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BBEJIEHUE

B 3aBucuMoCTH OT Ha3Ha4YeHHs] U YCJIOBUN (PYHKIIMOHUPOBAHHUS CHCTEMbI PAJIMOCBSI3U €€
3¢ (HEeKTHBHOCTH OIICHUBACTCS HA OCHOBAHHMH TE€X WJIM MHBIX IMOKa3aTeneil (KpUTepreB), OCHOBHBIMHU
U3 KOTOpBIX SBISIOTCS DHEPreTHMUECKUH U crHeKTpaiabHbli. COOTBETCTBEHHO, Ba)KHEHIIMMHU
XapaKTepUCTHKaMH JII000I CHCTEMBl PaJMOCBSI3U SIBJISAIOTCS DHEpPreThdyeckass M CHEKTpalibHas
3¢ (HEeKTUBHOCTh, XapaKTEpU3YIOLIUE, COOTBETCTBEHHO, HHEPreTHUECKHUE 3aTpaTbl U MOJIOCY
3aHUMaeMbIX 4aCTOT, HEOOXOMMBbIE /ISl TIepeadr COOOIICHHIA.

K coxanenuto, 0HOBPEMEHHOE JIOCTH)KEHUE IPENEIbHBIX 3HAUEHUH ITHX IOKa3aTesen
3¢ (HEeKTUBHOCTH OKa3bIBACTCSI HEBO3ZMOXKHBIM, TaK YTO B KaXKJOM KOHKPETHOM CITy4yae MOCTPOCHHS
CUCTEMBI PAJIMOCBSI3U TMPUXOIUTCS PYKOBOJCTBOBATHCS KOMIIPOMUCHBIMH COOOpaXCHUSIMH TPU
ONTUMH3AIIMY XaPAKTEPUCTUK U PEXKUMOB PYHKIIHOHUPOBAHUS cUCTeMBbI [1-4].

OddexTuBHBIC METOABI MOAYISIUU M IOMEXOYCTOHYMBOTO KOAMPOBAHUS BCE IIUPE
UCIOJIB3YIOTCSL B COBPEMEHHBIX ITU(POBbIX TenekommyHukannoHHbIx cuctemax (TKC). Ilepexon B
TKC x ancam0isM MHOTOMO3UIIMOHHBIX CHUTHAJIOB YBETUYMBAET MH(MOPMAIMOHHYIO CKOPOCTh U
obecnieunBaeT mepenady OonbmuX MOTOKOB uWH(popManuu. CoBpeMeHHas >JieMeHTHas 0asa
no3BoJisieT npuMeHsaTh B TKC 10CTaTOUHO CIOKHBIE METOIbI TOMEXOYCTOMYMBOTO KOJUPOBAHUS U
o0ecrieurBaTh TEM CaMbIM BBICOKYIO BEpHOCTH mepefaud uHdopmanuu. VccnenoBannuio METOOB
Monymsauuu U koawpoBaHus B TKC mocBsimena oOmupHas muTepaTypa, OTpaxkaromas Kak
JOCTHOKEHHSI TCOPUH, TaK M BOIPOCHI €€ MPaKTUUECKUX Mpriioxenuii [1-18].

Kak wm3BecTHO, Teopus CHUTHAJIOB W TEOpHUsS KOIUPOBAHUS JUTEIHHOE BpEMs Pa3BHUBAIHCH
He3aBUCUMO. B mocienHue rojpl 3HAYUTENBHO BO3POC HMHTEPEC K HOBOMY IMEPCIEKTUBHOMY
HAPaBIEHUIO, BO3HHUKIIEMY Ha CTBIKE ATHUX HayK. B paboTax OTEUECTBEHHBIX U 3apYyOEIKHBIX
aBTOPOB MHTEHCHMBHO HCCIIEAYIOTCS BO3MOKHOCTH TKC, B KOTOpBIX i Tiepenadyn UHGOpMaIUU
UCIIOJIB3YIOTCS aHCAMOJIM MHOTOTO3UIIMOHHBIX CHUTHAJIIOB B COYETAHUHM C TMOMEXOYCTOMYHUBBIMHU
KOJAaMH, TIpHUYeM, TMPOIEeAypbl  MOAYISIUU/KOAUPOBAHUS  (IEMOIYISLNN/IEKOAUPOBAHHS)
OCYILECTBISIIOTCA coémMecmHuo. 1lpyu palMOHAIBHOM IIOCTPOEHUM TAaKHE CUZHATbHO-KOOO6ble
koncmpykyuu (CKK) coderaroT B cebe MOJOKHUTENbHBIE KauyecTBa KaK MHOTOIO3UIIMOHHBIX
aHcamOJell CUTHAJOB, TaK W IOMEXOYCTOMUYMBBIX KOJOB, IOIMYCKAIOT JOCTaTOYHO MPOCThIE U
peanu3zyemMble Ha TIPAKTHKE aJITOPUTMBI JIEKOJUPOBAHUSA M TPpU HCmoib30oBaHmH ux B TKC
MO3BOJIIOT CYIIECTBEHHO MPOABUHYTHCS K TeOpeTHdeckuM mpenenam dhdexTuBHOCTH. Bompocs!
CHUHTE3a TAKUX CUCTEM MOJYJSAINN/KOJUPOBAHNUS, aHAIIN3a UX CTPYKTYPhI, TOMEXOYCTOMYUBOCTH U
3 PEeKTUBHOCTH, TEMOMYISAIMN/IEKOIUPOBAHUS COCTABJISIIOT OCHOBHOE COJIEP’KAaHHE HOBOTO

MEPCICKTUBHOI'O HAITPABJICHUA B TCOPHUU CBA3U - meopuu CUZHATIbHO-KOOO0BBIX Koucmpykum?.
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Onun nyTth Gasupyercs Ha BBerAeHHOM A.l. 3ioko [1, 2] moustuu 3pHEeKTUBHOCTH CHCTEM
CBs3U. AHanu3 U cpaBHEHHE A(PPEKTUBHOCTH CUCTEM C MHOTOMO3ZUIIMOHHBIMHM CUTHAJaMH U
CUCTEM C KOPPEKTUPYIOIIUMU KOJaMU NPUBOAUT B uHpopmayuonnoii meopuu CKK x unee ux
KOMOUHAyuU 6 eOUHOU CUSHANbHO-KOO080U KOHCmpykyuu. TakoW TyTh SIBISETCS HATJISIIHBIM,
yOeauTeNnbHBIM M U3Jaraercs 0e3 CTPOruX MaTeMaTHYEeCKHUX BBIKJIAJOK. DTOT MyTh MOXET OBITh
UCIIOJIB30BaH JIJIS MOMYJISIPHOTO U3j10kKeHus ocHoBanuii reopun CKK [1-4].

Cratuctuueckas TeOpHsl CBA3M IpeiaracT OOJbIIOe KOJUYECTBO BApUAHTOB IOCTPOCHUS
TEJIEKOMMYHHUKAIIMOHHBIX cucTeM. Kak M3 3TOro MHOXKeCTBa BBIOpAaTh BapHaHT, HauOojee
nenecooOpa3Hblii B 3aaHHBIX ycioBuAX? [lo KakuM KpuUTepusiM CleayeT MPOU3BOAUTH STOT
BbIOOp? Hackonpko ompaBgaHO MPUMEHEHHE TeX WM HWHBIX HOBBIX CHCTEM U Kak
COBEpIICHCTBOBATh CYIIECTBYIOIIUE cucTembl? [lpuHIMIUANbHOE pElIeHHEe 3TUX BOIPOCOB B
KOHEYHOM UTOT€ CBOJTUTCS K ONMUMUZAYUU CUCTEM C8A3U NO KPUMEPUAM IPGekmusnocmu.

TumoBast cTpykTypa OIHOKaHAJIBHOM CHCTEMBI mepenaun auckperHoi mHpopmanuu (CITAN)
npuBeneHa Ha puc. 1.1. McTouHuK BeIpabaThIBaCT COOOIICHUS, KOTOPbIE HEOOXOAUMO MEepeIaBaTh
no kaHainy CIIJM. DTto MOryT OBITH MOCIEIOBATEIBHOCTH OUCKpEemHblX COOOIIECHUH (HaHHBIE,
TenerpadHbie COOOMIEHUS U T.11.) THOO0 HenpepvisHble COOOIICHUS (PeUb, TEICBHICHUE, PE3YIIBTATHI
TEJIEU3MEPEHU 1 Ap.), IpeoOpa3oBaHHbIE B Yupposyio ghopmy.

PeanbHble cooOmIeHus: coepkar usObImoyHOCms U Al COTJacOBaHUs MCTOYHUKA C KaHAIOM
nepeaayn MHGOpMaIK UCHOIB3YIOT Kooep ucmounuxka. COBMECTHO C 0ekodepom OHU 00pa3zyroT
K0OeK ucmounuxa. MeTopl KOIUPOBAaHUS HCTOYHHMKA M3JIOKEHBI B padoTax [2, 3, 7, 9-11, 13-16,
181].

Ocnosuble TpeboBanus k CITIAN dopmynupyroTcs 10CTaTOYHO TPOCTO:

1.  eepnocmeo,

2.  cKopocmb,

3. ceoeepemenHOCHb 00CMABKU UHGOpMayuUu om omnpagumens K noayuamento.

B cucremax 06e3 momMexoycTOMYMBOrO KOAMPOBAHUS BEPHOCTh M CKOPOCTh 3aBHUCAT OT BHJA
UCIIONIb3YEMBIX  CHUTHAJIOB-TIEPEHOCYUKOB. [IprMeHeHne MOMeXOyCTOMYMBOTO  KOJWPOBAHUSA
MO3BOJISIET TIOBBICUTh BEPHOCTH TNEpeAadyr, HO 3a CUeT CHIDKEHHs cKopocTh. C Jpyroit CTOPOHBI,
BBEIOOPOM CHTHAJIOB MOYKHO JOOUTHCS IIOBBIMICHUS CKOPOCTH Tiepefadd WHQOpPMAIH, HO,
3a4acTylo, B ymiepd BepHocTH mnepemadn. OHAKO, ClEAyeT YYHWTHIBaTh, YTO NpPUMEHEHHE
KOPPEKTUPYIOIIUX KOJOB BHOCHUT 33JIEPKKY B Mepenady MUGPOBBIX JAHHBIX, YTO YXYALIAET TaKOH
MoKasarenb, Kak CBOEBPEMEHHOCTh MOCTaBKM HHGMopmanuu. B KaxaoM KOHKPETHOM cllydae
tenekoMmyHuKkaunoHHbelx cucteM (TKC) wmoryr ObITh cPOpMYyTUpOBaHBl KOJUYECTBEHHBIE

BbIpaXXEHUSI 3TUX TpeOoBaHui. OTo 3aBUcHUT oOT HaszHaueHus TKC u Buaga mnepenaBaeMoro
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cooOmieHus. B obmem ciyyae mokasaTreind BEpHOCTH, CKOPOCTHM M CBOEBPEMEHHOCTHU IEpeauu
nH(OPMAaLIUY HAXOASTCS B IPOTUBOPEUYUBBIX COOTHOLLICHUSIX.

Kpome oTMeUYeHHBIX BBIIIE, CIEAYET YIOMSIHYTh O OONOJNHUMENbHBIX MpPebo8aHuUsx, KOTOpbIe
OIIPEIENIAI0T TPUMEHEHHE TOTO MM MHOTO METOIa Niepeaayn HH(OpMaIiu:

Cnexmpansnaa 3¢pgpexmuenocms. CoBpemennoie TKC paboraror B ycioBUAX aeduIiuTa
YaCTOTHOTIO CIIEKTPa, OTBOJUMOrO JJIsl mepenayd MHpopMauu. IT0 U 00YCIOBIMBAET BaXXHOCTh
METOJIOB (POPMUPOBAHUS KOMHAKMHBIX CHEKMPO8 CUSHANO08, TIEPENABAEMBIX IO JHHUSM CBSI3U C
OTrpaHUYECHHOM I10JI0COM 4aCTOT.

Cnoscnocme peanuzayuu memooos mMooyiayuu-Koouposeanusa. Teopus MHPOpMaALUU
YKa3bIBa€T NYyTh IMOBBIIICHUS MOMEXOYCTOWYMBOCTU - HCIIOJIb30BAHUE JUIS MEpPEAayu ONUHHBIX
nocie008amenbHOCmell CUSHAN08 U KO0O06, Ui W3BJICUYCHHs HWHGOpPMAIMU W3 KOTOPHIX Ha
NPUEMHOH CTOPOHE MPHUXOJUTCS MPUMEHSITh TOCTATOYHO CIIOYKHBIE AaJITOPUTMBI OO0PaOOTKH.
[Toatomy xKorcmpykmusHnas meopusi KOOUupoeanus HapaBiIeHa HA TIOUCK KOPPEKTUPYIOIINX KOJIOB,

JIONYCKAOIIUX peanuzyempie aneopummol 0ekoouposanus [4].
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Puc. 1.1. Crpykrypnas cxema CITIN

CornacHo u3BecTHbIX TeopeM K. llleHHOHa, B MPUHIMIIE 803MONCHO CKONb Y200HO OONbULOE

nosvlueHue 8epHOCmU nepeoayu uH@opmayuu, eciu CKOpoCTh Mepeladu Mo KaHaly RKaH HE

TMPEBBIIIACT MPOMyCKHOM criocobHocTn Karana Cj.. JlocTuraercst 5T0 MPUMEHEHHEM JIOCTATOYHO

JUIMHHBIX ~ Koppexmupytowux koooe (KK). C »stoit nenpto B crpykrypy KK BBOguTCA
U306IMOYHOCTb.
Kooex KK (kodep u dexooep kanana) nokazad Ha puc. 1.1. B peanpHbIX ycIoBHX JUIMHA KOJa

OrpaHn4cHa I[Ol'[yCTPIMOﬁ CJIIO)KHOCTBIO yCTpOﬁCTB KOOAUPpOBAaHUA U, IpeKAC BCECTO,
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JNEKOTUPOBAHMSA, TOITOMY OJ(PQPEKT OT MNPUMEHEHHUS KOPPEKTUPYIOIIUX KOIOB 3aBUCUT OT
apaMeTpoB KOZA U OrpaHMYEHUH Ha pealn3aliio KoJeKa KaHaa.

CoBpeMeHHas TeopHsl MpeanaraeT IUPOKU Ha0Op KOPPEKTUPYIOLIMX KOJIOB, Pa3IMUYHBIX 110
CTPYKTYp€, MPUHIIUIIAM ITOCTPOSHUS U KOppeKTupyromei cnocoonoctu. Kodem CKK BKIIOYaeT B
ce0st coueTaHue KoJeKa/MOAYIATOpa U, COOTBETCTBEHHO, IEMOIYIISTOPa/IeKOAepa.

B obmem cinyyae pe3ynbTaTr pabOThl CUCTEMBI CBSA3H ONPEAEISAeTCS KOJTMYECTBOM M KaueCTBOM
nepenaBaeMoil nHpopmanuu. KoindyecTBo OLEHMBAETCS CKOPOCThIO IepeAayd MH(OpMaluu 1o
kaHany (6ut/c), a kauecTBO - BenmuuuHOM omubOku. CornacHo Teopemam K. IllenHona, ommbka
IpU COOTBETCTBYIOIIEM BBIOOpPE METO/Aa Iepenadyu (MOIYJSUN/KOIUPOBAHHUS) MOXKET OBITh
C/lelaHa IPOU3BOJIIBHO Majlo. B To ’xe Bpems, CKOpOCTh Iepelauyd He MOXKET ObITh BBIIIE
HEKOTOPOro HH(POPMALIMOHHOTO pecypca, Ha3bIBAEMOI'0 nponycKHotli cnocoornocmuio kanana C.

B pabore A.I'. 310k0 [2] ObUTO MPEIIOKEHO CUUTATh OJHUM W3 TOKaszarened 3¢ddexruBHOCTH
CHCTEMbl  BEJIIMYMHY CpPEIHEH  CKOPOCTH RKaH npu  koMecTo /115 GOpMYyJILL.TOPOU
oOecrieunBaeTcs 3aJlaHHasi BEpHOCTh nepenaun uHdopmaruu. IIpu 3ToM MOryT OBITH ONpe/eeHbl
CIEYIOIINE noKazamenu 3@exmueHocmu:

- Hugopmayuonnaa 3¢pgpexkmuenocmys cucmemvl, onpedenaouias CcmeneHs

ucnojib3zoeanus nponycmtoﬁ CROCOOHOCIU KAHAIA OMHOCUMEIbHOU 6€TUUUHOT

RKaH
= 1.1
n==c (1.1)

B PCATBbHBIX YCIOBHAX IMOKA3aTCIIb 77 BCerga MCHbIIC CAMHUIIBI. Yem Omrnxe 77 K €AUHHUIIC,

TEM COBeplIeHHee cuctema nepenaun uHbopmanuu. JlocTHKeHne HEOOXOIUMBIX CKOPOCTH H
BEPHOCTH TEepeJaull COMPOBOKIAETCS ONPEACICHHBIMH 3aTpaTaMU JPYTHMX BAKHEUILIHUX PECYpCOB:

MOUWLHOCmMU cuczHana PC H noJjiocsl yacmom KaHana Fk Taxoi noaXoJ ITO3BOJIHJI BBECTHU

nokasatesu 3(pPEeKTUBHOCTH HUCIIOIB30BaHUS PECYPCOB CHUCTEMBI, @ HMEHHO:

- Jnepzemuueckan Iphexmusnocmo

_ Rean
ﬂ_PC/NO (1.2)

rac N O - CIICKTpaJIbHas IMJIOTHOCTh MOIIHOCTH IITyMa,

- Yacmommnasn 3¢phpexmuenocmeo

Ryar
pr— 1 -3
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rae F - monoca wacror kanana.

1
[okazarenu W 7 MMEIOT CMBICI YIEIbHBIX CKOpocTeif, a o6parnbie Bennuunsl [ =1/ 3

u y =1/y  onpenensior yodenvuvie pacxodvi coomeemcmeylowux pecypcoé Ha Tepenady
nHpopMaIuu ¢ eAMHUYHON CKOpocThiO (1 OuT/C).

Jly1s raycCOBCKOTO KaHaja ¢ Ioja0coi F , oTHomennem MomuocTel curuana u

Pe

nyma p = P u nponycknoii coco6uocteio C = F log 2(f|.+ ) Oblia ycTaHOBIIEHA
w

CBSI3b MEXKIY NoKazaTessiMu 3 PpeKTUBHOCTH

n= /4

) Iogz(1+;)

I[J'ISI H,HeaHBHOﬁ CHUCTCMBbI (77) OIIpCAciICHAa TAaKXKE IIPCACIbHAA 3aBUCUMOCTb

__r 1.5
o4 7 1 (1.5)

3aBUCHUMOCTB PHEPTETUIECKOH 3(PPEKTUBHOCTH OT YAETHHON CKOPOCTH YIOOHO MPEICTAaBUTH B

uy=ppb

BHJIE€ KpHBOii Ha ruiockoctn [y (puc. 1.2). OHa oTpakaeT HaMIyqIIni oOMeH Mexay [ u ¥ B
HenpepbiBHOM KaHane (HK-mpenmen Illennona). Ilpm »TOoM wactoTHas 3QQeKTHBHOCTE J

HU3MCHACTCA B MpEAciiax OT 0 J000 TO BpPEMA KaK JHCPreTHYCCKasd 3(1)(1)CKTI/IBHOCTL OrpaHnu4cHa

CBEpXY, IOCKOJIbKY

. . 1
= lim B=lim —/ =~ ~1443(15905 1.6

AHaJOrM4HbIe TpeJeNbHbIE KPUBBIE MOTYT OBITh IOCTPOEHBI JUIsl APYTUX TUIOB KaHAJIOB [2]

(JAHK-auckperHo-HenpepbiBHbIi kKaHal, JICK-TUCKpeTHBI CHMMETpUYHBINA KaHal Ha puc. 1.2).

B. 1B l—ll-{l (npe,lzl.e_rl LI_I[EHHDII—IEI.)
O | | }
N = TTHIK . Ad — 2
>+ h“‘*——____& | |
\ JLETEC, A = =
=" =
IICIK. AZ — =2 T
6 | I \ \
JICK, Af — 41 \\\
-8
- 10

1
b
——/

Y. ab

Puc. 1.2. Kpussle npenenbHoi 3¢ (HEKTUBHOCTH CUCTEM CBS3H
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[Tonocy wacToT, 3aHMMAEeMyl0 CUTHAJIOM KOHEYHOW JIJIUTEIBHOCTH HE BCEra MOXHO
onpeaenuTs oaHo3HayHO. [loaTomy nanee ans aHanu3a U cpaBHeHUs 3(pdekTUBHOCTH Oynem

paccMaTpuBaTh CIEIYIONIYI0 MOJIEINb Mpoliecca nepeaadn nHpopMaluu.

HonaraeM, 4YTO Ha HHTCPBAJIC T no KaHaly IEepeaacTtCsa OIpEACICHHOC KOJINYCCTBO

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)
-Yoenvnasn ungpopmayuonnas emkocms* Kanana

CN = % (6um | omcuemn), (1.8)

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

omcuema
EN = Pc /D
- Yoenvnas sgpgpexkmuenocme ucnonvzoeanus nponycKHoil CnOCOOHOCMU KAHA
Ry (1.9)
77N = " = 77’ .
CN

- Yoenvnaa snepzemuueckas rppexkmuenocms (yoenvnas Ippexkmuenocmeo

Uucnonb3oeanus Inepzuu cqua.rm)

— RN _
g, in, = -0

- Yoenvnaa ckopocmo nepedauu ungopmayuu

7n =Ry- (1.11)

HCpCXOI{ K YACJIIbHBIM ITOKA3aTCIAM S(I)(I)CKTI/IBHOCTI/I 03HA4acT, 4YTO IMPOILECC (I)OpMI/IpOBaHI/ISI

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 yuebHOro nocobus paccMaTpuBaroTcs HUGPOBbIE BUIBI 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 pe3ynbTaThl UCCIICIOBAHMS BEPOSTHOCTH OIIMOKH Ha OMT OT OTHOIICHUS CHUTHAII
IIyM B KaHajie s pa3inuHbix BunoB monyismuu FSK, MSK n GMSK, a taxke QAM, M-QAM,
PSK, M-PSK, co3Be3nusi s MHOTOMO3UIIMOHHBIX METOJ0B MOJAYJISLUHU, CHEKTPbI, TJIa3KOBBIC

auarpammsl [11] u mxurTep.

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

B T'maBe 3 wuccrmemyercss MOMEXOyCTOMYMBOE KOIUPOBAHHE B TEJIEKOMMYHUKAIIMOHHBIX
cucremax. Mccnenyrores xapakrepuctiku koaoB Xemmunra, BUX (boyza-Uoynxypu-XokBeHrema)
u Puga-Conomona Ha 6aze MATLAB. IlpoBeaeHo uccienoBaHue MUKINYECKOTO HU30BITOYHOTO
kona (Cyclic redundancy check) CRC ¢ ucnonb3oBanuem [10 MATLAB. PaccmoTpeHs! Koaepbl
CBEPTOUHBIX KOJOB M METOJbI WX JEKOAUPOBAHME, BKJIIOUas MeToJ BurtepOu, ucciemoBaHbl 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
cucteMbl MoOWIBHOUM cBsi3u crapmapra |EEE 802.15.1 (Bluetooth) ma 6aze I1O0 MATLAB,
MMHTAIIMOHHOE MOJICIIMPOBAaHNE CHCTeMbI MOOMILHOM cBs3u crannapta IEEE 802.16 (WiMAX) na
06aze 110 MATLAB [16, 18], uMuTanMOHHOE MOIECIMPOBAHUE CHUCTEMbI MOOHIIBHOM CBSI3U
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
CHUCTEMBI  BBICOKOCKOPOCTHOrO  IM(poBOoro cnyrHukoBoro TB-emanuss 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 cucrtemsl BEICOKOCKOPOCTHOTO Iudpooro MmoounsHoro TB-pemanus DVB-H2 [16, 19,

20].

I''TABA 1. HU®POBBIE BUJIbl MOAYJAINUHN U CUT'HAJIBHOI'O KOAUPOBAHMUA,
NX CIIEKTPAJIBHASA U DQHEPTETHYECKASA 2®PEKTUBHOCTD
1.1. Ananu3 HUPPOBHIX METOA0B MOAYJISAILMHU
MoayasTop
N3BecTHO [6, 7], 4TO Y3KOMOJIOCHBIM MOJYJIMPOBAHHBIM CHTHaJl C MPOU3BOJBHBIM BUAOM
MOJYJIALIMA MOKHO TPEJCTaBUTh B BUJIE:
s(t) = 1 (t) cos(wt) —Q(t) sin( wt), (1.12)
rie - Hecymas dactota pamuocurHana, |(t) wu Q(t) maseBarorcs cooTBeTcTBEHHO

cungasHoll u K6aopamypHoti COCTABISIOIIMMU MOAYIUPYIOLIETO CUTHAA.
Taxum 0Opa3oM, 7151 OCYIIECTBICHUS TIPOU3BOIBHOTO BU/1a MOIYJIALIMN CUTHAIA
HEOOXO0UMO
BBINIOJHUTH J1Be onepanun: (1) chopmupoBaTh CHH(DA3HYIO U KBaIPATYPHYIO COCTABIISIONINE

MOAYJIUPYIOIIETO CUTHAJA (BU TaHHBIX COCTABIIIONINX Oy/IET ONPEAeIsATh BUI MOTYJISIINH )
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u ( 2) BeIOSHUTD TIpeoOpa3oBanue (1.12).

Brimonaenue onepanuii (1) u (2) BBIMOTHSACTCA pa3IMYHBIMU OJIOKAMH TIEPEAIOIIET0 TPAKTa.
Omnepanus (1) ocymecrsisercs B baseband-nponeccope, a onepamus (2) B xBagparypaom (1Q)
MOJTYJISITOpE.

Baseband-modynamop ¢opmupyer nuskouactotnsie (baseband) curnmamsr |(t) u Q(t) wus
3aKOJMPOBAHHOTO MH()OPMAIIMOHHOTO CUTHANA (ITOCIIEIOBATEIPHOCTH HYJICH U €IMHUIT). 3aKOH, 1O

KOTOPOMY BBIIIOJIHACTCA TaHHOC Hp606p830BaHI/IC, OIIPECACIICT BUA MOAYJIAIIMKA CUT'HAJIA.

I(t)
cos(wot + @g)

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

QM)

leHepaTop
Hecywen

Puc. 1.3. 1Q-mMoxymsitop

Just [Q-MoysiTopa BXOAHBIME CUTHATIAMU SIBIISIFOTCS
i (€)= 1(0):; Qi (1) =Q(t) .
In in
CdopmupoBannbie baseband-mpoiieccopoM H3 HCXOAHOTO HH(POPMAIMOHHOTO CHUTHAjda |
OTIPEJIENIAIONINE BUI M CBOMCTBA MOIYJIMPOBAHHOTO CHTHaja. Ha MOZYNSATOp TakKe MOCTYMaeT

HEMOJlyJINPOBAHHOE Hecylllee KosiebaHue BHJIA COS(a)t). Ha BeIXOzme monynsaropa oOpasyercs
curan (1.12) mnocpenctsom ymHoxenuss curHana |(1) na HemomynupoBaHHoe Hecymiee
xonebanue, Q(t) ma memomynmpoBamHOe Hecymiee KoneGanwe, caBUHyToe mo (ase Ha 90°, m

MOCJIEAYIOLETO CYMMUPOBAHHS.

Bunno, uro crpykrypa IQ-monynstopa sBisieTcs HWHBapMAHTHOM OTHOCUTENBHO BHJA
Moayiauuu. TakuM 0o0pa3oM, OCYILECTBICHHE TOIO WM MHOTO BHJa MOAYJSLMU OIpelensercs
porpamMMoii, BeIMoyHsAEMON baseband-mpouieccopoM, a HMEHHO AJITOPUTMOM (OPMHUPOBAHUS
KBaJPaTypHBIX COCTABISAIOLIMX W3 3aKOJMPOBAHHOTO MH(pOpPMAIMOHHOTO curHana. [Q-moxynsrop
paGoTaeT Ha BBICOKOW (HECyIlel) 4acToTe M, KaK MPaBHIIO, SBISETCS aHAJOTOBBIM YCTPOMCTBOM.
TakuM 00pa3oM, CTPYKTYPHO Mepelaouii TpaKT MOXKHO pa3JeuTh Ha HU(POBYIO U aHAJIOTOBYIO
4acTu, paszjielieHHble I(po-aHanorossiM npeodpaszosareneM (LIAIT), popmupyromum ananorosslii
CUTHAJ U3 MOCJIEI0BATEIILHOCTH ITOCTYNAIONINX HA HETO OTCYETOB.

Bo3morkHa Taxke M MHas peanuzanus, Korga [Q-MoaynsTop BbINOJHEH B LHU(POBOM BUAE U

npeodpazoBanue (1.12) ocymectusiercs baseband-mporeccopom. B sTom ciydae Ha BBIXOAE
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baseband-nporieccopa dpopmupyercs curnain S(t) Ha TPOMEKYTOUHOM YACTOTE, CYIICCTBEHHO OoJiee
HU3KOH, yeM Hecymas. JlaHHbIi curaan mpeoOpa3yercss B aHAIOroBeIid ¢ momoinbio L[AIT u 3atem
€ro CIEeKTP MEPEHOCUTCS Ha HECYIIYIO YaCTOTY C IOMOIIBI0 CMECUTEIIS.

Hudposbie BUABI MOayAsiinH [7]

[{udpoBbie BUABI MOTYIANHU (4acTO U(POBAst MOAYJISIINS HA3BIBACTCS MAHUTTYJISIUEH ), KaK U
aHaJIOTOBbIE, MOTYT OBITh AMIUIUTYAHBIMHU, (a30BbIMH, YACTOTHBIMU WJIH KOMOMHHPOBAHHBIMU
(Hampumep,  aMIUIUTYyAHO-(a30BBIMH), B 3aBUCUMOCTH OT TOr0, Kakoil M3 MapaMeTpoB

HemonyimupoBanHoro Hecymero konedanus — S(t) = A(t)cos(wt) + p(t) usmenserca B

COOTBETCTBUM C HW3MEHEHMEM HWH(OPMAIMOHHOIO CHUTHaia. Tak Kak 3HadeHus LHU(poBOro
MH(GOPMALIMOHHOTO CUTHANA SBIAIOTCA AUCKpeTHbIMU (Hampumep, {0,1}), AUCKPETHBIM sIBISETCS
TaKXe W BO3MOXHBIN Ha0Op 3HAYCHUH KaXI0ro U3 mapamerpoB. OHAKO eciyd MHPOPMALMOHHBINA
CHTHAIl TPOXOIUT dYepe3 baseband-GuibTp aisi orpaHHYeHHs CIEKTPa, €ro 3HA4YCHHs yXKe He
SBJISIIOTCS IUCKPETHBIMHU, TIOATOMY PEaIbHO IEpexo OT OAHOI0 AUCKPETHOrO 3HAYCHUS MapaMeTpa
Kose0aHus (Hanpumep, U3BMEHEHUE aMIUIUTY bl WU (a3bl) IPOUCXOUT INIaJJKO U HETIPEPHIBHO.

AMmuryaabie Buabl moayisiun (OOK, ASK, M-ASK)

HauOonee mnpocTbiM BUAOM MaHUMYJSLMU CUTHAJA SBJSIETCS aMIUIMTYIHAs MaHUIYJISLIMA.

Moy TMpPOBaHHBINA CUTHAN UMEET BHUJIL:

s(t) = A(c(t) + B)cos(wt + ¢),

rae C(t) - undopmammonnsiit mudposoit curman, A, B u ¢q - nocrosuuse, B > 0 , o -
Hecymas ugactora. Ilycts MuOkecTBo Bosmoxkubeix 3Hadenmit C(t) {0,1}, B=0. B srom cnyuae

MoaynupoBaHHbI curHan umeer BHI S(t) = Ac(t) cos(wt + ¢,), ero amImuTyna HOPUHUMAET

3HaueHune () MU HyJICBOM 3HAYECHHH WH(POPMAIIMOHHOTO CHUTHAJA U A Tpu enuHuIHOM (puc.l.2).
Takoit Tun Manunynsanun HasbiBaercs OOK (On-Off Keying, Bximtoueno-BrikiaroueHo) U yacto

HCIOJIB3YCTCA B CUCTCMAX CUTHAJIU3AlMHU U OXPAHHBIX CUCTEMAX.

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

Puc. 1.4. Monynsus OOK: a - uHpopMannoHHoe coodieHne; 6 - MOAYIHPYIOUHUH U pOoBOii
CUTHAJT; B - MOJIyJTUPOBaHHbIN painOCUTHAT
Jonyctum terieppr B =1. B stom ciiydae amminTyaa MoyIMpOBaHHOTO CUTHANIA TIPUHAMAET

3HaueHHe A IIpU HyJIEBOM 3HaY€HHUM MH(POPMALMOHHOro curHana u 2A npu emunmunoMm. Bun

monyisauum, s kortoporo B >0, mocur massamme ASK (Amplitude Shift Keying -
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ammuTynHas Maaunyaanus). OOK sensercs yactaeiM ciaydaeM ASK npu B=0. Cymectsyer n8a

OCHOBHBIX KpHUTEpHs CpaBHEHUS 3()()EKTUBHOCTH PA3IMYHBIX BUJOB MOIYJSIIHMU. DTO Kpumepuu
cnekmpanvHou U - IHepeemuyeckou  dgpgexmusnocmu.  CrekrpanbHas — 3PPEKTUBHOCTD
XapaKTepU3yeT IMOJIOCY YacTOT, HEOOXOJUMYIO IS mepeaud MHGOpMaluu C  OIpe/elIeHHON
CKOPOCTBI0. DHepreTudeckasi 3(pPeKTUBHOCTh OMUCHIBAET MOIIIHOCTh, HEOOXOAUMYIO IJIs Iepeiavu
uHbOpMalUK C 3aJaHHOW JOCTOBEPHOCTHIO (BEpOATHOCTHIO OWIMOKM). M3BECTHO, YTO CHEKTp
MOJTyJTUPOBAHHOTO CUTHAJIA HA PAJAMOYACTOTE C TOYHOCTHIO JI0 MOCTOSSHHOTO MHOXKUTEIISI COBIAAET
co crektpoM Moxayaupytomero (baseband) curnama, omHaKo, LEHTpP CHEKTpa paadOCUTHAIIA
pa3MelieH Ha Hecylled dactore, a He Ha HyneBol. [loaToMy, Kak MpaBWIIO, aHATU3UPYIOTCS
CIEKTPAJIbHBIE TUIOTHOCTH MOIYJIMPYIOIUX CUTHAJIOB, LIEHTPUPOBAHHBIE OTHOCHTEIHHO HYIJIEBOM
gacToThl. CrHekTpajbHble IIOTHOCTH MomHOocTH ASK curHamoB s pa3nndHbiXx baseband-
¢unbTpoB npuBeneHsl Ha puc.l.4. Ha puc.1.4 mokasanbl cOOTBETCTBYIOMKE (POPMBI UMITYJIHCOB
MOJIYJIMPYIOIIET0 CHTHajga MOCie MpoXokaeHus baseband-¢uabrpa. M3 cpaBHenus puc.l.4 u
puc.1.5 BuaHo, yTo Oonee rIagkas ¢opMa HUMITYJIbCA MOAYIMPYIOMIETO CUTHAjda MPUBOJIUT K
pacIIMpEeHNIO TJABHOTO JIETIECTKA CHEKTPAIbHOM TUIOTHOCTH MOITHOCTH MOIYJIMPOBAHHOTO

cUrHaza 1 6ojee ObICTPOMY YMEHBIICHUIO aMIUIUTY 1bl OOKOBBIX JIETIECTKOB.

PSDHfTRL), nB

D !,f '\‘\
—10 |- 2
1 l(‘\ /;,..-L-.__li Ir\\
—-20 Pou WY, E P N VIR N P
AAEAL A A A
_go |L 4l YAl {1 VR PR
=' 1! ”i: ! i Gy W ,‘.'l
' |
—40 1 :
& H 3
-50 T '
' i11 AR Y
—60 Lok Lot

4 -3 -2 -1 0 1 2 3 4
T,

Puc. 1.5. CnekrpanbHas I0THOCTh MOITHOCTH ASK-curnana. @opma umimynbca
MOJYJIMPYIOIIETO CUTHANA: 1 - mpsAMOYTOJbHAs, 2 - KOCUHYCOUAAIbHAA, 3 - MPUIOAHATHIA KOCHHYC.
MHOkeCTBO BO3MOXKHBIX 3HadeHmit kBagpaTypueix kommomedT I(t) u Q(t) maswiBaercs
cucHanbHuIM  co3ee3ouem. Kak mpaBuio, JaHHOE MHOXECTBO OTOOpakalOT Ha JEeKapTOBOU
TJIOCKOCTH, TJIe 1O OCH abCIICC OTIIOKeHb 3HaueHus cundasHoi cocrasmsromeit I(t), a mo ocu
opaunar - ksajaparypHoit Q(t). Touka ma mmockocTH ¢ KoopauHAaTamu (X,y) COOTBETCTBYET

COCTOSIHUIO CUTHAJIAa, B KOTOPOM CI/IH(I)EBHa}I COCTaBJIAOIIAA paBHA X, KBaJApaTypHas paBHaA Y.
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Takum 06pa30M, CUTHAJIbHOC CO3BC3JUC - O3TO AUarpaMma BO3MOKHBIX COCTOSIHUM CHTHAala.
HCHOJ’IB?»YH 061111/1171 BHUA MOAYJIUMPOBAHHOI'O pPaIWOCHUIHAJIA, MOYXHO IIOKa3aTb, 4YTO aMILIUTYyAa

MOAYJIUPOBAHHOT'O palldOCUTHAIA B TEKYIIEM COCTOSAHUHN paBHa

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

a ¢a3a paBHa yriIy BEKTOpa, yka3biBarotiero B Touky (I,Q), orcunteiBaeMoro oT ocu adciucc.

st Moyt OOK u ASK curnansHOeE co3Be3iue n300pakeHo Ha pucyHke 1.6.

I\Q /\Q

a) | N 6) .~ o5
4 A, A, T

Puc. 1.6. Bunst Momynsimuu: a - curHainbHoe co3Besaue Monyssinuu OOK, 6 - curnanbHoe
co3se3aune moayssuu ASK

MHOrono3uuuoHHasi aMIuMTyaHast MmoayJsinus (M-ASK)

[Ipu Monynauuu ASK MHOXKECTBO BO3MOMHBIX 3HAUEHMH aMIUIMTYIbl paJdOCUTHaNa
OrpaHUYMBAETCS JBYyMs 3HadeHusMu (0e3 yuera criaxuBanus baseband-guastpom).
CnekrpanbHas 3(()EKTUBHOCTE MOXKET ObITh CYIIECTBEHHO IIOBBIIIEHA, €CIM MCIIOJIb30BaTh
OosblIee KOJIMYECTBO 3HAYCHUN aMILTUTY/AbI paJIMOCUTHAIA.

Crpynnupyem OUTBI UCXOAHOTO MH(OpPMaMOHHOTO cooOuieHus B napbl. Kaxkias Takas mapa
HazbIBaeTcsl cuMBOJIOM. Ecnu kaxkiplii OUT nMeeT MHOkecTBO 3HaueHui {0,1}, To Kaxablii CHUMBOJI
MMEET YeThIpe BO3MOXHBIX 3HaueHus u3 MHoxkectBa {00, 01, 10, 11}. ComocTtaBum KaxkIoMy u3
BO3MOJKHBIX 3HAYEHHUH CHMBOJIa 3HAUCHHE aMIUTUTYAbI pajuocurHaiga u3 MHoxectsa {0, A, 2A,
3A}. AHanoruuHeIM 00pPa30M MOXKHO TPYINIIMPOBATh TPOMKHU, YETBEPKHU U OOJIbIIIEE KOJTMUECTBO OUT
B onHOM cuMBoJie. [losyduTcsi MHOTOYPOBHEBBI (MHOTONMO3MIMOHHEIH) curHan M-ASK ¢
Pa3MEpHOCTHI0 MHOXECTBA BO3MOXKHBIX 3HAUCHHI aMIUTUTYAbl curHaina M = log; k, rae k - uucio
OUT B OJTHOM CHMBOJIE.

Hampumep, curnan ¢ moxynsauueit 256-ASK nmeer 256 BO3MOKHBIX 3HAUEHUN aMIUIMTYIbI
cUrHasia u 8 OUT B OJTHOM CHMBOJIE.

Ha pucynxke 1.7 nzo0paxkeHa criekTpajibHas JI0THOCTh MOIIIHOCTH BOCBMUYPOBHEBOT'O CUTHaja
8-ASK u cnektpanpHas mioTHOcTh curHana ASK ¢ ummynscamu npsimoyroiisHoW (opmel (6e3
baseband-¢unpTpanuy). MHOTOMO3UIIMOHHBIA CUTHAJI WMEET MEHBIIYI0 IIUPUHY TJIaBHOTO
JernecTka (3aHMMAaeT MEHBUIYIO MOJIOCY YacToT) U Oosiee HU3KUI YPOBEHb OOKOBBIX JIETIECTKOB, T. €.

“MeeT OOJIBIITYIO CIIEKTPATbHYIO 3((HEKTUBHOCTD MO CPAaBHEHHIO C ABYXYPOBHEBBIM CHTHAJIOM.
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Puc. 1.7. CpaBHeHHE CIEKTPATIbHBIX INIOTHOCTEN MOLTHOCTH JIBYXYPOBHEBOIO U
BOCBMUYpPOBHEBOTO AM-curnanos: 1 - curnan ASK, 2 — curnan §-ASK

AMIUIUTYHBIE BUJBI MOJYJISILIMA UMEIOT HEBBICOKYIO 3HEPreTHUYecKylo 3((eKTUBHOCTh (TaK
KaK CpelHUI YpOBEHb MOIIHOCTHU CYLIECTBEHHO MEHBIIE MaKCHUMAalbHOI0), TPeOYIOT BBICOKOH
JUHEHHOCTH U OOJIBLIOr0 JAMHAMMYECKOTO Juamna3oHa yCHUiuTens MouiHoctd. Ommbka B
aMIUINTYJI€ CUTHAJIa M3-32 HEJIMHEHHOCTU YCHJIMTENsI IPUBENET HEMOCPEICTBEHHO K CHMBOJIBHON
omuOKe, T. K. 3HAYCHUE CUMBOJIA ONpeAeseTcs aMIUIUTy ol curHana. OTHOIIEHHEe MaKCUMAJIbHOM
aMIUTUTY/Ibl CUTHajla K MMHHUMAJIBHOM JTOCTAaTOYHO BBICOKO M TpeOyeT YyCHIUTENs ¢ OONbLIMM
JUHAMHYECKUM JMala3oHOM. BiMsHWE aJJIUTUBHOTO IIyMa WM IOMEXU HENOCPEICTBEHHO
U3MEHSIET aMIUIMTYAYy CUTHaJa, TO3TOMY aMIUIMTYIHbIE BUAbl MOAYJSIIMM HE 00J1aat0T BBICOKOM
IIOMEX0YCTOMUMBOCTBIO. OIHAKO OHM IOCTATOYHO IPOCTHI B peann3anyuy. CUrHaIbHOE CO3BE3IUE

s 8-ASK npuBeneHo Ha pucyHok 1.8.

20
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Puc. 1.8. CurnansHoe co3pe3nue Moaymsauuu 8-ASK
®da3oBrie Buabl Monyasinnn (BPSK, QPSK, M-PSK, QAM)

DazoMOAYyIUPOBAHHBIA CUTHAT UMEET BUJ:
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s(t) = Acos(awt +(t) + @), (1.13)

rae A ¥ () - IOCTOSHHBIE, (I - HECYINAs YACTOTA.

Undopmanus koaupyetcs pasoit (7). Tak Kak Ipu KOrepeHTHOI JeMOYJISAINN B IPUEMHUKE
umeercs Bocctanosennas Hecymas Sc(t) = A cos(ot + @g), To myTem cpaBHeHHs curHaia c
Hecylel BhYHCIAeTcs TeKyumii casur dassl (1) . Usmenenne hasbl ¢(7) B3aMMHOOIHO3HAYHO

cBsa3ano ¢ undopmanuonnsiv curaagom C(t).

QPSK (Quadrature Phase Shift Keying) - Ksanmparypuas ¢da3zoBas MOmyJsus
(ueThIpéxypoBHeBas (hazoBasi MoayJIsALKUs). B naHHOW (a30BOil MOIYIISIIIMKA MCTIOJIB3YIOTCS YEThIPE
3Ha4YeHus (as3bl Hecylero kojebanus. B aToM ciyuae ¢asza curaana IoHKHA MPUHUMATh YEThIPE
srageHus: 0°, 90°, 180° u 270°. OxgHako Hamie UCTOIB3YIOTCS Apyrue 3HadueHus ¢asz: 45°, 135°,

225° u 315° ¢ marom, kpatHbiM 7t / 2.

CooTHOIICHHE MEXAYy CIBHTOM (ha3bl MOAYIHMPOBAHHOTO KOJICOAHWS M3 MHOXKECTBA {+7m/4,
+31/4} W MHOXECTBOM CHMBOJIOB (mubutoB) umdppoBoro coobmenus {00, 01, 10, 11}
YCTaHABJIMBACTCSI B KaKJJOM KOHKPETHOM CIIydae CTaHIApPTOM Ha pafroKaHAl M oToOpakaercs
CUTHaJIbHBIM co3Be3aueM. CHUTHalbHOE CO3BE3[AME€ — ATO MPEICTABICHHE MAaHUIYIUPOBAHHBIX
PaZIMOCUTHATIOB Ha KOMIUIEKCHON TJIOCKOCTH.

MoynpOBaHHBIA CUTHAJI MOXKHO TPEICTAaBUTh KaK BEKTOpP HA TpaduKe B MOJSAPHOU cCHCTEMeE
KOOP/IMHAT; JJIMHAa BEKTOpa COOTBETCTBYET aMIUIUTYJE CHTHajla, a ero opueHTamms — Qasze. Ha

pucyske 1.9 npezacrasieHo curnaabHoe co3pesnue 111 QPSK monymsiumu.

Q
A

Puc. 1.9. Curnanbnoe co3e3aue s QPSK momynsuu.
®da3a MOXKET MEePEeXOJAUTh U3 OJJHOTO COCTOSHUS B pyroe. Takue mepexoapl MpeAcTaBIeHbl Ha

pucyske 1.10 u€pHbIMU cTpeNKaMu.
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Puc. 1.10. ITepexost u3 0gHOTO (ha30BOTO COCTOSIHHS B IPYTrOe
W3 Teopun CBsSI3W M3BECTHO, UYTO HAWUBBICIIEH MOMEXOYCTOWYMBOCTBHIO 00JafaeT JBOMYHAS
dazoBas moaymsiuust BPSK. Ognako B psie ciaydyaeB 3a CYET YMEHBIICHHS TOMEXO0YCTONYMBOCTH
KaHaja CBSI3U MOKHO YBEJIHUYUTH €r0 MPOMYCKHYIO CIOCOOHOCTD.

KBanparypuo-ammuutynnas moxymsimus - QAM  (QAM — Quadrature Amplitude
Modulation) mMoxeT paccMaTpUBaThCS Kak pacIIMpeHHass MHOToypoBHeBas ®M, B KOTOpoii nBa
UCXOJHBIX CHUTHAlla TEHEPHUPYIOTCS He3aBHUCHUMO. TakuMm o0pa3oMm, 3/1eCh HMEIT MEeCTO JBa
MOJIHOCTBIO HE3aBUCUMBIX KBAJIpaTypHbIX KaHaja, BKIIOYAIOIIME IPOLIECCHl KOJIUPOBAHUSA H
JIETEKTUPOBAHMS B OCHOBHOM I10OJIOCE.

Ha pucynke 1.11 nmokazaHo CHUTHAJBHO - TOYEHOE MPOCTPAHCTBO ISl cucTeMbl ¢ 16-QAM u
YEThIPbMS YPOBHSIMU B Ka)KJIOM KBaJIpaTypHOM KaHase. TOUYKM NMpEeACTaBIsAI0T COCTABHOM CUTHAI, a

IOTPUXU HA OCAX OTMCHAIOT YPOBHU aMIUVIMTY/Ibl B KAXKIOM KBaIpaTypHOM KaHaJIC.

4 Q
- = - =
- = - =
— —t—» 1
- = - =
- = - =

Puc. 1.11. CurnanbHO-TOUY€YHOE IPOCTPAHCTBO MOIYJISIIUU
s 16-QAM
B otnnune ot ®M curnanos curHainsl QAM He conepkaT MocTossHHOU orubaroreii. Hamuune
nocrosiHHOM orubaromeii. B ®M  oObscHSETCS TOJJEpKAaHUEM OTHOILIEHUS YpPOBHEH B
KBaJpaTypHbIX KaHamax. B QAM Ttakue orpaHudeHusi He BBOJSATCS BBUIY TOTO, YTO B Ka)JIOM

KaHaJIC YPOBHH HC3aBUCHUMEIL.



22

Xapakrepuctuku omubok cucreM QAM um OM monynsanuii cuibHO ominyaiores. [lpu
JOCTaTOYHO OOJBIIOM YHCJIE CUTHAIBHBIX Touek cucteMbl QAM MMEIOT, Kak MpaBWIIO, JIydIlHe
XapaKTepUCTUKH, 4eM cucteMbl ¢ @M. OcHOBHasI IpUYMHA COCTOUT B TOM, YTO PACCTOSTHUE MEXIY
CHUTHAJIBHBIMU TOYKAMHU Ha Juarpamme Juist cucteMsl ¢ QAM Oosblie, 4eM sl COOTBETCTBYIOMIEH

cuctemMnl ¢ M.

QAM umeer npeumyiiecTBo Haj cucteMoit @M mpu Toi ke MMKOBOM MOITHOCTH.
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OTHOmeH e SHEPIHE Ha SHT K ITOTHOCTE myMa (Ey/No). 15
Puc. 1.12. BepositHocTH omnbok B cuctemax QAM
JIOCTOMHCTBO BBICOKMX 3HaueHUH HoMmepa QAM — 3TO MOBBILIEHHAs CKOPOCTh Iepelradu
JAHHBIX, TOCKOJbKY TakuM OOpa3oM Oosblliee KOJUYECTBO OMTOB HMHGOpPMAIUU MOXKET ObITh
NepelaHo B TEYEHUH OJHOro nukia. OmHaKo, ¢ Ipyroi CTOPOHBI, B 3TOM ciy4ae OOJIbILIEEe YUCIO
YPOBHEW aMIUTUTYAbl CHUTHAja pacrojiaratlorcsi OJIM3KO JIpYyr K JApYry, MOBBIIIAs TEM CaMbIM
BEPOSTHOCTh HEPA3IMYMMOCTH JIByX YpPOBHEH, M KakK CJEJICTBHE — IOBBIIIAs YyBCTBUTEIBHOCTh

CUCTEMBI K IIIYMY.

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

Rate — OrrHomenue but/Ommobka).
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Puc. 1.13. Ortnomenne napamerpa SNR k mapamerpy BER
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NBouunasi pazosas moayssuus (BPSK - Binary Phase Shift Keying)

MHoxecTBy 3HaueHWd uHpopmanmoHHoro curHaina {0,1} craBuTcsi B OJHO3HAYHOE
COOTBETCTBHE MHOXXeCTBO M3MeHeHu# ¢azbl {0, n}. [Ipn uameHenun 3HadeHuss MHOOPMAITHOHHOTO
curHana (asza pamguocurHana usmensercs Ha 180°. BpemenHas ¢opma curHaia M €ro CO3BE3/UC

MoKa3aHbl Ha pucyHke 1.14.

a). 110 |1 | 1 20
6):; i T j ; 7
o MALANMANNND:

VWWYUUUUUUY

Puc. 1.14. Bpemennas ¢opma u curnaibHoe co3Besaue curnaina BPSK: a — uudposoe
cooOuieHue; 0 - MOAYJIUPYIOIIMNA CUTHAIT, B - MOy IupoBaHHOe BU-kose0aHue; I - CHTHAJIbHOE

CO3BC31UC

Keanparypuas ¢azosas monysimust (QPSK - Quadrature Phase Shift Keying)

KBanparypnas ¢dazoBas MoOIyssiuMs SBISETCA 4YEThIPEXYpOBHEBOM (ha30BOM MOAyisLuei
(M=4), npu xotopoil ¢aza BBICOKOYACTOTHOTO KOJIEOAHUS MOKET NPUHMMATh 4 pPa3IUYHBIX
3HAYEHHSI C IIaroM, KpaTHbIM 7 / 2 .

CooTHolleHHe MeXay CABUIroM ¢a3bl MOJIYJIHPOBAHHOIO KOJNEOAaHUS U3 MHOXKECTBA
{+n/4,£3n/4} U MHOXeCTBOM CHMBOJIOB (n1ubutoB) mudposoro coodbmenus {00, 01, 10, 11}
YCTaHABJIMBACTCS B KaKJOM KOHKPETHOM CIlydae CTaHIApTOM Ha pPaJMOKaHAI M OTOOpa)kaeTcs
CUTHaJbHBIM CO3BE3JUEM, aHaJIOTWYHbIM pucyHke 1.15. Crpenkamu mokazaHbl BO3MOXKHbBIE
nepexobl U3 OAHOTO (Pa30BOTr0 COCTOSTHUS B JPYTOE.

Q

an/a A w4
(10) (11)

-3n/4 -n/4
(00) (01)

Puc. 1.15. CurnansHoe co3Be3nue monysiaun QPSK
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W3 pucyHKa BUAHO, YTO COOTBETCTBHE MEXAY 3HAYCHHUSIMH CHUMBOJIOB W (Da3oi cHUTrHana
YCTaHOBJICHO TaKUM OOpa3oM, YTO B COCEIHUX TOYKAX CHUTHAIBHOIO CO3BE3/US 3HAUYCHUSA
COOTBETCTBYIOLIUX CUMBOJIOB OTJIMYAIOTCS JIUIIL B OJJHOM OHTE.

[Ipu mepenave B yCIOBHSX IIyMa HanOojee BEPOSTHOH omuOkoi Oyner ompenenenue (hasbl
coceqHe TOYkM co3pe3aus. [Ipu yka3aHHOM KOJWPOBAHHWH, HECMOTPS HA TO, YTO MPOHU3OILIA
omuOKa B OINpeeieHUH 3HAYeHHUsS CUMBOJA, 3TO OYJeT COOTBETCTBOBATH OUIMOKE B OJHOM (a He
IByX) Oute nHpOpManuu. TakuM 00pa3oM, TOCTUTACTCS CHI)KCHHE BEPOSTHOCTH OIIMOKUA Ha OWT.
YKa3zaHHBII C1IOCOO KOJMPOBAHUS Ha3bIBaETCs KOJOM ['pes.

Kaxxnomy 3HaueHuIo ¢azbl MOIYJIMPOBAHHOTO CHTHAIA COOTBETCTBYET 2 OuTa nHOpManuu, u
MOATOMY M3MEHEeHHE Mopayhupyromero curiana npu QPSK - moaynsuuu mpoucxomut B 2 pasa
pexe, yem npu BPSK-monynsiuu npu oanHakoBo# ckopocTH nepenayn nHpopmanuu. M3BectHO
[5], uto cmekTpasbHas IJIOTHOCTH MOIIHOCTH MHOTOYPOBHEBOI'O CHTHAjla COBMATacT Co
CIEKTPAITLHON IIOTHOCTHIO MOIITHOCTH OMHAPHOTO CUTHAJA IPU 3aMeHe OMTOBOTO MHTEpBaia T, Ha
CHUMBOJIbHBIH uHTEepBan Ts = T, log, M . [ns detwipexypoBHeBOW Moaymsiuun M=4 wu,
cienoBarenbHo, Ts = 2T, PaccTosHue Mexay MNepBbIMH HYISIMH CHEKTPAJbHOM IUIOTHOCTH
mormHocTH currana QPSK pasuo Af = 1/ Ty, uro B 2 pa3a Menbiie, yeM s curHaia BPSK.
Jlpyrumu ciioBamH, crieKTpaibHas 3G ¢GeKTUBHOCTh KBaaparypHoi moxymsuuu QPSK B 2 pasza
BbIIIIe, YeM OmHapHoi moxysiuu BPSK.

MHuorono3uuuonHasi ¢pazoBasi moayJasinusi (M-PSK)

M-PSK ¢dopmupyercs, kak W JApyrde MHOTONO3WIIMOHHBIC BHIBI MOMYIISAIUHN, TyTEM
rpynmnupoBkd K = 10g, M OMT B CHMBOJIBI M BBEJACHHEM B3aMMHO-OJHO3HAYHOTO COOTBETCTBHUS
MeEX1y MHOYKECTBOM 3HAUE€HUN CUMBOJIa U MHOXKECTBOM 3HAU€HUH cABHUTra (ha3bl MOTyTUPOBAHHOTO
KoseOanus. 3HaueHus caBura (a3pl U3 MHOXKECTBA OTJIMYAIOTCS HA OJUHAKOBYIO BenW4uHy. [lns

npumMepa Ha pucyHke 1.16 nmpuBeneHo curnansHoe co3sesane s 8-PSK ¢ kogupoBanuem ['pest.
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Puc. 1.16. CurnamsHoe co3Be3aue Moayisinun 8-PSK
AMILTUTYIHO-(a30BbIe BUAbI Moy asinuu (QAM)

MO,Z[YJBIL[I/IH, npu KOTOpOfI MMpoOUCXOAUT OJHOBPEMCHHOC MU3MCHCHHC [IBYX IIapaMCTPOB
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HECYIIETO KOJICOAHMS - aMIUTUTY/IbI U (pa3bl -Ha3bIBAETCS aMILTUTYIHO-(a30BOM MOTYIISIIUCH.
MUHUMAJIBHBIA YPOBEHb CHUMBOJIBHBIX OIIMOOK OyIeT TOCTHTHYT B CIydYae, €Cd PACCTOSHHE
MEKIy COCEIHHMU TOYKAMHU B CHTHAJIBHOM CO3BE3JUU OYIET OJMHAKOBBIM, T. €. pacrpeeicHue
TOYEK B CO3BE3IUH OyIET paBHOMEPHBIM Ha IJIOCKOCTH. Clie0BaTEIbHO, CHTHAIBHOE CO3BE3/IHE
JOJDKHO HMMETh pelIeT4aThliii BuA. MOAyIsMs C MOJ00HBIM BHIOM CHTHAIBHOTO CO3BE3IHS
Ha3pIBACTCS KBaApaTypHOH amiumatygHoud wmoayasiueir (QAM -  Quadrature  Amplitude
Modulation). QAM sBisseTcsT MHOTOMO3UIMOHHON Moayisiueit. I[Ipy M=4 oHa COOTBETCTBYET
QPSK, nostomy hopmanbro cuntaercs mit QAM M > 8 (T.k. uuciio out Ha cumBoia K = log; M, k
E N, To M MoxeT mpruHHMAaTh TOJBKO 3HAa4YeHUs creneneit 2: 2, 4, 8, 16 u 1.1.). Jlns mpumepa Ha

pucynke 1.17 mpuBeneHo curHaibHoe co3Be3aue 16-QAM c komupoBanuem [pes.

0100 o110 [Qoi1s 6101
5] @t @ ®
1100 1110 1111 1101
® ®..T @ ]
3 | +1 43
i i f t
1000 1010 1011 1001 1
® ®-.T @ &
0000 a010 6011 aont
® ® 1+ @ ®

Puc. 1.17. CurnansHoe co3pe3aue Mmoaynsanuu 16-QAM

Ha mnpaktuke ucnomnb3ytorcss Oonbimue 3HaueHuss M, BmioTh g0 1024-QAM. Takue BUABI
MOMAYJSIIIAA  TIO3BOJIIIOT JIOCTHYh HMCKJIIOYUTEIHHO BBICOKOM CHEKTpaTbHOU S(PPEKTUBHOCTH.
OnHako, Kak BUJIHO U3 CUTHAJIBHOTO CO3BE3WA, TaK Kak MH(OpMaIus KOAUPYETCS B TOM UYHCIIE
aMIUTUTYIOM M U3MEHEHUs aMIUIMTYAbl Belnkd, To QAM mpeabsBiseT BBHICOKHE TpeOOBaHUS K
JTUHEHHOCTU YCUITUTEINS MOITHOCTH U €r0 TWHAMUYECKOMY JHAMa3oHy, 0COOCHHO Uit Oonbimux M.
[IpakTnueckoe ocymectBienne QAM-MOIYISIIIMN BBITIOMHAETCS CIEAYIOMIMM o0pa3oM. B mamsaru
npoIeccopa XpaHUTCsl Tabiuia 3HaYeHUi KBaaparypHbix kKommoneHT I(t) u Q(t), umeromuxcs B
CUTHAJIbHOM CO3BE3/IMM M PACIOJIOKEHHBIX B TIOPSAKE BO3PACTAHUSI 3HAYEHUSI COOTBETCTBYIOIIETO
cumBona. [Ipomeccop aHanmuM3upyeT BXOJHYIO IMOCIEIOBATEIHLHOCTh OWTOB, pa3OuBaeT ee Ha
CUMBOJIBI M JUIsl KaXJIOTO CHUMBOJIA BBIOMpPAET COOTBETCTBYIOIIHWE 3HAYEHUS KBAJPATypPHBIX
KOMITIOHEHT U3 TabuIbl. 3aTeM BhINOIHsIeTCs baseband-dpunbrpanus curnanos 1(t) u Q(t).

CpaBHeHHe Pa3JIMYHBIX BHI0B MOAYJISIIIUM

Kak yka3piBaioch, OCHOBHBIMU KpUTEpUAMU A(H(HEKTUBHOCTH PA3IUYHBIX BUIOB MOMYISIIMU
SBIIAIOTCSL KPUTEPUU CIEKTpalbHOW M dHepreTuueckodl 3(QekTUBHOCTU. DHepreTuyecKas
3((PEKTUBHOCTD XapaKTEPHU3yeT DSHEPrHI0, KOTOPYIO HEOOXOAUMO 3aTpaTuTh Ui Tepeaadd

uHpOpMAllUM C 33JaHHOM JIOCTOBEPHOCTHIO (BEPOSTHOCTHIO OLIMOKH). CrnekrpanbHas



26

3p(HEeKTHBHOCTh  XapaKTepU3yeT TMOJOCYy YacTOT, HEOOXOMUMYIO JJIsi TOTO, YTOOBI MepeaaBaTh
MHGOpPMALMIO C ONpEeAETIeHHOM cKopocThlo. Kpome 1aHHBIX KpUTEpUEB, BHbI MOAYJALUU
CPAaBHUBAIOTCS 1O YCTOMYMBOCTU K Ppa3IMYHBIM TUIAM I[OMEX M MCKAKEHUH M CIOXKHOCTH
anmapaTHOM peanu3aliy. YBeIW4YeHue Mo3uiuil (ypoBHel) Moxymsuun (Moaymsiuuu M-ASK, M-
PSK u M-QAM) yBenuuuBaeT crekTpaibHyto 3¢ dexkruBHocTs B K = 109, M pas. Taxke oTMedeHo,
YTO HauOOJIbLIEH CIEKTPabHONW 3(PPEKTUBHOCTHIO CPEAM YACTOTHBIX BUJOB MOAYNALUU 00J1a1aeT
moxayisius MSK. MSK sBisiercst ciektpanbHo B 2.6 pa3a meHee dpdexruHoit, ueM QPSK u B 1.3
pasza menee 3¢ dexruBnoii, uem BPSK. CpaBHUM BHUIBI MOAYIISLIUHU IO KPUTEPUIO SHEPTETHUECKON
3¢ deKTUBHOCTH. [ 3TOr0 OLEHHM ISl KaXIOTo BHJA MOIYJSIUH TPEOyeMylO SHEprHio s
nepeaayn MHGOpMaLMK C OJUHAKOBOH BEPOSATHOCTHIO OIIMOKM Ha OuT. B Tabmuue mnpusogsrcs
3aBHCUMOCTH BEpPOSTHOCTH OIIMOKM Ha OWUT OT orHomeHust Ep / No ais pa3nuyHbIX BHIOB

MOAYJIAINHA.

BFSK
DBFSE
HEROrepeHTHaA

DEPSE

Puc. 1.18. CpaBHeHue sHepreTndeckoi 3(pHeKTUBHOCTH MOIYNALNN C OTHOCUTEIBHBIM
xkogupoBanuem: DBPSK, DQPSK u nexorepentaoit DBPSK.

Opnako BER s BPSK u QPSK omnuceiBatoTcs oauHaKkoBbIMH (OpMynamMH, HIPH STOM
QPSK B 2 paza cnekrpanbHo 3¢pdexruBnee, yem BPSK. CnemoBarensno, QPSK Bcernma
cyuiectBeHHO 3(dektuBHee, yeM BPSK, u, 00bIKHOBEHHO, IMEET CMBICHT HCTOIb30BaTh QPSK,
a He BPSK.

CpaBHUM BHIbBl MOAYJSIUU O KPUTEPHUIO SHEpreTHueckoil a¢¢ekTuBHOCTH. s 3TOrO
OLIGHUM JJIsl KaXXJOro BUAA MOIYJSALMU TpeOyemMyro 3HEpruio Juis mepenadyd HHPOopMaluu ¢
OJIMHAKOBOH BEpOATHOCTHIO oOmuOku Ha Out. B [2], [10] ompeneneHsl COOTHONICHUS,
CBSI3BIBAIOIIME BEPOSTHOCTh OWTOBOW ommOKM ¢ BenmuumHOW Ep / No s pa3nmuyHbIX BHIIOB

MOJYJISIIIUN:

Ep
BER = 1| 2| (1.14)
0

rne BER - Bepostnocts onmbku Ep - oHeprus, meo6xomumas mis mepemaun omHoro Gura

I/IH(I)OpMaI_[I/II/I, NQ - CIICKTpaJIbHAA INIOTHOCTH MOIMHOCTHU oenoro IIryMa B KaHaJIC. Ecnu MomiHOCTh
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nepegaTurka pasHa P, To Bennuuna sHepruu, npuxoasAmasics Ha oauH OuT nHpopManuu, pasHa Ep
= PTy, rne Ty - mmurensHocts 6uTa. B Ta6a. 1.1 npuBoasTCcs 3aBUCUMOCTH BEPOSTHOCTH OLIMOKH

Ha 6uT ot orHomenus Ep / Ng s pasmuunsix Bunos moxynsuuu [1].

Tabmuua 1.1. BeposTHOCTD OMMOKH U1 Pa3InYHBIX BUAOB MOIYIISIIHH

Bux Mmoay asimHm BepoaTHOoCTE OIHOKH HA OuT (BER)
OOK QG L, /NG
2(AM — 1) log, A1 F,
M-ASK r O 207 T
o S be M log, M “[ M —1)° N,
BPSK OGWJ2E, /I N,)
HexorepenTHasi 1 g
DBPSK 5 SXp(—£, / No)
KorepentHas 21, 27,
2 el N fndind'S
DBPSK Q[ N, ][ Q[ N,
QPSK kon I'pes OGJ2FK, /N,
KorepenrTHas

DOQPSK 2025, /Ny

npu 1<, / N, == 1

2 21, log, M . 7T
M-PSK r O p 108, M L2 [_j
Kon 1 pest log., M ’”[\/ N, M

_ sin(2x -m) | 14,
i ==

MSK OGLE, I Ny)

2M —1 F
M-MSK ]\/f(lo—g,zi\zfQI log., M N’; f
onsa k = logzM Lk — quHoé:
BERZMﬁ rae
log, A
o 2(\/1\7—1)0( 3log, M E, ]
QAM xoxn I'pes 0 A = M—-1 N,

IJ1s1 HeEYeTHBLIX A

Bir<—Y |1 |1_20 [3log-M £,
]ngM - M —1 NO

1

O(x) = Tef”zdt

N

B Tabu. - UHTEerpaji oMMOOK (MHTErpaj BEpPOSTHOCTH),
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M - yncno no3unmii A1 MHOTONO3MIIMOHHBIX BUA0B MOAYIAIMH, M - HHAEKC MOLYJIALUM 115

yactoTHOI Moayssiuun, BER - BepostaocTs ommbku Ha 6ur.

W3 Tabn. BUAHO, YTO C yBEIUYECHUEM MO3UIIMOHHOCTH MOIYJISIIMH, BEPOSITHOCTH OMTOBOM
olKOKK yBeauunuBaeTcs (cM., Hanpumep, popmynsl M-ASK u M-PSK, Q(X) siBistercst yObIBaroIei
¢ynkuueit aprymenra). Takum o0Opa3oM, Kak TpPaBWIO, HPU VEeIUUeHUU CHEeKMpaibHOU
aghpexmusnocmu sHepeemuyecKas IPHeKmusHOCms YMEeHbUIAETCSL.

Omnako BER mst BPSK n QPSK onuceiBatrorest onmuaakoBeiMu hopmynamu, ipu 3Tom QPSK
B 2 pa3za crnektpainbHo 3¢ dekTuBHee, yem BPSK. Cnemoarensno, QPSK scezoa cywecmeenno
sgpgpexmuenee, yem BPSK, u, obwviknosenno, umeem cmovicn ucnoarvzosamov QPSK, a ne BPSK.
dusudecku, 3To 00bsICHIETCS TeM, 4To B ciaydae QPSK nmobGaBnsiercst TOonmoTHUTENbHAS CTEIICHb
cB0OOIBI: KBagpaTypHas cocrasistomas Q(t). B ciyuae BPSK wucronb3yercst Tonbko cuHpasHast
cocrapysromias 1(t). Keamparypras ¢opma korepeHTHOro (ha3oBOTr0 AEMOIYJISATOpA MPHUBOIAUT K
TOMYy, 4YTO JBa KaHaja JETEKTOpa OOCCIICUMBAIOT He3a8UCUMbIL TIPUEM JIBYX OWHApHBIX
(ha30MOTyIMPOBAHHBIX CHUTHAJIOB. AHAJIOTUYHOE SIBJICHHEC HMMEET MECTO M TPH CpPaBHCHHH
monaymsauuii DBPSK u DQPSK (c oTHOcuTensHbIM KOoaupoBaHHEeM). XOTs BbipakeHus 1isi BER
HECKOJIbKO OTJIMYAKOTCS, C BBICOKOH CTENEHBbIO MNPUOJIIMKECHUS OHHM CoBHagaroT (puc.24).
Monynsnuu ¢ OTHOCUTEIIBHBIM KOJUPOBAHHEM HUMEIOT HEOOJBIIION SHEPTETHUSCKHUIA POUTPHITI 110
cpaBHenuto ¢ oObikHOBeHHBIMM BPSK m QPSK (0.3 - 0.9 nb). DBPSK C HekorepeHTHbIM
JIeTEeKTUPOBAHUEM TaK)Ke MMeeT HeOOJbIIoM mpourpsim 1o cpaBHeHuto ¢ DBPSK ¢ korepenTHbIM
nerektupoBanuem (okono 0.5 ab), puc. 1.20. Ilox »HepreTHUECKUM BBIMTPHIIIEM MOHUMAETCS

pasHwuiia B 3HaueHuu Ep ' N o mpu 01MHAKOBOM 3HAYEHUHU BEPOSITHOCTH OITMOKHK Ha OWT.

0.1 F

ool

1107 %

BFSK —a
DEFSK 110 1
HEKO MEReEHTHS A 1 rlljij ]
DEFSK
s ]
DOPSE 1-10
11077 —
1107 % —
1-10"® —]
1 o1 l 1 1 1 1 1 B,
o 2 4 & ® 10 12 14
Eghg

Puc. 1.20. CpaBuenue snepreruyeckoit apdexrusoctu moaysiuuii BPSK, DBPSK,
DBPSK u DQPSK
Takum 00pa3oM, MMEET CMBICT CPaBHHBATH BUABI MOAYIIUU C OJWHAKOBBIM UYHUCIOM

no3uruii. CpaBauM jByxypoBHeBeie OOK, BPSK u MSK. Kak Bumuno m3 Tabdn.,, OOK u MSK
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UMEIOT onuHaKoBylo 3ddekruBHocTh W ycrynmaror BPSK (u, coorBercrBenno, QPSK) mo

dHEpreTuueckoit 3¢hexruBHOCTH MPUbOIM3UTEILHO 3 b (prc.1.21).

1 T T T T T T T T
0.1

001
110 %
110 *
QOK, MSk 11077
EQEE;< 1-107"
-7
-8a

1.10 ¢

10 1

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

Eu Ve

1107

Puc. 1.21. CpaBuenue suepreruueckoit a¢dexkrusaocta moayisaiuit OOK, MSK u BPSK

[To pe3ynbTaTtam TaHHOTO CPABHEHHSI MOKHO CIEIaTh BBIBOJ O TOM, YTO MIPU YHCJIC YPOBHEH 10
4 prurrountenbHo QPSK siBisieTcst ciekTpalibHO W 3HEpreTHdecku Hanbomee 3 HEKTHBHBIM BUIOM
monynsiun. OmHAKO 37ech CIeAyeT CHeNaTh OJHO CYIIECTBEHHOE 3aMeuaHHe OTHOCHTEIBHO
moaymsauuu GMSK. Ee cnektpanbhas a3 pextuBHOCTh HIKe, yeM QPSK, B cucremax ¢ sunetinbiv
yeunenuem. GMSK, kak  4YacTOTHBIA  BHUJ  MOIYJALMM, TO3BOJIIET  HCIIOJIb30BATh
BBICOKOA()(DEKTHBHBIC HEIMHECHHBIC YCHUIMTEIW W OTPAHWYUTENH, YTO JaeT SHEPreTUYCCKUI
Berpeim. [Ipu npoxoxaennn QPSK uepe3 momoOHBIE yCTpOWCTBA, €€ CHEKTP pPaCHIMPSETCS
(IPOUCXOAUT HEKOTOPOE BOCCTAHOBJIEHHE OOKOBBIX JIeNMecTKOB). [103TOMY, B HEKOTOPBIX ClydasX,
GMSK moxer umerb Oonblryto 3¢dextuBHOCTh, yeM QPSK. B wactHoctu B cranmapre GSM
BbIOOp crenan B monb3dy GMSK, a B CDMA - OQPSK. Oxnako, yCOBEpIICHCTBOBAaHHBIE BUIBI
Moy QPSK (rampumep, FQPSK) B mrobom ciryuae npeBocxoaat GMSK.

CpasHuM Tenepb MOAyIsnuu ¢ unciaoM yposaeit M>4. Ha puc. 1.22 n3o6pasxeHo cpaBHEHHE

SHEpreTu4eckod HPQPEeKTUBHOCTH Uil aMIUIUTYAHOW, (a3oBOM M aMIUIMTYAHO-(a30BOM

marunynsaauu npy M=16 u M=64.

16-PSK

64-PSK !
16-ASK

64-QANM
16-QAM

Puc. 1.22. CpaBrenue suepretudeckoit apdexrnBroctn monymsuuit M-ASK, M-PSK u M-

QAM: a-M=16, 6 - M=64
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Kak Bugno u3 puc. 1.22, ammurtyaHas Moayisinus cymectBeHHo (6onee 10 nb npu M=16)
ycTymaer (a3oBod U aMILTUTYIHO-(a30BoM, modToMy 1pu M=64 cpaBHEHHE C HEl HE TIPOBOIUTCSI.
IIpu cpaBaenuun M-PSK ¢ M-QAM Buuano, uro M-QAM mnpeBocxoaut mno 3¢ dextuBHOCTH M-
PSK, mpuuem suepreruyeckuii Beiurpsimn M-QAM yBenuuuaercst ¢ pocrom M. Hanpumep, amns
M=16 BwiurpsIm coctasisieT okono 4 nb, a npu M=64 oxomno 10 n1b. ®uznuecku 370 0OBICHACTCS
TEM, YTO PACCTOSIHUE MEXIY COCETHUMHU TOUYKaMH B CUTHaJIbHOM co3Be3auu M-PSK mensbiie, uem
M-QAM. CurnansHoe co3Be3aue M-PSK mnpencraBiasier co0oi OKPYKHOCTh C PaBHOMEPHO
pacrpeneleHHBIMH Ha HeW Toukamu, a co3Besgue M-QAM - xBagpaT ¢ paBHOMEpPHO
pacrpeneNieHHbIMU T10 €ro IUIOMAAu To4ykamu. Yem OOJbIe paccTOSHHE MEXAY TOYKaMHU B
CO3BE3/IMM, TEM MEHee BepoATHAa OIUOKa B JIETEKTUPOBAHHWU COCEAHET0 CHUMBOJIA.
MHOrono3uIroHHas YacTOTHAasI MOYJISLIMS UCIIONIB3YeTCsl TOpa3o pexke, TaK KaK npu yeeaudeHuu

yucna yposHel U COXpPAHeHUU UHOeKCA MOOYIAYUU ee CNEeKMp He CYlcaemcs, a pacuiupsemcs,

M
BBUAY TOT'O, YTO BBOAATCA HOBBIC YAaCTOTHI U IIUPHUHA CIICKTPA PACTET IIO 3daKOHY W’ Kak
09,

BUHO U3 Tabn. 1.1, ognako, npu ysenuuenuu yucna yposnei M-MSK, 6 omauuue om ecex opyeux
8U008 MOOYIAYUU, BEPOSMHOCMb OWUOKU HA Oum ymenvuiaemcsi. Mpl MOJy4aeM BBIMTPBHIII B

YHEPTeTUIECKON I(P(HEKTUBHOCTH 32 CUET YMEHBIICHUS CIIEKTPaTbHON 3P PEeKTUBHOCTH.

Takum 00Opas3oM, mpu orpaHudeHHoW monoce, npu M < 4 nambonee 3hHeKkTUBHON SBISIETCS
monysiust QPSK, a mpu M > 4 - QAM. QPSK sBnsercs yactHeiM ciiyyaem QAM mpu M=4.
MoxHo cuntath QAM Hanbonee 3(h(HeKTUBHBIM BUOM MOIYJISAIMH MPH JIFOOOM YHCIIE YPOBHEH.
Eme Oonpmmii BBIUTPHINI TIO cpaBHeHHIO C oOblkHOBeHHBIMH QPSK uw QAM naror wux
YCOBEPILICHCTBOBaHHBIE MOAU(pUKaIMKY, Takue, kak Moaudukammu Peepa [11] (FQPSK, FQAM),
MOAYJISIUS ¢ pereryaThiM kKoaupoBanueM (TCM), ontiuMusanust GopMbl CHTHATBHBIX CO3BE3/IUI U

HCIOJIb30BAHUEC MHOT'OMEPHBIX CUTHAJIbHBIX CO3BE3OUH.

1.2. MoaemsbI coToBoii cBs3u FSK, MSK GMSK u unc/jieHHbI aHAIN3 BEPOSITHOCTH
CHMMBOJILHOH OoIIMOKH ¢ ucnoab3oBanneM 11O LabVIEW
YacrorHas manunyJsimus (FSK)
3naueHnsM «0» U «1» HHPOPMAIIMOHHOHN MOCIIEI0BATEILHOCTH COOTBETCTBYIOT ONPE/IEIEHHBIC
YaCTOTHl CHHYCOMJAQJIBHOTO CHUTHAJIa TPU HEU3MEHHOW aMIuiuTyzae. YacToTHas MaHUMYJSIIUAS
BeChbMa IIOMEXOYCTOWYHMBA, MOCKOIBbKY IMOMEXU Tele(OHHOro KaHalla HMCKaXaloT B OCHOBHOM
aMIUTUTYly, @ HE 4acToTy curHaina. OpHako 0Opu YaCTOTHOM MaHUNYIALUM HEIKOHOMHO

pacxonayercda pecypC MOJOCBI YaCTOT Teﬂe(l)OHHOFO KaHaJia. HOBTOMY 9TOT BHJA MOAYJIAIHNU
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MIPUMEHSAETCS B HU3KOCKOPOCTHBIX MPOTOKOJIAX, MO3BOJISIOMIMX OCYIIECTBIIATH CBSA3b 110 KaHajIaM ¢
HU3KUM OTHOILIEHUEM CUTHAJ/IIYM.

CymectByet Takke moaup 3tord Moxyisiuu GFSK. IMpunmun padoter mogynsaropa GFSK
noxox Ha FSK, 3a uckioueHuem Toro, 4ro cHayaia mojioca uMiyibcoB (-1, 1) mpoxoaut yepes
¢buneTp aycca ans criiaxuBaHusi, 94TO 00ECIEUMBACT YMEHBIIICHHS IIUPHHBI €r0 CIIEKTPa, a yKe
nocne nomnagaer B FSK. ®@unbrpamus ['aycca — oIMH U3 caMbIX pacHpOCTPaHEHHBIX CIOCOO0B
YMEHbIIICHUS IIUPUHBI CIIEKTpA.

Ha pucynke Hmxke mnpuBelneH TpaduK IBOMYHON OMHAPHOW IOCIICOBATEILHOCTH HYJEH U
€IMHUI] U, COOTBETCTBYIOIIUN eMy, TpadUK 4YaCTOTHO-MAHUITYJIMPOBAHHOTO CUTHana. Huszkomy
YpOBHIO OMHApPHOIO JIBOMYHOIO curHasa coorBercTByer yactora 1 KI'm, a Beicokomy - yactora 0,5

KFI_I HECYLICTO CUTHAJIAa CHHYCOUAAJIbHOT O THUIIA.

A rarasy

Puc. 1.23. YacToTHass MaHUIYJISIIIHS

B nporpaMMHOIi KOMIUIEKCE MOXKHO OCYIIECTBHUTh MHOTOIO3UIIMOHHYIO YacTOTHYIO
monynsmuio (MFSK) 3amaB B mone M-FSK nyxHbIil ypoBens oT 2 no 64. B 6unapnoit FSK
Monynsuu, T.e. ipy M=2, 1Ba IBOMYHBIX YKMCIa NPEICTABJIAIOTCS CUIHANAMHU ABYX Pa3IMUHBIX
9acTOT, PACIIOJIOKEHHBIX OKOJIO Hecymiel. bruHapHas 4acToTHast MOYJSIIAS MEHEe BOCTIPUUMYNBA
K OIIMOKaM, 4YeM aMITUTYIHAsT MOIYJISIIHS.

bonee s dexTuBHON, HO 1 Oosiee MOABEP)KEHHON OIMOKaM, SBJISIETCS CXeMa MHOTOYaCTOTHOM
monysiuu (Multiple FSK - MFSK), B koTopoii nucnosis3yercst 6osee AByx yactoT. B aTom cinydae
KaKJasi CUTHaJIbHAs MOChUIKA IpeicTaBisier Oonee ogHoro outa. [lepenannpiii curnan MFSK (s
OJTHOTO NEpHO/ia Mepeladui CUTHAIBHON TTOCBUIKN) MOXHO OTPEIENINTh CIEAYIOIUM 00pa3oM:

S; = Acos@2r fit), l<<i<<M

31ech

fi = fc+(2|—1—M)fd,
rac fC - HECyliasa 4acToTa, f d - pa3HOCTHad 4acCToTa, M - UUCJIO PA3JIMYHBIX CUTHAJIbHBIX
IIOCBIJIOK = 2L ; L - KOJINYECTBO OUTOB Ha OJIHY CUTHAJIbHYIO IMOCHIJIKY.

Ha puc. 1.24 npencrasnen npumep cxembl MFSK ¢ M=4. Bxo1HO# TTOTOK OUTOB KOJIUPYETCS

10 I1Ba 6I/ITa, MOCJIC UCro nepeaacTcsa oJJHa U3 YCThIPEX BO3ZMOXKHBIX I[BYX6I/ITOBLIX KOM6HHaHHﬁ.
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Jis  yMEHbILICHHS 3aHMMAaeMON IIOJIOCHI YacTOT B MOYJIATOpaX CHUTHAJIOB C (a30oBOH
MOJYyJSIMEH NPUMEHAT criaxuBaonme ¢uinbtpel. IlpuMeHenue crioaxuparommx (GUILTPOB
IPUBOANUT K YBEIMYEHUIO YPPEKTUBHOCTH HCHOJIb30BAHUS IOJOCHI, HO B TO € BpeMs H3-3a
CIVIAKMBAHMS YMEHBIIACTCS PACCTOSHHUE MEKIY COCEIHMMM CHUTHAJAMH, 4YTO IPUBOIUT K
CHUKEHUIO IIOMEXOYCTOMYUBOCTH.

[aHHkIe

o1 11 00 11 11 01 10 00 00 11

fo+ifd —
e fo+ fd
o + =
5 e teWoe
& fo-3fd —

B —
Bpems
Tc

Puc. 1.24. Hcnonw3oBanue yactoThl cxemoit MFSK (M = 4)

[Toctpoenue rpaukoB I71a3KOBOM uarpaMMbl M €€ BHJI Jae€T MHOTO MH(OpMAIUK O JUKUTTEpe
CUTHaJIa, TaK k€, KaKk U O MHOTMX JpYTHUX €ro mapamerpax. Hampumep, MHOXXECTBO OTIENbHBIX
(pPOHTOB U CIIaZI0B TOBOPHUT O BEPOSTHOM IPUCYTCTBHH DKUTTEPA, 3aBUCAIIECTO OT JAHHBIX.

['maskoBast quarpaMma He IPOCTO IPENOCTaBIsIET MHOXKECTBO MH(pOpMaLUU, OHAa ynoOHa
IPOCTOTON MPUMEHEHHsI M TeM, YTO MOXKET MPHUMEHSAThCS A HW3MEpeHUud B J0OOH Lenmu ¢

pCaJIbHBIMH JaAHHBIMHU.

BirGpos M NEPEIeM RO HTE SOTH oS &

l LUy H HCKKKEHHA Hpenrn

T - IMnyp rhasea

v

Bﬂﬁpocﬂntw;:aﬁwﬁp:mmncmﬁl

Puc. 1.25. [TapameTps T71a3KOBOI AHATPaMMBI
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ITo MHAMKATOPHOM JUArpaMMe MOKHO BBIIIOJIHUTD Psifl BAXKHBIX U3MEPEHUN:

* yeM 0O0JIbIlIe OTKPBIT IV1a30K, TEM JIerde pazanyaTh jJorudeckue 1 u 0;

* IIMpUHA OTKPBITUS TIJIa3KOBOM JuarpamMMbl (BpeMs MEXIy IEepeceueHUs MU JIMHUN
noruyeckord 1 ¢ sornyeckum 0 u jormyeckoro 0, c joruueckoil 1) mokassiBaeT BpEMEHHOU
MHTEPBAJI, B TEYCHHE KOTOPOTO CUTHAJI MOXKET OBITh 3aMepeH 0e3 OIMOKH M3-32 MEKCUMBOJILHOTO
BIIMSIHUS;

* [ICEBJIOCITY4alfHON MOCIIe10BATEIbHOCTH OUTOB U OTOOPAXKEHMSI CUTHAJIOB Ha 3alIOMUHAIOILEM
ocriorpade MmoyydaeTcs CTPYKTypa, KOTOpas Has3bIBaeTCsl WHAMKATOPHOW  (TJIa3KOBO)
nuarpammoii (eye diagram). TunwuHast MHAMKATOPHAS TUarpaMMa IpuBeIcHa Ha puc. 3.

* BBICOTA OTKPBITHS IIa3Ka U3MEPSET 3aac IOMEX0yCTOWYMBOCTH Ha BBIXOJIE IPHEMHUKA;

* IIMpPUHA JIMHUH I1a3Ka K TOYKax IepeceyeHrs B yriax Ija3ka sBJsieTcs Mepoil GpuyKTyaluu B
cucreme nepenaund. OIyKTyallid BBI3BIBAIOTCSA Pa3OpPOCOM BPEMEHHU BKJIFOUEHHUS M BBIKIIOUCHUS
Ja3epa; UCKaKEHUEM HMMIIYJIbCa ONTHYECKMM BOJOKHOM M IIyMOM. DIyKTyaluu BbIpaXKaroTCs B
IUKOCEKYH/1aX, Ipajlycax WU B IPOLIEHTaX UHTEpBaia OUTa;

* TOJILIMHA JIUHUN UMITYJIbCA HABEPXY M BHHU3Y IJIa3Ka MIPONOPIMOHANbHA IIYMY U UCKa)KEHUSIM
B CUCTEME Iepe/iaul; BpeMs MEepexo/ia CUTHAIa B CXEME IJ1a3Ka C BEPXHETro YPOBHS (JIOTMUECKOIO
0) B HmwxkHM (Joruyeckas 1) m HAoOOPOT yKas3blBa€T BpPEMEHA IMOJbEMa M CMaJa CHUCTEMBbI
nepenaun. OHU OOBIYHO 3aMepstoTcs Mexay otMeTkamu 10 u 90%;

* BpPEMEHa IOABEMAa M Claja BaXHBl Ul OLEHKM YYBCTBUTEIBHOCTH CHCTEMBI K
CHHXpOHH3aIuHu 3amepoB (Sample timing). Uem Oosbliie BpeMeHa MoabeMa M Clajia CUTHAa, TeM
0oJsiee YyBCTBUTEIbHA CUCTEMA K OIIMOKAaM CUHXPOHU3AIINH;

* yToOBl OOecreunTh CuHCTEME MaKCHUMaJbHYIO HEBOCHPUMMYHUBOCTh K IIyMYy, Jy4IIUM
BPEMEHEM I 3aMEPOB YPOBHSI CUTHAJIA SBJIAETCS BPEMs, KOTJa BHICOTA OTKPBITHS MHANKATOPHON
auarpamMMmbl MaKCUMaJlbHa.

Jlxutrep unu ¢gazoBoe qpokaHue HU(POBOro CUTHAjA JaHHBIX — HEKeJaTelbHble (Da30BbIe
W/WIN YacTOTHBIE Cly4alHble OTKJIOHEHHs IepeaBaeMOro CHUrHana. Bo3HUKaIOT BCieCTBHE
HECTaOMJIBHOCTH 33JIal0IEro T'eHepaTopa, M3MEHEHUH apaMeTpoB JIMHUHU Nepeaayd BO BPEMEHHU U
Pa3IMYHOM CKOPOCTU PACIIPOCTPAHEHMS YACTOTHBIX COCTABJISIONIMX OJTHOTO U TOTO K€ CUTHAaJA.

B uudpoBeix cucrtemax TmposiBISE€TCS B BHUAE CIy4alHBIX OBICTPBIX N3MEHEHUHN
MECTOIOJIOKEHHS] PPOHTOB LIUPPOBOTO CUTHATIA BO BPEMEHH, YTO MPUBOJUT K PACCUHXPOHU3ALUU
U, KaK CJIe/ICTBUE, UCKXEHUIO NepenaBaeMoit nudopmanu. Hanpumep, eciau ppoHT umeeT Maiyro
KPYTU3HY HJIH «OTCTaq» IO BPEMEHH, TO IHU(POBON CUTHAN Kak OBl 3ama3/bIBaeT, CABHUIaeTcs
OTHOCHUTENIbHO 3Hayalller0 MOMEHTa BpPEMEHM — MOMEHTa BpPEMEHH, B KOTOPBIH MPOUCXOIUT

OIICHKa CUTHaja.
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JxuTTep ABNSETCA OJHOM M3 OCHOBHBIX NMPOOJIEM MPH MPOSKTUPOBAHUH YCTPOHCTB IIUPPOBOH
JIEKTPOHUKH, B 4YacTHOCTH, LU(POBbIX HHTepdelicoB. HemocrarouHo akkypaTHbI pacder
JUKUTTEpA MOKET IPUBECTH K €r0 HAaKOIUIEHUIO IIPU MPOXOXKAEHUHM LU(PPOBOrO CUTHANA 110 TPAKTY
1, B KOHEUHOM CY€Te, K HepaboTOCIOCOOHOCTH yCTPOUCTBA.

[IprunHbBI BOSHUKHOBEHUS JUKUTTEPA!

o ®dazoeie mymbl nernu GAITY (ha3oBoil aBTOMOIACTPONKH YacTOTHI) YCTPOMCTBA,
CUHXPOHU3UPYEMOI0 BHEIIHUM curHaioM. /[xurrep, Boi3biBaeMblii DAIIY, nposBisercs
IIpY IIPOCIIYIIMBAHUM MaTepualia C 3allUChIBAIOIIETO YCTPOWCTBA, CUHXPOHU3UPYEMOIO OT
BOCIIPOU3BOJSAIIETO YCTPOMCTBA.

e AIIIl. B coBpemeHHBIX HHM(POBBIX cHCTEMaxX 3BYKO3AlIUCH W BOCHPOM3BEACHMUS
OCHOBHBIM HCTOYHHUKOM kuTTepa siBisercss ALIl. HelHemHue moaHOCTHIO HU(pPOBBIC
CTyIMHMHBIE CHUHXPOHH3ATOPbl JIOCTATOYHO COBEPIICHHBI M 4YacTO BHOCAT JUKUTTED
MeHbIui, uem ALIIL.

Onucanne npudopa ¢ FSK monysisinueii (Manumyasimeii)

View Project Operate. Jools Window Help

[ [@[ ]

oo © D
(Hoouzsion [ continvons ]
Hoso | 3

o Jooezosset

| oo |

Puc. 1.26. Unrepdetic npubopa ¢ FSK moaymnsiueit

» Message Symbols — moka3siBaeT KOJIHMUECTBO MEPEIaBAEMBIX CHMBOJIOB.

* M-FSK — nokassiBaeT ypoBeHb Moayisiiiuu. Jloctymnnsl pexumsr: 2,4,8,16,32,64

= FSK Deviation (I'tr) — OTKJIIOHEHHE [0 YACTOTE YACTOTHON MOYIISIIIHU.

» Eb/NO- otHOImICHHE CHTHAI/TITYM

» Frequency offset —3aaepskka mo gacrore

= TX Filter — Boibop ¢unbrpa s nepenarunka. JoctymHel crenyrommue: Gaussian,
Raised Cosine, Root Raised Cosine
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= Symbol Rate — nopsiiok CHMBOJIOB.
= Symbol Phase Continuity —pomomkurenbHOCTh (Ba3bl umiryinbca. COOTBETCTBEHHO
peskumbl Continuous(Koneunast), Discontinuous (beckoreunast).
= Transmitted Bits — nepenanHbie OUTHI.
» Received Bits — npuHsTBIC OUTHL.

= BER Trigger Found — BeposTHOCTh HIHOKH

» BT - GespasmepHas BenuumHa paBHas BT = B—3/z5 *T, rme B_3 - mozoca

15
dunbrpa Taycca o ypoeuwo -316, T =1/By - mmurenshocts eauundHoro umiyisca
nuppoBord  mHGbOpMALUMHU, TepeaaBacMoOn

Cco

ckopocThio  Br  owr\c.

Hanpumep

By =20x6um/c, rorna T=50mc n npu nonoce dunbrpa I'aycca no yposHio -3 b

B—B,Z]E =10xly nonywaem BT =10xly *50mxc =0.5. Taxum o6pasom, mapamerp BT

IIOKAa3bIBA€CT BO CKOJIBKO pPa3 I10JI0Ca @Hanpa Faycca B 3 OTIIMYACTCA OT CKOPOCTH

nepeaun nHpopmarmu By, BBIpakeHHO# B eAMHUIIAX H3MEPEHHS YACTOTHI.
= Coxkpamenus: TX — Ilepenatunk, RX — [Ipuemuuk
HccaenoBanue munun nepenauu ¢ FSK moxyasinmeii
IIpexBapuresabHas puabTpanus

CpaBHI/IM CIICKTPbI CUTHAJIOB U HX HOMCXOYCTOIZ‘IHBOCTB Ipu HUCIOJIb30BAHUN

¢unbTpa ['aycca u 6e3 GpuibTpa

be3 ¢punbTpa npu cootHoteHnn curHai/imym = 80

FFT Magnitude (TX}
50,0 -
40,0 -
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20,0 -
10,0-

Amplitude (dB)

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

-30,0-1
-200,0k

)
0,0
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[
-100,0k

1
100,0k

2000

FFT Magnitude (FX)

50,0 -
40,0 -
30,0 -
20,0 -
10,0 -

0,0 -

Amplitude (dE)

-10,0 -
-20,0—

-20,0 -
-200000,0

M

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

Frequency (Hz)

|
-100000,0

Puc. 1.27. Criextp nepegaHHOTo (ClieBa) U IPUHUMAEMOTO (CIpaBa) CUTHAJa

Kak BugHO U3 pucyHka 1.27, crieKTp MOYTH HE U3MEHHIICS, HO B HEM MPHCYTCTBYET BBICOKUI

YPOBCHB OOKOBBIX JICICCTKOB, YTO MOKCT MOBJHUATL Ha COCCAHUC KaHAJIbl, TAKXC MNPHACTCIA

BBIACIINTD Ooiee H_II/IpOKI/Iﬁ KaHaJl B JIMHUHU NIEpCaavun, YTO HC BCCrAa ABJIACTCA IMO3BOJUTCIBHBIM U

BBII'OHBIM.
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FM Demodulated Waveform ()

v
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0
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Puc. 1.28. T'ma3koBas quarpamMma
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be3 wucnonwp3oBaHus (bHJ'IBTpa B CHUIHaJl HE€ BHOCATCA AOIIOJHUTCIIBHBIC MCKaXCHUA

CJICAOBATCIIbHO JUKUTTCP U IIOMCXU MUHHUMAJIbHBI.

[Tpumenenue puinsrpa Faycca. I[Tpu coornomennn curnan/mym = 80, BT =0,5

FFT Magnitude (TX)
50,0
40,0
30,01
20,0
10,0

Amplitude (dB)

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

-30,0-1
-200,0k

| i |
-100,0k 0,0 100,0k

Frequency (Hz)

i
200,0k

FFT Magnitude (RX)
50,0
40,0
20,0
20,0
10,0
0,0 —

10,0

Amplitude (dB)

-20,0

-30,0- ! !
-200000,0  -100000,0 0,0

Frequency (Hz)

D
100000,0

\
200000,0

Puc. 1.29. Cnektp nepeganHoro (cieBa) ¥ NpuHUMAeMoro (CrpaBa) CUTrHajIa

CY)KGHI/IC IIOJIOChI 3aHUMACMBIX 4Y4dCTOT YAAJIOCh AOCTUTHYTb 3a CUCT HpeHBapHTeHBHOﬁ

GUIBbTpauy MOIYIHPYIONMIETO CUTHANA (PUIBTPOM HU3KOH YacTOTHI C 1'ayCCOBCKON MMITYJIBCHOM

XapaKTEPUCTUKOM.

Eye Diagram

FM Demodulated Waveform (Hz)
=]
[}
|

5,0u

1 1 1 1
100w 1500 200w  250u
Time (=)

Puc. 1.30. I'nmaskoBast quarpamma 6e3 ¢puinbTpa (cieBa) u ¢ GuiIbTpoM

1 1
32.5u

Eye Diagram

FM Demodulated Waveform (Hz)

1 1 1
1500 200w 25,0u
Time (=)

l"aycca (cripaBa)

I 1
32,5u

CpaBHI/IBaﬂ ABC TJIA3KOBBLIC OUAarpaMMbl 0e3 HMCIOJIb30BaHUS q)HJlLTpa nc (1)I/IJ'IBTp0M Faycca

BHUJHO, 4YTO HOMCXOyCTOﬁqHBOCTB CHU3MUJIaCh, IMOABUIIMCH IIOMCXHM MW HCKAXCHHUA, a TaKxXKC

YBCIIUYUIICA JKUTTEDP.
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OunwTp raisedcosine : M-fsk 4 (kpacublii) 1 2 (CHHUIA)
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Puc. 1.31. 3aBUCHMOCTb BEPOSITHOCTH OIIUOKH OT OTHOIICHUSI CUTHAI/IIYM

Ounbtp rootraisedcos: M-fsk2 (kpacusbriit) u 4 (cuHMiA)

0,12

01 N

N\
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O T T T
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Puc. 1.32. 3aBHCHMOCTb BEPOSITHOCTH OIIHOKH OT OTHOIICHHSI CHTHAI/IITYM

®dunptp Gaussian: M-fsk2 (kpacubriit) u 4 (cuHmit)

1,2

1 O \
0,8

0,6 \

0,4 \

02 N\

0 _—#.* -
20 22 24 26

28

Puc. 1.33. 3aBUCHMOCTH BEPOSTHOCTH OIIMOKH OT OTHOIIEHUS CUTHAI/IIIyM

YacroTHasi MAHUNYJISIUS ¢ MUHUMAJIBHBIM caBurom (MSK)

MSK 3To 4YacTHBINM CiTydail CUTHAJIOB C YAaCTOTHOW MAaHMITYJISIIMCH C HENpepbIBHOW (ha3oi

CPFSK ¢ MUHMMaJIbHBIM HHAEKCOM YaCTOTHON MaHUMyJIAUuu M=0.5, mo3ToMy IIMpUHA TJIaBHOT'O
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nenectka crnekrpa MSK curHanoB - MHUHHMMAanbHash M3 BCEX BO3MOXKHBIX CHTHAJIOB C YaCTOTHOU
MaHUIYJISIIIACH.

[IpencraBisier coboit cnoco® MOAYIALUH, MPU KOTOPOM HE NMPOUCXOAMUT CKAuyKoOB (a3bl U
M3MEHEHHE YaCTOThl MPOMCXOJUT B MOMEHTHI IepecedeHus Hecylied HyneBoro ypoBHs. MSK
YHHUKaJIbHA TOTOMY, YTO 3HAYEHHE YaCTOT COOTBETCTBYIOIIUX JIOTUYeCKUM «0» 1 «1» oTinyarorcs
Ha BEJIMYMHY paBHYIO IIOJOBHHE CKOPOCTH Ilepefadd JaHHBIX. JIpyrumu ciloBaMM, HHJIEKC
Moxay sy pasen 0,5.

YacroTtHas MOAYISIMA C MUHHMAJIbHBIM pazHocoM yacToT MSK mo3BojsieT yMEHBUIMTH
[IMUPUHY MOJIOCHl YaCTOT, 3aHUMAEMbIX IH(PPOBBIM paguoCUTHAIOM B 3¢dupe. OnHako Aaxe 3TOT
BUJ MOJYJSIIMM HE YJOBJIETBOPSIET BCEM TPeOOBAHUSAM, HPEIAbABISEMBIM K COBPEMEHHBIM
panuocucteMaM  MoOmiIbHOM  cBsizu.  OObmyHO  curHan  MSK B panuonepenaruuke
T0(UIBTPOBBIBAIOT OOBIYHBIM (MIBTPOM. FIMEHHO MOSTOMY MOSIBUIICS €I11€ OJJUH BHJI MOJIYJISILIUA C
eme OoJiee y3KMM CIIEKTPOM PagruodacToT B ddupe.

CyxeHue NOJOChl 3aHMMAeMbIX 4YacTOT YAAJIOCh JOCTUTHYTh 3a CYET IpeABAPUTEIbHOMN
GuIbTpauy MOIYIMPYIOIIEro CUrHaia (pUIbTPOM HU3KOM 4acTOThl ¢ 1'aycCOBCKON MMIYJIbCHOM
xapaktepuctukoi. [lupuna cnektpa curnana GMSK  omnpenensiercss  Npou3BeICHUEM
JUINTEIBHOCTH IEPEeJaBaeMoOro CHMBOJA Ha Mojocy mnpomyckanust 'ayccoBckoro ¢unstpa BT.
HmenHo nosnocoii nmponyckanus B u ornuuarorcs paznuunslie Buasl GMSK npyr ot npyra. GMSK
ucnonib3yercs B ctannapre GSM coroBoii cBs3u.

®opmupoBanne GMSK  paagmocurHana  oCymiecTBisieTcss TakuM — o0Opa3oM, 4YTO  Ha
UHTEpBaJe OoJlHOr0 MH(oOpMalMoHHOro Ourta ¢aza Hecymed wusMensercs Ha 90°. Oro
HalMEHbIIee BO3MOXKHOE M3MEHeHHEe (a3bl, pacro3HaBaeMoe IMpPHU JIAHHOM THUIE MOIYJISALHUU.
HenpepbsiBHOEe un3MeHeHHE (a3bl CHHYCOMJAIBHOTO CHUTHajla JaeT B pe3ysbTaTe YacTOTHYIO
MOJYJISIIIMIO C JTUCKPETHBIM M3MEHEHHEM dacToThl. llpumenenme ¢unbrpa [aycca mo3BoisieT
MpU  JIUCKPETHOM HM3MEHEHWHM YacTOTHI MOJNYyYuTh "Tiankue mepexonsl”. B crammapre GSM
npumensiercs GMSK-monymsiumst ¢ BennuuHoi HopMupoBaHHo#M mosocel BT - 0,3, rne B -
IIMpUHA TOJIOCHl (MiIbTpa 1Mo ypoBHIO MuHyc 3 nb, T - anutensHOCTH oOAHOrO OHTa
mudpoBoro  coobmiennss. OcHoBoi GopmupoBatenss GMSK-curnana siBisieTcst KBaIpaTypHBINA
(1/Q) momynsrop. CxemMa COCTOMT M3 IByX YMHOXHTENICH W OJHOrO cyMMaTropa. 3ajada 3Tou
CXEMBI 3aKJIOYaeTCs B TOM, 4YTOOBI 00ECTEUUTh HEMPEPHIBHYIO, OYCHb TOUHYIO (Da30BYIO
Monynsiuio. OAMH — yMHOXHTENb HW3MEHSeT aMIUIUTYyly CHHYCOMJAJIBHOTO, a BTOPOM
KOCHHYCOUJIAJIbHOTO KoJieOaHus. BXonHOW cHrHam a0 YMHOXHTENIs pa3OuBaeTcss Ha  JBE
KBaJ[paTypHbIC COCTABISIOIINE. Pa3lioKeHHe MPOMCXOAUT B JABYX 0003HaueHHBIX "Sin" u "cos"
OJI0Kax.

MO,Z[YJBIL[I/IIO GMSK otnmnuaroT CJICAYHOLINC CBOﬁCTBa, KOTOPBIC MNPCANOYTHUTCIBHBL I
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HOJIBUKHOM CBA3U:

. MOCTOSIHHASI TI0 YPOBHIO Oru0aromias, KOTOpas IO3BOJSET HCIOIb30BaTh
¢ exTuBHBIC

. NepeJaroLIie YCTPOICTBA ¢ YCHIIMTEISIMA MOIIIHOCTH B pexume kiacca C;

J KOMITAKTHBIM CIIEKTP Ha BBIXOJAE YCWIHTENIS MOIIHOCTH IEepeAarolero
YCTPOWCTBA,

. oOecrieunBaroIIMi HU3KUI YPOBEHD BHEIIOJIOCHOTO U3JIyUEHUS;

. XOPOLIME XapaKTEPUCTUKH IIOMEXO0YCTOMYMBOCTH KaHasa CBS3H.

HmnynbcHas XxapakTepucTuka ['ayccoBCKOTro (pHiIbTpa ONMUCHIBACTCS CAEAyIOmEe popMyItoi:

e o
T n

rae B — nonoca nponyckanus ¢unbTpa o yposHio 3 nb.

GMSK c¢ ¢unbtpom T'aycca ¢ BT = 1, Belpoxkmaercs B kiaccudeckyro MSK. Jlns

¢dbopmupoBanus curHanoB GSM crangaptHo ucnonb3yercs ¢punbtp ['aycca ¢ BT = 0.3.

CAEETP MOWHOCTI MOAYIIPOBAHHOMD ClAMHANA

MOWHOCT, AE

HACTOTA, KI'L,
Puc. 1.34. CpaBHeHHE CIICKTPOB JBYX BHI0B MOAysuu ¢ hpuabtpom [Naycca(GMSK)
u 6e3 punbTpa(MSK)

B Toukax B3sTus orcueroB curHai GMSK 3aBucut oT mpeabiiynmx 3Ha4YeHU epeaaBaeMoro
CUTHaja. DTO BBI3BAHO JEHCTBHEM TaycCOBCKOro (uibTpa, (OPMUPYIOLIETO CIEKTp CHUTHAaja
GMSK. B pesynbrate momexoyctoluumBocTh curHaia GMSK Huke 1o CpaBHEHHIO Jaxe ¢
nomexoycroiunBocThio curHasia MSK. KoHkpeTHoe 3HaueHHE NMOMEXOYCTOMYMBOCTH CUTHAJIOB

GMSK cunpHO 3aBucut oT npousBeneHuss BT. Ilpumep 3aBHCHMOCTH BEpPOATHOCTH OIIMOKH
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npuema curHansa GMSK B 3aBUCMMOCTH OT OTHOIICHHUS CHTHAI/IIYM Ha BXOJE PEIIAOIIETO

YCTpOWCTBA NMPUBEICH HAa pucyHke 1.35.

Bepoarnocts omnbxm

CHraamorrn (dB)

Puc. 1.35. I'paduk 3aBucuMocTy BeposTHOCTH omnOku GMSK B 3aBUCMMOCTH OT OTHOIICHHUS

CI/IFHaJ'I/H_Iy'M Ha BXOJ€ pCIaromero YCTPOﬁCTBa

[Tpu unpgexce monmymsauuu m = 0.5 3a Bpems mepeiayd OJHOTO CUMBOJa (aza HECyIIero
KojeOaHusl ycreBaeT M3MEHHUThCsl Ha yron +90°. Pemerka mepexomoB ¢a3zel B MSK curnane Ha

MPOTSDKEHUH IBYX CHMBOJIBHBIX TTEPHOIOB IIpUBEIeHA Ha pucyHke 1.36.

e e e e e e e e
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-100

-150

I e ) S e s g ——

10 20 30 40 50 G0 70 =] a0 100

Puc. 1.36. Pemerka nepexonoB ¢azer B MSK curnane

lea BO3MOHBIX 3HAUYCHUSA (1)3351 HECYIIECTO KoJIcOaHHsI B OTCUETHOM TOYKE Ha OJHOM
BPEMCHHOM HHTCPBAJIC OTIWYAKOTCA OT ABYX BO3MOKHBIX 3HA4YCHHI (ba3LI HECYHICTO KoJIeOaHMS
OTCUETHOM TOYKE Ha COCEIHEM HHTCPBAJIC HaA 90°. PaCCMOTpCHHaH CUTyallust MOKET OBITh

MPOWLTIOCTPHUPOBAHA Ha BEKTOPHOM riarpaMme, MpUBEIeHHOH Ha pucyHke 1.37.
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ol

nepemada “1°

nepermada 07

Puc. 1.37. Pemetka nepexoaoB ¢as3sl B MSK curnase.

Konel BekTOpa, OTpakarolMii aMIUIUTYJy HECYIIero kKojieOaHus Ha pUCYHKE 4, B CHTHale
YaCTOTHOM MOJAYJSILIMM MOKET JBHUIaThCs CTPOro IO OKpy:KHOCTH. Ha 3TOoM pucyHke mnapa
COCTOSIHMI CHTHAQJIa MOKa3aHa MyCTHIMH KPY)KOYKaMH, a Tapa COCTOSHHWI CHTHAla Ha COCETHEM
CHMBOJIC — 3aII0JTHCHHBIMHU.

PaccMoTpeHHBIE TUarpaMMbl TOKa3bIBAIOT, YTO MPH Pa3padOTKE paJHONPUEMHOTO YCTPOUCTBA
MOJKHO TIPUMEHHTH cxemy (pa3oBoro gerekropa. [IpuHUMaeMble JBOWYHBIC CUMBOJIBI B OTCYETHBIX
TOYKaX OYAyT OTIMYATHCS APYT OT apyra mo ¢asze Ha 180°.

Onucanne npudopa ¢ MSK moayasinueii (MaHumyJisinuei)

8 MT MSK Transceivervi Front Panel = — — oo o ] ™
File Edit View Project Operate Tools Window Help
[10] 355t Appication Fort |~ |3~ | sim ][~ - ozl

FFT Magnitude (TX)

# Message Symbols Reset Qutput Complex Waveform 55,2-
r Sampling Rate
41000
L 400,00k 40,0+
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Differential Encoding Enable |72,94a9 =
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L e cn Iu 2o 2o 5
0 10 20 30 40 50 60 70 80 Jo [ o Ja 1z o ° _53,0-1 ! | !
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Bit Error Rate
I {0.0000E-0
BER Trigger Found
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SEOb Frequency (Hz)

)

Eye Diagram

FM Demodulated Waveform (Hz)

0 SE-6. 1E5 1565 265 2565 3E-5 32565
Time (s) -

Puc. 1.38. Hurepdeiic nporpammsl ¢ GMSK moxynsanueit
» Message Symbols — moka3siBaeT KOJIHMUYECTBO MEPEIaBAEMBIX CHMBOJIOB.
» Eb/NO- oTHOIIEHHE CHTHAI/IITYM

= Frequency offset —3aaepskka mo yacrore



» TX Filter — BeiO0p ¢unbTpa anst nepenaryrka. JocTynHBI cieayromue
Raised Cosine, Root Raised Cosine

= Symbol Rate — mopsi1ok ciMBOJIOB.

= Transmitted Bits — nepenanHbie OUTHI.

» Received Bits — npuHsTBIC OUTHL.

= BER Trigger Found — BeposTHOCTh HIHOKH

» BT - 6e3pasmepHas Benuuuna pasnas BT =0,5

= Coxkpamenus: TX — Ilepenatunk, RX — [Ipuemuuk

HccaenoBanue qunun nepeaaun ¢ MSK monyJasinueii
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: Gaussian,

B kauectBe xapaktepucrtuyeckoro napamerpa GMSK ucnons3ytor npoussenenue B7, rae B -

mMpuHa crekrpa umnyibca h(t) mo yposuio 3 nb, a 7- miurensHOCTh OnHOTO OMTa. Ha puc. 1.39

H306pa>KeHa CIICKTpaJibHad IIJIOTHOCTb MOINHOCTH HA BBIXOJAC HACAJIBHOI'O

f o B=— o
-:_'-I::-I ———————
[=2 S F 15
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— 10O ] 'F
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Puc. 1.39. Cnexkrp curnana c GMSK monynsueit

GMSK-monynstopa (BT = 0,3), HOpMaJIM30BAaHHOTO 10 OTHOIICHUIO K iepuony 7. CpaBHEHHE

3TOr0 Tpadmka co CHEKTpaTbHOW TUIOTHOCTRIO MomHocTH MSK u BPSK, ykassiBaeT Ha

CEPLE3HOC NIPECUMYHICCTBO 3TOH MOAYJIIOUU, MpPEKAC BCCTO - B HaCTHU CKOPOCTH CIIadaHUA

BHCIIOJIOCHOT'O U3JIYUYCHHS, T.C. CKOPOCTU CHUIKCHUA YPOBHA MOIIHOCTU OOKOBBIX CIICKTPAJIbHBIX

JICTICCTKOB.
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Puc. 1.40. Cnextp nepenaBaemoro (cieBa) u npuHIMaemoro (crpasa) curaaina c GMSK

moayssieit ipu BT = 0.2, curnan/mym = 80
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FFT Magnitude (TX) FFT Magnitude (RX])
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o il
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7 ]
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Puc. 1.41. Cnekrtp nepemaaBaemMoro (cieBa) u mpuauMaeMoro (crpasa) curaaina ¢ GMSK

moxaysiuet ipu BT = 0.3, curnan/mym = 80

FFT Magnitude (TX)
55,2 —

FFT Magnitude (RX)
50,0 -
40,0 —

40,0 |

20,0 —

0,0—

Amplitude (dB)
Amplitude (d8)

-20,0—

-40,0 -

d -50,0-7 i
200,0k ~200,0k 1 0,0

Frequency (Hz)

Puc. 1.42. Cnekrtp nepemaaBaemMoro (cieBa) u mpuauMaeMoro (crpasa) curaaina ¢ GMSK

53,0} )
-200,0k -100,0k

] |
0,0 100,0k

Frequency (Hz)

moxayssiueit ipu BT = 0.5, curnan/mym = 80
MoxHo Buaeth, uro B cnekrpe GMSK npu ymensmiennu BT ymeHbmaroTcst ypoBHU OOKOBBIX
JENEeCTKOB, KpOME€ TOTO 3HAYMTENIHHO BO3pacTaeT CKOPOCTh YOBIBaHHA cCHekTpa. Tak
MakcUMaJbHBI ypoBeHb OokoBoro semnectka GMSK mpu BT = 0.3 mensmie, yem npu MSK

MOAYJIAIHUHU, a CKOPOCTh Y6I)IBaHI/ISI JIMHEMHO 3aBUCHUT OT Y4aCTOTBI, YTO O6YCJIOBJICHO IMPUMCHCHUEM

meipsid a3

EIAl DEIOgN|SEEq fAsheloLy (HE)

Puc. 1.43. T'nazkoBas auarpamma curaana ¢ GMSK monymsimueii mpu BT = 0.2,

curHan/mym = 80
Eye Diagram

FM Demodulated Waveform (Hz)

1
1,5E-5
Time (=)
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Puc. 1.44. I'na3koBas nuarpamma curtana ¢ GMSK moaynsnueit nmpu BT = 0.3,

curHan/mrym = 80

Eye Diagram

Fi Demodulated Waveform (Hz)

1 1 1
1,5E-5 3E-5 3,25E-5
Time (=)

Puc. 1.45. T'na3zkoBas auarpamma curHana ¢ GMSK moaymsueit mpu BT = 0.5,
curnan/mym = 80

W3 pHCYHKOB OTYETIMBO BHUIHO, YTO C YMCHBIICHHUEM MEKCHMBOJIBHAS WHTEpDEpPEHITHS
ycuIIMBaeTcsi BBUAY pacmmpeHus ¢uimptpa [aycca. @unbtp ['aycca BHOCHT MEKCHUMBOJIBHYIO
UHTCPOEPEHIIMIO ¥ TO3BOJIICT CHU3HTh YPOBEHb OOKOBBIX JICMIECTKOB CIIEKTpa, a TaKKe
3HAYUTEIBHO YBEIMUYMBAET CKOpPOCTh yObiBaHus criektpa GMSK curnana mo cpaBHenuto ¢ MSK
curHasiamu. Ha nmpaktuke GMSK monyssiiiust Haiia mpuMeHeHre B COTOBOM cBsizu ¢popmara GSM
npu , BBUAY HanOosee 3((EeKTUBHOTO MCIOIB30BAHUS PAIMOYACTOTHOTO pecypca. JlampHeiimee
YMEHBIIICHUE MapaMeTpa MPHUBOJAUT K CYIIECTBEHHOMY YCIOKHEHHIO ammaparypbl H CHIBHO
YBEIUYMBACT BEPOSTHOCTh ONIMOOYHOTO IpHEMa CHMBOJA H3-3a HEJOMYCTHMO BBICOKOW

MEXCHUMBOJIBHOM UHTEp(EPEHITUN.

W3 monydeHHbIX TpadUKOB MOKHO CHAeNaTh BBIBOJ YTO JUIis OOECreueHUs TOW >Ke caMoi
BEPOSATHOCTH OIIMOKH TPeOyeTCs pa3inyHOe OTHOIICHHE CUTHAIMIIYM, T.C. MPH HCIOJb30BaHUU

¢unbTpa 'aycca TpeboBaHUS K Ka4yeCTBY IPUHUMAEMOI0 CUTHAJIa BO3PacTaloT.

T Trellis graph

Puc. 1.46. ®dazoBas muarpamMmMa mepeaaBaeMoro CUTHaia



B Trellis Graph
450,00 —

200,00 —

Puc. 1.47. ®da3oBas auarpaMmma moJIydeHHOTO CUTHAJIA TIPH BER=2.04*10",
curHan/mym = 14

R Trellis Graph

1 1 1
0.0 10,00 20,00 30, 0wu A0, 00w 50,0w
Time

Pric. 1.48. ®asoBast quarpamMma mosydeHHoro curtana npu BER= 107, curman/umym = 28

RX Constellation

+ 4

4
:
-
4%
.
o i
.
.
i
A
t

3 .

- 1 1 1 1 | | | Il
104 -075 -050 -0,25 000 025 050 075 1,04

Autoscale I I

Puc. 1.49. CurnanbHOe co3Be31Me CUTHAIA IPU BER=2.04*107, curHay/mym = 14
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RX Constellation

-1,94:” | |
-104 -075 -050

| | | | I
025 000 025 050 075 104

Autoscale i I

Pric. 1.50. Curnansaoe co3esme curnana npu BER= 10, curuan/urym = 28

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

1
0,9 \

0,8

07 \

0,6 \

0,5 \

04 N\
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0,2
0,1
0 +—— T T T T P

9 10 12 14 16

Puc. 1.51. 3aBUCHMOCTb BEPOSITHOCTH OLIMOKH OT OTHOILIEHUSI CUTHAJ/IIIYM

Takum oOpa3zoM, MOTy4aroTCs CIENYIONME XapaKTepucTuku >tux Moaysinuii. FSK - mpocroTa
peanu3ayy U OTHOCUTENbHO mmpokuit criektp. GFSK - mpocToTa peanu3anuy MEHBIINH CIIEKTD,
HO M HECKOJIBKO XYAIIas MOMeX0ycTOHYMBOCTh Mo oTHomeHuio Kk FSK. MSK - odenb BbIcOKas
MMOMEXO0YCTOMYNBOCTh MPHU OTHOCHUTEIHLHO HEOONBIIOM CIEKTPEe, HO CIOXKHAS CXema MOJyIATopa-
nemonaynsatopa. GMSK - mmpuHa crekTpa mpakTHdecku Ofu3Ka K TeopeTHueckoMmy mpemeny Br
(cxopocte mepenaun 1MdpoBoit MH(POpPMAIMK), HECKOJIBKO XY/AIMIas MOMEXOYCTOWYHUBOCTH IO

cpaBHeHHIO ¢ MSK, ClI0)KHOCTh MOIYJISTOpa-1EMOAYISATOPA Takas ke kak y MSK.

IMpu wucnone3oBaHuu mnporpamMmHoro obecrmedenuss LabVIEW, Owsumm  co3manbl  1Be
BUPTyaJlbHbIE HW3MEPUTENbHbIE JA0OpaTOPUM C pa3IMYHBIMU BUIAMU MOJYJSIUM CHTHala

FSK(Frequency Shift Keying) 1 MSK(Minimal Shift Keying) B kaxmoii W3 KOTOPBIX MOXXHO
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PUMEHUTH MIpeBapUTENIbHbIC GUIbTpalru U noxyduTh aApyrue noasuasl GMSK i GFSK, ecnu

ucnoinb3oBath GuibTp ["aycca.

1.3. Moaembl cnyTHUKOBBIX cucTeM cBsizu M-QAM, M-PSK u ynciieHHbII aHAIH3
BEPOSITHOCTH CMMBOJIbHOM oIMOKH ¢ ucnoab3opanneM [10 LabVIEW

B nannom paszene O6bU1 pa3paboTaH NPOrpaMMHBINA KOMIUIEKC Ui U3y4eHUS] MHOTOYPOBHEBBIX
METO0B MOIYJISIMKA IPUMEHSIEMbBIX B CIIYTHUKOBBIX CHCTeMax paspaboranHas B I10 LabVIEW
2011 SP 1. B pa3paborannom [1IO MOXHO uccienoBaTh Takue BUABI MaHUMyIsuu kak BPSK,
QPSK, 8-PSK, 16-PSK, 32-PSK, 64-PSK u M-QAM Ha To, Kak BJIMSET OTHOIICHUE CUTHAJ/IIyM
Ha BUJ JWarpaMMbl, IMOCMOTPETh IJ1a3KOBbIE TuarpaMMmbl, CHEKTp, oueHuTh BER, mocmorpersb
BIUsIHUE (PIIBTPOB HA AHArpamMmy.

Haunbonee wuacto wucnonmpdyror QPSK  wmanumymsmuro. OHa WMeeT NPEerMYyIIECTBO,
MMOCKOJIKY MOJKET paboTaTh MPH MOIIHOCTH TPAHCIOHJEpa, OJU3KOW K HACBHIIMIEHUIO, TO €CTh
s dexTuBHON oTHauelt sHepruu. B Tabnuie 1 mpuBeneHbl TEOPETUYECKUE 3HAUCHUS OTHOIICHUS
CUTHaJI/IIyM, TpeOyembie /Ui qocTixkeHus BennuuHbl BER, paBHoii 10'10, 0e3 KoaupOoBaHUs KaHaJa
CBSI3H JUTSl PA3JTUYHBIX METOJIOB MAHHITYJISIIHH.

TaGmua 1.2. CpaBHeH#e MeTOI0B Hi(poBoil Manumyssiwu as BER, pasmoii 1070

Metoa MaHUIYJISIUN. Curnan/mym oe3 D} dekTHBHOCTD
MPUMEHEHHUST  KOJWPOBAHMUS, | UCIIOJIb30BAHUS MOJIOCHI
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

4-QAM 13.06 2.0

16-QAM 16.98 4.0

64-QAM 21.40 6.0

KBanparypuas ¢aszoas manunysasnus (QPSK)
QPSK maHumymsiysi CTpOUTCS Ha OCHOBE KOJMPOBAHUS JABYX OWUT meperaBaeMoin
nH(popManuyu ofHUM cuMBoJIOM. [Ipu 3TOM CUMBOJIbHAs CKOPOCThH B JBa pa3a HUXKE CKOPOCTH

nepenaun uadopmaruu. Ha puc. 1.43 npexncrasnena BektopHas auarpamma QPSK.
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Puc. 1.52. Bexropnas quarpamma QPSK.

KonupoBanue OCyIIecTBISETCS CIEAYIOIIMM 00pa3oM: BeCh OWTOBBIH IOTOK
pa30OuBaeTcs Ha YeTHbBIC U HeueTHbIe OuThI, Toraa I(f) Oyaer koaupoBarh yeTHbie OUTHI, a Q(t) —
HeveTHble. J[Ba MOCIIeN0BaTebHO UIAYIMX JAPYTr 33 APYroM OuTa MH(pOpMAaLHH KOAUPYIOTCS
onHoBpeMeHHo cuH(pasubM () 1 kBagparypubiM Q(t) currazaMu. ITO HAIVISAHO MOKAa3aHO Ha
ocLMJUIOTpaMMax, IpPUBEIEHHBIX Ha pucyHke 1.53 jand HMHPOPMAIMOHHOTO IOTOKa

«1100101101100001».

Bolr)
1
By

=
1[1]o]o]1

|
] | |
o | | | L

I{z)y4

[elIFgT

Tr=1/5r
Puc. 1.53. Cundasnas u xkBaaparyphas coctasistone QPSK curnana

Ha BepxHeM rpaduke BXOJHOH MOTOK pa3/ielieH Ha Mapbl OMT, COOTBETCTBYOIIMX
onnou Touke co3esnusa QPSK, mokazannoro Ha pucynke 1.53. Ha BTopom rpaduke mokazana
ocimiorpamma I(t), coorBercTByromas nepeaaBaemoit uadopmaruu 1(t)>0. Ecinu yeTHbIi OUT
paBeH 1 (OUTBHI HYMEPYIOTCS C HYJIS, @ HE C CIUHMIIBI, TOOTOMY TIEpPBBIi B 0Yeped OUT UMEET
Homep 0, a 3HAUUT OH 4YeTHbIM 1O mopsaky), u I(t)<O ecau yerHwnii O6utr 0 (T.e. b(t)<0).
AHAIOTHYHO CTPOUTCS KBaaparypHbiii kaHam Q(f), HO TONBKO 1O HEYETHBHIM OHUTaM.
JITUTensHOCTh OAHOTO cuMBoyia T=1/Sr B aBa pasza OoblIe UIMTEIBHOCTH OJHOTO OWTa
UCXOHOM MH(pOpMAIMK. Y CTPOUCTBO BBINONHSOMIEe Takoe koaupoBanue I(t) u Q(t) cormacuo

co3pe3anto, QPSK ycnoBHO nokaszano Ha pucyHke 1.54.
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BektopHaa auarpamma QPSK

Q(t)
1
01 . ~ pll
— Iz
—— i 4
by £) —]210 <::>
s alo 0 1 I
L 000 V2 o
o o
00 10

Puc. 1.54. YcrpoiicTBo KoaupoBaHus CHH(pA3HON U KBaJIpaTypPHOH COCTABJISIONMINX Ha
ocHoBe co3Be3aus QPSK.

B 3aBucumocTh oT mapsl OuT D(t) Ha BXOme Ha BBIXOZE MOJy4aeM MOCTOSHHBIC B
npejenax JUIUTENbHOCTH 3Toi mapbl Out curaaisl I(t) u Q(t), 3HaueHHe KOTOPBIX 3aBUCHUT OT
nepeaaBaeMoi nHpopMaIHH.

CrpykrypHas cxema QPSK moayasitopa.

Crpykrypnas cxema QPSK Monynsatopa Ha OCHOBE YHHBEPCAIbHOTO KBaJpaTypHOIO

MOJYJIATOpA [TOKa3aHa Ha pucyHke 1.55.

I(¢) /'><\..

[o]]e]

Bbolt) —=

Q)

()N

cos (T + gby)

®
Puc. 1.55. CtpykrypHas cxema QPSK monynsTopa.
Curnan Sqpgk (t) nmeeT BuL:
Sopsk (1) = 1(t) -cos(ampt + ¢5) —Q(t) - sin(ayt + @)
Cundasnas |(t) u xsanparypunas Q(t) coctapnsromme 570 HMYTO HHOe, Kak peabHas |
MHHMas 4acTH KomrekcHoil orubaromeit QPSK  curmama  Z(t) = 1(t) + j-Q(t), xoropsie
ABJIAIOTCS BXOJHBIMH CHUTHAJaMH KBaJApaTypHOrO MOJIyJATOpa. Toraa MOXKHO IIpeCTaBUTh

SQPSK (t) uepes ero xommuekchyio ornbaromyo Z(1): Sy (t) = R‘Z(t)-exp(ja)m‘. U3

KOMIUIEKCHOM OTrnbaromieil Mo>kKHO BBIIEIUTH (Pa30ByI0 OTHOAIOIYIO KaK:


http://www.dsplib.ru/content/quadmod/quadmod.html
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J1zm) 1z (t)]] = arctan( QM

R[Z(1)] I (t)

Baxno OTMCTUTD, YTO APKTAHI'CHC HOJDKCH BBIYUCIIATHCA C YUCTOM YCTBCPTU KOMILJICKCHOM

o(t) = arctan(

wiockoctu (GyHKiuu apktanreHc 2). Bua ¢asosoii ormbaromenn ¢(t) mis uHMOPMAIMOHHOTO
nmotoka «1100101101100001» moka3an Ha pucyHke 1.56.
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Puc. 1.56. ®a3oBas orubdaromrast QPSK curnana.

QaszoBass  ormbaromias  MpejacTaBiseT  coOOM  CTymeH4yaTryro  (YHKLUHIO  BpPEMEHH,
MIpEeTEepPIEBAIOLIYI0 pa3pbiBbl B MOMEHTHI cMeHbl cuMBosia QPSK (ogun cumBon QPSK necer nBa
oura uHpopmauuu). Ilpu sToM B mpenenax ogHOro cuMBoja BekTopHas auarpamma QPSK
HAXOJUTCsI BCErZla B OJTHOM TOYKE CO3BE3AMS, KaK 3TO MOKA3aHO BHU3Y, a IIPU CMEHE CUMBOJIA —
CKauKOOOpa3HO NEepeXOoAUT B TOYKY COOTBETCTBYIOILYIO CIEAyloIIeMy cHUMBOINY. ITockombky y
QPSK Bcero ueTsipe TOUKH B CO3BE3/1MHU, TO (a3oBasi Orudaroias Mo>XeT IPUHUMATh BCETO YEThIpe
37

n+—

3HAYCHUL: + "

-8

Awmmutyanas orubaromas QPSK curnana a(t) TaK)Ke MOXKET OBITh MOJTy4YeHa U3 KOMILIEKCHON

orubaromeii Z(t):

a(t) = 12(t) + Q2(t)
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AmmuntynHas oru6aromas QPSK curnana paBHa equHHIIE BCIOAY, 32 UCKIIIOYCHHEM MOMEHTOB
CMEHBI IIepe/1aBaeMbIX CUMBOJIOB, T. €. B MOMEHTHI Ilepeckoka (a3bl U epexoja OYepeHON Touke
CO3BE3 M.

[Mpumep  ocumutorpammel  QPSK  curmama npu  BXogHOM ~ OMTOBOM — IOTOKE
«1100101101100001» mpu ckopoctu nepenaun nHpopmanuu Br=10 k6ut/c u Hecymeit yacrore 20

kI'11 mokasaHn Ha pucyHnke 1.57.
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Puc. 1.57. Ocmumnorpamma QPSK curnana.

— T — 37
®da3za HECYHICTO KoJIe0aHug MOYKET IMPUHHUMATL YCTBIPC 3HAYCHUSA: +Z u +T paguaH. HpI/I

9TOM (1)333 CICAYIOHICITO CHUMBOJIAa OTHOCHUTCIIBHO IMPEABIAYHICTO MOXET HC HU3MCHUTCA, WA

— A [—
U3MCHUTHBCA Ha +EI/IJ'II/I Ha +Tm paauaH. Taxxe OTMCTUM, UYTO TIIpU CKOPOCTH IIE€pcaavuu

uHpopmanuu Br=10 x6ut/c Mbl UIMeeM CHUMBOJIbHYIO CKOpOCT Sr=Br/2=5 xbut/c, 1 JUIUTENbHOCTh
ogHoro cumMBoia T=1/Sr=0.2 Mc, YTO OTYETIMBO BHJHO Ha OCHULUIOpaMMe (CKadoK (a3bl
npoucxoauT uepes 0.2 mc).

®opmupoBanue cnektpa QPSK curnajna ¢ nomomsio puabrpos HaiikBucra.
Ha pucynke 1.58 mnokazan cnektp QPSK ‘SQPSK( f )‘2 curHasioB 1pu Br=10 x6ut/c u

Hecymeit yacrore 100 kI'u. MoXHO 3aMEeTHUTh, UTO MIMPUHA [VIABHOT'O JIETIECTKA, a TaKkKe OOKOBBIX
nenectkoB QPSK curnana Bnoe Menpuie yueM y BPSK curnana npu onHo# ckopocTu mnepenaun
uHpopManuu. ITo 00yCIOBIEHO TE€M, YTO CUMBOJIbHAS ckopocTh SI QPSK curnana BaBoe MeHbIe
CKOpPOCTH Tiepeaayu nHpopmaiuu Br.

Hcnonp3oBanne GopMupyromux (GuibTpOB aeT BO3MOXKHOCTH mepeaaBaTh 0.5 cumBoiia B
cekynay Ha 1 I'm momocel, mmum 1 O6ut/c uudpoBoit uHpopmanmu Ha 1 I'm momocsl mnpu

HUCIIOJIB30BaHNU (I)I/IJ'IBTpa c AUX BUJIa IPUIIOAHATOI0 KOCHUHYCA.
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Puc. 1.58. Cnextp QPSK curnana.
Ha pucynke 1.58 wdepusiM mokazan croektp QPSK curnama 06e3 wuCmoOnb30BaHUS
dbopmupytomero guibtpa. BugHo, uro npumenenue ¢guibTpa HalikBrcTa mo3BOJSET MOJHOCTHIO
nonaBuTh 60KkoBbIe JieniecTku B crekTpe QPSK curnanos. CtpykrypHas cxema QPSK monynstopa

IIPU UCTIONB30BaHUM (popMupyromero GuibTpa mokasana Ha pucynke 1.59.

0 prerrrre—— R
Ltql 20k /
::5 40 F

E 60 F

U
o QPSK
‘*-5 80 B=1

E -100 =
.

120
0 a0 100 120 140
f, K1

Puc. 1. 59. Cnextp QPSK curnana ¢ popmupyromum ¢puiabrpom HalikBucra
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Puc. 1. 60. Ctpykrypnas cxema QPSK Monmynsitopa ¢ UCIonbp30BaHuEM

dhopmupyromero GpuIbTpa

['paduku, noscusromue padboty QPSK monynsropa nmokazansl Ha pucyHke 1.61.
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Puc. 1.61. IoscHstomue rpaduk.



54

[udporas nHPOpMAIHS MOCTYMAET CO CKOPOCThIO Br n mpeobpasyercs B cumBousl i(t) u q(t) B
cooTrBeTcTBUHM ¢ co3Be3nueM QPSK, miuTenbHOCTH OJHOTO TepenaBacMOro CHMBOJIA paBHA
T=1/Sr=2/Br. TakToBBIi T€HEPAaTOp BBHIJACT IOCIEAOBATCILHOCTh  JCIbTA-UMITYJIbCOB  C
nepuoioM T, HO OTHECEHHBIX K IEeHTpYy uMmmyibca i(t) u (), kak 3TO MOKa3aHO Ha YETBEPTOM
rpaduke. MMIyabchl TakTOBOro reHeparopa cTpooupyroT i(t) u q(t) mpu mnomomu Kioue u
MOJIy4aeM OTCYETHI [ M Q) , TIOKa3aHHBIE HAa JBYX HIKHHUX TpaduKax, KOTOpBIE BO30YXIAIOT
bopmupyoHii GUILTP HHTEPIOIATOP C UMITYIbCHON XapakTeprctukoi N(t) u Ha BbIXOIE MMeeM
cungasnyio I(t) u  kBagpatypuyro Q(t) cocrapnstonie KOMIUIEKCHOH —Orubaromieil, KOTOpbIe
IIOAAKOTCA HA YHHUBEPCAJIBHBIA KBaApaTypHbIM Moxayssarop. Ha BeIxome monynsTopa IHOJIydaeMm
QPSK curnan ¢ nogasiieHneM OOKOBBIX JICTIECTKOB CIIEKTPA.

OO6parum BHHMaHHe, uTO cuHpaszHas I(t) u kBagpaTypHas Q(t) cocTaBisIONINE CTAHOBSTCS
HETPEPBIBHBIMU (QYHKIIUSMH BPEMEHH, B Pe3yJIbTaTe BEKTOP KOMILICKCHOH orubaromiein QPSK yxe
HE HaXOJHUTCA B TOYKAX CO3BE3/Ms, NEPECKAKWBas BO BPEMs CMEHBI CHMBOJIA, a HEMPEPHIBHO
JBUKETCS KOMIUIEKCHOM IUIOCKOCTH KakK 3TO IOKa3aHO Ha pHUCyHKe 1.62 mpu HCMONb30BaHUU

(buIbTpa NPUMIOAHITOTO KOCHHYCA C PAa3JIMYHBIMU IMapaMeTpamu .

1.5

T ] L) L L] 1.8 T T L) L L)
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Puc. 1.62. Tpaekropun IBUXKECHHS BEKTOpa KOMIUIEKCHOM orubaromei QPSK curnana nmpu
pa3nM4YHBIX apamerpax ¢popmupytromero ¢puiabTpa HaiikBucra.
Ha Bepxnem neBoM rpaduke TMOKa3aHa BEKTOpHAs JaWarpaMMa TMpU  OTCYTCTBUU
dbopMupytomero  QuiIbTpa TNPU  CKAYKOOOpPa3HOM  MEPEMEIICHWH BEKTOpa KOMILIEKCHOM

orubaromeid. Eciu Bximounth ¢unbTp HalikBucTa, TO npu yMeHbIIEHUHU [3 BEKTOpHAs AWarpaMma
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npeBpamaercs B «kiyook». Ilpu f=1 momydaem Hawmyuiiee NpuUOTMKEHHE K HJICATBHON
Jrarpamme.

[Tpu HEenpephIBHOM JIBYKEHUH BEKTOpa KOMIUIEKCHOW OrmOaroIieil ero aMIuinTy/ia HauuHaeT

MEHAThCS BO BpemenH, 3HauuT y QPSK curnana mpu ucnonb3oBanuu Gopmupyromero GuibTpa

HAaYMHACT MCHATHCA aMINIMTyAHAA OFI/I6aIOH_[a$I

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

YTO HATJSAHO AeMOHCTpupyetcs ocuusuiorpammoit QPSK curnana, mokazanHoi Ha pucyHke 1.63.
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Puc. 1.63. Ocummnorpamma QPSK curnana npu ncnosib3oBaHuu GopMHUpyOLIEro GpuibTpa
HaiixBucra
Bunno, yto ¢unetp HalikBuCcTa NPUBOIUT K MOSIBICHUIO Mapa3UTHOW aMIUIMTYAHOMN
moaymsinuu. Ilpu 3Tom B Toukax korma W cuHpasHas I(t) u kBagparypnas Q(t) cocrapnsromiue
KOMILIEKCHOU orubaronieil paBubl Hyito, ammumutyaa a(t) QPSK curnana taxke namaer 1o Hyls, U
¢daza moBopauuBaercs Ha 7 paauaH. [nyOokas amIUIUTYAHas MOAYNALUS — 3TO HEraTHBHBIN
addekr, koropsiid yerpansercs opcernoit QPSK (OQPSK) moxynsiuu. BaxkHO OTMETHTS, 9TO TPU
uenpepbiBHbIX I(f) 1 Q(t) pasoBas orubaromass TakKe CTaHOBHTCS HENPEPHIBHOW (DyHKIMEH
BPEMEHH U MepecTaeT MEHATHCS CKauKo0Opa3Ho, a MIaBHO MEPeTeKaeT OT CUMBOJIA K CUMBOITY, YTO

U TIPUBOJUT K cykeHHto criektpa QPSK curnana npu ucnons3oBanuu GopMHpYOLIETro GpuibTpa.

HpaKTH‘leCKaﬂ 4acTb.

Buemrawmii B pa3paboTaHHOTO IPOTrPAaMMHOTO OOECIIeUeHUs TIPEICTABICH Ha pucyHKe 1.64.
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- Message Symbols Reset PSK System Parameters i Eamp T Esti Eb/NO(dB)
1o e samples per symbol (16] differential PSK 10 41,6318
| TXFiter 4 | disable 0,000 Last Sync Found Index
\r]RDDt Raised Cos symbol map dt 1,0000
E ﬁymbnl Rate M-PsK {_-l_g I_O’92 4+03831 |?~5°E’5 BER Trigger Found
: ] 100,00k ;]s Values
] PSK type 5
nermsl | _.—’0 Ilo,zag -0,569 i
 Eb/ND, dB
} h Transmitted Bits
¥V fmm " o
0710 20 30 40 50 B0 70 8o Transmitted Symbols TX Spectrum ‘ Constellation (TX output) v I1—|0—|1—|0—|1—|1—
Frequency Offset, Hz Demodulated Symbols ~ Censtellation (RX output) | Eye Diagram (RX) Received Bits
Y imm ‘m
Ao i Yo Jolfi f
1000 -3000 0 s00 000 1.5 Modulation Error Ratio, dB
o |37,15
Frequency Offset, Hz
0,5- |-o,o1
o Bit Error Rate
0,0000E+0
Error Qut
<tatus code
¥l
, source
-1, il -0, , 13 2
Autoscale I |
v

cTAn I

Puc. 1.64. Buemnuii Bun pazpadorannoro 1O ms uccnenoanms QPSK.
[Iporpamma umeer aBa GJioKa:

1. Bnok HacTpoliku (cieBa);

2. brok oToOpakeHus pe3yibTara (Crpasa).

B Onoke HAacTpoilkMm MOXKHO 33/1aBaTh KOJIMYECTBO CHMBOJIOB B IEPEIaBa€MOM COOOIICHUH
(monme Message Symbols), gem Gosbliie CHMBOJOB B COOOIIEHHHM, TEM JOJbIIC OHO OyaeT
nepenasarbes. Ha pucynke 1.65 nmokazano xak Mensiercs quarpamma QPSK cHsitas ¢ mpueMHuka B

3aBUCHUMOCTH OT KOJIHMYECTBA CHMBOJIOB COO6HI€HI/II/I.

-3 -10 05 0,0 05 1,0 1, -5 -10 -05 0,0 05 1.0 15

Puc. 1.65. lnarpamma QPSK. 10 cumBo10B B coobmmennu (ciera), 1000 cumMBOIOB B

coo01eHuu (crpana).
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MoxHO 3amaTh 3Ha4YeHWe oTHomeHus curHan/mym (monme EL/NO, dB). Ha pucynke 16

npeacrarneHa nuarpamma QPSK i1 pa3HbIX 3HAaYCHUN CUTHAII/TITYM.

+
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Puc. 1.66. Inarpamma QPSK. Otnomenue curnan/mym 0 ab (cieBa), OTHOIIEHHE
curnan/mrym 60 nb (cnipaBa).
N3 pucynka 1.66 BuaHO, 9TO 4YeM OOJIbIIE OTHOIICHHE CHTHA/IIYM, TEM YeTdYe BBITJISIUT
muarpamma QPSK.
Tak ke MO)KHO YCTaHOBHTb:
1. Cnsur no yacrtore (mosie Frequency

Offset, Hz) B muamazone [-1000,1000] 'y ¢ MuauMasbabM marom 0.01 I

2. Bun ¢unerpa (mome TX Filter).
MoO>KHO 3a7aTh CIeayomne GUIbTPHI:
o None (6e3 ¢puiibTpa);
o Raised  Cosine  (IIpunogHsThINA
KOCHHYC);
o Root Raised Cos();
o Gaussian (I"aycca).
3. UYucno Touek M B co3Be3quu (mose

M-PSK). MoxHo 3a/1aTh clieayronue 3Ha4eHus .

. 2 (BPSK);
. 4 (QPSK):;
. 8 (8-BSK);
. 16 (16-BSK);
. 32 (32-BSK);

. 64 (64-BSK).
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4. [TocnenoBarenbHOCTH
nepeaaBaeMsix OuT (mmose Transmitted Bits).

5. [TocnenoBaTenbHOCTh IPHHUMAEMBIX
our (mosie Received Bits).

6. Ckopoctp mnepenaun (mosie Symbol
Rate).

Ha pucynke 1.60 noka3zano kak u3mensercst auarpamma QPSK B 3aBuCHMOCTH OT BEIOPaHHOTO
3HaueHus M.
1,5-

1,0-

0,5-

0,0-

I
-1.3 -1,0 -0.5 0,0 0,5 10 1.5

[T
T ‘q..

AT T T LA

Puc. 1.67. luarpamma QPSK. CneBa Ha npaBo cBepxy BHU3 - 2,4,8,16,32,64.
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B pazpaboTaHHOM IporpaMMHOM OOECTIEUEHUH MOKHO CHUMATh CIIEKTp MepeaaTynka (BKIaaKa

TX Spectrum). Ha pucynke 1.67 npencraienst ciekrporpammbl QPSK myist pa3Hbix GUiIbTposB.

FFT Magnitude Spectrum FFT Magnitude Spectrum
50,0+ 50,0-

40,0- 40,0-

30,0-

30,0-

20,0-

20,0-

10,0- 10,0-

0,0- Mr
-10,0 |
-20,0-

Amplitude (dB)
Amplitude (dB)

0,0-

-10,0-
-20,0-

'g’ﬂ-u_l [
-200,0k - 100, 0k

-30.0-

I 1 1 i I I 1 1 |
0,0 100,0k 200,0k -200,0k -100,0k 0,0 100,0k 200,0k
Frequency (Hz) Frequency (Hz)

FFT Magnitude Spectrum
40,0-

30,0
20,0-
10,0

0,0-

Amplitude (dB)

-10,0-
-20,0-

-300-

i 1

1 1 1 1
-200,0k -100,0k 0,0 100, 0k 200,0k

Frequency (Hz)

Puc. 1.68. CnekxtporpammMel QPSK ¢ BbICTaBIeHHBIMY 3HaYEHUAMHU (UIIBTpA (CIeBa Ha MPaBo -
CBEpXY BHU3): 0e3 GuibTpa, NpUNOIHATHIH KocuHyc, Root Raised Cos

B pa3paboraHHOM TpOrpaMMHOM OOECIeUYeHHMH MOXXKHO CHHMATh TJIa3KOBYIO JHMarpammy cC

npuemHuka (Bkiagka Eye Diagramm(RX) ). Ha pucynke 1.68 mnpencraBieHbl TJ1a3KOBBIC

JMarpaMMbl NpH pa3HbIX 3HaueHuss M g ocu Q, a Ha pucyHke 1.69 mpezacTaBieHbl IJ1a3KOBbIE

AuarpaMmel IIpyu pa3HbIX 3HAYCHUSA M JJIs1 OCHU |



Eye Diagram
1,0

Eye Diagram
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Eye Diagram
1.2-

Amplitude
Amplitude

S —— I I I I
00  50u 100u 150u  200u 250u  300u 00
Time

Eye Diagram
1.2-
1,0-

Amplitude
Amplitude

1 | | 1 1 |
00 50u 100u 150u 200u 250u 300u 5,0u
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Time
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100u 1500 200u 250u  300u
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Puc. 1.69. I'na3zkoBble quarpammsl Ui pa3Hbix 3HadeHnit M Ha ocu Q (cieBa Ha npaBo —

cBepxy BHM3): 2,4,8,16,32,64
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Amplitude
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Eye Diagram

Amplitude

1 1 | |
50u  100u  150u 20,0u
Time

0o

Eye Diagram
1.2-

Amplitude

| | | | |
00u 1500 200u  250u 300u
Time

|
00 50u

L

Eye Diagram
139

Amplitude

| |
200u  250u  30,0u

|
10,0u

1
00 50u
Time

Puc. 1.70. I'na3koBble [uarpaMMsl Juis pa3HbiX 3HaueHuil M Ha ocu | (cneBa Ha paBo — CBEpXy

BHU3): 2,4,8,

16,32,64
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Och BeiOUpaeTcs Ha Bkiaake Eye Diagramm (RX) B mone Display 1/Q.

Tak e mporpammHoe obecrneucHue paccunteiBaeT BER (Bit Error Rate — OuroBas
BEPOSATHOCTH OIIMOKH). DTO 3HAYEHHE MOKHO YBUAETH B mose Bit Error Rate.

BricTpo onpenenuTs ecTh OMMOKK WM HET MOXKHO €CIIM MOCMOTPETh Ha 3€JIEHYI0 KHOIKY C
noamuckto BER Trigger Found, eciu ona Oyner ropeTh 3Ha4uT OUTOBas BEPOSITHOCTH OIIUOKH
MIPUCYTCTBYET.

B mpaBom HmxHeM yriy ecth uH(bopmammoHHoe okHo Error Out, B koropoe Oyner
BBIBOJMTHCS KOJI ¥ COOOIIEHHE OIMOKH B CITydae He KOPPEKTHOM pabOTHI MPOTPaMMBI.

Ha Bknankax Transmitted Symbols u Demodulated Symbols moxxHO mocMoTpers nepeaanHbie
Y JIEMOJTyJTHPOBAHHBIC CUMBOJIBI COOTBETCTBEHHO.

KBaaparypuo-amniuryanas wmoayiasiuusi - QAM (QAM - Quadrature  Amplitude
Modulation) mMoxeT paccMaTpUBaThCS Kak pacIIMpeHHass MHOToypoBHeBas ®M, B KOTOpoii nBa
MCXO/HBIX CHUTHaJa TEHEPUPYIOTCS HE3aBUCHUMO. TakuMm o00pa3oM, 3/1eCh HUMEIT MECTO [Ba
MOJTHOCTHIO HE3aBHCHUMBIX KB3JpPATYPHBIX KaHalla, BKJIFOYAIOIIME WPOIECChl KOIMPOBAHUS U
JIETEKTUPOBAHKsI B OCHOBHOH T1OJIOCE.

Ha pucyHke mnokazaHO CUTHQJIBHO - TOYEHOE MPOCTPAHCTBO yIisi cuctembl ¢ 16-QAM wu
YEeTHIPHMS YPOBHSMH B KaXKJIOM KBaJIpaTypHOM KaHaje. TOYKH MpEeACTaBISIFOT COCTABHOM CHTHAI, a
IITPUXU HA OCAX OTMEYAIOT YPOBHU AMIUIMTYIbI B KaXKJIOM KBaJpaTypHOM KaHaie. OCHOBHas
cXeMa MoyJIATop — neMoaynaropa 16-QAM npencrasieHa Ha pUCYHKE .

4 0Q

(e ]
R ]
"8
(el |
Y

Puc.1.71. CursaiapbHO-TOYEYHOE MPOCTPAHCTBO MOAYISIu st 16-QAM
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| == 90 p = 90°
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Puc. 1.72. Cxema moaynsatopa-aemoyisatopa QAM
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B ornuune or ®M curHanoB curHaiel QAM, mOKa3aHHbIE Ha PUCYHKE HE cozaepxkar
MOCTOSIHHOM oruOaromieii. Hanmmune nmocrosiHHo# orubaromeid B @M 00bsicHAETCS MOAAep)KaHUEM
OTHOIIICHUS YPOBHEW B KBaJlpaTypHbIX KaHaiax. B QAM Takue orpaHuyeHus HE BBOJSTCS BBUIY

TOr0, 4TO B KaXX/I0M KaHaJIC YPOBHU HC3aBUCUMBI.

Xapakrepuctuku omuOok cucteM QAM u OM wmopynsamuii cuiabHO oTiaudatorcs. llpu
JIOCTATOYHO OOJIBIIIOM YHCIIE CHTHAIBHBIX TOUeK cucteMbl QAM uMEIOT, Kak MpaBHIIO, JTyYIlNe
XapaKTEPUCTUKHU, yeM cucteMbl ¢ @M. OcHOBHas MpUYMHA COCTOUT B TOM, YTO PACCTOSTHUE MEKIY
CUTHaJIbHBIMU TOYKAaMHU Ha Auarpamme Aiisi cucteMbl ¢ QAM OGonblie, 4eM AJi COOTBETCTBYIOLIEH

cuctemMnl ¢ M.

Paccrosiune d mMexay cocemHuMu Toukamu B cucreMe QAM ¢ HOPMHUPOBAHHOW K CIMHUIIC

MTUKOBOW aMITJIUTYION U YHCIIOM YpOBHEH L MOXeT OBITh MPEICTaBICHO B BUJE:

2
d =% (1.14)

Ha pucynke mnpexacraBieno cpaBHenue cucteM QAM-16 m ®OM-16 pabotarommx Ha

OZ[HHaKOBOﬁ HHKOBOﬁ MOIIHOCTH, ITO paCCTO?IHI/IIO MC)KIIy TOYKaAMHU.
1 & 1
L L
d
L] L ] I 1 1 1

KAM-16 DOM-16

Puc. 1.73. CpaBuenue cuctem QAM-16 1 ®M-16 paboTtaroniux Ha OIMHAKOBOM MMUKOBOM

MOIIHOCTH, 10 PACCTOSHUIO MEXY TOUKAMH
QAM umeer npeumyIiecTBo Haja cucteMoit @M 1pu Toi e MTUKOBONH MOIIHOCTH.

B Hacrosmiee BpeMs JUIS Tiepenavyd MOab3yroTes cuctemMamu 256-QAM. Hamo orMeTuTs, 4To
HaJe)KHOe (DYHKIIMOHUPOBAHUE BBICOKOILIOTHBIX (POPMATOB MOIYJNISIHH, TakuxX kKak 256- QAM
TpeOyeT CcTpOorol JTMHEWHOCTH YCHIIMTENEH, Al BO3MOKHOCTH 0OpabOTKH IIMPOKOTO JHara3oHa
aMIUIUTYl cUTHAOB. COOTHOIICHUS AJI XapaKTePUCTHK OIMMOO0K MeToI0B 4-,16-,64- u 256 - QAM

B 3aBUCUMOCTHU OT OTHOIICHHA (pyHKI_[I/II/I N_b NMPUBCACHBI HAa PUCYHKC.
0
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I Ny = 256 jposneii
. T 1 \s\ T~
- RN
. ™ ANAN :
- \ \\\ P

4|yposrp \ 16 yposmed \ 33 yvposHs

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

OTEomeRKe SHEPTHE Ea OKT K 1oTHOCcTE myMa (Ex/Ny). ab
Puc. 1.74. BepostHocTr ommO0oK B cucremax QAM.

JlocToMHCTBO BBICOKMX 3HaueHU Homepa QAM — 3TO MOBBILIEHHAs CKOPOCTh IEpenayu
JAHHBIX, MOCKOJIbKY TakuM o00Opa3oM OoJiplliee KOJUYECTBO OMTOB HMH(OPMAIMM MOXKET ObITh
HepeaaHo B TEYEHUHU OJHOro mukia. OJHaKo, ¢ Ipyroil CTOPOHbI, B 3TOM cilyyae OoJIbllIee YUCIIO
YpOBHEH aMIUIMTYyJlbl CHUTHAJIa pPAacIoyiararoTcsi OMU3KO Apyr K JpYry, MOBbINIAs TEM CaMbIM
BEPOATHOCTb HEPA3JIIMYMMOCTH JBYX YPOBHEH, U KaK CJIE€ACTBHE — IOBBIIIAS YyBCTBUTEJIbHOCTb
cUCTeMBbl K mymy. Takum oOpa3oM, BBICOKHE 3HaueHUs Homepa QAM Oomee TpeOOBaTEIBHBI K

napametpy SNR (Signal Noise Ratio — Otaomienne Curaan/Illym).

IIpakTnyeckas gacte QAM

TxWaveform = RxWaveform

Samples per Symbol

)16 Symbol Rate, Hz BER

M-QAM }ﬂm,nok |1uz45-3
s Dreerm ] Accumulated BER
/ | Autoscate | ot
- - . Autoscale
Sync Location Uncertainty, Symbals Received Constellation - Uiz - 22124E-3
v L 1,0 BER Trigger  BER Trigger
F d?gg Index, Bits
L 7 ndex,
Expected Sync Location, Symbols 0.8 oun
s ' Q 20
0.6
Eb/MO, dB
1 p Error Qut
S, ) 14,01
-,,,‘,,, 3 status  code
010 20 30 40 50 60 |70 80 ﬁl HU—
Message < 0. source
# Guard Bits  # Message Bits -
}:|24 }:lmnn =
#5SyncBits PN sequence order
=0 5 E

#Guard Bits, #5ync Bits should be integer
iple of bits per symbol -
errorin -1,0 0,8 -06 -04 -02 00 02 04 06 03 10

status  code
¥

source

| i STOP

Puc. 1.75. Buemmnuii Bun pazpadorannoro [10 mis uccnenosanuss QAM




UYucno noceuiok 2000 1 pa3nuyHble OTHOIICHUS CUTHAI/IITYM

Constellation n

Transitions

Received Constellation

1,0+

0,3+
0,6-

0,4

Puc. 1.76. Co3sesnus mist QAM-8 nepenaBaeMoro curHasa.

Constellation
Received Constellation Transitions

1,0 i 0 | | ! ! i i i i
S0 08 06 04 02 00 02 04 06 08 1,0
1

Puc. 1.77. Co3Bezaus it QAM-16 nepenaBaeMoro cursana.

Constellation
Transitions
Received Constellation

1,0

I I I I I I I 0 I I I I (B
-0,3 03 02 02 01 01 00 01 0102 02 02 0,3 1

Puc. 1.78 Cozse3qus minst QAM-32 nepeaBaeMoro curHania.
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Ha pucynke 1.79. npuBenens! ria3koBbie nuarpammsl it QAM-8 curnana.

1,1+ iyl

0,53 0,8-
0,6-
0,4-
0,2-
0,0-
02-
04—
.016 -5

0,86

i ERE
300,0u 0,0

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

) 50, 0u 100, 0u 150,00 200,0u

Puc. 1.79. I'na3koBble quarpaMmsbl IIpH MaJOM OTHOUICHHH CUTHAII/IITIYM U TPU HAWITY4IIEM

OTHOILIEHUH CUTHAI/IITYM

Ha pucynke 1.80. npuBenens riaskossie auarpammsl aist QAM-16 curnana.

[ I I i | 1 ! | i 0 0 |
0,0 50,00 100, 0u 150,00 200,0u 250,00 300,00 0,0 50,0u 100,00 150,00 200,0u 250,0u 300,0u

Puc. 1.81. I'ma3koBble quarpaMMBbl P MaJIOM OTHOIIIEHUH CUTHAJ/IIYM U TIPH HAWITy4IIeM

OTHOIIEHUU CUTHAJI/IIYM

N o o T 0 0 | ) D ' | ' I I
0,0 50,0u 100,00 150,00 200,00 250,00 300,00 J 50,0u 100,00 150,00 200,00 250,0u 300,00

Puc. 1.82. 'nma3koBble 1uarpaMMbl IPH MaJIOM OTHOIIEHUH CUTHAJ/IIYM U TIPU HaWITydIlIeM

OTHOIICHUU CUTHAJI/IIYM



Ha pucynke 1.83 npuBenens! cnekrporpammsl 11t QAM-8 curnana.

FFT Magnitude Spectrum

Amplitude (dB)
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80,0k -60,0k

| 1
20,0k, 0,0
Frequency {Hz)

|
-40, 0k

i
20,0k

i
40,0k

i
60,0k

]
80,0k

10,01
-80,0k

|
-60,0k

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

Puc. 1.83. CriektporpamMmMbl Ha BXOZI€ U Ha BBIXOJIE KaHaja

Ha pucynxke 1.84. mpusenens! ciekrporpammsl st QAM-16 curnana.

FFT Magnitude Spectrum
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Puc. 1.85. CniektporpamMmMbl Ha BXO/I€ U Ha BBIXO/JIE KaHANIa

Ha pucynxke 1.86 npusenensr cnextporpammsl it QAM-32 curnana.

FFT Magnitude Spectrum

Amplitude (dB)
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i i i
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Puc. 1.86. CriektporpamMMbl Ha BXOZI€ M Ha BBIXOJIE KaHaJa

67

[Momynkom ED/NO ycranaBiuBaeTcs ypoBEeHb OTHOIICHHSI CHTHan/liyma, B moje BER

oToOpaxkaeTcs KOJMYECTBO OOHapyXKEHHBIX OMMOOK mnpu mnepenaye. M3 moiydeHHBIX aHHBIX
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MOKHO ITOCTPOUTH rpa(bm( 3aBUCHUMOCTH, CPABHUTL MMOKA3ATCJIIN Y PA3JIMYHBIX BUAOB MOAYJISINUU U

MOATBEPAUTH/OMIPOBEPTHYTH TEOPUIO, OITMCAHHYIO BBIIIIE.

B tabnuiie HuKe pencTaBiIeHbl TaHHbBIC ISl PACCMOTPEHHBIX BUIOB MOTYJISIUH.

BER
BER
BER
Eb/NO, dB

R
I R

1 1 1,00e+00 1,19E-02
1 4,51E-01 1,00E+00 1,72E-02
1 1,00E+00 2,27E-01 2,42E-02
3 5] 8 10

3,97E-03
7, 81E-03
2,10E-03

12

7.94E-03  1,98E-03
2,08E-03 2,08E-03
5,25E-04 5,25E-04

14 16

Ha pucynke npejcrasien rpaduk 3aBucumoctd napamerpa BER ot Eb/NO mis 8-QAM, 16-

QAM, 32-QAM

1,20

4

1,00 -

8 0 1 1
Eb/NO, dB

16

—i-8-0AM
== 32-0AM

Puc. 1.87. I'paduk 3aBucumoctu mapamerpa BER ot Eb/No mis 8-QAM, 16-QAM, 32-QAM
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['JIABA 2. ITPOITYCKHASA CHIOCOBHOCTB KAHAJIA CBSA3U. KOAUPOBAHUE
NCTOYHUKA
2.1. [IponyckHasi cHOCOOHOCTH KaHaJA cBSA3U. O0beM CHTHAJIa U eMKOCTh KaHAaJIa CBSI3H,
YCJI0BHS UX COTJIACOBAHUS

PaccmaTtpuBaercs Bompoc coriacoBaHus audepeHIIMaANTbHBIX XapaKTEPUCTUK HCTOYHHKA
muckperHoit mHpopmaruun (M) u mpenocraBieHHoro auckperHoro kanama cpsizu (KC) B
TepMHUHAxX NOTOKa uHpopMaiuu, BeiBoguMon u3 MJIU, u nmpomycknoii ciocoornoctu KC. B manHOM
paszzerne 9Ta 3a/1a4ya peniaeTcs Ha yPOBHE MHTETPAIBHBIX XapaKTePUCTHK CUTHAJNIA U KaHaJla B BUJIC
o0beMa CHTHaJIa ¥ EeMKOCTH KaHaJla CBSI3H.

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

XaPAKTCPUIYIOIIUC 00BeM CHUIrHajaa, aHaJIMTU4YCCKU onpenenﬂeMHﬁ BbBIpAXXCHHUECM

n

rae l. - BpeMeHHas JUIMTEIBHOCTh CcHTHana, F. - 5(QQeKTHBHBIA CIeKTp curHaia,

ornpeaenseMbiii d3PGEKTUBHBIM CIIEKTpa AJIEMEHTAPHOIO CHTHAJIa KOJa M THUIIOM MOIyJsnuu. B

P
(2.1) xommonent Wp = |092(1+ P—C) UMEHYyeTCsl Jorapu(MHUUECKUM MPEBBIIICHUEM CHUTHAla
n

HaJ IOMEXOM, B KOTOpoM P, - MOIIHOCTL CHrHAlA, Pn - MOIIIHOCTh ITOMEXH, COMPOBOXKIAIOIICH
nporecc GopMUPOBaHUS CUTHANA.

AHaJTOTrHYHBIM O6p330M KaHaJI CBA3U KaK TPAHCIOPTHAA Cpe€la XapaKTCPU3YCETCIA EMKOCTHIO

KaHalia CBA3H, aHAJIMTHUYCCKHU 3a/1aBaCMYIO BBIPAXKCHUCM

_ _ P
Vie =T FiWy =Ty Py log 1+ ) 2.2)

rac TK - JUIMTCIIBHOCTh MHTCpPBAJla BpCMCHHU, Ha KOTOpLIfI MMPEAOCTAaBJICH KaHAJI CBA3H, FK -

3(1)(1)CKTI/IBH8.5{ IIoJIOCa HPOIIYCKAaHUA KaHalla CBA3H, KOTOpad MOXKET OBITh OIpeacCiICHa
AHAIIUTUYCCKU WM SKCIICPUMCHTAJIBHO IO aMHJ’II/ITy)IHOI\/’I YaCTOTHOHU XapPaKTCPUCTHUKE

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

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

KoTOpoM P, - MOImHOCTE curHana, pukcupyeMas B KaHAIbHOU CpeJe, Pn - MOIIIHOCTh MOMEXH B

KaHaJbHOU Cpene.
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HGTPYI[HO IMOHATH, YTO HICpcaayda CUTHaJIa IO NpPCAOCTABJICHHOMY KaHaJy CBA3HM BO3MOKHA

TOJIBKO TOT'/Ia, KOT/Ia pa3Mephl TPAHCIOPTHPYEMOTO CPeACTBa (CUTHANA) HE MPEBBIIIAIOT Pa3MEPOB

TPAHCIIOPTHOM Cpefibl (KaHala CBA3M).
Takum 00pa3oM HEOOXOAMMBIM YCIIOBUEM COTJIACOBAaHUS CHUTHAJIA C MPEIOCTABICHHBIM

KaHaJIOM CBA3HU ABJIACTCA BBIIIOJIHCHUC HCPABCHCTBA

Ve <V .

Z[OCTaTOLIHBIMI/I YCIOBUAMHU COINIACOBaHUA CHIHAaJIa C IIPEAOCTABJIICHHBIM KaHAJIOM CBA3H

(2.3)

SABJISICTCSA BBIITOJIHCHUC HECPABCHCTB
Te<T,. Fo<F, W<W, (2.4)
4! HaKOHCI, YCJIOBHECM 9(1)(1)6KTI/IBHOFO HUCIIOJIb30BAHUA IMPCAOCTABJICHHOI'O KaHajla CBsA3HU
ABJISICTCS BBIIIOJIHCHHUEC paBCHCTBA
Ve =V, (2.5)
KOHCTPYKTI/IBHI)IM HHCTPYMCHTOM COIJIaCOBAaHUA CUIHalia C IPCAOCTABJICHHBIM KaHAJIOM CBA3HU

IMIyTeéM YMCHBUICHUA o0bemMa curHaia Vc 3a CYCT YMCHLUIICHUSA KOMIIOHCHTA TC SABJISIECTCA

HCITOJIb30BaHHUE BO3MOKHOCTEH 3(1)(1)6KTI/IBHOFO KOJUPOBaHU:.

Teopema K.lllennona 06 >¢dpdextuBHOM KOomupoBanuu cuMBojioB NI (ocHOBHas Teopema

K.Illeanona)
[Tycth nuctounuk nuckpernoit unpopmanuu (MA1) renepupyet andasur

X = I.Xi : p(Xi ); I = HJ, COCTaBJICHHBIN U3 N JTUCKPETHBIX CTATUCTHYECKH HE3aBUCHMBbIE
n
H(X)=-> p(x;)log, p(x;)
-1

CHUMBOJIOB, XapaKTEPU3YIOIUICSA SHTPONUEN , TOTJ1a:
1. cymecTByeT Takoil crnocod KoAUPOBAaHUS CUMBOJIOB, IIPY KOTOPOM CpPE/IHEE HAa CUMBOJI

n
gpIKOOL= 3, poIK ()

YKCII0 IBOMYHBIX Pa3psAI0B KoJa OyeT ckoib yroaHo 6auskum k suTpormu H (X)) UJIU;

2. HE CYILECTBYET TaKOro crocoda KOAUPOBAaHMS, NMPU KOTOPOM CpelHEee Ha CHUMBOJ YHCIIO

n
JIBONYHBIX PAa3psIOB KO Icp K(X)]=3 p(Xi)l[K(Xi)] oyner menbire sutpormu H(X)
-1

nan.
Haubonee pacnpocTpaneHHBIME anropuTMaMu 3()PEKTUBHOTO KOJIUPOBAHUS, OCHOBAHHOTO Ha

HCIIOJIb30BaHUHM OCHOBHOM TCOPCMBI K.]_UCHHOHE[, SABJIAIOTCA
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- Anroputm K.Illennona - P.®ano,
- AnroputMm [1. XaddmdHa.

Crnenmyer cka3arh, YTO COJCpPXKATEIbHBIA MOMEHT JSTHUX QJITOPHUTMOB, HECMOTpS Ha
MPOLEAYPHBIC PA3IHUMs, MO3BOJSIFOIINNA MOCTPOUTHh IPGEKTUBHBIN ABOUYHBIA KOJ, CPEIHSS Ha
CHUMBOJI ITTUHA KOTOPOTO MAaKCHMAaJILHO MPHUOIMKEHA K YHTPOIIMHA UCTOYHHUKA, COCTOUT B TOM, YTO
CHMBOJIaM ¢ OOJIbIIIEH BEPOATHOCTHIO MOsiBIICHUS Ha Bbixone MJIW craBsATCS B COOTBETCTBHE KOJIBI
MEHBIIICH JUIMHBI, & CHMBOJIAM C MEHBIICH BEPOATHOCTHIO - KOJBI OOJBIICH JIHHBL. Takum
obpa3om, 3¢ (HheKTHBHOE KOAUPOBAHUE PEATU3YETCS B KJIacCe HEPAaBHOMEPHBIX KOJIOB.

D¢ dexTuBHBIC KOABI MPUHATO XapaKTEPU30BATh IBYMS MMOKA3aTEIsIMU KOJa: U30BITOYHOCTh U
3¢ peKTUBHOCTH

Omnpenenenue 2.1. U30bI1TOYHOCTHIO 3(PeKTHBHOIO KOAAa Ha3piBaeTcsa IokazaTenb Dy,

OINPEIEIAEMBIN BBIPAKEHUEM

n
ep [K(X)]- | in [K(X)] B izl p(xi)I[K(Xi)]_ H(X)

) _ (2.6)
) e [KOX)] 3 po) k0]
-1

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

OHpeﬂeHﬂeMHﬁ BBIPpAXKCHUCM

_Imin [K(X)] H(X)

K0T ik ]

@.7)

Herpyano Buzaerh, 4To M30BITOYHOCTH U 3(PPEKTUBHOCTH IPPEKTUBHOTO KOJA CBA3AHbBI

COOTHOILICHHUEM

Dk:1—77. (2.8)

2.2. UcciieoBanye KOAMPOBAHMS HCTOYHMKA TUCKPETHBIX COO0IIEeHUIT MeTogaM
Illennona ®auno

Jns ynoGcTBa pacrosioKUM Bce UMeEronvecss nm OyKB B OJUH CTOJOMK B IOPSIJIKE
yOBIBaHUSI BEPOATHOCTEH. 3aTeM Bce 3TU OYKBBI cielyeT pa3OUTh Ha JBE TPYIIIbl — BEPXHIOO U
HIDKHIOIO — TaK, YTOOBbI CyMMapHas BEpOATHOCTh IEpBOM TIpymibl Obula Hambosee OynM3ka K
CYMMapHOU BEpOSITHOCTH BTOpPOH rpymmsbl. [ OykB mepBOi Ipynmbl B Ka4eCTBE MEPBOM HUPPHI
KOJIOBOTO 00O03HaueHus1 ucrnoib3yercs mudpa 1, a mis OykB BTopoi rpynmnel — mudpa 0. [anee,
KaX/Iyl0 U3 JIByX I'PYNI MOAOOHBIM 00pa3oM CHOBA HAJ0 Pa3/eiMTh Ha JBE YaCTH U B KauecTBe
BTOpOM ITU(PHI KOJJOBOr0 0003HAaYeHUsI MBI OyieM UCHOJIb30BaTh 1Udpy 1 min 0 B 3aBUCUMOCTH OT

TOT0, MPUHAJIJIEKUT JIM Hallla TPpyMa K NepBON WJIK KO BTOPOH M3 3TUX MOATPYMIL. 3aTeM, KaKaas
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U3 coxepkamux Oosiee OgHONW OYKBBI TPYII CHOBa JETUTCS Ha JBE YacTH BO3MOXKHO Ooiee
OJIM3KOM CyMMapHOIl BEPOSATHOCTHU U T.J.; IPOLIECC MOBTOPSIETCS 10 TeX IMOp, MOKA Mbl HE MPHUIEM K
rpynnam, Kaxaas U3 KOTOPbIX COACPHKUT 10 OJJHOW €AMHCTBEHHOH OyKBe.

Hanpumep, ecan Ham andaBUT COAEPKUT BCErO IIECTh OYKB, BEPOSTHOCTh KOTOPHIX (B
nopsinke yoeBanusi) pasusl 0,4, 0,2, 0,2, 0,1, 0,05 u 0,05, To Ha mepBoM dTane JaejcHuUs OyKB Ha
IpyHmbl Mbl OTIICTIMM JIMIIb OAHY NepByto OykBy (1-s rpymma), ocTaBUB BO BTOPOl Ipyrrme Bce
octanbHble. J[anee, BTopas OykBa COCTaBUT 1-10 MOATPYIITY 2-i TPYIIIBI; 2-51 )K€ MOArpyIIa TOH e
TPYIIIBI, COCTOSINAs U3 OCTABIIMXCS YeThIpeX OyKB, OYIeT W jJajee MOCIeA0BaTEeNIbHO JACTUTHCS Ha

YaCTH TaK, YTO KKIBIN pa3 1-1 9acTh OyJeT COCTOSTH JIHIIb U3 OAHON OYKBHI.

Tabnuna 2.1.
pazbueHue Ha MNOArpyHNbl (PUMCKHUE
Ne KOJI0BOE
BEPOATHOCTh | HUGpPbl 0003HAYAIOT HOMEpa TIpynnm U
OYKBBI 0003Ha4YeHHE
MOATPYIIN)
1 0,4 31 1
2 0,2 31 01
3 0,2 }1 001
4 0,1 }0 }0 }1 0001
5 0,05 }0 y0 31 00001
6 0,05 }0 00000

OCHOBHOM NPUHIMI, IMOJOKEHHBI B OCHOBY KoaupoBaHusi 1o merony lllenHona — ®aHo,
3aKJII0YaeTcsl B TOM, YTO NpU BbIOOpE KakIOH LUGPHI KOJOBOrO O0OO3HAUYEHHUS MBI CTapaeMmcs,
yTOOBI CcoOJepIKalieecss B HEW KOJIMYECTBO HMHQPOpMAMH OBLIO HAWOONBIIUM, T. €. YTOOBI
HE3aBHCHMO OT 3HAUEHMU BCeX Mpenplaylux uudp, sta nudpa npuHUMaza 00a BOZMOXKHBIX JJIS
Hee 3HaueHHs 0 ¥ 1 o BO3MOKHOCTH € OIMHAKOBOM BEPOSTHOCTBIO.

IIpouecce nekonupoBaHus

Tenepp paccMoTpuM anroput™ aexkogupoBanue konos Illennona-®ano. Ilponece
YCIIOXKHSIETCS T€M, YTO HEBO3MOXKHO, KaK B Cllydae KOJAMPOBAHMS, 3aMEHATh KaxKable 8 OUT
BXOJHOTO  IIOTOKAa, KOAOM  IepeMeHHOW  aiuuHbl [Ipy  BOCCTaHOBIEHMHM  MCXOJIHOU
MOCJIeI0BATEIbHOCTH HEOOXOAMMO HPOBECTH OOpaTHbIE ONEpaIlH - 3aMEHUTh KOJ NepeMEeHHOU
JUTHHBI CHMBOJIOM JITHHOM 8 OuT. B maHHOM citydae, jydine Bcero OyaeT MCIOIb30BaTh OMHApHOE
JIepeBO, sTueKaMHU KOTOPOTO OyAyT SIBISITHCSI CHMBOJIBI.

[Tpumep KoAMPOBAaHUS COOOIIEHUI
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JI1s HarJsIIHOM WILTFOCTpALlMy aJITOpUTMa, CIIENAaeM CxKaThe NpeanokeHus "KapicoH, KoTopblil
KMBET Ha Kpblme.". Beraucianm, CKOJIbKO pa3 BCTPEYaeTCsl KaKIbli CUMBOJI, U 3aHECEM JAaHHBIE B
Tabmuity 2.2.

Tabnuma 2.2.

Cu KonnuectBo

MBOIJI HOSIBJICHUN

=
o
N

o0eI

¢ Rom

¥ E = =

(¢}
P P P P P P P P P DN DN DN DN DD DD Ow

Manee, pa3nenus TaOiIMILy Ha IBE YaCTH, TAKUM 00pa3oM, 4TOObI YUCIIO TIOSIBIIEHUN CUMBOJIOB B
BEpXHEW MOJIOBUHE TaOJIMLBI NMPUMEPHO PaBHAJIOCH OOILIEMYy 4YHCIy B HIKHEH mojoBuHe. B
Npe/UIoKeHUH 32 CHMBOJA, a 3HAYMT, BEPXHsSI 4acTh TaOJMIBI JOJDKHA COJEpXaTh OKojo 16
NosIBIICHUH. MBI MOKEM MOJIYUYHUTh 3TOT Pe3ybTaT, IOMECTUB Pa3IeITENLHYIO JIMHHUIO (J1anee p.J1.)
Mexay crpokamu "e" u "T". B utore BepxHss yacTh OyneT coiepiaTh MnosiBjieHue 16 cuMBOJIOB, a
HMOKHSISI, COOTBETCTBEHHO, OcTaBIuecs 16.

I[aﬂee npoaciacM TO K€ C KaXJ0i M3 4JacTei Ta6J'II/II_IBIZ pasMeCuM JIMHUU Tak, YTOOBI

pasaciInTb 2 NOJIYYCHHBIC YaCTU Ha HpI/I6HI/I3I/ITCJIBHO paBHBIC 110 KOJINYCCTBY MOSIBJICHUH.
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[Tpomomxkaem mpouecc pa3aeiaeHus 10 TOr0O MOMEHTA, IMOKa KaXKAblil CUMBOJ HE OYyAET OTAEJIEeH OT

Jpyroro.

PesynbTupyroiee aepeso.

Bla), E-E'a O

[::J III'“E::] III [:]

Puc.2.1. PesynpTupyroniee nepeso
Ecnu mpuHsATh, 4TO nepeMenieHrue BJIEBO SKBUBAJCHTHO HYJIEBOMY OWTY, a BIIpPaBoO -

CANHUYIHOMY, MOXHO CO31aTh Ta6JII/IIIy KOOAUPOBaHM:.

Tabmuua 2.3
Cun Koaun
MBOJI poBKa
Mp 000
oben 001

p 0100
o] 0101
K 0110
a 0111
e 1000
T 1001
bl 1010
H 10110
K 10111
n 11000
n 11001
B 11010
7 11011
LU 11100
X 11101
o 11110

11111
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Tabmuma conepxxkut 137 Out, a opuruHainbHas ¢pasza "KapicoH, KOTOpbIH KUBET Ha Kphiie."
3aHUMaeT 256 OuT, ciae10BaTeNIbHO, Y HAac motydaercss KoagduuueHT cxatust 53%.
IpakTuyeckas 4acThb

1. BamycTuTh MPOrpaMMHBIi KOMILIEKC [6].

Bf JbDheKTMEHOE KOAMPOBAHWE MHOOPMALIK o =]

FnasnneMsHm ﬂpemmcwc‘rb‘ KOanUJEHHOHa'"PaHD‘ APHPMETHIECKOE KODMDDEaHMe| KmblLZ| K.odkl ¥aeemada

MPEMUKCHOCT 2o eeeee

DEILCHHORRBAD | oroscs v

Hlﬂ',ﬂhlj m@m&&&@%ﬂ) nonb3yAct METoL0M UJEHHOHG-
®aHo.

=
4 |

+a)
(s}

npagKa

Puc. 2.2. Tlanens mporpaMMHOTO KOMILJIEKCA
2. BeiOpamu B meHio myHKT 3anaHusi «Konel lllennona-®ano». M3ydmnm npemiokeHHYO
Tabmuny 16-cuMmBonbHOro angaButa. CHUMBOJBI  OTCOPTHUPOBaHbBI B MOpsAJAKE YOBIBaHUSA
BEPOSITHOCTEH MX TOSIBIICHHS.
3. Tlonmp3ysch TEOPETHYECKHM MAaTEpUaoOM, HAWTH JBOMYHBIC KOJIBI JJIS KAKIOTO W3
IPE/UIOKEHHBIX CUMBOJIOB, 3amucanu ux B rpady Kox komomoil Tabmmupl. Crnenys mnpaBuiry

MNPUITMCBIBAHUSA OUCPCAHOTO CUMBOJIA, YKA3daHHOMY B OKHEC ITPOrpaMMBbI Ha/l KOJ0BOI Ta6J'IHI.IefI.

SBaKoaHpYiETe NPHEBEAEHHBIE CHEFEONE anfasHTa kooom Hennona-FP ano. MNpa
PASSHEHMIA CUMMPEl BEROATHOCTSEA B KaXaoi HMS rpunn acoisxHel Seme
PASKCHPMANEHD OAHHaSKOBEI.

nDM DaSﬁMeHMM Ha rpuynnel Ecerd CHHEOASk BEDHHEI‘;I MNoOAOEHHEl E Ea4eSCcTES
MEpEOro GUTa NPHAMCEIEaETE [, 8 BoERa HAHHLR -

CHrBoN BepoATHOCTE K.ogq,
f=y .11 (ululn]
E 0.09 o010
B .0z o011
r o.0s o1o
n 007 o110
E .07 o111
A [ 1000
32 007 1001
1 0.0 1010
[E] [ = 1011
K 0.06 1100
I 0.0% 1101
kA [ 1110
H 0.0 11110
(=] 0.0z 1111710
r .01 1171111

Mposepurs Tatnmuy |

Puc. 2.3. KonmoBas tabnuiia it JTaHHOT'O COOOIIEHUS
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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

FSKCHIANEHD O0HHAKDERIRH.

[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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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 JOBOJIbHO 2 (PeKkTuBHBIM. B HacTosIIee BpeMs HE UCTIOIb3YeTCs, 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 ujes anroputma Jlemmnens-3uBa COCTOUT B 3aMEHE MOSBIEHUS (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), BnepBbie npemnoxuBmmx ux B 1977 (amroputm LZ77) m 1978 romax
(amroputm LZ78).

Aaropurm LZ77

LZ77 wcnonb3yer yXe MPOCMOTPEHHYIO YacTh COOOIICHHS Kak cjoBapb. UTOOBI m0OUTHCS
CKaTHsl, OH TIBITAETCS 3aMEHUTH OYepeqHON (parMeHT COOOIICHHS Ha yKa3aTellb B COJEPKUMOE
clioBapsi.

B kauectBe Momenu gnaHHbIX LZ77 wucnonb3yeT ‘‘ckoib3diiee”’ MO COOOIIEHHUIO OKHO,

pasfeneHHoe Ha JBe HepaBHble dYacTu. IlepBas, Oomnbinas 1o pasMmepy, BKIIOYAET YXKe
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MIPOCMOTPEHHYIO YacTh cooOIIeHns. Bropas, HaMHOTO MeHbIIas, sBIIETCs Oydepom, coaepKaumM
elle He 3aKOJUPOBAHHBIE CHMBOJIBI BXOJHOTO MOTOKAa. OOBIUHO pa3Mep OKHa COCTaBIsieT
HECKOJIbKO KuJ100aiiToB. Bydep HaMHOrO MeHsbIne, oOBIYHO HE Oojiee cra OalTOB. ANTOpUTM
MBITACTCSl HANTH B clIoBape pparMeHT, COBNAIAIOIINN C COACPKUMBIM Oydepa.

Anroput™m LZ77 BeIgaeT KOJbl, COCTOSIIIIME U3 TPEX FIEMEHTOB!

- CMEIICHHE B CJI0BAPE OTHOCUTEIHHO €ro Havaja MoJCTPOKHU, COBMAIAIOICH

¢ coziepkuMbIM Oydepa;

- JUTMHA TTOJICTPOKH;

- IePBBIN CUMBOII B Oydepe, creayronuii 3a moICTPOKOM.

[Tpumep. Pazmep okna — 20 cumBoJIOB, cioBaps — 12 cumBosoB, a Oydepa -8. Koaupyercs
coobuienue «[IPOI'PAMMHBIE TTPOJIYKTBI ®MPMbI MICROSOFT». Ilycts cioBapp yxke
3anonHeH. Torga oH coxepxut ctpoky «[IPOIPAMMHBIE », a 6ydep crpoky «IIPOJYKTDbI».
[IpocmatpuBasi cioBapb, aJITOPUTM OOHAPYXKUT, YTO COBMaAaroIie moacrpokoit oyner «I[1POy», B
CJIOBape OHa pacrojio’keHa co cMerienneM (0 U UMeeT ATUHY 3 CUMBOJIA, CIEAYIOIIUM CUMBOJIOM B
Oydepe saBisercs «J». Takum 06pa3oM, BEIXOAHBIM KofoM OyneT Tpoika (0, 3, «/I»). [Tocne atoro
QITOPUTM CJIBUTAET BJIEBO BCE COJEPKUMOE OKHA Ha JUIMHY COBIMAJArO-IIEH MOACTPOKH +1 u
OJTHOBPEMEHHO CUMTHIBAET CTOJBKO K€ CHMBOJIOB M3 BXOJHOTrO motoka B Oydep. Ilomywsaem 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 cioBapb Oyner coaepxkate «KAMMHBIE I[TPOIY», a
oydep — «KTbl ®UPM». u T.1.

IIpodaemsr LZ77

OueBHuIHO, UTO OBICTpOIEHCTBUE KoAepa LZ77 cuiabHO 3aBUCHUT OT TOTO, KaKUM 00pazoM Oyzaer
OCYIIECTBIISITHCS TIOUCK COBITAJAIOIIEH MOJICTPOKH B ciioBape. Eciy McKkaTth coBIaieHUe TOITHBIM
nepedopoM BCEX BO3MOKHBIX BapHUaHTOB, TO OUYEBHIHO, YTO CKaThue 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 OCYIIECTBIISIETCS] TIOUCK COBIAICHUS.

beicTponeiicTBue u kojepa, U ACKOJAEpa 3aBHCUT OT TOr0, KaK PEAIM30BAHO ‘‘CKOJBKEHHE
OKHA IO COJEPKUMOMY cooOmieHus. ParmoHanbHO ObLIO OBI JyIsi paObOTHI ¢ OKHOM TIOJIb30BAThCS
KOJBIEBBIM OydepoMm, OpraHM3oBaHHBIM Ha (PHU3UYECKH CIUIOIMIHOM YYacTKe MaMsTH, a He
pEaIbHBIM  CIABUTOM COACPKUMOTO OKHAa. XOTA /s MOAJAepKaHus KouyblieBoro Oydepa
HEOOXOMMBI JTOTIOTHUTENTFHBIE 3aTpaThl HA COXPAHEHHUE IEIOCTHOCTH WHJIEKCOB B HEM, B IIEJIOM
3TO JIaeT OYCHb CYMICCTBECHHBIM BBIUTPHINI TIOTOMY, YTO OTCYTCTBYET ITOCTOSHHOE CJIBHTaHHE

Oonpmioro Osoka namatu. Eciam pasmep kombleBoro Oydepa paBeH CTENEHM 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 ¢ ObIcTpoaelicTBHEM, Yy anroput™Ma LZ77 BO3HUKAIOT MPOOJIEMBI C CAaMHM
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 Oydep — 16 OGaiitoB, To xkox <0, 0, cumBoT> OyneT 3aHuMaTh 3 Oaiita.
KoaupoBanue oanoro Oaiita B Tpu MMeeT Maslo OOIIETO CO CKATHEM M CYIIECTBEHHO MOHMKAET
IIPOU3BOIUTEIBHOCTD AJITOPUTMA.

YnpomenHnslii anropurm LZ77

noka (Oydep mpenmpocMoTrpa HE TYyCT) HaWTH HamOosiee JUIMHHOE COOTBETCTBHUE
(mo3unus_Havanma, nanuHA) B Oydepe mpenpictopu U B Oydepe mpeanmpocMoTpa; eciu
(IMMHA>MUHUMAJIBHON JUIMHBI), TO BBIBECTH B KOJMPOBAHHbIC JaHHbIC Mapy (MO3UIMs_Hadyana,
JUITMHA); WMHAa4Ye BBIBECTH B KOJMPOBAHHBIC JaHHBIC IEPBBIH CHUMBOJI Oydepa MpeanpocMoTpa;
M3MEHUTH yKa3aTellb Ha Hadaso Oydepa MpeanpocMoTpa U IPOAOTKUTS.

Anaroputm LZ78

DTOT aNropuTM TeHEPHPYET Ha OCHOBE BXOJIHBIX TAHHBIX CIOBAph (pparMeHTOB, BHOCS Tyda
(bparMeHTsl IaHHBIX (ITOCIEIOBATEIBHOCTH OAlT) MO ONPENEICHHBIM IMpaBHJIAaM U MPHUCBAUBACT
¢bparmenTam koabl (HoMepa). [Ipu cxxatun qaHHBIX (MTOCTYIJICHUH HA BXOJ MPOTpaMMbl O4epeIHOM
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 JIOMOJHSET CJIOBaph HOBbIM (parMeHToM. [lpu 3amosHeHUM Bcero ciioBaps
(pazMep cioBapsi OTpaHUUEH IO ONPEAEICHHIO) IpOrpaMMa OYHMINAET CI0BAPh U HAYMHAET MPOLECC
3allOJIHEHUS CJI0Baps CHOBa. Peanmzanuum 3TOro MeToja pas3indaroTcsl KOHCTPYKLMEW cioBaps,
QITOPUTMAaMHU €T0 3alOJHEHHS U OUUCTKU MPH MEPETOTHEHHH.

OOBIYHO, TpHU HHULUAIHU3ALUK CJIOBaph 3alOJHSAETCS MCXOJHBIMHM  (RJIEMEHTapHBIMH)
(dparMeHTaMH BCEMHU BO3MOXKHBIMU 3Ha4eHUsIMU Oaiita ot 0 10 255.

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

HaliIeH B cioBape XOTs Obl OAHOOANTOBBIN (parMeHT.

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

Takum o0pa3oM IpH Havaje KOJUPOBaHWS MHUHHMMaJbHas JUIMHA KOJA COCTaBisieT 9 OwT.
MaxkcruManbHasi AJIMHA KOoJa 3aBUCUT OT 00beMa clloBaps — KOJMYECTBA Pa3IMYHBIX (parMeHTOB,
KOTOpBIE TyJa MOXXHO TIOMECTHTh. Ecimm oObeM cioBapsi u3MepsaTh B OaiiTax (CHMBOJIAX), TO

O4YCBUJHO, 4YTO MAaKCHMaJIbHOC KOJIHUYECCTBO (bpal"MeHTOB paBHO YHuCIY CHMBOJIOB, A4,
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clleIoBaTeNIbHO, MaKCUMaJlbHas JJIMHA Kofa paBHa log2 (o6beM 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 Uit pazmepoB 12/5

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

Puc. 2.11. BBoxg ¢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 MOJAECTUPOBAHUE PEIIAET ITY MPOOIEMY, HCTIONB3YSI TS KaXKI0-
ro TEKCTa CBOIO MO/JIENIb, KOTOpas CTPOMUTCS €lIe J0 CaMOro CXKaThs Ha OCHOBAHUU PE3yJbTAaTOB
MPEABAPHUTEIIBHOTO MPOCMOTpa TeKcTa (Wwiu ero obpasma). Ilepen Tem, kak okoHYeHO (opMuUpO-
BaHUE CXATOTO TEKCTa, MOJENb JOJDKHA OBITh TepelaHa pacKoAMpOBIIMKY. HecmoTps Ha no-
MOJTHUTEJbHBIE 3aTpaThl 10 Teperade MOJIENH, 3Ta CTpaTeruss B oOIleM ciyyae OKyraeTcs Ona-
roaps Jiy4iieMy COOTBETCTBUIO MOJIENIN TEKCTY.

AnanTtupoBaHHOE (WIM JWHAMUYECKOE) MOJEIMPOBAHHUE YXOAMUT OT CBSA3aHHBIX C 3TOH
nepefadel pacxonoB. [lepBoHauanbHO W KOJUPOBIIUK, W PACKOJUPOBIIUK TMPHUCBAUBAIOT cebOe

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
pa3BopauMBaHMs. 3aTeM OHM 00a M3MEHSIOT CBOM MOJEIHM OAMHAKOBBIM 00pa3zoM (Hampumep,
HapamyBas BEpPOATHOCTh paccMaTpuBaeMoro cumpoa). Clemyromuii CHUMBON KOAUPYETCS U
JOCTaeTCs HAa OCHOBAaHMM HOBOW MOJEIHM, a 3aTeéM CHOBa H3MeHseT Mojenb. KoaupoBanue
MPOJOIDKACTCS AHAIOTUYHBIM PACKOAMPOBAHUIO 00pa3oM, KOTOPOE MOAICPKHUBACT HICHTHUHYIO
MOJIETIb 3@ CUET NMPUMEHEHUS TaKOTo K& ajJrOpUTMa €€ M3MEHEHHs, 00ECIICUCHHBIM OTCYTCTBHEM
ommOOK BO BpeMsl KoAupoBaHHA. lcmomb3dyemas Monelb, KOTOPYO K TOMY JK€ HE HYXHO
nepeaaBarh IBHO, Oy/IeT XOPOIIO COOTBETCTBOBATH CKaTOMY TEKCTY.

AnanTupoBaHHBIE MOJIENH TPEACTABISIIOT COOOW 3JETaHTHYIO U 3(P(PEKTHBHYIO TEXHHUKY, U
o0ecreunBaOT C)KaTHE IO KpaiHed Mepe He Xy/uiee MPOU3BOJUMOrO HEalalTHPOBAaHHBIMU
cxemamMd. OHO MOXET OBITh 3HAYMTEIBHO Jy4Ile, YeM Y IJIOXO COOTBETCTBYIOIIMX TEKCTaM
CTaTUYHBIX MoOJeNeld. ANAanTHPOBAHHBIE MOJENH, B OTJIMYMMA OT IIOJNyaJalTHPOBAHHBIX, HE
MPOU3BOJAT HMX MPEIBAPUTEIHLHOTO TPOCMOTpA, SBISISICH MOATOMY OoJiee MpHBIEKATEIFHBIMU U
JTy4IIEC)KUMAIOIUMH. T.0. anropuTMbl MozesIel, ONMChIBaeMbIE B TIO/Ipa3/ieNax, Ipu KOIUPOBAHUH
U JICKOIUPOBAaHUM OyIyT BBIIOIHATCS OJAWHAKOBO. MO/eIb HUKOTa HE TIEpeJaeTcst IBHO, TOITOMY

cOoit IMPOCXOAUT TOJIBKO B CIIy4daC HCXBATKHU 110 HEC 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. BBox tekcra u3 ¢aiina s pasmepon 128/5

Tabnuna 2.4. Pe3ynbrarel usMepeHuit

Dcnosaps 32 64 80 128

Lex/ Lewix 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 aiis pa3HOH JJIMHBI TEKCTA U OAMHAKOBOTO pa3Mepa ciioBaps 64/5:

~1WMajorv0016~1VIATNIT 3 _~1UINZT77_F.EXE

Puc. 2.18. Beoa tekcra mimHoi 39 Gait

ME-1WajorV0016~-1VIATVIT__ 3 ~1NZNZT7_F.EXE

Puc. 2.19. BBoj Texcra mmuHoii 452 Gaiita

C:\DOCUME -~ 1\WMajori0016 1_ 3 ~-1\VIVZ77T_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

Lex 39 452 1488 4292

Lax/ Lo 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'padux 3aBucUMOCTH K03(pPULIMEeHTa CIKATHsI OT pa3mepa CIoBaps
[lpr KOmMpOBaHMHM KOPOTKHX TEKCTOB KOA(M(UIIMEHT CXKaTHs OKa3bIBaeTCsl MeHbIe 1, T.e.
M30BITOYHOCTh HE YHAJsIeTcsi, a BBOAUTCA emie Oombmme. [Ipm yBenwdeHuMm pasMepa cioBaps
KO3 PHUIMEHT cxkaTus yBenuuuBaeTcs. bonbmioi pasmep Oydepa Tarke yxyamaer ko3 UIueHt

cxkarus. Ecnm pasMep CiioBapsA KpaT€H CTCIICHIAM HBOﬁKH, TO CXAaTHueC JIy4lic. OI[HaKO, npu
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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 Ha3bIBAETCS JOMEHHBIM OJIOKOM, @ MEHbBIIEr0 — 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 mnpeoOpazoBaHMi KOOPIMHAT HA  IUIOCKOCTH;
u-— KodpurmeHT CKaATUS SIPKOCTH;
V — CIIBUT TIO SIPKOCTH.

B paccmarpuBaeMbIX airopurMmax (ppakTaJbHOTO CHKAaTHUS M BOCCTAHOBIICHHSI HM300pakeHUs
BBEJICHHbIE YIIPOIICHUs TO3BOJISIOT 3aMEHMTh MaTpUuYHble MNPEoOpa3oBaHMs —OINepalusIMU
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, Onwkalmmii (B BBIOpaHHOMN
METpHKE) K paccMaTpuBaeMoOMy paHroBoMy OJIOKY.
Korna nomenHslil 6510k HaiiieH, TO 3alIOMMHAIOTCS €r0 HOMEp U HapaMeTpbl MpeoOpa3oBaHUsS B
TEKYIUIl paHTrOBBIN OJOK, M3 KOTOPBIX U COCTOUT pelIeHHUe 3a/1aui (PaAKTaIBHOTO COKATHS.

Huxe, Ha pucynke 2.32. ,ipeAcTaBlIeH allTOPUTM (PaKTATBHOTO CKATHS.
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OmoaHne
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Puc. 2.24. Anroput™ ¢pakTaibHOTO CKaTHs

[Iporpammuoe ob6ecnieuenne B DELPHI 7

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

B Hee MOHO 3arpyxatb JH00ble M300paXKeHUs, HO pa3Mep JOJDKeH ObITh He Oosiee 512x512
nukceneil. [Iporpamma 6yeT aBTOMaTH4ECKH YOUPATh IIBET U300pakeHUH.

OTH OrpaHUYEHUsT BBEJIEHBI JUII TOrO, YTOOBI CYIIECTBEHHO COKPAaTHUTb BpPEMs CXKATHS
n300pakeHui Ha 0a3e ppaKkTaIbHOTO aIrOPUTMA.

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 U300paKeHHE 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 nmpeacraBieHo nepBOHAYAIbHOE H300pakeHUE CO CITyTHHKA 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, MNpeincTaBle€HO 3TO Xe H300pakeHHe mocie 00paboTku, Hpu
nmapameTpe cMelleHrne JoMeHa=1 u pa3mep peruoHa==8, Bpems MmoTpadueHHoe Ha cxkartue 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 pernoHa=8, BpeMms IMOTpaueHHOE Ha cxkarue 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 notpadeHHoe Ha ckarue t=27 c,

pasmep daitna =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. O6pabdoTanHoe 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. O6paboranHOe N300paKeHHE.
Hanee, Ha pucynke 2.34, NpelcTaBI€HO 3TO XK€ H300pakeHHe Mmocie 0o0paboTku, Ipu
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, TpPEACTaBICHO 3TO X H300pakeHHEe Iocie OO0pabOTKH, IMpHU
napameTpe cMmenieHue aoMmena=20 u pasmep peruona=10, Bpemsi morpaueHHoe Ha cxkarue t=1 c,

pa3mep aiina =4,12K6.

Puc. 2.35. O6paboTanHOE N300paKCHHE.

Hwxe, Ha pucynke 2.36 mpenctaBicH rpaduk 3aBUCHMOCTH BpPEMEHH CXKaTHS OT pa3Mmepa

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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Puc. 2.37. TI'paduk 3aBUCUMOCTUA BPEMEHHU CXKaTHs OT MapaMeTpa «CMEIICHUE TOMEHAY.
Ha pucynke 2.38 npezacraBneH rpaduk 3aBUCUMOCTHA BPEMEHHU C)KAaTHs OT MapaMeTpa «pazMep

pEeruoHa».

16

- \
o \
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Puc. 2.38. I'paduk 3aBUCUMOCTH BPEMEHHU CXKATHUS OT TapaMeTpa «pa3Mep peruoHay
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Ha pucynke 2.39 mpencraien rpaduk 3aBUCMMOCTH pasmepa uzoOpaxkenus (B Kbaiit) or

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 U300pakeHus OT KOdPPHUIIEHTA CKATHSL.

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 nzobpaxenus ymenbimics ¢ 435K6 no 3,04K60.

3 MMPpEACTABJICHHBIX BBIIIC Fpa(l)I/IKOB MOXXHO CACJIaTh BBIBOJ, YTO:

1. Uewm Gomblrie n300pakeHue, TeM OOJIbIIE BPEMS CKATHS;

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

3. YeM MeHBIIIE TapaMeTp «pa3Mep perruoHay, TeM O0JIbIle BpeMsl CXKaTusl;

4. Uem MeHbIE TapaMeTp «pa3Mep peruoHa», TeM OOJblle pa3mep
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
peryaupoBarh KadecTBO u3o0pakeHuil. Koadduuumentsr cxartus y (pakTalbHbIX aaropuTMOB
BapbupytoTcsi B mpeaenax 2-2000 pa3. Ilpuuem Oomnbiime Ko3(G(UIMEHTHl JOCTUTAIOTCA 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 OPAUHAT, OT KO PUIIUEHTa CKATHS

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

GMT: CO9-0CT—1894/04:03:43 , Data Take 1D: 142,24 o S !'2!%"3/'5 o 12
Latitude / Longitude at Image Center: N 55.88° / E 48.3 A
D—PAF Froduct ID: X25AR941009040943MG0D__DF139503 =° [Takigmede g Tieo
Puc. 2.41. Ucxonnoe nzobpaxeHue Puc. 2.42. U306paxenue ¢ ko3dpdunmueHTrom
cxarus 143

Kak BHIHO M3 pPHCYHKOB, IpUM CXKAaTUM TEKCTOBOM MH(GOpMAlMM OHAa CTAHOBMTCS
HeunTabesbHast, XOTs KaK BCE N300paKEHUE B IIEJIOM OCTAETCS y3HABAEMBIM.

Henocratkom »3TOoro anroputMa sBIseTCs MOTPEOHOCTH B OOJBINIMX BBIYMCIHTEIBHBIX
MOILHOCTSIX NpHU apxuBauuu. @akTUYECKH 3TO MEPBBIN CYILIECTBEHHO HECUMMETPUYHBIN aJITOPUTM.
ITpuuyem, ecnu y BceX MPEIIIECTBYIOINIMX —alrOPUTMOB KOA(PGUIMEHT CUMMETPUYHOCTU
(OTHOILIEHHME BpEMEHM apXWBAallMM KO BPEMEHM pa3apxuBalM) HE NpeBbIIAeT 3, TO Yy

dpakTaipHOTO aropuTMa oH kosredsrercs ot 1000 go 10000.

2.5. BeiiByieT npeoGpa3oBaHusi CHTHAJIOB 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
WA ABYMEPHOTO 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 npomexyTtke [0,L]). Ilox HocuTenem pyHKIMM MOHUMaETCs ee 00J1acTh

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 BeiBier 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)

P(x) = 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.
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FAMaciuTabHpyrolys=Aa byHELFA JdobBewir (diba)
1.5 T T T T
a1 - -
o5 - —
o - - p—
B = ' N . s :
(m} 1 =2 = <1 = = -
TyHELMA BefAeneTa Jdobear (db4a]
=2
1 _
o _ - N
-1 s
(m} 1 =2 = -1 = = -

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 nmo maraMm. [lig srtoro Ha mare 1 NpPUMEHSIOTCS YCIOBHE
KOMITAKTHOTO HOCHTENS, HadaJlbHbIE 3HAYEHUsI U PEKypCHBHBbIE coOTHomIeHus. 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
IPUMEHEHHE BEHBIIETOB K aHAIN3Y (PaKTAIbHBIX IOCIEI0BATEILHOCTEH.

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 JJs BOCCTAHOBJICHUS C MOMOIIBIO (PHIBTPOB — CONPSIKCHHBIE
(TpaHCTIOHUPOBAHHBIE) (PHIIBTPHI.

MaremMaTu4ecKuii annapaT HenpepbIBHOTO BelBJIeT-NMPeo0pa3oBaHUus

3anuch HenpepbIBHOTO BeliBneT-npeoOpa3zoBanus (HBII) BeirnsaauT cnenyrommm o6pasom:

(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[b<t<b+2
. 2 (2.23)
v — |=<-1, b+Est<b+a

0
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BeiiBner-npeoOpa3oBanue onpeaesieTcs Kak:

1 b+a/2 b+a
WF (a,b) = — ft)dt— [ f(t)dt|=
\/a I[ b+'£/z (2.24)
b+a/2 b+a
Vaf2 jf(t)olt—g jf(t)dt .
2 a 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

3HAa4YCHUA 6CPYTC$I IO ABYM COCCAHUM HMHTCPBAIAM JJINHbI a2 B OKPECTHOCTHU TOYKH b.

Puc. 2.48. Pesynerar HBII B citydae Beiiiiera Xaapa

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

t+al2

o =, (2:25)

- ) )7 12
s 2 e =-%Jz[g-|r|jf'[b+%+rjdr

B stoii popme Benmuunna WT(a,b) nmposiBisieTcs kak B3BelleHHOE cpeaHee mpou3BoaHoi T Ha

untepsaie [b,b+a].

b b2 b+a

P 2
\/ i
v ; : T
a o
2 o 2

Puc. 2.49. JIpyras untepnperanus eanaunabl W

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

Analyzed signal

1

o5 - —

o | .

0s |- ,

-1

[m ] 100 200 =00 400 SO0 BO0

Absolute “falues of Ca. b Coefficients fora = 1 23 45

stiles a

s0 100 150 =00 250 =00 S50
tirme (or space) b
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Puc. 2.50. Pezynbrar HIIB curnana

I[To nmoy4eHHO# CreKTporpaMMe MOXKHO CYAUTh O XapakTepe CUTHalla, HalpuMep, HaOJIrIaTh
MaKCUMYMBI «BCIUICCKOB DHEPIUU» B pa3lIMuHbIC MPOMEXKYTKH BpeMeHH (TOKaszarenb D) u mpu
pa3nuuHbIX MaciTadax (Iokasarenb a).

MaremaTnyeckuii annapaT IHCKPETHOT0 BelBJIeT-peodpa3oBaHus

Jlist 0OpabOTKH ¥ IPOCMOTPA CUTHAJIOB U W300paXKeHUIl IIPH Pa3IMYHBIX Pa3pelICHHUSIX TaKKe
UCIIOJIB3YETCS AUCKPETHOE BEHBIICT-TIPEOOpa3OBaHHE.

B obmiem Buje npsimoe  auckpeTHOE npeoOpazoBanue nzobpaxenus f(X,y) pasmeprnoctu MXN

MOJKHO BBIPa3UTh B OOIIEM BHJIE CIICTYIOIIUM 00pa3oMm:

T(UV,) =D F(X V) Gy (X Y) (226)

371ech X U Y — IPOCTPaHCTBEHHbIE NIEPEMEHHBIE (KOOPAUHATHI MUKCENeH n300paxeHus), a u,v —
MIEPEeMEHHbIE B YaCTOTHOM 00J1aCcTH, XapaKTepPU3YyIOIINe 3aKOHOMEPHOCTh pacIpeIeieHUs MUKcenei
u3obpaxenus. 3Has T(U,V...), MOXHO BOCCTaHOBUTH (yHkuuio f(X,y) ¢ momoinso 0O6paTHOTO

npeoOpa3oBaHusI:

f(x,y)=>_Tuv,..)h, (XY) (2.27)

UneHnsl mocnenoBaTenbHOCTEH § W N Ha3bIBarOTCA NPSIMBIMH M OOpPATHBIMHU  SiIPaMHU
npeoOpa3oBaHusi,  ONPEACNSIONIUMU  MPUPOLY,  CIOKHOCTH M 3(P(EKTUBHOCTh  MapBI
npeoOpa3oBanuil. J[uckpeTHoe BeiiBieT-npeoOpazoBaHue, B OTIMUYUE OT mMpeodpazoBaHus Dypee,
o0o03HayaeT Leiblil Kiace MpeoOpa3oBaHMM, KOTOPHIE PA3IUYAIOTCS HE TOJIBKO CBOMMH SJIpaMHU
(koaddunreHTamMu), HO U CBOMCTBAMH 3TUX KOA(DPUIIMEHTOB (C KAKuM KIACCOM Bel6lemos Mbl
0ydem pabomams) W CIOCOOOM TNPUMEHEHUS ATUX KO3()PUIHMEHTOB (CKOJIBKO TpedyeTcs
BBIYMCITUTD PA3IUYHBIX PEUECHULL).

MosxHo oxapakTepu3oBaTh kaxaoe /IBII ¢ momomibio siapa mpeodpazoBaHus WM, OCHOBBIBASICh
Ha MHOXXECTBE IapaMeTpOB, KOTOpPbIE OAHO3HAYHO OMpeNesstoT napy saep. Bece npeoOpazoBanus
SIBJISIFOTCS. POJICTBEHHBIMU (MX (DYHKIIMHM Pa3IOKEHHS TPEICTABISIOT COO0ONW «MaJICHHKHUE BOJHBD»
WIN «BEHUBIETHI»), KOTOpble HMEIOT TEPEMEHHYI0 4YacTOTy KoJieOaHUl U OrpaHUYeHHYIO

JJIIUTCIIBHOCTD.
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Puc. 2.51. a) MHoxecTBO QyHKIIUN pasnoxenus Oypbe — CHHYCOUABI C IEPEMEHHOM YaCTOTOM
1 OECKOHEYHOU JITUTEIBHOCTRIO 0) OyHkmu paznoxenus J[BII — «ManeHbKHE BOJHBD) C
MEPEMEHHOM YaCTOTOM U KOHEUHOM JUIUTEIbHOCTHIO
CaolicTBa «i1ep», ABISAIOUINECs 0OIMMU AJI1 BCEX TUIIOB BEHBIIETOB.
CgoiictBo 1. Pazoerumocms, macwmabupyemocms U HNePeHOCUMOCMb. Slapa  MOXKHO

NpeaACTAaBUTL B BUAC TPEX PA3ACIUMBIX JIBYMCPHBIX BEHMBJICTOB:

w (X% y) =w (oY),
w' (X, ) = () (y),
w (X, y) =y (X)w(y).

Bnecs  w" (X, ¥), " (X, ¥), " (X, y) Ha3BIBAIOTCS TOPHM3OHTAIBHBIMH, BEPTUKAILHBIMH U

(2.28)

JMarOHATBHBIMH BEHBJIETAMH, a IByMepHast (QyHKITHS:
_ 2.29
(X, Y) = p(X) p(y) (2.29)
HaspiBaetcst maciitabupyromeid ¢pyukiueit. Kaxaas u3 3Tux IByMepHBIX (QYHKIHN SBISETCS

MIPOM3BEICHUEM JIBYX OJHOMEPHBIX MACIITAOUPYIOMIMX QyHKIHH [5].

¢j,k(x):2j/2¢(2jx_k)’ (2.30)
Wik (X) = 212y (2" x - k).

[TapameTpsl 1 1 | ABISAIOTCS LeNbIMU yucaamu. Yucio k onpenenser nonoxxeHue oJHOMEPHBIX
GyHKIMI Ha OCH X, MaciiTad j — MUPHUHY MO OCH X, MHOXHUTENb 2j/2 OTBEYaeT 3a BHICOTY U
aMIUIUTYLLY.

CpoiictBo 2. KpartHomacmitabHas COBMeCTUMOCTb. CBONCTBO OroBapHBaeT TpeOOBaHUS K

BbIOpaHHOM MaciTabupyomen GyHKINU.
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@;;(X)

a) Kaxxnas ¢pyHkius OpPTOTOHANILHAS JIIOOOMY CBOEMY IETOYHCICHHOMY CHIBHTY.

N L (x
0) MHoxecTBO (QhyHKIIMH, KOTOPbIE MOKHO MPEICTABUThH B BUJIE PAIOB Pa3NIOKEHUS 110 ? (X)

Py MajibIX MacmrTabax (j Majnao), MPUHAIIC)KUT MHOXKECTBY (YHKIHH, MPEICTAaBUMBIX B Oolee
BBICOKUX 3HAYCHUSIX.
B) Kaxxnyro Macmrabupyroniyro (GyHKIIUIO MOXHO TPEJICTaBUTh C MPOU3BOJIBLHOM TOYHOCTHIO

pu ] >,

CsoiictBo 3. OproroHanbHoCcTb. DYHKIMU Pa3nOKEHUS {go"j(x)} 00pa3yloT OpPTOTOHATBHBIN
W OMOPTOTOHANIBHBIN 0a3uc (0TCI0]a M Ha3BaHHE €€ OJHOTO THIIa BEUBJIETOB — OPTOrOHAJIBHBIC
U OMOPTOHOHANIBHBIE) B TPOCTPAHCTBE OJHOMEPHBIX HM3MEPHUMBIX, CYMMHPYEMBIX B KBajpare
¢ynknmii. basuc obnagaer TeM CBOMCTBOM, YTO Kakaas IpEACTaBUMasi B 3TOM 0Oa3uce (QYyHKIHS
UMeeT eIMHCTBEHHBIH Habop ko3dduuumeHToB. /)i BEIIECTBEHHBIX OPTOTOHAIBHBIX SIEp MMEET

MecTO paBeHCTBO g = h. B GropToronaisHOM cirydae

h,g.)=5, =1 r0= ' (231)

JIisT IpakTHYeCKOTO MPUMEHEHHUS BAXKHO CIICJICTBHE W3 TPUBEICHHBIX CBOWCTB — (DYHKITHIO
BeWBIIETa W MAcCIITAOMPYIOMIYI0 (YHKIUIO MOXKHO MPEACTABUTh 8 Guoe JUHEUHOU KOoMOuHayuu
CBOUX dice KONULL C YOBOECHHBIM PA3PEUEHUECM:

p(X) =, (N2p(2x-n) p()=h Wap@x-n (232
¢ ! n

B cpene MATLAB auckpetrHoe BelBIeT-IpeoOpa3zoBaHue peaan3yeTcs ¢ TOMOIIbIO MPOLEAYP
dwt u fwt (OsicTpoe BeiiBieT-peoOpa3oBanuii). MOXKHO BBIMOJIHSTH PA3JIOKECHUE KaK IByMEPHBIX,

TaK U OJTHOMCPHBIX CUT'HAJIOB.

WcxoaHoe uzobpaxkeHue. Pezynetat JBI1.

Puc. 2.52. Pe3ynbrar AUCKPETHOTO BEHBIET-IIPe0Opa3OBaHUS
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AJropuT™ OBICTPOro BelBJIeT-NPeo0pa3oBaHus
O06o00mas npeoOpa3oBaHuEe Ha ABYMEpPHBIH M MHOTOMEpHBIN YpOBEHb, MOXKHO IPEICTaBUTh

cxemy npeoOpazoBanus (OBICTPOrO BEHBIET-MIPEOOPA30BAHNSA).

hy (-m) 24— W G.m. n)

Crpoks

hy (—n) 24 (no m)
C:ggi:;m hy, (—m) 2 . H{fﬁ: m, n)

Crpoku

We(i+1, m, n) #—

hy (—m) 2} F— H’f{.‘, m, n)

Cronbus hy {—m]‘— 20 —* W, (., m n)
Crpokn

Puc. 2.53. Cxema OpIcTpOro BeHBIET-IPEOOpA30OBAHHS
CHauvana oOpaOaTbIBAIOTCSl CTOJOLBI, a 3aTeM CTPOKH. VCHonb3yroTcss mpu 3TOM (UIBTPbI

HHM3KHUX U BBICOKHMX 4YaCTOT.

Kaxnapiii mpoxona uepe3 010k (uiabTpoB Ha puc. 10 pasznaraet BXOJHBIE JAaHHbBIE HA YETHIPE
w
KOMIIOHEHTBl MEHbBIIETro auamna3oHa (wmum macmtaba). Kosddumuments ¢ mpeoOpazoBaHuUs

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

W' i=H,V,D
OHHU Ha3bIBaIOTCA KOA(QULIMEHTaMH IPUOIMKEHUS; KO3DPUIIMEHT ¥ Ha3bIBAOTCH,

COOTBETCTBEHHO, KO3((UIIMEHTaMH TOPU30HTAIBHBIX, BEPTHUKAJIBHBIX M JHArOHAIbHBIX JAeTalel.
ITockonbky camo wu3o00paxkeHue f(x,y) NpencTaBlIeHO B HAUBBICHIEM pa3pelIeHUH, TO OHO

W_(j+1,m,n)
CTAaHOBUTCS BXOJI0M ¢

MepBOM uTepanuu npoueaypsl. Kpome toro, 31ech UMeeTcs
TpH TIEpEMEHHBIE MTPE0OPa30BAHHOTO MPOCTPAHCTBA: MACIITAO j, TOPU3OHTAIBHAS TPAHCISALIUS 1 U
BEPTUKAJIbHAS TPAHCIALUS T. DTH MEPEMEHHBIE COOTBETCTBYIOT O003HAYEHHUSM U,V, ... B TIEPBBIX
nByx ypaBHeHUsX (8), (9). Hdamee mocMOTpuM NpuUMepbl NPUMEHEHHs IBYMEPHOTO BEWBIET-
npeoOpaszoBanus (dwt2, fwt) mpu o6padboTke U300pakeHui.

[Tpu BEITIOTHEHUH 3TANOB NMPEOOPA30BAHMS HCIIOIB3YETCS ONepals CBEPTKH CUTHAIOB. CII0BO

«CBEpTKa» 0003HAYaeT COBMECTHOE CBOpAYMBAHWE JIBYX BeMW4WH Wiau GyHkmwil [2]. JuckperHas

CBCPTKa BEKTOPOB fu g 0003HauaeTcs f*g 1 BBIYUCIIACTCA C IIOMOIIBIO COOTHOIIICHMUA:

(f*g)izzfjgi—j (2.33)
j
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B PE3YJILTATC BBIIIOJHCHUA OIICpalvv MOJIYy4YacTCd OAWH BCKTOP, OXBaTLIBaIOH_II/Iﬁ Juara3oH
BXOAHOI'O CHUI'HajIa. HOSTOMy BeﬁBHCT-Hp€O6paSOBaHH5{ Ha3bIBAIOT HOOOUANA30HHbIMU.

JIMcKpeTHast CBEpTKa ABYX YHCIOBBIX mocienoBarenbuoctei f(i) u g(i) 3amaeTcst HepaBeHCTBOM:

h(i)=f@)*g@)=) f()g@i-J)

CBepTka CUTHAJIOB MPUMEHSETCS, HalpUMep, JJIs y,JI[aJ'IeHI/I}I IIyMa WK CTJIaKUBaHUs CUTHAJIOB.

Hcnons3zoBanue npunoxenuss Wavelet Toolbox Matlab mns cxarus uadopmanmu myrem
BeiiBieT-npeodpazoBanmii [12] .

ITaker MATLAB Wavelet Toolbox mnpezacrasiasier o000l COBOKYIHOCTH IIPOIPaMM,
MO3BOJISIIOIIMX BBIMOJNHSITh BEHBIET-aHAIM3 U 00paOOTKY CHTHAJIOB CpPEeACTBAMU TIpaduueckoro
uHTepdeiica mosb3oBarens. [1akeT MO3BOISET MPOJEMOHCTPUPOBATH NMPAKTHUECKUAC MPHIIOKCHUS
TEOpUHU BEUBIIETOB U BEHBJIET-IpeoOpa3oBanmii. OCTAaHOBUMCS Ha CICAYIOIINUX ITyHKTaX:

1. IIpocMoTp BEHBIETOB.

2. OIHOMEpHBIN TUCKPETHBIA BEHBIICT-aHAIIN3.

2.1. BeiiBner-pasioXeHne CUTHAIA.
2.2. VHTepmnperalus CTAaTHCTUICCKUX XapaKTEPUCTHK CHTHAA.
2.3. T'mcrorpammsbl KO3 GUIMEHTOB ANMPOKCUMAIIMH U JICTATU3AINH.

3. Cxarve 0IHOMEpPHBIX CUTHAJIOB.

4. VYnaneHue nryma U3 CUTHAJIOB.

I'naBHOE MeHIO makera BeI3sIBaeTca n3 MATLAB ¢ moMomibpio KOMaHIbl wavemenu.

File Window Help u
— MNne_Nimeanzinnal Crarialivad TAanls 4 N
Wavelet 1-D SWT Denegising 1-D

Wawelet Packet 1-D¢

[

[ Density Estimation 1-D
[ Continuous Wavelet 1-D

(

[

Regre=ssion Estimation 1-D
Wawvelet Coefficients Selection 1-D
Fractional Brownian Generation 1-D

Katching Pursuit 1-0

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

Twrn_Nimensinnal
Wavelet 2-D ]

[
[ WWavelet Packet 2-D ]
[ Continuous Wavelet Transform2-0 |

Snacializad Trnle 7N

[ True Compression 2-0
[ SWT Denoising 2-D
[
[

— Thres_Nimanzinnal

VWawvelet Coefficients Selection 2-D

[ Wawelet 3-0 ] Image Fusion
— Ml Hinks 4_N Nisnlav

[ Multisignal Analysis 1-D ] [ Wavelet Display ]
[ Kulivariate Denoising ] [ Wawelet Packet Display ]
(

Muligcale Princ. Comp. Anahysis ]

Futeanzinn

— Wilavalat MNeeinn ] [ Signal Extension ]

[ Mew Wawvelet for CWT | [ Image Extension |

Close
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Puc. 2.54. I'naBroe okuo Wavelet Toolbox
Cnocoonl mpocmoTpa Beiiieros B Wavelet Toolbox
Croco6b1 mpocmotpa BeiiBiietoB — rpymma Display (knomka Wavelet Display). Otkpoercs

CJICOAYIOIICC OKHO!:

File View Insert Tools Window Help ]

Wavelet | pgar w

Refineme o —

| Display |

Information on:

| Haar Family (HAAR) |

| All Wawelet Families |

e ' | —| == ][ view aves Ciose

Puc. 2.55. Oxno pasaena Wavelet Display mociie 3amycka

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

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

— OMpENeNNTh WIAT BBIYMCICHWS 3HA4YCHHIl BeliBieroB (3roT mapamerp pasen 12V, N o
YMOJTYaHHUIO PAaBHO §).

Takke MOYKHO IIOCMOTPETH MH(OPMAITUIO 110 BEIOPAHHOMY THITY BEHBJIETA.

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

File View Insert Tools Window Help L

haar Wawvelet —= haar

Wawvelet
Scaling function phi Wavelst function psi | ! haar =

1 1
Refineme | g -
[0

v}

0.5

o -1 .
[+] oE=compgsigion lowigass filbars 1 [+] Decompasition high-pass filke Information on:

1
0.5 T 0.5 T | Haar Family (HaAR) |

v}

0.5 i1 2= | All Wavelet Families |
Reconstruction low-pass filter 1 Decomposition high-pass filter 1

[+ -3

o
@ in
o

v}

-0.5 4 0.5 L
v} v}

1
+ v+ J[Xv=]| center I_K_II_Y_IH
[ T on Info

= J| View Axes | I Close ]

|
= History

i

Puc. 2.56. BeiiBner u macmrabupyromas GyHkius Xaapa, GUIbTPbl BOCCTAHOBIECHUS U

PAa3JI0KCHUSA
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BBepxy pacrnonoxkensl rpadpuku macmradbupyromei ¢yHkunu U QyHKIuM BeiiBnera. Hioke
N300paKeHBI (GWIBTPBl BOCCTAaHOBJICHWSI W PAa3JIOKEHUs BeliBiera (HU3KOYACTOTHBIC H
BBICOKOYACTOTHBIE).  JIJII  BOCCTAHOBJICHHUS  HMCHOJB3YHOTCA  GUIBTPBl (KO3 PHUIIHESHTHI
MacmTaOupyromux ypasHenuit) h u g gynkuuit @(X) u yw(X), a aag BEUBICT-PAa3/IOKECHUSI —
CONPsDKEHHBIE (TPAaHCTIOHUPOBAHHBIE) (PUIBTPBI. DTO XOPOIIO BUIHO Ha Tpadukax GpuiabTpos. s
BeliBiera Xaapa (UIBTPBI MPOCTHIC, TaK KaK 0a30BBIMU ONEpAIMSIMH SIBIISIOTCS HAXOXKICHHE
CPEIHUX U TOJYPA3HOCTEH. Y NPYrux BEHBIETOB (PHIBTPHI O0JIEE CIIOKHBIC TI0 CBOCH CTPYKTYpE.

Hampumep, ecnmu BeiOpath BeliBneT JloOemmu 7-0oro mopsaka, TO TONYYHTCS CIEAYIOIIEe

n300pakeHue:
File View Inset Tools Window Help ¥
db Wavelgt —= db7 ,
Wavelet gp (7w
Scaling function phi Wavelet function psi - -
1 s ' o 1
Refieme|z  «
05
0
o5 Display
A
0 2 Decohposithn lwfess g 12 0 2Decorbpesitdh highfass fifer 12 Information on:
0.5 T T 0.5 T T ‘ Daubechies Family (DB) ‘
Boeseett o8 o 0 ,00e00ey
. o ‘ All Wavelet Famiies ‘
0 2 Recotstructin lowfess il 12 0 ZDecortposiidh highfass fier 12
0.5 05
05 05
0 2 4 6 & 00 2 0 2 4 & § W R
(% (e J(02) | center (A0 - e > ‘ -
= 0ed| on nio [ Y= ||| History =< || VEMAES | | Close |

Puc. 2.57. BeiiBner 7-ro nopsaka u Maciiradbupytomas pyakuus Jodemn, GuiabTpsl
BOCCTaHOBJICHHS U Pa3JIOKCHHS
C:xkaTHe CHIHAJIOB MPH MOMOIIHM BeliBJieT-npeodopaszoanmii B Wavelet Toolbox
B rmaBHOM okHe HeoOxoaumMo Haxkarh kHonky Wavelet 1-D, mosBUTCS IUaloroBoe OKHO,
uHTepdeiic KOTOPOro MO3BOJIAET OCYLIECTBIATh 00Pa00TKY OJHOMEPHBIX CUTHAJIOB.
3arpys3ka curHama 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 HaxkaTueM KHorku Compress
[Ipy cxaTuM OJHOMEPHBIX CHUTHAJIOB HCIOJB3YeTCd METOJA TJ00aJbHOW MOPOroBOi
00paboTKH  JeTAMM3UPYIOMUX  KOIPPUIIMEHTOB. YTIpaBisATh CXKATHEM MOXKHO TPYIION
KOMITOHEHTOB CIIpaBa, YCTaHABJIMBAs MOJ3YHKOM 3Ha4deHHe. 3a7aB 1mopor (MPOIEHT COXpaHIeMbIX

K03 (HUIIMEHTOB), B pe3yIbTaTe MOIY4aeTCsl CKATHIN CUTHAI.
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File Window Help
Original signal and Compressed Signals
T T T T T T ﬁ
05 f----- | 'IE
()| RN PP SRR ] DN U
Compressed =signal
05kt e | L1 E
i i i i i t” i
100 200 300 400 500 600 700 1000
center [ I H Info H= ‘ ‘ History | Close
K= - K- On =

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

TPETHErO YPOBHS

CikaTve 0JHOMEPHOI0 CUTHAJIA NPHU MOMOIIH Pa3JMYHbIX BeHBJIET-NPeo0pa3oBaHMNi

Ha CGI‘OI[HHH_IHI/II‘/'I JACHb CYHICCTBYCT 0O0/IBIIOE KOJMYECTBO MATEMATHUYECKHX ajil OpUTMOB

BeliBNIET-IpeoOpa3oBaHuil, JaHHBIA pa3zeln

CpaBHHTCHLHLIﬁ AHAJIN3 UX XapaKTCPHUCTHK.

COZCPKUT PACCMOTPEHHE TPEX OCHOBHBIX U

BeiiBier Xaapa IIATOr0 YpOBHH. Paznoxenue HCCICAYEMOI'0 CUT'HaJla IPpU IMOMOIIU BelBIIETa

Xaapa nsAToro ypoBHsI PECTABIEHO 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



File  View Inset Tools Window Help u
Retained energy 89.85 % -- Zeros 89.82 % g \
Oriinaland comp signals Data (Size) fregbrk (1000)
T 7 T T T I Al Wavelet haar
; sl | . ' Level 5
: ' . |i
| L i1 ' Global thresholding v
i 7 - ] ' | Select thresholding method
&0 ' 4 A | Balance sparsty-norm ¥
: 1000
50 ' Select Global Threshold
| 1 * ! 5
©0 : 0.530
! o Retained energy 8885 | %
| i A
' E Number of zeros 2982 |%
ol : =
: E
- : 4 : : )
! | Compress | i Residuals i
0 1 L] 1 1 1
] 05 1 15 2 25 200 400 80 &N
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
X+ || W+ || X+ || Center | X || ¥ K= —
: 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
T Pe------ P T------- e R T -1'1- T YTV R T
L 1 -d
of kg b A | |
I I I | | Compressed signal
| ; ] griginal Signal
L R e = B (A L -
| | | i | i il il i i i
100 200 300 400 500 600 700 800 900 1000
:L”LH&: Center (X (¥ ] info X= History Close
K JL- ) K- On Y=
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Puc. 2.63. MicxonHblil ¥ cKaTblii CUTHAI MTPU TOMOIIHU BeiBIIET-IpeoOpa3oBaHus Xaapa MaToro

ypoBHs npu ko3 unmente cxarus 0.98
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Jlanee HEoOXOAMMO MpPOAHATU3UPOBATh 3aBUCUMOCTh KOJHMYECTBA COXPAHEHHOH »HEpruu

CUTHaja OT K03 HIeHTa CKaTus, pe3ybTaThl MpeCTaBlIeHbl B Tabnuie 2.7.

Tabnuma 2.7. 3aBUCHUMOCTb KOJUYECTBA COXPAHEHHOM SHEPTUHU OT KO3 PUIIMeHTa cxxaTus AJIs

BelBIIET-Ipe0OpazoBaHms Xaapa MATOro MopsKa

Kc>1<
Qcoxp

0,5 1
95,93 89,47

15
75,37

2

70,36

JlaHHYI0 3aBHCUMOCTb yJIOOHO MPEICTaBUTh B BUjIE rpaduka (pucyHok 2.64):

100 T
o0
Qcoxp_X.aap_S 30|

70

[ h

1.5
Ko

(=)
Lh

2,5

65,32

Puc. 2.64. 3aBUcHMOCTb KOTMYECTBA COXPAHEHHOM HEPTUU OT KO3 dULIMeHTa CXKATUS AT

BeliBneT-npeoOpa3zoBaHus Xaapa MsITOro ypoBHS

Beiisnier [loGemu nsToro ypoBHs U ISTOro nopsiaka. PasznokeHue ucciegyeMoro curHaia npu

MTOMOIIH BeiBiera Jo0emy msaToro ypoBHs U MATOTO OPSIKA IPEICTABICHO Ha pUCYHKe 2.65.
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AE 1 I I I I I 1 1 I - )
0.5 T T T T T T atlevels |5 o
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2 _0? e i
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04 F T T T T T T T T =
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f2f 1 1 1 1 1 1 1 1 1 .
100 200 300 400 500 600 T00 800 500 1000
X+ M+ X'+ Center X ¥ = ) = —
on o [ v- History v fxes l Ciose )

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

opsiAKa



File View Inset Tools Window Help

Retained energy 94.64 % -- Zeros 92.60 %

Oviginal and comp e Data (Size) freqbrk (1000)
Wavelet db 5
05 / Level 5
C Global thresholding -
0.5 Select threzholding method
B0 N L A Balance sparsity-norm =
50| 20 Orﬁﬁl m"%-’.é’m 0 foon Select Global Threshold
al 0.979
. Retained energy 94 84 %
| 2
E Number of zeros 92,60 %
200 =
g
10| 3
| Compress | | Residuals
o \ \
1] 1 2 3 4 200 400 600 800 1000

Thresholded coefficients

-

--- Global threshold K
— Retained energy in % E
Humber of zeros in % %
3
Colorma i
200 400 BD0 B0 1000 £ pink h
— Nb. Colors g L) 128
[Laee Jl v || 3ore || center [ [ ¥ | = Vi s |
T Ea T On Info ¥ = History leW AXES | [ Close |

Puc. 2.66. Cxatue curnaia npu nomMouu Beiiiera J{ooeyu naToro ypoBHs U MSATOrO NOpsAIKa

N

File  Window Help

signal and Compressed Signals

Original

.............................

| Compressed signal

A . [ A D R N N 1 T
| | | | | | | | |
100 200 300 400 500 600 700 800 900 1000
[ )= ) or=) Center X ¥ Info X= History | Close |
o Jlowe (v | On =

Puc. 2.67. UcxoaHblil 1 cxaThlil CUTHAJ NPU IOMOIIHU BelBIieT-nipeoOpa3zoBanus Jodemu
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 KOJTMYECTBA COXPAHEHHOM 3HEPTUU OT KO3 ULIMEeHTa CKaTUs s
BeliBneT-npeoOpazoBanus Jlodenn nsaToro nopsaka
1,5 2 2,5
91,81 89,95 86,41

Kex 0,5 1
Qcoxp 99,35 93,61

JlaHHYIO 3aBHCHMOCTD yI00HO IIPEACTaBUTh B BHE rpaduka ( pucyHok 2.68)
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Puc. 2.68. 3aBUCHMOCTB KOJTMYECTBA COXPAHEHHON SHEPTUH OT KOA(PPHUIIMEHTA CKATUS IS

BeliBIeT-peoOpazoBanmst JJoOemnu msToro ypoBHs H IMATOTO MOPSAKA

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

CUTHaja MpH IOMOIIM OHOPTOTOHAIBHOTO MpeoOpa3oBaHUsl MATOrO YPOBHS M MOpAIKa 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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02k - J
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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]
Energy ratio 91.56 % -- Zeros 93.63 % irel )
Orgmalandmmp = Data (Size] freqbrk (1000)
Wavelst bior 55
” ‘ Level 5
Global thresholding -
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§ 5 Number of zeros 9363 | %
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Puc. 2.71. Cxatue curnana npyu OMOPTOroHaIbHOM BEHBJIET-IPEOOPA30BaHUM [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 MTPH TOMOIIM OMOPTOTOHAIBHOTO BEHBIIET-

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

Jlanee HE0O0XOAMMO MpPOAHATU3UPOBATh 3aBUCUMOCTh KOJHMYECTBA COXPAHEHHOH »Hepruu
curHayia oT K03 UIIMEHTA CKATUSA, PE3YIHTATHI IIPEACTABICHBI B Ta0wmIe 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 yI0OOHO MPEICTaBUTh 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. CpaBHeHHNE HEPreTUUECKUX XapaKTEPUCTUK CKAThIX CUTHAJIOB MIPU Pa3IUYHbIX
MeTOJ1aX 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 MCINONb30BaHHE BEHBJIET-peoOpa3oBaHuil sBseTCS 3PHEKTUBHBIM
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 MPAKTHYECKUE HABBIKKM paboThI ¢ npuioxenuem Wavelet Toolbox
Matlab, xoropoe mMO3BONSIET HAMISATHO MPOJAESMOHCTPUPOBATh TMPHHIIUN JCHCTBUS CXKATHSI

uHpOpMaLUU TyTeM BeHBIeT-TIpeoOpa3oBaHMii.



122

Boun mocTpoeHs! TpaguKd 3aBUCHMOCTEH KOJIWYECTBA COXPAHEHHOW HPHEPTUU CHUTHAJIA OT
koa(dulreHTa cKaTUs AJIsl Pa3InYHBIX alTOPUTMOB BEHUBIIET- MPEOOpa30BaHUii.

B ToM umcrne, ObIJIO yCTAaHOBJIEHO, YTO KCIIOJNb30BaHHE BeWBIET-npeoOpa3oBanuii Jobemu u
Xaapa 3¢ pexTuBHEE UCTIOIH30BAHUS OMOPTOTOHAIBHOTO BEHBIET-TIPe0Opa30BaHUs C TOUKH 3PEHHUS
COXPaHHOM 3HEPrUyu CUTHAJIA.

Jannass paboTta MMeeT MPAaKTUYECKOE 3HAYEHMs, TaK Kak Obula pazpaboTaHa METOIUKA IS
BBITIOJTHEHUST J1a00paTopHOl paboThl MO cxkaTuio WHGOPMAIMU C MCIOJIb30BAHMEM BEIBIET-
mpeoOpa3oBaHuil MPH MOMOIIHK porpaMMHoro obecrieuenus Matlab 2015.

TakuM 00pa3oM, MOXHO cIenaTb OOOCHOBAaHHBIA BBIBOJ O TOM, YTO BEHUBJICT-aHAIHM3 U
00paboTKa CUTHAJIOB HA CETOAHSIIHUN JIeHb OBICTPO pa3BHUBAIONIASICS 00IACTh MPUKIAIHON HAYKH,
KoTopass B OyaylleM MOXeT CTaTh BEIyIIUM crocoOoMm o0pabotku uHbpopMmanuu. Ha ocHoBe
BEHBIIET-TIPE0Opa3OBaHMsl MOTYT OBITH TOCTPOCHBI BBICOKOI(D(PEKTHBHBIC AITOPUTMBI CHKATHUS

nH(pOpPMAIINH, YTO aKTyaIbHO B HAIlIX JHU.

TJIABA 3. IOMEXOYCTOUYNUBOE KOJJUPOBAHUE B
TEJEKOMMYHUKAIIMOHHBIX CUCTEMAX

KoppeKTnpymume KOAbI B TEJICKOMMYHUKAIIMOHHBIX CHCTEMAax

B Teopuum COBpPEMEHHBIX TEIEKOMMYHMKAI[MOHHBIX CHCTEM 3HA4YUTEIbHOE BHHUMaHUE
yIEeseTcsl U3yYeHUI0 METOJIOB KOAMpOBaHMS HH(OpManuu. B TexHHKe 3JIeKTpUYEecKON CBA3H
HIMPOKO HUCIIONIb3YIOT PE3YIbTaThl TEOPUU KOJIUPOBAHHUS.

Kooupoeanue - onepanus OTOXAECCTBIECHUS CUMBOJIOB WM TPYIII CUMBOJIOB OJTHOTO KOJAA C
CHUMBOJIAMU MJIM TPYIIAaMU CUMBOJIOB JIpyroro koja. HeoO0XoauMoCTh KOJMPOBAHUS BO3HUKAET,
IpEeKe BCEro, U3 MOTpeOHOCTH MPUCIIOCOOUTH (GOpMY COOOIIEHUS K JaHHOMY KaHaJly CBS3HU WU K
KaKOMy-JIUOO JIpyromMy YCTPONCTBY, MpeJHa3HAaYeHHOMY MJisi NpeoOpa3oBaHUs WM XpaHEHUS
UHpOpMaLIUH.

Tunuynas CTpyKTypHas cxema CHUCTeMbl Mepenauu auckpeTHod wuHpopmaruu (CIIIN)
npuBeneHa Ha puc. 3.1. McrouHuk BbpabaThiBaeT cOOOIEHMS, KOTOPbIE HEOOXOAUMO ME€pPEeIaBaTh
no kaHany CIIZIM. D10 Moryt OBITH MOCHIEAOBATEIBLHOCTU JUCKPETHBIX COOOILIEHUN (IJaHHbIE,
tenerpadHble COOOIIEHWS W T.O.) JUOO HENpephIBHBIE cOOOIIeHHs (pedb, TEJIEBHUICHUE,

pe3ysbTaThl TeIEU3MEPEHUil U Ap.), TpeoOpa3oBaHHbIE B IU(POBYIO GopMy.
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Cooduresise Kozosoe cioso
I
Koaep T 2
HcTouHmk RO EtAg Koaep ITepegaTaux
Kanan + mymM
g P Hexonecp = Tdexonep TIpHe MHHK
Oy arcnn HMCTOUYHMKA |

AeKOOHpOBaAHHOC

= IIpmsaToe CII0BO
cooOesHIe

Puc. 3.1. CtpykTypHas cxema CUCTeMBI TIepeiadn JUCKPETHON HHPOpMAITHI
PeanbHble cooOmieHus conepkaT U30bBITOYHOCTh U ISl COTJIACOBAHUSI UCTOYHHMKA C KaHAJIOM
nepeaayr HHGOOPMAIMK UCTIOIB3YIOT Kojaep nucTtoyHnka. COBMECTHO € JEKOJEpOM OHH 00pa3yroT
KOJEK MCTOYHMKA. MeToibl KOJUPOBAaHUS UCTOYHUKOB M3ydasluch B MoayJie 2. OcHOBHas 3aaada
moboit CAIIN - nepenaua nundopManuu ¢ 3aJaHHBIMU BEPHOCTHIO M CKOPOCTHIO TMepenadyu. ITH
TpeOOBaHUS HAXOIATCSA B MPOTUBOPEUUH, IPUYEM, MOBBIIIEHUE CKOPOCTU Mepeaadn HHPOopMaIiu

B peanbHbIX CII/IM npuBoANUT K CHUKEHHIO TOMEXOYCTOMYUBOCTH U BEPHOCTH IMEPEIaUH.
CornacHo usBectHbix TeopeMm K. IlleHHOHa, B MPUHIMIIE BO3MOXHO CKOJIb YTOJHO OOJbIIOE
MOBBIIICHHE BEPHOCTU Tepenadyd MH(GOpMAIMU, €CIU CKOPOCTh Mepeladu Mo KaHalny Rkan He
MpEeBBIIIAET MPOMYCKHOM crocobHocTu kaHana C. [locturaercs 370 mpUMEHEHHEM JOCTATOYHO

JUIMHHBIX KOppeKTHpyomux koaoB (KK).

Koppexmupyrwouwiue Koobl - >TO KOHABI, TMO3BOJSIONINE OOHAPYKMBATh WM HCIPABIATh

OH_II/I6KI/I, BO3HUKAOMKXEC ITPHU IEPEAAYC COO6H.[CHPII>1 110 KaHaJ1aM CBA3H.

C atoii nensto B crpykrypy KK BBOAUTCS u3dbtmounocme.

Kooex KK (xooep u dexooep kanana) npuBeneHsl Ha puc.3.1. B peaibHBIX yCIIOBUSIX JIJTHHA
KO/la OrpaHWYeHa JIOMyCTHUMOM CJOXHOCTBIO YCTPOWCTB KOJIMPOBAaHHUS M, NPEXJE BCETO,
JEKOJUPOBaHMS, MOATOMY 3((eKT OoT NpUMEHEHHsS KOPPEKTUPYIOLUMX KOJIOB 3aBHCUT OT
napamMeTpoB KO/Ia M OTpaHMYEHHUH Ha peasn3aliiio KoJeKa KaHaa.

CoBpeMeHHast TEOpHsI MpeIaracT NIMPOKHA HA0Op KOPPEKTUPYIOMIUX KOJOB, PA3IUYHBIX IO
CTPYKType, TpPHHLIUIIAM TOCTPOCHHS M KOPpEKTHpyolel crnocodHocTH. B mociemyrommx
paszzenax pacCMOTpPEHBI KJIaCChl KOJIOB, JJIsl KOTOPBIX pazpabo-

TaHBl JIOCTATOYHO TPOCThie M d()(HEKTUBHBIC AITOPUTMBI KOAWPOBAHUS/ICKOAUPOBAHUS H
KOTOpblE HamOojiee IEepCIeKTUBHBI JUIS HWCIOJh30BAHMS B KaHAJIaX TeJEKOMMYHHKAIIMOHHBIX

CHUCTEM.
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Knaccndukannsa KOppeKTHPYIOLINX KOA0B

B Teopum © TEXHUKE IMOMEXOYCTOHYHMBOTO KOJMPOBAHHS HW3BECTHO MHOXECTBO
KOPPEKTUPYIOIIUX KOAOB, KOTOPbIE MOTYT OBITh KJIacCH(UIUPOBAHBI MO PA3IMYHBIM MpPU3HAKAM.
Kiaccudukanms ko10B npuBeieHa Ha puc. 3.2.

I[To cmocoby ¢opmupoBanuss KK mogpasnmensitorcss Ha OJIIOKOBBIE UM HEMPEPBIBHBIC.
DopMHUpOBaHUE 0JI0KOGbIX KOO08 TIPEIyCMATPUBACT pPA30MECHHUE TIEepPEeIaBaeMbIX IH(PPOBBIX
MOCJIeZIOBATENbHOCTEH Ha OTHEbHBbIE OJIOKHM, KOTOpble MOJAIOTCA Ha BXoA Kozaepa. Kaxmomy
TakoMy OJIOKY Ha BBIXOJI€ KOJepa COOTBETCTBYET OJIOK KOJOBBIX CHMBOJIOB, paboTa Kojepa
OTPEJIEISAETCS MPABUIOM, WIH AI20PUMMOM Koouposanus. DopMUPOBAHUE HENPEPbIBHBIX KOOO8
OCYIIIECTBIISIETCSI HEMPEPHIBHO BO BPEMEHH, 0€3 pas[elieHus Ha OJIOKM, YTO W OHpeesieT
HAaUMEHOBAHME 3TOT0 KJlacca KOAOB. BlIOKOBbIE KOJIbI HICTOPHUECKU ObLIN MPEAT0KEHBI U H3yUEHBI
paHee, Ha 3ape Pa3BUTHUS TEOPUU KOJUPOBAHHUS.

B kmacce HempephIBHBIX KOJOB CIEAYyEeT OTMETUTh C8epmOUHble KOObl, KOTOPBIE IO
XapaKTePUCTHKAM IPEBOCXOAAT OJIOKOBBIC KOJIBI, M, IO O3TOW MPHUYMHE, HAXOMAT IIHPOKOE
MIPUMEHEHHE B TEJICKOMMYHUKAIIMOHHBIX CUCTeMax. MHOTHE KOJIbl HOCAT UMEHA YYEHBIX, KOTOPbIE
UX TPEUIOKHIN U HCClIefoBanu. TakuM NpuUMEpOM SBISETCS HenmpepblBHBbIA Ko Dunka-
Xarens0aprepa, NpeyIoKeHHbIA COBETCKUM yueHbIM J1.M. OuHKOM M HEMEUKUM CIEeNHaATICTOM
P. XarensOaprepom. JlnurenbHoe BpeMs 3TOT KOJ CIY)XKWJI B JIMTEpaType I0Ka3aTeIbHbIM
MIPUMEPOM HEMPEPHIBHOTO KOJA C MPOCTHIM aNTOPUTMOM KOJUPOBAHMSI/IEKOAUPOBAHUS, HO TOCIIE
OTKPBITHS CBEPTOUHBIX KOJIOB YCTYIHI UM MECTO.

JIyiss omcaHusl TPOLEAYpP KOIUPOBAHUS/ICKOAUPOBAHUS KaK OJOKOBBIX, TaK U CBEPTOUHBIX
KOJIOB HCIIOJIb3YIOT aJ€KBAaTHBIM MaTEeMAaTHYECKH anmapar. [ns onucaHus JuHeinvlx Ko008
UCIOJIB3YETCS XOPOIIIO pa3padOTaHHBIN anmapar JMHEHHON

anredpel. DopMUpPOBaHHE HETUHEHHBIX KOJOB MPOU3BOJIUTCS C MPUMEHEHHEM HEITWHEHHBIX
nporeayp. Takoil moIX0 1 MO3BOJIET B HEKOTOPBIX CIydasiX MOJYyYUTh HeluHelHble KOObl C PSIIOM
CHCIMAILHBIX CBOWCTB. B TeopuM W TEXHHWKE KOJIUPOBAaHUS BAXKHOU SIBJISICTCS TIpodiieMa
CIIO)KHOCTH pealli3aluy TPOoIeayp KOAUPOBAHUS/ACKOIUPOBAHUS M, B OCOOEHHOCTH, MPOILEAYP
nexonupoBanus. [103TOMy HEKOTOpbIE KIIacChl KOJIOB (KOJbI XEMMHUHTA, IUKIUYECKHE KOJIbI
boy3a-Yoyaxypu- XokBunrema, Puna-Conomona, @aiipa u np.) Opuin pa3paboTaHbl COBMECTHO C
QITOPUTMAMH JICKOJUPOBAHUS, CBSA3aHHBIMH CO CTPYKTYPHBIMH CBOWCTBaMH JTHX KOJ0B. U,
Ha000pOT, pa3paboTKa HOBBIX aNTOPUTMOB JEKOJUPOBAHMS CBEPTOYHBIX KOJOB (alroputm A.
Burepbu, nmocnegoBareinbHOE JEKOAUPOBAHKE, TOPOTOBOE JEKOAMPOBAHNE) MHUIIMUPOBAIIA TTIOUCKH
COOTBETCTBYIOIIUX CBEPTOUYHBIX KOJOB. OTIIMYUTEIHHBIC TPEUMYIIECTBA KOPPEKTUPYIONTHX KOJIOB

(xak OJIOKOBBIX, TaK M CBEPTOYHBIX) MOOYXKJAIN MOMCKU HOBBIX MOJXOA0OB K pealn3aluu myTei
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MOBBIIICHUS TIOMEXOYCTOWYMBOCTH U 3((EKTUBHOCTH TEICKOMMYHUKAIIMOHHBIX cucTeM. Ha puc.

32 OTMCYCHBI, COOTBECTCTBCHHO, HO6ble Memoobl K00up08anuﬂ: CHUT'HAJIbHO-KOJOBBIC KOH-

CTPYKUUH, TYpOOKO/IbI, MPOCTPAHCTBEHHO-BPEMEHHbIE KOJBI U T.II.
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3.1 UccaenoBanne koaoB Xemmunra, BUX (boy3a-Hoyaxypu-Xoksenrema), Puna-
Cosomona na 6aze MATLAB 2015
Koa XomMmunra

HaunOonee u3BEeCTHLIM JIHHEHHBIM KOJOM SIBJISETCS 0JIOKOBBLIH KOa XJIMMHHIra. 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 O00O3HAYEHHUS, KOTOPBIE COCTABIISIOT OCHOBY IOMEXOYCTOWYHMBOTO
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 Meperady MH(POPMaIUIO TaKKe BO3pacTaroT.

B xoaupoBaHMM M JAEKOJUPOBAHUU YYaCTBYIOT I'€HEpaTOpHAas W IPOBEPOYHAs MaTpPHIIbI,

CTPYKTYypa KOTOPBIX CIIEAYIOLIAs:

n
n n.H.
TR
| T - B:H:|
E k k TO-CTDS E I
| OEATSIT
EHOCTS
7y
G k
i H
I\—— HMX HHPOPMALOHHBIS
cHMMEONEL! !

Puc. 3.3. 'eneparopHas u mpoBepOYHAs] MAaTPULIbI
Takxe, ko XA>MMHHTa UMEET MUHUMAIIBHOE KOJIOBOE PACCTOSHUE B MPOCTPAHCTBE PABHOE
TpPEM, UX 3TOTO CIIEIYeT, YTO JaHHBIA KOJ yMEEeT OOHApYKHBaTh JIIOOBIE BYKpATHBIE OMIMOKU W
UCIIPABIIATH JIOOBIE OJTHOKPATHBIE.
Paccmotpum kox Xsommunra (7,4) B Teopumu.
Jnst sTOoro Kojga reHepaTopHas M NPOBEPOYHAS MATPHUIIBI YK€ 3aroTOBJIEHBI M HMEIOT

CHEeAYIOUIUI BU:
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Puc. 3.4. CtpykTypa renepaTopHOi U IPOBEPOUHON MaTpUIlbl 17st kKoza (7,4)

KoaupoBanue ocyIiecTBIsSeTCs CIeaYyOMUM 00pa3oMm:
KOI[OBOG CJIOBO N H I/IH(l)OpMaI_[I/IOHHOC CJIOBO k CBA3aHbI COOTHOIIICHUCM .
n=v=kx*G
rac G — IopoXxaaromiasa MaTpuna, CTPYKTypa KOTOpOﬁ 6]E>IJ'I8. OIINCaHa BBIIIIC.

Hanpumep, unpopmarnonnsiii Bektop K = (1010) oToOpa3utcsi B KOJOBbI BEKTOP CIEAYIOIIUM

o0OpazoM:

~

\
|

v=(1010)x '=(0011010)

—t - O
o O O -
O = O
o OO
e S == M <> JE] <

— = O
Oy_.tp_a’_a

|
J

Puc. 3.5. Koguposanue xona (7,4)
Jlerko 3amMeTUTh, UYTO TOCIEAHUE UYETHIPE paspsaa KOJOBOIO BEKTOpa COBMAJAIOT C
MH(POPMAITMOHHBIM BEKTOPOM. DTO CBOMCTBO HA3BIBACTCSI CUCTEMATHYHOCTHIO KOJIA.

31eck nepBble TPU OUTA MOCIEA0BATEIBHOCTH SBISIOTCS POBEPOUHBIMU (M30BITOUHBIMH).

JICKO)II/IPOBaHI/IC OCYHICCTBIACTCA Ha INOJIYYCHUU CHHAPOMA W IPOU3BOJUTCA 3TO BCC

CJIEIYIOIIUM 00pa3oMm:
CucreMa npoBEPOYHBIX YPABHEHHH BBITIISIUT:
s=n=vxHT

BexTop S mpuHATO Ha3pIBaTh CHHAPOMOM. TakuMm 00pa3om, ommoOka OyaeT oOHapyKeHa, eCiu

XO0TsI OBI OJTHA U3 KOMIIOHEHT S HE paBHA HYIIIO.

[Tpu mepenaue uropmarmontnoro ciosa & = (1010) mo kanamy 6e3 HIyMaBBIXOJHOW BEKTOP

obu1 N = (0011010). Moskem yOeanuThCs, 9TO B 3TOM ciiydae CHHAPOM paseH 0.
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Puc. 3.6. Ilonydenne cunapoma ais kona (7,4)

Ecnu, Hanpumep, B KOJIOBOM CJIOBE MPOM3OIILIA OJUHOYHAS OMIMOKA HA YETBEPTOU MO3UIIMH
(r =(0010010)), TO CHHAPOMOM SIBIIIETCS YETBEPTask CTPOKA TPAHCIIOHMPOBAHHOW ITPOBEPOUHOM

MaTpULBIL.

O O =
O = O
_ O O

s=(0010010)s| 1 0] =@
o' T
T
1 0 1)

Puc. 3.7. Haxoxnenue ommbouHoro o6ura st koaa (7,4)

[TepebpaB Bce BO3MOXHBIE MO3MIMU OJWHOYHOM OIIMOKM, MOJYyYUM TOJHYIO TaOiIuIly
CHUH/IPOMOB OJIHOKPATHBIX OIIMOOK - TaOJIMIy COOTBETCTBUN HOMEpa OHIMOOYHOrO paspsia
MOJTyJaromeMycsi Ipu 3TOM CHUHJpoMmy. Takum o0pa3om, MpOW3BOAMUTCS JAeKoaupoBaHue. Ecim

OIIOKU HaﬁﬂeHBI, TO OHU COOTBETCTBCHHO HCITPABJISAIOTCA.

IIpoBenenne I3xcnepumeHTa u 00padorka pesyabratoB B MATLAB 2015

3agaHue:
1. Cobpatb cxemy
2. TlogroTtoBuTh cxXxembl I peanus3anmuu  koaoB Xommuura (7,4) u (15,11)

OCHOBBLIBAsICh Ha IMPUMEPE, NPECACTABIICHHOM B OTYETC.
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Ilpu xonme (7,4) B mapamerpax kojepa u jaekoxepa MessagelengthK, or M-

degreeprimitivepolynomial: ycranaBauBaercs gfprimfd(3,'min'), a npu kome (15,11)

gfprimfd(4,'min’).

3. Jlnst momy4eHHBIX KOJOB U3MEHSTh BEPOSTHOCTH OomHMOKH B mpenenax oT 0 1o 1 (e

MeHee 4-x TO‘-IGK) U CHHMATb C JUCIIICCB IIOJYUYCHHBIC BXOJHBIC ITOCIICAOBATCIBHOCTH,

3aKOAUPOBAHHBIC ITOCTIEA0BATCIIBHOCTH, J€KOJUPOBAHHBIC ITIOCIIEA0BATCIIBHOCTH U OIIIHOKMU.

4. Tloctpouth rpaduku 3aBUCUMOCTH YUCIIa OOHAPYKEHHBIX OIIMOOK OT BEPOATHOCTH

oumOku s koaoB (7,4) u (15,11).

B pabouem mone HeoOxomumo cobOpaTh cxemy sl paboTel koma Xommuura (7,4). Cxema

Mpe/ACTaBJIeHAa Ha pUCYHKE 3.8.

EEC’E E: Jj E::E L Tx Emor Rgte
Bemoulli == Hammi » BSC 1 . . RxCEImIsunn
Bine amming Encoder Hamming Decoder
y Enp
Bernauli Binary En: Rgts
Generator Hamming Encoder Kanan cersi Hamming Decoder Calculation
|| 7
‘ 1
-— ”
” ‘ T
: DI KouDiHaLim Ha eaxole
KowBiHeLim Ha exoae 0

JaK0AMPOSEHHER NOCNEN0ESTENEHICTE

w
!w &

Ourmficn

UYscrora ownbiok
Uneno obkepymenHsy ownbor

DsHEE KONWJECTED CHMEDNCE N CPAEHEHMID

Puc. 3.8. JIuaus nepenayu ¢ NpuMeHEHUEM KoJa XOMMHUHIa

B cocraB nuanm ¢ KOOUPOBAHHUEM BXOIAT:

1. BernoulliBinaryGenerator

2. HammingEncoder

. Binary Symmetric Channel (kananmepenaun)

. Error RateCalculation (ananu3zatopomuoox)

3
4. HammingDecoder
5
6

. Display

VYcranaBnuBaeM xapakTepucTUKU O0J10K0B aiist koaa (7,4)



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 v]

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

130
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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

Ieaavpoinan M oL T

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

: /
6 /

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)

0.3638

II

1

CuuSrn

k4

AARIAREARAARAN

(TIIIIE

T

KowBuHauwA Ha exixoae
KomGumayur Ha exoae

SEI{{EI.H}W-E HHEA NOCNEOCERTENEHDCTE

Puc. 3.19. KomOunarus Ha Bxoj1e, 3akoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIxoze, OnmOku (BeposATHOCTH OmKO0K paBHa 0,2)
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KowiuHauWR Ha ExxOae
KomBiHayus Ha exoae

E-EKMH}EEE HHEA NoCNeaoEaTENEHOCTE

Puc. 3.20. KomOunaus Ha Bxoze, 3aKOAUPOBAHHAS MMOCIEA0BaTeIbHOCTh, KoMOMHaus Ha

BbIXoJ1e, Ommnbku (BepoaTHOCTh OO0k paBHa 0,4)

L

il

O mSkm

NNINARINIR

[N
I

KowiuHaurR Ha ExXDOE
KonaGuHayuR Ha Exooe

EIEKMLF-EGE HHEA NoCNEODEATENEHDCTE

Puc. 3.21. KomOunaus Ha Bxoj1e, 3aKkoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIxoze, Ommbku (BeposATHOCTH ommOoK paBHa 0,6)
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KombuHawR Ha Bxoae
KomGrHalwwR Ha exoae

Bﬂﬂ{ﬂlﬂ{ﬂ-ﬂ HHEA NCCNEQDESTENEHDCTE
Puc. 3.22. KomOuHanus Ha BXoe, 3aK0IMPOBAaHHAS MTOCIIEA0BATEIbHOCTh, KoMOUHaINS Ha

BbIX0z1e, OmmOKku (BepoATHOCTH ommOoK paBHa 0,8)

3aBHCUMOCTH 4HCJIA OIIUOOK OT BEPOATHOCTH
OIIHUOKH

12

10 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)



136

B pesynbTare mpoBepkH MOCTpOEHA CXEMa JUHUM Tepeadyd ¢ KOJUPOBaHWEM XOMMUHTA 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 WMEHHO alTOpUTM KOIMPOBAHHs, KOTOPBIH OTIMYACTCA 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(1s 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
Koxupymomwii mrozouren g(x) = HOK(m; (%), ..., mg_; (X)) ,rae my (x), ..., mg_1 (x) -
MHOT'OWIEHBI MUHUMAJILHOU CTCIICHU, UMCIOIIUEC KOPHAMHN COOTBETCTBCHHOAQ, (XZ, vy ad_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)). TlycTh & - ero kopeHb, Toraa & u a* - Takke ero KOpHH. MUHMMATbLHBIM MHOTOYJIEHOM
ans o 6yzmer 1+ x + x2 + x3 + x*. Cnenosarensho,

gx) =HOK(1 +x3+ x5 1+x+x2+x3+xH) =1 +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:

JlekoMpoBaHKWE MPOU3BOJUTCS IyTEM JCICHHS 3aKOJWPOBAHHON ITOCIICIOBATEIIBHOCTH Ha
TCHEPATOPHBIM  TIOJUHOM, KOTOPBIH  MCIOJNB30BAICS NpH  KOAWpOBaHWH. I[lomydeHHas
MOCIIEA0BATENHHOCTh MPH ACICHUU U OyIeT ACKOIUPOBAHHOHN MOCIEI0BATEIBHOCTRIO. B irydiem
clydae, OCTaTKa MpH JISJICHUH He Oy/IeT, 3TO 3HAYHT, YTO OIMIMOOK HE BBISBIICHO.

Ecin xe ocTaTok ecTh, Ha3bIBACTCSA OH HE MHAYC KaK CUHOPOM, B TaKOM CIIy4ae OIIMOKH
MPUCYTCTBYIOT B 3aKOJUPOBAHHOM IMOCJIEIOBATEIBHOCTH. B 3TOM ciy4yae MOCTYHamT Tak.
3aK0IMPOBAHHYIO TOCIEIOBATEIHLHOCTh CKIIAIBIBAIOT C BEKTOPOM OMIMOOK IO MOJIYJIO 1Ba, U
WCIIPABIIIOT OMIMOOYHBIM OUT. BekTop ommOOK (GopMHUpyeTCsl ¢ MOMOIIBIO CHEIUAIBHBIX CXEM,
KOTOPbIE aHATU3HUPYS 3aKOJAUPOBAHHYIO TIOCIIECIOBATEIBHOCTD, (JOPMHUPYIOT JaHHBINA BEKTOP.

Eme omHuM croco0 wucrpaBiieHHs] OMIMOOK SIBJISETCS cleayromuid metoa. 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 JCJICHHS MOJYYCHHBIH MPH JIEKOIUPOBAHKH, a BTOPOH 310 komOuHanus 100. J{anee
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 cxeMbl Jutsl peanu3anuu kogoB bBUX (15,7) u (15,11) ocHOBBEIBasiCh 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 IOJIyYE€HHBIE BXOJHBIE IOCIIEAOBATEILHOCTH,
3aKO0JIMPOBAHHBIE MTOCIIEI0BATEIbHOCTH, I€KOJUPOBAHHBIE MTOCIEA0BATEILHOCTH U OLIHOKH.

4. Tloctpouth rpauku 3aBUCHMOCTH YHUCIIa OOHAPYKEHHBIX OIIMOOK OT BEPOATHOCTH
omuOku st konoB (15,7) u (15,11).

5. Bce mosTamnHoe HCCICAO0BAHUC IPCACTABUTL B OTUCTC.

B paGouem mose HeoOxomumo coOparh cxemy i paborel koma BUX (15,7). Cxema

IIPEACTABJICHA HA PUCYHKE 3.24.



138

e

Bemoulli
Binary

Bermoulli Binary
Generator

0.2143 Yactora cwwbok

EIE.KN.I-]}EE HHEA NCCNEQCEETENEHOCTE

B cocraB nuanm ¢ KOAWPOBAHUCM BXOJAT:

BernoulliBinaryGenerator

BCHEnNcoder
Binary Symmetric Channel (kananmnepenaun)
BCHDecoder

Error RateCalculation (ananu3atopomi6ok)
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Puc. 3.24. Jlunus nepenaun ¢ npuMenennem koaa bUX (15,7)

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

i |

Puc. 3.25. TTapamerpst Bernoulli Binary Generator
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BCH Encoder (mask) (link)

Encode the message in the input vector using an (M,K) BCH
encoder with the narrow-sense generator polynomial. This block
accepts a column vecter 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 (M, K) code that is shortened to an (N - K + 5, 5) code.

Parameters
Codeword length, M:
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: Iboolean ']

Puc. 3.27. Tlapamerpsr Binary Symmetric Channel

BCH Decoder (mask) (link)

Decode the message in the input vector using an (M,K) BCH
decoder with the narrow-sense generator polynomial. This block
accepts a column vector input signal with an integer multiple of M
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 S. In this case, use full length N and K values to specify
the (M, K) code that is shortened to an (N - K + 5, S) code.

Parameters
Codeword length, N:
15

Message length, K:

7

Puc. 3.28 [Napamerpsr 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

| | l
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’—1| ‘ 1” I| :I YacTota owok

1 ‘ 1” [I| :I Yncno cOxapyseHHss ownbor
E' \—1| Ofwee KoNWUECTED CHMEONDE N0 CREEHEHIID
KomGuHaLR Ha BX008  38KOOMPOESHHER NOTIEDESTENEHOCTE  HoMBWHBLMR Ha Exxoae O

Puc. 3.30. KomOunamus Ha Bxoje, 3akoJupoBaHHas MOCIe10BaTeIbHOCTh, KoMOuHaIms Ha

BbIxoze, Omnoku (BepoaTHOCTh OIIMOOK paBHa 0,2)

MoXHO crenaTh BBIBOJ, YTO KOMOHMHALMS Ha BXOJE COBMAJaeT ¢ KOMOMHALMEH Ha BBIXOAE,
TakuM 00pa3oM, Mepesiaya OCyIIeCTBHIIACh yaadyHo. UTo KadaeTcst OMMOOK, TO MX 4acTOTa paBHA
0,2143, yucio oOHapyX eHHBIX OLIMOOK paBHO 3, oOlIee KOJIMYECTBO CHMBOJIOB IO CpPaBHEHHIO

paBHO 14. KonupoBanue u AEKOIUPOBAHKE 3/I€Ch OCYIIECTBIISIETCS METOJIOM OMUCAHHOM BBIIIE.
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YacToTa owwiok

Yncno oOHSpYREHHEN CWHEDK

(GlWee KONHUECTED CHIMECNOE

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 BXoze, 3aK0IMpOBaHHAs MOCIeA0BaTeNbHOCTh, KoMOuHaIus Ha

BbIXoJ1e, Ommnoku (BepoaTHOCTH oMok paBHa 0,6)

1|

q]

dl

q]

1|

1]

q]

1|

1]

1|

1]

M

|
|
|
| dl
|
|
|

l]

q]

FownGwHaUMR Ha Exoae 1

EFEKEEI.I-"}EEE HHEA NoCNEQOESTENEHDCTE

0.8571

!Fi

LTI ST

i

FKomSuwHauMs Ha esmoae

YacToTa cwwiok

Hncno oSHapymeEHHE CWWIoK

OSwee KONWYECTED CHMEDNOE T

Puc. 3.33. KomOunamus Ha Bxoj1e, 3akoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIXoze, Omnoku (BepoaTHOCTh OoIMO0K paBHa 0,8)

YcTranaBnuBaeM xapaKTepuCTUKU OI0KOB ams koaa (15,11)
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Puc. 3.34. KomOunanus Ha Bxojie, 3aKkoJupOBaHHas MOCIe0BaTeIbHOCTh, KoMOunanus Ha

BbIX0J1e, OmmoOKu (BeposATHOCTH ommOoK paBHa 0,2)

YacTora cwmbork

Hicno ofHapymenHss oWkt

(fwee KONMUECTED CHMEDN

ChuymGien

EIEH&ILWEE HHEA NOCNEN0EETENEHOCTE

im

I

KowGusaLys Ha Bxmge KowSiHaLR Ha Bxoae

Puc. 3.35. KomOunarus Ha Bxoje, 3aKoAMpOBaHHAs MOCIEA0BaTeIbHOCTh, KoMOnHanus Ha

BbIXoze, Omnoku (BepoaTHOCTh oIMO0K paBHa 0,4)
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Puc. 3.36 KomOunanust Ha Bxoje, 3akoupoBaHHas ociieI0BaTeIbHOCTh, KoMOuHaIms Ha

BbIxoz1e, OmmoOku (BepoATHOCTH ommOoK paBHa 0,6)
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Puc. 3.37. KombOuHnanus Ha BXoje, 3aK0AUpOBaHHAs MOCIEA0BaTeIbHOCTh, KoMOuHamMs Ha

BbIXoze, Omnoku (BepoaTHOCTh omMO0K paBHa 0,8)
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Yucno ownbok
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0,2

0,4 0,6
BepoATHOCTb OWNGKHK

0,8

Puc. 3.38. I'paduk 3aBUCHUMOCTH YHCIIa OMIMOOK OT BEPOSTHOCTU OLIMOKH TSt

kona bUX (15,7)
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Yucno owmnbok
(o)}

P

/

0,2

0,4 0,6

BepoATHOCTb OWMGKHU

0,8
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Puc. 3.39. I'paduk 3aBUCHMOCTH YHCIIa OMTUOOK OT BEPOSTHOCTH OMMOKH 715 Koaa BUX

(15,11)

B pe3ybTaTe HpaKTquCKOﬁ pa6OTBI MMOCTPOCHA CXEMa JIMHUU IIEpeaaviu C KOAUPOBAHUEM 312 0:¢

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) BHAHO, YTO YMCJIO OMIMOOK YBETMYUBACTCS C POCTOM BEPOSTHOCTH OmMOOK. [Ipn
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. OIMOKM MPOUCXOMAT MPH IEepeaye Mo KaHajllaM CBS3H WJIH 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 WCXOJHBbIC JaHHBIC. YHCIIO W THIBI OMUOOK, KOTOPHIE MOTYT OBITh HCIPABICHBI,
3aBUCAT OT XapaKTepucTHK kKona 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 KOJUPOBIIUK BOCIPHHUMACT K HH()OPMAIMOHHBIX CHMBOJIOB IO S OUTOB
KOKIBIA M J00aBJIsIET CHUMBOJIBI YETHOCTU ISl (pOopMHpOBaHUS N CUMBOJIBHOTO KOJOBOTO CIIOBA.
Hexonep Puna-ComomoHa MOXKET KOPPEKTUPOBAThH 110 I CUMBOJIOB, KOTOPBIE COAEPKAT OUIMOKHU 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 xo/10BO€ CI0BO COAECPXKHUT 255 OalT, U3 KOTOPbIX 223 ABISIOTCA MHOOPMAIIMOHHBIMU 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 UCHIPABJICHBI, €CJIM YUCIIO NCKaKEHHBIX OalT He mpeBbIiaeT 16.

[Tpu pa3mepe cuMBoJIa 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.

Kozast Puna-Conomona MoOryT ObITh B NMPHUHIUIE YKOPOYEHBI IyTEM OOHYJIEHHS HEKOTOPOTO
qrciia HTHPOPMAIIMOHHBIX CUMBOJIOB Ha BXOJI€ KOJIMPOBIIMKA (TMepeAaBaTh WX B 3TOM CIIy4ae He

HY)KHO) HpI/I nepeaadyc naHHbIX JCKOACPY 9TU HYJIM CHOBA BBOJAATCA B MACCHUB.
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Kox (255, 223), onucaHHbIi BbIIIE, MOXET ObITh YKOpoueH 110 (200, 168). Koguposmuk Oynet
pabortarh ¢ OJ0KOM JMaHHBIX 168 OaiiT, 700aBUT 55 HyJEBBHIX OalT, CHOPMHUPYET KOIOBOE CIOBO
(255, 223) m nepenact Toyibko 168 nHGOpMAaIMOHHBIX O0alT 1 32 OaiiTa YETHOCTH.

OO0beM BBIYHCIUTEIEHON MOIIHOCTH, HEOOXOJUMOW JUIsi KOJWPOBAHUS U JEKOJAMPOBAHUS
ko710B 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

Opna ommOKa B CHMBOJIE TPOUCXOIHT, Korja | OWT CHMBOJNA OKa3bIBACTCS HEBEPHBIM WIIH
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,
KOPPEKTUPYIOTCS 16 TOJHOCTHIO HEBEPHBIX OalT, IpH 3TOM HcHpaBisieTcss 16 * 8 = 128 OGuToBbIX
OILINOOK.

Kozasl Puna-ConomoHna 0cOGEHHO XOpOIIO MOAXOAAT AJsi KOPPEKTUPOBKU KIACTEPOB OIIMOOK
(KorJ]a HeBEpHBIMH OKa3bIBAIOTCS OOJIBIIIME TPYIIIBI OUT KOJOBOTO CIIOBA, CICAYIONIUE TIOIPSII).

JexonupoBanue

AnrebGpanyeckue mpoueaypsl nekoaupoBanus Puna-ConoMoHa MOTYT UCHPaBISITh OIIUOKU U
notepu. [loTepeit cuntaercs ciydaid, Korja MOJOKEHUE HEBEPHOTO CHUMBOIIA M3BECTHO. Jlekoaep
MOKET HCHpaBuTh 10 t ommbok wiu 1o 2t moteps. JlaHHBIE O TOTEpe (CTUPAaHUHM) MOTYT OBITH
MOJIYYE€HBI OT JEMOIyJsATOpa IU(POBOH KOMMYHHKAIITMOHHOM CHCTEMBI, T.€. JACMOIYJISTOP
MOMEUaeT MOTYYSHHbIE CHMBOJIIBI, KOTOPBIE BEPOATHO COJEPKAT OIMIMOKH.

Korna kogoBoe cloBo JeKOAUPYeTCs, BO3MOKHBI TPH BapUaHTa.

1.  Ecmu 2S + r < 2t (S omu0OOK, I TOTEPh), TOTIa UCXOJHOE TEePEeIaHHOe KOAOBOE CJIOBO
Bceraa Oy/ieT BOCCTaHOBIIEHO. 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-au00 yka3aHHs Ha 3TOT (DAKT.

BeposSTHOCTh KaKJAOT0 W3 ITHX BApUAaHTOB 3aBHCHUT OT THIA HCIOJIB3yeMOro koja Puma-
ConomoHa, a TakKe OT YUCIIa U paclpeie]IeHHs OIIHOOK.

ApXHUTEKTypa KOAUPOBAHUS U IeKoArupoBaHus kKo10B Pumga-Conomona

KomupoBanue u nexoaupoBanue Puma-CosloMOHa MOKET OBITh BBITIOJHEHO aIiapaTHO HITA

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 TAFOT Pe3ybTaT, KOTOPHIN TaKkKe SBISETCS JIEMEHTOM 3TOro mouist. KomupoBuuk
wi nexoaep Puma-ConoMoHa JOMKHBI YMETh BBIOJHATH ATH apu(PMETHUYECKUE OINeparuu. JTU
omepaluu  JUIi  CBOGH  peayi3allid  TPEOYIOT  CHEIHaIbHOrO  OOOpYIOBAaHUS WM
CICIUATM3UPOBAHHOTO IPOTPAMMHOTO 00eCTICUeHUSI.

OO6pa3yromuii NoJIMHOM

KonoBoe cnoBo Puma-Comnomona ¢opmupyercs ¢ HpUBICYCHHEM CIEIHAIBHOTO IMOJIWHOMA.
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 (POPMHUPYETCS C TIOMOIIBIO OIIEpaIIuU
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 Puma-CoJoMOHa ONpenessifoTcs M3 CICIYIOIIETO
COOTHOIICHHUS:

p(x) = i(x) * x"*mod g(x)

Hwxe mokazana cxema peain3aliii KOJUpoBInuKa st Bepcun RS(255,249):

@ @ @ @

Bt
i(x) _T

Kaxnplii U3 6 perucTpoB coaepxuT B cede cumBoi (8 OUT). ApudMeTHuecKUe OInepaTopsbl

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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Puc. 3.42. Cxema pabotsl ¢ kogamu Puna-Conomona
O6o3HaueHus:

e 1(X) — [Tosy4eHHOE KOTOBOE 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) mMpeaCcTaBiasieT co0oil ucxomHoe (IeperaHHOe) KOI0BOE
CII0BO C(X) IUIFOC OIMUOKH:

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 BeluMcieHHe 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 nenaercd IyTeM pelIeHHUs CHUCTEeMbl ypaBHEHUU c tHen3BecTHhIMU. CyllecTByeT
HECKOJIBKO OBICTPBIX AJITOPUTMOB ISl PEIICHUS JTOW 3amauyd. ODTH aJTOPUTMBI HCIIONB3YIOT
0COOEHHOCTH CTPYKTYpbl MaTpuilbl kKoJoB Puna-ColoMoHa M CHIIBHO COKpAIAIOT HEOOXOAUMYIO
BBIYHCIUTENLHYIO MOIITHOCTG. JlemaeTcs 3To B Ba dTama.

1. Onpenenenue MOTMHOMA 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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onHako ainroput™m Berlekamp-Massey mo3Bosisier moiyuuth Oojee 3(h()EeKTUBHYIO pearu3auio
000pyZ0BaHUS U IIPOTPaMM.

2. HaxoxxneHue KOpHEH 3TOro IOJMHOMA. DTO AEIACTCs C NPUBJICUYCHUEM AJITOPUTMa IOUCKA
Chien.

Haxoxxnenne 3HaueHU CHMBOJIBHBIX OIINOOK

31ech TaKXKe HYKHO PEIIUTh CUCTEMY YpaBHEHMM c tHeusBecTHbIMM. Jlid pemeHus
ucnosib3yercs ObIcTphIii 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 Pupa-Cosmomona. Otu MC nomyckaroT ONPENENICHHBIM YpOBEHb NPOrpaMMHUPOBAHUS
(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 BBIYMCIMTENBHOM MOIIHOCTU MPAaKTHYECKH A BceX koaoB Punpa-ComomoHa.
['maBHON TpyAHOCTBIO B NpOrpaMMHON peanu3auuu kojaoB Puna-ComomoHa SBISJIOCH TO, YTO
IIPOLIECCOPBI OOIIEro Ha3HAUYEHHUS HE MOJIEPKUBAIOT apupMeTuuecKre onepanuu Juist nois ["amya.
OpHako ONTUMAJIBHOE COCTaBICHUE IPOrpaMM B COYETAHUU C BO3POCIIEH BBIYMCIUTEIBHON
MOIIHOCTBIO MO3BOJISIOT MOJIYYUTh BIIOJIHE MPUEMIIEMBIE PE3YJIBTAThl 11 OTHOCUTEIBHO BBICOKHX
CKOpOCTEN Mepeiavn JaHHbIX.

HpaKTI/I'{eCKaﬂ YacTb UCCJIeA0BAHUA

Ha panHoM »sTame HeoO0XOAMMO pealu30BaTh M NPOAHAIM3UPOBATH OINMCAHHbBIE BBIIIE
aNrOPUTMBI KOJMPOBAHUS Ha MPaKTHKE B MporpamMMmHoi cpeae Matlab 15. Heo6xoaumo moctpouts
COOTBETCTBYIOIIIME CXEMBI, KOTOpBbIe OyayT B ceOsl BKIIOYATh HMCTOYHHK COOOIICHUS, KOJep,
JeKoJiep, KaHajl Tepelavyd, aHaju3aTop OIMOOK M COOTBETCTBEHHO YCTPOWCTBA BH3YyalIHM3alldU
MOJTyYEHHBIX pe3ynbTaToB. Tak jke HeoOXOIUMO CPaBHUThH OUIMOKM MepeAayu ¢ JUHHUEH, KoTopas
He OyJeT HUKak MpeoOpa3oBbIBAaThH IepelraBacMylo MH(OpMaIuio, a MpocTo IepenaBaTh ee 10
KaHAIy CBS3M W TIPH YBEIMYECHUH BEpOATHOCTH ommOku B kKaHaie 1m0 0,3. Kompl, KoTOpbIe
MOJJIeXKaTh peanu3anuu 91o: koxa Xosmmunra (7,4), kox BUX (15,7), u xox Puma-Comomona
(255,223). Bcro 3amauy BbinonHuTh B cpene Matlab 15. TpeacraBute mponenaHHyio paboTy B
oTYere.

Jiis Hauasa HeoOX0IMMO 3aIlyCTUTh caMy Iporpammy. [Ipoucxoaut 3to cienyronmm oopa3om:
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Script - - Data mmm@mﬂwmmv @mmrcmnsv Library -~ “llpamle.lv iAﬁH—Ons'
FILE | VARIABLE CODE ‘ SIMULINK ENVIRONMENT | RESOURCES
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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 HeoOxoxaumo Haxath Ha Briaaky «Simulink Libraryy», kotopas Haxoaurcst Ha maHenu

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 co3gaeM HOBYIO MOJeNb (BKJIaJKa Ha MaHETd WHCTPYMEHTOB) U MPHUCTYHNaeM 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

OxkHO, TmpejacTaBIeHHOe Ha pHCyHKe 3.44, HEOOXOAMMO JUIsI TIOWCKa HEOOXOIUMBIX

KOMITOHEHTOB JJIs1 peaiu3alliy TaHHON paboThl (KOJAEPHI, ACKOACPHI U T.1I.)

Peanuzyem kanan nepegadu Takoi ke KOAOBON KoMOWHaIuu 6e3 mpeoOpa3oBaHUiA.

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 nuHun 6e3 npeoOpa3oBaHU BXOIAT:

1. BernoulliBinaryGenerator

2. Binary Symmetric Channel (kananmnepenaun)

3. Error RateCalculation (ananu3aTopomuoox)

4. Display

XapaKTepI/ICTI/IKI/I OJIOKOB BBEICTABUTH CJICOAYIOIHUC:

Yacrora ownbor

Uucno ofxapyxekex owndox

Dﬁ-J.]EE KONWUECTED CUMECNCE N CPREHEHWK
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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: 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.
Parameters

Error probability:

0.2

Initial seed:

71

Output error vector

Output data type: [boolean v]

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 wversion of the transmitted data. The block ocutput 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
'R’ 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 symbaols,
whichever comes first.

Farameters

Receive delay:

i}

Computation delay:

i}
Computation mode: [Entire frame V]
Qutput data: [F’or‘t ']

Puc. 3.49. ErrorRateCalculation (ananu3atopomm6ok)

Hpe)ICTaBI/IM IMMOJIYUYCHHBIC PE3YIIbTATHI:
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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. BxoxHas mocienoBaTeIbHOCTh
| 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 YHCIIa CHMBOJIOB YETHOCTU. bombiioe 3HaueHue t o3Ha4yaer, 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

X3MMHUHTa Yucno o6HapyKEHHBIX OLIHOOK: Yucno oOHapyKEeHHBIX OMIMOOK: 5
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(7,4) 3 OO01ee KOJI-BO CUMBOJIOB T10
OO0111ee KOJI-BO CHUMBOJIOB IO cpaBHEHUIO: 12
cpaBHEHHUIO: 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:
362 553
Oob111ee K0JI-BO CUMBOJIOB T10 Oob111ee K0JI-BO CUMBOJIOB 10
cpaBHeHUIO: 1784 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
4ETHOMY HJIM HEYETHOMY KOJIMYECTBY €IMHUYHBIX OUT B KOHTpOJupyemoMm Oaiite. [TocuMBONBHBIIM
KOHTPOJb YETHOCTH MPOCT KaK B MPOTPaMMHOM, TaK M B almmapaTHOW peanu3aliii, HO €ro Bps 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. Tlpunun padotsr 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

HasBanmue IHonunom

CRC-1 X+1 (ucmosp3yeTcs B anmapaTHOM KOHTPOJIE OIMHUOO0K, TaK)Ke U3BECTCH
KaK OUT YETHOCTH)

CRC-4-1TU X' +x+1

CRC-5-ITU XX HXC+L

CRC-5-USB X+x°+1

CRC-6-1TU X*+x+1

CRC-7 X +x+1 (cucremsr Tenekommynukaiuu, ITU-T G.707, ITU-T G.832,
MMC, SD)

CRC-8 X2+ X"+ XX+

CRC-16-I1BM X S+x+x°+1 (Bisync, Modbus, USB, ANSI X3.28)

CRC-16-CCITT x+x?+x°+1 (X.25, HDLC, XMODEM, Bluetooth, SD)

CRC-30 XX P X P+ X+ X+ X%+ x+1 (CDMA)




IIporpamMHasi peaju3anus BUPTyaJbHbIX MoJie/Iell KOTUPOBaHUS

Onucanne pean3aluy MUKJINIECKOro n3obiTounoro koaa (CRC)
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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).

RERRRRRRRRRNDANR

Ow S Bnovoe
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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
M0CJIEeI0BATENbHOCTBIO.

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.

300

7

o

|da)

= 250

=

o

> 200

2

=

w 150

N

a, 100

<

7

O 50

o

=

é;) 0

=x 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 3aBCHUMOCTH 4KciIa OOHAPY>KEHHBIX OIIMOOK OT YHCIIa KOHTPOJIBHBIX CYMM

TS pa3aungHbIX mosuHOMOB CRC-koma
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B nanHOM pa3nene MpOBENCHO HCCIEIOBAHUME MOJAETH LUKIMYECKOTO H30BITOYHOTO KOja
(CRC).

Mopnens mno3Bonsier uccienoBatb CRC-koabl ¢ BO3MOXKHOCTBIO — 3aJaHUsl  JIIOOOTO
TeHEePaTOPHOrO MOJMHOMA U U3MEHEHHUHU KOJIMYECTBA KOHTPOJIBHBIX CyMM BO (ppeiime.

[TonydeHsl ciaenyromue pe3yabTaThl U CIEIaHbI CIETyIOIIUE BHIBOIBL:

1) ueMm BbIIIE CTENIEHb MOJIMHOMA, TEM Jy4Ille ero 0OHapyKUBAKOIIasi ClIOCOOHOCTb;

2) Mg KaXKJ0ro MOJIMHOMA €CTh TaKOE€ YUCIIO KOHTPOJIBHBIX CYMM B OJIOKE, MPU KOTOPOM €ro
OOHapyKUBAOIasi CIOCOOHOCTh MAKCHMAIIbHA, IPHUYEM Y BCEX TTOJIMHOMOB 3TH TOYKH Pa3JINYHBI.

Opnnako, mpu BbiOope momuHoma CRC-xoma Takxke HEOOXOAMMO YUYUTBHIBaTH M APYTUE
(bakTophI:

1) yBenuyeHue CTENEHH MOJIMHOMA MPUBOINT K YCIOKHEHHUIO pealn3aliy KoJepa U JeKoAepa;

2) dYeM BBIIIE YaCTOTA BHIYMCIICHUS! KOHTPOJIBHBIX CYMM, T.€. YeM OOJIbIIIe KOHTPOJIBHBIX CYMM
no0aBisieTcs B OJIOK TaHHBIX, TEM MEHBIIIE MPOITYCKHAs CIOCOOHOCTh KaHaa,

3) CRC-kompl HCHONB3YIOT Ui OOHAPYXKEHHS OMIMOOK, YTO O3HAYaeT HAJMYME KaHaja
nepecrpoca. [Ipu BwiGOope Mexay komom CRC/kananom mnepecnmpoca W MOMEXOYCTONYHMBBIM
KOJMPOBAaHUEM, HEOOXOJMMO YYHTHIBATh XapaKTEPUCTHUKU KaHana cBsi3u. [Ipm Oosbmiom gucie
omuOOK mepeavya JaHHBIX Oy/IeT HEBO3MOKHA.

4) Beibop monuHOMA 3aBUCUT OT pa3Mepa IepeaaBaeMoro 0J0kKa JaHHBIX, 4eM Oosibiie OJ0K —
TEM BBIIIE CTETIEHb MOJIMHOMA HE00X0AuMo ooupars. Takum 00pa3oM, CylIeCTBYET OrpaHUYCHHE
Ha pa3Mmep OJoKa JaHHBIX, NHa4Ye B JIOOOM OJloke Ha NMPUEMHOM KOHIIE OyAeT OOHapy>KHUBaThbCS
omuoKa.

3.3. CBepTouHbIe KO/bI. /lekoqUpOBaHNe CBEPTOYHBIX KO0B

CoBpeMeHHass Teopusi KOJOB JIOCTaTOYHO pa3BUTa U COJEPKHUT  JAETAIbHYIO
Kkiaccudukanuio. Bece npuMeHseMble KOJIbl MOXHO pa3OuTh Ha JABE OOJbIINE FPYHIb: OJIOKOBbIE, B
KOTOPBIX KOJHMPOBAHWE M JIEKOJAWPOBAaHHE IPOU3BOAMTCS B TpeeNiaX ONPEACICHHOTO YYacTKa
KOJIOBOM TOCJIEJOBAaTEIbHOCTU- 0OJI0Ka, M JpEeBOBHUIHBIE, B KOTOpPHIX 00pabOTKa CHMBOJIOB
MIPOM3BOJIUTCSL HENpEephIBHO, Oe3 pasneneHuss Ha Ojoku. YacTh KOIOB OTHOCHTCA K paspsay
JMHEWHBIX, B KOTOPBIX KOJIOBBIE IOCIIEAOBATEILHOCTH TMPEICTABICHBI KaK AJIEMEHTHI JTHHEWHOTO
BEKTOPHOTO TMPOCTPAaHCTBa. MOXHO TPUMEHHTh TaKXKe pa30MeHHe Ha KOMIbBI, HCIPABISIONIAE
HE3aBUCHMBIE CITyYaliHbIe OIMTMOKH, ¥ KOJIbI, HCITPABIISIONINAE TTAKETHBIE OITHOKH.

B otnnuune ot 0710KOBBIX, CBEPTOUHBIE KOJIBI 00a/1aI0T CIAEAYIOIIUMH MPEUMYIIECTBAMMU:

- CBEpPTOYHbIE KOJbl IO3BOJIAIOT TMPOU3BOAUTH KOAMPOBAHME U JECKOAMPOBAHHE MOTOKOB
TaHHBIX HETIPEPHIBHO BO BPEMEHH,

- CBEPTOYHBIC KOJAbI HC HYXXIAOTCA B 010KOBOI CUHXPOHU3AlINH,
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- TIPUMEHEHHE CBEPTOUYHBIX KOJOB II03BOJISIET JOCTUYb OUYEHb BBICOKOM HAJECKHOCTH
nepeaaBaeMoi nHpOpMalLHH.

CBepTouHBIE KOABI HCHOJB3YIOTCA IPM HHU3KOM OTHOUICHMHM CHUTHAaI-IIyM, KOTJa
UCIIPABISIONIEH CIOCOOHOCTH OJIOKOBBIX KOJIOB IIPH pa3yMHOW [JIMHE OJIOKa OKa3bIBACTCS
HEZO0CTaTOYHO.

CBeprouHOE  KOAMpOBaHUE, yJOOHEe BCEro OMNMCHIBaTh, XapakTepusys JeicTBHe
COOTBETCTBYIOLLIETO KOAMpYIOLIEro ycTpoiictBa. Ceepmounsiti Kooep TpPENCTABISET CcOOOH
YCTPOHCTBO BOCHPUHUMAIONIEE 3a KaXIblii TakT paboThl B OOIIEM Cilydae K BXOJHBIX
MH(GOPMAIMOHHBIX CHMBOJIOB M BBIJAIOIIEE HA BBIXOJ 32 TOT K€ TAKT N BBIXOJIHBIX CHMBOJIOB,
MOJISKAIUX IIepeaye 1o KaHainy cBa3u. [lapameTpom cBEpTOYHOrO KO, XapaKTEPU3YIOIIUM €r0
HOMEXO0YCTOMYHUBOCTb, SIBISCTCS MUHUMAIBHOE CBOOOJHOE paccTosiHie — O, OIpeensieMoe Kak
MUHUMAaJIbHOE PAaCCTOSIHUE MO XAMMUHIY MEX]y IOCIIEJ0BATEIbHOCTAMU CBEPTOYHOIO KOJa Ha
JUIMHE KOJIOBBIX OIpaHMYEeHUH 1O BbIXoay. KomoBoe orpaHuueHue Mo BBIXOLY — 3TO YHCIIO
CUMBOJIOB Ha BBIXOAE KoJiepa, B (OPMHPOBAHUU KOTOPBIX y4YacTBYeT OJUH BXOIHOH OMT.
D¢ (heKTUBHOCTH CBEPTOYHOIO KOJa OIpPENeIsieTCss B OCHOBHOM TeM, KAKMM 00pa3oM COeIMHEHbI
CYMMAaTOphbI C sYeiiKaMu PErucTpa CABUTA.

OtHomenne R = k/N Ha3pIBalOT 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 OMNPENENSIOTCS €ro BXOJHBIM CHTHAJIOM U COCTOSIHHEM,
3aBUCSIIIM OT m-K MpeapIayux HHGOPMAIIMOHHBIX CHMBOJIOB.

OCHOBHBIMHM 3JIEMEHTaMU CBEPTOYHOIO KOJEpa SIBISAIOTCSA: PETMCTP CABUIA, CyMMAaTOpPBI II0
MOJZYJIIO 2 1 KOMMYTaTOp.

Pecucmp cosuea sBnsieTcs AMHAMMYECKUM 3allOMHHAIOIIMUM yCTPOHWCTBOM (pHCYHOK 3.55), B
KOTOPOM XpaHsTCs IBOMYHbIE CUMBOJIBL 0 min 1. Yucio TpurrepHeIx sideek M B perucTpe caBura u
orpeiesigeT MaMATh KoJa. B MOMEHT mocTymieHus Ha BXOJl perucTpa HOBOro MH(GOPMAIMOHHOTO
CUMBOJIa CHMBOJI, XpaHSALIMIICS B KpaillHEM @IPaBOM paspsie, BBIBOAUTCA W3 PETUCTpA U
cOpachiBaeTcs. KaxIplil M3 OCTaNbHBIX, XPaHALIMXCS B PErHCTPE CHMBOJIOB IE€peMElaeTcsl 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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Hcnonb3yloTcsi 1Ba Ppa3iIMYHBIX H300paXEHUS PETUCTPOB CABHra: C COCTHIKOBAHHBIMU
BIIPUTBHIK sYelikaMu (pUCYHOK 3.64, a) U C HENOCPEACTBEHHBIMH I10CIIECA0BATEIbHBIMU CBSA3SIMU
MeXIy suyeikamu (pucyHOK 3.64, 6), 4TO JaeT BO3MOXKHOCTb Ha CXeMaX BCTPauBaThb MEXKAY
COOTBETCTBYIOLIMMHU STUEHKaMH J100aBOYHBIE 3JIEMEHTHI (CXEMbI CYMMUPOBAHHUS 110 MOAYIIO 2).

Cymmamop no mooynto 2 OCyIIECTBIISIET CIIOKEHHE MOCTYMAOUINX Ha €ro BXOAbI CHMBOJIOB 0 1
1. IIpaBuiO CiOXKEHUS MO MOIYJIO 2 Cleayrollee: cyMMa JBOMYHBIX CHUMBOJIOB paBHa 0, eciu
YUCIO €JUHMIl CPeId IOCTYNAIOIIMX Ha BXOAbI CUMBOJIOB YETHO, M paBHa 1, e€CiM 3TO YHUCIIO
HEYETHO.

Kommymamop ocymiecTBiseT NMOCAEA0BATENbHOE CUUTHIBAHUE ITOCTYNAIOIIUX HA €r0 BXObI
(KOHTaKTbl) CHMBOJIOB U YCTaHABJIMBACT HA BBIXOJE OUYEPEJHOCTh IMOCBUIKH KOJOBBIX CHMBOJIOB B
KaHaJl CBS3H.

[To anamorum c OJIOKOBBIMH KOJIAMH, CBEPTOYHBIC KOABI MOXKHO KJIACCU(HUIMPOBATH HA
cucmemamuyeckue U Hecucmemamudeckue.

Cucmemamuueckum CBEPTOYHBIM KOJOM SIBJISIETCA TaKOM KOJ, Ul KOTOPOTO B BBIXOJHOM
[I0CJIe/I0BATENbHOCTH  KOJIOBBIX CHMBOJIOB COJAEP)KUTCS 0€e3 H3MEHEHHs MOpoJuBILAs ee
[IOCJIEZI0BATENBHOCTh MH(POPMALMOHHBIX CHUMBOJIOB. B INpOTHBHOM cilydyae CBEpTOYHBIH KOJ
SBJIIETCS. HECUCTEMAaTUYECKUM.

CBépTOouHBI KO  cO3MaéTcsd  MPOXOXKJAEHUEM  IepelraBacMoi  MHGPOPMAaLMOHHOM
IIOCJIEI0BATEIBHOCTH Y€pe3 JMHEWHBIN CIBUIOBBIM PETUCTP ¢ KOHEYHBIM YHUCIOM COCTOSHUN. B
o0IeM, peructp caBura coctoutT u3 M (M-OMTOBBIX) sSYE€eK W JIMHEHHOro mpeoOpa3oBaTess,
COCTOAIIET0 W3 N (QYHKIIMOHAILHBIX TEHEPATOPOB M BBIMOIHSIONIETO aireOpandeckue (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 KaXmaoil K-OMTOBOW  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'padpuueckoe npeacrasiienune

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 sTOoM kozpepe kaxblil pa3, HHPOPMAIIMOHHBIM OUT MOCTYMAaeT Ha BXOJ PETUCTPOB CABHUTA, a
Ha BBIXO0JIe TEHEPUPYETCs J1Ba OUTA.

B kauectBe mpumepa paccMOTpeHa CHUTyalMs, KOrja Ha BXOJ Kojepa MNoJaaércs HeKas
moce0BaTeIbHOCTh MHpOpMaMoOHHbIX cuMBoioB V= 1 1 0 1 O 1 Ha BBIXOAE HMeEeM
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 BXOAHBIX HHPOPMALMOHHBIX OUT JUIs ynoOCTBa pacroyaraiorcs crpasa U
MOCTYMAIOT B PETUCTP CABHUra nepBbIMHU. IIpy MOCTyImuieHMM Ha BXOJI perucTpa OJHOro OuTa, Ha
BbIXOAaxX cymmaropa 1 u cymmaropa 2 oOpasyercs Mo OJAHOMY OUTy, KOTOpblE B JajbHeiIieM
MIOOYEPEHO CUUTHIBAIOTCS KOMMYTAaTOPOM M 00pa3yIOT BBIXOJHYIO IIOCIIE10BATEIbHOCTD.

bonee monpo6HO Beck mporece KoaupoBaHus nHpopmannonHoro 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
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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 HaHHOﬁ Ta6J'II/II_Ie BHUAHO, KaK MCHACTCA COCTOAHHC PCrucrpa CABHIA C IIPHUXOJOM HOBOI'O

I/IH(bOpMaI_II/IOHHOl"O 6I/ITa, IIOKa3aH M IIpomecC O6paSOBaHI/IH BBIXOJHBIX KOIOBBIX KOM6I/IHaHHﬁ

00pa3yeMbIX B Pe3yJIbTaTe CYUTHIBAHUS KOMMYTaTOPOM CHMBOJIOB C 00OUX CyMMAaTOpOB.

IlonmHOMMAIBHOE NnmpeacraBjJacHUuEC

I/IHOF,I[a CBA3H KOJCpa OIIMCBIBAIOTCA C IMOMOLIBIO HNOJUHOMUAIbHO20 2eHepamopda,

AHAJIOTUYHOT'O HCIIOJIB3YyEMOMY JIsI OIMUCAHUA PCAIU3alluU O6p8.THOI>i CBA3U pETUCTpA CABHUIA

LIUKINYECKMX KOJ0B. CBEpTOUHBIM KOJEp MOXKHO TMpEACTaBUTh B BHUAE Habopa U3 n

MOJIMHOMHUAJIBHBIX T'CHEPATOPOB, MO OAHOMY A KaXA0ro M3 n CymMMaTopoB IIO MOAYIIIO 2.

Ka)KI[BII‘/’I MMOJIMHOM HMECT IOPAAO0K K - 1 unu MeHbIIEe W ONHUCHIBACT CBS3b KOAUPYIOUICTO

perucTtpa caBpura ¢ COOTBCTCTBYIOIIIUM CYMMATOPOM IIO MOIAYIJIHO 2, IMOYTH TaK KC KaK U BEKTOP

ces3u. KoaddummenTsl Bo3ne kaxmoro cinaraemoro noiauHoma nopsaka (K - 1) paBusl iau6o0 1,

160 0, B 3aBUCHUMOCTH OT TOT'O, UMEETCS JIU CBSI3b MEXKY PETUCTPOM CABUTA U CyMMATOPOM I10

Moxyro 2. [7].

Jli1st kozepa Ha pucyHke 3.57, MOXKHO 3amucaTh MOJMHOMHUANbHBINA reHeparop gi(X) mwis

BepXHHUX CBs3eil u go(X) - 111 HUKHUX.

gi(X) = 1+ X + X%, go(X) =1 + X?

3,[[CCB cJlaracéMoc¢ CaMoro HHKHEro Imnopsaiaka B IMOJIMHOMC COOTBCTCTBYCT BXOIHOMY

paspsity peructpa. BpIxomHas MOCIeNOBAaTENBHOCTh HAaXOAUTCS cieayrommMm obpazom:U(X) =

m(X)g1(X) gepenyercsa ¢ my(X)go(X).

[Ipexne Bcero, HEOOXOIUMO BBIPA3UTh BEKTOP HEKOTO coobmenus M =10 1 B Bume

nomeoMa, T.e. M(X) = 1 + X2 Jisi OYMCTKH perncTpa NperoNaraeTcs HCIoNb30BaHIe HyIIeH,

creayrommx 3a Outamu cooOmienus. Torma Beixomsmmii noiauHoM U(X), wim BeIXonsIias
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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
] a=00
| 11
15 00 .ommeael
b=10 V =01
10
01 "3/ g=11 01
Bxoguoi owr | o-o-- s " —  Bxoguoi our 0

o

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 JAEKOJepa ¢ MmoMollplo Kirouerd 1 u 2 “pacdacoBbiBaeT’ BXOJIHYIO
MOCNIEOBATEbHOCTh CHUMBOJIOB Ha 2 TOTOKa — HWHGOPMAIMOHHBIE U  TMPOBEPOYHBIH,
CUHXPOHHU3ATOP YIPABISET padOTOM BCEro JIeKoaepa.

B popmuposarene cunapoma (cymmaTope o MOayIo 2) oOpa3yercs Mmociie0BaTeIbHOCTh
CHUHAPOMOB S, KOTOpas MOCTyMaeT Ha BXOJ CHHIPOMHOTO perucrpa. B oTcyTcTBuHE B KaHame
OIIMOOK TOCIENOBAaTENFHOCTH Ha BXOAaX (opMUpOBATENsl CHHIPOMA BCErla COBMANAIOT, U
CUHJPOMHAs TIOCJIEIOBATEILHOCTh COCTOMT W3 OAHUX HyJed. PaznuuneiM Habopam omuOOK
COOTBETCTBYIOT OTpe/eleHHbIe KOH(UTYpAIMA CHHAPOMHBIX MOCJIEI0BATEILHOCTEN, B KOTOPHIX Ha
OTIpeICTIEHHBIX TMO3UIIHX MOSBISIOTCS €AMHUYHBIE CUMBOJIBI. 3aKOH (POPMHUPOBAHUS IPOBEPOUHBIX
CHUMBOJIOB BBHIOMpAETCS TaKUM OO0pa3oM, YTOOBI MO CTPYKType CHHIPOMHOM MOCIEI0BATEIBHOCTH
MOYHO OBLIO OMPEETUTh UCKaKEHHBIE CUMBOJIBI.

Jlornueckast cxemMa OmpenenseT MO CHHIPOMY NPaBUIBHOCTh 3alMCAaHHOTO B
nH(OPMAaLIMOHHOM peructpe Ojoka MHGOPMAIMOHHBIX CUMBOJOB. Ecim mmeercs koMmOWHaIus
oIMOO0K, KOTOpasi MOKET OBITh HCIIPaBJICHA, TO JIOTMUECKas CXeMa HCIPABISET OMIUOKUA B 3TOM
0JIOKE MyTeM IMOJa4¥ €TUHUYHBIX CHMBOJIOB Ha BBIXOJIHYIO CXEMY CYMMHUPOBAHUS IO MOJIYJIO 2 B
MOMEHTHI BBIXO/a 13 WH(HOPMAITMOHHOTO PETUCTPA UCKAKEHHBIX CHMBOJIOB.

OmmoOku, wucmpaBisieMble B O4YepeqTHOM HWHGOPMAIMOHHOM OJIOKE, MOTYT BIUSATH Ha
CHUMBOJIIBI CHHPOMOB, COOTBETCTBYIOIIUX MOCIEIYIOIIUM OJIOKaM, MOCKOJIBKY CBEPTOYHBIC KOJbBI
HeTnpepbIBHBL. JIJIs1 TOrO 4TOOBI JEKOJEP CMOT TMOJTHOCTHIO PEeain30BaTh CBOM KOPPEKTHUPYIOIIHE
BO3MOJKHOCTH, CIIEyeT WCKITIOYUTH BIUSHUE dTUX OMIUOOK. DTO MOXKET OBITh IOCTUTHYTO 3a CUET
o0OpaTHO¥ CBsI3U, KOTOpast Ha cxeme (PUCYHOK 3.62) mpeacTaBieHa MyHKTUPHOW JTHHHUEH.

OOpatHas cBsi3p MpeoOpa3yeT CUHAPOMHBIA PETUCTP MPSIMOrO JISHCTBHUS B HENWHEHHBIN

perucTp cIBWra ¢ oOOpaTHOM CBA3BI0. OJTO MOXKET TPHUBECTH K SBICHHUIO, HA3bIBAEMOMY
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pasMHOXkeHueM omnbok. HencnpaBumbie ommOKy B KaHajle MOTYT BBI3BaTh IEPEX0/l 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 CABUTa ¢ OOpaTHOM CBS3bIO, KOTJAa Ha €ro BXOJ IOCTYIAeT HyJeBas
MOCIIEI0BATEIHHOCTh, @ HAYAJIbHOE COCTOSIHIE — HEHYJIEBOE, MOXKET OBITh MEPHUOTUICCKHUM [6].
IHocaenoBaTe/ibHBIH AJITOPUTM A€KOAMPOBAHUSA

[Ipu paccMOTpeHMH aITrOPUTMOB  IOCJIEJOBATEIBLHOTO JEKOAUPOBAHUS  YIOOHO
IIPEJICTaBIIATh CBEPTOUYHBIN KOJ B BUJE KOJOBOro AepeBa. Kak yxe oTMeuanoch paHee, HCXOJHOMY
HYJIEBOMY COCTOSIHUIO CJIBHTAIOLIETO PETUCTpa KOJEpa COOTBETCTBYET HAdajbHBIM Y3€J JAepeBa.
Ecnun BxomHOW WHGOPMAIMOHHBIA CHMBOJI, TOCTYHAIOMMKA B PErucTp paBeH 1, To emy
npuUnuchiBaeTcs uHusa (pedpo Aepesa), wayiias, Kak MPUHATO HA 3TOM PUCYHKE, BHH3, a €CIU
nHpOpMaMOHHBIA cuMBON paBeH 0, — TO BBepxX. Tem camMbIM IOJy4aeM JBa HOBBIX Y3Ia,
COOTBETCTBYIOLIME CIIEAYIOIIEMY TaKTy paboThl KoJepa, s KaXI0ro M3 KOTOPHIX JEpEeBO
CTPOUTCS 1ajiee aHAJIOTUYHBIM 00pa3oM, U Tak fganee. Hax kaxapiM peOpoM JiepeBa 3aluChIBatOTCs
KOJIOBbIE CHUMBOJIBI, IIOJy4aeMble IpPU 3TOM Ha BbIXoJe Kojepa. COBOKYIMHOCTb HECKOJIbKHUX
MOCJIeIOBATENBHBIX pedep, COeTMHSIONNX KaKkrue-Ti00 Ba y3i1a, COCTABIISICT BETBb JepeBa.

Kaxnmass mocienoBaTelbHOCTh KOJUPYEMBIX HH(POPMAIIMOHHBIX CHMBOJIOB TOPOXKIAET
ONpENEICHHBIM IMyTh MO KOJOBOMY jnepeBy. OdeBUIHO, 3ajauva ACKOAEpa 3aKIOYaeTcs B
OTBICKAHUU UCTHUHHOTO (MPAaBUIBHOIO) MYTHU, TO €CThb TOIO MYTH, KOTOPBIA B JE€HCTBUTEIBHOCTH
ObLT MOpoXK/IeH KogepoMm [1].

Takum oOpa3oMm, MpH aNropuTMax MOCIEI0BATEIbHOIO JEKOJIMPOBAHUS JEKOAEP
orpejiensgeT Hauboee IpaBaoNoI00HBIN MyTh M0 PELIETKE, YTO MO3BOJSET UCKIIOUUTh U3 aHAIN3a
OOJIBIIYIO YaCTh OCTAJBHBIX MyTEH, UMEIOIINX MEHbIIIee MPaBAono 00He.

s sToro, cHadajza HEOOXOIMMO TIEPEABUIaThCS IOOYEPENHO BAOIb KaXJIOrO IYTH
KOJZIOBOM pEelIeTKH, CPAaBHUBAS NMPUHATYIO MOCIEA0BATEIbHOCTh CO 3HAYEHUEM, COOTBETCTBYIOIIUM
MyTH, TI0 KOTOPOMY NPOMCXOJUT JBHXeHHe. Eciau mpu 3ToM ynaercs OOHApPYXKHUTb HEKOTOPBIN
IyTh, 3HAYEHUE KOTOPOrO, COBMANAET C IPUHATOM IOCIEI0BAaTEIBHOCTBIO, TO ECTECTBEHHO
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  MEXKIYy [PUHATOM  IOCIENOBAaTEIBHOCTBIO U IOCJEI0BATEIBHOCTHIO
COOTBETCTBYIOILIEH JAaHHOMY IIEPEXOAY 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 XeMMHHTa MCKIAY
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NPUHATOW KOMOWHAaNMeld ¥ KOMOWHAIMell cooTBeTCTBYIOIIEeH BTOopoMy myTH. [locie dyero
BBIOMpaeM TOT MyTh, 3HAYCHHE pPACCTOSHUS XEeMMHUHIa KOTOpOro MeHblue. JlaHHbIH mporecc
nokasaH Ha pucyske 3.71. B nanHoM ciydae nepexoj BHH3 MO pelieTke OyAeT cuuTarbest Hanbosee
MPaBIOMNOI00HBIM, TAK KaK PACCTOSIHME XEMMMHIa MEX]ly 3HAU€HHEM COOTBETCTBYIOIIEMY ATOMY
Mepexo1y U MPUHATON KOMOMHAIIUEH SBISETCS] HAUMEHBIITIM.

MpuHATaa nocnegoearensHocTs: 11

11

-

00 d=0

O O
Puc. 3.71. Boei6op nyT ¢ HAUMEHBIINM PACCTOSTHUEM XOMMUHTA
Jlexoniep BBIONHSET ONEpPAII0 BEIOOpA MyTH C HAUMEHBIIEH METPUKOI 0 TeX MOop MoKa
HE CTOJKHETCS C HEOJAHO3HAYHOCTHIO, TP KOTOPOU MPUHATH PELICHHE O TOM KaKOW MyTh SBJISAETCSA
KpaTyallluM HE TPEJICTABIACTCS BO3MOXHBIM H3-32 TOTO 4YTO PACCTOSHUA XEMMHHTa MEXIY
MPUHATON MOCIEI0BATEIBHOCTHIO U 3HAYCHUSIMH JBYX BO3MOYKHBIX M IyTE€Hd OJWHAKOBBI. B 3TOM
CUTYyalluu JEKOJAEP BBIHYXJIECH MPOBEPUTH 00a BO3MOKHBIX IMYTH, U MO CIEAYIOUIUM METPHUKaM
MPUHATH PEIICHUE KACaeMO HEONPEEIEHHOCTH.
B namem ke ciyuae, eciu paccTOSHUS XEMMHHTa Il O0OMX IyTeH OJMHAKOBBI, TO
npuderaeM K >KECTKOMY METOY MPUHSATHS PEIICHUHN U TI0JIb3yeMCsl CIICTYIONTUM TTPaBUIIOM:
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 Haxogumes B y3ie 01 nnu 10, u npuna komOunanus 00 niau 01 —cuutaem
4yTO nepenaBayiack eauHua, 10 wim 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 KOrjJla Ha BXOJA JeKoJepa IMOCTyNaer
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
00 O—1—0
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, IpU4€M B y3i1ax, [J€ 3TU MYTU CXOAATCA. DTOT WIar B IpoLecce AEKOAUPOBAHUS

MOKa3aH Ha pUCYHKE 3.65. (MeTpuKH 0003HAUYEHBI TaHHBIM 00pa30M /ISl HATJISAHOCTH).

-
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 CUTYyalluH, NMPEICTaBIEHHOW Ha pucyHke 3.64, Mbl MPUHUMAIU
pELIEHNE Ha OCHOBE MOCJIE0BATEIBHOIO AJITOPUTMA, TO HA TIEPBOM M BTOPOM LIAre JEKOAUPOBAHMS
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
B3IJIS, KpaTyaillero NyTH, KOTOPbIE Ha IIAare TPU W YETHIPE CUJIBHO BO3PACTAIOT, 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 kxauecTtBe MCTPHUKHU BBICTYIIACT PACCTOAHUC XeMMHUHTA.
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IIporpamMHas peaju3anusi CBEPTOYHOIo KoJaepa
IloaroToBKa JaHHBIX K KOAUPOBAHUIO

CHayaina, CUMBOJIbI, BBEJICHHBIEC C KJIaBHATYPbl aCCOLMUPYIOTCS CO CBOMMU JIE€CATUYHBIMU
snaueHusiMu B Tabmuie ASCIIl. 3arem, ASCIll-xon cuMBoma 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 mepedupaercss maccuB B 1ukie oT 0 10 7, 1 HAXOOUTCS PABEHCTBO
MEXy MHJEKCOM MaccHBa (CYSTUYMKOM IHMKIIa) U BocbMepuyHoi nudpoit ASClI-koxa, mocne uyero
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 ucuucinenus Oymer 110000. Ecim ASCll-konq - aBy3HadHOE YHCIIO,
Briepeau nonuckiBaeTcst 00, 4TOOBI ABOMYHBIC YHCIA WMENM OJUHAKOBYIO JIHHY. PopMHpyeTcs
ctpoka out coobmenus 00110000.

[Tocne Toro Kak CUMMBOJIBI MCXOJAHOTO TEKCTA aCCOIMHPOBAHBI C KOJAMHU TaONHUIbI 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. DyHkIMOHaNBHYIO 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 ITOCICAOBATCIBHOCTH 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

oo (1 2
ckopocTh paBHa R = 1/2. Ecnu oiHa U3 KOJOBBIX MOCIIEAOBATEILHOCTEH v® @)

uin v COBIIAAacT C
HH(i)OpMaHHOHHOﬁ IMOCIECA0OBATCIIBHOCTRIO U, TO, KaK OTMEYAJIOCh pPaHEC, KOACP HAa3bIBACTCA
CHUCTeMaTUYECKUM. B MpOTUBHOM ciydae KOAEp Ha3bIBACTCSl HECUCTEMATUUECKUM [9].

I'eneparopsl cBEPTOUHOTO KOJEpa U300pAKEHHOTO HA PUCYHKE 3.75. MOKHO ONHUCATh MPH
IIOMOIIIA ITOJIMHOMOB:

Gy = 1+X+X?
G, = 1+X?

Takum O6p8_30M, Iopoxxaaroiiasds MaTpuia 3TOro CBEPTOYHOI'O KOJAEpa , B TECPMHHAX

oreparopa 3a1epKKU UMeeT BUJL:
G(X) = (1+X+X? 1+X?).

Kaxk YK€ OTMCYAJIOCh paHEC, KOACPp — OTO aBTOMAT. B JaHHOM cCJIydya€ HMECTCA
KJIaCCUYECKUN aJICOpUTM aBTOMATa Mui — KOHEYHBIA aBTOMAT , BBIXOJAHas MMOCJICA0BAaTCIBbHOCTD
KOTOpOro (B OTJINMYHUEC OT aBTOMArTa Mypa) 3aBUCUT OT COCTOsSIHHUS aBTOMAaTa MU BXOJIHBIX CHUI'HAJIOB.
OTO 03HAYaeT, yTo B rpade COCTOSHUN KaXIOoMy pedpy COOTBETCTBYET HEKOTOPOE 3HAUYECHHUE
(BeIXOHOI cuMBoI). B BepmmHbl Tpada aBToMata MUIIN 3aMCHIBAIOTCS BBIXOJISIINE CUTHAIBI, a
Aayram rpacba MMPUIIKCBIBAIOT YCIOBHUEC IIEPEXO0Ja U3 OAHOTO COCTOAHUA B APYTOC, a TAKIKE BXOIAIINC

CUTHAJIBL. Jnarpamma COCTOSIHMII CBEPTOYHOIO KoOJEpa MpPEACTaBICHHOTO Ha puUCyHKE 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 OOHYISIOTCS PErHCTPHI CIBHUIa, OMHCHIBAETCS LMKJI, OCYIIECTBISIOMUN MOOUTHOE

YTCHHUC I/IH(I)OpMaI_II/IOHHBIX CUMBOJIOB, UX CIABUI' B PCTUCTPAX U CYMMHUPOBAHUC IO MOIAYIIIO 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 KOJHUPOBAHUS
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 CTPOKOBBIM THIIL.
DYyHKIHS KMHTANMHA 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)
5 2 = CInt(f_s_mess_2)
res = 5_1 Xor 5_2 ' cymma no mogyno gsa
select Case res

Case "@a"
res 1 =@
Case "@1"
res 1 =1
Case "1&@"
res 1 =1
Case "11"
res_ 1 =2
End Select

Return res_1
End Function

Puc. 3.79. IIporpamMmMHBIii Ko (DYHKIIMK BEIYUCICHHSI METPUK ITyTEH

N3 tabmuusl 3.4 BuaHo, uto 3HaueHue 00 MOXET cCTaTh pe3ylbTaTOM CYMMHPOBAHHUS
TOJIBKO JIBYX CJIOB, OMTBI KOTOPBIX HE OTJIMYAIOTCS HU B OJHOW M3 MO3MLMH, a 3TO 3HAYUT, YTO
paccTositHue XeMMUHIra MeX1y Takumu ciaoBamMu paHo 0. 3nauenusd res = 01 u res = 10 BO3MOXKHBI
JMIIG B TOM CJIy4ae, €CIIU M0 MOAYII0 2 CYMMHUPOBAINCH CIIOBA, COOTBETCTBYIONIME OMTHI KOTOPBIX
OTJIMYAIOTCS APYT OT APYyra B OJHOU MO3MIMHU, TO €CTh PACCTOSIHME XEMMUHIa MKy HUMU PaBHO
1. Yro xe kacaeTcst 3Ha4eHUs IeS = 11, TO OHO MOKET MOIYYUTHCS TOJIBKO B PE3YyJIbTATE CIOKEHUS
JBYX CJIOB, OUTBI KOTOPBIX B 00€UX MO3UIUAX OTJIMYAIOTCS, U PACCTOSIHUE XEMMUHIa MEXY STUMHU
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 mpejcTaBieHHass Ha PHCYHKE 3.82 peanmsyercs MpH MOMOIIM aJITOPHTMA
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 METO1Y MPUHATHUS PELLIECHUI:
e Ecmu mbl Haxoaumesa B y3ne 00 wnu 11, u 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 nnm 10, u npuna komOunanus 00 niau 01 —cuntaem
YTO TepeaaBajach eauHuna (quraemcs BHu3)., 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€KOAUPOBAHUSA
Jlnist Toro yToObl B KOHEYHOM MTOTE MOJIYYUTh CUMBOJIBHBIA PE3yJIbTaT OpPraHu3yeM LUK
peBepCHpPOBaHMS MAacCHBAa CHUMBOJIOB COOOIIECHHUS, WHAUY€ MBI MOJIYYHM CTPOKY B 3€pKaJIbHOM
oTpaxkeHnu. OpranuzyeM LHUKI epedopa MaccuBa CUMBOJIOB COOOIICHHUSI, pa3/ieisieM 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 YET'O PE3YIbTATEI BRIBOJAATCA B COOTBETCTBYIOIIUX 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 19160=0

1@

0660=1

01

4 1 1101 1501=0

18

1b1=1

01

5 0 0110 0510=1

06

160=1

11

6 1 1011 151p1=-1

18

01=0

10

[TocTpounu pemieTky Koaepa:

00 Q
01 O O

10 O @

11 © Q

Puc. 3.83. Pemerka kojepa

W300pa3uim pemerky AeKojepa U MPpOU3BENH JIeKOIUPOBaHHE:

Puc. 3.84. Pemetka nexoaepa




188

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

Bxoaunas nocnenosarensHoctsh: V = 010100.

Ha pucynke 3.85 mpezacTaBiieH CBEpTOUHBIA KOAEDP.

BXOOHEIE BUTEI
e

010100

+
d

cymmatop 1

.mimﬂ

0

0 0
\\. /
[ : Q2=1110
cymmaTop 2

Puc. 3.85. Céprounslii Koaep

001001

S

001101

BbIXOdHLIE DUTEI

P
™

000011010011

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 op2 bl€ KOJ/IOBBIE
uH(popMall | perucrpa KOMOMHAINH
HOHHBIN cIBHUTa
our
0 - 0000 -
1 0 0000 0@00=0 05 00
0©0=0
2 0 0000 0@00=0 05 00
00=0
3 1 1000 16060=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
[TocTpouTh rpadMKu 3aBUCUMOCTH YHCIIA OIIUOOK OT BEPOSTHOCTH OIIMOOK ISl OJUHOYHOMN U

JIIBOMHOH JUIMHBI OIINOOK.



R R I R R L R R R
w SR eNeRoRoNoNe! [eNeNeNeNeNe) CO000O0O0O0
o O OO o
w0
"o

C B Koxe 3akoauponannoe coodmenne

Sy
Ha uixoae kamasa cnsan

110001101100010100100110001111010010011000 [,
0000110010011011001001

Manna ommGor  BepoATHOCTE OMBGKE o
s < o . S — | Acvapoamne | (ol

Pesyasrar PesyauTaT MMBTANMH KAHATA CBIN

11001101110001011100000111001110 HEED

Puc. 3.88. ITporecc KoaUpOBaHUS U JACKOIAPOBAHHUS

Boero npurato Bt - 64
Qo Gt - 0

HEED 11007101110001011100000111001110 110001101100010100100110001111010010011000 90 90
| (BB Fe—— T —{w}®fw]
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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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70

60

50

40

30

Yucno ownbok

20

10

0 0,1 0,2 0,3 0,4 0,5

BepoATHOCTb OWMG0K

Puc. 3.90. I'paduk 3aBHCHUMOCTH YKCIIa OUTHOOK OT BEPOSITHOCTH OLIHMOOK ISl IBOWHOM
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. lekoanpoBaHue CBEePTOYHBIX KOJA0B 10 MeToAy BuTepom ¢ ucnonb3oBaHueM
IO MATLAB
AJITOPUTM CBEPTOYHOTO JekoaupoBanust Burepou [10]

B 1967 rony Burtepbu paszpabotanm U mpoaHaTIU3UPOBAT AITOPUTM, B KOTOPOM, TO CYTH,
peanu3yercsi IeKOJUPOBaHNEe, OCHOBAaHHOE Ha MPUHIIMITE MAaKCUMAIILHOTO MPABIOTIOI00MS; OTHAKO
B HEM YMEHBIIIAETCs BRIYUCIUTENbHASI HArPy3Ka 3a CYET UCIIOJIB30BaHUS 0COOEHHOCTEH CTPYKTYpHI
KOHKpETHOW pemeTku koja. [IpenmymiecTBo aekoaupoBaHus BurtepOu, 1o cpaBHEHHIO ¢
JIEKOIMPOBAaHUEM IO MeTONy 'TpyOoi cuibl", 3aKiIr04aeTcss B TOM, YTO CJIOKHOCTH JI€KOJepa

Burepbu He siBnsieTcss (pyHKIMENW KOJMYECTBa CUMBOJIOB B IMOCIEAOBATEIHLHOCTU KOJOBBIX CJIOB.
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AJNTOpUTM BKIIIOYAET B ceOsl BBIUUCICHUE Mepbl n000o6us (WU paccmosanus), MEXIy CUTHAJIOM,
IIOJIyYEHHBIM B MOMEHT BPEMEHH 1,, 1 BCEMU NYTSIMU PEIIETKH, BXOIAIIMMHU B KaKJJ0€ COCTOSIHUE B
MOMeHT Bpemenu ti. B anropurme BurtepOu He paccMaTpuBalOTCS T€ MyTH PEUIETKH, KOTOPBIE,
COTJIACHO MPUHIMITY MaKCUMAJIBHOTO MPaBAONOA00Ms, 3aBEJOMO HE MOTYT OBITh ONTUMAJIbHBIMU.
Ecnu B 0HO M TO € COCTOSIHME BXOMST JBa IYTH, BBIOMPAETCS] TOT, KOTOPBIM MMEET JIy4lIyIo
METpPUKY; TaKO# MyTh Ha3bIBaeTcs gvlocusarowum. OT00p BBDKUBAIOIIMX ITYTEH BBITOJIHACTCS AJIS
KaKIOro COCTOsHUA. TakuM o0pa3zom, JAekojep YIiyOnsieTcss B pelleTKy, MPUHUMAas pelleHus
IIyTEM HUCKIIKOYECHUS MEHEE BEPOATHBIX IyTel. [IpenBapurenbHblii OTKa3 OT MaJOBEPOSATHBIX IIyTEH
yhoporiaer mpoiecc nekoaupoBanus. B 1969 rogy Omypa (Omura) mokas3am, 49TO OCHOBY
anroputMa ButepOmu cocTaBiser oleHKa MakcuMyMa mpaBiaonofoOus. OTMeTuM, 4YTO 3axady
0TOOpa ONTUMANIBHBIX MyTE€H MOKHO BBIPA3UTh KaK BBHIOOP KOJOBOTO CIOBA C MAKCUMANbHOU Men-
PUKot npagoono0oous NI MUHUMATbHOU MEMPUKOU PACCMOAHUSL.

Anroput™m ButepOu siBisieTCss JOCTaTOUHO MOIIHBIM QJITOPUTMOM JI€KOJUPOBAHUS, [IPU STOM
CIIO)KHOCTh €r0 amnmapaTypHOUl peanu3alii HEeBbICOKA. B HacTodiee Bpems anroputm ButepOu
MpPUMEHsIETCS BO MHOTHX CTaHAapTax OecrnpoBonHOM cBs3u, Takux kak IEEE 802.11a/g, WiMAX,
DAB/DVB, WCDMA,GSM.

Haubonee nonxonsmieil anemeHTHONW 0a30i Ui anmapaTHOW peanu3aluu aekojepa BurepOu

SBIIAIOTCS IPOTPAMMHUPYyEMBIE JIorndeckue uHTerpaibubie cxemsl (IIHC).

Pabora nexonepa Butrepom

Anroputm ButepOu HaxXxoAMT MIUPOKOE MPUMEHEHHWE U peau3yeT MOUCK MAKCUMANbHO
npasoonoo0obHo2o0  nymu  Ha  KOJOBOM  pemieTke ¢ oTOpachlBaHMEM YacTH HaWMeEHee

MPaBIOTOI00HBIX BAPHAHTOB MyTEH HA KAXKJIOM IIIare JeKOAUPOBAHHUS.

AnroputM ButepOu xapakTepusyeTcsi MOCTOSHCTBOM BBIUMCIMTENBHOM pPadOTHI, OJHAKO
cnoxchocms  Aekoziepa Butepbu pacter, Kak IpH BceX MepeOOpHBIX aIrOpUTMax, HO
9KCNOHEHYUANbHOMY 3AKOHY OT JJIUHBI KOJIOBOIO OrpaHMUYEHUs CBEpTOYHOro koxaa. llostomy
anroput™M ButepOu ucnonb3yercs Ui J1eKOAUPOBAHUS KOPOTKUX CBEPTOYHBIXKO/IOB.

Aneopumm  3axniouaemcs B NOGMOpeHUU O0O0HO20 OCHOBHO20 waea. Ha xaxaon wu3

nocienyomux auarpamm puc. 3.91 3ToT mar u3o00paxeH mopooHo.

Mempuxa nymu (MII) ecTh cymma MeETpUK BeTBEH, 00pa3yloImMUX HEKOTOPHIA IyTh Ha
pemerdaroit nuarpamme. [lyTh KOHEUHOH IIMHBI OKAHYMBAETCS B OMPEICICHHOM COCTOSIHHH.
Mertpuxka coctosius (MC) paBHa METPUKE MYyTH, KOTOPBI 3aKaHYUBAETCS B JAHHOMCOCTOSHUU.

lllaz oexoouposanusi COCTOUT B 00pabOTKE JAEKOAEPOM MPUHUMAEMBIX W3 KaHalla IaHHBIX B

HHTCPBAJIIC MCKAY ABYMSA COCCIHUMHUOTCUETAMU.
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Ha pucynkenokaszano pa3Burue npouecca aekoauposanus cumoioB CK co ckopocTeio Rion
= 1/2 n nnmuno# kogupytromero peructpa K = 3. Ha Bxoa nekojiepa mocTynaroT rmapbl CAMBOJIOB U3
kanana: (...11,10,00,11,01...) (zexogupoBanue ¢ xecTkuM pemenuem). Lludpamu oxono BerBeit

0003HaYEeHBI METPUKH BETBEH, U PHI B KPY’KKaX 0003HAYAIOT METPHUKHUCOCTOSHUM.

CuMEOIEI HA EXOZE JeKoZepa

11 0

MeTpHEH GOGTOHHHE

CocToAHH

TYTH

Prguemne

ObpomenHEg

[
HawMennwmaxn METPHICL IIYTH
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Puc. 3.91. JlekoqupoBanue xoaa(7,5)

K kaxxoMmy HOBOMY cOCTOsIHMIO BeayT Ba yTu. K npumepy, k coctosnuto 00 BeayT nyTu us
npeasiaymux cocrosauii 00 u 01. Ha i-m miare aekoaupoBaHHS JICKOJACP BBIYHCISCT METPUKH
yTel Kak CyMMbl METPHK MPEAbIAYIIUX COCTOSIHUN U METPUK BXOJSIIUXBETBEH.

Jlasiee npon3BOAUTCS MOMAPHOE CPABHEHUE METPUK IyTEH, BXOAAIINUX B KAXJI0€ U3 COCTOSHUMI
(mapsl TOKa3aHbl (QUTYpHBIMH CKOOKamH). B pe3ynbraTe CpaBHEHUS 6GblOUpaemcsi MeHbulds
Mempuka, W OHAa CUYUTAETCS METPUKOM JaHHOTO COCTOSHUA [UId IOCJIEAYIOLIero Iuara
NeKOOUpOBaHUA. [lymb, BXOAALIMM B JAHHOE COCTOSHHE C MEHbIIEH METPUKOH, CUUTAETCs
gviorcuewum. Ha puc. 3.91 oTpe3ku BBDKMBIIMX IyTeH IOKa3aHbl CIUIOMIHON JmHHen. [lyrw,
BXOJISIIIME B COCTOSIHUSL ¢ OOJIBIIMMU METPHKAMHU, CYHTAIOTCS OTMepIInMH (00opBaHHbIMH). OHU
[OKa3aHbl HAa PELIeT-4aToON JUarpaMMeIlyHKTUPOM.

Takum o0pa3oM, Ha KaXJIOM LIare JAEKOAMPOBAHUS B COOTBETCTBUU C allr0- PUTMOM
Butepbu, 6  kaxcoom  uz  cocmosiHuti  pelIeTYATOW  JUATPAMMBI  IIPOU3BOMIST-

CﬂodHomungleonepauuu:

1) Crooicerue Mempuk IpeAbIAYLHINX COCTOSIHUM C MCTpUKaAMH COOTBECTCT-

BYIOILIUXBETBEM.
2) Cpaenenue mempux BXOASIINUX MyTEH.

3) Bbl60p nymezZ C HAMMCHBIIMMH MCETpPUKaMH, BCIIMUUHBI KOTOPBIX UCIIOJIb-3YKOTCA KakK
MCTPUKU COCTOSIHUM Ha nociaeayromemM mare ACKOAUPOBAHUS. Eciu MCTPUKHU CpABHHUBACMBIX

nyTel OJIMHAKOBBI, TO BBIOOP OJJHOTO U3 JIBYX ITyTEW MPOU3BOJUTCS CIydyallHBIM 00pa3oM.

Ha xaxzmoMm 1mare A€KOOMPOBAHUS TMOJOBHHA BO3MOXHBIX MPOJOJDKEHUM  IyTEu
otOpaceiBaeTcs. [pyras monoBuHa oOpa3yeT NpPOAOIKEHHS MyTed MAis CIeQyoIlero Imara
JNEKOJUPOBAaHMS, HA KOTOPOM BHOBB MOSIBJISIFOTCS 1B BapUAHTA MTPOJIOJKEHUS KAXKI0TO MYyTH. DTO
00€CTIeUNBACT NOCMOAHCMBO KOJIUYECMBA BbIYUCEHUL, TIPOU3BOJUMBIX Ha KaXKIOM Iare.
llexoodep npocnescusaem 10O KOAOBOU PEIIETKE AYMb, UMEIOMHNN MUHUMANbHOE PACCMOAHUE OT
IIYTH, KOTOPBIN OPOKIAET KOAEP.

TakuMm 00pazoM, JeKoaep, BEIOMPAIONINI HA PelIeTyaTol quarpaMme MyTh ¢ HAWMEHBIIIEH
METPUKOU, MuHumMusupyem eeposmuocms owubku. IIOCKOIBKY TpHU ACKOJAMPOBAHUM aAHAIH3Y
MOABEPTAIOTCS TIOCIEOBATEIPHOCTY KOHEYHON JJWHBI L, airoputM He SBISETCS CTPOTO
ONTUMAJIBHBIM.  Pe3yibTaThl  pacdyeToB W  MOJECTMPOBA-HHUS  MOKa3bIBAKOT, YTO IMpH
COOTBETCTBYIOIIEM BbIOOpe BenwumHbl L >(6...7)v MOX- HO TOJY4YUTH pPe3yabTaThl
JEKOIUPOBAHMSI, JOCTATOYHO ONM3KME K ONTUMANBbHBIM. CIOJCHOCMb peanuzayuu aieopummd

Bumepbunns nexomupoBanus CK MOXHO OIEHHUTh MO KOJHUYECTBY BETBEHW KOJIOBOM pEIIETKH,
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o0OpabaThIBaeMBIX JEKOJEPOM Ha JJTUHE JACKOTUPOBaHUS L, ¢ ydeToM CII0KHOCTH KaXKAOTO IIara
PEIIETKH.

Hexonep cocrout u3 ALl B kananax X u Y, BBIUMCIUTENSI METPUK BETBEH, Iporeccopa, B
KOTOPOM THPOMU3BOJSATCS ONEPALMH CIOHCEHUsl, CPAGHEHUS UBbIOOPA,yCTPOICTBA NaMATH IyTEH,
KOTOPBIC BBIKIIIN, U MAXKOPUTAPHOTO AieMeHTa MD, B KOTOPOM BBEIOMPAETCS yTh ¢ HAUOOIBIIICH
MeTpukoid. OnTuManbHOE 3HAUEHHUE [Iara KBaHTOBAHMS 3aBHCUT OT OTHOIICHUS CUTHA/IIYM Ha
Bxone ALIL Ilpm BocbMH ypo-BHSIX KBAaHTOBaHHS MHUHUMYM IOTEpb OOECHEUMBAETCS IPU

OTHOILIEHUHU pa3Maxa CU- THajia K ary KBaHToBaHus, paBHOM (4,5...5,5).

| AL,

—

Brmog

::>M:3—..

L am, = P

—
—

[TamMaTe
JleKoJiepa

[Mponeccop

BRMHCIIHTER
METPHIE BETBEH

KOMMYTATOP

O Mo gy naTopa

Puc. 3.92. CtpykrypHas cxema aekozaepa Burepou

Pa3pa6oTka nporpaMMHOro nurepdeiica 111 MCCJIeJOBAHUS XaPAKTEPUCTHK U
BU3YaJIN3aIlUM OCHOBHBIX NIPe00pa30BaHMil.

Ha panHOM »sTame HEOOXOIUMO pealn30oBaTh W IMPOAHATU3UPOBATH ONMCAHHBIN BHIIIE
AITOPUTMBI  JICKOJMPOBaHKus ButepOM Ha mnpakTHKe B mnporpamMmHoi cpeae Matlab 2015.
Heo6x0a1M0 NOCTPOUTH COOTBETCTBYIOIIME CXEMBI, KOTOpbIE OyAyT B ce0sl BKIIIOYaTh MCTOUYHUK
cooO1IeHus, KoJep, AeKoep, KaHall Iepeiaun, aHaTu3aTop OUIMOOK U COOTBETCTBEHHO YCTPOMCTBA
BU3YaJIM3aIUH MTOJTyYSHHBIX PE3YIIbTaTOB.

NHauBuAYyaIbHOCTH CBEpPTOYHOro KoaAMpoBKH. bubmmoreka Communications Blockset
MOJIIEP>)KUBAET Pa30MKHYThIE MO0 OMHApHBIE 3aMKHYThIE KOJbI, KOTOPbIE MOT'YT OBbITh OINHCAHbI
CTPYKTYpPOH ceTKH MO0 PsiI0oM MOPOXKIAOIINX TOJIMHOMOB. DTO ynoTpebisier Meto Viterbi, 4To6
BBIMIOJIHUTh TBEPIOEC M MSITKOE JeKOIMpoBaHHWE. bHOIMOTEeKa TakkKe BKIIOYAET JEKOHEp,
MaKCUMH3UPYIOIIUI allOCTEPUOPHYIO0 BO3MOKHOCTD, KOTOPBIA MOKET YIMOTPEOISATHCS ISl MSTKOTO
JeKOJJUPOBAHUS CBEPTOYHBIX KOJIOB.

XapakTepuCcTHKH  CBEPTOYHOr0 KOAUPOBKH. [Iporecchl  CBEPTOYHOTO  KOAUPOBKH
ynotpebmsitor  O6moku  Convolutional Encoder, Viterbi Decoder, u/mu6o APP Decoder wu3
o6ubmnoreku Convolutional. Ecniu  mapamerp macku TpeOyeTcst U B KOJUPYIOLIEM YCTPONCTBE U B
JIeKO/Iepe, WCIONB3yiTe OJAHO W TO K€ 3HaueHue B oOoux Onokax. brmoku B moabubmmuoTexe
Convolutional moapa3ymeBalOT, YTO HCHOJB3YEeTCS  OAMH M3 2-yX pasHbIX MpPeICTaBICHUN

CBCPTOYHOI'O KOJACpa: €CIIM IMPOCKTUPYCTCA KOAUPYIOLICC YCTpOﬁCTBO, HCIIOJIB3YA JuarpamMmy Co
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CIBUTOBBIMHM PETUCTPAMH U CYMMAaTOpPaMH O MOIYIIO 2 ,MOXHO BBIYHCIUTH IOPOKIAIONIYIO
MMOJIMHOMHAJIBHYIO MAaTPHUIly KOJa U MOToM npuMeHsaTh GyHkuuio poly2trellis(uz Communications
Toolbox), uro6 mpousBecTu mopoOaromyro pemerdaTyro (trellis) muarpammy Macku mapamerpa
aBTOMaToM. Eciu npoekTupyercs KOIUpYIoIee YCTPOUCTBO, UCIOBb3Ys PEIIETIATYIO TUarpaMmy,
MOKHO BBICTpOUTH pemietuatyto (trellis) auarpammy B MATLAB 1 npuMeHSTh €ro B KadecTBe
napaMmerpa MacKH.

BHenpeHue noJMHOMHAIBLHOIO ONMcaHus B 0Ji0KkaX. /|11 HCIob30BaHUS TOJIMHOMHAIIBHOTO
ormucanus B O1okax Convolutional Encoder, Viterbi Decoder, mu6o APP Decoder ucnomns3yercs
cepucHas (ynkuus poly2trellisu3 Communications Toolbox. DTta (yHKIHMS BOCHpPHHHMAET
MOJINHOMHAJILHOE OIMcaHue M mpeoOpa3oBbIBacT 3TO B pemieryatoe onucanue. K mpumepy,
MOCNEAYIoNasi KOMaHJa BBIYMCISET pPeIIeTYaToe OMHCAHME KOAUPYIOLIEro YCTPOMNCTBa, AJTWHA
OrpaHMYCHUS] KOTOPOTrO paBHA 5 U 4bK mopoxaaromue monuHomsl 35 u 31: trellis = poly2trellis (5,
[35 31])

Onpenenenue xapakrepucTuk koaupoBku. bioku Convolutional Encoder u Viterbi Decoder
MOTYT BBIMIOJHUTH 3TOT KOJI, €CIM Yy UX XapaKTePUCTHK YCTAHOBIEHBI HaJJIEKallue 3HAYCHUS.
JlnuHa OTrpaHWYEHHUs KOJUPYIOIIETO YCTPOWCTBA - BEKTOP [UIMHBI 2, TOTOMY KOAWPYIOIIEe
YCTPOMCTBO UMEET JIBa BX0/1a. DJIEMEHTHI 3TOT0 BEKTOPA YKA3bIBAIOT HA YHUCIIO COXPAHEHHBIX OUTOB
B KaXJIOM CIBUTOBOM DPETUCTpe, BKJIIOYas TEKyIIHe BXOAHbIe OuThl. [logcuer sueexk mamsatu B
KaX/IOM CIIBUTOBOM PETUCTpE Ha JuarpaMMe u J00aBJICHUM TOTO JUIS TEKYIIUX BXOJIOB IMPUBOJAT K
JUIMHE OrpaHUYeHus, paBHOro [5 4]. Ompenenssi NOPOXKIAIOUIYI0 MaTpUIly KoJa KaK MaTpHILy
pasmepa 2 X 3 BOCBMEPHYHBIX YHUCEN, UCTIOJIb3YUTCS DJIEMEHT B 1 — O CTPOKE M j — OM CTOJIOIE,
4100 yKa3aTh, KaK 1 - bIi BXOJI MOBIUAET HA | — bl BbIX0A. K mpumMepy, 4To0 BBIYMCIAUTH 3JIEMEHT
BO 2-0H cTpoke U 3-eM cTousblie, 3aMeThTe, YTO MOCJIEIHEE JEBOE U JBa CaMbIX IPABBIX AJIEMEHTA
BO 2-M C/IBUTOBOM PETHCTPE IUArpaMMbl BIHSIOT Ha CyMMY, 4TO C(HOPMHUPOBBIBAET 3-Hi BBIXO/I.
Ota uHdopmanus B ABOUYHOM Kojae paBHa 1011, yTo 3KBHMBaJEHTHO BOCbMEpPUYHOMY uucay 13.
[Tonnas mopoxknparomass marpuna kojga pasHa [27 33 0; 0 5 13]. [nsg ucnonap30BaHUs JJIMHBI
KOJIOBOT'O OTPAaHMYEHHUs U XapaKTEPUCTUK MOpOoXkJaromied MaTpuibl kojaa B 61okax Convolutional
Encoder and Viterbi Decoder, npumenute ¢ynkuuto poly2trellis ,uTo6 npeobpazoBaTh 3Tu

XapaKTEPUCTUKHN B PEHIETOYHYIO THArpaMMmy.
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TIEPERIH BEIXO]
35.

TIEPEEI BX0T

o e Cill o« il o

ETOpOI1 BBIXOT
-

ETOpOM BXOm O

TPETIT BEIXOT
:

Puc. 3.93. Moaens KoaupyYOIIEro ycTpoicTBa

MopeaunpoBanue koaepa Burepou

Ha pucyHnke npeacraBieHa MOAeNb KOJUPYIOLIETO YCTPONUCTBA.

Tx
[JLP EmorRate |3 EREE]

i iy iyl . . b T - o o o o .
- Convolutional | [3x I E Calculation
B Il %p BsC g} = %p Rx
;::::’I 1] Encoder Viterbi Decoder L ljl
_E-.E-" H
——— Emor RE.IE 3 2e+004
K Convelutional inary Sy i Viterbi Decoder Calculation
G Binary Symmetric
enerator
Encoder Channel
Display

Puc. 3.94. JIunus nepenauu ¢ npuMeHeHneM aekoaepa Burepou

YT00 BBICTPOUTH MOJIEIb, COOEpUTE U KOHPUTYPUPYHTE OIOKH.

1. briok Bernoulli Binary Generator u3 6u6aunoreku Comm Sources.
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| Source Block Parameters: Bernoulli Binary Generatorﬂ

Bernoulli Binary Generator

Generate a Bernoulli random binary number,
To generate a vector output, specify the probability as a vector.

Parameters

Probability of & zero: | 0.5|

Initial seed: 61

Sample time: 2
Frame-based outputs

Samples per frame: 2

Output data type: [double - ]

[ ale J [ Cancel ] [ Help ]

.

2. biiok Convolutional Encoder

k| Function Block Parameters: Convolutional Encoder ﬂ

Convolutional Encoder {mask) {Jink)

Convolutionally encode binary data. Use the poly2trellis functon to create a trellis
using the constraint length, code generator {octal) and feedback connection
{octal).

Select the "Terminate trellis by appending bits™ operation mode to terminate the
trellis at the all-zero state by appending tail bits at the end of each input frame.
Chedk the Puncture code checkbox to puncture the encoded data for all other
operaton modes.

Use the istrellis function in MATLAE to check if a structure is a walid trellis structure.

FParameters

Trellis structure:

poly2trellis([5 9],[23 35 0; 0 5 13]) |

Operation mode: [Continuous - ]

[T output final state
[T Puncture code

[ (o] o J [ Cancel ] [ Help ] Apply

3. Biiok Binary Symmetric Channel u3 6u6mmorexu Channels

g Function Block Parameters: Binary Symmetric Channel ﬂ

Binary Symmetric Channel {mask) {Jink)

Add binary errors to the input signal. The error probability can be a scalar or a
wector with the same length as the input vector length.

The optional second output is the error vector.
Parameters

Error probability:

.02

Initial seed:

61

[] Qutput error vector

Output datatype: [double - ]

[ (a]'4 ] [ Cancel ] [ Help ] Apply
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4. Bnok Viterbi Decoder

| Function Block Parameters: Viterbi Decoder | |

Witerbi Decoder

Uses the Viterbi algorithm to decode convolutionally encoded input data. Use the
poly2trellis function to aeate a trellis using the constraint length, code generator (octal)
and feedback connection (octal).

Mair Data Types

Encoded data parameters

Trellis structure:  poly2trelis{[5 4],[23 350; 0 5 13])
[ Punctured code

[ Enable erasures input port

Branch metric computation parameters

Decision type: [Hard dedsion -]

[] Error if quantized input values are out of range
Traceback decoding parameters

Traceback depth: 34

Operation mode: [ Continuous ~ |

] Enable reset input port

[ =S | [ cancer | | Help ] Apply

5. Biiok Error Rate Calculation u3 ou6mmoreku Comm Sinks.

| Function Block Parameters: Error Rate Calculation Lo

Error Rate Calculation {mask) {ink)

Compute the error rate of the received data by comparing it to a delayed
wersion 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 'Rx' ports must be sample-
based scalars or frame-based 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.

Parameters

Receive delay:
[=1=]

Computation delay:

a
Computation mode: [Entire frame - ]
Output data: [Port - ]

] reset port
Stop simulation
Target number of errors:

10N

[ Ok ] [ Cancel ] [ Help ] Apply

6. baok Display u3 oubmmorexku Simulink Sinks. TToTssHuTe 6a3ucHbIM Kpail 3HaKa, 4T00
c/enaTh MoKa3, JOBOJBHO OIPOMHBIM Ui 3-X 3amuceil. CoeanHuTe OJ0KM Kak Ha pucyHke. 13
meHto Simulation, BbiOepure Configuration parameters. B 1uasoroBoM OKHE YCTaHOBHTE
napametp Stop time, paBHbIM inf.

WMHCTpYKIIMK 1O pa3MepaM MaTpHIBl BO3HUKAIOT HA COCIUHHUTENBHBIX JMHUAX, JIUIIb €CITH
BbIOpaTh mapametp Signal Dimensions noamento Port/signal displays u3 mento Format monenu.

Koaupyromiee ycTpoiicTBO BOCIPUHUMAET BEKTOP Kajpa pa3mepa 2 X | U MpOU3BOAUT BEKTOP
Kajpa pasmepa 3 x 1, B To Bpems Kak Jekojep aenaer oopatHoe. [lapamerp Samples per frame
parameter B Onoke Bernoulli Binary Generator mpuHST paBHbIM 2, TaKk Kak OJIOK JOJKEH
npou3BecTH cIoBO coobmeHus nuunbl 2. [Tapamerp Receive delay B 61oke Error Rate Calculation
IPUHAT paBHBIM 68, KOTOpBIA SBISIETCS JUIMHOM BekTopa (2) BOCCTAHOBJIEHHOTO COOOIICHUS

snaueHus: Traceback depth (34) B Gmoke Viterbi Decoder. Ecnu uccnemyercs mnepenaHHble U
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npuoOpeTeHHbIE CUTHAJIBI, KaK MaTpuLbl B paboyeM npoctpanctse MATLAB, Bel Buaure, uto 1-
ble 34 CTPOYKM BOCCTAHOBJIEHHOI'O COOOIIEHUS COCTOST M3 HyJeH, B TO BpeMs Kak CIeayrolue
pszabl - paclppoBaHHble cooOmeHus. TakoBbIM 00pa3oM, 3aepikKKa MPUOOPETEHHOr0 CUrHAjaA -
34 BexTopa MIKHEI 2, 1u60 68 orcueroB. [lyck Moaenu Npou3BOAUT BBIXOJ MOHUTOPA, COCTOSLINI
13 3-X YHCeN: CKOPOCTh POCTa OMHUOOK, 00IIee KOJTUIECTBO OIMMOOK U 00IIee KOJIMYECTBO OMIHOOK
cpaBHeHUH, KoTopbie nenaeT 6ok Error Rate Calculation Bo Bpems monmenupoBanus. (1-bie nBa
YyuCJIa MEHSAIOTCS B 3aBUCHMMOCTH OT Bammx 3nadenuit Initial seed B Omokax Bernoulli Binary
Generator u Binary Symmetric Channel). OcranoBka moxenupoBanus mocie 100 ommubox
MPOUCXOJIUT, TaK Kak mapamerp Target number of errors ycranosnen pasubiM 100, B Gioke Error
Rate Calculation. CkopocTh pocta ommbku o6s3aHa ObiTh MeHbie 0,02, kak Error probability B
6soke Binary Symmetric Channel.

Msrkoe paexoaupoBaHue. MoaenupoBaHue [JelaeT CIIy4alHbBI CUTHAJI JBOMYHOTO
COOOMICHHUs, KOTUPYET COOOIICHHE B CBEPTOUYHBIN KOJ, MOAYJIUPYET KO, UCIONB3YS JBOMYHYIO
MaHunynasuioo co cmemenuem (asel, (BPSK) u pobaBnsier Oenbrit ['ayccoBckuit mym K
MOJIyJIMPOBAHHOMY CHUTHAJy, YTOO MOJEIMPOBaTh LIyM KaHana. Tornaa, MOJIEIHpOBaHUE T'OTOBUT
MOJIyUEHHYI0 HMH(poOpManuio i 0JIoka JeKoAupoBaHUsS. B KOHIlE KOHIIOB, MOJAEIUPOBaHUE
acCOIMHUPYET JACKOAMPOBAHHYIO HMH(OPMAIMIO C CHTHAIOM HAYaJIbHOTO COOOIIEHHs, YTOO
BBIUUCIIUTh CKOPOCTh pocTa omubok. KoHen MonenupoBaHus HactynaeT mnocie obpabotku 100
6urtoB omun6ok 1160 107 6MTOB coOOIIEHNS, TOCIE TPUOBITHS IEPBOTO.

JlnuHa orpaHMuYeHUs KOIMPYIOLIEro YCTPOMCTBAa - CKalip, MOTOMY UYTO Y KOJIUPYIOILIEro
YCTpOICTBa €CTh OJWH BXOJ. 3HAu€HUE JIJIMHBl OTPAHUYEHUS - YUCIO OWUTOB, COXPAaHEHHBIX B
CIIBUTOBOM pETUCTpe, BKJIIOYas TEKyLIIMH BXoJ. EcTh 6 perucrpoB mamsTH, W TEKYIIMHA BXOJ
cocTaBisieT oguH OuT. TakoBbIM 00pa3oM, JUIMHA orpaHudeHus koxa - 7. KonoBwlil reHeparop
ABIIETCS MaTpuleld pazMepa 1 X 2 Marpuila BOCBMEPHUYHBIX 4YHCEN, TaK KaK KOAMpYoIlee
YCTPOMCTBO UMEET BXOJ U JBa BbIXOJA, 1-blif 3JIEMEHT B MaTpHIle NOKa3bIBaeT Ha 3HaYEHHE BXOJa,
BIMSIOIIEro Ha 1-bIif BBIXOJ, M 2-0il »IE€MEHT B MaTpHlle IOKa3bIBAaeT, Ha 3HAU€HHE BXO/a,
BIIUSIIOLIETO HA 2-0l BBIXOJ.

K npumepy, 1-blii BBIXOA B JuarpaMMe KOAUPYIOIIETO YCTPOMCTBA — CyMMa MO MOIYJIO 2
CaMOro mnpaBoro W 4 IOCIEIHHUX JIEBBIX 4YAaCT€d B MACCHUBE BXOJHBIX 3HAYEHUN JHArpaMMBI.
JBonunoe umcio ¢ cembro mudpamu 1111001 orpaxkaer »Ty MHPOpMaNUIO W SKBHUBAJICHTHO
BocbMepuuHOMY unciy 171. Bocemepuynoe uncio 171, TakoBbIM 00pa3oM, CTAHOBHUTCS MEPBBIM
BXOJIOM TOpOKJaroIiel KoaoBoi matpuubl. TyT, mo0as Tpoiika yrnoTpediaseT MOoCIeHUNA JIeBbIHA
OUT KaK caMblil 3HAYMMBIA OUT. 2-0i BBIXOJ COOTBETCTBYET JBoM4YHOMY umciy 1011011, kotopsrit

SKBHMBAJIEHTEH BocbMepuuHoMy Homepy 133. Ilopoxnatomuii reneparop koaa noromy [171 133].
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[IepELIT BEIXOO

Puc.3.95. Mojenb KOOUpYIOIIEero yCTpoicTBa

[Tapametp Trellis structure B 6moke Convolutional Encoder roBoput o ToMm, KakoW OJIOK,
KOJMPYET, KOrJa MOCTYNaloT AaHHbe. B aTom Bapmant, ¢pynkuus poly2trellis, B Communications
Toolbox, mpeoOpazoBeIBaeT AIMHY KOJOBOTO OTPAHWYCHHS W MApy BOCBMEPUYHBIX YHCEN B
peuieTyaryro nuarpamMmmy. B To Bpems kak JaHHbBIE 0 cooOIIeHuu, Bxoasume B 0ok Convolutional
Encoder, gBnsooTCS CKaJdspHBIM MMOTOKOM OWTOB, 3aKOJWPOBAHHBIC ITAHHBIE SBISIOTCS MOTOKOM
OMHAPHBIX BEKTOPOB JUTMHOM 2.

Kaprta npuo0perenHbix 1aHHbIX. [IproOpeTeHHbIe JaHHbBIE, IPYTUMHU CIOBAaMH, BBIXOJ OJ0Ka
Convolutional Encoder, cOCTOAT U3 KOMITJIEKCHBIX YUCEN, KOTOPbIE HAXOATCA B CIEKTpe MexX -1 u
1. Yto06 BepHYTh OpHUIHMHAJIBHOE JBOMYHOE COOOLIEHHE, MpPHEMHas YacTb MoOJeNHu oO0s3aHa
JEKOUPOBaTh CBEepTOUHBIM Koj. biok Viterbi Decoder B manHON MOjenu KIET, YTO €€ BXOJIHBIE
naHHbIe OynayT nenble yucna Mex 0 u 7. [lemomynsarop, psaoBas MojacMCTeMa B TAHHON MOJIEINH,
peoOpa3oBhIBaET MPUOOpPETeHHbIE NaHHbIe B (opmar, koTopelii Omok Viterbi Decoder mosxer
MHTEpHpEeTHpoBaTh MnojaadaromuM oOpa3oM. Haubonee ToO4YHO, moOJCHCTEMA JEMOAYIATOpPA:
KonBeptupyer mnpHoOpeTeHHbIE NaHHBIE B HACTOSIIWN CHTHAN, yJalsis €ro MHUMYIO 4YacTb.
YMecTHO TpeACTaBUTh, YTO MHUMAs 4aCTh MPHOOPETEHHBIX JAaHHBIX HE COACPIKUT CYIIECTBEHHYIO
uHpOpMaIIHIO, TaK KaK MHMMasi 4acTh MepelaHHbIX JaHHBIX — €CTh HOJb (MTHOPUPOBAaHUE MaJbIX
omMOOK OKPYTJIeHMs) U TaK Kak IIyM KaHaja He Ype3BblYaiiHO MouHeimmii. BoccranaBiuBaeT
npuoOpeTeHHBIE TaHHbBIE, /ISl Ha ero TeKyliee OObIYHOE OTKIOHEHHWE M TIOTOM YMHOXKas Ha -1.
KBaHTyeT HOpManM30BaHHBIC NaHHBIE, WCHONB3ysd Tpu Outa. Kommoswmus mTaHHOW KapThl U
pemenust kapthl O6yoka Viterbi Decoder Ha cro mpoueHToB M3MeHseT moayisiuuio BPSK, uro0
6mok BPSK Modulator Baseband BwicTynmun Ha mnepenaromieid CTOpOHE JaHHOW MOJENH.
JlekoaupoBaHue CBEepPTOYHOrO Koxaa. [locime TmoiydeHHWsl MJaHHBIX —IojadaromuM  o0pa3oM

HAaHECEHHBIX Ha KapTy BEKTOPOB JJIMHOM 23-OMTOBBIX 3HaYeHHH pemieHus, O61ok Viterbi Decoder
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AeKoaupyeT ero. biok ynorpeliser MeToJ] MITeHbKOTO JAEKOAUPOBAaHUS C 23 pa3sHBIMH BXOJaMHU
moaToMy, 4to napamerp Decision type - ectb Soft Decision u mapamerp Number of soft decision
bits paBeH 3. MIHTeprpeTanus 1aHHBIX MATeHBbKOTO perienus. Korma xapakrepuctuku Decision type
ycTaHoBIieH B cocTosinue Soft Decision, 6ok Viterbi Decoder mpocuT BXoaHbIX 3HaueHui Mex 0
2b-1, rme b — ectp mapamerp Number of soft decision bits. biox unTepnperupyer 0 kak camoe
JOCTOBEPHOE PELICHHE TOTO, YTO OMT KOJOBOTO clioBa, siBisieTcst 0 m mHTepnperupyer 2b-1 kak

CaMO€ OOCTOBCPHOEC pCHICHUE TOI'O, YTO our KOAOBOI'O CJIOBa, SABJIACTCA 1. 3HadyeHNUs MEX DTUMH

Kpaf/'IHOCTSIMI/I NpeaACTaBIAOT HAMMCHEC NOCTOBCPHLIC PCIICHU.

Pnnmn e

Bernoulli
Binary

Bernoulli Binary
Generator

Viterbi Decoder

Convoluticnal | [4x1 > BRSK [4x1
Encoder
Convolutional BFSK
Encoder Modulator .
Baseband [4e1]
L 3
T* Ervor Rate 3 T }_‘*—{
Calculation ANG
- BT i T
Channel
Eror Rte :
Calculation
Display [42x1]
W B ahe LT e
BPSK
Zx1] | Viterbi Decoder | [4x1] -

BPSK
Demodulator
Baseband

Puc. 3.96. Cxema nexoaepa Butepou 8 MATLAB

Bep-1b onmb6ku 0,02

Bep-1p onmbku 0,03

Kon CKOPOCTh POCTa OIIUOOK: CKOPOCTB POCTa OIIHMOOK:
(5, [35 31)) 0.5435 0.5435
o011ee KOTUYEeCTBO OIITHNOOK: o011ee KOJTUYECTBO OITHOOK:
100 100
00111e€ KOJTUYECTBO OIIMOOK 00111ee KOJIUYECTBO OITHOOK
cpaBHeHwmii: 184 cpaBHeHwmid: 184
Kon CKOPOCTh POCTa OIIHUOOK: CKOPOCTh POCTa OIIMOOK:

([54],[23350; 05
13])

0,001779

00111ee KOTUIECTBO OMTHOOK:
100

o0111ee KOJMYeCTBO OIIMOOK

cpaBHeHui: 5.62e+0.04

0,01489

00111e€ KOTUIECTBO OMTHOOK:
100

o0111ee KOJIMYeCTBO OIIMOOK

cpaBHEHHMIA: 6714
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Buokn nporpammel iekonepa Burepou, peanuzoBannoro B Matlab [21]
B 6110xe popMuUpOBaHUS y3710B CETKH BBITIOIHSIIOTCS CIEAYIONIHNE ()yHKIIMHU:

1. ®opmupyercss MaTpulia (pparMeHTa peleT4aTod AuarpamMMmbl pasmepa N*M, B KOTOpOi

KOJIMYECTBO CTOJIOLIOB COOTBETCTBYET UHMCIY COCTOSHHUH Kojepa (y3JIO0B), a KOJHUYECTBO CTPOK
pPaBHO YHCIY MyTeH, HOIXOASIINX K KKIOMY y31y. KakoMy 371€eMeHTy MaTpHUIlbl COOTBETCTBYIOT
OTBETBIISIEMBbIC CJIOBA MPH MEPEX0Jax MEXAYy COCTOSHHSIMH. llepexombl MEXIy COCTOSHUSMHU
MOBTOPSAIOTCS HA MPOTSHKEHUH BCEH PEIICTKH.

2. @opMupyeTcs MaTpuIia MEePexo 0B MEXy COCTOSTHUSMHU.

3. KaxaoMy mepexoly K KOHKPETHOMY Y3y COOTBETCTBYET OIPEICICHHBIM BXOIHOH OUT
(emmuuna, 1100 Hynp). opmupyeM MaTpuily pazMepa (N*M) COCTOSIIYI0 TOJNBKO U3 HYJIeH u
CIIUHMUII .

4. JInst KaXI0T0 BXOJHOTO qUOUTA (CIIOBA) IEKOIEePa BBIYHCIISIOTCS BCE BO3MOXKHBIC 3HAUCHHUS
METPUK 10 (ParMeHTy penIeT4aTon auarpaMmmsl Kojaepa, chopMUpOBAaHHOM B MpeIbIIynieM OJ0Ke.
B ka/1p1if MOMEHT BpEeMEHU MPOHUCXOIHT OTIEPALIUs CIIOKEHUS 110 MOJYIIIO JIBa BXOAHOTO IUOHTA C
COOTBETCTBYIOLINM JIaHHOMY MOMEHTY BPEMEHH OTBETBIISIEMBIM CIOBOM. JlJii HCKITIOYEHUS
HW)KHEH 4YacTW pelieTyaTod JuarpaMMbl B HadalbHBIC MOMEHTHI BPEMEHH MbI HCKYCCTBCHHO

YBCJIMYHNBACM 3HAUCHUC MCTPUK IMEPEXOO0B HIDKHEH 4acTu PCUICTKU.

4 o T
1

Puc. 3.97. ®parmenT pemreryaToi 1uarpaMmbl JeKoaepa
brok ynanenus myrei:
1. B xaxaoMm y3iie, cpaBHMBas METPUKHM BXOJHBIX MyTeH, OOHyIsieM MyTh ¢ HauOOJbIIEH
METPUKOM, TEeM caMbIM yOHpas €ro M3 pacCMOTPEHHs, HO TNPH 3TOM MOTYT BO3HHUKHYTb

«TYIIUKOBBIC) ITYyTH.
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2. Jlng ynaneHus! «TYMHMKOBBIX» IYTEH, MOOYepeaHO Mepedupasi BOZMOKHBIE M COCTOSIHUN B

I[aHHBIfI MOMCHT BPEMCHH HIIEM OTCYTCTBHUEC KaKoro-Jmoo >JIEeMeHTa MaTpulbl IIEPEXOAO0B

COCTOSIHUI, €CII JIEMEHT OTCYTCTBYET, TO IYTH B NMPEABIAYIINX (parMeHTax pelieTKU (MaTpHIIbl)

YAAISAIOTCA.
0 1
0 0
0 0
0 0
0 0
0 0
0 0
0 3
0 0
0 0

O 00O NOO

Q N QI

Puc. 3.98. JlekogupoBaHue Mo BbIIECICHHOMY ITyTH

biiok nexogupoBaHus:

ITocnenoBaTenbHO IPOBEPSACM KOJIMYECTBO HEHYJECBBIX IIEPEXOJO0B B N CTpPOKaX. Ecau Takoit

nepexon e,Z[HHCTBeHHBIfl, TO HaxXOAUM IIO3UIHUIO 3TOr0 3JIEMCHTA, U OIIPCACIIACM Kakoii OUT OBLI

ImoaaH Ha BXOJ KOJACpa

Bonpoc 1. UccieqoBanne MeTo10B IIOCTPOECHHUS KOIEePOB HelpepbIBHBIX

KO/IOB.

B pabouem mose HeoOXoauMo coOpaTh cxemy A paboThl cBepTouHOoro koxa (5, [35 31]).

Cxema mnipezicTaBiieHa Ha pucyHke 3.99

mE S gy Ty

Bemoulli
Binary

Convolutional
Encoder

Bernoulli Binary
Generator

Puc. 3.99. JIunus nepenauu ¢ npuMeHeHneM jexojiepa Burepou.

Convolutional
Encoder

B3C

0.001779

Binary Symmetric
Channel

B cocTaB nmuHNE C KOOUPOBAHHUEM BXOIAT:

1. BernoulliBinaryGenerator

2. Convolutional Encoder

TxErr:}r Rate
H EEyl | quE|GJ|ETIEI'I
Viterbi Decoder

Eror Rate
Viterbi Decoder Calculation

3. Binary Symmetric Channel (kananmepenaun)
4. Viterbi Decoder

R

Q

3
i

6224004

Display




5. Error RateCalculation (ananu3aropommoox)
6. Display
YcTanaBinMBaeM XapakTepuCTUKH 0J10K0B 11 kona (5, [35 31])

E Source BElock Parameters: Bernoulli Binary Generatcrﬁ

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: | 0.1
Initial seed: &1

Sample time: 2
Frame-based outputs

Samples per frame: 2

Output data type: [double - ]

[ Ok ][ Cancel ][ Help ]

Puc. 3.102. IMapametpsr Bernoulli Binary Generator

ﬂ Function Block Parameters: Convolutional Encoder lg

Convolutional Encoder {mask) {Jink)

Convolutionally encode binary data. Use the poly2trellis function to create a trellis
using the constraint length, code generator {octal) and feedback connection
(octal).

Select the "Terminate trellis by appending bits™ operation mode to terminate the
trellis at the all-zero state by appending tail bits at the end of each input frame.
Check the Puncture code checkbox to puncture the encoded data for all other
operation modes.

Use the istrellis function in MATLAE to chedk if a structure is a valid trellis structure

Parameters

Trellis structure:

poly2trellis(5, [35 31])

Operation mode: [Continuous -

[ output final state
[ Puncture code

[ oK l [ Cancel ] [ Help ] Apply

Puc. 3.103. Convolutional Encoder

205
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E Function Block Parameters: Binary Symmetric Channel u

Binary Symmetric Channel {mask) (ink)

Add binary errors to the input signal. The error probability can be a scalar or a
vector with the same length as the input vector length.

The optional second output is the error vectar,

Parameters
Errar probability:
p.07

Initial seed:

61

|:| COutput error vector

Output datatype: |double -

[ OK. ][ Cancel ][ Help ] Apply

Puc. 3.104. Binary Symmetric Channel

E Function Block Parameters: Viterbi Decoder _

Viterbi Decoder
Uses the Viterbi algarithm to decode convolutionally encoded input data. Use the

paly2trellis function to create a treliis using the constraint length, code generator {octal)
and feedback connection (octal).

Main Data Types

Encoded data parameters

Trelis structure:  poly2trelis(s, [35 31])
[ Punctured code

[7] Enable erasures input port

Branch metric computation parameters

Decision type: [Hard decision -

[ Error if quantized input values are out of range

Traceback decoding parameters

Traceback depth: 34

Operation mode: ’Cnntinucus -

[ Enable reset input port

[ 0K ][ Cancel ][ Help Apply

Puc. 3.100 Viterbi Decoder




E Function Block Parameters: Error Rate Calculation

|

WV Rl L O ol DL L R L,

The delays are spedfied in number of samples, regardless of whether the input
iz & scalar or a vector, The inputs to the Tx' and 'Rx’ ports must be sample-
based scalars or frame-based column vectors.

The 'Stop simulation’ option stops the simulation upon detecting a target number

of errors or a maximum number of symbals, whichever comes first.

Parameters

Receive delay:

63

Computation delay:
0

Computation mode: [Enﬁre frame

Qutput data: [Purt

|:| Reset port
Stop simulation
Target number of errors:
100
Maximum number of symbols:

led

[ QK

H Cancel H Help

Display1

EoMOMHAITHE Ha
BXOTE

Apply
Puc. 3.101. ITapamerpst Error Rate Calculation
9 ]
7] 1] [ o
o
L 7]
Display2 Display
EOMOMHAITHA Ha
EBIXOOE
Display2

FAK0IMPOEaHHAT
MMOCIen0EaTeIEHOCTE
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FHACTOTA OMIFD 0K

. WHCII0
0DIIAp Y HEHHBE
onmb oK

. 0DIe e KOIED
CHMEQIIOE 10
CpPaEHEHIHED

Puc. 3.102. KomOuHaus Ha Bxoje, 3aK0JupOBaHHas TIOCTIEI0BATEIBHOCTh, KoMOMHaINS Ha

BbIxoze, Ounbku (BeposaTHOCTh olOoK paBHa 0,02)

AHaIM3upys pUCYHOK BBIIIE, MOKHO CIEJIaTh BBIBOJI, YTO KOMOMHAIIMS Ha BXOJE COBIAAAET C

KOMOWHAIMEeW Ha BBIXOJE, TaKMM 00pa3oM, Iepefada OCYIEeCTBWIACh ymadHo. YTo Kacaercs
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omuoOoK, To X yactota paBHa 0,1799, uucno omubok paBao 100, oO1Iee KOTMIECTBO CUMBOJIOB 110

CpPaBHEHHIO paBHO 556.

L 2

Display1

[41]

Display2

[2=1]

— 02308
434
Display3 Display

Puc. 3.103. KomOunanus Ha BX0/ie, 3aK0IUPOBaHHAs MTOCIIEI0BATEeIbHOCTh, KoMOMHaIMs Ha

BbIXOJ1e, OmmuoOKHu (BeposITHOCTH omurbok paBHa 0,08)

I [ ]
7] [ 19 [ 109]
) [ 09 [2x1]
L
Display [41] Display3 Display
Display2

Puc. 3.104. KomOuHanusa Ha BXOJe, 3aKOJUpOBaHHAs MOCaeAoBaTeIbHOCTh, KoMOuHaius Ha

BbIxoze, Omnoku (BeposaTHOCTH o1MOO0K paBHa 0,12)

] ] [ 1
1 1] L 7] [ 1o0]
= R et ; L
' L 9]
[4x1] Display3 Display
Display1 play 1splay
Display2

Puc. 3.105. KomOunamus Ha BX0/e, 3aK0TUPOBAHHAS TTOCIIEI0BATEILHOCTh, KoMOMHaIMs Ha

BbIX0J1e, Ommoku (BeposaTHOCTh omMOok paBHa 0,14)



209

600

3aBUCMMOCTb 06LLEro KoNMYecTea
OWMOOK CpaBHEHUIA OT BEPOATHOCTH
OWMUBKHK

500

~

400

300

200
100

0.02 0.04 0.05 0.08 0.1 012

0.14

Puc. 3.106. I'paduk 3aBUCHUMOCTH OOIIEr0 KOJUYESCTBA OMMOOK CPAaBHEHUN OT BEPOSATHOCTH

VYcranaBinuBaem XxapakTepucTuku 6y10koB s koga ([5 4],[27 33 0; 05 13])

omunbku s koxa (5, [35 31])

[21]

9] 9]
7]
2x1]

0.01124
Bave

Display1

[3e1] Display2

DisplayZ

Display

Puc. 3.107. KomOunamus Ha BX0jie, 3aK0IUpOBAaHHAs MOCIEI0BATENIbHOCTh, KoMOUHaIMs Ha

BbIXoJ1e, Ommoku (BeposaTHOCTh omMOok paBHa 0,02)

— 1 LICH
o0
— — = :
Display [21] Display2 Display
Display2

Puc. 3.108. KomOunanwus Ha Bxojie, 3aK0MpOBaHHAas MOCIEeI0BATEILHOCTh, KoMOMHAIMS HA

BbIxoze, OmmOku (BeposaTHOCTH ommbok paBHa 0,025)




Display1
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0.02071

100

I I
I I
[21]
[3x1] Display3
Display2

Display

Puc. 3.109. KomOunanwms Ha BX0jie, 3aK0IUPOBAHHAs MTOCIIEI0BATEIbHOCTh, KoMOMHaIMs Ha

BbIxo1e, Ommoku (BeposaTHocTh ommbok pasHa 0,03)

Display1

E— [
— 0
12 i
o
[31] Display3 Display
Display2

Puc. 3.110. KomOunamus Ha Bxoje, 3aKoJupOBaHHas TIOCIEI0BATEIbHOCTh, KoMOMHaINs Ha

BbIxoze, OmmOku (BeposTHOCTH omnbok pasHa 0,035)

10000

2000

000

4000

2000

3aBUCMMOCTDb DﬁLI.I.ErD Koan4yecrsa
owunboK CPEEHEHHFI OT BEPOATHOCTH

OWMBKHK
-
0.02 0.025 0.03 0.035

Puc. 3.111. I'paduk 3aBUCMMOCTH YKCIIa OMKUOOK OT BeposiTHOCTH omuOku s ([5 4],

[27 330; 05 13])
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Bonpoc 2. ITocTpoenne cxeMbl 1eKOAMPOBAHNS HeNPePbIBHBIX

KOJ0B B KaHaJi¢ C Faycconcngn nmoMexamMu.

B paGodem mose HeoOXxoaumMo cobOpaTh cxemy sl paboThel cBepTouHoro kona (7, [171 133]).

Cxema npezcrasiieHa Ha pucyHke 3.112

¥
:l B untitledl *
File Edit View Simulation Format Tools Help
O =S & » inf | Normal
hnooe| R . L,
Bernoulli P — Convolutional [4x » BESK
. Encoder
Binarny :
Bermoulli Binary Convolutional BRSK
Generator Encoder Madulator
Baseband
=k TxErr:H Rate |3 __EI.T"BIE.
Calculaticn SWGEN
= Rx o AWGN
[ | [ 0] Channel
Emor Rate 3 128
Calculation
Display [4x1]
[4x1]
il BPSHK il
Zx1] | Viterbi Decoder | [4x1] -
Viterbi Decoder BPSK
Demodulator
‘ Baseband

Puc. 3.112. JIuaus nepeaayu ¢ npuMeHeHneM jiekoaepa Burepou
B pesynbpraTe mpakTHueckoi pabOThl MOCTPOEHA CXeMa JIMHUU Mepefayu ¢ JIEKOAUPOBAHUEM
Burepbu B cpeae Simulink. [loctpoens! rpadguku 3aBucMMOCTEN OOIIEro KOJIMYECTBA OIIMOOK
CpaBHEHUU Ha BBIXOJE JIEKOJiepa OT BEPOSTHOCTH OIIMOKU B KaHale CBA3M AJst KomoB(5, [35 31]) u
([5 41,27 33 0; 0 5 13]). 13 rpadukoB BHIHO, YTO YHUCIIO OIMHOOK CPABHEHUH YMEHBIIACTCS C

POCTOM BEPOSITHOCTH OIINOOK.

3.5. TypookoaupoBanue. O6o6menHass cxema typookoaepa TCC ¢ mapanieabHbIM
KackaauposanuemM. CBepTo4YHbIe TypOOKOabI. JlekoqupoBanue TypOOKO10B.
XapakTepucTUKH IOMeX0yCTOHYHMBOCTH CBepTOYHbIX TypOokoaoB TCC. MHcciaenoBanue
TypOoKoa0B ¢ ucnojb3osanuem 110 MATLAB.

IIpuHOMNBI TOCTPOEHHUs TYPOO-KO10B
B nanHoM pa3nene mpuBeAEHB OCHOBHBIE TEOPETHYECKHE JAHHBIE OJHOTO M3 BaXKHEMIIMX

KJIACCOB MTEPATUBHO JCKOJAMPYEMBIX KOAOB — Typ00-K0J0B (turbo codes) u ¢ ux oboOmennemM —
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MHOTOKpaTHBIMU TypOo-kom0oB (multiple turbo codes). Typ6o-koaupoBaHue OCHOBaHO Ha JBYX
(GyHIAMEHTAILHBIX ~ HJESX: IOCTPOCHUE KOJOB C KOJOBBIMH CIIOBaMH, OOJIAJArOIIUMHU
KBa3WCIyYalHBIMA CBOMCTBAMH M IOCTPOCHHE JEKOJCPOB, OCHOBAHHBIX Ha JIETKO PEaTU3yeMbIX
aropuT™Max  uTepatuBHOTO  jgekomupoBanus [1].  TypOo-komel  00IagarOT  XOPOIIUMU
XapaKTePUCTHKAMHU, OCOOCHHO TpH OOJBIIMX JIMHAX KOJOB M YMEPEHHBIX TpPEOOBAHHSX K
BEPOATHOCTH OIMIMOKH Ha OUT.
IMapanienbHOE KACKAAMPOBAHUE IBYX CBEPTOYHBIX KO/I0B
Typ60-K01 MOKHO OIIpeIeNTh KaK apauieIbHoe KackaaupoBanue (parallel concatenation)
JIBYX CBEPTOYHBIX KOJIOB. Kosiep cOCTOUT U3 ABYX MapaIeIbHBIX CHCTEMATHUYECKUX KOJICPOB
ckopocTtd R =1/2 u mamsatu m = 2 (KOMIIOHEHTHBIE KOJIEpHI (constituent encoders)) ¢ oOpaTHOM

CBA3BIO (I'CCUI'SiVG encoders) HMCHOIHX PAllMOHAIIBHBIC ITOPOKIAOIINUEC ITOAMATPUILIBI:

1+ D?
1+ D+ D?

u npocroro 6OnokoBoro mnepemexurtens ([1BII). Bxogom TypOo-komepa ciayKuT ABOMYHAS

G=(1+ ) (3.1)

nH(OPMAIMOHHAS TIOCIIE0BATENIEHOCTD JIIHHBI K
U=UgUy ... UK (3.2)
BXOI[OM IEpBOro COCTABHOI'O0 KOACpa MU IMCPCMCKUTECIISA, ACCOLUMHMPOBAHHOIO C BTOPBIM

COCTaBHBIM KOAEPOM, CIIYKHUT MMOCICAOBATCIbHOCTb U JJIMHBI K=K+ m,

U=UgUy ... UK (3.3)

&)

1

o 't).
Permutor —-"-B—ﬁ ‘/T
\ {:&_.

Puc. 3.113. CucremaTnueckuii CBepTOYHBII Kojep ckopocT R = 1/3, ocHOBaHHBIN Ha

NapaJyIeJIbHOM KaCKaJIMPOBAaHUH JIBYX CBEPTOYHBIX KOJEPOB

rae m maMaTh COCTaBHOTO kojepa. [lepBbie K CHMBOJIOB 3TOH MOCIEI0BATEIBHOCTH — 3TO

CHUMBOJIbI HH(I)OpMaHHOHHOﬁ MOoCJICA0BATCIbHOCTH U, IIOCICAHUC M CHUMBOJIOB 06pasy10T XBOCT,
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MIPUBOJAIINM IIEPBbII KOMIIOHEHTHBIM KOJEpP B HYJIEBOE COCTOsHME. [IOCKONIBKY KOAMpOBaHHE
crucTeMaTUYecKoe, BXOIHAs M0CIeA0BaTEIbHOCTh (BKIIIOYAsi XBOCT) UMEET BUJ:
v(0) = v, @p, @y, O=qy. (3.4)

[TepBblif KOMIOHEHTHBIH KOIEp FEHEPUPYET IMPOBEPOUHYIO IIOCIEI0BATEIBHOCTD:

v(1) = vy Wy, O v, W, (3.5)

ITockonpKy XBOCT 3aCTaBJIsI€T NEPBBI KOMIIOHEHTHBIHN KOJIEp BEPHYTHCS B HYJIEBOE COCTOSTHUE,
Mbl MOXeM ucnoib3oBate BKBP anroputm anoctepuopHO BEpOSTHOCTHOIO JEKOIUPOBAHMS
KO/I0BOM I0CJI€10BATEIbHOCTH IEPBOT0 KOMIIOHEHTHOI'O KOJIepa.

[TapannensHo mocienoBaresbHOCT, U nocTynaeT B IIBII, ompenenenHblii nepecTaHOBOYHOM
marpuneit P = (pik), i = 0,1, ... K -1, k=0,1,...,K -1 pazmepoB (K x K). Beixonnas
nocinenoBarenbHocth  uU(2) = uP IIBIl mocrymaer BO BTOpOW KOMIIOHEHTHBIH — KOAEp,
TeHEPUPYIOLINH TPOBEPOUHYIO N10CIEA0BATEILHOCTh

v(2) = vy @, @ g, @ (3.6)

Boo061ie roBopsi, BTOpoil kojep He NepexoAUT B KOHIIE KOJUPOBaHUS B HYJEBOE cOCTOsiHUE. B
3TOM Clly4yae HeJb3s UCIOJIb30BaTh A AekoaupoBaHus BK/IP anroputm, HO MOXHO UCHOIb30BaTh
OJTHOITYTEBOM aJrOPUTM alloCTEPHOPHO BEPOSITHOCTHOTO AeKoaupoBanus. [Ipu 6onpmux amuHax K
3TO HE CUIbHO OTPaKaeTCsi Ha XapaKTEpPUCTHUKaX JEKOJUPOBAaHUS M BbI3bIBA€T JIMIIb HX
HEOOJIBIIIYIO JICTPAIAIHIO.

[1BI1, ncronb30BaHHBII BO BTOPOM KOJEpe, MepecTaHoBo4HON MaTpuued P. C momoribro
BBEJICHUS BEKTOpa MEPEeCTaHOBKM HMHJAEKCOB (indexpermutation vector) uimHbl K MOXHO JaTh
anbTepHatuBHOE onpenencHue [1BII:

m =(To 7y . . . Tk-1) (3.7)
rne0<m;'<K-1,i=0,1,... K—-1, n'~n" ecnmm i~ i' u ' TakOBO, YTO P ii = 1, TO €CTh
Prii — 9TO €AMHCTBEHHBIN HEHYJIEBOM 3JIEMEHT B -OM CTOJIOIE EPEeCTaHOBOYHON MaTpHIIbI P.

KomOuHamms Tpex mocienoBaTebHOCTEH, VO v u 1@ paer MOJIHYIO TIEPENaBaeMyIo
MOCJIEI0BATEILHOCTH (KOJIOBOE CJIOBO)

V=VoV1...VKk1 (3.8)

TOE Un=Vn 0y, Dy, @ ,n=0,1,...,K— 1, takas uro obmas mmHa 610ka koga N = 3K.
[MTockomnbKy, Kak mpasuio K >> m, ckopocTh koaa R =~ 1/3.

Kak Obulo OTMEYeHO BbIIIE, BTOPOH Kojaep, BOOOIIE IOBOps, HE BO3BPAIIAETCS B HYJIEBOE
coCTOsiHME. BaXHBIM MCKIIIOYEHHEM SBISETCS TypOO-KOAep, y KOTOpPOro o6a KOMIOHEHTHBIX
KOJIEpa — 3TO PEKYPCUBHBIE CBEPTOUHBIE KOAEPHI MAMATH M = 1 ¢ MOPOXKAAIOIIEN MaTpULIEH.

1
G=0+—
( +1+D) (3.9)
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B »TOM ciydae XBOCT COCTOMT M3 OJHOTO CHMBOJIA Uk-1, paBHomy 0, ecim Bec
MHGOPMALIMOHHOH MOCIeI0BaTEILHOCTH YETHBIN, U paBeH 1, eciu Bec HeueTHbIH. Takas BXOaHAs
MOCJIeIOBATEIBHOCTD MPUBOJAUT 002 KOMIOHEHTHBIX CBEPTOUHBIX KOJEpa MmamMsaTH m = 1 B HyJeBoe
cocrostHue. IlooToMy pelmIeTKM KOMIIOHEHTHBIX CBEPTOYHBIX KOJIEPOB HAUYMHAKOTCA U
3aKaHYMBAIOTCS B HYJIEBOM COCTOSSHUM M MBI MOXeM Hucnonb3oBatb BKJIP amroputm i
JEKOJUPOBAHUS 00OUX COCTABHBIX KOJIOB.

BaxHoii 0COOEHHOCTBIO OOBIYHBIX TYpOO-KOJOB SBISETCA CNAa0BIi POCT MHUHUMAIBLHOTO
pacctosiHus dMin ¢ poCTOM JJIMHBI KOJIA.

ITapajiesibHOE KackaMpoBaHue Tpex U 0oJiee CBEPTOYHBIX KOJ0B

OObIuHBIE TYpOO-KOIBI HMEIOT OTHOCHUTENIBHO IUIOXO0€ MHMHUMaJIbHOE paccrosHue. I[lpu
OTHOCUTEJIbHO BBICOKMX OTHOLICHMSX CHUTHAJ-IIYM 3TO BbI3bIBaeT 3pdexr “3aBucanus”

BEPOSITHOCTH OIIMOKH JIEKOAWPOBAHUS, MPU KOTOPOM BEPOATHOCTH OIIMOKM OYEHb MEIJICHHO

yOBIBaET C POCTOM OTHOILCHHSI CUTHAJI-IIIYM. DTOT Y4acTOK rpaduka HaseiBaetcs “mosiom” (floor).

n

]IEPEIIEiIIT B CEEPIMOMHOZE Koda

Kodep N

CaEPMOHHOZ0 Koda

Puc. 3.114. CtpykTrypa -pa3MepHOT0 CBEPTOUYHOTO TypOOKoIepa

X0T MUHMMAaJIbHOE pacCcTOsIHME TypOo-KoJa MOXKET OBITh YIy4IIEHO BHIOOPOM XOpPOIIEro
MEPEMEKUTENS, OHO HE MOXKET pacTu ObICTpee, YeM JIorapu(pMUYecKH ¢ POCTOM JJIHMHBI OJOKa.
[ToBenenne muanmanbHOE paccrosaus MTK cymecTBeHHo mydnie.

Konep -mepnoro MTK cocrout u3 J, /| > 3, mapauielbHbIX KOMIIOHEHTHBIX CBEPTOUYHBIX
KOJIEpOB M | eIMHUYHBIX OJ0KOBBIX nmepemexureneit P(j), j =1, 2, . . ., J, pasmepoB K U K, kak
nokazaHo Ha puc. 7.2. ( OmpenenuMm GopmanabHO HyneBoil nepemexurens P(0) kak eTMHUYHYIO

Marpuny pasMepoB K x K ) HpeﬂnonaraeTc;I, 9TO BCC KOMIIOHCHTHBIC KOACPBI — 3TO
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CHCTEMATHYECKHE PEKYpCHBHBIC KOJIEpbl Cckopoctd R = 1/2 w mamaru m. JIBomuHas
IIOCJIEI0BATEIBbHOCTD JJINHBI K
U=UgUy ... UK (3.10)

3TO  BXoAHas mnocienoBaredbHOCTh MTK.  3Orto  Moxer ObiTh  MH(DOpMaIMOHHAsS
II0CJIEZI0BATEIBHOCTD; B 3TOM Cllydae BCE KOMIIOHEHTHbIE KOAEPhl — 3TO KOJbI C HEUTpan3anuen
XBOCTa. AHAJIOTUYHO OOBIYHBIM TYpOO-KO/JaM CIEIyeT paCCMOTPETh Cllydail, KOraa U coCTOUT u3 K
MH(GOPMALIMOHHBIX CHMBOJIOB ILTIOC XBOCT M3 M JBOWYHBIX CHMBOJIOB, Tak 4yTo K = K+ m. B
YaCTHOCTH, €CJIM BCE€ KOMIIOHEHTHBIE KOJIEPhl — 3TO CUCTEMATUUYECKNE PEKYPCHUBHbBIE CBEPTOUYHBIC
KOJIephl aMATH 1, XBOCT cOCTOUT U3 | cuMBoIIa.

IlocnenoBarenpbHOCT, U mocTymaer Ha BxoAel J IIBII, omuceiBaeMbIM NEpeCTaHOBOYHBIMHU
matputiamu P(j) = (p(j)ik ), tne j =1, 2,...,J,i, k=0,1,...,K— 1, pasmepoB KxK. 3a
MIEPEMEKUTENSIMU CIIENYIOT KOMIOHEHTHBIE KOJEpbI, TAKKE YTO -asi epecTaBICHHAasl BEpCUs U, TO
ectb u(j) = uP(j),j =1, 2,...,]J, HOoCTymmaeT Ha BXOJ] j-Or0 KOMIIOHEHTHOTO KOZIEpa.

BbixonHass ~ MOCie10BATENBbHOCTh -0ro KOMIIOHEHTHOTO  Kojepa  (IIpoBepouHas
MOCIIEA0BATENBHOCTh) — ATO MOCIEA0BATEIHHOCTS:

v =D v 9 vk, 9 j=1,2,.00 ) (3.11)

Bxoanas nocienoBarenbHocTh MTK,

u =19 = 0(0) 771(0) VK4 (0)’

NEPEMENINBACTCSI C BBIXOJHBIMHM IOCJIEI0BAaTENILHOCTSIMU | KOMIIOHEHTHBIX KOJIEpOB U

nepezaaercs 1no kaHainy. KosnoBoe cioBo MHOrOKpaTHoro Typ0o-koja,

V=v9 V1 ...VKk (3.12)

rae Un = vn(o) vn(l) . vn(f) ,n=0,1,...,K—1 rak uro mmna 610Ka koja pasHa N
=(J+1)K wm pesynpTHpyromas ckopocte paBHa R = 1/(J+1). KogoBas CKOpPOCTb MOXET OBITh
yBEJIMYEHA BHIKAIBIBAHUEM CHMBOJIOB.

KomOuHanus ToXAeCTBEHHOTO MEPEeMEXHUTENS U OCTAIbHBIX | nmepeMexuTenell Ha3biBaeTcs (/
+1)-MepHbIM niepemexuteneM. OH MOXeT ObITh mpenctaBieH B Buae (J + 1)-MepHOi TabmuIs,
CKOHCTPYMPOBAHHOM TaK, YTO MPOEKIIMs HEHYJIEBOTO JI€MEHTa Ha IJI0CKOCTh, 00pa3zoBaHHy0 0-oi
u-oit, j=1,2,...,], ocamu naBaio ObiMaTpuily nepectanoBok P(j), j=1,2,...,].

HrepaTuBHOE 1eK0AUpPOBaHHE TYPOO-KOI0B

B manHOM paszmene ommcaHO JAEKOAMPOBaHWE TypOO-KomoB. IIpemmonoxum, YTo KOmOBas
©0) —

IIOCIIEA0BATEIBHOCTD UV = VoV; . . . Vk-1, CKOHCTPYHUPOBAHHAA U3 TPEX HOCH@HOB&T@J’IBHOCTef/'I, (%

u, v(l), and v(z), nepeaaeTcs Mo JUCKpEeTHOMY KaHainy 0e3 mamsth. [lycts

T=7T9T1...TKk (3.13)
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© .1 .. 2

THe rn=7n ' T nrn” ,m=0,1,...,K— 1, 03HauaeT NpuUHATYIO TOCIEI0BATEIHLHOCTh H ITYCTh
0
7.@(0) = P(u.=0) (3.14)
03HAYaeT alPUOPHYIO BEPOSITHOCTh, YTO HHPOPMAIIMOHHBIH cuMBON U, = 0, n =0, 1, ... ,K — 1.

Ha npaxtuke o6b14n0 P(u, = 0) = 1/2.

HTepaTUBHBII alTOPUTM JCKOAMPOBAHUS TypOO-KOJIOB IMOX0X Ha WTEPATHBHBIA AITOPHTM
pacnipoctpaHeHuss noBepust koaupoBaHus MIIIMY  komos. Jlekomep cOCTOMT M3 JABYX
KOMITOHEHTHBIX allOCTEpPUOPHO-BEPOSITHOCTHBIX JeKoepoB. [Iporece nekoaupoBanusi COCTOUT u3 [
UTepaIyii; Kakaas uTepalys, B CBOIO 04epe/ib, COCTOUT U3 ABYX ¢a3. B pesynbrare -oit dasbl, e =
1, 2, i-oii ureparuu i = 1, 2, . . ., I, BBIYUCIAETCS MOCIEAOBATEIILHOCTD:

190) =@ () m @ () ... mk 1@ (0) (3.15)

rae m(e) n (i) anocTepruopHasi BEpOSITHOCTD 2, 4TO HHPOpMannoHHbIi cumBoa un =0, n =0, 1,

.,K — 1. Yao6Ho Bmecto m(e)n (i) omepupoBarh ¢ COOTBETCTBYIOIIMMHU JIOTapU(YMUICCKUMU
OTHOIICHHUSIMHU TIPABAONO00MS, TO €CTh,

)

(e) n
2’ =log—"—
n 1-7® (3.16)

u BMecto 7(e)(i) onepupoBaTh ¢ MOCICI0BATEILHOCTHIO:

291) =209 (1) 2,9 (D) ... zk1 @ (i) (3.17)
MOKHO HCITOJIF30BaATH 0003HAUECHUE:
P(u, =0[r) 7© P(u, =0[r)
290)=log——" " =log—"—+1o . . 3.18
O P, ~1i®) 120 ) P, —1r®) (319

JUISL JTIOTapU(MHYECKOTO OTHOIICHHUS allOCTEPUOPHBIX BEPOSTHOCTEH 3HAUSHWH CHMBONA UM,
IpU YCJIOBUH, YTO MPHHAT cuMBON rn. OHO Ha3bIBaeTCsi BHyTpeHHeW wuH(popmarmeid (intrinsic
information) 06 uadopmarronHom cumBoste un = v(0)n. Ipeamnonaraercst, Yo 062 KOMIOHEHTHBIX
JIeKo/Iepa XPaHAT B MAMSTH IMOCIIE0BATEIHLHOCTh Z(O)(O) =2 © 0) z; © @) ...zk1(0)(0)m

HCIOJIB3YIOT €€ Ha KAXKJIOM HIare UTCpaTuBHOI'O Mpouecca ACKOAUPOBAHUA.

HyCTB T'(O), T(l), and T(Z) O3HAYArOT MOCJICAO0BATCIIBHOCTU  IMPUHATBIX  CHMBOJIOB,

COOTBETCTBYIOIIMX TMEpPeAaHHBIM HH(POPMAIIMOHHON TIOCIEI0BATEIHHOCTH VO = U, IepBOU

@) (2)

MPOBEPOYHON MOCIIEIOBATEIIBHOCTH V'’, W BTOPOH MPOBEPOUYHONM IMOCIEAOBATEIBHOCTH UV,

COOTBETCTBCHHO. HYCTI), Jajiee, T\n(o) O3HA4YacT MOCICAOBATCIBHOCTE TIPUHATBIX CHMBOJIOB,

COOTBCTCTBYIOIIUX ITOCTIEAOBATCIIBHOCTH U 3a UCKIIFOYCHUEM IIPHUHATOTO CUMBOJIA 1" n (O), TO €CTh,

T"n(o) =To © r1 © ... T © T n+1 © s (3.19)
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Amnanornuno, nmycts 1m(e)/m (i) o3Ha4aeT MmocsaeI0BaTeIbHOCTh allOCTEPHOPHBIX BEPOSTHOCTEH

ISl CHMBOJIOB TOCIIEZI0BATEIbHOCTH U 3a UcKIoueHreM Tr(e) n (i) mocie -oii ha3sl i-0if nTepanu,

TO €CThb
'@ () =1 Om @ (@) .. @ D@ (@) .. (3.20)
Ha nepBoii ¢aze nepBoii uteparyu nepBblii KOMIIOHEHTHBIN AeKoaep, ucnonb3ys r(0yn , r(1) u
T 0) =1 (0 @ (0) ... w1 @ (O @ (0) ... (3.21)
BBIYHCIIACT JIOTapH(PMUUECKOe OTHOIICHHUE TIPaBIOTION00HS
o P(r, =0)
(1) =log P(r\(o) r(1) |U _ 1) (3.22)
n n
1715 MHQOPMAIIMOHHBIX CHMBOJIOB Un = VU 2O .n=01,... K—1.
s BBIYHMCIICHHS y(n (1) JieKoiep UCIIONB3YET BKBP AITOPUTM

arnoCTePHOPHOBEPOSITHOCTHOTO JICKOIUPOBAHHUs OMUCaHHbIN a maparpade 4.5. Bennunna y(1)n (1)
Ha3bIBaeTCs BHEIIHEH nH(opmMaruei (extrinsic information) mepBoro KOMIIOHEHTHOTO JeKoiepa 00
UHQOPMAIIMOHHOM CHUMBOJIE UN TpH TepBoil wurepanuu. [lepBblii KOMIIOHEHTHBIH JAEKOMAEp

BBIYHCIIACT ITOCJICA0BATCIIBHOCTD.

291 =2, 1)z, Y Q) ... zx P Q) (3.23)
UCTIONB3YS GOpMYITy
znW (1) = 2.9 0) +y." (1) (3.24)

U TIOCBHLIIaeT €€ BTOPOMY KOMIIOHEHTHOMY JI€KOAEPY.
Ha Bropoii ¢a3ze mepBoii uTepauuH BTOPOH  KOMIIOHEHTHBIA  JE€Konaep, 3Has
MOCJIENOBATEIBHOCTD Z n @) (1), BBIUMCIIAECT anIOCTEPHOPHBIE BEPOATHOCTH TT » @ 1),n=0,1,... K
— 1, u, cenoBaTeNbHO, T ' @) (1). Ucnionb3ys 1n (0), r(z), Hu nn(l)(l), JIEKOJIEP, BBIUUCIISIET BHEIIHIOKO
UHPOPMALIUIOY 7 @ (1),
P(r‘O ru, O)
P(r?, r‘z) lu, =1

OB

(3.25)

3aTeM AeKo/ep BBIYUCIIIET HOBOE JIOrapH(hMUUECKOoe OTHOIIEHHE IIPaBA0NoA00us U IOCUIAET:
221 =291 29 Q) ... 2k ? Q) (3.26)
NEPBOMY KOMIIOHEHTHOMY JEKOJEPY. DTO 3aBEPILAET MEPBYIO UTEPALIHIO.
PaccmoTpum Teneps -yro utepanuio, i = 2, 3, . . ., . Ha mepBoi#i ¢aze i-oif utepanum nepBbiid
KOMIIOHEHTHBIM  JIeKoJep, 3Has  MOCJIeNOBaTeIbHOCTh  JIOTapU()MUUYECKUX  OTHOLICHUH
[IPaBOIIOI0NOA00MH Z9(i — 1), BBUHCISET MOCITENOBATENEHOCTD arlOCTEPUOPHBIX BEPOSATHOCTEN

© )

7@ — 1) u, cuenoBarensho, T @ (i — 1). Ucnone3yst ' , "/, U T n @ G -1, nepBBIN
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KOMITOHCHTHBIH JICKOJIEP BBHIUUCIISET Y e @Omn=0,1,... K-l uzn, @ (@,n=0,1,... K-1
3aTeM OH IOCHLIAET Z(l)(i) BTOPOMY KOMIIOHEHTHOMY JICKOJIEPY U T.[.. MiJies COCTOUT B TOM, YTO Ha
KOKIOW (a3ze HTEepaTHBHOTO IMpolecca ICKOJAUPOBAHMS AKTUBHBIM KOMIIOHEHTHBIA JIEKOJICp
HCIIONB3YyeT (aMPOKCHMHUPOBAHHBIE) aIlOCTEPUOPHBIE BEPOATHOCTH, BBIYUCICHHBIE JIPYTUM
KOMITOHCHTHBIM JICKOJICPOM Ha TPEABIAYIIEM IIare JCKOJAMPOBAaHUS B KauyeCTBE AalpPHOPHBIX
BEPOSTHOCTEH U BBIYUCIISICT HOBYIO alPOKCUMAITUIO allOCTEPHOPHBIX BEPOSTHOCTEH.

Hexonep uepenyer 3Tu (a3sl 1eKoaMpoBaHus B TeueHue [ urepanmii. Pemenne u,, n =0, 1, . ..

2
,K — 1, nomyyaetcst cpaBHeHHEM (DPUHATBHOTO JIOTAapU(PMUYECKOTO OTHOILICHUS Z o) (I) ¢ moporom

0:

0,ecrmu sz) (D >0;
u =
" |lLecm z?@)<0. (3:27)

(Ecmn z » 0 =

0, Torma aexkojep MCHOIb3YET MPABUIO OpOCaHUS MOHETbl M NPUHUMAET
peuienue un = 0 Wi u, = 1 ¢ BepositHocThio 1/2.) TepaTuBHBII JeKOAEp WILTFOCTPUPYETCS Ha PUC.
23.1, rtne u = ugu; . . .ug-1. MrepaTuBHOE AEKOAMPOBAHHME MHOTOKPATHBIX TYpOO-KOAOB
aHAJIOTUYHO  UTEPAaTUBHOMY  JEKOJIUMPOBAHHIO  OOBIYHBIX  TypOO-KOAOB. JlekoaupoBaHue

MHOT'OKpPAaTHBIX Typ60KOIlOB C ] KOMIIOHCHTHBIMU KOJaMH COCTOUT U3 ] HTCpaHI/Iﬁ, Kaxjgast

uTcpanus aHaJlorniHa uTepaluiaM ACKOIUPOBAHUA OOBIYHBIX Typ60'KOI[OB.

20(0) 2@(i—1)| ObpaTHblii

[lepemexuTtent
¥
| APP
aekogep 1 (1) )
—| Z1
[NepemexunTent-
a) =(0)
r(0) —e—lepemexuTent
| |
p1) ——
APP nocne [ .
o nekogep 2 2(2)(;) | WTePaLViA
e - <

Puc. 3.115. UteparuBHbIi geKkoaep I TypOO-KOIOB
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Pa3paboTka Mogesn cuCTeMBbI CBSI3H C MCNIOJIb30BAHUEM TYpP0O-KOI0B

B nuanorosom okue mpuiokerust Simulink Heo6xoauMo codpath cxemy, MpeACTaBICHHYIO Ha

pucynke 3.116.

M. N Turbo
Bernoulli »
. Encoder
Binary
Bernoulii Binary Tir b0 Encoder
Generator

il

BSC
Em

|| . 0.6667

Turbo
Decoder

Tx
Emor Rate
- A

. Rxn..EI|DU|EITIC}I‘I

w

Binary Symmetric
Channel

KomBrHaums Ha Exoae imgepa

KomBuHauMR Ha EwiXDaE KOERS

w

LT

Turko Decoder

R
[}

Erar Rate

A
¢ alculation Anamuzarop owwbor

il

KomBWHaLMA Ha BbDDE AEKDOEpE

Puc. 3.116. Mopens CUCTEMEBI CBSI3U C MCTIOJIh30BAaHUEM TYPOO-KOJIOB

B cocTaB HpOGKTpreMOﬁ CUCTCMBI CBA3U BXOIAT CICAYIOIINEC SJICMCHTBI:

1. Bernoulli Binary Generator;

2. Turbo Encoder;

3. Binary Symmetric Channel (kanan nepenaun);

4. Turbo Decoder;

5. Error Rate Calculation (ananu3atop omnri6ok);

6. Jlucriei, oToOpaXkaromiii KOMOWHAITMIO Ha BXOJIE KOJepa;

7. ucmuieit, oTroOpaxaronuii KOMOWHAIIMIO Ha BBIXOJIE KOJIEPa;

8. lucmmeit, oToOpaXkaroliii KOMOWHAITMIO Ha BBIXOJIE IEKOepa;

9. lucnineit  ananusaropa OMIMOOK,

0To6pa>1<a101u1/1ﬁ qacToTy OH_II/IGOK, YHUCII0

0oOHapyKEHHbIX OMIMOOK, KOJIMYECTBO CUMBOJIOB IO CPABHEHHUIO.

Ha cnenyromiem stane MoaenupoBaHus HE0OX0JUMO MTPOU3BECTH HACTPOUKY (PYHKITMOHATIBHBIX

9JICMCHTOB Hccne,uyeMoﬁ CHUCTCMBI CBA3U.

CHauaia HGO6XOI[I/IMO BBITIIOJTHUTD HaCTpOﬁKy reHepaTopa 6I/IHapHBIX MOCEI0BaTEIbHOCTEN



bepuymu (Bernoulli Binary Generator) (puc. 3.110):
* Source Block Parameters: Bernoulli Binary Generator . S|
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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: 32

Output data type: [double

[ 0K ][ Cancel H Help ] Apply

———————————————————————

Pucynox 3.110. Hacrpoiika Bernoulli Binary Generator amst 32 6ut

B MpeaACTaBJICHHOM ClIy4dac 6YII€T HCIIOJB30BaThCA BXOJAHAA IIOCICA0OBATCIIBHOCTh, COCTOAIIAsA

u3 32 our

Jlanee HeoO0XOAMMO BBHIMOJHUTH HACTPOMKYy TypOo-koiepa u aekonepa (puc. 3.111 u puc.

3.112):

Function Block Parameters: Turbo Encoder

e

Turbo Encoder

code generator (octal) and feedback connection (octal).
Source code

Farameters

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,

Trellis structure: poly2trellis( 4, [ 13, 15 ], 13 ]|

Source of interleaver indices: [Property

Interleaver indices: (32:-1:1).

|| Simulate using: |Interpreted execution

‘)- [ oK ][ Cancel ][ Help

Apply

A1

Puc. 3.111. Hacrpoiika Turbo Encoder
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[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

Jd | ok || cancel || hHelp | apply
—

Puc. 3.112. Hacrpoiika Turbo Decoder

Ha cnenyromem mare HeoOXOIUMO BBITOJHUTH HACTPOHKY JBOMYHOTO KaHaja Iepeaadu
undopmarmu (Binary Symmetric Channel) (puc. 3.113):

"k Function Block Parameters: Binary Symmetric Channel u I.

Binary Symmetric Channel (mask) (link)
Add binary errars to the input signal.
Parameters

Error probability:

Initial seed:

i

Output error vector

Output data type: ldouble ']

Jd ook H Cancel ” Help ] Apply
—,,

Puc. 3.113. Hacrpoiika Binary Symmetric Channel
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Crout OTMCTUTDH, YTO HA JAHHOM 3TalIC MapaMCTp «BCPOATHOCTDH OIIIMOKI» HCOGXO,Z[I/IMO 3aaaTb

MaJIbIM, AJIs1 TOI'O YTOOBI IIPOBEPUTH pa6OTOCHOCO6HOCTB CHUCTEMBI B LICJIOM (BCpOHTHOCTB OIINOKHU

BBICTYIIACT aHAJIOI'OM OTHOLICHUSA CI/IFHaJ'I/I_HYM B p€aJIbHOM aHaJIO'OBOM KaHaJi€ CB5[3I/I).

Janee Hactpoiika ananu3atopa omu6ok (Error Rate Calculation) (puc.3.6).

Farameters

Receive delay:

0

Computation delay:

0

Computation mode: |Entire frame

Output data: |Pnrt

Reset port

Stop simulation

Puc. 3.114. Hacrpoiika Error Rate Calculation

3aKIIOuNTENbHBIN IIAr — 3amyck padoTsl Beeil cuctemsl. Ilocie 3amycka crpoeKTHpOBaHHOMN

CHUCTCMbI 6y,HYT TIOJIYUCHBI CJICAYIOIINC PC3YJIbTAThI:

=t tm S

Turbo

v

Binary

Bernoulli Binary
Generator

Encoder ¥

BSC
Em

Turbo
Decoder

T Error Rate

Turbe Encoder

FomBuHalpa Ha Exoae Koaepa

Binary Symmetric
Channel

P | | | = = | | = =

KomGuHELMA Ha ELOOS MOAEDE

Turbo Decoder

v
7

Emor Rate
Calculation

.
i

AnanvesTop owwlor

Ha EEOOE

Puc. 3.115. Pe3ynbrarel paboThl CHCTEMBI CBSI3M HAa OCHOBE TypOO-Koaepa

Ha ocHoge MOJIYYCHHBIX PEC3YJIbTATOB MOXHO CACIIATh BBIBOJ, UTO OICpALIMU KOAUPOBAHUA U

ACKOAHWPOBAHUS BBIITOJHCHBI ITPABUJIBHO, CJICIOBATCIIbHO, CIPOCKTUPOBAHHASA CUCTEMA UCIIpABHA U

paboTocnocoOHa.
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OnHOM W3 OCHOBHBIX XapaKTEPUCTHK, XapaKTEPHU3YIOIIUX TOMEXOYCTOHYMBOCTh KOJa,
SIBIISICTCS 3aBHCHMOCTh KOJIMYECTBa OOHAPY)KCHHBIX OMIMOOYHBIX OUT OT BEPOSTHOCTH OLIMOKH.
BeposiTHOCTh OMIMOKKM — SIBJSIETCS aHAJIOTOM IIYMOB B pEalbHOM aHAJOrOBOM KaHale Iepeave.
Takum o0Opa3oM Uil  HUCCIENIOBaHHUS IMOMEXOYCTOMYMBOCTH TypOO-KOAa MpPEACTaBISETCS
11€J1eCO00pa3HBIM MOCTPOUTH BBIICYTIOMSHYTYIO 3aBHCUMOCTb.

Hns TypOo KOoma, ¢ BXOTHOW TIOCIIEIOBATEIILHOCTBIO, COCTOSIIEH W3 YEeThIpeX OUT U CO
CKOpPOCTBIO KoOIUpoBaHus R=1/3 3aBUCUMOCTh KOJIMYECTBa OIMIMOOK OT BEPOSITHOCTH OIIHOOK
npencraBicHa B Tabnuie 3.7:

Ta6muua 3.7. 3aBUCUMOCTH BEPOSATHOCTH OMIMOOK OT KOJIMYECTBA OMIMOOYHBIX OUT 111 TYpOO

KOJIa
P 0 0 0 0 0 0,5 0, 0,7 0,8 0,9 1
our ,01 1 2 3 4 6
N 0 0 0 0 0 04 0, 0,53 0,62 0,56 0,562
bits ,062 ,281 ,343 375 437 37 406 1 5 2

Hns ynobctBa 00paboOTKM MONyueHHOM WHGOpMALMU, MPEACTABIACTCS HEOOXOAUMBIM U

11eecoo0pa3HbIM MPEICTaBUThL TabmuIy 3.7 B BUe rpaduka:

e
~

\
[

e o
£ [0,

e o
NoWw

/

é

001 01 02 03 04 O05 06 07 08 09 1
BepoATHOCTb OWM60K

BEPOATHroCTb OWMBOUHDBIX 6UT

o
JEEN

o

Puc. 3.116. 3aBuCHUMOCTb BEPOSTHOCTH OIIMOOK OT KOJMYECTBA OMIUOOYHBIX OUT

st TypOo Koza, ¢ BXOAHOW TMOCIIEIOBATEIHFHOCTHIO, COCTOSIICH U3 64 OMT U CO CKOPOCTHIO
KoaupoBaHusi R=1/3 3aBUCHUMOCTH KOJMYECTBA OMMOOK OT BEPOSITHOCTH OMIMOOK MPEICTABIICHA B

Tabaure 3.8:
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Tabnuia 3.8. 3aBHCUMOCTh BEPOSTHOCTH OMIMOOK OT KOJMYECTBA OMUOOYHBIX OUT AJIst TYpOO

Koza

om 01 |1 15 |2 3 4 5 ,6 N 8 9

N 0 0 0 0 0 0 0 0 0 0 0 0
bits ,250 | ,375 | ,390 | ,468 |5 5 ) DSl |54 |57 |56 |54

Jis ynobctBa 00pabOTKHM TMONy4eHHOW HWH(MOpMALUU, MTPEICTABISICTCS HEOOXOIUMBIM U

1enecoo0pa3HbIM MpeicTaBuTh Tabauily 3.8 B Buze rpaduxa:

o
o

o
Ul
L 4

o
>

o
w

'

o
N

YacroTa owmnboK

o
N

o

001 01 015 02 03 04 05 06 07 08 09 1

BepoATHOCTb OWMG0K

Puc. 3.117. 3aBucHUMOCTb BEPOSTHOCTH OIIMOOK OT KOJIMYECTBA OMINOOYHBIX OUT
[TocTpouM 3aBHCHUMOCTH KOJIMYECTBA OLIMOOYHBIX OMTOB OT BEPOSITHOCTU BO3HMKHOBEHMS
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B pesynbrare BBINOIHEHUS AAHHOW J1a0OpaTOpHOW pabOThI OBUT MPOBEAEH TEOPETHUECKUI
0030p COBPEMEHHBIX aJTOPUTMOB MCHOJB3YIOUINX Ul Mepeiadyl HHPOpPMAIMK 110 KaHalaM CBSI3U
TypOO-KOBI.

B xome paborer Obwia paszpaboTaHa MoOJENb CUCTEMbI Iepenaud HHGOpMAlMH ¢
UCToNIb30BaHWEeM TypOo kojoB. Komep mpeacraBusier co0oil KilacCHYecKHil TypOO-KOJep co
CKOpPOCThIO KomupoBaHus R = 1/3 peann3oBaHHBIN MyTeM MapajuIeNbHOTO KacKaJUPOBAHUS ABYX
CBEPTOYHBIX KoJepoB. J[lekomep mpeacTaBisieT coOOW HTEpaTUBHBIM Aekonep TypOO-KOIOB.
OCHOBHBIM €ro JJOCTOMHCTBOM €r0 SBJIIETCS TO, YTO HA KaKJI0M UTEpaluu C IOMOIIbIO IPOCTBIX
IpOLEAYp ACKOAWPOBAHMS AHAIM3UPYIOTCS JaHHbIE, NPUHAAIEKAIIUE MPOCTHIM UTEPALMOHHBIM
KOJIaM.

[Ipu momomu pa3paboTaHHON MOJENU OBLJIO YCTaHOBJEHO, YTO TYpOO-KOABI C Oousblieit
JUTMHOW KOJIOBBIX KOMOHMHAIMEH 00JafaroT Jydlied MOMEXOYyCTOMYMBOCTBIO, YTO COOTBETCTBYET

TEOPHH.

3.6. HuzkomnorHoctHble Koabl. Knaccudukanus LDPC-konoB. MeToabl mocTpoenust
NMPOBEPOYHBIX MATPHIL. AJITOPUTMBI 1eKOAUPOBAHUS HU3KOIMJIOTHBIX KOJ0B.
OuneHka €J10KHOCTH AJITOPUTMOB JAekoaupoBanns Ha 0aze MATLAB u LabVIEW
Hu3KomI0THOCTHBIE KO/ibl. OCHOBHBIE M0J10KeHus1 [16]

B 1948 roay Knon Onsyn llleHHoH omyOiMKoBan cBOKO pabOTy IO TEOpPUM Iepeladu
nHpopmanuu. OJHUM U3 KIIOYEBBIX pE3yJIbTaTOB pabOThl CUYUTAETCS Teopema O Iepeaadu
uHbOpMaMK Il KaHajlla C IIyMaMH, KOTOpas TOBOPHT O BO3MOXXHOCTH CBECTH BEPOSTHOCTh
omMOKM mepeAayd Mo KaHaly K MHMHHMYMY IpH BBIOOpE JOCTaTOYHOIO OOJIBLION JITHHBI

KJIIOYCBOIo CJioBa — CIMWHHUIIBI I/IH(I)OpMaLII/II/I nepez[aBaeMoﬁ 110 KaHal1y.

Herounnx Kogep Kanan ¢ mymamn Hexopep

Do TNoTox 610K0B — KTOYEELLX (0B Tarox
HHOPMALD HH( OpMALY G

Puc. 3.119. YnpomeHnas cxema rnepeaadd HHGOPMAITUH 110 KaHATY CBS3H.

[Tpu nepenavye nHpopmanuu e€ MOTOK pazduBaeTcs Ha OJOKH OMpeesIEHHOM (Jalle BCero)
JUTHHBI, KOTOPBIE TPEOOpPa3yrOTCss KOJAEpOM (KOAUPYIOTCS) B OJIOKHM, HA3bIBAEMBIMH KIIFOUEBBIMH
cioBamu. KiroueBble cioBa MepegaroTcs MO KaHally, BO3MOXKHO C HUCKaxeHusMu. Ha
MPUHUMAIOILEH CTOPOHE JEKOJIep Mpeodpa3yeT KII0UeBble CI10Ba B OTOK HH(POPMALIUHU, UCTIPABIIASA

(110 BO3MOKHOCTH ) OILIMOKHU TepeIayu.
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Teopema IlleHHOHa YTBEpXAaeT, YTO MPHU ONPEACNEHHBIX YCIOBUAX BEPOSTHOCTH OIIMOKH
JIEKOJUPOBaHUSA (TO €CTh HEBO3MOXHOCTb JEKOJEPOM HCIPAaBUTh OIIMOKY Iepefad) MOXKHO
YMEHBUINTb, BbIOpaB OOJbIIYIO JUIMHY KiIrodeBoro ciosa. OpHako, AaHHas Teopema (M pabora
BOOOINE) HE IOKA3bIBa€T, KaK MOXKHO BBIOpaTh OONBIIYIO JUIMHY, a TOYHEe Kak 3((HEeKTUBHO
OpPraHU30BaTh IMPOLECC KOMUPOBAHMA M JIEKOAMPOBaHHS HH(pOpMarmuu ¢ OOJBIION JITUHON

KIJIFOYCBBIX CJIOB.

Ecnu npennonoxuTh, 4To B KOJEpe M JEKOJepe €CTh HEKHE TaOIULbl COOTBETCTBUS MEXIY
BXOJHBIM 0JIOKOM MH(OpMaIK1 U COOTBETCTBYIOIIUM KOJOBBIM CIOBOM, TO TaKHe TaOJIUIbl OyayT
3aHUMaTh OYE€Hb MHOIO MecTa. J{Js JBOMYHOTO CHMMETPHUYHOTO KaHajda 0e3 mamsaTH (eciu
TrOBOPUTH YIPOLIEHHO, TO HAa BXOJ KOJ€pa IOCTYNAeT MOTOK U3 HyJed U €JUHUI]) KOJUYECTBO
pa3IUYHBIX OJOKOB COCTaBISACT2", I/ie N — KOJUYECTBO OUT (HyJCH MM eIUHHI]) KOTOpbIC OyayT
peoOpa3oBEIBaTECA B OJHO KOIOBOE cI0BO. Jist 8 6ut 310 256 6:10K0B MH(pOPMALINH, KaXKIBIH U3
KOTOpbIX OyJeT coaep)kaThb B cebe COOTBETCTBYIOIIEE KOAOBOE cioBO. IIpmuéM KomoBoe CI0BO
OOBbIYHO OOJIBIIEH JUIMHBI, TaK KakK COJEPKUT B ceOe JIOMOJHUTENIbHbIE OWTHI I 3aIUUThl OT
omuOOoK nepeaadu JaHHbIX. [103TOMy OTHUM U3 CITOCOOOB KOJMPOBAHUS SIBIISICTCS UCIIOJIb30BaHUE
IIPOBEPOYHOM MAaTpUIIbl, KOTOPbIE IMO3BOJISIIOT 32 OJHO MaTeMaTUYEeCKOE JAeWcTBUE (YMHOXKEHUE

CTPOKH Ha ManI/II_IY) BBIIIOJIHUTBb ACKOAUPOBAHKUEC KOJOBOI'O CJIOBA.

AHaTOrnYHBIM 06pa30M Kaxxgon HpOBCpO‘{HOﬁ MaTpue€ COOTBCTCTBYCT MOPOKAAOIIAA
MaTpuna, aHaJOT'MYHbIM CII0coO0M OIHOM onepauneﬁ YMHOXCHUA CTPOKHM Ha Marpuny

TEeHEPUPYIOLIEH KOJOBOU CIIOBO.

Takum o0Opa3oM, Ui CpPaBHUTEIBHO KOPOTKHUX KOJOBBIX CJIOB KOJEPHI U JIEKOAEPHl MOTYT
MpoCTO COACPKAThb B MaMATHU BCC BO3MOKHBIC BApUAHTBI, UKW AdAXC PCAIM30BBIBATL UX B BHUIC
MOJIYTIPOBOJTHUKOBOIM cXxeMbl. [[nst Oosbliero pasmepa KoJOBOro ciioBa 3(QQEKTUBHEE XPaHUTh
MOPOKAAIOLIYI0 U MPOBEPOUHYI0 MaTpuily. OJHaKO, IpU AJIMHAX OJOKOB B HECKOJBKO ThICAY OUT

XpaHCHUEC MaTpul pasmMepomM, COOTBECTCTBCHHO, B Mera6I/ITLI, YKE€ CTAHOBUTCA HCB(I)CI)GKTI/IBHBIM.

OnHUM U3 croco0O0B pelIeHus JaHHOM MPOoOJIeMbl CTAHOBUTCS MCIIOJIB30BaHUS KOAOB ¢ MaJIOii
IUVIOTHOCTHI0 NMPOBEPOK HA YE€THOCTH, KOrJa B IPOBEPSIONIEH MaTpuie KOJIMYECTBO EIUHUIL
CPaBHUTEIBHO MaJlo, YTO MO3BOJISAET 3P (PEeKTHBHEE OPraHN30BaTh MPOIECC XPAaHEHUSI MATPHUIBI UITU

K€ HAIIPAMYIO p€aJIn30BaTh INPOUECC ACKOAUPOBAHUA C TIOMOIIBIO HOJIYHpOBO,Z[HI/IKOBOﬁ CXCMBI.

Koapl ¢ HU3K0Il IJIOTHOCTHIO MpPoBepok Ha 4éTtHocTh (LDPC ) — 3T0 Kilacc JMHEHHBIX
OJIOKOBBIX KOJIOB, IO3BOJISIFOIIMX MOJYYUTh MPEBOCXOIHYIO A(P(HEKTUBHOCTH C OTHOCHUTEIBHO

MaJIbIMH BBIYUCIIUTCIIbHBIMU 3aTpaTaMH Ha HUX IACKOAWPOBAHMUC. Ot KOAbI ObLIH MPCAJIOKCHBI
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PobGeprom T'amnarepom eme B 1963-em rony, ogHako ObUIM 3a0BITBI Ha COPOK JIET B CBSI3U CO

CJIOKHOCTBIO p€ain3alun aJilrTOPUTMOB UX JCKOJUPOBAHUA.

Pa3zButre nu@poBoil TEXHUKU MMO3BOIHIO MPEOJOJIETh MHOTHE Mpoliembl U B KoHIE 20-To

crosietus ucciaeaopanus B oosactu LDPC — ko/10B moTydriii HOBBIH UMITYJIBC.

LDPC-koap1 cTaHOBATCS BOCTPEOOBAaHHBIMH B CHCTeMax Iepeaadyn WHPpopManuu, TpeOyommx
MaKCUMAaJIbHOW CKOPOCTH Iepeadd Py OrpaHHYCHHOH 1mosioce 4acToT. OCHOBHBIM KOHKYPEHTOM
LDPC-ko/10B Ha NaHHBI MOMEHT SIBJISIFOTCS TYpOO-KOABI, KOTOPhIE HAILIU CBOE NMPUMEHCHHE B
CUCTEMax CITyTHUKOBOH CBSI3H, PSIC CTAHIAPTOB IU(GPOBOTO TEICBHUICHUS U MOOUIIBHBIX CHCTEMAaX
cBs3u Tperbero mnokosieHus. Omnako LDPC-koael 1o cpaBHEHHIO ¢ TypOO-KOJaMU HMEIOT PsiI

MIPEUMYIIECTB.
Bo-nepBbix, LDPC-koap1 00roHsI0T TypOO-KOABI IO CKOPOCTH JIEKOAHUPOBAHUSI.

Bo-Bropbeix, LDPC-konpl Gosiee mpeanoyTuTeNbHbl B KaHaJaX C MEHBIIMMHU BEPOSTHOCTSIMH
omu6Ook. C pa3BUTHEM METOJIOB Iepeiadr HHPOPMAIUU KAaHAJBI IIepeAad YIIYIIIarTCs, YTO JaeT

XOPOIIYIO repcrekTuBy it pa3Butus LDPC-komoB.

[IpumeHeHre METOJI0OB HUTEPAaTUBHOIO JIEKOJUPOBAaHUS K JaHHBIM KOJaMm I103BOJISET
MIPAKTUYECKHU BIUIOTHYIO MPUOJU3UTHCSA K IMPOIYCKHOM CIIOCOOHOCTH KaHaja MpU OTHOCUTEIIbHO
HEOOJBIION CIIOKHOCTH peanu3aiii. B cBs3u ¢ 3THM BO MHOTHUX HOBBIX CTaHIapTax Mepeaavu
pasnuuHoro poaa nanueix (DVB-S2, 802.11n, 802.16e) umenno LDPC- koapl peKOMEHI0BaHbI JIs
ucnpaBnenus omubok. LDPC - xoasl mpeactaBisitor coOod JUHEHHBIE OJOKOBBIE KOJIBI,
3a/1aBaeMble C ITOMOIIBIO MPOBEpPOYHOM MaTpuipl H, XapakTepu3yemMol OTHOCHUTEIBHO MallbIM

(<10) yucnom enuHUIl B CTPOKAX U CTOJIOIAX.

B 1981-om roxy P.M. TanHepoM ObuIO TPEAJIOKEHO HCHOIB30BATH JIBYJOJIBHBIE
HEOPHEHTUPOBaHHbIE TIpadbl, BIOCIEJACTBUM Ha3BaHHble rpadamu TaHHepa, AN ONUCAHUSA
CTPYKTYpbl UTEPATUBHO IEKOAMPYEMBIX KOJIOB. B mpuHuMIe ar060i GIOKOBBIM KO pa3zMEepHOCTH
(M,N), rme N — uncio 6utoB, a M — 4KCI0 MPOBEPOK B KOJOBOM CJIOBE, MOXHO IPEICTABHUTH B
BUjie AByoabHOTO rpada Tannepa. Hanpumep, Ha pucynke 3.131 n3obpaxen Takoit rpad s Koaa

XsmmuHra (7,4), mpoBepoyHast MaTpuIia KOTOPOTO UMEET BUJIL:

R
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ny Ny ny Ny Ng Ng ny
Butel VN

Mposepkn CN
m m3 m3

Puc. 3.120. I'pad Tanuepa mis koga Xoammvunra (7,4)

Bepumnbl rpada HaswiBatoTcs npoBepounbiMu (Check nodes - CN) wu OutoBbIME y371aMu

(variable nodes - VN), onu 0003Ha4eHbI Ha PUCYHKE M ¥ N COOTBETCTBEHHO.

[Tpu nmomonm rpacda TanHepa OONBIIMHCTBO aNropuTMOB JekonupoBanus LDPC-komos
MOKHO TpEACTaBUTh B BHJE IPOLECCOB IOCIEA0BATEIBHOIO OOMEHA COOOLICHUSMH MEXITY
COEJIMHEHHBIMU peOpamMu BepuIMHaMU. [{1s HpOBEpOYHBIX M OUTOBBIX Y3JIOB Ipada BBOIUTCS

MOHATHE CTENEHM — BEJIUMYMHBI, [MOKA3bIBAIOLIEH uuciio pEdep, BXOAAIIMX B paccMaTpUBaeMbli

Yy3¢elI. CreneHn OMTOBBIX U ITPOBEPOUYHBIX Y3JIOB 0003HaYaIOTCA dC n d r cooTBeTcTBeHHO. Eciu
dC n d r (I)I/IKCI/IpOBaHBI AJIg BCEX Y3JI0B, TaKO# KOJ Ha3bIBAIOT PEryJIsIpHBIM, a €CJIN XOTA OBl OJJWH

H3 OTUX MApaMETPOB U3MCHACTCA OT y3Jla K Y3JIY — HEPCTYIISIPHBIM. Z[J'IH OIMMCAaHUSA HEPETYIIAPHBIX
KOIOB BBOJUTCA psaa pPacpCACICHUA CTGH@HCI\/'I, HOKa3BIBaIOHIHﬁ AOJIO Yy3JI0B, HWMCIOIIHX

KOHKPETHYIO CTEIEHb.

B 1996-om romy Beimuia B cBer nepsas mnocie P.l'amnmarepa paborta, mocBsieHHas
ucnonb3oBanuio LDPC — komoB B KauecTBE KOJIOB, CIOCOOHBIX BIUIOTHYHO NPHOIM3UTHCA K
rpanune llleHHOHa Mpu JOCTaTOYHO OOJBIION JJIMHE KOJOBOro cioBa. [losiBieHue 3Tol CTaThu
MOPOMUIIO LENYK BOJHY HCCIIEJOBaHHM, MOCBSIIEHHBIX MOUCKY HOBBIX, Ooyiee 3(PPEKTUBHBIX
ctpykryp LDPC — komoB, a Takke aIbTEpPHATHBHBIX QJITOPHTMOB WX JICKOJUPOBAHUS C

Pa3JIMIHBIMU COOTHOICHUSAMHA 3(1)(I)CKTI/IBHOCTL/ MPOU3BOAUTCIILHOCTD.

B mocnennee Bpems LDPC — konpl momydmiii IIMPOKOE paclpocTpaHeHHe Onaromapsi
npeBocxoHoi s dextuBHOCTH. cnonb3oBanue LDPC — kogoB mpeaycMaTpuBaeT GOJIBIIMHCTBO
COBPEMEHHBIX CTaHIApPTOB Nepenadn MaHHbIX (Hanpumep, cranaaptel IEEE 802.11, IEEE 802.16),

CTaH/1apTOB IU(POBOTO Belanus (Hanpumep, ctanaaptel DVB-S2, DVB-T2, DVB-C2).
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Knaccuduxauus LDPC - konos.

ITo onpenenenuto, nannomy P. ["amnarepoM, HU3KOTIIOTHOCTHBIM KOJI — 3TO JIMHEHHBIN KO,

npoBepouHasi marpunia H koroporo pasmeproctu (M x N) comepxut dC <« M eauHHI] B KaXJI0M

cron6ue u d r < N eaunui B kaxaoi crpoke. Ilpudem pacnpenencHue euHuUIl 110 CTouduam u

CTpOKaM B OOIIEM Cllyyae ClIy4ailHo.

Ha mpaktuke ciydaiiHoe pacrnpeziereHue eIUHHIl KpailHe HeyZoOHO — Juld KOAWPOBaHUS U
ACKOAWPOBAHUSA IMPUXOJUTHCA XPAHUTL IMPOBCPOUYHLIC U I'CHCPATOPHLIC MATPHUIIbI, YTO JOCTATOYHO
HAKJIQJIHO, OCOOCHHO MPU OOJBIINX UTHHAX KOJIOB.

OueBUIHBIM CPEICTBOM OOPBOBI ¢ ATOH MPOOIEMOM SABIIAETCS MEPEX0]] K HU3KOMIOTHOCTHBIM
KOZaM, MPOBEPOYHAs MaTpHlla KOTOpbIX 00lagaeT Kakoii-to cTpykTypoi. IIpocreiimuii Bapuant
CTPYKTYPHU3aLMK IIPOBEPOYHON MaTPULbl — MCIOJIb30BAHUE [IUKINYECKUX KOJOB.

dopManbHO TPOBEPOYHAS MATPHIlA TAKOTO KOJIa MPEICTABIAECT COOON MUPKYISTHTHYIO MATPHUILY
pasmepHoctd N X N, B KOTOpOH KaJas CTpOKa MOJYy4aeTcss LUKIWYECKMM CABHIOM BIIPaBO
npeablayIieid CTpoKU. 3HadeHHe BIMSHMS LMKIMYHOCTU IMPOBEPOYHOM MATPULbI HAa CIOXKHOCTh
nexonepa LDPC-kona cioKHO NEepeolieHUTh, OCKOIbKY KaX/1as U3 CTPOK MaTPUIIbl OJTHO3HAYHO
olpeseNnsieTcsl NpeblIylleld CTPOKOM, B CBA3M C UYEM pealu3alus [JeKOAepa MOXKET ObITh
CYIIECTBEHHO YIPOLIEHA [0 CPABHEHUIO CO CIy4alHOM CTpYKTypol IpoBepodHoi Marpuibl. Kak
U3BECTHO, KOJEp IMKINYECKOr0 KOJa JOCTaTOYHO IPOCTO pPEAJM30BaTh C HCHOJIb30BAHUEM
C/IBUT'OBOTO pErucTpa U Habopa CyMMaToOpOB.

K HemocTaTkaM IUKIMYECKUX KOJOB MOXHO OTHECTH (PMKCHUPOBAHHBIM, IS BCEX CKOPOCTEH
KOJIUPOBaHUs, pa3Mep MpoBepouHoil Marpumbsl N X N, uro moapazymeBaeT Ooiiee CIIOXKHBIN
JeKoJiep, a TakXe BBICOKMH XAIMMHHIOB BEC CTPOK, UYTO YCIIOXKHSET CTPYKTYpYy JAeKojaepa.
JIONOJTHUTENBHO CTOUT 3aMETUTh, UTO IIUKIMYECKHH KO — BCErJa peryJsipHblil.

K AOCTOMHCTBAM IIOMHMO YIPOLICHUSA KOI[I/IpOBaHI/Iﬂ/I[eKOI[I/IpOBaHI/Ifl CJICAYCT OTHECTHU
00JbII0€ MUHUMAaIBEHOE PacCTOAHNUEC U OYCHDb HU3KHI Iopor npru UTCPAaTUBHOM ACKOAUPOBAHUU.

XKenanue mnpeononers HenoctaTku Lukianueckux LDPC-koqoB mnpuBeno K MOSBICHUIO
kBasunukiandeckux LDPC-konoB. Ka3uuukindeckne KOAbl TakKKe MMEIOT XOPOUIYI CTPYKTYPY,
MO3BOJISIIOILYIO YIPOCTHTH KOJEp U AeKojep. B nononHeHrne K 3TOMy OHU MO3BOJISIOT Oojiee THOKO
MOJONTH K pa3paboTKe KOAa, B YAaCTHOCTH TO3BOJISIIOT CHHTE3UPOBATh HEPETYNISAPHBIE KO
ITpoBepouHas MaTpuIla TAKOTo KOJa MpeJICTaBIseT coO00N HE UTO MHOE, KaKk HA0Op LUPKYISIHTHBIX
MOJIMaTPHIL;

Ann - Ain
H=| : ;
Apr - Aun
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OueBUHO, YTO ISl TOJYYEHHUS] HU3KOIUIOTHOCTHOIO KOJa, UUPKYJISTHTHBIE MaTpPHIIbI
JOJKHBI  OBITH  Pa3peKEHHBIMU, UYTO HA IMPAKTUKE O3HAYaeT HCIOJb30BaHUE B KauecTBE
UUPKYJASHTOB €AMHUYHBIX MaTpuil. J[ias TOro 4troObl MOJYYUTh HEPETYNISAPHBIA KOJ, KaKue-TO
MOIMATPHIIBI IPOCTO OOBSIBIISAIOTCS HYJICBBIMHU.

MeToabl NOCTPOEHH S POBEPOYHBIX MATPHUIL

Metoapl moctpoenuss LDPC-kooB Taxke MOKHO pa30uTh Ha kiaccel. K mepBomy kitaccy
OTHOCSITCSL BCE alNTOPUTMHUYECKHE CIOCOOBI M CHOCOOBI, HCIONb3YIOIINE BBHIYUCIUTEILHYIO
TEXHHUKY. A KO BTOPOMY — CIOCOOBI, OCHOBaHHBIC HAa TeOpuUU rpadoB, MaTEMATHKE KOHEYHBIX

noJieit, anredpe 1 KOMOMHATOPHUKE.

HpI/I 9TOM CTOMT 3aMCTUTB, UTO HepBI)If/'I KJIaCC METOJ0B IMO3BOJIACT IIOJYYaTh KakK cnyqal?mble,
TaK U CTPYKTYPHUPOBAHHBIC LDPC'KOI[LI, B TO BpEMs KaK BTOpOI>'I HalCJICH Ha MOJYYCHUC TOJIBKO

cTpykTypupoBanHbiX LDPC-k010B, X0Ts OBIBAIOT U UCKITIOUCHHUS.

B ornuume oT Apyrux JMHEMHBIX OJIOKOBBIX KOJOB, Takux kak bUX wimu komoB Puma—
CosioMOHa, UMEIOIIUX CTPOTUN aJIrOPUTM CHHTE3a KOJIOB C 3aJlaHHBIMU napameTrpamu, st LDPC-

KOIOB CYHICCTBYCT MHOXKCCTBO croco0oB IMOCTPOCHUA KOOOB.

CymectBytot cioco6sl moctpoenus LDPC-konoB, npennoxennsie ['amuiarepom u MakKeewm, o

KOTOPBIX HUKC U HOI>'II[€T pCYb.
Jns Hagyana OyAeT paccMOTpEH MeTol, TpeuiokeHHbId P. ["annarepom.

P. I'annarep npennoxui ClIeayIi anropuT™ NOCTPOCHHS HU3KOINIOTHOCTHBIX KOAOB. IIycTh

IIPOBEPOYHAsl MaTpHILa KOAA UMEET BU:

Hy

Hf e

B neit mogmatpuner H, , a = 1, 2... d. UMEIOT CTPYKTYpY, KOTOpasi MOXeT OBITh OIMCAaHa

CIIETYIOLTM 00Pa3OM.

Jlist TFOOBIX MBYX MENbIX W U d,., Oonbmux 1, kKaxkmaas moaMarpuna H, nmeer pasmMepHOCTh
(L X p-d,), mpu 3TOM Beca CTPOK 3TO moaMaTpullsl - d,., a croaduos — 1. [Togmatpuna H; umeer
cnenupudeckyto Gopmy: ais i=0,1,..., p-1 i-as cTpoka comepKUT Bce d, SIUHUII HA TIO3UIUSX C |
or d, mo (i +r)-r—1. OueBuaHO, YTO pe3yabTHPYIOIIAs MaTpuia H — perymsphas matpuiia

pasMepHoCcTH W - d,. X |- d, C BeCaMH CTPOK H CTOJIONOB d, U d. COOTBETCTBEHHO.
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Baxnoit xapakrepuctukoil wmarpuupl LDPC-xkoma sBisieTcst OTCYTCTBHE LIUKIIOB
OIlpe/ieJIeHHOro pasmepa (kpaTHocTH). IloJ HMKIOM KpaTHOCTH 4 MOHUMAETCsl HalU4uue B ABYX
pasHbIX CTOJIOAX MPOBEPOYHOM MATPULbl HEHYJEBBIX JIEMEHTOB Ha COBMNAJAIOIIUX MO3UIUSIX.
OTcyTcTBHE IIMKIIA KPATHOCTH 4 OTIPEIeNIeTCs] BHIYUCICHUEM CKAIIPHOTO TPOU3BEICHUS CTOJIOOB
MaTpUIIBl: €CIM BCEBO3MOXKHBIE CKaISApHBIC TPOM3BENEHHS BCEX CTOJNOLIOB MAaTpHLbI HE
IIPEBOCXOIAT 1, TO 3TO O3HAYaeT OTCYTCTBUE B MATPHUILE LUKIOB KpaTHOCTH 4. L{uki kpatHocTH 4
ABJISICTCS MUHUMAJIbHO BO3MOXXHBIM M BCTpPEUYaeTCs CYIECTBEHHO Yallle LIUKIJIOB OOJbIIEH AIMHbI
(6, 8, 10 u 1. 1.). [IpucyrcrBue B marpunie LDPC-kona nukIioB 1r000¥ KPaTHOCTH CBUICTEIHCTBYET
O 3aJIO)KEHHOHM B CTPYKTYpy MAaTpHIbl H30BITOYHOCTH, HE MPUBOJALIEN K YIyUIIEHHIO

MMOMEX0YCTOMUYUBBIX CBOMCTB KoJa. [IpuMep nukiioB KpaTHOCTH 4 MpHBeAeH Ha pucyHke 3.121
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Puc. 3.121. Iukns! kpatHoctu 4 B matpuue LDPC - kona

PaccMOTpeHHBIN BBIIIE aITOPUTM HE TapaHTUPYET OTCYTCTBUE LIMKJIOB KPaTHOCTHU 4, OHAKO
OHU MOTYT OBITh y/laJI€HbI BIIOCJIEACTBUU. [ aarep mokasai, 4ro aHcamMOiIb TaKUX KOJOB 00Ja1aeT
MpEeKpacHbIMU cBOMcTBaMHU. Takke ObuUla TOKa3aHa BO3MOXKHOCTb pealu3alliyd JOCTaTOYHO
MPOCTBIX KOJIEPOB, MOCKOJIbKY IPOBEPOYHBbIE OWUTHI TAKOIO KOJa MOTYT OBITh HaiiieHbl IO

IIPOBEPOYHON MaTpHlle KOAa Kak (QyHKIMS HH(POPMAIIMOHHBIX Y3JIOB.

[To mpomectBuu Tpuauatu nsatu et MakKei, Oynydn He3HakoMbIM ¢ paboToii ['annarepa,
MOBTOPHO OTKPBUI MPEUMYIIECTBA KOJOB C Pa3peKEHHBIMU MaTpHUIAMU, U ObUI MEPBBIM, KTO MPHU
IIOMOIIIM KOMITBIOTEPHOTO MOJEIHMPOBAHUS II0KAa3aJdl BO3MOXXHOCTh JTHUX KOJOB BIIOTHYIO
npuOIM3uThHCS K rpanuie llleHHOHa Kak A1 ABOMYHOTO CUMMETPUYHOTO KaHaa, Tak U JJis KaHaia
C aJJIMTUBHBIM O€JIbIM TaycCOBCKUM IrymMoM. MakKell npeniokuin HEeCKOJIbKO KOMITBIOTEPHBIX
JITOPUTMOB IIOCTPOEHUS IIPOBEPOUHBIX MAaTPUL HU3KOIUIOTHOCTHBIX KOAOB. [IpuBenemM HekoToOpbIe

M3 HUX B IOPAAKE YBEIINMYCHHA CJIOKHOCTU pCain3allvu.
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[TpoBepounass marpuna H cuHTe3upyercss myTéM CIyd4aifHOTO T€HEPHUPOBAHUS CTOJOLIOB

BECa dc 1 HACTOJIBKO 3TO BO3MOXKHO, paBHOMCPHBIM pacCip€aciI€HUECM BECOB CTPOK dT'

[TpoBepounass marpuna H cunTtesupyercs nyTéM Ciay4allHOIO I'€HEpUPOBaHUS CTOJIOLIOB

Beca d. M CTPOK Beca d,-, C JOMOIHUTEIHHON TPOBEPKOM Ha OTCYTCTBHE LIMKJIOB KPATHOCTH 4.

[TpoBepounas Marpuna H cuHTE3UpyeTcs MO aNrOpUTMY 2, C JOMOJIHUTEIbHBIM yJaJIEHUEM

LUKJIOB KPaTHOCTH 4.

[IpoBepounas maTpunia H cuHTe3UpyeTcst Mo aaropuTMy 3, ¢ JTOMOJHUTEIBHBIM YCIOBUEM,

41O npoBepouHas marpuiia umeet Bug H = [H, H, ], rne H, — oOpaTumas MaTpuIia.

Henocratkom anroputmMoB MakKest sBisieTcss OTCYTCTBUE KakKOM-TMOO CTPYKTYpbl B

IIPOBEPOYHBIX MaTPULIAX, YTO YCIOKHSAET MPOLIECC KOJUPOBAHUSI.

KomupoBanue ocyiecTsiserca npuseaenneM marpunsl H k suxy H = [PT1], us xoroporo
MOYHO TOJYYUTh T€HEPATOPHYIO MaTpuily B cuctematuueckoil popme G = [Pl]. TIpoGiema mpu
KoJaupoBaHuu o Marpure G 3akimoyaeTcs B TOM, 4TO THoaMmaTtpuna P, B oOmeM ciydae, He
SIBIIICTCSL pa3pekeHHON. To ecTh I KOJOB, MPEACTABISIONINX HHTEPEC, CIOKHOCTh KOJTUPOBAHHUS

OKa3bIBaCTCsA JOCTAaTOYHO BBICOKOH.

HexonupoBanune LDPC — konoB.
Haubonpimmii uHTEpEeC 1715 MccaenoBaTeNeld IpeaCcTaBiseT Ipoleaypa AeKOAUPOBAHMSI, BBUY

TOTO YTO OHA SABJISICTCA Oosiee BpeMs 38.Tp8.THOI>i n peCprOGMKOﬁ.

I[eKO,Z[I/IPOBaHI/IC — OTO Ipoueaypa norucka U UCIpaBJICHUA OH_II/I6I(I/I, HaJI0X€HHOM KaHaJIOM Ha
KOZOBOC CJIOBO, IO MPUHATOMY M3 KaHalla BCKTOPY HIIN COOCTBEHHO IIOMCK KOAOBOI'O CJIOBa II0

BEKTOPY, IPUHATOMY U3 KaHaJa.

JlekoqupoBanne 1O MakCUMyMy mpapaonofoous koma C o0o3HauaeT HAXOXKACHUE TIO
33JJaHHOMY TIPUHATOMY BEKTOPY Y TaKOro KOJ0BOTO ciioBa C u3 C (MHOKECTBa BCEX KOJIOBBIX CIIOB),
KOTOPO€ MaKCHUMM3UPYET BEPOSITHOCTh TOTO, YTO MEPENABAIOCH CIIOBO C MPHU YCIOBUU NPUHITHS

BEKTOpa Y . 3a1aya JeKOIMPOBAHMS [0 MAKCUMYMY IPaBIo110100us siBisieTcss NP-1monHoi.

Jlnst oneHKM KadecTBa palOTHI PA3IUYHBIX JEKOJEPOB HCIOIB3YETCS OLIEHKA BEPOSITHOCTH
omn6Oku gaexonupoBanus (BER) nHa wunbopmannonHbIi OHT, BbIUMCIsSieMas KaK OTHOILIEHHE
KOJIMYECTBA OIMIMOOYHBIX MH(GOPMAIMOHHBIX OUT TOCJE JEKOJUPOBAHUS K OOIIEMYy KOJIHYECTBY
MepeaHHbIX HWH()OPMAIMOHHBIX OWT. UTEPATHBHBIC CXEMBlI JIEKOAMPOBAHUS KOJOB C HU3KOU

IUIOTHOCTBIO ITPOBEPOK HA YETHOCTDb HC ABJIAIOTCA ACKOACPAMU 11O MAKCUMYMY HpaBI[OHO,Z[O6I/I$I, HO
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MO3BOJIAIOT MOJYYUTH paSYMHBIﬁ OajaHC MO CIIOKHOCTH U BCPOATHOCTHU OIIIMOKH ACKOAUPOBAHUA
10 CpaBHCHHUIO C ACKOAUPOBAHUEM 110 MAKCUMYMY HpaB,Z[OHOI[O6I/I$I. HUTCPATUBHOC NCKOAWPOBAHUC
moapa3syMeEBacT, 4YTO HAXOXKIACHUC KOAOBOI'O CJIOBA 6y,Z[CT IIPOU3BOJUTLECA HE 3a OAWH IIPOXOM, a 3a
HCCKOJIbKO, C IIOCJICHOBATCIIbHBIM YTOYHCHUCM PE3yJibTaTa Ha KaXJIOM MIarc. HpI/IMeHSHOTCSI
CICAYIOIIUC  OCHOBHBIC CXCEMbI JCKOJUPOBAHUA: «WKECTKOECY ACKOOAUPOBAHHUC, 6BICTpOG

ACKOOUPOBAHUE, MHOI'OIIOPOIrOBOE NJEKOAUPOBAHUC.

«Kectroe» ACKOAUPOBAHHUE — OTO CXEMaA ACKOAWPOBAHHUA JIA ABOMYHOI'0O CHUMMECTPHYHOI'O
KaHaJla IIpH HEOOJIBIIIOM KOJIMYecTBe oOmMOOK B KaHaie. <« KecTkoey JACKOAUPOBAHUC
HHBCPTUPOBAHUCM OuTOB — camas npocTasa cxeMma ACKOAUPOBAHHUA KOJAOB C HHU3KOM IIOTHOCTBIO

IIPOBEPOK Ha YETHOCTb.

[Tox mpoBepkoii morumaetcs arobas ctpoka h = {hy, hq, ..., Ay_1} U3 IPOBEPOUHON MATPHUIIBI
KOJla C HHU3KOW IUIOTHOCTBIO TPOBEPOK HA HYETHOCTh. byleM TOBOPUTH, YTO MPOBEpPKA s
HekoToporo Bektopa Y = {yg, V1, ..., YN—1} BBIIOJHSIETCS TOT/A, KOTAA CKAISIPHOE MPOU3BEIACHUEC
BEKTOpa Y Ha MPOBEpPKY AT Hydb. ByaeM TOBOpUTH, YTO 3JEMEHT Y; NPUHATOrO BEKTOpa Y
ydactByeT B mpoBepke h = {hg, hy, ..., hy_1} Torma, KOrga COOTBETCTBYIOIIUM SJIEMEHT MPOBEPKH

h; HEe paBeH HYIIIO.

OI[Ha urepanus «KECTKOT0) ACKOJHUPOBAHUA HWHBCPTHPOBAHUCM OUTOB IMPOU3BOJUTCA

CIIeYIOIUM 00pa3oMm:
1. 115t OpUHATOTO BEKTOPA BHIYUCIISIIOTCS BCE MPOBEPKH.

2. Ecmu HeKOTopHﬁ our MPUHATOTO BECKTOPAa Y4YaCTBOBAJI Oollee 4yeM B TIOJIOBHHE HE

BBITIOJIHUBIINXCSI IIPOBEPOK, OUT MHBEPTUPYETCS.

3. Ilocne Takoro aHamm3a BCEX CHMBOJIOB IMPUHATOIO BCKTOpPAa BCKTOP IIPOBEPACTCA Ha
MPUHAIJIC)KHOCTb KOY. Ecmu BCKTOD ABJIACTCA KOOAOBBIM CJIOBOM, JCKOAUPOBAHNEC 3aKAHYMBACTCH,

B IIPOTUBHOM CJIy4ac BBIIMMOJIHACTCA CIACAYIOMAA UTCPpAlUs aJIrTOpHUTMaA.

Takas mpouenypa AeKOAUPOBAHUS MPUMEHUMA I KOJOB ¢ HU3KOW TUIOTHOCTBIO IIPOBEPOK Ha
YETHOCTh MOTOMY, YTO OOJBIIMHCTBO IMPOBEPOK B TAKOM cllyyae OyayT coaepkaTh OJHY OLIHOKY
Wi He OynyT cojlepXaTh OIIMOOK BOOOIIE M TOrJa HEBBIOJIHEHHE OOJIBIIOro KOJUYeCTBa

MIPOBEPOK JIJIsi CKMBOJIA TIPUHATOTO CJIOBA Oy/ieT 0003HAYaTh HAIMYUE B HEM OIIHOKH.

CHOXHOCTh OJJHOM HMTEpaLUU <OKECTKOTO» JNEKOJMPOBAHHUS MHBEPTHPOBAHUEM OUT SIBIISIETCS
JMHEWHOW, KOJMYECTBO MTEpaLUi NEKOIUpOBaHMUS OOBIMHO BBIOMpaercs okono log,(N), raeN —

JJIMHa KOJOBOI'O CII0BA.
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JexoqupoBaHue 1O  BEPOSTHOCTSIM  SIBIISIETCA ~ «MATKHUM»  JIEKOJAMPOBAHUEM,  T.€.
JIEKOIUPOBAHMEM Ha OCHOBE BEKTOpPA, COCTOSALIEr0 HE W3 JUCKpeTHBIX 3HadeHuit (0 u 1), a u3
BEILIECTBCHHBIX BEJIMYMH, MMOJIYYCHHBIX Ha BbIXOJE KaHaja IIyTeM IepecueTa BEepOSITHOCTEH (aHTIL.

belief propagation decoding).

Ha ocHoBe mpuHATOrO 13 KaHaia BeKTopa GOpMHUPYIOTCs ABa (IJ1s1 ABOUYHOTO CIydasi) BEKTOpa

BepOHTHOCTeﬁ TOro, 4TO B IPUHATOM BCKTOPC HA I[aHHOﬁ IIO3MIIMH HAXOJHUJICA 3aI[aHHBII7I CHMBOJI.

Kaxxomy HEHyJIEBOMY DJJEMEHTY IIPOBEPOYHOM MAaTPUIbl KOAA C HU3KOM IUIOTHOCTBIO
IIPOBEPOK HA YETHOCTH IIPUIIMCBHIBAIOTCS [BE BEINYMHBIL: qffj " ri’fj. Bennunna ql?f]- ABJIAETCS
BEPOSITHOCTBIO TOTO, YTO J-bIii CHMBOJI MPUHSATOTO BEKTOpAa MMEET 3HaYeHUE X Mo MH(OpMaLuH,
HOJY4CHHOIH W3 BCEX MPOBEPOK, Kpome I-il. Bemnumna ri’fj ABJIAETCS BEPOSATHOCTBIO TOTO, YTO
IpOBEepKa | BBIMOJIHICTCS, €CIH |-bIii CHUMBOJI HPUHSITOTO BEKTOpPAa PaBeH X, a BCE OCTAIbHBIC

CHUMBOJIBI TPOBEPOK HMEIOT paclipe/ielieHue BEpOATHOCTEH, 3aJaHHOE BEIWYHMHAMHU {ql?‘j: ju3

N(i)/j}, tae N(i) — MHOXECTBO CHMBOJIOB, BXOJISIINX B I-YIO IPOBEPKY.

[lepen HauanoMm pabOTHI ANTOPUTMY TpeOyeTCsl MHUIMATH3ALNS, JaJlee alrOPUTM paboTaeT 1Mo
MIPUHIIMITY TIepecUeTa BEPOATHOCTEH CHMBOJIOB IpUHATOTO BekTopa (belief propagation), ucrons3ys
JUId TiepecueTa BeposATHOCTEH mpaBuio baiieca 1uist anocTtepropHO BeposATHOCTH coObITus. OnHa

UTcpanus ajaropurma mnpeacraBisiCT coboit CICAYIOLIYHO ITOCJICA0BATCIIbHOCTD JIEHCTBUIL:

1. Jns Bcex MNpOBEPOK BBIUMCIAIOTCS BEIMYMHBI Arixj U TEPECUUTHIBAKOTCS

BeposTHOCTH 177 1uist X = {0,1}.

2. I[J'IS[ BCEX CHUMBOJIOB HpI/IHSITOFO BCKTOpa HGpGCqHTBIBaIOTCSI BCpOS[THOCTI/I
X
UENE
. 0 1
3. DopMHPYIOTCS BEKTOPbI TICEBI0ANIOCTEPHOPHOI BEPOSITHOCTH ¢ 1 ;.
4, dopMHpyeTCsT BEKTOP PEIIEHUS €’ TO CIEAYIOIIEMY MpPaBUITY: c]'-=1, eClIn

q} > S, unaue 0.

Eciu BEKTOP C’ ABJIICTCA KOJOBBIM CJIOBOM, JCKOAUPOBAHUE 3aKaHYMBACTCA, B IIPOTHBHOM

CJIy4dac BBIMMOJHACTCA CICAYIOIIad UTCpalrsd aJlropuTMa.

C0XHOCTh JaHHOTO aJropuTMa BbBIIC, YCEM CIOXKHOCTb <OGKCCTKOTO» OCKOAWPOBAHHA
HHBCPTHUPOBAHUEM 6I/ITOB, HO Kadc€CTBO JACKOAWPOBAHHA IMOBBIMIACTCA 3a CUCT HCIIOJIB30BAHUA
,Z[OHOJIHI/ITCHBHOP'I I/IH(bOpMaI_II/II/I Ha BBIXOJ€ KaHalia. O,I[HaKO TOYHOCTDb pa60TBI TAaKOr'o aJiropuTMa
3aBUCUT OT HHUIHUAIW3AIUU: Y€M TOYHEC OHa NPOU3BCACHA, TCM TOYHCC 6yz[eT KOHEYHBIN

pe3ynbTaT. [l KaHama ¢ TayCCOBCKMM IIYMOM WHHIIMAIIA3AINS MOXKET OBITh MPOW3BEACHA MPH
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MOMOIIM MH(OPMAIMK O TUCIIEPCHH IIyMa B KaHaie. [[ng Ipyrux pacnpeneneHuil myma B KaHae
UM IPU HEU3BECTHBIX XapaKTCPUCTHKAX IIyMa TOYHAs HMHUIUAIM3ALUA aIrOpUTMa MOXKET

OKa3aThCs CIIOKHOM 3a1aueii.

HecmoTpss Ha TO 4YTO NEKOJUPOBAHUE MEPECYETOM BEPOSITHOCTEH sBisieTcs 3(PPEKTUBHBIM
METOJIOM JIJIsi KaHAJIOB C HEMPEPHIBHBIM BBIXOJIOM, TOT (DaKT, YTO CIOXKHOCTh €r0 3HAYUTEIHHO
BBIIIE, YEM CJIOKHOCTh «KECTKOI0» JEKOJMPOBAHUs, CO3/1aeT MPEANOCHUIKH I MOHCKa Oosee

6BICTpI>IX AJITOPUTMOB ACKOOAUPOBAHUA, 06J1az[a}om1/1x IMPUEMIIEMBIM Ka4Y€CTBOM.

Cpeay H3BECTHBIX aJTOPHUTMOB OBICTPOrO JEKOJMPOBAHHS KOJOB C HH3KOW IUIOTHOCTBIO
[POBEPOK Ha YETHOCTh JUIA KaHAJIOB C HENPEPBHIBHBIM BBIXOJOM HanboOjee M3BECTEH AlTOPHTM
«min-sumy, SBJSOLIHIACSA ynpouieHueM nexoaepa «belief propagationy, a takxe anroputm UMP

(Uniformly Most Powerful).

CnoxHocts aexoaepa UMP (ObIcTporo nekoaupoBaHus 10 HAEKHOCTSIM) 3HAUUTEITLHO HUXKE,
9YeM CIIOKHOCTh JIEKOJIEepa, IMEPECUUTHIBAIOMICTO BEPOSITHOCTH, 32 CYET TOTO, YTO MepecdeT
HAJICKHOCTECH BBIMOJIHACTCS IO YIPOIIEHHOW CXeMe (CXeMEe «B3BEIICHHOI0» Ma)KOPUTAPHOTO
TOJIOCOBaHUS, B KA4eCTBE «BECOB» HMCIIOJIb3YETCS HAJC)KHOCTh IPOBEPOK), a TaKkKe 3a CYET
BO3MOXXHOCTH HUCITIOJB30BaHUA NCKIIFOUUTCIIBHO IICJIOYHNCIICHHBIX onepauﬂﬁ CJIOXKECHUA U CIIOXKCHUA
10 MOJYJTIO JIBA. TAKXKE K JIOCTOMHCTBAM OBICTPOTO JEKOAepa MO HAJISKHOCTSIM MOKHO OTHECTH TO,
4TO JEKoJepy He TpeOyeTcs 3HaTh XapaKTePUCTHKU IllyMa B KaHaie (AMCIEpPCHI0 U T. I.),
CIIeIOBATEeNbHO, TaKOM JeKoAep MOXET paboTaTh B TOOOM CUMMETPUYHOM KaHaje C JBOUYHBIM

BXOJ0M.

HCI[OCTaTKOM 6BICTpOFO ACKOoACpa IO HAACKHOCTAM ABJISICTCA OLICHKA BCPOATHOCTHU OIIMOKHU
ACKOOWPOBAHUSA, KOTOpad JJId KaHalla ¢ aJIUTUBHBIM IrayCCOBCKUM IIYMOM OKa3bIBACTCA Ha 0,5 JIB

XyXe, 4eM BEPOSTHOCTh OIMMNOKH JICKOIUPOBAHUS BEPOSITHOCTHOTO JCKOIEpa.
Janee Oyner pacCMOTPEHO MHOTOTIOPOTOBOE JIEKOIMPOBAHNE.

OcHoBHasi uJesi MHOTOMIOPOTOBOr0 JEKOAUPOBAHUS MO HAJEKHOCTSAM COCTOUT B TOM, YTOOBI
U3MEHATH 3HAYEHHsS IOPOrOB HHBEPTUPOBAHUS CHMBOJIOB OT OJHOM UTEpalMu K JPYrou
CIIEAYIOIIMM 00pa3oM: Ha MEPBBIX UTEpAIMsIX MOPOT MHBEPTUPOBAHUS CUMBOJIOB BBIOMpAETCs TakK,
YTOOBl  KOJIMYECTBO HMHBEPTUPOBAHHBIX CHMBOJIOB  OBLJIO MHUHUMAJIBHBIM  (BIUIOTH  JIO
MHBEPTUPOBAHUS TOJBKO OJHOTO CHMBOJIA Ha MEPBOM WTEpallMM); HA TMOCIEAYIOIIMX HTEpaLUix

IMOPOTH MHBEPTHUPOBAHUS ITOCTCIICHHO IMOBBIIITAKOTCS.
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[Tpr MHOTOIIOPOTOBOM JIEKOJIMPOBAHHHM, €CJIM Ha MEPBOI UTepanuu Oblja MCIpaBlieHa XOTs Obl
olHa omMOKa, JAEKOJUPOBAaHUE HA MOCIEAYIOUIMX HTepalUsX CTAHOBUTCS 3HAYUTEIHHO MPOIIEC U
o011ee Ka4ecTBO JeKOAUpOBaHus yinyuiaercs. [lo-mpexxneMy ans paboThl Aekoniepy He Tpedyercs

uHpOpManus 0 UIyMe B KaHae, JI0CTaTOYHO JIUIIb 3a/1aTh HAJEKHOCTH.

Hexonep, paboTarouuii M0 MHOTOIMOPOTOBOM CXEMe, IO3BOJSET IMOJIYYUTh BEPOSITHOCTH
omnOku aexkoxauposanuss Ha 0,1-0,4 nb nyume, yem obOecreunBaeT OBICTPBIN JeKoJep IO
HanexxHocTsiM UMP, mpaktuueckn mnpuOIIKasch K BEPOSTHOCTH OIIMOKH, MOIy4aeMOW Ipu
BEPOSITHOCTHOM JICKOAWPOBAHWU KOJOB C HHU3KOH IUIOTHOCTBHIO MPOBEPOK Ha 4ETHOCTH. [lomMmmo
HE3aBUCHUMOCTH OT XapaKTEpUCTHK KaHajla MHOTOIOPOTOBBIA JEKOoAep 00JIagaeT CBOHCTBOM
JEKOJIEPOB KOJIOB C HU3KOW IUIOTHOCTBIO MPOBEPOK HAa YETHOCTh, @ IMEHHO YHHUBEPCATHHOCTHIO U

INIPpUMCHUMOCTDBIO JJIA JII000H KOHCTPYKIUU TAKUX KOHOB.

Crnenyer ormeTrutbh, uTo 3(hdexkruBHOCTE HeperyisipHbix LDPC-komoB OKa3bIBaeTCsl BBIIIE
3G GEKTUBHOCTH PETYJISIPHBIX KOJOB. 3TO OOBSCHSAETCS TEM, YTO B HEPEryJspHbIX KOJaX H3-3a
pa3IMYHOIO YMcia €IUHUIl B CTpOKaxX W CTOJOHAX MH(OPMAIMOHHBIE CHUMBOJIBI 3aLIMIIEHBI O
pasHoMy. B pesynbraTe nmpu AEKOIMPOBAHUHU MPOSBISETCS TaK Ha3bIBaeMbIi () (EKT BOIHBI, KOTIA
OoJtee 3aIMIICHHBIC OUTHI JIEKOTUPYIOTCS OBICTpEe U 3aTeM Kak Obl TIOMOTAI0T IPU AEKOAMPOBAHUHT

MeEHee 3allUIIEHHBIX OUT.

JKCIepUMEHTAIbHAS YaCTh

3ananue Ha 1a00paTOpHYIO paboTy:

1. Wzyuuts paboty npunoxenus: «KLDPC Konep-Zlekonep»;

2. Y CTaHOBHUTH MapaMeTpbl MaTpHIlbl, BeicTaBuB 3HadeHus N=100, m=50, j=3, Message
Bits = 1000;

3. Memnsist 3HaueHune napamerpa NOISe Bbimucath mokasaHus kKoHTpoiuiepoB BER ¢
WCIIOJIh30BaHNEM KOJUPOBAHUS U 0€3 HeTo

4. [To moy4eHHBIM JAaHHBIM MTOCTPOUTH COOTBETCTBYIOIINE TPa(QHKH.

S. IIpuBecTH pHUCYHKH, IEMOHCTPUPYIOIIHE HCXOJHOE COOOIIEHHE, 3aKOJIUPOBAHHOE
cooOIIeHne, IeKOJAUPOBAaHHOE COOOIIEHUE U Pa3HUILy MEXAY MCXOTHBIM M JEKOJIUPOBAHHBIM
COOOIIIEHUEM.

B tabnuue 3.7 npuBeeHb! JaHHBIE, KOTOPbIE ObLIN TOTYYEHBI B PE3yJIbTaTe SKCIIEPUMEHTA.

Tabnuua 3.9. JlanHbIe 3KCTIEpUMEHTA

Noise 02 0,04 0,06 0,08 0,1 0,12 0,14 | ,16 | ,18
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BER(coding 0, 0,00 0,01 0,03 0,07 0,08 0,12
) 001 7064 8164 0273 6832 7948 5126 ] ]

BER(NO_co 0, 0,05 0,07 0,08 0,11
ding) 0242 | 65 77 43 29 1 1 ] ]

1,2

0,8
0,6 / / == BER(Coding)
/ / == BER(No Coding)

[/

0,2

0 T T T T T 1
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'paduxk 3aBucumoctu BER ot Noise
Ha nanHoMm rpaduke BUIHO, 4TO OBICTpEE €IUHUIIBI JOCTUT CUETYHK, KOTOPBINA cuntan BER

B KaHaie 0e3 koqupoBanusi LDPC.

Ha pucynkax 3.123, 3.124, 3.125 u 3.126 npencrasiensl mpumepsl padotel LDPC koxepa-
nexonaepa [17].

LDPC Encode / Decode Programmlng Example
Maximum Number of Iterations Bit Error Rate (coding)

Wcxearoe coobienne P\ot 0

n
A o100 }1 |1 1]1]is]1lslo BB 00151362 T
g o
o ISR Encoded Bits E]
o . . &
5 E ) serial Schedule Sz |1 11 fo 1o o1 Bit Error Rate (no coding) £
R Moise 0,0549 [
: P
& E J\]u_l—n o 0o o o000 480 482 484 486 488 Tasn 452 452 96 498 500
ime
Noise (bit flip probability) Eain {nd s Decoded Bits Error Out
Jo.050000 status  code J‘] Jaafafsfafafao status  code ﬂ““"““""“““"—“”“ _EETNE=S
Message Bits | o Encoded Bit Count < Io
oo | source 2000 source .
n Decoded Bit Count i 2
o {1000 ~ g
-
1 pioto B \
Faphoer fopep-floxaacy oo B T S R e T . S R

1 Time

3akogmposaros coobienme Pt EEE |

1-

Amplitude

Amplitude

0- o-! I III I I

480 482 484 486 488 490 492 494 496 498 500 480 482 484 486 488 490 492 494 496 498 500
Time Time

Puc.3.123. TTanens ynpasiieHus anmapaTHO-iporpaMMmHoro komruiekca LDPC konepa-

JeKozepa
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Plot0 i |

lcxogHoe cooBuuyeHne

1_
i
=)
=
&
oI
U_I I I I I
430 482  4R4 486 488 492 500
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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
1 =
il
=
=
&
=T
0 Tl ] ] ] ] [
480 482 484 486 488 492 498 500

Tlme

Puc. 3.126. [IekoaupoBaHHOE COOOIIEHNE
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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)



10.LDPC Decoder

11.Error Rate Calculation (anaau3aTop omu60K)

12.Display
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Januble 0yoku HeoOxoauMo HaiTh B okHe «Simulink Library», npencraBneHHol Ha pUCYHKE

11. Jlns ynpouieHus oucka, MOYKHO BOCIIOJIb30BAaThCS OKOILIKOM IIOUCKA 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

"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

\) [ 0K H Cancel H Help ] Apply

Puc.3.130. LDPC Encoder

“a& Function Block Parameters: LDPC Encoder l—is—|

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| <[ = =

[=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 = = = <

=[S S| S =|[ 2 S| =] S| =| S 2| S 2 =] S S|~ S| =] 2] =] 2| S]] =2

Puc. 3.134. KomOuHanus Ha BXOJA€E
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| of| o] o] o]l l| 1l 0]] 1]
| o| 1| ol o] 0| ] ] 1
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| 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]
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Puc. 3.135. 3akoaupoBaHHasl MOCIEIOBATEILHOCTD
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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]

Puc. 3.136. [TocneqoBaTeIbHOCTh HA BBIXOAE
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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 MEXkIY ABYMs 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 IPHUKIAAHBIX 3aaaydax. B »r1oit cucreme JAEMOAYJIIATOP BbBIAACT MIATKO

KBAaHTOBAaHHBIE KOJOBBIE CHMBOJIBI Ha BHYTPEHHUW CBEPTOYHBIA JI€KOJEP, KOTOPBIA, B CBOIO
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ouepe/b, BBIJACT KECTKO KBAHTOBAHHBIE KOJIOBBIC CUMBOJIBI ¢ TTAKETHBIMU OIIMOKaMU Ha JEKOAEp
Puna-Conomuna.

Buemmnnii xon Puma-Comomona obpasyercss u3 M-OUTOBBIX CETMEHTOB IBOMYHOTO ITOTOKA
naHHbIX. [IponsBoauTenbHOCTS Takoro (HeaBonmyHoro) koaa Puma-CosioMoHa 3aBHCHUT TOJIBKO OT
qHCIia CUMBOILHBIX owubok B Onoke. Kox He nckakaercss makeTamu OmuOoOK BHYTpH M-OUTOBOTO
cumBoJia. IHBIME CJIOBaMU, JUTIsl JAHHOW CHMBOJIBHOW OMIMOKH MPOU3BOIAMTEIHHOCTh KoJMa Puma-
ConomMoHa TakoBa, KaK e€Cid Obl CHMBOJIbHAsA OIMMOKA ObLIa BBI3BaHA OOHHUM OWTOM WIIM /71 OWT.

Tem He MeHee MNPOU3BOAUTEIHHOCTh KACKAIHBIX CHUCTEM HECKOJBKO YXY/IIIAeTCs 3a CYeT
KOPPEIUPYIOIINX OIMHOOK B TIOCIEIOBATENBHBIX CHMBOJIaX. [l0o3TOMy 4YepemoBaHHE MEKIY
KOJMPOBAHUSMHU HY>KHO BBIMIOJHATH HA YPOBHE CUMBOJIOB (2 He OuToB). PaboTa [22] npencrasisier

co0o¥ 0030p KacKaHBIX KOJOB, KOTOPbIC ObUIH pa3padOTaHbl I NadbHEel KOCMUYECKON CBSI3H.

BBoaubie
JIAHHbIC
Buewnee . Brytpennee
—=  UcpejoBaHue —=  Moayusius
KOJHPOBAHHE KO/JMPOBAaHHE
[Tomexu —» Kanan
Buewnee Buyrpennee .
<—BoccranosiieHue |— <— Jlemoyssums
JICKOJAMPOBAHHE JEKOMPOBAHNY

:

ﬂCKOJIIPOBZIII[IbIC
JAaHHBbIC

Puc. 3.139. O60061ieHHas CTPYKTypHasi cXeMa UCCIIEJOBaHUS KaCKaHbIX KOJIOB

OIIHaKO B JaHHOH pa60Te HUCCIICAYCTCA CJ'Iy‘-IB.fI, KOTria B Ka4CCTBC BHYTPCHHCI'O KOAUPOBAHUSA

HCIIONB3YIOTCS TYpOO-KOIBI.

Typ6o-kon — mapaielbHBI KACKaJHBIH OJIOKOBBI CHUCTEMATHYECKUNU KOJ, CIOCOOHBIHN
UCIPABIIATH OMKUOKY, BO3HUKAIOIIUE TPU Tiepeade nHGOpMaIuu.

Cxema KackagHOTO KOJUPOBaHHUs BIEpBble OblIa 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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Konuposanmne

Ha pucynke 3.140 npezacraBneHa cTpykTypHas cxema TypOo-Koepa:

U (n 6uT)
(k 6ur) Y
Ilepeme-
SKUTENE 1
Y
Ilepeme-
SKUTEND 2
Y
ITepeme-
KUTETHL M

Puc. 3.140. CrpykrypHas cxema TypOo-Koaepa

Chauaiia Ha Bxox popmupoareis nakeroB (PAD) nmocrynaer 610k ganubix U punoii K 6ut. B
dbopMupoBarese MakeToB K JaHHbIM mpuOaBisercs emié (N-K) TOMOJHUTEIBHBIX OUT CITyKeOHOM
uH(OpMAIIUK, COOTBETCTBYIOIIUX HCIOJB3YEeMOMY CTaHIapTy (GOpPMUPOBAHMS TMaKeTa H
BKJIFOYAIONUX B CeOS CHMBOJBI €r0 HayaJla W OKOHYAaHWS. 10 ecTh moiydaercs maker Xo,
COCTOAIIUN U3 N OUT.

Jlanee mocnenoBaTenbHOCTh OMT Xp TMOCTyMaeT MapaiienbHo Ha M BeTBel, coaepKammx
MOCNIEZIOBATEIbHO COCAMHEHHBIE TMEPEeMEKUTENh M KOMIIOHEHTHBIM Koaep. Takum obOpazoM X
WCIIOJIb3YETCS B KAYECTBE BXOJIHBIX JAHHBIX Cpa3y BCEMH KOMITIOHCHTHBIMH KOJICPAMH.

B mepeMexuTensx 10  TICEBIOCIYYalHOMY 3aKOHY IPOHMCXOJIUT  TEpPEeMEITUBAHUE
nocTynarommx OuT. B oTnuywe OT MOCHMBOIBHOTO MPSIMOYTOJIBHOTO — MEPEMEKUTENS,
ucnonszyemoro B koaax Puma-Comnomona, B Typ60-KoAax MCIONB3YETCs MEPEMEKEHUE OTIEIbHBIX
OuT, KOTOpOoe MOJOOHO CIy4ailHBIM TepecTaHoBKaM. [IpWdyéM BIOCIENCTBHM, TPH OIEPALUIX
JIEKOJUPOBAHUS OTOT 3aKOH TMEPEeMEeXEHUsT OyIeT CUYUTaThCs W3BECTHBIM. llodydeHHBIe
MOCIIEI0BATEIHLHOCTH TIOCTYIAIOT Ha BXOJIbI KOJIEPOB.

3amaya mepeMexuTels — Mpeo0pa3oBaTh BXOJHYIO TIOCIEAOBATENHHOCTh TaK, YTOOBI
KoMOUHamu OUT Xp, COOTBETCTBYIOIINE KOJOBBIM CIIOBaM C HU3KHM BECOM (BECOM Ha3BIBACTCS
YUCJIO HEHYJEBBIX OWUT KOJOBOTO CJIOBAa) HAa BBIXOJIE TEPBOTO Kojepa, ObUIM TpeoOpa3oBaHbI B
KOMOHMHAIINH, AIOIHE KOJOBBIE CIIOBA C BHICOKMM BECOM Ha BBIXOJ/IaX OCTAIbHBIX KOJEpOB. Takum

06pa30M KOZCPHI IMOJTYHarOT Ha BBIXOAC KOAOBBIC CJIOBA C pa3JIMYHBIMU BECAMU. HpI/I KOAUPOBAaHUHN
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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
Oosbliie, YeM MUHUMAJIBHOE PACCTOSIHHE JJIS KaXXKI0TO KOMIOHEHTHOTO KOJEpa, a, CIeI0BaTeIbHO,
pacTét 3(h(HEeKTUBHOCTH KOAUPOBAHMUSL.

KonoBast cKOpoCTb — OTHOLIEHHWE JJIMHBI KOJOBOro OJoOKa Ha BXOAE K JUIMHE
peoOpa3oBaHHOTO KOAOBOTO OJIOKA HA BBIXOJIE KOAEpa.

B otcyrctBue mnepdoparopa HCXoaHas IMOCIEAOBATENBHOCTh Xo MYJIBTUIUIEKCHPYETCS C
[I0CJIEI0BATENbHOCTSAMU IIPOBEPOUHBIX OUT, 00pa3ys KOJOBOE CIIOBO, IOJUIEXKallee Nepenade 1o
KaHaiy.

Jlns  yBenuueHMsT KOJOBOM  CKOpPOCTHM  IpPUMEHSAETCS  BbIKaJbiBaHUE (mepdopanms)
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 mnomomplo mepdopaTopa, BBIKAIBIBAS pPAa3HOE YHCIO IPOBEPOUYHBIX OWUT, BO3MOXKHO
peryiupoBaHue KoJI0BOW cKopocTu. To ecTh MOKHO MOCTPOUTH KOJAEP, alalTUPYIOLIUICS K KaHaIy
cBs3u. [Ipu cuiabHOM 3alIyMiIeHUH KaHasla 1epdopaTtop BbIKAJIBIBAET MEHbIIE OUT, YEM BbI3bIBACT
YMEHBIIIEHUE KOJOBOM CKOPOCTM M POCT MOMEXOYCTOWYMBOCTH Kojepa. Ecnmu ke kaHan cBsizu
XOpOILIEro KayecTBa, TO BHIKAJIBIBATH MOXKHO OOJIBLIIOE YHMCIO OHUT, BBI3bIBAS POCT CKOPOCTHU

nepenayy nHQGopmanuu.
AJITOPUTM JE€KOAMPOBAHNS 110 MAKCHMYMY ANIOCTEPHOPHOIl BEPOSITHOCTH

Anroput™m bana naer «MsArkyro» OLEHKY JAOCTOBEPHOCTH JEKOAMpPOBaHHOro 6ura. To ecThb
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 BEIHECEHUU «MSTKOT0» PEIICHUs
ucrnosib3yercss Ooyiee MOJAPOOHAs TUCKPETH3alMsl BBIXOJHOIO CHTHANA, XapaKTepH3yolas
BEPOATHOCTH KOPPEKTHOTO NMpuema ourta. brarogaps ncnoib30BaHUIO0 «MSATKUX» PElIeHUH B TypOo-
JeKosiepax OKas3bIBaeTcs 3(PPEKTUBHBIM HCIOJIb30BAaHHE HECKOJIBKMX HUTEpaluil JeKOIUPOBAHMS.
AnocrepuopHas uHbopMaius, MOJIy4eHHass O KOJOBOM CIIOBE€ Ha BBIXOJI€ NEPBON HTEepaluu
JeKOJUPOBAaHUSA, TOCTYIaeT Ha BXOJ OJOKa CleAylolleld HTepalud M SBISeTCS A HEro yxKe
aIPMOPHOM BEPOSATHOCTBIO. TakoM IMOAXOJ IO3BOJISET YIydlllaTh KAayeCTBO ACKOAUPOBAHUS OT

HUTCpalluk K HWTCpalHu. Taxkum O6p330M, U3MEHAA YHCIIO I/ITepaHI/Iﬁ JACKOANPOBAHHA, MOXHO
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aJIalTUPOBaTh JIEKOJep K TEKYyIIeMy COCTOSHHMIO KaHana Mepefaadyd W JOCTUYh TpeOyeMoit
BEpPOSTHOCTH OIITUOKU Ha OWT.
Ha pucynke 3.141 npencraBieHa CTPYKTypHasi cxeMa OJIHOM UTepaluu TypOo-JeKojaepa Mpu

ABYXKaCKaaIHOM KOAWPOBAHUU:

S Xo
™1 Hexomep ™1 [Iepeme- > Jlexomep > Ilenmepeme- ™
Xo Xi - 1 SKHUTENH 1 2 JKATEND 1
Xo s
[Tepeme- [™] = | Jlenepeme- -
KHATENb 2 SR KHATEIH 2
Xi
Xz
= 3a5epKKa

Pucynok 3.141. CtpykTypHas cxema OJHOU uTepanuu TypOo-aeKkoiepa mpH JIByXKacKaaHOM

KOIUPOBAHUHU

Ha puc. 3.141 nnst mpocTOTHI MOHMMAHHS IPEICTABICH BAPHAHT CXEMbl OJHOW HUTEpaluu
TypOO-IeKOAUPOBaHMSI TIPU JBYXKACKaJHOM KOJAMPOBAaHUHU. JTa CXEMa HECIOXHO 00o0IIaercs Ha
clly4yail MpOU3BOJIBHOTO KOJIMYECTBA KACKa 0B KOJIUPOBAHMSL.

Jlexonep nis OAHOM HUTepalMM COJACPKHUT KAaCKaJHOE COCIUHEHHME JABYX HIIEMEHTApHBIX
JIEKOJIEPOB, KaXIbIii M3 KOTOPHIX, OCHOBBIBAasACh HAa KPUTEPUH MaAKCHUMyMma arnoCTEPUOPHOMN
BEPOATHOCTH, BHIHOCUT «MATKOE» pEIlIeHue O nepeJaHHoM cuMBosie. Ha mepBblil 1ekoaep nepBoit
uUTepaliM  C  BBIXOAA  JIEMOJYJATOpPAa  IOCTYMAalOT  «MSATKHE»  PElIeHHs  CHMBOJIOB
nocnenoBarenbHocTell Xo u X;. Takum 00pasoM, Ha BBIXOJE TEPBOTO JEKOAEPA TOSBISAETCS
OlLlIeHKa MH(GOPMALMOHHOTO CHUMBOJIA, KOTOPAas MOCIE MOCIEAYIOIEro NepeMeKeHHs IoNaaaeT Ha
BXOJ] BTOPOTO JEKOJiepa M sBIseTCS Ui Hero ampuopHoil mHpopmauueil. Mcnonb3ys «MArkoe»
pelIenre 0 MOCIEN0BATENLHOCTH Xp, BTOPOI IEK0/IEp (POPMHUPYET CBOKO OLIEHKY.

Ha pucynke 3.142 mpencraBieHa CTpYKTypHas cxeMa TpE€X uTepauuil TypOo-aexonepa Mpu

ABYXKAaCKaaIHOM KOOAUPOBAHUU:
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Puc. 3.142. CtpykrypHas cxema Tpéx uTepamnuu TypOo-aeKoaepa Mpy AByXKaCKaIHOM

KOIUPOBAHUH

C BBIXOAa KaXJOW HMTEpallMyd pEHIeHUE MEPEeXOAUT Ha BXOJ cieaytomed. OT urepanuu K

HUTCpallu NPOUCXOAUT YTOYHCHUC PCIICHMA. HpI/I OTOM KaXJas urcpanus pa60TaeT C «MSTKHUMU»

OL€CHKaMHM KW Ha BBIXOA OTAACT TAKXKC «MATKHCH. HOSTOMy TAKHUE CXCEMBbI IIOJYUYUIIA Ha3BAHUC

JACKOJCPOB C MATKHUM BXOIAOM H MAT'KHM BbLIXOJIOM. Hpouecc JACKOAUPOBAHHA IIPCKpPAIIACTCA 1100

IIOCJIC BBIIIOJIHCHHSA BCEX I/ITepaIII/If/'I, 0o Koraa BCPOATHOCTH OIMOKN Ha OHUT JOCTUTHET

TpeOyemoro 3HaueHus. llocme 1eKOOMpPOBaHHS U3  IOJYYCHHOTO

IMPOU3BOJUTCA OKOHYATCIbHOC «WKECTKOEY.

[IpeumyniecTBa U HeIOCTATKU TYP0O-KO/10B

lpeumywecmea

«MATKOI'O»

peleHus

Cpenu Bcex MPaKTHUECKU MCIOJB3YEMBIX COBPEMEHHBIX METOO0B KOPPEKIMH OMIMOOK TypOo-

KOJIBI M KOABI C HU3KOH IJIOTHOCTBIO IMPOBEPOK HA 4€THOCTh HanboJiee OJIN3KO NoAXOJAT K 'paHUILIC

I_HGHHOHa, TCOPCTUUCCKOMY IIPCACITY MaKCHMaJbHOMU HpOHyCKHOﬁ CIIOCOOHOCTH 3aIlIYMJICHHOT' O

kaHana. TypOo-KoJbl TMO3BOJSIOT YBEIMYUTh CKOPOCTh Nepenaud HHopmanuu, He TpeOys

YBCIIUMUCHUA MOMIHOCTH IIEpaarTdyuka, HJIW OHHU MOIYyT OBITh MCIOJL30BaHbI IJi1 YMCHBIICHUS

Tpe6yeM017I MOIITHOCTH IIpU Mnepeaadc € 3aJlaHHOM CKOPOCTBIO. Baxxueim npeumMyneCTBOM Typ60'

KOIOB ABJIACTCA HEC3ABUCUMOCTL CJIOKHOCTHU JCKOAUPOBAHUA OT NJIIMHBI I/IH(I)OpMaLII/IOHHOFO 6J'IOK3.,

4TO MO3BOJIACT CHU3UTH BEPOATHOCTD OIITNOKH ACKOOUPOBAHHUA HYTéM YBCIUUYCHUA €TO OAJIUHBI.

Heoocmamxu

OcHOBHOIl  HeZOCTaToK TypOO-KOJOB

9TO OTHOCHUTCIBHO

BBICOKasa

CJIIOXKHOCTb

ACKOOHUPOBAHUSA U OoJibIIast 3aACPIKKA, KOTOPBIC ACIAIOT HX HCYILO6HBIMI/I AJI1 HCKOTOPBIX

HpHMCHCHHﬁ. HO, Harnmpumep, Ajid HUCIOJIb30BAaHUA B CITYTHHUKOBBIX KaHAJIaX 3TOT HEAOCTATOK HE

ABJICTCA OHNPCACIAIOINIUMM, TaK KaK JJJIMHAa KaHajla CBiA3W cCaMa I10 cebe BHOCHT 3aACPKKY,

BBI3BAHHYIO KOHCYHOCTBIO CKOPOCTH CBETA.
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Emé omuH BaXHBIM HEJOCTATOK TypOO-KOJIOB — CpPaBHUTEIHHO HEOONBIIOE KOIAOBOE
paccTosiHHE (TO €CTh MHHMMAJbHOE PACCTOSHUE MEXIY JBYMs KOJIOBBIMH CJIOBaMHU B CMBICIIE
BbIOPAaHHOM METpPUKH). DTO NPUBOAMT K TOMY, 4TO, XOTsA IpH OOJBIION BXOAHOM BEPOSTHOCTH
omnOKH (TO €cTh B IJIOXOM KaHalie) 3((PEKTUBHOCTh TypOO-KO/a BBICOKA, MPU MaJOW BXOJHOM
BEPOSTHOCTH OIIMOKU 3(ddekTuBHOCTE TypOO-KOAa KpaifHe orpaHuueHa. [TosTomMy B Xopommx
KaHanax i JaJIbHEHIIero yMEHbBUICHUs BEPOATHOCTU OIIMOKU IPUMEHSIOT He TypOO-KOJIbl, a
LDPC-xonpl. XOTs CIOKHOCTh MCIIOJIB3YEMbIX AJITOPUTMOB TypOO-KOIMPOBAHUS U HEIOCTATOK
OTKPBITOTO MPOrPAMMHOTO O0ECIeYeHHUs] MPENSATCTBYIOT BHEIPEHHUIO TypOO-KOJOB, B HACTOSIIEE

BpEMSI MHOTHE COBPEMEHHBIE CHCTEMBI HCIIOTB3YIOT TYPOO-KOIBI.
IIpumeHnenne Typ00-K010B

Komnanun France Telecom u Telediffusion de France 3amarentoBanu mmpokuii kiacc Typ0o-
KOJIOB, YTO OIPAaHUYMBAECT BO3MOKHOCTb KX CBOOOJHOrO NPUMEHEHHS U, B TO K€ BpeMs,
CTUMYJIUPYET Pa3BUTHE HOBBIX METOJOB KOJUPOBAHMS TaKuX, Kak, Harnpumep, LDPC.

TypOo-Koabl aKTHUBHO NPUMEHSIOTCS B CHCTEMax CIYTHUKOBOH M MOOWJIBHOM CBS3H,
0ecIpoOBOJIHOIO  IMPOKOMOJIOCHOIO  JlocTyna M LudpoBoro TeneBuaeHus. Typ0Oo-Kobl
YTBEPKACHBI B cTaHjapTe cnyTHUKOBOM cBsizu DVB-RCS. Typ6o-koapl Takke HalUId HIMPOKOE
NPUMEHEHHEe B MOOWJIBHBIX CHCTEMax CBsI3M TpeTbero mokojenus (crangaptsl CDMA2000 u

UMTS).

MoaenupoBanue kackaaubix kogoB B MATLAB Simulink [21]

BupryanbHas Mojenb nepeiavyn AaHHBIX ¢ UCTIPABICHUEM OINHUOOK MPH MOMOIIM KACKaHOTO
Koja Oblia peanu3oBana B cpeae Simulink Matlab. Moaens nemoncTprupyer padboty koaepa Puna-
ConomoHa (BHemHUH Koa) U Kojaepa TypOo-ko10B (BHYTpEHHHMH KOJ), MO3BOJSET MCCIIENOBATh
UCTIPABISIONIYI0  CITIOCOOHOCTh KOJIOB ISl Pa3HBIX BHAOB MOJYNIALUUM U CPaBHHUTh €€

XapaKTePUCTUKU C pabOTON yKa3aHHBIX BbIIIE KOJAEPOB B OTAEIBHOCTH.



251

Ha pucynke 3.143 npuBeneHa pa3paboTaHHas MOJEIb:
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Puc. 3.143. Pa3zpaboraHHast MOJIe)Ib HCCIICIOBAHUS KaCKaIHBIX KOJIOB

B € 0CHOBY MOJIOXKEHBI CIIETIYIOIINE IIEMEHTBI, BCTpOeHHBIE B Onbmroteky Simulink:

Bernoulli Binary Generator

Binary Input RS Encoder

Turbo Encoder

Rectangular QAM Modulator Baseband
AWGN Channel

Rectangular QAM Demodulator Baseband
Unipolar to Bipolar Converter

Turbo Decoder

Binary Output RS Decoder

Error Rate Calculation

Discrete Time Scatter Plot Scope

Gain

Display (lucrmuieii, oTpakaromuii ormuoKm)

I[anee npeaACTAaBJICHO ONMMCAaHUEC OCHOBHBIX OJIOKOB:

Bernoulli Binary Generator (rereparop nceBnociay4aiiHOM MocieI0BaTeIbHOCTH) — TEHEPUPYET

CIy4JaiiHyI0 OMHAPHYIO MOCIIEI0BATEILHOCTD (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: [].5|

Initial seed:

12345

Sample time:

1/3568

Frame-based outputs

Samples per frame: 3368

Output data type: |double

Puc. 3.144. TTapametpsl 6110ka «Bernoulli Binary Generator»

«Probability of a zero» - BeposITHOCTb MOSIBICHUS HYJIS;

«Initial seed» - HauanbpHOE 3HAYCHME JJIS1 TEHEPALIHH;

«Sample timey - JUIUTETHHOCTH COMILIA,

«Samples per frame» - pazmep ¢peiima.

Binary Input RS Encoder — xonep Puma-Conomona (prcynok 3.7).
«Codeword length N» - o01iiee KOJUYECTBO OUT;

«Message length Ky - konmuuecTBo HHPOPMAIIMOHHBIX OUT.

252



253

Binary-Input RS Encoder (mask) (link) ~

Encode the message in the input vector using an (M,K) Reed-
Solomen encoder with the narrow-sense generator polynomial.
This block accepts a column vector input signal with an integer
multiple of K*ceil(log2(MN+1}) bits. Each group of
K*ceil(log2(M+1)) input bits represents one message word to be
encoded.

If log2(MN+1) does not equal M, where 3<=M<==16a, then a
shortened code is assumed. If the Primitive polynomial is not
specified, then the length by which the codeword is shortened is
2-ceil(log2(N+1)) - (M+1). If it is specified, then the shortening
length is 2-(length({Primitive polynomial}-1) - (M+1).

FParameters

Codeword length M:
255

Message length K:
223

[ Specify primitive polynomial
[] Specify generator polynomial
[] Puncture code

Output data type: Same as input ~

Cancel Help Apply

Puc. 3.145. Tlapametpsl 6ioka «Binary Input RS Encoder»

JlaHHBIi 6JTOK MMEeT CIEeNYIONIYIO0 CTPYKTYPY BHYTPH (PUCYHOK 3.8):

P
A= ﬁ Convert .
Bit to Integer Integer to Bit . o
D Converter RS Encoder Converter
In1
Bit to Integer RS Encoder Integer to Bit S;E T].I'!}E
Comverter Comverter R

Inherited

Puc. 3.146. Cocras 610ka «Binary Input RS Encoder»

Takum oOpazoM, WHPOPMANMOHHBIE OWTHI, TOCTYNAKOIIAEe CO BXOJa TeHepaTtopa
npeoOpasytorcst B Tuml «Integer», KoaupyroTcs W MpeoOpa3yroTcsi o0paTHO, 3aTeM IMOJYYCHHBIC
OUTHI KOHBEPTUPYIOTCS B TOT TUI IaHHBIX, KOTOPBIH N3HAYAIBLHO OBLT Ha BXOJE KOJEpa.

Turbo Encoder — Typ6o-koaep (pucynok 3.147).
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Turbo Encoder (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).

Parameters
Trellis structure:

poly2trellis(7, [133 171], 133)

Interleaver indices:

[4080:-1:1].

Cancel

Puc. 3.147. TMapametpsi 65oka «Turbo Encodery

«Trellis structure» - cTpykTypa TpeIuc-MOIYIISAIHH.

Tpenmuc-monynsuusts (TCM — Trellis Coded Modulation) npezacrasiser co6oit croco0,
KOTOPBI TI03BOJISIET OOECIEUUTh IMOBBICUTh CKOPOCTh Tepeladdl COOOIICHUS C COXpaHEHHEM
YPOBHSI TIOMEXOYCTOWYHMBOCTH. DTOT CHOCOO OTIMYACTCS TEM, 4YTO [OMEXOYCTOWYHBOEC
KOJMPOBAaHUE W THIl MOIYJISIUU HCIIOJIB3YIOTCS COBMECTHO. BBIOpaHHas COOTBETCTBYIOIINM
oOpa3oM mapa MOMEXOYCTOMYMBBIA KOJ — CIIOCO0 MOJYJSIMHM YacTO TAaKKe HOCHT Ha3BaHHE
curHasibHO-Ko10Bast KoHCTpykIus (CKK).

JIn1st KOMUpPOBaHUS UCIIONB30BaH OJIMH M3 HaUOOJIee YacTo yMOTPeOIseMbIX CBEPTOYHBIX KOJIOB
—xox (171,133,7), KOoTOpbIit KOAUPYET MOCTIENOBATETHHOCTh CO CKOPOCTHIO 1/2.

«Interleaver indices» - BXoiHbIC TapaMeTPbl EPEMEKUTEIIS.

Cxema TypOOKO/Iepa UMEET CIIEAYIOIIYIO CTPYKTYpY (prcyHOK 3.148):
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In

Internal Block
Inferleaver

.| Convolutional
i Encoder
- Encoder
General #| Datal
Block Out =|n-
Interleaver ¥ Datal o
Bit Reordering
.| Cenvoluticnal
i Encoder
Encode2

Puc. 3.148. Ctpykrypa 610ka «Turbo Encodery

[Totrok O6uT pacnapanienuBaeTcs Ha /Ba. B mepBoM ciydae OMTHI MOCTYMAOT HA CBEPTOYHBIN

kozep (133, 171), a Bo BTOPOM MOTOKE OUTHI CHa4yajIa MPOXOAAT EPEMEXUTEIb, 3aT€M MOCTYNAIOT

Ha AaHANOrM4HbIA CBEPTOYHBIA Kkomep. biok «Bit Reordering» BeicTpauBaer OHUTHI B

HOCJIEIOBATEILHBIN ITOTOK.

Rectangular QAM Modulator Baseband — moxynstop QAM-M (pucynok 3.149).

modulation method.

Main | Data Types
Parameters

M-ary number:

Input type:

Minimum distance:

Phase offset (rad):

Rectangular QAM Modulator Baseband

Modulate the input signal using the rectangular quadrature amplitude

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 symbol.

Constellation ordering:

MNormalization method:

Cancel Help Apply

&

Bit ~
Binary ~
Min. distance between symbols -
2

]

View Constellation

Puc. 3.149. ITapamerpsl 6110ka «Turbo Encoder»

«M-ary numbery - konmruectBo nosuiuii B QAM-M;



«Input type» - TUI BXOAHBIX IaHHBIX;
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«Constellation ordering» - mopsiaok nmoctpoeHus co3pe3aus (pucynok 3.150).

OcTalbHble TapaMeTpsl 10 YMOJTYAHHUIO.

wuadrature Amplitude

64-QAN Binary Mapping,Ph.Off =0rad,Min.Dist=2.Output DT=double

8
[ [ [ [ [ [
000000 001000 010000 011000 100000 101000 H 110000 H 111000
X X X X X X H X X
S U OO OSSO SOSSS O USSR SUSSS SO |
(100001 001001 010001 011001 100001 101001 E 110001 111001
X X X X x X H X X
L SO SUOUS SUU S SO SO S ]
000010 001010 010010 011010 100010 101010 E 110010 111010
X X X X X X H X X
L U OO SO SOOI OSSOSO USSR |
000011 001011 010011 011011 100011 101011 E 110011 111011
x® x® x® x® x x® H x® x®
0 f
000100 001100 010100 011100 100100 101100 E 110100 111100
X X X X X X H X X
) NS O O O SO O S SO |
000101 001101 010101 011101 100101 101101 : 110101 111101
X X X X x x H x X
] O OO OO SO OO S S _
000110 001110 010110 011110 100110 101110 1 110110 111110
*® *® *® *® ® X H X *®
3 I S S IS S N SO _
000111 001111 010111 011111 100111 101111 1 110111 111111
X X X X x x H x X
P | | | \ | |
-8 il 4 -2 0 2 4 ] 8

In-phase Amplitude

Puc. 3.150. /InarpamMma nocTpoeHus co3Be3auit

AWGN Channel (Kanan cBsizun) — 100aBisieT «Oelblii» TaycCOBCKUH MIyM B KaHalie (PUCYHOK

3.13).

«Variance» - cuutbiBaet napamerp Eb/NO u3 610xa 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»
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Discrete Time Scatter Plot Scope — biok it oTpaskeHUs TuarpaMMbl CO3BE3/THIA.

Rectangular QAM Demodulator Baseband — memonymstop QAM-M, obiamaer Temu ke
rapaMeTpsl, YTO U MOAYJIATOD.

Unipolar to Bipolar Converter — [IpeoOpa3oBareib curtaia u3 OJHONOSPHOTO B OUITOISIPHBIN.
Ha Bxonx Typ6o-aexoaepa He0OX0IUMMO MOaBaTh OUITOJISIPHBIN 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 (APF) 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:

|pcrl',r2trellis[?, [133 171], 133}|

Interleaver indices:

[4080:-1:1]."
Decoding algorithm: | True APP

Mumber of decoding iterations:

]

Cancel Help

Puc. 3.152. TTapamerps! Oiioka «Turbo decoder»

ITepBbie 1Ba MapameTpa 3a1al0TCs aHAIOTHYIHO ITapaMeTpaM KoJepa.

«Number of decoding iterations» — komuuecTBO UTEpanuii AeKoAUpOBaHus. JIeKoaupoBaHue B
Typ0O-/IeKo/iepe MPOMCXOAUT B HECKOIBKO HTepaiuii. Yem OoOJbIlle UTEpaIldii, TEM TOYHEE
nexkomupoBanue. OmHaKo, OOJNBIIOE KOJMYECTBO He Ma€T pe3ysibTara, a JIUIIb YBEJIHIUBACT
JUTHTEIHOCTh BBIYMCIICHUN M MOXKET JaKe YXYIIIUTH TOMEX0YCTONIMBOCTb.

Cxema 0J10Ka UMEET CIIeYIOIIYI0 CTPYKTYpY (prcyHOK 3.153):
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Lel =¥ Lc!
GO frtd o
In Lc? L2 Out
Bit Ordering Turbo D ecoder

Pucynok 3.153. Crpykrypa 6:10Kka «Turbo-decoder»

«Bit Ordering» - BeicTpanBanue nmotoka OMT B MapajjieIbHbIH MOTOK.

Cxema camoro TypOo-eKo/iepa rmpeacTaBiceHa Ha pucynke 3.154:

For
[terator

For |terator
General
Pad % Block t ¥ U
Deinterleaver
; Pad Tail2 Remove Tail2
Dela
. Block Deinterlesvar
3
+1\l ellin i1 ke
(D= 0 »(1)
i Out
Hard D ecision
# L{u)
LFF General
D:md:-r L{u) U Y % P Blodk ¥ Fad 3 L{u)
o Interleaver APP o
(= Remove Tail g Fad Tal Decoder
Led ( : e L
Decodar 1 2

Decoder2

Pucynok 3.154. Cxema TypOo-aexoaepa

Jlexonep nMeeT CIoXHYIO CTpYKTypy. [lapannensHslii moTOK npuxoaut Ha Bxonbl (1) u (2).
HNannble ¢ Bxoja (2) AeKOAMPYIOTCS M MOCTYNalOT Ha BXOJ OJl0Ka Ha JenepeMeXHTeNb. 3aTeM
JaHHBIE TTOCTYIAIOT HA CyMMATop M Yepe3 3a/iepkKy Ha aekon «Decoderly. Beixoxa aToro nexoaepa
IIOCTYIIAET HA CYMMATOp U Ha MEPEMEXKUTEND, JAHHBIE C KOTOPOTO MOCTYNAIOT Ha BTOPOU IEKOAEP.
Taxum oOpa3om, 1eKoAephl BIUAIOT IPYT HA Ipyra U MOMEXOYCTOMYUBOCTh U CyMMa UX BBIXOJIHBIX
3HAYEHWH TMOCTymaeT Ha OJIok mnpuHATHS >kEcTkux pemenuit «Hard Decisiony. Omneparus
JEKOJUPOBAHUS TOBTOPSETCS CTOJIBKO pa3, CKOJBKO yKa3aHO B OJ0ke TypOo-aeKoepa B mapaMmerpe

(KOJIHUYCCTBO HTCp&HHﬁ».
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Binary Input RS Decoder — nexonep Puna-Comnomona. [lapaMeTpsl U CTpyKTypa aHAJIOTHYHA
0JIOKY Kozepa.

Error Rate Calculation — BerumcauTeas OMMOOK MEKAY IEPEAAHHON HM  MPHHITOM
MOCJIeIOBATEIBHOCTBIO.

Display - mucruiei, oTpaskaromuii ommoKy.

HccaenoBanue KaCKaJaHbIX KOJI0B

1. CupoektupoBaHHasi MOJIENb TEpeAayd JaHHBIX JICMOHCTPHPYET paboTy KacKaaHOTO
konupoBaHusi (pucynok 3.143). JlanHas Mojelib IO3BOJIAET HCCJIEAOBATh IMPUMEHEHHE
MOCJIeIOBATEIbHO-TIAPAJUICTIPHOTO KOJUPOBAHUSA Ha MpPUMEpe HCIONb30BaHus Koxaepa Puna-
ConomoHa (BHemHu koa) u TypOo-konepa (BHYTpEeHHUH KOJ), a TaKKe TMO3BOJISIET MCCIIEI0BATh
UCTIPABJISIIOIIYI0  CIIOCOOHOCTh  KOJIOB U Pa3HbIX BUJIOB MOAYJSLUU H CPaBHUTh €
XapaKTEPUCTHKH € pabOTON YKa3aHHBIX BBIIIE KOAECPOB B OTACITHHOCTH.

2. B kauectBe Typ0O0-KOa MCIIOIB3YIOTCS JIBA MApAJUICTBHBIX CBEPTOUHBIX KOJAEpa C TPEIUIHC-
MOJYJISIMEH (JUTsl yCKOPSHHS TIepeiaull TaHHbIX ).

Ha pucynke 3.155 mpezcraBien rpaduk 3aBUCUMOCTH OMTOBO# BeposiTHOCTH ormOku (BER)

OT OoTHOIIEeHHs cUrHa/myM B kaHajie (SNR) 17151 pa3HbIX BHIOB MOIYIISIIUN:

0,25
02
0,15
o
L
m
0.1
0,05
0 ~—a = ————a—a
0,5 1 1,5 2 2,5 3 3,5 4 4.5 5
SNR
——BPSK —B—QPSK QAM-16 —<QAM-64

Puc. 3.155. I'paduk 3aBucumoctu BER ot SNR 1151 pa3HbIX BHIOB MOTYIISAIIAN

U3 pucynka 3.155 MoxHO 3aMeTuTh, uTo 3aBucuMocTh BER ot SNR sBisiercs HenmpaBuiibHOI B
sSBHOM Buje. [IpennoiokuTensHo, JaHHOE SIBJICHHUE CBSI3aHO C OMMOOYHBIM MTPOTPaMMHBIM KOJIOM

camoro Oioka QAM-Modulator, mostoMy naHHYIO 3aBHCHMOCTH paccMaTpuBaTh He Oyaem. Ha
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pucynke 3.156 mpencrasien rpaduk 3aBucumoctd BER or SNR B kackagHbIx Komax Ijisi BUIOB

moxaysinuu BPSK, QPSK u QAM-64:

0,045
0,04
0,035
0,03
o 0,025
L
M 0,02
0,015
0,01
0,005

i i i i
0,5 1 1,5 2 2,5 3 3,5 4
SNR

——BPSK  —B—QPSK  ——QAM-64

4,5 5

Puc. 3.156 — I'paduk 3aBucumoctu BER ot SNR anst pa3Hbix BUI0B MOIyIALIUN
Ha pucynke 3.157 mpencraBnena amarpamma cose3auii QAM-64 curnama Ha BBIXOZC

nepcaaTiumka:

Scatter Plot
* * * * * * * *
B
* - * * * - * *
4
* - * * * - * *
ek}
ERy
;E * - * +* +* - * *
g 0 1
=
= - - - + + - - *
n=
E 7
O
* - - + + - - -
-4
* - - + + - - -
-6
* * * * * * * *
- -4 -2 0 2 4 i
Faoint: 30000 In-phase Amplitude

Puc. 3.158. umarpamma co3pe3auii QAM-64 curHaia Ha BBIXOJIE ITepeIaTInKa
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Ha pucynke 3.159 mpencraBnena amarpamma cospe3gnii QAM-64 curnama Ha TpHEMHOM

KOHIIe rmocJe kaHana ¢ mymom (SNR =3 ab) :

Scatter Plot

Quadrature Amplitude
=

-8 -B -4
Puaint: 30000

Puc. 3.160. Iuarpamma co3pe3auiit QAM-64 curnana Ha Bxoje npuéMHAKA

=2 o 2
In-phase Amplitude

o

Ha pucynke 4.7 npeacrasiena auarpamma co3Bezauii QAM-64 curnana mocne uCIpaBlieHUs

omu6ok kackaaHbiM aekosepoM (SNR =3 1b) :

Scatter Plat
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Puc. 3.161. Quarpamma co3pe3auii QAM-64 curHamia mocie JeKOIHPOBAHHMS

| #EBEhD
¥

[e)

0 2

In-phase Amplitude

Ha pucynke 3.162 mnpezacraBieHbl BpemeHHble (opMmbl curHanma QAM-64 ¢ kackaJHbIM

kogupoBanueM (SNR =3 nb) :
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Eh 3415 Lh tLt Eh] tLE Eh
Puc. 3.162. Bpemennbie (hopMbl CUTHAJIOB (CBEPXY BHU3):

1) Ha BBIXOJIE T€HEPATOPA IICEBAOCTYUalHON MTOCIIEI0BATEILHOCTH;

2) na Beixojie BHenrHero 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 Jiekoaepa (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 BumHO w3 pucynka 4.9, NpUMEHEHHE KacKaJHOTO KOJIUPOBAaHUS HEOIPABIAHHO I10
CPaBHEHUIO C MPUMEHEHHEM IMPOCTOTO TYypOOKOAMPOBAHUS, OJHAKO OH HUMEET ropas/io JIYUIIyIo
XapaKTePUCTHKY, YeM MIPUMEHEHHE MTPOCTOr0 moMexoyctoiunBoro kogupoBanus (PC).

Takxe naHHas MOJEIb TO3BOJISET HMCCIEAOBATH HCIPABJISIONIYIO CIOCOOHOCTh KaCKaHOTO
KOJIa B 3aBUCUMOCTH OT KOJMYECTBA UTEPALIH IekoiupoBaHus (pucyHok 4.10).

Kak BumHO M3 rpaduka, MOBBIIIEHHE KOTMYECTBA HTEpAlUil NEKOAUPOBAHHUS HE YTydIlIaeT
MMOMEXOYCTOMYNBOCTh, a JaXe JeNaeT e€ 4yTh XYyXKe, U, K TOMY K€, MPUBOAUT K TMOBBIIICHUIO
BPEMEHH JICKOAMPOBAHUS KAXKIOH IMMOCBUTKH, KPAaTHOE KOJIMYECTBY ITHX UTECPAIUH.

MOo’KHO clieiaTh MPEANoIOKEHHEe, YTO TOBBIINICHNE KOJIMYECTBA MTEPAMid HEOOXOIUMO IMPH

yBeIMUEHHUEe pazmepa ¢peiima.
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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.

Mozens MO3BOJISIET HUCCIENOBaTh PadOTy KACKaJHBIX KOJOB. B KkauecTBe BHEUIHEro KOJIa
ucnosnbiyercs koa Puna-ConoMoHa, B kauecTBe BHYyTpeHHero — TypOo-koJ Ha 6a3e CBEPTOYHOIO
KOJMPOBAaHUS W TPEUTUC-MOAYISIMHU. JlaHHAs MOJENb MO3BOJSET HCCIEN0BAaTh 3aBHCHMOCTD
6utoBoil BeposiTHocTH omnbku (BER) cuctremsr ot otHOmEeHus curnan/mym (SNR) B kanarne.

[TonydeHs! ciaenyronme pe3yabTaThl U BBIBOBIL:

Kak BupHO u3 pucyHka 4.9, mpuMeHeHHe KacKaJHOTO KOJMPOBAaHUS HEOIPAaBIAHHO II0
CPaBHEHHIO C IPUMEHEHHEM TPOCTOTO TypOO-KOIHUPOBAHHS.

[ToBblIeHNE KOMUYECTBA UTEpAlMi 1EKOAUPOBAHUS HE YIy4lllaeT MOMEeXO0yCTOWYMBOCTh HpHU
OJIMHAKOBOI XapaKTepUCTHUKM KaHala, M, K TOMY K€, NPUBOJUT K IIOBBIILIEHUIO BPEMEHH
JIEKOUPOBAHMS KaXTIOH MOCHUTKH, KPATHOE KOJIMYIECTBY ATHX HTEPALIUH.

[ToBpIIIeHNE KOMMYECTBA UTEPAIMIA HEOOXOIUMO TIPY M3MEHEHUH ITapaMeTpOB KaHaa.

D¢ eKTUBHOCTH OT NPUMEHEHHUsI KAaCKaJHOI'O KOJMPOBAHHUS 3aMETHA JIMIIb PU 3HAYUTEIHHOM
pa3mepe ¢peiima (k>10000).

Mertoandeckne yKa3aHHs ITO3BOJISIIOT HCIIOJB30BaTh JAHHBIE MOJEIH Ha JIa0OpPaTOPHBIX

paboTax CTyJIeHTaMH JJIsl UCCIIEIOBAHUS TTIOMEXOYCTONYMBBIX KOJIOB.
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4. CUTHAJIBHO-KOJOBBIE KOHCTPYKIIMHU B TEJIEKOMMYHUKAIIMOHHbIX
CUCTEMAX
4.1. CuruajibHo-K0/10Bble KOHCTPYKIIUM Ha ocHOBe Tpesiuc Ko10BOH MOTYJISIIIAN
(TCM) n ux ananmu3 c¢ ucnojb3oBanuneM MATLAB [16]

B 1mudpoBeIx cucTeMax CBA3M OOBIYHO IOBBIIIAIOT CKOPOCTh MEpeAaydl JAaHHBIX IyTeM
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 mpu mnepernade. [lodToMy mpu MOBBIIIEHHH CKOPOCTH IEperadyu
Pa3pabOTYUKH BCETIa CTAIKHBAIOTCS CO CHIDKEHHEM YPOBHS IOMEX0YCTOWYHBOCTH.

Jlis MOBBILIEHUS! TTOMEXOYCTOMYMBOCTH KaHala Mepelayd JaHHBIX B LHHU(POBBIX CHUCTEMax
MPUMEHSIFOTCS. KOJIbI, HWCHpaBisomue omuoku. OaHako AelcTBHE TakuX KOJOB HE Bcerna
3¢ HEKTUBHO, TaK KaK CHUYKACTCS CKOPOCTh Mepejau TaHHBIX.

Tpemmuc-monynsimust (TCM — Trellis Coded Modulation) mpencraBnsier co0oi  croco0,
KOTOPBIM IMO3BOJSIET 0OOECHEUYUTh IMOBBICUTH CKOPOCTh MEpeadyd COOOIICHHS C COXPaHEHHEM
YPOBHSI TTOMEXOYCTOMYMBOCTH. OITOT CHOCOO OTJIMYAETCS TEM, UTO MOMEXOYCTOWYUBOE
KOJUPOBAaHUE U THUIl MOAYJISIMU HCHOJB3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOLIUM
o0pa3oM mapa IMMOMEXOyCTOHYMBBIA KOJ — CIOCOO MOJIYJSAIMM YacTO TaKKe HOCUT Ha3BaHHE
curHaiabHo-koo0Bast koHcTpykuus (CKK).

B nanHoli paboTe omucaH crnoco0 BKIIOYEHHS CBEPTOYHOI'O KOZEKa, MCIOJIb3YeMOTo IJis
nepelay JaHHbIX C TOMOIIBIO PAJUOPETIEHHBIX CHCTEM CBSI3U, B PEXUM TPEJUIMC-MOAYJISAIUH.
Takoil cnoco® TOBBIIIAET CKOPOCTh N€peJaud B JBa pa3a IMpU COXPAaHEHUU YpPOBHS
IIOMEXO0YCTOMYNBOCTH.

B  1mudpoBbix cucremax CBS3M OOBIYHO MOBBIMIAIOT CKOPOCTh MNEpeAayd MAHHBIX IyTeM
YMEHBIIIEHUS HEPIeTUYECKON €MKOCTH OWTa, T.€. KOJIMYECTBA YHEPIHM CUTHaja, MPUXOJsLIeics
Ha oauH OuT mHpopManuu. Ho yem MeHblie sHeprusi, TeM OOJbllIe BEPOSITHOCTh TOTO, YTO OUT
OyzeT MCKaXeH B KaHaie mpu nepenade. [loaToMy Npu MOBBIIIEHHH CKOPOCTH Ieperadyu
pa3pabOTUYMKH BCErla CTAIKMBAIOTCS CO CHHYKEHHEM YPOBHS IOMEX0YCTOWYMBOCTH.

Jlis moBBILIEHUS TTOMEXOYCTOMYMBOCTH KaHala Mepelayd JaHHBIX B IHUQPOBBIX CHUCTEMax
MPUMEHSIIOTCSL  KOJIbl, HCHpaBiisiomue omuoku. OaHako [AelcTBHE TakuX KOJOB HE Bcerna
3¢ (HEeKTUBHO, TaK KaK CHUKAETCA CKOPOCTh Mepeaun JaHHbIX.

Tpenmuc-monynsauust (TCM — Trellis Coded Modulation) mnpencraBnser coboi croco0,
KOTOPBIM I03BOJIIET 0OECHEUUTh IMOBBICUTH CKOPOCTb MEpeAayd COOOIIEHHS C COXpaHEHHEM
YPOBHS TMMOMEXOYCTOMYMBOCTH. ITOT CHOCOO OTJIMYAETCI TEeM, YTO TOMEXOYCTOHYMBOE
KOJUPOBAaHUE W THUIl MOAYJSIUHU HCIOJIB3YIOTCI COBMECTHO. BpiOpaHHasi COOTBETCTBYIOIIUM

o6pa30M napa HOMGXO}’CTOIX‘IHBLIIZ Koa — CIIoco0 MOAYJIAIUU YaCTO TaKKXC€ HOCHUT HA3BAHUC
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curHasibHO-Ko10Bast KoHCTpykius (CKK).

B nanHoli pabote omucaH Croco0 BKJIIOYEHHS CBEPTOYHOIO KOJIEKA, MCIOIb3YeMOIo JUIs
MepeAayn JAHHBIX C MOMOULIBI0 PAJUOPENICUHBIX CHUCTEM CBSI3H, B PEXKUM TPEIUIMC-MOIYIISLUU.
Takoii cnoco0 TOBBIIIAET CKOPOCTh IEpeladyd B [Ba pa3a IMPU COXPAaHEHHH YpPOBHS
IIOMEXOYCTOMYHUBOCTH.

KoppexTupyommue Koabl

Hapsiny ¢ MHOTrONO3WIMOHHBIMU CHUTHAJIaMU U1l TOBBIIIEHUS 3()PPEKTUBHOCTU CUCTEMBI
anekTpuyeckoil cBs3u (COC) MMPOKO HCHOJB3YIOTCA NOMEXOYCTOWuYMBBbIE KoJIbl. IIpuMeHeHue
KOPPEKTHPYIOIINX KOIOB ITO3BOJISET MOBBICUTH BEPHOCTH MEpeiaun COOOLICHUI WM TP 331aHHON
BEPHOCTHU MOBBICUTH YHEPTETUYECKYIO 3D (PEKTUBHOCTD CUCTEMBI. ITO OCOOEHHO BaYKHO ISl CUCTEM
C MaJIOW SHEPTeTUKOM, HAIpUMEpP, CUCTEM CIIyTHHUKOBOH CBSI3H.

Ha nmpaktuke ucCnosib3yroTcsi Kak —OJIOUHblE, TaKk W  HempepbiBHble Koabl. Ha
puc. 4.1 npuBenensl KpuBble d(h(dEeKTUBHOCTM Ui  IUKIMYeCKoro koma  boysa-
Yoynxypu-Xoksunrema (bBUX) u mna cBeprounoro koma (CK) ¢ mekogupoBaHueM IO IO
anroputmy Burepbu.

[TprMeHeHne IUKINYECKOTO KO/a TO3BOJISET MOMYYUTh YHEPTeTHUECKUil BRIMTphIm AP = 2...4
nb, a ceprouHoro koma AP= 4..6 nb B oOMEeH Ha CHIWKEHHE YaCTOTHOW 3(PPEKTHBHOCTH
npuMepHo B 2 pa3a (3 nb).

OHepreTuYeckuii BBIMTPBHIIT A OT NPUMEHEHUs MOMEXOYCTOWYMBOIO KOJUPOBAHUSA TEM
Oonpllle, 4yeM BbIIe TpeOyemas BEpHOCTh mepenayu. s HempephIBHOTO KaHaia C OeJbIM
rayCCOBCKUM IIIYMOM IpU TpeOyeMon BepoSATHOCTU omuOku 10—5 mpenenpHbIil SHEPreTUYeCKUi
BBIMIPBIII KOJUPOBaHUS IO cpaBHeHHI0O ¢ PMH-2 0e3 KOAMPOBaHUS MpPH ONTUMAIBHOM
KOT€pEeHTHOM IipueMe cocTasisieT npuMmepHo 10 nb. PacueTHble kpuBble Ha puc. 9.2 nokassIBaroT,
YTO TMPUMEHEHHE LHMKJIMYECKOr0o Koja B KaHaime ¢  ¢aszoBoil Manunysiuuen (OMH) wim
CBEPTOYHOr0 Koja B KaHaie ¢ ADM 1no3BoJISI€T MOBBICUTh OJHOBPEMEHHO YHEPIeTHUECKYIO, TaK U
4acToTHYI0 3¢dexTuBHOCTH. IlocTpoeHne Takux BBICOKOA(P(PEKTUBHBIX CHCTEM Ha OCHOBE
CUTHAJIbHO-KOJOBBIX KOHCTPYKIIMH BeJIeT K HEN30€KHOMY YBEJIMYEHUIO 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(hPEeKTUBHOCTH

CHUCTEM CBsA3U

[Ipu coBpemMeHHOW »dJIeMEHTHOM 0a3e 3arpaThl Ha peaju3alui0 KOAUPYIOIIUX |
JEKOHUPYIOINX YCTPOMCTB 3HAYUTEIBHO COKpaTWiIuCh. B TO ke BpemMs CTOMMOCTh
SHEPreTHKHU KaHajla MPaKTUYEeCKH He M3MEHUIach. TakuM o0pa3oM, «IieHa» BHIMTpHIma AP 3a cuer
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 KOOAUPOBAHUA U MOAYJIANHU 3aBUCUT OT XapPAKTCPUCTUK
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KaHaja. YIy4llIeHHe 3TUX XapaKTePUCTUK, HAllpUMEp, IIyTEM aJlaliTallii K IOMEXaM U OLICHUBAHHUS
HMCKa)XEHUI CUTHAJIA M WX IOCJIEAYIOLIEH KOMIIEHCAllUU, CHUYKAET MOTEPU B KaHaje U CO3/AeT
Jy4dlIue yCJIOBUS JUUIsl IPUMEHEHUSI KOPPEKTUPYIOIIMX KOJOB.

OnTumMu3anus CHCTEM CBSI3H

IloBbIlIEHNE TaKUX BAXKHEUINHX ITOKA3ATEJIEW CUCTEM IEKTPUYECKOW CBSA3HM, KaK CKOpPOCTb U
BEPHOCTh IEpeAauu, CBA3aHO CO 3HAYMTEIbHBIMU YAaCTOTHBIMM M SHEPre€THUYECKUMHU 3aTpaTaMH.
CpaBaenune Mexay cobor paznuuablx COC OCymecTBISETCS MO CTEIEHH HCIOIb30BaHUS WMHU
OCHOBHBIX PECypCOB KaHaJsla CBSI3H (IPOIYCKHOW CIIOCOOHOCTH, MOIIHOCTH, 3aHUMAaEeMOU T10JIOCHI
9acTOT), BBIpAXKAEMOH uepe3 IMoKa3zaTeNu HH(POPMAIMOHHOW, PHEPTeTHUYECKOM W  YacTOTHOU
spdexruBHocTu. Coznanue COC, B KOTOPHIX AOCTUTAIOTCS OJIM3KUE K MpeleibHbIM IOKa3aTeln
3¢ (HeKTUBHOCTH, TPEOYET COBMECTHOTO COTTIACOBAHMSI KOJIEKa U MOJIeMa C YY€TOM CTaTUCTHYECKHUX
CBOMCTB HEIIPEPBIBHOT'O KaHaJa.

CoryiacoBanne MeTOA0B MOAYJISLMHA U KOJAMPOBAHUS

O} dexTuBHBIN MyTh MOBHIICHUS yAEIbHON CKOPOCTU Mepeaadyn MHPOpMAIK 3aKII0YaeTCs B
YBEJIMYEHUHM YHCJIA HCIONb3YeMbIX CHUTHAJIOB M Ha wuHTepBasie | . OOHAKO yBeIWYeHHE M
MPUBOANUT K YMEHBIICHUIO PACCTOSHUS MEXIY ONMKaWIIMMU CHUTHAJIIAMH aHCAMOJISl ¥ CHUKCHHUIO
SHEPreTUIECKOH (P (HEKTUBHOCTH.

[Tpu BbICOKHMX TpeOOBaHUSAX K BEPHOCTH Iepeayu 1eiaecoo0pa3HbIM CTAHOBUTCS MPUMEHEHUE
MIOMEXO0YCTOMYMBBIX KOJIOB, KOTOPBIE MO3BOJIAIOT MOBBICUTh YHEPTETHUECKYIO Y(PPEKTUBHOCTH 32
CUET CHIKEHHUs 4acTOTHOM. [loMexoycToilunBoe KOAUpPOBaHHUE MO3BOJISIET CHU3UTh HEOOXOIUMYIO
BEJIMYMHY MOIIHOCTH CHUTHaJla, IOCKOJIBKY pPACCTOSTHUE MEXAY KOJOBBIMM  KOMOMHALUSMU
yBenuuuBaeTcs. OpHOBpeMeHHOe TpeOoBaHHME OONBIIOW CKOPOCTH M BEPHOCTH  Iepelayd B
YCJIOBUSAX OIPaHMYEHHOI'O YAaCTOTHOI'O M 3HEPreTHUYECKOI'0 Pecypca MOKET ObITh BBIMOJIHEHO MpPU
WCIOJIb30BAaHUN MHOTOIIO3UIIMOHHBIX CUTHAJIOB U IOMEX0YCTONYMBBIX KOJIOB.

[Ipy MHOTONMO3WIIMOHHON MOZYJSIMHM, KOTJa IO KaHajlaM CBA3M Iepeaaercs OJIOK u3 N
KOJIOBBIX CHMBOJIOB, BKHO TaK)K€ MPaBUJIbHO BHIOPATh MAHUITYJISLIMOHHBIA KOJ, ONpPENeonIni
IIPAaBUJIO COMOCTABICHUS C KaXIbIM IEpeaBaeMbIM CHUTHAJIOM ONPEAETICHHOTo OJOKa KOJOBBIX
cuMBOJIOB. OOIIMI MPUHIMIT 3aKJIIOYAETCS B TOM, YTO OOJBIIEMY PACCTOSHUIO MO XAMMUHTY
MeX/1y KOJAOBBIMHU OJIOKaMHU JTOJKHO COOTBETCTBOBAThH OoJibliiee paccTosHue 1o EBkinmy mexay
OTOOPaKAOIINMHU UX CHUTHAJAMHU.

Cozganue CDOC, B KOTOpPBIX JIOCTUTAIOTCA ONM3KME K IpeleNbHBIM  IOKa3aTelu
3G HEKTUBHOCTH, TPeOYET COBMECTHOT'O COTJIACOBAHUS KOJIEKAa U MOJIEMA C YUE€TOM CTaTUCTHUYECKHX
CBOMCTB HENPEPHIBHOTO KaHaia. JTO O3HAYaeT, YTO KOJAWPOBAHHME U MOAYISIMIO HEOOXOIUMO
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, IIPH KOTOPOM 00€CIIeUnBAETCS BHICOKAs! YelIbHAas CKOPOCTh (CUTHAIbBI
PacrojoKeHbl TOCTATOYHO IJIOTHO) U OJAHOBPEMEHHO BBICOKAs MOMEXOYCTOWYMBOCTH (CHUTHAJIBI
JOCTaTOYHO JAJIEKO JPYT OT JIpyra).

KoMmOuHupoBaHUEe pa3nuyHBIX aHcaMOleil M-WYHBIX CHUTHAJIOB, IMOMEXOYCTOMYMBBIX U
MaHHUITYJISIHUOHHBIX KOJOB MOPOXKAAET MHOKECTBO KOHCTPYKLIMMU. OHAKO TOJBKO COIJIaCOBaHHBIE
BapHaHTbl 00ECIIEUNBAIOT MOBBIIIEHUE YaCTOTHO - SHepreTuieckoit apdexkruBHocTr COC.

OTH BapHAHThl Ha3bIBAOT CUTHAJIBHO - KOAOBbIMU KOHCcTpykuusimu (CKK).

Paccmotpum 0000IIEHHYIO CXeMy Tiepeaun JUCKPETHBIX COOOIICHMI, TPUBEICHHYO Ha pHC.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 BBIXOJAa KOJepa KaHajla pa3OuBaeTrcss Ha OJIOKM 1o N
cuMBOJIOB. OTOOpakeHue OJOKOB B CUTHAJBI, (OPMHUPYEMbIE MOAYJIATOPOM, OCYIIECTBIISETCS IO
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 nemonynsTtop, AeKOAepbl KaHajda U MaHUMYJISLIUOHHBIA JEKOAep
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, HAXOJAIIEECs] HAa MUHMMAJIbHOM EBKJIHIOBOM
pPacCTOSHUU OT IIPUHATOTO.

HexonupoBanne MK MOXHO paccmaTpuBaTh Kak MOCJHEIHMHA 3Tan 0OpaOOTKM CHUTHAJIbHO —
KomoBoro 61oka ontuMaibHbIM Aekoaepom CKK. Ilpu sTom nexonep kaHaiga paboTaeT B METPUKE
EBkinpa ¢ curanamu, a He ¢ UX JIBOUYHBIMU NPEACTABICHUSAMH 110 MIPaBUIY MAHUITYJIALIMOHHOTO
kona. Cxema MORJIEMEHTHOrO IpuemMa, HaoOOpOT, OPUEHTHPOBAaHAa Ha INPUMEHEHHE JeKoJepa
KaHala B MeTpUKe XeMMMHra, T.e. OOpa0OOTKy JBOMYHBIX BEIMYMH IIOCIe JeKoJepa
MaHUIYJISLUOHHOIO KOJA.

CrnenoBarenbHO, JOCTIKEHHE HauOosbiield 3QpPEeKTUBHOCTH BO3MOXKHO MPHU JIEKOJUPOBAHUH
[0 ANrOPUTMY MaKCHUMAJIBHOIO MPaBAONOJOOMS CHUTHAJIBHO - KOJOBOrO 0OJIOKa B LEIOMM.
Heo6xonuMo oOTMETHTh, 4YTO B MpHUHIMIE JOOOH CUTHalIbHBI aHcaMOlb Ha BBIXOJE
[IOCJIEZI0BATENbHO COEAMHEHHBIX KoJeka M MojeMa MoxeT ObiTh oTHeceH k CKK. Baenenue
nouatusi CKK orpakaer momxon K MOAYISIUM W KOAWPOBAHUIO KaK IPOLECCY OOBEIMHEHUS
CUTHAJIOB U KOJIOB B €IUHYIO0 3()(PEKTUBHYIO KOHCTPYKIIHIO.

Kinacenpukanusi CHUTHAJIBHO — KOJOBBIX KOHCTPYKIM

B ocnoBe ¢opmupoBanmst CKK nexar omepaumm otoOpakeHus HH()OpMAIMOHHON
[IOCJIEZ0OBATENBHOCTY B KOJAOBYIO, IIyTéM  BHECEHUS  U30BITOYHOCTM U KOJOBOH
IIOCJIEZ0OBATENBHOCTH B KAaHAIBHYIO 3aJlaHWEM MaHHUIYJILUOHHOro kona. IlomexoycroitumBoe
KOAMPOBaHUE, TMOBBIIAIOIIEE HHEepreTuueckyro sddextuBHocTh COC, daBnseTcs OAHON U3
BaxkHeimux onepanuii popmupoBanus CKK. Ilonydaemblil mpu 3TOM SHEPreTUYECKU BBIUTPHIILI
OT KOJUPOBaHUS 3aBUCUT OT CTENEHU YBEIWYEHHS] MHHHMMAJIBHOTO CHUTHAJIBHOTO PACCTOSHUS
MEXJy pa3pelieHHbBIMH KOJOBBIMH Oiiokamu. B kadecTBe curnampHoro ans kanama ABI'II
UCIOJIb3YyeTCs paccTosiHue EBKinaa. ACHMITOTUYECKUNA SHEPTETUUECKUI BBIUTPBIII OIPEEIIAETCS

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

MOCJIEI0BATENBHOCTAMU KaHAIbHBIX CHUMBOJIOB OJMHAKOBOW MOIHOCTH C KOJAMPOBAaHHBIMU
CHUMBOJIaMHU.

Cornacro (4.1), ans momydeHHss OONBIIMX BEJIMYMH DSHEPTETHYECKOTO BBIMIPHINIA TIPH
noctpoernn CKK Heob6xomumo noadupare KoJbl, MAKCUMHU3UPYIOIME MUHUMAIBHOE E€BKJIUIOBO
paccrosinue MEeX1y pa3pelIeHHbIMI KOJIOBBIMU KOMOMHAIUSIMH.

B ocnoBy knaccudpukanmmu CKK MOXHO TOJOXHTH OTIWYHUTENIbHBIE OCOOCHHOCTH IO THIIAM
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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

6onpmmx kiacca: CKK Ha ocHoBe 6mounbix kogoB U1 CKK Ha ocHOBe HenpepbIBHBIX K0J0B. 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 BHJaM KOJ1a.

Cpenn O610YHBIX 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
BpPEMEHH.

[Tpu ucnonb30BaHUM CBEPTOYHOIO KOJia MPAKTHUUECKH YAOOHBIM SBIISETCS CiIydail, KOrjaa 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 Kax/plii KogoBbIid 010K anuHOM (K + 1) mepeHOCHTCS OJHHUM JIByMEPHBIM CHIHAJIOM,
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 aNropuT™Ma ButepOu 11 MATKOTO pelIeHus: Ha BBIXO/IE IEMOTYIISATOPA.

Jlrobas CKK BHE 3aBHCHUMOCTH OT CHoco0a COIJIaCOBaHUS MOAYJSLMHM U KOAUPOBAHUS
IpesicTaBiIsieT co00M KacKalHbIM KOJ ¢ aHcaMOJieM CUTHAJIOB Ha BHYTPEHHEH CTYNEHU M OJHUM
WM HECKOJBKMMHU NTOMEXOYCTOMYMBBIMM KOJAaMU Ha BHeWIHEH. IIpyu ncronb30BaHUN HECKOIBKUX
MIOMEX0YCTOMUYUBBIX KOJI0B roBopsT o nocrpoeHnn CKK Ha ocHoBe 0000IIEHHOIO KacKaJHOTO
KoJa.

ITo Tuny ancamb6uieii curnanoB CKK gensitcs Ha KOHCTPYKIIMU C OJHOMEPHBIMH, IBYMEPHBIMHU
U MHOIOMEPHBIMU CHUTHalaMd. MHOTOMEpHbIE CHTHAJIbl COCTaBIIIOTCS U3 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 CUTHAA.

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 coriacoBaHus MOAYJSIMM W KOJWPOBAHHSA YCIOBHO MOXHO pa3lelWTh 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  COIJIACOBAaHMsI  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, COOTBETCTBYIOIIHE
COCE/IHUM CHUTHaJlaM, JOJKHBI Pa3JIndyaThCsl HAUMEHBIIUM YUCIIOM JJBOUYHBIX CUMBOJIOB.

Bropas rpynna Bxitouaer B cedst foctatouHo Oosbiioe yncio tunoB CKK, pasnuyarommxcs
Moau(HUKAIMSIMH METOJIOB COTJIacOoBaHMs. Pa30ueHHe OCYIIeCTBISETCS TakuM o00pa3oMm, 4TO
MoJITaHCaMOJIN COZIePHKAaT PaBHOE KOJIMUYECTBO CUTHAJIOB, PACCTOSHUS MEXKIY COCETHUMH CUTHAJIaMU
noJaHcaMOJiell OJIMHAKOBBI, @ MHMHHMAJIbHbIE PACCTOSIHMS MEXAY CUTHAlaMu IoJaHcaMOuiei
YBEJIMUMBAIOTCS ¢ KaXJbIM IIarom pasouenus. lllupokoe npaktuyeckoe NpUMEHEHHE MOTY4UiIo
COIJIaCOBAaHUE IIyTeM pa30ueHHsi aHcaMOlsl Ha BIIOKEHHbIE MOJaHCaMOJM, KOrja BHEIIHWMU
KOJlaMH SIBJISIFOTCS CBEpTOUHbIE KOJbl. B ocHoBe cuHTe3a CKK co cBepTOUHBIMU KOJAMU JIEKUT
IIOUCK KOJIOB, MAaKCUMH3UPYIOIIUX €BKJIMIOBO PpACCTOSHHUE, IPUYEM OOBIYHO O3TH KOJbl HE
SBJISIIOTCSL ONTUMAJbHBIMU B METpUKE X3MMHUHra. Y pelieTdaTtoil JuarpaMMbl, ONHCBIBAIOLIECH
CBEPTOYHbIE KOJbl B MeTpuke EBKiInaa, mepexoipl MEXIy COCTOSHUAMU IPOMapKHUPOBaHbBI HE
JTBOWYHBIMH OJIOKAMH, & CHTHAJIbHBIMH TOUYKaMHU.

Takum oOpa3oMm, JOCTHXKEHHME OJM3KUX K IpelesbHbIM IIOKa3areneidl 4YacTOTHO -
SHEpreTu4ecKoi >pPeKTUBHOCTH HU(POBBIX CUCTEM CBSI3U MpEIoaraeT corjacoBaHue Kojaeka u
MOJIeMa C yYETOM CTaTUCTHUECKHUX CBOMCTB HEMpPEPBHIBHOIO KaHana. OIHO U3 pelIeHui 0100H0ro
COTJIaCOBaHUs MIPEJICTaBISIOT CUTHAJIbHO-KOJIOBBIE
KOHCTPYKLIMH CBEPTOYHOTO KOAMPOBaHUS. Msrkoe JeKOIMpOBaHHE IO anroputMy Burepou
o0ecreyrBaeT YHEPreTUUECKUi BBRIMIPHILI 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 MHOTOMO3UIIMOHHBIM aHCAaMOJIEM CUTHAJIOB ITyTE€M HMCIIOJIb30BaHMsS B
Ka4eCcTBe MaHUMYJISIIMOHHOTO Koja ['pes (tadm. 4.1).

Komb6unanuu xona B Tabin. 4.1 nonydensl no cieayrouiemy npasuiy. KomoBas koMOuHaIms
HaTypaJlbHOTO KOJIa CKJIAJBIBAETCS 10 MOAYIIO 2 C TaKOM kK€ KOMOWHAIMEH, CABUHYTOM HA OJUH

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

HOCKOHLKy OIIIMOKHU qame MMpoucxodAaAT 3a CUCT IIEPEXO0a0B B obnactu COCCIHUX CHUT'HAJIOB, TO

KOJOBBIC 6J'IOKI/I, COOTBCTCTBYIOIIIUE COCCAHUM CUTHAJIaM, OOJIKHBI Pa3JIM4aTbCsl HAWMMCHLBIINM

YHCJIOM ABOHNYHBIX CHUMBOJIOB.

Ha puc. 4.3 npuBenensl mpumepsl koma I'pes s ancamOuelr ogHoMepHbIX (AM-4) u

nBymepHbIX (DM-4, KAM-16) curnanos.

00 01 11 10
a) — oo

00

ﬁ) 01 10)

0010

0011

0001

0000

o110 1110 10140
o111 1111 1011
0100 1101] 1001
0100/ 1100/ 1000

Puc. 4.3. Kogsl I'pes ancam6uieit: oqHoMepHBIX: a) AM-4; 6) ®M-4; neymepubix: KAM-16

HecmoTps Ha 70CTaTOYHO BBICOKME MTOKA3aTENHN SHEPIeTUYECKON 3PPEKTUBHOCTH MPU MATKOM

peIICHUHU B ACMOAYJIATOPEC U ACKOAUPOBAHUHN AJITOPUTMOM BI/ITep6I/I, CorjifaCoBaHM€ KOJOM Fpeﬂ HC

ABJIACTCA OIITUMAJIbHBIM.

JIBoWuHbIE KOJbI, ONTUMANIbHBIE 110 KPUTEPUI0 MAaKCUMyMa X3MMUHIOBAa PaccTOSHUS, OynyT

OINTUMAJIBHBI W 110 KPHUTCPUIO MaKCHUMyMa CBO60}1HOFO CBKIIMJOBA pPACCTOSAHHA, C€CIIM IIPU

OT06pa)KeHI/II/I JABOUYHBIX HO,[[6J'IOKOB B CHUTHAJbHBIC TOYKH aHCAMOJIS BBHIOJIHSACTCS IMPUHIIUIIL:
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OonbiiemMy paccrosiHuto XammuHra dh max , coorBerctByer Oosbiiee paccrosiHue o Epximmay de
max .

[Ipocreiimue ancamOiu curHanoB AMH-2, ®MH-2, ®MH-4 sToMy ycinoButo sl 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 paccTosiHuii Xommunra u EBkiauaa nisi curaano ®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 ONTHUMAIBHOIO COIJIACOBAHUS KOJIEKa M MOJeMa, HEOOXOAMMO HaWTH METOJIbI
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. Yarep6oekx (Ungerboeck G.) omyOGmmkoBan cTaTtbio, B KOTOPOH,

anammupyst CKK Ha 6a3ze ancambiss ®MH-8 1 cBepTOYHOro Koja co ckopocThio Rxkxk = K/ k +1
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chopmynuposan psn npasui noctpoeHuss CKK. IToaromy CKK noctpoeHHBIE 110 3TUM TpaBUiIaM
(Trellis-Coded Modulation — TCM), yacto nassiBaror CKK YHrep6oeka.

ITo cnocoOy cormacoBanust Moxyisiiuu u koaupoBanus CKK VYHrepOoeka oTHOCSATCS K
KOHCTPYKIMSIM, TOJIYYUCHHBIM Ha OCHOBE pa3OMEHHs aHCaMOJii CUTHAJIOB Ha BIOXKECHHBIC
nojgancam6Oiu. Pazbuenue ocymiecTBiIsieTcs TaKUM 00pa3oM, 4TO MOoAaHcaMOIM colepKaT paBHOE
KOJIMYECTBO CUTHAJIOB, pacCTOsHKs de MeXIy COCCTHMMHU CUTHAIAMH TOJaHCaMOJIei OJMHAKOBBHI,
MHHHAMAJIbHBIC paccTOsiHuUs de min MeXIy CHIHaJaMH MoJaHcaMOJel YBETMYMBAIOTCS C KaKIbIM
1aroM pa3OMEeHHs; IPH STOM JIeBasi BETBb pa3OMeHUs KoAUpyeTcs cuMBoiioM «0», a mpaBast «1».
CuuThiBaHHE KOJOBOM KOMOMHAIIMHM, COOTBETCTBYIOIIEH CHUTHAJIBHOM TOYKE Ha AaMIUIMTYIHO-
($ha30BOil TIIOCKOCTH, OCYIIECTBIIIETCS CHU3Y BBepx. PazOuenue ans ancamb6is curxanoB ®MH-8
MIpeJICTaBJICHO Ha puc. 4.5.

Kak cnemyer wu3 puc. 4.5, wucxomuelii ancambib pazOuBaeTcss Ha ToJaHCcamMOIu
pY MaKCHUMAJIbHOM YBEJIIMYCHUH HAUMEHBIIHMX DPACCTOSHHUE (€ min MeXay CHrHajJaMu BHYTPU
nogancam6uieit d0 < d1 < d2 < d3 . Pa3buenune oCyIecTBIsIeTCs TOITAITHO.

B nanHOM mpumepe Tpu 3Tama, 3a KJIIOYAIOLUXCS B pa30MEHHH Ka)XJ0ro U3 mojaaHcamoOnei

MpeJIeITbl PEIBIAYIIETO dTana Ha 2 PaBHOAIEMEHTHBIX TTOAaHCaMOJIs.

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 CHrHaJbHOM TOYKOH Ha IJIOCKOCTH ONPEACISACT MaHUITYISIUOHHBIN
KOJI.

Joctrxenne HauOOIbIIEH MOMEXOYCTONUYNBOCTH HEMOCPEACTBEHHO CBSI3aHO C YBEIHMUEHUEM
€BKJIMJOBA PACCTOSHUS MEXKAY IEPEeJaBaéMbIMM CUTHAJIBHBIMHM  I1OCJIEA0BATEIbHOCTSIMHU.
Pemeruaras nguarpamMma cBeprouHoro koxa (5.6.3), pebpa KOTOpoil IpOMapKUpPOBaHBI
CUTHaJbHBIMU TOYKAaMH, IIOJHOCTBIO OTOOpa)xkaeT BeCh HAOOp pPa3pelICHHBIX CUTHAIBHBIX
MOCJIe0BATEIbHOCTEH.

Takum 00pazom, BelMYKMHA CBOOOIHOIrO eBKIMIOBA paccrosHus def 3aBuCHT OT MapKUPOBKU
pebep pemeTyaToi TuarpaMMbl CUTHAIBHBIME TOYKaMH (KaHAIbHBIMUA CUMBOJIAMHU ).

VYurepboek Ha mpumepe aHcamOsi curHaioB ®MH-8 (cMm. puc. 4.6) chopMynupoBan deThipe
HEOOXOUMBIX TpaBHJa MApKUPOBKU peOep CHUTHAIBHBIMH TOYKAMHU: BCE CHTHAJIbHBIE TOYKU
UCIOJIb3YEMOTO0 aHCaMOJIl CUTHAJIOB JIOJDKHBI BCTpPEYaThbCs C OJUHAKOBOM YacTOTOM U C
OIIpe/IEICHHON CTENEHbIO PETYISIPHOCTU U CHMMETPUYHOCTH;

MEePexo/ibl U3 OJHOTO M TOTO K€ COCTOSIHUS COOTBETCTBYIOT CHUTHallaM U3 mojaHcamb6ieir BO
nnu B1;

nepexoApl B OAHO M TO JK€ COCTOSHHE COOTBETCTBYIOT CHTHaJlaM W3 MoJaHcaMOuei
BO umm B1;

napajuieNibHbIe TePeX0/Ibl MEXKY COCTOSHUSMHU COOTBETCTBYIOT CUTHAJIaM U3 ToJaHcambOiei
CO umu C1 , umu C2 , unu C3 . Kak mokassiBaeT ananu3, CKK YHrepboeka UMeOT HECKOIBKO
0osiee BBICOKME YAaCTOTHO SHEPreTHYECKHE XapaKTEPUCTUKH MO CPAaBHEHUIO C TPaJWLMOHHBIMU
CKK, mpu TOH ke CII0KHOCTH peain3aliii. JTO ONPENSTHIIO UX OypHOE BHEAPEHHE B TEXHUKE
cBs3u. Ho m3BectHble mpaBuia mnoctpoenuss CKK YHrepOoeka, XOTs M CHIXKAIOT Pa3MEpHOCTh
nepeOOpHOIl 3ajjauu CcUHTE3a, HO He obecmednBaroT rapaHTupoBaHHoe mnoctpoenue CKK ¢
MaKCHMaJbHbIMU YaCTOTHO-DHEPI€TUUYECKUMHU XapaKTepUCTHKaMu. B To ke Bpemsi, OCHOBHOM
1enbo paboT B obsnactu cuHTe3a cucreM curHasnoB u CKK sBnsieTcss moMck Takux crnocoOoB MX
¢dbopmupoBaHus U 00pabOTKH, KOTOpBIE MPH 33JaHHBIX OIPAaHMUYEHMSIX Ha CIOXHOCTb YCTPOMCTB
¢dbopMHpOBaHUS U TIpHEMa, BPEMEHHbIE 3aJepXKKH, MO3BOJISUIM Obl MPUOIM3UTHCA K H3BECTHOH
IEHHOHOBCKOW TpaHUIIE.

[Tpu moctpoennn mHoromepHbix CKK Bo3HHMKaeT mpoGiema BbIOOpa MaHUMYISIIMOHHOTO
KOJ[a, MOCKOJIbKY H3BECTHBIE METOJAbl €ro MOCTpOeHHs (IpaBHiia MOCTPOEHUs KoIoB I'pes u
pa3buenus aHcaMOyii Ha BJIOXKEHHbIE TMOAaHcaMOIM YHrepOoeka) He BCerJa I03BOJISIOT
COIJIaCOBATh €BKJIMIOBBI U XEMMUHTOBBI pacCTOSIHUSL. IMEHHO € 3THM CBSI3aHbI MHOTHE MPOOJIEMBI
noctpoeHnss MEHOoromepHoaix CKK.

Cunte3 MHOromo3unmoHHbIX aHcambOiel curHamoB u CKK, mocTpoeHHBIX Ha WX OCHOBE,

ABJIACTCA OAHHUM H3 HaHpaBJ’IeHI/Iﬁ peaicHu-d Ooiee 06HICI>'I 3aga4u CTaTUCTHUYCCKOI'O COIj1aCOBaHHUA
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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 TOCTpOoeHMIO andaBuTa Takux cynepOykB (ancamOnerr curHamoB u CKK) moryr
CYIIECTBEHHO OTIUYATHCS MEXIY COOOM, HO HAIIPABJICHBI HA PEIICHUE 3TOM 00IIel TPOOIEMBI.

H3BecTHO, 4TO aHCAMOJIb CUTHAJIOB, COOTBETCTBYIOIINI MMOJIHOMY JBOMYHOMY KOIY JJIMHBI N B
MPOCTPAHCTBE COOTBETCTBYIOIIEH pa3MEpHOCTH N , MOCTPOCHHBIN 3aMeHOM «1» Ha «—1», a «0» Ha
«+1», COOTBETCTBEHHO, O00JIaAaeT TNPAKTUYECKA HUACATHHBIM MAHUIYJISIIUOHHBIM  KOJIOM.
MUHMMaTBHBIM XEMMHUHTOBBIM PACCTOSHUSAM TaKUX aHcamOjeil COOTBETCTBYIOT pedpa N -MepHOTo
Ky0a, KOTOpbIE XapaKTepU3YIOTCS U MUHUMAJIbHBIMU €BKJIUIOBBIMU PACCTOSTHUSIMHU.

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 aHcamOJii MUHUMAaJbHAs OIKMOKa (OMMOOYHBIM MpUEM OJIHOM
KOOpPJMHATHl CUTHAJILHON TOUKH) MIPUBOJIUT K HEMPABUILHOMY MIPUEMY OJIHOTO OMTa MH(OPMALIUU.
OmuOOoUYHbIM MpUeM JBYX KOOPAMHAT CUTHAIBHONM TOYKHU MPUBOJIUT K HMCKAXKEHUIO NIBYX OHUT
uHpopMalmu U Tak gainee. OJHAKO, €CIIM PACCMOTPETh 3aBUCUMOCTh MeX 1y xeMMuHroBbsimu dh(i,
J) 1 eBxiuaoBbiMU de( )i, ] pacCTOSHUSIMU JJIsi TAKOTO aHCAMOJIsl, TO MOYKHO BBISIBUTH CIICITYIOLIYIO
3aKOHOMEPHOCT, CBSI3BIBAIOLIYIO 3TH 1BE BEJTMYHUHBI
de(i, j) = 2r Ndh(i, j), (4.2)

rae I — paauyc chepsl.

Tabmuna 4.2
B3anMocBsI3b KOJIOBBIX KOMOWHAIMI MaHUITYJIIIUOHHOTO KOAA U KOOPIMHAT

CUTHAJIbHBIX BEKTOPOB

a

MHHHH}"JHU.HDHHHH KOO KDUPJHHHTI}I CHI'HAJIBHBIX BEKTDPUB
000 14141
001 +1,4+1 -1
010 +1~1+1
011 F1-1-1
100 —1,+1,+1
101 1411
110 11,41
111 “1-1-1

Taxum 06p330M, B3aUMOCBA3b MCXKAY CBKIWIOBBIMM W XCMMHHI'OBBIMHU PACCTOAHUSAMU B

MHOT'OMCPHOM aHcaMOJjie CHUTHAJIOB HGHHHeﬁHaﬂ, XO0TA 6OHBHIeMy XEMMHUHTOBOMY pPACCTOSAHHUIO
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OyZleT COOTBETCTBOBATh OOJIbIIIEE EBKIMIOBO paccTostHHE. ECIM MOIIHOCTh M SHEPTUsl CUTHAJIOB
SBJISIIOTCS] TOCTOSIHHBIMU BEJIMYMHAMH, HE 3aBUCALIMMHU OT HOMEpaA, TO aHCaMOJIM TaKMX CUTHAJIOB
CUMTAIOT CUTHAJIAMU IIOBEPXHOCTHO-CHEPUIECKON YIIaKOBKH.

B mporuBHOM ciydyae aHcamOnM CHUTHAJOB paccMaTpPUBAIOT KAaK OOBEMHBIC YIIAKOBKH.
CoxpaHeHue MAaHUIYISAIHMOHHOTO KOJA, MPHHATOTO JUIsI TPOCTOTO TPEXMEPHOTro Kyba, B
3HAYUTEIIBHON MepE COXPAHSET NMPONOPLHMOHAIBHOCTh MEXAY €BKIMIOBBIMA M XEMMHHIOBBIMU
PacCTOSIHUAMU M MOATOMY OyZAeT HawlydllMM U A HauboJjiee MiaoTHOro aHcamoOuia. [lna npyrux
HE

H3Ha4YaJIbHO

KOAOB A CUTHAJIbHBIX  BCKTOPOB

KOM6HH3LIPII>1 MaHHUITYJIAIUOHHBIX

6yz[eT CO6JIIOII3TBC$I B3aMMHag MPOMNOPUHUOHAIBHOCTE MCKAY CBKIIMAOBBIMU W XCMMUWHI'OBLIMU
PaCCTOSAHUSAMMU.

Takum 06p3,30M, IMPAaKTHYCCKHN HCBO3MOXKHO CO344aTb PII[CEL]'IBHLIﬁ MaHI/IHy.]'ISII_II/IOHHLJﬁ KOJ U,
CJI€10BAaTCIIBHO, IleJIeCOO6p33HO CTPOUTH MAaHUITYJIAIUOHHBIC KOJbI, Y KOTOPBIX XOTA OBl YaCTUYHO

BBIITOJHACTCA B3aMMOCBA3b MCKAY CBKIIMJOBBIMHA U XCMMHUHI'OBBIMH PACCTOAHHUAMMU.

IIpakTuyeckas yacty padorsl B MATLAB 2015 [21]

[Tepen HavamoMm BBIMONHEHUS paboThI, HeoOxomumo ¢ manku TCM ckomupoBath KO B

KOMaHJHYIO CTPOKY, KOTOPbIN MOArPY3UT HEOOXOAUMYIO CXEMY JUISl TPEILIIUC MOTYJISLIUH.

4\ MATLAB R2015a

HOME @ H 4 539 @ search Docurmentation PH
3 r [z, New Variable | & Analyze Code ul=)
L2 #}' J L] Find Files & E o S \ma)
QOpen Variable = Run and Time : 3
New MNew Open @Cﬂmpare Import Save Simulink ENVIRONMENT | RESOURCES
Script - - Data Workspace @Cb&rwmcspaoe - @Cb&rﬁnmnﬂs *  Library
k4
FILE VARIABLE CODE SIMULINK
@ EHE v G ProgramFiles » MATLAB » MATLAB Production Server » R2015a » bin ¥ AP,
Current Folder OB Command Window
MName o
registry . modelname = 'commtcmostbe':
o sl FERcalc SubSys = [modelname, '/Frame Error Rate Calculation'];
Details hd open_system(modelname);
. . ) zim(modelname) ;
Select afile to view details | -
= open system(FERcalc SubSys):
Workspace x pen_sy i - ys)
fE -
Mame Value < | n P

Puc. 4.6. ITanenrs MATLAB 2015
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©

Puc. 4.7. Cxema miga uccnenosanusa TCM B Simulink MATLAB 2015

1. briok JIBonuHslil reHeparop bepHyIM reHepupyeT ciydaiiHble JBOMYHBIE YNCIIA, HCIIONIb3YS

pacnpeaciicHue BepHy.]'IJ'II/I. BricTaBbhTE HIXKE MMpEACTABJICHHBIC TaPpaAMCTPhI:

"4 Source Block Parameters: Bernoulli Binary Generator

—

Bernoulli Binary Generator

Generate a Bernoulli random binary number.

Parameters

To generate a vector output, specify the probability as a vector.

Probability of a zero: 0.5
Initial seed: 61

Sample time: 1e-6
Frame-based outputs

Samples per frame: frameLen

Output data type: [boolean

[ oK ][ Cancel H Help

] [ Apply

Puc. 4.8. TTapametpsr uctounnka (Source Block Parameters)
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2. bioxk M-PSK TCM kozaep npeoOpa3oBbIBacT AaHHBIE, MOTy4YeHHbIE OT Oyioka bepHymim B

PSK co3Be3naus ¢ 3aanHoii ero cpenneit sneprueid. B atom npumepe mel ucnoiaszyem cxemy TCM

8 - PSK co3Be3nust asist 8 pemieryarsix cocTossHuM. BricTaBbTe HIDKE MTPeICTaBICHHbBIE TapaMETPhI:

"4 Function Block Parameters: M-PSK TCM Encoder M

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.

Farameters

Trellis structure:

trellig

Operation mode: [Truncated (reset every frame) VI
M-ary number: ’8 ']
Output data type: ldouble ']

[ oK ][ Cancel H Help ] Apply

Puc. 4.9. TTapamerpsi 6:10ka: M-PSK TCM Encoder

ITocne 2ro Gaoka HYXHO I[O6aBI/ITB Auarpammy COBBGSﬂHﬁ, KOTOpLIﬁ PaCIIOJIOKCH B IMAHCIIU

nporpammbl Matlab. BeictaBbTe HIXKE TpeICTaBICHHBIC TTAPAMETPHI:

0 VAT 015

BN i § [ G

 Open Varigble v . ﬂ
New New OM ycmwe mm Sk H} CODE JSIMULING RENVIRONMENT | RESOURCES
I T

FILE

PLOTS

APRS

ety Wospace @mwmu v

4 viv \J
VARIABLE

Current Folder

@0 L Gy PogamFes  MATLAB b MATLABProducionever » RIS  bin
0

Il

Puc. 4.10. [Tanens MATLAB



281

| 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 nus ucciiegoBaduss 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 IPUEMHOI aHTeHHBI ¢ HHpOpMaLueil o
cocrosiHum kanana (CSI), xotopsie 3atem 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 kaHast pa3HOCHT TIEPEIAIOIIHEe U MIPUEMHBIE aHTEHHBI TaK, YTOOBI KOPPEISIIIUS MEKTY

COCCAHMMHU aHTCHHaAMU ObLIa c1aboii. BeicTaBbTe HIDKE MMPEACTAaBJICHHBIC ITapaMETPBhI:


https://ru.wikipedia.org/wiki/%D0%9A%D0%BE%D1%80%D1%80%D0%B5%D0%BB%D1%8F%D1%86%D0%B8%D1%8F
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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 HUXKE NIPE/ICTABICHHbIE TAPAMETPHI:
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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 co3ee3naust Ha Bxoge. [Ins nexkoaupoBaHUS HCIIOJIB3YETCS AJTOPUTM

BI/ITCp6I/I. BricTaBbTE HMXKE NpCaACTaBJICHHDBIC 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
oOHapyKXeHHsI OIMOOK M B OHJIAliH peKuMe OOHOBIISIET MOKa3aTenu. JTOT OJOK COCTOUT M3 TPEX
rokaszaresiei: KOJM4ecTBO OUIMOOK B Kajape, KOJMYECTBO HAONIOMAaeMbIX KaJpOB M KOJIMYECTBO

O6pa6OTaHHBIX OIINOOK B Kaqpe. BricTaBbhTE HIKE MMPCACTAaBJICHHLIC ITapaMETPhI:



"4 Sink Block Parameters: FER Display

Display

Numeric display of input values.

Parameters

Format: |short

Decimation:

1

[C] Floating display

‘).

[

oK

J[ Cancel ][

Help

J [ Apply

Puc. 4.17. [Tapametpsr 65oka: FER Display
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Tabmuua 4.3 — Pe3ynbraTsl paboTh

0,99 0,88 0,62 0,28 0,18
FER 4 73 89 13 8 0,08 0,038
SNR 2 4 6 8 10 12 14
Tabnuua 4.4 — Pe3ynbraThl paboTh
0,99 0,88 0,18 0,04
FER 5 5 0,61 027 |9 0,08
SNR 2 4 6 8 10 12 14
1,2
1 B l\\
0,8
& 0,6
(T8
0,4
0,2
O T T T T T T
0 2 6 8 10 12 14 16
SNR, dB

Puc. 4.18. 3aBucumocts FER 0T oTHOIIEHUS CUTHA/IIIyM
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Puc. 4.19. Jlnarpamma co3se3aus 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 yBenTWYeHUU 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

PEIICHUEM JJI MMOBBIIICHUA CKOPOCTH I€EPEAAYN B III/I(prBBIX BBICOKOCKOPOCTHBIX CUCTEMAX CBA3H.

4.2.  MHccaenoBaHue CHIHAJIBHO-KOJOBOW KOHCTPYKIMH  Ha 0a3e cHCTeMbI C
OPTOrOHAJIBHBIM YaCTOTHBIM MYJIBTHILICKCHPOBAHHEM W  NPOCTPAHCTBEHHO-BPEMEHHBIM

koaupoBannem OFDM - MIMO ¢ ucnoan3zoBanuem NI LabVIEW [18]

B nocnennee BpeMsi Bce akKTHUBHEE OLIYIIAETCS POCT OECTIPOBOJHBIX CUCTEM CBs3H. Pa3Burtune
TEXHOJIOTUH MOOMIIBHBIX YCTPOUCTB, O€CTIpOBOAHBIX JOKaIbHBIX ceTel (WLAN) u cTpeMuTeNnbHbIH
pocT MHTepHET BBI3BIBAIOT BCE BO3PACTAOLIYI0 MOTPEOHOCTh B YBEIMUCHHUH €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
YIOBJIETBOPUTH HOBBIX MOTPEOHOCTEH M0 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. [lepenaya BeeTcss 0THOBPEMEHHO Ha 0OJIBIIOM KOJUYECTBE HECYIIUX
4acTOT. DTH HECYIIMe HMMEIOT HEOONbIIOE pa3HEeCeHHWEe MO YacToTe M HMX CIEKTpbl 00pas3yroT

rpymnmnoBoii ciektp OFDM curnana. YactoTHoe pa3sHeceHHe W CHHXPOHHM3alMs MOJ00paHbl Tak,
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4TOObI Hecylue ObUIM OPTOTOHAIBHBI MEXAY COOOH, TO €CTh HE OKa3bIBaJU BIMSAHHS JPYr Ha
Ipyra, HECMOTpS. Ha TMepeKphITHe MO chekTpy. [pyroil BaxHBIH MMOAXO0H, MO3BOJIAIOMIUN
CYUIECTBEHHO YIJIY4YIIUTh, MO CPaBHEHHIO C TPAJUIMOHHBIMH CHCTEMaMH, CIEKTPaJIbHYIO
3G PEKTUBHOCTh M IOMEXOYCTOMUYUBOCTh CUCTEMBI - IPUMEHEHHE Pa3HECEHUs KaK Ha MepeIatoniei,
TaKk U Ha NPUEMHOW CTOPOHE IIyTEM MCIIOJIb30BAaHUS HECKOJBKUX IEPENAIOIIUX U HECKOJIBKUX
npueMHbIX aHTeHH (MIMO). Drta TexXHOJOTHs YK€ MPUMEHSETCS B HEKOTOPBIX COBPEMEHHBIX
crannaprax, Hanpumep [EEE 802.16 u LTE.
Oco0eHHOCTH pacnpOCTPAHEHHUs CUTHAJIA

B MoOunbHON panmocBs3M MapameTpbl KaHala HM3MEHSIOTCS BO BPEMEHH, IOCKOJIBKY
nepeMenieHue abOHEHTa B HPOCTPAHCTBE MPHUBOJUT K W3MEHEHHUIO YCIOBUU paclpOCTpaHEHHS
curHaia. CKOpoCcTh U3MEHEHHUsl YCIOBHM paclpoCTpaHEHHs OMpeNeNsieT CKOPOCTh 3aMupaHuil. B
OOJNIBIIMHCTBE CITydyaeB MOOWJIBHBIN KaHal CBS3M XapaKTEpU3YeTCs OTCYTCTBHEM MPSIMOM
BUIMMOCTH MEXAY MEpeJaTYNKOM M MPUEMHHKOM, OCOOEHHO B YCIOBHSAX IUIOTHOH TOPOACKOMN
3acTpoiiku. Ecnmu umMeercss OONBIIOE YHCIO MHOTOKPAaTHO OTPAXKEHHBIX JIyued M OTCYTCTBYET
npsiMasi BUAMMOCTh, OrHOaroiasi MoJy4YeHHOrO0 CHUTHalla MOXKET OBITh CTAaTUCTHYECKU OMKCaHa C
MIOMOIIIBIO PEIEeEeBCKON (DYHKIIMM TUIOTHOCTH BEPOATHOCTH. XapaKTep 3aMHpPAaHU B 3TOM Cllydae
Ha3bIBatoT peneeBckuM. Ha Puc. 4.20 mokazan MHOTOJy4eBOM XapaKkTep paclpOCTPaHEHUS CUTHAJIA

BCHeHCTBHeOTmeeHHﬁ.

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.

Mopeab cucTeMbl CBSI3M € OPTOTOHAJBHBIM YaCTOTHBIM MYJIbTHILIEKCMPOBAHHEM
(OFDM)

[Ipu BBICOKMX CKOpOCTSIX MepeAaud MPUMEHSETCS METOJ Iepefadyd JaHHBIX, KOTOPbIN
COCTOUT B TOM, YTO TIOTOK TEPEAaBAEMBIX JIaHHBIX PACHPENESETCS MO MHOXKECTBY YaCTOTHBIX
MOJKAHAJIOB U TIepe/ada BENeTCS MapaylielbHO Ha BCEX JTHUX MojkaHanax. [Ipu 3Tom BbICOKas
CKOPOCTh TE€pelayu JIOCTUTaeTCsl UMEHHO 3a CUeT OJJHOBPEMEHHOH mepenadyd JaHHBIX MO BCEM
KaHalaM, a CKOpOCTb Iepeladyd B OTIEIbHOM IMOJKAaHalle BIIOJIHE MOXET OBITh HEBBICOKOM.
[TockobKy B KQXKJIOM M3 YaCTOTHBIX IMOJKAHAIOB CKOPOCThH MepeIadll MOKHO CeNaTh HE CIIUIIKOM
BBICOKOH, 3TO CO3/1ae€T TMPEATNOCHUTKH JUIsi A(PGEKTUBHOTO TOMABJICHHUS MEKCHUMBOJIBHOMN
UHTEepPEPEHINH.

[Tpu 4acTOTHOM pa3aeieHnH KaHAJIOB HEOOXOAUMO, YTOOBI IITMPHUHA OTAEIBFHOTO KaHama Oblia,

C OJIHOI\/'I CTOPOHBI, AOCTATOYHO y3KOI7[ 1 MUHHUMU3AIMKW HWCKaXXCHUA CHUTHalla B Ipeaciax
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OTAENBHOIO KaHaja, a ¢ JAPYroi - JOCTaTOYHO IIMPOKOH ais obecrieueHHst TpeOyeMOoi 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 HHTepdepeHnnu, 4ToObl 00ECIeYnTh MOJHYI HE3aBHCHUMOCTb
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
YaCTOTHBIE MOJKAaHAJIbl MOTYT YaCTMYHO HEPEKpbIBaTh IPYr APYyra, OpTOrOHAJIbHOCTh HECYIUX
CUTHAJIOB TapaHTUPYET HE3aBUCHMOCTb KaHAJOB JAPYr OT Apyra, a CJI€J0BaTebHO, U OTCYTCTBHE
MeXKaHAIbHON UHTep(DEPEHIINH.

PaccmoTpenHbIll croco6 JieneHus MUPOKOMOIOCHOTO KaHaja Ha OPTOrOHAaJIbHBIE YaCTOTHBIE
MOJKAHAJbl HA3bIBAETCS OPTOTOHAIBHBIM YaCTOTHBIM MyJbTHILIEKCHpoBaHueM (OFDM). Curnan B
CUCTEME C OPTOrOHAJIbHBIM YAaCTOTHBIM MYJIbTUILJIEKCUPOBAHUEM MMEET pa30MEeHHEe Ha MHOXKECTBO
HECYIIUX, YTO 0oOecreynBaeT HEeOONbIIOEe KOJMYECTBO CHMBOJIOB HAa OIHY HECYIIYIO M CHUXKAET
MEXCHUMBOJBHYIO uHTepdepennuio. Ha pucynke 4.21 mnpeacraBieH CHEKTp CHUTHAla MpH

monyssiimn OFDM.
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Puc. 4.21. Crextp curnana npu moxyisiuua OFDM
JIONIOTHUTENBHO MPUMEHSIETCS 3alUTHBIN MHTEpBAJ - LUKIMYECKUil npedukc, 100aBasieMblil B
Hayauo Kaxzaoro cumpoda. s s dexTuBHON pabOThI CUCTEMBI, MCIOIB3YIONIEH 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 NEPEJAUM JaHHBIX B HA3€MHBIX CUCTEMAax
CBSI3H.

Ha pucynke 4.22 npeacrasiena ctpykrypa OFDM cumBoura.
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[Mepaii cumzos B il CHMB
. CpBLIE CHMEON ol » TOPOHT CHMBOI .
Gl Symbol #1 Gl | Symbal #2
Gl | Symbol #1 T R Symbol #2
e ] Symbol#1 | [T Symbol #2
Perion pHyTPRCHMBOALEGH HiFTephepeniii d
- -
Pernon, rae sozumna Gu
MakcumansHan MERCHMBEWILHAR HETCpdepeHIINA

B PAKA cenu Gwt omeyTeTEoBan Gl

Puc. 4.22. Ctpykrypa OFDM cumBona.

Ha pucynke 4.24 mnokazaHa 000OIlI€HHas CTPYKTypa CHCTEMbI CBSI3U C OPTOrOHAIbHBIM
YaCTOTHBIM MYJIbTHIUIEKCHUPOBaHUEM. JlaHHBIE TIOIB30BATENIS BHAYaJle 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 noguecymmx. Ha

pucynke 4.23 npejacrapiieHa BpeMeHHas (hopma curHaia nocie npoxoxaeHust ObIO.
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Puc. 4.23. Bpemennas popma curnana
CumBon OFDM coctouT U3 OCHOBHOW MH(OPMAllMOHHOM YacTH M IUKJIMYECKOro mpedukca,
KOTOPBIN (opMHUpyeTCsl MyTeM KONMUpOBaHMs MocienHux L orcdyeroB B Hauano kazapa. [lamee
nocienoBareabHOCTh cuMBOJIOB OFDM mpeoOpasyeTcss B aHAJIOTOBBIA CHUTHAJI W TIPENAETCs 0
KaHay CBA3H. [IMTEIbHOCTh LUKIMYECKOTO MpeduKca BbIOUpaeTcss TakuM 00pa3oM, YTOObI ObITh
Ooublie, YeM JUTUTENIbHOCTh UMITYJIbCHOTO OTKIIMKA KaHasa cBs3u. TakuMm oOpaszom, cumBosl OFDM

umeer aiuterabHOCTh (M+L)To, e To - mepro TMCKpeTU3aIiu B CUCTEME.
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OBITd - Gnok odpatdoro GEICTPOro Npeodpatonadig Dyphe

BITd - Gnok GRCTpOro npeodpalosaHis Dyphe

S/P - nocnenoeaTelbHO-NAPALIENLHOS NpeodpaloBaHie NOTOKD CHMBOJIOR
P/S - napannelbHo-nocieiosaTelkHoe NpeodpaiosiHie NOTOKS CHMBOIOR

Puc. 4.24. CtpykTypHas cxeMa CHCTEMBI CBSI3U C OPTOTOHAIBHBIM

YaCTOTHBIM MYJIbTHIUIEKCHPOBAHUEM

Ha mpuemHOll cTOpOHE, CHUTHAN TMOCNe JUCKPETH3alMu U yJaleHus npedukca MocTymaeT B
6mok brictporo mpeobpazoBanusi @ypee (BIID), rae ocymiecTBiaseTcs NEeMOMYNIALUS CHUTHaiIa
OFDM. Ilocne npeobpazoBanus MapaieIbHOTO MTOTOKAa CUMBOJIOB B TIOCIIEI0BATEIbHBIN, CHMBOJIBI
MOCTYNAIOT B IEMOAYJISATOP, a TakKe B OJIOK OI[EHUBaHS MapaMeTpoB KaHaja. OLeHKU mapamMeTpoB
KaHaja HeoOXOIUMBI sl pabOThl IEMOAYISATOPA, TTOITOMY BBIXOJ] OJIOKA OLIEHWBAaHUS MapaMETPOB
KaHala COeAMHEeH cC JaeMoaynsaropoM. JlanmpHelimue mpeoOpa3oBaHHs CHUTHAJNA 3aBUCST OT
CTPYKTYpbl KOHKPETHOW CHUCTEMBI U HE OTHOCATCA K OCHOBHOW KoHienuuu OFDM. B peanbHbIx
YCJIOBHSX pabOThl cUCTEMaM OecrpoBOHON TOABMKHOU cBsizu ¢ FDM mpuxonutes paborath B
YCIIOBUSAX, KOrJa B KaHAJIE CBSI3UM CUTHAJ MOJBEPTaeTCs BO3AECUCTBUIO 3amupaHui. [losromy mis
MOJIy4EHUsI TPUEeMJIEMON TOMEXOYCTOWYMBOCTH TPeOYyeTCsl HCIOIh30BAaHUE MOMEXOYCTOMYHUBOTO

KOOAUPOBaHUA.
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MojeJib CBSI3M ¢ HCIOJIb30BanueM TexHooruu MIMO [4]

MIMO (Multiple Input, Multiple Output — MHOXeCTBEHHBII BX0J, MHOYKECTBEHHBINH BBIXOJI)
IIPEIyCMAaTPUBAET  NPUMEHEHHE  IPOCTPAHCTBEHHOIO  MYJBTUIUIEKCUPOBAHUS C  LENbIO
OJTHOBPEMEHHOM Iepesaun HEeCKOJIbKUX MH(OPMAIIMOHHBIX ITOTOKOB IO OJHOMY KaHally, a TakxkKe
MHOTOJY4€BOE€ OTPaXXCHHE, KOTOpOE O00eCHeuMBaeT JOCTaBKY Kakaoro Outa uHpopManuu
COOTBETCTBYIOLIEMY IOJIy4aTe0 ¢ HEOOIBIION BEPOSTHOCTHIO BIMSHUSA MOMEX U MOTEPh JaHHBIX.
VIMeHHO BO3MOKHOCTb OJHOBPEMEHHOM I€pelaud M IIPUEMa JaHHBIX OIPEIENseT BBICOKYIO
MIPOIYCKHYIO CIIOCOOHOCTh YCTPOMCTB, paboTaromux noj texnonorueir MIMO.

Paguocurnan penko uaer mo KparyaniieMmy IyTH MEXAY NepeJaTiuKoOM U MPUEMHUKOM H3-3a
CTEH, JIBeped M JpYrux MpensTCTBUM. BOJIBIIMHCTBO MOAOOHBIX OKPYXEHHUW HMEIOT MHOTO
pa3UYHBIX TOBEPXHOCTEH, KOTOpBIE OTPaXalOT PAAMOCUTHAN (IJIEKTPOMArHUTHYIO BOJIHY)
noJ00HO 3epkaiy, oTpaxaromemy cBeT. Ilocie mnepeorpakeHus 00Opa3ylOTCS MHOXKECTBEHHBIE
KOIIMU UCXOAHOro curHaia. Korja MHOXKECTBEHHbIE KOIIMM CUTHAJIA TIEPEMEIIAIOTCS pa3IunYHbIMU
NyTSAMHU OT IepeJaTyvKa K MPUEMHHMKY CUTHAJ, LIEAIIUN KpardaliiuM myTeMm, OyaeT MepBbIM, a
ClIeAYIOIINEe KONMH (MJIM NEPeoTPakeHHOE 3X0 CUrHajIa) NPUIYT YyTh I103%Ke U3-3a 0oJiee IITMHHBIX
nyTeil. DTO Ha3pIBAlOT MHOTOJIYYEBBIM paclpocTpaHeHHeM curHaiga (multipath). Ycnous
MHOKECTBEHHOT'0 PaclpOCTPaHEHUs! MOCTOSIHHO MEHSIOTCS, T.K. YCTpoMcTBa mpuéMa U nepeaavu
yacTo nepememarotcs (cmaptdon ¢ Wi-Fi B pykax moip3oBarensi), ABUKYTCS BOKPYT pazInYHbIC
O00BEKTHI, CO3AaBas MOMexXH (JIFOJM, MAIIUMHBI U T.I1.). B ciaydae mpuOBITHS CUTHAJIOB B pa3HOE
BpEMS U 10| Pa3HBIMH YIJIaMU 3TO MOXET BBI3bIBATh UCKAXEHHS U BO3MOXHOE 3aTyXaHUE CUTHAJIA.

Kak yxe oTmeuanoch Bbllle, A opraHuzanuu texHojoruu MIMO HeoOxoauma ycTaHOBKa
HECKOJIbKUX aHTEHH Ha Mepefarolield U Ha MpueMHOM cTopoHe. OOBIYHO YCTaHABIMBAETCS paBHOE
YKMCJIO aHTEHH Ha BXOJE U BBIXOJAE CHCTEMBI, T.K. B 3TOM CJIy4yae JOCTUracTCsl MaKCHMaJbHas
CKOPOCTb II€PENAYH ITaHHBIX.

Hns pab6oter TexHomormn MIMO HEOOXOIWMBI HEKOTOpPHIE H3MEHEHHS B CTPYKTYpeE
neperaTuvka MO CpPaBHEHUIO C OOBIYHBIMU cHUCTEeMaMmH. B mepBylo ouepenp, Ha Meperaroiieit
CTOPOHE HEOOXOJUM JeNUTeNlb MOTOKOB, KOTOPbIM OyneT pa3fensTh JaHHbIE, IpeIHa3HAYCHHbIE
JUI TIEpEeaud Ha HECKOJIBKO HU3KOCKOPOCTHBIX IOJIOTOKOB, YUCIIO KOTOPBIX 3aBUCUT OT YHUCIIA
aHTeHH. [lamee Kaxablii WX JaHHBIX IMOTOKOB JIOJDKEH OBITH NEpeAaH 4Yepe3 CBOK AHTEHHY.
OObIYHO, AaHTEHHBl Ha TIepeAaye yCTAHABIMBAIOTCA C HEKOTOPBIM MPOCTPAHCTBEHHBIM
paszHeceHueM, 4TOObl OOECHeunuTh KaK MOXKHO OOJblliee YMCIO MOOOYHBIX CHUTHAJIOB, KOTOpHIE

BO3HHUKAIOT B PE3YJILTATC HepeOTpaﬁ(eHHﬁ. B omnoM u3 BO3MOXHBIX CII0CO00B opraHu3anunu
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texHonoruu MIMO curnan nepegaercsi OT KaKJIOH aHTEHHBI C Pa3IMUHOM MOISpU3aLUEh, UTO
MO3BOJISIET HMJIEHTUUIUPOBATh ero npu npueme. OQHAKO B MPOCTEUIIEM cCllydae KaKIbld W3
nepelaBaéMbIX CUTHAJIOB OKa3bIBAE€TCS MPOMApKUPOBAHHBIM CaMOil cpefoi mepenadu (3aaep:kKon
BO BPEMEHH, 3aTyXaHUEM U JIPyTMMU UCKakeHHusiMu). Ha mpuemMHOM cTOpoHE HECKOJIbKO aHTEHH
NPUHAMAIOT CHTHAT u3 panuoddupa. Ilpuuem aHTEHHBI HAa TPHEMHOH CTOPOHE TakKke
YCTaHABIIMBAIOTCSI C HEKOTOPHIM IPOCTPAHCTBEHHBIM pa3HECEHUEM, 3a CUET Yero o0ecrnevnBaeTcs
pazHeceHHbIH mpueM. llpuHATBIE cHUrHaNBI MNOCTYHNAlOT HA NPUEMHUKH, YHCIO KOTOPBIX
COOTBETCTBYET YHCJIY AaHTEHH M TPaKTOB mnepenau. llpuuemM Ha Kaxapld W3 MNPUEMHHUKOB
MOCTYIAIOT CUTHAJIBI OT BCEX AHTEHH cUCTeMbl. Ka/plii M3 TakMX CYMMATOPOB BBIIEISET U3
o0I11ero MOTOKa PHEPrHI0 CUTHAja TOJBKO TOrO TPaKTa, 3a KOTOPBIA OH oTBevaeT. JlenaeT oH 3TO
1100 Mo KaKOMY-TTHOO0 3apaHee MPeIyCMOTPEHHOMY MPU3HAKY, KOTOPBIM ObLT CHA0XKEH Ka) bl U3
CUTHAJIOB, THOO0 Onaromaps aHamu3y 3aJepXKKH, 3aTyXaHus, cIBUTa (a3bl, T.€. HAOOPY MCKAKEHUI
WM «OTIIEYATKY» Cpelbl pacpoctpaneHus. Ha pucynke 4.22. npencraBieH MPUHIUAT OPTaHU3aIHH

Texgosioruu MIMO.

MIMO 2X2

Moanordku

Cymmarop

fenwrent

WexoaHbin noTok
HHOPMaLIMK

Puc. 4.25. ITpunun opranuzanuu rexuonoruu MIMO
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CrpyKTypHas cxema porpaMMHOI0 KOMILJIEKCa

CrtpykTypHas cxema MporpaMMHOI0 KOMILJIEKCa MpeCcTaBlieHa Ha pucyHke 4.26.

Transmitter

© | Number of TX Antennas —
= Pilot Patter . MIMO-OFDM i
: |:'> Allocation ::> - :
! PDPR , X :
: | (pilot/ data) ] :
5 Symbol Constellation |

Rayleigh Fading
Channel

| Calculate

IF MMSE :D MIMO-OFDM Bit Error Rate
i Channel Estimator RX

5 \S Estimate

, . Channel Capaci
; Receiver =

Puc. 4.26. CtpykrypHas cxema nepenatanka MIMO-OFDM
B 0rokax mepenaTtdymMka yCTaHABIMBAIOTCS HEOOXOJMMBIE JUIS TIepeJadl mapaMeTpsl, mocie
4ero no kaHany PeneeBckoro 3atyxaHus WeT nepeaaya Ha npuéMHUK. B HEM npoucxoaut npuém u

nocjaeaAyromee ONCHUBAaHNUEC PE3YyJIbTATOB MOACIINPOBAHU.

Onucanue y4e0HOI0 annmapaTrHo-mporpaMMHOr0 KOMILJIEKCA

C momompio [10 LabVIEW 2012, Bxirouaromum B cebs Habop Modulation Toolkit ot

kommanuu  National Instruments 6wi10 pa3paboTaHO W TPOTECTHPOBAHO MPHIIOKEHHE IS
uccnenosanuss MIMO-OFDM [17].

[lepennsist maHenb TPOrpaMMHOTO KOMILJIEKCA Mpe/ICTaBlieHa Ha pucyHke 4.24.
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=== Input
=== Qutput

Control
Panel

Capacity
Lowerbound
Graph

——————————

Puc. 4.27. llepennsist maHesnb MPOrpaMMHOTIO KOMILIEKCa
[Tanenp KOMIUIEKCA UMEET IPOCTON M yAOOHBIH BUA. KpacHOW MyHKTUPHON JTHMHHEH OTMEUYCHBI
AJIEMEHTHI, 3aJIeHICTBOBAHHBIE TMPHU Iepenaye, CUHEH — DIIEMEHTHI, MPECTABISAIONINE BBIXOIHBIC
naHHble. Hibke KaKaplid 2ieMeHT OyeT pacCMOTpPEH moapoOHee.

Ha pucynke 4.28 npejcraBiena riaBHas HaHe b YIPaBICHUAS KOMILIEKCOM.

# of THX & BRX Antennas

1 ER EX

- Pilot Pattern
=

Symbol Constellation
3 160, (|
Use Cptimal PDPR? L

Puc. 4.28. 'naBHas naHens ynpaBieHUs KOMILIEKCOM
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Ha nanHo# nanenu npeacTaBieHsl CIEAYIOMKME BAPUAHTBI HACTPOUKHU:

1. Yucno npuémo-mepenaroliuX aHTEHH. B JaHHOM KOMIUIEKCE 4YHCIIO INEpPEAAOIIUX U
IIPUEMHBIX aHTEHH OJMHAKOBO.

2. Bapuantel BcTaBku mnuior-curHaioB B OFDM cumBon. Bo3MokeH BBIOOp BapHaHTOB
Independent, Scattered, Orthogonal. IIpencraBieHHblil HUKE PUCYHOK HOSCHSIET Pa3iindue MEXIy

OTHUMH BapHaHTaAMMU.

*Independent (IPP) - Scattered (SPP) ~ * Orthogonal (OPP)

req.
; Yallg
Xp1 = %

F
L Tiz
1 EIY
L2 Space

—
X, Time
v, .
Lss X,
tt 2

- Xp2 =

—el
Time

BN OFDM symbol (in freq. domain) M Data M Pilot [1 No symbol

Puc. 4.29. BapuanTs! pacnonoxenus nunot-curaanoB 8 OFDM cumBoie
3. Beibop BapuanTa moxymsun: BPSK, QPSK, 16QAM, 64QAM.
4. OnpenensieT OTHOLIEHUE CUTHAJ/IIYM B IIpoliecce paboThl CXEMBI.
5. PDPR (Pilot to data power rati0) — OTHOIIEHHE BEIWYHUHBI MOIIHOCTH THIOTHBIX
CHMBOJIOB K MOIITHOCTH CUMBOJIOB JTaHHBIX.
6. Hcnonws3zoBath ontumanbHoe cooTHomeHnune PDPR. Ecau nannas ¢yskuus Oyner

BKJIIOUEHA, TO IIpOorpaMMa aBTOMaTH4ECKH MoJ0epeT onTumanbHoe cootHomienue PDPR.
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Ha pucynke 4.30 mpeactaBiieHO OKHO Pe3yJIbTaTOB U OL[CHKH.

Optimal PODPR| 3,01

3 Channel capacity Lowerbound

Pucynok 4.30. OkHO pe3yabTaTOB U OLICHKH.
1. Eciu ¢yHkuusa ontumansHoro PDPR BkitoueHa, TO B JTaHHOM OKHE OyJeT yka3aHa
BennunHa PDPR, BeIOpaHHas aBTOMAaTHYECKH.
2. I'paduk 3aBucumoctu BER ot SNR.
3. I'paduk 3aBUCUMOCTH TIPONTyCKHOM criocoOHOoCTH KaHaia ot SNR.
C momolp0 TaHHOTO OKHA BHUJHBI JIETKO MOXKHO MOJMY4YUTh MHpoOpManuio o BausHUM SNR,

KOJIMYCCTBA AHTCHH U JAP. HAa KAYC€CTBO NEpCaavu.

Hponeuenue HCCJICJ0BAHUA C IOMOIIBIO pa3p360TaHHOI‘0 MMpOrpaMMHOIro KOMILJIEKCA

Ha pmanHOM mporpaMMHOM KOMILIEKCE OBLIIO TPOBEICHO HWCCIEIOBAHUE BIHMSHUS BHUA
MOJTYJISIIIAH HA KQ9eCTBO TIepeIadm.
Hcxonnble naHHble:
Yucno aHTeHH: 2.
BapuanTs! BctaBku nmuiior-curaanos B OFDM cumBoi: Scattered.
Monymsmust: QPSK, 16QAM, 64QAM.
Brutouena ¢ynkuus ontumansioro PDPR.

OtHomenue curHan/mym: ot 0 go 20.
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B pesynbrare ObUTH MOTYYCHBI CIETYIOINE TPADUKH.

Channel capacity Lowerbound

Puc. 4.28. Pesynbrarel pabots! mpu Moy QPSK

Channel capacity Lowerbound

Puc. 4.31. PezynbTatsl pabotsl npu Moayasiun 16QAM
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Channel capacity Lowerbound

Puc. 4.32. Pesynbrater paboTs! ipu Moaysisiiin 64QAM

[To naHHBIM TpaduKaM MOKHO OTMETHTbh, uTo mpu Moaymiuuun 64QAM BER u3mensercs
MEIJICHHO U UMEET 3HaYeHue, OJIM3K0e K eMHHUIIE aXke MPU OTHOILEHUH CUTHAJ/IIyM, paBHOM 20.
Korma npu npyrux Bumax monyisiuu BER ymeHblmaercs pe3ko m MMeeT 3Ha4eHHE, OJU3KOe K

0.01.

HpOHYCKHaSI €MKOCTh KaHaja UMeeT HPaKTUYICCKHU OJJUHAKOBBLIC 3HAUCHUA.
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MeToauka  mpoBeJdeHHSI  HMCCJEOBAHUSI € MNOMOIIBI  pa3padOTaHHOIO
MPOrpaMMHOI0
KOMILIEKCca
3anmanue Ha 1a0OPaTOPHYIO PadoOTYy:

1. 3yuuts paboty npusnoxenus «MIMO-OFDMy;

2. YCTaHOBUTH MapaMeTpbl MakeTa, BbICTaBUB 3HaueHus: KommdectBo aHteHH:2, Pilot
Pattern: Scattered, Symbol Constellation: BPSK, ¢yukuuio Optimal PDPR BkirounTh,
sraueHue SNR BreictaButh 0T 0 10 20 ¢ marom 5.

3.MeHsis BUABI MOITYJISIIUY MTONYYUTh pa3IndHble rpaduku 3aBUCUMOCTH oTHOomeHus: BER
or SNR wu mpomycknoii cnocobHocTH kKaHasia oT SNR, mpoaHanmu3upoBaTh MONTYYCHHBIC
pe3yIbTaTHI.

4. YBEIMYNTh YUCIIO aHTEHH JI0 YETHIPEX U IOBTOPHTH 1.3

5. o moJTy4eHHBIM JTaHHBIM CJIEJIATh COOTBETCTBYFOIINE BBIBOIBI.

B gaHHOM pa3zmene pa3paboraH y4eOHBIH —ammapaTHO-NIPOrPAMMHBIH  KOMIUIGKC ISt

BU3yanu3anuu u uccienoBanus texnonoruu MIMO-OFDM.

beuta wu3yuena wertoauka Hamucanus npuinoxenuid B [10  LabVIEW, wusyuensl u

IIpOoaHaJIU3UPOBAHBI MECTOABI ITIPOCTPAHCTBECHHO-BPEMCHHOI'O KOAUPOBAHU .

Pa3zpaboranHoe mpUI0KeHHE MOXKET MOCTYKHTh KOMIUIEKCOM JJIsl IPOBEICHUS J1a0OpaTOPHBIX
pabot Ha Temy MIMO-OFDM 10 pa3iuyHbIM TUCHUIUTMHAM. B TOM 4uciie TaHHOE TPUIIOKEHHE
MOKHO HCIOJIb30BaTh M B KayecTBE TpEHakepa /Ul HalMCAaHWsA IMPOTrPaMMHBIX pELICHU B
LabVIEW.

MeToanka npoBeeHus HccaeA0BaHui ¢ mnomombio cxembl MIMO-OFDM

C nomouipio pa3pabOTaHHOTO KOMIUIEKCa MOKHO NMPOBECTH CPABHEHHUE MCIOIb30BAaHUS 2-X
u 4-x aarenHon cucrtembl MIMO-OFDM. Mcxoanble TaHHBIE K padoTe TPECTABICHBI HIKE.

1. Uncno anTeHH: 2;

2. Pilot Pattern: Independent;

3. Symbol Constellation: BPSK;

4. Knonka «Use Optimal PDPR» naxara.

BricTaBuB 1Moj00HBIE MCXOJHBIC JaHHBIE HA TAHENW YIpPaBIEHUS, HEOOXOIMMO 3amyCTUTh

cxemy. Ha pucynke 4.31 npencraBiieH pe3yabTaT pabOThl CXEMBI.
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Puc. 4.33. Pe3ynbrat paboThl CXEMBI IIPU TICPBOM U3MEPCHHUH
Jlanee HEOOXOIMMO MOMEHSTh YHCIIO AHTEHH Ha 4 W MOBTOPHUTH M3MepeHue. Ha pucyHke

4.32 npesacTaBieH pe3ynbTaT paboThl CXEMBI.

Channel capacity Lowerbound

Puc. 4.34. Pe3ynbTaT pabOThI CXEMBI IPU BTOPOM HU3MEPEHUHU
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[To momyueHHBIM rpad)ikaM MOXHO CIIEJIATh CIEAYIOIINE BBIBOJIBI:

e [IpomyckHas criocOOHOCTH KaHaia (a cleA0BaTEeIbHO M MAaKCUMaIbHAsl CKOPOCTh MEPeIadn )
MIPU UCTIOJIB30BaHUH 4-X aHTEHH YBEIIMYUBACTCS B J[Ba pa3a;

e [lpu wucnonp30BaHUM 4-X AHTCHH KOJHYECTBO OIIMOOK TPU YBEIUYCHUU OTHOIICHHS
CUTHAJI/IIYM YMEHBIIIAETCSI 3aMETHO OBICTpEE M B UTOT€ WX YHCIO MEHBIIE, YeM B CHTYallUd
UCTIOJIb30BaHUs 2-X aHTCHH.

Hanee 0yner uccnenoBana monynsiuus QPSK. [[ist 3T70ro He0OX0AMMO BBICTABUTH Ha TAHEIH
ynpaenenuss moxyisnuio QPSK um mepexmounts TymOnep Ha 2 aHteHHbl. Ha pucynke 4.35

MIPEJICTaBJICH PE3YJIbTAT PA0OOTHI CXEMBI.

Puc. 4.35. Pe3ynbTar paboThl CXEMBI IPU TPETHEM U3MEPEHUU

[loBTOpUM n3Mepenue, ucnoawsdys 4 anteHHsl. Ha pucynke 4.36 mpencraBiieH pe3ysbTar

pabOTBI CXEMBI.
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Puc.4.36. Pe3ynbrar paboThl CXEMBI IIPU Y€TBEPTOM U3MEPEHUHU
W3 momy4eHHBIX Tpa@IKOB MOYKHO C/IETIATh CIEAYIONINE BEIBOIBI:

e Kak u B mpeaplAylIeM ciaydae MpOIyCcKHas CIIOCOOHOCTh KaHajla MpU WCIOJIb30BaHUHU 4-X
aHTeHH YBEIMYMBaeTcs B JBa paza. OQHAKO Ha 3TOT pa3 CKOPOCTh HApacTaHUs 3aBHUCHUMOCTH
nponycKkHoM crocoOHocTH KaHana oT SNR uyTh BhImIE;

o Kpyrmna ¢ynknun 3aBucumoctn BER or SNR pasmuuaercs. [lpu ucronb3oBannn 4-x
aHTeHH (pyHKIMA MagaeT ObICTpee.

Jaiee mpoBeaeM uccienoBanre Moayssinun 16-QAM, BEICTaBUB COOTBETCTBYIOIICE 3HAUCHUE

Ha ma”enu ynpasienus. Ha pucyrke 4.37 mpecTaBieH pe3ysibTaT padOThl CXEMBI.
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Channel capacity Lowerbound

Puc. 4.37. Pe3ynpTat paboThl CXEMBbI NIPH MATOM U3MEPEHUHU
[ToBTOpUM HM3MepeHue, ucnoab3ys 4 anteHHbl. Ha pucynke 4.38 mpencrasieH pe3yibTaT

paboTBI CXEMEI.

Channel capacity Lowerbound

Puc. 4.38. Pe3ynbpTaT pabOThI CXEMBI MIPU MIECTOM H3MEPEHUHN

Us MOJIYYCHHBIX I’pa(l)I/IKOB MOKHO CACJIATh CICAYIOIINEC BBIBOABI:
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o Oynkiusa 3aBucuMocT SNR ot BER mipu ricmonb3oBaHu# 2-X aHTEHH BBITJISIHT 3aMETHO
J'Iy‘IH_Ie, ycMm HpH HNCIIOJBb30BaAHHUHN 4-X AHTCHH,
e Pa3zHuIa npomycKkHOU COCOOHOCTH KaHalla COCTABJISET T€ ke 2 pa3a, HO Ha ITOT pa3 Mmpu

MCIOJIB30BAHUU 2-X aHTEHH (PYHKIUS ObICTpEE CTPEMHTCS BBEPX.

Hanee wuccnenyem Binusuue PDPR na mnepemauy. [lns storo mpowusBeneM H3MEpEeHUs C
akTuBHUpoBaHHOU KHOKOW «Optimal PDPR» u ¢ BricTaBieHHBIM Bpy4HYIO 3HaueHuem PDPR.

Ha manenm ympaBieHust BbicTaBUM Mopyisinuto — BPSK, BeiOepem umcino anteHH — 2 H
akTuBHpyeM KHomKy «Optimal PDPRy.

Ha pucynxke 4.39 npencraBieH pe3ylibTaT padOThl CXEMBI.

Channel capacity Lowerbound

Puc. 4.39. PesynbTaT paboThl CXEMBI PU CEIHLMOM U3MEPECHUH
A Teneps BeicTaBuM 3HaueHue PDPR Bpyunyro, paBHoe = 0,005. He 3a0ynem mpu sTOM
BBIKJTFOUHTH KHOIIKY «Optimal PDPR».

Ha pucynke puc. 4.40 nipecraBieH pe3yyibTaT pabOThl CXEMBI.
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Channel capacity Lowerbound

Puc. 4.40. Pe3ynpTat paboThl CXeMbI IPH BOCBMOM M3MEPEHHH
W3 nonydeHHbIX rpaduKoB MOKHO CAETATh CIEAYIONIUE BBIBOIBI:

e [Ipu ontumansHOM cootHomeHnn PDPR mpomyckHas cnocoOHOCTh KaHajga COCTaBiseT
0KOJI0 8-MU OHT/cek, Toraa Kak mpu Hu3koM 3HaueHnn PDPR, paBaom 0,005 oHa cocTaBisieT OKOJI0
0,8 out/cek. T.e. ymeHbieHue cocransier B 10 pas;

e 3apucumocth BER or SNR npu Hu3zkom 3Hauenun PDPR 3amerHOo XyXe, Hexenu npu
ontumainsioM PDPR;

e [Ipu ontumansHoM 3HadueHnn PDPR ¢dynknus 3aBucumoct SNR ot BER xpyde mamaer
BHHU3 M YHCIIO OMMOOK PE3KO YMEHBINAETCs, TOT/Aa Kak NMpu Hu3koM 3HadeHnu PDPR ommoOku

MPaKTUYICCKU HC YMCHBIIAKOTCA, 4 CaMa (I)YHKIII/ISI naaacT O4€Hb MCIJICHHO.
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B xozne nanHol paboThl OBLIM UCCIEIOBaHBI PA3IMYHBIC BUIBI MOAYISAIUN IPU PAa3THUHBIX
pexuMax padoTsl — 2 win 4 aHTEHHBI. BpUIM ClienaHbl COOTBETCTBYIONINE BBIBOJBI OTHOCHTEIBEHO
Ka)XXJIOTO CITy4asl.

Hawnyumme nokaszarenu ObLIM 3aMEUEHBI IPH Ucnob3oBanuu Moaymsaunn QPSK B pexume
pabotbl 4-x antenH. @ynkmms 3aBucumoctd SNR or BER mamaer ObicTpee, a mpomyckHas
crocoOHOCTh pacteT ObicTpee. Kpome Toro, mporyckHasi cocoOHOCTb COCTaBISIET OKOJIo 16-Tn
OuT/CeK, 4TO MO3BOJISET JOOUTHCS OYCHB BBICOKUX CKOPOCTEH TPH Iepeiaye.

Heo6xoanmo oTHOCHUTRCS cepbE3HO K BBIOOPY oTHOIIeHus: PDPR, T.x. HeBepHO BBIOpaHHOE
3HA4YCHUE B JECATKHA pa3 yMEHBIIUT IPOIYCKHYIO CIIOCOOHOCTb, a, CIEAOBATEIbHO, U CKOPOCTh
nepenaun. Taxoke, Hu3Kue nokazareau PDPR He nmo3BonsT cucteme n30aBisSTHCS OT OMIMOOK Jae
IPY BBICOKMX 3HAUCHHSX OTHOUICHUS CUTHAII/IIYM.

Jannast pabGota mo3BosisieT mpoBoauTh u3MepeHus cxembl MIMO-OFDM, npoBoauth
nabopaTopHble pabOTHl 1O JUCHUIUIMHAM, H3y4YalOIUM Mepeaadyy W NpuéM CHUTHAJIOB B

COBPCMCHHLIX CUCTECMaX MEpCaadn JaHHBIX.

5. OITUMM3ALIMA METOJOB IIOMEXOYCTONYMBOI'O KOJUPOBAHN JIJIs
TEJIEKOMMYHUKAIIMOHHBIX CUCTEM (BAJAHUE HA
CAMOCTOATEJIBHYIO PABOTY)

ITomexoycroifunBoe koaupoBanue sBisercs 3¢ pexkTuBHbIM criocodom ontumusanuu TKC. Ha
npakTuKe uHxeHepy npoektpoBuuky TKC npuxoaurcs pemaTs 3a1a4u ONTUMU3ALUU HA OCHOBE
YHUCJIEHHBIX pacueToB U COOTBETCTBYIOLIETO CpPaBHEHUS METOJOB IOMEXOYCTOHYHMBOIO
KOJMPOBAaHUS U BHIOOPAa KOHKPETHBIX METOJIOB U COOTBETCTBYIOIIUM UM KOJOB. PelieHne uMeHHO
TaKoM 3a1a4u mosiokeHo B ocuoBy CP [1].

Hcxoonvle 0annsle 3a1anbl B TaOIHIIE BApUAHTOB 5.2:

1. udposas urbopMAaIms MepeaacTcs JBONYHBIM KO0M. Buisl epenaBaemoii uppoBoii
nH(popManuu:

JIK - naHHBIE KOMIIBIOTEPHOTO OOMeETNa;

HTJI® - uudposas Tenedonus;

LTB - coobmenus nudposoro TB;

1I3B - coobmienus mudpoBOTro 3ByKOBOTO BEIIAHUS.

2. Kanan CBSITH - KaHaJl C MOCTOSIHHBIMH MapaMeTpaMH U aJUTHBHBIM O€JIbIM
rayCCOBBIM IIIYMOM.

3. OrHorenue ¢/ Ha BXOJE IEMOIYJIATOPa h, =E,/N,.

4.  Meroas monyisuun: ®M-2, DM-4,
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5.  Tlpuem - KOrepeHTHBI.

6. IIpousBogutenbHOCTb HcTOUHMKA R, (6uml c).

7.  Tlomoca npomyckanust kanana F, (xly).

8.  BeposTHoCTh OHIMOKK OUTa B COOOIEHUAX, OTAaBAEMBIX II0JIy4aTelo, He 0oee p.

9. Jlonyctumas cioxuocth jaekogepa CK (mokasarens CI0KHOCTH DPEINETKH KOZIa) - He
6omnee W.

Heob0xoxumo:

1. BoiOpars u 060CHOBaTH BHIOOP KOPPEKTUPYIOLIEro Koja s mpoektupyemonn TKC,

oOecrieunBamIIeT0 TpPeOyeMyl0 BEpOSTHOCTh OMIMOKM OWTa P B COOONICHHSIX, OTIaBaEMbIX
MOJTyYaTeNIo, IPHU YCIOBUHU BBITTOJIHEHHS CIEAYIOUINX 0ZPAHUYECHUTL:

1.1. Ilonoca uwacmom KOOUPOBAaHHOTO CHTHAJlAa HE JOJDKHA TNPEBBIIATH I0JIOCY
nporyckanus kaHana Fg.

1.2. [Ipu ucnoab30BaHUN CBEPTOUYHBIX KOJIOB NOKA3AMENb CLONCHOCMU PEIIETKH KO/
JIOJKEH OBITh He Oostee BenuunHbl W,

2.  Paspaborarth M JaTh NOAPOOHOE ONMCAHUE CMPYKMYPHOU U (DYHKYUOHAIbHBIX CXeM
KoOepa u 0ekooepa BHIOPAHHOTO KOJ1a U 000CHOBATh MX TTapaMeTPHI.

3. IlpoaHanu3upoBaTh IOKAa3aTeld DJHEPreTHYECKOM M YacTOTHOM O(PPEKTHBHOCTH
TEJICKOMMYHUKAIIMOHHOW CUCTEMBI U CPABHUTH UX C MPEEIbHBIMU 3HAYCHUSIMH 3()PEKTUBHOCTH.

4. CnenaTh 3akitoyeHue 1o BBITIOJTHEHHON paboTe.

Cooepircanue NOSICHUTEIHHON 3aMIUCKHU PaOOTHI:

1. 3amanue u MCXOMHBIE TAHHBIE.

2. OnwmcaHue CTPYKTYPHOM CXEMBI MPOEKTUPYEMOM TEJEKOMMYHHKAIMOHHOW CHCTEMBI C
yKa3aHHEM MECT BKJIIOUEHHUs KoJiepa MOMEXOYCTOWYMBOTO KOJia, MOAYIATOPA, IEMOAYIATOpa U
JeKo/iepa ¢ MoAPOOHBIMH MOSICHEHUSIMH BBITTOJIHAEMBIX UMHU (DYHKITHIA.

3. Krnaccupuranuss KOppeTHPYIOIMX KOAOB MO CTPyKType. CpaBHUTENBHBIA aHAIN3
MPEUMYIIIECTB ¥ HEJTOCTATKOB TTOMEXOYCTONYMBBIX OJIOKOBBIX M CBEPTOYHBIX KOJI0B. OOOCHOBaHHE
MPUMEHEHHUS B IPOEKTE CBEPTOUHBIX KOJIOB.

4. Knaccudukanus u cpaBHUTENBHBIN aHAINU3 AITOPUTMOB JEKOJIUPOBAHUS CBEPTOUYHBIX
ko70B. O0ocHOBaHUE BhIOOpa anroputMa Butepou mist nekogupoanust CK.

5. Pacyer mmpuHBI CrieKTpa ME(POBOrO CHIHANA C 3aJaHHBIM BHIOM MOIYJISLHH.

6.  Pacuer mmpHHBI CIEKTpa KOJIUPOBAHHOTO MU(PPOBOTO CUTHATA C 33TaHHBIM

BUJOM MOJYJISILIMU B 3aBUCUMOCTH OT CKOPOCTH KOJIa.
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/. OmnpeneneHue OMyCTHMON CKOPOCTH Koja Ry, M3 YCIOBHS Henpesviuienus MOI0COH

4acTOT KOJIMPOBAHHOT'O CUTHAaJa MOJIOCHI MTPOITycKaHus KaHana (orpanuyenue 1.1).
8.  OmnpeneneHue mepedHst KOAOB CO CKOPOCTSIMH, MPEBBIIIAIOIIMMHI JIOMYCTHMYIO CKOPOCTh

R0z » KOTOPBIE MOTYT OBITH MCIOJIB30BAHEBI /ISl PEIIEHHs TI0CTABICHHOH 3aauH.

9.  Bsi6op CK u3 storo nepeunsi, 06eCIeUnBarOIIETO 3aaHHYI0 BEPOATHOCTH OMIUOKH OuTa
(ycnoBue 1) W yJOBIETBOPSAIOIIEIO TPEOOBAHUIO OTPAHMUYEHHUS IO CIIOKHOCTH JEKojaepa
(orpanuuenue 1.2).

10. TIpoBepouHBIli pacyeT 3aBHCHMOCTH BEPOSTHOCTH OIMMOKM Ha BBIXOJAE JIEeKOjaepa
BbIOpanHoro CK.

11. PaspaboTka u OmMMCaHWE CTPYKTYPHBIX M (DYHKIIMOHAIBHBIX CXEM KOJepa M JIeKojaepa
BeIOpanHoro CK.

12. 3akiroyeHwue ¢ MOJBEACHUEM HTOTOB BBIMOJIHEHHOM paGOTHL.

13.  Cnucok Ucnonb30BaHHBIX HCTOYHHKOB.
Meroauueckue ykazaHus K BbIoJHeHHIO KP

Pacuer mmpunsl cnekrpa curHana ®M-2 (OM-4) cienyer npou3BOAUTH 110 PEKOMEHIAIUAM

Martepuanos riasel 1. [lpuMeHeHne KOPPEKTHPYIONUX KOJOB CO CKOPOCTBIO R, TPHBOIMT K
paclIMpeHuio CHeKTpa koauposaHHoro curhama B (Kp =1/R,,,) pa3. C apyroii cropoHsl,

KOpPPEKTHUpYIOIlasi CIIOCOOHOCTh KOJia BO3pAacTaeT € YMEHBIIEHHEM CKOpOCTH Koja (T.e. ¢
yBeJIMYEHHEM HU30BITOYHOCTH). [loaTOMy 3a0aua ommumuzayuu mapaMeTpoOB KOPPEKTHUPYIOIIETO
KO/Ia COCTOUT B BBIOOpPE KOJIa CO CKOPOCTHIO, IIPU KOTOPOH MIMPHUHA CIIEKTPa KOJUPOBAHHOTO CHUT-
Hajla He mnpesvluiaem 3d0AHHYI0O NONOCY nponyckanus kanana. Ecmm TpeOyemas mojoca

NpOITyCKaHUs KaHana Juid nepepaun @M curnana ¢ mHQOpPMaMOHHON CKOpOCThIO R, .. paBHa
Fiouy: @ CKOPOCTh KoJla BhiOpaHa paBHOM R, TO monoca MpormycKanus KaHajua, HeOOXoaumast

Ui Tiepenavyn koaupoBanHoro ®M curnana, Oyner paBHa

F _ Do

K(®M-CK) — R
KOn

Torma u3 YCJ10BUA HCIPCBBIIIICHUA 3TOH IIOJIOCOM YacTOT CHTHajda IIOJIOCHI MMPpOMyCKaHHA

kaHana ( Fy gy _cx) < Fg ) TOMydaem mpocToe ycrosue 01s 6b160pa ckopocmu kooa

. F
Riox > Rkog = ::G)M) . (5.0
K
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CkazanHoe wiurocTpupyercst pucyHkoMm 5.1. Illupuna cnekrpa xonupoBanHoro ®M curhnana

MpornopLroHalibHa Kod(hduureHTy pacmupeHus nojocbl. [lo mMepe CHUXEHHS CKOPOCTH Koja
(Bo3pacranus KF) 0JIOCA PACIIMPSETCS U IOCTUTACT 3HaUYEHUs MOJIO0CHl POITyCcKaHus kanana. Ha

3TOM K€ pHCYHKe Moka3aHa 3aBucuMoctb ADBK or Ke (4TO paBHOLEHHO CKOPOCTU KOJa).
I[TepeceyeHne KpUBOM TOIOCH ¢ TPAaHUYHBIM 3aJaHHBIM 3Ha4e€HHEM [, ompesenseT NOIyCTUMOE

3HaueHue Kod(pdulMEeHTa paclMpeHus Tonockl mponyckanus kanana K, =1/R.,.

COOTBETCTBEHHO, CKOpoCTh Kkoja Ry,,. IlepeeiM 5Tamom BbIOOpa  KOPPEKTUPYHOIIETO

KOJIa.sIBJIIETCS BBIOOP Kjlacca KOJOB (Kjacc OJIOKOBBIX JTMOO HEMPEPHIBHBIX (CBEPTOYHBIX) KOJIOB).
Hcnonb3ys marepuansl pa3ienoB 8 u 11, pekoMeHayeTcs apeymMeHmuposanHo 060cHo8amy 8b1O0p
KAACCa c8epmoyHbIX KOO08 ISl IPUMEHEHHs B cBoel padote. Cpeau anropuTMOB JEKOIUPOBAHHS
CK no mupoTre mpakTH4eCKOro MPUMEHEHHUs Juoupyroujee Mecmo 3aHUMaeT anroputM Burepou.
Pekomenayercs B paboTe NpUMEHHTh UMEHHO anroput™ Burtepbu. B pazgene mpoekrta c
00OCHOBaHHWEM NPUMEHEHHS OSTOTO aJrOpUTMa CIEAyeT TPHUBECTH CBEACHUS O CIIOKHOCTH
peammzanuu anroputMma. Cpeau KOJOB, OTOOPaHHBIX IO KPUTEPUIO CKOPOCTH B COOTBETCTBUU C
dopmynoit (5.1), MoryT okazaThCsi KOABI C PA3IMYHOM MAJMHOW KOJOBOTO OTrpaHUYeHHs (U,
COOTBETCTBEHHO, C Pa3IMYHOMN CIIOKHOCTHIO Aekoepa). [lomexoycToitunBocts nexkoaupoanus CK
xapakrepusyerca BenumunHoit DOBK. B Tabnumax komoB He mpuBonsarcs 3HaueHus OBK mpu
OTIPENICJICHHOM YPOBHE BEPOSTHOCTH OINMOKH JEKOTUPOBaHHA. B TO ke Bpems, BeTUYHMHA
acCUMITOTHYECKOro sHepreruueckoro Buiurpeima (ADBK) spasercs Bepxnelr onenkoit OBK.
[ToaTomy mpu 0TOOpE KOJAOB PEKOMEHIYeTCsl UCIOIb30BaTh BenuunHbl ADBK, 3HaUueHUs KOTOPBIX
uMeroTcs B Tabnunax npuinoxerus A. Cpeau oToOpaHHBIX KOJIOB-KaHIUAATOB CIEAYET IPUMEHHUTD
KOJI, obecneuusarouuti maxcumanvrviti ADBK u yooenemeopsrowuti mpebosanusim no ckopocmu u
cno3/cHo- cmu dexodepa. OKOHYATENbHBIE JaHHBIE O BEPOSITHOCTH OIIMOKM Ha BBIXOJIE JIEKOJepa
clielyeT TIONYyYUTh Ha OCHOBE PACUETOB 3aBHCHMOCTH BEPOSTHOCTH OLIMOKHU JIE€KOJIUPOBAHUS OT
OTHOIICHUS CUTHAJ/IIYM JUis BbIOpaHHOTO Kojaa. B ciydyae HeBbITOMHEHUS TpeOOBaHUM 3alaHus
PEKOMEHYETCS npumeHums Koo ¢ bonvuteli genudunou AIBK.
[Tpumep pacyeToB ¥ MPOIEAYPHI ONITUMHU3AINH KOa
Hcxonusie qanHbIe:

1. Bua nepenaBaemoii unugposoit nupopmanuu - LHTIIOD.
3. Ortnourenne c/mr h; =4 1b.

4, Merton monynsuuu: OM-4.

[IpueM-KOrepeHTHBIN.

R
6. IIpou3BOAUTENBHOCTh UCTOUHUKA  “CT = 64 kOUt/C
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7. [Iupuna nonoce! yactoT kanana Fx= 100 kl'm.

-5
8. lomycTtrmMasi BEpOSATHOCTh OIIMOKH OHTa p =107,

9. omyctumas ciioxHOCTh perieTku koga W = 150.

Ilupura criekTpa KOAUPOBAHHOTO
®OM curnHana F((DM-(‘K)

\ A3BK
A\
“/
5 3azaHHas ToJI0ca MPOITYCKAHUS
\ kaHana Fy
- ot - A -
I \\\
R Se
B <
“» S
1 S ~
1 ™~ A
! \\\\ -~ \\
. gy o o
1 Te-a- >« ] >
1 - A 57
g L < // KoapdpuimenT paciumperms nonocst npo-
.' &\ ’ nyckaHus kaHana Kr = 1/Ry;
1 s *
i L R*on
I
1

31ech pacrioNnOKEHEI

KOJbI-KaHIMUJAaThl HA BI)I60p

Puc. 5.1. K npouenype ontumuzanuu Koja

Pacuer monocekl mpomyckaHus KaHaja CBS3HM, HEOOXOAUMOMW IJs mepeaayu nudposoi
npousBoguM 1o  opmyse

1.
uHpopMalud C 3aJaHHOW CKOpOCThIO MeTomoM DOM-4,

F =R, ..(1—a)|l/2,
(@M -4) [ acr ( )] rae ¢ - koaddunmeHt ckata crekrpa. 3anaBasich 3HaueHueM ¢ = 0,4,

moJryqaeM Fiow- = [R”CT (1_ a)]/2 =[64(1 +0,4)]/2 = 44,8 x['m.
B cootBerctBHM ¢ popmynoii (5.1) onpenensiem npenensHoe 3HaueHue ckopoctu C K

R: > oo 448 _g 448

B = 100

2.

3. ITo tabmunam CK orOGupaem KoJbl, yOBIETBOPSIONINE TPEOOBAHUIO 110 CKOPOCTH. JlaHHBIE

00 3THUX KoIax cBeneHsl B Tad. 5.1.
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Ta6mmma 5.1-Xapakrepuctuxku CK miis BeiOopa koja

CxkopocTh [Topoxaaromiue AKO Cno>XxHOCTh ADBK
Koza

Ryox MHOTOYJICHBI v pemerku 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

"3 Ta6JII/IIII>I BHUIHO, 4TO AJI BBIIIOJIHCHUA MMOCTaBJICHHOMN 3aaa4yu MOryT OBITH MCITOJIb30BAHEI

Reoys = .
CK co ckopoctsimu K04 KOTOpBIEe oOecreunBaroT JoctatouHo 6ombinoi ADBK. Ha acHoBe

JTAHHBIX TAOJIMIIBI BBIOMpaeM JUIA MPOEKTa KOJA ¢ MOopokaaronumu MHorowieHamu (133, 171),

KOTOphId npu  ckopoctd Ry, =0,5 obecneunBaer ADBK = 6,99 nb. Jlanueie pacuera

BEPOATHOCTU OIINOKH IIPpUBCJICHELI B I'JIaBC 1.

BuaHo, 4TO mnpHMeHeHHe BBIOPAHOTO KOAa OO0ECIeYMBACT BBITIOJHEHNWE 3aaHus: TIPH
oTHomeHuH curHan/mym h2 =4 1B BepoATHOCTH OMMOKM JekojupoBaHus Menee 3-107°
CpaBHeHHE ¢ KPUBBIMU IOMEX0YCTOHYMBOCTH HEKoaupoBaHHOM @M (puc. 11.1) nmokassiBaeT, 4To

_1n-5
TpH BEpOATHOCTH o6k P = 107 sror kox obecnieunBaet OBK 5,3 nb.

Tabmmma 5.2. Hcxonusle nanuble 1 BeImoaneHns CP

Homep Bapuanta mns BemosiHeHuss CP JTOJDKEH COOTBETCTBOBATH HOMEPY (aMUIIUU
CTYJEHTA B )KypHaJe akaJeMUUYECKON TPYIIIIbI
Howme Bun OTtHotIeHNE Meton IIpou3ss ITonoca Bep. Croxmu.
p nepex, C/ILI Ha BXOIEMOIYII. O/IUT. rmporyck,  |ommOku |nexoxepa W
BapraHTa [HH(OPM. h 621 b MCTOYHWKA |KaHaJsa oura p
Rycr Fi, k'
KOUT/C
1 JK 4,0 dM-4 64 80 10°® 150
2 T 50 OM-4 16 25 107 160
3 113B 6,0 OM-2 256 800 10°° 170
4 JK 6,5 OM-2 64 200 10°° 180
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5 T 4,0 OM-4 | 16 25 104 250
6 113B 7.0 OM-4 | 128 200 10-5| 350
7 HTB 5,0 ®M-2 | 2400 7000 10-%] 560
8 K 6,0 OM4 | 32 50 10-%| 200
9 T 5,0 OM2 | 24 70 104 300
10 3B 45 OM-4 | 256 400 10| 250
11 TB 55 ®M-2 | 3000 1200 10-8| 550
12 K 4,0 OM4 | 48 70 10-°| 150
13 T 5,0 OM4 | 32 50 10 250
14 113B 7.0 OM-2 | 256 800 10-5| 300
15 TB 4,0 OM-4 | 4500 1300 10-°| 550
16 K 7.0 OM-4 | 56 90 105 150
17 T 5,0 OM2 | 24 70 104 160
18 113B 45 OM-4 | 256 400 10-5| 200
19 TB 55 ®M-4 | 5000 1400 10-°| 550
20 K 6,0 OM2 | 64 200 10-°| 150
21 T 75 OM-4 | 256 400 104 250
23 113B 6,5 OM-4 | 16 50 105 150
24 K 6,0 OM4 | 64 150 10-°| 150
25 1D 45 OM-2 | 16 25 105 200
26 TB 5,0 ®M-2 | 6000 16000 10-°| 550
27 113B 6,0 OM-4 | 384 600 105 250
28 K 45 OM-4 | 64 100 105 150
29 LI 5,0 OM2 | 16 50 104 250
30 TB 55 ®M-2 | 5500 32000 10-°| 560
31 LD 45 OM4 | 64 200 10| 150
32 K 5,0 OM4 | 64 300 10| 250

IIpuMepsI pacyeToB A5 pa3HbIX BADHAHTOB

Bapuant Ne7

Tabmuna 5.3. ITapamerpst npoekTupyemoii TKC

HOMep BapuaHTa IJid BBIITOJHCHHUA HHI[HBI/I]IY&J'IBHO?I pa6OTBI JOJDKEH COOTBETCTBOBATh

HOMEpPY (l)aMI/IJII/II/I CTYACHTA B KYpHaJIC aKaJeMHUYeCKOM TpYHIIbL

Howmep Bun OTtHO Merton Ipous ITpomyc Bep. CrnoxH
BapHaHTa nepe. IICHUE MOJIYJISIIIUA | B. KHasi Oummbxu . IeKoJiepa
Wudopmarmu | C/11 h, 2 HCTOYHUKA | CIOCOOHOCTH | OuTa
b Rycr, KOUT/C | KaHama F,
k[
7 LITB 5.0 PM-2 2400 7000 10° 560
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CTpyKTypHasi cxeMa MPOEKTHPYEMOii TeJIeKOMMYHHKAIHOHHOM CHCTEMBI

B obOmem Bume o0oOmieHHass CcTpykTypHas cxema mnpoektupyemorr TKC wmoker OBITH
chopMupoBaHa B BUJE, IPEACTaBIeHHOM Ha pucyHke 1.1.

B nmepemaruynke komep BHOCHT B WH(MOPMAIMOHHOE COOOIIEHUE W30BITOYHOCTH B BHJIE
MIPOBEPOYHBIX CHUMBOJIOB. 3aKOJUPOBAHHBIE CHUMBOJBI IOCTYMAIOT HAa MOJYJATOP, KOTOPBIN
npeoOpa3yeT UX B aHAJIOTOBbII CUTHAJL.

B npuemHuke nemonynsitop mpeoOpa3dyeT NPHUHSTHIA CUTHANI B MOCIEIO0BAaTEIbHOCTh YHCEN,
MPEJICTABJISIONINX OICHKY TEPeJaHHBIX JaHHBIX — METPUKH. METpUKH MOCTYHAalT B JEKOIEp,
KOTOPBIA MCHPABIIACT BO3HUKAIOUIUME MPHU MEpeaayde OMIMOKH, HCIOJIb3ysl BHECEHHYIO KOJEPOM
U30BITOYHOCTS [24].

Kaaccndukanus KoppeKTHPYIOUIMX KOT0B

O6napyxeHrne OIMOOK B TEXHMKE CBSI3U —  JICHCTBUE, HANpaBICHHOE Ha KOHTPOJb
IIEJIOCTHOCTH JAHHBIX MIPH  3aIMCH/BOCIIPOM3BEICHUY NHPOPMAIIUU WM Tipu € Tiepenade  II0
TuHUSAM  cBs3U. McnpaBienue omuOoK (KOppekius OmmOOK) — Mpoleaypa BOCCTaHOBJICHUS
nH(pOpMaLIUY TTOCTIE UTEHUS e€ U3 YCTPOICTBA XpaHEHHSI UITH KaHalla CBS3H.

Jns oOHapy>KeHHsI OMMOOK MCIOJIB3YIOT KOABI OOHAPYXKEHUS OIIMOOK, JJISI MCIPABICHUS —
KOPPEKTUPYIOIIUE KOJIBI(KOIBI, WCIIPABJISIOIINC OITNOKH, KOJIBI c KOppEKLHEH
OLIMOOK, TOMEXOYCTOMUNBEIE KOJIBI).

B ob6mem Buae kinaccudukanus KOPPEKTUPYIOIIUX KOJOB MOKET OBITH MpeACTaBlieHa B
CJIEYIOIIEM BUJIE:

1. biiounbie KOIBI:
1.1 JInueiinble KOOI OOIIETO BUA,
1.1.2 Koapsl XeMMHHTA;
1.2 JIuHelHbIe TUKIINYECKUE KOIbL:
1.2.1 Konrer CRC;
1.2.2 Koaper BUX;

1.2.3 Kogp! koppeknuu ommbok Puna — ConomoHa;
2. CBepTouHbIe KOJIBI;
3. KackaaHslie KOJIEBL

CTOUT OTMETUTh, YTO OJIOUHBIC KOJbI, KaK MPABHIIO, XOPOIIO CIPABIISIFOTCS C PEIKHMH, HO
OOJBIIMMHU TTAYKaAMH  OIIMOOK, WX J(PQPEKTUBHOCTh MPU YACTHIX, HO HEOONBIINX OIIMOKAX
(manpumep, B kanazne ¢ ABI'II), meHee BbICOKaA.

Bwmecte ¢ atuM, cBepTouHBIE KOABI dPPEKTHBHO pabOTalOT B KaHale C OENbIM IIyMOM, HO
IIJIOXO CTPABIISIIOTCS € TTakeTamu omuOok. bonee Toro, eciam aexoaep ommbaeTcs, Ha €ro BBIXOJIE

BCCrJa BO3HUKACT ITaKCT OIIIMOOK.


https://ru.wikipedia.org/wiki/%D0%A1%D0%B2%D1%8F%D0%B7%D1%8C_(%D1%82%D0%B5%D1%85%D0%BD%D0%B8%D0%BA%D0%B0)
https://ru.wikipedia.org/wiki/%D0%94%D0%B0%D0%BD%D0%BD%D1%8B%D0%B5
https://ru.wikipedia.org/wiki/%D0%98%D0%BD%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%9E%D0%B1%D0%BD%D0%B0%D1%80%D1%83%D0%B6%D0%B5%D0%BD%D0%B8%D0%B5_%D0%B8_%D0%B8%D1%81%D0%BF%D1%80%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5_%D0%BE%D1%88%D0%B8%D0%B1%D0%BE%D0%BA#.D0.9B.D0.B8.D0.BD.D0.B5.D0.B9.D0.BD.D1.8B.D0.B5_.D0.BA.D0.BE.D0.B4.D1.8B_.D0.BE.D0.B1.D1.89.D0.B5.D0.B3.D0.BE_.D0.B2.D0.B8.D0.B4.D0.B0
https://ru.wikipedia.org/wiki/%D0%9E%D0%B1%D0%BD%D0%B0%D1%80%D1%83%D0%B6%D0%B5%D0%BD%D0%B8%D0%B5_%D0%B8_%D0%B8%D1%81%D0%BF%D1%80%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5_%D0%BE%D1%88%D0%B8%D0%B1%D0%BE%D0%BA#.D0.9A.D0.B0.D1.81.D0.BA.D0.B0.D0.B4.D0.BD.D0.BE.D0.B5_.D0.BA.D0.BE.D0.B4.D0.B8.D1.80.D0.BE.D0.B2.D0.B0.D0.BD.D0.B8.D0.B5._.D0.98.D1.82.D0.B5.D1.80.D0.B0.D1.82.D0.B8.D0.B2.D0.BD.D0.BE.D0.B5_.D0.B4.D0.B5.D0.BA.D0.BE.D0.B4.D0.B8.D1.80.D0.BE.D0.B2.D0.B0.D0.B
https://ru.wikipedia.org/wiki/%D0%90%D0%91%D0%93%D0%A8
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Tak Kak B HaYaJbHBIX YCJIOBUSX IIOCTABJICHHOM 3agaud He ObUIM CPOPMYIMPOBAHBI
TpeOOBaHUS K METO/AaM KOJMPOBAHHUs, BEIOOP OCTAHOBMJICS Ha CBEPTOUYHBIX Kojxax. OgHako, mpu
IPOEKTUPOBAHUU TEIEKOMMYHHMKAIIMOHHBIX CHUCTEM HEOO0XOAMMO 4YeTKO (hOpMUPOBaTH KPUTEPUU
ONITUMAJILHOCTH pa3padaThIBAeMOI CHCTEMBI.

Kiaccupukanusi METo10B 1eKOAMPOBAHHUA CBEPTOYHLIX KOJ0B

KJ'IaCCI/I(bI/IKaHI/IH METOJ0B ACKOAUPOBAHUA CBEPTOUYHBIX KOJOB UMCCT CJ'Ie,Z[YIOH_[I/Iﬁ BHUA:

1. AnrebpanyecKkue METOIbI IEKOIMPOBAHUS;

2. BeposiTHOCTHBIE METO/TBI IEKOIUPOBAHUS:
2.1 AJNTOPUTM MOCJIEIOBATEIBHOTO ACKOAUPOBAHUS;
2.2 Anroput™m ButepOmu.

Anroputm BurtepOu xapakTepusyercs MNOCTOSIHCTBOM BBIYUCIMTENBHOM paboThl, OJHAKO
CIIO’)KHOCTB JieKoziepa ButepOu pacrer, kak rpu nepe0OpHBIX alrOPUTMOB, 110 SKCIIOHEHIINATBHOMY
3aKOHY OT JJIMHBI KOJJOBOI'O OTPAHUYEHUS CBEPTOUYHOTO KO/Ia.

Tak kak B JaHHOM paboTe B LEJNAX ONTHUMU3ALUU INPOEKTUPYEMOH CHCTEMBbl OyIyT
HCIOJIb30BAThCSI KOPOTKUE CBEPTOUYHBIE KObI, CIOXKHOCTb JIeKojepa OyneT Mana, YTo M03BOJIET
HCIOJIb30BaTh AJITOPUTM JIeKOAUpoBaHus ButepOu.

Pacuer 1 onTUMa3anusa napaMeTpoB TeJeKOMMYHHKAIIOHHON CHCTEMbI

PacueT mmpuHsl ciekTpa nu(poBOro curHajia ¢ 3aaHHbIM BUIOM MOIYJISILUU:

R -(l+«a) 2400-10° -(1+0.4)
F(Z’M—Z = 2 = 2

ucm

~1.68MTy .

Pacuer IIUPUHBI CIICKTpa KOAUPOBAHHOTO HI/I(l)pOBOFO CUrHajia ¢ 3aJaHHbBIM BHUJIOM MOAYJIALUA

B 3aBUCHUMOCTH OT CKOPOCTHU KOJa:

_F,,., 1680-10°

©r T e T 7000-10°

K

R

CrnenoBaTenbHO CKOpOCTh KoJa JobKHAa ObiTh He MeHee 0.24. IlomydeHHbI pe3ynbTaT

IIO3BOJISACT C(i)OpMPIpOBaTI) CIIMCOK MNOAXOAAINIMX CBCPTOUYHBIX KOJOB B BHUAC MPCACTABJICHHOM B

tabnuue 5.3.
Tarnuua 5.4. [lepeyeHb NOAXOASIINX CBEPTOUHBIX KOJIOB
CKOpOCTE KOZA [TopoxOarmHe JKO CIoXHOCTE ABBK.
Rion MHOLQUISHEI v pelmeTkd W ob
1/4 463,535.733.745 8 512 8.29
1/: 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
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B cuny Toro, xpurepueM ontumaibHoctu mpoektupyemorn TKC sBngercs mnpocrora
HCIIONIB3YEMOT0 Kojiepa/aexoaepa, Obut Beiopan kox /133,171/ ¢ qinuHOM KOAOBOTO OTpaHUYCHUS 7,
KOTOPBIN TTpH cKopocTu kKoaa 0.5 obecrieunBaer ADBK = 6.99 nb.

W3mosxeHHOE MO3BOJISIET PACCUUTATh MIMPUHY CIIEKTPa KOJUPOBAHHOTO H(PPOBOTO CUTHAJIA:

F _ 1680-10°
Fouoick = ;;M 2 = 05 =3.36MTIy

K00
Pucynok 6.2 mno3Bojser cnenarb BBIBOJ O TOM, YTO IPUMEHEHHE BBIOPAHHOIO KOJa
oOecrieunBaeT BBIMIOJHEHUE TOCTABICHHOW 3adadd, Tak kKak npu otHomenwun C/II = 5 ab
BEPOSITHOCTH OIIMOKH JIEKOIUPOBAHHS MEHbBILIE 10°,
CpaBHEHUE € KPUBBIMH IOMEXOYCTOMYMBOCTU HEKOIMPOBAHHOM ®PM IOKa3bIBaeT, 4TO IPHU

-8
BeposTHOCTH omuOKu 10~ 3TOT KO 0OecneunBaet 3HaueHue DBK 6onee 10 nb.

.
1 2 3 4 5 ] 7 3 o 10 h3, b

1
107
—
. RH"‘“‘H..
107 | "‘*n..,g
— —~—|oM-2 |
N 1
10°
- N
10° NN =
] - N
1[}:' \! ,\ o \\_‘
\\ 't\
10° L \
3 HaeML2 + CH(S. T
| : s .1l F
107 L]  @M-2+CK(133, 17D)) .
108 | E

Puc. 5.2. [ToMmexoycTOHYMBOCTh IEKOAUPOBAHUS CBEPTOYHBIX KOJIOB

[TpoBepouHBIii pacueT BEpOSTHOCTH OIIMOKHU Ha BBIXOJIE JIeKOepa:

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,)=36-2972-10 " -(/2-10-0.5-5) = 7.565.10"°



Pacuer MmoKasaji, 4YTO pcCajlbHOC

3HA4YCHUC
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BCPOATHOCTHU OIINOKH KOACpa MCHLBIIC

TCOPCTUYCCKOI'O 3HAUYCHMA, CJICA0BATCIbHO, YCIIOBUA 3aa4A OBUIM BBIIOJIHEHEI.

Pa3paborka xkoaepa u gexoaepa cBeprouHoro koma 133,171

B npenpiaymem pasnene ObUT omrcaH BEIOOP cBepTouHOTO Konepa /133,171/. dyHkiuoHanpHas

U CTPYKTYpa cxeMa KoJepa/JeKoiepa MOXKeT ObITh IIPEJICTABIICHA B CIICTYIOIIEM BUJIE:

HUcTounuk

perucTp

CaBuroBbIid

Puc. 5.3. CtpykTypHas cxema CBEpTOYHOTO KoJiepa

1333 — 1011011,
171g — 1111001,

BXOT

O pesoay naTopa

Brixon 1
Cymmarop [—>
Breixon 2
> Cymmatop —
BEIXOT 1
S4 Ss S
BEIXO 2

Puc. 5.4. dynkunoHanbHas cxema cBepToyHoro kojepa 133,171

s
[

THTE T

KOMM Y TATOP
N

B b He

H

PHE BC

[Mpomeccop

Brmog

—

[0, 1e

—

[Tamars

M3 —

Pu

o

. 5.5. CtpykTypHas cxema aexoaepa Butepou



Boon

| K oy
1

Huhopsanuonnsii pemep

CHHXPOHITO)

3
By i_l_:
)

| |

JToruveckas ©xema
{ MABOPHTAPHENT ¥1EMEHT)

| Henpasnewie

Puc. 5.6. ®yHknmnoHanpHas cxema jaekojepa Burepou

Henpasnennee
: HMBOTB]
——Q—r

OfpaTHs CBRIb
FI-""F§F 7]

CHHApOMHEBLIL perueTp

B pe3ynbrare BeINONMHEHNUS JaHHOW WHAMBUAYAIBHON pabOThI OBLIO CACIAHO CIEAYIOIIEE:

KO/Iepa;
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1. CopoexTupoBaHa TEJIEKOMMYHHMKAI[MOHHAs CHUCTEMAa C MCIOJIb30BAaHUEM CBEPTOYHOIO

2. Paccuntanbl u ONTHUMU3HUPOBAHBI ITAPAMETPBI CBEPTOYHOI'0 KOJAA HUCIIOJIB3YyEMOI'O B TKC B

OCIAX IMOBBIIICHUSA €€ 3(1)4)6KTI/IBHOCTI/I n HOMGXOYCTOﬁHHBOCTH;

3. IpemnoxxeHsl CTPYKTypHBIE U (YHKIIMOHAIBHBIE CXEMBI KOZIEpa M KOJIepa, UCTIONb3yEeMBbIX B
paspabotannoit TKC.

Bapuanrtsl Ne 16, 3, 8

Jlns pelnieHust MOCTaBIEHHOM 3a/1aull  MPEJIOKEHbI 001mue napamerpsl npoektupyemoit TKC,

KOTOpBIE Mpe/ICTaBICHHbIE B Ta0IHIIE 5.5.

Tabnuua 5.5. ITapamerps! npoektupyemoii TKC

OtHO
Bug IIpowuss. IIponyckHa Bep.
Howme IIeHNUE Merton CrnoxH.
nepez. ) HUCTOYHHUKA s CTOCOOHOCTH OINOKH
p Bapuanra C/I hg*, MOy JISILIUA nexonepa W
HH)-UN 5 Rycr, KOUT/C kanaia F,, xI'g ourta p
pis
16 JK 7,0 OM-4 56 90 10° 150
3 LI3B 6,0 OM-2 256 800 10® 170
8 JK 6,0 OM-4 32 50 10° 200

CTpyKTypHasi cxeMa NPOEKTHPYEMOH TeJIeKOMMYHHMKANMOHHOM CHCTEMbI

CrpykTypHass cxeMa NpPOEKTUPYEMOH TEJIEKOMMYHUKAI[MOHHOM CHCTEMBI IpPEJCTaBI€HA Ha

pucyske 1.2.
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HcTounuk cooOIIeHusT TeHepupyeT OWHApHYIO TOCIEeIOBATEIbHOCTh C  OMPEISICHHON
CKOpPOCThIO R,;... KypcuBOM OTMeueHbI OJI0KH, KOTOPBIC KOIUPYIOT U JACKOTUPYIOT HH(POPMAIIHIO C
MPUMEHEHUEM TOMEXOYCTONYHUBBIX KOJOB (BBOJAUTCS U30BITOYHOCTh MPU KOJUPOBAHUU, HAIIPUMED
kox Xemmuura, bUX, cBeprounslii kom). UTo KacaeTcsi HCTOYHHMKA, TO OH KOJIUPYETCS H
JIEKOJUPYETCSl C MOMOINBI0 TaKUX ANrOPUTMOB Kak, Xapdmana, llennona-®Pano wim Jlemnena-
3uBa. B maHHBIX anroputMax HE BBOJUTCS M30BITOUHOCTH. [IOMMMO KOAMPOBAaHUSI CUCTEMa CBS3U
COJIEP’KUT B cebe KBaJApaTypHYIO MOAYISILIHMIO/AEMOAYJSAIUI0. [1e Ha BBIXOJE MOAYJSATOpPA MBI
MoJIy4yaeM CHavajia KOMIUIEKCHbBIE YKciia (KBaapaTypHble U CUH(a3HbIe COCTABIIAIONINE), KOTOPHIC B
CBOIO Ouepenb CcaAsTcss Ha Hecylue, caBUHYTble Ha 90 TpaaycoB MU B KOHEYHOM HTOTE
cyMMHupYOTCs. [lemonmynsiiusi mpencraBisier coboit oOpaTHbI mporiecc. BapwaHThl paGoThI
coniepkuT B cebe monynanuo ®M-2 wnu BPSK, koTopas numeeT Tonpko 1Ba cuH(pa3HbIX 3HAUCHUS
noctosiHHOM ammmuTyasl U ga3el 0 u 180 rpagycoB u ®M-4 unu QPSK, kotopas umeer 4yetbipe
3HAYCHUS TIOCTOSHHOW amrumTynbl u (asel. U, koHeuHO ke, Jirobas cuUcTeMa Iepeiaadud He
ob0xouTcst 6e3 BO3/ICHCTBUS Ha HEE ITYMOB, B KaHAJIe OSCIIPOBOTHOM ceTH (KaHAI CBS3H).

4 Knaccuduxanus KOppeKTUPYIOIINX KOJOB

O6napyxxeHrne OIIMOOK B TEXHHKE CBSI3U —  JICHCTBUE, HAMNpaBICHHOE Ha KOHTPOIb
IIEJIOCTHOCTH JAHHBIX MIPH  3aIMCH/BOCIIPOM3BEICHUY NHPOPMAIIUU WM Tipu € Tiepenade  II0
TuHUAM  cBsi3u. McripaBieHue oOmmOOK (KOppEeKus OMIMOOK) — Tpoleaypa BOCCTAHOBJICHUS
nH(pOpMaIIUY TTOCTIE YTEHUS €€ U3 YCTPOICTBA XpaHEHUSI UM KaHala CBS3H.

Jns oOGHapykeHusl OMUOOK HCTOIB3YIOT KOABI OOHApYKEHUS OMIMOOK, JJIsi UCIPABICHUS —
KOPPEKTUPYIOIIUE KOJIBI(KO/IBI, UCIPABIISAIOIINE OIIMOKH, KOJIBI c KOppeKIuen
OIUOOK, TOMEXO0YCTOWYNBEIC KOJIBI).

[TpenmytiecTBa ¥ HEAOCTATKH OJIOKOBBIX KOJIOB:

brnokoBble KOJBI, KaK MPaBHJIO, XOPOLIO CIPABISIFOTCS C PEAKHUMH, HO OOJNBIIMMH MadyKaMH
omuO0K, X 3(PQPEKTUBHOCTh MPU YACTHIX, HO HEOONBIINX OIIMOKaxX (HampuUMep, B KaHaje C
ABI'lT), meHee BbICOKA.

[TpenmytiecTBa U HEOCTATKU CBEPTOYHBIX KOJOB:

Caéprounbie koAbl 3¢(HEeKTUBHO pabOTAIOT B KaHAlIEe ¢ OEIBIM IITyMOM, HO TUIOXO CITPABIISIOTCS
c makeTamu OmHUOOK. bonee Toro, ecnu nekonep ommuOaeTcsi, HA €ro BBIXOJIE BCETJa BO3HUKAET
naker omuook. Beibop B MHAMBHIyallbHOI paboTe CBEPTOUYHBIX KOJIOB OOOCHOBBIBAE€TCS TEM, UYTO
CBEPTOYHOE KOJUPOBAaHUE - OYEHb TMpocTas omepanus. KoaupoBaHue CBEPTOYHBIM KOJIOM
MIPOU3BOJIUTCS C MTOMOIIBIO PETUCTPA CABHUTa, OTBOJBI OT KOTOPOTO CYMMHPYIOTCS TIO MOJYIIIO JIBa.
Takux cymm MOKeT OBbITh JiBE (Jalle BCEro) UiH OobIle.

Knaccugukanus KOppeKTUPYIOIUX KOJIOB M0 CTPYKTYpe MpeCTaBlieHa Ha PUCYHKE B.


https://ru.wikipedia.org/wiki/%D0%A1%D0%B2%D1%8F%D0%B7%D1%8C_(%D1%82%D0%B5%D1%85%D0%BD%D0%B8%D0%BA%D0%B0)
https://ru.wikipedia.org/wiki/%D0%94%D0%B0%D0%BD%D0%BD%D1%8B%D0%B5
https://ru.wikipedia.org/wiki/%D0%98%D0%BD%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D1%8F
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K.naccm])mcaunﬂ METOA0B I1€KOAUPOBAHUA CBEPTOIYHLIX KOJT0B

Knaccudukanust METo10B T€KOAUPOBAHUS CBEPTOYHBIX KOJOB UMEET CIICTYIOITUN BU/I;

3. AnrebpanyecKkre METOIbI IEKOIMPOBAHUS;

4. BeposiTHOCTHBIE METO/TBI IEKOIUPOBAHUS:
4.1 AJNTOPUTM MOCJIEIOBATEIBHOTO ACKOAUPOBAHHUS;
4.2 Anroput™m ButepOmu.

3ajaua EKOJMPOBAHMs CBEPTOYHOI'O KOJA 3aKJIIOYaeTcs B BbIOOpEe MyTH (B 3TOM U COCTOUT
OTJIIMYHUE JIEKOJMPOBAHMS CBEPTOUHBIX KOJIOB) BIOJb PEHIETKH HanOoJiee IMOX0KEro Ha MPHHATYIO
IIOCJIEI0BATEIbHOCTh. KaKplii IyTh BIOJIb pEIIETYATOM IUAarpaMMbl CKIIAIBIBACTCS W3 BETBEU
COeAMHAOMMX y37bl. KaxIoll BETBM pELIETKH COOTBETCTBYET KOJOBOE CIOBO M3 JIByX OHT.
Kaxxnyro BeTBp Ha KaXJOM IEPUOAEC MOXKHO IIOMETHTH pACCTOSHUEM XEMMHUHIA MEXAY
IIOJIYyYEHHBIM KOJOBBIM CJIOBOM M KOJOBBIM CJOBOM, COOTBETCTBYHOUIMM BeTBU. CKiaabiBas
paccTosiHus XEeMMUHIa BETBEH, COCTABIIAIOIIUX TyTh, IOJIYYMM METPUKY COOTBETCTBYIOILIETO MYTH.
JlanHas MeTpuka OyAeT XapakTepu3oBaTh CTENEHb IOJ00USA KaKIOro IMyTH HPUHATOU
[OCJEI0BATEeNbHOCTU. YeM MeHblle MeTpuka, TeM Oojee MOXOXKU IMyTb M IpHUHATas
MOCTIeIOBATEIBHOCTh. TakuM 00pa3oM, pe3yabTaToM ACKOAMPOBaHUs OyneT MHQPOpPMALHUOHHAS
MOCIEN0BATEIbHOCTh, COOTBETCTBYIOIIASI MYTH ¢ MUHUMAJIbHOW METPUKOW. ECim B OIHO M TOXe
COCTOSIHUE BXOJAAT JiBa IMYTH BBIOMpaeTcs TOT, KOTOPBIM MMEET JIyullyl0 METpuKy. Takoil myTb
Ha3bIBaeTCsl BBDKUBIIUM. OTOOp BBDKMBIIUX IyTeH MPOBOJAUTCA Ui KaXIOTO COCTOSIHMS. DTO HE
MHaYe KaK aJlfOPUTM JIeKoAupoBaHus Butep6u u oH Hanbosee 3 peKTuBHBII.

Pacuer IIUPUHBI CIIEKTPAa lIl/I(l)pOBOI‘O CUTHaJIa € 3aIaHHBIM BH/1I0M MOAYJSIHH

Bap
Pacuersl
WaHT
16 Foua = RHCT*§1+a) _ 56*(12+0,4-) =392 kI'Ly
3 Foy = 20 — 2500208 _ 1792 I
8 Fopy = 22028 - 320209 _ 97 4 xTn

OmnpenejieHue 10NMyCTUMOI CKOPOCTH KOAA U3 YCJIOBUSA HeNMpPeBbIIIEHUS M0J0COH YacTOT

KOAHPOBAHHOT0 CUTHAJIA IMOJOCHI MPONMYCKAHUA KaHaJ1a

Bapuant Pacuerst
16 Ry = F;’;}“{““ =0.436
3 Ryops = F;:—I]\:‘t = 0.224
8 Ryops = F;—r‘l = 0,448
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OmnpenesieHue koaa
[TosydeHHBIH pe3y/IbTaT MO3BOJIIET CPOPMHUPOBATH CITUCOK MOJXOJIAIIMX CBEPTOUHBIX KOJIOB B
BHJIC, IPE/ICTABIICHHOM B Ta0uIe 5.6.

Tabnuma 5.6. Xapakrepuctuku CK mis BeiOopa xona

CHOpOCTE KoJa Iopo#aarompee KO C10#HOCTE ASEE,
Roon MHOTOWTEHE v pemetsn V7 fui
1/4 463.535.733.745 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
1/2 133.171 6 128 6,90
172 247,371 7 256 6,90
Bap
Ycenosus
UaHT

16 CK co ckopoctsamu 1/2 u cnoxxnocteto pemerkn W He 6omee 150

3 Bce CK co cnoxnoctsio pemerku W He 6onee 170

8 CK co ckopoctsimu %2 u cioxHocThio pemietkn W He 6onee 200

[Tpouseenen Bei00p CK U3 mepeyHs, 00eCcIeynBaIonIero 3a1aHHYI0 BEPOSATHOCTh OIIMOKH OUTa

" YAOBJICTBOPAIOLICTO TpCGOBaHI/IIO OrpaHU4YCHUA 11O CJIOKHOCTU ACKOACpA.

Bap
Bri6pannsiit CK
UaHT

16 Kon ¢ mopoxnarommmu mHorowienamu (133, 171), kotopslit ipu ckopoctu 1/2

obecneunBaeT ADBK = 6,99 nb
Konx ¢ nopoxnatomumu muorounenamu (133, 171), kotopslii ipu ckopoctH 1/2

3 obecneunBaeT ADBK = 6,99 nb
Koz ¢ mopoxnatotumu maorowitenamu (133, 171), kotopslii mpu ckopoctu 1/2

| o6ecneunBaeT ADBK = 6,99 nb

Pacuer IIUPUHBI CIIEKTPAa KOAUPOBAHHOTO Ill/lq)pOBOFO CUIrHaJia ¢ 3aJaHHbIM BHA0OM

MOAYJAIUHA B 3AaBUCUMOCTH OT CKOPOCTH KOJIa

Bap
Pacuetnl
HaHT
Frm 39,2
16 Fomarck = - =——=784xln
RKOO 0,5
Frmz 1792
3 FFM2+CK = = = 358,4‘ KFH
Rma 0,5
Frma 22,4
8 Foma+cx = ® . o5 44,8 x['a
KOO 0,5
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Pucynox 5.7 mo3BonsieT caenatb BBIBOA O TOM, YTO TNPUMEHEHHME BBIOPAaHHOTO Koja

00ecIieynBaeT BBINOJIHEHHE ITOCTaBICHHON 3aJa4yu, TaK KaK

) BepositHOCTh OIIHUOKHU
Bapuant Ornomenne C/II hs %, nb
JIEKOJIMPOBAHUSI MEHBIIIE
16 7,0 10°
3 6,0 10°
8 6,0 10°
CpaBHEHME C KPUBBIMHU ITOMEXO0YCTOMUYUBOCTH HEKOAMpOBaHHONH DM MOKa3bIBaET, UTO
Bapuant BepostHOCTB OmnOKH ADBK, nb
16 10° Goee 10
3 10° 9,4
8 10°® 6omee 10
1 2 3 4 5 & 7 8 ] 10 73 . aB
T ———
107
- _‘--‘-‘-_
107 — ] — = — :
‘ta:.: ““""DI-L—I_I_ =
107
F o~ =
g — \x‘ S =
S S t =
10° N V- g S
= 5
10°
I S SJBML2 + CH(5. T)
107 L] $M2+CK(133 1?1}%
N TN
10°® A\ N

a8 & Eg/Ng,aFf

73 | N ‘\_\\

- NN
\fs\%g},
an N\

/ad \|
AN

2

w7

a

Puc. 5.7. [Tomex0oycTONYUBOCTh IEKOTUPOBAHMUS CBEPTOYHBIX KOJIOB
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IIpoBepouHbIil pacyeT 3aBHCHMOCTH BEPOATHOCTH OIIMOKH HAa BbIXO/e€ IeKoepa

B pe3ynbraTe noay4yum (IpuMepHO U1 33JaHHON BEpOSTHOCTH OIIUOKHU OUTa):

Bapuant Pacuetsl
- ( xz) — < 5’012> 4,45 x 1075
= xexp (——) = xexp| — = 4,45 *
16 X *V2m PiT2 5,01 * /21 P 2
pdzwdf-Q-\/Z-df-Rkod-hb=36-4.45-10_5-\/2-10-0.5- =4.2-1073
1 ( xz) 1 < 42> 335105
= xexp (——) = *exp| ——= )= 5,0 %
3 x *2m Pi72 4 x/2m P72
pdzwdf-Q-\/Z-df-Rkod-hb=36-3.3-10_5-\/2-10-0.5- =9.2-1073
Q - ( xz) : < ’12> 4,45 % 1075
= *exp(——) = ——F——*€eX — =4, *
8 x %21 P72 501 21 P
pd=Wde\/deRkodhb=364451O_5V21005 =4210_3

Pacuer mnokaszan, 4YTO pealbHOE 3HAYEHUE BEPOSTHOCTH OWIMOKM KoJepa MEHbIIe
TEOPETUYECKOr0 3HAUEHUS, CJIEA0BATENbHO, YCIOBHS 3a/1a4i ObUIN BBIIIOJIHEHBI.

Pa3zpa6otka koaepa u aexoaepa CK 133,171

B npenpiaymem pasene 6bu1 onucad BeIOOp cBepTouHOrO Kozepa (133,171).

1335 =1011011,;1715= 1111001,

OyHKIMOHANBHAS M CTPYKTypa cXeMma Kojepa/leKojiepa MOXET ObITh IpEJICTaBlI€Ha B

CJICOAYIOIIEM BHUIC:

Brixoxl

L

CyvmnaTtop —

CapHroBRIA
PETHCTP

L 4

Hcrounnk

Brixox2

L J

Cymmatop |[—»

Puc. 5.8. CtpykTypHas cxema CBEpTOYHOT0 Kojiepa
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BBIXOT1
BXOT
Sp S1 S Sa Sy Sz Se
BBIXOT 2
Puc. 5.9. ®yHkmoHanpHas cxema cBepTodHOTo Kojaepa 133,171
é. _— > - f S "T .8 Brmmog
g 2 == N M3
g e N ZE B = =
5! = = = =) =&
8 = m 3 -
Puc. 5.10. CtpykTypHas cxema aekozaepa Burepou
Henpasiennme
oo . - -— & 0NN
™ 1 I Hudopmanmonnedii permerp—i + -
+"'\- — ’ . = - X
Bios h '? | ?r
- - -
T OfparTHas cesib
- _— - = - — — 4
. R f3 ¥
I ~ -
T+ N =) "'| CHHApOMHEBLIL perueTp
¥
C Mormeckas ¢xema
“HHAPOH T . L y
{MARDPHTAPHEL HEMEHT)
| Henpasnenne

Puc. 5.11. ®ynkunonanbpHas cxema nexoaepa Butepou
KoJIepa co CKOpOCThio 1/2.
B pesymbrare BBIMOMHEHUS JAHHOTO WHAMBUIYAJBHOTO 3aMaHWs OBUIO  BBIMOJHEHO

CJICOAYIOICC:
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. CnpoexkTrpoBaHa  TEJIEKOMMYHHUKALIMOHHAs ~ CUCTEMa C  HCIOJIb30BaHHUEM
CBEPTOYHOI'0 KOJIEpa;

. Paccuutanbl 1 ONTHMU3MPOBaHBI MapaMETPbl CBEPTOYHOIO KOJAa HCIIOJIb3YEMOrO B
TKC B mensx nosbimeHus ee 3()(EeKTHBHOCTH M MOMEXOYCTOMUMBOCTU TPHU Pa3IMYHBIX
HaYyaJbHBIX 3aJaHHBIX YCJIOBUAX (IIMPHUHA CHEKTpa, CKOPOCTh KOJAa, OUTOBask BEPOSTHOCTDH
OLIMOKY B 3aBUCHMOCTH OT 33/IaHHOTO 3HAUYEHHUS OTHOIICHUS CUTHAII/IITYM);

. [Ipennoxensl CTPYKTypHble M (YHKIHMOHAJIbHBIE CXEMbl Koiepa M Kojepa,

HCIIONBb3yeMbIX B pazpadoranHoi TKC.

3AK/IIOYEHUE

B mnpencraBienHoM ydeOHOM NOCOOMM BIEPBBIE PACCMOTPEHBI OCHOBHBIE BHUIBI
MOJAYJALMM, KOAMPOBAHUS M CUTHAJIBHO-KOJIOBBIE KOHCTPYKIMU.B yueOHOM mocobuu
paccMOTpeHa TEOpHs U MPAKTUKA MOACIUPOBAaHUS MOIeMOB coToBol cBsi3u FSK, MSK GMSK
U MOJEMBl CIYTHUKOBBIX cucteM cBsizu M-QAM, M-PSK. Jlns anamm3a uWCHoib3aBaHO
nporpamMmmHoe obecriedeHupe NI LabVIEW. IlokasaHa BO3MOXHOCTh CO3[JaHUSI CO3BE3AMIA
Pa3IMYHBIX BUJOB MOAYJISIIIMH, CIIEKTPbl CUTHAJIOB C HCIOIb30BAaHUEM Pa3UYHBIX (DUIBTPOB,
MOJTyYEeHBbI TJIA3KOBBIE AMarpaMMmbl H (pa30BbIE 3aBHCHUMOCTH OT OTHOIICHUS OTHOIICHUS
CUTHaJ/IIyM. J[is KaXaoro BHUJa MOIYJSLUU TMPOBEACH YUCIECHHBIM aHaIu3 BEPOATHOCTH
CHUMBOJILHOM OITMOKU OT OTHOIICHUS! CUTHAJI/TITYM.

PaccMoTpeHbl BONpOCHI TMPOIMYCKHOM CHOCOOHOCTH KaHaja CBSI3H, PacCMOTPEHbI
MeToAbl KonupoBaHue uctouHuka (LllenHona-dano, amroputmsl cxarus Jlemnens - 3uBa,
BeiBieT-PpakTasibHOE CKaTue). [IpoBeneHbl 4YMCIEHHBIE OLICHKH KOA(D(HUIIMEHTOB CHKaTHS,
MIOJIy4YE€HHBIE C UCIOJIb3aBAHUEM COBPEMEHHOTO MPOTrPaMMHOI0 00ECIEUEeHHUS.

[TpoBeneHO MMMUTAIIMOHHOE MOJEIMPOBAHUE U MCCIIEJOBAHNE MOMEXXOYYTOMUMBBIX
konoB Xemmunra, bUX (boy3a-Hoynxypu-Xoksenrema), Puna-Conomona Ha 6aze MATLAB
2015 Simulink, wcciemoBaHO CBEPTOYHBIC KOJMPOBAaHHE M JeKoaupoBaHue. I[IpoBemeHo
MOJIETTUPOBAaHUE JEKOJAMPOBAHHE CBEPTOYHBIX KOAOB MO MeTOAy Butepbu ¢ ucnonb3zoBaHHEM
I[I0 MATLAB. HccnenoBanue TypOOKOAMPOBAaHUE, paccMOTpeHa oO0oOIIeHHas cXxeMma
TypOOKOJiepa ¢ MmapajuielbHbIM KacKaJMpOBaHUEM, CBEPTOUHBIE TYpOOKObI, JAEKOAMPOBAHUE
TypO0oK0/10B. XapaKTepUCTHKH TOMEXOYCTOMUNBOCTH CBEPTOUYHBIX TYPOOKOJOB HCCIIEAO0BAHbI
¢ ucnoib3zoBanuem [10 MATLAB 2015 Simulink. Bnepssie ucnonszosano 110 NI LabVIEW

I UCCIICEA0OBAHUA HHU3KOIINIOTHOCTHBIX KOAOB - pa3pa60TaH mnpor paMMHBII‘;I KOMIIJICKC [AJId
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Busyanuzaiuu u uccinepoBanust LDPC-komo. IIpoBeneHa omeHKa MOMEXOYCTOMYHMBOCTH
LDPC-x010B B 3aBUCIMOCTH OT OTHOIIIEHUS CUTHAJI/IIIYM ¥ TTapaMeTPOB KO/Ia.

PaccMoTpeHbl CUTHANBHO-KOJIOBBIE KOHCTPYKIIMM Ha OCHOBE Tpeiuiuc KOJOBOU
moaysituu (TCM) m ux ananu3 ¢ ucnois3oBanueM MATLAB. HccnenoBanue cUTHaIbHO-
KOJOBOM  KOHCTPYKIIMU Ha 0a3e CHUCTEeMBl C  OPTOTOHAIBHBIM  YACTOTHBIM
MYJIbTHUIUICKCHPOBAaHUEM M TIPOCTPAHCTBEHHO-BpeMeHHBIM KogupoBanueM OFDM - MIMO c
ucnonszoBanuem NI LabVIEW.

B rnaBe 5. npencraBieHo 3ajaHue Ha CaMOCTOATENbHYIO padoTy "OnTuMu3anus
METOJIOB TIOMEXOYCTOHYMBOTO KOJUPOBAHUS JJIsI TEJIEKOMMYHHKAITMOHHBIX CUCTEM"" - 32

BapuaHTa JIA CaMOCTOSATEIILHOI'O pacdy€Ta 1 IPUMEPLI pacucTa AJ1d HECKOJIBKHUX BapUaHTOB.
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