Jokianer BI'VUP DokLaDpy BGUIR

2017, Ne 4 (106) 2017, No. 4(106)

VIIK 621.391.14

KOPPEKIIUA 3ABUCUMBbBIX OIIIMBOK HA OCHOBE
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AHHoOTanusi. PaccmaTpuBaroTcsi MeETO/bI (no =k, +2) -KaHaJIbHOIO KOJUPOBAHUS M JAEKOJUPOBAHUS

3aBHCHMBIX OMIMOOK HAa OCHOBE CHCTEMAaTHYeCKMX paBHOMEpPHBIX cBepTouHbIX KohoB (CPCK),
obecrieunBaronye MOBBIIIEHHE CKOPOCTH Nepeiadn KoJa U KOPPEKTHPYIOIIyIo criocooHocTh ucxoaueix CPCK.
OnennBaercs 3(GQPEKTUBHOCTh MPEUIOKEHHBIX METONOB KOJMPOBAHMS. Y CTaHOBJIEHO, YTO IPEAIOXKCHHBIE
METOIBI KOJMPOBAHUSI M AEKOIUPOBaHMs obecrieunBaioT B 1,34 m Oomee yBennueHHE CKOPOCTH IEpeAadu
ncxoansix (6a30Bbx) CPCK 1 yMeHbIIeHHE Ha J1BA MTOPSIIKA BEPOSITHOCTH OLIMOOYHOTO JIEKOJUPOBAHHSI.

Kanrouesvie crnosa: cucremaTndeckuil paBHOMEPHBIN CBEPTOUHBIA KOJI, IPOBEPOYHBIE CUMBOJIBI, CKOPOCTh KOJa,
MIOPOTrOBOE JEKOIUPOBAHUE.

Abstract. Methods (no =k, +2) -channel encoding and decoding of dependent errors based on systematic

uniform verification codes (SRSC), providing an increase in the speed of code transmission and the correcting
capabilities of the initial SRMS are considered. The efficiency of the proposed coding methods is estimated. It's
found that the proposed methods of encoding and decoding provide an increase in the transmission rate of the
initial (basic) SRMS in 1,34 and decrease of magnitude the probability of erroneous decoding by two orders.

Keywords: systematic uniform convolutional code, test symbols, code speed, threshold decoding.
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Meton (n0 -1,n,= 3) -KaHAJIbHOT0 KOJAMPOBAHMSA U AEKOAMPOBAHUS 3aBHCUMBIX OLIHOOK HA
ocnose CPCK, o0ecnneuynBarommii moBblieHNe CKOPOCTH Nepegadn Koaa

Beicokass koppektupytomas crnocooHocts CPCK, peanu3yrommx HOpOTOBBI aNropuTM
JEeKOIUPOBaHUS, obecrieunBaercs 3a cyer BBICOKOH H30BITOYHOCTH KO/IOB

(r=1—R=(1—l/(k0+i)),k0 =1, iZl). Bricokas u36biTounocts CPCK  cymiecTBeHHO CHUKaeT
3¢} HeKTUBHOCTD MCIOIB30BAHMUS NIPOITYCKHON CIIOCOOHOCTH YaCTOTHO-OTPAaHWYEHHBIX KaHAJIOB CBS3H.
Kpome Ttoro, mpu wucmons3oBanmu CPCK ckopocTs mnepemaun MHGOpPMaUUM YBEIUYUBACTCS Ha
BBIXOle KaHAIbHOTO Konepa B (m,=k,+i) pas, 4T0 TpeGyeT NPUMEHEHHs LMPOKOMOIOCHBIX
kaHanoB cBs3u. IloBbicuTh 3ddexTuBHOCTs Hcmonb3oBanus CPCK B 4acTOTHO-OrpaHHYEHHBIX
KaHaJIaX CBSI3U IPEACTABIISACTCS BOSMOXKHBIM 32 CUET YMEHBIICHUS UX M30BITOYHOCTH, UCTIONB3YS JUIs
3TOr0 TMPOLEAYPY HCKIIOYEHHMs Ha Iepefady 4YacTH IPOBEPOYHBIX CHMBOJIOB KOJOB. JlaHHas
nporenypa (ormepanusi) yMEHbIICHHS H30BITOYHOCTH KOAOB IONY4YHJIAa Ha3BaHHE «penepdopamum»

(nepq)opaulxm, «BLIKaJ'IBIBaHI/ISI») KOO0B (CaMI/I KOAbI IIOJYYHUJIM HA3BAHUC ((HCp(l)OpI/IpOBaHHLIX»
(BI:IKOJ'IOTLIX)) U SIBIISICTCS OCHOBOH OJHOIro u3 HaHpaBJ'IeHI/If/i MNPUMCHCHU A HOMGXOYCTOfI‘-II/IBOFO
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(KOppEKTUPYIOIIEro) KOAUPOBaHUS WH(GOPMAIMM B COBPEMEHHBIX WH()OKOMMYHHUKAIIMOHHBIX
cuctemax [1-4].

s penepdopanny (BbIKasibBaHUs) cBEPTOUHBIX K0A0B (CK) HCcnoan3yroTes pa3Hble METOAbI
(cxemsr), ¢popmupytomue neppopupoanasie CK ¢ TpeOyemoil cCKOpOCTBIO mepeqaud Koga WU ¢
JOMYCTHMOW M30BITOUHOCTHIO. Ha puc. 1 mpencraBieHs! TabIMUHbIE METOBI (CXEMBI) penepdopanun

CPCK ¢ R=k0/n0=1/3 [3, 4], rne a, — uHOpPMaLLOHHbBIE CUMBOIBL, p, U p, — HPOBEPOUHBIE
cumBonbl. Konossie cumBonsl CPCK, koTOphIe epenaroTes B KaHAI CBSI3U, 0003HAYCHBI YUCIOM «1»;
a KOTOpBIE UCKITIOYArOTCS — 0003HadeHbl ynciioM «0». B mpaBoit yactu puc. 1 mpuBeneHBI MO3UITUU
MH()OPMAITMOHHBIX U TPOBEPOYHBIX CHMBOJIOB, KOTOPBIE IEpenaloTcs B KaHal cBs3u. Ha puc. 2

IpeCTaBIeH MaTpuuHblii MeTox (cxema) peneppopaunn CPCK ¢ R=k, / n, =1/3 [2-4], rze a, —
UH()OPMALMOHHBIE CUMBOIIBL; p,, P, — IIPOBEPOYHBIE CUMBOJBI; ¢ — MHGOPMALUOHHBIE CUMBOJIBL,

HPHHATHIC ¢ OLIMOKOIL; p|, p, — IPOBEPOYHBIC CUMBOJIbI, IIPUHSATHIC C OLIHOKOM.
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Puc. 2. Marpuussiit Metox (cxema) peniepopaumun CPCK ¢ R =k, /n, =1/3: a — nepdpopuposannsiit CPCK
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Puc. 1. Tabumansiit Metox (cxema) penepdoparmun CPCK ¢ R =k, /n, =1/3:
a — neppopuposannbiiit CPCK ¢ R =1/2; 6 — neppopuposannsii CPCK ¢ R = 3/4
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¢ R=1/2; 6 — nepdopuposannsiii CPCK ¢ R =3/4



Henocratkom mnepdopupoBanusix CPCK  sBisercs yMeHbIIEHHE KOPPEKTUPYIOLICH
cocobHocTH KonoB. B coorBerctBuu ¢ [3, 4] omHa mpouenypa pernepdopanui KoAa MPUBOAUT K
9HEPreTUYECKOMY MPOUTPHINTY IMOMEXOYCTOMUMBOro KoaupoBaHud mnpumepHo Ha 0,2 nb. s
komreHcauun HenoctatkoB CPCK, a uMeHHO, BBICOKOW H30BITOYHOCTH HemeppOpUpOBaHHBIX
(ucxomupix) CPCK wu sHepretmueckoro npourpeima nepdopupoBanubsix CPCK  mpemmaraercs

(no -1, n, 23) -KaHaJbHBIH METOJ] KOAUPOBAHUS U JAeKoaupoBaHusi HenepgpopupoBanHsix CPCK Ha
OCHOBE HCIOJIb30BAHU (no —1) MOPOXKAAIOIINX TOJIMHOMOB Koma. Ha puc.3 mpencraBiieHsl
CTPYKTYPHBIE CXEMBl COOTBETCTBEHHO KaHalbHOro kozepa u aexoxepa CPCK c R=l/ n, =1/3 u
gl(D)=1+D1+D7, g, (D)=1+D3 +D° (naHHBI NPUHLUI MOCTPOGHHS KAHATHHOTO KOJEKA HA

ociose CPCK cmpaBemmmB mist kogoB ¢ R>1/3): BY — 6ydepuoe ycrpoiictso; JMX —

neMmynpTHIiekcop; MX — mynbruiiekcop; ®PIIC — ¢opmupoBaTens HpPOBEPOUYHBIX CHMBOJIOB
nepBoro (1xk) m BToporo (2x) kananmoB komupoBanus; DCIIII — dopmupoBaTenb CHMBOJIOB
nceppocaydaiiHoil mocnepoBarenbHocTH; PP — (QopMupoBaTenb MPUHATHIX IPOBEPOUHBIX

cumsonos; DIIC, — dopmupopaTens npoBepounsix cumBonos jaekonepa; PCC — dbopmuposarens
cunipoMubIx cumBonos; ACII, — anamu3atop cMHAPOMHOM Mmocien0BaTeNbHOCTH; 1D — IMOPOroBbIi

anemeHT, KO — KoppekTop omuboK.
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Puc. 3. CtpykrypHas cxema kaHaieHOro kojeka CPCK: a — kaHambHBIH KOiep; 6 — KaHAIBHBINA AEKOIEep
[epenaBaembie nHPpOpMaoHHbIe cUMBONIBI [ B JIMX pacnpenensroTcs Ha JiBa MOAINOTOKA
i, W i,, CAMBOJNBI KOTOPBIX IIOCTYIAIOT OJHOBPEMEHHO Ha COOTBETCTIBYIOIIUE BXoapl MX u
dopmuposateneil npoBepounbix cuMBoioB OIIC,, u ®IIC, KaHATIOB KOJUPOBAHUS, BHIIOIHIEMBIX
Ha COOTBETCTBYIOLIUX MOPOXAAIONIMX MTOJIMHOMAX g, ,i=1;2.
CdopMupoBaHHbIE IPOBEPOUHBIE CHUMBONBI A, U P, MEpBOrO M BTOPOro KaHAJIOB
KOJMPOBAaHMS TIOCTYMAIOT Ha (OPMHPOBATENHh CHMBOJIOB IICEBIOCITYYAHON IMOCIENIOBATEILHOCTH
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(DCIIIT), xoTopslii hOopMUPYET AAHHBIE CUMBOJIBI 110 TIPABHITY
M-F, ® P, (1)

Tak kak MakcuMalbHble CTeneHd mnopoxkaamomux noauHoMoB CPCK  pasnuyHbl
(B paccmatpuBaemoM CPCK g, uMeer MakcUMasbHYIO CTelleHb m, =7, a g, — m, =8 ), TO B IIEPBOM
KaHaJle KOIUPOBAaHWs JUIA COINIACOBAHUSA IO 3aJEpiKKE IPOBEPOUYHBIX CHUMBOIOB B, U B,
ucnonw3yercs Oydeproe ycrpoiictBo (BY). PacnonoxeHne kaHallOB KOJUPOBAaHUS B KaHAITHLHOM
KOJIep€ HEMPUHIUITUATIBHO.

CdopMupoBaHHbIE CHMBOJIBI  IICEBIOCIYyYalHOH IOCIEIOBATENBHOCTU (H:Pln @PZH)
MOCTYMAaIOT Ha COOTBETCTBYOIMH Bxom MX, KOTOpeIi (QOpMHpPYET CHMBOJBI  KOJIOBOM
MOCIEN0BATENBHOCTH 7.

Onpedenenue: TPEATOKEHHBIA MeTOJ KoaupoBanus nowuHoi wHpopMmammu CPCK ¢
R,., =1/30becrieunBaer (HOpMUPOBAHHE CHMBOJIOB KOJIOBOH IOCIEHOBATEIBHOCTH CO CKOPOCTBIO
nepenayu Kojaa

R, =i+, /(i +i, +T1) =1+1/(1+1)+1=2/3. 2)

CnenoBarenbHO, M30BITOUHOCTh IepenaBaeMoil HH(OpPMAlUM IPEATOKEHHOIO METola
(GOopMHpPOBaHMS KONOBBIX CHMBOJIOB COCTABISIET 1, = (1 -R,., ) 100 % = (1 - 0,67) 100 % =33 %,

4YTOB O =7,

HUCX

JlekoqupoBaHMEe KOMOBBIX CHMBOJIOB IPHUHATONM KOAOBOH mocienoBaTensHocTH T
OCyIIEeCTBIAETCS cleayromuM oopazoM. [locie paszaeneHns KOAOBBIX CHMBOJIOB Ha TPU MOIIIOTOKA
ij, i, 1 II ocymectBuserca GpopMUpOBaHUE IPOBEPOUHBIX CUMBONIOB F, U P, , KOTOpbIE IOCTYNAIOT

[Tox =0,67/0,33~ 2 pasa menblue, yem npu ucnonb3oBanun uexogHoro CPCK.

co

Ha BXOAbl (OpMHpPOBATENEH NPOBEPOUHBIX CHUMBONOB B, U P, , cHOPMHPOBAHHBIX KaHAJIbHBIM
kogepom. DopmupoBanue B U P, BBIIOIHAETCA 110 IIPABUILY

I)Zn:Plc®H:}jlc®}jln@P2nHl)ln:PZC+H:/F(2H®}jZC@PIH‘ (3)

Jl1st hopMUpOBaHMs MPHHATHIX NIPOBEPOUYHBIX CUMBOJIOB P, U P, B KaHAIbHBINA JEKozep
BBelleHbl Onoku OP, u ®P, . Jlanee ocymecTBisercs (GOpMUPOBAHUE CUHAPOMHBIX CUMBOJIOB S, U
S, COOTBETCTBEHHO IIEPBOr0 U BTOPOr'0 KaHAJIOB JEKOAUPOBAHMS U aHAJIU3 JOCTOBEPHOCTU IPUHATHIX
UH()OPMALUOHHBIX CUMBOJIOB IIOANIOTOKOB i U i).

Onpedenenue: mpenoxeHHbl Mmeron aekomupoBanuss CPCK ofOecrieunBaeT KOppEKIUIO
OIMOOYHBIX HH(POPMALIMOHHBIX CUMBOJIOB, PaBHYIO

toow < Ji/2+ j,/2 IBOUYHBIX CHMBOIIOB, “4)

rne j, U j, — YUCIO OPTOTOHANBHBIX IIPOBEPOK COOTBETCTBEHHO IIEPBOrO U BTOPOrO KAaHAIIOB
JEKOAUPOBaHMUS.

JloKka3aTenbCTBO AAaHHOIO OMpPEENeH s UCXOAUT U3 OMCAHHOIO MPUHIMMIA (MeToa) paboTh
KaHanbHOro aexkonepa. Eciu ncxomusiit CPCK ¢ j =6 koppekTupyer nmaker omubok u3 ¢, = j/2 =3
JBOUYHBLIX CHMBOJIIOB Ha JJIUHE KOJOBOIO OTPaHUYEHUS 1, = (m2 + 1) “ny = (8+ 1) +3=27 NIBOUYHBIX
CUMBOJIOB, U3 KOTOpPBIX TOJIBKO OJMH JBOUYHBIH CHUMBOJ SBJISETCS HH(POPMALUOHHBIM, TO
HPEUIOKEHHBI METOA  JEKOAUPOBAHUS OO0ECHeUuNBAET KOPPEKLUUIO JABYX HH()OPMALOHHBIX
CHMBOJIOB MJIM TAaKeTa OMMOOK U3 ¢, =t , +1 ,=2+2=4 JBOUYHBIX CHMBOJOB Ha JUIMHE KOJOBOIO
OTpaHUYCHHS N, =N, +a,= (7 + 1) 2+ (8 + 1) -2=44 1BOMYHBIX CHUMBONOB. TakuM o0Opa3oM,

MPEUIOKEHHBIN MeTon KoaupoBanus u aekoaupoanus CPCK obecnieunBaer yBenuueHue B 2 pasa
CKOpPOCTH TiepeJaur Kojua W yBenmueHue B 1,33 pasza koppekTupyroliel crocoOHOCTH KaHAJbHOTO
KOJEKa.
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Meton (n0 -Ln =k +2,k,= 1) -KaHAJILHOI'0 KOAUPOBAHMS H JEKOAMPOBAHUSA 3aBUCHMbIX
omuook Ha ocHOBe CPCK, o0ecnneunBaronmuii yMeHblIeHHe CKOPOCTH MepeIayn KOAOBBIX
CHMBOJIOB

Kak ormeuanoce Bwimie, BaxHeimmum HegoctaTkoM CPCK ¢ anroputMoMm moporoBoro
JEKOAUPOBAHUs SIBIIETCS YBENUYEHUE B 7, = (k0 +i,k, =112 2) pa3 CKOpOCTH Mepenadr KOJOBBIX

CHUMBOJIOB.
I[anee paccMaTpuBacTCA MCTOJA KOAWPOBAHUA U ACKOAUPOBAHUA 3aBUCUMBIX OIIMOOK Ha
ocaoBe CPCK ¢ AJITOPUTMOM IMOPOroBOTr0 JCKOANPOBAHUA, 06eCHe‘-II/IBaIOH.[I/Iﬁ YMCHBIIICHUE CKOPOCTU

nepefaud KOJOBBIX cuMBOIOB B R /R~ pas: R u R, — ckopocru nepenaun CPCK
COOTBETCTBEHHO HCXOAHOro M MomupunupoBaHHoro. OueHKy 3(QQEeKTHBHOCTH IPELIOKEHHOTO
(n, —1)-KaHATBHOTO MeTOZA KOAMPOBAHMS W  JCKOAMPOBAHHMS —PACCMOTPUM Ha IPUMEPE

ucnonb3osanns CPCK ¢ mapamerpamu R =k, /n,=1/3, g =1+D+D’, g =1+D'+D%, j=6,
d,=j+1=6+1=7. Ha puc. 4 npusegeHbl 00OOILEHHBIE CTPYKTYPHBIE CXEMBI COOTBETCTBEHHO
KaHaJIbHOIO Kojepa u kaHanpHoro aexogepa CPCK, obecnedynBaromero KOpPpEeKLUIO MaKETHBIX
OMMOOK KpaTHOCTBIO [ < j/2=6/2=3 JBOMYHBIX CHMBOJIOB CO CKOPOCTBIO IIepeayd Koja
R, =1/2, tne RG — peructp capura, copepxammii m =8 sdeek namsru; ®IIC, — popmuposatenn
MPOBEPOYHBIX CHMBOJIOB KaHanoB koaupoBaHus; @DCIIII — ¢dopmupoBaTens CHMBOJIOB
ncespocaydaiinoil nocnenosarensHoctu; OIIC — GopmupoBaTens NPoBEPOUHBIX CUMBOJIOB I1EPBOrO
(Ix) n BTOpOro (2x) kxananos komuposanus; @PIIC, — QopmupoBaTens MPOBEPOUHBIX CHMBOJIOB
nekonepa; ®P  — dopmupoBaTensh NPUHATHIX NpoBepouHblx cumBonoB; PCC, — dopmupopatens
CUHAPOMHBIX cuMBONOB; ACII — aHamM3aTop CUHAPOMHOH HocnenoBaTensHocTy; [1D — noporossiii
anemeHT; T — stuetika mamsaTi; KO — KOppeKTop OmmoOoK.
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Puc. 4. CtpykTypHas cxema kaHaJIbHOTO kojeka Ha ocHoBe CPCK:
a — KaHAJIBHBIA KoJep; 6 — KaHAJIBHBIH JeKoaep
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B kxananbHOM Kozepe C(OpPMHpPOBAaHHBIE IPOBEPOUYHBIE CHUMBOJBI JIBYX IMOINOTOKOB P,
u P, nocrynaioT Ha coorBerctBytomue Bxoisl DCIII, koropele (opmupyrOTCs MO NpaBUILY
I[1=P, ® P, u nepepatorcs gaiee Ha Bxoa MX. Mynbruminekcop (GopMuUpyeT CHMBOIBI KOAOBOIL

OCJIICAOBATCIIBHOCTH T OyTeM MOCICAOBATCIBHOIO O6’BC,Z[I/IH6HI/I$I CHMBOJIOB HH(l)OpMaHHOHHOﬁ
MOCIEA0BATCILHOCTH [ ¥ CHMBOJIOB IIs HOCHCZ[OBaTCHLHBIﬁ KO,Z[OBOﬁ MmoToK 7.
B cootBercTBUM C MIPUHIATIOM (I)OpMI/IpOBaHI/IH CHMBOJIOB KOI[OBBIﬁ IOoCICA0BaTCIIBHOCTHU T

CKOpOCTB Tiepeiauu koja R, = I/(I + H) = 1/(1 +1) =1/2.
CrnenoBarenbHo, U30BITOYHOCTD nepeaBaeMoil uH(popManuu paBHa
Fon = (1 -R,., ) 100 % =(1-0, 5) 100 % =50 % u MeHbIIe U30BITOYHOCTH MH(OPMALUH HCXOTHOTO

CPCK ¢ R, =1/3 B a=(1-R, )/(1 -R,, ) =0,67/0,5=1,34 pa3sa, ciegosarensHo, B 1,34 pasa

YMEHBIIAETCSI CKOPOCTh NEepeady KOAOBBIX CHMBOJIOB B KaHAJ CBSI3U.

B kananpHOM Aekopepe Uil BOCCTAHOBJICHHS MPOBEPOYHBIX CHMBOJIOB, C(hOPMHUPOBAHHBIX
KaHAJIBHBIM KOJIEPOM, IIOMOJHHUTEIBFHO HCHOJIB3YIOTCS (DOPMHPOBATENN TPOBEPOUYHBIX CHMBOJIOB
nepsoro (®P, ) u Broporo (®P, ) KaHanoB KOAUPOBAaHUS. BoccTaHOBIEHHE NPOBEPOUHBIX
CUMBOJIOB P, U P, ocyuecTBisercs no npasuiy (3). OKoHYaTeIbHOE PElIeHue O JOCTOBEPHOCTH
MPUHATHIX WH()OPMAITMOHHBIX CHMBOJIOB MPUHUMACTCS TOPOTOBBIM 37eMeHTOM [ID Ha OCHOBaHWU
curhanos koppekuumun CK, u CK,,, chopMHpPOBaHHBIX COOTBETCTBEHHO IIEPBBIM U BTOPHIM
KaHaJlIaMH  JeKOOMpoBaHUs. KpaTHOCTh KOPPEKTHPYEMBIX OIIHMOOK — OmpenensieTcs YHCIOoM
OpPTOrOHAJIBHBIX MIPOBEPOK J HCXOIHOrO CPCK 51 COCTaBJIAET
Lion S (do —1)/2 = (j +1—1)/2 = j/2=>3 NBOMYHBIX CHMBOJIOB.

VBenuueHnue CKOpOCTH nepcaaduun CPCK kaHaiabHOrO KOACpa MO3BOJIACT UCIIOJIB30BATH bomee
Y3KOIMMOJIOCHBIC KaHaJibl CBA3U, a TAaKKC IMOBBICUTHL OTHOHMICHHMC MOIIHOCTH CUTHAJla Ha BXOAC
ACMOAYJIATOpa MAUCKPCTHOIO KaHalla CBsA3U, 4YTO obecrneurBaer Ooiee BBICOKYIO HAACKHOCTb
MMPpUHATHUA KOOJOBBIX CUMBOJIOB.

3akjoueHmne

Pa3pa60TaH METO (IZO —1, n, > 3) -KaHaJIbHOT'O KOJUPOBAHUA U JACKOJUPOBAHHA 3aBHCUMBIX

OIIMOOK Ha OCHOBE JBYX CHCTEMATHYECKMX DPABHOMEPHBIX CBEPTOYHBIX KOJOB, 00ECIEUMBAIOIIMIA
THIOBBIILIEHNE B 2 M 6oJiee paza CKOPOCTH Iepenadn Koaa u yBenudenue B 1,33 paza KoppekTupyromen
CIIOCOOHOCTH KaHAIBbHOI'O KOJIEKa.

PaspabGoran meron (n0 ~1Ln,=ky+2, k= 1) -KaHaJIbHOTO KOAWPOBAHUSA JIEKOAMPOBAHUS
3aBHCHMBIX OHIMOOK Ha OCHOBE CHCTEMAaTHYECKOrO PABHOMEPHOIO CBEPTOYHOIO  KOJa,
oOecreynBaroIMii KOPPEKIMIO OMIMOOK 3aJ]aHHON KPaTHOCTH NIpH yBenudeHuu B 1,34 pasa ckopocTu
nepenauun CPCK kanansHOTrO KOJepa.
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