM npeacTaBiieHa Ha pUCYHKE .

* Q
O LI
- = - =
—t —— I
- = - =
- = - =

Puc.1.71. CuraaiabHO-TOYEYHOE MPOCTPAHCTBO MOAYIsIuu st 16-QAM

oD
S AR o
Hcrowsms
v KoTeSammiE
(=— | Fasompamaram
. == 90°
y
=t b_

Puc. 1.72. Cxema moxynsatopa-aemoynsropa QAM

B ortnmune or ®M curnanoB curHaimel QAM, moka3aHHBIE HA PHUCYHKE HE COJAEpXkaT
noctosiHHOM orubaroieil. Hannune mocrosiHHOM orubaromieit B @M o0bsICHsIETCS MOAIEp)KaHuEM
OTHOILIEHHS YPOBHEHN B KBaApaTypHbIX KaHanax. B QAM Takue orpaHuyeHus] HE BBOAATCS BBHUIY

TOr0, 9YTO B KaXXJIOM KaHaJIC YPOBHU HC3aBUCUMBI.

Xapakrepuctuku omubok cucreM QAM um ®OM monynsauuii cuibHO ominyaroTcsd. [lpu
JOCTaTOYHO OOJBIIOM YHCJE CUTHANBHBIX Touek cucreMbl QAM MMeEIoT, Kak MpaBHIIO, JIydIlIHe
XapaKTEPUCTUKH, yeM cucteMbl ¢ @M. OcHOBHas MpUYMHA COCTOUT B TOM, YTO PACCTOSTHHE MEXKIY
CUTHAJIBHBIMHA TOYKAMU Ha quarpamme Juisi cucteMbl ¢ QAM Goutbiie, 4eM JjIsi COOTBETCTBYIOIIEH

cuctemMnl ¢ M.

Paccrosiaue d MCKAY COCCAHHMMU TOUYKAMU B CHUCTCMC QAM C HOpMHpOBaHHOﬁ K CAWHUIIC

IMMKOBOM aMHHHTYI[Oﬁ 1 YUCJIOM ypOBHCfI L MoxeT OBITh MMpEaACTaBJICHO B BU/JIC:
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2
d =% (1.14)

Ha pucynke mnpexacraBieno cpaBHeHue cucreM QAM-16 u ®OM-16 pabotarommx Ha

OHHHaKOBOﬁ IMMKOBOM MOIIIHOCTH, 110 PACCTOAHUIO MCKAY TOYKAMMH.

1 3} 1
L (]
d
. . I 1 1 1
. L L *
[ ] L]
KAM-16 OM-16

Puc. 1.73. CpaBuenue cuctem QAM-16 1 ®M-16 paboTtarommx Ha 0JMHAKOBOI MUKOBOM

MOIIIHOCTH, IO PACCTOSHUIO MEXKAY TOUKaAMHU
QAM umeer npeumyiiecTBo Hajl cucteMoit @M 1pu TO# ke MTUKOBOI MOIITHOCTH.

B HacTosiniee Bpemst sl iepeaur mosib3yrores cucreMamu 256-QAM. Hano ormeruts, uTo
HaZe)kHOEe (DYHKIMOHHPOBAHUE BBICOKOIJIOTHBIX (POPMATOB MOAYNSALMH, Takux Kak 256- QAM
TpeOyeT CTPOrol JIMHEWHOCTH YCHIIUTENCH, JJIT BO3MOXKHOCTH OOpabOTKM IMIMPOKOTO JHara3oHa
aMIUIATYT CUTHAJIOB. COOTHOIICHUS JJTs XapaKTePUCTHK OMUOO0K MEeTOI0B 4-,16-,64- u 256 - QAM

E
B 3aBUCHUMOCTH OT OTHOILIICHU A (1)YHKIII/II/I — IIPUBCACHBI HA PUCYHKC.
0

[ —
f=s——s==uN
— \ \ 256 yposHel
107 \ \Q\\
% o \ \\\\ \
P ANANZEE

SN \ \ N
107 \\ \ \ \
4|yposuh \ 16 yposgei \ 33 yposHs \

] 10 11 12 13 14 15 16 17 18 19 20 21

OTeomerue sEeprk E2 ST K mI1oTEOCTE myMa (Ey/No). ab

Puc. 1.74. BepostHocTr ommO0K B cuctemax QAM.
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JlocToMHCTBO BBICOKMX 3HaueHUM Homepa QAM — 3TO MOBBIIEHHAs CKOPOCTh IEpenayvu
JAHHBIX, TIOCKOJIBKY TaKMM 00pa3oM OoJiblliee KOJIMYECTBO OMTOB HMH(OpPMAIUM MOXKET OBITH
MepeaHo B TEUCHUH OJHOTO Itukia. OQHAKO, ¢ APYrod CTOPOHBI, B 3TOM cliydae OOJIBIIIEE YUCIIO
YpOBHEH aMIUIUTYIbl CHUTHAJA PACIONAraloTCs OJIM3KO IPYyr K JPYry, TOBBIIIAs TEM CaMbIM
BEPOSTHOCTh HEPA3IMYMMOCTH JBYX YPOBHEH, W KaK CJICICTBUE — IOBBIMIAS YyBCTBUTEIHLHOCTH
CUCTEMBI K mymy. Takum oOpa3om, BbICOKHE 3HaueHUs HoMmepa QAM OGosee TpeOoBaTeIbHBI K

napamerpy SNR (Signal Noise Ratio — Otaomenne Curnan/Illym).

IpakTnyeckas yactb QAM

J Tx Waveform = RxWaveform
5 les per Symbol
g EmExmEmEEEEEEEEEEEEm. ceEEssmEEmEEEEEEEEE IR | e EEEEEEEEEEEEEE S S
|16 Symbol Rate, Hz BER

M-QAM }F]IO,UOK' IZ,?J.24E—3
;‘ﬂ-——————- Constellation Il
16 Accumulated BER
: ; ; Tanstons N0 R

Sync Location Uncertainty, Symbals Received Constellation 2,2124E-3
A
e 1,0 BER Trigger  BER Trigger

Index, Bits

Expected Sync Location, Symbols 08 Az ?}und? —y
s ‘ sy - 2 b IRiE ® £l
= 0,61

Eb/MO, dB

. 04- Errer Out
£ g

G AN 14,01 ; i f

T N T N T RN N TR T T R 3 02

010 20 30 40 50 60 |70 80 G
Message o 0,0

#Guard Bits & Message Bits 0,24

f £

a24 '1000

v L _0'4_

#5ync Bits PN sequence order

30 & 061

I -0,8-
#Guard Bits, #5ync Bits should be integer
of bits per symbaol -
error in = -0, -0, -0, -0, A , , ;| i 10
1

STOP

Puc. 1.75. Buemnuii Bun pazpadoransoro I1O nns uccnenoBanust QAM

Yucno nocsuiok 2000 1 pa3nuyHble OTHOIEHHS CUTHA/IIYM

Constelation _

Received Constellation Transitions -

1,0+

0,8+
0,6-

0,41

Puc. 1.76. Co3se3aus mist QAM-8 mepenaBaeMoro CUrHasia.
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Constellation

Received Constellation Transitions ]

Puc. 1.77. Co3Be3nus it QAM-16 nepegaBaemMoro cursaa.

Constellation _

Received Constellation Transitions -

0,375 0 0 i 0 0 I 0 ] i i ] T
03 03 02 02 01 01 00 01 01 02 02 02 03

Puc. 1.78 Cozse3nus ans QAM-32 nepenaBaeMoro curHaa.

Ha pucynke 1.79. npusenens! ria3kosbsle quarpammsl it QAM-8 curnana.

1,1- il

0,8 IRNTE.

06 0,6

0,4 0,4+

0,2 0,2+

0,0 0,0

0,2 0,2-

0,4 : ) 0,4 -

0,6 0,68

0,8 0,5~

1,1 : : : 4 " ARERE : ! : ! " ]
0,0 50,0u 100,00 150,00 200,00 250,0u 300,00 o0 50,0u 100,00 150,0u  200,0u 250,00 300,04

Puc. 1.79. I'nma3koBbIe 1uarpamMMbl IPH MaJIOM OTHOIIEHUH CUTHAJ/IIYM U TIPU HaWITydIlIeM

OTHOIIEHUU CUTHAJ/IIIYM

Ha pucynxke 1.80. mpuBenens! ria3koBbie quarpamMmel it QAM-16 curnana.
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1,0
0,0

1 1 1 [ 1 1 ] [ ] 1 1 1
0,0 50,0u 100,0u 150,0u 200,0u 250,0u 300,00 50,0u 100, 0u 150,00 200,0u 250,0u 300,0u

Puc. 1.81. I'ma3zkoBble quarpamMmbl IpU MajaoM OTHOIICHUH CUTHAJI/IIYM U MPU HAWITy4dlIeM

OTHOILEHHH CUTHAI/IITYM

1 1 I 1 1 [l B i 1 ] [ 1
50,0u 100,0u 150,0u 200,00 250,0u 300,0u 0,0 50,0u 100,0u 150,0u 300,0u

Puc. 1.82. 'ma3koBbIe 1uarpamMMbl IPH MaJIOM OTHOIICHWH CUTHAJ/IIYM U TIPU HAMITy4IlIeM

OTHOILIEHUH CUTHAJI/ mrym

Ha pucynxke 1.83 npuBenens! cnekrporpamms 1t QAM-8 curnana.

FFT Magnitude Spectrum

Amplitude (dB)

-z0,0-¥
-80,0k

| i i i i ]
-20,0k 0,0 20,0k 40,0k 60,0k 80,0k

Frequency {Hz)

| |
60,0k -40,0k .|

g
-80,0k

| i 0 0 ] 0 0 ]
60,0k 40,0k -20,0k 0,0 20,0k 40,0k 60,0k 80,0k

Puc. 1.83. CriektporpamMMbl Ha BXOZI€ ¥ Ha BBIXOJIE KaHaJa

Ha pucynxke 1.84. mpuBenens! criekrporpammsl 1t QAM-16 curnana.
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FFT Magnitude Speckrum

Amplitude (dB)

|
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Puc. 1.85. CniekTporpamMmbl Ha BX0JI€ M Ha BBIX0JI¢ KaHAJIa

Ha pucynke 1.86 npusenens! ciektporpammsl 1t QAM-32 curnana.

FFT Magnitude Spectrurn

Amplitude {dB)

D
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-20,0k 0,0
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Puc. 1.86. CriekTporpamMMbl Ha BXO/I€ U Ha BBIXOJIE KaHANa
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40,0k 60,0k

i i
40,0k 60,0k

]
50,0k

i
80,0k

[Tomsynkom ED/NO ycranaBnmBaercs ypoBeHb OTHOIICHHsI CHTHaN/iiyma, B moine BER

OTO6pa)KaCTC$I KOJIMYCCTBO O6Hapy)KeHHBIX OIIMOOK Ipu 1epenaqc. U3 IMMOJTYYCHHBIX JaHHBIX

MOKHO ITOCTPOUTH Fpa(l)I/II( 3aBUCUMOCTH, CPABHUTH IIOKA3ATCIIN Y PA3JIMYHBIX BUJOB MOAYJISIIUNA U

MIOITBEPAUTH/OIIPOBEPTHYTH TEOPUIO, OITMCAHHYIO BBIIIIE.

B Ta6J'II/IIl€ HMWXKC MMPCACTABJIICHBI JAHHBIC IS paCCMOTPCHHBIX BU/I0B MO[[yanHPIﬁ.

BER
BER
BER
Eb/NO, dB

[ T S S =Y

[ I =

|

1 1 1,00E+00 1,19E-02 3,97E-03

1 4,51E-01 1,00E+00 1,72E-02 7,81E-03
1 1,00E+00 2,27E-01 2,42E-02

5 B

2,10E-03

8 10 12

7.94E-03
2,08E-03
5,25E-04

14

1,98E-03
2,08E-03
5,25E-04

16

Ha pucynke npezncrasieH rpaduk 3aBucumoctu nmapamerpa BER ot Eb/NO mnsa 8-QAM, 16-

QAM, 32-QAM
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1,20

Eb/NO, dB

Puc. 1.87. I'paduk 3aBucumoctu napamerpa BER ot Eb/No mis 8-QAM, 16-QAM, 32-QAM
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['JIABA 2. ITPOITYCKHASA CIIOCOBHOCTB KAHAJIA CBSI3U. KOJANPOBAHHUE
NCTOYHUKA
2.1. [IponyckHasi cHOCOOHOCTH KaHaJA cBSA3U. O0beM CHTHAJIa U eMKOCTh KaHAaJIa CBSI3H,
YCJI0BHS UX COTJIACOBAHUS

PaccmaTtpuBaercs Bompoc coriacoBaHus audepeHIIMaANTbHBIX XapaKTEPUCTUK HCTOYHHKA
muckperHoit mHdopmanuu (M) m mpemoctaBieHHoro mauckperHoro kaHama cBsisu (KC) B
TepMHUHAxX OoToKa uHpopManuu, BeiBoguMoit u3 MU, u npomyckuoii ciocoonoctu KC. B nannom
paszzerne 9Ta 3a/1a4ya peniaeTcs Ha yPOBHE MHTETPAIBHBIX XapaKTePUCTHK CUTHAJNIA U KaHaJla B BUJIC
o0beMa CHTHaJIa ¥ EeMKOCTH KaHalla CBSI3H.

CurHan kak Mojaenb cooOmeHus (MHQoOpManuu) HMeEeT «rabapuTHBIE pa3MephDy,

XaPAKTCPUIYIOIIUC 00BeM CHUIrHajaa, aHaJIMTU4YCCKU OHpeﬂCHﬂCMBIﬁ BbIPA)XCHHUEM
P
— — c
Ve =ToFcWe = TeFelogy 1+ ) 2.1)

rne T¢ - BpeMeHHas JUIMTENBHOCTh CHMTHaNa, F. - S3(QEKTHBHBIA CIEKTp CHUTHaa,

onpeensiemMblii 5QQEKTUBHBIM CIEKTPa JJIEMEHTAPHOIO CHTHANA KOJAA M TUIIOM MOIY/IAIUH. B
Pe

(2.1) xommonenr W¢ = |092(1+ P_) VMEHYETCS JIOrapU(PMHUYECKUM TIPEBBILIEHUEM CHTHAJIA

n
HaJl TIOMEXOH, B KOTOPOM P, - MOIIHOCTH CHrHana, Ppy - MOmHOCTH mOMexH, COpoBOXIAOLICH
nporecc GopMUPOBaHUS CUTHANA.

AHaoruyHbIM 00pa3oM KaHaJl CBSI3W KaK TPAHCIOPTHAs Cpela XapaKTepU3yeTCs €MKOCTHIO

KaHaJlia CBA3H, aHAJIMTHUYCCKHU 3a/1aBaCMYIO BBIPAXKCHUCM
_ _ I:)C
Vi =T, F W, =T, F, Iogz(1+P—n), 2.2)

rae Ty - AIUTENbHOCTh MHTEpBajla BPEMEHHU, Ha KOTOPBIN NMpeAoCTaBieH KaHal CBA3M, F -
spdexTUBHAs ToJ0ca MNPOMYCKAaHUS KaHala CBsI3M, KOTOpas MOXXET OBITh OIpeseeHa
QHAJIMTUYECKU WU  DKCIEPUMEHTAIBHO [0 aMIUIUTYJHOM YaCTOTHOM XapaKTEpUCTUKE

YETBIPEXTIONIOCHUKA, KOTOPBIM MpeacTaBisieT co0oil kaHan cBs3u. B (2.2) KOMIOHEHT

P
Wk = |092(1+ P_C) UMEHYeTCsS JIOTapu(MUYECKHM TIPEBBIIIEHHEM CHUTHalla IOMEXOH, B
n

KOTOpPOM PC - MOIIHOCTb CUT'HAJa, (bI/IKCI/IpyeMaSI B KaHaJIbHOM cpeae, Pn - MOIIIHOCTH ITOMECXH B

KaHaJbHOU Cpele.
HerpynHo moHsTH, YTO Mepejavya CWTHaja MO MPEIOCTABICHHOMY KaHaldy CBSI3M BO3MOJKHA
TOJBKO TOT/Ia, KOTJIa pa3Mepbl TPAHCIIOPTUPYEMOTO CPEICTBA (CUTHAJIA) HE TPEBBIMIAIOT Pa3MepPOB

TPAHCHOPTHOM cpe/ibl (KaHajia CBS3H).

67



Takum o00pa3oM HEOOXOAMMBIM YCIOBHEM COTJIACOBAaHMSA CUTHAja C MPEJOCTaBICHHBIM
KaHaJIOM CBS3U SABJIACTCS BBIIIOTHEHUE HEPABEHCTBA

Ve <V (2.3)

I[OCT&TO‘IHBIMI/I YCJIOBUSAMHU COTJIACOBAaHUA CHUTHAJIa € MNPCAOCTABJICHHBIM KaHaJIOM CBA3H
SABJISICTCA BBIITOJIHCHUC HCPABCHCTB

To<T,, Fo<F, Wg<W (2.4)

k’ k k’
n HAKOHCI], YCJIOBHUEM 3(1)(1)6KTI/IBHOFO HCIIOJIB30BaHUA MPEAOCTABIICHHOI'O KaHajla CBA3U
SABJIICTCA BBIITIOJIHCHUEC PAaBCHCTBA

K-
KOHCTpYKTHBHBIM HHCTPYMEHTOM COTJIACOBAHMS CUTHAJA C MPEIOCTABICHHBIM KaHAJIOM CBSI3U
IlyTeM yMEHbIIeHHs oObema curHaia V, 3a CYer yMEHbIICHHsS KOMIIOHEHTa T SBISCTCS
UCIIOJIb30BaHUE BO3MOXKHOCTEH 3PPEKTUBHOTO KOJUPOBAHHSI.
Teopema K.lllennona 06 >¢dpdextuBHOM KOoaupoBanuu cuMBojioB NI (ocHOBHas Teopema

K.Illeanona)

[Tycts ucrounuk auckpernoit napopmanuu (M) renepupyer andasur

X = lXi . p(Xi ); 1=1 nJ, COCTABJICHHBIN U3 N JUCKPETHBIX CTATUCTUYECKU HE3aBUCUMBIE

H(X) ==, p(37)log, p(x)

CHUMBOJIOB, XapaKTEPU3YIOIIHICS SHTPONIUEN , TOT/IA:

1. cymecTByeT Takoii crocod KOAUPOBAHKS CHMBOJIOB, TIPH KOTOPOM CPETHEE HAa CHMBOJT
n
Icp [K(X)]: El p(xi )] [K(Xi )]

YKCIIO IBOMYHBIX Pa3psAI0B KoJa OyeT ckosb yroao 6auskuM k suTpormu H (X)) UJIU;

2. HE CYILECTBYET TAaKOro Crocoda KOAWPOBAaHMS, NMPU KOTOPOM CpeIHEEe Ha CHUMBOJ YHCIIO

n
JIBOMYHBIX Pa3psioB KoJa Icp [K(X)]z > p(Xi)|[K(Xi)] Oyner menbure sHTpormu H(X)
-1

NN.
Haubonee pacrpocTpaHeHHBIMH aIrOpUTMaMH 3((GEKTUBHOIO KOJUPOBaHUS, OCHOBAHHOIO Ha
UCI0JIb30BaHNN 0cHOBHOU TeopeMsl K.IllenHoHa, sBisroTC:
- Airoputm K.IlleHHOHa - P.®@aHo,
- AnroputMm [1. Xaddmona.
Cnenyer cka3aTh, YTO COJAEP)KATEIbHBIH MOMEHT JTHX QJITOPUTMOB, HECMOTpS Ha
NpOIelypHbIE PA3TUYMs, MO3BOJSAIOMINN MOCTPOUTh 3()(HEKTUBHBIA JBOWYHBIN KOJ, CpeAHss Ha
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CHUMBOJI IJTUHA KOTOPOTO MAaKCHMAaJIbHO MPUOIMKEHA K YHTPOIIMHA UCTOYHHUKA, COCTOUT B TOM, YTO
CUMBOJIaM ¢ OO0JIbIICH BEpOSATHOCTHIO TOsIBJICHUS Ha Bbixoje MJIW cTaBATCS B COOTBETCTBHE KOIbI
MEHBIIICH JUIMHBI, @ CHUMBOJIaM C MEHBIICH BEPOATHOCTHIO - KOJbI OOJblIeH JIMHBIL. Takum
o0pa3om, 3 (HheKTHBHOE KOAUPOBAHHUE PEATU3YETCS B KJIacCe HEPAaBHOMEPHBIX KOJIOB.

D dexTuBHBIC KOABI MPUHATO XapaKTEPU30BaTh JBYMS MOKA3aTEeIIMUA KOAa: U30BITOYHOCTh U
3¢ peKTUBHOCTH

Omnpenesnenue 2.1. U30bITOYHOCTHIO 3(PEeKTHBHOrO KOAAa Ha3biBaeTcsa IMokazaTenb Dy,

OIPEIEIAEMBIN BBIPAKEHUEM

n
B lep [K(X)]- Imin [K(X)] B izl p(xi)I[K(Xi)]_ H(X)

RO T T ko)
-1

(2.6)

Onpenenenne 2.2. IPppekTUBHOCTEI0 I(PPEKTUBHOIO KOAA HA3bIBACTCA IIOKa3aTenb 17,

OHpeﬂeHﬂeMHﬁ BBIPpAXXCHUCM

_Imin [K(X)] H(X)

K0T i)

@2.7)

HerpynHo BuIeTh, 9TO H30BITOYHOCTH M 3(PPEKTHBHOCTH 3(PPEKTHBHOTO KOJIA CBS3AHBI

COOTHOILICHHUEM

Dk =1-n. (2.8)

2.2. UcciieoBanye KOAMPOBAHMS HCTOYHMKA TUCKPETHBIX COO0IIEeHUIT MeTogaM
Illennona ®auno

s ynoGcTBa pacroyioKUM Bce UMEIOUIMecss N OyKB B OJMH CTOJOMK B IOpSIZIKE
yOBIBaHUS BEPOATHOCTEH. 3aTeM Bce 3TU OYKBBI cilelyeT pa3OUTh Ha JBE IPYIIbl — BEPXHIO U
HIDKHIOIO — TaK, YTOObl CyMMapHas BEpOATHOCTh IEpBOM TIpymibl Obula Hambosiee Oyn3ka K
CYMMapHOW BEpPOSITHOCTH BTOPOH rpymibl. [ OykB mepBoi Ipynmbl B Ka4eCTBE MEPBOM LUPPHI
KOJIOBOTO 00O03HaueHus1 ucrnoib3yercs mudpa 1, a mis OykB BTopoi rpynmnel — mudpa 0. [anee,
KaX/Iyl0 U3 JIByX I'PYINI MOAOOHBIM 00pa3oM CHOBA HAJ0 Pa3/leiMTh Ha JBE YaCTH U B KauecTBe
BTOpOM ITU(PHI KOJOBOr0 0003HAaYEeHUsI MBI OyJIeM UCob30BaTh nudpy 1 win 0 B 3aBUCUMOCTH OT
TOT0, MPUHAJIJIEKUT JIM Hallla TPpyMa K NepBOi WIM KO BTOPOH M3 3TUX MOATPYMIL. 3aTeM, KaKaas
U3 cojJepKamux Oojee oJHOM OyKBBI TpyMHI CHOBa JEIUTCS Ha JBE YacTH BO3MOXKHO Ooiiee
OJM3K0I CyMMapHON BEPOSTHOCTH U T.JI.; IPOILECC MOBTOPSAETCS 10 TE€X MOp, OKa MbI HE MPUJIEM K

rpyimmaM, Kaxxaasa u3 KOTOPbIX COACPIKUT 110 OJHOM €IUHCTBEHHOMN 6YKBC.
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Hampumep, ecnu Ham andaBUT COAEPKHUT BCETO MIECTh OYKB, BEPOSTHOCTH KOTOPHIX (B
nopsiike yoeiBanusi) paBusl 0,4, 0,2, 0,2, 0,1, 0,05 u 0,05, To Ha mepBOM 3Tane aeneHus OyKB Ha
IPYIIBI MBI OTIIENUM JIMIIb OJHY MepBYI0 OykBY (1-1 rpymnma), oCTaBUB BO BTOPOM T'pYIIIE BCE
ocrasbHbIe. Jlanee, BTopas OykBa cocTaBUT 1-10 MOATpyNy 2-i Tpynbl; 2-5 e MOArPYIIa TOH e
TPYIIIbI, COCTOSIAA U3 OCTaBIIMXCS YEThIpeX OYKB, OYJET U Jlajiee MOCiIeI0BaTeNIbHO IETUThCA Ha

Y9aCTHU Tak, 4TO Ka)K,Z[BIﬁ pas 1-1 gacTh 6y,[[eT COCTOATH JIMIIb U3 O,HHOI>'I 6YKBBI.

Tabnuna 2.1.
pa3bueHue Ha TMOATPYNIBI (PUMCKHE
Ne KOJI0BOE
BEPOSTHOCTh | mu(Dpsl  00O3HAYAIOT HOMEpa TPyNHn H
OYKBBI o0003HaveHHE
MTOATPYIII)
1 0,4 11 1
2 0,2 31 01
3 0,2 }1 001
4 0,1 }0 Y0 }1 0001
5 0,05 }0 Y0 31 00001
6 0,05 }0 00000

OCHOBHOM NPUHIMI, IOJOKEHHBIM B OCHOBY KoaupoBaHus 1o merony lllennona — ®aHo,
3aKJIF0YAeTCs B TOM, YTO IpPH BbIOOpE KaxaoM LU(pB KOJAOBOIO 0OO3HAYEHHUS MBI CTapaeMmcs,
yTOOBI CcojepXKalieecss B HEW KOJIMYECTBO HMHQPOpMAMUH OBLIO HAWOONBIIUM, T. €. YTOOBI
HE3aBUCHMO OT 3HaYEHMH BcexX Mpenplnynmx nugp, 3ta nudpa npuHuMaza 06a BOZMOKHBIX IS
Hee 3HaueHHs 0 1 1 1o BO3MOKHOCTH € OIMHAKOBOM BEPOSITHOCTBIO.

IIpouecc nekoanpoBaHus

Tenepp paccMoTpuM  anroput™ aexkogupoBanue konos Illennona-®ano. Ilponece
YCIOXKHSIETCS TEM, YTO HEBO3MOXKHO, KaK B cClydae KOJMPOBAHMS, 3aMEHATh Kaxjaple 8 OUT
BXOJHOTO  IIOTOKAa, KOAOM  IepeMeHHOW  aiuuHbL [Ipy  BOCCTaHOBIEHHMHM  HMCXOJIHOU
MIOCJIEZI0BATEIBLHOCTH HEOOXO/IMMO MPOBECTU OOpaTHBIE ONEPALMU - 3aMEHHUTh KOJ IepeMEeHHOU
JUTHHBI CHMBOJIOM JITHHOM 8 OuT. B maHHOM ciydae, jydine Bcero OyaeT MCIOoIb30BaTh OMHApHOE
JepeBo, sTUEHKaMU KOTOPOTO OYAYT SIBISATHCSI CHUMBOJIBL.

[Tpumep KoAMPOBAaHUS COOOIIEHHI

JIs1 HarJIATHOM MIUTFOCTPALMK AJITOPUTMA, CIETIaeM CKaThe npenoxenus "KapiicoH, KoTopbii
JKUBET Ha Kpbllle.". BeIYucnnm, CKOJIBKO pa3 BCTPEYAETCs KaXAbld CHMBOJI, U 3aHECEM JaHHBIE B
tabnuiy 2.2.

Tabnuua 2.2.
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Manee, pa3nenus TaOaMIy Ha IBE YaCTH, TAKUM 00pa3oM, 4TOObI YUCIIO TIOSIBIIEHUN CUMBOJIOB B
BEpPXHEH MOJOBUHE TaOMUIBl NMPUMEPHO PABHSIOCH OOLIEMY YHUCIY B HW)KHEH mosioBuHe. B
NpeUIOKeHUH 32 CHMBOJA, a 3HAYMT, BEPXHsSI 4acTh TaOJMIBl JOJDKHA COJepXaTh OKoJo 16
MOSsIBJIEHUA. MBI MO’KEM MOJIYYUTh TOT PE3yibTaT, IOMECTUB Pa3AeIUTENbHYIO JIMHUIO (Jaee p.Ji.)
Mexay crpokamu "e" u "T". B utore BepxHss yacTh OyneT coiepiaTh MnosiBjieHue 16 cuMBOJIOB, a
HMOKHSISI, COOTBETCTBEHHO, OcTaBIuecs 16.

Jlanee mpopenaeM TO K€ C KaxJ0M M3 dYacTel TaOMMIBI: pa3MecHM JIMHUU TakK, YTOOBI
pa3fenuTh 2 TOJNY4YeHHbIE YacTH Ha NPUOIU3UTENBHO paBHbIE IO KOJUYECTBY IOSBICHUM.
[Iponomxaem mpouecc pa3esieHus 10 TOro MOMEHTa, ToKa KaXKIblii CUMBOJ He Oy/eT OTHeNIeH OT
JpyToro.

Pesynbrupyromiee nepeBo.
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Puc.2.1. PesynbTupyroniee nepeBo

Ecan MNPUHATH, YTO HNCPEMCIICHUC BJICBO 3KBHUBAJICHTHO HYJICBOMY 6I/ITy, a BIIpaBO -

CANHUYIHOMY, MOJXHO CO31aTh Ta6J'II/II_[y KOIHUPOBAHHUA.

Tabmauua 2.3
Cun Komup
MBOJI OBKa
Ip 000
oben 001
p 0100
0 0101
K 0110
a 0111
e 1000
T 1001
bl 1010
H 10110
K 10111
i 11000
hi§ 11001
B 11010
u 11011
I 11100
xK 11101
c 11110
11111
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Tabmuua conepxur 137 6ut, a opuruHansHas gpaza "KapicoH, KOTOpbIi KuBeT Ha Kpsimie."
3aHUMaeT 256 OuT, ciaenoBaTeNIbHO, Y HAac Motydaercss Ko duuueHT cxatust 53%.
IIpakTnyeckasi 4acThb

1. BamycTuTh POrpaMMHBIi KOMILIEKC [6].

B IdhekTMEHOE KOAMPOBaHWE UHBOPMALMK _olx]

E TnapHoe Merio: HDEQJMKDHECTb‘ KnnblLI.IeHHnHa—q:‘aHn‘ ADHPMETLNECKOE KDﬂMDDEaHME| KDu:lblLZ| Konkl Xapemata

NDeUBCHOCTL | 5o e

fomn g o | sepommiocTIu ciusonos i

le,ﬂhu l_“JGJ.HLHJUJHj&@aLHJUJ nonbayacb MeTofoM LleHHOHa-
daHo.

‘ | 2l

+a)
I

NpaEka

Puc. 2.2. Tlanens mporpaMMHOTO KOMILJIEKCA
2. Boiopamu B MeHro mnyHKT 3amanus «Koxel lllennona-®anoy». M3ydwim mnpemiokeHHYIO
tabnuny 16-cumBonbHOrO andaButa. CHMBOIBI OTCOPTUPOBAHBI B TMOPSAAKE YOBIBAHUA
BEPOSITHOCTEMN UX IOSBIICHUS.
3. Tlonb3ysichb TEOPETUYECKHMM MAaTEpHaioM, HAWTH JIBOMYHBIE KOJBl I KaXIOro U3
MPEIOKEHHBIX CUMBOJIOB, 3amucanu ux B rpady Kox xomoBoit tabmuipsl. Cremys npaBuiLy

MNPUITMCBIBAHUA OUCPCAHOTO CUMBOJIA, YKA3dHHOMY B OKHEC ITPOTrpaMMBbI Ha/l KOJ0BOI Ta6J'IHI.IefI.

SaroaHpUiTeE NPHESASHHEIS CHMFEOAE SAPaEHTa Kook ernrona-F ano. MNMpu
PASSHEHHM CYMPEl BEROATHOCT S B KaX00of HS FpYnn aoiskHel Seme
PASKCHEANEHO OOHHIK OSBRI,

MNPy PaASGHEHLL Ha FPYNMAE] BEERM CHMEONSM BESpEHER NoONoBHHE] B KaiscTss
MEpBOro GHTa NDHAHCEIBAETE 0. & BoEr AR -

Crr1econ BepoaTHOCTE (=T
Iy .11 oo
E .03 ool o
B 0.0g o011
r .0z oo
gl [ o110
E 007 o111
A .07 1000
= [ 1001
1 006 1010
] 0.0 1011
K- .06 1100
n 0.05 1101
kA 0.0% 1110
H .04 11110
(] 0.03 111110
r .01 1171111

MpoespHTE Taga[uy |

Puc. 2.3. Konosas tabnuua i JTaHHOTO COOOLLIEHUS
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3aK0AHPYHTE NPHESLEHHEIE CHMEDNE! ANPaEHTa kogok WenHoHa-F aHo. Mpu

PASEHEHMHM CYRE] BEPOATHOCTEN B Ka#00M M3 rpunn 4oA#HEl SETh

FAAKCHRMANEHD OQHHAKOERIMK.

[Npu pastiueHdd Ha FPYNNLl BCEM CUMB0NAN BEPXHEN NONDEMHEI B KaYECTEE
MEQEOrD GWTE APMAMCEIEAETE [, 8 Boek HAmHMN - 1

Moackaska: Bel MOKETE NPOBERATE PESYNETAT
MOCTPOYHONOCHMEBONEHD), AAA 3TOMD NOCAE Ka#HA0H
BEEIEHHON BatW CTPOKM [Kona cureonal
Ha#uraaime 'Mposepure Tatdnuuy'. Mporpaseaa

Curagon BepoatHoCTE Ko
A 0.11 oo
E 0,09 ooia
B 0.08 0o
r 0.0s oo
n 0.07 1n
E 0.07 o111
A 0.07 1000
3 0.07 1001
M 0.06 1010
] 0.0& 1011
K 0.06 1100
n 0.05 1101
b 0.05 1110
H 0.04 11110
0 0.03 111110
M 0.01
[pOBEpMTE TatMLY |

COTPET CTPOKMW PE3YIETST KOTOPLIX BESIEH HE
NPSEMAEHD.

JlabopatopHan pabora

BepHa! Bel 0T AMYHO CAPABMAMCE C 3a43HHEM, NPOAOMKAHTE B TOM ¥E AYXE,

Puc. 2.4. IIpomecc mpoBepKH KOJAOBOH TaOIHIIBI

SaKogupyYRTe NPUEEAEHHEIE CHMBONE! andaeiTa kagor WerHona-F aHo. Mpu
PAZAMEHHM CYMiEl BEPOATHOCTEN B KA#A0H KS MpYNn 4on#HE! ObTE
FEKCHMANEHD OOHHAKOEEIMH.

[Mp1 pasAMEHUY Ha FRYNME] BEEt CHMBONAN BEO¥HEN NONOBWMHE B KAYeCTEE
Nepsoro GUTa NpMNMcEBaRTe 0, & BCer HWAHMM - 1

Mogckazka: Bel MOKETE NPOBEPATE PESYAET AT
MOCTROYHD(NOCHMEDNEHD], 0AA 3TOMD NOCAE Kak4oH
BEEAEHHON BakiH CTPOKM (K003 CHMEDNa]

CurBon BepoATHOCTE Koo HaMrakTe ' TIpoEepUTE Tatnuuy'. Mporparrda
COTPET CTPOKM PESYNETAT KOTOPbIX BESLEH HE
A o uoo MPaEHALHI.
E 0.09 ooa
E 0.08 oo
r 0.08 010
n 0.07 010
E 0.07 o
JekogHpYRTE NPHEENEHHYHD
it Ly 1000 MOCASA0EST ENEHOCTE MPH NOkOLH
3 0.07 1001 Tatn[ubl koda WenHona-F axo.
M 0,06 1010
i 006 1011 |DD111D1DD11DD11111111D
k. 0,06 1100
n 0.05 1101 Pesyavmam:
M 0.05 1110
H 0.04 1110 |
0 0,03 111110
mn 0.0 [poBepHTE

Puc. 2.5. 3akonupoBaHHas OCIEA0BATEIHHOCTD

4, I[CKO,Z[I/IpOBaJ'II/I IIpyu nmoMoumun COCTaBJICHHOM Ta6J'II/II_IBI HpCIlJIO)KCHHOI‘;I MMOCJIACA0BATCIbHOCTHU

cuMBOJI0B. OTBET 3amMcaiiy B ojie pe3yibTar. [1o 3aBeplieHnn NpoBepuIIH.
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=1 e RTHEHOE HOAMPOBAHHE HHIOPMALMH

BENOPYCCKUATOCYAAPCTBEHHBIAY HHBEPCUTET UHOOPMATHKAHPALMOINEKTPOHUKH A1

'naeHoe MeHo | M pEdUKCHOCTE | Koael WenHoHa-PaHo | APHEMETHYSCKOE KOOHPOBAHWE | Koae LZ | Koakl XaddniaHa | “? Cnpaexa
3aK0AHPYIATE NPHEEAEHHEIE CHMEONE! ANaeuTa Kogor WeHHoHa-P aHo. Tp9
PastHEHWM Yl BEPOATHOCTER B Ka#A0R WS rPYNN Aoa4HEl Geme
MEHCHMANEHD OOMHAKOBE ML,
. Mogckaska: Bel MokeTe NpOBEPATE PESYNET AT
Mpi pazieHd Ha FPYANE BCEt CHMEDNAN BEPRHEN NON0EHHE B KAYECTES NOCTROMHO[NOCHMEDAHO], 419 STOMD NOGAE KakaoH
Nepearo GUTa NpunUceIEaiTe [, a Boer HWsHMM - 1 EBEAEHHDI BAMMA CTROKH [JKD.CLEI ]
Cumeon EepoATHOCTE Ko HawHaiTe " TipogepuTe Tagauuy”, Mporpareda
COTPET CTPOKM PESYNETAT KOTOPEI BEELEH HE

A 0 000 MPEEHAEHD.

B 0.03 ooio

B 008 oo

r 008 mao

n 0.07 mio

E 007 mn

ek 0nMpyiTe NPMEETEHHYD

5% iy 1000 MOCASO0ESTENEHOCTE MPM NOkOWH

3 0.07 100 Tabnuuel koga WenHoHa- P anHo.

3] 0.08 1010

] 0.08 1011 |DD111D1DD11DD11111111D

[ 0.08 1100

n 0,05 1 Pesyavmam:

&l 0.05 1110

H 0.04 11110 [

] 0.03 111110

n 0.0 [poEEpHTE

Puc. 2.6. [lekogupoBanue 3aK0UPOBAHHON MOCIIEI0BATEILHOCTH
[TomyyeHHyIO0 TOCTIEIOBATEIBHOCTh B COOTBETCTBUU C TAaONHIIEH CHUMBOJIOB JIEKOIWPOBAIN

CaMOCTOATCJIIBHO U B PE3YJIbTATC IOJTYIUIN CIIOBO: ((BI/II[eO)).

BENOPYCCKUAFOCYJAPCTBEHHbBIAY HUBEPCUTET UHGOPMATUKMU P AZIMOSNEKTPOHUKM A4l

InaeHoe Meno | MpetyrcHoOCTE | Kookl Wennona- P ano | ApHEMETHUSCKOS KOOHPOEaHHE | Kookl LE | K.oael XagpdriaHa | “? Cnpaeka
« L
JaroaHpYHTE NPHESASHHEIS CHFEDNEl 8Nt asuTa kodor WerHona-F ano. MNpu
PASEHEHKHH CYMMEl BEPOATHOCTEMN B Ka#A0H M3 FPYAN A0nHHE STk
MAKCHMANEHD DAHHAKOGB .
" Monckaska: Bel MokeTs NpoBEpATE PESYNET AT
Mpw DaSﬁGMBHHH Ha rpYnnb BCSM CHMB0NSM Bepr_lew NOADEHHE B Ka4ecTEE MOETPOUHO[NOCHMBOARHA], A5 ATOFS NOEAE Ka#A 06
MEpEOrD SHTa NPHAHCEIESNTE 0. 8 BCer HIHHHM - BEEASHHON BAMH CTPOKM [KOa CHMBOA)
CurEon EepoATHOCTE K.on HaiaiTe "TposepurTe Tagauuy'. MNporparda
COTRET CTROKM PESYAETAT KOTOPbIN BESASH HE
[l 0 ooo MNPAEHIEHD.
E 0.09 o010
E 0.02 o011
r 0.02 o1n
i 0.07 o110
E 0.07 o111
JekoqUpyiTe NpUESaEHHYKD
A D'D? 1o0o nocnNegoeareneHoOCTE NPF NosMow M
3 0.07 1007 Tadnue koga lennona-F ano.
1 0.06 1010
I 1
n 0.08 JlaGopatophan paGoTa |
K. 0,05
n 0.05 BepHo! Bel 0TNHHYHO CAPAEHAHCE © 3aA3HHEM, MPOAOMKAATE B TOM e AVRE.
4] 0.05
H 0,04
[} 0.03 R
n 0.01 111111 NipeEsprars |

Puc. 2.7. PesynbTar mpoBepku
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A 011 1 1 } 1
. 1
B E E: -1 olo
B p
r 0,08 r 1 1
n 0,07 -0 0
E 0,07 '< 0 1
0,07
i 0,07 1 0
7] 0,06 0
n 0,08 0}1
K 0,08 5
n 0,05 > 1 '?
M 0,05 0 0
H 0,04 >0 1
0 0,03 0 . 1
M 0,01 ) 0o

Puc. 2.8. KonoBoe nepeBo
[IpermyIiecTBOM JaHHOTO METOJa SIBIISIETCS €ro MPOCTOTa U, KaK CIEACTBHE STOT0, BHICOKAsS
CKOPOCTh KOJHUPOBAHUS U JEKOAUpOBaHMs. JlaHHBIA METOJ SBISETCS MPOCTHIM B MOHUMAaHUWU, B
peanu3anuu, a Kak ciaeACTBUE JOBOJbHO 2 (PeKkTuBHBIM. B HacTosIIee BpeMs HE UCTIOJIb3YETCsI, TaK
KaKk ObUT YCOBEpIICHCTBOBaH XaddMaHOM, aNrOPUTM KOTOPOTO B JIaHHBIH MOMEHT IIHPOKO
UCIIONB3YETCSl B CBA3KAaX C JPYTUMHU alTOPUTMAMH TIPH  KOJUPOBAHHUH/JAEKOTUPOBAHUU

uHpOpMalnu.

2.3. UccnenoBanue anropurma Jlemness - 3uBa

OcHoBHas uzaes anroputma Jlemmnens-3uBa COCTOUT B 3aMEHE MOSBIECHUS (hparMeHTa B JaHHBIX
(rpynmbl  GaifT) cchIKOM Ha mpenplayniee mosBieHHE 3Toro ¢parmenta. CyliecTBYIOT JBa
OCHOBHBIX KJIacCca METOJIOB, Ha3BaHHBIX B 4ecTh SkoOa 3uBa (Jakob Ziv) m AOpaxama Jlemmens
(Abraham Lempel), Bnepsble mnpeanoxuBmux ux B 1977 (amroputm LZ77) m 1978 romax
(amroputm LZ78).

Aaropurm LZ77

LZ77 wcnonb3yer yXe MPOCMOTPEHHYIO YacTh COOOIICHHS Kak cjoBapb. UTOOBI m0OUTHCS
C)KaTHs, OH MBITAETCSl 3aMEHHUTh OYepeHON (PparMeHT cOOOIIeHUsI Ha yKa3aTelb B COJIEPKUMOE
CJI0Bapsl.

B kauectBe Momenu naHHBIX LZ77 wucnonb3yeT ‘‘ckoib3diee”’ MO COOOIIEHHIO OKHO,
pasnesnieHHOe Ha JiBe HepaBHble yacTu. llepBas, Oonbinas 1O pa3Mmepy, BKIIOYAET YiKe
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MIPOCMOTPEHHYIO YacTh cooOIIeHns. Bropas, HaMHOTO MeHbIIas, sBIIETCs Oydepom, coaepKaumM
elle He 3aKOJUPOBAHHBIE CHMBOJBI BXOJHOTO IMOTOKAa. OOBIYHO pa3Mep OKHA COCTaBIISET
HECKOJIbKO KuJ100aiiToB. Bydep HaMHOrO MeHsbIne, oOBIYHO HE Oojiee cra OalTOB. ANTOpUTM
MBITACTCSl HANTH B clIoBape pparMeHT, COBNAIAIOIINN C COACPKUMBIM Oydepa.

Anroputm LZ77 BelgaeT KoJibl, COCTOSIIIIUE U3 TPEX JIEMEHTOB:

- CMEIICHHE B CJIOBApE OTHOCUTEIHHO €ro Havaja MOoJCTPOKHU, COBMAAIOICH

¢ coziepkuMbIM Oydepa;

- JUIMHA MIOJICTPOKH;

- IePBBIN CUMBOII B Oydepe, creayronuii 3a moICTPOKOM.

[Tpumep. Pazmep okna — 20 cumBoJIOB, cioBaps — 12 cumBosioB, a Oydepa -8. Komupyercs
coobuienne «[IPOI'PAMMHBIE TTPOJAYKTbBI ®MPMbI MICROSOFT». Ilycts ciioBapp yxke
3anonHeH. Torga oH coxepxut ctpoky «[IPOIPAMMHBIE », a 6ydep crpoky «IIPOJYKTDbI».
[IpocmatpuBasi cioBapb, aJITOPUTM OOHAPYXKUT, YTO COBMaAaroIie moacrpokoit oyner «I[1POy», B
CJIOBape OHa pacrojiokeHa co cMmerieHueM 0 U UMeeT IIMHY 3 CUMBOJA, CIEAYIONIUM CUMBOJIOM B
Oydepe saBisercs «J». Takum 06pa3oM, BEIXOAHBIM KofoM OyneT Tpoika (0, 3, «/I»). [Tocne atoro
QITOPUTM CJIBUTaeT BJIEBO BCE COJEPKMMOE OKHA Ha JUIMHY COBIAJaro-Iied moactpoku +1 u
OJTHOBPEMEHHO CUMTBIBAET CTOJIBKO K€ CHMBOJIOB M3 BXOJHOTO MOTOKa B Oydep. [lomyuaem B
cioBape ctpoky «PAMMHBIE I[MIPO/I», B Oydepe — «YKTbl ®UP». B pannoit cutyanuu
COBMAJIAIONIEH MOACTPOKU OOHAPYKUTh He yaacTcs M anroputM BbiaacT koxa (0, 0, «Y»), mocie
Yero CABMHET OKHO Ha OJIMH CUMBOJI. 3ateM ciioBaph Oyner conepxkath «AMMHBIE [TPOIY», a
oydep — «KTbl ®UPM». u T.1.

IIpodaemsr LZ77

OueBHuIHO, UTO OBICTpOIEHCTBUE KoAepa LZ77 cuiabHO 3aBUCHUT OT TOTO, KaKUM 00pazoM Oyzaer
OCYILIECTBIISATHCS MOMCK COBIAAAOIIEH MOACTPOKU B cioBape. Ecnu MckaTh coBHaieHUE MOJHBIM
nepedopoM BCeX BO3MOXKHBIX BapHMaHTOB, TO OUYEBHIHO, YTO CKaThe OyAeT OYeHb MEICHHBIM.
[IpyueM mpu yBeNMYEHUW pa3MEpPOB OKHA JJIsl MOBBIIIEHUS CTENEHU CXKATUS CKOPOCTh PabOTHI
OyZeT mpomopIHOHATBHO YMEHbIIAThCS. [l qeKoaepa 3TO HeBa)XKHO, TaK KaK MPH JIEKOJUPOBAHUU
HE OCYILIECTBIISETCS IOUCK COBIA/ICHUS.

beicTponeiicTBue u kojepa, U AEKOJAEpa 3aBHUCUT OT TOr0, KaK pPEAIM30BAHO ‘‘CKOJBXKEHHE
OKHA IO COJEPKUMOMY cooOmieHus. ParmoHanbHO ObLIO OBI JyIsi paObOTHI ¢ OKHOM TIOJIb30BAThCS
KOJBIEBBIM OydepoMm, OpraHu3oBaHHBIM Ha (PU3UYECKH CIUIOIIHOM YYacTKe MaMsiTH, a He
pEaIbHBIM  CIABUTOM COACPKUMOTO OKHA. XOTd s TOJJAepKaHus KoJblieBoro Oydepa
HEO0OXOIMMBI JIONOJTHUTENbHbIE 3aTPaThl HA COXPAaHEHHE IIEIOCTHOCTH MHJEKCOB B HEM, B IIEJIOM
3TO JIaeT OYCHb CYMICCTBECHHBIM BBIUTPHINI TIOTOMY, YTO OTCYTCTBYET ITOCTOSHHOE CJIBHTaHHE

Oonpmioro Osoka mnamatd. Eciam pasmep komnbieBoro Oydepa paBeH CTENEHH JBOMKH, TO
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CTaHJApTHAs IS KOJbIleBoro Oydepa omepanus “CMEIICHHE N0 MOIYIIO pa3Mep’”’, MOXKET OBITh
3aMeHeHa OOMTOBOM JIOTMUECKOH orepanueii, 4to emle O0obliie noBbIaeT 3¢ HEeKTUBHOCTD.

[Tomumo mpobiiem ¢ OpicTpoaeiicTBHEM, y anroputMa LZ77 BO3HUKAIOT MPOOIEMBI C CAaMHUM
cxarueM. OHU MOSBJIAIOTCS, KOT1a KOJAEP HE MOXKET HalTU COBIAJAONIYIO MOJACTPOKY B CIOBApE U
BbIIAE€T CTAHJAPTHBIN 3-KOMIIOHEHTHBIN KOJI, IIBITAsICh 3aKOJUPOBATh OUH CUMBOJI. Eciu cioBapp
nmeer mmHy 4K, a 6ydep — 16 OGaiitoB, To xkox <0, 0, cumBOIT> OyneT 3aHMMaTh 3 OaiTa.
KoaupoBanue oanoro Oaiita B Tpu MMeeT Maslo OOIIETO CO CKATHEM M CYIIECTBEHHO MOHMKAET
IIPOU3BOIUTEIBHOCTD AJITOPUTMA.

YnpowmenHslii anropurm LZ77

noka (Oydep mpenmpocMoTrpa HE TYCT) HAWTH HamOoJjiee JUIMHHOE COOTBETCTBHE
(mo3unus_Havana, nanuHa) B Oydepe mpenpictopur U B Oydepe MpeanpocMoTpa; eciu
(IMMHA>MUHUMAJIBHON JUIMHBI), TO BBIBECTH B KOJMPOBAHHbIC JaHHbIC Mapy (MO3UIMs_Hadyana,
JUITMHA); MHAa4Ye BBIBECTH B KOIMPOBAHHBIC JaHHBIC IEPBBIH cUMBON Oydepa mpeampocMoTpa;
M3MEHUTH yKa3aTelb Ha Hadajo Oydepa mpeampocMoTpa U MPOJOIKHTh.

Anaroputm LZ78

DTOT aNropuTM TeHEPHPYET Ha OCHOBE BXOJIHBIX TAHHBIX CIOBAph (pparMeHTOB, BHOCS Tyda
(bparMeHTsl IaHHBIX (ITOCIEIOBATEIBHOCTH OAlT) MO ONPENEICHHBIM IMpaBHJIAaM U MPHUCBAUBACT
dbparmenTam koabl (HoMepa). [Ipu cxxatuu qaHHBIX (MTOCTYIJICHUH HAa BXOJ IPOrpaMMBbl OYepeaHON
MOpIMM) IporpamMma Ha ocHoBe LZ78 mbiTaeTcst HaliTu B cioBape (parMeHT MaKCHUMajIbHOMN
JUIMHBI, COBIAAAIOIINN C TaHHBIMH, 3aMEHSET Hall/ICHHYIO B CJIOBape MOPLHIO TaHHBIX KOJIOM

¢parMeHTa W JOMOJHSET CJIOBapb HOBBIM (parMeHToM. [lpu 3amosHEeHUM Bcero cioBaps
(pazMep cioBapsi OTpaHUUEH IO ONPEAEICHHIO) IpOrpaMMa OYHMINAET CI0BAPh U HAYMHAET MPOLECC
3allOJIHEHUS CJI0Baps CHOBa. Peanmzanuum 3TOro MeToja pas3indaroTcsl KOHCTPYKLMEW cioBaps,
QITOPUTMAaMHU €T0 3al0JHEHHS U OUMCTKU MIPU MEPETIOTHEHNN.

OObIYHO, TpHU HHULUAIM3ALUM CIOBapb 3arojHSAETCS MCXOJHBIMHM  (3JIEMEHTapHBIMU)
(dparMeHTaMH BCEMHU BO3MOXKHBIMU 3Ha4eHUsIMU Oaiita ot 0 10 255.

3TO0 rapaHTUPYET, YTO MPH MOCTYIUIEHUH HA BXOJl OYEPEAHOM MOPLUH TaHHBIX OyaeT

HaliIeH B cjoBape XOTs Obl OAHOOANTOBBIN (parMeHT.

Anroputm LZ78 pezepBupyeT creuaibHbIil Ko, Ha30BeM ero «Reset», KoTopblil BCcTaBIseTCs
B YIaKOBaHHbIE JaHHbIE, OTMEYass MOMEHT cOpoca cioBaps. 3HaueHHEe Koaa Reset 0ObIYHO
IPUHUMAIOT PaBHBIM 256.

Takum o0pa3oM MpH Havaje KOJMPOBAHMUS MUHHMMaJbHas JUIMHA KOJa COCTaBIseT 9 OuT.
MaxkcruMaibHasi JJIMHA KOJa 3aBUCUT OT 00beMa clioBapsi — KOJMYECTBA Pa3IMYHBIX (parMeHTOB,
KOTOpBIE TyJa MOXXHO TIOMECTHTh. Ecimm oObeM cioBapsi u3MepsaTh B OaiiTax (CHMBOJIAX), TO

O4YCBUJHO, 4YTO MAaKCHMaJIbHOC KOJIHUYECCTBO (bpal"MeHTOB paBHO 4YHuCIIy CHMBOJIOB, a4,
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clleIoBaTeNbHO, MaKCUMaJIbHas JJIMHA KoJla paBHa log2 (00beM croBaps B OaiiTax).
IIpoBenenue IxkcnepuMeHTa U 00padoTKa pe3ybTATOB
Konuposanue ¢passl anropurmom LZ77 co cnenyronumu pazmepamu CJIOBAPL/BY ®EP

Tabnuua 2.3. BapuaHTsl pacueTHBIX 3alaHHH

DPA3A CJIOBAPL/BY®EP
«IDITYDA,
NE ZNAU
8/5 12/5 12/8 16/8
KUDA»

Hcnone3yem BBOX (pas3sl ¢ KinaBuaTypsl B mporpamme LZ77.EXE mist pasHbeix pazMepoB

cioBapst/Oydepa:

e CADOCUME-~1\Major\0016~1V1AIVI1__ 3 ~1MZU 777 EXE

Puc. 2.9. Brox dpassl ¢ kiaBuatypsl s pa3mepos 8/5

o C:ADOCUME~-1\Major¥0016~1V1ATYI1__3_~1MZ\ Z77.EXE
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Puc. 2.10. BBox ¢passl ¢ ki1aBuaTypsl 1y pasmepos 12/5

C:A\DOCUME~1\MajorV001 6~1V1ATVIT__3_~1MZM 777 EXE

Puc. 2.11. BBoxa ¢pa3ssl ¢ knaBuatypsl ajs pasmepon 12/8

C:ADOCUME -1\WMajor\0016~1VIATVI1__ 3 -1\ N 777 EXE

Puc. 2.12. Box ¢dpa3bl ¢ KjaBuaTypshl 11 pazmMepoB 16/8

Hcnons3zyem BBOJ TekcTa U3 daiiia ajisi pa3HbIX pa3MepoB cioBapsi/Oydepa:

Texkct: «IlonyaganTupoBaHHOE MOAETUPOBAHUE PEIIAET ITY MPOOIEMY, UCTIONB3YS TSl KaXkI0-
ro TEKCTa CBOIO MOJIENIb, KOTOpasi CTPOMUTCS €lle J0 CaMOro CXKaTHs Ha OCHOBaHWU pE3yJbTaTOB
MPEABAPHUTEIIBHOTO MPOCMOTpa TeKcTa (Wwiu ero obpasma). Ilepen Tem, kak okoHYeHO (opMuUpO-
BaHUE CXATOTO TEKCTa, MOJENb JOJDKHA OBITh TepelaHa pacKoAupoBIIMKY. HecMmoTpst Ha mo-
MOJTHUTEJbHBIE 3aTpaThl 10 Iepeaade MOJENM, 3Ta CTpaTerus B oOIIeM cilyyae okKyraercs: Oia-
roaps Jiy4iieMy COOTBETCTBUIO MOJIENIN TEKCTY.

AnanTtupoBaHHOE (WIM JWHAMUYECKOE) MOJEIMPOBAHHUE YXOAMUT OT CBSA3aHHBIX C 3TOH
nepefadeld pacxonaoB. [lepBoHauanbHO W KOJWPOBIIMK, W PACKOJIUPOBIIUK MPUCBAMBAIOT cede

HCKOTOPYIO MMYCTYIO MOJCJIb, KaK CCJIN Obl CHMBOJIBI BCE OBLIH PaBHOBCPOATHBIMHU. KO,Z[I/IPOBI_I_[I/IK
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UCTOJB3YeT 3Ty MOJENb JUIsl CKAaTUS OYepeIHOrO0 CHMBOJIA, a PACKOAMPOBIIMK - JJISI €ro
pa3BopaunMBaHMs. 3aTeM OHM 00a M3MEHSIOT CBOM MOJEIH OJMHAKOBBIM 00pa3oM (Hampumep,
HapamyBasg BEpOATHOCTh paccMaTpuBaeMoro cumBoia). Clemyromuii CHMBON KOAUPYETCS U
JOCTaeTCs HAa OCHOBAaHMM HOBOW MOJEIHM, a 3aTeéM CHOBa H3MeHseT Mojenb. KoaupoBanue
MPOJOIDKACTCSA aHAIOTUYHBIM PACKOAMPOBAHUIO 00pa3oM, KOTOPOE MOANCPKHUBACT WUICHTUYHYIO
MOJIETIb 3@ CUET NMPUMEHEHUS TaKOTO K€ alTOpPUTMa €€ M3MEHEHHS, 00eCIICYeHHBIM OTCYTCTBHEM
ommOOK BO BpeMsl KoAupoBaHHA. lcmomb3dyemas Monelb, KOTOPYO K TOMY JK€ HE HYXHO
nepeaaBarh IBHO, Oy/IeT XOPOIIO COOTBETCTBOBATH CKaTOMY TEKCTY.

AnanTupoBaHHBIE MOJENU TPEACTABISIIOT COOOW 3JETaHTHYIO U 3(PPEKTHUBHYIO TEXHHKY, U
o0ecreunBaOT C)KaTHE IO KpaiHed Mepe He Xy/uiee MPOU3BOJUMOrO HEalalTHPOBAaHHBIMU
cxemamMd. OHO MOXET OBITh 3HAYMTEIBHO Jy4Ile, YeM Y IJIOXO COOTBETCTBYIOIIMX TEKCTaM
CTaTUYHBIX MoJeNel. ANAanTHPOBAHHBIE MOJENH, B OTIMYMU OT IMOJNyaJanTHPOBAHHBIX, HE
MPOU3BOJAT HMX MPEIBAPUTEIHHOTO MPOCMOTPA, SBISISICH MOATOMY OoJiee MpHBIIEKATEIFHBIMU U
JTy4IIEC)KUMAIOIUMH. T.0. anropuTMbl MozesIel, ONMChIBaeMbIE B TIO/Ipa3/ieNax, Ipu KOIUPOBAHUH
U JICKOIMPOBAaHUH OyIyT BBIIOJHATCS OAWHAKOBO. MOzeIh HUKOTAA HE TIepeaeTcs SBHO, TOITOMY

cOoit IMPOCXOAUT TOJIBKO B ClIydaC HCXBATKHU 1O HCC ITaMATH.»

s ICADOCUME~1WajorV0016~1V1ATVIT 3 ~1UZMZTFT_F.EXE

Puc. 2.13. BBox Tekcra u3 ¢aiina ais pazmepon 32/5

s CAADOCUME-1TWajor0016-1VIATVIT 3 -1MINFZF7_F.EXE

Puc. 2.14. BBoj tekcra u3 daitna mys pazmepos 64/5
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v CADOCUME~1Wiajorv001 6~1Y1 AT 1 3_~1WIWFTT_F_EXE

Puc. 2.15. BBox Tekcra u3 daitna mys pazmepon 80/5

~ CADOCUME~-1WiajorV0016-1%1ATYT 1 3_~-1WMINIFT_F.EXE

Puc. 2.16. BBoxa tekcra u3 aiina mis pasmepon 128/5

Tabnuna 2.4. Pe3ynbrarel usMepeHuit

DCHOBapB 32 64 80 128

Lo/ L 0,972 1,036 1,012 1,141

140

120 /

100 /

80
) /
40

20

0,972 1,036 1,012 1,141
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Puc. 2.17. I'paduk 3aBucuMOCTH KO(PPUITMEHTA CKATHS OT pa3Mepa CiIoBaps

KoaupoBanue a1 pa3HOU JJIMHBI TEKCTA U OJIMHAKOBOTO pa3Mepa ciioBaps 64/5:

C:ADOCUME ~1Wajory0016~1VIATVI T

Puc. 2.18. Beoa tekcra mimHoi 39 Gait

CADOCUME-1WMajorV0016~1VIAINIT__ 3 ~-1NZN 777 _F.EXE

Puc. 2.19. BBoj Texcra mmuHoii 452 Gaiita

C:\DOCUME -~ 1\WMajorV0016~1 W1_ 3 -1\WZUZ77_F.EXE
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Puc. 2.20. Beoxa tekcra mmHoi 1488 OaiitT

v CADOCUME-1WajorV0016~-1V1AIVIT 3 -1N M 777 F.EXE

Puc. 2.21. Beox tekcra mmHoit 4292 Oaiita

Tabnuna 2.5. Pe3ynbrarsl u3mepeHuit

Lax 39 452 1488 4292

Lo/ L 0,795 0,993 1,037 1,028

5000

4500
4000

3500 /
3000 /

2500 //
2000

1500

1000

500

39 452 1488 4292

Puc. 2.22. I'paduk 3aBucuMocTd Kod(ppuItmenTa cxatusi OT pazMepa CioBaps
[Tpy KOIMpPOBAaHMM KOPOTKHX TEKCTOB KOI((UIIMEHT CXKaTHs OKa3blBaeTcsl MeHble 1, T.e.
M30BITOYHOCTh HE Yyjajsiercs, a BBOAUTCS emie Oousbmie. [lpu yBennyeHuu pasmepa cioBaps
KoahduULMeHT ckaTus yBenuuuBaeTcs. bonpiioi pazmep Oydepa Takxke yxyamaer kodhuuueHt

cokatus. Ecmu pa3Mep ciioBapsi KpaTe€H CTENeHsM JBOWKH, TO Cxkarwe mydme. OmHako, mpu
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OO0JIBIIIOM pa3Mepe CIOBapsl CHUIKAETCSI CKOPOCTh KonupoBaHus. Ilpu yBenndeHnn pazmepa Tekcra

KO3 (ULIUEHT C)KaTUsl yBETNYUBACTCS.

2.4. @pakTadbHble METOAbI KOTHPOBAHUS H300paKeHn i

CoBpeMeHHbIE KOMIIBIOTEPHl BeCbMa HMHTEHCHBHO TNPHUMEHSAIOT rpaduky. OnepanuoHHbIe
CHCTEMBbl C MHTep(EeHCOM OKOHHOI'O THUIA MCIOJB3YIOT KapTHUHKH, HalpuMep, Uil OTOOpasKeHHs
JIUPEKTOpUi miM nanok. HekoTopble coBepliiaeMble CUCTEMOW NEMCTBUS, HANIPUMEP 3arpy3Ky U
NepechUIKy (aiiyoB, Takxke OToOpakaroTcs rpaduueckd. MHOTHE HpOrpaMMbl M TPUIOKECHUS
npenaraT nois3oBatento rpaduueckuit uHTepdeiic (GUI), KoTOphlli 3HAYUTENHHO YIPOIIAET
pa0oTy monb30BaTENsl M IO3BOJSIET JIETKO WHTEPIPETUPOBATh IIOJIyYEHHBIE DPE3YJIbTaThl.
KomnbroTepHas rpaguka UCHONb3yeTcs BO MHOIMX OO0JAacTAX MOBCEIHEBHOM AEATENbHOCTU IpU
[IEPEBO/IE CJIOKHBIX MACCUBOB JIaHHBIX B Irpa)UyecKoe MPEICTaBICHHE.

Opakran (mat. fractus — apoOSEHBIN, CIIOMaHHBIN, pa3OUTHIA) — TeoMeTpuyeckas Qurypa,
o0Jafaromas CBOMCTBOM CaMONOA0OMs, TO €CTh COCTAaBJICHHAs U3 HECKOJbKUX YacTeH, Kakaas u3
KOTOpPBIX 1MOA00HA Beelt purype nenrkoM. B maremaTnke noj (pakTagaMu HOHUMAIOT MHOXKECTBA
TOYEK B E€BKJIMJIOBOM IIPOCTPAHCTBE, UMEIOLUE IPOOHYI0O METPUYECKYIO Pa3MEPHOCTh (B CMBICIIE
MunkoBckoro uinn Xaycaopda), TM00 METPUIECKYI0 pa3MEPHOCTh, OTIIMYHYIO OT TOTIOJIOTHYECKOM
[14]. CnoBo «bpaktam» MOXKET YHOTPEONATbCS HE TOJBKO KaK MAaTeMAaTHYECKHH TEPMUH.
@pakTajioM B Ipecce M HayyHO-MOMYJSPHOI JUTepaType MOTyT Ha3blBaTh (UTYpHI, 0OJIaaromnme
KaKUMU-IMN00 U3 MEepeuncIeHHBIX HIKE cBOMCTB: O0iagaeT HETPUBUAIBHON CTPYKTYpOW Ha BCex
Macmrabax. B aToM ornmume oT perynspHbeIX GUryp (Takux, Kak OKpPYKHOCTb, SJUIUIIC, Tpauk
I7IaJKONH (YHKIMH): €CIIM Mbl PaCCMOTPUM HEOONIbLIONW (parMeHT peryisipHoil Gurypsl B oueHb
KpyImHOM MaciuTtabe, oH OyzeT noxox Ha ¢parmeHT npsimoil. [{nsa ¢paxrana yBennyenue macmrada
He BeIET K YIPOIIEHUIO CTPYKTYPBI, Ha BCEX IIKaJIaX Mbl YBUJUM OJMHAKOBO CIOXKHYIO KapTUHY.

SBnserca camomomoOHONW WM TPHOMMKEHHO caMomonoOHo¥. Oobmamaer npoOHOU
METPUUYECKOM  pa3MEpHOCTBIO  WMJIM  METPUYECKOM  pa3MEpPHOCTBIO,  IPEBOCXOASILEN
TOMOJIOTHYECKYI0. MHOTHE 00BEKTHI B ITpHUpo/JIe 00J1aAat0T (hpakTaJIbHBIMU CBOMCTBAMHU, HAIIPHUMED,
nobOepexbsi, o0slaka, KPOHBI J€PEBbEB, CHEKMHKH, KPOBEHOCHAs CUCTEMa M CHUCTEMa allbBeoJ
YeJIoBeKa WM KUBOTHBIX.

®pakTalbl, 0COOEHHO Ha MJIOCKOCTH, OMYJISPHBI OJaroaapsi COueTaHUIO KPacoThl C MPOCTOTOM
MOCTPOSHHUsI TpU MOMOIIM KomIibioTepa. IlepBble mpuMepbl CaMOMOJOOHBIX MHOXECTB C
HEOOBIYHBIMH CBOWCTBaMM TosiBUiINCh B XIX Beke (Hampumep, MHOXxecTBo Kanrtopa). Tepmunu
«ppakrtan» Obu1 BBeEH benya Manaens6potom B 1975 roay v mosydmi MHUPOKYIO MOMYISIPHOCTh

¢ BbIxo1oM B 1977 roay ero kuuru «®@paxtajibHasi FT€OMETPUS IPUPOIBI».
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[Tpu ¢paxTampHOM CXATUK M300pa’keHUs A OOJACTH MEHBIIETr0 pa3Mepa IMOJIbICKHBAETCS

OX0JKasi Ha Hee 001acTh OOJIBIIIEr0 pa3Mepa TOro Ke H300pakeHus (pUCyHOK 2.23).

Puc. 2.23. JloMeHHbI! 1 paHTOBBIN 0J10KH
OO6nacte 0OJBIIOTO pa3Mepa Ha3bIBACTCS JOMEHHBIM OJIOKOM, @ MEHbBILIEr0 — PaHI'OBBIM
6nmoxom.IlepeBosy noOMeHHOro OJ0Ka B paHrOBBIA OCYyLIECTBIsSETCS MocpeacTBOMadGUHHBIX
npeoOpa3oBaHuil, KOTOpbIE B ciydae N300payKeHHsI B OTTEHKAaX CEPOro IBETa MOKHO NPEACTaBUTh

cIeytolIel cucTeMoit ypaBaeHwid (2.9):

2t a b 0]rx e
yi|=|c d of||¥|+|f|
3 0 0 wltz v (2.9)

rae X, Y, Z— COOTBETCTBEHHO KOOpPAMHATBHI M SAPKOCTb IHKCENs JOMEHHOTO OJI0Ka;
X*, Yy*, ~Z*— COOTBETCTBEHHO KOOpPJHMHAaThl U SPKOCTb IHUKCENsS PaHroBOro OJIOKa;
a, b, ¢ d e f— xodpdunmentsr mnpeoOpazoBaHMIl KOOPIMHAT HA  IUIOCKOCTH;
u-— KodpurmeHT CKaATUS SIPKOCTH;
V — CIIBUT TIO SIPKOCTH.

B paccmarpuBaeMbIX airopurMmax (ppakTaJbHOTO CHKAaTHUS M BOCCTAHOBIICHHSI HM300pakeHUs
BBEJICHHbIE YIPOIICHUs TO3BOJISIOT 3aMEHMTh MaTpUuYHble MNPeoOpa3oBaHMs ONepalusIMU
M3MEHEHHUs OPUEHTAllMU JOMEHHOTro OJI0Ka U ONepalusiMu pacyeTa sipKoCTu nukceneil. Mizmenenus
OpHEHTAIlMM JJOMEHHOTO OJOKa OCYIIECTBIIIETCS 3a CUET €ro MoBOpOTa Ha yroy KpaTHslii 90° u
3epKaJIbHOTO OTPAXKEHUS U TOBOPOTA 3epKATBHOTO OTPAKEHHUS.

N3 Bcex BO3MOXHBIX JOMEHHBIX OJIOKOB BBIOMpaeTcsi OJOK, Onmwkaimmii (B BBIOpaHHOMH
METpHKE) K paccMaTpuBaeMoOMy paHroBoMy OJIOKY.
Korna nomenHslil 6510k HaiiieH, TO 3alIOMMHAIOTCS €r0 HOMEp U HapaMeTpbl MpeoOpa3oBaHUsS B
TEKYIUIl paHTrOBBIN OJIOK, M3 KOTOPBIX U COCTOUT pelIeHHUEe 3a/1a4i (PPAKTaIBLHOTO CHKATHUS.

Huxe, Ha pucynke 2.32. ,ipeAcTaBlIeH allTOPUTM (PaKTATBHOTO CKATHS.
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1no NIT

Boiqvcnenve BoiuvcneHne
koadpuumeHToB Nogobua koadpuumeHToR Nogobua

OmoaHne
NOTOKOB

Puc. 2.24. Anroput™ ¢pakTaibHOTO CKaTHs

[Iporpammuoe ob6ecnieuenne B DELPHI 7

[Ipunoxenue BBINOMHSAET (PpaKkTagbHOE CXXKAaTHE / PACIAKOBKY H300pa)KEHHH € IOMOIIbIO
KJIACCUYECKOI0 aJITOPUTMa.

B Hee MOHO 3arpyxathb Jr00ble M300paXKeHUs, HO pa3Mep JTOJDKeH ObITh He Oosiee 512x512
nukceneil. [Iporpamma 6yeT aBTOMaTH4ECKH YOUPATh IIBET U300pakeHUH.

OTH OrpaHUYEHUsT BBEJIEHBI JUII TOrO, YTOOBI CYIIECTBEHHO COKPAaTHUTb BpPEMs CXKATHS
n300pakeHui Ha 0aze (PpakTaIbHOTO aIroOpUTMAa.

OcHOBHBIE XapaKTEPUCTUKH
e (xarue U IeKOIMpOBaHUe N300pakeHuit hopmara .omp;
e [IpocMOTp MOJy4EHHOTO PE3ybTATA,;

e [IpocMoTp pazmep NOITY4SHHOTO H300paKeHUSL.
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Ha pucysnke 2.35. npeactaBieHo ri1aBHOE U €IMHCTBEHHOE MEHIO ITPOTrPaMMBI.

¥ OpakTanbHoe OkaTtue / pacnakoBKa pacTpoBbiX U306p.. — O

MapaMeTpbl CKaTU

BriGepure pacTpoeoe usoOpaxeHue pasmepamu He Gonee 512 %512 lNpocmorp [Preview)

_J Wzobpaserue

CreweHue aoMeHa: |1 OTCYTCTEYET
Pasmep pervona: 18

Ocranock EPEMEHMN, C:

Crapr Nosvocter... |
Cron MNpocMoTpeTs peaynsTar | CoxpaHute Pazmep dalina |
AdeKoMnpeccus
3arpysute
Pacnakosate

Puc. 2.25. I'naBHOE MEHIO TPOrPaMMBI.

B nmporpamme AOCTYIHBI 17151 U3MEHEHHS 2 CEIyIOIUX IYHKTa: CMEIIEHUE JIOMEHa U pa3mep
peruoHa.

Cmemienue aomena: Ormpenenser miar MOWCKAa YYacTKa B JIOMEHHOM H300pa)KCHUH.
MunnManbHbI mar paBeH 1. Uem Gombime mar, TeM ObICTpee BBIMOIHSAETCS MOUCK, HO MPUA ATOM
MOTYT OBITh IPOMYIIEHbI BayKHBIE 1€TAIN H300paKEHHUS.

Pazmep permona: ompenenser pasmep o0JacTH, Ha KOTOpoe pa30MBaeTcs MCXOJHOE
nzobpaxkenue. [Ipm kommpeccun Ui KaXKI0W OOJIACTH OCYMIECTBISIETCS TOUCK ITOJXOISIIETrO
noMeHa ¢ yderoMm TpaHchopmaruu (abhduHHBIX peoOpa3oBanuii). Uem Gombliie pa3Mep peruoxa,
TEM XYK€ KauecTBO U NP 3TOM yMeHbInaeTcs pasmep |FS-n3o6paxenus.

Metoauka paGoThl B NporpaMMe M IpOBeJeHHe HCCIeJOBAHHMS OCHOBHBIX
TeXHHYECKHX XapPaKTEePUCTHK CHCTEMbI

s obecriedenust ppakraabHOro cxaTus Obuia BelOpaHa mporpamma «®pakranbHoe cxarue /

pacrakoBKa pacTPOBBIX U300paKEeHUIN».

Jlist Toro uToOBI HAYaTh PabOTATh C MPOTPAMMON HEOOXOAMMO:
1. 3arpy3uth n300pakeHne, KOTOPOE yIOBIETBOPSIET TPeOOBAHNE TPOTPAMMEBI,

2. BeicraBuTh 3HaueHue mapameTrpoB «CwmemeHue jgoMeHa» u  «Pasmep

pEeruoHa»,

3. Haxartpb KHONKY CTapT;
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4. I[O)K,I[aTBCSI OKOHYaHUsA CXKaTUsAd I/1306pa)KCHI/ISI;

5. IlpocMoTpeTh NOMYy4YEHHBIH pe3ylbTaT MW, €CIM OH YJOBJIETBOPUI Hac,

COXPaHUTH €ro.

:lmm

MapaMeTpsl CHATWA

BridepiTe pacTpoBoe HSOOPaKEHME pastepatad He donee 512 » 512 TNpockorp [Presiew)

C:zers\ddmint 0 eshktophtpeyroneHuy, Cepnubckoro.bmp J

CrieleHue goMeHS; I'I 5 BrinanHaTe boe v
Npeotpas0EaHuA

Paztep perkoqa; 1

Ocranock speweHd, o B [ NpenotipatoTka

1] MoAHocTE. .

MNpepeare | MNpocMoTpETE PESYNETAT | EDHDEHHTI:-' Fazrep daiina

[NapaMeTpe OeKOMIPECCHI

Pazrep perkoHa: IE JarpysuTe | Facnakoeare

|15

F.on-B0 UTEpALMA L&k OMIPECCHM

Puc. 2.26. Cxkarue nzodpaxkeHnus B nporpamme «DpakTaabHOe CxKaTHe / paciiakoBKa

pPacTpOBBIX U300paKEHUI»

Puc. 2.27. Pe3ynprar cxatus.
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[ocne cxarus uzoOpaxkenue Oyzaer umers popmar .IFS.
Crangaptabie komeku Windows He crocoOHBI JIEKOJMPOBATh IMOJYYEHHOE H300paXKeHHE,
MIOATOMY B IIpOrpamMMe peayCMOTpeHa (GYHKIIUS IPOCMOTpa u300paxkenuit popmara . IFS.

UTo0bI MPOCMOTPETH HY)KHOE HaM H300paKeHHE HEOOXOTUMO:
1. B MEHI0 «IEKOMIIPECCHs» HaXKaTh HA KHOMKY «3arpy3uThy;
2. BriOpath n3o0pakenue ¢popmara .IFS;
3. B MeHs «IekomIipeccus» HaaTh Ha KHONKY «PacrmakoBaTby

Janee paccMoTpuM cxkatue nm3obOpaxkenuit co cmytHuka X-SAR EBporeiickoro KocMiueckoro
arentctBa. Ha pucynke 2.36 npeacraBieHo epBOHAYAIbHOE N300pakeHHE CO CIIYTHHUKA pa3MepoM

435 KO u pazpemienuem 473x314 nuxceneil.

D—FAF Job Rumber: 141941 M—SaR

Kazam, Yolga / Russia ;

ShAT: DEJ oCT—1 994—;”@4 09:43 , Data Take ID: 142.20
Latitude # Leongitude at lmage Center: M 55.8B° / E 48.3
D—FAF Froduct ID: ®X2SARS471000040943MGH_ DP 199503

Puc. 2.28. IlepBoHayansHOE N300paKkeHHE.
Hanee, Ha pucyHke 2.29, MNpencTaBl€HO 3TO Xe H300pakeHHe Tocie OoO0paboTKH, MpH
nmapameTpe cMelleHrue JoMeHa=1 u pasmep pernoHa=8, BpeMs MmoTpaueHHoe Ha cxatue t=703 c,

pa3mep daiina =11,4K6.

AT - QB T—192é/‘€ia%=*§ﬂ.$a , Cuto Take B2 142 .30
Latituds / tosmgiludes st images Cerstar 8 55 BE® [E e
O—FE&aF Froduat i XESAAS4 TDOHFPSISESMCE _ CRISIEDS

Puc. 2.29. Ob6paboranHOoe n300pakeHHE.
Hanee, na pucynke 2.30, mpeincTaBleHO 3TO Xe H300pakeHHe mocie 00paboTKu, Hpu
napamerpe cMmenieHue aomeHa=10 u pasmep pernona=8, Bpems MOTpaueHHOE Ha cxarue t=6 c,

pa3mep aiina =11K0.
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Puc. 2.30. O6paboTanHOE N300paKEeHHE.

Hanee, Ha pucynke 2.31, mpeacTaBIeHO 3TO K€ M300pakeHHe mocie 00paboTKH, NpH
IapaMeTpe CMEIICHHE ToMeHa=> U pa3Mep pernona=10, Bpems morpayeHHoe Ha cxarue t=27 c,

pasmep daiina =7,12K6.

BF AR I YemED:
5;? vl EHEEE SE dE

Puc. 2.31. O6paboTanHOE N300paKCHHE.

Hanee, Ha pucyHke 2.32, MpelcTaBl€HO 3TO XK€ H300pakeHHe mocie 00paboTku, Hpu
napaMmerpe cMmemieHue nomeHa=10 u pasmep peruoHa=12, BpeMs NOTpauyeHHOE Ha cxkartue t=5 c,
pa3mep aiina =4,95K0.

B

o = o

Puc. 2.32. O6paboTanHoe n3obpaxeHue.

Hamee, Ha pucyHke 2.33, TPEICTABICHO 3TO e H300paKeHUE Iociie OO0pabOTKH, IPHU
IapaMeTpe CMelleHue noMeHa=1 u pazmep permoHa=15, Bpems NoTpadyeHHOE Ha cxartue t=566 c,

pa3mep daiina =3,04K6.
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Puc. 2.33. O6paboTranHoe N300paKeHHeE.
Hanee, Ha pucynke 2.34, NpeincTaBle€HO 3TO XK€ H300pakeHHe Mmocie o0paboTku, npu
napameTpe cMmemieHue aoMmeHa=10 u pasmep peruona=14, Bpemsi nmorpaueHHoe Ha cxkarue t=4 c,

pa3mep aiina =3,55K6.

Puc. 2.34. O6pabGoranHOe N300paKeHHE.
Hamee, Ha pucyHke 2.35, TPEACTABICHO 3TO Xe& H300paKeHUE IMOociie OO0pabOTKH, MpHU
napameTpe cMmenieHue aoMmena=20 u pasmep peruona=10, Bpemsi morpaueHHoe Ha cxkarue t=1 c,

pa3mep aiina =4,12K6.

Puc. 2.35. O6paboTanHOE N300paKCHHE.

Hwmxe, Ha pucyHke 2.36 mpenctaBieH rpaduk 3aBUCHMOCTH BPEMEHH CXKaTHS OT pa3Mepa

M300paKeHHsL.
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Puc. 2.36. I'paduk 3aBHCMMOCTH BPEMEHH CKaTHS OT pazMepa H300paKeHUs.
Ha pucynke 2.37 npencrasieH rpaduk 3aBUICUMOCTH BpEMEHH CXKaTUs OT IapameTpa

«CMECIICHUEC JOMCHAa»

700
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0 \‘&~ = o > .

0 5 10 15 20 25

Puc. 2.37. TI'paduk 3aBUCUMOCTH BPEMEHH CXKATUA OT MapaMeTpa «CMEIICHUE TOMEHa.
Ha pucynke 2.38 npezacraBneH rpaduk 3aBUCUMOCTHA BPEMEHHU C)KAaTHs OT MapaMeTpa «pazMep

pEeruoHa».

16

- \
o \
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0 2 4 6 8 10 12 14 16

Puc. 2.38. I'paduk 3aBUCUMOCTH BPEMEHHU CXKATHUS OT TapaMeTpa «pa3Mep peruoHay
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Ha pucynke 2.39 mnpencraien rpaduk 3aBUCHMOCTH pa3mepa m3oOpaxkenus (B Kbaiit) ot

napaMmerpa «pa3smep peruoHa

25

20

15 \
10

O T T T T 1
0 5 10 15 20 25

Puc. 2.39. I'paduk 3aBucumocTu pazmepa u3odpaxenus (B Kbaiit) ot mapamerpa «pa3mep
pernona»
Hioke, B Tabnuie 2.6 npencTaBieHa 3aBUCUMOCTD pa3Mepa OT KO pHIIMeHTa CKATHSL.

Tabnuna 2.6. 3aBUCUMOCTB pa3Mepa n300pakeHus oT Kod(ppuimenTta cxarus.

Koa-1 143 122 105 88 61 40
CKaTus

Pazmep
H300pakeHus, 3,04 3,55 4,12 4,95 7,12 11

K6
Kak BUIHO W3 TaONHUIBI, IPU MAKCUMAIBHO TOCTUTHYTOM KOX((HUIIMEHTE CHKAaTHUS PaBHOMY
143, pazmep nzobpaxkenus ymenbumics ¢ 435K6 no 3,04K6.

3 MMpEACTABJICHHBIX BBIIIC Fpa(bI/IKOB MOXKHO CIACJIaTh BBIBOA, YTO:

1. Uewm Gomblrie n300pakeHue, TeM OOJIbIIE BPEMS CKATHS;

2. UYem Oosbliie mapaMeTp «CMEIIeHUE IOMEHA, TeM MEHbIIIE BPEMSI CIKaTHS,

3. UeM MeHBIIIE TapaMeTp «pa3Mep peruoHay, TeM OoJblie BpeMsl CXKaTus;

4. Uem MeHbIE TapaMeTp «pa3Mep peruoHa», TeM Oonblle pazmep
U300paxeHusl.

PaccmoTpum Tabnuiy 2.4 , B KOTOPOM CBOJAATCSA BOEIMHO MapaMeTphl pa3InYHbIX aIrOPUTMOB

cxaTus n3oopaxenuit [13].
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Tabmuua 2.7. ANTOpUTMBI CXKATHS

Anroputm K-1BI ckaTHA Ha urto IHoTepu
OpPHEHTHPOBAH

RLE 32,2,05 3,4-x OuTHEIE Her

LZW 1000, 4, 5/7 1-8 OutHBIE Her

Xaddmana 8,151 & OuTHEBIE Her

CCITT-3 213(3), 5, 0.25 1-OutHbIE Her

JBIG 2-30 pa3 1-GutHbIC Her

Lossless JPEG 2 pasa 24-6uTHBIC, Her
cepsie

JPEG 2-20 pa3 24-6utHbIC, Ha
cepsbie

PexypcuBHoe 2-200 pa3 24-0uTtHbIe, Ha

cHKaThe cepsie

®dpakTaabHbIN 2-2000 pa3 24-6utHbIC, Ha

cephbie

Hcnonp3oBaHnue ckaTUsi C TOTEPSAMHU IPENOCTABISAET BO3MOXKHOCTH 3a CYET IIOTEPh
peryiaupoBarh KadecTBO u3o0pakeHuil. Koadduuments: cxartus y (pakTaJbHBIX aJrOpUTMOB
BapbupytoTcsi B mpeaenax 2-2000 pa3. Ilpuuem OGonbiine Ko3(pGHUIMEHTHl TOCTUTAIOTCS Ha
Hwuxe

PCAIbHBIX I/I306pa)KeHI/I$IX, YTO HCTUIIMYHO I HOPCAICCTBYIOMIUX  aJITOPUTMOB.

npeAcTaBieH rpadk 3aBUCUMOCTH pa3Mepa N300paskeHus OT KodDPHUImeHTa coxaTus

12
1 h\

8 AN

O T T T T T T T 1
0 20 40 60 80 100 120 140 160

Puc. 2.40. 3aBucumocTs pazmepa n300pakeHus M0 OCH OPJAUHAT, OT KO3 PUIMEHTa CxKATUS

10 ocH adcIuce
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Hwoke, ais HarasiAHOCTH, IPUBEACHBI 2 PUCYHKA, MEPBBI — HCXOIHOE N300paskeHne; BTOPOI —

n300pakeHre ¢ MaKCUMaJIbHO JOCTUTHYTOM KO3 (GULIMEHTOM CxKaThsl paBHbIM 143.

D—PAF Job Number: 141941

¥

Kazan, Yolga / Russia y : - ‘.m e

GMT: D9—0CT—1994,/04:09:43 , Dota Take ID: 142,20 we Sootlu g RN s
Latitude / Longitude at Image Center: N 55.88° / E 48.3 48 e et Anel A

D—PAF Froduct ID: X25AR941009040943MG0D__DF139503 =° [rebrgeiife ¢ 0.eg

BT O

Puc. 2.41. UcxonHoe n300pakeHHE ... Puc. 2.42. U3006paxkenue ¢
koa¢pdunrentom cxarus 143

Kak BHIHO M3 pPHCYHKOB, IpUM CXKAaTUM TEKCTOBOM MH(GOpMAlMM OHAa CTAHOBMTCS
HeunTabenbHast, XOTA Kak BCE M300paKeHHE B IIETIOM OCTaETCsl y3HABAEMBIM.

Henocratkom »3TOoro anroputMa sBIseTCs MOTPEOHOCTH B OOJBINIMX BBIYMCIHTEIBHBIX
MOILHOCTSIX NpH apxuBauuu. PakTUYECKH ITO NEPBBIM CYINIECTBEHHO HECUMMETPUUYHBIN aJlTOPUTM.
ITpuuyem, ecnu y BceX MPEIIIECTBYIOINIMX —alrOPUTMOB KOA(PGUIMEHT CUMMETPUYHOCTU
(OTHOILIEHHME BpEMEHM apXWMBalMM KO BPEMEHM pa3apXuBalM) HE NpeBbIIAET 3, TO Yy

dpakTaipHOTO aropuTMa oH kosredsrercs ot 1000 go 10000.

2.5. BeiiBiieT npeoGpa3oBaHusi CATHAJIOB M W300paxenmii [15]

B HacTosi1iee BpeMst BelBIeT-aHAIN3 ABISETCA OJIHUM M3 HanOoJee MOIIHBIX U ITPH 3TOM
THOKHUX CpCACTB HUCCICAOBAHHA NAHHBIX: IOMUMO BO3MOKHOCTEH CXKaTHs U (bHJ'IBTpaIII/II/I JaHHBIX,
aHaJM3 B 0aszuce BEHBIET-QYHKIMIA MO3BOJISICT PEIaTh 3a7a9d UACHTH()HUKAIIUN, MOJICITUPOBAHUS,
anmnpoKCUMaIlMM CTAllMOHAPHBIX M HECTALMOHAPHBIX MPOLIECCOB, UCCIIEA0BATh BOIMPOCH HATUYHS
paspbIBOB B MPOM3BOJHBIX, OCYIIECTBIATH MOUCK TOYEK CKJIEHBAaHUS JAHHBIX, YAAIATh B JaHHBIX
TPEHJ, OTBICKMBATh MpPHU3HAKH (pakTaibHOCTH WHpopMmamuu. CTOUT OTMETHTh, YTO B OCHOBE
MOI0OHBIX BO3MOXHOCTEH, 00€eCTIeYnBaIOLINX BEWBIIET-aHAIM3Y BEChMa MepCHeKTUBHOE Oyaylee,
JISKUT MPHUPOJA €ro MHOTOMAacIITaOHOCTH. VHa4ye roBopsi, FTapMOHUYECKHUI aHAJIU3 HE CIIOCOOEH
KOHKYPHUpOBATh C BEHBIIET-AHATU30M.

BeiiBner-npeobpa3oBanue MIMPOKO HCHONB3yeTCS JUIsA aHaiuW3a curHajaoB. [lomumo
3TOr0, OHO HAXOJUT OOJIbIIOE NMPUMEHEHHE B O0JACTH C)KaTus JaHHBIX. B nuckpeTHoM BeiiBier-
npeoOpa3oBaHuU Haubosiee 3HaYMMas WHPOpPMALUs B CHUTHAJIE COAEPKUTCS MPHU BBICOKHX
aMIUTUTY/1aX, a MEHee MoJe3Hast — MpHu HU3KUX. CxkaThe JaHHBIX MOXET ObITh MOJIYYEHO 33 CUET

oTOpachIBaHUSI HU3KHX aMIUTUTYA. BeiiBreT-npeoOpa3oBaHue TIO3BOJISIET TOJIYYHTH BBICOKOE
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COOTHOILIEHHE CXKAaTHS B COYETAaHHH C XOPOIIMM KaueCTBOM BOCCTAHOBJIEHHOT'O cUrHaina. BeiiBier-
npeoOpazoBanre OBUIO BBIOpAHO ISl cTaHAapToB cxkaTus uzoopaxenuit JPEG2000 wu ICER.
OnHako, MPU MalbIX CKATUSAX BEUBIET-IPEOOpPa30OBaHUE YCTYMaeT 1O KAayeCTBY B CPaBHEHUU
¢ oKOHHbIM Dypbe-TipeodpazoBaHuEM, KOTOPOE JIEKUT B ocHOBE ctanaapra JPEG.

Bb100p KOHKpPETHOr0 BHJAa M THIA BEHBIECTOB BO MHOT'OM 3aBHCUT OT aHAIM3HPYEMBIX
CHUTHAJIOB W 3a7ad aHanu3a. Jlus TMoJiydeHHs ONTHMAIBHBIX alTOPUTMOB MpeoOpa3oBaHuUs
pa3paboTaHbl ONpeIeIeHHbIC KPUTEPHH, HO UX €IIIE HEeNb3sl CYUUTATh OKOHYATEIIbHBIMH, TaK KaK OHU
SBIISIIOTCSl BHYTPEHHHMH 110 OTHOIICHHUIO K CAaMHM aJIrOpUTMaM IpeoOpa3oBaHUs M, KaK MPaBHIIO,
HE YYUTHIBAIOT BHEIIHUX KPHUTEPHEB, CBS3aHHBIX C CUTHAJAMHM M IIENSIMH UX NPEoOpa3oBaHHIA.
OTcrona ciefayer, 4To MpH TPAKTUYECKOM KCIIOJIB30BAaHUHM BEHWBIECTOB HEOOXOAUMO YACTSAThH
JOCTaTOYHOEC BHHMaHUE MPOBEPKE UX PabOTOCHOCOOHOCTH U 3PPEKTHBHOCTH JUIS MOCTABICHHBIX
1eJIeH 10 CPAaBHEHUIO C M3BECTHBIMH METOAaMU 00Pa0OTKU U aHAIIN3A.

N300peTeHne BeHBIETOB OBLJIO HANPSMYIO CBSI3aHO C HEOOXOJMMOCTBIO 0oJiee TIIyOOKOTO
aHajM3a CHTHAJIOB, YeM aHAJIMW3 CUTHAJa C IOMOIIbI mpeoOpazoBanus Dypbe. BeliBiers
UCTIOJB3YIOT B TE€X CIIydyasiX, KOrJia pe3y/ibTaT aHallu3a HEKOTOPOTO CHrHalla JOJDKEH COJIEpKATh HEe
TOJIBKO TIPOCTOE MEPEYUCIIEHWE €ro XapaKTepHbIX YacToT (MaciitaboB), HO U CBEICHHS 00
OTIpPEJICIIEHHBIX JIOKAJBHBIX KOOPAWHATAX, IMIPH KOTOPBIX 3TH YaCTOTHI MPOSBISIIOT ceOs1. AHAIN3 U
0o0paboTKa HecTallMOHApPHBIX (BO BPEMEHH) WM HEOJHOPOAHBIX (B IMPOCTPAHCTBE) CUTHAJIOB
pa3HBIX TUIIOB MPECTABISAIOT cO00I OCHOBHOE T0JI€ IPUMEHEHMS BEHBIIET-aHATN3A.

BeliBneTsl — HOBBIE CHUCTEMBI 0Oa3HCHBIX (DYHKIMH, HCIIONB3YEMbIX ISl TPEICTaBICHHUS,

GbuIbTpanuy, CXKATUS, XPaHEHHUS U T.JI. JIIOOOTO U3 «CHUTHAJIOBY
f:RN >C. (2.10)
Eciu n =1, nepemennas t npezacrasnser coboil BpeMs, 1 Mbl paboTaeM C BpPEMEHHBIMU
curHanamu. f :R — C. Cnyuwaii N=2 otHocutcst k 00paboTke m3obOpaxenuit. To ecTp, BeiBieT

npeacTaBisier co0oi (QYHKIHMIO OT BPEMEHM, KOTOPas MCHOIb3YeTCs JUIsl aHaIW3a OJHOMEPHOIO
WJIM IByMEPHOTO CUTHAJIA.

B cBoux pabGorax Mamn ompenensieTr BeWBIET Kak (YHKIHIO ¢ C HYJIEBBIM CPEIHHM

3HAUYCHUECM .
o0
[#(t)dt =0. (2.11)
—00

BeiiBierom Ha3bIBaeTCS BOJIHOBOE KOJIeOAHME ¢ HAYalIbHBIM 3HAUCHUEM AMIUIUTY/bI, PAaBHBIM
HYJIIO, 3aTEeM YBCIWYHUBAOIUMCA 3HAYCHUCM W 3aTEM CHOBaA YMCHLmaIOMCﬁCH A0 HYJICBOTO
3HAaYeHUsd. ITO BBIPAXKACTCA B HEOOJIBIIIOM KOJIEOaHUH HUCCIICAYEMOI'0 CUTrHal1a. Takoe IIOBCJICHHUEC

3TUX (YHKIUI MTO3BOJISIET 3aMUcaTh U MCCIEI0BaTh CEMCMUYECKUE BOJHBI WIIM KOJIeOaHUs cepua.
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B obmiem cinydae, BeHBIETHI PEACTABIISAIOT cO00M (PYHKIMH, UMEIOLIHE CIICIU(PHUECKUE CBOMCTBA,
no3poJisiomue  dpPEeKTUBHO 00pabaThiBaTh CUTHANBL. BeHBiIeThI MOTyT KOMOWHHUPOBATHCA (C
NPUMEHEHHEM OIepaliii COBUra, YMHOXXCHHS M CYMMHPOBaHHs), C BBIOOPKaMH H3y4aeMOro
CHTHAJIA JIJIsl TIOJIyYEHHsI COOTBETCTBYIOIIEH HH(POPMAIIH.

OxHa U3 OCHOBOIIOJIATAONINX HACH MCIIOIBb30BAaHUS BEHBIICTOB Ui MPEACTABICHUS CUTHAIOB
3aKIIoYaeTcss B pa3OMBKE MNPUOMDKEHMS K CHUTHalIy Ha JIBE COCTaBISIOIIME: TIpyOyro
(anmpOKCHMUPYIONIYIO) ¥ YTOHYEHHYIO (IETAIM3HUPYIOIIYI0), C IMOCICAYIOUIMM HX YTOYHEHHEM
UTEPAIIMOHHBIM MeTOMOM. Kaxaplii mar Takoro yTOYHEHHS COOTBETCTBYET OINPEACICHHOMY
YPOBHIO JICKOMIIO3HMIIMM U BOCCTAHOBJICHUS CUTHalA. DTO BO3MOXHO KaK BO BPEMEHHOM, TaK U B
YaCTOTHOM OO0JIACTSAX NPEICTABICHUS CUTHAJIA BeHBIIeTaMU. BeHBIETh MPUMEHSIOTCS BO MHOTHX
o0NacTsAX HAyKu; TJaBHbIE OOJIaCTM TNPUMEHEHHs — OoOpabOTKa M aHaJIM3 CUTHAIOB M CHKaTHE
M300payKeHHIA.

Jns o0paboTKM CUTHalma ¢ TIOMOINBIO BEHBIIETOB CHadaja BBIOMpAETCS aHATU3UPYIOIIUI
(marepunckuii) BeiiBaer. O0o3Haumm ero X @(x). Kak mnpaBuio, OHU OIpelencHbl Ha
KOMITaKTHOM Hocutene (Ha nmpomexyTtke [0,L]). Ilox HocuTenem pyHKIMM MOHUMAETCS ee 00JIacTh

OIpEICIICHUS.

v = oAt}

.

Puc. 2.43. MarepuHckuii BeiiBier

PaCT}IHYTI)IC U CABHUHYTHIC KOIIUH BEHBJIETA ¢ Ha3bIBAIOTCS BEHBIECTHHIMHU (I)YHKI_II/ISIMI/I. I[J'ISI

HUX TIPUHATO CJICAYROLICC 0003HaYCHHE:

1 _
P R>Cit> ——vy t-b . (2.12)
a

al
Puc. 2.44. O06uuit BuA COBOKYITHOCTH BOJTHOBBIX (PYHKIINI (BEHBIET-1aKETOB)
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[TapameTp @ Ha3bIBacTCs MacCIITAOMPYIOUIMM IapaMeTpoM, a mapameTp b — mapamerpom
CABUTA.

Pesynbrar BbINIOJNIHEHUS BEHBIET-IpeoOpa3oBaHus (MAacCUB JaHHBIX, [OJIyYalOIIUHCS B
pe3yJibTaTe) MOJHOCTBIO 3aBUCUT OT MAaTEPUHCKOIO BEMBIIETA.

Ha npakTrke ucnosb3yroTcs ClIeIyroIue TUIIbI BEHBIIETOB:

e Beiisner Xaapa.

e MekcukaHcKas nuisina.

e MoaynupoBaHHas rayccoBa KpuBasi.

e [IpousBoaHasi raycCOBON KpHUBOM.

e Beiinersr [lo6emm, ['paccmana, Meiiepa.

e BeiiBnersl bartna-Jlemapsbe.

e CuMJETHI.

o KoiidaeTsl.

MareMaTuyeckuii annapar BeiiBjiera Xaapa

Beiisner Xaapa npencrasiser coboil ciaenyonyo GyHKIHo:

1,(O£x<%)
w(X) = (2.13)
—1,(E£x<1)

Hcnonb3ys B KadecTBe  MaTepuHCKOW (yHKIMM BeiiBier Xaapa, MOXXHO OIpEIEIUTh

BEHBJIETHBIC (PYHKLIUU.

l//r,k - 27r/2Whaar % gL k < Z (2.14)

B kauecTBe HOCUTENS JaHHAS (I)YHKI_[I/ISI HMECT MHTCPBAJI JJINHBI 2r:

L, =|k-2", (k+1)-2" | (2.19)

BonbuinM 3Ha4eHHsIM I COOTBETCTBYIOT OONbIlIMe MHTEpBaibl L, clegoBareiabHO, BEHBICTHBIE
GYHKIIUM UMUTHPYIOT OoJbiive BOJHBL. OIHUM W3 NPUMEPOB, WUTIOCTPUPYIOLUIUX MpPHUMEHEHHE
BEUBJIETOB, SIBJICTCS PA3JIOKEHUE CUTHAJIA C TIOMOIIbIO BEIOPAHHOTO TIpeoOpa3oBaHus [5].

Macmrabupyromast GyHKIHS UMEET BHL:

1,0<x<1 (2.16)
0,x¢[0,)
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Ee unTerpai: J¢(X)dx =1,

Macmrabupyromas GyHKIUS OMpPeesIeT allpOKCUMAIIUI0 CHUTHANA (ITO3BOJISIET UCCIIEI0BATh
YHCJIOBBIC XapaKTEPUCTHKH U KAYEeCTBCHHBIC CBOMCTBA 00BEKTa, CBOMS 33Jady K M3YYEHUIO Oosee
MPOCTHIX HJIA 00JIee yIOOHBIX OOBEKTOR).

[Toctpoenue macmtabupyomeid QyHkiuuu U (QyHKIUK BeiiBiera Xaapa MpeACTaBIEHO Ha

pUCYHOK 2.45.
Macwrabupyrwaa dyHkuMA xaapa DyHEUMA BEHBNETE Xaapa
1.5 - 1.5
1 1
0.5 : 0.5
i ——— — — - d——— —— — — —
0.5} : -0.5
-1t -1
-1.5 : -1.5 :
0 0.5 1 a 0.5 1

Puc. 2.45. Macmtabupyromast yHkuus u GyHKIus BeliBiaera Xaapa
ITpeoOpa3oBanue Xaapa MCIOJIB3YeT KOMOMHAIMIO 3TUX (QyHKIHMH. YTOOB MOHATH, KaK

BBINOJIHSAETCS TpeoOpa3zoBaHKe, BHIIOIHUM CHayaia npeoOpa3oBaHUe OJJHOMEPHOIO MACCUBA.

[Tpumep. Brinmonnum npeodpa3oBanue Xaapa CieIyrolero MaccuBa:

A=(6,7,8,9,10,6,7,8).

Brruncnum cHauana cpeHue U MOJIypa3HOCTH HJIEMEHTOB!

1 mar:

Cpennue: (6+7)/2 =13/2=16.5; (8+9)/2 =8.5; (10+6)/2 =8, (7+8)/2 ="17.5.

[Monypasuoctu: (6-7)/2 = -0.5; (8-9)/2 = -0.5; (10-6)/2 = 2; (7-8)/2 = -0.5

Taxum 006pa3oM, MOITYyYUM MAaCCHB M3 BOCBMH 3JIEMEHTOB:

A1 =(65,85,8,75,-05,-05,2,0.5)

OOpaTuM BHUMaHUE Ha MOCJEIHUE YeThIPE dJIEMEHTa — UX 3HAYeHHsI TOpa30 MEHbIIE, YeM JI0
BBINIOJTHEHUST TpeoOpa3oBanud. [losToMy ux ocraBum 0e3 usMeHeHuid. CpeaHue 3HAYEHUS
Ha3bIBAIOTCS AMMPOKCUMHUPYIOIUMHI KO3(PPHUIIMEHTaMH, B KOTOPBIX HaKalJIMBACTCsS MaKCUMAallbHas

I/IH(I)OpMaI_[I/ISI, a 3HAa4YCHUIA HOHypa3HOCTCf/'I MO3BOJIAIOT OCYHICCTBJIIATL HOJHOC BOCCTAHOBJICHUC
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UCXOQHOro curHaia. Ha crnemyromem mare Mbl OyaemM pa0oTaTh € TEPBBIMH YETBIPHMS
JJIEMEHTaMHU, a BTOPYIO TIOJIOBUHY MAacCCHBa OCTaBUM 0€3 W3MEHEHHI.

2 miar:

Cpennue: (6.5+8.5)/2 =17.5; (8+7.5)/2="1,75.

[Monypasuoctu: (6.5-8.5)/2 = -1; (8-7.5)/2 = 0.25.

Hoserit Mmaccus: A, = (7.5, 7.75, -1, 0.25, -0.5, -0.5, 2, -0.5)

3 war:

Cpennue: (7.5+7.75)/2 = 7.625; (-1+0.25) = 0.625.

[Monypasuoctu: (7.5-7.75)/2 = -0.125; (-1-0.25)/2 = -0.625.

Hoserit MmaccuB Az = (7.625, 0.625,-0.125, -0.625, -0.5, -0.5, 2, -0.5)

M3 3a TOCTOSHHOTO BBIYHCICHHUS IOJNYPA3HOCTEH MPOUCXOJUT IOCTOSHHOE YMEHBIICHUE
3HAYCHUH MCXOMHBIX 3JIEMEHTOB (TIMKCENEeH W300paKeHHsI), TOITOMY IIOCJIE BBITIOJHEHUS
peoOpa3oBaHUs, MOXKHO K TIOJYYUBIIEMYCS MAcCCHBY JIONOJHUTEIBHO MPUMEHHUTH OJIUH W3
anropuTMoB cxkatus (Hanmpumep, Xabhdman wm apudmerndeckoe KomupoBaHue). Ecim
HEOOXOIMMO KCIIOJIb30BaTh CXKATHE C MOTEPSMH, TO 3[€Ch MCIIOJIB3YETCs ONepaIis KBaHTOBAHUS
WM yAQJICHUS HAUMEHBIIIUX 3HAYCHUH MOJTYpa3HOCTEH: HampuMep, MOXKET ObITh 3amucaHo: Az =

(7.625, 0.6250, 0, 0, 0, 2, 0). Torna UCXOaHBIE TaHHBIE BOCCTAHOBSITCS C UCKAKCHUSIMHU.

Puc. 2.46. Pe3ynbrar npuMeHeHus BeliBieTa Xaaapa
MartemaTuyeckuii annapar BeiiBjera Jlooemmn
B Hacrosimiee Bpemsi BeiiBieT [oOemmn 4-oro mopsiaka SBIASETCS HaUOOJEe HMCIOIb3YEeMBIM.

OyHKIUS TaHHOTO BEWBIIETa U €r0 MacITadupyromas QyHKIUS MpeIcTaBlIeHbl Ha puCyHKe 2.47.

101



FAMaciuTabHpyrolys=Aa byHELFA JdobBewir (diba)

' N N ' N
= | 1 = = 1 = = r

Puc. 2.47. Macmrabupyromas ¢pyHkuus 1 QyHkus seiisnera Jlobemmn 4-ro nmopsiaka
Macmrabupyromast ¢pyHkiust u (GyHkuus BeiiBinera Jlobemn 3anmatorcs pexkypcuBHO. Kpome
TOTO, (QYHKIMH YAOBIETBOPSIOT CIEAYIOIIEMY TPeOOBaHHIO: MAacIITaOUpyroIias (yHKIUS HMeeT
KOMITAKTHBIM HOCUTENb — oTpe3ok [0 3], a Takxke qoyKHA OBITH paBHA HYJIIO BHE 3TOTO OTpE3Ka.
3Ty QYHKIHIO, KaK U BEHBIIET, MOJKHO 33]]aTh PEKYPCHUBHO, OTIPE/ICITNB HAYaJIbHBIC YCIOBHSL.

HadvanbHble 3HaUCHUS:

1++/3 1-4/3 (2.17)
2

¢(0) =0,0() = ,0(2) = — »(3)=0

W pexypcHBHOE COOTHOILICHHE:

(0()_1+«/_ 3+4J_¢(2 r-1)+ 4«/5

1 (2.18)
—I(p(Z -3) =

Oq)(Zr) +hg(2r-1) + hp(2r - 2) + hyp(2r -3) =
(o, .1y, o) - (9(2r), p(2r 1), (2r —2), (2r ~3)).

CYMMa HavaIbLHBIX 3HAUCHUH paBHa CAUHUIIC.

p(2r-2)+

(2.19)
9(0)+ o) +(2) +9(3) = 0+1+;§ +1_£/§ +0=1

Hanee ¢yHkuus BbluMciasercs mo maraMm. [lisg storo Ha mare 1 OpUMEHSIOTCS YCIOBUE
KOMITAKTHOTO HOCHUTEJNS, Ha4aJIbHbIE 3HAYEHUS M PEKypCUBHBbIE coOoTHomeHusA. Ha mocmenyronmx
marax TakKe MpHUMeHseTcss pekypcus. g MOCTpoeHMs BeEWBIIETa TaKKe MCHOJIb3yeTcs

PEKYPCHUBHOC COOTHOILICHHC.

w(r)=- p(2r-1)+ p(2r )—— (2r+1)+

1+J_ 3+J_ 3-4/3 \/§¢ (2.20)
4

Hcnons3oBaHue PCKYPCHUBHBIX COOTHOIICHUM npu MMOCTPOCHUU BEHBJICTOB u

MacmTa6pr}om1/Ix (pyHKI_II/Iﬁ CHOCOGCTByeT TOMY, UYTO IOCTPOCHHBLIC KPHBBIC ABJIIAKOTCA
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CaMOTIOZIOOHBIMH, TO €CTh 00JaJal0T (PpaKTaJbHBIMU CBOMCTBaMH. OTO [ENAeT BO3MOXKHBIM
NPUMEHEHHE BEHBIIETOB K aHATIN3Y (paKTaTbHBIX TOCIEI0BATEILHOCTEH.

QUIBTPHI {hn }neZ nu  {g,JneZszeiiBieroB @(X) u w(X)ectb KOIPHUIMCHTHI

MaclITaOUPYIOIIMX  ypaBHEHUH  ¢(X) = \/Ezn h.¢(2x—-n) u w((X)= V29 .4(2x—n), rme

g, =(-1" Nnn (uepra o00O3HaYaeT KOMILIEKCHOE compsbkeHue). Pwibtp h  HasbiBaercs
HHU3KOYAaCTOTHBIM, a QUIBTP § — BBICOKOYACTOTHBIM. /11 BOCCTaHOBJICHUS HCHOIB3YIOTCS (DHIIBTPHI
{hn} u {gn} BEHBIIETOB ¢ W |/, a A BOCCTAHOBJICHUS C MOMOIIBIO (PHIBTPOB — CONPSIKCHHBIE
(TpaHCTIOHUPOBAHHBIE) (PHIIBTPHI.

MaremMaTu4ecKuii annapaT HenpepbIBHOTO BelBJIeT-NMPeo0pa3oBaHUus

3anuch HenpepbIBHOTO BeliBneT-npeoOpa3zoBanus (HBII) BeirnsaauT cnenyromum odpa3om:

(2.21)
< 1 * t - b
Wf (a,b) = jf(t) % dt
s\ a
Oo6nacTeto onpeeseHus BeiBeT-npeodpazoBanus WT sBisieTcs MHOKECTBO:
R> ={@ab)|acsR",beR} (2.22)

[Tapamerp a ompesiesieH B KOMIUIEKCHOM IIIOCKOCTH, apametp b — B o0sacT IeCTBUTEIbHBIX
yucell. B Teopuu BeWBIETOB 0Ch @ MacIITaOUPYeTCsl BEPTUKAIBHO, @ 0Ch D — ropu3oHTambHO. YacTo
obnacte onpexaenenus: WF orpaHn4rBaeTcs MOJIOKUTEIBHBIMU 3HAYCHUSIMH TIapaMeTpa a.

['maBHOM 3ajmaueil sIBIsETCS HaXOXKJICHME BeilBieT-kod¢¢uieHToB. Vcrnonb30BaHne CBOWCTB
BeHBIIET-Ipe00pa3oBaHysl MO3BOJSET OCYIIECTBUTh aHalU3 CHUrHajIoB. Hampumep, cCrIumkom
00JbIIME aMIUIUTY/Abl 3HaYEHUH BeiiBiIeT-K0A((DUIIMEHTOB yKa3bIBalOT Ha MOJIOXKEHUE Mepenaios,
KOTOpblE HUMEIOT pe3KHe HW3MEHEHHS HMHTEHCUBHOCTH H300paxeHus. PasnuyHble MacmTaObl
OIUCBHIBAIOT KOHTYPBI CTPYKTYPbI H300paKEHHsS MEHSIOIIUXCS pa3MepoB. Takoe BbIJCIEHUE
nepenaioB 3¢ GeKTUBHO U1 pacno3HaBaHUs 00pa30B MpU KOMITBIOTEPHOM BU3yanu3auuu [4].

[Tpencrasisiercst HEOOXOAMMBIM TNposieMoHcTpupoBaTh neiicteue HBII Ha nmpumepe BeliBiera
Xaapa.

BeiiBner Xaapa MoxeT ObITh 3allMCcaH Kak:

1 bgtsb+%
‘b . (2.23)
w| — |=<-1|b+=<t<b+a
a 2
0
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BeiiBner-npeoOpa3oBanue onpeaesieTcs Kak:

1 b+a/2 b+a
Wf (a,b) = — ft)ydt— [ f(t)dt|=
\/a ‘l!‘ b+£/2 (2'24)

a

Ja ZbT/? (t)dt—2 Tf (t)dt |

b b+a/2
DT0 o03HAYaeT, YTO 3a HCKJIIOYECHHEM HOPMHUpYoIero MHoxwurtens 3Hauenue Wf(a,b)
NpECTaBIsCT COOOM Pa3sHOCTh MEXAY IBYMs CpeIHUMH 3HayeHusiMu (yHkuuu f, 3TM cpennue

3HAYCHHsI OEPYTCs 10 JIBYM COCSITHMM MHTEpBaIaM JUTHHBI &/2 B OKPECTHOCTH TOYKH b,

Puc. 2.48. Pezynsrat HBII B ciiyuae BeliBnera Xaapa

Bemnuuny Wf(a,b) MoxxHO paccMaTpuBath ¢ APYroil TOUKU 3pEHHUS:

t+al2

j £ (r)dr |=... (225)

Ja 2 VAl 1% a
: == || ==|r|[F'| b+=+r]dr

B sroii hopme Benmnunna Wf(a,b) npossisercs kak B3BemienHoe cpenHee npousBoanoi f’ Ha

untepsaie [b,b+a].

b b-ll—g b+a
\/ ﬁ
+— t } T
a (13

T2 o z

Puc. 2.49. JIpyras untepnperanus eanaunabl W

[Moacrasinss BMecTo f(t) KoHKpeTHYIO GQYHKITNIO, MOXKHO BhIUUCIUTh ee HBII.

Analyzed signal
q

(=1 =1=] =00 [El=T=] ETaTs) ET=l=] =t

Absolute “walues of Ca.b Coefficients for a = 1 2 3 4 5 .

=0 100 150 =00 =50 =00 S50 ET=Ta] As0 S00
tirmme (or space) b

Puc. 2.50. Pezynbrar HIIB curnana
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[To momy4eHHOU CHEKTpOorpaMMe MOXKHO CYIUTh O XapaKTepe CUTHAalla, HallpuMep, HaOIr1aTh
MaKCHUMYMbI «BCILJIECKOB DHEPrHHM» B pa3jIM4YHbIC MPOMEKYTKH BpeMeHHu (mokaszatenb D) u mpu
pa3IUYHBIX MacITabax (IoKaszaTesb a).

MaTtemaTH4YeCKHii annapaT TUCKPETHOr0 BeiiBJIeT-npeodpa3oBaHusi

st 06paboTKH M MPOCMOTPA CHTHAIOB M M300PKEHUN MPU PA3TUYHBIX PA3PEHICHUSIX TaKKe
UCTIOJIB3YEeTCs TUCKPETHOE BEHBIIET-NIPEOOpa3OBaAHHE.

B o6miem Buze mpsMoe IHCKpeTHOe mpeodpasoBanue n3odpaxkenus f(X,y) pasmepnoctu MXN

MOJKHO BBIPa3UTh B OOIIIEM BHJIE CICTYIOIIUM 00pa3oMm:

TV =2 F 008y (%) 229

3nech X U Y — IpOCTPaHCTBEHHBIC NIEpEMEHHbIE (KOOPAMHATHI MMUKCeNel n300paxkeHus), a U,V —
MIEPEMEHHBIE B YaCTOTHOM 00JIACTH, XapaKTePU3YIOIINE 3aKOHOMEPHOCTh pacTpeieiIeHNs TUKCeIeH
u3obpaxenus. 3Has T(U,V...), MOXHO BOCCTaHOBUTH (yHkuuio f(X,y) ¢ momoinso 0O6paTHOTO

peoOpa3oBaHus:

f(xy)=>Y Tu,v,..)h, (XVY) (2.27)

UseHsl mocieaoBaTebHOCTEH ¢ W N Ha3pBalOTCS TPAMBIMH W OOPAaTHBIMH  SIIPAMH
npeoOpa3oBaHusl,  ONPEACISIIONUMU  MPUPOIY,  CIOKHOCTH M 3(G(PEKTUBHOCTH  Mapbl
npeoOpa3zoBanuii. JIuckpeTHOe BEUBIET-MpeoOpa3oBaHue, B OTiIH4Me OT npeobOpazoBanus Dypoe,
o0o03HaYaeT LeNblid Kiacc MpeoOpa3oBaHUM, KOTOpBIE Pa3NUYAIOTCS HE TOJBKO CBOUMH SApaAMU
(ko3 urrienTamMn), HO U CBOWCTBAMHU ATHX KOAP(DUIMEHTOB (¢ KaKum KIAcCcoM Belgnemos Mol
0ydem pabomams) W CIOCOOOM TNPUMEHEHUS OTUX KO3()PUIMEHTOB (CKOJIBKO TpedyeTcs
BBIYHCIIUTD PA3IUYHBIX PEUUEHULL).

MosxHo oxapakTepu3oBaTh kaxaoe /IBII ¢ momomnipio siapa mpeodpazoBaHus WM, OCHOBBIBASICh
Ha MHOXECTBE MapaMeTpoOB, KOTOPbIE OJHO3HAYHO OMpeAessIoT napy suep. Bee mpeobpasoBanus
SIBJISIFOTCS. POJICTBEHHBIMU (MX (DYHKIIMHM Pa3IOKEHHS TPEICTABISIOT COOONM «MaJICHBKHUE BOJHBD»Y
WIA «BEHBJIETBI»), KOTOpPHIE HMMEIOT IEPEMEHHYI0 YacTOTy KoOJeOaHWH W OTpaHWYCHHYIO

JJIIUTCIIBHOCTD.
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a) 6)

Puc. 2.51. a) MuoxecTBo (hyHKIUH paznoxenus Oypre — CHHYCOUIbI C IEPEMEHHON YacTOTON
1 OECKOHEYHOU JITUTEIBHOCTRIO 0) OyHkimu paznoxenus JIBII — «ManeHbKHE BOJHED) C
IIEPEMEHHOM YaCTOTOW U KOHEYHOH JJINTEIBbHOCTBIO
CaolicTBa «i1ep», ABISAIOUINECs 0O0IMMU AJI BCEX TUIIOB BEHBIIETOB.
CsoiictBo 1. Pazoderumocmsv, macuimadbupyemocms U NepeHocumMocms. Slapa MOXKHO

NpeaACTAaBUTH B BUAC TPEX PA3ACIUMBIX JIBYMCPHBIX BEHBJICTOB:

w" (X% y) = (X)e(y),
v’ (X, y) =o(X)w(y),
w° (% y) =w(X)w(y).

Baecs  w" (X, ¥), " (X, ¥), " (X, y) Ha3bIBAIOTCA  TOPM3OHTAIBHBIMU, BEPTUKAIBLHBIMH U

(2.28)

JMarOHATBHBIMH BEHBIIETAMH, a IByMepHast (QyHKIHS:
_ 2.29
P(%, Y) = p(X) @(y) (2.29)
HaspiBaetcst Maciitabupyromeid ¢pynkiueit. Kaxaas u3 3Tux AByMepHBIX (QYHKIHN SBISETCS

MIPOU3BEACHUEM JIBYX OJHOMEPHBIX MAacIITaOUpyromux GyHKIuH [5].

(Dj,k(x) = 2j/2¢(2j X— k), (2.30)
Wik (X) = 212y (2' x k).

[TapameTpsl 1 1 | ABISAIOTCS LeNbIMU yucaamu. Yucio k onpenenser nonoxxeHue oJHOMEPHBIX
¢byHKIMH Ha ocHM X, MacmTad ] — MIMPUHY 1O OCH X, MHOXHTENb 2j/2 OTBEYAET 3a BBICOTY H
aMILTUTY/LY.

CgoiictBo 2. KpatHomacmrtaOHasi coBMecTUMOCTh. (CBONCTBO OroBapuBaeT TpeOOBaHUSA K

BbIOpaHHOM MaciTabupyromen GyHKINN.

@; i (X)
a) Kaxxas pyHkims OpPTOrOHaIbHAs JI0OOMY CBOEMY IIEIOYUCIIEHHOMY CJIBUTY.
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o X
6) MHoXecTBO (PyHKIUH, KOTOPbIE MOKHO MPEACTABUTH B BUJE PSIOB PA3IIOKEHHS 110 ?51(X)

Py MajbIX Maciradax (j Majno), MPUHAIIC)KUT MHOXKECTBY (YHKIHH, MPEICTAaBUMBIX B Oolee
BBICOKUX 3HAYCHUSX.
B) Kaxxnyro Macmrabupyroniyro (GyHKIIUIO MOXHO TMPEJICTaBUTh C MPOU3BOJIBLHOM TOYHOCTHIO

pu ] >,

CsoiictBo 3. OproroHanbHocTh. DYHKIMU Pa3NOKEHUS {(p"J(X)} 00pa3yloT OpPTOTOHATBHBIN
Wi OMOPTOTOHANBHBIN 0a3uc (0TCI0J]a M Ha3BaHHE €I OJHOTO THIIa BEUBIETOB — OPTOrOHAJIBHBIC
U OMOPTOHOHANIBHBIE) B INPOCTPAHCTBE OJHOMEPHBIX HM3MEPHUMBIX, CYMMHPYEMBIX B KBajpare
¢ynknuii. basuc obnagaer Tem CBOMCTBOM, YTO KaxJas IpeacTaBHMasl B 3TOM Oasuce (QyHKIHS
UMeeT €IWHCTBeHHBIH Habop ko3(duumeHToB. [y BEIIECTBEHHBIX OPTOTOHAIBHBIX SIEp MMEET

MecTO paBeHCTBO g = h. B GropToronaisHOM cirydae

h,g.)=5,=1" ro: S. 231)

JIisi IpakTHYeCKOTO MPUMEHEHUS BAXKHO CIICJICTBHUE W3 TPUBEICHHBIX CBOWCTB — (DYHKITHIO
BelBIIETa W MAacCIITAOMPYIOMIYI0 (YHKIUIO MOXHO MPEACTABUTH 8 Gude JUHEUHOU KOMOUuHayuu
CBOUX Jice KONULL C YOBOCHHBIM PA3PEUEHUEM:

p(x)=>"h, (NV2p(2x-n) y()=3h (W2yx—n @32
¢) ! n

B cpene MATLAB auckpetrHoe BelBIeT-npeoOpa3zoBaHue peaan3yeTcs ¢ TOMOIIbIO MPOLEAYP
dwt u fwt (GsicTpoe BeiiBieT-peoOpa3oBanuii). MOXKHO BBIMOJIHSTH PAa3JIOKECHUE KaK IByMEPHBIX,

TaK U OJTHOMCPHBIX CUT'HAJIOB.

WcxoaHoe uzobpakeHue. Pezynetat JBI1.

Puc. 2.52. Pe3ynbrar AUCKPETHOTO BEMBIET-IIPe0Opa3OBaHUs
AJITOPUTM OBICTPOIrO BelBJIET-NIPE0OPA30BAHUA
O6o006mas nmpeoOpa3oBaHUEe Ha JABYMEpPHBIH M MHOTOMEpHBI YpOBEHb, MOXKHO HPEICTaBUTh

cxeMy mpeoOpa3oBaHus (OBICTPOTO BEHBIET-TIPEOOpaA3OBaAHN).

107



hq,{—m) 24— w@g', m, n)

W
hy, (—n) 24 {frzg?:;l
Croneus L[yl 24|—e wG. m. m
Crpoxu

We(G+1, m, n) e—

hy(—m) 24 WG, m, n)

h¢ (=n) 24 crpo
Cronbu hd: {—m)‘g 2 *, | — % G. m, nj
CrpokH

Puc. 2.53. Cxema OpIcTpOro BeiBIET-NIpeoOpa3oBaHUs
CHavana oOpaOaThIBAIOTCS CTOJOIBI, a 3aTeM CTPOKU. Mcnonb3yroTcs mpu 3TOM (QUIBTPBI
HHU3KHX U BBICOKHX YacTOT.

Kaxnapiii mpoxon uepe3 010k (uiabTpoB Ha puc. 10 pasznaraet BXOJHBIE JaHHBIE HA YETHIPE
w
KOMIIOHEHTBl MEHbIIEro auamna3oHa (wimu macmtaba). Kosddumuments ¢ mpeoOpazoBaHuUs

. h
MOJTyYarOTCs ABYMS IPOXOJaMU HU3KOYACTOTHOW (puibTpanuu (T. €. ¢ QUIbTpoM  ?), U TIOATOMY

W' i=H,V,D
OHH Ha3bIBAIOTCS KOA(HUIIMEHTaMU TPUOIIKEHHS; KOOPPUIIUESHTBT ¥ Ha3bIBAOTCH,

COOTBETCTBEHHO, KOA(P(GUIIMEHTAMH TOPU3OHTAIBHBIX, BEPTHKAIBHBIX U JUArOHAJIbHBIX JeTalleH.
[Tockonbky camMo wu3oOpaxenue f(x,y) MHpencTaBICHO B HAWBBICIIEM pa3pelIeHHH, TO OHO

W_(j+1,m,n)
CTAaHOBUTCS BXOJI0M ¢

MepBOM UTepanuu npoueaypsl. Kpome toro, 31ech UMeeTcs
TpH TIEpEMEHHBIE MTPE0OPa30BAHHOTO MPOCTPAHCTBA: MACIITAO j, TOPU3OHTAIBHAS TPAHCISAIUS 1T U
BEPTUKAJIbHAS TPAHCIALUS T. DTH MEPEeMEHHBIE COOTBETCTBYIOT O0O3HAYEHHUSM U,V, ... B TIEPBBIX
nByx ypaBHeHUsX (8), (9). Hdamee mocMOTpuM NpuUMepbl NPUMEHEHHs IBYMEPHOTO BEWBIET-
npeoOpaszoBanus (dwt2, fwt) mpu o6padboTke U300pakeHui.

[Tpu BBIMIOTHEHUH 3TANOB MPEOOPA30BAHMS HCIIOIB3YETCS ONepals CBEPTKH cUTHAIOB. CII0BO

«CBEPTKa» 0003HAYaeT COBMECTHOE CBOpAYMBAHUE JIBYX BenWYWH Wiau GyHkiwil [2]. JuckperHas

CBCpPTKa BEKTOPOB fu g 0003HauaeTcs f*g " BBIYUCIIACTCA C IIOMOIIBIO COOTHOIIICHMUA:

(f*g)izzfjgi—j (2.33)
j

B pesynbrare BHINOJHEHUS ONEpalud MOJYy4aeTcsl OJMH BEKTOP, OXBATHIBAIOIIMN TUANa3zoH
BXOJHOro curHama. Ilostomy BeiiBieT-npeoOpa3oBaHusl Ha3bIBAIOT  HOOOUANAZOHHBIMU.

JIMcKpeTHast CBEpTKa JBYX YHCIOBBIX mocienoBarenbHoctel f(i) u (i) 3amaeTcst HepaBeHCTBOM:

h(i)=f@=*g@=2 f@Mal-J)
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CBCpTKa CUTHAJIOB IPUMCHACTCA, HAITPUMCP, IUIA YAAJICHUA ITyMa WA CrJIa’)KUBAHUSA CUTHAJIOB.

Hcnonp3oBanue npuioxkenuss Wavelet Toolbox Matlab mis cxarus uabopMmaruu myrem

BeliBieT-npeobpazoBanmii [12] .

I[Maker MATLAB Wavelet Toolbox mnpencraBiaser co0Oi COBOKYIHOCTh IPOTpaMM,

MO3BOJISIFOIINX BBIMOJHITh BEWBJIET-aHAIM3 W 0Opa0OTKY CHTHAJIOB CpPEACTBAMH TpagUIecKoro

HHTCp(beﬁca nons3oBarelsd. Ilaker mo3Boiser IMPOACMOHCTPHUPOBATE IMPAKTUYCCKUE IMPUITOKECHUA

TEOpUHU BEUBIIETOB U BelBieT-IpeoOpa3oBanmii. OCTaHOBUMCS Ha CIEAYIOIIUX MyHKTaX:

1. IIpocMoTp BEHBIETOB.

2. OnHOMEpHBIN TUCKPETHBIN BEHBIET-aHAIH3.

2.1. BeiiBner-pasnoxeHue CUTHaA.
2.2. HuTepnperanysi CTATUCTUIECKUX XapaKTEPUCTUK CUTHAA.
2.3. T'mcrorpammsl K03()(PUIIMEHTOB anMPOKCUMAIINH U I€TATU3AIIH.

3. CxaTre 0THOMEPHBIX CUTHAJIOB.
4. VYnaneHue 11ymMa U3 CUTHAJIOB.

I'maBHOEe MeHI0 nakeTa BbI3biBaeTCa 13 MATLAB ¢ moMomiso koMmadasl wavemenu.

File Window Help »

Brarcializad Trnls 4 T
SWT Dencising 1-D
Density Estimation 1-Dr
Regression Estimation 1-D
WWawvelet Coefficients Selection 1-D
Fractional Brownian Generation 1-0
Matching Pursuit 1-Dr

Nnea_Nimanzinnal

[ Wavelst 1-D

[ Wavelet Packet 1-D

[ Continuous Wavelet 1-D
(
[

Complex Continuous Wawvelet 1-D
Continuous Wawelet 1-0 (Using FFT)

Twrn_Nimansinnal
Wavelet 2-D ]

[
[ Wavelet Packet 2-00 ]
[ Continuous Wawvelet Transform2-D |

Snacialized Trnls 2.0

[ True Compression 2-D
[ SWT Denoising 2-D
[
[

— Thres_Nimeanzinnal

Wawelet Coefficients Selection 2-0
Image Fusion

[ Wavelet 3-D ]

Ni=nlaw

Wawelet Display ]
Wavelet Packet Display ]

R Hinla 4_T
[ Multizignal Analysis 1-D ] [
[ Multivariate Denoising ] [
[

Muttizcale Princ. Comp. Anahysis ]

Frtanzinmn

Vilauwslat Nezinm — [
[ Mew Wavelet for CWT | [

Signal Extension ]

Image Extension ]

[ Close ]

Puc. 2.54. I'naBroe okuo Wavelet Toolbox
Cnoco0b1 npocmoTpa BeiiBiieToB B \Wavelet Toolbox

Crioco0bl pocMoTpa BeiiBieToB — rpymmna Display (knomka Wavelet Display). Otkpoetcs

CJICAYIOIICC OKHO!:
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File View Insert Tools Window Help ]

Wavelet | pgar w

Refineme o —

| Display |

Information on:

| Haar Family (HAAR) |

| All Wawvelet Families |

e anlea] ' | — == ][ view aves Ciose

Puc. 2.55. Oxno pasnena Wavelet Display mociie 3amycka

BBepxy pacronio’keHo OOBIYHOE MEHIO, CIpaBa M BHHM3Y — MEHIO, MO3BOJIAIOIINE YIPABIATH
0TOOpaKEHHEM HYKHON MH(OPMAITUH.

B mpaBoM MEHIO MOXHO W3 PacKpBIBAIOIIErOCsS CIHMCKAa THIT BEHMBIETa, 3a1aTh ypPOBEHb
paspenienus (mapamerp Refinement)

— OIpENCNNTH WIAT BBIYMCICHHS 3HAYCHHT BeiliBierToB (3ror mapamerp pasen 1/2V, N o
YMOJTYaHHUIO PAaBHO 8§).

Takke MOYKHO IIOCMOTPETH MH(OPMAIIUIO 110 BEIOPAHHOMY THITY BEHBJIETA.

BeiOpar 13 criricka THIl BeliBiera ‘haar’, cienyer naxath kaonky Display(Refinement = 8).

File View Insert Tools Window Help '!

haar Wawvelet —= haar

Wavelet
Scaling function phi WWavelet function psi | ! haar =

1 1
Refineme | g —
(K] 0.5

v}

0.2 i 0.5 J
oo oEcompasition lowkgass filbars 1 - [+] Decompasition high-pass filke 1l Information on:

o= T 0.5 T | Haar Family (HAAR) |
o (1]

0.5 {1 05 | All Wawvelet Families |

Reconstruction low-pass filter 1 Decomposition high-pass filter 1

(L L

o
@ in
o

v}

-0.5 4 0.5 L
v} v}

1
+ I ws J[Xve]| center I_K_II_Y_IH
[ T on Info

= J| Wiew Axes | I

Close 1

X = |
= History

i

Puc. 2.56. BeiiBner u Macmrabupyromast GpyHkius Xaapa, GUIbTPbl BOCCTAHOBJIEHUS U
pasnoxxeHus
BBepxy pacnosnoxkenbl rpaduku Macmradupyromeil GyHkuun u ¢(yHKIuM BeliBinera. Huxke
N300pakeHBI (GUIBTPBl BOCCTAaHOBJICHWS W PAa3JIOKEHUS BeiiBiera (HU3KOYACTOTHBIE W
BBICOKOYACTOTHbIE). 71  BOCCTaHOBJIEHUS  HUCHOJNB3YIOTCS  (QUIBTPBI  (KO3( PUIMEHTHI
Macirrabupyromux ypasaenuii) h u g dynkuuit @(X) u w(X), a 11a BEHBIET-Pa3IOKCHUS —
COIpSKEHHbIE (TPAHCIIOHUPOBAHHBIE) PHIIBTPBI. DTO XOPOIIO BUAHO Ha Tpadukax GpuabtpoB. s
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BeiiBiera Xaapa (UIBTPBHI MPOCTHIE, TaK Kak Oa30BBIMU ONEpAIMsIMU SBISIOTCS HaXOXXICHHE
CPeIHUX U MOJypa3HOCTeH. Y Ipyrux BeMBIIETOB (PHIBTPBI OOJIEE CIOKHBIE MO CBOEH CTPYKTYpE.

Hanpumep, ecnu BbiOpaTh BeiiBier JloOemm 7-0oro mopsaka, TO TMOJXYYHTCS CIEAYIOIIEE

n300pakeHue:
File View Inset Tools Window Help 3
db Wavelet —= db7 .
Wavelt gp =7 v
Scaling function phi Wavelet function psi - -
1 s ' s 1
Refineme|s  «
0.5
]
- Display
-1
0 2 Decofposithn lou-ss fildr 12 0 2Decorkpositiéh highPass fildr 12 Information on:
0.5 T T 0.5 T T ‘ Daubechies Famiy (DB) ‘
Foeteett 8 o 0 0e0eey
L o ‘ All Wavelst Families ‘
0 2 Recodstruct®n low-gess fildr 12 ] Decopositich high-fass fifer 12
0.5
05
0 2 4 & & 10 i
(X ) )00 | center QU] : <> ‘ :
R Eara nio | Y= ||| History [ << || TEWAXES | | Close |

Puc. 2.57. BeiiBner 7-ro nopsaka u Macitadbupytromas ¢pyakuus Jlooemu, GpuiabTpsl
BOCCTAHOBJICHHSI U PA3JIOKECHHUS
C:xkaTHe CHTHAJIOB PH NMOMOIIHM BeliBJieT-npeodopaszoanmii B \Wavelet Toolbox
B rnaBHOM OkHe HeoOxoauMMmo Haxarh KHomky Wavelet 1-D, mosBuTcs auamoroBoe OKHO,
uHTepdeiic KOTOPOro MO3BOJIAET OCYHIECTBIATh 00Pa0OTKY OJJHOMEPHBIX CUTHAJIOB.
3arpy3ka curHaiga Frequency Breakdown (Load ->Example Analysis - Basic Signals =

Frequency Breakdown):
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Decor it level 30 5=33 +d3 +dZ +dT .
R LAY S S RIS A Data (Size)|  fregork (1000)

1 T T T T T T T
Wavelet haar -
s oF Level 3 —
1 1 1 1 1 1 1 1 I
a.'.'. o [ Statistics I I Compress ‘
-1 1 1 1 1 1 L L L L [ Histograms I I De-noise ‘

05 F T T T T T T
d:' n l‘] Display mode :
Full e composition x|

05k 1 1 1 1 1 | atlevels |3 «
0.z T T T T T T .
: 1" 7] Show Synthesized Sig.
o
dZ
0z !

1
100 200 300 400 500 600 TOD 800 200 1000

X+ ¥+ || e Center x= > )
On Info = History View Axes [ Close ]
Puc. 2.58. Pa3nokeHue curnana
Kuomka Compress MO3BOJIICT OCYHICCTBUTDL CXKATHEC OAHOMCPHOTO CUI'HAJIA.
File View Inset Tools Window Help Ny
Retained energy 92.67 % — Zeros 84.00 % - =
Original and compressed signals Data (Size) freqbrk (1000}
100 ' v 1 Wavelet haar
i‘:\ 05 Level 3
8 i | 0 .
! Global thresholding hd
E 43 Select thresholding method
% H 1 Balance sparsity-norm -
5 20 ot coerfillne: 800 1000 Select Global Threshold
o : ] T +f 0934
E B Retained energy 8267 %
E : ‘ Number of zeros 8400 |9
20 N 4 E
. 2 : :
! = | Compress | I Residuals I
0 1 11 1 L
1] 0.5 | 15
[ Wiew Compressed Signal |
--- Global threshold 5
— Retained energy in % E
Number of zeros in % g
3
Colormap pink -
200 400 600 00 1000
= 4 + 123
W Y+ | [aore Center V= =i = l Vo i ‘ Nb. Colors .+
on mo | v= || tisory ewares || Cose l

Puc. 2.59. Untepdeiic okHa, BBI3bIBAEMOro HaxkaTreM KHonku Compress
[Ipy cxaTuM OJHOMEPHBIX CHUTHAJIOB HCIOJB3YeTCd METOJA TJ00aJbHOW MOPOroBOi
00paboTKH  JeTAMM3UPYIOMUX  KOIPPUIIMEHTOB. YTIpaBisATh CXKATHEM MOXKHO TPYIION
KOMITOHEHTOB CIIpaBa, YCTaHABJIMBAs MOJ3YHKOM 3Ha4eHHeE. 3a/1aB Mopor (MPOLEHT COXpaHsIeMbIX

K03 (HUIIMEHTOB), B pe3yIbTaTe MOIY4aeTCsl CKATHIN CUTHAI.
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File Window

Help

Original signal and Compressed Signals

ﬁ

T L

Compressed =signal

i i i i
100 200 300 400

500 600 700 1000
center [CX I ‘ ‘ Info K= ‘ ‘ History | Close
M - - On Y =

Puc. 2.60. Mcxoaublil 1 c:KaThlil CUTHAJ TP IIOMOIIIN BEHBIIET-TIpeoOpa3zoBanus Xaapa

TPETHErO YPOBHS

CikaTve 0JHOMEPHOI0 CUTHAJIA NPHU MOMOIIH Pa3JIMYHbIX BeHBJIET-NPeo0pa3oBaHu i
Ha ceropssmHuii JOeHb CYyIIECTBYET OOJBIIOE KOJUYECTBO MATEMATHUYECKUX aIrOPUTMOB
BelBIIET-IpeoOpa3oBaHuil, JaHHBIA pa3fesl CONEPKUT pPACCMOTPEHHE TPEX OCHOBHBIX U
CpaBHHTCHLHLIﬁ AHAJIN3 UX XapaKTCPHUCTHK.

BeiiBier Xaapa IIATOr0 YpOBHH. Paznoxenue HCCICAYEMOI'0 CUT'Halla IIpyU IOMOIIN BEHBJIIETA

Xaapa nAToro ypoBHsI PEICTaBIECHO Ha pUCyHKe 2.61

File View Inset Tools Window Help ]
Decomposition at level 5 s =ab+ b+ dd+ a3+ d2+dl. . 8
i j j | : Data (Size) freqbrk. {1000}
Wavelet  |haar -
5 0 )
Level 5 -
4 l l l l 1 !
05 -_II I I I I 1 1 I i
ok
l l l 1 1 1 l
0zF ' ' ' ! B l Statistics l [ Compress l
“ &
22 | | | | | | | l Histograms l [ De-noise l
T T i
Dizplay mode :
d, = .
| | - Full Decomposition T
I‘J atlevels 5 «
d;', ! H D Show Synthesized Sig.
05E | l l l 1 A
02 T T T T T |N
l:l2 0
|
'0'2 l l l l
01 ’_ T T T T 1 T 1
0
Yol |
: l l l l I 1 I 1
10 200 300 400 500 B0 TH 800 300 1000
Xe |l s || X7+ || Center A= . > ——
o o | ¥= || tety gt [ S —

Puc. 2.61. PaznoxeHue curxana mpu noMoIy BeiiBiera Xaapa naToro ypoBHs
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File  View Inset Tools Window Help u

Retained energy 89.85 % -- Zeros 89.82 % g \
Original and comp signas Data (Size) fregbrk (1000)
T 7 T T T % E AT Wavelet haar
| ] 11 i i
! osll | L [ | Level 3
i ] I ||
; L i1 ' Global thresholding v
E 0 ' ] Select thresholding method
&0 ' 4 A, | Balance sparsty-norm ¥
: 1000
50 ' Select Global Threshold
| 1 * ! 5
Q0 : 0.980
! o Retained energy 8885 | %
| i A
: E Number of zeros 8982 | %
ol : =
: E
- : 4 : : )
' | Compress | ‘ Residuals ‘
0 1 L] 1 1 1
] 05 1 15 2 25 200 400 80 &N
N T i e [ View Compressed Signal |
--- Global threshold g
— Retained energy in % E
Number of zeros in % %
3
Colormap pink -
200 400 800 300 1000
= Nb. Colors 2 L) 128
(e J( e J{xve )| center (X J{Y ] X= 3 E3|
i iew Axes
% v - On Info ¥= History == | Close |

Puc. 2.62. Cxxatue curnaia rnpu nNomoIiu BeiiBiera Xaapa nsaToro ypoBHs

File  Window Help .

Original signal and Compressed Signals

= e ——a]

— !
e

=

______ | R — H L H

| | Compressed signal

] T

8] L
S VIR

| i
100 200 300 400 500 600 700 800 900 1000

7] Drignal Signal

K+ T+ X'+ Center _5 _I Info K= HlStI:lry 2= - Close
A YA On iE ‘—/

Puc. 2.63. MicxonHblil ¥ cKaTblii CUTHAI ITPU MOMOILU BeiBIIET-IpeoOpa3oBaHus Xaapa MaToro

ypoBHs npu ko3 unmente cxarus 0.98
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Jlanee HEOOXOAMMO MPOAHATU3UPOBATH 3aBUCHMOCTH KOJIMYECTBA COXPAHEHHOW HSHEPTUU
CUTHaja OT K03 HIeHTa CKaTus, pe3ybTaThl MpeCTaBlIeHbl B Tabnuie 2.7.
Tabnuma 2.7. 3aBUCHUMOCTb KOJMYECTBA COXPAHEHHOM YHEPTUHU OT KO3 PUIIMEHTa CxKATHUS IJIS
BeliBIeT-npeoOpa3oBanms Xaapa MmsToro mopsaKa
Kex 0,5 1 15 2 2,5
Qcoxp 95,93 89,47 75,37 70,36 65,32

JlaHHYI0 3aBHCUMOCTb yJIOOHO MPEICTaBUTh B BUJIE rpaduka (pUucyHoK 2.64):

100y T T T
o0
Qcoxp_X.aap_S 30

70

ba
(=)
Lh

6%.5 I1 ll.i
K{.‘,G-K
Puc. 2.64. 3aBUcHMOCTb KOJTUYECTBA COXPAHEHHOM SHEPTUU OT KO3 dULIMeHTa CKaTUs s

BeliBneT-npeoOpa3zoBaHus Xaapa MsITOro ypoBHS
Beiisnier [loGemu nsToro ypoBHs U ISTOro nopsiaka. PasznokeHue ucciegyeMoro curHaia npu

MTOMOIITH BeiBiiera J[00emy msAToro ypoBHs U MATOTO MOPSIKA IPEICTABICHO Ha pUCYHKe 2.65.

File  View Insert Tools Window Help £
. : : Denl:mpos'rtionatllevelb:s=|a5+d5+d:1+d,3+d2+dl. I Data (Size) freqbrk (1000)
Wavelet db - |5 -
s ’r )
Lewvel g -
1 1 1 1 1 1 | 1 -
1F T T T T T T T T T =
o
a5 Analyze
R 1 1 1 1 1 1 1 1 1
82F ' ' ' ' ' ' T ' ‘\ Statistics Compress
d5 o T - :
i Hist De-noige
L2t 1 I I I I I I 1 I 4 St
1F T T T T T T T T T =
d o Display mode :
4 1 Full Decomposition hd
= 1 I I I I I 1 1 I = J
0.5 T T T T T T atlevels |5 o
dl‘. 0 |:| Show Synthesized Sig.
0.5 1 1 1 1 1
0.2 T T T T T T T T
d 01 -
2 _0? e Wrlrkdiirh
C 1 1 1 1 1 1 1 1 1
04 F T T T T T T T T =
02 -
d g 0 )
D2 1 1 1 1 1 1 1 1 1 .
100 200 300 400 500 600 T00 800 500 1000
X+ Y+ X'+ Center X Y X= ) < |[ = View fx
on o [ ve || ey o oumes || | Cose )

Puc. 2.65. Paznoxxenue curxHaia nmpu nomouy Beiipiera Jlobemm naToro ypoBHs U ISTOrO

opsiAKa
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File View Inset Tools Window Help

Retained 94.64 % -- 92.60 % _— N
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Puc. 2.66. Cxatue curnaia npu nomMouu Beiiiera J{ooeyu naToro ypoBHs U MSATOrO NOpsAIKa

File  Window Help o
Original signal and Compressed Signals
1 --I ------- L T f T ] T : -i |
05H----Fr------- -
S W T it
|~ : | Compressed signal
e T ARROREECEED (ECEY EEREEEE I
A T T [ h h N N : 7
| | | | | | | | |
100 200 300 400 500 600 700 800 900 1000
e [ e [ 0re | center (X J[w ] Info XK= History | Close |
| T A A On Y= —_—

Puc. 2.67. UcxoaHblil 1 ckaThlil CUTHAJ NPU IOMOIIU BeliBneT-npeoOpa3zoBanus Jlodemu
MSATOTO YPOBHS U MATOrO Mopsaaka npu koddduuuente cxxatus 0.98
Jlanee HE0OXOAMMO MpPOAHATU3UPOBATh 3aBUCUMOCTh KOJHMYECTBA COXPAHEHHOH »Hepruu
curHaia ot ko3 duimenrta cxxaTus, pe3ynbTaThl IpeACcTaBIeHbI B Tabmuie 2.7

Tabnuna 2.7 — 3aBUCUMOCTb KOJIMYECTBA COXPAHEHHOM 3HEpPTrun OT KO3 duLireHTa cKaTus s
BeliBneT-npeoOpazoBanus Jlodenn nsaToro nopsaka

Kex 0,5 1 1,5 2 2,5

Qcoxp 99,35 93,61 91,81 89,95 86,41

JlaHHYIO 3aBHCHMOCTD yI00HO IIPEACTaBUTh B BHE rpaduka ( pucyHok 2.68)
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Puc. 2.68. 3aBUCHMOCTH KOJTMYECTBA COXPAHEHHON YHEPTUU OT KO (UIIMECHTA CIKATHS JJIS

BeliBIeT-peoOpazoBanmst JJoOemnu msToro ypoBHs H IMATOTO MOPSAKA

BI/IOpTOFOHa.TIBHOG Hp606pa30BaHI/Ie [IATOr0 YpOBHSA U MOpAAKa 5,5 Paznoxenue HuceiaeayemMoro

CUTHaja MpH IOMOIIM OUOPTOTOHAIBHOTO MpeoOpa3oBaHUs ISATOrO YPOBHS U TOpsAaka 5,5

npeacrasieHo Ha pucynke 2.70.

[ - —e
File  View Inset Tools Window Help L
; Dewmpcs'rtbnat kevel 5 5=30+db+dd +d3 +d2 +dl . Data (Size) freqbrk (1000)
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s ! | | | Full Decomposition v
04 T T T T T atlevels g -
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4L l l l l I l -
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2 it .
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100 200 300 400 T00 800 %00 1000
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i iew Axes
o o | v= ||| Moo [ Cose )

Puc. 2.70. PaznoxeHnne curHaia npy moMoIIyu OMOPTOTOHAIBHOTO MTPe0Opa30BaHUS MISITOTO

YPOBHs U OpsiAKa 5,5
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File View Insert Tools Window Help k]
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Puc. 2.71. Cxatue curnana npyu OMOPTOroHaIbHOM BEHBJIET-IPEOOPA30BaHUU [IATOTO YPOBHSA U

nopsiaka 5,5

File Window Help k]

Original signal and Compressed Slgnals

SV T

=

| Compressed signal

L L i
100 200 300 400 500 600 700 800 900 1000

(TR ETR(ETT center X I[% ) Info X= History = | Close
oo e e | On Y = |

Puc. 2.72. icxomHbIii ¥ CKATHI CUTHAI ITPH TOMOIIY OMOPTOTOHAIBHOTO BEHBIIET-

npeoOpa3oBaHus MATOrO YpoBHS U 5,5 nopsaaka npu kodpdumpente cxatus 0.98

Jlanee HE0O0XOAMMO MpPOAHATU3UPOBATh 3aBUCUMOCTh KOJHMYECTBA COXPAHEHHOH »Hepruu
curHayia oT K03 HUIIMEHTA CKATHS, PE3YJIBTAThl TPEACTABICHBI B Ta0uIe 2.8.

Tabnuma 2.8. 3aBUCUMOCTh KOJIMYECTBA COXPAHEHHON SHEPTHH OT Ko pUIlIMeHTa coxaTus 1Jis
BeliBieT-npeoOpazoBaHms Xaapa MsATOro MopsaKa

Kex 0,5 1 1,5 2 2,5

Qcoxp 98,68 94,63 92,71 88,65 82,28
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JlaHHYI0 3aBHCUMOCTb yI0OHO MPEACTaBUTh B BUjE rpaduka ( pucyHok 2.73):

10:0 T T T

Puc. 2.73. 3aBUCcHMOCTB KOJTMYECTBA COXPAHEHHON SHEPTUH OT KOAPPHUIIMEHTA CKATUS IS

OHOPTOrOHATIBLHOTO MATOTO YPOBHSA U 5,5 mopsiaka

100

o0
Qc oxp_Naap 3

Q:-:sxp_,_—l,csﬁem_ﬁnﬁ an

Qeoxp BHO 5u5.5

70

Puc. 2.74. CpaBHeHUE 3HEPreTUYECKUX XapaKTEPUCTHUK CHKAaThIX CUTHAJIOB MPH Pa3IU4HbIX
MeETOJ1aX BeBIIEeT-TIpeoOpa3oBaHUI
B pe3ynbTaTte BBHINOIHEHUS JaHHOTO UHAWBUAYAIBHOTO 3aJaHUs ObLT IPOBE/IEH TEOPETUUECKUI
0030p COBPEMEHHBIX AJITOPUTMOB BeHBIIET-NIPe0OPa30BaHUM [l C)KaTUSI OJTHOMEPHBIX CUTHAJIOB.
bbulo ycTaHOBJIEHO, YTO HCMONb30BaHHE BEHBIET-peoOpa3oBaHuil sABIsSETCS 3(PGEKTUBHBIM
CpeacTBOM Juisl mpeoOpa3oBaHusi HH(OpManuu g NepeJayd Mo KaHajlaM CBSI3U, TaKk B
COBPEMEHHOM  TEJNEKOMMYHHMKAIIUOHHOM  OOOpYIOBaHMM  MPEAYCMOTPEHO  HCIOJIb30BaHUE
MIOMEXO0YCTOMYMBBIX aJITOPUTMOB KOJMPOBAHUS C UCIIOIb30BaHUEM N30BITOYHOCTH.
Tak e, ObLTH PHOOPETEHBI MPAKTHYECKHUE HABBIKK paboThl ¢ mpuioxkennem Wavelet Toolbox
Matlab, xoropoe mMO3BONSIET HAMISATHO MPOJAESMOHCTPUPOBATh TMPHHIIUN JCHCTBUS CXKATHSI

uHpOpMaLUU TyTeM BeHBIeT-TIpeoOpa3oBaHMii.
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Boun mocTpoeHs! TpaguKU 3aBUCHMOCTEH KOJMYECTBA COXPAHEHHOH SHEPrHHM CHUTHAjJa OT
KO3 pUIMEeHTa CKATHUS JIJISl pa3IMYHBIX aITOPUTMOB BEHBIIET- TPEOOpa30BaHU.

B Tom umcne, ObUIO yCTAHOBIICHO, YTO MCIOJBh30BAHUE BEUBIET-TIpeoOpasoBanuii [lobemu u
Xaapa 3¢ pexTuBHEE UCTIOIB30BAHUS OMOPTOTOHATBHOTO BEHBIET-Pe0Opa30BaHMs C TOUKU 3PCHHUS
COXPaHHOM 3HEPrUyU CUTHAJIA.

JanHas paboTa UMeeT MPaKTHYECKOE 3HAYCHHs, TaK Kak Obuia pa3paboTaHa METOIHMKA IS
BBIIIOJIHEHUS J1a00OpaTOpHO paboThl MO CXKATHIO HH(OPMAIMK C KCIOJb30BAaHHEM BEUBIICT-
mpeoOpa3oBaHuil MPH MOMOIIHK porpaMMHoro obecrieuenus Matlab 2015.

Takum 00pa3oM, MOXKHO ciefnaThb OOOCHOBAHHBIA BBIBOA O TOM, YTO BEWBIET-aHAIU3 WU
00paboTKa CUTHAJIOB Ha CETOMHSNIHUN JIEHh OBICTPO pa3BUBAIOIIAsCS 001aCcTh MPHUKIIAIHON HAYKH,
KoTopass B OyaylleM MOXeT CTaTh BEIyIIUM crocoOoMm o0pabotku uHbpopMmanuu. Ha ocHoBe
BEHBIIET-TIPE0OPa3OBaHMsl MOTYT OBITh TOCTPOEHBI BBICOKOA(P(PEKTHUBHBIE AITOPUTMBI CXKATHUS

nH(pOpPMAIINH, YTO aKTyaIbHO B HAIlIX JHU.

2.6. Crannapr c:katus uzodpaxkenniit JPEG 2000
BeliBiieToM Ha3bIBaeTCsI BOJIHOBOE KOJIG6aHI/I€ C HAYAJIbHBIM 3HAYCHHUEM aMILUJIMTY/Ibl PaBHBIM
HYJIIO, 3aT€M YBEJIMYMBAIOLIETOCS M 3aTE€M CHOBA YMEHBIIAIOIIECTOCS JI0 HYJSA. JTO BBIPAXKAETCS B
HEOOJIBIIIOM ~ KOJICOAHWUM  MCCIIEYEeMOr0  CHrHajia. BeWBieThl  MO3BONSIOT  APPEKTUBHO
oOpabaTeiBaTh CHUTHAIBI — OHM MOTYT KOMOWHHUPOBaThCA C (MyTeM CIBUTa, YMHOXXEHUS U

CYMMHUpPOBaHMSI) C BBIOOpDKaMH HCCIEIYEMOIrO CHUTHajla JJis [OJIY4eHHs HEeoOXOJUMOMn

nH(pOpMaLINH.

|

¥ g E—

P----fom---
O----
|

J

J - -l -l -l
L - L T T R I T T B

db2 a4 dbb db8  db10

Puc. 2.75. BeiiBner-gpynkunu Xaapa(csepxy) u Jodenmm ot 2-ro 10 10-ro mopsakoB (CHA3Y)

-~

BO BPEMEHHOM 00acTu.

120



JPEG-2000 moxpa3zymeBaeT UCIOJIb30BAaHKE JUCKPETHBIX BelBleT-npeodpazosanwuii ([IBII),
KOTOPBIE OTHOCSTCS K TPE0OpPa30BaHUsAM, B KOTOPBIX CUTHAJ U BEHBIICT MPE/ICTABIICHBI B BUJIC

BBIOOPOK — MTUKCENTN U300paKeHUsI (T.€. TUCKPETOB).

OcHnoBuble oTinuns JPEG-2000
Anroputm JPEG-2000 pa3zpaGotan TOH e IpyIIoi 3KkcrepToB B oonact Gpororpaduu, 4To

u JPEG. ®opmupoBanne JPEG kak MexayHapoaHOTO CTaHIapTa ObUIO 3akoHYeHO B 1992 rony. B
1997 crano sicHo, yTo HEOOXOAMM HOBBIN, OoJiee THOKWIT M MOIIHBIA CTaHIAPT, KOTOPBIA U OBbLI
nopaboran k 3ume 2000 roma. OcHoBHble oTmums ainroputMa B JPEG 2000 ot amropurma
B JPEG 3akiro4aroTcs B CIeAyIONIEM:

1. Jlyumiee kayecTBO H300pakeHus PU CHIIbHOM cTeleHu c;kaTus. Vi, 4ro To ke
camoe, OoJbIIasi CTENEeHb CKATHS MPU TOM e KaueCTBE JJIsl BBICOKHX CTEMEHEH CKATHS.

2. IMonnep:kka KOJAMPOBAHUSA OTAEJNbLHBIX o0J1acTel c JIyYIIAM
KayecTBOM. V3BeCTHO, 4TO OTAENbHbIE 00JacTU H300paKEHUs KPUTUUHBI MJIi BOCIPHUSATHS
4eJ0BeKOM (Hampumep, rinaza Ha ¢ororpaduu), B TO BpeMs KaK KadeCTBOM JAPYTHUX MOXKHO
MOKEePTBOBaTh (Hampumep, 3anHuil miaH). [Ipu "pyuyHoil" onTHMMH3alMKM YBEJIWYEHHE CTETEeHU
CKaThs MPOBOJAMUTCA 0 TEX MOp, MokKa He OyAeT MOTEepsSHO KayecTBO B KAKOH-TO BaXHOW 4acTH
n3zo0paxkenus. Ceifuac MosBISETCS BO3MOXHOCTH 33/1aTh Ka4eCTBO B KPUTUYHBIX 00JACTAX, CXKaB
OCTaJIbHBIE 00JaCTH CHIIbHEE, T.€. MBI TOJIy4aeM ele OOJbIIyI0 OKOHYATEIbHYIO CTENCHb CKATHUS
pU CyObEKTUBHO PABHOM KauyecTBE M300pakeHusl.

3. OcHOBHOW ajropuTm cxxkatusi 3ameHeH Ha wavelet. [Tomumo  ykazaHHOTO
MOBBIINICHHUST CTEIICHH CXKATHUA 53TO IIO3BOJMIIO H30aBUTHCA OT &-IUKCEIbHOH OJIOYHOCTH,
BO3HUKAIOIIEH ITPH MOBBIIIEHUHU CTeNeHH cxaTusi. Kpome Toro, niaaBHOE MPOsBIIEHUE N300paKeHUs
Tenepb U3HAYaIbHO 3aJI0’)KEHO B CTAaHAAPT.

4. Jisi  MOBBIIIEHHSI  CTENEHH  CXKATHSE B AJTOPUTME  HCIOJIb3YyeTcs
apudmernyeckoe cxartue. M3HayanpHo B crangapte JPEG Taxxe ObLIO
3aJ105KE€HO apu(METHUECKOE C)KaThe, OJHAKO MO3HEE OHO ObLIO 3aMEHEHO MeHee 3()(PEeKTUBHBIM
ckatueM 1o Xap@maHy, HOCKONbKY apHU(pMETHUecKOoe C)KaThe ObUIO 3alUIEeHO MaTeHTaMH.
Celiuac Ccpok JAEWCTBHSI OCHOBHOIO IIaT€HTa MCTEK, M IOSBUJIACh BO3MOYKHOCTH YIIYYIIUTh
QJIITOPUTM.

S. Hoanep:kka cxxatus 0e3 norepb. [lIoMrMMO MPUBBIYHOTO CKATHS C HOTEPSIMHA HOBBIN
JPEG Tenepp moanepkuBaeT M cxartve 0e3 morepb. TakuMm 00pa3oM, CTaHOBUTCS BO3MOXHBIM
ucnonb3oBanue JPEG ans cxxaTust MEAMIIMHCKUX M300pakeHuH, B NOJAUrpaduu, Ipu COXpaHEeHUU

TCEKCTA IOJ pacCliO3HaBaHUC OCR cucremamu u T.1.
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AaroputMm padotrsl JPEG2000 no maram
bazoras cxema JPEG-2000 ouenp moxoska Ha 6a3zoByio cxemy JPEG. Otnnuus

3aKIII0YAIOTCA B CIICAYIOIIEM:
1. Bwmecto nuckpernoro kocunycHoro npeodpazoBanus (DCT) ucnonbs3yercs

JTUCKpeTHOE BalBIeT-ipeoopazoBanue (DWT).

2. Bwmecto konupoBanus o Xaddmany ucrnoiab3yercs apuhMEeTHIeCKoe CyKaThe.
3. B anroputM u3HavanbHO 3aJI05KEHO YIIpaBlIeHHE Ka4eCTBOM 00J1acTeil H300paeHuUsI.
4. He ucnone3yercs siBHO AuckpeTu3anus komrnoHeHT U u V nocne npeoOpa3oBaHus

LBETOBBIX MPOCTPAHCTB, MOCKOIbKY Tpr DWT M0kKHO AOCTHYB TOTO K€ pe3yibTaTa, HOo OoJiee

aKKypaTHO.

4. Ksaaro-
BOHHC

5. Apudpme-
THYCCKOS
CHATHE

Puc. 2.76. Kongeiiep onepanmii, ucronszyemslii B anroputme JPEG-2000

XapakTtepuctuku aaropurma JPEG-2000:
Crenenb cxarusi: 2-200 (3amaercst monp3oBaTenem). Bo3sMoxHO cxkaTre 6e3 moTeps.

Knacc nzobpaxkenmii: [TomHouBerHsie 24-0uTHBIE H300paskeHus. M300paskeHus B rpaganusx
ceporo 0e3 pe3Kux nepexoa0B 1BeToB (pororpadumn). 1-OuTHBIC N300pAKECHHS.

XapakTtepHble ocobeHHocTH: [103BOMsIeT yaaaTh BU3yaaIbHO HENIPUATHBIE AP PEKTHI,
TIOBBIIIIAsI KAYECTBO B OTEJIBHBIX 00MacTsX. [Ipu CHIBHOM CoKaTHH TOSBISIETCS OJIOYHOCTH H
OoJIbIIIHE BOJIHBI B BEPTUKATHHOM M TOPU30HTAIILHOM HAIIPaBIICHHUIX

Peanu3anms annapatHo-nporpaMmMHoro komiiexkca JPEG-2000

Ha pucynke 1 mpezcTaBieHo c)kaTHe pUCYHKa ¢ TIOMOIIbIO BeiiBnera haar 1.

B JPEG2000_koder - - »e p . . (PN

e yrpa

FMETOMaMME BX0AHGrD MIoBPaNENMA

Puc. 2.77. BxomHoe n300paxeHue, N300paKeHUE ITOCIIE PA3IIOKCHIS

" 3aKOJUPOBAHHOC I/1306pa)KCHI/IC
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Puc.2.78. B

XOJIHOE U300paKeHHe, N300pPAKECHUE MTOCIIC PA3I0KEHHS U 3aKOJMPOBAHHOEC

n3obpaxenue s db4 1
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Puc. 2.79. I'uctorpamma BXOJJHOTO H300paXKeHUs
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Puc. 2.80. 'ucTorpamma BOCCTaHOBJIEHHOT'O H300paXeHUs
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Puc. 2.81. Pa3HOCTh BXOZHOTO U BOCCTAHOBJICHHOTO M300pakKeHUs TPH KOAPUIIHEHTE

YCUJICHUS Pa3HOCTH = 8

T e | | —
File
T = el s = B I B {2 O ==
Brxoanoe maobparena anma v 7 nocne sedsneT guneTPaLmN
0025 o7
0.6 [ B
o.o2 [ B
o.s B
o0.015
o4 B
0.0 =2 | b
oz B
0005
o1 | B
s} o -
o 100 200 300
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Puc. 2.83. I'uctorpamma Ch
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CPaBHMTEALHBIS MMCTOrNPaMMEBl Cr

(=] | —5—

File
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Puc. 2.84. I'ucrorpamma Cr

Tabmuia 1 — Pasznosxeunne 1o haar

YpoBHHU Konunu DHTpPO Koad Cpenn [IukoBo
BeilsieT €CTBO nus bunueHT eKBaJpa- € OTHOILICHUE
pas3iIoKeHUs Hynen KOMIIPECCUU | TUYecKast CUTHAJI/IIyM
(%) omunoka
1 70,75 1,56 5.108 317,55 23,11
2 87,29 0,89 8,977 98,58 28,19
3 91,114 0,61 13,128 36,49 32,51
4 91,97 0,52 15,46 25,34 34,09
Tabmuna 2 — Paznoxenne no DB4
YpoBeHb Komnu DHTpO Koag Cpenn IInkoBo
BEUJIET €CTBO nus ¢bumeHT €KBaJpa- € OTHOILIEHUE
pa3iIoKeHUs HyJen KOMIIPECCUU | TUYECKast CUTHAJ/IIyM
(%) omubKa
1 71.83 1.51 521 321.13 23.06
2 88.29 0.84 9.24 95.68 28.32
3 92.161 0.57 13.79 33.216 32.92
4 93.06 0,47 16.51 21.96 34.714
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Puc. 2.85. I'paduk 3aBucumoctu ko3durenta kommpeccun ot m (haar)
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Puc. 2.86. I'pacduk 3aBucumoctu kodddurmenta kommpeccuu ot m (db)

B B pasmene  paccmorpennl BeiiBiersl JloOemm (db) wm Xaapa (haar). Ilokxasamsr
3aBUCUMOCTH KOdhdHIMEHTa KOMIIPECCHH OT TapaMeTpa M uist BeiiBiaeToB Xaapa u Jlobemu mpu
npoBeieHuu 1 u 4x uTepanmii pasziiokeHus. PaccMoTpeHbl ructorpammbl BxoaHoro RGB-
n300pakeHUs] 1 BOCCTAHOBIICHHOTO M300pakKeHHs MPU U3MEHEHHU NapaMeTpa M JUis TIOCKOCTEH
Y, Cb, Cr. Takxke wucciemoBaHbl THCTOrpaMMbl st Tutockocteit Y, Cb, Cr mpu usMeHeHun

nmapamerpa m.
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TJIABA 3. IOMEXOYCTOWYNUBOE KOJAUPOBAHUIE B
TEJEKOMMYHHUKAIIMOHHBIX CUCTEMAX

KoppekTupymouye Koabl B TeJIEKOMMYHHKAIIHOHHBIX CHCTEMaxX

B Teopum COBpEMEHHBIX TEJICKOMMYHUKAIMOHHBIX CHCTEM 3HAUUTEIbHOE BHHUMAaHHE
yIensercss U3y4eHHUI0 METOIOB KOAMPOBaHUS HMH(popManuu. B TeXHHKe 3J1eKTpUUECKO CBsA3U
IIMPOKO MCIIOIB3YIOT PE3yIbTaThl TEOPUM KOAUPOBAHUS.

Koouposanue - onepanuus OTOXKIECTBICHHS CUMBOJIOB WIN IPYII CUMBOJOB OJHOIO KOJAA C
CHUMBOJIAMU MJIM TPYIIIAaMU CUMBOJIOB JIpYroro koja. HeoO0XxoaumMocTh KOJMPOBAHUS BO3HUKAET,
Ipex/ie BCero, U3 NOTpeOHOCTH MPUCIIOCOOUTH (OPMY COOOLIEHHS K JAHHOMY KaHally CBS3M WU K
KakoMy-JIN0O JpyromMy YCTPOWCTBY, NpeIHa3HaYeHHOMY MJIs INpeoOpa3oBaHMs WINM XpPaHEHMs
UHpOpMaLIUH.

Tunuuxas CTpyKTypHash CXeMa CHUCTeMbl Iepenayd auckperHod wunpopmauuu (CIIAN)
npuBezieHa Ha puc. 3.1. McTouHuK BbIpabaThIBaeT COOOIEHHs, KOTOpble HEOOXOJUMO IMepeaBaTh
no kxanany CIIJIW. DT1o Moryt OBITH MOCIIEIOBATEIBHOCTU TUCKPETHBIX COOOLICHUH (JlaHHBIE,
TesnerpadHble  COOOMEHHS H T.O.) JTUOO HEmpephIBHBIE COOOHmEeHHs (peuyb, TeIeBUACHUE,

pe3yabTaThl TEJIEU3MEPEHUH | Jp.), TpeoOpa3oBaHHbIC B IIUPPOBYIO GopMy.

CooSmiense Kozosoe cno=o
I
Koaep - 5
- Koz

HcTowHMk i acp ITepeaaTaux

Kanxmana + maymM

Adexonep o I
< < HSMHHK
ITonysaTens HMCTOYMHIIKA I Hexoncp 2

AeKOOHMpOBAHHOT

= ITpisasToe CIIO0BO
COOOIIICHMS

Puc. 3.1. CtpykTypHas cxema CUCTeMBbI lepeaadn AMCKPETHOM nHdopmanuu
PeanbHble coOOMIEHHs COAepKaT N30BITOUHOCTh U ISl COTJIACOBAHUS MCTOYHHMKA C KaHAJIOM
nepeaayr UHGOPMAIMK UCHOJIB3YIOT Kojep UcTouHHKa. COBMECTHO € JEKOJepOM OHM 00pa3yroT
KOJIEK UCTOYHMKA. MeTobl KOAUPOBAHNS UCTOYHUKOB H3ydalnuch B Moaynie 2. OCHOBHas 3aaada
moboii CAIIN - nepenaua nHdopManuu ¢ 3aJaHHBIMU BEPHOCTBIO M CKOPOCTHIO Meperadyu. ITH
TpeOOBaHUS HAXOAATCSA B IPOTUBOPEUUH, IPUYEM, MTOBBIIIEHHE CKOPOCTHU Neperaynd HH(popMaIu

B peanbHbIX CII/IV npuBOANT K CHUKEHHIO IOMEXOYCTOMYUBOCTH ¥ BEPHOCTH MEPEIAUH.
CornacHo u3BecTHbIX TeopeMm K. [lleHHOHa, B MpUHLIKIIE BO3MOXHO CKOJb YTOJHO OOJbIIOE

MOBBINICHHE BEPHOCTH Tiepenadnd WH(OpMaIuu, €CIM CKOPOCTh Tepeaadn 1o KaHany Rgan He
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IPEBBIIIACT MPONMYCKHOH crnocoOHocTH kaHana C. JlocTuraercss 3T0 MPUMEHEHHEM JI0CTaTOYHO
JUIMHHBIX KoppekTtupyromux ko108 (KK).
Koppexkmupyrwouwue KoOdbl - 3TO KOHABI, TMO3BOJSIONINE OOHAPYKMBATh WM HCIPABIATH

OLHI/I6KI/I, BO3HUKAOMMXEC ITPH NIEPCAAYC COO6H.[CHPIﬁ 110 KaHaJilaM CBA3MH.

C aroii nenbto B ctpyktypy KK BBOAUTCS U3661mounocme.

Kooex KK (xodep u Oexodep xanana) npuBeneHsl Ha puc.3.1. B pealbHBIX YCIOBUSAX AJIMHA
KOJla OrpaHHYeHa JOMYCTUMON CJIOKHOCTBIO YCTPOMCTB KOJIMPOBAaHUSA M, MPEKIE BCErO,
JNEKOJAUPOBaHMs, MOITOMY H(P(GEeKT OT NPUMEHEHHS KOPPEKTHUPYIOUIUX KOJOB 3aBUCUT OT
napaMeTpoB KOJla U OTpaHUYCHUN Ha peann3aliio KoJIeKa KaHama.

CoBpeMeHHas Teopus MpeajaraeT MHUPOKUH HAOOP KOPPEKTUPYIOMIUX KOJOB, PA3TUYHBIX 10
CTPYKType, TNPUHIUIAM IIOCTPOCHHUS W KOPPEKTUPYIOMEH crmocoOHOCTH. B  mocmemyronux
pazzenax paccMOTPEHbI KJIACChl KOAOB, Ui KOTOPBIX pa3pado-

TaHbl JOCTaTOYHO MpOCThbie U 3(P(HEKTHUBHBIC AITOPUTMBI KOIUPOBAHUS/IECKOAUPOBAHUS U
KOTOpble Hauboyiee MEepPCHEeKTUBHBI [JIs WCIOJIb30BaHUS B KaHalaX TEJIEKOMMYHHKAIIMOHHBIX

CHCTEM.
Kaaccudukannsa KoppeKTHPYIOIINX KOA0B

B Teopum u© TEXHUKE IOMEXOYCTOMYMBOIO KOAMPOBAHMS H3BECTHO MHOXKECTBO
KOPPEKTUPYIOIINX KOAOB, KOTOPbIE MOTYT OBITh KiIacCU(PHUIIMPOBAHBI MO PA3IUYHBIM MPU3HAKAM.
Knaccudukanus ko10B mpuBeeHa Ha puc. 3.2.

[To cnocoby dopmupoBanuss KK moxapasnmensitorcss Ha OJOKOBBIE U HEMPEPHIBHBIE.
dopMUpoBaHUE 010KO6bIX K000 TIpEIyCMAaTpUBAET pa30UEHUE TMepeaBaeMbIX ITHU(PPOBBIX
MoCJIeI0BaTeNbHOCTEH Ha OT/eNbHbIE OJIOKM, KOTOpbIE MOJATCS Ha BXoJ Kojaepa. Kaxmomy
TakoMy OJIOKY Ha BBIXOJIeé KOJlepa COOTBETCTBYET OJOK KOJOBBIX CHMBOJIOB, paboTa Kojepa
OIIPEAEIAETCS NIPABUIIOM, UIIU A20PUMMOM KOOuposanus. PopMUpOBaHUE HENPEPBLIEHBIX KOOOE
OCYILIECTBIISIETCSI HENpPEPHIBHO BO BpEeMEHH, 0e3 pasjeneHus Ha OJIOKH, 4YTO U ONpeelseT
HauMEHOBAaHME 3TOT0 Kjacca KOA0B. bIOKOBbIE KOJIbI HICTOPUUECKH ObUIN MPEAI0KEHbl U U3yUEHBI
paHee, Ha 3ape pa3BUTUS TEOPUU KOJUPOBAHHUS.

B kilacce HempepbIBHBIX KOJOB CIENAYET OTMETUTH CGEPHIOUHbBIE KOObl, KOTOPHIE IO
XapaKTepUCTHKAM TPEBOCXOAIT OJIOKOBbIE KOJIbI, M, MO 3TOH MNpPUYMHE, HAXOAST UIMPOKOE
MIPUMEHEHHE B TEJIEKOMMYHUKAIIMOHHBIX CUCTeMax. MHOIHe KOJIbl HOCAT UMEHA yYEHBIX, KOTOPbIe
UX TPEMIOKWIM M HCCIenoBaau. TakuMm NOpuUMepoM SBISIETCS HenpepbiBHbIM Kojx DuHka-
Xarenn0aprepa, NpeanoKeHHbIH COBeTCKUM y4eHbIM J1.M. OUHKOM M HEMEUKHM CIEHATUCTOM

P. Xarensbaprepom. JlnutenbHoe BpeMsl 3TOT KOJ CIYXKHJI B JHMTEpaType IOKa3aTeIbHbIM
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PUMEPOM HENPEPHIBHOTO KOJIa ¢ MPOCTHIM AJITOPUTMOM KOAWPOBAHUS/IEKOAUPOBAHUS, HO TIOCIIE
OTKPBITHS CBEPTOUHBIX KOJOB YCTYIIHII UM MECTO.

Jlns onMcaHusl OpoLenyp KOIMPOBAHM/AEKOAUPOBAHUS KaK OJOKOBBIX, TAaK M CBEPTOYHBIX
KOJIOB MCIHOJB3YIOT aJE€KBAaTHBIM MaTeMaTudeckuil anmnapar. Jljis OnucaHusl JIUHEHHbIX KOO008
HCIIOJIB3YETCS XOPOILIO pa3paboTaHHBIN annapart JTMHEHHON

anreOpbl. PopMUpPOBaHME HENMHEHHBIX KOJOB NMPOU3BOAMUTCS C MPUMEHEHUEM HEJIMHEHHbBIX
npouenyp. Takoi moaxo NO3BOJIAET B HEKOTOPBIX CIIy4asX MOJIyYUTh HelUuHelHble KOObl C PAIOM
CIELMANBHBIX CBOMCTB. B Teopum © TEXHHKE KOAMPOBAaHUS BAaXHOH sBIsETCS mpodieMa
CIIO)KHOCTH peaM3ali MPOLEAYp KOIUPOBAHU/IEKOAUPOBAHUS U, B OCOOCHHOCTH, IMPOLERYP
nekoaupoBaHus. IloaToMy HeKOTOpble Kiacchl KOAOB (KOABI XEMMHHIa, LUKINYECKUE KOJbl
boyza-Uoyaxypu- XokBunrema, Punga-Conomona, ®aiipa u ap.) Obutn pazpaboTaHbl COBMECTHO C
QIrOpUTMaMu JCKOAUPOBAHMS, CBSA3aHHBIMM CO CTPYKTYPHBIMH CBOWCTBAaMH JTHX KOAOB. U,
HA000pOT, pa3paboTKa HOBBIX AJITOPUTMOB JEKOTUPOBAHHS CBEPTOYHBIX KOJOB (aIroputM A.
Butep6u, nocnenoBareiabHOE 1€KOAUPOBAHUE, IOPOIOBOE IEKOIMPOBAHUE) HHUIIMUPOBAIA TOUCKU
COOTBETCTBYIOIIMX CBEPTOYHBIX KOJOB. OTIIMYUTEIbHBIE IPEUMYILECTBA KOPPEKTUPYIOLINX KOIOB
(xak OJIOKOBBIX, TAK U CBEPTOYHBIX) MOOYXKJAIU IMOUCKU HOBBIX MOJXOAOB K pealn3aluu ImyTel
MOBBIIICHUS] TIOMEXOYCTOWYMBOCTH U S(P(EKTUBHOCTH TEICKOMMYHUKAIMOHHBIX cucTteM. Ha puc.
3.2 OTMEuEHBl, COOTBETCTBEHHO, HOGble MemoObl KOOUPOBAHUA: CUTHAIBHO-KOIOBBIE KOH-

CTPYKIHHU, Typ6OKOI[LI, MMPOCTPAHCTBCHHO-BPEMCHHLIC KOJbI U T.II.

l—{Ruppenrup}':ﬁmue K O O BI }—l

| B 1o K oBBI e |—> Kackagmee <—|Henpepmnume |

b v
| NMuaEeAHEL S | Fr=Ea-LareTsoaprepa |
v

L | FPopHHE |
| HemmmaeAHETS |

| CEepToYHEIe |

+*

HemHEsHHBIS |

- -
Amartapa =
| CoenaansHEIe | | NIunHEe HBHE |

Koae: Koaw:
— FenmumETa — Jma SesoIpoBaERd o amopangy A Barepon
— Jaa DocIeaoEaTeIbEOTD TR0 THFOEARNE

— Boysa-"Tovaayps- M OREHHETENMA
— Prga-Comoxoma
— P adipa

— A DOPCTOBOTO Ao pPEIRMA JEREOTHPOBA AT

I
I
1
1
: — [Memrmaaecsme:
1
1
1
1
1
1

| HoeBbple KOIBI

| (cmocobs: KOOTHPCOBAHHT TeKOoIHP OB AHHA )
I — CHIrHATEHO-EOTOEBEIE KOHCTPVEITHH

| — IvpooroIsl

I — ITpocTpaHCc TECHHO-EPEMEeHHEIS KOIEL

Puc. 3.2. Knaccudukanus KOppeKTUPYIOIINX KOJO0B
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3.1. UccaenoBanne kogoB Xemmuura, BUX (boys3a-Hoyaxypu-XokBenrema), Puna-
Cosomona na 6aze MATLAB 2015
Koa XomMmunra

HaunOonee u3BECTHLIM JIHHEHHBIM KOJOM SBISETCS 0JIOKOBBLIH KOa XAOMMHHra. B manHom
nyHKTe, Oyaer paccmotpeH (7,4)-kox XommuHra. JIuHeWHHBIH ONOYHBIA KOJX, Ui KOTOPOTO
BBINOJIHAETCSI HEPAaBEHCTBO XOSMMHHIa, SBISETCA KOJIOM X3MMHUHIa, To ecTb kox (7,4) He
€IMHCTBEHHBIN KO/, KOTOPBIH ABISETCA JAHHBIM KOJIOM.

BBenem HekoTOpble O0003HAYEHHUs, KOTOPHIE COCTAaBJIAIOT OCHOBY HOMEXOYCTOWYHBOTO
KOJUPOBaHUS:

K — xonn4ecTBO MHGOOPMAIIMOHHBIX OUT

N— KOJIMYECTBO OUT Ha BBIXOJE KoJiepa

I' — KOJIMYECTBO MPOBEPOUHBIX(M30BITOUHBIX) OUT

Bwmecto K OMT MHpOpMAIIMOHHOTO BEKTOpa B KaHaj MepeaaeTcs N OUT KOJOBOro BekTopa. B
3TOM cily4ae roBOPAT 00 U30bITOUHOM KOJAUPOBAHUH CO CKOPOCThIO: R = E

UeM HUXKE CKOPOCTbh, T€M O0JIbIIe H30BITOYHOCTD KOA, U TeM OOJBIIMMHU BO3MOXXHOCTSIMH IS
3amMThl 0T owmHOOK OH oOnagaer. OJHaKo, ClIEAyeT Y4YUTHIBaTb, YTO C YBEJIWYECHUEM
M30BITOYHOCTH 3aTpaThl Ha Neperayy HHPOPMALIUIO TAK)KE BO3PACTALOT.

B xoaupoBaHMM M JAEKOJUPOBAHUU YYaCTBYIOT I'€HEpaTOpHAas W IPOBEPOYHAs MaTpPHIIbI,

CTPYKTYypa KOTOPBIX CIIEAYIOLIAs:

n
n n.H.
experal
| T -
E k k TO-CTDS E I
| OEATSIT
EHOCTS
7y
G k
i H
I\—— HMX HHPOPMALOHHBIS
cHMMEONEL! !

Puc. 3.3. 'enepaTopHas u npoBepoYHas MaTPUILIbI
Taxxe, ko7 X9MMUHTa UMEET MUHUMAaJIbHOE KOJJOBOE PAaCCTOSIHHE B IIPOCTPAHCTBE PaBHOE

TPEeM, UX 3TOTO CJIENyeT, YTO JaHHBIH KOJ| yMeeT OOHapyKUBaTh JII0OOble ABYKpAaTHbIE OLIMOKHU U

UCIIPABIIATH JIOOBIE OJTHOKPATHBIE.
Paccmotpum kox Xsommunra (7,4) B Teopumu.
Jnst sTOoro Kojga reHepaTopHas M NPOBEPOYHAS MATPHUIIBI YK€ 3aroTOBJIEHBI M HMEIOT

CHEAYIOUIUN BU:
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Puc. 3.4. CtpykTypa renepaTopHOl U IPOBEPOUHON MaTpUIlbl 17 kKoza (7,4)

KoaupoBanue oCymecTBIsIeTCs CISIYIONIM 00pa3oM:
KomoBoe citoBo N u nHpOpMAIIMOHHOE CIIOBO K CBA3aHBI COOTHOIIIEHUEM:
n=v=kx*G
rae G — nopoxaroiiasi MaTpuIla, CTPYKTypa KOTOPO ObLIa OIMCAaHA BBIIIE.

Hanpumep, unpopmarnonssiii Bektop K = (1010) oToOpa3utcsi B KOJOBbI BEKTOP CIIEAYIOIIUM

obOpazoM:

v=(1010)x '=(0011010)

[ T T
— et = O
o O O
O = O
oo OO
- O I D

\

.—l.—bo.—t

|
’}

Puc. 3.5. Koguposanue xona (7,4)
Jlerko 3amMeTuTh, 4YTO MOCIEAHUE UYEThIPE pa3psla KOJOBOIO BEKTOpa COBHALAIOT C
MH(POPMAIITMOHHBIM BEKTOPOM. DTO CBOMCTBO HA3BIBAECTCS CUCTEMATHYHOCTHIO KOJIa.

BHGCL IEPBLIC TPU outa IMMOCJICAOBATCIIBHOCTH ABJIAKOTCSA IMIPOBECPOUIHBIMU (I/I36BITOLIHLIMI/I).

I[eKO,[[I/IpOBaHI/IC OCYHIECTBIIACTCA Ha IMOJYYECHUH CHHAPOMA W IIPOU3BOJUTCA I3TO BCE

CJIEIYIOIUM 00pa3oMm:
CucremMa npoBEpOYHBIX YPABHEHHUH BBITIISIUT:
s=n=vx*HT

BekTop S mpuHATO Ha3bIBaTh CHHAPOMOM. TakuMm 00pa3om, ommoka OyaeT oOHapyKeHa, eCiu

XOTS OBI OJIHA M3 KOMIIOHEHT S HC paBHA HYIJIIO.

[Ipn nepenaue mHDopMmanmonHoro ciosa a = (1010) no kanamy 0e3 IIyMaBBIXOJHOW BEKTOP

o611 N = (0011010). MoskeM yOeanuThCs, 4TO B 3TOM ciy4ae cuHApoM paseH 0.
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Puc. 3.6. Ilonydenne cunapoma aiis kona (7,4)

Ecnn, Hanpumep, B KOJOBOM CIIOBE NPOMU30ILIA OJUHOYHAS ONIMOKA HA YETBEPTOH MO3HIHH
(r =(0010010)), To CHHAPOMOM SIBJISCTCS YETBEPTasi CTPOKA TPAHCIIOHUPOBAHHOM MPOBEPOYHOMN

MaTpULBIL.

1 0 0

010

0 0 1
1

s=(001@010)o'[1 0l| = @I0)

N s ]
1 4
1 0 1)

Puc. 3.7. Haxoxnenue ommbouHoro o6ura mis koaa (7,4)

[lepeOpaB Bce BO3MOXHBIE MO3ULIMKA OJUHOYHOW OHIMOKM, MOJIYYMM TIOJHYIO TaOauIy
CHHJIPOMOB OJITHOKPATHBIX OIIMOOK - TaOJMIly COOTBETCTBUH HOMepa OIIMOOYHOIO paspsnia
MoJIyYarmeMycss Ipu 3ToM cuHApoMy. Takum o0Opa3oM, NMpou3BOAMTCS JAekoaupoBaHue. Ecimu

OIIIMOKH Haﬁ)leHBI, TO OHU COOTBCTCTBCHHO UCITPABIISIFOTCA.

IIpoBenenne 3xcnepumenta u oopadorka pesyabratoB B MATLAB 2015

3amganue:
1. CoOpatb cxemy
2. TloarotoBuTh CXeMbl Ui peanu3anuu  kKomoB Xommuara (7,4) u  (15,11)
OCHOBBIBASICh Ha TIpUMeEpE, NMPEJICTABICHHOM B OTYETE.
IIpu xonme (7,4) B mapamerpax koxepa u jaekonepa MessagelengthK, or M-
degreeprimitivepolynomial: ycranaBnuBaercs gfprimfd(3,'min'), a npu xome (15,11)

gfprimfd(4,'min’).
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3. Jlnst monmy4YeHHBIX KOJOB U3MEHSATh BEPOSTHOCTH OHMOKH B mpenenax oT 0 1o 1 (e

MeHee 4-X TOLICK) U CHHUMATb C JHUCIIICCB IIOJYUYCHHBIC BXOJHBIC ITOCJIICAOBATCIBHOCTH,

3aKOAUPOBAHHBIC ITOCTIEA0BATCIIBHOCTH, J€KOJUPOBAHHBIC ITIOCIIEA0BATCIIBHOCTH U OIIIHOKMU.

4. Tloctpouth rpaMKi 3aBUCHMOCTH YHCIa OOHAPYKEHHBIX OMIMOOK OT BEPOSITHOCTU

omuOku 115t Koaos (7,4) u (15,11).

B pabouem mone HeoOxomumo cobpaTh cxemy st paboTel koma Xommuura (7,4). Cxema

NpeJcTaBieHa Ha pucyHke 3.8.

EEDE L Bl EEDE L Tx Emor Rgts
Bernoulli == Hammi » BSC 1 i N quslmlstmn
Binary smming Encoder Hamming Decoder
- = > Emor Rate
Eg@lﬂ,::fw Hamming Encader Karan cemn Hamming Decader Calculation
0
- —
L9 g
- [ 1T
° ‘ 1
1
[ — |:z| KouGiHauim He esxoge

38K0AMPOEAHHEA NDCNELDESTENEHOCTE

h
!w X

Ouimion

UYacrora ownbiok
Uucno ofkapyxenns owilor

(OfWee KoNWYECTED CHMEDNCE NO CRBEHERHID

Puc. 3.8. JIunug nepenauu ¢ npuMEHEHUEM KOJIa X MMUHTa

B cocraB nmuanm ¢ KOOUPOBAHHUEM BXOIAT:

1. BernoulliBinaryGenerator

. HammingEncoder

. Binary Symmetric Channel (xananmepenaun)

. Error RateCalculation (ananu3zaropori6ok)

2
3
4. HammingDecoder
5
6

. Display

YcTaHaBiaMBaeM XapakTepUCTUKH OJIOKOB i Koja (7,4)
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Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Parameters

Probability of a zero: 0.5
Initial seed: 61

Sample time: 1
Frame-based outputs

Samples per frame: 4

Output data type: [boolean

)

Puc. 3.9. Iapamerpsr Bernoulli Binary Generator

Hamming Encoder (mask) (link)

Create a Hamming code with message length K and codeword length
M. The number N must have the form 2*M-1, where M is an integer
greater than or equal to 3. K must equal N-M.

The input must contain exactly K elements. If it is frame-based, then
it must be a column vector.

FParameters

Codeword length N:

7

Message length K, or M-degree primitive polynomial:

gfprimfd(3,'min")

Puc. 3.10. ITapamerpst Hamming Encoder
Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Parameters

Error probability:
0.2

Initial seed:

71

Output error vector

Output data type: [boolean 'l

Puc. 3.11. ITapamerpst Binary Symmetric Channel
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Hamming Decoder (mask) (link)

Recover a binary message vector from a binary Hamming codeword
vector. The message is of length K and the codeword is of length N,
where M has the form 2-M-1, for some integer M greater than or
equal to 3. K must equal N-M.

The input must contain exactly M elements. If it is frame-based, then
it must be a column vector.

Parameters
Codeword length M:
7

Message length K, or M-degree primitive polynomial:

gfprimfd(3,'min")

Puc. 3.12. ITapamerpsr Hamming Decoder

Error Rate Calculation (mask) (link)

Compute the error rate of the received data by comparing it to a
delayed version of the transmitted data. The block output is a three-
element vector consisting of the error rate, followed by the number
of errors detected and the total number of symbols compared. This
vector can be sent to either the workspace or an output port.

The delays are specified in number of samples, regardless of
whether the input is a scalar or a vector. The inputs to the 'Tx' and
'Ry’ ports must be scalars or column vectors.

The 'Stop simulation' option stops the simulation upon detecting a
target number of errors or a maximum number of symbols,
whichewver comes first.

FParameters
Receive delay:

0

Computation delay:

0
Computation mode: |Entire frame hd |
Output data: |P0r‘t - |

Puc. 3.13 ITapametpst Error Rate Calculation

YacTora owwbok

Uucno ofHapy#erHsx ownbok

12| | Ofwes KONWISCTED CHMECNCE O CREEHEHWI

i
1l
I!

1L

KonBiHaWR Ha EXOne IaKOpOESHHEA TOCTERCETTENGHOCTE  KOMGWHALIA Ha Beone s

Puc. 3.14. KomOunaus Ha Bxoj1e, 3aKoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIX0J1e, OnmoOKu (BeposATHOCTH oMbok paBHa 0,2)

AHanM3upys pUCYHOK BBIIIE, MOKHO CJE€JIaTh BBIBOJI, YTO KOMOMHAIIMS Ha BXOJE COBIAAAET C

KOMOWHAIMEeW Ha BBIXOAE, TaKMM 00pa3oM, Tepenada OCYIIECTBMIACh yAadHOo. UTo Kadaercs
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omuO0K, TO uX 4yacTtota paBHa 0,25, uncno 0OHAPYKEHHBIX OMUOOK paBHO 3, 00IIee KOJIMYECTBO
CUMBOJIOB IO cpaBHeHMIO paBHO 12. KonumpoBaHue M IOEKOOUPOBAHME 3/1€Ch OCYLIECTBISAETCS

METOJ0M OIIMCAHHOM B BBIIIIC.

UseroTa ownbor

Hucno obHapyERKEY DWWEDK

1 Ofiee KONWUECTED CHMEONDE NG CPEEHEHHH

Komburalim e excae KomGiHaLim He Baxoge Ouwnbien

i
L

i

A

EEKUJ.I-mBEH-EJI NCENECEATENEHOCTE
Puc. 3.15. KombuHnanus Ha BXoze, 3aK0IMpOBaHHAs MOCIeA0BaTeNbHOCTh, KoMOuHamus Ha

BbIX0J1e, Onmobku (BeposTHOCTH oMOoK paBHa 0,4)

HEETaTE umlbon

UiEne cRpyxEnnpe Sumibion

cﬁ.l..i'l' KONISECTED CHLEONOR N0 CRBRMENHID

1
11

1L
LU

Kouslinapm v Bxc0e Kenfimmgn Ha buaie Cuinfirnn

JEatvptiedn MRS T,

Puc. 3.16. KomOunanus Ha Bxoje, 3akoupoBaHHas ociie0BaTeIbHOCTh, KomMOuHaIms Ha

BBIXOJI€, OIHOKHU (BEpOSTHOCTH OmMOOK paBHa 0,6)

Uacrara oumon

Ut SlHapy i Sumilio

1]
]I

M.I.,i'l‘ KDMISECTED CHUEDNOE MO CPARMENAN

L
i

Koufaym w Bxiae Kenalisimyim vl Bt Gy
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Puc. 3.17. KomOuHanus Ha BXoje, 3aK0IMpOBaHHAs MOCIEA0BaTeIbHOCTh, KoMOUHaINs Ha

BbIxoze, Ommbku (BepoATHOCTH omMOoK paBHa 0,8)
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3aBHMCHMMOCTD YHCJIA OIIHOOK OT BEPOSATHOCTH
OIIMOKH

: /
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4 / /

o

2 0,4 0,6 0,8

Puc. 3.18. I'padux 3aBucumMoctu gyucia omuook (OY) ot BepositHocTr omnOku (OX) mist

koxa XamMmuHra (7,4)

YcTranaBnuBaeM xapakTepuCTUKU O6510K0B ams koxa (15,11)
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Puc. 3.19. KomOunarus Ha Bxoj1e, 3akoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIxoze, OnmOku (BeposATHOCTH OmKO0K paBHa 0,2)
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Puc. 3.20. KomOunaus Ha Bxoze, 3aKOAUPOBAHHAS MMOCIEA0BaTeIbHOCTh, KoMOMHaus Ha

BbIXoJ1e, Ommnbku (BepoaTHOCTh OO0k paBHa 0,4)
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Puc. 3.21. KomOunaus Ha Bxoj1e, 3aKkoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIXoze, OmmOku (BeposATHOCTH OmmMO0K paBHa 0,0)
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Puc. 3.22. KomOuHanus Ha BXoe, 3aK0IMPOBAaHHAS MTOCIIEA0BATEIbHOCTh, KoMOUHaINS Ha

BbIX0z1e, OmmOKku (BepoATHOCTH ommOoK paBHa 0,8)

3aBHCHUMOCTH YHCJIA OIIHOOK OT BEPOATHOCTH
OLIMOKH

12

10 4///.

6
4 ¢ /

0,2 0,4 0,6 0,8

Puc. 3.23. I'paduk 3aBucumocTH uncia omuook (OY) ot BeposTHocTH ommOku (OX) s ko1a

Xsmmunra (15,11)
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B pesynbTare mpoBepkH MOCTpPOEHA CXEMa JMHUM Tepeladyd ¢ KOJUPOBaHWEM XOMMHUHTA B
cpene Simulink. TloctpoeHsl rpadguku 3aBUCHUMOCTEH 4YHCIIa OMIMOOK Ha BBIXOJAE JIeKozepa OT
BEpPOSITHOCTH OITMOKHU B KaHaye cBs3u 1 KoaoB (7,4) u (15,11).

N3 rpadukoB (pucynok 3.18 u pucynox 3.23) BHIHO, YTO YHCJIO OMMOOK YBEIUYHBAETCS C

POCTOM BEPOSITHOCTH OIITUOOK.

Ko BUX (Boy3a-Yoyaxypu-XokBeHrema)

Koxg BUX sBnsercs uumknuyeckuM kojaoM. C IUKIMYECKUM KOAOM X3MMHUHIA Yy HUX
MHOTO dYero oOmero, a HWMEHHO aJTrOpUTM KOJIMPOBAHUS, KOTOPBIH OTIMYAETCS TOJIBKO
HAXOX/ICHHEM TEHEepaTOpHOrO  MOJMHOMA, a TMpOIEcC JEKOJAUPOBAHUS  IOJHOCTHIO
cxox.Heobxommmo HayaTb c HeOOJIBIIOTO BBE/ICHUS B KOJL
BUX.Mnozounen g(x) cTeneHn Ha3blBaeTcs npumumuenviv, ecnu x’/ + 1 nenurcs  Ha g(x) 6e3
ocraTka anms j = 2K — 1 u He ;enMTCA HE A KAKOTO MeHbIIEro 3HaueHus (rae K — KommdecTBo
uHdopMarmonnbex 6ut).Hanpumep, mrozouren 1 + x* + x3 npumutusen: on aemut X’ + 1, HO
ne nemut xX) + 1 mpu j < 7. IpumuruBen Takxke muozounen 1+ x3 + x* - on memur x*° + 1, Ho

He gemut X) + 1 mpr j < 15(14 kona (7,15)).

Komupyrommii mrocounen g(x) mist bBUX-xona, diuna KOTOBBIX CIIOB KOTOPOTO N, CTPOUTCS
tak. HaxoauTcs IpUMHUTUBHBII MHO2OUIeH MUHUMAIIBHOM CTENEHU Takou, yton < 29— 1 winq >
log,(n + 1).Ilycth & -KOpeHB 3TOTO MHOT'OYJIEHA, TOT1a paccMOTpUM
Koxupyromuwmii mrozouren g(x) = HOK(m4 (x), ..., mg_; (X)) ,rme my (x), ..., mg_q (x) -
MHOT'OWIEHBI MUHUMAJILHOU CTCIICHU, UMCIOIIUE KOPHAMU COOTBETCTBCHHOU, (12, vy (Xd_l.
[TocTpoeHHbIN KOAMPYIOLIUN MHO20UIeH TIPOU3BOJIUT KOJ C MHUHHMMAJIbHBIM PAacCTOSHHEM

MCXKIY KOJAOBBIMH CJIOBaAMH, HE MeHbIIUM0d , v I[J'IHHOfI KOJIOBBIX CJIOB N.

Konuposaunmne:

Hanpumep, HyxHO mnoctpouth BUX-kon ¢ JymHONW KOIOBBIX CJIOB N=15M MHHHUMAaJbHBIM
paccTossHHEM MeXAy KoaoBbiMH cioBamu 0=5. CTemneHb NPUMHTUBHOTO MHOTOWIEHA paBHAa(q =
log,(n+ 1) = 4 u cam on pasen 1 + x3 + x*(IpUMUTHBHBIA MHOrOuNeH 4-0if cTenmeHu A Koaa
(7,15)). IlycTth & - ero kopeHb, Toraa o u o* - Takke ero KOpHA. MMHUMAIBHBIM MHOTOYJIEHOM
nns a2 6yaer 1 + x + x? + x3 + x*. CnenoparensHo,

gx) =HOK(1 +x3+x%1+x+x2+x3+xH) =0 +x3+xH1 +x+x2 +x3 +x%)

=1+x+x*>+x*+x8
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Crenenp IIOJIy4EHHOT' O MHOIO4JIeHa paBHa 8, IIOCTPOEHHBIN bUX-kon
oyner (7,15) xkomom. Ciioo 1000100 uin a(x) = x* + 16yneT3akoaupoBaHo KOJIOBBIM
cnosoMm a(x)g(x) = x2 +x6 + x5 +x%2 +x+ 1wm 111001100000100. Ha mnpaxtuke Oyzmer
paccmotpes ko bUX (15,7) m BUX (15,11).

JlexkonupoBanme:

JlekomupoBaHKE MPOU3BOIUTCS ITyTEM JICJICHHS 3aKOJMPOBAHHOM ITOCIICIOBATEILHOCTH Ha
TCHEPATOPHBIM  TIOJUHOM, KOTOPBIH  MCIOJNB30BAICS NpH  KOAWpOBaHWH. I[lomydeHHas
MOCIIEA0BATENHHOCTh MPH ACICHUU U OyIeT ACKOIUPOBAHHOHN MOCIEI0BATEIBHOCTRIO. B irydiem
cllydae, OCTaTKa MpH JIeJICHUH He Oy/IeT, 3TO 3HAYHT, YTO OIMIUOOK HE BBISIBJIICHO.

Ecin xe ocTaTok ecTh, Ha3bIBACTCS OH HE MHAYC KaK CUHOPOM, B TaKOM CIIy4ae OIIMOKH
MPUCYTCTBYIOT B 3aKOJUPOBAHHOM IMOCJIEIOBATEIBHOCTH. B 3TOM ciy4yae MOCTYHamT Tak.
3aK0IMPOBAHHYIO TOCIEAOBATEIHHOCTh CKIIAABIBAIOT C BEKTOPOM ONIMOOK IO MOJIYIIO 11Ba, U
WCIIPABIIIOT OMIMOOYHBI OUT. BekTop ommbok GopMmupyercs ¢ MOMOIIBIO CHEIHATBHBIX CXEM,
KOTOPbIE aHATU3HUPYS 3aKOJAUPOBAHHYIO TIOCIIECIOBATEIBHOCTD, (JOPMHUPYIOT JaHHBINA BEKTOP.

Eme omHuM croco0 wucrpaBiieHHs] OMIMOOK SIBJISETCS cleayromuid MmeTton. Ha ocHoBaHUM
MOJIYYEHHOTO TEHEPATOPHOTO TMOJIMHOMA CTPOUTCS CXeMa M Ha KaKIOM TakTe ee paboThI
OTIpe/ieIIsieTCS CUHOpom. B naHHOM ciydae HEOOXOIUMO TOJNYyYUTh J[BA CHHIPOMA, OJHMH M3 HUX
3TO OCTATOK, OT JCJICHUS MOJYUYCHHBIH MPH JCKOIUPOBAHKH, a BTOpOit 310 komOuHarus 100. lanee
MIPOM3BOJIUTCS BBIYMTaHUE HOoMepa TakTa komOuHanuu 100 u HoMmepa TakTa ocratka. [lomyueHHas

Pa3HOCTD U SBJISIETCSI HOMEPOM OUTa B 3aKOJMPOBAHHOM KOMOUHAIINH.

IIpoBenenne 3kcnepuMeHTa 1 00padOTKA Pe3yIbTATOB

3ananue:

1. CoOpatb cxemy

2. TlogroroBuTth cXxeMbl Jutsl peanu3anuu kogoB bUX (15,7) u (15,11) ocHOBEIBasiCh Ha
IIpUMepE, NPEACTABIEHHOM B OTYETE.

3. Jlnst monmy4eHHBIX KOJOB U3MEHSATh BEPOSTHOCTH OMOKM B mpenenax oT 0 1o 1 (e
MeHee 4-X TOYeK) U CHUMaTh C JUCIUICEB IMOJYyYCHHbIE BXOJHBIE IOCIEA0BATEIBLHOCTH,
3aKOJIMPOBAHHBIE MTOCIE0BATEILHOCTH, AEKOIMPOBAHHBIE MTOCIIEJOBATEILHOCTH U OLINOKH.

4. Tloctpouth rpauku 3aBUCHMOCTH YHUCIIa OOHAPYKEHHBIX OIIMOOK OT BEPOATHOCTH
omuOku st konoB (15,7) u (15,11).

5. Bce mosTamnHoe HCCIICAO0BAaHUC IPCACTABUTH B OTUCTC.

B paGouem mose HeoOXxomumo coOparh cxemy i pabotrel koma bBUX (15,7). Cxema
IIPEACTABJICHA HA PUCYHKE 3.24.
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Puc. 3.24. Jlunus nepenaun ¢ npuMenennem koaa bUX (15,7)

B cocraB uHUM KOAWPOBAHUCM BXOJAT:
1. BernoulliBinaryGenerator

2. BCHEnNcoder
3. Binary Symmetric Channel (kananmnepemaun)
4. BCHDecoder
5. Error RateCalculation (ananm3atopori6ok)
6

. Display

YcTaHaBiaMBaeM XapaKTepUCTUKU OJ10KoB Juis kona (15,7)

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Parameters

Probability of a zero: 0.5]
Initial seed: 61

Sample time: 1
V| Frame-based outputs

Samples per frame: 7

Output data type: |b00|ean v|

Puc. 3.25. TTapamerpst Bernoulli Binary Generator
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BCH Encoder (mask) (link)

Encode the message in the input vector using an (N,K) BCH
encoder with the narrow-sense generator polynomial. This block
accepts a column vector input signal with an integer multiple of K
elements. Each group of K input elements represents one
message word to be encoded. The values of N and K must
produce a valid narrow-sense BCH code.

Shorten the code by setting the shortened message length
parameter S. In this case, use full length N and K values to specify
the (N, K} code that is shortened to an (N - K + S5, 5) code.

Parameters
Codewrord length, N:
15

Message length, K:

7

Puc. 3.26. ITapamerpsr BCH Encoder

Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.

Parameters

Error probability:
0.2

Initial seed:

71

Output error vector

Output data type: [boolean ']

Puc. 3.27. Tlapametpst Binary Symmetric Channel

BCH Decoder (mask) (link)

Decode the message in the input vector using an (N,K) BCH
decoder with the narrow-sense generator polynomial. This block
accepts a column vector input signal with an integer multiple of N
elements. Each group of N input elements represents one
codeword to be decoded. The values of N and K must produce a
valid narrow-sense BCH code.

Shorten the code by setting the shortened message length
parameter 5. In this case, use full length N and K values to specify
the (N, K) code that is shortened to an (M - K + S, S) code.

Parameters
Codeword length, N:
15

Message length, K:
7

Puc. 3.28 IMapamerpsr BCH Decoder
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Error Rate Calculation (mask) (link)

Compute the error rate of the received data by comparing it to a
delayed version of the transmitted data. The block output is a three-
element vector consisting of the error rate, followed by the number
of errors detected and the total number of symbols compared. This
vector can be sent to either the workspace or an output port.

The delays are specified in number of samples, regardless of
whether the input is a scalar or a vector. The inputs to the Tx' and
'R’ ports must be scalars or column wvectors.

The 'Stop simulation' option stops the simulation upon detecting a
target number of errors or @ maximum number of symbaols,
whichever comes first.

Parameters

Receive delay:

0

Computation delay:
0

Computation mode: |Entire frame v|

Output data: |P0r1: - |

Puc. 3.29. ITapamerpsl Error Rate Calculation

Hp CACTaBUM IMOJJIYUYCHHBIC PE3YJIbTAThI
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KomGuHaLR Ha BX008  38KOOMPOESHHER NOTIEDESTENEHOCTE  HoMBWHBLMR Ha Exxoae O

YacToTa cwwbor

Yncno cOxapyseHHss ownbor

Dal]EE KONWYECTED CHMEONDE NO CPAEHEHHID

Puc. 3.30. KomOunamus Ha Bxoje, 3akoJupoBaHHas MOCIe10BaTeIbHOCTh, KoMOuHaIms Ha

BbIXoze, Omnoku (BepoATHOCTh OIIMOOK paBHa 0,2)

MoxHO caemaTh BBIBOJ, 4TO KOM6I/IHaI_II/I5{ Ha BXOAC COBIAAACT C KOM6HHaHHeﬁ Ha BBIXOJC,

TaKuM 06pa30M, nepeaada oCymeCTBruiIaCh yAa4HO. Yrto kauaeTcs OH_II/I6OK, TO UX 4YaCTOTa paBHa

0,2143, yucno oOHapyX EHHBIX OIIMOOK paBHO 3, 00Iee KOJIMYECTBO CHUMBOJIOB IO CpPaBHEHHIO

paBHO 14. KO)II/IpOBaHI/Ie H ICKOANPOBAHUEC 3ACCH OCYIICCTBIACTCA METOJOM OIMMCAHHOM BBIIIIC.
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Puc. 3.31. KomOunamus Ha BXoJie, 3aK0AMPOBaHHAS ITOCIIEA0BaTeIbHOCTh, KoMOMHaIs Ha

BbIXoze, Omnbku (BepoATHOCTh OomMOoK paBHa 0,4)
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Puc. 3.32. KomOuHanus Ha BXoje, 3aKkoIMpOBaHHAs MOCIeA0BaTeIbHOCTh, KoMOuHanus Ha

BbIXoJ1e, Ommnoku (BepoaTHOCTH oMok paBHa 0,6)
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Puc. 3.33. KomOunamus Ha Bxoj1e, 3akoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIXoze, Omnoku (BepoaTHOCTh OoIMO0K paBHa 0,8)

YcTranaBnuBaeM xapakTepuCTUKU O510KOB ams kona (15,11)
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Puc. 3.34. KomOunanus Ha Bxojie, 3akoJupoBaHHas Mocie0BaTeIbHOCTh, KomOuHaus Ha

BbIX0J1e, OmmoOKu (BeposATHOCTH ommOoK paBHa 0,2)
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Puc. 3.35. KomOunarus Ha Bxojie, 3akoAupoBaHHas MocIe0BaTeIbHOCTh, KoMOuHaus Ha

BbIXoze, Omnoku (BepoaTHOCTh oIMO0K paBHa 0,4)
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Puc. 3.36 KomOunanust Ha Bxoje, 3akoupoBaHHas oCieI0BaTeIbHOCTh, KoMOuHaIms Ha
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Puc. 3.37. KombOuHanus Ha BXoje, 3aK0IMpOBaHHAs MTOCIEA0BaTeNbHOCTh, KoMOUHaIus Ha
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BepoATHOCTb OWNGKHK

Puc. 3.38. I'paduk 3aBUCHUMOCTH YHCIIa OMIMOOK OT BEPOSTHOCTU OLIMOKH TSt

kona bUX (15,7)
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BepoATHOCTb OWIMGKHU

Puc. 3.39. I'paduk 3aBUCHMOCTH YHCIIa OMTUOOK OT BEPOSTHOCTH OMMOKH 715 Koaa BUX

(15,11)
B pe3ybTaTe HpaKTquCKOﬁ pa6OTLI MMOCTPOCHA CXEMa JIMHUU NICpeaavu ¢ KOAUPOBAHHUEM BUX

B cpeae Simulink. IToctpoensl rpaduku 3aBUCUMOCTEH uyuclia OMIMOOK Ha BBIXOJE JEKOJepa OT

BEPOSTHOCTH OIIMOKH B KaHaje cBs3U Juist kojoB (15,7) u (15,11). U3 rpadukoB (pucyHok 3.38 u
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pucyHOK 3.39) BUAHO, YTO YHCIIO OMIMOOK YBETUYMBACTCS C POCTOM BEPOSTHOCTH owIHOOK. [Ipu
atoM Koz (15,7) oka3zascs Jrydiiie o cnocoOHOCTH OOHAPYKEHHUS OIITHOOK.

Kon Pupa-Cosiomona

Komuposmuk Puna-Conomona 6epet 010k 1u(POBBIX JaHHBIX U AO0ABISIET AOMOIHUATEIBHBIE
"u30bpITouHbIe" OUTHL. OMMOKM MPOUCXOMAT MPH Ieperaye Mo KaHallaM CBS3H WM IO Pa3HbIM
MpUYMHAM TIPU 3allOMUHAHUM (HampuUMep, W3-3a IIyMa WM HaBOAOK, mHapanuH Ha CD wu T.1.).
Hexonep Punma-Conomona o6pa0aTbhiBaeT KaXKIbl OJIOK, NBITA€TCS HUCHPABUTh OIIUOKU U
BOCCTAHOBUTH HCXOJHBIC JaHHBIC. YHCIIO M THUITBI OMIMOOK, KOTOPBIE MOTYT OBITh HCIPABICHBI,
3aBUCAT OT XapakTepucTuk kona Puna-Comomona.

CsoiictBa konoB Puga-ComomMmona

Kogasl Puna-Conomona siBisitotcsi cyoHabopom konoB BUX u mpenctaBistoT co0oii TUHEHHbIE
onounbie koabl. Kox Puna-Conomona crieruduuupyrores kak RS (n,K) S - OUTHBIX CHMBOJIOB.

DT0 03HAYACT, YTO KOJUPOBIINUK BOCIPUHHMAET K HH()OPMAIMOHHBIX CHMBOJIOB IO S OUTOB
KOKIBIA M J00aBJIsIET CHUMBOJIBI YETHOCTU ISl (pOopMHpOBaHUS N CUMBOJIBHOTO KOJOBOTO CIIOBA.
Hexonep Puna-ConmomoHa MOXKET KOPPEKTUPOBATH 110 I CUMBOJIOB, KOTOPBIE COJEPKAT OMIMOKH B
KOJIOBOM CJIOBE, rae 2t = n—k.

Juarpamma, IpeaCcTaBICHHAs HIKE, I0Ka3bIBAE€T TUIIOBOE KO0BOE clloBO Puna-CosomoHa:

v

< n
o k N 2t

[aHHble YeTHOCTb

Puc. 3.40. Konosoe cioBo ams koga P-C

[MonynspubiM komoM Puma-Conomona siBisiercss RS (255, 223) ¢ 8-OMTHBIMH CHMBOJIAMH.
Kaxnoe ko/10Boe CI0BO COAECPKUT 255 OallT, U3 KOTOPHIX 223 ABIAIOTCS MH(POPMALMOHHBIMU U 32
Oaiiramu yetHocTH. st oToro koga N = 255, k = 223,s =8, 2t = 32, t = 16.

Jlexonep MOXET HCHpaBUTH Jt0Oble 16 CHMBOJOB C OLIMOKaMH B KOJIOBOM CJIOBE: TO €CTh
OLIMOKU MOTYT ObITh UCIIPABJICHBI, €CIIU YHUCIIO UCKAKEHHBIX OAalT He mpeBbIacT 16.

[Tpu pa3mepe cuMBoIIa S, MaKCUMajbHas JUIMHA KOJOBOro ciioBa N s koga Puna-Comomona
paBHan=2°—1.

Hanpumep, MakcumalbHas JJIMHA KO/Ia ¢ 8-OUTHBIMU CUMBOJIaMU (S=8) paBHa 255 Oaiitam.

Koast Puna-ConomoHa MOryT OBITH B MPHUHIIMIIE YKOPOUEHBI MyTEM OOHYJIEHUS HEKOTOpPOTrO
yrciia HTHPOPMAIIMOHHBIX CHMBOJIOB Ha BXOJI€ KOJMPOBIIWKA (TiepefaBaThb UX B 3TOM Cilydae He

HY)KHO) HpI/I nepeaadyc naHHbIX JCKOACPY 9TU HYJIM CHOBA BBOJAATCA B MACCHUB.
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Kom (255, 223), onucaHHbIii BBIIIE, MOXET OBITH YKOpoueH 110 (200, 168). KoaupoBmuk Oyaer
paborarh ¢ OJ0KOM NaHHBIX 168 OailT, 100aBUT 55 HyNIEBBIX 0alT, CHOPMHUPYET KOJIOBOE CIOBO
(255, 223) m nepenact Toyibko 168 nHGOpMAaIMOHHBIX O0alT 1 32 OaiiTa YETHOCTH.

O0beM BBIYHCIUTEIBHON MOIIHOCTH, HEOOXOMUMOW [Isi KOJWPOBAHHUS W JIEKOAMPOBAHUS
ko70B Punia-CosioMoHa, 3aBHCUT OT YKCIIa CAMBOJIOB YeTHOCTH. bonbiioe 3HaueHue t 03HavaeT, 4To
OOJIBIIIEE YHUCIIO OIMIMOOK MOKET OBITh HMCIIPABIEHO, HO 3TO MOTPeOyeT OONBIICH BHIYUCIUTEIBHON
MOIIHOCTH 10 CPAaBHEHUIO C BAPUAHTOM IPU MEHbIIEM {.

OmmbKku B CHMBOIAax

Opnna ommOKa B CHMBOJIE TIPOMCXOIWT, Korja | OUT CHMMBOJIA OKa3bIBAC€TCS HEBEPHBIM HITU
KOrI'/la Bce OMTHI HEBEPHBI.

Kox RS(255,223) mosker ucnpaButh 10 16 ommbOK B cMMBoOjax. B xyamiem ciydae, MOTYT
UMETh MecTo 16 OWTOBBIX OmMOOK B pa3HBIX cUMBoOJax (Oaitax). B mydmem ciydae,
KOPPEKTHPYIOTCS 16 TOJHOCThIO HEBEPHBIX OAWT, MPU 3TOM UcHpapisieTcs 16 * 8 = 128 OUTOBBIX
OILINOOK.

Kozasl Puna-ConomoHna 0cOGEHHO XOpOIIO MOAXOAAT AJsi KOPPEKTUPOBKU KIACTEPOB OIIMOOK
(KorJ]a HeBEpHBIMH OKa3bIBAIOTCS OOJIBIIIME TPYIIIBI OUT KOJOBOTO CIIOBA, CICAYIONIUE TIOIPSII).

JexonupoBanue

AnrebGpanyeckue Mmpoueaypsl aekoaupoBanus Puna-ConoMoHa MOTYT UCHIPaBISITh OIIUOKU U
notepu. [loTepeit cuntaercs ciydaid, Korja MOJOKEHUE HEBEPHOTO CHUMBOIIA M3BECTHO. Jlekoaep
MOXET HchpaBuTh 10 t ommbok wiu 1o 2t moteps. laHHbIe 0 TOoTepe (CTUpaHWUU) MOTYT OBITH
MOJIYYEHBI OT JEMOIYJsATOpa IU(POBOH KOMMYHHKAITMOHHOH CHCTEMBI, T.C. JIEMOJIYIISATOP
MOMEUaeT MOTYYSHHbIE CHMBOJIIBI, KOTOPBIE BEPOATHO COJEPKAT OIMIMOKH.

Korna kogoBoe cloBo JeKOAUPYeTCs, BO3MOKHBI TPH BapUaHTa.

1. Ecmu 2s + r < 2t (S omuOOK, I TOTEPh), TOTIa UCXOIHOE MEPEIaHHOE KOJTOBOE CI0BO
Bceraa Oy/ieT BOCCTaHOBIJIEHO. B poTHBHOM cirydae:

2. Jlexomep METEKTUPYET CHUTYaIMIO, KOTJIa OH HE MOXKET BOCCTAHOBUTH HCXOJTHOE
KoJ10BO€ ciioBo. Unn xe:

3. Jlexomep HEKOPPEKTHO IEKOJUPYET M HEBEPHO BOCCTAHOBHUT KOJOBOE CJIOBO 0Oe3
KaKoro-a1u00 yKka3aHHs Ha 3TOT (DaKT.

BeposSTHOCTh KaKJAOT0 W3 STHUX BApHUAHTOB 3aBHCHT OT THIIA HCIOJIB3yeMOro koja Puma-
ConomoHa, a TakKe OT YUCIIa U paclpeie]IeHHs OIIHOOK.

ApXHUTEKTypa KOAUPOBAHUS U IeKoArupoBaHus kKo10B Pumga-Conomona

Komuposanue u nexoaupoBanue Puma-ColoMoOHAa MOXKET OBITh BBITIOJIHEHO AaIlllapaTHO HITH

MIPOrPaMMHO.
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Apudmernka KoHeyHOro noJs I'axya

Konpr Puma-ComomoHa 0a3upyroTcsi Ha CICIMAIIEHOM pasjelie MaTeMaTHKu — mnojsx [amya
(GF) nnu xoHewyHBIX moJsAx. Apudmerudeckue newctBus (+,-, X, / ¥ T.J.) Haa 3JIEMEHTaMH
KOHEYHOT'O IOJISI IAF0T Pe3yNIbTaT, KOTOPBIM TaKXKe SIBISICTCS 3JIEMEHTOM 3TOTo 1ouist. KomupoBuuk
wi nexoaep Puma-ConoMoHa JOMKHBI YMETh BBIOJHATH ATH apu(PMETHUYECKUE OINeparuu. JTU
omepaluu  JUIi  CBOGH  peayi3allid  TPEOYIOT  CHEIHaIbHOrO  OOOpYIOBAaHUS WM
CICIUATM3UPOBAHHOTO IPOTPAMMHOTO 00ECTICUSHHS.

OO6pa3yromuii NoJIMHOM

KonoBoe cnoBo Puma-Comnomona ¢opmupyercs ¢ HpUBICYCHHEM CIEIHAIBHOTO IMOJIMHOMA.
Bce koppekTHBIe KOJIOBBIE CI0BA JIOJIKHBI JISIUTHCS 0€3 OcTaTka Ha 3TH 00pa3yrOIIUe IMOJIUHOMBI.
Obmas ¢hopma 0Opa3yroIIEero MOJIMHOMA UMEET BU/T

g(X) — (X _ ai)(x _ ai+1)_ - (X _ ai+1+2t)
a KOJIOBOE CJIOBO (POPMHUPYETCSI C TIOMOIIBIO ONIEPAIIUU
c(x) = g(x)*ix)

rae g(X) sBiseTcs o0pa3yonM MOJTMHOMOM, i(X) TIpeacTaBasier coboit  MH(OpMAIMOHHBINA
010K, C(X) — KOJIOBOE CJIOBO, HAa3bIBAEMOE IMTPOCTHIM 3JICMEHTOM IIOJISI.

ApXUTEKTYypa KOAUPOBIIMKA

2t CUMBOJIOB YETHOCTH B KOJIOBOM cJioBe Punma-CoJoMOHa ONpenessitoTcss W3 CICIYIOIIETO
COOTHOIICHHUS:

p(x) = i(x) * x"*mod g(x)

Hwxe mokazana cxema peain3aliii KOJUpoBInuKa st Bepcun RS(255,249):

@ @ @ @

Bt
i(x) _T

Kaxnplif U3 6 perucTpoB coaepxuT B cebe cumBoi (8 O6uT). Apudmernyeckre onepaTopbl

Puc. 3. 41. Cxema xoguposmuka P-C
BBITIOJIHSIIOT CJIOKEHUE WIM YMHOXXEHUE HA CUMBOJ KaK Ha 3JIEMEHT KOHEYHOTO MOJIs.

ApXuTeKTypa IeKoepa

O6mas cxema nekoaupoBanus kooB Puna-ConoMoHa mokasana Huxe Ha puc. 3.42.
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MNonuHoM fNoxay A X |3naqenun Koppexuua
R(x) | Bemucne - owuBox Pl ownbox Pl owusox owubox C(x)
—P|  Hue > L{x)
Bxag [ SHAPSME || o) | ANODATM ey Aé‘“"’".’ % AnropuTH bixod
Beriekamp' a nen a Fomey | vi IB

Puc. 3.42. Cxema pabotsl ¢ kogamu Puna-Conomona
O6o3HaueHus:

e 1(X) — [Tosy4eHHOE KOJOBOE CIIOBO

Si — CuHAPOMBI

L(x) — [TonuHOM JIOKaIM¥ OMKUOOK

Xi — ITonoxkeHus ommudoK

e Yi— 3HaueHus ommboK

c(X) — BoccTaHOBIEHHOE KOIOBOE CIIOBO
e V —Yucno ommboK

[Tony4yeHHOE KOIOBOE CIIOBO I(X) mpeacTaBiaser co0oit ucxoaHoe (TeperaHHOe) KOI0BOE
CII0BO C(X) IUIFOC OIIUOKH:

r(x) = c(x) + e(x)

Hexonep Puna-ConmomoHa mbITaeTCs ONPEACIIUTh MO3UIIUIO U 3HAUYEHUE OMHUOKH Il T ommOoK
(vmu 2t ToTeph) U UCTIPABUTH OIIUOKH U TIOTEPH.

Brraucnenue cunapoma

Beruucnenue cuHapoMma Moxoke Ha BbeluMcieHHe yeTHocTH. KomoBoe cnoBo Puna-Conomona
uMmeeT 2t CHHAPOMOB, 3TO 3aBHCHUT TOJBKO OT OIIMOOK (a2 HE IepenaBaeMbBIX KOJIOBBIX CIIOB).
CunppoMbl  MOTYyT  OBITh  BBIUMCIIEHBI  TYTeM  MOJCTaHOBKH 2 KOpHel 00pasyromero
nosuHoMa g(X) B r(X).

Haxoxaenne nmo3uiuii CAMBOJIBHBIX OLITHOOK

OT0 nenaercsd IyTeM pelIeHUs CUCTeMbl ypaBHeHUH c tHeu3BecTHhIMU. CyllecTByeT
HECKOJIBKO OBICTPBIX AJITOPUTMOB ISl PEIICHUS JTOW 3amauyd. ODTH aJTOPUTMBI HCIIONB3YIOT
0COOEHHOCTH CTPYKTYpbl MaTpuilbl kKoJoB Puna-ColoMoHa M CHIIBHO COKpAIAIOT HEOOXOAUMYIO
BBIYHCIUTENHLHYIO MOIITHOCTG. JlenaeTcs 3To B JiBa JTara.

1. Onpenenenue MOJTMHOMA JIOKAITMH OITHOOK.

OT0 MOXeT ObITh cienaHo ¢ mnomollpio anroputma Berlekamp-Massey wnm anroputma

3BKJ'II/I,[[8.. AJ'IFOpI/ITM 3BKJ’II/III3 HCIIOJIB3YCTCA Yalll€ Ha MPAKTUKE, TaK KaK €ro JICrie pcain30BarTh,
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omHako ainroput™m Berlekamp-Massey mo3BosseT moiaydyuth Oojee 3()(HEKTUBHYIO pealn3anuio
000pyZ0BaHUS U IIPOTPaMM.

2. HaxoxxneHue KOpHEH 3TOro IOJMHOMA. DTO AEIACTCs C NPUBJICUYCHUEM AJITOPUTMa IOUCKA
Chien.

Haxoxxnenne 3HaueHU CHMBOJIBHBIX OIINOOK

31ech TaKXkKe HYKHO PEIIUTh CUCTEMY YpaBHEHMM ¢ tHeusBecTHbMM. JlId pelueHUs
ucnosib3yercs OplcTphlil anroput™ Forney.

Peanuzanus koguposiuyka u aexonaepa Puna-Conomona. AnnaparHas peaau3anus

CymiecTByeT HECKOJIBKO KOMMEpPYECKMX —amlapaTHbIX peanusauui. Mwmeercss MHOro
pa3pabOTaHHBIX HMHTErPaJIbHBIX CXEM, IPEJHA3HAYCHHBIX IS KOAUPOBAHHUS U JEKOJUPOBAHUS
konoB Puna-Cosmomona. Otu HMC nomyckaroT ONpPENENICHHBIM YpOBEHb IPOrpPaMMHPOBAHUS
(manpumep, RS (255, k), rne t Mmoxer npuHUMaTh 3HaYeHus oT 1 110 16).

IIporpammHas peanuzanus

Jlo HemaBHEro BpeMEHU IPOrpaMMHBIE peanu3alud B "peaJbHOM BpeMeHH' TpeOoBaiu
CIIMIIKOM OOJIbIION BBIYMCIMTEIBHON MOIIHOCTH NMpPaKTHUYECKH A BceX kojoB Puna-ComomoHa.
['maBHOI TpyAHOCTBIO B NpOrpaMMHON peanu3auuu kKoaoB Pupa-ConomoHa SBISJIOCH TO, YTO
IIPOLIECCOPBI OOIIEro Ha3HAUYEHHUS HE MOJIEPKUBAIOT apupMeTuuecKre onepanuu Juist nois ["amya.
OpHAako ONTUMAJIBHOE COCTaBICHUE IPOrpaMM B COYETAHMHM C BO3POCIIEH BBIYMCIUTEIBHON
MOIIHOCTBIO MO3BOJISIOT MOJTYYUTH BIIOJHE IIPUEMIIEMBIE PE3YJIbTAThI Il OTHOCUTEIBHO BBICOKHX
CKOpOCTEN Mepeiavn JaHHbIX.

HpaKTI/I'{eCKaﬂ YacTb UCCJIeA0BAHUA

Ha panHoM »sTame HeoO0XOAMMO peanu30BaTh M NPOAHAIM3UPOBATH OIMCAHHBIC BBIIIE
aNrOPUTMBI KOJMPOBAHUS Ha MPaKTHKE B MporpamMMmHoi cpeae Matlab 15. Heo6xoaumo moctpouts
COOTBETCTBYIOIIIME CXEMBI, KOTOpBbIe OyayT B ceOsl BKIIOYATh HMCTOYHHK COOOIICHUS, KOJep,
JeKoJep, KaHajl Tepelavyd, aHajJu3aTop OIMOOK M COOTBETCTBEHHO YCTPOWCTBA BH3YyalIHM3allNH
MOJTyYEHHBIX pe3ynbTaToB. Tak jke HeoOXOIUMO CPaBHUThH OUIMOKM MepeAayu ¢ JUHHUEH, KoTopas
He OyJeT HHUKaK NMpeoOpa3oBbIBaTh IepeaaBaeMyro0 MH(OpMAIMIO, a MPOCTO NepenaBaTh €€ Mo
KaHAIy CBS3M W TIPH YBEIMYECHUH BEpOATHOCTH ommOku B kKaHaie 1m0 0,3. Kompl, KoTOpbIe
MOJJIeXKaTh peanu3anuu 31o: koa Xosmmuara (7,4), kox BUX (15,7), u xonx Puma-Comomona
(255,223). Bcro 3amauy BwinonHuTh B cpene Matlab 15. TpeacraBute mponenaHHyio paboTy B
oTYere.

Jiis Hauasa HeoOX0IMMO 3aIlyCTUTh caMy Iporpammy. [Ipoucxoaut 3to cienyronmm oopa3om:
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|4\ MATLAB R20152

HOME

|:_"1:| Elzlmdrim &

L, New wariable |5 Analyze Code

E @ (G Preferences @ (% Community

Open Variable Run and Time Set Path Request Support
Script - - Data mmm@mﬂwmmv @mmrcmnsv Library -~ “llpamle.lv iAﬁH—Ons'
FILE | VARIABLE CODE ‘ SIMULINK ENVIRONMENT | RESOURCES
= 2= L » E » ProgramFiles » MATLAB » MATLAB Production Server » R2015a » bin »
Current Folder [GM Command Window
Mame ~ MNew to MATLABT? See resources for Getting Started.
m3iregistry | e
registry
util
winb4

deploytocl.bat
| ledata.xml

m

|| ledataxsd
|| ledata_utf8xml
matlab.exe
mbuild.bat

cc.bat
MemShieldStarter.bat
mexcbat

¥

Details

Workspace [C]

Name =« Value

«| Ready

Puc. 3.43. Oxno Matlab 15
Hanee HeoOxonaumo Haxath Ha Briaaky «Simulink Libraryy», kotopas Haxoaurcst Ha aHenu

MHCTPYMEHTOB B OTKpPbIBLIEMCS OKHE. OTKPOETCS CIEAYIOIIEE OKHO:

go 2imulink Library Browser I

Enter search term - }k), ﬁﬂ, = | = U
Simulink
4 -
| Commenly Used Blocks &
Continuous £ \U\ \P‘\.
Dashboard i
Discontinuities
Discrete Commanly Continuous  Discontinuities Discrete
Logic and Bit Operations Used Blocks
Lookup Tables
Math Cperations = = —
Model Verification 'I':' — y=flu) ; 2 ®@
Model-Wide Utilities ==
Ports & Subsystems
Signal Attributes Logic and Bit Lookup Math Maodel
Signal Routing Operations Tables Operations verification
Sinks
Sources |
User-Defined Functions Mise: &é P E‘
I Additional Math & Discrete Lo
[» Agrpspace Blockset
[> Communications System Toolbox Model-Wide Ports & Signal Signal
I Communications System Toolbox HOL Suppor Utilities Subsystems  Attributes Routing
[* Computer Vision System Toolbox
Control System Toolbox b ‘ﬁ\__
[> DSP System Toolbox =it
> DSP System Toolbox HOL Support it . 2
[> Embedded Coder
[» Fuzzy Logic Toolbox Sinks Sources User-Defined  Additional Math
[» HOL Coder Functions & Discrete
[> HOL Veerifier
Image Acquisition Toolbox -
I 11 3

Puc. 3.44. Oxno «Simulink Library»
Jlanee co3maeM HOBYIO MOJedb (BKJIaJKa Ha MaHETH HWHCTPYMEHTOB) M MPHUCTYMaeM K

pcaim3alil ONMMCAHHBIX BLIIIC aJITOPUTMOB.
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- Y~ ' - E B

File Edit View Display Diagram Simulation Analysic Code Tools Help

& - 8 Ee-=- A~ o @ - -
untitled

© |[Pajuntitled

OpEmEdE S

v @@

Ready 100%

oded5

Puc. 3.45. PaGouee mone

OkHO, TmpejacTaBIeHHOC Ha pHCYHKE 3.44, HEOOXOAMMO [UIsI TIOWCKa HEOOXOJIUMBIX

KOMITOHEHTOB JJIs1 peaiu3alliy TaHHON paboThl (KOJAEPHI, ACKOACPHI U T.1I.)

Peanuzyem kanan nepegauu Takoi jke KOJOBOM KoMOMHaIuu 6e3 npeoOpa3oBaHHiA.

onnnor i A N
Bemoulli P BaC Error Ra.te
Binary Err} ) Rxﬂalmlatmn
Bernoulli Bina
Genesta 1'3’ Hanan cerai_1 Eror Rate
) Calculaton_f

T
T

Kowbieeumm va excne | KouGumaws Ha exempe 1

i

-
b
!Q b

Ouweinan_1

Puc. 3.46. JIunus nepenauu 6e3 nmpeoOpa3oBaHui

B cocraB niuHum 6e3 npeoOpa3oBaH BXOIAT:

1. BernoulliBinaryGenerator

2. Binary Symmetric Channel (kananmnepenaun)

3. Error RateCalculation (ananu3aTopomuoox)

4. Display

XapaKTepI/ICTI/IKI/I OJIOKOB BBEICTABUTH CJICOAYIOIHUC:

155

Yacrora ownbor

Uucno ofxapyxekex owndox

Dﬁ-J.]EE KONWUECTED CUMECNCE N CPREHEHWK



Bernoulli Binary Generator

Generate a Bernoulli random binary number
To generate a vector output, specify the probability as a vector.

Farameters

Probability of a zero: 0.5
Initial seed: o1

Sample time: 1
Frame-based outputs

Samples per frame: 1784

Output data type: [boolean

Puc. 3.47. Bernoulli Binary Generator

Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Farameters

Error probability:

0.2

Initial seed:

71

Output error vector

Output data type: [boolean

Puc. 3.48. Binary Symmetric Channel

Error Rate Calculation (mask) (link)

Compute the error rate of the received data by comparing it to a
delayed version of the transmitted data. The block output is a three-
element vector consisting of the error rate, followed by the number
of errors detected and the total number of symbols compared. This
wector can be sent to either the workspace or an output port.

The delays are specified in number of samples, regardless of
whether the input is a scalar or a vector. The inputs to the 'Tx' and
'Rx' ports must be scalars or column vectors.

The 'Stop simulation' option stops the simulation upon detecting a
target number of errors or @ maximum number of symbols,
whichewver comes first.

FParameters

Receive delay:

o

Computation delay:

u}
Computation mode: [Entlre frame V]
Qutput data: [F’or‘t v]

Puc. 3.49. ErrorRateCalculation (ananu3aTopomm6ok)

Hpe[[CTaBI/IM MOJIYUYCHHBIC PC3YJIbTATHI:
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BXO,Z[HaSI IOCICa0BATCIbHOCTD:

| 1l l 1l 1l l 1l 1 1l o Hl g
1 1 0 1 1 0 0 a 0 1 1
o 1 o 1 a o 0 1 1 1 a
| 1l l l o 1l l o l o 1l g
1 1 0 0 1 0 1 1 0 0 1
o 1 o o a 1 1 a 1 1 1
| | 1l 1l o 1l 1l o 1l 1l Hl g
0 i 1 1 1 1 0 a 0 0 a
o 1 o 1 1 1 1 a 1 0 1
il 1l 1l l o 1l l 1 l 1l Hl g
1 1 1 1 i 0 1 a 0 0 a
1 a 1 o 1 o 1 1 1 1 1
| 1l l l 1l 1l l 1 1l 1l 1l g
0 i 0 0 i 0 0 1 1 0 a
1 1 1 o a 1 1 a 1 1 1
| 1l 1l 1l g | il il 1]l g g 1]
0 1 0 1 1 0 1 1 0 1 1
1 a o o 1 o 1 1 1 0 1
| | 1]
KowmGuHauwa Ha exoas 1
Puc. 3.50. BxoxaHas mocieq0oBaTeIbHOCTh
| il gl il | il dl | | gl | q
| il il gl | il gl gl | gl il 1
| | 1l 0 | gl i il | 1l il q
| il gl | | il dl il | gl il q
| | 1l q | 1l i 1 | q q 1
| | 1l il 0 gl i il | 1l il 1
| | gl | | il d| | | gl | 1
| 1| q 1 | 1l | q q q q q
| il gl I | | d| I o | I 1
Al | il il | il dl il | il il 1
| 1| 1l 1 | q i q q q q q
| gl gl dl o gl i I o | dl 1
| il gl il | il dl il | il il 1
| | | 0 0 | i | 0 1 0 1
| il | I o gl d| dl o | dl 1
| il il il | gl d| | | gl | 1
| | 1l 0 0 1l i il | gl il 1
| il gl gl | | dl gl | | gl 1
| il 1

HomBuHaLmA Ha esomae 1

Puc. 3.51. BeixoaHast mociie 1oBaTeEIbHOCTD

YacToTa cwwbok

Yucno obhapymeHHe owwiox

178 DEJ.]EE KONWUECTED CHMEDNOE ND CPAEHEHWHY

O 1

Puc. 3.52. Cyeryuk omnOKu
AHaIM3upys PHUCYHOK BBINIC, MOXXHO CJEJIaTh BBIBOJ, YTO KOMOHWHAITUS Ha BXOJIE
COBIAJIaeT ¢ KOMOWHAIMEW Ha BBIXOJE, TAaKUM 00pa3oMm, Ieperavya OCYIIeCTBHIACH yaadHo. UTo

KayaeTcst olMOoK, To ux yacrora pasHa 0,2029, yncino oOHapyKeHHBIX OoIIMOOK paBHO 362, ob1ee
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KOJINYECTBO CHUMBOJIOB TI0 CpaBHEHMIO paBHO 1784. B nanHOW cxeme OCyIIeCTBIseTCS Nepeaaya
unpopmanun 0Oe3 mnpeoOpasoBanuil. Eciau cpaBHHBAaTH 3TOT pe3yibTaT C pPeE3YyIbTaTOM C
KOJMPOBAaHUEM TIPU BEPOSATHOCTH OOk 0,2, TO OHU WACHTUYHEL. [Ipy yBeTHMUeHHH BEPOSATHOCTH

omu6Oku 10 0,3 B 1eKOAMPOBAHHON MOCIIEAOBATEIHLHOCTH OBUTH HANCHBI OIITHOKH.

2000
1800 /
1600
1400 /
1200
1000 /

800 /

600 /

)
400
200 /

0 0,2 0,4 0,6 0,8 1

BepoATHOCTb OWIMGKK

Konunyecrso owmnbokK

Puc. 3. 53. I'pauk 3aBucuMOCTH Yuciia OOHAPYKEHHBIX OIMIHOOK OT BEPOSATHOCTH OIMIMOKU

s koaa (255,223)

N
o

=
0o

pa

[
N B O

Konunuecrso owmnbokK
=
o

o N B O 0

0 0,2 0,4 0,6 0,8 1

BepoATHOCTb OWIMGKHU

Puc. 3.54. I'paduk 3aBHCHUMOCTH YnCIIa OOHAPYKEHHBIX OLIMOOK OT BEPOSITHOCTH OLIMOKU

st koxaa (7,3)

brinu PacCMOTPCHLL 0COOEHHOCTHU Koda PI/II[a-COJ'IOMOHa. HOCTpOI/IJ'II/I I‘pa(I)I/IKI/I 3aBUCHUMOCTH

qrciia OOHAPYKEHHBIX OMIMOOK OT BEPOATHOCTH OMMOKU Jist KOAoB (255,223) u (7,3).
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W3ydeHa cTpyKTypa Kojepa U IeKoaepa.

1. Kon Puna-Comomona — koj ¢ 8-OMTHBIMH CUMBOJIAMH M TIPOBEPKOM Ha 4€THOCTh. B ko€
(255,223) 223 Gaiita nHGOPMAIIMOHHBIX CUMBOJIOB, 32 0aliTa MPOBEPKH HA YETHOCTD.

2. O0bEeM BBIYUCIUTEIHHOW MOIIHOCTH, HEOOXOIUMOU sl KOJUPOBAHUS U JCKOJWPOBAHUS
ko10B Puna-ConoMoHa, 3aBUCHUT OT YHCJIa CHMBOJIOB YETHOCTH. bombiioe 3HaueHue t o3Havyaer, 4To
OOJIBIIIEE YHUCIIO OIMIMOOK MOKET OBITh HMCIIPABIEHO, HO 3TO MOTPeOyeT OONBIICH BHIYUCIUTEIBHON
MOIIHOCTH 10 CPAaBHEHUIO C BAPUAHTOM IPU MEHbIIEM {.

3. Kox RS(255,223) moxet ucnpaButh 10 16 ommbok B cuMBosiax. B xyamem ciydae, MOTyT
UMeTh MecTo 16 OuTOBBIX OmHMOOK B pa3HbIX CcUMBoNax (Oaiitax). B myumem ciydae,
KOPPEKTUPYIOTCS 16 TOJHOCTHIO HEBEPHBIX OaWT, TP 3TOM HcHpaBisieTcss 16 * 8§ = 128 OGUTOBBIX
OILINOOK.

4. B pesynbrate aHanu3a rpadukoB pucyHKoOB 2.19-2.20 MOXHO caenaTh BBIBOJ, YTO KO C
JUTMHHBIMH TTOCJIE0BATEIILHOCTAMHM UCTIPABIIAET OOJIbIIE OMIHUOOK.

B pazgene Hauano B3470 aHAIMTHKA BHIOOpA TEX WJIM HMHBIX MapaMeTpOB KOAOB, TaKUX Kak,
BBIOOP Pa3MEPHOCTH KOJIOB, BEPOSITHOCTh OMIMOKM B KaHane u T.A. CHayana ObUIM BBITIOJHEH
MIPEIBAPUTEIILHBIN aHAJIN3, TO3BOJIMBIINE BHIOPATh W O0OOCHOBATH CTPYKTYPHBIE CXEMBI KOJOB TIO
WCXOTHBIM JAaHHBIM TEXHUYICCKOTO 3a/IaHU.

[Tyrem npoBeneHUs KOMIBIOTEPHOM CUMYIISIIIMY, ObllIa IPOBEpEHa JOCTOBEPHOCTh pacyeToB. B
nporpamme Matlab 15 Obu1 coOpaHbI CXeMBI:

1) Kona Xsmmunra

2) Kopma BUX

3) Kona Puna-Conomona

C moMmomIpl0 KOMITBIOTEPHOW CHUMYIMSALMK Oblla JaHa OIeHKa OmHMOKaM Mpu mepenade
nH(pOpMaLIUU IO KaHATTY.

Takxke sI TO3HAKOMHJICS C PA3UYHBIM TPOTPAaMMHBIM O00ECIICUCHHUEM, JUISI TTOCTPOCHUS
Pa3IMYHOTO BUA CXEM.

[TonBenss UTOr CBOEro MHAMBHIYAIBLHOTO 3a/IaHHS, MOXKHO CKa3aTh CJENYIOIIEE, TO, 4YTO S
clenain, SBISETCS OCHOBOIOJATalONIMM JIeJIOM K JaJbHEHIMM, Oojiee TpPYIHBIM BeEIIaM.
NunuBuayanbHas pabota Oblla BechMa yBIIeKaTeldbHa M Toje3Ha. C IMOCTaBICHHBIMH IIEISIMU
CTIPaBUJICS YCTIETITHO.

Tabnuua 3.1. Pe3ynbrarsl

Bep-1b ommbku 0,2 Bep-1b ommdku 0,3
Kon Yacrora ommbok: 0,25 Yacrora ommbok: 0,4167
X3MMHHTA Yucno o6HapyKEHHBIX OLTHOOK: Yucno oOHApyKEHHBIX OIIHOOK: 5
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(7.4)

OO0111€€ KOJI-BO CUMBOJIOB I10

cpaBHEHHUIO: 12

OO011ee KOJI-BO CUMBOJIOB I10

cpaBHEHUIO: 12

Kox BUX Yacrora ommbok: 0,2143 Yacrora ommbok: 0,4286
(15,7) Yuciio oOHapyKEHHBIX OIMHUOOK: Ywuciio oOHapyKEHHBIX OLITHOOK: 6
3 Oo1u1ee K0JI-BO CUMBOJIOB T10
Oo1m1ee KoI-BO CUMBOJIOB T10 cpaBHEHHUIO: 14
cpaBHeHUIO: 14
Kon P-C Yacrora omunbdok: 0,2029 Yacrorta ommbdok: 0,31
(255,223) Yucio 0OHapyKEHHBIX OIIHOOK: Yucio 0OHapyKEHHBIX OIIHOOK:

362
OO0111€€ KOJI-BO CUMBOJIOB I10

cpaBHeHUIO: 1784

553
OO0111€€ KOJI-BO CUMBOJIOB 110

cpaBHeHuto: 1784

3.2. Huxmnueckue n3obiTounbie Koabl CRC (Cyclic redundancy check) [16]
Hukauvecknii u3obITouHblii koa (CRC). HaubGoiee wu3BeCTHBIMH W3 METOJIOB
oOHapyKeHHsI OIIMOOK Nepeaun JaHHbIX SBIIOTCS [1]:

e [locumeonbHblli KOHMPOAL YEéMHOCMU, HA3bIBAEMbIH TAK)KE IONEPEYHbIM, MOJpa3yMeBaeT
neperavyy ¢ KakJIplM OaliTOM JOIMOJIHUTENBHOrO OWTa, MPUHUMAIOLIET0 €JUHUYHOE 3HAuY€HUE I10
YETHOMY WJIM HEYETHOMY KOJMYECTBY €JUHUYHBIX OUT B KOHTposupyemMoM Oaifte. [TocuMBoOIBHBIN
KOHTPOJIb YETHOCTHU MPOCT KaK B MPOrPaMMHOM, TaK U B allapaTHOM peanusaluu, HO €ro Bpsa U
MO>KHO Ha3BaTh 3((HEKTUBHBIM METOJJOM OOHAPYKEHHUS OIMUOOK, TaK KaK UCKaKeHUe 0osiee 0THOTO
OMTa HUCXOAHOW TIOCIENOBATEIIBHOCTH PpE3KO CHIDKAET BEPOSATHOCTh OOHApYKEHHUS OLINOKU
nepeaayu. DTOT BUJ KOHTPOJI OOBIYHO peannu3yeTcs annapaTHO B YCTPOWCTBAX CBA3H.

e [loOnouHvlll KOHMPONL YEMHOCMU, HA3bIBAEMBIH MPOIOIbHBIM. CXemMa JaHHOTO KOHTPOJIS
MOJIpa3yMeBaeT, 4To JJsl UCTOUHUKA U NMPUEMHHMKA MH(OpMAIMK 3apaHee W3BECTHO, KaKOe YHCIIO
nepeaaBaeMbIX CUMBOJIOB OyJIeT pacCcMaTpUBATHCS UMHU KakK €IMHBIA OJIOK JaHHBIX. B 3T0i cxeme
KOHTPOJISL JJI KaXKJIO0W TO3UIMU Pa3psioB B CHMBOJIaX Oyioka (Tormepék 0JI0Ka) pacCUUTHIBAIOTCS
CBOM OWUTHI YETHOCTH, KOTOPBIE JOOABIAIOTCS B BUJE OOBIYHOTO CHMMBOJa B KoHIE Ojoka. Ilo
CPAaBHEHMIO C MOCHMBOJIbHBIM KOHTPOJIEM YETHOCTH, MOOJOYHBIA KOHTPOJIb YETHOCTH 00JaaaeT
OOJIBIIMMH BO3MOXHOCTSIMU 10 OOHAPYKEHHUIO U Ja’ke KOPPEKTUPOBKE OMIMOOK Mepeaayu, HO BCE
paBHO eMy He yaércsi OOHapYKUBATh OMpPe/IeIEHHBIE TUITBI OLUTHOOK.
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e BuiuucnieHue KOHMpONbHbIX cymMm. B oTianunMe OT MpenplAylidX METONIOB, IS MeToja
KOHTPOJIbHBIX CYMM HET 4YETKOro ompeneieHus anroputma. Kaxaplii pa3pabOTUMK TpaKTyeT
MOHATHE KOHTPOJIBHOM CyMMBI MO-cBoeMy. B mpocreiilieM BuJe KOHTpOJbHAs CyMMa — 3TO
apudmernyeckas cymma JBOMYHBIX 3HAUYEHUI KOHTpoIHpyeMoro 0joka cumMBosioB. Ho 3TOT MeTon
o0aziaeT MPakTHYECKH TEMHU K€ HEJOCTaTKaMH, YTO M NPEAbIAYIINE, CaMbIi TTIaBHBIH U3 KOTOPBIX
— HEYYBCTBUTEIHHOCTh KOHTPOJBHOM CyMMbI K UYETHOMY YHCIY OIIMOOK B OJHOH KOJIOHKE WU
caMoMy TOPSIZIKY CJIEIOBAaHHsI CHMBOJIOB B OJIOKE.

o  Koumponv yurkiuvecku uzbvimounvim kooom — CRC. Dto ropa3go Ooiiee MOIIHBIN U
HIMPOKO HMCIIOJIb3yEeMbI MeToa 0OHapy)eHHUs ommnbok nepenaun uadopmanuu. OH obecrieunBaeT
oOHapyxeHHe OMIMOOK C BBICOKOW BEpOSTHOCTHIO. Kpome Toro, 3ToT metoj oOnanaer psjioMm
JPYTUX MOJIE3HBIX MOMEHTOB, KOTOPBIE MOTYT HATH CBOE BOILJIOUICHNE B MPAKTHUECKUX 3aadax.

[uknuueckuit m30biTounsiii kox (ammn. Cyclic redundancy code, CRC) — amropurm
BBIUHCIICHHS] KOHTPOJIBHON CYMMBI, IIPEIHAa3HAUCHHBIN /7151 IPOBEPKU IIEIOCTHOCTH MEpeIaBaeMbIX
nanHbX. Anroputm CRC oOHapy»uBaeT Bce OJJMHOYHBIC OIMUOKHU, IBOMHBIC OIIHMOKH U OIIMOKH B
Hed€THOM ymcie OuT. [IoHATHE NUKIMYECKUX KOJOB JOCTATOYHO MIMPOKOE, OJHAKO Ha IPAKTHUKE
ero OOBIYHO HCHOJB3YIOT JUII OOO3HAYEHHs TOJBKO OJHOW Pa3HOBHUIAHOCTH, HCIOJIB3YIOMIEH
UKIUYECKHI KOHTPOJIb (IPOBEPKY) U30BITOYHOCTH.

['maBHas ocobenHocTs 3HaueHuss CRC cocTouT B TOM, 4TO OHO OJHO3HAYHO HACHTU(DUIIUPYET
HCXO/IHYI0O OMTOBYIO IOCIJIEOBAaTEILHOCT U MOATOMY HCIOJB3YETCS B PA3JIUYHBIX NMPOTOKOIAX
CBSI3W, a TaKkKe Ui TPOBEPKH IIEIOCTHOCTH OJIOKOB JAaHHBIX, MEPEAaBAEMBIX pa3TMYHBIMHU
ycrpoiicTBamu. bmarogapsi oTHocuTenbHOW mpoctore anroput™m BeramcieHuss CRC  wgacro
peanu3yercs Ha anmnapaTHOM YpOBHE.

[Ipy mepenaue mHakeTOB IO CETEBOMY KaHaJly MOIYT BO3HMKHYTh MCKaXXEHHMsI HMCXOJHOMN
WHGOpPMAIMK BCJIEICTBUE PA3HBIX BHENIHWX BO3JCHCTBHMA: DJIEKTPUYECKUX HABOJOK, IUIOXHX
MOTOHBIX YCIOBHH M MHOTHX JApyrux. CyImHOCTP METOJAMKH B TOM, YTO IIPH XOPOIIMX
XapaKTepUCTHKAX KOHTPOJILHOM CyMMBI B IMOJIABJISIOIIEM YHUCIIE CIydyaeB OHIMOKa B COOOIIEHUHU
NpUBEAET K M3MEHEHHUIO €ro KOHTPOJBbHOM cyMMmbl. Eciau McxoJHas M BBIYMCIEHHAs CyMMBbI He
paBHBI MEXIy COOOW, MPUHUMAETCS PEHICHHE O HEIOCTOBEPHOCTH MPHUHSTHIX JaHHBIX, ¥ MOYKHO
3aIpOCUTh MOBTOPHYIO MEepeauy makera.

OcnoBHas unes anroputma CRC cocTouT B npencTaBieHHH COOOILIECHHS B BUAE OTPOMHOIO
JBOUYHOTO YHUCIIA, JEJIEHUH €ro Ha JApyroe (UKCUPOBAHHOE JIBOMYHOE YHCIO M HCIOJIH30BAHUU
OCTaTKa 3TOro JieJeHHs] B KadecTBe KOHTPOJbHOW cymmbl [2]. [TomyuuB cooOmieHue, mpuEMHHUK
MOJKET BBIMTOJHUTH AHAJOTHYHOE NEHCTBHE M CPaBHHUTH TOJYYEHHBIH OCTATOK C «KOHTPOJLHOU

CyMMOID.
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Ha pucynkax 2.1-2.2 wu3o0paxeHo Tpaduveckoe TMPEACTaBICHUE KOJWPOBAHUS U

nexoaupoBanust CRC-kona [3]:

] :} ] Tronsmitted cod eword
N
0 First half of messoge word 0
Message word 1 0
T L0 1
0 I 0
0 ‘ ]
: ] First checksum ]
0 L0 0
] o ]
1 ! 1
1 ! 1
0 ] Second half of message ward 0
0 0 0
- = I “ j ]
I 0
‘ 0
(] } Second checksum L~
L 0

Puc. 3.55. Tlpuniun pa6otsr konepa CRC

Received codeword [ 1] (17

ok 0 0

J 0 First holf of messoge word 0

D ] I ‘

1 0 " 0

] 1 First checksum i !

1 0 I5 NoNZErD i 1

D ] ‘

1 T 0

1 -1 L0

1 ! First ouwtput

:. 1 Second half of message word

D ]

| : | [o]

0 ! Second checksum 0 0
LD 0 EIED | Second output

| 0]

Puc. 3.56. Ilpunuun pa6ots! gexogepa CRC
Crenenpto CRC-monmunoma W Ha3bIBalOT MO3UIIMIO CAMOTO CTapIIero €IMHUYHOTO OuTa.
Hamnpuwmep, crenens nommuaoma 10011, paBHa 4.
st Beramcnenuss CRC ucnonb3yioT MOJMHOMHAIBHYIO apu(MeTHKy. BMecTo mpencraBieHus
JEHUTENS, JETUMOro (COOOIIEeHHS ), YaCTHOTO U OCTAaTKa B BHJIC ITOJOKUTEIbHBIX IEIbIX YHUCEN,
MOKHO TPEJICTaBUTh MX B BHJIE MOJMHOMOB C IBOMYHBIMU KOI(PPUIIMECHTAMU WU B BUIE CTPOKHU

OUT, KOXKABIA U3 KOTOPBIX SIBIIsIETCS KOA((PUIIMEHTOM MOJIMHOMA.
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Hanpumep, necsatuynoe umcino 23 B 16-puuHoi M 2-M4HOM cucTeMax OyJdeT HUMETh BHJ
2310=1716=10111,, uyTO coOBmamaer ¢ MOJIMHOMOM: 1- X +0-x3+1-x2 +1-x +1- X% s

yrpoménHo: X" + X%+ xt +1.

U coobiienue, U JeUTeNh MOTYT OBITh TIPEJCTABICHBI B BUJIE MTOJIMHOMOB, C KOTOPBIMU MOKHO
BBITIOJTHATH JIFOOBIC aprudMeTHIECKHE eHCTBHsI 0€3 TIEPEHOCOB.

Kak mpaBwmiio, KOHTpOJIbHAs cymMMa J0OaBJISETCS K MCXOJHOMY COOOIICHHIO M TOJYYCHHOE
pacIIMpeHHoe COoOIIeHNE TIepenaéTcs yepe3 KaHal CBSI3H.

Ha npyrom koHie kaHasa NMpUEMHUK MOXKET CAENaTh OAHO M3 BO3MOXKHBIX ACUCTBHUH (00a
BapHaHTa COBEPIICHHO PABHOIPABHBI):

1. BbaenuTh TEKCT MOIYYEHHOTO COOOIICHHMSI, BBIYUCIUTD JIJISI HErO KOHTPOJBHYIO CYMMY U
CpPaBHUTH €€ C IEPEJAHHOM.

2. BBIYHCITUTL KOHTPOJBHYIO CyMMY JUISI BCETO TEPEJaHHOTO COOONICHHS, W ITOCMOTPETH,
MIOJTYYUTCS JIK B PE3yJIbTaTe HYJICBOH OCTATOK.

[TockonbKy HCXOIHOE COOOIICHHE MOKET ObITh OYeHb OOJBIIMM (10 HECKOIBKUX MOaNTOB) U
Tak ke u3-3a toro, 4yro ans nonydenus CRC ucnonezyercs CRC-apudmernka, ucmnonb3oBath

OOBIYHYIO KOMITBIOTEPHYIO OIIEPAIUIO ICTCHUS HEIIb34I.

CRC Kanan CRC- Hexonup
— burer [ CRC-xomep [ II — ] S T
Tep epenaTunk R [Tpuémunk JEKOZIEP OBaHHbIE
| OUTEI
Oumnoku

Puc. 3.57. OGoOmmeHHas cTpykTypHas cxema uccienoBanus CRC xonos

Camprii monymsipuslii u pekomenayembii IEEE mommaom mnst CRC-32 wucnonb3yercs B
Ethernet, FDDI; Take 3TOT MHOTOUJIEH SBJIsETCS TeHepaTopoM koja XeMMmuHra. Vcnosiabs3zoBaHue
apyroro noiauHoma — CRC-32C — mo3BonseT 10CTHYb TakoW ke MPOU3BOIUTEIBHOCTH HpU
JUTMHE HWCXOMHOTrOo cooOmenust or 58 out gm0 131 kOuT, a B HEKOTOPHIX WAIa30HAX JJIMHBI
BXOJIHOTO COOOIIEHUSI MOXET OBbITh JlaXKe BbIIIE — MOITOMY B HAIlM JHHM OH TOXE IOJIb3yeTCs
nonynsipHocteio. K mpumepy, cranaapt ITU-T wucnonssyer CRC-32C c nenpto oOHapyX eHHUs
olIMOOK B MOJIE3HOM Harpyske.

Huxe B Tabnuie nepedncieHbl Haubosee pacnpoCTpaHEHHbIE MHOTOYIEHBl — TE€HEPaTOpPhI

CRC [4]:
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Ta6mmma 3.2. Pacnpoctpanénnsie moauHomsl CRC xonoB

Ha3zBpanue IMoaunOM

CRC-1 X+1 (ucmonp3yeTcs B anmapaTHOM KOHTPOJIE OIIMOOK, TAaKXKe U3BECTEH
KaK OUT YETHOCTH)

CRC-4-ITU X +x+1

CRC-5-ITU XX+

CRC-5-USB X+X+1

CRC-6-ITU Xo+x+1

CRC-7 X" +x*+1 (cucremsl Tenexommynukamun, ITU-T G.707, ITU-T G.832,
MMC, SD)

CRC-8 X2+ x" +xC+ XM+

CRC-16-1BM x*+x+x?+1 (Bisync, Modbus, USB, ANSI X3.28)

CRC-16-CCITT X' ®+x“+x°+1 (X.25, HDLC, XMODEM, Bluetooth, SD)

CRC-30 XU H P+ x4 P 3+ X+ X%+ X+ x+1 (CDMA)
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IIporpamMHasi peaju3anus BUPTyaJbHbIX MoJie/Iell KOTUPOBaHUS

Onucanne pean3aluy MUKJINIECKOro n3obiTounoro koaa (CRC)

BupryanpHas Mozenp nepeaadn TaHHBIX ¢ OOHapyX)eHueM omuook mpu nmomorau CRC-

Koaa Obuia peanu3oBaHa B cpeae Simulink Matlab. Mogens nemonctpupyer pabory CRC-

KoJiepa M JCKOJepa, MO3BOJSIET HMCCIEAOBATh OOHAPYKUBAIOIIYIO CIIOCOOHOCTh KOJa ISt

Pa3HbIX I'CHCPATOPHBIX ITOJIMHOMOB.

Ha pucynke 3.58 npuBenena pazpaboTaHHast MOJIEIIb:

oo
Bernoulli e
Binary

=

[exepamop
NCES ADCyMa ko
NOCNEACEATENEHOCTH

Eydep

Genessl

CRC

mip

Tx Ermor Rate

Rx[‘.slmlsti:m

BuumcuTens owWiok

473

YacToTs ownioK

Ycno of Hapys eHsn oW WEoK

(Ol &= KONUUBCTED CHMECNDE

Kenwsecrs o owwior oy =

¥ BRFSK

Generator

CRC-koaep

BPSK-wogymmop

|

= q WAL General CRC
AWGN | BFSK | Syndrome
Detector En
Kanan ceman BFSK-mewomynrrop  CRC-Askaep

=

)

—¥

Cynmarop

T

Cynanaa cwwbor

Puc. 3.58. Paspaborannas mozens uccienoBanus CRC-komoB

& Gnoxax

B €€ 0CHOBY MOJIOKEHBI CIICIYIONIIE IIEMEHTBI, BCTpOCHHBIE B Onbimoreky Simulink:

Bernoulli Binary Generator;

General CRC Generator;
BPSK Modulator Baseband:;

AWGN Channel;

BPSK Demodulator Baseband;

General CRC Syndrome Detector;

Error Rate Calculation;

Buffer:
Add;

Display (ducmueit, orpaskaroriuii OmmoKH).
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Jlanee mpeCTaBICHO OMMCAHUE OCHOBHBIX OJIOKOB:
Bernoulli Binary Generator (reaeparop 1ceBaocay4aiHOM MOCIe0BaTeIbHOCTH) — TEHEPUPYET
CITy4aiiHy0 OMHAPHYIO MMOCIIEA0BATEILHOCTE (pHCYHOK 3.59).
Source Block Parameters: Bernoulli Binary Generator

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Parameters
Probability of a zero: |0.5
Initial seed: 15

Sample time: |0.1
Frame-based outputs

Samples per frame: | 128

QOutput data type: boolean -

Cancel Help Apply

Puc. 3.59. Ilapamerps! 6moka «Bernoulli Binary Generator»

«Probability of a zero» - BeposATHOCTb TOSABICHUS HYJIS;
«Initial seed» - HayambHOE 3HAYEHUE JJIs1 TCHEPAIUH;
«Sample time» - JUINTENBHOCTD COMILIA,
«Samples per frame» - pazmep Ppeiima.
General CRC Generator (CRC-konep) — HMKIMYECKHiA U30bITOUHBII Kozep (pucyHok 3.3).
«Generator polynomial» - reHepaTOpHBIi TOJIMHOM, MOXET OBITh 3a/1aH B 3 opmax:
1) B 00b14HOI# 3ammcy, HanpuMmep: X3 + X2 + X + 1.
2) B BUJE MATPHUIBI-CTPOKH C YKa3aHMEM CTeNeHel ¢ HeHyJIeBbIMH Kod(hduLreHTamH,
Hanpumep: [4 1 0] =x" +Xx + 1.

3) B BuJle MaTPUIBI-CTPOKH C YKa3aHUEM HYJIEBBIX U HEHYJEBBIX KOA(P(PHUINEHTOB, HAIIPUMED:
[11011]=xM+x"3+x+ 1.
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Function Block Parameters: General CRC Generator
General CRC Generator (mask) (link) M

Generate CRC bits according to the generator polynomial
parameter and append them to the input data frames. Specify the
generator polynomial as a binary vector or a descending ordered
polynomial to indicate the connection points.

This block accepts a binary column vector input signal.

Farameters
Generator polynomial:
[410]
Initial states:
0
[] Direct method
[ | Reflect input bytes
[ | Reflect checksums before final XOR
Final XOR:
]

Checksums per frame:

16

Cancel Help Apply

Puc. 3.60. ITapamerps! 010ka «General CRC Generator»

«Initial states» - HauanbHOE COCTOSIHUE CIBUTOBBIX PETHCTPOB.

«Direct method» - Bkmrouenuwe mpsimoro merona Beramcienuss CRC, wHave paboraer Mo
TaOJIMYHOMY METOMY.

«Reflect input bytesy - nHBepTHPOBATH BXOAHOM MOTOK.

«Reflect checksums before final XOR» - wuuBepTHpOBaTH KOHTPOJBHBIE CYMMBI IEPE.
KoHeuHoH omneparueit XOR.

«Final XOR» - Bemonuuts onepanuto XOR B KOHIIE KOTUPOBAHUSL.

«Checksums per frame» - KoTM4ecTBO KOHTPOJIBHBIX CYyMM BO (ppeiime.

BPSK Modulator Baseband — BPSK momyssitop.

BPSK Demodulator Baseband — BPSK nemomysnstop.

AWGN Channel (Kanan cBsizu) — mo0aBisieT «Oelblii» rayCCOBCKHIA IIIYM B KaHaje (PUCYHOK
3.61).

«SNR» - 3ama€t oTHOIEHNE CUTHAI/ITYM B KaHAJIE.
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AWGHN Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based) -
Initial seed:

67

Mode: Signal to noise ratio (SNR) -

SNR (dB):
1

Input signal power, referenced to 1 ohm (watts):

1

Cancel Help Apply

Puc. 3.61. ITapamerps! 610ka «KAWGN»

General CRC Syndrome Detector - muknudeckuii n30bITOUHBINA jaekomaep. Bce mapameTpsi
JICKOJIepa 3a/1al0TCs aHaoruuHo napamerpam oiioka «General CRC Generatory (pucyHok 3.3).

Error Rate Calculation — BerumcauTens OMKMOOK MEKAY MEPEAAHHONW H  MPHHITOM
MOCIIEI0BATEIHHOCTHIO.

Buffer — 6ydep. [lepeBoaut nocienoBareabHOCTh OUT B OJIMH OJIOK.

Add (cymmarop) — cymmupyet omnbku ot CRC-nexonepa.

Display - mucrieii, oTpaskaromui OmmoKy.

Pe3yabTaThl MO/IEIMPOBAHUS

HccnenoBanue NMKJINYECKOro H30BITOYHOI0 KOAA

Mooenv yuxnuueckoeo uzbblmoyHo2o Kooa (crc), pazpabomanHas NpeoCmAasieHHdAs. Ha

pucynke 3.58, noszsonsiem ucciedosamv ob6Hapyscusarowyro cnocoonocms CRC  xodos ¢
PA3TUYHBIMU NOTUHOMAMU.

3anaéM OJMHAKOBBINM reHepaTopHbIil moauHoM B 610ku CRC-konep u CRC-aexozep (pucyHok
3.62):
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x
General CRC Generator (mask) (link) -~

Generate CRC bits according to the generator polynomial
parameter and append them to the input data frames. Specify the
generator polynomial as a binary vector or a descending ordered
polynomial to indicate the connection points.

This block accepts a binary column wvector input signal.
Farameters

Generator polynomial:

|6 1 0] |

Initial states:
0 |

[] pDirect method

[] rReflect input bytes

[] Reflect checksums before final XOR
Final XOR:

0 |

Checksums per frame:

(32| |

| OK || Cancel || Help | Apply

Puc. 3.62. Tlapametpsr 61oka CRC-komep
OO0mee 4ynciI0 mepenaBaeMbIXx CUMBOJIOB cocTaBisieT 8192. KomndecTBO KOHTPOJIBHBIX CyMM
u3MeHsiercs ot 2 1o 8192, ¢ yBenmuueHUeM KaxJ0ro Mpelblayllero 3HaueHus B 2 pasa (2, 4, 8§,
16...8192).
3nagenne SNR B Onoke «Kaman cBssu» ycranoeneno B 1 ab. Takum obpa3zom, OutoBas
BeposTHOCTh ommbOku (BER) cocraBut 0,05786.
Ha pucynke 4.2 npencraBieH rpaguk 3aBUCUMOCTH 4HciIa OOHAapY)KEHHBIX OMIMOOK OT yHucia

KOHTPOJIBHBIX CYMM IS PA3JIMYHBIX ITOJIMHOMOB CRC'KOI[a.
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> 200
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a, 100
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O 50
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E 0

5 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192

YHUCJIO KOHTPOJIBHBIX CYMM

——CRC-1 ——-CRC-4-ITU —&—CRC-5-USB
=>¢=CRC-6-ITU —#—=CRC-8 =0—CRC-16-I1BM
—+—CRC-30

Puc. 3.63. I'paduk 3aBHCUMOCTH YnCiIa OOHAPY>KEHHBIX OIIMOOK OT YMCIIa KOHTPOJIBHBIX CYMM

TS pa3aungHbIX mosuHOMOB CRC-koma
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B nmanHOM pa3zmene mpoBENEHO HCCIECIOBAHUE MOJCIU ITMKIMYECKOTO H30BITOYHOTO KOJa
(CRC).

Mogens mo3Bosisier uccienoBath CRC-kombl ¢ BO3MOXXHOCTBIO — 33JIaHUSl  JIFOOOTO
TeHEPATOPHOTO MOJIMHOMA M U3MEHEHHUU KOJIMYECTBA KOHTPOJIBLHBIX CYMM BO (peiiMe.

[TonydeHsl ciaenyromue pe3yabTaThl U CIEIaHbI CIETyIOIIUE BHIBOIBL:

1) 4em BBIIIE CTETIEHB TIOJMHOMA, TEM JIY4IIe ero 00HApyKUBAIOIIAsk CIIOCOOHOCTH;

2) [ns KaKIO0TO TOJIMHOMA €CTh TaKOE YHCIO KOHTPOJBHBIX CYyMM B OJIOKE, IIPU KOTOPOM €ro
oOHapyKHUBAIOMIAsi CIIOCOOHOCTh MaKCHUMaJIbHA, MPUYEM y BCEX TIOJTMHOMOB 3TH TOYKH Pa3IHYHBI.

Opnnako, mpu BbiOope momuHoma CRC-xoma Takxke HEOOXOAMMO YUYUTBHIBaTH M APYTUE
(bakTophI:

1) yBenMueHHE CTETICHU MMOJIMHOMA TIPUBOJIUT K YCIIOKHEHHIO PealIM3allii KoJiepa u JeKOJIepa;

2) 4eM BBIIIE YAaCTOTa BEIYUCICHUS KOHTPOJIBHBIX CYMM, T.€. YeM OOJIbIIIe KOHTPOJIBHBIX CYyMM
no0aBisieTcs B OJIOK JaHHBIX, TEM MEHBIIIE TTPOITYCKHAs CIIOCOOHOCTh KaHaIa;

3) CRC-kompl HCHONB3YIOT Ui OOHAPYXKEHHUS OMIMOOK, YTO O3HAYaeT HaAJUYME KaHaia
nepecrpoca. [Ipu BwiGOope Mexay komom CRC/kananom mnepecnmpoca W MOMEXOYCTONYHMBBIM
KOJMPOBAaHUEM, HEOOXOJUMO YUYUTBHIBATH XApPAaKTEPUCTHKH KaHana cBsi3u. [Ipu Oosbmiom dwmcie
OIMOOK IepeIaya TaHHBIX OYeT HEBO3MOXKHA.

4) BpIOOp mOJIMHOMA 3aBUCUT OT pa3Mepa MepeaaBacMoro 0JI0Ka JaHHBIX, YeM OoJibIie OJ0K —
TEM BBIIIE CTETIEHb MTOJIMHOMa HEOOX0AUMO MoA0upaTh. TakuM 00pazoM, CyIIeCTBYET OTpaHUUYCHHE
Ha pa3Mmep OJoKa JaHHBIX, HHa4Ye B JIIOOOM OJIOKE Ha MPUEMHOM KOHIIE OyAeT oOHapyKUBaThCs

omrmoka.

3.3. CBepTouHbIe KO/bI. /lekoqUpOBaHNe CBEPTOYHBIX KO/10B
CoBpemeHHass Teopusi KOJOB JIOCTAaTOYHO pa3BUTa U COACPKHUT  JETAIbHYIO
Kkiaccudukanuio. Bece npuMeHsiemble KOJIbl MOXHO pa3OuTh Ha JABE OOJbIINE FPYHIb: OJIOKOBbIE, B
KOTOpBIX KOJUPOBAaHUE M ACKOIMPOBAHUE ITPOU3ZBOJUTCS B IIpeleiax OMNPEIECIIEHHOTO y4yacTKa
KOJIOBOM TOCJIEJOBAaTEIbHOCTU- 0OJI0Ka, M JpPEeBOBHUIHBIE, B KOTOPHIX 00pabOTKa CHMBOJIOB
MIPOM3BOJIUTCS HENpepbIBHO, 0e3 paszaeneHuss Ha Oyoku. YacThb KOJIOB OTHOCHUTCS K paspsay
JUHEHHBIX, B KOTOPHIX KOJOBBIE IMOCIIEJOBATEIbHOCTH MPEICTABICHbl KaK AJIEMEHThI JTUHEHHOIro
BEKTOPHOI'O MpOCTpaHCTBa. MOXXHO NPUMEHHTHh TaKkKe pa30ueHHe Ha KOJbl, HCIPaBIISIONINE
HE3aBUCHMBbIE CTy4aiiHble OLIMOKH, ¥ KOJIbI, UCIIPABIISAIOIINE MTaKETHbBIE OIIHOKH.
B otnuuune ot 0710KOBBIX, CBEPTOUHBIE KOJIbI 00a/1aI0T CIASAYIOIUMH MPEUMYILECTBAMMU:
- CBEPTOYHBIE KOJbl IO3BOJSIOT MPOU3BOAUTH KOJIUPOBAHHWE M JEKOJUPOBAHUE IOTOKOB
JAHHBIX HETIPEPHIBHO BO BPEMEHU;

- CBCPTOYHBIC KOJBI HC HYXKIAOTCA B 0JIOKOBOI CUHXPOHU3AIINHU;
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- TIPUMEHEHHE CBEPTOUYHBIX KOJOB II03BOJISIET JOCTUYb OUYEHb BBICOKOM HAJECKHOCTH
nepeaaBaeMoi nHpOpMalLHH.

CBepTouHBIE KOABI HCHOJB3YIOTCA IIPM HHU3KOM OTHOLICHMHM CHUTHAaI-IIyM, KOrJa
UCIIPABISIONIEH CIOCOOHOCTH OJIOKOBBIX KOJIOB IIPH pa3yMHOW [JIMHE OJIOKa OKa3bIBACTCS
HEZO0CTaTOYHO.

CBeprouHOE  KOAMpOBaHUE, yJOOHEe BCEro OMNMCHIBaTh, XapakTepusys JeicTBHe
COOTBETCTBYIOLLIETO KOAMPYIOLIEro ycTpoicTBa. Ceepmounviti Kooep TpPENCTaBISET CcOOOH
YCTPOHCTBO BOCIPUHHUMAIONIEE 3a KaXIbli TakT paboThl B OO0IIEM ciydae K BXOJHBIX
MH(GOPMAIMOHHBIX CHMBOJIOB M BBIJAIOIIEE HA BBIXOJ 32 TOT K€ TAKT N BBIXOJIHBIX CHMBOJIOB,
MOAJISKAIUX IIepeaye 10 KaHany cBA3M. [lapameTpom CBEPTOYHOIO KOAA, XapaKTEPU3YIOIIUM €ro
HOMEXO0YCTOMYUBOCTb, SIBISICTCS MUHUMAIIbHOE CBOOOIHOE paccTosiHue — O, OmpeiensieMoe Kak
MUHUMAaJIbHOE PAaCCTOSIHUE MO XAMMUHIY MEX]y IOCIIEJ0BATEIbHOCTAMU CBEPTOYHOIO KOJa Ha
JUIMHE KOJIOBBIX OrpaHMYEeHHUH 1O BbIXoay. KomoBoe orpaHumdyeHue 1o BBIXOAY — 3TO YHCIIO
CUMBOJIOB Ha BBIXOZE KoJepa, B (OPMHPOBAHUU KOTOPBIX Yy4YacTBYeT OJUH BXOJHOH OMT.
D¢ (heKTUBHOCTH CBEPTOYHOIO KOJa OIpPENeIsieTCss B OCHOBHOM TeM, KAKMM 00pa3oM COeIMHEHbI
CYMMAaTOphbI C sYeiiKaMu PErucTpa CABUTA.

OtHomenne R = k/N Ha3bpIBalOT OTHOCHTENBHOW CKOPOCTHEO KOJa. BBIXOIHBIC CHMBOIIBI,
co3JaBacMble KOJEPOM Ha JaHHOM TakKTe, 3aBUCAT OT K HH(OPMALMOHHBIX CHMBOJIOB,
NOCTYNMUBUIMX Ha 3TOM M MpeAbAylIeM TakTaxX. Takum oOpa3oM, BBIXOJHBIE CHMBOJIBI
CBEPTOYHOI'O KOJIepa OJIHO3HAYHO OMNPEJENSIIOTCS €ro BXOJHBIM CHUTHAJIOM U COCTOSIHUEM,
3aBUCSIIMM OT m-K mpeapaymx nHGOPMaMOHHBIX CHMBOJIOB.

OCHOBHBIMHM 3JIEMEHTaMU CBEPTOYHOIO KOJEpa SIBISAIOTCSA: PETMCTP CABUIA, CyMMAaTOpPBI II0
MOJZYJIIO 2 1 KOMMYTaTOp.

Pecucmp cosuea siBnsieTcss JMHAMMUYECKUM 3allOMUHAIOIIMM yCTPOWCTBOM (pUCYHOK 3.55), B
KOTOPOM XpaHsTCs IBOMYHbIE CUMBOJIBI 0 min 1. Yucno TpurrepHsix siueek M B perucTpe caBura u
orpeiesigeT MaMATh KoJa. B MOMEHT mocTymieHus Ha BXOJl perucTpa HOBOro MH(GOPMAIMOHHOTO
CUMBOJIa CHMBOJI, XpaHSALIUICA B KpallHEM IIpaBOM pa3psle, BBIBOAUTCA W3 pErucTpa H
cOpachiBaeTcs. Kaxnplil M3 OCTaNbHBIX, XpaHALIMXCS B PErHCTPE CHUMBOJIOB IepeMeliaercs Ha
OJIMH pa3psi] BIPaBO, OCBOOOKIask TEM caMbIM KpalHWI JIEBBIN pa3psl, Ky/Ja U IMOCTYNaeT HOBbII

MH(OPMAaLIMOHHBIN CUMBOJL. [6]

ST O N T I N R

6) Bxﬂ.l 1 |_| 5 I I 3 I I -Bmxu,q

Puc. 3.64. Peructp casura
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Hcnonb3yloTcss 1Ba Ppa3iIMYHBIX M300paXEHUS PETUCTPOB CIBUTA: C COCTHIKOBAHHBIMU
BIIPUTHIK siuelikamu (pUCYHOK 3.64, a) U C HEMOCPEICTBEHHBIMHU IOCIEAOBATEIbHBIMU CBS3IMU
Mexay sderikamu (pucyHok 3.64, 6), 4yTO JaeT BO3MOXKHOCTh Ha CXEMax BCTPauWBaTh MEXKIY
COOTBETCTBYIOLIMMHU STUEHKaMH J100aBOYHBIE 3JIEMEHTHI (CXEMbI CYMMUPOBAHHUS 110 MOIYJIO 2).

Cymmamop no mooynto 2 OCyIIECTBIISIET CIIOKEHHE MOCTYMAOUINX Ha €ro BXOAbI CHMBOJIOB 0 1
1. IlpaBuio ciokeHHs O MOIYJIO 2 Clenyrollee: cyMMa JBOMYHBIX CUMBOJIOB paBHa 0, eciu
YUCJIO €IMHMI] CPEAM MOCTYIMAIIIMX Ha BXOAbl CUMBOJIOB YETHO, M paBHa 1, €ciii 3TO YUCIIO
HEYETHO.

Kommymamop ocyiiecTBiseT NOCIeA0BaTENbHOE CUUTHIBAHUE MOCTYNAIOLIUX HA €r0 BXObI
(KOHTaKTbl) CUMBOJIOB U YCTaHABIMBAET HA BBIXOJIE OYEPEAHOCTh MOCHUIKH KOJIOBBIX CHMBOJIOB B
KaHaJl CBSI3U.

[To anamoruu c OJIOKOBBIMH KOJIAaMH, CBEPTOYHBIE KOJbl MOXHO KiaccH(UIIMpOBaTh Ha
cucmemamuyeckue 1 HecucmemamudecKkue.

Cucmemamuyeckum CBEPTOUHBIM KOJOM SIBJIIETCSI TAKOW KOJ, I KOTOPOTO B BBIXOAHOU
MOCIIEOBATEILHOCTH KOJOBBIX CHMBOJIOB COAEPXKHUTCS 0€3 UW3MEHEHHUs TMOpOJUBIIas ee
[IOCJIEZI0BATENBHOCTh MH(POPMALMOHHBIX CHUMBOJIOB. B INpOTHBHOM cilydyae CBEpTOYHBIH KOJ
SBJIIETCS. HECUCTEMAaTUYECKUM.

CBEpTOUHBI KO  cO3MaéTCsl  MPOXOXKACHUEM  TepelaBacMoil  MH(OpPMaIMOHHOM
IIOCJIEI0BATEIBHOCTH Y€pe3 JMHEWHBIN CIBUIOBBIM PETUCTP ¢ KOHEYHBIM YHUCIOM COCTOSHUN. B
o0mem, peructp caura coctoutT u3 M (M-OUTOBBIX) sY€EK M JMHEHHOTO mpeoOpa3oBaTers,
COCTOAIIET0 W3 N (QYHKIIMOHAIBHBIX T€HEPATOPOB M BBINOJIHSIONMIET0 anredpandyeckue (yHKIIUH,

KaK I0Ka3aHo Ha pUCYHKe 3.65.

BxogoHan | I | I | I mh - pazpAagHBIA
nocneaoBaTeNebHOCTE pEervcTp cOBMra

n CYymMmMaToOpos
no roayno 2

Mocn enosarTenbHOCTD
HOOOBO0ro cnosa

Puc. 3.65. O0mwmii Bua CBEpTOUHOrO Kojepa
Bxonnbie ganHbIe K KOJIEPY, KOTOPBIE CUMTAIOTCS IBOUYHBIMH, TPOJIBUTAIOTCS BJIOJIb PETUCTPA
ciBura 1o K Out 3a pa3. Yucio BBIXOAHBIX OWTOB I Kak[A0W K-OMTOBOM  BXOJHOM
MOCJIeIOBaTeIbHOCTH paBHO N. CleoBaTeabHO, KOJAOBas CKOPOCTh, ompenenénHas kak R = k/n

COTJIaCyCTCs C OMMPEACIICHUEM CKOPOCTU OJIOKOBOTO Kozaa.
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IIpeacraBiieHHe CBEPTOYHBIX KOJI0B

I'paduueckoe npeacrabiieHune

PaccmoTpum cBEPTOUHBIN KOAEp CO CKOpPOCThIO Kona 1/2, ero rpaduyeckoe npeacTaBiecHUE
MOKa3aHo Ha pucyHke 3.57. B 3Tom konepe Kakaelid pa3, WH(GOpPMAMOHHBIA OUT MOCTYIAaeT Ha
BXOJI PETUCTPOB CJIBUTA, & HA BBIXOJ/I€ TEHEPUPYETCs J1Ba OUTA.

B »TOoM Kozpepe kaxblil pa3, UH(POPMAIIMOHHBIM OUT MOCTYMAeT Ha BXOJ PETUCTPOB CABHIA, a
Ha BBIXO0JIe TEHEPUPYETCs J1Ba OUTA.

B kauectBe mpumepa paccMOTpeHa CHUTyalMs, KOrja Ha BXOJ Kojepa MNoJaaércs HeKas
mocie0BaTeIbHOCT, MHpOpMaMOHHBIX cuMBoioB V= 1 1 0 1 O 1 Ha BBIXOAE HMeeM
nocnenoBareasHocTs U = 11 10 00 10 00 O1. Ipomecc o6pa3oBaHus BHIXOJHBIX CHMBOJIOB JIETKO

BOCITPOU3BCCTH B YMC I'JIA A1 HA pUCYHOK.
CyniniaTop |
@ : .1
/T\g— 111

BXOJHBIC OHTEI 001011 } N
) 0 0 "&. BHIXOHBIC OHTEI R}
110101 7 11 1000 10 00 01
\ / 100001 ‘

@ g 101

Cysamarop 2

v

Puc. 3.66. Céprounsiii kogep ¢ K= 3, k=1,n=2
Crapiime pa3ps/asl BXOJHBIX HHPOPMALMOHHBIX OUT JUIs y10OCTBa pacrojiaratoTcs CpaBa U
MOCTYMAIOT B PETHCTp CABUra nepBbIMU. [Ipy mocTymuieHMM Ha BXOJ perucrpa ojHOro Oura, Ha
BbIXOAaxX cymmaropa 1 u cymmaropa 2 oOpasyercs Mo OJAHOMY OUTy, KOTOpblE B JajbHeiIieM
MIOOYEPEHO CUUTHIBAIOTCS KOMMYTAaTOPOM M 00pa3yIOT BBIXOJHYIO IIOCIIE10BATEIbHOCTD.

Bbonee monpo6HO Beck mporecc koanpoBaHus nHpopmanronHoro noroka 00...101 npusenex B

tabnuue 3.3.
Tabnuma 3.3. [Ipornecc koanpoBanust THPOPMAIIMOHHOTO TTOTOKA

Ne Bxon Cocros Cymmarop 1 Cymmar Beixonn

TaKTa HOI HUE op 2 bl€ KOJJOBBIE
uHdopmMmalr | perucrpa KOMOMWHAINHT

HOHHBIN CIBHTA
out
0 - 0000 -
1 1 1000 16060=1 18 11
00=1

173



2 0 0100 0G00=0 0& 01
160=1

3 1 1010 1@10=0 13 01
060=1

4 1 1101 16001=0 1@ 01
11=1

5 0 0110 05160=1 0& 11
160=1

6 1 1011 13161-1 1@ 10
061=0

B nanHoO#l Tabmuiie BUIHO, KaK MEHSETCS COCTOSHUE PErucTpa CABHUra ¢ MPHUXOJOM HOBOI'O
MHGOPMALIMOHHOTO OuTa, MOKa3aH M Ipolecc o0pa3oBaHUS BBIXOJHBIX KOJOBBIX KOMOMHALUMN
00pa3yeMbIX B Pe3yJIbTaTe CYUTHIBAHUS KOMMYTaTOPOM CHMBOJIOB C 00OUX CyMMAaTOpOB.

IHosimHOMMAIBbHOE NPeCcTaB/IeHUE
WHorzma cBsi3u Kozepa ONUCBHIBAIOTCA C IOMOILBIO HONUHOMUAILHO20 2eHepamopda,
aHAJIOTHYHOTO MCIIOJIb3YEMOMY JUIsl ONMCAHMs pealn3aluu OOpaTHOWM CBSI3U perucTpa CABHUra
LIUKINYECKMX KOJ0B. CBEpTOUHBIM KOJEp MOXKHO TMpEACTaBUTh B BHUAE Habopa U3 n
MOJINHOMHUAJIBHBIX T€HEpPaTopoB, MO OJAHOMY IS KaXXJOTO0 W3 # CyMMAaTOpOB MO MOAYIIO 2.
Kaxnplii monmuHoM umeeT nopsfaok K - 1 WiaM MEHbIIE M ONHUCHIBAET CBS3b KOJIUPYIOLIETO
pEerucTpa caBUra ¢ COOTBETCTBYIOIIMM CyMMaTOpPOM IO MOAYJIO 2, IOYTH TaK )K€ KaK M BEKTOP
cBs3u. KoadduumeHnTsl Bo3nne kaxaoro ciaraemMoro rnoiuHoma nopsiika (K - 1) paBusl nu6o 1,
160 0, B 3aBUCUMOCTH OT TOI'0, UMEETCS JIU CBSI3b MEXY PETUCTPOM CABUTA U CyMMAaTOPOM I10
Moxyro 2. [7].
Jli1st kozepa Ha pucyHke 3.57, MOXKHO 3amucaTh MOJMHOMHUANbHBINA reHeparop gi(X) mwis
BepXHHUX CBs3eil u go(X) - 111 HUKHUX.
gu(X) = 1+ X+ X2, gpo(X) =1 + X°
371ech cllaraéMoe CaMOro HMKHEro MOpsAKa B IOJMHOME COOTBETCTBYET BXOJHOMY
paspsity peructpa. BpIxomHas MOCIeNOBAaTENBHOCTh HAaXOAUTCS cieayrommMm obpazom:U(X) =
m(X)g1(X) uepemyercst ¢ my(X)g2(X).
[Ipexne Bcero, HEOOXOIUMO BBIPA3UTh BEKTOP HEKOTO coobmenus M =10 1 B Bume
nomueoMa, T.e. M(X) = 1 + X2 Jlns ounctku perucTpa mpeanoaraeTcss UCIoib30BaHUE HYJIEH,
clenyloumx 3a Ouramu cooOmenus. Torma Bexomsdmui mnomumHoM U(X), wiu BeIXoAsIas
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nocienoBareabHOCTh U Komepa (pHCYHOK 3.57) uist BXOZHOTO COOOLIEHNs: M MOKET OBITh HaiieHa
CJIEIYIOIIM 00pa3oM:

mX)gi(X) = (1+XD)(1+X + X 2) =1+ X +X*+ X*

M(X)g2(X)=(1+X*)(1+X*)=1+X*
M(X)g1(X) =1+X+0X>+X3+X*

M(X)ga(X)=1+0X-+0X>+0X>+X*

UX)= (1,1)+(1,0)X+(0,0)X? +(1,0)X>+(1,1)X*
U=1110001011
B srom mpumepe konep ObUl MpeACTaBICH B BUIEC HOAUHOMUAILHLIX 2€HEPAMOpOs, C
MTOMOIIBI0 KOTOPBIX OMHUCHIBAIOTCS LIUKINYECKUE KOoAbl [7]. [lonunomuanvhsie cenepamopsl kooepa
U3006padcenno2o Ha pucynke 2.57 mak dce MOIHCHO NPeoCcmasunms 6 6U0e eKNMopos.

01=[111]u g, =[101].

IIpeacraBienne B BHAe KOAOBBIX /IPeB, PELIETOK U AHATPAMM COCTOSTHHI

[Tomumo rpaduueckoro U MOTMHOMHUANBHOTO MPEICTaBICHHUS UMEIOTCS TPU AlIbTEPHATHUBHBIX
METO/a, KOTOPbIE YacTO HCIOJIB3YIOTCS IJisi OMHCAHUs CBEPTOYHOTO KOJA. DTO JIPEBOBUJHAS
quarpaMma, pelieryaTtas JAuarpaMmMa M JudarpaMma coctosHuid. s mpumepa, ApeBOBUIIHAS
JuarpaMma JJisg CBEPTOYHOTO KOJIepa, IOKa3aHHOIO Ha pUCYHKE 3.57 WILTIOCTPUPYETCS HA PUCYHKE
3.58.

PaccmoTtpuM cBEPTOUHBIN KO CO cKOpocThio 1/2, K=3, onucaHHbIi paHee W NMOKa3aHHBIA Ha
pucynke 3.57. IlepBsiit BxogHoM 6UT MOkeT ObITh 0 nau 1. COOTBETCTBYIONINE BBHIXOIHBIE OUTHI —
00 ummn 11. Korna cnenyrommii OUT BXOJUT B KOJEP, MEPBbI OUT MepeABUTaeTCs B CIEAYIONIYIO
sueiiky. COOTBETCTBYIOIINE BBIXOAHBIE OUTHI 3aBUCAT OT OUTa, MEPEMECTHBIIETOCS BO BTOPYIO
SYeliKy U HOBOro BXoAHOro oOwura. CrenoBaTellbHO, IPEBOBMJHAS JAMAarpaMMma JJis 3TOro Koja,
MOKa3aHHasi Ha pUCyHKe 3.58, mMeeT JBe BETBU Ha y3€J, COOTBETCTBYIOIIUE JABYM BO3MOXHBIM
BXOJIHBIM cUMBoIIaM. JKupHo# nuHHelr Ha pucyHke 3.58 0003Ha4YeH MyTh, MO0 KOTOPOMY OBI IIIET

KoJiep, eciii Obl BXOJHOU KoMOMHaNMen Oblia mocneaoareabHocTs 101.
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a 00

a 00
a 00 b 11
C 10
0P b 11 b—m -
a 00 d 0]
a 11
1y ¢ 10
b 00
b 11 C 01
id 01 b———
d m;

TakThl KOXMPOBANKHA to 1 | i tj

Puc. 3.67. JlpeBoBuaHas quarpamma Jyuisi CBEPTOUYHOTO KOJIa, UMEroIIero napamerpsl K= 3,
k=1,n=2
[TockonbKy KOZOBOE OrpaHudeHue 1o Bxoxy komepa K= 3, a 3HauuT JAepeBO HAYHET
MOBTOPATKLCS TMOCIE TpeThero mmara. Kak moka3aHo Ha pucyHke 3.58, Bce BETBH, UCXOJISIIME U3
y37a, 0003HAYEHHOTO & (COCTOSIHUS &) MJAIOT HJACHTHYHBIE BBIXOABL. llyTem ciusiHuS Y308,
MMEIOIUX OJIMHAKOBOE Ha3BaHKE, MBI TIOJy4aeM PENIETKY, MOKa3aHHYIo Ha pucyHke 3.68. Ha uém
KUPHOU JIMHUEH 00O3HAYCH IMyTh IO KOTOPOMY OBl IIeJ] KOJEep, €Clid Obl BXOJHON KOMOWHAIuen

Obuta mocnenoBaTenbHOCTh 1100, B TakoMm ciydyae Ha BbIXoJe MMenach Obl komOunanums 11 01

01 11.

Puc. 3.68. Peméruaras nuarpamma Jajisi CBEpTOYHOTO KO, UMEIOIIETO MapaMeTphl
K=3, k=1,n=2
[TockonbKy BBIXOJI KoOJiepa OMNpeAeNseTcs BXOJAOM U COCTOSHHUEM Kojepa, emé Oonee
KOMITAKTHOM, YeM peméTKa, IBIsSETCS AuarpaMmMa COoCTOsSIHUM. JlmarpamMmmMa coCTOsTHUIT — 3T0 rpad
BO3MOXHBIX COCTOSIHMM KOJ€pa M BO3MOXHBIX II€PEXOJOB M3 OJHOIO COCTOSIHUS B JIPYroe€.

Hrorosas AuarpaMmma COCTOSIHUM JJ1s 3TOr'O KOZACpa IMMOKa3aHa Ha pPUCYHKC 3.60.
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00

o a=00
| 11
15 00 .ommeael
PIET Tl
b=10 — ¢=01
10
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Puc. 3.69. Jlnarpamma cocTOSIHUH ISt CBEPTOYHOTO KOAA, MMEIOIIETO MapaMeTphI
K=3,k=1,n=2

Jlnsi 000OIIEHHST CTOUT OTMETHTh, YTO CBEPTOYHBIA KOJ CO CKOPOCTHIO K/N M KOAOBBIM
orpannueHuem K xapakrepusyercs 2% BetBsMY, YXOISAUIMMHU OT Ka)XJOro y3jla Ha JIPEBOBUIHOMN
nuarpamMe. Pemierka u amarpaMMa COCTOSHUM HMMEIOT (Kaxkaas W3 HHUX) 26D posmorkHbIX
cocTosnmii. Umerores 2 BETBEH, BXOJIIMINX B Ka)KJI0€ COCTOSHHE, H 2K BeTBEH, MOKHUIAIOIINX
KaXJ0€e cocTosiHhe (A7 pemérku U JepeBa 3TO BEPHO IOCNIe HACTYIUIGHHS YCTaHOBUBIIETOCS
peskuma) [1, 10].

Metoabl AeKOAUPOBAHUS CBEPTOYHBIX KOA0B

MeToa moporoBoro 1eKoAMpoBaHus

IIpu moporoBoM JEKOAUPOBAHUM CBEPTOYHBIX KOJOB BBIYUCIIAIOTCS CUHAPOMBI (IIPU3HAKU

MecTa OIIMOOYHBIX CHUMBOJIOB), 3aT€M 3TH CHHAPOMBI HJIHU TOCIEJOBATEIBbHOCTH, MOTy4YE€HHbIE
MOCPEACTBOM JIMHEWHOT0 MpeoOpa3oBaHMsl CHHIPOMOB, IIOJAIOTCA HA BXOJAbl IMOPOrOBOIO
AJIEMEHTA, TJe MyTeM “TOJIOCOBaHUS~ (MaKOpUTAapHBIH METOJl) U CPAaBHEHUS €ro pe3ysbTaToB C
IIOPOTOM BBIHOCHUTCSI PELICHHE O 3HAYEHMM [EKOAMPYEMOro cuMBoJa. OCHOBHOE AOCTOMHCTBO
3TOr0 METOJa JIEKOAMPOBaHUS — MPOCTOTa peanu3anvy. OAHAKO OH HE IOJIHOCTBIO PEaNMU3yeT
MOTEHIIMAJIbHbIE KOPPEKTUPYIOIIUE CIIOCOOHOCTH CBepToYHOro koxaa. Kpome TOoro, He Bce
CBEPTOYHBIE KOJIbI MOTYT OBITh NE€KOAMPOBaHBI 3TUM MeToJoM. IloporoBoe nexoaupoBaHHe, Kak
NpaBUJIO, TpPUMEHSeTCs Uil CUCTeMaTHueckux KkojoB. [1]. OOmias cxema paekonepa uis

cBepTouyHoro koja (R = 1/2) npencrasnena Ha pucynke 3.70.
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Puc. 3.70. O6mas cxema aexojepa Jyisi CBEpTOYHOTO Koja

Jlekonep COACPKUT aHAJIOr KOAepa, B KOTOPOM IO TMPUHUMAEMBbIM HH()OPMAIIMOHHBIM
CHUMBOJIaM B CIBHUTAIOIIEM perucrpe (GopMHUpyeTcsl KOIMHUs MPOBEPOYHON mocienoBarenbHocTH. C
ATOW LIEJbI0 CHHXPOHHM3ATOP AEKOoJepa ¢ MOMOIIbl0 Kiroueid 1 u 2 “pacdacoBbiBaeT” BXOIHYIO
MOCIIEOBATEIPHOCT, CHUMBOJIOB Ha 2 TOTOKa — HWHGOPMAIMOHHBI M  MPOBEPOYHBIH,
CUHXPOHHU3ATOP YIPABISET padOTOM BCEro JIeKoaepa.

B dgopmuposareie cunapoma (cymmaTope mo MoayIto 2) oOpa3yercs Mmocie0BaTeIbHOCTh
CHUHAPOMOB S, KOTOpas IMOCTyHaeT Ha BXOJ CHHIPOMHOTO perucTpa. B oTcyTcTBHE B KaHaje
OIIMOOK TOCIENOBAaTENFHOCTH Ha BXOAaX (opMUpOBATENsl CHHIPOMA BCErla COBMANAIOT, U
CUHJPOMHAs TIOCJIEIOBATEILHOCTh COCTOMT W3 OAHUX HyJed. PaznuuneiM Habopam omuOOK
COOTBETCTBYIOT ONpe/eleHHbIe KOH(MUTYpAIMA CHHAPOMHBIX MOCIEI0BATEILHOCTEN, B KOTOPBIX Ha
OTIpeICTIEHHBIX TMO3UIIHX MOSBISIOTCS €AMHUYHBIE CUMBOJIBI. 3aKOH (POPMHUPOBAHUS IPOBEPOUHBIX
CHUMBOJIOB BBHIOMpAETCS TaKUM OO0pa3oM, YTOOBI MO CTPYKType CHHIPOMHOM MOCIEI0BATEIBHOCTH
MOYHO OBLIO OMPEIETUTh UCKaKEHHbBIE CUMBOJIBI.

Jlornueckass cxemMa OMmpenenseT IO CHHIPOMY TPaBWIBHOCTH 3allMCaHHOTO B
nH(OPMAaLIMOHHOM peructpe Ojoka MHGOPMAIMOHHBIX CUMBOJOB. Ecim mmeercs koMmOWHaIus
oIMO0K, KOTOpasi MOKET ObITh HCIIPaBJICHA, TO JIOTMUECKas CXeMa UCIPABISET OIMUOKH B ATOM
0JIOKE TyTeM IMOJa4¥ €IUHUYHBIX CHMBOJIOB Ha BBIXOJHYIO CXeMY CYMMHUPOBAHHS 110 MOAYIIO 2 B
MOMEHTHI BBIXO/a 13 WH(HOPMAITMOHHOTO PETUCTPA UCKAKEHHBIX CHMBOJIOB.

OmmoOku, wucmpaBisieMble B O4YepeqTHOM HWHGOPMAIMOHHOM OJIOKE, MOTYT BIUSATH Ha
CHUMBOJIBI CHHIPOMOB, COOTBETCTBYIOIIUX TMOCIEIYIOIIUM OJIOKaM, MOCKOJIbKY CBEPTOYHBIE KOJbI
HeTnpepbIBHBL. JIJIsT TOTO 4TOOBI JEKOJEP CMOT TMOJTHOCTHIO Peain30BaTh CBOM KOPPEKTUPYIOIIHE
BO3MOJKHOCTH, CIIEyeT WCKITIOYUTH BIUSHUE dTUX OMIUOOK. DTO MOXKET OBITh IOCTUTHYTO 3a CUET
o0OpaTHO¥ CBsI3U, KOTOpast Ha cxeme (PUCYHOK 3.62) mpejcTaBlieHa MyHKTUPHOW THHUEH.

OOpatHas cBsi3p MpeoOpasyeT CUHAPOMHBIA PETHUCTP MPSIMOrO JICHCTBHUS B HETWHEHHBIN
perucTp cIBWra ¢ oOOpaTHOM CBA3BI0. OJTO MOXKET TPHUBECTH K SBICHHUIO, HA3bIBAEMOMY
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pasmMHOkeHueM omnOok. HencnpaBumble omrOKK B KaHajle MOTYT BBI3BaTh IIEPEX0/ CHHAPOMHOTO
perucTpa B Takoe COCTOSIHUE, YTO U IIPU OTCYTCTBUH aIIUTUBHBIX OMIMOOK B KaHaie JeKoaep Oyaer
MIPOJIOJKATh BCErJa JACKOAUPOBATH HENPaBWIbHO. IIpHunMHA 3TOr0 COCTOMT B TOM, YTO BBIXO]
HEJIMHEHHOTO perucTpa CIBUTa ¢ OOpaTHOM CBS3bIO, KOTJIa HA €ro BXOJ IOCTYHaeT HyJieBas
MOCIIEI0BATEIHHOCTh, @ HAYAJIbHOE COCTOSTHUE — HEHYJIEBOE, MOXKET OBITh MEPHUOTUICCKHIM [6].
IHocaenoBaTe/ibHBIH AJITOPUTM A€KOAMPOBAHUSA

[Ipu paccMOTpeHMH aITrOPUTMOB  IOCJIEJOBATEIBLHOTO JEKOAUPOBAHUS  YIOOHO
IIPE/ICTaBIATh CBEPTOUYHBIN KOJI B BUJE KOAOBOTO AepeBa. Kak yxe oTMevalioch paHee, HCXOIHOMY
HYJIEBOMY COCTOSIHUIO CJIBHTAIOLIETO PETUCTpa KOJEpa COOTBETCTBYET HAdajbHBIM Y3€J JAepeBa.
Ecnun BxomHOW WHGOPMAIMOHHBIA CHMBOJI, TOCTYHAIOMMKA B PErucTp paBeH 1, To emy
MpUNKChIBaeTCs JuHUA (pedpo JepeBa), UaylIas, KaKk IPUHATO HA 3TOM PUCYHKE, BHHU3, a €CIU
nHpOpMAaMOHHBIA cuMBON paBeH 0, — TO BBepxX. Tem camMbIM TOJy4aeM JBa HOBBIX Y3Ia,
COOTBETCTBYIOLIME CIIEAYIOIIEMY TaKTy paboThl KoJepa, s KaXI0ro M3 KOTOPHIX JEpEeBO
CTPOMTCS 1ajJiee aHAJIOTUYHBIM 00pa3oM, U Tak jnanee. Haj kaxxasiM peOpom epeBa 3aruchIBalOTCS
KOJIOBbIE CHUMBOJIBI, IOJYy4Yae€Mble IpPU 3TOM Ha BbIXoJe Kojepa. COBOKYNHOCTb HECKOJbKHX
MOCJIeIOBATENBHBIX pedep, COeTMHSIONNX KaKkrue-Ti00 Ba y3i1a, COCTABIISICT BETBb JepeBa.

Kaxnmass mocienoBaTelbHOCTh KOJIUPYEMBIX HH(POPMALMOHHBIX CHMBOJIOB IOPOXKAAET
ONpEIEICHHBIM IMyTh 1O KOJOBOMY JjepeBy. OueBHAHO, 3ajaya JEKoJAepa 3aKIYaeTrcs B
OTBICKAHUU UCTHUHHOTO (MPAaBUIBHOIO) MYTHU, TO €CThb TOIO MYTH, KOTOPBIA B JE€HCTBUTEIBHOCTH
ObLT MOpoXK/IeH KogepoMm [1].

Takum oOpa3oMm, MpH alropuTMax MOCIEAOBATENbHOIO JEKOAUPOBAHMS JIEKOJEp
orpejiessgeT Hauboee MpaBaoNnoJ00HBIN MyTh MO PEIIETKE, YTO MO3BOJSAET UCKIIOYUTh U3 aHaIu3a
OOJIBIIYIO YaCTh OCTAJBHBIX MyTEH, UMEIOIINX MEHbIIIee MPaBAono 00He.

Jlns sToro, cHadajza HEOOXOJHMMO TIEpPEABUIaThCS MOOYEPEIHO BJOJb KaXJO0ro MYyTH
KOJIOBOM pEIIeTKH, CPAaBHUBAS MPUHATYIO MOCIEA0BATEIBHOCTh CO 3HAYEHUEM, COOTBETCTBYIOLIUM
MyTH, TI0 KOTOPOMY NPOMCXOJUT JBHXeHHe. Eciau mpu 3ToM ynaercs OOHApPYXKHUTb HEKOTOPBIN
IyTh, 3HAYEHUE KOTOPOrO, COBMANAET C IPHUHATOM IOCIEIOBAaTEIBHOCTBIO, TO €CTECTBEHHO
CUMTATh, YTO 3Ta MOCJEI0BATEIILHOCTh U ME€PE1aBaach.

Eciu ObITh TOYHEE, MPOUCXOAUT CpPAaBHEHHWE NPHUHATON KOMOMHALMKM € KOMOMHAIMSIMU
BO3MOXXHBIMU JUIsl JAHHOTO Iara AekonupoBaHud. [lyTe cumTaercs Haunbosiee mpaBaoNoOf00HBIM,
€CIi  METpUKa  MEXAYy IPUHATOM  IOCIENOBAaTEIBHOCTBIO U IOCJEI0BATEIBHOCTHIO
COOTBETCTBYIOILIEH JaHHOMY IIEPEX0Y MUHUMAJIbHA.

Pe3stomupyem: Ha KakJOM I1are JAEKOJUPOBAHUS Mbl UMEEM J[BA UCXOJSAIINX U3 y3Ja MyTH.
CHayania Mbl BBIYUCIIIEM PACCTOSIHHE XEMMUHIa MEX]ly MPUHATON KOMOUHanuel u KomOuHauen

COOTBCTCTByIOIJ.ICfI OOIHOMY HUCXOIAMIEMY IIYTH, 3aTCM BBIYHUCISACM PACCTOAHUC XeMMHHIa MCKIAY
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NPUHATOW KOMOWHAaNMeld ¥ KOMOWHAIMell cooTBeTCTBYIOIIEeH BTOopoMy myTH. [locie dyero
BBIOMpaeM TOT MyTh, 3HAYCHHE pPACCTOSHUS XEeMMHUHIa KOTOpOro MeHblue. JlaHHbIH mporecc
MmokaszaH Ha pucyHke 3.71. B manHOM cirydae repexoj1 BHH3 0 pelieTke OyIeT CYuTaThCs Hanbosee
MIPaBIONOI00HBIM, TaK KaK pacCTOSTHHE XEMMHHTa MEXIy 3HAYCHHEM COOTBETCTBYIOIIEMY dTOMY
Mepexo1y U MPUHATON KOMOMHAIIUEH SBISETCS] HAUMEHBIITIM.

MpuHATaa nocnegoearensHocTs: 11

11

-

00 d=0

O O
Puc. 3.71. Be16op nyTH ¢ HAUMEHBIIIUM PACCTOSTHUEM XOMMUHTA
Jlexoziep BBITIONHSET OMEPAII0 BHIOOpA MYyTH C HAUMEHBIIEH METPUKOM 710 TeX MOop MOKa
HE CTOJKHETCS C HEOJAHO3HAYHOCTHIO, TP KOTOPOU MPUHATH PELICHHE O TOM KaKOW MyTh SBJISAETCSA
KpaTyallliuM HE TPEJICTABIAECTCS BO3MOXHBIM H3-32 TOIO 4YTO PACCTOSHUA XEMMHHTa MEXIY
MPUHATON MOCIEI0BATEIIBHOCTBIO U 3HAYEHUSIMH JIBYX BO3MOJKHBIX M IyTE€d OJMHAKOBBI. B 3TOM
CUTYyalluu JEKOJAEP BBIHYXJIECH MPOBEPUTH 00a BO3MOKHBIX IMYTH, U MO CIEAYIOUIUM METPHUKaM
MPUHATH PEIICHUE KACaeMO HEONPEEIEHHOCTH.
B namem >xe ciydae, ecim paccTOSHUA XEMMHUHTa JJisi 000MX TyTeW OJMHAKOBBI, TO
npuderaeM K >K€CTKOMY METOY MPUHSATHS PEIICHUH U MOJIB3YeMCs CIAEAYIOIINM TIPABUIIOM:
e Ecmu mbl Haxoaumes B y3ne 00 wnu 11, m npunuta komOunanus 00 wim 01 —
CUHMTAEM UTO MepeaBajicst HOMb, 10 wim 11 — equHunA.
e Ecnu mbl Haxogumcs B y3ie 01 unu 10, u npunuia komounanus 00 nmu 01 —cuutaem
4yTO nepenaBasiack eaAuHuNa, 10 win 11 — Homb.
AHaNIOTHYHBIM 00pa3oM JAEKOJep MPOAOIDKAET YIIyONATbCS B PEMIETKY U MPHUHUMATH
pelieHus, Kacaroumecss HHPOPMAIIMOHHBIX OMTOB, YCTPAHSSI BCE MYTH, KPOME OJHOTO.
Ha pucynke 3.72 wuzobpaxkeHa cuTyaluus Korjga Ha BXOJA JIeKoJepa IOCTYyMaeT
MOCJIEIOBATEIILHOCTh, B KOTOPOM OWTHI BBHIJCIICHHBIE IIBETOM 3aBEJOMO HMCKaXEHBI TaK, KaK ITO

ObIBacT B PCAJIbHBIX KaHaJIaX CBA3U.
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HexopgHoe coobuweHue: 11101
Mepepaeaeman nocnegoearensHocte: 11 00 10 01 01 00

MpuHATaA NnocnegoBaTeNBHOCTE: 100111000100
1
00 00 Q Q
‘ b
'\\1
01 1o « O
\
\
!
10 10 O Q
11 11 O O
JerogupoeaHHoe coobuwenne: 1 1 1 1] 1

Puc. 3.72. Pemeryarast tuarpamma rnocieioBaTeNIbHOTO IeKoaepa
CpaBHenue aaropurma Butep0Om ¢ nmocjieoBarejibHbIM aJIr0PUTMOM
[TpunuunuanbHOE OTIMYME anropurMma Burepou OT TIOCJIEOBATEIBLHOTO AJrOpUTMa
JIEKOIMPOBAHMSI 3aKJII0YAETCS B TOM, YTO aJropuT™M ButepOu nprHHMaeT peleHue o CyMMapHbIM
METpPUKAM IyTeH, NpU4€M B y3i1ax, [J€ 3TU MYTH CXOAATCS. DTOT LIAr B IPOLIECCe ACKOAUPOBAHUS

MOKa3aH Ha pUCyHKe 3.65. (MeTpuKu 0003HAUYEHBI TaHHBIM 00pa30M JIJIsl HATJISIAHOCTH).

-
00 Q =
!
\
A
(1) IO T
A
10 O
11 O
M2 wiara: 1 2 3 4

Puc. 3.73. Pemeruaras nuarpamma jiekojiepa Burepou

Takum oOpa3om, eciiu Obl B CUTYyalluu, NMPEACTaBICHHOW Ha pucyHke 3.64, Mbl NMPUHUMAIH
pELIEHNE Ha OCHOBE I1OCJIEI0BATENBHOTO AJITOPUTMA, TO HAa IEPBOM M BTOPOM 1IAare AEKOAUPOBAHMS
MBI MPUHSUIM OBl pellleHue HATH BHU3 IO pelIeTKe, BbIOMpas KpaTyailline METPUKH XEMMHHTa.
OpHako B TakoM ciy4yae Mbl Obl HE yWIM METPUKU IOCIEAYIOIIMX BETBEH Halllero, Ha MepBbIN
B3TJI, KpaTyaillero IyTH, KOTOPbIE Ha IlIare TPU U YETHIPE CHUJIIBHO BO3pPACTalOT, a 3HAYMT,
BbIOpany OBl HE caMblii KOPOTKMH MyTh NpH JekoaupoBaHuu. [lostomy, amroputm BurepOu
ABIgeTCs onTHUMalbHbIM. OJIHAaKO OH CJIOKHEE MOCJeI0BaTeIbHOTO KaK B NMOHUMaHHUM, TaK U B

pcainnsanuu. B kadgecTBe MCTPHKHU BBICTYIIACT PACCTOAHUC XeMMHUHTA.
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IIporpamMHas peaju3anusi CBEpTOYHOI0 KoJaepa
IloaroToBKa JaHHBIX K KOAUPOBAHUIO

CHayaina, CUMBOJIbI, BBEJICHHBIEC C KJIaBHATYPbl aCCOLMUPYIOTCS CO CBOMMU JIE€CATUYHBIMU
snaueHusimu B Tabmuie ASCIIl. 3arem, ASCIll-xon cuMBona mepeBOAUTCS B BOCHMEPHUYHYIO
CHCTEMY UCUUCIICHUS.

Panee Obu1 0OBsiBIIeH MaccuB — «Bit Array()», KOTOpBI HMeeT 8 s4YeeK, B KOTOPBIX
COJZIEP>KUTCS IBOMUYHOE TIpencTaBieHue yucen oT 0 go 7. Tak kak BOocbMepUYHas CUCTEMa UMEET
Bcero BoceMb mudp (0-7) To nmepedupaercs maccuB B nukiie oT 0 10 7, 1 HaXOTUTCS PaBEHCTBO
MEXTy MHICKCOM MaccHBa (CUETYMKOM IuKiIa) U BocbMepuaHoi mudpoit ASClI-xona, mocie gero
BMECTO Hee MOJICTaBIISIeTCS JBOMYHOE MPEACTaBICHUE U3 TUEHKH MacCUBa.

K npumepy, uudpa 0, 6yner umets necsatuunbiii ASCII xon - 48, B BocbmepuuHblii - 60.
Uro B aBomunoil cucreme ucumcienus Oyner 110000. Ecim ASCll-konq - aBy3HadHOE YHCIIO,
Briepeau nonuckiBaeTcst 00, 4TOOBI ABOMYHBIC YHCIA WMENM OJUHAKOBYIO JIHHY. PopMHpyeTcs
ctpoka out coobmenus 00110000.

[Tocne Toro Kak CUMBOJIBI UCXOAHOTO TEKCTAa aCCOIMUPOBAHBI C KOJAaMU TaOIHIIBI KOJOB
ASCII 1 nepeBeieHbI B IBOWYHBIN BH/I, OCYIIECTBIISIETCS] CBEPTOYHOE KOIMPOBAHUE.

@DyHKIMSA CBEPTOYHOI0 KOJUPOBAHUSA

Pa3pabarbiBaeMblil CBEPTOUHBIN KOJEp SBISETCS HECUCTEMATHUYECKUM, Oe3 00paTHOM CBS3H

u u3o0paxkeH Ha pucyHke 3.74. DyHknMOHaIBHYIO cxemy Kozaepa (cMm. Ilpunoxenun Bb).
Konep Ha3bIBaeTcs CHUCTEMaTHUECKUM, €CIM B KaKJOM KOJOBOM IOJIOJIOKE AJHHBI C
uMeeTcsi b CUMBOJIOB, KOTOPBIE COBMAIAIOT C CHMBOJIAMH COOTBETCTBYIOLIETO WH()OPMAIIHOHHOTO

HO,Z[6JIOK8.. B IMPOTUBHOM CJIy4ac KOACP - HECHCTEMAaTHUYECKHUH.

gty

ki

Puc. 3.74. JIBoruHbIil CBEpTOYHBIH KOJep ckopocTu R = 1/2.
beckoneuHast mocienoBaTeNbHOCTh HMH(OPMAIMOHHBIX cUMBOIOB U = u 0 u 1

JIOCTYIACT B PETUCTP CABUTA (B HaueM IpUMEPE NaMiATh M = 3, TO €CTh C ABYMS BJICMCHTAMH

M = @ 3,®

3a;[ep>i<1<1/1). Konep TCHEPUPYET JBC BBIXOJIHBLIE ITOCIEAOBATCIIBHOCTH U V1., H U(Z) =

v0@1p@ | koropele mocTymaroT B KOMMyTaTtop, (OPMHPYIOIIMII BBIXOAHYIO (KOIOBYIO)

@) 1@ 1,® 1,@

IIOCJICAOBATCIIBPHOCTD V =V .., IEpCAaBacMyro 110 KaHally. HOCKOJILKy Ha KaXKIbIi
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BXO,Z[SIH_[I/Iﬁ B KOICp I/IH(pOpMaI_[I/IOHHI:Jﬁ CUMBOJI MPUXOOUTCA JBa KOAOBBIX CHUMBOJIA, KOAOBAad

@ HJIn 17(2) COBIIagacT C

ckopocTh paBHa R = 1/2. Ecnu oHa U3 KOJOBBIX MOCIIEAOBATENBHOCTEH v
MH(POPMALIMOHHON TOCIE0BaTEIFHOCTBIO U, TO, KaK OTMEYaJOCh paHee, KOJEp Has3bIBaeTCs
cucTeMaTHYecKuM. B IpOTUBHOM cilydae Koziep Ha3bIBaeTCsl HECUCTEMAaTHUeCKuM [9].

I'eneparopsl CBEPTOYHOIO KoJiepa U300pakKeHHOr0 Ha PUCYHKE 3.75. MOXKHO onucaTh Ipu
oMoy IMOJIMHOMOB!:

Gy = 1+X+X°
Gy = 1+X°

Takum oOpa3oM, MopokJarolias MaTpulla 3TOr0 CBEPTOYHOIO Kojaepa , B TEPMMHaX

orepaTopa 3a/1ep>KK1 UMEET BUI:
G(X) = (1+X+X? 1+X?).

Kak yxe ormewanoch paHee, koxep — 3TO aBToMaT. B naHHOM ciiydae umeercs
KJIACCUYECKUH aJIFOPUTM aBTOMaTa MMM — KOHEUHBIM aBTOMAT, BBIXOAHAs MOCIIEOBATEIbHOCTD
KOTOPOro (B OTIMYME OT aBTOMaTra Mypa) 3aBUCUT OT COCTOSIHUSI aBTOMAaTa M BXOJIHBIX CUT'HAJIOB.
OTO 03HAYaeT, yTo B rpade COCTOSHUN KaXIOoMy pedpy COOTBETCTBYET HEKOTOPOE 3HAUYECHHUE
(BeIXOHOH cuMBoI). B BepmmHbl Tpada aBroMata MuJIHM 3alHMCHIBAIOTCS BBIXOJSIINE CUTHABI, a
ayram rpaga NpUIMChIBalOT YCIOBHE MIEPEX0/ia U3 OJHOTO COCTOSTHUS B IPYTO€, a TAKKe BXOIINE
CUTHAJIBI. JluarpamMmma COCTOSIHUI CBEPTOYHOIO KoJiepa IMpPEICTABICHHOIO Ha pUCYHKe 3.66

n3o0paxeHa Ha pucynke 3.75.

0,/ 00
Puc. 3.75. JlnarpamMma coCTOSIHUI CBEpPTOYHOTO KojJiepa ckopoct R = 1/2

CBEpTOUHOE KOAMPOBAHHME KOJEPOM CO CKOpocThio R= 1/2 B mporpaMMHOM KOMILJIEKCE

BeimonHsieT Qyakuus Fun_BitCoder. Ilocne oOBSBICHMS MaccuBa M €ro  IEIOYHCICHHBIX

MEPEMEHHBIX OOHYISIIOTCS PErMCTPHI CIBUTA, OMHMCHIBACTCSA LMK, OCYIIECTBISIOMIMNA MOOUTHOE

YTCHHUC I/IH(I)OpMaI_II/IOHHBIX CHUMBOJIOB, UX CABUT B PCTUCTPAX U CYMMHPOBAHHC IO MOJAYJIKO JIBa
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COTJIAaCHO YCTAHOBJICHHBIM IIpaBHJIaM. OIEMEHT HUCXOJHOI'0 KOoIa IMpOrpaMMbl, OTBG‘-IaIOIJ_[I/Iﬁ 3a

pean3anuio CBEPTOUHOTO KOJIMPOBAHMS, IIPE/ICTABICH Ha pUcyHKe 3.76.

Rl =@
R2 =8
For 1 = @ To length_array 'uwekn ofpaBoTkw coobueHwA asTomaTom Munw
X = 5 mess_chr(i).ToString
¥1 = X Xor R1 ‘cymma no mogynmo 2(MckNmYamyes Ham)
¥2 = X Xor R2 '
R2 = R1 'caeWr BWTOE B perucTpax
RL = X '
¥1 = Y1 Xor R2 'cymma no mogynn 2(WCKNNYanUES KWK

s res = s_res + Y1.ToString + ¥Y2.ToString 'pesyneTaT kKoOQHpOBaHHA
Mext
Return s_res
End Function

Puc. 3.76. DnemeHT nporpaMMHOTO Koja PyHKIIUH CBEPTOYHOTO KOAMPOBAHUS
B posin cyMmMaTOpoB BhICTYMatOT niepeMernbie Y1 u Y2, a B poJd siueeK perucTpa nepeMeHHbIe
R1 u R2. Kommyraropom sBiseTcs mnepeMeHHas S_res. JIns OCyIIeCTBICHHs IO0YEPEIHOI
KOMMYTAIMK OUT C BBIXOIOB KOJIEPa CUMBOJIBI TIEPEBOISATCS B CTPOKOBBIH THIL.
DYyHKIHS KMHTAIMH KaHAJIA CBA3H
[To Mepe MPOXOXKACHHUS MO KaHAIy CBA3M CHUTHAJ IOJBEPracTCs BO3ICUCTBHIO MOMEX,
HMEHHO STOT TMPOIECC HMUTHPYET MaHHas OGyHKOus. [lomexu - ClydaiiHble BO3ICHCTBUS,
HCKaXXarolue IepeaaBaeMblii curHai. Bo3zjeiicTBUe mOMEXH Ha CHTHAl MOKET OBITh JBOSIKHUM.
Ecnu omexa &(t) ckmanpiBaercs ¢ curHamoM S (t) u Ha BXxox nmpuéMHUKa JAeiCTBYeT ux cymma X(t)
= s(t)+ &(t) Takyro momexy Ha3bIBAIOT addumushou. Ecnu pe3yabTHPYIONIMHA CUTHAT PaBeH
NPOM3BECHUIO MMOMeXH W mepemaaBaeMoro curHama X(tf) = s(t)- &(t), To momexy Ha3bIBAlOT

MV]meul’l]ZuKamu@HOZZ.

B xanane ¢ myrvmuniuxamuenoi IoMexoil HaOJIOIAOTCS BCIUIECKH MCKKEHUM, PUYUHAMUA
KOTOPBIX MOTYT OBITh, Ha[pUMEP, KOMMYTAIIMOHHBIE TTOMEXH, OBICTPBIC 3aMUPAHUS PAIUOCUTHAIA.

BLIpa)KaeTCSI Mydvmuniukamueras TIOMEXd B HW3MCHCHHUM XapaKTCPpUCTUK JIMHUU  CBA3U

(comportunenue nunun cBsi3u (JIC), gactora cpesa JIC, HenuneitHocTh xapakTepuctuk JIC).
Uto0b! TpUOIM3UTH MOAETH CUMMETPUYHOIO KaHalla K AEMCTBUTEIbHOCTH, BBOJIUTCS MIOHSATHE
nakema owuobox.

Ilakemom owubox NnuHbI L Ha3zpiBaeTcss BEKTOp OmMOOK E, Bce HEHyleBble KOMIOHEHTHI
KOTOPOT'O paclojIOkKEeHbl HA OTPE3KE U3 TMOAPAJ CASAYIOLUIUX MO3UIUM, IPUUEM B HA4Yale U KOHIE
OTpe3Ka PacroIoKeHbl HEHYJIEBbIE KOMITOHEHTHI.

AnmutiBHas momexa_ne 3aBucUT oT JIC m ompexpensieTcs BHEIMIHUMH BO3JIEHCTBHAMH Ha
cpeny mepenauyd CUrHaioB. B kauecTBe MoJenu aJAMTHBHOW MOMEXH OOBIYHO MPUHUMAIOT OeJbIit
IIyM, TO €CTb CTAallMOHAPHBIM TayCCOBCKUM CIy4alHBIA IPOLECC, HMEIOIMIUN HYJIEBOE

MaATEMaTHYICCKOC
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OXKUJIaHUE M PAaBHOMEPHBIH M OECKOHEUHO NIMPOKHUI CIEKTp IUIOTHOCTH MOITHOCTH. [Ipm
BO3JICHCTBUY IIOMEX Ha IepelaBaeMblii CUTHAJ], MMEIOLIMX aJJAUTUBHBIA Xapakrtep, L=1 umeem
IaKeT JUIMHOM B OJIUH CUMBOJI, TO €CTh OAHOKPATHYIO OILIUOKY.

B pa3zpabarbiBaeMOM NpPOrpaMMHOM KOMILIEKCE HMEETCS BO3MOXKHOCTH IMPOHAOII0AATh
3G PEKTUBHOCTh PAOOTHI MOCIEAOBATENBFHOIO JIEKOIEpa CBEPTOUHBIX KOJOB Kak NPH HAIWYUU
OJIHOKPATHBIX OIIMOOK, TaK M Madek JyiHoro L > 1.

Ha pucynke 3.77 npuBeneHa 0J0K-cxeMa MPOrpaMMHO PEATM30BAHHOTO aJIFOPUTMa UMUTALUU

KaHaja CBs3U ¢ OeJIbIM IIYMOM U KaHajla ¢ MHOTOJIYYE€BBIM PaCIPOCTPAHCHHUEM.

[ Ha=gamo

h

Bridmcnaem
MaKCHMansHoe
KOMNHMYECTED OWHBOoK

L

h

FreHeprpyem owknBoYHYD
nocnegosaTeNbHOCTE HOXCoOA
M3 BeAEHHOH Nonb3oBaTaEneMm
BEPOATHOCTH W ONMHBE CWHBOoK

h

Hrcno
Het CreHEpHpoBaHHBIN
cwHBok coBnagaeT
C SagaHHBM?

BHOoC KM
WK B EK

Puc. 3.77. bnok-cxema Jijisi alropuT™Ma UMHUTAIIUU KaHaja CBS3H
3a uMuUTaNKIO KaHaa cBsi3u orBeuyaeT GyHkius «Fun_SimulatorChannelComy. B ueit, mepBsiM
JIETIOM, OIIPEeNsIeTCS MaKCUMallbHOE KOJTMYECTBO T€HEPUPYEMBIX OMIHOOK:
max_mistake_dou = length_array * (CInt(probability _mistake) / 100),
rae:  max_mistake dou — MakcHMaabHOE KOJIMYECTBO OIIMOOK
length_array — myimna cooOreHus
probability_mistake — BeposITHOCTb OIIUOKH
Hampumep, ecnu qymuna coobmienus paBHa 80 Out, a OuToBas BeposITHOCTH omuOku — 0.1 TO
re"epaTop creHepupyet oT 0 10 8 omuooK.
Jlanee, akTuBHUpYyeTCs OOBIYHBIN T'€HEepaTop CIy4alHbIX yucen B AuanazoHe ot 1 mo 100:
Dim value As Integer = Cint(Int((100 * Rnd()) + 1))
Oyukuust CInt mpuBoauT BhIpakeHue B Tum INteger m okpyriser ero 1o Onmuxkaifiiero

menoro. Ilocime gero umcio CTCHCPUPOBAHHBIX (9)1115(310) 3 CBEPACTCA C 3aJaHHBIM 4YHCJIIOM OI_HI/I6OK,
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eclii  OMMOOK MEHbBIIE YeM 3aJaHo, LUK MpojoJbKaeTes. [IpoBepsieTcs Takke 3aJaHHas
BEPOSITHOCTh C CTEHEPHPOBAHHBIM YHCIOM, €CJIHM OHO MEHbBINE WM PaBHO, TO B COOOIICHHE
BHOCHUTCs omiOKa. BHeceHrne ommMOKU OCyIIeCTBIsIeTCS myTeM uHBepTUpoBaHus 0 u 1. DiaeMeHT
HUCXOJHOI'0 KOJa IpOorpaMmbl, OTBe'—IaIOH_II/If/'I 3a pcajin3dalunro q)YHKI_II/II/I UMUTAIIUN KaHaJla CBA3HU
MpeJICTaBJICH Ha pucyHKe 3.79.

If (max_mistake int > @) gnd (i <= (length_array 1 - 1)) And (remainder > @) Then ' noka
KON-B0 BBSOSHLX OWWBOK HEe OAOCTHINO M3KCHMyMa

If (value <= CInt(probability mistake}) Then ‘ecnm cnydainoe dwcno WM
paBHO, 33faHHOH BEpOATHOCTH OWMBKKM

j =1 ' BucTasnAem dnar owwbrw
If (S5 _mess_chr(f).ToString = "2") Then ' sameHAeMm BUTH B CooBUEHMH
5 mess_chr(f) = "1"
Else
5 mess_chr(f) = "a"
End If

Puc. 3.78. DnemeHT nporpaMMHOTO KoJia PYHKIIMH UMUTAIMN KaHAJIa CBSI3U
Ecnu Obutu 3a1aHb1 ABOMHBIE OMIMOKY, HHBEPTUPYIOTCS 110 JIBa COCETHUX OHTA.

B kxoHeyHOM wuTOre, mocie TOro Kak MOACYET OLIMOOK OCYHIECTBJIEH, M UX KOJMUYECTBO U
KpPaTHOCTb COOTBETCTBYET 3aJaHHBIM IapaMeTpaM, COOOLIEHHE ¢ OMIMOKaMHU BBIBOAMTCSA Ha OJIOK
WH/IMKALINY, T/I€ UCKa)KEHHBIE ONTHI BBIICIISIOTCS IIBETOM.

DyHKIMS BHIYUCIEHUSA METPUK MyTei

BaxHpIM 3TanoM pa3pabOTKH alropuTMa JCKOAMPOBAHUS SIBISIETCS BBIOOP alropuTMa
BBIUMCIICHUS] METpHUK IyTed. B kadecTBe Takoil MeTpUKH OyJaeT MPUHATO paccTOSIHUE XIMMMHTA.
PaccrossHne X5MMUHIa — YHCIIO MO3MIMHA, B KOTOPBIX COOTBETCTBYIOIIUE CHUMBOJIBI
IBYX CJIOB OJTMHAKOBOH JUTMHBI pa3nu4Hbl. COTrJIaCHO BRIOPAaHHOMY aITOPUTMY BBIYHCICHUS METPUK
myTei, OUThI COOOIIEHUS] CYMMHUPYIOTCSI TI0 MOJYJIIO JIBa CO 3HAYEHUSMH BO3MOXHBIX MyTed U
MOJTyYEHHOMY Pe3yJbTaTy MOACTABISIETCS €ro JeCITUYHOE 3HaYeHUE, COOTBETCTBYIOIIEE BEINUMHE
paccrosiHMss XeMMHHra MEXIy cjlaraeMbIMd. 3a 9To oTBedaerT ¢QyHkius «Fun_Metricy,
porpaMMHasi pean3anus KOTOpoi nmpuBeneHa Ha pucynke 3.70, rae:

S_1 — OuTBI COOOIICHUS;

S_2 — BO3MOJKHBIE 3HAUCHUS ITyTEH PEeIIeTKH;

reS — pe3ynbTaT CyMMHUPOBAHUS 110 MOAYJIO JBa OUT COOOIIEHUS CO 3HAUEHUSIMH BO3MOXKHBIX
IIyTE€HN pEIETKY;

res_1 - gecATM4HOE 3HAUEHHE, COOTBETCTBYIOIIEE BEIIMYMHE PACCTOSIHHSA XEMMHUHTa MEXITY

clraraCMbIMMU.
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Public Function Fun_Metric(ByVal f_s_mess_1 As String, ByVal f_s_mess_2 As String)

Dim s_1, 5_2 As Integer
Dim res, res_1 As Integer
5 1 = CInt(f_s _mess_1)
CInt(f_s_mess_2)
res = 5_1 Xor 5_2 '

s 2

select Case res

Case "@a"
res 1
Case "@l1"
res 1
Case "12"
res 1
Case "11"
res_1

End Select
Return res_1

End Function

n
&

n
=]

CyMMa No Mogynmo nsa

Puc. 3.79. IIporpamMmMHBIii Ko (DYHKIIMK BEIYUCICHHSI METPUK ITyTEH

N3 tabmuusl 3.4 BuaHo, uto 3HaueHue 00 MOXET cCTaTh pe3ylbTaTOM CYMMHPOBAHHUS

TOJIBKO JBYX CJIOB, OUTEI KOTOpPBIX HC OTIIMYAKOTCA HHU B O,HHOﬁ u3 HOSI/IHHﬁ, a OTO 3HA4YUT, 4YTO

paccTositHue XeMMUHIra MeX1y Takumu ciaoBamMu paHo 0. 3nauenusd res = 01 u res = 10 BO3MOXKHBI

JIUIIb B TOM CITy4dae, €CJIM 110 MOJIYIII0 2 CYMMHPOBAIUCH CJIOBA, COOTBETCTBYIOIINE OUTHI KOTOPHIX

OTJIMYAKOTCS APYT OT JApyra B OJHOM MO3UIMHU, TO €CTh PACCTOAHUE XEMMHUHIA MEK1y HUIMU PaBHO

1. Uto xe kxacaeTcs 3HaUCHMA €S = 11, TO OHO MOXKCET IOJYUIUTHCS TOJIBKO B PE3YJIbTATC CIIOKCHUA

ABYX CJIOB, OUTEI KOTOPLIX B o0enx MO3UIUAX OTIIMYAKOTCA, 1 PACCTOSHUC XeMMUHTa MCKAY 5TUMHU

CJIOBaMU PaBHO 2.

Tabnuna 3.4. BeruuciaeHre METpUK yTel

Ne Bxon Cocros Cymmatop 1 Cymmar Beixonn
TaKkTa HOI HUe op2 bl€ KOJIOBBIE
uHpopmall | perucrpa KOMOHHAaIUH
MOHHBIN CABUIa
our
0 - 0000 -
1 1 1000 15060=1 18 11
00=1
2 0 0100 06060=0 (0[5 01
160=1
3 1 1010 161640=0 19 01
00=1
4 1 1101 16041=0 19 01
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11=1

5 0 0110 05160=1 0@ 11
160=1

6 1 1011 13191=1 13 10
0b1=0

DYyHKIUA 1eKOIHUPOBAHUSA MOCI€I0BATEIbHBIM AJITOPUTMOM
Y4YuThiBas TOMOJOTHUIO PEIICTKH, MEPBBIA IIar JEKOJAUPOBAaHUS ObUT peaju30BaH
OTZIeTbHO. B 351eMeHTe MCXO0MHOTr0 KOoJla IPUBEACHHOTO Ha pUCYHKE 3.71 MPOUCXOIUT IpOBEpKa U
BBIOOp BO3MOXKHOTO ITYTH, 3aBUCHMOCTH OT OWUTOB COOOWIEHHs (TPOBEPSIOTCS OUTHI MacCHBa
S_str_Array()).

Kak MblI yke 3HaeM U3 TeOpuH, Ha MEPBOM IIare JEKOAUPOBAHUS COCTOSIHHE JEKoAepa —
00, BO3MOXHBI TOJIBKO ABa IyTH, K y3i1aM 00 u 10, KOTOPEIMCOOTBETCTBYIOT KOJOBBIE CUMBOJIBI C
BbIxo1a kojepa 00 u 11.

OpHako Ha BXOJ JIEKOJepa MOTYT IPHUITH LENBIX YeThIpe KOMOMHAMU OUT COOOIICHUS,
M03TOMY, Ha MEPBOM IIIare JAeKOJUPOBaHUs, ObLIO PEIICHO CBS3aTh MPUXOJA KOJOBOW KOMOWHAIIUU
00 u 01 x mepexony B y3en 00, a konoBeie koMOuHarmu 10 u 11 k mepexony B y3en 10. Tak MbI
n30aBIsieMCsl OT HEOTPEISIIEHHOCTEH, 3aCTaBlsisl JEKOACp MPHUHATH PEHICHHUE, JaKe €CIIM TPHUIILIa

HE pa3pelieHHass KOMOMHAITHSI.

If ((5 str_Array(i) = "@2") Or (5 _str_Array(i) = "81")) Then
state decoder = "@@"
state metric = Fun_Metric(state_decoder, 5 _str_Array(i))
5_mess = "@"
f_x1 = Arr_Xy(e, f)
f yl = 284

ElseIf ((5_str_Array(i) = "18") Or (S5_str_Arcay(i) = "11")) Then

state decoder = 18"
state_metric = Fun_Metric(state_decoder, 5 _str_Array(i})
5_mess = "1"
f x1 = Arr_X¥(2, T)
f_yl = 384

End If

GoTo End_1_step
Puc. 3.80. DnemeHT mporpaMMHOT0 KoJ1a GYHKITUH IEKOIUPOBAHUS MOCIIEI0BATEIbHBIM
aIrOPUTMOM
[Tocse Toro kak myTh BBIOpaH, B IepeMeHHYIO State_Mmetric 3amuceiBaeTCsl 3HAUCHHE METPUKU

NyTH, BBIYMCIEHHOE omucaHHOW ¢yHkimed Fun_Metric. [lanee craButcs merka 0 wmm 1,
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YKa3bIBaIOIIas HA TO KAKOW CHMBOJ TIepeaBaics, IMOCIe Yero 3aJat0TCsl KOHEYHBIE KOOPAMHATHI 110
TOPU30HTAIU M BEPTUKAIHN OTPE3Ka JAJisi BBIOPAaHHOTO MYTH.

Ha »sToM 3akaHunBaercs mepBbId HIar AEKOJWPOBAHMS U OCYIIECTBISIETCS O€3YCJIOBHBIM
nepexon Ha Metky End_1 step. Croma »xe mepexoauT mporpaMMa M IOCiIe OTPabOTKH BCEX
OCTaJIbHBIX I11ar0B.

Jlanee TPOMCXOAUT AHAJOTHUYHBIE OINEpallH, TOJBKO KOJMYECTBO BO3MOXKHBIX IyTel
yBenuuuBaercs no 4-x (00, 01, 10, 11), ocymecTBiseTcs mepexoa KO BTOPOMY IIary
nexonupoBanus. ['pad aBTOMaTa, KaKOBBIM SBJISETCS HAIl JEKOJAEP, MPUHUMAET BHJ MOKA3aHHBIH

Ha pucyHke 3.82

Puc. 3.81. I'pad peanuzyemMoro nociaea0BaTeIbHOTO ACKOIepa
Crparerusi mpejcCTaBieHHass Ha PHCYHKE 3.82 peanm3yercs NpHU MOMOIIM aJlrOpUTMa
110JJ0OHOMY TOMY, YTO ObLI HCIOJIB30BAH Ha MIEPBOM Il1are IEKOJMPOBAHMS, TENEPh AEKOAEP TaK XKe
BbIOMpAET MyTh € KpaTyaifieil MeTpUKo#, 0IHAKO B CIIy4ae €ClIU pacCTOSTHUSI XEeMMHHTa JUIst 000MX
MyTel OJIMHAKOBBI, TO MPUOETAET )KECTKOMY METOly MPUHSATHUS PELLIECHUI:
e Ecmu mbl Haxoaumces B y3ne 00 wnu 11, m npunuia komOunanus 00 wim 01 —
CUMTaeM 4YTO IepeaaBalics HoMb (nBuraemcst Beepx), 10 win 11 — nepenaBanack equHuna
(mBUTaeMcCs BHUB).
e Ecnu mbl Haxogumcs B y3ie 01 ninu 10, u npuna komOunanus 00 niau 01 —cuutaem
YTO TepeaaBaiach equHuia (aBuraemcs Banu3)., 10 wim 11 — nepenasancs HOIb (ABUTaeMCst
BBEPX).
[Iporiecc mpoucXoaUT 10 TE€X MOp MOKa HE 3aKOHUYUTCA cooOieHue. [TomHbIi HeXo HbII
KOJ (YHKIIMH JE€KOJAUPOBAHUS TPUBEAEH B MpuiioxkeHuu (cm. [punoxenne N).
IloaroroBka Kk BbIBOAY Pe3y/1bTATOB 1€KOAUPOBAHUS
Jlnist Toro yToObl B KOHEYHOM MTOTE MOJIYYUTh CUMBOJIBHBIA PE3yJIbTaT OpPraHu3yeM LUK
peBepCHpPOBaHMS MAacCHBAa CHUMBOJIOB COOOIIECHHUS, WHAUY€ MBI MOJIYYHM CTPOKY B 3€pKaJIbHOM
oTpaxkeHnu. Opranuszyem LUKI epedopa MaccuBa CUMBOJIOB COOOUICHMS, pa3/iesieM UX Ha MayKu

no 8 GMT M KKy MauKy MpeodpasyeM B JAeCATUYHOE YMCIO Mo mpuHIumy: 27 + 20+ 25+ 2%+
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23+ 22+ 21+ 29 a 3arem momywaem cumson u3 ero ASCll-xoma. IToBTOpsieM omepamuy IoKa He

3aKOHYUTCA COO6H_[CHI/IC, IIOCJIC YE€T'O PE3YIbTATHI BRIBOAATCA B COOTBCTCTBYIOIIIUX OKHAX.

CBepToqnoe ACKOAUPOBaAHHUE. HpaKanecKaﬂ 4acTb

3AJAHUE Nel

Bapuant 1

Ceeprounsiii kox: gi(X) = I+ X2+ X3, go(X) =1 + X + X5,

Bxoauas nocnenosarensHocts: V = 10110.

Ha pucynke 3.73 npejicraBieH CBEpTOYHBIN KOJED.

BXOOHEIE BUTEI

— | 0

101101

d

cymmaTop 1

\@R‘ID‘H

+

0 0

<

e

( : g2=1101
cymmaTop 2

Puc. 3.82. CBépTounbIii KOACP

100011

BbIXOOHLIE DUTLI

B

T

|

110101011110

111110

[TpousBenu KOAUpPOBaHUE BXOJHOM MOCIENOBATENbHOCTH V JAHHBIM CBEPTOYHBIM KOAEPOM M

HapHCOBaIM TaOIMIy KOAUPOBAHUS MH(POPMALIMOHHOIO NOTOKA. JlaHHbBIE TIPEICTaBJIECHbI B TAOIUIE

3.5.
Tabnuua 3.5. Ilpouecc kogupoBaHus HHPOPMALIMOHHOTO MTOTOKA
Ne Bxon Cocros Cymmatop 1 Cymmar Boixoan
TaKTa HOM HUe op2 pl€ KOJIOBBIE

uHopMall | peructpa KOMOMHAIMU
HOHHEIN CIBHTA
out

0 - 0000 -

1 1 1000 15040=1 10 11

0b0=1
2 0 0100 0600=0 (03] 01
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160=1

3 1 1010

16160=0

1@

0660=1

01

4 1 1101

16061=0

18

1b1=1

01

5 0 0110

01p0=1

06

160=1

11

6 1 1011

161601=1

18

01=0

10

[TocTpounu pemieTky Koaepa:

00 Q
01 O O

10 O @

11 © Q

W300pa3uim pemerky AeKojepa U MPpOU3BENH JIeKOIUPOBaHHE:

Puc. 3.83. Pemerka kojepa

Puc. 3.84. Pemetka nexoaepa
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B pesynbrare Obuu BhIsIBICHBI 6 ommbok: [locne nexonepa ObUT OTYYEH pe3ynbTaT:

11 10 11 01 10 O01. IToguepkuBaHUEM BBIJICICHBI MECTA, T/I€ OBUIH COBEPIIICHBI OIITMOKH.
Bapuanr 2

Ceeprounsiii kox: gi(X) =X+ X2+ X3, go(X) =1 + X + X4

Bxonnas nocnenoBarensHocTh: V = 010100.

Ha pucynke 3.85 mpezacTaBiieH CBEpTOUHBIA KOAEDP.

cymmatop 1

ﬂ“\“?” 1 001001
/ BblX0IHEIS DUTEI

BXOOHLIe BUTL . ‘\\.

S R 0

010100

P
™

¢ 000011010011

0 0

\\ / 001101
( jgzzﬂm
cymmaTop 2

Puc. 3.85. Céprounslii Koaep

HpOI/I3BeJ'II/I KOJUPOBAHUC BXO,HHOﬁ IIOCJIICAOBATCIbHOCTHU V JaHHBbIM CBépTO‘lHHM KOICPOM U

HapucoBajInu Ta6n1/1uy KOAUPOBAHUA I/IH(I)OpMaLII/IOHHOFO IIOTOKaA. I[aHHLIe MMPEACTABJICHLI B Ta6n1/1ue

3.6.

Tabnuua 3.6. IIpouecc koaupoBaHus HHPOPMALIMOHHOTO MTOTOKA

Ne Bxon Cocros Cymmatop 1 Cymmar Beixonn
TaKTa HOM HUE op 2 bIE KOJOBbIC
uH(popMall | perucrpa KOMOMHAINH
HOHHBIN cIBHUTa
our
0 - 0000 -
1 0 0000 06060=0 0D 00
0660=0
2 0 0000 06060=0 0D 00
0660=0
3 1 1000 1@0p0-1 19 11
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060=1
4 0 0100 0G060=0 0@ 01

160=1
5 1 1010 1@10=0 13 00

0661=0
6 0 0101 0G01=1 0 11

160=1

[TocTpoumnm pemeTky Kojepa:

00 Q = 3 o
A h
oo
. G

U -4V V-

9. Vs
wo o g/ oA\ Y.
\\ / i ' '_
1Mo o “g--t f/( 20
Lo 0o 0 o 1 1 ] i 0 0 1 1

Puc. 3.86. Pemerka kojnepa

N300pa3miu pemeTKy AeKoiepa 1 POU3BENn JICKOIUPOBAHUE:

U= 00 0o 11 01 00 11
00
Y

L)

10 O

11 O
V= |

MNZ2 wara: 1 2 3 ] 5 =]

Puc. 3.87. Pemetka nexoxaepa
B pesynbrare 6b11H BhIsIBIIEHBI 5 omOoK: [locne gexoaepa ObLT OJIy4eH pe3ysIbTaT:
0000 10 11 01 00. [MoruepkMBaHUEM BBIJCIICHBI MECTa, T OBUTH COBEPIICHBI OINOKH.

3AJIAHUE Ne2

HOCTpOI/ITB I‘pa(I)I/IKI/I 3aBHCUMOCTH YHCJIa OIINOOK OT BEPOATHOCTHU OIIMOOK JJIsI OMUHOYHON U

JIIBOMHOH JUIMHBI OIINOOK.
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Puc. 3.88. ITporecc KoaUpOBaHUS U JACKOIAPOBAHHUS

r pa(bI/IK 3aBHCHMMOCTH YHCJIa OIIHOOK OT BEPOATHOCTHU OIIMOOK JJIsA OI[I/IHO‘IHOI\/’I JJIMHBI OIINOOK

npeJcTaBieH Ha pucyHke 3.89, a st ABOMHON AMHBI omMO0oK Ha pucyHke 3.90.

35

30 2

25

20

15

Yucno owmnbok

10

0 0,1 0,2 0,3 0,4 0,5

BepoATHOCTb OWNGKHK

Puc. 3.89. I'paduk 3aBUCHMOCTH YKCIIa OUTUOOK OT BEPOSTHOCTH OLIMOOK /JIsi OAMHOYHOM

JUTAHBI OIINO0K
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Puc. 3.90. I'paduk 3aBUCUMOCTH YKCIIa OMIMOOK OT BEPOSITHOCTH OIIMOOK ISl JIBOWHOM
JUTUHBI OLIHO0K

B mporecce BBIMOTHEHHS] WHIUBUIYadbHOW pabOTHl ObLIa OCYIIECTBICHA paboTa 1o
CO3JIaHHIO TPOTPAMMHOI0 KOMILIEKCA JIISl BH3yajdH3allMd W HCCIACIOBAHHUS METOJa CBEPTOUHOTO
JCKOJIUPOBAHUS Ha OCHOBE TOCIJIECIOBATEIILHOTO anropuTMa. [IporpaMMHBIN KOMILIEKC BBITOJIHEH B
B TIOJIHOM COOTBETCTBHHM C TEXHHUYECKUM 3aJJaHWEM, W OTBEYaeT BCEM 3asBICHHBIM B HEM
TpeOOBaHUSIM.

beutn  mpou3BesieHbl  1a0OpATOPHBIC HCIBITAHHS TMPOTPAMMHOTO KOMILIEKCA, B XOJI€
KOTOPBIX OblJa OTMeueHa BbICOKass 3()(EKTHBHOCTH €ro HUCIOJb30BaHUS B KAauyecTBE MakeTa
HATJSIIHO  IEMOHCTPUPYIOIIETO MPOIECChl  CBEPTOYHOTO KOMUPOBAHHS M IOCIEIOBATEIHHOTO

aJIropuTtMma ACKOAWPOBAHMA.

3.4. lexonnpoBaHue CBEPTOYHBIX KOJ0B 10 MeToay Butepou

BricokondheKkTUBHBIM CpeACTBOM OOpHOBI C TOMEXaMH B IIU(PPOBBIX CHUCTEMaX CBS3U
SBIIICTCS TNPUMCHCHHE TIOMEXOYCTOHYHMBOTO KOJUPOBAaHUS, OCHOBAHHOTO Ha BBEIACHHH
HUCKYCCTBCHHOH H30BITOYHOCTH B TIiepelaBacMoOe COOOIICHHE, YTO MPHBOJAUT K PACHIMPSHHUIO
HCIIOJTb3YEMOH TOJI0CHI YaCTOT M YMEHBIIICHUIO HH()OPMAITMOHHON CKOPOCTH TIepe/Iadu.

B coBpeMeHHBIX cHCTEMaxX CBS3M HUCIHONB3YIOTCSI B TOM WIM WHOW CTENEHHU
MMOMEXOYCTOWYMBBIE KOAbI — ONOYHBIE IMKIMYECKHE KOIbI, B COTOBBIX CHCTEMax CBSI3U
MPUMEHSIFOTCS Kak OJIOYHBIC, TaK W CBEPTOYHBIC KOJIBI, B TIOJABJISIONIEM OOJBIIHHCTBE

CIIYTHUKOBBIX CUCTEM CBA3HU, B OCHOBHOM, UCITIOJB3YIOTCSA HCIIPECPBIBHBIC CBEPTOUYHBIC KO/IBbI.
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Cpenu pas3nuyHbIX aJrOPUTMOB IOCJIEIOBATEIbHOTO KOAMPOBAHUA M JIEKOAMPOBAHUS
CBEPTOYHBIX KOOB BblaemsieTcs anroputM Burep6u. [IpenmymiectBo nexoaupoBanus Butepou mno
CPaBHEHHUIO C JEKOAMPOBAHUEM IO METOJY IOJHOTO rmepedopa 3akio4aeTcss B TOM, YTO CIIOKHOCTh
nexonepa ButepOu He sBnsieTcst PyHKIMEH KOJTUYEeCTBAa CHMBOJIOB B TIOCIIEIOBATEILHOCTH KOJJOBBIX
cioB. Llenpro gaHHOM paboTHI SBIAETCS MPOSKTHPOBAHUE M MCIBITAHWE y4eOHOTO MPOrpaMMHOTIO
KOMIUIEKCA BHU3yallM3allid M HCCJIEIOBAaHUS METO/a CBEPTOYHOIO JEKOJAMPOBAaHHS HA OCHOBE
MOCJIEZI0BATENILHOTO anroputMa BurepOu.

Kparkue Teopernueckue cBeieHUs

B Hacrosmiee BpeMs B cHCTEMax I[e€pelaud JaHHBIX OUYEHb IIHPOKO HCIIOJIB3YeTCs
CBEPTOYHOE KOAUPOBAHHUE BMECTE C JIEKOJUPOBAHUEM M0 anroputMmy Burepou. Anroputm Butepou
MPEJICTaBIsIeT CcOOOM JEeKOAMpPOBAaHME IO MAaKCUMyMy IMPaBAONONOOUS M HCIONb3YeTCs IS
WCIIPABJIEHUS OJMHOYHBIX OIIHNOOK.

Ceepmounvle k0Obl SBISAIOTCA HENPEPHIBHBIMU, TO €CTh OTHOCSTCS K KJIACCY JPEBOBUIHBIX
ko0B. CHMBOJBI TOCIEIOBATEIbHOCTH Ha BBIXOJE KOJAEpa TaKOro Kojaa oO0pa3yloTcs MyTeM
CYMMUPOBaHUSI MO MOAYIIO 2 Kaxa0ro WHGOPMAIMOHHOTO CHMBOJA C HEKOTOPHIM HaObOpOM
MPEABITYIIUX CUMBOJIOB.

Konupyroiiee ycTpoiicTBO CBEpTOYHOIO Kojla B 00I1IEM BUE MPEICTABIICHO.

HpI/I MOCTYIUICHUH Ha BXOI KOACPA KaxJA0Io I/IH(bOpMaI_[I/IOHHOFO CHUMBOJIa Ui MYJIBTUILIICKCOP

Bx
Ui
— 0 B 1 P 2 I N-1 p

Buvix
Vi

M niocnenoBaTenbHO CUMTHIBAET 32 OAMH TAKT CUTHAJBI C BBIXOJIOB BCEX CyMMaTOpPOB MO MOIYIIO 2,
dopmupyst Ha BbeiIxome M cumBonoB V. Takum o00pazoMm, TMpu CKOPOCTH BXOIJHOMH
MOCJIEZIOBATENILHOCTU By, OUT/C CKOPOCTH BBIXOIHOM MOCIENOBATENHHOCTH COCTABISAET Byyy=MBygy

out/c.
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M3BeCTHBI 1BA OCHOBHBIX BEPOSTHOCTHBIX aJITOPUTMa AEKOAUPOBAHUS CBEPTOUYHBIX KOJOB, a
TaKXKe UX pa3IMyHble MOIU(DUKALIH.

B mpocreifiiem ciydae NpOU3BOIAT KeawmosaHue KaXKJOTO KaHAJIbHOIO CHMBOJIA B
OTCUETHBII MOMEHT BPEMEHU Ha 06a ypoeHs (UIMEHYEMOE, KaK «icecmKoe peuienuey Ha BBIXOAE
nemonyinstopa). Ilpu xecTkoM perieHuu yucio ypoBHel kBaHTtoBaHus L = 2. Ilpu atom xecTkoe
pelleHre MPEeACTaBIEHO OAHMM JBOMYHBIM CHMBOJIOM. DTO IIOKa3aHO Ha pucyHke 2, 6).Ilpu
«WMsACKOM peuienuuy PUCYHOK 2, T) UUCIIO YPOBHEH KBaHTOBaHUs L > 2.

[Ipr MATKOM peIIeHHH BBIXOJ KBAHTOBATENs 0O0Je€ TOYHO OINMMCHIBACT BEIUYMHY OTCYETa

CUTrHalia C HOMGXOﬁ, YTO IIOBBIIIACT HOMQXOyCTOfI‘-IHBOCTB ACKOOHUPOBAHUA.

OTtcuer
A
=
.
& X1
S| e >
t g \\\ ’/,
§ ><
/ /' \\
\\ III g /’/ \\\
“ rd
1, 5 ~— e X,
f Sz
| a)
0)
Otcuer
A
=
= X1
&
=]
=
=
2
\ / <
N <
v /! 5
0 3
f = “
| 8

8) 2)
Puc. 3.91. Ilosicaenune pabOTHI PEIIAIOIIETO YCTPOUCTBA B IEMOAYIISITOPE
a, 8) — HOPMBI IPOTHBOTIOIOKHBIX CUTHAJIOB B MOMEHT OTCYETa Ha BXOJIE PEIIAOIIETO
yCTpO#CTBa JEMOIYIIATOPA. 6) — IIKaja KBAHTOBAHUS U Tpad) MEPEX0I0B MPH HCECMKOM PEUeHUl.
2) — IIKajia KBAHTOBAHUs U rpad epexo0B MPU MASKOM PEUUEHUU.

AaroputMm BurepOu /151 1eKOAUPOBaHUS CBEPTOYHBIX KOJI0B

Paccmotpum anroputm ButepOu Ha mpuMepe Koaa co CKOPOCThIO Ryor = 1/nN.

[Tycth, HaunHass ¢ MomeHTa BpeMenu t =0, Ha BXon Kozmepa mojmaercs WHOOpPMAIMOHHAS

MOCJIeI0BaTEIbHOCTh AJIMHOMN L cuMBOIIOB:
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a. = (8.0, ajg, ..., a|_,1)

Torna Ha BbIXOz€ KoZiepa OyAeT MOCIe0BATEIbHOCTh CHUMBOJIOB!

b= (bo. by, ..., bL—l)

CocrosiHre Koaepa B MOMEHT t onpenensioT kak Habop 3 W HH(POPMAIIHOHHBIX CUMBOJIOB!

Wi = (8, a1, ...y AtL+1)

Pemeryaras auarpaMmma KoJa O0OHO3HAYHO ces3zvIeaem MH(OPMaLIMOHHYIO
MIOCJIEI0BATENbHOCTh 8|, MOCIENOBATEIbHOCTh COCTOSSHUM Koaepa WL M IOCJEI0BaTelIbHOCTh
CHMBOJIOB Ha €r0 BbIXOfe .

Kaxmoit BeTBM D; B KaHajie COOTBETCTBYET CHUTHAJ, KOTOPBIH MOXET OBbITh MpEICTaBICH

HabopoM KoopauHar [2]:

s, =(s,s7,..5)

t
Iac N — PasSMCPHOCTD IIPOCTPAHCTBA CUT'HAJIOB.
J_IOHYCTI/IM, YTO B KaHaJEC HeﬁCTByeT aJJUuTHUBHAA IIOMEXaA. Torz[a MOoCTyIaromas Ha BXO
ACKOACpa MoCiaeaA0BATCIbHOCTb IPUHUMACMOT'0 CUT'HaJIa 6YI[eT paBHa:
XL = S|_ +Nng
roe S| = (So, Siy sy SLfl);

n. = (o, N1, ..., NL_1);

1) L@
t t

n = (n N7, an)) — N-MepHbIit gexmop nomexu.

t

JlekomupoBaHHe COCTOUT B IMPOCIICKUBAHUM TIO0 KOJOBOW pEIIETKE IyTH C MaKCUMAalbHOU
arnoCTepUOPHON BEPOATHOCTHIO.

JlekoupoBaHHBIHM TyTh MOXKHO YKa3aTh OJTHUM U3 CIIOCOOOB:

— HabOpOM OIIEHOK KOJI0BBIX BeTBel S| = (So, S, ..., SL_1), COCTaBISIONINX MMyTh,

— MOCJIEIOBATEIbHOCTRIO OIICHOK cocTosiHuUit kogepa Wi = (Wo, W1, ..., Wi_1);

— TIOCJIEAOBATEIbHOCTHIO OICHOK HMH(OPMAIMOHHBIX CHMBOJIOB Ha BXOJEe Kojepa
AL = (ap, a1, ..., aL-1), KOTOpbIE COBMAAIOT C MEPBBIMH CHMBOJIAMH OLICHOK COCTOSHUUN S = (So, Si,
cee ,St.v+1).

[TocnemoBarensHOCTE X OyIeT ACKOTUPOBAHA C MUHUMAILHOU BEPOAMHOCMbIO OWUOKU,
€CJIM U3 BCEX BO3MOXKHBIX IMyTel BBIOpATh OLEHKY S|, JUIsl KOTOPOU MAKCUMANIbHA AnOCMepUopHas
geposimuocmv P(S /X|). [lepenauy Bcex BapHaHTOB HaOOPOB &, CYMTAIOT PAaBHOBEPOSATHOI. B aToM
cllyyae 0eKooupoeauue no Kpumepuio MAakCumyma anocmepuopHou 8eposmHOCMU PABHOCUNLHO
0eKOOUPOBAHUIO NO KPUMEPUIO MAKCUMYMa Npagoonododusi, KOrJa BBIOUpAeTCsS OICHKa S,
obecrieunBarolas BbimoiHeHue ycnoBus P(S /X)) =max. B kaname 0e3 maMATH YCIOBHas
BeposiTHOCTH P(S|/X|) mponopunonansHa npouszeedenuio yCIOBHBIX TIOTHOCTEH CyMMBI CUTHAJIA U

IIOMECXH:
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L1 L1
PUS) = [TP(X,/S,) =[TP(XOXL... XM /SPS® . sy
t=0 t=0

B rayccoBckoM kaHalle mpu JAEWCTBUM O€JIOro IiymMa C OJHOCTOPOHHEW CHEKTPabHOM

IJIOTHOCTBIO MOIIHOCTH Ny Ka)KIblii COMHOXHTEIb 3TOrO POU3BEICHHUS UMEET BHUIL:
N
N i i)\ 2
P(X_ /S )=(@/nNy) exp{—[Z(Xt(') - St(l)) 1/2Ny}
i=1
JIJ151 OTBICKAHHSI MAKCUMYyMa IIPOJIOrapu(pMUpyeM:

L-1
InP(X,/S.)=InT] @/ JaNy)" x
t=0

&y () (i)y2 Sy () i)y2
xexp{-[> (XM =5P)?1/2N 3= NLIn(1/ /aNy) = 3 3 (XD —s)2 /2N,
t=1

t=0i=1
[Tpr nexoaMpoOBaHUHM BHIOHUPAIOT IOCIEAOBATEIBHOCTh CHrHaNoB Sp = (So, Si,..., Sp 1) u
OJIHO3HAYHO CBSI3aHHYIO C HeH mocienoBareabHOCTh BeTBet S = (So, S1, ..., SL1), KoTOpas

00ecreYnBaeT MUHUMYM CYMMBI:

L 1N
MIT= 22(XM S )?=min

t=0 i=0

BolpaxkxeHue KoTOpasi Ha3bIBA€TCS Mempukol 0eKoOupoeanHno2o nymu. MeTpuka IyTH

COICPIKUT B KAYCCTBE CJIaraCMbIX mempuKxku eemeeil .

N
MB= 2(X0 S
i-1

B rayccoBckoM kaHalie METpUKa BETBU MPOIOPLHOHANIbHA KBagpary EBKIIMI0BAa pacCTOSHUSA
MEXAY BEKTOPOM MPUHHUMAeMON CyMMBI CHUTHalla M TioMexu X; U BEKTOPOM CHTHala S
COOTBETCTBYIOIIETO BeTBU kojma A;. B muckpeTHoMm kaHaye JUisl OLIEHKH PAaCcCTOSTHUN HCIOJB3YIOT
METPUKY XEMMHUHTA.

Ileproanyeckas CTpyKTypa peLIETYATON AuarpaMMbl CYIIECTBEHHO YIPOILIAET CpagHeHue u
6b100p nymeti B COOTBETCTBHUHM C MpaBWIAMH JCKOAUPOBaHUSA. UMCIO COCTOSHHMI Ha pEIIETKE
OTPaHWYECHO, U JIBa HAyTaJl BHIOPAHHBIX JOCTATOYHO JIMHHBIX IMyTH UMEIOT, KaK MPaBHIIO, OOIIHe
coctosiaust. OTpE3KH MyTeH, BXOIANINX B TAKUE COCTOSIHUSI, HEOOXOIUMO CPaBHUTH U BHIOPATh MyTh
C HaUMEHbIIEN METPUKON. Takon nyms HA3BIBACTCH GulHCUGUWIUM. B COOTBETCTBUU C aIrOpUTMOM
Burepbu Takoe cpasnenue u omopacviéanue ompe3Kos nymeu npou30OUmMcs nepuooutecKu, Ha
Kaxcoom waze 0eKoOUupoBaHUsL.

Paccmorpum aexonuposanue kona (7;5), CHUMBOJIBI KOTOPOTO MEPENAIOTCS MO TUCKPETHOMY
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KaHay.

B stom cinyuae mempuxa eemsu (MB) paBHa paccrosiHMI0O XeMMHHra MEXIy Habopom
CHUMBOJIOB (X(l)X(z)) Ha BXOJI¢ JIeKo/iepa U HabOpOM CHMBOJIOB (8(1)5(2)), COOTBETCTBYIOIIUX JaHHOU
BETBM Ha pemeryarod auarpamme. Ecin (X(I)X(Z))=(01), To 3HaueHuss MB mis xoma (7;5) ¢
pelnieTkoii, n300pakeHHOM Ha PUCYHOK 3, @) OynyT paBael MB(00) = 1, MB(01) =0, MB(11) =1 u
MB(10) = 2.

CMM);OTH Ha
1 1

CocTtosgHuUA

BrepkuBmine

Pesyabrarsl padoTbl

Puc. 3.92. JlekogupoBanue koja (7;5)



Peanuzanus Metoaa CBEPTOYHOI'O ACKOAUPOBAHHUSA HA OCHOBE MOCJICA0BATEJIBHOIO

aaropurma Burepon B MatLab/SIMULINK

Onucanne nadoparopHoii MakeTa.

HpOl"paMMHaSI MOJCIIb, pa3pa60TaHa;1 C HCIIOJIB30BAHUEM IIOACHUCTEMBI BHU3YaJIBHOI'O

mozenupoBanus Simulink. TTo3BossieT MPOBECTH HCCIIENOBAHUE KAYeCTBCHHBIX XapaKTEPUCTHK

CUCTCMbI CBA3H C HCIIOJIB30BAHUCM CBCPTOYHOI'O KOAWPOBAHUA IIPU «MACKOM» W «HCECMKOM»

peLICHUH.

Mopnenp nmaboparopHoit makera B MatLab/Simulink mms cBepTouHOro IEKOAMPBAHUS

Burepbu nipu «Msekom pewenuuy» npecTaBieHa Ha PUCYHKE

CeepToYHOe AekoaupoBaHUA BUtepou npu

MATKOM peLeHuu
JMB i Convolutional [120000¢1] . _‘—B;w [20000¢1]
ermouli = =——M
Binary [10000x1] Encoder [20000x1]
leneparop MNCIN Wudpatop JBeowyHasn gasosan MaHunynAuna (QAM-2)
Mogynatop (OcHosHadA nonoca)
’ BER_Data [20000x1
S To Work
[10000x1] Tx Error Rate 3 0 Tiorkepace AWGN AWGN
Calculation 0.01005 KaHan
[10q00x1]
Cuetunk BER [20000x1]
3 9952
Nucnnei
W [20000x1] Soft-Output  1120000x1]
i < BPSK <
[10000x1]| Viterbi Decoder [20000x1] Demodulator

Viterbi nexogep

MopgcucTema

Puc. 3.93 — Mozens cBepTouHOro Jiekoaepa Burepou npu « MArkom pemeHumn»
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Monens naboparopnoii maker B MatLab/Simulink nuist cBeprounoro nexonupsanus Butepou

npu «JKecTKoM pelieHrun» MpeacTapieHa Ha PUCYHKE.

CBepTo4HOoe aekoauposaHue Butepbu npu XKEC TKOM pewwieHum I

nmmr : L iwwn
: Convolutional
B;irnoulll > e > BPSK
nary
Teneparop MCI Wnpatop [eonunan ¢ a308aA MaHunynALuA (QAM-2)
Moaynatop
y
— AWGN ™ fiien’
Han
» Tx Error Rate o
»Rx Calculation
Cuetumk BER
Nucnnen
ML
Viterbi Decoder Comvert [« BPSK e
Twvn AaHHLIX
[Lekopep Butepbu Mpeobpazosanme [ BonuHan fa3zoBan MaHUMNALWA
JemogynaTtop

Puc. 3.94. Monens cBepTodHOTO Jekoaepa Burepou nipu «Kecmkxom pewernuuy
[MosyyeHHble pe3yabTaThbl

Ha pucynke 3.95 npezacrasieH rpaduk 3aBUCUMOCTH KOA(PPHUIMEHTAa OUTOBBIX OIIMOOK OT

E . .
OTHOIICHHsI curHama K mmymy BER = f (N—S)) JUISL JKECTKOTO W MSATKOTO IPHUHATHN PEIICHUU
0

CBCPTOYHOI'O ACKOAUPOBAHUA ITOCIICAOBATCILHOIO METOAA BI/ITep6I/I.

BER

&3 —#—HARD
——SOFT
o, \

Es/NO

Puc. 3.95. I'paduxk 3aBucumocTH ko3duiinenTa GUTOBBIX OMNOOK OT OTHOLICHHUS
CUTHAJI/IITYM JIJISl 5K€CTKOTO (CHHUI) U MATKOTO (KPaCHBIN ) MPUHITUN peleHui

CBEPTOYHOTO JieKoaupoBanusi Butepou.
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B pasnene npencrasieHo crienyoree:

- [lpoBenen  0030p  MeToga  CBEPTOYHOIO  JCKOAWPOBAHUS  HAa  OCHOBE
HOCJIEIOBATENILHOTO ajaroputMa Butepou;

- B nporpamme MatLab/Simulink peanu3soBana Mozenb CBEPTOYHOTO JEKOJHUPOBAHHS
Ha OCHOBE IOCJIEIOBATENILHOTO anroputMa Butepou;

- [TpoBeneHO MCCIeIOBaHHE OCHOBHBIX TEXHUYECKUX XaPAKTEPUCTUK JCKOAUPOBAHUS
anroputma BurtepoOu;

- [Mpoananu3upoBaHo pe3yibTarsl MonenupoBanus B MatLab/Simulink;

- Pa3zpaborana MeToaMKa TIPOBEACHHS MCCICIOBAaHUS OCHOBHBIX TEXHUYECKUX

XapaKkTepUCTUK anroputma ButepOu.

3.5. Typo6okoaupoBanue. O600menHas cxema Typookoaepa TCC ¢ mapanieabHBIM
KackaaupoBanneM. CBepToYHbIE TYpOOKOIbI. JlexonupoBaHue TYpOOKO/I0B.
XapakTepuCcTUKU IOMEXO0YCTOMYHMBOCTH cBepTOYHbIX TypOokoaoB TCC. HccienoBanme
TypO0oKkoa0B ¢ ucnojb3osanuem 110 MATLAB.

[IpuHIUNBI TOCTPOEHNS TYPOO-KOI0B
B nmanHOM pa3jiene mpuBeNCHBI OCHOBHBIC TCOPETHYECKHE MAHHBIC OJHOTO W3 BaXKHEHIINX
KJIACCOB UTEPATUBHO JCKOJIUPYEMBIX KOJOB — TypOo-K0a0B (turbo codes) u ¢ ux oboOmiennem —
MHOTOKpaTHbIMU TypOo-kom0B (multiple turbo codes). Typ6o-koaupoBaHHe OCHOBaHO Ha JBYX
(dyHIaMEHTAIBHBIX ~ HJIEAX: TIOCTPOCHHWE KOJOB C KOJIOBBIMH CIIOBaMH, OOJIaTaroNIIMHU
KBa3UCITYYallHBIMU CBOMCTBAMH W ITOCTPOCHHE JIEKOJCPOB, OCHOBAHHBIX HAa JICTKO PEATM3YeMBIX
anropuTMax  WrepaTuBHOro  naekoxupoBanus [1].  TypOo-koael  007agal0T  XOPOIIUMH
XapaKTepUCTHKaMHU, OCOOCHHO TpHU OOJBIIMX [JIMHAX KOJOB M YMEpPEHHBIX TpeOOBaHUSX K
BEPOATHOCTH OIMIMOKH Ha OUT.
IMapanjeibHoe KacKaAMPOBaHUe IBYX CBEPTOYHBIX KOIOB
Typ0o-ko1 MOKHO OIpenenanTh Kak napauiebHoe Kackaauposanue (parallel concatenation)
JIBYX CBEPTOYHBIX KOJI0B. Kosiep cOCTOUT U3 ABYX MapalieNbHBIX CHCTEMATHUECKUX KOJIEPOB
ckopoctr R =1/2 n mamsatu m = 2 (KOMIIOHEHTHBIE KOJIepHI (constituent encoders)) ¢ oOpaTHOI

CBA3bIO (I'CCUI'SiVC encoders) HMCIOIUX pAallMOHAJIBHBIC MMOPOKAAOIINC ITOAMaTPULbI:

1+ D?
1+ D+ D?

u mnpoctoro OnokoBoro mnepemexwurens (IIBIT). Bxomom TypOo-kojepa CiayXHUT JIBOMYHAs

G=(Q1+ ) (3.1)

I/IH(I)OpMaI_[I/IOHHaH MMOCJIEA0BATEILHOCTD AIUHBI K

U= Ugly . .. UK1 (3.2)
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Bxonom 1mepBOro COCTaBHOrO KOJEpa MU IIEPEMEKUTENS, aCCOUUUPOBAHHOIO C BTOPBIM
COCTAaBHBIM KOJIEPOM, CIIY>KUT IOCIEN0BATEIBHOCTD U JUIMHBL K = K+ m,

U=Ugly . .. UK-1 (3.3)

)

—-t
Permutor —-";'b\i »

(T
Wb

Puc. 3.113. CucremaTryeckuii CBepTOUYHBII Kojiep ckopocT R = 1/3, ocHOBaHHBIN Ha

MapajiCJIbHOM KaCKaAUPOBAHUHU ABYX CBEPTOUHBIX KOACPOB

rJae m maMsaTh COCTaBHOTo kojepa. IlepBbie K CHMMBOJOB 3TOH MOCIEI0BATEIBHOCTH — 3TO
CUMBOJIbI MH()OPMAIIMOHHON TMOCIIE0BATEILHOCTH U, MOCIEIHHE 1M CHUMBOJOB OOpa3yloT XBOCT,
MPUBOAIINI NEPBbIII KOMIIOHEHTHBI KOJEp B HysneBoe cocTosiHHue. [lockosibky koaupoBaHue
CHUCTEMATHUYECKOE, BXO/IHAS MTOCJIEI0BATEILHOCTD (BKJIIOUAst XBOCT) UMEET BUI:

v(0) =1, Q v, O v, O=u (3.4)

IIepBbIil KOMIIOHEHTHBIN KOJIEp TEHEPUPYET MIPOBEPOUHYIO ITOCIEN0BATEIBHOCTD:

v() =P ® v @ (3.5)

ITOCKOJIBKY XBOCT 3aCTaBJISIET MEPBBIM KOMIIOHEHTHBIN KOJIEp BEPHYTHCS B HYJIIEBOE COCTOSHUE,
Mbl MOXXeM Hucnoas3oBath bKBP anroputM amoctepuopHO BEpOATHOCTHOTO AEKOAUPOBAHMUS
KOJIOBOM MOCJIEIOBATENILHOCTH MTEPBOT0 KOMIIOHEHTHOTO KOJIepa.

[TapannensHo mocnenoBarenbHOCTs U noctynaer B IIBII, ompeneneHHbl nepecTaHOBOYHOM
marpuneit P = (pik), i =0,1,...,K-1, k=0,1,... ,K —1 pasmepoB (K x K). BeixonHas
nocienoBarenbHocTh  uU(2) = uP TIIBIl mocrymaer BO BTOpPOW KOMIIOHEHTHBIA KOJXEP,
TEHEPUPYIOLIN MPOBEPOYHYIO MOCIEI0BATEIIBHOCTh

v(2) =D v, @ v, @ (3.6)

Boo011ie roBopsi, BTOpOil KoJiep HE MEPEXOUT B KOHIIE KOJUPOBAHUS B HYJIEBOE cocTosiHuE. B

ATOM CITy4ae Helb3s UCIO0JIb30BaTh IS AekoaupoBanust bK/IP anroputm, HO MOKHO UCIIOIB30BaTh

OJTHOITYTEBOW aJITOPUTM allOCTEPUOPHO BEPOATHOCTHOTO JekoaupoBaHus. [Ipu 6onpmux mmHax K

204



3TO HE CUJIBHO OTPAKaeTCsi Ha XapaKTEPUCTHUKAaX JEKOJUPOBAaHUS M BbI3bIBACT JIMIIb HX
HEeOOJIBLIYIO IErPaaaLuIo.

ITBI1, ncrosnb30BaHHBII BO BTOPOM KOJEpe, NepecTaHoBO4YHON MaTpuueid P. C nomoribro
BBEJICHUS BEKTOpa MEPECTaHOBKM HMHAEKCOB (indexpermutation vector) jumHBl K MOXHO JaThb
anpTepHatuBHoe onpeaenenue [1BIT:

T =(mo 1 . . . MK-1) (3.7)
rme0<m;'<K-1,i=0,1,... K—-1 n'~n" ecnu i~ i' u ' TakoBO, YTO Pr'ii = 1, TO €CTh
Prii — 3TO €AMHCTBEHHBIN HEHYJIEBOM 3JIEMEHT B -OM CTOJIOLIE IIEPECTAaHOBOYHOM MaTpULlbl P.
KoMOuHanust Tpex mocienoBaTeabHOCTEH, VO v u v® paer MOJIHYIO TMEPEAABAEMYIO

IoCJICI0BATCIIBHOCTD (KO,I[OBOC CJ'IOBO)

V=VoV1 ... VK (3.8)

©) @ @

TIEVUn=Vn  Vn ' Vn,n=0,1,... ,K— 1, takag yro o0mas niuaa 6i1oka xkoga N = 3K.
[MTockomnbKy, Kak mpasuio K >> m, ckopocTs koaa R =~ 1/3.

Kak Obulo OTMEYEHO BbIlIE, BTOPOHM Kojaep, BOOOIIE IOBOps, HE BO3BPAILAETCS B HYJIEBOE
cocTosiHMe. BaXHbIM HCKIIIOUEHUEM SBISETCS TypOO-KOJEp, Yy KOTOporo 00a KOMIIOHEHTHBIX
KOJIEpa — 3TO PEKYPCUBHBIE CBEPTOUYHBIE KOJEPHI MAMATH M = 1 C OPOXKAAIOIIEH MaTpULIEH.

1
C=0+—) (3.9)
1+D

B »TOM ciydae XBOCT COCTOMT M3 OJHOTO CHUMBOJIa Uk-1, paBHomMy 0, eciu Bec
MHGOPMAIMOHHOM MOCe10BaTeIbHOCTH YETHBIN, U paBeH 1, ecinu Bec HeueTHbIM. Takas BXOaHas
M0CJIeI0BATENbHOCTD MPUBOJUT 002 KOMIOHEHTHBIX CBEPTOUHBIX KOjiepa maMaTtu m = 1 B HyJeBoe
cocrosgHue. [loATOMYy pEmIeTKM KOMIIOHEHTHBIX CBEpPTOYHBIX KOJEPOB HAYMHAKOTCA U
3aKaHYMBAIOTCS B HYJIEBOM COCTOSHMM M MbI MOXeM wucnosnb3oBaTe BKJIP amroputm mis
JEKOJUPOBaHUS 000UX COCTABHBIX KOJIOB.

BaxHoil 0COOEHHOCTBIO OOBIYHBIX TYpOO-KOAOB SBISIETCS CJAObIl pOCT MHUHMMAaJIbHOTO
paccrosiHust dMiN ¢ pOCTOM JUTHHBI KOJIA.

ITapajiesqbHOE KacKkaAMpoOBaHue TPex U 0oJiee CBEPTOYHBIX KOJ0B

OOblyHble TYpOO-KOJIBI HMEIOT OTHOCHTENBHO IUIOX0€ MHUHHMallbHOe paccrosiHue. [lpu
OTHOCUTENIbHO BBICOKMX OTHOUICHHMSX CHUTHAJ-IIyM 3TO BbI3bIBaeT d>P¢eKkT “3aBUcaHus”

BCPOATHOCTU OIINOKH ACKOAHUPOBAHUSA, IIPU KOTOPOM BCPOATHOCTH OIIMOKKA OYECHb MCIJICHHO

yOBIBAET C POCTOM OTHOIICHHUS CUTHAJI-IIIYM. DTOT y4acToK rpaduka Ha3sBaercs “mosmom” (floor).
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Y =

]IEP"HE;-IET £k CEEPMOMHOZE Kooa

Kodep N

CEEPMOHOZD Koda

Puc. 3.114. CtpykTypa -pasmMepHOro CBEpTOYHOTO TypOOKoIepa

XO0TsT MUHMMaJIbHOE paccTOsSHUE TypOO-KOAa MOXKET OBITh YJIYULIEHO BBHIOOPOM XOPOILIETro
MIEPEMEKUTENSI, OHO HE MOMKET pacTh OBICTpee, YeM JIorapu(MUYECKH C POCTOM JJIMHBI OJOKa.
IToBenenne munumansHoe pacctogaus MTK cymecTBeHHO ydiie.

Konep -mepunoro MTK cocrout u3 J, /] > 3, mapajuiebHbIX KOMIIOHEHTHBIX CBEPTOYHBIX
KOJIEpOB U | eIMHUYHBIX OJ0KOBBIX nepemexureneit P(j), j =1, 2, . . ., J, pasmepoB K U K, kak
nokazano Ha puc. 7.2. ( Ompenenum ¢GopmanabHO HyneBoil nepemexurens P(0) Kak equHHYHYIO
Matpuny pasmepoB K x K.) Ilpenmonaraercs, 4YTO BCE KOMIIOHEHTHBIE KOJIEpPHl — 3TO
CHCTEMaTHYeCKHE pEKypCHBHBIC Konepbl ckopocth R = 1/2 u mnamatu m. JIBouuHas
IIOCJIE0BATEIBHOCTD JUINHBI K

U=Ugly ... UK (3.10)

9T0 BXoAHas mociepoBatensHocTh  MTK. Dto  Moxer ObITh  MHpOpMalMOHHAS
IIOCJIE0BATEIBHOCTD; B 3TOM CJlydae BCE KOMIIOHEHTHBIE KOAEPHl — 3TO KOJbI C HEUTpalIn3aluen
XBOCTa. AHAJIOTUYHO OOBIYHBIM TYpOO-KO/JaM CIIEeyeT paCCMOTPETh Cllydai, Korja U coCTOUT u3 K
MH(GOPMAIMOHHBIX CHMBOJIOB IUTIOC XBOCT M3 M JBOWYHBIX CHMBOJIOB, Tak uyTo K = K+ m. B
YaCTHOCTH, €CJIM BCE KOMIIOHEHTHBIE KOJEPbl — 3TO CUCTEMAaTHUYECKUE PEKYPCUBHbIE CBEPTOUYHbBIE
KOJIepbl MaMATH 1, XBOCT COCTOUT U3 1 cuMBoUIa.

[TocnenoBarenbHOCTh U mocTymaeT Ha BXoawel J IIBII, omuckiBaeMbiM NepecTaHOBOYHBIMU
matputiamu P(j) = (p(j)ik ), tme j =1, 2,...,J,i, k=0,1,...,K— 1, pasamepoB KxK. 3a
MIEPEMEKUTENSIMU CIIENYIOT KOMIIOHEHTHBIE KOJEPHI, TAKKE YTO -asl NEPECTABIEHHAsI BEPCUS U, TO
ectb u(j) = uP(j),j =1, 2, ..., ], nocrymaer Ha BXOJ j-Or0 KOMIIOHEHTHOTO KOZEpa.

BoixogHast ~ mocienoBaTenbHOCTh — -OrO0  KOMIIOHEHTHOro  Kojaepa  (IpoBepoyHas

HOCJ'Ie)IOBaTeJ'IBHOCTI)) — 3TO MMOCICAOBATCIBbHOCTD:
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VW =p D, O v V=120, (3.11)

Bxongnas nmocnegoBarenpHocTs MTK,

© ©)

(O)...kal

0
u = U( ) = Vo (%1
MNepeMCIINBACTCA C BbBIXOAHBIMU IOCJICAOBATCIBbHOCTAMUA ] KOMITIOHCHTHBIX KOIACPOB U
IICpeaacTCA 110 KaHawly. Konosoe ciioBo MHOT'OKPaTHOI'O Typ60-1<011a,

V=Vg V1 ...VEK1 (3.12)

©, ©

TNE Vn =V n' VUn v ,n=0,1,...,K— 1, tak uro anmuHa O1oka xoaa paBHa N

=(J+1)K wm pesynpTupytomas ckopocte paBHa R = 1/(J+1). KongoBas CKOpPOCTb MOXET OBITH
YBEJIMUYEHA BbIKAJILIBAHUEM CUMBOJIOB.

KoMOuHanust TOKIECTBEHHOTO MEPEMEKHUTENSI U OCTATIbHBIX | TIepeMexkuTesield Ha3biBaeTcs (J
+1)-mepHbIM niepeMexxuteneM. OH MOXeT ObITh mpeactaBieH B Buzie (/ + 1)-MepHO# TaOiHIIbL,
CKOHCTPYMPOBAHHOM TaK, YTO MPOEKIHMs HEHYJIEBOTO 3JIEMEHTa Ha IIOCKOCTh, 00pa3oBaHHy0 0-oi
u-oit,j=1,2,...,]J,ocamu naBaio ObiMaTpuily nepecranoBok P(j), j=1,2,...,].

HrepaTuBHOe NekogupoBaHue TYp6oO-KOI0B

B nmanHoM pasznene omnucaHo JAeKogupoBaHue TypOo-konoB. llpenmosokuMm, 4To KoJ0Bas
[0CJIEeI0BATENbHOCTD UV = VoV1 . . . VK1, CKOHCTPYUPOBAHHAs U3 TpeX MOCIe10BaTEeIbHOCTEMH, VO =

Uu, 17(1), and U(Z), nepeaacTes 1o JUCKpETHOMY KaHaTy 0e3 maMsITH. HYCTB

r=7oT1...TK-1 (3.13)
rae rn =0 rYy r® n=0,1,... K -1, o3Hauaer MPUHSTYIO TIOCTIEA0BATENHHOCTh U MMYCTh
7.@(0) = P(u,=0) (3.14)
03HAYaeT alPHOPHYIO BEPOSITHOCTh, UTO HHPOPMAIIMOHHBIH cuMBONI U, =0, n =0, 1, ... ,K — 1.

Ha npakruke oobrano P(u, = 0) = 1/2.

WTepaTHBHBIA alrOpuT™M AEKOIUPOBAHUS TypOO-KOJOB TOXO0XXK HA HMTEPATHBHBIA AITOPUTM
pacnpocTpaHeHus noBepus koaupoBaHusa MIIIIY  komos. Jlekogep COCTOMT U3 JBYX
KOMITOHEHTHBIX alloCTEPUOPHO-BEPOSTHOCTHBIX JeKOAepoB. [Iporece aekoanpoBanus COCTOUT U3 [
UTEpaLuiil,; KaKaas UTepalurs, B CBOIO 04epellb, COCTOUT U3 IByX (a3. B pesynbraTe -0it dassl, e =
1, 2, i-oit utepatuu [ = 1, 2, . . ., I, BBIUKCISIETCS MTOCJIEIOBATEILHOCTD:

1O1) =@ () m @ () ... mk 1@ (@) (3.15)

riae m(e) n (i) amocTepruopHast BEpOSITHOCTD 2, 4TO HHPOpMannoHHbIi cumBoa un =0, n =0, 1,

.,K — 1. Yao6uo Bmecto m(e)n (i) omepupoBaTh ¢ COOTBETCTBYIOIIMMHU JIOTapU(HMUIECKUMHU
OTHOIICHHUSIMHU TIPABJIONIOJO0HS, TO €CTh,

© ()
_ n
z,” =log 1-2® (3.16)
u BMecto 7t(e)(i) onmepupoBaTh ¢ MOCICI0BATEILHOCTHIO:
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291 =209 () 2,9 () ...z k1@ (i) (3.17)
MoxH0 ucoIL30BaTh 0603Ha‘-I€HI/IeZ
P(u, =0r?) 7© P(u, =0

r(O))
P(u,=1

i)

2(0) = log (3.18)

=10 +10
, =1r®) =70 0 P(u, =1

JUISL JIOTApU(PMHUYECKOTO0 OTHOIICHUSI allOCTEPUOPHBIX BEPOSTHOCTEH 3HAUCHHWH CHMBOJIA UM,
OpU YCJIOBUH, YTO MPHHAT cuMBON rn. OHO Has3bIBaeTCsl BHyTpeHHeW wuH(popmarueid (intrinsic
information) 06 uadopmarronHom cumBoste un = v(0)n. IIpeamnonaraercs, 4o 06a KOMIOHEHTHBIX
JleKoaepa XpausT B mamatu nocaenosarensaocts z0(0) = zo @ (0) 2z @ (0) . . . z k.1 (0) (0)

HCIOJIB3YIOT €€ Ha KAXIOM HIare UTCPpaTuBHOI'O IIpouecca JCKOJUPOBAHUA.

©) @ @

HYCTL r, r, and r O3HA4Yar0T IOCJICA0BATCIbHOCTU  IMPHUHATBIX CHUMBOJIOB,

o 0) _ o
COOTBETCTBYIOIIUX IEpelaHHbIM HH()OPMALIMOHHONW MOCIEI0BATEIBHOCTH v = U, IEepBOU

@) @

HpOBGpO‘lHOﬁ noCJICaOBATCIIBHOCTH V', H BTOpOI71 HpOB@pO‘lHOﬁ IIOCJICAOBATCIBPHOCTH V"7,

~ (0
COOTBCTCTBCHHO. HYCTL, Jgajaee, r n() O3Ha4YacCT IOCJICAOBATCIbHOCTL IIPUHATBIX CHMBOJIOB,

0
COOTBETCTBYIOIIUX IMOCICAOBATCIIBHOCTU U 3a UCKIIIOUCHHUEM ITPUHATOTO CUMBOJIA T n( ), TO €CTh,

0 — .. (0, (O 0 0
T‘n()—ro()rl()...Tnfl()rn+1()... (3.19)
Amnanoruyso, nycth m(e)/m (i) 03Ha4aeT MOCIENOBATEILHOCTD AOCTEPHOPHBIX BEPOSTHOCTEH

JUTS CAMBOJIOB TTOCJIEIOBATEILHOCTH U 3a uckiroueHuem 1t(e) n (i) mocne -oit daswl i-0i UTEpaIu,

TO €CTh

Tn@ () =m0 @ @ Q) ... w1 @ @)@ (D). .. (3.20)
Ha nepsoii ¢aze nepBoii utTepanny nepBblii KOMIOHEHTHBIN AeKkonaep, ucnonabsdys r(0yn , r(1) n

T2@0) =m0 @) ... 71219 0) 1@ (0) ... (3.21)
BBIYHUCIISET JOrapu(pMHUUECKOE OTHOILIEHHE MTPABI0N0100us

0) (@) [(0) —
y{ (@) = log P(;n(r(’oz r(ll;n| 0 o 1)0) (3.22)
n? n

JU1s1 THQOPMAITMOHHBIX CUMBOJIOB Un = U n © ,n=0,1,... K—1.
s BBIUMCIICHHS y()n (1) JeKoIep UCTIOJTB3YET BKBP AITOPUTM

aroCcTEPUOPHOBEPOSITHOCTHOTO JIEKOTUPOBAHUS OMUCAaHHbBIN a maparpade 4.5. Benuuuna y(1)n (1)
HasbIBaeTCs BHENIHeH nHopmarueil (extrinsic information) mepBoro KOMIIOHEHTHOTO Jigkoaepa 00
MH(OPMALIMOHHOM CHMBOJIE UM Tpu MepBoil wutepauuu. [lepBplli KOMIOHEHTHBIA JI€KOEp

BBIYHCIIACT IMOCJICOA0BATCIIBHOCTD.

Z01) =200 W)z, P 1) ... zx2P Q) (3.23)
UCTIONB3Ys GOpMyITy
z,91)=2,90)+y." Q) (3.24)
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1 TTOCBUIACT €€ BTOPOMY KOMIIOHCHTHOMY IACKOACPY.

Ha Bropoit ¢aze mepBoil uTepalid  BTOPOW  KOMIIOHCHTHBIA  JIEKOJEp, 3Has

MOCJIEOBATEIBHOCTD Z n @ (1), BBIUMCIIACT allOCTEPUOPHBIE BEPOSITHOCTHU TT 7 @ (1),n=0,1,... K
— 1, U, CIEIOBATENBHO, 1Ty ) (1). Ucnionb3yd 1x © @y nn(l)(l), JIEKOJIEp, BBIUUCIIAET BHEIIHIOK
uH(pOpMaLIUIOY n @),
0) (2 [(0) —
P(r, ., r”r;,” u, =0)

y{? (1) =log (3.25)

P, r®u, =1)
3arem JieKoiep BBIUMCIIET HOBOE JOrapu(pMHUECKOE OTHOIIECHHE MPABIOIOI00MS 1 TOCHLUIACT:
P21 =291) 2.9 Q) ...zx19 Q) (3.26)
HepBOMY KOMIIOHEHTHOMY JEKOJEPY. JTO 3aBEpIIacT NEPBYIO UTEPALHIO.
PaccmoTpum teneps -yro urepamuto, i = 2, 3, . . ., I. Ha mepBoii ¢ase i-oii ntepanuu nepBbIii
KOMITOHEHTHBI ~ JE€KOJIep, 3Hasg  IOCJIEAOBATEIbHOCTh  JIOTAPU(PMUYECKUX  OTHOILICHUH
npasonoxonono6uii z@(i — 1), BEMUCIAET MOCISIOBATENBHOCTh AIOCTEPHOPHBIX BEPOSTHOCTEI

7@ — 1) u, cnenosarensho, ™ »n @ (i — 1). Ucnomssys rn® , V)

, 1@ (i — 1), nepesiit
KOMITOHCHTHBIH JICKOJIEP BBIYHCIISCT Y e (i()n=0,1,... K—-1,uz e (i),n=0,1,... K—1.
3aTeM OH MOCHLIACT z(l)(i) BTOPOMY KOMIIOHEHTHOMY JIEKOAEPY U T.A.. ines cocTout B TOM, 4TO Ha
KOKIoW (a3ze HUTEepaTHBHOTO IIpoliecca ACKOAWPOBAHMUS AKTHUBHBIM KOMIIOHEHTHBIH JEKOAEp
UCIONB3YeT (AaIpOKCHMUPOBAHHBIE) AMOCTEPHUOPHBIE BEPOSTHOCTH, BBIYHCICHHBIE JAPYTUM
KOMIIOHEHTHBIM JIEKOJIEPOM Ha TMpPEAbIAYIIEM IIare ACKOJWPOBAHUS B KAue€CTBE AalpPUOPHBIX
BEPOATHOCTEMN U BBIYUCIISET HOBYIO allPOKCHUMAIIAIO alTOCTEPUOPHBIX BEPOSITHOCTEN.

Jexonmep depenyet 3Ty (as3bl ACKOIUPOBAHUS B TeueHue | urepanuii. Pemmenue u,, n =0, 1, . ..

2
,K — 1, nonyyaercst cpaBHeHHEM (PMHAIBHOTO JIOTapU(PMHUUECKOTO OTHOLIEHUS Z o) (I) ¢ moporom

0:

u - O,ecrm zP (1) > 0;
" Lecmn  z®(1)<0. (3:27)

N —

(Ecmu z » 0, Torma aexojep HUCHONb3YeT MPaBWJIO OpOCaHHsl MOHEThl M MPUHUMAET

petierne Un = 0 Wik Un = 1 ¢ BeposTHOCTHIO 1/2.) TepaTHBHBIN I1eK0Ep HILTIOCTPUPYETCS Ha PHC.
23.1, tne u = upus . . .Uk-1. MTepaTMBHOE NEKOIUPOBAHWE MHOTOKPATHBIX TypOO-KOIOB
aHAJIOTUYHO  UTEPATUBHOMY  JEKOJWPOBAHHUIO  OOBIYHBIX  TypOO-KoAOB. JlekomupoBaHue
MHOTOKPAaTHBIX TYpOOKOJOB C | KOMIIOHEHTHBIMH KOJAMH COCTOUT W3 | UTepalui, Kaxmas

HUTCpaluAa aHaJlOru4Ha UTCpalrsaM ACKOIUPOBAHUSA OOBIYHBIX Typ60-KO}IOB.
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200y 2@(i—1)| ObpaTHbli

[lepemexunTensy
¥
| APP
fexkopep 1 1)
™ =t I':.!.l'
[NepemexuTent-
.,l_r[]]r{J\
O =+ i)
r(0) —e—lepemexuTent
| |
?,I’] - |
APP nocne [ .
*— O a1
. nekogep 2 2@ (4) UTepayunii
T = - e

Puc. 3.115. UtepatuBHblii Aekoaep i TypOO-KOJOB

Pa3pa6oTka Moges i cHCTEMBI CBSI3H C MCNIO0JIB30BAHUEM TYP0O0-KOI0B
B nuanorosom okue mpuiokenust Simulink Heo6xoauMo cobpath cxemy, MpEACTaBICHHYIO Ha

pucyske 3.116.

— —— ” o]

F Tx Emor Rate
Bernoulli » Turbo ' - BSC » Turbo ) o HxCEIIc:.lIEni:}n -'-‘
[ y Encoder ¢ v = Decoder * 12]

Binary Err >
Bernoulli Binary Ermar Rate A =
inary ; Turbo Decoder C . Ananuzarop owndor
Generator Turbo Encoder Binary Symmetric alculation
Channel
iy — i
KowBmaUwR Ha exoge wmaepa HomBuHaLMA Ha BLDOE OsHDO=pa
B!

I

HomSuHaUWR Ha ExiMndE Koaspa

Puc. 3.116. Mojens CHCTEMBI CBSI3U C HCITOJIB30BAaHHEM TYpOO-KOJIOB
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B cocTaB npoeKTupyemMoil CUCTEMBI CBSI3U BXOJSAT CIEAYIOIIUE DIEMEHTHI:

1. Bernoulli Binary Generator;

2. Turbo Encoder;

3. Binary Symmetric Channel (kanan nepenaun);
4. Turbo Decoder;

5. Error Rate Calculation (ananu3zarop omuook);

6. lucruieit, oTroOpaxaromuii KOMOMHAIIUIO Ha BXOJIE KOZEPa;
7. ucmuieit, oTroOpaxaronuii KOMOMHAIIMIO Ha BBIXOJIE KOJIEepa;
8. ucrelt, oToOpakaronuii KOMOMHAIIMIO HA BBIXOJIE ACKOJIEPa;
9. lucrineit amanmusaropa OIMMOOK, OTOOpaKaOIIUKA YacTOTy OIIMOOK, YHCIIO
O0OHapYKEHHBIX OMUOOK, KOJTHYECTBO CHMBOJIOB T10 CPAaBHEHHIO.
Ha ciemyromem 3tarne MOACITMPOBAHUST HEOOXOIUMO TIPOU3BECTU HACTPONKY (DYHKITHOHAIBHBIX
AJICMEHTOB MCCIICTYEMOM CHUCTEMBI CBSI3H.
CHayasia HE0O0XO/MMO BBINOJHUTH HACTPOMKY reHeparopa OMHApHBIX IOCIENI0BATEIbHOCTEN

Bepuysutu (Bernoulli Binary Generator) (puc. 3.110):
“ Sowurce Block Parameters: Bernoulli Binary Generator . |

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Parameters

Probability of a zero: 0.5
Initial seed: &1

Sample time: 1
Frame-based outputs

Samples per frame: 32

Output data type: [double -

[ QK ][ Cancel H Help ] Apply
0 ————

Pucynox 3.110. Hactpoiika Bernoulli Binary Generator amns 32 out

B MNpEaACTaBJICHHOM CJIy4dac 6y,[[CT HUCIIOJB30BaATbCA BXOAHAsA ITOCICOO0OBATCIIBHOCTh, COCTOAIIAsA

u3 32 our
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Janee HeoOXOAMMO BBIMOJHUTH HACTPOMKY TypOo-konepa u aekoxepa (puc. 3.111 u puc.
3.112):

Functicn Block Parameters: Turbo Encoder ﬂ L
Turbo Encoder

Encode binary data using a parallel concatenated coding scheme that
employs the convolutional encoder as the constituent encoder.

Both the constituent encoders use the same trellis structure.

Use the poly2trellis function to create a trellis using the constraint length,
code generator (octal) and feedback connection (octal).

Source code

Parameters
Trellis structure: poly2trellis( 4, [ 13, 15 ], 13 ]|
Source of interleaver indices: [F’roperty V]
Interleaver indices: (32:-1:1).'

|| Simulate using: |Interpreted execution ']
D [ oK ] [ Cancel ] [ Help ] Apply

Puc. 3.111. Hacrpoiika Turbo Encoder
[Pa| Function Block Parameters: Turbo Decoder - (—c—

Turbo Decoder

Decode input using a parallel concatenated decoding scheme that employs
the a posteriori probability (APP) decoder as the constituent decoder.

Both the constituent decoders use the same trellis structure and algorithm.

Use the poly2trellis function to create a trellis using the constraint length,
code generator (octal) and feedback connection (octal).

Source code

Parameters

Trellis structure: poly2trellis( 4, [ 13,15 ], 13 ]|

Source of interleaver indices: [Property v]
Interleaver indices: (32:-1:1).

Decoding algorithm: [True APP v]

Mumber of decoding iterations: 4

Simulate using: |Interpreted execution 'l

‘). [ oK ” Cancel ][ Help ] Apply
—_— |

Puc. 3.112. Hacrpoiika Turbo Decoder

Ha cnegyromem miare HEOOXOAWMMO BBIMOJTHUTH HACTPOWKY JIBOMYHOTO KaHajda Tepenaydu

undopmarmu (Binary Symmetric Channel) (puc. 3.113):
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"I Function Block Parameters: Binary Symmetric Channel X 1%

Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Parameters

Error probability:

Initial seed:

i

Output error vector

Output data type: ldouble ']

\_} [ oK H Cancel ” Help ] Apply
—

Puc. 3.113. Hacrpoiika Binary Symmetric Channel

CTOUT OTMETHUTB, YTO HA JAHHOM JTalle apaMeTp «BEPOSITHOCTH OLIMOKN» HEOOXOAUMO 3a1aTh
MaJIbIM, JUISI TOTO YTOOBI TPOBEPUTH PAOOTOCIIOCOOHOCTh CHCTEMBI B 1IEJIOM (BEPOSTHOCTH OIIUOKH
BBICTYIIAET aHAJIOTOM OTHOIIEHUS CUTHAJI/IIYM B pEAIbHOM aHAJIOTOBOM KaHAJIE CBSI3H).

Janee nactpoiika ananusaropa omu6ok (Error Rate Calculation) (puc.3.6).

Farameters

Receive delay:

0

Computation delay:

]

Computation mode: [Entire frame *]
Output data: [F’c-rt *]
["] Reset port

["| stop simulation

Puc. 3.114. Hacrpoiika Error Rate Calculation

3aKIIOYNTEIBHBIN IIar — 3aIlyCK pa6OTLI Bcell cuctemsul. Ilocie 3aIryCcKa CHpOCKTHpOBaHHOﬁ

CUCTCMBI 6y21}IT ITOJIYUCHBI CJICAYIOIINUEC PE3YIbTAaThI:
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N T i 3L L’ T Errar Rate —
oul o > BsC _ >_|—> ooy | Catoutstion _I_. d
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Channel AnanvesTop owwlor
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:I o KomBuHaUWA He ExiMO0e OeKI0epa

FomBuHalpa Ha Exoae Koaepa

P | | = = | = =

KomGuHELMA Ha ELOOS MOAEDE

Puc. 3.115. Pe3ynbTaTsl paboThI CHCTEMBI CBSI3U HA OCHOBE TypOO-KOIepa

Ha ocHoBe monydeHHBIX pe3yJbTaTOB MOXKHO CHENaTh BBIBOJ, YTO OMNEPALMH KOAUPOBAHUS U
JIEKOUPOBAHUS BBIOJIHEHBI MPABMIIHHO, CJIEIOBATEIBHO, CIPOCKTUPOBAHHAS CHCTEMa MCIIPABHA U
paboTocnocoOHa.

OnHOM W3 OCHOBHBIX XapaKTEPUCTUK, XapaKTEePU3YIOIIUX TOMEXOYCTOHYMBOCTh KOJa,
SIBJIICTCS 3aBUCHUMOCTh KOJMYECTBA OOHAPYKCHHBIX OMIMOOYHBIX OUT OT BEPOSTHOCTH ONIMOKH.
BeposiTHOCTh OIMOKKU — SBJISIETCS aHAJIOTOM IIIYMOB B PEaJIbHOM aHAJOTOBOM KaHaje mepenade.
Takum oOpa3oM [ UCCIENOBaHHS TOMEXOYCTOHYMBOCTH TypOO-KOJa MpEeACTaBIsSETCS
11e71ecO000pa3HBIM MMOCTPOUTH BBHIIIEYTOMSHYTYIO 3aBUCHMOCTb.

Hnst Typb0 Koza, ¢ BXOJHOW IOCJIENOBATEIBLHOCTBIO, COCTOSINENH M3 YEThIpeX OUT U CO
CKOpOCThIO KoaupoBanusit R=1/3 3aBUCMMOCTH KOJIMYECTBAa OIMIMOOK OT BEPOATHOCTH OIIMOOK
npecTaBieHa B Tabnuie 3.7:

Tabnuia 3.7. 3aBHCUMOCTB BEPOSTHOCTH OIMIMOOK OT KOTMYECTBA OMMUOOYHBIX OUT AJis TypOO

Koza
P 0 0 0 0 0 0, 0, 0,7 0,8 0,9 1
omr 01 |1 2 3 4 5 6
N 0 0 0 0 0 0, 0, 0,5 0,6 0,5 0,56
bits 062 | ,281 |,343 | ,375 | ,437 | 437 406 31 25 62 2

Jns ynobctBa 00pabOTKM NONXydYeHHOW HH(OpMAIUK, NpPEeACTaBIsIeTcs HEOOXOJUMBIM U

1eJ1eco00pa3HbIM MpeACTaBUTh Tabauily 3.7 B Buje rpaduka:
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Puc. 3.116. 3aBUCHMOCTD BEPOSITHOCTH OIIMOOK OT KOJIMYECTBA OMTUOOYHBIX OUT

Jus TypOO KOJa, ¢ BXOJHOM MOCIEIOBATEIILHOCTBIO, COCTOSIIEH U3 64 OUT U CO CKOPOCTHIO
KoaupoBaHuss R=1/3 3aBUCUMOCTh KOJMYECTBA OIMIMOOK OT BEPOSTHOCTH OMIMOOK MPECTABJICHA B
Tabmuie 3.8:

Tabnuma 3.8. 3aBHCUMOCTB BEPOSTHOCTU OIIMOOK OT KOJIMYECTBA OMIMOOUHBIX OUT U1 TYpOO

KoJa

om 01 |1 15 1,2 3 4 ) ,6 7 8 9

N 0 0 0 0 0 0 0 0 0 0 0 0
bits 250 | ,375 | ,390 | ,468 |5 S ) 51 |54 |57 |56 |54

Jns ynobctBa 00pabOTKM MOMydeHHONW HH(OpMauu, NpeAcTaBiIseTcss HEOOXOJUMBIM U

1es1eco00pa3HbIM MpeAcTaBUTh Tabauy 3.8 B Buae rpaduka:
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Puc. 3.117. 3aBucUMOCTb BEPOSTHOCTH OIIMOOK OT KOJIMYECTBA OIINOOYHBIX OUT
[TocTpouM 3aBHCUMOCTH KOJIMYECTBA OIIMOOYHBIX OHTOB OT BEPOSITHOCTH BO3HUKHOBEHHS

ook (puc. 3.118):
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Puc. 3.118. 3aBucUMOCTh KOJTMYECTBA OMUOOIHBIX OUT

B pesynbrare BBIMONHEHHS NaHHOW Jab0OpaTOpHOl pabOThI OBLT MPOBEACH TEOPETUUYECKHI
0030p COBPEMEHHBIX aTOPUTMOB MCHOIB3YIONINX Ui Mepenadyl HHPOPMAIMH 10 KaHalaM CBSI3U
TypOO-KOBI.

B xome pabGorel Opuia pa3paboTaHa MOJENh CHCTEMBI Tepenadyd HHPOpPMAIHMH C
ucrnoib3oBaHueM TypOo komoB. Koaep mpezcraBisier coboil kiaccudeckuil TypOo-Koaep co
CKOpPOCTBIO KomupoBaHus R = 1/3 peann3oBaHHBIA MyTeM MapajUIeNbHOTO KaCKaJUPOBAHHS ABYX
CBEpPTOUHBIX KozepoB. Jlekomep mpencrtaBisieT coOON HMTEPATUBHBIA JEKOAEP TypOO-KOIOB.
OCHOBHBIM €ro JJOCTOMHCTBOM €rO SBJIIETCS TO, YTO HA KaXKJI0M MTeparuu ¢ MOMOIIbIO IPOCTHIX
MpoLeayp ACKOAUPOBAHMS AaHATM3UPYIOTCS JAaHHBIEC, MPUHAJICKAIINE MPOCTHIM HUTEPALMOHHBIM

KOoJaM.
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[Tpu momomu pa3zpaboTaHHONW MOJenu OBUIO YCTAaHOBIEHO, YTO TYpOO-KOJBI C OoJblueit
JUTMHOM KOJOBBIX KOMOWHAIMEH 007agaroT JIydiieil moMeXOoyCTOHYMBOCTBIO, YTO COOTBETCTBYET

TEOPUHU.

3.6. HuszkomnorHocTHbIe Koabl. Knaccupukanusa LDPC-kogoB. MeToabl NOCTPOEHUSI
NPOBEPOYHBIX MATPHI. AJITOPUTMBbI J€KOIMPOBAHNSA HU3KOILIOTHBIX KO/IOB.
OueHka CJI0KHOCTH AJITOPUTMOB JekoaupoBanus Ha 0aze MATLAB u LabVIEW
HuskonjioTHocTHBIE KOAbL. OCHOBHBIE MOJIOKEHH S
B 1948 rony Knon OnByn IllemHoH omyOimKoBall CBOIO paboOTy IO TEOpUU Mepenadu
unpopmanuu. OJHUM U3 KIIOYEBBIX pE3yNIbTaTOB pabOThl CUYUTAETCA TeopemMa O Iepeaayvu
uHdopMaluu IS KaHalla ¢ IIyMaMd, KOTOpas TOBOPUT O BO3MOXKHOCTH CBECTH BEPOSITHOCTh
omuOKH Tepeaayd Mo KaHaly K MHHHMYMY IIpH BBIOOpPE JOCTATOYHOTO OONBIIOW JTMHBI

KITFOUEBOTO CIIOBA — €UHUIIBI MH(OPMALIMY TIepeIaBacMO 0 KaHAITy.

Herounnk Kogep Kanan ¢ wymamu Hexogep

Hlorex TNoToxk 6.10K0E — KTO4EEEIX C10B Cwres
HHpOPMALPO HHp opMaALYH

Puc. 3.119. Yopoiennas cxema nepeaauu HHGOPMAIUHU 10 KaHATY CBS3H.

[Tpu nepenave nHpopmMauu e€ MOTOK pazOuBaeTcs Ha OJOKH oNpenenéHHOM (Jale Bcero)
JUITMHBI, KOTOpPbIE MpeoOpa3yroTcs KoaepoM (KOAMPYIOTCS) B OJIOKH, Ha3bIBAEMBIMU KIIFOUEBBIMHU
cnoBamu. KitoueBble ciioBa TepealOTCs IO KaHAy, BO3MOXHO C HCKaxeHusMH. Ha
INPUHUMAIOIIEH CTOPOHE JeKOoep Npeodpas3yeT KIIUeBbIe CJI0BA B IIOTOK HH(YOPMAIUN, HCIIPABIISS

(110 BO3MOXKHOCTH) OIIMOKH MepeiauH.

Teopema llleHHOHA yTBEp)KIaeT, YTO MPHU ONPEACIEHHBIX YCIOBHUIX BEPOSTHOCTH OIIMOKU
JIEKOJUPOBaHUSA (TO €CTh HEBO3MOXHOCTb JEKOJIEPOM HCIPABUTh OIIMOKY Iepenadn) MOXKHO
YMEHBIINUTh, BbIOpaB OONBLIYIO JUIMHY KJIH04eBOro cioBa. OnHako, AaHHas Teopema (W pabota
BOOOIIIe) HE IOKAa3bIBA€T, KaK MOXKHO BBIOpaTh OOJBIIYIO JUIMHY, a TOYHee Kak 3(p(EeKTHUBHO
OpraHM30BaTh MpOIECC KOAUPOBAHMUS M JEKOJAWPOBAHUS HHPOpPMAIMK C OOJBIION IIMHOMN

KJIIOYCBbIX CJIOB.

Ecnu mpennonoxxutk, 4TO B KOJepe M JIeKoAepe €CTh HEeKHe TaOIUIlbI COOTBETCTBUS MEXKIY
BXOJIHBIM OJIOKOM HMH(OpPMAIIMK U COOTBETCTBYIOIIUM KOJIOBBIM CIIOBOM, TO TaKUE TAOIUIBI OYAyT
3aHUMaTh OYEeHb MHOTO MecTa. [l MBOMYHOTO CHUMMETPUYHOTO KaHama Oe3 maMmsTu (eciu

TOBOPUTH YIPOLIEHHO, TO HAa BXOJ KoOJepa MOCTYNaeT MOTOK M3 Hylled W €JUHUI]) KOJIMYECTBO
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pa3IMYHBIX OJ0KOB COCTaBIsIeT2™, I/ie N — KOJHYECTBO OMT (HyJICH MIIM €IUHUII) KOTOpPBIE OyayT
peoOpa3oBBIBaTHCA B OJTHO KOJOBOE c0BO. [t 8 6ut 310 256 0:10K0B MH(pOPMALINHU, KaXKIbIH U3
KOTOPBIX OyJeT coaepikaTh B cede COOTBETCTBYIOIIEE KOJOBOE CJIOBO. [Ipu4éM KOIOBOE CIOBO
OOBIYHO OOJIBIICH MJIMHBI, TAaK KaK COACPKUT B ceO€ JONOJHHUTENbHBIC OWTHI I 3aIIUTHI OT
OH_II/I6OK nepcaaun JaHHBIX. HOE)TOMy OJHHM U3 CHOCOGOB KOAUPOBAaHUA ABJIACTCA UCIIOJIB30BAHUC
MIPOBEPOYHON MAaTPHIIbI, KOTOPBIE MO3BOJISIOT 32 OAHO MAaTeMaTHYECKOe JCHCTBHE (YMHOXKEHHE

CTPOKH Ha ManI/IHY) BBITIOJIHUTH ACKOAUPOBAHHUE KOJOBOI'O CJIOBA.

AHAJIOTUYHBIM 00pa30oM KaXJI0W MPOBEPOYHONW MATPHIIE COOTBETCTBYET IOPOKIAIOIIAS
MaTpulla, AHAJIOTMYHBIM CHOCOOOM OAHOM omepainueidl yMHOXXEHHS CTPOKM Ha MaTpHIly

TEHEPUPYIOLLIEH KOJOBOU CIIOBO.

Takum 00pa3om, Al CPaBHHTEIBHO KOPOTKHX KOJOBBIX CJIOB KOJEPBHI M JEKOJIEPHI MOTYT
MMpoCTO COACPKATh B IMaMATHU BCC BO3MOXKHBIC BapUAaHThI, HUJIM AAaXC PCAJIM30BbIBATH UX B BUIC
MOJTYIIPOBOTHUKOBOK cXeMmbl. Jlsi Goiblero pasmepa KOJIOBOTO ciioBa 3((deKkTrBHEe XpaHUTh
MOPOXKIAMOLIYI0 M IPOBEpOUHYyI0 Marpuny. OIHaKo, P AJTHMHAX OJOKOB B HECKOJIBKO THICSY OHUT

XPaHCHUC MaTpUll pasM€pPoOM, COOTBCTCTBCHHO, B MeFa6I/ITBI, YK€ CTAHOBUTCSA Hqu)(i)CKTI/IBHLIM.

OnHUM U3 crioco0O0B pelIeHus JaHHOM MPOoOJIeMbl CTAHOBUTCS MCIIOJIb30BaHUS KOAOB ¢ MaJIOi
IUVIOTHOCTHI0 NPOBEPOK HA YE€THOCTH, KOrja B IPOBEPSIOLIEH MaTpuie KOJIMYECTBO EIUHUIL
CPaBHUTEIBHO MaJIO, YTO MO3BOJISAET 3PPEeKTUBHEE OPraHU30BaTh MPOIECC XPAaHEHUSI MAaTPULbI UITU

K€ HAIIPAMYIO p€ajin30BaTh NPOUECC ACKOAUPOBAHUA C IOMOIIBIO HOHYHpOBOﬂHHKOBOﬁ CXCMBI.

Koapl ¢ HU3KOil IJIOTHOCTHIO MpoBepok Ha 4étHocTh (LDPC ) — 3T0 Kiacc NHMHEHHBIX
OJIOKOBBIX KO/IOB, TO3BOJIAIOLIMX MOJYYUTh IPEBOCXOAHYIO 3()(PEKTHBHOCTH C OTHOCHUTENIBHO
MaJIBIMA BBIYMCIUTEIbHBIMU 3aTpaTaMd Ha MX JEKOJUpPOBaHHE. DTH KOJbl ObUIM NPEASIOKEHbBI
Pob6eprom T'anmmarepom eme B 1963-em rogy, oaHako ObulM 3a0bITBI Ha COPOK JIET B CBSI3U CO

CJIOKHOCTBIO p€aIn3aliui aJITOPUTMOB UX ACKOAUPOBAHUAA.

Pa3Butne 1u@ppoBoil TEXHUKU MO3BOJIMIO MPEOAOJIETh MHOTME Mpobiaembl U B KOHIE 20-To

ctojnetus uccienoBanus B oonactu LDPC — ko10B momy4ymiii HOBBIN UMITYJIBC.

LDPC-xonbl cTaHOBSITCSI BOCTPEOOBAaHHBIMH B CHCTEMax Tepenayn HHPOpPMAaInH, TPeOyIoIX
MaKCHMaJIbHOW CKOPOCTH MEpPEAAUYU MpU OTPAHUUYEHHON MojI0ce 4acTOT. OCHOBHBIM KOHKYPEHTOM
LDPC-xo10B Ha JaHHBI MOMEHT SIBIAIOTCA TYpOO-KOJbI, KOTOpbIE HAILIM CBOE NMPUMEHEHHUE B
CUCTEMax CIyTHUKOBOM CBSI3H, PSi€ CTaHAApTOB IU(GPOBOTO TEIEBUIEHUS U MOOUIIBHBIX CHCTEMAaX
cBsi3u Tperbero mokoneHus. Omaako LDPC-konpl mo cpaBHEHHIO ¢ TypOO-KOJaMU HUMEIOT PSiI

IIPEUMYIIECTB.
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Bo-nepBbix, LDPC-ko61 00roHSIOT TypOO-KOIBI IO CKOPOCTH JIEKOAUPOBAHHUSL.

Bo-Bropeix, LDPC-koapl Oosiee mpeArnouTUTENbHBl B KaHaJaX C MEHBIIMMHU BEPOSTHOCTSIMU
omnOok. C pa3BUTHEM METOJIOB Iepeiaur HH(OpMAIMK KaHAJbI [IepeJjauy yJaydIlaloTCs, YTO 1aeT

XOpoIIyto nepcrnekTuBy ais pazputus LDPC-komoB.

[IpumeHeHne METOJOB HWTEPATUBHOTO JIEKOJWPOBAHUS K JAHHBIM KOJAaM TIO3BOJISIET
MPAKTUYECKH BIUIOTHYIO MPUOIU3UTHCS K MPOMYCKHOM CMOCOOHOCTH KaHaja MPH OTHOCUTEIBHO
HEOOJBIION CIIOKHOCTH peanu3alii. B CBS3W ¢ 3THM BO MHOTHUX HOBBIX CTaHIapTax Mepemaadu
paznuuHoro poja gaHueix (DVB-S2, 802.11n, 802.16¢) umenno LDPC- koabl pekoOMeHI0BaHbI JIs
ucnipaBienus omubok. LDPC - xomsl mpeactaBisitoTr coOod  JMHEHHBIC OJOKOBBIC KOJIBI,
3aJlaBaeMbleé C MOMOIIBIO TMPOBEpPOYHONM MaTpuibl H, Xapakrepu3yemMoil OTHOCHUTEIBHO MAallbIM

(<10) ymciioM eaUHUIL B CTPOKAX U CTOJIOIAX.

B 1981-om rogy P.M. TanHepoM ObuUIO MpPEASIOKEHO UCIHOJIL30BaTh JBYIOJIbHBIE
HEOPHEHTUPOBaHHbIE Tpadbl, BIOCIEJACTBUMA Ha3BaHHbIE rpadamu TaHHEpa, A ONUCAHUSA
CTPYKTYpBI UTEPATHUBHO JIEKOAMPYEMBIX KOJIOB. B mpuHIMIE 110001 GIOKOBBIM KOJI pa3MepHOCTH
(M,N), rme N — uuncino 6uroB, a M — 4KCI0 MPOBEPOK B KOJOBOM CJIOBE, MOXKHO IIPEICTABHTH B
BH/JIE IBYA0IBHOTO rpada Tannepa. Hanpumep, Ha pucynke 3.131 nzobpakeH Takoi rpad ams Koaa

XsmmMmuHra (7,4), mpoBepoyHasi MaTpuiia KOTOPOro UMEET BUIL:

1110100
H=0 111 0 10
1101001
ny Ny ny Ny Ng Ng ny
Buter VN
Mposepkn CN
my my m3

Puc. 3.120. I'pad Tannepa s koga Xommunra (7,4)
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Bepmunbl rpada HazpiBaroTcs npoepounbiMu (Check nodes - CN) u OutoBbIMHU y3i1aMu

(variable nodes - VN), onu 0603Ha4eHbI Ha pUCYHKE M U N COOTBETCTBEHHO.

IIpu nmomomu rpada TanHepa OOJBIIMHCTBO adropuTMoB aekoaupoBanus LDPC-komos
MOJYKHO TIPEJICTAaBUTh B BHJE IPOIECCOB IOCIEIOBATEILHOIO OOMEHA COOOIICHHUSIMH MEXITY
COCIMHEHHBIMU pebpamMu BepmiMHaMU. [[JIsi TPOBEPOYHBIX M OWTOBBIX Y3J0B Tpada BBOIUTCS

MOHATHE CTENEHM — BEJIUMYMHBI, [TOKA3bIBAIOLIEH 4uciio pEOep, BXOAAIIMX B paccMaTpUBacMbli

y3en. CterneHn OMTOBBIX M MIPOBEPOYHBIX Y3JI0B 0003HAYAIOTCS dC u d  coorBercTBeHHO. Eciu

dC n d r (bHKCHpOBaHBI IJI1 BCEX Y3JI0B, Takou KO Ha3bIBAIOT PETYJIAPHBIM, a €CJIIN XOTHA OBI OJHH

U3 3TUX IapaMETPOB U3MEHSETCS OT y3Ja K y3JIy — HEperyJsapHbIM. [l onucaHusl HEPETyJIApHBIX
KOJIOB BBOJHWTCS PsJl PaCHPEACIICHUs CTEIEHEH, IOKa3bIBAIOUIUM O Y3JI0B, HMEIOIIUX

KOHKPETHYIO CTCIICHL.

B 1996-om roay Bemuia B cBerT mepBas mnocie P.l'amumarepa paGoTa, mOCBsIICHHAs
ucnons3oBannto LDPC — komoB B kauecTBe KOAOB, CIOCOOHBIX BIUIOTHYIO MPUOIU3UTHCA K
rpanuiie [llenHoHa mpu 1OCTATOYHO OOJBINONW JJIMHE KOJOBOTO clioBa. [losiBneHMe 3TOM CTaThu
MOPOJWIIO TENTYI0 BOJIHY HCCIIEIOBAaHMUN, IOCBSIIEHHBIX TOUCKY HOBBIX, Oojee 3(QeKTHBHBIX
ctpyktryp LDPC — konoB, a Takke aJIbTEpPHATHBHBIX QJITOPHUTMOB HUX JICKOJUPOBAHUS C

Pa3JIMIHbIMU COOTHOICHUAMHA 3(1)(1)eKTI/IBHOCTL/HpOI/ISBO,Z[I/ITCJ'IBHOCTB.

B mnocnennee Bpems LDPC — koibl monyuymsin HIMPOKOE paclpocTpaHeHue Osaromaps
npeBocxoHoi s dextuBHOCTH. Mcnonb3oBanue LDPC — konoB mpeaycMaTpuBaeT GOJIBIIMHCTBO
COBPEMEHHBIX CTaHIApPTOB Mepenadn MaHHbIX (Hanpumep, cranaaptel IEEE 802.11, IEEE 802.16),

CTaH/IapTOB IU(POBOTO Belanus (Hanpumep, ctanaaptel DVB-S2, DVB-T2, DVB-C2).

Kaaccudpuxanus LDPC - konos.
Ilo onpenenenunto, nanHomy P. I'amtarepoM, HU3KOIIIOTHOCTHBIM KOJ — 3TO JIMHEHMHBINA KO,

npoBepouHas marpuna H kotoporo pasmeproctu (M x N) comepkut dC &« M enuHHIl B KaXJI0M

cron6ue u d r < N eaunui B kaxmoi crpoke. IlpuyeM pacnpeneneHue eIMHMIL IO CTONONAM U

CTpOKaM B O0IIeM ciTydae CIIydaiHo.

Ha mpaktuke crmyuaiiHoe pacrpeneleHHE €IUHUI] KpaiiHe Heyqo0HO — M7 KOJAWPOBAHUS U
JICKOIUPOBAHUSI TIPUXOJAUTHCA XPAHUTH MPOBEPOUHBIE U TEHEPATOPHBIE MATPHUIIBI, YTO TOCTATOYHO
HaKJIaJIHO, 0OCOOCHHO MPH OOJIBIINX JIITHHAX KOJIOB.

OueBUIHBIM CPEICTBOM OOPHOBI C ATOU MPOOIIEMOMN SBISETCS MEPEXO0] K HU3KOTUIOTHOCTHBIM
KoJlaM, MPOBEpOYHasi MaTpulla KOTOPBIX O0JIaJaeT Kakoi-To cTpykTypoit. [Ipocreitmmii BapuaHt

CTPYKTypHU3allun HpOBequHOﬁ MaTpUulbl — HUCIOJIb30BAHNUC HUKIIMYCCKUX KOIOB.
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dopMaIbHO MPOBEPOYHAst MATPULIA TAKOTO KOJIA MPEACTABIAET COO0M IUPKYISTHTHYIO MaTPHILY
pasmepHoctd N x N, B KOTOpOHM Kaxzas CTPOKa IOJY4aeTcs LUKINYECKHUM CIBUIOM BIPABO
IPEAbIAYINEH CTPOKH. 3HAYEHHUE BIMSHUSA LUKIMYHOCTH IIPOBEPOYHONM MATPHUILBI HA CIIOKHOCTH
nexonepa LDPC-kona ci0)KHO MEpEOLeHUTh, TOCKOJIBKY KaX/aas U3 CTPOK MaTpHIbl OJHO3HAYHO
OIIpeesAeTCs NpPEBbIyIIeld CTPOKOM, B CBA3M C UYEM pealu3alus [EKOAEepa MOXKET ObITh
CYLIECTBEHHO YIPOILEHA 10 CPABHEHUIO CO CIy4alHOW CTPYKTYpOH IpOBEepOYHON Marpuibl. Kak
U3BECTHO, KOJAEP LMKINYECKOINO KOJA JOCTAaTOYHO IIPOCTO PEalu30BaThb C HCIOJIB30BAHUEM
CIIBUTOBOTO PETUCTpa U HabOpa CyMMaTOpOB.

K HemocTaTkaM NHUKJIMYECKUX KOJOB MOKHO OTHECTH (DMKCUPOBAHHBIHN, IJIT BCEX CKOPOCTEH
KOAMPOBaHUs, pa3Mep NpoBepodyHoil MaTpuibsl N x N, 4ro mojpasymeBaeT 0Oosiee CIIOXKHBIN
JEKOJIEp, a TaKKe BBICOKMH XAOMMMHIOB BEC CTPOK, YTO YCJIOXHSET CTPYKTYpY JeKozepa.
JIOTIOJTHUTENBHO CTOUT 3aMETHUTh, YTO LIMKIMYECKUI KOJ — BCETJa PeryJIsspHbIN.

K nmocromHCTBAaM TIOMHMO YHIPOIIEHHS KOJIUPOBAHMS/IEKOJAUPOBAHMS CIEAYeT OTHECTH
00J1b1II0€ MUHUMAJIBHOE PACCTOSIHUE M OYE€Hb HU3KUII TOPOT MPU UTEPATUBHOM JECKOJUPOBAHUU.

Kenanue mnpeogoners Henocrarku LukiIndeckux LDPC-koloB mnpuBENO K IOSBICHUIO
kBazunukianyeckux LDPC-konoB. KBazunukinnueckue Koabl TakKe€ UMEIOT XOPOLIYI0 CTPYKTYpY,
MIO3BOJISIIOILYIO YIPOCTUTH KOJEp U AeKojep. B nononHeHne K 3ToMy OHM MO3BOJISIOT 00Jiee THOKO
MOJIOWTH K pa3paboTKe KOJa, B YAaCTHOCTH IO3BOJISIIOT CHHTE3UPOBATh HEPEryJspHbIC KObI.
ITpoBepouHas MaTpulla TAKOro KOJa MpeJICTaBIseT co00l HEe UTO MHOE, KaKk Ha0Op LUPKYISIHTHBIX
ITOAMATPHIL:

Ann - Ain
H=| : ;
Arr -+ Aun

Od4eBUIHO, YTO JUIsl TONYYEHHMsS] HHU3KOIUIOTHOCTHOIO KOJA, LMPKYJISIHTHBIE MaTpHUIIBI
JOJDKHBl  OBITh  pa3peKEHHBIMHM, YTO Ha IpakTHKE O3HA4YaeT MWCIOJIb30BaHME B KadyecTBE
LHUPKYJISHTOB €AMHUYHBIX MaTpuil. [[as TOro 4roObl MOJYYHUTh HEPETYNSPHBIA KOJ, KaKue-TO
MIOJIMATPUIIBI IPOCTO OOBABISAIOTCS HYJIEBBIMU.

MeTtoab! NOCTPOEHHS NPOBEPOYHBIX MATPHIL

Mertoas! noctpoenuss LDPC-ko10B Takke MOXHO pa3OuTh Ha Kiaccel. K mepBomy kiaccy
OTHOCSITCSI BCE alNTOPUTMHUYECKHE CIOCOOBI M CHOCOOBI, HCIONb3YIOMINE BBIYUCIUTEIbHYIO
TEXHUKY. A KO BTOPOMY — CHOCOOBI, OCHOBaHHbIE Ha Te€OpuUU rpadoB, MaTeMaTHKE KOHEYHBIX

noJiel, anredpe 1 KOMOMHATOPHKE.
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[Ipu >TOM CTOUT 3aMETUTh, UTO MEPBBIA KJIACC METOJOB IMO3BOJISIET MOJIy4aTh KaK Cly4yalHbIE,
Tak U cTpykTrypupoBanHble LDPC-ko/bl, B TO BpeMsi Kak BTOPOM HalleJIeH Ha MOJY4YEHUE TOJbKO

ctpykrypupoBaHHbix LDPC-k010B, X0Ts1 OBIBAIOT M HCKITFOUYCHUSI.

B omimume oT apyrux JWMHEHHBIX OJIOKOBBIX KOJIOB, Takux kak bUX wnm komoB Puma—
CosoMOHa, UMEIOIINUX CTPOTHil aIrOPUTM CHHTE3a KOJAOB C 3aJlaHHBIMU IapaMmeTpamu, a1 LDPC-

KOIOB CYHICCTBYCT MHOXKCCTBO crmoco6oB IMOCTPOCHUA KOHOB.

CymectBytot crioco0sl moctpoenuss LDPC-komoB, npeanoxkennsie ['amuiarepom u MakKeewm, o

KOTOPBIX HUXKE U IIOWJET pPEUb.
Jlns Hayana OyAeT paccMOTpEH MeTol, IpeyuiokeHHbIN P. ["amarepom.

P. 'annarep npennoxui ClIeayrIui anropuT™ NOCTPOCHHS HU3KOINIOTHOCTHBIX KOAOB. I1ycTh

IIpOBEpOYHAsA MaTpHrlla KOJa UMCCT BHUI:

B neit mogmarpunst H, , a = 1, 2... d, UMEIOT CTPYKTYypy, KOTOpasi MOXeT OBITh OIMCaHa

CIIETYIOIIUM 00pa3oM.

Jlist TF0OBIX MBYX MENbIX W U d,., Oonbmux 1, kaxkmas moamarpuia H, nmeer pasMepHOCTh
(L X pu-d,), mpu 3TOM Beca CTPOK 3TO# moaMaTpuilsl - d,, a ctoaomnos — 1. [ToamaTtpuna H; umeer
cnenupugeckyio Gopmy: as i=0,1,..., u-1 i-as cTpoka comepKUT Bce d, €IUHUII HA TIO3UIUAX C |
ot d, mo (i +r)-r—1. OyeBuaHO, YTO pe3yabTHPYIOIIAs MaTpuia H — perymsaphas maTpuia

pasMepHoCcTH W - d,. X |- d, C BeCaMH CTPOK H CTOJIONOB d,- U d. COOTBETCTBEHHO.

Baxnoit xapakrepuctukoir wmarpunsl LDPC-koma sBisieTcss OTCYTCTBHE IIUKIIOB
orpezaeneHHoro pasmepa (kparHoctH). [loa mukiiom kpaTHOCTH 4 MOHUMAETCs HalU4He B ABYX
pasHbIX CTONOIAX MPOBEPOYHONM MATPHUIbl HEHYJIEBBIX 3JIEMEHTOB Ha COBMAJAIONIMX TMO3ULIUAX.
OTcyTcTBHE IIMKIIA KPATHOCTH 4 OTNIpeIeNIIeTCsl BHIYUCIEHUEM CKaJIIPHOTO MPOU3BECHHS CTOJIOI0B
MaTpHUIIbl: €CIM BCEBO3MOXKHBIE CKaIIpHBbIE TPOU3BENEHHs BCEX CTOJNOLIOB MAaTpHIbl He
MIPEBOCXOAT |, TO 3TO O3HA4YaeT OTCYTCTBHE B MaTpHIle LMKIOB KpatHocTH 4. [{ukn kpatHOCTH 4
SIBJIIETCS MUHHUMAJIbHO BO3MOYKHBIM M BCTPEYAETCsl CYHIECTBEHHO Yallle IIUKJIOB OOJbLIEH JJIMHBI

(6, 8, 10 u 1. 1.). [IpucyrcrBue B marpurie LDPC-kona nukiioB 1r000i KpaTHOCTH CBUAETEIHCTBYET
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O 3aJOXKEHHOM B CTPYKTYpY MAaTpHLbl H30BITOYHOCTH, HE TPHUBOIAIICH K YIYUIICHHIO

IMOMEXOYCTOMYMBBIX CBOMCTB KoJia. [[prMep UKIIOB KpaTHOCTH 4 TIpUBEACH Ha pucyHke 3.121

i W
8 ;
0 0
0

c:c:c:—c:cc:c}=

—_—_— 00000 —00

OO0 =0 =00 =—

'o——oooooo—'
o—eoocc*o

D=0 =000 =04
—_ 0 =00=—-0000
D00 =0 =0=00
D0 ==0000—=0
D00 =00 =—=0=—=0
—_ 00 ==—=00000

OO0 0Q=——0=—
O=——0O0=—0—000

D0 =—=00=—=000 =—
DO=000=00=0
DOoO000 = =00 =
D000 =—==—=0=—04g
I—C}Qﬂﬂﬂﬂ——ﬂl

0
0 0
0 0
0 0
0 0

Puc. 3.121. Iukisr kpataoctu 4 B marpune LDPC - kona

PaccMoTpeHHBIH BbIIIE aITOPUTM HE TapaHTUPYET OTCYTCTBUE LIUKIIOB KPATHOCTH 4, O/IHAKO
OHU MOTYT OBITh yZaJ€HbI BIOCIEACTBUNU. ['amarep nokasai, 4To aHcaMOJIb TAKMX KOIOB 00J1afaeT
IIPEKpacHbIMU cBOMcTBaMHU. Takke ObUla IOKa3aHa BO3MOYKHOCTb pEajM3aluy JIOCTaTOYHO
IPOCTBIX KOJIEPOB, IOCKOJIbBKY IPOBEPOYHbIE OWUTHI TAKOIO KOJa MOTYT OBITh HaliieHbl IO

MIPOBEPOYHOM MaTpHIle KoJa Kak GyHKIUs HHHOPMAITMOHHBIX Y3JIOB.

[To mpomectBuu Tpunuaty nsatu aet MakKeit, Oyaydun HesHakoMbIM ¢ pabotoii ["amnarepa,
MMOBTOPHO OTKPBUI MPEUMYIIECTBA KOJIOB C Pa3peKEHHBIMU MaTpUIlaMU, U ObLT TIEPBBIM, KTO TPH
MOMOIIM KOMITBIOTEPHOTO MOJISIMPOBAHUS TOKa3ajdl BO3MOXXHOCTh JTHX KOJIOB BIIOTHYIO
npuOIM3UTHCS K rpanuile llleHHOHa Kak A JBOMYHOTO CUMMETPUYHOTO KaHaia, Tak U /Ui KaHala
C aJAUTHBHBIM O€NbIM TaycCOBCKMM ImymMoM. MakKeil mpennmokun HECKONbKO KOMITBIOTEPHBIX
QITOPUTMOB TTOCTPOEHUS MPOBEPOUYHBIX MATPHI] HU3KOIJIOTHOCTHBIX KO/OB. [IpuBeneM HEKOTOpbHIS

M3 HUX B NOPAAKE YBCIUYCHUA CIIOKHOCTU pCain3alliu.

[TpoBepounass marpuna H cunrtesupyercs nmyTéM CiaydallHOrO I'€HEpUpPOBaHUS CTOJIOLIOB

Beca d . ¥ HACTOJIBKO 3TO BO3MOXKHO, PABHOMEPHBIM PACIPE/IEIEHIEM BECOB CTPOK d,-.

[TpoBepounass marpuna H cunTesupyercs myTéM ciay4dailHOro reHEpUpOBAaHUS CTOJIOIOB

Beca d. M CTPOK Beca d,-, C TOTIOJTHUTEIFHON MMPOBEPKOM Ha OTCYTCTBHE IUKIIOB KPaTHOCTH 4.

HpOBequHaH MaTtpuna H CHUHTC3UPYCTCA 1O AJITOPUTMY 2, C JOIOJIHUTCIIbHBIM YAAJICHUCM

[HUKJIOB KPAaTHOCTH 4.

HpOBepquas{ MaTpuna H CUHTC3UPYCTCH 110 AJITOPUTMY 3, C OTOIIOJIHHUTCJIIbHBIM YCIIOBUCM,

4TO MpoBepovHas Matpuiia umeet Bua H = [H{H,], rae H, — obpatumasi MaTpHIia.
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Henocratkom anropurmMoB MakKest siBisieTcss OTCYTCTBUE KakoH-TMOO CTPYKTYphl B

IIPOBEPOUYHBIX MAaTpHULlAX, YTO YCIOXHACT IMIPOLECC KOAUPOBAHUA.

KoaupoBanue ocyliecTsisieTcs npuseaeaueM Matpunsl H k Buny H = [PTI], u3 koToporo
MOJKHO TIOJIYYHTh T€HEPATOPHYI0 MaTpHily B cuctemarudeckoit popme G = [PI]. [Ipobiema npu
KoaupoBaHuM 1o Marpune G 3akimiodaercs B TOM, 4To moamarpuna P, B oOmieMm ciydae, He
ABJIACTCS pa3peXeHHOM. To ecTh U1 KOAOB, IPEACTABIAIOIUX UHTEPEC, CI0KHOCTh KOAUPOBAHUS

OKa3bIBaACTCsA JOCTATOYHO BBICOKOH.

HexoqupoBanue LDPC — komoB.
Haubonpmmii nHTEpEC AJIs UCCIeA0BaTENeH MPEICTaBIsET MpoLeaypa IeKOANPOBAHUS, BBUIY

TOTO YTO OHA SIBJISIETCS OoJiee BpeMs 3aTPaTHON U PeCypCOCMKOM.

JexomupoBaHue — 3TO MpoIeAypa MOUCKA U UCIPABJICHHS OIIMOKU, HAJOKEHHON KaHAJIOM Ha
KOJIOBOE CJIOBO, IO NPHUHATOMY W3 KaHalla BEKTOPY WJIM COOCTBEHHO IOMCK KOJOBOTO CJIOBa IO

BCKTODY, [IPUHATOMY U3 KaHAJIA.

ILCKOI[I/IpOBaHI/IC o MaKCUMYMY HpaBI[OHOI[O6I/I$I KoJa C o0Oo3nauaer HaxXoXJICHUC II0
3aJaHHOMY IPUHATOMY BEKTOPY Y TaKOro KOJOBOI'O CI0Ba C U3 C (MHO)KCCTBa BCCX KOAOBBIX CHOB),
KOTOPO€ MAaKCMMH3HUPYCT BEPOSTHOCTH TOI'0, YTO IEPEAABAIOCH CJIOBO C IIpH YCJIOBHUH IIPUHATHUS

BEKTOpa Y . 3a7aya AeKOIMPOBAHUS [10 MAKCUMYMY NpaBaonoaoous ssisiercs NP-monHoi.

Jlns oneHkn KauecTBa pabOTHI Pa3IMYHBIX JIEKOJEPOB HCIOJB3YETCSI OLIEHKA BEPOSITHOCTH
omm6Oku gexonupoBanus (BER) Ha wuHpopmannoHHBI OHUT, BblUMCIsieMas KaK OTHOILEHHE
KOJINYEeCTBa OIIMOOYHBIX HMH(POPMALMOHHBIX OHUT IOCie AEKOIUPOBaHMUA K OOIIEMY KOJIHYECTBY
NepeaHHbIX HH(POPMALMOHHBIX OHMT. UTEpaTHBHbIE CXEMbl JECKOAMPOBAHMSA KOJOB C HU3KOH
IUIOTHOCTBHIO IIPOBEPOK HA YETHOCTh HE SABIISAIOTCA JIEKOJEepaMu [0 MaKCUMYMY IpaBa10no100us, HO
MTO3BOJISIIOT TIOJYYUTh Pa3yMHBIN OajlaHC MO CJIOKHOCTH M BEPOATHOCTH OLIMOKU JEKOAUPOBAHMS
[0 CPAaBHEHUIO C JEKOJUPOBAHUEM 110 MAKCHUMYyMY IPaBIOMNOA0OMS. UTEPATUBHOE JEKOIUPOBaHNE
M0JIpa3yMeBaeT, YTO HaX0XKJIEHHE KOJOBOIO cjI0Ba OyJIeT MPOU3BOIUTHCS HE 3a OJIMH MPOXOJ, a 3a
HECKOJIbKO, C TIOCIIEJOBAaTEIbHBIM YTOYHEHHEM pe3ysibTaTa Ha KaxJaoMm Iare. llpumensiorcs
CIIEAYIOIIME OCHOBHBIE CXEMBl JEKOJUPOBAHMS: <«OKECTKOE»  JEKOAUPOBAHUE, ObICTpOe

ACKOAUPOBAHUC, MHOT'OITIOPOTr0OBOC JCKOAUPOBAHUC.

«XKecTtkoe» ACKOOAUPOBAHUEC — I3TO CXEMa JACKOAUPOBAHHA JIA ABOWUYHOIO0O CUMMCTPUYHOIO
KaHalla TIpH HeOOJBIIOM KOJIWYecTBe omubok B KkaHane. <«OKecTkoey» ACKOOAUPOBAHUC
HHBCPTUPOBAHUEM OUTOB — camas mpocTas ¢cxeMa JACKOAWUPOBAaHHA KOJIOB C HHU3KOM ITOTHOCTBIO

IIPOBEPOK Ha YETHOCTb.
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[Tox mpoBepkoit morumaetcs arobdas ctpoka h = {hy, hq, ..., Ay_1} U3 TPOBEPOUHON MATPHUIIBI
KOJJa C HU3KOW IUIOTHOCTBIO MPOBEPOK HA YETHOCThb. bylneM roBOpPUTH, YTO MpPOBEpPKA s
Hekotoporo Bektopa Y = {yo, V1, -, YN—1} BBIIOJHIETCS TOI/A, KOTJa CKAISIPHOE MPOU3BEICHHE
BEKTOpa Y Ha TPOBEPKY NaéT HyJb. byaeM TOBOpUTH, YTO JJIEMEHT Y; MPHHITOrO BEKTOpa Y
yuactByeT B nposepke h = {hg, hq, ..., Ay_1} TOrma, KOraa COOTBETCTBYIOIIUI 3JEMEHT IPOBEPKH

h; He paBeH HYIIIO.

O,I[Ha urcpanus «KECTKOT O ACKOOUPOBAHUA HWHBEPTUPOBAHUEM OUTOB IMPOU3BOJUTCA

CIIeTyIOIUM 00pa3oMm:
1. 1151 pUHATOTO BEKTOPA BHIYUCIISIOTCS BCE MPOBEPKH.

2. Eciu HekoTOphli OMT MNPUHATOrO BEKTOpa YdacTBOBaj Oosiee 4YeM B IIOJIOBUHE HE

BBITIOJIHUBIINXCSI IIPOBEPOK, OUT MHBEPTUPYETCS.

3. Ilocne Takoro aHanau3a BCEX CHMBOJIOB IPHHATOTO BEKTOPA BEKTOpP IPOBEPAETCS Ha
MPUHAIEKHOCTh KOAY. Eciu BEKTOp sBISETCS KOJOBBIM CIOBOM, JIEKOJUPOBAHUE 3aKaHUMBAETCS,

B IPOTUBHOM CJIYy4a€ BBIIIOJIHACTCA CICAYIOLIAA UTCPpaALUs aJIrTOpHUTMaA.

Takas mponeaypa JeKOAMPOBAaHHS MPUMEHHMA ISl KOJIOB C HU3KOH INIOTHOCTBIO IMTPOBEPOK Ha
YEeTHOCTh MOTOMY, YTO OOJIBIIMHCTBO IPOBEPOK B TAaKOM Cilydae OYIyT COIEpXaTh OIHY OIIUOKY
wii He OyayT cojepaThb OIIMOOK BOOOIIE W TOTJa HEBBINOJIHEHHE OOJBIIOrO KOJIMYECTBa

MIPOBEPOK JIJIsi CKMBOJIA IPUHSTOTO CJIOBA Oy/1eT 0003Ha4YaTh HATMYUE B HEM OIIUOKH.

CHOXHOCTh OJJHOH HMTEPALMU <OKECTKOTO» JEKOIWPOBAHMS MHBEPTHPOBAHUEM OUT SIBIISIETCS
JMHEWHOM, KOJMYECTBO MTEpaluil NEKOIUpOBaHMS OOBIYHO BbIOMpaercs okojo log,(N), raeN —

JJIMHa KOJOBOI'O CJI0BA.

JICKO)IHpOBaHI/Ie oo BEPOATHOCTAM SABIIACTCA CKMATKHM)) ACKOAUPOBAHHUEM, T.C.
ACKOAUPOBAHUECM Ha OCHOBC BCKTOpPA, COCTOALICTO HE U3 AUCKPCETHBIX 3HA4YCHHUH (0 )51 1), a U3
BCIICCTBCHHBIX BCJIUYHNH, IMOJYYCHHBIX HA BBIXOAC KaHAJIA IIYTCM IICPECUCTA BCpO}ITHOCTeﬁ (aHFJI.

belief propagation decoding).

Ha ocHoBe mpuHATOro 13 KaHana BeKTopa GOopMHUPYIOTCs ABa (I ABOMYHOTO CIydas) BEKTOpa

BePOﬂTHOCTeﬁ TOro, 4TO B IIPHUHATOM BEKTOPC HA JIaHHOﬁ TTO3HMIIMH HAXOJHJICA Sa)IaHHBIﬁ CHMBOJI.

Kaxxtomy HEHyJIeBOMY »3JE€MEHTY IPOBEPOYHOM MAaTpHUIpl KOJa C HU3KOH IIOTHOCTBIO

X

IMPOBEPOK Ha 4E€THOCTD MNpUIUCBIBAOTCA ABC BCIUMYUHBIL qlx] u rij' Bennuuna qlx] SABIIACTCA

BEPOSITHOCTHIO TOTO, YTO J-bIii CMMBOJI MPUHSATOTO BEKTOPa MMEET 3HaYeHHEe X Mo MH(OpMaIUH,
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MOJyYCHHOM W3 BCEX IPOBEPOK, Kpome i-ii. Bemnumna ri’,j- SIBJISIETCSI BEPOSITHOCTBIO TOTO, YTO
NpOBEpKa | BBIMOJHSIETCS, €CIH |-bIii CHUMBOJI HPUHSATOTO BEKTOpPAa PaBeH X, a BCE OCTAJbHBIC

CHUMBOJIBI TPOBEPOK HMEIOT paclipe/ie]ieHe BEpOATHOCTEH, 3aJaHHOE BEIMYHMHAMHU {ql?f]-: ju3

N(i)/j}, rae N(i) — MHOXECTBO CHMBOJIOB, BXOISIIUX B I-yIO IPOBEPKY.

[Tepen HauanoMm pabOTHI ANTOPUTMY TpeOyeTCs MHULMAIU3ALUS, Jallee AITOPUTM paboTaeT 1mo
MIPUHIIMITY TIEpEcUeTa BEPOATHOCTEH CUMBOJIOB IpUHATOTO BekTopa (belief propagation), ucrons3ys
JUIsL TIepecdeTa BEepOSITHOCTEH npaBwiio balieca [uis anmocTepropHO BepOsSTHOCTH coObITUs. OmHa

HUTCpanuAa aJropurmMa npeacTaBiisiCT coOoi CICOYIOIYIO ITOCIEA0BATECIIBHOCTD I[CﬁCTBPIﬁ:

1. Jlns Bcex IHpOBEPOK BBIYUCIAIOTCS BEJIMYUHBI Arixj U IEPECUUTHIBAKOTCS

BepositHocTH 177 1t X = {0,1}.

2. I[JISI BCEX CHUMBOJIOB HpI/IHSITOFO BCKTOpa HGpGCqHTLIBaIOTCSI BCpOSITHOCTI/I
X
aij-
. 0 1
3. DopMHUPYIOTCSA BEKTOPHI IICEBI0ATIOCTEPUOPHON BEPOSTHOCTH jug;.
4, dopMHpyeTCsT BEKTOP PELICHUs €’ TO CIEAYIOIIeMY IpaBUIy: c]'-=1, eClIn

qjl- > S, unaue 0.

Ecau BCKTOP C’ ABJIICETCA KOAOBBIM CJIOBOM, ACKOAWPOBAHHUE 3aKaHYMBACTCA, B IIPOTHBHOM

CJIy4dac BBIIIOJHACTCA CICAYIOIIasd UTCpalrd aJiropurma.

CnoXHOCTh JAHHOTO aJrOpUTMa BBILIE, YEM CII0)KHOCTb (GKECTKOTO» JEKOJWPOBAHMUS
MHBEPTHUPOBAHUEM OHMTOB, HO KaueCTBO JACKOJIMPOBAHMS TOBBIINIAETCA 3a CYET HCIOJIb30BaHUS
JONOJTHUTENbHON MH(OpMaK Ha BbIXxoje KaHana. OHAKO TOYHOCTh pabOTHl TAKOTO aIrOpUTMa
3aBUCUT OT WHUIMAIM3alMM: 4YeM TOYHEEe OHa IpOU3BelleHa, TeM TouyHee OyJIeT KOHEUYHbBIN
pe3ynbraT. [l kaHaia ¢ rayCCOBCKMM IIYMOM HHUIMAIM3ALMS MOXKET OBITh IPOU3BEJEHA MpU
MTOMOUIY MH(OPMALIMK O IUCIIEPCUU IIyMa B KaHaiue. I Ipyrux pacrpeaeneHuil myma B KaHaie
WIM TIpY HEU3BECTHBIX XapAaKTEPUCTHUKAX IIyMa TOYHAs WHULUAIN3ALMS aITOPUTMA MOKET

OKa3aThCs CI0KHOU 3a/1auei.

HCCMOTpH Ha TO 4YTO ACKOAUPOBAHHUC IICPCCUCTOM BCpOHTHOCTCﬁ ABIIACTCA 3(I)(I)CKTI/IBHBIM
MCTOAOM Ui KaHaJIOB C HCIIPCPBIBHBIM BBLIXOAOM, TOT (I)aKT, YTO CJIOXHOCTH €ro 3Ha4YUTCIIbHO
BBIIIIC, YEM CJIOKHOCTBH <GKCCTKOI'O» ACKOAWPOBAHMA, CO3ACT NPCAINMOCBIIIKU OJId IMOUCKa Ooiee

6BICTpI)IX AJITOPUTMOB ACKOAUPOBAHUA, O6J'IaJIaIOHH/IX MMPUEMIIEMBIM Ka4Y€CTBOM.

Cpe)m HN3BCCTHBIX aJITOPUTMOB 6I)ICTpOl"0 JACKOOUPOBAHUA KOAOB C HHU3KOH INIOTHOCTBIO

IPOBEPOK HA YCTHOCTH I KaHAJOB C HCHPCPBIBHBIM BbIXOAOM HanOoJIee M3BECTEH AJIrOPUTM
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«min-sumy, sBJISFOLIMIACS ynpoueHueM nexoaepa «belief propagationy, a takxe anropurm UMP

(Uniformly Most Powerful).

Crnoxnoctb aekoaepa UMP (6bicTporo 1ekoanpoBaHusl O HaAEKHOCTSIM) 3HAUUTEIbHO HUXKE,
YeM CJIOKHOCTh JIEKOJEpa, IMEePECUUTHIBAIOIIEIO BEPOSITHOCTH, 3a CYET TOr0, 4YTO Iepecder
HAJE)KHOCTEH BBIIIOJIHAETCS IO YIPOIIEHHOM CXEME (CXEME «B3BEILIEHHOI'0» Ma)KOPUTAPHOIO
rOJOCOBaHMUS, B KAueCTBE «BECOB» MCIOJIb3YETCSI HAJEKHOCTb IIPOBEPOK), a TAKXKE 3a CYET
BO3MOKHOCTH MCIOJIb30BaHUS UCKIFOUUTENIBHO IEJOYMCICHHBIX ONEPAUil CII0KEHUS U CI0XKEHUs
10 MOJYJIIO JIBa. TAKXKE€ K JOCTOMHCTBAM OBICTPOTo AEKOZepa 10 HaIeKHOCTSIM MOKHO OTHECTH TO,
4TO JEKOJepy He TpeOyeTcs 3HaTh XapaKTePUCTHKU IllymMa B KaHajle (AMCIEPCUI0 U T. 1.),
CJIEIOBATEIbHO, TAaKOM JEKoAep MOXKET paboTaTh B JHOOOM CUMMETPUYHOM KaHAJE€ C JIBOUYHBIM

BXOJIOM.

Henocratkom ObicTporo aexojepa Mo HaJASKHOCTSAM SIBIISIETCA OIICHKA BEPOSITHOCTH OIIMOKH
JEKOIUPOBAHMSI, KOTOpast JAJIsl KaHalla ¢ aJTATUBHBIM rayCCOBCKUM IIIyMOM oOka3biBaetcs Ha 0,5 nb

XYKE, YEM BCPOATHOCTDH OIIINOKHU ACKOJHUPOBAHUA BEPOATHOCTHOI'O ACKOACPA.
I[anee 6yz[eT pPacCMOTPEHO MHOT'OIIOPOI'OBOC ACKOJUPOBAHUC.

OcHOBHas ujesi MHOI'OIIOPOTOBOIO JEKOJMPOBAHMSI MO HAJIEKHOCTSAM COCTOUT B TOM, YTOOBI
U3MEHATHh 3HAUEHUS IOPOrOB MHBEPTUPOBAHUSA CHMBOJIOB OT OJHOM WTepauuu K JApyrou
CIIEYIOIMM 00pa30M: Ha MEPBbIX UTEpaALUAX [TOPOT UHBEPTUPOBAHMS CUMBOJIOB BBIOMpAeTCs Tak,
YTOOBl  KOJIMYECTBO HMHBEPTUPOBAHHBIX CHUMBOJIOB  OBLJIO MHUHUMAJIbHBIM  (BIUIOTH  J0
MHBEPTUPOBAHMS TOJHKO OJHOTO CHMBOJIa Ha MEPBOM HMTEpallMu); Ha MOCIEIYIOUINX UTEepalusx

MOPOTH MHBCPTHUPOBAHUA ITOCTCTICHHO MMOBLIIIIAKOTCA.

[Tpr MHOTOIOPOTrOBOM JIEKOJIMPOBAHHUH, €CIIM Ha MEPBOM UTepaly Oblila UCTIpaBJIeHa XOTS Obl
oJlHa omMOKa, JEKOJUPOBAaHUE Ha MOCIENYIOUIMX HTEpalUsX CTAHOBUTCS 3HAUMTEIBHO IPOIIE U
of11ee KayecTBO ACKOAMPOBaHus yiyumiaercs. [lo-npexuneMy as paboTel Aekoaepy He TpeOyercs

I/IH(I)OpMaI_[I/IH 0 IyME B KaHAJIC, JOCTATOYHO JIMIIb 3a4aTh HAACKHOCTHU.

Jexonep, paboTaromuii MO MHOT'OMOPOIOBOM cXeMme, MO3BOJSET MONYyYUTh BEPOSTHOCTh
omnOku aekoauposanuss Ha 0,1-0,4 nb nyume, yem obOecrneunBaeT OBICTPHINH JeKoxep MO
HagexxHocTsiM UMP, npaktuuecku mnpuOIMKasch K BEPOSITHOCTH OLIMOKH, MOJy4aeMoW IpHu
BEPOSITHOCTHOM JIEKOJIMPOBAaHUM KOJOB C HHM3KOM IUIOTHOCTBIO NPOBEPOK HAa YETHOCThb. [lommmo
HE3aBHCUMOCTH OT XapaKTEepUCTUK KaHala MHOTONOPOrOBBIA Jekoaep o0nanaeT CBOMCTBOM
JEKOJEPOB KOJIOB ¢ HU3KOHM IUIOTHOCTBIO IPOBEPOK HA YETHOCTH, @ UMEHHO YHUBEPCAIBHOCTBHIO U

MNPUMCHUMOCTBIO JJISA JII000MH KOHCTPYKIIUU TAKUX KOHOB.
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Cnemyer orMeTuTh, 4TO0 3PPeKTUBHOCTh HeperymsipHbix LDPC-KOIOB OKa3bIBACTCS BBIIIE
3G (}HEeKTUBHOCTH PErYISIPHBIX KOAOB. 3TO OOBSCHAETCS TEM, YTO B HEPETrYJSPHBIX KOAaX H3-3a
Pa3IMYHOTO YHCla €IUHUI] B CTPOKaX M CTONOHaX MHGOPMAIMOHHBIE CUMBOJIbI 3alUILEHBI IO
pasHoMy. B pesynbraTe nmpu AEKOIMPOBAHUHU MPOSBIIAETCS TaK Ha3bIBaeMbIl 3((EKT BOJIHBI, KOTIA
OoJiee 3aIMIIEHHBIE OUTHI JEKOUPYIOTCS OBICTPEE U 3aTeM KakK Obl IIOMOTAIOT MPH JEKOTUPOBAHUN

MeHee 3allUIEHHBIX OUT.

IKCIepUMEHTAJIbHAA YACTh

3amanne Ha 1aOOpaTOPHYIO padboTy:

1. N3yuuts paboty npunoxenus: «LDPC Konep-Zlekoaep»;

2. Y CTaHOBHUTH MMapaMeTpbl MaTpuIlbl, BeicTaBuB 3HaueHus N=100, m=50, j=3, Message
Bits = 1000;

3. Menstst 3Hauenue mapamerpa NOISe BwIHcaTh MOKa3aHUs KOHTposuiepoB BER ¢
WCIIOJIH30BaHNEM KOJUPOBAHUS U 0€3 Hero

4. [To moy4eHHBIM TaHHBIM ITOCTPOUTH COOTBETCTBYIONIHE rpaHuKu.

5. [IpuBecTH PUCYHKH, NEMOHCTPHUPYIOIIME HCXOJHOE COOOIICHHE, 3aKOJUPOBAHHOE
cOO0O0I1IeHUEe, EKOIUPOBAHHOE COOOIICHHE W PA3HUILy MEXAY HUCXOIHBIM U JEKOJIUPOBAHHBIM
COOOILIEHUEM.

B tabnuue 3.7 npuBeneHbl JaHHbBIE, KOTOPbIE ObLIN MOJIYYEHBI B PE3YyJIbTaTe SKCIIEPUMEHTA.

Tabmuna 3.9. JlanHbIe SKCTIEpUMEHTA

0 0,0 0,0 0,0 0,1 0,1 (
Noise ,02 4 6 8 01 |2 4 ,16 | ,18
BER(codin 0 0,0 0,0 0,0 0,0 0,0 0,1
4)] ,001 | 07064 | 18164 |30273 | 76832 |87948 | 25126 1
BER(NO_ 0 0,0 0,0 0,0 0,1
coding) ,0242 | 565 77 843 129 1 1 i

228




1,2

=—0—BER(Coding)

== BER(No Coding)

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 3.122. I'paduk 3aBucumoctu BER ot Noise
Ha nanHoMm rpaduke BHIHO, 4TO OBICTpPEE €AMHHIIBI JOCTHT CYETYHK, KOTOPBI cuntan BER

B KaHase 0e3 koaupoBanus LDPC.

Ha pucynkax 3.123, 3.124, 3.125 u 3.126 npencrasnensl npumepsl padbotsl LDPC koaepa-

nekonepa [17].

LDPC Encode / Decode Programmmg Example T
n Maximum Number of Iterations Messa Bit Error Rate (coding) Woxoprioe coobuyenue !

I °m ' B BOEENNND T =
' r—‘— Schedule Encoded Bits.

udi g Sero! Schedule ,}]17: lm Bit Error Rate (no coding)

i g 0,0549 ol

& B 2o || Jo [0 [0 [0 (o o [0 o | 480 i3 T 452 434 496 498 500
ime

Amplitude

Noise (bit flip probability) T3S I e Decoded Bits Error Out
Jl0.050000 status  code f:)]o_|1 1 f1fafafafafo status  code ﬂe’“’"“'p"“"”“““ﬁ‘”e”"
Message Bits

“.‘ 1000

Amplitude

Pasnnua Koaep-flekoaep BT 482 484 496 498 500

o

| )H Encoded Bit Count <[ flo
source {2000 source
m Decoded Bit Count i
- {1000 -
450 482 484 486 488

T\me

3akoanpoBanHOE CooBLIERNE pioto EEE |

=

Amplitude

Amplitude

188

0=,
492 492 496 498 500

480 482 484 486 488 450 492 49 496 498 500 480 482
Time T‘""e

Puc.3.123. TTanens ynpapiieHus anmnapaTHo-iporpaMMmHoro komriekca LDPC konepa-

Jexojepa
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Plot0 i |

lcxogHoe cooBuuyeHne

1_
i
=)
=
&
oI
U_I I I I I
430 482  4R4 486 488 492 500
T|me
Puc. 3.124. Ucxonuoe cooOIieHne
Plot 1 |

J3KoaMpoEaHHOE CooBLLEHNE

| ||| |

0- ] ] ] ] ] ] ] ] ] 1
480 482 4490 492 494 495 495 500

Amplitude

Time

Puc. 3.125. 3akoaupoBaHHoe cooOIIeHre

Plot 0 |

Jekognpoeanroe cooBLeHne

| I | I I
| |
434 486 488 492

Tlme

Amplitude

0 Tl ] ] [
480 482 4938 500

Puc. 3.126. [lekoaupoBaHHOE COOOIIEHUE
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Plot 0

Paznnua Kogep-Aexogep
1 -

Amplitude

0= 1 1 [ 1 1 [ 1 1 1 1
480 482 484 4856 488 490 492 494 496 498 500
Time

Puc. 3.127. Pa3Huna Mexny UCXOAHBIM U JAEKOAMPOBAHHBIM COOOIICHUEM

B xonme nanHO#l maboparopHoi  paboTHl OBUIM 3aKperyieHbl HaBblku pabdotel ¢ [10
LabVIEW, wusydeH yueOHBIH amNmapaTHO-MPOrPAMMHBIA KOMIUIEKC [UIs BH3yalH3aldd |
HCCIIEIOBAaHMsI METOJIOB KaHAJIBHOIO KOJUPOBAHMS/IEKOJUPOBAaHUS B OECHPOBOJIHBIX CHCTEMax
u(pPOBOro BEIIAHHUs U CBSA3U. JIaHHBI KOMILJIEKC MO3BOJISET NMPOBOAMTH HMCCIIEJOBAHUE KOIOB
LDPC. bputi cienanbl BBIBOJBI O TOM, YTO B KaHalie ¢ komupoBanueM LDPC cromporeHTHas
omnOKa BO3HUKHET JMIIb HOpU 3HaueHuu Iyma, paBHom 0,16. Torma kak B kaHane 0e3

KOIHUPOBAaHHUA CTOIIPOLCHTHAsA omInoOKa AOCTUT'ACTCA YIKE IIPU 0,1

Moaenupoanune LDPC komxoB B MATLAB Simulink

B pabouem nosne Heo6xoaumo coOpatk cxemy ais pabotsl koga LDPC. Cxema npezacrasieHa

Ha pucyHke 3.128 [21]

L’ _ Yacrora oumbok
B’={>§ his il 1 §'=">E TXCEIIEI':;:;\ Yicno oBHapy#e Kb ounb ok
Bgm::;lrh > LDPC Encoder > BsC Enr LDPC Decoder > Rx F He+d Obupe TEO C no cp
Bemou Bi > Error Rate o
g:wa.;',a} LDPC Encoder Kanan canm LDPC Decoder Calculation
1 [ 0
— 3 —
— 1 :
1 > 1
]
—
1 1 I
4 1 KomBuHaupa Ha eeixoge
l:l 3aK0AMPOBAHHAA NOCNEA0BATENEHOCTE

KomBuHaumn Ha exone

Puc.3.128 JIunus nepenaun ¢ npumenenuem koj LDPC
B cocTaB nmuHUY ¢ KOTUPOBAaHHEM BXOJIST:
7. Bernoulli Binary Generator
8. LDPC Encoder

9. Binary Symmetric Channel (kanan nepenaun)
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10.LDPC Decoder

11.Error Rate Calculation (anaau3aTop omu60K)

12.Display

Januble 0yoku HeoOxoauMo HaiTh B okHe «Simulink Library», npencraBneHHol Ha pUCYHKE
11. Inst ynporieHust oucKa, MOXHO BOCIIOJIb30BATHCSI OKOIIKOM ITOUCKA 3JIEMEHTOB.

XapaKTepI/ICTI/IKI/I OJIOKOB BEICTaBUTh CICAYIOIIUEC:

*a Source Block : i Binary Gi =

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector

Parameters

Probability of a zero: 0.5
Initial seed: 61

Sample time: 1
Frame-based outputs

Samples per frame: 32400

Output data type: |double -]

[ oK ][ cancel | [ Help | Apply

Puc.3.129 Bernoulli Binary Generator

r -
"k Function Block Parameters: KaHan ceasu @

Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Parameters

Error probability:

0.2]

Initial seed:
71

Output error vector

Output data type: ’double v
® | [ oK ] ’ Cancel ] ’ Help ] Apply
Puc.3.130. LDPC Encoder
e Function Block Paramerers LDPC Encoder ||

LDPC Encoder (mask) (link)

Encode a message using a binary low-density parity-check code. The
parity-check matrix specifies the code.

(M-K) and M are the number of rows and columns in the parity-check
matrix. This block accepts a column vector input signal wwith K
elements. The output is a binary column wector with M elements. It is
a solution to the parity-check equation, with the first K bits equal to
the input.

The last (N-K) columns of the parity-check matrix must form an
invertible matrix in GF(2). If they form a triangular matrix, the parity- ||
check equation will be solved by forward or backward substitution; N
otherwise, matrix inverse will be used (which may cause delays when
updating or starting the modal}.

Parameters

Parity-check matrix (sparse binary (N-K)-by-N matrix):

[ oK ] [ cancel ]| Help ] ApFl'_u

Puc.3.131. Binary Symmetric Channel
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Error Rate Calculation (mask) (link)

Compute the error rate of the received data by comparing it to a
delayed version of the transmitted data. The block output is a three-
element vector consisting of the error rate, followed by the number
of errors detected and the total number of symbols compared. This
vector can be sent to either the workspace or an cutput port.

The delays are specified in number of samples, regardless of
whether the input is a scalar or a vector. The inputs to the Tx' and
'Rx' ports must be scalars or column wectors.

The 'Stop simulation' option stops the simulation upon detecting a
target number of errors or @ maximum number of symbaols,
whichever comes first.

Parameters

Receive delay:

0

Computation delay:

0
Computation mode: |Entire frame v|
Output data: |Por1: - |

Puc.3.132. BCH Decoder

"4 Sink Block Parameters: OwmnBku l&,l

Display
Numeric display of input values.

Parameters

Format: |short hd

Decimation:

1

Floating display

o) [ oK H Cancel || Help | Apply

Puc.3.133. Error Rate Calculation (ananu3sarop OIH‘I/I6OI<)

Hp CACTAaBUM IIOJIYYCHHBIC PE3YJIbTATHI:

o|| of ol of =|[ of af| < =) c|| <) || <] 2| = 2| =|| =|| =|| 2|| o|| ©|| of| o <

< <ff <) ol of| o of| of| 2| < 2 < o) < <] < </ || S| < =| of e Of

e = = = e A= = = e | = = =) =

< <l sl o) <] <) of =) 2| =) o < <] < || o =2 = 2| 2| 2| of| =] <

all aff |l 2f w|f 2| gl = 2| ol <[ ol 2| 2| o|| ol ||| el <[ al| 2| <[ = =

=[S S| S =|[ 2 S| =] S| =| S 2| S 2 =] S S|~ S| =] 2] =] 2| S]] =2

[=1=] = ) = (= = = = e = = = =) (e = = R = e

af| aff afl aff s|f 2l 2|2 2| =l af] <l <l 2|l af| 2l <[l el ol ol = = = <

Puc. 3.134. KomOnHanmsa Ha BXoae
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| 1] o] 1l 1] 9| 1| 1| 1]
[ o o] o] il il ol il 1
| 1] o]| 1| 1] o| 1| 1| ]
| o| o] ol i 1 o ] 1
| of| o] o] o]l l| 1l 0]] 1]
| o| 1| ol o] 0| ] ] 1
| of| | o] | o| 1| 0] o]
| ol o] 1| o] 1 ] o] 0]
| 1] o] 1l 1] 9| ol 1| o]
| 1 o] ol o] 1 ] o] 1
| 1] 1l o] 1] l| ol 1| 1]
| ol 1| 1| o] o)l ol o] 1]
| 1] 1l 1l o]l 9| ol 0]] o]
| ol 1| ol i 1 ] ] 0]
| 1] o] 1l 1] l| ol 0]] 1]
| ol 1| ol i o)l ol ] 1
| 1] 1| 0] o]l 1] ol 0]] o]
| ol 1| ol i o)l ] o] 1
| 1] 1| 1l 1] l| ol 0] 1]
| 1 o] 1| i 1 ] o] 0]
| ol| o] o] o]l 9| ol 1| 1]
| 9| o] ] i 1 ol o] 1]
| 1] o] 1l 1] l| 1| 1| 1]
| o| o] ol o] 1 ol o] 1
| of| 1l o] 1] l| ol 1| 1]
| 0| 1| 1| ] 0| 0| 0] 1
| of| | 1l 1] o]| 1l 0] 1]

Puc. 3.135. 3akoaupoBaHHasl MOCIEIOBATEILHOCTD

o] d] g g ] ] 0] g
1 1 1 0 0 0 0 0
1 1 1 1 v] v] 1 v]
1 0 1 1 0 0 0 0
1 0 1 ] v] v] 0 v]
1 0 0 1 1 0 0 0
0 0 0 0 0 1 0 1
1] 0 1 1] 1 0 0 0
0 0 1 1 0 1 0 0
| | 0] | g g g| d] 0]
| g 0] gl g ] | | g
| ] d] | g g g d] d
| g | gl i gl gl 0] g
1 0 1 0 v] v] 0 v]
0 0 1 1 1 1 1 0
] 1 1 ] 1 v] 1 1
1 0 0 1] 0 1 0 0
0 1 0 0 0 0 0 0
1 1 1 1 0 0 1 0
1 0 0 0 1 1 1 0
\] 1 0 \] 0 0 0 0
1 0 0 0 0 0 1 0
0 0 1 0 o] 1 0 o]
1 0 0 0 1 1 0 0
] 0 v] ] 1 v] 0 v]
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0.7594 HacTtora oumbok
2 AR1e+04 “Yucno obHapy#EHHBIX oLWMB oK
3. 2e+04 ObLees KONWYECTBO CUMBONOE |

O brm
Puc. 3.137. Pabora 0JioKa OLIEHKH OINMMOKHK B KaHAJIE

1,2

94— BER(Coding)

== BER(No Coding)

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 3.138 I'paduk 3aBucumoctu BER ot Noise

3.7. HccienoBanue KackKagHbIX KOJI0B

KaCKaIlHI)IMI/I Ha3bIBAOT KOJbI, B KOTOPBIX KOJHPOBAHUC OCYLICCTBIIACTCA B ABa YPOBHA,
HUMECTCs BHYTpeHHI/Iﬁ W BHEIIHHI KOZbI, C IIOMOIIBIO KOTOPBIX H AJOCTUTACTCAd IKEIacMasd
HaIEKHOCTh Nepefaun coodiieHuil. BHyTpeHHui kKo cBsi3aH ¢ MOAYJIATOpoM. JleMoaynsaTop, Kak
MIPAaBUJIO, HACTpAMBaeTCs ISl MCHpaBJICHUs OOJBIIMHCTBA KaHAIbHBIX OIIMOOK. BHemHuii kon,
yale BCEro BBICOKOCKOPOCTHOM (C HM3KOM HM30BITOYHOCTBHIO), CHM)KAET BEPOATHOCTH IOSBICHUS
OImUOO0K 110 33JaHHOTO 3HaueHUss. OCHOBHOW NMPUYMHON MCTIOJIB30BaHUS KaCKaHOTO KO/ SIBJISETCS
HU3Kasg CTENEeHb KOJAWMPOBAaHUS U 0OwIas CIOXKHOCTh pealu3ali, MEHbIIas TOH, KoTopas
notpedoBaach Obl 7151 OCYIIECTBICHUS OTACIbHON MPOLEaYPbl KOJUPOBAHHUS.

B O)IHOI>'I n3 Haubolee MOMYJAPHBIX CUCTEM KAaCKaAHOI'O KOAWPOBAHUSA I BHYTPECHHETO KOJa
MIPUMEHSIETCS CBEPTOYHOE KOAMPOBaHHE MO anroputMmy ButepOu, a juig BHemHero — koj Puna-

ColoMOHa ¢ YepeJOBaHUEM MEXky JBYMs dTalaMHi KoaupoBaHus [1]. @yHKIMOHUPOBAHUE TAKUX
CHCTEM IpH Eb / N, Haxomsmemest B mpenenax ot 0,2 10 2,5 b, amsa poctmkenns Py =107

pPC€AJIbHO AOOCTHXHUMO B IIPHKIIAAHBIX 3adaydax. B »r1oit cucreme JAEMOAYJIIATOP BbBIAACT MIATKO

KBAaHTOBAaHHBIE KOJOBBIE CHMBOJIBI Ha BHYTPEHHUW CBEPTOYHBIA JI€KOJEP, KOTOPBIA, B CBOIO

235



oyepeib, BBIJAET )KECTKO KBAHTOBAHHBIE KOJIOBBIE CHMBOJIBI C IMTAKETHBIMU OIIMOKaMU Ha JIEKOJEep
Puna-Conomuna.

Buemnuit xox Puna-Conomona o0pasyercss u3 M-OMTOBBIX CErMEHTOB JABOUYHOTO MOTOKA
naHHbIX. [Ipon3BoauTeNnbHOCTh Takoro (HeaBOMYHOro) Koaa Puma-CosioMOHA 3aBUCUT TOJIBKO OT
qHCca CUMBOIbHBIX owubok B Onoke. Kox He nckaxaercss makeTaMu OMMOOK BHYTPH M-OMTOBOTO
cumBoJia. IHbIMH cllOBaMu, JUIsl JAHHOW CHUMBOJIBHOW OHIMOKHM IMPOM3BOJUTENHHOCTh Kojaa Puma-
ConomMoHa TakoBa, Kak eciiv Obl CHMBOJIbHAS OIIKMOKA Obljia BhI3BaHA OAHUM OUTOM WM m OuT. Tem
HE MEHEE IPOU3BOJUTENBHOCTh KACKaJHBIX CHCTEM HECKOJIBKO yXYALIAeTCsl 3a CueT
KOppEIUPYIOIIUX OHIMOOK B IOCIEIOBATENbHBIX cHMBOJIaX. Iloaromy uepenoBaHue Mexay
KOJIMPOBAHUSIMU HYXKHO BBITIOJIHATH Ha YPOBHE CUMBOJIOB (2 He OuTOB). Pabora [22] mpeacrassieT

co0o¥ 0030p KacKaHBIX KOJOB, KOTOPBIC ObUIH pa3padOTaHbl I TadbHEel KOCMUYECKON CBSI3H.

Boaubie
JIAHHDBIC
Buewnee Bryrpennee
— UcpeoBanue —» Mouyusums
KOJMPOBAHHE KOJIMPOBAHHE
[Tomexu —® Kanan
Buewnee Buyrtpennee .
<t—BoccranosiieHue |— <— Jlemoysisaums
JICKOAMPOBAHHE JEKOMPOBAHNY

'

JlexoaupoBanHbie
JIAHHBIC

Puc. 3.139. O6o006uieHHas CTPYKTypHasi CXeMa UCCIIEJOBaHUS KaCKaIHbIX KOJIOB

OIIHaKO B JaHHOH pa60Te HUCCIICAYCTCA CJ'Iy‘-IB.fI, KOTria B Ka4CCTBC BHYTPCHHCI'O KOAUPOBAHUSA

HCIIONB3YIOTCS TYpOO-KOIBI.

Typ6o-kox — mapaielbHBI KAaCKaJHBIH OJIOKOBBI CHUCTEMATHYECKUNU KOJ, CIOCOOHBIHN
UCIPABIIATH OIMKUOKY, BO3HUKAIOIIUE TPU Tiepeade nHGOpMaIuu.

Cxema KackagHOTO KOJUPOBaHHUs BIEpBble OblTa mnpemnokeHa PopHu [23] kKak MeTof
MOJTy4eHUsT BRICOKOA((HEKTUBHOTO KOJ1a TOCPEICTBOM KOMOWHAIIHK IBYX WJIH 00JIe€ KOMIIOHYEMBIX

KOJIOB (MHOI/Ia Ha3bIBAEMbIX COCTaBHbIMM). B pesynbraTe, Takue KoJbl MOTYT KOPPEKTHPOBATH
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OMMOKK B 3HAYUTENHHO OoOJiee [UIMHHBIX KOJaX W HMMEIOT CTPYKTYpYy, KOTOpas IO3BOJSET
OTHOCUTEJIBHO JIETKO OCYUIECTBUTH JEKOJAMPOBAHUE cCpeaHel ciiokHocTh. [locnenoBatenbHbie
KAaCKaJHble KOJbl 4YacTO HCIOJIB3YIOTCS B CHUCTEMax C OrPAHMYEHHEM MOIIHOCTH, TaKMX Kak
KocMuueckre 30HAbL. Camasl paclpocTpaHEHHas M3 ATUX CXEM COJAEPXKUT BHEIIHUN kox Puna-
ComomoHa (BBITIOJIHSAETCS TEPBBIM, YOUPAETCsl MOCIEAHUM), KOTOPBIH CIEIyeT 3a CBEpTOYHBIM
BHYTPEHHUM KOJOM (BBIMIOJIHAETCS MOCIETHUM, YOupaercs nepBbiM). TypO0-KOJI MOXHO CUHTATh
OOHOBJICHHEM CTPYKTYPBI KaCKaJIHOTO KOJUPOBAHUS C UTEPATUBHBIM aJTOPUTMOM JIEKOAUPOBAHUS
CBSI3aHHOM KOJ/I0BOM1 110CJIEI0BATEIBHOCTH.

TypOo-koxbl BnepBeie ObutM BBeAeHb B 1993 romy beppy, I'maBee u Llutmmamxumoii. B

OITMCBEIBAEMOM CXEME JocTturajiaCb BCPOATHOCTL IIOSABJICHUA oI 00K 10_5 Ipu CTCIICHU

koxupoBanusi 1/2 u moxymsaumu BPSK B kanane ¢ OenbIM aJIUTHBHBIM T'ayCCOBBIM ITyMOM C

Eb/ NO, paBueiM 0,7 nb. Komel 00pa3yroTcs MmOCpeAcTBOM KOMIIOHOBKH JBYX WM Ooiee

COCTABHBIX KOJIOB, SBIIOIIMXCA pa3HbIMA BApUAHTAMHM YEPEAOBAHUSA OJHOM M TOM IKe
MHGOPMALMOHHOM Mocie10BaTeNbHOCTU. Toraa Kak Al CBEPTOUHBIX KOJOB Ha (PMHAIBHOM 3Tare
JIeKOJIep BBIJIAET KECTKO JeKOUPOBaHHbIE OUTHI (MK B OoJiee 001eM cilyyae — JAEKOAMPOBAHHBIE
CHMBOJIBI), B KAaCKaJHOHW CXeMe, TaKOi Kak TypOo-Koja, Uil XOpomed paboThl alropuT™M
JIEKOIMPOBAHMSI HE JJOJDKEH OrpaHUYMBaTh ce0sl, 0J1aBasi Ha IEKOJEPhI KECTKYIO CXEMY PEIIECHUH.
JUis Jydniero HMCHoOJb30BaHUSA HHGOpPMALMM, IOIy4aeMOH C KaXJIOro JeKoJepa, ajllOpUTM
JNEKOOUPOBAHUSA JOJDKEH IPUMEHATh, B IIEPBYIO OYEpEb, MATKYIO CXEMY NEKOAUPOBAHMS, BMECTO
XKecTKoW. Jlyis cucteM C JIByMSI COCTAaBHBIMHM KOJaMU KOHLENIIMs, JieXalass B OCHOBE TypOo-
JIEKOIMPOBAHMSI, 3aKJIIOYAETCSs B TOM, YTOOBI NEpelaTh MSITKYI0 CXEMy INPUHATUS PEIIeHUuN C
BBIXOJIa OJHOIO JEKOJepa Ha BXOJ IPYroro M IOBTOPATH 3Ty MPOLEAYPY AO TeX IOp, IOKa HE
OyayT MoJTyyeHbl HaJIe)KHbIE PELICHHUS.

TypOokoas! mpecTaBIs0T cO00M CpaBHUTENBHO HOBBIN TUI KOJIOB I UCIIPABJIEHUS OIIHUOOK,
BO3HUKAIOIINX pU nepenade uudposoi nHGopMaluy Mo KaHajiaM CBS3M ¢ lIyMaMu. BriepBeie oHI
ObulM BBeJIEHBI B paccMoTpeHue B 1993 romy u cpasy ke NpHUBIEKIM K cebe NpUCTaIbHOE
BHUMaHME CIIELHUAIUCTOB B OOJIACTM MOMEXOYCTOWYMBOIrO KojupoBaHus. [IpuumHa sToMy —
YHHUKaJIbHasl CIOCOOHOCTh TYpOOKOJOB 0OecreynBaTh XapaKTEPUCTUKH IOMEXOYCTOWYHBOCTU
nepenaun uMHGopManuu, OJIM3KHE K TEOPETHUECKU AOCTHDKMMBIM 3HAUEHMSIM IPH yMEpPEHHOM
CIIO’)KHOCTH pealn3aluu KoJeKoB. Pa3paboTka TypOOKOIOB pa3BUBaETCs IO JBYM HAIIPABICHHSIM:
CBEPTOUYHBIE TYpOOKO/bI, 00pa3oBaHHbIE MYTEM MNapalIeIbHOTO COEAMHEHHUS IBYX WiH Ooiee
CBEPTOUHBIX KOJEPOB, M OJOUHbIE TYpOOKO/AbI, OOpa3oBaHHBbIE MYTEM IOCIIEIOBATEIBHOIO
COEMHEHUs ABYX WM Oosee OyouHBIX KozepoB. Kak mokaszanu wuccienoBaHusi, OJIOYHbIE

TypOOKO/IbI ABISAIOTCS GoJiee 3P PEKTUBHBIMU NMPU OTHOCUTEIHHO BBICOKHX KOJOBBIX CKOPOCTSIX.
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Koauposanmne

Ha pucynke 3.140 npezacraBneHa cTpykTypHas cxema TypOo-Koepa:

U (n 6uT)
(k 6uT) 1|
ITepeme-
KUTEND 1
Y
Ilepeme-
JKUTEIND 2
Y
ITepeme-
PKUTEL M|

Puc. 3.140. CrpykrypHas cxema TypOo-Koaepa

Cuauvana Ha BxoJ popmuposaresst naketoB (PAD) nmoctymnaer 610k nanueix U mmHoit K 6ur. B
dbopmupoBaTee MaKeToB K JaHHBIM MpubOaBisiercs emé (N-K) ITOMONMHUTENBHBIX OUT CITy)KeOHOMH
nHGOpPMAIMK, COOTBETCTBYIOIIMX HCIOJIB3YEeMOMY CTaHAApPTy (OPMHUpPOBaHHS TMakeTa U
BKJIIOYAIOIUX B ce0sl CHMBOJIBI €r0 Hadajga M OKOHYaHMA. To ecTb mosyyaercs mnaker Xo,
COCTOSILIIMIA U3 N OUT.

Janee mocnenoBarenbHOCTh OMT Xo TMOCTyHaeT mapauiedbHO Ha M BeTBei, conmepiKamux
MIOCJIEZI0BATEIbHO COEAMHEHHBIE IMEPEMEKUTENIb M KOMIIOHEHTHbIM Kkoaep. TakuMm obOpazoM X
HCMOJIb3YyeTCs B KAUYECTBE BXOJHBIX JAHHBIX Cpa3y BCEMH KOMIIOHEHTHBIMH KOJIEpaMH.

B nmepemexurensx 1O  MCEBAOCTyYalHOMY 3aKOHY HPOMCXOJIUT  IE€peMeIIMBaHUeE
MOCTyMalomMX OWT. B  oTImMYHe OT MOCHMBOJBHOTO TPSIMOYTOJBHOTO — TMEPEMEKUTEN,
UCToibp3yemMoro B koaax Puma-ComomoHa, B TypOO-KOIaX HCIIONB3YETCs IEPEMEKEHNE OTIEITBHBIX
OUT, KOTOpoe MoJ00HO Ciy4yalHbIM mepecTaHoBKaM. [lpudyéM BHOCIENCTBHM, NPH OINEpalUsiX
JIEKOJUPOBAHUA OTOT 3aKOH TMEpeMeXeHus OyIeT CcuuTarthCs U3BEeCTHBIM. llomydeHHbIe
[0CJIEI0BATENBHOCTH MOCTYIAOT HAa BXO/bI KOJEPOB.

3amauya TEpeMEeKHTeNss — Tpeodpa3oBaTh BXOJHYIO TIOCIEIOBATEIBHOCTh TaK, YTOOBI
KoMOUHamu O6UT Xo, COOTBETCTBYIOIIME KOJIOBBIM CJIOBaM C HU3KMM BECOM (BECOM Ha3bIBAETCs
YHMCIIO HEHYJEBBIX OUT KOJOBOIO CJIOBAa) Ha BBIXOJE IMEPBOrO Kojepa, ObUTM MpeoOpa3oBaHbl B
KOMOMHAIMH, JArOIUe KOJOBBIE CIOBA C BBICOKUM BECOM Ha BBIXOJaX OCTAJIbHBIX KOJAEpOB. Takum

0o0pa3oM Ko/ephl MOTY4aroT Ha BbIXO/E KOJIOBBIE CJIOBa C pa3InyHbIMU BecaMu. [Ipu koaupoBaHumn
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(bopMHpYIOTCS KOJIOBBIE CJIOBA TaK, YTOOBI IOJy4aJOCh MAaKCHUMAalbHO BO3MOXHOE CpelHee
paccTosiHue MeXAY HUMHU (PacCTOSTHUEM MEXY IBYMs KOJOBBIMHU CJIOBAMHU Ha3bIBAETCS YUCIIO OUT,
B KOTOpBIX OHHU paszinyarorcs). M3-3a TOro, 4ro KomoBble OJIOKM (OPMHUPYIOTCS M3 IOYTH
HE3aBUCHMBIX YaCTeH, Ha BBIXOAE TypOO-KOoJepa CpeiHee pacCTOSIHHE MEXIy KOJOBBIMHU CIIOBAMHU
Oosibllle, YeM MUHMMAJIBHOE PACCTOSIHUE Ul KaXK0T0 KOMIIOHEHTHOTO KOZEpa, a, CIIE0BATEIIBHO,
pacTét 3(h(HEeKTUBHOCTH KOAUPOBAHMUSL.

KonoBast cKOpoCTb — OTHOLIEHHWE JJIMHBI KOJOBOro OJoOKa Ha BXOAE K JUIMHE
peoOpa3oBaHHOTO KOAOBOTO OJIOKA HA BBIXOJIE KOAEpa.

B orcyrcrBue mnepdoparopa HCXOgHAs MOCIEAOBATENbHOCTh Xo MYJIBTHUILIEKCUPYETCS C
[I0CJIEI0BATENbHOCTSAMU IIPOBEPOUHBIX OUT, 00pa3ys KOJOBOE CIIOBO, IOJUIEXKallee Nepenade 1o
KaHaiy.

Jns  yBenmuueHUsT KOJOBOW  CKOPOCTH  TPHMEHSETCS  BBIKanbiBaHWe  (mepdoparius)
OTIpeNIeIEHHBIX TIPOBEPOYHBIX OMTOB BBIXOJHOW IOCIEIOBATEIBHOCTH. TakuM 00pa3oM KOJoBas
CKOpOCTb BO3pAacCTaeT.

Ecau ydyects, 4T0 TypOO-KO/IbI OEPUPYIOT ¢ OitoKaMu 0osbInoi aauHbl ¢ K > 10000, To k= n.

C mnomompto nepdopaTopa, BBIKAIBIBasg pPa3HOE YHCIO TPOBEPOYHBIX OHT, BO3MOXKHO
peryanpoBaHue KOJI0BOW CKOPOCTU. TO €CTh MOKHO MTOCTPOUTH KOJIEP, aIalTUPYIONIMNACS K KaHATy
cBs3u. [Ipu cuiabHOM 3alIyMiIeHUH KaHasla 1epdopaTtop BbIKAJIBIBAET MEHbIIE OUT, YEM BbI3bIBACT
YMEHBIIIEHUE KOJOBOM CKOPOCTM M POCT IOMEXOYCTOWYMBOCTH Kojepa. Ecimm e kaHan cBsi3u
XOpOMIET0 KavyecTBa, TO BBHIKAJIBIBATH MOXHO OOJBIIOE YHCIO OWT, BBI3BIBas POCT CKOPOCTH

nepenayy nHQGopmanuu.
AJITOPUTM JE€KOAMPOBAHNS 110 MAKCHMYMY ANIOCTEPHOPHOIl BEPOSITHOCTH

Anroput™m bana naer «Msrkyro» OLEHKY JOCTOBEPHOCTH JAEKOAMpOBaHHOro o6urta. To ecTh
MIPEABSBIAET HA BBIXOJE CTEIEHb TOBEPHUS PE3YJbTATy NEKOAUMPOBAHMUSA. B IPOTHBONOJIOKHOCTH
«OKECTKOI» CTpYKType, HpH KOTOpOH Ha BBIXOJE JAeKkojepa (opmupyercs Iullb Haubosee
BEPOSITHOE 3HaYEHUE JIEKOJUPOBAHHOTO O6uTa («0» min «1»), IpH BEIHECEHUH «MSTKOI0» PEIIeHUs
ucrnosib3yercss Ooyiee MOJAPOOHAs TUCKPETH3alMsl BBIXOJHOIO CHTHANA, XapaKTepH3yolas
BEPOATHOCTH KOPPEKTHOTO NMpuema ourta. brarogaps ncnoib30BaHUIO0 «MSATKUX» PElIeHUH B TypOo-
JeKo/iepax OKas3bIBaeTcs 3(PPEKTUBHBIM HCIOJIb30BAaHME HECKOJIBKMX HUTEpaluil JeKOAWPOBAHMS.
AnocrepuopHas uHbopMaius, MOJIy4eHHass O KOJOBOM CIIOBE€ Ha BBIXOJI€ NEPBON HTEepaluu
JeKOJUPOBAaHUSA, TOCTYIaeT Ha BXOJ OJOKa CleAylolleld HTepalud M SBISeTCS A HEro yxKe
aIpUOpPHOM BEPOSTHOCTHIO. TakoM IMOAXOJ IO3BOJISIET YJIydIllaTh KadyeCTBO AEKOAMPOBAHUS OT

HUTCpalli K HWTCpalnu. Taxum 06p330M, HU3MEHAA YHCIIO I/ITepaHI/IfI ACKOAPOBAaHHA, MOXHO
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aJIalTUPOBaTh JIEKOJep K TEKYyIIeMy COCTOSHHMIO KaHana Mepefaadyd W JOCTUYh TpeOyeMoit
BEpPOSTHOCTH OIITUOKU Ha OWT.
Ha pucynke 3.141 npencraBiieHa CTPYKTYpHasi cXeMa OJHOW HTepaluud TypOo-IeKojepa Mnpu

ABYXKaCKaaIHOM KOAWPOBAHUU:

Ky Xo
™ Hexonep ™ [lepeme- = lexkonep = lenepeme- [ ™
Xo Xi 1 JKHTEND | 2 AKUATEND |
Xo ,
[Tepeme- = | lenepeme- _S,
JKUTENDb 2 HKHUTEIb 2

Xz

Y

Puc. 3.141. CtpykTypHas cxema OJTHOW UTepauu TypOO-AeKoaepa MpHu JABYXKACKaTHOM

KOIUPOBAHUHU

Ha puc. 3.141 nnst mpocTOThI NMOHMMAHHS NMPEJCTABICH BAPHAHT CXEMbl OJTHOW WTEpaluu
Typ0OO-1eKOIMPOBAHUS TIPU JABYXKACKaTHOM KOAMPOBAHWUHU. DTa CXeMa HECIIOKHO 00o0maercss Ha
ClTy4dail MPOU3BOIBHOTO KOJIMYECTBA KACKAI0B KOJTUPOBAHHSL.

Jlekonep s OJHOM WTEpaIlMKM COJCPXKHUT KACKaJHOE COCIUHCHHE JBYX DIIEMEHTAPHBIX
JIEKOJIEPOB, KAXKIbIi M3 KOTOPHIX, OCHOBBIBAACh HAa KPUTEPUH MaKCHUMyMma aroCTEpPHUOPHOMN
BEPOSTHOCTH, BEIHOCUT «MSTKOE» PEIIeHUE O TiepeJaHHOM cuMBoJie. Ha mepBhIit iekozep nepBoit
HUTCpalunmn C BbIXOJa ACMOOYyJIATOpPa MMOCTYHaroT CMSATKHUECH pemicHuAd CHUMBOJIOB
nocnegoBarenbHocTelt Xou X;. Takum 00pazoM, Ha BBIXOJIE MEPBOTO JAEKOAEpa MOSBISETCS OIEHKA
MH(OPMAIIMOHHOTO CHUMBOJIA, KOTOpas MOCJe MOCIEAYIOIEro MepeMeXeHHs MOoMajaeT Ha BXOJ
BTOPOTO JICKOJIEPA U SBIISCTCS I HETO apHOPHOH MHpopMarueit. Mcrmonb3ys «MsArkoey» pemeHne
0 TOCJIE0BATEILHOCTH X2, BTOPO Jiekoiep GOpMHUPYET CBOIO OIICHKY.

Ha pucynke 3.142 mpencraBieHa CTpyKTypHas cxema TpEX HTepaluili TypOo-aekonepa mpu

ABYXKAaCKaaAHOM KOOAUPOBAHUU:

Xo X1 S
XoX1.X2 =1 HWrepa-
- T 1

B e

Puc. 3.142. CtpykrypHas cxema TpE€X UTepaluu TypOo-1eKoaepa MpH IByXKaCKaIHOM

Hrepa-
nusa 3

KOAUPOBAaHNU
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C BbIXOJAa KaXI0H WTEpalM pelIeHHE MEepeXOAUT Ha BXof cieayromieil. OT urepauuu K
UTepaly IPOUCXOIUT yTouHeHHe peuieHus. [Ipu 3ToM kaxxaas utepaiust paboTaeT ¢ «MATKHUMU»
OLICHKaMM M Ha BBIXOJ OTHAECT TaKXKe «MsArkue». IIoaToMy Takue cXeMmbl MOJIyYHIH HAa3BaHUE
JEKOJICPOB C MATKHM BXOJIOM M MATKUM BbIX0J0M. IIpornecc nekoanpoBaHus mpekpamaercs Iuoo
1ocje BBIMOJIHEHUS BCeX HTepanuid, Ju00 KOrja BEpOSTHOCTh OIMMOKM Ha OWT JIOCTUTHET
TpeOyemoro 3HaueHus. Ilociae nexkonupoBaHMs M3 IOJYYEHHOI'O  «MATKOTO»  pPELIeHHUs

IIPOU3BOIUTCS] OKOHYATEIBHOE «OKECTKOEY.
IIpenmymecTBa 1 HeIOCTATKU TYp0O-KOA0B

Ipeumywecmea

Cpenu Bcex MPaKTHUECKU MCIOIB3YEMBIX COBPEMEHHBIX METOOB KOPPEKIMH OMIMOOK TypOo-
KOJIbl ¥ KOJBI C HU3KOH INIOTHOCTHIO MTPOBEPOK Ha YETHOCTh Hanbosee OJIM3KO MOIXOIAT K TPaHUIEe
[llenHOHa, TEOPETUUYECKOMY MpeEAeNy MaKCHUMajlbHOW MPOMYCKHOM CIIOCOOHOCTH 3allyMIIEHHOTO
kaHana. TypOo-KoJbl MO3BOJSIOT YBEIMYUTh CKOPOCTh Hepenaud HHpopmanuu, He TpeOys
YBEJIMYEHHUSI MOIIHOCTU TepeNaTyuKa, WM OHM MOTYT OBITh HCHOJB30BaHBI ISl YMEHBIICHHS
TpeOyeMoli MOILIHOCTH MpH Mepeaaye ¢ 3aJaHHON CKOPOCThI0. BakHBIM MpenMyIiecTBOM TypOo-
KOJIOB SIBIISIETCS HE3aBHCHMOCTD CIIOKHOCTH JCKOJUPOBAHUS OT JUIMHBI HH(OPMAIIMOHHOTO OJI0Ka,
YTO NO3BOJIIET CHU3UTh BEPOSITHOCTh OLIMOKHU AEKOIUPOBAHUS IyTEM YBEJIIMUEHUSI €T0 JUIUHBI.

Heoocmamxku

OCHOBHOWM  HENOCTaTOK TypOO-KOJOB — 3TO OTHOCHTENBHO BBICOKas  CIIOKHOCTh
NEKOMPOBaHMUsT U OoJbIIas 3a/epikKa, KOTOpbIE [MENaloT WX HEYAOOHBIMHU Ui HEKOTOPBIX
npuMeHeHuid. Ho, Hampumep, s UCIIOJIb30BaHUS B CIIYTHHUKOBBIX KaHAJIaX 3TOT HEJOCTaTOK He
ABIISICTCA ONPEIENSIONIMM, TaK Kak JJIMHA KaHajda CBs3W cama Mo cebe BHOCHUT 3allepXkKKy,
BBI3BAHHYIO0 KOHEUHOCTBIO CKOPOCTH CBETA.

Emé onuH BaxHBIA HENOCTAaTOK TypOO-KOJIOB — CpPAaBHUTEIHHO HEOOIBIIOE KOJIOBOE
paccrosiHue (TO €CTh MHUHMMAJIbHOE PAacCTOSHUE MEXIY ABYMs KOJOBBIMU CIIOBAMHU B CMBICIIE
BbIOPaHHOM METpUKH). DTO NMPHUBOAUT K TOMY, YTO, XOTSI NMPH OOJIBLION BXOIHON BEPOSITHOCTU
omKOKH (TO €cTh B IJIOXOM KaHalie) 3(p(PEKTUBHOCTh TypOO-KO/a BBICOKA, NMIPU MaJOM BXOJHOM
BEPOATHOCTH OLIMOKH 3>(PPEeKTUBHOCTh TypOO-KoJa KpaiiHe orpanuyeHa. [loaTomMy B Xopomrmx
KaHajax JJis JajbHeHIIero yMEeHBIIEHHs] BEPOSITHOCTH OIIMOKM MPUMEHSIOT He TypOO-KoAbl, a
LDPC-kombl. XOTSI CIIOKHOCTh HCIIOJIB3yEMbIX aJITOPUTMOB TYpOO-KOJHPOBAHHS H HEIOCTATOK
OTKPBITOTO MPOrPAaMMHOT0 OOecIleYeHus] MPEensITCTBYIOT BHEAPEHUIO TypOO-KOJIOB, B HACTOSIIEE

BpEMA MHOTHC COBPEMCHHBIC CUCTCMbI UCITOJIB3YIOT Typ60-KOI[LI.
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IIpumenenne Typo0-K010B

Kommanun France Telecom u Telediffusion de France 3amarentoBanu mmpokuii kirace TypOo-
KOJIOB, YTO OIrPAaHUYMBAECT BO3MOXKHOCTH KX CBOOOJHOTO MPHUMEHEHHUS U, B TO XKE Bpewms,
CTUMYJIMPYET pa3BUTHE HOBBIX METO0B KOAUPOBAHUS TaKUX, Kak, Harpumep, LDPC.

Typ0o-KOIbl aKTUBHO MPHMEHSIOTCS B CHCTEMaX CIIYTHHKOBOW H MOOWJIBHON CBS3H,
0ecrpoBOJHOTO  LIMPOKOMOJOCHOTO JOCTyNa M HUPPOBOro  TeiaeBUACHUS. 1ypOO-KOIbI
YTBEPKJICHBI B cTaHAapTe cryTHUKOBOU cBsizu DVB-RCS. Typ06o-Koabl Takke HAILIX IIHPOKOE
IPUMEHEHHE B MOOMJIBHBIX CHCTEMax CBS3M TpeTbero mnokojeHus (crangaptei CDMA2000 u

UMTS).

MoaeiupoBanune Kackaaubix kogoB B MATLAB Simulink [21]

BupryanbHast MOJe/ib TIepeladd JaHHBIX C MCIPABICHUEM OMIMOOK MPH MOMOIIM KaCKaJIHOTO
Koja Oblia peanu3oBana B cpeae Simulink Matlab. Moaens nemoncTprupyer padoty koaepa Puna-
ConomoHa (BHEMIHUM KOa) W Konepa TypOo-KOAOB (BHYTPEHHHI KOJ), TO3BOJISIET MCCIEI0BATH
UCIIPABISIONIYI0  CIIOCOOHOCTh KOMOB ISl Pa3HBIX BHIOB MOIYJISAIUH W CPaBHHUTh €€
XapaKTEPUCTHKU C pabOTON YKa3aHHBIX BBIIIE KOJACPOB B OTACIBHOCTH.

Ha pucynke 3.143 npuBenena pa3paboTaHHAs MOJIEIb:

- 03igsdnteaae| | EER
¥ e pate uil .
Caloulation k —/ Hor owifar
[+ 1070
Model i Bearo Gim nepenaro
Tl Beumcmmene ow who
O
Bemoulli o : fuge P Rectangular AWGN Rectangular =iy Uréf:olii;lm —¥ Tuko = -
fnzy e ot 1) gsequ St || o | 7] et o
nooder ELIET
Bemeuli Binary T Mogymsiop M-QAM Devonyrwiop MAN lpeofpasosare FoFe—
Benerabr Fonep Pioz- Conovora ho-sonep Hihan o o PEOpNEATEN: P [lesoen Pugs-Corouosa
OARONONRRHOTD
CTKENE

B GrmarApkei
"o “ o
O o

b o
b

yarpauns cosgesgni [varpauva cosEssm
Beswwa UMM

Puc. 3.143. Pa3zpaboraHHas MOJIe)Tb HCCIICIOBAHUS KaCKaIHBIX KOJIOB

B e€ 0CHOBY IMOJIOKEHBI CIIEAYIOIINE 3JICMEHTBI, BCTpOEeHHBIE B Onbmoreky Simulink:
e Bernoulli Binary Generator
e Binary Input RS Encoder
e Turbo Encoder

e Rectangular QAM Modulator Baseband
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e AWGN Channel

e Rectangular QAM Demodulator Baseband

e Unipolar to Bipolar Converter

e Turbo Decoder

e Binary Output RS Decoder

e Error Rate Calculation

e Discrete Time Scatter Plot Scope

e Gain

e Display (Iucruteii, oTpakaronuii OmmOKm)
I[anee IMPEACTABICHO OIMMCAHNUE OCHOBHBIX OJIOKOB:
Bernoulli Binary Generator (reaeparop mceBaocay9qaiiHOM MoCae0BaTeIbHOCTH) — TEHEPUPYET

CIy4aliHyI0 OMHAPHYIO MTOCIIEI0BATEILHOCTD (PUCYHOK 3.144).

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Farameters

Probability of a zero: |US|

Initial seed: |12345

Sample time: | 1/3568
Frame-based outputs

Samples per frame: 3568

Cutput data type: | double

Puc. 3.144. TTapametpsl 6110ka «Bernoulli Binary Generator»

«Probability of a zero» - BeposATHOCTb TIOSIBIICHUSI HYJIS;

«Initial seed» - HauanpHOE 3HAYCHHE JIST TEHEPAIIUH;

«Sample time» - ATUTETHLHOCTH CIMILIA,;

«Samples per frame» - pazmep ¢peiima.

Binary Input RS Encoder — xoxep Puna-Conomona (prucysok 3.7).
«Codeword length N» - o61iiee KoJIHU4eCTBO OUT;

«Message length K» - konmruecTBO HHGOPMAIIMOHHBIX OHT.
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Function Block Parameters: Koaep Praa-ConomoHa

Binary-Input RS Encoder (mask) (link) -~
Encode the message in the input wvector using an (M, K) Reed-
Solomon encoder with the narrow-sense generator polynomial.
This block accepts a column wvector input signal with an integer
multiple of K*¥ceil(log2({M-+1))) bits. Each group of
K= ceil(log2({MN-+17) input bits represents one message word to be
encoded.
If log2(M+1) does not equal M, where 3<=M==16, then a
shortened code is assumed. If the Primitive polynomial is not
specified, then the length by which the codewrord is shortened is
2~ceil(log2(M+13) - (MN+1)}. IF it is specified, then the shortening
length is 2-~(length{Primitive polynomial)}-1) - (MN+17).
Farameters
Codevrord length M:
255
Message length K:
223
[ Specify primitive polynomial
[ specify generator polynomial
[] Puncture code
Output data type: Same as input -
~r
Cancel Help Apply

Puc. 3.145. Tlapamertpsr 6s10ka «Binary Input RS Encoder»

JanHbIi1 6JIOK UMEET CIEAYIONIYIO CTPYKTYPY BHYTpH (PUCYHOK 3.8):

D Bit to Integer B ﬁ Integer to Bit ot !
Converter RS Encoder Converter - Cutt
In

Bit to Integer RS Encoder Integer to Bit Dt T],r!:E
Converter Converter Comiersion
Inhesited

Puc. 3.146. CocraB 6sioka «Binary Input RS Encoder»

Takum  oOpa3oM, HH(POpPMAIMOHHBIE OWTHI, TIOCTYHAIOIIME CO BXOAa TIeHeparopa
npeoOpasyrorcss B THI «Integer», xoaupyroTcs U mpeolOpa3yroTcss oOpaTHO, 3aTeM MOJIy4YeHHbIE
OUTHI KOHBEPTUPYIOTCS B TOT TUI JIAHHBIX, KOTOPBIM M3HAYaJIbHO OBbLIT HA BXOJE KOJEpa.

Turbo Encoder — Typ6o-konep (pucynok 3.147).
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Turbo Encoeder (mask) (link)

Encode the binary data using a parallel concatenated coding scheme
that employs the convolutional encoder as the constituent encoder

Both the constituent encoders use the same trellis structure.

The block punctures the second systematic bit stream and appends
the termination bits at the end of the encoded data bits.

Use the poly2trellis function to create a trellis using the constraint
length, code generator (octal) and feedback connection (octal).

Farameters
Trellis structure:

poly2trellis(7, [132 171], 133)

Interleaver indices:

[[4080:-1:11.1

Cancel Help Apply

Puc. 3.147. Tlapamerpsl 6ioka «Turbo Encoder»

«Trellis structure» - cTpykTypa TpeuIuc-MOIYIISALHH.

Tpemmuc-monynsimust (TCM — Trellis Coded Modulation) npezacraBisier co6oii cmoco0,
KOTOPBIH TO3BOJIIET OOECIEYHTh IOBBICUTH CKOPOCTH IE€peJadd COOOIICHUS C COXpaHEHHEM
YPOBHSI TOMEXOYCTOMYMBOCTH. OTOT CIOCOO OTJIMYAeTCs TEeM, 4YTO IOMEXOYyCTOMYUBOE
KOAMPOBAaHUE W TUI MOIYJSALUHM HCIOJIb3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOIIUM
o0pa3oM mapa TOMEXOYCTOWYHMBBIA KOJ — CHOCOO MOIYJSAIMM YacTO TaKXKe HOCHT Ha3BaHWE
curHasibHO-Ko10Bast KoHCTpykIus (CKK).

Jlis KoAMpOBaHUs UCIIOIB30BaH OJIMH U3 HanOoJiee 4acTo YHOTPeOIseMbIX CBEPTOUHBIX KOI0OB
—xox (171,133,7), KOoTOpbIit KOAUPYET MOCTIEN0BATEIHHOCTE CO CKOPOCTHIO 1/2.

«Interleaver indices» - BXoaHbIE TapaMeTPbI IEPEMEKUTEIIS.

Cxema TypOOKojiepa UMEET CIICIYIOIIYIO CTPYKTYpY (pucyHok 3.148):
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.| Convolutional

C2

i Encoder
In

- Encoder

> | Ciata
Iniernal Biock General
Inferleaver 2o 1]
Interleaver ¥ Datal
Bit Reordering
.| Cenvoluticnal
i Encoder
Encode2

Puc. 3.148. Ctpykrypa 610ka «Turbo Encoder»

Out

[Torox OWT pacnapaisienuBaeTcs Ha J1Ba. B mepBoM ciydae OMTHI MOCTYMAOT HA CBEPTOYHBIN

kozep (133, 171), a Bo BTOpOM MOTOKE OUTHI CHa4alla MPOXOAAT MEPEMEKUTENb, 3aTEM MOCTYIMAIOT

Ha aHAJOTMYHBI CBEpTOYHBIM Kkomep. biok «Bit Reordering» BbicTpauBaeTr OWTHI B

HOCJIEIOBATEILHBIN ITOTOK.

Rectangular QAM Modulator Baseband — moxynstop QAM-M (pucynok 3.149).

Function Block Parameters: Moaynatop M-CQAM

Rectangular QAM Modulator Baseband

Modulate the input signal using the rectangular quadrature amplitude
modulation method.

This block accepts a scalar or column wvector input signal.
The input signal can be either bits or integers. When you set the

'Input type' parameter to 'Bit', the input width must be an integer
multiple of the number of bits per symbol.

Main Data Types

Parameters

M-ary number: 64

Input type: Bit =
Constellation ordering: | Binary -
Mormalization method: | Min. distance between symbols -
Minimum distance: 2

Phase offset (rad): ]

View Constellation

Cancel Help Apply

Puc. 3.149. [Tapamerpsr 61oka «Turbo Encoder»

«M-ary number» - xonmuuectBo mo3uiuii B QAM-M;

«Input typey - TUI BXOJIHBIX JaHHBIX;

«Constellation ordering» - mopsiok moctpoeHus co3pe3aus (pucynok 3.150).

OcranpHble MapaMeTphl IO YMOJTYAHUIO.

246



wuadrature Amplitude

64-QAN Binary Mapping,Ph.Off =0rad,Min.Dist=2.Output DT=double

8
I I I I I I
000000 001000 010000 0711000 100000 101000 : 110000 : 111000
x x x x x x x x
] o O .S SR —
000001 001001 010001 011001 100001 101001 110001 111001
x x x x x x x x
o O S SOOI SN —
000010 001010 010010 011010 100010 101010 110010 111010
x x x x x x x x
e —
000011 001011 010011 011011 100011 101011 110011 111011
x x x x x x x x
0
000100 001100 010100 011100 100100 101100 110100 111100
x x x x x x x x
1. | S
000101 001101 010104 011101 100101 101101 : 110101 111101
x x x x x x H x x
] L St SO0t IS SO SO SO _
000110 001110 010110 011110 100110 101110 ' 110110 111110
X X x x x X H X X
Y O T U KO SO SO _
000111 001111 010111 011111 100111 101111 : 110111 111111
x x x x x x H x x
P | | | | | |
-8 -6 4 -2 0 2 4 6 8

In-phase Amplitude

Puc. 3.150. /IlnarpamMma nocTpoeHus co3Be3auit

AWGN Channel (Kanan cBsizu) — 100aBisieT «Oeiblii» TraycCOBCKUH MIyM B KaHalie (PUCYHOK

3.13).

«Variance» - cunthiBaet napametp Eb/NO u3 6;oka Model Parameters.

AWGN Channel (mask) (link)

signal.

Parameters

Initial seed:

96745

Mode: | Variance from mask

Variance:

prmPccc.noiseVar

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input

Input processing: | Columns as channels (frame based)

Cancel Help Apply

Puc. 3.151. ITapametps! 6:10ka «KAWGN»

Discrete Time Scatter Plot Scope — biok it oTpaskeHus THarpaMMbl CO3BE3/THIA.

Rectangular QAM Demodulator Baseband — memonmymstop QAM-M, obnamaer Temwu

napamMeTpsbl, 4YTO U MOAYJIIATOP.
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Unipolar to Bipolar Converter — I[IpeoOpa3oBareib curtaia u3 OJHONOSPHOTO B OUITOISIPHBIN.
Ha Bxox TypOo-nekoaepa He0OX0JUMO 0/1aBaTh OUIOJSPHBIN CUTHAI.

Turbo Decoder — Typ6o-aexozep (pucyHok 3.152).

Turbo Decoder (mask) (link)

Decode the input using a parallel concatenated decoding scheme that

employs the a posteriori probability (APP) decoder as the constituent
decoder.

Both the constituent decoders use the same trellis structure and
algorithm.

Use the poly2trellis function to create a trellis using the constraint
length, code generator (octal) and feedback connection (octal).

Parameters
Trellis structure:

||:|-:|I1,.r2trellis[?, [133 171], 133)|

Interleaver indices:

[4080:-1:1]."
Decoding algorithm: | True APP -

Mumber of decoding iterations:

5]

Cancel Help Apply

Puc. 3.152. TTapamerpsi Giioka «Turbo decoder»

ITepBbie 1Ba mapameTpa 33al0TCS AaHATOTHYHO apaMeTpaM Kojiepa.

«Number of decoding iterations» — Konu4ecTBO UTEepaluii AeKOAUPOBaHus. JIeKOTUpOBaHNE B
TypOO-/IeKoiepe MPOMCXOAUT B HECKOIBbKO wuTepaiuit. YeM Oosbliie uTepanuii, TeM TOYHEe
nekoaupoBanue. OmHaKo, OOJBIIOE KOJMYECTBO HE MaéT pe3ynbTara, a JIHIIb YBEIHYHBACT
JJINTCIIBHOCTD BBIYUCIIEHUN U MOXKET JXKE YXYyAIIHUTDb HOMeXOYCTOﬁ‘-IPIBOCTB.

CxeMa 0JioKa UMEET CIEeIYIONIYIO CTPYKTYpY (pucyHok 3.153):

Lel =MLzl
In Lc2 L2 Chut
Bit Ordering Turbo D ecoder

Pucynok 3.153. Ctpykrypa Giioka «Turbo-decoder»

«Bit Ordering» - BricTpanBaHue MoToKa OUT B MapajuIeIbHBINA MTOTOK.

Cxema camoro Typ0o-1eKo iepa mpejicTaBicHa Ha pucynke 3.154:
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For
Iterator

For Iterator

Genersl
2-453‘3- Pad 3 Blod [ YU
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Dela
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o Interleaver LPP .
(= Remove Tail by Fad Tai Decoder Y/
Let (2 =e
Decodar 1 =

Decoder2

Pucynok 3.154. Cxema typ60o-aexoaepa

Jlexonep uMeeT CIOXHYIO CTPYKTYpy. [lapannensHblii MOTOK mpuxoauT Ha BXoasl (1) u (2).
Jlannble ¢ Bxona (2) AEKOAUPYIOTCS M MOCTYMAlT Ha BXOJ OJIOKa Ha JETEePEMEKUTENb. 3aTeM
JaHHBIE TOCTYIAIOT HA CyMMATOp M Yepe3 3alepkKy Ha aekona «Decoderl». Beixoz aToro nexoaepa
MIOCTYIAeT Ha CyMMAaTOp U Ha MEPEMEXUTENb, JAHHbIE C KOTOPOTO MOCTYNAT HAa BTOPOH AEKOIEp.
Takum o0pa3om, eKoAephl BIUAIOT APYT HA Ipyra ¥ MIOMEXOYCTOMYMBOCTh U CyMMa MX BBIXOJTHBIX
3HAUEHWH MOCTymaeT Ha OJIOK mpuHATHS >kécTkux pemennit «Hard Decisiony. Omeparust
JIEKOIMPOBAHMSI IOBTOPSETCS CTOJIBKO pa3, CKOJIBKO YKa3aHO B OJI0Ke TypOo-AeKoiepa B mapaMeTpe

«KOJINYECTBO UTEPALMIN».

Binary Input RS Decoder — nekonep Puna-Conomona. [lapamerpsl U CTpyKTypa aHAIOrd4Ha
0JIOKY Kozepa.

Error Rate Calculation BBIYMCIIUTENb OIMIMOOK MEXAYy TEepPelaHHONM ¥ TPHHITON
MIOCJIEI0BATEIBHOCTHIO.

Display - nucreii, oTpaskaromiuii OnMOKH.

HccaenoBanue KaCKaJHbIX KOJI0B

1. CopoektupoBaHHass MOJAENb TNepefadyd JaHHBIX JIEMOHCTPUPYET paboTy KacKaJHOTO
koaupoBaHusi (pucyHok 3.143). JlanHas Mojenb TO3BOJIIET HCCIIEAOBAaTh NpPHUMEHEHHE
MoCJIeI0BaTeNbHO-TIApAJUIETIbHOIO KOJUPOBAHUS Ha MpPHUMEpe HCIOoNb30BaHus Koaepa Puna-

Conomona (BHemHHM koa) U TypOo-konepa (BHYTpEHHUH KOJI), a TaK)KE TO3BOJISIET MUCCIIEI0BATH
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HCIPAaBJIAOIIYTO CIIOCOOHOCTH KOOOB JJid pa3HbIX BHUAOB MOAYIAIMU W CpPaBHUTH

eé

XapaKTCPUCTHKHU C pa60T0171 YKa3aHHBIX BBIIIC KOJACPOB B OTACIIBHOCTH.

2. B xadectBe TypOO-KOJa UCIIOJIb3YIOTCS JBa MapaJJICIbHBIX CBEPTOUYHBIX KOJEpa C TPEIJLIUC-

MoAyJIALMEN (11 YCKOPEHUS IepeAayuy JaHHbIX).

Ha pucynke 3.155 npescrasien rpaduk 3aBUCUMOCTH OUTOBOM BepositHocTH ommmbOku (BER)

OT OTHOIICHHs cUTHAJ/IyM B KaHaje (SNR) m1st pa3HbIX BUIOB MOAYJISIINHN:

0,25
02
0,15
o
L
om
0.1
0,05
0 —— = i ———a—n
0.5 1 15 2 2.5 3 3.5 4 4,5 5
SNR
——BPSK ——QPSK QAM-16 ——QAM-64

Puc. 3.155. I'paduk 3aBucumoctu BER ot SNR 15t pa3HbIX BHIOB MOTyIISIIAN

U3 pucynka 3.155 MoxxHO 3aMeTuTh, uTo 3aBucuMocTh BER ot SNR sBisiercs HenpaBuiibHOI B

SBHOM BHJC. Hpe)lHOJIO)KI/ITeHLHO, JaHHOC€ SABJICHUEC CBsA3aHO C OIIMOOYHBIM IMpOrpaMMHLBIM KOZAOM

camoro Onoka QAM-Modulator, mostomy naHHYHO 3aBHCHMOCTB paccMaTpuBaTh He Oymem. Ha

pucynke 3.156 mpencrasien rpaduk 3aBucumoctd BER ot SNR B kackagHbIx Kojax Iisl BUIOB

monaysiina BPSK, QPSK 1 QAM-64:
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Puc. 3.156 — I'paduk 3aBucumoctu BER ot SNR a5t pa3sHbIX BUIOB MOTYIISAIIAN

Ha pucynke 3.157 mpencraBnena amarpamma cose3auii QAM-64 curnama Ha BBIXOZC

nepcaarymkKa:

i i
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Foint: 30000 In-phase Amplitude

Puc. 3.158. [uarpamma co3pe3aunit QAM-64 curnana Ha BBIXO/€ MepelaTInKa

Ha pucynke 3.159 mpexacraBnmena amarpamma cospe3anii QAM-64 curHama Ha TPHUEMHOM

KoHIIe Tocye kaHana ¢ mymoM (SNR = 3 nb) :
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Scatter Plot

Quadrature Amplitude
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Puc. 3.160. Iuarpamma co3pe3auiit QAM-64 curnana Ha Bxoje npuéMHAKA

Ha pucynke 4.7 npeacrasiena auarpamma co3Bezauii QAM-64 curnana mocie UCIpaBieHUs

omuO0K KackaaHbIM jgekoaepoM (SNR =3 nb) :
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Foint: 30000 In-phase Amplitude

Puc. 3.161. duarpamma co3pe3auii QAM-64 curHaia rmocie K0 UPOBAHUS

Ha pucynke 3.162 mnpezacraBieHsl BpemeHHble (opMmbl curHama QAM-64 ¢ kackaaHbIM

komupoBanueM (SNR =3 1b) :
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Puc. 3.162. Bpemennbie (hopMbl CUTHAJIOB (CBEPXY BHU3):

1) Ha BBIXOJIE T€HEPATOPA IICEBAOCTYUalHON MTOCIIEI0BATEILHOCTH;

2) na Beixojie BHerrHero kojepa (PC);

3) Ha BBIXOJIe BHYTPEHHETO Kojepa (TypOo-Kozaepa);

4) Ha BeIX0j 16 QAM-MOTYyIsITOpA;

5) na Bxoae QAM-nemonymsiTopa;

6) Ha Beixoge QAM-nemonymsaTopa;

7) Ha BBIXOJIe Tpeo0pa3oBarTels CUTHaja U3 OHOIOJIIPHOTO B OUTIONISIPHBIIA;
8) Ha BBIXOJIe BHYTPEHHETO JieKoiepa (Typoo-aekoaepa);

9) na BeIXOJe BHemHero aekoaepa (PC).
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Ha pucynke 3.163 npencrasnen rpaguk 3asucumoctd BER ot SNR npu Moy QAM-64

AJIg KaCKaJJHOI'0 KOJia, BHCHIHETO KOJAa U BHYTPEHHETO KOoaa:

0,12

0,1

0,08

0,04

0,02

0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

SNR
—&—Kackaansiit ko ——=Kog PC = TypO6oxkon

Puc. 3.163. I'paduk 3aBucumoctu BER ot SNR mst kackamnoro kona, koga Puga-ConoMmona u
TypOoKoJa

Kak BupHo u3 pucynka 3.163, mpumeHeHHE KacKaJHOTO KOAWPOBAaHUS HEOINPABIAHHO IO
CPaBHEHUIO C MPUMEHEHHEM IMPOCTOTO TYypOOKOAMPOBAHUS, OJHAKO OH HUMEET ropas/io JIYUIIyIo
XapaKTepUCTHKY, YeM MTPUMEHEHHE MTPOCTOro nmoMexoycroitunBoro koauposanus (PC).

Takxke maHHas MOJEIb TO3BOJISET HMCCIEAOBATH HCIPABIISIONIYIO CIIOCOOHOCTH KAaCKaJIHOTO
KOJIa B 3aBUCUMOCTH OT KOJMYECTBA UTEPALIH IekoiupoBaHus (pucyHok 4.10).

Kak BumHO M3 rpaduka, MOBBIIEHHE KOIUYECTBA UTEpAlUi JEKOAUPOBAHUS HE YIydllaeT
MMOMEXOYCTOMYNBOCTh, a JaXe JeNaeT e€ 4yTh XYyXKe, U, K TOMY K€, MPUBOAUT K TMOBBIIICHUIO
BPEMEHH JICKOAMPOBAHUS KAXIOH MOCBUTKH, KPAaTHOE KOJIMYECTBY ITHX UTECPAIUH.

MOo’KHO clieiaTh MPEANoIOKEHHEe, YTO TOBBIINICHNE KOJIMYECTBA MTEPAMid HEOOXOIUMO IMPH

yBeIMYEHHUEe pa3mepa ppeiima.
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Puc. 3.164. I'paduk 3aBucumoctu BER ot SNR 1151 pa3HbIx 3HaueHNH KOJIUYECTBA UTEPALTHIA

JIEKOTUPOBAHMS IIPU KOJIMIECTBE MepeJaHHbIX CUMBOJIOB ~ 75 000.

B pesynbrate paboThl CIPOEKTUPOBAHBI MOICITh HCCIICOBAHUS KACKAIHBIX KOJIOB.

Moens MO3BOJISIET UCCIENOBaTh padOTy KAaCKaJHBIX KOJOB. B kadecTBe BHEIIHEro Koja
ucnosnbiyercs koa Puna-ConoMoHa, B kauecTBe BHYyTpeHHero — TypOo-koJ Ha 6a3e CBEPTOYHOIO
KOJMPOBAaHUS W TPEUTUC-MOAYISIMHU. JlaHHAs MOJENb MO3BOJSET HCCIEN0BAaTh 3aBHCHMOCTD
6utoBoil BepositTHocTH omnbku (BER) cuctremsr ot otHOmeHus curnan/mym (SNR) B kanarne.

[TonydeHs! ciaenyronume pe3yabTaTbl U BEIBOBIL:

Kak BupHO u3 pucyHka 4.9, mpuMeHeHHe KacKaJHOTO KOJMPOBAaHUS HEOIPAaBIAHHO II0
CPaBHEHHIO C IPUMEHEHHEM TPOCTOTO TypOO-KOIHUPOBAHHS.

[ToBbIIeHNE KOMUYECTBA UTEpAIMi I€KOANPOBAHUS HE YIydIIaeT MOMEXOYCTOHYMBOCTh MPHU
OJIMHAKOBOIM XapaKTepUCTUKU KaHajla, M, K TOMY >K€, HPUBOAUT K IOBBIIIEHUIO BPEMEHU
JIEKOUPOBAHMS KaXTIOH MOCHUTKH, KPATHOE KOJIMYIECTBY ATHX HTEPALIUH.

[ToBpIIIeHNE KOMMYECTBA UTEPAIMIA HEOOXOIUMO TIPY M3MEHEHUH ITapaMeTpOB KaHaa.

D¢ eKkTUBHOCTH OT MPUMEHEHHUS KaCKaJHOTO KOJUPOBAHUS 3aMETHA JIUILb MTPH 3HAUUTEILHOM
pa3mepe ¢peiima (k>10000).

Mertoandeckne yKa3aHHs ITO3BOJISIIOT HCIIOJB30BaTh JAHHBIE MOJEIH Ha JIa0OpPaTOPHBIX

paboTax CTyJIeHTaMH JJIsl UCCIIEIOBAHUS TTIOMEXOYCTONYMBBIX KOJIOB.
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4. CUTHAJIBHO-KOIOBBIE KOHCTPYKIIMHU B TEJIEKOMMYHUKAIIMOHHBIX

CUCTEMAX

4.1. CuruajibHo-K0/10Bble KOHCTPYKIIUM Ha ocHOBe Tpesiuc Ko10BOH MOTYJISIIIAN
(TCM) n ux ananmu3 c¢ ucnojb3oBanuneM MATLAB [16]

B 1mudpoBsIx cucTeMax CBS3M OOBIYHO IOBBIIIAIOT CKOPOCTHh MEpelavyd JaHHBIX ITyTeM
YMEHBIIICHUS PHEPreTUYECKOM €MKOCTH OWTa, T.e. KOJIMYECTBA PHEPrHH CUTHAJa, MPUXOJsIIeics
Ha oauH OUT mHbopManuu. Ho yem MeHblle sHeprusi, TeM OOJbllIE BEPOSITHOCTh TOTO, YTO OUT
OyZeT HMCKaXeH B KaHaie Npu mepernade. [loaToMy Npu MOBBIIIEHWH CKOPOCTH MeEperadu
Pa3pabOTYUKH BCETIa CTAIKHBAIOTCS CO CHIDKEHHEM YPOBHS IOMEX0YCTOWYHBOCTH.

Jlis MOBBILIEHUS! TTOMEXOYCTOMYMBOCTH KaHala Mepelayd JaHHBIX B LHHU(POBBIX CHUCTEMax
MPUMEHSIFOTCSL  KOJIbI, HWCHpaBiisitomue omuoku. OgHako AelcTBUE TakuX KOJOB HE Bcerna
3¢ HEKTUBHO, TaK KaK CHUYKAETCSI CKOPOCTh Mepeadul TaHHbBIX.

Tpemmuc-monynsimust (TCM — Trellis Coded Modulation) mpencraBnsier co0oi  croco0,
KOTOPBIM IMO3BOJSIET 0OOECHEUYUTh IMOBBICUTH CKOPOCTh MEpeadyd COOOIICHHS C COXPaHEHHEM
YPOBHSI TOMEXOYCTOMYMBOCTH. OITOT CHOCOO OTJIMYAETCS TEM, UTO IOMEXOYyCTOHYHMBOE
KOJUPOBAaHUE U THUIl MOAYJISIMU HCHOJB3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOLIUM
o0pa3oM mapa IMMOMEXOyCTOHYMBBIA KOJ — CIOCOO MOJIYJSAIMM YacTO TaKKe HOCUT Ha3BaHHE
curHaiabHo-KkogoBas koHcTpyKuus (CKK).

B nmanHol paboTe omucaH crnoco0 BKIIOYEHHS CBEPTOYHOIO KOJEKa, UCHOJIb3YEMOTro s
nepelay JaHHbIX C TOMOIIBIO PAJUOPETIEHHBIX CHCTEM CBSI3U, B PEXUM TPEJUIMC-MOAYJISAIUH.
Takoil cnoco® TOBBIIIAET CKOPOCTh N€peJaud B JBa pa3a IMpU COXPAaHEHUU YpPOBHS
IIOMEXO0YCTOMYMBOCTH.

B 1mudpoBbix cucTemMax CBS3M OOBIYHO MOBBIMIAIOT CKOPOCTh MEpelauyd JaHHBIX IMyTeM
YMEHBIIIEHUS HEPIeTUYECKON €MKOCTH OWTa, T.€. KOJIMYECTBA YHEPIHM CUTHaja, MPUXOJsLIeics
Ha oauH OuT mHpopManuu. Ho yem MeHblie sHeprusi, TeM OOJbllIe BEPOSITHOCTh TOTO, YTO OUT
OyzleT MCKaXeH B KaHaie npu mnepenade. [loaToMy Npu MOBBIIIEHHH CKOPOCTH Mepefavd
pa3pabOTUYMKH BCErla CTAIKMBAIOTCS CO CHHYKEHHEM YPOBHS IOMEX0YCTOWYMBOCTH.

Jlis moBBILIEHUS TTOMEXOYCTOMYMBOCTH KaHala Mepelayd JaHHBIX B IHUQPOBBIX CHUCTEMax
MPUMEHSIIOTCSL  KOJIbl, HMCHpaBisitonue omuoku. OgHako AelcTBHE TakuX KOJOB HE Bcerna
3¢ (}HEeKTUBHO, TaK KaK CHUKAETCS CKOPOCTh Mepeaaun JaHHbIX.

Tpenmuc-monynsauust (TCM — Trellis Coded Modulation) mnpencraBnser coboi croco0,
KOTOPBIM I03BOJIIET 0OECHEUUTh IMOBBICUTH CKOPOCTb MEpeAayd COOOIIEHHS C COXpaHEHHEM
YPOBHS TMOMEXOYCTOMYMBOCTH. ITOT CHOCOO OTJIMYAETCI TEM, YTO TIOMEXOYCTOHYMBOE
KOJUPOBAaHUE W THUIl MOAYJSIMH HCHOJB3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOLIUM

o6pa30M napa HOMGXO}’CTOIX‘IHBLIIZ Koa — CIIoco0 MOAYJIAIUU YaCTO TaKKXC€ HOCHUT HA3BAHUC
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curHasibHO-KoJ10Basi KoHCTpykius (CKK).

B nanHoli pabote omucaH Croco0 BKJIIOYEHHS CBEPTOYHOIO KOJIEKA, MCIOIb3YeMOIo JUIs
IepeAayn JAHHBIX C MOMOUIBI0 PAJUOPENICUHBIX CUCTEM CBSI3H, B PEXKUM TPEIUIMC-MOIYIISLUU.
Takoii cnoco0 TOBBIIIAET CKOPOCTh IEpeladyd B [Ba pa3a IMPU COXPAaHEHHH YpPOBHS
IIOMEXOYCTOMYHUBOCTH.

KoppexTupyommue Koabl

Hapsiny ¢ MHOrONmo3WIMOHHBIMU CHUTHAJIaMU JIJISl TOBBIMICHUS 3(PPEKTUBHOCTH CHCTEMbI
anekTpuyeckoil cBs3u (COC) MMPOKO HCHOJB3YIOTCA NOMEXOYCTOWuYMBBbIE KoJIbl. IIpuMeHeHue
KOPPEKTHPYIOLINX KO/IOB ITO3BOJISET MOBBICUTH BEPHOCTH MEpeiaun COOOLICHUN WM TIPU 3aJJaHHOM
BEPHOCTHU MOBBICUTH YHEPTETUUECKYIO 3()PEKTUBHOCTD CUCTEMBI. ITO OCOOEHHO BaXKHO ISl CUCTEM
C MaJIOW SHEPTeTUKOM, HAIpUMEpP, CUCTEM CIIyTHHUKOBOH CBSI3H.

Ha nmpaktuke ucCnosib3yroTcsi Kak —OJIOUHblE, TaKk W  HempepbiBHble Koabl. Ha
puc. 4.1 npuBenensl KpuBble O(G(EKTUBHOCTM sl  LUKIMYECKoro koma  boysa-
Yoynxypu-Xoksunrema (bBUX) u mna cBeprounHoro koma (CK) ¢ mekomupoBaHueM IO IO
anroputmy Burepbu.

[TprMeHeHne IUKINYECKOTO KO/a TO3BOJISET MOMYYUTh YHEPTeTHUECKUil BRIMTphIm AP = 2...4
nb, a ceprouHoro koma AP= 4..6 n1b B oOMeH Ha CHIKEHHE YacTOTHOW 3PPEKTHBHOCTH
npuMepHo B 2 pa3a (3 nb).

OHepreTUYeckuii BBIMTPBIIT A OT NpPUMEHEHHs NOMEXOYCTOWYMBOIO KOJUPOBAHUS TEM
Oonpllle, 4yeM BbIIe TpeOyemas BEpHOCTh mepenayu. s HempephIBHOTO KaHaia C OeJbIM
rayCCOBCKUM IIIYMOM IpHU TpeOyemon BeposTHOCTH omMOku 10—5 mpenenbHbIi SHEPreTHUEeCKUi
BBIMTPBIII KOJUPOBaHHS IO cpaBHeHUI0O ¢ PMH-2 0e3 KOAMPOBaHHS IPU ONTUMAIBHOM
KOT€pEeHTHOM IipueMe cocTasisieT npuMmepHo 10 nb. PacueTHble kpuBble Ha puc. 9.2 nokassIBaroT,
YTO TMPUMEHEHHE IHMKIMYECKOTO Koja B KaHaie ¢  (dazoBoil manumnyssiiuedn (OMH) wmum
CBEPTOYHOI0 Koja B KaHaie ¢ ADM 1no3BoJIE€T MOBBICUTH OJIHOBPEMEHHO YHEPIe€TUUYECKYIO, TaAK U
4acToTHYI0 3¢dexTuBHOCTH. IlocTpoeHne Takux BBICOKOA(P(PEKTUBHBIX CHCTEM Ha OCHOBE
CUTHAJIbHO-KOJOBBIX KOHCTPYKIMH BeJeT K HEN30€KHOMY YBEJIIMYEHHUIO CIIOKHOCTH cucTembl. He
MIPOIYCKHAs CIIOCOOHOCTb, a CIIOKHOCTD SBJISIETCS OTPAaHUYMBAIOUINM (PAKTOPOM MPU MOCTPOCHUU
BBICOKOA()(DEKTUBHBIX ~CHUCTEM. 3ajaya COCTOUT B TOM, UTOObI TIOCTPOUTH CHUCTEMY,

YIOBJIETBOPSIOLIYIO BBICOKUM MOKa3aTessiM 3(h(PEeKTUBHOCTH, TIPU AOMYCTUMOM CIIOKHOCTH.
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Puc.4.1. I'paduixu 3aBUCUMOCTH SHEPTETUUECKON 1 YaCTOTHOU 3(hPeKTUBHOCTH

CHUCTEM CBsA3U

[Ipu coBpemeHHOW »SiaeMeHTHOW 0aze 3arpaThl Ha pealu3alui0 KOIUPYIOIINX |
JEKOHUPYIOINX YCTPOMCTB 3HAYUTEIBHO COKpaTWiIuCh. B TO ke BpemMs CTOMMOCTh
SHEPreTHKHU KaHajla MPaKTUYEeCKH He M3MEeHUIach. Takum oOpa3oMm, «lleHay BBIMTpHIIa AP 3a cyer
KOJIMPOBaHUs MOXET OBITh CYILIECTBEHHO MEHbIIIE LIEHbI TOTO xKe
BBIMI'PEIIIA, IIOJIYYCHHOTO 3a CYET YBCIMWYCHHUA OHCPICTUKHW KaHalla (MOI]_[HOCTI/I CHUT'-
HaJja WIA pa3MepOB aHTEHH).

OTMeTI/IM, qTo BBI60p CII0c000B KOOUPOBAHUA U MOAYIANHUU 3aBUCUT OT XAPAKTCPUCTHK
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KaHaja. YIy4llIeHne 3TUX XapaKTePUCTUK, HAllpUMeEp, IIyTEM aJlaliTalluy K IOMEXaM U OLlEHUBaHUs
HMCKa)XEHUI CUTHAJIA M WX IOCJIEAYIOLIEH KOMIIEHCAllUU, CHUYKAET MOTEPU B KaHaje U CO3/AeT
Jy4dlIue yCJIOBUS JUUIsl IPUMEHEHUSI KOPPEKTUPYIOIIMX KOJOB.

OnTumMu3anusi CHCTEM CBSI3H

IloBbIlIEHNE TaKUX BAXKHEMINMX ITOKA3ATEJIEH CUCTEM IEKTPUYECKOM CBA3H, KAK CKOPOCTb U
BEPHOCTh IEpeAauu, CBA3aHO CO 3HAYMTEIbHBIMU YAaCTOTHBIMM M SHEPre€THUYECKUMHU 3aTpaTaMH.
CpaBHenune Mexay cobor paznuuablx COC OCylmecTBIsSeTCS MO CTEICHH HCIOIb30BaHUS UMH
OCHOBHBIX PECypCOB KaHaJsla CBSI3H (IPOIYCKHOW CIIOCOOHOCTH, MOIIHOCTH, 3aHUMAaEeMOU T10JIOCHI
9acToT), BBIPAXKAEMOH uepe3 IMoKa3zaTenu HH(POPMAIMOHHOW, PHEPreTHUECKOM W  YacTOTHOU
spdexruBHocTu. Coznanue COC, B KOTOPHIX AOCTUTAIOTCS OJIM3KUE K MpeleibHbIM IOKa3aTeln
3¢ (HeKTUBHOCTH, TPEOYET COBMECTHOT'O COTTIACOBAHMSI KOJIEKa U MOJIeMa C YY€TOM CTaTUCTHYECKHX
CBOMCTB HEIIPEPBIBHOI'O KaHaJa.

CoryiacoBanne MeTOA0B MOAYJISLMHA U KOJAMPOBAHUS

O} dexTuBHBIN MyTh MOBHIICHUS yAEIbHON CKOPOCTU Mepeaadyn MHPOpMAIK 3aKII0YaeTCs B
YBEJIMYEHUHM YHKCJIA KCIOJIb3YEMbIX CHTHAIOB M Ha wuHTepBasie | . OOHAKO yBeIWYeHHE M
MPUBOANUT K YMEHBIICHUIO PACCTOSHUS MEXKIY ONMKaWIIMMU CHTHAJIAMH aHCAMOJISl ¥ CHUKCHHUIO
SHEPreTUIECKOH (P (HEKTUBHOCTH.

[Tpu BbICOKHMX TpeOOBaHUSAX K BEPHOCTH Iepeayu 1eiaecoo0pa3HbIM CTAHOBUTCS MPUMEHEHUE
MIOMEXO0YCTOMUYMBBIX KOJIOB, KOTOPBIE MO3BOJIAIOT MOBBICUTh YHEPTETHUECKYIO I(PPEKTUBHOCTH 32
CUET CHIKEHHUs 4acTOTHOM. [loMexoycToiiunBoe KOAUpPOBaHHUE MO3BOJISIET CHU3UTh HEOOXOAUMYIO
BEJIMYMHY MOIIHOCTH CHUTHaJla, IOCKOJIBKY pPACCTOSTHUE MEXAY KOJOBBIMM  KOMOMHALUSMU
yBenuuuBaeTcs. OpHOBpeMeHHOe TpeOoBaHHME OONbIIOW CKOPOCTH M BEPHOCTH  Iepeladyd B
YCJIOBUSAX OIPaHMYEHHOT'O YAaCTOTHOI'O M SHEPreTUYECKOT0 pecypca MOXKET OBITh BBINOJIHEHO HpU
WCIOJIb30BAaHUN MHOTOIIO3UIIMOHHBIX CUTHAJIOB U IOMEX0YCTONYMBBIX KOJIOB.

[Ipy MHOTONMO3UIIMOHHOM MOZYJSIMHM, KOTJAa IO KaHalaM CBSI3U IHepenaercs OloK u3 N
KOJIOBBIX CHMBOJIOB, B&XKHO TAK)K€ MPABWJIBHO BBIOPaTh MaHMUIYJISLUOHHBINA KOJI, ONpPEIeSIONMN
IIPAaBUJIO COMOCTABICHUS C KaXIbIM IEpeaBaeMbIM CHUTHAJIOM ONPEAETICHHOTo OJOKa KOJOBBIX
cuMBOJIOB. OOIIMI MPUHLIMIT 3aKJIIOYAETCsl B TOM, YTO OOJbIIEMY PACCTOSHUIO MO X3MMUHTY
MeX1y KOJOBBIMHU OJIOKaMHU JOJIKHO COOTBETCTBOBAThH OoJibliee paccTosHue 1o EBknuay mexay
OTOOPaKAOIINMHU UX CHUTHAJAMHU.

Cozganue CDOC, B KOTOpPBIX JIOCTUTAIOTCA ONM3KME K IpeleNbHBIM  IOKa3aTelu
3G HEKTUBHOCTH, TPEOYET COBMECTHOT'O COTJIACOBAHMUS KOJIEKa M MOJIEMa C YY€TOM CTaTUCTHUECKUX
CBOMCTB HENPEPHIBHOTO KaHala. JTO O3HAYaeT, YTO KOJWPOBAHHE U MOIYJALHIO HEOOXOAUMO
paccMaTpuBaTh Kak €IMHBIN npoiecc GopMHUpOBaHUS CUTHAJA, a JEMOIYJSALUIO U JEKOAUPOBAHHE

— KaK IMponecc ONTUMAJIBbHOIO IMTpHEMa CUTHAJIbHO-KOAOBOT'O 0JI0Ka B OCJIIOM.
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CornacoBanve MOJYJSALMM W KOAUPOBAHMS CBOJUTCA K IIOMCKY TaKOTO 3aIlOJIHEHHS
CUTHAJILHOTO MPOCTPAHCTBA, IIPU KOTOPOM 00ECIIeUNBAETCS BBICOKAsI YelbHas CKOPOCTh (CUTHAJIbBI
PacrojoKeHbl TOCTATOYHO IJIOTHO) U OJAHOBPEMEHHO BBICOKAs MOMEXOYCTOWYMBOCTH (CHUTHAJIBI
JOCTaTOYHO JAJIEKO JPYT OT JIpyra).

KoMmOuHupoBaHUEe pa3auyHBIX aHcaMOleil M-WYHBIX CHUTHAJIOB, IMOMEXOYCTOMYUBBIX U
MaHHUITYJISIHUOHHBIX KOJOB MOPOXKAAET MHOKECTBO KOHCTPYKLIMMU. OHAKO TOJBKO COIJIaCOBaHHBIE
BapHaHThl 00ECIICUNBAIOT MOBBIIIEHUE YaCTOTHO - SHepreTudeckoi appexkruBHoctu COC.

OTH BapHAHThl Ha3bIBAOT CUTHAJIBHO - KOAOBbIMU KOHCcTpykuusimu (CKK).

Paccmotpum 0000IICHHYIO CXeMy Tiepeaun JUCKPETHBIX COOOIICHUA, TPUBEICHHYIO Ha pHUC.4.2.

Koaep
Kaaa

Heroynmnk Konep
COODIMERNH | | HCTOMHKEKA

Kanman

Moayuarens| | Jdexozep -
cooDmEennit| | HeTounnKa Aeonep CRK

Puc. 4.2. OGo01meHHas cxema nepeaayl JUCKPETHBIX COOOIEHHH

[TocnenoBarenbHOCT, CUMBOJIOB C BBIXOJa KOJAEpa KaHaia pa30OuBaeTcsi Ha OJIOKM 1O N
cuMBOJIOB. OTOOpakeHue OJOKOB B CUTHAJbBI, (OPMHUPYEMbIE MOAYJIATOPOM, OCYLIECTBISAETCS 10
IIPaBWJIy MaHUIYJIALUOHHOIO KOAMPOBAHMS, T.€. MAHMITYJISLIMOHHBIA KOJ ONpEAeseT NPaBUIIO
COOTBETCTBHS OJIOKOB KOJIOBBIX CHMBOJIOB M - HYHBIM curHasiaM. Hanpumep, B ciiydae JBOMYHOTO
KaHAJIBHOTO KO/Ia KOKJIOMY U3 M = 2N KOJOBBIX OJIOKOB CTAaBUTCS B COOTBETCTBUE OJIWH W3 2 N
CUTHAJIOB.

OntumanbHas npoueaypa npuema CKK 3akirouaercs B 00paOoTKe CHTHAJIBHO - KOZOBOTO
o6moka B 1esnioM. [loaromy nemonmynstop, AeKoJAepbl KaHalla W MaHUIYJISALMOHHBIA J1€KOJep
paccMaTpUBalOTCs Kak eauHoe ycrpoiictBo — aekoaep CKK (puc.4.2).

Hexonep CKK ctpoutcss Tak, 4ToObl MHHMMH3HMPOBANIACh BEPOSTHOCTH OLIMOKH TMpHEMA.

OnTuManbHBINA ACKOACPp PpCaiu3yCT MNMPHUHOUII MAKCHMAJIbHOI'O HpaBILOHOIIO6I/IH. HpI/I oenom
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rayCCOBCKOM IIIyME BBIOMpAETCS KOJOBOE CJIOBO, HAXOJIIECECs HAa MUHMMAJIbHOM EBKIIHIOBOM
pPacCTOSHUU OT IIPUHATOTO.

HexonupoBanne MK MOXHO paccmaTpuBaTh Kak MOCJHEIHMHA 3Tan 0OpaOOTKM CHUTHAJIbHO —
KozoBoro 61oka ontuMaibHbIM Aekogepom CKK. IIpu sTom nekonep kanana paboTaeT B METpUKE
EBkinpaa ¢ cursanamu, a He ¢ UX JIBOMYHBIMU NIPEACTABICHUSAMH 110 IPABHIIY MaHUILYJISILIUOHHOTO
kona. Cxema MORJIEMEHTHOrO IpuemMa, HaoOOpOT, OPUEHTHPOBAaHAa Ha INPUMEHEHHE JeKoJepa
KaHala B MeTpUKe XeMMMHra, T.e. OOpa0OOTKy JBOMYHBIX BEIMYMH IIOCIe JeKoJepa
MaHUIYJISUOHHOIO KOJA.

CrnenoBarenbHO, JOCTHKEHHE HanOombiiel 3(p(eKTUBHOCTH BO3MOXKHO IMPH JAEKOIMPOBAHUU
[0 ANrOPUTMY MaKCHUMAJIBHOIO MPaBAONOJOOMS CHUTHAJIBHO - KOJOBOrO 0OJIOKa B LEIOMM.
Heo6xonuMo oOTMETHTh, 4YTO B MpHUHIMIE JOOOH CUTHalIbHBI aHcaMOlb Ha BBIXOJE
[IOCJIEZIOBATEIbHO COEAMHEHHBIX KojAeka M MojaeMa MoxeT ObiTh oTHeceH k CKK. Baenenue
nousatust CKK oTpakaeT moaxon K MOAYISIIMM U KOJUPOBAHUIO KaK Ipolieccy OObEeIUHEHUS
CUTHAJIOB U KOJIOB B €IUHYIO0 3()(PEKTUBHYIO KOHCTPYKIIHIO.

Kinacenpukanusi CHUTHAJIBHO — KOJOBBIX KOHCTPYKIM

B ocnoBe ¢opmupoBanust CKK nexar omepaumm otoOpakeHus HH()OpMAIMOHHON
MOCJICIOBATEIBHOCTH B KOJOBYIO, IIyTeéM  BHECEHUS  M30BITOYHOCTH M KOJOBOH
IIOCJIEZ0OBATENBHOCTH B KAaHAIBHYIO 3aJlaHWEM MaHHUIYJILUOHHOro kona. IlomexoycroitumBoe
KOAMPOBaHUE, TMOBBIIAIOIIEE HHEpreTuueckyro sddextuBHocth COC, sBiseTcss OTHOH U3
BaxkHeimux onepanuii popmupoBanus CKK. Ilonydaemblii mpu 3TOM 3HEPreTUYECKUN BBIUTPHILI
OT KOJUPOBaHUS 3aBUCUT OT CTENEHU YBEIWYEHHS] MHHHMMAJIBHOTO CHUTHAJIBHOTO PACCTOSHUS
MEXJYy pa3pelIeHHBIMH KOJOBBIMH Oyiokamu. B kauecTBe curnambHoro i kanama ABI'II
UCIOJIb3YyeTCs paccTosiHue EBKinaa. ACUMITOTUYECKUN SHEPTETUYECKUN BBIMTPBIII ONPEAEIIAETCS

bopmynoii [21]:

OIef
OBK|[/IF]=20lg o | (4.1)
e

raec, def — MUHHUMAJIBHOC €BKIIMAOBO PACCTOAHHUE MECKAY PA3PCIICHHBIMU KOJOBBIMHA 6J'IOKaMI/I;

d e MHHHMAJIbBHOC CBKJIMJOBO pacCcTodaHuC MCKOY Pa3IMIHBIMU HCKOANPOBAaHHBIMHA

MOCTE0BATENbHOCTSIMA KAaHAJIbHBIX CHMBOJIOB OJIMHAKOBOW MOIIHOCTH C KOAWMPOBAHHBIMU
CHUMBOJIAMH.

Cornacuo (4.1), mist monydeHus: OOJNBIIUX BEJIMYUH DHEPTETHUCCKOTO BBIUTPHINIA TPU
noctpoennn CKK HeoOxoaumo moadupaTh KOJbl, MAKCUMHU3UPYIOIME MHUHUMAIBLHOE €BKIHO0BO
paccrosiHue MEXITY pa3peneHHbIMU KOJIOBBIMH KOMOWHAIHSIMHU.
B ocnoBy knaccudpuxarmmn CKK MOXHO TOJOXKHUTH OTIWYUTEIBHBIE OCOOCHHOCTH TIO THUIIAM
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MMOMEXOYCTOMYMBOTO KOJa, 1O THUNAM aHcaMOJield CUTHAJlOB M 10 CIOCOo0aM COTJIaCOBaHUS
MOAYJISIIIANA U KOJUPOBAHUS.
I[To Ttumy mnomexoycroiumBbix KogoB Bce CKK Moryr OBITh moOJeneHBI Ha J1Ba

6ompmmx kiacca: CKK Ha ocHoBe 6s10unbix k010B 1 CKK Ha ocHOBe HenmpepbIBHBIX K0J10B. Kpome

TOTro0, OTAeNbHbIN KiIacc cocTaBisitoT CKK Ha ocHOBe KacKagHBIX KOAOB, B KOTOPBIX IPHUMEHSIOTCA
OJTHOBPEMEHHO OJIOYHbIE U HempepbIBHbIE KOJbl. Kaxplii M3 KJIACCOB JENUTCS HAa TIPYIIBl 110
KOHKPETHBIM BU/1aM KOJ1a.

Cpenu 610YHBIX HanOoJee YMOTPEOMMBIMU SBISIOTCS KOabl XammuHra, ['ones, BUX, Puna -
Conomona, Puna—Mainepa u ap. HenpepbiBHbIE KOJIbl HA IPAKTUKE MPEACTABICHBl CBEPTOYHBIMU
KOJIaMH, KOTOpble 00J1aaloT JONOJHUTEIbHBIMU CBONCTBAMHU JIMHEHHOCTH, M IOCTOSHCTBA BO
BpPEMEHHU.

[Tpu ucnonb30BaHUM CBEPTOYHOTO KOJAA MPAKTUYECKH YAOOHBIM SBIIETCS Cilydail, Koraa mnpu
o0beMe aHcamOuisi curHasioB M = 2 k+1 CKOpOCTh CBEPTOYHOrO KOJA BBIOMpaeTcsi paBHOW Rkk =
k/k+1. Torma yactotHast 3p(HEKTHBHOCTh y CHCTEMBbI C KOAMPOBAHUEM M O3 HEro OjHa M Ta JKe.
[TockonbKy Kaxplii KogoBbiid 010K fmrHON (K + 1) MepeHOCHTCS OJHUM JIBYMEPHBIM CHIHAIIOM,
o 1 CKK cumnraercs Tak:ke AByMEPHOM.

HexonupoBanne CKK Benercst oObluHO 1o anroputmy ButepOu, peanusyrouieMy NpUHIUI
MakcUMalibHOro mpaspononodus. OnHo u3 BaxHeWmmx npeumymiectB CK 3akmrouaercs B
MPOCTOTE MPUMEHEHHsI aropuT™Ma ButepOu Ui MATKOro perieHus: Ha BbIXO0JIe 1EMOTYIISATOPA.

Jlrobas CKK BHE 3aBHCHUMOCTH OT CHoco0a COIJIaCOBaHUS MOAYJSLMHM U KOAUPOBAHUS
IpesicTaBiIsieT co00M KacKalHbIM KOJ ¢ aHcaMOJieM CUTHAJIOB Ha BHYTPEHHEH CTYNEHU M OJHUM
WM HECKOJBKMMHU NTOMEXOYCTOMUMBBIMU KOAAMM Ha BHEWIHEH. Ipy ncnonb30BaHNN HECKOIBKUX
MIOMEX0YCTOMUYUBBIX KOJI0B roBopsT o nocrpoeHnn CKK Ha ocHoBe 0000IIEHHOIO KacKaJHOTO
KoJa.

ITo Tuny ancamb6uieii curnanoB CKK gensitcs Ha KOHCTPYKIIMU C OJHOMEPHBIMH, IBYMEPHBIMHU
U MHOTOMEPHBIMU CHUTHalaMd. MHOTOMEpHBIE CHUTHAJbl COCTABISIOTCS M3 0ojee MPOCThIX
(omHOMEpHBIX, JBYMEpHbIX) cHUrHajioB. [IpM HCHOJIB30BAHMM B KAuyeCTBE COCTABISIOLIMX
JIBYMEPHBIX CHUTHAJIOB YUCIO MO3UIMK M, COOTBETCTBYIOIIMX Ka)XXJOMY N —MEpPHOMY CHTHAIy,
omnpezessiercst BeipakeHrneM M = m™n/2 | rae M — MO3UIIMOHHOCTh TBYMEPHOTO CHTHAJA.

Kaxnapiii N —MepHBI CHTHAI B 3TOM cjiy4ae oOpa3yeTcs IOCIeI0BaTeIbHOCTRIO N/2
JIBYMEpPHBIX CUTHaoB. Hampumep, 1 mojgydeHHs MHOTOMEPHOTO cUrHaja ¢ N = 6 TpeOyercs
MOCJIEeI0BATENbHOCTD U3 TPEX JBYMEPHBIX CUTHAJIOB, Hanpumep ®MHu-4.

CrniocoObl coriacoBaHusi MOAYJISIMU W KOJUMPOBAaHUS YCIOBHO MOXKHO pas[elUTh Ha JBE
Ipynmbl: coryiacoBaHue kojaoMm ['ped u coriacoBaHue Ha OCHOBE pa3OueHus aHcaMOnsl Ha

BJIOKCHHBIC HO,[[&HCB.MGJ'II/I.
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CUTrHaJIbHO-KOJIOBBIE  KOHCTPYKLMH,  TNpHHAJUIeKALIME  TMEpBOW  TIpymme,  Mpea-
CTAaBISIOT  COOOM  pe3ylbTaT  COIJIACOBAHMS  M3BECTHBIX  JBOMYHBIX  IIOMEXOYCTOWYM-
BbIX KOJOB C MHOIOMNO3UIMOHHBIM aHCaMOJEeM CHTHQJOB IIyT€M MCIIOJIB30BaHMUs KoOja
I'pess B KauecTBe MAaHMIYJISIUOHHOTO Koja. [lOCKOJIBKY OMMOKM MTPOUCXOAAT 3a CYET
NEepexof0oB B O0JAaCTH COCEJHHX CHUTHAJIOB, TO KOJOBBIE OJIOKHM, COOTBETCTBYIOLIHE
COCE/IHUM CHUTHaJlaM, JOJKHBI PA3JIn4aThCsl HAUMEHBIIUM YUCIIOM JBOUYHBIX CUMBOJIOB.

Bropas rpynna Bxitouaer B cedst foctatouHo Oosbiioe yncio tunoB CKK, pasnuyarommxcs
Moau(HUKAIMSIMH METOJIOB COTJIacOoBaHMs. Pa30ueHHe OCYIIeCTBISETCS TakuM o00pa3oMm, 4TO
MOJITaHCaMOJIN COJIepKAT PABHOE KOJIMYECTBO CUTHAJIOB, PACCTOSHUS MEXK/I1Yy COCETHUMH CUTHATaMU
noJaHcaMOJiell OJIMHAKOBBI, @ MHMHHMAJIbHbIE PACCTOSIHMS MEXAY CUTHAlaMu IoJaHcaMOuiei
YBEJIMUMBAIOTCS ¢ KaXJbIM IIarom pasouenus. lllupokoe npaktuyeckoe NpUMEHEHHE MOTY4UiIo
COJIACOBAaHUE TyTeM pa30WeHHs aHcaMmOJs Ha BIJIOKCHHBIC TMOJaHCaMOIHM, KOTJa BHEIIHUMU
KOJIaMU SBIISIIOTCSI CBepTOUHBIe KOAbl. B ocHOBe cuHTe3a CKK co cBEpTOUHBIMU KOJAMH JICKHUT
IIOUCK KOJIOB, MAaKCUMH3UPYIOIIUX €BKJIMIOBO PpACCTOSHHUE, IPUYEM OOBIYHO O3TH KOJbl HE
SBJISIIOTCSL ONTUMAIbHBIMU B METpUKe XSMMHUHra. Y peuieryaTroil JuarpaMMsl, OINUCHIBAIOLIECH
CBEpTOYHBIE KOABI B MeTpuKe EBKIWma, mepexoasl MEXAy COCTOSHHSIMHU TPOMAapKHUPOBAHBI HE
JTBOWYHBIMH OJIOKAMH, & CHTHAJIbHBIMH TOUYKaMHU.

Takum oOpa3oMm, JOCTHXKEHHME OJM3KUX K IpelesbHbIM IIOKa3areneidl 4YacTOTHO -
SHEpreTu4ecKoi >pPeKTUBHOCTU IM(PPOBBIX CUCTEM CBSI3U MPEAIOIaraeT corjacoBaHue KojeKa u
MOJIeMa C yYETOM CTaTUCTHUECKHUX CBOMCTB HEMpPEPBHIBHOIO KaHana. OIHO U3 pelIeHui 0100H0ro
COTJIaCOBaHUs MIPEJICTaBISIOT CHUTHAJIBHO-KOJIOBBIE
KOHCTPYKLIMM CBEPTOYHOTO KOAMPOBAaHUSA. MSrkoe NOEKOIMpPOBaHHE IO aaroputMy Butepbu
obecreynBaeT FHEPreTUUECKUi BRIMTPHILI Nopsiika 3...7 nb 6e3 paciupeHus: 3aHUMaeMOM T10JIOCHI
4acToT.

Xapakrepuctukun ocHOBHbIX THNOB CKK. Cornacoanue kanaina koaom [I'pes
Paccmotpum CKK, mpencrasnstone coOoi pe3ysibTaT COINIAaCOBAaHUS HM3BECTHBIX JBOMYHBIX
MIOMEXO0YCTOMYMBBIX KOJOB C MHOT'OIO3UIIMOHHBIM aHCAMOJIEM CUTHAJIOB ITyTE€M HCIOJIb30BaHMS B
Ka4eCcTBe MaHUMYJISIIMOHHOTO Koja ['pes (tadm. 4.1).

Komb6unanuu xona B Tabin. 4.1 nonydensl no cieayrouiemy npasuiy. KomoBas koMOuHaIms
HaTypaJlbHOTO KOJIa CKJIAJBIBAETCS TI0 MOJIYIIO 2 C TaKOHM e KOMOMHAIMEeH, CABUHYTOW Ha OIUH

pas3ps BIpaBo, IpU 3TOM MJIAJIIINNA pa3psi CABUHYTONH KOMOMHAIIMN OTOpAchIBACTCS.
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Tabnuua 4.1.

Pt}3}".I'IbTHT CornacoBaHHA IBOHYHLIX HDNIBXD}’CTUﬁqHBh[X KOOOB C KOOOM rpﬂH

JecATHHMHOE HHCI0 iiﬁ:lpi:;"zzl Kon I'pea
0 000 000
1 001 001
2 010 011
k| 011 010
4 100 110
5 101 111
6 110 101
7 111 100

[TockonbKy OMIMOKY Yallle MPOUCXOJAT 3a CUET MEPEX0J0B B 00JACTU COCETHUX CUTHAJIOB, TO
KOJIOBbIE OJIOKM, COOTBETCTBYIOIIME COCEJHUM CHUTHajlaM, JOJDKHBI pa3iuyaTrbCs HaMMEHBIINM
YKCJIOM JIBOUYHBIX CHMBOJIOB.

Ha puc. 4.3 npuBenensl mpumepsl koma I'pes s ancamOuelr ogHoMepHbIX (AM-4) u

nBymepHbIX (DM-4, KAM-16) curnanos.

a) 00 01 11 10

i | 0010[ 0110] 1110] 1010
00
u;m 01Tl 11 1011
B
o) 01 10 0001 0T0F 1101 1001

0000 0100{  1100f 1000

Puc. 4.3. Kogsl I'pes ancam6uieit: oqHoMepHBIX: a) AM-4; 6) ®M-4; nBymepubix: KAM-16

HecmoTps Ha A0CTaTOYHO BBICOKME MTOKA3aTENH SHEPTeTUYECKON 3(PPEKTUBHOCTU MPU MATKOM
peLIEHUH B JIEMOAYIISATOPE U JEKOJUPOBAHUN allropuTMoM Butep6u, cornacoBanue kojgom I'pest e
SBJIAETCS ONITUMAJIbHBIM.

JIBoWUHbIE KOJbI, ONTUMANIbHBIE 110 KPUTEPUI0 MAKCUMyMa X3MMHUHIOBA PAaCCTOSHUS, OyAyT
ONTHMaJbHBl W MO KPUTEPUI0 MaKCHUMyMma CBOOOJHOIO €BKJIWIOBA pPACCTOSHUSA, €CJIU IpHU

OT06pa)KeHI/II/I JABOUYHBIX HO,[[6J'IOKOB B CHUTHAJbHBIC TOYKH aHCAMOJIS BBHIOJIHSACTCS IMPUHIIUIIL:
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OonbiremMy paccrosiHuio XammuHra dh max , coorBerctByer Oosbiiee paccrosiHue o Esximay de
max .

[Ipocreitmue ancamOiu curHanoB AMH-2, ®MH-2, ®MH-4 sToMy yciaoButo Juisi kona ['pes
yIOBIETBOPSOT. B Tabi. 4.4 moka3zanbl KOMOMHAIMH (ITOA0I0KH) JBOMYHOTO KOJIA JJIMHON N = 3, a

tatke paccrosauss dh wm de npu  wucnonb3oBanmum  koma Ipes s OMH-8

(cMm. puc. 4.4).
000
. a d=0.765
dn d=1.414
101 011
d,=1,848
d,=2,000
11 010
110
Puc. 4.4. PaccrosiHue Mexay CUTHaJIbHbIMU ToukamMu OMH-8
Kak cleayeT u3 TaOJIUIIBL, chopMyJIMpPOBaHHBIT MIPUHIIMIT COOTBETCTBUSA

OoyplIeMy pacCTOSIHUIO XAMMHUHTa Ooyibliero pacctosHus EBkiamma Ui BceX BapUaHTOB
oroOpakeHust He BbINONHsETCA. Hampumep, nns komOmnHaimuu 111 GosbimeMy pacCTOSHHUIO

Xoammunra dh = 3 cootBetcTBYeT He camoe Oomnbioe paccrosiaue Epkmuna dh = 1,848 , u T.1.

CootBercTBHE paccTossHuii Xommunra u EBkiauaa nisi curaanos ®Mu-8

Konoerle komOHHAIIHI 000 001 011 010 110 111 101 100
d, 0 1 2 1 2 3 2 1
d_ 0 0,765 | 1,414 | 1,848 | 2,000 | 1,848 | 1.414 | 0,765

Takum 00pa3oM MOCKOJbKY MAaHUIMYJSIHOHHBIA Koi I'pest 1 CIOXKHBIX CHTHAJIOB HE
obecrieyrBaeT OINTHUMAJIbHOIO COIJIACOBAHUS KOJEKa M MojJieMa, HEOoO0XOAMMO HANTH METOAbI
JaJbHEHINEr0 TOBBIINICHHS CBOOOMHOTO eBKiMAoBa paccrosuusi def wu, cooTBeTCTBEHHO,
SHEpreTHYecKoi 3 PeKTUBHOCTH 3.

CoruacoBanne HA OCHOBe paszoueHust aHcaMO0J1s1 Ha BJIOKEHHbIE
noxancamoJm

B nauwane 80 x rr. Varep6oek (Ungerboeck G.) omyOmmkoBan cTarbio, B KOTOPOIA,

anammsupys CKK Ha 6a3ze ancambiss ®MH-8 1 cBepTOYHOro Kojia co ckopocThio Rxkx = K/ Kk +1
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chopmynuposan psn npasui noctpoeHuss CKK. IToaromy CKK noctpoeHHBIE 110 3TUM TpaBUiIaM
(Trellis-Coded Modulation — TCM), yacto nHa3siBaror CKK YHrep6oeka.

ITo cnocoOy cormacoBanust Moxyisiniuu u komupoBanus CKK VYHrepOoeka oTHOCATCA K
KOHCTPYKIMSIM, TOJIYYUCHHBIM Ha OCHOBE pa3OMEHHs aHCaMOJii CUTHAJIOB Ha BIOXKECHHBIC
nojgancaMOiu. Pazbuenue ocymiecTBisieTcss TakuM 00pa3oM, 4TO MOAaHCaMOJIHM COepKaT paBHOE
KOJIMYECTBO CUTHAJIOB, pacCTOsHKs de MeXIy COCCTHMMHU CUTHAIAMH TOJaHCaMOJIei OJMHAKOBBHI,
MHHHAMAJIbHBIC paccTosHus de min MeXIy CHIHaJaMH MoJaHcaMOJIel YBETMYMBAIOTCS C KaKIbIM
1aroM pa3OMEeHHs; IPH STOM JIeBasi BETBb pa3OMeHUs KoaupyeTcs cuMBoiioM «0», a mpaBas «1».
CuuThiBaHHE KOJOBOM KOMOMHAIIMHM, COOTBETCTBYIOIIEH CHUTHAJIBHOM TOYKE Ha AaMIUIMTYIHO-
($ha30BOil TIIOCKOCTH, OCYLIECTBIISIETCS CHU3Y BBepX. PazOuenue ans ancamb6is curHanoB ®MH-8
MIpeJICTaBJICHO Ha puc. 4.5.

Kak cnemyer wu3 puc. 4.5, wucXomHblii aHcamOibp pa3OuBaeTcss Ha TMOJaHCAMOJIU
pY MaKCHUMAJIbHOM YBEJIIMYCHUH HAUMEHBIIHMX DPACCTOSHHUE (€ min MeXay CHrHajJaMu BHYTPU
nogancam6uieit d0 < d1 < d2 < d3 . Pa3buenune oCyIecTBIsIeTCs MOITAITHO.

B nanHOM mpumepe Tpu 3Tama, 3a KJIIOYAIOLUXCS B pa30MEHHH Ka)XJ0ro U3 mojaaHcamoOnei

Ipeieibl IPEabIIYIIEro Tana Ha 2 paBHOAJIEMEHTHBIX [10/1aHCaMOJIs.

L)
i L
(M) 110} 0in 1110 LI 101 1N 111

Puc.4.5. Pazbuenue ancamb6mns curuaiaoB ®MH-8
B o0mem ciydae KOJIMYECTBO ATAIOB | MOJHOTO pa30HeHUs aHcamOisi U3 M CHUTHAJIOB Ha
BJIOXKCHHBIE TOJaHCaMOIN ompeaessieTcsi BeipaxkenueM: | max = log 2 m, (4.6), 1. e. coBmamaeT
KpPaTHOCTBIO aHcamOjs N . B ancamOiie U3 M CUTHAIOB KPATHOCTH N KaKAOW CUTHAIBHOM TOUYKE

COOTBETCTBYET OJIOK MBOMYHBIX cuMBOJOB b = [b n—1 , b n—2 ,..., b 0]. CooTBeTcTBHE MEKTY
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KOJIOBBIM OJOKOM D W CHrHaJmbHOM TOYKOM Ha IUIOCKOCTH ONPEASNSeT MaHUITYIISIHOHHBIH
KOZ.

JocTikenre HanOoOJbIIEH NOMEX0yCTOWYMBOCTH HEMOCPEACTBEHHO CBSI3aHO C YBEIUYEHHUEM
€BKJIMJOBA PACCTOSHUS MEXKIYy IEepeJaBaéMbIMM CUTHAJIBHBIMHM  IOCJIEOBATEIbHOCTSIMHU.
Pemeruaras nguarpamMma cBeprouHoro koxa (5.6.3), pebpa KOTOpoil IpOMapKUpPOBaHBI
CUTHQJIBHBIMU TOYKaMH, IIOJHOCTBIO OTOOpa)kaeT Bech HA0Op pa3pelIeHHbIX CUTHAIBHBIX
[10CJIe10BATEIbHOCTEH.

Takum 00pazom, BelMYKMHA CBOOOJHOIO eBKIMIOBA paccrosHusi def 3aBUCHT OT MapKUPOBKU
pebep pemeTyaToi TuarpaMMbl CUTHAIBHBIME TOYKaMH (KaHAIbHBIMUA CUMBOJIAMHU ).

VYurepboek Ha mpumepe aHcamOsi curHaioB ®MH-8 (cMm. puc. 4.6) chopMynupoBan deThipe
HEOOXO/JUMBIX MpaBWJla MapKUPOBKU pedep CUTHAIBHBIMU TOYKAMU: BCE CUTHAJbHBIC TOUKU
UCIOJIb3YEMOTO0 aHCaMOJIl CUTHAJIOB JIOJDKHBI BCTpPEYaThbCs C OJUHAKOBOM YacTOTOM U C
OIIpEIETICHHON CTENEHbIO PETYISPHOCTH U CUMMETPUYHOCTH;

HepexoAbl U3 OJHOT0 M TOTO K€ COCTOSHHMSI COOTBETCTBYIOT CHUTHalaM M3 mojaHcambieit BO
nnu B1;

nepexoApl B OAHO M TO JK€ COCTOSHHE COOTBETCTBYIOT CHTHaJlaM W3 MoJaHcaMOuei
BO umm B1;

napajelibHble MEePEeX0Ibl MEXAY COCTOSIHUSMU COOTBETCTBYIOT CUTHAJaM M3 HoJaHcaMOiiei
CO umu C1 , umu C2 , unu C3 . Kak mokassiBaeT ananu3, CKK YHrepboeka UMeOT HECKOIBKO
0osiee BBICOKME YAaCTOTHO SHEPreTUYECKHE XapaKTEPUCTUKH MO CPAaBHEHHIO C TPaJWLMOHHBIMU
CKK, mpu TOH ke CI0XHOCTU peain3allii. JTO ONPEASTIHIIO UX OypHOE BHEAPEHHE B TEXHUKE
cBs3u. Ho m3BectHble mpaBuia mnoctpoenuss CKK YHrepOoeka, XOTs M CHIXKAIOT Pa3MEpHOCTh
nepeOOpHOIl 3ajjaun cuHTe3a, HO He obecnednBaroT rapaHTupoBaHHoe mnoctpoeHue CKK ¢
MaKCHMaJbHbIMU YaCTOTHO-DHEPI€TUUYECKUMHU XapaKTepUCTHKaMu. B To ke Bpemsi, OCHOBHOM
1enbo paboT B obsactu cuHTe3a cucreM curHainoB u CKK siBiasieTcss moMck Takux crnocoOoB MX
¢dbopmupoBaHus U 00pabOTKH, KOTOpPhIE MPHU 3aJaHHBIX OTPAHUYEHUSX Ha CIOKHOCTh YCTPOWCTB
¢dbopMHpOBaHUS U TIpHEMa, BPEMEHHbIE 3aJepXKKH, MO3BOJISUIM Obl MPUOIM3UTHCA K H3BECTHOH
IEHHOHOBCKOW IpaHulIE.

[Tpu moctpoennn mHoromepHbix CKK Bo3HHMKaeT mpoGiema BbIOOpa MaHUMYISIIMOHHOTO
KOJ[a, TOCKOJIbKY H3BECTHBIE METOJbl €ro IMOCTpoeHUs (IpaBWiia TMOCTPOEHUs KoaoB I'pes u
pa3buenus aHcaMOyii Ha BJIOXKEHHbIE TMOAaHcaMOIM YHrepOoeka) He BCerJa I03BOJISIOT
COIJIaCOBATh €BKJIMIOBBI U XEMMUHTOBBI paccTOsIHUA. VIMEHHO € 3TUM CBA3aHbI MHOTHE MTPOOIEMBI
noctpoeHnss MEHOoromepHoaix CKK.

CuHre3 MHOromno3unMoHHbIX aHcamOiueil curHamoB U CKK, mocTpoeHHBIX Ha HX OCHOBE,

ABJIACTCA OAHHUM H3 HaHpaBJ’IeHI/Iﬁ peaicHu-d Ooiee 06HICI>'I 3aga4u CTaTUCTHUYCCKOI'O COIrjiaCoBaHUsA
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BEPOSTHOCTHBIX XapaKTEPUCTUK IepelaBaeMoro HMH(GOPMAIIMOHHOTO CUTHAlIa M BEPOSTHOCTHBIX
XapaKTepUCTHK KaHaia. B paMkax »3TUX TpaJAMLMOHHBIX 3a/ay, TaKoe COIJIaCOBaHHE
OCYILIECTBIISICTCS] HA YPOBHE KaHAJIBHBIX CUMBOJIOB MU UX 0JI0KOB (cynepOykB kaHaina). [Ipu atom
MOJXOABl K TOCTpOCHUIO andaBuTa Takux cynepOykB (aHcamOnedr curHamoB u CKK) moryr
CYIIECTBEHHO OTIUYATHCS MEXKIY COOOM, HO HAIIPABJICHBI HA PEIICHUE 3TOH 00IIel TPOOIEMBI.

H3BecTHO, 4TO aHCAMOJIb CUTHAJIOB, COOTBETCTBYIOIINI MMOJIHOMY JBOMYHOMY KOIY JJIMHBI N B
MPOCTPAHCTBE COOTBETCTBYIOIIECH pa3MEpPHOCTU N , MOCTPOCHHBIN 3aMeHOM «1» Ha «—1», a «0» Ha
«+1», COOTBETCTBEHHO, O00JaJaeT TNPAKTUYECKH HUACATBHBIM MAaHUIYISIIUOHHBIM  KOJIOM.
MUHMMaTBHBIM XEMMHUHTOBBIM PACCTOSHUSAM TaKUX aHcamOjeil COOTBETCTBYIOT pedpa N -MepHOTo
Ky0a, KOTOpBIE XapaKTePU3YIOTCS 1 MUHUMAaJIbHBIMU €BKIIUOBBIMU PACCTOSIHUSIMH.

KogoBble KOMOWHAIMM M COOTBETCTBYIOIIME UM KOOPAWHATHI CHUTHAJIbHBIX BEKTOPOB
MIPUBEJICHBI B Ta0. 4.2; rpaduueckoe n3oOpaxeHne ancaMmOs mpeactarieHo Ha puc. 9.13. Ilpu
MpUeMe CHTHAJIOB TAaKOTO aHcaMmOJii MUHUMalbHas oOmuOKa (OMMOOYHBIM TPUEM OIHOU
KOOpPJMHATHl CUTHAJILHON TOUKH) MIPUBOJIUT K HEMPABUILHOMY MIPUEMY OJIHOTO OMTa MH(OPMALIUU.
OmuOOoUYHbI MpUeM JBYX KOOPAMHAT CUTHAIBHONM TOYKMU MPUBOAUT K HMCKAKEHUIO NIBYX OHUT
uHpopMalmu U Tak gainee. OJIHAKO, €CIIM PACCMOTPETh 3aBUCUMOCTh Mex 1y xeMMuHroBbiMu dh(i,
J) 1 eBxiuaoBbiMU de( )i, ] pacCTOSHUSIMU JJIsi TAKOTO aHCAMOJIsl, TO MOYKHO BBISIBUTH CIICITYIOLIYIO
3aKOHOMEPHOCT, CBSI3BIBAIOIIYIO 9TH JIBE BEJIMUMHBI
de(i, j) = 2r Ndh(i, j), (4.2)

rae I — paauyc chepsl.

Tabmuua 4.2 B3anMocBsI3b KOJIOBBIX KOMOWHAIMI MaHHITYJISIITUOHHOTO KO/Ia M KOOPMHAT

CUTHAJIbHBIX BEKTOPOB

a

MEHHH}’JHHHDHHHH KO KDUP,ELHHETI}I CHIHA/IBHBIX BEKTDPUB
000 F1 4141
001 +1,+1,-1
010 +1,-1+1
011 +1,-1-1
100 —1,+1,+1
101 1,411
110 11,41
111 —1-1-1

Takum 06p3.30M, B3aUMOCBA3b MCIKAY CBKIMJAOBBIMA W XCMMHHIOBBIMU PACCTOAHUAMU B
MHOT'OMCPHOM aHcaMOJjie CHUTHAJIOB HGHHHeﬁHaﬂ, XO0TA 60J'IBI_HeMy XEMMHUHTOBOMY pPACCTOSAHHUIO

6y21€T COOTBETCTBOBAThL OOJIBIIEE CBKIIMJOBO PACCTOSAHHUC. Ecinu momHOCTE B OHEpPIrUs CUTHAJIOB
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SBJISIIOTCS TOCTOSIHHBIMU BEJTMYMHAMH, HE 3aBUCSIIMMHU OT HOMEpPA, TO aHCAMOJIM TaKUX CUTHAJIOB
CUMTAIOT CUTHAJIAMU MOBEPXHOCTHO-C(HEPHUUECKOM YITaKOBKH.

B nporuBHOM cnydae aHcamMOiM CUTHAJIOB PacCMAaTPUBAIOT KaK OOBEMHBIE YIaKOBKH.
CoxpaHeHue MaHHUIYJISAIMOHHOTO KOJA, MPHHATOTO JUIsI TPOCTOTO TPEXMEPHOro Kyba, B
3HAYUTEIIBHON MEpe COXPAaHSET MPONOPLHMOHAIBHOCTh MEXAY €BKIMIOBBIMU M XEMMHMHIOBBIMU
PacCTOSHUSAMU U MO3TOMY OyJleT HAWIYy4YIIUM U U1 HauboJiee TIOTHOro aHcamoOis. s apyrux
KOMOMHAIMM  MaHUIMYIALMOHHBIX KOAOB JUIsl CHUTHAJIBHBIX BEKTOPOB HM3HAYalbHO HE
Oyzmer coOmoaaTbess B3aWMHAasi MPOIMOPIHOHAIBHOCT MEXKAY EBKJIUJOBHIMH U XEMMHHTOBBIMH
PacCTOSHUSMHU.

TakuM 00pa3oM, MPaKTUYECKH HEBO3MOXHO CO3/1aTh HA€albHbIH MAHUITYJISALMOHHBIA KO U,
CJIeJIOBATENBHO, 1IEIECO00Pa3HO CTPOUTH MAHUITYIISLIUOHHBIE KOJIbI, Y KOTOPBIX XOTs Obl YaCTUYHO

BBIITOJHACTCA B3aMMOCBA3b MCKY CBKIMJI0BBIMH U XCMMHUHI'OBBIMH PACCTOAHUAMMU.

IIpakTnyeckas yacty padorsl B MATLAB 2015 [21]
[lepen HavyaaoM BBIMOJNHEHHUS paboThl, HeoOxoaumo ¢ manku TCM CKOMUpOBaTh KO B

KOMaHJHYIO CTPOKY, KOTOPbIN MOArPY3UT HEOOXOAUMYIO CXEMY JUISl TPEIIUC MOTYJISLIUY.

4\ MATLAB R2015a

HOME (A PSS (2 search Dacumentation PH
-1 r [z, New Variable | Analyze Code ]|
L #}' J L] Find Files & E 3 5 (e
QOpen Variable = Run and Time : 4
New MNew Open @Cﬂmmm Import  Save Simuiink | ENVIRONMENT | RESOURCES
Script - - Data Workspace @Cb&rwmcspaoe - @Cbarﬁnmmnds *  Library
v
FILE VARIABLE CODE SIMULINK
@ EHE v G ProgramFiles » MATLAB » MATLAB Production Server » R2015a » bin ¥ v p
Current Folder UM Command Window
Mame &
registry . modelname = 'commtcmostbe':
o il bl FERcalc SubSys = [modelname, '/Frame Error Rate Calculation']:
Details hd open_zystem(modelname) ;
) ) ) zim (modelname) ;
Select a file to view details | L
Workspace ® open_zystem(FERcalc SubSys);
bia -
Mame Value 4 im b

Puc. 4.6. ITanenrs MATLAB 2015
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HOCJIC, OTKPOCTCA CIICAYIOIIAsA CXEMa:

@

@

©

Benouli  |[100x1] M-FSK [0t - 5 Fg]
Binery ponij|  TCM Box1] Boy
Bernoulli Binary M-FSK CSTBC Encoder MING
Gener stor TCM Encoder Chamnel g
]
@ Bld] | B
» cen
[100x1] | Frame Error Rate |2 1000
Colculation » # emor frames
\ == Focy
[10:111']' # frames
®
FER Display ANGN
[Bd]
Rx Fod]
MPSK [50] Alamout Code
TCM 1Rx 0] [E0x12]
-] ] cEst Squeeze
B
M-PSK C5TEC Combiner
TCM D ecoder

©

Puc. 4.7. Cxema s uccnenosauus TCM B Simulink MATLAB 2015

1. brok JIBonunslii reHepaTop bepHyium renepupyer ciaydaiiHble IBOMYHBIE YNCIIA, UCTIONb3YS

pacnpenenenue bepuymiu. BeicTaBpTe HIDKE MPEACTaBICHHBIC TapaMETPhI:

==

"& Source Block Parameters: Bernoulli Binary Generator

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

FParameters

Probability of a zero: 0.5
Initial seed: 61

Sample time: 1le-6
Frame-based outputs

Samples per frame: framelen

Output data type: [boolean -

[ oK ][ Cancel H Help l Apply

Puc. 4.8. TTapamerpsr uctounuka (Source Block Parameters)
2. binok M-PSK TCM konep npeoOpa3oBbIBaeT AaHHbIE, NOJTy4yeHHbIE OT Oioka bepHymau B
PSK co3Be3aus ¢ 3agaHHOM ero cpenHeit sHeprueil. B atom npumepe mbl ncnonsiyem cxemy TCM

8 - PSK co3Be3amst uist 8 penieTyaTbix COCTOSTHUIN. BBICTaBbTe HIDKE MPEICTaBICHHBIE ITApaMETPhI:
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"4 Function Block Parameters: M-PSK TCM Encoder ﬂ

M-PSK TCM Encoder (mask) (link)

Convolutionally encode binary data and modulate using the phase
shift keying method.

The Trellis structure parameter must be a valid MATLAB trellis
structure. To check if a structure is a valid trellis structure, use the
istrellis function in MATLAB.

FParameters

Trellis structure:

trellig

Operation mode: lTruncated (reset every frame) ']
M-ary number: [8 ']
Output data type: ’double v]

[ oK ][ Cancel H Help ] Apply

Puc. 4.9. [Tapamerpsi 610ka: M-PSK TCM Encoder

ITocne 2ro Gaoka HYXHO I[O6aBI/ITB Auarpammy COSBGSHHﬁ, KOTOpLIfI PacCIIOJIOKCH B IIaHCIN

nporpammbel Matlab. BeictaBbTe HIKE ITpeCTaBICHHBIC TTAPAMETPBI:

4\ VT8 ROt EM

PLOTS APRS

L&re&] Lafmr &Jﬁ e

b o e 0 LA S
ST e g

(Y1 v v v

FlE VARABLE L | —
@O L Co PogamFes  MATLAB b MATLABProducionever b RLS2  bin !

Current Folder Ol Command Windo

Il

Puc. 4.10. [Tanens MATLAB
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| el

Constellation Diagram

o M-PSK F0x1] . [0
Bernoulli * me TCM & Alamouti Code
Binary I | B ] Bl
Bernoullii Binary — porrr—— o
Generstor TCM Encoder Crennes:
a
Eha]  |[Elxixd]
> 0.1882 FER
[1001] Frame Emor Rate |2 000
Calculation i‘ # emor frames
o B0 . [fu:m]‘r
[100xed] : frames
=
FER Display AWGN
]
[Eiet]
R il
M-PSK 1501 ] Alamouti Code

D0 TCM I’ 1Rx [Ble] [Eleta]

o F] cEst Squesze 4

]
M-PSK OSTBC Combiner

Puc. 4.11. Cxema g ucciengoBaduss TCM B Simulink MATLAB 2015

3. bnok OSTBC (opToroHajgpHO NPOCTPAHCTBEHHO-BPEMEHHBIE OJOYHBIE KOJbI) KOAUPYET
uHpopmanroHHble cuMmBoibl U3 TCM  KkoaupoBIIMKa, HCHoOdb3yd koia Alamouti ams 2x
nepealolMX aHTeHH. Bbixogom aToro Onoka siBiseTcs MaTpuua pasmepoMm 50X2, 3meMeHTHI
KOTOPOI COOTBETCTBYIOT IaHHBIM KOJIOHKH, [1€PE1aBa€MbIX 10 OJHON aHTEHHE.

braok OSTBC coueraet B cebe MoayyeHHbIE CUTHAJIBI OT IIPUEMHOMN aHTEHHBI ¢ HHpOpMaLueit o
cocrosiHum kaHana (CSI), xoropeie 3aTtem mogatoT B M-PSK TCM nekxoaepa. CSI u3BecTtHO Ha

CTOPOHC NPpUEMHUKA. BricTaBbTE HIKE MMPEACTAaBJICHHBIC ITApaMETPhI:

i Function Block Parameters: OSTBC Encoder =]

OSTBC Encoder

Encode the input message using an orthogonal space-time block code
(OSTBC). The OSTBC can be rate 1 for 2 transmit antennas, rate 1/2 or
3/4 for 3 and 4 transmit antennas.

The input must be a column vector of length N or a full 2-D matrix with N
columns. For a full matrix input, the rows are encoded independently by

the encoder. N must be a multiple of 2 if the OSTBC is for 2 transmit
antennas or has rate 1/2, and a multiple of 3 if the OSTBC has rate 3/4.

Main Data Types

Parameters

Number of transmit antennas: [2 -]

I OK ][ Cancel ][ Help ] Apply

Puc. 4.12. ITapametpsi 61oka: OSTBC Encoder
4. MIMO kaHaJst pa3HOCHT TI€PEAAIOIIie U PUEMHBIEC AaHTEHHBI TaK, YTOOBI KOPPEISIIIUS MEKITY

COCCAHMMHU aHTCHHaAMU ObLIa c1aboii. BeicTaBbTe HIDKE MMPEACTAaBJICHHBIC ITapaMETPBhI:
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Function Block Parameters: MIMO Channel lﬂ

Main | Realization | Visualization | I

Multipath parameters (frequency selectivity)
Sample rate (Hz): 5e5 r
Discrete path delays (s): 0
Average path gains (dB): 0

Normalize average path gains to 0 dB

Fading distribution: [Rayleigh A

Doppler parameters (time dispersion)
Maximum Doppler shift (Hz): maxDopp

Doppler spectrum: doppler( 'Jakes')

m

Antenna parameters (spatial dispersion)
[7] spatially correlated antennas
Number of transmit antennas: 2

Number of receive antennas: 1

Antenna selection: Off ']

Normalize outputs by number of receive antennas

Simulate using: [Interpreted execution '] m

J. [ oK ][ Cancel ][ Help ] Apply

Puc. 4.13. TTapamerpsl 610ka: MIMO Channel

5. barok AWGN noGasisier Gernblii rayCCOBCKUN ITyM Ha MPUEMHOM CcTOpoHE. BeicTaBbTe HIKE

IIpE/ICTaBICHHbIE TAPAMETPBI:

"4 Function Block Parameters: Receive Noise Iﬂ
AWGN Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based) A

Initial seed:

188

Mode: [Signal to noise ratio (SMR) A

SNR (dB):
SNR

Input signal power, referenced to 1 ohm (watts):
2

J- [ 0K ][ Cancel H Help ] Apply

Puc. 4.14. TTapameTpsi O610ka: Receive Noise
6. biok Cixxatusi. BeicTaBbTe HUKE MPEACTABICHHbIC TAPAMETPBI:

7. bnox OSTBC naer onieHKy KaHajla CUTHaia. BeicTaBbTe HU)KE IIPE/ICTABICHHBIE IAPAMETPHI:
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“& Function Block Parameters: OSTBC Combiner | = |

0OSTBC Combiner -

Combine the received signal and channel estimate inputs in accordance with the structure of
the orthegonal space-time block code (OSTBC). The OSTBC can be rate 1 for 2 transmit
antennas, rate 1/2 or 3/4 for 3 and 4 transmit antennas.

For one receive antenna, the received signal input must be a column vector or a full 2-D
matrix. Correspondingly, the channel estimate input must be a full 2-D or 3-D matrix. For
more than one receive antenna, the received signal input must be a full 2-D or 3-D matrix.
Correspondingly, the channel estimate input must be a 3-D or 4-D matrix.

Main Data Types

m

Parameters
Number of transmit antennas: [2 ']
Number of receive antennas: [1 V]

[ 0K ][ Cancel H Help ] Apply

Puc. 4.15. ITapamerpsl 610ka: OSTBC Combiner
8. biioxk M-PSK TCM pexojiep BBIIOJIHSAET JEKOAUPOBAHUE CUTHAJNIA paHEE MOJYJIHPOBAHHOIO
¢ ucnonb3zoBanueM PSK co3Be3nus Ha Bxoge. g JeKOAMPOBAHUS MCIONB3YETCS AJITOPUTM

BI/ITCp6I/I. BricTaBbTE HMXKE NpCaACTaBJICHHLBIC ITapaMCTPhI:

"k Function Block Parameters: M-PSK TCM Decoder @

M-PSK TCM Decoder (mask) (link)

Use the Viterbi algorithm to decode trellis-coded modulation data,
modulated using the phase shift keying modulation method.

The Trellis structure parameter must be a valid MATLAB trellis
structure. To check if a structure is a valid trellis structure, use the
istrellis function in MATLAB.

Parameters

Trellis structure:

trellis

M-ary number: |8 -

Traceback depth:

30
Operation mode: [Truncated ']
Output data type: [boolean ']

[ 0K ][ Cancel ][ Help ] Apply

Puc. 4.16. [Tapametpsr 61oka: M-PSK TCM Decoder
9. Biok FER Display cpaBHHBaeT aeKoIupOBaHHBIC OUTHI ¢ UCXOAHBIMUA OUTAMH B Kaape JJIs
oOHapyKeHHsI OLIMOOK M B OHJIAliH pekuMe OOHOBJISIET MOKa3aTelu. JTOT OJOK COCTOUT M3 TPEX
rokaszaresiei: KOJM4ecTBO OUIMOOK B Kajape, KOJMYECTBO HAONIOMAaeMbIX KaJpOB M KOJIMYECTBO

O6pa6OTaHHBIX OIINOOK B KaJpe. BricTaBbhTE HIKE MMPCACTAaBJICHHLIC ITapaMETPhI:
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"4 Sink Block Parameters: FER Display M

Display

Numeric display of input values.

Parameters

Format: |short hd

Decimation:

1

[C] Floating display

7] [ ok [ cancel |[ melp || apply

Puc. 4.17. [Tapametpsr 65oka: FER Display

Tabmuua 4.3 — Pe3ynbraTsl paboTh

0,9 0,8 0,6 0,2 0,1 0,0
FER 1 94 873 289 813 88 8 0,038

SNR 0 2 4 6 8 10 12 14

Tabnuua 4.4 — Pe3ynbraThl paboThl

0,9 0,8 0,6 0,2 0,1 0,0 0,0
FER 1 95 85 1 7 89 8 45
SNR 0 2 4 6 8 10 12 14
1,2
1 - I\\
08
& 0,6
0,4
0,2
O T T T T T T T 1
0 2 4 6 8 0 12 14 16
SNR, dB

Puc. 4.18. 3aBucumocts FER 0T oTHOIIEHUS CUTHAN/IIIyM
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Puc. 4.19. Jlnarpamma co3Be3qus 8-PSK

TakuM 00pa3oM, B JaHHOW paboTe Ha MPUMEpPE CBEPTOYHOTO KOJIUPOBAHUS OBUIA pac-
CMOTPEHBI MPEUMYIIECTBO U TEXHOJOTUS MPUMEHEHHUS TPEIUTUC-MOIYJISALUUN Ui TOBBIIICHUS
CKOPOCTH Tepeiayul TaHHBIX.

[lepexon B pexuM TPEILTUC-MOAYISIMU TO3BOJUI COXPAHUTh TOT K€ YPOBEHb IOMEXO-
yctoituuBoctd (3 nb) mpu yBenWYeHUHU CKOPOCTH Tepenayu uHbopmaiuu B 2 paza. ITO JOCTH-
raercs ¢ MOMOUIbI0 COBMECTHOTO MCIOJB30BaHUSI CBEPTOYHOTO KOAa CO CKOPOCThio 2/3 u (ha3oBoit
Manunynsnuu 8PSK. Mcnonb3oBaHue Tpeiauc-MOAYISIUH SIBISIETCS MPOCTHIM U () PEeKTUBHBIM

PECIICHUEM JJI MMOBBIIICHUA CKOPOCTH II€pEaavu B III/I(prBBIX BBICOKOCKOPOCTHBIX CUCTEMAX CBA3U.

4.2.  MHccaenoBaHue CHIHAJIBHO-KOJOBOW KOHCTPYKIMH  Ha 0a3e cHCTeMbI C
OPTOrOHAJIBHBIM YaCTOTHBIM MYJIBTHILICKCHPOBAHHEM W  NPOCTPAHCTBEHHO-BPEMEHHBIM

konupoBannem OFDM - MIMO

B nocnennee BpeMsi Bce akKTHUBHEE OLIYIIAETCS POCT OECTIPOBOJHBIX CUCTEM CBs3H. Pa3Burtune
TEXHOJIOTUH MOOMIIBHBIX YCTPOUCTB, O€CTIpOBOAHBIX JOKaIbHBIX ceTel (WLAN) u cTpeMuTeNnbHbIH
pocT MHTepHEeT BBI3BIBAIOT BCE BO3PACTAIOLIYIO MOTPEOHOCTh B YBEIMUYECHUH €MKOCTH MOOMIIBHBIX
cereil. Takke HaOo1aeTCs Bce OOJbIIas MHTETPalls COTOBBIX CETE ¢ CeTIMU Nepeaul TaHHBIX,
HarpuMep GPRS B GSM cetsx, a takxke cetn 3G. OgHAKO CyIIECTBYIOINE TEXHOJIOTUN HE MOTYT
YJIOBJIETBOPUTH HOBBIX MOTPEOHOCTEH 10 EMKOCTH CETH, CKOPOCTH Mepelaui U CTOMMOCTH YCIIYT.

OFDM - oproronaibHOE 4aCTOTHOE MYJIbTUIUIEKCHPOBAHHE — 3TO CXeMa MOJYJISAIMH, KOTOpast
MO3BOJIsIET OBICTpO W A(PGHEKTHBHO TMepenaBaTh JaHHBIE JaKE€ B KaHajlaX C MHOTOJYYEBBIM
pacnpocTtpaHeHueM curHana. [lepenada Beercss 0THOBPEMEHHO Ha OOJIBIIOM KOJIMYECTBE HECYIIUX
4acTOT. DTU HECYIIMe HMMEIOT HEeOOJbIIOe pa3HEeCeHHWEe MO YacToTe M HUX CIEKTpbl 00pa3yroT

rpymnmnoBoii ciektp OFDM curnana. YactoTHoe pa3sHeceHHe W CHHXPOHHM3alMs MOJ00paHbl Tak,

276



4yTOOBI Hecylue ObUIM OPTOTOHANBHBI MEXAY COOOH, TO €CTh HE OKas3bIBaJIM BIHMSIHUA IPYr Ha
Ipyra, HECMOTpS. Ha MEpeKphITHE IO CHeKkTpy. Jlpyroi BaKHBIM MOAXO0MA, MO3BOJISIOIINN
CYUIECTBEHHO YIJIY4YIIUTh, MO CPaBHEHHIO C TPAJUIMOHHBIMH CHCTEMaMH, CIEKTPaJIbHYIO
3G PEKTUBHOCTh M IOMEXOYCTOMUYUBOCTh CUCTEMBI - IPUMEHEHHE Pa3HECEHUs KaK Ha MepeIatoniei,
Tak U Ha NPUEMHON CTOPOHE IIyTEM MCIIOJIb30BAHUS HECKOJBKHUX MEPEAAIOIINX M HECKOIbKUX
npueMHbIX aHTeHH (MIMO). Drta TexXHOJOTHs YK€ MPUMEHSETCS B HEKOTOPBIX COBPEMEHHBIX
crannaprax, Hanpumep [EEE 802.16 u LTE.

Oco0eHHOCTH pacnpoCTPaHeHUs] CUTHAJIA

B MoOunbHON pammocBsA3W MapaMmeTpbl KaHala M3MEHSIOTCS BO BPEMEHH, MOCKOJBKY
nepeMenieHue abOHEHTa B HPOCTPAHCTBE MPHUBOJUT K W3MEHEHHUIO YCIOBUU paclpOCTpaHEHHS
curHaia. CKOpoCcTh U3MEHEHHUsl YCIOBHM paclpoCTpaHEHHs OMpeNeNsieT CKOPOCTh 3aMupaHuil. B
OOJNIBIIMHCTBE CITydyaeB MOOWJIBHBIN KaHaJd CBA3M XapaKTEpU3yeTCs OTCYTCTBHEM TPSMOU
BUIMMOCTH MEXAY MEpeJaTYNKOM M MPUEMHHKOM, OCOOEHHO B YCIOBHSAX IUIOTHOH TOPOACKOMN
3acTpoiiku. Ecnmu umMeercss OONBIIOE YHCIO MHOTOKPAaTHO OTPAXKEHHBIX JIyued M OTCYTCTBYET
npsiMasi BUAMMOCTh, OrHOaroiasi mojlydeHHOTr0 CUTHala MOXKET OBITh CTATHCTUYECKU OIMHCaHa C
MOMOIIBIO PEIEEeBCKON (DYHKIIMM TUIOTHOCTH BEPOATHOCTH. XapaKTep 3aMHUpPaHUI B 3TOM cllydae
Ha3bIBatoT peneeBckuM. Ha Puc. 4.20 mokazan MHOTOJy4eBOM XapaKkTep paclpOCTPaHEHUS CUTHAJIA

BCICACTBUC OTp&)KGHHIZ.

Hepaaea

MobuneHas

cTaHuMA
Basopan cTaHuma

Puc. 4.20. MHoTro0ITy4eBOI XapakTep pacpOCTPAHEHHUS CUTHAJIa B MOOMIIBHOM KaHaJle CBSI3H.
B MoOuibHOM KaHaie CBS3U CHTHaJl MOABEPraeTcsl BO3AECUCTBUIO CIEAYIOUIMX OCHOBHBIX
TUIIOB UCKaKCHUM:
* MHoromay4deBoe paclHpOCTpaHEHHE BO3HUKACT B pe3ylbTaTe OTPAKECHMS, DPACCESIHUSA W

TUGPAKIUM  SJIEKTPOMAarHUTHBIX BOJIH TPH B3aUMOJEHCTBUM C pPa3IMYHBIMM OOBEKTaMU B
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npoctpaHcTBe. Takum 00pa3oM, CHUTHaJI B NPUEMHONW aHTEHHE COJAEPKUT CYMMYy BOJH C
pa3IMYHBIMU 3aJIep’KKaMU, aMIUINTyaaMu U Ga3amu. Cyneprno3uus 3TuX BOJIH MPUBOJIUT K

U3MEHEHMIO aMIUIUTYbI ¥ (pa3bl IPUHUMAEMOro CUTHAIA.

* JlonmuiepoBCKuid CABUT BO3HUKAET M3-3a IepeMelIeHrs: abOHeHTa B MpocTpaHcTBe. Bo3Hukaer
M3MEHEHHE AaMIUIMTYIbl M (a3bl MPUHMMAEMOTO CHUTHalma BO BpeMeHH. Jlaxke HeOombIIne
NepeMEeILEeHUs] Ha PacCTOSIHUSA, COM3MEpPHMBbIE C JUIMHOW BOJIHBI IE€pPEelaBacMOro CUTHajia, MOTYT
BbI3bIBaTh CYLIECTBEHHBbIC HW3MEHEHMs IapaMeTpOB IPUHUMAEMOro curHanga. V3meHeHus
apaMeTpoB CHUTHaJIa BO BPEMEHH, BbI3BaHHBIC [BMW)KCHHEM a0OHEHTa W MHOTOIYYEBBIM
pacrpoCcTpaHEHHEM  PaJUMOBOJNIH  HA3bIBAIOTCA  OBICTPHIMH  3aMHpaHMsIMU.  Bennuunna
JONIUIEPOBCKOTO CJIBUI'a IPONOPLUOHANIbHA YacTOTe Mepelaud M CKOPOCTH JBHXKeHMsd. UeMm
MEHbILIE pa3HeceHHe Mexay Hecymumu B curtaie OFDM, Tem Oosiee BoclipuMMYMBa cHCTEMa K
JIOTIIJIEPOBCKOMY CABHUTY 4YacTOThl. Pa3nuyHble pexuMbl Mepefadyd IO03BOJISAIOT IOJYyYUTh
KOMIIPOMHCC MEXJY YPOBHEM BOCHPUUMYMBOCTH K MEXKCHMBOJIBHONW WHTEpHEpEHINH U
JIONIUIEPOBCKOMY CJIBUT'Y YACTOTHI.

* 3aTeHeHHE BbI3bIBaeTCSI OOBEKTaMM, TAKMMU Kak 3[JaHMsA, XOJIMBI, JE€peBbd U T.II.,
OKa3bIBAIOIIMMKCS Ha IyTM CHUTHajla M OrPaHUYMBAIOLIMMHU MPSAMYI0 BUAMUMOCTb MEXIY
NepelaTYuKoM U MNpPUEMHHUKOM. M3MeHeHMsI MapamMeTpoB CHTHajda BO BpPEMEHH, BbI3BaHHBIC
3aT€HEHHEM OOBIYHO OTHOCST K MEJICHHBIM 3aMUPaHUSIM.

* [loTepu B TpakTe XapaKTepU3yIOTCs KaK 3aBUCUMOCTbH MAJCHUS CPEIHEN MOIIHOCTU CUTHaia
OT pacCTOSHUS MEXAY MepelaTYuKOM M TNPUEMHHKOM. B OTKpBITOM MpOCTpPaHCTBE CPEAHSI
MOIIIHOCTh YMEHBIIIAETCS MPOMOPLUUOHAIBHO KBaJApaTy pPACCTOSHUS MEXIy MepelaTiuKoM U
IpUeMHUKOM. B MOOWIBHOM pajauokaHaje, e mpsMas BHIAUMOCTb YacTO OTCYTCTBYET, 3Ta
XapaKTepUCTHKA YacTO MPEACTaBIsAeTCA Kak (PyHKIUS cTeneHu ot 3 10 5.

WckaxeHusi, BbI3BaHHbIE MOTEPSMU B TpakTe M 3aTEHEHHEM (MEIJICHHbIE 3aMHUpaHMs)
OOBIYHO KOMIIEHCHPYIOTCSI C MOMOUIbIO CHUCTEM YIIPaBJIEHMSI MOILIHOCThIO. boppba ¢ ObICTpbIMU
3aMHUpaHUSMU, BBI3BAHHBIMM IBUKCHHMEM M MHOTOJIYYE€BBIM PACIpPOCTPAHEHUEM BOJH, SIBISETCS
Oosiee cI0XKHOM 3a/aueil 1 TpeOyeT NPUMEHEHHs CII0KHONW 00pabOTKM CUTHAjIa Kak Ha MPHUEMHOM,
TaK ¥ Ha MEepeIaronien CTOPOHE.

CrnencTBreM MHOTOJIYYEBOTO PacCHpOCTPAHEHHUS PAIHOBONH SIBISIETCS MCKaXeHHE (OpMbI
MPUHUMAEMOT0 cUrHaia. MHoroiyueBas MHTep(epeHIus Npucyiia Jiro0oMy TUIy CUTHAJIOB, HO
0CcOOEHHO HEraTMBHO OHA CKAa3bIBAe€TCs Ha LIMPOKOIIOJIOCHBIX CHUTHajax. JleJo B TOM, 4TO TpHU
UCMOJb30BAHUU IIHPOKOMOJIOCHOTO CHTHala B pe3ylbTare HHTEP(EpPEeHIUN OIpeaesieHHbIE
4acTOThI CKJIAJbIBAIOTCA CHH(}A3HO, YTO MPUBOAMT K YBEIMUEHHUIO YPOBHS CUTHAja, a HEKOTOpPHIE,

Ha000poT, MPOTHBOGA3HO, BBI3bIBAs OCIA0JIEeHNEe CUTHAIA HAa JAHHOM 9acToTe.
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['oBopst 0 MHOTONMy4eBOW WHTep(EPEHINK, BO3HUKAIONIEH MpU Tepefade CHTHAJOB,
pa3nnyaroT ABa KpailHuX ciydas. B mepBoM u3 HUX MakcUMalbHas 3aJ€p:KKa MEXKIY pa3IudHbIMU
CUTHaJaMH HE MPEBBIIIAET BPEMEHH JUIUTEIBHOCTH OJHOIO CUMBOJIA U UHTEPPEPEHLINs BOSHUKAET
B IIpe/iesIax OJHOrO MepeaaBacMoro CUMBOJIA. Bo BTOpOM cilydae MakCHUMallbHas 3a1epiKKa MEKIY
Pa3TMYHBIMU CUTHAJIaMH OOJbIIE JUTUTEILHOCTA OJHOTO CHMBOJA, B pPe3ylbTaTe MHTEPhEpPCHIINH
CKJIQ[bIBAIOTCA CUTHAJbl, INPEJCTABISAIOIIME pa3Hble CHMBOJIBI, M BO3HHUKACT TaK Ha3blBacMas
MexxcuMBoJbHas uaTepdepennus (InterSymbol Interference, ISI).

MexcuMBOIbHAS HHTEPGEPEHIIUS HAauOoIee CYIIECTBEHHO BIUSET HAa UCKAXCHHE CUTHANA.
IIoCcKOIBKY CHMBOJI - 3TO JUCKPETHOE COCTOSIHUE CHUTHAjA, XapaKTEPU3YIOLIEeCs 3HAYCHUSIMHU
4acTOThl HECyIeH, aMIIUTyasl U (a3bl, TO Ui Pa3IUYHbIX CHMBOJIOB MEHSIOTCA aMIUIMTYAa U
¢daza curHama, a 3HAYUT, BOCCTAHOBUTH HCXOJHBIA CHUTHANI KpaiiHe cJ0XkHO. UTOOBI XO0TA ObI
JaCTUYHO KOMIICHCUPOBATh 3(PPEKT MHOTOIYICBOTO PACIPOCTPAHCHHUS, UCIIOIB3YIOTCS YaCTOTHBIE
SKBaJlaii3ephl, OJTHAKO MO0 MEpPE POCTa CKOPOCTU IMEpeAayu AaHHBIX JIMOO BCIEACTBHE YBEIMYEHUS
CUMBOJILHOM CKOpOCTH, JHOO W3-3a YCJIOXKHEHUS CXEeMbl KOAUpoBaHUS 3(P(HEKTUBHOCTh
HCII0JIb30BaHUs SKBalail3epoB NaJaeT.

B TpamuimoHHBIX CHCTEMax C OJHON Hecyield 00ppda ¢ MEKCHUMBOJIBLHON MHTEpQepeHIueit
OOBIYHO BENIETCS IyTEM AJANTUBHOTO BBIPABHHBAHHS. DTOT IMPOIECC HCIOJB3YET aalTUBHYIO
buIbTpaUIo IS anIpOKCUMAIMM UMIYJIbCHOTO OTKIMKA KaHala. 3aTeM HMHBEPCHBIM (HIBTP
WCIIONB3YETCS ISl BOCCO3/aHMS KON MCKaXKEHHBIX CUMBOJIOB. DTOT MPOLIECC, OJJHAKO, IOBOJIBHO
CJIOKHBIM, BBHUJY BBICOKOM CJIOKHOCTH aJanTHUBHOIO JKBalaiizepa. B caydasx, Kkoraa
MEXCHUMBOJIbHAsA HMHTEP(EPEHIIMS] CTAHOBUTCS JOBOJIBHO BBICOKOW, TMPOIECC TaKXKe TepseT

3¢ (HEeKTHBHOCTS.

Mopaeb cucTeMbl CBSA3H € OPTOrOHAJBHBIM YaCTOTHBIM
MyJabTuIiekcuposanuem (OFDM)

IIpr BBICOKMX CKOPOCTAX NEepedayd HPUMEHSETCS METOJ Nepelayd JaHHbBIX, KOTOPBIU
COCTOMT B TOM, 4YTO IOTOK IMEPENABAEMBIX JAHHBIX PACHPENEISAETCS IO MHOYKECTBY YaCTOTHBIX
IIOJKAHAJIOB W Iepellaya BeIeTCs MapajyIeIbHO Ha BCEX 3THX MoJkaHauax. [Ipm 3Tom BbICOKas
CKOPOCThb I€peNauu JIOCTUTaeTCsl UMEHHO 3a CUET OJHOBPEMEHHOM Iepefadyd JaHHBIX IO BCEM
KaHajlaM, a CKOpOCTb Iepelayd B OTJEIbHOM I[OJIKaHaJle BIIOJIHE MOXKET OBITh HEBBICOKOM.
[TockoybKy B KaKIOM M3 YaCTOTHBIX MOJKAHAJIOB CKOPOCTh NEPEAAYN MOXKHO CAENATh HE CIHUIIKOM
BBICOKOM, 93TO C€O3MaeT MpPeanochbUlKd s 3(G(EKTUBHOIO TOJABICHHUS MEKCUMBOJIbHON
uHTEp(EepeHINH.

[Tpu yacTOTHOM pa3JeieHnH KaHAJIOB HE0OX0AMMO, UTOOBI IIMpPHHA OTAEIBHOrO KaHaja Oblia,

C OIHOU CTOPOHBI, AOCTATOYHO y3KOI71 A4 MUHHUMHU3AIUU HUCKAXCHUA CUTHaJla B Ipcaciiax
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OTAENBHOIO KaHaja, a ¢ JAPYroi - JOCTaTOYHO IIMPOKOH ais obOecrieueHHst TpeOyeMoil CKOpocTH
nepenaun. Kpome Toro, aasi 3KOHOMHOTO HCIIOJIb30BaHMs BCEH MOJOCHI KaHala, pa3JesieMoro Ha
MOJIKaHAaJIbI, )KEeJIaTeIbHO KaK MOXHO 0oJjiee IJIOTHO PacloOkKHUTh YAaCTOTHBIEC MOJKaHAaJbl, HO MPU
3TOM H30eXaTh MEXKaHaTbHOW HHTepdepeHunu, 4ToObl 00ECIeYnTh MOJIHYI HE3aBHUCUMOCTD
KaHAJIOB Jpyr OT Apyra. YacTOTHBIE KaHAJIbI, YAOBJICTBOPSIOLINE IEPEUNCICHHBIM TPeOOBAHUSM,
HA3bIBAIOTCS OPTOTOHAIbHBIMU. Hecymue curHanbl BceX 4YacTOTHBIX IOJKaHAlIOB (a TOYHEe,
(GYHKIIMHM, OMMCHIBAIOLIME A3TH CHUTHAJbl) OPTOrOHAIBHBI APYr Ipyry. BaxkHo, 4To XOTs camu
YaCTOTHBIEC MOJKaHAIbl MOTYT YaCTHMYHO INEPEKpPbIBaTh IPYr APYra, OPTOrOHAJIbHOCTh HECYILHX
CUTHAJIOB TapaHTUPYET HE3aBUCHMOCTb KaHAJOB JAPYr OT Apyra, a CJI€J0BaTebHO, U OTCYTCTBHE
MeXKaHAIbHON UHTep(DEPEHIINH.

PaccmoTpenHbilt criocob J1eneHus MUPOKOMOIOCHOTO KaHaia Ha OPTOTOHAJIbHBIE YaCTOTHBHIE
MOJKAHAJbl HA3bIBAETCS OPTOTOHAIBHBIM YaCTOTHBIM MyJbTHILIEKCHpoBaHueM (OFDM). Curnan B
CUCTEME C OPTOrOHAJIbHBIM YAaCTOTHBIM MYJIbTUILJIEKCUPOBAHUEM MMEET pa30MEeHHEe Ha MHOXKECTBO
HECYIIUX, YTO OoOecreynBaeT HEeOOJbIIOEe KOJMYECTBO CHMBOJIOB HAa OIHY HECYIIYI0 M CHHUXKAeT
MEXCHUMBOJbHYIO uHTepdepennuio. Ha pucynke 4.21 mpencraBieH CHEKTp CHUTHala IpU

monyssiimn OFDM.
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Puc. 4.21. Crextp curnana npu moxymsuun OFDM
JIONIOTHUTENBHO MPUMEHSIETCS 3alUTHBIN MHTEpBAJ - LUKIMYECKUil npedukc, 100aBasieMblil B
Hayauo Kaxaoro cumpoda. st addexkTuBHONU pabOTHI CUCTEMBI, MCIIOIB3YIONIEH TaKOW MOAXO,
MakcUMajbHas 3a/epKKa B KaHaje HE JOJDKHA MPEeBbIATh JIMHY LUKIMYECKOro mnpedukca.
Bricokas s dexruBHocTh cucteM OFDM npu pabote B KaHanax ¢ MHOTOKPAaTHBIMU OTPa’KEHUSIMU
JIENIaeT UX IPUTOIHBIMU JIJIs1 BHICOKOCKOPOCTHBIX CUCTEM INEPEJAauM JaHHBIX B HA3€MHBIX CUCTEMAaX
CBSI3H.

Ha pucynke 4.22 npeacrasiena ctpykrypa OFDM cumBoura.
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Puc. 4.22. Ctpykrypa OFDM cumBona.

Ha pucynke 4.24 mnokazaHa 000OIlI€HHas CTPYKTypa CHCTEMbI CBSI3U C OPTOrOHAIbHBIM
YaCTOTHBIM MYJIbTHIUIEKCUPOBaHHEM. JlaHHBIE TIOMB30BATENSl BHAYale IMOCTYHNAlOT B OJIOK
IMOMEXOYCTOMYMBOIO0 KOJMPOBAHMS, a 3aTeM Ha MoayisTop. llocie Monynsinuy naHHbIE B BUIE
KOMIUIEKCHBIX CHMBOJIOB MOCTymaiT B 010k OOpatHOoro OwicTporo mpeoOpazoBanus Dypne
(OBII®), rue npoucxonut popmupoBanue curnana OFDM c ucnonszoBanuem M noguecymux. Ha

pucynke 4.23 npejacrapiieHa BpeMeHHas (hopma curHaia nocie npoxoxaeHust ObIO.
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L L

Puc. 4.23. Bpemennas popma curnana
CumBon OFDM coctouT U3 OCHOBHOW MH(OPMAllMOHHOM YacTH M IUKJIMYECKOro mpedukca,
KOTOPBIN (opMHpyeTcsl MyTeM KOMUpPOBaHUS MocieAHuX L oTcueroB B Havano kajpa. [lamee
nocienoBareabHOCTh cuMBOJIOB OFDM mpeoOpasyeTcss B aHAJIOTOBBIA CHUTHAJI W TIPENAETCs 0
KaHay cBA3H. JJINTENbHOCTh LMKINYECKOTO NpeduKca BbIOUpaeTcs TakuM o0pa3oM, YTOObI ObITh
Ooublie, YeM JUTMTENIbHOCTh UMITYJIbCHOT'O OTKJIMKA KaHana cBsi3u. Takum obpazom, cumon OFDM

umeer aiuterabHOCTh (M+L)To, e To - mepro TMCKpeTU3aIiu B CUCTEME.

281



/// ‘-‘\
.r-’ \"1
Konep Ia"" Y S/P
|ll ll'l
l III III l - l 4'( *
| 'l
Yuanenue
Mogyasarop | Kanan caszn || BId npedukca
! |
l I“ llll
\ / P/S
s/P ‘\\ A
‘-L‘_H_q_______ g
[—— bBaok oueHHBAHHA
napaMeTpos KAHATA
OBIIdy JdobasneHne
npeguica JeMOIVIATOR (=

YvV Vv I

P/S Jewonep — aHHEIE

OBIr - Gnok ofpaTHoro SeICTPOro npeodpaiopanma Dyphe

BITdr - fnok DeRICcTporo npeodpasoBais Dyphe

S/P - nocnefosaTelbHO-MapaiieNkHoe NpeoipaionaHHe MOTOKA CHMBOIOR
PfS - mapannelbHo-nocieqonaTelbHoe NPeddpatoaHie MOTOKA CHMBOTOR

Puc. 4.24. CtpykTypHas cxema CUCTEMBI CBSA3H C OPTOTOHAIbHBIM

YaCTOTHBIM MYJIbTHUILUIEKCUPOBAHUEM

Ha mpuemHON cTOpOHE, CHTHAJ IMOCJE MUCKPETU3AlMU M YAAJICHUs MpeduKca MOCTyHaeT B
ook beictporo mpeobpazoBanusi dypre (BIID), rae ocymecTBisercs AEMOMYISIUS CUTHAA
OFDM. Tlocne mpeo6pa3oBanust MapalljieIbHOTO TOTOKA CUMBOJIOB B IOCJIEIOBATENbHBIN, CHMBOJIBI
MOCTYMNAIOT B IEMOAYJISATOP, a Tak)Ke B OJIOK OIEHUBAHS MapaMeTpoB kaHana. OLeHKH mapaMeTpoB
KaHaJla He0OXOAUMBI JJIs1 pabOThI IEMOIYJIATOPA, TOATOMY BBIXOJ OJIOKAa OIICHUBAHUS TTapaMETPOB
KaHajla COeAMHEH cC JeMoaynaropoM. JlanpHeilmne mnpeoOpa3oBaHMUs CUTHAJIA 3aBUCAT OT
CTPYKTYPbhl KOHKPETHOM CHCTEMBI U HE OTHOCATCS K OCHOBHOHM koHuenuuun OFDM. B peanbHbIX
yCIOBUSIX pabOThl cUCTeMaM OecHpoBOAHON MOABMXKHOW cBsizu ¢ FDM mpuxomutcs paboraTh B
YCJIOBHUSIX, KOTJla B KaHaJ€ CBSA3W CUTHAJ MOJBEPraeTcs BO3ACUCTBHIO 3amupanuid. [losromy mis
MOJTYYEHUSI TIPUEMIIEMON TMTOMEXOYCTOMUMBOCTH TPEOYEeTCs MCIOJIb30BAaHUE TMOMEXOYCTOMYUBOTO
KOJIMPOBaHUSI.

B mporecce pa3Butus cereil mepenadn JaHHBIX MOCTOSHHO YBEIUYUBAIOTCS TPeOOBaHUS K
CKOpOCTH Tiepenayu WH(OpMAIMU W Ka4eCTBY MPEIOCTABISIEMBIX CEPBUCOB. JlaHHBIM MeXxaHU3M
MOXXHO HaOJIOMaTh M JJIA CETeW TMepenayu JaHHBIX, TIe CPEeloi Mepeaadn SBISETCS paauoKaHall.
N3-3a 3TOrO0 B 3HAUYMUTENHHOM CTEMEHU YCIOXKHSIOTCS CHUTHAJIbI, KOTOpPbBIE HCHOJIb3YIOT MJIs
nepenaun uHGopmanuu. OJHUM U3 TEPCIEKTUBHBIX BHUJIOB SIBISETCS OPTOrOHATBHOE YaCTOTHOE

mynbTuIuiekcupoanue OFDM.
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B coBpemMeHHBIX cHCTEMax CBSI3M, HaOpUMep, B COTOBBIX CHUCTEMAax CBS3H,
BBICOKOCKOPOCTHBIX JIOKAQJIbHBIX BBIYMCIUTENBHBIX CETAX W Jp., CYIIECTBYeT HEOOXOAMMOCTh
MOBBILIEHUS MPOIMYCKHOM criocoOHOCTH. [IponyckHast coCOOHOCTh MOKET OBITh YBETTUUEHA ITYTEM
pacIipeHHs] IOJIOCHl YacTOT WM IOBBIIEHUS H3JIydaeMOoM MoIIHOCTH. TeM He MeHee,
NPUMEHUMOCTh J3THX METOJOB OrpaHWYeHA H3-3a TpeOOBaHWN OMOJOTHMYECKOW 3aIlMTHI,
OTrpaHUYEHHOM MOUTHOCTU MCTOYHUKA MUTAHUS (B MOOMJIBHBIX YCTPONCTBAaX) U 3JIEKTPOMarHUTHON
coBMecTUMOCTH. [1oaTOMY eciu B cuctemMax CBSI3U 3TU MOJIXObl HE 00ECIEeUUBAIOT HEOOXOIUMYIO
CKOpPOCTh Tepefaydl JaHHBIX, TO 3(P(PEKTUBHBIM MOKET OKa3aTbCsi MPUMEHEHHE aJalTUBHBIX
AHTEHHBIX PEMIETOK CO CIa00 KOPPEIMPOBAaHHBIMU AHTEHHBIMHU 3JIeMeHTaMHU. CHUCTEMBI CBSI3H C

TaKMMH aHTEHHAMU MOJy4Yuiid Ha3BaHue cucreM MIMO.

Texnomoruas OFDM

OFDM ocHoBan Ha pa3/ieleHud MOTOKAa BXOAHBIX JAHHBIX HAa MHOXKECTBO MapauIeIbHBIX
MMOTOKOB, K&/l M3 KOTOPBIX MEpPENaeTcs Ha CBOEW Hecylled (OpTOrOHaIbHOM) YacToTe. DTO
o0ecrieurnBaeT BBICOKHME CKOPOCTh M MOMEXOYCTOMYUBOCTh Nepenadynd MHPOpMAaIMi, B YaCTHOCTH,
10 OTHOLIEHUIO K IIPOBAJIaM B CHEKTPE NEPEIaBaAEMbIX CUTHAJIOB, TAK KaK Y3KOIOJIOCHOE 3aTyXaHHE
MO’KET UCKJIFOUUTH TOJIBKO OJHY MJIM HECKOJIBKO HECYIIMX YacTOT M3 UX OOJbIIOro yucia (COTHU -
toicsium). [lockonpky Momymsiiust OFDM ucnonb3yeT ajisi mepefadyd OpTOrOHAIbHBIE HECYIIHE
Kose0aHus, TO BO3MOXKHA JEMOIYJIALNS MOAYIUPOBAHHBIX CUTHAIOB JJAXKE B YCIOBUSAX YaCTUYHOTO
NEPEeKPBITUS TOJOC OTAETBHBIX HecymMx. Hamuume OonbLIOro YHciaa HECYHIMX HE MO3BOJISIET
peanuzoBath Monysinuio OFDM HemocpencTBeHHO, T.€. ¢ MCMOJIB30BAHHUEM HECKOJIBKHMX THICSY
CHUHTE3aTOPOB HECYIIMX KoJie0aHM UM HECKOJbKUX ThICS4Y MOAynsaTopoB. I[loatomy s
yMeHbIIIeHUs: 00beMa 000pynoBaHMs YUYMTHIBaIOT, yTo Monyisinus OFDM mpencrasnser coboit
obpatHoe npeoOpa3oBanue dypre, a nemMoaysuus npsimMoe npeodpazoBanue Oypbe, U IPUMEHSIIOT
OBICTpbIE AJITOPUTMBI JIBYX 3THUX IMpPeoOpa3oBaHMi, NoMycKaromue OoJjiee MPOCTYIO annapaTHyro
peanu3aluio Mo CPaBHEHUIO C HETMOCPEACTBEHHOM peann3aiuen anroputMoB Moy OFDM.
Monynsuus OFDM ucnosnb3yercs B cucteMax IHU(QPOBOro TEJIEBUICHUS, CUCTEMaX COTOBOM CBSI3U
WIMAX, MobileWiMAX, MBWA, aBTOMaTH3HpPOBAaHHBIX CHCTEMax KOHTPOJs M Yydera
ANEKTPOIHEPIHH, CUCTEMaX TUNa "HMHTEJUIeKTyalnbHbIN 1oM" u Ap. Ha Hell 6a3upyrorcs craHaapThbl

oecnpoBoanoii csizu IEEE 802.11a,e,g,n; 802.16a,d,e; 802.20.

OpTOFOHaJILHOC YaCTOTHOE pasaejJeHue KaHaJ10B
HpI/I 6CCHpOBOﬂHOﬁ nepeaadyc CUrHajloB OJWMH W TOT XKC CUTHAI B PE3YJIbTATC
MHOT'OKpPAaTHBIX OTpa)KeHI/Iﬁ MOXCET IMOCTYIIaTh B IPUEMHUK PA3JINYHBIMHA ITYTAMH. HOSTOMy B TOYKEC

npueMa pe3yIbTUPYIOIMINNA CUTHAJ MIPEACTABISIET COO0H CyNepro3uIuio (MHTepGEPEHITNI0) MHOTHX
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CHTHAJIOB C Pa3IMYHBIMU aMIUTUTYAaMU U HadalbHbIMU (pa3amu. [IpuMeHUTENHHO K MHOTOTy4eBON
uHTepdepeHIy, BO3HUKAIOUIEH NpH Ieperadye CUTHAIOB, Pa3M4yaloT JBa KpaiHuMX ciydas. B
IepBOM Cilydyae MaKCUMallbHas 3aJep)KKa MEXIy pa3JUYHbIMH CHTHAJIaMH HE IPEBbIIIACT
JUTUTENTFHOCTH OJTHOTO CUMBOJIA, M MHTEP(EPEHIIMS BOSHUKAET B MPEEIax OJHOTO IepeaaBaeMoro
cuMBOJIa. Bo BTOpOM ciydyae MakcHMMaibHas 33Jep)KKa MEXIY pa3IMYHBIMU CHUTHAJaMH OoJiblIe
JUTUTEIBHOCTH OJHOTO CHMBOJIA, M B pe3ylIbTaTe HHTEPPEPEHIUU CKIABIBAIOTCS CUTHAIIBL,
NpPEACTAaBISIOIIME  pasHble CHUMBOJIBL.  BciieacTBHE  3TOr0  BO3ZHHKAET  MEXCHMBOJIbHAsS
uHTephepeHIys, KoTopas Haubojee CHUIBHO CKa3bIBA€TCS HAa HMCKaXEHWW curHana. Jlis Toro,
9TOObl YAaCTHMYHO KOMIIEHCHUPOBATh 3((EKT MHOTOIY4e€BOTO paCIpOCTPAHEHUS, MPHUMEHSIOT
YaCTOTHBIC SKBANAN3Ephl, OJJHAKO IO MEpPEe POCTa CKOPOCTH IEpeAadyd TaHHBIX OO 3a cyeT
YBEIMYCHUS CHUMBOJIFHOH CKOPOCTH, JIMOO 3a CYET YCIOXKHEHHS CXEMbl KOJUPOBaHHS,
3¢ PEKTUBHOCTh UX MPUMEHEHUs nagaet. [1oaToMy amst JOCTH)KEHUS! BRICOKOI CKOPOCTH Iepesadn
JaHHBIX HWCHOJB3YIOT APYrod IMOAXOJ, COCTOSIIMKA B TOM, YTO IOTOK IEpeIaBaeMbIX TaHHBIX
pacnpenensercs 10 MHOYKECTBY YaCTOTHBIX ITOJIKaHAJIOB U Iepe/ada BeJeTCsl apajuleIbHO Ha BCEX
3THX MojKaHanax. [Ipu 3TOM gocTuraercs BBICOKas CKOPOCTh Mepeladd 3a CUeT OJHOBPEMEHHON
nepeaayy JaHHBIX 110 BCEM KaHallaM, IPUYEeM CKOPOCTh Mepeadd B OTACITHHOM IMOJIKAHAIE MOXKET
OBITh U HEBBICOKOHW. DTO CO3[IaeT NMPEANOCHIIKU [T A(PPEKTUBHOTO MOAABICHUS MEKCUMBOIBHON
unrepdepenimu. [Ipn 4acTOTHOM pasjeneHWM KaHAJIOB HEOOXOIUMO, YTOOBI HIMPHHA Ka)IIOTO
KaHana ObUIa, C OIHOM CTOPOHBI, JOCTATOYHO Y3KOM JUIi MUHMMHU3ALUN UCKaXEHUs CUTHANA 3 B €ro
npenenax, a ¢ Ipyroi - J0CTaTOYHO IIMPOKOM Al oOecriedeHust TpedyeMoi CKOPOCTH NepeaadH.
Kpome Toro, a7st 3KOHOMHOTO HCIOJIB30BaHUS BCEH MOJIOCH KaHaja, pa3IeNsieMoro Ha MOAKaHAIbI,
KeJaTeJIbHO KaK MOXKHO IJIOTHEE PACHOJOXKHUTh YaCTOTHBIE MOJAKAHAJBI, HO MPHU 3TOM H30EXaTh
MEXKaHaJIbHON HHTep(depeHIun Ui oOecledeHus MOJIHON HEe3aBUCUMOCTH KaHAJIOB JPYr OT
npyra. IlepednciieHHBIM TPeOOBAaHUSM YIOBIETBOPSIOT OPTOTOHAIBHBIE YAaCTOTHBIE KaHAJIBI.
@OyHKIMH, ONMMCHIBAIONINE HECYIINE CUTHAIBI BCEX ITUX KAHAIOB, OPTOTOHAIBHEI JPYT APYTY, T.€.

JJIs HAX BBITIOJIHACTCA YCIIOBUC!
o . )
j sin27x f(t)-sin 27z f, ()dt =0, k =1
] :

rae T - mTebHOCTh TIepeIaBaeMoOro CHMBOJIA,
fl u fk - wactoTsI 1-ro 1 k-ro HeCymUX CUTHAIOB COOTBETCTBEHHO.
OpTOroHaNbHOCTh HECYIIUX CHUTHANIOB 00ECMeYrBAET YaCTOTHYIO HE3aBUCUMOCTH KaHAJIOB

Apyr OT Apyra ", CJIC€AOBATCIBbHO, OTCYTCTBUC MeEXKKaHaJIbHOM I/IHTep(bCpCHLII/II/I. PaCCMOTpeHHLII\/'I
croco0 JACJIICHU IIHUPOKOIIOJIOCHOTO KaHaJIa Ha OPTOTOHAJIBHBIC YaCTOTHBIC IMOJJKaHAJIbl HA3bIBACTCA

OpPTOTOHAJILHBIM YaCTOTHBIM pa3ziefieHueM ¢ MylbTuIiekcuposanueM i OFDM- monynsuuei.
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OpTOroHaNbHOCTh HECYIIUX CHUTHAJIOB OOECIEeYMBAeTCs TOJIBKO TOT/A, KOTJAa 3a BpeMs
JUTMTEIIBHOCTH OJIHOTO CMMBOJa T HECymui CUTHaN OyJIeT COBEpIIATh IEJI0€ YHCIIO KOJIeOaHUM.
Tak kak KaxaAbld CHUMBOJ JUIMTEIBHOCTH T Tepemaercs OrpaHWYEHHOW I10 BpPEMEHH

cuHycouaaapbHoOU QyHKIMeH (puc. 2.1.1), To ee criekTp onuchBaeTCs PyHKIMEH BUIA

sin2z(f = f)
27(f - 1)

Taxol ke ¢pyHKIKEeH onuchBaeTcs U opMa 4aCTOTHOTO MOIKAHAIIA.

,rae fi- neHTpanbHas (Hecylas) 4acToTa i-ro KaHaa.

HecMmotpss Ha yacTM4YHOE NEPEKPBITUE YACTOTHBIMM MOJKaHaiamu Apyr napyra (puc.l.l),
OPTOrOHAJILHOCTh HECYILIMX CUIHAJIOB 00ECIEeYMBAET UX YAaCTOTHYIO HE3aBUCUMOCTh KaHAJIOB JIpyT

OT ApyTra U, CJICA0BATCIIbHO, OTCYTCTBUC MEKKaHaJIbHOM I/IHTep(bepeHI_II/II/I.

Cnewmp cusHana

J;-'\l Yacmoma, I

A S\ /\ n
HAVIRVAY

Puc. 4.25. CumBon JINTEIbHOCTRIO T M ero CIICKTPAJIbHOC NPCACTABJICHUC
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Hacmommese Kavamod
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Yacmoma, [

Puc. 4.26. YactoTHOE pa3jeneHne KaHaIOB C OPTOTOHATBHBIMH HECYIIMMHU CHUTHAJIAMH.

Ipunuun opranu3auun kanaina OFDM na npumepe DVB-T
XapaKTepI/ICTI/IKI/I KaHajla nepcaadd, K COXAJICHHIO, HC OCTAarOTCA IMOCTOSAHHBIMHU BO
BPEMCHH, HO B TCUCHHUC KOPOTKOI'o HNpOMCKYTKAa BPECMCHU OTHU XAPAKTCPUCTHUKU JII HA3ECMHOI'O
KaHajla MOYKHO CUUTATh MOCTOSIHHBIMU. Mcnomnb3ysa 3Ty ocobeHHocTh, B cucteMe OFDM umeercs
BO3MOXXHOCTh NMPUMEHHUTH PACHICINIEHUE HA3eMHOTO KaHalla repeiaddl BO BPEMEHH U 0 4acTOTe
(cm. puc. 1.3). B pesynbrare paanovacTOTHBIM KaHAJ OpPraHM3yeTcss B BHjE Habopa y3KHX

YaCTOTHBIX MOJIOC U B BUJC KOPOTKHUX BO BPEMCHHU CMCIKHBIX «BPEMCHHBIX CCTMCHTOB)

Bpemn
WrpuKa nonocsl
PY-Kanana

ISR RESNNI NN ANENINNNRE,
LAl LL L L

Bpemennon cerment

Yacrora

Puc. 4.27 - Pacmernuienue kanaia

Kaxxgast yacTOTHO-BpeMeHHas siuelika UMeeT CBOI0 COOCTBEHHYIO MOJHECYIIyIO (CM. puc

4.28). HabGop moiHecymux B ONpeeIeHHOM BPEMEHHOM CerMeHTe HasbiBaeTcsi cumBoiioMm OFDM

Z[J'Ii[ YCTPaHCHUA B3aMMHBIX ITOMEX MCKAY NOJHCCYITUMHU PACCTOSIHHUC (HpOMe)I(YTOK) MCKIY HUMU
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BBI6I/IpaeTCSI PpaBHbBIM OGp&THOﬁ BCJIIMYUHC IUTCIBHOCTU CUMBOJIA! B 3TOM CJIydac IMOJHCCYLINC

SABJISIFOTCA OPTOIOHAJIbHBIMU.

Py ry vt

OFDM-
cumson

Yacrora

Puc. 4.28 - BBoa noaHecyux 4acTor.

[TockonbKy 53XO-CHUTHANBl MPEACTABISAIOT CcO00M 3aaepXaHHblE BO BPEMEHHU KOIUHU
OCHOBHOI'O CHUTHaja, Hayaso JaHHoro cumBoiga OFDM mnoxBepraercs —<«3arpsS3HEHUIO»
3aJiepKaHHBIM OKOHYAaHWUEM TMpPEIbIAyIIero (B3auMHBIE IOMEXH MEXIy CcUMBOiamu). s
ycTpaHeHus: 3Toro 3gdexra Mexay aByms coceqHumu cuMpoiamu OFDM BBOIUTCS 3alIMTHBIA
uHTepBan (cM. puc. 4.29). Bo Bpems 3alIUTHOrO MHTEpBaja MPUEMHbIE YCTPOMCTBA UTHOPUPYIOT
MOCTYMAOUINHA CUTHAI, YTO MPUBOAUT K CHUXKEHHIO MTPOMYCKHOM CITOCOOHOCTH KaHasia Iepeadn.

AnuTensHoOCTL
JAWMTHOrO  [InUTeNnbHOCTL
HHTEepBana nonesxoro
HHTepBana

Yacrota

Puc. 4.29. BBoa 3amuTHOr0 HHTEpBAa.
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UroObl OCYIIECTBUTH HaJUIekKaluM 00pa3oM JEeMOJYJSIMIO CHTHAJA, IPHEMHBIC
YCTPOMCTBA JIOJIKHBI IPOU3BECTH €ro BIOOPKY BO BpeMms nose3Horo nepuoja cumposia OFDM (Ho
HE BO BpeMs 3alIUTHOro MHTepBana). Ho Torma HeoO6XoIMMO BBECTH BPEMEHHOE OKHO I10
OTHOIICHHUIO K MOMEHTY, Koraa nepenaercs B 3¢up kaxaeni cumon OFDM. B cucreme DVB-T
HCIIOJIB3YIOTCS <IIMJIOTHBIE)» IOJHECYIIUE, PABHOMEPHO PACIPEICIICHHBIE B KaHaje Iepeadyu B

BHJIe MapKepoB cuHXxponuzaiuu (cm. puc. 4.30)

OFDM-nNoNe =

BPEMEHHBIE OKKHA
ANR NPHEMHHKOR

Yacrora

Puc. 4.30 - Mapkepbl CHHXpOHU3AIIHH.

Wrak, o6mas pamurenbHocth Ts OFDM-cumBona mpejacraBisieT coboll  cymmy
JUIATENbHOCTEN none3Ho yacTu Tu u 3amuTHOrO mHTepBana Tg. PaccTosHue 1O 4acToTe MEXay
cocenHuMH HecymuMu yactroraMu OFDM-curnana pasao 1/Tu (mockoibKy 4TOOBI OCYIIECTBUTH
HaJJIeXKalluM 00pa3oM JEMOAYISILMIO CUTHAJIa, IPUEMHBIE YCTPONCTBA JOJKHBI IPOU3BECTU €T0
BBIOOPKY BO BpeMms rnosiesHoro nepuojaa cumbosia OFDM, HO He BO BpeMsl 3alllUTHOTO MHTEPBAJA).
3almuTHBIA HHTEPBAJ pacioaraeTcs nepe nojaeznoi yacteto OFDM-cumBoua.

CTpyKTypHas cxemMa MOAYJsITOpa

[Mpunuun OFDM-monynauuu 3akitodaeTcss B cieAyrolieM. B mosjoce kaHana cBsi3u
NepelaeTcsi MHOXKECTBO HECYIIMX, KakJIas W3 KOTOPbIX MOJYJUpPYETCs, Hanmpumep, ¢
ucnoib3oBanueM QAM-moaynauuu, yacteio obuiero nugpoBoro moroka. o mpeobpasoBanus
CIIEKTpa TaKOro CHUTrHaja IU(POBOH IMOTOK pa3OMBaeTcs Ha IOCIENI0BaTEIbHOCTH, KaKias W3
KOTOPBIX COOTBETCTBYeET nepenade KRa outos undopmanuu, riae Ra — Yucio akTHBHBIX HECYIIHX,
k — xo3pdunuent wucnoipdyemoit QAM-mopynsaimu (WIM YUCIO OUTOB HH(pOPMAIWH,
nepeaBaeMoil Ha Kaxaoi akTuBHOM Hecymieil). JlmurensHocts TO umHTEpBasa, Ha KOTOPOM
nepenaroTcs Bce ykazaHHble KRa OuToB wmH(pOpManuu, ompenenseT MHUHUMAIBHYIO YacTOTY
Hecymieit fU = 1/TU u uHTEepBan Mexay HeCylluMH, T. €. yacToTHbIN nHTepBai (Ra + Rn)fU, rae

RN - 4ynciao macCUBHBIX HECYIIMX, XapaKTEpU3yeT TPYIIOBOM CIIEKTP MOIIIHOCTH paJiMOCUTHAJA.
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3 KeagpatypHeii mogynatop
- Se(t) Si(t)=Spi(t)cos(2nft)

a2 3
= 5 _} |

Undposon | £ % 5 ,E. . cos(2nf.t)

noToK g E E_" g f',[ MeHepaTop

—» 288 g 2 |I(n)+Q(n) | OBN® :
i E FE—> S(0=5(0+5
£8 g © g

- = (e
—3 Sq(t)==Spq(t)sin(2nft)

Pucynox 4.31 - CtpykrypHas cxema uacaibHoro OFDM-moaymnsTopa.

udpoBoii MOTOK MOCTynaeT Ha BXOJI MpeoOpa3oBarTes MocIeA0BaTeIbHON HHPOPMAIIH B
napauienbHyo. Ha Beixoze 3toro npeodpasoBatens GpopMupyeTcs Ko, cocrosimii u3 K 6utos u
COOTBETCTBYIOMINI KCIOab3yeMoit QAM-moyssiuu Hecymux (K = 2 mpu QPSK, Kk = 4 mpu QAM-
16, k = 6 npu QAM-64 wu T.1.). [locnenoBarenbHo Kaxabie K OMTOB TmpeoOpasyroTcs B
MapajuIeNbHBIA KO/, KOTOPBIH MmogaeTcs Ha (hOPMHUPOBATEh CO3BE3MSI, TIPEOOPA3YIOMIHA ATOT KO

B 3HAYCHUA COOTBCTCTBYIOLIUX BCKTOPOB 3B63HHOﬁ JuarpaMmbl, KaK IIOKa3aHO, HAIIPUMCEP, HAa pUC.

4.32.

S e ppe e
e A

QAM=64

Pucro 4.32 - BapuanTtsl curHansHbIX co3e3auii: QPSK, QAM-8, QAM-16, QAM-32 u QAM-64.

[Torox O6uTOB TpaHchopmupyeTcs B GpopmupoBaTene co3Be3aust B MoTok | m Q curHamos:
S(n) = 1I(n) + jQ(n), 1 _n _ 2N + 1, rie 2N + 1 = Ra + Rn. brok oGparHOro ObICTPOTO
npeobpaszoBanusi Oypee (OBIID) npeobpazyer mociae10BaTeNbHOCTH BO BPEMEHHYIO KOMIIEKCHYIO
¢dbynknuro: SB(t) =2_N+1 n=1
[1(n) +jQ(n)] exp(2=jnfUt) = SBI(t) + jSBQ(t),
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rae SBI(t) =2_N+1 n=1

[I(n) - cos(2nnfUt) — Q(n) - sin(2renfUt)] —cundasuas cocraBnsromias curnamra, SBQ(t)
=2 N+1 n=1 [I(n) - sin(2znfUt) + Q(n) - cos(2zxnfUt)] —xkBaaparypHast cocTaBisiOIIas CUrHaIA
(mpeobpa3oBanue cuHpasHOM cocTapistoriei o ['mibpdepry).

Ces3p mexay vactorod fU um xommuectBom Hecymmx uacror 2N + 1 curnama B

UCIIOJIb3YEMOM TMOJ0CE YacTOT MOXKHO MpPEICTaBUTh rpadukom, NMpuBeAeHHbIM Ha puc.l.9, Ha

KOTOPOM M300paXKeHbI aMILTUTY/IbI OTCYETOB cocTaBistomux yactor NfO (n=1,2,...,2N +1).
W+ Q)
(2N,
fur= --
i -
e— |
I T T T
a | 2 3 4 5 =] IR IR

Pucynok 4.33 - I'paduk criekrpanpHbix coctaBisronx OBI®.

B cooTBeTCTBHM CO CXEMOI KBaJpaTypHOTro MOIyJsTOpa 3Tu aBa curHama SBI(t) u SBQ(t)
MIEPEMHOKAIOTCSI COOTBETCTBEHHO Ha CABUHYTHIC 1O (a3e Ha 90° cuHycouaanbHbIe CUTHaIBL. Ha
BBIXO/IaX TIEPEMHOKHTEICH (HOPMHUPYIOTCSI IBE COCTABJISIOIINE:

IN+1

|
Sr(t) = Sgrit) - cos( 2w f ) Z {?rln:” [f"l-"'l':g'ﬁl:]'lf_[_; AR

=1

l
b oos 2x{nfy — f,]] - El:f,j'[n!-- [a—:in'.?r.'-,rn_,l't.- + fo) +sin2mw{nfyr — _,I',]]},

2N +1
1
Sgit) = —5pglt) - sin|2w ft) Z {Ef{n]- [irc:a.-iﬂr.'[n_,l'.-_.- T

=1

l
— cos 2x(nfpr — f,]] - El:f,j'[n!-- [a—:in 2e{nfy + fi) —sn2winfy — f, ]] }

B pesynbraTe cyMMUPOBaHHS AITHX JABYX COCTaBJISIOIIMX OKOHYATEIbHO (HOpMHUpYETCs
BeixogHOM curHan OFDM-monpynstopa. Ilpu stom pasHoctHeie wacToThl (NfO — fS) B3ammHuO

HUCKIIOYaroTCA.
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CTpyKTypHas cxema 1eMOIyJIATOpa

cos|2mf.t)

S(9=510+S()
——

=sin{2nf,t)

KeagpaTypHeliA geMoaynatop

PHY= | Uy(g)

>

Uy(t)=5(t)cos(2nf,t)

Ug(t)==5(t)sin(2nft)

yehnu=
Tenk

OHY-
f

YOANu=
Tenb

y |(n)+Q(n)

Mpeobpasosatens cozsesgui

BN

MpeoBpasosatent cMrHANGCE
8 Napannenkkble Kodsl

B noCcnedoBaTensHbLIM KOO

+ Lindposoi noTok

Puc. 4.35 - CtpykrypHas cxema ueaabHOro JIeMOIyISTOPA.

Ecnu yacrora reneparopa fs Beiopana pasnoii fs = fc + (N + 1) - fU, rue fc -uenrpansuas

qacToTa paguoKaHaia, TO BBIXOJHOM CHUTHAJ OIpeaACIACTCA CIACAYOIHUM COOTHOMICHUCM:

a2N+1

S(t)= > _ {I(n)-cos2n(fc + nfu)t] — Q(n) - sin27(f. + nfy)t]} =

n=1
N

'r't.:—_-"'.'-

MNunoTHele H ecyllme

Hecywme gaHHsIX

MunoTHeIe HecyLMe

H ecylluve OJaHHLIX

Z {I(n)-cos2r(f. +nfu)t] — Q(n)-sin2w(f. + nfu)t]}.

Puc. 4.36. I'pynmoBoii crieKTp HECYIIUX YacTOT.

Ha puc. 4.36 uzoOpaxeHa CTpykTypa TIpyHIoBOro cmektpa Hecymux dactor OFDM-

CUTHaJIa.  3JeCh  YCJOBHO

ITOKa3aHbI

COCTaBJIAOIINEC

CHUHYCOHUOAJIbHBIC

CHUTHAJIBI,

MIPOMOTYJIMPOBAHHBIE COOTBETCTBYIOIIMMU JTAHHBIMU CO3Be3i nuckpeTHo QAM-moaymsiuu. B
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COCTaBe CHUTHAJa MMEIOTCS TAKXKE CIELUAIbHBIC MHJIOTHBIE HECYIIUE, Ha KOTOPBIX MEpeaaeTcs
uHbOpMaIM O TapamMeTpax CHUCTEMBl. JTH MWIOTHBIE HECYIIHE WCIONB3YIOTCS TaKXKe s
o0eCIeYeHNsT yCTOWYMBOW CHHXPOHH3AIMU ¥ KOPPEKITUU XapaKTEPUCTHK B IEMOYIISITOPE.

TakuMm oOpasom, B cucremax ¢ OFDM monynsnueli nepeaaBaemasi nudponas nahopmanus
pa3neneHa Ha OOJBIIOE YHCIO HHU3KOCKOPOCTHBIX IMMOJKAHAIOB, JUIMTEIBHOCTH TAKTOBOTO
WHTEpBAJIa Mepellavyn K0l Hecyllel BechMa BelrKa. Takoe MOCTpOCHUE CUCTEMBI Tpeodpa3yer
IIMPOKOIOJIOCHBI KaHal C OJHOW HeCylmled B OOJBIIOE YHCIO HE3aBUCHUMBIX Y3KOIOJIOCHBIX
KaHAJIOB C YacCTOTHBIM pa3JeliCeHHEM, YTO YIPOUIAeT KOPPEKIHUIO MapaMeTPOB 3aTyXaOILIETo
curHaia. bosiee Toro, psa rpymnm HECYIIMX MOXET OBITh IMOJIHOCTHIO MOJABIICH MPH MPHEME, €CIH
JOTIOJTHUTEIPHO BBOJIUTCS KOPPEKTHUPYIOIIEE KOJUPOBAHHUE JAHHBIX B COYCTAHHUHM C BPEMEHHBIM H
YaCTOTHBIM TIEpEMEKEHHEM. [IpM TakOM MOCTPOSHHHM CHCTEMbI MOIYJISIIIMIO YacTO HAa3bIBAIOT
COFDM (Coded Orthogonal Frequency DivisionMultiplexing — koaupoBaHHOE OPTOTOHAIBHOE
4aCTOTHOE MYJIBTUIUIEKCHPOBAaHUE, pa3HOBUIHOCTH TexHomorun OFDM, coderaromasi KaHaJbHOE
koaupoBanue 1 OFDM).

Ha puc. 4.36 npuBe/icHa CTPYKTypHas CXeMa HJCAILHOTO JIEMOJIYISATOpPa, COJCPKAIICTO
KBaJpaTypHBIN IEMOYISTOP U Psiji IpeoOpa3oBareneit, pOpMHUPYIOUINX NepeIaBaeMyto Iu(POBYIO
nH(pOPMALIHUIO.

B xBasipaTypHOM JIeMOAYIATOPE BXOAHOU curHai S(t) mepeMHOKaeTcs ¢ IByM CABUHYTHIMH

Ha 90° CUHYCOUJAJIbHBIMH CUT'HAJIaMU OHOpHOfI gactotel fs. Ha JABYX BbBIXOJAaX BBIACIIAKOTCA

CUT'HAJIbI:
2N+1 1
Ur(t) = S(t) - cos(2m fst) = Z {if[n) - [cos 2mn firt + cos2m(2fs + nfy)t] —
n=1

_ %Q{nj - [sin 2mn fyrt 4+ sin 2m(2f + nfyr)t] } ,

2N +1

Ug(t) = S(t)-[—sin(2m fst)] = Z { (%I{n} - [sin 2mn fyt — sin 2w(2f + nfy)t] +

n=1
+ %Q{n} - [cos 2mn fut — cos 2m(2fs + nfg}t]} :

OTH JBa CHUTHaJa TIOCTYMAlOT COOTBETCTBEHHO Ha JBa (UIbTpa HUXKHUX YaCTOT U
yCUJIMBAIOTCS B J1Ba pa3za. Ha Bxojbl npeoOpa3oBarens B mapasuieabHble KOJbI IIPU 3TOM MOAAIOTCS

JABa CUI'HaJia:
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2N +1

Ugr(t) = Z [I(n) - cos(2mn fut) — Q(n) - sin(2mn fut)],

n=1
2N +1

Upglt) = Z [I(n) -sin(2mn fiyt) + Q(n) - cos(2mn firt)].

n=1
Takum oOpa3oMm, Ha BXOJ CXEMbI ObIcTporo mpeoOpasoBanus Dypbe MomaeTcs CHUTHAI,
KOTOPBIH MOXKET ObITh IPEACTABJICH B CIEAYIOIIEM BUIC

2N+1

Up(t) = Upi(t) + jUsq(t) = Y [I(n)+ jQ(n)]exp(2mjnfyt).
n=1

OueBugno: mocie npeodOpazoBanusi Dypbe  Qopmupyercs  I1MOCIEIOBATEIHLHOCTD,

OIpeICIISIFOIIasi BEKTOPHI 3BE3/IHOW IMArpaMMBbl:
S(n)=I(n)+jQ(n), 1<n<2N+1,

KOTOpbI€ BBIXOJHBIM MpeoOpa3oBareneM mpeolOpa3yroTcss B IepeaaBaeMyr  HHPPOBYIO

IIOCJIC0BATCIIbHOCTB.

JocTtouncrBa u HegoctaTtku OFDM

ILimrocsl

* Bricokas >(QQEeKTUBHOCTh HCHOIB30BAHUS PAJHMOYACTOTHOTO CHEKTpa, OOBsACHIeMas
MIOYTHU IPSIMOYTOJILHOM opMoii orubarore crekrpa npu O0JIbIIOM KOJINYECTBE MOAHECYIIHX.

* [Ipocras anmaparHasi peanu3aius: 0a30BbIe ONEpay PEATH3yIOTCS METOAAMU U POBOMA
00paboTKH.

» Xopoliee MpOTHBOCTOSTHUE MeKCUMBOIBHBIM TTomMexaM (ISI — intersymbol interference) u
unrepdepenimu mexay noauecymmu (ICI — intercarrier interference).

* BO3MOXHOCTh IPUMEHEHUS PA3TMYHBIX CXEM MOJYJISIIUH JUI KaXIOW MOIHECYIIeH, 4T
MO3BOJISIET AAANITUBHO BapbUPOBATh IIOMEXOYCTOMYNBOCTD M CKOPOCTH Tepeadul HHpOpMaIim.

Munycsl

* HeoOxoamnmMa BeICOKast CHHXPOHHU3AIUS YaCTOTHI M BPEMEHHU.

* YysctBUTENbHOCTE K 3¢dexty J[lomnepa, orpanmumpatonias npumeHenne OFDM B
MOOUJIBHBIX CHCTEMaX.

* He uaeanbHOCTh COBpEMEHHBIX MPUEMHUKOB M MEPEAATYUKOB BBI3BIBAET (Ha30BbIN HIyM,
YTO OIPaHUYUBAET IPOU3BOJUTEIILHOCTh CUCTEMBI.

* 3amuTHBIA uHTEpBal, ucnonb3dyembli B OFDM st 60pbObl ¢ MHOTOJTYYEBHIM

pacnpocTpaHEHHEM, CHUKAET CIIEKTPAJIbHYIO 3 ()EeKTUBHOCTh CUTHAJIA.
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Texunosorus MIMO

MIMO (Multiple Input Multiple Output — MHOKeCTBEHHBII BXOJ] MHOKECTBCHHBIH BBIXOJT) —
3TO TEXHOJIOTHSA, UCTIOJb3yeMas B OectipoBoHbIX cuctemax cBsizu (WIFI, WI-MAX, coToBsie ceTn
CBSI3W), TIO3BOJIAIONIAS 3HAYMUTENBHO YIYYIIUTh CHEKTPAIbHYIO S(PQPEKTHBHOCTh CHCTEMBI,
MaKCUMAaJIbHYI0 CKOPOCTh Tepeladyd JaHHBIX U €MKOCTb CETH. | JIaBHBIM CIOCOOOM JOCTHKEHUS
YKa3aHHBIX BBIIIE MPEUMYIIECTB SBISETCS Nepeadya JaHHBIX OT MCTOYHHKA K IOJy4yaTelllo uepe3
HECKOJIbKO pPajJnl0 COEIMHEHUH, OTKyla JaHHas TEXHOJIOTUA U IMOJIy4Yusia CBOE Ha3BaHUE.
PaccMoTpuM IpeApICTOpHIO TAHHOTO BOIMPOCA, U ONMPEACTNM OCHOBHBIC MPUYHHBI, MOCTYXHUBIINE
LIMPOKOMY pacrpocTpaHeHuto TexHojaoruu MIMO.

HeoOxoauMocTh B BBICOKOCKOPOCTHBIX COEIMHEHUSX, MPEAOCTABISIONIMX BBICOKHE
nokasarenu KadectBa oOciyxuBaHus (Qo0S) ¢ BBICOKON OTKa30yCTOMYMBOCTBIO pacTeT OT roja B
roj. OTOMy B 3HAUUTEILHOU Mepe CIIOCOOCTBYET MOsIBICHUE TakuX cepBrcoB kKak VoIP (Voice over
Internet Protocol), Buaeokondepennmu, VoD (Video on Demand) u np. OgHako OOJBIIUHCTBO
OECrpOBOJHBIX TEXHOJIOTUH HE TMO3BOJSIOT MPEJOCTABUTh AOOHEHTaM BBICOKOE KaueCTBO
o0CITy’KMBaHHUSI Ha KParo 30HBI MOKPHITUS. B COTOBBIX M ApYyrux OECHpPOBOJHBIX CHCTEMAax CBS3U
Ka4eCcTBO COSJAMHEHUS, TAK)KE KaK M JIOCTYITHAsl CKOPOCTh Mepeadn JaHHBIX CTPEMHUTEIBHO 1aaeT
¢ ynaineHueM oT 6a3oBoit cranmuu (BTS). BMecte ¢ 3TuM majgaer u KauecTBO yCIyT, YTO B UTOTE
MIPUBOJIUT K HEBO3MOKHOCTHU MPEIOCTABIICHUS YCIYT PEaJIbHOTO BPEMEHU C BBICOKUM Ka4yeCTBOM Ha
BCEIl TEPPUTOPHH PaaMO MOKPBITHS ceTu. [ pemeHus f1aHHONW MpoOIeMbl MOKHO MONpoOOBaTh
MaKCHUMAaJIbHO TUIOTHO YCT@HOBHTH 0a30BbI€ CTAHIIMM M OPraHW30BaTh BHYTPEHHEE IOKPBHITHE BO
BCEX MECTAaX C HU3KUM YpOBHeM curHaia. OJHAKO 3TO MOTpedyeT 3HAYMTENbHBIX (PUHAHCOBBIX
3aTpaT dYTO B KOHEYHOM CUETe TIPUBEAET K pPOCTYy CTOUMOCTH YCIYITM U CHH)KEHUIO
KOHKYPEHTOCIIOCOOHOCTH. TakuMm oOpa3om, JUIsl pelleHus JaHHOM mpoOsieMbl TpeOyercs
OpPUTMHAIILHOE HOBOBBEICHNUE, HCIIOIB3YIOIIEE, IT0 BOZMOKHOCTH, TEKYIIIUI YaCTOTHBIN TUana30H U

He Tpedyrolllee CTPOUTEIHCTBA HOBBIX OOBEKTOB CETH.

Oco0eHHOCTH pacnpOCTPaHEHUs PAAHOBOJIH

Jnst Toro droOBl TOHATH TNPUHOUINBI AeHCTBUsA TexHosormkn MIMO HeoOxoaumo
paccMOTpeTh OOIMe TPHUHIMIIBI PACIpPOCTPaHEHUs Paao BOJH B MPOCTpaHCTBE. BoiHBI,
M3JIy4aeMble Pa3IMYHBIMU CUCTEMaMU OECIIPOBOIHON paauocBs3u B nuamnazone cpwime 100 MI,
BO MHOTOM BeJyT ce0s Kak CBeTOBBIC Tyud. Korma paaroBOHEI IPH pacpOCTPAHEHUH BCTPEYAOT
KaKylo-Tu00 TOBEPXHOCTh, TO B 3aBHUCHUMOCTH OT MaTepHalia M pa3Mepa MPEnsTCTBUS YacTh
SHEPruU MOTJIONIAETCS, YaCTh MPOXOJUT HACKBO3b, a OCTaBIIasICs — oTpaxaercs. Ha cooTHomeHue
JI0JIEN MOTJIOMIEHHOM, OTPAaXEHHOW W MPOIIEANIe HACKBO3b YacTEH IHEPTHil BIMSET MHOMXECTBO

BHCITHUX (I)aKTOpOB, B TOM 4YHCJIIC M YaCTOTa CHIHaJa. HpI/Iqu OTpa)XCHHad U IMpomeanias
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HACKBO3b DOHCPTHUU CUTHAJIA MOTYT U3MCHUTH HAIIPABJICHUC CBOCTO I[&JILHGﬁHIGI‘O pacrnpoCTpaHCHUA,

a CaM CUrHaj p336I/IBaCTCH Ha HECKOJIBKO BOJIH.

Mpenarcreue

YacTtb aHeprum
L~ nornorunacb

Ya 3Heprum
npowna KBO3b

Puc. 4.37. PacipeiesieHne SHEPruy CUTHAJIA MTPU B3aUMOJICHCTBHH C TPETISITCTBUEM.
PacnpocTpansromuiics 110 BbIIEYKa3aHHBIM 3aKOHAM CUT'HAJI OT MCTOYHHUKA K ITOIY4aTeIIro
1ocjae BCTPEYM C MHOTOYMCIIEHHBIMHU IPENATCTBUSIMU pa30MBaeTCs HAa MHOXKECTBO BOJIH, JIMILb
4acTh U3 KOTOPBIX JOCTUTHET NpueMHUK. Kaxas u3 gomenmux 10 NpueMHUKa BOJIH 00pa3yeT Tak
Ha3blBAEMBIM IIyThb pPacnOpoCTpaHeHUs CurHaga. [IpuueM wu3-3a TOro, 4YTO pa3HbIE BOJIHBI
OTPaXKaroTCs. OT PA3HOI'O YMCJIA MPENATCTBUM M IMPOXOAAT PAa3HOE PACCTOSIHUE, PA3JIMUYHBIE ITyTH

HUMCIOT PAa3HBIC BPEMCHHBLIC 3a/ICPIKKU.

Puc.4.38. [Ipumep MHOTOTy4€BOTO pacpOCTPAHECHUS CUTHATIA.
B ycroBusiX MIOTHOM TOPOACKONW MOCTPONKH, W3-32 OONBIIOTO YHCIA MPEMITCTBUN, TaKUX
KaK 3/1aHusl, JIEPEBbS, aBTOMOOWIM W JIp., OYCHb YaCTO BO3HHKAET CHUTYaIlHs, KOTJa MEXIYy
aboHeHTCKUM obopynoBanueM (MS) u antenHamu 06azoBoil ctanuuu (BTS) orcyrcrByer mpsimas
BUAUMOCTb. B 3TOM cCilyyae, €IMHCTBEHHBIM BapUAaHTOM JOCTH)KEHUS CHUTHAJla IPUEMHHKA

SABJIIFOTCA OTPAKCHHBIC BOJIHBIL. O,Z[HaKO, KakK OTMCYAJIOCh BbIIIC, MHOI'OKPATHO OTpa)KeHHLIﬁ
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CUTHaJ YK€ He o0JlajjaeT HMCXOJHOW SHEprueil m Moxker mnpuiTu ¢ 3amoznanueM. OcoOyro
CIIO)KHOCTh TaKXe Cco3AaeT TOT (akT, 4TO OOBEKTHl HE BCEr/la OCTAIOTCA HEMOJBHKHBIMU U
00CTaHOBKA MOXET 3HAYUTEIbHO M3MEHHUTHCS C TEUEHUEM BpEeMEHHU. B CBs3u C 3TUM BO3HHKAET
npobieMa MHOTOJIYYEBOTO paclpOCTpaHEHHs] CUTHala — OJHA M3 Hamboyiee CYIIECTBEHHBIX
po6JeM B OeCIIPOBOIHBIX CHCTEMAX CBSI3H.

s 6oppOBI C MHOTOJIYY4EBBIM PACIpPOCTPAHEHUEM CHTHAJIOB MPUMEHSETCS HECKOJIBKO
pasnuuHbIX pemeHuii. OmHONM W3 Hamboyee paclpOCTPaHEHHBIX TEXHOJIOTHH sBsieTcs Receive
Diversity — pasnecennbiii npuem. CyTh €ro 3akjiiuacTcs B TOM, YTO JUIs IpHeMa CHUTHaia
UCTOJIB3YeTCsl HE O/IHA, a CPa3y HECKOJIbKO aHTEHH (OOBIYHO JIBE, PEKE YETHIPE), PACIIONOKEHHBIE
Ha PacCTOSHUM JAPYr OT Jpyra. Takum oOpa3oM, IoyiydaTeib UMEET HE OJHY, a cpa3y JBE KOIUU
MEepPEelaHHOTO0 CHUTHANIa, MPUIIEANIET0 PA3IMYHBIMU MYTSIMH. OJTO JaeT BO3MOXKHOCTh COOpath
0O0JIbIIIe PHEPTUM WCXOJHOTO CHTHANA, T.K. BOJHBI, MIPHHSITHIE OJHOW aHTEHHOW, MOTYT HE OBITh
IPUHATBIMU IpYTroi U Ha000poT. Takke curHaibl, IPUXOAAIIUE B IPOTUBO(]A3E K OJJHON aHTEHHE,
MOTYT TPUXOJUTh K APYrol cuHdaszHo. DTy CXeMmy OpraHU3aluu paauo uHTepdeiica MOKHO
HaszBarh Single Input Multiple Output (SIMO), B mpotuBoBec ctanmapTHoi cxeme Single Input
Single Output (SISO). Taxke MOXeT OBITh MPHUMEHEH OOPATHBIA MOIXOMA: KOTJA UCIOJIb3YeTCS
HECKOJIbKO aHTEHH Ha Mepeaady u OfHa Ha mpueM. braronapst 3ToMy Takke yBEIMYMBAETCS 0OIIast
SHEPrusi UCXOAHOTO CUTHAJA, MOJTYYeHHAs NMPUEMHUKOM. JTa cxema HazbpiBaeTcsa Multiple Input
Single Output (MISO). B o6eux cxemax (SIMO u MISO) HeckonbKO aHTEHH YCTaHABIUBAIOTCS HA
cTopoHe 0a30BOW CTaHIWH, T.K. PEATM30BAaTh pPa3HECEHHE AHTEHH B MOOWMJIHLHOM YCTPOMCTBE Ha
JIOCTaTOYHO OOJBIIOE PACCTOSHUE CIOXKHO 0€3 YBEIMYeHHs TadapuTOB CaMOI0 OKOHEYHOI'O

000pyIOBaHUS.

W=

—

/ > o

Single Input Multiple Output Mhlliple Input Single ()utpﬁt

Puc. 4.39. IlpumeHeHue HECKOTBKUX aHTEHH
B pesynbrare gampHeMIIMX paccykKA€HUH MBI puxoauM Kk cxeme Multiple Input Multiple
Output (MIMO). B sToM ciydae ycTaHABIMBAIOTCS HECKOJBKO AaHTEHH HA TIEpenady U TPUEM.
OnmHako B OTIIMYME OT YKa3aHHBIX BBIIIE CXEM 3Ta CXeMa Pa3HECEHHs ITO3BOJISIET HE TOJBKO
00pOTbCS C MHOTOJIYYEBBIM pPACIPOCTPAHEHHEM CHUTHAlIa, HO U IMOJYyYUTh HEKOTOPHIE
JIONIOJTHUTEJbHBIE MPEUMYIIECTBA. 3a CUeT HCIIOJIb30BaHUS HECKOJbKUMX AHTEHH Ha mepeaaye u

npueme Kaxgoi nape, HepeHaIOHlCﬁ/HpHCMHOﬁ aHTEHHE MOJKHO COIIOCTaBUTh OTICIbHBIN TPAKT
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s nepenaun uHpopManuu. [Ipu 3ToM pa3HeceHHBINH MprueM OyAeT BBIMOIHITHCS OCTABIIUMUCS
aHTeHHAMHU, a JJaHHAs aHTE€HHA TaK)Ke OYyJeT BBIMOJIHATH (GYHKIMH JOMOJIHUTEILHOW aHTEHHBI IS
JIpYrUX TPAKTOB IepeAadd. B pesynbraTe, TEOPETUUECKH, MOKHO YBEIUYUTh CKOPOCTh INEepeaadu
JAHHBIX BO CTOJBKO pa3, CKOJBKO JOIMOJIHUTENIbHBIX AHTEHH OyJeT HCHoJib3oBaThecs. OaHAKO
CYILIECTBEHHOE OTPaHUYEHUE HAKJIAIBIBAETCS KAU€CTBOM KaXKJIOTO PaJMo TPakKTa.

HpuHuun pa6oTsl U cTpyKTYpHasi cxema MIMO

Kak yxe oTMedanocs Bbllle, 1yl opraHu3anuu TexHojgorun MIMO HeoOxonuMa ycTaHOBKa
HECKOJIbKUX aHTCHH Ha Tepearonieid 1 Ha npueMHoOi ctopoHe. OObIYHO YCTaHABIIMBACTCS PAaBHOE
YUCJIO AHTEHH Ha BXOJE M BBIXOJIE CHUCTEMBI, T.K. B 3TOM CJly4ae JOCTUTAETCs MaKCUMasbHas
CKOpPOCTh Tepefaur JaHHbIX. UTOOBI MOKa3aTh YUCIO aHTEHH HA MpHEME U Iepeaaye BMecTe C
HazBanueM TexHonoruu «MIMO» o0br4HO ynmommuHaeTcsi ob6o3HaueHue «AxBy», rme A — uymcno
AHTEHH Ha BXOJ€E cucTtemsl, a B — Ha Beixoje. [lox cucremoii B JaHHOM Cilyyae MOHUMAETCS Paauo
COEUHECHHUE.

Hns pabotel Texnoiorun MIMO HeoOXoAMMBI HEKOTOpPbIE U3MEHEHHUSI B CTPYKType
nepenaTyvKa Mo CPaBHEHHIO C OOBIYHBIMH CHCTeMaMu. PaccMOTpUM NUIIb OJUH U3 BO3MOXKHBIX,
Hanboliee TPOCTHIX, CMOCO00B opranm3amuu TexHoimorun MIMO. B mepByro odepenb, Ha
nepeAaronieil CTOpoHe HEOOXOIUM JCNIUTENb IOTOKOB, KOTOpPBIM OyJeT pas3ienisaTh IJaHHBIC,
MpeAHa3HaYEHHbIE IS MepeJayl Ha HECKOJIbKO HU3KOCKOPOCTHBIX MOAIOPOrOB, YUCIO KOTOPBIX
3aBUCHUT OT yucia auteHH. Hanpumep, s MIMO 4x4 1 ckopoCTH MOCTYIIEHNS BXOJHBIX JTaHHBIX
200 Mo6wuT/cex nenutenb Oynet co3naBarh 4 motoka mo 50 MOut/cek kaxapiid. Jlanee KakIbIil ux
JAHHBIX TOTOKOB JIOJDKEH OBITh MepelaH 4epe3 cBo aHTeHHY. OOBIYHO, aHTEHHBI Ha Iepesaye
YCTaHABIUBAIOTCS C HEKOTOPHIM MTPOCTPAHCTBEHHBIM Pa3HECEHHEM, YTOOBI 00ECTIEUNTh KaK MOKHO
OoJjblliee YUCIO TMOOOYHBIX CUTHAJIOB, KOTOPBIE BO3HHUKAIOT B pe3yibTaTe MepeoTpakeHui. B
OJIHOM M3 BO3MOXKHBIX CIIOCOO0B opraHuzamnuu texHosornn MIMO curnan nepegaercst OT Kaxaou
AQHTEHHBI C Pa3JIMYHON TMOJSAPU3AIMEH, YTO TMO3BOJISIET HMIACHTU(PHUIIUPOBATH €T0 TPHU TPUEME.
Ongnako B mpocTeWlIeM Ciaydae KaxkIblii M3 TMEpeIaBacMbIX CUTHAJIOB  OKa3bIBAeTCs
MIPOMapKUPOBAHHBIM CaMOU cpenoil mepenayu (3aaep>KKOid BO BPEMEHHM, 3aTyXaHUEM M JPYTHMH
HCKaKCHHSIMHU ).

Ha mpuemHO# CTOpOHE HECKOJIBKO aHTEHH MPUHUMAIOT CUTHAI W3 pamuoddupa. [Ipuuem
AHTEHHb HA TPHEMHOM CTOPOHE TAKXKE YCTAHABJIMBAIOTCSA C HEKOTOPHIM TPOCTPAaHCTBEHHBIM
pa3HeceHHeM, 3a CYeT Yero OOEeCHeuMBaeTCs pPAa3HECEHHBIH TNpueM, OOCYXKIaBIIUNCS paHee.
[IpuHsATBIE CUTHANBI MOCTYNAIOT HA TPUEMHUKH, YUCIO KOTOPHIX COOTBETCTBYET UMUCIY AHTEHH U
TpakToB mepenayu. [Ipudyem Ha Kakapld W3 MPUEMHUKOB TMOCTYIAIOT CUTHAIBI OT BCEX AHTCHH
cucteMbl. Kaxkplii U3 TaKMX CyMMaTOpPOB BBIJEISIET M3 OOIIEro MOTOKA YHEPTHUI0 CUTHAJA TOJIBKO

TOr0 TpakKTa, 3a KOTOpLIfI OH OTBCYACT. I[enaeT OH 93T0 MO0 1O KaKOMy-.III/I6O 3apaHeC
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MPEeIyCMOTPEHHOMY TPU3HAKY, KOTOPHIM OBUI CHAaOK€H KaXKIbli W3 CUTHAJIOB, JUOO Onaromaps
aHaM3y 3aJCPKKH, 3aTyXaHus, caBura (asbl, T.e. HAOOPY MCKOKEHWH WM «OTIIEYATKY» CPEIIbI
pacnpoctpanenus. B 3aBucuMoctu ot mpuHiuna pabotsl cucteMbl (Bell Laboratories Layered
Space-Time - BLAST, Selective Per Antenna Rate Control (SPARC) u T.1.), nepenaBaembiit
CHTHAJI MOXET IOBTOPSTHCSA 4Yepe3 OMpeJesieHHOE BpeMs, OO mepenaBaTbcs € HEOOIBIION

3aJIep’KKON yepes Ipyrue aHTCHHBI.

MIMO 2X2

Mohnordkn

Cymmarop

Oenurens

MNexoaHbin noTokK
uHdbopmaymnm

Puc. 4.40. ITpunnun opranuzamun Texnonorun MIMO

B cucreme c texnonormeit MIMO MoxeT BO3HUKHYTH HEOOBIUHOE SIBIEHHE, KOTOpPOE
3aKJIFOYAETCs B TOM, YTO CKOPOCTH Iepeiauu JaHHBIX B cucteMe MIMO MOXeT CHU3UThCA B ciiydyae
MOSIBJICHUSI IPSIMOM BUAMMOCTH MEXAY UCTOYHHUKOM M MPUEMHHKOM CUTHaja. ITO 00YCIIOBJIEHO B
MEPBYI0 OYepelb YMEHbBIIEHUEM BBIPAKEHHOCTH HCKAXEHUM OKpYKaIoLEro MpOCTPaHCTBA,
KOTOpBIM MapKUpYyeT KaXKIblil M3 CUTHaJIOB. B pe3ynpTaTe Ha NPUEMHON CTOPOHE CTaHOBUTCS
NpoOJEeMATUYHBIM Pa3/eiIUTh CUTHAJIBI, 1 OHM HAUYMHAIOT OKa3bIBaTh BIMSHUE JPYr Ha JIpyra.
TakuM oOpa3om, 4yeM BBILIE KAa4€CTBO PAJAMO COEAUMHEHMS, TEM MEHbIIE MPEUMYIIECTB MOXKHO
nosyauts or MIMO.

IIpumenenne MIMO

Texnonorus MIMO B nocnegHee AECSITUIETHE SIBISETCS OAHMM M3 CAMBIX aKTyaJbHBIX
CHOCOOOB YBEIMYEHHUS MPOMYCKHON CIHOCOOHOCTM M €MKOCTH OeCHpOBOJHBIX CHCTEM CBSI3H.
PaccmoTrpum HekoTopsle npumeps! ucnosibzoBanuss MIMO B paznuyHbIX cCUCTEMAX CBS3H.

Cranpapt WiFi 802.11n — oaun u3 Haubosiee ApKUX NPUMEPOB HCIIOJIb30BaHHS TEXHOJIOTUU
MIMO. CornacHo eMy, OH TO3BOJSI€T MOJJAEpKUBaTh cKopocTb a0 300 Mo6ut/cek. Ilpuuem
npeasiaymuid craaaapt 802.11¢g mo3Bossut mpenocTanisaTh aumnb S0 Mout/cek. Kpome yBennuenus
CKOPOCTH TIepeJlauM JTaHHBIX, HOBBIN cTaHmapT Omaromaps MIMO Takke mo3BojisieT 00ecreunThb
Jy4IIue XapaKTepUCTUKH KauecTBa 0OCITYy)KHBAaHUS B MECTaxX ¢ HU3KUM ypoBHeM curHaia. §02.11n

UCIIONIB3YETCSl HE TONBKO B cHcTeMax Touka/MHorotouka (Point/Multipoint) — HauGonee
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NPUBBIYHOM HUIE HCroab30BaHus TexHonmorun WiFi mms opranmsamun LAN (Local Area
Network), HO U UId OpraHM3allMd COCIUHEHUH THUIA TOYKA/TOYKAa KOTOPBIE HCHOJIB3YIOTCA VIS
OpraHu3al MarucTpajJbHBIX KaHAJIOB CBS3M CO CKOPOCTBIO HECKOJBKO COTeH MOuT/cek u
[IO3BOJISIIOIIMX M€peAaBaTh JaHHBIE HA IECATKH KMJIOMETPOB (10 50 km).

Cranmapr WiMAX Tarke UMEeT JiBa pein3a, KOTOPbIE PACKPHIBAIOT HOBBIE BO3MOXXHOCTH
nepea moJsib3oBaTeasiMu ¢ momoinisto TexHojgorun MIMO. Ilepreiii — 802.16e — mpemocTaBiseT
yCIyrd MOOWJIBHOIO LIMPOKOINOJIOCHOTO JocTyna. OH MO3BOJISET nepelraBaTb MHGOPMALHIO CO
ckopocThio 0 40 MOuUT/cex B HanmpaBlIeHUU OT 0a30BOM CTAHIIMU K a0OHEHTCKOMY 000PYIOBAHHMIO.
Opnako MIMO B 802.16e paccmarpuBaeTcsi Kak OILUS M HUCIHOJb3YyeTCS B IPOCTEHIIEH
koHpurypamuu — 2x2. B cnenyromem penuse 802.16m MIMO paccmarpuBaeTcs Kak 00s13aTebHas
TEXHOJIOTHS, C BOBMOXKHOU KoHurypauueit 4x4. B nannom cnygyae WiMAX yxe MOXKHO OTHECTH K
COTOBBIM CHCTEMaM CBSI3U, @ UMEHHO YETBEPTOMY HX IIOKOJEHHIO (32 CUET BBICOKOM CKOPOCTH
nepefayd JaHHBIX), T.K. 00JamaeT psAoM NPUCYIIMX COTOBBIM CETSM NPU3HAKOB: POYMHHT,
X3HJI0BEP, TOJIOCOBBIE COeMHEHMs. B ciydae MOGMIIBHOTO UCIIOIBb30BaHUs, TEOPETUUECKU, MOKET
ObITh JocTurHyra ckopocts 100 MOut/cexk. B (puKCMpOBaHHOM HCHOJIHEHUH CKOPOCTh MOXKET
nocturath 1 I'out/cex.

HaubGonpmmii vHTEpEC MpeacTaBiseT Hcnonb3oBaHue TexHojgorun MIMO B cucremax
COTOBOM CBs3U. JlaHHAs TEXHOJIOIMS HAXOAUT CBOE MPUMEHEHUE, HAUMHAS C TPEThEro NOKOJIEHUS
cucreM coToBoi cBs3u. Hanpumep, B ctannapre UMTS, B Rel. 6 oHa ucnonb3yercs COBMECTHO C
texnonorueit HSPA ¢ momnepxkoii ckopocreir g0 20 Mout/cex, a B Rel. 7 — ¢ HSPA+, rne
CKOpOCTH Tiepenayu JaHHbiXx gocturatoT 40 Mout/cek. Ognako B cucremax 3G MIMO Ttak u He
HaIUIa [MHAPOKOrO MPUMEHEHHUS.

Cucrempl 4G, a umenHo LTE, rtaxxke mnpenycmarpuBaroT wucnonb3zoBanue MIMO B
KoH(purypauuu 10 8x8. OTo B T€OpUU MOXKET J1aTh BO3MOKHOCTH I1€pPE/IaBaTh JaHHbIE OT 0a30BOM
cTaHIuu K aboHeHTy cBbiiie 300 Mout/cek. Takyke BaKHBIM MOJOKUTEIFHBIM MOMEHTOM SIBJISIETCS
YCTOMYMBOE KadyeCTBO COEAMHEHMs AaK€ Ha Kparo coTbl. [Ipm STOM naxe Ha 3HAYUTEIBHOM
yIaJIeHuu OT 06a30BOM CTAHIUM, WM MPU HAXOKACHUH B TIYyXOM MOMEUIeHUH OyaeT HaOiroaaThCs
JIUIIb HE3HAYUTENIbHOE CHIYKEHNE CKOPOCTHU Nepejaur JaHHbIX.

Takum o0pazom, TexHosoruss MIMO HaxoIuT npUMeHEHHE MPAKTUYECKH BO BCEX CUCTEMax
OecipoBOHOW Tiepenaund JaHHBIX. [IpuyemM TmMOTeHIMAn ee He wucuepmaH. Yxke ceiuac
pa3pabaTbIBalOTCS HOBBIE BApHAHTHl KOH(UIypalMd aHTEHH, BIUIOTh a0 64x64 MIMO. Dto B
OyaylieM MO3BOJUT JTOOUTHCS elle OONIBIIMX CKOpOCTe mepenady aHHBIX, €MKOCTH CETH U

CHEKTpaJIbHOU 3(h(PEeKTUBHOCTH.
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3aganue Ha J1a00paTOPHYIO padoTy
s uccnepoBanuss OFDM:

1. Hsmenss BepostHocts Hyns (probability of a zero) or 0 mo 1 ¢ marom 0,1 cHSTBH
3aBHCHMOCTB YaCTOTBI OIIMOOK OT BEPOSATHOCTH HyJIs1. [TocTpouTs rpaduk.

2. Wsmensis otHomenue curHan/mym oT O nb mo 20 nb c¢ marom 4 cHATH 3aBHCHMOCTB
YaCTOTHI OIUOOK OT OTHOIICHHUS CUTHAII/TITYM.

3. Cusarp cosBesmue «IFFT + white noise on amplitude Constellationy mis 3HadueHui

oTHomIeHus curHan/mym 5 1b, 10 nb, 20 ab.

Cxema uccnegoanusi OFDM npencrasnena Ha pucynke 4.41:

Bernoulli ——— —— Rectangular L IFFT >
Binary 18-QAM
Bernoulli Binary Rectangular QAM IFFT |FFT corsteliation
Generator Modulator
Baseband
» 0.7277 YacTora owwior
Tx Emor Rate E a
C alculation 1 484+ OGwee vucno cwwior AWGN
—{ Rx » = L AWGN
L-DEBE"'DE] Ofwee uMCNo CpagHeHUi Channel
Emor Rate
Calculation
Emar rate H
L—— Rectsngular ’ FFT i
16-0ANM
Rect lar AM FFT - - "
anguiar LA IFF T+ white noise on amplitude
Dremodulator Constellation

Baseband

Constellstion after FFT to the
noisy IFFT

Puc. 4.41. Monens MATJIADB mis uccinenoBanus cucremMsl OFDM.
B pabote ncnonp3oBaHbl ciaenyromue OJ10Ku:
1) Bernoulli Binary Generator — rermepatop 1ceBI0CTyYaifHbIX YHUCEIL.
2) QAM — monymnsTop.
3) bnok obparHoro 6sicTporo npeodbpazoBanus Oypbe.
4) broxk AWGN (kaHai ¢ mrymom).
5) brioxk QAM-nemoynsropa.
6) Brnok noxcuéra ommooK.
B mnactpoiikax Onoka renepatopa IICII 3amaroTcs mnapamerpbl: BEpOSTHOCTb HYJIS;

Ha4YaJIbHOC YHCJIO; BPpEMA BBI60pKI/I; THUII BBIXOOHBIX JaHHBIX.
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Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Farameters

Probability of a zero: | 0.5 |

Initial seed: |61 |

Sample time: |stime |

Frame-based outputs

Samples per frame: |nbelem * log2(M) |

Output data type: |double - |

0 | OK || Cancel || Help | Apply

Puc. 4.42. Hactpoiiku 610ka reneparopa [ICIT

Rectangular QAM Modulator Baseband

Modulate the input signal using the rectangular quadrature amplitude
madulation method.

This block accepts a scalar or column vector input signal.
The input signal can be either bits or integers. When you set the 'Input

type' parameter to 'Bit', the input width must be an integer multiple of the
number of bits per symbal.

Main Data Types

Farameters

M-ary number: |16

Tnput type: | Integer

Constellation ordering: |Gra'y

Mormalization method: |Min. distance between symbols

Minimum distance: |2

Phase offset (rad): |0

View Constellation

Q Help | Apply

Puc. 4.43. Hactpoiiku QAM — monynsaTopa
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IFFT (mask) (link)

Compute the inverse fast Fourier transform (IFFT) across the first dimension of the input. When you set the 'FFT
implementation' parameter to 'Radix-2', the FFT length must be a power of two.

Parameters

FFT implementation: | Auto 7

[ Input is in bit-reversed order

[ Iput is conjugate symmetric

Divide output by FFT length

Inherit FFT length from input dimensions

0 ‘ 0K || Cancel || Help ‘ Apply

Puc. 4.44. Hactpoiiku 610ka npeodpasobanus Oypbe

AWGHM Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based)

Initial seed:
67

Mode: | Signal to noise ratio (SNR)

SNR (dB):
10

Input signal power, referenced to 1 ohm (watts):
1

7] OK || Cancel | Help

Puc. 4.45. Hactpoiiku 6J10Ka KaHaia ¢ IyMaMu

302



Rectangular QAM Demodulator Baseband 2
Demodulate the input signal using the rectangular quadrature amplitude modulation method.

This block accepts a scalar or column vector input signal.

When you set the 'Output type' parameter to 'Integer’, the block always performs Hard decision demodulation.

When you set the 'Output type' parameter to 'Bit', the output width is an integer multiple of the number of bits per symbol. In thic
case, the 'Decision type' parameter allows you to select 'Hard decision’ demodulation, 'Log-likelihood ratio' or "Approximate log-

likelihood ratio'. The output values for Log-likelihood ratio and Approximate log-likelihood ratio decision types are of the same
data type as the input values.

Main | Data Types

Parameters
M-ary number: ‘ 16
Normalization method: ‘Min. distance between symbols v

Phase offset (rad): ‘0

|
|
Minimum distance: ‘2 ‘
|
|

Constellation ordering: ‘Gray v
W

< >

0 ‘ 0K | ‘ Cancel | | Help | Apply

Puc. 4.46. Hactpoiiku QAM-nemoynsaropa

Compute the error rate of the received data by comparing it to a
delayed wversion of the transmitted data. The block output is a three-
element vector consisting of the error rate, followwed by the number of
errors detected and the total number of symbols compared. This vector
can be sent to either the workspace or an output port.

The delays are specified in number of samples, regardless of whether
the input is a scalar or a vector. The inputs to the "Tx' and 'Rx' ports
must be scalars or column vectors.

The 'Stop simulation' option stops the simulation upon detecting a target
number of errors or a maximum number of symbols, whichever comes
first.

Parameters

Computation delay:
|0

Computation mode: | Entire frame

Output data: | Port

[ reset port
[] stop simulation

9

Puc. 4.47. Hactpotiku 6510ka moacuéra ommbok
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I[J'HI MOCTPOCHUS 3aBUCUMOCTHU YaCTOThI OIIIMOOK OT BCPOATHOCTU HYJIAA HY?>KHO B I'CHCPATOPC

I1CIT usmensits 3Hauenue «probability of a zero» or 0 go 1.

#i Source Block Parameters: Bernoulli Binary Generator Y

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

FParameters

Probability of a zero: 0.2
Initial seed: 61

Sample time: stime
Frame-based outputs

Samples per frame: nbelem * log2(M)

Output data type: ’double -

YgcToTs owwiok
OBuwee ywcno cwWsoK
-.' Cfyes WHCND CRAEHEHWNA

Emror rate

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

O T T T T T 1
0 0,2 0,4 0,6 0,8 1 1,2

BepoATHOCTb HyNA

BepoATHOCTb OWN6KHN

Puc. 4.48. 3aBHCHMOCTH YaCTOTHI OIIMOOK OT BEPOSITHOCTH HYJIS
Jis TOCTpOeHHs 3aBUCHUMOCTH YacTOTHI OMIMOOK OT OTHOIICHHUS CHUTHAJ/IIYM HYKHO B

0JI0Ke KaHaJa ¢ IyMaMu U3MeHsITh 3HaueHue «probability of a zero» ot 0 ab 10 20 nb.
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& Function Block Parameters: AWGN Channel ﬂ
AWGN Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based) -

Initial seed:

67

Mode: ’Signal to noise ratio (SNR}) -

SNR (dB):
2

Input signal power, referenced to 1 ohm (watts):
1

YscToTa owwEok
TEY e Ofuyee wicno owwSor
e

DEwee YHCND CRAEHEHNH

Emror rate

0,9

0,7
0,6

0,5 \
y h

\ —o—Psapl
0,3

02 \

0,1

0 T T 4 1
0 10 20 30 40

SNR

BepoATHOCTb OWN6KU

Puc. 4.49. 3aBHCHMOCTH YaCTOTHI OIIMOOK OT OTHOIICHHS CUTHAJI/TITYM

Ha PUCYHKaxXx HHXKC IMPCACTABJIICHBI CO3BE3AUA I Pa3JIAYHBIX 3HAYCHHUIH OTHOIICHHS

CUTHAJI/IIyM:
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4] IFFT + white noise on amplitude Constellation

File Toels View Simulation Help k]

@-lOPE -8 -F- 8 b

Running T=20.353

Puc. 4.50. Co3Be3nue ass 3Ha4eHHs OTHOLIEHUS curHai/mym 5 nb.

4] IFFT + white noise on amplitude Constellation = B

File Tools View Simulation Help ¥

@-Wb@® - Q-K- 8 E

Running T=3.793

Puc. 4.51. Co3Be3nue ans 3HaYeHHs oTHoIeHUs curHan/mym 10 nb.
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4] IFFT + white noise on amplitude Constellation

File Toels View Simulation Help ¥

8- 0PE| & @B

Running T=2.048

Puc. 4.52. Co3Be3nue A 3HaYeHHs oTHoeHus: curHan/mym 20 nb.

st uccaenopanusa MIMO:

1. Msmensst SNR, dB (signal noise rate) B 6;10ke Model Parameters ot 0 g0 30 ¢ marom
5, cuarpe 3aBucuMmocth FER (wacrorsr ommbok B kazape) or SNR. Iloctpouts rpaduk s
amantuBHoro ciyvas MIMO. 3adukcupoBaTh XapaKTepUCTHKH CHrHajda u3 Onoka Signal
Visualization (aBoiiHo# miem4oK, pucyHok 3.16).

CrpaBka. B aganTuBHOM cilydae cucTeMa aBTOMATUYECKH IMOJICTPAUBAETCs MOJ YCJIOBUS B
KaHaje moj 3agaHHoe B Onoxke Model Parameters snauenue FER. Jlns BKIIOYEHHMS aganTHBHOIO
ciyyas B Osioke Adaptive Control Panel HyXHO BbICTaBUTH MEPEKITIOUATEIH B COOTBETCTBYIOIIUE
TIOJIOKECHHS.

2. [TepeBectn mepekmovarenun B Onoke Adaptive Control Panel B monoxenws,
COOTBETCTBYIOIIME PYYHOMY BBOJYy KOJIMYECTBA aHTEHH (PUCYHOK 3.15).

Usmensss SNR, dB (signal noise rate) B 6iioke Model Parameters ot 0 10 30 ¢ marom 5,
cHATB 3aBrcUMOCTh FER (wactorer ommbok B kaape) ot SNR. Ioctpouts rpaduk. 3aguxcupoBars

XapaKTepUCTHKH curHaia u3 Oioka Signal Visualization.

307



VARIABLE

CODE

SIMULIMEK

Jesktop

[¥]
S

Command Windaow

>> commadaptivemimo

fx o>

Puc. 4.53. Komanna misa co3manus cxeMsl ucciaegosanuss MIMO

Model Parameters

Frame 120 H H
e o AdaEtwe MIMO Sﬂm with OSTBC| .
Target FER 2.0a-01
Max. ermor count 500
JL Max. frame count  Sa+06 OSTBL Encoder m w
— hit
O @ [800:4] ]
Bermoulli [1201 aPsK [50x1] ‘I Tl 124]
_ . Mu pethe BOxdl [1e
Binary [13d0x1] B0%1] LR Blxdly | vy
— = & &
Bernoulli Binary OPSK Modulatar = &
Genarator MIMO
Channel
0,190 FER e = -
[120%1]| Frame Error Rate |3 500 g
Calculation T # error
250 [80x4]  [[e0xtedxd]
[1p0ei] # framas @ |EI:I:<4]-‘
Performance Display AWGHN
Charpel
. [FER] tHxSi g]> [B0x4] _Ha0xd]
o L
ML —
Bl 1) L.g.c.x.ﬁec,ewed Signal
QPSK L reSag
[120x1] e 4
osthc_combiner Lﬁﬁ'ﬂl“x‘*]
Sym] enEst
QPSK Demodulator [60x1]
Received Symbols OSTBC Combiner
Manually Top: Manual
epecify Mt Bottom: Adaptive
2 ]
Signal
c- » Target FER Nt No. of fransmitters Visualization
Target FER  |[FER]} Actusl FER Nr[—1 . _Q“-.& Duubl:r-:;cktu
ope SE
] Adaptation Algorithm N —@
Mo of receivers
Manually Top: Adaptive
specify Mr Baottom: Manual
Adaptation Control Panel Signal Visualization

Puc. 4.54. Cxema mns uccnenosauus MIMO.
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Manually Top: Manual

specify Mt Bottom: Adaptive
: > D\"‘o-
L[ '
- | Target FER Nt b2 EFUTER I

Target FER  ([FER]; Achusl FER Nef— p o,
: e~ ™ ]

Manually Top: Adaptive
spacify Nr Baottom: Manual
Adaptation Control Panel e

Puc. 4.55. Hactpoiika 61oka Adaptation Control Panel mist uccnenosanus cinydas MIMO 4x4.

] Figure 1 Fo o s
File Edit View Insert Tools Desktop Window Help o
n_bl_ﬁjlﬂu.’;? [:3 f\-ﬁx-@@gﬂvﬂa DlEl m O

FER as a function of time Number of transmit & recelve antennas

10 5
4t
107"}
3 L
. 27
107 1
-1 L
10 : : : : : 0
Recelved signal 3 Recelved signal 4 Recalved sy mbols
1 : ..-‘...‘ p 17™ t"‘t" " . 1.5 -
i ':-"'-' =.' "'.-.;.. *1 *s :-':"' * "1-}‘
Qf==* = % “al q R 1 =L
s oeea et e RN T
1) o u “wd sl qf . P ] 057
- L L . - .‘
Recelved signal 1 Re celved signal 2 - s
]
|= 1! : ! & m -® -
! -l:-'.:-;'}- : ! . -5 2" 0.5 .
= '- '._ " ‘-l"“.‘ * . - . .
0 e, t"':: : . F 0 .-" J"l:‘q,.\-; 1 f"'.'
- ® H . .t "'."'i "
1 AL e © A5} .

Puc. 4.56 — IIpumep pabotsr 6ioka Signal Visualization.
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SNR

Puc. 4.57. 3aBUCMMOCTH BEPOSTHOCTH KaIPOBOM OIMHOKH OT OTHOIICHUS CUTHAT\IIYM ISt

anantusHor Mmoae MIMO

Janee npou3Beném moenupoBanue it pyunoro pexxuma MIMO: 1-1, 4-1, 1-4, 4-4.

a FER as a function of time s Number of transmit & recelve antennas
10 T T T T T
A

107!
3
2

1072
1 -_

102 * * * * * 0 *

Received signal 3 Received signal 4 Received symbols

1 1 1.5

0 0 1

1 -1 05

Received signal 1 Received signal 2 0 *
1 1 0.5
.
"{*" r "\.1:
0 WP 0 o
:ﬂ"- ’!‘ *
1 =1 -1.5

Puc. 4.58. Pa6ora 6yioka Signal Visualization (SISO)
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FER as a function of time

Number of transmit & recelve antennas
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Recelved symbols

Puc. 4.58. Pabora 6xoka Signal Visualization (SIMO: 1 nepenartuuk - 4 npuéMHUK)

FER as a function of time

Number of transmit & receive antennas
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Puc. 4.59. Pabora 6oka Signal Visualization (MISO: 4 nepenatuunka -1 npuémHUK)

311



FER as a function of time

Number of transmit & recelve antennas
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Puc. 4.60. Pabota 610xka Signal Visualization (MIMO: 4 nepenarurika -4 mpuéMHUK)
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Puc. 4.61. 3aBucumMocTH BepoATHOCTH KaipoBoii ommoku oT SNR

B pazgene paccmorpensr Texnonorun OFDM u MIMO:

1) mpu yBEeIMYCHUU OTHOLICHUS CUTHAJ/IIYM BEPOSTHOCTh OIMOKHA YMEHBIIIACTCS;

2) eciu MPOBOIUTH CPABHEHHE MPH OJAWHAKOBBIX CKOPOCTSIX MEpeaavyr JaHHBIX, TO HAWITyUIIeH

MTOMEX03alUIIEHHOCTRIO oOmanaeT cucrema MIMO, a manxymmeit — SISO.
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5. ONTUMMU3ALIAA METOJ0OB IOMEXOYCTONYHUBOI' O KOJIUPOBAHUSA 11
TEJEKOMMYHUKAIIMOHHBIX CUCTEM (3AJJAHUE HA
CAMOCTOSTEJBHYIO PABOTY)

[TomexoycToiiunBOe KoaupoBaHue sBisieTcst 3¢ pekTuBHBIM criocobom ontumuzarmn TKC. Ha
NpakTUKe WHXeHepy npoektpoBumky TKC npuxoaures pemars 3aadyd ONTHMHU3ALKWN Ha OCHOBE
YHUCJIEHHBIX pAacyeTOB M  COOTBETCTBYIOLIETO CPAaBHEHHUS METOJOB  IOMEXOYCTOMYHBOTO
KOJIMPOBAHUS U BHIOOpA KOHKPETHBIX METOJIOB M COOTBETCTBYIOUIMM MM KOJOB. Pemienne nMeHHO
TaKo 3a7a4u 1moioxeHo B ocuory CP [1].

Hcxoonvle oannwle 3a1anb1 B Ta0IMIIE BApUAHTOB 5.2:

1. udposas unbopmaIms nepemaeTcs IBOUYHBIM KOJ0M. Bujibl iepenaBaemoii iudpoBoit
nH(popManuu:

JK - nanHbIe KOMIIBIOTEPHOTO OOMETA;

LTJI® - uudporas renedonwus;

L[TB - coobmenwus mudposoro TB;

I13B - cooOmienus 1(ppoBOro 3ByKOBOTO BELIAHMSL.

2. Kanan CBSITU - KaHAJI C IMOCTOSIHHBIMHU ITapaMeTpaMu M aJIMTHBHBIM O€JIbIM
rayCCOBBIM IIIyMOM.

3. Ornourenue ¢/m Ha Bxoge aemoxyisropa h, =E, /N, .

Metoasl Moaynsauuu: ®M-2, DM-4.
IIpueM - KOrepeHTHBIN.

(6um | ¢).

ucm

4
5
6. TIpom3BOMUTENHHOCTH HCTOYHUKA R
7.  Tlonoca mponyckanust kanana F, (k).
8

BepositHOCTh ommOku OMTa B COOOIIEHUAX, OT/IABAEMBIX TOJTydaTelto, He 00Jiee p.

9. Jonyctumast cnoxHocTh nekoaepa CK (mokaszarenb CIOXKHOCTH pEHIETKH KOAa) - He
6omnee W.

Heob6xonumo:

1. BriGpate u 000CHOBAaTH BHIOOP KOPpPEKTHUpPYHOImIETO Koma st mpoektupyemoir TKC,

o0ecreunBamIIeTo TPeOyeMylo BEpPOSITHOCTh OMMMOKM OWTa p B COOOIIECHUSX, OTJAaBAEMBIX
MOJIyYaTellto, MPU YCIIOBUM BBIIOJIHEHUS CIEAYIOIIUX 0ZPAHUYEHUTL:
1.1 Ilonoca uyacmom KOIMPOBAHHOIO CHUTHAJIa HE JOJDKHA IMPEBBINIATH IOJOCY

nponyckanus kanana Fg.

1.2. HpI/I HCIIOJIB30BAHUU CBEPTOUYHBIX KOJOB nokazameib CloxCHocmu pEICTKU KoJa

JIOJDKEH OBITH He 0oJiee Beanunuabl W.
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2.  Paszpaborath W nath MOJAPOOHOE ONMUCAHUEC CMPYKMYPHOU U (DYHKYUOHAILHBIX CXEM
KoOepa u 0ekodepa BHIOPAHHOTO KOJIa U 000CHOBATh UX MAapaMETPHI.

3. [Ipoananu3upoBaTh TOKa3aTeNd DSHEPreTHUYECKOH W YACTOTHOH A(PPEKTUBHOCTH
TEJIEKOMMYHUKAITMOHHOW CHCTEMbI M CPABHHUTB UX C MPEICITbHBIMHA 3HAYCHUSIMHU YPPEKTHBHOCTH.

4. Cnenath 3axn0ueHue 10 BHIIOTHEHHOU padoTe.

Cooepircanue NOSICHUTENBHOMN 3aIIUCKU PaOOTHI:

1. 3amanue W MCXO/HBIE TAHHBIE.

2. Onwucanue CTPYKTYpHOW CXEMbI MPOCKTUPYEMON TEIEKOMMYHHKAIIHOHHON CHCTEMBI C
YKa3aHUEM MECT BKIIIOUCHHS KOJIepa MOMEXOYCTOHYMBOTO KOJa, MOIYJISATOPA, NEMOIYISITOpa U
JeKoJiepa ¢ MoIPOOHBIMH MOSICHEHUSIMH BBITIOTHAEMBIX MU (DYHKLIUH.

3. Knaccugukanusi KOppeTHpYIOMMX KOIOB MO CTpyKType. CpaBHUTENBHBIH aHAIH3
MIPEUMYIIECTB U HEJJOCTATKOB MOMEXOYCTONYMBBIX OJIOKOBBIX M CBEPTOYHBIX K0J0B. OO0OCHOBaHUE

NPUMEHEHHSI B TIPOEKTE CBEPTOYHBIX KOJIOB.

4. Knaccugukanuss 1 CpaBHUTENBHBIA aHAINA3 AJTOPUTMOB JIEKOJAMPOBAHUS CBEPTOYHBIX
konoB. OGocHOBaHKE BBIOOpA anroput™a Butepou st nekoauposanust CK.

5. Pacuer mmpuHbI criekTpa UG POBOTO CUTHAJA € 33JaHHBIM BHIOM MOYJISIITUH.

6.  Pacyer mMpHHBI CIIEKTPa KOJUPOBAHHOTO [[H()POBOrO CHTHANA C 33IaHHBIM

BUJAOM MOAYJISINUU B 3aBUCUMOCTHU OT CKOPOCTH KOJaA.

7. OmnpeneneHue IOMyCTUMON CKOPOCTH Koda Ry, U3 YCIOBHS HenpesbluieHus TONOCOMH

4acTOT KOJIMPOBAHHOI'O CUTHAaJa MOJIOCHI MTPOITyCKaHUs KaHana (orpanuuenue 1.1).
8.  Ompenenenue mepeyHst KOJIOB CO CKOPOCTSIMH, MPEBBIMIAONIAME TOMYCTUMYIO CKOPOCTh

RI*((),ZI y KOTOPBIC MOT'YT OBITh UCITOJIb30BaHbI AJI1 pCHICHU A MMOCTaBJICHHOH 3aJ1a4uH.

9.  Beibop CK u3 storo mepedss, 06eCreInBatOIIEro 3aJaHHYI0 BEPOSITHOCTh ONIMOKH OuTa
(ycioBue 1) M yHOBIETBOPSAIOIETO TPEeOOBAHUIO OrpaHUUYEHHUsS IO CJIOXKHOCTH JeKojaepa
(orpannuenue 1.2).

10.  TIpoBepouHblii pacdeT 3aBUCHMOCTH BEPOSTHOCTH ONIMOKM Ha BBIXOJAE JEKOAEpa
BbIOpanHoro CK.

11.  PaspaboTka u ommcaHue CTPYKTYpPHBIX M (DYHKIIMOHAJIBHBIX CXEM KoJepa W JeKojaepa

BbIOpanHoro CK.
12.  3aksrouenue ¢ MOABEACHUEM UTOTOB BBIIOJIHECHHON PaOOTHI.

13. Cnucok Mcnoib30BaHHBIX UCTOUYHHUKOR.
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Mertonnyeckue yka3aHus K BelnoiHeHno KP

Pacuer mupunsl criektpa curaana ®@M-2 (OM-4) cienyeT NpoU3BOIUTE MO PEKOMEHAAIMSAM

MaTepuanos Tinasbl 1. [IpuMeHeHHe KOPPEKTHPYIOIMX KOJOB CO CKOPOCTBIO Ry, MpHBOIUT K

PaclIMPEHHIO CHEKTpa KojauposaHHoro curHana B (K. =1/R,,,) pas. C jgpyroil cTOpoHHI,

KOPpPEKTHUpYIOIIasi CIOCOOHOCTh KOAAa BO3PAcTaeT C YMEHBIIEHHEM CKOpOCTH Kojaa (T.e. ¢
yBenuueHueM u3obiTouHoctu). [loatomy 3adaua onmumuzayuu napameTpoB KOPPEKTHPYIOIIETO
KOJla COCTOUT B BBIOOpE KOJIa CO CKOPOCTbIO, ITPH KOTOPOI IIMpPHUHA CHEKTpa KOAUPOBAHHOIO CHTI-
Hala He Hnpegviuiaem 3a0aHHYI0 NOJNOCYy nponyckanus kauana. Eciu TpeGyemas mosoca

HpOITyCKaHus KaHana A nepegayd @M curnana ¢ MHGOPMaLMOHHOM ckopocThio R,., paBHa
Fau), @ CKOPOCTh Kozia BbIOpana paBHOH R, ,, TO mosioca nporyckanus KaHana, HeoOXoaumast
TSt epenadn koaupoanHoro ®M curnana, Oyner paBHa

E _ I:(<I>M)
K(eM-CK) — R .
Kox

Torma W3 yciOBHS HENPEBBILIECHUS 3TOW IOJOCOM YacTOT CUTHAja MOJIOCHI MPOIYCKaHUS

kaHana ( Fy gy _cx) < Fc ) moMydaem npocroe yciosue 0 66100pa ckopocmiu Kooa

=
Rior > Rkon = ;;DM) . (5.1)
K

CkazanHoe wutocTpupyercst pucynkom 5.1. [llupuna cnektpa konupoBanHoro @M curnana

IpornopuroHaibHa Kod(hduureHnTy pacmmpenus nojiockl. 1lo mMepe CHMXKEHUS CKOpPOCTH Koja

(Bo3pacTaHus KF) M0JIOCA PACIIMPSAETCS U JOCTUTAeT 3HAUE€HHUS MOJIOCH] MpolycKaHus kaHana. Ha

K

3TOM >K€ PHUCYHKe Toka3aHa 3aBUcMMOCTh ADBK or " F (4TO paBHOIIEHHO CKOPOCTH KOJa).

I[Tepeceyenne KpUBOi MOJOCH C IPAHUYHBIM 3a[aHHBIM 3Ha4eHHEM F, OmpejesseT AOIMyCTHMOe

3HaueHue Kod(duumenta pacmmMpeHus mojockl npomyckanus kawama K =1/R.,. w,

COOTBETCTBEHHO, CKOPOCTh Kkoma R;,,. IlepBeiM odTamoM BbIOOpa  KOPPEKTHPYIONIETO

KOJIa.sIBJIIETCS BBIOOP KJlacca KOJIOB (Kiacc OJIOKOBBIX JIMOO HEMPEPHIBHBIX (CBEPTOUYHBIX) KOJIOB).
Hcnonb3ys marepuainsl pa3aenoB 8 U 11, peKOMEHIyeTCsl apeyMenmuposanio 000CHO8amyb 8b100p
KIAcca c8epmounblx K000 Ui IPUMEHEHHs B cBoer padore. Cpenn anropuTMOB AEKOIHMPOBAHHUS
CK mo mmpoTte MpakTHYECKOTO MPUMEHEHUS Judupyoujee mMecmo 3aHAMAET alroput™M ButepoOn.
Pekomenayercs B paboTe NpUMEHUTh MMEHHO alropuTM ButepOu. B pazmene mpoekrta ¢
000OCHOBaHHMEM TPUMEHEHHUS OSTOT0 aJropuTMa CIEAyeT MPUBECTH CBEICHUS O CI0XHOCTH
peanuzanuu anroputma. Cpeau KOJIOB, OTOOPAHHBIX MO KPUTEPUIO CKOPOCTH B COOTBETCTBHH C

dbopmymnoit (5.1), MOTYT oOKa3zaThCsi KOJbI C Pa3IUYHON JJIMHOW KOJOBOTO OTpaHUuYeHUs (M,
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COOTBETCTBEHHO, C PA3JIMYHON CI0KHOCTBIO Aekoaepa). [lomexoycToliunBocts nekoaupoBanust CK
xapakrepusyercs BenumunHo OBK. B Tabmmmax komoB He mnpuBoasaTcs 3HadeHus OBK mpu
OINpEeCICHHOM YpOBHE BEPOSATHOCTH OIIMOKM JeKoaupoBaHus. B To ke Bpems, BelIMYUHA
aCUMITOTHYECKOro 3Heprerudyeckoro BeMrpsima (ADBK) sBasercs Bepxnel ouenkoil OBK.
[Toaromy nipu 0TOOpE KOJIOB PEKOMEHAYETCS MCIONIb30BaTh BenuurHbl ADBK, 3HaueHUST KOTOPHIX
UMeIoTcs B Ta0nuiax npuiokenus A. Cpeau oTOOpaHHBIX KOJOB-KaHAUIATOB CIEAyeT MPUMEHHUTD
KOJI, obecneyusarowuti maxcumanvuviii ADBK u yoosnemeopsrowuti mpebo8anusim no cKopocmu u
cnov/cho- cmu dexodepa. OKOHYATENBHBIE JAHHBIE O BEPOSTHOCTH OIIMOKM Ha BBIXOJE JACKOIEpa
CJIEyeT IOJIyYUTh HAa OCHOBE PAacyeTOB 3aBUCHUMOCTH BEPOSTHOCTU OIIMOKU JAEKOAUPOBAHHUS OT
OTHOIIECHUS CUTHAJ/IIyM IJIsl BBIOpaHHOTO Kona. B cimyuae HeBbImonHEeHUs TpeOOBaHUM 3a1aHus
PEKOMEHYETCSI npuMerums Koo ¢ boavuteli genudunou ASIBK.

[Ipumep pacueToB u npoueaypbl ONTUMHU3ALMHI KOJa

HcxonHble naHHbIE:

1. Bua nepenaBaemoii iudposoit unpopmaruu - LHTJID.

3. Ortnomenue ¢/m h, =4 1b.

4,  Merox moaysiun: OM-4.

5. TlpueM-KOrepeHTHBIH.

R
6. IIpou3BOAUTENHLHOCTh UCTOUYHUKA /€T = 64 KOUT/C

7. [upuna monocs! yactoT kaHana Fx= 100 I 'm.

-5
8. JlomycTumasi BEpOSTHOCTb OIIMOKU OHUTa P =107,

9. lomyctumast cnoskHOCTh pemretku koma W = 150.

HlupunHa criekTpa KOAUPOBAHHOTO

\
2 i DM curnana Fionm.cx)

A\
\‘/
3anaHHas royjIoca nmpornyCKaHus

\
kanana Fy
R NS
— —" g — — o g SRR Fee

l\
—

-

\§ =

& o - >
B

AL Vs 1 KoaddrmmenT pacumpesnus rnoaocs: npo-
= .
4 nyckanust xkaHana Ky = 1/Ry

o

\

3aech pacrioIOKEHbI
KOJIbI-KaHUAaThl Ha BEIOOD

Puc. 5.1. K npouenype onTumMuzanuu Koaa
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1. Pacuer monocel mporyckaHusi KaHana CBSI3U, HEOOXOAUMOU NS mepenadd MudpoBoit

nHpopManuu ¢ 3aJaHHOW CKOpOCThlO MeTomoM DOM-4, mnpousBoauM 10  GopMmyIe

F =R, ..(1—a)|/2,
(@M =4) [Ricr ) rae @ - xodpUUMEHT cKaTa CIeKTpa. 3axaBasich 3HadeHueM & = 0,4,

[0JIy4aeM Fow-a = RucrL-a)l/2 = [64(1 +0,4)]/2 = 44,8 kI'w.

2. B cootBercTBUU ¢ hopmymoii (5.1) onpenensiem npeaensHoe 3HaueHUE ckopocTt C K
Reoq > Forac = 448 =0,448.
Fy 100

3. ITo tabmumam CK orOupaem KoHbI, YAOBICTBOPSIONIUNE TPEOOBAHUIO MO CKOPOCTH. JlaHHBIE
00 3THUX KoIax cBeneHsl B Tad. 5.1.

Ta6mmma 5.1-Xapakrepuctuxku CK miis Be1Oopa koja

CxopocTh Koa [Topoxnaromue JKO CoXHOCTD ADBK
Rxoz MHOTO4JICHBI % pemrerku W nb

1/4 463,535,733,745 8 512 8,29
1/3 557,663,711 8 512 7,78
1/2 53,75 5 64 6,02
1/2 61,73 5 64 6,02
1/2 71,73 5 64 6,02
1/2 133,171 6 128 6,99
1/2 247,371 7 256 6,99

43 Ta6J'II/IIII)I BHUJIHO, YTO JJIA BBIITOJIHCHUS MOCTaBJICHHOMN 3aa4u MOryT OBLITh HMCIIOJIL30BAaHbI

CK co ckopoctsamu Rior = KOTOpBIe obecreunBaroT qoctarouno 6omnbimoit ADBK. Ha acHoBe
JAHHBIX TaONUIBI BBHIOMpaeM IS MPOEKTa KOJ C Mopokaaromumu MHorouieHamu (133, 171),
KOTOpBIA mpu  ckopoctn R, =05 obecneunBaecr ADBK = 6,99 nb. Jlaunble pacuera
BEPOSITHOCTH OITUOKY TTPUBEJICHBI B TJaBe 1.

BunHo, 4TO mnpuMeHeHHE BBIOPAHOTO KOJa OOECIeUrMBACT BBIMOJHEHUE 3aJaHUSA: TpHU

OTHOIIeHUH curHan/mym h? =4 1B BepoATHOCTh OMMOKM JeKOAMpoBaHMs MeHee 3-107°

CpaBHeHHE ¢ KPUBBIMH [TOMEXO0YCTOMUMBOCTH HeKkoaupoBaHHOW @M (puc. 11.1) mokasbiBaeT, 4To

_ 1n-5
IIPU BEPOSITHOCTH OUIHOKH P=10" yror koz obecnieunBaet OBK 5,3 nb.
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Tabmuua 5.2. Wcxonable qanusle Ui Beinonaenus CP

Homep Bapmanta mns BemonHeHuss CP gomkeH cOOTBETCTBOBATH HOMEpY (haMMIIMU

CTYJICHTa B XypHaJIe aKaJIeMUYE€CKOM IpyIIIbl

Howme Bun OTHoOLIEHU Meton [Ipouss ITonoca Bep. Cioxu.
p neper, e C/II  wamomym. OJIUT. MPOITYCK, |OMIUOKH |[TeKoaepa
BapuaHTa [MHPOPM. BxOIC hZ, x5 MCTOYHUKA [KaHajla oura p (W

Rncr, F,
KOHT/C Kl

1 JK 4,0 OM-4 64 80 107° 150

2 LTI 5,0 OM-4 16 25 10 160

3 113B 6,0 OM-2 256 800 107° 170

4 JAK 6,5 OM-2 64 200 1078 180

5 LHTJID 4,0 OM-4 16 25 10 250

6 I13B 7,0 OM-4 128 200 1075 350

7 HTB 5,0 OM-2 2400 7000 1078 560

8 JK 6,0 OM-4 32 50 1078 200

9 HTJID 50 OM-2 24 70 107 300

10 I13B 4,5 OM-4 256 400 10°° 250

11 LITB 55 OM-2 3000 1200 1078 550

12 JK 4,0 OM-4 48 70 107" 150

13 LHTJID 5,0 OM-4 32 50 10 250

14 I13B 7,0 OM-2 256 800 107° 300

15 LITB 4,0 OM-4 4500 1300 10°° 550

16 JK 7,0 OM-4 56 90 1078 150

17 LHTJID 50 OM-2 24 70 107 160

18 I13B 4,5 OM-4 256 400 107° 200

19 LITB 55 OM-4 5000 1400 107° 550

20 JK 6,0 OM-2 64 200 107" 150

21 LHTJID 7,5 OM-4 256 400 10 250
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23 3B 6.5 OM-4 | 16 50 10| 150
24 JIK 6,0 OM-4 | 64 150 10| 150
25 IJI®| 45 OM-2 | 16 25 10| 200
26 L[TB 5,0 ®M-2 | 6000 16000 10°| 550
27 3B 6,0 OM-4 | 384 600 105 250
28 JK 45 OM-4 | 64 100 10| 150
29 JI®| 50 OM-2 | 16 50 10| 250
30 ITB 55 ®M-2 | 5500 32000 10°| 560
31 IJI®| 45 OM-4 | 64 200 10| 150
32 JK 5,0 OM-4 | 64 300 105 250

IIpumepbl pacyeToB AJisl pa3HbIX BAPMAHTOB
Bapunant Ne7
Tabmuna 5.3. [Tapamerpst npoektupyemoit TKC

HOMep BapuaHTa [JIs1 BBIIOJHCHUA HH[[HBHI[yaJILHOﬁ pa6OTI)I JOIKCH COOTBCTCTBOBATH

HOMEpY (paMHIIHH CTYJCHTa B )KypHAJIe aKaJIeMUYECKON TPYIIIBI

Howm Bun OtHO Mero [Ipou [Ipomyc Bep Cino
ep nepen. LIEHHE hi§ 3B. KHast . KH.

Bapuant | Mudopmamm | C/II hs 2, | momymsmm | merounnk | cioco6soct | Ommbk | aexozep

a u nb Hu a Ruyc, | B KaHana | uOura | a
KOHUT/C Fe, kI
7 TB 5.0 ®OM-2 2400 7000 10°® 560

CTpyKTypHasi cxeMa NPOEKTHPYEMOH TeJeKOMMYHHKAIIMOHHOH CHCTEMBI

B oOmem Buae o600meHHas cTpykTypHas cxema mnpoektupyemoili TKC moxer ObITh
chopMupoBaHa B BUE, MPEJACTABICHHOM Ha pucyHke 1.1.

B nepemarumke Koaep BHOCHUT B HH(POPMALMOHHOE COOOIIEHHE H30BITOYHOCTh B BHJIE
IIPOBEPOUYHBIX CHMBOJIOB. 3aKOJUPOBAHHBIE CHUMBOJIBI IOCTYHNAIOT HA MOIYJATOP, KOTOPBIN
npeoOpa3yeT uX B aHAJIOTOBBIA CUTHAI.

B npuemHuke nemonynstop npeoOpa3dyeT NPHUHSTHIA CUTHAN B MOCJIEIOBAaTEIbHOCTh YHCEN,

NPEACTABIAIOMINX OLCHKY IICPCAAHHBIX HTAaHHBIX — MCTPHUKH. MCTpI/IKI/I MOoCTynaroT B ACKOACD,
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KOTOPBIM HCIPABISICT BO3HUKAIOUIME MPU TEepenadye OIMMOKH, HCIONb3ys BHECEHHYIO KOIEpOM
M30BITOYHOCTS [24].

Knaccupukanus KOppeKTUPYOUIUX KOJI0B

OO0nHapyxxeHrne OIIMOOK B TEXHHKE CBSI3M —  JICHCTBUE, HANpaBICHHOE Ha KOHTPOIb
[[EJIOCTHOCTHU JAHHBIX MIPH  3alMCH/BOCIIPOM3BEICHUY NHPOPMAIIMU WM Tpu €€ Tiepenade Io
JUHUSAM CBs3u. McripaBieHue oOmuMOOK (KOppEKIus OMMOOK) — TIpoIeaypa BOCCTAHOBJICHUS
nH(pOpMaIUU MMociIe YTeHUs e€ U3 YCTPOUCTBAa XpaHEeHUS WM KaHalla CBSI3U.

Jns oOHapy>keHHsI OMMOOK HCHOIB3YIOT KOABI OOHAPYXKEHUs OIIMOOK, JJIS MCIIPAaBICHHUSI —
KOPPEKTUPYIOIIUE KOJIbI(KOJIBI, WCIIPABIISIOIINE OIIMOKH, KOZBI c KOppeKIHeH
OIHUOOK, TOMEXOYCTOMUYNBBIE KOJIBI).

B obmem Buae kinaccudukanusi KOPPEKTUPYIOIIUX KOJOB MOXKET OBITH IpeAcTaBlieHa B
CJICTYOIIEeM BUJIE:

1. Bio4HbIe KOJBIL:

1.1JIuneiinbie KOOI OOLIErO BUAA;

1.1.2 Koapel XeMMHHTA;

1.2 JInneiinple HUKINYECKHUE KOIBL:

1.2.1 Koner CRC;

1.2.2 Konasl BUX;

1.2.3 Konst koppekuuu ommbok Puna — Conomona;

2. CBepTOYHBIC KOJIBI;

3. Kackamnabie Komsl.

CTOUT OTMETUTh, YTO OJNOYHBIE KOJbI, KaK MPABUJIO, XOPOIIO CIPABISIFOTCS C PEIKUMH, HO
OOJBIIMMU TTAYKAMH  OIIMOOK, WX OJ(PQPEKTUBHOCTh MPU YACTHIX, HO HEOONBIINX OIIMOKAX
(manpumep, B kanaie ¢ ABI'IL), meHee BbicOKa.

Bwmecte ¢ atum, cBepTouHbie KOABI 3(P(HEKTUBHO pabOTalOT B KaHaie C OelbIM IIyMOM, HO
IJI0XO CHPABISAIOTCS ¢ MakeTaMu ommnobok. bonee Toro, ecnu nexoaep ommbaercs, Ha €ro BBIXOJE
BCETJIa BO3HHMKAET MaKET OLINOOK.

Tak kKak B HaAYaJIbHBIX YCJIOBHUSAX IIOCTAaBICHHON 3ajaud HE OBLTH CHOPMYIUPOBAHBI
TpeOOBaHUS K METOJIaM KOJHUPOBAHUS, BHIOOP OCTAHOBWJICS Ha CBEPTOYHBIX Konax. OmHAKo, IpH
MPOCKTHPOBAHUH TEJICKOMMYHUKAIIMOHHBIX CUCTEM HEOOXOJMMO YeTKO (DOpMHpOBATH KPHUTEPUHU
ONTUMAJILHOCTHU Pa3pabdaThIBAEMOU CHUCTEMBI.

Kaaccudukanus MeTo10B 1eKOTMPOBAHNS CBEPTOYHBIX KOJI0B

Knaccudukanus MeToI0B IEKOAMPOBAHUS CBEPTOYHBIX KOJOB UMEET CIICAYIONIUH BU/I:

1. Anrebpamyeckue METOAbI IEKOIUPOBAHUS;

2. BCpO}ITHOCTHBIe METOJbI ACKOAUPOBAHU:
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2.1 Anroput™ mociea0BaTeNbHOrO JEKOAUPOBAHNUS,

2.2 Anroput™ ButepOu.

AnroputM BuTepObm XapakTepu3yeTcs IOCTOSHCTBOM BBIYUCIUTEIBHOW pPaOOThI, OIHAKO
CIIOHOCTH JIeKojiepa ButepOu pacTer, kak mpu nepeOOpHBIX aIrOPUTMOB, 1O YKCIIOHCHIIHATLHOMY
3aKOHY OT JJIMHBI KOJAOBOI'O OIPAaHUYEHHUS CBEPTOYHOTO KOJIA.

Tak kak B JaHHOW paboTe B LENAX ONTUMHU3ANMH TPOSKTHPYEMOH CHCTEMBl OyIyT
HCIIOJIb30BaThCS KOPOTKHUE CBEPTOYHBIE KOJIbI, CJIOKHOCTH JIeKojaepa OyAeT Majia, 4To IMO3BOJIAET
UCIOJIb30BaTh AITOPUTM JIEKOAUpOBaHUs ButepOu.

Pacyer u onTMa3anus napaMeTpoOB TeJIeKOMMYHHUKAIIOHHOMH CHCTEMBbI

Pacuer mmpunbl ciekTpa 1iudpoBOTro CUTHANIA € 3aIaHHBIM BHIOM MOIYJISIIAN:

R -(l+«a) 2400-10° -(1+0.4)
F(Z’M—Z = 2 = 2

ucm

~1.68MTy .

Pacuer IIUPUHBI CIICKTpa KOAUPOBAHHOT'O III/I(prBOFO CUrHajia ¢ 3alaHHbIM BHUJIOM MOAYJIALUA

B 3aBUCHUMOCTH OT CKOPOCTHU KOJaA:

R F,,, 1680-10°

“" " TE " 700010°

K
CrnenoBarenbHO CKOPOCTh Koja JoibkHa ObiTh He MeHee (0.24. IlomyuyeHHBIH pe3ynbTaT

IIO3BOJISACT CCI)OpMHpOBaTI) CIIMCOK MNOAXOAAINIUX CBCPTOUYHBIX KOJIOB B BHJAC IPEACTABJIICHHOM B

tabnuue 5.3.
Tatnuua 5.4. [lepedeHb NOAXOASIINX CBEPTOUYHBIX KOJIOB
CKOpPOCTE KOZA [TopoxoarmHe OJKO CIoXHOCTE ABBK.,
Ricn MHOIOY/ISHEL v pemeIkH W Ib
1/4 463,535.733.745 8 512 8.29
1/3 557,663,711 8 512 7,78
1/2 53.75 5 64 6.02
1/2 61.73 5 64 6.02
1/2 71.73 5 64 6.02
1/2 133.171 0 128 6.99
1/2 247.371 7 256 6.99

B cuny Ttoro, kpurepuem ontumanbHocTH mpoektupyemoir TKC sBnsercs mnpocrora
UCMOJIBb3yeMOro KoJiepa/aexojepa, Obu1 BoiOpan koj /133,171/ ¢ niiMHOM KOJJOBOTO OrpaHUYeHus 7,
KOTOpBIH 1pu ckopoctu koaa 0.5 obecneunBaer ADBK = 6.99 nb.

N3noxeHHoe MO3BOJISIET PACCUUTATh MIUPUHY CIIEKTPa KOAUPOBAHHOTO IU(DPOBOTO CUTHAIIA:

F,. , 1680-10°
Forzecx = I;)M £ = 05 =3.36 M1y

K00
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Pucynok 5.2 mo3BoisieT caenath BBIBOJ O TOM, YTO NPHUMEHEHHE BBIOPAHHOTO KOJIa
oOecrieunBaeT BBIMIOJHEHUE TOCTABICHHOW 3adadd, Tak kKak npu otHomenuun C/II = 5 ab
BEPOSITHOCTh OIIMOKH JIEKOUPOBAHUS MEHBIIIE 10,

CpaBHeHuE € KpPUBBIMH IIOMEXOYCTOHYMBOCTH HEKOAUpOoBaHHOM ®PM mokas3bpIBaeT, yTO IpHU

8
BeposiTHOCTH ommOku 10~ 3TOT KO 06ecneunBaeT 3HaueHne IBK Gonee 10 ab.

,
1 2 3 4 s & 7 8 o 10 h5 . aE
1
107"
10 P
] i leni2 |
1073 .
B N =
107 N N -
= S a =
107 ] NN £ ~
———
0% L l N ™,
i i S]EME2 + CR(S. 7) F
107 L ®M-2+ CK(133. 1?1}%
1078 \ N

Puc. 5.2. [lomexoycToiUUBOCTh 1€KOUPOBAHUS CBEPTOUYHBIX KOJIOB
[TpoBepouHsIii pacuyeT BEpOSTHOCTU OIIMOKU Ha BBIXOJE JAeKoJepa:
Q =0.65-exp(-0.44-(z+0.75)%) = 0.65-
-exp(-0.44-(5.01+0.75)*) = 2.972-10”"

p, =W, -Q-(/2-d,-R,,-h,)=36-2972-107 - (/2-10-0.5-5) = 7.565-10"°

Pacuer moka3zan, 4YTO pealbHOE 3HAYEHHWE BEPOSTHOCTH OHIMOKM KoJepa MEHbIIe
TEOPETUYECKOr0 3HAUEHUS, CIIEA0BATENbHO, YCIOBHS 3314l ObUIN BBITIOJIHEHBI.

Pa3paboTka koaepa u aexkoaepa cBepTouHoro koaa 133,171

B npensiaymem pasnene 6bu1 onKcaH BRIOOp cBepTOUHOro kojepa /133,171/. @yHKImoHanbHas

" CTPYKTYpa CXeMa Koz[epa/z[exoz[epa MOXET OBITh MMpEeaACTaBJICHA B CIICAYIOIICM BU/JIC:

Rrrvan 1

CvMmMaTon —>

CaBUroBbIi
NermcTn

\ 4

NUerouauurwe

Drrswam )

\ 4

CvvMaron —>

Puc. 5.3. CtpykTypHas cxema CBEpTOUYHOTO Kojiepa
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1333 — 1011011, BEIXOT 1
1713 — 1111001,

BXO[

BBIXO] 2

Puc. 5.4. ®yHkunoHnanbpHas cxema cBepTouHoro kogepa 133,171

—UJIle

|
h J

o
It

Brmog

_> M? |—»

-

v

_.I\.'l-.-:"_.la.'rl:l

[MTpomeccop
[Mamars

MCTPHE BETHEH

O geMoay naTopa
KOMMYTATOP
S
B b He i

Puc. 5.5. CtpykrypHas cxema nexonepa Butepou

Henpagnennee

Koy . = - HMBOAR
™ i | Hupopmanmonneii permerp—i + -
- T ) — ]
- -
Yot
- - -
T OfpaTHAE CBEIB
— S — —_ — — 4
. R i3 ik
T ~ -
il =+ "'| CHHAPOMHBLL perueTp
L
TMormeckas cxema
CHHxpoHIr T - .
(MARDPUTAPHEL ¥1EMEHT)
| Henpasneune

Puc. 5.6. ®ynknnonanpHas cxema jekonepa Burepou
B pesynbpTaTe BBIMOMHEHUS TaHHON WHANBUYAIbHONW PaObOTHI OBLIO CIETaHO CIEAYIOIIEE:
1. CopoekTrpoBaHa TENEKOMMYHHKAIIMOHHAS CHUCTEMa C MCIOJIb30BAHUEM CBEPTOYHOTO

KOJIepa;
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2. PaccunTaHbl U1 ONTHMH3UPOBAHBI MApaMETPhl CBEPTOYHOTO Kojna ucrosb3yemoro B TKC B
LeJsIX MOBBIICHUS €€ () (HEKTUBHOCTU U IOMEXOYCTONYUBOCTH;

3. IlpennoxkeHbl CTPYKTYpHBIE U (PYHKIIMOHATIbHBIE CXEMbI KOJIepa U KOJEpa, UCII0JIb3yEeMbIX B
pazpabotannoit TKC.

Bapuantsi Ne 16, 3, 8

Jlns1 peieHrs MOCTaBISHHOM 3a/1aull  TIPEJIOKEHBI 001re napameTpsl mpoektupyemorn TKC,
KOTOpBIE MIpe/ICTaBICHHbIE B Ta0IHIIE 5.5.

Tabmuua 5.5. Ilapamerpst npoektupyemoii TKC

IIpomyck
Bu OtH Crox
Howm [IpousB | Has Bep.
bi OILIIEHHUE Meton H.
ep ) . ICTOYHHUKA | CIIOCOOHOCTDL | OIIMOKH
nepea. | C/II hg*, | Mmogynsuun JeKoaepa
BapuaHTa Rycr, KOUT/c | kanama  Fy, | Ourta p
uHd-uu | b W
Kkl 11
16 JAK 7,0 DdM-4 56 90 10° 150
13 5
3 B 6,0 OM-2 256 800 10 170
8 JAK 6,0 DdM-4 32 50 10° 200
CTpyKTypHasi cxeMa NPOEeKTHPYEMOM TeJIeKOMMYHUKAIIMOHHOW CHCTEMbI
CtpyKkTypHasi cxeMa MPOEKTUPYEMOH TEJIeKOMMYHUKAIMOHHOM CHCTEMBI MpEJCTaBjIeHa Ha
pucyHke 1.2.

HcTtouHuk cooOlieHusi TeHepupyeT OMHapHYH IOCIeI0OBAaTENbHOCTh C  ONpPEesICHHON
CKOpOCThIO R, .. KypcuBoM oTMeueHbl OJI0KH, KOTOPbIE KOJUPYIOT U AEKOAUPYIOT HH(OPMALIHIO C
MIPUMEHEHUEM IOMEXOYCTONYMBBIX KOJOB (BBOJUTCS U30BITOYHOCTh MPU KOJUPOBAHUH, HAIIPUMEP
kog Xemmunra, BUX, cBeprounsiii kom). Uro kacaercss HMCTOYHUKA, TO OH KOAMPYETCS U
JEKOJUPYETCSl C MOMOILBIO TaKUX ANrOpUTMOB Kak, Xappmana, llennona-®Pano wiun Jlemnena-
3uBa. B JaHHBIX anroputMax He BBOJAUTCSA M30BITOYHOCTH. [IoMMMO KOJMpOBaHMS CHUCTEMA CBS3U
COJIEP’KUT B cebe KBaJApaTypHYIO MOAYISIIHMIO/AEMOAYJSAIUI0. ['1e Ha BBIXOJE MOAYJSATOpPA MBI
M0JIy4aeM CHavajla KOMIUIEKCHbIE YHciia (KBaapaTypHble U CHH(a3HbIe COCTABIIAIONINE), KOTOPHIE B
CBOIO Ou€pelb CaliaTCs Ha Hecyliue, cIBUHYTble Ha 90 rpaaycoB M B KOHEYHOM HTOTe
cymmupyoTesa. Jlemonynsuusi mpeAcTaBiser coOoil oOpaTHblii mporecc. Bapuantsl paboThl
coJiepkuT B cebe moaynsnuo ®M-2 wimm BPSK, koTopas nMeeT ToibKo JiBa CHH(pA3HBIX 3HAUYCHUS
noctostHHON aMruuTyasl U (azer 0 u 180 rpagycoB m ®M-4 nwimm QPSK, koTopast nmeer yeThipe
3HA4YEeHUs TOCTOSHHOW aMmuTyabl U ¢aspl. M, koHewyHO ke, Jr00as cucreMa Iepelayd He
obxoauTcs 0e3 BO3ACHCTBHS Ha Hee IIIYMOB, B KaHaJle OECIIPOBOAHOM CeTH (KaHaj CBA3H).
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4 Knaccuduxanus KOppeKTHPYIOLINX KOI0B

O6napyxxeHne OIIMOOK B TEXHHKE CBSI3U —  JICHCTBUE, HANpaBICHHOE Ha KOHTPOIb
L[EJIOCTHOCTHU JAHHBIX [IPH  3allMCH/BOCIIPOM3BeIeHNU HHGOpMauu Wik npu  e€ mepenade 1o
TUHUSAM  CBsi3U. McnpaBieHne omuoOoK (KOppeKius OmmOOK) — TPoIeaypa BOCCTAaHOBJICHHUS
uH(OpPMAIIUY TIOCIIE YTEHHs €€ U3 YCTPOWCTBA XPaHEHUS MITH KaHaja CBS3H.

s obHapykeHus: OMMOOK HCHOJIBb3YIOT KOJbI OOHApYKEeHUS OIIMOOK, JJIsi UCIPABIICHUS —
KOPPEKTUPYIOLIUE KOJIbI(KO/IBI, UCIIPABIIAIOIILE OLLIMOKH, KOJIbI c KOppeKuuen
oKOO0K, TOMEXOYCTOHUNBBIEC KOJIBI).

[Tpeumy1iecTBa 1 HEAOCTATKU OJIOKOBBIX KOJIOB:

brokoBble KOJBI, KaK MPaBHJIO, XOPOLIO CIPABISIIOTCS € PEIAKUMH, HO OOJBUIMMH MauyKaMH
omuOoK, X 3P(HEKTUBHOCTh MPU YACTHIX, HO HEOOJBIINX OMIMOKaxX (HampuMmep, B KaHajle ¢
ABI'IIl), meHee BbICOKA.

[Tpeumy1iecTBa U HEAOCTATKU CBEPTOUHBIX KOJOB:

Caéprounbie Koabl 3¢ (HeKTUBHO paboTaIOT B KaHae ¢ OebIM IIYMOM, HO TIOXO CIPABIISIOTCS
c makeTamu omuOOK. bonee Toro, ecnu nekonep ommuOaeTcsi, Ha €ro BBIXOJIE BCEra BO3HUKAET
nakeT omuOoK. BeiOOp B MHIMBHUIYAIBHOM paboTe CBEPTOYHBIX KOJIOB OOOCHOBBIBAETCS TE€M, UYTO
CBEPTOUYHOE KOJUPOBAaHUE - OueHb MpocTas omnepauus. KoaupoBanue CBEPTOYHBIM KOJIOM
MIPOU3BOJIUTCS C MOMOIIBIO PETUCTPA CABHUra, OTBOJBI OT KOTOPOrO CYMMHPYIOTCS IO MOJYJIO JIBa.
Takux cymMmM MOXkeT OBbITh JiBe (Jalle BCEro) UK OobIle.

Knaccudukanus KoppekTUPYIOLUX KOJOB 110 CTPYKTYpE MPEACTaBI€HA HAa PUCYHKE B.

Kaaccndukanus MeTonoB 1eKOIMPOBAHNS CBEPTOYHBIX KOJA0B

Knaccugukaius MeTo10B 1€KOIMPOBAHMSI CBEPTOUHBIX KOJIOB UMEET CIETYIONIUI B

3. Anrebpanyeckue MeTOo/Ibl 1€KOAUPOBAHUS;

4. BeposTHOCTHBIE METO/IbI IEKOJUPOBAHUS:

4.1 AnropuT™ MoCIeA0BaTeIbHOTO IEKOIUPOBAHUS;

4.2 Anroput™ Butep6u.

3agaua IEKOJMPOBAHMS CBEPTOYHOIO KOJIAa 3aKJII0YaeTcs B BbIOOpe MyTH (B 3TOM U COCTOUT
OTJIMYME JEKOJAUPOBAHMS CBEPTOUHBIX KOJOB) BJIOJIb PEIIETKH HanOoJiee MOX0Kero Ha MPUHATYIO
IIOCJIEI0BATENbHOCTh. KaXIplil IyTh BIIOJIb PEIIETYATONM JUArpaMMbl CKJIAJIBIBAETCS W3 BETBEU
COEUHSIOMMX y3ibl. KaxIoil BETBH pelIeTKH COOTBETCTBYET KOJOBOE CJIOBO M3 JBYX OWT.
Kaxayro BeTBb Ha KaXJOM IEPUOAE MOXKHO IIOMETUTH pAacCTOSHUEM XEMMHUHIA MEXAY
IIOJIyYEHHBIM KOJOBBIM CJIOBOM M KOJOBBIM CJOBOM, COOTBETCTBYHOIIMM BeTBU. CKiaabIBas
paccTosiHus XEeMMUHTa BETBEH, COCTABIIAIOMINX MYTh, HOTYYUM METPUKY COOTBETCTBYIOIIETO MYTH.
Jlannass MeTpuka OyAeT XapaKTepu3oBaTh CTENEHb TMOAOOMS KaXIOro TMyTH TPHHSITOU

IMOCJIEIOBAaTEILHOCTH. YeM MEHbIIIE MCTpUKA, TEM Oollee  ITOXO0XKH NyTb MW MPUHATAA
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MOCJIeIOBATEIbHOCTh. TakuM 00pa3oM, pe3yiabTaToM JAEKOAMpOBaHMsA OyaeT HMHQPOpPMAalUOHHAsS

IMOCJICA0BATCIIPHOCTh, COOTBETCTBYIOIIAA IIYTHU C MHHHMaIbHON MCTpHKOfI. Ecimu B OAHO M TOXC

COCTOSIHME BXOJST JBa IYTH BBIOMpAETCs TOT, KOTOPBIM MMEET Jy4llylo METpuKy. Takod myTh

Ha3bIBAeTCsl BBDKUBIIMM. OTOOpP BBIKHMBIIMX IIyTEH MPOBOAMUTCS JUISL KAXIOTO COCTOSIHUSA. JTO HE

MHaue KaK aJlTOPUTM JIeKOAUpOBaHUsl Butepou u oH Hanboee 3 PeKTHUBHBIH.

Pacuer miupuHbI ciekTpa HUGPOBOro CUrHAJA € 32JaHHBIM BHI0M MOAYJISLHHA

Bap
PacueTnl
HAHT
16 Foma = RHCT*;1+a) _ 56+(1+0.4) _ 39.2 '
3 Foug = 28 = 20008 = 179,2 kI
3 Foma = R,,,CT*§1+0() _ 32(1+04) _ 224 «I'n

OnpenesieHde TOMYCTHMOH CKOPOCTH KO/a W3 YCJOBHSI HENpPEBBINIEHUs MOJIOCOH YacTOT

KOAMPOBAHHOT0 CUT'HAJIA IT0JIOCHI MPOITYCKAHUA KaHaJ1a

Bapuant Pacuetsl

16 Ryops = F?—ZM = 0.436
3 Ryops = Fq};—ll\:‘} = 0.224
8 Ryops = F?'_,I:M = 0,448

Omnpenesienue koaa

[Tomy4deHHBIN pe3ynbTaT MO3BOJSET CPOPMUPOBATH CIIHCOK MOIXOSIINX CBEPTOUYHBIX KOJOB B

BU/JIE, IPEACTAaBIECHHOM B Tabnuie 5.6.

Tabmuua 5.6. Xapakrepuctuku CK 15 Be1O6Opa Koja

CropocTs Koga [Toposaaromue KO CrosHOCTE A3IBEK,

- MHOTOTAHE v pemeTsH W ak
14 463.535.733.745 8 512 8.20
1/3 557.663.711 8 512 7.78
172 53,75 5 64 6,02
172 61.73 5 64 6,02
172 71.73 5 64 6,02
172 133,171 6 128 6,00
1/2 247.371 7 256 6,00

Ba

P VYcnosus
WaHT
16 CK co ckopoctamu 1/2 u cnoxxnocteio peuterku W He 6osee 150
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3

Bce CK co cnoxuoctsio pemerku W He 6onee 170

8

CK co ckopocTtsimu 72 u cnoxkHocTbio perietku W He 6onee 200

[Tpoussexnen Boibop CK u3 nepeynst, 06ecrneunBaoniero 3alaHHyI0 BEPOATHOCTh OIIMOKH OuTa

U YIOBJICTBOPSIOIIEr0 TPEOOBAHHUIO OTPAHHUCHHUS 110 CI0KHOCTH JIEKOAEPA.

Bap
Brei6pannsiii CK
WaHT
16 Kon ¢ mopoxnatonumu muorounenamu (133, 171), koroperit pu ckopoctu 1/2
obecneunBaer ADBK = 6,99 nb
Kon ¢ mopoxxnarommmu mMuorowieHamu (133, 171), koropsiii mpu ckopoctu 1/2
3 ooecneunBaer ADBK = 6,99 nb
Kox ¢ mopoxnarommmu mHorowiteHamu (133, 171), koTopsiit npu ckopoctu 1/2
8 obecneunBaer ADBK = 6,99 nb

Pacuer INHPUHBI CIEKTPa KOAUPOBAHHOIO HH(prBOFO CUTHaJ/JIa ¢ 3aJaHHbIM BHIAOM

MOAYJAIUHA B 3aBUCUMOCTH OT CKOPOCTH KOJIa

Bap
Pacuernt
HaHT
Frma 39,2
16 Fomarck = — =2 = 784xln
KoZ, )
Frm2 179,2
3 FFM2+CK = R_ == 358,4‘ KFH
- 0,5
Frma _ 224
8 Fomarck = 5 =42 = 44,8xln
KoZ, y

PI/ICYHOK 5.7 TO3BOJSAET CcHAEIaTh BBIBOA O TOM, YTO IIPUMCHCHHC BBI6paHHOl"O KoIa

o0ecrieuynBaeT BHIIOJIHEHUE ITOCTABIICHHOM 3aJa4u, TaK KaK

Bapuant Ornomwenne C/111 hy 2, 1B BeposrHocts oot
JIEKOTUPOBAHSI MEHBIIIE

16 7,0 10°

3 6,0 10°

8 6,0 10°

CpaBHeHHE ¢ KpUBBIMU TIOMEXOYCTOHYUBOCTH HEKOIUpoBaHHON DM mokasbIBaeT, yTo

Bapuant BeposiTHOCTB OmIMOKH ADBK, nb

16 10° 6omee 10

3 107 9,4

8 10° Gonee 10
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Puc. 5.7. Ilomex0yCTOMYNBOCTb JEKOAUPOBAHNS CBEPTOYHBIX KOJIOB

7

w7

a

IIpoBepouHbIil pacyeT 3aBHCHMOCTH BEPOATHOCTH OIIMOKH HAa BBIXO/€ IeKoAepa

B pe3ynbrare noayuum (mpuMepHO AJ1s 3aJaHHON BEPOSTHOCTU OIIUOKK OUTA):

Bapuant Pacuersl
Q : ( xz) ! < ’12> 4,45 % 1075

= *exp(——) = ————*x€eX — =4, *
16 X *\21 P 2 5,01 /2w P

Q ! ( xz) < 42) 3,3%107°

= *exp (——) = *eXpl| ——= ] =0o0%
3 x * 21 P72 4 %21 PAT2
pd=wdf-Q-\/2-df-Rkod-hb=36-3.3-10_5-\/2-10-0.5- =92-1073
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1 ( xz) 1 < 5,012
*eXp(——)=—""—*€exXp| —
x *2m P73 501 21 P 2

pdzwde\/deRkodhb=364‘4‘51O_5V210056=4210_3

> = 4,45 % 107°

Pacuer moka3zan, 4YTO peajlbHOE 3HAYCHHUE BEPOSTHOCTH OMIMOKKA KOJepa MEHbIIE
TEOPETUYECKOT0 3HAUEHUSI, CIIEIOBATEIBHO, YCIOBHS 33]a4i ObUTN BBHITOITHEHBI.

Pa3padotka xonepa u nexogepa CK 133, 171

B npenpinymiem pazaene Obu1 onucaH BeIOOp cBepTOuHOTO Koaepa (133,171).

1335=1011011,;1715=1111001;

OyHKIIMOHANBHAS M CTPYKTypa cXeMma KoJepa/aeKkofepa MOXKeT ObITh IpeacTaBieHA B

CJICOAYIOUIEM BHUIC:

Brixonl

L

CyMmaTop —

CapHroBRIA
PETHCTP

Herounnk >

Brixox2

L J

CymmaTop |[—»

Puc. 5.8. CtpykTypHasi cxemMa CBEpTOYHOT0 Kojepa

BBIXO[T 1

BXOTJ

BBIXO/[ 2

Puc. 5.9. ®yHknmoHanpHas cxema cBEpTO4HOro kozaepa 133,171
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Puc. 5.10. CtpykrypHas cxema nekoaepa Burepou

HenpagneHnee

* MM
..| h-]L“H HuiprogmanmonHedi ]1-::|1|-;:|]'|_"@—'
4 f

Bxon
OfpaTHs CBEIb
[‘i.":lrml-] FP3i- " "¥§
ol + CHHAPOMHEIL perneTp
C JMoruyeckan ¢xema
CHHXPHHIETO] > .
{ MABOPHTAPHEIT F1EMEHT)

| Henpasnewie

Puc. 5.11. ®ynkunoHanbHas cxema aekoaepa Butepou
KoJIepa co CKOpPOCThio 1/2.

B pesynbrare BBINOJHEHMS] JAaHHOTO WHIWBUIYAIBHOTO 3aJaHHs OBUIO  BBITIOJIHEHO
creayrouee:

e CrpoekTupoBaHa TEICKOMMYHUKAIIMOHHASI CHUCTEMA C MHCIOJIB30BAaHUEM CBEPTOYHOTO
KOJZIepa;

e PaccunTaHbl U ONTUMHU3UPOBAHBI MTApaMETPhl CBEPTOYHOTO Koja ucmoiaszyemoro B TKC B
LEAX TOBBIMICHUS €€ A()PEKTUBHOCTU M TIOMEXOYCTOWYMBOCTH TMPHU PaA3IUYHBIX HAYAIbHBIX
3aJJaHHBIX YCIOBUSX (IIMpPUHA CIEKTpa, CKOPOCTh KOJa, OMTOBas BEPOSTHOCTh OIIMOKH B
3aBHCHMOCTH OT 33JJaHHOTO 3HAYEHHS OTHOILLIEHUS] CUTHAJ/IIIYM);

e [lpensoxxeHsl CTPYKTYpHbIE U (PYHKIMOHAIbHbBIE CXEMBI KOJIEpa U KOJiepa, UCII0JIb3YeMbIX B

paspaborannoi TKC.
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3AK/IIOYEHUE

B mnpencraBienHoM yueOHOM MocoOWH BIEpPBbIE PACCMOTPEHBI OCHOBHBIE BUIbI
MOJYJISIMHA, KOAWUPOBAHUS ¥ CUTHAJIBHO-KOJIOBBIC KOHCTPYKIMU.B yueOHOM mocoOuu
paccMOTpeHa TeOpHs U MPAKTUKa MOACIMPOBaHUs MOIeMOB coToBoi cBsizu FSK, MSK GMSK
U MOJEMBl CHYTHHKOBBIX cucteM cBs3u M-QAM, M-PSK. [lns anaim3a HCHOIb3aBaHO
nporpammuoe obecnedenupe NI LabVIEW. Ilokazana BO3MOXKHOCTH CO3JaHHS CO3BE3JIUN
Pa3IUYHBIX BUJIOB MOMAYJISIIIMH, CIIEKTPHI CUTHAIOB C MCIIOIH30BAHUEM PA3IMYHBIX (UIBTPOB,
MOJIYYEHBI TJIA3KOBBIC AWAarpaMMbl W (Da3oBble 3aBHCHUMOCTH OT OTHOIICHHUS OTHOIICHUS
curHaj/mym. J[ns xaxaoro BuJa MOIYJSIUMU TPOBEAEH YHCICHHBIM aHAIU3 BEPOSTHOCTU
CHUMBOJIbHOM OIIMOKH OT OTHOILIEHUS] CUTHAJ/IIIYM.

PaccMoTpenbl  BOIpoOChl IPOIYCKHOW CIIOCOOHOCTH KaHajla CBSA3H, PAaCCMOTPEHBI
MeTonbl  konupoBaHue uctouHuka (Illennona-®dano, anroputmel cxarus Jlemnens - 3uBa,
BeliBNeT-PpakTanbHOe cxkartue). [IpoBeeHbl UYMCIEHHBIE OLEHKU KOX(PQPUIIMEHTOB CXKATHS,
MOJIy4YEHHBIE C UCTIOJIb3aBAHUEM COBPEMEHHOTO MPOTPAMMHOI0 00eCIeUEeHHUS.

[IpoBeieHO UMMUTALIMOHHOE MOJCIUPOBAHUE U MCCIIEIOBAHUE MTOMEXXOYYTOMUNBBIX
konoB Xemmunra, bBUX (boy3a-Uoyaxypu-Xoksenrema), Puna-Comomona na 6aze MATLAB
2015 Simulink, wuccremoBaHO cBepTOUHBIE KOAMpPOBaHHE M JAekonupoBaHue. [IpoBemeHo
MOJIETTUPOBaHUE JEKOAUPOBAHHE CBEPTOYHBIX KOAOB MO METOAy ButepOu ¢ mcmnonb3oBaHHEM
I[I0O MATLAB. WHccnenoBanue TypOOKOIMpPOBAaHUE, pACCMOTpEeHa O0O0OOIIEeHHAs cXema
TypOOKoJiepa C HapasuleIbHbIM KacKaJUpOBaHUEM, CBEPTOUYHbIE TYpOOKO[bI, EKOAUPOBAHUE
TypOOKOo/I0B. XapaKTepUCTHKH MOMEXOYCTOMUNBOCTH CBEPTOUHBIX TYpPOOKOJIOB HCCIIE€OBAHbI
¢ ucnonszoBanueM 110 MATLAB 2015 Simulink. Briepssie ucnonszoBano I1O NI LabVIEW
JUI MCCIIEI0BaHUSl HU3KOIUIOTHOCTHBIX KOJOB - pa3paboTaH MHpPOTPaMMHBIA KOMILIEKC IS
Busyanm3aiun u uccinenoBanust LDPC-komo. IIpoBereHa oleHka NMOMEXOYCTOWYHUBOCTH
LDPC-k010B B 3aBUCUMOCTH OT OTHOIIEHHS CUTHAI/IITYM U TTapaMeTPOB KoJa.

PaccMOTpeHBl CUTHaNBbHO-KOAOBBIE KOHCTPYKLIMHM Ha OCHOBE Tpemauc KOoJOBOM
voaymsauuu (TCM) u ux ananmus ¢ ucnonb3oBanueM MATLAB. HccnenoBanue curHaibHO-
KOJIOBOM  KOHCTPYKLIHH Ha ©0a3e cHUCTEeMBI C  OPTOTOHAJIBHBIM  YaCTOTHBIM
MYJIbTHITICKCHPOBAHUEM U TIPOCTPAHCTBEHHO-BpeMeHHBIM KoaupoBanuemM OFDM - MIMO c
ucnoib3oBanuem NI LabVIEW,

B rmaBe 5. mpencraBieHO 3aJaHHE Ha CaMOCTOSTENbHYIO pabory "OnrtuMmuzammus

METOJIOB TOMEXOYCTOMYMBOTO KOJUPOBAHUS I TEJIEKOMMYHUKAIMOHHBIX cHUCTEM' - 32 BapuaHTa

AJI1 CaMOCTOATEIIBLHOI'O pacu€Ta U MPpUMEPHI pacdyeTa JJIs1 HCCKOJIBKHUX BaApUAaHTOB.
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Paccmotpensl  kiaccudeckue MHQPBI, TEOpUs KIACCHUYECKUX INU(GPOB, KOMITBIOTEPHBIH
MPAKTUKYM JIJISl KJIACCUYECKUX MU(POB U 3aJIaHKsI HA CAMOCTOSTEIBHYIO Pa0OTYy M0 KIaCCUYECKUM
mmdpam. IlpecraBieHbl coBpeMeHHbIE MHUMPBI C CEKPETHBIM KIIOYOM, Teopus MHdpoB ¢
CEKPETHBIM KJIFOUOM, KOMITBIOTEPHBIHN MPAKTUKYM JIJIsl ITU(PPOB C CEKPETHBIM KIIFOUOM H 3aJ]aHHsI Ha
CaMOCTOSITENIbHYI0 PalbOTy MO MHM(paM C CEKPETHBIM KI0Y0. PacCMOTpEHBI OTEYECTBEHHBIE U
3apyOeKHBbIE MMUQPBl C OTKPHITBIM KIIOYOM, TEOPHS IMHPPOB C OTKPBITBIM KJIFOYOM,
KOMITBIOTEPHBIN MPAKTUKYM JUIS IMU(GPOB C OTKPBHITHIM KIIFOUOM M 3a/IaHUSl HA CAMOCTOSITEIHHYIO
paboty mo mmudpam ¢ OTKPBITBIM KitouoM. IIpencraBineHsl KpUNTOrpapuuecKue MPOTOKOJBI B
CeTAX Mepelayd JaHHBIX M KOMIIBIOTEPHBIM MPAKTHUKYM JUIS HCCIEIOBaHUS MPOTOKOIOB SSL u
TSL. Paccmorpeno mmdpoBaHrue B COBPEMEHHBIX cucTeMax cBs3u ctanaaproB GSM u LTE u

KOMITBIOTEPHBIN MPAaKTUKYM 17151 uccienaoanus ctanaapra LTE 8 MATLAB.
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