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METO/J KOPEKIIIIi BATATOKPATHUX IOMUWJIOK B KAHAJIAX
HEPEJAYI HU®POBUX JAHUX 31 CHEKTPAJIBHOIO MOAYJIALIECIO

METHOD FOR MULTIPLE ERRORS CORRECTION
IN SPECTRAL MODULATION DATA TRANSMISSION CHANNEL

CraTTs npucBsiueHa npoOsaemMi MiJBUIIECHHS €()EeKTUBHOCTI BUIIPABJICHHS JBOK-
paTHUX TOMWJIOK TMepefadi JaHuX B KaHalaX 31 CHEKTPAIbHOI MOJIYJSIIEI0 3a
PaxyHOK CHPOIIEHHS Ta MPUCKOPEHHS O0YHCIIEHb, MTOB’SI3aHUX 3 KOPEKITIEI0 TTOMUIIOK.

B poGoTi 3anmporoHoBaHoO, TEOPETUYHO OOIPYHTOBAHO 1 JOCIIKEHO MiIXiJT 10
KOPEKIlii 0araToOKpaTHHUX MOMIIOK B KaHallax 31 CHEKTPaJIbHOI MOJYJIAIIEI0 Ha
OCHOBI MO3UIIHHUX KOPETYIOUUX CyM, IO J03BOJISIE BU3HAUATH MO3UIIII CIIOTBOPEHUX
CUMBOJIIB Ta BEKTOPH iX CIIOTBOPEHHsI 03 repedbopy BCiX CUMBOIIB OJIOKY.

KurouoBi cjioBa: 06araTokpaTHi MOMUJIKU TNepefadi TaHUX, BUSBICHHS MTOMH-
JIOK, BUIIPABJICHHS MMOMUWJIOK, KOJAYBaHHS MOMWIOK, 3BaKE€HI KOHTPOJIbHI CYyMH, ITHK-
J4YHI 1 JHIAHI KOPETYIOYH KOJIH.

The paper is dedicated to the efficiency improving of double error correction of
data transmission in channels with spectral modulation by simplifying and accelerating
the computations associated with error correction.

The paper presents a theoretically grounded and investigated approach of
double errors correction in channel with spectral modulation based on positional
correcting sums that allows to determine the positions of distorted symbols and their
distortion vectors without enumeration through all the symbols of block.

Key words: multiple data transmission errors, error detecting, error correction,
coding errors, weighted checksums, cyclic and linear redundancy correcting codes.

AKTYAJIBHICTh TeMH A0CJHiI:KeHHsl. PO3BUTOK PO3MOIIIEHUX KOMIT IOTEPHHUX
CUCTEM B OCTaHHE ACCSATHIITTS CTHUMYJIOBABCS, TOJOBHUM YMHOM, MOTYXHHUM IPOT-
pecom 3acobiB mepefadl JaHMX MK iX KOMIIOHEHTaMH. YiIbHE MicCIle B Cy4YacHHX
TEXHOJIOT1H mepesadi JaHUX B KOMIT IOTEPHUX MeEpekax Ta pO3MOAUICHUX CHCTEMax
3aiiMaroTh KaHaIW Tepeaadi 31 CeKTpaibHOW MoayJsiiero. [udposi maHl B Takux
KaHaJlax TIEePeNaloThCsd TOCHUMBOJIBHO 1 Ha (I3MYHOMY pIBHI Tiepenada CHUMBOIY
CIIBBITHOCUTHCS 3 BIAMOBITHOK CTPUOKOMOAIOHOI 3MIHOK (Da3u Ta aMILIITYAH
HECY4YOT0 CHHYCOIAaJIbHOTO cUrHaiy [1].

[IpoayKTHBHICTH PO3MOiICHOT OOPOOKH TaHUX 3HAYHOIO MIPOI0 BH3HAYAETHCS
MIBUAKICTIO OOMIHY JaHUMHU MK KOMIIOHEHTaMH KOMIT IOTEPHHX CHCTeM. ToMmy, B
HaWOMMK41 TIEPCIEKTUBHI, MBUIAKICTH Nepeaadl JaHUuX Oyie 3pocTaTH, B TOMY YHCITI
1 32 paXyHOK 3MEHIIICHHs HAJIWHOCTI, MalOYMd Ha yBasl Te, 10 BOHO, B MPUHIIMIII,
MOKe OyTH CKOMIIEHCOBAaHE BUKOPUCTAHHSM OUIBII MOTYKHUX METOIB BUITPABJICHHS
IIOMMJIOK [2].

TakuM 4YMHOM, HayKoBa 3aJaya NPUCKOPEHHS MIABUIICHHS €(EeKTUBHOCTI
KOPEKIil MOMUJIOK JaHUX B KaHaJlax Mepejaayl JaHuX 31 CIEeKTPAIbHOIO MOAYIISIIEIO 3
OTJISITy Ha Cy4aCHUM CTaH PO3BUTKY TEXHOJIOT1H KOMIT FOTEpHOI 00poOKH iHhopMmarltii
€ aKTYaJIbHOIO.
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IMocTanoBka nmpo6JeMu. 3poCTaHHS MIBUAKOCTI OOMIHY IUGPOBUMHU JaHUMU
MDK KOMIIOHEHTaMH KOMIT' IOTEPHHX CHUCTEM JHUKTYy€ HEOOXIJHICTh BIOCKOHAJICHHS
ICHYIOUMX 1 CTBOPEHHS HOBHUX METOMAIB Ta 3aco0iB BHIIPABJICHHS IOMHJIOK, IIIO
BUHUKAIOTh NIPU Niepeayl HUPPOBUX JTaHHX.

AHaJIi3 iCHYI04HX c1oco0iB KOpeKIii MIOMUJIOK B KaHaJaXx 3i
CIEKTPAJILHOI0 MOAYJIsii€r. BBaxkaroun Ha MPaKTUYHY BAKIIUBICTH MPOOIEMH
BUITPABJICHHS IOMUJIOK MIepeadi JaHUX B 0€3pOTOBUX KaHAJIaX, Ha sIKI BIMBAIOTh
30BHIIIHI €JIEKTPOMArHiTHI 3aBajiy, 0 TEMEPIIIHbOTO Yacy CTBOPEHO Psii METOIIB
KOPEKIIii MOMHJIOK Tepeiayi CUMBOJMIB [3].

EdexTuBHicTh 3ac00iB KOPEKIIii MOMIWIOK XapaKTepPU3Y€EThCS Yepe3 TpU Ipynu
KpHUTEpIiB:

— (yHKIIOHAJBHI, MO XapaKTepU3ylTh 3JaTHICTh BUPIIIYBATH 33734y
BUSIBJICHHSI Ta BUIIPABJICHHS TTIOMUJIOK;

— 00YHMCIIOBAJIBHI, IO XapaKTepU3YIOTh peai3allifo KOPEeKIlii Ha MporpaMHOMY
Ta amapaTHOMY PiBHSIX;

— iHQopMaIiiiHi, MO XapaKTepu3yloTh PiBeHb 1H(OpMAIliiTHOI HaUTHIIIKOBOCTI
JUTSL BUTIPABJICHHS TIOMUJIOK.

Jlo pyHKIIOHATBHUX KPUTEPIIB BITHOCITHCS:

l. KpaTHICTh MOMWJIOK, IO MOXYTh OYTH TapaHTOBAaHO BHUIIpaBJeHI 0e3
MOBTOPHOI Mepe/aui;

2. ¥UMOBIPHOCTI BUMPABIIEHHS TOMUJIOK KPaTHOCTI, OLIBIIIOT 32 TApaHTOBAHY;

3. KpaTHICTh OMMUJIOK, SIKI TAPAHTOBAHO BUSIBJISIOTHCS.

J1o po3psity 00UUCTIOBAIBHUX KPUTEPIIB BITHOCATHCS:

1. o0uncnoBaJibHa Ta YacoBa CKIAIHICTh OOYUCITIOBAILHUX MPOLETYP
BUSIBJICHHS Ta KOPEKIIii TOMHIJIOK,

2. 4acoBa CKJAJHICTh OOYHCIIOBAJIBHUX TPOIECAYp BUSBICHHS Ta KOPEKIIii
TIOMUJIOK,

3. CKJIaHICTh amapaTHUX 3ac00IB KOPEKIIii MOMIIIOK.

B sxocTi iHGopMaIiiitHOro Kputepiro epeKTUBHOCTI 3ac001B KOPEKIIli MOMIIOK
HaifyacTille BHUCTYMA€ KiJbKICTh KOHTPOJIBHUX PO3PSJiB, IO MEPEIAIOTHCS Pa3oM 3
OJIOKOM JIaHUX.

JluHaMika PO3BUTKY TEXHOJIOTIH Tepefadl JaHUX Ma€ HACHIJIKOM 3MIIICHHS
aKIICHTIB 3HAYMMOCTI HaBEACHUX KpUTEPIiB €(EeKTUBHOCTI METOIIB KOHTPOJIIO
NOMWJIOK. bararokpaTHe WiJBHUINEHHS IIBHIKOCTI Iepenavi 3yMOBIIOE 3pOCTaHHS
3HAYMMOCTI OITIHKH OOYHCITIOBAIBHOI CKJIAJHOCTI OIepalliii 1eKolyBaHHs, BUSBICHHS
TIOMMUJIOK Ta iX KOpEKIlii, sKka BU3HAUYA€ MOKJIMBICTh BUKOHAHHS IIMX OTICPAIliid B TEMITi
nepenayi. Llei ke YMHHUK 3HMKYE 3HAYUMICTH, SIK KPHUTEPir0 €EeKTUBHOCTI, YUCIIA
KOHTPOJLHUX PO3PSIIB, IO TOJATKOBO MEPEIAFOTHCSI.

CTOCOBHO KaHAIIB Tepenadl JaHUX 31 CHEKTPAJbHOI MOJIYJISIIE 3aco0u
KOpEKIli MOMHJIOK MaloTh JIOKai3yBaTH CIOTBOPEHI MpH Mepeaadi JaHl, a TaKoX
BU3HAYUTH BEKTOPH CITIOTBOPEHHS KOXKHOTO 13 IMOIIKO/PKEHUH CHMBOJIB.

Axmo BBaxkaTu, 1o iHGoOpMaIiiHuii OJ0K B MICTUTH n=2%_1 M-pO3PSAHUX
KaHaJIbHUX CUMBOIIB B={X|, X>,....X,}, koxkeH j-tuit (je {1,..,n} 3 axkux X;nepenaerbcs
OJIHAM KaHAJIbHHUM CUTHAJIOM 1CKIANA€ThCA 3 m OITIB: X={X;1,Xj2,....X;n}, Vie{l,..,m}:
x;€{0,1}, To TeopeTHYHNI MIHIMYM K, KIIBKOCTI KOHTPOJIBHUX PO3PSIB, MOTPIOHKX
JUTSL BUTIPABJICHHS /I CIOTBOPEHUX CUMBOJIIB CTAHOBUTH:
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k,, =h-(log,n+ log, m) (1)

Knacuunum 3aco0oM BHINpaBieHHS OaraTOKpaTHHX IMOMIJIOK B KaHajax 31
CIEKTPAIbHOIO MOYJIAIIE0 € Koperyroui koau Pima-Comomona [4]. 1li koau SBISIOTH
co0Or0 HEJBIMKOBI IUKJIIYHI KOAM, IO 3/IaTHI BUMPABISATHA JOBUIBHY KUIBKICTH /i
CIIOTBOPEHUX MpPHU Mepeadl CUMBOJIIB 3 BUKOPUCTAHHAM 2/ KOHTPOJIBHUX CHMBOJIIB.
Buxopucranus koziB Haklagae 0OMeKEHHs Ha JOBXKUHY OJIOKY:

n<2m-1 2)

Takum uyumHOM, NpPH ypaxyBaHHSIM OOMEXKEHHS (2), KUIbKICTb KOHTPOJBHHUX
cUMBOJIB B Koz1ax Pina-ConoMoHa BiANOBIAA€ TEOPETUYHOMY MIHIMYMY.

Haii6inbm cyrreBuM HepomnikoMm koaiB Piga-ComomoHa BBaXxkaeThes [3] BUCOKa
oOYHCIIIOBaJIbHA Ta YacoBa CKIAAHICTh. lle 3yMoBiIeHO TUM, M0 Uil PO3B’sSI3aHHS
CUCTEMH HENIHIMHMX PIBHSAHb Ha moysix [Tamya, 10 sIKOTO B MaTeMaTHYHOMY CEHCI,
3BOJIMTHCS  JIOKAJi3alliss TMOMHJIOK Ta  BHU3HAYEHHS  BEKTOPIB  CIIOTBOPEHb,
BUKOPUCTOBYEThCS aBTOpErpeciiiHa TEXHOJOTis, sKa (AaKTHUYHO peai3yeThCs
nepeOopoM BCIX 7 CUMBOJIIB OJIOKY.

Yac T, BUKOHaHHS BUSBIEHHS TMOMWIOK i1 koniB Pima-Comomona
BU3HAYA€ETHCS (POPMYJIOIO:

To=2-h-n(ty + tyor) 3)
ne t,- 4yac BUKOHAHHS MHOXEHHS Ha mojsx lamya, fypr- 9ac BUKOHAHHS Omeparii
NoJaBaHHA 3a MoayseMm 2. BpaxoByrouu, 1o oreparlisi MHOXKEHHSI CKJIaJa€ThCs 3 m
IIUKJIIB 3CYyBY Ta JOJaBaHHS 3a MOJIYJieM 2, O0YMCITIOBAaJIbHA CKJIQJHICTh BHSIBICHHS
oMok cknanae O(8:-h-n-m).

[Iporiec KOpeKIlii MOMUTIOK BKIIIOYAE PO3B’SI3aHHS JBOX CUCTEM 3 /i JIIHIMHUX
PIBHSIHb Ta OOYHCIIEHHSI CHUHAPOMY HAsBHOCTI MOMUJIKU JJIsi KOXKHOTO 3 CHMBOJIB
OJIOKY, TaK, 110 3araJIbHUN Yac KOopeKilii oriHoeThes Gpopmyroro [3]:

Ty =(n-h+8-h*) - (tm + txor) 4

BianosigHo, oOunctoBaibHA CKIATHICT OMEpalliid, MOB’A3aHUX 3 KOPEKIIIE0
MOMHIIOK cTaHoBUTE O(n1-m-h?).

BugineHHsi HexOCHiIKEHMX YACTHH 3arajbHoi mpodjemu. B cydacHux
yMOBax 30UIbIICHHS MIBUAKOCTI Tepeadi, PO3psTHOCTI CUMBOJIB Ta JIOBKHWHU OJIOKY,
BukopuctanHs kofiB Pima-ConomoHa He 3a0esneuye uis 0araTbOX BaXKIMBUX JUIS
MPAKTUKU 3aCTOCYBaHb MOKJIMBICTh KOPEKIlil B TEMIII Mepeiadl JaHuX.

IlocranoBka 3aBaaHus. [0 gociimkeHHs € po3poOka  METOdy
NPUCKOPEHOI KOPEKIlli MOMUJIOK B KaHajgaxX 31 CIEKTPaJbHOI MOMAYJSIIEI0 Ta
CIIPOIIICHHSI amapaTHOi peaizallii KOpeKIii.

MeToa mBHAKOI KOpPEKILii 0araTOKpaTHUX NOMHJIOK B KaHAJIaX 3i
CIEKTPAJIbHOI0 MoayJasiier0. KonTponboBanuii iHdopmaliiiauii 6J10K B MICTUTH
n=2%1 M-pO3pSAHUX KaHATBHUX CUMBOJIB B={X,, Xj,...,X,}, KOXeH j-tuii (je {1,..,n}
3 IKUX X/1IEPEIa€ThCs OJHMM KaHaJIbHUM CUTHAJIOM 1CKIaJa€ThCs 3 1 OITIB:
AX;:{le,XjL...,ij}, Vie {1,..,m}: X € {0,1}

Jliist BUSIBIIEHHSI 6araTOKpaTHUX MOMMJIOK 1 TApaHTOBAHOTO BUITPABJICHHSI IBOX
MOMMJIOK MPOTIOHYETHCSI METOJI, SIKUX Tepedadae nepeaady pa3zom 3 iHopMaliitHuM
OJIOKOM KOHTPOJBHOTO OJIOKY, SKHM CKJIagaeTbcsi 3 2-k+]1 KOMITOHEHTIB:
C:{C(),Cl,CQ,...,Ck, S],Sz,...,Sk}.

Cnoci0 ¢opmyBaHHsI KOHTPOJBHOro Koay. HyinboBy KOMIOHEHTY
KOHTpPOJIbHOTO Koay Cj MPOMOHYETHCS OOYUCITIOBATH Yy BUIJIS/IL CYMHU 32 MOJAYJEM 2
BCIX CUMBOJIIB OJIOKY:
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Co = X10X,D - BX, (5)

Kooxen j-tnit Homep cuMBoiy X; Oi10ky B Moske OyTH npe/cTaBlIeHUH y BUTIIAI
JBIKOBOTO A-pO3pSMHOTO KOmy: j = ji + jo-2 + j3-2° +.. 42", Ipyra kommonenTa C;
MIPOIIOHOBAHOTO KOHTPOJIBHOTO KOAY SIBJISIE COOOI0 CyMy 3a MOJyJieM 2 TUX CUMBOJIB
6noky B, Monoaimmii po3psia HOMEpiB KOTPUX JTOPIBHIOE OTMHMIIL:

C, = j=11lEDJ'1 'Xj (6)

AHaNoriyHo, KOXHa /-Ta KOMIIOHEHTa KOHTpojsHoro komy C;, [ = 1,..k
OOYHCIIOETHCS SIK CyMa MO MOJYJIO 2 JIMIIE TUX CUMBOJIB ONOKYy AaHux B, [-tuii
PO3psia HOMEPH SIKUX JIOPIBHIOE OJIMHUILL:

KoMrioHeHTH KOHTpOJNBHOTO KOy Si,S,,...,S; TpomoHyeTbes QopMyBaTH3
BUKOPUCTAHHSIM JIIHIHOT 3rOPTKHU.

C, = ;=10ji - X; (7)

Jlinitina 3roptka A(Y) m-po3psaaHoro Koay Y={y1,V2,....¥m}, A€ Vje{l,2,...m}:
¥;€10,1} sABnge cobor A-po3psanHuit (h=L10g2mJ ) xon Z={z\,22,...,Z;}, TPUUIOMY,
MOJIOIIUN PO3PsANT Z; KOAY 3TOPTKH (POPMYETHCS SIK CymMa 3a MOAYJEM JBa BCIX
JBIKKOBHX PO3PAIIB KOTY Y:

Zy = j=n1l®3’j 3

Hpyruii po3psn z; Koy JTiHIAHOT 3rOpTKU Z POPMYEThCS K cyMa 3a MOJyJIeM
JIBA BCIX PO3PSAiB KOAY Y, HOMEPH SIKMX MalOTh OJMHULIIO B IPYTOMY PO3Psil, TPETii
PO3psia z3 KOAY 3TOPTKU SIBJIsIE COOOI0 CyMY 3a MOJIyJIeM 2 BCIX THUX PO3PSIiB Koay Y,
HOMEpHU SKHUX MalTh OJWHHIIIO B TPETbOMY pO3psmi. 3araiom, /[-TUd po3psa zj,
l€{2,3,...,h} xomy NiHIHHOT 3rOPTKU (POPMYETHCS 3TIAHO HACTYMHOI (HOPMYITH:

Z, = [ 11®y; - ((jmod2'™1)/272) €)

Hanpukman, skmo Y={1,0,1,1,0,1,0,1}, To z; = 1@0DP1D1D0D1D0D1=1, 7, =
0D1D1®1 =1, z3 = 0D1B0D1 =0, Z=M(Y) = {1,1,0}.

['onmoBHA BIacTUBICTh KOAY JIHINHOT 3ropTKu A(Y) ToJyiirae B TOMy, Imo0 Ipu
OyIp-sKiit 3MiHI KOy Y 3a3Ha€ 3MiH HOTo JIiHIiTHA 3ropTKa.

KoxHny /-Ty KOMIIOHEHTY S; KOHTpPOJBHOTO KoAay, [=1,....kiponioHy€eThCs
0OYHCITIOBAaTH K CYMY 3a MOJIYJIEM 2 TOJIHOMIATbHUX AOOYTKIB JIHIHHUX 3rOPTOK
CHUMBOJIIB OJIOKY JaHux B, [-Tuil po3psia MOpsAKOBUX HOMEPIB B OJIOI SIKUX JOPIBHIOE
OJIMHUIII, HA TX HOMEPH:

j = j21PAE)N®)) - 1) (10)

3ampornoHoBaHui cmocid ¢GopMyBaHHS KOHTPOJIBHOTO KOJIYy MOXEe OyTH

UTFOCTPOBAHO HACTYNMHUM NpukianoM. Hexail nepenaerbcst 6710k 3 7-MU CUMBOJIIB, 1110

HYMEPYIOThCA Bif oauHuii o cemu: B = {0101, 1011, 1100, 1001, 1111, 1101, 0011}.

JIns 1bOTO TIPUKIIAAY PO3PSAHICTE CUMBOJIIB m=4, KIJIbKICTh CUMBOJIIB B OJ101I1 n=2°-
1=7, po3psAaHICTb MOPSAIKOBOIO HOMEPY CUMBOJIIB B 010111 A=3.

HynsoBa koMroneHTa KOHTPOJIbHOTO Koty C 3riHo (1) 00YHMCTIOETHCS SIK JIOTIYHA
cyma: Cy, = 0101©101101100010010111101101® 0011 = 1010. Komnonenra C,
O0YMCITIOETHCS 3T1IHO (2) SK JIOTIYHA CyMa TUX CHMBOJIIB, MOJIOAUINI pO3psi[ HOMEPIB
skux jopiBHioe omuHuIl: C; = X;@X;BX;8X; = 0101 1100211110011 = 0101.
AmnanoriyHo, komrnoHeHTa C, OOUMCIIOETHCS SIK JIOTIYHA CyMa THUX CHUMBOJIB JPYTHA
po3psa  Homepy skux jopiBHioe omuauml: C, = X@X;@X@X; = 10110
1100011010011 = 1001. Kox xommoHenTu C; siBis€ COOOK CyMy 3a MOAyJIeM 2
CHUMBOJIIB, CTapIIMid PO3psa HOMepy skux JopiBHIoe oguHUIll: C; = XDXsDXDX; =
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1001 1111@1101©0011 = 1000. JliniiiHI 3rOpTKA CHMBOIIB OJOKY YTBOPIOIOTH
mHoxuny: { 00,01,10,10,00,11,10}. Bigmoigno 3 (2.15) xox S; gopmyeTscs sk cyma
MOJIIHOMIATBHUX JTOOYTKIB 3TOPTOK CHUMBOJIIB, MOJIOIIUI PO3Psi HOMEPY SKUX JOPIBHIOE
OJMHUII Ha cami i HoMmepH, ToOTO: S;=A(X()®1 DMX3)®3 DAMXs5)®5 DMX7)®T =
00®001 @ 10®011 © 00®101 @ 10®111 = 0110 © 1110 = 1001. Amnanoriyxo,
S=MX)®2 DMX3)®3 DMXe)®6 PMX7)®T7 = 01®010 @ 108011 © 11®110 @
10®111 =010 ® 110 @ 1010 @ 1110 =0; S;=M(X4)®4 DM(X5)®5 DM Xe)®6 PAMX7)KT =
10®100 © 00®101 @ 11®110 @ 10®111=1000 @ 1010 @ 1110 = 1100.

Bci onmcani Buille KOMIOHEHTH KOHTPOJIBHOTO KOy OOUHCIIIOIOTHCS Ha CTOPOHI
nepeaBaya i mepearoThbes pa3zoM 3 iHpopmartiiinuM 0okom. [1o3HaYUMO KOMITOHEHTH
KOHTPOJIBHOTO KOJy, oOuuciieHl Ha ctopoHi nepenasada gk Cso, Csi, Cs,....Csx Sso,
Ss.1, Ss25---5954 @ KOMIIOHEHTH KOHTPOJIBHOTO KOy, OOUYHMCIIEHI IpUiiMaueM 3a Ipuii-
HATUM OnokoM, sIK Cro, Cri, Croe..xCrie Sr0> Sk1> Sk2,---»Srk Ha cTOpOHI mpuiimMaua
O00YHCITIOIOTHCS PI3HUII KOHTPOJIBHUX KOJIIB MepeaBaya Ta npuitmaya:

Ay = CS,O®CR,j
VJ = 1, ,kA] = CS,]’®CR,]' (11)
8] = SS,OQSR,]'

O4eBuAHO, 110 B pasi, KOJIU JKOACH 3 CUMBOJIB OJIOKY HE 3a3HaB CIIOTBOPEHHS
IpH Tiepeadl, BCl PI3HULI JOPIBHIOIOTH Hymo: Vj=0,....k: A=0.

B pasi cnoTBopeHHs jMie OIHOTO ¢-TO CUMBOINY Onoky, ge{l1,2,...,n}, Ha
CTOPOHI IpUiiMayda KOJl IIbOr0 CUMBOIY Xz, BIAPI3HAETbCA B1J] BIANOBIJHOTO CUMBOILY
Ha nepenaBadeBi Xg, , Tak, 10 BEKTOP COTBOpeHHA AX, = Xz DX ,# 0. OueBumano,
10 KOAM PI3HMIIb B pa3l CIIOTBOPEHHS OJHOTO CHMBOJIY BU3HAYalOThCS HACTYITHUM
yuHOM: Ay = AX,, Vje{l,2,..k}: A= 0, sxmo j-Tuil po3psan g; HOMEPY ¢ HNOPIBHIOE
Hymo: ¢; = 0 1 A= AX,, KO j-TUH po3ps] ¢; HOMEPY ¢ JOPIBHIOE OAMHMLI: ¢; = 1.
TakuMm ynHOM, 3a KOJaMu nepiux k+1 pizHULb AgAy,...,Ay OMTHO3HAYHO BU3HAYAIOTHCS
KOJl BEKTOPY CIOTBOPEHHS CHMBOIy: AX, =A¢ Ta po3psamd ¢i,q2,....dx HOMEPY ¢
CIIOTBOPEHOTrO IpH Iepenadi cuMBony: Vie{l,2,..k}: g; = 0 sxmo A~0, g~ 1, axmo
A# 0. BinnoBigHO, BUIIPABJIEHHs CIIOTBOPEHOIO CUMBOITY BUKOHYETBCS Y BUTIIAAL: X,
= Xp,PAX,. Cama cuTyalli BUHUKHEHHS OJHOKDATHOI NMOMHIIKM BU3HAYA€ThCS Ha
ymoBoto: Vje{1,2,..k}: Aje {0,A}.

B pasi cnoTtBopeHHs mpu mepenadyi mapu CUMBOJIB, IO MarOTh B 001
MOPSIIKOBI HOMEpPU ¢ Ta p, MPUUYOMY p <g, TIOCTA€ 3ajadya BU3HAUEHHS SK CaMUX
HO3UIIIH ¢ 1 p, TaK 1 BEKTOPIB CIIOTBOPEHb 000X cMMBOIIB AX, Ta AX),.

SIKI0 BEKTOpH CHOTBOPEHb 000X TMOUIKO/KEHUX NpU TMepefadi CHUMBOJIIB
BIAPI3HAIOTBCA, TOOTO AX #AX),, 111 3a1a4a BUPIIIy€eThCA J0BOI 1pocto. Ko pisHumi
HYJIbOBUX KOMIIOHEHTIB KOHTPOJBHOI'O KOAY B I[iil cCUTyaIlll IOPIBHIOE B L1l CUTYyallii
3HaueHHA: Ay = AX,OAX # 0. Koxna j-ta pisund, je{l,2,..k}, HacTynHux k
KOMIIOHEHTIB KOHTPOJIbHOT'O KOJy MOXKYTb MpUIMATH Juiie 4 3HaYeHHS:

— Aj =0, sIK110 j-T1 pO3psiAM j 1 pj HOMEPIB  Ta p AOPIBHIOIOTH HYJIO: ] = pj = 0;

— Aj = A0 = AXp DAX(q, AKIIO j-Ti pO3psau dj 1 pj HOMEPIB ( Ta P TOPIBHIOIOTH
onuHMII: qj =pj = 1;

— Aj = AXp K110 J-THI pO3psl ] HOMEPY ( JOPIBHIOE HYIIIO, a J-TUH PO3PSIA Pj
HOMEPY p AopiBHIOE onuuuili: qj =0, pj = 1;
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— Aj = AXq sKmo j-TUi po3psi qj HOMEPY q JAOPIBHIOE OJWHUIN, a j-TUH
po3psia pj HOMepY p AopiBHIOE HYyIO: ) = 0, pj = 1.

IIpouenypa BigHOBJ/IEHHSI HOMEPIB MOIIKOIKEHUX CHMBOJIB. BinmosigHo,
npolueaypa BiTHOBJIECHHS HOMEPIB ¢ Ta p MOIIKOKEHUX CHUMBOJIIB MPEICTABICHA Y
BUTJISI/II HACTYITHOI MOCITIIOBHOCT] JTiiA:

1. BcraHoBUTH 1HAEKC j TOTOYHOTO po3psAny Homepy B k: j = k, mpanopeusp f
BUSIBJICHHSI TIEPIIOTO PO3PSIY, B SIKOMY PI3HSATHCS KOJIU ( Ta P BCTAaHOBIIOETHCS B
HyJnb: =0.

2. Sxmo Aj = 0, To j-T1 pO3psSAM P Ta q BCTAHOBIIIOIOTHCA B Hyl, pj = 0, qj = 0.
[epexin Ha 11.6.

3. Sxmo Aj = A0, TO j-T1 po3psiiu p Ta  BCTAHOBJIOIOTHCSA B OJUHUIL, pj = 1,
qj = 1. [lepexin Ha 1.6.

4. dAxmo Aj #A0, Aj # 0 1 £ = 0, TO j-Tuii pO3pAd  BCTAHOBIIOETHCS B
OJIMHMIIIO, J-TUH PO3PsJl P BCTAHOBIIOETHCS B HYINb, q) = 1, pj = 0, AXq = Aj 1 f=1
[Tepexin Ha 11.6.

5. dxmo Aj #A0,Aj = 0 1 f =1, 1o, sixkmo Aj = AXq , j-Tuil po3psan q
BCTAHOBJIIOETHCS B OJMHMUIIIO, J-TUH PO3PSIT P BCTAHOBIIOETHCS B HYNb, q) = 1, pj = 0,
1HAKIIE J-TUW pO3PsiI P BCTAHOBIIOETHCS B OJUHUINO, a J-TUH pO3psii ( BCTAHOBIIIO-
€Tbcs B HYJIb, pj = 1, qj = 0. [lepexia Ha 1.6.

6. JlekpeMeHT 1HJIeKCY TOTOYHOTo po3psay Homepy j = — 1. Skmo j > 0, To
MOBEPHEHHS Ha 11.2.

7. Busnauenns Bektopy AXp = A0 D AXq. Kopekuis NOMIKOIKEHUX
cumBoiiB: Xp= XR,p@AXp; Xq= XR,qPAXq. Kinerrs.

KoHcTpyKTHBHICTE PO3p00IEHOi Mpoleaypu BU3HAYAETHCS TUM, IO B CHUITY
TOTO0, IO HOMEPHU ¢ Ta p 00OB’SI3KOBO PO3PIZHSIOTHCS, IPUIOMY ¢>p, TO B CTAPIIOMY
po3psizii, B SKOMY IIi KOJIW BIMIHHI, BIANOBIIHUN pO3psifi ¢ IOPIBHIOE HYIO, a
OJIHOMMEHHHUI po3psiA p [AOpiBHIOE onauHulil. [le 3HauuThH, MO O0OO0B’A3KOBO
BUKOHYETHCS 1.4 HAaBEJIEHOI BUIIIE MPOIIEAYPHU, IKHI BUSHAYEHHSI BEKTOP CIIOTBOPEHHS
g-ro cuMBOITy - AX,.

Hagenena mporeypa KOpekilii JBOX CIIOTBOPEHHMX MpH Iepeiadi CUMBOJIB
OJIOKy 3a yMOBH, III0O BEKTOPH iX CIOTBOPEHHS BIJPI3HIIOTHCS MOXE OYyTH
UTIOCTPOBaHA HACTYITHUM YHMHOM. SIKIIIO MPUIYCTUTH, IO B paMKax HABEJEHOTO BHUIIE
MPUKJIAay CIIOTBOPEHi 4-i Ta 6-if cumBoau ( g=6, p=4), MpUIOMY BEKTOP IMEPIIOro 13
cniorBopeHnx cumBoiiB AX,= 1100, a npyroro AX, = 1001, To npuitaaruii 6nox B={
0101, 1011, 1100, 0101, 1111, 0100, 0011}. 3HayeHHs OOYMCICHUX HA CTOPOHI
npuiiMaya nepuux k+1 KOMIIOHEHTIB KOHTPOJIBHOTO KOJTy CTAHOBIISTH:

Cro=0101©1011©110001011111©01000011=1111,

Cr1=0101® 110011110011 = 0101;

Cr=1011®110001000011 = 0000;

Cr3=0101® 111101000011 = 1101.

Bignosigno, Ag= 0101; A;=0000; A,=1001; A;=0101.

3rizmHo n.1 HaBeaeHoi BuIe mporeaypH, iHaekc j=3, f=0. Tak sk A;=0101=A,,
TO 3TAHO 3 M. 3 MpOLEIypu CTapiii PO3psiid HOMEPIB IMOMIKOJKEHUX CUMBOJIB
JOPIBHIOKOTH OoauHHMII: p3=1 1 g3=1. Ilpu j=2 BUKOHYIOTHCS YMOBHU I1.4 TPOIEIYpPH:
Ay#Ny, Ay 01 f= 0: BIZNOBITHO 2-TUH pO3Ps] ¢ BCTAHOBIIIOETHCS B OJIMHUIIIO, 2-TUH
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pO3psiJl p BCTAHOBIIOETCA B HyJb, ¢; = 1, p; = 0, AX;= Ay = 1001 1 f=1. Ilpu j=1
BUKOHY€ThCS yMoBa 1.2 mpouenypu: A;=0, BiamoBigHo 3rigxHo 3 m.2 p;=1 1 ¢;=1.
Taxum urHOM, MO3HULIT MOMIKO/HKEHUX TPH Nepenadl BU3HadeHo: g=6, p=4. OctanHiM
1.7 BU3HAYa€ThCSl BEKTOP CIOTBOpPEHHs 4-ro cumBoily: AXy = Ay ©AX¢ =
0101®1001=1100 Ta BINHOBIIOIOTHCS CIOTBOPEHI CHUMBOIU: Xs = Xp4DAXy=
01011100 = 1001, X¢= Xz cDAXe= 010001001 = 1101.

SIKII0 BEKTOPH CIOTBOPEHb 000X MOIIKOHKEHUX CHMBOJIB OJHAKOBI, TOOTO
AX, = AX, 10 A;=0 1 mud KOpEKLii BUKOPUCTOBYIOTbCA PI3HHMILI 81,02,...,0k
KOMIOHEHTIB S;,S,,...,S;. Ilpomenypa Kkopekiis mHapu CHMBOJIB 3 TMOPSAKOBUMU
HOMEpaMH p Ta ¢, IPUUOMY ¢>p TOJSra€ B BUKOHAHHI HACTYITHOI MOCIIAOBHOCTI il

1. BcranoButH iHAEKC j TOTOYHOTO pO3psiAy HOMEpY B k: j = k, mpamnopenp f
BUSIBJICHHS TIEPIIOTO PO3PSIY, B SIKOMY PI3HSATHCS KOJIU ¢ Ta p BCTAHOBIIOETHCS B
HyJb: f=0.

2. Sxmo &) = 0, To j-T1 pO3psAU P Ta q BCTAHOBIIOIOTHCS B HyI1, pj = 0, qj = 0.
[Tepexin Ha 11.6.

3. Sxmo Jj # 0, a Aj = 0, To J-Ti po3psiAu P Ta  BCTAHOBIIOIOTHCS B OJIUHUIII,
pj =1, qy = 1. [lepexixa Ha 1.6.

4. Sxuo 6j # 0, Aj# 01 f=0, To j-THi1 po3psia q BCTAHOBIIOETHCS B OJMHULIIO, -
TUH O3PSl P BCTAHOBIIOETHCS B HYIb, qj = 1, pj =0, AXq = Aj , 30epeKeHHsI 3HaYeHHS
0j B 3miHHii d: d = 0j , ycraHoBKa B ogunHII0 npanopist f=1 Tlepexin Ha m.6.

5. Sxmo 6j # 0, Aj = 01 f= 1, To, sixmio &) = d, j-Tuil po3psia  BCTAHOBIIOETHCS B
OJIMHUITIO, J-THI pO3Psi/i P BCTAHOBJIIOETHCS B HYIb, qj = 1, pj = 0, iHaKmIe j-Tuil po3ps p
BCTAHOBJIFOETHCS B OJMHUIIIO, & J-TH PO3PSII ( BCTAHOBIIOETHCS B HYIb, pj = 1, qj = 0.
[Tepexin Ha 11.6.

6. JlekpeMeHT 1HAeKCY MOTOYHOTO po3psaay HoMmepy j =] — 1. Skmo j > 0, To
MOBEPHEHHS Ha I1.2.

7. Busznauenns Bektopy AXp = AXq. Kopekiiisi mOImKoKeHUX CUMBOIIB: Xp=
XR,p@AXp; Xq= XR,qPAXq. Kiners.

[Ipouenypa KOpekilii TBOX OAHAKOBO CIIOTBOPEHUX CUMBOJIIB OJIOKY MOXKe OyTH
UTFOCTPOBaHA HACTYITHUM YMHOM. SIKIIIO MPUITYCTUTH, IO B paMKax HABEJICHOTO BUIIE
MPUKJIAAy CIOTBOpeHi1 3-i Ta 6-if cuMBoiu ( g=6, p=3), MPUIOMY BEKTOPH CIIOTBO-
peHHs 000X CMMBOJIIB 000X cHMBOIIB A0piBHIOWTE AX,= AX, =1001, T0o npuiiHaTHii
omok mae Burissa B={ 0101,1011,0101,1001,1111, 0100, 0011}. 3naueHHs oO4mcC-
JIEHUX Ha CTOPOHI npuiiMaya 2-k+1 KOMIIOHEHTIB KOHTPOJBHOTO KOJIY CTAHOBJISITh:
Cro= 1010, Cg;= 1101; Cg,=1001; Cgs= 0001, Sg,;=1111, Sgo= 1010, Sg3= O.
Bignosigno, Ag= 0; A;=1001; A,=0; As=1001, 6, = 110; 6, =1010; 653 = 1100.

3rinHo n.1 HaBeaeHoi BUINE mpoleaypH, iHaeke j=3, f~=0. Tak sax &3 = 11000,
A;=10010 1 /=0, To 3rigHO 3 M. 4 TPOLECAYPU CTAPIIUN PO3PsA OUIBIIOIO0 HOMEPY (
JOPIBHIOE OJMHUILIL: ¢3=1, cTapmuii po3pssi MEHIIONO0 HOMEPY P JOPIBHIOE HYIIIO:
p3=1; B 3minHIN d dikcyerbes 3HaueHHs 03 = 1100, /~1. Ilpu j=2 BUKOHYIOTbCSI YMOBH
1.3 npouenypu: A,=0, 5,# 0: BignoBigHO py=1 1 ¢,=1. [Ipu j=1 BUKOHY€ETHCSA yMOBA 1.5
npoueaypu: 0; = 110 0, A; = 1001 # 0 1 f = 1, mpu upomy o6; = 110 #d=1100,
BIJIMOBI1JHO MOJIOAIINUNA PO3PSiJ p BCTAHOBIIOETHCS B OJAMHHUIIIO, @ MOJIOJIIIUI PO3PsT ¢
BCTaHOBJIIOETbCA B HyJb, p; = 1, ¢/~0. Takum 4mHOM, MO3MIII NMOIIKO/HKEHUX IIPH
nepenavl BU3HaueHo: ¢=6, p=3. OcTaHHIM 1.7 BU3HAYAETHCS BEKTOpP CIOTBOPEHHS
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3-ro cumBony: AX3 = AXg = 1001 Ta BiIHOBIIOIOTHCS CHOTBOPEHI CUMBOJH: X3 =
XR’3®AX3: 01011001 = 1100, X6: XR,6®AX6: 01001001 =1101.

3arasibHa JIOBXKHHA [ KOHTPOJIBHOTO Koay C Ta S 00YUCIIOETHCS SIK CyMa po3ps-
TIB BCIX k 11 koMIOHEHTIB. OYEBUIHO, 1110 PO3PSIHICTh MEPIIUX kK KOMIIOHEHTIB KOIY
C DOpIBHIOE PO3PSATHOCTI CUMBOIIY — 71, KOMIIOHEHTIB koxy S — log, k£ + log, m -1.
TakuMm 4rHOM, 3arajibHa TOBXKHHA L KOHTPOJIHHOTO KOy BU3HAYAETHCS (DOPMYIIOIO:

L=k-(m+log,m+k—1)+m. (12)

Hampuknan, anst TUMOBUX 711 MPAKTUKKM 3HAYEHb PO3PSTHOCTI CUMBOITY m = 8
(QAM-256) 1 noBxunu 610Ky n =1024, nOBXXMHA KOHTPOJBHOTO KOJY CTAaHOBHTH
L =208, abo 26 cuMBOJIiB, 1[0 CTAHOBUTH 2.5% 00’eMy 1HPOpMAIIIHHOTO OJIOKY.

3 Bupazy (12) chimye, mo KUTBKICTh KOHTPOJBHUX CHMBOJIIB, IO TMEPEIAOThCS
JIOJIATKOBO 1 BUKOPHCTOBYIOTHCSI JIJIsl KOPEKIIil CIIOTBOPEHUX TIPH Tepe/iadi CUMBOJIB st
3aMpOTIOHOBAHOMY METO/I1 IMOMITHO TEPEBUIIY€E aHAJOTTUYHHIA MOKA3HUK JUIS IIUKITIYHIX
KOIIB 1, 30kpeMa, koxy Pima-Comomona. IIpoTe ansi cydacHUX IIBHIKOCTEH Tepemadi
JTAHUX, SIKa BUMIPIOEThCSl MerabaiiTamu 3a CEKyH]y, 3MEHIIIEHHS Ha 1-2 mopsiiku yacy
KOPEKIIiT MOMUJIOK BaroMiIinii 3a nepeady AeKUTbKOX TOJaTKOBUX CUMBOJIB.

BucnoBku. B pesynbTaTi mpoBeNEHUX JOCIHIHKEHb 3alPONOHOBAHO METO]
MPUCKOPEHOT KOPEKIIii MOMUIOK B KaHajaX 31 CIEKTPaJIbHOK MOIYJIAIIEI0, KPATHICTh
He OuTbIIe 2-X.

3a paxyHOK BUKOPHMCTAaHHS OLIBINOI KIIBKOCTI KOHTPOJIBHUX PO3PSAiB, B 41
pa3iB 3MEHIICHO OOYHMCITIOBANIbHY CKJIAJIHICTh KOPEKIlii B MOPIBHAHHI 3 Kojamu Pina-
ConoMoHa, 110 J03BOJIIE HA MOPSAKH MPUCKOPUTU TMPOIEC KOPEKI[i Ta CIPOCTUTH
amapaTHy peajizallilo.

Mertoz opi€eHTOBaHO /IS MIBUAKICHUX KaHAJIB Mepeaadi JaHUX MK KOMIIOHEH-
TaMU PO3MOAUIEHUX CHCTEM KOMIT IOTEPHOTO YIIPaBJIIHHS, 10 MPAIIOITh Y PEKUMI
peaNbHOro Yacy.
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METHOD FOR MULTIPLE ERRORS CORRECTION
IN SPECTRAL MODULATION DATA TRANSMISSION CHANNEL

Topicality of the research.

The current dynamic expansion of the use of mobile telecommunications has as
a consequence the multiple increase of the intensity of high-frequencies in the
environment. This correspondingly increases the level of radio interference which
produces an increase in the errors within the digital information transmission channels.

This specifies the urgency and the practical importance of the development of
new methods and means to increase the reliability of the errors control in the
telecommunications network systems with spectral modulation.

Problemstatement.

The urgent task is to develop means to increase the effectiveness of error
detection in digital information channels with effective spectral modulation, which
channels are constantly increasing in the telecommunication networks.

Analysis of recent researches and publications.

The basic criteria for effective error control in the computer networks are the
reliability of error detection in multiple cases and the response time for the
implementation of the calculations connected with error detection during the data
transmission.

In the computer networks the information is most frequently transferred by
blocks and as a result the CRC (Cyclic Redundancy Code) and CS (Check Sum)
methods are widely used for error control.

Uninvestigated parts of general matters defining.

The essential drawback of the CRC error detection method is its low speed
implementation of the remainders calculated on a per bit basis. For eliminating this
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deficiency in recent years a number of tabular methods have been proposed for the
remainder calculation on per bytes and per words basis. However, the complexity of
realizing the tabular methods is sufficiently high.

In particular, they do not ensure guaranteed detection of signal channels of the
most common after the single errors, which are the dual and triple errors. Furthermore,
the use of CRC is connected with the problem of effective computational realization of
the operations of control at the rate of information transmission, since the procedure of
the calculation of the error syndrome in CRC is done principally in a sequential
manner.

The research objective.

The scope of the present research is the development of the means to increase
the reliability of the repeated errors detection during transmission of the symbols in the
digital information channels with the use of effective spectral modulation. For this it is
necessary to ensure the possibility of the high-speed realization of the calculations,
which are connected with the data integrity during transmission, with the aim these
calculations to be implemented in parallel.

Main body.

The paper is dedicated to the efficiency improving of double error correction of
data transmission in channels with spectral modulation by simplifying and accelerating
the computations associated with error correction.

The paper presents a theoretically grounded and investigated approach of
double errors correction in channel with spectral modulation based on positional
correcting sums that allows to determine the positions of distorted symbols and their
distortion vectors without enumeration through all the symbols of block.

Conclusions.

For data channels with spectral modulation a based on the proposed approach
method of accelerated errors correction has been developed, which allows to determine
the positions of distorted symbols and their distortion vectors without enumeration
through all the symbols of block.

Key words: multiple data transmission errors, error detecting, error correction,
coding errors, weighted checksums, cyclic and linear redundancy correcting codes.



