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Y waconWcy Ha MAaTHiA OCHOBI BMIlYIOTLCA Npaui, sxi signo- | Marepians, aKki nojalTeca A0 pepakull, MawTs 6yTH po3apyKoBaHI

| - : : . o - Ha ofyHOMY Gowi CTOPIHKM, NEKM UbOMY BaXaHo AOAATH TEKCTOBKA thaiin y |
] WARNETY: NEORRND. KA, Pat . onyonixosani N vaxi, o thopmari Word. Wpupr — Times New Roman (12 kerns), Mixpagxosni |

: BOAHOYAC HE NYONIKYBAaTHMYTLCA B IHWMK BHAAHHAX. iHTEpBaN — He MEHW HiX 2, 3 nonamu: 3ropw — 20 mm, nigopyy — |
|  Rymka pepaxuii moxe He 36iraruca 3 nosuuicio, euinagenow || 30 mm, npasopyy —10 Mm, 3HH3Y — 23 MM. Yei CTOPIHKM MaloTs BYTH |
agTopamu. JINCTYBaHHA 3 YHTAUaMM NPOBAAMTLCA BMKIIOUHO Ha |  "OC/ACBHO NPOHYMEPOBAHMMM. 3a nansuocti pucyxkie (rpadikis) no-

| . , | Tpibxo nopartu ix B oxpemux thainax (CorelDraw um y dopmarax TIF ra
| cropinxax mypuany. lipu nepeapyky nocunanns Ha «38°830K» 0bo- | EPS), npMYOMY TEKCT He KOHBEpTYEThCH B KpHBI.

| B’a3Kose. | Marepianu maoTh GyTM nignucaxi aBTOpom i3 3a3Ha4EHHAM NPI3BK- |
wa, iMeHi, o 6aTeKoBi, Micys po6oTH, nocagu, AOMaLIHLOI T3 ENeKTPOK- |

PYKONWCW HE NOBEPTAKOTHCH HOi aApeck, NacnopPTHWK PEKBi3WTIB, KOHNTAKTHHX TeneroHis. |
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O. 1. ITACIYHHUK, maricrpaHsrT,
XMeJIbHUIBKUHU HAI[lOHAJLHUHN VHIBEePCUTET

TeNIeKOMYHIKaYIHHHK CHCTEeMaKX

——(CNOBD HAYKOBIY

Hocnigxenns egheKTHBHOCTI aNropuTMIB
KaHaNbHOro KOQYBAHHA B 3aXHLEHHUX

nepepaBaHHsa IH(hopmayi

Po3rnanyro MexaHi3MH NiABHIEHHA 3aKHIUEHOCTI TENEKOMYHIKAYiHHHK CHCTEM 3aBAAKH 3acTOCYBAHHIO anropHTMIB
3aBaflOCTIAKOro KaHanbHoro KogysaHua. GihopmoBano cTpykTypy Kawany nepegasaHHa iHgiopmayii 3 Typ6oOKOZYBaAHHAM.
Posrnanyro bnok-giarpamy Kogepa Typ6okogy AnA (iopMyBaHHA CXEMH 3aXHIYEHOI TENEKOMYHIKaLYiHHOI CHCTEMM.

@Dopmani3oBaHo NPHHUKNK AEKOAYBAHHA TYpOOKOZY BHKOPHCTaHHAM itepareHoro aexogepa. Onucano npuuymnu 1a
peanizayilo npoyecy CHHXPOHI3ayil Ana TypboKoZIB Ha OCHOBI BHKOPHCTaHHA NPHKPINNEHOro MapKepa CHHXPOHI3auil.

Hasepeno excnepumenTanbhi gani AN BH3HAYEHHS EHEPreTHYHOro BHIpaly KOQYBaHHA NPH Pi3HUX JOBXHHAX 6NOKIB

TYp6oKoAIB.

JanponoHoBaHo Ta AOCNIAKEHO CXEMH peanilayii Kogepa 3 nepemexysaHHam GiTiB faHnX ANA CKNagoBHX KOZIB npw
peani3ayil TeneKoMyHIKayifHOI CHCTEMH 3 KaHanbHHM KOQYBaHHAM.
Onncano (hpeimoBy cTpyKTypy naKeta gaHnuX AnA nepegasanna inghopmayii kogom Piga—Conomona. Po3pobneno imitayinny

CXemy ANA AOCAIANEHHA NPHHYHNIB (hopMyBaHHA CHIHANIB HA OCHOBI KacKagHHX KOAIB Y TENEKOMYHIKaYiHHHA CHCTEMaX.
Hasepeno pesynbtatn gocnigeHHs iMITayihkHOI CXeMH KaHany nepefaBaHHsA iH(opMalyii B TeneKoMyHiKayiliHHX CHC-

TeMax 13 KacKagHHM KOAYBaHHAM NPH BH3HAYEHHI EHEPreTHYHOro BHIPally Ta YCYHEHHS E(HeKTyY HACHYEHHA TYpOOoKogiB.
Knio4osi cnosa: kaHanbHe KoayBaHHA; 0a830Ba MaHiNynaLis; CUrHaNbHO-KOA0Ba KOHCTPYKLIS; TENEKOMYHIKaUiHa cucTeMa.

Bcryn. llocranoska npobnemu
JaKHLeHICTb TeNeKOMYHIKaLIAHHX CHCTEM — BaX/IMBA IX BNACTVBICTb. 3aranoM 3axVLLEHO TEneKOMVHIKALIMHOK CUCTEMOID

MOXXHa BBaXaTV TaKy CUCTEMY, $Ka BWKOHYE MOCTABMEHI 38BAAHHS 38 HA

ABHOCTI 33BaA0BWX BMNAMBIB 9K NMPUPOAHOTC MOXOMKEHHS, TaK

| CMPAMOBaHOI [ji. JPEeLTOo 3aBagoBi BNAMBKA Byoemo po3rnsaat K aguTUBHI WYMW T8 MYNLTUNNIKATUBHI 3asagn. HasBHICTb Takwx
BMNSIMBIB BCYBAE NMEPES 3aXULLEHOI0 TENEKOMYHIKALIAHO CUCTEMOK BUMOrV LIOAO ONTUMI3aLLi XapakTepuCTUK 3aBaAO0CTINKOCTI 3aBASKY

38CTOCYBAHHIO anropuTMIB 3aBaf0CTINKOr0 KaHanbHOro KogysaHHa [1-7].
KananoHe KogysaHHs — |8 MeTO[ KOLlyBaHHSA, 38 [ONOMOrC0 SKOro

YEHHA TaKM YMHOM, LLOD OKpeMmi NoBiAOMIEHHS Nerko 6yno Biapi3HUTK oaHe Bif 0AHOro. Lie no3Bonse BiAHOBUTY AaHi 3 HU3LKOIKD MOBIP-
HICTIO NOMIUAKN. [ Ipy UbOMY KaHanbHWi KOQep f8nse CoB0K TON NPUCTPIA, AKWA NPUAMAE NOTIK ABIMKOBMX AaHWX Bif NEPBUHHOIO MKEPEna
| BUpobnse BuxigHni curian [1; 7; 8l Akwo npasunbHo BUGPaTI KOA ANS KOHKPETHOTO TENEKOMYHIKALIAHOM KaHany, TO NpaBurbHO CKOH-

CTPYWOBAHWW AEKOAEp 3MOXE BIOHOBUTW BUXIOHI ABIMKOBI OaHI HABITL ToAl,
B KaHani. Cnig TakoX 3a3Ha4nTy, WO 3a HAagBHOCTI BiporigHoi iHdhopmaLii cT

[aHl MOXyTb BYTW BIQNPAEBNEHI 3 AXKEpena A0 NYyHKTY Npu3Ha-

KON Qopmy curHany byno cnoTBOPeHo LyMamMiy T3 3aBafamMu
0COBHO XapaKTepWUCTUK TENEKOMYHIKALIHOMO KaHany KaHanobHe

KOZyBaHHS 3rigHO 3 BMOPAHOID CXeMolo 336e3neynThb BULLY 3aranbHy NPONyCKHY 3[aTHICTb KaHany, HiX Y pasi HeKOMOoBaHWX LaHUX, Npw-
HOMY 3 MEHLUMMI BUTPATAMM eHepril. ITMMeTbCs npo nigBULLEHHS eHepreTUYHoro BurpaLly. OKpiM TOro, KaHanbHe KOOYBaHHA [03BONSE
3HA3UTL 3aranbHy 4acToTy NOABX NOMWNKOBMX OITIB NOPIBHAHO 3 HEKOOOBAHWUMI CUCTEMAMW NpW BUKOPUCTAHHI TiEl camoi eHeprii ans

NepenaBaHHa [aHMUX Y po3paxyHKy Ha BiT iHdopmaLii.
AKLEHTYEMO yBary Ha TakoMy acnekTi: 4ns NiaBULLEHHS eEeKTUBHOCTI

[EKOZYBaHHA IH(hopmaLll BUOPaH! ond KaHanbHOro KogyBaHHS

KoOW MatoTh ByTi skomora aoBuwi (2], 60 HasBHICTL WYMIB | 3883 BUMArae iX yCepeaHeHHs Ans BenuKoi KinbKocTi cuMBonis. 3aranom
MOXXHa BWOKPEMWTW TaKl NPOBNEeMHI acneKTy KaHanbHOro KOdyBaHHs B 3aXMLLEHWUX TENEKOMYHIKaUiHMX cuctemax. Mae 6yTu 34iicHEHO

NOLUYK KOZIB, AKI NOBWUHHI 386e3Ne4UTV BUMOTA LLOA0 BUNPEBNEHHA NOMWIO
BAHHS/EKOAYBaHHS, NOLIYK METOMY NPUAHATTS PILLIEHHS HA NPUAMAbHOMY

K; MOLUYK Ta PO3POOKY NPakTU4HO PeaniaoBaHoro MeToay Koay-
Ooui, ToBTO METOAY BUNPABIEHHS NOMWIIOK.

[ToLWyK pO3B A3aHHS CYnepeyHocTi Yepes NoeaHaHHA HECYMICHWUX, 30aBanoca 6, BNACTUBOCTEN «LLMbHUX» BaraTono3uLiNHUX CUrHanis

(BMCOKA 4aCTOTHA B(EKTUBHICTL) | 38BaKOCTINKWX Koaie (BMCOKE EHEPreTYHa eHEKTVBHICTb) B EAMHINA KOHCTPYKLII, WO 3a6e3neyye oaHo-

YaCHE 3POCTaHHA 9K EHEPreTUYHOI, TaK | YaCTOTHOI eDEKTUBHOCTI, CNOHYKAE

[10 NOCTAHOBKV aKTyansHol npobnemu — nifsuLLEHHS edhek-

TWBHOCTI 0BPOOKW CUrHanIB y 3aXWLLEHNX TENEKOMYHIKALIMHIX CUCTEMEX 3 0BMEXEHOK CMYrot0 NPonycKaHHS Ta NOTYXXHICTIO CUrHanNI8 npi
NepenaBaHHI IHpopMaLlil 38 HAFBHOCTI 38Baf. P03B 93aHHS Takol NPOBNeMM MOXIMBE LLNAXOM NOBYA0BW KOQIB, AN SKUX MOXHA MaTeMa-
TV4HO 0BECTY IX CNPOMOXHICTb 38[10BINbHO BANPEBAATU NOMUNKA. Bovesnab, Taki Koav NOBUHHI MaTit 0COBNIMBY MATEMAaTUYHY CTRYKTYRY,
fKa Hafan MoXe 0yTv BMKOpWUCTaHa Ana 3a40BONEHHA BUMOT LLOA0 NPaKTUYHOI peani3auii anroputMiB KOLyBaHHS | AEKOAYBaHHS, Ta ByTy

«NPO30PMMW» LLIOAO HEOOHO3HAYHOCTI (Wasu curHanis npu MopMYyBaHHI CU

"HanbHo-koaosol koHeTpykuil (CKK). [NoegHaHHs edekTvBHOro

KOLYBaHHA B 3aXULLEHNX TENEKOMYHIKALIVHUX KaHaNaxX i3 HU3bKM PIBHEM T

OMWNOK | CKNaaHWX anropuTMIB aganTUBHOMG CTUCHEHHS [aHUX

MOXXE NPUBECTW A0 ICTOTHOMO NIABULLEHHSA 3aranbHOI NPOAYKTUBHOCTI TENEKOMYHIKAUIHUX CUCTEM.

3B’A30K, Ne 5, 2016



f[:ﬂﬂml HAYKOBUA }— ————————— — Hayka, ekcnanyarayia, BUpo6HMUTBO

Mera | 3aBgaHHna JocnigXeHHn

PoasuTok onucanmx y [1-10] 3acobis nigsuLLEHHS 33BaA0CTINKOCTi Y NPONOHOBAHINA CTATTi NPOBEAEHO QOCNIMKEHHS 38BAA0CTINKOCT
TENEKOMYHIKALIAHWX CUCTEM I3 KacKagHWM KOAyBaHHAM, 30KPEMa 3 BUKOPWCTAHHAM CXEM KacKafgHOro KOAyBaHHA HA OCHOBI Typ6OKOAIB
(TK) [1; 2; B]. 3pifcHeHo nowyk aHcam6niB 6araTono3vLiiHX CUrHanNIB NPy 3aBaf0CTINKOMY KOLYBaHHI B 3aXVLLEHUX TENEKOMYHIKaLIHIX
cuctemax ang peanisauii CKK, obnacTi akux y 6aratono3nuindioMy npocTopi KoMnakTHi (gna 3a6e3neyeqHs 4acToTHOI eDeKTWBHOCTI) i 4o-
CTaTHbO Aaneko poacigHi (1ob 3abe3neynTy BUCOKY BHEDFETVILIHV eheKTUBHICTb).

TomMy METOI0 BOCNILKEHHs, BUKNAAEHOro B CTATTi, € PO3B'A3aHHA 3aBOAaHHS, 9Ke NONArae B NiOBWLLEHHI eDEKTUBHOCTI OPMYBaHHS
Ta 00POOMNEHHA CUrHanIB y TENEKOMYHIKALIMHAX CUCTEMAX, Lo, Y CBOK Yepry, AacTb 3MOry BAOCKOHANWUTW anapaTHy Ta anropuTMIYHy
4aCTWHW NPUCTPOIB 06pPOBKK CUrHaniB 3 ypaxyBaHHAM BUOOPY NapamMeTpiB OCTaHHIX Ans 3abe3ne4eHHs MakcUManbHOI NPOnNYCKHOI 34aT-
HOCTI 3aXWLLEHUX TENEKOMYHIKALIAHUX CUCTEM, YCTaHoBneHHs onTumManbHol CKK, 3a akol peaniayeTbca HeobxinHa 3aBadoCTIKICTb Y pasi
BUKOPUCTEHHA UWhpoBol MoaynaLl.

Anani3 octanHIX gocnigxens | nybnikayin i3 aHOI TEMaTHKH Ta CHHTE3 CTPYKTYPH KaHaNbHOro KogyBaHHA

OcHoBHy yBary 30cepeanMMo Ha MOXMMBOCTAX NiABULLEHHS EHEpreTu4Horo BurpaLly kogysaHHsa (EBK) y pasi hopmyBsaHHs cxemm Tene-
KOMYHiKaLinHol cuctemu. dokpema, B [1; 2] noka3aHo, WO # Aoci HaBinbL NOMITHUM JOCArHEHHSM Teopii 38BA0CTINKOr0 KOAYBaHHS €
po3pobka K. [1na cucrem i3 TypbokoayBaHHAM AEKOAYyBaHHS NONSrae B TOMY, W06 NepeaaTt M aKy CXeMY NPUAHATTS PILLEHHA 3 BUXOOY
0AHOr0 AEKOAEPa Ha BXif IHLLOMO | NOBTOPIOBATK L0 NPOLEayPY A0TW, AOKK He Byae oTpumaHo HagivHe pieHHs [2]. Lli kogy MoxyTb Maixe
nocarat Mexi LLIeHHoHa npu AoCTaTHIN CKNapgHoCTi AekoayBaHHa. TypboKoan nepesepLLyioTh HaBITh HAMNOTYXXHILI 3 BigOMUX Kogis, ane,
L0 LLie BaxnmBiLLe, BOHX HabaraTo mpocTiwi ang aekoaysaHHs. byno suasneHo [1-6], wo edektmsri TK mMoxyTh 3a6e3nedysBatt Big-
cTaHb 6nm3bko 0,8 ob i TeopeTnyHoi mexi npw imosipHocTi 6iToBoi nomunky (BER) Ha pisHi 107°. 3acTocoByioum Taki Kogu, BaXIUBO
MaTu Ha yBaa3l, W0 rpaHU4Ha NPOAYKTUBHICTL IX BUKOPUCTAHHS B TENEKOMYHIKALIHNX KaHanax 3anexuTs Bif WBWAKOCTI KogyBaHHS (7).
B [1-10] moknagHo onncaHo Npouec KaHanbHOro KopyBaHHS B pasi BUKOpWUCTaHHA TK i NogaHo anroputM OeKomyBaHHS TakuX KOAis Ha
OCHOBI KPWTEpilD MaKcuManbHoi anocTepiopHoi imosipHocTi (MAW). ToMy CIMHUMOCH Ha iHWWX MOXUIMBMX MiAX0max [0 (OPMYBaHHS
| NeKOAYBAHHA TakuX KOAIB.

Jaranom OCHOBHE NWUTaHHR, sKe Byae po3rnaHyTo [ani, CTOCYETLCA MOXIMBOCTI noegHaHHs TK i MiHIMHWX WAKNIYHUX KOLIB HA OCHOBI
kopis boysa—Hoyaxypi—XoksuHrema (b4HX) ang nigsuweHHs edekTrnsHocTi BukopucTanHs CKK i3 da3oBoio 6araTonosunuiiHon MogynaLieto
B TRNEKOMYHIKALINHWX | TENEMETPUYHUX KaHanax NnepeaaBaHHa daHuX.

Typbokoa ssnse cobot KoMBiHaLII0 ABOX NPOCTUX PEKYPCUBHNX 3ropTKOBUX KOMIB, KOXHWUA 3 AKX BUKOPUCTOBYE HEBENWKY KiNbKICTh
cTaHiB. L|i npocTi 3ropTKosi Koau yTBOPKIIOTL 6nokoBy cTpykTypy. [ng 6noka 3 [-iHhopmMaLiiHuX 6iTiB KOXHUA KOMNOHEHT KoMy reHepye
Habip BiTiB napHocTI. Takm YnHom, TK cknagaeTbes 3 iHopmaLiHKX 6iTis | Habopis BiTIB NapHOCTI.

Peanizaljito cxemmn TENEKOMYHIKALHOrO KaHany Ha 0CHOBI TYPGOKOAIB YHA04HIOE puc. 1.

Bxig I-iHopmauinHunx 6itis = [leK0f0BaHa iH(hopMaLliA

KAHAI1 MNEPEJJABAHHA

TYPEOKOLEP TYPBOLEKOMEP

Puc. 1. CrpykrypHa cxema renexomyHixayiiHoro kaHany Ha ocHoBi TypooKogis:
1 — nepemexysau; P3K — pexypcueuuit 3roprosuit kogep; [l — aexogep; bl — 6itm napuocri (nepesipHi 6iTy)

BXigHI faHi noTpannaiTs Ha apyrin P3K Yepe3 nepemexysay. 3aBAaHHs NiOBULLEHHA eeKTVBHOCTI Nonarac B NpaBunbLHOMY BMOOPI
TNY NEpeMexxysaYa. [HopmaLHi 6r1okK, SKi BIQNOBIAaKTb NIATBEPMKEHAM NOMWIKaM KOAOBWUX CNIB Y NepLuomy Kogi, 6yayTs BiQNoBIgaTw
yCTaneHM NoMUNKam y Kogosux cnosax apyroro kogy. Lns TypbonekoaysaHHs Bi3bMEMO [Ba NpocTi aekoaepy. KoxHWA aekogep Hag-
CUNae OUIHKU NpaBaonoAaibHOCTI AeKoA0BaHUX BITIB HA IHLLWA OeKoaep | BUKOPUCTOBYE BIAnOBIAHI OLHKMA Bif HHOrO 9K anpiopHy AMOBIp-
HicTb. CKNaposi AEKOOEpU peaniayioTb anroputM NobiToBOro AEKOAYBaHHS, 9KWUA BUMArae Takoi camoi KinbKOCTi CTaHiB, 9K fo6pe Bigomuia
anroput™ Bitep6i (6; 7]. [Ina pocsrHeHHs 3aA0BinbHOI 36iXKHOCTI NP AEKOAyBaHHI 3aCTOCYEMO iTEpaLiHy Npoueaypy MiX BUXomamu
[1BOX [ieKoaepis. Y KiHUEBOMY pe3ynbraTi [iCTaHEMO «KOPCTKY» OLiHKY npasaonomibHocTi. [ng nocarHeHHs MakcumarnbHo! NpodyKTUBHOCTI
3agiemo TK i3 BENWKOI0 JOBXWHOK 60KIB | BiANOBIOHI BENWKI NEPEMEXYBaYi. 3aranom po3mip Nepemexysaya Bigd4yTHO BNIMBEE Ha BU-
MOV A0 bydepa 06MIHY | 3aTPUMKIN AEKOAYBaHHA, ane Mamxe He BNMWBAE Ha LWBWAKICTb AeKOAyBaHHA | CKNagHiCTb aekoaepa. Po3ropHyTi
CTPYKTYPHI CXeMW KoJepa Ta AeKkoadepa HaBeaeHo Ha puc. 2 i 3.

Jokpema, Ha puc. 2 nogaHo 6nok-giarpamy TypGokogepa, L0 MICTUTh 4Ba 3ropTKOBI PEKYPCUBHI KOOEPW OOBXMHOW [ = D, aKi peani-
30BaHO Ha pericTpax 3cyBy 3i 3BOPOTHUMM 3B S3KaMWU. Taka KOHCTPYKLIS Mae 0COBNMBICTb NOPIBHAHO 3 KNACUYHOK ANS 3ropTKOBUX KOMiB
[7]: KoXH KogoBuiA 6noK TypBokoay 3anyckaeTbCs A0AATKOBO AN (I — 1)-ro 6iTa HaNpUKIHWI Kaapy iHopMaLiiHoi nocnigosHocTi. Micns
KOAyBaHHSA OCTaHHLOTO OITa B KaApP! KpavHiA NiBWiA CyMaTop Y KOXHOMY KOMMNOHEHTHOMY KOAEepi NpUAMaE ABi Konil 0QHOro  Toro camoro 6ita
3BOPOTHOrO 3B'A3KY Ta NepeBoaunTb Y Hynbosui cTaH ix suxogu. [licna (L — 1)-ro bita YoTupy KOMIPKK Nam'aTi 3aN0BHIOIOTLCA HYNAMU, ane
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(B B0 B iHLLI MOMEHTM Yacy KoZep NpoLoBXKYE BUAABaTY
| iHchopmaLitHu HEHYNbOBI KOLOBAHI CUMBONW. Y NOAaHIA KOH-
bnok CTPYKLi Kofepa WBWAKOCTI KoayBaHHSA CTAHOBU-

nn 1/3, 1/4 1 1/6 6e3 npoueaypv BUKOMOBAHHS .
BVKOMoBaHHS BUKOPUCTOBYBANW NPV LLIBWAKOCTI
KogysaHHs 1/2. [na posxuH kappis 1/84 no
16384 6iT 6panu pi3Hi nepemMexyBadi, 30Kpema
NCEBAOBMNAAKOBWY | PErynapHAA, aKI NPaLioTh
33 NpasunOM NEpecTaHoBMEHb i3 3anucamu
Ne3ynkraTiB Y O0BIOKOBI Tabnuui. Y CXemi, Ha-
BEOEHUA Ha puc. 2, nepeabayveHo EnNemMeHT
CUHXPOHI3aLl. 30Kpema, MapKep CUHXpOHi3aLl
CMYrye M1 KOHTPOMO CTaHY BXIQHOro Bydepa
(koHTpOnb BMicTy Bythepal; CTOCOBHO BUXIQHOMO
bydhepa (MynsTunnekcopa) BiH (IKCYE NOKaX-
YAK KBOPOBOI CWHXPOHI3aLIl; Y KOMMNOHEHTHWX
Kogepax (ikcye MOMEHT 3aKiHYeHH® KOA0BOro
onoka. Cnig 3ayBaXxuTu, WO NPOLEC KOLYBaHHS
HEOOMIHHO CYNPOBOAXYETLCA 4YACOBUMWN  3a-
TpUMKamMu curHany (taiuminramnl [71, npudomy
BECb iH(opMaLinHWA 6noK 13 [-6ITIB NOBWMHEH
byTW NpoYMTaHWMA 40 nogadl HacTynHoro 6noka
Ha KOZyBaHHS.

[1ani 3anponoHOBAHO KOHCTPYKLIIO KACKaAHO-

Puc. 2. bnok-giarpama kogepa Typ6oxoay: ro KOOy Ha OCHOBI KOMMOHEHTHOro K Ta Kogy

I — nepemexysav; P3K — pexypcueHui 3ropTROBMA Kopep; 1 — nexopep; Pina—Conomona (PC). ToMy npu cUHTE3i CTPYK-
BIb — Bxignuit 6ythep inchopmauiinoro 6noka; Bb — suxiguui 6ytep TYDW KOZEPa TK D03CTABMMO TaKi aKLEHTY.

Peani3auia Typbokoaepa Mae cBoi ocobnueocTi. 30KpemMa, iHpopmMaUinHuA 6ok NoBUHeH Bydepr3yBaTCh Ta 34MTYBATUCH Y NEBHOMY
nopsaaKky B Npoueci KoaysaHHs. Taka byepu3allis BIACYTHS B 3ropTKOBOMY KOAepi, a po3mip 6ydepa NopiBHAHHWIA 13 pPO3MIPOM nepeme-
xyBaya ans kogy PC. Takum YuHoM, TypBoKogep 3aranom 3aMiHIOE KackadHy KOHCTPYKL Ha 0CHOBI 3ropTkosoro kody Ta koay PC i He €
arnkTepHaTBOI0 3ropTKOBOrO KOAEpa B 3rafaHii kackaHin KoHeTpykuil. [1poTe ans nigsuLieHHs eeKTUBHOCTI KACKaOHUX KOHCTPYKLIW aani
Byfe 3anponoHoBaHO NOEAHAHHSA TaKUX KOMIB.

PoarnaHemo npouec gekogysanHs TK. Y TypGonekonepi BUKOPUCTOBYETLCS ITEPATUBHUA anNropuUTM AeKo4yBaHHS. KOXHWA KOMNOHEHTHW
eKoaep Aae OUiHKY NpaBaonoaibHOCTI, NPUHOMY NPUAHATI HEKOAO0BAHI IH(DOPMALLHI CUMBONW AOCTYNHI 060M AekoaepamM Ang 34IACHEHHS:
LMX oUiHOK. KoXHWUIA nekomep BignpasBnsae CBOI OLHKXA NpaBAonoQibHOCTI HA IHLLWIA OeKOAep | BUKOPWUCTOBYE BIANOBIAHI OLIHKM BIf IHLWIOMC
[IEKOAEepa ANs BU3Ha4YeHHA HOBMX OLHOK NpaBaonoaibHOCTI WNSXOM BUNYYEHHS 3aiB0I IHpopMaLl, AKa MICTUTLCS B OLIHKAX IHLLOMO KO-
1epa, Ha 0CHOBI CUMBOMIB NAPHOCTI, JOCTYNHWX TiNbKA ANA HLOr0. 3aranoM MOXHa BUKOPUCTATY TaKi anropuTMn AeKoayBaHHs B AeKoaepl
Typ6OKOMY: MaKcUMyMy anocTepiopHoi mosipHocTi (MAW), norapudmivimin MAW (noro Mopudikauiio max-log-MAP, APP), anroputm
«M'SIKOro» aexopysaHHs 3a Bitep6i [7]. Y peaynsratax MogentosaHHs, NpoBeAeHoro Aani, 3aiNCHEHO NOPIBHAHHA Pi3HWX anropuTtmie. 3a
Ga30BUA Y39TO anropuTM No6iTOBOTQ AEKOAYBaHHS Npw BU3Ha4YeHHi MAW, TuM 6inblu WO, K NoKa3anu OOCNIMKEHHS, MOr0 CKIaAHICTb
MOXXHa MOPIBHATW 3i cKnagHicTio anroputmy Bitepbi. HaragaeMo BKa3iBKy LLIOAO iTEPAUIMHOIO MpoLecy MiX BUXOA4aMW OBOX CKIap0BuX
nexkopepis (omB. puc. 1), 3MiACHIOBAHOMO ANA AOCATHEHHS 3aA0BINbHOI 361KHOCTI.

Cxema [eKogepa, noaaHa Ha puc. 3, micTuTb asa aetektopy MAW, wo ix no3nadero sk JMBMB (SISO) — gexopep i3 «M'aKkiM» BXO-
0M Ta «M'SKVM» BUXOOOM; NEPEMEXYBAY | AENEPEMEXYBAY, BUKOPUCTOBYBAHI 4519 NOHOBEHHS BWXIAHOrO NOPAAKY CUMBOMIB; NPUAHATI
nicns gemopynsatopa iHthopmaliki 6iTv Ta napametpu kogy (nepesipHi 6itv) Gy ., a Takox anpiopHy iHhopmaLiio (iHchopmaLito Ang ouiHIo-
B3HHS 3HAYEHHS iHopMaLINHUX BITIB aHuX) G(u) 3 BignosigHux oexopepis HMBMB. Cxema Takoro cknanoBoro Aekoaepa iTepaTuBHO
OHOBIIOE anpiopHY iHGOPMALLito NPOTAroM (iKCOBAHOMO YMCNa iTepaLin AeKoayBaHHS | NOTIM BUBOAUTL BITW PILLEHHS.
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Puc. 3. bnok-cxema itepaTtusnoro typéoaexoaepa:
JIMBMB (SIS0) — pexopep i3 «M’AKuM» BXOAOM Ta «M'AKMM» BuKoaom; Il — nepemexysay; [l — aenepemexysay
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[logamo BuXigHi pilLEHHS 8K «M aKi» BIAHOCHO AeKopoBaHvx 6iTiB AaHvx. BrukopucTtaemo norapidM BiQHOWEHHS (yHKL NpaBacnogi6-
HOCTI, NPU4YOMY 3HAK Lib0ra BiJHOLEHHS BU3HAYEE 3HAYEHHA NeKonoBaHoro 6ita gaHux: nopatHe — 1; Bin emHe — O; Mogynb — HaginHe

piweHHs [1]. 3anuiemMo norapudmiyHe BigHOLLEHHS tYHKLiM NpaBaonoaibHOCTI A% KOXHOro iHhopMAaLINHOro CUMBONa u ; B TaKu1i cnocio:
plu, =+1)]

G(y,)=1n Pl =+1) : (1)
| P (”z = —1)_

e p(u, = n) — IMOBIpHICTb NoAil u, = n np n = + 1.
exogep AMBMB1 Ha ocHoBI iHChopMaLii, NPUAHATOI 3 KaHany nepeaasaHHs AaHux, OpMYE OLHKY iHhopmaLliiHux 6iTis ganux. [an

3 0TPVUMaHOI OLLIHKW G(uk‘ y) LLIAISXOM BUKISTOYEHHS anpiopHOI IHCDOPMaLLil T8 OTPUMAEHKX i3 KaHany CUCTEMATUYHUX CUMBONIB YTBOPHOETHCA
30BHIWHA iHopmauis. Lien npouec nogamo B Takomy dopmani3oBaHOMY BUrNALI:

Ga(ul)=G(ul‘y)_Gayls"G(ul)? ([2)
Ae Ang ACKpeTHoro raycciscbkoro kaxany 6es nam ati (AWGN) unen G| = 2/c“ BU3Ha4ae HapiHICTb kaHany, a 6% — AUCNepciio Lymy.
Lpyrvin AMBMBZ sukopvctosye oTpumany iHchopmaLiio (anpiopHy) ans npoBeneHHs BacHOro OUHIOBAHHS.
OnuncaHi npouecy HanexaTtb nepLii iTepauii. Ha apyrii iTepalii npouec AeKomyBaHHA BUKOHYETLCS 3 ypaxyBaHHAM anpiopHOi OLHKM
apyroro aekogepa AMBMBZ2. Tak camo BUKOHYETLCA KinbKa iTepayin, HanyacTiwe 10 [2].
IMoBipHicTb 6iTosoi nomunku gna TK Habupae surnaay [1: 5]

N s
P SZ——;—pi, (3)
i=d

ae N — [0BX1Ha KOA0BOro 6moka; [ — po3mip 6noka, AKWUA NiRAAETLCH NEPEMEXYBaHHIO; ¢, — 3ararnbHa iHhopMaLliiHa Bara BCiX Koao-
BX CNIB BAroI0 i; p, — IMOBIPHICTb BMGOPY HENPABUNLHOrO KOJOBOrO CNOBA, SKe BIAPI3HAETLCS Bif NPABUILHOMO B i NO3WLAX.
lpn UpOMY p, B3HA4AEMO @HANITUYHO 3@ [OMOMOroK Takux MipkyBaHb. OuiHioBaHHs AMoBipHoCTi P 6iTOBOI Ta P, Mpermosol

MOMWIKA NIHIMHOr0 6MOKOBOr0 KOAY A0BXWHOK I NpY AeKodyBaHH 338 4ONOMOrol AeKoAepa MakcManbHoi NpaBaonos, 5HDCTI MOXXHa 3[I7-
CHUTW, CKOPUCTABLLUCH TAKUMU CNIBBIAHOLEHHAMIA

L
Py <> n;p,(J), (4)
j=1
o
PHGMSZ_anE(j)I (D)
j=1
18 m — KINbKICTb IHPOPMALINHUX CUMBONIB KOOV n;— KINbKICTb KOQOBKMX CS1iB BAroi j;
(
' ZCI 1 pr ]_1?
pi(j)=1=b+1) ]. - G)
-f ./ -;;2 . . i—1
0,5C/“p/2(1-p)"*+ D Cipl (1-p,) .
\ l=(}/2)+1

TyT nepLue piBHSHHSI CNPEBIKYETHCA AN1A AVCKPETHOMO CUMETPUYHOTO KaHany npu HENapHWX j, 8 ApYre — npy NapHuX j.
Y pa3i AWGN kaHany maemo:

p,(j (Jz jE, /N, ) (7)

$2

ne d(x) — iHTerpan iMoBIpPHOCTI, CD(x):l/\mn Ie?dt; P, — IMOBIPHICTb 6ITOBOI NOMUNKX B KaHani nepeaaBaHHA AaHUX;

— Q0

E,_ /N ,— BIOHOWEHHS CUrHan/LWym y KaHani.

CnvHMMOCS Ha nUTaHHI CYHXPOHI3aLi Npu TypbokoayBaHHi. CMHXPOHI3aLis TypBOKOAoBaHWX BI0KIB JOCAracTLCH 38 PAXYHOK BUKOPWC-
TAHHA MapKepa cuHxpoHisauii (puc. 4). Tpu usomy posxuHa 6noka TK i Mapkepa CUHXPOHI3aLlii o6epHeHo NponopLiiHi 40 HOMIHAMLHOI
WBWAKOCTI R KOAQYBaHHS.

UTXe, ePeKTUBHICTbL CUHXPOHI3aLIi 3aNeXWTb Bif WBWAKOCTI KoAyBaHHA. Ha npuitmanbHoOMY 60U TENEKOMYHIKALIMHOMD KaHarny Mapkep
CUHXPOHI3aUIl INEHTUMDIKYETHCS 38 NEBHUMW 03HAKAMU CBOEI CTRYKTYPW. BROK TYDGOKOAY

BapTo 383H84ATW, L0 KOXHUY i3 AEKOAEpiB CKNaR0BOrD AEKOAepa ‘_—'—>

(avs. puc. 3) He 3aBXaym MOXE NPaBUNLHO BUABUTIA EDEKTUBHIN PO3MIP
MapKepa CUHXPOHI3aLlll, 8 Le Ay)Xe BaxnBo. AIKe B pa3si AeKO4yBaHHS
nosroro K AeKogepw ckNaaosoro AeKoaepa NoBUHHI YITKO ineHTGIKY-
BATW MeXI KOf0Boro 6moka, y ToMy YACni 3 ypaxyBaHHAM NEPEMEXEHIIX

| DBNEepEeMEXEHUX OaHWX V CTPYKTYPI aekogepa. ToMy 3a3BiYal CKNna-

ASTIED H y CTOYKTYP! ACKOneD y e Puc. 4. Cxema pe3ynbryiovoro 6noxa ryp6oxoay (ams. puc. 2)
0y Mapkepa CUMHXPOHI3aUll BKNOYEETLCA KaHanbHWA cMBON (LOMEH), i3 NPUKDINNEHUM MapKepOM CHHXPOHI3aLi: | — [OBKMHA GNOKa
AKX BU3HAYae METO[ Kaaposol CUHXPOHI3aL| 1} inchopmayifHMX fanux; R — 3aABHA WBMAKICTL KOAYBAHHA
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BOIKO TURBO DECODER#S

Pe3ynsraTv BU3HaYEHHs 33BaA0CTIMKOCTI TENEKOMYHIKALIAHOrO KaHany nepeaasaxHs aaHux Ha ocHosi TK pisHoi goexuHu inocTpye puc. 5 (2]

BOIKO TURBO DECODER=]
i = =y —= '"j:—-— - == + T = _-;_ :t: f i - — : e “t:mm =
e — e . ey P s S, teeaas, 1o T e, ——— — e .
0.1 mﬂ-*“**—ﬁi_‘ :3 : S : 0.1 -
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Puc. 5. Ipadixu 3anexunocti gna su3nauexns BER | FER npn weugxocT xogysauus:
R =1/2; 1/8; 1/3 i 1/6 pna yp6oxopis i3 po3mipom 6noka: 1784 Girie (a); 16384 6Girie (6) (10 irepanyii): 7 — BER (R = 1/6); 2 — BER (R = 1/4);
3—BER(R=13):4—BER(R=1/2);5—FER(R =1/6); 6 —FER (R =1/4); 7 — FER (R = 1/3); 8 — FER (R = 1/2)

Hi NPO NOMUNKW, BUPaXeHi Yepes iMoBipHicTb BER 6iToBMX NOMMNOK, WO B3HAYEE YaCTOTY NOMWUNOK ANg OKpemuX BiTis, Ta AMOBIP-

~ER nomwunok kappis (chpenmisl), HaBeaeHo B Tabn. 11 2.
labnnys 1

ExcnepumenTanbHi AaHi WOA0 EHEPreTHHHOro BUrpaily KOAyBaHHA Ansa Typ6oxoay 3 po3mipom 6noka 1784 Gitis
EBK (enepreTtuunnii Burpaw xogysaHnua), nb

FER

' FER
Pigenb "

Pisenb BER

llisuaKicTb KOAYBaHHA
nD_d | ¢ E—ufi 4. 1’1 0,83
1,63 1,5
1.7

-4 * A ,85
2.l

| T B 2,19 .
labnuys 2

ExcnepumenTanbHi AaHi WoA0 EHEPreTHYHOro BHrpaly KoAyBaHHA AnA Typbokoay 3 po3mipom 6noka 16384 Girie
EBK (eneprernunuit Burpaw xopysanus), ab
FER l

WsuaKicTb KogyBaHHA Pisenn BER
~ 104 l 1,35 1,20
" _ Hacu4erHs Typbokoay

.-/2
1/3 98
2,2 Hacu4eHHsa Typbokoay

1/4
2,46 Hacu4eHHs Typbokony

1/6
BigomocTi [2], Hasegeni Ha puc. 4 i B8 Tabn. 1, N03BONSAIOTL AIATW TAKOro BMCHOBKY: 36inblueHHs po3mipy 6noka TK npuasoanTs
M BigHowWweHHd E, /N, (E, —

TOIO [0 I0rQ HaCWYeHHS, Npu4oMy KpyTicTb XapakTepucTuki TK cTae MEHLL BUPaXEHOK 3i 3p0CTaHHS

3peu
eHepris, HeobxigHa ans nepefnasaHHa 0aHoro 6ita iHhopmalli; N , — CNekTpanbHa rycTuHa noTyxXHocTi wymyl. ocarti Manol MoBIpHOC-
Ti nomunok, Hanpuknag 10712, 3a gonomoro TK MoXHa NULLE NPy BENMKNX 3HAYEHHAX BiJHOLIEHHS CUrHamM/LWyMm E, /N,).

H9, NP0aHani3yBaBLWW HABEAEHI HA PUC. B 3aNeXHOCTI

Po3rnaHemo nutaHHg B1UBOpY NepemMexyBaya B CXEMI KaHanbHOro Typ6okoayBaH
BuxigHWX noawvuin (Output) 6iTie y KopoBaHux Bnokax Big BXigHUX (Input) ans pisHUX TWNIB NEPEMEXYBAYIB.
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Puc. 6. 3anexuicrs BUXigHOI no3uyii 6iTie y 6Gnoyi Bif BXIAHOI IX NO3MUIT ANA PI3HKX TMNIB NEPEMEXYBaYiB:

a — nepioiMYHUi nepemexyeay; 6 — NCEBOBUNAAKOBUH NepemexyBay
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CNOBO HAYKOBIY Hayka, ekcnnyarayis, BUpo6HMLYTBO

3aranom Kaxy4v, MoXHa peaniayBaTti 9k nepioavyHi, Tak i NCeBaoBMNaaKoBi CXeMW NEPEMEXYBaHHS AaHVX. [ lepiognyHi nepemexysal
NoAINATLCA HA BNOKOBI Ta 3ropTKoBI. [lepesara 3ropTKOBUX NepemexyBadiB NoNsrac B TOMY, WO 38TPUMKA | EMHICTb Nam aTi B LibOMY
na3i BOBIYI MEHLLA, HDX NpW 3acTOCyBaHHI 6NOKOBUX NPUCTPOIB NepemMexysaHHa. [1na TypbokoayBaHHs BMBIp NepemMexyBsaya LOCUTL BaX-
NVBWIA, OCKINbKA AOro CTPyKTypa 6e3n0ocepeaHbo BNIMBAE Ha MiHIManbHY BIACTaHb Ta KiNbKICTb KOAOBWX CIiB HW3bKOI Barw, a Ti, ¥ CBOIO
yepry, 3rigHo 3 copmynamu (1) — (7), 6eanocepeaHbo BNAMBaTL Ha edekTuBHICTb TK. Y pa3i ncesnosunnagkoBoro nepemexysada oitu
N0YaTKOBOro 6n0Ka B NepemMexeHomy 6oLl po3TaLloByTLCA NCEBA0BMNAAK0BO, | Le, 3PELTO, A0CUTL NO3UTUBHO BNSIMBAE HA 3arankHy
echekTuBHICTb TK.
3'acyeM0o Tenep, 9K KinbKiCThb iTepaui, 3ragaHyWxX B onwucy nogaHol Ha puc. 1 cxemu, BNAMBAE Ha EMEKTVBHICTL AeKO[dyBaHHA Ta
3asapocTinkicTb. Bisbmemo TK (7, 8)g npn R = 1/2 i3 sukonioBaHHaM (nepthopoBaHui Kof), AOBXMHA Kafpy 41 NepemMexyBaHHs
[ = 400 6itis. [lexopysaHHs 6yno nposeaeHo 3a anroputmom log-MAIA. 3anexHicTs imoBipHoCTi nomMunkw Big E, /N, OTPUMaHY Npu Mo-
NIeNI0BaHHI, NOOaHO Ha puc. /, A8 N0 0CHX BIAKI1aAEHO
BignosigHo BER, sigHowewHa E, /N, Ab, Ta KinbKicTh
Tepauin npu OexkoaysaHHi. Pe3ynsrat MoaentoBaHHs
9BMSE COOO0I0 NOBEPXHIO, YTBOPEHY nepepi3ami, KOX-
HAN 3 9KWX BW3HA4aE 3aNeXHICTb IMOBIPHOCTI BITOBOI
nomMunkn Bin E, /N, npn QIKCOBaHIA KINbKOCTI ITe-
pauin. AHani3 rpadika nokasye, WO XapaKTepUCTUKN
KOQY Ta 3aBafAO0CTIAKICTL NOMINWYTLCS 31 36INbLUEH-
HAM KINbKOCTI ITEPALIN, ane BXe Nicng cboMol iTepadll
Take noninweHHs Jocutb HeanavHe. OuiHMo eHep-
®1,00E-06-1,00E-05  ratyyHuin Burpaw kogysaHHs (EBK) pocnigysaHoro
TK npw 3roptkoBoMY KaHanbHOMY KoOyBaHHI 38 Tpe-
nic-cTpykTypoto: 3K (poly2trellis (7, [171; 133])) Ta
AVMEpPEHLIanbHO KBaApaTypPHOW (Pa30B0 MaHINyNs-
uieto (DAPSK) — «kopctke» pilieHHa. 3Ha4YeHHs Bia-

HOWEHHA E, /N, ONA pIBHA BER = 10~* craHoBuTh
signosigHo 2,3 i 8,2 ab. Otxe, EBK = 3,9 nb.

.l“‘

KinbkicTb iTepauin

® 1,00E-01-1,00£+00
® 1,00E-02-1,006-01
B 1,C0E-03-1,00€-02
¥ 1,006-04-1,00E-03
w 1,00E-05-1,00E-04

Puc. 7. JanexnicTs 3a8afloCTIHKOCTI BIA KinbKOCTI iTepauii ans Typdoxopy (7,3),

@opmyBaHHA Ta AOCNIAKEHHA CXeMM KacKaiHOI KOHCTPYKYII KaHaNbHOro KOlyBaHHA 3 BUKOPUCTAHHAM TypboKkopais

Po3rnaHemo MOXnMBOCTI KacKaaHUX KOfiB. Taki Koay 3acTOCYEMO 19 YTBOPEHHS KOAY 3 BENNKOW A0BXWUHOW 610Ka | BUCOKOK KOpUry-
04010 BNACcTUBICTIO. Hacamnepen 3a3Hayvmo, Wwo aexkopep kogy PC cTBOpIOE Ha BUXOAI HECNOTBOPEHY NOCNIA0BHICTb, AKLLO NOCMIQOBHICTL
NPUAHATX CUMBONIB BiOPI3HAETHCH Bi CNPaBXHbLOro coBa He Ginbw sk Ha ¢ cumeoniB [8—10]. Topi nekonep aBTOMATUYHO BU3HAYaE
KINbKICTb NOMUIIOK.

KackagHWin KOO BUKOPUCTAEMO ONA YCYHEHHA edekTy HaCcUYeHHs Typbokoais, po3rmsgHYTUX paHille, a TakoX Ang NigBULLEHHS 3a-
BAOOCTINKOCTI. K 30BHiWHIM Kog BisbMeMo kopg PC, a sk BHyTPilWHIN — TK. 3 MeTot0 aHani3dy eeKTUBHOCTI Takol KacKagHO! KOHCTPYKLI
nogamMo pesynsTaTi AocnimKeHHa 3asapocTivikocTi komis PC i kackagHwx kopis 3i ctpykTypoto PC + 3K + QPSK: 3osHiwHin kogep PC,
a BHyTpiLWHIn — 3ropTkoBuin (3K): moaynsuia kBaapaTtypHa a3osa (PSK (puc. 8).

8.1

- 3K (171, 133) »xopcT. piw. "
- PC (255, 223) wopcT. piw. |
- PC (255, 239) opcT. piw. |

0.01k=

=
g

1,
m
o

P10

bE¢

BER]
BER4

&
gﬁﬁi

¢

txi0

1x40~

Ix10

Puc. 8. Ipadhixu 3anexHocTi gns oyiHIOBaHHA: 3 — 3asapocriikocti xogie Piga—Conomona (255, 173) — 7; (157, 125) — 2;
(255, 223) — 3; (97, 81) — 4; (255, 239) — 5; (204, 188) — b6; 6 — eHepreTM4HOro BUrpaily KOAYBaHHA

Ha BiMIHY Bif, «M AKX» PilLEHb, XapaKTEPHWUX AN 3ropTKoBUX Koais, BuXig aekonepa PC € «KopcTkMM», @ 0TXE, AeKOMEp AIE Ha CUM-
BOM andasiTy, L0 BUKOPUCTOBYETLCA NPU KOMYBAEHHI.
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3aysaxumo, LLO
NOKa3HWKL MaE Kof

HaBeaeH! H
AL (299, 173} npwE = 41,

GNOB0 HAYKOBUA

a puc. 8, a 3anexHocTi BER Big sunpasHoi 3aatHocTi kopis PC, 003BONAOTL BCTAHOBWTA, WO HAMKPALL

Pesynsrat [OCNiMKEeHHs 3aBaf0CTIMKOCTI 4ns KacKaaHuX i 3ropTkoBux koais nogaHo Ha puc. 91 10 npwm takux CKK: PC(255, 223) + 3K
| PC(235, 239) + 3K. #K 6a4nmo, edeKkTUBHICTL BUKOPWUCTAHHS KAcKaoHWX KOAiB BULWA, HiX Komis PC, BUKOPUCTOBYBEHWUX OKPEMO

(avB., Hanpwknag, puc. 9, kpmei 1 1 5 — eHepreTuyHUi BUrpaL cTaHosuTbL Mamxe 3,2 ab (BER = 1077)).
0.1 2 e Sns = 0.1 == F : =
* =2 l = 1 :

0.01 0,01 - |
BER] 1x10 ° BERI IxI0
-0 -
BER2 : BER?
o } o~ i
BER3 1,407 g BERY {.10” =
-5~ o~ = == =
e ! 2 e 3
- 0 S e T S - | “}Hﬁi $ =
BERS BERG e o A it
. Z & 5
L L : I e |

f
—
I %10 2 i<l0 P =4 SSEE
; F | 141’?1 - 3
6

Puc. 3. Tpachixn 3anexnocri BER Big E, /N , AnA 3ropTK0BOro Ta KacKagHoro
KOJiB NpW Pi3HMX wBKHAKOCTAX Kogysanua i £ = 16: 1 — PC + 3K(255, 223)
npu R = 1/2; 2 — PC + 3K(255, 223) npn R = 3/4; 3 — PC + 3K(255, 223)

6 —3Knpu R =3/8;7 — 3K npu R = 1/8; 8 — nexopgosauna QPSK

1x10 <10

i.5

75 10.5 }2 4.3 1.5

6
Eb
No

npu R = 1/8; 4 — PC(235, 223); 5 — 3K npu R = 1/2;

10.5

Puc. 10. Tpadpixu 3anexnocri BER Big E, /N , ANA 3ropTKOBOro Ta KacKagHoro

KOAIB Npu pPI3HMX weKuaKocTax xopysawua i £ = 8: T — PC + 3K(255, 239)

npu R = 1/2; 2 — PC + 3K(255, 239) npu R = 3/4; 3 — PC + 3K(255, 239)
npu R = 1/8; 4 — PC(255, 239); § — 3K npu R = 1/2;

6 —3Knpu R =3/4; 7 — 3K npn R = 7/8; 8 — nexopgosana APSK

CnuHrMock Ha ocHoBHUX BuMorax ao kopis PC. Lle Hegsinkosi kogu (nigsup kopis BYX), Wo MatwTk Taki napaMeTpu: J0BXWMHA Bnoka

n =q— 1 (3a3Bn4an ¢ = 2™, T0Ai KOAOM BUNPABS
n —1; MiHiMansHa Kogosa BiacTaHb d

min

HAW NMOniHOM BUAY

et =

g(x)= (x-a)(x——az)... (x—azt),
1

> (d, —1):l; o — enemeHT nong lanya GF(g™) [1; 2].

ATHCH 2™-Hi CUMBONW) ; KINbKICTb & IHCDOPMALIHUX CYMBOMIB 3MIHIOETLCSA Big 1 00
=n — k +1; kogosa wenakicte R = k/n. [Ing noganHs kogis PC BukoprcTaHo nopogxyBanb-

(8]

[TopopxyBanbHAA NONIHOM, SK 6a4NM0, Mae CTeniHb 2¢, @ 0TXE, MOXHa BUKOPWUCTATW 2¢ NEpPeBipHUX CUMBOMIB 4N BANPAEBIEHHS ¢

MOMUNOK.
OnucaHi gani cxeMn KaHanbHOro KoayBaHHS Ha OCHOBI anropuTMy OeK0AYBaHHA «KOPCTKWUX» PilleHb CIyrysaTu
MOXHa byno 3acToCcyBaTV TaKi 4OBrI KOL4W NPt (DOpMYBaHHI KackaaHol KOHCTPYKLIT Ta BUKOPWUCTAHHI B TENEKOMYHIKALivA

no3unLinHol ha30801 MaHinynsaLii.
[1ns 30BHILUHLOr0 Kopgepa n

—
————

ponoHyeTbCsd B39TW Kopep PC i3 noBXwHoW Bnoka n

MyTb [
HOMY Ka

255. Kon mae po3mip iHdhopmaLlinHo

q TOro, abu
Hanl 6ararTo-

0 DNOK3

k = 223; minimansbHa Xemminroea BiactaHs d = 33. Kog Moxe sunpasutvt 16 nomunok. Bnok-cxemy kogy nogaHo Ha puc. 171. Crpyk-

_Po3mip kogy cTaHosuTb 2040 6iT
x 223 IHPOPMAaLINHKX 6iTiB 8 x 32 nepe.ipHuX 6iTis >

8 OPOMKYBANbHA MHOroYNeH 6yayemo B noni [ar

o OIT

-4

-

04aTKOBa IH(pOpMaL|IiHa KopoBa KOMBIHALIS SBS

e T
]
ok
Ty
ey
gt
=

32 nepesipHX CUMBONIB

223 HHOPMALIVHUX CUMBONIB

Puc. 11. Crpyxrypa xoay Piga—Conomona (255, 223) HOMY KOyBaHHI, YHA0UHIOE pUC. 2.

Nepepanuit 6nok  [pUAHSTAR BRoK P

narvx 10200 6i,_jmammx 10200 6ir,} _
E = 5;@ gt .

KaHan nepeaBaHHs OaHWX

BXiAHUA BNOK OaHWX
8920 6iT, 7 =5

BuxigHwin 610K OaHKX
8920 6it, I = 5

D

peMoBa CTPyKTypa naketa aaHux (8320 6it)

Bion 1 oo 5-tn 223 < 8 6itie 1280 6iTis
[

l epenasui 6nok gadmx 10200 6iTis |

Puc. 12. @pedimoBa CTPYKTYpa NaKkera gaHux AnA nepegasanun indopmauii kogom Piga—Conomona:

q€ CODO M

Typa Koay Mictuth 223 iHopmauiiHi Ta 32 nepesipHi CUMBONW.

va GF(2%) [1: 2:10].

HOMQ4s

EH

g(x)=x%+ x"+ x +1. Bubip Ub0ro MHOro4YneHa 3yMoBneHo ne-
pesyciM HeoBXIOHICTIO MIHIMI3aL|l TEXHIYHOI CKNaaHOCTI WWdpaTopiB.
JaranbHy CTPYKTYpY perma, SKuiA BUKOPUCTAEMO NpuW KaHarnb-

B]l — 3aronoeok exigHux hpedmoeux pauux (header); b — nepesipHi 6itn; KC — KoHTponbHi 6iTv CHHXpOHI3alii, / — AOBXUHA nepemexysaya, I = 5
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Y3aranbHeHy cxemy Kogepa 3rigHo 3 hopmoio nopogykysanbHoro MHorodneHa (8) 3o6paxeHo Ha puc. 13.

Buxia kogepa

Puc. 13. Cxema xopepa PC 13 nepemexysannam fanux: P — perictpu 3cysy; I — nepemuxavi; o — enement nona lanya

Kogep sBnsge cobow LUMMpoBUiA aBTOMAT, YCi 0nepaLii B AKOMY BUKOHYIOTLCS B Noni [anya 3a Moaynem npumiTueHoro nonidoma [7].
Onepauii nofaBaHHs BUKOHYKOTLCS 38 MOAYNEM [Ba, @ A1 BUKOHAHHA MHOXEHHS CAyryioTh Tabnuui norapudmis i aHTunorapudmis. Ha exig
KOZepa HagxoguTb iHdopmalis B BanTosin opmi. IHhopMaLiHI CUMBONN HAAX0AATL Ha BUXiA Koaepa 6e3 3aTpuMKKX, AKLO NepemMukadi
[11 1 112 nepebysatoTb y nonoxexHi 7. Ilicns HaOXOmKEHHS & iHPOPMALLIRHX CUMBONIB BXiZ Koaepa BigMukaeTses, 11 i 112 nepesopsaThbes
B NOMOXEHHS Z | HA BUXIf, HAAX0AATb . — k NEPEBIPHUX CMMBONIB, AKi MICTATLCA B pericTpax 3cysy (aus. puc. 13).

OcobnueicTb Liel CXxeMW Kofgepa nonsrae B ToMy, L0 BOHA MicTUTb N pericTpis. Y cxemi BUKOpUCTaHO npuHUMN B10KOBOro nepeme-
KYBAHHA, 9K MOXHa 0NCaT MaTpuLen, aka MicTutb X psaakis | Y cTosnuis. Toni npy nepenaBaHHi AaHWX iHbopmaLia 34UTYETLCS Mo
CTOBMUSAX, @ Ha NpuManbHoMy 6oui — no paakax. [lapameTp Y oopiBHIOE OBXWHI KOJOBOro cnosa 6n10KoBoro koay. BvkopucToByym Ta-
KA NPUHLKXN Y CXeMI KOZEpa, [0CAraeMo Takol nepesarut: ocKinbky nicns kogysaHHa kogoM PC nosxuHa 6noka kpatHa XY, TO AicTaeMO
CXEMY, B AKIi HEMAE NPOLECY O4ULLEHHS PErICTPIB. HagMWKOBICTb TAKOI CXEMW, 3YMOBSIEHA HAABHICTIO NEpeMeXxyBaya, Byae HynboBOK.
Y npucTpol kogepa Y AopiBHIOE A0BXUHI Kogosoro cnosa kogy PC, i Toni 3aranbHa 3aTpyMka BHACNIA0K NEPEMEXYBaHHS Byae A0pPiBHIOBATY
3aTPUMLY Y 3ropTKOBOMY MPUCTPOI NepemMeXxyBaHHa BHYTPILWHLOTO Kogy. Cxema Takoro Kogepa 06pobnsde LMKIYHO BXigHY iHAOpMAaLIHY
NocNIAoBHICTL B BaNTOBIN hopMi.

ACvMNTOTYHY OLLIHKY AMOBIPHOCTI NOMUNKA B KOAOBOMY 6oL nogamo Tak [1]:

n
Pis = DCapo(1-po)"™". 9)
/9 i=t+1
Iyt Po = ;ﬁ_ 1 Pe— IMOBIPHICTb BITOBOI NOMUNKKW, A€ p, — IMOBIPHICTb NOMUNKW ANS g-r0 CUMBONA,
1 k . i n—i
pe<— D, (i+t)Crp(1-po)™™". (10
i=t+1

3anexHocTi Ans BU3HAYeHHS MoBipHOCTI BiTosux nomunok (aue. puc. 91 10) oTprmaHo METOAOM MaTEMATUYHOrO MOAENOBAHHA ANA
nocnimkysaHux kogis PC Ta gnst Bunaaky kackagHoro kogysanHs PC + 3K.

Poarnasemo HasepaeHi Ha puc. 14 i 15 pesynsrat mopgeniosatHa BER gng takmx CKK, ak PC(255, 223) (¢t = 16) + 3K (7, 1/2), npwn
3MiHI rnbuHKn nepemexxyBanHsa Big I = 1 ao I = 16 gng pisHux wsuaokocten 3K.

i l ;= ¥ i = Hi-—
1 [ - ;
0.1E | = 0.1 +
t +
BER [
%}E‘g‘i 00tk 4 L L BER 0.0) B :i_ : - - v e : e e TR ——
BER T BER! = 3 e
RS 107 : ) T—— | prRa 110 B ==lly = e
- = | =3 : ===
s r 7 . I i {‘ { 1; |
Ix10 3= =3 o | S oty : = i 210 = = : : E‘:‘E == = -
e e S | S T e e o
1x10° L i ;, Frrmme == = = ,# 4 1107 s | :: % % % L}: =
= 3 , 5 : = 3
E = : i 7_ - e [ ]
&) ' 1x10 5 |
e 0.375 0.75 1128 1.5 1.875 2.25 2625 3 v 073 3 22 ’ 375 + 325 b
oy B
i NO
No
Puc. 14. Ipadhixn 3anexHocTi gna oyiHiloBaHHa 3asapocridkocti (BER) Puc. 15. Ipadhixu gnsa oyinoBannna 3asagocrinkocri (BER) xacxaguoi cxemm
KackapHoi CXemu 3i 3MiHHOI0 ranbuHoI nepemexysania B pa3si CKK: (t = 16) 3a CKK: PC (255, 223) i BHYTPIWHLOro 3ropTkoBOro Koay
3K (7,1/2), PC(255,223): 1 —I=12—1=2:3—1=3; (rnubuua nepemexyeanna I = 5): 1 — 3K (7, 1/2); 2 — 3K (7, 2/3);
d—I=4;8—1=56—1=8;7—1=16 3—3K(7,3/4); 4 — 3K (7,5/6); 5 — 3K (7, 7/8)
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—(CA0R0 HAYKUBIS -

[1if 4ac AOCnIfKEHHS BCTHOBMEHO, WO rMuBUHA nepemMexysadHs I = 5 nae 3HayHe HaBnWKeHHs A0 ifeanbHoi NPOAYKTUBHOCTI
8 AWGN kaHani.

I lpouec aocnigxXeHHs KackanHoT KOHCTPYKLIT KaHanbHOro KOLyBaHHs 34IMCHAMO BIANOBIAHO 0 CXEMV anropuTMy, HaBeaeHoi Ha puc. 16.

E,/N,>=E,/N, stop

[lepesipka:
bit_ cnt <max allowed bit
error and last iteration<
maximum alloved error

SR

E TR ket

[lepesipka:
KINbKICTb ONepaLin < nopagok
onepauin X <X

[lepesipka:

: X 064mcnuTv napameTpu
rrors = (0f

g noninwexoi CKK?

Puc. 16. Cxema peanizauyii anropurmy AOCNIKEHHA KACKaAHOT KOHCTPYKLII KaHANILHOTO KOAY

IMITaLiAHY CXeMy TENEeKOMYHIKaLAHOI CUCTEMW nepeaaBaHHs iHhopMaLii 3 KaCKaaHUM KOLyBaHHSM HaBeaeHo Ha puc 17. S0BHILLHIN
KOOep BMKOHaHO 3a cTpykTypoio koaepa PC (235, 223), sHyTpiwHin — Typ6okogep (R = 1/2, i R = 1/3). BignosioHo g0 cxemu Ha
prc. 16 cUMyNALII0 IMITALINHOT CXeMW NPOBOAWIAN LUNAXOM iHiLiani3aLii napaMeTpis Ta 3MIHOI KinNbKOCTi iTepaLi Ans on1CaHUX KomiB. [1pw
(hopmyBaHHi kaHany (ave. puc. 17) sukopucToBysanu gudepeHuiansHy keaapaTtypHy dasosy maninynauio DAPSK. Ha npuiimansHomy
bOLI 3aCTOCOBYBANN IEKOAEP TYpBOKoAy 3 064MCNEHHSM anocTepiopHoi imosipHocTi (APP) — puc. 18, 8, a TaKoxX CUCTEMY CUHXPOHI3aLji
Ha 0CHOBI MOAWMIKoBaHOI KOHCTPYKLIl 3 nepeauckpeTuaalieio curiany [11-14]. Peaynsratv nocnigkeHHs BNnvBY KinbKoCTi iTepaLii npu
TYpOOKOAYBaHHI Ha KiNbKICTb NPaBMIbHO AeKoO0BaHUX 6Mokie nogaHo Ha puc. 19, a. 3rigHo 3 puc. 19, 6 BCTAHOBIEMO, L0 36iMbLIEHHS
KINbKICTb ITEpauin 40 8 3MEHLLYE KiNbKIiCTb XMBHO AEKOA0BAHWX TPAHCMOPTHWUX BM0KIB. 3PELUTOK BCi NOMWUMKW OEKOOVBaHHS, NoaaHi Ha
puc. 19, a, sigcyTHi.

JanexHocTi 3aBaf0CTIAKOCTI Npu TypbokoayBaHHi Bif KinbkocTi iTepauin ang kackapgHoi CKK suay PC + TK + DAPSK HasemeHo
Ha puc. 20, pe NOAaHO TAKOX 38NEXHOCTI 4Ns BU3HYEHHS EHEPrETUYHOrO BUrpally 3anponoHosaHoi CKK i CKK iHWWMX KOHCTPYKLUN.
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GNI0B0 HAYROBHSH
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Puc. 19. 3aneXHocTi KilbKOCTi NPaBUNbLHO IEKO/I0BAHKK TPAHCNOPTHUX GNOKIB NPK TYPOOKOAYBAKHI
ANA Pi3HOI KiNbKOCTI iTepauii: 3 — wicTb iTepauii; 6 — Bicim irepayii
KinbKiCTb ITEpaLiv BOIKO CONCATENATED CODES RS+TK+DQPSK#|
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Puc. 20. 3anexuocTi 3aBagocTiiikocti npu Typ6okoayeanni ana kackapnoi CKK snay PC (255, 239) + TK (L = 16384 6iris; 10 itepauid) + DAPSK:
a — y pa3i 3MiHw KinbKocTi iTepauii; 6 — y pa3i 3MiHW EHEPreTHYHOro BUrpawy KOAYBAHHA NPU PI3HAK 3HAYEHHAX R:
1—R=1/2:2— R=12;3—R =1/3;4— R = 1/3; 5 — PC(255, 239); 6 — nexopgosana DAPSK

BucHoBkm

1. 3anponoHoBAHO CXEMY PeaniaaLii TENeKOMYHIKALINHOro KaHany nepefasaHHs [NaHuX Ha OCHOBI KAQCKaJHO! KOHCTPYKLUII TypBoKOoAYBaH-
H9 3 METOI NiABULLIEHHS 3aXULLEHOCTI Ta 3aBa0CTIAKOCTI 38 HAABHOCTI 3aBap.

2. P03po6neHo CTpYKTYpyY CKNaaoBWX KOLIB KACKAAHO! KOHCTPYKLII T8 0N CaHo NpUHLMNY CWMHXPOHI3aLl | nepemMesxyBaHHs BITOBMX AaHNX
NPV KaHanbHOMY KOZyBaHH!.

3. HaseneHo MaTemaTuyHi Mogeni ans hopmaniaoBaHoro onucy po6oTy CKNagoBMX KACKaAHOro Koay. 3anponoHoBaHWiA, 30KpeEMa, BUA
MOPOIXYBANbHOro NOMIHOMA ANg KaHanbHora KoayBaHHS.

4. Fk noKa3anu onuCaHi B CTaTTi JOCNIMKEHHS, 3pOCTaHHs KinbKOCTi iTepaui npy TypbokogyBaHHi NiaBuULLYE eEKTUBHICTb PE3YNLTaTY.
FBK ang poarnasyTux CKK gocarae 9,9 ab.

5. Po3pofneHo iMiTaLiiiHy cXxemy Ta anroput™M TeneKoMYHIKaLIAHOi CUCTEMM 3 KACKHM KOlyBaHHS Ha OCHOBI TaKOI CKK: PC+TK+
+DAPSK. Lia cxema ycyHyna ecext HacudexHs TK Ang 3anponoHoBaHvx KOAiB Ta 0380nMna oTpumMaTin EBK Ha pisHI 3,1 ob (BER = 10

V nopganbLuvX OOCTImMKEHHsX yBary Byne NpuaineHo BU3HAYEHHI0 NOBEAIHKW 3aNpONOHOBAHNX KACKAAHWX KOAIB BHICMIAOK 3MIHV CKK,
3 TAKOX 0COBMMBOCTAM BMKOPUCTAHHA BAraTono3uuiiHoi KBagpaTypHOi aMnniTyaHO-(a3oBol MaHinynsuil, A0CIMKEHHI 3aBaf0CTIAKOCTI

npw 3MiHi cTpykTypy TK CKafoBoro KackapHoro Kofy, nowyKy KackagHoro Kogy «Mmpo3oporo» A0 CNOTBOPEHb a3y BUXIQHOMQ CUrHany
8 pasi 3aXMLLEHOI TENEKOMYHIKaLIAHOT cUcTeMy nepeaaBaHHs iHpopmalll.
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WCCAEROBAHNE IOOEKTUBHOCT AJITOPUTMOB KAHAJILHOTO KOAMPOBAHNA B 3AIMILEHHDIX

TENEKOMMYHWUKALNOHHBIX CUCTEMAX NEPEJAYN NHOOPMALWY

PaccmMoTpeHbl MexaHn3Mbl MOBBILIEHNS 3aLLMLLEHHOCTY TEJIEKOMMYHVKAUNOHHBIX CACTEM C MPUMEHEHNEM arropUTMOB MOMEXOYCTOU-
Y1BOr0 KaHasbHOro KognpoBsaxus. LghopMMpOBaHa CTPYKTYpa KaHana nepenayun uHMhopMaLmm ¢ TypboKoanpoBaHnem. PaccmoTpeHa 610K -
AvarpamMma Kogepa Typbokoaa [/is (PopMUPOBaHINS CXEMbI 38LUMLLEHHON TENEKOMMYHUKELUVOHHO CUCTEMBI. DopMann30BaHbI MPUHLNMBI
[EeK0AnpoBanHns Typbokoga Ha 6a3e utepatusHoro aekogepa. Onvcanbl noaxonb! K CUHXPOHU3aUMM TypBOKOLOB C UCOb30BaHNEM CrIELM-
ar1bHOro NPUKPEnsIEHHoro MapKkepa. | IpnBEAEHbI 3KCNEPUMEHTabHbIE JaHHbIE [/19 ONPEeNeHUs SHEPreTUYecKoro BbINIPbILLE KOAMPOBE-
HWS ANa pasnnyHbIX Qv 6710K08 Typ6oKodoB. [1peanoxeHsl v nccrnegoBaHbl CXeMbl PEANN3aLMM KOEPE C YepenoBaHNEM BUTOB [aHHbIX
AV1A COCTABIAIOLNX KOAOB Npy Peann3auiny TesIeKOMMYHUKAUMOHHON CUCTEMb! NMEPERaYn MHEOPMALMN C KaHaslbHbIM KOAUPOBAHUEM.
Orvcara chpeimoBas cTpyKTypa nakeTa faHHbIX 4s nepeaayn nHEopmauymm kogom Puga—LonomoHa. Pa3paboTaHa MUTALNOHHES CXeMa
TENIEKOMMYHUKELMOHHON CUCTEMbI NepeaaYy AaHHbIX NS NCCe[0BaHNs NPUHLNNOB (hOPMUPOBAHNS CUrHAII0B Ha OCHOBE KACKaOHbIX KO-
£08. [lony4eHbl Pe3ynbTaTel NPUMEHEHUS YKa3aHHON CXEMbI B TESIEKOMMYHUKELMOHHBIX CUCTEMAX C KacKagHbIM KOQUPOBAHNEM B Cly4ae
0npenene’na S3HepreTM4ecKoro BeINIPbILLIa 1 YCTPaHEHNS 3Qh(HEKTA HACbILLEHNS TYPGOKOLOS.

Kniouesble cnoBa: KaHanbHoe KOAMPOBaHWE; (DA30Bas MaHUNYMALMS: CUrHANbHO-KOA0Bas KOHCTPYKUMS; TENeKoOMMYHUKALMOHHAs CUCTEMA.

J. M. Boiko, D. A. Makaryshkin, O. I. Pasichnyk
RESEARGH INTO EFFECTIVENESS OF CHANNEL CODING ALGORITHMS
IN PROTECTED TELECOMMUNICATION INFORMATION TRANSMISSION SYSTEMS

In this paper represents the mechanisms more secure telecommunications systems through the use of algorithms for noise-immune
channel coding. Formed channel structure information transmission with turbo coding (TK). Considered a block diagram of a turbo
encoder code to create diagrams secure telecommunications system. Formalized principles decoding turbo codes using an iterative
decoder. Describe the principles and implementation process synchronization turbo codes through the use of synchronization marker
attached. The experimental data to determine the energy gain coding (EGC) for different lengths of blocks of turbo codes. Proposed
and tested circuit implementation of encoder data bits interleaving codes for the components in the implementation of the telecom-
munications system with channel coding. Described frame structures for data packet transfer information code Reed—Solomon (RS).
Developed simulation scheme for research principles of signals based on concatenated codes in telecommunication systems. The results
of the simulation study scheme channel information transmission in telecommunication systems with concatenated encoding when
determining the energy gain saturation effect and eliminate turbo codes. Studies conducted in the show. affects the number of itera-
tions in the turbo coding efficiency increases result EGC considered for SCC was 5.9 dB. The developed algorithm and circuit simulation
telecommunication system of the concatenated coding based CCM: RS + TC + DQPSK.

Keywords: channel coding; phase shift keying: signal-code construction: telecommunication system. N\
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