A.M. T'oJaukoB

KOAUPOBAHMUE
B TEJIEKOMMYHUKALMUOHHBIX CUCTEMAX

YueOHOe mocoOue
ns cnenuanaurerera: 10.05.02 UndopmanuonHas 0e30acHOCTb
TeJIEKOMMYHUKAIIMOHHBIX cucTeMm (be3onmacHocTh
TEJIeKOMMYHHUKAIIUOHHBIX CUCTEM MH(OPMAIIMOHHOTO
B3aHMO/IeiiCTBHSA)
Kypc nexuuii, KOMIbIOTEPHBINA MPAKTUKYM, 33/IaHHE HA CAMOCTOSTEIBHYIO
paboty

Bropoe uznanue 10nM0JHEHHOE U NTepepadoTaHHOE

Tomck 2017


https://edu.tusur.ru/programs/744
https://edu.tusur.ru/programs/744
https://edu.tusur.ru/programs/744

MunucTepcTBO 00pazoBaHus U Hayku Poccutickoit denepanu
denepalibHOE TOCYAAPCTBEHHOE OI0KETHOE 00pa30BaTeIbHOE
yUpeXKJACHHUE BBICIIETO 00pa30BaHUs
ToMcKuUl rOCyJapCTBEHHbIHM YHUBEPCUTET CUCTEM YIIPABJICHUA U

PaN03J1eKTPOHUKH

A.M. I'OJIMKOB

KOAUPOBAHUE B TEJIEKOMMYHHUKAIIMOHHbBIX CUCTEMAX

Yu4yeOHOe nHOCOOHE
s criennanuteTeTa: 10.05.02 MadopmanmonHas 6€301MacHOCTh
TEJICKOMMYHHUKAIIMOHHBIX cucTeM (be30macHOCTh TeIeKOMMYHHKAIIMOHHBIX CUCTEM
UH(POPMAITMOHHOTO B3aUMOICHCTBHS)
Kypc nekmuit, KOMIBIOTEPHBIN MPAKTUKYM, 3aJ]aHUE HA CAMOCTOATEIBHYIO PaboTy

Bropoe u3nanue 10noJHEeHHOE U NIepepadoTaHHOE

Tomck 2017


https://edu.tusur.ru/programs/744
https://edu.tusur.ru/programs/744

YK 621.39(075.8)

BBK 32.973(s73)

I' 60

I'onukos A.M.

KoaupoBanue B TeIEKOMMYHHUKAIIMOHHBIX CUCTEMaxX. Y4eOHoe mocooue
s criermanurtera: 10.05.02 MadopmanmonHas 6€30macHOCTh TEIEKOMMYHUKAIIMOHHBIX CHCTEM
(be3omacHOCTb TEIEKOMMYHHUKAIIHOHHBIX CHCTEM HH()OPMAI[IOHHOTO B3aUMOICHCTBH)
Kypc nexkunii, KOMIIbIOTEpHBII TPAKTUKYM, 3aJaHHE Ha CaMOCTOSTENbHYIO paboTy. Bropoe
U3JaHKue JONOoJHEeHHOoe U nepepaboTtannoe / A.M.I'onmukoB. — Tomck: ToMmck. roc. yH-T CHCTEM yHp.

u paguodnextponuku, 2017. — 349 c.: un. — (YuebHas muTepatypa JIjsi By30B)

VYuebHoe mnocoOue MpeAHAa3HAuYeHO /sl HAIpaBJICHHUS IOATOTOBKH CIICIHAINCTOB
10.05.02 HudopmannonHas 0e30MacHOCTh TEICKOMMYHHUKAIMOHHBIX cucteM (besomacHocTh
TEJIEKOMMYHHUKAIIMOHHBIX CHUCTEM HMH(OPMAIMOHHOTO B3amMozeiicTBusi). CoBpeMeHHbIe ydeOHbIC
KypPCBl PEIKO paccMaTpUBAIOT KOMIUICKCHO BONPOCHI MOIYJISALMU M KOJUPOBAHUS, a TAaKKe MX
CUTHaJIbHO-KOAOBBIC KOHCTPYKIHUHU. Mano y‘-I€6HI/IKOB H 1J1d peain3aliii COBPEMCHHBIX MOJEMOB U
KOJCKOB. AKTyaJII)HOCTI) mocooust BCJIMKA, TaK KaK B COBPEMCHHBIX CUCTEMAX CBA3HU U TCIICBUACHUA,
a TaKKe KaOeJbHBIX CETSAX NMPUMEHSIOTCS Bce 00Jee CIIOKHBIE BUABI MOMYJSIMU M KOAWPOBAHMS,
o0ecreYrBaroie BHICOKYIO TOMEX0YCTONYUBOCTD.

Metononorus M3y4eHHs Kypca COCTOMT B 3aKpEIUICHMH TEOPETUYECKUX 3HaHUM Ha
npumMepax KOMIIBIOTEPHOM peanuzanuu MOJEMOB U KOJZIEKOB COBPEMEHHBIX

TCJICKOMMYHHUKAIITUOHHBIX CUCTEM U MHAUBUAYAJIbHBIX 3aJlaHUM Ha CaMOCTOATCIIBHYIO pa60Ty.


https://edu.tusur.ru/programs/744
https://edu.tusur.ru/programs/744
https://edu.tusur.ru/programs/744

COILEPXAHHUE
BBEJIEHUE. ... ..ottt bbbt et e e nee s 6
1. MUO®POBBIE BUAbI MOAVYJIALIMN U CUTHAJIBHOI'O KOJJPOBAHIA,

UX CIHEKTPAJIBHAA 1 DQHEPTETUYECKASL O®OEKTHUBHOCTS...........cocceeee. 14
1.1. AHanu3 UQPOBBIX METOIOB MOJTYIISIIH . ......veeuteesreesesasseessesasseessesssseessessnsesssesssesssessnseens 14

1.2. Monems! cotoBoii cBsizu FSK, MSK GMSK u uncneHHbIl aHAIN3 BEPOSITHOCTH
cuMBOJILHON OIIMOKYM ¢ UCIIOIB30BAHUEM I1O LabVIEW ....coiiiiiiii e 30

1.3. Monembl cnyTHHKOBBIX cucteM cBsizu M-QAM, M-PSK u uncnenHblil aHaim3

BEPOSTHOCTH CUMBOJIBHOU OmMOKY ¢ ucronb3oBanueM [10 LabVIEW ... 47
2. TTIPOITYCKHAS CITOCOBHOCTb KAHAJIA CBA3U. KOAMPOBAHUE
HICTOUHIEKAL. ..ottt bbbt ettt et e et ane et s 69

2.1. IlpomyckHas cnocoOHOCTh KaHana cBsi3u. O0beM CUTHalIa U eMKOCTh KaHalla CBSI3H,
YCITOBHST X COTTIACOBAHMS. 1. .vvestreesteeessteeesssesassseessseessseesnsseesnsseesnseeessseesssseesssseessssessnsnens 69

2.2. UccnenoBanne KOAUPOBAHMS HCTOYHHUKA JUCKPETHBIX COOOLICHUI METOIaMHU

10053 805 00) 6 PRt € X2 & (o YU TR 12
2.3. UccienoBanue anropUTMOB JIEMITEIIS = SHBA.......cciuvviieiiiiiieeiiiieeessiieeeessiieeeessineeeesssnneee s 79
2.4. @pakTalbHBIE METOBI KOJUPOBAHUS U300PAIKEHHIM. ... veveeevieieesieeiesieesresiee s ene e 88

2.5.BeiiBneT npeoOpa3oBaHUSA CUTHAJOB U U3 00pake HUH ¢

HICTIOTIB 3 OBAHIE Mutuuuaeiietetin e eaeeeestitaaaeeeeestin s aaeeeeestsn s e e aeeees seesbtn e e eeaennsanaeaaeeaene 101
3. IOMEXOYCTOWYMBOE KOJJMPOBAHUE B TEJJEKOMMYHUMKAIIMOHHBIX
CHUICTEMAX . ..ottt ettt ettt b ek bt e bt e s he e e ke e e Rb e et e e ssneenneesnneeneeas 125
3.1. Uccnenosanue kogoB Xemmuura, BUX (boysa-Uoyaxypu-Xoksenrema), Pua-
ConomoHa Ha 0236 MATLAB. ... s 129
3.2. ukmuueckue u3bbrrounbie koapl CRC (Cyclic redundancy check).......cocoveveiiiiiinnnns 159
3.3. CBeprouHble KOMBI. JIeKOAUPOBAHNE CBEPTOUHBIX KOMOB. . .ccuvveerreesreasrenseeesieeanneesseeanneenes 169

3.4. JlekonupoBaHue CBEPTOYHBIX KOJIOB O MeToy Butepbu ¢ ucnonszoBanuem 110
IMATLAB. ..ot e e e ettt e e s et e e e e e bbe e e e e ebbaeeeseabaeeeeaareeeas 196

3.5. Typ6okomupoBanue. O600IIeHHAs cXeMa TypOOKoepa ¢ mapauieTbHBIM KacKa u-
poBanueM. CBepTouHbIe TYpOOKObI. JlekoaupoBaHne TypOOKOIOB. XapaKTePUCTUKU
MOMEX0YCTOMYUBOCTH CBEPTOUYHBIX TYpOOKOI0B . MccnenoBanue TypOOKOIOB ¢
ACOIB30BAHUEM 11O MATLAB. ...ttt 208

3.6. HuzkommotHocTHBIE KoABl. Kinaccudukarus LDPC-ko1oB. MeToabl MOCTpOSHUS
MIPOBEPOYHBIX MATPUIl. AITOPUTMBI AEKOTUPOBAHUS HU3KOIIJIOTHBIX KOJIOB.

OreHka CI0KHOCTH aJITOPUTMOB JiekonupoBanust Ha 6aze MATLAB u LabVIEW....... 222



KOV % [oTo0) (51 (0): 102 17 (S0 (%2100 (2 1 02 1) 0.0 L0 i () : T 241
4. CUTHAJIBHO-KOOBBIE KOHCTPYKIIMU B TEJIEKOMMYHUKAILIMOHHBIX
(037 (O N D1/ 1. G 264

4.1. CHTHaJIbHO-KOJIOBbIE KOHCTPYKIIMU Ha OCHOBE TPEJTUC KOJJOBOI MOMYIISAIIUU
(TCM) 1 ux ananu3 c ucnonb3zoBaHueM MATLAB...........ccocciiiiiii, 264
4.2. ViccnenoBanue CUTHATBHO-KOOBON KOHCTPYKIIMKM Ha 0a3€ CHCTEMBI C OPTOTOHAILHBIM
YaCTOTHBIM MYJIbTHILICKCUPOBAHUEM M TIPOCTPAHCTBEHHO-BPEMEHHBIM
kogupoBaHueM OFDM —MIMO.............o 0000, 28D
5. OIITUMM3AILA METO/I0OB IIOMEXOYCTOMYNUBOI'O KOJJMPOBAHU
JJIA TEJIEKOMMYHUKAILIMOHHBIX CUCTEM (BAJAHUE HA

CAMOCTOSTEJIBHYIO PABOTY)...cooiiiiiiiiiiiiiii e 318
SAKIIFOUEHHYE.... ...t 347
JIATEPATYPA . ettt ne e 348



BBEJIEHUE

B 3aBucuMocTH OT Ha3HA4€HUS U YCIOBHM (YHKIMOHMPOBAHUS CHUCTEMBI PAHOCBS3U €€
3¢ GEKTUBHOCTh OLIEHUBAETCS HA OCHOBAHUU TEX WJIM UHBIX ITOKa3aTelneil (KpuTepueB), OCHOBHBIMU
U3 KOTOpBIX SBISIOTCS DHEPreTHMUECKUH U CHEKTpajbHbIH. COOTBETCTBEHHO, BaKHEHIIMMMU
XapaKTepUCTHKAMU JIO00M CHUCTEMBI PAJAMOCBS3U SIBISIFOTCA SHEPreTHYecKass M CIEKTpasibHas
3(pGEKTUBHOCTb, XapaKTEPU3YIOLIUE, COOTBETCTBEHHO, HHEPreTUUECKUE 3aTpaThl U  I0JIOCY
3aHUMAaeMbIX 4aCTOT, HEOOXOUMBbIE [yl Iepeaayr COOOIEHU.

K coxanenuto, 0HOBPEMEHHOE JOCTH)KEHUE IpENEIbHBbIX 3HAYEHMH 3TUX IOKa3aTenei
3¢ HEKTUBHOCTH OKa3bIBACTCS HEBO3MOXKHBIM, TaK YTO B Ka)KJJOM KOHKPETHOM CIIydae IMOCTPOSHUS
CHCTEMBbl PaJUOCBA3M INPUXOAUTCS PYKOBOACTBOBATbCS KOMIIPOMHUCHBIMH COOOpPaXKEHUSMHU IpU
ONTHUMH3ALMH XaPAKTEPUCTUK U PSKUMOB (DYHKIIMOHUPOBaHHUs cuctemsl [1-4].

O¢ddexkTrBHBIE METOABI MOAYISAIUU W TIOMEXOYCTOWYMBOTO KOJUPOBAHHUS BCE MIMPE
HCIOJIb3YIOTCSL B COBPEMEHHBIX UPPOBbIX TenekommyHukanMoHHbIX cucrtemax (TKC). Ilepexon B
TKC k ancamOisiM MHOIONO3UIMOHHBIX CUTHAJIOB YBEJIWYMBAET MH(MOPMALMOHHYIO CKOPOCTh U
obecrieynBaeT mnepejnady OoJibIIMX MNOTOKOB HHpopmauuu. CoBpeMeHHas »3jieMeHTHas O0asza
no3BosisieT npuMeHATh B TKC 10cTaTOYHO CII0KHBIE METO/IbI IOMEXOYCTOMYMBOTO KOAUPOBAHUS U
o0ecrieunBaTh TEM CaMbIM BBICOKYIO BEPHOCTH mepeaadn mH(popmanuu. VcciaenoBaHnio METOIOB
monynsiuu U kogupoBaHus B TKC mocBsiieHa oOmupHas JIuTepaTypa, OTpaxkaromas Kak
JOCTHKEHHUS TEOPUH, TaK M BOMPOCHI €€ MPAKTHYSCKUX MpriiokeHni [1-18].

Kak wu3BecTHO, Teopus CUTHAJIOB U TEOpHUsl KOAMPOBAHHS [UIMTEIHHOE BPEMs pa3BHBAIINCH
He3aBUCHMO. B mocnenHue roapl 3HAYUTEIBHO BO3POC HMHTEPEC K HOBOMY MEPCIEKTUBHOMY
HalpaBJIEHUIO, BO3HUKIIEMY Ha CTBIKE 3THX HayK. B pa0oTax OTEUeCTBEHHBIX M 3apyOexkHBIX
aBTOPOB MHTEHCHUBHO Hccienytorcs BosMokHOCTH TKC, B KOTOpbIX i mepenadyn WHGoOpMauu
UCTIOJIB3YIOTCSl aHCaMOJIM MHOTOIMO3MIIMOHHBIX CHUTHAJIOB B COYETAaHMM C MOMEXOYCTOMYMBBIMU
KOJaMM, MpUYeM, MPOLEeAypbl  MOAYISIUU/KOAUPOBAHUS  (IE€MOIYISLNN/IEKOAUPOBAHMS)
OCYILECTBIISIIOTCS  coémecmHo. 1lpu palMOHAIBHOM TIIOCTPOCHUU TaKHUE CUZHAIbHO-KOOO06ble
xoncmpykyuu (CKK) couerator B cebe MOJOXUTENbHbIE KauyecTBa KAaK MHOTOMO3UIIMOHHBIX
aHcaMOJlell CHTHAJIOB, TaK M TOMEXOYCTOHYMBBIX KOJOB, JOMYCKAIOT JOCTaTOYHO IPOCTHIE U
peayiu3yeMble Ha NpaKTHKE aJlrOpUTMbl AEKOIUPOBaHHA M mpu wucnonb3oBanuu ux B TKC
MO3BOJIAIOT CYIIECTBEHHO MPOABUHYTHCS K TEOpETUUYECKUM mpenenaM dddextuBHocTH. Bonmpocs!
CHHTE3a TaKUX CUCTEM MOJYJISIIIMU/KOAUPOBAHUS, aHAIN3A UX CTPYKTYPBI, IOMEXOYCTOHYUBOCTH U
3¢ (EKTUBHOCTH, JEMOAYJISALUN/IEKOAUPOBAHUS COCTABJSIIOT OCHOBHOE COJEp)KaHHE HOBOTO

MEPCICKTUBHOI'O HAITPABJICHUA B TCOPHUU CBA3U - meopuu CUZHAIbHO-KOOO0BBIX Koucmpykum?.



Onun nyTth Gasupyercs Ha BBerAeHHOM A.l. 3ioko [1, 2] moustuu 3pHEeKTUBHOCTH CHCTEM
CBs3U. AHanmu3 W CpaBHEHHE AI(PPEKTUBHOCTH CHUCTEM C MHOTOMO3HUIIMOHHBIMH CUTHAJIAMH U
CUCTEM C KOPPEKTUPYIOIIUMU KOJaMU NPUBOAUT B uHpopmayuonnoii meopuu CKK x unee ux
KOMOUHayuu 6 eOUHOl CUSHANbHO-KOO080U KOHCmpyKkyuu. TakoW MyTh SIBISETCS HATJISIHBIM,
yOemUTENbHBIM U HW3JaraeTcsi 0€3 CTPOruX MaTEeMaTHYECKHUX BBIKIAZOK. JTOT MyTh MOXET OBITh
UCTIOJIb30BaH JIJIs MOMYJIIPHOTO U3J10keHus ocHoBanuii Teopun CKK [1-4].

Cratuctuueckas TEOpHsl CBSA3M HpearacT OOJbIIOE KOJIMYECTBO BAapHAHTOB IOCTPOCHUS
TEJIEeKOMMYHUKAIIMOHHBIX cHcTeM. Kak u3 3TOoro MHOXKecTBa BBIOpaTh BapuaHT, Hauboee
1eecoo0pa3Hblii B 3aAaHHBIX ycioBusix? Ilo KakuM KpUTEpUsSM CIEAyeT MPOU3BOAHWTH ITOT
BbIOOp? Hackonbko ompaBgaHO TPUMEHEHHE TEX WM UWHBIX HOBBIX CHCTEM U Kak
COBEpIICHCTBOBATh CYIIECTBYIOIIKUE cucTembl? [lpuHIMIUanbHOE pElIeHHEe 3TUX BOIPOCOB B
KOHEYHOM UTOT'€ CBOIAUTCS K ONMUMUZAYUL CUCTEM C853U NO Kpumepuam d¢hghekmugnocmu.

Tunoas cTpykTypa OJIHOKaHAJIbHOM CHUCTEMBI Nepenauu AuckpeTHoi nHpopmauuu (CITIIN)
npuBeseHa Ha puc. 1.1. McTounuk BelpabaThIBaeT COOOIIEHUS, KOTOPbIE HEOOXOAUMO ME€PENaBATh
no kanainy CIIAM. DTo MOryTr OBITh MOCIENOBATEIBHOCTH OUCKpemHblX COOOLICHHUH (JaHHBIE,
TenerpadHbie COOOILIEHUS U T.1.) THO0 HenpepviéHble COOOIEHUS (PeUb, TEIEBUICHUE, PE3YIIbTATHI
TEJeU3MEPEHUN U JIp.), IPpeoOpa3oBaHHBIC B yUDPO8YIO opmy.

PeanpHbIe COOOIIEHUS COMEPKAT U3DLIMOYHOCMb W JJI COTIACOBAHUS MCTOYHUKA C KaHAIOM
nepenayr MHGOpPMAIMK UCTIONB3YIOT Kodep ucmounuka. COBMECTHO C dekoOoepom OHU 00pa3yloT
KoOek ucmounuxa. MeTopl KOJMPOBaHKs UCTOYHHMKA M3JIOKEHBI B pabdotax [2, 3, 7, 9-11, 13-16,
181].

Ocnognble TpeboBanus k CITIU hbopmynupyroTcst J0CTaTOYHO MPOCTO:

1.  eepnocmo,

2. CcKopocmb,

3. ceoeepemeHHOCHb 00CMABKU UHOPpMAYUU OM OMNPAGUMeENs K NOyYamenio.

B cucremax 6e3 MomMexOoyCTOHYHMBOTO KOIAMPOBAHUS BEPHOCTH U CKOPOCTh 3aBHCAT OT BHJIA
WCIOJIb3YEMBIX  CHUTHAJIOB-TICPEHOCYUKOB. [IpUMEHEHHE IMMOMEXOYCTOHYHMBOTO  KOJWPOBAHUS
MO3BOJISIET TIOBBICUTH BEPHOCThH Mepefayu, HO 3a cUeT CHIKeHUs ckopoctu. C Apyroil CTOpOHBI,
BEIOOPOM CHTHAJIOB MOKHO JOOWTHCS TOBBIIMICHUS CKOPOCTH Tiepenadyd WHGOpMaIuu, HO,
3agacTyro, B ymep0 BepHOCTH Tepenaun. OJHAKO, CIIEAyeT YYHUTHIBATh, 4YTO IPUMCHCHHE
KOPPEKTHPYIOIMIUX KOJIOB BHOCHUT 33JICP’KKY B Iepenady MUGPOBBIX JAHHBIX, YTO YXYANIACT TaKOH
MOKa3arenb, Kak CBOEBPEMEHHOCTh MOCTaBKM HH(popmammu. B KaXa0M KOHKPETHOM cllydae
tenekoMMmyHUKaMoHHBIX cucteM (TKC) wmoryr ObITh chopmynrpoBaHbl KOJTHUYECTBEHHBIC

BbIpaXXEHUSI 3TUX TpeOoBaHui. OTO 3aBUcHUT oT HaszHaueHus TKC u Bujga mnepenaBaeMoro



coobmieHusi. B o0miem ciiydae mokasaTtenud BEpHOCTH, CKOPOCTH M CBOCBPEMEHHOCTH Tepenadd
nH(OPMAIIUY HAXOASITCS B MPOTUBOPEUUBBIX COOTHOIICHUSX.

KpoMe oTMeUYeHHBIX BBIIIE, CIEAYET YIOMSHYTh O OONOJIHUMENbHbIX MpPebo8anUsX, KOTOPhIC
OTPEIEIAI0T MPUMEHEHHUE TOTO WJIM HHOTO METO/Ia Tiepeiadyu HH(OopMaIuu:

Cnexmpansnaa 3¢ppexkmusnocms. CoBpemennbie TKC paboraroT B yCIOBUSAX JePUITUTA
9aCTOTHOTO CIIEKTPa, OTBOJUMOTO IS Tiepeaayn HHPOopMaIi. ITO U 00YCIOBIMBAET BAKHOCTh
METOZ0B (POPMUPOBAHUS KOMNAKMHBIX CNEKMPO8 CUCHAN08, TIEPEAABAEMbIX IO JIMHHUSAM CBS3U C
OTPaHUYECHHOM MOJIOCOM YacTOT.

Cnoscnocmoy peanuzayuu mMemooos MoOyIAyuu-Koouposanusn. Teopus uHbopmanuu
YKa3bIBA€T MYTh IMOBBIIICHUS MOMEXOYCTOWYMBOCTU - HCIIOJIb30BAHUE JUIS TEPEHAYU ONUHHBIX
nocie008amenbHOCmell CUSHAN08 U KO0O06, Ui W3BJICUCHHs WHGOpPMAIMU W3 KOTOPHIX Ha
MPUEMHON CTOPOHE MPHUXOIUTCSA IMPUMEHSATHh JIOCTATOYHO CIIOKHBIC aJTOPUTMBI 00pabOTKH.
[ToaTomy KoncmpykmusHas meopust KOOUpoaHus HaNpaBjIeHa Ha TTIOUCK KOPPEKTUPYIOIIUX KOJIOB,

JIONYCKAIOIIUX peanuzyembie aneopummol 0ekoouposanus [4].
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Puc. 1.1. Crpykrypnas cxema CIIJIU1
Cornacno u3BectHbix TeopeM K. IlleHHOHA, B MPUHIIUIE 803MOMCHO CKOJNb Y200HO OONbULOE

noevluiteHue 6eprocmu nepe@aqu qubopMauuu, €CJIN CKOPOCTh nepeaavu Mo KaHally RKaH HC

TPEBBIMIACT TPOIYCKHOIT crocobHocTr Kanana Cj.. JloCTHraeTcst 9T0 MPUMEHEHHEM J0CTATOYHO

JUIMHHBIX ~ Koppexmupytowux koooe (KK). C »stoit nenpto B crpykrypy KK BBOguTCA

U3OLIMOYHOCTb.



Kooex KK (kooep u oexooep kanana) nokaszan Ha puc. 1.1. B peanbHbIX ycIOBHAX JUTMHA KOJA
OTpaHUYEHA JIONMYCTUMOW  CJOXKHOCTBIO  YCTPOMCTB  KOIUPOBaHHMS M, TPEKIE  BCETO,
JICKOANPOBAHUSA, MOITOMY 3((EKT OT NPUMEHEHHS KOPPEKTHPYIOIIMX KOJIOB 3aBUCHUT OT
HapaMeTpoB KOJia ¥ OTPaHMYCHUI Ha peai3alrio KoJeKa KaHaa.

CoBpeMeHHass TEOpHsl TMpeAaraeT MUPOKUH HAOOp KOPPEKTUPYIOIIMX KOJOB, PA3IHMYHBIX 110
CTPYKTYpe€, MPUHIIUIIAM ITOCTPOSHUS U KOppeKTupyromei cnocoonoctu. Kooem CKK BKIIOYaeT B
ce0s coueTaHue KoIeKa/MOAYIATOPa 1, COOTBETCTBEHHO, AEMOYIIATOpa/ IeKoiepa.

B o0mem cinydae pe3ynbTaT pabOThl CHCTEMBI CBS3H ONPEEISACTCS KOJMYECTBOM U Ka4eCTBOM
nepeaaBaeMoii nHpopmanuu. KonndecTBo OIEHMBAETCS CKOPOCTBHIO Mepefadyd MHPOPMALHH 10
kaHany (6ut/c), a kadecTBO - BenuuuHOW omubOku. CormacHo Teopemam K. IllenHoHa, ommoOka
P COOTBETCTBYIOLIIEM BBIOOpE MeToja mepenadd (MOAYISILMH/KOAUPOBAHUS) MOXKET OBITh
clleliaHa TIPOM3BOJIBHO Maliod. B To ke Bpems, CKOpPOCTh Iepefayd HE MOXET OBITh BBIIIE
HEKOTOPOTO MH(OPMAIIMOHHOTO pecypca, Ha3bIBAEMOT0 nponyckHol cnocoonocmoio kanana C.

B pabore A.I'. 310k0 [2] ObUTO MPEIIOKEHO CUUTATh OJHUM W3 TOKaszarened 3¢ddexruBHOCTH
CHCTeMBI ~ BeNMYMHy cpenmeii  ckopoctd Ry,  mpm  koMecto juis popMysibl.TOpoi
obecrieunBaeTcs 3ajaHHasi BEPHOCTH nepeaaun nHdopmaiuu. [Ipi 3ToM MOryT OBITH ONpe/eIeHbI
CIIeTYIOIUE noKa3amenu 3h@PekmusHocmu:

- Hugopmayuonnaa 3¢pgpexkmuenocmys cucmemvl, onpedenaouias CcmeneHs

UCNnOJIb306AHUA nponycrmoﬁ CHOCOOHOCMU KAHAIA OMHOCUMETbHOU GCIUYUHOU

RKaH
= _RdH 11

B PCATBHBIX YCIOBHAX IMOKA3aTCIIb 77 BCerga MCHbIIC CANHUIIBI. Yem Omrxe 77 K €AUHHUIIC,

TEM COBCPHICHHEC CHUCTCMa IICpCaaquun I/IH(I)OpMaI_II/II/I. Z[OCTI/I)KGHI/IC HCO6XO,Z[I/IMBIX CKOpPOCTH U
BCPHOCTH II€peaavIu COIPOBOKIAACTCA OIMPCACIICHHBIMHA 3aTpaTaMUu APYTHUX BaKHEUIITUX PeCypCOB:

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

nokasatesu 3pPEeKTUBHOCTH HUCIIOIB30BaHUS PECYPCOB CHUCTEMBI, @ HMEHHO:

- Jnepzemuueckan Ihhexmusnocmo

_ Ryan
ﬁ_PC/—NO (1.2)

rac N O - CIICKTpaJIbHAA IIJIOTHOCTh MOIIHOCTH IIIyMa,
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- Yacmommnasn r¢phpekmuenocmeo

KdH
_R 1

rane F - monoca wactor xanana.

1
MokazaTenu 5 ¥ ¥ MMEIOT CMBIC] Y/EIbHBIX CKOPOCTeH, a o6parnbie Bemuunasl [ =1/

u ¥ =1/y  onpenensior yodenvuvie pacxodvi coomeemcmeyowux pecypcoé Ha Iepenady

nH(popMaIuu ¢ eAMHUYHON CKOpocThio (1 OuT/C).

HJ’IH rayCCoOBCKOI'O KaHalla C ITOJIOCOM F , OTHOLLICHUEM MOIITHOCTEH CUTHAJIa 1

P
myma O = —C y nponyckHoi coco6nocteio C = F |Og2(l+ ) 6blna ycTaHOBIEHA

PLM
CBSI3b MEX/Y TIOKa3aTeIsIMHA 3P HEKTUBHOCTH

n= /4

Iog2(1+;,)

I[J'ISI H,HeaHBHOﬁ CHUCTCMBbI (77) OIIpCAcCiICHAa TAKXKE IIPCACIbHAA 3aBUCUMOCTb

ny=pp

-_r . 15
P=f— (19

3aBHCHUMOCTh PHEPTETUIECKON 3(PPEKTUBHOCTH OT YAETHHON CKOPOCTH YIOOHO MPEICTAaBUTH B
BHIe KpUBOH Ha wiockoctu [y (puc. 1.2). Ona oTpaxaer Hawtydmmii ooMeH Mexay [ u ¥ B
HenpepbiBHOM KaHasle (HK-mpenen Illennona). Ilpu sToM dYacTtoTHas »(QQEKTUBHOCTH )

HU3MCHACTCA B MpEAciiax OT 0 J000 TO BpPEMA KaK JHCPreTHUYCCKasd B(I)q)CKTI/IBHOCTL OrpaHnu4cHa

CBEPXY, NOCKOJIBKY

. . 1
= lim 8= lim —/ = ~1443(15905 1.6

AHaJOrM4HbIe Tpe/eNbHbIE KPUBBIE MOTYT OBITh IOCTPOEHBI JUIsl APYTUX TUIOB KaHAJIOB [2]

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



3. B

[Tonocy

OIPEIEIUTh

11

l—ll-d.li ('npe,lﬂ.e_rl LI_I[EHHC)II—[EL)
o — } } }
JAIHK., Ad — 2
——— B T R
-2 ‘_\¥ j l
\ LI, Ad =
- JNC K. AA = N
KL AL — "
6 | I \,_ \
JNCIK, A7 — a4 |—Y \\\
-8
-10

1 1
o &
4 —
——/

Y- b

Puc. 1.2. Kpusble npenenbHol 3 (HEKTUBHOCTH CUCTEM CBSI3H
9acTOT, 3aHUMACMYI0 CHUTHAJIIOM KOHEYHOW JUTMTEILHOCTH HE BCETa MOXKHO

onHo3HayHO. [loaTOMy nanmee ansi aHanmm3a W cpaBHEHUS S((EKTUBHOCTH OyneM

paccMaTpuBaTh CICAYOIYIO MOJCIIb ITPpOLEeCcCa Iepeaadn I/IH(bOpMaI_II/II/I.

[Tonaraem, dYTO Ha WHTEpBAIE | MO KaHAIy MEPENAETCS ONPEIENEHHOE KOJIMYECTBO

nesaucnmbix otcyeroB N (o B. A. Korensuukoy Np =2FT).

Torma D = TT YHUCJIO MepeAaBaeMbIX OTCYETOB B €IMHUILY BPEMEHH.

B sToit Moaenu MOTYT OBITh OIPCACIICHBI CICAYIOMHNEC ITOKA3ATCIIN:

Yoenvnaa ckopocmo nepedauu ungpopmayuu

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

Yoenvnaa ungpopmayuonnasa emxkocms* kanana

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

Yoenvnaa cpeonaa sunepeoua cucnana, 3ampavuseaemas mna nepeoayy 00HO20

omcuema

EN=P;/D
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- Yoenvnasa sgpgpekmuenocme ucnonvzoeanun nponycKHou cnocoOHOCMU Kana

RN
N
- Yoenvnaa snepcemuueckasn Ipgpexkmusenocme (yoenvnaa 3IPpgexkmusnocmo

UCnoab3oeanus Inepeuu cquana)

_ Ry
By _EN—/NO_IB’ (1.10)

- Yoenvnaa ckopocmo nepeoauu ungpopmayuu
VN = RN' (1.11)

[Tepexon K yaenbHBIM TOKa3aTeNsiM 3(PPEKTUBHOCTH O3HAYAET, YTO MPOIEcC (HOPMHUPOBAHHS
CUTHAJIOB PACCMAaTPHBACTCS B OPTOrOHAILHOM Oasuce. [Ipu 3TOM yjebHBIC ITOKa3aTeNn
spdexruBroctu (1.9) u (1.10) Touno coBmagaroT ¢ kaHonuueckumu (1.4), (1.5), HO ynaercs

n30exKaTh HEONPEISIICHHOCTH MPH OLIEHKE MOJIOCHI yacTort [1, 2].

B I'maBe 1 yuebHOro nocoOus paccmMaTpuBaroTcs HU(POBbIE BUIBI MOIYJISLIUN U CUTHAIBHOTO
KOJMPOBaHUs, UX CIEKTpalbHasi M SHEpPreThuyeckas s dextuBHOCTh. [IpuBOASTCS KpaTKue
TEOPETUYECKHE CBEICHUS U MPaKTUUECKas UX peaju3anus Ha 6a3e mporpammHoro obecrneueHus NI
LabVIEW. [lausl pe3yibTaThl UCCIEIOBAHUS BEPOSITHOCTH OMIMOKKA Ha OUT OT OTHOILIEHUS CUTHAI
IIyM B KaHaje i pa3maabix BuoB Moayisiinu FSK, MSK u GMSK, a takke QAM, M-QAM,
PSK, M-PSK, co3Be3musi aii MHOTOIO3UIIMOHHBIX METOJIOB MOJYJISIINU, CIIEKTPHI, TJIA3KOBBIC

auarpamMmsl [11] v oKuTTED.

B T'maBe 2  paccmarpuBaercs MNpoOINyCcKHas CIOCOOHOCTh KaHama cBs3u. KoaumpoBanue
ucrounuka. Teopema K.IlleHHOHa 0 KOAMpPOBaHUM B TUCKPETHOM KaHaie 6e3 nomex. [IpoBoaurcs
UCCIIeIOBaHNE KOAMPOBAHUS MCTOYHMKA AMCKPETHBIX cooOueHuit metonamu lllennona-®dano,
uccienoBanue anroputMoB Jlemmens - 3uBa, dpakTaabHbIE METOABI KOAMPOBAHUS U300paKeHUl,
a TaKKe BeMBIET MpeoOpa3oBaHUs CUTHAIOB M M300pakeHuil ¢ ucnonb3oBanuem 110 MATLAB
[13].

B T'maBe 3 wmccnepyercs NOMEXOYCTOMYMBOE KOJAMPOBAHHWE B TEIEKOMMYHUKAILIMOHHBIX
cucremax. Mccnenyrores xapakrepuctaku kogoB Xemmunra, BUX (boysa-Uoynxypu-XokBeHrema)
u Puga-Conomona Ha 6aze MATLAB. IlpoBeaeHo uccienoBaHue MUKIUIECKOTO HU30BITOYHOTO
koma (Cyclic redundancy check) CRC ¢ ucnonszoBannem 110 MATLAB. PaccMoTpeHbl Kogepsl

CBCPTOYHBIX KOAOB M MCTOAbI UX IACKOAWPOBAHUC, BKIIIOYAsA MCTOM BI/ITep6I/I, HUCCICA0OBAaHbl HX
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xapakTepucTtuku C ucnosnb3oBanuem [10 MATLAB. IToapo6Ho uccnenoBano TypOOKOAUPOBaHUE,
0000ImIeHHas cxemMa TypOoKoJiepa C MapalieIbHBIM KacKaaupoBaHueM. CBEpTOYHBIE TypOOKOIBI.
JlexonupoBanue TypOokonoB.  OLEHEHbl XapaKTEPUCTUKU IMMOMEXOYCTONYMBOCTH CBEPTOUYHBIX
TypOokom0oB. MccnenoBanue TypOOKOAOB TMpoBeAeHO ¢ ucnonb3oBanunem I[10 MATLAB.
PaccMoTpeHbl HU3KOIUIOTHOCTHBIE KOJbI, NaHa kiaccugukamus LDPC-konoB, mokasaHsl METObI
MIOCTPOCHHS MPOBEPOUYHBIX MATPUIl. Peann3oBaHbl alrOpUTMBI JEKOAMPOBAHHS HHU3KOIUIOTHBIX
KOJIOB, TPOBEJCHA OIIEHKA CIIOXHOCTH aJIrOpUTMOB AckoaupoBanus Ha 0aze MATLAB u NI
LabVIEW, wuccaenoBansl kackaaasie koasl Ha 6aze MATLAB Simulink 2015 [1, 3, 8-11, 16].

B I'maBe 4 paccMOTpEHbl CUTHAJIbHO-KOJOBBIE KOHCTPYKLUUU B TEJIEKOMMYHHUKAIIMOHHBIX
cucTeMax, KpuTepun 3PPEeKTUBHOCTH CHCTEM Mepeaayd uHpopMmanuu, HHPOPMALUMOHHAS TEOPHUs
CUTHaJIbHO-KOJIOBBIX KOHCTPYKILMi, cucTeMbl MHOrodactrotHoi OFDM mopynsiuum - mposeaeno
MMUTAIMOHHOE MojenupoBanue B cpene LabVIEW, peanuzoBanbl Tpemanc KogoBas MOIYNSALUS
(TCM) u mpoBeneH ee aHamu3 ¢ wucnonb3zoBaHueM MATLAB, paccMOTpeHbl METOAbI
pocTpaHCcTBeHHO-BpeMeHHoro koaupoBanusi (MIMO) u ounenena ux s¢dextuBHOCTh Ha 6aze NI
LabVIEW [12, 16].

B T'maBe 5 paccMoTpeHbl MOJAEMBI U KOJEKH COBPEMEHHBIX TEeIeKOMMYHHUKAIIMOHHBIX
CHCTEM, HIMUTAIIHOHHOE MOJICTIMPOBAHNE CHCTEMBI MOOMIIbHOM cBsi3u cTanaapToB GSM na 6aze 10
MATLAB, umMuTalnOHHOE MOJIEITMPOBAHUE CHCTEMBI MOOMIIbHOM cBs3u ctannapra CDMA Ha 6aze
I[TI0O MATLAB, uMHTalMOHHOE MOJCIMPOBAHUE CUCTEMBbI MOOWIBHOW CBs3u craHmapra |EEE
802.11 (WiFi) na 6aze MATLAB 2015, uMuTaninoHHOE MOJCIUPOBAHUE CHCTEMbI MOOMIIBHOM
cBs3u crangapra [EEE 802.15.4 ZigBee na 6aze 110 MATLAB, umuTanimoHHOE MOJAEIMPOBAHNE
cucreMbl MoOWIBbHOU cBsizu cranmapra |IEEE 802.15.1 (Bluetooth) ma 6aze 10 MATLAB,
MMUTAIIMOHHOE MOJISTMPOBAHKNE CHCTeMbl MOOMIbHOU cBs3u cTannapta |IEEE 802.16 (WiMAX) Ha
6aze 110 MATLAB [16, 18], uMuTanmoHHOE MOJEIMPOBAHHE CHUCTEMbI MOOWJIBHOW CBS3M
craunapra |[EEE 802.20 LTE na 6a3ze I[10 MATLAB, uMuTanmoHHoe MOJEIUPOBAHUE CHCTEMBI
U(POBOTO HA3EMHOTO TEJICBU3UOHHOTO semanuss DVB-T [16], uMuTannonnoe
MOJICIUPOBAHNE CHUCTEMBbl IU(PPOBOTO CIYTHUKOBOTO TEJIEBM3HMOHHOTO  Bemanus DVB-S u
CHCTEMBI  BBICOKOCKOPOCTHOTO  IMdpoBoro cmyrHukoBoro TB-Bemanus DVB-S2 [16],
MMUTAIIMOHHOE MOJECTUPOBAHUE CHUCTEMBI IU(GPOBOrO KAOETHLHOTO TEICBU3MOHHOTO BEIIAHUS
DVB-C u cucremMbl BBICOKOCKOPOCTHOTO IHdpoBoro kadenpHoro TB-emanus DVB-C2 [16],
MMUTAIIOHHOE MOJICIMPOBAHUE CHUCTEMBI MHU(DPOBOTO MOOWIBHOTO TEJIEBU3MOHHOTO BEIIAHUS

DVB-H u cucteMbl BBICOKOCKOPOCTHOTO IdpoBoro moominsHoro TB-emanus DVB-H2 [16, 19,
20].
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TI'JIABA 1. HU®POBBIE BUJIbI MOAYJAIUU U CUTHAJIBHOI'O KOAUPOBAHMUSA,
HNX CIIEKTPAJIBHASA U DHEPTETUYECKAS D®OEKTUBHOCTD

1.1. Anaiu3 nuppoBbIX METOA0B MOAYJIALMHU

Monayasitop

W3BecTHO [6, 7], 4TO Y3KOIMOJIOCHBIM MOIYJIMPOBAHHBIM CHTHAJ C TMPOU3BOJBHBIM BUAOM
MOJTYJISILIAM MOKHO MIPEJCTaBUTh B BUJE:

s(t) = 1(t) cos(wt) —Q(t) sin(et), (1.12)

rie - Hecymas uactora paaumocurnana, |(t) u Q(t) maseBarorcs cooTBeTcTBEHHO
cungasnoll u K6adpamypHoti COCTABISIOIMIUMU MOAYJIUPYIOLIETO CUTHAA.

Taxum 0Opa3oM, 7151 OCYIIECTBICHUS TPOU3BOIBHOTO BH/1a MOTYJISIIIMKA CUTHANIA
He00X0IUMO

BBITIOJHUTH JBe oneparun: (1) chopmupoBaTh CHH(DA3HYIO U KBaIPATYPHYIO COCTABIISIONINC

MOAYJIUPYIOIIETO CUTHAJA (BU IaHHBIX COCTABIIAIONINX Oy/IET ONpenesiTh BUI MOAYJISAIINN )

¥ ( 2) BeIOIHUTH npeodpazoBanue (1.12).

Bremonnenue onepanuii (1) u (2) BbIoNHSETCA pa3iMdHbIMU OJOKaMH MEPEAAONIEro TPaKTa.
Onepanus (1) ocymectsiusiercss B baseband-npoueccope, a onepanms (2) B kagparypuom (1Q)
MOJYJIATODE.

Baseband-mooyramop dopmupyer muszkouactotnsie (baseband) curmaner |(t) n Q(t) wus
3aKOAMPOBAHHOTO MH(GOPMAIIMOHHOTO CUTHAJA (ITOCIeI0BATEILHOCTH HYJIEH U eIMHMUIT). 3aKOH, 110

KOTOPOMY BBIIIOJIHACTCA TAHHOC npeo6pa30BaHHe, OMPEACIICT BUA MOAYJIALIMKA CUT'HAJIA.

I(t)

cos(wot + @)

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

QM)

leHepaTop
Hecywen

Puc. 1.3. 1Q-mMomynsiTop

s IQ-MonynaTopa BXOJHBIMU CUTHAJIAMH SIBJISIFOTCS
i, (O = 1(1); Qin (0 =Q(1) .
In In
CdopmupoBannsie baseband-mpouieccopoM M3 HCXOTHOTO HH(POPMALMOHHOTO CHUTHalIa M

OMnmpeacIArmurue BUI U CBOMCTBaA MOAOYJIUPOBAHHOTO CHUTHAJIA. Ha MOAYJIATOP TAKXKE IMOCTYIacT
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HEMOJIYJIMPOBAHHOE Hecylllee KosiebaHue BHIA COS(a)t). Ha BeIxozme monynsaropa oOpasyercs
curnan (1.12) mocpencrBom ymuoxenus curnana | (t) wa memomynmposamnoe Hecymee
xonebanne, Q(t)ma memomynuposanHoe Hecymee konebGanue, caBuHyToe no (ase Ha 90°, u

MOCJIEYIOIET0 CYMMHUPOBAHUSI.

Bungno, uro crpykrypa IQ-momynstopa sBiIseTCS HWHBapUAaHTHOM OTHOCHTENBHO BHJIA
Moaynauuu. TakuM 00pa3oM, OCYILECTBICHHE TOTO WJIM MHOTO BHJA MOIYJSLUU OMpeeseTcs
porpamMMoii, BhINMOJIHsAEMON baseband-mpoueccopoM, a HMEHHO AITOPUTMOM (OPMHUPOBAHHUS
KBaJpaTypHBIX COCTABIIAIOLINX W3 3aKOJAWPOBAHHOTO MH(GOPMAIMOHHOTO cUTHada. 1Q-momymnsarop
paboTaeT Ha BBICOKOW (Hecyllel) 4acToTe W, KaK MPaBUIIO, SBIISETCS aHAJOTOBBIM YCTPONCTBOM.
Takum 06pazoM, CTPYKTYpHO MEpENAIOLINil TPAKT MOKHO pa3fesiuTh Ha MU(PPOBYIO U aHAJOTOBYIO
JacT, pa3jelieHHbie udpo-ananorossiM npeodpazosarenem (LIAIL), popmupyronmm aHaTOTOBBIMA
CHTHAJI U3 TIOCJIEJIOBATEIFHOCTH IMTOCTYAIOIIUX HA HETO OTCYETOB.

Bo3moxxHa Takke M WHas peanusainus, korna [Q-MoaynaTrop BBINONHEH B LHU(DPOBOM BUAE U
npeoOpazoBanue (1.12) ocymectBusiercs baseband-mpouieccopom. B sTom ciaydae Ha BBIXOHE
baseband-nporeccopa dpopmupyercst curnain S(t) Ha TIPOMEKYTOYHON YACTOTE, CYIIECTBEHHO OoJjice
HU3KOH, yeM Hecymiasi. [lanHbli curnan npeoOpasyercs B aHaJoroBblii ¢ momonisio LIAIT u 3atem
€ro CIIEKTP MEPEHOCUTCS Ha HECYIIYIO YAaCTOTY C MIOMOIIBI0 CMECUTEIIS.

Hudposbie BuAbI MOAYIsiIMH [7]

[{udpoBble BUABI MOIYIALNU (4acTo HU(POBast MOAYIISAIMS HA3bIBACTCA MAHUTTYIISIIUEH ), KaK U
aHAJIOTOBBIE, MOTYT OBITh aMIUTUTYAHBIMH, ()a30BBIMH, YACTOTHBIMH HJIM KOMOMHHPOBaHHBIMH
(Hampumep,  aMIUIUTYyAHO-(a30BbIMHM), B 3aBUCUMOCTH OT TOr0, Kakoll H3 MapaMeTpoB

nemonynupoBanHoro  mHecymero konebamus  S(t) = A(t)cos(wt) + p(t) wusmensercs B

COOTBETCTBUH C HW3MEHEHHWEM WH(OOPMAIMOHHOTO CcHTrHaia. Tak Kak 3HauYeHus UU(poBOro
MH(OPMAIIMOHHOTO CUTHAJa SBISAIOTCA AUCKpeTHbIMH (Hampumep, {0,1}), TUCKpPETHBIM SBISETCS
Tak)ke ¥ BO3MOXKHBIM HA0Op 3HAUEHUN KaXKJI0ro W3 mnapamerpoB. OqHAKO ecnu MH(POPMAIMOHHBIHN
CUTHAJI TPOXOIUT uepe3 baseband-GuiabTp mJiss OorpaHUYEHUS CIIEKTPa, €ro 3HAYCHUS YXKE HE
SIBJISIFOTCS IUCKPETHBIMU, TTIOATOMY PEAIbHO MEPEX0/1 OT OJHOTO AUCKPETHOIO 3HAYEHUS IMapaMeTpa
KoseOaHus (HampuMmep, U3MEHEHHE aMILUTUTYAbI WK (a3bl) MPOUCXOIUT TIIaJIKO U HETPEPHIBHO.

Ammuaryaabie Buabl moayiasiuu (OOK, ASK, M-ASK)

HauGornee mpocTbIM BHIOM MaHUMIYJISIUU CHUTHAJIA SBJSICTCS aMIUTHTYIHAS MaHUITYIISIINS.
MoaynupOoBaHHBIA CUTHAI UMEET BUA:

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

rae C(t) - undopmammonnsiit mudposoit curnan, A, B u ¢q - nocrosuuse, B > 0 , o -
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Hecymas yactora. IlycTs muoxkectBo Bosmoxkubix 3Hauenuit C(t) {0,1}, B=0. B stom cnyuae
MoxynaupoBaHHBI curHan umeer BHI S(t) = Ac(t) cos(at + ¢,), ero amIumMTyna IpUHEMAeT

3HaueHre (0 MPH HyJICBOM 3HAYECHHH WH(POPMAIIMOHHOTO CHUTHaIAa U A Tpu enuHu4IHOM (puc.l.2).
Takoit Tun Manumyssiuu HaszeiBaeTcss OOK (On-Off Keying, BxiroueHo-BrikimroueHo) U gacTo

HCIIOJIB3YCTCA B CUCTCMAX CUTHAJIU3allM U OXPAaHHBIX CUCTEMAX.

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

Puc. 1.4. Monymsmust OOK: a - uHpOpMaIiioHHOE cOO0IeHHE; O - MOAYIHPYIOMIHNA TU(HPOBOH
CUTHAJI;, B - MOAYJUPOBAHHBIN paIuOCUTHAI

I[OHYCTI/IM TCIICPb B :l. B sTom cJIydac aMIUIMTyAa MOAYJIUPOBAHHOI'O CUI'HaJla IPUHUMACT

3HaYeHue A TIPU HYJIEBOM 3HaY€HMH MH(OPMALMOHHOTO curHana M 2A npu enuuudnom. Bun
monynsuuu, giaa  kotoporo B >0, mocur maspanme ASK (Amplitude Shift Keying -

ammnTyHas Marunyssinus). OOK seiserca yactabiv caydaem ASK npu B=0. Cymecrsyer nsa

OCHOBHBIX KpPHUTEpHs CpaBHEHHUS 3()(PEKTHBHOCTH pPa3IMUHBIX BHJOB MOIYJSIHMH. DTO Kpumepuu
cnekmpanvHou U - IHepeemuyeckou  dgpgpexmusnocmu.  CrekrpanbHas — 3PPEKTUBHOCTH
XapaKTepu3yeT MOJIOCY YacTOT, HEOOXOAUMYIO JUIS Mepeaud  MHQOpPMAalui € ONpeesIeHHON
CKOpOCTBI0. DHepreTndeckas 3(p(eKTUBHOCTh OMUCHIBAET MOIIHOCTh, HEOOXOIUMYIO ISl Iepeaadn
nH(pOpMaLlUK C 3a/JIaHHOM JTOCTOBEPHOCTBHIO (BEPOSTHOCTHIO OMIMOKM). M3BECTHO, YTO CIEKTp
MOJTyJTUPOBAHHOTO CUTHAJIA HA PAJMOYACTOTE C TOYHOCTHIO JIO MTOCTOSTHHOTO MHOXKUTEIISI COBITAAeT
co crekTpoM Moayinupytomero (baseband) curnama, ogHako, LEHTpP CIEKTpa paaMOCHTHAlIA
pasMellleH Ha Hecylledl uyacToTe, a He Ha HyjneBoM. IlosTomMy, Kak mpaBWIIO, aHATU3UPYIOTCS
CIEKTpaJIbHbIE TUIOTHOCTH MOJYJIMPYIOUIMX CUTHAJIOB, LIEHTPUPOBAHHBIE OTHOCUTEIBHO HYIJIEBOM
yacToThl. CrekTpanbHble MIOTHOCTH MourHoctd ASK curHamoB uist paznuyHbX baseband-
¢buneTpoB mpuBeAcHBl Ha puc.l.4. Ha puc.l1.4 mokazansl COOTBETCTBYIONMIUE (POPMBI UMITYJIHCOB
MOJYJIHPYIOIIETO CUTHAla Iocjie MpoxoxiaeHus baseband-¢unbrpa. U3 cpaBHenus puc.1.4 u
puc.l.5 BuaHO, uto Oonee THankas (GopMa HMMITyJIbca MOAYIHUPYIOLIETO CUTHANA TMPHBOIAUT K
pacIIMpeHnio TJABHOTO JIETIECTKA CHEKTPAIbHOW TUIOTHOCTH MOITHOCTH MOIYJIMPOBAHHOTO

CUTHaJIa 1 6oJiee OBICTPOMY YMEHBIIEHUIO aMIUIUTYABI OOKOBBIX JIETIECTKOB.
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Puc. 1.5. CnekrpanbHas na0THOCTb MOIIHOCTH ASK-curnana. @opma umimynbca
MOJYJIMPYIOLIEro curuaia: 1 - npsAMoyrosibHas, 2 - KOCUHYCOUaabHasl, 3 - IPUIOJHSATHIN KOCHUHYC.
MHOKecTBO BO3MOKHBIX 3Hadenmit kpafparypubix kommoneHT |(t) m Q(t) maseBaercsa
cucHanonviM  coseezouem. Kak TNpaBuilo, JaHHOE MHOXECTBO OTOOpakalOT Ha JIeKapTOBOU
IJIOCKOCTH, TJIe 1O OCH abCIHCC OTJIOKEHb 3HaueHus cundasunoii coctasnsromeit 1(t), a mo ocu
opaunar - ksagparypuoit Q(t). Touka ma mmockocTd ¢ KoopauHaTamu (X,y) COOTBETCTBYET
COCTOSIHUIO CHTHaJIa, B KOTOpPOM CHH(a3Hasi COCTABIAIOLIAs paBHA X, KBaJpaTypHas paBHa Y.

Takum O6p330M, CUTHAJIBHOC CO3BE3JUC - OJTO AUarpaMma BO3MOXKHBIX COCTOSIHUM CHTHAalIa.

Hcnonp3ys oOmuii BUJI MOIYJIMPOBAHHOIO pPAJMOCHTHANA, MOYKHO I0Ka3aTh, 4YTO aMIUIUTYJa

MOAYJIMPOBAHHOTO paIMOCUTHAIA B TCKYIIEM COCTOSAHUU PaBHA

At) =+/12() +Q2(1),

a ¢aza paBHa yriay BEKTOpa, ykaszbiBaromniero B Touky (I,Q), orcunThiBaeMOro ot ocu adcumce

Just mogymsmuit OOK m ASK curHanbpHOE co3Be3zue n3o0paxkeHo Ha pucyHke 1.6.

/\Q /\Q

0 | 0 |
a) & ° > 6) o o—>
A ] A, AT

Puc. 1.6. Bunbsr Mogysiniun: a - curaanbHoe co3e3aue Moy OOK, 6 - curHamsHOe

co3Be3ane moayssnuu ASK

17
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MHorono3uuoHHasi aMIuInTyaHast moayasinus (M-ASK)

I[Ipu wmopynsmuun ASK  MHOXKECTBO BO3MOXXHBIX 3HAYEHUW AaMIUIUTYAbl paJuOCHUTHaja
OrpaHWYMBaeTCs JByMsl 3HaueHusmu (0e3 ydera criaxuBaHusi  baseband-duibTpom).
CrnektpanbHass 3(QQGEKTUBHOCTH MOXET OBbITh CYHIECTBEHHO IIOBBIINIEHA, €CJIM HCHOJIb30BaTh
OosblIee KOJIMYECTBO 3HAYCHUN aMILTUTY/AbI paJIMOCUTHAIA.

Crpynmupyem OUTBI HCXOAHOTO MH(OPMAIIMOHHOTO cooOmeHus B mapsl. Kaxaas Takas mapa
Ha3bIBaeTCsl CMMBOJIOM. Ecii KaKapiii OMT mMeeT MHOXKeCTBO 3HaueHui {0,1}, TO KaXKblii CUMBOIT
MMEEeT 4YeThIpe BO3MOXHBIX 3HaueHus u3 MHOxectBa {00, 01, 10, 11}. ComocTtaBuM KakJioMy U3
BO3MOJKHBIX 3HAYCHHWH CHMBOJIa 3HAUCHHE aMIUTUTYAbI pajuocurraiga u3 MHoxectsa {0, A, 2A,
3A}. AHanoruuHeIM 00pa30M MOXHO TPYIIIUPOBATH TPOMKH, YETBEPKHU U OOJIbIIIEE KOJHMUECTBO OUT
B oaHoM cuMBoisie. [lomyuntcs MHOTOypoBHEBBIM (MHOromo3uiuonnslii) curnan M-ASK c
Pa3MEpPHOCTHI0 MHOXKECTBA BO3MOXKHBIX 3HAUCHHMH aMIUTUTYabl curHada M = log; k, rae K - uucio
OWUT B OJJTHOM CHMBOJIC.

Hanpumep, curnan ¢ monymsmueit 256-ASK umeer 256 BO3MOXKHBIX 3HAYEHUW aMIUTATYbI
curHasia u 8§ OUT B OJTHOM CHMBOJIE.

Ha pucynke 1.7 nzo0pakeHa crieKTpajibHas IJI0THOCTh MOIIIHOCTH BOCBMUYPOBHEBOTO CUTHaja
8-ASK wu cnektpanpHas IOTHOCTh curHama ASK ¢ mMiynbscamMu mpsSsMoyroiabHOW (opmbl (0e3
baseband-¢unbTparmu). MHOTOMO3UIIMOHHBIA CUTHAJT HMEET MEHBIIYI0 IIUPUHY TJIABHOTO
JernecTka (3aHMMaeT MEHBIIYIO MOJIOCY YacTOT) U Oojiee HU3KUI YPOBEHb OOKOBBIX JICTIECTKOB, T. €.

UMECT 6OJ'ILH_IYIO CIICKTPAJIbLHYIO B(b(l)eKTI/IBHOCTB MO0 CPABHCHUTIO C IBYXYPOBHCBBIM CUTHAJIOM.

|
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Puc. 1.7. CpaBHeHI/IC CIICKTPAJIbHBIX IUIOTHOCTEM MOIIHOCTH JABYXYPOBHCBOI'O 1

BOCBMHUYpPOBHEBOTO AM-curHanoB: 1 - curaan ASK, 2 — curnan 8-ASK

AMIUTMTYAHBIC BHJIBI MOIYJSIITUM UMEIOT HEBBICOKYIO SHEPTeTHUECKYI0 3(P(EeKTHBHOCTH (TaK
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KaK CpEeIHUN ypPOBEHb MOIIHOCTH CYIIECTBEHHO MEHBIIE MaKCHMAIbHOTO), TPEOYIOT BBICOKOU
JUHEUHOCTH H OOJIBIIOTO JIWUHAMHYECKOTO JiMara3oHa ycwiurtens MomHocTd. Ommnbka B
aMIUTUTY/Ie CHTHAJIa W3-3a HEJIMHEHHOCTH YCHJIMTENS MPUBENET HEMOCPEJICTBEHHO K CHMBOJIBHOM
omuoOKe, T. K. 3HaYEHNE CHMBOJIA OTPENICAETCS aMIUIUTYA0W curHaia. OTHOIICHHE MaKCHMaIbHOM
aAMIUTATYZIBI CUTHAala K MUHUMAIBHON JOCTAaTOYHO BBICOKO W TPEOyeT YCHIUTENS C OOJBIIUM
JUHAMUYECKUM JMaNa3oHOM. BiusHuE aaJuTUBHOrO IIyMa WM IOMEXH HEMOCPEACTBEHHO
M3MEHSET aMIUTUTYy CHUTHaa, MO3TOMY aMIUIMTYIHBIC BUIbI MOJYJISIIIUM HE 00JaJaf0T BBICOKOM
MMOMEX0YCTOMYMBOCThIO. OTHAKO OHU JOCTATOYHO MPOCTHI B peanu3arui. CUTHAIBLHOE CO3BE3/IHE

st 8-ASK npuBeneHo Ha pucyHok 1.8.

20

000 001 O11 010 110 111 101 100

*—0—0—0—0—0—0—0—>
Ay A, Ay A, As Ag A; Ay ]

Puc. 1.8. CurnanbHoe co3Be3aue momymsuu 8-ASK
dazosbie BuabI moaysinnu (BPSK, QPSK, M-PSK, QAM)

PazoMOAyIUPOBAHHBIA CUTHAT UMEET BUJL:

s(t) = Acos(wt +@(t) + @), (1.13)

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

Undopmanus koaupyetcs hasoit (7). Tak Kak Ipu KOTepeHTHOH JeMOIYNAINN B IPHEMHUKE
umeercs Bocctanosennas Hecymas Sc(f) = A cos(ot + @g), To myTem cpaBHeHHs curHaia c
HeCyIIel BhIYHCIAeTCs TeKyumii caBur ¢assl ¢(1) . Usmenenne hasbl ¢(7) B3aMMHOOIHO3HAUHO

cBsa3aHo ¢ nadopmanuonnsM curaagom C(t).

QPSK  (Quadrature Phase Shift Keying) - Ksaaparypuas ¢a3oBas MOIyJISAIUS
(ueTpipéxypoBHeBas (azoBas Moaynsanus). B manHoi (a30BOil MOAYISIIMHA UCTIONB3YIOTCS YETHIPE
3HaueHus ¢asbl Hecyliero konedanus. B aTom ciydae (aza curHaia JoHKHA MPUHUMATH YETHIPE
sHavenms: 0°, 90°, 180° u 270°. OgHako yare WUCMONB3YIOTCs Apyrue 3HaueHus ¢das: 45°, 135°,

225° u 315° ¢ marom, KpatHbiM 7t / 2.
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CooTHolIeHne MEXIy CIBUTOM (ha3bl MOAYIMPOBAHHOTO KOJEOaHUS M3 MHOXECTBa {*m/4,
+3m/4} W MHOXECTBOM CHUMBOJIOB (quOMTOB) 1MdpoBoro coodmenus {00, 01, 10, 11}
YCTAHAaBJIMBAETCSI B Ka)X[JOM KOHKPETHOM Cllydae CTaHJIapTOM Ha paJuoKaHal M oToOpakaercs
CUTHQJIBHBIM co3Be3aueM. CHTHaJbHOE CO3BE3AME€ — O3TO NPEACTaBICHHE MaHMITYJIUPOBAHHBIX
PaaOCUTHATIOB Ha KOMIUIEKCHOM MJIOCKOCTH.

MoaynupOBaHHBIM CUTHAJI MOXHO MPEICTAaBUTh KaK BEKTOp Ha rpaduke B MOJSPHON cUCTeMe
KOOp/IMHAT; JJIMHA BEKTOpa COOTBETCTBYET aMIUIMTYJE CUI'Hajla, a ero opueHranus — Qasze. Ha

pucynke 1.9 mpeacraBneno curnanbHoe co3esaue 1 QPSK moymnsum.
?f \%
»1

Puc. 1.9. Curnansnoe co3pe3aue st QPSK moaymnsum.

»C

@da3a MOXKET NEPEXOAUTh U3 OJJHOTO COCTOSHUSA B Jpyroe. Takue nepexoabl NpeacTaBIeHbl Ha

01 g \\%
g
A /é/
5
00 10

Puc. 1.10. ITepexosr u3 0aHOTO (ha30BOTO COCTOSIHHS B JIPYTOe

pucyske 1.10 u€pHbIMU cTpenKaMu.

g

W3 Teopun CBSA3M M3BECTHO, YTO HAaWBBICHIEH MOMEXOYCTOHYMBOCTHIO OOJIaZlaeT JBOMYHAS
¢azoBas monymsanus BPSK. Onnako B psze ciaydaeB 3a CHET YMEHBIICHUS TOMEXOYCTOWYHBOCTH

KaHaJIa CBSI3U MOKHO YBEITUYUTH €r0 IMIPOITYCKHYIO CTIOCOOHOCTb.
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KBanparypuo-ammmmrynnas moxymsimust - QAM (QAM — Quadrature Amplitude
Modulation) mMoxeT paccMaTpUBaThCS KakK pacIIMpeHHass MHOroypoBHeBas ®M, B KOTOpoii 1Ba
UCXOJHBIX CHUTHaJa TCHEPUPYIOTCS He3aBUcHMO. Takum o00pa3oM, 34eCh HMEIOT MECTO [IBa
HOJIHOCTBIO HE3aBHCHUMBIX KBaJIPATYPHBIX KaHalla, BKIIOYAIOIINE MPOLECCHl KOAWPOBAHUS U
JIETEKTUPOBAHMS B OCHOBHOM I10JIOCE.

Ha pucynke 1.11 nokazaHo CUTHAJIBHO - TOYEHOE MPOCTPAHCTBO Uil cucTteMbl ¢ 16-QAM u
YETBIPHMSI YPOBHSIMH B Ka)XKJIOM KBaJpaTypHOM KaHaie. TOYKM IPEICTaBIISIOT COCTaBHOM CUTHAM, a

IOTPUXHU HA OCAX OTMCYAIOT YPOBHHU aMIINIMTYAbI B KAXXJI0OM KBaJApaTypHOM KaHaJicC.

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

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

B otnnuune ot ®M curnanos curaainsl QAM He cozepiKaT MOCTOSHHOM orubarorieit. Hamuune
MOCTOSIHHOM ~ ormbaromeir B DM  00BsACHSETCS MONJEpKAHWEM OTHOIICHUS YpPOBHEH B
KBaJpaTypHbIX KaHanax. B QAM Ttakue orpaHudeHusi HE BBOJSATCS BBUIY TOTO, YTO B Ka)JOM
KaHaJle YpOBHU HE3aBUCHUMBI.

Xapakrepuctuku omubok cucreM QAM um ®OM monynsauuii cunbHO omnyarores. [lpu
JOCTaTOYHO OOJBIIOM YHCIIE€ CHUTHAIBHBIX TOUeKk cucteMbl QAM MMEIOT, Kak MpaBHIIO, JIydIIHe
XapaKTepUCTHKH, 4eM cructeMbl ¢ @M. OcHOBHasI IpUYMHA COCTOUT B TOM, YTO PACCTOSIHUE MEXKY
CUTHAJIbHBIMU TOYKAaMHU Ha Juarpamme Juist cucteMsl ¢ QAM Gomnbliie, 4eM JUIsi COOTBETCTBYIOLIEH
cucremsl ¢ M.

QAM wumeer npeumymiecTBo Haja cucteMoit @M 1pu ToM e MTUKOBONH MOIIHOCTH.
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Puc. 1.12. BepositHocTH omnbok B cuctemax QAM

JlocToMHCTBO BBICOKMX 3HauyeHU Homepa QAM — 3TO MOBBILIEHHAs CKOPOCTh IEpenayvu

JTaHHBIX, MOCKOJIbKY TakuM oOpa3oM Ooibliee KOJIMYECTBO OMTOB WH(POpPMAIMKA MOXKET OBITh

nepcaaHo B TCUCHHUU OJHOI'O IHKJIA. O):[HaKO, C ,[[perﬁ CTOPOHBI, B 9TOM CJIy4ac 0oJIbllIEe YHCIIO

ypOBHCfI AMIUIMUTYAbl CHUIHAJIa pPacCIoJaratoTcsa OIM3KO Apyr K JApyry, IOBbIIIasA TEM CaMbIM

BCPOATHOCTb HEPAZINIUMOCTH [ABYX ypOBHCfI, N KaK CJICACTBUC — IMOBbIINIASA YYBCTBUTCIIbBHOCTH

CUCTEMBI K IIIYyMY.

Ha pucynke 1.13 npencrasieno otnomerue napamerpa SNR k mapamerpy BER (Bit Error

Rate — OtHomenue but/Omubka).
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Puc. 1.13. Ortnomenne napamerpa SNR k mapamerpy BER

JBouunasi pazoBas moxyssinusi (BPSK - Binary Phase Shift Keying)

MHoxecTBy 3Haue€HUH HMHQPOPMAIMOHHOTO CHUTHala

{0,1}

CTaBHUTCAd B OJHO3HAYHOC

COOTBETCTBHE MHOKeCTBO M3MeHeHu# daswl {0, n}. [lpu usmenennn 3HadeHust ”HGOPMAITMOHHOTO

curHasna (asza paguocursHana usmensercs Ha 180°. Bpemennas ¢opma curnana m ero cos3Be3aue
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IIOKa3aHbl Ha pucyHke 1.14.

a). 110 |1 | 1 A0
6);@ | B j i
o ANLAAMANNALD. .

VWWYUUVLUUY

Puc. 1.14. Bpemennas ¢hopma u curnainbpHoe co3Besaue curnaina BPSK: a — mudposoe
coo01enue; 6 - MOIYIUPYIOIIUIl CUTHATT; B - MOAyIupoBaHHoe BU-kosebanue; r - curajibHOe

CO3BEC3aUC

Kaaparypuas ¢a3zoas moayasinus (QPSK - Quadrature Phase Shift Keying)

KBanparypaas dazoBas MOIymsiuus SIBISETCS YETHIPEXYPOBHEBOH (pa30oBOM MOAyIsALIuEH
(M=4), mpu KoTopoil (a3a BBHICOKOYACTOTHOTO KOJEOAHUS MOXKET NPUHUMATh 4 pa3IMYHBIX
3HAUYCHUSI C [IarOM, KpaTHbIM 77/ 2 .

CoOTHOILICHHE MEXKAY CABUTOM (a3bl MOIYJIMPOBAHHOTO KOJEOaHUS W3 MHOXECTBA
{£n/4,£31/4} W MHOXECTBOM CHMBOJIOB (nuOutoB) mmdposoro coodbmenus {00, 01, 10, 11}
YCTaHABJIMBACTCS B KaKJAOM KOHKPETHOM Cilyyae CTAaHIApTOM Ha PaJMOKaHal M OTOOpakaeTcs
CUTHAJBHBIM CO3BE3/IMEM, aHAJOrM4YHbIM pucyHke 1.15. CrpenkamMum mOKa3aHbl BO3MOXKHBIC
MePEeXO0/Ibl U3 OJHOTO (ha30BOr0 COCTOSIHUS B IPYTOE.

Q

an/a A /a4
(10) (11)

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

Puc. 1.15. CurnanpHoe co3Be3aue moaysiuun QPSK
W3 pucyHka BHIIHO, YTO COOTBETCTBHE MEXIy 3HAYCHHSIMH CHUMBOJOB M (a3oil curHama
YCTaHOBJIEHO TakKUM O0pa3oM, YTO B COCEJHHMX TOYKAX CHUTHAILHOTO CO3BE3[US 3HAUCHUS
COOTBETCTBYIOIIMX CUMBOJIOB OTJIMYAIOTCS JIUIITH B OJJTHOM OUTE.

[Tpu mepenave B ycinoBHsX IIymMa HauOojiee BEpOSTHOW OLIMOKON OyAeT ompezeneHue (asbl
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coceqHel Touku co3pe3aus. [Ipu yka3aHHOM KOAMPOBAaHMM, HECMOTpPS HAa TO, YTO IPOHU3OILIA
omuOKa B ONMpeesIeHNH 3HAUSHHsI CUMBOJIA, 3TO OYAET COOTBETCTBOBATh OMIMOKE B OJHOM (a HE
IByX) Oute mHpOpManuK. Takum 00pa3oM, TOCTUTACTCS CHI)KCHHE BEPOSTHOCTH OIIMOKUA Ha OWT.
VYkazaHHbli cioco0 KOAMpOBaHUS Ha3bIBaeTcs kojaoMm ['pes.

Kaxxnomy 3HaueHuIo ¢a3bl MOIYJIMPOBAHHOTO CHTHAIA COOTBETCTBYET 2 OuTa MHMOpMAIIH, U
[I03TOMY H3MEHEHHEe Moayiupymomero curtana npu QPSK - mopymsiuuu npoucxonuT B 2 pasa
pexe, uem npu BPSK-momynsmum npu ouHAKOBOW CKOPOCTH Tepenadyu uHpopManuu. M3BecTHO
[5], uro cmekTpasbHas IUIOTHOCTH MOIIHOCTH MHOTOYPOBHEBOTO CHTHajda COBIATaeT Co
CIIEKTPAIbHOM TUIOTHOCTHIO MOIIHOCTH OMHAPHOTO CUTHAIA MIPU 3aMeHe OMTOBOTO MHTEpBaia Tp Ha
CHUMBOJIbHBIN uHTEepBan Ts = T, log; M . [ns dersipexypoBHeBoW wmoxymsinuun M=4 wu,
cienoBarenbHo, Ts = 2T, PaccTosHue Mexay MNepBbIMH HYISIMH CHEKTPaJbHOM IUIOTHOCTH
moraoctd curHana QPSK pasuo Af = 1/ Ty, uro B 2 pa3a MeHbie, yeM it curHana BPSK.
Jlpyrumu ciioBamH, crieKTpaibHas 3G ¢GeKTUBHOCTh KBaaparypHoi moxymsuun QPSK B 2 pasza
BbIIIE, YeM OmHapHOU Moxymsiuuu BPSK.

MHuorono3uuuonHasi ¢pazoBasi moayJsinusi (M-PSK)

M-PSK ¢dopmupyercsa, kak u JApyrue MHOTOMO3MIIMOHHBIE BHIBI MOAYJISIHUH, IIyTeM
rpynnupoBku K = l0g M OUT B CHMBOJIBI U BBEJCHHUEM B3aHMMHO-OJHO3HAYHOI'O COOTBETCTBHSI
MEXy MHOYKECTBOM 3HAUEHHUI CHMBOJIa 1 MHOKECTBOM 3HA4YECHHUH cBUTA (Da3bl MOAYIMPOBAHHOTO
KoseOanus. 3HaueHus caBura (a3pl U3 MHOXKECTBA OTJIMYAIOTCS HA OJUHAKOBYIO BenuuyuHy. [lis

npuMepa Ha pucyHke 1.16 npuseneHo curnansHoe co3esaue ais 8-PSK ¢ koguposanuem ['pes.

A5

101 ¢~ 0110
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Puc. 1.16. CurnansHoe co3Be3ane moaynsnuu 8-PSK
AMILTUTYIHO-(a30Bble BUAbI Moy asiuuu (QAM)
Mopynsius, Tpu KOTOPOW MPOUCXOAUT OJHOBPEMEHHOE HW3MEHEHHE JBYX IapaMeTpoOB
HECYIIeTo KoJeOaHusl - aMILTUTYABI M (ha3bl ~-HA3bIBACTCS aMILTATYIHO-()Aa30BOM MOTYIISIIHEH.
MuHuUMaNbHBI YPOBEHh CUMBOJIBHBIX OMIMOOK OYAET HOCTHUTHYT B CIy4yae, €Cld PacCTOSHUE

MCKAY COCCAHUMH TOYKaMH B CUTHAJIbBHOM CO3BE3AHUU 6y,£[eT OONHAKOBBIM, T. €. PAaCHPCACICHUC
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TOYEK B CO3BE3UH OyJIeT paBHOMEPHBIM Ha TUIOCKOCTH. ClieoBaTeNnbHO, CUTHAILHOE CO3BE3/INe
JOJDKHO WMETh peIIeTYaThiii BUA. MOIYIALUS C TMOJAOOHBIM BHIOM CHTHAJIBHOTO CO3BE3IHS
Ha3bIBAETCS KBaApaTypHOi amiumatygHod wmoxyisuueidn (QAM -  Quadrature  Amplitude
Modulation). QAM sBisieTCs MHOTONO3MIIMOHHON Moayssiiued. [Ipy M=4 oHa cOOTBETCTByeT
QPSK, nostomy opmanbro cuntaercs mit QAM M > 8 (T.k. uuciio out Ha cumBoia K = log; M, k
E N, To M MoxXeT npruHHMAaTh TOJBKO 3Ha4YeHHs cternene 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 co3pe3ane Mmoaymsauuu 16-QAM

Ha mnpaktuke ucnomnb3ytorcsi Oonbiuue 3HaueHuss M, BmioTh g0 1024-QAM. Takue BUaBI
MOJYJISIIIUA TIO3BOJISIFOT JIOCTUYh HCKIIFOUUTEIBHO BBICOKOW CIEKTPAITbHON 3()PEKTUBHOCTH.
OpHako, Kak BUAHO M3 CUTHAILHOTO CO3BE3NUSA, TaK KaK WH(MOpMAIUS KOIUPYETCS B TOM YHCIIE
aMIUTUTYIOM M U3MEHEHHUs aMIUIMTYAbl Beldnkd, To QAM mpeabsBiseT BBICOKHE TpeOOBaHUS K
JTUHEHHOCTU YCUITUTEINS MOITHOCTH U €r0 TWHAMUYECKOMY JHMAra3oHy, 0OCOOCHHO it Oonbiux M.
[IpakTueckoe ocymectienne QAM-MOIYNISIIIMU BBITIOMHAETCS CIEAYIOMMM o0pa3oM. B mamsaru
npoIeccopa XpaHUTCsl Tabiuia 3HaYeHUi KBaaparypHbix KommoHeHT I(t) u Q(t), umeromuxcs B
CUTHAJIBHOM CO3BE3/IMU U PACIIOJIOKEHHBIX B MOPSAJIKE BO3PACTAHMS 3HAYEHUSI COOTBETCTBYIOIIETO
cumBona. [lpoiueccop aHanmu3upyeT BXOJHYIO IMOCIEIOBATEIBLHOCTh OWTOB, pa3OuBaeT ee Ha
CUMBOJIBI M JUISl KaXJIOTO CHUMBOJIA BBIOMpPAET COOTBETCTBYIOIIME 3HAYEHUS KBaJpPaTypHBIX
KOMIIOHEHT U3 Ta0uIibl. 3aTeM BoINoHseTCs baseband-dunbrpanus curnanos 1(t) u Q(t).

CpaBHeHHe Pa3JIMYHBIX BHI0B MOAYJISIIIUH

Kak yka3piBaioch, OCHOBHBIMU KpUTEpUAMU d(H(HEKTUBHOCTH DPA3IUYHBIX BHIAOB MOMYISIIMU
SBIIAIOTCSL KPUTEPUU CIEKTpalbHOW M dHepreTuueckodl 3(QeKTUBHOCTU. DHepreTuyecKkas
3 (PEKTUBHOCTD XapaKTEPHU3yeT DSHEPrUi0, KOTOPYI0 HEOOXOAUMO 3aTpaTuTh Ui Tepeaadd
nHpOpManui C 3aJaHHOW JIOCTOBEPHOCTHIO (BEPOSITHOCTHIO OIIHMOKH). CnekrpasibHas
3(G(HEeKTHBHOCTh XapaKTepU3yeT TMOJO0CYy YacTOT, HEOOXOAUMYIO JJIsl TOTO, YTOOBI MepenaBaTh

I/IH(I)OpMaI_[I/IIO C OHpCHCHCHHOI‘;I CKOpPOCTBIO. KpOMC JaHHBIX KPUTCPUCB, BUAbI MOIAYJISIIUN
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CPaBHMBAIOTCSI 10 YCTOMYMBOCTM K pAa3JIMYHbIM THUIIAM IIOMEX U MCKaKEHUH M CI0XHOCTH
anmapaTHOM peanu3aliy. YBeIu4YeHue Mo3uiuil (ypoBHel) moxymsuun (Moxymsiuuu M-ASK, M-
PSK u M-QAM) yBenuuuBaet crekTpanbuyo 3¢ dexruBaocTh B K = 10g, M pa3. Taxke orMedeHo,
YTO HauOOJIbLIEH CIEKTPaIbHONW 3(PPEKTUBHOCTHIO CPEAM YACTOTHBIX BUJIOB MOAYNIALUU 00J1a1aeT
Moyt MSK. MSK siBnsiercst ciektpanbho B 2.6 pa3a menee 3¢ dexruBnoit, yem QPSK u B 1.3
pasza menee 3¢ dexruBnoii, uem BPSK. CpaBHUM BHUIBI MOAYIISLUU IO KPUTEPUIO SHEPTETHUECKON
3¢ GeKTUBHOCTH. [ 3TOro OUEHUM sl KaXJ0ro BHJA MOIYJSALUHM TPEOyeMyH SHEpruo Ajs
nepeaayy MHGOpMaLMU C OJUHAKOBON BEPOATHOCTHIO OIIMOKM Ha OuT. B Tabmuue mnpusogsrcs
3aBUCHMOCTH BEPOSITHOCTH OLIMOKM Ha OuT OT oTHomieHuss Ep / No ans pasnuuHbIX BHIOB

MOAYJIAIUH.

001

BPSK
DBPSE

1
HEKorepeHTHaA 1 -
DEFSK

1
1

Puc. 1.18. CpaBuenue sneprerudeckoit 3¢p(HeKTUBHOCTH MOIYJISIUI C OTHOCUTEIBHBIM
koaupoBanuem: DBPSK, DQPSK u nexorepentaoit DBPSK.

Opnako BER s BPSK u QPSK omnuceiBatoTcss oauHaKkoBbIMH (OpMynamMH, HIPU ITOM
QPSK B 2 paza cnekrpanbHo 3¢ddexrtuBnee, yem BPSK. CnenoBarensno, QPSK Bcerna
cyuiectBeHHO 3(dektuBHee, ueM BPSK, u, 00bIKHOBEHHO, IMEET CMBICIT UCTOIb30BaTh QPSK,
a ne BPSK.

CpaBHUM BHIBl MOAYJSIUU O KPUTEPHUIO SHEpreTHueckoil a¢¢exkTuBHOCTH. s 3TOrO
OLICHUM JJIs1 KaKJIOT0 BUAA MOIYISAIMU TpeOyemMyro SHEpPruio Juis Tepenadyd HHPOpMAIuu C
OJIMHAKOBOM BEpOATHOCTHIO oOmuOku Ha Out. B [2], [10] ompeneneHsl COOTHOIICHUS,
CBSI3BIBAIOIIUE BEPOSTHOCTH OMTOBOW OMMOKH ¢ BenuuuHOH Ep / Ng IS pasauuHbIX BHIOB
MOTYJISIIIHH:

E
BER= f|-D |, (1.14)
No
rne BER - Beposrnocts ommbku Ep - sHeprus, meo6xomumas s mepenaud opHOro OmTa

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, npuxoasmasics Ha oguH ouT nHdGopmaruy, pasHa Ey
= PTy, roe Ty - mmrensnocts 6uta. B Ta6n. 1.1 mpuBoAsSTCS 3aBUCHMOCTH BEPOSATHOCTH OLIMOKH

Ha 6uT ot orHotuenus Ep / No mis pasIMYHBIX BUAOB MOAystiuu [1].

Tabmuua 1.1. BeposTHOCTD OMMOKH [T PA3TUYHBIX BUI0B MOAYIISITHH

Bua Moay aisimHH

BepoaTHocTh omuOKku Ha out (BER)

M-PSK konx I'pest

OOK OG L, I Ny
2(M — 1) log, M K,

M-ASK r O 2 7 Tp

wOA - ped M log, M “{ M —1)° N,
BPSK OGJ2E, /N,)
HexorepenTHas 1 -
DBPSK 5 SXP(=F, / No)
Korepenrtnas 2L, _ 217,
DBPSK ZQ[ . ][] Q[ N,
QPSK kon I'pest O(NJ2E, /I Ny)
KorepenrHast
DQPSK 20([2F, /N,)
npu 1, / N, == 1

2 27, log, A1 5

sin

ey Z))

N (8]

sin(2s - m) | 1o,
FSK Qo 1—
S ”[J[ 2 -m JNU
MSK QGJLe, I No)
oM -1 z, |
M-MSK —2 < _flog, AM —
M log, M 1 &2 N, f
nnst kK =log, AM , kK —veTHOE:!
2
BER:M, roe
log, A
P o 2(/A —1) 5 3log, M I,
QAM koxn I'pes o A = M—-1 N,

IJ1s1 HeEYeTHBLIX A

BIR < 1 3log, M F,

1_{1_%)[

]ngM M —1 NO

)

H te—— 8

e—tz/Zdt

- HHTErpaj oMmUOOK (MHTErpal BEPOSTHOCTH),
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M - yncno no3unmii 118 MHOTOIO3MIIMOHHBIX BUAOB MOAYIAIMH, M - HHAEKC MOAYJIALUH 115

yactotHOM Moaysiuun, BER - BepostrocTs ommbku na 6ur.

W3 Tabn. BUAHO, YTO C yBEIMYEHUEM MO3UIIMOHHOCTH MOJIYJISIMH, BEPOSTHOCTH OUTOBOM
OlKOKK yBeauunuBaeTcs (cM., Hanpumep, popmynsl M-ASK u M-PSK, Q(X) siBistercst yObIBaroIiei
¢dbynkuuedt aprymenra). Takum o00pa3oM, Kak TpaBWIO, HPU VEeIUUEeHUU CHEeKMPAalbHOU
agpexmusnocmu IHepeemuyecKas IPPeKmusHOCms YMeHbUIAETCSL.

Onnako BER nns BPSK u QPSK onuceiBarotest ogunakoBeiMu hopmynamu, npu 3Tom QPSK
B 2 pa3za crnektpainbHo 3¢ dektuBHee, yem BPSK. Cnemoarensno, QPSK scecoa cywecmeenno
agppexmuenee, uem BPSK, u, obviknosenno, umeem cmoicn ucnoavzosamos QPSK, a ne BPSK.
dusudecku, ITo 00bsICHIeTCS TeM, 4To B ciaydae QPSK mobGaBnsiercst TonmomHUTENbHAS CTETICHb
cBOOOIBI: KBamparypHas coctapisitomias Q(t). B ciyuae BPSK wucrnonbs3yercs Toabko cuHbazHas
cocrapisromas 1(t). Keamparypras ¢dopma korepeHTHOro (ha3oBOTr0 IEMOIYJISATOpA MPHUBOIAUT K
TOMY, YTO JBa KaHaja JIETEKTOpa OOECHCUMBAIOT He3A6UCUMbIL TIPUEM JBYX OWHApPHBIX
($a30MOyIMPOBAaHHBIX CHTHAJIOB. AHAJOTMYHOE SIBICHHE HMMEET MECTO W NpU CPaBHEHUHU
monysuii DBPSK n DQPSK (¢ otHOcHTEeNnbHBIM KOAHMpOBaHUEM). XOTs BeIpakeHus aius BER
HECKOJIbKO OTJIMYAKOTCS, C BBICOKOH CTENEHBbIO MNPUOJIMKECHUS OHHM COBHaaaloT (puc.24).
Monyssiiiuy ¢ OTHOCUTENIbHBIM KOJAMPOBAHUEM MMEIOT HEOOIBIIION SHEPTETHYESCKHUI IPOUTPBIII 110
cpaBHenuto ¢ oObikHOBeHHbIMM BPSK m QPSK (0.3 - 0.9 nb). DBPSK C HekorepeHTHbIM
JETEeKTUPOBAHUEM TAK)KE UMEET HeOObIIoi npourpeim 1o cpaBHeHnio ¢ DBPSK ¢ korepenTHbiM
nerektupoBanueM (okosio 0.5 nb), puc. 1.20. Ilog sHepreTHdeckUM BBIUTPBILIEM HMOHUMAeTCs

pasHuna B 3HadeHnu Ep ' N o mpu 01MHAKOBOM 3HAYEHUH BEPOSTHOCTH OIIMOKH Ha OUT.

0.1 F

001

110 F

BFSK 4
DEPSK 1o 7]
HERKO MSReHTHSA 1 -ID_j ]
DBEFSE _

DIOPSE 11077 .

11077
i =

1-10"®

10 | | | | 1 1 ks
o 2 < <] 2 10 12 14

By

110

Puc. 1.20. CpaBuenue sneprerudeckoit apdexruBoctn moayisinuii BPSK, DBPSK,
DBPSK u DQPSK
Takum 00pa3oM, UMeET CMBICT CpaBHHMBATh BUABI MOAYJSALUU C OJWHAKOBBIM YHUCIOM

no3uruii. CpaBauM nByxypoBHeBhie OOK, BPSK u MSK. Kak Bumno u3 ta6n.,, OOK u MSK
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UMEIOT OoJMHaKoByl0 3ddexkruBHocTh W ycrynmaror BPSK (u, coorBercrBenno, QPSK) mo

sHepreTudeckoit 3¢ pexruBHOoCTH MpUbIM3UTEILHO 3 b (prc.1.21).

1 T T T T T T T T
0.1

001
110 %
110 *
Gk, hiSk 11077
EQEE;< 1-107"
-7

110 °

| | 1 1
u] 2 4 ] = 10 12 14 | ] 1=

EuNg

1 710_10 1

Puc. 1.21. CpaBuenue sueprerudeckoit apdexruBaoctu moaysimuii OOK, MSK u BPSK

[To pe3ynbTaTtam TaHHOTO CPABHEHHSI MOKHO CJEIaTh BBIBOJ O TOM, YTO MIPU YHCJIC YPOBHEH J10
4 pxmountenbHo QPSK sBisieTcs ciekTpaibHO U dHEPreTHYecKu Hanbosee 3G (HEeKTUBHBIM BUIOM
monynsiun. OJHAKO 37ech CIeAyeT CHeNaTh OJHO CYIIECTBEHHOE 3aMeuaHHe OTHOCHTEIHHO
monysiimn GMSK. Ee cniektpanbhas a¢dextuBHOCT HIKE, yeM QPSK, B cucremax c unetinbiv
yeunenuem. GMSK, kak  4YacTOTHBIA  BHJ  MOIYJIALMH, TO3BOJISIET  HCIIOJIb30BATh
BbICOKO3(D(DEKTUBHBIC HEIMHEHHBIE YCWINTEIM W OrPAaHUYUTENH, YTO JaeT DHEPreTHYCCKUU
Bemrpeim. [Ipu npoxoxaennn QPSK uepe3 momoOHBIE yCTpOWMCTBA, €€ CHEKTP PaCHIMPSCTCS
(IPOMCXOAUT HEKOTOPOE BOCCTAHOBJIEHHE OOKOBBIX JienecTKoB). [103TOMy, B HEKOTOPBIX CIydasiX,
GMSK moxer umerb Oonblryto 3¢dextuBHOCTh, yeM QPSK. B wactHoctu B cranmapre GSM
BbIOOp chenan B monk3dy GMSK, a B CDMA - OQPSK. Onnako, ycOBEpIIEHCTBOBAHHBIE BUIBI
Moy QPSK (rampumep, FQPSK) B mrobom ciryuae npeBocxoaat GMSK.

CpaBHUM Teneph MOAYJIANUK ¢ uncioM yposHeir M>4. Ha puc. 1.22 nzo6paxeHo cpaBHEHHE

SHepreTudeckoil 3¢GQEeKTUBHOCTH U1  aMIUIMTYIHOW, (a30oBoil M  aMIuIMTyIHO-(a30BOM

marunynsaauu npy M=16 u M=64.

— o1

— 0.01
3
G4-P Sk

] ga-cam 0

— 10

—4
—5
— 1o

— “J*T

—5

10

Ey'Na
o)

Puc. 1.22. CpaBrenue sueprerudeckoit apdexruBroctn moaymsmuii 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 (Oonee 10 nb npu M=16)
ycrymaeT Gpa3zoBoi M aMIUIMTYIHO-(a30BoM, modToMy ipu M=64 cpaBHEeHuUE ¢ Hell HE TPOBOIUTCS.
IIpu cpaBaenuun M-PSK ¢ M-QAM Buuano, uro M-QAM mnpeBocxoaut mno s dextuBHOCTH M-
PSK, nmpuuem sneprernueckuii Bemrpeiim M-QAM yBenuuuBaetcs ¢ poctom M. Hampumep, mis
M=16 Bwiurpsim coctasiusieT okono 4 1b, a npu M=64 oxomno 10 n1b. ®uznuecku 370 0OBICHACTCS
TEM, YTO PACCTOSHUE MEXIY COCETHUMHU TOYKAMH B CUTHAJILHOM co3Be3nuu M-PSK menbiie, uem
M-QAM. CurnansHoe co3Be3aue M-PSK mnpencraBisier co0oi OKPYKHOCTh C PaBHOMEPHO
pacrpefieieHHBIMM Ha Hel Toukamu, a co3Be3aue M-QAM - kBagpar c paBHOMEpHO
pacrpeneNieHHbIMU T10 €ro IUIOMAAu Toykamu. Yem OoJbIe pacCTOSHHE MEXAY TOYKaMHU B
CO3BE3IMM, TEM MEHee BEepOsTHA OMMOKAa B JIETEKTUPOBAHUU COCETHETO CHMBOJIA.
MHOrono3uIroHHas YacTOTHAsI MOYJISLIMS HCIIONB3YETCs TOpaslo pexe, TaK KaK npu yeeaudeHuu

quciaa ypoeﬁeﬁ u coxpaHeHuu unoexca MO@)/JZ}ZL]MM ee CneKkmp He cyascaemcs, a pacuiiupsemcs,

M
BBUAY TOT'O, YTO BBOIATCS HOBBIC YACTOTHI U IIUPHUHA CIICKTPA PACTET IO 3daKOHY W’ Kak
09,

BUHO U3 Tabn. 1.1, ogHako, npu ysenuuenuu yucaa yposnei M-MSK, ¢ omauuue om ecex opyeux
8U008 MOOYIAYUU, BEPOSAMHOCMb OWUOKU HA Oum ymenvuiaemcs. Mpl MOJy4aeM BBIMTPBHIII B

SHEpreTH4ecKoi 3P(HEeKTUBHOCTH 32 CUET YMEHBIIICHUS CIIEKTPAIbHON 3PPEKTUBHOCTH.

Takum 00pas3oM, mpu orpaHudeHHoi monoce, npu M < 4 nambonee 3hHeKTUBHOIN SBISIETCS
vonyisiust QPSK, a mpu M > 4 - QAM. QPSK sBnsercs gactabiM ciydaem QAM npu M=4.
MoxHo cuntath QAM Hanbonee 3(h(peKTUBHBIM BUOM MOIYJISAIMH MPH JIFOOOM YHCIIE YPOBHEH.
Eme Oonpmmii BBIMIPBII 1O CpaBHEHUIO C 0ObikHOBeHHbIMH QPSK u QAM gparor wux
YCOBEpPILICHCTBOBaHHbIE MOAU(UKaIMHY, Takue, kak Moaudukammu Peepa [11] (FQPSK, FQAM),
MOJYJISAIUS ¢ perieTyaThiM KoaupoBanueM (TCM), ontumusanust GopMbl CUTHATIBHBIX CO3BE3IHMN

HCIOJIb30BAHUEC MHOTOMEPHBIX CUTHAJIBHBIX CO3BE3OUH.

1.2. Moaembl cotoBoii cBsizu FSK, MSK GMSK u unc/ieHHblii aHATU3 BEpOSITHOCTH
CHMBOJIbHOM olMOKH ¢ ucnoJjb3oBanuem IO LabVIEW
YacrorHas manunyasius (FSK)
3navyeHusM «0» u «1» MHPOPMAITMOHHON MOCTIEI0BATENBHOCTH COOTBETCTBYIOT OIIpEeIEHHbIE
YacTOThl CHHYCOMJAJIbHOTO CHTHAJa MPH HEW3MEHHOW amIuiuTyne. YacToTHas MaHUMYIALUS
BEChbMa IOMEXOYCTOWYNBA, IMOCKOJBKY TIOMEXH TEIePOHHOTO KaHalla HMCKAKAIOT B OCHOBHOM
aMIUTUTYy, a He 4YacToTy curHama. OIHAKO TpPH YaCTOTHOW MAHHITYJSIIMH HEIKOHOMHO

pacxonayercda pecypC MOJOChI YaCTOT Teﬂe(l)OHHOFO KaHaJia. HOBTOMY 9TOT BHJA MOAYJIALUA
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IIPUMEHSIETCS B HU3KOCKOPOCTHBIX NMPOTOKOJIAX, O3BOJISIOIIMX OCYIIECTBIATh CBSI3b 110 KaHAJIaM C
HU3KUM OTHOILICHHEM CHTHAJI/IIyM.

CymectByet Takke nmoaup 3tord Moxyisiiuu GFSK. IMpunmun padoter mogynsaropa GFSK
noxox Ha FSK, 3a uckimodeHnem Toro, 4ro cHayaia moJjioca UMmyiabcoB (-1, 1) mpoxoaut depes
¢unbTp 'aycca s criiaxxuBaHus, 4YTO 00ECIIEYMBACT YMEHBIIECHUS IIUPHUHBI €T0 CIEKTpPa, a yxKe
nocne nomnagaer B FSK. ®@unbrpanus ['aycca — oAMH U3 caMbIX paciHpOCTPaHEHHBIX CIOCO00B
YMEHBIIICHUS IIUPUHBI CIIEKTpA.

Ha pucynke Huxe npuBeneH rpaduk JIBOMYHON OMHApHOW MOCIIENOBATEILHOCTH HYNEH U
€IMHUI] U, COOTBETCTBYIOUIMH €My, rpad)MK 4acTOTHO-MAaHUIYJIHMPOBAHHOTO CUTHana. Huskomy
YPOBHIO OMHAPHOTO JABOMYHOTO CHrHasa cooTBeTcTByeT yacrora 1 KI'm, a Beicokomy - wactota 0,5

KFI_I HECYLICTO CUT'HAJIa CUHYCONAAJIbHOI'O THUIIA.

Puc. 1.23. YacToTHass MaHUIYJISIIIHS

B mporpaMMHON KOMILIEKCE MOXKHO OCYIIECTBUTH MHOTONO3MIMOHHYIO YacTOTHYIO
monynsmuio (MFSK) 3amaB B mone M-FSK nyxHbIil ypoBens oT 2 no 64. B 6unapnoii FSK
Monynsuu, T.e. tpy M=2, 1Ba IBOMYHBIX YKMCIa NPEICTABIAKOTCA CHTHAIAMHU JBYX Pa3JIM4HbIX
4acTOT, PACIIOJIOKEHHBIX OKOJIO Hecylleld. buHapHas yacTOTHas MOAYNALMS MEHEe BOCIIPUMMYHUBA
K OIIMOKaM, 4YeM aMITUTYIHAsT MOIYJISIIHS.

bonee s dextuBHOM, HO U Oosiee MOABEPKEHHON OIIMOKaM, SIBIIIETCS CXeMa MHOTOYaCTOTHOM
monysiuu (Multiple FSK - MFSK), B koTopoii nucnosis3yercst 6osiee AByX 4acToT. B aToMm ciydae
KaX/1asi CUTHaJIbHAs MOChUIKA MpecTaBiseT 6osnee onaHoro outa. [lepenannsiit curnan MFSK (s
OJTHOTO TIepHO/Ia Mepeladui CUTHAILHON TTOCHIIKH ) MOYKHO OTIPENIEIHUTh CIEAYIOMIMM 00pa3oM:

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

31ech

fi=fc+@-1-M)fy,

rac fC - HECyliasa 4acToTa, fd - pa3HOCTHad 4acCToTa, M - UUCJIO PA3JIMYHBIX CUTHAJIbHBIX

IIOCBIJIOK = 2L ; L - KOJIMYECTBO OUTOB Ha OJIHY CUTHAJIbHYIO IMOCBIJIKY.

Ha puc. 1.24 npencrasnen npumep cxembl MFSK ¢ M=4. Bx0o1HO# TIOTOK OUTOB KOJIUPYETCS

10 JIBa OWTa, MOCIIE Yero MmepeaaeTcsi OJJHa U3 YETHIPEX BO3ZMOXKHBIX JBYXOUTOBBIX KOMOWHAIIHIA.
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Jis  yMEHbLICHHS 3aHMMaeMON IIOJIOCHI YacTOT B MOYJIATOpaX CHUTHAJIOB C (a3oBOH
MOJYJSIMENH MPUMEHSIOT CriaxuBaiomme (uiabTpsl. IlpuMeHeHHe CriaaXuBalOMmUX (HIBTPOB
IPUBOANUT K YBEIMYEHUIO 3PPEKTUBHOCTH HCIHOJIb30BAHUS IOJIOCHI, HO B TO € BpeMs H3-3a
CrIIaKMBAHMs YMEHBIIAECTCA PACCTOSHUE MEXKIY COCEIHHMHU CHUTHajJaMHM, YTO NIPUBOJUT K
CHUKEHUIO IIOMEXOYCTOMYUBOCTH.

[aHHkIe

o1 11 00 11 11 01 10 00 00 11

forafd —

S| forta
o c+ld =
5 A teWod
& fo-3fd —

I —_—

Bpems
Tc

Puc. 1.24. Vcnonb3oBanue 4actotel cxemoit MFSK (M = 4)

[TocTpoenne rpaduKoB TIIA3KOBOM TUAarpaMMbl M €€ BHJI JaeT MHOTO HH(OPMAINH O JHKUTTEPE
CUTHAJIa, TaK ke, KaKk U 0 MHOIMX JpYIHX ero napamerpax. Hampumep, MHOXECTBO OTJEJBHBIX
(pPOHTOB U CI1aJI0B TOBOPUT O BEPOSATHOM IPUCYTCTBUH JDKUTTEPA, 3aBUCALIETO OT JAHHBIX.

I'maskoBast quarpaMma He IPOCTO IPENOCTaBIsIET MHOXKECTBO MH(pOpMaLUU, OHAa ynoOHa
MIPOCTOTOM MPUMEHEHHUS] U TEM, YTO MOXKET MPUMEHSTHCS ISl W3MEpPEHUH B JI000M Lenu c

pCaJIbHBIMU JTaHHBIMHU.

BriaGpos HA NEPCocH HPo TS Moo 5

Puc. 1.25. [TapameTps T71a3KOBOM AHATPaMMBbI
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ITo MHAMKATOPHOM JUArpaMMe MOXHO BBIIIOJIHUTH PsJl BAKHBIX U3MEPEHUMN:

* yeM 0O0JIbIlIe OTKPBIT I1a30K, TEM JIeTUE pa3inyath Joruyeckue 1 u 0;

* I[IMPUHA OTKPBITUS TJA3KOBOM JAMarpaMMbl (BpeMsi MeEXAy MepeceYeHUsIMH JMHUMA
nornueckor 1 ¢ mormueckum 0 u yormdeckoro 0, ¢ jormdeckoil 1) mokaspiBaecT BpPEMEHHOM
WHTEPBAJI, B TCUEHUE KOTOPOTO CUTHAII MOXKET OBITh 3aMepeH 0e3 OMMOKH M3-3a MEKCUMBOJIHHOTO
BIIMSIHUS;

* [ICEB/IOCIIY4YaHON MOCIIEI0BATEIBHOCTH OUTOB U OTOOPaKEHUSI CUTHAJIOB Ha 3alIOMUHAIOLIEM
ocunuiorpade MONydaeTcsi CTPYKTypa, KOTOpas Ha3bIBaeTCsd WHAMKATOPHOM (TJIa3KOBOM)
nuarpammoii (eye diagram). TunuuHas HHAMKATOPHAS TUarpaMMa IpuBeIcHa Ha puc. 3.

* BBICOTA OTKPBITUS IJ1a3Ka U3MEPSET 3a1ac MOMEX0YCTOMYMBOCTH HA BBIXO/1€ IPUEMHHUKA;

* IMPHUHA JIMHUH T7Ia3Ka K TOYKaxX MepecedyeHus B yrilax ria3ka sBiseTcs Mepoi (pryKkTyaluu B
cucreme rnepenayn. daykTyanuu BBI3BIBAIOTCS Pa30pOCOM BPEMEHH BKJIIOYEHHUS U BBIKIIOYCHHS
Jla3epa; MCKaKCHUEM HMITYJIbca ONTHYECKUM BOJIOKHOM U IIyMOM. DIyKTyallu BBIPAXKAIOTCS B
MMUKOCEKYHJIaX, TPajycax MM B MPOLIEHTaX UHTEpBaJIa OuTa;

* TOJIIMHA JUHUA UMITyJIbCa HAaBEPXY M BHU3Y TJ1a3Ka MPONOPIIMOHATIbHA MY U UCKAKEHUSIM
B CHUCTEMeE Iepe/iayl; BpeMs IMepexo/ia CUTHAa B CXEME IJ1a3Ka ¢ BEPXHETro YPOBHS (JIOTHUECKOTO
0) B HmwxkHMi (Joruyeckass 1) m HAoOOPOT yKas3bIBa€T BpPEMEHA IMOJbeMa M CMaJa CHUCTEMbI
nepeaaund. OHu 00BIYHO 3aMepstoTcs Meky otMeTkamu 10 u 90%;

* BpEeMEHa TMOoAbEeMa U Chaga BaXHBl JUIS OLEHKH YYBCTBUTEIBHOCTH CHCTEMBI K
CHHXpOHH3AIKU 3aMepoB (Sample timing). Yem Oosbllie BpeMeHa MOabeMa M Cliajia CUTHAIa, TeM
0oJiee YyBCTBUTENIbHA CUCTEMA K OIIMOKaM CHHXPOHHU3AIINN;

* 4yroOBl OOecneunTh CHCTEME MaKCUMAJIbHYI) HEBOCHPUUMYHUBOCTH K IIyMY, JIYYIIAM
BPEMEHEM ISl 3aMEPOB YPOBHS CUTHAJA SIBJIAETCS BPEMs, KOT/1a BBICOTA OTKPBITHUSI MHIMKATOPHOU
JarpaMMbl MakCUMaJbHa.

Jxuttep unu ¢dazoBoe apokaHue U(POBOrO CUTHANA JAaHHBIX — HEXKeJaTelnbHbIe (Da30BbIe
W/WAM 4YacTOTHBIE CiIy4ailHble OTKJIOHEHHS IIepe/laBaeéMoro curHaiga. BosHuKaroT BciencTBue
HECTaOUJIbHOCTH 33/1aI0ILIEr0 I'eHepaTopa, U3MEHEHUH apaMeTpoB JIMHUY [epeladll BO BpEMEHU U
Pa3IMYHON CKOPOCTH PACIPOCTPAHEHUSI YACTOTHBIX COCTABISAIOIIUX OJHOIO U TOTO K€ CUTHAJa.

B 1mudpoBbix cucremax mposBIsETCS B BUAE CIY4aWHBIX OBICTPBIX U3MEHEHUH
MECTOTOJIOKEHHUST (POHTOB ITU(POBOTO CHTHATIA BO BPEMEHH, YTO MPUBOJUT K PACCHHXPOHHU3AIUN
U, KaK CJIe/ICTBHE, HCKaXEHUIO nepenaBaeMoil nHopmanuu. Hampumep, eciiu GpoHT nMeeT Mayro
KPYTU3HY HIH «OTCTal» 1O BPEMEHH, TO HU(POBOM CUTHAT Kak OBl 3ala3/bIBacT, CIBUTaeTCS
OTHOCUTENIbHO 3HAYalller0 MOMEHTa BPEMEHM — MOMEHTa BPEMEHHU, B KOTOPBIA IPOUCXOIUT

OIICHKa CUTHaja.
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JxuTTep ABNSETCA OJHOM M3 OCHOBHBIX NMPOOJIEM MPH MPOSKTUPOBAHUH YCTPOHCTB IIU(PPOBOH
AJIGKTPOHUKH, B 4YacTHOCTH, LU(PPOBbIX wuHTEpdericoB. HemocrarouHo akkypaTHBI pacuer
JUKUTTEpa MOKET IPUBECTH K €r0 HAaKOIUIEHUIO IIPU MPOXOXKAEHUH LU(PPOBOrO CUTHANA 110 TPAKTY
U, B KOHEYHOM CY€Te, K HepabOoTOCIIOCOOHOCTH yCTPOICTBA.

[TprunHBI BOSHUKHOBEHHS JPKUTTEPA:

e ®dazosble mymbl nerau OAIIY (da3zoBoil aBTONMOACTPOMKU 4acTOThI) YCTPONCTBA,
CHHXPOHHM3UPYEMOT0 BHEIIHHM cUTHaJIoOM. Jlxurrep, BbI3biBaeMblii DAIIY, mposBisercs
IIPU TPOCTYIIMBAHUM MaTepHaja C 3alUCHIBAIOIIETO YCTPOMCTBA, CHHXPOHU3UPYEMOTO OT
BOCIIPOU3BOJAIIETO YCTPOMCTBA.

e ANIIL. B coBpemeHHBIX HHU(POBBIX CHCTEMAX 3BYKO3AaUCH U BOCIPOM3BEICHUS
OCHOBHBIM HUCTOYHUKOM pkutTepa siBisiercs ALl HemHemHue momHOCTBIO HUQPPOBBIE
CTYAMHHBIE CHHXPOHM3ATOPBl JOCTATOYHO COBEPIIEHHBI M YacTO BHOCAT JUKUTTEP
MeHbIni, yeM ALIIL.

Onucanne npudopa ¢ FSK moaynsinueii (MaHUAIyJIsiHeit)

File Edit View Project Operste Tools Window Help

B[]

¢ . [

00 | ¢ o Wit Mo 1o Jz 11
100,00k fs0006 | &

10000k | ceE A0 I o i o Jx 1z |
(Hoauzsian [ continuous ]

o |
Joso | .

| Fioooo |

oo |

Puc. 1.26. Unrepdeiic npudopa ¢ FSK monynsueit
» Message Symbols — moka3siBaeT KOJIMUYECTBO TMEPEIaBAEMBIX CHMBOJIOB.
» M-FSK — mokassiBaeT ypoBeHb MOAYIISIHH. JlocTymHEBI pexumsr: 2,4,8,16,32,64
= FSK Deviation (I'tr) — OTKJIIOHEHHE [0 YACTOTE YaCTOTHON MOYIISIIIHH.
= ED/NO- otHOmICHHE CHTHAN/TITYM

= Frequency offset —3aaepskka mo gacrore
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= TX Filter — Be00op ¢unbrpa mist nepenarunka. Joctynusl criepyromue: Gaussian,
Raised Cosine, Root Raised Cosine

= Symbol Rate — mopsi1ok ciMBOJIOB.

= Symbol Phase Continuity —pomomkurenbHOCTh (pa3bl umiyinbca. COOTBETCTBEHHO
pexxumbl Continuous(Koneunast), Discontinuous (beckoneunast).

= Transmitted Bits — nepenanHbie OUTHI.

= Received Bits — npunsThIC OUTHI.

= BER Trigger Found — BeposTHOCTH HIHOKH

BT - OespasmepHas BenuuuHa pasHas BT = B—?qu *T,rue B_3ﬂ5- nooca

¢unbrpa Taycca mo yposuio -31b, T =1/By - mmmrenbrocTs eauHudHOrO MMIyIbCa

nubpoBoii  WHPOpPMALUHU, IEepedaBaeMoil co  ckopocthio  Br  6mr\c. Hampumep

By =20x6um/c, torna T=50mc u npu nonoce dunsrpa I'aycca no yposuwo -3 b

B—BHE =10xIy nonywaem BT =10x/4*50mxc=0.5. Taxum o6pasom, mapamerp BT

MOKa3bIBAET BO CKOJILKO pa3 mosioca ¢uibrpa laycca B 35 OTIIACTCA OT CKOPOCTH

nepenaun nupopmarmn By, BBIpaXeHHON B eIMHHUIAX H3MEPEHHS JACTOTHI.
» Coxkpamenus: TX —Ilepenarunk, RX — [Ipuemnux
HccaenoBanue munun nepenauu ¢ FSK moayasinmeii
IIpexBapureibHas puiabTpanus

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

¢unpTpa ['aycca u 6e3 punbTpa

be3 ¢punbTpa npu cootHoteHnn curHai/mym = 80

FFT Magnitude (TX} FFT Magnitude (RX)
50,0 — 50,0 —
40,0 - 40,0 -
30,0 - 30,0
20,0 -

10,0 -

20,0 -

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

_20‘0 —]
! 0 -30,0 - 1 1

0,0 100,0k 200,0 -200000,0 -100000,0 0,0
Frequency (Hz) Frequency (Hz)

Amplitude (dB)
Amplitude (dB)

0,0
10,0
-20,0—

-30,0-1
-200,0k

7
-100,0k

0 |
100000,0 200000,00

Puc. 1.27. Criextp nepegaHHOTo (ClieBa) U MPUHUMAEMOTO (CIpaBa) CUTHAJa
Kak BuaHO U3 pucynka 1.27, criekTp MouTH HEe U3MEHHJICS, HO B HEM NPHCYTCTBYET BBICOKUI

YPOBCHB OOKOBBIX JICICCTKOB, YTO MOKCT MOBJHUATL Ha COCCAHUC KaHAJIbl, TAKXKXC MNPHACTCA
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BBIACIUTD boiee IJ_II/IpOKI/Iﬁ KaHaJI B JIMHUU MCPCAadn, 4YTO HC BCCTAA ABJISACTCA IMMO3BOJIUTCIBHBIM U

BBII'OAHBIM.

Eye Diagram

FM Demodulated Wavefom (+)

v
5.0u

g
10,.0u

g g 0
15.0u 20,0u 2500

Tirme (s

g d
22.5u

Puc. 1.28. T'ma3koBas quarpamMma

be3 wucnonwp3oBaHus (bHJ'IBTpa B CHUIHaJl HE BHOCATCA AOIIOJHUTCIIBHBIC MCKaXCHUA

CJICAOBATCIIbHO IKUTTCP U ITIOMEXU MUHHUMAJILHBI.

[Ipumenenne Gunbrpa laycca. [pu cootnomenuu curnan/mym = 80, BT =0,5

FFT Magnitude (TX)
50,0-
40,0-
320,0-
20,0-
10,0-
0,0-

Amplitude (dB)

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

-20,0-1
-200,0k

|
-100,0k

) |
0,0 100,0k
Frequency (Hz)

\
200,0k

FFT Magnitude (R
50,0
40,0
30,0
20,0
10,0
0,0 —

-10,0-

Amplitude (dB)

-20,0

-30,0- | 1
-200000,0  -100000,0 0,0
Frequency (Hz)

D
100000,0

|
200000,0

Puc. 1.29. Cnektp nepeganHoro (cieBa) ¥ NpuHUMAeMOro (CrpaBa) CUTHajIa

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)

1 1 1
1500 200w 250u
Time (s)

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

1 1
32.5u

Eye Diagram

FM Demodulated Waveform (Hz)

I"aycca (cnpaBa)

1 1
15,00 20,0u
Time (=)

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

BUJIHO, 4YTO HOMGXOYCTOfI'—H/IBOCTB CHHU3MWJIAaCh, IIOABUIINCH IIOMEXHM MW MHCKAXKXCHHA, a TaKXKE

YBCIIUYUIICA JKUTTEDP.



I'padpuxn

Ounptp raisedcosine : M-fsk 4 (kpacHblit) u 2 (cuHuil)

1,2

1 O \
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Puc. 1.31. 3aBHCHMOCTb BEPOSITHOCTH OIIMOKH OT OTHOLICHHSI CUTHAI/IIYM

®unpTp rootraisedcos: M-fsk2 (kpacubriit) u 4 (cuHuiA)

0,12

0,1 L_N
0,08 \
0,06

0.04 \
0,02 \\.\~
0

8 10 12 14

16

Puc. 1.32. 3aBUCHMOCTb BEPOSITHOCTH OIIUOKH OT OTHOILCHHS CUTHAJ/IIIyM

®unptp Gaussian: M-fsk2 (kpacubriit) u 4 (cuHmMit)

1,2

1 C \
0,8

0,6 \

0,4 \

0,2 \

01— = |
20 22 24 26

28

Puc. 1.33. 3aBHCHMOCTB BEPOSITHOCTH OIIHOKU OT OTHOIICHUSI CUTHAI/IITYM

37
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YacroTHasi MAHHNYJISIIAS ¢ MUHEMAJBHBIM caBurom (MSK)

MSK »TO 4YacTHBINM CiTydail CUTHAJIOB C YaCTOTHOW MAHMITYJISIMEH C HENpephIBHOW (ha3oi
CPFSK ¢ MuHMMaIbHBIM MHACKCOM YaCTOTHOW MaHMMYJIAIMd M=0.5, m03TOMYy MIMPHUHA TJIABHOTO
nenectka crnekrpa MSK curnanoB - MMUHHMMAalbHas M3 BCEX BO3MOXKHBIX CUTHAJIOB C YaCTOTHOM
MaHHUITYJISUEH.

[IpencraBisier coOoi crmoco0 MOAYISALUHM, MPU KOTOPOM HE MPOUCXOAMUT CKAuKOB (a3bl U
M3MEHEHHME 4YacTOThl IPOMCXOIUT B MOMEHTHI IepecedeHHs Hecylled HysneBoro ypoBHs. MSK
YHHUKaJIbHA IOTOMY, YTO 3HaYEHHE YacCTOT COOTBETCTBYIOIUX JOrndeckuM «0» u «1» oTimyarorcs
Ha BEJIMYMHY PAaBHYIO IIOJIOBUHE CKOpPOCTH Iepefaud JAaHHbIX. Jlpyrumu cioBamu, HHIEKC
Moayssinuu pase 0,5.

YacroTHass MOAynsus C MUHUMAJIbHBIM pPasHOCOM 4YacToT MSK 1o3Bossi€eT yMEHBIIUTH
IIMPUHY OJIOCHI YaCTOT, 3aHUMAEMbIX LU(PPOBBIM paguoCUTHAIOM B 3¢dupe. OnHako Aaxe 3TOT
BUJ MOAYJSIIMM HE YJOBJIETBOPSIET BCEM TPeOOBaHUSAM, IPEIbABISEMbIM K COBPEMEHHBIM
pammocucteMaM  MoOwibHOM  cBsizu. OObmyHO curnan  MSK B panmomnepenarumke
N0(UIBTPOBBIBAIOT OOBIYHBIM (UIBTPOM. IMEHHO TO3TOMY MOSIBUIICS €I1l€ OJUH Bl MOJYJISILIUU C
erie 0oJiee y3KMM CIEKTPOM PaguovacToT B dupe.

CyXeHHEe TOJIOCHl 3aHMMAaEeMbIX 4YacTOT YAAJOCh JOCTUTHYTh 3@ CYET IpeIBAPUTENIbHOMN
(GUIbTpauy MOIYIMPYIOIMIETO CUTHANA (PUIBTPOM HU3KOM YacTOTHI C 1'aycCOBCKOW MMITYJIBCHOM
xapakrepuctukod. Ilupuna cnexkrpa curHana GMSK  onpenensercs Ipou3BeIEHUEM
JUTUTENIFHOCTH TIepelaBaéMOro CHMMBOJIa Ha Tojocy mpomyckaHus ['ayccosckoro ¢unbtpa BT.
Nmenno momnocoit nponyckanus B n omymmuarotcst pazmuuabie Buabl GMSK apyr ot apyra. GMSK
ucnoisb3yercs B crangapre GSM coToBoii cBsi3u.

®opmupoBanue GMSK  paavocurnana ocymiecTBisieTcs TakuM — o0Opa3oMm, YTO Ha
UHTEpBaJIe oJHOro MHpOpMalLMOHHOro Outa ¢a3za Hecymedl wusmensercs Ha 90°. 3Oto
HalMEHbIIee BO3MOXKHOE M3MEHeHHEe (a3bl, pacro3HaBaeMoe MpHU JIAHHOM THUIE MOIYJISALHUU.
HenpepriBHOEe u3MeHeHHE (a3bl CHHYCOMAAIBHOTO CHUTHAjla JaeT B pe3ylbTaTe YacTOTHYIO
MOJYJIALIMIO C JMCKPETHBIM M3MEHEeHHeM 4acToThl. [Ipumenenue ¢unpTpa ['aycca mo3Bossier
OpU  JUCKPETHOM HW3MEHEHHWH YacTOThl MONyuuTh '"rhaakue nepexons!”. B cranmapre GSM
npumensiercs GMSK-monymsiuus ¢ BennuuHoi HopMupoBaHHOHM monocel BT - 0,3, tne B -
HIMpUHA MOoJIockl QuibTpa 1o ypoBHIO MuHyc 3 nab, T - jgjautensHOCTH OAHOTO OWTa
mudpoBoro  coobmiennss. OcHoBoit GopmupoBatenss GMSK-curnana siBisieTcst KBaIpaTypHBINA
(1/Q) momynstop. CxemMa COCTOMT M3 JIBYX YMHOXKHTENCH W OJHOTO CyMMaTopa. 3ajada dTOi
CXEMBl 3aKJIOYaeTcss B TOM, YTOOBI OOECIEYUTh HENpPEPHIBHYIO, OUY€Hb TOYHYIO (Pa30BYIO

MOAYJIAIHIO. O)II/IH YMHOXHWTECIb HU3MCHACT aMIUIMTYyAyY CHHYCOHMOAJIbHOTIO, a BTOpOI\/'I
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KOCHHYCOUIAJBHOTO KoJieOaHus. BXonHoW cHrHam a0 YMHOXHTENIs pa3OuBaeTcss Ha  JBE
KBaJ[paTypHbIC COCTABISIOIIUE. Pa3lioKeHHWE MNPOMCXOAUT B JBYX 0003HaueHHbIX "Sin" u "cos"
OJI0Kax.

Mopymsuuto GMSK' otnuuaroT crefyronye CBONHCTBA, KOTOPbIE MPEANOYTUTEIbHBI JUIS

HOJIBUKHOM CBA3U:

. IIOCTOSIHHAsL 110 YPOBHIO Orudaromias, KOTOpas MO3BOJSIET HCIOJIB30BaTh
3¢ deKTUBHBIC

. HepealoIIne yCTPOMCTBA ¢ YCHINTEISIMUA MOLIIHOCTH B pexxuMe Kiacca C;

. KOMIAKTHBIA CHEKTP Ha BBIXOJE YCHJIMTENS MOIIHOCTH IIePEAaIoIIero
YCTPOWCTBA,

. o0ecreYnBarOIMi HU3KUI YPOBEHBb BHEMOIOCHOTO U3ITyYCHHS,

. XOPOLINE XaPAKTEPHUCTHKU IIOMEXO0YCTONYMBOCTH KaHAla CBSI3H.

HmnynbcHast XxapakTeprcTuka ['ayccoBCKOro (MIIbTpa OMHUCHIBACTCS Cenyromen (opMyIoi:

ol 2z TIn2)
(O =B 25 ,

rae B — mosoca nponyckanus ¢punsTpa no yposHio 3 1b.

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

¢dopmupoBanus cursanioB GSM cranaapTHo ucnonssyercs ¢punbtp ['aycca ¢ BT =0.3.

CAEETE MOWHOCTE MOAYIIMFOBAHHOMD ClMHANA
O T T T T T

MOWHOCT, JE

UACTOTA, KL,
Puc. 1.34. CpaBHeHue CIEKTPOB ABYX BHIOB MOyisiuu ¢ punbTpom ["aycca(GMSK)

u 6e3 punbTpa(MSK)



40

B Toukax B3siTust oTcueroB curdan GMSK 3aBUCUT OT mpeAbIAyIUX 3HAUEHUH Tepe/1aBaeMoro
CUTHaja. DTO BBI3BAHO JCHCTBHEM TayCCOBCKOTO (UIbTPa, (POPMHUPYIOMIETO CIIEKTP CHUTHAJA
GMSK. B pesynbrare mnomexoyctoiunBocTh curHaia GMSK Huxke Mo CpaBHEHHIO Haxke C
nomexoycroiunBocthto curHasia MSK. KonkpeTHoe 3HaueHHME NMOMEXOYCTOMYMBOCTH CUTHAJIOB
GMSK cunpHo 3aBucut oT npowusBeneHus BT. Ilpumep 3aBHCHMOCTH BEPOSTHOCTH OIIMOKH
npuema curansa GMSK B 3aBUCHMOCTH OT OTHONICHHS CUTHAJ/IIYM Ha BXOJIE€ PEIIAIOIIEro

YCTPOWCTBA MPUBEICH HAa pucyHke 1.35.

Bepoarnocts omnbxm

CHraamorrn (dB)

Puc. 1.35. I'paduk 3aBucuMocTH BeposTHOCTH ommOku GMSK B 3aBUCUMOCTH OT OTHOIICHHUS

CI/IrHaJI/IHYM Ha BXOJC pClIaromiecro YCTPOﬁCTBa

[Tpu wHnexce moxymauuu m = 0.5 3a Bpems nepeJauyd OJHOIO CHUMBOJIA (haza HECyIlero
KosiebaHus ycmeBaeT M3MEHMThCs Ha yron £90°. Pemerka nepexonoB ¢assl B MSK curnane Ha

MPOTSDKEHUH IBYX CHMBOJIBHBIX TEPHOIOB IIPUBEIeHA Ha pucyHKe 1.36.

e e e e e e e e

150
100

a0

©A3A TPADVCH
o
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-100

-150

I S ) S e s g ———

10 20 30 40 50 B0 70 =] a0 100

Puc. 1.36. Pemerka nepexomnoB azer B MSK curnane
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JIBa BO3MOXHBIX 3HaueHUs (a3bl HECYHIero KojeOaHWs B OTCUYETHOW TOYKE HA OJHOM
BPEMEHHOM HMHTEpBAJC OTIMYAIOTCS OT JBYX BO3MOXHBIX 3HAUYCHUH (ha3bl HECYIIEro KoyieOaHWs
OTCUETHOM TOYKE Ha cocelHeM uHTepBaie Ha 90°. PaccMOTpeHHas CHUTyaluss MOXKET OBITh
MIPOWJITIOCTPUPOBAHA HA BEKTOPHOM JUarpaMme, MpuBeIeHHON Ha pucyHke 1.37.

al¥

nepenada “1°

nepegada “0°

Puc. 1.37. Pemerka nepexonoB ¢ga3sl B MSK curnaie.

Konen BekTopa, OTpaskalolMii aMIUIUTYIy HECYyIIero kojeOaHus Ha pUCYHKe 4, B cUTHale
YaCTOTHOW MOJYJSIMM MOXET JBUIaThbCid CTPOro IO OKpyKkHOCTH. Ha 3ToM pucyHke mapa
COCTOSIHUMIM CHUI'Haja MOKa3aHa MyCThIMU KPYXOYKaMH, a Iapa COCTOSHMM CUTHala Ha COCEIHEM
CHMBOJIE — 3aI0JIHEHHBIMHU.

PaccmoTpenHbIe TuarpamMMbl MOKa3bIBAIOT, YTO MPU pa3pabOTKe pagrHoNpUEeMHOI0 YCTPOMCTBA
MOKHO NPUMEHUTH cXeMy (a3oBoro aerekropa. [IpuHrMaeMble TBOMYHbBIE CUMBOJIBI B OTCUETHBIX
TOUKax OyJqyT OTJIMYAThCs APYT OT Apyra no ¢aze Ha 180°.

Onucanue npudopa ¢ MSK moxynsinueii (MaHumyJasiueii)

43 MT MSK Transceivervi Frant Panel =

[>]&] @ [an] [15p LI
FFT Magnitude (TX)
= o ety
g e ———
“H1000 o l_w_
e Estimated Eb/MNO(dB)
[—
e o
Samples per Symbol (16) . 2]
. [ e — & oy ) o e 00-
o J[omemmrt
S T 00
O R & £ o 1 jo J1 J1 jo
s kN T y . . ‘ ‘
Transmit symbols | MSK Constelletion (10| Trellis Graph (1) Lot B P ST 1000k 2000k
T = MSK Canstellation (RX) | Tretis Graph (0 T — e a
Frequen: Offset (Hz) RXY
Maodulation Errar Ratio (dB)
—
T )
- . )
|l . ‘ i
TOP Frequency (Hz)

o SE-6 1€-5 1,565 265 2.58-5 36-5  3,296-5
Time ()

Puc. 1.38. Hntepdetic mporpammsl ¢ GMSK moxymsmmeit



Frequency offset —3anepxka

Raised Cosine, Root Raised Cosine

Symbol Rate — nopsiok cum

Coxkpamenus: TX — Ilepenar
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Message Symbols — moka3biBaeT KOJIMYECTBO MEPEIaBaMbIX CHMBOJIOB.

Eb/NO- oTHOmICHHE cHrHAN/TITyM

10 4aCTOTC

TX Filter — Boibop ¢uiasTpa Wit nepemarunka. JloctymHsl cienyromme: Gaussian,

BOJIOB.

Transmitted Bits — nepenanubie OUTHL
Received Bits — npuHsTbIE OUTHI.
BER Trigger Found — BeposiTHOoCTb 11IMOKH

BT - Gespasmepnas Bennuuna pasaas BT =0,5

ynk, RX — [Ipuemnux

HccaenoBanne munun nepegaun ¢ MSK monyasiuueii

B kauectBe xapakrepuctuyeckoro nmapamerpa GMSK ucnonb3ytot npoussenenue BT, rae B -

mMpuHa crekrpa umimyibca h(t) mo yposuio 3 1b, a 7- miurenpHOCTh ogHOTO O6uta. Ha puc. 1.39

I/1306pa)K€Ha CIICKTpaJibHaA IJIOTHOCTh MOIIHOCTHU HA BBIXOAC NUACAJIbHOI'O

— 10O ]

— 1 2Cr

‘mll“'

i

/

prasarenprstsan snanidnapil)

-.
o, = L]

Al

1.5 e > = e 3 T

Puc. 1.39. Cnextp curnana c GMSK moxymsnumeit

GMSK-monynstopa (BT = 0,3), Hopman

HN30BAHHOI'O IO OTHOUICHHUIO K IICPUOAY T. CpaBHeHI/Ie

3TOoro rpaduka co cHekTpanbHOW TMIOoTHOCThIO MomHocTH MSK u BPSK, yka3biBaeT Ha

CEPHE3HOC MMPCUMYHICCTBO 3TOH MOAYyJIAOUuHU, MPEKIAC BCCrO - B YAaCTHU CKOPOCTHU ClladaHUA

BHCIIOJIOCHOI'O M3JIYYCHHA, T.C. CKOPOCTU CHUIKCHHUA YPOBHA MOIIHOCTU OOKOBBIX CIICKTPAJIbHBIX

JICTICCTKOB.
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Puc. 1.40. CnexTp mepenaBaeMoro (cieBa) u mpuHIMaeMoro (crpasa) curaana ¢ GMSK

moayssiiuert ipu BT = 0.2, curnan/mmym = 80
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FFT Magnitude (TX]) FFT Magnitude (R}
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Puc. 1.41. Cnekrtp nepemaaBaemMoro (cieBa) u mpuauMaeMoro (crpasa) curaaina ¢ GMSK

moayssiueit npu BT = 0.3, curnan/mym = 80

FFT Magnitude (RX)
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Puc. 1.42. CnexTtp nepenaBaemoro (cieBa) u npuHuMaemoro (crpasa) curaana ¢ GMSK
monyistnue ipu BT = 0.5, curnan/mrym = 80
MosxHo Bunetb, yro B cnekrpe GMSK npu ymensmennn BT ymeHbImaroTcs ypoBHH OOKOBBIX

MECTKOB, KPOME€ TOTO 3HAYHUTEIIbHO BO3pPACTaeT CKOPOCTh YOBIBaHUS CIEKTpa. Tak

MaKCHMaJIbHBI ypoBeHb OokoBoro sernectka GMSK mpu BT = 0.3 mensme, yem npu MSK

MOAYJIAINH, 4 CKOPOCTH Y6BIB3HI/I$I JIMHEWHO 3aBHCUT OT 4aCTOTHI, YTO O6yCJ'IOBJ'ICHO MNPUMCHCHHUEM

Eye Diagram

me1psid =3

EN DEWwogn|syeq fhsaeLot ()

() amiT

Puc. 1.43. T'mazkoBas auarpamma curaaia ¢ GMSK monynsmueii npu BT = 0.2,

curHai/mym = 80

FM Demodulated Waveform (Hz)

)
1,5E-5
Time (s)

Puc. 1.44. I'nazkoBas auarpamma curHana ¢ GMSK moxymsmueit mpu BT = 0.3



44

Eye Diagram

Fi Demodulated Waveform (Hz)

1 1 1 1
0 SE-6 1E-5 1,5E-5 2E-5 2.5E-5 3E-5 3,25E-5
Time (s)

Puc. 1.45. T'na3zkoBas auarpamma curana ¢ GMSK moaymsmueit mpu BT = 0.5,
curHan/mym = 80

W3 pHCYHKOB OTYETIMBO BHUIHO, YTO C YMEHBIIEHUEM MEKCHMBOJIbHAS WHTEpdEpEeHITHS
ycunuBaeTcs BBUAY pacmupeHus ¢unbtpa ['aycca. @unbtp ['aycca BHOCHT MEXKCHUMBOJIBHYIO
UHTEp(EpPEeHIINI0 U TO3BOJSIET CHU3UTh YPOBEHb OOKOBBIX JIEMIECTKOB CHEKTpa, a Takke
3HAYUTEJIPHO YBEJIMYMBAET CKOpOocTh yObiBaHus crnektpa GMSK curnana no cpaBuenuto ¢ MSK
curHasiamu. Ha nmpaktuke GMSK monyssiiiust Haiia mpuMeHeHre B COTOBOM cBsizu ¢popmara GSM
npu , BBUAY Haubosnee 3(h(PEeKTUBHOTO HMCIONB30BAHUS PAAHOYacTOTHOTO pecypca. JlampHeiiniee
yYMEHbIIIEHUE IapaMeTpa MPUBOAUT K CYIIECTBEHHOMY YCIIO)KHEHUIO amnmapartypbl U CUIBHO
YBEJIMYMBACT BEPOSITHOCTh OIIMOOYHOTO TMPHEMa CHMBOJIA W3-32 HEIOIYCTHMO BBICOKOM

MEXCHUMBOJIBHON UHTEPPEPEHIINH.

W3 momy4eHHbIX TpadMKOB MOXKHO CJIIENaTh BBIBOA YTO Uil OOecredeHHs TOH ke camoi
BEPOSITHOCTH OINUOKK TpeOyeTcsl pa3inyHOE OTHOILICHHWE CUTHAIMIIYM, T.€. MPU HCIOJIH30BAHUH

(I)I/IJ'IBTpa Faycca Tpe6OBaHI/I}I K Ka4€CTBY NPUHUMACMOI'0 CUTHAJIa BO3PACTALOT.

T Trellis graph

Puc. 1.46. da3oBas nuarpamMma nepeaaBaeMoro CUrHaia



B Trellis Graph
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Puc. 1.47. ®da3oBas auarpaMmma MmoJrydeHHOTO CUTHAJIA TIPH BER=2.04*10",

curHan/mym = 14

R Trellis Graph
450,00 —

Puc. 1.48. dasoBas guarpamMma monydeHHoro curuana npu BER= 10", curman/urym = 28

R¥ Constellation
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Puc. 1.49. CurnanbHOe co3Be31Me CUTHAIA IPU BER=2.04*107, curHai/mym = 14
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RX Constellation
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Pric. 1.50. CurnansHoe co3Besme curnana npu BER= 10, curuan/urym = 28

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

1
0,9 \
0,8
0,7 \
0,6 \
05 \
0 \
' AN
0,3

0,2
0,1
0 L T T T By T ‘v"ﬂ 1

9 10 12 14 16

Puc. 1.51. 3aBUCHMMOCTb BEpOSTHOCTH OIIMOKHU OT OTHOIIEHUS] CUTHAJI/IIIYM

Taxum 06pa3zom, MOJTyyaroTCsl CAEAYIOIINE XapaKTepUCTUKH 3Tux Moaymsauuit. FSK - mpocrora
peannzanuu U oTHOcUTeNnbHO mupokuid cnektp. GFSK - mpocrora peanusannuy MeHbIIMM CHIEKT,
HO M HECKOJIBKO XYAIIasi MOMeX0ycTOHYnBOCTh 1o oTHomeHnio k FSK. MSK - odenn BwicOKas
MIOMEX0YCTOMYUBOCTh MPU OTHOCUTEIHHO HEOONBLIOM CHEKTPE, HO CIIOKHAs cXeMa MOIYJsATOpa-
nemoaynsatopa. GMSK - mupuHa crekTpa NMpakTH4YecKu OJHu3Ka K TeopeThdeckoMy mpezeny Br
(cxopocte mepenaun 1MdpoBoit MH(POpPMAIMK), HECKOJIBKO XY/AIMIas MOMEXOYCTOWYHUBOCTH IO

cpaBHeHUI0 ¢ MSK, cl0)KHOCTh MOy IsITOpa-1eMOAYISITOpa Takas ke kak y MSK.

[lpu wucnons3oBaHuM mporpaMMHoro obecrmedenuss LabVIEW, Obuim  co3madbl  JBe
BUpTyaJbHble H3MEpPUTEIbHBIE JA0OPATOPUM C PA3NUYHBIMU BUAAMH MOJYJSLUU CHUTHaNA

FSK(Frequency Shift Keying) 1 MSK(Minimal Shift Keying) B kaxmoil U3 KOTOPBIX MOHO
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PUMEHUTD MIpeBapUTENIbHbIe GUIbTpauru U noxyduTh apyrue noasuasl GMSK i GFSK, ecnu

ucnoib30Bath GuibTp ['aycca.

1.3. Moaembl cnyTHUKOBBIX cucTeM cBsizu M-QAM, M-PSK u yuc/ieHHbIH aHAJIN3
BEPOSITHOCTH CMMBOJIbHOM oIMOKH ¢ ucnoab3opanneM [10 LabVIEW

B manHOM pazzaene ObLT pa3pabOTaH MPOrpaMMHBINA KOMITJICKC JUISt H3yYEHUSI MHOTOYPOBHEBBIX
METOO0B MOJIY/ISIMKA IPUMEHIEMBIX B CIIYTHUKOBBIX CHCTeMax paspaborannas B I10 LabVIEW
2011 SP 1. B paspaborannom [IO MoXHO mcciaenoBaTh Takue BHJABI MaHUIMYIsuu kak BPSK,
QPSK, 8-PSK, 16-PSK, 32-PSK, 64-PSK u M-QAM Ha TO, Kak BJIMSET OTHOIICHUE CUTHAJ/IIyM
Ha BUJ JUarpaMMbl, IMOCMOTPETh TJIa3KOBBIC TUArpaMMbl, CHEKTp, oleHuTh BER, mocmorpersb
BIUsIHUE (PUIBTPOB HA AHArPaMMy.

Haubonee wuacto wucnonsdyror QPSK wmanunymsanuio. OHa MMeeT NpPerMMyILEcTBO,
MMOCKOJILKY MOJKET paboTaTh MPH MOIIHOCTH TPAHCIOHJEpa, OJU3KOW K HACBHIIIEHUIO, TO €CTh
¢ dexkTuBHON OoTHaueit sHepruu. B Tabnwie 1 mpuBeneHBI TEOPETUUYECKUE 3HAUCHUS OTHOIICHUS
CUTHaJI/IIyM, TpeOyemble Ui qocTkeHus Benunuunbel BER, paBHoii 10'10, 0e3 KoupOBaHUs KaHala
CBSI3M ISl PA3JIMYHBIX METOI0OB MAHUITYJISALIUU.

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

MeTo1 MaHUIYJISILIUH. Curnan/mym oe3 D¢ dexruBHOCTD
NPUMEHEHHUST  KOJAMUPOBAHUS, | UCIIOJIb30BAHUS MIOJIOCHI
ab. nporycKaHus, 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 MaHumynsusi CTpOMTCS Ha OCHOBE KOJMPOBAHMS JBYX OUT mepenaBaeMoi
nHpopManuyu ofHUM cuMBoOJIOM. [Ipu 3TOM CUMBOJIbHAs CKOPOCThH B JBa pa3a HUXKE CKOPOCTH

nepenaun naGopmanmu. Ha puc. 1.43 npencrarinena BekropHas quarpamma QPSK.
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Puc. 1.52. Bekropnas quarpamma QPSK.

KonupoBanue OCyIIeCTBISETCS CIEAYIOIIMM 00pa3oM: BeCh OWTOBBIH IOTOK
pa3OuBaeTcs Ha YeTHbIC U HeueTHbIe OuThI, Toraa () Oyaer koaupoBarhk yeTHbie OUTHI, a Q(t) —
HeveTHble. J(Ba IOC/IEAOBATENbHO MAYIIMX APYT 32 JPyroM OuTa MH(GOPMALMH KOIUPYHOTCS
oanoBpeMeHnHO cuHpasHbM I(t) u kBagparypueiM Q(t) curnanamu. DToO HArISAAHO MOKA3aHO HA
ocLMJUIOTpaMMax, IPUBEIEHHBIX Ha pucyHke 1.53 jand  MHPOPMAIMOHHOTO IOTOKa

«1100101101100001».

Boir) 4
1
By

=
1[1]o]o]1

] | ]
0 | | ] |
Tir )4

Tr=1/5r
Puc. 1.53. Cundasnas u xBagparypras cocrapisromue QPSK curnana

Ha BepxHeM rpaduke BXOJHOW MOTOK paslieieH Ha Mapbl OMT, COOTBETCTBYIOIIMX
onHol Touke co3e3aus QPSK, mokasanHoro Ha pucynke 1.53. Ha Bropom rpaduke nokaszaHa
ocimiorpamma I(t), coorBercTBytromas nepeaaBaemoit uadopmaruu 1(t)>0. Ecnu yeTHbIl OUT
paBeH 1 (OUTBI HYMEPYIOTCS C HYJISA, @ HE C €UHUIIBI, TIOITOMY IEPBBIA B OUeped OUT UMEeT
Homep 0, a 3HAUUT OH 4YeTHBIM 1O mopsaky), u I(t)<0 ecau yerHwnii O6ut 0 (T.e. b(t)<0).
AHAJIOTUYHO CTpPOUTCS KBamparypHbli kaHaim Q(t), HO TOJNBKO TIO HEUYETHBIM OHUTaM.
JITUTEnsHOCTh OAHOTO cuMBoyia T=1/Sr B aBa pasza OoblIe UIMTEIBHOCTH OJHOTO OWTa
UCXOaHOM MHMOpMAIHK. Y CTPONUCTBO BHINOIHSOMEe Takoe Koauposanue I(t) u Q(t) cormacuo

co3pe3anto, QPSK ycnoBHO nokaszano Ha pucyHke 1.54.
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BektopHaa awarpamma QPSK
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Puc. 1.54. YcrpoiicTBO KoaupoBaHUs cHH(pA3HOW U KBAIPATYPHOU COCTABIISIIOIINX HA
ocHoBe co3Be3aus QPSK.

B 3aBucumocts or mapsl OuT D(t) Ha BXOJE Ha BBIXOJE IOJy4aeM IIOCTOSHHBIC B
npejienax JUIUTENbHOCTH 3Toi mapbl Out curaaisl I(t) u Q(t), 3HaueHHe KOTOPBIX 3aBUCHUT OT
nepenaBaeMoi HHpopMaIum.

CrpykrypHas cxema QPSK moayasitopa.

Crpykrypnas cxema QPSK monynsaropa Ha 0OCHOBE YHHBEPCAIbLHOTO KBaJIPaTypPHOTO

MOZYJIATOpPA ITOKa3aHa Ha pucyHkKe 1.55.

I(¢) /'><\..

[o]]e]

Bbolt) —=

Q)

()N

COS (- + gby )

@
Puc. 1.55. CrpykrypHas cxema QPSK moxynstopa.
Curnan Sqpgk (t) nmeeT BuL:

Sapsk () = 1(t) -cos(agt + ¢) —Q(t) -sin(ayt + @)

Cundasnas |(t) u xanparypmas Q(t) coctapnsiomme 570 HHYTO MHOe, Kak pealbHas U
MHUMas 4YacTu KoMiulekcHoit orubGaromeit QPSK  curnana  Z(t) = 1(t) + j-Q(t), xoropsie

ABJIIFIOTCA BXOJAHBIMU CUTHAJIAaMHU KBaApPATypHOro MOAYJIATOpPA. Torma MOXHO MNpeaACTaBUTb

SQPSK (t) uepes ero xommuekchyio ornbaromtyro Z(1):  Syps (1) = R‘Z(t) -exp( ja)Ot‘ . U3

KOMIUIEKCHOM OTrnbaromieil Mo>KHO BBIIEIUTH (Pa30BYI0 OTHOAIONIYI0 KaK:


http://www.dsplib.ru/content/quadmod/quadmod.html
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_ IZOD _ retan QO
o(t) = arctan( Rz (t)]j = arctan(= 0 )

BaxHO OTMETHUTb, YTO ApPKTAHICHC JOJDKEH BBIYMCIATBHCS C YYETOM UYETBEPTH KOMILJICKCHON
wiockocT (GyHKuuU apkranreHc 2). Bun ¢asosoii orubaromieii ¢(t) mwiss nHPOPMAIMOHHOTO
notoka «1100101101100001» noka3an Ha pucynke 1.56.
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Puc. 1.56. ®a3oBas orubdaromras QPSK curnana.

]

- . __,/‘

@aszoBass  ormbaromias  MpeacTaBisgeT  coOOM  CcTymeH4yaryro  (YHKLUHIO  BpPEMEHH,
IIPETEepPIIeBaIOIIYI0 pa3pbiBbl B MOMeHThI cMeHbl cuMBoia QPSK (omun cumBon QPSK Hecer nBa
oura uHpopmauuu). Ilpu sToM B mpenenax ogHOro cuMBoja BekTopHas auarpamma QPSK
HaXOJUTCS BCErJa B OJHOM TOYKE CO3BE3/Us, KaK TO IOKAa3aHO BHM3Y, & IIPU CMEHE CHMBOJIA —
CKa4KOOOpa3HO NEepeXOoAUT B TOYKY COOTBETCTBYIOILYIO CIEAylolleMy cHUMBOINY. ITockombky y

QPSK BCETO YCTBIPEC TOYKHU B CO3BEC3ANU, TO (1)8.30Ba${ OFI/I6aIOH_Ia$I MOKET IPUHUMAThL BCCTO YCTHIPEC

— 37
u +—.

3HAYCHUL: + "

-8

Amnunrynaas orubaromas QPSK curnana a(t) rake MoxkeT GbITh TOTyYeHa U3 KOMILTEKCHOM

orubaromeit Z(t):

a(t) = 12(t) + Q2 (1)
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Ammuntynnas oru6aromas QPSK curnana paBHa equHHIIE BCIOAY, 32 UCKIIOYCHHEM MOMEHTOB
CMEHBI IIepe/IaBaeMbIX CUMBOJIOB, T. €. B MOMEHTHI IIepecKoka (a3bl M Mepexoa OYepeHON TOUKe
CO3BE3/1HU1.

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

k['11 mokaszaH Ha pucyHke 1.57.
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Puc. 1.57. Ocmumnorpamma QPSK curnana.

— T — 37
daza HECYHICTO KOJIEOaHUS MOXKET IMPUHUMATb YCTBIPC 3HAYCHUA: +Z u +T paauaH. HpI/I

3TOM (1)338 CJICAYHOUICTO CHUMBOJIA OTHOCUTCIIBHO IIPEABIAYIICTO MOXET HE HU3MCHUTCA, WA

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

nHpopmanuu Br=10 xOut/c MBI IMEEM CHMBOJBHYIO CKOpOCT Sr=Br/2=5 xbut/c, U IIUTENBHOCTH
ogHoro cumMBoaa T=1/Sr=0.2 Mc, YTO OTYETIMBO BHJIHO Ha OCLUULUIOpaMMe (CKadoK (a3bl
npoucxoaut yepes 0.2 mc).

®opmupoBanue cnektpa QPSK curnajna ¢ nomomsio puiabrpos HaiikBucra.
Ha pucynke 1.58 moxkazan cnektp QPSK ‘SQPSK (f )‘2 curHaiioB 1ipu Br=10 x6wut/c u

Hecymeit yacrore 100 kI'u. MoXHO 3aMEeTHUTh, UTO MIMPUHA IJIaBHOTO JIETIECTKA, a TaKkKe OOKOBBIX
nenectkoB QPSK curnana Bnoe menbuie ueM y BPSK curnana npu onHoil ckopocTtu nepenauu
uHpopManuu. ITo 00yCIOBIEHO TE€M, YTO CUMBOJIbHAS ckopocTh SI QPSK curnana BaBoe MeHbIe
CKOpOCTH Iepeaun nHpopmaiuu Br.

Hcnonp3zoBanne GopMupyromnmx QGuibTpoB TaeT BO3MOXKHOCTH mepeaaBaTh 0.5 cumBoia B
cekyuny Ha 1 I'm momocel, mian 1 Out/c uudposoit mHbopmanuu Ha 1 I'm momocel mpu

HUCIIOJIB30BaHNU (I)I/IJ'IBTpa c AUX BUJIa IPUIIOAHATOI0 KOCHUHYCA.
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Puc. 1.58. Cnextp QPSK curnana.
Ha pucynke 1.58 uepubim mnokazan cnektp QPSK curnama 06e3 wucnosib3oBaHuUs
dbopmupytromero gmwibtpa. BugHo, uro npuMmenenrne ¢guibTpa HalikBrcTa mMO3BOJSET MOJHOCTHIO
nonaBuTh 60KkoBbIe JieniecTku B criekTpe QPSK curnanos. CtpykrypHas cxema QPSK monynstopa

IIPH UCIIOJIb30BaHUU (hopMupytrolero GpuibTpa nokasaHa Ha pucynke 1.59.
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Puc. 1. 59. Cnextp QPSK curnana ¢ ¢popmupyromum puiastpom HaiikBucra
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Puc. 1. 60. CtpykTypHas cxema QPSK MonynsTopa ¢ ucronb30BaHUEM

dbopmupyromero GpuIbTpa

['paduxu, nosicusironme padory QPSK momxynstopa nokasansl Ha pucynke 1.61.
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Puc. 1.61. INoscHsiromme rpadukm.

[udposas uHGOpMAaIHs MOCTYMAET CO CKOPOCThIO Br u mpeobpasyercst B cumBousl i(t) u q(t) B
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cooTBeTcTBUU C co3Be3aueM QPSK, miuTenbHOCTP OAHOTO MepeaaBaeMoro CHMBOJIA paBHA
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T=1/Sr=2/Br. TakToBBI TE€HEPATOpP BBHIJACT IOCICAOBATCILHOCTh JEJIbTA-UMITYJIbCOB  C
nepuoioM T, HO OTHECEHHBIX K IEHTpY uMmmyibca i(t) u (t), kak 3TO MOKa3aHO Ha YETBEPTOM
rpaduke. MMIyasCel TakTOBOro reHeparopa crTpobupyrot i(t) u q(t) mpu momomu Kimoue u
MoJIly4yaeM OTCYETHI [ 1 Q , TIOKa3aHHBIE HAa JBYX HIKHHUX TrpaduKax, KOTOpbIE BO30YXKIAIOT
bopmupyoHii GUILTP HHTEPIOIATOP C UMITYIbCHON XapakTeprcTukoi N(t) u Ha BbIXOIE MMeeM
cungaznyio I(t) u  kBagpatypuyro Q(t) cocraBnstone KOMIUIEKCHON —oOrudaromieil, KOTOpbIe
IIOAAKOTCS HA YHHUBEPCAJIBHBIA KBaApaTypHbIM Monayssarop. Ha BeIxome monynsTopa IOIydaeMm
QPSK curnan ¢ momaBiieHHeM OOKOBBIX JICTIECTKOB CIICKTpa.

OOparum BHHMaHHe, uyTO cuH(pa3zHas I(t) u kBagpaTypHas Q(t) coCTaBsIONINE CTAHOBSTCS
HENPEPbIBHBIMU (QYHKIUSMHI BPEMEHH, B Pe3yJIbTaTe BEKTOP KOMILIEKCHOH orubaromenr QPSK yxe
HE HAaXOJHUTCA B TOYKAX CO3BE3/Ms, TEPECKAKMBasi BO BPEMs CMEHBI CHMBOJIA, a HEMPEPHIBHO
JBUKETCS KOMILUIEKCHOM TIIOCKOCTH Kak 3TO IMOKa3aHO Ha pHCYHKe 1.62 mpH HCMONIb30BaHHUU

(buIbTpa NPUMIOAHITOTO KOCHHYCA C PA3JIMYHBIMU IMapaMeTpamu .

1.8

T T T L T 15 T T L} L L)
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Puc. 1.62. Tpaekropun IBUXKECHHS BEKTOpa KOMIUIEKCHOM orubaromer QPSK curnana nmpu
pa3nM4YHBIX Mapamerpax ¢popmupytromero ¢puiabTpa HaiikBucra.
Ha Bepxnem neBoM rpaduke TMOKa3aHa BEKTOpHas JaMarpaMMa TMpU  OTCYTCTBUU
dbopmupytomero QwibTpa TPU  CKAYKOOOpA3HOM TEpPEMENIEHWHM BEKTOpa KOMILUIEKCHOU

orubaromeid. Eciu Bximounth ¢unbTp HalikBuCTa, TO npu yMeHbIIEHUHU [3 BEKTOpHAs AMarpaMma
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npeBpamiaercs B «kiyook». [lpu f=I momywaem Haumydiiee NPUOTMKCHHE K UACaTHHOU
JuarpaMme.

[Tpu HEenpephIBHOM JIBXKEHUH BEKTOpa KOMIUIEKCHOW OrmOaroIieil ero aMIuinTyia HauuHAeT
MEHAThCS BO BpemeHH, 3HauuT y QPSK curnana npu ucnonb3zoBanuu popmupyromero GuibTpa

HAaYMHACT MCHATHCA aMINIMTyAHAA OFI/I6aIOH_[a$I

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

YTO HATJSAHO AeMOHCTpupyercs ocunsuiorpammoit QPSK curnana, nokazanHoii Ha pucynke 1.63.

15 Y

T T T L) T T
— —sgesx(t) —I(t) —Q(t) —alt) Br=10 T fo=200 kTu B=1.0
= i —_ - e — - - -
2 + ”” N 1l _/IU L )
2. 06 ! (il | | |
Q 1 /
= 0'
~ | ‘
< =" gkl il |
E . LI ] LLGARRNSRRL LG LSS
©“
15 A 1 A A 1 L 1
0.2 04 0.6 08 1 12 14 1.6
t, MC

Puc. 1.63. Ocuumnorpamma QPSK curnana npu ncnosib3oBaHuu GopMHUpyOLIEro GpuibTpa
HaiikBucra
Bunno, uro ¢uneTp HaiikBucTa NpUBOAWT K TOSBICHHUIO MAPa3sUTHOW aMILTUTYIHOM
moayasiuu. [Ipu 3ToM B Toukax korjma u cuHpasHas I(t) ' kBagparypuas Q(t) cocraBmsrorime
KOMILIEKCHOU orubaronieil paBubl Hyito, ammuutyaa a(t) QPSK curnana taxke namaer a0 Hyls, U
¢da3a moBopaumBaeTcs Ha 7T paauaH. [y0oKas amIUTUTYAHAs MOAYJSALHS — O3TO HETaTHBHBIN
addekt, kotopslii yerpansercs opcernoit QPSK (OQPSK) moaynsiuu. BaxkHo 0TMETUTBH, UTO TpU
uenpepbiBHbIX I(f) 1 Q(t) pasoBas orubaromast TakKe CTaHOBHTCS HENPEPHIBHOW —(DyHKIMEH
BPEMEHU U TIepECTaeT MEHATHCS CKaYKO0Opa3Ho, a IIIaBHO MEPETEKAeT OT CHMBOJIA K CHMBOITY, YTO

Y TIPUBOJIUT K cykeHuto criektpa QPSK curnaia npu ncnoiib30BaHuu GOPMUPYIOMIETO QIIIBTPA.

HpaKTH‘leCKaﬂ 4acTb.

Buemawmii By pa3paboTaHHOTO TPOTrPaAaMMHOTO OOECTIeUeHUs TIPEICTABICH Ha puCcyHKe 1.64.
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3 Mstsage Symbols Reset PSK System Parameters Qutput Complex Waveform Esti Eb/NO(dB)
: T)' 1000 bv samples per symbol (16) differential PSK t0 I‘”.ﬁ318
! es
T Fiter [+ {disable 0.0000 L= S B s
: \;—‘RDDt Raised Cos Sins e dt IW—OOOO
 Symbol Rate M-PSK £ |2,50£—s 5
A A ° |o_924 +0,383 BER Trigger Found
: :| 100,00k ;‘s ' Values
i PSK type 2}
] normal T ;’0 Ilo_zsg 0,569 i
~ Eb/NO, dB
: 3 Transmitted Bits
SR SRR 0.0 _ : C O ol ol il
0790 90 30 40 50 8o 70 80 Transmitted Symbols TX Spectrum \ Constellation (TX output) -
Frequency Offset, Hz Demodulated Symbols ~ Constellation (RX output) Eye Diagram (RX) Received Bits
SR S 0.0 5 B
A2 Wi o ol - |
=ty ECC Modulstion Error Ratio, dB
|3115
Frequency Offset, Hz
|-o,o1
Bit Error Rate
< 0,0
0,0000E+0
-0,5-1 Error Out
o status code
: Lz o
-1,5-1 source
-5 <100 -, 0,0 05 1,0 1,5 )
Autoscale i |
-

cTAn ]

Puc. 1.64. Buemnuii Bun pazpadorannoro 1O ms uccnenoBanus QPSK.
IIporpamMmMa umeeT JBa 0JI0Ka:

1. Bnok HacTpolku (cieBa);

2. Biok oToOpakeHus pe3yibTara (Crpana).

B 0i0ke HACTPOMKH MOXKHO 3a/iaBaTh KOJMYECTBO CHMBOJIOB B IIEpEIaBacMOM COOOIICHUHU
(mone Message Symbols), yem Gosbiiie CHMBOJOB B COOOIICHHH, TEM [OJbIIC OHO OyaeT
nepenaBathes. Ha pucynke 1.65 mokazano kak mensiercst quarpamma QPSK cHsiTas ¢ mpuemMHuKa B

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

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

-5 10 05 0,0 0,5 1,0

(]

Puc. 1.65. lnarpamma QPSK. 10 cumBo10B B coobmennu (cieBa), 1000 cumMBOI0B B

cool1eHuu (cmpana).
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MoxHO 3amaTh 3Ha4YeHWe oTHomeHus curHan/mym (monme EL/NO, dB). Ha pucynke 16

npencrasieHa quarpamma QPSK st pa3HbIX 3HAY€HUH CUTHAI/IITYM.

Ly .o}o oty
‘+,o‘: 1'+-i‘ \; -

LV
G fyd et
L**i‘ T
ik +.-3.+’*,-M‘$$ et
+a&

O“'

c:‘t

' [
L +,c.o‘\ o

0

o

Puc. 1.66. Inarpamma QPSK. Otnomenue curnan/mym 0 ab (cieBa), OTHOIIEHHE
curnan/mym 60 nb (copasa).
N3 pucynka 1.66 BuaHO, 9TO YeM OOJIbIIIE OTHOIICHHE CHTHA/IIYM, TEM YeTdYe BBITIISIUT
nuarpamma QPSK.
Tak ke MO)KHO YCTaHOBHTb:
1. Cneur no yacrote (mone Frequency

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

2. Bun ¢dunerpa (mome TX Filter).
MoxHO 3a7aTh clieAyroImue GUIbTPHI:
. None (6e3 ¢uibTpa);
o Raised  Cosine  (IIpunogHsThIHA
KOCHHYC);
o Root Raised Cos();
o Gaussian (I"aycca).
3. Uucno touek M B co3Be3auu (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
nepeaaBaeMbix OuT (mmosie Transmitted Bits).

5. [MocienoBaTenbHOCTh IPUHUMAEMBIX
our (moste Received Bits).

6. Ckopoctp mnepenaun (mose Symbol
Rate).

Ha pucynke 1.60 mokaszano kak uaMmensiercs quarpamma QPSK B 3aBrCHMMOCTH OT BRIOpAaHHOTO

3HayeHusa M.

1,5-

1,0
0,5+
I 0,0
-0,5-
1,0-

-1.5-
-5 -, = d 15

tesanat®

Puc. 1.67. Inarpamma QPSK. CneBa Ha npaBo cBepxy BHuU3 - 2,4,8,16,32,64.
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B pazpaboTaHHOM MporpaMMHOM OOECIIEYEHUH MOKHO CHUMATh CIIEKTp NepeaaTurka (BKIIaaKa

TX Spectrum). Ha pucynke 1.67 npencrasiens! criektporpammbl QPSK mist pa3HbIX GuiIbTpoB.

FFT Magnitude Spectrurm FFT Magnitude Spectrum
50,0 50,0-

40,0- 40,0-

30,0- 30,0-

20,0

200-

10,0

Amplitude (dB)
Amplitude (dB)

0.0- 0,0~ Mr

-10,0- [
-20,0-

-10,0-
-20,0-

-30,0-1

1 -30,0-
-200,0k -100, 0k

| 1 1 | 1
0,0 100,0k 200, 0k -200,0k -100,0k 00
Frequency (Hz) Frequency (Hz)

1 |
100,0k 200,0k

FFT Magnitude Spectrum
40,0-

30,0
20,0-
10,0

0.0-

v

Amplitude (dB)

-10,0-
-20,0-

-30,0-1
-200,0k

1 1 1
0,0 100, 0k 200,05k

Frequency (Hz)

1
=100, 0k

Puc. 1.68. Criekrporpammer QPSK ¢ BrIcTaBIIeHHBIMU 3HaUEHUSIMH (HUITBTpA (CIIeBa HA TIPABO -
CBEpXy BHHU3): 0e3 GuibTpa, NpUMNOIHATHIH KocuHyc, Root Raised Cos

B pa3pabGoTraHHOM NporpaMMHOM OOECHEeYeHHH MOKHO CHUMAaTh IJIa3KOBYIO JAMarpammy cC

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

JMarpaMMbl TIpH pa3HbIX 3HaueHUss M mis ocu Q, a Ha pucyHke 1.69 mpencTaBieHbI TT1a3KOBbIC

AuarpaMmel IIpyu pa3HbIX 3HAYCHUSA M JJIs1 OCHU |
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Eye Diagram
1,02

Eye Diagram
1.4-

Amplitude
Amplitude

| I I | |
100u  150u  200u  250u  30,0u

| 1 1 | 1
00 50u 100w 150u 200w 250u  300u 0,0 5,0u
Time

:
Time

Eye Diagram

1.2-
1,0-

Eye Diagram
1.2-

Amplitude
Amplitude

=
i

0
T

'
—
[¥E]

1
30,0u

=~ I I I I I I I I
00  50u 100u 150u  200u 250u  300u 00 50u 100u 150u  200u 250u
Time

Time

Eye Diagram Eye Diagram

12-
1,0-

Amplitude
Amplitude

| | | I |
100u 1500 200u  250u  30,0u

1 | | 1 1 |
00  50u 100u 150u 200u 250u 300u 00 50u
Time

!
Time

Puc. 1.69. I'na3zkoBble quarpammsl i pa3Hbix 3HadeHnit M Ha ocu Q (cneBa Ha mpaBo —

cBepxy BHM3): 2,4,8,16,32,64



Eye Diagram

Eye

00-

Amplitude

Diagram
135
1,0-

Amplitude

re Diagram
135

0,0-

Amplitude

-0,5-

1,3
0,0

Eye Diagram

Amplitude

| | | | | |
50u  100u 130u 200u 250u  300u
Time

Eye Diagram
124

Amplitude

1 1 | | 1
100u 1500 200u 250u  300u
Time

1
5,0u

{d

Eye Diagram
15

Amplitude

1 1 1 i
10,0u  150u  200u 250u
Time

| |
5,0u 30,0u

4
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| |
250u 30,0u

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

| | | | | |
300 100u 150u 200u 2500 300u

Time

I I I I I
10,0u  150u  200u 250u  30,0u
Time

1
5,0u

Puc. 1.70. I'na3zkoBble quarpammsl [uid pa3Hbix 3HaueHnid M Ha ocu | (ciieBa Ha mpaBo — cBepXy

BHM3): 2,4,8,16,32,64

Och BeIOUpaeTcs Ha Bkiaake Eye Diagramm (RX) B mone Display 1/Q.
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Tak »xe mnporpammHoe obOecrieueHne paccunthiBaer BER (Bit Error Rate — OwutoBas
BEPOSITHOCTH OIIMOKHM). DTO 3HAYCHNE MOKHO yBUIeTh B nojie Bit Error Rate.

BricTpo onpenenuTh ecTh OMMOKK WIIM HET MOKHO €CIIM IOCMOTPETh Ha 3€JIEeHYI0 KHOIKY C
noanuceio BER Trigger Found, eciu ona Oyaer roperh 3HaYMT OMTOBAas BEPOSTHOCTH OIIMOKH
MIPUCYTCTBYET.

B mnpaBom HmwkHeM yriay ecth uH(popMmanmoHHoe okHO Error Out, B koTtopoe Oyner
BBIBOJIUTHCS KOJI M COOOIIEHHE OMIMOKH B ClTydae He KOPPEKTHON pabOThI IPOTpaMMEI.

Ha Bxmaakax Transmitted Symbols u Demodulated Symbols mokHO mocMOTpeTh nepeaanHbie
U JIEMOJTyJTMPOBAHHBIE CUMBOJIBI COOTBETCTBEHHO.

KBanparypuo-amniurynnas wmoayiasiuusi - QAM (QAM — Quadrature  Amplitude
Modulation) moxxer paccMaTpuBaThCsi Kak pacIIMpeHHas MHOroypoBHeBas @M, B KOTOpoil jBa
UCXOJHBIX CHTHAJla TEHEPUPYIOTCS He3aBHCUMO. Takum o00pa3oM, 3/1ech HMMEIOT MECTO JBa
MOJTHOCTHIO HE3aBHCHUMBIX KBAJPATYPHBIX KaHalla, BKIIOYAIOMIME MPOIECCHl KOAMPOBAHUSA U
JIETEKTUPOBAHMS B OCHOBHOM I10OJIOCE.

Ha pucyHke mNOKa3aHO CHUTHAJIBHO - TOYEHOE MPOCTPAHCTBO Al cuCTeMbl ¢ 16-QAM wu
YeTBIPbMS YPOBHAMHU B Ka)XKJIOM KB3/IpaTypHOM KaHaie. TOYKM MpeCTaBIsI0T COCTABHOM CUTHAII, a
IITPUXH HA OCSX OTMEYAIOT YPOBHM aMIUIUTY/ABI B KaXJIOM KBaaparypHoM kaHaie. OCHOBHas

cxema MOIyJSITop — neMoayisitopa 16-QAM npencraBiieHa Ha PUCYHKE .

4 Q
- = - =
- - =
—t —— I
- » - =
- = - =

Puc.1.71. CurHanbHO-TOYEYHOE MTPOCTPAHCTBO MOAYISIIMU s 16-QAM

E’:IFP ~ PN e
Hcrousmx
KoTeCammiE Hcrowmmx
EQLSPSELEBLY
v KoTIeCaEnE
mal® = ——— 9_ S asonpamarens
‘ =a 90° r =a 90°
7 b_

Puc. 1.72. Cxema moaynstopa-gemonynsitopa QAM
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B ornnune or ®M curnanoB curHaiel QAM, IOKa3aHHBIE Ha PUCYHKE HE COJEpKaT
MOCTOSIHHOM orubaromeii. Hanmnune nocrostHHoi orunbaromeii B @M 00bACHsACTCS MOAIepKAHUEM
OTHOIIICHUS YPOBHEW B KBaJpaTypHbIX KaHaiax. B QAM Takue orpaHuyeHus HE BBOJSTCS BBUIY

TOr'0, 4YTO B Ka’X10M KaHaJI€ YPOBHU HE3aBUCHUMBEI.

Xapakrepuctuku omuOok cucteM QAM u ®OM moaynsauuid cuwibHO oTimuarotcs. [lpu
JOCTATOYHO OOJIBIIIOM YHCIIE CHTHAIBHBIX TOUeK cucteMbl QAM uMEIOT, Kak MpaBHIIO, JTyYIlINe
XapaKTePUCTHKH, 4eM cucteMbl ¢ @M. OcHOBHAsI IPUYUHA COCTOUT B TOM, YTO PACCTOSHUE MEXKITY
CHUTHAJILHBIMU TOYKAMHU Ha Juarpamme st cucteMbl ¢ QAM Oodbliie, 4eM il COOTBETCTBYIOIICH

cucteMnl ¢ ®M.

Paccrosiune d Mexay cocemHuMu Toukamu B cucreMe QAM ¢ HOPMHUPOBAHHON K CIMHUIIC

ITMKOBOM aMHHHTYﬂOﬁ 1 9YuCJI0M ypOBHeﬁ L MoxeT OBITh MMpCACTaBJICHO B BUIC:

_ A2
d =T1 (1.14)

Ha pucynke mnpencraBieHo cpaBHenue cucreM QAM-16 u ®M-16 paboraronmx Ha

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

KAM-16 DOM-16

Puc. 1.73. CpaBuenue cucteMm QAM-16 1 ®M-16 paboTarommx Ha 0JMHAKOBOI MUKOBOH

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

B nacrosimee Bpems ais mepenayn moib3yrorces cucremMamu 256-QAM. Hano otmeruts, 4To
HaJe)KHOe (DYHKIIMOHUPOBAHUE BBICOKOILIOTHBIX (POPMATOB MOIYINISIHH, TakuxX kKak 256- QAM

TpeOyeT CTPOroil JMHEWHOCTH YCHJIUTENEH, A BO3MOKHOCTU OOpabOTKH LIMPOKOIO JMana3oHa
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aMIUIATY T cUTHAIOB. COOTHOIICHUS JJIs XapaKTePUCTHK OMMOOK MeTOI0B 4-,16-,64- u 256 - QAM

b
B 3aBUCUMOCTHU OT OTHOIICHHA (bYHKI_[I/II/I N_ IIPpUBCACHBI HA PUCYHKC.
0

e ‘:\\\‘\.\
—— ~
\\ \\ 256 ypposnei

e = o] \Q\\
B ey \ \ \
§ N N N ‘
g 105 \ \ \ b4 ypopus
B N

BN N NN
WEA" \ \\

4|yposui \ 16 yposmen \ 33 yposHs

9 10 11 12 13 14 15 16 17 18 19 20 21

OteomeEEe SEEPrEE E2 OHT K mroTECcTE myMa (Ey/Ng). ab
Puc. 1.74. BepositHocTr omnO0K B cuctemax QAM.

JlocToMHCTBO BBICOKMX 3HauyeHU Homepa QAM — 3TO MOBBILIEHHAs CKOPOCTh IEpenayvu
JTaHHBIX, MOCKOJIBKY TakuM oOpa3oM Ooiplliee KOJIMYECTBO OMTOB HMH(POpPMAIMA MOXET OBITh
IepeaHo B TEYEHUHU OJHOro 1ukia. OnHaKo, ¢ Ipyroil CTOPOHbI, B 3TOM Cilydae OoJibliee YHCIIo
YPOBHEW aMIUIUTYAbl CHUTHAja pacloyiaratlorcsi OJIM3KO IpYyr K JApYry, MOBBIIAs TEM CaMbIM
BEPOATHOCTh HEPA3JIIMYMMOCTH JBYX YPOBHEH, U KaK CJEJICTBUE — IOBBINIAS YYyBCTBUTEIbHOCTD
CUCTEMBI K Imymy. Takum oOpa3om, BbICOKHME 3HaueHUsi HoMepa QAM Oonee TpeOGoBaTENbHBI K

napametpy SNR (Signal Noise Ratio — Otnomenne Curnan/Ilym).



IIpakTnyeckas vacte QAM

65

J Tu Waveform = RxWaveform
per Symbol
jﬁg-‘-‘-‘-“ ................
v Symbol Rate, Hz BER

M-QAM ’rﬂlo,ook : |11124E.3
16 Constellation [ Accumulated BER

- - oscale o

Sync Location Uncertainty, Symbals Received Constellation e /] |2,7_124 E-2
/.

o8 1,0+ BER Trigger  BER Trigger
Expected Sync Lacation, Symbols Found? e s
e =) o 2

2

0,61

Eb/NO, dB : e Error Out
¥y Em !

TR N TR E e nzd

0 10 20 30 40 S0 60 |70 80 g

Message o

# Guard Bits & Message Bits
?lza ’rlwoo

#5ync Bits PN sequence order
i'ao ’r|31

|
#Guard Bits, #Sync Bits should be integer
iple of bits per symbol

error in

STOP

Puc. 1.75. Buemnuii Bun pazpadorannoro I10 mis uccnenoBanus QAM

Uwucno noceuiok 2000 1 pa3nuyHbIe OTHOMICHUS! CUTHAI/IITYM

Constellation _
Transitions -

Received Constelation

Puc. 1.76. Cozseznus st QAM-8 nepenaBaeMoro curHana.
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Constellation

Received Constellation Transitions

Puc. 1.77. CozBe3nus it QAM-16 nepegaBaemMoro cursaa.

Constellation -

Received Constellation Transitions -

|
4,0 08 06 04 D2 00 02 04 0§ 0F LD

e
03 03 02 02 01 01 00 01 06 02 02 02 03

Puc. 1.78 Cozse3us mss QAM-32 nepenaBaeMoro curHania.

Ha pucynke 1.79. npuBenens! rma3koBsie auarpammsl 11t QAM-8 curnana.

1,1:

0,8
0,6
0,4
0,2
0,0

0,2

0,4

0,6

0,8

i ERE
300,0ul 0,0

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

Puc. 1.79. I'nma3koBbIe 1uarpaMMbl IPH MaJOM OTHOIIEHUU CUTHAJ/IIYM U TIPU HaWITyqIlIeM

OTHOIIICHUN CHTHAII/ mrym

Ha pucynke 1.80. npuBenens! rina3zkoBsle auarpammsbl 11t QAM-16 curnana.
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L) . . : : . .
] | | I | d
50,00 100,00 150,0u 200,0u 250,0u 300,00 0,0 50,00 100,0u 150,00 200,0u 250,0u 300,0u

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

OTHOILIEHUH CUTHAJI/ mym

- 1 = -- : 1 1 i I
50,0u 100,0u 150,0u 200,0u 250,0u 300,0u

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

1
0,0

Puc. 1.82. 'ma3koBbIe 1uarpaMMbl IPH MaJIOM OTHOIICHWH CUTHAJ/IIYM U TIPY HaWITyqIlIeM

OTHOIIEHUU CUTHAJI/IIYM

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

FFT Magnitude Spectrum

Amplitude {dE)

40,0

L0-7
-50,0k

0 ' ' ' ' i
-z0,0k 0,0 20,0k 40,0k 60,0k 80,0k
Frequency (Hz) E I, —stlsz

| |
60,0k -40,0k

i i i d
20,0k 40,0k 60,0k 80,0k

i i i
40,0k -20,0k 0,0

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

Ha pucynke 1.84. npusenens! ciekrporpammsl s QAM-16 curnana.
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Puc. 1.85. CniekTporpamMmbl Ha BX0JI€ M Ha BBIX0JIC KaHAJIa

Ha pucynxke 1.86 npuBenens! cnektporpammsl it QAM-32 curnana.

FFT Magnitude Spectrum

Amplitude (dE)

D
-40,0k

0 '
-20,0k 0,0
Frequency {Hz)

v
20,0k

v
40,0k

v
60,0k

FFT Magnitude Spectrum
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Puc. 1.86. CriektporpamMmMbl Ha BXOZI€ U Ha BBIXOJIE KaHaja

1
20,0k

i i
40,0k 60,0k
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40,0k
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]
30,0k

i
0,0k

[Momynkom ED/NO ycranaBnuBaeTcs ypoBEHb OTHOIICHUWS CHTHan/iyma, B moje BER

oToOpaxkaeTcs KOJIMYECTBO OOHApYyKEHHbIX OIIMOOK IpHu mnepenade. M3 momydyeHHBIX JaHHBIX

MOKHO ITOCTPOUTH Fpa(l)I/II( 3aBUCUMOCTH, CPABHUTH ITOKA3ATCIIN Y PA3JIMYHBIX BUJIOB MOAYJISIIUU U

MOJITBEPUTH/OIPOBEPTHYTH TEOPHIO, OIIMCAHHYIO BBIIIE.

B Ta6J'II/ILIe HHWXKC MPCACTABJICHBI JaHHBIC JIs1 pACCMOTPEHHBIX BUJI0B MOI[y.TIfII_II/II\/’I.

BER
BER
BER
Eb/NO, dB

[ B SR S

[ =

F R

1 1 1,00E+00 1,19E-02
1 451E-01 1,00E+00 1,72E-02
1 1,00E+00 2,27E-01 2,42E-02

3 B 8 10

3,97E-03
7 B1E-03
2,10E-03

12

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

14

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

16

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

QAM, 32-QAM



120
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0,80
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0,20
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Puc. 1.87. I'paduk 3aBucumoctu napamerpa BER ot Eb/No mis 8-QAM, 16-QAM, 32-QAM

I'JTABA 2. ITPOITYCKHASA CIIOCOBHOCTDb KAHAJIA CBA3U. KOAUPOBAHUE
NCTOYHHUKA

2.1. Hponycxﬂaﬂ CIOCOOHOCTDL KaHaja cBsA3H. O0beM CHrHAJIa U eMKOCTh KaHaJia CBA3H,

YCJI10BUA UX COrJTaCOBaAaHUA

PaCCManI/IBaeTCSI BOIIPOC COr1aCoOBaHUA Z[I/I(l)(bepeHI_[I/IaJIBHHX XapaKTCPUCTUK HCTOYHUKA

muckpetHolt uHpopmarmu (UMW) um mpenoctaBieHHoro auckperHoro kaHana cszu (KC)

B

TepMHHAaX NoToka uHpopManuu, BeiBogumont uz N1, u nponycknoii cnoco6noctu KC. B nannom

pasaciic oTa 3ajada peiacTCsd Ha YPOBHC MHTCTPAJIbHBIX XAPAKTCPUCTUK CUTHAJIA U KaHalla B BU/IC

o0beMa CUTHajJIa U EMKOCTH KaHajla CBS3H.

CurHan xkak MojJenb cooOumeHus (MHPOpPMalMU) HMEeT «radapuTHBIE —pa3Mepby,

XapPaAKTCPUIYIOIIUC 00BeM CHUTrHaJ1a, aHAJIUTHYCCKHU OHpCI{CJ’IHCMBIfI BbIPA’KCHUEM

n

rae l. - BpeMeHHas JUIMTEIBHOCTh CHTHana, F. - >(QQeKTHBHBIA CIeKTp curHaia,

OHpC,[[CHSICMLIﬁ 3(1)(1)6KTI/IBHLIM CIICKTpPa 3JICMCHTAPHOI'O CUTHAJIAa KOJa W THUIIOM MOIYJIAIHHU.

B
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Pe
(2.1) KOMIOHEHT WC = |ng(l+—) UMEHYETCsl JIOrapu(MHUYECKUM TPEBBIIICHUEM CHUTHaja

Pn
Haj HOMeXOﬁ, B KOTOpOM Pc - MOIIHOCTBb CUTI'HAJIA, Pn - MOIIHOCTb IIOMCXH, COHpOBO}KI[aIOH_[Cﬁ

nporecc (OpMUPOBAHUS CUTHAJIA.
AHaJOrnYHbIM 00pa30M KaHaJ CBSI3U KaK TPAHCIIOPTHAs Cpela XapaKTePHU3YeTCs eMKOCTBIO
KaHaJla CBS3W, aHAIUTHYECKH 33/1aBaeMYI0 BBIPOKCHUEM

_ _ P
Vie=TicFicWic =TicFc 090+ ). 2.2)

rac TK - JVIMTCIIBHOCTh MHTCpPBajla BpCMCHHU, HaA KOTOpBIﬁ npeaoCTaBJICH KaHal CBA3H, FK -
apdeKkTrBHAS T0JIOCAa TMPOIYCKAaHUS KaHajla CBSI3M, KOTOpash MOXKET OBITh OmIpe/esicHa

AHAJIUTUYCCKU MU SKCIICPUMCHTAIIbHO o aMHHHTYHHOﬁ YaCTOTHOH XapPaKTCPUCTHKE

YEeTHIPEXIOMIOCHUKA, KOTOPBIA TMpeAcTaBiseT coOoi kaHan cBsizu. B (2.2) KOMIOHEHT

Pc 5
Wk = |ng(l+ P_) MMEHYeTCs JIorapu(MUYECKHM TIPEBHIIICHUEM CHUTHalla IMOMEXOH, B
n

KOTOpPpOM Pc - MOIIHOCTBh CHUI'HAJa, Q)HKCpreMaﬂ B KaHaJbHOM cpene, Pn - MOIITHOCTH IIOMCXH B

KaHaJIBbHOMU cpee.

HerpyaHo moHsTh, YyTO Iepenaya CUrHajia IO IPEJOCTAaBICHHOMY KaHajly CBS3UM BO3MOXKHA
TOJIBKO TOTI'/Ia, KOT'/Ia pa3Mepbl TPAHCIOPTHUPYEMOIO CPEACTBa (CUTHaNa) HE MPEBBIIIAIOT pa3MEPOB
TPAHCHOPTHOMH cpelibl (KaHaja CBS3H).

Takum o00pa3oM HEOOXOAMMBIM YCIOBHEM COIJIACOBaHMSA CUTHaja C MPeJOCTaBIEHHBIM

KaHaJIOM CBA3HU ABJIACTCA BBINIOJIHCHUC HCPABCHCTBA

Ve <V, 2.3)

Z[OCTE[TOLIHHMI/I YCIOBUAMHU COTJIACOBAHUSA CHUTHAJIa € MTPCAOCTABJICHHBIM KaHaJIOM CBA3H

SABJISICTCSA BBIITIOJIHCHUEC HEPABCHCTB

Te<T,, Fc<F Wc<W, (24)

N Hakonen, ycinoBueM 3((PEKTUBHOTO HUCHOJIb30BAaHUS IPEJAOCTABICHHOTO KaHaja CBSA3HU

SABJISICTCA BBIITIOJTHCHUEC PABCHCTBA

KOHCprKTI/IBHLIM HHCTPYMCHTOM COTJIaCOBAHUS CUTHAJIa C IPCAOCTABIICHHBIM KaHAJIOM CBA3U

NyTeéM YMCHBIICHUA o0beMa cHTrHalIa Vc 3a CUYCT YMCHBLHIICHUSA KOMIIOHCHTA TC SABIIACTCA

HCIOJIb30BaHNE BO3MOKHOCTEH 3(DPEKTUBHOTO KOJUPOBAHUS.
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Teopema K.lllennona o6 s3¢pdexrnBHOM KomupoBanuu cumBosioB M1V (ocHOBHas Teopema
K.Illennona)

[TycTth uctounuk auckpernon nadopmanuu (M) renepupyer andasur

X = [Xi . p(Xi ); 1=1, nl COCTaBJICHHBIN U3 N JUCKPETHBIX CTATUCTUYECKHU HE3aBUCHMBbIE

H(X)=-3, p(3)l0g, p(x)

CHUMBOJIOB, XapaKTEPU3YIOIIMICS SJHTPOIIUEHN , TOrAA:

1. CYLIECTBYECT TaKou CHOCO6 KOOAWpOBaHUA CMUMBOJIOB, IIPU KOTOPOM CPEAHEC HA CUMBOJI
n
gp[KO]= 3 pOx) [K(x)]

YHCII0 JBOMYHBIX Pa3psIoB Koga OyldeT CKOJIb YTOAHO Oam3kuM K sHTponuu H (X) nau;

2. HE CYLICCTBYET TAKOI'O crocoba KOIHUPOBAaHUA, IIPHU KOTOPOM CpCJHCC Ha CHUMBOJI YHCIIO

n
JIBOMYHBIX Pa3psiioB KoOja Icp [K(X)]= 3 p(Xi)l[K(Xi)] oyner menbire sutpornmu H(X)
-1

nan.

Haubonee pacnpoctpaHeHHbIMU alropuTMaMu 3(hHEKTHBHOTO KOAUPOBAHHS, OCHOBAHHOTO Ha

MCI0JIb30BaHUU OCHOBHOM Teopembl K.1lIeHHOHa, SBAsIOTCS:
- AnroputMm K.IllenHnona - P.®ano,
- AnroputMm [1. Xaddmona.

Cnenyer cka3aTb, 4YTO COJEPXKATEIbHBIH MOMEHT JTHUX QJIrOPUTMOB, HECMOTps Ha
MpOLEAYPHBIE Pa3IHuMs, MO3BOJSIIOMINNA MOCTPOUTHh IPGEKTUBHBIN ABOUYHBIA KOJ, CpEIHSS Ha
CHUMBOJI JIJTHHA KOTOPOTO MaKCUMAaJIbHO MPUOIMKEHA K IHTPOMUU UCTOUYHHUKA, COCTOUT B TOM, YTO
CUMBOJIaM ¢ OOJIBIIEH BEpOSTHOCTHIO MOsiBICHUS Ha Bbixoae /U cTaBsTcs B COOTBETCTBHUE KOIbI
MEHBIIeH JUIMHBI, @ CHMBOJIAM C MEHBIIEH BEpPOSITHOCTHIO - KOIbI OONbIIeH IIUHBL Takum
o0pa3zom, 3¢ (heKTHBHOE KOAUPOBAHHUE PEATU3YeTCs B KJlacce HEPaBHOMEPHBIX KOOB.

D@ dekTuBHBIE KOJIBI MPUHSITO XapaKTEPU30BaTh JABYMsI MOKA3aTEIIMU KOJa: U30BITOYHOCTD U
3¢ pexTUBHOCTH

Onpenenenue 2.1. U30bITOYHOCTHI0O I(PPEeKTHUBHOIO KOAAa Ha3bIBaeTCs Mokazatens Dy,

OHpC[[CHSICMLIﬁ BBIPAKCHUCM

n
_ lep KOO =1 [K(X)] _ 2 p(Xi)l[K(xi)]_ H(X)

(2.6)
‘ o [K(X)] 3 o)1k x)]
-1
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Onpenenenne 2.2. IppexTHBHOCTBEIO dP(PEeKTHBHOrO KOAa Ha3bIBacTCA IOKasarenb 77,
OIPEIEIAEMBIN BBIPAKEHUEM
IR0 T 1 | 7
p b pO)IK ()]

HerpynHo BuaeTh, 4TO H3OBITOYHOCTh M A(PPekTUBHOCTh A(DPEKTUBHOIO KOJA CBSI3aHBI

COOTHOILICHHUEM

Dk:1_77- (2.8)

2.2. UccienoBanye KOAMPOBAHUS HCTOYHMKA TUCKPETHBIX COO0IEeHUIT MeTogaM
Illennona ®ano

Jis ynoOcTBa pacmonokuM Bce UMeroIuecss nm OyKB B OJUH CTOJIOMK B HOpsJKe
yObIBaHHS BEpOATHOCTEH. 3aTeM Bce ATH OYKBBI CIeAyeT pa30UTh HA JIBE TPYMIBI — BEPXHIOI H
HIDKHIOIO — TakK, 4TOOBl CyMMapHas BEpPOATHOCTh IEPBOM TIpymibl Obula Hambosee Oim3Ka K
CYMMapHOW BEpOATHOCTH BTOPOM Ipynnbl. [ OykB mepBOM Ipynnbl B KauecTBE MEPBOM LUQPHI
KOJI0BOro 00O03HauYeHMs Hcroib3dyercs uudpa 1, a s 6yks BTopoi rpynmnsl — nudpa 0. Hanee,
KKIYI0 U3 JIBYX I'pymi IoJ0OHbIM 00pa3oM CHOBa HaJ0 pa3feliuTh HA JIBE YaCTU U B KauecTBE
BTOpO UG PHI KOJOBOTO 0003HAYEHHUSI MBI OYZeM HUCIOIb30BaTh Py 1 miu 0 B 3aBUCUMOCTH OT
TOr0, MPUHAJJICIKUT JIM Hallla IPyIIa K NEPBOW WINA KO BTOPOH M3 3TUX MOATPYMIL. 3aTeM, KaKaas
U3 cojepkamux Oosiee OJHOW OYKBBI TPYIII CHOBa JENUTCS HAa JIBE YacTH BO3MOXHO Oolsee
OJIM3KOM CyMMapHO# BEpOSATHOCTHU U T.J.; MPOLIECC MOBTOPSIETCS /10 TEX MOp, TOKA Mbl HE MPUAEM K
rpynnam, Kaxxaas U3 KOTOPbIX COAEPKUT 110 OJJHON €AMHCTBEHHOH OyKBe.

Hanpumep, ecnu Ham andaBUT COAEPKUT BCEro IECTb OYKB, BEPOSTHOCTb KOTOPBIX (B
nopsake yoeBanusi) pasusl 0,4, 0,2, 0,2, 0,1, 0,05 u 0,05, To Ha epBoM 3Tame JeneHus OyKB Ha
Ipynnbl Mbl OTIIENIHMM JIMIIb OAHY NepByto OykBy (l-s rpymnma), ocTaBUB BO BTOpPOH Ipyrmme Bce
octaibHble. Jlanee, BTopas OykBa COCTaBUT 1-10 MOArpyMIy 2-i IpyMIbl; 2-5 e NOArpyIa ToH xe
IPYIIIBL, COCTOSINAs U3 OCTABIIMXCS YeThlpex OyKB, OyAeT U Janee Mociae0BaTeIbHO IEIUThCS Ha

4aCTHU Tak, 4TO KaXKIbIN pas 1-s1 yacTh 6y,[[eT COCTOATH JIMIIIb U3 OJHOU 6YKBLI.

Tabnuna 2.1.
pazbueHue Ha MNOArpYHNbl (PUMCKHE
Ne KOJIOBOE
BEPOSATHOCTh | HMppsl 0003HA4YAIOT HOMEpa TIpynm H
OYKBBI o0o3HaueHHe
MOArPYIIN)
1 0,4 31 1
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2 0,2 11 01

3 0,2 11 001

4 0,1 10 ‘o 11 0001
5 0,05 10 vo 11 00001
6 0,05 10 00000

OCHOBHOM NPUHIMII, MOJIOKEHHBI B OCHOBY KojaupoBaHusi no merony lllennona — ®dano,
3aKJIIOYAeTCs B TOM, YTO IpPH BBIOOpE Kaxaoh LU(pBI KOAOBOrO OOO3HAYEHHUS MBI CTapaeMmcs,
4yTOOBI Ccozepikaiieecs B HeH KonudecTBO HH(opManuu ObUI0O HAaWOONBIIMM, T. €. YTOOBI
HE3aBUCHMO OT 3HAYEHHMH BCEX MpeabInymux nugp, 3ta nudpa npuHIMaza 00a BOZMOXKHBIX IS
Hee 3HaueHust O 1 1 Mo BO3BMOKHOCTH C OJJUHAKOBOW BEPOSITHOCTBIO.

[Ipouecc nekonrupoBaHus

Tenepp paccMoTpuM anroput™M aexkogupoBanue konos IllenHona-®ano. Ilponece
YCIIOXKHSIETCS TEM, YTO HEBO3MOXKHO, KaK B cCllydae KOJAMPOBAHMS, 3aMEHATH KaxKable 8 OUT
BXOJAHOTO  MOTOKa, KOJOM  MEepeMEeHHOW  JUIMHbBL [Ipy  BOCCTAaHOBIEHMM  UCXOJIHOM
MOCIIEI0BATEILHOCTH HEOOXOJMMO MPOBECTH OOpaTHBIC OMEPALUU - 3aMEHHUTh KOJ MepeMEHHOM
JUTMHBI CHMBOJIOM JUIMHOW 8 O6uT. B manHOM ciydae, mydine Bcero OyAeT MCIOIb30BaTh OMHAPHOE
JIEpEBO, slUEHKaMU KOTOPOTO OyAyT SIBISITHCSI CHUMBOJIBI.

[Tpumep KoaMpOBaHMS COOOIICHUIA

st HarnAIHOM MIUTIOCTPALIMK aJITOPUTMA, CAENaeM cokathe npesoxenus "KapicoH, KoTopbii

KUBET Ha Kpblie.". BelaucinuM, CKOJIbKO pa3 BCTpEUYaeTcsl KaX bl CUMBOJ, M 3aHECEM JIaHHBIEC B

Tabnuity 2.2.
Tabnuna 2.2.
Cu KonuuectBo
MBOJI MOSBJICHUN
Ip 4
oben 3
p 3
0 2
K 2
a 2
e 2
T 2
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Hanee, pa3nenuB TabIMIly HA JBE YaCTH, TAKMM 00pa30M, YTOOBI YHCIIO TIOSBICHUN CHMBOJIOB B
BEpXHEW MOJIOBUHE TaOJIMIBI MPUMEPHO PaBHAJIOCH OOIEMy 4YHCIy B HIDKHEH mojoBuHe. B
npeaoKeHuu 32 cUMBOJA, a 3HAYUT, BEPXHSAS 4YacTh TaOJMIBI JIOJDKHA COAEpkaTh OKoio 16
NOSIBJIEHUNA. MBI MO’KEM MOJIYYUTh TOT PE3yibTaT, IOMECTUB Pa3AeIUTENbHYIO JIMHUIO (Jaiee p.Jji.)

Mexay crpokamu "e" u "1"

. B utore BepxHsis yacth OyneT copep:karb nosiBieHue 16 cUMBOJIOB, a
HWDKHSAS, COOTBETCTBEHHO, ocTaBIuecs 16.

Jlanee mpopenaeM TO JK€ C KaxJ0M W3 dYacTedl TaOaMUbBI: pa3MeCcHM JIMHUU TakK, 4YTOOBI
pa3fenuTh 2 TONY4YEHHbIE YacTH Ha MPUOIU3UTENBHO DPAaBHBbIE IO KOJIMYECTBY MOSIBICHHM.
[Iponomxaem mpouecc pa3iesieHus 10 TOr0 MOMEHTa, IoKa KayKIbli CUMBOJI HE Oy/eT OTHeNIeH OT
APYToro.

PesynbTupyromiee nepeso.

.‘.. | 7 . 5
: E| ) s
2

-- E'E’ﬁ.m S

Puc.2.1. PesynpTupyromiee nepeBo

LA
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Ecnu npuHATH, Y4TO mMepeMelieHue BIEBO SKBUBAJICHTHO HYJIEBOMY OHWTY, a BIpaBoO -

CANHUYIHOMY, MOXHO CO31aTh Ta6JII/II_[y KOOAUPOBaHM.

Cun

MBON

Koaun

poBKa

Mp

oben

000
001
0100
0101
0110
0111
1000
1001
1010
10110
10111
11000
11001
11010
11011
11100
11101
11110
11111

Tabmauma 2.3

Tabmuua conepxut 137 6ut, a opuruHansHas gpaza "KapiicoH, KOTOpPbIi KuBeT Ha Kpsliue."

3aHUMaeT 256 OuT, cienoBaTeabHO, Y HAC noiydaercst ko3 uuuent cxatus 53%.

HpaKTI/I‘IeCKaﬂ 4acTb

1. 3amycTuTh MPOrpaMMHBIH KOMILIEKC [6].
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B SddexTmeHOE KOAMPOBaHWE MHOOPMALMK ;lglﬁ
e - |
’m MpedikcHOCTE ‘ Koag WeHHoHa-F aHo ‘ ADHBIHETHHECKDE Kmupuﬁanue| Foaer LZ| F.oakl X addrana ? LCnpaeka
mm@m’ww&m@ﬁfﬁﬁ B aTtom 3agaHum Cyget
~ LU - HeobxoaMMo No 3agaHHbIM
o ' \ BEPOATHOCTAM CHMBONOB HalT
meﬁu ul BJ‘HMUH,aI_maJEUJ WX KOQOBbIE 3HAYEHUH,
LU Y AL T nonk3yfack Metofom LLleHHoHa-
PaHo.
‘ | 2l

Puc. 2.2. Tlanens nporpaMMHOI0 KOMILJIEKCa
2. Beibpamu B MeHro nyHKT 3amanus «Koxael lllenHona-®ano». M3ydwnm mnpemioskeHHYIO
tabmuny 16-cuMBonbHOTO — andaButa. CHUMBOJIBI  OTCOPTHPOBAHBI B  TOpsAKE yOBIBaHUS
BEPOSATHOCTEH UX MOSIBICHHUS.
3. Ilonp3ysch TEOPETHUYECKUM MaTepUanoM, HAHTH JABOMYHBIE KOJbI IS KaXIOro W3
MPE/UIOKEHHBIX CHUMBOJIOB, 3amucand ux B rpady Kox komomoi Tabmuuel. Crnemys mnpaBuiry

IIPUIKCHIBAHUS OYEPETHOTO CUMBOJIA, YKa3aHHOMY B OKHE IPOTrpaMMbl HaJl KOJIOBOM TaOJIMLEH.

SaR0OHPYATE NPHESASHHEIS CHEHFEOAE SAfasHTa Kook erHona-4+ ano. MNMpy
PASGHEHHM GYRbEl BEERPOATHOCTEN B KadO0E HE FpYnn AonsdkHel Seme
FSKCHMSNEHO OISR OS5I,

Mo pasGHEHKI Ha FPYnsel BGER GHEBONah BEQEHER NONoSHHB B Ka4ecTse
MASpPEOro SHTA NPHAHMCEIESENTS O, 83 BCetd HESHKR -

Curason BepoaTHooTE F.oa
Fay 0.1 aoo
E o093 oolo
B o.0s oo
r 0,05 o100
pal 007 o110
E [ o111
s 007 1000
pe] o.o7 1001
L1 .06 1010
[&] 0.05 1011
LS 0.0 1100
n [ = 1101
k4 0.05 1110
H 0.04 1171710
[m] [ e 111110
rn 0.0 111111

MpoEspHTE TaSaHWy |

Puc. 2.3. KogoBas tabauua qjisg JaHHOTO COOOIIEHUS
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JakoaMpyiTE NRMESLEHHEIE CUMBED TR AndaBuTa kodor IlleqHona- ano. Mpu

PESEHEHMM CYRME] BEPOATHOCTEN B Ka#00HA M3 rpynn 4on#HEl SEms

MK CHMANEHD OO MHAROERINMA.

[P paztHeHdd Ha FPYANE BCEt CUMEDNAM BEPXHEN NONDEMHEI B KAYECTES
MEPEOrD GLHTa NPHNHMCEIEaiTe 0, 8 Boer HasHMM - 1

MNoackazka: Bel MokeTe NpOBEPATE PESYNETAT
MOETROYHO(NOCHMEONEHD), A0A 3TOMD NOCE KaHA0H
EESAEHHON BatM CTPOKM [KO0a CUMB0N3]
Ha#uraaime 'Mposepure Tadnuuy'. Mporpareaa

Cureon BepoaTHocTE Ko
A 0.11 oo
E 0.03 oo1a
] 0.0s 0o
r 0.0g oo
n 0.07 a11n
E 007 o111
A 0.07 1000
3 007 1001
4 0.08 1010
] 0.06 1011
K. 0.08 1100
n 0.05 1101
b 0.05 1110
H 0.04 11110
0 0.03 111110
M 0.01
[pOBEpMTE TaGMLY |

COTPET CTPOKM PESYALTST KOTOPbIA BEEAEH HE
MPEBHAEHD.

JlabopatopHan pabota

BepHo! Bbl OTAMYHO CNPAEHIMCE C© 3343HHEN, NPOADTEAATE B TOM ¥E AYXE,

Puc. 2.4. IIpouecc npoBepku KoI0BOI TaOIUIIBI

SaKogupyYRTe NPUEEAEHHEIE CHMBONE! andaeiTa kagor WerHona-F aHo. Mpu

PAZAMEHHM CYMiEl BEPOATHOCTEN B KA#A0H KS MpYNn 4on#HE! ObTE

G CHIMANEHD OQHHAROERIMI.

[P pastHeHHIH Ha rPYNMNEl BECEr CHMEONatd BERXHEN NONOEUHE! B KaYECTEES
NEREQro GHTa NPHMNMCEIEANTE [, 3 BCer HH#HMM - 1

Moockazka: Bel MO#ETE NPOEERATE PESYNETAT
NOCTpo4HO[NOCHEDNEHD], 009 3TOM0 NOCAE Kasn0M
BESAEHHON BEakH CTPOKM (K003 CHMEDNE]

CHMEDN BepoATHoCTE K.on HaxHmakTe 'TIposepHTE Tatnuuy'. [porparra
COTPET CTPOKM PESYNETAT KOTOPbLIX BESAEH HE
A 011 aoo MPaEMALHD.
E 0.03 ooa
B 003 oo
r 003 010
i} 0.07 oo
E 0.07 o
JekogHpYRTE NPHEENEHHYHD
it Ly 1000 MOCASA0EST ENEHOCTE MPH NOkOLH
3 0.07 1001 Tatnuue! koaa WerHona-F aqo.
H 0,05 0o
i 005 1011 |EIIZI‘|‘|1EI1EIEI11EIEI11111111D
k. 0.0& 1100
n 0,05 11m Pesyavmam:
M 0.05 1110
H 0,04 1110 |
0 0.03 111110
m 0.01 MNposepHTE

Puc. 2.5. 3akonupoBaHHas OCIIEA0BATEIHHOCTD

4, I[CKO,Z[I/IpOBaJ'II/I IIpyu nmoMomun COCTaBJICHHOM Ta6J'II/II_IBI HpCIlJIO)KCHHOI‘;I MMOoCJICA0BATCIbHOCTHU

cuMBoOJI0B. OTBET 3alKcald B IOJIC PE3yJIbTarT. IIo 3aBCPUICHUU ITPOBCPUIIH.
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BEJIOPYCCKHATOCY AAPCTBEHHBIA Y HUBEPCUTET UHOOPMATUKNA UPAIUO3IEKTPOHUKH I,.,: ;

1 e RTHAHOE HOAMPOBAHHE HHOOpPMALMM

nasHoe MeHo | MpEPHECHOCT | K.onet WlerHoHa- P aHo | APHEMETHYSECKDE KOAMPOBAHHE | Koaw LZ | Koakl Kaddniana | “? Cnpaeka
3aE.00HPYETE NPHBELEHHEIS CHMEONE AndaEmTa kogort W erHona-F ano. Mpu
PastHEHHM CYtbl BEPOATHOCTER B Ka#AOH M5 MPYNN A0A#HE GEmb
MAKCMMENEHO OOMHEKOBBIMM,
. Mopcraska: Bel mokere nposepaTe pesynsTar
TMpii pastideH Ha FpYNMEl BCet CHMEBDNAM BEPXHEN NON0BMHE! B KaYecTEe R, |y o
NEPEOrD SHTS NPUNMCEIESETE 0, 3 BCEr HWHHR - 1 BBEEHHOI BAMM CTROKH [Jm.u.a R
CumEnn BepoATHOCTE Kon HammaiTe " TiposepuTe Tadnuuy”, Mporpamea
COTPET CTPOKM PESYIETAT KOTOPbIX BEEIEH He

A 0n ooo NPEBHAEHD,

B 0.03 oo10

B 0.08 oo

r 0.08 oo

n 0.07 010

E 0.07 RN

JlexogMpyiTe NPHEELEHHYIO

x 0.07 1000 MOCAEAOBETENEHOCTE MM NOMOWM

3 0.ov 10 TaAnMuel koga WenHons-Faqo.

M 0.06 1010

7 005 101 |DEI111EI1EID11DEI11111111D

K. 0.06 1100

N 0,05 1101 Pesyavmam:

ol 0.05 1110

H 0,04 1110 |Braed

0 0.03 111110

m 0.0 MpoeepHTE

Puc. 2.6. JlekogupoBaHue 3aK0JUPOBAHHON MOCJIE10BATEIbHOCTH
[TonyyenHnyo mocIe0BaTENBHOCTh B COOTBETCTBUHU C TaOJMUIIEH CHUMBOJIOB JCKOAMPOBAIU

CaMOCTOATCJIIBHO U B PE3YJILTATC ITOJTYUUJIN CIIOBO: «Bugeo».

BENOPYCCKUATOCY AAPCTBEHHBIAY HUBEPCUTET UHOOPMATUKU U PAUOINEKTPOHUKN Al

I naeHoe Meno | MNpedukcHOCTE | Koael WeHHoHa-P anHo | ARHEMETHYSCKOS KOLMPOSaHHE | Foae LZ | F.onel HapdraHa | “? Cnpaexa
# L
3ako0HPYETE NPUBEAEHHBIE CHUMEDNBI andaswra konora llernona-F anqo. Mpa
PASHHEHIM CYMMEl BEPOATHOCTERN B Ka#006 WS FPYnn Aon#H GeTe
MAKCHMANEHD OHHAKOSEIMA.
n & " Mopcraska: Bel mMoxeTe NpoeepATE pesyneTar
D PASGHEHAA HA FPYNNE BEEM CUMBONEN SERXHEN N0N0EWHE B KaHSCTES T e = ATE]), ST STErS Meee Germmer
MepEoro SKTa NpHnuceIEaiTe O, 8 scer HusHER - 1 BEESMEHHON BaMK CTPOKM [KOga CHMBona)
CHMEON BepoATHOCTE K.on naxraiTe "Tposepure Tadmauy'. Mporparraa
COTPRET CTROKM PESYNETAT KOTOPbIX BEE0EH HE
I 011 ono APABMBHD
E 0.03 oo1o
=] 0.02 o011
r 0.02 o0
i 0.07 o110
E 0.07 o111
JekogupyATE NpHESOEHHYD
RS Wiy 1000 MOCASA0EATENEHOCTE MPH NOMOLLH
3 0.07 1001 TatnHuEl kogs WerHona-F aHo.
&l 0.06 1010
1 1o
n 0.06 JlaGopaTtopHas pabGoTa |
K. 0,06
n 0.05 EBepHo! Bl 0TAHHYHO COPAEMAMCE € 3343HMEM, NPOACMEIATE B TOM e Ayxe.
b 0.05
H 0.04
[} 0.03 T
n 0.01 111111 nipeeEEpTs |

Puc. 2.7. Pesynbrar nmpoBepku
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Puc. 2.8. KogoBoe nepeBo
[IpeumMyIiecTBOM JaHHOTO METOJIA ABJISIETCSI €r0 MPOCTOTA U, KaK CIEACTBUE TOTO, BHICOKAs
CKOPOCTh KOJHUPOBAHUS U JEKOAUpOBaHMs. J|aHHBIA METOJ SBISETCS MPOCTHIM B MOHUMAaHUWU, B
peanuzanu, a Kak cleJcTBHe TOBOJIbHO 3(hPekTUBHBIM. B HacTosIIee BpeMs He UCIIONIb3YyeTCsl, TaK
Kak ObUI YCOBEpIICHCTBOBaH Xad(dMaHOM, aNrOPUTM KOTOPOTO B JIaHHBIH MOMEHT IIHPOKO
WCIIONB3YEeTCSl B CBA3KAX C JIPYTUMH aITOPUTMaMH TPU  KOJUPOBAHHMH/ACKOAUPOBAHUU

uHpOpMalnu.

2.3. UccnenoBanue anropurma Jlemmness - 3uBa

OcHoBHas uzes anroputma Jlemnens-3uBa cOCTOUT B 3aMEHE MOSBIEHUS ()parMeHTa B JaHHBIX
(rpynmbl  GaifT) cchIKOM Ha mpenplayniee mosBieHHE 3Toro ¢parmenta. CyliecTBYIOT JBa
OCHOBHBIX KJIacca METOJOB, Ha3BaHHBIX B yecTh SIkoba 3uBa (Jakob Ziv) u Abpaxama Jlemmens
(Abraham Lempel), Bnepsbie npemnoxuBmmx ux B 1977 (amroputm LZ77) m 1978 romax
(amroputm LZ78).

Aaropurm LZ77

LZ77 ucnone3yeT yxe MPOCMOTPEHHYIO YacTh COOOLIEHHMsS Kak cioBapb. YTOOBI JH0OUTHCS
CKaTHsl, OH TIBITAETCS 3aMEHUTH OYepeqHON (parMeHT COOOIIEHHS Ha yKa3aTelb B COJEPKUMOE

CIIOBapAL.
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B kauectBe Momenu gmaHHBIX LZ77 wucnonb3yeT ‘‘ckoib3diiee”’ MO COOOIIEHHIO OKHO,
pa3neneHHoe Ha JBe HepaBHble dYactu. IlepBas, Oombimas 1o pasMepy, BKIIOYAET YKe
MIPOCMOTPEHHYIO YacTh coo0IIeHus. Bropas, HaMHOro MeHbIas, sBiseTcs: OydepoM, coliepKaluum
elle He 3aKOJUPOBAHHBIE CHMBOJIBI BXOJHOTO MOTOKAa. OOBIUHO pa3Mep OKHa COCTaBIsieT
HECKOJIbKO Kuio0OaiitoB. Bydep HamHOro MeHbie, OOBIMHO He OoJiee cTa OalTOB. ANTropuT™M
MBITACTCSl HANTH B clIoBape PparMeHT, COBNAIAIOIINN C COACPKUMBIM Oydepa.

Aunroput™m LZ77 BbIIaeT KOJbI, COCTOSIIIIUE U3 TPEX FJIEMEHTOB:

- CMEIICHHE B CJI0BAPE OTHOCUTEIHHO €ro Havaja MOoJCTPOKHU, COBMAJAIOICH

¢ comepx)uMbiM Oydepa;

- JUIMHA MIOJICTPOKH;

- IepBBIN CUMBOII B Oydepe, cieayronuii 3a moCTPOKOM.

[Tpumep. Pa3zmep oxna — 20 cumBomoB, ciaoBaps — 12 cumBoinoB, a O6ydepa -8. Komupyetcs
coobmenne «[IPOCPAMMHBIE TTPOJAYKTBI ®MPMbI MICROSOFT». Ilycts crioBapp yxe
3anonHeH. Torga oH coxepxut ctpoky «[IPOIPAMMHBIE », a 6ydep crpoky «ITPOJYKTDbI».
[IpocmaTpuBasi ciioBapb, alTOPUTM OOHAPYKUT, YTO coBHajaromieil moactpokoi oyaer «I[1POy», B
CJIOBape OHa pacrojio’keHa co cMenienreM 0 U UMeeT AMUHY 3 CUMBOJA, CIEIYIOIIUM CUMBOJIOM B
oydepe aBisercs «J». Takum 00pa3oM, BEIXOAHBIM KojoM Oynet Tpoiika (0, 3, «/I»). [Tocie atoro
QITOPUTM CJIBUTaeT BJIEBO BCE COJEPKMMOE OKHA Ha JUIMHY COBIAJaro-Iied noacTtpoku +1 u
OJTHOBPEMEHHO CYHTHIBAET CTOJILKO K€ CHMBOJIOB W3 BXOAHOro motoka B Oydep. Ilomyuaem B
cioBape ctpoky «PAMMHBIE IIPO/l», B Oydepe — «YKTBI ®UP». B nannoit curyaunuu
COBMAJAIONIEH TOJICTPOKK OOHAPYKUTh HE yaactcs u anroput™m Bbiaact kon (0, 0, «Y»), mocne
Yero CABMHET OKHO Ha OJIMH CUMBOJI. 3ateM cioBapb Oyner coaepxkath «KAMMHBIE I[TPOIY», a
oydpep — «KKTbIl DUPM». u 1.1.

IIpodaemsr LZ77

OueBHuaHO, UTO OBICTpOIEHCTBUE KoAepa LZ77 cuiabHO 3aBUCHUT OT TOTO, KaKUM 00pazoM Oyzaer
OCYILIECTBIISTHCS MOMCK COBIAJAAOIIEH MOACTPOKU B cioBape. Ecnu uckaTh coBHaieHUE MOJHBIM
nepedopoM BCEX BO3MOMKHBIX BApHUAHTOB, TO OYEBHJIHO, YTO CXKATHE OYIET OYECHb MEIJICHHBIM.
[IpyueM mpu yBeNMYEHUW pa3MEpPOB OKHA JJISl MOBBIIIEHUS CTENEHU CXKATUS CKOPOCTh PabOTHI
OyZeT mpomopIHOHATBHO YMEHbIIATECS. I [eKoaepa 3TO HeBaXHO, TaK KaK MPH JAEKOJUPOBAHUT
HE OCYILECTBIISETCS TIOMCK COBMA/ICHUSI.

beicTponeiictBue u kojepa, U JACKOJEpa 3aBHUCUT OT TOr0, KaK pPEAIM30BAHO ‘‘CKOJIBKEHHE
OKHA TI0 COJEPKUMOMY COOOIIeHHs. PamroHanbHO Obl10 OBI A1 pabOThI C OKHOM TMOJIB30BATHCS
KOJBIEBBIM OydepoMm, OpraHu3oBaHHBIM Ha (PHU3UYECKH CIUIOIIHOM YyYacTKe MaMsATH, a He

pEaIbHBIM  CIABUTOM COAEPKHUMOIO OKHAa. XOTd /s MOAJAepKaHUd KousblieBoro Oydepa
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HEOOXOAMMBI JTOTIOJIHUTENbHBIC 3aTpaThl HA COXPAHEHUE IEIOCTHOCTU MH/IEKCOB B HEM, B LIEJIOM
3TO JaeT OYEHb CYUIECTBEHHBIH BBIUIPHIINI IOTOMY, YTO OTCYTCTBYET IIOCTOSIHHOE CJBUIaHUE
Oonpmoro Osoka namatu. Eciom pasmep kombieBoro Oydepa paBeH CTENEHM JBOMKH, TO
CTaHJapTHas AJIA KojbleBoro Oydepa omepauus “cMelieHHe 10 MOAYIIO pa3Mep’, MOXKET ObITh
3aMEHeHa MOOUTOBOM JIOrMUYECKON ornepanueii, 4to emnie 6osbie MOBhIIaeT Y3PPEKTHBHOCTD.

[Tomumo mpobnem ¢ ObIcTpoaeiicTBHEM, Y anropuTMa LZ77 BO3HHMKAIOT MPOOIEMBI C CaMHUM
cxatieM. OHU NOSABIISIOTCS, KOI/la KOAep He MOXKET HalWTH COBIAJAIOUIYIO ITOJCTPOKY B CIOBApE U
BBIJIACT CTAHJAPTHBINA 3-KOMIOHEHTHBIN KOJ, MbITAACh 3aKOJUPOBATh OJUH CUMBOJ. Ecnu cioBapb
umeer mauHy 4K, a 6ydpep — 16 OaiitoB, To kox <0, 0, cumBom> Oyner 3aHumarp 3 Oaiira.
KonupoBanue ognoro 0Oaiita B Tpu MMEET Majlo OOIIETO CO CXKAaTHEM U CYHIECTBEHHO MOHMKAET
IIPOU3BOIUTENBHOCTh AJITOPUTMA.

Ynpomennslii anropurm LZ77

noka (Oydep mpeampocMoTpa HE MYyCT) HaWTH Haumbosiee UIMHHOE COOTBETCTBHE
(mo3wmmsi_Havanma, JanIuHA) B Oydepe mpenpictopur ¥ B Oydepe MmpeampocMoTpa; eciu
(VTMHa>MUHUMAJIBHOM JUIMHBI), TO BBIBECTH B KOJUPOBAHHbIC JAaHHbIE Mapy (MO3MLMS_Hayaia,
JUIMHA); MHAa4ye BBIBECTH B KOJMPOBAHHBIE JaHHbIE INEPBBIH CHUMBOJI Oydepa NMpeanpocMoTpa;
M3MEHUTH yKa3aTesb Ha Hadayio Oydepa mpeampocMoTpa U IpOJI0JIKHTb.

Aaroputm LZ78

OTOT aNropuT™M reHepHpyeT Ha OCHOBE BXOJHBIX JaHHBIX CJIOBapb (pparMeHTOB, BHOCS Tyla
(bparMeHThl JaHHBIX (MIOCIEI0BATEIBHOCTH OalT) MO ONpE/eNeHHBIM MpaBWJaM U MPHUCBAUBACT
¢dbparmenTam kojsl (Homepa). [Ipu cxxatum gaHHBIX (MMOCTYIJIEHUH HA BXO/] MPOTPaMMBbI OUepEeaHOM
MOpIMKM) TporpamMma Ha ocHoBe LZ78 mpiTaeTcs HaWTH B cioBape (GparMeHT MaKCHUMaJIbHOU
JUTMHBI, COBIA/IAIOLINN C TaHHBIMH, 3aMEHSET HallIeHHYIO B CJIOBape MOPLHUIO JAHHBIX KOJJOM

(¢parMeHTa M JOMOJHSET ClIOBapb HOBBIM (parmeHtom. Ilpu 3amonHeHuHn Bcero cioBaps
(pazMep cioBapsi OTpaHUUEH IO ONPEAEICHHIO) IPOrpaMMa OYMINAET CI0BAPh U HAYMHAET MPOLECC
3aloJIHEHUs cJoBapsi CHoBa. Peanm3zanuu 3TOro Meroja pas3inyaroTcsl KOHCTPYKIMEH cioBaps,
QITOPUTMAaMHU €T0 3al0JHEHHS U OUUCTKU MPH MEPETOTHEHHUH.

OOblYHO, TpHM MHHULHAIM3ALMU CJIOBAapbh 3alOJHAETCS MCXOIHBIMH (3JIEMEHTapHBIMHU)
¢parMeHTaMH BCEMHU BO3MOXKHBIMU 3Ha4eHUsIMU Oaiita ot 0 10 255.

OTO0 rapaHTUpyeT, UTO MPH MOCTYIJICHUH HAa BXOJl OUYEPETHON MOPLUHU JaHHBIX OyJIeT

HaliIeH B cioBape XOTs Obl 0AHOOANTOBBIN (parMeHT.

Anroput™m LZ78 pezepBupyeT crenualbHbIi KO, Ha30BeM ero «Reset», KOTopbIil BCTaBIAETCS
B YIaKOBaHHBIE JIaHHBIE, OTMeuYass MOMEHT cOpoca cioBaps. 3HaueHHe Koja Reset OOBIYHO

MIPUHUMAIOT paBHBIM 256.
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Takum o0pa3oM mpH Havaje KOJUPOBAHWS MUHHMAaJbHAs JUIMHA KOJA COCTaBisieT 9 OwT.
MaxkcumanbHast JUIMHA KOJa 3aBHCUT OT 00BbeMa CIIOBaps — KOJUYECTBA Pa3IUYHBIX (ParMEHTOB,
KOTOpbIE TyAa MOXKHO INoMecTuTh. Eciau oObem cioBaps u3Meparb B Oaiftax (cuMmBojax), TO
OYEBHJIHO, YTO MAaKCHMAJbHOE KOJIMYECTBO (PParMEHTOB PABHO YHUCJIY CHMBOJIOB, a,
clleIoBaTeNIbHO, MAKCUMaJIbHAs JJIMHA Kofa paBHa log2 (o6beM croBaps B OaiiTax).

IIpoBenenne 3xcnepuMenTa H 00padoTKa pe3yIbTATOB

Konuposanue ¢passl anropurmom LZ77 co cnenyronumu pazmepamu CJIOBAPL/BY ®EP

Tabmuma 2.3. BapuaHTsl pacueTHBIX 3ajaHU

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

Hcnone3yem BBOI (pas3sl ¢ KinaBuaTypsl B mporpamme LZ77.EXE mist pasHeix pazmepoB

cioBapsi/0ydepa:

e C:ADOCUME-1\WajorV0016-1VAIVIT__3 -1 ZN 777 EXE

Puc. 2.9. Broj ¢pa3sl ¢ k1aBuaTypsl A5 pazMepoB 8/5
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ADOCUME-1\WMajor\0016~-1VIATVIT__ 3 -1\ 7\ 777 EXE

Puc. 2.10. BBoxa ¢pa3ssl ¢ knaBuatypsl ajs pasmepon 12/5

ADOCUME-1\Major\0016~1VTATVIT__ 3 -1\ TN Z77.EXE

Puc. 2.11. BBoa ¢passl ¢ ki1aBuaTypsl Juist pasmepos 12/8

e CADOCUME-1WMajor\0016~-1V1AIVIT__ 3 -1\ ZA Z77.EXE

Puc. 2.12. BBox dpa3bl ¢ kjaBuaTyphl 11 pazmMepoB 16/8
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Hcnonbk3yem BBOJ TekcTa U3 (haiiia JIsl pa3HBIX pa3MepoB ciioBaps/Oydepa:

Texcr: «[lonmyaganTupoBaHHOE MOJEIMPOBAHUE PEIIACT 3Ty MPOOIEMY, UCIIONB3YS s KaXK0-
ro TEKCTa CBOK MOJIENIb, KOTOpas CTPOMUTCS €IIE JI0 CaMOT'0 CXKaTHs Ha OCHOBAHWUHU PE3yJIbTAaTOB
MPeBapUTEIILHOTO TPOCMOTpa TeKcTa (Wiu ero odpasua). Ilepen Tem, Kak OKOHUEHO (OPMHPO-
BaHUE CXATOTO TEKCTa, MOJENb JOJDKHA OBbITh IepelaHa pacKoAMpOoBIIMKY. HecmoTps Ha no-
MOJTHUTEJBHBIE 3aTpaThl 1O Teperaye MOJIENH, 3Ta CTpaTerus B OOIeM ciyyae OKyraeTcs Ona-
rojiapsi Jiy4IieMy COOTBETCTBHUIO MOJICIIN TEKCTY.

AnantupoBaHHOE (MM JIUHAMHYECKOE) MOJICITHPOBAHHE YXOTUT OT CBSI3aHHBIX C ITOH
nepenaveil pacxojoB. [lepBoHauanbHO W KOJUPOBIIMK, M PACKOJAMPOBIIMK MPHCBAMBAIOT cebe
HEKOTOPYIO MYCTYI0 MOJIENb, KaK €CJii Obl CUMBOJIBI BCE OBLTU PaBHOBEPOSTHBIMU. KOTUpPOBIITHK
UCTOJB3YeT ATy MOJEHb JUIsl CKATUS O4YEpPEeIHOTO0 CHMBOJA, a PACKOAMPOBIIMK - IS €ro
pa3BopauuBaHus. 3areM OHU 00a HM3MEHSIOT CBOM MOJENHM OJWHAKOBBIM 00pa3oM (Hampumep,
HapamuBas BEPOSATHOCTH paccMarpuBacMoro cuMBoa). Clenyromuid CHUMBOJ KOAHPYETCS |
JOCTaeTCs HAa OCHOBAaHMM HOBOW MOJEIH, a 3aTeéM CHOBa H3MeHseT Mojenb. KoampoBanue
MPOIOJDKACTCS aHAIOTUYHBIM PACKOAMPOBAHUIO 00pa3oM, KOTOPOE MOAICPKHUBACT HICHTHYHYIO
MOJIEJIb 32 CUET MPUMEHEHHUS TAKOTO K€ aJIrOPUTMAa €€ W3MEHEHHsI, 00ECIIEYeHHBIM OTCYTCTBUEM
OomuOOK BO BpeMs KoAWpoBaHUs. lcmoib3yemass MOJENTb, KOTOPYID K TOMY e HE HYKHO
nepeiaBaTh SIBHO, OyJIET XOPOIIO COOTBETCTBOBATH CXKATOMY TEKCTY.

AJanTUPOBaHHBIE MOJICIH TPEACTABISIFOT COOOW 3JETaHTHYI0 U 3(PPEKTHBHYIO TEXHUKY, U
o0ecreunBalOT C)KaThe MO KpaiHel Mepe He XyAllee MPOU3BOJMMOrO HeaJanTHPOBAHHBIMU
cxemamd. OHO MOXET OBITh 3HAYUTEIHHO JydYIlle, YeM Yy IUIOXO COOTBETCTBYIONIMX TEKCTaM
CTAaTHMYHBIX MOJENICH. ANanTHPOBAHHBIE MOJICNH, B OTIWYHH OT IIOJIyaJaliTHPOBAHHBIX, HE
MPOU3BOJIAT HMX MPEABAPUTEIHHOTO MPOCMOTPA, SBISSACH MOATOMY OoJiee MPUBJIEKATEIBHBIMU U
Ty4iiecKuMarommmi. T.0. anropuTMbl MOJIeTIEl, ONKUChIBaeMbIe B MOpa3ienax, Mpu KOAUPOBAHUU
U JIEKOJAUPOBAHUH OYIyT BBIMOIHITCS OJUHAKOBO. MO/IeTTh HUKOT/Ia HE TepPeIaeTCs SBHO, TOITOMY

cooit MPOCXOAUT TOJIBKO B CIIy4daC HCXBATKHU 1O HEC ITaMSATH.»

CADOCUME~1Wajorv0O01 6~-1v1 AT 1 3_~1VIVFTT_F.EXE

Puc. 2.13. BBox Tekcrta u3 (aiina nmis pasmepos 32/5
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v CIADOCUME~1TWajorVW016~1VIATVIT 3 ~1UZMFFT_F.EXE

Puc. 2.14. BBox Tekcra u3 (aiina mis pasmepon 64/5

=+ CWDOCUME-~-1Wajorv001 6~-1v1I AT 1 3_~1WUWIUWFTT_F_EXE

Puc. 2.15. BBox Tekcra u3 (aiina s pasmepor 80/5

v CIADOCUME~1Wajorv001 6~ 11 AT 1 3_~1WMIVFTFT_F.EXE

Puc. 2.16. Box tekcrta u3 (aiina mis pazmepon 128/5

Tabnuua 2.4. Pe3ynbTaThl U3MEepeHU

DCﬂOBapb 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

Puc. 2.17. I'paduk 3aBucuMocTy K03 PuiimeHTa cxaTusi OT pazmepa ciIoBaps

KoaupoBanue 115 pa3Hoil ATUHBI TEKCTA M OJMHAKOBOTO pa3Mepa ciaoBaps 64/5:

~ CADOCUME~1WajorV0016~-1VIA1IVIT__ 3 ~1MZMNFT7T7_F.EXE

Puc. 2.18. BBoj Texcra mmuHoi 39 OaiiT
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CADOCUME-1WajorV0016~-1VIAINIT__ 3 ~1NZNZF7_F.EXE

Puc. 2.19. Beox Texcra ainuHoi 452 Oaiita

C:ADOCUME - 1Wajory0016~1 I3 -1MINT7T_F.EXE

Puc. 2.20. Beox tekcra miuHoi 1488 Oaiit

OCUME~1\MajorV0016~1VTAINIT__ 3 -1V ZUZT7_F.EXE

Puc. 2.21. Beox texcra mmHoi 4292 Gaiita
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Tabnuua 2.5. Pe3ynbTaThl H3MepeHun

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'paduk 3aBucuMocT ko3P PuIrienTa cxaTus OT pazmepa cioBaps
[Ipu KOAMPOBAaHUHM KOPOTKHUX TEKCTOB KOA(M(HUIIMEHT CKaTHs OKa3bIBaeTCsl MeHbIe 1, T.e.
U30BITOYHOCTh HE yHajseTcsi, a BBOAUTcsA emie Oombine. Ilpy yBenwueHnm pasmepa cioBaps
KodQpUIMEHT cxkaTus yBenuuuBaeTcs. bonbmioi pasmep Oydepa Tarke yxyamaer K03 UIeHT
ckatus. Ecnm pasmep cioBapst KpaTeH CTeNeHsAM ABOWKM, TO cxarue maydme. OmHako, MpH
OOJIBIIIOM pa3Mepe CIIOBApsl CHUXKAETCSI CKOPOCTh KOAUpoBaHUs. [Ipy yBennueHnn pa3mepa TEeKCTa

KO3 (DULIUEHT CKaTusl yBEITNUUBACTCS.

2.4. @pakTajdbHble METOAbI KOAMPOBAHUS H300paKeHN i

CoBpeMEHHbIE KOMITBIOTEPhl BECbMa HHTEHCHBHO NPUMEHSIOT Tpaduky. OrnepairoHHbIe
CUCTEMBI C MHTEp(EicCOM OKOHHOIO THIMa HCIOJIb3YIOT KAapTHUHKHU, HANpPUMEP, AJI OTOOpaMKEeHHs
IUPEKTOpUi MM manok. HekoTopble coBepliiaeMble CUCTEMOW JeMCTBUS, HANIPUMEp 3arpy3Ky U
nepechUIKy (aiiyioB, Takke oroOpaxkaroTcs rpaguueckd. MHOTHe MporpamMMbl M HPUIIOKEHHUS
npensaraoT nojs3oBatento rpadpuueckuit uHrepdeiic (GUI), koTopblli 3HAYUTENHHO YIPOILIAET
paboTy mTOJB30BaTENs W TO3BOJSET JIETKO MHTEPHPETUPOBATH IOJTYYEHHBIE PE3YJIbTaThI.
KomnbroTepHas rpaguka UCHONb3yeTcss BO MHOTHX 00JacTsAX MOBCEIHEBHON AEATENbHOCTH HpPU

NEepCBOJAC CIIOKHBIX MACCHBOB JaHHBIX B Fpa(bI/ILIeCKOC MMpEACTaBJICHHUC.
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Opakran (mat. fractus — apoONEHBIN, CIOMaHHBIN, Pa3OUTHIN) — reoMeTpuueckas (urypa,
o0Jajaromasi CBOMCTBOM CaMOMOAO0OHs, TO €CTh COCTaBJICHHAs M3 HECKOJBKUX YacTel, Kaxaas u3
KOTOpPBIX MOA00HA Beell purype nenukoM. B maremaTnke noa ¢pakragaMu HOHUMAIOT MHOXKECTBA
TOUYEK B €BKJIMJOBOM IIPOCTPAHCTBE, UMEIOIINE JPOOHYI0 METPUUECKYIO Pa3MEPHOCTH (B CMBICIIE
MunkoBckoro wim Xaycaopda), In60 METPUUECKYIO Pa3MEPHOCTh, OTIIMYHYIO OT TOHNOJIOTHYECKON
[14]. CrnoBo «dpakTam» MOXKET YHOTPEOJSATHCS HE TOJIBKO KaK MaTeMaTH4eCKUil TEPMHH.
@pakTajioM B IIpecce M HayyHO-IOMYJSAPHOHN JUTepaType MOTryT Ha3blBaTh (UIyphl, oOsafaromnume
KaKMMHU-JIN0O U3 NEPEevYUCICHHBIX HMKe cBOMCTB: OOnagaeT HeTpUBUAIBHOM CTPYKTYpOH Ha Bcex
MmacmTabax. B 3ToM oTnuume oT perymspHbX GUryp (TakuxX, KaKk OKPYKHOCTb, 3JUIMIC, Tpaduk
IJIJAKONH (PYHKIIUMH): €CIIM MBI PACCMOTPUM HEOONBIIONW (parMeHT peryiasipHoil Gurypsl B oueHb
KpynHOM MaciuTabe, oH OyzeT moxox Ha (parmeHT npsimoil. /s ¢pakrana yBenndyeHue macirada
He BEJIET K YIPOILICHHUIO CTPYKTYpPBI, Ha BCEX IIKaJaX Mbl YBUJIUM OJMHAKOBO CIIOKHYIO KapTHHY.

SABnsercs camomnomoOHOW WM NpuOMMKEHHO  camomnonoOHo#. OOnmamaer  apoOHOU
METPUYECKON  pa3MEpHOCThIO  MJIM  METPUYECKOM  pa3MEpHOCTbIO,  IPEBOCXOASILEH
TOIMOJIOTUYECKYI0. MHOTME 00BEKTHI B IPUPOJIe 001a1at0T (PpaKTaIbLHBIMU CBOMCTBAMU, HAIIPUMED,
noOepexbsi, 00jlaka, KPOHBI JI€PEBbEB, CHEXMHKH, KPOBEHOCHAs CHUCTEMa M CHUCTEMa ajlbBEOJ
YeJI0BeKa WM KUBOTHBIX.

@®pakTaiibl, 0COOEHHO Ha IJIOCKOCTH, IOMYJIIPHBI OJaroaapsi COUeTaHUIO KpacoThl C IPOCTOTOM
IOCTPOCHMsI TpU MOMOIIM KoMmmbioTepa. IlepBble mnpumepsl CaMONOAOOHBIX MHOXECTB C
HEOOBIYHBIMM CBOHCTBaMM MosiBWIMCh B XIX Beke (Hampumep, MHOxecTBO KanTtopa). Tepmun
«hpakran» Obu1 BBeEH benya Manaens6potom B 1975 roay v mosyumi MHUPOKYIO MOMYISIPHOCTh
¢ BeIxoZoM B 1977 rony ero kuuru «®pakranbHasi TeOMETPHs TPUPOIBI».

[Tpu ¢pakTampHOM cXaTUK M300paskeHUs A OOJACTH MEHBIIEro pa3Mepa IMOJbICKMBAETCS

MOXO0JKast Ha Hee 00J1acTh OOJIBIIEro pa3Mepa TOro ke u3oopaxeHus (pucyHok 2.23).

Puc. 2.23. JlomeHHbIN 1 paHTOBBIN OJ10KH
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OO6nactp 0OJBIIOTO pa3Mepa Ha3bIBACTCS JOMEHHBIM OJIOKOM, @ MEHBIIEr0 — PaHTOBBIM
6noxom.IlepeBox nOMEHHOro OJ0Ka B PAHIOBBIM OCYIIECTBISIETCS IOCpeaCTBOMAah(GUHHBIX
npeoOpa3oBaHuii, KOTOPHIE B Cilydyae N300paKEHHsI B OTTEHKAaX CEPOro IBETa MOXKHO IPE/ICTaBUTh

CIIeAyIolIel cucTeMoit ypaBHenuii (2.9):

X! a b 0]rx e
_\' - = C d 0 }' = 5 f 2
z 0 0 ullz v (2.9)

rae X, Y, Z— COOTBETCTBEHHO KOOpPAMHATHI M SAPKOCTh IHKCENs JOMEHHOTO OJ0Ka;
X*, y*, Z*— COOTBETCTBEHHO KOOpJIMHATBI U SPKOCTh THUKCEIs PAHTOBOro  OJIOKa;
a, b, ¢, d, e f— «kodbounuentsl npeoOpazoBaHWN KOOPAMHAT HA  IUIOCKOCTH;
u-— koaurmeHt cKaTus SIPKOCTH;
V — CABUT IO SIPKOCTH.

B paccmaTtpuBaembIx anropuTMax (QpakTaTbHOTO CXKATHUS M BOCCTAHOBIICHUS H300pa)KEeHUs
BBEJICHHBIC YIPOIICHUS TO3BOJIIIOT 3aMEHHTh MAaTpPUYHBIE TPEOOpPa3OBaHMS  ONEpaIHsIMUA
W3MEHEHHUS OPUEHTAIlMU JOMEHHOTO OJI0Ka U OMepalusIMu pacueTa sipKOCTU NmukKceneil. Mi3smeneHus
OpHUEHTAIMK JJOMEHHOTO OJOKa OCYIIECTBIISETCSA 3a CUET €ro MoBOpOTa Ha yroy KpaTHbld 90° u
3€pKaJIbHOTO OTPAXKEHUS U IOBOPOTA 3€PKAJILHOTO OTPAXKEHHUSI.

M3 Bcex BO3MOXHBIX JOMEHHBIX OJIOKOB BBIOMpaeTcsi OJOK, Omwkaimmii (B BBHIOpaHHOMN
METpPHUKE) K paccMaTpuBaeMoMy pPaHrOBOMY OJIOKY.
Korna moMeHnHsblii O5I0K HaiiieH, TO 3alIOMHMHAIOTCA €r0 HOMEp U HapaMeTpsl MpeoOpa3oBaHUS B
TEKYIIUI paHTOBBIN OJIOK, M3 KOTOPHIX M COCTOUT PEIIeHHUE 3a/1a4i (HPAKTAIHLHOTO CHKATHUSI.

Huxe, Ha pucyHnke 2.32. ,ipeCTaBJIeH aIrOpUTM (QPaKTAIBHOTO CHKATHUS.
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Puc. 2.24. Anroput™m GpakTaabHOTO CKATHS

[Tporpammuoe obecnieuenne B DELPHI 7

[Ipunoxenue BBINOMHSAET (PpaKTagbHOE CXKAaTHE / PACIAKOBKY H300pa)KE€HHH € IOMOIIbIO
KJIACCUYECKOI0 aJITOpUTMa.

B Hee MOXHO 3arpyxath Jr00ble M300paXKeHUs, HO pa3Mep JTOJDKeH ObITh He Oosiee 512x512
nukcenei. [Iporpamma 6yzeT aBToMaTHUECKH YOHpaTh LIBET H300paXKeHUH.

OTH OrpaHUYEHUsT BBEJIEHBI JUII TOrO, YTOOBI CYIIECTBEHHO COKPAaTHUTb BpPEMs CXKATHS
n3o0pakeHuit Ha 6a3e ppaKTaIbHOTO AITOPUTMA.

OCHOBHBIE XapaKTEPUCTUKHU:
e (arue U IeKOIUpOBaHUe N300paxkeHuit hopmara .bmp;
e [IpocMOTp NOTY4EHHOTO PE3YNIbTATA;

e [IpocMoTp pazmep NOITY4SHHOTO H300paKeHUSL.
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Ha pucynke 2.35. npeactaBieHo ri1aBHOE U €IMHCTBEHHOE MEHIO ITPOTPaMMBI.

& OpakTanbHoe oxaTue / pacnakoBka pacTpoBbIX M306p.. — O

MapaMeTpsl CKaTUs

BriGepure pacTpoeoe usoOpaxeHue pasmepamu He Gonee 512 %512 lNpocmorp [Preview)
Az06paskeHue He BblGpaHol _J

Wzobpaserue

CMeweHue aoMeHa: |1 OTCYTCTEYET
Pasmep pervona: 18

Ocranock BPEMEHMN, C:

Crapr Nosvocter... |
Cron MNpocMoTpeTe peaynsTar | CoxpanuTte Pazmep daiina |
AeKoMnpeccus
3arpysute
Pacnakoeare

Puc. 2.25. I'naBHOE MEHIO TPOrPaMMBI.

B nmporpamme AOCTYIHBI 17151 U3MEHEHHS 2 CEIyIOIUX IYHKTa: CMEIIeHUe IOMEHa U pa3mep
peruoHa.

Cmemenue aomena: Ormpenenser mar MOWCKAa YYacTKa B JIOMEHHOM H300pa)KCHUH.
MunHuManbHbI mar paBeH 1. Uem Gombime mar, TeM OBICTpee BBIMOIHSAETCS MOUCK, HO MPUA ITOM
MOTYT OBbITh IPOMYIIEHbI BayKHBIE 1€TAIN H300paXKEHHUS.

Pazmep permona: ompenenser pasmep o0NacTH, Ha KOTOpOe pa30MBaeTCs MCXOJHOE
nzobpaxkenue. [Ipym kommpeccun Ui KaXKI0W OOJIACTH OCYIIECTBISIETCS TIOMCK ITOJXOISIIETrO
noMeHa ¢ yderoMm TpaHchopmaruu (abhduHHBIX TpeoOpa3oBanuii). Uem Gomblie pa3Mep peruoxa,
TEM XYK€ KauecCTBO U IPH 3TOM yMeHbInaeTcs pasmep |FS-n3o6paxenus.

Metoauka paGoThl B HNporpaMmMe M IpOBeleHHe HCCIeJOBAHHUS OCHOBHBIX
TeXHHYECKHX XapPaKTEePUCTHK CHCTEMbI

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

pacrakoBKa pacTPOBBIX U300paKEHUIN».

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

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

pEruoHa»,



93

3. Haxartpb KHONKY CTapT;
4. Jlo)xaTbcsi OKOHYAHUS COKATHSI N300pakeHus,

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

COXPaHUTH €ro.

MapaMeTpsl CHATWA

BridepiTe pacTpoBoe HSOOPaKEHME pastepatad He donee 512 » 512 TNpockorp [Presiew)
C:zers\ddmint 0 eshktophtpeyroneHuy, Cepnubckoro.bmp J H-l:i

L

CeLEHHE QoMEHS: |15 AL Y
npeotipasoBaHHA X
Paszmep pervona: 1d ihdh,  Abdd

hdhAah

Ocranock speweHd, o B [ NpenotipatoTka

1] MoAHocTE. .

MNpepEaTe | MNpocHOTRETE PESYNETAT | CoxpaHuTe | Paztiep dalina |

[NapaMeTpe OeKOMIPECCHI

Paztiep perkoHa; IE JarpysuTe | PaCI'IaKDBaTbl

|15

F.on-B0 UTEpaLMA LEkoMIPECCHM

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

pPacTpOBBIX U300paKEHUI»
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Puc. 2.27. Pesynprar cixatus.

[Tocne cxxarus n3obpaxkenue Oyner umersb Gopmar .IFS.
Cranmaptaeie kozeku WINdOWS He CIOCOOHBI JEKOAMPOBATH IMOJIYYEHHOE H300paKeHHE,
II03TOMY B IIpOrpamMMe IpeaycMOTpeHa GyHKLUsS IpocMoTpa u3o00paxenuit popmara . IFS.

YToOBI MPOCMOTPETH HY)KHOE HaM U300pakeHHe HEOOX0ANMO:
1. B MEHI0 «IEKOMIIPECCHs» HaXKaTh HA KHOMKY «3arpy3uThy;
2. Bribpatb nzobpaxenue popmara .IFS;
3. B MeHs «aexommpeccus» HaxkaTh Ha KHOTIKY «PacmakoBaTb»

Janee paccMoTpuM cxxatue nzodpaxenuit co cnmytHuka X-SAR EBponelckoro KOCMHUECKOro
arentcTBa. Ha pucynke 2.36 npeacraBiieHO epBOHAYaIbHOE U300paKEHUE CO CITyTHHKA pa3MepoOM
435 K6 u pazpemenuem 473x3 14 nukcenei.

D—FAF Job Rumber: 141541 H—S5AR

E-g’iz = :

Kazan, “olga / Russia

GhAT: DQ—OCT—’]994—KG4:D9:43 , Dota Take 1D: 14224
Latitud=  Longitude at Image Center: BN 55.8B° 7 E 45.3
D—FAF Froduct ID: XZ254AR241009040245MG0___ DR 123505

Puc. 2.28. [lepBoHavyabHOE H300paKEHUE.
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Hanee, Ha pucyHke 2.29, TpeACTaBICHO 3TO XKe& H300paKEeHUE IMociie O0pabOTKH, MpHU
napameTpe CMeIICHUE JoMeHa=1 M pa3Mep pernoHa=8, BpeMs MmorpadeHHoe Ha cxatue =703 c,

pasmep daitna =11,4K6.

. Tate B /O84S | Dafo Take B 14230
g_u'&ﬁv_m /rt_wm st lrmage Cerskar: ¥ 55.56° /£ #5 3
O FaF Fooduot i XNESARS4 IDCHPEIPASMGEE R I STE05

Puc. 2.29. OGpaboranHoe U300paxeHue.
Hanee, nHa pucynke 2.30, mpeincTaBieHO 3TO Xe H300pakeHHe Mmociie 00paboTkKu, npu
napameTpe cmelieHne aoMeHa=10 u pasmep pernoHa=8, BpeMs MMOTpadyeHHOE Ha cxarue 1=6 c,

pa3mep daiina =11K60.

D’\m w&h ﬁ&?"‘m YA pErEy

Puc. 2.30. O6paboTanHOE N300paKCHHE.
Hanee, Ha pucynke 2.31, mpeincTaBieHO 3TO XK€ H300pakeHHe mocie 00paboTKH, Hpu
IapaMeTpe CMEIICHHE T0MeHa=> U pa3Mep pernona=10, Bpems moTpadeHHoe Ha ckarue t=27 c,

pa3mep daiina =7,12K6.

SATcermE e ey Bhsmakiels T3 Eee

Puc. 2.31. O6paboTanHOE N300paKCHHE.
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Hanee, Ha pucynke 2.32, TpEACTaBICHO 3TO € H300pakeHHWe mocie 00pabOTKH, INpH
napametpe cMmenienue aomeHa=10 u pasmep perrmoHa=12, Bpems morpaueHHOe Ha cxkarue t=5 c,

pasmep daiina =4,95K6.

Puc. 2.32. O6paboranHOe N300paKeHHE.
Hanee, Ha pucyHke 2.33, MpeincTaBlI€HO 3TO e H300pakeHHe Mmocie 00paboTku, npu
rapameTpe CMeIIeHHe JoMeHa=1 u pa3mep perrnona=l15, Bpems norpadyeHHoe Ha cxatue =566 c,

pa3mep aiina =3,04K6.

Puc. 2.33. O6pabGotanHOe N300paKeHHE.

Hamee, Ha pucyHke 2.34, TPEICTABICHO 3TO Ke& H300paKEHUE IMOciie O0pabOTKH, IMpHU
napameTpe cMmenieHue aoMmeHa=10 u pa3mep peruona=14, Bpemsi moTpaueHHoe Ha cxkarue t=4 c,
pasmep daiina =3,55K6.

e

2 ;._.. i gkt | ) = F g‘:‘!ﬂ:i

Puc. 2.34. O6paboTanHOE N300paKCHHE.
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Hanee, Ha pucyHke 2.35, HpeACTaBICHO 3TO XK€ M300pakeHHEe mocie 00paboTKH, NpH
napaMmerpe cMmemieHue nomeHa=20 u pasmep peruona=10, Bpems norpaueHHoe Ha cxkatue t=1 c,

pasmep daitna =4,12K6.

e e A

Puc. 2.35. O6paboTanHOE N300paKeHHE.
Hwxe, Ha pucynke 2.36 mpencraBieH rpaduk 3aBUCHUMOCTH BPEMEHH CXKATHS OT pa3Mmepa

M300paKeHMsL.

450
400
350
300
250
200
150
100
K /
0

0x0 198x253 225x225 325x325

Puc. 2.36. I'paduk 3aBUCHIMOCTH BPEMEHHU CKATHS OT pazMepa H300paKeHUsI.
Ha pucynke 2.37 npencranieH rpaduk 3aBUICUMOCTH BPpEMEHH CXKaTus OT IapameTpa

«CMCUICHUEC JOMCHA)

700
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Puc. 2.37. TI'paduk 3aBUCUMOCTH BPEMEHH CXKATHUs OT apaMeTpa «CMEIIEHHUEe JOMEHa.
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Ha pucynke 2.38 npezcraieH rpauk 3aBUCUMOCTH BPEMEHHU CXKaTHUS OT MapaMeTpa «pa3mep

peruoHa.

16

14 ‘
12 \
10 \

0 T T T T T T T 1
0 2 4 6 8 10 12 14 16

Puc. 2.38. I'paduk 3aBUCUMOCTH BpEMEHHU CKATHUs OT MapaMeTpa «pa3Mep peruoHa
Ha pucynke 2.39 mpencraBieH rpaduk 3aBHCHMOCTH pasmepa uzobpaxkenus (B Kbait) ot

napamMeTpa «pa3Mep peruoHa

25

20 \
15

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

Puc. 2.39. I'paduk 3aBucumocTH pazmepa usodpaxenus (B Kbaiit) ot mapamerpa «pasmep
pernona»
Hwxe, B Tabyuie 2.6 mpecTaBiieHa 3aBUCUMOCTD pa3Mepa OT K03 PHUIeHTA CxKATHS.
Tabnuna 2.6. 3aBUCHMOCTh pa3Mepa U300pakeHus OT KOdPPHUIIESHTA CKATHSL.
Koo-t 143 122 105 88 61 40
coKaTus
Pazmep

MU300pakeHus, 3,04 3,55 4,12 4,95 7,12 11
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K6
Kak BugHO M3 TaOMMIBI, IPH MAKCUMAIILHO JAOCTUTHYTOM Kod(h(dHIMEeHTe CxKATUS paBHOMY
143, pazmep n3obpaxenus ymensinuics ¢ 435K6 no 3,04K6.

U3 IMpEACTAaBJICHHBIX BBILIC Fpa(l)I/IKOB MOXXHO CA€JIaTh BbIBOA, YTO:

1. Uewm Oombliie n300paskeHUe, TeM OOJIBbIIE BPEMS CIKATHS;

2. UYem Gosbliie mapaMeTp «CMEIIeHUE TOMEHA, TeM MEHbIILIE BPEMsI CXKaTHS;

3. YeM MEHbIIIE TapaMeTp «pa3Mep PerHoHay, TeM OOJIbIIEe BPeMsl CXKATHUS;

4. YeM MeHbIIE MapaMeTp «pa3Mep pEruoHa», TeM OoJblle pa3Mep
N300paxKeHUsL.

Paccmotpum tabnuiy 2.4 , B KOTOPOM CBOAATCSA BOEIMHO MapaMeTphl pa3InYHbIX aIrOPUTMOB

cokaTus n300paxkenuit [13].

Tabnuna 2.7. AIropuTMbl CKaTUS

AJroput™m K-1BI C:RaTHSA Ha 4to IHorepu
OPHEHTHPOBAaH

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

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

Xaddmana 8,151 & OuTHBIE Her

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

JBIG 2-30 pa3 1-O6utHbIe Her

Lossless JPEG 2 paza 24-6uTHblE, Her
cepele

JPEG 2-20 pa3 24-OuTHEIE, Ha
cepsie

PexypcusHoe 2-200 pa3 24-6uTHbIE, Ha

CHKaThe cepele

®paKTaabHbIN 2-2000 pa3 24-OuTHEIE, Ha

cepsle

Hcnonp3oBaHue cxaTusi C TMOTEPSIMH  TPEJOCTaBIsSeT BO3MOXKHOCTH 3a CYET IOTEpPh
perynupoBarh KauecTBO u3o0paxkeHuil. Kosdduuuentsl cxatus y (pakTaabHBIX alroOpUTMOB

BapbupytoTcsi B mpeaenax 2-2000 pa3. Ilpuuem Oombiine Kod(pQGHUIMEHTH JTOCTUTAIOTCS Ha
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PCAIBbHBIX I/I306pa)KCHI/IHX, 4YTO HCTHUIHWYHO JId MNOPCAIICCTBYIOIIUX  aJITOPUTMOB. Hixe

MpPEJICTaBJICH rpapuK 3aBUCUMOCTH pa3Mepa U300paxeHus OT KOIPPUITMECHTA CKATHS

. .
8 \
6 \

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

Puc. 2.40. 3aBucumocTs pazMepa n300paKeHHsI 10 OCH OPAMHAT, OT KOA(PPHUIIMEHTA CKATUS
1o ocu abeuuce
Huoxe, a1 HarmsiAHOCTH, IPUBEACHBI 2 PUCYHKA, MEPBBIA — UCXOJIHOE N300pakeHue; BTOPO —

n300pakeHNe ¢ MaKCUMaJIbHO IOCTUTHYTOM KO3 (UIIMEHTOM CKaTusl paBHBIM 143.

D—PAF Job Number: 141941 X=SAR, oo dow Nanswer 0314880

A

-F(azarj, ‘v’o-lgq / Russia _ - - oA 108
GMT: D8—0CT—1994/04:09:43 | Data Take 1D0: 142.20 RS Y R

Latitude / Lengitude at Image Center: N 55.88° / E 48.3 77 #& 9'%1-‘““&?"-‘
D—PAF Product ID: X2SAR9471009040943MGD__DP199503 =% DS
Puc. 2.41. Ucxonnoe nzo0paxxeHue Puc. 2.42. N306paxkenue ¢ ko3hduueHTrom
cxarus 143

Kak BHOHO ©3 pPHCYHKOB, TIpM CXKaTHM TEKCTOBOW HH(OpMAlMu OHa CTaHOBHTCS
HeunTabenbHas1, XOTA Kak BCE M300paKeHHE B IIEJIOM OCTAETCsl y3HABAEMBIM.

Henocratkom »Toro anroputma SBISETCS MOTPEOHOCTh B OONBIIMX BBIUMCIUTEIBHBIX
MOIIHOCTSIX MPHU apXuBauu. GaKTUYECKH ITO MEPBBIN CYIIECTBEHHO HECUMMETPUYHBIN aITOPUTM.
[Mpuyem, ecnmu y BCeX MPEIIIECTBYIONIMX —AJITOPUTMOB KOI(PQOHUIMEHT CHMMETPUYHOCTH
(oTHOIIEHWE BPEMEHHM apXHWBallUM KO BPEMEHW pa3apxXuBallMM) HE TMPEBBIIACT 3, TO Yy

¢dpakTanbpHOTO anroputMa oH koneodsercs ot 1000 go 10000.
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2.5. BeiiBiieT npeodpa3oBaHus CHTHAJIOB U N300paxkennii [15]

B HacTosimiee Bpemst BeWBIeT-aHANIN3 ABISETCA OJHUM M3 HanOOJIee MOIIHBIX U IIPH 3TOM
I'HOKUX CPEJICTB MCCIECJOBAaHMS AAHHBIX: IOMHUMO BO3MOXHOCTEH CKaTHs M (PUIBTPALUK JaHHBIX,
aHanu3 B 0asuce BeiBIET-(QYHKIMI MO3BOJISET pelIaTh 3a1a4d HACHTU(PHUKALUKN, MOACIHPOBAHHUS,
anMpOKCUMAIMK CTAlMOHAPHBIX M HECTALMOHAPHBIX MPOLIECCOB, UCCIIEAO0BATh BOMPOCH HATHYHS
Pa3pbIBOB B MPOHM3BOJHBIX, OCYIIECTBIIATh MMOMCK TOYEK CKJICMBAHUS TAHHBIX, YAAJISATh B JAHHBIX
TPEH/, OTBICKMBATh MPHU3HAKU (pakTambHOCTH HHPOpManmu. CTOUT OTMETHTh, YTO B OCHOBE
MOJIOOHBIX BO3MOXHOCTEH, 00eCIICUNBAIONINX BEHUBIIET-aHAIN3Y BEChMa IEPCIIEKTUBHOE Oyayiiee,
JISKUT MPHUPOJA €ro MHOTOMACHITAOHOCTH. VHaye ToBOpsi, TapMOHUYECKHH aHAJIN3 HE CIIOCOOEH
KOHKYPHPOBATb C BEHBIIET-aHAIN30M.

BeiiBner-npeoOpa3zoBanue MIMPOKO MCHONB3YETCS JUIS aHaiu3a CuUrHaioB. [lomumo
3TOT0, OHO HAXOAWUT OOJIBIIOE MPUMEHEHHE B 00JAaCTH CXKaTusl JaHHBIX. B TUCKpeTHOM BeiBIeT-
npeoOpa3oBaHnU HaubOoyiee 3HAYMMas WHPOpPMAIUs B CHUTHAJIE COJACPKUTCS TPH BBICOKHX
aMIUTUTY/IaX, a MEHee ToJe3Hast — MpH HU3KKUX. CKaThe JAaHHBIX MOXKET OBITh MOJIyYeHO 3a CUeT
oTOpachlBaHUsI HHM3KHX aMIUIMTyA. BeliBier-nmpeoOpa3oBaHHe MO3BOJSET IIOJYYHTH BBICOKOE
COOTHOIIIEHHE C)KaTUSl B COUYETAHUH C XOPOIIMM KauyeCTBOM BOCCTAHOBJIIGHHOTO CUTHaina. BeiiBner-
npeoOpa3oBanne OBLIO BBIOpaHO Is cTaHAapToB cxkatus wu3obpaxenuit JPEG2000 wu ICER.
OnHako, MpU MaJbIX CXKATHUSAX BEUBIET-IPEOOpa3OBaHME YCTYMaeT MO KAayecTBY B CPABHEHUU
¢ okoHHBIM Dypbe-peodpa3oBaHreM, KOTOPOE JICKHUT B ocHOBe cranaapra JPEG.

Bb100p KOHKpETHOro BHJIa M TUMA BEMBIETOB BO MHOI'OM 3aBHCUT OT aHAJIU3MPYEMBIX
CHUTHAJIOB W 3a7ady aHanmm3a. /{7 TMoiydeHWsl ONTHMANBHBIX aJTOPUTMOB TpeoOpa3oBaHUs
pa3paboTaHbl ONpeeIeHHbIE KPUTEPHH, HO UX €IIe HeNb3s1 CYUTATh OKOHYATEIbHBIMH, TaK KaK OHU
SBJISIIOTCSL BHYTPEHHUMHU 10 OTHOIIEHUIO K CaMMM aJIropUTMaM IpeoOpa3oBaHUs M, KaK MPaBHUIIO,
HE YYUTHIBAIOT BHEIIHUX KPUTEPHEB, CBS3aHHBIX C CUTHAJAMM M LEIAMH UX NpeoOpa3oBaHHM.
Otcrona ciefyer, yTo MpH NPAKTUYECKOM HCIOJIIb30BAaHUM BEHBIETOB HEOOXOAMMO YIENATh
JIOCTaTOYHOE€ BHUMAHHE MPOBEPKE UX PaboTOCTOCOOHOCTH U 3(D(PEKTUBHOCTH JIJIsl MOCTABIEHHBIX
eIl 10 CPAaBHEHHIO C M3BECTHBIMH METOAAMU 00pa0OTKU U aHAIIN3A.

N300peTeHne BeHBIETOB OBLIO HAINPSIMYIO CBSI3aHO C HEOOXOIMMOCTBIO Oojiee TiyOOKOro
aHajgM3a CHUTHAJIOB, YeM aHAJIMW3 CUTHajJa C IOMOIIbI0 mpeoOpa3zoBanus Pypbe. BeiiBiers
UCTIOJB3YIOT B TE€X CIydasX, KOTJla pe3ysbTaT aHaln3a HEKOTOPOTO CHTHAJIa IOJDKEH CO/ICPIKaTh He
TOJIBKO TPOCTOE MEPEUYUCIIEHHE €ro XapaKTepHbIX YacToT (MacimTaboB), HO U CBeIEHUs 00
OIpeJIJIEHHBIX JIOKAJIBHBIX KOOPAWHATAX, MIPH KOTOPBIX 3TH YAaCTOTHI MPOSBISIOT ceOs. AHAIU3 U
00paboTKa HECTAIMOHAPHBIX (BO BPEMEHH) MM HEOJHOPOIHBIX (B MPOCTPAHCTBE) CHUTHAJIOB

Pa3HbIX TUIIOB MPEACTABISAIOT CO00M OCHOBHOE MOJI€ MPUMEHEHUS BeiiBIeT-aHaIN3a.
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BeliBneTsl — HOBbIE CHCTEMBI 0Oa3MCHBIX (DYHKIMH, HCIONB3YeMbIX UIsl MpPEICTaBICHHUS,

buIbTpaUu, CKATHS, XPAHSHUS U T.JI. JIIOOOTO U3 «CUTHAJIOBY
f:RM—>cC
: —C. (2.10)
Ecmu n =1, nepemennas t mpeacraBiseT coOoil BpeMs, U Mbl paboTaeM C BPEMEHHBIMH

curHanamu. f iR — C. Cnyuait n=2 otHOCHUTCS K 00paboTke m3obpaxenuii. To ecTh, BeiiBieT

npeacTaBisier co0oi (QYHKIHMIO OT BPEMEHM, KOTOPas HCHOJIb3YeTCs JUIsl aHaIM3a OJHOMEPHOIO
WJIY IByMEPHOI'O CUTHAJIA.

B cBoux pabGorax Mamn ompexaensieT BeHBIET Kak (QYHKIOHIO ¢ C HYJIEBBIM CPEIHHM

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

BeliBneToM Ha3bIBaeTCs BOJHOBOE KoJieOaHHE C HayalbHBIM 3HAUEHUEM aMIUIUTY/IbI, PAaBHBIM
HYJIIO, 3aT€M YBEIUYHMBAIOIIMMCS 3HAUEHHEM M 3aTeM CHOBA YMEHBIIAIOIIEWCS 10 HYJIEBOTO
3HA4YCHHUs. DTO BBIpAXKAETCsl B HEOOJBIIOM KOJICOAHUHU MCCIIEAYEeMOro CUTHaa. Takoe moBeIeHne
3THX (PYHKIMIA TO3BOJISIET 3aMCaTh U UCCIIEAOBATh CEHCMHUYECKHE BOJHBI WIIM KOJIeOaHHsI Cep/la.
B o6mem ciyuae, BEHBIETH IPEICTABISIIOT COOOM (PYHKIIMH, UMEIOIINE Crielu(pUIecKre CBOWCTBRA,
no3Bosiomue 3pQpexTuBHO 00pabaThiBaTh CUTHANBL. BeilBieTsl MOTyT KOMOMHHpPOBAThCS (C
MPUMCHCHHEM OIEpalliii CABUTA, YMHOXCHHS W CYMMHPOBAHHsI), C BBIOOPKAMH H3y4aeMOro
CUTHaJIA JUIsl IOTYYCHHSI COOTBETCTBYIOIICH HH(DOPMAIIHH.

OpHa 13 OCHOBOMOJAraoNUX UEH MCTOIb30BAaHUS BEHBIETOB ISl MPEACTABICHUS! CUTHAJIOB
3aKJI0YaeTcss B pa30MBKEe MPUONMKEHHMs K CHUTHaly Ha JBE COCTaBIsIONIUE: TpyOyro
(anmpOKCUMUPYIONIYIO) W YTOHUEHHYIO (AETATU3UPYIONIYI0), C TMOCIEAYIOIMHUM HX YTOYHEHHEM
UTEPAMOHHBIM METOJIOM. KakKIblii Imar Takoro YTOYHEHHS COOTBETCTBYET OIPEACICHHOMY
YPOBHIO JIEKOMIIO3UIIMM ¥ BOCCTAHOBJICHHS CHTHANA. DTO BO3MOXHO Kak BO BPEMEHHOM, Tak U B
4acTOTHOW 00NacTAX MpEeACTaBIEHUS CUTHANa BelBIeTamMu. BeiBleThl MPUMEHSIIOTCS BO MHOTHX
o0JacTsIX HAyKW; TJIaBHBIE 00JacTH TpUMEHEHHsT — OOpabdOTKa W aHajJM3 CHTHAJIOB M CXKAaTHe
N300paKeHM.

Jns oOpaboTKM cHTHaiza ¢ TMOMOIIBIO BEHBIETOB CHaudajda BBIOMpaeTCs aHaIU3UPYIOIIUN

(marepunckuit) BeiiBaer. O06o3Haumm ero X > @(X). Kak mnpaBuiio, OHU ONpeIeNICHbl Ha

KOMITaKTHOM HocuTene (Ha mpomexxyTke [0,L]). Ilox HocuTeneM QpyHKIIMK MOHUMAETCS €€ 00J1acTh

‘ _\/\g L

Puc. 2.43. MarepuHckuii BeiiBieT

OIpeICIICHUS.
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PacTsHyTBIC M CABMHYTHIE KONUM BEWBJIETa ¢ Ha3bIBAIOTCS BEUBICTHBHIMH (YHKIMAMHU. J[iis
HUX NPUHSATO cleayroliee 0003HaueHHE:

0., - R>Cti> T4
al a

(2.12)

v=v(t3%), o<a<x1

al
Puc. 2.44. O06uuit BuA COBOKYIMHOCTH BOJTHOBBIX (DYHKIIMH (BEIBIET-IAKETOB)

[TapameTp @ Ha3bIBacTCs MAaCIITAOMPYIOIIMM IapaMeTpoM, « Tapamerp b — mapamerpom
CABUIA.

Pesynbrar BBINIOJIHEHUS BEHBIET-IPeoOpa3oBaHus (MAacCUB JaHHBIX, MOJIYYaIOIIUNACS B
pe3ynbTaTe) MOJHOCTHIO 3aBUCUT OT MAaTEPUHCKOTO BEHBIIETA.

Ha npakTuke ucnosb3yroTcs ClIeIyOIue TUIIbI BEHBIETOB:

e BeiiBner Xaapa.

e MekcukaHcKas Lulsina.

e MonaynnpoBaHHas rayccoBa KpuBasi.

e [IpousBoaHas raycCOBOil KpHUBOIA.

e Beiienets! Jlo6emm, ['paccmana, Meiiepa.

e BeiiBnersl bartna-Jlemapse.

e CuUMIETHI.

o Koiiduers!.

MaremMaTu4eckui annapar BeiBjera Xaapa

Beiiner Xaapa npeacrasisieT coO00# cienyromyo GyHKIIHIO:

1
1L, (0<x<~—
( 2)

w(X) = (2.13)
-1, (E <x<1)

Hcnonp3yss B KayecTBE  MaTepUHCKOM (YHKIIMHM BeiBieT Xaapa, MOXHO OIpPEAETUTh

BEHBJIETHBIC (PYHKLIUU.
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Wr,k - 2_r/2'7”haar % ,r, k € Z (2'14)

B kadgecTBe HOCHTENS JaHHas (bYHKI_[I/ISI HMCCT NHTCPBAJI AJIMHBI 2r:

L =|k-2", (k+1)-2" | (219

BounbIuM 3HAa4YEHUSIM ' COOTBETCTBYIOT OOJIBIIME MHTEPBAJBI L, clemoBaTenbHO, BEHBICTHBIC
GyHKIMH UMUTHPYIOT Oosbiiue BOJHBL. OJHUM U3 MPUMEPOB, WILIIOCTPHUPYIONIMX NPHUMEHEHHE
BEUBIIETOB, SIBIISICTCS Pa3JIOKEHUE CUTHAJA C TOMOIIIBIO BEIOpaHHOTO ITpeoOpazoBanus [5].

Macmrabupyromast yHKIHsT UMeeT BU:

1,0<x<1 (2.16)

P)=10,x ¢ [04)

Ee unrerpain: J'¢(X)dX =1,

—

Macmrabupyromas GyHKIHS OnpeesnseT anmpoKCUMAIHI0 CUTHAja (ITO3BOJISET MCCIIE0BATh
YHCJIOBBIC XapaKTEPUCTHKH U KAYeCTBCHHBIC CBOWCTBAa 00BEKTa, CBOMS 3a/a4y K M3YYCHHUIO OoJiee
MIPOCTHIX WK 00Jiee YIOOHBIX OOBEKTOB).

[Toctpoenne macmtabupyromeid QyHKIMM U (QyHKIMU BeiiBiera Xaapa MpEACTaBIEHO Ha

pUCYHOK 2.45.
Macwrabupyrowan diyHeLHA Xaapa DyHKELMA BEHENETA Xa3apa
1.5 . 1.5
1 1
0.5 1 0.5
b —— — — — o——— —— — — —
a5t 1 -0.5
-1t 1 -1
-1.5 : -1.5 :
0 0.5 1 0 0.5 1

Puc. 2.45. Macmrrabupyromas GyHKIus U GyHKIMS BeiiBiera Xaapa
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[TpeoOpa3oBanue Xaapa MCIOJIB3YeT KOMOMHAIMIO 3THX (QyHKIMH. YTOOB MOHATH, KaK
BBITOJIHSCTCS TPe0Opa3oBaHue, BHIIOJHUM CHadaia npeoOpa3oBaHue OJJHOMEPHOTO MacCUBA.

[Tpumep. Beimonaum npeobpasoBanue Xaapa ciaeIylonero MaccuBa:

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

BrrancnuMm cHavyana cpeiHue U MoJypa3HOCTH 3JI€MEHTOB:

1 mar:

Cpennue: (6+7)/2 =13/2=6.5; (8+9)/2 =8.5; (10+6)/2 = 8, (7+8)/2 = 7.5.

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

Taxkum 06pa3oM, MOITYyYUM MACCHB M3 BOCBMH 3JIEMEHTOB:

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

OOpatuM BHHMaHKE Ha TOCIEIHIE YEThIPE JIEMEHTa — UX 3HAYEHHsI TOpa3/io MEHbBILE, YeM JI0
BBIIIOJIHEHUST TIpeoOpasoBanus. [losTomy ux ocraBum 0Oe3 wusmeHeHuid. CpemHue 3HAYCHUS
HA3bIBAIOTCS AMMTPOKCUMHUPYIOIUMH KO3 PHUIIMEHTaMH, B KOTOPbIX HAKAIUTMBAETCS MaKCUMaJIbHAs
uHboOpMaNKs, a 3HAYEHUS TOJYPAa3HOCTEH IO3BOJSIOT OCYIIECTBISITH IOJTHOE BOCCTAHOBIICHHE
UCXOQHOTO curHama. Ha criexyromem miare Mbpl OyzneMm pa0oTaTh C TEPBBIMH  YETBHIPHMS
3JIEMEHTaMH, a BTOPYIO MOJIOBUHY MAacCHBa OCTaBUM 03 H3MEHEHHUH.

2 war:

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 mar:

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 TNOCTOSHHOTO BBIYMCIECHHUS IOJypa3HOCTEH NPOMCXOJUT IOCTOSHHOE YMEHBIIEHUE
3HAYCHWH HCXOIHBIX DJEMEHTOB (THKcened W300paKeHHsI), IMOITOMY IOCIE BBITIOJTHEHUS
npeoOpa3oBaHusl, MOKHO K IIOJIyYUBIIEMYCS MACCHUBY JOTOJHHUTEIBHO NPUMEHHUTH OIWH W3
aropuTMOB Ckatusi (Hampumep, Xapdman wniam apudmeTnueckoe KoaupoBaHue). Ecmu
HE00XOMMO HCIIOJIb30BaTh CXKATHE C MOTEPSAMH, TO 3[€Ch HCIIOJIB3YeTCs ONepalisi KBaHTOBAHUS
WIH yIAJIeHUs HAMMEHBIINX 3HAYSHHI MOJypa3HOCTEeH: HampuMep, MOXeT OBITh 3amucaHo: Az =

(7.625, 0.6250, 0, 0, 0, 2, 0). Torna uCXoaHBIE TaHHBIE BOCCTAHOBSITCS C HICKKEHUSIMH.
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Puc. 2.46. Pe3ynbratr npruMeHeHUs BeiiBiaeTa Xaaapa
MartemaTuyeckuii annapar BeiiBjera looemmn
B nacrosimiee Bpemsi Beiiier JloOemu 4-oro mopsiaka SIBIsSETCS HAuOOJEe MCIOIb3YEMbIM.

OyHKIMS TaHHOTO BEWBIIETa M €ro MaciTadupyromas GyHKIUs IpeICTaBICHbl Ha pUCYHKe 2.47.

FraciuTaGrpyrou,ana dyrcuea JdoGeoar (dbal
1.5
1 b _
o= - —
o e — JR— —
= s s 1 1 s 1
(] 1 =2 = <1 = = -
Dy HKELHMA EefEeEneTa Jobaeiar (db4al
=2
1 b _
o _ ™ JR— RN P
-1 +
(]} 1 =2 = <1 = (=1 -

Puc. 2.47. Macmrabupyromas ¢pyHkuus 1 pyHkus Beiisnera Jlobemu 4-ro nopsaka
Macmrabupyromas ¢yHkuus u QyHkuus BeiiBiera JloGemmu 3amarorcst pekypcuBHO. Kpome
TOro, (QYHKIIMHM YTOBJIETBOPSIOT CICAYIONIEMY TPEOOBAHHIO: MacIITaOMpyromas (QyHKIHS UMEeT
KOMIIaKTHBIM HOCUTENb — 0Tpe3oK [0 3], a Takxke 10JKHA OBITh paBHA HYJIO BHE 3TOrO OTpE3Ka.
OTy QYHKINIO, KaK U BEMBIIET, MOXKHO 337aTh PEKYPCUBHO, OINIPEJIENINB HauyallbHbIE YCIOBHUS.

HauannHble 3HAaUEHUS:

¢(0) =0,9() = (2 =—= »(3)=0

U pekypcuBHOE COOTHOIICHHUE:

1+‘f 3*4‘5 ¢(2r—1)+¥¢(2r—2)+

1+/3 \/_ (2.17)
2

o(r) =

1 (2.18)
—I¢(2 -3) =

0¢(2r)+ he(2r -1)+h,p(2r - 2) + hyp(2r -3) =
(g, 1y, by, hy) - (9(2r), @ (2r 1), (2r —2), (2r - 3)).
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CYMMa HaYaJbHBIX 3HAUCHUH paBHa €AUWHUIIC.

(2.19)
0(0)+9(0) + 0(2) + p(3) =0+ 1+f 12f 01

Jlanee QyHKIMS BBIYUCISETCS MO IIaram. I[JI;I TOr0 Ha mmare | TPUMEHSIOTCS YCJIOBHE

KOMITAKTHOT'O HOCHUTEJIA, HaAYAJIbHbIC 3HAUYCHUA N PEKYPCHUBHBIC COOTHOLICHUA. Ha MMOCJICAYIOIIUX
marax TakKXE IIPUMCHACTCA PEKYpPCHs. IIJ'IH IMOCTPOCHUA BEHBJIETAa TaKXe HCIIOJIB3YCTCA

PEKypPCHBHOE COOTHOILCHHUE.

1++/3 3+4/3 3-43 1-/3 (2.20)
4

w(r)=-— 2 o(2r —1)+ 2 (p(Zr)— 2 go(2r+1)+ o(2r +2)

Hcnonp30BaHWE  PEKYPCUBHBIX  COOTHOIIEHWW  MpPU  I[OCTPOEHUHM  BEUBIETOB U
MacIITA0UPYIOMMX (QYHKIUH CIHOCOOCTBYET TOMY, YTO IIOCTPOCHHBIC KpPHUBBIE SIBIISIOTCS
CaMoIIOI00HBIMU, TO €CTh 007a7al0T (paKTAIBHBIMU CBOMCTBaAMH. OTO JAENAcT BO3MOXKHBIM

IIPUMCHCHHC BEHUBJICTOB K aHaJINn3y (bpaKTaJ'IBHBIX MoCJIeq0BaTEIbHOCTEH.

OUIBTPEI {hn }neZ u {g,JneZszeiiBneroB ¢(X) u w(X)ectp KOIDDULUCHTHI

MacITabupyrommx — ypaBHeHud  ¢(X) = \/Ezn hg(@x-n) u  w(X)=+29,4(2x-n), rae

s =(FD"hnon  (uepra o0o03HawaeT KOMIUIEKCHOE —compsbkenue). @uistp h  HaswsiBaercs

HU3KOYAaCTOTHBIM, a (1)I/IJ'ILTp J — BBICOKOYaCTOTHBIM. I[J'I}I BOCCTAaHOBJICHHUA HUCITOJIB3YIOTCA (bHJ'ILTpLI

{hn} u {gn} BEHBJICTOB ¢ n ¥, a 1l BOCCTAHOBJICHUA C IMMOMOIIBIO q)HJ'IBTpOB — COIPSAKECHHBIC

(TpaHCTIOHMPOBaHHbBIE) (PUIBTPHI.
MaTteMaTHYeCKHii annapaT HeMpepbLIBHOIO BeiiB1eT-Npeodpa3oBaHus
3anuch HenpepbIBHOTO BeliBneT-npeoOpazoBanus (HBII) BeirnsauT cnenyromnmm o6pa3om:
(2.21)
< 1 * t - b
Wf(a,b):_[f(t)fv,u dt
e S a

Ob6nacTeio onpeeseHus BeiBneT-npeodpaszoBanus WT sBisieTcs MHOKECTBO:

RZ2 ={(a,b)lacR",beR} (2:22)
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[TapameTp a ompezescH B KOMILICKCHOM IUIOCKOCTH, TapaMeTp b — B 001acTH JelCTBUTENBHBIX
yucell. B Teopuu BelBIIeTOB 0Ch @ MacIITaOUPyeTCsl BEPTUKAIBHO, @ 0Ch D — ropu3oHTanbHO. YacTo
obnactp onpexaenenuss WF orpaHinurBaeTcs MojJ0XUTEIbHBIME 3HAYCHUSIMH [TapaMeTpa a.

['maBHOM 3amaueii ABISETCA HaXOXKJeHUE BelBIieT-kod(duimenTon. Mcnonp3oBaHue CBOWCTB
BelBIIET-Ipeo0pa3oBaHusl IO3BOJSET OCYUIECTBUTh aHaiu3 cUrHanoB. Hampumep, cnumkom
OoJbIIIME aMIUTUTY/Ibl 3HAYCHUH BEHBIET-KOA()(UIIMEHTOB YKa3bIBAIOT HA IMOJIOKEHHE MEPEraioB,
KOTOpbIE HMEIOT pPE3KHEe HM3MEHEHUs MHTEHCHBHOCTU M300paxkeHus. Paznuunble MaciutaObl
OIUCBHIBAIOT KOHTYPBl CTPYKTYPbl H300paKEHHMs MEHSIOIIMXCS pa3MepoB. Takoe BblJEIIEHUE
nepenanoB 3 GeKTUBHO I pacno3HaBaHUs 00Pa30B MPU KOMITBIOTEPHOI BU3yanu3auuu [4].

[Ipencrasisiercss HEOOXOAMMBIM TpoOJIeMOHCTpUpoBaTh aeiicterue HBII Ha npumepe BeliBiera
Xaapa.

Betipner Xaapa MoxeT ObITh 3aIMCaH Kak:

-

1, b£t3b+%
b . (2.23)
w| — |=1-1|b+=<t<b+a
a 2
0
BeiiBner-npeobpazoBanue onpeesjseTcs Kak:
1 b+a/2 b+a
Wf (a,b) = —— j f (t)dt — jf(t)dt =
Ja b b+a/2 (2.24)
2b+a/2 2 b+a
Jaf2 jf(t)dt—— jf(t)dt.
2 \a y Ay a2

DT0 03HaYaeT, YTO 3a KCKIIOYCHHEM HOpMHUpyromero MHoxurens 3HadeHue WTf(a,b)
Ipe/ICTaBIseT COOOM Pa3sHOCTh MEXAY IBYMs CPEeIHMMH 3Ha4YeHusMH (QyHKuuu f, 3TH cpemnue

3HA4YEeHHUs OEPYTCS 10 IBYM COCEIHUM WHTEpBaJIaM JIJTMHBI @/2 B OKPECTHOCTH TOUYKH D.

Puc. 2.48. Pezynsrar HBII B ciiy4ae BeiiBiera Xaapa

Benmnunny Wf(a,b) MmoxHO paccmarpuBaTh ¢ Ipyroi TOYKH 3pSHUS:
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t+al2

' _ 2.25
1 b+al2 1 b+al2 f(r)dr o (229

Wf (a,b) =— f)-ft+=|=——= !
o= [ |10 10+ H-—iTE-“u'bﬁHdr
Jaalzz 2

B sroii hopme Bennunna Wf(a,b) nposisisercs kak B3BenieHHoe cpenHee npousBoanoi T’ Ha

untepsaie [b,b+a].

b b+ bia
\/ z
—t : -
a L

2 o z

Puc. 2.49. [Ipyras untepnpetanus Beauuunbl W

[Moacrasisist BMecTo f(t) KOHKpeTHYIO QYHKIIUIO, MOXKHO BhIYUCIUTh ee HBII.

Analyzed signal
1

0.5 - —

o - -

0.s | .

o 100 200 =00 400 (= ulu] s00

Absolute “Walues of Ca b Coefficients fora = 1 23 45

stales &

tirme Tor space) b

IIo HOHy‘ICHHOﬁ CIICKTPpOIrpaMME MOXKHO CYAUTH O XapaKTCPe CUI'HaJla, HAIIPUMCECD, Ha6J'IIO)IaTB

MaKCHUMYMbI «BCILJICCKOB DHEPrHH» B pPa3jIM4YHbIC MPOMEKYTKH BpeMeHHU (mokaszatenb D) u mpu
pa3IUYHBIX MacmITabax (MoKazaTelb a).

MartemaTH4ecKHii annmapaTt JUCKPETHOI0 BeliBJIeT-Ipeo0pa3oBaHust

Jiist 06paboTKH U MPOCMOTpa CUTHAIOB U M300paKEHUH NpU pa3IMYHBIX Pa3pelIeHUsIX TaKkxke
UCMOJIb3YyeTCsl JUCKPETHOE BeiBIIEeT-NIpeoOpazoBaHUe.

B o0miem Buje npsiMoe TUCKpeTHOE npeodpa3oBanue nzobdpaxenus f(X,y) pasmepraoctu MXN

MO>KHO BBIPa3uTh B OOLIEM BH/JIE CIEIYIOIIUM 00pa3oMm:

T(u,v,...)= Z f(X,¥)9,,. (XY) (2.26)

351ech X U Y — NPOCTPaHCTBEHHbIE TIEpEMEHHbIE (KOOPAUHATHI MUKCeNIel n300paxenus), a u,v —
NEepEMEHHbIE B YaCTOTHOM 00JIaCTH, XapaKTepU3YIOIMe 3aKOHOMEPHOCTh pacrpeieleHus MUKcesei
nzo0paxxenus. 3Has T(U,V...), MOXHO BoccTaHOBUTH (yHKiutoo f(X,y) ¢ momoiso oOpaTtHOro

npeoOpa3oBaHus:
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f(x,y)= ZT (u,v,..)h,, (X y). (2.27)

UseHsl mocieoBaTeIbHOCTEH § W N Ha3pBalOTCS TPAMBIME KM OOPATHBIMH  SIIPAMH
npeoOpa3oBaHusi, OMNPEACISIOIMMHU  MPHPOLY, CIOXKHOCTH W 3(deKTuBHOCTH  maphl
npeoOpa3oBaHuid. J[MCKpeTHOE BEHBIET-TIPpeoOpa3oBaHue, B OTIMYHE OT mpeodpazoBanus Dypbe,
0003HayaeT MeJbli Kiacc MpeoOpa3oBaHM, KOTOPHIE PAa3IUYAIOTCS HE TOJBKO CBOUMH SAPAMH
(koaddunreHTamMu), HO U CBOHCTBAMH 3TUX KOA(D(PHUIIMEHTOB (¢ KaKum Kiaccom Geulsiemos mbl
oyoem pabomamv) W cHOocOOOM TPUMEHEHHUS OHTUX KOIDUIMEHTOB (CKOIBKO Tpedyercs
BBIYHCIIUTD PA3IUYHBIX PEUUEHULL).

MoxHo oxapakTepu3oBath kaxaoe [IBI1 ¢ momoribto sapa nmpeoOpa3oBaHus UM, OCHOBBIBASICh
Ha MHOXECTBE MapaMEeTPOB, KOTOPBIC OJHO3HAYHO ONpEACISAIOT mapy saep. Bee mpeoOpa3oBanus
SBIISTIOTCSL POACTBEHHBIMU (MX (DYHKLIMHU PA3IOKEHUS MPEICTABISIOT COO0M «MaJeHbKHUE BOJHBI)
WIA «BEUBJIETBI»), KOTOpPHIE HMEIOT IEPEMEHHYI0 YacTOTy KoOJeOaHWH W OTpaHHYCHHYIO

JINTCIIBHOCTBD.

AW~
YV N
— A~

Puc. 2.51. a) MHoxecTBO QyHKIIUH pa3noxeHnus Oypbe — CHHYCOUbI C IEPEMEHHON 4acTOTON

1 OECKOHEYHOH IMTENbHOCTBIO 0) DyHKIMH paznoxenus [BII — «maneHbkue BOJIHBD) C
[IEPEMEHHOM YaCTOTOW ¥ KOHEUYHOH JINTEIBbHOCTBIO

CBoICTBA «s1€p», ABISIIONIUECS OOIIUMH JIJISl BCEX THIIOB BEHBIIETOB.
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CpoiictBo 1. Pazdenumocms, macumadbupyemocms u nepeHocumMocms. Sapa MOMKHO

NpeACTaBUTh B BUAC TPEX PA3ACIIUMBIX JIBYMCPHBIX BEHBJICTOB:

w" (X, y) = (X)e(y),
v’ (X, ¥) = o()w(y),
w° (X Y) = (Qw(y).

Bnecs w7 (X, Y), i’ (X, ¥),r° (X, ) Ha3bIBAIOTCA  TOPU3OHTANBHBIMH, BEPTUKAIBHBIMU U

(2.28)

JMaroHAJIbHBIMU BEWBIIETAMU, a IByMEpHas () yHKITUS:
— 2.29
P(% ¥)=p(X) p(y) (2:29)
HaspiBaercst Mmacmtabupytromeit pynakuueit. Kakaas u3 3Tux AByMEpHBIX (YHKIUN SBIISETCS

MIPOM3BEICHUEM JIBYX OJHOMEPHBIX MACIITAOMPYIOMIHUX (QYHKITHH [5].

9, (X) =2"2p(2" x-k), (2.30)
Wik (X)= 22y (2' x=k).

[TapameTpsl i 1 | SABISIOTCS HeNbIMUA gyuciamu. Yucrno k ompenensier monoxxeHne 0 JHOMEPHBIX
¢GbyHKIMH Ha OocHM X, MacmTald ] — MUPUHY 1O OCH X, MHOXHTENb 2j/2 OTBEYAET 3a BBICOTY H
aMILUIUTYLY.

CaotictBo 2. KpatHomacmtaOHasi coBMecTUMOCTh. CBOICTBO oOroBapuBaeT TpeOOBaHUS K

BBEIOpAaHHOW MacIITaOUPYIOMEH (QyHKITHIH.

@ ;(X)

a) Kaxxnas pynxuus OPTOTrOHAJIbHAS JIIOOOMY CBOEMY LIEJIOYHCICHHOMY CIIBUTY.

o X
6) MHoxecTBO (DyHKIIMH, KOTOPbIE MOKHO MPEICTABUTh B BUJIE PAIOB Pa3IOKEHUS 110 ?3x (%)

IpU MallbIX MacmTalax (j mano), MPUHAAJICKUT MHOXKECTBY (YHKUUMN, IPEICTaBUMBIX B Ooiee
BBICOKMX 3HAUEHUSX.

B) Kaxnyro macmtabupyromyro (QyHKIHMIO MOXKHO NMPEACTaBUTh C MPOU3BOJIBHON TOYHOCTHIO
npu ] >

{(Di,j (X)} 00pa3yloT OpTOTrOHATBHBIH

CaoiictBo 3. OproroHanbHOCTh. DYHKIUU pa3nOKEHUS
W OMOPTOTOHAIIBFHBIN 0a3uc (0TCI0]a ¥ Ha3BaHHE €IIIe OJHOTO THITa BEUBJIETOB — OPTOTOHAIBHBIC
U OMOpPTOHOHAJIbHbBIE) B IMPOCTPAHCTBE OJHOMEPHBIX H3MEPHUMBIX, CYMMHPYEMBIX B KBaJpare
¢bynkuuii. basuc obnagaer TeM CBOMCTBOM, UTO Kaxas MpeicTaBUMas B 3TOM Oazuce (GyHKUUS
MMeeT eJUHCTBEHHBIH HAOOp Kod(hduimeHToB. /[ BEIECTBEHHBIX OPTOTOHAIBHBIX SACP WMEET

MecTO paBeHCTBO g = h. B OuoproronanbHoM citydae

Lr=

h,0,)=5, =
(g )=d.=1""
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(2.31)

I[J'IH IMPAKTUYCCKOro IMPUMCHCHHS BAXXHO CIICACTBUEC U3 IPHUBCACHHBIX CBOMCTB — (1)YHKHI/IIO

BelBlIeTa W MAacCIITaOMPYIOMIYI0 (YHKIUIO MOXHO MPEICTAaBUTh 8 Guoe JUHEUHOU KOoMOuHayuu

CBOUX dice KONl CyOGOQHHblM paspewenuem.

o(x)= "1, (NW2p(2x-n) v()=Sh W2p@x-n) @32
v ! n

B cpene MATLAB auckpetrHoe BeUBIIET-IIpe0Opa30BaHUE PEAIU3YETCs C MOMOIIIBIO MPOLEAYP

dwt u fwt (OsicTpoe BeiiBieT-nipeoOpa3oBanuii). MOYKHO BBIIIOJHITH PA3JIOKCHHE KaK IBYMEPHBIX,

TaK 1 OAHOMCPHBIX CUI'HAJIOB.

WMexoaHoe uzobpakenme. Pezynetat JB[1.

Puc. 2.52. Pe3ynpTar qUCKpETHOIO BEHBIIET-NIPEOOpa30BaHUS
AJIropuTM OBICTPOIO BelBJIET-TIPe00pa30BaHUS
O0606mass npeobpazoBaHue Ha JBYMEPHbIH MU MHOTOMEPHBIH YPOBEHb, MOXHO IPEICTaBUTh

cxemy npeoOpa3zoBanus (OBICTPOTO BEHBIET-MPEOOPa30BaAHNSA).

h,(-m) 24— ”fﬁ’ m, n)
C
hw(—n} 24 {;E‘::;"
Croabusi (—m) 2 - W,
(no n) b CTpiHH g
WyG+1, m, n) s—
hy, (—m) 24 * F‘F‘fﬁ-‘, m, n)
h¢ (=n) 2 I' N
Cron6ue h, {_m]F 2y —= W, G, m n)
Crpokn

Puc. 2.53. Cxema OpIcTporo BeiiBieT-npeodpazoBaHus

CHauvana oOpaOaThIBAIOTCS CTONOLBI, a 3aTeM CTPOKH. VICHonb3yroTcs MpU 3TOM (UIBTPHI

HHU3KHUX U BBICOKHX HacCTOT.
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Kaxnpiii mpoxon yepe3 0ok GuiabTpoB Ha puc. 10 pasnaraer BXOAHBIE JaHHBIC HA YEThIpE
W,
KOMIIOHEHTHl MEHbBIEro auanazoHa (wiau macmtaba). Koaddumuments ¢ mpeoOpazoBaHUA

. h
MOJTy4aroTCs ABYMS MPOXOJaMU HU3KOYACTOTHOM (uibTpanuu (T. €. ¢ QUIbTpoM ?), U TIOATOMY

W'i=H,)V,D
OHM Ha3bIBAIOTCS KOdPHUIIMEHTaMH TPUOTKeHUS; KOdDPUImeHTer ¥ Ha3bIBAFOTCS,

COOTBETCTBEHHO, KOA(P(GUIIMEHTAMH TOPU3OHTAIBHBIX, BEPTHUKAIBHBIX U JUArOHAJIbHBIX JeTalleH.
[Tockonbky camo u3oOpaxenue f(x,y) MHpencTaBICHO B HAWBBICIIEM pa3pelIeHUH, TO OHO

W_(j+1,m,n)
CTaHOBUTCS BXOJI0M ¢

IepBOM HUTEpanuu mpoueaypsl. Kpome toro, 34€Ch UMeeTCs
TPH MEPEMEHHBIC TPE0OPaA30BAHHOTO MPOCTPAHCTBA: MACIITA0 j, TOPU3OHTAIBHAS TPAHCISALUS T U
BEePTHKAIbHASI TPAHCISALUS T. DTH IMEPEMEHHBIE COOTBETCTBYIOT 0003HAYEHUSIM U,V, ... B TIEPBBIX
nByX ypaBHeHusx (8), (9). Hdamee mocMOTpUM TNpUMEpPbl MPUMEHEHHS IBYMEPHOTO BEUBIICT-
npeoOpazoBanus (dwt2, fwt) mpu 06paboTKe N300paKEHUH.

[Tpu BBITOJIHEHUH ATAIOB MpeoOpa30BaHMs UCTIONB3YETCSI ONepalysi CBEPTKH CUTHAIOB. CIIOBO

«CBEpTKa» 0003HAYaeT COBMECTHOE CBOpAYMBaHUE JBYX BEIWYMH WU (yHKUuH [2]. J{uckperHas

CBCPTKa BEKTOPOB fu g obo3HayaeTcs Pkg N BBIYUCIIACTCA C IOMOIIBIO COOTHOLICHHN A .

(f*g)i:ijgi—j (2.33)
j

B PE3YJILTATC BBIIIOJHCHUA OIICpalvv IMOJY4YacTCd OAHWH BEKTOP, OXBaTI)IBaIOHII/II\/JI Juara3oH
BXOAHOI'O CHUI'HajlIa. HOSTOMY BeﬁBneT-npeo6pa30BaHI/m Ha3bIBAIOT HOOOUANA30HHBIMU.

JIuckpeTHast CBepTKa JBYX YMCIOBBIX mocienoBarenbrocteii (i) u g(i) 3amaercs HepaBeHCTBOM:

h(i)= f()*g@)=> (g~

CBepTKa CUTHAJIOB IPUMEHSIETCS, HalIpUMeED, AJIs yi[aneHm{ IIyMa WIN CTIaKUBaHUS CUTHAJIOB.

Hcnons3zoBanne mpunoxenuss Wavelet Toolbox Matlab mns cxarus uwadopmanmu myrem
BeiiBieT-nipeodpazoBanmii [12] .

[Taker MATLAB Wavelet Toolbox mpencrasuser co0oif COBOKYIMHOCTH IPOrpamM,
MO3BOJISAIOMIMX BBINOJHATh BEHBJIET-aHAIN3 M 00pabOTKY CHTHAJIOB CpeACTBAMH TI'paduyecKoro
uHTepdeiica mosnp3oparens. [lakeT MoO3BOJISET MPOJEMOHCTPUPOBATH MPAKTHUECKUE MPUIIOKEHUS
TEOpUHU BEUBIIETOB U BelBieT-IpeoOpa3oBaHnii. OCTaHOBUMCS Ha CIEAYIOMIUX MyHKTaX:

1. IIpocMoTp BEHBIETOB.

2. OnHOMEpHBIN TUCKPETHBIN BelBIeT-aHAIN3.

2.1. BeiiBner-pasinoxeHne CUTHaA.



2.2.
2.3.

3. Cxarue OAHOMECPHBIX CUI'HAJIOB.

4. VYnanmeHue nryma U3 CUTHAIIOB.

I/IHTepnpeTaumI CTATUCTUYCCKUX XaPAKTCPUCTUK CUTHAJIA.

I'ucrorpammbl K03(h(PpULIMEHTOB anMPOKCUMAIIMH U I€TATU3AIIH.
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I'nmaBHOE MeHIO makera Bei3biBacTca 13 MATLAB ¢ momompro KOMaH 6l wavemenu.

File Window Help

Nnea_Nimeanzinnal

Eracialivad Tranls 4 T

|

Wawvelet 1-D

SWT Denoising 1-D

Wawvelet Packet 1-D

Density Estimation 1-D

Regression Estimation 1-D

Complex Continuous Wawvelet 1-D

Wawvelet Coefficients Selection 1-D

[
[
[ Continuous Wavelet 1-D
(
[

Continuous Wawvelet 1-D (Using FFT)

Twrn_Nimensinnal

Wavelet 2-0r

[
[ Wavelet Packet 2-D
[ Continuous Wawelet Transform 2-0

Fractional Brownian Generation 1-0

Katching Pursuit 1-0

Thres_Nimanzinnal

Snacializad Trnle 7N

True Compression 2-D

SWT Denoising 2-D

Wawelet Coefficients Selection 2-D

[ Wavelet 3-D

Image Fusion

R Hinls 4_N

Nisnlav

Muligignal Analysis 1-D

Wawvelet Display

Wawelet Packet Display

[ Kultivariate Denoising
[ Multizcale Princ. Comp. Anahysis

Vilavslat Necinm

Futansinmn

Signal Extension

[ New Wavelet for CWT

Image Exten=ion

[

Cloge

Puc. 2.54. T'naBroe oxkno Wavelet Toolbox

Cnoco0b1 npocmoTpa BeiiBiieToB B \Wavelet Toolbox

Croco6bl pocMoTpa BeiBieroB — rpymma Display (kaomka Wavelet Display). Otkpoercs

CJICAYIOIICC OKHO!:

File  Wiew

Insert Tools Window Help

Wavelet |5

Refineme g

ar o

[ Display ]

Information on:

[ Haar Family (HAAR) ]

[ AllVawvelet Families ]

=
W=

I

== == Views Awos
e View Axes [

Puc. 2.55. Oxno paznena Wavelet Display mocie 3anmycka



115

BBepxy pacrnonokeHo OObIYHOE MEHIO, CIpaBa M BHHU3Y — MEHIO, IO3BOJIAIONINE YIPABIATH
oToOpakeHHeM HYXHOH HH(pOpMaIUH.

B mpaBoM MeHIO MOXXHO M3 pacKpbIBAIOIIErocs CHHMCKa THUIl BelBieTa, 3alaTh YPOBEHb
paspernienus (mapamerp Refinement)

— OINpEAEIUTh IIar BBIYKUCICHHUS 3HAYEHUHM BEUMBIIETOB (3TOT MapaMETp paBeH 12N, N 1o
YMOJYAaHHIO PABHO &).

Taxoke MOXHO OCMOTPETh UHPOPMALIUIO 10 BEIOpaHHOMY THILY BEHBIIETA.

BriOpaB u3 cimcka tun BeiiBiera ‘haar’, cnenyer naxats kHonky Display(Refinement = 8).

File View Insert Tools Window Help ~

haar Wawvelet —= haar

Wavelet
Sesling function phi Wavelet function psi | ! haar =

1 1
Refineme | g -
(K] 05|

Display

0.2 0.5
o -1 J
(1] olEEcompasgion lowEass filtars 1 [+] Recompassion high-pass filgs 1 Information on:
0.5 0.5 T | Haar Family (HAAR) |
o (1]
0.5 {1 05 | All Wawvelet Families |

Reconstruction low-pass filter 1 D=composition high-pas= filter 1

-0.5 4 0.5 L
o 1 o

= | w= J[x0v=]| center I_K_II_Y_IH X= ||
= Iy JExv=] on Info Y= History

id

- J| Lo | [ Close 1

Puc. 2.56. BeiiBier u macmrabupytomias pyHkuust Xaapa, GUIbTPbl BOCCTAHOBJICHUS U
pasioxxeHus

BBepxy pacnonoxens! rpaguku macmrtabupyromed @yHkuuu M QyHkuuu BeiiBnera. Huke
HU300paKeHbI (GUIBTPH BOCCTAHOBJIICHUS M PA3OKEHHs BeWBIeTa (HU3KOYACTOTHBIE U
BBICOKOYACTOTHBIE).  J[7I1  BOCCTAaHOBIEHHUS  UCHONB3YIOTCA  QuiubTpsl (KO3 GUITUEHTHI
Mmacirradbupyromux ypasaenuil) h u ¢ dyukuuit @(X) u w(X), a 1is BeHBIET-Pa3IOKEHUS —
COIpSIKEHHbIE (TPAHCIIOHUPOBAHHBIE) PHIIBTPBI. DTO XOPOIIO BUAHO Ha Tpapukax GpuabTpoB. s
BeliBneTa Xaapa (UIBTPHI MPOCTHIE, TaK Kak Oa30BBIMH OMEpalusMU SBISIOTCS HaXOXJIECHUE

CpeIHUX U TOypa3HOCTEH. Y IPyrux BeUBIETOB (PUIBTPHI O0OJIEE CIOKHBIE MO CBOEH CTPYKTYpE.
Hampumep, eciu BbiOpath BeliBner JloOemu 7-0oro mopsaka, TO TOJXYYUTCS CIEAYIOIIEe

n300paxeHue:



File View Inset Tools Window Help
db Wavelgt —» db7

Scaling function phi

Wavelet function psi

0 2 Decompositbn low-ghes filer 12

)

2 Decorbpositién high-Bass filRr 12

0 2 RecodstructBn low-gess i 12

Decortgasitdh high-fass fifer 12

05
05
0 2 4 & & W 2
(X v )00 | center O] = < |[= ‘ _
(X0 J0e-]|  on hfo = Y= History [ <<. View Axes

Wavelet |gp

- |7 L4

Refneme |z =

Display

Information on:

‘ Daubechies Family (DB) ‘

‘ All Wavelet Families ‘

| Cloge |

Puc. 2.57. BeiiBner 7-ro nopsaka u macmradbupyromiast Gpyakmust Jooemm, GuiabTpsi

BOCCTAHOBJICHUA W PA3JIOKCHHA

C:kaTHe CHTHAJIOB NIPH NIOMOIIM BeiiBjieT-npeodpa3osanumii B \Wavelet Toolbox
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B rnaBHOM OkHe HeoOxoaumo Haxarh KHomky Wavelet 1-D, mosBuTcs auamoroBoe OKHO,

uHTepPeiic KOTOPOTro MO3BOJISET OCYHIECTBIATH 00PAOOTKY OHOMEPHBIX CUTHAJIOB.

3arpy3ka curHaiga Frequency Breakdown (Load —>Example Analysis - Basic Signals =

Frequency Breakdown):
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Decomposition at level 3 : 5 =33 + d3 + d2 + d1 .

1 : : : : : : . Data (Size) fregbrk (1000}

Wavelet haar -
5 o Lewvel 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

He ¥+ || s Center x=
on nfo | v= ||| sty

Close ]

Puc. 2.58. Pasnoxenne curaaia

Knomnka COMPressS mo3BoIseT OCYIICCTBUTDH CKAaTHE OJJTHOMEPHOI'O CUTrHAJIa.

File  View Inset Tools Window Help ]

Retained energy 92,67 % -- Zeros 8.00 % - =
Original and compressed signals Data (Size)|  freqbrk (1000)
100 ' T ] Wavelet haar
\“:\ Level 3
w E I Global thresholding -
: 05 Select thresholding method
= H 1 Balance sparsity-norm
; Select Global Threshold
0 ' | . 0834
= Retained enerqy 9267 %
0 ' 5 Number of zeros 84.00 | 9%
. E : :
! 2 | Compress | I Residuals I
0 L 1l 1
[ 05 1 15
[ View Compressed Signal |
- Global threshold =
— Retained energy in % E
Number of zeros in % E
3
T Colormap | pink -
T g | 128
O )= )00=][ center x= A I Vow foe ‘ N Cobors
on info = History | << ( Close )

Puc. 2.59. UnTepdeiic okHa, BBI3BIBAEMOT0 HaKaTHeM KHOTKH COMpress
[Ipy cxaTuM OJHOMEPHBIX CHUTHAJIOB HCIOJB3YeTCd METOJ TJ00aJbHOW MOPOroBOi
00paboTKM  JETANM3UPYIOIIUX  KOA(P(HUIMEHTOB. YTpPaBIATh CXKATHEM MOXHO TPYNIOH
KOMITOHEHTOB CIIpaBa, YCTaHABIIMBas IMOJI3YHKOM 3HaueHue. 3ajaB Mopor (MPOIEHT COXpaHsSEeMBbIX

KO2(hPUIIMEHTORB), B pe3yJIbTaTe MOJIYIaeTCs CKATHIA CUTHAT.



118

File Window Help ~

Original signal and Compressed Signals

ﬂ

SAPARLYI L S (11

Compressed signal

T L

I
400 500 600 700

i I i
100 200 300

00 1000
Center EEH Info H= ‘ ‘ History = |l = | Close

Y =

M= - 2= On

Puc. 2.60. McxoaHblil B C)KaThIil CUTHAJ TIPU IIOMOIITM BEHBIIET-TIpeoOpa3oBanus Xaapa
TPETHETO YPOBHS
CxxaTue 0JHOMEPHOI0 CUTHAJIA NP NMOMOIIH PAa3JIMYHBIX BeliBJeT-peodpa3oBaHuil
Ha ceropnsimiHuii neHb CyHIecTBYeT OOJBIIOE KOJMYECTBO MATEMATHUYECKUX alIrOPUTMOB
BeWBIET-NpeoOpa3oBaHmil, JaHHBIA pa3fell CONEPKUT PACCMOTPEHHE TPEeX OCHOBHBIX U
CPaBHUTEJIbHBIA aHAIU3 UX XapaKTEPUCTUK.
BeiBner Xaapa mAroro ypoBHs. Pa3noskeHue uCClIeyeMOro CUrHaiga Ipv IOMOIIM BEHBIETA

Xaapa nsATOoro ypoBHsI IPEICTABIECHO HA pUCYHKe 2.61

File View Insert Tools Window Help ¥

Decomposition st level 5 s=38+df + dd +d3 + d2 +d1 .

, , , ; Data (Size) fregbrk (1000}

1

T Wavelet  paar -
5 v

K ! 1 ! !
T

T T
1 ! J
05-_“ T T T T T T i
(i )|
% o p
! ! 1 1 1 !
Ly ' I Statistica H Compress I

!

T

!

% ol i
27 | | | | | | l Histograms H De-noise I

0.5 T

d ]
0.5
0.5

l ] \ﬂ('
I‘J atlevels |5
d 0 M‘q [7] show Synthesized Sig.
05 L =

0zF T T T T T T

d, o

0.2

o — —

Yap | | | , , | | ]

100 200 300 400 500 &0 T 800 500 1000

(e J(ve Jl¥+ ]| conter X= 23y [
L o [ v- History [ oo B o= ]

Puc. 2.61. PaznoxeHue curxana mpu oMoy BeiiBiera Xaapa naToro ypoBHs

Level 3 -

Display mode

Full Decomposition hd
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File View Inset Tools Window Help N
Retained energy 89.85 % - Zeros §9.82 % iza) iy
Original 3 comps sgnals Data (Size) fregbrk (1000}
T T T T T 7 T Al Wavelet haar
i ] | i i
' osll | | [ i Level 5
: o / ||
; g {1 i Gobalthresholdng
E 3 ] Select thresholding method
] ' 4 oA ' Balance sparsity-norm
| 1000
50 ! Select Global Threshold
@ | ] o0ss0s
' = Retained energy 8985 |%
| i 3
' E Number of zeros 89.82 | %
ol : =
' g
0 ! 4 ; ;
! | Compress | ‘ Residuals ‘
0 1 L] 1 1 1
] 05 1 15 2 25 200 400 80 &N
i R T T Ene [ View Compressed Signal |
-~ Global threshold g
— Retained energy in % E
Number of zeros in % E
3
Colormap pink v
00 40 B0 B0 10D %
= Nb. Colors 2 b
X+ || ¥+ || Xvs || Center | X || Y K= < || = View A
x v 1o on Info e History = IEW AXES | Close |

Puc. 2.62. Cxatue curnaia npy NOMOUIH BeiBiera Xaapa IsSTOro ypoBHS

File Window Help :

Original signal and Compressed Signals

= e = a]

— !
e

=

______ | I A —— H L H

| | Compressed signal

05H---- L ............

P L T A
ERY I L1

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

Y] Drighal Signal

¥t |l ¥+ [ Xs Center _E _I Infix X= History < || = Cloze
L v - On Y = ‘4

Puc. 2.63. MicxonHblif ¥ cKaTblif CUTHA ITPU MOMOILU BeHBIIET-IpeoOpa3oBaHus Xaapa MaToro

ypoBHA nipu Kodpduuuente cxarus 0.98
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Jlanee HEoOXOAMMO MpPOAHATU3UPOBATH 3aBUCUMOCTh KOJHMYECTBA COXPAHEHHOH SHEpruu

curHaia ot ko3 duimenrta cxxaTus, pe3yibTaThl IpeACTaBICHbI B Tabuie 2.7.

Tabnuma 2.7. 3aBUCHUMOCTb KOJMYECTBA COXPAHEHHOUW SHEPTHH OT KOA(DPHUITUEHTA CHRKATHS IS

Kc>1<
Qcoxp

0,5
95,93

89,47

BeliBNeT-npeoOpa3oBanus Xaapa MmsIToro nopsaka

15
75,37

2

70,36

2,5
65,32

JlaHHYIO 3aBHCHMOCTD yI00HO IIPEACTaBUTh B BUE rpaduka (pucyHok 2.64):
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Puc. 2.64. 3aBUCHMOCTB KOJTMYECTBA COXPAHEHHON SHEPTUH OT KOA(PPHUIIMEHTA CKATUS IS

BeliBneT-npeoOpa3zoBaHus Xaapa MsIToro ypoBHS

Beiisier I[O6€I_HI/I [IATOr0 YpOBHS U IIATOIO IOPSJAKA. Paznoxenue HUCCICAYEMOI'O CUTr'HaJIa IIpu

MTOMOIITH BeiBiiera J[oOemy msaToro ypoBHs U MATOTO MOPSIKA IPEICTABICHO Ha pUCYHKE 2.65.

Data (Size) fregbrk (1000}

Wavelet db - |5 -

Lewvel 5 -

Analyze

Statistics Compress

Histograms. De-noise

File  View Insert Tools Window Help
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0.5 T T T T T
(1]
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05 L 1 1 L
0.2 T T T T T T T
d o1 . —
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L I 1 1 1 1 I 1 i
0.4 T T T T T T T =
0.2 - —
02 L 1 1 1 1 L 1 ]
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X+ W+ K+ Center X b X= — —
i iew Axes
on oo [T | e

Display mode :

Full Decomposition -
atlevels g o

I:l Show Synthesized Sig.

l Close ]

Puc. 2.65. PaznoxeHnue curHaia npu nomouy seiipiera Jlobemm naToro ypoBHs U HsATOrO

nopsaaka



121

File View Inset Tools Window Help

“e“'“e%;?i{gfﬂ:f:%“i;;‘:: SR Data (Size) freqbrk (1000)
‘ Wavelet db 5
05 I l I Level 5
: |\ _
|| Global threshelding hd
0.5 Select thresholding method
20 I Balance sparsity-norm =
= e e Select Global Threshold
- 0.879
5 Retained energy 5464 %
0 2
E Number of zeros 92,60 %
0| =
H
0} kS
| Compress | | Residuals
o y \
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Thresholded coefficients
--- Global threshold E "
— Retained energy in % E
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3
Colormap pink -
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|L”L”LI on Info ¥ = History W Axes | [ Close |

Puc. 2.66. Cxatue curnana npu moMoury Beisiera J{obemu naToro ypoBHs U MATOTO MOPSIKa

- |

File Window Help
Original signal and Compressed Signals

T

' ' '

OTH SR [ JRSDEURN DU DI NONDRN
|

| Compressed =ignal

(R

I I I I I I ﬂ| ﬂ| I
100 200 300 400 500 600 700 800 900 1000

e ==l center x| o X= History [ = |[ | Close |
o [ (v | On Y= —

Puc. 2.67. VicxoaHblil 1 cxxaThlii CUTHAJ MPU TIOMOIIU BelBIeT-npeodpa3oBanus JJodemmn
MSATOTO YPOBHS U MATOrO MOpsKa pu ko3dduumente cxarus 0.98
Jlanee HEOOXOAMMO MpPOAHAIU3UPOBATH 3aBUCUMOCTb KOJIMYECTBA COXPAaHEHHOM SHEpruu
curHaia ot ko3 duimenrta cxxaTus, pe3ynbTaThl IpeACcTaBIeHbI B Tabmuie 2.7

Tabmuua 2.7 — 3aBUCUMOCTb KOJIMYECTBA COXPAHEHHOW YHEPTUU OT KO3 (UIIMEHTA CKATUS IS
BeliBneT-npeoOpazoBanus Jlodenn nsaToro nopsaka

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

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

JlaHHYIO0 3aBHCUMOCTb yJIOOHO MPEICTaBUTh B BUJE rpaduka ( pucyHok 2.68)
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Puc. 2.68. 3aBHCUMOCTb KOIMYECTBA COXPAHEHHON dHEPruH OT Kod(dduiinenTa cxatus Ass

BeliBIeT-ipeoOpazoBanwmst JJoOemnu msToro ypoBHs U MATOTO MOPSIKa

buopTroronansHoe mpeoOpa3oBaHue MATOrO YPOBHS U Mopsiaka 5,5. Paznoxkenue uccineayemoro

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

npeJcTaBieHo Ha pucynke 2.70.

Data (Size) fregbrk (1000)
Wavelet  |pipr o 55 o

Level 5 v

[ -
File View Inset Tools Window Help
Dewmpos'rtionatIevel5'5'35+d5+d4+d3+d2+d1
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Display mode :

Full Decomposition hd
atlevels g ,'

[7] Show Synthesized Sig.

[ Close ]

Puc. 2.70. PaznoxeHue curHana npy noMoIiyu OMOpTOroOHaIbHOTO MPeoOpa3oBaHus IATOrO

YPOBHS 1 MOpsiAKa 5,5
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File View Insert Tools Window Help L]
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” ‘ Level 5
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Puc. 2.71. Cxatue curnana npu OMOPTOrOHAIBLHOM BEHBJIET-MIPEOOPA30BAHKUH MIATOTO YPOBHSA U

-

nopsiaka 5,5

File  Window Help
Original signal and Compressed Signals
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Puc. 2.72. icxonHBIi M CKATHIA CUTHAI MTPH IOMOIIM OMOPTOTOHAIBHOTO BEHBIIET-

peoOpa3oBaHus MATOTO YpPOBHSA U 5,5 nopsiika npu ko3 dunuente cxarus 0.98

I[anee HCO6XOI[I/IMO MMPOAHAIIU3UPOBATL 3aBUCHUMOCTL KOJIMYCCTBA COXpaHCHHOﬁ SHEPTIUn

curHaia ot ko3 duimenrta cxxaTus, pe3ynbTaThl IpeAcTaBIeHbl B Tabauie 2.8.

Tabnuia 2.8. 3aBHCUMOCTh KOJIMYECTBA COXPAHEHHON SHEPTHH OT K03 pHiMeHTa coxatus 1is

BeliBNeT-npeoOpa3oBaHus Xaapa MsIToro nopsaka

Kex

0,5

1,5

2

2,5
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Qcoxp

98,68

94,63

92,71

88,65

82,28

JlaHHYIO 3aBHCHMOCTD yI00HO IPeACTaBUTh B BHE rpaduka ( pucyHok 2.73):

100 T T T

Puc. 2.73. 3aBUCHMOCTb KOTMYECTBA COXPAHEHHOM dHEPruu OT kKod(dduiinenTa cxatus Ass

OMOPTOrOHAIBHOTO MATOrO YPOBHS U 5,5 mopsika

100

o0
Qc oxp_Maap 3

Qcaxp_,]uﬁenm_ﬁnﬁ an

Qeoxp BHO 5u5.5

ELY

Puc. 2.74. CpaBHeHUE 3HEPTeTUUECKUX XapaKTEPUCTHUK CHKAThIX CUTHAJIOB MPHU Pa3IUYHbBIX
MeTo/ax BeHBieT-npeodpazoBaHui
B pe3ynbTaTe BBINOIHEHUS JaHHOTO MHAMBUAYABHOTO 3aJaHNUs ObUT IPOBE/IEH TEOPETHUECKUI
0030p COBPEMEHHBIX aJITOPUTMOB BEHBJIET-NIPEOOPA30BaHUM ISl CKATHSI OJHOMEPHBIX CUTHAJIOB.
bbulo ycTaHOBJIEHO, YTO MCIONb30BaHHE BEHBJIET-MpeoOpa3oBaHuil sBIseTCS 3(PHEKTUBHBIM
CpeACTBOM Ui TpeoOpa3oBaHUs HHGpOpMAIMK JJs Mepelayd [0 KaHajlaM CBsI3M, TaK B
COBPEMEHHOM  TEJNEKOMMYHHMKAIIUOHHOM  OOOpYIOBaHMM  MPEAYCMOTPEHO  HCIOJIb30BaHUE

HOMCXOYCTOfI‘-IPIBBIX AJITOPUTMOB KOAUPOBAHUS C UCITIOJIb30BAHUEM HU30BITOYHOCTH.
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Tak e, ObUTH IPHOOPETEHBI MPAKTHYECKUE HABBIKKH paboThl ¢ puiokennem Wavelet Toolbox
Matlab, xoropoe mO3BONSIET HAMISAJHO MPOJAESMOHCTPUPOBATh TPHHIUI JCHCTBUS CXKATHS
UH(OpPMAIINH ITyTEM BEHBIET-IPEoOpPa30OBaHU.

Bbei mocTpoeHsl rpaduKM 3aBUCHMOCTEH KOJIMYECTBA COXPAHEHHOH SHEPIMU CHTHAla OT
KO3 pUIMEHTa CXKATUS TSl pa3IMYHBIX aJITOPUTMOB BEHBIIET- TPeoOpa3oBaHU.

B TOM umcrne, ObUIO yCTaHOBIIEHO, YTO MCIIOJIB30BaHHME BeHBIET-peoOpa3zoBanuii Jlobemm u
Xaapa 3 peKTuBHEE UCTIONBF30BaHUS OMOPTOTOHAIFHOTO BEWBJIET-TIPEOOPa30BaHUS C TOUKU 3PEHUS
COXPaHHOW 3HEPTHU CUTHAIA.

Jannas pabora MMeeT NMpakTHYECKOe 3HAueHHs, TaK Kak Obula pa3paboTaHa METOIUKa IS
BBITIOJIHEHUS J1a00paTopHOi paboThl MO CXKaTUi0 HMH(OPMAIMK C HCIOJB30BAaHHEM BEUBIIET-
peoOpa3oBaHuii MPH MOMOIIHK IporpaMMuoro obeceucuus Matlab 2015.

Takum 00pa3oM, MOXXHO c/enaTh OOOCHOBAHHBIN BBIBOJ O TOM, YTO BEHBJIET-aHAIU3 U
00paboTKa CUTHAJIOB Ha CETOMHSANIHUN JIEHb OBICTPO pa3BUBAIOIIAsCS 001acTh MPHUKIATHON HAYKH,
KOTOpas B OyaymieM MOXKET CTaTh BEAYIIMM CII0COO0M 00paboTku uHpopmanuu. Ha ocHoBe
BEHBIIET-IPe0Opa30BaHUsl MOTYT OBITH IOCTPOCHBI BBICOKOA(D(EKTUBHBIC aNTOPUTMBI CHKATHS

I/IH(bOpMaI_II/II/I, YTO aKTyaJIbHO B HAIlIK JHU.

IJIABA 3. IOMEXOYCTOWYNBOE KOJIUPOBAHUIE B
TEJEKOMMYHHUKAIIMOHHBIX CUCTEMAX

KoppekTupyromue Koabl B TeJIEKOMMYHUKAIIMOHHBIX CHCTEMAax

B Teopum COBpEMEHHBIX TEIEKOMMYHUKAI[MOHHBIX CHCTEM 3HAYUTEIbHOE BHUMaHUE
ylensercss M3y4eHHI0 METOZO0B KOAMPOBaHUS HMH(popManuu. B TexXHHKe 3J1eKTpUUECKO CBs3U
IIMPOKO MCTIONB3YIOT PE3YyIbTaThl TEOPUM KOAUPOBAHUS.

Koouposanue - onepanus OTOXAECTBIEHUS CUMBOJIOB WJIM TPYII CUMBOJIOB OJHOTO KOJAA C
CHUMBOJIaMU WJIM TPYIIIaMU CHMBOJIOB ApPYyroro kojaa. Heo6xoauMocTh KOJUMPOBaHUS BO3HUKAET,
Ipex/ie BCero, U3 NOTpeOHOCTH MPUCIIOCOOUTH (OPMY COOOIIEHNS K JAHHOMY KaHally CBSI3M WM K
KaKoMy-JIN0O JpyromMy YCTPOWCTBY, IMpelHa3HaueHHOMY MJIsi MpeoOpa3oBaHUs WU XpaHEHUs
uH(pOopMaLnu.

Tunuunas CTpyKTypHasi cXema cHUCTeMbl mepeaauu aAuckperHodl wuHdopmauuu (CIIIN)
npuBeneHa Ha puc. 3.1. McrouHuk BbpabaThiBaeT cOOOIEHHS, KOTOPbIe HEOOXOAUMO IMEepeIaBaTh
no kxananmy CIIJIW. DTto Moryt OBITH MOCIEIOBATEIBHOCTU JTUCKPETHBIX COOOLICHUN (IaHHBIE,
tenerpadHble COOOIIEHWS W T.O.) JHUOO HENpephIBHBIE cOOOIIeHHsT (peyb, TENeBHUICHUE,

pe3yabTaThl TEIEU3MEPEHHH 1 JIp.), TpeoOpa3oBaHHbIC B IUPPOBYIO hopmy.
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Cooduresise Kozosoe cioso
Kozxep rs A
2 Koz
Hcerounmk RO onep ITepenaTauk
Kanman + mymM
Eos Hexomncp = Idexonep IIpHeMHHK
Sl A i HMCTOYHIKA |

AeKOOHpOBaARHOT

= ﬂplmatoe CJI0BO0
COOOILIICHIIS

Puc. 3.1. CtpykTypHas cxema CUCTeMBbI Iepelaun AUCKPETHON HH(OpMAIHH
PeanbHble co00IIEHHs coAepKaT N30BITOYHOCTh U JJISi COIVIACOBAHUS MCTOYHHUKA C KaHAJIOM
nepeaayr UHGOPMAIMK UCHOJB3YIOT Kojaep ucTouHuKa. COBMECTHO € JEKOJEpOM OHM 00pa3yroT
KOJEK UCTOYHMKA. MeTo/Ibl KOJUPOBAaHUS UCTOYHUKOB M3ydaluch B Moayiie 2. OcHOBHas 3aaada
mo6oit CAIIN - mepenada MHGOPMALUHU C 33JaHHBIMA BEPHOCTBIO M CKOPOCTBIO Tepefadu. DTh
TpeOOBaHUS HAXOAATCA B IPOTUBOPEUUH, IPUYEM, MTOBBIIIEHUE CKOPOCTHU Ieperayd MH(opMauu

B peanbHbIX CII/IW npuBOANT K CHUKEHHIO IOMEXOYCTOMYUBOCTH U BEPHOCTH MEPEIAUH.
Cornacno usBectHbIX TeopeM K. IlleHHOHa, B IpUHIMIIE BO3MOKHO CKOJIb YTOJHO OO0JIbLIOE
NOBBIIIIEHHE BEPHOCTH Tepeaayd WH(GOpMAIMH, €CIH CKOPOCTh Nepeaayd mo KaHainy Rkan He
IPEBbIIIAET MPONYCKHON crnocoOHocTH kaHana C. JlocTuraercss 3T0 NPUMEHEHHEM JI0CTaTOYHO

JUIMHHBIX KoppekTupyromux koo (KK).

Koppexmupyrlowue KoObt - 5TO KOJIbI, TO3BOJSIONINE OOHAPYXKWBATh WM HCHIPABIAThH

OH_II/I6KI/I, BOBHHUKAOIMMUEC ITPHU IEPEAAYUC COO6IJ.I€HPII>1 1O KaHaJilaM CBA3H.

C aroit nenbto B ctpyktypy KK BBOAUTCS u3bpimounocme.

Kooex KK (xooep u dexooep kanana) npuBeneHsl Ha puc.3.1. B peaibHBIX yCIOBUSIX JIJTHHA
KOJa OrpaHWYCHA JOMYCTHUMOW CJIOXHOCTBIO YCTPOHCTB KOAWPOBAHUS U, TIPEXKIE BCETO,
JNEKOJAUPOBaHUs, MOITOMY H(G(GEeKT OT NPUMEHEHHS KOPPEKTHUPYIOUIUX KOJOB 3aBUCHUT OT
napaMeTpoB KOJia U OTPAaHUYECHUN Ha pealn3allfio KoJIeKa KaHama.

CoBpeMeHHas TeopHs MpeiiaraeT MUPOKU HA0OP KOPPEKTUPYIOMINX KOJOB, Pa3IUYHBIX 10
CTPYKType, TNPUHIUIIAM IIOCTPOCHHUS H KOPPEKTHPYOIEH crmocoOHOCTH. B mocmemayronmx
pazzenax pacCMOTPEHBI KIIACChI KOAOB, I KOTOPBIX pa3pado-

TaHbl JIOCTATOYHO MPOCThie W A((PEKTHUBHBIC ANTOPUTMBI KOJUPOBAHUS/IEKOAUPOBAHUSI U
KOTOpble HamboJiee TMEPCIeKTHBHBI ISl HMCIOJh30BAaHUS B KaHAIAX TEIIEKOMMYHHKAITMOHHBIX

CUCTEM.
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Kaaccndukannsa KoppeKTHPYIOIINX KOAOB

B Teopum u TEXHUKE IIOMEXOYCTOMYMBOIO KOAMPOBAHMS H3BECTHO MHOXKECTBO
KOPPEKTHPYIOLINX KOIOB, KOTOPbIE MOTYT OBITh KJIACCH(PHUUIMPOBAHBI MO PA3IMYHBIM MPU3HAKAM.
Kiaccudukanms ko10B npuBeieHa Ha puc. 3.2.

[Io cnocoby d¢opmupoBanus KK mnogpasnensitorcss Ha OJIOKOBbIE UM HEMPEpPBHIBHBIC.
DopMHUpOBaHUE 0JI0KOGbIX KO008 TIPEIyCMATPUBACT pPA30MEHHUE TIEepPEeIaBaeMbIX IH(PPOBBIX
MOCJIeIOBATEIbHOCTEH Ha OTAENbHBIE OJIOKH, KOTOpBIE MOJAIOTCS Ha BXOJ Koxaepa. Kaxmomy
TakoMy OJIOKY Ha BBIXOJE KOJepa COOTBETCTBYET OJIOK KOIOBBIX CHMBOJIOB, paboTa Kojepa
ONpeIEesAeTCs MPABUIOM, WIH A120PpUmMMmMomM Koouposanus. DopMUPOBAHUE HENPEPLIBHBIX KOOOE
OCYIIECTBIISICTCS HEMPEPHIBHO BO BPEMEHH, 0€3 pas3leneHuss Ha OJIOKM, YTO W OIpenerser
HaMMEHOBAaHME 3TOr0 Kjacca KOA0B. BilIOKOBbIE KOJIbI HICTOPUUECKU ObUIN MPEATI0KEHBl U U3yUEHBI
paHee, Ha 3ape pa3BUTHUSA TEOPUH KOJAUPOBAHUA.

B knacce HempepbhIBHBIX KOJOB CIEAYET OTMETUTh C8epmOUHble KOObl, KOTOpBIE 10
XapaKTepUCTHKaM IPEBOCXOAAT OJIOKOBbIE KOJBI, M, MO ASTOW HIpPUYMHE, HAXOJAAT IIMPOKOE
IIPUMEHEHUE B TEJIEKOMMYHUKAIIMOHHBIX CUCTEMaxX. MHOIrMe KO/l HOCAT UMEHA YYEHBIX, KOTOpbIE
UX TPEeMIOKWIM M HCCIeNoBaIu. TakuMm NOpuUMepoM SBISIETCS HenpepbiBHbIM Ko DuHKa-
Xarenb0aprepa, MpeaaoKeHHbIH COBETCKUM yueHbIM J1.M. OUHKOM U HEMEIKUM CHEIHAINCTOM
P. XarensOaprepom. JlnurenbHoe BpeMs 3TOT KOJ CIYXKHWJI B JIMTEpaType IOKa3aTeIbHbIM
IIPUMEPOM HEINPEPHIBHOTO KOJA C MPOCTHIM aJTOPUTMOM KOJWPOBAHMSI/IEKOAUPOBAHUS, HO T1OCIIE
OTKPBITHS CBEPTOUHBIX KOJIOB YCTYIIHII UM MECTO.

Jns onMcaHusl TpoLEayp KOAMPOBAHM/IEKOAUPOBAHUS KaK OJIOKOBBIX, TaK U CBEPTOUHBIX
KOJIOB HCIOJIb3YIOT aJCKBAaTHBIM MaTEeMAaTHYECKH amnmapar. [ns onucaHus JuHeiuHvlx Ko008
HCIIONIB3YETCS XOPOIIO pa3paboTaHHBIN anmapat JUHEHHON

anreOpbl. PopMUpOBaHHE HENMHEHHBIX KOJOB NMPOU3BOAMUTCS C MPUMEHEHHUEM HETMHEHHbIX
npouenyp. Takol moaxo/ nNo3BOJIAET B HEKOTOPBIX CIydasiX IOJYYUTh HelUuHelHble KOObl C PAJIOM
CHelMabHbIX CBOWCTB. B Teopun M TeXHHMKE KOJUPOBAaHUS BaKHOM sBiEeTCS Npodiema
CIIO)KHOCTH pealli3alluy MpoIenyp KOAWPOBAHUS/AEKOIUPOBAHUS M, B OCOOEHHOCTH, MPOLELYP
nekoaupoBanus. [loaToMy HEKOTOpble Kiacchl KOAOB (KOABI XEMMHHTA, LHKINYECKUE KOJbI
boyza-Hoyaxypu- XokBunrema, Puna-Conomona, @aiipa u ap.) 6611 pa3paboTaHbl COBMECTHO C
QIrOpPUTMaMH JIEKOJUPOBAHUS, CBS3aHHBIMH CO CTPYKTYPHBIMH CBOWCTBaMH ATHX KooB. U,
Hao0OpOT, pa3pabOTKa HOBBIX aJTOPUTMOB JEKOJIMPOBAHMS CBEPTOUHBIX KOJOB (alroputm A.

BI/ITep6I/I, MOCJICA0BATCIILHOC ACKOAUPOBAHUE, TIOPOTOBOC IIGKOI[I/IpOBaHI/IC) HWHUIIUHUPOBAJia ITIOUCKHU
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COOTBCTCTBYIOIIHUX CBCPTOUHBIX KOJOB. OTIN4YHUTEIbHBIE NpeUMyIICCTBa KOPPCKTUPYIOIUX KOOOB

(kaKk OJIOKOBBIX, TaK M CBEPTOYHBIX) MOOYKAATH MOUCKHA HOBBIX MOJXOJAOB K peajH3aluy ITyTen

ITOBBIIICHU A HOMCXOYCTOﬁQHBOCTH n B(b(beKTI/IBHOCTI/I TCJIICKOMMYHHUKAIIUOHHBIX CHUCTEM. Ha pHuc.

32 OTMCEYCHBI, COOTBECTCTBCHHO, HOé6ble Memoobl K00up03anuﬂ: CHUTHAJIbHO-KOAOBBIC KOH-

CTPYKLUH, TYpOOKO/IbI, IPOCTPAaHCTBEHHO-BPEMEHHBIE KOJIbI U T.II.
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Puc. 3.2. Knaccudukanus KOppeKTUPYIOIINX KOJIOB
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3.1 UccaenoBanne koaoB Xemmunra, BUX (boy3a-Hoyaxypu-Xoksenrema), Puna-
CoJsiomona Ha 6aze MATLAB 2015
Kon XomMmunra

HaunOonee u3BEeCTHLIM JIHHEHHBIM KOJOM SBISETCSI 0JIOKOBBLIH KOa XJIMMHHIra. B manHom
nyHkTe, Oyaer paccmotrpeH (7,4)-kox XoMmmuHra. JIMHeHHBIH ONOYHBIA KOX, Ui KOTOPOTO
BBINOJIHAETCSI HEPAaBEHCTBO XOSMMHHIa, SBISETCA KOJIOM X3MMHUHIa, To ecTb kox (7,4) He
€IMHCTBEHHBIN KOJI, KOTOPBIH SABJISETCS JaHHBIM KOJOM.

BBenem HekoTOpble O00O3HAYEHHUs, KOTOPBIE COCTABIISIOT OCHOBY IIOMEXOYCTOMYHBOTO
KOJUPOBaHUS:

Kk — konnuecTBo MHOOPMAIIMOHHBIX OUT

N— KOJIMYECTBO OUT Ha BBIXOJE KoJiepa

I' — KOJIMYECTBO MPOBEPOUHBIX(M30BITOUHBIX) OUT

Bwmecto K OMT MHpOpPMAIIMOHHOTO BEKTOpa B KaHaj MepeaaeTcs N OUT KOJOBOro BekTopa. B
3TOM cily4ae roBOPAT 00 U30bITOUHOM KOAMPOBAHUH CO CKOPOCThIO: R = E

UeM HUXKE CKOPOCTbH, T€M O0JIbIIe H30BITOYHOCTD KOZA, U TeM OOJBIIMMHU BO3MOXXHOCTSIMH IS
3amMThl 0T owmHOOK OH oOnagaer. OJHaKo, ClIEAyeT Y4YUThIBaTb, YTO C YBEJIUYECHUEM
M30BITOYHOCTH 3aTpaThl Ha Neperayy HHPOPMALIUIO TAK)KE BO3PACTALOT.

B xoaupoBaHMM M JAEKOJUPOBAHUU YYaCTBYIOT T'€HEpaTOpHAas W IPOBEPOYHAs MAaTpPHIIbI,

CTPYKTypa KOTOPBIX CIIEAYIOLIAs:

n
n n.H.
exporal
| T -
E k k TO-CTDS E I
| EHOCTS
7y
G k
i H
I\—— HMX HHPOPMALOHHBIS
cHMEONEI! !

Puc. 3.3. 'enepaTopHas u npoBepoYHasi MaTPUILIbI
Taxxe, ko7 X9MMUHTa UMEET MUHUMAaJIbHOE KOJIOBOE PACCTOSIHME B IMIPOCTPAHCTBE PaBHOE
TPEeM, UX 3TOTO CJeNyeT, YTO JaHHBIH KOJ| yMeeT OOHapyKUBaTh JIIOObIE ABYKpAaTHbIE OLIMOKHU U
HCIPABIIATH JIOObIE OJJTHOKPATHBIE.

Paccmotpum kox Xsommunra (7,4) B Teopuu.
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s 3TOoro koma reHepatopHas M IIPOBEPOYHAs MATPULBI YK€ 3aroTOBICHBI U HMMEIOT

CHEAYIOUIUI BU:

~
.

— e O

N\

0 (1001011

O b e
e e .
o O O e
O O = O
O = O O
o

Puc. 3.4. CtpykTypa reHepaTopHO U IPOBEPOYHON MaTpHIlhI 1j1s1 kKoza (7,4)

KoaupoBanue ocyIiecTBiIsSeTCs CIeaYOMNUM 00pa3oMm:
KOI[OBOG CJIOBO N u HHQ)OpMaHI/IOHHOC CJIOBO k CBsA3aHbBI COOTHOIICHUCM .
n=v=kx*G
rae G — moposkaaroniasi MaTpuila, CTPYKTypa KOTOPO# ObliIa OMrcaHa BhIIIE.

Hanpumep, nadopmannonnsiii Bekrop K = (1010) oToOpa3utcsi B KOJOBBIIl BEKTOP CIEAYIOIIUM

obOpazoM:

i e = B
O = =
— - - O
o O O
O O
oo OO
- O I D

|
’}

Puc. 3.5. Koguposanue xona (7,4)
Jlerko 3aMeTHTh, YTO TMOCIEIHUE YEThIpe pa3psla KOJIOBOTO BEKTOpa COBMANAIOT C
MH(OPMAIIMOHHBIM BEKTOPOM. DTO CBOMCTBO HA3BIBAETCS] CUCTEMATUYHOCTHIO KOJIA.

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

JICKO)II/IPOBaHI/IC OCYHICCTBJIACTCA Ha MNOJIYYCHUU CHHAPOMA W MPOU3BOJUTCA 3TO BCC

CIIETYIOLIMM 00pa3oM:

Cucrema IMPOBCPOIHBIX ypaBHeHI/Iﬁ BBITJIAOUT:

s=n=vxHT
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Bekrop S npuHATO Ha3pIBaTh CHHAPOMOM. TakuM oOpa3oM, omubka Oyaer oOHapykeHa, eciin

XOTs OBl OJIHAa U3 KOMIIOHEHT S HE PpaBHA HYJIIO.

[Ipu nepenaue unpopmammonHoro ciosa a = (1010) mo kanamy Oe3 IIyMaBBIXOJHOW BEKTOP

obu1 N = (0011010). Mosxem yOeIuThCs, 4TO B 3TOM cliyyae cuHapoM pasen 0.

(t 0 0)

0 1 0]

'8 @ 1z
=(0011010)x/ 1 1 0 =(000)

01 1

[ 2|

L1 0o 2]

Puc. 3.6. Ilonyuenne cunapoma ais kona (7,4)

Ecnu, HanpuMmep, B KOJIOBOM CJIOBE MPOM3OIILIA OJUHOYHAS OMIMOKA HA YETBEPTOU IMO3UIIMH

(r =(0010010)), TO CHHAPOMOM SIBIIIETCS YETBEPTask CTPOKA TPAHCIIOHMPOBAHHOW ITPOBEPOUHOM

MaTpUulbI.
1 0 0)
010,
0 0 1]
s =(0010010)°| 1 0] =10
5 S e |
1 ¥l
1 0 1)

Puc. 3.7. Haxoxnenue ommbouHoro o6urta mis koaa (7,4)

[TepeOpaB Bce BO3MOXHBIC TMO3UIUUA OJUHOYHOW OIMIMOKH, TMONYYHM TIONHYIO TaOIuIly
CUHIPOMOB OJHOKPATHBIX OIMMOOK - TaOJMWIly COOTBETCTBHM HOMEpa OIMMOOYHOTO paspsia
MOJTydaromemMycss Mpu 3TOM CHHIpOMY. Takum 00pa3om, MPOU3BOAUTCS AekoaupoBanue. Ecnu

OIINOKU HaﬁHCHBI, TO OHU COOTBETCTBCHHO HCITPABJISAIOTCA.
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IIpoBeaenne 3xcnepumenTa u oopadorka pesyabratoB B MATLAB 2015

3agaunue:

1. CobOpatb cxemy

2. IloaroToBUTH CXEMBI

OCHOBLIBAsICh Ha MPpUMCPEC, NPCACTABJICHHOM B OTYCTC.

Uil peanusanuu  komoB  Xammuura (7,4) u  (15,11)

IIpu xome (7,4) B mapamerpax kojepa u jaekoziepa MessagelengthK, or M-

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

gfprimfd(4,'min’).

3. Jlns momy4eHHBIX KOJIOB U3MEHSTHh BEPOSITHOCTh ommOKH B mipenenax ot 0 mgo 1 (He

MeHee 4-x TO‘IGK) U CHHUMATb C AHUCIIICCB IIOJYUYCHHBIC BXOJHBIC ITOCJIICAOBATCIBHOCTH,

3aKOAUPOBAHHLIC ITOCTICA0OBATCIBHOCTH, JCKOANPOBAHHBIC ITIOCJICAOBATCIIbBHOCTH U OIIINOKHU.

4. Tloctpouth rpavku 3aBUCHMOCTH YUCIIA OOHAPY>KEHHBIX OIIMOOK OT BEPOATHOCTH

omuOku 115t Kogos (7,4) u (15,11).

B pabouem mone HeoOxomumo cobpath cxemy st pabotel koma Xommuura (7,4). Cxema

Mpe/CTaBJIeHa Ha pUCYHKE 3.8.

EEC’E E: Jj E::E L T Emor Rgte
Bemoulli =4 Hammi » BSC 1 ) N RszImIaNan
Bins amming Encoder Hamming Decoder
" Enp
Barnouli Binary Emor RE_tE
Genersor ! Hamming Encoder Karan censu Hamming Decader Calculation
— —
0 0
- [ 1
I —
1
: KouDiHaLim Ha eaxole
KoubiHaLim Ha Exone 0

BS.KELIWBEHHBR NOCNEQOEETENEHICTE

w
!w 2

Cuimbien

Uacrora ownbiok
Uneno obkepymenHsy ownbor

OfWes KDNWUECTED CHMEDNCE NO CPEEHEKIND

Puc. 3.8. JIuaus nepenauu ¢ npuMeHEHUEM KoJa X3MMHUHTa

B cocTaB nuHNE C KOIUPOBAHHUEM BXOIAT:

1. BernoulliBinaryGenerator

. HammingEncoder
. Binary Symmetric Channel (kanannepemaun)

2
3
4. HammingDecoder
5

. Error RateCalculation (ananu3zaropomuoox)
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6. Display

VYcranaBiuBaeM XapakTepUCTUKHU OJI0KOB 11 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.

Farameters

Codeword length N:
7

Message length K, or M-degree primitive polynomial:

gfprimfd(3,'min")

Puc. 3.10. ITapamerpsr Hamming Encoder
Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Parameters
Error probability:
0.2

Initial seed:

71

Output error vector

Output data type: [boolean 'l

Puc. 3.11. ITapamerpst Binary Symmetric Channel
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Hamming Decoder (mask) (link)

Recover a binary message vector from a binary Hamming codeword
vector. The message is of length K and the codeword is of length M,
where N 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. [Tapamerper 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.

Parameters

Receive delay:

0

Computation delay:

0
Computation mode: [Entire frame 'J
Output data: [Por‘t 'J

Puc. 3.13 [Napamerpsr Error Rate Calculation

YacToTa cwwiok

Uucno ofHapy#erHsx ownbor

=
wof[ B4

12 CBWEs KONWYECTED CHMECNDE NO CREEHEHHID

1L
LU
i

KonBuHauwR Ha exone Imcaypossmied rocegceaTehoore KOWBIHALNR Ka Boone Cuwwin

Puc. 3.14. KomOunamus Ha Bxoj1e, 3aKoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHanms Ha

BbIxoze, Omnoku (BepoATHOCTh OIMOO0K paBHa 0,2)
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AHaM3Upysl pUCYHOK BBIIIE, MOKHO C/EJaTh BHIBOJ, YTO KOMOMHAIMS HA BXOJIE COBIANAET C

KOMOMHaIMel Ha BBIXOJE, TakuM oOpa3oM, mepepada OCyIIECTBHIAch yhaauHo. UTo Kadaercs

omuOoK, To UX 4actoTta paBHa 0,25, uncno 0OHAPYKEHHBIX OLIMOOK paBHO 3, o0IIee KOJIMYECTBO

CHUMBOJIOB II0 CpaBHCHHIO pPAaBHO 12. KOILI/IpOBaHI/Ie U ACKOJUPOBAHUEC 3ACCH OCYIICCTBIISCTCA

METOJ0M OIIMCAaHHOM B BBIIIC.

i
L

KombMHaUWR Ha Bxoae

3EKHJ,I-|]}EE.HHEJI NOCNE]CEATENEHOCTE

0.4167 Yacrora owwbor

Yncno oSkepy#erksy ownbor

12| | Cfwse KonMUECTED CHMECNOE NT CPEEHEHMID

[[1]
.

KowGWHaLWR Ha Bxoge Ownbien

Puc. 3.15. KomOunamus Ha Bxojie, 3aKkoupOBaHHAs MOCIe0BaTeIbHOCTh, KoMOuHamus Ha

BbIXoz1e, OmmOKku (BepoATHOCTH OommOoK paBHa 0,4)

Hi

Isaptt+aa M GaITE BT

Da1Er UEETOTE oumibon

Usbend Shnapysnned Susmlon

J11]

]

Ofuyse xONMECTEC CUMBCNOE N0 CRBENENIID

Feasbisiiym Hb Buioiie Qe

Puc. 3.16. KomOunanus Ha Bxoje, 3akoupoBaHHas MocIe0BaTeIbHOCTh, KomMOuHaIms Ha

1
i

Koufirid d E050e

BBIXOJI€, OIINOKHU (BEpOSATHOCTD OmMOOK paBHa 0,6)

Jaiaipoeiran MO DT BHICTY

Uacrara oumon
Usieng SEHAp k- Sumibon

Ofiyes KONNECTED CHMBONON N0 CREEMENII

1]
i

sl myim Ha betcogd T

Puc. 3.17. KomOunamus Ha Bxoj1e, 3aKkoAupOBaHHAs TOCIe0BaTeIbHOCTh, KoMOuHamms Ha

BbIxoze, Ommbku (BepoATHOCTH ommOoK paBHa 0,8)
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3aBHUCHMMOCTD YHCJIa OIIHOOK OT BEPOATHOCTH
OLIHUOKHU

iZ /
6 /

4 / /

o

2 0,4 0,6 0,8

Puc. 3.18. I'paduk 3aBucumoctu yucia omuook (OY') ot BepostHocTr ommbku (OX) mis

koxa XamMmuHra (7,4)

YcTranaBnuBaeM xapakTepuCTHUKU O6510K0B ams koxa (15,11)

0.2638

!I
= S

O uSkn

NNINININIR

LI
[T

KowiuHauwA Ha exixoae
KonaBuHauur Ha ExOaE

2BKOAWP-OEEHHEA NOCNEACEATENEHECTE

Puc. 3.19. KombuHnanus Ha BXoje, 3aK0IMpOBaHHAs MOCIEA0BaTeIbHOCTh, KoMOUHaIus Ha

BbIXoze, OnmOku (BeposATHOCTH OmKO0K paBHa 0,2)
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[

Cw i

Il

TIIIIIL

TIIT
(LT

KombuHayus Ha eemae
KowSuHaUWR Ha Exoae

EEK&J,I-‘}[EE HHEA NCCNeasEaTeNEHECTE
Puc. 3.20. KomOunarus Ha BXoJie, 3aKOAMPOBaHHAS ITOCIIE0BaTeIbHOCTh, KoMOMHaIMs Ha

BbIXoJ1e, Ommnbku (BepoaTHOCTh OmMOOK paBHa 0,4)

L 073

il

O mSkm

NNINININIR

LI
[T

KomBuHaUWA Ha Exxoae
KoaGuHayuR Ha Exoae

EIEKMLF-EGE HHEA NoCNEODEATENEHDCTE

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

BbIxoze, OmmOku (BeposTHOCTh ommbok paBHa 0,6)
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—_ | =
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LTI T

T

TIIIIIL
TR

KombuHaws Ha exoae
KomGrHalwms Ha exoae

-BE.I{{ﬂlﬂ-m-E HHAA NCCNeOoEaTENEHCCTE
Puc. 3.22. KomOuHamus Ha Bxojie, 3aKoupOBaHHAs MOCIE0BaTeIbHOCTh, KoMOuHamms Ha

BbIXoz1e, OmmOku (BepoATHOCTH ommOoK paBHa 0,8)

3aBHCHMOCTH 4YHCJIA OIHOOK OT BEPOSITHOCTH
OIIHUOKH

12

10 4///'

0,2 0,4 0,6 0,8

Puc. 3.23. I'paduk 3aBucumocTH uncia omudok (OY) ot BepostHocTH omuOku (OX) nis kona

Xsmmunra (15,11)
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B pesynbTare mpoBepkH MOCTpOEHA CXEMa JUHUM Tepeavyd ¢ KOJUPOBaHWEM XOMMUHTA B
cpene Simulink. IToctpoeHbl rpaduku 3aBUCMMOCTEH 4Yrclia OMIMOOK Ha BBIXOJAE ACKOIEpa OT
BEpPOSITHOCTH OITMOKU B KaHaye cBs3u 11 KoaoB (7,4) u (15,11).

N3 rpadukos (pucyHok 3.18 u pucyHok 3.23) BHUIAHO, YTO YHCJIO OIMMOOK YBEITUUMBACTCS C

POCTOM BEPOSITHOCTH OIITUOOK.

Ko BUX (Boy3a-Uoyaxypu-XokBeHrema)

Kon BUX sBnsercs uMkinyeckuM KoJaoM. C HUKIMYECKUM KOJAOM XAMMHMHIA Y HUX
MHOTO 4Yero oOINero, a WMEHHO AQJITOPUTM KOJAHPOBAHHS, KOTOPBIA OTJIMYACTCS TOJIBKO
HAaXOXJCHUEM TEHEepPaTOPHOrO0  TOJMHOMA, a TMpoLecC JCKOJUPOBAHUS  IOJHOCTHIO
cxoxx.Heobxomumo HAYaTh c HEeOO0JIBIIIOTO BBC/ICHUS B KOJI
BUX.Muozounen g(X) CTeNIeHN Ha3bIBaeTCs npumumusnbim, ecim x/ + 1 nenurcs  Ha g(x) 6e3
octatka 11 j = 2K — 1 M He JENHTCA HU UL KAKOTO MEHbIIEro 3HadeHus (rae K — KOIMYecTBO
uHpopMannoHHbIX 6uT).Hanpumep, mrozounen 1 + x? + x3 npumurusen: on genut X’ + 1, Ho
ne nemut xX) + 1 mpu j < 7. IpumuruBen Takxke muozounen 1+ x3 + x* - o nemur x*° + 1, Ho

He gemut X) + 1 mpr j < 15(14 kona (7,15)).

Komupyrommii mrocounen g(x) mist bBUX-xona, 0iuna KOTOBBIX CIIOB KOTOPOTO N, CTPOUTCS
tak. HaxoauTcss IpUMHUTHBHBIN MHO2OUIeH MUHUMAITBHOM CTENEeHH Takou, yton < 29 — 1 winq >
log,(n + 1).Ilycts & -xOpeHb 9TOTO MHOTOUJICHA, Toraa paccMOTpUM
Koxupyromwid mrozouren g(x) = HOK(m; (%), ..., mg_; (X)) ,rme my (%), ..., mg_1 (x) -
MHOTOUJIEHB MHHAMAJIBHON CTETIeHH, HMEIOIIHe KOPHAMH COOTBETCTBEHHOW, o, ..., a4,
ITocTpoeHHBIN KOOUPYIOUINI MHO20UIeH TPOU3BOAUT KOJ C MHUHUMAIBHBIM PAacCTOSHUEM

MCKAY KOJAOBBIMH CJIOBAMH, HE MeHBITMA , U JJIMHOM KOJOBBIX CJIOB N.

Konuposanmue:

Hanpumep, HyxHO mnoctpouth BUX-koj ¢ JymHONW KOIOBBIX CJIOB N=15M MHHHUMAaJbHBIM
paccTosiHueM Mexay KoaoBbiMu cioBamu 0=5. CrTerneHb NPUMHUTUBHOIO MHOTOWIECHA paBHA( =
log,(n + 1) =4 u cam on pasen 1 + x> + x*(NPUMUTHBHBIA MHOTOUIEH 4-0l CTeNeHH M Koaa
(7,15)). TlycTth o - ero kopeHs, Toraa o u a* - Taxke ero KOpHH. MUHMMAILHEIM MHOTOYJIEHOM
s o Oyzmer 1+ x + x2 + x3 + x*. Cnenosarensho,

gx) =HOK(1+x® +x%, 1+ x+x*+ x> +x*) = (1 +x® +x) (1 + x+ x* + x> + x*)

=1+x+x*+x*+x8
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Crenenp IIOJIy4YEHHOT' O MHOIO4JIeHa paBHa 8, IIOCTPOEHHBIN bUX-kon
oyner (7,15) kogom. Crioo 1000100 wi a(x) = x* + 16yaer3akoaupoBaHo KOJIOBBIM
cinosoMm a(x)g(x) = x2 +x6 + x5 +x%2 +x+ 1wm 111001100000100. Ha mnpaxtuke Oyzmer
paccmoTtper kox bBUX (15,7) u BUX (15,11).

JlekonupoBaHue:

JlekoqupoBaHue NPOU3ZBOAMUTCSA IyTeM JAEJCHHS 3aKOAMPOBAHHOW IIOCIIENOBATEIBHOCTH Ha
TEHEPAaTOPHBIA  TOJMHOM, KOTOPBI  MCHOJB30BAICS TpH  KoaupoBaHuH. [lomyueHnas
MIOCJICIOBATENBHOCTD TIPH JICJICHUN U OyIeT JeKOJMPOBAHHOM IOCIIeI0BAaTeNbHOCTEI0. B mydriem
cllyyae, OCTaTKa IpH JIeJICHUHU He Oy/IeT, 3TO 3HAYHT, YTO OIIUOOK HE BBISBIICHO.

Ecnu ke ocTaTtok ecTh, Ha3bIBACTCA OH HE MHAYe KaK CUHOpPOM, B TAaKOM cCly4yae OIIMOKU
NPUCYTCTBYIOT B 3aKOJMPOBAHHOM IMOCIEAOBATEIbHOCTH. B 3TOM ciydae mOCTymarmoT Tak.
3aK0IMPOBAHHYIO TOCJIEAOBATENBHOCTh CKIIAJBIBAIOT C BEKTOPOM OIIMOOK IO MOIYJIIO 1Ba, U
UCIIPABISIOT OMIMOOYHBI OUT. Bekrop ommOok GopMHUpyeTCs C MOMOIIbIO CHEIUAIBHBIX CXEM,
KOTOPBIC aHAIM3UPYS 3aKOIMPOBAHHYIO TOCIIENOBATEIILHOCTD, (POPMUPYIOT JaHHBII BEKTOP.

Eme omnuMm croco0 ucCmpaBieHUs OMIMOOK SBIAETCS cieayromuii meron. Ha ocHoBanum
MOJYYEHHOTO T€HEPAaTOPHOTO TMOJIMHOMA CTPOMUTCS CXeMa M Ha KaXIOM TakTe ee palboThl
orpeneNsaeTcsl cunopom. B naHHOM ciydae HEOOXOIMMO IMOJNYYHTH JBa CHHAPOMA, OJWH W3 HHUX
3TO OCTATOK, OT JEJICHUS MOTYyYCHHBIH MPH JEKOIMPOBAHNH, a BTOPOi 310 komOmHarus 100. [anee
NPOM3BOAMTCS BRIYMTAaHHE HOMepa TakTa komOuHaruu 100 1 HOMepa TakTa ocTtatka. [lomydeHHas

Pa3HOCTH U ABJIACTCA HOMEPOM Oouta B 3aKOHHpOBaHHOﬁ KOM6I/IHaHI/II/I.

IIpoBenenne IkciepuMeHTa U 06padoOTKa Pe3yIbTATOB

3ananue:

1. Cobpatb cxemy

2. TlogroroButh cxemsl Juist peanuzanuu koaoB bUX (15,7) u (15,11) ocHOBbIBasich Ha
npuMepe, MPeCTaBICHHOM B OTUETE.

3. Jlns momydeHHBIX KOJIOB M3MEHSATH BEPOSITHOCTH OmmOKH B mipeaenax ot 0 jgo 1 (He
MeHee 4-X TOuYeK) W CHUMAaTh C JUCIUIEEB TMOJy4YeHHBbIC BXOJHBIC MOCIEIOBATEIHHOCTH,
3aKOJIMPOBAHHBIE MMOCIE0BATEIFHOCTH, IEKOTUPOBAHHBIC MTOCIEA0BATEIHHOCTH U OIITHOKH.

4. Tloctpouth rpaduku 3aBUCHMOCTH YHUCIIa OOHAPYKEHHBIX OIIMOOK OT BEPOSATHOCTH
omn6Oku s konoB (15,7) u (15,11).

5. Bce mosTamnHoe HCCIICAO0BAaHUC IPCACTABUTH B OTUCTC.
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B paboyem mnone HeoOxommmo cobpaTh cxemy i paborsl koma BUX (15,7). Cxema

IpeJCcTaBieHa Ha pUCYHKE 3.24.

e

Bemoulli
Binary

Bernoulli Binary
Generator

FomBHaLpA e Bxode

Puc. 3.24. Jlunus nepenaun ¢ npumenenuem koaa bUX (15,7)

KomEHHELWR Ha Buode

EEK&J.I-I}ESE HHEA NCCNEACEETENEHOCTE

B cocraB nuanm ¢ KOAWPOBAHUCM BXOJAT:

BernoulliBinaryGenerator

BCHEnNcoder

Binary Symmetric Channel (kananmnepenaun)
BCHDecoder

Error RateCalculation (anamu3aropornmo6ok)

Display

YcTaHaBiaMBaeM XapakTepUCTUKU 0J10KoB 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
| Frame-based outputs

Samples per frame: 7

Output data type: |h00|ean -

g Tx \ﬂ
E:DE T X E:{}E ﬁErr:!r Rs!ts =
Y BSC =|L> - || Celclaton -
CH Encoder Erb CH Decoder ’—14‘
Emor Rate
BCH Encoder Kaian caran ECH Decodar Calculation Ouib
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— | —— —
— | —— —
S — e
— L —
— T
— —
L9 |

Yacrora cwwbior
Ucno ofHapyHERHEX CWHECK

Dﬁl]EE KONWYECTED CHMEDNOE ND CREEHEHHK
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Puc. 3.25. ITapamerpsl Bernoulli Binary Generator

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 vector input signal with an integer multiple of K
elements. Each group of K input elements represents one
message word to be encoded. The values of N and K must
produce a valid narrow-sense BCH code.

Shorten the code by setting the shortened message length
parameter 5. In this case, use full length N and K values to specify
the (M, K) code that is shortened to an (N - K + S, 5) code.

Parameters
Codeword length, M:
15

Message length, K:
7

Puc. 3.26. ITapamerpst 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 (N,K) BCH
decoder with the narrow-sense generator polynomial. This block
accepts a column vector input signal with an integer multiple of N
elements. Each group of N input elements represents one
codeword to be decoded. The values of N and K must produce a
valid narrow-sense BCH code.

Shorten the code by setting the shortened message length
parameter 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
'Rat’ 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 symbaols,
whichever comes first.

FParameters

Receive delay:

0

Computation delay:

0

Computation mode: |Entire frame v|

Output data: |P0rt - |

Puc. 3.29. ITapamerpst Error Rate Calculation

Hp CACTAaBUM IMOJIYUYCHHBIC PE3YJIbTAThI
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Dﬁl]EE KONWYECTED CHMEONDE NO CPAEHEHHID

KomGuHaLR Ha BX008  38KOOMPOESHHER NOTIEDESTENEHOCTE  HoMBWHBLMR Ha Exxoae O

Puc. 3.30. KomOunamus Ha Bxoje, 3akoJupoBaHHas MOCIe10BaTEIbHOCTh, KoMOuHaIMs Ha

BbIX0J1e, OnmobKku (BeposATHOCTH oMboK paBHa 0,2)

MoKHO caenaTh BBIBOJ, YTO KOMOMHAIMS Ha BXOJE COBIIQJAaeT ¢ KOMOMHAIMEH Ha BEIXOJIE,

TaKuM 06pa30M, nepeaada oCymeCTBruiIaCh yAa4HO. Yrto kauaeTcs OH_II/I6OK, TO UX 4YaCTOTa paBHa

0,2143, yucno OOHAapYX EHHBIX OIIMOOK paBHO 3, oOIee KOJMYECTBO CHMBOJIOB IO CPAaBHEHHIO

paBHO 14. KOI[I/IpOBaHI/Ie U JCKOAUPOBAHHUE 3ACCH OCYICCTBIACTCA METOAOM OITMCAHHOM BBIIIC.
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YacToTa owwdox
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Puc. 3.31. KomOuHanus Ha BXxoze, 3aKolMpOBaHHAas MOCIEA0BaTeNbHOCTh, KoMOnHaus Ha

BbIXoze, Omnbku (BepoATHOCTh OoMO0K paBHa 0,4)
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Puc. 3.32. KomOuHanus Ha BXoje, 3aK0IMpOBaHHas MOCIeA0BaTeNbHOCTh, KoMOuHaIus Ha

BbIX0J1e, OmmobKku (BeposATHOCTH oMbok pasHa 0,6)
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Puc. 3.33. KomOuHanus Ha BXoje, 3aK0IMpOBaHHAs MTOCIEA0BaTeNbHOCTh, KoMOUHaIus Ha

BbIxoze, Omnoku (BepoaTHOCTh oIMO0K paBHa 0,8)

YcranaBnuBaeM xapaKTepucTUKU 0510K0B ais koza (15,11)
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Puc. 3.34. KomOuHaus Ha Bxojie, 3aKOAMPOBaHHAs MOCIeA0BaTeIbHOCTh, KoMOnHaIus Ha

BbIX0J1e, OmmoOKu (BeposATHOCTH ommOoK paBHa 0,2)
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HowGiwawe Ha Boge KomBuas wa sximde

Puc. 3.35. KomOuHanus Ha BXoze, 3aKoIMpOBaHHas MOClIeA0BaTeIbHOCTh, KoMOuHaIus Ha

BbIX0J1e, Ommnoku (BepoaTHOCTh ommboK paBHa 0,4)
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Puc. 3.36 KomOunanus Ha Bxojie, 3aKoAMpOBaHHAs MOCIeA0BaTeIbHOCTh, KoMOMHaIms Ha

BbIXoz1e, OmmOku (BepoATHOCTH ommOoK paBHa 0,6)
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Puc. 3.37. KombOuHanus Ha BXoje, 3aK0IMpOBaHHAs MOCIEA0BaTeNbHOCTh, KoMOUHaIus Ha

BbIxoze, Ommbku (BepoATHOCTH omMOoK paBHa 0,8)
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Puc. 3.38. I'paduk 3aBHCHMOCTH YHCIIa OMTUOOK OT BEPOSTHOCTH OLTHOKH JIJIst

kona bUX (15,7)
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Puc. 3.39. I'paduk 3aBUCHMOCTH YHCIIa OMTUOOK OT BEPOSTHOCTH OMUOKH 1715 Koja BUX

(15,11)

B pesynbrare mpakTuueckoil paboThl IOCTPOEHA CXeMa JIMHUHU Tiepeaadn ¢ konupoBanueMm bUX

B cpeae Simulink. IToctpoensl rpaduku 3aBUCUMOCTEH uyuclia OMIMOOK Ha BBIXOJE JEKOJepa OT

BEPOATHOCTH OIMMOKM B KaHaje cBs3u s konoB (15,7) u (15,11). U3 rpadukoB (pucynok 3.38 u
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pucyHok 3.39) BHAHO, YTO YMCJIO OIIMOOK YBETHMYMBACTCS C POCTOM BEPOSTHOCTH OImMOOK. [Ipu
aToM Koj (15,7) okazancs ydiie mo cnocoOHOCTH OOHAPYKEHUS OIMTUOOK.

Kon Puga-Cosomona

Komupopmuk Puna-Conomona 6epet 070K 1uppOBBIX JaHHBIX M T00ABISET TOMOJIHUTEIBHBIC
"u30bpITouHbIe” OUTHL. OIMMOKM MPOUCXOMAT MPH IEpefaye Mo KaHajllaM CBS3H WM IO Pa3HbIM
MpUYMHAM TIPU 3alOMUHAHUM (HampuUMep, W3-3a IIyMa WM HaBOAOK, mapanuH Ha CD wu T.11.).
Hexonep Puma-ComoMona oOpaOaThiBaeT KaKIbIi OJIOK, IIBITAETCS HWCIPABUTh OLIMOKU H
BOCCTAHOBUTh HMCXOJHBIC JaHHBIC. UMCIIO M THUIBI OMKMOOK, KOTOPBIE MOTYT OBITh HCIIPABIICHBI,
3aBHCST OT XapaKTepucTuk koaa Puna-Conomona.

CsoiicTBa koz10B Puna-Comomona

Kogast Puna-Conomona siBisitotcst cyonabopom konoB BUX u mpenctaBisitoT co0oii TUHEHHbIE
omounble Koabl. Koa Puna-Conomona crierudunupyrores kak RS (n,K) S - OUTHBIX CHMBOJIOB.

DT0 03HAYACT, YTO KOJUPOBIIUK BOCIPHHUMAET K MH()OPMAIMOHHBIX CHMBOJIOB IO S OUTOB
KOKIBIA W JO0ABISICT CHUMBOJIBI YETHOCTH IS (DOpMHpPOBAHUS N CHMBOJIBHOTO KOJOBOTO CJIOBA.
Hexonep Puna-ConoMoHa MOMKET KOPPEKTHPOBATh J0 t CHMBOJIOB, KOTOPBIE COJEp)KAT OIIMOKH B
KOJIOBOM CJIOBE, Tzie 2t = n—kK.

Juarpamma, IpeaCcTaBICHHAs HIKE, I0Ka3bIBAE€T TUIIOBOE KO0BOE clloBO Puna-CosomoHa:

Y

« n
k > 2t

F 3

[NaHHble YeTHOCTb

Puc. 3.40. Konosoe cnoBo ais koga P-C

[MonynspubiM komoM Puma-Conomona siBisiercss RS (255, 223) ¢ 8-OMTHBIMH CHMBOJIAMHU.
Kaxnoe ko/10Boe ci10BO COAEPKUT 255 6ailT, U3 KOTOPBIX 223 ABIAIOTCS HHPOPMATUOHHBIMU U 32
Oaiiramu yetHocTH. st oToro koga N = 255, k = 223,s =8, 2t = 32, t = 16.

Jlekonep MoOKeT HCIpaBUTh JtOOble 16 CHMBOJOB ¢ OIMOKaMH B KOJOBOM CJIOBE: TO €CTh
OLIMOKU MOTYT ObITh UCIIPABJIEHBI, €CJIU YUCIIO UCKAKEHHBIX OAWT HE mpeBbImaeT 16.

[Tpu pazmepe cumBoJa S, MaKCUMalbHas JIJMHA KOJOBOro ciioBa N g kojaa Puna-Comomona
paBan=2°—1.

Hanpumep, makcuManbHas ATMHa Koja ¢ 8-OUTHBIMU cUMBoJIaMH (S=8) paBHa 255 Gaiitam.

Konpl Puna-Conomona MOryt ObITh B HPUHIUIE YKOPOYEHBI MyTeM OOHYIEHHUS HEKOTOPOTo
qrciaa WHGOPMAMOHHBIX CHMBOJIOB Ha BXOJIe KOJUPOBINMKA (TIeperaBaTh UX B 3TOM Cllydae He

HYkHO). [Tpu nepenaye naHHBIX AEKOJEPY 3TU HYJIM CHOBA BBOJSTCS B MacCHB.
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Kom (255, 223), onucaHHBIii BbIIIE, MOXKET OBITh YKopodeH a0 (200, 168). Koguposmiuk Oyaet
pabotats ¢ 010KOM AaHHBIX 168 OaiiT, 10OaBUT 55 HyNeBBIX OallT, CPOPMUPYET KOJOBOE CIOBO
(255, 223) m nepenact ToyibKo 168 nHGOpMAaMOHHBIX O0alT 1 32 OaiiTa YETHOCTH.

OObeM BBIYHCIUTEIBHONH MOIIHOCTH, HEOOXOMMMOHN ISl KOJUPOBAHHS W JICKOTUPOBAHHUS
ko10B Puna-ConoMoHa, 3aBUCHUT OT YHCJIa CHMBOJIOB YETHOCTU. bombIioe 3HaueHue t o3Ha4yaer, 4To
OoJblIee YHUCII0 OMMOOK MOXKET OBITh MCIIPABICHO, HO 3TO NOTPeOyeT OOJNbIIeH BHIYUCIUTEIBHOMN
MOIITHOCTH 10 CPABHEHUIO C BAPHAHTOM ITPH MEHbBIIIEM 1.

OmmbKu B CHMBOJIaX

Opna ommbka B CUMBOJIE MPOMUCXOJMT, Koraa 1 OUT CHMBOJA OKa3bIBACTCS HEBEPHBIM HIIU
KOTJ1a BCe OUTHI HEBEPHHBI.

Kox RS(255,223) mosker ucnpaButh 10 16 ommbOK B cMMBoOjax. B xyamiem ciydae, MOTYT
uMeTh MecTo 16 OuUTOBBIX OmMOOK B pa3HBIX cHMBoOJax (Oaifrax). B myumem cnyuae,
KOPPEKTUPYIOTCS 16 TOJIHOCTHIO HEBEPHBIX OalT, P 3TOM HcHpaBisieTcss 16 * 8§ = 128 OUTOBBIX
OIIHOOK.

Kozasl Puna-ConomoHna 0cOGEHHO XOpOIIO MOAXOAAT Al KOPPEKTUPOBKHU KIACTEPOB OIIMOOK
(Kor/1a HEeBEpHBIMU OKa3bIBAIOTCS OOJIBIINE TPYIIIBI OUT KOJJOBOTO CJIOBA, CICAYIOIIUE ITOAPSI).

JexonupoBanue

Anrebpanueckue Mpoueaypsl AexoaupoBanus Puma-ColoMOHAa MOTYT HCIIPABIISATh OIIUOKH H
norepu. [loTepeit cunTaercs ciryvaid, KOrja MOJOXKEHHE HEBEPHOIO CUMBOJIA M3BeCTHO. Jlekosep
MOKET HCHpaBuTh 10 t ommbok uiau 1o 2t moreps. JlaHHble O moTepe (CTUPAHUU) MOTYT OBITh
MOJyYeHBI OT JEMOIyNsTOpa HU(POBOM KOMMYHHUKAITMOHHOW CHUCTEMBI, T.€. JEMOMYISATOP
MOMEYaeT TMOIyIeHHBIE CHMBOJIBI, KOTOPBIE BEPOSTHO COJIEPIKAT OIITHOKH.

Koraa kozoBoe €10BO JeKOIMPYETCs, BO3SMOXKHBI TPU BapHaHTAa.

1.  Ecmu 2S + r < 2t (S oumOOK, I TOTEPh), TOT/Ia UCXOHOE TEPEIaHHOE KOJTOBOE CIIOBO
Bcerja OyJieT BOCCTaHOBJIEHO. B mpoTHBHOM ciydae:

2.  Jlexonep IETEKTUPYET CUTYyalluio, KOTJa OH HE MOMKET BOCCTAHOBUTH HMCXOTHOE
KOJIOBO€ CJI0BO. M xe:

3. Jlexonep HEKOPPEKTHO AEKOJUPYET M HEBEPHO BOCCTAHOBUT KOJOBOE CJIOBO 0Oe3
KaKoro-mmbo yka3aHHs Ha 3TOT (DaKT.

BeposiTHOCTh KakI0TO W3 3TUX BAPUAHTOB 3aBUCHUT OT THIIA HCIOJIB3yeMOro Koja Puma-
ComoMoHa, a Tak)Ke OT YUCIIa B PACIIPEICIICHHUS OINOOK.

ApXHUTeKTypa KOIUPOBAHUS U IeKoAupoBaHus kKo10B Pumga-Conomona

KoaunpoBanue u nexoaupoBanue Pumga-ComomMoHa MOKeT OBITh BBIMIOJHEHO amlapaTHO WU

MIPOrPaMMHO.
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Apudmernka KoHeyHOro noJs I'axya

Konpl Puna-Conomona 0a3zupyloTcst Ha CIEIUAIBHOM pasjefie MaTeMaTHKu — noisx [amya
(GF) nnu xoHewyHBIX moJsx. Apudmerumdeckue newctBus (+,-, X, / ¥ T.J.) Haa 3JIEMEHTaMH
KOHEYHOTO TOJIS TAIOT Pe3yNIbTaT, KOTOPBIA TAKXKE SIBJISICTCS JIEMEHTOM 3TOro mosist. KoaupoBmumk
wi nexoaep Puma-ConoMoHa JOMKHBI YMETh BBIIOJHSATH ATH apu(PMETHUECKUE ONeparuu. JTU
omepauuu Ui CBOGM  peasm3auuu  TPEeOYIOT  CHENHMaIbHOrO  OOOpYJOBAaHUS WM
CIEIUATM3UPOBAHHOTO TPOTPAMMHOTO 00eCIICUeHHUSI.

OO6pa3yronuii ToJIUHOM

KonoBoe cnoBo Puma-Conomona (opmupyercs ¢ NpUBICUCHHEM CIEIUATBHOTO MOJIMHOMA.
Bce koppekTHBIE KOJIOBBIE CI0BA JIOJIKHBI JICIUTHCS 0€3 OcTaTka Ha 3TH 00pa3yroIIne IMOJIUHOMBI.
O6mas hopma 00pa3yroIIEero MOJIMHOMA UMEET BU/T

g(X) — (X _ ai)(x _ ai+1). . (X _ ai+1+2t)
a KOJIOBOE CJI0BO (POPMHUPYETCS ¢ TIOMOIIBIO OTIEPAIIUT
c(x) = g(x)*i®)

rae g(X) sBiseTcs o0pa3yonM MOJTUMHOMOM, i(X) IpeacTaBiasier coboit  MH(OpMAIMOHHBINA
0710K, C(X) — KOJIOBOE CJIOBO, HA3bIBAEMOE IIPOCTHIM JIEMEHTOM TIOJIS.

ApPXUTEKTYpa KOJUPOBIIHKA

2t CUMBOJIOB YETHOCTH B KOJIOBOM clioBe Puma-ColoMoHa OmpenensitoTcs W3 CIeIYIOIIETOo
COOTHOILICHUS:

p(x) = i(x) * x"~“mod g(x)

Hioke mokasaHna cxeMa peaau3anid KOAupoBInuKa s Bepcun RS(255,249):

@ @ @

i(x) _T

Kaxnaplit U3 6 peructpoB colepKuT B cebe cumBoi (8 OUT). ApupMeTHuecKre OonepaTropbl

Puc. 3. 41. Cxema xoguposmuka P-C

BBITIOJHSIOT CJIOKEHHE WM YMHOKEHUE Ha CUMBOJI KaK Ha 3JIEMEHT KOHEYHOT'O TIOJIS.
ApxuTeKTypa AeKonepa

O6mas cxema nekoaupoBanus kooB Puna-ConoMoHa mokasana Huxe Ha puc. 3.42.
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Puc. 3.42. Cxema pabotsl ¢ kogamu Puna-Conomona
O603HaueHus:

e 1(X) — [Tosy4eHHOE KOTOBOE CIIOBO

Si — CHHAPOMBI

L(x) — [TonuHOM JIOKaIM¥ OMKUOOK
o Xi — IlonoxxeHus ommbOOK

Yi — 3HaueHus ommbOoK

c(X) — BoccTaHOBIICHHOE KOJIOBOE CIIOBO
e V —Yucno ommboK

[Tony4yeHHOE KOIOBOE CIIOBO I(X) mpeacTaBiaseTr co0oit ucxoaHoe (TeperaHHOe) KOI0BOE
CII0BO C(X) IUIFOC OIIUOKH:

r(x) = c(x) + e(x)

Hexonep Puna-ConmomoHa mbITaeTCsl ONPEACIUTh MO3UIIUI0 U 3HAUYE€HUE OMHUOKH I T ommOoK
(vmu 2t ToTeph) U UCTIPABUTH OIIUOKH U TIOTEPH.

Beruucnenue cunipoma

Beruucnenue cuHzapoma Moxoke Ha BeluMcieHHe yeTHocTH. KomoBoe crnoBo Puna-Conomona
uMmeeT 2t CHHAPOMOB, 3TO 3aBHCHUT TOJBKO OT OIIMOOK (2 HE IepeJaBaeMbBIX KOJIOBBIX CIIOB).
CunppoMbl  MOTYyT  OBITh  BBIUMCIIEHBI  TYTeM  MOJCTaHOBKH 2! KOpHEH 00pa3yromero
nosuHoMa g(X) B r(X).

HaxoxxaeHne no3unnii CHMBOJIBHBIX OIIMOOK

OT0 nenaercs IyTeM pelIeHUs CUCTeMbl ypaBHEHUH c tHeu3BecTHhIMU. CyllecTByeT
HECKOJIbKO OBICTPBIX AITOPUTMOB ISl PEIICHUS JTOW 3amauyd. ODTH aJTOPUTMBI HCIIONB3YIOT
0COOEHHOCTH CTPYKTYpbl MaTpullbl koJ0oB Puna-ConoMoHa U CHIBHO COKpalaroT HEOOXOIUMYIO
BBIUUCIIUTENLHYIO MOLITHOCTB. JlenaeTcs 3To B Ba 3Tarna.

1. OHpCI[eJ'IeHI/IC IMOJIMHOMaA JIOKAaIln OIINOOK.
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OT0 MOXxeT ObITh chenaHo ¢ momoulpio anropurma Berlekamp-Massey wnu anropurma
OBKiIKJA. ANTOpUTM OBKJIUAA HUCIIOJIB3YETCS Yalle Ha MPAKTHKE, TaK KaK €ro JIerde peaju3oBaTh,
onnako anroputMm Berlekamp-Massey mo3Bosser moiayuuth Oojiee 3(DPEKTHBHYIO pean3aIuio
000pyZ0BaHUS U IPOrPaMM.

2. HaxoxxaeHue KOpHEH 3TOro moJiMHOMa. DTO AETAaeTcsl C MPUBJICYCHUEM aJlTOPUTMA TTOMCKA
Chien.

Haxoxnenue 3HaueHui CUMBOJIBHBIX OIINOOK

3nech TakkKe HYXKHO pELUTb CUCTEMYy YypaBHEHMH c tHeusBecTHbIMU. /[l pemieHus
UCTOJB3yeTCst ObICTPhI anroputM Forney.

Peanuzanus xonuposiuka u nexkoaepa Puna-Conomona. AnmapaTHast peaan3arist

CyiiecTByeT HECKOJIBKO KOMMEpPYECKHMX amMapaTHeIX peanu3auuid. lmeercs MHOro
pa3pabOTaHHBIX HMHTErPaJIbHBIX CXEM, IpPEJHA3HAYCHHbIX IS KOAWPOBAHUS U JEKOIUPOBAHUS
kogoB Puna-Comomona. Ot MC nomyckaroT ONpENENIEHHBbI ypOBEHb MPOrpaMMHUpPOBaHUS
(manpumep, RS (255, k), rne t Mmoxer npuHUMaTh 3HaYeHus OT 1 110 16).

[TporpammMHas peanuzanus

Jlo HenaBHEro BpeMEHU MpPOrpaMMHBIE peanu3aluu B "peaJbHOM BpeMeHH'" TpeOoBaiu
CIIMIIKOM OOJIBIION BBIYMCIMTEIBHON MOIIHOCTH MPAaKTHYECKH s BceX KomoB Puma-Comomona.
['maBHON TpyAHOCTBIO B NpOrpaMMHON peanu3auuu kojaoB Puna-ComomoHa SBISJIOCH TO, UTO
IIPOIIECCOPBI OOIIEro Ha3HAUEHUs He MOAJCPKHUBAIOT apupMeTHUYecKre onepauu st nois [anya.
OnHako ONTHUMAaJIbHOE COCTAaBJIIEHUE IMPOTrpaMM B COUYETAHWU C BO3POCLICH BBIYMCIMTEIBHOMN
MOIITHOCTBIO MO3BOJISIIOT MOJIYYUTh BIIOJIHE MPHEMIIEMbIE PE3yIbTATh IJIi OTHOCHUTEIFHO BBICOKHX
CKOpOCTEN Mepeiadn JaHHbIX.

HpaKTH‘leCKaﬂ 4acTb UCCICA0OBaAHUSA

Ha panHoM »sTame HeoO0XOAMMO pealu30BaTh M NPOAHATIM3UPOBATh OINMCAHHbBIE BBIIIE
aNrOPUTMBI KOJMPOBAHUS Ha MPaKTHKE B MporpamMMmHoi cpeae Matlab 15. Heo6xoaumo moctpouts
COOTBETCTBYIOIIIUE CXEMbI, KOTOpble OyAyT B ce0si BKJIIOYaTh HCTOYHHK COOOILEHUs, KOAEp,
JIeKO/Iep, KaHall MepeJadyd, aHaIU3aTop OLIMOOK M COOTBETCTBEHHO YCTPOMCTBA BM3yalaW3alluu
MOJTyYEHHBIX pe3ynbTaToB. Tak jke HeoOX0IMMO CPaBHUThH OUIMOKM MEepeAayu ¢ JUHHUEH, KoTopas
He OyJeT HUKaK MpeoOpa3oBbIBaThH IepelraBacMylo MH(OpMaIuio, a MpocTo IepenaBaTh ee 10
KaHaly CBS3M M IpH YBEJIMYEHUH BeposiTHocTH owmmnbOku B kaHaie a0 0,3. Koawl, xoTopbie
MOJJIeXKaTh peanu3anuu 91o: koa Xosmmuara (7,4), xox BUX (15,7), u xox Puma-Comomona
(255,223). Bcro 3amauy BemonHuTh B cpene Matlab 15. IpeacraBute mponenannyro paboty B

OTUYCTC.
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Jlns Havana HeoOXO0AUMO 3aIyCTUTh caMy MporpamMmy. [IpoucxomuT 3To cieayromum 00pa3om:
Lol

‘= (2] search Documentation

E L News wariable | < Analyze Code LJ @ @ Preferences (% Community

[ Open variable = J> Run and Tims (5] set Path i ¥ Request Support

@ Clear Commands ~  Library -~ ull Parallel = - i Add-Ons ~
CODE SIMULINK ENVIRONMENT | RESOURCES

|4\ MATLAB R20152
b

5‘1] Elﬂﬁmﬁm Ig

New MNew Open ||°| Compare Import  Save
Script - - | Data Workspace @mmrw«mm -
FILE VARIABLE
= 2= L » E » ProgramFiles » MATLAB » MATLAB Production Server » R2015a » bin »
Current Folder ®

MName =

Command Window
New to MATLAB? See resources for Getting Started.
Jx >

m3iregistry
registry

util

winG4
deploytocl.bat
| ledata.xml

| »

m

|| ledataxsd
|| ledata_utf8xml
4\ matlab.exe
mbuild.bat
mcc.bat
MemShieldStarter.bat
mexcbat

ey nl

Details

¥

Workspace [C]

Name =« Value

«| Ready

Puc. 3.43. Oxno Matlab 15
Hanee HeoOxoaumo Haxath Ha Briaaky «Simulink Libraryy», kotopas Haxoaurcst Ha maHenu

MHCTPYMEHTOB B OTKpPbIBLIEMCSI OKHE. OTKPOETCS CIEAYIOIIEE OKHO:

g oimulink Library Browser I

Entersearchterm  ~ f = Bl > ™| = @

Simulink

[+ En N -

| Commenly Used Blocks r
Continuous ﬂ \V\ \P‘\.

Dashboard i
Discontinuities

Discrete Commanly Continuous  Discontinuities Discrete
Logic and Bit Operations Used Blocks

Lookup Tables

Math Cperations = = —

Model Verification ﬁ' = y=flu) ; x ®@
Model-Wide Utilities =

Ports & Subsystems

Signal Attributes Logic and Bit Lookup Math Model
Signal Routing Operations Tables Operations verification
Sinks

Sources |
Usey-_Deﬁned Functions Mise: & é E E

I Additional Math & Discrete

[» Aerospace Blockset
I» 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 F
[> DSP System Toolbox =it
> DSP System Toolbox HOL Support P i 4 i
[> Embedded Coder
[» Fuzzy Logic Toolbox Sinks Sources User-Defined  Additional Math
[» HDL Coder Functions & Discrete
[> HOL Veerifier

Image Acquisition Toolbox -
i 11 3

Puc. 3.44. Oxno «Simulink Library»
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Janee co3maeM HOBYIO MOAETb (BKJIAJKa Ha TMaHENW WHCTPYMEHTOB) M NPUCTYHAeM K

pcajim3ali OMMCAHHBIX BLILIC aJITOPUTMOB.

e = W NS S 2 I - =

File Edit View Display Diagram Simulation Analysis Code Tools Help

untitied

5 - @ 2o -=- 5 - o @ - &-

[C] untiﬂed

O EyE

v @ @

Ready 100%

oded5

Puc. 3.45. PaGouee nosne

OxkHO, TmpejacTaBleHHOe Ha pHCyHKe 3.44, HEOOXOAMMO JUIsI TIOWCKa HEOOXOJIUMBIX

KOMITOHEHTOB JJISl peaIu3alliK JaHHOK PaboThI (KOJAEPHI, ACKOACPHI U T.1I.)

Peanusyem kanan nepenadn Takou jke KOJIOBOW KOMOMHauU 6e3 mpeoOpa3oBaHuil.

ey T o Rte —
Bemnaulli b B5C
. Calculaton g -
i Er ¥ Fix T
Bernoulli Binary Ero Fale
Generst 1 Keren ceon | ) Ouibnt 1
- Caleulation_1 -

T
T

Koubiwauys vaexnge | KouGBLIR 8 £ w30 |

Puc. 3.46. JIunus nepenaun 6e3 npeodpazoBaHUi
B cocraB nuHum 6e3 npeoOpa3oBaHU BXOIAT:
1. BernoulliBinaryGenerator

2. Binary Symmetric Channel (kananmnepenaun)

Yactora ownbor

Hucno ofxapyxerkex owHdox

(Owee KONWUECTED CHMEDNDE NG CREERERMK
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3. Error RateCalculation (ananu3atopommoox)
4. Display
XapaKTepI/ICTI/IKI/I OJIOKOB BBICTABUTH CICAYIOIIUEC:

Bernoulli Binary Generator

Generate a Bernoulli random binary number
To generate a vector output, specify the probability as a vector.

Farameters

Probability of a zero: 0.5
Initial seed: 61
Sample time: 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: lboolean ']

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 a maximum number of symbols,
whichever comes first.

Parameters

Receive delay:

u}

Computation delay:

o

Computation mode: [Entire frame ']

Output data: [Por‘t V]
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Puc. 3.49. ErrorRateCalculation (ananu3atopomm6ok)
HPCHCTaBI/IM IMOJIYYCHHBIC PC3YJIbTAThI:

Bxonnas IIOoCJICI0OBATCIIBHOCTD:

| | gl 1] 1] gl 1] 1| d| g o g
1 1 0 1 1 0 0 0 0 1 1
0 1 0 1 0 0 0 1 1 1 0
| | gl o o d| o o o g i g
1 1 0 0 1 0 1 1 0 0 1
0 1 0 0 0 1 1 0 1 1 1
| g i 1] o d| 1] o d| d| o g
0 0 1 1 1 1 0 0 0 0 0
0 1 0 1 1 1 1 0 1 0 1
ol | i gl o d| gl 1| gl d| o g
1 1 1 1 0 0 1 0 0 0 0
1 0 1 0 1 0 1 1 1 1 1
| | o gl 1] d| gl 1| d| d| 1| g
| o o o ] o o ] 1]l 1]l o 0]
| ] ] ] ] ] ] 1|| ] ] ] ]
| | i 1] o gl gl o d| g o 1]
| o il o 1l 1]l o 1] 1]l o il 1
| ] | ] ] ] ] 1 ] ] ] ]
| o 1]
KowGwagua Ha exoae 1
Puc. 3.50. Bxognas mocnenoBaTeIbHOCTh
| l g 1 l l g o o g o 0
| | 1 ol 1 1 g ol ol g 1 1]
| o] l ol 1|| g o l 1|| l l 0
| l g o o l g 1 o g 1 0
| o 1 ol 1 1 g 1 1 g ol 1]
| ol 1 1 0] g o 1 1 1 1 1
| o g o o l 1 o l g o 1]
| | g 1 1 1 1 ol ol g ol 0
| l g ol 1 l 1 ol ol l ol 1]
o g l 1 1 l g 1 ol l 1 1
| | 1 1 1 g g ol ol g ol 0
| o g 1 0l g o 0l 0l l 1 1]
| | g 1 1 l g 1 1 l 1 1
| o g ol ol g g 1 ol 1 ol 1]
| l l 0l 0l g 1 1 0l l 1 1]
| | l 1 o] g 1 ol 1 g ol 1]
| g l 0l 0l l g 1 1 g 1 1]
| l g o l l | o l l o 1]
| ]| 1]
HomBuHaLmA Ha esomae 1
Puc. 3.51. BrixoaHast mociie foBaTeEIbHOCTD
0.2 YacToTa cwnSok
Yucno obHapyseHHsx owwioK
Ofwees KOMUUECTED CHMECTIODE NG CRSEHEHHID
OwwSian_1

Puc. 3.52. Cueruuk omrmOKum
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AHanu3upysi PUCYHOK BBINIE, MOXXHO CJENaTh BBIBOJ, YTO KOMOHWHAIMS Ha BXOJE
COBMAJIaeT ¢ KOMOWHAIMEW Ha BBIXOJE, TaKUM 00pa3oMm, mepenadya OCYIIeCTBHIACH yAadyHo. Uto
KayaeTcst ommnoboK, To ux yactora paBHa 0,2029, yucio oOHapy)eHHbIX OIMOOK paBHO 362, ob1iee
KOJIMYECTBO CHMBOJIOB IO CpaBHEHMIO paBHO 1784. B nmaHHOI cxeMme OCyIIEecTBIsI€TCs Iepeaada
unpopmanun 0Oe3 mnpeoOpa3oBanmii. Eciam cpaBHHBATH 3TOT pe3ylbTaT C PE3YIbTaTOM C
KOOAUPOBAHUEM IIPpHU BEPOATHOCTU OI_HI/I6KI/I 0,2, TO OHU UACHTUYHBI. HpI/I YBCJIMYCHHUU BCPOATHOCTHU

omu6Oku 10 0,3 B JEKOAMPOBAHHOM MOCIIEI0BATEILHOCTH OBLIIM HAMICHBI OIIUOKH.

2000
1800 /
1600

1400 /

1200

1000 /

/
800
600 /

400 //
200
0 / T T T T 1

0 0,2 0,4 0,6 0,8 1
BepoATHOCTb OWMNGKK

Konunyecrso ownbokK

Puc. 3. 53. I'papuk 3aBucuMOCTH yuclia OOHAPYKEHHBIX OLIMOOK OT BEPOATHOCTH OIINOKU

utst kKoxaa (255,223)

20
18 /
16

1 e

12

Konunyecrso owmnbokK

o N B O

0 0,2 0,4 0,6 0,8 1

BepoATHOCTb OLINGKM

Puc. 3.54. I'paduk 3aBHCHMOCTH YuCIa OOHAPYKEHHBIX OIMTMOOK OT BEPOSITHOCTH OITHOKH
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1t kona (7,3)

beun paccMmotpensl ocobenHoctu kona Puna-Conomona. Iloctpousnu rpaduku 3aBUCMMOCTH
Yyuciia 00HAPYKEHHBIX OIMIMOOK OT BEPOSTHOCTH OMIMOKHK J1Jist KOJoB (255,223) u (7,3).

N3yueHa cTpyKTypa Kojepa 1 JeKoaepa.

1. Kon Puna-Conmomona — koj ¢ 8-OMTHBIMH CUMBOJIAMH M TIPOBEPKOW Ha YETHOCTH. B ko€
(255,223) 223 Gaiita nHGOPMAIIMOHHBIX CUMBOJIOB, 32 GaliTa MPOBEPKH HA YETHOCTD.

2. O0beM BBIYUCIUTEIBHOW MOIIHOCTH, HEOOXOIMMOM AJii KOJUPOBAHUS U JEKOAWPOBAHUS
ko10B Puna-ConoMoHa, 3aBUCHUT OT YHCJIa CHMBOJIOB YETHOCTU. bombioe 3HaueHue t 03Ha4aeT, 4To
OoJblIee YUCII0 OMMOOK MOXKET OBITh MCIIPABICHO, HO 3TO NMOTPeOyeT OOJbIIeH BHIYUCIUTEIBHOM
MOIIIHOCTH 10 CPAaBHEHUIO C BAPUAHTOM MPU MEHbIIEM t.

3. Kox RS(255,223) moxeT ucnpaBuTth a0 16 ommbOK B CHMBONAX. B xy/miem cirydae, MOTyT
UMETh MecTo 16 OWTOBBIX OmMOOK B pa3HBIX cHUMBOJax (Oaiftax). B myumem ciydae,
KOPPEKTUPYIOTCS 16 TOJHOCTHIO HEBEPHBIX OaWT, IPH 3TOM HcHpaBisieTcss 16 * 8§ = 128 OUTOBBIX
OILINOOK.

4. B pesynbrate ananuza rpadukoB pucyHKOB 2.19-2.20 MOXXHO clenath BBIBOJ, YTO KOJ C
JUTMHHBIMH TTOCJIEI0BATEILHOCTSMHU HUCIIPABIISIET OOJIbIIE OMINOOK.

B pa3znene Hadano B3sUIO aHATUTHKA BBIOOpA TEX HWIIM MHBIX MApaMeTPOB KOJOB, TAKUX Kak,
BBIOOP Pa3MEpPHOCTH KOJIOB, BEPOSITHOCTh OMIMOKM B KaHane u T.A. CHayana ObUIM BBITIOJHEH
MIpeIBapUTENbHBIN aHallu3, MMO3BOJUBIINE BBIOPATh U OOOCHOBATh CTPYKTYpPHBIE CXEMbI KOJOB IO
WCXOHBIM JAHHBIM TEXHUYECKOTO 3a/IaHU.

[Tytem mpoBeIeHUsT KOMITBIOTEPHOM CHUMYIISIIIAH, ObllIa TPOBEpEHa JJOCTOBEPHOCTh pacdyeToB. B
nporpamme Matlab 15 Obu1 coOpaHbI cXeMBbI:

1) Koma Xammunra

2) Koma BUX

3) Kogna Puna-Conomona

C mnomompl0 KOMIIBPIOTEPHOW CHMYJSLMK Oblla JaHa OlleHKa OolMOKaM Mpu mepenaye
nH(pOpMaIIUY IO KaHATYy.

Takxe s MO3HAKOMMIICS C Pa3TUYHBIM MPOTPAaMMHBIM O0OeCleYeHHEeM, JUISl TOCTPOCHUS
Pa3IMIHOTO BHJIA CXEM.

[ToxBenss UTOT CBOErO WHAMBHIYAJIHLHOTO 3a/JaHHS, MOKHO CKa3aTh CIEAYIOMIEEe, TO, 4YTO S
clenay, SBISETCS OCHOBOIOJNATAIONIMM JIeIOM K JalbHEHIuM, Oojee TPyIHBIM BelaM.
NunuBuayanbHas pabora Oblla BechMa yBIeKaTeldbHa M moje3Ha. C MOCTaBIEHHBIMH IIETSMU

CITpaBHJICA YCIICIIHO.
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Tabmnuua 3.1. Pe3ynbrarel

Bep-1p ommmbku 0,2 Bep-1b ommbku 0,3
Kon Yacrora ommbok: 0,25 Yacrora ommbok: 0,4167
X3MMUHra Yucno oOHapyKEHHBIX OUTHOOK: Yucno oOHapyKEHHBIX OMIHOOK: 5
(7,4) 3 OO111ee K0JI-BO CUMBOJIOB I10
OO0111Ee€e KOJI-BO CHUMBOJIOB IO cpaBHEHUIO: 12
CpaBHEHHIO: 12
Kox BUX Yacrora omunbdok: 0,2143 Yacrora ommn6ok: 0,4286
(15,7) Yuciio 0OHapyKEHHBIX OITHUOOK: Ywuciio oOHapyKEHHBIX OLITHOOK: 6
3 OO0111€€ KOJI-BO CUMBOJIOB 110
O0111ee K0J1-BO CUMBOJIOB T10 cpaBHEHHUIO: 14
cpaBHEHUIO: 14
Kox P-C Yacrora omubok: 0,2029 Yacrora ommbok: 0,31
(255,223) Yucio 0OHapyKEHHBIX OIIHOOK: Yuciio 00HapyKEHHBIX OIIHOOK:
362 553
Oob111ee K0JI-BO CUMBOJIOB T10 Oob111ee K0JI-BO CUMBOJIOB I10
cpaBHeHU10: 1784 cpaBHeHuto: 1784

3.2. Iuxsmmueckue u3obiTounbie koabl CRC (Cyclic redundancy check) [16]

Hukanyecknii u30obiTounblii kox (CRC). Haubonee H3BECTHBIMH W3 METOOB
oOHapyXeHMsI OIIMOOK Nepeaun JaHHbIX SABIA0TCA [1]:

o [locumeonvHblll KOHMPONL YEMHOCMU, HA3bIBAEMbIH TaKk)Ke MONEPEYHbIM, MOApa3yMeBaeT
nepeaady ¢ KaXAbIM 0aiiTOM TOMOJHUTEIHHOTO OWTa, MPUHUMAIONIETO €INHUYHOE 3HAYCHHUE TI0
YETHOMY WJIM HEYETHOMY KOJIMYECTBY €IMHUYHBIX OMT B KOHTpOIHpyeMoM Oaifte. [TocnMBOIBHBIN
KOHTPOJIb YETHOCTHU MPOCT KaK B MPOrPaMMHOM, TaK U B allapaTHOM peanusaluu, HO €ro Bpsa U
MO>KHO Ha3BaTh 3(pPEeKTUBHBIM METOJIOM OOHAPY>KEHHs OIIMOOK, TaK KaK UCKaKeHUE 0oJiee 0HOTO
OuTa HUCXOAHOW TIOCJIENIOBATENbHOCTH PE3KO CHUXKAET BEPOATHOCTb OOHAPYXKEHHUS OLIMOKHU
nepeaayd. DTOT BUJ KOHTPOJISI OOBIYHO pean3yeTcs alnapaTHO B YCTPOWCTBAX CBSI3H.

e [loOnouHvlil KOHMPONL YEMHOCMU, HA3BIBAEMBIH MPOIOJIbHBIM. CXemMa JaHHOTO KOHTPOJIS

nmoapa3yMeBacT, 4To Jid UCTOYHUKA U HpI/IéMHI/IKa I/IH(I)OpMaI_II/II/I 3apaHCC U3BCCTHO, KAKOC YUCIIO
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nepeaBaéMbIX CUMBOJIOB Oy/IeT paccMaTpUBaThCS MMM KaK €IMHBIN OJOK JaHHBIX. B 3T0# cxeme
KOHTPOJIS JJIs1 KaXKJIOW TO3HMIIMK Pa3psoB B CUMBOJIAX OJioka (momepeék 0J0Ka) pacCUUTHIBAIOTCS
CBOM OMTBI YETHOCTH, KOTOpbIE NOOABJISIOTCS B BHJIE OOBIYHOTO CHMMBOJA B KoHIe Osioka. Ilo
CPaBHEHUIO C TMOCHMBOJIbHBIM KOHTPOJEM UYETHOCTHU, MOOJOYHBIM KOHTPOJL YETHOCTH OOJaIaeT
OOJIBIIMMH BO3MOXHOCTSIMU 110 OOHAPYKEHHUIO M JaKe KOPPEKTUPOBKE OMIMOOK Mepeaayn, HO BCE
paBHO eMy He yaaércsi 0OHAPYKUBATh OMPEICIEHHBIE THITHI OLTHOOK.

® BuiuucieHue KOHMpOIbHbIX cymMm. B oTinuume OT Hpenplayliux METONOB, Uil METoja
KOHTPOJIbHBIX CYMM HET 4YETKOro ompeneieHus anroputma. Kaxaplii pa3pabOTUMK TpaKTyeT
MOHATHE KOHTPOJIBHOM CyMMBI MO-cBoeMy. B mpocreiiliem BuJe KOHTpOJbHAs CyMMa — 3TO
apudmernyeckas cymMma JBOMYHBIX 3HAUEHUN KOHTPOJIMPYEMOTo 0ii0ka cuMBOJIoB. Ho 3TOT MeToz
o01a1aeT MPaKTUIECKH TEMH Ke HEJIOCTATKaMH, YTO U MPEIBIAYIINE, CAaMBIH TTaBHBIA U3 KOTOPBIX
— HEYYBCTBUTEIIBHOCTh KOHTPOJILHOM CYMMBI K YETHOMY YHCIY OMIMOOK B OIHON KOJOHKE W
caMOMY MOPSIKY CJIeI0BaHUSI CUMBOJIOB B OJIOKE.

o  Koumponv yurkiuvecku uzovimounvim kooom — CRC. Dto ropa3go Oosiee MOIIHBIN U
HIMPOKO MCIIOJIb3yEeMbI MeTOA 0OHapyeHHUs omunbok nepenaun uHpopmanuu. OH obecrneuynBaeT
oOHapykeHHe OMIMOOK C BBICOKOW BEpOSTHOCTHIO. Kpome Toro, 3ToT metoj oOnanaer psjiom
JPYTHUX TIOJIE3HBIX MOMEHTOB, KOTOPBIE MOTYT HAUTH CBOE BOILIONICHUE B MPAKTHYECKUX 3a/1a4ax.

[uknuueckuit m30biTounsiii kox (ammn. Cyclic redundancy code, CRC) — amropurm
BBIUHCIICHUS] KOHTPOJIBHON CYMMBI, IIPEIHAa3HAUCHHBIN /7151 IPOBEPKU IIEIOCTHOCTH MEPeIaBaeMbIX
nanabix. Anroputm CRC oOHapyXuBaeT Bce OJJMHOYHBIE OIIMOKH, TBOMHbBIE OMIMOKHA U OIMIMOKH B
HEeYETHOM ywmclie OuT. [IoHATHE MUKINYECKUX KOJOB JOCTATOYHO MIUPOKOE, OJHAKO Ha MPAKTHKE
ero OOBIYHO WCHONB3YIOT JUII OOO3HAYEHHs TOJBKO OJHOW Pa3HOBHUIHOCTH, HCIOJIB3YIOMIEH
[UKITUYECKUI KOHTPOJIb (IPOBEPKY) H3OBITOUHOCTH.

['maBHas ocobeHHocTh 3HaueHuss CRC cocToUT B TOM, 4TO OHO OJHO3HAYHO HACHTU(MUIIUPYET
MCXO/IHYI0O OWTOBYIO IIOCIIEIOBATENILHOCT W TOATOMY HCIOJB3YETCS B PA3IUYHBIX MPOTOKOJIAX
CBS3HM, a TaKKe I TPOBEPKH IICIIOCTHOCTH OJIOKOB JAaHHBIX, TEpPEIaBacMbIX pa3IMIYHBIMA
ycTpoiictBamu. braromaps oTHocuTenbHOM mpoctoTe anroput™ Bbiuucienuss CRC  dacto
peanusyeTcs Ha anmnapaTHOM YpPOBHE.

[Ipn mepenade IMAaKeTOB IO CETCBOMY KaHATy MOTYT BO3HHKHYTh HMCKKEHUS HMCXOJIHOM
WH()OPMAIIMY BCIICJICTBUE pPA3HBIX BHEITHUX BO3JCHCTBHIA: DJIGKTPUYCCKHUX HABOJOK, ILIOXHX
MOTO/HBIX YCIOBUW M MHOTMX Jpyrux. CyIHOCTh METOAMKH B TOM, 4YTO TPH XOPOIIHX
XapaKTePUCTHKAX KOHTPOJBHONW CYMMBI B TOJABJISIONIEM YHCIE CIy4aeB OIMMOKA B COOOIIEHUU

HpI/IBe)IéT K HU3MEHCHHIO €ro KOHTpOJ’IBHOﬁ CYMMEIL. Ecmn HUCXOJHAasA W BBIYMCIICHHAad CYMMBbI HE
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paBHBI MEXIy COOOW, MPUHUMAECTCS PELICHWE O HEAOCTOBEPHOCTHU MPUHSATHIX JAHHBIX, X MOKHO
3alpOCUTH TOBTOPHYIO Mepeiady NaKeTa.

OcHoBnas unes anroputMa CRC cocTtout B mpencTaBieHHHM COOOIICHUS B BHUJIE OTPOMHOTO
JBOMYHOTO YHUCIA, ACNEHUU €ro Ha Jpyroe (UKCHPOBAHHOE IBOMYHOE YMCIO U HCIOJIb30BAaHUU
OCTaTKa 3TOro JIEJEHMsI B KadecTBE KOHTPOJbHOW cymmbl [2]. ITomyuuB cooOuieHue, npuEMHHUK
MOJKET BBIIIOJIHUTh AHAJOTMYHOE JEHCTBUE W CPABHUTH IOJYYEHHBIH OCTATOK C «KOHTPOJIbHOMN
CyMMOI».

Ha pucynkax 2.1-2.2 wuzo0OpaxeHo rpaduyecKoe TMPEACTaBICHUE KOIUPOBAHUSI U

nexonuposanust CRC-kona [3]:

] ']] Transmi thed codeward
N
] First half of messoge word 0
Message word 1 0
1] 0] 1
0 E— 0
0 ] ]
: ] First chedksum :
0 L0 0
] o ]
1 ! 1
1 ! 1
0 1 Second half of messoge ward 0
0 0 0
L ! 0 | :
I 0
‘ 0
0 } Second checksum L
L0 ]

Puc. 3.55. Ilpunuumn pa6ots! kogepa CRC

Received codeword [ 1 (1]

ok 0 0

0 ] First holf of messoge word 0

0 ] 1 ‘

1 0 " 0

1] 1 First checksum i 1

1 0 I5 nonzers i 1

1] 1 !

] " 0

1 -1 L0

1 ! First ouput

:I 1 Second half of message ward

0 i

1 0 !

0 ! Second {held:wrn :I [ ] ]
L0 i BIET | g Second oubput

L0

Puc. 3.56. Tlpunmun pabots! nekoaepa CRC
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Crenenpto CRC-nonmmuoma W Ha3bIBalOT MO3WIUMI0 CaMOT0 CTapIIEro €IWHUYHOTO OuTa.
Hanpuwmep, crenens nonmunoma 10011, paBna 4.

Jisa Beruncnenust CRC ucnosp3yroT noaMHoOMHanbHYO apudMeTHky. Bmecto npeacrasnenus
JeUTeNs, JeIUMOoro (CooOIIEeHus ), YaCTHOIO M OCTAaTKa B BUJAE IOJOXKHUTEIbHBIX LENBIX YHUCEl,
MO>KHO TMPEJICTaBUTh UX B BUJE MOJMHOMOB C JIBOMYHBIMU KO3(pulMeHTaMu WM B BUAE CTPOKU
OUT, KaXKIbIH M3 KOTOPBIX SABISAETCS KOA(PPHUIIMEHTOM MOIHMHOMA.

Hampumep, necsatuunoe uuciao 23 B 16-puyHO M 2-MYHOM cHCTeMax OyIeT MMETh BHU]T
2310=1716=10111,, uyTO coOBmamaer ¢ MOJIMHOMOM: 1- X*+0-x3+1-x2 +1-x +1- X s

ynpoménno: X + X% + x* +1.

U coob1ienue, u 1eIUTENb MOTYT OBITh MPEICTABICHBI B BUAE MOJMHOMOB, C KOTOPBIMU MOXHO
BBITIOJHSATH JII0ObIe apudMeTHUeCKUEe AeicTBHs 0e3 MepeHOCOoB.

Kak mpaBmiio, KOHTpoJIbHasg cyMMa J00aBIseTCS K HMCXOJHOMY COOOIIEHHIO M TMOIYy4E€HHOE
pacmpeHHoe coo0IIeHue nepeaaéres yepe3 KaHasl CBsI3H.

Ha npyroMm koHie kaHasa NpUEMHUK MOXET CAENaTh OJHO U3 BO3MOXHBIX JeHcTBUI (00a
BapHaHTa COBEPILICHHO PaBHOINPABHBI):

1. BbaenuTh TEKCT MOJTYYEHHOTO COOOIICHHMSI, BBIYUCIUTD JIJISI HErO KOHTPOJBHYIO CYMMY U
CPAaBHUTB €€ C IEPEIaHHOM.

2. BBIUMCIUTH KOHTPOJBHYIO CYMMY JJISi BCETO TEPEIaHHOTO COOOLICHHS, U ITOCMOTPETH,
MIOJIYYUTCS JIU B Pe3yJbTaTe HYJIEBOH OCTATOK.

[TockonbKy HCXOHOE COOOIICHHE MOKET OBITh OY€Hb OONBIINM (10 HECKOTBKUX MOaNTOB) U
Tak ke u3-3a Toro, 4yro s monydeHus CRC wucnomesyercss CRC-apudmernka, HCIoONbp30BaTh

OOBIUHYIO KOMIIBIOTEPHYIO OTIEPAINIO AETICHUS HEIb3S.

CRC Kanan CRC- Hexonup
— burer [ CRC-ko — 11 — - I[lpué —
Jep epeaTyuK R PUEMHHK JleKozIEp OBaHHBIE
| OUTEI
Omnbku

Puc. 3.57. O6o06menHas cTpykTypHas cxema uccienoBaaus CRC komoB

Campiii nonynsapHeii u pekoMmeHayeMmblii IEEE mnommnom ans CRC-32 wucnonb3yercs B
Ethernet, FDDI; Take 3TOT MHOTOUJIEH SBJsIETCS TeHEepaTOpoM Koja XeMMmuHra. Vcnosiabp3zoBaHue

apyroro nomuHOMa — CRC-32C — mo3BonsieT OCTHYh TakoW K€ MPOHM3BOTUTEIHHOCTH TPU
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JUIMHE HCXOTHOTO cooOmeHuss oT 58 Out o 131 kOuT, a B HEKOTOpPHIX AMAINA30HAX JJIUHBI

BXOJHOI'O COO6IJ.[€HI/I$I MOJKET OBIThH JaKE BBIIIC — IMO3TOMY B HAIIM OAHW OH TOXKC IIOJIB3YCTCA

nonyisapHocTeio. K mpumepy, crangapt ITU-T ucnonszyer CRC-32C ¢ menbto oOHapyKeHHS

OLIMOOK B MOJIE3HON HArpysKe.

Hwxe B Tabnuie nepedncieHbl HanOojee pacnpoCTpaHEHHBIE MHOTOWICHBI — TeHEPaTOphI

CRC [4]:

Ta6mmma 3.2. Pacnpoctpanénnsie moauHomsl CRC xonoB

HasBanmue IHonunom

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

CRC-4-1TU X +x+1

CRC-5-ITU XX XC+L

CRC-5-USB X+X°+1

CRC-6-ITU X>Hx+1

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

CRC-8 X%+ X" +C+ X+

CRC-16-1BM x*+x+x?+1 (Bisync, Modbus, USB, ANSI X3.28)

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

CRC-30 XX+ P+ X P+ X+ x5+ X%+ x+1 (CDMA)




IIporpamMHasi peaju3anus BUPTyaJbHbIX Mo/ie/Iell KOTUPOBaHUS

Onncanne peajn3anuy MUKJINYECKOro n3obiTounoro koaa (CRC)
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BuprtyanpHas Mozenb nepeaun TaHHBIX ¢ OOHapyX)eHueM omuook mpu nmomornu CRC-

Koma Obuia peanm3oBana B cpeae Simulink Matlab. Mogens nemonctpupyer pabory CRC-

KoJiepa M JCKOJepa, MO3BOJSIET HMCCIEAOBATh OOHAPYKUBAIOIIYIO CIIOCOOHOCTh KOJa ISt

Pa3HbIX T'CHEPATOPHBIX ITOJJUHOMOB.

Ha pucynke 3.58 npuBenena pazpaboTaHHast MOJIEIIb:

bnmnr
Bernoulli ¢
Binary

=

[exepamop
MICes A0 CTy4aiHON
NOCTENCEETENEHOCTH

Bydep

Genersl

CRC

LM

Tx Ermor Rate

- .
Calculation
Fx

Beuicrumene owibor

473

Yacroms owmnlok

UHeno of Hapys edHsn owrior

(OBl &= HONMUECTED CHMECNDE

Kenwects o owwor oby es

¥ BFSK

Generator

CRC-+oaep

BPSK-moaymRTop

|

¥ Ei WAL General CRC
awen | spsk kel Syndrome
Detector Enr
Kanan caman BPSK-newaqyarop  CRC-aeaep

=P

)

—P

Cymmarop

T

Cynana owwnbor

Puc. 3.58. Pa3zpaborannas monens uccinenoBanust CRC-komos

& Gnoxax

B €€ 0CHOBY MOJIOKEHBI CIICYIONINE 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;

RERRRRRNRRRNDARR

Ow i Bnoioe
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e Display (Iucruteii, oTpakaromii OmmuoKm).
Jlanee nmpencTaBieHO ONMMCAHUE OCHOBHBIX OJIOKOB:
Bernoulli Binary Generator (reaeparop mceBaocay4aiiHOM Mocie10BaTeIbHOCTH) — TEHEPUPYET
CIy4allHyt0 OMHApPHYIO ITOCIIEI0BATENILHOCTD (PUCYHOK 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.

Farameters

Probability of a zero: 0.5
Initial seed: |15

Sample time: |0.1
Frame-based outputs

Samples per frame: | 128

Output data type: boolean -

Cancel Help Apply

Puc. 3.59. ITlapametpsi 610ka «Bernoulli Binary Generator»

«Probability of a zero» - BeposITHOCTb TOSIBIICHUSI HYJIS;
«Initial seed» - HayanbHOE 3HAYCHUE JJIS1 TCHEPAIUH;
«Sample time» - ATUTETBLHOCTH CIMILIA,
«Samples per frame» - pazmep ¢peiima.
General CRC Generator (CRC-kozep) — MKIHYeCcKHid U30bITOUHBII Kozep (pucyHok 3.3).
«Generator polynomial» - reHepaTOpHBIN OJIMHOM, MOKET OBITh 33aH B 3 (opMmax:
1) B o6b14HOI# 3anucu, Hanpumep: X3 + X2 + X + 1.
2) B BHMJE MAaTPULBI-CTPOKH C YKa3aHUEM CTeleHeld C HEeHYJIEeBbIMM Kod(QuireHTamu,
Hanpumep: [4 1 0] =xM +x + 1.

3) B BUJIe MaTPULIbI-CTPOKH C yKa3aHUEM HYJIEBBIX U HEHYJEBBIX KO3()PUIIMEHTOB, HAlIpUMeEp:
[11011]=xM+x"3+x+ 1.



Function Block Parameters: General CRC Generator
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
palynomial to indicate the connection points.

This block accepts a binary column vector input signal.

FParameters
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! 0;10ka «General CRC Generator»

«Initial states» - HayabHOE COCTOSTHHE CIBUTOBBIX PETUCTPOB.

166

«Direct method» - Bxkmouenue mpsimoro merona Beraucienuss CRC, wnHave paboraer Mo

TaOJIMYHOMY METOTY.

«Reflect input bytesy - uHBepTHPOBAaTH BXOAHOM MOTOK.

«Reflect checksums before final XOR» - uHBepTHpPOBaTh KOHTPOJBHBIE CYMMBI IEpe

KoHeuHoH omeparueit XOR.
«Final XOR» - Bemmonauts oneparuio XOR B KOHIIE KOAMPOBAHUS.
«Checksums per framey - konM4YecTBO KOHTPOJIBHBIX CYMM BO (ppeiime.
BPSK Modulator Baseband — BPSK momynstop.
BPSK Demodulator Baseband — BPSK nemoaysnstop.

AWGN Channel (Kanan cBsi3u) — 1o0aBisieT «Oenblif» rayCCOBCKHIA IIIyM B KaHaje (PUCYHOK

3.61).
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«SNR» - 3amaét oTHOIIEHNE CUTHA/IITYM B KaHAJE.

X
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:

87

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 - muknudyeckuii n30bITOUHBINA jaekoaep. Bce mapameTpsi
JICKOJIepa 3a/1at0TCs aHaIorHuHO mapamerpam oitoka «General CRC Generatory (pucysok 3.3).

Error Rate Calculation — BerumcauTens OMKMOOK MEKAY MEPEAAHHON H  MPHHITOM
M0CJIEeI0BATENbHOCTBIO.

Buffer — 6ydep. [lepeBoaut nocienoBareabHOCTh OUT B OJIMH OJIOK.

Add (cymmarop) — cymmupyet omrbku ot CRC-nexonepa.

Display - mucrieii, oTpaskaromui OnmoKy.

Pe3yabTaThl MO/IEIMPOBAHUS

HccnenoBanue NMKJINYECKOro H30BITOYHOI0 KOAA

Mooenv yuxnuueckoeo uzoblmoyHo2o Kooa (crc), pazpabomanHas NpeoCmAasieHHdAs: Ha

pucynke 3.58, noszsonsiem ucciedosamv obHapyscusarowyro cnocoonocms CRC  kodos ¢
PA3TUYHBIMU NOTUHOMAMU.

3anaéM oJMHAKOBBIN reHepaTopHbIil moauHoM B 610k CRC-konep u CRC-aekozep (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:
o |

[] pirect method

[] reflect input bytes

[] rReflect checksums before final XOR

Final XOR:

o |

Checksums per frame:

[32] |

| OK | | Cancel | | Help | Apply

Puc. 3.62. Ilapamerps! 010ka CRC-konep
OO0mee 4nciIo0 mepenaBaeMbIXx CUMBOJIOB cocTaBisieT 8192. KomndecTBO KOHTPOJIBHBIX CyMM
u3MeHsiercs ot 2 1o 8192, ¢ yBenmdeHHEM Ka)xJoro MpEeblIyIIiero 3HadeHus: B 2 pasa (2, 4, 8§,
16...8192).
3nagenue SNR B Onoke «Kanan cBszu» ycraHosineHo B 1 ab. Takum obpa3zom, OGuroBas
BeposiTHOCTH om0k (BER) coctasut 0,05786.
Ha pucynke 4.2 npencraBieH rpaguk 3aBUCHMOCTH YHCIa OOHAPY)KEHHBIX OMIMOOK OT YHCIia

KOHTPOJIBHBIX CYMM JUJIA PA3JIMYHBIX ITOJIMHOMOB CRC'KOI[a.

300
4
o
e
= 250
=
o
> 200
=2
=
= 150
2
A, 100
<
&
o 50
o
=
g 0
0 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192

UMCJIO KOHTPOJIBHBIX CYMM
——CRC-1 ——CRC-4-ITU —#&— CRC-5-USB
—>—CRC-6-1TU —#—=CRC-8 —0—CRC-16-1BM

—+—CRC-30
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Puc. 3.63. I'paduk 3aBHCUMOCTH YKCIIa OOHAPY>KEHHBIX OIIHUOOK OT YMCIIa KOHTPOJIBHBIX CYMM

it pa3nuaHbix nonruHoMoB CRC-koma

B naHHOM pasjene MpPoOBEIECHO HCCIICIOBAHUE MOJCIN IMKIMYECKOr0 H30BITOYHOTO Koja
(CRO).

Mogens mno3Boisger wucciaegoBatb CRC-xombl ¢ BO3MOXKHOCTBIO  3aJaHHs  J1:000r0
TeHEPATOPHOTO MOJIMHOMA W U3MEHEHHH KOJTMYECTBA KOHTPOJILHBIX CYMM BO (peiiMe.

[TosrydeHsl CCAYIONINE PE3YIbTAThI U CACIAHBI CCTYIOIINE BRIBOJIBI:

1) yeM BBIIIIE CTEIICHB MOJIMHOMA, TEM JIy4Ille ero 0OHapYKUBAKOIIask CIIOCOOHOCT;

2) i KaKIO0ro MOJIMHOMA €CTh TAaKOE€ YMCIIO KOHTPOJIBHBIX CYyMM B OJIOKE, TIPH KOTOPOM €Tro
oOHapyKHUBAIOMIAsi CIIOCOOHOCTh MaKCUMaJIbHA, MPUYEM y BCEX TTOJTMHOMOB 3TH TOYKH Pa3IHYHBI.

Opnako, mpu BbIOOpe mnonuHomMa CRC-koma Ttakke HeE0OXOIMMO YUUTHIBATH M JIPYTHeE
(hakTOopHI:

1) yBenmM4YeHHE CTENICHH IMOJIMHOMA TIPUBOAUT K YCIOKHEHHIO peaT3alliy KoJiepa U ACKOoIepa;

2) 4eM BBIIIE YACTOTa BEIYUCICHUS KOHTPOJIBHBIX CYMM, T.€. YeM OOJIbIIIe KOHTPOJIBHBIX CYyMM
N00aBIIsieTCS B OJIOK TaHHBIX, TEM MEHbIIIE MPOITYCKHAsE CIOCOOHOCTh KaHalla,

3) CRC-kompl HCHONB3YIOT Ui OOHAPYXKEHHS OMIMOOK, YTO O3HAYaeT HAJMYME KaHaja
nepecripoca. [Ipu BwIOOpe Mexay komom CRC/kananoM mepecnpoca W TOMEXOYCTOHYHBBIM
KOJMPOBAaHUEM, HEOOXOIUMO YUYUTBHIBATH XApPAKTEPUCTHKH KaHana cBsi3u. [Ipu Ooybmiom wmcie
omKMOOK Tepeavya JaHHBIX OyJIeT HEBO3MOXKHA.

4) Beibop monuHOMA 3aBUCUT OT pa3Mepa IMepeaaBaeMoro 0J0ka JaHHBIX, 4YeM Oosbiie OJ0K —
TEM BBIIIIE CTETICHD ITOJIMHOMA HEOOXOIMMO TIOI0UpaTh. TakuM 00pa3oM, CyIIeCTBYET OTpaHUICHHE
Ha pa3Mmep OJoKa JaHHBIX, MHa4Ye B JOOOM OJloke Ha MPUEMHOM KOHIIE OyAeT OOHapy>KHUBaThCS

omuOKa.

3.3. CBepTouHbIe KO/bI. /lekoqUpOBaHNe CBEPTOYHBIX KO0B

CoBpemeHHass Teopusi KOJOB JIOCTaTOYHO pa3BUTa U COACPKHUT  JETAJbHYIO
Kkiaccudukanuio. Bece npuMeHsiemble KOJIbl MOXHO pa3OuTh Ha JABE OOJbIINE FPYHIb: OJOKOBbIE, B
KOTOPBIX KOJUPOBAaHUE U ACKOJMPOBAHHUE IPOU3BOJIUTCS B IpEAEIax ONPEIEICHHOIO ydacTKa
KOJIOBOM TIOCJIEJOBATEIbHOCTU- OJI0OKa, M JpPEBOBHUIHBIC, B KOTOPHIX 00pabOTKa CHMBOJIOB
MIPOM3BOJIUTCS HENpEepbIBHO, 0e3 paszaeneHuss Ha OyIokU. YacThb KOJIOB OTHOCHUTCS K paspsay
JUHENHBIX, B KOTOPHIX KOJOBBIE IMOCJIEIOBATEIbHOCTH NMPEACTABIEHBl KAaK 3JEMEHTHI JIMHEHHOTO
BEKTOPHOTO MPOCTPAaHCTBa. MOXHO NPUMEHHTh TaKXke pa30MeHHe Ha KOJbI, HCIPABISAIOINE
HE3aBUCHMBbIE CTy4aiiHble OIMOKH, ¥ KOJIbI, UCIIPABIISAIOIINE MTAKETHBIE OIIMOKH.

B oTnmame ot 6510KOBBIX, CBEPTOUYHBIC KOBI 00JIAIAI0T CICAYIOIIUMHU TPEUMYIIIECTBAMHU:
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- CBEpPTOYHbBIC KOJBI IO3BOJIAIOT TMPOU3BOAUTH KOAMPOBAHME U JCKOJHPOBAHHE ITOTOKOB
TAHHBIX HETIPEPBIBHO BO BPEMEHH;

- CBEPTOYHbBIE KOJbI HE HYK/1al0TCA B OJIOKOBOI CHHXPOHU3ALINU;

- TIpPUMEHEHHE CBEPTOYHBIX KOJOB IIO3BOJSET JOCTUYb OYEHb BBICOKOM HAACKHOCTH
nepenaBaeMoi nHpopMaImm.

CBepTrouHblE KOJBl HCHOJB3YIOTCS MpPH HHU3KOM OTHOIICHWH CHTHAJI-IIyM, KOT/a
UCIPABIIAIONIEH CIIOCOOHOCTH OJOKOBBIX KOJOB MpU pazyMHOW [JIMHE OJI0OKa OKa3bIBAeTCs
HEZ0CTaTOYHO.

CBepTouHOE  KOAMpOBaHWE, yIOOHEe BCEro ONMCHIBATh, XapakTepusys JeicTBHe
COOTBETCTBYIOIIETO KOAMPYIOMIETO ycTpoiicTBa. Cgepmounblii KoOep TPEACTaBIIET COOOM
YCTPOMCTBO BOCHPHUHHMMAIOIIEE 3a KaXAblii TakT paboTel B oOOHmIEM Ciy4ae K BXOJHBIX
MH(OPMALIMOHHBIX CHUMBOJIOB M BBIJAIONIEE HA BBIXOJ 32 TOT € TaKT N BBIXOJHBIX CHMBOIIOB,
MOJUIeXKAIUX MIepeade Mo KaHary cBs3u. [lapameTpoM cBEpTOYHOTO KOAA, XapaKTEPU3YIOIIUM €T0
MOMEXOYCTOMYMBOCTb, SIBJISICTCS MUHUMAJILHOE CBOOOHOE paccTosinue — (¢, onmpeensieMoe Kak
MUHUMAJIbHOE PACCTOSIHHE MO XOMMUHTY MEX]y IMOCIeJ0BaTeIbHOCTAMHU CBEPTOYHOIO KOJa Ha
JUIMHE KOJOBBIX OTrpaHMYEeHH 1O BbIxoay. KomoBoe orpaHudeHue MO BBIXOIY — OTO YHCIIO
CHMBOJIOB Ha BBIXOAE Kozepa, B (OPMHPOBAHUU KOTOPBIX y4YacTBYeT OJUH BXOIHOH OWT.
3¢ (hexkTHBHOCTH CBEPTOYHOTO KOJa OIMpPENeIseTCs B OCHOBHOM TeM, KaKMM 00pa3oM COeIMHEHBI
CYMMAaTOpHI C TYCHKaMU PEerUCTpa CABHTa.

OrtHomenne R = k/n Ha3plBalOT OTHOCHTEIBHOW CKOPOCTHIO KOJA. BBIXOTHBIC CHMBOIIbI,
CO37laBacMble KOJIEPOM Ha JIAaHHOM TaKTe, 3aBUCAT OT K WH(POPMAIMOHHBIX CHMBOJIOB,
MOCTYNMUBIIMX Ha OSTOM M TPEABIAYIIEM TakTax. TakuMm o00pa3oM, BBIXOJHBIE CHMBOJIBI
CBEpTOYHOTO KOJEpa OJHO3HAYHO ONPEAEISIOTCS €ro BXOAHBIM CHUTHAJIOM U COCTOSTHHEM,
3aBHCAIIUM OT m-K Ipeapaynux HHGOPMAIIMOHHBIX CHMBOJIOB.

OCHOBHBIMHU 3JIEMEHTaMHU CBEPTOYHOI'O KOJEpa SIBIAIOTCA: PETUCTP CABHUIa, CyMMAaTopbl IO
MOJYJTIO 2 1 KOMMYTaTop.

Pecucmp cosuea sBnsieTcs AMHAMMYECKHUM 3allOMHHAIOIIMM yCTPOWCTBOM (pUCYHOK 3.55), B
KOTOPOM XpaHATCs ABOMYHbIe cUMBOJIBI 0 uiu 1. Yucno TpUrrepHbIX si9eek M B perucTpe CABUra v
orpeiesIAeT MaMATh KoJa. B MOMEHT mocTymiieHus Ha BXOJl perucTpa HOBOTO MH(GOPMAIIMOHHOTO
CHMBOJIa CHMBOJI, XDPaHSIIMWACS B KpalHEM WIPaBOM pa3pse, BBIBOJAUTCS W3 PETUCTpa H
cOpaceiBaercsi. Kakaplii M3 OCTaIbHBIX, XPAHSIINXCS B PETHCTPE CHMBOJIOB IEpEeMeIIaeTcss Ha
OJIMH pa3ps]] BIIPaBO, OCBOOOXK/1asi TEM CaMbIM KpalHUU JIeBBIN pa3psll, Ky/la U MOCTYyIaeT HOBBII

MH(POPMAIIMOHHBIN CUMBOIL. [6]
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6) % 1 |_| 5 I I 3 I I -Bmxn,u,

Puc. 3.64. Peructp casura

Hcnonb3yrloTcsi 1Ba Ppa3iIMYHBIX H300paXKEHUS PETUCTPOB CABHra: C COCTHIKOBAHHBIMHU
BIIPUTBIK sUelKamMM (PUCYHOK 3.64, a) U ¢ HENOCPEICTBEHHBIMHU IOCJIEIOBATEIbHBIMU CBSI3IMU
MeXIy suyeikamu (pucyHOK 3.64, 6), 4TO JaeT BO3MOXKHOCTb Ha CX€MaX BCTPauBaThb MEXKAY
COOTBETCTBYIOLIMMH sTYeHKaMU JO0OABOYHBIE HIEMEHTHI (CXEMbl CYMMUPOBAHUS 110 MOAYIIO 2).

Cymmamop no mooynto 2 OCyIIECTBIISIET CIIOKEHHUE MOCTYMAOUINX Ha €ro BXOAbI CHMBOJIOB 0 1
1. IIpaBuio cinoxeHUs O MOAYNIIO 2 CIeAyIoLee: CyMMa JIBOMYHBIX CHUMBOJIOB paBHa 0, eciu
YHUCJIO0 €AMHMII CPEeA INOCTYMAloIIMX Ha BXOAbl CUMBOJIOB YETHO, U paBHa 1, €CiM 3TO YHUCIO
HEYETHO.

Kommymamop ocymiecTBiIIeT NOCIEA0BAaTENbHOE CUUTHIBAHME MTOCTYNAIOIUX HA €r0 BXOIbI
(KOHTaKTbl) CUMBOJIOB U YCTaHABJIMBAET HA BBIXOJE OYEPEIHOCTh IMOCHUIKM KOJIOBBIX CUMBOJIOB B
KaHaJ CBS3U.

[To anamorum c OJIOKOBBIMH KOJIAMH, CBEPTOYHBIE KOABI MOXKHO KIACCU(PUIMPOBATH Ha
cucmemamuyeckue U Hecucmemamudeckue.

Cucmemamuyeckum CBEPTOYHBIM KOJIOM SIBIISIETCSA TaKOM KOJ, JUIsi KOTOPOTO B BBIXOJHOMN
MOCJIEIOBATELHOCTH  KOJIOBBIX CHMBOJIOB COAEPKHUTCS 0€3 U3MEHEHUs IMOpoJuBLIas ee
M0CJIe/I0BATENbHOCTh MH(OPMALMOHHBIX CHMBOJIOB. B TNpOTUBHOM cllyyae CBEPTOUHBIA KOJ
ABJIAETCS. HECUCTEMAaTUYECKUM.

CBEpTouHBIf KOA  CO3/MaéTcs  MPOXOXKIACHHEM IepenaBaeMoll  MHGOpPMalMOHHON
IIOCJIEI0BATEIbHOCTH 4epe3 JIMHEWHBIN CIBUTOBBIM PErHMCTP C KOHEYHBIM YHUCIOM COCTOSHHW. B
o01iem, peructp capura coctouT u3 M (M-OUTOBBIX) sYeeK W JMHEHHOTO Mpeodpa3oBaTess,
COCTOALIETO M3 N (YHKIMOHAIBHBIX T'€HEPATOPOB M BBHIMOIHAIOLIET0 anreOpanyeckue (GyHKIIHH,

Kak MoKa3aHo Ha pucyHke 3.65.
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mM - pazpagHbIi
pervcTp casMmra

BxopgHaA
nocneaoEaTelbHOCTE

n cymMmMaTopos
no piogynw 2

Mocn enosarTeneHOCTE
HOOOoB0ro cnosa

Puc. 3.65. O0muii Bu1 CBEpTOYHOTO KoJiepa

BxonHble naHHbIE K KOZEPY, KOTOPBIE CUMTAIOTCS JBOMYHBIMU, IPOJIBUTAIOTCS BIOJIb PETHCTpa
ciBura 1o K Out 3a pa3. Yucio BBIXOAHBIX OWTOB I Kaxmaoi K-OMTOBOW  BXOJHOM
nocJeaoBaTebHOCTH paBHO N. ClieoBaTe/ibHO, KOJOBas CKOPOCTh, ompenenéHHas kak R = k/n ,
COIJIacyeTcsl ¢ OMpeieNIieHneM CKOPOCTH OJIOKOBOTO KOJIa.

IIpencrasiieHue cBepTOYHBIX KOJ0B

I'padmyeckoe npeacrasiaenune

Paccmotpum cBEPTOUHBIN KOAEp CO CKOpPOCThIO kona 1/2, ero rpaduyeckoe npeacTaBiecHUE
MOKa3aHo Ha pucyHke 3.57. B aTom kojepe Kakaplid pa3, WHOOPMALMOHHBIA OUT MOCTyMaeT Ha
BXO/Jl PETUCTPOB C/IBUIa, a HAa BbIXO/I€ TEHEPUPYETCs JIBa OUTAa.

B sToM konepe kaxaplii pa3, nHGOPMAIMOHHBIN OUT TOCTYNAaeT Ha BXOJ PETUCTPOB CABHra, a
Ha BBIXOJI€ TeHEepUpyeTCs Ba OuTa.

B kauecTBe mpumepa paccMOTpEeHa CHUTyalus, KOTJa Ha BXOJ KoJepa NOJAETCsl HeKas
MOCJIeIOBATEILHOCT, HMH(pOpMaMOHHBIX cuMBOJoB V= 1 1 0 1 O 1 Ha BeIXOZE HMEeM
nocnegosarenbHocte U = 11 10 00 10 00 01. Ilponecc o6pazoBaHusi BEIXOAHBIX CHMBOJIOB JIETKO

BOCITPOU3BCCTH B YMC I'JIA A1 HA pUCYHOK.

O Cysmarop |
/TE\\_ i
BXOJIHEIC F‘F{'l'hl =
AR 001011 'Q. BBIXO/HBIC OHTHI
e LY
> >

110101 7 11 1000 1000 01
\ / 100001 :

O g =101

Cymmarop 2

Puc. 3.66. Céprounsiii kogep ¢ K= 3, k=1,n=2
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Crapime pa3psaasl BXOJHBIX WHPOPMALMOHHBIX OUT sl yI0OCTBa pacroiararoTcs CIpaBa U
MOCTYMAIOT B PETUCTP CABHUra nepBbIMHU. [Ipy MOCTyIUIEHMM Ha BXOJ[ pErMCTpa OJHOro OWTa, Ha
BbIXOZaX cymmaropa 1 u cymmartopa 2 oOpasyercs MO OJAHOMY OUTY, KOTOpble B JajbHeiIieM
MOOYEPETHO CUYUTHIBAIOTCS KOMMYTATOPOM M 00pa3yIOT BBIXOAHYIO IIOCIIE0BATEIbHOCTD.

Bonee nonpo6HO Beck mporece koaupoanus nHpopMarmornHoro moroka 00...101 mpuBeneH B

tabmuie 3.3.
Tab6muma 3.3. [Iponecc koaupoBaHust HHGOPMAIIMOHHOTO MTOTOKA
No Bxon Coctost Cymmarop 1 Cymmar Brixoan
TaKTa HOU HHUE op 2 bIE KOJIOBbIE
uHpopMall | perucTpa KOMOWHAINUN
WOHHBIN cIBUra
our
0 - 0000 -
1 1 1000 16060=1 19 11
00=1
2 0 0100 0@ 0p0=0 0% 01
160=1
3 1 1010 15160=0 15 01
00=1
4 1 1101 16061=0 19 01
11=1
5 0 0110 0&16p0=1 0@ 11
160=1
6 1 1011 1811=1 16 10
01=0

B nanHoO# Tabnuile BUIIHO, KaK MEHSETCS COCTOSIHHE pEerucrpa CIBHra C MPUXOJOM HOBOTO
nH(OpMaIIMOHHOTO OWTa, MOKa3aH M Mpolecc 00pa30BaHUS BBIXOJHBIX KOJOBBIX KOMOWHAIUH
o0pa3yeMbIX B pe3yJbTaTe CYNTHIBAHUS KOMMYTaTOPOM CUMBOJIOB C 000UX CyMMaTOPOB.

IMosmmHOMMAILHOE TIPeCTABICHUE

HWuorma ces3u KOZCpa OMHUCBIBAIOTCA C IOMOLIBIO HOJAUHOMUATIbHO2O ceHepamopda,
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aHAJIOTHYHOTO HCIIOJIb3YEeMOMY JUISL OIMCAHMs pealn3alii oOpaTHOW CBSI3M PErHcTpa CIBUTA
MUKIMYECKHX KoJ0B. CBEpTOYHBIH KOAEP MOXKHO TIPEACTaBUTh B BHIE Habopa U3 7
MOJMHOMHUAIIBHBIX TE€HEPAaTOpPOB, MO OJHOMY JUIS KaXXIOro U3 7 CyMMaropoB IO MOXIYTIO 2.
Kaxnpiit monmuHOM mMeeT mopsiiok K - 1 WiIM MeHbIIE M ONMCBHIBACT CBSA3b KOAMPYIOLIETO
perucTpa cIBUra ¢ COOTBETCTBYIOIIMM CYMMAaTOPOM IO MOAYIIO 2, MMOYTH TaK ke KaK U BEKTOP
csi3u. Koadduumentsr Bo3ne kaxmoro ciaraemoro mnoiuHoMa nopsiaka (K - 1) pasasl aubo 1,
160 0, B 3aBUCHMOCTH OT TOTO, UMEETCS JI CBSI3b MEXIY PETHCTPOM CIBHra U CyMMAaTOPOM IO
Moayito 2. [7].
Jlns Kojepa Ha pUcyHKe 3.57, MOYKHO 3alKcaTh MOJMHOMHUAIBHBIN TeHepaTop Ji1(X) ms
BEpXHHUX CBsi3eil U gz(X) - Ui HIKHUX.
gu(X) = 1+ X + X%, gp(X) = 1 + X
31eck ciaraeMoe camMoro HIDKHETO IOpsAKa B IOJIMHOME COOTBETCTBYET BXOIHOMY
paspsiiy peructpa. BbixojgHas MOCIENOBATENBHOCTh HAXOAUTCS cieayrommm obpazom:U(X) =
m(X)g1(X) uepemyercst ¢ my(X)g2(X).
[Tpexxne Bcero, HEOOXOIMMO BBIPA3UTh BEKTOP HEKOro coodmenus M =10 1 B Buge
nomuuoMa, T.e. M(X) = 1 + X% Jlis OYMCTKH perncTpa MpeIronaraeTesi HCIoNb30BaHIe HyIIei,
clenyloumx 3a Ourtamu cooOmenus. Torma Beixomsamui noimumHoM U(X), WM BbIXomsimast
nocnenoBarenbHocTh U Konepa (pucyHok 3.57) st BXOJHOTO COOOIICHHSI M MOXKET OBITh HalJieHa
CIIEIYIOLIUM 00pa3oM:
m(X)gi(X) = (1+X)(1+X + X ?)=1+X + X3+ X*
m(X)g2(X)=(1+X*)(1+X*)=1+X"

M(X)g1(X) =1+X+0X2+X3+X*
mM(X)ga(X)=1+0X+0X>+0X>+X*

UX)= (1,1)+(1,0)X+(0,0)X? +(1,0)X>+(1,1)X*
U=111000 10 11
B stom MIpuMEpPEe KOACP OBLIT NpEACTaBJICH B BUAC NOJUHOMUAIIbHbIX ceHepamopoe, C
MMOMOIIBIKO KOTOPBIX OMUCBIBAKOTCA NUKIIMYCCKUC KOJbI [7] Tonunomuanvuvie cenepamopbl Kodepa
U306panC€HH020 HA pUcCyHKe 2.57 max sce ModHcHO npedcmaeumb 6 6’1408 B6EKMOpPOB:
01= [111] Q= [101]
IIpeacrasienue B BHAe KOAOBBIX [IPE€B, PEIIECTOK U AHATPAMM COCTOSTHUI
ITomumo T pa(I)I/I‘-ICCKOI‘O 1 NMOJIMHOMHAJIBHOI'O MPEACTABJICHUA HUMCIOTCA TPU AJIbTCPHATUBHBIX
MCTOHA, KOTOPLIC YaCTO HUCIOJB3YHOTCA IJId OIHMCAHHUA CBépTO‘-IHOl" 0O KoOJa. 9t10 APCBOBUHAA

quarpaMmMa, pelieryaTtas JAuarpaMmMa Mo JuarpaMma CcocTosiHui. Jlins mpumepa, IpeBOBHIHAA
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JuarpaMma JJis CBEPTOUYHOIO KOJEpa, MOKa3aHHOTO Ha pUCYHKE 3.57 WILTIOCTPUPYETCS Ha PUCYHKE
3.58.

PaccmoTpum CBEPTOUHBIN KOI cO ckopocThio 1/2, K=3, onucaHHblil paHee W MOKa3aHHBIA Ha
pucynke 3.57. IlepBsoiit BxogHoM OUT MOkeT ObITh 0 Mau 1. COOTBETCTBYIOIIHME BBIXOIHBIC OUTHI —
00 umu 11. Kornma cnenyrommii OUT BXOJHUT B KOJEP, MEPBBI OUT MEpEABUTACTCS B CIEAYIONIYIO
s4yeiiky. COOTBETCTBYIOUIHE BBIXOJHBIC OMTHI 3aBUCAT OT OHMTA, MMEPEMECTHBILETOCS BO BTOPYIO
SYeiiKy U HOBOro BXOAHOro Outa. CrenoBaTellbHO, IPEBOBHIHAS AMAarpaMMa JJis 3TOro Koja,
[I0OKa3aHHasl Ha puUcyHKe 3.58, mMeeT JBE BETBU Ha Y3€J, COOTBETCTBYIOIIUE JBYM BO3MOXHBIM
BXOJHBIM CHUMBOJaM. JKupHoi#l 1uHUeH Ha pucyHKe 3.58 0003HaueH MyTh, [0 KOTOPOMY OBbI IIET

KOJIep, eciii Obl BXOJJHOW KOMOHMHAIMEH Oblia rmocieaoBareabHocTh 101.

a 00
a 00 ——
a 00 b 11
C 10
0 b 11 b—m o~
a 00 d 0l
a 11
] ¢ 10 —
b 00
b 11 c 0l
d 01 —
d H]l;

TakThl KOXMPOBANKHA to i | iz t_l

Puc. 3.67. JIpeBoBuaHas auarpamma Jjisi CBEPTOYHOrO KO/1a, UMeroliero napamerpsl K= 3,
k=1,n=2
[TockonbKy KOZOBOE OrpaHWYeHHe 1o Bxoxy komepa K= 3, a 3HauuT aepeBO HAYHET
MOBTOPATHCS MOCie TpeThero mara. Kak mokasaHo Ha pucyHke 3.58, Bce BETBHU, HCXOASIIUE U3
y371a, 0003HauEHHOro a (COCTOSHUS &) JalOT MIACHTUYHbIE BBIXOAbL. [lyTeM ciMsHuSA Y370B,
MMEIOIINX OJIMHAKOBOE Ha3BaHUE, MBI IMOJIy4aeM PELIETKY, MOKa3aHHYI0 Ha pucyHke 3.68. Ha ném
KUPHOHN JHMHUENH 0003Ha4YeH MyTh MO KOTOpOMY OBl LIesl KoJep, eciau Obl BXOJIHOM KoMOWHaIuen
Obla mocienoBareabHOCTh 1100, B TakoMm ciiydae Ha BBIXOAE uUMenach Obl komOumHarms 11 01

01 11.
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Puc. 3.68. Peméruaras nuarpamMma Jjist CBEPTOYHOTO KOJIa, MMEIOIIETo IMapaMeTphl
K=3,k=1,n=2

[TockonbKy BBIXOA KOJEpa ONpEeNensieTcs BXOIOM U COCTOSHHEM Kojepa, emé Ooiee

KOMITAaKTHOM, YeM peméTKa, sBJISICTCS AUarpaMMa COCTOSIHHM. J[marpaMMa coCTOsTHHI — 3TO rpad

BO3MOXXHBIX COCTOSIHUM KOJiepa M BO3MOJKHBIX IEPEXOJ0B U3 OJHOIO COCTOSIHUS B JIPYIOE.

Htorosas JuarpaMma COCTOSIHUM UL OTOT0 KOACpa ITOKa3daHa Ha PUCYHKC 3.60.

00

1 a=00

Broguoi owr | oo-- . s —  Bxoguon our 0
1]

Puc. 3.69. Jlnarpamma cocTosiHU#M 17151 CBEPTOUHOTO KOJ[a, UMEIOILEro MapaMeTphbl
K=3,k=1,n=2

Jnst 00O0OIIEHHsT CTOUT OTMETUTh, YTO CBEPTOYHBIA KOJ CO CKOPOCTHIO K/N M KOJOBBIM

orpannyenneM K xapaktepusyercs 2€ BeTBAMH, YXOISIMMH OT KaXIOTO y3la Ha JIPEBOBHIHOI

quarpamme. Pemietka u amarpamma coctostiHMii mMeror (kaxmas w3 Hux) 2V BosmoxmHbIX

o k “ k o
cocrossHuii. Mmerores 2 BCTBCH, BXOJAIIMX B KaXA0€ COCTOAHHEC, U 2 BCTBCH, IHNOKHWIAIOIINX

KaXXJJ0€ COCTOSHHUC ()IJ'IH peHIéTKI/I n ACpEBa OTO BEPHO IOCJIC HACTYIJICHUA YCTAHOBUBLICTOCH

pexuma) [1, 10].
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MeTtoasl 1eKOAUPOBAHUSA CBEPTOYHBIX KOA0B
Metoa noporoBoro 1eKOAUPOBAHUSA
[Ipu moporoBoM JeKOJAUPOBAHUM CBEPTOUHBIX KOJOB BBIYUCIIAIOTCS CUHAPOMBI (IIPU3HAKU

MeCTa OLIMOOYHBIX CHUMBOJIOB), 3aT€M 3TH CHUHAPOMBI WU MOCIEAOBATEIbHOCTH, MOJIYYCHHbIE
MOCPEJICTBOM JIMHEHHOTr0 MpeoOpa3oBaHUsl CHUHAPOMOB, MOJAIOTCS HA BXOJbl TOPOTOBOTO
AJIEMEHTA, TJ€ NyTEeM “TOJO0COBaHUA~ (Ma)KOpPUTApHBIH METON) U CPAaBHEHMsI €0 pPEe3yJbTAaTOB C
MOPOTOM BBIHOCHUTCSI pELICHHE O 3HAYEHHH JEKOAMPYEeMOro cumBosia. OCHOBHOE JOCTOMHCTBO
3TOr0 MeTOoJa JEeKOAMPOBAHUS — MPOCTOTa peanuszanuu. OAHAKO OH HE IMOJHOCTHIO PEaTu3yeT
MOTEHIMAJIbHBIE KOPPEKTHUPYIOIIUE CHOCOOHOCTH cBepTouHOro koxaa. Kpome Ttoro, He Bce
CBEpTOYHBIE KOJbI MOTYT OBITh JIEKOAMPOBAaHBI 3TUM MeTonoM. lloporoBoe aekoaupoBaHuE, Kak
MpaBWJIO, NPUMEHSAETCA [UIsl cUcTeMaTthdeckux KoaoB. [1]. OOmas cxema jgexoxepa Ais
cBeprouHoro koaa (R = 1/2) npencrasnena Ha pucynke 3.70.

HenpasncHHBE
— CHMBOIEL

. -
HucpopranmoH sl persc 'T'| HM_I_J -
v Y

o mroe

l
1 F k =

- o~

Bixon ﬁ'ﬁ“"
T DOpaTHag CBAL

1 A e
,_,.I Trl}i_"'kia}_h CHHAPOMHBIR perncTp

i

s

JlorHueckas cxema
ey [

[ ".H-J'.EHFIH1'ELFIH1-]II ANMEMOCHT 'I
| Henpasnenue

| CHHXPOHHZATOD

Puc. 3.70. Ob6mas cxema aexoaepa Jijisi CBEpTOUYHOTO KOJia

Jlexonep COAEpKUT aHalor Koiepa, B KOTOPOM IO MPUHHUMAEMbIM HH()OPMAIIMOHHBIM
CHUMBOJIaM B CIBHUTAIOIIEM perucTpe (popMHUpyeTcsi KOMUs MPOBEPOYHON MociienoBaTelbHOCTH. C
STOM TENBhI0 CMHXPOHHM3ATOP JIeKoJepa ¢ MOMOIIb0 Kiroder 1 u 2 “pacdacoBbiBacT” BXOIHYIO
MOCNE0BATEIbHOCT, CHUMBOJIOB Ha 2 TOTOKa — WHGOPMAIMOHHBIE ¥  TMPOBEPOYHBIH,
CUHXPOHHU3ATOP YIpaBIseT paboToil Bcero aeKoaepa.

B dopmupoBaresne cunapoma (cymmaTope 1mo Moaysto 2) o0pasyercs Mociae0BaTeIbHOCTh
CHHIPOMOB S, KOTOpas TMOCTYMaeT Ha BXOJ CHHIPOMHOTO perucrpa. B OTCyTCTBHE B KaHaie
OIMOOK TOCIeNOBAaTeNFHOCTH Ha BXOAaX (opMUpOBaTeNsl CHHIpPOMA BCEra COBMANAIOT, U
CUH/IPOMHASI TIOCTIEIOBATEIbHOCTh COCTOUT W3 ONHUX Hyned. PasnuunpiM Habopam ommoOOK
COOTBETCTBYIOT OIpE/IeICHHbIE KOHPUTYPAIIUHA CUHIPOMHBIX MOCIEA0BATEIHHOCTEN, B KOTOPBIX Ha

OIMPCACIICHHBIX MO3UIUAX IMOABIAIOTCA CANHUYHBIC CUMBOJIBL. 3akoH (bOpMI/IpOBaHI/ISI IMPOBEPOUYHBIX
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CHUMBOJIOB BBIOMPAETCS TaKUM OO0pa3oM, 4TOOBI MO CTPYKType CHHIPOMHOM IMOCIIEI0BATEILHOCTH
MOJKHO OBLIO OIMPENeTUTh HCKAKEHHBIC CHMBOJIHI.

Jlornyeckasi cxema ONpelneNseT M0 CHHIPOMY IPaBHIBHOCTh 3allUCAHHOTO B
WH(POPMAIIMOHHOM PperucTpe OJioka MH(POPMAIMOHHBIX CHMBOJIOB. Ecim mMeeTcss KOMOWHAIUS
OIMOOK, KOTOpasi MOXKET OBITh HCIIPABJICHA, TO JIOTHUYECKas CXeMa HCIPABIISACT OMHUOKHA B 3TOM
OJIOKE IMyTeM IOJIaYll SIUHUYHBIX CUMBOJIOB HA BBIXOJHYIO CXEMYy CYMMHPOBAHUS 110 MOAYIO 2 B
MOMEHTBI BBIXOJIa U3 HH(POPMAIIMOHHOTO PETUCTPa HCKAKEHHBIX CHMBOJIOB.

OmmbOKyu, HCIpaBIsEMbIE B OUYEPETHOM HH(GOPMAIIMOHHOM OJIOKE, MOTYT BIHATH Ha
CUMBOJIBI CHHPOMOB, COOTBETCTBYIOIIUX TMOCIEIYIOIIMM OJIOKaM, MOCKOJIBKY CBEPTOYHBIC KOJIBI
HEnpepwIBHBL. {711 TOTO 4TOOBI JEKOAEpP CMOT MOJHOCTBHIO PEAM30BaTh CBOM KOPPEKTHUPYIOIIUE
BO3MOJKHOCTH, CIICAYET UCKJIFOUUTH BIUSHHE 3TUX OMHUOOK. DTO MOXKET OBITh JOCTUTHYTO 32 CYET
o0paTHOM CBsI3U, KOTOpasi Ha cxeMe (PUCYHOK 3.62) mpecTaBiieHa MyHKTHPHON JIMHUCH.

OOparHast cBsi3b IpeoOpa3yeT CHHAPOMHBIN PETUCTP MPSIMOTO JCUCTBUS B HEITUHEWHBIN
perucTp cuBura C OOpaTHOH CBS3bIO. OJTO MOXKET IPUBECTH K SBJICHUIO, HAa3bIBAEMOMY
pasMHOXeHHeM omrOoK. HencnpaBumbie ommOKy B KaHaJIe MOTYT BBI3BaTh IIEPEXO0/i CHHAPOMHOTO
perucTpa B TakOe COCTOSIHHE, YTO U TIPU OTCYTCTBHH aITATHBHBIX OIMIMOOK B KaHaJe JEKOep OyaeT
MPOJIOJKATh BCET/Ia JCKOAWPOBATh HENMPaBHWILHO. [IprunMHA 3TOTO COCTOMT B TOM, YTO BBIXOJ]
HEJIMHCWHOTO PETHUCTpa CIBHra C OOpaTHOW CBS3bID, KOTJAa HA €ro BXOJ IOCTYIAET HYyJeBas
MOCJIeIOBATEIBHOCTD, @ HAYaJIbHOE COCTOSTHUE — HEHYJIEBOE, MOXKET OBITh IEPUOAUYCCKIM [6].

IHocnenoBaTenbHBIN AJITOPUTM AEKOAHPOBAHUSA

[Ipn paccMOTpeHHH QJITOPUTMOB ITOCIICIOBATEILHOTO JCKOJUPOBAHHS — YIOOHO
MPEJICTaBJIATh CBEPTOYHBIN KOJI B BUE KOJOBOTO JepeBa. Kak yxe oTMeJalioch paHee, HCXOIHOMY
HYJIEBOMY COCTOSIHUIO CJBHTAIOILIETO PETUCTpa KOJEpa COOTBETCTBYET HAdalbHBIN y3el Jepena.
Ecnu BxogHoW wuH(OpPMALMOHHBIA CHMBOJ, TMOCTYMAIOIIMA B PErUCTp paBeH 1, To emy
nmpuUnHchiBaeTcs uHus (pedpo Aepesa), wayias, Kak MPUHATO HA 3TOM PUCYHKE, BHH3, a €CIU
nH(QOpMAMOHHBIA cuMBON paBeH (0, — TO BBepX. Tem caMbIM TOJydaeM JiBa HOBBIX Y34,
COOTBETCTBYIONIUE CIIEAYIOMIEMY TaKTy pa0OThl KOJepa, M KaXJIOro H3 KOTOPBIX JEpEeBO
CTPOUTCS 1ajiee aHAJIOTUYHBIM 00pazoM, U Tak fganee. Hax kaxapiM peOpoM JiepeBa 3aluChIBarOTCS
KOJIOBBIE CHMBOIIBI, IOJy4aeMble TpPU OTOM Ha BbIXoJe Kojaepa. COBOKYIMHOCTh HECKOJIBKUX
MOCIIEI0BATEIBHBIX pedep, COSAMHIIONTNX KaKue-TM00 JBa y371a, COCTABIISICT BETBb JIepeBa.

Kaxxnas mocienoBaTeIbHOCTh KOJUPYEMBIX HH(POPMAITMOHHBIX CHUMBOJIOB TOPOXKIAET
OTpeAeNieHHBI TyTh MO KOAOBOMY JepeBy. OueBMAHO, 3a7auda JAEKOJepa 3aKIouyaeTcsl B
OTBICKAaHUU HCTUHHOTO (MIPABWJIBHOTO) MYTH, TO €CTh TOT'O MYTH, KOTOPBIA B JCHCTBUTEIHLHOCTU

ObLT TOpOXK/IeH KogepoMm [1].
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Takum o00Opa3oM, MpH adrOpuTMax IOCIEAOBATEIBHOIO JIEKOAMPOBAHUS JIEKOJEP
ompezesser Haubosee MpaBAONOA00HBIN MyTh 110 PEIIeTKe, YTO MO3BOJSACT UCKIIOUUTD U3 aHAIN3a
OO0JIBLIYIO YAaCTh OCTAJIBHBIX ITyTEH, UMEIOLINX MEHblIee IpaBaonotooue.

Jisa 3Toro, cHayana HEOOXOAMMO IEPEIBUIaThCS I[OOYEPEIHO BJOIb KAXKAOIO IyTH
KOJIOBOM PELIETKH, CPABHUBAS MIPUHATYIO II0CIEI0BATEIBHOCTh CO 3HAYCHUEM, COOTBETCTBYIOIUM
MyTH, TI0 KOTOPOMY TPOMCXOJHUT JBUXKEHUE. Eciau mpu 3ToM ymaeTcst oOHapyKUTh HEKOTOPBIN
IyTh, 3HAYEHUE KOTOPOrO, COBIANAET C IPUHATOM IOCIEIOBATEIBHOCTBIO, TO E€CTECTBEHHO
CUMTATh, YTO 3Ta MOCIENOBATEILHOCTD U II€PEIAaBAIIACS.

Ecnu ObITh TOYHEE, MPOUCXOMUT CpaBHEHHWE NPUHATON KOMOMHAIMKM C KOMOMHALUSMHU
BO3MOKHBIMH ISl TAHHOTO Iiara JekoaupoBanus. [lyTe cumraercss Hambosiee mpaBaoNo 00HBIM,
€CIK  METpUKa  MEXKIYy [PUHATOM  IOCIENOBAaTEIBHOCTBIO M IOCJIEN0BATEIBHOCTHIO
COOTBETCTBYIOILIEH JAHHOMY IIEPEX0Y MUHUMAJIbHA.

Pe3stomupyem: Ha KakJOM IL1are JA€KOJUPOBAHUS Mbl UMEEM JBa UCXOAIINX U3 y3Ja MIyTH.
CHayasia Mbl BBIYUCIIIEM PACCTOSIHME XEMMUHIAa MEX]ly IPUHATON KOMOMHanuel 1 KoMmOuHaluen
COOTBETCTBYIOLLIEH OJHOMY HCXOIALIEMY ITyTH, 3aTEM BBIUUCIISIEM PACCTOSIHME XEMMMHIa MEXIY
OpUHATOW KOMOMHanued M KoMmMOuHalMel CcooTBETCTBylolled BTopoMy nytu. Ilocine uero
BBIOMpaEeM TOT IyTh, 3HAUYEHHE PACCTOSHUS XEMMHHra KOTOpPOro MeHsbine. JlaHHBIA mporecc
I0Ka3aH Ha pucyHke 3.71. B naHHOM ciiydae nepexos BHM3 IO pelieTke OyAeT cuuTarbest Hanbosee
IIPaBJONOI00HBIM, TaK KaK pacCTOSIHUE XEMMMHIa MEXAy 3HAaU€HHUEM COOTBETCTBYIOIIEMY 3TOMY
nepexoay U MPUHATON KOMOUHAIMEH SBIseTCS HAUMEHBILNM.

MpuHATas nocnegoearensHocTe: 11

11

-2
0o

O ' O
AY
%
O O
O O

Puc. 3.71. BeiOop myTH ¢ HAMMEHBIIUM PACCTOSHHEM XOMMUHTA
Jlexoziep BBIMIOJHSIET ONEPAIMIO BEIOOpA IMMyTH C HAUMEHbIIEH METPUKOM 10 TeX MOop Moka
HE CTOJKHETCS C HEOJAHO3HAYHOCTBIO, TPU KOTOPOM NMPUHATH PEIICHHE O TOM KaKOW ITyTh SBIISETCS
KpaT4alllliM He Mpe/ICTaBIseTCs] BO3MOXKHBIM H3-3a TOIO YTO PACCTOSHUS XEMMHHIa MEXIy

HpHHﬂTOfI MOCJICAOBATCIIBHOCTBIO U 3HAUCHUAMU JIBYX BO3MOKHBIX U HYTeﬁ OJIMHAKOBEL. B 3TOi
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CUTYaIluu JEKOJEP BBIHYXKJICH MPOBEPUTH 002 BO3MOXKHBIX ITYTH, M IO CIEAYIOUIUM METPHUKaM
IIPUHATH PEIIEHNE KacaeMO HEONPEAeIEHHOCTH.
B Hamewm e ciydae, eciu paccTosiHUS XEeMMHHTra Jjsi 00OMX IyTeH OJUHAKOBBI, TO
npuderaem K >KeCTKOMY METOJTy MIPUHATHUS PELUICHUH U OJIB3YeMCsl CIISAYIOIIUM TPABUIIOM:
e Ecmm mpl HaxomuMmes B y3iae 00 wim 11, m mpunuia komOunamus 00 wm 01 —
CUMTAEM UTO NepeaaBaiicst HOJb, 10 nnu 11 — enununa.
e Ecmu mp1 Haxoaumcs B y3ie 01 nimu 10, u mpunuia komOunanus 00 uiau 01 —cuuraem
4yTO nepenaBasack eaAuHuNa, 10 win 11 — Homb.
AHAJIOTUYHBIM 00pa3oM JEKOAEpP NPOAOJDKAET YIIIyONsAThCS B PEUIETKY M MPUHUMAThH
pelieHus, Kacarouuecss THPOPMAIIMOHHBIX OMTOB, YCTPAHSsI BCE MMYTH, KPOME OJHOTO.
Ha pucynke 3.72 wuzobpaxkeHa cuTyalnus KOrja Ha BXOJA JIeKoAepa IOCTYyMaeT
MOCJIeIOBATEIBHOCTh, B KOTOPO OWTHI BBIJICIICHHBIC IIBETOM 3aBEIOMO HCKa)KEHBI TaK, KaK 3TO

OBLIBacT B PCAJbHBIX KaHaIlaX CBA3U.

HexopgHoe coobueHue: 11101
Mepepaeaeman nocnegoeatensHocte: 11 00 10 01 01 00
MpuHATaR nocnegoeaTensHOCTE: 10 01 11 00 01 0O

00

01

10 10 O

11 11 O

JAexkoaupoeaHHoe coobueHue: 1 1 1 1] 1

Puc. 3.72. Pemeruatas tuarpaMma 1ocjieZioBaTelIbHOTO JIeKoaepa
CpaBHenue ajaropurma Butepou ¢ nociegoBateibHbIM aJIrOPUTMOM
[IpyHuMnuanbHOE OTIWMYME aiaropuTMa Butepdu  OT MOCIEIOBATENBHOTO —aJropuUTMa
JEKOJUPOBAHUS 3aKJII0OYAETCS B TOM, YTO aIropuT™M ButepOu mpuHuUMaeT pemeHune no CyMMapHbIM
METpUKaM IyTel, IPUYEM B y37aX, [I€ 3TH IyTU CXOAATCA. DTOT LIar B MPoLecce IEKOANPOBAHUS

[IOKa3aH Ha pucyHke 3.65. (MeTpuKku 0003HAUYEHbI JaHHBIM 00pa30M JIJIsl HATJISIAHOCTH).
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10 O

11 O

M2 wiara: 1 2 3 4

Puc. 3.73. Pemeruaras nuarpamma nexkojaepa Butepou

Takum oOpa3om, eciu Obl B CHTyalluH, MPEACTaBICHHOW Ha pucyHkKe 3.64, Mbl MPUHUMAIA
pelleHre Ha OCHOBE IOCJIEJ0BATEILHOTO AITOPUTMa, TO Ha IEPBOM U BTOPOM IlIare JAeKOJUPOBaHUS
MBI IOPUHSIM OBl pelleHue WATH BHU3 IO PEUIeTKe, BhIOMpas KpaTdallive METPUKH XEMMMHra.
OnHako B TakOM cilydae Mbl Obl HE yWIM METPHKHU TOCIEAYIOMIMX BETBEW HAIEro, Ha IMEpPBBIM
B3IJISLJI KpaT4yaIero myTH, KOTOpble Ha IIare TP M YeThIpe CHIBHO BO3PACTAlOT, a 3HAYMT,
BbIOpany Obl HE caMblii KOPOTKUH IyTh NpH JekoaupoBaHuu. [lostomy, amroputm BurepOu
ABJISICTCA ONTUMaIbHBIM. OJHAKO OH CIJIOKHEE IOCJIEOBAaTEIbHOTO KaKk B MOHMMAaHHUM, TaKk U B
peanu3anyn. B kauecTBe METPHUKH BBICTYIIAET PACCTOSTHUE XEMMHUHTA.

IIporpammHuas peaju3anus CBEpTOYHOI0 KoJepa

IToaroroBka JaHHBIX K KOJMPOBAHUIO

CHauaza, CUMBOJIbI, BBEJICHHbIE C KJIaBHATYpPhl aCCOLUUPYIOTCS CO CBOUMH JI€CATHUHBIMU
sHaueHusMu B Tabmuie ASCIIl. 3arem, ASCIll-xon cuMBoma mepeBOAUTCS B BOCHMEPHYHYIO
CHCTEMY UCUUCIICHUSI.

Panee Obul 00bsBIEeH MaccuB — «Bit Array()», KOTOpblii umeerT 8 suyeek, B KOTOPBIX
COJZIEpKUTCS JBOMYHOE TpezcTaBieHue yucena oT 0 go 7. Tak Kak BOCbMepHUYHAs CUCTEMa MUMEEeT
Bcero BoceMb 1udp (0-7) To mepebupaercss maccuB B 1ukiie oT 0 10 7, U HAXOIUTCS PaBEHCTBO
MEXy MHJIEKCOM MaccHBa (CYETUYMKOM IHMKIIA) U BocbMepuuHoi mudpoit ASCIlI-koxa, mocne yero
BMECTO Hee TMOJICTaBIseTCs JBOUYHOE MPEJICTaBICHUE U3 SYEHKH MacCHBA.

K npumepy, uugppa 0, 6yner umers necsruunbiii ASCII kox - 48, B BocbMepHuuHblii - 60.
Uro B nBomuHou cucteme ucumcieHus Oynaer 110000. Ecim ASCIll-kon - nBy3HadHOE YHCIIO,
Briepeau nomuckiBaeTcst 00, 9TOOBI ABOMYHBIC YHCIIA MMEIH OJWHAKOBYIO JIUHY. Dopmupyercs
ctpoka o6ut coobmenus 00110000.

ITocne Toro xak CUMBOJIBI HCXOJHOT'O TEKCTa aCCOLMHUPOBAHBI ¢ KOJAAMHU TAOIUIIBI KOJOB

ASCII 1 nepeBeieHbl B IBOUYHBII BHJI, OCYIIECTBIISIETCS CBEPTOYHOE KOJIHPOBAHUE.
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DyHKIUA CBEPTOYHOIO KOAUPOBAHUA
Pa3pabarpiBaeMblil CBEPTOUHBIN KOJEP SBISETCS HECUCTEMATHIECKUM, O€3 00paTHOM CBSI3H
n u300paxkeH Ha pucyHke 3.74. DOyHKUHOHANBHYIO cxeMy Kojaepa (cm. Ilpunoxenun B).
Konmep Ha3pIBaeTcs CHUCTEMaTHYECKUM, €CIM B KaXKJOM KOJOBOM IOIOJIOKE MAJHHBI C
uMeeTcs b CUMBOJIOB, KOTOPbIE COBMAJAIOT C CHMBOJIAMH COOTBETCTBYIOLIETO MH(OPMAIIHOHHOTO

HO,Z[6J'IOKa. B IIPOTHUBHOM CJIy4ac€ KOACP - HECHCTEMAaTHYECCKHUH.

I:I| _.'.'_l i1y I:'.-!:
gty Uy "ty "1y T

ki

L 4

Puc. 3.74. JIBon4HbIi CBEPTOYHBIN KOIEp CKOpocTu R = 1/2.
beckoneunast mocnenoBaTeabHOCTh HHQPOPMAIMOHHBIX cuMBOJIoB U = u 0 u 1
JIOCTYIIAaeT B PErHCTp CABUTA (B HAIIEeM IpHUMeEpe MaMsATH m = 3, TO €CcThb C JABYMs dJIeMEHTaMHu

@ = 1® 3,®

3aﬂep>1<1<1/1). KOI[Cp TCHEPUPYET JABC BBIXOJHBLIC ITOCICAOBATCIIBHOCTH U v17’... H U(Z) =

0Py, @ KOTOpbIE TMOCTYHNAlOT B KOMMYTaTop, (OPMUPYIOUIUI BBIXOIHYIO (KOJOBYIO)

@) 1@ 3, ® 1, @

IIOCJICJOBATCIBHOCTh UV =Vg .., IEpeAaBacMyro 110 KaHally. HOCKOHLKy Ha Ka)K,Z[bIﬁ

BXOIAIIUN B KOACp I/IH(I)OpMaI_H/IOHHHﬁ CHUMBOJI MPUXOOUTCA JBa KOAOBBIX CHUMBOJIA, KOAOBAd

@ nIn U(Z) COBIIagacT C

ckopocTh paBHa R = 1/2. Ecnu oiHa U3 KOJOBBIX MOCIIE€A0BAaTENbHOCTEH v
MHGOPMAIIMOHHOM TOCIE0BaTEIbHOCTRIO U, TO, KaKk OTMEYaJoCh paHee, KOJep Ha3bIBaeTcs
CUCTEMAaTUYEeCKUM. B MpoTHUBHOM cilydae KoJep Ha3bIBA€TCsl HECUCTEMaTHUYECKUM [9].
['eneparopsl cBEPTOUHOTO KOJEpa U300paKEHHOTO HA PUCYHKE 3.75. MOKHO OMHUCAThH MPH
MOMOIIY TTOJTMHOMOB:
Gy = 1+X+X?
Gy = 1+X°
Takum 00pa3oM, MOpPOXKIAOIIAs MAaTpHIAa 3TOTO CBEPTOYHOTO KOAepa , B TEPMHHAX
oreparopa 3a/Iep>KKi UMeeT BUJIL:
G(X) = (1+X+X% 1+X3).
Kak yxe oTmeuanoch paHee, KoJIep — OTO aBTOMaT. B JaHHOM ciy4dae umeercs
KIIACCHYECKHI aITOPUTM aBTOMaTa MWJIM — KOHEYHBI aBTOMAT, BBIXO/HAS TOCIIE0BATEIEHOCTD

KOTOpOro (B OTJIMYME OT aBTOMaTa Mypa) 3aBHCUT OT COCTOSIHHSI aBTOMaTa M BXOJIHBIX CHTHAJIOB.

9710 O3Ha4acT, 4TO B rpa(be COCTOSIHUM KaxXKaA0OMYy pe6py COOTBCTCTBYCT HCKOTOPOC 3HAUCHUC
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(BeIXOHOW cuMBOJ). B BepmmHbl Tpada aBTomMata Muin 3amuchIBAlOTCS BBIXOMSINNAE CUTHAIBI, a
nayram rpada IpUIKMCHIBAIOT YCIOBHE MEPEX0/1a U3 OJHOTO COCTOSHUS B IPYTOE, a TAKKE BXOISIINE
CUTHAJIbI. JunarpaMma cOCTOSIHMII CBEPTOYHOrO KOJEpa MPEACTaBICHHOIO Ha pUCYHKE 3.66

n3o0pakeHa Ha pucyHke 3.75.

0701

0 /00
Puc. 3.75. JluarpamMmma coCTOSIHUI CBEPTOYHOTO Kojiepa ckopoct R = 1/2

CBEpPTOYHOE KOJHMPOBAHHE KOJECPOM CO CKOpOCThI0O R= 1/2 B mporpaMMHOM KOMILICKCE

BeimostHsieT  ynkiusa  Fun_BitCoder. Ilocie oObBsSIBICHHS MacCHBa M €r0  IEIOYMCICHHBIX

MEPEMEHHBIX OOHYIISIFOTCS PErMCTPhI CIBHUIa, OMHCHIBACTCS IIHMKJI, OCYIICCTBIISFOIIUMN MMOOUTHOE

yTeHre MH()OPMAIMOHHBIX CHMBOJIOB, MX CJIBUT B PETHCTPax W CYMMHpPOBAHHE IO MOIYJIO JBa

COTJIACHO YCTAHOBJICHHBIM IpaBWJIaM. DJIEMEHT WCXOJHOTO KOJa MPOrpaMMbl, OTBEUAIONIMNA 3a

peanu3anuo cBEPTOYHOIO KOAUPOBAHHUS, IPEICTABIEH HAa PUCYHKe 3.76.

Rl =8
Rz =8
For i = @ To length_array 'uwkn oBpaboTekw coobueHwa asTomaToMm Mnw
¥ = 5 mess_chr(i).TeString
¥1 = X Xor R1 ‘cymma no smogynm 2(WCKNNYaHYes WK
¥2 = X Xor R2 '
R2 = R1 'casur BuTOB B pervcTpax
R1 = X '
¥1 = ¥1 Xor R2 'cymma no mogynn 2(WCKNOYanuEe KWK

s res = 5_res + Y1.ToString + Y2.ToString 'pesyneTaT KogMpOoBaHWA
Mext
Return s_res
End Functicn

Puc. 3.76. DneMeHT nporpaMMHOT0 Koja (pyHKIIUN CBEPTOUHOTO KOAMPOBAHUS
B ponu cymmaropoB BeICTynaroT nepemensbie Y1 u Y2, a B posu si9eeK perucTpa nepeMeHHbIe
R1 u R2. KommyratopoMm sBisieTcsi nepeMeHHas S_resS. Jlyis ocCyliecTBIEHHUS IOOYepeHOM
KOMMYTAIIUX OWUT C BBIXO/IOB KOJIEpa CHMBOJIBI IEPEBOASTCS B CTPOKOBBIH THII.
@OyHKIUA MMUTAIIMH KaHAJIa CBSI3H

IIo MCPE MPOXOXKIACHUA TI0 KaHally CBS3W CUTHAJI HOJABCPracTcCsa BO3ACUCTBHUIO IIOMCEX,
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HMEHHO JTOT TMPOIECC HMUTHPYET MaHHas GYHKOusS. [lomexu - ClydaiiHble BO3ICHCTBUS,
HCKaXarolue InepeaaBaeMblii curHai. Bo3jeiicTBUe mOMEXH Ha CHUTHAll MOXKET ObITh JBOSIKHUM.
Ecmu omexa &(t) ckimanpiBaercs ¢ curaaoM S (t) u Ha BXox nmpuéMHHUKA JAeiCTBYeT uX cymMma X(t)
= s(t)+ &(t) rakyro momexy Ha3bIBAOT adoumueroi. ECIM pe3yabTHUPYIOIINA CHIHAI pPaBCH

MPOM3BEACHNIO TIOMexu H nepemaBaemoro curHana X(f) = s(t)- &(t), To momexy Ha3bIBalOT

MyﬂbmunﬂukamueHoﬁ.

B kanane c Mlebmul’lﬂuKal’l’ZMGHOﬁ IMOMEXOM Ha6J'IIO,I[aIOTC$I BCIITICCKH I/ICKa)KCHI/II‘/'I, IIpuiYnHaMu
KOTOPBIX MOI'yT 6BITB, HaAIpuMeEp, KOMMYTallMOHHBIC ITIOMEXH, 6BICTpI)Ie 3aMUpPaHUA paaruOoCUryaia.

BBIpa)KaeTCSI Myrvmuniukamuerasa 1IOMEXa B HW3MCHCHHUHM XApPAKTCPUCTUK JIMHUKU  CBA3HU

(conpotusnenue muaun cBs3u (JIC), uacrora cpesza JIC, nenuneitnocts xapakrepuctuk JIC).
YtoObl NpuOIU3UTh MOJIETh CHMMETPHUYHOTO KaHalla K ACHCTBUTEILHOCTH, BBOJUTCS MOHSATUE
naxkema owubox.

Ilakemom owubox nivHbl L Ha3piBaeTcs BeKTOp omMOOK E, Bce HEHyNeBble KOMIIOHEHTHI
KOTOPOT'0 pacrojOKeHbl Ha OTPE3KE U3 MOAPAJ CASAYIOUIUX MO3UIHM, IpUYeM B Hadajle U KOHIE
OTpE3Ka Pacroi0KEHbl HEHYJIEBbIE KOMIIOHEHTBI.

AnnutuBHas nomexa_ne 3aBucuT oT JIC u ompenensercs BHEUTHMMH BO3ACHCTBUSAMH Ha
cpeny mepenayu CUrHaioB. B kauecTBe Mojenu aAJAUTHBHON MOMEXU OOBIYHO MPUHUMAIOT OEJIbIii
IIyM, TO €CThb CTAallMOHApPHBIM TayCCOBCKUM CIy4alHBId IPOLECC, HMEIOIIMM HYJIEBOE
MaTeMaTH4eCKoe

OXXUJaHUE W PaBHOMEPHBIM M OECKOHEYHO HIMPOKUN CIEKTp IMIOTHOCTH MouHOcTH. [lpu
BO3JICUCTBUU TOMEX Ha TE€peJaBacMblil CUTHAJ, MUMEIOIIMX aJAJAUTUBHBIA XapakTtep, L=1 umeem
MaKeT JJIMHOM B OAMH CUMBOJI, TO €CTh OJJHOKPAaTHYIO OIIMOKY.

B paspabarbiBacMOM MpPOrpaMMHOM KOMIIJIEKCE MMEETCS BO3MOXKHOCTH IMPOHAOIIOAATH
3¢ (HeKTUBHOCTh pabOTHI TOCIEIOBATENBHOTO JIeKOAepa CBEPTOUHBIX KOJOB KaK MpU HATUYHU
OJTHOKPATHBIX OMMOOK, TaK U Mmavyek amuHowo L > 1.

Ha pucynke 3.77 npuBeneHa 0J10K-cXeMa IPOrpaMMHO PEATU30BAHHOTO aJITOPUTMA UMUTAIIUN

KaHaJia CBSI3H C OCIBIM IIyMOM M KaHajia ¢ MHOT'OJTY4YE€BbIM pacCIipOCTPAHCHUCM.
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[ Ha=amo

¥

Bridmcnaem
MaKCHMMmansHoe
KOMHYSCTED CWHBoK

L

h 4

FreHepupyem owHBodHym
NocnefoBaTENbHOCTE WOXKOAA
M3 BEAEHHOH MNOoNbBSOoBaTENSM
BEQOATHOCTH M ONWMHBE CwHBokK

h

Yncno
Het CreHepHpoBaHHbIN BHOC MM
cwnBoK CcoOBNagasT oW BrKM

C SagaHHBM?

Puc. 3.77. bnok-cxema Jijis anropuTMa UMHUTAIlMU KaHajla CBSI3U

3a uMHTAIMIO KaHaa cBsi3u oTBeuaet ¢pynkuus «Fun_SimulatorChannelComy. B neii, nepBbiM
JIETIOM, OTIPEEIIeTCS MAaKCUMAIIBHOE KOJIMYECTBO TEHEPHPYEMBIX OITHOOK:

max_mistake_dou = length_array * (CInt(probability _mistake) / 100),

rae:  max_mistake dou — makcHMaabHOE KOJHYECTBO OMIHOOK

length_array — myinna cooOieHus

probability _mistake — BeposTHOCTE OIIMOKH

Hanpumep, ecnu juyinHa cooOuieHus paBHa 80 O6uT, a GuToBast BeposATHOCTH omuOku — 0.1 TO
reseparop creHepupyet ot 0 10 8 omuooK.

Jlanee, akTuBHpYyeTCs OOBIYHBIN T'€HEepaTOp CIy4alHbIX yucen B aAuanazoHe oT 1 po 100:
Dim value As Integer = CInt(Int((100 * Rnd()) + 1))

@ynkius CInt mpuBoauT BhIpakeHue B THN INteger u okpyriser ero 1o Omwkaiimero
nesoro. Ilocne 4ero 4mcino CreHepupoOBaHHBIX OIIMOOK CBEpSIETCS € 3aJlaHHBIM YHMCIOM OIIMOOK,
eci OmMOOK MEHbBIIE 4YeM 3aJaHo, LUKI Mpojoipkaercsa. [IpoBepsieTcs Takke 3aJaHHAs
BEPOSITHOCTh C CICHEPHPOBAHHBIM YHWCIIOM, €CIM OHO MEHBIIE WM PAaBHO, TO B COOOIICHHE
BHOCUTCS omnOka. BHeceHne ommOKu ocymiecTBisercss myreM uHBepTHpoBaHus 0 u 1. DnemeHT
MCXOJIHOTO KOJa MpPOTpaMMBbl, OTBEUAIOIIMK 3a peann3anuio (QyHKIMM MMUTAIMM KaHaja CBS3U

MpeJICTaBJICH Ha pucyHke 3.79.
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If (max_mistake_int > @) And (i <= (length_array_1 - 1)) And (remainder > @) Then ' noka
KOM-B0 BESOSHHX OWWBOK HE AOCTHINO MaKCHMyMa

If (wvalue <= CInt(probability mistake)}) Then 'ecnw cnydafHos 9Wcno WM
paBHo, 3343HHOH BEPOATHOCTH CWHEKM

j =1 ' sucTaenAem dnar owwbew
If (5 _mess_chr(f).ToString = "8") Then ' sameHAeM BWTH B CooBWEHMK
5 mess_chr(f} = "1"
Else
5 mess_chr(f) = "a@"
End If

Puc. 3.78. DnemeHT nmporpaMMHOro Koaa GyHKIIMA UMUTAIUKA KaHaa CBSI3H
Ecnu O6b111 3a1aHbI 1BOMHBIEC OMIMOKH, HMHBEPTUPYIOTCS MO JIBA COCETHUX OUTAa.

B kxoneyHOM wWTOTE, MOCIE TOTO Kak MOJACYET OIMMOOK OCYLIECTBICH, M HUX KOJWYECTBO U
KpPaTHOCTh COOTBETCTBYET 3aJaHHBIM ITapaMeTpaM, COOOIIEHHE ¢ OMMOKaMHU BBIBOAMTCS Ha OJIOK
WHVKAIUH, 1€ UCKa)KEHHBIE OUTBHI BBIICISIFOTCS [IBETOM.

DyHKIUS BIYNCICHUSA METPUK IyTel

BaxkupiM 3Tanom pa3paboTKH alropuTMa JIEeKOAUPOBAHUS SIBISETCS BHIOOp anropurMa
BBIUMCIICHUS] METPUK IyTed. B xauecTBe Takoll METpUKU OydeT NPUHSITO PacCTOsHHE XOMMUHTA.
Paccrossnue XsMMHHra — 4YHCIO TMO3UMLHA, B KOTOPBIX COOTBETCTBYIOIIME  CHMBOJIBI
JIBYX CJIOB OJIMHAKOBOM IIMHBI pa3iuyHbl. COrflacHO BHIOPAHHOMY QJITOPUTMY BBIYHUCIICHUS METPUK
myTel, OUTHl COOOIICHHUS CYMMHUPYIOTCS [0 MOJYIIO /IBa CO 3HAUEHUSMHU BO3MOXKHBIX MYyTEH U
IIOJIyYEHHOMY pPE€3YJIbTaTy IOACTABIISIETCS €ro AECATUYHOE 3HAYEHUE, COOTBETCTBYIOIIEE BEIMYHUHE
paccTossHHs XEMMHHIa MEXIy cjaraeMbIMH. 3a 3T0 oTBedaeT ¢yHkuus «Fun_Metricy,
MporpaMMHasi peaau3alus KOTopoil npuBeaeHa Ha pucyske 3.70, rae:

S_1 — 6uThl coOOMIEHNS,

S_2 — BO3MOJKHBIC 3HAUCHUS TTYTEH PEIICTKH;

res — pe3ysibTaT CyMMUPOBAHUS 10 MOJYJIO JBa OUT COOOIIEHNS CO 3HAYCHUSIMU BO3MOKHBIX
IIyTEH PEILIETKY;

res_1 - necaTWyHOE 3HAUEHHUE, COOTBETCTBYIOIIEE BETUUYMHE PACCTOSHUS XEMMHHIa MEXIY

cliaracMbIMHU.
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Public Function Fun_Metric(ByVal f_s mess_1 As String, ByVal f_s _mess_2 As 5String)

Dim

Casze "@8"
res 1
Case "@1"
res_1
Casze "18"
res 1
Case "11™
res 1

End Select

Return res_1
End Function

Dim s_1, 5_2 As Integer
res, res_1 As Integer
5 1 = CInt({f_s_mess_1)

5 2 = CInt(f_s_mess_2)
res = s_1 Xor 5_2 '
select Case res

CyMMa no Mogynmo A3

Puc. 3.79. IIporpaMMHBIif KO (PYHKIIMH BBIYHCICHUS METPUK MTyTEH

N3 tabmuubl 3.4 BuaHo, uto 3HaueHue 00 MOKET cCTaTh pe3ylbTaTOM CYMMHPOBAHHUS

TOJIBKO JBYX CJIOB, OUTHI KOTOPBIX HEC OTJIMYAKOTCA HHU B 0I[HOI>1 us3 HO3I/IIII/II71, a OTO 3HA4YUT, 4TO

paccTositHue XeMMUHIa MeX1y Takumu ciaoBamMu paHo 0. 3Hauenusd res = 01 u res = 10 BO3MOXKHBI

JIMIIb B TOM CJIy4dae, €CJivu 110 MOAYJIHO 2 CYMMHUPOBAJIUCh CJIOBA, COOTBCTCTBYIOIIUC OUTEI KOTOPBIX

OTIIMYAKOTCA APYT OT Apyra B OI[HOﬁ IMO3ulKuu, TO €CTh PACCTOAHHUC XeMMHHIa MCKAY HUMU PABHO

1. Uro xe xacaeTcst 3Ha4eHUs €S = 11, To OHO MOXKET MOJIYYUTHCS TOJIBKO B PE3YJIbTAaTE CIOKEHUS

ABYX CJIOB, OUTHI KOTOPLBIX B 00enx MO3UIHAX OTJIMYAKOTCA, U paCCTOAHUC XeMMHUHTa MCKAY 5TUMU

CJIOBaMHU PaBHO 2.

Tabnuna 3.4. BeruuciaeHne METpHUK myTei

Ne Bxon Cocros Cymmatop 1 Cymmar Boixonn
TaKTa HOM HUe op2 b€ KOJIOBBIE
uHbopmall | perucrpa KOMOMHAIUU
MOHHBIN CIIBUTA
out
0 - 0000 -
1 1 1000 16060-1 1@ 11
00=1
2 0 0100 06060=0 0@ 01
160=1
3 1 1010 161640=0 1% 01
00=1
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4 1 1101 1601=0 16 01
101=1

5 0 0110 08160=1 0% 11
160=1

6 1 1011 1@1p1=1 10 10
01=0

@OyHKIHSA 1eKOAHPOBAHNS M0CJIeA0BATeIbHBIM AJITOPUTMOM
VY4uThIBas TOIOJOTHIO PEIIETKH, MEPBBIA IIar ICKOJUPOBaHHUA OBUI pean30BaH
OTJENbHO. B anemMeHTe ucxoqHoro Koja NpuBEIEHHOIO Ha pucyHKe 3.71 mpoucxoauT mpoBepka u
BbIOOp BO3MOXKHOI'O IYTH, 3aBUCHUMOCTH OT OWUTOB COOOLIEHMs (IPOBEPSIOTCS OUTHI MaccUBa
S _str_Array()).

Kax Mbl yxe 3HaeM M3 TeopuH, Ha IEPBOM IIare JEKOJUPOBAaHUS COCTOSHUE JIEKOJepa —
00, BO3MOHBI TOJIbKO ABa IyTH, K y31aM 00 u 10, KOTOpBIMCOOTBETCTBYIOT KOJOBBIE CUMBOJIBI C
BbIxOza kojepa 00 u 11.

OnHako Ha BXOJ JA€KOoAepa MOTI'YT NPUATH LEIbIX YeThlpe KOMOMHAIMKU OUT cOOOIIeHus,
[I03TOMY, Ha MIEPBOM II1are J€KOJUPOBaHUs, ObUIO PEIIEHO CBS3aTh NMPUXOJ KOJOBOH KOMOWHAIIUU
00 u 01 x mepexoxy B y3en 00, a komoBsie komOuHanmu 10 u 11 x mepexoay B y3en 10. Tak MbrI
n30aBisgeMCsl OT HEONpPeAeNEHHOCTE!, 3aCTaBlsAs JEKOJAep MPHUHATh PElIeHHe, Jaxe eCIH MPHILIa

HE pa3pelieHHass KOMOUHAITHS.

If ((5_ str_Array(i) = "8@") Or (5 _str_Array(i) = "@1")) Then
state_decoder = "@8"
state metric = Fun_Metric(state_decoder, 5 str_Array(i))
5_mess = "a"
f x1 = Arr_X¥(e, T)
f y1 = 284

ElseIf ((5_str_Array(i) = "18") Or (S5 _str_Arrcayfi) = "11")) Then

state decoder = 18"
state metric = Fun_Metric(state_decoder, 5 _str_Array(i))
5_mess = "1™
f_x1 = Arr_Xy(2, f)
f yl = 384

End If

GoTo End_1_step

Puc. 3.80. DiaemMeHT mporpaMMHOTO K0J1a (PYHKITUH JIEKOAHUPOBAHUS TTOCIICIOBATEIIEHBIM

AJIrOPUTMOM
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[Mocne Toro kak myTh BBHIOpaH, B MepeMEeHHYIO State_Metric 3amuchIBaeTCsl 3HAYCHUE METPHKH
NyTH, BBIYMCICHHOE omucaHHOW ¢yHkimed Fun_Metric. [lanee craButcs merka 0 wmm 1,
YKa3bIBaKOIasi Ha TO KaKOW CUMBOJI II€peJaBaJics, IOCIIE YETO 3aJar0TCsl KOHEYHbIE KOOPAUHATHI 110
TOPU30HTAJIU U BEPTUKAIIM OTPE3Ka AJIsl BBIOPAHHOI'O MYTH.

Ha sToM 3akaHuymMBaeTcsi MEpBBIA IIAr JEKOAWPOBAHUS M OCYIIECTBISIETCS O€3yCIIOBHBIN
nepexon Ha Metky End_1 step. Croma »xe mepexoauT mHporpaMmMa M IOCie OTpPabOTKH BCEX
OCTaJIbHBIX ILIArOB.

Jlaee TPOMCXOOUT AHAJOTUYHBIE OIEpalMM, TOJBKO KOJIMYECTBO BO3MOXKHBIX ITyTeH
yBenuuuBaercs a0 4-x (00, 01, 10, 11), ocymecTBisieTcss Mmepexoa KO BTOPOMY IIary
nexoaupoBanus. I'pad aBromara, KaKOBBIM SIBJISIETCS HAIll JIEKOJEp, IPUHUMAET BUJ MOKAa3aHHBINA

Ha pucyHke 3.82

Puc. 3.81. I'pad peanuzyemMoro nociaea0BaTeIbHOTO ACKOIepa
Crparerusi mpejcTaBieHHas Ha pHCYHKe 3.82 peasnsyercsd NpU MOMOINM aJrOpUTMA
0JJ0OHOMY TOMY, YTO OBUT HCIOJIB30BAH Ha MEPBOM IIare JIEKOJMPOBAHMs, TENEPh AEKOAEP TaK XKe
BBIOMpAET MyTh C KpaTyailllieil METPUKON, OJTHAKO B CIIy4ae €ClIU pacCTOSIHUS XEMMHUHTa JIJIsl 000UX
MyTel OJIMHAKOBBI, TO MPUOETAeT )KECTKOMY METO1Y MPUHATHUS PELLIECHUI:

e Ecmu mbl Haxoaumcesa B y3ne 00 wim 11, m npunuta xkom6unanus 00 wim 01 —
CUMTaeM 4YTO IepeaaBalics HoMb (nBuraemcs BBepx), 10 win 11 — nepenaBanack equHuna
(nBUTaeMcs BHU3).

e Ecnu mbl Haxogumes B y3ie 01 nnu 10, u npuna komOunanus 00 niau 01 —cuutaem
4TO IepeaaBaylach eluHuIa (aBuraemMcs BHU3)., 10 min 11 — nepenaBasncs HOJb (IBUraeMcs
BBEPX).

[Ipormiecc mporcXoauT M0 TEX MOP MOKa HE 3aKOHYHUTCS cooOmieHne. [1oaHbIi MCXOoMHbII
KOJ (YHKIIMH JEKOJAUPOBAHUS TPUBEAEH B MpriioxkeHuu (cm. [punoxenne N).
IToaroroBka K BBIBOAY Pe3y/1bTATOB IeKOAUPOBAHHUS
Jlnist Toro yToObl B KOHEYHOM MTOTE MOJYYUTh CUMBOJIBHBIA PE3y/IbTaT OpPraHu3yeM LUK

peBepCcUpOBaHMsl MacCHMBa CHMBOJIOB COOOINEHHS, MHAY€ MbI IMOJYYUM CTPOKY B 3€pKajlbHOM
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orpaskenun. OpranusyeM LUK Hepebopa MacCUBa CUMBOIIOB COOOIIEHHS, pa3/elseM X Ha MadKu
1m0 8 GMT M KaKAyI0 HauKy MpeobpasyeM B AecATHYHOE yucio 1o mpuuuumy: 27 + 26+ 25+ 2%+
23+ 22+ 21+ 20 a 3arem nomyuaem cumBon us ero ASCllI-kona. TloBTopseM omepanuu Moka He
3aKOHYHUTCS COOOIICHHUE, TI0CIIE YEr0 PE3yIIbTaThl BHIBOAATCSA B COOTBETCTBYIOIIMX OKHAX.

CeeprouHoe aexoguposanue. [IpakTuyeckas 4acTb

3AJJAHUE Nel

Bapuant 1
Ceeprounsiii kox: gi(X) = I+ X2+ X3, go(X) =1 + X + X5,
Bxonnas nocnenoBatensHocTh: V = 10110.

Ha pucynke 3.73 npeacrtaBiieH CBEPTOUYHBIN KOJED.

cymmatop 1

| g1=1011
/ '\ 100011
BbIXOOHEIE DUTEI

BXOAHbIE BUTLI . '\.

— | 0O 0 0 0

P
L

. * 110101011110

101101 \\ / 111110

gz=1101

cymmaTop 2

Puc. 3.82. CBépTounbIii KOACP
[TpousBenu KOAMPOBAHUE BXOMHOM MOCIIEAOBATEILHOCTH V JTaHHBIM CBEPTOUHBIM KOJAECPOM U
HApPUCOBAJIM TAOJIUIy KOAMPOBAHUS HHPOPMALIMOHHOTO MOTOKA. J[aHHBIE TIPEICTABIICHBI B TA0OJIHUIIE
3.5.

Tabmuma 3.5. [Iponecc koaupoBanus HHGHOPMALMOHHOTO TOTOKA

Ne Bxon Cocros Cymmatop 1 Cymmar Beixonn
TaKTa HOI HUE op2 bl KOJIOBBIE
uH(popmall | perucrpa KOMOMHAIMH
HOHHEIN CIBHTA
our
0 - 0000 -
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1 1 1000 1500=1 13 11
060=1

2 0 0100 000=0 0@ 01
160=1

3 1 1010 15140=0 1@ 01
00=1

4 1 1101 15041=0 1@ 01
1®1=1

5 0 0110 0G10=1 0 11
160=1

6 1 1011 15101=1 13 10
061=0

[TocTponnu pemerky Kozepa:

00 Q
010 o\“
100 Y
110  ©
11

Puc. 3.83. Pemerka kojepa

I/I306pa3I/IJ'II/I PEHICTKY ACKOACpa U MPOU3BECIIN ACKOAUPOBAHUC!
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Puc. 3.84. Pemetka aexoaepa

B pe3yiibTaTe OBLIU BBIABIIEHBI 6 omKoO0K: ITocie ACKOJCpa OBLI IMMOJIYYCH PE3YyJIbTAT:

111011 01 10 01. IToguepkrBaHUEM BBIICTICHBI MECTA, T/I¢ OBLITN COBEPIICHBI OIIHOKH.

Bapuanr 2

Ceprounbrii kox: g1(X) =X+ X2 + X3, go(X) = 1 + X + X2,

Bxoanas mocnenosarensHocts: V = 010100.

Ha pucynke 3.85 mnpencraBieH cBEpTOUHBIN KOAEP.

BXOOHLIE OUThI
—_»

010100

1
d

cymmatop 1

‘m&mﬂ

0

0

0

Puc. 3.85. CépTounslii koaep

N\

g2=1110

cymmarTop 2

001001

.

001101

BbIXOAQHEIE DUTHI

P
»

000011010011

[Ipon3Benu kKoaUpOBaHWE BXOIHOW MOCIEAOBATENHHOCTH V JTAaHHBIM CBEPTOYHBIM KOJIEPOM U

HapHCOBaIM TaOIHIy KOAUPOBAHUS HHPOPMAIIMOHHOTO MOTOKA. JlaHHbBIE IPECTaBIECHbI B TaOIUIE

3.6.
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Tabmuma 3.6. [Iporecc koaupoBanus HHHOPMAITMOHHOTO MTOTOKA

Ne Bxon Cocros Cymmatop 1 Cymmar Boixonn
TaKkTa HOU HHUE op 2 pleé KOJIOBLIE
uHpopmar | peructpa KOMOWHAIINH
UOHHBIN CcIBUTA
our
0 - 0000 -
1 0 0000 0g0p0=0 05 00
0©0=0
2 0 0000 0&060=0 (0] 43 00
0©0=0
3 1 1000 16040=1 13 11
00=1
4 0 0100 06060=0 0D 01
10=1
5 1 1010 15160=0 16 00
0p1=0
6 0 0101 0g0p1=1 (0] 23] 11
10=1

[TocTpounu pemeTky Koaepa:

N300pa3uim pemeTky IeKoiepa u MpOnu3Bein JIEKOIUPOBAHUE:

Puc. 3.86. Pemretka kojepa
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Puc. 3.87. Pemerka nexoaepa

B pe3ynbraTe ObutH BISIBICHBI 5 omnOoK: [locie nexoaepa ObUT IOJydeH pe3yibTar:
00 00 10 11 01 Q0. ITomuepkrBaHKEM BBIICIECHBI MECTA, T€ OBLITN COBEPIICHBI OTUOKH.

3AJIAHUE No2

[TocTpouTth rpaduky 3aBUCHMOCTH YUCJIA OMTUOOK OT BEPOSTHOCTH OMIUOOK IS OJUHOYHOU U

JIBOMHOH JUIMHBI OIIHUOOK.

110001 101100010 1001001100011 1101001001 10000000110010001101 1001001
o ﬁooc o\coocoo C\ocoo o o\coocooc o cooco‘ooo o cooooo
o ooo \3/ o oao L Dooooo L \U
10 ocoo oo\qooco \:’oc ocoo ooc \o/co coocooco ooo oo\qooo

" oo\doooo\doo\dooooooocoooo\doooo 0crocrcrooo\dooooGooo\doooooo\doo\doooooo

M o0 0 W 1M 00 0 01 00 1 0 10 0 11 11 0 00 1 0 W 0 0 0 11 00 W0 o W0 11 00 10 0

QOO O0OCO0 OO O OO0 [eNeNeNe [eReoNeNe;

O OO

Hexoamoe TexkcTonoe ¢ C »

xome 3axonupoBanmoe coobmenne
HEED T1001101110001011100000111001110 110001101 10001 111010010011000 y )
0000110010011011001001 Hoaupasanue .
Ha BRixoje kamaza chmm ’
A Iiarna ommbok  BeposTHOCTH ommOKN
T S O S D s G R pr—
0000110010011011001001
Pesynsrar I

Pesy.IuTaT HMETANNH KAHATA CHAIN

11001101110001011100000111001110 HEBO

Puc. 3.88. [Iporiecc koUpOBaHUS U ACKOIUPOBAHUS
I'paduk 3aBUCcHMOCTH YKClia OMMOOK OT BEPOSITHOCTH OUTUOOK JJISI OAMHOYHOM JJIMHBI OIIHOOK

npeJcTaBieH Ha pucyHke 3.89, a /i ABOMHOMN AMMHBI OIIMOOK Ha pucyHke 3.90.
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35

30

25

20

15
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BepoATHOCTb OLWNGKHK

0,4

0,5
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Puc. 3.89. I'paduk 3aBUCUMOCTH YKCIIa OMUOOK OT BEPOSATHOCTU OIMMOOK JIJIsl OAMHOYHON

JUIMHBI OIIHNOOK

70

60

50

40

30

Yucno owmnbok

20

10

/

/

0,1

0,2 0,3

BepoATHOCTb OWIMG0K

0,4

0,5

Puc. 3.90. I'paduk 3aBHCHMOCTH YHCJIa OIUOOK OT BEPOSATHOCTH OIIUOOK JIJISl IBOHHOM

JUIMHBI OIINOOK

B mporecce BbIMONHEHUS WHAMBUIAYalbHOM paboThl Obla oOCylIecTBIEHa paboTa 1o

CO3JaHUIO IMPOrpaMMHOI0 KOMIUICKCA JIS BU3yallW3alluUd W HCCIICAOBAHUA METOOA CBépTO‘IHOl"O

JACKOANPOBAHHA HAa OCHOBEC MOCIICAOBATCIBHOI'O aJIrOpUTMaA. HpOFpaMMHBIfI KOMIIJICKC BBIIIOJIHEH B
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B IIOJIHOM COOTBCTCTBHHM C TCXHHUYCCKUM 3aJaHUCEM, U OTBCYACT BCEM 3asiABJICHHBIM B HEM
TpeOOBAHUSM.

Beun mpousBeneHsl J1Ta0OpPAaTOPHBIC HCIBITAHUS MPOrPaMMHOTO KOMIUIEKCA, B XOJe
KOTOpBIX ObLIa OTMEYEHa BBICOKAs 3(P(PEKTUBHOCTH €r0 HCIOJIB30BAaHHs B KAayeCcTBE MaKeTa
HArJSIHO JIEMOHCTPHPYIOIIETO IIPOLECCH CBEPTOYHOTO KOAMPOBAHHMS M IOCIEIOBATEIHHOTO

aJIropuTtma ACKOAWPOBAaHMA.

3.4. JlekonupoBaHue CBEPTOYHBIX KOIOB 10 MeToAy Butepou ¢ ucnojib3oBaHueM
O MATLAB
AJITOPUTM CBEPTOYHOTO JekoaupoBanus Burepou [10]

B 1967 romy Burtepbu pa3zpaboran ¥ HpoaHAIU3UPOBAN alNTOPUTM, B KOTOPOM, IO CYTH,
peanusyeTcsl JeKOAUPOBaHKUE, OCHOBAHHOE Ha MPUHIMIIE MAaKCUMAIBHOTO MPaBIOTO00uS; OJHAKO
B HEM YMEHBIIIAETCS BBIYUCIUTEIbHASI HATPY3Ka 3a CUET UCIOJIb30BaHMSI OCOOEHHOCTENW CTPYKTYpPBI
KOHKpeTHOW pemerku koja. IlpenmymiectBo nexkoaupoBaHusi BurepOu, 1mo cpaBHEHHIO C
JEKOIUPOBAHUEM IO METONy '"TpyOoi cuibl", 3aKiIrO4aeTcss B TOM, YTO CIOKHOCTH JIeKOJIepa
Burepbu He siBnsieTcss pyHKIMEH KOJIMYECTBA CUMBOJIOB B IOCIEAOBATEIHHOCTH KOJOBBIX CIIOB.
AJTOpUTM BKJIIOYAET B c€0sl BBIYMCIICHUE Mepbl nododus (WM paccmosHus), MEXIy CUTHAIIOM,
[IOJIyYEHHBIM B MOMEHT BpeMEHH t,, U BCEMU MyTSIMU PELIETKH, BXOASIIMMHU B KaKJJ0€ COCTOSHUE B
MOMeHT BpeMmenu ti. B anropurme BurtepOu He paccMaTpvBalOTCS T€ MyTH PEHIETKH, KOTOPBIE,
COIJIACHO MPUHIMITY MaKCHMAJIbHOTO MPaBa0NoOA00Us, 3aBEJOMO HE MOT'YT OBbITh ONTHMAJIbHBIMU.
Ecnu B 01HO M TO K€ COCTOSIHUE BXOJAT JIBa IYTH, BBIOMPAETCS TOT, KOTOPBIA UMEET JYYIIYIO
METpPUKY; TaKOH MyTh Ha3bIBaeTcs gvlorcusarowum. OTO0p BBIKHUBAIOIIKX ITYTEH BBIOJIHAETCS AJIS
KaXJ/I0T0 COCTOSHUs. TakuMm o0pazom, JeKoJep yriayOysercss B pelIeTKy, NMPUHUMas pPeLIeHus
IIyTEM MCKJIIOYEHHs MEHEE BEPOSATHBIX IyTell. IIpeaBapuTenpHblil 0TKa3 OT MaJlOBEPOATHBIX IIyTEN
ympouiaer mpouecc aexonupoBaHus. B 1969 romy Omypa (Omura) mokazan, 4YTO OCHOBY
anroputMa BuTepObu cocTaBisieT OleHKa MaKCUMyMma MpaBaonoaodus. OTMeTuM, 4TO 3aaavdy
0TOOpa ONTUMAJIbHBIX IyT€H MOKHO BBIPAa3UTh KaK BIOOP KOJOBOTO CJIOBA C MAKCUMANbHOU Meni-
PUKol npasoono0oous NI MUHUMATbHOU MEMPUKOU pACCMOHUSL.

Anroput™m ButepOu sBnsieTcs 10CTaTOYHO MOIIHBIM aIrOPUTMOM AECKOJUPOBAHUSA, MIPU 3TOM
CIIO)KHOCTh €ro amnmapaTypHOH peanu3aluy HeBbICOKA. B HacTodiee Bpems aaroputm ButepOu
MpUMEHsIETCS BO MHOTHX CTaHjaapTax OecrnpoBojHOM cBsi3u, Takux kak IEEE 802.11a/g, WiMAX,
DAB/DVB, WCDMA,GSM.

Haubonee nmonxonsiieit >neMmeHTHONW 0a30i Juis ammapaTHOW peanu3anuu jaekojepa BurepOu

SBJIAIOTCS IPOTPAMMHUpPYyEMBbIe Jlorndeckue uHrerpaibHbie cxemsl (IIJIHC).
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Pabdora nexonepa Burepou

AnroputM BuTepOu HaXOTUT HIMPOKOE MPUMEHEHHE U PEaM3yeT NOUCK MAKCUMALbHO
npagoonooobHo2o0  nymu  Ha  KOJOBOM  pemieTKe C OTOpachlBAHHMEM YacTH HAWMCEHEE

HpaB,I[Ol'IOI[O6HBIX BapUaHTOB HyTeﬁ Ha KaXXJIO0M HIare J€KOJUpOBaHUs.

AnroputM Butepbu xapakTepusyeTcs MOCTOSHCTBOM BBIYMCIUTEIBHOW pabOTHI, OJIHAKO
cnoxchocms  Aekozepa Butepbu pacrer, Kak IOpuU BceX MepeOOpHBIX aJIrOpUTMax, HO
9KCNOHEHYUANIbHOMY 3aKOHY OT JUIMHBI KOJOBOIO OIPaHMYEHMsI CBepTO4YHOro koxa. Iloatomy
anroput™ Butepbu ncnonb3yercs i AeKOJUPOBAHUS KOPOTKHX CBEPTOYHBIXKOIOB.

Aneopumm  3aknrouaemcsi B NOBMOPEHUU 00HO20 OCHO6HO020 wiaea. Ha xaxnoll wu3

nocneAyomux uarpamm puc. 3.91 1ot mar n3o0paxkeH nopoOHo.

Mempuxa nymu (MII) ecTb cymMMa METpUK BETBEH, OOpa3ymOIIMX HEKOTOPBHIM MyTh Ha
pemieryaroit nuarpamme. IlyTh KOHEUHOH [IMHBI OKAHYMBAETCS B OMPEIEICHHOM COCTOSIHHH.
Metpuxka coctosiaus (MC) paBHa METPUKE ITyTH, KOTOPBIA 3aKaHYUBACTCS B JAHHOMCOCTOSHUY.

Lllaz 0exoouposarus COCTOUT B 00pabOTKE NEKOACPOM MPUHUMAEMBIX W3 KaHAIa JIaHHBIX B
WHTEpBaJIe MEXKY IBYMS COCEAHUMHOTCUYETAMHU.

Ha pucynkenoka3aHo pa3BuTHe npolecca aekoanpoBanus cuMBosioB CK co ckopocTsio Rkop
= 1/2 u qnuHoi konupytomero peructpa K = 3. Ha Bxoa nekoaepa MoCTyNnarT napbl CHMBOJIOB U3

ka"ama: (...11,10,00,11,01...) (mekogupoBaHue ¢ kecTKuM pemieHueM). Lludppamu okono BeTBei

0003Ha4YEeHbl METPUKU BETBEH, IUPPHI B KPYKKaX 0003HAYAIOT METPUKUCOCTOSHUH.
11 10 00 11 01 1

Puc. 3.91. JlekonupoBanue koaa(7,5)
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K kaxxnomy HOBOMY COCTOSIHUIO BeAyT ABa yTu. K mpumepy, k cocroaauto 00 BexyT myTu U3
npeabinynmx cocrosiauii 00 n 01. Ha i-M mare IexoJupoBaHUs JICKOACP BBIYHCISIET METPUKU
MyTel Kak CyMMBbI METPHUK IPEIBIIYIIUX COCTOSHUN U METPUK BXOJISIIINXBETBEH.

Jlanee npon3BOAUTCS MOMAPHOE CPAaBHEHUE METPUK MyTel, BXOASIINX B KaXKI0€ U3 COCTOSIHUM
(mapsl TOKa3aHbl (UTYpHBIMH CKOOKamH). B pe3ynbraTe cpaBHEHUS 6GblOUpaemcs MeHbulas
MempuKka, W OHA CUYUTAETCSI METPUKOM JaHHOIO COCTOSIHMSL JUIsl IOCJEAYIOLIEro Iara
nexonupoBanus. [lymsb, BXOINAUIMM B JIaHHOE COCTOSIHHE C MEHbIIEH METPHUKOW, CUMTAeTCs
svoicuswum. Ha puc. 3.91 0oTpe3kw BBDKMBIIMX NyTeH TOKa3aHbl CIUIOIIHOW JmHHEH. [lytw,
BXO/JISIIIME B COCTOSIHUS C OOJIBIIMMU METPHUKAMHU, CUYMTAIOTCS OTMepIIuMH (0OopBaHHbIMH). OHU
[IOKA3aHbl HA PEIIET-4aTOW JUarpaMMEyHKTUPOM.

Takum o0Opa3zom, Ha KaXJOM IIare JACKOJAUPOBAHHUS B COOTBETCTBHUU C aJIr0- PUTMOM
Burepbu, 6  kajcoom  uz  cocmosHui ~ PEUIETYATON  auarpaMmbl  MPOU3BOMST-
CAOOHOMUNHBIEONEPAYULL.

1)  Cnooxcenue mempux TpeablAyIIUX  COCTOSHHH C  METPHKAMH  COOTBETCT-

BYIOIIIMXBETBEM.
2) Cpaenenue mempux BXOASIINAX MyTEH.

3) Bbl60p nymezZ C HAMMCHBIIUMH MCETPpUKAMHU, BCIIMUYUHBI KOTOPBIX HUCIIOJIb-3YKOTCA KakK
MCTPUKHU COCTOSIHUM Ha nociaeayromemM mare ACKOAUPOBAHUS. Ecau MCTPHUKHU CPAaBHHUBACMbIX

HYTGﬁ OAHMHAaKOBBbI, TO BBI60p OIHOT'O U3 IBYX HYTCﬁ IMPOU3BOJUTCA CHy‘I&ﬁHLIM O6p330M.

Ha xaxzmoMm 1mare JA€KOOWPOBAHUS TMOJOBHHA BO3MOXHBIX MPOJOJDKEHUM  IyTEH
orOpackiBaeTcsi. Jlpyras mojioBUHa 00pa3yeT MPOJODKEHHS TyTeld JUIsl CIEIYIOUIEro Iara
JNEKOJUPOBAaHMS, HA KOTOPOM BHOBB MOSIBJISIFOTCS 1B BapUAHTA MTPOJIOJKEHHS KAXKI0TO MYyTH. JTO
00eCIeUnBaACT HNOCMOAHCMBO KOIUYECMBAd 6bIYUCIEeHUL, TIPOU3BOJUMBIX Ha KaXJIOM Iare.
llexoodep npocnescusaem 1O KOAOBOW PEIICTKE AYMb, UMEIOIMNN MUHUMANbHOE PACCMOAHUE OT
ITyTH, KOTOPBIN IMOPOKIAET KOAED.

TakuMm 00pa3zoM, JeKoaep, BEIOUPAIOINI HA pelIeTyaTol quarpaMme MyTh ¢ HaWMEHBIIIeH
METPUKOU, MuHumusupyem eepoamuocms owubku. I10CKOIBKY TpH JEKOJUPOBAHUHU aHATH3Y
MOABEPTAIOTCS TOCIEOBATEIbHOCTH KOHEUHOM JUIMHBI L, ajiroputM He SBISETCS CTPOTO
ONTUMAJIBHBIM.  Pe3ynbTaThl  pacdyeToB W  MOJECIMPOBA-HHUS  MOKa3bIBAKOT, YTO IMpH
COOTBETCTBYIOIIEM BBIOOpe BenwumHbl L >(6...7)v MOX- HO TOJYYUTh pPe3yabTaThl
JEKOUPOBAHMSI, JOCTATOYHO ONM3KHME K ONTUMAIbHBIM. CIOJNCHOCMb peanu3ayuu aieopumma

Bumepbunns nexomupoBanus CK MOXXHO OIEHHUTh TO KOJHUYECTBY BETBEHW KOJIOBOM PEIIETKH,
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o0OpabaTeIBaeMbIX JIEKOJEPOM Ha JJTUHE JCKOTUPOBaHUS L, ¢ ydeToM CII0KHOCTH KaXXAOTO IIara
pEIIeTKH.

Hexonep cocrout u3 ALl B kananax X u Y, BeIUMCIUTENS METPUK BETBEH, Mporeccopa, B
KOTOPOM TMPOU3BOISATCS ONEPALMH CLOMCEHUsl, CPABHEHUs UBbIOOPA,yCTPOICTBA NaMSITH IyTeH,
KOTOPBIC BBIKIIIN, U MAXKOPUTAPHOTO ieMeHTa MO, B KOTOPOM BBIOMPAETCS MyTh ¢ HAMOOIbIIEH
MeTpukoi. ONTUMaNTbHOE 3HAUCHUE IIara KBAaHTOBAHUS 3aBHCHUT OT OTHOIICHUS CUTHAJ/IIYM Ha
Bxone ALIL Ilpm BocbMH ypo-BHSIX KBAaHTOBaHHS MHUHUMYM IIOTEpb OOECHEUMBAETCS MPU

OTHOIIIEHWHU pa3Maxa CH- THajla K IIary KBaHTOBaHUs, paBHOM (4,5...5,5).

_,| AL,

—

Brmxon

::>M::—>—.

=) 2 )

TPHE RETREH

[TamMaTe
JleKoyiEpa

—
—» ATIIL, ::>

[Tponeccop

B LM CITH TENR

KOMMYTATOP

O pEMopymaropa

Puc. 3.92. CtpykrypHas cxema nexoaepa Butepou
B mHacrosmee BpeMs B cHCTeMax Iepelayd JAaHHBIX OYEHb IIHPOKO HCIIOJIb3YETCs
CBEPTOYHOE KOJAUPOBAHHE BMECTE C JAEKOJMPOBAHUEM 10 anroputMmy ButepOu. Anroputm Butepou
IpEJCTaBIseT COOOM JEKOAMPOBAHUE [0 MAaKCHUMyMY IIPaBIONOAOOMS M HCIIOJIB3YeTCs s
UCHPABJICHUS OJUHOYHBIX OLIMOOK.
Biiokn nporpammel iexonepa Burepou, peaausoBannoro B Matlab [21]
B Goke popmupoBaHus y3710B CETKH BBIOJIHAIOTCA CleyloMe QyHKINNU:

1. ®opmupyercst MaTpulia (parMeHTa penieTdaToil JuarpaMMbl pazmepa NxM, B KOTOpOH

KOJIMYECTBO CTOJIOIOB COOTBETCTBYET YMCIY COCTOSHMH Kojepa (y3JI0B), a KOJHWYECTBO CTPOK
PaBHO YHCITY IYTEH, MOAXOJAMMX K KaXaA0My y3iy. KaxnomMy 351€eMEHTY MaTpHUIbl COOTBETCTBYIOT
OTBETBIIIEMBIE CJIOBA IpPH IEpexofax MEXIy COCTOSHHAMHU. Ilepexonmpl Mexay COCTOSHUSAMHU
MOBTOPSIIOTCS HA MPOTSKEHUHU BCEH PEIIeTKH.

2. ®opMupyeTcsl MaTpulia NEPEX0J0B MEKIY COCTOSHUSIMHU.

3. KaxaoMy mepexolly K KOHKPETHOMY Y31y COOTBETCTBYET OIpE/IeNIeHHBIH BXOAHOH OUT

(emuanna, 1160 Hynb). DopMupyeM MaTpuily pazmepa (N*M) COCTOSIIYIO TOJIbKO U3 HyNel u

€IMHULL .

4. JIast KaX10r0 BXOJHOIo JuOuTa (CI0Ba) JIEKOJIepa BHIYUCIISIOTCS BCE BO3MOXHbBIE 3HAUCHUS
METPHK 10 (PparMeHTy pemieTyaTon auarpaMmsl Kojaepa, chopMUpOBAaHHOM B MpeablayleM OJoKe.
B kaxJp1if MOMEHT BPEMEHHU MTPOUCXOTUT ONEPALIUs CIOKEHUS IO MOAYIIIO JIBa BXOJAHOTO AUOUTA C

COOTBCTCTBYIOIIMM JAHHOMY MOMCHTY BpPEMCHH OTBETBIISICMBIM CJIOBOM. 21)'[5[ HUCKIIIOUCHU L
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HIDKHEH YacTu pCH_IeT‘-IaTOI\/'I AuarpaMMmbl B Ha4YaJIbHBIC MOMCHTBI BPEMCHHU MbI HCKYCCTBCHHO

YBCIIMUMUBACM 3HAYCHUC MCTPHUK IICPEXOJ0B HIDKHEH 9acTH PCIICTKU.

™ O to=1
Py Q
PN
2 - s -
N A
> e
B - -
0
-
S |
a - »
|

Puc. 3.93. ®parmeHT pemieryaTtoil AuarpaMMsbl 1€Koepa

biok ynanenus myrei:

1. B xaxaoMm y3iie, cpaBHMBas METPUKHM BXOIHBIX HyTeH, oOHyJsieM IyTh ¢ HanOOJbILICH
METPUKOM, TeM caMbIM yOHpas €ro U3 pacCMOTPEHMs, HO INPH 3TOM MOTYT BO3HHMKHYTb
«TYIHUKOBBIE» ITYTH.

2. Jlns ypaneHusi «TyNHUKOBBIX» IyTeH, MOOYepeHO Mepedupas BOZMOXKHBIE M COCTOSHUN B
JAHHBII MOMEHT BPEMEHU HIIEM OTCYTCTBHUE KaKOro-JIMOO »3JIEMEHTa MaTpHUIlbl IEpexooB

COCTOHHHﬁ, €CJIK DJIEMCHT OTCYTCTBYCT, TO IIYTU B IIPECAbLAYIIUX q)pal"MeHTaX PCIICTKH (ManI/II_ILI)

YAQISIOTCS.
0 1 0 0 & ; : * : .'
0 0 0 0 /
0 ) 0 2
0 0 0 0 0 ® ®
0 0 0 0
0 ) 4 0
0 0 0 0 @ ®
0 3 0 0
0 ) 0 2
0 0 0 0 1" @ @

Puc. 3.94. JlekogupoBaHue Mo BbIIEICHHOMY ITyTH

biiok nexogupoBaHus:

[TocnenoBarenbHO NPOBEPSIEM KOJIMYECTBO HEHYJIEBBIX NEPEXON0OB B N cTpokax. Eciam Takoit
nepexo €AMHCTBEHHBIH, TO HaXOAMM MO3UIUIO 3TOrO 3JEMEHTa, U ONpenaessieM Kakoi OUT Obul
MOJIaH Ha BXOJ KoJiepa

Bomnpoc 1. UccienoBanue MeToA0B NOCTPOCHUSI KOAEPOB HeNPepbIBHBIX

KO/10B.
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B pabouem mone HeoOxomauMo coOparh cxemy s paboThl cBepTodHOro koma (5, [35 31]).

Cxema nipejicTaBieHa Ha pucyHke 3.95

Tx
i Emor Rate 3 0001773
e . . T &l . g | : -
- Convolutional | [3x I 2 Calculation
B Il % BSC J:} %R}:
E::?:I Encoder Viterbi Decoder L |j|
5 i Bi Emor Rate 3 582e+004
ernoulli Binary - — ~ .
Convolutional inary S i Viterbi Decod Calculation
Generator onvoluticna Binary Symmetric iterti Lecoder
Encoder Channel

Display

Puc. 3.95. JIunus nepenauu ¢ npuMeHeHHEM Jekojiepa Burepou.
B coctaB nuHUM ¢ KOTUPOBAHUEM BXOMST:

1. BernoulliBinaryGenerator

2. Convolutional Encoder

3. Binary Symmetric Channel (kananmnepenaun)

4. Viterbi Decoder

5. Error RateCalculation (ananu3aropomu6ox)

6. Display
VYcranaBiuBaeM XapakTepUCTUKHU OJIOKOB 11t koaa (5, [35 31])

E Source Block Parameters: Bernoulli Binary Generatarlél

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vectar,

Parameters

Probability of a zero: 0.1
Initial seed: 61

Sample time: 2
Frame-based outputs

Samples per frame: 2

Cutput data type: lduuble - ]

[ QK H Cancel H Help I
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Puc. 3.102. IMapamerpsr Bernoulli Binary Generator

ﬂ Function Block Parameters: Convolutional Encoder g

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{s, [35 31])

Operation mode: [Continuous -

[ output final state
[ Puncture code

[ ox [ concel | [ mep )|  aeeiv

Puc. 3.103. Convolutional Encoder

E Function Block Parameters: Binary Symmetric Channel ﬂ

Binary Symmetric Channel (mask) (ink)

Add binary errars 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 vector,

Parameters
Error probability:
.03

Initial seed:

61

|:| QOutput error vector

Output datatype: |double -

[ oK ][ Cancel ][ Help ] Apply

Puc. 3.96. Binary Symmetric Channel



203

E Function Block Parameters: Viterbi Decoder _

Viterbi Decoder

Uses the Viterbi algorithm to decode convolutionally encoded input data. Use the

poly2trelis 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(5, [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: [Cnntinuous -

[7] Enable reset input port

[ QK ][ Cancel ][ Help Apply

Puc. 3.97 Viterbi Decoder

E Function Block Parameters: Ermor Rate Calculation |
WU ESPGLE O N DU UL R L

The delays are spedified in number of samples, regardless of whether the input
is & 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:

i}
Computation mode: [Erlﬁre frame - ]
Output data: |Port - |

[7] reset port
Stop simulation
Target number of errors:
100
Maximum number of symbols:

1es

[ Ok ] [ Cancel ] [ Help ] Apply

Puc. 3.98. [Tapamerpsr Error Rate Calculation

AaroputM BurepOum HaxXoAUT IMIMPOKOE NPUMEHEHUE M PEATU3YET HOUCK MAKCUMATLHO
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npagoono0obHo20 nymu Ha KOJIOBOM pelmeTKe ¢ OTOpachlBAHMEM 4YacTH 4YacTH HauMeHee
MPaBIONONOOHBIX BapHaHTOB IyTed Ha KaXXAOM IIare AeKoaupoBaHusi. AsroputMm BurepOu
XapaKTepU3yeTcs IOCTOSHCTBOM BBIUMUCIUTENBHON pabOThl, OIHAKO CIOJCHOCMb JIEKOJepa
Burtepbu pacter, kak mpu BcexX MEpeOOPHBIX aIrOPUTMAX, HO IKCHOHEHYUAbHOM)Y 3AKOH) OT
JUTMHBI KOJIOBOTO OTPaHUYEHUS CBEPTOYHOTO Koa. [loaromy anroputm Butepbu ucnonb3yercs s
JEKOIUPOBAHMSI KOPOTKUX CBEPTOUYHBIX KOJIOB.

AnaroputMm Butep0u 1151 1eKOAUPOBAHNS CBEPTOYHBIX KOI0OB

Paccmotpum anroputm Butep6u Ha mpumepe Koza co ckopocTeio Rkog = 1/n.

[Tycth, HaunHas ¢ mMomeHTa BpeMeHu t = 0, Ha BXOJ Kojepa MojaaeTcss WHPOpPMalUOHHAsS
II0CJIE0BATEIBHOCTD JJIMHOM L cMBOJIOB:

aL =(a0, al, ..., aL-1) (5)

Toraa Ha BeIX0/1€ Kojiepa OyAeT Mocie0BaTeIbHOCTh CHMBOJIOB:

bL = (b0, b1, ..., bL-1) (6)

CocrosiHEE Koiepa B MOMEHT  onpeAemsItoT Kak Habop u3 W HH)OPMAIIHOHHBIX CHMBOJIOB:

wt = (at, at-1, ..., at-L+1) (7)

Pewmeryaras Jyarpamma KOoJia 0OHO3HAYHO ces3vI8aem UH(OPMALIMOHHYIO
IOCJIeI0BAaTENbHOCTh al, mocnenoBaTeNnbHOCTh COCTOSHUN Kozaepa WL M mocienoBaTenbHOCTD
CHMBOJIOB Ha ero Bbixoje bL. Kaxmoit BeTBu bt B kaHase COOTBETCTBYET CHTHal, KOTOPBIH MOXKET
OBITH IpeCTaBIeH HAOOPOM KOOPAMHAT:

@O0O()Nt2t1ttsS...,S,SS=

rae N — pasMepHOCTh IPOCTPAHCTBA CUTHAJIOB.

JomyctrM, 4TO B KaHale NEHWCTBYET aJAUTUBHAs Iomexa. Torga mocTynaromas Ha BXOJ
JIeKo/iepa MOCIe0BaTeIbHOCTh MPUHUMAEMOT0 CUTHAlIA Oy/IeT paBHa!

XL =SL +nL (9)

rae SL = (S0, S1, ..., SL-1);

nL = (n0, nl, ..., nL-1);

— N-mepusbiit 6exkmop nomexu. () () ) ()Nt2tlttn..,,n,nn=

JlexonupoBaHHe COCTOUT B MPOCIEKHUBAHUU IO KOJOBOW PEIIETKE NMYTH C MAaKCUMAaJbHOMN
aroCTEpUOPHON BEPOATHOCTHIO.

JlexonupoBaHHbBIN MYTh MOKHO YKa3aTh OJHUM U3 CIIOCOOOB:

— HabopoM orieHOK Ko1oBbIX BeTBeit SL = (SO, S1, ..., SL—1), cocTaBmsronux myTh;

— MOCJIEZI0BATEILHOCTRIO OIIEHOK cocTostHuid komepa WL = (w0, wl, ...., wL-1);

— MOCJIeIOBATEIPHOCTHIO OIIEHOK MH(OPMAIIMOHHBIX CHMBOJIOB Ha BXoje koaepa AL = (a0, al,

..., aL—1), KoTOpbIE COBMAIAIOT C IEPBHIMU CHMBOJIAMHU OLIEHOK coctostamit S = (S0, s, ...,St-v+1).
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[TocnenoBarenbHOCTh XL Oyner nekoanpoBaHa ¢ MUHUMALLHOU 6EPOAMHOCIbIO OWUOKU, €CITN
U3 BCEX BO3MOXKHBIX ITyTeH BBIOpaTh ONEHKY SL, IS KOTOPOH Maxcumanvha anocmepuopuas
seposmuocms P(SL/IXL). Tlepemauy Bcex BapuaHTOB HaOOpoB al CUMTalOT paBHOBEPOSATHOH. B
3TOM Cllydae O0eKoOUposanue no Kpumepuro MAKCUMYMA anoCmepuopHol 8eposmHoCmu
PABHOCUNBHO 0eKOOUPOBAHUI0 NO KPUMEPUI0 MAKCUMYMA Hpasoonooodus, Korjaa BBIOHpaETCS
ouenka SL, oOecreunBaromias BoinoaHenue ycnoBusi P(SL/XL) = max. B kanane Ge3 namstu
ycioBHas BeposaTHOCTH P(SL/XL) mpomnopiiroHanbHa npouszeederiio YCIOBHBIX MJIOTHOCTEH

[Ipu nmexoaMpOBaHUM BBIOMPAIOT MMOCeaOBaTeapbHOCTh curHamoB SL = (SO, S1,..., SL-1) u
OJTHO3HAYHO CBSA3aHHYIO C Hel mociemoBarenabHocTh BerBer SL = (SO, S1, ..., SL-1), xoropas
obecnieurBaeT MUHUMYM cyMMbL: min ) S X (MIT2t1 LOtNOi)i(t==XX==

(13)

BripaxkeHue KoTopasi Ha3bIBACTCS MempUkol 0eKooupoganHHozo nymu. MeTpuka mTyTH

COJICP)KUT B KauecTBe ciaraeMbix mempuxu gemaeti [4]:2) 1 (tN1-i(i)t)S X (MB =X
(14)

B rayccoBckoMm kaHaje MeTpHKa BETBH MPOIMOpLHOHAbHA KBaapaTy EBKINIOBAa paccTOSHUS
MEXIy BEKTOpOM NPUHMMAaeMOHl CyMMbl curHaia U mnomexu Xt u BekTopoMm curHama St,
COOTBETCTBYIOLIETO BETBH Kona At. B IHCKpeTHOM KaHaie Ui OIEHKH PAaCCTOSHHUH HCIOJB3YIOT
METPUKY XEMMHUHTA.

[lepuoanueckas CTpyKTypa peUIeT4aTOW AuarpamMMmbl CYIIECTBEHHO YIPOIIACT CPAGHEHUE U
8b100p nymeti B COOTBETCTBUU C MPaBWJIAMHU JECKOAMPOBAaHHUSA. UHUCIO COCTOSHMM Ha pelIeTke
OTpaHUYEHO, W JIBAa HAayTaJ BHIOPAHHBIX JOCTATOYHO JUIMHHBIX MyTH MMEIOT, KaK MPaBUIIO, 00IIHe
coctostHusl. OTPE3KH IMyTel, BXOISIINX B TAKUE COCTOSHHSI, HEOOXOIMMO CPaBHUTH U BEIOPATH MyTh
C HaWMEHbIIEW METpUKOM. Takol nyms HA3BIBAETCA GbloCUBWIUM. B COOTBETCTBUM C AJITOPUTMOM
Burtepbu Takoe cpasnenue u omopacviganue ompesko8 nymei npouzsooOUmcs nepuooudecku, Ha
Kaxcoom wiaze 0eKoOUpOBaHUsl.

PaccmotpuMm nexoaupoBanue koaa (7;5), CUMBOJIBI KOTOPOTO MEPEAArOTCsl MO JUCKPETHOMY
KaHaiy (cM. pucyHok 3) [5].

B stom cnyuae mempuxa eemseu (MB) paBHa paccTosHUI0O XEeMMHHIa MeEXIy HabopoMm
cumBosioB (X(1)X(2)) ma Bxome nekonmepa u Habopom cumBOIOB (S(1)S(2)), cOOTBETCTBYIOMIMX
JIAHHOW BETBH Ha permreTyatoit nuarpamme. Ecim (X(1)X(2))=(01), To 3nauenus MB mist xona (7;5)
C peleTKoM, n300pakeHHOM Ha pucyHokK 3, @) Oynyt paBsl MB(00) = 1, MB(01) = 0, MB(11) =1
u MB(10) = 2.

Mempuxa nymu (MII) ecTb cymma METPUK BeTBeH, OOpa3yIOUIMX HEKOTOPHI MyTh Ha

pemeTanoﬁ JuarpamMme. HYTI) KOHEYHOM JJIMHBI OKAHYMBACTCA B OIPCACICHHOM COCTOSHHH.
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Mertpuxka coctosnusa (MC) paBHa METpUKE ITyTH, KOTOPBIM 3aKaHYMBAETCS B JAHHOM COCTOSTHUH.

Lllaz oexoouposanusi COCTOUT B 00pabOTKE NEKOJACPOM NMPUHUMAEMBIX M3 KaHala JaHHBIX B
MHTEpBaJIe MEKY IBYMS COCEAHUMH OTCUETaMHU.

Ha pucynke 3 6) ...orc) moKa3aHo pa3BUTHE MpoLEcca JICKOIUPOBAHUS CUMBOJIOB CBEPTOYHOTO
KOJIa cO CKOpocThio Rkon = 1/2 u nimmHOM Koaupyrotero peructpa K = 3.

Xoa padoTsl

[IporpammHuasi Mmopnenb, pa3zpaboTaHasi C HCIOJIB30BAHMEM I[OJCUCTEMBl BHU3YalbHOIO

monenupoBanusi Simulink. [To3BosisieT mpoBecTu wHcciaeOBaHUE KAueCTBEHHBIX XapaKTEPUCTHK
CHCTEMBI CBSI3M C HCIIOJB30BAHHEM CBEPTOYHOTO KOJWUPOBAHUS TIPH «MACKOM» W «HCECIKOMY
PELICHHH.

Monens naboparopHoit makera B MatLab/Simulink st cBepTouHoro nexoaupBanusi Butepou

npu «MTKOM peleHun» MpeacTaBieHa Ha pucynke 3.99.

CeBepToO4HOE aeKognpoBaHUA Butepou npu
MAIMKOM pelieHUU

O Y ) S YAV
FEy—— [10000x1] Convolutional [20000x1] . BPSK [20000x1]
Binary [10000x1] Encoder [20000x1]
Fenepatop MCM Wud patop [eonyHaa g a3oeas MaHunynauua (QAM-2)
Monynatop (OcHoBHaa nonoca)
4 BER_Data [20000x1},
>» To Woark
[10000x1] Error Rate 3 o o AWGN AWGN
N Calculation T 0.01005 Karan
rrogpol )
CuemTmk BER > 100 (20000x]
3 9952
Oucnnen
[20000x1] Soft-Output [20000x1]
4 BPSK «;
[10000x1]| Viterbi Decoder [20000%1] | pemodulator
Info

Viterbi nekooep MoacucTema

Puc. 3.99 Monens naboparopsoit makera B MatLab/Simulink 117151 cBepTOUHOr0 1€KOAMPBAHUS

Butep6u npu « MArkom pereHum»

Monens naGoparopHoit mMaker B MatLab/Simulink ans cBepTodHOro JeKOAMpPBAHUA

Butep6u npu «Kectkom pemennny» npencrasieHa Ha pucynake 3.100.



CBepTo4yHOe gekoaupoBaHue Butepbu npu XKEC TKOM peweHun

Bernoulli
Binary

lenepartop MCI

L iwvuwn
Convolutional
> Entader > BPSK
LWng patop NeonuHan ¢ azosan maHunynayua (QAM-2)

Yy

Tx Error Rate

Mogynatop

Rx Calculation

Cuetunk BER

"‘O‘o
bi Dec

Viter ccoder

Jekonep Butepbu

— e
Owcnnen
MANLT
Convert BPSK
Twun AaHHeIX
Mpeobpasosarue [ BonuHan fazoean MaHUMnNAUMA

[Jemoaynatop

Pucynox 3.100 - Monenb cBepTouHOTO AeKoepa Butepou npu )KecTKOM pelieHnn
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AWGN
Kanan

Ha pucysnke 3.101 npencrasien rpaduk 3aBUCUMOCTH KO3 dUIIMEHTa OUTOBBIX OIIMOOK OT

OTHOIICHUA CHUI'HAJIa K IOyMY ) 1 dKECTKOI'O M MIATKOI'O l'[pI/IHSITI/Iﬁ peH.ICHPIfI CBEPTOYHOI'O

JACKOAWPOBAHHUA MMOCJIICAOBATCIIBHOI'O METOAA BI/ITep6I/I.

(e}
(o))

w

D
No

D

H

[e»]

-2 1)

1
L

Pucynok 3.101 - I'paduk 3aBucuMocTs kod3(huieHTa OUTOBBIX OMUOOK OT OTHOIICHUS

CHUTHAaJIA K IIyMY (KpacHBIM 0003HAYEHO KECTKOE JCKOAUPOBAHKIE, CHHUM — MATKOE)

U3 puc. 3.101 cnenyet, 9YTO BBIMTPHINI B MOMEXOYCTOMYUBOCTH TIPU MATKOM JIEKOJIUPOBAHUU

HaMHOT'O NPCBBIIACT KCCTKOC NCKOAUPOBAHUC.
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3.5. Typo6okoaupoBanue. OOobmeHHasi cxema TypOokoaepa TCC ¢ mapanieabHbIM
KackaaupoBanueM. CBepToOYHbBIE TYpOOKOIbI. JlekoaupoBaHue TYpOOKOI0B.
XapakTepuCcTHKH TOMEX0yCTOMYHBOCTH CcBepTO4YHBbIX TypoOokogoB TCC. HcciaenoBanme
Typ0okoa0B ¢ ucnojn3zopannem [0 MATLAB.

[IpuHIUNBI TOCTPOEHNS TYP0O-KOI0B

B nanHOM pa3jene mpuBEICHBI OCHOBHBIC TEOPETHYECKHE MAHHBIE OJHOTO W3 BaXKHEHIINX
KJIACCOB MTEPATUBHO ACKOJAMPYEMBIX KOAOB — Typ00-K0a0B (turbo codes) u ¢ ux o0oOmeHnemM —
MHOTOKpAaTHBIMU TypOo-koaoB (multiple turbo codes). TypOo-konupoBaHue OCHOBAaHO Ha JIBYX
(dyHIaMEHTAIHBIX ~ HJIEAX: TIOCTPOCHHE KOJOB C KOJOBBIMH CIIOBaMH, OOJIaTaloNIMMU
KBa3UCITYYaiilHBIMU CBOMCTBAMU U IOCTPOCHHE JEKOJECPOB, OCHOBAHHBIX HAa JIETKO PEaM3yeMBbIX
arOpuTMax  WTEepaTuBHOrO  jAekomupoBanus [1].  TypOo-kombl  00JaialOT  XOPOUIMMHU
XapaKTePUCTHKAMH, OCOOCHHO IpH OOJBIIMX JUIMHAX KOJOB M YMEPEHHBIX TpPEOOBaHUAX K
BEPOSTHOCTH OIIMOKH Ha OWT.

IMapaiiesibHOE KACKAIMPOBaHUeE IBYX CBEPTOUYHBIX KO/I0B

Typ6o-ko1 MOKHO OIpenenTh Kak napasuieabHoe KackaaupoBanue (parallel concatenation)

JIBYX CBEPTOYHBIX KOJIOB. Koziep COCTOUT M3 BYX MapauieIbHBIX CUCTEMAaTHUECKUX KOJICPOB

ckopoctH R =1/2 n mamsatu m = 2 (KOMIIOHEHTHBIE KOJephI (constituent encoders)) ¢ oOpaTHO

CBA3BIO (I'CCUI'SiVG encoders) HMCHOIHX PAllMOHAIIBHBIC ITOPOKIAOIINUEC ITOAMATPUILIBI:

1+ D?
1+ D+ D?

u mnpoctoro OnokoBoro mepemexwurens (IIBIT). Bxomom TypOo-kojepa ciayXUT IBOMYHAs

G=(1+ ) (3.1)

nH(pOpMaIMOHHAS TOCIE0BATETFHOCTD JUIMHBI K
U=UgUy ... UK (3.2)
BxomoM mnepBoro coCTaBHOrO Koaepa M IEPEMEXUTENS, ACCOLMHUPOBAHHOIO C BTOPHIM
COCTaBHBIM KOAEPOM, CIIYXHUT MMOCIEI0BATEIbHOCTh U JINHBI K = K+ m,

U=UlUy ... UK (3.3)
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Puc. 3.102. CucremaTnyeckuii CBEpTOYHBIN KOEp CKOpocTH R = 1/3, ocHOBaHHBIN Ha

napaujiCJIbHOM KaCKaAupPOBaHUHU ABYX CBEPTOUYHBIX KOIACPOB

e m maMaTh COCTaBHOTO kojepa. IlepBbie K CHMBOJOB 3TOH MOCIEI0BATEIIBHOCTH — 3TO
CUMBOJIBI HH()OPMAIIMOHHON TMOCIIEOBATEILHOCTH U, MOCICAHUE 1M CHMBOJIOB OOpa3ylOT XBOCT,
MPUBOSAIINI NEPBbIII KOMIIOHEHTHBIN KOJEp B HyleBoe cocTosiHHue. [lockoiibKy KoaupoBaHHe
CHUCTEMATHUYECKOE, BXOJIHAS MTOCIICI0BATEILHOCTD (BKIIIOUAst XBOCT) MMEET BU:

v(0) = v @y, O vk, O=q (3.4)

[lepBblil KOMIIOHEHTHBIN KOJIep T€HEPUPYET POBEPOUHYIO MTOCIEI0BATEIbHOCTD:

v() = v, P v, W v, @, (3.5)

[TockoJIbKY XBOCT 3aCTaBIISIET MEPBBIM KOMIIOHEHTHBIN KOJIEp BEPHYTHCS B HYJIEBOE COCTOSHUE,
MBI MOKeM Hucnoas3oBarth bKBP anroputM anoctepuopHO BEpOSTHOCTHOTO JEKOAUPOBAHMS
KOJIOBOM IOCJIEIOBATEIBHOCTH IIEPBOI0 KOMIIOHEHTHOTO KOJIepa.

[TapannensHo mocienoBarenbHOCTs U noctynaer B IIBII, ompeneneHHbI nepecTaHOBOYHOM
marpuneit P = (pik), i =0, 1, ... ,K -1, k=0,1,...,K -1 pasmepoB (K x K). BeixoaHas
nocienoBarenbiocth  U(2) = wP TIIBII mocrymaer BO BTOpOW KOMITOHEHTHBIA — KOAEp,
TEHEPUPYIOLLUNA POBEPOYHYIO I1OCIIEI0BATEIBHOCTD

v(2) = vy @, @ g, @ (3.6)

Boo01ie roBopsi, BTOpoit KoJiep He MEepexXoauT B KOHIIE KOJMPOBAaHUS B HYlIeBOE COCTOsHUE. B
ATOM CITy4ae Helb3s UCIO0JIb30BaTh IS AekoaupoBanust bK/IP anroputm, HO MOKHO UCIIOIB30BaTh
OJTHOTYTEBOW aJITOPUTM arlOCTEPUOPHO BEPOSITHOCTHOTO JeKoaupoBanus. [Ipu Gonbmux nmuHax K
3TO HE CHJBHO OTPAXAEeTCsd Ha XapaKTEePUCTUKAX JIEKOAUPOBAHWS M BBI3BIBACT JIUIIb HX

HEOOJIBIIYIO JeTPaIAIUIO.
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IIBI1, ucnonb30BaHHBIH BO BTOPOM KOJEpe, MepecTaHoBoYHOM Matpuuei P. C momomibio
BBEJICHHS BEKTOpa IEPECTaHOBKM HHJEKCOB (indexpermutation vector) mimuabel K MOXHO JaTh

anbTepHatuBHOE onpeneneHue I1BII:
T =(mo 1Ty . . . K1) (3.7)
rme0<m;'<K-1,i=0,1,... K—-1 n'~n"ecnu i/~ i' u ' TakOBO, 4TO Pr ;i = |, TO €CTh
Prii — 3TO €AMHCTBEHHBIN HEHYJIEBOM 3JIEMEHT B -OM CTOJIOLIE I1EPECTAaHOBOYHOM MaTpULbl P.
© 0 2

KoMOuHanust Tpex mnocienoBareabHOCTe, v/, V'/, U V'~ JaeT NOJIHYI0 IepelaBacMylo
MOCJIEI0BATEIHHOCTD (KOJIOBOE CJIOBO)
V=VoV1...VKk1 (3.8)
TIE Un =V qp © 4 n @ n @ ,n=0,1,...,K—1, rakasg uyro obmas mmHa oioka koma N = 3K.
[TockomnbKy, Kak mpasuio K >> m, ckopocTs koaa R = 1/3.
Kak ObUTO OTMEUEHO BBINIE, BTOPOW KOJEp, BOOOIE TOBOPS, HE BO3BpAIIacTCI B HYJIEBOC
cocTrosiHMe. BaXHBIM HCKIIIOUEHUEM SBISETCS TypOO-KOIEp, Y KOTOpPOro 006a KOMITOHEHTHBIX

KOJIepa — 3TO PEKYPCUBHBIE CBEPTOUYHBIE KOACPHI NaMsATH M = | ¢ MOpOoKIAIoIIEeH MaTPHUIIEH.

1
G=(1+ ﬁ) (3.9)

B »TOoM ciydae XBOCT COCTOMT M3 OJHOTO CHMBOJIa Uk-1, paBHomy 0, eciu Bec
MH()OPMAIMOHHON TOCIIEIOBATEIIFHOCTH YETHBIN, U paBeH 1, eciu Bec HeueTHBIA. Takas BXOogHAS
MOCJIEI0BATENBHOCTh IPUBOJIUT 002 KOMIIOHEHTHBIX CBEPTOUHBIX KOJiepa MaMaTu m = 1 B HyjneBoe
cocrostHue. IlooToMy pemeTkM KOMIIOHEHTHBIX CBEPTOYHBIX KOJEPOB HAYMHAKOTCA U
3aKaHYMBAIOTCSI B HYJIEBOM COCTOSSHUM M MblI MOXeM Hcnoib3oBaTh BK/IP anroputm nms
JIEKOIMPOBAHUSI 0O0MX COCTABHBIX KOJIOB.

BaxxHoil 0cOOEHHOCTBbIO OOBIUHBIX TYpOO-KOJOB SIBIIsSIETCA C€HIaOblii POCT MHHUMAaJIbHOTO
paccTosiHus dMin ¢ pOCTOM JJTMHBI KOJIA.

ITapaiesqbHOE KackaAMpoBaHue Tpex U 0oJiee CBEPTOYHBIX KOJ0B

OObIuHBIE TYpOO-KOABI MMEIOT OTHOCHUTENBHO IUIOXO€ MHHHMMAalbHOE paccTosiHue. llpu
OTHOCHUTENIbHO BBICOKMX OTHOUIEHMSIX CHUTHAJ-IIYyM 3TO BbI3bIBa€T JPQeKkT “3aBUcaHus”
BEPOATHOCTH OIIMOKU JI€KOJUPOBAHUS, NMPU KOTOPOM BEPOSITHOCTh OMIMOKH OY€Hb MENJICHHO

yOBIBaET C POCTOM OTHOIIICHHSI CUTHAJ-IIIYM. DTOT y4acTok rpaduka HaszpiBaetcs “mosom” (floor).
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MepemesnTean Kodep 2

1 CECPMOHOZE Koo

Kodep N

CHEPILOSHOZ0 Koda

Puc. 3.103. CtpykTrypa -pa3MepHOro CBEPTOUYHOTO TypOOKoIepa

XOoTs MUHHMAaJIbHOE paccTOsiHUE Typ0O-KOAa MOXKET OBITh YIYUIIEHO BBHIOOPOM XOPOIIETo
MIEPEMEKUTENSI, OHO HE MOXKET pacTH OBICTpee, YeM JIorapu(MUYECKH C POCTOM JUJIMHBI OJOKa.
[ToBenenne munuManbHoe paccrogauss MTK cymiecTBeHHO Jrydiie.

Konep -mepunoro MTK cocrout u3 J, | > 3, mapamuienbHbIX KOMIIOHEHTHBIX CBEPTOYHBIX
KOJICpOB U | eIMHUYHBIX OJ0KOBBIX nepemexureneit P(j), j =1, 2, . . ., J, pasmepoB K U K, kak
nokaszano Ha puc. 7.2. ( Onpegenum dopManbHO HyJeBoi nepemexkutenb P(0) Kak equHUYHYIO
Matpuny pasmepoB K x K.) Ilpenmonaraercs, 4TO BC€ KOMIIOHEHTHBIE KOJIEpPHl — 3TO
CHCTEMAaTHUYECKHE PEKYpCHBHBIE KoJepbl ckopoctH R = 1/2 u mnamatu m. JIBouuHas
IIOCJIEI0BATEIBbHOCTD JUINHBI K

U=UgUy ... UK (3.10)
3TO  BXoAHass mocienoBarenbHocTh  MTK. D10  Moxer ObITh  HMH(MOpPMaLMOHHAS
MIOCJIEZI0BATEIBHOCTD; B 3TOM Cllydae BCe KOMIIOHEHTHbIE KOAEPhl — 3TO KOJbI C HEWTpain3aluen
XBOCTa. AHAJIOTUYHO OOBIYHBIM TYpOO-KOJaM CJIEIYyeT pacCMOTPETh CIydaid, Korja U cocTouT u3 K
MH(OPMALIMOHHBIX CHUMBOJIOB IUIFOC XBOCT M3 M JBOMYHBIX CHUMBOJOB, Tak uro K = K+ m. B
YaCTHOCTH, €CJIM BCE KOMIIOHEHTHBIE KOJEpPbl — 3TO CUCTEMaTHUYECKUE PEKYPCUBHbBIE CBEPTOUYHbBIE
KOJIEphI MaMsTH 1, XBOCT cOCTOUT U3 | cuMBoIIa.

[TocnenoBarenpHOCTh U mocTymaeT Ha BXxoawsl J IIBII, omuckiBaemMbiM nepecTaHOBOYHBIMU
matputiamu P(j) = (p(j)ik ), tme j =1, 2,...,J,i,k=0,1, ... ,K— 1, pasmepoB KxK. 3a
MEPEMEKUTENSIMU CIeNYIOT KOMIOHEHTHBIE KOJIEphl, TaKHE YTO -asi epecTaBiIeHHasl Bepcus U, TO

ects u(j) =uP(j),j =1, 2,...,], HOCTymaeT Ha BXOJ j-Or0 KOMIIOHEHTHOTO KOJIepa.
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Brixonnas MOCJIEIOBATEIBLHOCTD -0ro KOMIIOHEHTHOT'O KoJepa (mpoBepouHast
HOCHeHOBaTeHBHOCTB) — 9TO IMOCJICA0OBATCIIBHOCTD:
W =0, P O vk 9 =12, (3.12)

Bxonanas nmocnegosarenpHocTs MTK,

© ., © 0)

()
u =v0=p,@p, @ i, O
MNEPEMCIINBACTCA C BBIXOAHBIMU II0CJIICA0OBATCIbHOCTAMUA ] KOMIIOHCHTHBIX KOJICPOB H

nepeaaercs 1o kanainy. KooBoe ciioBo MHOrOKpaTHOro Typ0o-koja,
V=VyVy...VK (3.12)

rue Up = v, Qp, 0 v, ,n=0,1,...,K—1, tak uro nnuna 610ka xozna pasHa N
=(J+1)K wu pesynpTupytomias ckopocth paBHa R = 1/(J+1). KogoBas CKOPOCTb MOXET OBITh
YBEJIMYCHA BHIKAIILIBAHUEM CHMBOJIOB.

KoMOuHamms TOXIECTBEHHOTO MEPEMEKUTENSI U OCTAIBHBIX | IMEepeMeKUTeNe Ha3bpiBaeTcs (J
+1)-MepHbiM miepemexuteneM. OH MOKeT ObITh mpeactaBieH B Buzae (J + 1)-MepHO# TabuiibI,
CKOHCTPYHPOBAHHOMW TakK, YTO MPOCKIIUS HEHYJICBOTO 3JIEMEHTA Ha TIOCKOCTh, 00pa3oBaHHy0 0-oi
u-oit,j=1,2,...,]J,ocamu naBaio ObiMaTpuily nepecranoBok P(j), j=1,2,...,].

HrepaTnBHOE 1eK0qUpPOBaHHE TYPOO-KOI0B

B manHOM paszene ommcaHO JAEKOAMPOBaHUE TypOO-KomOB. I[Ipennosnoxum, 4YTo KOmOBas
MOCJICIOBATEIBHOCTD UV = VoV1 . . . VK-1, CKOHCTPYUPOBAHHAS U3 TPEX MOCIEI0BATEIbHOCTEH, v =

u, v(l), and v(z), nepeaaeTcs Mo JUCKpEeTHOMY KaHany 0e3 mamsth. [lycts

T=7T9T1...TK (3.13)
rae rn = rn(o) r(l)n rn(z) ,n=0,1,...,K—1, o3Ha9aeT NPUHSITYIO MOCIIEAOBATEIHHOCTh U ITYCTh

7.@(0) = P(u.=0) (3.14)
03HAYaeT alpPUOPHYIO BEPOSITHOCTh, UTO MHPOPMAIIMOHHBIH cuMBoT U, =0, n =0, 1, ... ,K — 1.

Ha npakrtuke o0brano P(u, = 0) = 1/2.

HTepaTuBHBIN anropuT™M AEKOAUPOBAHUS TYpOO-KOJOB IMOXO0X Ha UTEPATUBHBIN aITOPUTM
pacnipoctpaHeHusi noBepust koaupoBanHus MIIIMY  komoB. Jlekomep cocTouT U3 JABYX
KOMITOHEHTHBIX allOCTEPUOPHO-BEPOSTHOCTHBIX JekoaepoB. [Ipouecc nexkoaupoBaHus COCTOUT U3 [
UTepaluii; Kaxaas uTepanus, B CBOIO o4epe/ib, COCTOUT U3 ABYX ¢a3. B pesynbrare -oii ¢pa3zpl, e =

1, 2, i-oit urepatuu [ = 1, 2, . . ., I, BEIUUCISIETCS MTOCIIEIOBATEILHOCTD:

7@(1) =@ (1) 1, @ (i) . .. w1 @ (i) (3.15)
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riae m(e) n (i) anocTepropHast BEpOSITHOCTD 2, 4TO HHPOpMannoHHbIi cumBoa un =0, n =0, 1,
.,K — 1. Yno6uo Bmecro m(e)n (i) omepupoBaTh ¢ COOTBETCTBYIOIIMMH JIOTapH(PMUUCCKUMHE
OTHOILIEHUSMH MPABJIONOI00US, TO €CTh,

©)

(e _ n
z” =log——
n (e) (316)
1-7,
u BMecto 7(e)(i) orepupoBaTh ¢ MOCIEI0BATEIHHOCTHIO:
291) =29 (1) € (@) ... 2k (D) (3.17)
MO3KHO HCII0JIB30BaTh 0003HAYCHHE:
P(u, =0|r®) Q) P(u, =0[r®)
29(0) =log——— " =log—"—+lo L 3.18
O =105 Sy M1 B, 1) 19

JUTSL JIOTapU(MUIECKOTO0 OTHOIICHUSI allOCTEPHUOPHBIX BEPOSATHOCTEH 3HAUCHUN CHUMBOJIA UM,
IpU YCJIOBHH, YTO MPHHAT cuMBON rn. OHO Ha3bIBaeTCsl BHyTpeHHeW wuH(popmarueii (intrinsic
information) 06 uadopmaronnom cumose un = v(0)n. Ilpeamnonaraercs, 4To 06a KOMIOHEHTHBIX
nekonepa xpaust B mamsatu nocienosatensocts z200) = 20 @ (0) z2 @ (0) . . . z k1 (0) (0) m

HCIIOJIB3YIOT €€ Ha KAXKIOM HIare uTCpaTuBHOIO Ipouecca J€KOJUPOBAHUA.

©) @ @

HYCTL r, r, and r O3HA4Yar0T IMOCICA0BATCIbHOCTH  IPUHATBIX  CHUMBOJIOB,

o 0) _ o
COOTBETCTBYIOIIUX TMEpPEelIaHHbIM HH()OPMALIMOHHONW MOCIEI0BATEIBHOCTH v = U, IEepBOU

(1) (2

HpOBGpO‘lHOﬁ noCJICaOBATCIIBHOCTH V', H BTOpOI71 HpOB@pO‘lHOﬁ IIOCJICAOBATCIBPHOCT V"7,

~ (0
COOTBCTCTBCHHO. HYCTB, JaJice, T'n() O3HA4YaCT MOCICAOBATCIbHOCTD MPHUHATBIX CHMBOJIOB,

0
COOTBETCTBYIOIIUX IMOCICAOBATCIIBHOCTHU U 3a UCKIIIOUCHHUEM ITPUHATOTO CMUMBOJIA T n( ), TO €CTh,

© 1 © .. ng © T n+1 © Ce (319)

0) —
r,© = o
Amnanoru4so, nycth m(e)/m (i) 03Ha4aeT MOCIENOBATEILHOCTD AOCTEPHOPHBIX BEPOSTHOCTEH

ISl CHMBOJIOB TOCIIEZIOBATEIBHOCTH U 3a UckitoueHueM 1(e) n (i) mocie -oii ¢a3sl i-0ii Tepanu,

TO €CTb
'@ (i) =10 @ () @ (@) ... wna @ ()@ () . .. (3.20)
Ha nepBoii ¢a3ze nepBoii uTepanny nepBblii KOMIIOHEHTHBIN Aekozaep, ucnoib3yd r(0yn , (1) u
2 0) =1 0)m©0)... 7@ O (0).. (3.21)
BBIYHUCIISIET JIOrapU(PMHUUECKOE OTHOILICHHE MPABI0N0100us
/9 (1) = log P, rPIr@u, =0)
P(r\(nO), r® |un :1) (3.22)

115t MHGOPMALMOHHBIX CHMBOJIOB Un = U n © ,n=01,... K—-1.
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s BBIYUCIICHHSI y(n (1) JICKOJIEP UCTIONB3YET BKBP AITOPUTM
aroCcTEpUOPHOBEPOSITHOCTHOTO JIEKOIUPOBAHUS OMUCAHHBIN a maparpade 4.5. Benmuuuna y(1)n (1)
Ha3bIBaeTCs BHENIHeH nHpopmarueid (extrinsic information) mepBoro KOMIIOHEHTHOTO Jiekoaepa 00
WHPOPMAIIMOHHOM CHMBOJIE UM MpH NepBOM wurepanud. [lepBbIii KOMIIOHEHTHBIH JEKOIEP

BBIYHCIIACT ITOCJICOA0BATCIIBHOCTD.

291 =2,P 1)z, Y Q) ... 2P Q) (3.23)
UCTIONB3YS GOpMYITy
2P ()=2z.20)+y. Q) (3.24)

U TIOCBLIAET €€ BTOPOMY KOMIIOHEHTHOMY JI€KOEpY.
Ha Bropoii ¢ase mepBoil wuTepanmuu  BTOPOW  KOMIIOHEHTHBIA  JIeKOJIEp,  3Has
T0CIIE/I0BATENBHOCTD Z o ) (1), BEIYHCIIAECT alIOCTEPUOPHBIE BEPOSITHOCTH TT 7 @ 1),n=0,1,... K

© @

— 1, u, cuenoBaTeIbHO, T *n @) (1). Ucnionb3ys 1n , U nn(l)(l), JIEKOJIEP, BBIUYMCIISIET BHEITHIOO

undopmarmioy » 2 (1),
Pr®, r@r®y =0)
0) (2
P, r?|u,

(1) = log

(3.25)

3aTeM JeKo/iep BBIYHUCIIIET HOBOE JIOTapu(pMUIECKoe OTHOIICHHE IPaBI0IO00MS U IIOCHUIACT:
2210 =2,21) 2P Q) ... zx4? Q) (3.26)
HepBOMY KOMIIOHEHTHOMY JEKOJEPY. JTO 3aBEpIIacT NEPBYIO UTEPALHIO.
PaccmoTpum teneps -yro urepamuio, i = 2, 3, . . ., I. Ha nmepBoii ¢a3e i-0if ureparuu nepBhIi
KOMIIOHEHTHBIM  JIeKoJep, 3Has  MOCJIeNOBaTeIbHOCTh  JIOTapU()MUUYECKUX  OTHOLICHUH
npaszonoxonono6uii z@(i — 1), BEMUCISET MOCIENOBATENBHOCTh AOCTEPHOPHBIX BEPOSTHOCTEI

7@ - 1) u, cnenosarensro,  n @ (i — 1). Hcnionb3ys @, r®

,uma @ (- 1), TICPBBIi
KOMITOHCHTHBIH JICKOJIEP BBIYHCIISCT Y e @Omn=0,1,... K-l uzn, @ (@),n=0,1,... K-1
3arem ou nocsuiaet zM (i) BropoMy KOMIIOHEHTHOMY AeKOAepY | T.1.. Vjiess COCTOUT B TOM, 4TO Ha
KaX/I0M (haze HUTEPaTUBHOrO TMpollecca JIEKOJAWPOBAHUS AaKTHBHBI KOMIIOHCHTHBIH JCKOJICp
UCTOJBb3yeT (ampOKCHMUPOBAHHBIC) AallOCTEPHOPHBIC BEPOSTHOCTH, BBIUYMCIICHHBIC JIPYTUM
KOMIIOHEHTHBIM JIEKOJIEPOM Ha MPEABIAYIINEM Iare IeKOJWPOBAHHS B KauyeCTBE alPHOPHBIX
BEPOSATHOCTEH U BBIYHCIISICT HOBYIO alipOKCHMAITUIO allOCTEPHOPHBIX BEPOSITHOCTEH.

Jexomep depenyeT 3Tu (as3bl ACKOIUPOBAHUS B TeueHue | utepanuii. Pemmenue u,, n =0, 1, . ..

2
,K — 1, nomyyaetcst cpaBHeHHEM (PUHAIBHOTO JIOTapU(MUIECKOTO OTHOIICHUS Z o) (I) ¢ moporom

0:
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0, eciin sz) (D > 0;

u =
" lleem z?I)=<0. (3:27)

(Ecmn z » W =0, torma JIEKOJIep HUCHOJNB3YyeT MpPaBUJIO OpocaHWss MOHETHl U MPUHUMAET
petieHue Uy = 0 Wik Un = 1 ¢ BepostHOCTHIO 1/2.) TepaTUBHBIN 1eKOAEp HILTIOCTPUPYETCS Ha PHC.
23.1, tne u = upus . . .Uk-1. MTepaTMBHOE NEKOIMPOBAHWE MHOTOKPATHBIX TypOO-KOIOB
AQHAJIOTMYHO  WUTEPATUBHOMY  JICKOJMPOBAHUIO  OOBIUHBIX  Typ0O-KOJOB. JlexkoaupoBaHue
MHOTOKPAaTHbIX TYpOOKOJOB C | KOMIIOHEHTHBIMH KOJAMH COCTOMT W3 | UTepauui, Kaxiaas

HUTCpalyA aHaJlorn4Ha UTCpalusaM ACKOAUPOBAHUSA OOBIYHBIX Typ60-KOIIOB.

=0(0) 2@(i—1)| ObpaTHblil

[lepemexuTtent
T
| APP
aekomep 1| | _1),.
— | A
[epemexunTent-
: =" (0)
r(0) —e—lepemexuTent
| |
(1) ——
APP nocne | .
———] — = gy
- Aexopep 2 @) (4) UTepaLwii
'I'l = = o

Puc. 3.104. UteparuBHbIi AeKOep VIS TYpOO-KOIOB

Pa3paboTka MogesM cucTeMBbI CBSI3H C HCNIOJIb30BaHUEM TYp00-KOI0B
B nuanorosom okue mpuiokenust Simulink Heo6xoauMo cobpath cxemy, MpeACTaBICHHYIO Ha

pucyske 3.116.
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KomBrHaums Ha Exoae imgepa KomBWHaLMA Ha BbDDE AEKDOEpE

KomBuHauMR Ha EwiXDaE KOERS

Puc. 3.105. Mopenb CUCTEMBI CBSI3U C MCTIOJIh30BAHUEM TYPOO-KOI0B

B cocras HpOGKTI/IpyeMOﬁ CHUCTEMBI CBA3U BXOIAT CICAYIOIINUEC SJICMCHTBI:

1. Bernoulli Binary Generator;

2. Turbo Encoder;

3. Binary Symmetric Channel (kanan nepenaun);
4. Turbo Decoder;

5. Error Rate Calculation (ananu3atop omi6ok);

6. Jlucreit, oToOpaXkaroIiii KOMOWHAITMIO Ha BXOJIE KOJepa;
7. ducruieit, oTroOpaxaronuii KOMOMHAIIMIO Ha BBIXOJIE€ KOJIEPa;
8. ucnneil, orobpakaronnii KOMOMHAIMIO HA BBIXOJE AEKOJIepa;
9. lucnineit aHanu3zatopa oOmMOOK, OTOOpaXaroUIMM YacTOTy OMIMOOK, YHCIIO
0OHapyKEHHbIX OMIMOOK, KOJIMYECTBO CUMBOJIOB 110 CPABHEHHUIO.
Ha cnenyromiem stane MoaenupoBaHus HE0OX0JUMO MTPOU3BECTH HACTPOUKY (PYHKIIMOHATBHBIX
AJIEMEHTOB MCCIEAYEMOU CUCTEMBI CBSA3H.
CHavana HEOOXOJUMO BBINOJHUTH HACTPOMKY reHepaTopa OWHApPHBIX MOCIEI0BaTENbHOCTEH

Bepnysumu (Bernoulli Binary Generator) (puc. 3.106):



“ Source Block Parameters: Bernoulli Binary Generator . S|

Bernoulli Binary Generator

Generate a Bernoulli random binary number.
To generate a vector output, specify the probability as a vector.

Parameters

Probability of a zero: 0.5
Initial seed: &1

Sample time: 1
Frame-based outputs

Samples per frame: 32

Output data type: [double -

[ OK ][ Cancel H Help ] Apply

e ——————————

Pucynok 3.107. Hacrpoiika Bernoulli Binary Generator mst 32 out
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B MMpEaACTaBJICHHOM CJIy4dac 6yz[eT HCIIOJBb30BaTbCA BXOAHAs IIOCICIOBATCIIbHOCTL, COCTOAIIAA

u3 32 our

Jlanee HEOOXOAMMO BBINOJHUTH HACTPOMKY TypOo-koaepa u nekozaepa (puc. 3.111 u puc.

3.112);

Function Block Parameters: Turbo Encoder M

Turbo Encoder

Encode binary data using a parallel concatenated coding scheme that
employs the convolutional encoder as the constituent encoder.

Both the constituent encoders use the same trellis structure.

Use the poly2trellis function to create a trellis using the constraint length,
code generator (octal) and feedback connection (octal).

Source code

Parameters

Trellis structure: poly2trellis( 4, [ 13, 15 1, 13 )|

Source of interleaver indices: [F’roperty V]

Interleaver indices: (32:-1:1).

|| Simulate using: |Interpreted execution V]

J. [ oK ][ Cancel ][ Help ] Apply

Puc. 3.107. Hactpoiika Turbo Encoder




218

[’ Function Block Parameters: Turbo Decoder - [——

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.

lUse 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 ']
Interleaver indices: (32:-1:1).

Decoding algorithm: [True APP ']

Number of decoding iterations: 4

Simulate using: |Interpreted execution 'l

J. [ 0K ][ Cancel ” Help ] Apply
_—m§—

Puc. 3.108. Hacrpoiika Turbo Decoder

Ha CJICAyomEeM Mare H606XOI[I/IMO BBIINIOJIHUTD HaCTpofIKy ABOUYHOI'O KaHaJIa Tiepcaadun
undopmarmu (Binary Symmetric Channel) (puc. 3.109):

"I Function Block Parameters: Binary Symmetric Channel X I_

Binary Symmetric Channel (mask) (link)
Add binary errors to the input signal.
Parameters

Error probability:
0.01

Initial seed:

i

Output error vector

Output data type: ldouble ']

‘)' [ OK H Cancel ” Help ] Apply
_———

Puc. 3.109. Hacrpoiika Binary Symmetric Channel
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Crout OTMCTUTDH, UTO HA JAHHOM 3TalIC MapaMCTp «BCPOATHOCTDH OIIIMOKI HCOGXO,Z[I/IMO 3aaaTb

MaJbIM, JUISE TOTO YTOOBI TPOBEPUTH PAOOTOCIIOCOOHOCTh CHUCTEMBI B 11€JIOM (BEPOSITHOCTH OIITHOKH

BBICTYIIACT aHAJIOI'OM OTHOLICHUSA CI/IFHaJ'I/I_HYM B p€aJIbHOM aHaJIOr'OBOM KaHaJI€ CBHBI/I).

Janee nactpoiika ananusaropa omu6ok (Error Rate Calculation) (puc.3.110).

Parameters

Receive delay:

a

Computation delay:

0

Computation mode: |Entire frame

Output data: |Pnrt

Reset port

Stop simulation

Puc. 3.110. Hacrpoiika Error Rate Calculation

3aKIIOUNTENbHBIN 1IAr — 3amyck padoThl Bceil cuctemsl. [locie 3amycka cpoeKTHpPOBAHHOMN

CUCTCMBI 6}’IIYT IMOJIYUCHBI CJICAYIOIINUC PC3YJIbTAThI:

Poannor

Binary

Bernoulli Binary
Generator

FomBuHalpa Ha Exoae Koaepa

P | N | = = | = =

KomGuHELMA Ha ELOOS MOAEDE

i
i

b iR ¢ o L’“meﬂate
- ur! o ur i
Encoder ' v =8 Decoder L R
=
Emor Rate
Turbo Encoder Binary Symmetric Turbo Decoder Calculation
‘Channel
1] !
I -
1 Y !
~ — T
[ 9 -
1 e

AnanvesTop owwlor

Puc. 3.111. Pe3ynbraTsl paboThl CUCTEMBI CBSI3U Ha OCHOBE TypOO-Koaepa
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Ha ocHoBe mosyueHHBIX pe3yabTaTOB MOXHO CAEIaTh BBIBOJ, UYTO OMNEpaIi KOJUPOBAHUS U
JEKOJUPOBAHUS BBHIIIOJHEHBI MPABUIIBHO, CIIEA0BATEIBHO, CIPOCKTHPOBAHHAS CUCTEMA UCIPaBHA U
paboTocnocoOHa.

OnHOM W3 OCHOBHBIX XapaKTEPUCTHK, XapaKTEePHU3YIOIIUX MOMEXOYyCTOHYMBOCTh KOJa,
SBIISICTCA 3aBHCHMOCTh KOJHMYECTBA OOHAPY)KEHHBIX OLIMOOYHBIX OUT OT BEPOATHOCTH OLIMOKH.
BeposiTHOCTh OIIMOKHM — SIBJSIETCS aHAJIOTOM IIYMOB B pEaJlbHOM aHAJOrOBOM KaHale Iepenaye.
Takum o0OpazoM A HCCIENOBaHUS IOMEXOYCTOMYMBOCTH TypOO-KOJa MpEeCTaBisieTCs
1e1ecoo0pa3HbIM MOCTPOUTH BBHIIICYIOMSHYTYIO 3aBUCUMOCTb.

Jns Typ6o Koma, ¢ BXOJHOW IIOCIIEIOBATENbHOCTBIO, COCTOSINIEH M3 YeThIpeX OUT M CO
CKOPOCTBIO KoaupoBanus R=1/3 3aBHCHMOCTH KOJMYECTBA OMIMOOK OT BEPOSTHOCTH OIIMOOK
npeacTarieHa B Tabnuue 3.7:

Tabnuma 3.7. 3aBUCUMOCTh BEPOSTHOCTH OIIMOOK OT KOJMYECTBA OMMUOOYHBIX OUT AJis TypOO

Koaa
P 0 0 0 0 0 0,5 0, 0,7 0,8 0,9 1
o ,01 1 2 3 4 6
N 0 0 0 0 0 0,4 0, 0,53 0,62 0,56 0,562
bits ,062 ,281 ,343 ,375 437 | 37 406 1 5 2

Just ymobctBa 00pabOTKHM TOJNydeHHOW WH(GOPMAIMU, TMPEACTABISACTCS HEOOXOAMMBIM U

1enecoo0pa3HbIM MpeICcTaBUTh Tabmuily 3.7 B Buje rpaduka:

BEPOATHIOCTb OLUMBGOUYHbIX 6UT

L/

¢

001 01 02 O3 04 05 06 07 08 09 1
BepoATHOCTb OWMGOK

Puc. 3.112. 3aBUCHMOCTD BEpOSITHOCTH OIIHOOK OT KOJIMYECTBA OMTUOOYHBIX OUT
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st Typbo KoJa, ¢ BXOJHOHM IMOCIIEOBATEILHOCTBIO, cocTosIIeld u3 64 OUT M CO CKOPOCTHIO

KoaupoBaHusi R=1/3 3aBUCHMMOCTh KOJIHMYECTBA OMIMOOK OT BEPOSTHOCTH OINMOOK MPEJCTABICHA B
Tabimue 3.8:

Tabnuua 3.8. 3aBUCMMOCTH BEPOATHOCTH OMIMOOK OT KOJIMYECTBA OMIMOOYHBIX OUT Il TYpOO

Koada

P 0 0 0 0 0 0 0 0 0 0 0 1
om 01 |1 15 1,2 3 4 ) ,6 7 8 9

N 0 0 0 0 0 0 0 0 0 0 0 0
bits ,250 | ,375 |,390 | ,468 |5 5 ) Sl |54 |57 |56 |54

It ymobctBa 00pabOTKHM TMOJIydeHHOW HWH(MOpMANWU, MPEICTABISICTCS HEOOXOIUMBIM U

1eecoo0pa3HbIM MpeIcTaBUTh Tabauiy 3.8 B Buje rpaduka:

o
o

o
w
L 4

o
>

o
w

'

o
)

YacroTa owmnbok

o
JEEN

o

001 01 015 02 03 04 05 06 07 08 09 1

BepoATHOCTb OLWMNGOK

Puc. 3.113. 3aBUCHMOCTH BEPOSITHOCTH OIIMOOK OT KOJIHYECTBA OMTUOOYHBIX OUT
[TocTpouM 3aBUCHMOCTH KOJIMYECTBA OIIMOOYHBIX OUTOB OT BEPOSTHOCTH BO3HUKHOBEHHS

o6k u (puc. 3.114):



222

0,7

0,5

0,4

03 / —m—64
——32

0,2 /

0,1

00101 02 03 04 05 06 0,7 08 09 1
BepoATHOCTb OWIMGOK

YacroTa owmboK

Puc. 3.114. 3aBucumMoCTb KOJIMYECTBA OIIUOOYHBIX OUT

B pesynbrare BBIMOTHEHHS NaHHOW JTaOOpAaTOpHON pabOTHI ObLT MPOBEICH TEOPETUYCCKUIN
0030p COBPEMCHHBIX AJITOPUTMOB MCIOJB3YIONINX YIS MepeIadyll HHPOPMAIIMH 110 KaHalaM CBSI3U
TypOO-KOIbI.

B xome pabotel Obima pa3paboTaHa MOJENb CHCTEMBl TMepenaud HHPOpMAIUM ¢
UCIOJIb30BaHWEM TypOo kojoB. Kojgep mpeacraBisier co0oil KiIacCHYECKHil TypOO-KOIEp Co
CKOpOCTBIO KoaupoBaHus R = 1/3 peann3oBaHHBIN MMyTeM MapauIeIbHOTO KAaCKaIHMPOBAHUS TBYX
CBEPTOYHBIX KojepoB. J[lekomep mpeacTaBisieT coOOW HMTEpaTUBHBIA Aekonep TypOO-KOIOB.
OCHOBHBIM €ro JOCTOMHCTBOM €rO SBIISETCS TO, YTO HA KaXKJIOM MTEeparui C MOMOIIBIO MPOCTBIX
poLEAYp JACKOJUPOBAHMS AHATM3UPYIOTCS JTaHHBIC, MPUHAIICKAINIUE MPOCTHIM UTEPAMOHHBIM
KOJIaM.

[Ipu momomu pa3pabOTaHHON MOJENU OBLJIO YCTaHOBJEHO, YTO TYpOO-KOABI C Oonblieit
JUIMHOM KOJIOBBIX KOMOWHalWed o0iaiaroT Jydlield MOMeXOyCTOMYMBOCTHIO, YTO COOTBETCTBYET

TEOPHH.

3.6. HuszkominorHocTHbIe KoaAbl. Knaccugukanusa LDPC-koaoB. MeToabl mocTpoeHust
NMPOBEPOYHBIX MATPHI. AJITOPUTMBI 1eKOAUPOBAHUS HU3KOIJIOTHBIX KO0B.
Onenka cJI0KHOCTH AJTOPUTMOB JeKkoaupoBanus Ha 0aze MATLAB u LabVIEW
Hu3komioTHocTHBIE Ko/ibl. OCHOBHBIE M0JI0KeHus1 [16]
B 1948 rony Kmon OnByn IllenHoH omyOnmkoBana cBOO paboTy MO TEOpUH Iepenadu
uHpopmanuu. OJHMM M3 KIIOYEBBIX pPE3YyIbTaTOB pPabOThl CUMTAETCS TeopeMa O IMepeaadu

I/IH(i)OpMaIII/II/I IJId KaHajla C IIyMaMH, KOTOpas TOBOPHUT O BO3MOXHOCTHU CBCCTH BCPOATHOCTH
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omKOKM TepeAayd Mo KaHaly K MHHHMYMY IPH BBIOOpE JOCTaTOYHOIO OOJBLION JJIHHBI

KITFOUEBOTO CJIOBA — €UHUIIBI MH(OPMAILIMU TIepeIaBacMOM 10 KaHAaITy.

Herounnx Kogep Kanan c wymamu Heropep

Tloron Mook 6.10K0B — KIOHEERD C 0B Tlezox
HHpOpPMALPO HH opMaALYH

Puc. 3.115. Ynpomennas cxema rnepeaayr ”HGOPMAIIMH 110 KaHATY CBSI3H.

[Ipu nepenaye napopManuu €€ MOTOK pa3OUBaeTCs Ha OJIOKH ONpeAeIEHHON (Jale BCEro)
JUTMHBI, KOTOPBIE MPEOOpa3yroTCcs KOJAEpOM (KOAMPYIOTCS) B OJIOKH, HAa3bIBAEMBIMH KITFOUEBBIMU
cioBamu. KitoueBble ciOBa MeEpemaroTCs 1O KaHally, BO3MOXHO C HCKaXeHusMu. Ha
MIPUHUMAIOIIEH CTOPOHE JEKOJIEp Mpeodpa3yeT KIFUEBhIe CI0Ba B TOTOK HH(POPMAILIUHU, HCIIPABIISSI

(110 BO3MOKHOCTH) OIIMOKH MEepEIayvH.

Teopema llleHHOHA yTBEpXKIAET, YTO MPU ONPENCIEHHBIX YCIOBHAX BEPOSTHOCTH OIIMOKU
JIEKOANPOBaHUS (TO €CTh HEBO3MOXXHOCTH JIEKOJEPOM HCIPABUTh OIMIMOKY IEpeaadyn) MOXKHO
YMEHBIINTbH, BBHIOpaB OONBIIYIO0 JJIMHY KIO4eBoro ciosa. OmHako, maHHas Teopema (M pabora
BOOOINIE) HE IMOKA3bIBa€T, KaK MOXKHO BBIOpaTh OOJBINYIO JUIMHY, a TOYHEe Kak 3((HEeKTUBHO
OpraHM30BaTh MPOLECC KOIAMPOBAHHMSA MU JAEKOIUPOBAHUS HH(GOPMALUH C OOJNBIION JUIMHOMN

KIIFOYCBBIX CJIOB.

Ecnu mpennonoxxutk, 4To B KOJEpe U JIEKOAepe €CTh HEeKHe TaONUIIbI COOTBETCTBUS MEXKIY
BXOJIHBIM 0JIOKOM MH(OpPMAIIMU U COOTBETCTBYIOIIMM KOJIOBBIM CIIOBOM, TO TaKWe€ TaOJIUIIBI OyIyT
3aHUMaTh OYEeHb MHOTO MecTa. [l JBOMYHOTO CHUMMETPUYHOTO KaHama O0e3 mamsTu (eciu
TOBOPUTH YIPOIIEHHO, TO HA BXOJ KOJEpa MOCTYMaeT MOTOK W3 HYJEeH W €IMHUI]) KOJIHUYECTBO
pa3IUYHBIX OJOKOB COCTaBiIsIeT2", rjie N — KOJUYECTBO OUT (HyJICH WM eIMHHI]) KOTOpbIe OYayT
peoOpa3oBBIBATECS B OJIHO KOJ0BOE cloBO. [t 8 6uT 310 256 610KOB MHGOPMAIIUH, KAXKIBIA U3
KOTOpBIX OyJeT colepkaTh B cebe COOTBETCTBYIOIEE KOAOBOE CioBO. [Ipuuém KoaoBOE CI0BO
OOBIYHO OOJIbIIIEH JJIMHBI, TaK KaK COJEPKHUT B ceO€ MOMOJHUTENTbHbIE OWUTHI I 3aIlUTHI OT
omuOOoK mepenayu naHHbX. [103TOMy OTHUM U3 CIIOCOOOB KOJAMPOBAHUS SIBIISICTCS MCIOJIH30BAHUE
MPOBEPOYHOM MATPUIIbI, KOTOPHIE MO3BOJISIFOT 32 OJHO MAaTeMaTU4YeCKOe JAeicTBHE (YMHOXKEHUE

CTPOKH Ha ManI/II_IY) BBITTIOJIHUTH ACKOAWPOBAHUEC KOJOBOI'O CJIOBA.
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AHAJIOTUYHBIM 00pa30oM KaXJ0W MPOBEPOYHONH MATPHIIE COOTBETCTBYET IOPOKIAIONIAS
MaTpUlla, AHAJIOIMYHBIM CIIOCOOOM OJHOM oOmepauMed YMHOXKEHUS CTPOKM Ha MaTpHIly

TEHEePUPYIOLIEH KOJOBOM CIIOBO.

Takum o0Opa3oM, Ui CpPaBHUTEIBHO KOPOTKHMX KOJOBBIX CJIOB KOJAEPHl M JEKOJAEPhl MOTYT
IIPOCTO COZAEpXKaTh B IaMATH BCE BO3MOYKHBIC BapUAHTBI, WIM JAXE PEaJU30BBIBATH UX B BHJE
MOJTYIIPOBOTHUKOBOK cXeMbl. Jlst Ooiblero pasmepa KOJIOBOTrO ciioBa 3((dekTuBHEe XpaHUTh
MOPOKAAOIIYI0 U MPOBEPOUYHYIO MaTpuily. OqHaKo, IpU AJHMHAX OJOKOB B HECKOJBKO THICSY OHT

XpaHE€HHUEC MaTpul pasMepoM, COOTBETCTBCHHO, B MeFa6I/ITI)I, YK€ CTAaHOBUTCA HCB(b(l)CKTI/IBHBIM.

OpnHUM U3 CIIOCOOOB PEIICHHMSI TAHHON POOJIEMbI CTAHOBUTCS UCTIOIB30BAaHUS KOJA0B € MAJI0ii
IUVIOTHOCTHIO NMPOBEPOK HA 4YETHOCTH, KOTJa B IPOBEPSIONICH MaTpuile KOJIMYECTBO EIUHUIL
CPaBHUTEJIBHO MaJlo, YTO MO3BOJSAET 3P PEeKTUBHEE OPraHU30BaTh MPOIECC XPAHEHUSI MATPUIIBI UITU

JKC HAIIPAMYIO p€aIn30BaTh NPOUECC JCKOAUPOBAHHA C IOMOIIBIO HOJIprOBO[[HHKOBOfI CXCMBI.

Koapl ¢ HU3KOil IJIOTHOCTHIO MpoBepok Ha 4étHocTh (LDPC ) — 3T0 Kiacc JMHEHHBIX
OJIOKOBBIX KOJIOB, ITO3BOJISIFOIIMX IOJIYYUTh IPEBOCXOMHYIO 3(P(HEKTHBHOCTH C OTHOCHUTEIBHO
MaJIbIMU BBIYUCIUTENbHBIMU 3aTpaTaMyd Ha UX JEKOAMPOBAHUE. DTU KOABI ObUIM MPEJIOKESHbI
Pob6eprom T'ammarepom eme B 1963-em roay, oaHako Obuid 3a0bITBI Ha COPOK JIET B CBSI3U CO

CJIOKHOCTBIO pCaIn3allui aJITOPUTMOB UX ACKOAUPOBAHUAA.

PaszButue I.IPI(I)pOBOfI TCXHUKH TTI0O3BOJIMJIO MPCOAO0JIETH MHOI'UC HpO6J’IeMH N B KOHIIC 20-ro

crosetus uccienoanus B oonactu LDPC — ko10B momydniim HOBBIH HMITYJIBC.

LDPC-xonpl cTaHOBSITCSI BOCTPEOOBAaHHBIMH B CHCTEMax Tepenayn HHPOpMannu, TpeOyrommx
MaKCHMaJIbHOW CKOPOCTH IMepeaayu Npu OrpaHMYEHHON mojioce 4acToT. OCHOBHBIM KOHKYPEHTOM
LDPC-xo0B Ha JaHHBI MOMEHT SIBIAIOTCA TypOO-KOJbI, KOTOpbIE HAIIN CBOE NMPUMEHEHHUE B
crcTeMax CIyTHHUKOBOH CBSI3H, psZie CTAaHAAPTOB LIU(PPOBOTo TENEBUACHUS U MOOUIIBHBIX CUCTEMAX
cBsi3u Tperbero nokoneHus. OmHako LDPC-konpl mo cpaBHEHHIO ¢ TypOO-KOJaMU HUMEIOT PsiI

MIPEUMYIIIECTB.
Bo-miepBbix, LDPC-ko61 00TOHSIFOT TypOO0-KOBI TIO CKOPOCTH JIEKOTUPOBAHHS.

Bo-Bropeix, LDPC-xonp1 OoJiee MpennoyYTHTENbHEI B KaHATaX C MEHBIIUMH BEPOSTHOCTIMHU
ommn6ok. C pazBuTHEM METOJIOB Iepenadr HHGOpMalluy KaHallbl epefadn yIyqIlatoTcs, YTO JaeT

XOPOIIIYIO NepcreKkTuBy it pa3Butus LDPC-konoB.
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[IpumMeHeHre METOJOB HWTEPATUBHOIO JEKOJUMPOBAHUS K JAHHBIM KOJAaM TO3BOJISIET
MPAKTUYECKH BIUIOTHYIO MPUOIU3UTHCSA K MPOITYCKHON CMOCOOHOCTH KaHalla MPH OTHOCHTEIHHO
HEOOJIBIION CII0KHOCTH peanu3alu. B cBsi3u ¢ 3TUM BO MHOTHMX HOBBIX CTaHIapTax Mepeaayvu
pasznuuHoro pona gaHHbeix (DVB-S2, 802.11n, 802.16¢) umerrno LDPC- Kokl peKOMEHI0BaHbBI TS
ucnpasieHuss omubok. LDPC - Kombl MpencTaBisiOT CO0OW JIMHEWHBIE OJOKOBBIE KOJIBI,
3alaBacMple C IIOMOIIBIO MPOBEPOYHOM Marpuipl H, XapakTepu3syemMol OTHOCUTEIBHO MaslbIM

(<10) ymciioM eaUHUIL B CTPOKAX M CTOJIOIAX.

B 1981-om romy P.M. TanHepoMm ObUIO MPEIIOKEHO HCIOIH30BaTh JBYAOJIBHBIC
HEOPUEHTUPOBaHHbIE Tpadbl, BIOCIEICTBUU Ha3BaHHble rpadamu TaHHepa, s OMHMCAHUA
CTPYKTYpPbI UTEPATUBHO JEKOIUPYEMBIX KOAOB. B mpuHImIe 11000i OIOKOBBIN KOJ Pa3MEPHOCTH
(M,N), rme N — uucino 6utoB, a M — 4KCI0 MPOBEPOK B KOJOBOM CJIOBE, MOXKHO IPEICTABHUThH B
BUJE IByA0IbHOTO rpada Tannepa. Hanpumep, Ha pucynke 3.131 uzobpaxken takoit rpad ans koaa

XsmmMmuHra (7,4), mpoBepoyHasi MaTpuiia KOTOPOro UMEET BHI:

1110100
H=0 11 1 0 10
1101001
|'|| nz n3 l"'l4 n5 n6 I'I?
Buter VN
Mposepkn CN
my my m3

Puc. 3.116. I'pad Tannepa st koga Xsommunra (7,4)

Bepmmmabr rpaga HaswiBatoTcs npoBepounbiMu (Check nodes - CN) u OutoBbIME y31mamMu

(variable nodes - VN), onn 0003Ha4eHbI Ha pUCYHKE M ¥ N COOTBETCTBEHHO.
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[Tpu momoumm rpada TanHepa OONBIIMHCTBO ANropuTMOB JekonupoBanus LDPC-komos
MOXXHO TIPEICTaBUTh B BHJE IPOIECCOB IOCIEAOBATEILHOIO OOMEHA COOOIICHUSAMU MEXIY
COeMHEHHBIMU peOpamMu BepmimHaMu. [l mpoBEepOYHBIX M OUTOBBIX Y3JI0B Tpada BBOIUTCS

IIOHATHUC CTCIICHHU — BCJIHNYUHBI, IMOKA3bIBAIOIICH YMCIIO pe6ep, BXOAAIIUX B paCCManI/IBaeMHﬁ

y3eis1. CteneHu OUTOBBIX M IIPOBEPOUYHBIX Y3JI0B 0003HAYAOTCS dC u dl’ cooTBeTCTBeHHO. Eciun
dC ud r PUKCHPOBaHBI IS BCEX Y3JIOB, TAKOM KOJI Ha3bIBAIOT PETYJISAPHBIM, & €CJIM XOTS Obl OJIMH

U3 3THX MapaMeTpOB U3MEHSAETCS OT y3Jia K Y31y — HeperyJsipHbIM. J[Jis onucaHus HeperyisipHbIX
KOJIOB BBOJUTCS DS pachlpeiielieHus CTENeHel, IMOKa3bIBAIOIUK JONI0 Y3JI0B, HMEIOIIUX

KOHKPETHYIO CTEIIEHb.

B 1996-om romy Beimuia B cBer nepBas mnocine P.l'annmarepa pabora, mnocBsieHHas
ucnonp3oBanuio LDPC — komoB B KayecTBE KOJIIOB, CIIOCOOHBIX BIUIOTHYIO NPHOIH3UTBCA K
rpanune llleHHOHa mpu AOCTaTOYHO OOJIBIIONW AJMHE KOAOBOro cioBa. [losBieHue 3Toil cTaTthbu
MOPOJWIIO LENIYI0 BOJIHY MCCIEIOBaHUH, IOCBSIIECHHBIX IOUCKY HOBBIX, Oojee 3(QeKTUBHBIX
ctpykryp LDPC — komoB, a Takke aIbTEpPHATHBHBIX QJITOPHUTMOB HUX JICKOJUPOBAHUSA C

Pa3IMYHBIMHU COOTHOMICHUSAMH 3()(HEeKTHBHOCTH/TPON3BOIUTENEHOCTb.

B nocnennee Bpems LDPC — komsl mony4dwid IMAPOKOE pacHpOCTpaHEHUE OJaromaps
npeBocxonHoi s dextuBHocTH. Mcnonp3oBanue LDPC — kogoB mpemycMaTpuBaeT GOJIBIINHCTBO
COBPEMEHHBIX CTaHIAPTOB Iepeadd JaHHbIX (Hampumep, cranaaptel IEEE 802.11, IEEE 802.16),

CTaH/IapTOB IU(POBOTO Bemmanus (Hanpumep, ctanaaptel DVB-S2, DVB-T2, DVB-C2).

Kaaccudurkanus LDPC - konos.
Ilo onpenenenuto, nanHomy P. ['ajurarepoM, HU3KOIJIOTHOCTHBIN KOJ — 3TO JIMHEWHBINA KOI,

npoBepouHas Marpunia H koroporo pasmepnoctu (M % N) coaepkut dC &« M eauHHUIl B KaXKIOM

crondue u dl’ &« N emunun B kaxaoi crpoke. [lpuueM pacrpenesneHue eIuHUI 110 CTOIONAM U

CTpOKaM B 0O0II[eM cily4yae CIIy4aiHo.

Ha mpaktuke ciydaitHoe pacmpeneiieHue eIUHUIl KpailHe HeylI0OHO — I KOJUPOBAHUA U
JIEKOIMPOBAHMSI IPUXOAUTHCA XPAHUTh MPOBEPOUHbIE U T€HEPATOPHBIE MATPHULIbI, YTO JOCTATOYHO
HaKJIaJHO, OCOOEHHO MPH OOJBIINX JUIMHAX KOJIOB.

OueBUIHBIM CPEICTBOM OOPBHOBI ¢ ATOM MPOOIEMOit ABISETCA NMEPEX0] K HU3KOMIOTHOCTHBIM
KOJlaM, MPOBEpOYHasi MaTpulla KOTOPBIX 00JiajjaeT Kako-To cTpykTypoi. Ilpocteitmunii Bapuant

CTPYKTYPHU3aLIMH POBEPOYHON MAaTPHUIbl — MCHOJIb30BAHUE [IUKINYECKUX KOJOB.
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dopMabHO IPOBEPOYHASI MATPUIIA TAKOTO KOJA MPEACTABIISIET COO0M MUPKYISHTHYIO MATPHUILY
pasmepHoctd N X N, B KOTOpPOH KaxJas CTPOKA MOJYYaeTCs UUKIMYECKHM CIBUIOM BIIPABO
MpeAbIAYIIEH CTPOKH. 3HAYEHHUE BIUSHUS LUKJIAYHOCTH MPOBEPOYHOM MATPHUIbl HA CIO0XHOCTH
nexonepa LDPC-kona cioXHO MEepeoneHUTh, TOCKOJIbKY Ka)Kash U3 CTPOK MaTPHIbI OJHO3HAYHO
OIIpeEsAeTCS NPEbIyIIeld CTPOKOM, B CBA3M C UYEM pealu3alus [EKOAEepa MOXKET ObITh
CYILLIECTBEHHO YIIPOILEHA [0 CPABHEHUIO CO CIy4alHOH CTPYKTYpOH HMpPOBEPOYHOM MaTpuipl. Kak
M3BECTHO, KOJAEpP UMKIMYECKOrO0 KOJA JOCTaTOYHO IIPOCTO PEAIM30BaTh C HCIOJIb30BAHUEM
CIABHUTOBOT'0 pErucTpa u Habopa cCyMMaTOpPOB.

K HemocTaTkaM HHMKJIMYECKUX KOJOB MOKHO OTHECTH (DMKCUPOBAHHBIHN, IJIT BCEX CKOPOCTEH
KOJMPOBaHUs, pasMep MpoBepodHOl marpuiel N X N, uro mojpasymeBaeT Ooyiee CIIOXKHBIN
JNEKOAEp, a TaKXKe BBICOKMI X3MMHHIOB BEC CTPOK, YTO YCIOXHSET CTPYKTYpY AEKOAepa.
JIOMOTHUTENBHO CTOUT 3aMETUTh, YTO LIMKIMYECKUH KOJ — BCETJa PEryJIsspHBbIil.

K nmocromHCTBAaM TIOMHMO YIPOIICHHUS KOJUPOBAHMS/IEKOJAUPOBAHUS CIEAYET OTHECTH
00JIbIII0€ MHHUMAJIBHOE PACCTOSIHUE M OY€Hb HU3KHUH MOPOT MPH UTEPATUBHOM JIEKOAMPOBAHUH.

Kenanune mnpeononers HepocTtatku Iukianyeckux LDPC-kogoB mnpuBeno K MOSBICHUIO
kBazuukianyeckux LDPC-konoB. KBazunukinnyeckne KoAbl TAKKE UMEIOT XOPOUIYIO CTPYKTYpY,
MIO3BOJISIIOILYIO YIPOCTUTH KOJEp U AeKojep. B nononHeHne K ’TOMy OHU MO3BOJISIOT Oojee THOKo
MOJIOWTH K pa3paboTKe KOJa, B YAaCTHOCTH IIO3BOJISIIOT CHHTE3UPOBATh HEPETYISPHBIC KOIBI.
[IpoBepouHasi MaTpuIla TAaKOrO KoJia MPEACTaBIsAET cOO0M HE UTO MHOE, KaK HAaOOp LUPKYISIHTHBIX
MOAMATPHIL:

A . AN
H = Z E
Apr -+ Aun

O4yeBuAHO, YTO JUISl TMOJYYEHHMsS] HHU3KOIUIOTHOCTHOTO KOJa, LMPKYJISHTHBIE MATPHUIIbI
JOJDKHBI OBITH Pa3peKEHHBIMU, YTO Ha TMPAKTUKE O3HAYaeT UCIOIb30BaHWE B KauecTBE
HUPKYASHTOB €AMHUYHBIX MaTpuil. J[7as TOro 4roObl MONYyYUTh HEPETYISAPHBIA KOJ, KaKHUe-TO
MOIMATPHIIBI IPOCTO OOBABISAIOTCS HYJIEBBIMU.

MeToabl NOCTPOEHHS MPOBEPOYHBIX MATPHUIL

Mertoapl moctpoenuss LDPC-kooB Taxke MOKHO pa30uTh Ha kiaccel. K mepBomy kiaccy
OTHOCATCS BCE QJITOPUTMUYECKHE CIOCOOBI M CIOCOOBI, HCHOJB3YIOIIUE BBIYUCIUTEIBHYIO
TEXHHUKY. A KO BTOPOMY — CIOCOOBI, OCHOBaHHBIE Ha TeOpUU TrpadoB, MaTEMATHKE KOHEYHBIX

noJiel, anredpe 1 KOMOMHATOPHKE.
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IIpu 3TOM CTOUT 3aMETUTH, YTO MEPBBIA KJIACC METOIOB ITO3BOJISET I0JIy4aTh KaK CIy4YauHBbIC,
Tak U cTpykTypupoBaHHble LDPC-kozbl, B TO BpeMs Kak BTOPOM HalleleH Ha MOJYyYEHHE TOJIbKO

ctpykrypupoBaHHbix LDPC-k010B, X0Ts1 OBIBAIOT U HCKTFOUYCHUSI.

B omimume oT apyrux JWMHEHHBIX OJIOKOBBIX KOJIOB, Takux kak bUX wnm komoB Puma—
CosioMOHa, UMEIOIIUX CTPOTUN aJIrOPUTM CHHTE3a KOJIOB C 3aJlaHHBIMU mapameTrpamu, st LDPC-

KOIOB CYHICCTBYCT MHOXKCCTBO CII0CO00B MMOCTPOCHUSA KOOB.

CymectBytoT ciocoosl moctpoenuss LDPC-konoB, npennoxxennsie ['amtarepom u MakKeewm, o

KOTOPBIX HUXKE U IIOUJET pPeUb.
Jng Hagana OyAeT paccMOTpPEH MeTOo, peu1okeHHbIN P. ["amarepom.

P. 'annarep npennoxui Cieayronmi anropuTM NOCTPOCHUST HU3KOILIOTHOCTHBIX KOJOB. I1ycTh

IIPOBEPOYHAsl MaTpULa KOAA UMEET BUA:

H,

Hf(:

B neit mogmarpunst H, , a = 1, 2... d. UMEIOT CTPYKTYypy, KOTOpasi MOXKeT OBITh OIMCaHa

CJIETYIOIIUM 00pa3oM.

Jnst mr00bIX ABYX HENbIX W U d,, Oonpmux 1, kaxkaas moamarpuia H, umeer pazmMepHOCTh
(L X p-d,), mpu 3TOM Beca CTPOK ITOM MOAMATPHUIIEI - d,., a cTos6110B — 1. [Togmarpuria Hy umeer
crieruduyeckyro popmy: as i=0,1,..., u-1 i-asg cTpoka COAEPKUT Bce d, SAUHMIL HA MO3UIUSX C |
ot d, mo (i +r)-r—1. OyeBuaHO, YTO pe3yabTHPYIOIIAs MaTpuia H — perymsapHas maTpuiia

pasMepHoCcTH WL - d,. X |- d, C BeCaMH CTPOK H CTOJIONOB d,- U d. COOTBETCTBEHHO.

Baxnoili xapakrepuctukoii Marpuisl LDPC-xoma sBisiercd OTCYTCTBHE — IIMKJIOB
OIpeJieIeHHOro pasmepa (kpaTHocTH). IloJ mMKIOM KpaTHOCTH 4 MOHUMAETCsl HaJU4ue B ABYX
pasHbIX cTONOIAX MPOBEPOYHONW MATPHUIBI HEHYJIEBBIX JIEMEHTOB Ha COBIAJAIOIIUX IMO3UIUAX.
OTcyTcTBUE IIUKJIa KPATHOCTH 4 OIpeesseTcs] BBIYMCIEHUEM CKAISIPHOTO MPOU3BECHHS CTOIOLOB
MaTpHUIIbl: €CIM BCEBO3MOXKHBIE CKaJsIpHBbIE TPOU3BENEHHs BCEX CTOJNOLIOB MAaTpHIbl He
IIPEBOCXOJAT 1, TO 3TO O3HAYAET OTCYTCTBUE B MaTpuUlle LMKIOB KpaTHOCTH 4. [lukn kpaTtHOCTH 4
SIBJIIETCS. MUHHUMAJIbHO BO3MOYKHBIM M BCTPEYAETCsl CYHIECTBEHHO Yallle IIUKJIOB OOJbLIEH JIMHBI

(6, 8,10 u 1. .). [IpucyrctBue B marpuiie LDPC-kona nukioB m000# KpaTHOCTH CBUIETEIHCTBYET
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O 3aJOXKEHHOM B CTPYKTYpY MATpHIbl H30BITOUHOCTH, HE TPUBOIAIMICH K YIYUIICHHIO

IIOMEXO0YCTOMUUBBIX CBOMCTB Koja. [IpuMep 1ukiioB KkpaTHOCTH 4 IpUBEAEH Ha pucyHke 3.117

i 0
W ;
0 0
0

ooo—occc@

-_-— 00000 —00

o000 =0 =00 -

Io——ooeooo—'
o—ooecc*c

=0 =000 =04d
-0 =—=00-—-0000
OO0 =0 =0=00
OO0 ==0000=0
OO0 =00 =—=0=0
- 00 —==00000

COoO0000=—=—0=—
O=——0O0—0—-—000

OO0 =00 =—-000 -
O=000=00=0
OO0 = =00 =
OO0 —=0=—04g
I—QQQGGD——DI

0
0 0
0 0
0 0
0 0

Puc. 3.117. Hukaer kpatHoctu 4 B maTpuie LDPC - kona

PaccMOTpeHHBIH BBIILIE aITOPUTM HE TapaHTUPYET OTCYTCTBUE LIMKJIOB KPATHOCTHU 4, OJJHAKO
OHU MOTYT OBITh yJlaJIeHbl BIIOCJIEACTBUU. [ anarep rnokasai, 4ro ancamOib TaKUX KOJOB 00Ja1aeT
IIPEKpPAcHbIMU cBOMCTBaMHU. Takke ObUla IIOKa3aHa BO3MOXKHOCTb pEajM3aluy JIOCTaTOYHO
IIPOCTBIX KOJIEPOB, IMOCKOJIBbKY IPOBEPOYHBIE OWUTHI TAKOrO KOJa MOTYT OBbIThb HaWJEHBI 110

MIPOBEPOYHOM MaTpHIle KoJa Kak GyHKIUS HHGOPMAITMOHHBIX Y3JIOB.

[To mpomectBuu Tpunuaty nsatu get MakKeit, Oyaydun HesHakoMbIM ¢ pabotoii ["amnarepa,
MOBTOPHO OTKPBLI MPEUMYIIECTBA KOJOB C pa3peKCHHBIMU MaTpUIlaMH, U ObLT MEPBBIM, KTO MPHU
MOMOIIM KOMITHIOTEPHOTO MOJIEIMPOBAHUS TOKa3ajdl BO3MOXXHOCTb JTHX KOJIOB BIIOTHYIO
npuOIM3uThHCs K rpanuiie [lleHHoHa kak Jyisi ABOMYHOTO CUMMETPUYHOTO KaHalla, Tak U JIJIs KaHalla
C QIIUTUBHBIM O€JbIM TrayCCOBCKMM ITymMoM. MakKeil mpeioxun HECKOJIBKO KOMIBIOTEPHBIX
ITOPUTMOB MOCTPOEHHUS MPOBEPOUHBIX MAaTPHUIL HU3KOIJIOTHOCTHBIX KOJOB. IIprBenemM HekoTOphie

N3 HUX B NOPAAKE YBCIIMYCHHUSA CJIIOKHOCTU pCain3alluu.

[TpoBepounas marpuna H cuHTe3upyercss MyTéM CilydalfHOTO T€HEpUPOBAaHUS CTOJOLIOB

Beca d. ¥ HACTOJIBKO 3TO BO3MOXKHO, PABHOMEPHBIM PACIPE/IEIEHIEM BECOB CTPOK d,-.

[TpoBepounass marpuna H cuHTe3upyercss MyTéM CiydalfHOTO T€HEpUPOBAaHUS CTOJOLIOB

BE€Ca dc " CTPOK BECa dr, C JIOIOJIHUTEIIbHOM HpOBCpKOfI Ha OTCYTCTBUC UKIIOB KPATHOCTHU 4,

HpOBequHaH MaTtpuna H CHUHTC3UPYCTCA 1O AJITOPUTMY 2, C JOIIOJIHUTCIIbHBIM YAAJICHUCM

IMUKJIOB KPAaTHOCTH 4,
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ITpoBepounas marpuna H cunresupyercs no aaroputMmy 3, ¢ JOMOJIHUTEIbHBIM yCIOBHEM,

4TO MpoBepovHas Matpuiia umeet Bug H = [H H, ], rne H, — oOpatumasi MaTpuia.

Henocratkom anropurmMoB MakKest siBisieTcsi OTCYTCTBUE KakoOH-TMOO CTPYKTYphI B

IIPOBEPOYHBIX MaTPULIAX, YTO YCIOKHAET MPOLIECC KOJUPOBAHUS.

KomupoBanue ocyuecTsiserca npuseaenneM Marpunsl H k suxy H = [PT1], us xoroporo
MOJKHO TIOJIyYUTh T€HEPATOPHYI0 MaTpHily B cuctemarudeckoit popme G = [PI]. IIpobiema npu
KoaupoBaHWM 1o Marpune G 3akimodaercs B TOM, 4TO moamarpuna P, B oOmiem ciydae, He
SIBIIIETCSL pa3pekeHHON. To ecTh JJI KOJOB, MPEACTABISIONINX UHTEPEC, CIOKHOCTh KOJUPOBAHUS

OKa3bIBACTCA JOCTATOYHO BBICOKOH.

HexonupoBanune LDPC — konoB.
Haubonpimumii uHTEpec I MccaenoBaTeNeld mpeaCcTaBisieT mpoueaypa 1eKOAUPOBaHUS, BBUAY

TOT'O YTO OHA IBJIAETCA OoJjiee BpCMA 3anaTH01>i n pecypcoeMKoﬁ.

ILCKOI[I/IpOBaHI/IC — OTO Iponeaypa noucKka U UCHIpaBJICHUA OH_II/I6KI/I, HaJI0’KEHHOM KaHAaJIOM Ha
KOAOBOC CJIOBO, IO MPUHATOMY H3 KaHalla BCKTOPY HIIN COOCTBEHHO ITOMCK KOJOBOI'o CJjJIOBa IIO

BEKTOPY, IPUHATOMY U3 KaHaJa.

JlekoqupoBaHue IO MakCUMyMy mpasaonofoous koma C o00o3HauaeT HAXOXKACHUE TIO
3aJJaHHOMY TIPUHATOMY BEKTOPY Y TaKOro KOJ0BOT0 cioBa C u3 C (MHOKECTBA BCEX KOJIOBBIX CIIOB),
KOTOPO€ MaKCUMM3UPYET BEPOSITHOCTh TOTO, YTO MEPENABAIOCH CIOBO C MPHU YCIOBUU NPUHITHS

BEKTOpa 'y . 321,[[8.“12[ ACKOAUPOBAaHUSA 110 MAKCUMYMY HpaBI[OHOI[O6I/I$I saBisieTca NP-monHoMH.

Jns oneHkH KauecTBa pabOTHI Pa3lUYHBIX JIEKOJEPOB HCIOIB3YETCS OLIEHKA BEPOSITHOCTH
omm6Oku gaexonupoBanus (BER) Ha wuHpopmannoHHbIi OHUT, BblUMCIsieMas KaK OTHOILEHHE
KOJIMYECTBA OMIMOOYHBIX MH(MOPMAIIMOHHBIX OUT TMOCHE JCKOJAMPOBAHUS K OOIIEMY KOJIHMYECTBY
nepeaHHbIX HWH()OPMALMOHHBIX OWT. HUTEPATHBHBIE CXEMbl JEKOAUPOBAHHS KOJOB C HHU3KON
TJIOTHOCTHIO TIPOBEPOK HA YETHOCTH HE SABISIOTCA JIEKOJepaMu M0 MaKCUMYMY MPaBA0no100us, HO
MO3BOJISIIOT TIOMYYUTh Pa3yMHBIN OallaHC MO CIOKHOCTH M BEPOSITHOCTH OLIUOKHU JEKOAWPOBAHUS
10 CPaBHEHUIO C JACKOAMPOBAHUEM 10 MAKCHMYyMY IPaBIONO00MsI. UTEPATUBHOE JACKOANPOBAHNE
MOAPa3yMEBaET, YTO HAXOXKJEHHUE KOJOBOTO CJIOBa Oy/IeT MPOMU3BOJAUTHCS HE 3a OJIMH TMPOXO/I, a 3a
HECKOJIbKO, C IIOCJEI0BATEIbHBIM YTOUYHEHHEM pe3yJbTaTa Ha KaxaoM mmare. [lpumenstorcs
CIIEyIOIIMEe OCHOBHBIE CXEMbl JEKOJAMPOBAHUS: (OKECTKOE» JIEKOJUPOBaHUE, OBICTpOE

JEKOIUPOBAHUE, MHOTOTIOPOTOBOE JICKOIMPOBAHHUE.
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«XKecTkoe» ACKOAUPOBAHUEC — O3TO CXEMa JACKOAUPOBAHHA JIA ABOWUYHOI0O CUMMCTPHUYHOIO
KaHajla IIpH HeOOJBIIOM KOJuuecTBe omubok B KaHaie. «Kecrtkoe» ACKOANPOBAHHUC
HHBCPTHUPOBAHUEM OUTOB — camas mpocTasa cxeMa ACKOAWPOBaHHUA KOIOB C HU3KOM IIJTIOTHOCTBIO

IIPOBEPOK HA YETHOCTD.

[Tox mpoBepkoit mornumaetcs jrobdas ctpoka h = {hy, hq, ..., hy_1} U3 TPOBEPOUHON MATPHUIIBI
KOJa C HH3KOW IUIOTHOCTHIO MPOBEPOK Ha YETHOCTh. bylneM TOBOpUThH, 4YTO TpOBEpPKa IS
Hekotoporo Bektopa Y = {yo, V1, -, YN—1} BBIIOJHIETCS TOT/A, KOTJa CKAISIPHOE MPOU3BEICHHE
BEKTOpa Y Ha MPOBEpPKY MaT Hyab. ByaeM roBOpuThb, YTO 3JEMEHT Y; HPUHATOrO BEKTOpa Y
yuactByeT B nposepke h = {hg, hq, ..., hy_1} TOrAa, KOTAa COOTBETCTBYIOIIUI 3JIEMEHT HMPOBEPKU

h; He paBeH HYIIIO.

Opna wurepauusi <«KECTKOro» JIEKOAUPOBAHUS HWHBEPTUPOBAHUEM OHUTOB IPOU3BOJIUTCS

CIIeTyIOIUM 00pa3oMm:
1. {5t npUHATOrO BEKTOPA BBIYUCIISIOTCS BCE MPOBEPKH.

2. Eciu HekoTOphld OMT NPUHATOrO BEKTOpa ydacTBOBal OoJjiee 4e€M B IIOJIOBUHE HE

BBIITIOJIHUBIOUXCA IIPOBECPOK, our HUHBCPTUPYCTCH.

3. Ilocime Takoro aHajm3a BCEX CHMBOJIOB IIPUHATOIO BCKTOPA BCKTOP IIPOBCPACTCA Ha
MMPpUHAJICIKHOCTDb KOY. Ecan BCKTODP ABJIACTCA KOOAOBBIM CJIOBOM, ACKOAUPOBAHUC 3aKAHYHMBACTCH,

B IIPOTUBHOM CJIy4Yac BBIIMMOJIHACTCA CIACAYIOMIAA UTCPpAlUs aJITOpHUTMA.

Takast npoueaypa 1eKOAMPOBAHUS TPUMEHUMA /sl KOJIOB ¢ HU3KOHM IUIOTHOCTBIO IPOBEPOK Ha
YETHOCTh TIOTOMY, YTO OOJBIIMHCTBO MPOBEPOK B TAKOM Cllydae OyAyT coaepkaTh OIHY OLIHOKY
Wi He OyayT cojepkaTh OIIMOOK BOOOIIE M TOTJa HEBBINOJIHEHHE OOJBIIOrO KOJIMYECTBa

IMPOBEPOK Ik CUMBOJIA IIPUHATOI'O CJIOBA 6y1[eT 0003HaYaTh HAJIMYKME B HEM OIIHUOKHU.

CHOXHOCTh OJJHOH HMTEpAlUU <OKECTKOTO» JEKOIUPOBAHMUS HMHBEPTHPOBAHUEM OUT SIBIISICTCS
JUHEHHON, KOJMYECTBO WTEpaIil JEeKOANPOBaHUS OOBIYHO BhIOMpaeTcst okoyio log,(N), raeN —

JJIMHAa KOJOBOI'O CJI0BA.

I[CKO,Z[I/IpOBaHI/IC oo BEPOATHOCTIAM SABIIACTCA (KMSATKHM)» ACKOAUPOBAHUEM, T.C.
ACKOAWPOBAHUCM Ha OCHOBC BCKTOpPA, COCTOALICTO HE M3 JUCKPCTHBIX 3HA4YCHUH (0 )51 1), a U3
BCIICCTBCHHBIX BCJIWYHWH, IMOJYYCHHBIX Ha BBIXOAC KaHAJIa IIYTEM MEPECUCTa BePOﬂTHOCTeﬁ (aHFJ'I.

belief propagation decoding).
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Ha ocHoBe mpuHATOr0 13 KaHana BeKTopa GOopMHUPYIOTCs ABa (Il ABOUYHOTO CIydas) BEKTOpa

BepOHTHOCTeﬁ TOro, 4TO B IPUHATOM BCKTOPC HA I[aHHOﬁ IIO3MIIMH HAXOJHJICA 3aI[aHHBII7I CHMBOJI.

Kaxxomy HEHyJIEBOMY DJJIEMEHTY IIPOBEPOYHOM MAaTpUIbl KOAA C HU3KOM IIOTHOCTBIO

IIPOBEPOK HA YETHOCTHb IPUIMCBHIBAIOTCA JBE BEIMYHHBIL: ql?‘j u r¥

X
"j- BemuunHa q;; sBISIeTCS

BEPOSITHOCTBIO TOTO, YTO J-bIii CHMBOJI MPUHSATOTO BEKTOpAa MMEET 3HaYeHUE X Mo MH(OpMaLuH,
NOJYYCHHOH U3 BCEX NPOBEPOK, Kpome I-il. Bemnumna rixj ABJIAETCS BEPOATHOCTBIO TOILO, YTO
NpOBEpKa | BBIMOJHSIETCS, €CIH |-bIii CHMBOJI HPUHSITOTO BEKTOpPAa PaBeH X, a BCE OCTAJbHBIC

CHUMBOJIbI TPOBEPOK HMEIOT paclipe/iejieHe BEpOATHOCTEH, 3aJaHHOE BEMYHMHAMHU {ql?fj: ju3

N(i)/j}, rme N(i) — MHOXECTBO CHMBOJIOB, BXOISIIUX B I-yIO0 IPOBEPKY.

[epen HavanoM pabOThI AITOPUTMY TPEOYETCsl MHULUATM3AIINS, Jajiee aITOPUTM paboTaeT Mo
MIPUHIIMITY TIepecUeTa BEPOATHOCTEeH CUMBOJIOB IpUHATOTO BekTopa (belief propagation), ucrons3ys
JUIsL TIepecdeTa BepOSITHOCTEH npaBmiio balieca [uist anmocTepuopHO BepOsSATHOCTH coObITUs. OmHa

UTcpanus ajropurma npeacraBlsiCT coOoi CIICAYIOIYIO MOCICA0BATCIIbHOCTD HeﬁCTBHﬁ:

1. Jlns Bcex MHpOBEPOK BBIUMCIAIOTCS BEJIMYUHBI Arixj U TIEPECUNUTHIBAIOTCS

BepositHoCTH 17 1t X = {0,1}.

2. I[JISI BCEX CHUMBOJIOB HpI/IHSITOFO BCKTOpa HGpGCqHTLIBaIOTCSI BCpOSITHOCTI/I
X
aij-
. 0 1
3. DopMHPYIOTCS BEKTOPbI TICEBI0ANOCTEPHOPHOI BEPOSITHOCTH ¢ 1 ;.
4, dopMHpyeTCsT BEKTOP PEIIEHUS €’ TO0 CIEAYIOIIEMY MpPaBUITY: c]'-=1, eClIn

q} > S, unaue 0.

Eciu BEKTOP C’ ABJIICTCA KOJOBBIM CJIOBOM, JACKOAHWPOBAHUE 3aKaAHUYMBACTCs, B IPOTHBHOM

CJIydac BBIIIOJHACTCA CICAYIOIIAasd UTCpalrd aJiropurma.

CnoXHOCTh JAHHOTO aJrOpUTMa BBILIE, YEM CII0)KHOCTh (GKECTKOIO» JEKOJWPOBAHMUS
MHBEPTHUPOBAHUEM OHMTOB, HO KaueCTBO JACKOJIMPOBAHMS TOBBIIIAETCA 3a CYET HCIOJIb30BaHUS
JIONOJTHUTENbHON MH(OpMaK Ha BbIXoje KaHana. OHAKO TOYHOCTh pabOTHl TAKOTO aIrOpUTMa
3aBUCUT OT WHUIMAIM3AMM: 4YeM TOYHEEe OHa IpOU3BelleHa, TeM TouyHee OyJIeT KOHEYHBIN
pe3ynbraT. [ kaHaia ¢ rayCCOBCKMM IIYMOM HHUIMAIM3AlMS MOXKET OBITh IPOM3BEJEHA MpuU
MOMOUIY MH(OPMALIUK O IUCIIEPCUH IIyMa B KaHaje. Iy Ipyrux pacrpeaeneHuil myma B KaHaie
WIM TIpY HEWU3BECTHBIX XAapaKTEPUCTHUKAX IIyMa TOYHAs HWHULUAIN3ALMS aITOPUTMA MOKET

OKa3aThCs CI0KHOU 3a/1auei.
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HecmoTpss Ha TO 4TO AEKOAMPOBAHUE TEPECUETOM BEPOSTHOCTEH sIBIseTCA 3(P(PEKTUBHBIM
METOAOM JJIsi KaHAJIIOB C HEMPEPBIBHBIM BBIXOJOM, TOT (DAaKT, YTO CIIOKHOCTH €r0 3HAYUTEILHO
BBIILIE, YEM CIIO)KHOCTb (GKECTKOr0» JEKOAMPOBAHHUSA, CO3/1aeT MPEANOCHUIKM JJIs IoucKa Oonee

6BICTpI>IX AJITOPUTMOB ACKOOAUPOBAHUA, 06J1az[a}om1/1x IMPUEMIIEMBIM Ka4Y€CTBOM.

Cpeau H3BECTHBIX aJTOPHUTMOB OBICTPOrO JEKOJMPOBAHHS KOJOB C HH3KOW IUIOTHOCTBIO
MPOBEPOK HA YETHOCTH JIJISI KAHAJIOB C HEMPEPBIBHBIM BBIXOJOM HAMOOJIee M3BECTCH ATOPUTM
«min-sumy, SBISIONIMNACS yrpolieHuem aekojepa «belief propagationy, a taxxe anropurm UMP

(Uniformly Most Powerful).

Crnoxuoctb aekogaepa UMP (ObicTporo aekoaupoBaHus MO HAJACKHOCTSIM) 3HAYUTEILHO HIKE,
4YeM CJO0XHOCTh JEKOoJiepa, MEePEeCUUTHIBAIOIIEIO BEPOATHOCTH, 3a CYET TOrO, YTO Iepecuer
HAJEKHOCTEH BBIMIOJIHACTCS MO YIPOIICHHOH CcXeMe (CXeMe «B3BEIICHHOT0» MaKOPUTAPHOTO
rOJIOCOBaHUS, B KauyeCTBE «BECOB» HCIIOIB3YETCS HAJIKHOCTh IPOBEPOK), a TaKKE 3a CUeT
BO3MOXXHOCTH HCITOJIb30BaHUA MCKIIOUYHUTCIIbHO ICJIOYHUCICHHBIX onepam/lﬁ CJIOKCHHUA U CIIOKCHUA
0 MOJYJIIO IBA. TAKXKe K JIOCTOMHCTBAM OBICTPOrO JeKOAepa MO HAJIEKHOCTSIM MOKHO OTHECTH TO,
4TO JeKoJepy He TpeOyeTcs 3HaTh XapaKTePUCTHKU IymMa B KaHaie (AMCIEPCHI0 U T. I.),
CJIEIOBATENIbHO, TAKOW JIEKOJEpP MOXET padoTaTh B JIIOOOM CHMMETPUYHOM KaHaje C JBOMYHBIM

BXOJ0M.

Henocratkom ObicTporo aexojepa Mo HaJASKHOCTSM SIBIISIETCA OIICHKA BEPOSITHOCTH OIIMOKH
JIEKOIUPOBAHMSI, KOTOpast AJIsl KaHalla ¢ aJTATHBHBIM rayCCOBCKUM IIIyMOM oka3biBaeTcs Ha 0,5 nb

XYKE, YEM BCPOATHOCTDH OIINOKH ACKOAUPOBAHUS BEPOATHOCTHOI'O ACKOACPA.
I[anee 6YI[CT pPaccMOTPEHO MHOT'OITIOPOTOBOC JCKOAUPOBAHHC.

OcHOBHas ujest MHOTOIIOPOTOBOTO JIEKOJMPOBAHMS MO HAJIEKHOCTSAM COCTOUT B TOM, YTOOBI
U3MEHATh 3HAYEHHS IOPOrOB HHBEPTUPOBAaHUSA CHMBOJIOB OT OJHOM HUTEpaluud K Jpyrou
CJIEYIOIMM 00pa30oM: Ha MEPBbIX UTEpaALUAX [TOPOT UHBEPTUPOBAHUS CUMBOJIOB BBIOMpAeTCs Tak,
9TOOBl  KOJIMYECTBO HMHBEPTUPOBAHHBIX CHUMBOJIOB  OBLJIO MHUHUMAJIbHBIM  (BIUIOTH  JI0
MHBEPTUPOBAHMS TOJBKO OJHOTO CHMBOJIa Ha MEPBOM HMTEpallMu); Ha MOCIEIYIOUINX UTEepalusx

MOPOTH MHBCPTHUPOBAHUA ITOCTCTICHHO MOBLIIIIAKOTCA.

[Tpr MHOTOIIOPOTOBOM JIEKOJIMPOBAHHM, €CJIM Ha MEPBOI UTepanuu Oblja MCIpaBlieHa XOTs Obl
oJHa OIIMOKa, NEKOJMPOBAHHE HA MOCIEAYIOUIMX UTEPAlUsAX CTAaHOBUTCS 3HAYMTEIHHO IMPOLIE U
of11iee KayecTBO AEKOAMPOBaHus yiyumaercs. [lo-npexuneMy ans paboTel Aekoaepy He Tpedyercs

uH(popMalys 0 IIyMe B KaHajle, TOCTaTOYHO JIMIIb 33/1aTh HAJEKHOCTH.
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Hexonep, paboTaromuii MO MHOTOMOPOTOBOM CXeMme, MO3BOJSET IMONYyYUTh BEPOSTHOCTH
omnOku aexkoaupoBanuss Ha 0,1-0,4 nb nyume, yem oOecrneunBaeT OBICTPBIN JeKoxep MO
HanexxHocTsiM UMP, npaktuueckn npuOmkasch K BEpOSTHOCTH OIIMOKH, IOJydaeMOW IpH
BEPOSITHOCTHOM JICKOJAWPOBAHWU KOJOB C HMU3KOH IUIOTHOCTBHIO MPOBEPOK Ha 4ETHOCTh. [lomMmmo
HE3aBUCHUMOCTH OT XapaKTEpUCTHK KaHajla MHOTOIIOPOTOBBIA JEKOoep 00JIaZaeT CBOWCTBOM
JEKOJICPOB KOJIOB C HU3KOW IUIOTHOCTBIO MPOBEPOK HA YETHOCTh, @ UMEHHO YHHUBEPCAIBHOCTHIO U

IIPUMEHUMOCTBIO JJIA JII000H KOHCTPYKIIMU TaAKHUX KOJIOB.

Cnenyer orMeTutb, uTo 3 (deKTUBHOCT HeperyasipHbix LDPC-koI0B OKa3bIBaeTCsl BBIIIE
3G (HEeKTUBHOCTH PErYISIPHBIX KOAOB. 3TO OOBSCHAETCS TEM, YTO B HEPETrYJSPHBIX KOJaX H3-3a
Pa3IMYHOTO YHCIIa €IUHUI] B CTPOKAX M CTONONAX MH(GOPMAIMOHHBIC CHUMBOJIBI 3alUINEHBI TI0
pazHomy. B pesyibTare npu IeKOAMPOBAHUH MPOSBIISCTCS TaK HAa3bIBAEMBbIH 3P PEKT BOITHBI, KOT/Ia
0oJee 3aluIIeHHbIE OUTHI IEKOAUPYIOTCS ObICTpee U 3aTeM KakK Obl TOMOTal0T MpHU ACKOINPOBAHUN

MeHee 3allUIEHHBIX OUT.

JKCNePUMEHTAIbLHAA YaCTh

3ananue Ha 1a00paTOpHYIO PadoTYy:

1. Wzyunth paboty npunoxenus: «LDPC Konep-Zlekonep»;

2. Y CTaHOBHUTH MapaMeTpbl MaTpuIlbl, BeicTaBuB 3HaueHus N=100, m=50, j=3, Message
Bits = 1000;

3. Memnsist 3HaueHue napamerpa NOISe Bbimucath mokasaHus KoHTpoiuiepoB BER ¢
WCIIOJIH30BaHNEM KOJUPOBAHUS U 0€3 HeTo

4. [To mosy4eHHBIM JAaHHBIM MTOCTPOUTH COOTBETCTBYIOIINE TPa(QHKH.

S. [IpuBecTH pHUCYHKH, IEMOHCTPUPYIOIIHE HCXOJHOE COOOIIEHHE, 3aKOJIUPOBAHHOE
cooOIIeHne, eKOJUPOBAaHHOE COOOIIEHHE M Pa3HUIy MEXAY MCXOIHBIM M JEKOJIUPOBAHHBIM
COOOIIEHUEM.

B tabnuue 3.7 npuBeneHs! JaHHbBIE, KOTOPbIE ObLIN MOTYYEHBI B PE3yJIbTaTe SKCIIEPUMEHTA.

Tabnuua 3.9. JlanHbIe 3KCTIEpUMEHTA

0, q
Noise 02 0,04 0,06 0,08 0.1 0,12 014 | 16 |18
BER(coding 0, 0,00 0,01 0,03 0,07 0,08 0,12
) 001 | 7064 8164 0273 6832 7948 5126 1
BER(NO_co 0, 0,05 0,07 0,08 0,11
ding) 0242 | 65 77 43 29 1 1 1




1,2

0,8
0,6
0,4

0,2

0,02 0,04 0,06
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0,08 0,1 0,12 0,14 0,16

=¢-=BER(Coding)
== BER(No Coding)

0,18 0,2

Puc. 3.118. I'paduxk 3aBucumoctu BER ot Noise

Ha nanHoMm rpaduke BUIHO, 4TO OBICTpEE €IUHUIIBI JOCTUT CUETYHMK, KOTOPBIHA cuntan BER

B KaHaye 0e3 koqupoBanusi LDPC.

“source 12000

- J1000

1-

Amplitude

o-

LDPC Encode / Decode Programmmg Example

Pasninua Koaep-Llekoaep

480 482 434 486 488 490 492 494 496 498 500

(X Maxirnum Number of Iterations Masage‘ IIIIIIIII Bit Error Rate (coding)
)| 100 100 1

f f jQ f111111 10 0.0151362

o Schedule et et e

d R A | - A
gl 50 £ Serial Schedule oA17<i§1 1 1 o 1 oo |1 Bit Error Rate (no coding)
= Noise 0,0549

S e

o 1o JoTofofo o000

Noise (bit flip probability] Erorin {nd S Decoded Bits Error Out

|0.050000 Istatus  code o Walafifafifi]s]o stotus  code
Message Bits. | | oo Encoded Bit Count < o

source

Decoded Bit Count.

Plot0 [

Time

Micxoaroe coobuyenne

ﬂsxuﬁnpunaﬂnoe coabuienne

Ploto [l

17 II II I I
0=
492 494 496
Tme

Amplitude

aso g2 ass 498

G =

491 196 498

Amplitude

188

152 500
T\me
Sakoanposamos coatienie ploto B |
15
=
&
0=y
480 485 482 494 ad6 488 s00

T\me

Puc.3.119. Ilanens ynpasienus ammapatHo-miporpaMmHoro komruiekca LDPC xonepa-

MowogHoe cooBuieHme

1_

Amplitude

0-)

|
430 482

Puc.

|
434

JIeKoaepa

|
436 488 492

Tlme

3.119. UcxoaHoe coolleHne

Plot0 Fiy 1]

1
500

|
498
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JaKognpoBEaHHOE cooBLLEHNE Flot |
1 =
[F]
=
=
=
L3
0= ] ] ] ] ] ] ] ] ] ]
480 482 484 486 488 490 492 494 496 498 500
Time

Puc. 3.120. 3akoaupoBaHHoe cooOIIeHNE

I ] I
490 404 496

Plot 0 |

Jekognposantoe cooBLieHne
1 =

Amplitude

0y I I I I 1 I [
480 482 484 486 488 492 498 500
Time
Puc. 3.121. [lexonupoBaHHOE COOOIIECHUE
Plot 0 |

Paznnua Kogep-Jdexogep
1 -

Amplitude

0- [
500

480

1 1 ] 1 1 ] 1 1 1
482 484 4806 488 490 492 494 496 498
Time

Puc. 3.122. Pa3nunia Mexay UCXOAHBIM U JEKOTUPOBAHHBIM COOOIIIEHNEM

B xome nmanHoll naGoparopHoil  paboThl ObUIM 3aKperuieHbl HaBbIKM padoTel ¢ I10

LabVIEW, wu3ydeH y4eOHBIH ammapaTHO-MPOrPAMMHBI KOMIUIEKC IS BU3yalIHM3alldd |

HCCICJO0BaHUsA MCTOAOB KaHAJIbHOTI'O KO,E[I/IpOBaHI/IH/,Z[eKO,Z[I/IpOBaHI/IH B 6€CHpOBOZ[HbIX CHUCTEMAaxX

L[I/I(prBOFO BCIIIaHUA M CBA3H. I[aHHbIﬁ KOMIIJICKC MO3BOJIACT MPOBOAUTL HUCCIICAOBAHUC KOIOB



237

LDPC. beuti cienanbl BBIBOABI O TOM, 4TO B KaHane ¢ koaupoBanuemM LDPC cromporeHTHas
omnOKa BO3HUKHET JHIIb NpH 3HaueHHH Inyma, paBHom 0,16. Torma kak B kaHame 06e3

KOJMPOBAHUS CTOIPOLIEHTHAs olInoOKa gocturaercs yxe mpu 0,1.

Moaeaupoanune LDPC koxos B MATLAB Simulink
B paGouem mosie HeoOxoauMo cobpath cxeMy miis pabotsl koga LDPC. Cxema npeacrasieHa

Ha pucyHke 3.123 [21]

L Tx ﬂ Yacrora oumbok
s E'=r\>§ hiy il -|L> §’=>E CE'I';LE;:?" Yicno oBHapy#e Kb ounb ok
B m . . ol ’
LBinar\,r LDPC Encoder BSC Enh LDPC Decoder Rx Obuge T80 no cp
Bernouli Binary g:or Eta-te Oumabin
Generator LDPC Encoder Kanan caam LDPC Decoder culation

1]

[1I]1]

:
0
3
> 1
0
-
3

1
0)
1
1

KomBuHauws Ha esomae
1 3a0MpOBaNHanA NOCNEA0BAT eNLHOCTE

KomBuHauma Ha exone

Puc.3.123 JIuaus nepenayu ¢ npumeHeHuem ko LDPC

B cocTaB mMHUY C KOTUPOBAHUEM BXO/IST:

7. Bernoulli Binary Generator

8. LDPC Encoder

9. Binary Symmetric Channel (kanan mepenaun)

10.LDPC Decoder

11.Error Rate Calculation (ananu3atop omuo0K)

12.Display

Jauubie 6;0ku HeoOxoauMo HaiTh B okHe «Simulink Library», npencraBieHHOM Ha pUCYHKE
11. lng ynpoieHus Moucka, MOXKHO BOCIIOIb30BATHCS] OKOIIKOM ITOMCKA 3JIEMEHTOB.

XapakTepuCTUKH OJIOKOB BBICTAaBUTD CJIEIYIOIINE:

“a Source Block : i Binary G [

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 | [  welp | Apply

Puc.3.124 Bernoulli Binary Generator
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"k Function Block Parameters: KaHan cessn lﬂ

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 A

s)‘ [ OK H Cancel H Help ] Apply

Puc.3.125. LDPC Encoder

- B
3 Function Block Parameters: LDPC Encoder ||

LDPC Encoder (mask) (link)

Encode a message using a binary low-density parity-check code. The
parity-check matrix specifies the code.

(M-K} and N are the number of rows and columns in the parity-check
matrix. This block accepts a column vector input signal with 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 (M-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;
otherwise, matrix inverse will be used (which may cause delays when
updating or starting the model).

Parameters

Parity-check matrix (sparse binary (M-K)-by-M matrix):

[ oK ] [ cancel || Help ] Apfl\g

Puc.3.1126. Binary Symmetric Channel

Error Rate Calculation (mask) (link)

Compute the error rate of the received data by comparing it to a
delayed version of the transmitted data. The block output is a three-
element vector consisting of the error rate, followed by the number
of errors detected and the total number of symbols compared. This
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 wectors.

The 'Stop simulation' option stops the simulation upon detecting a
target number of errors or a maximum number of symbols,
whichever comes first.

Farameters
Receive delay:

0

Computation delay:

1]
Computation mode: [Entire frame ']
Output data: [Port *]

Puc.3.127. BCH Decoder
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"L Sink Block Parameters: OwwnBrn

Display
Numeric display of input values.
Parameters

Format:

Decimation:

1

J

Floating display

H Cancel ||

Help | Apply

Hp CACTAaBUM IIOJIYUCHHBIC PC3YJIbTATHI:

Puc.3.128. Error Rate Calculation (ananu3zarop 01111/1601()

il

of| o of| of || of o|| <|| =|[ 2| =|| || =]| || 2| S| = < = Q| ©|| o o|| e 4

all 4 < o ol o of| Of| <] < || < Off </ <] < <||[2] ]| of < < S| | O

e T = = | I e (= e e = e N = I | = = | e e [ = = = =

Al <f o =] < of =) =] = o) = <] = of of <2l = of 2| 2| 2| < 4

af| ol 2f <[l w|f < el = <]l alf =|| af || = ol off 2| |l olf < c|| o <] 2| 2

= OS] S 2|2 S| 2| 2 = S| S| S =/ 2] S S|~ ]| 2| =[] =] =] S

=) 1= = ] = (e = = = = = T = =) =) e e = = e

af| alf af] <ff s|f 2 2| ol <] 2l ol < 2| e af| 2 2|l ol 2 al| = <] = =

Puc. 3.129. KomOuHanus Ha BXoAe
| 1| 0]] 1| 1l off 1| 1] 1]
| 0 0] 0] 1]] | o] il 1
| o o]| o] o]l 1| 1| o]| 1]
| 0 ] 0] o]l o[ il il 1
| o 1| o] o]l off 1] o] 0]
| 0 0] ] o]l | il 0] 0]
| 1] o]| 1| 1]] of| o]| 1] 0]
| il 0] 0] o]l | il 0] 1
| 1] 1| o] 1]] 1| o]| 1] 1]
| 0] 1| T ol o[ o] o] 1
| 1] 1| 1| o]l of| o]| o]| 0]
| 0 ] 0] 1]] | il il 0]
| 1] o]| 1| 1]] 1| o]| o]| 1]
| 0 ] 0] 1]] o[ o] il 1
| 1| 1| o] 0]l 1| o] 0]] 0]
| 0 ] 0] 1]] o[ il 0] 1
| 1] 1| 1| 1]] 1| o]| o]| 1]
| il 0] ] 1]] | il 0] 0]
| o o]| o] o]l of| o]| 1] 1]
| 0] 0] T T]] i o] 0] 1
| 1] o]| 1| 1]] 1| 1| 1] 1]
| 0 0] 0] o]l | o] 0] 1
| o 1| o] 1]] 1| o]| 1] 1]
| 0 ] ] 1]] o[ o] 0] 1
| o 1| 1| 1]] of| 1] o]| 1]
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Puc. 3.130. 3akoaupoBaHHas MOCIEA0BATEIHLHOCTh

| 1] o] 1l 1] 9| 1| 1| 1]
| o| o] ol i 1 o ] 1
| of| o] o] | 1] 1| 0]] 1]
| o| 1| ol o] 0| ] ] 1
| of| 1| o] o]l 9| 1l 0] o]
| ol o] 1| o] 1 ] o] 0]
| 1] o] 1l 1] 9| ol 1| o]
| 1 o] o] o] 1 1l o] 1]
| 1] 1l o] 1] l| ol 1| 1]
| ol 1| 1| o] 0| ol o] 1
| 1] 1l 1l o]l 9| ol 0]] o]
| ol 1| ol i 1 ] ] 0]
| 1] 9| 1| 1] 1] ol 0]] 1]
| ol 1| ol i o)l ol ] 1
| 1] 1l o] o]l l| ol 0] o]
| ol 1| ol i o)l ] o] 1
| 1] 1| | 1] 1] ol 0] 1]
| 1 o] 1| i 1 ] o] 0]
| of| o] o] o]l 9| ol 1| 1]
| ol o] 1| i 1 o o] 1
| 1] o] 1l 1] l| 1| 1| 1]
| ol o] o] o] 1 ol o] 1]
| of| 1l o] 1] l| ol 1| 1]
| o| 1| 1| i 0| o o] 1
| of| | 1l 1] o]| 1l 0] 1]
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] ] ] g ] ] g 0
1 1 1 0 0 0 0 0
1 1 1 1 0 0 1 0
1 0 1 1 0 0 0 0
1 0 1 0 o] o] 0 o]
1 0 0 1 1 0 0 0
0 0 v] 0 v] 1 0 1
0 0 1 0 1 0 0 0
] 0 1 1 v] 1 0 v]
1 0 1 1 0 0 1 0
0 0 0 1 1 1 1 0
1] 1 1 1] 0 0 1 1
0 1 0 1 0 0 0 0
| | 0] | g g g| 0] 0]
| g 0] | g ] | | g
| g d] | g ] g d] d
| | 0] gl g gl | 0] g
0 1 o] 0 o] o] 0 o]
1 1 1 1 0 0 1 0
1 0 v] ] 1 1 1 v]
1] 1 0 1] 0 0 0 0
1 0 0 0 0 0 1 0
0 0 1 0 0 1 0 0
1 0 0 0 1 1 0 0
0 0 0 0 1 0 0 0

Puc. 3.131. ITocienoBareabHOCTh HA BBIXOE
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0.7594 YHacTtotra ownbok
2 AE1e+04 HYacno obHapyE HHBIX oG oK
3 e+04d Obwee KONWYECTED CUMBONOE |

Ouwmbrn

Puc. 3.132. Pabora 0Ji0Ka OLIEHKH OINMOKHU B KaHAJIE

1,2
1 f L f i

0,8

0,6 / / 94— BER(Coding)

/ / == BER(No Coding)
0,4

[ ]

O T 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. 3.133 I'paduk 3aBucumoctu BER ot Noise

3.7. HccienoBanue KacKagHbIX KOJI0B

KaCKaIlHI)IMI/I Ha3bIBAIOT KOJbI, B KOTOPBLIX KOJHPOBAHUC OCYLICCTBIIAACTCA B ABa YPOBHA,
HUMECTCs BHYTpeHHI/Iﬁ W BHEIIHHI KOJbI, C IIOMOIIBIO KOTOPBIX H AJOCTUTACTCAd IKEIacMasd
HaIEXKHOCTh Nepefaun coodiieHuil. BHyTpeHHui kKo cBsi3aH ¢ MOAYJIATOpoM. JleMoaynsaTop, Kak
MIPAaBUJIO, HACTpaMBaeTCs /ISl MCHpaBJIEeHUs OOJBIIMHCTBA KaHAIBHBIX OIIMOOK. BHemHuii kon,
yale BCEro BBICOKOCKOPOCTHOM (C HHU3KOM HM30BITOYHOCTBHIO), CHM)KAET BEPOSATHOCTH IOSBICHUS
OImUOO0K 110 3aJaHHOTO 3HaueHUss. OCHOBHOW NMPUYMHON MCTIOJB30BaHUS KaCKaHOTO KO/ SIBISETCS
HHU3Kas CTCIICHb KOAWPOBAHUA U 061113,9[ CJIOKHOCTb pcaiu3allii, MCHbUIAA TOI71, KOTOpasa
notpeboBaach Obl JJIs1 OCYIIECTBICHUS OTAEIbHON MPOLEaYPbl KOJUPOBAHHUS.

B onHo¥i 13 Hanbosee NONMyJIsPHBIX CUCTEM KaCKaJHOTO KOJUPOBaHMA JJISI BHYTPEHHETO Koja
MIPUMEHSIETCS CBEPTOYHOE KOAMPOBaHUE MO anroputMmy ButepOu, a s BHemHero — koj Puna-

ConoMoHa ¢ yepeoBaHUEM MEXIY IBYMs dTanaMu KogupoBaHus [1]. @yHKIIMOHMPOBAHHUE TaKMX
cuctem npu By /N 0> HaxosmieMest B mpenenax ot 0,2 10 2,5 b, amsa poctmkenns Py =10"°

pCAJIbHO OOCTHIXXUMO B IPHUKIIAAHBIX 3aJa4dax. B »sr1oii cucreme ACMOAYJIATOP BbBIAACT MIAT'KO
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KBAaHTOBAHHBIC KOJOBBIE CHMBOJIBI Ha BHYTPEHHUN CBEPTOYHBIA JEKOIEP, KOTOPBIA, B CBOIO
ouepe/b, BBIIACT KECTKO KBAHTOBAHHBIE KOJIOBBIC CUMBOJIBI ¢ TTAKETHBIMU OIIMOKaMHU Ha JEKOACP
Puna-Conomuna.

Buemmnuii xon Puma-Comomona obOpasyercss u3 M-OUTOBBIX CETMEHTOB JIBOMYHOTO ITOTOKA
naHHbIX. [Ipou3BoauTeNnbHOCTh TakOro (HeABoUYHOTro) Kojaa Puma-ComoMoHa 3aBUCUT TOJIBKO OT
qHca CUMB0IbHbIX ouwubok B O61oke. Koa He nckaxkaeTcs makeraMu OmuOOK BHYTpH M-OUTOBOTO
cumBoJia. IHBIMH CIIOBaMH, JUIsl JAHHOH CHMBOJIBHOW OIIMOKH TPOW3BOAMTEIHHOCTh Kona Puna-
ConomMoHa TakoBa, KaK e€Ciid Obl CHMBOJIbHAsA OIIMOKa ObLIa BBI3BaHA OOHHUM OMTOM WM /71 OWT.
TemM He MeHee MPOU3BOJUTEIBHOCTh KACKaJHBIX CHUCTEM HECKOJIBKO YXYJIIAeTCs 3a CueT
KOPPEIUPYIOMIUX OMIMOOK B TOCIEIOBAaTENbHBIX CHMBOJaX. [loaToMy uepemoBaHUE MEXIY
KOJMPOBAHUSMHU HY>KHO BBIMIOJHATH HA YPOBHE CUMBOJIOB (a2 He OuToB). PaboTa [22] npencrasiser

co0o¥ 0030p KacKaHBIX KOJOB, KOTOPbIC ObUIH pa3pabdOTaHbl I TadbHEel KOCMUUYECKON CBSI3H.

Bojubie
JIAHHbIC
Buemnee Brytpennee
—=  UcpejoBaHue —»=  Moayusius
KOJAHPOBAHHC KO/JMPOBaHHE
[Tomexu —® Kanan
Buewnee Buyrpennee .
<¢—BoccraHosieHue f— <— Jlemoyssuus
JICKOAMPOBAHHE JEKOMPOBAHNY

:

ﬂCKOJIIpUB&IIillbIC
JAaHHbBIC

Puc. 3.134. O600611eHHas CTPYKTYpHas CXeMa UCCIIEJOBaHUS KaCKaIHbIX KOJIOB

OIIHaKO B JaHHOH pa60Te HUCCIICAYCTCA cnyqaﬁ, KOTria B Ka4CCTBC BHYTPCHHCI'O KOAUPOBAHUSA

HCIIONB3YIOTCS TYpOO-KOIBI.

Typ0o-kox — mnapamenbHbI KacKagHbId OJIOKOBBIA CHUCTEMATUYECKUH KOJ, CIOCOOHBII

HCIIPAaBJIATb OIJ_II/I6KI/I, BO3HHUKAIOMIKUC IIPpU NEpCaavc I/IH(I)OpMaI_II/II/I.
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Cxema KacKagHOTO KOJUPOBaHMS BIEpBble Obuta mpemiokeHa DopHu [23] kKak MeTox
MOJTy4YeHHUsI BEICOK03()(PEKTUBHOTO KOJa MOCPEICTBOM KOMOMHAIMIA ABYX MM 00Jiee KOMIOHYEMBIX
KOJIOB (MHOTJIa Ha3bIBAEMBIX COCTaBHBIMH). B pesynbrare, Takue KOJIbI MOTYT KOPPEKTUPOBATH
OmMOKM B 3HAYUTENBHO OoJiee JUIMHHBIX KOJaX M HMMEIOT CTPYKTYpY, KOTOpas IO3BOJISET
OTHOCHTENIBHO JIETKO OCYILIECTBUTH JEKOAMPOBaHME cpenHell cioxxHocT. IlociemnoBaTenbHble
KaCKaJHbIE KOJIBl YacTO HCIOJB3YIOTCA B CHUCTEMax C OrpAaHMYEHHEM MOIIHOCTH, TaKHX Kak
KocMudeckue 30HAbl. Camas pacHpocTpaHEHHas M3 ITHX CXEM COJCPKHUT BHEIIHMW Kox Puna-
ConomoHa (BBIOJHAETCS HEPBBIM, yOHpaeTCs IMOCIETHHM), KOTOPBIA CIEQyeT 3a CBEPTOYHBIM
BHYTPEHHUM KOJOM (BBITIOJHSETCS MOCIEIHUM, Youpaercs: mepBbiM). TypOo-KOI MOXKHO CUHTATh
OOHOBJICHHEM CTPYKTYPBI KaCKaJIHOTO KOJAUPOBAHUS C UTEPATUBHBIM AJITOPUTMOM JIEKOIUPOBAHUS
CBSI3aHHOW KOJIOBOM MOCIIEIOBATEILHOCTH.

Typ6o-xonbr BnepBble OblTM BBeAeHbl B 1993 rony beppy, I'maBbe u Llutumamxumoi. B

OITMCEIBAEMOM CXEME A0CTUrajaIaCb BCPOATHOCTL IIOABJICHUSA OIIMOOK 10_5 npu CTCIICHU

komupoBanusi 1/2 u mopymsimu BPSK B kanane ¢ GenbIM aJiUTHBHBIM TayCCOBBIM IIIYMOM C

Eb/ NO, paBubiM 0,7 ab. Koawsl o0pa3syroTcs mocpeAcTBOM KOMIIOHOBKM JIBYX MM Ooiee

COCTaBHBIX KOJIOB, SIBISIOUIMXCA pa3HbIMU BapHaHTaMU 4YepeJOBaHUS OJHOM M TOH ke
MH(GOPMAIMOHHOMN MOCIIEeI0BATEIBHOCTH. TOraa Kak JJisi CBEPTOYHBIX KOJOB Ha ()MHAIIBHOM JTare
JEKOJIep BBIJIACT KECTKO JCKOUPOBAHHbIE OUTHI (MK B OoJiee 001eM cirydae — JAeKOANPOBAHHBIC
CHUMBOJIbI), B KaCcKaJHOW cXeMe, Takoh Kak TypOo-koHA, I Xopoled pabdoThl aaroputM
JEKOJUPOBAHUS HE JIOJKEH OrpaHU4YMBaTh ce0s, ToJjaBast Ha IEKOAEPHl KECTKYIO CXeMY PELICHHH.
JUig Jydmiero MCMoib30BaHUS WHGOpPMAalUMU, MOJIy4aeMOW € KaKJIOro JeKoJepa, alrOpUTM
JIEKOIMPOBAHUSI TOJKEH MPUMEHSTh, B MIEPBYIO OYEPEb, MATKYIO CXEMY JIEKOAUPOBAHUS, BMECTO
xKecTkoil. [l cucreM C JBYyMs COCTaBHBIMH KOJIaMHM KOHUEMIHMSA, JieXkallas B OCHOBE TypOo-
JEKOJUPOBAHUS, 3aKIIOYaeTCsl B TOM, YTOOBI NepegaTb MATKYIO CXeMy HpPHUHSATHS pPELIeHUH C
BBIXOJla OJHOTO JIEKOJepa Ha BXOJ JPYroro M MOBTOPSTH 3Ty MPOLEAYpYy O TeX MOp, MMOKa He
OyAyT MOJy4YeHbl HAJIEKHbIE PEIICHNUS.

TypOokobp! MPEACTABIAIOT COO0M CPaBHUTEIHHO HOBBIM THUI KOJIOB JUIsl UCIIPABICHUS OIINOOK,
BO3ZHUKAIOIINX TpU Niepenade nudpoBoii nHpopmanuu mo kaHaiaM CBsI3U ¢ IymMmamu. BriepBeie oHU
ObulM BBeJEHBI B paccMoTpeHue B 1993 romy u cpasy ke HpuUBJIEKIN K ceOe IMpHCTalbHOE
BHUMaHHE CIICHMAJINCTOB B 00JIACTH IOMEXOYCTOMUMBOro KoaupoBaHus. llpuumHa sTOMYy —
YHHUKaJIbHasE CIOCOOHOCTh TYpOOKOJOB 0OecreynBaTh XapaKTEPUCTUKH TOMEXOYCTOMYUBOCTH
nepeaayn uHpopManuu, OJM3KHE K TEOPETHUECKH TOCTH)KMMBIM 3HAUEHHSIM TIpU YMEpEeHHOH

CJIOKHOCTHU peain3alilui KOIACKOB. Pa3pa60T1<a Typ6OKOI[OB Pa3BUBACTCA IO ABYM HAIIPABJICHUSM!
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CBEPTOUYHBIE TYpOOKOMBI, O00pa3oBaHHbIE MYTEM MapaICNIbHOTO COSAMHEHHUS IBYX Win Ooiee
CBEPTOUYHBIX KOJEPOB, M OJIOYHBIE TYpOOKOABI, 00pa3oBaHHBIE IYyTEM MOCIEIOBATEIBHOTO
COEAMHEHUs JABYX WM Oosee OyouHBIX KozepoB. Kak mokaszanu wuccienoBaHusi, OJOYHbIE

TypOOKOIbI SABIISIFOTCS OoJiee 3 (PEKTUBHBIMU MTPU OTHOCUTEIHLHO BBICOKMX KOJIOBBIX CKOPOCTSIX.
Konnposanue

Ha pucynxke 3.145 npesncraBiieHa CTpyKTypHasi cxema TypOo-Kozaepa:

(n 6uT)

Y
Ilepeme-
SKUTEND |

Y

Ilepeme-
KATENb 2

ITepeme-
KuTens M

Puc. 3.145. CrpykrypHas cxema TypOo-Koaepa

Chauaia Ha Bxox Gpopmupoareins nakeroB (PAD) nmocrynaer 610k ganubix U munoii K 6ur. B
dbopmupoBaTese MaKkeToB K JaHHBIM MpubOaBisercs emé (N-K) ITOMONTHUTENBHBIX OUT CITy)KeOHOMH
uHpOpMAallMK, COOTBETCTBYIOIIMX MCIIOJIb3YEMOMY CTaHIAapTy (GOpMHUpOBaHMS MakeTa U
BKJIIOYAIOIUX B ce0sl CHMBOJIBI €ro Hadajga M OKOHYaHMA. To ecTb mosiyyaercs mnaker Xo,
COCTOSIIIUN U3 N OUT.

Janee nocnenoBaTenbHOCTh OMT Xo HOCTyNMaeT mnapamieabHo Ha M BeTBel, conepkaliux
M0CJIe/IOBATENbHO COEAMHEHHBIE MEPEMEXUTENIb U KOMIIOHEHTHBIM Kojaep. Takum oOpasoM Xg
UCIIOJIb3YETCS B KAYECTBE BXOJHBIX JAaHHBIX Cpa3y BCEMHU KOMIIOHEHTHBIMH KOJIEPAMH.

B nepemexwurtensix 1o IMCEBAOCIy4alHOMY 3aKOHY IPOHMCXOJUT  MEpeMEelINBaHUE
nocrynarommx OuT. B oTnuyWe OT MOCHUMBOJBHOTO MPSIMOYTOJIBHOTO — MEPEMEXHUTENs,
ucnoib3yemMoro B koaax Puma-ConomoHa, B Typ60-KoJ1aX HCIIONB3YETCsl IEPEMENKEHNUE OTIEIbHbIX

6I/IT, KOTOpPOC HOI[O6HO CﬂyqaﬁHLIM NEepCCTaHOBKAM. HpI/I‘{CM BIIOCJICACTBUHU, IIpU OICpaluriax
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JIEKOJUPOBAHUA OSTOT 3aKOH IMEpeMeXeHuss OydeT CyuTarhCsi U3BECTHBHIM. llomydeHHbIe
[IOCJIEI0BATEILHOCTH IIOCTYIIAIOT HA BXOABI KOJEPOB.

3ajaua mnepeMexurenss — I[peodpa3oBaTh BXOAHYIO IIOCIEJOBATEIBHOCTh TaK, 4YTOObI
KoMOMHaMu 6UT Xo, COOTBETCTBYIOIIME KOJOBBIM CIOBaM C HU3KMM BECOM (BECOM Ha3bIBAETCs
YHCIIO HEHYJEBBIX OUT KOJOBOTO CIIOBAa) HA BBIXOJE IEPBOro Kojaepa, ObLTM mpeoOpa3oBaHBI B
KOMOWHAIIMH, JAIOIIKe KOJOBBIE CIIOBA C BRICOKUM BECOM Ha BBIXOJaX OCTAJIbHBIX KOJAEpOB. Takum
00pa3oM Kozepbl OJIY4aroT Ha BBIXO/IE€ KOJOBBIE CJI0Ba C PA3IMYHbIMU BecaMu. IIpu koaupoBaHuu
(bopMHpYIOTCS KOJIOBBIE CIOBAa TaK, YTOOBI IOJYy4aJOCh MaKCHUMAaJIbHO BO3MOXHOE CpelHee
paccTosiHue MEXy HUMHU (PACCTOSIHUEM MEXAY ABYMs KOJOBBIMHU CIIOBAMHU HA3bIBAETCS YUCIIO OUT,
B KOTOPBIX OHHU pazinyarrcs). M3-3a TOro, 4ro KoAOBbIE OJIOKM (OPMHUPYIOTCSA M3 TOYTH
HE3aBUCHMBIX 4acTeil, Ha BbIX0je TypOo-KoJiepa cpeiHee pacCTOSIHUE MEXY KOJIOBBIMHU CIOBAMHU
Oosibllle, YeM MUHUMAJILHOE PACCTOSIHUE JJIsl KaXK10r0 KOMIIOHEHTHOTO KOJEpa, a, CIe10BaTebHO,
pactét 3¢ (heKTUBHOCTH KOIUPOBAHMUSL.

KonoBass ckopocTb — OTHONIEHHWE JUIMHBI KOJOBOTO OJIOKAa Ha BXOJ€ K JIJIMHE
peoOpa3oBaHHOrO KOAOBOI0 OJI0Ka Ha BBIXOJIE KOJEpa.

B otcyrctBue mnepdopatopa MCXo[Has IOCIEI0BATEIbHOCTh Xo MYJIBTHUILUIEKCUPYETCS C
IIOCJIEI0BATENBHOCTAMU TPOBEPOUYHBIX OUT, 00pa3ysl KOJOBOE CJIOBO, MOJUIEXkKAIlee Nepenadye 1o
KaHaly.

Jis  yBenmMuYeHUs  KOJOBOW  CKOpPOCTH  IpUMEHseTCs  BblKanbiBaHue (mepdoparus)
OIpeIeNIEHHBIX TPOBEPOYHBIX OUTOB BBIXOJHOW IMOCIENIOBATEIBHOCTH. TakuMm o0pa3oM KojoBas
CKOPOCTh BO3PacTaer.

Ecnu yuects, 94T0 TYpOO-KOBI ONIEPUPYIOT ¢ OJ10KamMu Oosbiioi amuHb ¢ K > 10000, To k = n.

C mnomompo nepdopaTopa, BBIKaNbIBas pa3HOE YHCIO TMPOBEPOUYHBIX OHUT, BO3MOXKHO
pEryJInpoBaHue KOJOBOW CKOPOCTU. TO €CTh MOKHO MOCTPOUTH KOAEP, aalTUPYIOLIUICS K KaHAIy
cBs3u. [Ipu cuiabHOM 3amIymMiIeHUH KaHasla nepdopaTtop BbIKAJIBIBAET MEHbIIE OUT, YEM BbI3bIBACT
YMEHBIIIEHNE KOJOBOM CKOPOCTH M POCT IOMEXOYCTOMYMBOCTH Kozepa. Ecim ke kaHaim CBA3M
XOpOILIEro KayecTBa, TO BHIKAJIBIBATH MOXKHO OOJIBLIOE YHMCIO OHUT, BBI3bIBAS POCT CKOPOCTHU

nepeaayr UHHOpMaIHH.
AJITOPUTM JeKOANPOBAHHS 110 MAKCUMYMY ANIOCTEPHOPHOIl BEPOSITHOCTH

Anroput™m bana maer «MSATKy0» OIIEHKY JOCTOBEPHOCTH JeKOAupoBaHHOro Outa. To ecTh
MIPEABSIBISET HA BBIXOJIE CTENEHb TOBEPHS PE3YNbTATy JIEKOAUPOBAHHUSA. B MPOTHBOMOJIIOKHOCTH

«KECTKOM» CTPYKType, NpU KOTOpOM Ha BBIXOAE Jekojepa (GopMHpyeTcs JHIlb Haubolee
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BEPOSITHOE 3HAYCHUE JIEKOJUPOBAHHOTO OuTa («0» min «1»), IpH BRIHECEHUH «MSTKOT0» PEIICHUs
ucrosp3yercss Oojee mnoApoOHas JUCKPETU3alMs BBIXOJHOTO CHUTHANA, XapaKTepHU3YHOILas
BEPOSITHOCTh KOPPEKTHOTO Npuema 6uta. biarogapst HCnonbp30BaHHIO «MATKHX)» PEHICHHH B TypOo-
JeKo/iepax OKasblBaeTcs (P (GEKTUBHBIM HCIIOJIB30BAHUE HECKOJBKHX HTEPAllMi JEKOIUPOBAHUS.
ArnocrepruopHas uH(poOpMaIys, MOMy4YeHHas O KOJOBOM CJIOBE Ha BBIXOJE IEPBOW HTEpaluu
JIEKOJUPOBAHUA, TOCTYIAeT Ha BXOJ OJIOKa CIEAYIOIIeH HTepalud M SABISETCA A HEro yKe
anpHOPHON BEpPOATHOCTHIO. Takoi MOIXO0[ IO3BOJSET YIy4IIaTh KayecTBO ICKOAWPOBAHHS OT
UTEepaluu K uTepauuu. TakuM o0pa3oM, M3MEHss YUCIO HUTEpaldii JAEKOAWPOBAHUS, MOXKHO
aJanTHPOBATh JEKOJAEp K TEKYLIEMY COCTOSHHUIO KaHala IMepeJadyd M JOCTHYbh TpeOyeMoii
BEPOSITHOCTH OIIMOKH HA OUT.

Ha pucynke 3.136 npencraBineHa CTpyKTypHasi cXeMa OJHOHM HTepanuu TypOo-aekoaepa mpH

ABYXKAaCKaaAHOM KOAUPOBAHUHU:

S Xo
™ Hexonep ™ [lepeme- = Jlexonep = lenepeme- ™
Xo Xi - 1 JKUTEND | 2 JKHATEND |
— Sy
[epeme- ™ = | Jlenepeme- -
JKUTEIb 2 SR JKHATEIb 2

Xz

Y

3azepxka

Pucynoxk 3.136. CTpykTypHast cxema OJHO# uTepauu Typoo-1eKoaepa mpu JByXKacKaJHOM

KOAUPOBAaHUUN

Ha puc. 3.136 11 mpocTOThl NOHUMaHMS MPEACTABICH BapUaHT CXEMbl OJHOW HUTepalnuu
TypOO-IeKOUPOBaHMS TPU JBYXKACKaJHOM KOIAMPOBAaHUHU. JTa CXEMa HECJIOXHO 00o0IIaercs Ha
CITy4ail IPON3BOJIFHOTO KOJIMYECTBA KaCKa/l0B KOJANPOBAHUSI.

Jlekonep nis OAHOM HUTepalMM COJACPKHUT KAacKaJHOE COEJUHEHHE JIBYX 3JIEMEHTapHBIX
JEKOJIepOB, KaXIbIH M3 KOTOPBIX, OCHOBBIBAsACh Ha KPUTEPHUM MaKCHMyMa anoCTEepUOPHON
BEPOSITHOCTH, BEIHOCHT «MSITKOE» PEIIeHHe O MepeJaHHOM cuMBoiie. Ha mepBwiii pekoaep mepBoi

UTCpanuun C BbBIXOJa ACMOOYyJIsATOpa MMOCTYIaroT CKMSATKHE» pemiCHuA CHMBOJIOB
HOCHCﬂOB&TCHBHOCTCﬁ XO )41 Xl. Takum o6pa30M, Ha BBIXOZAC ICPBOTIO ACKOJACpA MOABJIACTCA

OIICHKa I/IH(l)OpMaIII/IOHHOFO CHUMBOJIa, KOTOpPAA IMOCJC MOCICAYIOUIETO NEPEMEKCHHUA MOMagacT Ha
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BXOJ] BTOPOTO JEKOJepa M sBISETCS U HEro ampuopHoil mHpopmanueil. Mcnonb3ys «MArkoe»
pelIeHne O MOCIEN0BATENLHOCTH Xp, BTOPOii IeKo1ep (JOPMHUPYET CBOKO OLIEHKY.

Ha pucynke 3.137 mpencraBieHa CTpyKTypHas cxema TpEX HWTeparuii TypOo-aekonepa mpu

ABYXKaCKaaAHOM KOAWPOBAHUU:

Xy X1 S S’
™ Hrepa- —— =1 Hrepa- | Hrepa-
w{ 0wl = s 2 st 3
X: _ [Bamepxxka _ [Banepxka

Puc. 3.138. CtpykTypHas cxema Tpéx utepaiuu TypOoo-aexoaepa npu AByXKacKaJHOM

KOJIMPOBaHUU

C BbIXOJa KaXJ0H HMTepaluM pelIeHHE MEepeXOoauT Ha BXoj cieayrouieil. OT urepauuu K
UTEpALUY TPOUCXOAUT yTouHeHue peuieHus. [Ipu sTom kakaas urepamusi paboTaeT ¢ «MATKUMU»
OLIECHKaMU M Ha BBIXOJ OTHACT TaKxke «MArkue». 1loaTomy takue cXembl MOJYYUIHM Ha3BaHUE
JIEKOJIEPOB C MATKUM BXOJOM U MSTKUM BbIX0J0M. [Ipoliecc nekoaupoBaHus npekpaiaercs audo
1ocjie BBIMOJIHEHUS BCEX WTepanuid, Ju00 KOrja BEpOSTHOCTh OIMMOKM Ha OWT JIOCTUTHET
TpeOyemoro 3HaueHus. Ilociae JexkonupoBaHHMS M3 TOJYYEHHOI'O  «MATKOT0»  pPELIeHHUs

MIPOU3BOJUTCS OKOHYATEIBHOE «GKECTKOEM.
I[IpeumymecTBa U HEIOCTATKH TYPOO-KOI0B

llpeumywecmea

Cpenu Bcex MPaKTUYECKU HCIIOJIb3YEMbIX COBPEMEHHBIX METO/I0B KOPPEKLHH OHIMOOK TypOo-
KOJIbI M KOJIbI C HU3KOM INIOTHOCTBIO MTPOBEPOK Ha YETHOCTh Haubosee OJIM3K0 MOAXOIAT K TPaHULe
[IlenHOHa, TEOPETUYECKOMY MpEJeNly MaKCUMaJbHOM MPOMYCKHON CIIOCOOHOCTH 3allyMJIEHHOTO
kaHana. TypOo-KoIbl TMO3BOJSIOT YBEJIMYUTh CKOPOCTh Nepenaun HHpopmanuu, He Tpedys
YBEIUYEHUS] MOIIHOCTH NepeAaTyuKa, WIM OHM MOTYT OBITh HCIIOJIb30BaHBI JJISI YMEHBIIECHUS
TpeOyeMoii MOIIHOCTH IpH Tepenade ¢ 33JaHHOM CKOpOCThIO. BaHBIM mpeumyiiecTBoM TypOo-
KOJIOB SIBJISIETCSI HE3aBUCUMOCTh CJIO’KHOCTH JEKOJMPOBAHUS OT JAJUHBI HHPOPMAIIMOHHOTO OJ0Ka,
YTO MO3BOJIIET CHU3UTh BEPOSTHOCTD OIIMOKHU AEKOTUPOBAHUS TyTEM YBEIIMYEHHUSI €TO JTUHBI.

Heoocmamuxu
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OCHOBHOW  HENOCTaTOK TypOO-KOJOB — 3TO OTHOCHTEIBHO BBICOKAs  CIIOKHOCTh
JIEKOJUPOBaHUA W OoJbIlas 3aJ€piKKa, KOTOpPbIE MAETAl0T WX HEYJOOHBIMH JUISI HEKOTOPBIX
npumenennid. Ho, Hampumep, Ui MCHOJIB30BAaHUS B CITyTHHKOBBIX KaHAJIaX 3TOT HEJIOCTAaTOK HE
SBISIETCSL ONPEACIAIONIMM, TaK KaK JUIMHA KaHala CBS3M caMa 10 ceOe BHOCHUT 3aJIepiKKy,
BBI3BAaHHYIO KOHEYHOCTHIO CKOPOCTH CBETA.

Emé oauH BaXHBI HEZOCTaTOK TypOO-KOJOB — CPAaBHUTEIBHO HEOONBIIOE KOJIOBOE
paccTosiHHe (TO €CTh MHHHMAJIBHOE PACCTOSIHUE MEXKAY IBYMS KOJOBBIMH CIIOBAMH B CMBICIIE
BBIOPAaHHOM METPUKH). DTO NPUBOJUT K TOMY, YTO, XOTS HPHU OOJBIIONH BXOAHOW BEPOSITHOCTH
omuOKH (TO €cTh B IJIOXOM KaHalie) 3((PEKTUBHOCTh TypOO-KO/a BBICOKA, MPU MaJOW BXOJHOMN
BEPOSTHOCTH OIIMOKU 3(dekTuBHOCTE TypOO-KOJga KpaifHe orpanuueHa. [losTomy B Xopommx
KaHajlax Uil JajJbHEHIIero yMEHBUICHUS BEPOSTHOCTH OMIMOKH HPUMEHSIOT He TypOo-KOAbI, a
LDPC-koxmbl. XOTSI CIIO)KHOCTh HCIIOJIB3YEMBIX AJITOPUTMOB TypOO-KOAMPOBAHMS M HEIOCTaTOK
OTKPBITOTO MPOTPAMMHOTO O00ECIIeYeHUsI MPENsITCTBYIOT BHEIPEHUIO TypOO-KOIOB, B HACTOSIIEE

BpeMs MHOTHE COBPEMEHHBIE CHUCTEMBI UCIIOJIb3YIOT TYpOO-KOIbI.
IIpumeHnenne Typ00-K010B

Komnanun France Telecom u Telediffusion de France 3amarentoBanu mupokuii kiacc Typ0o-
KOJZIOB, YTO OIPAaHMYMBAECT BO3MOKHOCTb WX CBOOOJHOTO MpPUMEHEHHUS U, B TO XK€ Bpems,
CTHUMYJIUPYET Pa3BUTHE HOBBIX METO/IOB KOJUPOBAHUS TaKUX, Kak, Harpumep, LDPC.

TypOo-Koabl aKTHUBHO NPUMEHSIOTCS B CHCTEMax CIYTHHMKOBOM M MOOWJIBHOM CBS3W,
0ecrpoBOJTHOIO  IMPOKOMOJIOCHOTO  JlocTyna | LudpoBoro TeneBuaeHUs. TypOo-Kobl
YTBEPKACHBI B cTaHjapTe cinyTHUKOBOHM cBsizu DVB-RCS. Typ6o-koapl Takke HalUIM HIMPOKOE
MIPUMEHEHHE B MOOWJIBHBIX CHUCTEMax CBSI3U TpeThero mnokoisieHus (cranmaprsl CDMA2000 u

UMTS).

MoaenupoBanue kackaaubix kogoB B MATLAB Simulink [21]

BupryanbHas MozieNib Tiepesiauu JaHHBIX C MCIPaBICHUEM OMIMOOK MPH MOMOIIM KAaCKaJIHOTO
Koja Oblia peanu3oBana B cpeae Simulink Matlab. Moaens nemoncTpupyer padboTy koaepa Puna-
Conomona (BHewHuil koa) u konxepa TypOo-ko/10B (BHYTpEHHHUI KOM), MO3BOJISIET HCCIIEN0BATh
UCTIPABISIONIYI0  CITIOCOOHOCTh KOJOB /ISl Pa3HBIX BHJOB MOJYISALUUM W CPaBHHUTh €€

XapaKTCPUCTHUKHU C pa60T0171 YKa3aHHBIX BBIIIC KOJACPOB B OTACIILHOCTHU.



Ha pucynke 3.139 npuBenena pa3paboTaHHas MOJEIb:
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Puc. 3.140. Pa3zpaboranHast MOJIe)Ib HCCIICIOBAHUS KaCKaIHBIX KOJIOB

B €€ 0CHOBY IMOJIOKEHBI CIICAYIOLIME IIEMEHTBI, BCTpOCHHBIE B Onbimoreky Simulink:

e Bernoulli Binary Generator

e Binary Input RS Encoder

e  Turbo Encoder

e Rectangular QAM Modulator Baseband

e AWGN Channel

e Rectangular QAM Demodulator Baseband

e Unipolar to Bipolar Converter

e Turbo Decoder

e Binary Output RS Decoder

e Error Rate Calculation

e Discrete Time Scatter Plot Scope

e Gain

e Display (Iucmueii, oTpakaromuii ommuoKn)

Hanee mpeacTaBieHO ONMUCAHUE OCHOBHBIX OJIOKOB:
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Bernoulli Binary Generator (reaeparop nceBIocay9yaiiHoM Mociae0BaTeIbHOCTH) — TEHEPUPYET

CIy4aliHyl0 OMHApPHYIO ITOCIIEI0BATEILHOCTD (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 zZero: [].5|

Initial seed:

12345

Sample time:

1/3568

Frame-based outputs

Samples per frame: 3568

Output data type: |double

Puc. 3.141. [Tapametpsl 6s10ka «Bernoulli Binary Generator»

«Probability of a zero» - BeposSTHOCTb TIOSIBIICHUSI HYJIS;

«Initial seed» - HauanbpHOE 3HAUCHME JJIS1 TEHEPAIUH;

«Sample timey - VIUTETHHOCTH COMILIA,

«Samples per frame» - pazmep ¢peiima.

Binary Input RS Encoder — xonep Puna-Conomona (pucysok 3.7).
«Codeword length N» - o0riiee KOJU4ECTBO OUT;

«Message length K» - konmruecTBO HHGOPMAIIMOHHBIX OHT.
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Binary-Input RS Encoder (mask) (link) ~

Encode the message in the input vector using an (M,K) Reed-
Solomon encoder with the narrow-sense generator polynomial.
This block accepts a column vector input signal with an integer
multiple of K*ceil(log2(M+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<=16, then a
shortened code is assumed. I the Primitive polynomial is not
specified, then the length by which the codeword is shortened is
27ceil(log2(N+1)) - (M+1). If it is specified, then the shortening
length is 2-~(length({Primitive polynomial)-1) - (M+1).

Parameters

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. 3.142. TMapamerpsi 6sioka «Binary Input RS Encoder

JlaHHbBIi 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

|nherited
Puc. 3.143. Cocras 610ka «Binary Input RS Encoder»

Takum oOpa3zoMm, wuH(pOpPMAIMOHHBIE OWTHI, TMOCTYMAIOIIME CO BXOJa TeHepaTropa
npeoOpasytotcst B Tum «Integery», KoaupyroTcs W MpeoOpa3yroTcsi o0paTHO, 3aTeM MOJYyYCHHBIC
OWUTHI KOHBEPTUPYIOTCS B TOT THIT JIaHHBIX, KOTOPBII M3HAYaIbHO OBLT Ha BXOJIE KOJepa.

Turbo Encoder — Typ6o-koaep (pucynok 3.144).
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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:

paoly2trellis(7, [133 171], 133)

Interleaver indices:

[4080:-1:1].

Cancel Help

Puc. 3.144. Tlapametpsi 65oka «Turbo Encodery

«Trellis structure» - ctpykTypa TpeIuC-MOAYIISINH.

Tpenmuc-monynsauust (TCM — Trellis Coded Modulation) npezacrasiser co6oit croco0,
KOTOPBIM MO3BOJIAET OOECNEeYUTh MOBBICUTH CKOPOCTb IEpelaud COOOLIEHHS C COXPaHEHHEM
YPOBHSI TIOMEXOYCTOWYHMBOCTH. OTOT CIIOCOO OTJIMYAETCS TEeM, YTO IOMEXOYCTOHYUBOE
KOJAMPOBAaHUE W TUI MOIYJSIUH HCIONB3YIOTCS COBMECTHO. BBIOpaHHas COOTBETCTBYIOIIUM
o0pa3oM mapa MOMEXOYCTOMUMBBIA KOJ — CHoco0 MOAYJSALMUM YacTO TAaKKe€ HOCUT Ha3BaHUE
curHaiabHo-kooBast koHcTpykuus (CKK).

Jlns konupoBaHMs MCHOB30BaH OAMH U3 HanOoJiee YacTo yHoTpeOsieMbIX CBEPTOUHBIX KOJIOB
—xox (171,133,7), KOTOPBIH KOAUPYET MOCIEAOBATEITHHOCTE CO CKOPOCTRIO 1/2.

«Interleaver indices» - BXo/iHbIe TapaMeTPbl EPEMEKHUTEIIS.

Cxema TypOOKO/iepa HMEET CIIEAYIOUIYIO CTPYKTYpY (prcyHOk 3.145):
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Encoder

Encoder2

Diatal
ou—(1)
Data2 o
Bit Reordering

Puc. 3.145. Ctpykrypa 610ka «Turbo Encodery

[Totrok O6uT pacnapannenuBaeTcs Ha /Ba. B mepBoM ciydae OMTHI MOCTYMAOT HA CBEPTOYHBIN

kozep (133, 171), a BO BTOpOM MOTOKE OUTHI CHaYaIa MPOXOAST MEPEMEKHUTEIb, 3aTEM MOCTYIAIOT

Ha AHAJIOTMYHBIM CBEPTOYHBIN Kozep. biok

HOCJ'ICI[OB&TCJ'IBHHﬁ IIOTOK.

«Bit

Reordering»

BBICTpanBacCT OUTBEI B

Rectangular QAM Modulator Baseband — moxynstop QAM-M (pucynok 3.149).

modulation method.

Main Data Types
Farameters

M-ary number:

Input type:

Minimum distance:

Phase offset (rad):

Constellation ordering:

Mormalization method:

Rectangular QAM Modulator Baseband

&4
Bit

Binary

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.

Min. distance between symbols

2

View Constellation

Help

Apply

Puc. 3.146. ITapamerpsl Gi10ka «Turbo Encoder»



«M-ary number» - xonmuuectBo mo3uiuii B QAM-M;

«Input type» - TMII BXOHBIX JaHHBIX;

«Constellation ordering» - mopsiok mocTpoeHus co3pe3aus (pucyHok 3.147).

OcranbHbIE napaMeETphl 110 YMOJIYaHHUIO.

Lluadrature Amplitude

64-QAM Binary Mapping,Ph.Off. =0rad,Min_Dist=2,0utput DT=double

254

In-phase Amplitude

Puc. 3.147. JIlnarpamMma OCTpOEHUs CO3BE3AUMN

000000 01000 | 010000 ! 011000 100000 | 101000 110000 111000
x x H x H x x i x x x
000001 01001 | 010001 ! 011001 100001 | 101001 110001 111001
X X : x : x x ' X x x
000040 w1010 | 010010 044010 100010 | 101010 110010 111010
% % ' % ' % % ' % % %
000011 0111 | 00011 011011 100011 | 101011 110011 111011
% % : % : % % ' X % %
000100 01100 | 010100 | 011100 100100 | 101100 110100 111100
x x H x H x x | x x x
000101 : 00101 | 01101 | 110101 111101
X H x ! ® H H3 X
000110 001110 010110 | 011110 00110 | 01110 | 110110 111110
X X X H X x | X H X X
000111 01 0ot | 011111 00111 | 01111 | 110111 1111
E3 13 H X H * X ' X H X X
| | | |
4 7 0 2 4

AWGN Channel (Kanan cBsizun) — 100aBisieT «Oelblii» TraycCOBCKUHN MIyM B KaHalie (PUCYHOK

3.13).

«Variance» - cuutbiBaet napamerp Eb/NO u3 610xa Model Parameters.



AWGN Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based) - |

Initial seed:

(96745 |

Mode: |\r‘ariance from mask - |

Variance:

| prmPccc.noiseVar |

| oK || Cancel || Help | Apply

Puc. 3.148. ITapametpsr 6:10ka «KAWGN»

Discrete Time Scatter Plot Scope — brok jj1st OTpaskeHus: uarpaMMbl CO3BE3/IHH.

[apaMmeTpsbl, 4TO U MOAYIISTOP.

Ha Bxop Typ0o-nexkoaepa He0OX0IUMO M01aBaTh OUIOSPHBIN CUTHAI.

Turbo Decoder — Typ6o-nekozaep (pucyHok 3.149).

255

Rectangular QAM Demodulator Baseband — nemonymstop QAM-M, obnamaer Temu xe

Unipolar to Bipolar Converter — I[IpeoOpa3oBarenb curiaia u3 OAHONOISPHOTO B OUITOISIPHBIN.
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Turbo Decoder (mask) (link)

Decode the input using a parallel concatenated decoding scheme that

employs the a posteriori probability (AFPF) 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).

Farameters

Trellis structure:

' polyztrellis(7, [133 171], 133)]

Interleaver indices:

[4080:-1:1].

Decoding algorithm: |True APP

Mumber of decoding iterations:

]

|| Cancel || Help |

Puc. 3.150. TTapamerps! Giioka «Turbo decodery

ITepBbie 1Ba MapameTpa 3aAal0TCs AaHAIOTHYHO IIapaMeTpaM KoJepa.

«Number of decoding iterations» — konmuuecTBO HTEepaluii AeKoAupoBanus. JlekonupoBaHue B
TypOO-/IeKo/iepe MPOUCXOJUT B HECKOJbKO HTepanuil. Yem Oomble uTepanui, TeM TOYHEE
nexkomupoBanue. OmHAKo, OONBIIOE KOJHMYECTBO HE Ma€T pe3yiabrara, a JIMIIb yBEIHYHBAET
JUTUTENIHOCTD BBIYMCIICHHN M MOXET JaXKe YXYAIIUTh TOMEXO0YCTOHYHBOCTb.

Cxema 0J10Ka UMEET CIIeYIOIIYI0 CTPYKTYpY (prcyHok 3.153):

Lel == Lci
In Lc2 ——#¥Lc2 Out
Bit Ordering Turbo D ecoder

Pucynok 3.151. Crpykrypa 6:10Ka «Turbo-decodery
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«Bit Ordering» - BeicTpauBanue motoka OMT B MapaieIbHbIA TOTOK.

Cxema camoro TypOo-eKoiepa npeacTaBieHa Ha pucynke 3.152:

For
[terator

For lterator
General
Pad & Blodk i Y U
Deinterleaver
. Pad Tail2 Remove Tail2
Dela
. Block Deinterleavar
L
y gl 0 .
(+ y ${Lin 0 1)
i Out
Hard D ecision
P(L{u)
\FP General
D:ca-d:-r L{u) U ¥ + b Blodk ¥ Pad (L{u)
o Interleaver APP o
(= Remove Tail b wqro Fad Tsl Decoder V)
Led { : ——Lic)
Decoda =2

Decoder2

Pucynok 3.152. Cxema typOo-aexoaepa

Jlexonep uMeeT cloXkHY CTpyKTypy. [lapamnensHslii moTok npuxoaut Ha Bxonbl (1) u (2).
JlanHble ¢ BXofa (2) JeKOTUPYIOTCS M MOCTYNaloT Ha BXOJ OJIOKa Ha JieNepeMeKuTeNb. 3aTeM
JaHHbIC TIOCTYNAIOT Ha CyMMAaTop U uepe3 3aJepikKy Ha aexos «Decoderly. Beixox atoro nexoaepa
MIOCTYIAET HA CyMMAaTOp U Ha NEPEMEKUTENb, JAHHBIE ¢ KOTOPOrO MOCTYNAIOT HA BTOPON JEKOJED.
TakuMm 00pa3zom, 1eKOJephl BIUSIOT APYT Ha Apyra U NOMEXOYCTOWYMUBOCTh U CyMMa MX BBIXOJHBIX
3HAUCHUI MOCTymaeT Ha ONOK npuHATHA ‘kEcTkuX pemenuit «Hard Decision». Omneparms
JeKOJJUPOBAHUS TOBTOPSETCS CTOJIBKO pa3, CKOJIBKO yKa3aHO B OJ0Kke TypOo-AeKojepa B mapaMmerpe

«KOJINYECTBO UTEPALMIN».

Binary Input RS Decoder — nekonep Puna-Conomona. [lapamerpsl U CTpyKTypa aHAIOrd4Ha
OIIOKY Kojepa.

Error Rate Calculation — BerumcauTens OMMOOK MEKAY MEPEAAHHON H  MPHHITOM
MOCJIEIOBATEITBHOCTHIO.

Display - nucreii, oTpaskaromiuii OnMOKH.
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HccnenoBanue KaCKaJHbIX KOJ0B

1. CnopoektupoBaHHasi MOJENb NEpeAaydl JaHHBIX JEMOHCTPHpPYET paboTy KacKaaHOTO
komupoBaHusi (pucyHok 3.143). JlanHas MoAeNb IIO3BOJIIET HCCIEAOBATh TMPUMECHEHHE
MOCJIeI0BATENbHO-IAPAJUIEILHOTO KOJUPOBAaHUS Ha IpPUMEpe HCIOJIb30BaHUs Kozaepa Puna-
Conomona (BHeutHU# kox) U TypOo-koaepa (BHYTpEHHUH KOI), a TakKe MO3BOJISIET MCCIIEIOBAThH
UCTIPABISIONIYI0O  CHOCOOHOCTh KOJOB JUIS Ppa3HbIX BHAOB MOAYISALMU M CPaBHUTH €€
XapaKTePUCTHKU C pabOTON yKa3aHHBIX BbIIIE KOJACPOB B OTACIBHOCTH.

2. B xadectBe TypOO-KOJa UCIIOJIB3YIOTCA JBa MapaJIeIbHBIX CBEPTOUYHBIX KOJEpa C TPEJLIUC-
MoAyJIALMEN (1 YCKOPEHUS IepeAayuy JaHHbIX).

Ha pucynke 3.153 npescrasieH rpaduk 3aBUCUMOCTH OUTOBOM BepositHocTH ommnOku (BER)

0T OTHOIIeHUs curHa/myM B kanaine (SNR) s pa3HbIX BUIOB MOIYISIUU:

0,25
02
0,15
o
L
om
0.1
0,05
0 —— = " ————n
0.5 1 15 2 2.5 3 3.5 4 4,5 5
SNR
——BPSK ——QPSK QAM-16 —*—QAM-64

Puc. 3.153. I'padux 3aBucumoct BER ot SNR a5 pa3HbIX BUIOB MOAYJISLIUN

N3 pucynka 3.155 MoxHO 3amMeTuTh, uTo 3aBUcuMOcTh BER or SNR sBnsiercst HenpaBuibHOI B
sABHOM BuJe. [IpeanonoxurenbHo, JaHHOE SIBIEHUE CBA3aHO C OUIMOOYHBIM NMPOIPAaMMHBIM KOJIOM
camoro Omoka QAM-Modulator, mosToMy naHHYIO 3aBHCHMOCTH paccMaTpuBarh He Oynmem. Ha

pucynke 3.156 mpencrasien rpaduk 3aBucumoctd BER ot SNR B kackagHbIX Kojax IS BHIOB

monayisiiun BPSK, QPSK 1 QAM-64:
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0,045
0,04
0,035
0,03
o 0,025
L
@ 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  —#—QPSK  ——QAM-64

4,5 5

Puc. 3.154 — I'paduk 3aBucumoctu BER ot SNR nnst pa3HbIix BUI0B MOy ILIUN
Ha pucynke 3.155 mpencraBnena amarpamma cose3auii QAM-64 curnama Ha BBIXOZC

nepcaaTiumka:

Scatter Plaot
+* * * + + * * *
B
+* * - + + * - +*
4
+* * - + + * - +*
ai)
ERy
;E * * * + + * * *
w OF 1
=
= - - - + + - - *
=
E 7
i
* - - +* +* - - *
-4
* * * + + * * *
-6
+* * * + + * * *
-6 -4 -2 0 2 4 f
Faoint: 30000 In-phase Amplitude

Puc. 3.155. Inarpamma co3pe3auii QAM-64 curHaia Ha BBIXOJIE MTepeIaTInKa

Ha pucynke 3.156 npezacraBiena auarpamma co3pe3nuit QAM-64 curnana Ha npuUEMHOM

KoHIIe Tocye kaHana ¢ mymoM (SNR = 3 nb) :



Puc. 3.157. lnarpamma co3se3auit QAM-64 curnana Ha Bxoje npuéMHAKA

Quadrature Amplitude
[}

Scatter Plot

-a - -4 -2 o 2 4
Foint: 30000 In-phaze Amplitude

(=]
ax)
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Ha pucynke 3.158 npencrasnena nuarpamma co3Besnuit QAM-64 curnana mnocie ucnpaBieHus

omuO0K KackaaHbIM jgekoaepoM (SNR =3 nb) :

Quadrature Armplitude

Puc. 3.159. Tuarpamma co3pe3auii QAM-64 curHaia mocie K0 IUPOBAHHS

Ha pucynkxe 3.160

| e R e e
RS TEe T
| WA
S e T
T e W
(I I gt

npecTaBieHbl BpeMmeHHble (opmbl curHanma QAM-64 ¢ kackaaHBIM

komupoBanueM (SNR =3 1b) :
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3 3415 T 34 T 30 3%
Puc. 3.160. Bpemennbie (hopMbl CUTHAJIOB (CBEPXY BHU3):

1) Ha BBIXOJIE TEHEpATOPA IICEBAOCTYUYaHON MTOCIIEI0BATEILHOCTH;

2) Ha BeIxoJie BHemHero koaepa (PC);

3) Ha BBIXOJIe BHYTPEHHETO Kojepa (TypOo-Kozaepa);

4) na Beixoae QAM-monynsiTopa;

5) na Bxoae QAM-nemonymsiTopa;

6) Ha BeIxoJie QAM-nemoynsaTopa;

7) Ha BBIXOJIe TipeoOpa3oBaTelis CUTHAJIA U3 OTHOMOSIPHOTO B OUITOJISIPHBIIA;
8) Ha BBIXOJIe BHYTPEHHETO JieKoaepa (TypOo-aexoaepa);

9) na BeIxoge BHemHero aekoaepa (PC).
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Ha pucynke 3.161 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 = TypOoxkon

Puc. 3.161. I'padux 3aBucumoctu BER ot SNR w1 kackagnoro koaa, koga Puna-Conomona u
TypOoKoJa

Kak BumHO w3 pucynka 4.9, NpUMEHEHHE KacKaJHOTO KOJIUPOBAaHUS HEOIMPABIAHHO I10
CPaBHEHUIO C MPUMEHEHHEM IMPOCTOTO TYypOOKOAMPOBAHUS, OJHAKO OH UMEET ropas/io JIYUIIyIo
XapaKTePUCTHKY, YeM MTPUMEHEHHE MTPOCTOro nmoMexoycroitunBoro koauposanus (PC).

Takxke nmaHHas MOJEIbh TO3BOJIIET WCCIICOBATH HCIPABIISIFONIYI0 CIOCOOHOCTh KAaCKAaJIHOTO
KOJIa B 3aBUCUMOCTH OT KOJMYECTBA UTEPALIH IeKoupoBaHus (pucyHok 4.10).

Kak BumHO M3 rpaduka, MOBBIIEHHE KOIUYECTBA UTEpAllUi JEKOAUPOBAHUS HE YIydllaeT
MMOMEXOYCTOMYMBOCTh, a JaXe JenaeT e€ 4yTh XyXKe, M, K TOMY €, IPUBOJUT K TOBBIIICHUIO
BPEMEHHM JICKOAMPOBAHUS KAXKIOH IMMOCBUTKH, KPAaTHOE KOJIMYECTBY ITHX UTECPAIUH.

MOoKHO clieiaTh MPEANoIOKESHHEe, YTO TOBBIIICHUE KOJIMYECTBA MTEPAIMid HEOOXOIUMO MPHU

yBeIMYEHHUE pazmepa ppeiima.
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Puc. 3.162. I'paduk 3aBucumoctu BER ot SNR 1151 pa3HbIx 3HaueHU KOJIUYECTBA UTEPALIHIA

JIEKOIUPOBAHUS TIPH KOJIMYECTBE NIepeTaHHbIX cUMBOJIOB ~ 75 000,

B pe3ynbrare paboThl CIPOEKTUPOBAHBI MOJIEb UCCIIEA0BAHNS KACKAHbBIX KOJIOB.

Mogens Mo3BOJIsIET HCCIENOBaTh PabOTy KacKaJHbIX KOJOB. B kadecTBe BHEIIHEro Koja
ucnonb3yercs koj Puga-ConomoHna, B kauecTBe BHYTpeHHero — Typ0Oo-koa Ha 0aze CBEPTOUHOTO
KOJAUPOBAaHUS U TpeJuc-Moayiasuuu. JlaHHas MoJenb IO3BOJIAET MCCIEeIOBaTh 3aBUCHUMOCTH
ouroBoit BepositHocTH omnOku (BER) cucremsr ot orHomenus curaan/mym (SNR) B kanare.

[TosrydeHsl caenyrone pe3ynbTaThl U BEIBOJBIL:

Kak BumHo u3 pucyHka 4.9, npUMEHEHHE KacKagHOrO KOAMPOBaHMWS HEONPABIAHHO IIO
CPaBHEHHUIO C IPUMEHEHUEM IIPOCTOrO TypOO-KOJUPOBAHUS.

[ToBbIlIEHNE KOJNMYECTBA UTEPALMNA JEKOJUPOBAHUS HE YIYYIIAeT [MOMEXOYCTOMUMBOCTH MPH
OJIMHAKOBOM XapaKTEPUCTUKM KaHajla, W, K TOMY JK€, IPHUBOJUT K IOBBILIEHUIO BpPEMEHU
JNEKOJIUPOBAHMSI KaXKJIOM MTOCBUIKU, KPATHOE KOJIMYECTBY 3TUX UTEpALUil.

[ToBbIlIEHNE KOTUYECTBA UTEPALIUNA HEOOXOJUMO ITPU U3MEHEHUH NTapaMeTPOB KaHaa.

O} PexkTUBHOCT OT MPUMEHEHHS KACKaIHOTO KOAUPOBAHUS 3aMETHA JINIIb NPU 3HAYUTEIHHOM
pa3mepe ¢peiima (k>10000).

Metoauueckie yKa3aHUs IO3BOJIAIOT HCIOJNb30BaTh JIaHHBIE MOJENH Ha Ja0opaTOPHBIX

paboTax CTyJIeHTaMH JIJIsl UCCIIEIOBAHUS TIOMEXOYCTONYMBBIX KOJIOB.
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4. CUTHAJIBHO-KOJOBBIE KOHCTPYKIIMU B TEJIEKOMMYHUKALINOHHBIX
CUCTEMAX
4.1. CurHajibHo-Ko0/10Bble KOHCTPYKIIUM HA ocHoBe Tpesiuc Ko10BO# MOTYJISIIIUAN
(TCM) 1 ux ananmu3 ¢ ucnojn3oBanueM MATLAB [16]

B 1mudpoBbIX cucTeMax CBA3M OOBIYHO TMOBBIMIAIOT CKOPOCTh NEpeAayd JaHHBIX ITyTeM
YMEHBUICHUSI SHEPreTHYeCKOH eMKOCTU OMTa, T.e. KOJIMYECTBAa SHEPrHM CUrHajla, MpUXoAsueics
Ha oauH OuT MH(opmanuu. Ho yem MeHblIe 3Heprus, TeM 0oJjbllie BEPOATHOCTh TOTO, YTO OUT
OyZeT HMCKaXeH B KaHale mpu mnepenade. [loaToMy Npu TMOBBIIIEHUH CKOPOCTH Iepeaadu
Pa3pabOTYUKH BCETIa CTAIKHBAIOTCS CO CHIDKEHHEM YPOBHS IOMEXO0YCTOWYHBOCTH.

JUis TOBBILIEHUSI TOMEXOYCTOMYMBOCTH KaHajla HepeAayd JaHHbIX B LHU(POBBIX cHcTeMax
INPUMEHSIOTCS KOABI, HUCHpaBisiiomue omuOku. OpHako JedcTBHE TakMX KOJOB HE BCerjaa
3¢ HEKTUBHO, TaK KaK CHUYKAETCSI CKOPOCTh Mepeadul TaHHbBIX.

Tpemmuc-monynsmust (TCM — Trellis Coded Modulation) mpencraBnsier co0oi croco0,
KOTOPBIM I03BOJIIET 00ECHEUUTh IOBBICUTH CKOPOCTh IEpefauyd COOOIIEHUS C COXpaHEHHEM
YPOBHS IOMEXOYCTOMUMBOCTU. OTOT CINOCOO OTJIMYAeTCsl TeM, UTO IOMEXOyCTOMYMBOE
KOJAMPOBAaHUE W THI MOAYJSLUU HCIONB3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOIIUM
o0pa3oM mapa IMOMEXOyCTOHYMBBIA KOJ — CIOCOO MOIYJSAIMM YacTO TaKKe HOCUT Ha3BaHHE
curHaiabHo-kojo0Bast koHcTpykuus (CKK).

B nmanHol paboTe omucaH crnoco0 BKIIOYEHHS CBEPTOUYHOIO KOJAEKA, UCHOIb3YEMOTro s
nepeaayd JaHHBIX C TIOMOIIBIO PaTUOPENICHHBIX CHCTEM CBSI3H, B PEKUM TPEIUIHC-MOIYIISLINH.
Takol crmoco® TMOBBIIAET CKOPOCTH TIE€pelayd B JBa pa3a NpPHU COXPAHEHUH YPOBHS
MIOMEX0YCTOMYMBOCTH.

B 1mudpoBbix cucTeMax CBsi3M OOBIYHO MOBBIMIAIOT CKOPOCTh MEpeladyd JaHHBIX IyTeM
YMEHBIIIEHUSI SHEPreTHYeCKOil eMKOCTH OHTa, T.e. KOJIMYECTBAa SHEPrHMM CHUTHaja, MpUXOoAsecs
Ha oauH OUT mHpopManmu. Ho yem MeHble sHeprusi, TeM OOJibllle BEPOSITHOCTh TOTO, YTO OUT
OyleT WCKaXeH B KaHale Tpu repenave. [loATOMy TpW TOBBIIICHHH CKOPOCTH IEpeaadn
pa3pabOTUYMKH BCErla CTAIKMBAIOTCS CO CHHYKEHHEM YPOBHS IOMEX0YCTOWYMBOCTH.

JUis TOBBILIEHHUSI MTOMEXOYCTOWYMBOCTH KaHaja Mepefayd TaHHBIX B IM(POBBIX cHCTEMax
MPUMEHSIOTCSL KOZBI, HWCHpaBisifomue omuOku. OpHako [eicTBHEe TaKuUX KOIOB HE BCET/a
3G GEKTUBHO, TaK KaK CHUYKAETCSI CKOPOCTh Mepeaddl TaHHbBIX.

Tpenmuc-monynsauust (TCM — Trellis Coded Modulation) npencraBnser coboi croco0,
KOTOPBIH I03BOJIIET 0OOECHEeUUTh IMOBBICUTH CKOPOCTb MEpeAayd COOOIIEHHS C COXpaHEHHEM

YPOBHS TMMOMEXOYCTOMYMBOCTH. OTOT CIMOCOO OTJIMYAETCS TEM, YTO TIOMEXOYCTOWYHUBOE
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KOJAMPOBAaHUE W THI MOAYJISLUU HCIOJIB3YIOTCS COBMECTHO. BbIOpaHHas COOTBETCTBYIOIIUM
o0pa3oM mapa NMOMEXOYCTOMYHMBBIA KOA — CIOCOO MOAYISALMU YacTO TaK)KE HOCUT Ha3BaHHE
curHasibHO-Ko10Bast KoHcTpykius (CKK).

B nanHoli pabore omucaH crnoco0 BKJIIOYEHHS CBEPTOYHOIO KOJIEKA, HCIOIb3YeMOIo IS
Iepelau JaHHBIX C IOMOILBIO PAJUOPEIEHHBIX CUCTEM CBSI3U, B PEXUM TPEJUIMC-MOAYIISALUH.
Takoii cnoco0 TMOBBIIIAET CKOPOCTh IEpeJadyd B JBa pa3a IMPU COXPAaHEHHH YpPOBHS
MIOMEXOYCTOMYHUBOCTH.

KoppexTupyommue Koabl

Hapsny ¢ MHOrONO3MIMOHHBIMHM CHUTHAJaMH JJIsl TOBBIIEHUS 3(P(PEKTUBHOCTH CHCTEMBI
anekTpuyeckoil cBs3u (COC) MMPOKO HCHOJB3YIOTCS NOMEXOYCTOWuYMBBbIE KoAbl. IIpuMeHeHue
KOPPEKTUPYIOIIUX KOJIOB MO3BOJISIET MOBBICUTH BEPHOCTH MEepeiayl COOOICHUI WU MpU 3aJaHHON
BEPHOCTHU MOBBICUTH YHEPTETUUECKYIO 3P PEKTUBHOCTH CUCTEMBI. ITO OCOOEHHO BAXKHO ISl CHCTEM
C MQJIOM YHEPTEeTUKOM, HAIIpUMEP, CUCTEM CIIyTHHUKOBOH CBSI3H.

Ha nmpaktuke wucnosib3yroTcsi Kak OJIouHblE, TaKk W HempepbiBHble Koxabl. Ha
puc. 4.1 npuBeneHbl KpuBble O(PGEKTUBHOCTH Ui  HHUKIMYECKOro koaa  boysa-
Yoynxypu-Xoksunrema (bBUX) u mna ceeprounoro koma (CK) ¢ mekogupoBaHueM IO 0
anroputmy Burepou.

[TprMeHeHne TUKINYECKOTO KO/Ia TO3BOJISIET MOMYYHTh YHEPTreTHUECKUil BRIMTphim AP = 2...4
nb, a ceprouHoro kona AP= 4..6 n1b B oOMeH Ha CHMIKEHHE YacCTOTHOH 3(PPEKTUBHOCTH
npuMepHo B 2 pasza (3 1b).

OHepreTudyeckuil BBIUTPHI AP OT NpUMEHEHHs MOMEXOYCTOMYMBOTO KOJIHWPOBAHUS TEM
Oonplile, 4yeM BbIIe TpeOyemas BEpHOCTh mepenayu. s HempepbhIBHOTO KaHaia C OeJbIM
rayCCOBCKUM LIYMOM IpH Tpedyemoi BeposTHOCTH omuOku 10—5 mpenenbHbIi 3HEepreTHuecKui
BBIMTPBIII KOJUPOBaHHS IO cpaBHeHUIO ¢ PMH-2 06e3 KOAUPOBaHHUS IPU ONTUMAIBHOM
KOT€pEeHTHOM IpueMe cocTasisieT npuMmepHo 10 nb. PacueTHble kpuBble Ha puc. 9.2 nokasslBaroT,
YTO TMPUMEHEHHE LHMKJIMYECKOro Koja B KaHaime ¢  ¢aszoBoil Manunyssiuuen (OMH) wim
CBEPTOYHOI0 Koja B KaHaie ¢ ADM 1no3BoJII€T MOBBICUTh OJTHOBPEMEHHO YHEPIe€TUUYECKYIO, TAK U
4acToTHYI0 3¢dexTuBHOCTH. IlocTpoeHne Takux BBICOKOA(P(PEKTUBHBIX CHCTEM Ha OCHOBE
CUTHAJIbHO-KOJOBBIX KOHCTPYKIMN BeJIeT K HEU30€)KHOMY YBEJIWYECHUIO CIIOKHOCTH cUCTeMbl. He
MPOITYCKHAs! CIIOCOOHOCTb, a CIIOKHOCTD SBJISETCS OTPAHUYUBAIOUIUM (AKTOPOM IMPHU MOCTPOCHUU
BBICOKOA()(DEKTUBHBIX ~CHUCTEM. 3ajaya COCTOUT B TOM, YTOObI TIOCTPOUTH CHUCTEMY,

YAOBJICTBOPSAIOITYHO BBICOKUM IMOKA3aTCIIAM S(I)(I)GKTI/IBHOCTI/I, npu ILOHYCTHMOﬁ CJIOXKHOCTH.
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Puc.4.1. I'paduxu 3aBUCUMOCTH SHEPTETUUECKON M YaCTOTHOM 3(ppexTuBHOCTH

CHUCTEM CBA3U

[Ipu coBpeMeHHOH dieMeHTHOM ©0a3e 3arpaThl Ha pealu3alli0  KOAMPYIOUIMX U
NEKONUPYIOIUX  YCTPOWCTB 3HAUUTENBHO COKPAaTUINCh. B TO ke BpeMs CTOMMOCTh
SHEPreTHKU KaHajla MPaKTHUYEeCKU He M3MeHMIach. TakuM 00pa3oM, «1leHay BhIMrpbIa AP 3a cyer
KOJUPOBaHUs MOKET OBIThH CYILIIECTBEHHO MEHBIIIE LIEHBI TOTO xKe
BBIMIPBINIA, TOJIYYEHHOIO 3a CUYeT YBEJIMYEHHMs] DSHEPreTMKH KaHaja (MOIIHOCTH CHI-

HaJja WIA pa3MepOB aHTEHH).
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OTtmeTuM, 4YTO BBIOOp CIOCOOOB KOJUPOBAHHMS M MOAYJALMU 3aBUCUT OT XapaKTEPHUCTUK
KaHaja. YIy4llIeHHe 3TUX XapaKTePUCTUK, HallpUMeEp, IIyTEM a/lallTalluy K IOMEXaM U OLlEHUBaHUs
HMCKa)XCHUI CUTHAJIA M WX IMOCJIEAYIOLEH KOMIIEHCAlluM, CHUYKAET MOTEPU B KaHAJe U CO3/AeT
Jy4lIue yCJIOBUS JIUIsl IPUMEHEHUSI KOPPEKTUPYIOIIMX KOJIOB.

OnTumMu3anus CHCTEM CBSI3H

IloBbIlIEHNE TaKUX BAXKHEMINMX I[TOKA3ATEJIEH CUCTEM IEKTPUYECKOM CBA3H, KAK CKOPOCTb U
BEPHOCTh IEpeAayu, CBA3aHO CO 3HAYMTEIbHBIMU YAaCTOTHBIMH M SHEPIe€TUYECKUMHU 3aTpaTaMH.
CpaBaenune Mexay cobor paznuuablx COC OCymecTBISETCS MO CTEIEHH HCIOIb30BaHUS WMHU
OCHOBHBIX PECypCOB KaHaJla CBSI3M (IIPOIYCKHOW CIIOCOOHOCTH, MOUTHOCTH, 3aHUMAEMON T10JIOCHI
9acTOT), BBIPAXKAEMOH uepe3 IMoKa3zaTeNud HH(POPMAIMOHHOW, PHEPreTHUECKOM W  YacTOTHOU
spdexruBHocTU. Coznanue COC, B KOTOPHIX JOCTUTAIOTCS OJIM3KUE K MpeneibHbIM MOKa3aTelu
3¢ (heKTUBHOCTH, TPEOYET COBMECTHOTO COTJIACOBAHMS KOJIEKa U MOJIeMa C YY€TOM CTaTUCTUYECKUX
CBOMCTB HEIIPEPBIBHOT'O KaHaJa.

CoryiacoBanne MeTOA0B MOAYJISLMHA U KOAMPOBAHUS

O} exTuBHBIN MyTh MOBHIIICHUS YASIbHON CKOPOCTU Mepeaadyn HHPOpMAIK 3aKII0UaeTCs B
YBEJIMYEHUHM YHCJIA KCIONb3YeMbIX CHUTHAJIOB M Ha wuHTepBasie | . OOHAKO yBeIWYeHHE M
MPUBOANUT K YMEHBIICHUIO PACCTOSHUS MEXKIY ONMKaWIIMMU CHTHAJIAMH aHCAMOJISl ¥ CHUKCHHUIO
SHEPreTUIECKOH (P (HEKTUBHOCTH.

[Tpu BbICOKHMX TpeOOBaHUSAX K BEPHOCTH Iepeayu 1eaecoo0pa3HbIM CTAHOBUTCS MPUMEHEHUE
MIOMEXO0YCTOMUYMBBIX KOJIOB, KOTOPbIE MO3BOJISIIOT MOBBICUTh YHEPreTHUEcKyro 3((EeKTUBHOCTh 32
CUET CHIKEHHUs 4acTOTHOM. [loMexoycToiiunBoe KOAUpPOBaHHUE MO3BOJISIET CHU3UTh HEOOXOAUMYIO
BEJIMYMHY MOIIHOCTH CHTHAJla, IOCKOJIBKY pPACCTOSTHUE MEXAY KOJOBBIMM  KOMOMHALUSAMU
yBenuuuBaeTcsd. OpHOBpeMeHHOe TpeOoBaHHME OONBIIOW CKOPOCTH M BEPHOCTH  Iepelaud B
YCJIOBUSAX OIPaHMUYEHHOT'O YAaCTOTHOI'O M SHEPreTUYECKOT0 pecypca MOXKET OBbITh BBINOJHEHO HpU
UCII0JIb30BAHUN MHOTOIIO3UIIMOHHBIX CUTHAJIOB ¥ [IOMEXOYCTONYMBBIX KOJIOB.

[Ipy MHOTONMO3UIIMOHHOM MOZYJSIMHM, KOTJAa IO KaHajJlaM CBA3M Iepejaercss OJOoK u3 N
KOJIOBBIX CHMBOJIOB, Ba)KHO TaKe€ MPaBUIbHO BHIOpATh MAHUIYJIALIMOHHBIA KO, ONpPENeNISIomnii
MPAaBUJIO COMOCTABICHHUS C KaXXIbIM IEpeaBaeMbIM CHUTHAJIOM ONPEAETICHHOTo OJIOKa KOJOBBIX
cUMBOJIOB. OOIIMI NPHHLMI 3aKJIIOYaeTcs B TOM, YTO OOJbIIEMY PACCTOSHHUIO MO XAMMUHTY
MeX1y KOJOBBIMHU OJIOKaMHU JOJIKHO COOTBETCTBOBAThH OoJiblliee paccTosHue 1o EBknuay mexay
OTOOPaKAOIINMHU UX CUTHAJAMHU.

Cozganue CDOC, B KOTOpBIX JIOCTUTAIOTCA ONU3KME K TMpeleNbHBIM  IOKa3aTelu
3G HEKTUBHOCTH, TPEOYET COBMECTHOT'O COTJIACOBAHMUS KOJIEKa U MOJIEMA C YUETOM CTaTUCTHUECKUX

CBOICTB HCIMIPCPBIBHOT'O KaHAJIA. 9710 0O3Ha4Yac€T, 4YTO KOAHWPOBAHUC WU MOAYJIALUIO HGO6XOJII/IMO
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paccMaTpuBaTh Kak €IMHBIN mporece (GopMUpOBaHUS CUTHANA, a IEMOIYJISALUI0 U JIEKOAUPOBAHHE
— KaK IpoIiecc ONTUMAIBHOTO IpUeMa CUTHAIBHO-KOJJOBOTO OJI0Ka B IIETIOM.

CornacoBaHne MOMAYJSIIIMM W KOJAMPOBAaHUS CBOJUTCS K IIOMCKY TaKOTO 3arlOJHEHUS
CHTHAJILHOTO MTPOCTPAHCTBA, IIPU KOTOPOM 00ECIICUNBACTCS BBICOKAs yIENIbHASI CKOPOCTh (CUTHAJIBI
PaCTOIOXKEHBI TOCTATOYHO TUIOTHO) U OJAHOBPEMEHHO BBICOKAs MOMEXOYCTOWYMBOCTH (CHUTHAIIBI
JOCTaTOYHO JAJIEKO JIPYT OT JPyra).

KomOuHMpoBaHHe pa3auuHBIX aHcamOield M-WYHBIX CHUTHAJIOB, ITOMEXOYCTOMYHMBBIX U
MaHHITYJISIIUOHHBIX KOJOB IMOPOKJIAET MHOXKECTBO KOHCTPYKIHI. OIHAKO TOJIBKO COTJIACOBAHHBIC
BapHaHTHl 00ECIICUNBAIOT MOBBIIIEHUE YaCTOTHO - dHEpreTudeckoi agpexkruBHocTH COC.

OTH BapUAHTHI HA3bIBAKT CUTHAJBHO - KoOAOBbIMH KoOHCTpykuusavu (CKK).

Paccmotpum 0060011IeHHYIO CXeMy Tiepeaun JUCKPETHBIX COOOICHH, MPUBEIEHHYIO Ha pHC.4.2.

Konep
KaHala

Heroynmk Konep
coodmennit| | HeTounNKa

Kanan

Moayuarens| | Jdexozep -
copOmennit | | HeTounnKa Aeiconep CKK

Puc. 4.2. OGo0menHas cxema nepeaayy TUCKPETHBIX COOOIIECHHIHA

[TocnenoBarenbHOCTh CHUMBOJIOB C BBIXOJa KoOJepa KaHala pa30uBaeTcs Ha OJIOKM MO N
cuMBOJIOB. OTOOpakeHue OJOKOB B CUTHAJbBI, (OPMHUPYEMbIE MOAYJIATOPOM, OCYIIECTBISAETCS 10
MPaBWJIy MaHUIYJISLUUOHHOTO KOAMPOBAHMS, T.€. MAHMITYJISIIMOHHBIA KOJ OINpeesseT MpaBuio
COOTBETCTBHS OJIOKOB KOJOBBIX CHMBOJIOB M - HYHBIM curHasiaM. Hanpumep, B ciiydae JBOMYHOTO
KaHAJIBHOTO KO/Ia KOXJOMY U3 M = 2N KOAOBBIX OJIOKOB CTaBUTCS B COOTBETCTBUE OJUH U3 2 N
CUTHAJIOB.

OntumansHas npoueaypa npuema CKK 3akirodaerca B 00paOOTKe CUTHAJIBHO - KOZOBOTO

Oomoka B 1enoM. [loaTomMy neMomymnsiTop, AEKOAEpPHl KaHala W MAaHUMYJISIUOHHBIN JIeKOoJep
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paccMmarpuBaloTcs Kak enuHoe ycrpoiictBo — aekoaep CKK (puc.4.2).

Hexonep CKK ctpoutcs Tak, 4ToObl MHHMMH3HMPOBANIACH BEPOSTHOCTH OMIMOKH TMpUEMA.
OntuManbHbI JeKoJep pealu3yeT NPUHIMI MaKCUMalbHOro mpasponopobus. Ilpu OGemom
rayCCOBCKOM IIIyM€ BBIOMpAETCs KOJIOBOE CJIOBO, HAXOJMAIIEeCs Ha MUHMMAJIbHOM E€BKIIHMIOBOM
PacCTOSIHUU OT IPUHATOTO.

JHexonupoBanre MK MOXHO paccMmaTpuBaTh Kak MOCIEAHHN dTanm 0OpabOTKH CUTHAIBHO —
KozoBoro 61o0ka ontuMaibHbIM AekogepoM CKK. Ilpu sTom nexonep kaHana paboTaeT B METpUKE
EBximaa ¢ cursanamy, a He ¢ MX JIBOWYHBIMU IIPEACTABICHUAMU 10 IIPABUIIY MaHUILYJISLUOHHOTO
koma. CxeMa MOBJIEMEHTHOTO NpueMa, HAaoOOPOT, OPUEHTHPOBAaHA HA INPHUMEHEHHE JeKoaepa
KaHalia B MeETpUKe XEMMHHra, T.e. OOpa0OTKYy JBOMYHBIX BEJIMYMH IIOCIE JIeKOJAepa
MaHUIYJISUOHHOIO KOJA.

CrnenoBarenbHO, JOCTH)KeHHE HauOosbiiel 3(p(peKTHBHOCTH BO3MOXKHO MPHU AEKOIUPOBAHUU
[0 AJITOPUTMY MaKCUMAJIbHOI'O IPABIONOAOOUS CUTHAJIBHO - KOJOBOrO OJIOKA B LEIOM».
HeoOxomuMo OTMETHTh, YTO B TIPUHIUIE JFOOOW CHUTHAIBHBIM aHCaMOIb HAa BBIXOJE
[0CJIe/I0BATENbHO COEIMHEHHBIX Kojxeka u Mozema MmoxeT ObiTh oTHeceH kK CKK. Baenenue
nonatuss CKK orpakaer moaxoa K MOIYJISLMM U KOJMPOBAHHIO KaK Ipoleccy OObeAMHEHUS
CUTHAJIOB U KOJIOB B €IUHYIO () PEKTUBHYIO KOHCTPYKIIHIO.

Kiuaccnpukanusi CHrHAJIBHO — KOAOBBIX KOHCTPYKIMH

B ocnoBe ¢opmupoBanus CKK nexar onepanuu oroOpaxeHus HHGOPMALMOHHON
MOCJIEeIOBATEbHOCTY B KOJOBYIO, IIyTeéM  BHECEHUS  M30BITOUHOCTH U KOJOBOH
IIOCJIEIOBATEIIPHOCTH B KAHAJIBHYIO 3aJaHUEM MAaHUIYJSIHOHHOro Kozxa. IlomexoycroitumBoe
KOJMpOBaHUE, INOBBILIAIOIIEe dHeprernyeckyro s¢ddextuBHocts COC, sBuseTcs OIHOM U3
BakHenmmx omnepauuit popmuposanuss CKK. Ilomydaemblit mpyu 3TOM SHEPreTUYECKU BBIMTPHIII
OT KOJUPOBaHUS 3aBHCHT OT CTENEHU YBEIWYEHHsS MHHHMMAJIBHOTO CHUTHAJIBHOTO PACCTOSHUSA
MEXJy pa3pelieHHBIMH KOJOBBIMH Oyiokamu. B kadecTtBe curHanbHoro mns kaHaima ABIII
ucnosb3yercs paccrosiuie EBkinaa. ACUMITOTUUECKUN SHEPTeTUUECKUM BHIMTPHIII ONPEAEIAeTCs
bopmynoii [21]:

def

OBK[ 5] =20lg| - | 4.1)
e

rae, d, — MHHUMaIIbHOE EBKIIHMIOBO PACCTOSHUE MEXK/TY Pa3pelICHHBIMHI KOJOBBIMU OJIOKAMI;

d e MHHHMAJIbBHOC CBKJIMJOBO pPacCToAHHNC MCXKOY Pa3siIMYHbIMHU HEKOAWPOBAHHBIMHA
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[IOCJIEIOBATEIbHOCTSAMU  KAHAJIBHBIX CHMBOJIOB OJMHAKOBOM MOIIHOCTH C KOJUPOBAHHBIMU
CUMBOJIaMHU.

Cornacuo (4.1), ans monydeHHs OOJNBUIMX BEIMYHH HSHEPIETHUYCCKOTO BBIMIPHINIA TPH
nocrpoennn CKK HeoOxoaumo moadupaTh KOJbl, MAKCUMHU3UPYIOIIUE MUHUMAJIbHOE E€BKJIHJIOBO
paccrosiHue MEKIY pa3peleHHbIMU KOJIOBBIMHU KOMOWHAIMSIMH.
B ocuoBy kmaccudukamum CKK MOXHO TOJOXHUTH OTIMYUTENBHBIE OCOOCHHOCTH MO THUIIAM
MIOMEXOYCTOMYMBOTO KOJa, MO THUIAM aHcaMOJield CUTHAJOB M IO Croco0aM COrJiacOBaHUS
MOAYJISILUU U KOJUPOBAHUS.

[To Ttuny mnomexoycroitumBeix komoB Bce CKK woryr ObiTh TmoOneneHsl Ha JBa

6ompmmx kiacca: CKK Ha ocHoBe 6mounbix kogoB U1 CKK Ha ocHOBe HenpepbIBHBIX K0J0B. Kpome

TOr0, OTAENbHBIN Kiacc cocTaBisitoT CKK Ha ocHOBE KacKaJHbIX KOJOB, B KOTOPBIX NPUMEHSIOTCSA
OJTHOBPEMEHHO OJIOUHbIE U HempepbIBHbIE KOJbl. Kaxaplii M3 KJIACCOB JENUTCS HAa TPYIIBI 10
KOHKpETHBIM BHJIaM KOJ1a.

Cpenu O710YHBIX HauOoJee YIMOTPEOMMBIMU SIBIISIOTCS KOJbI X3ammuHra, ['ones, BUX, Puna -
Conomona, Puna—Mainepa u np. HenpepriBHbIE KOJIbI HA IPAKTUKE NIPEACTABICHBl CBEPTOYHBIMU
KOJIaMH, KOTOpble 00J1a1al0T JONOJHUTEIbHBIMU CBOMCTBAMU JIMHEWHOCTH, M IIOCTOSHCTBA BO
BPEMEHH.

[Tpu ucnonb30BaHUM CBEPTOYHOrO KOJA MPAKTUUYECKH YAOOHBIM SIBIISETCS CIIydaid, KOrjaa Mpu
ob0beme ancamOisi curHasioB M = 2 k+1 cKOPOCTh CBEPTOYHOrO KOJA BHIOMpPACTCSI paBHOU RKK =
k/k+1. Torma yactotHast 3p(HEKTHBHOCTh y CHCTEMBbI C KOJAMPOBAHUEM M O3 HEro ojHa M Ta Ke.
[MockonbKy KaxIplii KOJOBbIH 0ok amuHON (K + 1) mepeHOCUTCs OHUM JIBYMEPHBIM CHUTHAJIOM,
o 1 CKK cumnraercs Tak:ke AByMEPHOMU.

HexonupoBanue CKK Benercs o0bl4HO MO ainroput™my BurtepOu, peanusyroniemy HpUHIUI
MaKkCUMaJibHOro mpaBfononodus. OnHo u3 BaxHeWmmx npeumymects CK 3akmouaercs B
MPOCTOTE MPUMEHEHHSI aNropuT™Ma ButepOu Juis MATKOro perieHus Ha BbIX0JIe 1EMOIYIATOpA.

Jlrobass CKK BHE 3aBHCHMMOCTH OT CHoco0a COIJIaCOBaHUS MOAYJSLMM U KOAUPOBAHUS
IpescTaBiIsieT co00M KacKalHbIM KOJ ¢ aHcaMOJIeM CUTHAJOB Ha BHYTPEHHEH CTYNEHU M OJHUM
WIM HECKOJBKHMHU MTOMEXOYCTOMUMBBIMHM KOJaMU Ha BHeHIHEW. [Ipy MCHonab30BaHUMM HECKOJIBKHX
MIOMEX0YCTOMUYMBBIX KOJI0B TroBopsT o noctpoeHnn CKK Ha ocHoBe 0000IIEHHOIO KacKagHOTO
KOZa.

ITo Tuny ancamb6ueii curnanoB CKK genstcss Ha KOHCTPYKIIMH C OJHOMEPHBIMH, IBYMEPHBIMU
U MHOTOMEPHBIMU CHUTHaJaMH. MHOTOMEpHBIE CHTHAJIBI COCTaBISIOTCS M3 0Oojiee MPOCTHIX
(0OmMHOMEpHBIX, JABYMEPHBIX) cHUrHajJoB. lIpu wHcronb30BaHMM B KadeCTBE COCTABIISIFOIIMX

JBYMEPHBIX CHUTHAJIOB YHCIIO MO3UIUMKA M, COOTBETCTBYIOMIUX KaXIOMy N —MEpHOMY CHUTHAIY,
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orpenensercs BeipaxkernneM M = m™Nn/2 , riae M — MO3UIMOHHOCTh IBYMEPHOI'O CHTHAJIA.

Kaxnpiii N —MepHBI CHUTHAI B 3TOM Cjy4ae oOpa3yeTcs IOCIeI0BaTeIbHOCThIO N/2
JIBYMEpHBIX CUTHANOB. Hampumep, /uis monydeHuss MHOTOMEPHOTO CHTHaia ¢ N = 6 Tpelyercs
MOCJIEZI0BATENBHOCTh U3 TPEX JABYMEPHBIX CUTHAJIOB, Hanipumep OMHu-4.

Crioco0Obl COTJIacOBaHUSI MOJYJSIMM M KOJAWPOBAHUS YCIOBHO MOXHO pa3leiuTbh Ha JIBE
TPYIIBL: COTJIACOBAaHME KOJOM I'pes M coriiacoBaHme Ha OCHOBE pa30MeHus aHcamOns Ha
BJIO’KEHHBIE MTO/IaHCaAMOJIH.

CUrHambHO-KOAOBBIE  KOHCTPYKLUMH,  NpPUHAAJEXKAIIMEe  I[EepBOM  TIpyMIe, npen-
CTaBISIOT  COOOM  pe3yslbTaT  COTJACOBAaHMSI  M3BECTHBIX  JIBOMYHBIX  IOMEXOYCTONYHM-
BbIX KOJOB C MHOTOMO3UIIMOHHBIM aHCaMOJeM CHTHAJIOB IIyT€M HCIIOJIb30BaHHUS —KOJa
I'pes B KauecTBE MAHMIYISIIIMOHHOTO Koja. IlockoibKy OMMOKH MPOMCXOIAT 3a CYET
MepexosoB B 00JacTU COCEAHMX CHUTHAJIOB, TO KOJOBbIE OJIOKH, COOTBETCTBYIOILIKE
COCEJIHUM CHUTHAJIaM, JIOJDKHBI Pa3nyaThCsl HAMMEHBIIIMM YUCJIOM TBOMYHBIX CHMBOJIOB.

Bropas rpynna BkitouaeT B cedst noctarouHo Oosbiioe ynciao tunoB CKK, paznuuaronmxcs
Moau(UKAIMSIMH METOJIOB corjacoBaHus. Pa30ueHue oOcCyliecTBIsSeTCS TakuM 00pa3oMm, 4YTO
moiIancaMOIIM COJIepKaT PaBHOE KOJIMYECTBO CUTHAIIOB, PACCTOSIHUS MEXAY COCETHUMH CUTHAIAMU
nojaHcaMOJIell OJTMHAKOBBI, & MHHHMAJIbHBIE PACCTOSIHHS MEXAYy CHUTHAJIaMHU IojJaHcamOnen
YBEJIMUUBAIOTCA C KaXJbIM marom paszouenus. lllupokoe mpakTuueckoe NpUMEHEHHUE IMOJIYYUIIO
COIJIaCOBAaHUE TyTeM pa30HeHHs] aHcaMOJisi Ha BIIOKEHHBIE MOJAHCAMOJM, KOTJa BHEIIHUMU
KOJIaMHU SIBIISIFOTCSL CBepTOUYHBbIE KOAbl. B ocHOBe cuHTe3a CKK co CBEpTOUHBIMU KOJAMH JIEKHUT
MOUCK KOJIOB, MaKCHUMH3HUPYIOIINX E€BKJIUIOBO PACCTOSIHUE, MpUYeM OOBIYHO OSTHU KOJbI HE
SIBJISIFOTCS. ONTHUMAJIbHBIMU B METPUKE X3MMUHra. Y pemeTyaTodl auarpamMMbl, ONUCHIBAIOLIEH
CBEpPTOUHBbIE KOJABI B MeTpuke EBKiMIa, mepexoabl MEXAYy COCTOSHHUSIMHU MPOMapKUpPOBAaHBI HE
JBOMYHBIMH OJIOKAMHU, & CHTHAIBHBIMU TOYKAMHU.

TakuM o00pa3oM, JOCTH)KEHHE ONU3KMX K TpeIeNbHBIM IOKa3aTeleil YacTOTHO -
sHEepreTuuecKor 3PHEeKTUBHOCTH HMUPPOBHIX CUCTEM CBSI3H MPEANOIAraeT COrjjacoOBaHNE KOJICKa U
MOJIeMa C YYETOM CTaTUCTHUYECKUX CBOWCTB HEMpPEPHIBHOIO KaHana. OJIHO U3 pelIeHu 1o J00HO0To
COrjacoBaHus MPEACTABIISIOT CUTHAJIbHO-KOJI0BbIE
KOHCTPYKIIMHM CBEPTOYHOTO KOAUPOBaHMSA. Msrkoe AEKOIMpOBaHHWE TO alIroputMy Burtepbu
o0ecreunBaeT SHEPreTHUECCKUN BRIUTPHINT TTopsiaka 3...7 1b 6e3 pacimpeHus: 3aHUIMaeMOM TI0JIOCHI
4acToT.

Xapakrepuctukun ocHOBHbIX THHOB CKK. Cornacopanume kanHaina koaom [I'pes
Paccmorpum CKK, mpencrammsrorue coOoi pe3yabTaT COTVIACOBAHUS W3BECTHBIX JBOMYHBIX

HOMGXOYCTOﬁ‘H/IBBIX KOA0OB C MHOT'OITIO3MITMOHHBIM aHcaMOJieM CUTHAJIOB MyTEM HCIIOJIb30BAHHA B
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Ka4eCcTBe MaHUMYJISIIMOHHOTO Koa ['pes (tabdmn. 4.1).
KomOunanmu xoga B Tabn. 4.1 monydeHsl no cienymoomemy npasmiy. KogoBas koMOnHaLMs
HaTYpaJbHOI'O KOJIa CKJIQABIBAETCA IO MOJYJIO 2 ¢ Takoi ke KoMOMHalMel, CIBUHYTOW Ha OAMH

pa3psj BIpaBo, PU 3TOM MIIAAIINN pa3psii CABUHYTOM KOMOMHAIIMN OTOPACHIBAETCS.

Tabnuua 4.1.

PBB}"HBTHT corjlacoBaHHA JBOHYHBIX ﬂU&IE‘XU}‘CTDﬁqHBh[X KOJOB C KOJOM Tpeﬂ

JecaTuHHOE YHCI0 iiﬁ;pﬁguxl Kon I'pes
] 000 000
1 001 001
2 010 011
3 011 010
4 100 110
5 101 111
6 110 101
7 111 100

[TockonbKy OMMOKY Yallle MPOUCXOMAT 3a CUET NEPEXOJ0B B 00JACTH COCETHUX CUTHAJIOB, TO
KO/IOBbIE OJIOKM, COOTBETCTBYIOIIME COCEIHUM CHUTHajlaM, JOJDKHBI pa3iuyaTrbCs HAHMMEHBIINM
YHCJIOM JIBOMYHBIX CHMBOJIOB.

Ha puc. 4.3 npuBenensl mpumepsl koma I'pes s aHcamOnelr ogHoMepHbIX (AM-4) u

nByMmepHbIX (OPM-4, KAM-16) curnanos.
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a) 00 01 11 10

o o 0010[ 0110] 1110] 1010
00
0011 o1nd] 1111 1011
B)
o) 01 10 0001 004 1101 1001

0000__0100{  1100f 1000

1

Puc. 4.3. Kogsl I'pest ancam0ieit: ogHoMepHbIX: a) AM-4; 6) ®M-4; nBymepHbix: KAM-16

HecMmotpst Ha 10CTaTOYHO BBICOKHE IMOKA3ATEIN YHEPTETHUECKON d3PPEKTUBHOCTH TPU MIATKOM
pEIlIeHNH B IEMOIYISTOpE U IEKOJUPOBAHUM alropuTMoM Burepbu, cornacoBanue kogom ['pes He
SIBIIIETCSL OTITUMAJIbHBIM.

JIBOWYHBIC KOJBI, ONTUMAIBHBIE 110 KPUTCPUI0 MAKCUMyMa X3MMHHIOBA PAcCTOSHUS, OyIyT
ONTUMAJBHBI W TI0 KPHUTEPUI0 MaKCHMyMa CBOOOJHOTO €BKIWIOBA PACCTOSHUS, €CJIH IPHU
OTOOpaXEHUH JIBOMYHBIX MMOAOJIOKOB B CHTHAJIbHBIE TOYKH aHCAMOJIS BBIMIOJIHSAETCS MPHUHIIUIL:
OounbiieMy paccrosiHuio Xaommunra dh max , coorBercTByer Gosbiiiee paccrossuue mo Epkinay de
max .

[Ipocreitmme ancam6iu curHaioB AMHu-2, ®Mu-2, ®MH-4 sTomMy ycrnoBuro st koaa ['pes
ynoBIeTBOPSIOT. B Tab1. 4.4 moka3ansl KOMOMHAIMH (1TOA0JIO0KH) JBOMYHOTO KOJIa AJIMHOM N = 3, a
takke paccrosauss dh w  de npu  wcnonb3oBaHMu  koma Ipes  mis OMu-8

(cM. puc. 4.4).

000
Wk Sl d=0,765
dn d;=1,414

101 011
d~1,848
(13:2,000
. 010
110

Puc. 4.4. PaccTosiHne Mex 1y CUTHaIbHBIME ToukamMu OMH-8
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Kak clenyer u3 TaOJIHIIBI, chopMyIHpOBaHHBIN MIPUHLIMII COOTBETCTBHS
OoyblIeMy pacCTOSIHUIO XAMMHUHTa OoJibliero pacctosHus EBkiamma Uit Bcex BapUaHTOB
oroOpaxkeHust He BblNoOJdHserTcs. Hanpumep, nns komOuHanuu 111 GosbiieMy pacCTOSHHUIO

Xosmmunra dh = 3 coorBeTcTBYeT He camoe Goibiioe paccrosiaue Eskianma dh = 1,848 , u 1.1.

CootBercTBHE paccTosiHuii Xommunra u EBkiauna nis curaano ®Mu-8

Konoerie komOuaanun 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 TOCKOJBKY MAHHUITYJIAIIMOHHBIA KOA I'pes IS CIOXHBIX CHTHAJIOB HE
o0ecrieynBaeT ONTHUMAIBHOTO COTJIACOBAHUS KOJEKAa M MOJleMa, HEOOXOAWMO HANTH METOMBI
JaJbHEHINEr0 TOBBIIMICHHST CBOOOMHOrO eBKIMIAOBa paccrosiuus def u, cOOTBETCTBEHHO,
sHepreTuyeckon A3 pexTuBHOCTH [.

CornacoBanme Ha OCHOBeE pa3ouenust aHcamO0Jis1 Ha BJIO’KEHHbIE
noxancamoJm

B mawane 80 x rr. Yarepboek (Ungerboeck G.) omyOmmkoBan cTaThio, B KOTOPOH,
anamusupyst CKK Ha 6asze ancambiis ®MH-8 U cBepTOYHOro Koja co cKopocThio Rxkxk = K/ k +1
chopmynuposan psn npasui noctpoeHus: CKK. IToaromy CKK noctpoeHHbIe 110 3TUM MpaBUiiaM
(Trellis-Coded Modulation — TCM), gacto na3siBator CKK YHrep6oeka.

[To cnocoOy cornacoBanust moxyisiuu v kojxupoBanus CKK VYHrepboeka oTHoOcSTCS K
KOHCTPYKIMSIM, TOJIyUEHHBIM Ha OCHOBE pa3OueHus aHcaMOlil CHUTHAJIOB Ha BIOXKEHHBIC
nonancam6nu. PazOuenue ocymiecTBiseTcss TaKUM 00pa3oM, YTO MOJaHCaMOIU COJIEp:KaT paBHOE
KOJIMYECTBO CUTHAJIOB, pacCTOsiHUS de MeXIy COCeTHHMH CUTHAJIAMH TTO/IaHCaMOJIeH OJMHAKOBBHI,
MUHHMAaJIbHBIC pacCTOSIHHUS (& min MeXIy CHTHaJIaMu MOoJaHcaMOJIeH YBEIUYMBAIOTCS € KaKIbIM
aroM pazOueHus; PH STOM JieBasi BETBb pa30MeHus KoaupyeTcs: cuMBosioM «0», a mpaBas «1».
CuuTbiBaHHE KOJOBOW KOMOHMHAIIMHM, COOTBETCTBYIOIIECW CHUTHAJIIBHON TOYKE HA AaMILTUTYTHO-
($a30BOI TUIOCKOCTH, OCYIIIECTBIIIETCS CHU3Y BBepx. PazOuenue ais ancamOis curHainoB ®MH-8
MIPEACTABIIEHO Ha puC. 4.5.

Kak cnemyer wu3 puc. 4.5, HUCXOAHbIH aHcaMOnb pa30WBaeTcss Ha TOJaHCAMOIU
pU MaKCHUMAJIbHOM YBEJIMYCHUH HAUMEHBIIMX PAcCTOsSHUEM (e min MeXay CUrHajJlaMH BHYTPH

nogarcamouteit d0 < d1 < d2 < d3 . Pa3OueHre OCyIIEeCTBISIETCS MOITAITHO.
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B nanHOM mpuMepe TpH 3Tama, 3a KIIOYaroIuxcs B pa3OMEeHUM KaXIOro M3 MoaaHcamoOsei

Ipeesbl MPEIBIAYIIEro ATana Ha 2 PaBHOAIEMEHTHBIX ITOAaHCcaMOJIs.

LD 1) (1) 110 0o 101 1N 111

Puc.4.5. Pazbuenue ancamo6mus curunaao ®MH-8

B oOmieM ciyuae KOJIMYECTBO STAmoB | MOJHOrO pa3OueHHs aHcaMOJisi U3 M CUTHAJIOB Ha
BJIOKEHHBIC MOJIaHCaMOIIM ompeessieTcs: Beipaxenuem: 1 max = log 2 m, (4.6), T. e. coBmamaer
KpPaTHOCTBIO aHcaMOuisi N . B ancamOiie M3 M CUrHAJIOB KPaTHOCTH N KaXKJOH CHTHAJIBHOM TOUYKE
COOTBETCTBYET OJIOK MBOMYHBIX cuMBOjoB b = [b n—1 , b n—2 ,..., b 0]. CooTBercTBHE MENKITY
KOJIOBBIM OJIOKOM D W CHrHaJbHOM TOYKOM Ha IUIOCKOCTH ONPENSNAeT MaHUIYISIHOHHBIN
KOJI.

JlocTrkeHre HanOOJBIIEH TTOMEXOYCTOWYNBOCTH HETOCPEICTBEHHO CBSI3aHO C YBEIHMUYCHUEM
eBKJINZIOBA PACCTOSHUS MEXAY TepeJaBaeMbIMH CHTHAJIBHBIMH  TOCIIEAOBATEIbHOCTSIMH.
Pemeruatas nuarpamma cBeprouHoro koja (5.6.3), pebpa KOTOpOH HpOMapKHUpPOBaHbBI
CUTHAJBHBIMHA TOYKAMH, TIIOJHOCTBIO OTOOpaXkaeT Bech HA0Op pa3peUICHHBIX CUTHAIBHBIX
MIOCJIEI0BATEIbHOCTEH.

Takum 00pa3zoM, BeaH4YrHA CBOOOJHOTO €BKIHIOBA paccTosiHus def 3aBHCHT OT MapKHpOBKH
pebep penieTyaroii AuarpaMMbl CHTHAJIbHBIMU TOUKaMH (KaHAJIbHBIMUA CUMBOJIAMH).

VYHrepOoek Ha mpumepe ancamOisi curHaioB @MH-8 (cMm. puc. 4.6) chopmynupoBai deTsipe
HEOOXOJMMBIX MpaBWJIa MapKHPOBKH pedep CHTHAaJbHBIMU TOYKAaMH: BCE CUTHAIBHBIC TOYKH
UCIIOJIB3YEMOI'0 aHCaMOJIi CUTHAJIIOB JOJDKHBI BCTPEUaThCs C OJMHAKOBOM YacTOTOH U ¢

OTIpeIeNIEHHON CTENEeHbIO PETYISPHOCTH U CUMMETPUYHOCTH;
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Hepexoabl U3 OJHOTO M TOTO YK€ COCTOSHHSI COOTBETCTBYIOT CHUTHalaM M3 mojaHcambieir BO
miu Bl;

nepexo/bl B OJHO U TO € COCTOSHHE COOTBETCTBYIOT CHTHajiaM U3 ToJaHcambiei
BO nmu B1;

napajuleJIbHbIE TEPEX0bl MEXY COCTOSHUSMU COOTBETCTBYIOT CHTHAlaM U3 IHojaHcamOiei
CO umu C1 , umu C2 , mmu C3 . Kak nokaseiBaer ananu3, CKK YHrepboeka MMEOT HECKOIBKO
0osee BBICOKME YAaCTOTHO SHEPreTHYECKHE XapaKTePUCTUKH IO CPAaBHEHUIO C TPaJIWLIUOHHBIMU
CKK, mpu TOH ke CIOKHOCTH peain3alliid. DTO OINPEACSIHIO UX OypHOE BHEAPCHHE B TEXHUKE
cBs3u. Ho m3BectHbie mpaBuia moctpoenuss CKK YHrepOoeka, XOTs U CHIXKAIOT Pa3MEpHOCTh
nepeOOpHOl 3ajaum cuHTE3a, HO He obecnednBaioT rapanTupoBanHoe moctpoenne CKK ¢
MaKCUMaJbHBIMU YaCTOTHO-DHEPreTUYECKUMHU XapaKTepUCTHKaMU. B To ke Bpems, OCHOBHOM
1enbio pabot B obmactu cuHTe3za cucrteM curHanoB U CKK siBnsieTcss moMck Takux CrocoOOB HX
dbopmupoBanus 1 00pabOTKH, KOTOpPHIE NMPHU 33JaHHBIX OTPAaHHMYEHHSIX Ha CIOKHOCTh YCTPOWCTB
dbopMHUpOBaHUS W TIpHEMa, BPEMEHHBIC 3aJEPXKKH, MO3BOJISUIM OBl MPUOIM3UTHCS K W3BECTHOH
IIEHHOHOBCKOM IrpaHulIe.

[Tpu moctpoenun mHoromepHbix CKK Bo3HHMKaeT mpoGiema BbIOOpa MaHUMYISIIHOHHOTO
KOJla, MOCKOJIbKY M3BECTHBbIE METObl €ro IOCTPOEHHs (IIpaBWiia MOCTPOEHUs KoxoB ['pes u
pa3Ouenusi aHcaMOlii Ha BIOXKCHHbBIE TOAaHcaMOIM YHrepOoeka) HE BCeraa I03BOJISIOT
COIJIacOBaTh €BKIIMJOBBI U XEMMUHTOBBI pacCTOSIHUSL. VIMEHHO ¢ 3TUM CBS3aHBI MHOTHE MPOOIEMbI
noctpoeHust MEHoromepHbsix CKK.

Cunte3 MHOromo3uimoHHbIX aHcambielr curHamoB u CKK, mocTpoeHHBIX Ha WX OCHOBE,
SBJIIETCS OJJHUM W3 HaIpaBJIEHUH perieHus 6osee oOuIei 3a1aul CTaTUCTUYECKOTO COTJIaCOBAHUS
BEPOSTHOCTHBIX XapaKTEPUCTUK IEpelaBaeMOro HMH(GOPMAIIMOHHOIO CUTHAla M BEPOSTHOCTHBIX
XapaKTepUCTUK KaHaia. B paMkax »3TUX TpaJAMIMOHHBIX 3a/ay, TaKoe COrJIaCOBaHHE
OCYILECTBIISIETCA Ha YPOBHE KaHAJIbHBIX CUMBOJIOB WJIM MX 0JIOKOB (cynepOykB kKaHana). [Ipu aTom
MOJIXOJIbI K TOCTPOEHHIO andaBuTa Takux cynepOykB (ancam6Oisedt curHanoB u CKK) moryr
CYIIIECTBEHHO OTJIMYATHCS MEXK]y CO00#, HO HaIllpaBJIeHBI HAa PEIICHHE 3TON 00IIel TPOOIEMBI.

N3BecTHO, 4TO aHCaMOJIb CUTHAJIOB, COOTBETCTBYIOLIUI MOJTHOMY ABOMYHOMY KOAY JUIMHBI N B
IIPOCTPAHCTBE COOTBETCTBYIOLIEN pa3MEPHOCTHU N , IOCTPOEHHBIN 3aMeHON «1» Ha «—1», a «0» Ha
«+1», COOTBETCTBEHHO, o00JafaeT NPAKTUUYECKH HJICATbHBIM MAHUIYISIUOHHBIM  KOJOM.
MuHUMaJIbHBIM XEMMHHIOBBIM PACCTOSIHUSAM TaKUX aHcaMOJeil COOTBETCTBYIOT pedpa N -MEepHOTo
Ky0a, KOTOpbIE XapaKTepU3yIOTCs 1 MUHUMAJIbHBIMU €BKJIUJIOBBIMH PACCTOSIHUSMU.

KonoBele KOMOMHALlMM W COOTBETCTBYIOIIME KM KOOPAWHATHI CUTHAIBHBIX BEKTOPOB

MPHUBEJCHBI B Ta0J. 4.2; rpaduueckoe n3o0paxeHne aHcaMmOIs npeacTarieHo Ha puc. 9.13. Ilpu
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MpHEeMe CHTHAJIOB TAaKOro aHcamOis MHUHUMaibHas OIMMOKa (OMIMOOYHBIM TIpUEeM OJHOU
KOOP/IMHATHI CUTHAJILHOW TOYKH) MPUBOIUT K HEITPABUIBHOMY IIPUEMY OJHOTO OuTa MH(OPMAIIHH.
OmuOOYHBIA MpHEM JBYX KOOPIWHAT CUTHAIBHON TOYKH IMPHBOIAMT K HMCKAKCHHUIO JBYX OUT
uHpopMalmu 1 Tak faainee. OmQHAKO, €CIIM PACCMOTPETh 3aBUCUMOCTh Mex 1y xeMMuHroBbiMu dh(i,
J) u eBxiuaoBbiME de( )i, ] pacCTOSHUSIMHE JIJISI TAKOTO aHCAMOJIst, TO MOYKHO BBISIBUTH CJICAYIOIIYIO
3aKOHOMEPHOCTb, CBSI3BIBAIOIIYIO 3TH JIBE BEJTMYMHBI
de(i, j) = 2r Ndh(i, j), (4.2)
rae r — paguyc chepsl.
Tabnuua 4.2
B3anMOoCBsI3b KOIOBBIX KOMOMHAIIMI MAaHHUITYJIAIIAOHHOTO KOJa U KOOPIMHAT

CUTHAJIbHBIX BCKTOPOB

a

MEHHH}’JHHHDHHHH KO KDUP,ELHHETI}I CHIHA/IBHBIX BEKTDPUB
000 14141
001 +1,+1,-1
010 +1,-1+1
011 +1,-1-1
100 —1,+1,+1
101 1,411
110 11,41
111 —1-1-1

Takum 00pa3oM, B3aWMOCBSI3b MEXKJY EBKIMJIOBBIMH M XEMMMHIOBBIMHU PACCTOSHHUSIMHU B
MHOTOMEPHOM aHcaMOJie CUTHAJIOB HENUHEIHasi, XOTs OOJIbIIEMY XEMMHUHIOBOMY PacCTOSHUIO
OyZeT COOTBETCTBOBATh OOJbIIEE €BKIMA0BO paccTosiHuE. Eciii MOLIHOCTh M AHEPrUsl CUTHAJIOB
SIBJISIIOTCS] TOCTOSIHHBIMU BEJIMYMHAMHU, HE 3aBUCSIIMMHU OT HOMEpPAa, TO aHCAMOJIM TaKUX CUTHAJIOB
CUMTAIOT CUTHAJaMU IOBEPXHOCTHO-C(HEPUIECKON YITaKOBKH.

B nporuBHOM ciiydae aHcaMOlIM CHUTHAJIOB paccMaTpUBAalOT Kak OOBEMHBIE YIIAKOBKHU.
CoxpaHeHre MaHUNYISUOHHOTO KOJa, HPUHATOTO [UIsi IPOCTOrO0 TPEXMEPHOro Kyba, B
3HAYUTEIIBHON MEpe COXPAHSET MPONOPLHOHAIBHOCTh MEXAY €BKIMIOBBIMH M XEMMHMHIOBBIMU
PacCTOSHUSAMHU U TMOATOMY OYAET HaWIydlIMM U Ui HauOosiee miIoTHOro ancamoOns. Jns apyrux
KOMOMHAIMM  MaHUIMYJIALUOHHBIX KOJOB JUIS CHUTHAJIBHBIX BEKTOPOB M3HAYaJbHO HE
Oyzaer coOmogaThCsl B3aWMHas IMPOMOPLHUOHATBHOCTh MEXAY €BKIUIOBBIMU M XEMMHUHTOBBIMHU
PacCTOSHUSIMH.

Takum O6p8.30M, NPaKTUYCCKU HCBO3MOKHO CO314aTh HicaJbHBIN MaHI/IHyJ'IHI_II/IOHHHﬁ Kona H,
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CJI€I0BAaTCIIBHO, uenec006pa3H0 CTPOUTH MAHUITYJIATUOHHBIC KOJbI, Y KOTOPBIX XOTA OBl YaCTHYHO

BBIITOJHACTCA B3aMMOCBA3b MCKY CBKIIMJOBBIMH U XCMMHUHI'OBBIMHA PACCTOAHUAMMU.

IIpakTuyeckasi yacte padorsl B MATLAB 2015 [21]

Ilepen Hagamom BBIMONHEHUS paboOThl, HeoOxomumo ¢ manku TCM ckomupoBath KO B

KOMAaHIHYIO CTPOKY, KOTOPBIH MOJArPY3UT HEOOXOIUMYIO CXEMY ISl TPEJTUC MOTYJISIIUH.

4\ MATLAB R2015a |

HOME PLOTS @ IH ﬁ 44 @ @ @ @ search Docurmentation PH
@ '{nE' - (= o &n E [z, New Variable |_?~?Anah.rze Code @
New New Open [ Compare Impot  Seve 7 OpenVarable v f> Run and Tme Simulink | ENVIRCNMENT | RESOURCES
Seript v Data Workspace |/ Clear Workspace + (7 Clear Commands ~  Library .

FILE VARIABLE CODE SIMULINK
G HE v Cor ProgramFiles » MATLAB » MATLAB Production Server » R2015a » bin ¥ v 0
Current Folder WM Command Window
Marne « i

registry ~ modelname = 'commtcmosthc';
o sl ~ FERcalc SubSys = [modelname, '/Frame Error Rate Calculation']:
Details v npen_sy;tem[mndelna.me] :

. . ) zim(modelname) ;
Select a file to view details | =

open system(FERcalc SubSys);
Workspace Y 4 pen_sy i - ys)

*

Mame » Value 4 m b

.

Puc. 4.6. ITanenrs MATLAB 2015
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HOCJIC, OTKPOCTCA CIICAYIOIIAsA CXEMa:

@ © @

Bernoulli  |[100x1] MPSK [B0x1] A §C Fg]
Binery pond]| oM o<1 By
Bernoulli Binary M-FSK CSTBC Encoder MIMD
Gener stor TCM Encoder Channel.g
a
@ Rl RO
FER
[100:1] | Frame Errer Rate |2 000
Colculation » # amror frames
== EOdly
[10:-:17 # frames
Ol
FER Deplay G
MPSK
[100:1] TCM

M-PSK
TCM D ecoder @ @
Puc. 4.7. Cxema misa uccaenosauuss TCM B Simulink MATLAB 2015

1. briok JIBouunslii reHepatop bepHyIin renepupyer caydaiiHble JBOMYHBIE YMCIIa, UCIIONIb3YS

pacnpeaciicHue BepHy.]'IJ'II/I. BricTaBbhTE HIXKE MMPEACTABJICHHBIC ITapaMETPhI:

"4 Source Block Parameters: Bernoulli Binary Generator M

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: 1e-6
Frame-based outputs

Samples per frame: frameLen

Output data type: [boolean -

[ oK ][ Cancel H Help l Apply

Puc. 4.8. TTapametpsr nuctounnka (Source Block Parameters)
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2. biox M-PSK TCM konep npeoOpa3oBbIBacT AaHHBIE, MOTy4YeHHbIE OT Oyioka bepHymim B

PSK co3Be3aus ¢ 3a1aHHOM €ro cpeHeil aueprueid. B atom npumepe Mol ucnonszyem cxemy TCM

8 - PSK co3Be3nust 115t 8 pernieTyarbix COCTOSTHUN. BhICTaBbTe HUYKE TTPEICTABIICHHBIC TTapaMETPHhI:

" Function Block Parameters: M-PSK TCM Encoder

[ ]

M-PSK TCM Encoder (mask) (link)

Convolutionally encode binary data and modulate using the phase
shift keying method.

The Trellis structure parameter must be a valid MATLAB trellis
structure. To check if a structure is a valid trellis structure, use the
istrellis function in MATLAB.

FParameters

Trellis structure:

trellig

Operation mode: ’Truncated (reset every frame) v]
M-ary number: [8 v]
Output data type: [double VI

[ oK ][ Cancel ” Help ] Apply

Puc. 4.9. TTapametpsi 6:10ka: M-PSK TCM Encoder

[Tocne 2ro Gioka HYXKHO J00AaBUTH TUArpaMMy CO3BE3IHiA, KOTOPBIA PACIIONOXKEH B IMaHEIN

nporpammbl Matlab. BeictaBbTe HIKE ITpeACTaBICHHBIC TTAPAMETPHI:

4\ MATLAB R20152

HOME

Eltiv

PLOTS APPS

B% 1 e Ve

Lg P Fes L%

7 OV v oooe suuunk TevmomenT | ResouRces

.
|

@o.cu

flew New Open yame ot Save
Sopt v De otpe 7 CenWotspae ¥
| viv | v v
fLE VARIBLE h 4
@9 [T L v G ProgramFies » MATLAB » MATLAB Poduction Semer » RLSa  bin » v
Current Folder

Puc. 4.10. [Tanens MATLAB
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| Zej]
Constellation Diagram
B i i . . M-FSK ot o Al i Cod [BleZ]
ernoulll MUt i=]
Binary [100d] TCM Bld] E0x]
Bernoulli Binary D e —— e
Genesstor TCM Encoder EhanneLE
@
Eoxl]  [[Blxiad]
i 0.1839 FER
[100x1] Frame Emor Rate |3 000
Caleulaticn E = # grror frames
- 554 it p:m]v
[100x] ‘ frames
FER Display AWGI
Boxi]
[oet]
R il

M-PSK [0 Alamouti Code

[100:1] TCM [ 1 Rx et e equeeze [Fiucd 7]
Bl
NkPSK CSTBC Combiner

Puc. 4.11. Cxema mis ucciiegosanust TCM B Simulink MATLAB 2015

3. biok OSTBC (opToroHanbHO NPOCTPAHCTBEHHO-BPEMEHHbIE OJIOYHBIE KOJbI) KOIUPYET
uHpopmanroHHble cuMBoibl U3 TCM  KkoaupoBmIMKa, HCHodb3yd koia Alamouti ams 2x
nepeaalux aHTeHH. Bbixogom 3toro Osioka sBiseTcss Matpuna pasmepoM 50X2, 371€MEHTHI
KOTOPOH COOTBETCTBYIOT IaHHBIM KOJIOHKH, TIEPEIaBAEMbIX 110 OJTHOW aHTECHHE.

brnox OSTBC coueraet B ce0e MoayuyeHHbIE CUTHAJIBI OT IPUEMHON aHTEHHBI C UHPOpMaIiel o
cocrosiHum kanana (CSI), xoropeie 3aTtem mogatoT B M-PSK TCM nekxoaepa. CSI u3BecTtHO Ha

CTOPOHC NPpUEMHUKA. BricTaBbhTE HIXKE NMPpCACTABJICHHBIC ITapaMETPhI:

#2] Function Block Parameters: OSTBC Encoder =

OSTBC Encoder

Encode the input message using an orthogonal space-time black 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 -]

[ oK | [ cancel | [  Help | Apply

Puc. 4.12. TTapametpsr 61oka: OSTBC Encoder
4. MIMO kaHai pa3HOCHT TIepeIaoNIie U MPHEMHBIC aHTCHHBI TaK, YTOOBI KOPPEIISIIHS MEXTY

COCETHUMH aHT€HHaMU ObuIa ciaboil. BricTaBbTe HIKE MTPE/ICTaBICHHbIE TAPAMETPHI:


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 | 3

Multipath parameters (frequency selectivity)
Sample rate (Hz): 5e5 =
Discrete path delays (s): 0
Average path gains (dB): 0

Normalize average path gains to 0 dB

Fading distribution: [Rayleigh -

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

s). [ oK ][ Cancel ][ Help ] Apply

Puc. 4.13. TTapamerpsl 610ka: MIMO Channel
5. biiok AWGN noGaBisieT 6emblii rayCCOBCKUI 1IyM HA MMPUEMHON CTOpoHE. BricTaBbTe HUXKE

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) -

Initial seed:
188

Mode: [Signal to noise ratio (SMR) -

SNR (dB):
SNR

Input signal power, referenced to 1 ohm (watts):

2

J. [ 0K ][ Cancel H Help ] Apply

Puc. 4.14. TTapameTpsi 610ka: Receive Noise
6. biok Cikarusi. BeicTaBbTe HUKE MPECTaBICHHbIE TTAPAMETPBI

7. bnox OSTBC naer onieHKy KaHajla CUTHaji1a. BeicTaBbTe HM)KE IIPEJICTABICHHBIE TAPAMETPHI:
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"4 Function Block Parameters: OSTBC Combiner ‘ 2 |

OSTBC Combiner i

Combine the received signal and channel estimate inputs in accordance with the structure of
the orthegonal space-time block cede (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 ']

l OK H Cancel H Help I Apply

Puc. 4.15. ITapamerps 610ka: OSTBC Combiner
8. biaok M-PSK TCM pexozaep BBINOJIHAET AEKOAUPOBAHUE CUTHAIA PAHEE MOJYJIUPOBAHHOIO
¢ ucnonb3oBanueM PSK co3Be3must Ha Bxome. s JeKOAMPOBAHHS HCHOJB3YETCS alrOpPUTM

Butep6u. BeicTaBbTe HIKE MpeICTaBICHHBIE TAPAMETPHI:

"4 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 ']

[ OK ][ Cancel ][ Help ] Apply

Puc. 4.16. [Tapamerpsi 61oka: M-PSK TCM Decoder
9. biok FER Display cpaBHuBaeT nexkoIupoBaHHbIE OUTHI C UCXOJHBIMUA OUTAMH B Kajpe JJIs
oOHapyXeHHsI OLIMOOK M B OHJIAaliH pekuMe OOHOBIISIET MOKa3aTeNu. JTOT OJOK COCTOUT M3 TPeX
MOKa3aTesei: KOJIMYECTBO OIMMOOK B KaJpe, KOJWYSCTBO HAOIIOJAeMBIX KaJIpOB U KOJUYECTBO

o0paboTaHHBIX OMMOOK B Kajpe. BricTaBbTe HUXE NMpeAcTaBIeHHbIE TapaMETPhL:
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"k Sink Block Parameters: FER Display ﬂ
Display
Mumeric display of input values.
Parameters
Format: |short hd

Decimation:

1

[C] Floating display

J[ Cancel H Help ] Apply

Q [ o
Puc. 4.17. ITapametpsl 610ka: FER Display

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
Tabmuua 4.4 — Pe3ynbraTsl paboThI
0,99 0,88 0,18 0,04
FER 5 5 0,61 0,27 | 9 0,08
SNR 2 4 6 8 10 12 14
1,2
1 - \
0,8
& 0,6
[
0,4
0,2
0 T T T T T T 1
0 2 4 6 8 10 12 14 16
SNR, dB

Puc. 4.18. 3aBucumocTs FER OT OTHOIICHHS CHTHAI/TITYM
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Puc. 4.19. Jluarpamma co3Be3aus 8-PSK
TakuMm o0pa3oM, B JaHHOW paboTe Ha MPUMEpPE CBEPTOYHOTO KOJIUPOBAHUsS OBUIA pac-
CMOTPEHBI TPEUMYIIECTBO M TEXHOJOTHUS TPUMEHEHUS TPEUIUC-MOIYJISIUN ISl TOBBIIICHUS
CKOPOCTH TepeIayul TaHHBIX.

[lepexon B peXUM TPEIUTMC-MOAYJSILIMM TO3BOJHI COXPAHUTH TOT € YPOBEHb IOMEXO-
yctoituuBoctd (3 nb) mpu yBenTWYeHUH CKOPOCTH Tepenayu uHbopmaiuu B 2 paza. ITO JOCTH-
raeTcs C MOMOIIBI0 COBMECTHOTO MCIOJB30BaHUS CBEPTOYHOTO KOAa CO CKOPOCThiO 2/3 u (ha3oBoit
Manunyasuu 8PSK. Mcnonb3oBaHue TpemTuc-MOAYISIUHN SIBISIETCS MPOCTHIM U () PEeKTUBHBIM

PCUICHUEM IJIA IOBBIIICHUA CKOPOCTH IICpEaAavin B I_[I/I(prBbIX BBICOKOCKOPOCTHBIX CUCTEMAX CBA3HU.

4.2. HccienoBanue CHUIHAJIbHO-KOAOBOM KOHCTPYKUMH Ha 0a3e cucremMbl C

OPTOrOHAJbHBIM YaCTOTHBIM MYJbTHIUVICKCUPOBAHHEM H NMPOCTPAHCTBCHHO-BPEMECHHBIM

konupoBannem OFDM - MIMO

B nocnennee BpeMsi Bce aKTHUBHEE OLIYIIAETCS POCT OECTIPOBOJHBIX CUCTEM CBs3H. Pa3BuTtune
TEXHOJIOTUIl MOOMIJIBHBIX YCTPOMCTB, OecripoBOAHBIX JoKabHBIX ceTell (WLAN) u crpeMuTenbHbIi
pocT MIHTepHEeT BBI3BIBAIOT BCE BO3PACTAOLIYIO MOTPEOHOCTh B YBEIMYEHUH €MKOCTH MOOUIIBHBIX
cereil. Takxe HaOMrOMaeTCs Bee OOJIbINAs MHTETPALlUs COTOBBIX CETEH ¢ CeTsIMM Nepe/laud JaHHBIX,
HarpuMep GPRS B GSM cetsx, a takxke cetn 3G. OgHAKO CyIIECTBYIOINE TEXHOJIOTUN HE MOTYT
YIOBJIETBOPUTH HOBBIX MOTPEOHOCTEHN MO EMKOCTH CETH, CKOPOCTH MEpeJaul U CTOUMOCTH YCIIYT.

OFDM - oproronaibHOE 4aCTOTHOE MYJIbTUIUIEKCHPOBAHHE — 3TO CXeMa MOJYJISAIMH, KOTOpast
no3BoJsieT ObICTpo M 3((EeKTHBHO TeperaBaTh JAHHBIE JakKe B KaHajaX C MHOTOJIYYEBBIM
pacripocTpaHeHHeM curHaia. [lepenada Beaercss OTHOBPEMEHHO Ha OOJIBLIIOM KOJUYECTBE HECYLINX

4acTOT. DTU HECYyIllMe HMEIOT HeOOJbIIOe pa3HECeHHE IO YacTOTe M UX CHEKTPbl 00pasyroT



286

rpynmnoBoii ciektp OFDM curnana. YactoTHoe pa3sHeceHHEe W CHHXPOHH3aIMA MOJ00paHbl Tak,
4TOOBI Hecylue ObUIM OPTOTOHAIBHBI MEXAY COOOH, TO €CTh HE OKa3bIBAJIM BIHMSHHUA IPYr Ha
Apyra, HECMOTps Ha IEpeKpbITHEe IO CcHeKTpy. Jlpyrod BaXKHbBIM MOAXOJ, MO3BOJSAIOLIMN
CYIIECTBEHHO YJIYyYIIUTh, 110 CPABHEHUIO C TPAJAULUOHHBIMU CHCTEMaMHM, CIIEKTPAJIbHYIO
3¢ PEKTUBHOCTH M IOMEXOYCTOMUYUBOCTh CUCTEMBI - IPUMEHEHHE Pa3HECEHUs KaK Ha TMepeIatoulei,
Tak U Ha NPUEMHON CTOPOHE IIyTEM MCIIOIb30BAHUS HECKOJBKHUX MEPEAAIOIINX M HECKOJIbKUX
npueMHbIX aHTeHH (MIMO). Drta TexHOJOTHs YK€ MPUMEHSETCS B HEKOTOPBIX COBPEMEHHBIX
crannaprax, Hanpumep [EEE 802.16 u LTE.
Oco0eHHOCTH pacnpOCTPAHEHHUs CUTHAJIA

B MoOunbHOW panmocBs3M TapamMeTpbl KaHala HM3MEHSIOTCS BO BPEMEHH, IOCKOJIBKY
nepeMeleHe abOHEeHTa B INPOCTPAHCTBE MPHUBOAUT K M3MEHEHHUIO YCIOBUI pacHpOCTpaHEHUs
curHasia. CKOpOCTh M3MEHEHHs YCIOBUH pacHpOCTPaHEHUsS ONpEAeseT CKOPOCTh 3aMHupaHuil. B
OOJNIBIIMHCTBE CIydyaeB MOOWJIBHBI KaHal CBSA3M XapaKTEpU3YeTCs OTCYTCTBHEM HPSIMOM
BUIMMOCTH MEXAY MEpeJaTYMKOM M MPUEMHHKOM, OCOOCHHO B YCJIOBHSAX IUIOTHOH TOPOACKOMN
3acTpoilku. Eciau umeercss 00iblIOe YUCIO MHOTOKPATHO OTPAKEHHBIX Jyded M OTCYTCTBYET
npsiMas BUAMMOCTb, OruOaroiias MOJy4eHHOI'O CUrHajla MOXKET ObIThb CTaTHUCTUYECKU OIMCaHa C
MIOMOIIIBIO PEIEeEeBCKON (DYHKIIMM TUIOTHOCTH BEPOATHOCTH. XapaKTep 3aMHUpPAHUI B 3TOM Cllydae
HazbIBaloT peneeBckuM. Ha Puc. 4.20 nokasan MHOrosyueBOil XapakTep pacpOCTpaHEHUsl CUTHAJIa

BCICACTBUC OTp&)KGHHIZ.

MobuneHas
CTaHLMA

Basopan cTaHuma

Puc. 4.20. MHoroiy4eBoii XxapakTep paclpOoCTpaHEHUSI CUTHAJIa B MOOMJIBHOM KaHasle CBSI3H.
B mMoOunbsHOM KaHalie CBSI3W CHUTHAJ TOJIBEPTacTCsl BO3JIEUCTBHIO CIEAYIOIMIMX OCHOBHBIX

THUIIOB UCKaXKCHMUIA:



287

* MHoroayuyeBoe pacHpoCTpaHEHHE BO3HHUKAET B pE3ylbTaTe OTPAXEHUsS, paccesHus U
IU(QPaKIUU SIEKTPOMArHUTHBIX BOJIH TIPU B3aMMOJACHCTBHHM C pa3IMYHBIMH OOBEKTAaMH B
npoctpanctBe. Takum 00pa3oMm, CUTHaI B NPUEMHON aHTEHHE COAEPXKUT CYMMY BOJIH C
Pa3IMYHBIMU 33/IepKKaMU, aMITUTyAamMu U azamu. Cynepro3unus 3TUX BOJH MPUBOIUT K

U3MEHEHMIO aMIUTUTYbI M (pa3bl IPUHIMAEMOTO CUTHAIA.

* JlonmuiepoBCKUiA CABUT BO3HUKAET M3-3a IMEpeMelIeHrs: abOHeHTa B MpocTpaHcTBe. Bo3Hukaer
W3MEHEHUE AaMIUTUTYAbl W (a3pl MPUHUMAEMOIo curHaia Bo BpemeHH. Jlaxke HeOousblIne
MepEMENICHUSI HAa PacCTOSHHUSA, COU3MEPHUMBIE C JJIMHOM BOJHBI IIE€PEIaBAEMOr0 CUTHAJIA, MOTLYT
BbI3bIBaTh CYILIECTBEHHbIE M3MEHEHMs] IIapaMeTpPOB IMPUHUMAEMOro curHaia. l3menenus
apaMeTpoB CHUTHala BO BPEMEHH, BbI3BaHHBIC [BMW)KCHHEM a0OHEHTa W MHOTOJIYYEBBIM
paclpocTpaHEHHEM  PaJMOBOJIH  HAa3bIBAIOTCA  OBICTPBHIMM  3aMHUpaHUsIMU.  BenuunHa
JONIUIEPOBCKOIO CABUTra MPONOPLUUOHAIbHA YAacTOTE Mepedaud U CKOPOCTH JBIMKEHHS. Uem
MEHbIIIe pa3HeceHue Mexay Hecymumu B curHaine OFDM, tem Oosee BoCpUUMYHMBA CUCTEMA K
JIOMIIJIEPOBCKOMY CABHUTY 4YacTOThl. Pa3nuyHble pexuMbl IMepefadyd IO3BOJISAIOT IOJYyYUTh
KOMIIPOMHUCC MEXAY YPOBHEM BOCIHPHUMUMYMBOCTH K MEXKCHMBOJIBHOM HMHTephEpeHIMH U
JONIUIEPOBCKOMY CABUTY YaCTOTBHI.

* 3aTeHEHHE BbI3BIBACTCS OOBEKTAMHM, TAaKMMM KaK 3[JaHHUsS, XOJIMbI, JEpeBbsl M T.II.,
OKa3bIBAIOIIMMKCS Ha IyTM CHUTHajla M OrPaHUYMBAIOLIMMHU MPSAMYI0 BUAMUMOCTb MEXIY
NepeAaTuinkoM M NIPUEMHUKOM. M3MeHeHus mapaMeTpoB CUTHala BO BPEMEHH, BbI3BAHHBIE
3aT€HEeHHEM OOBIYHO OTHOCST K MEJICHHBIM 3aMUPaHHSIM.

* [loTepu B TpakTe XapaKTEepU3yIOTCSI KaK 3aBUCUMOCTb MAJEHUs CPeHEN MOIIHOCTU CUTHaia
OT pAacCTOSHUS MEXAY MepelaTYuKOM M TNPUEMHUKOM. B OTKpBITOM MPOCTpPaHCTBE CpEAHSI
MOIIHOCTh YMEHBIIAETCS IPONOPLUOHAIBHO KBaJpaTy pPACCTOSHUS MEXIY IEpelaTUYuKOM U
IpUeMHUKOM. B MOOWIBHOM pajauokaHaje, e mpsMas BHIAMMOCTb YacTO OTCYTCTBYET, 3Ta
XapaKTepUCTHKA YacTO MPEACTaBIsAeTCA Kak (PyHKIUS cTeneHu ot 3 10 5.

WckaxeHusi, BbI3BaHHbIE MOTEPSMU B TpakTe M 3aTEHEHHEM (MEIJICHHbIE 3aMUpaHMsI)
OOBIYHO KOMIIEHCHPYIOTCSI C MOMOUIbIO CHUCTEM YIIPaBJIEHHUsI MOIIHOCTHIO. boppba ¢ ObICTpbIMU
3aMHUpaHUSMU, BBI3BAHHBIMM JBUKCHHMEM M MHOTOJIYYEBBIM pPACIpPOCTPAHEHUEM BOJH, SIBISAETCS
Oosiee cI0XKHOM 3aaueil 1 TpeOyeT MpUMEHEHUs CIIOKHONW 00pabOTKM CHUTHAja Kak Ha MPHUEMHOM,
TaK ¥ Ha MMEepeIaronield CTOPOHE.

CrnencTBreM MHOTOJIYYEBOTO PacHpOCTPAHEHHUS PAIHOBONH SIBISIETCS MCKaXeHHE (OpMbI
NPUHUMAEMOT0 CUTHaja. MHoromydeBass MHTeppEepeHIHs NpUcCylia J000My THUIy CUTHAJIOB, HO
0CcOOEHHO HEraTMBHO OHA CKAa3bIBAe€TCS HA LIMPOKOIOJIOCHBIX CHUTHajax. JleJo B TOM, 4TO MpHU

UCMOJIb30BAHUU IIHMPOKOMOJIOCHOIO CHUTHala B pe3yJbTaTe MHTEP(EpPEHIUN OIpeIesICHHbIE
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9acTOTHI CKIIQABIBAIOTCSA CUH()DA3HO, UTO MPUBOANT K YBEIMUEHHUIO YPOBHS CUTHAJA, 2 HEKOTOPHIE,
Ha000pOT, MPoTHBO(hA3HO, BEI3BIBAS OCIA0JIEHNE CUTHAIA HA JAHHON YacTOTe.

['oBopss 0 MHOromy4yeBoi UHTep(EpEeHINMH, BO3HUKAIOIIEH MpU IMepefaue CHTHAJOB,
pasnnyaroT ABa KpailHUX ciydas. B nmepBoM u3 HUX MakcUMallbHas 3a7€pKKa MEXKIY pa3IudHbIMU
CUTHAJIaMH HE MPEBBIMIAET BPEMEHH JJIUTEIHHOCTH OJHOTO CHMBOJIA U MHTEPPEPEHIINS BOSHUKACT
B IIpEJeNax OJHOI0 MEePeJaBacMoro CUMBOJIa. Bo BTOpOM cilyyae MakCUMaJIbHas 3aJIepKKa MEXKITY
Pa3IMYHBIMU CUTHaJaMH OOJbllle UIMTEIbHOCTH OJAHOTO CHMBOJA, B pe3ylbTaTe MHTephepeHInn
CKJIQ[bIBAIOTCA CHUTHAJbI, INPEJCTABISAIOIIME pa3Hble CHMBOJIBI, M BO3HHUKACT TaK Ha3bplBacMas
MexxcumBoIbHas uatepdepenus (InterSymbol Interference, ISI).

MexcuMBOIbHAS HHTEPPEPEHIUS HAauOOoIee CYIIECTBEHHO BIUSET HAa UCKAXKCHHE CUTHANA.
[TockOoabKYy CHMBOJI - 3TO JUCKPETHOE COCTOSIHUE CHUTHaja, XapakTEepU3YHoUIeecs 3HAYCHUSIMU
4acTOThl HECyIleHd, aMIuTyasl U (as3bl, TO Ui Pa3IMYHbIX CHMBOJIOB MEHSIOTCA aMIUIUTYAA U
¢dasza curHaia, a 3HAYUT, BOCCTAHOBUTH HCXOJHBIA CHUTHAJI KpalHE CJI0XHO. UTOOBI XOTsS OBI
JaCTUYHO KOMIICHCUPOBATh 3(PPEKT MHOTOITYICBOrO PACIPOCTPAHCHHUS, UCIIOIB3YIOTCS YaCTOTHBIE
SKBaJlaii3ephl, OJTHAKO MO0 MEPE POCTa CKOPOCTU IMEpeAayu AaHHBIX JIMOO BCIEACTBHE YBEIHMYCHUS
CUMBOJILHOM CKOpOCTH, JHOO W3-3a YCJIOXKHEHUS CXeMbl KOAUpoBaHUS 3(P(HEKTUBHOCTh
KCIMOJIb30BAHMS HKBAJIan3epOB MagacT.

B TpamuimoHHBIX CHCTEMax C OJHON Hecyield 00phda ¢ MEKCHUMBOJIBLHON MHTEpQepeHIueit
OOBIYHO BENETCS MyTEeM aJaNTUBHOIO BBIPABHHMBAHMS. DTOT MPOIECC HCIOJB3YeT aJallTUBHYIO
GuUIbTpAUIO ISl anMpOKCUMAIIMH UMIYJIbCHOTO OTKIWKAa KaHala. 3aTeM WHBEPCHBIM (HIBTP
HCIIONB3YETCS JIJIsl BOCCO3/aHMS KOIHMIM MCKaXKEHHBIX CUMBOJIOB. DTOT MPOLIECC, OJJHAKO, IOBOJIHHO
CIOKHBIM, BBHUJY BBICOKOM CIIOKHOCTH aJalTHUBHOIO JKBalaiizepa. B ciydasx, Kkoraa
MEXCHUMBOJbHAS WHTep(EpEeHINs CTAaHOBUTCSA JOBOJBHO BBICOKOW, MPOLECC TaKXKe TepseT

3¢ (HEeKTHBHOCTS.

MO)IeJ'Ib CUCTEMBI CBA3U C OPTOrOHAJBHBIM YaCTOTHBIM MYJ/ILbTHINUIEKCHPOBAHUEM
(OFDM)

HpI/I BBICOKHX CKOPOCTAX MHNEpeaavur IMPUMCHACTCA MCETOJ INepcaadynd JaHHBIX, KOTOpLIﬁ
COCTOUT B TOM, YTO IMOTOK IMECPCAABACMBIX HAHHBLIX PACIHPCACIIACTCA MO MHOXKCECTBY YaCTOTHBIX
ImoAKaHalIOB W II€p€aadya BEACTCA HMapaJlJICIbHO Ha BCCX J3THX IOJKAHAJIAX. HpI/I 3TOM BBICOKAs
CKOpPOCTh nep€aadyr AOCTHUIracTCd MMCHHO 3a CYCT OI[HOBpeMeHHOI\/'I nepeaaun JaHHBIX II0 BCEM
KaHallaM, a CKOpOCTb mnepcaadyu B OTACIBbHOM IIOJAKAHAJIC BIIOJHC MOKCT 6BITL HEBBLICOKOMH.

HOCKOHBKy B KAXKJIOM M3 YaCTOTHBIX IMMOJKAHAJIOB CKOPOCTh MEpCaaun MOXKXHO CACIATh HE CJIUIIKOM
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BBICOKOM, 93TO CO3MaeT MpPeanochUIKd sl 3(PQPEKTUBHOTO TOAABICHUS MEKCHUMBOJIBHON
UHTEPPEPEHIIH.

[Tpy yacTOTHOM pa3/ieNeHnu KaHaloB He0OXOAUMO, YTOOB! IIMPUHA OTAEIBHOIO KaHaja ObuIa,
C OJHOM CTOPOHBI, JOCTATOYHO Y3KOM JJIi MUHMMM3ALMU HCKAKEHUS CHTHAJAa B Ipelesax
OTAENBHOIO KaHaja, a ¢ JAPYrod - JOCTaTOYHO IIMPOKOH asi obecrieueHust TpeOyeMol CKOpOCTH
nepenaud. Kpome Toro, A 5KOHOMHOI'O HCIOJIb30BAHUS BCEH IMOJIOCHI KaHala, Pa3AessseMoro Ha
MIOJIKaHAJIbI, J)KEIATEIbHO KaK MOKHO 00Jiee MJIOTHO PacHoI0kKHUTh YaCTOTHBIE MOJIKAHANbI, HO IIPU
3TOM H30eXaTh MeXKaHaJbHOW MHTepdepeHLnu, 4ToObl 00ECcneynTh IOJIHYK HE3aBHCHUMOCTb
KaHaAJIOB Jpyr OT Apyra. YacTOTHBIE KaHAJIbI, YAOBJICTBOPSIOLINE IEPEUNCICHHBIM TPEOOBAHUSM,
Ha3bIBAIOTCS OpPTOTOHAIbHBIMU. Hecymiue curHanbl BceX 4YacTOTHBIX IIOJKAaHAJIOB (a TOYHEE,
(GYHKLMHU, ONHUCBHIBAIOLIME 3TH CUTHANBI) OPTOTOHAJbHBI APYr Apyry. BaxkHo, 4TO XOTS camu
YaCTOTHBIE IMOJKAHAJIbl MOTYT YAaCTMYHO IEPEKpbIBaTh JAPYr Apyra, OpTOrOHAJbHOCTh HECYIIHUX
CUTHAJIOB T'apaHTUPYET HE3aBUCHUMOCTb KaHAJIOB JPYr OT JApPYyTra, a CIEeJOBATEIbHO, U OTCYTCTBHE
Me)XKaHaIbHON HHTEp(epeHnny.

PaccMoTpeHHbIN cr1oco0 JesieHus] MUPOKONOJIOCHOTO KaHajda Ha OpPTOrOHAaJIbHbIE YaCTOTHBIE
[OJIKaHAJIbI Ha3bIBAETCsI OPTOrOHAJIBHBIM YaCTOTHBIM MyjbTUIIeKkcupoBanueM (OFDM). Curnan B
CUCTEME C OPTOrOHAJIbHBIM YAaCTOTHBIM MYJIbTUILJIEKCUPOBAHUEM MMEET pa30MEeHHE Ha MHOXKECTBO
HECYIIMX, YTO 0OecreunBaeT HeOOJIBIIOE KOJIMYECTBO CHMBOJIOB HAa OJHY HECYIIYIO M CHIDKACT
MEXCUMBOJIbHYIO HHTeppepenuuto. Ha pucynke 4.21 mnpeiacraBieH CHEKTp CHUTHajla IpU

Moy OFDM.
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Puc. 4.21. Cnextp curnana npu moxayisitun OFDM
JlononHUTENBHO PUMEHSETCS 3alUTHBIA UHTEpBAJ - [UKIMYECKU npedukc, 100aBaseMblil B
Hayaio Kaxaoro cumpoia. s s dexTuBHON pabOThI CUCTEMBI, MCIOIB3YIONMIEH TaKoW MOAXO/,
MaKCHUMaJlbHasl 3aJiep’KKa B KaHalle He JOJDKHA IPEBBINIATh UIMHY IMKJIWYECKOTro Ipedukca.
Bricokas s dexruBHocTs cucteM OFDM npu pabote B KaHanax ¢ MHOTOKPAaTHBIMU OTPa)KEHUSIMU
JIeNIaeT UX MPUTOIHBIMU JIJISl BHICOKOCKOPOCTHBIX CUCTEM NEpeaul TaHHBIX B HA3€MHBIX CHCTEMax

CBs3U.
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Ha pucynke 4.22 npeacrasnena crpykrypa OFDM cumBomna.

- [Mepabii ciomeon 4 » Bropoidi cusaon .
G Symbol #1 B Symbol #2
Gl | Symbol #1 T R Symbol #2
Fa] Symbol#1 | e Symbol #2
Perion pHyTPRCHMBOALEGH HiFTephepeniii d
o 3 = PSR-
Permon, riae sotemena 0nl
MakcumansHan MERCHMBEWILHAR HETCpdepeHIINA
IEPAKA cenu Gut oreyTeTEoRan Gl

Puc. 4.22. Ctpykrypa OFDM cumBona.

Ha pucynke 4.24 nokazanHa o0000IlIeHHas CTPYKTypa CHCTEMBI CBSI3U C OPTOrOHAIbHBIM
JaCTOTHBIM MYJIbTHIUIEKCHPOBAaHWEM. JlaHHBIC TOJB30BATENII BHAYaje MOCTYMAlOT B OJIOK
IMOMEXOYCTOMYMBOIO0 KOJMPOBAHMS, a 3aTeM Ha MoayssTop. llocine Monynsinuy naHHbIE B BUJIE
KOMIUIEKCHBIX CHMBOJIOB MOCTymaioT B 010k OOpatHOoro OswicTporo mpeoOpazoBanus Dypne
(OBII®), rae npoucxonut hopmuposanue curiana OFDM c ucnonszoBanuem M noguecymux. Ha

pucynke 4.23 npejicrapiieHa BpeMeHHas (hopma curHaia nocie npoxoxaeHus ObI1O.
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Puc. 4.23. Bpemennas popma curaana
CumBon OFDM coctouT U3 OCHOBHOW MH(OPMALlMOHHOM YacTH M IUKJIMYECKOro mpedukca,
KOTOpBIN (opMHpyeTcsl MyTeM KONMMpPOBaHMs IMocieAHuX L orcyeToB B Hauano kazapa. [lamee
nocienoBareabHOCTh cuMBOJIOB OFDM mpeoOpasyeTcss B aHAJIOTOBBIA CHUTHAJI W TIPENAeTCs 0
KaHay cBsA3H. JJIMTENbHOCTh LMKINYECKOTO NpeduKca BbIOUpaeTcs TakuM o0pa3oM, YTOObI ObITh
Ooublie, YeM JUTUTENIbHOCTh UMITYJIbCHOT'O OTKJIMKA KaHaua cBsi3u. Takum oOpaszoMm, cumBosl OFDM

umeer aiuterabHOCTh (M+L)To, e To - mepro TMCKpeTU3aIiu B CUCTEME.
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ORI - Gnok odpardoro GEICTPOro Npecdpatonadid Dyphe

BITM - Gnok GrcTporo npeodpaiobaHis Dyphe

5/P - nocnegopaTeIbHO-NAPANIENEHOE NPeoipalopaHHe MOTOKA CHMBOIOE
P/S - napannensHo-nocielopaTeNkHOE NPeodpatoBiHHe NOTOKA CHMBOIOR

Puc. 4.24. CtpykTypHas cxema CUCTEMBI CBS3H C OPTOTOHAJIBHBIM

YaCTOTHBIM MYJIbTHIUIEKCHPOBAHUEM

Ha npuemHolf cTopoHe, curHan mocjie JUCKPETU3allud U yAaJeHUs Npedukca MocTynaer B
6mok brictporo mpeobpazoBanusi dypee (BIID), rae ocymiecTBiaseTcs NEeMOIYNIALUS CHUTHaiIa
OFDM. Tlocne mpeoOpa3oBanusl MapalljieIbHOTO TOTOKA CUMBOJIOB B IOCIIEIOBATENbHBIN, CHMBOJIBI
MOCTYNAIOT B IEMOAYJISATOP, a TakKe B OJIOK OLIEHMBaHs MMapaMeTpoB KaHasa. OLEeHKH mapaMeTpoB
KaHajia HeoOXOIMMBI JJisl pabOThl IEMOAYISTOPA, IO3TOMY BBIXOJ] OJIOKA OLIEHWBAaHUS MapaMETPOB
KaHala CO€AMHEH C JeMonyisaropoM. JlanpHeimme mnpeoOpa3oBaHMs CUTHala 3aBUCAT OT
CTPYKTYPbhl KOHKPETHOM CHCTEMBI U HE OTHOCATCS K OCHOBHOM KoHIenuuu OFDM. B peanbHbIX
YCJIOBHSX pabOThl cHCTEMaM OecrpoBOHON TOABMKHOU cBsizu ¢ FDM mpuxonutcs paborath B
YCIIOBUSIX, KOI/Ia B KaHAJIE CBA3W CUTHAJ MOJBEpPraeTcs BO3AEHCTBHIO 3amupanuil. [lostomy mis
MOJTyYeHUs] TPUEMIIEMON TOMEXOYCTOHYMBOCTH TpeOyeTcs HUCIOJIb30BaHUE MOMEXOYCTOWYHBOIO

KOAUPOBAHUA.
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B mporecce pa3BuTHs ceTei nepenadn JaHHBIX MOCTOSHHO YBEIHMYMBAIOTCS TPEOOBAHMS K
CKOpOCTH Tiepenadn MH(OPMAIMM U KayeCTBY MPEAOCTABISEMBIX CEPBHCOB. JlaHHBI MeXaHH3M
MO’KHO HaOJI0JaTh U I ceTed mepefayd JaHHbIX, I[1€ CPelloi mepenadu sBISETCS paJuoKaHall.
M3-3a 3TOro B 3HAYMTENBHON CTENEHM YCIOXKHAIOTCA CHTHAJIBI, KOTOPbIE HCIOIb3YIOT IS
nepeaaun uHGopMaruu. OZHUM U3 MEPCHEKTHBHBIX BUAOB SBJISIETCS OPTOTOHAJIBLHOE YaCTOTHOE
MyabTuIuiekcupoanue OFDM.

B coBpemeHHBIX cucTeMax CBSI3UM, HalpUMeEp, B COTOBBIX CHUCTEMax CBS3H,
BBICOKOCKOPOCTHBIX JIOKAJIbHBIX BBIYMCIMTENbHBIX CETSAX W Jp., CYIIECTBYET HEOO0XOAMMOCTh
MOBBIIIEHUS TPOMYCKHOW crtocoOHOCTH. [IporyckHas cmocoOHOCTh MOKET OBITh yBETHYEHA MyTEM
pacimMpeHusi TOJOChl YacTOT WM TIOBBILICHUS M3Iyd4aeMOW MOIIHOCTH. TeM He MeHee,
IPUMEHUMOCTh 3THX METOJOB OrpaHHWYEHa M3-3a TpeOOBaHUN OMOJOTMYECKOM 3allMTHI,
OrpaHUYEHHON MOIIHOCTH UCTOYHUKA MUTAHUS (B MOOMIIBHBIX YCTPOMCTBAX) U 3JIEKTPOMArHUTHOM
coBMecTHMOCTH. [103TOMY ecii B cCUCTeMaXx CBSI3M 3T MOJIXOABI HE 00ECIEUYNBAIOT HEOOXOIUMYIO
CKOpPOCTh TepeAaydl JaHHBIX, TO 3()(PEKTHBHBIM MOKET OKa3aTbCs IMPUMEHEHHE aJalTUBHBIX
AHTEHHBIX PEIHIETOK CO C€1a00 KOPpEeJIMPOBAaHHBIMU AHTEHHBIMU 3JileMeHTaMU. CHUCTEMBI CBSI3HU C

TaKUMHU aHTEHHAaMU MOIy4YWiIn Ha3zBanue cucreM MIMO.

Texnomoruas OFDM

OFDM ocHoBan Ha pasacICHUM IMOTOKAa BXOAHBIX JAHHBIX HAa MHOXCECTBO HapaJlJICIIbHBIX
MIOTOKOB, KaXXJbI M3 KOTOPBIX NEpeAaeTcss Ha CBOEH Hecylleld (OpTOroHanbHOM) yactoTre. DTO
obecreynBaeT BBICOKHE CKOPOCTh M NMOMEXOYCTOWYMBOCTh Mepeaayd MHPOpPMAalLUU, B YAaCTHOCTH,
10 OTHOILEHUIO K ITpOBajlaM B CIIEKTpPE MEPEIaBaeMbIX CUTHAJIOB, TAK KaK Y3KOIMOJIOCHOE 3aTyXaHue
MOKECT UCKIIFOYUTH TOJIBKO OAHY HMJIM HCCKOJIBKO HECYIIHUX YaCTOT M3 UX 0O0JIBIIIOTr0 YHCIA (COTHI/I -
Teicsiun). [lockonbky Moaymsiuuss OFDM wncnonb3yer ans nepefaud OpTOTOHAJIBHBIE HECYILHE
Kosie0aHUs, TO BO3MOXKHA JIEMOAYIISALNS MOTYIMPOBAHHBIX CUTHAJIOB J1a)K€ B YCIOBUAX YaCTUYHOIO
NEPEeKPBITUS TOJOC OTAETbHBIX HecymMx. Hamuume OonbLIOro YHciaa HECYHIMX HE MO3BOJISIET
peanuzoBath Monyssinuio OFDM HemocpencTBeHHO, T.€. ¢ MCMOJIB30BAHHUEM HECKOJIBKHMX THICSY
CHHTEC3aTOPOB HECYIIHX KojaeO0aHui W HECKOILKHX TBHICSY MOAYJIATOPOB. HOBTOMy JJIA
yMeHbIIIeHUs1 00bemMa 000pyHOBaHMs YUYMTHIBAaIOT, yTo Monyisaius OFDM mnpencraBnser coboi
obpatHoe npeoOpa3oBanue Dypre, a femMoAysIIus MpsiMoe npeodpazoBanne Oypbe, U IPUMEHSIOT
OBICTpbIE AJITOPUTMBI JIBYX 3THUX IMpeoOpa3oBaHMi, NOMycKarolue 0oJjiee MPOCTYIO anmapaTHYIo
peanu3anuio 1Mo CpaBHEHHUIO C HEMOCPEICTBEHHOM pean3anueil anroputmoB monyisiuuun OFDM.
Monymsiuus OFDM ucnosnb3yercst B cucteMax IHU(QPOBOro TEJIEBUICHUS, CUCTEMaX COTOBOM CBSI3U

WIiMAX, MobileWiMAX, MBWA, aBTOMaTH3UpPOBAHHBIX CHCTEMax KOHTPOJS U Yydera
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AJIEKTPOIHEPI UM, CUCTEMaX THIA "MHTEIEKTyalbHbIN qoM" u aAp. Ha Heil 6a3upyrorcst craHaapThl

6ecripoBoHoii cBsi3u IEEE 802.11a,e,g,n; 802.16a,d,e; 802.20.

OpToronajibHOe YaCTOTHOE pa3/ieieHHe KaHAJIOB

[Ipu OecnpoBOIHON Mepenaye CUTHAJIOB OJMH M TOT JK€ CUTHAI B pe3yibTare
MHOT'OKPaTHBIX OTPaXECHUI MOXKET IIOCTYIIaTh B IPUEMHUK pa3IMYHbIMU IIyTsMU. [IoaTOMY B TOUKE
pHUeMa pe3yJIbTUPYIOIUI CUTHAII IPEJCTaBIseT co00M cynepno3uuuio (MHTeppEepeHIIni0) MHOIHX
CUTHAJIOB C Pa3JIMYHBIMU aMIUTUTYAaMU U HadalbHbIMU (pa3amu. [IpuMeHUTETHHO K MHOTOTy4eBOM
uHTephEPEHINH, BO3HHUKAIOIICH NMpH IepeJade CHUTHAJIOB, Pa3MYalOT J1Ba KpalHUX ciydas. B
IIEPBOM Cllydae MaKCUMaJlbHas 3aJ€p)KKa MEXIy pa3jIMYHbIMM CUTHAJAMH HE IPEBBIILACT
JUTUTENILHOCTH OJTHOI'O CUMBOJIA, M MHTEP(PEPEHIIMs BOSHUKAET B MpeE/ieiax OJHOrO Iepe1aBaeMoro
cuMBOJIa. Bo BTOpOM ciydae MakcHMMaibHas 3aJep)KKa MEXIY pa3IHYHBIMU CUTHAJaMH OOJIbIIe
JUTTENTFHOCTH OJHOTO CHMBOJA, M B peE3ylbTaTe WHTEPPEPECHIMH CKJIAIbIBAIOTCS CHTHAIIBI,
IIPEICTABISIONIME  pa3sHble CHMBOJIBL.  BceimeacrBue  3TOro  BO3HMKAET — MEXKCHMBOJIbHAS
uHTepepeHIys, KoTopas Haubojee CHUIbHO CKa3bIBAaeTCs HA HCKaXKEHUU curHaia. s Toro,
9TOOBI YAaCTHMYHO KOMIIEHCHUPOBATh 3((EKT MHOTOIY4E€BOTO PpACIpPOCTPAHEHUS, MPHUMEHSIOT
YaCTOTHBIC HJKBaJai3ephl, OJHAKO 1O MEpe POCTa CKOPOCTH IEpelavyd JaHHBIX OO0 3a CUeT
YBEJIMYEHUS] CHUMBOJBHOW CKOpPOCTH, JHMOO 3a CYeT YCIOKHEHUS CXeMbl KOJUPOBAHMS,
3¢ GEeKTUBHOCTh UX MPUMEHEHUs naaaer. [loaToMy A JOCTH)KEHUS! BHICOKOI CKOPOCTHU Iepesadu
JAHHBIX HMCHOJB3YIOT APYroil MOJIXOJ, COCTOSIIIMM B TOM, YTO TOTOK IEpelaBaeMbIX JIaHHBIX
pacnpenensercs o0 MHOKECTBY YaCTOTHBIX ITOJKAHAJIOB U IIepeaayda BEAETCS NapaJlIeIbHO Ha BCEX
9THX noakaHanax. IIpu a3Tom gocTuraercs BbICOKas CKOPOCThb IEpPENayM 3a CUET OJHOBPEMEHHOMN
nepelauy JaHHbBIX 110 BCEM KaHallaM, IIPUYEM CKOpPOCTb IEpeJadyl B OTAEIbHOM IOJKAaHAIE MOKET
OBITh U HEBBICOKOM. DTO CO3/1aeT MPEANOCHIIKU I 3(PEKTUBHOTO MOAABICHUS MEKCUMBOIBHON
untepdepenuu. [Ipy 4acToTHOM pa3/eneHu KaHajJoB HEOOXOAUMO, YTOOBI IIMPHUHA Ka)J0ro
KaHaja ObuIa, C OJJHOW CTOPOHBI, IOCTATOYHO Y3KOM JIIsl MUHUMHU3AIMU UCKaKEHUS CUTHaa 3 B €ro
npejenax, a ¢ Apyroi - AOCTaTOUYHO LIMPOKON AJsl oOecreyeHus: TpedyeMol CKOPOCTH Mepeayn.
Kpowme Toro, 111 5JKOHOMHOI'O HCIIOJI30BAHUS BCEH MOJIOCHI KaHaNa, pa3JesiieMOro Ha IOIKaHAaJIbI,
KEJlaTeIbHO KaK MOKHO IIJIOTHEE PACIOJIOKUTh YAaCTOTHBIE MOJKAHANbI, HO MPHU 3TOM H30€kKaTh
MeXKaHaIbHONW HHTephepeHInn g oOecredeHHsl IMOJIHOM HEe3aBHUCHUMOCTH KaHallOB JPYr OT
npyra. IlepedncieHHbIM TpeOOBAaHUSAM YJIOBIETBOPSIOT OPTOrOHAJIBHBIE YAaCTOTHBIE KaHAJIBI.
@DyHKIMH, ONUCHIBAIOLINE HECYIINE CUTHAJIBI BCEX 3TUX KAaHAJIOB, OPTOTOHAIBHBI APYT APYTY, T.€.

AJIs1 HUX BBITIOJIHACTCA YCIIOBUC!
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E"““ 27 fi(t)-sin 27 f, (1)dt =0, k #1

rae T - AuTenbHOCTh Mepe1aBaeMoro CMMBOJIA,
fl u tk - gacrotsl I-ro 1 k-ro HECYIHMX CUTHAJIOB COOTBETCTBEHHO.
OpTOroHaIbHOCTh HECYIIUX CHTHAJIOB O0ECIIEYMBAET YACTOTHYIO HE3aBUCHMOCTH KaHAJIOB

Apyr OT Apyra W, CIeloBaTelIbHO, OTCYTCTBHUE MEXKaHaJIbHOW MHTepdepeHunu. PaccMoTpeHHbIH
CTIOCO0 JIeIeHUs IUPOKOIIOIOCHOTO KaHalla Ha OPTOrOHAJIbHBIE YaCTOTHBIE MTOAKAHAIIBI HA3bIBACTCS
OpPTOrOHAJIBLHBIM YACTOTHBIM pa3/ieJICHUEM ¢ MyJbTUILIEKCUpoBaHUeM uin OFDM- monynsuuei.
OpTOroHanbHOCTh HECYIIMX CHUTHAJIOB OOECHEYMBAETCS TOJIBKO TOI/A, KOTAa 3a Bpems
JUTUTETHLHOCTH OJHOTO cHMBOJia T Hecymwuii curHan OyaeT cOBEpIIaTh IEJI0e YUCIIO KOJeOaHUH.
Tak Kak KaxIplii CHUMBOJ JUIMTEIBHOCTH T Tmepenaercss OrpaHUYCHHOW [0 BPEMEHHU

cuHycouaaabHoOU yHKImel (puc. 2.1.1), To ee criekTp onuchiBaeTcsl PyHKIMEH BUIA

sin2z(f = f)
27(f = 1)

rae fi- nentpanbHas (Hecylas) 4acToTa i-ro KaHaJa.

Taxoii >xe ¢pyHKIMEeH onuchIBaeTCs M JopMa 4aCTOTHOTO MOIKaHaja.

HCCMOTpH Ha 4YaCTUYHOC TIICPCKPBITUC HYACTOTHBIMH TIIOAKaHaJlaMu JApyr JApyra,
OpPTOIrOHAJIBHOCTh HCCYIIHUX CUI'HAJIOB obecreyuBaeT ux YaCTOTHYIO HE3aBUCHUMOCTb KaHAJIOB APYyT

OT JpyTa u, ClIeA0BATEIbHO, OTCYTCTBHE MEXKaHAIbHOW HHTEP(DEPEHITUH.

j—

~ N JANPN
AR R VAR

Pucynox 4.5 - CumBoi jymtenbHOCTRI0 T 1 ero CrieKTpaabHOE TPeICTaBlIeHUE.
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Pucynoxk 4.26 - YactoTHOE pa3zieneHne KaHAJIOB ¢ OPTOrOHAJIbHBIMU HECYIIIUMH CUTHAJIaMHU.

IIpuaoun opranuzanumn kanajaa OFDM na npumepe DVB-T
XapakTEepUCTUKHM KaHajla Iepefadd, K COXKAJICHHWIO, HE OCTAIOTCS IIOCTOSIHHBIMU BO
BPEMEHM, HO B TEUYEHHE KOPOTKOI'O IPOMEXKYTKAa BPEMEHHU 3TH XapaKTEPUCTHKHU Ji HA3E€MHOI'O
KaHaJla MOYKHO CUHMTATh IMOCTOSHHBIMU. Mcnomnb3ys 3Ty ocobenHocTh, B cucteme OFDM mmeercst
BO3MO>XHOCTb IIPUMEHUTH PACLICIUIEHUE HA36MHOI'O KaHaljla Iepeladyd BO BPEMEHM U II0 4acTOTE
(cM. puc. 1.3). B pesynpTare paguovacTOTHBIM KaHal OpraHu3yeTcs B BHUJE Habopa Y3KHUX

YaCTOTHBIX MMOJIOC U B BUJIC KOPOTKHUX BO BPEMCHHU CMCIKHBIX «BPEMCHHBIX CCTMCHTOB

Bpemn
WrpuHa nosocsl
PY-kanana

SRR IN SRR RN ENRARERRNEN,
L L L L L LA L DL AL L L L L L Ll Ll Ll Ll L r Ll il

Bpemennon cerment
Yacrora

Pucynok 4.27 - PacuierieHue kaHaia

Kaxxnas yacToTHO-BpeMeHHasl siueiika MMeeT CBOI COOCTBEHHYIO MOJHECYIIYIO (CM. pHC.

4.28). Habop mogHecymux B ONMpeeieHHOM BPEMEHHOM CerMEeHTe Ha3biBaeTcs cumMBosiom OFDM.
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Jlis ycTpaHeHusl B3aUMHBIX TIOMEX MEXK]y IMOJIHECYIIIMMHU PacCTOSTHUE (TIPOMEKYTOK) MEXKAY HUMH
BBIOMPAETCS] paBHBIM OOpPATHOM BENUYMHE JUTMTEIBHOCTH CHMBOJIA: B 3TOM CIIy4ae IOJHECYIUE

SABJIIFOTCA OPTOIOHAJIbHBIMU.

LR AL N R L ) R AR R DN Do) B I AN O R NN D A AN ) R o AN |

ALAlidaidilailidailidaldiailild

OFDM-
cumson

Yacrora

Pucynok 4.28 - BBos noHecymux 4acror.

[TockonbKy 53XO-CHUTHAbl MPEICTABISAIOT CO0OM 3aaepXaHHblE BO BPEMEHU KOIUHU
OCHOBHOIO CHrHajia, Hadaio pgaHHoro cumBosia OFDM  nonsepraercs «3arpsi3HEHUIO»
3aJlepKaHHbIM OKOHYAaHUEM IMpeIblaylero (B3auMHbIC IOMEXM MeEXIy CcuMBojiaMmu). s
ycTpaHeHus: 3Toro 3¢dexra Mexay aByms coceaaumu cumBosiamu OFDM BBoAWTCS 3amldTHBIN
uHTEepBaI (cM. puc. 4.29). Bo Bpems 3alIMTHOTO MHTEpBajia MPUEMHBIE YCTPOWCTBA UTHOPUPYIOT

HOCTyTIaIOIHI/Iﬁ CUTHAJI, YTO MPHUBOAUT K CHUKCHUIO HpOHYCKHOﬁ CIIOCOOHOCTH KaHaja nepeaavn.

AnuTensHoCTs
3aWwmTHOrO AnuTensHoCcTs
MHTYEepBana nonesxoro

HHTepBana

Yacrora

Pucynoxk 4.30 - BBoj 3aIMTHOTO MHTEpBaJIa.
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UToOBl OCYIIECTBUTH HAAJSKAINUM 00pa3oM AEMOAYJSIUI0 CHTHAlNa, MPHEMHBIE
YCTPOMCTBA JIOJKHBI IPOU3BECTH €0 BEIOOPKY BO BpeMs mojie3Horo nepuoaa cumpoia OFDM (Ho
HE BO BpeMs 3allUTHOrO HHTepBana). Ho Torma HeoOXOJMMO BBECTH BpPEMEHHOE OKHO I10
OTHOIIIEHUIO K MOMEHTY, Korjaa nepenaercs B 3dup kaxapii cumBos OFDM. B cucteme DVB-T

HCIOJIB3YIOTCA «IMWJIOTHBIC» IMOAHCCYIIUC, PABHOMCPHO PACHPCACICHHBIC B KaHaJIC IEpCAadu B

BUJIC MAPKEPOB CHHXpOHU3a1mu (cM. puc. 4.31)

< °

BpeMeHHbIe OKHa
ANK NPHEMHUKOR

Yacrora

Pucynok 4.31 - Mapkepbl CHHXpOHHU3AIUH.

Wrak, o6mas pamutensHocth Ts OFDM-cumBona mpexacraBiasier co0oil  cymmy
JUIMTEJIBHOCTEN 1osIe3HOM yacTh Tu m 3ammTHOro uHTrepBasia Tg. PaccTosiHMe MO 4acTOTe MEXIy
coceHuMH HecymuMu yactroraMu OFDM-curnana paBao 1/Tu (mockoibKy 4TOOBI OCYIIECTBUTh
Ha/IJIeKAIIUM 00pa3oM JEeMOIYJISIMIO CUTHANA, IPUEMHBIE YCTPOUCTBA JIOJKHBI MPOU3BECTU €TI0
BBIOOPKY BO BpeMms mosie3Horo nepuosaa cumoia OFDM, Ho He BO BpeMsl 3alIUTHOrO MHTEPBAJa).
3amMTHBIA HHTEPBAJ pacroaraercs rnepes nojesnon yacteto OFDM-cumBona.

CTpyKTypHas cxemMa MOAYJsITOpa

[Tpuauun OFDM-monynauuy 3akirodaercss B ciaeAyoomeM. B monoce kaHana cBs3u
IepelaeTcsi MHOXKECTBO HECYIIMX, KakJas W3 KOTOPbIX MOJIYJUpPYETCs, Halmpumep, ¢
ucnosb3oBanneM QAM-monynsuuu, yacTeio oOiero mugposoro noroka. Jlo mpeodpazoBaHus
CIIEKTpa TaKOTO0 CHUTHaja IU(POBOH IMOTOK pa30OMBAaeTCsi Ha MOCJIENOBATENbHOCTH, Kaxaas W3
KOTOPBIX COOTBETCTBYeT nepenaue KRa 6uros nudopmaiuu, rae Ra — 4ncio akTHBHBIX HECYIIHX,
k — xo3pdunuent wucnoipdyemoit QAM-mopynsaiuu (WIM YUCIO OUTOB HH(pOPMAIWH,
nepeaaBaeMoil Ha Kaxaoi akTuBHOM Hecymei). JlmurenpHocTh TO wmHTEpBasa, Ha KOTOPOM
nepenaroTcs Bce ykazaHHble KRa OuToB wmH(pOpMamuu, ompenenseT MHUHUMAIBHYIO YacTOTY
Hecymeit fU = 1/TU u uHTepBan Mexay HecyluMH, T. €. yacToTHBIA nHTepBan (Ra + Rn)fU, rae

RN - 4nci0 nacCUBHBIX HECYIIMX, XapaKTEpU3yeT TPYIIOBOM CIIEKTP MOILIHOCTH PaluOCUTHAIIA.
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KeagpatypHeii MogynaTop

Sai(t) Si(t)=Spy(t)cos(2nfyt)

Undposoi
noToK
- P

—
I(n)+jQ(n) | OBN®
—>

MeHepatop

nocnenoBaATENEHOro
KOJA B NapannensHsIA
PoprMuposaTtens
CO3BeIAMA

MNpeoBpazosaTens

Pucynoxk 4.32 - CtpykrypHas cxema uneansnoro OFDM-moaynsitopa.

[udpoBoii MOTOK MOCTynaeT Ha BXOJI MpeoOpa3oBarTes MoCIeA0BaTeIbHON HHPOPMAIH B
napajuiesibHyto. Ha Bbixose 3Toro mpeodpasoBareist GopMupyeTcst KoJ, cocrosiuuii u3 K 6utos u
COOTBETCTBYIOMINI KCIOab3yeMoit QAM-monyssiuu vHecymux (K = 2 mpu QPSK, Kk = 4 mpu QAM-
16, kK = 6 npu QAM-64 wu T.1.). IlocnenoBarenbHo Kaxasie K OMTOB TmpeoOpasyroTcs B
MapajuIeNbHBIA KO, KOTOPBIH MmogaeTcs Ha (hOpMHUPOBATEIh CO3BE3MSI, IPEOOPAZYIOMIHA ATOT KO
B 3HAYCHHS COOTBETCTBYIOIIMX BEKTOPOB 3BE3/IHOM JHMArpaMMBbl, KaK MOKa3aHO, HAIPpUMEp, Ha PHUC.

4.33.

e e e e
e

DAM=64
Pucynok 4.33 - Bapuants! curnansabix co3e3auii: QPSK, QAM-8, QAM-16, QAM-32 u QAM-
64.

[Torox O6uTOB TpaHchopmupyercs B GpopmupoBatene co3Be3aust B MoToK | m Q curHamos:

Sin) = 1I(n) + jQ(n), 1 _n _ 2N + 1, rie 2N + 1 = Ra + Rn. brok oGparHOro ObICTpOrO
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npeodpazoBanus Oypre (OBIID) mpeobpaszyeT mocae0BaTEILHOCTH BO BPEMEHH IO KOMIUIEKCHYIO
¢dbynknuto: SB(t) =2_N+1 n=1
[1(n) +jQ(M] exp(2xjnfUt) = SBI(t) +jSBQ(Y),

rae SBI(t) =2_N+1 n=1

[I(n) - cos(2znfUt) — Q(n) - sin(2rnfUt)] —cundasuas cocrapnstomias curnaita, SBQ(t)
=2_N+1 n=1 [I(n) - sin(2znfUt) + Q(n) - cos(2zxnfUt)] —kBaaparypHasi cocTaBistolIasi CUTrHaIA
(mpeobpaszoBanue cuHpasHO# cocTaBisioriei mo 'mipbepry).

Ces3p Mexay yacrotoii fU u komumuectBom Hecymmx yactor 2N + 1 curhama B
UCIIOJIb3YEMOM T0JI0CEe YacTOT MOXKHO MPEICTaBUTh rpadukom, MpuBeACHHBIM Ha puc.l.9, Ha

KOTOPOM M300pa)KeHbI aMILTUTY/Ibl OTCUYETOB cocTaBistomux yactor NfO (n=1,2,...,2N +1).

YRR+ Q)

(2N 11,

| | ] 1 1 1 i i 1 1 1 .
a1 2 3 4 5 2= 2N ZM]

Pucynok 4.34 - I'paduk criekrpanpHbix coctaBisronmx OBIO.

B cooTBeTCTBHH CO CXEMO# KBaapaTypHOro MOAyJsTopa 3Tu aBa curraina SBI(t) u SBQ(t)
MEPEMHOKAIOTCSI COOTBETCTBEHHO Ha CABUHYTHIC M0 (aze Ha 90° cHHyCOMIaNbHbIe CHTHaabl. Ha
BBIXOJIaX MMEPEMHOKUTECH (OPMUPYIOTCS IBE COCTABIISIOIINE:

IN+1
" nl Iy L l i
Sr(t) = Sgr(t) - cos( 2w ff) Z {Ef[n}- [MEE'HI_II_,I’_[_.' Ffa)

m= ]

l
b eos 25 ({nfr — f;]] - E{;ﬁ'[n:-- [a—:in'Er-.rn_.l't.- o)+ s 2wi{nfrr — _.I',]]},

IN +1
n Iy L ) " ] .
Sgit) = —5pglt) - ain|2w fof) E {Ef{n] : [crm: 2xinfu + fu) —

D |

|
— cos 2x(nfr — f,]] - E{;}[n!-- [a—:in 2a{nfy + fo) —sn2rinfy — f, ]] }
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B pesymnbrate CyMMHpOBaHHMS 3THX JBYX COCTaBISIOIIMX OKOHYATENBHO (OPMHUPYETCS
BeixoaHOM curHan OFDM-monpynsitopa. Ilpu stom pasHoctHeie wactoThl (NfO — fS) B3ammHuO

HCKIIIOYArOTCA.

CTpykTypHas cxema 1eMOAyJITOpa

L4
&
KeagpaTypHeiit aemogynaTtop o
- =
DHY= | Uy (1) 2 =% 4|5
»| yownm— —] £ 5 % o %
=8 -8
cos(2nfyy)  MUi(E)=S(t)cos(2nf,g) e E < * §§ g
=
S(=5(9*5q(9) ] N
= =2 = =1
—> g g 23
~sin(ar 2 g i
sin(2nf;t) Ug(t)==S(t)sin{2nft) PHY= [Ugglt) | '8 g "y E
> younu= [—=| & @ gc
TenNb = =

Pucynok 4.35 - CTpyKkTypHast cXxema HIeIbHOTO JeMOAYIIATOPA.

Ecnu yacrora renepatopa fs Beiopana pasuoit fs = fc + (N + 1) - fU, rue fc -uenrpanbhas

JacToTa pajuoKaHalia, TO BbIXO,HHOfI CUTHAJI oIpeACIACTCA CICAYIOIUM COOTHOMICHUCM!

2N +1
S(t) = Z {I(n) - cos2m(f. + nfy)t] — Q(n) - sin[27(f + nfyr)t]} =
n=1
N
= Z {I(n)-cos2w(f. + nfu)t] — Q(n) -sin2n(fe + nfu)i]}.
n=—N

Hecywpe naHHbIx Hecywme naHHEIx

Pucynok 4.36 - ['pynmnoBoii criekTp HeCyIIuX 4acToT.
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Ha puc. 4.36 u3o0paxeHa CTpyKTypa TpyHIoOBOro cmektpa Hecymux dactor OFDM-
CUTHaJIa.  3JeCh  YCJIOBHO  IOKa3aHbl  COCTaBIISIIONIME  CHHYCOUJAJIbHBICE  CHUTHAJIBI,
MPOMOYJIMPOBAHHBIE COOTBETCTBYIOIIUMH JTAHHBIMHU CO3Be3AMHN nUCKpeTHOM QAM-monynsauuu. B
COCTaBe CHTHaja HMMEIOTCS TakKXKe CleluajibHble MWIOTHBIE HECYIIUe, Ha KOTOPBIX Iepenaercs
uHpopManusg O TapaMmeTrpax CHUCTEMbl. OTH MUJIOTHBIC HECYIIUE HCIONB3YIOTCS TaKKe IS
o0ecriedeHrs yCTOMYMBOY CHHXPOHHU3AINMH U KOPPEKIIMH XapaKTEPUCTHK B IEMOIYIISATOPE.

Takum obpaszom, B cucremax ¢ OFDM monynsnuert nepeaaBaemas mudpoBas HHGopMarus
pasnesnieHa Ha OOJBIIOE YHUCIO HU3KOCKOPOCTHBIX TIOJKAHAIOB, JUIUTEIBHOCTh TaKTOBOTO
WHTEpBaJa MepeIauu KaxJ10i Hecyllel BechMa Bellnka. Takoe MOCTPOeHUE CUCTEMBI ITPeoOpaszyeT
IIUPOKOTIONIOCHBIM KaHal C OAHOW Hecylled B OOJIbIIOE YHCIO HE3aBUCHUMBIX Y3KOIOIOCHBIX
KaHaJOB C YaCTOTHBIM pa3/ieJIeHHEeM, YTO YIPOIIAeT KOPPEKIHIO MapaMeTpoB 3aTyXalolLIero
curHaia. bojee Toro, psa TPy HECYIIUX MOXET OBbITh MMOJHOCTBIO TIOJABJICH MPU MpUEMe, €CIu
JOTIOJTHUTEIBHO BBOAUTCS KOPPEKTUPYIOIIEE KOJAUPOBAHUE JTAHHBIX B COUETAHUU C BPEMEHHBIM H
YaCTOTHBIM TepeMekeHueM. [Ipu TakoM IMOCTPOCHHH CHCTEMbl MOAYJISIIMIO YacTO HA3bIBAIOT
COFDM (Coded Orthogonal Frequency DivisionMultiplexing — koaupoBaHHOE OPTOrOHAILHOE
4acTOTHOE MYJIbTHIUIEKCUPOBaHKE, pasHOBUIHOCTh TexHomoruu OFDM, coderaromiasi kaHaJIbHOE
kogupoBanue u OFDM).

Ha puc. 4.36 mpuBefieHa CTPYKTypHas CXeMa HJICATHHOTO JEMOIYJISATOPA, COACPIKAIIETO
KBaJIpaTypHBIN AEMOIYJISTOP U Psll IpeodpazoBareneii, (opMHUpyOIMUX NepeaaBaeMyto HUPPOBYIO
MH(pOPMALIHUIO.

B kBagparypHoM JeMoaynsTope BXoaHO# curaain S(t) mepeMHoXkaeTcs ¢ IByM CABHHYTHIMHU
Ha 90° CHHYCOMIAIbHBIMH CHTHAJIaMH oOmopHoW yactoThl fS. Ha aByX BBIXOJax BBIIEISIOTCS

CHUI'HAJbI:

Ur(t) = S(t) - cos(2m fst) = Z { =I(n) - [cos2mn fyt + cos2m(2fs + nfy)t] —

_ %Q{n) - [sin 2mn fyt + sin 2w (2 fs + nfy )] } .

Ug(t) = S(t)-[—sin(27 f,t)] Z

( I(n) - [sin 2anfyt — sin 2w (2 f, + nfi)t] +

t\.aln—l ,.—-"—\

—Q(n) - [cos2mnfut — cos 2m(2fs + nfu }t]} :
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OTH JBa CHWTHaja TMOCTYNAIOT COOTBETCTBEHHO Ha JBa (WIbTpAa HIDKHUX YacTOT U
yCWJIMBAIOTCS B JiBa pa3a. Ha Bxojwl mpeoOpazoBaTesisi B mapajljiesibHbIe KOABI MPU 3TOM MOJIAI0TCS

JABa CMI'HaJia:

2N +1

Upr(t) = Z [I(n) - cos(2mn fut) — Q(n) - sin(2mn fut)],
e

Upglt) = Z [I(n) - sin(2mn firt) + Q(n) - cos(2mn firt)].
n=1

Takum 00pa3oM, Ha BXOJ CXEMBI OBICTPOro ImpeobpasoBanus Dypbe MOJAETCS CHIHAI,
KOTOpBIfI MOXET 6BITI) MMpEACTABJICH B CJICAYIOIIEM BUIC
2N +1

Ug(t) = Up(t) + jUpo(t) = Z I(n)+ jQ(n)] exp(2mjinfirt).

n=1
OueBuaHO: mocie mnpeoOpaszoBanus Dypbe GopMupyeTcs — MOCIEAOBATEIBLHOCTD,

onpceaciaronias BEKTOPbI 3BeSI[HOI>i JuarpaMmabI:
Sn)=In)+jQ(n), 1<n<2N+1,

KOTOpBIE  BBIXOJHBIM IpeoOpa3oBareneM TpeoOpa3yloTcss B  IepeaaBaeMylo  IH(POBYIO

OCICI0OBATCIIBHOCTD.

HocTtouncrBa u Hepoctatku OFDM

IL1rocel

* Bricokas 3¢ (}eKTUBHOCTh HCIOJB30BAaHUS PATUOYACTOTHOTO CHEKTpa, OOBsCHsAEMas
MIOYTHU IPSIMOYTOJILHOM opMoii orubaroriei crekrpa npu 00JIbIIOM KOJIMYECTBE MOAHECYIIHX.

* [Ipocras anmapartHas peanau3anus: 0a30Bble ONEpalUi PeaTU3yIOTCs METOAaMU LU(pPOBOi
00paboTKH.

» Xopolee NpoTUBOCTOSTHUE MeXCUMBOJIBHBIM TTomexaM (ISI — intersymbol interference) u
unrepdepenmu mexay noguecymmmu (ICI — intercarrier interference).

* BO3MOXXHOCTb MPUMEHEHUSI PA3IMYHBIX CXEM MOAYJSIIMM JUIsl KaKI0W MOAHECYILEH, 4TO
MO3BOJISIET AANTUBHO BapbUPOBATh IOMEXOYCTOHUNBOCTD U CKOPOCTH Mepeaud MH(pOpMaIiu.

Munycsl

* HeoOxommnma BBICOKAsi CHHXPOHHU3AIIMS YaCTOTHI U BPEMEHH.
* UysctBuTenpbHOCTh K 3¢dekty Jomnepa, orpannuuBaroiias npumenenne OFDM B

MOOUJILHBIX CUCTEMaX.
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* He uaeansHOCTh COBPEMEHHBIX MPUEMHUKOB M TIEPEAATUYUKOB BBI3BIBACT (DAa30BBIN MIyM,
YTO OTPAHUYUBAET MPOU3BOAUTEIHLHOCTH CUCTEMEI.

* 3ammTHBIA WHTEpBaI, wHcHoidb3yeMbii B OFDM s GopbObl ¢ MHOTOJIYYE€BBIM
pacnpocTpaHEHHEM, CHUKAET CIIEKTPAIbHYIO 3(()eKTUBHOCTH CUTHAJIA.

Texnoaorus MIMO

MIMO (Multiple Input Multiple Output — MHOXECTBEHHBII BXO] MHOKECTBCHHBIH BBIXOJT) —
ATO TEXHOJIOTHSA, UCTIOJb3yeMas B OectipoBoHbIX cuctemax cBsizu (WIFI, WI-MAX, coToBsie ceTn
CBSI3M), TMIO3BOJISIONIAS 3HAYUTENIBHO YIYYIIUTh CIEKTPAIbHYIO 3(PQPEKTUBHOCTh CHUCTEMBI,
MaKCUMaJbHYIO CKOPOCTh TEpeladyd JaHHBIX M €MKOCTh CeTH. [ TaBHBIM CITIOCOOOM JOCTHKEHUS
YKa3aHHBIX BBIIIE MMPEUMYIIECTB SIBJIACTCS Mepe/iada JaHHBIX OT UCTOYHHMKA K MOJIy4aTelo depes
HECKOJIbKO pPajJu0 COCIMHEHUH, OTKyJa J[JaHHas TEXHOJOTHs U TMOJy4yusia CBOE Ha3BaHUE.
PaccMoTpuM mpeapicTOpHIO JaHHOTO BOMPOCA, U OMPEIEIUM OCHOBHBIE MPUUYMHBI, MTOCITY>KHUBIINE
LIMPOKOMY pacrpocTpaHeHuto TexHosoruu MIMO.

Heo6xoauMocTh B BBICOKOCKOPOCTHBIX COCAMHEHUSX, MPEIOCTABISIONINX BBICOKHE
nokasareiu kadectBa oOciyxuBaHus (QoS) ¢ BBICOKON OTKa30yCTONYMBOCTHIO pacTeT OT Troja B
roJ. OTOMy B 3HAYUTEIHHON Mepe crocoOCTBYET MosiBIieHUE Takux cepBucoB kak VolP (Voice over
Internet Protocol), Buneokondepenmu, VoD (Video on Demand) u np. OmgHako OONBIIMHCTBO
OCCIPOBOJHBIX TEXHOJIOTUH HE TMO3BOJSIOT TIPEJOCTaBUTh AOOHEHTAM BBICOKOE KaueCTBO
o0CITy’KMBaHHUSI Ha KParo 30HBI MOKPHITUS. B COTOBBIX M Apyrux OECHpPOBOJIHBIX CHCTEMAax CBS3U
KaueCTBO COEAMHEHMUS, TAK)KE KaK U JIOCTYITHAs CKOPOCTh Mepe/laydl JaHHBIX CTPEMHUTENBHO MaiaeT
¢ ynaineHueM oT 6a3oBoi craniuu (BTS). BMecte ¢ 3TuM majgaer u KauecTBO yCIyT, YTO B UTOTE
MPUBOIUT K HEBO3MOXKHOCTH MPEIOCTABICHUS YCIYT PEaTbHOTO BPEMEHHU C BHICOKUM KaueCTBOM Ha
BCEH TEPPUTOPUHU PAINO MOKPHITHS ceTu. [l perieHus NaHHOW mpoOaeMbl MOKHO MOMPOOOBaTh
MaKCUMaJbHO TUJIOTHO YCTaHOBUTH 0a30BbI€ CTAHIIMU M OPTraHU30BaTh BHYTPEHHEE MOKPHITHE BO
BCEX MECTAaX C HU3KUM YypoBHeM curHama. OJHAKO 3TO MOTpedyeT 3HAYMTENbHBIX (PUHAHCOBBIX
3aTpaT 4YTO B KOHEYHOM CYETE TMIPUBEIET K POCTY CTOMMOCTH YCIYTH € CHUIKEHHUIO
KOHKYpPEHTOCTIOCOOHOCTH. Takum 00pa3om, i peIIeHus JaHHOM MpoOieMbl Tpedyercs
OpPUTHHAIILHOE HOBOBBEACHHE, UCTIONB3YIOIIEEe, 10 BO3MOXKHOCTH, TEKYIIUN YaCTOTHBIN AUANa30H U

He TpeOyrolee CTPOUTETHCTBA HOBBIX OOBEKTOB CETH.

Oco0eHHOCTH pacnpoCTPAHEHUs] PAAMOBOJIH
Jns Toro 4TtoOBl MOHATH NPUHLUIOBL JedcTBHS TexHojormun MIMO HeoOxoaumo
paccMOTpeTh OOIIMe MPUHLUIBI PACOPOCTPAHEHUS PaaMo0 BOJH B IPOCTPAaHCTBE. BoHBI,

M3JIy4aeMble Pa3IMYHBIMU CUCTEMaMU OECIPOBOIHON paauocBs3u B nuamnazone cpwime 100 MI,
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BO MHOTOM BeJyT ce0s Kak CBETOBbIC JTyuH. Korja painoBOIHEI IPHU paCpOCTPaHEHUU BCTPEUAIOT
KaKylo-Tu00 TIOBEPXHOCTh, TO B 3aBHUCHUMOCTH OT MaTepuajia M pa3Mepa MPEnsSTCTBUS YacCTh
SHEPTHH TOTJIONIACTCS, YaCTh MPOXOJUT HACKBO3b, a OCTABIIAsACA — oTpakaeTrcs. Ha cooTHomeHne
JI0JIEH MOTJIOMIEHHOM, OTPAaXEHHOW W MPOIIEAIIed HACKBO3b YacTEH HHEPIruil BIMSET MHOYKECTBO
BHEITHUX (DaKTOPOB, B TOM YHUCJI€ W YaCTOTa CHUTHaia. [IpwueM oTpakeHHass W MPOIIEAIIas
HACKBO3b SHEPI'HH CUTHAJIA MOTYT U3MEHHUTH HAIIPABJIICHUE CBOETO JAJIbHEUIIIET0 pacpOCTPAHEHHUS,

a CaM CUrHaj p336I/IBaCTCH Ha HECKOJIBKO BOJIH.

Mpenarcreue

YacTb aHeprum
L~ nornoTtunacb

Ya 3Heprum
npowna KBO3b

Pucynok 4.37 - PactipenienieHuie sHEpruu CUrHaia Mpu B3auMOICUCTBUM C MPEMSATCTBUEM.
Pacnipoctpassitomuiicst Mo BbIIEYKa3aHHBIM 3aKOHAM CHUTHAJI OT UCTOYHHMKA K MOJIydaTesto
1ocJjie BCTPEYH C MHOTOYMCICHHBIMU TMPENSATCTBUSAMH pa30MBAeTCsl HA MHOXKECTBO BOJIH, JIUIIb
4acTh U3 KOTOPBIX JOCTUTHET NMpUeMHHUK. Kaxias u3 gomeamux 10 NpueMHUKa BOJIH 00pa3yeT Tak
Ha3bIBa€MBbI IYThb pacHpoCTpaHeHUs curHana. IlpuueM wH3-3a TOro, 4YTO pa3HblE BOJHBI
OTPaXXarTCsl OT Pa3HOI0O 4YMCia MPENSATCTBUM M MPOXOJAT pa3HOE PacCTOSHUE, Pa3IMYHbIEe MYTH

HUMCIOT Pa3HbIC BPECMCHHBIC 3aICPIKKHU.

Pucynox 4.38 - [Ipumep MHOTOTYYE€BOTO pacipOCTPAHEHUS CUTHATIA.
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B ycnoBusX MIOTHOM TOpOJACKON MOCTPOWKH, W3-32 OOJBIIOTO YMCIA MPENSTCTBUNA, TAKHX
KaK 3JaHMs, JEpPEeBbs, aBTOMOOWJIM M Jp., OYEHb YacTO BO3HMKAET CUTYallUs, KOTJA MEXIy
a0oHEeHTCKUM oOopyaoBaHueM (MS) u anteHHamu 0a3oBoi craninmu (BTS) orcyTcTBYeT mpsimas
BUIUMOCTb. B 3TOM ciy4yae, €IMHCTBEHHBIM BAapUAaHTOM JOCTH)KEHHS CHUTHAJa TNpPUEMHHUKA
SABIISIIOTCSL OTpakKeHHBbIE BONHBL. OJHAKO, KaK OTMEYaJOCh BBIIIE, MHOTOKPAaTHO OTpPa)KEHHBIN
CUTHaJ YK€ He o00JiajjaeT HMCXOJHOW JHEprueil u MOoKeT mpuiTH ¢ 3amnoznanueM. OcoOyro
CIIO)KHOCTh TaKXe co3AaeT TOT (akT, 4TO OOBEKTHl HE BCEr/la OCTAIOTCA HEMOJBHKHBIMU U
00CTaHOBKA MOXET 3HAYUTEIIbHO M3MEHHUTHCS C TEUEHUEM BpEeMEHHU. B CBs3u C 3TUM BO3HHKAET
npobjieMa MHOTOJIYYEBOIO paclpOCTPaHEHHs] CUTHala — OJHAa M3 Haumbolee CyIIeCTBEHHBIX
po6JeM B OeCIIPOBOIHBIX CHCTEMAX CBSI3H.

Jns 6oppOBI C MHOTOJIYYEBBIM PACIPOCTPAHEHUEM CHTHAJIOB MPHUMEHSETCS HECKOIBKO
pas3nuuHbIX pemieHuil. OgHOM W3 Hambolee pacHpOCTpaHEHHBIX TEXHOJOTUU siBIsieTcss Receive
Diversity — pasnecennblii npueM. CyTh €ro 3akjirioyaeTcss B TOM, 4YTO Ui NpHEMa CHrHajia
UCTIOJB3YeTCsl HE O/IHA, a CPa3y HECKOJIbKO aHTEHH (OOBIYHO JIBE, PEKE YETHIPE), PACIIONIOKEHHBIE
Ha PacCTOSHUM JAPYT OT Jpyra. Takum oOpas3oM, IMoyydaTeib UMEET HE OJHY, a Cpa3y JBE KOIMUU
MEePEelaHHOTO0 CHUTHANIa, MPUIIEANIET0 PAa3JIUYHBIMU MYTSIMH. DTO JaeT BO3MOXKHOCTh COOpaTth
OoJbIIle SHEPTHH MCXOJHOTO CUTHANA, T.K. BOJHBI, MPUHSITHIE OJHOW AHTEHHOW, MOTYT HE OBITH
MPUHATBIMU IpYTroi U Ha000poT. Takke curHalibl, IPUXOAAIIUE B IPOTUBO(A3E K OJHON aHTEHHE,
MOTYT TPUXOJUTH K JAPYrol cuHdpaszHo. DTy CXeMy OpraHU3alud pajauo UHTepdeiica MOKHO
Ha3BaTth Single Input Multiple Output (SIMO), B nmpoTtuBoBec cranmapTHoil cxeme Single Input
Single Output (SISO). Takxe MOXeT ObITH MPUMEHEH OOpPATHBIM TMOJXOJ: KOTJA HCIOIB3YETCs
HECKOJIbKO aHTEHH Ha Iepeady M OfHa Ha mpueM. biaromapst 3ToMy TakkKe YBEIMIHBAETCS O0IIast
SHEprus MCXOJHOr0 CUTHaia, MOJY4YeHHas MPUEMHHMKOM. JTa cxema HasbiBaeTcst Multiple Input
Single Output (MISO). B o6eux cxemax (SIMO u MISO) HeckonbKkO aHTEHH YCTaHABIUBAIOTCS HA
CTOpoHe 0a30BOW CTaHLMH, T.K. PEaIM30BaTh Pa3HECEHHE AHTEHH B MOOMJIBHOM YCTpOICTBE Ha
JIOCTaTOYHO OOJIBIIOE PACCTOSHUE CIOXKHO 0€3 YBEIMYeHHs TadapuTOB CaMOI0 OKOHEYHOI'O
000pyIOBaHUA.

() ——————> ()

= (te2)

/ /

/

Single Input Multiple Output Multiple Input Single Output

Pucynok 4.39 — [IlpuMeHeHNe HECKOJIBKUX aHTCHH
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B pesynbrare manbHEHIIMX paccyKACHUI MbI mpuxoauM K cxeme Multiple Input Multiple
Output (MIMO). B 3Ttom ciydyae ycTaHaBIMBAIOTCS HECKOJIbKO AHTEHH Ha Iepeady U IpUEM.
OpHako B OTIMYME OT YKAa3aHHBIX BBIINIE CXEM 3Ta CX€Ma PA3HECEHMs IIO3BOJIIET HE TOJBKO
O00pOTbCS € MHOIOJYYEBBIM PACHPOCTPAHEHHEM CHUTHAJla, HO H© MOJYYUTh HEKOTOpPbIE
JIOTIOJIHUTENbHBIE NPEUMYIIECTBA. 34 CUET MCIOJIb30BAaHUS HECKOJIBKUX aHTEHH Ha Iepelradye u
npueMe KakJoW mape, Mepenarolieil/IpueMHO aHTEHHE MOXKHO COIOCTABHTH OTICIBHBIA TPaKT
s nepenaun uH@opmanuu. Ilpu sToM pasHeceHHbIH npueM OyIeT BBINOJIHATHCS OCTABIIMMUCS
aHTEHHAaMM, a JJaHHasl aHTEHHA TaKXe Oy/AeT BBINOJIHATh ()YHKIMHU JOMOJIHUTEILHOW aHTEHHBI /IS
JpYTUX TPAaKTOB mepenauu. B pesynbrare, TEOPETUUECKH, MOXKHO YBEIMUYUTH CKOPOCThH INE€pEnavn
JaHHBIX BO CTOJBKO pa3, CKOJBKO JOMOJIHUTEIbHBIX aHTEHH OyAeT Hcmoib3oBaTbes. OmHAKO
CYLIECTBEHHOE OTPAHUYEHUE HAKIIAbIBACTCSA KaU€CTBOM Ka)KJIOTO paayo TPAKTA.

Ipunuun padorsl U ctpykTypHas cxema MIMO

Kak yxe oTmeuanocs Bblllle, sl opranuzanuu texHoaorun MIMO HeoOxoauma ycTaHOBKa
HECKOJIbKUX aHTEHH Ha Mepearoliel U Ha NpUeMHOM cTopoHe. OOBIUHO YCTaHABIMBAETCS paBHOE
YHMCJIO aHTEHH Ha BXOJE U BBIXOJAE CHCTEMBI, T.K. B 3TOM CiIy4ac IOCTUracTCcs MaKCHMasbHas
CKOpOCTh Iepefay JaHHbIX. YTOOBI MOKa3aTh YMCIO AHTEHH Ha NpHEMEe U Iepejade BMECTE C
Ha3zBaHueMm TexHonorun «MIMO» o0brdHO ymomuHaercsi obo3HaueHue «AxBy», rme A — uymcno
AHTEHH Ha BXOJE cucTeMbl, a B — Ha Beixoge. [lox cucremoii B JaHHOM Cilyyae MOHUMAETCS Paguo
COEUHECHHUE.

Hnsa pabotel TexHonmormn MIMO HeoOXoauMBI HEKOTOpbIE H3MEHEHUS B CTPYKType
nepeaTuvKa Mo CPaBHEHHIO C OOBIYHBIMM CHCTeMaMu. PaccMOTpUM JUIIL OJUH U3 BO3MOXKHBIX,
Haubojee NpOCThIX, CHocoOoB opranuzauuu TexHoiaorun MIMO. B mnepByio ouepenp, Ha
nepeaamneil cTopoHe HEeoOXOIUM JIeNIUTENb TOTOKOB, KOTOpBIM OyAeT pa3lenaTh JaHHbIE,
IIpeIHa3HAYEHHBIE NI NI€peayl Ha HECKOJIbKO HHU3KOCKOPOCTHBIX IMOJNOPOrOB, YMCIO KOTOPBIX
3aBUCHT OT uMcia anTeHH. Hammpumep, st MIMO 4x4 1 ckopocTH MOCTYIIIIEHHUS BXOAHBIX JAHHBIX
200 Mo6wuT/cex nenutenb Oynet co3naBarh 4 motoka mo 50 MOut/cek kaxapiid. Jlanee KakIblil ux
JAHHBIX MOTOKOB JIOJDKEH OBITh MepefaH yepe3 CBOI aHTeHHY. OObIUHO, aHTEHHBI Ha Iepeaaye
YCTaHaBJIMBAIOTCS] C HEKOTOPBIM MTPOCTPAHCTBEHHBIM Pa3HECEHUEM, YTOOBI 00ECIIEUUTh KaK MOXKHO
Oosblllee YUCIIO TOOOYHBIX CHUTHAJIOB, KOTOpbIE BO3HUKAIOT B pe3yjbTare MNepeoTpakeHuil. B
OJTHOM M3 BO3MOXKHBIX CIIOCOO0B opranu3aruu texHosoru MIMO curnan nepegaeTcst OT Kaxaou
aHTEHHbl C Pa3JIMYHON MOoJspU3alueld, 4TO TMO3BOJSET HJICHTU(GUIUPOBATh €ro Mpu IpHUEME.
OpHako B mpocTedlieM ciaydae KaXKIblii M3 IE€pelaBaeMbIX CHUTHAJIOB  OKAa3bIBAETCS
IPOMapKUPOBAaHHBIM caMOW cpeoil mepenauu (3afepKKoi BO BpPEMEHH, 3aTyXaHUEM U JIPYTUMHU

HCKaKCHHSIMHU ).
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Ha mpuemHO#l cTOpoHE HECKOJIBKO aHTEHH MPUHUMAIOT CUTHall u3 paauoddupa. Ilpuuem
AQHTEHHBl HAa TMPHEMHOW CTOPOHE TAKXKE YCTAHABIMBAIOTCA C HEKOTOPHIM IPOCTPAHCTBEHHBIM
pa3HeceHHeM, 3a CYeT Yero oOOecCHeuMBaeTCs pa3HECEHHbIH NpueM, OOCYXAaBIIUKCA paHee.
[IpuHsATHIE CUTHANBI MOCTYIAOT HA MPUEMHHUKH, YUCIO KOTOPHIX COOTBETCTBYET YHMCIY AHTEHH W
TpakToOB meperaud. IlpudeM Ha KaXIbplii U3 NMPHEMHUKOB MOCTYMAIOT CHTHAIBI OT BCEX aHTCHH
cucreMbl. KaxIplii U3 TaKUX CyMMAaTOPOB BBIJIENISAET M3 OOILIETO MOTOKA SHEPTHIO CUTHAJA TOJIBKO
TOTO TpaKTa, 3a KOTOpPBIK OH oTBeuaeT. Jlemaer oH 3To0 JMOO MO KakoMmy-IuOO 3apaHee
MPEelyCMOTPEHHOMY TMPHU3HAKY, KOTOPHIM ObUI CHAa0XXEeH KaXKIblii M3 CUTHAJIOB, MO0 Onaromaps
aHaNN3y 3aJIePKKH, 3aTyXaHus, caABUra (asbl, T.e. HAOOPY MCKAKEHHH WM «OTIEYATKYy» CpeIlbl
pacripocTpaHeHus. B 3aBucuMocTu OT mpuHIuna pabotel cuctembl (Bell Laboratories Layered
Space-Time - BLAST, Selective Per Antenna Rate Control (SPARC) u T.1.), nepenaBaeMbiii
CUTHaJl MOXET TOBTOPSTHCA Yepe3 OIpeAesieHHOe BpeMms, MO0 MepenaBaThCsi ¢ HEOOIbIION

3a/IepKKOM 4epe3 IPyTrue aHTCHHBI.

( ( )\ \\
\' / N )/l

MIMO 2X2

NMohnordkn

Cymmarop

Oenurens

MNecxoaHbIn NnOToK
uHbopmauum

Pucynoxk 4.40 — I[Ipunuun opranuzanuu texsosorun MIMO

B cucreme c¢ texnonorueii MIMO MoXeT BO3HMKHYTh HEOOBIYHOE SIBJICHHE, KOTOPOE
3aKJIF0YAeTCs B TOM, UTO CKOPOCTH Iepesiaun JaHHBIX B cucteMe MIMO MoXeT CHU3UThCS B ciiydyae
MOSIBIICHUS IPSIMOM BUANMOCTH MEX/1y UCTOYHUKOM U NMPHUEMHUKOM CUTHasa. DTO 00YCIOBICHO B
IIEPBYI0 04YEpEIb YMEHBIICHUEM BBIPDAXKECHHOCTH MCKAXEHUN OKPYKAIOLIETO IPOCTPAHCTBA,
KOTOPBIA MapKHpyeT KaXIbld W3 CUTHAJIOB. B pe3ynbTaTe Ha NPHUEMHONW CTOPOHE CTAaHOBUTCS
MpoOJIEeMaTUYHBIM pPAa3eIUTh CUTHAJIBI, U OHM HAYMHAIOT OKa3blBaTh BJMSHHE JIpYr Ha JApyra.
Takum 00pa3om, 4yeM BBIIIE KA4E€CTBO PAJHO COEAWHEHHs, TEM MEHBIIE MPEUMYIIECTB MOXKHO

nosryants oT MIMO.
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IIpumenenne MIMO

Texnonorus MIMO B nocnenHee AECSITUIETHE SBISETCS OAHMM M3 CAMbIX aKTyaJbHBIX
CHOCOO0OB YBEIMYEHHUS MPOIYCKHOM CHOCOOHOCTH W €MKOCTH OECHpPOBOJIHBIX CHCTEM CBSI3H.
PaccmoTpuM HekoTOpbIe TpUMeEpbI Hcnodib3oBanuss MIMO B pa3iuyHbIX CUCTEMAaxX CBSI3H.

Cranmapt WiFi 802.11n — ogun u3 Hanbosiee (pKUX NPUMEPOB HCIIOJIb30BAaHHS TEXHOJIOTUU
MIMO. CormacHO eMy, OH IO3BOJSET MOMJIEPKUBATh CKOpOcTh 10 300 Mout/cek. [Ipuuem
npeapiaymuid cranaapt 802.11g mo3Bossut npenocTaBiaaTh auiib S0 Mout/cek. Kpome yBennueHus
CKOPOCTH Tepelaydl JaHHBIX, HOBBII cranmapt Omarogaps MIMO Takke mo3BoJisieT 00ecneuuTh
Jy4IIue XapaKTepUCTHKH KauecTBa OOCITYy)KHBaHUS B MeCTaX C HU3KUM ypoBHeM curHaina. 802.11n
UCIIONIL3YETCS HE TOJNBKO B cHcTeMax Todka/MHorotouka (Point/Multipoint) — HauGonee
MPUBBIYHOW HHINE HCIONb30BaHUs TexHonoruu WiFi mns opranmszanmm LAN (Local Area
Network), HO U A7 opraHu3allMy COEIWHEHUH TUIMA TOYKA/TOYKA KOTOPBIE HCIONB3YIOTCS IS
OpraHU3allil MAarkuCTPabHBIX KAHAJOB CBSI3M CO CKOPOCTBIO HECKOJIBKO cOoTeH MOuT/cex u
MO3BOJISIIOIIMX M€peAaBaTh JaHHbIE HA IECATKH KMJIOMETPOB (10 50 km).

Crangapt WiMAX Ttaxke uMeeT JBa penu3a, KOTOPhIe PaCKPbIBAIOT HOBBIE BO3MOXKHOCTHU
nepea moJib3oBaTensaMu ¢ momolnisto TexHojaorun MIMO. Ilepwiii — 802.16e — mpemocTaBiseT
YCIyrd MOOWJIBHOTO IIMPOKOIOJIOCHOTO JocTyna. OH MO3BONSET IMepenaBaTb WHGOPMAIHIO CO
cKopocThio 70 40 MOuT/Cek B HaNpaBJICHUU OT 0A30BOW CTAHIIMK K a0OHEHTCKOMY 000PY/I0BaHHUIO.
Omnako MIMO B 802.16e paccmaTpuBaeTcsi KakK OIUMA W MCHOJB3YeTCd B MPOCTEUILIEH
KoHurypauuu — 2x2. B caenyromem penausze 802.16m MIMO paccmaTpuBaeTcs Kak o0s3aTeNlbHas
TEXHOJIOTHS], C BOBMOXXHOM KoHpurypauuei 4x4. B nannom cinyqyae WiMAX yxe MOXKHO OTHECTH K
COTOBBIM CHCTEMaM CBSI3U, & UMEHHO YE€TBEPTOMY UX IOKOJEHHIO (32 CYET BBICOKOM CKOPOCTH
nepefayd JaHHbIX), T.K. 00JajaeT psAOM HPUCYIIUX COTOBBIM CETSM IPU3HAKOB: POYMHUHT,
X3HJI0BEP, TOJIOCOBBIE COeMHEHMs. B ciryyae MOOMIIBHOTO MCHOIb30BAHUS, TEOPETUUECKH, MOXKET
ObITh JocTurHyTa ckopocth 100 MOut/cex. B (uKcHpOBaHHOM HCHOJHEHUH CKOPOCTH MOKET
nocrurath 1 I'6ut/cek.

HaunbGonpmmii vHTEpEeC mNpencTaBiseT Hcnonb3oBaHue TexHojorun MIMO B cucremax
COTOBOM cBs3U. J[aHHAs TEXHOJOTUS HaXOAWUT CBOE MPHUMEHEHHUE, HAUMHAS C TPETHErO NOKOJIECHUS
cucreM coToBoi cBsi3u. Hanpumep, B ctangapre UMTS, B Rel. 6 oHa ucnonb3yercs COBMECTHO C
texnonorueit HSPA ¢ momnepxkoii ckopocreir g0 20 Mout/cex, a B Rel. 7 — ¢ HSPA+, rne
CKOpocTH Tiepenayu naHHbix gocturaior 40 Mout/cex. Omnako B cucremax 3G MIMO Tak u He
HAaIlIa [MHAPOKOTO MPUMEHEHHUS.

Cucrempl 4G, a umenHo LTE, rtaxxke mnpenycmarpuBaroT wucnosnb3zoBanue MIMO B

KoH(purypauuu 10 8x8. DTO B T€OpUU MOXKET J1aTh BO3MOKHOCTH I€pe/laBaTh JaHHbIE OT 0a30BOM
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cTaHiuu K aboHeHTy cBblie 300 Mout/cek. Takke Ba)KHBIM MOJIOKUTETLHBIM MOMEHTOM SIBJISIETCS
YCTOMYMBOE KadeCTBO COEAMHEHMsI Jake Ha Kparo coTbl. [Ipm 3TOM pake Ha 3HAUUTEIBHOM
yaajaeHuu OT 0a30BOM CTaHIIMU, WK MPU HAXOXKJICHUH B TJIyXOM IOMELICHUH OyaeT HaOto1aThCs
JIMIIb HE3HAYUTEIbHOE CHHXKEHUE CKOPOCTHU NIEpPEeauu JaHHBIX.

Taxum o6pazom, Texnosorust MIMO HaxoauT MpUMEHEHHE MTPAKTUYECKH BO BCEX CUCTEMax
OecrpoBOHONM TepeAaud JaHHBIX. [lpuueM TMOTeHIMAn ee He ucYepnaH. YKe ceifuac
pa3pabaThIBalOTCS HOBBIE BapuaHThl KOH(QUTypallUM aHTEHH, BIUIOTH A0 64x64 MIMO. DOto B

OyaymeM TO3BOJUT JTOOUTHCS eme OOJBIIMX CKOPOCTEH Mepeiaud JaHHBIX, eMKOCTH CETH W

CIEKTPAIbHOM A(PPEKTHBHOCTH.

1. 3apanue Ha 1aGopaTOpHYIO padoTy
Jlnst uccnenoBanus OFDM:

1. Usmensis BepositHocTh Hyist (probability of a zero) or 0 no 1 ¢ marom 0,1 cHATh
3aBHCHUMOCTH YaCTOTHI OUTMOOK OT BEepOsTHOCTH HYIs. [locTpouts rpaduxk.

2. W3mensis otHomenue curHan/mym ot 0 n1b no 20 gb c¢ marom 4 CHSTH 3aBUCHUMOCTH
9aCTOTHI OMMOOK OT OTHOIIICHUS CUTHAJI/TITYM.

3. Cuarp cossesaue «IFFT + white noise on amplitude Constellation» ans 3HaueHHi

oTHouieHus curnan/mym 5 b, 10 nb, 20 ab.

Cxema uccnenoBannss OFDM mnpencrasnena Ha pucynke 4.41:

Bernoulli ——— ——# Rectangular IFFT »
Binary 16-QAM
Bernoulli Binary R ectangulsr QAM IFFT |FF T cors tellation
Generstor [T -
Baseband
R YacTtoTa ownbok
T Emor Rate E :j
¢ alculation 1 484e+]8] O6wes wicno cwwbor AWEN
— Fx » — AWGN
2038e+0g Chwee SHCND CREEHEHKA Channel
Emor Rate
Calculation
Emaor rate “
L Rectangular ' FFT 3
16-0AM
Rectangular 2AM FFT IFF T+ white noise on amplitude
Demodulator Constellation
Baseband

Constellation after FF T to the
noisy IFFT

Pucynok 4.41 — Cxema uccnegoBanus cuctemsl OFDM.
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B pa60Te HCIIOJIb30BAHBI CIICAYIOIINC O0KHU:

1)
2)
3)
4)
5)
6)

Bernoulli Binary Generator — reneparop IICII.
QAM — momynsiTOp.

bnox o6patHoro 6sicTporo npeodpazoBanust Oypobe.
briok AWGN (kaHai ¢ mrymom).

brok QAM-nemonynsropa.

Bitok moxcuéra ommdoK.

Hactpotiiku 6J10K0B IpeaCTaBICHBI HA PUCYHKAX

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: ‘stime

Frame-based outputs

Samples per frame: |nb:—:~|em * log2(M)

Cutput data type: |duuhle

Q OK H Cancel H Help

Pucynok 4.42 — Hacrpoiiku 610ka reneparopa IICII.
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Rectangular QAM Modulator Baseband

Modulate the input signal using the rectangular quadrature amplitude
modulation method.

This block accepts a scalar or column vector input signal.
The input signal can be either bits or integers. When you set the 'Input

type' parameter to 'Bit', the input width must be an integer multiple of the
number of bits per symbol.

Main | Data Types

Parameters

M-ary number: |16

Input type: |1nteger
Constellation ordering: |Gray

Mormalization method: |Min. distance between symbols

Minimum distance: |2

Phase offset (rad): |{]

View Constellation

Q Help | Apply

Pucynok 4.43 — Hactpoiiku QAM — monynsTopa.

IFET (mask) (link)

Compute the inverse fast Fourier transform (IFFT) across the first dimension of the input. When you set the 'FFT
implementation' parameter to 'Radix-2', the FFT length must be a power of two.

Main Data Types

Parameters

FFT implementation: |Auto -

[[] tnput is in bit-reversed order

[[] input is conjugate symmetric

Divide output by FFT length

Inherit FFT length from input dimensions

Pucynok 4.44 — Hactpoiiku 61oka npeodpazoBanusi Oypbe.
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AWGN Channel (mask) (link)

Add white Gaussian noise to the input signal. The input signal can be real or
complex. This block supports multichannel processing.

When using either of the variance modes with complex inputs, the variance
values are equally divided among the real and imaginary components of the input
signal.

Parameters

Input processing: | Columns as channels (frame based)

Initial seed:
67

Mode: | Signal to noise ratio (SNR)

SNR (dB):
10

Input signal power, referenced to 1 ohm (watts):
1

0 || Cancel || Help

Pucynok 4.45 — Hactpoiiku 010Ka KaHajla C IIyMaMH.

Rectangular QAM Demodulator Baseband Cal

Demodulate the input signal using the rectangular quadrature amplitude modulation method.

This block accepts a scalar or column vector input signal.

When you set the 'Output type' parameter to 'Integer’, the block always performs Hard decision demodulation.

When you set the 'Output type' parameter to 'Bit', the output width is an integer multiple of the number of bits per symbol. In thic
case, the 'Decision type' parameter allows you to select 'Hard decision' demodulation, 'Log-likelihood ratio’ or "Approximate log-

likelihood ratio'. The output values for Log-likelihood ratio and Approximate log-likelihood ratio decision types are of the same
data type as the input values.

Parameters

M-ary number: |16 |

Mormalization method: |Min. distance between symbols - |

Minimum distance: |2 |

Phase offset (rad): |[] |

Constellation ordering: |Gray vl

v

< >
g | 0K | | Cancel | | Help Apply

Pucynok 4.46 — Hactpoitku QAM-aemonynstopa.
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" Function Block Parameters: Error Rate Calculation

(==l S i e e Ly J

sl
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 'Rx' ports
must be scalars or column vectors.

The 'Stop simulation' option stops the simulation upon detecting a target
number of errors or a maximum number of symbols, whichever comes
first.

FParameters
Receive delay:
[0

Computation delay:

0

Computation mode: | Entire frame -
Output data: |Port -

[] Reset port

[[] stop simulation i

J- Cancel Help Apply

Pucynok 4.47 — Hactpoiiku 610ka moacuéra ommooK.

I[JIH INOCTPOCHUA 3aBUCHUMOCTH YaCTOThbI OIIMOOK OT BCPOATHOCTU HYJIA HYXHO B

reneparope [1CIT usmensath 3nauenue «probability of a zero» ot 0 o 1.

Yacrora owmbok(BepoarHocTs HynA)
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0 01 ©02 03 04 05 05 07 08 08 1
s Y ACTOTE OWHOOK
Pucynok 4.48 — 3aBHCHMOCTB 9aCTOTHI OIITMOOK OT BEPOSITHOCTH HYJISL.
st TOCTpOEHUST 3aBUCHMOCTH YacTOTHI OMIMOOK OT OTHOIICHHWS CUTHAJI/IIYM HYXHO B

OJI0Ka KaHaya ¢ myMaMu u3MeHsTh 3HaueHue «probability of a zero» ot 0 n1b no 20 nb.
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YactoTta owmnbok

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

01

0 4 g 12 16 20

YacToTa owrbox

Pucynok 4.49 — 3aBUCUMOCTb 4acTOThI OIIMOOK OT OTHOILEHHS CUTHAJ/ILIYM.

Ha PUCYHKaX HHIKC IMPCACTABJICHBI CO3BC3AUA JIA Pa3JIAYHBIX 3HAUCHUN OTHOIICHUS

CUTHAJI/IITYM:
4] IFFT + white noise on amplitude Constellation - B
File Teools  View Simulation Help L]

Dv g I (m o T Q'E:H" @ Iﬁl

]

\mplitud

A
f

18]
=
=]
4]
a=|
o
=
=]

Running T=20.353

Pucynok 4.50 — Co3Be3aue st 3HaUE€HUS OTHOIICHUS! CUTHAI/TIyM 5 1b.



4] IFFT + white noise on amplitude Constellation

File Tools View Simulation Help

@-lOP@| =-Q-E- 8 @&

Quadrature A

Running T=3.793

Pucynox 4.51 - Co3Besaue i 3Ha4€HUs1 OTHOLIeHUs curHai/mrym 10 ab.

0 IFFT + white noise on amplitude Constellation = B

File Teoels View Simulation Help

@-Wk® |- | Q- & e

N

Running

T=2.945

Pucynok 4.52 - Co3Be3aue Ui 3Ha4eHUs1 OTHOLIEHUs curHan/urym 20 1b.

Jns uccnenoanus MIMO:
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1. N3mensist SNR, dB (signal noise rate) B 6;10xe Model Parameters ot 0 g0 30 ¢ marom
5, cuarpe 3aBucuMmocth FER (wacrorer ommbok B kazape) or SNR. Iloctpouts rpaduk s
amantuBHOro ciuydas MIMO. 3adukcupoBaTh XapakTEpUCTHKM CHTHajda wu3 Oioka Signal
Visualization (aBoiiHo# me4yoK, pucyHOK 3.16).

CrpaBka. B agantuBHOM cilydae cucTeMa aBTOMAaTUYECKH IOJICTPAUBACTCS MOJ YCIOBUS B
KaHaye moja 3aaanHoe B Osioke Model Parameters snadenue FER. [[yis BK/IrOUEHUS aqanTHBHOTO
ciyyas B Oioke Adaptive Control Panel HyXHO BbICTaBUTH MEPEKIIOYATEN B COOTBETCTBYIOIIUE
TIOJIOYKCHHSI.

2. ITepeBectn mepexmouatenu B Onoke Adaptive Control Panel B mnonoxenus,
COOTBETCTBYIOLLIME PYYHOMY BBOJYy KOJIMYECTBA aHTEHH (PUCYHOK 3.15).

Nsmensss SNR, dB (signal noise rate) B 6moke Model Parameters or 0 go 30 ¢ marom 5,
CHATH 3aBUCUMOCTh FER (yactotsl ommbok B kaape) ot SNR. [Toctpouts rpaduk. 3adgukcupoBars

XapaKTepUCTHKH curHaia u3 6ioka Signal Visualization.

VARIABLE CODE SIMULIME

Jesktop
™ | Command Window

»» commadaptivemimo

fx >

Pucynok 4.53 — Komanna i co3ganus cxemsl uccnenoanus MIMO.
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Frame length 120
SMR (dB) 10
Target FER 2.0a-01
Mazx. ermor count 500

4} Max. frame count  5e+06

Adaptive MIMO System with OSTBC'

OSTBC Encoder

LW [ sy PR
Bernouli |21 aPsK il U patbe_encod B0l [
Binary [1dox1] 601] _encoder | ]1:_
Bernoulli Binary QFSK Modulator
Generator e
Channel
0.1999 FER - |=nR _
[12027] | Frame Error Rate |2 500/ ] E
Calculation i 1 # aror
_ [B0xd]  fB0x1ednd]
[1§0x1] # frames @ B0}
Performance Display AWGHN
Charpel
B [FER] = = 20d]  Hraomd]
3o i X |g|
- Glm1] Le.c.x.ﬁeceived Signal
QPSK L -
[120:x1] [G0:x1] Y ¢ rg
ostbc_combiner L&C-x1x4x4]
Symi] chEst
QPSK Demodulator [B0T]
' Received Symbals OSTBC Combirer
Manually Top: Manual
specify Mt Bottom: Adaptive
2 -
_I—D—cr/& _@ Signal
i Visualizafi
- p{ Target FER Mt Mo, of transmittars. isua on
Target FER  |[FER] Actual FER Mr 1l Diouble-click to
—o,\_“‘} . openclose
; Adaptation Algorithm - INr]
Mo of receivers
Manually Top: Adaptive
specify Nr Bottom: Manual
Adaptation Control Panel Signal Visualization

Pucynok 4.54 — Cxema nns uccnenoanus MIMO.

Manually Top: Manusl
specify Mt Bottom: Ad aplive
< > a\_“‘}
e
" o] Target FER Nt Mo. of transmitters
Target FER  ([FER]} Actual FER M1 e
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Pucynox 4.56 — IIpumep pabots! 6itoka Signal Visualization.

5. ONTUMM3ALIMSA METO0B [IOMEXOYCTONYMBOI'O KOJIMPOBAHUS I
TEJIJEKOMMYHUKAIIMOHHBIX CUCTEM (BAJAHUE HA
CAMOCTOSTEJIBHVYIO PABOTY)

[TomexoycroitunBoe KoanpoBaHue sABseTcs 3QppekTuBHbIM criocoboM ontumu3zanuu TKC. Ha

MMPAKTUKEC NHKCHCPY MPOCKTPOBUIUKY TKC MNPpUXOAUTCA PCIIaTh 3aJa4r OIITUMHU3AILIMNA Ha OCHOBC

YUCJICHHBIX PAaCuUCTOB H

COOTBCTCTBYIOLIETO  CPaBHCHUA  MCETOJ0B HOMGXOYCTOI\/’I‘-II/IBOFO

KOOAUPOBAHUA U BI)I60pa KOHKPETHBIX METOAOB U COOTBCTCTBYIOIIUM MM KOJOB. Pemenne nmenno

TaKoW 3a/1a4u mosiokeHo B ocoBy CP [1].

Hcxoonvle dannvle 3a1aHbl B Ta0IMIIE BApUAHTOB 5.2:

1. [udposas urbopmalms nepeaacTcs IBOMYHBIM KOJ0OM. Bubl nepegaBaeMoii 1uppoBoii

uHpOpMaIUu:

JIK - naHHBIC KOMITBIOTEPHOTO OOMENA;
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HTJI® - uudposas Tenedonus;

LITB - coobmenus mudposoro TB;

II3B - coobmieHus udpoBOro 3ByKOBOTO BEIIAHUS.

2. Kanan CBATH - KaHAJI C TTOCTOSTHHBIMH MapaMeTpaMu U aJJIATUBHBIM O€JIbIM
rayCCOBBIM IITYMOM.

3. OtHourenue c/ur Ha Bxoze aemonyisropa hy = E; /N, .

Metoap! moaymsiuu: ®M-2, DM-4,
[Ipuem - KOrepeHTHBI.

(6um | ¢).

ucm

4
5

6. IIpoW3BOIUTENHLHOCTH HCTOYHKMKA R
7.  Tlonoca npomyckanus kanana F (k).
8

BepositHOCTB 0mmOKy OuTa B COOOLICHUSAX, OTIaBaeMbIX NOJIYyJaTento, He Ooee p.

©

Honyctumast cinoxuocTh aekonepa CK (mokasarenb CIOXKHOCTH PEIIETKH KOJa) - He
6omnee W.

Heo0xoaumo:

1. BriOpars u 060CHOBaTh BHIOOP KOPPEKTHPYOIIEro Koja i mpoektupyemoin TKC,
obecrieynBaOmEero TpeOyeMyr0 BEpOATHOCTh OMIMOKM OuTa p B COOOMICHHSX, OTIABAaEMBIX
10JIy4aTeNto, IPU YCIOBUU BHIIIOJHEHUS CIEAYIOLUX OPAHUYEHUIL:

1.1. Ilonoca wacmom KOOUPOBAHHOTO CHUTHajJa HE [OJDKHA MPEBBIIIATH MOJIOCY
nponyckanus kaHana Fg.

1.2 [Ipu ucnoab30BaHUM CBEPTOUHBIX KOJIOB NOKA3AMENb CLOMCHOCMU PEIIETKH KO/
JOJKeH ObITh He Oosiee BennunHbl W.

2.  Paspaborarth W AaTh MOAPOOHOE OIMHMCAHUE CMPYKMYPHOU U (DYHKYUOHATbHLIX CXeM
KoOepa u 0ekooepa BEIOPaHHOTO KO/1a 1 000CHOBATh UX MapaMeTphl.

3.  TlpoaHanu3upoBaTh TOKa3aTeNd DHEPreTUYECKOW W YaCTOTHOW S(PPEKTHBHOCTH
TEJIEKOMMYHHUKAI[MOHHON CHCTEMBI M CPABHUTH UX C MpeIebHBIMUA 3HaUeHUSIMU 3(PPEKTUBHOCTH.

4. Cnenatb 3axniouenue 10 BBIIIOJIHEHHOM padoTe.

Cooepircanue NOSICHUTEIHHON 3aMIUCKHU PaOOTHI:

1. 3anganue u UCXOJHBIC JAHHBIC.

2.  Omucanue CTPYKTYPHOM CXEMBI MPOEKTHPYEMOM TEIEKOMMYHHKAIIMOHHONW CHCTEMBI C
yKa3aHHMEM MECT BKJIIOUEHHS KOJiepa MOMEXOYyCTOMYMBOIO KOJa, MOIYJSATOpA, NEMOIYJSATOpa U

ACKoOepa € HOI[pO6HBIMI/I ITOSICHCHUAMMU BBITIOJIHACMBIX UMU (bYHKIII/Iﬁ
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3. Knaccudukanus KOppeTHPYIOIIUX KOIOB MO CTPyKType. CpaBHUTENBHBIN aHaIH3
MPEUMYIIIECTB ¥ HEJOCTATKOB TOMEXOYCTOWYMBBIX OJIOKOBBIX U CBEPTOUYHBIX KOJ10B. OOOCHOBaHUE
MIPUMEHEHHUS B MPOEKTE CBEPTOYHBIX KOOB.

4, Knaccudukanust 1 cpaBHUTEIBHBIH aHAU3 AJITOPUTMOB JCKOJAMPOBAHUS CBEPTOUYHBIX
kos10B. O60cHOBaHME BhIOOpa anroputma Butepou misa nekoauposanus CK.

5.  Pacuer mmpuHsI CriekTpa MU(POBOro CUTHANA C 33[aHHBIM BHIOM MO/TYJISLIHH.

6.  Pacuer IIMPHUHBI CIIEKTPA KOJUPOBAHHOIO HU(PPOBOrO CUTHAJA C 3aaHHbIM

BUJIOM MOAYJIAINUHA B 3aBUCUMOCTU OT CKOPOCTH KO/J1a.

/. Omnpenenenue IOMyCTUMOH CKOPOCTH Koia Ry, M3 yCIOBUS HenpesbviuieHus MOJOCOH

4acTOT KOJIMPOBAHHOI'O CUTHAaJa MOJIOCHI MPOITyckaHus KaHana (orpanuyenue 1.1).
8.  Omnpenenenue nepeuds KOJAOB CO CKOPOCTAMU, IPEBLILIAIOIIUMU IO0IYCTUMYIO CKOPOCTh

R}y » KOTOpBIE MOTYT ObITh HCHOJIb30BAHbI ISl PENICHUs OCTABICHHON 3a/1auM.

9.  Bsibop CK u3 3toro nepeunsi, 00eCIeUnBAIONIETO 3aJaHHYI0 BEPOSTHOCTh OIIHOKH OHUTa
(ycmoBue 1) ® yHOBIETBOPSAIOUIETO TPEOOBAHUIO OIPAaHMYCHUS IO CIIOKHOCTH JEKOAepa
(orpanuuenue 1.2).

10.  TIpoBepouHBIii pacuer 3aBUCHMOCTH BEPOSTHOCTH OINMOKM Ha BBIXOJAE JEKOJEpa
BeIOpanHoro CK.

11.  PaspabGoTka W OmnmcaHHE CTPYKTYPHBIX M (DYHKIIMOHATBHBIX CXEM KOjepa U JeKojepa
BbIOpanHoro CK.

12.  3aknroyeHwue ¢ MO/BEACHUEM HTOTOB BBITIOIHEHHOMN PabOTHI.

13. Cnoucok ucnoyib30BaHHBIX UCTOYHUKOB.

MeTtoauueckue YKa3aHH K BBIITOJIHCHUTIO KP

Pacuer mmpunsl cnekrpa curHana ®M-2 (OM-4) cienyer npou3BOAUTH 10 PEKOMEHIAIUSAM

MaTepuanos riaBbl 1. IIpuMeHeHHne KOPPEKTHPYIOMIHX KOJIOB CO CKOPOCTBIO Ry, MPUBOAMT K
pacIIMpeHuIo cHekTpa koiauposanHoro curhama B (Kg =1/R,,;) pas. C apyroit cTopoHsl,

KOPPEKTHpYIOI[asi CIIOCOOHOCTh KOJIa BO3pPAacTaeT C YMEHBIIEHHEM CKOPOCTH Koja (T.e. ¢
yBeIMUeHUEeM H30bITOUHOCTH). [loaTOMy 3a0aua onmumusayuu napaMeTpoB KOPPEKTHUPYIOIIETO
KOJIa COCTOUT B BBIOOpE KO/ CO CKOPOCTHIO, TPU KOTOPOM HMIMpPUHA CIIEKTPa KOJUPOBAHHOTO CHUT-
Hajla He npesvluiaem 3d0AHHYI0 NONOCY nponyckanus kanana. Ecnm TpeOyemas mojoca

IpoIycKaHus KaHana Ui nepegaun @M curHana ¢ MHGOPMAIMOHHOH ckopocThio R,., paBHa
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F@M), a CKOpOCTh KOZIa BbIOpaHa paBHOM R, TO momoca mpomyckaHus KaHana, HeoOXoaumas
TSl mepenadn kogupoanHoro @M curnana, Oyzner paBHa

F _ F(‘DM)
K(@m-co) = g .
Koa

Torna N3 YCJIOBHUS HEIPCBBINICHUA 9TOHM ITIOJIOCOM YaCTOT CHUTHAala II0JIOCHI MMpOIyCKaHus

kanana (Fy gy cx) < Fc) Tomydaem nmpoctoe ycrosue 01s 6b160pa ckopocmu kooa

F
>R, = —24 (5.1)

R* Kong — F
K

Konx

CkazanHoe wutrocTpupyercs pucyHkom 5.1. Illupuna cnekrpa xoaupoBanHoro @M curnana

MpornopLroHalibHa Ko3(h(GULMEeHTy pacmupeHus noiochl. [lo mMepe CHUXEHHS CKOPOCTH Koja

(BOSpaCTaHHﬂ KF) IIoJIoCa paclIupACTCA U JOCTUTACT 3HAUCHUA ITOJIOCHI ITPOITYCKAaHHW A KaHalla. Ha

K

9TOM K€ PHUCYHKE TMoKazaHa 3aBUCMMOCTh ADBK or " F (4TO paBHOLIEHHO CKOPOCTH KOJa).

HepecequI/Ie KpHBOﬁ IIOJIOCBhI ¢ TPAHUYHBIM 3aJdHHBIM 3HAYCHHCM FK* OIpeacIACT NOIIYCTUMOC

3HaueHue Kod(pduIMEeHTa paclMpeHus Tonockl mpomyckanus kanana K, =1/R.,, n,

COOTBCTCTBCHHO CKOPOCTb Koda R* . IlepBeiM  PTarmom BBIOOpAa KOPPEKTH Iero
) Kon

KoJa.sIBJIIeTCsl BBIOOp Kilacca KOAOB (Ki1acc OJOKOBBIX JIMOO HENPEPBIBHBIX (CBEPTOUHBIX) KOJIOB).
Hcnonb3ys marepuainsl pa3aenoB 8 u 11, pekoMeHyeTcs apeymenmupoeanio 060CcH08ams 6blOOp
KAAcca c8epmouHblx K0O08 AJisl IPUMEHEHHs B cBoel pabote. Cpeau alnropuTMOB JEKOIUPOBAHUS
CK nmo mupoTe npakTHUeCKOro NMPUMEHEHUs Juodupyloujee mecmo 3aHUMaeT airoputM BurepoOu.
Pexomennyercs B paboTe NpUMEHHTH HMEHHO anroput™M ButepOu. B pasnmene mnpoekra c
00OCHOBaHHEM MPUMEHEHMSI ATOrO alrOpUTMa CIEAyeT IPUBECTH CBEACHUS O CIIO0XHOCTU
peanuzanuu anroputma. Cpeau KOoAoB, OTOOPaHHBIX MO KPUTEPUIO CKOPOCTH B COOTBETCTBUU C
dbopmynoit (5.1), MOryT oka3aThCsi KOABI C Pa3IMYHON AIUHOW KOJOBOTO OrpaHUYeHus (U,
COOTBETCTBEHHO, C PA3IMYHON CIIOKHOCTHIO ekoiepa). [lTomexoycroitunBocTh AexoaupoBanust CK
xapakrepusyercs BenuunHoi OBK. B Ttabnumax komoB He mpuBoastcs 3HadueHus OBK mpu
OIIpEJIC]ICHHOM YPOBHE BEPOATHOCTH OIIMOKH JEeKOAUpOBaHMA. B TO ke Bpems, BeTUYMHA
aCHUMIITOTHYECKOTO 3HepreTuyeckoro BeMrpeima (ADBK) sBrnsercs BepxHell omenkoit OBK.
[TosToMy mpu 0TOOpPE KOTOB PEKOMEHIYETCSl UCTIOIB30BaTh BenmnunHbl ADBK, 3HaUeHHsT KOTOPBIX
uMeroTcs B Tabnuuax npuioxeHus A. Cpeau oToOpaHHBIX KOJTOB-KaHIUAATOB CIEIYET IPUMEHHUTD

KO, obecneuusarouuti maxcumanvrviti ADBK u yooeremeopsrowuti mpebosanusim no ckopocmu u
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cnov/cho- cmu dexodepa. OKOHYATETHHBIC JaHHBIE O BEPOSITHOCTH OLIMOKU Ha BBIXOJE JEKOJEpa
ClIeIyeT TOJYyYUTh Ha OCHOBE PACUETOB 3aBHCHMOCTH BEPOSTHOCTH OIIMOKHU JIEKOJIUPOBAHUS OT
OTHOIICHUS CUTHAI/IIyM JUis BbIOpaHHOro Kojaa. B ciayyae HeBbInosHeHUs TpeOOBaHUM 3a1aHus
PEKOMEHIYETCSl npumeHums Koo ¢ boavueti geauuunoi AIBK.

[Ipumep pacueToB U IpoLEypbl ONTUMHU3ALNUN KOJIa

Hcxonuble naHHble:

1. Bua nepenaBaemoii nudposoit uapopmaruu - LTJID.

3. Ornourenne c¢/m h, =4 nb.

4.  Meron monyssiuuu: ®M-4,

5.  IIpueM-KOrepeHTHBIN.

R
6. IIpou3BOAMTEIBHOCTH UCTOYHUKA €T = 64 KOuT/C

7. [Iupuna nonocer yactoT kanana Fx= 100 kl'm.

-5
8. JlommycTuMas BEpOSITHOCTh OLIMOKH OuTa p =107,
9. Homyctumas cinoxHocTh pemetku koga W = 150.

lupuna criekTpa KOAUPOBAHHOTO

\
OM curnana Fom.ck)
\ ADBK i

A\

‘\/
\ 3ajaHHas noja0ca MpomnyCKaHUs
KaHana Fy
q"-N\~‘
-t - -
A S
N Y
A S <
-~ \\
! RS ~
| ™~ 3
' ~\\\ ~ -~ \\
] ‘\\ ~
LR -

1 Soea- et W | >
i Pt 4

. IS S s 1 Koa¢dpuumenT pacumpesus nonocs: npo-

- Vs p

: P ’ nyckanus kaHana Kr = /Ry,
| s P
i v R*on
I
1

3ech pacrioNoKEHBI

KOJIbI-KaHIUAAThl Ha BEIOOD
Puc. 5.1. K mporenype onTumMm3anum Kojaa
1. Pacuer mojochkl MpoOMycKaHUsl KaHalla CBSI3M, HEOOXOMUMOMN sl Tepeaaun nudpoBoit

uHpopMaud € 3aJaHHOW CKOpOCThIO MeTogom DOM-4, mnpousBoguM 1o  Qopmyre
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F =|R 1-a)ll2,
(M-4) [ ACT ( )] rae & - kod(dduimeHT ckara crekTpa. 3amaBasch 3HaueHueM & = 0,4,

noJryyaem Fon-g = [R”CT (1_ a)]/ 2 _ [64(1 +0,4)]/2 =44,8 x['w.
2. B coorsercteum ¢ hopmysoii (5.1) onpenensem npenensaoe 3navenue ckopoctu C K
Forvck 448

R = = = 0,448.
KOU™F. 100

3. ITo tabauam CK oTOupaem Koapbl, YAOBIECTBOPSIOMINE TPEOOBAHUIO IO CKOPOCTH. JlaHHBIE
00 3TUX KOAax cBeJeHbI B Ta0. 5.1.

Tabnuna 5.1-Xapaxrepuctuku CK as BeiOopa koaa

CxopocTh [Topoxnaromme JKO CII0KHOCTB ADBK
Koza

Riox MHOT'O4JIEHBI 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

)4 Ta6J'II/II_IBI BUJHO, YTO AJIA BBIITOJITHCHHA MMOCTaBJICHHOM 3aJa4yn MOT'yT OBITh UCITOJIb30BaHbI

Ryoy =112 .
CK co ckopoctsimu K4 ' KOTOpble obecreunBaroT goctaTouHo Oonbinoir ADBK. Ha acHoBe
JAHHBIX TaOMUIBl BHIOMpaeM JUIsl MpPOEKTa KOJA C MOopoXKAarolmMmu MHorowineHamu (133, 171),

KoTopblii mpu ckopoctn R, =05 obecneunsaer ADBK = 6,99 nb. Jlannbie pacuera

BEPOATHOCTU OIINOKH IIPpUBCJICHELI B I'JIaBC 1.

BunHo, 4yTo mnpuMeHeHHe BBIOPAaHOTO KoAa oOOecleyrBaeT BBINOJIHEHHWE 3a/aHus: IpH
oTHOmeHHH curHAn/myM h? =4 1B BepoATHOCTh OMMOKM JeKomupoBaHus Menee 3-107

CpaBHEHME ¢ KPUBBIMU MOMEX0YCTOMYMBOCTH HekoaupoBaHHOH OM (puc. 11.1) mokassiBaer, uTo

_ -5
IIPU BEPOSITHOCTH OIUOKH P=10" 5ror kox obecrieunBaet OBK 5,3 nb.
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Tabmuna 5.2. Hcxonasle nanuble it Beltoaaenus CP

Homep Bapumanta mist BeimonHenus CP JoibkeH COOTBETCTBOBATH HOMEPY (haMumimu

CTYJICHTA B KypHAJI€ aKaJIEMUYECKOU IPyIIbI

Howme Bun OTtHo1IeHHE Meton IIpou3ss [Tonoca Bep. Cnoxu.
P repes, C/III Ha BXOIEMOIYII. O/IUT. rmporyck,  |ommOku |nexoxepa W
BapraHTa [HHQPOPM. h52 b MCTOYHHMKA [KaHaja outa p

Rucr Fk, xI'n
K6I/IT/(,J

1 JK 4,0 OM-4 64 80 10°° 150

2 UTJID 50 OM-4 16 25 10 160

3 113B 6,0 OM-2 256 800 107° 170

4 JK 6,5 OM-2 64 200 10°° 180

5 HTJI® 4,0 OM-4 16 25 10 250

6 113B 7,0 OM-4 128 200 107° 350

7 HTB 5,0 OM-2 2400 7000 1078 560

8 JK 6,0 OM-4 32 50 10°° 200

9 HTJId 5,0 OM-2 24 70 107 300

10 113B 4,5 OM-4 256 400 10°° 250

11 LTB 55 OM-2 3000 1200 1078 550

12 JK 4,0 OM-4 48 70 10°% 150

13 HTJI® 5,0 OM-4 32 50 10 250

14 113B 7,0 OM-2 256 800 10°° 300

15 LTB 4,0 OM-4 4500 1300 107° 550

16 JK 7,0 OdOM-4 56 90 10°° 150

17 HTJId 5,0 OM-2 24 70 10 160

18 113B 4,5 OM-4 256 400 10°° 200

19 LTB 55 OM-4 5000 1400 107° 550

20 JK 6,0 OM-2 64 200 10°° 150

21 HTJId 7,5 OdM-4 256 400 107 250

23 113B 6,5 OM-4 16 50 1078 150

24 JK 6,0 OM-4 64 150 10°% 150

25 HrJio 4,5 OM-2 16 25 10°° 200

26 LTB 5,0 OM-2 6000 16000 10°° 550

27 1I3B 6,0 OM-4 384 600 107° 250

28 JK 4,5 dM-4 64 100 10°° 150

29 arjio 5,0 OM-2 16 50 10 250

30 LTB 55 OM-2 5500 32000 107° 560

31 arjio 4,5 dM-4 64 200 107° 150

32 JK 5,0 OM-4 64 300 10°° 250
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IIpumepsl pacyeToB AJ1s1 Pa3HbIX BADUAHTOB
Bapuant Ne7

Ta6muma 5.3. [Tapamerpsr npoektupyemont TKC

HOMep BapuaHTa IJid BBIIIOJHCHUA HHI[HBHHyaHBHOﬁ pa6OTBI JOJDKCH COOTBETCTBOBATh

HOMEpY (paMHIIMH CTYJCHTA B )KypHAJIe aKaJIeMUYECKOM TPyIIIIbI

Howmep Bun OtHO Merton [pous [pomyc Bep. CnoxH
BapuaHTa nepen. IHIeHHE MOJYJSIUNA | B. KHas Owmnbku . AeKozepa
Wudopmarmu | C/11 h, 2, HCTOYHHMKA | CIIOCOOHOCTL | OuTa
nb R.cr, KOUT/C | kaHama F,
kl'1g
7 LITB 5.0 OM-2 2400 7000 10° 560

CTpyKTypHasi cXeMa IPOEKTHPYEMOH TeJeKOMMYHHMKAIMOHHOM CHCTEMBbI

B o6mem Buae o0oOmeHHass cTpykrypHas cxema mnpoektupyemoii TKC wmoxer ObITh
chopMUpOBaHa B BUJIE, MPEACTABICHHOM Ha pucyHke 1.1.

B mnepenatunke Kkomep BHOCUT B HMH(OPMALMOHHOE COOOIIEHHE H30BITOYHOCTH B BHJIE
IIPOBEPOYHBIX CHUMBOJIOB. 3aKOJIMPOBAaHHbIE CHUMBOJBI IOCTYNAIOT HAa MOJIYJSATOpP, KOTOPBIH
npeoOpa3yeT UX B aHAJIOTOBBIN CUTHAJL.

B npuemHEKEe HeMOAyIATOp MpeoOpa3yeT MPUHATHIN CUTHAN B IOCIEAOBATENLHOCTh YHCEI,
MPEJICTABIISIONINX OLIEHKY NEepeJaHHBbIX JaHHBIX — METPUKU. METpuku MOoCTymaroT B JIEKOJep,
KOTOPBIM HCIIpaBIIsieT BO3HUKAIOLIUE IpH Iepelradye OIIMOKH, MCIOJb3ys BHECEHHYIO KOAEpOM
U30BITOUHOCTH [24].

Kaaccndukanus koppekTHPYIOIIMX KOA0B

O6napyxxeHrne OIMOOK B TEXHHKE CBSI3U —  JICHCTBUE, HANpaBICHHOE Ha KOHTPOJb
LIEJIOCTHOCTHU JaHHBIX NIPH  3alIMCH/BOCIPOM3BEICHUH HH(OpMAIIMK WK TIpH €€ Tmepedaye Imo
JUHUAM  cBs3M. McripaBieHue omMOOK (KOppeKus OIMOOK) — Mpoleaypa BOCCTAaHOBICHMS
nH(pOpMalLIUY NOCTIe YTeHUs €€ U3 YCTPOICTBA XpaHEHUsI UM KaHaJla CBSA3H.

s obHapykeHus: OMMOOK HCHOJIb3YIOT KOJbl OOHApYKE€HUs OIMIMOOK, JJISi MCIPABICHUS —
KOPPEKTHUPYIOILIUE KOZBI(KO/BI, HCIIPABJIAIOIINE OLIMOKH, KOJIBI c KOppeKuuen
OLIMOO0K, TOMEXOYCTOMUNBBIE KOJIBI).

B o0mem Bume xmaccupukamnus KOPPEKTUPYIOIMIMX KOJOB MOXET OBITh TMpEJCTaBlieHA B
CJIETYIOIEM BUJIE:

1. bnounbie KoOpI:



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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1.1 JInHeiinble KOOI OOIIETO BUA,
1.1.2 Koabl XeMMHHTa;
1.2 JInHelHbIE TUKINYECKHUE KOIBL:
1.21 Koar1 CRC;
1.2.2 Konapr BUX;

1.2.3 Konp! koppeknun ommbok Puga — Conomona;
2. CBepTOYHbIE KOJIBI;
3. Kackanabie Kogpl.

CrouT OTMETHTH, YTO OJOYHBIC KOJbI, KaK MPABHJIO, XOPOILIO CIPABIAIOTCA C PEIKUMH, HO
OONBIIMMHY NTAaYKaMU  OMHMOOK, HMX 53(P(PEeKTHBHOCTP TpPU YACTBIX, HO HEOONBIINX OIIMOKAX
(mampumep, B kanane ¢ ABI'III), meHee BbICOKA.

BwMmecte ¢ atum, cBeprouHble KoJbl 3((eKTUBHO padOTalOT B KaHaje C OesbIM IIyMOM, HO
TUIOXO CIIPABIISIOTCS ¢ MakeTamu omuoOok. boiee Toro, eciam nexomep ommbdaeTcs, Ha €ro BBIXOJE
BCET/J]a BOSHUKAET MAaKeT OIIHOOK.

Tak kak B HauyaJbHBIX YCJIOBUSX IIOCTABJICHHOM 3agaud He ObUIM CHOPMYIUPOBAHBI
TpeOOBaHUS K METO/JaM KOJMPOBAHHUS, BEIOOP OCTAaHOBMJICS Ha CBEPTOUYHBIX Kojax. OJHako, mpu
MPOEKTUPOBAHUN TEIEKOMMYHHKAIIMOHHBIX CHUCTEM HEOOXOAMMO YeTKO (HOpMHUPOBATH KPUTEPUHU
ONITUMAJILHOCTH pa3padaThIBAeMOI CHCTEMBI.

Knaccudukanusi MeTo10B 1eKOAMPOBAHUS CBEPTOYHBIX KO/0B

KJ'IaCCI/I(I)I/IKaI_[I/ISI METOHO0B ACKOAUPOBAHUA CBEPTOUYHBIX KOJOB UMCCT CJ'Ie,ZLYIOH_IHﬁ BU:

1. AnrebpanyecKkue METOIbI IEKOIUPOBAHUS;

2. BeposiTHOCTHBIE METO/TBI IEKOIUPOBAHUS:
2.1 AJNTOPUTM NOCJIEIOBATEIBHOTO AEKOAUPOBAHHUS;
2.2 Anroputm Butep6u.

Anroputm BurtepOu xapakTepusyercss MOCTOSHCTBOM BBIYHUCIMTENBHOM paboOThl, OJHAKO
CJI0)KHOCTB Jiekojiepa Butepou pacter, kak mpu nepeOOpHBIX aIrOPUTMOB, 10 HKCIIOHEHIIUATILHOMY
3aKOHY OT JUIMHBI KOJAOBOI'O OIPaHUYEHHUs CBEPTOYHOIO KOJA.

Tak kak B JaHHOM paboTe B LENAX ONTHMU3ALUU TNPOEKTUPYEMOH CHUCTEMBI OYyIyT
MCIOJIb30BATHCSI KOPOTKUE CBEPTOUYHBIE KOBI, CIOXKHOCTb JIeKojepa OyleT Mana, YTo MO3BOJISET
HCIOJIb30BaTh AITOPUTM JIeKOApoBaHus ButepOu.

Pacyer u onTMa3anus napaMeTpoB TeJIEKOMMYHHKALIOHHONH CHCTEMbI

Pacuer IIUPUHBI CIICKTpa I_II/I(prBOFO CUrHajia ¢ 3alaHHbIM BUJIOM MOAYJIAIIUU:

3
F R ;1+05) _ 2400 102 1+04) ) oy



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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Pacuer mmpHHBI CIEKTpa KOJMPOBAHHOTO IIU(PPOBOrO CUTHANA C 33JJaHHBIM BHJIOM MOAYJISLIUU

B 3aBUCHUMOCTH OT CKOPOCTHU KOJA:

R~ Foua_ 1680-10° _
“" F,  7000-10°

CremoBaTelbHO CKOPOCTh Koaa JoipkHAa ObiTh He MeHee 0.24. IlomydeHHBIA pe3ynbTaT

IIO3BOJISACT C(i)OpMHpOBaTB CIIMCOK MNOAXOAAINUX CBCPTOUYHBLIX KOJAOB B BHUAC HNPCACTABJICHHOM B

tabmuie 5.3.
Tatnuua 5.4. [lepedyeHp MOAXOAAIIMX CBEPTOUYHBIX KOJIOB
CKOpPOCTE KOZA [TopoxoarmHe KO CIoXHOCTE ABBK.

Rica MHOILOUISHEI v PEIeTKH W ib

1/4 463.535.733.745 8 512 8.29
1/3 557.663.711 8 512 7.7

1/2 53.75 5 64 6.02
1/2 61.73 5 64 6.02
1/2 71,73 5 64 6.02
1/2 133.171 0 128 6.99
1/2 247.371 7 256 6.99

B cuny Toro, kxputepueM ontumanbHOCTH Tmpoektupyemoit TKC sBnsercs mnpocToTa
UCIOJIb3YEMOr0 Kojepa/aexoiepa, Obu1 BeiOpan kof /133,171/ ¢ anuHOI KOJIOBOTO OTpaHUYEHUS 7,
KOTOPBIH pu ckopoctu koaa 0.5 obecneunBaer ADBK = 6.99 nb.

W31mosxeHHOE MO3BOJISIET PACCUUTATh IMUPHHY CIIEKTPa KOAMPOBAHHOTO ITU(POBOTO CUTHAJIA!

F _ 1680-10°
Foyoeck = ;M 2 — 05 =3.36 My

K00

Pucynok 6.2 mo3BojseT caenaTh BBIBOA O TOM, 4YTO MNPUMEHEHHE BBIOPAHHOTO KOja
oOecrieunBaeT BBIMIOJHEHUE TOCTABICHHONW 3adaud, Tak kKak npu otHomenwun C/II = 5 ab
BEPOATHOCTH OIIMOKH IEKOAUPOBAHUS MEHbIIIE 10°.

CpaBHEeHHE C KPUBBIMU NOMEXOYCTOMYMBOCTHM HEKOAMPOBAHHOW PM MOKa3bIBaeT, YTO MpHU

BEPOSTHOCTH OIIUOKH 10® 510t KOI OBecneunBaer 3uauenne IBK Gonee 10 1b.
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Puc. 5.2. [lomexoycToiUMBOCTb 1€KOAUPOBAHUS CBEPTOUYHBIX KO/I0B
[TpoBepouHBIii pacdyeT BEPOSTHOCTH OIIMOKH Ha BBIXOJE ACKOJepa:
Q =0.65-exp(-0.44- (z+0.75)*) =0.65-
-exp(—0.44-(5.01+0.75)?) =2.972-10'

P, =W, -Q-(, f2-df ‘R,,N,)=36-2.972.10"-(y/2-10-0.5-5) = 7.565-10"°
Pacuer moxazan, 4YTo peanbHOE 3HAUYEHUE BEPOSITHOCTM OMIMOKM KOJAEpa MEHbIIE
TEOPETUYECKOT0 3HAUEHUSI, CIIeI0BATENBHO, YCIOBHS 33a1a4i ObUTH BBITOJITHEHBI.
Pa3paborka xoxepa u aexkogepa cBeproyHoro koaa 133,171
B npenpiaymem pazaene Obu1 onucan BRIOOp cBepToYHOTO Koaepa /133,171/. dyHkumoHanpHas

U CTPYKTypa cXxeMa Kojepa/ieKoiepa MOKET ObITh IIPEACTaBJICHA B CIEIYIOIIEM BUJIE:

Brixox 1

Cymmarop |—p»

CaBUTOBbBIii

HUcTouHNK perucrp

\ 4

Boixoa 2

\ 4

Cymmarop |—

Puc. 5.3. CtpykTypHas cxema CBEpTOUYHOTO Kojiepa
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1333 — 1011011, BBIXO0J 1
171 — 1111001,

BXO/
S S1 S: Sa Sy Ss Ss
BBIXO/I 2
Puc. 5.4. ®ynkunoHanpHasi cxema cBepToyHOro koaepa 133,171
-] AL
; - -_: —> T E '—T -3 Brmog
= = =y - ,
= z ” J B : = y M3 —s
F —» = > T = o =
i = g £ =) E
5 < = 2 -

Puc. 5.5. CtpykTypHas cxema aexkonepa Burepou

Henpasnennme

i ] . — £ MMBOTE
- THl Huopmanmonneii permerp—i + -
. r - A
+ T w__F__ -
Bxoa T
] T OfipaTHAs CBEIE
- _— — = —_ - —
. g i3 ¥
N ™ o
it =+ "'| CHHAPOMHBI pErueTp
¥
Tormeckas cxema
CHuxpossaTop - o .
[ MABOPHTAPHE] F1EMEHT)
| Henpasnenne

Puc. 5.6. ®ynkunonanpHast cxema jekozaepa Burepou
B pe3ynbraTte BBINOIHEHUS TaHHOW MHIUBUAYAIbHON PabOThI OBUIO CAENIAHO CIEAYIOLIEE:
1. CopoexTupoBaHa TEIEKOMMYHHMKAI[MOHHAs CHUCTEMa C MCIOJIb30BAaHUEM CBEPTOYHOIO

KOJIepa;
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2. PaccuuTaHbl M ONTHMHU3HPOBAHBI NapaMeTphl CBEPTOUHOro Koja ucnonbyemoro B TKC B

LEJISAX MOBBIIICHUS €€ (P (PEKTUBHOCTH U IOMEX0YCTOWYHBOCTH;

3. IlpennoxkeHbl CTPYKTYypHBIE U (PYHKIIMOHATBHBIE CXEMbI KOJIepa U KOJepa, UCII0JIb3yEeMbIX B

paszpaborannoit TKC.

Bapuantsl Ne 16, 3, 8

Jlns1 peieHus MOCTaBICHHOM 3a/1aull  TIPEJIOKEHBI 001Ire mapameTpsl mpoektupyemorn TKC,

KOTOPBIC IIPEICTABJICHHBIC B Ta0mwHIle 5.5.

Tabnuua 5.5. ITapamerpst npoextupyemoii TKC

OtHO
Bun IIpouss. IIponyckHa Bep.
Howme LIEHHUE MeTton C0XH.
nepe/. 5 HCTOYHHUKA s1 CIIOCOOHOCTD OLINOKHU
p BapuaHTa C/I hg*, MOy ISILIAA nexonepa W
UH(-1U 5 Ryer, KOUT/C kanana F,, xI'1g oura p
pi ¢
16 JIK 7,0 OM-4 56 90 10° 150
3 113B 6,0 OM-2 256 800 10° 170
8 JIK 6,0 OM-4 32 50 10° 200

CTpyKTypHasi cxeMa IPOEKTHPYeMOl TeJIeKOMMYHHMKALMOHHOI CHCTEeMbI

CtpykTypHasi cxema IpPOEKTHPYEMOM TEelIeKOMMYHUKAIlMOHHONW CHCTEMbl IpPEJCTaBI€HAa Ha
pucynke 1.2.

HcTtouHuk cooOlieHuss TeHepupyeT OMHApHYI I0CJEI0OBAaTEIbHOCTh C  ONpPEeICHHON
CKOpOCThIO R, ... KypcuBoM oTMeueHbl 010KH, KOTOPbIE KOAUPYIOT U AEKOJUPYIOT HHPOPMALIUIO C
MIPUMEHEHUEM IOMEXOYCTOMYMBBIX KOJOB (BBOJUTCS U30BITOYHOCTH MPU KOJUPOBAHUU, HAIIPUMEP
kong Xemmunra, BUX, cBeprounsiii kom). Urto kacaercss HMCTOYHUKA, TO OH KOAMPYETCS U
JEKOJUPYETCSl C MOMOILBIO TaKUX aJITOPUTMOB Kak, Xaddmana, [llennona-®Pano wiun Jlemnena-
3uBa. B AaHHBIX anroputMax He BBOJAUTCSA M30BITOYHOCTH. [IoMMMO KOJMpOBaHMS CHUCTEMA CBSI3U
COJIEP’KUT B cebe KBaJApaTypHYIO MOAYISILMIO/AEMOAYJSAIUI0. ['1e Ha BBIXOJE MOAYJSATOpPA MBI
M0JIy4aeM CHayvajia KOMIUIEKCHbBIE YHciia (KBaJpaTypHble U CHH(]a3HbIE COCTABISAIONINE), KOTOPHIE B
CBOIO OuE€pelb CaliTCs Ha Hecyliue, cIBUHYyTble Ha 90 rpagycoB M B KOHEYHOM HTOTe
cymmupyroTesd. Jlemonynsuust mOpeAcTaBiser coOoil oOpaTHbIi mmporecc. Bapuantel paGoThl
coJiepkuT B cebe moaynsanuio ®M-2 wimm BPSK, koTopas nMeeT ToabKo JBa CHH(pA3HBIX 3HAUYCHUS
noctostHHON aMruuTyasl 1 (aszer 0 u 180 rpagycoB 1 ®M-4 nnmn QPSK, koTopas nMeer udeThipe
3HA4YEeHUs TOCTOSAHHOW ammiuuTyabl U ¢aspl. Y, koHedyHO ke, Jr00as cucreMa Iepelayd He

obxoauTcs 6e3 BO3/IEHCTBUS Ha HEe IIIYMOB, B KaHalle OECIIPOBOTHOM CETH (KaHall CBSI3H).
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Knaccudukanus KOppeKTHPYHOIIUX KOT0B

OOnapyxeHue oOmHMOOK B TEXHHKE CBA3M —  JICWCTBUE, HANpPaBICHHOE HAa KOHTPOIb
L[EJIOCTHOCTHU JAHHBIX [IPH  3allMCH/BOCIPOM3BeIeHNU HHGoOpMauu wiM npu e€ mepenade 1o
TuHUSAM  cBs3U. McnpaBienue omuOok (Koppekius ommOoK) — Mpoleaypa BOCCTaHOBICHUS
uH(OpPMAIIUY TIOCIIE YTEHUs €€ U3 YCTPOWCTBA XPaHEHUS MITH KaHaja CBS3H.

Jns oOHapy>keHHsI OMMOOK HCIOJIB3YIOT KOABI OOHAPYXKEHUs OIIMOOK, JJIS MCIPAaBICHHUSI —
KOPPEKTUPYIOLIUE KOJIbI(KO/BI, UCIIPABIISIOIINE OLIMOKU, KOJIBI c KOppeKuuen
OIHOO0K, TOMEXOYCTOMUNBBIE KOIBI).

[TpenmymiecTBa U HEJOCTATKH OJIOKOBBIX KOJIOB!

brokoBbie KOIBI, KaK MPaBHJIO, XOPOUIO CHPABISIOTCS C PEAKHMHU, HO OOJBIIMMHU HauyKaMu
omuOoK, X 3P(HEKTUBHOCTh MPU YACTHIX, HO HEOOJBIIMX OMIMOKaxX (HampuMmep, B KaHAle C
ABI'III), meHee BhICOKA.

[IpenmymiecTBa M HEAOCTATKH CBEPTOUHBIX KOJOB:

Ceéprounbie KobI 3((HEKTUBHO pabOTAIOT B KaHae ¢ OETIBIM IIYMOM, HO TJIOXO CIIPABIISIOTCS
¢ makeTamu OmHUOOK. bonee Toro, ecnm nekojep ommbaercs, HAa €ro BBIXOJE BCErJa BO3HHUKACT
naker omubok. BeiOGop B MHAMBUAYaAIbHON paboTe CBEPTOUYHBIX KOJIOB OOOCHOBBIBAETCS TE€M, YTO
CBEPTOYHOE KOAMPOBAHUE - OYEHb TMpocTas omepauus. KoaupoBanue CBEPTOYHBIM KOJOM
MIPOU3BOJIUTCS C TIOMOIIBIO PETHCTPA CIIBUTA, OTBOABI OT KOTOPOTO CYMMHPYIOTCSI IO MOAYIIIO JIBA.
Taxux cymMmm MOXeT ObITH J1B€ (UYallle BCero) Win OOoJbIIIe.

Knaccugukaius KoppeKTUPYIOIIUX KOJIOB IO CTPYKTYpPE MPE/CTaBiIeHa Ha PUCYHKE B.

K.TIaCCI/l(l)I/IKaIII/IH METOA0B N€KOAUPOBAHUA CBEPTOIYHLIX KOJT0B

Knaccudukaius MeTo10B 1eKOAUPOBAHUS CBEPTOUYHBIX KOJOB UMEET CIEAYIOIUI BU/I:

3. AnreOpamyeckue METOJbI JeKOTUPOBAHHS,

4.  BepoATHOCTHBIE METOJIBI EKOIUPOBAHHS:
4.1 ANTopUTM NOCIEI0BATENBHOTO JEKOIUPOBAHMS;
4.2 Anroputm Butep6u.

3ajgada €KOJUPOBAHMS CBEPTOYHOIO KOJA 3aKJIIOYAeTCs B BBIOOpE MyTH (B 3TOM U COCTOUT
OTJIMYME JEKOJAUPOBAHMS CBEPTOUHBIX KOJOB) BJIOJIb PEIIETKH HanOoJiee MOX0KEro Ha MPUHATYIO
IIOCJIEA0BATENbHOCTh. KaX/plil MyTh BAOJbL pELIETYATON AUarpamMMbl CKJIAJbIBAETCSI U3 BETBEH
COeMHAIOMMX y37bl. Kakqol BETBH pELIETKH COOTBETCTBYET KOJOBOE CIIOBO M3 JIBYX OWT.
Kaxnyo BeTBb Ha KaXJOM NEpUOAE MOXKHO IOMETUTh pAcCTOSHUEM XEMMHHIa Mexay
MOJIYYEHHBIM KOJOBBIM CJIOBOM M KOJOBBIM CJOBOM, COOTBETCTBYIOIIMM BeTBU. CKiaabIBas

pacCTOAHUA XeMMHHIa BeTBefI, COCTaBJIAOIIUX MYTh, IMOJTYYUM METPHUKY COOTBCTCTBYIOLICTO ITYTH.


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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Jlannass MeTpuka OyAeT XapakTepu3oBaTh CTEMEHb TMOM00MS KaXKAOTO MYTH TPHHSITON
MOCNIEOBATENHPHOCTH. YeM MeHbIIe METpuKa, TeM Oojee TIOXOXH NyTh W TMPUHATAS
MOCJICIOBATEIBHOCTh. TakuM 00pa3oM, pe3ysibTaToM JCKOAMPOBaHUs OyneT WHPOpPMalMOHHAsS
MOCJICIOBATEIBHOCTh, COOTBETCTBYIOIIAsI ITyTH C MUHHUMAaJIbHOH METpUKOH. Ecim B 0fHO U ToOXe
COCTOSIHME BXOJST JBa IMYTH BBIOMPAETCS TOT, KOTOPBIM MMEET Ny4IIyl0 METpUuKy. Takod myTh
Ha3bIBaeTCS BBDKUBIIUM. OTOOpP BBIKHUBIIMX MyTEH MPOBOIAUTCS JUISL KAXIOTO COCTOSHUSA. JTO HE
WHa4e KaK aJlrOPUTM JIeKoaupoBaHust Butepou u on Hanbosee 3¢ peKTHBHBIN.

Pacuer miupuHbI ciekTpa HU(POBOro CUrHAJA € 32JaHHBIM BHIOM MOAYJISLHA

Bap
Pacuetnl
HaHT
16 Foma = RHCT*§1+(X) = 56*(1;0'4) = 39,2 kI'n
3 Fona = RHCT*§1+0£) _ 256x(1+04) _ 179.2 «T'n
8 Foma = RHCT*SHI) = 32*(1;0'4) =22,4xI'n

OnpenesieHHe JOMYCTHMOM CKOPOCTH KO/Ja U3 YCJIOBHS HENPEBBIIIEHUsI M0JIOCOI 4acTOT

KOAMPOBAHHOT0 CUT'HAJIA IT0JIOCHI MPOITYCKAHUA KaHaJ1a

Bapuant Pacuetsl
16 Reops = F;ir“ =0.436
3 Ryops = F;i}“:‘* =0.224
8 Ryope = Fj;—r‘t = 0,448

Onpenenenue Koaa
[TomyueHHBIH pe3yabTaT MO3BOJIAET CPOPMHUPOBATH CIIUCOK MOAXOAIINX CBEPTOUHBIX KOJIOB B
BUJIE, IPEICTaBIEHHOM B Tabnuie 5.6.

Tabnuma 5.6. Xapakrepuctuku CK miis Berdopa koaa

CHOpOCTE KoJa Iopo#aarompee KO C10#HOCTE ASEE,
- MHCTOTTEHED v pemeTin 7 ab
1/4 463.535.733.745 8 512 820
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 133171 6 128 6,00
172 247,371 7 256 6,00

Bap YcaoBus
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HaHT
16 CK co ckopoctsimu 1/2 u cnoxxknocthio pemetkn W He 6omee 150
3 Bce CK co cnoxuocTteio pemerku W He 6onee 170
8 CK co ckopoctsimu %2 1 cinoxHocThiO peretkn W He 6onee 200

[Tpoussenen BbiOop CK U3 nepeyns, 06ecrneynBaroiero 3a1aHHy0 BEpOATHOCTh OIIMOKHU OuTa

" YOAOBJICTBOPAIOLICTO TpC6OBaHI/II-O OIr'paHUYCHHUS 110 CIIOKHOCTH ACKOACpa.

Bap
Bri6pannsiii CK
WaHT
Kon ¢ mopoxnaromumu mHorowienamu (133, 171), kotopslit ipu ckopocTtu 1/2
10 obecneunBaeT ADBK = 6,99 nb
Kox ¢ nopoxparonmu maorowieHamu (133, 171), kotopslii npu ckopoctu 1/2
3 obecneunBaer ADBK = 6,99 nb
Kon ¢ mopoxmarorumu mHorowienamu (133, 171), kotopslit ipu ckopocTtu 1/2
] obecneunBaeT ADBK = 6,99 nb

Pacuer IIUPHUHBI CIIEKTPAa KOAUPOBAHHOTO III/I(l)pOBOFO CHUIrHaJia ¢ 3aJaHHbIM BHA0OM

MOAYJ/JAIHUHA B 3AaBUCHMOCTH OT CKOPOCTH KOJa

Bap
Pacuern
HaHT
Frma 39,2
16 Fomarck = =—="784«ln
R0 0,5
Frmz 1792
3 FFM2+CK = == 358,4' KFH
RKO() 0,5
Fryma _ 224
8 Fomarck = - = 2 = 44,8xln
K00 0,5

Pucynox 5.7 mosBonsieT caenath BBIBOJ O TOM, YTO TIPUMEHEHHE BBIOPAHHOTO KOJa

00ecIIeunBacT BBIINOJIHEHHE ITOCTABICHHOMN 3aaa4u, TaK KakK

BeposiTHOCTB OILTMOKHU

Ornomenne C/11 hy 2, 1B

BapuanTt
JEKOUPOBAHUS MEHBIIIE
16 7,0 10°
3 6,0 10®
8 6,0 10°
CpaBHEHHE C KPUBBIMU TOMEXOYCTOMYMBOCTH HEKOAUPOBaHHOU PM IOKa3bIBaET, 4TO
Bapunant BepositHOCTB OOk ADBK, nb
16 10° Gonee 10
3 10° 9,4
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Puc. 5.7. IlomexoycTONYUBOCTh IEKOUPOBAHUS CBEPTOUHBIX KOJIOB

HpOBepo‘{HBIﬁ pacu€eT 3aBUCUMOCTH BEPOATHOCTH OIMOKH HA BBIX0/J€ J€KOoACpa

B pe3ynbrate nosyuum (mpuMepHO JUIs 3aJJaHHON BEpOSATHOCTH OLIMOKU OUTA):

Bapuant Pacuersl
Q - ( xz) - < 5’012) 4,45 %1075
= * eX —_——) = ——— x eX —_ =4, *
16 x *2m P73 501 21 P

pd:Wde\/deRkodhb:364451O_5V21005 :4210_3
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1 : xz) 1 < 42> 134105
= xexp (——) = *exp| ——= | =o2,0%
3 x *2m PiT2 4 x+/2m P72
pdzwde\/deRkodhb=36331O_5V21005 =9.2-1073
Q : ( xz) B < 5’012> 4,45 % 1075
= xexp (——) = xexp| — = 4,45 *
8 X *V2m PiT2 5,01 * /21 P
pdzwdf-Q-\/Z-df-Rkod-hb=36-4.45-10_5-\/2-10-0.5- =42-1073

Pacuer moka3zan, 4ro pealbHOE 3HAYCHHUE BEPOSTHOCTH OMMOKA KoOJepa MEHbIIE
TEOPETHYECKOTO 3HAUYCHUSI, CIICIOBATEIBHO, YCIOBHS 33]1a4i ObLIN BBITOJIHCHBI.

Pa3pa6otka xoaepa u aexonepa CK 133,171

B npenpinymem paszzaene Obul onucan BeIOOP cBepTOUHOTO Koaepa (133,171).

1335=1011011,;1715=1111001;

OyHKIIMOHANBHAS W CTPYKTypa cCXeMma KoJepa/AeKkojepa MOXKET ObITh IpeJCTaBiIcHA B

CJICOAYIOLIEM BHUIC:

Brixonl

CyvmmaTtop |—»

L

CaeHroEBIA
PErHCTP

L 4

Hcrounnk

Brixox2

L

CymmaTop |[—»

Puc. 5.8. CtpykTypHas cxema CBEpTOUHOTrO Kojiepa
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BBIXO[T 1
BXOT
Sp S1 Sz Sa S4 Sz Se
BBIXO/[ 2
Puc. 5.9. ®ynknmoHanpHas cxema cBepTo4HOro kozaepa 133,171
;: - -_f__ —> i E '—T - Brmon
5 2 S: [ 2 5 P R E—
: = N = E & = E
5 = z B = =2
o = @ % -
Puc. 5.10. CtpykTypHas cxema nekojaepa Burepou
HenpagneHnme
T i - — 0N
* 1 Huopmanmonuedii permerp—i + -
+"-\. — 1 ! . - - i
~uk
| R - -
T OfpaTHas Bk
— —_ - = - — — 4
Ko .J“ t3 i
™ . = ) "|{'.'||H,'1]111+.1Huﬁ PErucTp
1 ‘e
C Mormeckas cxema
“HHAPOHIS T - . .
(MARDPHTAPHEN HEMEHT)
| Henpasnenne

Puc. 5.11. ®ynkunoHanbHas cxema Jekoaepa Burepou
KoJlepa Co CKOpOcCThio 1/2.
B pesymbrare BBIMOMHEHUS JAHHOTO WHAWMBUIYAJIBHOTO 3aMaHWs OBUIO  BBIMOJHEHO

clIeyronee:
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. CrpoekTnpoBaHa  TEJICKOMMYHUKALIMOHHAs  CHCT€Ma C  HCIIOJIB30BAHUEM
CBEPTOYHOI'O KOAEPA;

. PaccuuTaHbl 1 ONTHMU3HPOBAHBI IIAPAMETPBlI CBEPTOYHOIO KOJA HCIOJIB3YyEMOIO B
TKC B mensx nosbimeHus ee 3()(EeKTHUBHOCTH M IMOMEXOYCTOMYMBOCTU TPH Pa3IMYHBIX
HaYaJbHBIX 33JaHHBIX YCIOBHSX (IIMPUHA CIEKTPa, CKOPOCTh KOAA, OUTOBAas BEPOSTHOCTD
OLIMOKH B 3aBUCUMOCTH OT 33JJaHHOT'O 3HAY€HMsI OTHOILEHUS CUTHAJI/IIYM);

. [IpemioskeHsl CTPYKTypHBIE M (DYHKIMOHAIBHBIE CXEMBl KoOJiepa M Kofepa,

HCIIONBb3yeMbIX B pazpadoranHoii TKC.

Bapuauntsr Ne 4, 5, 14

Hcxonnbie naHHbIE

Bapuant Ne 4:

o [lepenaBaemas nH(poOpMaIus: TaHHBIE KOMITBIOTEPA,

e OTHOIIEHUE CUTHA/IIIYM: hé = 6,5 1b;

e Meron monyisinuu: OM-2;

e [IpousBoauTeNLHOCTH UCTOYHUKA: R, = 64 KOUT/C;

e [Ipuem: KOrepeHTHBIN;

e [lonoca nponyckanus kanana: F, = 200 x/y;

e bBurosas BeposTHOCTH ommbku (BER): p = 107°;

e ClOXHOCTH JeKkoJiepa He Ooliee (MoKa3aTensb CI0XHOCTH perieTku kona): W = 180;
Bapuant Ne S:

e [lepenaBaemas undopmarus: cooduenus uugpposoro TB;

e OTHOIIIEHNE CUTHAI/TIIYM: hé = 4 1b;

e Merton monysiiuu: ®M-4;

e [IpousBoautensHOCTh UCTOUHUKA: R, = 16 KOUT/C;

e [Ipuem: KOrepeHTHBIN,;

e [lonoca nponyckanus kanana: Fj, = 25 xl'y;

e bBurosas BeposTHocTh ommbku (BER): p = 107%;

e CIIO)KHOCTH JiekoJiepa He Ooiree (oKka3aTelb CIIOKHOCTH pelieTku kona): W = 250;
Bapuant Ne 14:

e [lepenaBaemas nndopmanus: coodeHns HUGHPOBOro 3ByKOBOTO BEIIAHMUS;
e OrtHomenue curnan/mym: hy = 7 nb;

e Meron monynsuuu: OM-2;
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e [IpousBoauTensHOCTh UCTOUHUKA: R, ,, = 256 KOUT/C;
e [Ipuem: KOrepeHTHBIN;

e [losnoca nponyckanus kanana: F, = 400 x/y;

e burosas BepoaTHocTh ommbku (BER): p = 107°;

e CJ0XHOCTB AeKojepa He OoJiee (ToKa3aTelb CI0KHOCTH pemeTku kona): W = 300;

Onncanue cTpykrypHoi cxembl npoektupyemoit TKC. Ykazanue mecT BKJIIOYeHUS
Ko/epa/nexkoepa, MOayJsITOPa/1eMOIYJIATOPA C ONUCAHMEM X (PYHKIMH
Hu onna TKC He 06xoauTcst 6€3 CUCTEMBI CBS3H, MTPEICTABICHHON Ha pUCYHKE 1.

Komaposasse KaHama
(momexoycToRTHEOE

BOKOZER EOIHPOBAHHE)
R Ry R
; Komeposasme I ; 1 5
Hetouwms ITH T Komaposamue |  Moay
co00meHHs HCTOMHHER 1 EAHANA 1
1 |
bmTH I bmTH I
coo0merss ! KOZepa !
: : Kanan PPB
1 1 (GecmpoBomEas
1 1
I | CETR)
1 1
1 1
| |
1 C 1 .
[omygemme ) TMexomsposamme | | Kamaneace ¥ Jesomymamas
coofmenHs  [* *1| zexomEposamme [

Puc. 5.12. O6001eHHas MOIEND
Jlrwobas cucrema mnepemaun 1udpoBoil HHPOPMAIIMKM HUMEET B CBOEM COCTaBe OJIOKH,
n300pakeHHbIE Ha pUCyHKe 5.12.

HcTtouHuk cooOmieHusi TeHepupyeT OMHapHYH IMOCJeI0OBAaTENbHOCTh C  OMNpPEesICeHHON
CKOpOCThIO R, KypcuBoM oTMeueHbI 6J10KH, KOTOpBIE KOAUPYIOT U ACKOIUPYIOT HH(OPMALIHIO C
MIPUMEHEHUEM IOMEXOYCTOMYMBBIX KOJOB (BBOJUTCS U30BITOYHOCTH MPU KOJUPOBAHUHU, HAIIPUMEP
kong Xemmunra, BUX, cBeprounsiii kom). Uro kacaercss HMCTOYHUKA, TO OH KOAMpYETCS U
JEKOJUPYETCSl C MOMOILBIO TaKUX AJITOPUTMOB Kak, Xaddmana, [llennona-®Pano win Jlemnena-
3uBa. B maHHBIX anroputMax He BBOJAUTCA M30BITOYHOCTH. [IoMMMO KOJMpOBaHMS CHUCTEMA CBSI3U
COJIEP’KUT B cebe KBaApaTypHYIO MOAYISILIHIO/AEMOYSIuUI0. ['1e Ha BBIXOJE MOZYJSTOpPA MBI
MoJIy4yaeM CHayvajla KOMIUIEKCHbIE YHcia (KBaJApaTypHble U CHH(]a3HbIe COCTABISAIONINE), KOTOPbIE B
CBOIO Ou€pelb CaliITCs Ha Hecyliue, cIBUHYTble Ha 90 rpaaycoB M B KOHEYHOM HTOTe
cymmupyoresd. Jlemonynsauusi mpeacrasisier coOoil oOpaTHbli mpouecc. Bapuantel pa®oThb

coJiepkuT B cebe momynsnuio ®M-2 wimm BPSK, koTopas nMeeT ToabKo JBa CHH(pA3HBIX 3HAUYCHUS
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noctostHHOM aMruutyasl U (aszel 0 u 180 rpagycoB u ®M-4 i QPSK, koTopas numeer uetbipe
3HAYEeHUsI IOCTOSHHOW aMILTUTYABI U (ha3bl.
U, xoHeuyHO ke, Mobast cucTteMa mnepenadn He 00XoauTcs 0e3 BO3ICHCTBHS Ha HEE IIYMOB, B

KaHaJie OECITPOBOJIHOM CETH (KaHaJ CBSI3H).

Kinaccupukanusi KoppeKTHPYIOUIUX KOAOB 10 CTPYKType. CpaBHUTEIbHBIH aHAIU3
NperuMYyIIecTB M HeIOCTATKOB MOMeX0YCTOHYUBBIX 0JI0KOBBIX M CBEPTOYHBIX KO/0B.
Ob6ocHOBaHUE IPUMEHEHHS B IPOEKTE CBEPTOYHBIX KOJA0B

Knaccudukanus KoppeKTUPYIONUX KOJOB 110 CTPYKTYpE MpeAcTaBlieHa Ha pucynke 5.13.

KoppexkxkTHpPpY I He KOodBEl

¥ ¥

Ei1oKoOEBBR® » Kacrkazaee |e Henpepbl BEHEe
¥ ¥
NEEeHER e | Su=ra-Karemsoaprepa |
v
¥
- | Popmn | CeepToyuHEE
Henmmefmse 7
1 | HemirefHER |
+ Y
Amarapa =
Fo——— | Tumefigme

,__‘____________\/_ __________ | I__‘_____________________':—_.-__-—_-:__ _________ .

Koaer: Koaer:

— XonmmETa — 11 gexoappoBaEnd 0o Amoprsy A Brreptn

—Bovza-Uovrope- XoFBHATEMA — 117 NOopoToBOTO ANTOPHIMA JEROTHPOEAHAA
— Proa-Comorroma

|
| 1

| b

| b

I o

| — mEnmaeckme: Lo — Il moceaoBaATENEHOTG JEEOTHPORAHET

I | 1

l Lo

I ro

t —Pafipa e e

I Hoeble Koawl

| (cmoco0B! KOOHPOBAHEA I8k IHPOBAHE);
I — CHIHANMBHO-KOZO0BEIE KOHCTPYVELHH

| — Tvpdoroae

I — ITpocTpancTReHHEC-BPeMEeHHE]S KOTE]

——

Puc. 5.13. Knaccugukarus KOppeKTUPYIOIIUX KOJ0B
IIpeumymiecTBa U HeIOCTATKH 0JIOKOBBIX KO/IOB:
brokoBBIe KOJBI, KaK IMPaBHIIO, XOPOIIO CIPABJISAIOTCS C PEAKUMHU, HO OOJBITUMHU TaYKaMHU
omuO0K, X 3(PPEeKTUBHOCTH TMPU YACTBIX, HO HEOONBIIUX OIMUOKaxX (HampuMep, B KaHale C
ABI'II), menee BbICOKA.

IIpeumymiecTBa U HEIOCTATKH CBEPTOYHBIX KOI0B:
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CaépTounbie Koabl 3((HeKTUBHO pabOTAIOT B KaHaJe ¢ OEIBIM IIYMOM, HO IUIOXO CIIPaBIISIOTCS
c makeramu omuoOoK. bojee Toro, eciam nexonep ommbaeTcs, Ha €ro BBIXOAE BCETJa BO3HUKACT
[aKeT OIIHNOOK.

Br16op B MHAMBHAYaTbHOM pabOTe CBEPTOUHBIX KOJIOB OOOCHOBBIBACTCS TE€M, YTO CBEPTOUHOE
KOJAMPOBAaHUE - OUeHb NpocTtas omepanus. KoaupoBanue CBEPTOYHBIM KOAOM MPOHU3BOIUTCS C
MOMOIIIBI0 PETHCTpa CABHIa, OTBOJABI OT KOTOPOrO CYMMHPYIOTCS IO MOAYNIO ABa. Takux cymm

MOXET OBITh JBE (Yalle BCEero) Uiu OOJIbIIIE.

Kaaccudukanus ¥ cpaBHUTEIbHBINH aHAJIHU3 AJTOPUTMOB /IEKOIMPOBAHUS CBEPTOYHBIX
Kk010B. O00cHOBaHMe BbIOOPa airopuTMa Butepom 1Jis1 1eKOIMPOBAHUS CBEPTOYHBIX
KO/J0B.

CylecTByeT HECKOJIbKO METOJIOB:

1) Aneebpauueckue memoovi 0ekoOouposanusi OCHOBaHbI Ha HCIOJb30BAHUU alreOpanvecKux
CBOWCTB KOJOBBIX MOCJEIOBAaTEIbHOCTEH. B psae ciaydae 3TH METOABI NMPHBOIAT K IMPOCTHIM
peanu3anusaM Kojeka. Takue ajiropuTMbl SBISIOTCS HEONTUMAIbHBIMU, TaK KaK HCIOJIb3yEeMbIC
anreOpandecKkue mporeIypbl ACKOIUPOBAHUS IPEAHA3HAYCHBI JIUIsI HCIIPABICHHUS KOHKPETHBIX (U HE
BCeX) KOHGUrypanumii ommOOK B KaHaie. J[aHHBIE METOJBI OTOXKIECTBISIIOT C IMO3JIEMEHTHBIM
npuEMOM TOCIIEIOBATEIBHOCTEH, KOTOPBIM Ui KOAOB C HM30BITOYHOCTHIO, KaK W3BECTHO, HAET
XYAIIUE Pe3yabTaThl, YeM «IpUEM B 1esnomM». ONepupyroT ¢ KOHEYHBIM aja(paBHUTOM BXOJHBIX
JAHHBIX, JJI MOJy4eHHUs KOTOPBIX Ha BBIXOJI€ HEMPEPHIBHOIO KaHala HEOOXOAMMO BBIIOIHHUTH
KBaHTOBAHUE.

A) Hawubonee mpocThIM M3 anreOpamyecKuX alTOPUTMOB SIBISIETCS AICOPUMM NOPO20BO2O
0eKo0Uuposanusi CBEPTOYHBIX KOAOB. DTOT aIrOPUTM JajieK OT ONTHUMAJIbHOIO M MO3TOMY PEIKO
UCMOJIb3YyeTCsl, B IEPBYIO OYepe/lb, B CUCTEMAX C BBICOKOM CKOPOCTBIO Mepeaayr HH(OPMAIIHH.

2) BeposimuocmHule Memoobl 0eKOOUpo8anusi 3HAUMTEIILHO OJMKE K ONTHMAIBHOMY «IIPHEMY
B IIEJIOM», TaK KaKk B JTOM CIlydae IEKOJIep ONEpPHPYeT C BEIWYHMHAMH, MPOMOPIHOHAIEHBIMU
arlOCTEPUOPHBIM BEPOSTHOCTSIM, OIEHHBAET ¥ CPABHUBAET BEPOSTHOCTH PA3IMYHBIX THIIOTE3 M HA
3TOM OCHOBE BBIHOCHUT PELICHHUs O MEPeaBaeMbIX CUMBOJIAX.

A) Aneopumm nocinedogamenbHo20 0eKOOUpO8aHus 00ECTEUYNBAET MPOU3BOJBHO MAaYIO
BEPOATHOCTh OMIMOKM MpPH HEHYJIEBOM CKOPOCTH Iepenadu cooOuieHuit no kanamy. [lpu
MOCTICIOBATEIFHOM ~ JICKOJMPOBAHUM  TMPOU3BOJUTCS TIOMCK TIIYTH Ha KOJOBOW pEIIeTKe,
COOTBETCTBYIOILIETO TepelaHHOW HH(GOpMAIMOHHON mocienoBarenbHocTd. [locienoBarenbHoe

ACKOAUPOBAHUC UCTIOJB3YCTCA IJId ACKOAUPOBAHUA JJIMHHBIX CBCPTOYHLIX KOIOOB.



341

b) Aneopumm Bumepbu peanusyeT MOMCK MAaKCUMAIIbHO MPaBAONOA00HOrO MyTH Ha
KOJIOBOW peIeTke ¢ OTOpachlBaHMEM YacTW HauMEHee IPaBJIONOAO0OHBIX BapuUAaHTOB MyTeH Ha
Ka)XJIOM Imare nekoaupoBanusa. OH XapakTepH3yeTcsl IOCTOSIHCTBOM BO BPEMEHH 3aTpaT PecypcoB
nporeccopa, OJHAKO CIOXKHOCTh JeKojepa ButepOum pacrer, kak mpu BceX mNepeOOpPHBIX
IrOpUTMax, MO SKCHOHEHIMAIBFHOMY 3aKOHY OT JJIMHBI KOJIOBOTO OrPaHUYEHHUS CBEPTOYHOTO
kona. Iloatomy anroputm Butepbu ucmonb3yercst Ui ACKOAMPOBAHUS KOPOTKHX CBEPTOUHBIX
KOJIOB.

Pacyer mupuHBI ciekTpa HH(POBOro CHrHAJIA ¢ 32JaHHBIM BH/IOM MOAYJISIIIUH

Ha ocHOBaHUM MCXOAHBIX JAHHBIX MPOU3BEAEM BHIYHUCIICHUS:

Bapuanr 4:
FFM4:2*(mFM4+1)*FK:2*(%+1)*FK=2*(%+1)*200 = 800 k['1;
Bapuanr 5:
Frmz =2*(mFM2+1)*FK=2*(%+1)*FK=2*(;—§+1)*25 = 100 xI'1;
Bapuant 14:
800

FFM4=2*(mFM4+1)*FK=2*(g+1)*FK=2*(a+1)*800=3200Kru;

PacyéTr mmpuHbI CIeKTPa KOAUPOBAHHOIO HM(POBOIr0 CUTHAJA € 32JJaHHBIM BHOM

MOAYJ/JAIHUHA B 3AaBUCHMOCTH OT CKOPOCTH KOJa

Bapuanr 4:
1 1 Af 1 200
F@M4=Kw*2*(mFM4+1)*FK= M*Z*(E+1)*FK=m*2*(ﬁ+1)*
200 = 3571 xI'm;
Bapuanr 5:
1 1 Af 1 25
FFMZ :RKOO*Z*(mFMz'i‘].)*FK:roo*z*(a'i‘l)*FK:m*z*(E-l-l)*
25 =223 kI'n;
Bapuant 14:
1 1 Af 1 800
F‘DM‘*:Kw*z*(mFM”l)*FK:RM*Z*(EJrl)*FK:m*z*(ﬁﬂ)*

800 = 7142 xI';

Onpenesnenue 10MyCTUMOM CKOPOCTH KO/Ja U3 YCJI0BHS HellPeBbIIEHUS N0J0COH YacTOT
KOJAUPOBAHHOI0 CUTHAJIA MOJIOCHI IPONMYCKAHUS KaHAJIa

Bapmuanr 4:

Foya = —Rucm*2(1+a) = 44 8 kl'11;
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R,,, = 22 = 0.224;

Fk
Bapuanr 5:
Foya = 2208 = 11,2 I
R, = F;’f‘* = 0.448 ;
Bapuant 14:
Foya = 22029 = 197 2

R, = F;’f‘* =0.224;

OnpeneseHue nepevyHsi KOAOB €O CKOPOCTSIMU, NPEBBIIAKIINME I0MYCTHMYI0 CKOPOCTb,
KOTOpPbIe MOTYT OBbITh UCIOJIb30BAaHbI /IJIsl pellleHusl MOCTABJIEHHOI 3a1a4u

Tabnuma 5.7. Xapakrepuctuku CK mis Ber6opa koaa

CHopOCTE KoTda [Moposmammue AKO CIoaHoCTE AIBE,
Reon MHOTOTEHE] v pemetsn W ab
1/4 463.535.733.745 g 512 520
13 557.663.711 8 512 778
172 53.75 5 o4 6,02
172 61.73 5 o4 6,02
12 71.73 5 o4 6.02
12 133.171 8] 128 6.00
12 247371 7 256 6.00

Ha ocHoBanuu Tabauib! 5.7 onpenenum cleAyoe Koabl:
Bapuanr 4:
Bce xonpbl.
Bapuanr 5:
Kompl co ckopoctsio Beie 0,448.
Bapuant 14:
Bce xonpl.
Bei0op CK u3 31010 nepe4ns, odecne4uBaomiero 3aJaHHy0 BepOATHOCTh OIIUOKH OUTA
1 YI0BJICTBOPSIOIIEro TPeOOBAHUIO OTPAHMYCHHSA 110 CJI0KHOCTH AeKoaepa
Bapuanr 4:
Koapl ¢ mopoxmaroruMu MHOrowteHamu (463,535,733,745) ADBK = 8,29 ab, (557, 663, 711)
ADBK =7,78 nb, (247,371) ADBK = 6,99 nb.
Bapuanr 5:
Kon ¢ mopoxxnaromumu mHorowieHamu (247, 371) ADBK = 6,99 nb.
Bapnanr 14:
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Kompl ¢ mopoxmaromumu MEOTOwIeHamu (463,535,733,745) ADBK = 8,29 nb, (557, 663, 711)
ADBK =17,78 nb.

IIpoBepouHbIii pacueT 3aBUCMMOCTH BEPOATHOCTH OLIMOKHM HA BBIXO/e JeKoaepa

BER = Q * /Z*hé

x2
* exp (——
- p( 2)

B pe3ynbraTe noay4yum (puMepHO U1 33aHHON BEpOSTHOCTH OIIMOKHU OUTa):

Bapuanrt 4:
1 52
Q= sV eXp<—7> =0,3%107°
BER = Q /2% 6,5 =2,75%107°
Bapwuanr 5:
1 32
Q= 3 *m* exp<—7> =33%10"°
BER=Q *V2+4=186%10"°
Bapuant 14:
1 4,52
Q= 4,5*—\/%* exp<—7> =35%10"°

BER=Q *V2+7=346%10"°
Pa3paGoTka u onucanue CTPYKTYPHBIX U (PYHKIIMOHAJILHBIX CXeM Kojiepa U JeKojiepa
BbIOpanHoro CK
Bapuanr 4:

Kozep BeIrIsAMT crieyrommm oopazom:

nF

JamErre

TaKTOBEIS IMITVIBCHL

BexoszIe
C JaHHRIS

TaKTOBEIS IMITYIBCHI
VABOSHEOK T2CTOTH

Puc. 5.14. CtpykTypHas cxema KoJepa
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CBEPTOUHBIN KOJEp COCTOUT M3 PErHcTpa CABHra, OJ0Ka CymMMaTopa MO MOIYJIIO 2, BXOMbI
COEIMHEHBI C HEKOTOPBIMU BBIXOJIAaMHU PETUCTpa cABHMra. TakuMm o00pa3oM, Ha KaXKIOM TaKTe B
PErucTp CIBUIa MOCIEI0BATENBHO MOCTYNAET OJ0K U3 K MCXOAHBIX MH()OPMAIMOHHBIX CUMBOJIOB.
B ToMm e TakTe Ha BbIXOJ€ MpeodpazoBaTess GOPMHUPYETCs KOIOBasl IOCIEA0BATENbHOCTh ATMHON

n 11ocCja€a0BaTCIIbHBIX CUMBOJIOB. C MMOMOIIIBIO MYJIBTHUIIICKCOpPA OHU IIECPCHAAIOTCS B KaHAJI.

=

» o
+ e
-
A A
—}
g2
» o $
> R ]
x0 x! x? =2 x4 x x6 x’ 13 x5 10 x 1l

h 4
+
A

[ e1 o 1

Puc. 5.15. ®ynkinuonaibHas cxema KoJiepa ¢ MOpOoKIaI0IIMMI MHOTOWIEHAMU
(463,535,733,745)
Bapuanr 5:

Komep BRIrISAUT crieayronm o0pa3oMm:

A+B
m My THITIERCOD

SN oA
1 2 >
anmnIe B A
—»| Tpmrep |(—@—» Tpurrep —
l BEIXOIEBIE J2EERIS
B
T2KTOEEIE EMITVIBCEL

T2KTOEBIS IMITYICH
VAEOSHEOH T2CTO THI

Puc. 5.16. CtpykTypHas cxema Kojepa
CBEPTOYHBIN KOJEp COCTOUT M3 PETHCTpa CABHTra, OJOKa CyMMaTopa IO MOIYIIO 2, BXOMBI
COEIMHEHBI C HEKOTOPBIMH BBIXOJaMHU PETUCTpa CABHTra. TakuM 00pa3oM, Ha KaKIOM TaKTe B

perucTp CcABUra mocCjCA0BaATCIbHO MOCTYIACT osok u3 k HCXOOHBIX HH(bOpMaLIHOHHBIX CHMBOJIOB.
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B ToMm e TakTe Ha BBIXOJe MpeodpazoBaTess GOPMHUPYETCs KOIOBast OCIEA0BATENbHOCTh JITHHON

n 11oCjI€a0BaTCIIbHBIX CUMBOJIOB. C IMOMOIIIBIO MYJIBTHIUICKCOpA OHHU NCPCAAIOTCS B KaHaAJI.

—— >
g1

{

[F5)
=
LA
=
4

=]
Nn—-
Nu
b4l
W
W
w
]

v v

g2
—

Puc. 5.17. ®ynkunoHanbHas cxema Kojiepa ¢ MOpoKAArIUMU moinHomamu (247, 371)

Bapuant 14:

Konmep BeIMISAUT clieayronmm o0pa3oMm:

¥

v

A+B+C
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Puc. 5.18. CtpykTypHas cxema kojepa
CBEpTOUHBIN KOZEp COCTOUT M3 pErucTpa cIBUra, 0J0Ka cymMMaTopa MO MOIYJIIO 2, BXOMbI
COEIMHEHBl C HEKOTOPBIMU BBIXOJIaMU perucrpa cisura. Takum oOpa3oMm, Ha KakJIOM TakTe B
PErUCTp CABUTA TIOCIIECIOBATENHHO MOCTYyMaeT OJ0K U3 k MCXOMHBIX WH()OPMAITMOHHBIX CHMBOJIOB.
B ToMm ke TakTe Ha BBIXOJIe MpeodpazoBaTeis GOpMUPYETCs KOAOBAs MOCIE0BATEIBHOCTD JUIMHON

n 1IocCjI€a0BaTCIIbHBIX CUMBOJIOB. C NMOMOIIBbIO MYJIBTHUIUICKCOPA OHU MEPCHAAIOTCS B KaHAJI.
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Puc. 5.19. ®ynkunoHanbHas cxema KoJiepa ¢ MOpoKIaroIMHy roirHomamu (557, 663, 711)

OO0mias cTpyKTypHas cxema Jiekojiepa:

Puc. 5.20. CtpykTypHas cxema jieKoepa CBEpTOUHOr0 KoJa.

Hexonep cocrout mu3 ALl B kananax X u Y, BBIUMCIHTENSE METPUK BETBEH, Ipolieccopa, B
KOTOpPOM IPOU3BOJATCS OIEpalMy CIOXKEHHs, CPaBHEHHsS] U BbIOOpA, yCTPOWCTBA MaMSTH IMYyTEH,
KOTOpBI€ BBDKUIIM, U MQKOPUTAPHOTO 3j1eMeHTa MO, B KOTOPOM BBIOMpPAETCs MyTh C HauOOJbIIeH
MeTpuKoi. OnNTUManbHOEe 3HAYEHME Illara KBAaHTOBAHWS 3aBUCUT OT OTHOILEHHS CUTHAJ/IIYM Ha
Bxoae ALIL.

B nanHOM uMHOuBUAYyadbHOM 3aJaHMM ObUIM MCCIEI0BAaHbl BHYTPEHHUE COCTAaBIISIOLINE
TenekoMMyHuKaunoHHon cucteMbl (TKC) mpu pa3inyHbIX HayallbHBIX 3a/laHHBIX YCJIOBUH, a
MMEHHO ObUIM MOCYUTAHBI: IIMPHUHA CIEKTpPa, CKOPOCTh KOJa, OUTOBAs BEPOATHOCTH OIIMOKH B
3aBHCUMOCTH OT 3a/IaHHOT'0 3HAUEHHs OTHOILEHUS CUTHAJ/IIYM.

A Taxxe OBLIO UCCIIENOBAHO:

1. Pa6ota xonepa/nexonepa TKC;

2 Monynstopa/nemonynaropa TKC;

3 Knaccugukaius KOppeKTUPYIOIIUX KOJIOB;

4. [TpenmymiecTBa M HEJOCTATKH KOPPEKTHUPYIOIIUX KOJIOB;

5 ANTOPUTMBI KOJUPOBAHHS U IEKOAUPOBAHMS CBEPTOYHBIX KOJIOB.
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3AK/IIOYEHUE

B mnpencraBienHoM yueOHOM MOCOOMM BHEpPBbIE PACCMOTPEHBI OCHOBHBIE BUJIbI
MOJAYJALMH, KOAUPOBAHUS M CUTHAJIBHO-KOJIOBBIE KOHCTPYKUMU.B yueOHOM mocobuu
paccMOTpeHa TeOpHs U MPaKTUKa MOACIMPOBaHUs MOIeMOB coToBoi cBsizu FSK, MSK GMSK
U MOJEMBbl CIYTHUKOBBIX cucteM cBsizu M-QAM, M-PSK. Jlns anamm3a ucCHoiab3aBaHO
nporpammuoe obecniedeHupe NI LabVIEW. Ilokazana BO3MOXKHOCTh CO3JaHUS CO3BE3IUI
Pa3IMYHBIX BUIOB MOAYJISIIIMH, CIIEKTPbl CUTHAJIOB C HCIOJb30BAaHUEM Pa3INYHBIX (UIBTPOB,
MOJIy4EHBI TJIA3KOBBIC AWAarpaMMmbl W (Pa3oBble 3aBUCMMOCTH OT OTHOIICHHUS OTHOIICHUS
curHan/mrym. J[ns KaXJoro BUJa MOIYJSIMU TMPOBEACH YHUCIICHHBINM aHaan3 BEPOSATHOCTH
CHUMBOJIbHOM OIIMOKH OT OTHOILIEHUS] CUTHAJ/IIIYM.

PaccmoTpeHsl BOMPOCH MPOMYCKHOW CIIOCOOHOCTH KaHajda CBSI3U, PACCMOTPEHBI
Meroasl koaupoBanue ucrounuka (Illennona-®ano, anroputmsbl cxatusi Jlemmens - 3uBa,
BeiiBieT-PpakTasibHOE CxKaTue). [IpoBeneHbl 4YMCIEHHBIE OLICHKU KO3(P(PUIIMEHTOB CXKaTusl,
MOJIy4YEHHBIE C UCTIOJIb3aBAHUEM COBPEMEHHOTO MPOTPAMMHOI0 00eCIeUEeHHUS.

[TpoBeeHO UMMHTALIMOHHOE MOJEIUPOBAHNUE U MCCIEAOBAHUE MOMEXXOYUTONUYHUBBIX
konoB Xemmunra, bUX (boy3a-Uoynxypu-Xoksenrema), Puna-Comomona na 6aze MATLAB
2015 Simulink, wucciemoBaHO CBEPTOYHBIC KOJMPOBAHHE M JieKoaupoBaHue. I[IpoBeneHo
MOJIETIUPOBAaHUE JEKOJAUPOBAHHE CBEPTOYHBIX KOAOB MO METOAy Butepbu ¢ ucmnonb3oBaHHEM
10 MATLAB. HccnenoBanue TypOOKOAMPOBAaHUE, paccMOTpeHa oO0oOIIeHHas cxeMma
TypOOKOJiepa C HapauieIbHbIM KacKaIUpOBAaHUEM, CBEPTOUYHbIE TYpOOKO[bI, E€KOIUPOBAHUE
TypO0oKO0J1I0B. XapaKTEpUCTUKH ITOMEXOYCTOMUNBOCTH CBEPTOUYHBIX TYPOOKOJOB HCCIIEAO0BAHbI
¢ ucnons3zoBanueM 110 MATLAB 2015 Simulink. Bniepseie ucnons3osano [10 NI LabVIEW
JUIS. MCCTIEIOBAaHUSI HU3KOIUIOTHOCTHBIX KOJOB - pa3paboTaH MpOrpaMMHBIM KOMILIEKC IS
Bu3yanu3anuu M uccinenaoanus LDPC-xomoB. IlpoBeaena oreHka MOMEXOYCTOMYHUBOCTH
LDPC-k010B B 3aBUCUMOCTH OT OTHOIICHHS CHTHAJI/IIYM W TTapaMeTPOB KOJa.

PaccMoTpeHbl  CUTHAIBHO-KOJOBBIE KOHCTPYKLMM Ha OCHOBE Tpeimc KOOOBOM
voaymsauuu (TCM) u ux ananmus ¢ ucnonb3oBanueM MATLAB. HMccnenoBanue curHaibHO-
KOJIOBOM  KOHCTPYKLHHU Ha 0a3e CHUCTEeMBl C  OPTOTOHAIBHBIM  YaCTOTHBIM
MYJIBTHITICKCHPOBAHUEM U TIPOCTPAHCTBEHHO-BpeMeHHBIM KoaupoBanuemM OFDM - MIMO ¢
ucnonszoBanuem NI LabVIEW.

B rmaBe 5. nmpeacraBneHo 3aaHne Ha CaMOCTOATENbHYIO padoTy "OnTuMu3anus
METOJIOB TIOMEXOYCTOWYMBOTO KOJUPOBAHUS AJIs1 TENIEKOMMYHHKAITMOHHBIX CUCTEM" - 32

BapuaHTa JIA CaMOCTOATEIIBHOI'O pacdye€Ta U NPpUMEPLI pacucTa AJisd HECKOJBKHUX BaApUAaHTOB.



348

JINTEPATYPA

1. banker B.JI. IlomexoycTroiiunBoe KOAMPOBAaHUE B TEIEKOMMYHHUKAIIMOHHBIX CHUCTEMAX:
yaeOH. mocobue. - Ongecca: OHAC um A.C. ITonosa, 2011. - 104 c.

2. 3wko AI. @amko A.UN., ITlanpunor W.II.,, banker B.JI., HWBamenko II.B.
[TomexoycToiunBOCTh 1 3((HEKTUBHOCTH CUCTEM Tepeaauu nHpopmanuu. M.:Panuo u cBs3b. 1985.

3. Meronbl TOBBIIICHUS JHEPreTHUECKOW U CIEKTpaJbHOH 3(PQeKTHuBHOCTH IHPPOBOI
paauocBszu: yueb. mocodue / B. A. Bapraysun, U. A. lHukun. — CI16.: BXB-IletepOypr, 2013. —
352 c.

4. banker B.JI. CurtanpHO-KOJOBBIE KOHCTPYKLHH B TE€IEKOMMYHUKAIIMOHHBIX CHUCTEMaxX. -
Ounecca: ®emikce, 2009. - 180 c.

5. MenuxoB C.B. Ananorosoe u nugpoBoe paauosemanue: YdyedHoe nocodue. M3nanue
BTOpOE, UcHpaBieHHoe. - ToMmck: ToMCK. roc. yH-T CHUCTEM YIPAaBICHUS U PaJAUODICKTPOHUKH,
2012. — 233 c.

6. l'omukoB A.M., VBaposckuii B./l. MccnenoBanne MHOTOYPOBHEBBIX METOJOB MOIYJISIIHH
CUTHAJIOB, UCIOJb3yEMBIX B KOCMMUYECKHX CHCTeMax CBs3M, Ha Oase ammaparypsl u I10 labVIEW
2010. Meroanyeckue ykasaHus 1o jabopaTopHbIM paboram — Tomck: Tom. roc. yH-T cucreMm
yIpaBiIeHUS U paauodieKTpoHuku, 2011. — 50 c.

7. Tankur B.A. HudpoBas moOwibHas pagriocBs3b. YUeOHOE mocoOwe uisi By30B. — M.:
lNopsiuas nmunug-Tenekom, 2007. — 432 c..

8. ®enocoB B. II., Hectepenko A. K. I{udpoBas ob6paborka curnanoB B LabVIEW: yueOG.
nocobue / ox pexn. B. I1. denocora. — M.: IMK Ilpecc, 2007. — 456 c.

9. Teopus u TexHUKa Niepenayn nHpopmanuu : yaeoHoe nocodue /1O. I1. Akynmuauues, A. C.

bepurapar. — Tomck: Db Kontent, 2012. — 210 c.

10. Ckusp b. Lludposas cBsa3b. — M.: U3narensckuii qom Bunbsamce. 2003 — 1104¢

11. ®eep K.: becipoBoHas undposas csa3b. M.: Panuo u cBsa3p, 2000. - 520 c.

12. Kpetingenun B.b., KomecaukoB A.B. OnieHrBan#e mapaMeTpoB KaHalla B CUCTEMaX CBSI3H C

OpPTOTrOHAJIbHBIM YaCTOTHBIM MYJIbTUIIJIEKCHpOBaHUEM. YuebHoe nocooue / MTYCHU.-M.,

2010. -29 c.

13. 1. Batonun, M. CMupHOB «MeToibl cxxaTus JaHHBIX: CrkaTue n300pakeHuin»

/1 http://www.compression.ru/book/part2/part2__3.htm

14. C. Vonctun. “®pakTanbl ¥ BEHBIETHI IS CKaTHs M300pakeHWW B aeiicTtBun’. MockBa.

“UznarensctBo TPUYM®” 2003. 360 .

15. https://sites.qoogle.com/site/szatieinformacii/lekcii/temal3




349

16. IsopxoBuu B.I1., [IBopkoBuy A.B. LluppoBbie BuaeonH(POpPMAITMOHHBIE CUCTEMBI (TEOPHS
u npaktuka) Mocksa: Texnocdepa, 2012. — 1008 c.

17. LabVIEW. CopaBounuk 1m0 (QyHKIHSIM. [DJeKTpOHHBIH pecypc]. — Pexum
noctyna:http://chaos.sgu.ru/library/programms/progr/labVIEW/LabVIEW _suranov.pdf

18. Maiikos, /I.}O. Ouenka caBura 4actoTsl ais mpoueaypsl Initial Ranging B cucreme
«mobmeHbI WiMaxy / JI.FO. Maiikos, A.S. lemunos, H.A. Kaparaesa, E.I1. Bopomus //
Hoxmnanel TYCYPa. — 2011, — Ne2 (24). — 59-63 c.

19. Cepos A. B. Ddupnoe uudposoe tenesuaenne DVB-T/H. - BXB-Ilerepoypr, 2010

—465 c.

20 . Cranmapt DVB-H. Cucrema mobunsHoro TB Bemanus. [DnexkTpoHHslid pecypc] — Pexxum

noctyna: http://www.konturm.ru/tech.php?id=dvbh

21.http://www.mathworks.com/examples/simulink-communications/mw/comm  product-

LTEDownlinkExample-lte-phy-downlink-with-spatial-multiplexing

22. J. H. Yuen, et. al. Modulation and Coding for Satellite and Space Communications. Proc.
IEEE,vol. 78., n. 7, July, 1990, pp. 1250-1265.

23. Forney G. Concatenated Codes. Cambridge, Massachusetts: M. I. T. Press, 1966.

24. Cxisip b. Ludposas cBsa3p. TeopeTnyeckne OCHOBBI M MPAKTHUYECKOES MPUMEHEHHE. [2-¢

u31., ucnp.]: mep. ¢ anri. - M.: U3a. nom "Bunbsime", 2003. - 1104 c.


http://www.litres.ru/bhv-peterburg/
http://www.konturm.ru/tech.php?id=dvbh
http://www.mathworks.com/examples/simulink-communications/mw/comm_product-LTEDownlinkExample-lte-phy-downlink-with-spatial-multiplexing
http://www.mathworks.com/examples/simulink-communications/mw/comm_product-LTEDownlinkExample-lte-phy-downlink-with-spatial-multiplexing

