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SNEKTPOHUKA. PAOUOTEXHUKA

NOUCK UHOOPMALIMOHHbIX COBOKYNHOCTEN
nPU UCNPABJIEHUM NAKETOB OLLUUBOK
KBASULWMKITMMECKMMUN KOAAMU

Mcaesa Mapua HukonaesHa, DOI: 10.36724/2072-8735-2023-17-7-4-12
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Pa6oma esinonnena npu ¢urarcogol noddepxke Munucmepcmea Hayku u Kniouesbie cnoea: nomexoycmoiiusoe
gbicwez0 ob6pasosanus Poccutickoi Pedepayuu, coenawerue N FSRF-2023-0003, KkoduposaHue, dekodupoeaHue nNo UHGHOPMAUUOHHBIM

COBOKYNHOCMAM, K8a3uUuKiu4yeckue Koabl,
ucnpaeneHue hakemos OLUU6OK, HU3KONJIOMHOCMHbIE
Koabl, KaHasnbl ¢ NaMAMbHO

"®yHdameHManbHbie 0CHOBbI NOCMPOEHUA NOMEXO3AWUWEHHBIX CUCMEM
KOCMUYeCKOU U CNymHUK080U C8A3U, 0MHOCUMEbHOL HAGU2aUUU, MEXHUYECK020
3peHUA U a3poKOCMU4ECK020 MOHUMOpPUH2a"

B naHHoW cTathe paccMaTpuBaerca Bonpoc 06 oOueHKe BEpPOATHOCTU
HaxoXJAeHua MH(OPMALMOHHBIX COBOKYMHOCTAX B MaTpuuax GnovHo-
NepecTaHOBOYHOTO U G/IOYHO-LIMPKYNAHTHOTO BUAa. TpagMLIMOHHO B NOMe-
XOYCTOMYMBOM KOAUPOBaHUM pacCMaTpPUBAIOTCA HE3aBUCUMble OLLIMOKM,
O/IHaKO, B peaJibHbIX CUCTEMAaX OHU MOTYT GbITL CrpynnupoBaHbl u o6paso-
BblBaTb, TaK Ha3blBaeMbii, NakeT olnGoK. M3BecTHble OLIEHKN BepoATHOC-
TU HaxoXAeHUA UH(OPMALIMOHHON COBOKYMHOCTU NPOBOAATCA ANA ClyYan-
HbIX MaTpuL, a ANA UCMPaB/IEHNA NaKeTOB OLUMGOK MOTYT UCMONb30BaThCA
LUIMPOKO pacnpocTpaHeHHble GNoYHO-MepecTaHOBOYHbIE KOAbl C MasnoW
MIOTHOCTbIO NPOBePOK Ha YeTHocTb (LDPC-koAbl) unu 6novHO-LMPKYNAHT-
Hble KBasuuuknuyeckne kopabl (QC-koapl). [ina oueHKN BEPOATHOCTU Ha-
X0XAeHUA UH(POPMALMOHHBIX COBOKYNHOCTEN UCMOJIb30BaNoCh MaTeMaTu-
Yeckoe MoenuposaHue. B npoBeeHbl 3KCNepUMeHTbI, No3BoNAOLME
BbIABUTb MapaMeTpbl AN KOHKPETHbIX KOHCTPYKLMM, KOTOpble AAlOT Hau-
60nbLUYI0 BEPOATHOCTb HAXOXAEHUA MH(POPMaALIMOHHBIX COBOKYNHOCTel. B
cTaTbe NpejCcTaBieHbl pesynbTaThbl, OTpaXalolime onpezeneHHble ocobeH-
HOCTH B 3HAYEHUAX BEPOATHOCTU HAXOXKAEHUA MH(POPMALIMOHHBIX COBOKYI-
HOCTeW AnA MaTpUL, pasfiMyHOro BUAA, aHbl NPEANONOXKEHUA U FrMnoTesbl 0
XapaKTepe Takux ocobGeHHocTel. Bbina BbisABNeHa 3aBUCMMOCTb Hanuuus
MH(OPMALIMOHHON COBOKYMHOCTM OT pa3Mepa U pacronioKeHUsa MHTepBana
ee nouvcka BHyTpu 6no4yHo-nepecTaHoBOYHONM MaTpuubl. Pesynbrartel gaH-
HOFO MCCne0BaHNA MOTYT GbITb UCMONBL30BaHbI ANA YMEHbLUEHUA CNOXHO-
CTU AeKoAUPOBaHUA NO MHGOPMALMOHHBIM COBOKYMHOCTAM, KOTOpas Mpu
paccMaTpuBaHMM Cily4adHbIX MaTpUL, ABAAETCA SKCMOHEHLUANIbHOM.

HNHupopmauusa o6 aesmope:
UNcaeea Mapusa Hukonaeena, Cankm-Temepbypackuli 20cydapcmeeHHbIll yHU8epcumem aspokocmuyeckozo npubopocmpoerus, kagpedpa
UHGPOKOMMYHUKAUUOHHbIX MexHoJ02ull u cucmem ceasu, acnupaum, 2. CaHkm-lemep6ype, Poccus
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BBenenne

Bo BpeMeHa nudpoBBIX TEXHOJIOTHIA €XKETHEBHO 00BEM WH-
(hopmanuy, TUPKYIHPYIOUIMHA 1O KaHAlTaM CBSI3H, OECKOHEYHO
Bo3pacraet. MH(popmaiys kacaercsi mpakTuuecku Bce cepsl Je-
ATEILHOCTH 4YeJoBeKa. I3-3a pa3nuuHbIX NPUYMH B KaHaiax
CBA3U MOTYT BO3HUKATh OIHI/I6KI/I, KOTOPbIC IPUBOAAT K MCKaXE-
HUIO JIBOMYHOM Iepe1aBaeMoii ocieJ0BaTeIbHOCTH, YTO TIPH Jie-
KOJIMPOBAaHUHM MOXKET M3MEHUTHh CyTh IEepe/laBaeMoro cooolie-
HUSL.

Cpenu anropuTMOB JIEKOJAUPOBAHISI COOOIICHIH CYIIECTBYET
JIEKOTUPOBAHUE 110 HH()OPMAITMOHHEIM COBOKYITHOCTSIM, KOTOPOE
CIIOCOOHO WCTPABIATH OMHOKH. B Teopuu momMexoycToHIuBOro
KOZMPOBAHMS YaIlle BCETO pacCMaTPUBACTCS MCIIPABIICHUE He3a-
BUCHUMBIX OmMOOK [1-3]. ClI0XHOCTH AEKOIMPOBAHUS IO HHPOP-
MAallMOHHBIM COBOKYIHOCTAM B JAaHHOM CJIy4ac SABJIACTCSA DKCIIO-
HeHHHaI[BHOfI JUIA U3BECTHBIX aJITOPUTMOB. O)IHaKO, B pCajIbHBIX
KaHajax CBSI3M OIIMOKH 4acTO CTpyHIImUpOBaHbI BHYTpH I€pEaaBa-
eMOil MOCIIeIoBaTeIFHOCTH M 00pa3yloT maketsl ommook. [Ipn
UCIIPABJICHUH MAaKETOB OMIMOOK CIOXKHOCTh JEKOJAWPOBAHUS IO
MH(pOPMALMOHHBIM COBOKYITHOCTSIM MOJKET OBITh 3aMETHO yMEHb-
meHa [4].

M3BecTHBIE OLIEHKHM BEPOSTHOCTH HAXOXKJICHUS MH(OpMAaIH-
OHHON COBOKYITHOCTH ITPOBOJSATCS Ul CIly4allHBIX MaTpHll, a,
HampuMep, IJIs UCTIPaBICHUS TTAKETOB OITHOOK MOTYT HCIIONIB30-
BaThCS IIMPOKO PACTIPOCTPAaHCHHBIC OIOYHO-TICPECTaHOBOYHEIC
LDPC-xobI (KOIBI ¢ MaJIOH TUIOTHOCTHIO TIPOBEPOK HA YETHOCTH )
1 OJOYHO-IMPKYJISHTHBIE KBAa3WIUKIMYECKHE KOIBl. B manHOMN
CTaTbe paCCMaTPUBACTCSI BOMIPOC 00 OIIEHKE BEPOSTHOCTH HAX0XK-
JeHAS TH()OPMAIIIOHHOH COBOKYITHOCTH IIPH UCTIPABICHUH TTaKe-
TOB OLIMOOK.

JexogupoBaHue Mo HHGOPMALHOHHBIM COBOKYITHOCTSIM

I/IH(l)OpMaIII/IOHHOI\/’I COBOKYITHOCTBIO HAa3bIBACTCSI MHOXKECTBO

vy={1<ji<]2<...<Jx<N }, Opu 3aJaHUU KOMIIOHCHT Oy O

OJTHO3HAYHO OIpeJessiiolee KogoBoe cioBo. Ecnn nnpopmarm-
OHHasl COBOKYITHOCTb CBOOO/IHA OT OIIMOOK, TO €CTh HE UMEET Ha
CBOMX ITO3MIUSIX OUIMOOK, TO MPUHSTOE CIOBO MOXET OBITH BOC-
CTaHOBJICHO OJJHO3HAYHO [5].

[Tonck WMHPOPMAMOHHOW COBOKYITHOCTH B ITOPOXKIArOIICH
matpuile G MOXeT OBITh TMPOM3BEACH CIEAYIONINM 00pazoM:
BO3bMEM IIPOU3BOJIbHBIC K CTOJIOMOB 3TOM MATPHUIIBI U COCTABHM
HOByI0 MaTpuily M,. Tlosuiin B3sTHIX K cTONOIOB OyayT siB-
JSITHCSL MH(OPMAIIMOHHOW COBOKYITHOCTBIO Y B TOM Clly4ae, eciu
marpuua My OyieT HEeBBIPOXKICHHOM, TO €CTh €€ PaHT Oy/IeT paBeH
yuciny K. Takke mis Gy = MG Ha no3unuax Y IOJKHA 00pa3o-
BaThCs SIMHUYHAS MAaTPHILIA.

Jist Toro, 4toOBI BEPHO JIEKOJMPOBATH IIPHHSTOE CIIOBO,
HE00X0AUMO, YTOOB! HH(POPMAITOHHAST COBOKYITHOCTE OBIlIa CBO-
6o1Ha OT OMMOOK, AL ATOT0 HEOOXOIMMO 3HATh MHHUMAIBHOE
paccrosiaue koza [6]. Ecnm Takoit BO3MOXKHOCTH HET, TO MOXHO
MIPOBECTH TTOJIHBIH Iepedop 10 BceMy MHOXKECTBY HH(OpMALIHOH-
HBIX COBOKYNHOCTEW. [Ipm 3TOM CIIOKHOCTBH IMOOOHOTO ajro-
puTMa OyAeT SKCIOHEeHIHaIbHOU. Hrmke mpuBeneH Takoil anro-
PUTM AEKOIMPOBAHUS:

1. 'eHepupyeTcsi MHOKECTBO MH(POPMAIIIOHHBIX COBOKYITHO-
creit I'= {yi, ..., Yn}.

SNIEKTPOHUKA. PAONOTEXHMKA

2. ITo MHOXecTBY HH(POPMAITHOHHBIX COBOKYITHOCTEH (OpMH-

PYeTCsl MHOKECTBO MaTPHII {GY1 oGy }

3. Ilpu nexoupoBaHuy NpUHSTOrO ciioBa b HEoOXo MO ocy-

IIECTBUTH IIepedOp MO BCEM MaTPHIIaM {G .G }, M BBIYHC-

N TN

JIMTH Ha KaKI0H uTepanuu z; =b ( Yi )'Gyi , rie b(yi) — anmeMeHTsI

U3 TIPUHATOrO ciioBa b Ha mo3unuMsIX vi.

4. Tnst kaxporo zi nposepsiercst yciaosue d(zi, b) < Wiin,
rae d(zi, b) — paccrosinue Xommunra. Ecian oHO BBITONTHSETCS,
TO Zmin = Zi U Wmin = d(Zi, b).

5. Ilocne Toro, kak ObLT OCYIIECTBIICH IEPeOOp MO BCEM HH-
(GOpPMALMOHHBIM ~ COBOKYITHOCTSIM, ~ IPHHHMAeTCs  peIICHUe

a=1z,,, I1e a— JIeKOAUPOBAHHOE CIIOBO.

JlaHHbIIT aIrOPUTM aKTyaJIeH [PY UCTIPABJICHUH HE3aBUCUMbIX
omuboK. B cnydae paccMOTpeHNs MakeToB OMHUOO0K HEOOXOTUMO
HCIIOJIb30BaTh COOTBETCTBYIOIIYIO METPHKY, CBSI3aHHYIO C IMaKe-
TaMH (BMECTO MHHUMAJIBHOTO PACCTOSHUS).

[Tpu nepenade no kaHajiaMm ¢ NaMATBHIO TUWYHAs KOH(UTypa-
st OI_[II/I6OK OIIMCBIBACTCA HC M IIOMOIIIBIKO HMX KOJIMYCCTBA, a C
ITOMOIIIBIO TOHATHSI MakeTa omuoOokK. [lakeToM omuOOK Ha3bIBa-
€TCs1 BEKTOP UTHHOM D, B KOTOPOM TIEPBBI U MOCIETHUI HeHYIIe-
BOU BIIEMEHT PAaCIonararTcs He Janee, 4eM Ha b mo3uuii apyr
ot apyra. [Taker ommrOOK MOXKET OBITh IUKINYECKUM: HAaUNHATHCS
B KOHIIE MIPUHSTOTO CJIOBA U 3aKAHYMBATHCS B €r0 HAYaJe.

[Ipn nekoxnpoBaHUM MakeTa OMMUOOK BCE OMIMOOYHBIC TTO3H-
UM TPYHIUPYIOTCS U 3TO MOKET OBITh YYTEHO NPH MONUCKE WH-
(hOopMaIMOHHBIX COBOKYITHOCTEH: TIPH BBIOOPE MH(POPMAITHOHHON
COBOKYITHOCTH MOKHO OTPaHWYHBATEH TIOMCK K ee SIIeMEHTOB Mo~
3UIUSIMHU, HE BXOJISIIAMHE B MPE/IIOJIAraeMOe PacioioKeHHe ma-
keta. Tak kak Ha K MOAPSI MAYNIMX TO3MIMAX MOXET HE OKa-
3aThCsl MHPOPMAIIMOHHON COBOKYITHOCTH, Oy/IeM paciIipsTh WH-
TepBaJl OUCKA HAa HEKOTOPYIO BEIMUUHY A, TAKMM 00pa3oM ocy-
IIECTBIISAS MOUCK HH(OPMAIIMOHHOW COBOKYIMHOCTH Ha K +A mon-
pAA UAYIMUX mo3unusx. [1oaTomy 001acTh morcka HHPpOpMaIu-
OHHO¥ COBOKYITHOCTH TaKXe 00pa3yeT cO00i 3aMKHYThIA HHTEP-
BaJl HEKOTOPOI jitHbl K +A (puc. 1).

Yy 3?7

|
I
G= |
|
|

\_I_/

kA

Puc. 1. [Touck nHPOPMAITMOHHOW COBOKYITHOCTH B TIOPOKAAIOIICH
Marpure G Ha cTyJaliHBIX TO3HIHUIX B 3aMKHYTOM HHTEpBae
JuIHOM K +A

[Mpu 3TOM IS COKpAICHHsT YKCIIa HHPOPMAIMOHHBIX COBO-
KYIHOCTE HMEET CMBICI BHIOHPATH JUIMHY HHTEPBAJIA KAK MOXKHO
MEHBIIIEH, TO €CTh 3HAYEHUE A ClielyeT MUHUMU3UPOBATD.

W3BeCTHO, UTO BEPOSTHOCTD TOTO, UTO CllydyaiiHas MaTpuiia M
pasmepa kx(k+A) GymeT WMeTh TIONHBINA PaHT OICHUBACTCS Kak

[7]:

——
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SNEKTPOHUKA. PAOUOTEXHUKA

0

Prank(My )=k =Q, = I [1-= | Az0. (1

i=A+1

W3 nanHO# hopMyisl moaydum, uyto st A=0 3HaYCHHUE ITON
BEPOSITHOCTH OyJIeT:

Q= H(l —Zijj =0,288788...~ 0,29. ©)
j=1

C momotbio (hopMyIs (2) MOKHO TIOCUHTATh CpeIHEE 3HAUC-
Hue A:

0

e 9]
A=Y AP, =X (1-Q)=1,6066..~1,6. 3)

A=0 i=0
OaHaKo, CTPYKTypa MOPOKIAIOIINX U TPOBEPOYHBIX MATPHII,
MPAaKTHYECKH MCIOJIb3YEMbIX TOMEXOYCTOHUYMBBIX KOJOB MOMKET
ObITh naneka oT ciyyaiHol. C y4eToM JOMOJHUTEIBHOTO Orpa-
HUYCHUS HAa MHTEPBAJ MMOKMCKA MPU UCIPABJICHUH MAKETOB OIIIH-
60k hopmyisl (1), (2) MOTYT OKa3aThCsi HEKOPPEKTHBIME. Bo3HU-
KaeT 3aJada OIICHKH BEPOSTHOCTH HAXOXKICHUS WH(POPMAIHOH-
HOW COBOKYITHOCTH C YYETOM C(OPMYITHPOBAHHBIX OTPAHUICHUIA.

Koasl ¢ Mas10ii IVIOTHOCTHIO MPOBEPOK HA YeTHOCTH

B Hacrosimiei ctaTthbe B KaueCTBE IOMEXOYCTONUMBBIX KOJOB
pPaccMOTPUM KOJBI ¢ MaJION IUIOTHOCTHIO MPOBEPOK HAa YETHOCTH,
ni LDPC-koppl. [IpumeHeHne 3TUX KOJOB JJIs1 HCTIPaBJICHUS T1a-
KETOB OIINOOK paccMaTpUBaioCh, Hampumep, B [8-10].

LDPC-xonsi B 1962 roay npenioxun P. I'amnarep [11]. Takue
KOJIbI 33JIaI0TCS C TOMOIIBIO Pa3peKeHHOM MPOBEPOUHOI MaTPHUIIBI
H. [TanHbIe KObI MOYKHO 33/1aTh HA OCHOBE OJIOUHO-IICPECTAHOBOY-
HOM KOHCTPYKUUH. Takyl0 KOHCTPYKIMIO MOKHO OIUCATh uepes3
6azoBytro marpuity Hp, ipeictaBneHHyto B popmyse (4).

Hy=|: "~ & (4)

rac tij — CTCIICHU MaTpPUIIbI III/IKJII/I‘IGCKoﬁ NEPECTaHOBKU, KOTOPBIC

t o
3agatoT 61oku C" mposepouHoit Matpuusl H. Pasmep stux 61o-
KOB — M Ha M, KOJINYECTBO OJIOKOB — Y Ha p. CTpyKTypa mpoBe-
POYHON MaTpUIIBI TPE/ICTaBIICHa HIXKE.

Ctll Ctlz v Ctlp
t t t

H= C‘2] C.zz Cc? (5)
cth e ... Che

MoHO O00paTHTh BHUMaHHE, YTO B MaTpuie Buma (5)
CTONOIBI IBYX TOAPSI MAYIINX OJOKOB B CyMMe Bcernma oopa-
3YIOT HYJIEBOH CTONOCI. DTO MOXET BIUATH HA MOUCK HH(OpMa-
LIUOHHOM COBOKYITHOCTH B IOJAPSA UIYILUX ITO3ULIUSX.

KrnaccnyeckuM crmocodoM moucka HH()OPMAIIHOHHBIX COBO-
KYITHOCTEH SIBIISCTCS] HAXOKICHUE MO3UIHH K THHEHHO He3aBUCH-
MBIX CTOJIOIIOB, 00Pa3YIOIINX HEBBIPOKICHHYIO ITOIMATPHILY Pa3-
Mmepa kxK mopoxraromieii Mmatpuiisl pasmepa kxn. Omnako, mouck

WH(POPMAIIMOHHBIX COBOKYITHOCTEH MOKET OBITh OCYIIECTBIICH H
IO TIPOBEPOYHOI MAaTPHUIIEC CISAYIOMNM 00pa3oM: eCiIH B POBe-
pOYHOI MaTpuUIle pa3Mepa I'xN HaleHBI I' TIO3UITHA CTOIOIIOB, 00-
pa3yIoluX HEBBIPOKIEHHYIO MOAMATPULLy pasMmepa IXF, TO 3TH
MTO3UIMA 00Pa3yIOT MOMOHeHHE: YUy = {1,...,Nn}.
Hcnonp30Banne NpoBEpOYHON MaTPULIbI BMECTO IIOPOKAALO-
el Juist oucka HH(GOPMaIMOHHBIX COBOKYITHOCTEH MOXKET ObITh

0oJ1ee BBIYUCIUTENHHO Y()(PEKTHBHBIM TSl KOJIOB CO CKOPOCTBIO
R>1/2 (puc. 2).

MapameTpb! koga: n = 1000, k = 100:100:900

Bpemsi nogcyeTa padra Matpuusl - time

-------- Martpuua G| |
— Marpuuya H

—_|

0 il L 1 L L
0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09

R

Puc. 2. I'paduk 3aBHCUMOCTH BPEeMEHH I10JICUETa PAHTa CIIyJaliHbIX
MaTpull OT CKOPOCTH KOJA I IIOPOKAAIOIINX U IPOBEPOYHBIX MATPHIL

v v v v
1 i i i

=
I

T T T I
k+A r—A
Puc. 3. Cxema noncka HH(GOPMAUOHHBIX COBOKYITHOCTEH
B TTopokatomeif Mmarpune G u nposepounoi marpune H:

a)npu A=0;06) mpu A #0

Ha pucynke 3, a) u 3, 0) mpeacraBieHa cxema rmoucka mHdpop-
MAI[OHHBIX COBOKYIHOCTEH, AEMOHCTPUPYIOIIAas COOTBETCTBHE
MeXIy mopoxkaaromeil marpuueit G 1 IpoBepoyHON MaTpHUIleH
H. CoorBeTcTByIOIINE JIUHEHHO HE3aBUCUMbBIE CTOJIOLBI TIOPOIK-
JTArOIICH U POBEPOYHON MATPHIl 0003HAUCHBI CEPBIM IIBETOM.

e
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Houck uHpopMaIMOHHONH COBOKYITHOCTH

PaccmorpuM  ciydaiiHple  OJI0YHO-TIEPECTAaHOBOYHBIE KOH-
CTPYKIHUH, B KOTOPBIX OJIOKM SBISIOTCSI MaTPUIIEH IUKINIECKON
NepecTaHoOBKH, lj BBIOMPAIOTCS PAaBHOMEPHO W3 HWHTEpBaia
[0:m - 1]. KomuuecTBo 0710k0B y = [2; 3; 4] (paccMaTpuBaeTcst He-
CKOJIBKO CJTy4aeB) U p = 6 (3HaueHue (PUKCUPOBAHO), pazmep 0J10-
koB M= 11. Kpome aToro, 6yzem paccMaTpuBarh CirydaiiHbIe Mart-
pHIIBI cxokero pasmepa K = 22, n = 66, B KOTOPbIX HEHYJICBbIC
9JIEMEHTBI pacrojaratorcsi ¢ BepositHocTbio 0,5, 4yToOBI TpoBe-
PUTB IPaBUIBHOCTH BBIPaKEHHUS (2).

Ha pucynxke 4 n3o6pakeH rpayik BEpOSITHOCTH HAXOKACHHS
nH(POPMAIIMOHHBIX COBOKymHOCTeH mpu A=(0. OOpatum BHUMa-
HHE, 4TO MPU 3HAYCHUH Y = 3 Ha rpaduKe MPUCYTCTBYIOT TOJIBKO
HEKOTOpbIE MUK, KOTOPhIE BO3HUKAIOT Ha MO3UNMAX KOHIA O110-
KOB OJIOYHO-IICPECTAHOBOYHOI MPOBEPOUYHON MaTpuilsl. Kak ro-
BOPHJIOCH BBIIIE, CTOJIOLBI ABYX MOJAPSA] UIYIIUX OJOKOB BCETaa
JMHEHHO 3aBUCHMBI, TAKUM 00pa30M, €CJIM HHTEPBaJI IOUCKA He-
BBIPOXKJICHHON MaTpPUIIbI COJIEPXKHUT B ceOe JiBa OJIoKa LEJIMKOM —
Takasi MaTpuua Bcerja BelpoxkaeHa. [Ipu qnuHe uHTepBana pas-
HOTo 3M—1 BEpOSITHOCTH 3TOTO COOBITHS paBHa equHuUIEe. Takxke,
KaK MOKHO 3aMETHUTbh, 3HAYCHHE BEPOSTHOCTH IS CIydailHOM
MaTpHIbl Kosiediercs B paiione ormetku 0,3, 9TO COOTBETCTBYET
3HA4YEHUIO U3 GPopMyIIsI (2).

Pasmep Gnokam=11, A=0

09+ 0
1

1
g
0!

]
I
I
1
I
I
I
1
I
I
1
I
I
I

k
I
!

i
I
1
I
§ I
1
I
] %

[} 1 r
| \ U\" 1
IR AV L
1 - Ch

vy b

1
I
I
]
I
I
I
1
1
I
1
I
I
]
I
I

BepoAaTHOCTE HAXOMOEHNUA W.C.
(=1
o

0 10 20 30 40
Mo3nUMK HAXOMOEHUA W.C.

Puc. 4. 'padux BeposATHOCTH HAXOXKICHUS NHYOPMAIIHOHHOI
COBOKYMHOCTH TIpu A = 0 [u1sl ciiy4aiiHbIX MaTpHI| pa3mepa K = 22,
N = 66 u uis OJIOYHO-TIEPECTAHOBOYHBIX MATPHIL C Pa3MEPaMH:
V=2,p=6;7=3,p=06,7y=4,p=6

PaccmoTpuMm uHTepBan JIMHONH 3M-2, TOrzAa CyIIECTBYET
€/IMHCTBEHHO BO3MOJKHOE IT10JIOXKEHHE MHTEepBalla, HE BKIIFOYA0-
1Iee JIBa MOAPsIT MAyIHX 0Jioka (puc. 5). OueHuM rapamMmeTpsl Ko-
JIOB JUISL ATOTO ciyyasi. ByieM cunTath, 4T0 MOUCK ITPOU3BOANTCS
1o mpoBepoyHoil mMatpune H u paccmarpuBaroTcsi MHTEPBAIBI
JUTAHBI I, TAe I — padr MaTpuilsl H.

SNIEKTPOHUKA. PAONOTEXHMKA
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Puc. 5. Cxema citydast, Ipyd KOTOPOM HaXOAUTCsl HHGOPMALIMOHHAS
COBOKYMHOCTh A Y =3, p=6uA=0

B 6no4HO-TIepecTaHOBOYHON KOHCTPYKIMH PAaHT TPOBEPOU-
HOHW MaTpuipl He npeBbimaetr M-y — (y — 1). Ciydaii, nzodpaxen-
HBII Ha PHCYHKE 5 HEBO3MOJKEH IIPH JUIMHE MHTEpBaja I' TIPEeBbI-
mrarorero 3m — 2, rorga m+y — (y — 1) > 3m — 1, otrcrona

3m-2

> .
v m-1

(6)

OyHKIUA B IpaBoii 9acTH (6) paBHA 4 ipy M = 2 ¥ MOHOTOHHO
yObIBaeT ¢ poctom M. Takum o0pa3om, mpu y > 4 Gi1ouHO-TIepe-
CTaHOBOYHAs KOHCTPYKLUs (5) He umMeeT MH(POPMAIIMOHHBIX CO-
BOKYMHOCTEH U3 MOAPAT UIynux nosunuid. Ilpu y = 3 takas uH-
(bopMaroHHasi COBOKYITHOCTh BO3MOKHA TOJIBKO YISl CITydasi U3
Pucynka 3, npu y = 2, ¢ yuerom rank(H) = r = 2m — 1, nonananue
2M moapsiA UAYIIMX CTOJIOIOB B OKHO pa3MepoM I HEBO3MOKHO.
Ot0 00BsACHSET (popMy BceX KPUBBIX HA PHUCYHKE 4.

Tenepb paccMOTpUM, Kak M3MEHSTCS (POPMBI KPHBBIX, €CIH
A#0. Ha Pucynke 6 nperncraBiieH rpaduk BepOSITHOCTH HaXOK/1e-
HUSI MTH(QOPMAMOHHBIX COBOKYITHOCTEH mpr A = 1 17151 GI109HO-TIe-
PECTaHOBOYHBIX MATpPHI] C pa3Mepamu: y =2, p=6; 7y =3, p = 6;
y=4,p=6.

Ecnu cpaBHuTh Tpadmk Ha pucyHKax 4 U 6, TO MOKHO 3aMe-
TUTb, YTO Ul MAaTPHUIIBI C pa3Mepamu ¥ = 2, p = 6 BEPOSITHOCTh
HaXOX/IeHUsT MH(OPMAIMOHHBIX COBOKYITHOCTEH Ha ITO3UIIMSX
KOHILIA OJIOKOB M OCTaJIbHBIX MO3UIHUSX CTPEMSATCS APYT JAPYTY, TO
€CTb CTAaHOBSITCS O0Jiee paBHOMEPHBIMU. J[11s1 OcTaNIbHBIX OJI0OYHO-
MepEeCTaHOBOYHBIX MAaTpHI] 3HAUYMMBIX H3MEHEHHWH II0Ka He
HaOoaeTcst, a ISl CIly4aifHOW BepOsSITHOCTh BCE TaK )K€ HaXo-
JUTCs B ipejenax 3nauenus 0,3.

Paamep Bnokam =11, A =1
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Puc. 6. I'paduk BepoATHOCTH HAXOKICHUS HH(OPMALMOHHBIX
COBOKyMHOcTeH pu A = 1
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SNEKTPOHUKA. PAOUOTEXHUKA

Ha pucynke 7 npezcrasies rpad vk BEpOSTHOCTH HAXOXKICHUS
WHPOPMAIIMOHHBIX COBOKYITHOCTEH Tipu A = 5, a Ha pUCYHKe 8 —
rpauK BEPOSITHOCTH HAXOXKICHUS HHPOPMAIMOHHBIX COBOKYII-
Hocte mpu A = 10.

Pasmep 6nokam=11, A=5
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Puc. 7. I'paduk BEpOATHOCTH HAXOXKICHUS NH()OPMAIIHOHHBIX
COBOKYITHOCTEH pu A =5

Paamep 6nokam =11, A =10
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Puc. 8. 'padux BepoATHOCTH HAXOXKICHUS HH()OPMAIIHOHHBIX
coBoKynHocTel npu A =10

Kak MO>XHO 3aMETUTh U3 PHUCYHKOB 7 U 8 IJIsT MATPHIIBI C pa3-
MepoM y = 2; p = 6 mocieaylomiee yBenumueHne A MpUBOJUT K
YMEHBIIEHUIO BEPOSITHOCTU HAXOXKJICHUSI HH(POPMAIIHOHHOW CO-
BOKYITHOCTH, YTO TOBOPUT O TOM, YTO MOCJIE KAKOTO-TO OMpejie-
JICHHOTO 3HAYCHUS, HET CMBICITA yBennuuBaTh A. 111 O109HO-TTe-
PECTaHOBOYHOI MAaTPHIIBI C pa3MepoM y = 3; p = 6 ¢ yBEIIMICHUEM
A BEpOSITHOCTbh HAXOX/ICHHS HH()OPMAIMOHHON COBOKYITHOCTH
TMOSIBJISIETCSI HE TOJIBKO B TIO3UIIMSAX KOHIIA OJIOKOB, HO M Ha JIPYTUX
— rpaduK CTaHOBUTCS Oojice paBHOMEpHBIM. st vy = 4; p = 6 110
3HaueHus A = 10 BepOsITHOCTh HAWTH MH(MOPMAIIMOHHYIO COBO-
KYITHOCTH Obli1a HyJ1eBOH. Kak TobK0 A MpHOIH3IIACE K pa3Mepy
0Ji0Ka M, TIOSIBIJIMCH XapaKTCPHBIC MHUKH B pailOHE IMO3UIMIA Ha
KOHIIax OJoKa.

e

Paccmotpum emie ouH rpaduk, 1300pakeHHBIN Ha pUCYHKE 9,
YTOOBI TPOBEPHUTH JabHEHIINE H3MEHEHHE rpadyKa Tt OI0IHO-
MEepEeCTaHOBOYHON MaTpHUILBI ¢ pazMepoM Y = 4; p = 6.

[Ipu 3nauennu A =20 i y = 2; p = 6 BEpOSITHOCTb HAXOXKIe-
HUSI MHOPMAIIMOHHBIX COBOKYTTHOCTEH CTPEMHUTCA K HyIt0. Jlis
v =3; p =06, O4EBUIHO, BEPOATHOCTH HAUNHAET YMEHBIIATHCS, UTO
TOBOPHT O TOM, YTO JajibHEHIIee yBEINIeHHE OECCMBICIICHHO, a
sy =4; p = 6, Ha000POT, BEPOSITHOCTh HAXOXKICHUsT HH(POpMa-
LIMOHHBIX COBOKYIHOCTEH BBIPOCIA, JJa’KE OTHOCUTEIBHO ITHKOB
U3 TIpeapIAyIIero rpaduka.

Taxxe CTOUT OTMETHTh, UTO JJIS JIFOOBIX 3HAYCHUH A, mpen-
CTaBJICHHBIX Ha rpaduKax, BEPOSTHOCTh HAXOXJICHUSI HHPOpMa-
IIMOHHBIX COBOKYITHOCTEH JUIS CITy4allHON MaTpHIIbI TPOIOJKAET
KosiebaTbes Ha ypoBHe 0,3, 4TO MOATBEPKAACT BEIpakeHue (2).

Paamep Gnokam =11, A =20
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Puc. 9. 'paduk BepoATHOCTH HAXOXKICHHS HH()OPMATMOHHBIX
coBOKyIHOCTEH pu A = 20

Hcxonst n3 npuBeAEHHBIX TPaUKOB, MOXKHO CAENATh CIIEIY-
FOLIMI BBIBOJI: JJISI PA3HBIX pa3MepoB OJIOYHO-NIEPECTAHOBOUYHBIX
MaTpHI] CYIIECTBYET CBOE ONPEIEICHHOE 3HaUeHne A, pu KOTO-
POM BEPOSITHOCTD HaX0XKACHHUSI HH(YOPMALIMOHHON COBOKYITHOCTH
OyzneT MakCHMaIbHOW, IPUYEM HE TOJIBKO Ha KOHIAX 0JI0KOB. Jlyis
MOTOOHBIX MATPHIl MOXKHO IMOJYYHTh CBOE CPEIHEE 3HAUCHHE A,
AQHAJIOTUYHOE TMOJYYCHHOMY B BBIpaXeHUH (3) A CIydyaiHbIX
MaTpHIL.

Jist matpun, rie y = 2, camasi BBICOKasi BEpOSTHOCTD U3 MPH-
BEJICHHBIX rpadukoB Obuta mpu A = 1. J{ns Matpuil, y KOTOpBIX
v = 3, HauboJIee BRICOKAsI BEPOSITHOCTh ObLIa Ipu A=1, HO TOJILKO
B T€X CIy4JasiX, KOTJa JUIsl TOMCcKa HH(OPMAIIMOHHBIX COBOKYITHO-
CTel paccMaTpHUBAINCH MTO3UIMH, HAXOSIINECS B KOHIIE OJIOKOB.
IIpu A=10 rpaduk 3aBHCHMOCTH BEPOATHOCTH HAXOXKICHHS WH-
(hopManOHHON COBOKYITHOCTH CTall MOXOXK Ha PaBHOMEPHBIH,
OJTHAKO CaMO 3HAYCHHE BEPOSTHOCTH OBIIO 3HAYMTEIHHO HHXKE,
yem mipu A = 1.

s matpuil, y KOTopsiX Y = 4, ipu 3HaueHnn A >20 rpadpux
CTpeMuTCs K rpauKy CllydaiiHON MaTpUIbl M CTAaHOBUTCS Oojee
PaBHOMEPHBIM, OJHAKO, JUISI MAaTPUI], Y KOTOPBIX Y =2 U Yy = 3,
B JaHHOM CJ1y4ac€ BEPOATHOCTb CTPEMUTCA K HYJIIO.
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KBazunukjianyeckue KoJabl

KBasunuknmueckue (quasi-cyclic — QC) kol MOTYT OBITH 3a-
naHbl aHasmornyHo LDPC-koiam ¢ mOMOIIbIO IPOBEPOYHON MaT-
punbl Buaa (5). Kaxprii 070Kk Takoi MaTpPUIBl — [MAKITHYCCKUI
CZABUT NIEPBOM CTPOKHU, HA3bIBAEMBIH IIUPKYIISTHTOM, IIPU 3TOM BEC
CTPOKH MOXKET ObITh OoJbmie emuHHIbl [12-14]. Paccmorpum
OIIOYHO-TIMPKYIITHTHBIC MATPHIIBI PA3TUIHOTO Beca t, ¢ pasmepom
6moka M = 11 u pasmepamu: 1 HPKYIAHT, 2X2 7 3%3.

Paamep Bnokam =11, A ?0
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Bec umpkynaHTa

Puc. 10. I'paduk BeposATHOCTH HEBBIPOKACHHOCTH A OJIOUHO-
LUPKYJISTHTHBIX MaTPHI] Pa3HOTO pa3Mepa U CIIy4aiHOH MaTpULbI
pasmepa k=22, n= 66

U3 pucynka 10 BuaHO, 4TOo A1 Matpui 2x2 u 3X3 BeposT-
HOCTb TOTO, YTO MaTpuila OyAeT HEeBBIPOXKJCHHAs BCETAa pPaBHA
HYJIIO, @ JUIsl OAHOTO OJI0Ka IUPKYJISTHTA — OHA 3aBUCHT OT YETHO-
CTH Beca.

TaxuM 06pa3oM, MOKHO MOJBITOXKUTH, YTO ECIIH Pa3Mep IHp-
KyJITHTa M — [IPOCTOM, TO JJIsl Y4ETHOTO Beca UPKYIsSHTa t — Mat-
puLa Bcerga OyAeT BBIPOXKICHHAS, a ISl HEYETHOTO — BCET/la He-
BeIpOXKJeHHast. Ecii paccmarpuBaTh O10ku 2X2 — Marpuna Oyaer
BCET/Ia BBIPOXK/ICHHASI, TAK KaK Y HEe BCEr/la YeTHOE YMCIIO CTPOK
u cronbnoB. Ecnu paccmarpuBate 0y0ku 3%3 — maTtpuia oyaer
BCET/Ia BBIPOJK/ICHHAs, TaK KaK €CTh 2M CTPOK YETHOT'O Beca.

Ecnu pa3mep 1upKysstHTa — COCTaBHOE YMCIIO, TO JJIsi OJIOKOB
2x2 1 3%3 crpaBeAIUBO TO K€ CaMO€ YTBEPKACHUE, YTO YKa3aHO
Boime. [yt otHOTO OJ10Ka: ecn Bec t 4eTHBIH, TO MaTpHIla Bceraa
BBIPOXK/ICHA, €CIIM HEUETHBIH — TO MOKET OBITh BBIPOXK/ICHA WIIH
HEBBIpOKAeHA. TakiuM 00pa3oM, 0THO3HAYHO MOYKHO CJIEJIaTh BbI-
BOJI, YTO JUIsl YETHOTO Beca IUPKYJSIHTA MaTpHla Bcernaa Oyaer
BBIPOXKIICHA.

PaccMoTrpum mprMep, OXOKHUI Ha TIpUMEp ¢ OJIOYHO-TIepe-
CTaHOBOYHBIMH KOHCTPYKIHMSMH. 3apUKCUPYEM BEC IUPKYJISHTA
t =3, pa3mep O6soka M = 11, pa3mepbl MaTpUIBL Y =2, p=6; 7 =3,
p=6;v =4, p=06. Paamep nupkyisaTa ObII BHIOpaH KaK MUHH-
MaJIbHOE MPOCTOE YHCIIO0, WHAaYe Marpuia OyJeT 1o cBoiicTBaM
OoJIbIIIe TOXOJUTH HA CIIy4YaiiHyI0, 4eM OJIOYHO-IIUPKYIISIHTHYIO.

Ha pucynxke 11 npezacrasnen rpaduk BeposITHOCTH HaX0XK/ie-
HUSI UH(QOPMALMOHHON COBOKYMHOCTH AJISI OJIOYHO-IIMPKYJIISHT-
HBIX MaTpul. JIsi HarIIOHOCTH TaKXKe NMPHUBEACH TpaduK s
CIIy4ailHON MaTpULIbL.
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Puc. 11. I'paduik BEpoATHOCTH HAXOXKACHUS HHYOPMALIMOHHBIX
coBOKymHOCTEH pr A = 0 st 67I09HO-LUUPKYISHTHBIX MATPHIL

OueBugHO, 4TO Trpaduk Ha pucyHke 11 HanmoMHHaeT IO
cBoemy Bujy rpaduk Ha pucyHke 4. OQHaKo, Mpy yBEIUYCHHU
3HaueHHs A pa3HUIA CTAHOBUTCS 00Jiee OYCBUIHOM.
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Puc. 12. I'paduk BeposATHOCTH HAXOKACHUS HHPOPMAITHOHHBIX
coBoKymHoCTel mpu A = 1 171 6;I09HO-IIUPKYIISTHTHBIX MaTPHI

Bec umpky t=3,5 F m=11,A=10
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Puc. 13. I'paduk BeposTHOCTH HAXOXKAECHHUS HHPOPMATUOHHBIX
coBokynHocTei npu A = 10 17151 67109HO-IUPKYIISTHTHBIX MaTPHIL
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Ha pucynke 12 MOXHO 3aMeTHTh, KaKk rpaduk BEpOSITHOCTH
HaXO0XJIeHHs] NH(POPMAIIMOHHBIX COBOKYITHOCTEH OJIOUHO-LIUPKY-
JSIHTHOM MaTpHILbI CTPEMHUTCS K TrpadUKy CIydailHO MaTpHIIbL.
[Tuku, KOTOpBhIe OBUIM XapaKTEPHBI JUIs OJIOYHO-IIEPECTaHOBOY-
HOM KOHCTPYKIIMHU, 3[IECh TakKe MpUCyTCTBYIOT. Ha pucynke 13
npu A = 10 MO’KHO 3aMETUTb, Kak Ipa(uKu BEPOSITHOCTH IS pa3-
MEpOB OJIOYHO-IIMPKYJISIHTHBIX MaTpul Yy =2, p=6uy=3,p=06
CTAHOBATCS OoJiee PABHOMEPHBIMH M OJM3KMMHU K TpaduKy Ciry-
YaifHO MaTPHIIbI, a JUII MaTPHUIIBI C pazMepaMH y = 4, p = 6 1osBH-
JIMCh XapaKTepHbIE IIMKK B paiioHe KOHIIA OJI0Ka.

Ha pucynke 14 moka3zaHO, KaK W3MEHSIOTCS TPauKH, eCIu
yBennuuTh 3HaueHue A 10 20. B otimmuane ot 0:109HO-TIEpecTaHo-
BOYHON MaTpHLBI, ISl OJIOYHO-LUPKYJISHTHON MaTpHLBI 3HaUe-
HHE BEPOATHOCTHU C yBEIUYCHUEM A HE Ma/IaeT, a CTAHOBUTCSA 00-
Jiee paBHOMEPHBIM U KOJIEOJIETCS B paiioHe BEPOSITHOCTH JUIS CIIy-
yaiiHo MaTpuibl. [Ipu nanpHeiineM yBenundenun A, rpaduk Bepo-
STHOCTH U MaTPHUIIBI C pa3MepaMu Y = 4, p = 6 mpUMeT TaKkoH
e BU U OyzeT Kosiebathes B paiione ~0,28. [ naHHOro THma
MaTpHull, OYEBUHO, TAKKE BO3ZMOYKHO HAalTH Cpe/lHEee 3HAUCHHE A,
aHAJIOTUYHO BBIpaKEHUIO (3), TJIc PUBEJCHO CPEIHEe 3HAYCHHE
A Ui ciay4yaiHBIX MaTpUIL.

Tat=3, Gnokam=11, A=20

0.3 PKY

BepOHTH OCTb HaXOMOEHHA W.C.

0.15 L L L L L L '
4] 10 20 30 40 50 60 70

Mo3uLMKM HAXOKABHUA W.C.

Puc. 14. I'paduk BeposATHOCTH HaAXOKACHHUSI HHPOPMAITMOHHBIX
coBOKyIHOCTEH Tpu A = 20 17151 GJIOYHO-IUPKYISTHTHBIX MaTPHUIT

B cooTBeTcTBHM C YTBEp)KACHHUEM, YTO OJOYHO-IUPKYJIISTHT-
HBIC MaTpPHUIIBI C YUCIOM OJOKOB 2X2 1 3%3 BCer/a BBIPOXKICHEI,
€CJIM TaM JIH0O0 BCe OJIOKHM HEYETHOI'O Beca, J100 Bce OJIOKH YeT-
HOTO, PACCMOTPHUM OJIOKH, B KOTOPBIX YepeIyeTCsl YSTHBIA U He-
YETHBIM BeC MUPKYISIHTA. B X07e SKCriepuMeHTOoB, OBIJIO orpeie-
JIEHO, YTO Ja)K€ B 3TOM Cllydyae Takue KOHCTPYKIIMU HE MOTYT
OBITh HEBBIPOXKICHHBIMH, [TOTOMY YTO IUPKYJIIHT YETHOTO Beca
BCETJIa BRIPOXKICH, T.K. CyMMa CTPOK HJIM CTOJIOIOB Beeraa Oyaer
paBHa 0. [{UpKyJISIHT HEYETHOTO BECa MOXKET ObITh HEBBIPOXKICH-
HBIM, HO, €CJIM UIYT JIBA PAIOM (JIaXKe YeperysiCh uepe3 OJMH YeT-
HBII), OH BCETAa BBIPOXKACHHBIH.

PaccmoTpuM GIIOYHO-IUPKYIISTHTHYEO MATPHILY JPYroro BUJA,
n300paxeHHOM Ha pucyHke 15. Pazmep takoil MaTpubl 2x4.

H | H |

q H 4 H

Puc. 15. Cxema 61049HO-IIUPKYISTHTHON MaTpPUIIBI,
rae H — iupKyJIstHTBL HedeTHOro Beca, U — HUPKYJISIHTBI YeTHOTO Beca

Ha pucynke 16 npescrapieH rpaduk BepOsITHOCTH HaXOXK/ie-
HUsI MH(POPMAIIMOHHOW COBOKYIHOCTH B MaTpHIle BWJA, MpE.-
cTaBieHHOTO Ha Pucynke 15. Bec nupKysisHTa KaXIbIid pa3 ciiy-
YalHbIN, HO MPOBEPSUICS HAa YETHOCTh/HEUETHOCTh. M3 rpaduka
MOJKHO CJIeNIaTh BBIBOJ, YTO MPU YBEIMYEHUH 3HAUEHUS A Bepo-
SITHOCTh CTAHOBUTCS 00JIce pABHOMEPHOM U B JIFO00H MO3HIINU OY-
net paBHa npumepHo 0,3. OgHako, Kak MOXKHO 3aMETHTh, IS
MeHbIIIEH A 3Ta BEPOATHOCTb BBIIIE, XOTh M 3aMETHBI MMKOBBIE
3HaYeHMs Ha KOHIax OJIoKa.
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Puc. 16. I'padrk 3aBUCHMOCTH BEPOSTHOCTH HAXOKICHUS
MH(POPMAIIMOHHBIX COBOKYIHOCTEH MPHU pa3iInyHbIX A uis GJ109HO-
IUPKYJISTHTHBIX MaTPUI OT MO3UINI HavYaja IOuCcKa
HH()OPMAIMOHHBIX COBOKYITHOCTEH

HWcxons u3 rpaduKoB, IPUBEICHHBIX BBIIIE, MOYKHO 3aMETHUTH,
YTO HE3aBUCHMO OT KOJMYECTBA LUPKYISHTOB (3HAYCHHUH Y) PH
OJIMHAKOBOM BECE IUPKYIISTHTOB, BEPOSITHOCTh HAXOXK/ICHUSI WH-
(hOpPMAITMOHHBIX COBOKYITHOCTEH C yBeJlMUeHHEM A CTPEMUTCS K
3HAYEHHIO BEPOSITHOCTH JIJIsl CIIy4aiHbIX MaTpull. s Matpuil, y
KOTOPBIX KOJMYECTBO MUPKYJISHTOB Y = 2 HEOOXOIMMO YBEIH-
guth A 1o 10, mrs y = 3 mo 20, a mns y = 4 mo 30. Ilpu stom,
MOJKHO HCITOJIb30BATh OCOOYIO CTPYKTYPY MOCTPOCHHS OIOYHO-
LHUPKYJSTHTHONH MaTpHUILI (YepejoBaTh YETHBIC H HEUETHBIC Beca),
IIPY KOTOPBIX OY/IET CPAaBHUTENILHO BBICOKAsI BEPOSITHOCTD HAX 0K~
JeHus] MH(POPMAIIMOHHBIX COBOKYITHOCTEH, OJHAKO, Ha Pa3HBIX
MMO3UIIMSX ITOMCKA OHA OYIET pa3HOM.

3akiaouenue

B nanHO# craTbe OblIa pacCMOTpEHa 1 OLIEHEHa BEPOSITHOCTD
HaXO0/IeHUsI HHPOPMAIIMOHHBIX COBOKYITHOCTEH ISl KOIOB C Ma-
JIOW TUIOTHOCTBIO MPOBEPOK HA YETHOCTh U KBA3UIMKINYECKHUX
koz0B. IIpuBeeHbl COOTBETCTBHS MEXKTy TOPOXKIAIOIIEN U TIPO-
BEPOYHON MaTpUIaMH JJIS OMCKAa HH(GOPMAIIMOHHBIX COBOKYII-
Hoctell. beutn mpuBeneHs! 3HaUeHUST A, TIPH KOTOPBIX TpaduK Be-
POSITHOCTH HaXOXKIACHUSI HHPOPMAIIMOHHBIX COBOKYITHOCTEH 110-
CTUTaeT CBOMX HAWBBICIIMX 3HAYCHUI IIpyu pas3IMYHbIX ITapaMeT-
pax MaTtpull. by HaliIeHbI 1 000CHOBaHBI 3AKOHOMEPHOCTH, KO-
TOPBIC TPUMEYATCIIbHBI I MaTpull, UMCIOIIUX 6J'IO‘IHyI0 CTPYK-

Typy.

e

T-Comm Tom 17. #7-2023




Paboma evinonnena npu ¢unancosoti noodepicke Muru-
cmepcmea HayKku u svicuie2o obpasosanus Poccutickoti @edepa-
yuu, coenawenue Ne FSRF-2023-0003, «@ynoamenmanvhuie oc-
HO8bl NOCPOECHUA NOMEXO3AUUIEHHBIX CUCTNEM KOCMUYECKOU U
CHYMHUKOBOU C8A3U, OMHOCUMENbHOU HABULAYUL, EXHUYECKO20
3peHUs U AIPOKOCMULECKO20 MOHUMOPUH2AN.
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FINDING INFORMATION SETS WHEN CORRECTING ERROR BURSTS
WITH QUASI-CYCLIC CODES

Maria N. Isaeva, Saint-Petersburg State University of Aerospace Instrumentation, St. Petersburg, Russia, imn@guap.ru

Abstract

This article discusses the question of assessing the probability of finding information sets in block-permutation and block-circulant matri-

ces. Traditionally, interference-resistant coding is considered independent errors, however, in real systems they can be grouped and

generate a so-called error burst. Known estimates of the probability of finding information sets are conducted for random matrices,

and for correcting error bursts widespread block-permutation low density parity check codes (LDPC-codes) or block-circulant quasi-

cyclic codes (QC-codes) can be used. To estimate the probability of finding information sets mathematical modeling was used.
Experiments have been carried out to identify parameters for specific structures that give the greatest probability of finding informa-
tion sets. The article presents the results reflecting certain features in the values of the probability of finding information sets for matri-
ces of different types, given assumptions and hypotheses about the features. Dependence of the presence of an information set from
the size and location of its search interval inside the block permutation matrix was identified. The results of this research may be used
to reduce the complexity of decoding by information sets, which, when considering random matrices, is exponential.

Keywords: noise-resistant coding, decoding by information sets, quasi-cyclic codes, error burst correction, low-density codes, channels with memory.
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Pa6ota coctout B onucainmu BUAOB MOAYNALMMU U X NapaMeTpoOB Ans
BbliGopa ¥ NocTpoeHUsa coBpeMeHHbIX LudpOBbIX ceTel CBA3U C MHO-
YKEeCTBEHHbIM JOCTYNOM aGOHEHTOB K pecypcaM CeTU U BbICOKOCKOPO-
CTHOro Mex<ceteBoro o6MeHa. Llenb — cucteMatusauma cucrteM ceasu
1 obecneyeHne MHOXKeCTBEHHOTO oCTyna abOHEHTOB ceTU K pecyp-
CaM U BbICOKOCKOPOCTHOro o6MeHa gaHHbiMU. MeTtop pelwuenns. Pac-
CMOTpEeHbl TEXHONOTUM U CTaHAaPTbl COBPEMEHHbIX CUCTEM CBA3M B Ya-
CTU CTPYKTYpbl OCTPOEHUA NPUEMO-NepeaaloLLMX YCTPOMCTB OT npe-
o6pasoBaHuA aHANIOrOBOro CUrHana B LudpoBo¥ BUA A0 NOTOKA CUM-
BOJIbHbIX pPeLLUeHMmii ¢ Bbixoaa aAemoaynaTopa. lNMposeaeHa knaccudm-
Kauua TUNOB npoBojHoi/6ecnpoBoAHON CBA3M, CTaHAApPTOB CBA3M,
BUAOB MOAYNALMU Ha aHanoroBoi Hecyuwieit. PaccmoTpeHbl ocobeH-
HOCTU annapaTtHOW peanusauum npuémMo-nepepaalolnX YCTPOWCTB,
CKOpOCTH nepezaym u ycnosus pabotbl kaHanos ceasu. MNMpepcraene-
Hbl KpyNHeMLLUMe NPOU3BOAUTENM NIeMeHTHOM 6asbl U cneumanusmpo-
BaHHbIX 4MnoB uudposol 06paboTkn cUrHanos, Ha KOTOpbIX peanu-
3ytoTca uHTepceichl pusnveckoro yposHsa 60nbLUMHCTBA NpUEMO-TNe-
penaloLMx yCTPOMCTB cucteM cBAsu. B pesynbrate nposepénHoro
aHanusa 6bin onpepeneH Habop MeToA0B MOAYNALMM, KOTOpPbIE B Ha-
cTosiLlee BpeMA NPUMEHAIOTCA B 60NbLUMHCTBE KaHaNoB CBA3M, a TaK-
»Ke OCHOBHbIe napaMeTpbl ux pabotbl.
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BBenenne

B coBpemenHbIx VH)OKOMMYHHKAIIMOHHBIX CUCTEMaX MOJY-
JSIUMST CUTHAJIOB 3aHMMAeT BaXKHEHIlee MECTO MpH peaan3aliu
¢usnueckoro ypoBHs oOMeHa wuHpopMmanumeil. OOmenpuHsTas
Ki1accuduKays BUIOB MOAYJISIMKA UH(OPMAIIMOHHOTO CHI'HAa
Ha aQHAJIOrOBOM HECYIIEH BKJIIOYAET MOIYJILUIO C aHAJIOTOBBIM
MH(QOPMAIMOHHBIM CHUTHAJIOM (aMIUIUTYAHAs MOJIYJSIHS, Ya-
CTOTHAs! MOJTYJISIS, (ha30Bast MOTYJISIINS) U MOJTYJISIIIUIO € (-
POBBIM MH(OPMALMOHHBIM CHTHAJIOM (aMIUIMTY/AHAsI MaHUITYJIS-
WS, YaCTOTHAST MaHUMYJSus, (pa3oBas manumyssimus) [1]. Ox-
HaKo, B HACTOSAIIEE BPeMs B OOJIBIIMHCTBE CUCTEM CBSI3H UCTIOIb-
3yI0TCSl IMEHHO IM(pOBbIe HHYOPMAILIMOHHBIE CUTHAIIBI BMECTE C
r(po-aHATOTOBBIM/aHAIOTOBO-IIU(POBEIM TIPEOOpa30BATEISIMH
(manee — LIATI/AIIID). TToaToMy mMOx aMIUTMTYTHOHM, 9aCTOTHON
win (Ha3oBOM MOIYJISIMEH KaK MPABUIIO IIOHMMACTCSI MAHUITYJIsI-
¥, T.€. CKAauK00Opa3HOe M3MEHEeHUE (PU3UUECKOro rapamerpa.

B nanHoii paboTe paccMOTpEHBI BB MOIYJISLUM TIapaMeT-
POB HECYyIEero rapMOHHYECKOT0 CHUTHaJIa (HeCylleil 4acToThl) ¢
MTOMOIIBI0 U(PPOBOTO HHPOPMAIIMOHHOTO CUTHAIA. AJITOPUTMBI
MOYJISIIMN PeaTn3yIoTcs B IM(POBOM BHUJIE Ha Oa3e MporpaMmHu-
PYEMBIX JIOTHUECKHX MHTErpanbHbIX cxeM (nanee — IIJIMC), cur-
HAJIBHBIX TPOLIECCOPOB WM CHENNATN3NPOBAHHBIX YUIIOB. 3aTeM
npumensiercss kackax LAIl m cxema aHanoroBoil mnepenayu
(pumpTpanms, yCuIIeHHe CUTHAA, TIepefaronas aHTeHHA), KOTO-
pbie GOPMHUPYIOT B COOTBETCTBHHU C XapaKTEPUCTUKAMH CHCTEMBbI
CBSI3H M YCIIOBHMSMH TIepelauil BUJI CUTHAJIA, TIEPEIaBaeMOro B Ka-
HaJl cBsi3u. Ha mpueMHOM KOHIIE BBITIONHSETCSI 00paTHOE Mpeoo-
pa3oBaHue: aHAIOTOBBIN preMHBIH TpakT, AL u nndposas pe-
AM3aHUs CXEMBI IeMOIYIISInu [2].

B cBs131 ¢ pa3BUTHEM 3JIEKTPOHHON 37eMEHTHOH 6a3bl U pac-
TylIel MoTpeOHOCThIO Cephl TEICKOMMYHUKAIMN B 3HAYUTEIb-
HOM yBEJIMYCHUH CKOPOCTH ITepeaadr HHPOPMAIIMH, B TIOCIIETHHIE
JIECSATHIIETUS] HAOJIIOIAeTCsl CTPEMUTENILHOE Pa3BUTHE TEXHOJIO-
THH M METOI0B MOJYJISILIMH CUTHAJIA BMECTE C METO/IaMH IIOMEXO-
YCTOWYHMBOTO KOAMpoBaHus H(popmarn. PazpaboTaHsl 1 peanu-
30BaHbl B CTAHJIApPTaX CBSI3HM CIIOXKHBIC BHJIbI MOJYJISAILNH TaKUCE
KaK: MHOTONO3HUIIMOHHAS (110 4096 CHMBOJIBHBIX MMO3UIIHN) KBa-
paTypHO-aMIUIUTYJHast MOqy sus (nanee — KAM), Momynsius
C OPTOTOHAJBHBIM YaCTOTHBIM pazfeneHueM (mamee — OFDM),
METOJ JOCTyIla C KOJOBBIM pa3/ielICHHEM CHUTHAJOB (Janee —
MIKP, CDMA) 1 comyTCTBYIONINE TEXHOIOTHH MOIYJISIIINH, CO-
YeTalolue pa3Iu4Hble KOMOMHAUMHM BuAOB Monyssnuu. Ilpu
9TOM NpPUMEHsAEMas TEXHOJIOTHSI MOIYJIALUY, KaK MPaBHUIIO, BbI-
OupaeTcs KCXO/Isl U3 0COOCHHOCTEH BUIa/KaHaa CBsI3U U TpeOye-
MBIX XapaKTCPUCTHUK CUCTEMBI CBA3U C y‘IéTOM IIOTCHIIMAJIbHBIX
HOMeXOyCTOI‘/II‘-II/IBI)IX BO3MOYKHOCTEH MOAyJIIUU CUT'HAJIA.

AHanm3 napamMeTpoB MOJIYJISIIIMK COBPEMEHHBIX CHCTEM CBSI3H
C OmpeJieIeHNeM XapaKTepPUCTHK M YCIOBUM paboThl MO3BOJISET
OLICHUTH TPAHMIIBI IPUMEHEHHS U TEH/ICHIINY Pa3BUTHUSI METOOB
MOJTYJISIIUH CUTHAJIOB.

CrpykTrypa cetu cBsa3u. [loctanoBka 3a1a4n

Pacmmpenne chepbl HHOOKOMMYHHKAIUA XapaKTepU3yeTCs
HEOOXOIMMOCTBIO PA3BUTHSI BHICOKOCKOPOCTHBIX U MOOMIBHBIX
CpEJCTB CBSI3U, KOTOpas peain3yercs 3a CUET BBICOKOTO HAy4YHO-
TEXHOJIOTHYECKOTO MOTEHIIMaIa U BO3MOYKHOCTEH COBPEMEHHOMU

3JIEMEHTHOH BBIYUCIUTEILHOMN 633131. CBI/II[eTeHI)CTBOM 9TOMY SB-
JISICTCS TIOSIBIICHHE MHOYKECTBA TEXHOJIOTHUSCKH HOBBIX CTaHIAp-
TOB MPOBOJIHON M OECTIPOBOIHOM CBsi3HM 3a nocieanue 20 Jer.

Crpykrypa riodanbpHOil ceTu cBsi3u BKitouaeT [3] (puc. 1):

— AOOHEHTCKHE YCTPOWCTBA CBSI3M — PEATU3YIOT IOJIHBINA
Ha0op cepBUCOB CBs3M (Tenedonus, noctyn B IHTEpHET, paznnd-
HBIC MYJBTHMEIHA-CCPBUCHI) C COOTBETCTBYIOIIUM Ka4eCTBOM
o0cy)UBaHusI. XapaKTepU3yrOTCsl HAMYHEM HECKOJIbKHUX HH-
Tep(ericoB CBA3M U HAOOPOM CPEICTB ayTCHTU(DHUKAINH, ITHPPO-
BaHMs Uil paboOThl B CETSIX aDOHEHTCKOrO JOCTYMa pasInuHbIX
orepaTopoB cBsi3u. OCYIIECTBISIIOT yI00HYIO JIJIsl TI0JIb30BaTENeH
HHTEPIPETAIHNIO TPUHUMAEMO/Iepe1aBacMoil HH(OPMAIIHH.

— CeTn aDOHEHTCKOTO JIOCTYIIa — OCYILIECTBIISIOT KOHIIEHTpa-
LU0 MH(POPMAIIMOHHBIX IIOTOKOB, OCTYIAIOMINX OT 000pya0Ba-
HUs HOHL3OBaTeHeI>ll, 1A riepeJavuu 10 BbICOKOCKOPOCTHBIM KaHa-
JIaM MaruCTpaibHOM ceTH. BltouaoT (husnueckre KaHalbl nepe-
nmaun naHHbIX (manmee — [1]]) (xamaner "mocnmemnedt mwin") 1o
KOHEUHOro a0oHeHTa ceTH, Oa3oBble cTaHimu (manee — BC),
CHUCTEMbI ayTeHTU(UKALIUK, OWIUIUHTA U TIP.

— MarucTpaiibHble JIMHUU CBS3U — OOBEIUHSIOT OTICIbHbIC
CeTH A0CTymna, 00ecnevYrnBasl TPaH3uT Tpaduka MEeNITy HUMH IO
BBICOKOCKOPOCTHBIM KaHajaM. BKIIIOYaroT KOMMYTAllMOHHbIC
Y3JIbI CBSI3U U BBICOKOCKOPOCTHBIE MarucTpalibHbie KaHaibl [1]1.

— NudopmannoHHbie pecypchl — NpeioCTaBISIOT KOHEYHBIM
[OJIL30BATE/SIM ~ PAINYHYI0 HH(DOPMAIMIO HW/WIA  CPEICTBA
KOMMYHHUKAIUM C APYTUMH ITOJIB30BATCIAMU. MOFyT UMETh KaK
JIOKaJIbHBIHN, TaK U pacrpeaeIeHHbIH XapakTep pa3MeleHus..

Cuctembl CBsI3U, B KOTOPBIX IPeo0IaaloT KaHabl "TOYKa-
TOYKa", MOJKHO Ha3BaTh JIMHUSIMH CBSI3H. A CHCTEMBI CBSI3H, B KO-
TOPBIX PA0OTAIOT MHOXKECTBO Y3JIOB CBSI3H M TpeOyeTcs IepeaaTh
MHPOPMANMIO MO LEMNOYKE y3JIOB, HA3BIBAIOTCS CETSIMH CBS3H.
B OecripoBOTHBIX CETSX CBSI3U, KaK MPABUIIO, PEATH30BaH MHOXKE-
CTBEHHBII a0OHEHTCKHI JOCTYI K pecypcy KaHaia CBS3H.

Puc. 1. CtpykTypa COBpeMEHHOI1 CETH CBSI3H

o pu3nyecknm xapakTeprucTHKaM KaHAJIOB CBSI3H, 30HaM I10-
KPBITHSI U CKOPOCTH TIEPEAAUH CUCTEMBI CBSI3H [4] MOKHO KJlacCH-
(uIIpoBaTh:

— BOJIOKOHHO-OTITHYECKHE JTHHUH cBsi3U (nanee — BOJIC). Ma-
TUCTpAJIbHBIE CeTH 1 aOOHEHTCKHUH 1ocTyIL. [103BOMAIOT HageKHO
nepenaBaTh HAaMOONIbIIME 00BeMbI HHpOPMAIHH (aecaTKH TOuT/C)
Ha PACCTOSHUS 10 HECKOJBKUX THICSY KHIIOMETPOB.

e
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— Menansie muHUK CBs3U. JIOKaJbHBIE KOMITBIOTEPHBIE CETH
(UTP-xabenn), Tenedonnsie TUHAHA CBs3H. COCTAaBISIOT 3HAYH-
TENBHYIO YaCTh CETMEHTA peaTu3alliy "MmoCcIeTHeH MIIH"' B CETSIX
abOHEHTCKOTro pocTymna. Vcrmomb3yoTest U1 epexoia OT Maru-
ctpanbHbIXx BOJIC x KOMMyTaIlimoHHOMY OOOpYZOBaHHIO CeTel
aOOHEHTCKOTO JOCTYTIA.

— Panmopeneiinbie nuHuK cBsizu. HasemHble OecripoBOaHbIC
CHCTEMBI B ONPEJICJICHHBIX YCIOBUSX YCHEIIHO KOHKYPHPYIOT C
BOJIOKOHHO-ONITHYECKUMH U CITyTHHKOBBIMH CETSIMH, OCOOCHHO
JUISL CBSI3M Ha CPaBHUTEBHO Hebombime pacctossHus (1 — 100 xm).
CoBpeMeHHbIE paIopeIICiiHbIE CHCTEMBI CBSI3H PadOTAIOT Ha CKO-
POCTH COTHU METaOHT B CEKYHJLY.

— CIyTHHKOBBIE CETH CBS3H. XapaKTEPH3YIOTCS BO3MOXKHO-
CTBIO TIEPeAayl OTHOCHUTENHHO HeOONMbIINX 00BEMOB MH(pOpMa-
un (co ckopocthio 0.1 — 300 M6wut/c) Ha o4eHb OoNbIINE pac-
CTOSIHMSI, IEPEKPBIBAS 3HAUNTEIBbHBIC TIOIMAAN 3EMHOI MOBEPX-
HOCTH (BIUIOTH 10 IOCTPOCHHUS TII00ATBHBIX CHCTEM).

— Cetn MOOWIJIBHON Ha3eMHOW CBs3M. BKIIOYAIOT COTOBBIE
cetu cBsi3u (GSM, UMTS, LTE), MOOWIIBHBII HIMPOKOIIOIOCHBIN
moctyn (WiFi), a Takxke cucremsl KB u YKB cBsizu. SBnsercs
Han0oJee MOMyJIAPHBIM M BOCTPEOOBAaHHBIM THIIOM CBsI3H. BKiio-
YaeT OueHb OOJIBIION HAOOP CTAHIAPTOB CBSI3M PA3IMYHBIX MTOKO-
JICHUW U MOIU(DUKAITUIA.

— Ceru OecnipoBoHOM mepcoHanbHOM cBsi3u (Wireless Per-
sonal Area Network — PAN). OGecrieunBaroT KOMMYHHKAIIHIO
YCTPOMCTB HEMOCPE/ICTBEHHO BOKDPYI YEJIOBEKAa M B IpEAeiax
nmoma/oduca. Cranmaptsl Bluetooth, Zigbee, IrDA. CkopocTs mie-
pemaun — ot MuHEManbHOHN 100 Kout/c mo makcumanpro# 1000
Mo6wut/c (OBICTpbIC KOMMYHHUKAIIHN).

JlaHHBIE TUHUM U CETH CBSI3U SIBISIOTCS (DU3NUECKU W/WMIH
KOHCTPYKTUBHO CIELHAIN3UPOBAHHBIMH CHUCTEMaMH, II0 OT-
JENBHOCTH OHU 3((EKTUBHO MPUMEHUMbI B OTPAHUYIEHHBIX 30-
HaX TOKPBITHS ¢ (PUKCHPOBAaHHBIMH KjaccaMu a0OHEHTOB (IO
CKOPOCTH, 10 00beMy mepenaun). [IpoOsemHast cutyamus co-
CTOUT B YaCTUYHOM COBMECTHUMOCTHU XapaKTEPUCTUK OTACIbHBIX
JUHANH ¥ CHUCTEM CBSI3U NPU MX OOBEAMHEHHH B TJIOOAIBHYIO
CeTh.

Beimonnenue kommiekca TpeOGOBaHHN K COBPEMEHHBIM (TIep-
CIIEKTUBHBIM) CETAM HU(PPOBOI CBS3H - paclInpeHNe TEPPUTOPHN
TIOKPBITHS, YBEINYEHHE CKOPOCTH TIepejaull, paclIipeHue Kiiac-
coB aDOHEHTOB CETH, TMOBHIIICHNE HANAEKHOCTH CBSA3U — CBSI3bIBA-
eTcsl MCCIE0BaHNEM BO3MOKHOCTH COTJIACOBAHMS IapaMeTpoOB
OTZAETBHBIX CHCTEM CBSI3H I MX OOBEIUHEHNS B €ANHYIO CETb.
LleneBoe MecTO HcciIenOBaHUSI BOZMOKHOCTH COTJIACOBAHUS I1a-
paMeTpoB OTJENBHBIX CHCTEM CBSI3U 3aHUMAET M3yUCHHE Kaue-
CTBEHHBIX U KOJIMYECTBEHHBIX MapaMeTPOB MOAYJISIINH, 0Oecre-
YHMBAIOIIMX BBIOOP (110100p) HY)KHBIX COTJIACYIOIIUXCS XapaKTe-
PHCTHK.

Metoabl MOAYIAIUH HX 0a30BbIe MAPAMeETPhI

B GecripoBOAHBIX CeTsIX CBSI3W IPH MCHOJIB30BAaHUU OOILIETO
4aCTOTHO-BPEMEHHOTO pecypca KaHajla CBSI3H, KaK MpaBHIIO, Op-
raam3anus kananoB mpsMoro (oT bC k AT) u oopatHoro (ot AT
k BC) HanpaBieHus CBA3M peann3yercst pa3IndHbIMA METO/IAMH,
4acTo, Jake Ha ypoBHE Moayisiuuu curHana [5]. Ilpuumboii
3TOMY SIBIISIFOTCS] KAK PA3IMYHBIE XapaKTEPUCTHKU MPSIMOTO U 00-
PaTHOTO KaHAJIOB CBSI3H (B TOM YHCIIE, C yIETOM MHOKECTBEHHOTO
JIOCTyIa a0DOHEHTOB), TaK U pa3JIMuHbIEC alapaTHbIC MapaMeTpPbI
IIpUeMo-TiepeJaTINKOB aDOHEHTa U 6a30BOM CTaHIIUU.

—
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PaboTy GonbIIMHCTBA CUCTEM CBSI3M Ha (PH3MUECKOM YpPOBHE
MOJKHO CBECTH K OIPEICICHHOMY Ha00Opy BHIOB MOAYJISILIUH [6],
YUUTBIBAOIIMX METO/IbIl MHOKECTBCHHOTO 10CTYTa (MYJIbTHILICK-
CUpOBaHMsI) a0OHEHTOB!

— YrioBass MOJyJsILUsl — YacToTHas, (ha3oBasi WM KBaJpa-
TYypHO-aMIUIMTYyJHAsE MOJYJISIIUSL Ha OJHOM Hecyleld vacrore.
Bxirowaer @M, UM, KAM, ®M-4-co-caurom, ®DM-4-n/4, CPM,
GMSK wu apyrue. [IpumMeHnsiercs 4aCTOTHOE, BpEMEHHOE MJIU Ya-
CTOTHO-BPEMEHHOE MYJIbTHIUIEKCHPOBAaHUE a0OHEHTOB.

— Monynsamus ¥ MyJIbTHITICKCHPOBAHUE C OPTOTOHAIBHBIM
YaCcTOTHBIM pa3zeiicHrneM B Buae moaudukaruii — OFDMA, CP-
OFDM, SC-FDMA, N-OFDM. MHOXEeCTBO OPTOTOHAJIHHBIX
MTOJTHECYIINX, Ha KOTOPBIX HCIONB3YIOTCS (ha3oBast W KBajapa-
TypHO-aMIUTUTYAHAS MOXYJISAIHS C PAa3IHYHBIM KOJIHYECTBOM
CHMBOJIBHBIX MO3UITHH (0T 2 710 256).

— Mopynsiiust ¥ MyJIbTUIUIEKCHPOBAHKE C KOJIOBBIM pasJielie-
nueM — CDMA, WCDMA. KonoBoe pazfienenue mocTpoeHo Ha
0a3e (ha30BON MOAYJISALUY C IPUMCHEHUEM KBa3HOPTOTOHATIBHBIX
KOJIOBBIX I10CJIEJIOBATEIbHOCTEH, PACHIMPSIONINX CIIEKTP CHI-
HaJa.

PaccmoTrpuM monpoOHee Kakue BHIBI MOMYJISIIUN TPUMCHS-
FOTCS B CETSIX CBSI3U PA3IMYHOTO THIIA.

Bo0I0KOHHO-ONITHYECKHE CHCTEMBI CBSI3M HA PHIHKE KOMMYHH-
Kalnil TpeACTaBICHB B OCHOBHOM KOMMEPYECKIMH 3allaTeHTO-
BaHHBIMHU CTaHIapTamMu Takux npowmspoamteneit kak NEC, NTT,
Huawei, Nokia u np. B coBpemennsix cucremax BOJIC nipu dop-
MHUPOBaHHH, NEPEIaBACMOr0 B KaHaJl CBSI3H, ONTHYECKOTO CHI-
HaJla UCIOJIb3YIOTCs (ha30Basi MOAYJISIKS ¢ HEOOJBIIMM KOJIHYe-
CTBOM CHMBOJIBHBIX TIO3HIIHA [7].

Bo3mokHOCTB Iepesayn CBeTa B IByX OPTOTOHAIBHBIX TTOJISI-
pH3anusIX MO3BOJISIET UCIIOJIB30BATh IBOWHYIO (ha30BYIO MOJIYJIsI-
o kak DP-QPSK — nByxnonsipusanuonnasi kBajaparypsas ¢a-
30Basi MaHUTyJsius. OIHAKO, TIPU 3TOM HA MPHEMHOM KOHIIC B
cXeMe JIeMOJyJISIIMU HEe0OXOIUMO TPHMEHATH crieluduieckue
NTOPUTMBI TIOJIIPU3AIMOHHOTO pasjelicHus. VIckakeHus pas-
JUYHOTO THMNA (XpOMaTHYecKas IUCIICPCHs, TOISIPU3AIMOHHBIC
HCKa)KCHUS), TIPUCYTCTBYIONINE B ONTHYCCKOW JMHUU CBS3H, HE
MO3BOJIOT 3(P(PEeKTUBHO TNPUMEHATh KBaApaTyPHO-aMIUTUTY-
HYI0 MOJIYJSIMIO C YHCJIOM CHMBOJBHBIX HO3HMIUil Goiee 16.
O6opynoBanne BOJIC mpencraBieHO KOMMYTaTOpaMH Maru-
CTPAJBbHBIX CETEH, a TAKKe PA3TMIHBIMA A0OHEHTCKUMH yCTPOii-
CTBaMHU — CETEBBIMH IUIATaMH, MeIUaKOHBepTOpamu U mp. JlaH-
HbIE OCOOCHHOCTH OIPEJEIISIOT HE0OXOJMMOCTh CO3aHHsI KOH-
BeHepU3UPOBAHHBIX CXeM 00pabOTKM ONTHYECKOrO CUTHAJIA C UC-
TI0JIb30BaHNEM CIICHATM3UPOBAHHOTO BEIYMCIUTEILHOTO 000py-
JIOBaHMSI.

[TpoBoxHBIE JIOKATBHBIE KOMITBIOTEPHBIE ceTH (nanee — LAN)
COCTaBJIIIOT OOJIBIION CerMeHT ceTel "mocnemHed Muiau', mo-
ATOMY TaK)Xe PaCCMOTPEHBI B CTaThe. B COBpEMEHHBIX CTaHAAp-
Tax MCIIONI3YETCS MHOTOTIO3UIIMOHHAS aMIUTATY THO-MMITYJIECHAs
Moyt (o 16-PAM), koTopasi, CTpOro TOBOPSI, SIBIISIETCS MO-
IyJSAIel Ha TUpPOBON HeCcyIeH.

BecbMa BeposTHO, CIEIYIONINM [IArOM IS YBEIINYEHHUS CKO-
pocTH Tepenadd B JIOKAJIBHBIX CETAX MOXKET CTaTh MEpexo]] Ha
MHOTOIIO3UIIMOHHEIE (ha30BbIe BUABI Moay . ObopynoBanue
MIPOBO/IHBIX JIOKAJIBHBIX CETEH BKIIIOYAET KOMMYTaTOpbI/MapIpy-
THU3ATOPBI ¥ IUPOKHUH HAOOp aOOHEHTCKHUX YCTPONCTB, UMEIOIIHX
MIPOBOIHOM CETEBOM MHTEPQEIC CBA3M.

TeneoHHBIC JIMHUK CBS3M KaK CETMEHT IEepelavd JTaHHBIX
s "'mocneAaHe MuiHM'"! B HACTOsIIEe BpeMsl HE Pa3BUBAETCS,
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BBU/Iy (PM3WYECKOTO OTPaAaHWYEHHs CKOPOCTH IMEperadu 1Mo Me-
Ho¥ yuHKH. OJHAKO, HEKOTOPOE KOTMIECTBO KaHAIOB CBS3H (pe-
4YeBBIX U HHU3KOCKopocTHOHU [1/]) 1 KoMMyTarmmoHHOTO 060pyI0-
BaHMs 00ECTIeUNBAIOT CETH CBA3M B HACTOsIIEe BpeMs. B ocHOB-
HOM, 3TO HaOJIIOIAeTCsl B pErMOHAX CO CJ1ad0 pa3BUBAIOILEHCS NH-
¢bpactpykTypoii cBsi3u. Cranmaptel cemeiictBa XxDSL wncmosb-
3y10T MHoronosuimonaeie @M, KAM u OFDM Buasr Moyssi-
n. O0opyoBaHUE MPECTABICHO aBTOMAaTHYECKUMHE TeJIeOH-
HBIMHM CTaHIMSIMH OIEPAaTOPOB CBSI3U U AOOHEHTCKHMH MOJIe-
MaMH.

Papnopenelinble TMHAU CBS3M MOJPa3yMEBAIOT CXEMY CBS3H
THUIIa TOYKa-TOUYKa. B OCHOBHOM, 0OecreunBaloT MarucTpaitbHbIe
KaHaJIbl CBA3M HA CPaBHUTEIHHO HEOONBIINE PACCTOSHMS, KOTAA
npokianka kabemss BOJIC skoHOMUYecKH HE BHITOHA. Y CIOBHUS
MIPUMEHEHHS PaIOPENICHHBIX CUCTEM IO3BOJISIOT HCIIOIb30BaTh
AQHTEHHbIE CHCTEMbI XOpollel HampaBieHHOCTH. CTaHIapThI pa-
JIMOpENIeHHOM CBS3M pabOTAIT MPH XOPOIIUX COOTHOIICHHSX
CUTHAI/IIYM ¥ MHUHHMMyME KaHaJbHBIX HCKaxkeHHH. [loaTomy
npuMeHstoTes: B Moaysinu KAM ¢ OonbIIuM KOJHMYECTBOM
CHUMBOJIBHBIX 1TO3uIUH (110 4096) [8].

K cermenty panuopeneiHbIX CUCTEM TaK)Ke MOMKHO OTHECTH U
TpornocepHbIe CHCTEMbI CBSI3M, KOTOPBIE HMCHOJIB3YIOT IPHH-
LIUITBI paccerBaHusl TporocdepHoro ciost armocdepsl. OaHaAKO,
NIPUMEHEHHE JaHHOTO THIA CBS3U OTPAaHMYCHO BBUIY HATMUHS
HCKaKeHUH B KaHanax cBs3M W HU3KKUX OCII, yTO 3HAYUTENBHO
OTpaHMYMBACT CKOPOCTH nepenaun. OOopynoBaHuEe pagropesieii-
HBIX JIMHUM CBSI3M IIPEACTABISIOT MOJEMBI PA3IMYHOrO Kilacca
MIPUMEHCHUSI.

CITyTHUKOBBIE KaHAJIBI CBSI3M XapaKTEPU3YIOTCA MAJIBIMU OT-
HOUIEHUSIMU CUT'HAJI/IITyM. BBHTy OrpaHN4eHHOT0 YaCTOTHOTO pe-
cypca B CIyTHHKOBBIX CETSX HCHOJIb3yeTcst (husnueckoe (Ipo-
CTPaHCTBEHHOE, TIOJIIPU3AL[IOHHOE) Pa3HECEHHE U YaCTOTHO-BpE-
MEHHOE MYJIBTUILIEKCHPOBaHUE KaHANOB CBs3H. COBpEeMEHHBIE
CIyTHUKOBBIE cUCTeMBbl Ucnoib3ytoT ®M/KAM wmopynsimio ¢
KOJINYECTBOM CHUMBOJIBHBIX MO3UIHNH 0 64 1 INPUHON KaHaja OT
0.1 1o 100 MI'u. Cy1iecTBYIOT CIIyTHUKOBBIE CUCTEMBI CBSI3H, UC-
nose3ytomue Moayssinnio CDMA. Onnako, mpoOieMsl ¢ ycuie-
HUEM CHTHajla Ha CIIyTHHKaX-pPEeTPaHCIATOpPax HE IO3BOJIMIN
CDMA ctate 0ojee NMPUMEHUMOH B CIYyTHHKOBOM CETMEHTE
CBSI3H.

B cermeHTe CITyTHMKOBOH CBSI3M MOXHO BBIJCIHThH: Maru-
CTpaJbHbIC TUHUN CBS3H, CETH CITyTHUKOBOH cBsA3u VSAT (mm-
Helika ctangapToB DVB) u cetn mepcoHanmbHOI CITyTHHKOBOM
cBs3U. JloCTaTOYHO COBPEMEHHOM B CErMEHTE CIIyTHUKOBOM
CBs3U ABJISACTCA TCXHOJIOTUA I[yHJ'[eKCHOﬁ nepeaayun Ha OI[HOﬁ HC-
cymieit (carrier in carrier — CIC). JlaHHast TEXHOJIOTHS TO3BOJISICT
B [IBA Pa3a YMEHBIIUTh YaCTOTHBIM PECYPC CUCTEMBI IIPU HEKOTO-
pbix norepsix (10 3 nb) B momexoycroitunBoctu. OGopypoBaHue
CIYTHUKOBBIX CETeH BKJIIOYAET KOOPAMHMpYIOIIME W 0Oa3oBbIe
CTaHIMH, CITyTHUKH-PETPAHCISATOPBI U MOAEMBI (PUKCHPOBAHHOW
WJIN TIOJIBM>KHOM CBSI3H.

CoTOBBIE CETH CBSI3M MPECTABISIOT Hanboiee BOCTpeOOBaH-
HBIA CETMEHT TepCOHANBHON cBs3u. COTOBas CBA3b Oaszupyercs
Ha JIMHEHKE IOCIEAO0BATENbHO pPAa3BHBAIOIINXCS CTAaHAAPTOB
3GPP: 2G (GSM, GPRS), 3G (UMTS, WCDMA), 4G (LTE) n
5G. B Hacrosimee BpeMs B IOCJIEIHUX IOKOJICHUSX COTOBOM
CBSI3U HCNONb3yeTcst Moanbukanuu Moayssiint OFDM ¢ mupo-
KM HabOpOM M3MEHsIeMBbIX mapamerpoB moaysituu [9]. OFDM
AMEET XOPOIIHE XaAPAaKTEPUCTUKH IOMEXOYCTOMUMBOCTH IIPU

CHJIBHBIX NEPEOTPAKEHHUAX CUTHAJIA, YTO XapaKTEPHO JUI Paano-
CBSA3U B YCJIIOBUAX TOPOACKOM 3acTpoiiku. bosee Toro, coBpemMen-
HBIE€ TEXHOJIOTHH MTPOCTPAHCTBEHHO-BPEMEHHOTO KOJUPOBAHUS U
MIMO no3BOJSIOT UCTIONIB30BATh MHOTOTYYEBOCTh KaHaIa CBA3H
JUISL YBEIMYEHHsI TPOIYCKHOM CIIOCOOHOCTH B HECKOJBKO pa3.
AJanTUBHBIE aHTEHHBIE CUCTEMBI U aJTOPUTMBI IPOCTPAHCTBEH-
HOM CeNIeKIH MO3BOMISIOT YCTAaHABIMBATh UHVBHyaIbHbIE Ma-
paMeTphI MOTYJISIUY JUT a0OHEHTa B JIOKaJIbHOU 30He. O00pyo-
BaHHME COTOBBIX CeTeil BKIIOYAaeT 0a30Bble CTAHIMHM M aOOHEHT-
CKHE yCTPOWCTBA — MOOWIbHBIE TeNe()OHBI, MOAEMBI.

CeTH MIHPOKOIIOIIOCHOTO TOCTYIA WIIN OECIpOBOJHBIEC JIO-
KaJIbHBIE CETH 00ECIEUNBAIOT BBICOKOCKOPOCTHYIO TIepejady AaH-
HBIX B cermMenTe "mocneanent muwin'". Hanbosee BocTpeOOBaHHBIC
ceTu mpejcraBieHbl auHeikoi crangaproB WiFi IEEE 802.11
[10]. TIpakTuyecku cpasy B JaHHBIX CTaHIApTax CTajga MpHMe-
HaTbess monyssinmst OFDM. B crannmaprax WiFi nocinenunx mo-
JuduKaMi TPUMEHSIOTCS TEXHOJIOTUHM TPOCTPAHCTBEHHO-Bpe-
MEHHOTO KOJMPOBAHUS TAaKHE )K€ KaK B COTOBBIX CETAX CBA3M.
OO6opynoBaHne OECIPOBOJHBIX JIOKAJIBHBIX CETeH BKIOYAeT
TOYKH JAOCTYTIA U IIUPOKUH HAOOp aOOHEHTCKHUX yCTPOWCTB, NMe-
IOIIMX OecpOBOIHOM ceTeBO MHTEp(EHc CBS3H.

Cucremsl u cetu YKB (OBY/YBY) cBsi3n mpegoCTaBISIOT
aboHEHTaM HHM3KOCKOPOCTHBIE CEPBHCHI CBSI3M Ha 0aze MOOMIb-
HBIX YCTpOWCTB (pamnoctaHmuii). OCOOCHHOCTHIO TAHHOTO THUIIA
CBSI3H SIBIISICTCS] BO3MOKHOCTB OBICTPOTO pa3BEPTHIBAHUS CETH 0€3
ydJacTusi oneparopa cBsi3u. [laHHBIC CHCTEMBI HCIIOIB3YIOTCA Ha
PACCTOSIHUY 0 JIECATH KM B ClTydae, KOT1a HeIleJIeco00pasHO Wi
HEBO3MO>XHO HCIIOJb30BaHUE COTOBOM cCBsA3H. Hampumep, s
CBSI3HM OKCTpeHHBIX cIyxk0. Cuctembl YKB cBsi3u npeacTaBieHbl
00JIbIINM HAOOPOM CTaHIAPTOB, B TOM YHCJIE, HE MYOIUKYEMbIX
komMMepuecknx. O0opyaoBaHueM sBJIsIeTCst OONbIION Habop pa-
JMOCTAHIIMI Pa3IMYHOr0 Ha3HAYEHUsI, MOJIEMbI M 0a30BbIE CTaH-
mun YKB cBsizn.

Cuctemsl KB (BY) cBs3u sIBISIOTCS HU3KOCKOPOCTHBIMHU, HO
TTO3BOJISIIOT OPTaHU30BaTh CBSA3b Ha Oouiblnue paccTostHus. Ecim
HE YUHUTBHIBATh CUCTEMBI PaJINOBEINAHNS, B HACTOSIIEE BPEMS CH-
cremsl KB pannocBssizu paccMaTpuBatOTCs TOIBKO € TOUKH 3PSHUS
CBSI3M SKCTPEHHBIX CUTYAIMH U B CTICIIMAIBHBIX IIEIISIX, KOTAa He-
BO3MO>KHO HCIIOJIb30BAHUE APYTUX BUAOB cBsi3u. KB cBsI3b xapak-
TEPU3YETCs OUYEHb OIPAHUYEHHOH IOJIOCOM Iepenayu U Haju-
YyreM OOJIBIIOro KOJMYECTBA UCKAXKEHUI B KaHaue cBsizu. O0opy-
JIOBaHUE TIPEJCTABICHO MPUEMO-TIEPEIAIOIUMHU YCTPOHCTBAMHU
Pa3IMYHOrO Kjlacca U Ha3HAYCHUS.

Cern 0ecnipOBOJTHOM MEPCOHAIILHOM CBSI3U ONKCHIBACTCS JIH-
Helikoi crangaptoB IEEE 802.15 [11]. Jluneiika paznenena Ha
HECKOJIBKO IPYIII LiesieBoro npuMenenus: Bluetooth ycrpoiictsa,
BbIcOKOCKopocTHBIe WPAN, HuskockopoctHele WPAN, cetu
Mesh, mMonmTOpHHT TOKa3ateneil Tena denoBeka (Body Area
Network — BAN), cBsI3b ¢ MOMOIIBIO BUANMOTO CBeTa. B cTaThe
JJaHHBIC TPYIIBI 00BEMHEHBI B JIBA HANPaBJICHUS — "HU3KOCKO-
poctabie" U "BeIcOKOCKOpOcTHRIE" PAN. CeTn mepcoHaIbHON
CBSI3M MCIOJIB3YIOT Pa3peuIéHHbIE Ul OOILIETO HCIIOIb30BAHMS
JUana3oHbl 4acToT (Hanpumep, 2.4 I'T').

[ToaTOMy 0/1HO#T N3 OCHOBHBIX MPOOJIEM (PU3NIECKOr0 YPOBHS
ABIISCTCS KOJUIM3HA pasesieHus] 00IIero 4aCTOTHO-BPEMEHHOTO
pecypca MHOXKECTBOM DPaJUONEPEAONMX YCTPOUCTB pa3HBIX
CTaHJapTOB. PeleHne KOMIN3UH OCYIIECTBIAETCS IPUMEHECHUEM
TEXHOJIOTUH TICEBAOCIYYalHOI NepecTpoikn paboyeil 4acTOTHI
(manee — IIITPY) (frequency-hopping spread spectrum — FHSS)
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[12], koTopast B HEKOTOPBIX CTaHAApTaX peaTnu3yercs Ha 6aze Mo-
nynsn OFDM.

"HuszkockopocTHBIE" TIepCOHANbHBIE CeTH. JlaHHBI CerMeHT
MPEACTABISIET OTHOCUTEIBHO HU3KOCKOPOCTHYIO CBSA3b C SHEpTe-
THUYECKH OTPaHMYEHHBIMH IIEPCOHAIBLHBIMH ycTpoiicTBaMu. O00-
pylloBaHUE BKIIIOYAET yCTpoiicTBa "ymMHOro pgoma', MyJIbThI
ynpaBJICHUSA, HAYIIHUKH, JaTYUKU nokaszaTejeu 3J0pOBbA U IIP.
JlaHHBII CerMEeHT CBSI3U TAKXKE PEAIN3yeT TOPrOBO-TIPOMBIIILICH-
HBIC JIOTHCTHYECKUE CEPBUCHI CBS3M — HAIPUMEp, METKH CKIIal-
CKOT0 yueTa.

"BpicOKOCKOpOCTHBIE" MTEPCOHAIbHBIE CETH. JJMHAMUYHO pa3-
BUBAIOIIHICS CETMEHT CHUCTEM NepcoHaIbHON cBs3u. [lo3Bomser
OpTaHU30BaTh OBICTPbIE KOMMYHHUKAIMHN (B HACTOSIEE BPEMS 10
1 I'éut/c) mexnay "yMHBIMH" yCTpOICTBaMHU B Ipeaenax OJHOTO
MIOMEIICHUSL.

O6opynoBaHKEe BKIIOYACT MIUPOKUI HAOOP yCTPOKMCTB C Oec-
MPOBOJIHBIM MHTEP(EHCOM MEPCOHAIBHON CBS3M; B TOM YHCIIE
CrielUaI3upoBaHHble nepudepuitHbie yCTpOHCTBa, pacIupsiio-
mye QyHKIMoHan cMapTQOHOB.

SNIEKTPOHUKA. PAONOTEXHMKA

Pe3yabTaTsl U 00cyK1€HUE

OcCHOBHBIC TIApaMETPBl MOIYJISAIHNHA COBPEMEHHBIX CHCTEM
CBSI3M MIPECTABICHHI B Ta0umIe 1. MakcumanpHas 1mooca moka-
3aHa JuId paboThI KaHaJIa CBA3M Ha OJHOM Hecymieil yacTote, 0e3
y4eTa BO3MOXHOCTEN YaCTOTHOM arperaluy KaHaJloB CBSI3H.

Jluama3oH CKOpPOCTeH TpEACTaBI€H s OXHOro abo-
HEHTA/yCTPONCTBA M OKPYTJICH JIO OJMMDKANIINX 3HAUCHHMA J1eCs-
TUYHOTO IOPsJIKA.

B Ta6.m/111e 2 MpeACTaBJICHBI OCHOBHBIC IMMPOU3BOJUTECIIN CIIC-
[UATBHBIX MUKPOIIPOIIECCOPOB, TIOKAa3aHA UX POJIb B PCaTU3alliH
uHTEepPEiicoB PU3MUECKOTO YPOBHSI, HA KOTOPBIX MTOCTPOCHO 000-
PYyIOBaHHE COBPEMCHHBIX CHCTEM CBs3H. lIpefcTaBiICHBI KPyII-
HEHIIMe MPOU3BOANTENN IIEMEHTHOW 0a3bl U CIICIIHATN3UPOBAH-
HBIX MHKPOIIPOIIECCOPOB B cdepe MUPpoBOii 00padOTKH CHTHA-
JIOB.

Taroke BO3MOXKHO TTprMeHeHue dmeMenTHoi 6a3b1 IIJIUC ms
CO3/IaHUs TTapaJUICIbHBIX TTOTOKOBBIX BBIYHCIHTENEH IPOIIECCOB
ungpoBoii 00paboTku curHaios [13].

Tabmuua 1
XapaKkTepuCTUKU CHCTEM CBS3H (X — MU(POBOH KO crieTiM(UKAIIIH )
Tun cBsizu TexHos10rus1 Crangapr Mopyasiuust Hecymue IMosoca CkopocThb
CBSI3H YacTOThI (make.) MI'y Mbour/c
BOJIC xGBASE 10GBASE-Lx, 10GBASE-Ex, 10GBASE-Zx PSK 180-380 TI'y | 100000 1000-100000
CTDM ITU G.694.2 DP-QPSK (780-1620 rm)
DWDM ITU G.694.1 16QAM
IIpoBonHas/meHas Ethernet IEEE 802.3xx PAM 2-16 - 500 100-10000
LAN 1G Ethernet IEEE 802.3ab
10G Ethernet xGBASE-T (IEEE 802.3an, 802.3bz u np.)
TenedonHble TMHUN xDSL ITU G991 x, ITU G992 x, ITU G993 .x PSK, QAM 0.002-20 MI'r | 30 0.01-100
ISDN ITU-T Q.921 OFDM-
QAM
Panunopeneiinas cBsizb ITU Fix. service | ITU-R F.xxx PSK, QAM 0.3-80 I'T' 1000 100-10000
ETSI DRRS ETSI EN 301 xxx
CryTHUKOBas CBSI3b VSAT DVB-S2, DVB-S2X, DVB-RCS PSK, QAM 0.4-50 I'T'y 100 0.01-100
Personal Sat. GMR-1, GMR-2, IAI-2 CDMA
Corossie 2G, 3G GSM ETSI GSM xx.xx GMSK 0.8-2.2 T 5 0.01-10
CDMA2000 c¢dma2000 1x EV-DO, 3GPP2 S.x CDMA
UMTS 3GPP TS xx.xx (Rel 99, Rel 4-7), ETSI TS xxx | WCDMA
Corossle 4G, 5G LTE 3GPP TS xx.xx (Rel 8-12), ETSI TS xxx OFDMA 0.45-6, 100 10-10000
WiMAX IEEE 802.16x SC-FDMA 24-56 I'T'y 400
5G, 5G NR 3GPP TS xx.xx (Rel 13-18), ETSI TS xxx N-OFDM
becnposonnas WLAN Wi-Fi IEEE 802.11x DSSS 2.4-25, 160 1-1000
OFDM 5.1-59 1T
OBY/YBUY cBsi3b DMR ETSITS 102 361 FSK 50-1000 MI'y | 0.05 0.01-0.1
APCO 25 APCO 25 PSK
TETRA TETRA V+D, TETRA 2 QAM
NXDN NXDN CAI
BY cBsi3b ALE MIL-STD-188-141A, MIL-STD-188-141B FSK 1-30 MI' 0.05 0.01-0.1
STANAG STANAG 5066 PSK QAM
PACTOR PACTOR-3, PACTOR-4 OFDM
Huskockopoctaast PAN | Bluetooth Bluetooth 1.0-1.2/2.0-2.1/3.0/4.0-4.2/5.0-5.3 FSK 24-251Tn 20 0.001-100
ZigBee IEEE 802.15.4 PSK 0.8-1 T
Z-Wave ITU-T G.9959 OFDM
BricokockopocTHas Wireless USB IEEE 802.15.3 UWB 3-10 T 500 10-1000
PAN OFDM
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Tabmuma 2
[Tpou3BOAUTEIIH MUKPOIIPOLIECCOPOB JIst 000PY/IOBAHHUS CHCTEM CBSI3H
IIpoussoauTen IIpou3BoaMMbIe MUKPOIIPOLIECCOPOB HnTepdeiicbl cBA3N IIpousBoanmMoe 000pyI0OBaHHe
Texas Instruments CHUrHanbHBIE POLECCOPHI 2G/3G/4G/5G OOmmpHas sneMeHTHas 6aza
Unnsl IpOBOJHEIX U OECIPOBOHEIX HHTEP(EHCOB Wi-Fi pa3IM4HBIX KOMIIOHEHTOB CETEH
ALT/IATT Bluetooth CBSI3U
I'enepaTopsl 4acTOTHI ZigBee
KonBepTepsl uacToThl Cobcrennslii 2.4 I'Ty
Ycunurenu MynbTucranaapt
DUIBTPHI Ethernet
Tpancusepsr BOJIC
Analog Devices CurHasbHBIC TTPOIIECCOPEI 2G/3G/4G/5G OOmmpHas 31eMeHTHas 6asa
Unrsl IpOBOJHEIX 1 OECIIPOBOHEIX HHTEP(EHCOB Wi-Fi pa3IN4HBIX KOMIIOHEHTOB CETeH
ALTI/IATT Bluetooth CBSI3U
I'enepaTopsl 4acTOTHI ZigBee
KouBepTeps! 4acToThI MynbTHCTaHAAPT
Yeunurenu Ethernet
OuIbTPHI BOJIC
Tpancuepbl
Qualcomm IIpoueccopst ARM 4G/5G MHoropyHKIHOHATEHBIE KOMIIO-
Yunsl 6ecripoBoaHbIX HHTEpdEiicoB Wi-Fi HEHTHI MOOMIIBHBIX TEPMHHAJIOB,
BbecnipoBosnbie naTepdeiicsl Ha 6a3e CDMA monynsiunu | Bluetooth CMapTQOHOB,
ZigBee MO/IEMOB
MynsTHCTaHAAPT
Ethernet
Broadcom UHITBI CETEBBIX YCTPOMCTB 4G/5G Kommiekryromue ceTeBbIX
Yumnsr 6ecipoBoaHbIX HHTEpdEiicoB Wi-Fi YCTPOMCTB, UUIICETHI CETEBBIX
Yumnst uarepdeticos BOJIC Bluetooth uHTepdeiicoB
VYeunurenu PAN
DOUIbTPHI BOJIC
Intel I[Tpoueccopsl Wi-Fi Kommnekryroue 9BM, cereBoe
Yuriel TpOBOHBIX U OECIIPOBOHBIX HHTEPEHCOB Bluetooth 00opyaOBaHKE, YAIICETHI
Ethernet CETEBBIX HHTEP(EHcoB
MediaTek Yumnsr 6ecipoBoaHbIX HHTEpdEiicoB 3G/4G/5G KoMIIOHEHTBI CeTeBBIX YCTPONCTB
MHOTroQyHKINOHATEHBIC THIIBI Wi-Fi
Bluetooth
MynbTHCTaHAAPT
Marvell Yursl IpoBOAHBIX HHTEpdeiicoB Ethernet CerteBble ycTpoiicTBa
BOJIC

JlanHble TaONIMIBI ONPENENISIOT BO3MOXKHOCTH COBMECTHMO-
CTH PA3JIMYHBIX CHCTEM CBSI3H IIPH UX 00BETMHEHUHU B IIU(DPOBYIO
CeTh CBSI3M, yJIENsisl BHUMAHUE MPEXKJIEC BCErO MHOXKECTBCHHOMY
JIOCTYIy a0OHEHTOB CETH K pecypcaM M BBICOKOCKOPOCTHOMY
00OMeHy JaHHBIMH.

CoBpeMEeHHbIE CUCTEMbI M CTAHAAPThI CBSI3U B 3aBHCUMOCTH
OT MPOTSHKEHHOCTH JIMHUI CBSI3M M MCIOJIb3YEMbIX BUIOB MOJIY-
JISIIIMU B KaQHAJIaX CBS3M MOXKHO IMPECTaBHUTh B BUJIE HATPAMMBI
(puc. 2). CneBa-HanmpaBO YMEHBIIAETCS MPOTSHKEHHOCTH JTMHUU
CBSI3U.
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Puc. 2. /luarpamma pacnpeeneHus BUJI0B MOTY LU
B 3aBUCUMOCTH OT NPOTSHDKEHHOCTH JIMHUH CBSI3U
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3akJarouenue

Ananu3 (U3MYECKOTr0 YpOBHSI COBPEMEHHBIX CHUCTEM CBSI3H
TMOKa3aJl, 9YT0 HanoboJiee pa3BUBAIOIINMCS SIBIISTIOTCS. BUIBI MOJTY-
ssiuuu uHeiku OFDM B cermMeHTe COTOBBIX CETEW CBSI3U U 1IU-
POKOMOJIOCHOTO ocTyma. [loMiMo 3Toro, BHIBE (ha30BOH MOMY-
s (OPM/KAM) aktuBHO pasBuBatoTcsi B cermeHTax BOJIC,
CIIyTHUKOBOM U pauOpENECHHOI CBI3N.

Ha ocHoBe aHanm3a XapakTepPUCTHK CHCTEM CBS3U M pacIpe-
JICJICHUS BUIOB MOAYJISILIMH TI0 JaTbHOCTH MPUMEHEHHS BBIACTS-
IOTCSI OCHOBHBIE TEHJICHIIUN Pa3BUTHS METOJIOB MOJYJISIIIUU CUT-
HAJIOB JUTSI pa3/InYHbIX NPUKIATHBIX 3a1a4 [14, 15]:

— Hcnonp3oBaHne JUHAMHYECKOTO YaCTOTHO-BPEMEHHOIO
MYJIbTUIICKCHPOBAHUS KaHAJIOB CBSI3U ISt 00eCTICUeHHsT MHOYKE-
CTBEHHOT'O JIOCTyNa a0OHEHTOB B COTOBBIX CETSIX, CIIyTHHKOBBIX
CeTSIX.

— Hcnonp30BaHne CI0KHBIX aJaITHBHBIX METOIOB (hOPMIPO-
BaHUS CUTHATA Ha (PU3MYECKOM YpOBHE. ATalITHBHEBIC CXEMBI MO-
TYJSIIAN B COYCTAHUU C TOMEX0YCTOMYMBBIM KOJUPOBAHNEM BEI-
COKOM BBIYMCIIUTENBHON CIIOKHOCTH C MOJIIEPKKON Napasuieib-
HBIX BBIYUCICHUH CUTHAIBHBIMU MHKPOIIPOIIECCOPAMH WM CIIe-
UATN3MPOBAHHBIMA TOTOKOBEIMH Berauciutensmu Ha [TJIC.




— MHOrokpaTHOe HCIIOJIb30BaHUE YAaCTOTHBIX PECypcoB
cBsA3U. TeXHOJIOrMH NPOCTPAHCTBEHHO-BPEMEHHOIO KOAMPOBa-
aus, MIMO, anmanTuBHBIC AHTEHHBIC CHUCTEMBI, TEXHOJOTHS
carrier-in-carrier.

— BrurroueHne MexaHN3MOB KadecTBa 0OCTyKUBAaHHUS B COBPE-
MEHHBIE CTAaHIAPTHI CBSI3U HA YPOBHE MOAYIIAINH. Pazonenue nH-
(OpMaIOHHBIX TIOTOKOB B 3aBHCUMOCTH OT THIIA HAarpy3KH Ha
MIPUOPHUTETHBIE TIOJIMOTOKH, Moaaepkka QoS Ha Bceld MPOTsIKEH-
HOCTH JTUHUH CBSI3H.
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Abstract

The work consists in describing the types of modulation and their parameters for the selection and construction of modern digital communication net-

works with multiple subscriber access to network resources and high-speed interconnection. The goal is to systematize communication systems and

provide multiple access of network subscribers to resources and high-speed data exchange. Solution method. The article discusses the technologies and

standards of modern communication systems in terms of the structure of the construction of receiving and transmitting devices from the conversion of

an analog signal into a digital form to the flow of symbolic solutions from the output of the demodulator. The classification of types of wired/wireless

communication, communication standards, types of modulation on an analog carrier is carried out. The features of the hardware implementation of

receiving and transmitting devices, transmission speeds and operating conditions of communication channels were taken into account. The largest man-

ufacturers of the element base and specialized digital signal processing chips are presented, on which the interfaces of the physical layer of most receiv-

ing and transmitting devices of communication systems are implemented. As a result of the analysis, a set of modulation types that are currently used

in most communication channels was determined, as well as the main parameters of their operation.

Keywords: modulation of communication channels, communication standards, modulation parameters, classification of communication systems
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Paboma ebinonHeHa npu ¢puHaHcosol noddepxxke MuHucmepcmea Hayku u
bicwezo o6pazosarus Poccutickou Pedepauuu, coznawerue Ne FSRF-2023-0003,

"@yHdameHmanbHble 0CHO8bI NOCMPOEHUS NOMEXO3AWULEHHBIX CUCMEM Knioueebie cnoea: uHmepHem eeuwell, CEHCOPHbIE
KOCMUYECKOU U CNyMHUKO080U C8A3U, 0MHOCUMesIbHOU Hagu2ayuu, cemu, 3a8UCUMbIe UCMOYHUKU, cpedHull 8o3pacm
MeXHUYECK020 3PeHUA U a3pPOKOCMUYECK020 MOHUMOPUH2a". UHGopmauuu, cay4atiHbIl MHOXXeCMBeHHbIU docmyn

OfHUM 13 BaXKHbIX Hay4YHbIX HanpaBneHU UCCeJOBaHUN MHTEPHETA BeLlel ABNAETCA
aHanMu3 CUCTEM MOHUTOPUHIA CJlyYalHbIX COOLITUA C 3aBUCMMBIMM MCTOYHUKAMM,
OCHOBaHHbIX Ha Clly4aWHOM MHOXXECTBEHHOM AocTyne. Y4eT 3aBUCMMOCTU AaHHbIX OT
6nM3KOPaCNONOKEHHbIX CEHCOPOB MOBbLILIAET 3Hepro3cgpeKTUBHOCTb CUCTEMBI WU
obGecneumBaer crabunbHocTb €€ pabotbi. CyluecTBYIOT pasnuyHbie MOAENMN TaKUX
CUCTEM, OfJHAKO OTCYTCTBYeT CBA3b Mexzay Humu. Llenbio gaHHo#n pabotbl ABnAercs
paspaboTka eAuHOW CHUCTEMbl AOMYLUEHWA ANA ONMUCAHUA MoJenen CUCTEM CO
cny4YadHbIM [OCTYNOM M 3aBUCMMbIMM UCTOYHMKamu. B paHHoi paGoTe onucaHbl
OCHOBHblE CLIEHapuM MHTEpHeTa Bellled M BbifeneH CLeHapui ¢ GonbLUMM YUCIIOM
CEHCOPOB, HA OCHOBE KOTOPOTO CTPOATCA CUCTEMbl MOHUTOPUHIA Cly4aiHbIX COOBITHIA.
lMpoeeaeH 0630p paboT, B KOTOPBIX UCCNEAYIOTCA CUCTEMbI CO CITy4alHbIM JOCTYNOM
M 3aBUCMMbIMM MCTOYHMKaMu. [peanokeH cnoco6 paspeneHus cyLeCTBYIOLUX
Mozenen Ha ABa Knacca: MOAENM C MOABNEHUEM COOBbITUI U MOJENN C NoABNEHMEM
aboHeHTOB. NMpeanoxeHa eanHan cuctema gonyLieHUin ana Moaenein o6oux Knaccos,
KOTOpasA MO3BOMNAET OMUCbIBaTb U CPaBHUBATb pasfinyHble MoAenu Mexay coboM.
MpepacTtaBneHa ynpolujeHHaAa Mopjenb CUCTEMbI CO CNy4YaWHbIM [AOCTYNOM M
3aBMCUMBIMU UCTOYHUKAMM, KOTOPasA COXPaHAET IMaBHble CBOWCTBA CUCTEM UHTEpHeTa
Beljer. DTa MoAeNb JIETKO NOAJAETCA aHaNu3y M He uMeeT "KpaeBbix 3¢ dekToB".
Takxe npuBeAeH KpaTtkuit 0630p nccnefoBaHui cpepHero Bospacra uHgopmauum B
pasnuuHbIX cUCTeMax nepefayu AaHHbix. Pesyneratel o63opa nokasanu, 4to 3Ta
XapaKTepUCTUKa ABNAETCA BAXXHOW JANA CMCTEM C 3aBUCMMbIMM MCTOMHMKAMM, HO Ha
AaHHBIA MOMEHT NMPaKTUYECKN He U3y4eHa B TaKUX cucteMax. MNpepgnoxeHHas cucrema
AOMYLLLEHUA ANA ONMUCAHMA Pas3fIMYHbIX Mojened C 3aBUCMMbIMU MCTOYHUKAMU M
npejcraBneHHaa ynpolieHHaa Mojenb MOryT ObITb MCNonb3oBaHbl  ANA
TEOpEeTUYECKOro aHaNM3a CUCTEM MOHUTOPUHIa Cly4anHbIX COOLITHIA.
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CBA3b

BBenenue

C KaXJbIM TOJIOM KOJIMYECTBO CEHCOPOB B CUCTEMaX MOHHTO-
pHHTA CIIy4aliHBIX COOBITHI PAcTeT, YTO BeJET K BOSHUKHOBCHHUIO
TAKOI'0 KOJMYECTBA KOH(IMKTOB, PU KOTOPOM HH(pOpMaIus 1ie-
pecTaHeT NPUXOOUTh Ha 0a30ByIO0 CTaHLHIO. B aTOM ciydae 3a-
JIeprKKa ITOCTYIUICHHS JaHHBIX Ha 0a30BYIO CTaHIMIO OyzeT Gec-
KOHCUHOW, TO €CTh CHUCTEMa HayHEeT paboTaTh HE CTAOWIIBHO.
Kpome Toro, poct kosm4ecTBa KOH(GIJIMKTOB IIPUBOJUT K YBEIH-
YEHUIO YMCIIa TOBTOPHBIX Nepeiay, 4TO B CBOIO OYepellb BIMSET
Ha BpeMsi pabOThl HCTOYHUKOB ITUTAHHSI CEHCOPOB.

Takum 0Opa3om, B clieHapUsIX ¢ OOJBIIUM YHCIOM CEHCOPOB,
MOYKHO BBIICIUTH JBE IJI00aibHBIC MPOOJIEMBI: CTaOMIBHOCTD H
9HEProdPPeKTUBHOCTD. [[111 OGOpHOBI ¢ BEICOKUM YHEPTrONOTPEO-
JICHHEM CEHCOPOB MOYKHO M3MEHSTh MOIIHOCTh nepenayn. Ho
9TOT MapaMeTp 4acTo ObIBaeT 3aUKCHPOBAH, IIO3TOMY BIUAThH Ha
SHEPronoTPeOICHHE CEHCOPOB MOYKHO TOJBKO C IOMOILIBIO
YMEHBIICHHS YHCIIa MOBTOPHBIX repenad. s obecrieueHus cra-
OmIbHOW pabOThI CHCTEMbI HEOOXOJMMO YMEHBIIATh CPEIHIOI
3aJIepXKKy. DTOr0 MOXKHO JOOWTHCS OTrpaHHMUYCHHUEM YHUCclia TOo-
BTOPHBIX I1€pe/iad UM KOJIMYeCTBa CEHCOPOB B cucTeMe. OiHaKo
o0a criocoba MOTyT NPUBECTH K IOTEpU AaHHBIX. [loaTOMy Kak
OrpaHMYCHHUE YMCIIa IOBTOPHBIX Iepe/iay, Tak 1 OrpaHUuCHHE KO-
JIMYECTBA CEHCOPOB B CHCTEME HE MOJXOAT ISl OJTHOIIEHHOTO
YIJIyUIICHHS] KauecTBA pabOTHI TAKUX CHCTEM.

B cucremax MOHUTOpPHHTA CIydalHBIX COOBITHH OJHM3KOpac-
TI0JI0)KEHHBIE CEHCOPBI YacTO JETEKTHPYIOT OJHU U TE K€ COObI-
THSL ¥, KaK CJIEACTBUE, OTIIPABISIOT MOJHOCTHIO WIIM YACTHYHO
COBITAAOINITYI0 HH(OpMAIHIO Ha 0a30BYyI0 CTaHIHIO. B pyccko-
SI3BIYHOM JIUTEpAType YCTPOMCTBA, KOTOPBIE MEPENAIOT TIOXOKUE
WIN OJMHAKOBBIC JAHHBIC, HA3bIBAIOT 3aBUCUMBIMH HCTOYHH-
KaMH, a B aHIJIOSA3bIUHON suTeparype — «correlated sourcesy.
VYueT 3aBUCUMOCTH JIaHHBIX OT COCEIHMX CEHCOPOB MOXKHO HC-
T0JIb30BATh JUIsl PELICHUS BBIICU3IIOKEHHBIX TIpobsem. Ha nan-
HBI MOMEHT CYILIECTBYIOT Pa3IMYHbIC MOJEIH CUCTEM CO CITy4aii-
HBIM JIOCTYIIOM M 3aBHCHUMBIMH HMCTOYHHUKAMH, OJJHAKO OTCYT-
CTBYET CBsI3b MeX 1y HUMHU. CrieoBaTenbHo, pa3paboTKa eJMHON
CUCTEMBI JIOMYIICHUH JJIsl Pa3IMYHBIX MOJIEIeH TaKKX CHCTEM SIB-
JIIETCSl aKTyaJlbHOM 3a1ayeil.

HHTepHeT Bewneii: ClieHapUM M XapaKTepUCTHKH

CorylacHO TIpeJJBapUTEIFHOMY HAallMOHAJIBLHOMY CTaHIApTy
Poccutickoit ®enepannu «MHDOpMaIOHHBIE TexHOTOTHU. H-
TepHeT Beuleil. Tepmunbl U omnpezneneHus» HHTepHeT Beluel
(Internet of Things — [oT) — «HppacTpyKTypa B3aNMOCBSI3aHHBIX
CYIIHOCTEH, CHCTEM M WH()OPMAIMOHHBIX PECYPCOB, a TaKXKe
ciryk0, MO3BONISIONIMX 00pabarhiBaTh MH(OpPMAILKIO O (u3nye-
CKOM W BHPTYaJbHOM MHpE U pearupoBarh Ha HE€» (CM. MyHKT
3.13 TIHCT 518 — 2021). Buavane cucteMbl HHTEpHETA BEIICH
paboranu Ha ocHOBe paauoyacToTHOl maeHTHpukanuu (Radio
Frequency IDentification — RFID), a ceiiyac oHM TIOCTpOECHBI Ha
pa3nUHBIX OECIPOBOIHBIX TEXHOJOTHMAX, TakMX Kak Bluetooth,
Zigbee, WiFi, SigFox, LoRa, NB-IoT (B 3aBUCUMOCTH OT 30HBI
nokpsITHs) [1]. HTEpHET Beuiel npuMeHsIeTCs B 3[paBOOXpaHe-
HUM, TIPOMBIIIIIEHHOCTH, CEIECKOM XO3SIHCTBE, SKOIOTHH, TOPOI-
CKOM YTIPaBJICHUH, B CHCTEMAX «YMHOTO» JIOMa U IPYTHX cepax.

Ota KOHIENIMs BKIIOYAET B ceOs pa3iMyHbIC CIICHApPHH.
MexnyHapoaHbIi COO3 3JEKTPOCBA3U B JOKYMeHTe «Pexkomen-
marm MCD-R M.2150-1».

[MoapoGubie crerudUKalMi HA3eMHBIX PaJHOMHTEP(ENcOB
MesxayHapoaHo# moaBMkHON anekTpocsszu 2020 (IMT-2020)»
IIPUBOJNT J[Ba CIICHApHs CUCTEM HHTEpHEeTa Berel i cereil 5G:
MaccoBasi MeXMaIlIHHas CBs3b (massive Machine-Type Commu-
nication — mMTC) u cBepxHaieXHas epeaada JaHHBIX ¢ MaJoi
3anepxkkoit (Ultra-Reliable Low Latency Communications —
URLLC). A B ceTsix 6G BBIICISIOT TPH ClICHApHs [2]: OBCEMECT-
HYI0O MOOWJIBHYIO CBEPXIIMPOKOIIOJIIOCHYIO CBs3b (ubiquitous
Mobile Ultra-Broadband — uMUB), cBepXBBICOKYIO IIOTHOCTb
naaubixX (ultra-High Data Density — uHDD) u cBsi3b co cBepXBbI-
COKOH CKOpOCTBIO M Mainoi 3amepxkoi (ultra-High Speed and
Low-Latency Communications — uHSLLC). Haubonee momymsap-
HBIM B HacTosiee BpeMs sBisiercs crieHapuit mMTC [3], Bkiro-
YaIOUTUI OOJIBIIIOE YUCIIO CEHCOPOB M HE 00T A0 KECTKIMH
TpeOOBaHUSAMHU K 3aJIep’KKE U Ha/Ie)KHOCTH JIOCTaBKH JAaHHBIX Ha
0a30ByI0 CTQHIHMIO. DTOT CLIEHAPHUH JISKUT B OCHOBE COBPEMEH-
HBIX CUCTEM MOHHUTOPHHIA CIy4YalHBIX COOBITHH, MOCTPOCHHBIX
Ha CCHCOPHBIX CCTAX.

B cuenapusx ¢ GOJIBIIMM YHCIIOM CEHCOPOB HCIOJIB3YIOTCS
ITOPUTMBI CITy4allHOIO MHO>KECTBEHHOTO JIOCTYIa ISl Tepe-
Jlauyl JaHHBIX Ha 0a3oByro cTaHimio. OIHUM U3 TaKUX aJrOpHT-
MoB sBisiercst anroput™ AJIOXA. On npuMeHsieTcst B TEXHOIO-
run LoRaWAN (Long Range Wide Area Network) [4,5], Ha Ko-
TOPOI MOCTPOEHO OOJNBIIMHCTBO COBPEMEHHBIX CHCTEM MOHHUTO-
purra [6]. LoRaWAN obnamaer psaoM MpeHMyIIEeCTB: IPeIo-
CTaBJISIET HECKOJIBKO YaCTOTHBIX KaHAJIOB JUIA Mepeadll JaHHBIX,
UCTIONB3YET HENHMIEH3UPYEMbIH YaCTOTHBIN AMAna3oH M MO3BO-
JSIeT TepeaBaTh HeOoJblIMe 00beMbl JaHHBIX Ha JajbHUE pac-
CTOSAAHUSL.

Ecnu B cucreme Haxoautess N ceHCOpOB, TO MACHTH(UKATOP
cercopa Oynet 3auuMmathb logoN 6urt. [Tpu GosbIom uncie ceHco-
poB (N — o0) HIeHTU(HUKATOP CEHCOPA HENb3s OTIIPABUTH B CO00-
IIEHNUH, TaK KaK OH OyJIeT 3aHMMaTh HEOrPaHUYCHHOE YHCIIO OUT.
B paborax [7-9] paccMaTpuBaeTcs MOAX0J K PEIICHUIO JaHHOM
npoOsiembl, KoTopblid HaspBatoT Unsourced Random Access
(U-RA). B cucTtemax MOHHTOpPHHTA CITyJaifHBIX COOBITHI HE Tpe-
Oyercst OoHO3HAYHAS HACHTU(HKALUS CEHCOpa, TO3TOMY JUIS
WICHTH(HUKALNE CEHCOPOB B TAaKMX CHCTEMaX MOKHO HCIIOJIB30-
BaTh KOOPAMHATBI €0 MECTOIMOJIOKEHUS, KaK MPEI0KEHO B pa-
6ore [10].

B Teopun cirygaiiHOro MHOKECTBEHHOTO JOCTyIa 0a30BBIMHU
XapaKTEepPUCTUKAMH DPabOThl CUCTEM SIBJISIOTCS: CPEAHssT 3a-
JIepIKKa, Cpe/IHEe YKCII0 YCIEUTHBIX Tiepead U Cpe/iHee YHCIIO T10-
BTOPHBIX Ilepeaad. JlaHHbIE XapaKTEPUCTUKH YKE JOCTATOUHO XO-
POIIO M3YYEHBI JJISl Pa3IIMYHBIX CUCTEM, B TOM YUCIIE U YISl CH-
cTeM MHTepHeTa Belei. OHaKo HU OIHA U3 ATUX XapaKTEPUCTHK
HEe HeceT B ceOe MH(POPMALIMU O CBEXKECTH IepelaBacMbIX JaH-
HbIX. CpaBHUTEIBHO HEAABHO ObLIAa IpEJIOKEHa XapaKTepH-
CTHKa, KOTOpast TO3BOJISET OLICHUTH aKTyaJIbHOCTH IAHHBIX O MPO-
UCXOJSIIINX B cHCTeMe n3MeHeHMsx. OHa mosy4nia Ha3BaHUE —
Bo3pacT nHpopMmarmn (Age of Information — Aol) [11].

JlaHHasT XapaKTEepUCTHKA JOCTATOYHO XOPOIIO HCCIIEI0OBaHA
JUIL CUCTEM MAacCOBOI'O OOCIY)KHMBaHMs, HO MaJl0 HCCIIEJOBaHA
JUISL CUCTEM CITy4aifHOr0 MHOKECTBEHHOT'O JJOCTYIIa, B TOM UYHCIIe
U cUCTeM uHTepHeTa Beieil. CpeHuii BO3pacT HH(GOPMAIUH SIB-
JISIETCs BXKHOHM XapaKTEPUCTUKOM ISl CHCTEM MOHMTOPHHTA CITy-
YaiHBIX COOBITHH, BE/Ib B TAKMX CUCTEMaX HEOOXOJUMO 0Iy4aTh
HHPOPMALIUIO O COOBITHSIX BoBpeMmst [12].
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CyuecTBYIOLIHE MO/IeJIH CEHCOPHBIX ceTeii
¢ 3aBUCHMbBIMH MCTOYHUKAMH

B paborax [13-21] paccmaTpuBaroTCSi IEHTPATH30BAHHBIC
CEHCOpPHBIE CETH C OOJIBIINM YHCIOM YCTPONCTB U 3aBHCHMBIMU
ucrouHukamu. [Ipemonaraercsi, 4To CUCTEMBI COAEPIKAT OTPAHU-
YEHHOE KOJIMYECTBO CEHCOPOB, KOTOPHIE PACIHOJIOKEHBI B 30HE
JIeHCTBUS 001Iero 1eHTpa coopa nHopMarwn. B cinyvaiinsie Mo-
MEHTBl BPEMEHHU B CHCTEMaxX IMPOHUCXOJSAT W3MEHEHHs YCIOBHU
OKpy»Karolield 0O0CTaHOBKH (TTOBBIIICHUE YPOBHSI BPEIHBIX Be-
IIECTB, MOBHIIICHNE TEMIIEPaTyphl BO3/1yXa H T.II.), KOTOPBIC B pa-
Ootax [13-21] Ha3pIBarOT cay4alHBIMA COOBITHSIME. CUHWTaeTCs,
YTO CEHCOp CIIOCOOEH OOHAPYKHUTH COOBITHE, €CITH OHO TPOU30-
TIJTO HETAIEeKO OT HEero.

CeHcopHI TIepealoT JTaHHbIe Ha OO IIEHTP TOIBKO B TOM
ciyyae, eciau oOHapyXuiu coObithe. J{Jst mepeaun TaHHBIX OT
CEHCOPOB Ha OOIIMIT LIEHTP KUCIIOJIb3YETCsI AITOPUTM CITyYaifHOTO
MHOkecTBeHHOTo joctyna AJIOXA wmm ero moaudukarmu. B
OoJIBIIMHCTBE PabOT PacCMaTPUBAIOTCS BOMPOCHI YIIyUIICHHS
MPOIYCKHOW CIIOCOOHOCTH KaHajla U TOBBIIICHHS YHEProdddek-
TUBHOCTHU CCTH. Hpe}lﬂaFaIOTCH Pa3JIMIHBIC METOABI ICKOAUPOBa-
HUSI JAHHBIX OT OJIM3KOPACIIOIOKEHHBIX CEHCOPOB, a TAKXKE CII0-
cOOBI pacIpeieieHsI PECypCoB KaHala C y4eTOM KOPPEIISIHH
JITAaHHBIX OT COCEHUX YCTPONCTB.

B pabote [13] paccMaTpuBaeTcss MOJICTb CETU C alTOPUTMOM
ciydaifHOTO noctymna MHorokaHanbHas AJIOXA u mpemaraercs
aJanTUBHBIHN CcIT0cO0 TIepeayn JaHHBIX, OCHOBAaHHEIA Ha pacripe-
JISIIEHHOM KOIWPOBAaHWH CHUTHAJIOB 3aBHUCHMBIX HCTOYHHKOB.
JIaHHBI MOAXO TTO3BOJIIET COKPATUTH O0IIee BpeMs Iepeaadn
JTAHHBIX ¥ TEM CaMbIM MOBBICUTH YHEProd3(h(HheKTHBHOCTH CETH.

B pa6ote [14] npemyiaraercst criocod pactpe/ie/iCHHOMN OLICHKH
LIEJICBOr0 CHTHaja B CEHCOPHBIX CETSX Ha OCHOBE aJrOpUTMa
AJIOXA ¢ y4eToM KOppesiiuU JAaHHBIX OT COCETHUX CEHCOPOB.
BepositHocTh tocTyna K o01ieMy KaHally CBS3M B MOANU(DHUIINPO-
BaHHOM aJTOPUTME 3aBUCHT OT JIOKAJILHOM OIIEHKH HAOII0ICHUN
CeHCOpa, KOTOpas BBIYHCIAETCS KakKk CPEAHEKBAApaTHIHAS
ommbka (Mean Squared Error — MSE). [Ipennoxennas cxema me-
pelauu JTaHHBIX TI03BOJISIET YIIYYIIUTH BBIOJHEHHE pachpejie-
JICHHOW OILIGHKHM LEJEBOro curHaia. Takke paccMaTpUBaeTCs
0000IIIeHHas cXeMa Iepeladd JaHHBIX ¢ HECKOJIBKAMU MOKaHa-
JaMH, YTO pPaBHOCWIBHO AalTOPUTMY «MHOTOKaHaJbHAS
AJIOXA».

B paborte [15] mpeanmaratorcst anropuTMBI pacTIpeIeICHUS pe-
CypCOB KaHaJa ¢ y4eTOM 3aBUCUMOCTH JaHHBIX OT COCEAHUX CCH-
copoB. PesynbraThl, nmosiyueHHele B padore [15], mokasbiBatoT,
4TO MNPCAJIOKCHHBIC aJIrOPHUTMbI IMO3BOJIAIOT CHHU3UTL BCPOAT-
HOCTb KOH(bHHKTOB B CUCTEME U COOTBETCTBECHHO MMOBBLICUTH ITPO-
MYCKHYIO CIIOCOOHOCTh KaHana. Pabotsl [16,17] siBistroTest mipo-
JoJDKeHueM paboTsel [15]. B atux paborax paccmarpuBaercs Ta-
Kasi ke MOJIEJIb TOJIKO C paciiupeHusMu. B obeux padorax mo-
0aBysieTcsl BO3MOYKHOCTD JIEKOJMPOBAHHSI CUTHAJIOB OT 3aBUCH-
MBIX UCTOYHHKOB B Cllydae KOHQUIMKTA. JlekoanpoBaHue cUrHa-
JIOB OCYMIECTBIISICTCS ¢ MPUMEHEHHEM TEXHOJIOTHH IIOCIIeI0Ba-
TenpHOTo TofaBiaeHus momex (Successive Interference Cancella-
tion — SIC). B otnmuame ot pador [15,16], B pabote [17] ecTs mo-
MOJTHUTEIBHOE PACIIMPEHNE — MMOBTOPHBIC Nepenadn. B pabortax
[16,17] mpennararoTcst CTOXaCTUYECKUE aNTOPUTMBI pacrpe/iesne-
HUS pECYPCOB KaHaja /Ui MOJieNeil ¢ pacIupeHnsIMH.

——
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Mozesnb ceHCOpHOIi ceTu u3 padotsl [ 18] coBMmeraer ciyyaii-
HBIH ocTyn 0e3 MISHTU(QUKALMKY UCTOYHHKA U CIy4ailHbIld 10-
CTyIl C 3aBUCUMBIMU WCTOYHUKAMMU. ILHSI 06OI/IX TUIIOB O0CTYyIla
UCIIoJIb3yeTcs 0aifleCOBCKUI JIeKOJiep Ha OCHOBE CYNEPIIO3UILUH
pa3pexeHHbIX Ko/10B (Sparse Superposition with Bayesian Detec-
tion). AHaIM3UpyeTCsl B3aUMOJICHCTBUE JIBYX THIIOB JOCTYIa, a
TaK)Ke NpPOBEpsSETCS MX BO3JICHCTBHE Ha XapaKTEPUCTHUKU CH-
CTEMBI.

B pa6ote [19] u3yugaetcs MoieTb CEHCOPHOH CETH C IBYMSI BH-
JlaMU TIepeIaBaeMbIX JaHHBIX: OOBIYHBIMY U aBapuHHBIME. Takoe
paszieneHne nepeaBaeMbIX JaHHBIX MO3BOJISIET YBEIUIUTh BEPO-
SITHOCTh JIEKOJMPOBAHMS aBapUHHBIX COOOIICHWH, a Takxke
YMEHBIIUTE BEPOATHOCTH UX JACKOJUPOBAHHSA IPH JIOKHBIX Cpa-
OatbiBaHMSAX. MeETOIBI IOCTYIA, MPeAIoxKeHHbIe B [19], ucroib-
3YIOT HE TOJIBKO 3aBHCUMOCTh B aKTUBAILIUKM CEHCOPOB, HO U B UH-
(OopMaIOHHOM HAIlOJIHEHHUH JIAHHBIX.

B pabotax [20, 21] paccmarpuBaeTcsi MOJIEIb, TOX0XKasl Ha
Mozenb u3 pabotel [15]. B padore [20] uccnemyercs cpeaHee
YHCIIO YCIENIHO MepelaHHbIX COOOIIEeHNH 00 OHOM COOBITHH H
TIPEJIaraeTcsi Croco0 ONpeIeNeH s ONTUMAILHOTO YHCIIA CEHCO-
poB B cucteme. B pabore [21] mcciemyercs BEpOSTHOCTH HO-
CTaBKM MH(POPMAIMU O COOBITHH U MPEIIaracTcsl aHATUTHIECKUN
CIIOCO0 BBIYMCIICHHS 3TON XapaKTEPUCTHKH.

Cpennuii Bo3pacT HH(GOPMAIIH 17151 CCHCOPHOU CETH C 3aBU-
CHUMBIMH HCTOYHHKAMHU Hcciaenyercs B pabore [22]. Paccmarpu-
BAaeTCsl /IBA CLIEHAPHS: CIy4YalHBII JOCTYM U JOCTYI C pasjerne-
HHEM BpeMeHH. B clieHapum co ciaydaiiHbIM JIOCTYIOM MOJEIb
OIIMCBHIBACTCA MapKOBCKOﬁ HCNbI0 U IMYTEM UMUTAIITMOHHOI'O MO-
JIETUPOBAHMS OIICHUBACTCS 3aBUCUMOCTh CPEJHEr0 BO3pacTa UH-
¢dbopmarmu ot konmyectBa coceneit. Takke B padore [22] pac-
CMaTpHUBAETCsI BOIIPOC ONTUMU3AINK MOJUTUKH MIEpeadn JTaHHBIX
C IIeJIbI0 5KOHOMHH PECYPCOB Ha OCHOBE METO/I0B MAIIIMHHOTO 00Y-
YEHUs ¥ C TIOJIb30BAaHUEM CPEIHETO BO3pacTa MH(POPMALUH.

B pabore [23] paccmaTpuBaeTcs cucrema ¢ 3aBUCUMBIMHU HC-
TOYHMKAMHU M HCCIEIYeTCsS XapaKTEPUCTHKA, KOTOPYIO aBTOPHI
paboThl Ha3BIBAOT IeHHOCTHIO MHpopMmanuu (Value of Infor-
mation — Vol). Dta xapakTepucTHKa BKIIOYACT B ce0sI CpeIHMHA
BO3pPAcT CEHCOpa, CTOMMOCTh INEpefadyn AAHHBIX OT CEHCOopa H
cpenHuit Bo3pacT HHGOPMAIIUU COCEAHUX C HUM CEHCOpOB. Jlyis
OLICHKH 3TOW XapaKTEPUCTHKU NPEJIaracTcsl JBe MOAEIH, KOTO-
pble MOHO omucath MapKoBCKOH 1emnbio. C MOMOIIBIO IMHTA-
LIMOHHOTO MOJISTUPOBAHHS U aHAJTUTHYECKOTO pacyera IoJIyYeHbI
3aBUCHMOCTH LIEHHOCTH HH(OPMAIIMU OT BEPOSTHOCTH IEpeaadn
JAHHBIX U OT KO3((ULIMEHTA CTOUMOCTH.

Bomnpocs! crabuinbHOCTH B padoTax [13-23] He paccmarpuBa-
I0TCSI, T.K. KOJIMYECTBO CEHCOPOB B HMCCIICIyEMBIX CHCTEMax KO-
HEYHO W TIOBTOpPHBIC TEpelayd OTCYTCTBYIOT. OnHaKo cylie-
CTBYIOT CHCTEMBI C 3aBHCUMBIMH NCTOYHUKAMH H TTOTEHINAIBHO
HEOrpaHWYEHHBIM YNCIIOM CEHCOPOB. [ TakuX crcteM HeoOXo-
JIMO FCCIIEIOBATh BOIIPOCHI cTabmiibHOCTH. B pabote [10] mpex-
JIaraeTcsi MOJeNb CUCTEMbI C 3aBHCUMBIMH HCTOYHHUKAMH U Oec-
KOHEYHBIM YHCIIOM CEHCOPOB M TIPHBOIUTCS JIOKA3aTEIbCTBO
TOTO, YTO OHA OOecredrnBaeT CTabUIbHYI0 paboTy CHCTEMBI IPH
J10001 MHTEHCUBHOCTH BXOJIHOT'O MOTOKA. JTa MOJIEIb IOJIyYHia
Ha3BaHUC — MOJICJIb C MHOXXCCTBCHHBIM BBIXOJIOM. B }IaHHOi/’I MO-
Jenr aOOHEHTHI MOKWAAIOT CHCTEMY TpYIIaMH, TO3TOMY Jaxe
Tpy OOJIBIION UHTEHCUBHOCTH BXOJIHOTO TTIOTOKA 3aJIePKKa B CH-
CTeMe ocTaeTcs KOHEUHOH.
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Mopenb ¢ MHOKECTBEHHBIM BBIXOJIOM TaK)K€ paccMaTpHUBa-
ercs B paborax [24,25]. B pabote [24] uccnenyercst cpeHsis 3a-
JIepXKKa, a B padboTe [25] — cpeaHuii Bo3pacT nHGOpMAIIUH.

B BblmepaccMOTpeHHBIX padOTax HPEUIOKEHBI Pa3IMYHbIC
MOJIETIN CHCTEM CO CIyJalHBIM JIOCTYIOM U 3aBHCUMBIMH UCTOY-
HUKaMH, COXPAaHSIOINE 0a30Bble OCOOCHHOCTH TaKHX CHCTEM.
JlaHHBIE MOZENN TTOXO0XH U B TO )K€ BPeMsl OTIMYAIOTCS APYT OT
Ipyra. B Hacrosiee BpeMs CBSI3b MEXIY CYLIECTBYIOIINMH MO-
JENSIMA OTCYTCTBYET, T.K. OHH CTaJM M3Yy4aTbCs CPABHUTEIHHO
HemaBHO. B nmaHHOI paboTe mpemmaraercs crocod Kiaccuduka-
LIUH U €IWHAs CUCTeMa JOMYIIeHNH IS OIMCAaHUs MOJIENeH C 3a-
BHUCUMBIMH UCTOYHUKAMH.

Enunas cucrema gomymeHuii 1Jist Mojesiei
€ 3aBUCMMbIMH UCTOYHUKAMU

B cucremax cirygaifHOro MHOYKECTBEHHOT'O IOCTYTIa aDOHEHT-
CKHE YCTPOWCTBAa HA3bIBAlOT AOOHEHTAaMH, 110 3TOM NPHUYMHE
YCTPOICTBA B CHUCTEMAax MHTEPHETAa BELIEH, T.€. CEHCOPBI, TOKE
Oynem Ha3pBaTh aboHeHTamMu. COOBITHSMH B CHCTEMax HHTEp-
HETa BeIllel Ha3bIBAIOT Pa3InIHbIC M3MEHECHNS 3HAUCHHH TTOKa3a-
TeJel SKOJIOTHYECKON 00CTaHOBKH. MoJIenn CEHCOPHBIX CeTei ¢
3aBHCUMBIMHA MCTOYHHKAMH MOKHO PAa3JEIUTh HA JIBE TPYTIIbL:
MOJIEIIH C IOSIBIICHHEM COOBITHIT M MOJICIIH C MOSIBIIEHHEM a0OHEeH-
TOB. JlaHHBIE IPYIIBI MOJEIEH MOXKHO ONHUCATh €IUHOHN CUCTe-
MO TOTyIIEeHUH.

Cucrema AOMyIICHUH I MOJICIICH C MOSBICHUEM COOBITHIA U
MOJIeJIeli C OsIBIIEHHEM a0OHEHTOB!

Jonywenue 1: B cucreme ecTh 00mIHiA IICHTP — 0a30Basi CTaH-
must. [Ipennonaraercsi, 4To 6a3oBasi CTAHIMS MOXKET NPUHUMATh
JTAaHHBIC OT a0OHEHTOB TOJBKO B MpeelaX HEKOTOPO 00IacTH.
Ota 00IacTh Ha3bIBACTCS 30HOW ACUCTBUSA 0a30BOI CTAHIIHH.

Honywenue 2: Bpemsi B cucteme pa3zieiieHO Ha OKHA — Mepu-
OJIbI BpEeMEHH OJMHAKOBOH MTHHBI. Kax1oe OKHO CONEpKUT MH-
TEpBaJ 7Sl OTIPABKHU JaHHBIX, & TAK)KE MOYKET BKIIFOYATh HHTEP-
BaJIbI JJIs1 MHBIX JICHCTBHMN, HAIIPUMeEp, 1J1s1 cOopa nHpopmanuu 0o
H3MEHEHNIX B cucreme. Kak MMpaBuUJIO0, UHTEPBAJ JJId OTIIPAaBKU
JIAaHHBIX HAXOJMTCsI B Hayaje OKHAa. Bce aOOHEHTHI 3HAIOT MO-
MEHTBI Pa3JIeJICHUs] OKOH U OTIIPABJISIFOT JaHHBIE TOJIBKO B BbIJIC-
JICHHOM JUIsI 3TOI'0 MHTEpBaJe, T.€. B HaYaje OKHa.

Jonywenue 3: Cunraetcs, 4To cuctema npenoctasisieT K ka-
HAJIOB IS TIepeAadn AaHHBIX. Bce KaHaibl pa3aeneHsl Ha OKHA
OJIMHAKOBBIM 00pa3oM. B moboM OkHE HE3aBHCHMO OT KaHaia
BO3MOJKHBI TPH CITydasi: HUKTO M3 aOOHEHTOB HE IepejiaBall —
«IIyCTOY; TIepeaaBal OANH a0OHEHT — «yCIeX»; MepeaaBaio He-
CKOJIEKO a00HEHTOB — «KOH(IUKTY.

Jonywenue 4: B cuctemMe MOXeET CyIIECTBOBATh WM OTCYT-
cTBOBaTh 0OpaTHas CBsi3b. Eciii B cuctemMe ecTb 00OpaTHas CBsI3b,
TO B KOHIIE OKHA a0OHEHTHI MOTy4YaroT OT 0a30BOW CTAHIIMH WH-
(hopmaryio 0 ToM, Kako# ciiy4ail Obul B KaHane. B cucreme Bo3-
MOKHBI IBa BHUa O6paTHOI>i CBsA3U: IIOJIHAS WUJIKM YaCTU4YHas. HpI/I
MOJTHOM 0OpaTHO# CBsA3M 0a30Basi CTAHIIMS PACIO3HACT TPU CITy-
yasi: ycIiex, MycTo ¥ KOH(IIUKT, a TP YaCTHYHOH 00paTHOH CBSI3H
— TOJIBKO JIBa: YCIIEX WJIM HEYCIIEX.

Jonywenue 5.1: Tlpeamnonaraercsi, 9To cOOBITHE MOXKET OBITh
oOHapykeHO aOOHEHTOM, HAXOASAIINMCS B HEKOTOPOI OKPECTHO-
CTH MecTa MOSIBICHUS COOBITHS. OKpEeCTHOCTh mMeeT (opMmy
Kpyra pammyca r ¢ IICHTPOM B MECTE TMOSBICHUS COOBITHs. AOo-
HEHTHI, KOTOphIe OOHAPYKUIIM COOBITHE TEPEXOIIT C aKTUBHOE

COCTOSIHHE W OTIIPABIISIOT JaHHBIC O COOBITHH Ha 0a30BYIO CTaH-
IIHTO.

Jonywenue 5.2: Cuuraercsi, 4To Bce a0OHEHTBI, UMEIOIINECS
B CHCTEMeE, HAXOATCS B aKTHBHOM COCTOSIHHH W TOTOBHI IIEepea-
BaTh JaHHBIC HA 0A30BYIO CTAHIIHIO.

Jlonywenue 6: Eciu B cucTeMe OTCYTCTBYET OOpaTHAst CBSI3b,
A0OHEHTBI, HAXOIAIITUECS B AKTUBHOM COCTOSTHUH, TIEpEIatoT JaH-
HbIC Ha 0a30BYIO CTAHIIMIO C BepoATHOCTHIO P = 1. Ecnu B cucteme
uMeeTcst 00paTHasi CBsi3b, TO a0OOHCHTBI, HAXOMSIINECS B aKTHB-
HOM COCTOSTHHH, B Ha4ajie KaKJ0r0 OKHA, COTJIACHO HEKOTOPOMY
AITOPUTMY, JISIAIOT BEIOOD: TIepeiaBaTh JAHHBIC B TCKYIIICM OKHE
Wik HeT. AGOHCHTBI, KOTOPhIE COOMPAIOTCS IepeaBaTh B OKHE,
OTIPENIeIIAIOT CIIyYaifHBIM 00pa3oM ofuH 13 K KaHaIoB A mepe-
JIa9M JTAHHBIX.

Jlonywenue 7.1: Uncno aDOHEHTOB B CHCTEME OTPaHWUYCHO H
paBusiercs N. AGOHEHTHI paBHOMEPHO pa30pOCaHbl BHYTPH 30HBI
neiictBus 0a3zoBoit cranmmu. [Iporiecc BOSHUKHOBEHHS CITydaii-
HBIX COOBITHI B 30HE AEWCTBUSA 0a30BOIl CTAHIIMH 334a€TCs MPO-
CTPAHCTBEHHBIM TOYCUHBIM ITyaCCOHOBCKHUM IIPOIIECCOM C Tapa-
METPOM A.

Jlonywenue 7.2: TIpotiecc NosIBICHUST a0OHCHTOB B 30HE [ICHi-
CTBUsI 0a30BOI CTAHIINU 3a/1a€TCS IPOCTPAHCTBCHHBIM TOYCUHBIM
TyaCCOHOBCKUM IIPOIIECCOM ¢ TapamMeTpoM A. CUUTAETCs, UTO MPH
MOSIBJICHIH a0OHCHTA B CUCTEME, OH YK€ UMCCT JTaHHBIC JIJIS Tie-
penaun. AGOHEHT BBIXOIUT U3 CHCTEMBI ITOCIIE YCIICITHON Tepe-
JIaYM TAaHHBIX.

Jlonywenue 8.1: KomudecTBO MaKeTOB MAaHHBIX, BBIXOISIINX
13 CHCTEMBI B OZTHOM OKHE, PaBHSIETCS KOJIMIECTBY KaHAJIOB, B KO-
TOPBIX OBLT yCITEX».

Jlonywenue 8.2: B oqHOM OKHE BBIXOJAT U3 CHCTEMEI: abo-
HEHT, YCIENIHO MMepeJaBIlnil JaHHBIE B 3TOM OKHE, I aOOHEHTHI,
HaXO/ISIIMECs] HA PACCTOSHUM He OoJjblie YeM I OT 3Toro abo-
HEHTA.

B cenpmoM nonyieHuu roBOPUTHCS O IPOCTPAHCTBEHHOM TO-
YEYHOM ITyaCCOHOBCKOM TMpOIleCcCe C mapaMeTpoMm A. B anrio-
SI3BIYHOM JINTEpaType OH HasbiBaeTcst spatial Poisson point pro-
cess. CTporoe ompejelcHHe TAaHHOTO Tpollecca JaHO B KHUTE
[45]. [Ipu ucnoap30BaHUU STOTO MPOLECCA B MOJIEIISIX CEHCOPHBIX
ceTell BpeMEeHHBIC TPOMEKYTKHA MEKIY BOSHUKHOBCHUSIMHU COOBI-
THI/aO0OHEHTOB B CHCTEME MMCIOT SKCIIOHCHIIMAIBHOE pacipe/ie-
JICHUE, a YHUCI0 COOBITHI/a00HEHTOB, BOSHUKIINX B OJTHOM OKHE
Ha eIUHHIIC TUTOIIAA1, UMeeT pactpenenenue [lyaccona.

B GonpmmHCTBE MOZIETICH CHCTEM HHTEpHETA BEIIESH 30Ha Jei-
cTBUS 0a30BOW CTAaHIWHU TPEACTABIICT COOOH OrpaHMYCHHYIO
YHacCThb IMJIOCKOCTH, 06BI‘{HO ABJIAIONIYIOCSA KPYTOM HUJIU KBaJIpaTOM.
B peanbHOCTH 30Ha JeHCTBUS 0a30BOM CTaHIIMM MOXET OBITh
KpYTJIOH, ecnu 6a30Basg CTAHIMS HAXOAUTCS Ha OTKPHITOM TIPO-
CTPaHCTBE, U KBaJIPATHOM, €CIT 0a30Basi CTAHIUS HAXOUTCS B TO-
poIckoii cpene. B Takux MOZEISIX BEPOATHOCTD, YTO B pajuyce I
OT CCHCOpA BO3HUKHET COOBITHE, OYICT 3aBUCETh OT MOJIOKCHHS
CEHCOpa OTHOCHUTENIBHO Kpasi 30HBI JCHCTBHs 0a30BOM CTAHIUH.
Takue npo0IeMbI Ha3BIBAIOT KKpacBBIMU dPPekTamMm». «KpaeBbie
3¢ GEKTH YCIOKHIIOT IMATAIIMOHHOE MOJICTTUPOBAHNE U aHAIIN3
Mozeneld. V3BecTHBI pa3iIyHBIe METOIBI Y4eTa ATHX IMPOOIeM.
Hanpuwmep, B pabotax [14-16] mis yctpaHeHHsS «kpaeBbIX 3P dek-
TOBY» TIPEJIaracTcsi PacIIMpPUTh OOJIACTh BOSHUKHOBEHHS COOBI-
Tuit. 30HOM NeiicTBHA 6a30BO CTAHIINH B 3THUX PabOTax SBIACTCS
KBaJIpaT co CTOPOHOI1 L, HO peiaraercs reHepupoBaTh COOBITHSA
B KBaJIpaTe co CTOPOHOM L+2r.
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Takoil MoaXxo/1 MO3BOJISIET U30ABUTHCS OT «KPAeBBIX IPPek-
TOB», HO YBEJIMYMBACT CIOXHOCTh aHalk3a Mojenn. B pabore
[10] paccmaTpuBaeTcst MOJICIH C MOSIBIICHHEM a00OHEHTOB, B KOTO-
poii 30Ha HECWCTBUS 0a30BOH CTAHIMH SBISICTCS TOBEPXHOCTD
chepsl. Takast 30Ha AeHCTBHsI 0A30BOM CTAHIMK MTO3BOJISICT U30e-
JKaTh «KPacBBIX 3(PPEKTOBY», HO 3aTPYIHSICT aHAJIU3 ¥ UMHTAI[H-
OHHOE MO/JICTUPOBAHKIE MOJICIIH.

Jiis uccnenoBaHust MOJICIICH C TOSIBJICHUEM COOBITHI U MOJIe-
JIeH ¢ TosIBIICHHEM a0OHEHTOB MOKHO HCITOJIb30BATh OKPYKHOCTh
B KQ4eCTBE 30HBI JCUCTBUs 0a30BOW cTaHIMU. Bo-mepBhIX, MO-
JIeITb C OKPY>KHOCTBIO OTPa’KaeT OCHOBHBIC CBOIICTBA CUCTEM WH-
TepHeTa Benied. Bo-BTOPEIX, 3Ta MOJIeIb, KaK M MOJIEINb cO cde-
po¥i, HE UMeeT «KpaeBbIX 3(P(HEeKTOBY, HO, B OTIIMYKE OT MOJIEIH
co ctepoii, e€ jerde MOACIUPOBATh U aHATU3UPOBaTh. Ha pu-
cyHKe | Tmpe/cTaBiIeHbl MPUMEPhl MOJIEIICH ¢ OKPYIKHOCTHIO: & —
MOJIEINb C MOSIBJIEHUEM COOBITHH, O — MOJEIb C MOsIBIIEHHEM a00-
HEHTOB. BriepBrie mog00HBIE MOJETH pacCMaTPUBAINCEH B pabdo-
Tax [21, 24, 25].

bazosas cranmms Bazosas cranmms

©® — aKTHBHBIIT a0OHEHT
O — [TACCHBHBINA a00HEHT
@ — cobbiTne

a 6

Puc. 1. [Ipumepsl Mozeneil ¢ OKpy>KHOCTBIO: @ — MOJIENb C MOSIBIIEHUEM
COOBITHIT; 6 — MOJIETb C MOSIBICHHEM a0OHEHTOB

Cpennuii Bo3pact uHGOPMALMHU B CEHCOPHBIX CETAX
¢ 32aBUCUMbBIMHM HCTOYHUKAMH

B Teopun cucrem MaccoBoro o0CITyKHBaHUsI BO3pacT HH(Op-
MaIllH OTIPEAEISIOT, KaK ()YHKIMIO OT BpEMEHH, JIMHEWHO BO3pac-
TAIOIIYO0 O MOMEHTA OKOHYAHUsI 0OCITy>)KUBaHUS OUEPEHON 3a-
SIBKH ¥ YOBIBAIOIIYIO B MOMEHT, KOT/Ia 3asBKa MOKWHYJIA CHCTEMY.
Oty dyHKIMIO 0003HaYaIOT ciaeayromum oopasom: A(t). Cuunra-
etcs, uto m3HauainbHo A(0) = 0. TomycTum, uto t; ¥ t.; — MOMEHTBI
BO3HHUKHOBEHHS 3asBOK ¢ HOMepamHu | u i-1, a | — MOMeHT OKOH-
YaHus OOCITY)KMBaHHS 3asBKH C HOMEpOM i. B cooTBeTcTBUU C
9THMH 0003HAUCHUSIMH BO3pACT HH(OpMALIUK B MOMEHT BPEMEHH
li cHusmtes Ha ti-ti.1.

Cpennnii Bo3pact unpopmanuu Ha naTepsaie [0,T] omnpene-
JISIFOT, KaK OTHOLICHHE IIommaan nox rpadukom ¢pynkimn A(t) k
BpPEMEHH HAaOJIIOACHUS 32 CHCTEMOM T:

—_ 1°t
ATz?iAamt

Cpenuuii Bo3pacT HHPOPMAIIUH TIPU | —>00 OTPEACTISIOT Clie-
JYIOILIHM 00pa3oM:

A=limA,.

T—oo
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B paborax [11, 26-28] mpuBeneHBI CITIOCOOBI BBIYHACICHUS
cpeqHero Bo3pacTa HHGOPMAIMH sl CHCTEM MacCOBOTO OOCITy-
xkuBaang M|D|1 u M|M|1 ¢ mpsMpIM TOPSITKOM OOCITYKUBAHHS
(First-Come-First-Served — FCFS) u momryueHsI 3aMKHYTBIE MaTe-
MaTHYECKUE BBIPAYKECHUsI CIICIYIOLIETO BHUJIA:

Ao A1 1 d=pe
Eul2a-p) 2 p )
- 1 1 p

A == 1+E+E ;

B KOTOPBIX A — HHTEHCUBHOCTh BOSHHKHOBEHUS 3asBOK, | — HH-
TEHCHBHOCTH OOCITY)KHBaHUS 3asiBOK, a p = A / [L. 3aMETHM, YTO
BEIpaKEHUE CpeHero Bo3pacta mHpopMmarwm it M|D|1 mpume-
HHMMO TOJIBKO ISl aCHHXPOHHOH crcTeMbl. Bo MHOTHX coBpeMeH-
HbBIX CUCTEMAX NEpCaavn JaHHbIX BBOJAUTCA CHHXPOHU3AIUA BPEC-
MEHH, TOITOMY OOJBIINI MHTEPEC MPEAICTABIIACT MOTyUYCHHE BbI-
pakeHus st cuHXpoHHOU cuctembl M|D|1. OnHako noka aaH-
HBII BOIIPOC OCTAETCSI OTKPBITHIM.

Amnanu3 cpeHero Bo3pacra HHGOPMAIMH B CUCTEMaX Macco-
BOro oOCIy)KMBaHHS C OOpaTHBIM MOPSIKOM OOCIYKUBaHHS
(Last-Come-First-Served — LCFS) mnpeacraBnen B paborax
[29,30]. B pabore [31] nanHas XapakTepUCTHKA MCCIICTYETCs IS
CHCTEM MAacCOBOTO OOCIIY)KMBAaHUSI C HECKOJIBKHUMHU OUYCPE/ISIMHU.
CoBceM HeJlaBHO CPeIHUI BO3pacT HH(OpMaIMK Hayail HCCIen0-
BaThCS M TSl CHCTEM CITy4ailHOr0 MHOXKECTBEHHOTO JIocTyma [32-
39], ogHako MaTeMaTHYECKUE BBIPAKCHUS STON XapaKTCPUCTUKU
JUISL TAKHX CHCTEM I0Ka HE MOJIyYeHBI.

B paborax [22, 23, 25] cpenuuii Bo3pacT nHPOPMALINU HCCITe-
JyeTCsl JUIsl CEHCOPHBIX CETEH CO CIly4alHBbIM JOCTYIIOM U 3aBU-
CUMBIMH HMCTOYHHMKaMH. B pabortax [22, 23] paccmaTpuBarOTCs
MOJICIIH C TIOsIBIIEHHEM COOBITHH, a B paboTe [25] — Mozensb ¢ 1o-
sIBJICHUEM a0OHEHTOB. B Hacrosiiiee BpeMsi IPOBEAEHO MaJlo HC-
CJIC/IOBaHUI B IaHHOH 00J1aCTH M OOJIBIIMHCTBO PE3yJIbTATOB I10-
JY4EHO C TOMOIIBI0 MMUTAIIOHHOTO MOJICIINPOBAHUS, TIOATOMY
3aj1a4a MCCIIEA0BaHUS CPEAHET0 Bo3pacTa MH(pOpMa B TaKUX
CHCTeMax MO-TIPEKHEMY SIBIISICTCS] aKTyaIbHOM.

3akJaouenue

B nannO# paboTe onrcaHbl OCHOBHBIE CIICHAPUH U OCOOCHHO-
CTH CHCTEM HMHTEpHeTa Bemiel. OnpeneneH creHapuii ¢ 60IbImM
YHUCJIOM CEHCOPOB, KOTOPBIN SIBJISIETCS OCHOBOW MOCTPOEHHUS CHU-
CTeM MOHHTOPHWHTA CITyYaiHBIX COOBITHIA. BrimomHeH 0630p pa-
60T, B KOTOPBIX PacCMaTPUBAIOTCSI CUCTEMBI CITy4alfHOr0 MHOKe-
CTBEHHOT'O JIOCTyIa C 3aBUCHMBIMHM HCTOYHHMKaMHU. [Iperioxen
€roco0 KiacCu(pUKALUK U eMHasi CUCTeMa JIOMYIIEHUH U MO-
Jienelt Takux cucteM. [IpuBeneHs! MpUMEpPhl ONUCAHUS pa3iny-
HBIX KJIACCOB CUCTCM C 3aBUCHUMBIMU NCTOYHUKAMU prOHleHHOﬁ
MOJIETIbIO, B KOTOPOH 30Ha JICUCTBHSI Oa30BON CTAHIIMU SIBJISICTCS
OKPY>KHOCTBIO.

[IpencraBneHHON MO/EIBIO MOYKHO OIHCHIBATH KaK MOJICIIH C
TIOSIBJICHHEM COOBITHH, TaK M MOJIEIH C TIOSIBIICHHEM a0OHEHTOB.
[IpenmymecTBamMu 3TOM MOJIENH SIBIISIIOTCS TOCTYITHBIN aHATIN3 U
MpocTas pean3anys IMUTAMOHHOTO MOJAEIHPOBAHNUS, A TAaKXKe
OTCYTCTBHUE «KPaeBbIX 3(h(heKTOBY. Pe3ynbTaThl, MOIydeHHbIE IS
YIPOIIEHHON MOJEIH, MOTYT OBITh 0000IIeHEI 1711 OoJee peanu-
CTHYHBIX MOJIENIel CHCTEM MOHUTOPHHTA CITYYaiHBIX COOBITHH.

-
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CBA3b

Taxum 06pa3om, enuHas cucTeMa JAOMyIIEeHUH U yIPOIIeHHAs!
MOJIEJIb MOT'YT HCIOJIB30BATHCS IS TEOPETHYESCKOTO aHaIn3a Xa-
PAKTEPHUCTHK PA3IMYHBIX CHCTEM C 3aBUCHMBIMU HCTOYHUKAMH.

Kpowme Toro, B maHHOi1 paboTe npencTaBieH 0030p CYIIEeCTBY-
IOIIUX MCCIIeIOBAaHUH CPEeAHEro Bo3pacTa HH(YOPMAIUK B pa3Iny-
HBIX CHCTEMaXx CBA3H, @ TOYHEE B CUCTEMaX MacCOBOTO 00CIIyKHU-
BaHUS, B CHCTEMAaX CIy4aiiHOr0 MHO)KECTBEHHOT'O IOCTYIA U B CH-
CTCMax C 3aBUCUMBbIMH UCTOYHHUKAMH.

Mo pesynbraram 0030pa BBIABICHO, YTO 3T XapaKTEPHUCTHKA
SIBJISICTCSL Ba)KHOM JJI1 CUCTEM C 3aBUCUMBIMH MCTOYHHKAMH, HO
Ha JIaHHbI MOMEHT NPaKTUYECKH HE UCCIICI0BaHA B TAKUX CHCTE-
Max. [lenb nanpHeHMX ncciaeJOBaHUH — TOJTyYeHNE TeopeTHYe-
CKHX 3HAYCHHH WJIH OLICHOK CPEJHEr0 BO3pacta HHPOPMAIHH s
CHCTEM CO CIIYYaiHBIM TOCTYIIOM U 3aBUCUMBIMH HUCTOYHHKAMH.

duHaHCcOBasI NMOIEPIKKA

Paboma ewvinonnena npu gunancosoti noddepcke Munu-
cmepcmea Hayku u evicuie2o oopazosanus Poccutickotl ®edepa-
yuu, coenauenue Ne FSRF-2023-0003, «@ynoamenmanvivie oc-
HOBbl NOCMPOEHUA NOMEXO3AUUUEHHBIX CUCTNEM KOCMUYECKOU U
CHYMHUKOBOU 83U, OMHOCUMENbHOU HABULAYUL, MEXHUYECKO20
3PEHUsL U AIPOKOCMULECKO20 MOHUIMOPUHZAY .
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MODELS OF SENSOR NETWORKS WITH CORRELATED SOURCES

Anna V. Borisovskaya, State University of Aerospace Instrumentation, St-Petersburg, Russia, borisovskaya@k3é6.org

Abstract

One of the important scientific directions in the research of the Internet of things is the analysis of monitoring systems for random events with corre-
lated sources based on random multiple access. Taking into account the correlation of data from nearby sensors increases the energy efficiency of the
system and ensures the stability of its operation. There are various models of such systems, but there is no connection between them. The purpose of
this paper is to develop a unified system of assumptions for describing models of systems with random access and correlated sources. In this paper, the
main scenarios of the Internet of Things are described and a scenario with a large number of sensors is selected, on the basis of which systems for mon-
itoring random events are built. A review of papers in which systems with random access and correlated sources are studied is carried out. A method
for separating existing models into two classes is proposed: models with the arrival of events and models with the arrival of users. A unified system of
assumptions for models of both classes is proposed, which allows describing and comparing different models with each other. A simplified model of a
system with random access and dependent sources is presented, which retains the main properties of the Internet of things systems. This model is easy
to analyze and has no "edge effects". A brief overview of the research on the average age of information in various data transmission systems is also
given. The results of the review showed that this characteristic is important for systems with correlated sources, but at the moment it is practically not
studied in such systems. The proposed system of assumptions for describing various models with correlated sources and the presented simplified model
with a circle can be used in the theoretical analysis of monitoring systems for random events.

Keywords: Internet of Things; sensor networks; correlated sources; Age of Information; random multiple access.
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B cTatbe paccMOTpeHO MOAENUpPOBaHUE NPOTUBOJEACTBUA CKPbITOMY NepexBary
KoHduMaeHUManLHOM MHdOpMaLuK, NepeAaBaeMol B BOCXOAALLLEM NOTOKe AaH-
HbIX MACCUBHOW CETU ONMTUYECKOrO LOCTYNa apXUTEKTYpbI 'ToYKa — MHOroTo4ka"
(P2MP PON-TDM). CkpbITHOCTL nepexsata obycnoBneHa Hanuumem obpatHo
OTpaXKeHHbIX CUFHAJIOB B Ppa3beMHbIX COEJMHEHUAX MaruCTpasibHOrO y4acTKa BO-
NOKOHHO-ONTUYECKOW NIMHUMN CBA3M MAaCCMBHOM CETU ONMTUYECKOro Aaoctyna. [Ansa
NpoTUBOAENCTBUA TaKOMY crocoby nepexeata uH¢pOpMaL UK NpenoXKeHo nepe-
AaBaTb B HUCXOAALLEM HanpaBneHWU NOMEXOBbIA CUrHan Ha AnuHe BosHbl 1310 HM.
OueHka 3¢p¢peKTUBHOCTU NPUMEHEHUA 3TOTO0 MeTo/ia BbINOJIHEHA NYTEM MoJenu-
posaHua B CAIP OptiSystem. PesynbratoM MoaenupoBsaHua asnaiotca rpacu-
KM 3aBucuMoctu Q-cpakropa oT o6paTHbIX ONTUHECKUX NOTEPL B pa3beMHbIX CO-
€AMHEHUAX U OT YPOBHA ONMTUYECKOM MOLLHOCTU NoMexoBoro curHana. Ha ocHo-
BaHMM aHanusa rpacguKoB, NpeanoXKeHHbIN MeToA cuntaerca 3¢ eKTUBHBLIM NpyU
YCNOBUMN paBeHCTBA YPOBHA ONTUYECKON MOLLHOCTU NOMEX0oBOro u uidopmalm-
OHHOTO CHMrHana, OTPAXXEHHOro OT pa3bEMHOr0 COEJMHEHUA MarucTpanbHOM
BOJIC Ha ctopoHe aGoHeHTOB. [lna NnpoTUBOAENCTBUA AOCTAaTOYHO NMPUMEHUTb
OJMH UCTOYHUK MOMEeXH, NapaMeTpbl KOTOPOMA CXOXM AOMKHbI OGbITb CXOXKMMU C
napaMeTpoB CUrHana BOCXOAALLLEro NMOTOKa JAaHHbIX. TaKKe AaHbl peKoMeHAa-
UMM NO NPOTUBOAEHCTBUIO CKPbITOMY nepexBaTy MH¢OpMaLMU BOCXOAALLErO
NOTOKa JaHHbIX B onTu4yeckoin cetu goctryna P2MP PON-TDM.
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MHOOPMATUKA

BBenenne

OnHO# U3 rIaBHBIX pobseM TexHooruu cBsizu P2MP PON-
TDM, B uactHocT GPON, sBiIsIeTCS BO3MOXKHOCTh HApYILICHUS
nH(pOpPMAIMOHHON 0e30NacHOCTH IyTeM IepexBara HH(popma-
II1H, TIepeJaBaeMOM B BOCXOJISIIIIEM M HUCXOJISIIIEM HaIPaBICHHUH.
Kak npaBuiio, nepexsaT OCyIIECTBISIETCS 10 TEXHUIECKUM KaHa-
naM ytedkn uH(Gopmanuu [1-7]. OZHUM U3 TaKMX KaHAIOB SIBJIS-
€TCsI KaHaJI, 00pa30BaHHEIH 3a CYET (PPEHENEBCKOTO OTPAKCHUS B
pa3bpeMHBIX coennHeHnx pa3BeTBieHHoi BOJIC cetn PON. O6-
PaTHO OTPAXKEHHBII CUTHAJI BOCXOISIIIET0 MOTOKA JAHHBIX MOXKHO
CKPBITHO TPUHUMATh, 03 Kakux-1bo Bo3zaekcTBuii Ha BOJIC
MyTeM TOAMEHbI a0OHEHTCKOTO TEPMHHANA Ha aNMapaTHO-IIPo-
rpammebIi komruieke (AITK) ¢ BBICOKOYYBCTBHTENBHBIM (HOTO-
NpUEeMHUKOM. JIJisi TIPOTHBOACHCTBUS CKPBITOMY TIEPEXBaTy WH-
(dhopMaIu BOCXOSIIETO MOTOKA JaHHBIX, B padoTe [8] mpemyio-
KEeH METOJI IPeAHaMEPEHHOT 0 HCKaKEHNS OTPAKEHHOTO CUTHAJIa
MyTeM Iepe/iayd OJHOBPEMEHHO B HHCXOJSIIEM HaIpaBICHUN
curgaia nomexu Ha He BoHB 1310 uM. ITomoOHBIN METOL
paccMoTpeH B paborax [9,10], HoO miist ceT Touka-Touka (P2P).

Onenka 3(h(heKTUBHOCTH MPEITIOKEHHOTO METOJIa MPECTaB-
nena B padote [11]. Kak mokasanm pe3ynbTaThl pac4eToB, METO
3¢ PEKTHBHO padOTACT MPH YCIOBHH, YTO YPOBEHH IIOMEXOBOTO
CUTHaJla Ha BXOJE MPHEMHHMKA TPETHUX JHIl OyIET HE MCHBIIE
YPOBHS OTPa)XEHHOTO HH(OPMAIIMOHHOTO cUrHaia. {ist moarsep-
AKJICHUS 3TOTO BBIBOJIA BBINONHsIETCS MojienupoBanue B CAITP.

ITocTanoBka 3aga4

3ajaueil MOAEIUPOBAHUS SIBISICTCS:

1) olieHKa BO3MOXKHOCTH IIpHeMa U 00pabOTKH HH(POPMAIIHOH-
HOT'O CHT'HAJIa, KOTOPBIN MPE/ICTaBIIsIET COO0H CyMMY OTpakKeHHBIX
CHT'HAJIOB B OJIHOKACKaHOMU U JIByXKackaHO# cxemax cetit PON B
OTCYTCTBUY (POHOBOI TIOMEXH MPH PATUYHBIX 3HAYCHHSX ONTHYE-
cKkux Bo3BpaTHBIX noTepb (ORL) pazbeMHBIX coeIMHEHMI;

2) olLleHKa BO3MOXKHOCTHU TpreMa U 00paboTku MH(pOpMaIu-
OHHOT'O CHT'HaJIa, IPE/ICTABIISIIONIETO CO00I CyMMBI OTPayKEeHHBIX
CUTHAJIa B OJJTHOKACKAaJHOM 1 IByXKackamHOH ceTsx cetrt PON Ha
(hoHE TOMEXOBOTO TpoIecca MPU PA3THYHBIX 3HAUCHHUSAX YPOBHS
myma u napamerpa ORL pa3beMHBIX cOeJMHEHHH.

OreHKa BO3MOXKHOCTH IIpreMa U 00pabOTKH ITOJIE3HOTO CO00-
mieHns: OyaeT ompenensThes BenmmanHor Q-dakropa. Pesymbpra-
TaMH MOJICITMPOBaHMs OYAyT MpeACTaBlIeHbI rpadKaMu 3aBHCH-
moct Q(OLR) u Q(Pnoisk).

MopenupoBanne cetu PON Oyner BBIIIOJHEHO COTJIACHO
cXeMe, pacCMOTpEeHHOHU B padoTe [8]. [ ynpormeHust MOIeTpo-
BaHUS, IOCTaTOYHO paccMoTpeTh cxemy 6e3 OLT ¢ omHuIM TepMu-
HatoM ONU, B KOTOpO# BBIMTOTHACTCS MPHEM CYMMBI YETHIPEX
CUrHaJIoB. Tpu CUTHaa OTPAKEHHBIX OT TPEX Pa3bEMHBIX COEIHU-
HEHMH MAarucCTPalbHOM BOJIOKOHHO-ONTUYECKOM JIMHHU CBSI3U
MTACCUBHOM CETH JIOCTYIA, ¥ CUTHAJIA OT NCTOYHHKA TOMEXH.

MopenupoBanne OLT sBisiercss HelenecooOpasHbIM, I10-
CKOJIBKY Tepefaya JaHHBIX OCYIIECTBISETCS Ha JUIMHE BOJHBI
1490 uM, KOTOpast He OyIET OKa3bIBATh HUKAKOTO BO3/ICHCTBUS Ha
npueM ¥ 00paboTKy OTpaXEHHBIX MH(OOPMAIIMOHHBIX CUTHAJIOB H
CUTHAaJa IOMeX!U Ha JyInHe BOJIHBI 1310 HM.

B xauecTBe HCTOUYHMKOB HH(OPMALITMOHHOTO CUTHANA U (POHO-
BOTO ITyMa MOYXHO TIPMMEHHUTH T€HEepaTop ONTHYECKOH HeCcyIeH
Ha miuHe BosHbl 1310 HM, MoxynupoBaHHOW Mo 3akoHy NRZ
TICEBJIOCITyYaliHOHM MOCIIE0BATEILHOCTHIO EANHUIL M HYJIEH, ¢ OH-
TOBOH cKopocThio 1,25 I'out/c.

[Ipu 5TOM, 9TH J1Ba UICTOYHMKA JJOJDKHBI OBITH HE3aBUCHMBI OT-
HOCHUTEJBHO JIPYT JIpyTa.

B kauecTBe NMpHEMHHKA OTPaXKEHHBIX CHUTHAJIOB IIEJIECO00-
pa3HO MPUMEHUTD JIABUHHBIH (POTOMO, padOTAIOMINI B CBS3KE C
pETeHepaTOpPOM M ONITHYECKUM ycmnTesaeM. [IpiuMeHenue 1aBuH-
HOro (OTOAMO/IAa OMPABAAHO €TO OONBIIEH TyBCTBUTEIHLHOCTHIO
[12-15], B cpaBHeHnu ¢ pin-poroanonom. [IpumeneHme onrmye-
CKOTO YCHJINTEN O0OOCHOBAHO TEM, YTO YPOBEHb OTPa’KEHHOTO
CHTHaJa MHOTO MEHBIIIE TyBCTBUTEIBHOCTH JIABUHHOTO (DOTOIH-
ona. Criemyer NCIonb30BaTh UICANIbHbIA ONTUYECKUH YCHUITUTENb,
3ajaueil KOTOPOTo SIBISACTCA YCHUIICHHE ONTHYECKOTO CUTHAIA J10
HOMHUHAJIBHOI'O 3HAuCHUsI 0€3 BHECEHHs COOCTBEHHBIX IIYMOB B
YCHUJIMBAEMBII CUTHAJL.

Ji1st IpOCTOTHI YTEHUSI CXEM M aHaJIM3a ITOJyYeHHBIX Tpadu-
yecknx 3aBucumocteil Q(OLR) u Q(Pnoisk), ycnoBUMCS, UTO Hy-
Mepalus pa3beMHbIX coennHeHui Maructpanbaoii BOJIC Hayu-
HaeTcs CO CTOPOHBI aDOHEHTa, TO €CTh C MAarUCTPAJIBHOIO MOPTa
OIITHYECKOTO Pa3BETBUTENS, K KOTOPOMY HEHNOCPEACTBEHHO MOJI-
KitouaroTest aboneHntckue TepmuHansl ONU. TlepBblit pazbem Ha
cropone abonenra B OPIII nin OPM (ontuyeckuit pacrpenenu-
TEJNBHBIA KA WIM ONTHYECKas paclpeaenuTesbHas mydra),
OCTaJIbHBIE /IBa Ha CTOPOHE OIIEpaToOpa CeTH (B y3JIC CBS3N).

3nauenue ORL cnenyet B3siTh U3 quanazona ot 30 qo 70 ab,
YTO COOTBETCTBYET PEabHBIM 3HAUCHHSM Ha MPAKTUKE. Y POBEHb
OIITHYECKOM MOIIHOCTH IIyMOBOTO CHTHAJIa HA BBIXOJE Te€HEpa-
TOpa ciaeayeT B3sITh B npeaenax or munyc 100 nbm 1o munyc 30
1bM, 4TO TTO3BOJIMT OIPEACINTH MPH KAKUX 3HAYCHUSIX (PaBHBIX,
OoJibIlle WM MEHBIIE) YPOBHS ONTHYECKOH MOIIHOCTH TOMEXH
Oyznet HabmIOAaThCS Hanboee Hale)KHOE 3aITyMIICHHE HH(pOpMa-
LMOHHOTO CHTHaJa, OTPAKEHHOTO OT Pa3bEMHBIX COCAMHEHUH.
J1J1s TIOBBIIICHHUS pa3peIaroIeii CIOCOOHOCTH IpahMKOB 3aBUCH-
moctu Q(OLR) u Q(Pnoisk), konmmdectBo 3HaucHuit ORL u Pnoise
npuMeM paBHbIM 20.

MonenupoBaHue cliefyeT HMPOBECTH Ul OJHOKACKAaJHOH H
nByxkackagHou cxeM cetu PON. Ilpu 3ToM, B ABYXKacKaaHOM
cXeMme, LeNIeco00pa3Ho PacCMOTPETh BAPUAHT, KOT/Ia ONITHYECKUH
pa3BEeTBUTEb MEPBOTO KACKala MHTETPUPOBAH B JIMHHUIO CBSI3U
MTOCPEICTBOM CBapKH Ha yuacTke Mexkay OLT u ontudeckum pas-
BETBHUTEJIEM BTOPOTO KacKa/a.

MopeaupoBanue B CAITP OptiSystem

MopenupoBanue BoionHeHo B CAIIP OptiSystem s Tpex
0s10K-cxeM (cM. puc. 1-3), KOTOpbIC IPEACTABISAIOT COOO0M KaK O/
HOKAaCKaJIHYy10, TaK U JBYXKackaaHyo cxeMsl cetd PON.

MonenupoBanue npsiMeix (0,3 1b) u 00paTHBIX ONTHYECKHX
noreps (551b6) [16] B Tpex pazbeMHBIX COCTUHEHHSX, a TAKIKE CO-
BOKYITHBIX ONTHYCCKUX MOTEPh B IMHUH JITUHOHN 5 kM [8,11], BEI-
TIOJTHEHO MOCPEICTBOM ONTHYECKHX aTTeHI0AaTopoB. Moaennpo-
BaHHE ONTHYECKON JIMHUN AJIMHON TPH METpa Ha CTOPOHE oliepa-
TOpa HE LIeJIecO00pa3Ho, TaK KaK 3aTyXaHHE Ha TAaKOM YYacTKe
KpaiiHe MaJlo.

MonenupoBaHue pa3BETBUTEINS NMEPBOTO KacKaja BHIIIOIHEHO
MyTEM YBEIMYEHHUS 3aTyXaHUs B aTTEHI0ATOPax, KOTOPbIe MOJe-
JUPYIOT 3aTyXaHHE B BOJIOKOHHO-ONTHYECKON JIMHUHU CBSI3U MPO-
TSKEHHOCTBIO 5 KM. B kauecTBe pa3zBeTBHUTENSI NEPBOro Kackaaa
MPUMEHEH ONTHUYECKUIl nenurens 1X2 ¢ BHOCUMBIMU MOTEPSIMU
4 nb. C yueToM 3TOro, cyMMapHsbIe OTEpH B TMHUM COCTaBAT 6 1b.
Pa3Hnna mexay onHOKacKaJHOU U IBYXKaCKaJHOW CXEMaMU CETH
PON orpaxena B 3aTyXaHUH.
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B xagectBe abonentckoro TepmmHaga ONU u reneparopa
IIyMa IPUMEHEHBI TIepeJaTIMKH ONTHYECKOr0 CUTHAJIA Ha JUTHHE
BOJTHBI 1310 HM, HHTEHCHBHOCTB M3ITyYCHHS KOTOPBIX MOTYITHPO-
BaJIaCh HE3aBUCHMBIMH IICEBIOCITyJalHBIMI OMHAPHBIMHU TIOCTIC-
noBarenbHOCTAMU. DoTonpueMuuk TpeThux Jurl (ONU*) mpen-
CTaBJIsLT CO0O ONTHYECKUI TPUEMHHK C MPE/IBAPUTEIBHBIM OII-
TUYECKUM YCHIINTEIIEM.

KauecTBo npuema HHPOPMAIMOHHOTO CUTHAJIA OTIPEIEIISUIOCh
aHanu3zaTopoM 1nudposoro notoka aaHubix (BER Analyzer), xo-
TOPBII BEIUMCISUT napameTp Q-hakTop B 3aBUCHMOCTH OT 00par-
HBIX ONTHYECKUX MTOTEPh B pa3bEMHBIX COCAMHEHUSIX U OT YPOBHS
ONTUYECKON MOIIHOCTH TOMEXOBOI'0 CUTHANA.

Kontposs mponecca MOAeTMpOBaHHS OCYIIECTBIISAICS H3Me-

NHDOOPMATUKA

PUTETHHBIME IPUOOPAMHU, TAKAMH KaK H3MEPUTEITh YPOBHSI OTITH-
YeCKOH MOIMHOCTH W ocmmiutorpad. VX momkimrodeHne K OJIOK-
CXeMe BBITTOTHEHO Ha aOOHEHTCKOW CTOPOHE B MIECTH KOHTPOIb-
HBIX TOYKaX.

st uccnenoBanus Bausinust ORL Tpex pa3beMHBIX COeMHe-
HUil Ha Q-(aKkTop B OTCYTCTBHM IOMEXOBOT'O CHUTHAla, B OJIOK-
cxeme Nel (cm. puc. 1) pazpaboTaHo TpH CLEHApUs, B KOTOPBIX
JIMHEHHO u3MeHsIcs napametp Attenuation ogHoro u3 Tpex onru-
YCCKUX aTTCHIOATOPOB. B cooTBeTrcTBUM YCJIOBUAM MOACINPOBA-
Hus, Tapametp Attenuation u3MeHsICs THHEHHO B ipeaernax ot 30
1o 70 nb. OtcyTcTBHE (POHOBOTO ITOMEXOBOTO CHTHAJIA OBLIO CMO-
JISIAPOBAHO MTyTEM YCTaHOBKU B 0yioke Gen.Noise YpOBHS OINTH-
yeckoil MomHocTy MuHyc 100 nbm.
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Puc. 3. baok-cxema Ne3

B 6nok-cxeme Nel, myist moaTBEpsKACHHS JOCTOBEPHOCTH NPH-
emMa MH(QOPMALIMOHHOTO COOOIIEHNS, TOJKII0YEHIE aHaIn3aTopa
LU(POBOTro MOTOKA JaHHBIX BHINOJHEHO K repeaaTynky ONU u k
¢doronpuemunky ONU*. AHanuzatop CpaBHHMBAeT IEpEAaHHYIO
ONU wH(}OpManMOHHYIO IOCICIOBATEIHHOCTE C MPHUHATON
ONU*. Pe3ynbraToM cpaBHEHHS siBiIsieTcs 3HaUeHue Q-dakropa.

Jis IByXKacKaJHOW CXEMBI TakKe pa3paboTaHO TPH CICHA-
pHs, B KOTOPBIX JIMHEHHO W3MEHsIcs mapameTp Attenuation on-
HOTO M3 TPeX ONTHYECKUX ATTCHI0ATOPOB, MOJEIUPYIOLUIUX BO3-
BPATHBIC ONTHYECKUE ITOTEPU PA3bEMHBIX COCIUHEHUH.

HccnenoBanue BIUSHUS YPOBHS ONTHYECKOW MOIIHOCTH TI0-
MEXO0BOTO Mporecca Ha Q-(hakTop, BHIIOIHEHO TPH Pa3INnIHBIX
3HayeHusax ORL B nmepBoM pa3beMHOM COEIMHEHUH, KOTOPBIE CO-
craBuwin 55, 50, 48, 46 u 44 nb. [J{ns sToro O6bUT0 pa3paboTaHO
IISITh CLIEHAPHEB JUIs OJJHOKACKaIHOW U AByXKackaHol cetu PON.
B kaxxnom U3 mATHU CLEHApUEB JIMHEHHO M3MEHSUIaCh MOIHOCTH
MIOMEXOBOI'0 CUrHaja B auamnasone ot munyc 100 nbm no munyc
30 nbm. M3menenus ORL B mepBoM pa3beMHOM COCTHHCHHUU
(Connector 1) 060cHOBaHO TEM, YTO UMEHHO OHO B OOJIBIIEH cTe-
TICHH BJIMSIET HA KAUeCTBO MpreMa HH(OPMAIIMOHHOTO CUTHAIA.

YunThIBask peasbHbIC YCIOBUS MIEPEXBaTa OTPAKEHHOTO CHT-
Hana B cetd TDM-PON, rie 10CcTOBEpHOCTH MPHHUMAEMOTO HH-
(hopMaIIMOHHOTO COOOIICHNS HE M3BECTHA, CHATHE 3aBUCHMOCTH
Q(P~oisE) BBINIOIHEHO TIPH HEMOCPEACTBEHHOM MOAKIIOYEHUN
BER Analyze x doronpuemanky ONU*, kak mokazaHO Ha pH-
cynke 2. KonuuecTtBo cleHapueB M uUTepaluil BBHIUUCIECHUH B
6nok-cxeme Ne2 ananorngHo Ook-cxeme Nel.

YpoBeHb ONITHYECKOH MOIIHOCTH ITOMEXOBOT'0 CUTHAJIA B OJIOK
cxemax Nel u Ne2 xonTpoimpoBaics B Touke Ned mpH MOMOIIH
nHCTpyMeHTa «V3MepuTens ONTHIECKOH MOIITHOCTI.

W3 pe3yapTaToB YHCIEHHOTO MOJAEINPOBAHUS, TPEICTABICH-
HBIX B pabdote [11], cnemyer 4to jist yBenuueHus: KodpuimenTa
omMOKH BbIAEICHNS HHPOPMALMOHHOTO COO01IeH s Ha (hoHEe To-
MEXOBOTO IPOIiecca, FEHEPUPYEMOT0 OJJHUM HCTOYHUKOM, YpO-
BEHb OINTHYECKOH MOIIHOCTH CHUTHAla TIOMEXH JOJDKEH OBITh

Oosblire ypoBHS MH(MOPMAIMOHHOTO curHaia. OJHaKo, MOXXHO
MIPEAIOJI0KUTh, YTO B TAKOM CJIydae, TPEThsl CTOPOHA OyJIeT IpH-
HUMAaTh IOMEXOBBII CUTHaJIa C HAWIYYIIUM Ka4eCTBOM, YTO 103~
BOJIUT CKOMIICHCHPOBATH ITOMEXY H BBLACINTH HHOOPMALIMOHHBIN
CUrHaJI. YUnTHIBas 910, pazpadboTaHa Ook-cxema Ne3 ¢ 1ByMst nuc-
TOYHUKaMH (POHOBOI moMexu (cM. puc. 3).

B 6r1ok-cxeme Ne3 cusarue 3aBucumoctu Q(Pnoise) Ha ¢oHe
JIBYX HE3aBHCHMBIX ITOMEXOBBIX IPOLECCOB B OHOKACKATHOW U
nByxkackaaHoi cetn PON peann3oBaHO aHAJIOTHYHO OJIOK-CXeMe
Ne2, nns matu cueHapueB. PerynnpoBka ypoBHS ONTHUECKOTO
CUTHAJa BBITIOJHAJIACH aTTEHI0ATOPOM (Att), yCTAaHOBICHHBIM Ha
BbIxoJie 00beaunuTeNs (Combiner 2x1).

AHaJau3 pe3yJbTATOB MO/ICJIMPOBAHUS

Pe3ynpraTaMu MOZIETMPOBAHMS OLIEHKH MPOTHBOJCHCTBHS
CKPBITOMY TIepexBaTy KOHQHICHINAILHOW MH(pOPMAIMH, Nepe-
JaBaeMoil B BocxoasmieM HampasieHuu cetd TDM-PON, sBis-
totest rpaduku 3aBucumoct Q(ORL) u Q(Pnoisg) uist paspado-
TaHHBIX OJIOK-CXEM OJTHOKACKaJHOW U AByXKackamHoi cetin PON.

Pesynbrat MonenupoBanust 6iiok-cxembl Nel nipesicTaBieH Ha
pucynkax 4 u 5 B Buue 3aBucumoctd Q(ORL) npu pasnnyHbix
3nayeHusix ORL B pa3beMHBIX COSTMHEHHSX U OTCYTCTBUH ()OHO-
BOTO IIyMOBoro npouecca. 3uauenus ORL usmensmnucs B mpene-
nax ot 30 o 70 nb.

AHanm3upys 3T 3aBUCUMOCTH, MOKHO YTBEPXKIATh CIIEYIO-
niee.

1. Ha xadecTBO BBIAEIECHUS M 0OpabOTKH OTPAKEHHOTO HH-
(hOpMAITMOHHOTO CHTHANIA BOCXOMAIIETO IMOTOKA MAHHBIX, MPEI-
CTaBJISIFOIIETO COOOM CyMMy TpeX CHTHAJIOB, B OOINBIIICH CTEreHH
BJIMSICT KA9eCTBO MarvCTPAIbHOTO Pa3heMHOTO COSTHHEHHS OTITH-
YECKOTO Pa3BETBUTEIS (MEPBOE Pa3heMHOE COENMHEHHE), K KOTO-
POMY HEOCPEICTBEHHO MOAKIIOYAIOTCS A00HEHTCKHE TEPMUHAIIBI.
3a KayecTBO Pa3beMHOTO COCTMHEHHS B TAHHOM CIIydae OTBEYACT

—
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BeanuuHa ORL. Yem menbiie ORL, Tem Xyxke KauecTBO pa3beM-
HOTO COSTMHEHUSI, TeM JIYIIIe KaueCTBO MIPHUEMa OTPAKCHHOTO CHT -
Halla TPETHUMH JIMIIAaMH, B TIPOTHBHOM CITydae, KauecTBO MpUeMa
OTpa)XCHHOTO cUrHaja mpu yBenmaernn ORL yxymmaercs.

KagecTBO CMOHTHPOBAaHHOTO Pa3bEMHOTO COCTUHECHHUS 3aBU-
CHUT OT KBaJTU(HUKAIINN TEXHIYECKOTO NEPCOHANa, KOTOPBIA 3aHH-
Maetcs skcrutyaranueit cetn PON. Tak, B cirydae MOHTaxa pa3b-
€MHOTI'0 COCJIMHEHHUs, MOXKET ObITh, HE BBINOJHEHA YUCTKA TOPIA
KEepPaMHUYeCKOT0 HAKOHEYHUKA KOHHEKTOPa, JTM00 KOHHEKTOP MOJI-
KIIIOYEH HenmpaBWIbHO. OUEBUAHBIM SIBISETCS TO, YTO JJIS Tac-
CHUBHOTIO TPOTUBOJICHCTBUS IEpexBaTy OTPAKEHHOTO CUTHANa
TPETHUMHU JINI[AMHU, OOpaTHBIC ONTHYECKHE MOTEPH B PA3bEMHBIX
COC/IMHEHUSIX JIOJDKHBI OBITH KaK MOKHO OOJIBIIIC.

2+
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Puc. 4. I'padukn 3aBucumoctn Q(ORL) ogHOKackagHOoit cetrn PON
MIPY OTCYTCTBUH LITYMOBOTO Tiporecca (0mok-cxema Nel)

30 40 50 60 T0
Attenuation (dB)

Puc. 5. I'papuxu 3aBucumoct Q(ORL) nByxkackaguoii cern PON
IIPU OTCYTCTBHH IIYMOBOT0 nporiecca (6siok-cxema Nel)

CrouT OTMETUTH TO, UTO B ABYXKackaaHoi cetu PON, rae omn-
THUYECKHH pa3BEeTBUTENH |X2 1epBOTo Kackaja MOAKIIOYEH B JIU-
HUM CBSI3M TIOCPEJICTBOM CBAapHBIX COCAMHEHHWH, HaOmomaeTcs
JIBYKpPAaTHOE YBEIMYEHHE KadecTBa MpPHUEMa OTPAKEHHOTO CHI-
Hasa. OOBsACHACTCS 3TO OOJNbIIEH pasHUIEH YpOBHEH OTpakeH-
HBIX CHUTHAIOB Sref us 2(f, A()) I Sref us 3(t, A(t)) Mo cpaBHEHHIO C
YpOBHEM CHUTHANA Sref us_1(, A(t)). Pa3HmIIa BEI3BaHA TOTIOTHUTEIH-
HBIM 3aTyXaHHEM CHT'HAJIOB B ONITHYECKOM pa3BeTBHUTENE 1X2.

2. B ciyuae yBenmueHHs OOpaTHBIX ONTHUYECKHX IOTEPh B
Pa3bEMHBIX COCTMHEHUAX Ha CTOPOHE OIIepaTopa CBSI3H (BTOPOE U
TPEThe pa3zbeMHOE COEJMHEHUE), TaKKe HaONI0aeTcs yirydlie-
HHE KayecTBa MNpueMa U 00pabOTKH OTPaKEHHOTO CHTHAA.
OOBsICHSIETCS ATO JAOCTATOYHO MIPOCTO: ITPU YBEITMYEHUH 0OpaTHBI
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OIITHYECKHUX NOTEPh, YPOBEHb ONTHYECKOI MOIITHOCTH JIBYX OTpa-
KEHHBIX CHT'HAIOB Sref us 2(t, M1)) 1 Sref us 3(t, A(1)) ymensbmaercs
OTHOCHUTEJIBHO YPOBHS ONTHYECKOH MOITHOCTH MEPBOTO CHTHATA
Sref us_ 1(t, A(t)) OTpaXeHHOTO OT TIEPBOTO PAa3bEMHOTO COCIUHE-
HUSI, 9TO BEJET K YMCHBIUICHHIO UX BIIUSHUS HA CTEMEHb IIPO-
CTPAaHCTBEHHOW MOYJISIIIMN CUTHAMA Sref us_1(t, A(1)).

3. 3aMedeHo, UTO B Ciydae MPHONM3UTEIBEHO PABHBIX 3HAUE-
Huii ORL BO Bcex pa3beMHBIX COCAMHEHHUSX, Ka4eCTBO MpHEeMa
OTPaXCHHBIX CUTHAJIOB TPETHUMH JIMLIAMH OyJIeT HU3KHUM, 4TO 3a-
TPY/HSET BBIACICHUIO KOH(DUACHIIMAIEHON HH(POPMAIIHH.

4. CpaBHenue monydeHHbIX 3aBucumocteid Q(ORL) B onmHO-
KacKaJHOM U JAByXKackaaHoi cxemax cetu PON, roBoput o Tom,
YTO UX XapakTep HE HMEET CYIIECTBCHHBIX OTINIHH.

[Nomy4eHHbIe pe3yabTaThl MOJCIHPOBAHNS B BUAE TPA(UKOB
3aBucuMoctt Q(ORL), moKa3pIBalOT MOTEHINMAIBHYIO BO3MOXK-
HOCTb CKPBITOTO IepexBaTa HHPOPMANNU B BOCXO/SIIEM MTOTOKE
JAHHBIX KaK B OJHOKACKaJHOM, TaK M B JBYXKAaCKaIHOW cXxemax
cetu P2MP PON-TDM.

Jpyrum pe3ynbTaToM MOEIUPOBaHUS 0510K-cxeMbl Nel sBis-
totcs rpaduku 3aBucuMocTr Q(Poise), KOTOPBIE O3BOJISIFOT OI1e-
HUTB 3P PEKTUBHOCTD TPEUIOKEHHOTO METO/1a TPOTUBOICHCTBHS
nepexBary HMHGOpPMALMKM ITyTeM TMEpeAayd B HHUCXOISIIEM
HarpaBJeHUH (OHOBOTO HIYMOBOTO MpoOIecca Ha JUTMHE BOJHBI
1310 HM. Pe3ynbraTsl MOJETUPOBAHUS MIPECTABICHBI HA PUCYH-
Kax 6 u7.

I'paduku 3aBucumocTteit Q(Proise) MOTYUYSHBI IPH Pa3InIHBIX
3naveHnAx ORL mepBoro pa3beMHOr0 COCAMHEHUS M 3HAYCHUH
ORL 55 nb BO BTOpOM U B TPEThEM Pa3beMHOM COCITUHECHUAK, &
TaKXKe MPU 3HAYCHUSIX YPOBHS ONTUYECKONH MOIIHOCTH OTPAXKCH-
HBIX CUTHAJIOB Pret us 2 = - 84,3 1bM 1 Pret us 3 = - 84,9 nbm mnsa
OJTHOKACKaTHOU CeTU U Pref us 2 = - 92,3 1bM U Pref us 3 = - 92,9
nbm st iByXkackagHOM ceTH. YPOBEHb OTPAKEHHOI'O CUTHAJIa
Pref us_1 B OTHOKacKaHOU M AByXKackaHol cxema cet PON u3-
MeHsuIcs oT MuHYC 79,7 nbM 10 Munyc 68,7 1bM. Ipu pa3iIn4HbIX
3HayeHusix ORL.

AHanm3upys 3TH 3aBHCUMOCTH, MO’KHO YTBEPXK/IaTh CIEAYIO-
mee. XapakTep IOJY4YEHHBIX TIpapuIecKuX 3aBUCHMOCTEH
Q(Pnoisg) At OMHOKAcKamHOW WM JIBYXKACKaIHON CXEMBI CETH
PON MO>XHO cYUTaTh KOPPEIUPYEMBIM, & CaM PE3YIbTaT MOJIEIHU-
POBaHMS MOJOKUTEIBHBIM, ITOKa3bIBAIONIINM BO3MOKHOCTD IPHU-
MEHEHHsI MCTOYHMKA (DOHOBOTrO IIyma JuIsi NPOTHBOJCHCTBHA
CKPBITOMY TiepexBaTy WH(OPMAIMOHHBIX COOOILIEHUH BOCXOIs-
IIero MoToka JaHHbIX B ceTd PON-TDM.

-100 -90 -80 -10 60 -50 -40
Signal Power (dBm)

Puc. 6. I'padux 3aBucumoct Q(Proise) ogHokackagHol cet PON
B OTCYTCTBUH IoMexu (Ook-cxema Nel)
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Puc. 7. I'paduk 3aBucumoct Q(Pnoise) nByxkackanHoit cetn PON
B OTCYTCTBHH noMexH (Osok-cxema Nel)

BaxxHO OTMETHTB, YTO TH 3aBHCHMOCTH ITIOJIyYECHBI 32 CUET
napajuieNIbHOro nojkmoueHus ananuzatopa BER k ucrounuky
MH()OPMAIMOHHOTO COOOMIECHHUS M (POTONPHUEMHHKY TPETHUX JIHIL
JUIsl 00ecredeHus] JTOCTOBEPHOCTH NpHeMa HH(OPMAIOHHON
IU(POBOI TOCIIEI0BATEILHOCTH HA (POHE TIOMEXH.

B peainbHbIX yCIIOBUSX, Y TPEThEH CTOPOHBI HET BO3MOXKHOCTH
CpaBHHUBATh BEIICIICHHOE HHPOPMAIIMOHHOE COOOIIeHNe Ha (oHE
MIOMEXOBOT'0 MPOLECCa C UCTUHHBIM ISl TOATBEPIKACHHS €ro JI0-
cToBepHOCTH. B Takom ciryuae, rpaduxu 3aBucumocteii Q(Proise)
MOJIy4YeHHbIe Ui OJoK-cxeMbl Ne2 OyayT BBITJISIICTh HMHAue,
(cm. puc. 8 m 9).

AHanu3upys 9TH 3aBUCUMOCTH, CTOMT 00paTHTh BHUMaHUE Ha
MPOCJICKUBAEMYIO 3aBUCHUMOCTh Q-(hakTOpa Kak OT MOIIHOCTH
IIOMCXOBOI'0 CurHaljia, Tak U OT O6paTHbIX OINTUYCCKUX MOTEPHh
pa3beMHOro coenuHeHus. Tak, Mpyu yMEHbIICHNH OOPaTHBIX OIl-
THYECKHX ITIOT€Ph B Pa3beMHOM COCIMHEHHHM W YMCHBIICHUH
YPOBHSI ITOMEXOBOTO Mpoliecca Ha BXoJe (OTONPUEMHHUKA Tpe-
TBUX JIMI, Ka4eCTBO NPHEMa OTPaKEHHOrO HH(POPMALHOHHOTO
CHTHAJIa YITy4IIaeTCsl, TOCKOJIbKY YPOBSHB MOJIE3HOTO CUTHANA Ha
BX0/Ie pOTONIpPHEMHHUKA Bo3pacTaeT. Ho, mpu yMeHbIIeHHH 00paT-
HBIX ONTHYECKHX ITOTEPh M YBEIHMICHUH YPOBHS IIOMEXH Ha BXOJIE
(boTONpHEMHNKA TPETHHUX JIUL, HAOII0JaeTCsl CHIDKEHNE KadecTBa
BBIACIICHUA TTOMEXHU, N3-3a YBCIIMYCHUSA YPOBHIA I/IH(i)OpMaHI/IOH-
HOTO CHTHAIA.

Puc. 8. I'papuxnu 3aBucumoctn Q(Proisk) onHokackanHoi cetn PON B
MIPUCYTCTBUY NoMexH (Oiok-cxema Ne2)

e
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Puc. 9. I'paduxnu 3aBucumoctn Q(Proise) 1Byxkackaguoii cert PON B
MIPUCYTCTBUH ITOMexXH (Os10k-cxemaNe2)

OueBUIHBIM SIBIISIETCS] TO, YTO d(PPEKTUBHOCTH MTPUMEHEHHS
UCTOYHHKA (DOHOBOI MMOMEXHU 00ECIIeYrBaCTCs B TOM Cilydae, Ko-
I71a YpPOBHH ITOMEXOBOTO TIpoIiecca U OTPakeHHOTro NH(popmanu-
OHHOTO CHTHaJIa, Ha BXOZE (POTONPHEMHHKA TPETHHX JIHI] OyayT
MIPUMEPHO OJTMHAKOBBHI.

Taxoxe cinemyer oOpaTUTh 0cO00€ BHUMaHKE Ha TO, YTO, €CITH
YpOBEHb ITOMEXOBOTO ITpoIlecca Ha BXoae (OTONpHUEMHHKA Tpe-
TBUX JIUI] OyJeT OOJIBIIe YPOBHS OTPaKEHHOT'O CHTHAMA, TO (POTO-
NPUEMHUK TPETbUX JIUL OyJeT BBLICIATH C HAWIYYIIMM Kade-
CTBOM ITOMEXOBBIH CHTHAII, YTO SIBHO CJICyeT U3 rpaduKoB 3aBU-
cumoctH Q(Pnoisk).

Beinenienne momexoBoro mnporecca B YUCTOM BHJIE TTO3BOJIUT
CKOMIICHCUPOBATh €r0, HAallpuMep, COINacyIomuM (GHIbTPOM, U
TEM CaMbIM, BBIJIEIUTh UH(QOPMALMOHHBIH CUrHalI Ha (hOHE TOo-
MEXH.

Pewmuts 3Ty npobiaeMy MOKHO ITyTE€M IPUMEHEHHS JIBYX He-
3aBUCHMBIX HCTOYHHKOB ()OHOBOTO IIyMa, FEHEPUPYIOLIHX IICEB-
JOCTy9YaiiHy!0 OMHAPHYIO TOCIeI0BAaTENbHOCTE. Tak, s pa3pa-
OoTtanHO# OMOK-cxeMbINe3, pe3yibTaT MOACTHPOBAHUS TIPEA-
craBieH Ha pucyHkax 10 u 11 B Buze rpadukoB 3aBHCHMOCTH

Q(Pnorsg).

10
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60
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Puc. 10. I'paduku 3aBucumoctr Q(PNoise) onHOKackaaHoit cetn PON
NpH HAIMYKH JIBYX HE3aBUCHMBIX HCTOYHUKOB Iyma (O10K-cxema Ne3)




Signal Power {dBm)

Puc. 11. I'paduku 3aBucumoctr Q(PNoise) 1ByxKkackagHoit cet PON
[pH HATMYKH JBYX HE3aBUCHUMBIX HCTOYHUKOB IIyma (O0k-cxema No2)

AHaNMM3UPys 3TU 3aBHCUMOCTH, MOXKHO YTBEPXKIaTh, YTO Xa-
paKkTep MOIYYCHHBIX 3aBUCHUMOCTEH CXO0X C rpadukaMu mpen-
CTaBIICHHBIMH Ha pucyHKax 6 u 7. IlomydeHHBIE 3aBUCHMOCTU
Q(P~oise) TTIOKa3BIBAOT, UTO 33JIeHCTBOBAHNE JIBYX HE3aBUCHMBIX
MCTOYHHMKOB TIOMEXOBOI'O CHI'Haja B OOJIbIICH CTENEHH 3aTpy/l-
HSET PUEM OTPa’KEHHBIX MH(POPMAITMOHHBIX CHUTHAJIOB, HEKEIN
B CJTydae KOr/ia 331eHCTBOBAH OMH UCTOYHUK (POHOBOH TTOMEXH.

Ananmsupys 3aBucumoct Q(Pnoisg) B 001acti ot Munyc 60
nbwm 1o munyc 30 n1bm BuiHO, uTo 3HaueHune Q-¢axTopa He npe-
BBIIIACT ABYX, YTO TAKXKE 'OBOPUT O BO3BMOKXHOCTHU KOMIICHCAIIUN
MTOMEXOBBIX CUTHAJIOB IIPH IIOMOIIY COTIACYIOMIETO (DMIIBTPA, I0-
CKOJIbKY YPOBCHB ITOMEXOBBIX IPOIECCOB NPEBBIIACT YPOBEHb
OTPaKCHHBIX HHPOPMAIMOHHBIX CUTHAJIOB.

Takxum 00pa3oM, obecrieueHre CKPHITHOCTH OTPaKEHHOTO HH-
(hopMaIIMOHHOTO CHUTHANA, YPOBCHD TIOMEXH JIOJDKEH OBITH COM3-
MEpUM C YPOBHEM OTPaKCHHBIX CHUTHAJIOB, JCHCTBYIONINX Ha
BX0Jie (POTONPHUEMHHKA TPETHUX JIHI. JTO OTYETIMBO BHIHO Ha
rpadukax Q(Pnoise) (Ha pucynkax 8-11 B nuama3zoHe OT MHUHYC
75 nbm mo mmHyc 65 nbwm), rme 3HadeHue Q-(akTopa paBHO
HyJ110. Kpome aToro, o0paTHbIe ONTHYECKHE TOTEPH BO BCEX Pa3b-
€MHBIX COCIMHCHUAX JOJI’KHBI 6bITb MpUMEPHO OJIMHAKOBEI.

3akaouenue

[TonBoast UTOTH, MOXKHO yTBEPXKIaTh, YTO CKPBITHIA IIepexBaT
MH()OPMALMOHHOTO CHUTHAJIA BOCXOJINETO0 HANPABICHHUS CETH
PON-TDM, BcriencTBrE €ro OTPayKeHUSI B PA3bEMHBIX COCMHCHHUSIX
MaructpaibsHoi BOJIC, sBrsieTcs MOTEeHIINATbHO-BO3MOKHBIM.

KauecTBo nepexBaTa 3aBUCHUT OT Ka4eCTBA PA3bEMHBIX COE/H-
HEHHMH U ypoBHS Kackamuposanus cetn PON. Tak, kagecTBo 1e-
pexBaTa yJaydlaeTcs B cllyyae yXy/IIeHHs KadecTBa (YMEHbIIIe-
HUS BO3BPATHBIX ONTHYECKUX MOTEPh) Pa3bEMHOTO COSANHEHUS B
MarucTpanbHoi auHuu Ha ctopoHe ONU. Ymensimenne ORL B
Pa3bEMHOM COETUHEHUHU BO3MOKHO YMBIIIJICHHO TPEThE! CTOPO-
HOM, WM CITy4aiiHO, paOOTHUKOM TEJIEKOMMYHHKAIIMOHHOH KOM-
MaHUEH, KOTOPBIH 3aHMMAETCSl TEXHHYECKHM OOCITy)KMBaHUEM
cetu PON. Ilpeanamepennoe ymensienne ORL Tperseil cropo-
HOH BO3MOJKHO TOJIBKO B CiTydae CBOOOJHOTO JAOCTYTIA K ONTHYC-
CKOMY pa3BeTBuTEN0. YMeHbieHne ORL MOKHO BBITTOTHUTS ITy-
TEM 3arpsi3HEHHs TOplla KepaMHYECKOTO HAKOHEYHMKA KOHHEK-
TOpa WM yBEIWYEHHUsI PACCTOSIHUS MEkay KoHHekTopamu. Co-
TJIACHO pe3yJbTaTy MOJEIMPOBAHMS, ISl yIydIIEHUS KadecTBa
nepexBara CUrHaza BOCXO/SIIEro MoToka nanHeix cetu PON, no-
CTaTOYHO YMEHBIINTH Ha 4-6 b BO3BpaTHbIE IOTEPU PA3EEMHOTO
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coeanHeHusi. Takoe BMeENIAaTeNLCTBO HE TOBIMSET Ha paboTy
Bcero jepeBa cetu PON, MOCKOIbKY Takue MaHUITYJISILUY C pa3b-
€MHBIM COEJIMHEHHEM HE OKa3bIBAIOT 3HAUYUTEIBHOTO BIUSHUS Ha
yBEJIMYCHHUE 3aTyXaHusl B pazbeMHOM coennHenud, 1 ORL ocra-
HETCs JUIS OllepaTopa CBS3U B MPeJienax HOPMBI.

Uro kacaercs cirydaitHoro ymensienuss ORL paGoTHHKOM Te-
JIEKOMMYHHKAIIHOHHOW KOMITaHMH, TaKHe CIIydau BIIOJHE BO3-
MOXHbI, ¥ yMeHbIeHne ORL mogo0HO yMBIIIJIEHHOMY BMeIIa-
TEJILCTBY TPETHUX JIUI[: 3arpsi3HEHHE KOHHEKTOPOB WM HEIpa-
BHJIBHOE WX COCIAMHEHHE B po3eTke. OOYCIOBICHO 3TO HEKOMIIE-
TEHTHOCTBIO U HETPAaMOTHOCTBIO pabOTHHKA TEJIEKOMMYHHUKAIU-
OHHOW KOMIIaHUH, 3aHUMAIOIIUNCS dKCeITyatanueit cetn PON.

Just apdexTrBHON OOPHOBI CKPBITHIM IIEPEXBATOM HH(POpMa-
LMY, NepeAaBaeMoi B BOCXOjdlleM HampasieHMH ceth PON-
TDM, pexomeHryercs:

1) npu BBoze B akcruryaTtanuio BOJIC ceru PON u nocneny-
IONIEH IKCIUTyaTallK, BO3BPATHBIE IMOTEPH B PA3bEMHBIX COEJIH-
HEHUSX JIOJDKHBI OBITH He MeHee 65 nb, a COBOKYIIHBIE BO3BpAT-
Hele iotepu B cetd PON ok ObITE 60mee 32 nb [17];

2) o0ecreunTh PaBEHCTBO OOPATHBIX ONTUYECKUX ITOTEPH BO
BCEX Pa3bEeMHBIX COCIMHEHHSIX Ha BCEM IEPHOJE IKCILTYaTAINH
BOJIC cetu PON;

3) mpu opraHmM3anuu AByXKackagHoi cetm PON, mogkmroue-
HHUE ONTHYECKUX Pa3BETBUTENEH MEPBOr0 M BTOPOIO KacKajaa K
maructpanbHoi BOJIC BBIMOTHATH Yepe3 pa3beMHbIE COeIMHE-
HUSL;

4) MpUMEHUTH JIBA HE3aBUCHMBIX HCTOYHHKA (POHOBBIX TIOMEX,
yCcTaHaBIMBaeMbIX Ha cropoHe OLT;

5) obecrieuuTh MPUMEPHOE PABEHCTBO YPOBHSI ONTHYECKOU
MOIITHOCTH TIOMEXOBOT'0 M MH(OPMAIIMOHHOTO CUTI'HAA, OTPaXKEH-
HOTO OT pa3beMHOro coeanHenus maructpansHoir BOJIC Ha cro-
poHe aDOHEHTOB;

6) BemmomHATs m3Mepernss ORL co cToOpoHBI aOOHEHTOB MPHU
TIOMOIIM ONTHYECKUX TECTEPOB MM ONTHYECKUX PEPICKTOMET-
PoB;

7) Ha yyacTKe OT IPHUEMO-TIEPEIAIOIIET0 ONTHIECKOTO MOTYJIS
OLT no mpuemo-niepenatomiero Mmoayiasi ONU npuMeHUTh KOH-
HEKTOPBI C OJHUM TUIIOM ITOJMPOBKHU: TIOJIUPOBKA 0] YTIIOM BO-
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SIMULATION OF COUNTERACTION TO COVERT INTERCEPTION OF AN INFORMATION
SIGNAL OF AN UPSTREAM DATA STREAM IN A PASSIVE OPTICAL ACCESS NETWORK

Ivan I. Shestakov, Urals Technical Institute of Communication and Computer Sciences (Branch) of the Federal State Educational
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Vyacheslav P. Shuvalov, Siberian State University of Telecommunications and Information Science, Doctor of Technical Sciences,
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Abstract

The article considers the simulation of countering the covert interception of confidential information transmitted in the upstream data
stream of the passive optical access network of the point-to-multipoint architecture (P2MP PON-TDM). The secrecy of the intercep-
tion is due to the presence of back-reflected signals in the split connections of the backbone section of the fiber-optic communication
line of the passive optical access network. To counteract this method of information interception, it is proposed to transmit an inter-
ference signal in the downward direction at a wavelength of 1310 nm. Evaluation of the effectiveness of this method is carried out by
modeling in OptiSystem CAD. The result of the simulation are graphs of the dependence of the Q-factor on the inverse optical losses
in the split connections and on the optical power level of the interference signal. Based on the analysis of graphs, the proposed method
is considered effective provided that the level of optical power of the interference and information signal reflected from the split con-
nection of the main fiber optic cable on the subscribers' side is equal. To counteract, it is enough to apply one source of interference,
the parameters of which are similar should be similar to the parameters of the upstream signal. Recommendations are also given to
counteract the covert interception of upstream data in the P2MP PON-TDM optical access network.

Keywords: hidden interception of information, passive optical access network P2ZMP PON-TDM network, source of background noise.
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BBenenne

BBIX0J1 KeJIe3HOIOPOIKHOTO TPAHCIIOPTa HA KA4ECTBEHHO HO-
BBIe pyOeXn — Tporiecc HEOBICTPEI B TpeOyeT HaleKHOH Tmep-
CIIEKTHBBI B pa3BUTHH. Ee MOXKHO pa3paboTaTh TOJIBKO TOTa, KO-
raa Oymy pa3paboTaHbl yCTOIYMBBEIE IPOTHO3BI IIOTOKOB TPAHC-
[IOpTa Ha BCEX CYIIECTBYIOLIUX YPOBHSX.

B Takux yciaoBHSX IPOCYETHI KaK B TEXHUYECKOW, SKOHOMHU-
YEeCKOM M TEXHOJOTMYECKOW CTpaTerusx He OYIyT JOIyIICHBI

TPAHCMOPT

(orrycTHM, TEpeoleHEHHOCTh MM HEJOOICHEHHOCTh PE3epPBOB,
KOTOPBIE HMEIOTCSI B HAIMYUH; HETIPABUIIbHBIN BEIOOP MTPUOPHTE-
TOB B ITPOIIECCE PACIPE/ICIICHHS KAMTAIOBIOKEHHIH MEKITY pas-
HBIMH TIOJICHCTEMAaMH ).

Vcxons u3 iuHAMUKH TOTPY3KH rpy30B Ha cetr PXK/] 3a 2019-
2022 TT., CTAHOBHUTCS OYEBUIHBIM OKHAAeMBIN TpeHA. Bo3pacra-
folMasi morpy3Ka 3a MCTeKmme Toasl B paspese 2016-2019 rr.
MOKa3bIBajla HapacTarol[ie 3HAuUCHHs] He CMOTPSI Ha MaHAEMUIO.
[Tosromy 2019 r. mokasan poct nmorpysku (puc. 1).
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Puc. 3. Jlunamuka Hanmu4ust 0OILIETO MapKa BATOHOB U YYaCTKOBOW CKOPOCTH

TTocnencrere mangeMun MokHO ObLI0 HaOmromath B 2020 1.,
naJIeHne Morpy3Ku cocTaBmio 2,7%. Ilocne mageHust U BIUSHUS
BHEUIHNX (DAaKTOPOB, CUCTEME HY>KEH IEePUOA BOCCTAHOBICHUS
JUIsl BBIXOZIa Ha TPEKHUH ypoBeHb. Ilepros BOCCTAHOBICHUS MBI
Mmoriu Habmozaats B 2021 r. (+ 3,2% x norpyske). Heo6xoxumo
OTMETHUTh, YTO CUCTEMa CMOTJIa BBIMTH Ha JI0NAHJAEMUKWHBIN ypO-
BEHb M JlaXKe MoKa3zajia MpUpocT 1o cpaBHenuto ¢ 2019 r., nmox-
TBEPAUB TpeH[ Ha Bo3pacTanue. 1 2022 r., ouepeHoe BHEIIHEE
Bo3jeiicTBUe Ha cucteMy (CBO) moka3zaio majgeHue norpy3Ku Ha
3,7% (puc. 2).

[Tpun 3TOM pasMepsl 001Iero Mapka BaroHOB, HAXOAAIINXCS HA
HH(PACTPYKType, OKa3bIBAIOT HENOCPEICTBEHHOE BIIMSHHE HA
psn mokasareneil. Ha npumepe pabotsr BocTounoro mosmrona
MOXHO YBHAETh HEPAaBHOMEPHOCTb DPACIPECIICHNS BAarOHHOTO
napKa MeX,y 0pOTaMH, BXOJISAIINMH B €T0 COCTaB.

W >Tn mokasaTtenu aneKko He BE3/€ COOTBETCTBYIOT IUIAHO-
BbIM 3Ha4YcHUsM. Kak cieicTBue, BAMsHAC OOIIEro mapka Baro-
HOB Ha pa3Mepbl y4acTKOBOH ckopocTH. Yem Oodblie obuiee Ko-
JIMYECTBO BaroHOB, TEM COOTBETCTBEHHO HUKE y4acTKOBasl CKO-
pocts (puc. 3).

3HaYNTENIbHOE OTKJIOHEHHE OT IUIAHOBBIX ITOKa3aTelei
HarjiggHO ACMOHCTPUPYCT HECOCTOATECIIBHOCTh MTPOTrHO3HBIX 3HA-
4yeHui. B cBs3u ¢ 3THM, HY)XHO BBIpabOTaTh CUCTEMY, ITPU KOTO-
POt criocoObl TPOrHO3UPOBAHMST TPAHCHIOPTHBIX MOTOKOB OYyIyT
B3aUMHO COTJIACOBAaHHBIMU U JIOTIOJHSIONIMMHU JPYT Jpyra.
Kpome Toro, 3HaYMTEIFHOTO Pa3BUTHSI TPEOYET TEOPUSI CUCTEM-
HOTO TPOTHO3UPOBAHUS, IPU KOTOPOH HEO(PHUITNATIBHBIE CTTOCOOBI
OyIyT coeTMHEHBI ¢ (POPMATBHBIMH, TIOCKOJIBKY BBE/ICHHE CTaTH-
CTHYECKUX CIIOCOOOB HE JACT B TOJIHOM Mepe OTPa3HuTh BCE U3ME-
HEHHUS B CTPYKTYpE, KOTOPBIE TIPOUCXOST B TPAHCIIOPTHOM KOM-
mnekce Poccuiickoii denepanuu B COINIACOBAaHUM C HamMeuae-
MBIMH U p€ATIN3yEMBIMHU IJIaHAMHU.

OCHOBY TOJIMTOHHOW TEXHOJIOTHH COCTABJISIET BO3MOXKHOCTh
MHTErpupoBaTh 0a3bl JaHHBIX PA3JIMYHBIX ABTOMATH3MPOBAHHBIX
cucteM (AC) 00BEKTOB KEIE3HOIOPOKHOTO TPAHCTIOPTA [T BO3-
MOYXHOCTH TOCTPOCHHMS TEPCHEKTUBHBIX IIIAHOB IEPEBO30K, a
TaKXX€ OTMEPATUBHOTO KOHTPOJS C BO3MOXHOCTBIO KOPPEKTHPO-
BOK YIIpaBJIeHUECKUX perneHnii. PaspadatsiBaembie cerogas AC
HOBOTO ITOKOJICHHSI JIOJKHBI IIO3BOJISITH IPOBOIUTD HE TOJIBKO MO-
HUTOPHUHI' OCHOBHBIX HOKa3aTeHeﬁ, HO U OCYHICCTBJIATHL MHOI'O-
(axkTOpHBII aHaIM3 HIKCILTyaTalHOHHOW pabOThl C BO3MOXKHO-
CTBIO IMOCTPOCHHUSA MEPCHEKTUBHBIX HEJICBBIX BAPUAHTOB Ha pac-
4yeTHbIH nepuof. [locraBnennas 3aiada JO0CTaTOYHO MaciiTabHa,

a ee  pemeHWe  IOITAMHBIMM  [IaraMM  MPOJOJDKAET
pea30BBIBATHCS B OTCIBHBIX MOAYJISIX aBTOMAaTH3MPOBaHHBIX
CHCTEM pa3HbIX YPOBHEH.

B paspaborkax AO «MDPT» ocHoBa HOBOrO (hyHKIIMOHAIIb-
HOT'O COCTaBa CTPOUTCS HA PELICHMSAX MHTErPALMOHHOTO Xapak-
Tepa, IPU KOTOPBIX IPelyCMaTpUBaeTcst 00yCIIOBICHHOCTD U B3au-
MocBs3b AC opranuzaiiuu BaroHornoTokoB (cokpamieaHo — ACOB)
C aBTOMaTU3UpOBaHHOU cucreMoi «llacropt HanMYHOU IPOITYCK-
HOH criocobHocTH sxene3nbix gopor OAO «PXK]» (nanee Takxke —
AC TTacniopt HIIC), a Takxe ¢ cucteMaMi HMHTAIlMOHHOTO MOJIe-
JMPOBAHMS HKEJIC3HOJOPOXKHBIX HarpasieHnil n yznos AC ITPO-
I'PECC u ee moacucTeMoii — IPeTUKTHBHON OM3HEC-MOJICTIHIO TPY-
30BbIX 1epeBo3ok (AC I1TBM) [2]. AC I1BM BcTpoeHa B cuctemy
CKBO3HOTO MPOW3BOJICTBEHHOTO IUIAHWPOBAHMUS M YIIPABICHUS,
M03BOJISIET OCYLIECTBIIATH PACUET IPOHM3BOJCTBEHHO-IKOHOMUYE-
ckux nokazareneii punmmanos OAO «PXX/]» Ha 3a1aHHBI IEPHOI.

OpHako, Ha MPAKTHKE JOCTATOYHO CIOXKHO YBUAETH PE3yJib-
TaThl PadOTHI JAHHOW CHCTEMBI M OLIEHUTh KA4E€CTBO MPOrHO30B.

B kayecTBe OCHOBHBIX METOJIOB NMPOTHO3UPOBAHUA U TIJIAHU-
pOBaHHUS TPY30MEPEBO30K MOKHO OTMETHUTH CJIETYIOLIUE: JIOTU-
CTHYECKNE, MAPKETUHIOBbIE, ONITUMHU3AIIMOHHBIE (B IPOIecce KO-
TOPBIX IPUMEHSIOTCS KOMITBIOTEPHBIE TEXHOJIOTHH ), OaIaHCOBBIE.
B nensx pa3paboTku MepeBO30YHBIX [UIAHOB MCIIOJIB3YIOTCS Ma-
TE€MaTUKO-KOHOMUYECKHE METOABI MPOTHO3UPOBAHUS U ILIAHU-
posanus. Cam 1o ce0e mpoliecc MporHo3upoBaHuUs TPy30IepeBO-
30K COCTOUT U3 MHOKECTBA 3TAllOB.

Jlns Hadama mpou3BOIUTCS pacyeT o0mero 00bemMa rpy30BbIX
repeBo30K. JlJst TOro 4To0BI ONPENeTUTh MOTPEOHOCTH KaK Ipe/l-
HpUATHSA, TaK U OTPACIH, HY’)KHO M3yYUTh BO3ACHCTBHE HAa HUX
o0bemMa M CTPYKTYpbl HPOIYKIHH, C YUETOM XapakTepa CBs3el
MEXJy pErHOHaMH, CIEeHUAIN3alMN ¥ KOOMEpPaIly MPOU3BO-
CTBa, MAaKPOIKOHOMMYECKHX TIOKa3aTeNel, pa3MeIeH s U Pa3BH-
TUSI MHPPACTPYKTYpPhI TPAHCIOPTA, Pa3MENICHHUs TPOM3BOACTBA
10 pEernoHaM, OpraHu3annuy CHa0XKEHHS M CObITa MPOTYKIINH.

O0BeM IepeBO30K MOKHO OTIPEJIEITUTH NCXO/IS 3 BAKHEHIIINX
BUJIOB TIPOJYKTOB. IIporuo3 rpyzoo6opora ocymiecTBisieTcsi o
20-30 roaBHBIM NO3HMLUAM: KOKC, KAMEHHBIA Yroyb, pyla, MUHE-
paJIbHO-CTPOUTENbHBIE MaTepualbl, HeQTh W HEPTEHPOIYKTHI,
JIECHBIE TPY3bl, I'a3, 36PHO, YEPHBIE METAJUIBI, KPyIla, MUHEPAIIb-
HBIE yZI0OpeHus 1 T.11. Beraucienne oobeMa Apyrux TOBapoB Mpo-
W3BOJUTCS TIPU TTOMOIIM PAacueTHOro Merona. M3 obmero koimu-
YecTBa MEPEBO30K BBIACISIOTCS TPY3bl, KOTOPHIE NEPEBO3ATCS B
KOHTEeMHepax.
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Tabmuma 1
WubopmanoHHbIe TOTOKH B CHCTEME IIPOTHOZHBIX MOJETICH TPaHCTIOPTHOW CeTH
Bxoanas-BbIxonHas nHpOp- Bapuanun
ba3er maHHBIX 3amgaun o Monemn
Marus Moieneit
P = mnoxecrso mpenpuatuid, | {R(x(1))} t=0,—1,;2,.. »> I[IporHO3MpOBaHKE MPOU3- 1,2 1. Mozenu Tp ~ CIIOPTHO-
TPAHCIOPTHBIX Y3J10B, HACEIEHHbIX (R(x(t)} =1, 2.1 «—
< BOJICTBA U MTOTPEOICHHS SKOHOMHYECKOTO OanaHca
ITyHKTOB U JIp.
N — MHOXKECTBO POZOB S(Z), Z, X(t), I<t<T [TnanupoBaHue U IPOrHO- 12 2. Boluncnun e Mojenu
NPOAYKIMH NPEANPUATHH, TOMIeKA- | U(t), I<t<T 3UPOBAHHE TPAHCIIOPTHBIX | o ’ 001I1ero paBHOBECHS
[UX TPAHCTIOPTHPOBKE - 3arpar (CGE-monenn)
X € P X N — MHOXECTBO, OIPEIIes- S(2), Z, X(1), 1<t<T [IporuoszupoBanue crpou- . 3. Mozenb aB  perpeccun
Jolliee PACCDETOTOUCHHE OTpaceH B R((D), 1<t<T TEIbCTBA U PA3MEIICHUS > 7, CKOJIB3SIIIETO CPETHEro
’ HOBBIX TPAaHCTIOPTHEIX € (ARMA)
peruoHe
00BEKTOB
R(x(t) x(t)€X) — 0ObeM npon3BOACTBA Q(U(1)), I<t<T I IIpornosupoBanue 4.5.6.8 4. opmenH SKCTIOHEH-
(x(t)>0) umm morpednenus (x(t)<0) " U),S(2), Z, 00BEMOB MTPOU3BOACTBA ¢ T LIUAIBHOTO CTIIAKUBAHUS
MIYHKTOB R(x(1)), I<t<T 1 TIOTpeOIeHHS
Z€ Px P XV — oOmas TpaHCIopTHast E(U(D) - e e S 6
CETh, > , 0, 5. Mojaenu 3KCTpanossiiuu
N Q(U(®)), S(2), Z, E(U(t)) TPAHCIOPTHBIX IOTOKOB
S(Z) — pecypcel TpaHCTIOPTHOI! ceTH, < +— TpeHaa
U UX «CKauKOB»
V — pa3nu4Hble BUBI TPAHCIIOPTa
U(u(t) u(t) € PX P xXN) — yaenbHbie @), Z’IXL(,}J ©,2), [Tporuo3upoBaHue 3aTpar 6,7,8 6. Mojienu ructorpam
3aTpaThl Ha MEPEBO3KU W (U(t), 2). S(Z), Z Ha MePEeBO3KH — HOT'O MPOTHO3MPOBAHHS
4
Q(u(t)|u(t) EPX P XN) — rpy30moToKu = S(2). Z(1). &1 > iSO BT 3,4,3,6,7, 7. Monenu MEHOTO(hAKTO
. E(U(), Z),S(2), Z 00BEMOB I'PY30IIOTOKOB 8,11 .
Ha TPAHCIOPTHO# ceTn corn «— HOIi perpeccuu
(7). (0. 51 IIpornosupoBanue 8. IHTerpupoBaHH
W (u(t)|u(t) EP2XVIXV) — W (U) ’ (S)’Z? 7 KoJIeOaHU HHTEHCHBHO- 8,9,11 MOJIENb ABTOPETPECCHOHHOTO
TPaHCHOPTHBIE TIOTOKU CETH (U, S@). > CTH TPAHCIIOPTHBIX CKOJIB3AIIET0 CPETHEr0
IIOTOKOB (ARIMA)
Q(u(t)|u(t) EPX P XN) — rpy30moToKu 7 [SJ(Z) Zz(t)s’ tZ>l E [IporHo3upoBaHme 00be- 3 4;351’ 16’ 7, 7. Monenu MHOTO(AKTO
Ha TPaHCIOPTHOH CeTn 4—( ©.2), 82), MOB I'DY30II0TOKOB CETH | ’ HOM perpeccun
[Iporno3upoBaHue Koie- e s
W (u(t)|u(t) EP2x VIXV) — S(Z2), Z(t), =1 6p 103HP 8,9, 11 JIeTIb aBTOPETPECCHOHHOTO
> QHUH MHTEHCUBHOCTH
TPAHCIOPTHBIE TOTOKU CETH W (U(), S(Z2), Z +— CKOJIB3SILIEr0 CPETHETO
TPAHCIIOPTHBIX TIOTOKOB (ARIMA)
[IpornosupoBanue
S(Z+dZ) — pecypchl TpaHCIOPTHOI 2 é tz{ pe3epBa IPOILYCKHBIX 10, 11,3, 7.8 | 10. Mogenu na ocHoBe
CETHU C YYETOM 3aIacoB < @)t crocodHoCTER <+“— YETKOH JIOTUKHU
TPaHCIIOPTHOH CeTH
W (U(t), Z) — mna" MapupyTH3aiu
TPaHCIIOPTHBIX TIOTOKOB,
t-MOMEHT BpEMEHHU 3 S(2), Z, W (U(t)), Z) I PO RETTE TR 9,10, 11,3,
Z (0) — cocTosHIE TPAaHCIIOPTHOH CH- S(Z2), Z2(t), 1 N 7.8 9.Bep THOCTHBIE MOJEIU
CTEMBI B UICXOAHBIA MOMEHT S(2), Z E Wy Z)' 1y (I O ’ MPOTrHO3a
] < > ’ TPAHCIIOPTHOM CeTH D IE—
BPEMEHH;
Z — COCTOSIHME TpPAHCIIOPTHOW CH-
CTEMbI B HCXOJHBIH MOMEHT BPEMEHH t
- - +
Tce(sy(l?;oz’ XI(US;))emEZgip’ Xagii_ % IporHosuposanue otka- | 10, 11,3,7,8 11. Monenu Ha ocH
pH3y o A ™ ? 30B TpaHCHOpTHO# cetn | ¢ HEHUPOHHBIX CeTel
HOPTHOIT ceTH
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JUis  OoCyIIecTBICHUSI TMPOTHO3UPOBAHHUA HAa COBPEMEHHOM
stane ucnoiab3yoT ot 300 1o 400 pa3iuyHBIX METOJOB, Pa3HO-
CTOPOHHE 3apPEKOMCHJIOBABIINX CE0sI M TPUMCHSICMBIX IS pa3-
JINYHBIX LIeTIeH uccaea0BaHui.

K OCHOBHBIM ITPOTHO3UPYEMBIM TPAHCIIOPTHBIM ITOKA3aTEIISIM
OTHOCSIT:

- TPYy30000pOT;

- 00BEeM MIEPEeBO30K COTIIACHO HOMEHKJIATYPE;

- CpelHUI CPOK JOCTaBKH;

- DaTBHOCTH TPAHCTIOPTUPOBKH.

B coBpeMeHHO# MpakTHKe cpein OOJIBIIOro KOJMYecTBa Me-
TOJIOB MMPOTHO3UPOBAHHS 00BEMa MEPEBO30K MTPUMEHSIOTCS:

1) dopmanuszoBaHHbIC (TpaHCIIOPTHAS 3a/1a4a);

2) UHTYUTHBHBIC (IKCTICPTHBIC OIICHKH).

Kpome Toro, ucronb3yrorcsi KOMOMHHUPOBAHHBIE METOJIBI, C
ITOMOIIBI0 KOTOPEIX MOYKHO ITOJNyYUTh 0OJee BBICOKHE IMOKa3a-
TEJU B pacyeTax.

YacTo npuMeHsieMbl METO/bI:

. CeTeBOTO IUTAHUPOBAHUS U YIIPABIICHHUS.

. YKpYITHEHHBIX HOPMATHBOB.

. MakposKOHOMHYECKOTO TIPOTHO3UPOBAHUS CIIPOCA.

. banaHcoBblil.

. DKOHOMHKO-CTaTHCTUIECKHE.

. CrieHapueB mporHo3a.

. TeXHNKO-2KOHOMHYECKUX PACUETOB.

. DKCTpanosuu TPEHIO0B U PErPECCHOHHOTO aHaIHn3a Bpe-
MEHHBIX PSIIOB.

9. DBpUCTUYECKUE.

10. DKOHOMUKO-MaTeMaTHYECKHE

11. MogpenupoBaHust TPAaHCTIOPTHBIX MPOLIECCOB.

JlaHHBIC METOIBI, MOJICTH ¥ HH()OPMAIIHOHHEIC TOTOKH TIPE]I-
CTaBJICHBI B CBOJHOH TadmuIe 1.

0 INnN B WN

3apy0exHblii ONBbIT

[IpumMensiemMple METOBI IPOTHO3UPOBAHMA Ha 3amaze 6a3upy-
I0TCS B OCHOBHOM Ha 9KCIIEPTHBIX METO/1aX U CLICHAPHBIX IPOTrHO-
3ax. Vcronp30BaHMe JaHHBIX METOJOB MO3BOJISET OLCHUTH BEK-
TOP HAIMPABJICHHOCTU MPOUCXOAAUINX W3MEHEHUN C Pa3HbIX CTO-
POH, 3aJI0KUB pa3JIMUHBIC BO3MOKHBIC BaApHUAHTHI Pa3BUTUA.

B paborax OenbruiCKHX M aMEpHUKAHCKUX YUYCHBIX OTPaKCH
KJIacC HKCIEPTHO-3aBHCUMBIX METOJIOB, KOTOPBIE MPUMEHSIOTCS
KaK JUIs MOJICIMPOBAHMUS, TaK U JUIsl TPOTHO3UPOBAHUS TPy30IIe-
peBo30oK. JlaHHBIN Kiacc xapakTepeH AU 33ja4 TUIAaHWPOBAaHUS
TPAHCIIOPTHOT'O MOTOKA.

B mpormecce pemieHust 3amaun MMPOTHO3MPOBAHMS MEPEBO30K
IPY30B YacTO MOSIBISIETCsl POOJIeMa He TOJIBKO XpaHEeHHs, HO 1 00-
paboTku GobIIOro 00beMa HH(POPMAITIH, KOTOpasi MaJlo TOTO, 9TO
SIBJISICTCS AMHAMUYECKOH, TIPH ATOM He HeCceT BayKHBIX JaHHbIX. Vc-
MAaHCKUE Y4YEHBIe JUIsl PELICHUs TAHHOTO BOIPOCa PEKOMEHIYIOT
CO3/1aTh KPaTKOE ONHCAHWE NPHU3HAKOB JAHHBIX JUIS TOTO, YTOOBI
BBIICITUTH HH(OPMATHBHEIE IA0JIOHBI, a IIOCIIEAYIOIIee CPABHEHNE
TIOJTyYEHHBIX [IPOTHO30B OCYIIECTBIISITH C IIOMOIIBIO MOJIEIN aBTO-
perpeccnoHHOro cKob3sero cpeasero (ARMA) [5, 13].

HpI/I 3TOM HCO6XO}II/IMO OTMETHUTD, YTO JJId MOCTPOCHUA MOJIE-
Jie BPEMEHHBIX PSJIOB C SIBHO BBIPQKEHHOW NMEPUOMYHOCTBHIO,
Haubosiee 1enecooOpa3Ho HCIOJIb30BaTh MOJIENb CE30HHOTO
ABTOPErPECCHBHOIO MHTETPUPOBAHHOTO CKOJB3SIIETO CPETHEr0
(SARIMA). B paboTax KHTaliCKMX YYEHBIX IpeJyiaracTcsi pac-
CMaTpHBaTh PA3IMYHBIC ITOJIXO/BI K MPOTHO3HPOBAHUIO BPEMEH-
HBIX PSJIOB B 3aBUCHMOCTH OT HMX XapakTepa M JaJIbHOCTH

MPOTHO3a (KPaTKOCPOUHBIN MIIH JOJITOCPOYHBIN) C IPUMEHEHUEM
WCKYCCTBEHHBIX HEHPOHHBIX CETEl, METO/IOB W TEXHUK aHAIN3a
Big Data. B eBpomeiickux HCCIeqOBaHUSIX OTPaKCHBI TaKUe WH-
CTPYMEHTBHI TIPOTHO3MPOBAHUS Tpy3ormepeBo3ok, kak PRIMES-
TREMOVE, KOTOpBI# HCIIOIB30BAJICS ISl STAJIOHHOTO CIIEHAPHUS
passutus TpancnoptHoi cetu EC, mnn TRANS-TOOLS — nns
crpareruu passurtust tpancrnoptHoii cetrt EC iTren-2030 [6, 14].
OjiHaKo, BBOJ| JIOCTATOYHO OOJIBIIOTO KOJIMYECTBA MapameT-
POB TPEANOIIAaragMoro Pa3BUTHS CETH B JasbHEHIIeM, Tpu Io-
CTPOEHUU MPOTHO3a, MOXKET MPUBECTH K 3HAUUTENILHOW €ro He-
TouHocTH. Co3/1aHNE CTPATErMUECKUX MOAETEH, TaKuX Kak Mo-
nielb rpy3ornepeBo3ok BasGoed, cosmannas B Hunepnanmax [11]
JUI TIPOTHO3a CIIPOCa Ha IEPEBO3KH, MO3BOJISIET OCYIECTBUTH
MIPOTHO3 Pa3BUTHUS BCEH TPAHCIIOPTHOW CHUCTEMBI Ha II€pCIIeK-
THUBY, 3aJI0’)KUB B KauecTBE MCXOAHBIX JAHHBIX BAPHAHTHI pPa3BH-
THSI OTJCNBHBIX TPAHCHOPTHBIX MOACHCTEM (aBTOMOOWIBHOM,
JKEIIE3HOIOPOKHOMN, PEIHON, MOPCKOH H T.1I.).

OcHoOBHBIE TPeH/IbI IPOTHO30B IrPy301epeBo3ok B PO

Kpome cTaTncTUKO-MaTeMaTHYeCKHX METOJIOB, KOTOpBIE yKa-
3aHbI paHee, B PD a7 ocymmecTBiIeHUs TPOrHO30B 0OBEMOB Iepe-
BO30K I'PY30B HCIIOJIB3YIOTCS MAaKPOIKOHOMUYECKHE METOBI IIPO-
rao3upoBanus. OHU NPeICTaBIIIOT COOO0M aHaIM3 MeTo/1a OaslaHca
M MOWCK KOHKYPEHTHOTO paBHOBecHs. B mocnenuue rojs! poccuii-
CKMMH HCCIIC/IOBATEIISIMU TIPU BBIOOPE CTaHAAPTHOTO alropuTMa
MIPOTHO30B T'PY30IIEPEBO30K, KOTOPHIA yUUTHIBACT BIHMSHHUE 3K30-
TeHHBIX (PaKTOPOB, aHATMZUPYIOTCS OA30BbIE METO/IbI HEMapaMer-
PHUYECKOI perpeccry, TaKhe KaK: CrIIa)KUBaHKE CILIAfHAMH, CKOJIb-
3sIIIee CpesiHee, SIIEPHOE CIIIaKMBAHNE, aBTOPETPECCHsL.

AJNTOPUTMBI SKCHOHEHIIMAIBHOTO U SIEPHOTO CIIIa’KUBAHUS,
monemu Model Selection, ARIMA, SSA, Local Forecasting mpu
UCIIONIb30BaHUN HA CPOKAX MPOTHO3MPOBAHMS C PA3IMYHON Ipo-
TSHKEHHOCTBIO, TI0-Pa3HOMY AEMOHCTPHUPYIOT CBOM BO3MOXKHOCTH,
3a4acTyI0 ¢ HE CaMbIMU XOPOILIMMH TTapaMeTpaMu MPOrHO3a, UTO
HCO6XOZ[I/IMO YUUTBIBATH HA IICPBOHAYAJIBHOM 2Tane MporHo3npo-
BaHMs TIPH BBIOOpE MOCIEAYIOICH MOJIeNH porHo3a. I opu3oHT
MPOTHO3UPOBAHUS — ATO €IIIE OJINH aCMEeKT, KOTOPBIH HEOOX0AUMO
YUUTBHIBATH MIPU PELICHUH NPOOJIeM MPOTHO3MPOBAHMS BPEMEH-
HBIX PSZIOB. METO/IbI IPOTHO3MPOBAHHS OOBIYHO (DOKYCHPYIOTCS
Ha IIPOTHO3MPOBAHNUH Ha OJIMH IIAr BIIEPEJI, TO €CTh Ha IIPOrHO3H-
POBaHMU CIIEIYIOIIEro 3HaYeH!sI BpeMEHHOTo psina. MHoraa xro-
TO 3aMHTEPECOBAH B MPOrHO3MPOBAHWN HA MHOTO IIaroB B Oymy-
mee. DTH 3aJauyl 4acTO Ha3bIBAIOT MHOTO3TAITHBIM ITPOTHO3UPO-
BaHMeM. bornee BEICOKHME TOPU30HTHI MIPOTHO3UPOBAHUSI, KaK IIpa-
BHWJIO, TIPUBOJIAT K O0Jiee CI0KHOM 3a1a4e MPOTHO3UPOBAHMS U3-
3a BO3pOCILEH HEOIPEIEIEHHOCTH.

Teopusi KOMIIZIEKCHOTO NPOTHO3UPOBAHMUS, KOTOpas 00bean-
HieT HeouuuaabHble U (OpMaIbHbIE METOMBI, BCE eI Hy)Xaa-
eTcsl B CYIIECTBEHHOM Pa3BUTHH, TOCKOJIBbKY BBEJICHUE CTATHCTH-
YCCKHUX JAHHBIX HC Ja€T B IIOJIHOM 061)eMe OTpasuTb USMCHCHUA
B CTPYKTYp€, IPOUCXO/ISIINE B TPAHCIIOPTHOM KoMIuiekce Poc-
cuiickoil Penepaniii B COrNIaCOBAHUM C HAMEYAEMBbIMH M peajiv-
3yeMbIMH IIaHAMH.

B mpencraBnennoil pabote i aHanM3a OBUIM B3SITHI XK.JI.
cteikoBbIe TyHKTHI Mapunack KPXK/I, Taitmer BCX/], ITetpos-
ckuit 3aBoz 3a0)K/] u Apxapa ABXK/I. /lunamuka pa3mMepos Iie-
pelaun BaroHOB 10 OJHOMY M3 HMCCIEAYyEeMBIX CTHIKOB (Mapu-
WHCK) TIpeZicTaBjiIeHa Ha pucyHke 4. [To manupIM rpad)ukoB qocTa-
TOYHO XOPOIIO IPOCIIEKUBAIOTCS 3HAYUTEIbHBIC OTKIOHEHHS
(hakTHYECKHX Pa3MEPOB BarOHONOTOKOB OT IUIAHOBBIX.
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Puc. 4. Pazmeps! nepenaun BaroHoB Ha KpacHOSPCKyYIO XK.J. IO MEKAOPOKHOMY CThIKY Mapuunck B 2021-2022 rr.

AHaJIOTHYHYIO KAPTUHY MOYKHO YBUAETH NPH aHATIHU3E CAauu
MOE€3/10B 10 JPYTrOMY UCCIIEAYEMOMY CTBIKOBOMY ITyHKTY ApXxapa

(puc. 5).

s Tex. NNaH CABMH NOEIA0E NO CTWKY Apxapa
N ©3KT nepeaavk NOe3N0B NO CTHKY Apxapa

w—tee [og20005pazosanmne Ha JBHI
100

".‘_'/"‘\is

anpens

theapans man HIOHB

AHBapL

MapT

Puc. 5. Cnaua noe3ioB 1o CThIKOBOMY IYHKTY Apxapa
3a 6 mecsieB 2022 1.

Ananms pa60TLI CTBIKOBBIX ITYHKTOB HarJIAJHO ITOKa3bIBacCT,
4YTO BOIIpOCaM pas3BUTHUA IIJIAHUPOBAHUA W IIPOTHO3UPOBAHUA
TPaHCIIOPTHBIX OTOB HEOOXOANMO YIEINSATh OOJIbIlIe BHUMAHUS, &
TAK)Xe OCYIIECTBISITh KOMIUICKCHBIH ITOJXO/ IPH COCTAaBJICHUH
MIPOTHO30B.

B ykazannoii pabote Obuta OTpakeHa MICHTH(DHUKAIMS MOJIe-
JIel BpeMEHHOT0 psijia KoJieOaHWH MMOTOKA BarOHOB, @ TAKXKE OBIIIH
TIPE/II0KEHBI MOJICNHN JUIS TOTO, YTOOBI B ITOCIIEIYIOMIEM TTOCTPO-
uTh nporao3. Kpome Toro, ObIT HCTIONB30BaH KOMITIEKCHBIH MOA-
XO/T, KOTOPBIH TOKE CIIOCOOCTBYET PEIICHHUIO TTPOOIEMBI IIPOTHO-
3MpOBaHNs 0OBEMOB ITOTOKOB BarOHOB.

ITocTtpoenue nporHo3a BKJIIOYAET 5 CTaIuM:

- TIpeJl IPOTHO3HAs;

- aHAIMTHYECKas;

- CLIEHapHOE MIPOTHO3UPOBAHNE;

~ DKCIIEPTHAs;

- KOPPEKTHPOBOYHASI.

1. IIpen mporHO3HBIN 3TaI.

B pamkax npemecTByIOIEro mporHo3a oCcynecTBISIECTCS BbI-
Tpy3Ka UCXOAHBIX JAHHBIX 110 00BEMaM MOCTYNAOLIEr0 BaroHO-
TIOTOKOB, BRITPYXaeMasi U3 aBTOMAaTH3UPOBAaHHON CHCTEMBI Opra-
HU3aIUN BarOHOTIOTOKOB.

Jlns onpeneneHnss OCHOBHBIX MTapaMEeTPOB BPEMEHHBIX PSAIOB
Y [IOCTPOCHHUS JINHUN TPEH/1a B KAYeCTBE UCXOAHON MH(pOpMAIUU
MMPUHUMAIOTCA UCTOPUIYCCKHUE TaHHBIC O MOCTYIIJICHUU BaroHOII0-
TOKOB Ha CTBIKOBBIC ITYHKTBI JKCJIC3HBIX JOPOT BocTtounoro nonu-
TOHA C Pa3JIMYHBIMH BPEMCHHBIMHU TICPUOJAMH, TPEIIICCTBYIO-
[IMMH TPOTHO3HOMY:

- nepuop 15 ner;

- nepuop 10 ner;

- IepuoJ 5 Jer.

JIist XapakTepucTUK OOBEMOB BaroHONOTOKOB B KauyeCcTBE
BXOJHOH WH(pOPMAIINN TPUHUMAIOTCS] ICTOPHUYECKIE JaHHBIC TIe-
puoaa 2015-2019 roxesr.

Jlns yaydmieHns KadecTBa MPOTHO3a Ha PAacUYeTHBINA MEepPHOJ
ucTopHueckass 0a3a JaHHBIX 110 BaroHONOTOKAM MOJXET ObITh
B35iTa Ha NIEPBOHAYAJILHOM 3Talle 10 Ka)KAO0MH >KeJIE3HOH 10poro,
BXOJISAIICH B MMOJIMIOH, & B JIAJIbHEHIIIEM 00beIUHEHA Uil BCEro
MOJIUTOHA B IIEJIOM.

2. AHaTUTHYECKUH dTarl.

AHnanutudeckuii dTan 0azupyercs Ha HMCIHOJIB30BAHUHM KOM-
TUIEKCA CBSI3aHHBIX AaHATUTHKO-CTATUCTUICCKUX METOJIOB, SIBJISTFO-
IIMXCsI OCHOBOH ISl TOCTPOCHUS TIPOTHO3a M TIO3BOJISIFOIIIUX OCY-
MIECTBUTH OIICHKY H3MEHEHUSI 00EMOB BarOHOIIOTOKOB.

3. UeHapHOE MPOTHO3HPOBAHUE.

OcymiectBisiercss aHanu3 (HaKTOPOB KaK MadbHETO, TaK U
OMMKHETO OKpY)KEHHSI M ONpefeNsieTcs WX BiIusHUe. Briompa-
IOTCSL JpaifBepbl, KOTOpPBIC OKAa3bIBAIOT HAMOOJIBINUN ypOBEHB
BIHSTHAS Ha (hopMHUpoBaHUEe 0a3bl TPy30B.

4. Jr1arm dKCre THOM OIEHKH.

B mpouecce peannzanuy JaHHOTO 3Tama OCYIIECTBISAETCS IKC-
MepTHAas OIEHKAa pacyeTHBIE MapaMeTpsl MPOTHO3HBIX 3HAYCHUN
BaroHOIIOTOKOB. Ha 0CHOBe BeTMYMH H3MCHEHUS BATOHOIIOTOKOB,
CIPOTHO3MPOBAHHBIX KCIIEPTAMH, a TAKIKE UX Beca (3HAUUMOCTH)
JUTSL KaXKJIOTO U3 CIICHAPUEB OIMPEICIIAIOT B3BCIICHHBIC MPOrHO3-
HbIC BEIMYUHBI M3MCHCHHS BArOHOIOTOKOB, IMOCTYIAIOIIUX Ha
CTBHIKOBBIC ITYHKTHI HA PACUCTHBIH MIEPUO/I.

5. OppPEeKTHUPOBKA MPOTHO3HBIX 3HAYCHUH BarOHOIIOTOKOB.

B xome maHHOTO ATama OCYIIECTBISICTCS KOPPEKTUPOBOYHOE
MOJICIIMPOBAHIE M3MCHCHUS BarOHOTIOTOKOB, IMOCTYIIAIONINX Ha
CTBHIKOBBIC TYHKTBI JKEIE3HBIX TOPOr BOCTOYHOTO MONWTOHA,
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COIJIaCHO IOJIyYEHHBIX MPOTHO3HBIX 3HAYEHUI Ha OCHOBE HUCTO-
PUYECKHUX IAHHBIX, U YTOUHEHUS MPOTHO32 N3MEHEHHUS BarOHOIIO-
TOKOB C COOTBETCTBYIOIIEH 3aMEHOM MCXOJHBIX AAHHBIX JJIsl CO-
CTaBJICHHSI TTPOTHO3a (C €KETOJHBIM CIBUTOM MCXOJHOTO M TPO-
THO3HOTO Iepuojia Ha 1 roj).

s ananu3a ObUTH B3STHI CTHIKK k.1 BI1 Mapumnck, Taii-
nret, IlerpoBckuii 3aBog u Apxapa. IlepBoHavanbHBIN pacuer
OBLT MPOBEJICH Ha HCTOPHUYCSCKUX MAHHBIX 32 5 JeT (TpaduKu uc-
CJIEJIyeMBIX BPEMCHHBIX PSIOB IPEICTABICHBI HA PUCYHKE 6) ¢
IOCTPOEHHEM IporHo3a Ha 2019 r.
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1,600
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Puc. 6. I'paduku uccneayeMbIx BpeMEHHBIX PsIOB

“IlonydyeHHass MOJEIb ABJIETCS JOCTATOYHO TOYHOM, TaK KaK
cpennsis abcomrorHas omudka (MAPE) cocranser 1%. Chopmu-
POBaHHBINA IMPOTHO3, SIBISAETCS «MSITKUM» IIOCKOJBbKY IPHUCYT-
CTBYET BBIXOJ] TPEKUHT-CUT'HAJIA 3a Tpeaeisl (-4;4), HoO HaXxoms-
mierocs B npenenax (-7;7)” [7].

AJICKBaTHOCTh MOJICTH ObUIA T0Ka3aHa. B pesynpraTe ee mo-
CTpOCHUs ObLJIa OCYIIECTBIICHA KOPPEKTUPOBKA PE3yITATOB MPO-
THO30B Ha 0a3e JaHHBIX IKCTIEPTOB [7].

HToroM KOppEeKTUPOBKU SIBIIICTCSI COTMIOCTABICHUE MOJCITH U
psifa ¢ IKCIEPTHOM KOPPEKTUPOBKOMW, MPEICTABICHHOW Ha pH-
cyHke 7. Mogenb, KoTopas ObUIa TIOCTPOCHA METOJIOM CE30HHO-
CTH U TPCHJIA, — MAKCHIMAaJIbHO TOYHAs, Y Hee HaNMEHBIIIEE 3HAYC-
HHUE CPEeTHEKBAAPATHIECKOTO OTKIOHEHMS [8].

[Tocne cpaBHEHHS pealbHBIX OOBEMOB IOTPY3KH B aJpec
JTATbHEBOCTOYHBIX TIOPTOB, IO ntoram 2019 rona 6pu1 cienaH BEI-
BOJI O COCTOSITEIBHOCTH TPOTHO3A.

Pe3ynbraToM MPOBEACHHOTO aHAIM3a SIBISIETCS pa3paboTaH-
HBIA TIPOTrpaMMHBIN KoJ (pUC. §), TO3BOJIAIONINHA B aBTOMaTHYe-
CKOM PEXHUME IPOBOIWTH aHAIH3 U3MCHCHUN BarOHOIOTOKOB,
MOCTYMAIOIINX HA CTBHIKOBBIC MyHKTHI JKEIIE3HBIX Jopor BocTou-
HOTO MOJMIOHa, 32 pacueTHbIN nepuos [9].

daKkTNYecKkme 3HaYeHNA N Moaennb (B TOM Ymncne I'IpOI'HO3)
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Puc. 7. I'paduku conocraBnenust paKTHUECKUX 3HAYCHHH Psijia CO 3HAYCHHUSIMH, ITOJIYUYSHHBIMH C TOMOIIBIO IPOTHO3HON MOJEIH
(7151 MccneryeMBIX 3HAYE€HHH 10 CTRIKOBOMY MyHKTY Taiimer)
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Puc. 8. Nurepdeiic auanoroBoro okHa NporpaMmbl pacueTa BaroHOIIOTOKOB Ha IIPOTHO3HBIH ITepro
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Heo0XxouM0 OTMETHTb, YTO IOCTPOSHHE IIPOTHO3a BarOHOIIO-
TOKOB — IIepPBOHAYAJILHBIN 9Tall IPOrHO3UPOBAHUS, HA OCHOBE KO-
TOPOTO B JaJbHEHIIEM MOKHO OCYIIECTBHUTE:

1. mporHo3 1o Bo/Ia JOKOMOTHBOB I10/] T10e3/1a (B pacyere Ha
napy IMO€e3/I0B) 110 CTHIKAM XK.]1.;

2. mporuo3 OayaHca JIOKOMOTHBHOTO TIapKa C OIpEAeICHUEM
BO3MOXKHOTO PE3epBa, HCIOJIb3yEeMOr0o B JaJbHEHILIEM P HO.Ib-
eMe «OpOIIEHHBIX» HIIU «OTCTABJICHHBIX OT ABMKCHHS TTOC3JI0BY;

3. TPOTHO3 OTKA30B TEXHUYECKHUX CPEICTB;

4. TPOTHO3 MOTPY3KH HA MPEACTOSAIMNN TEPHOST.

ITo wuToramM TPOBOAMMOrO HCCICIOBAHUS TIPH TOCTPOCHUH
KOMIUIEKCHOW MOJIENTU ITPOTHO3a MOXKHO CJIENIaTh Psijl BEIBOJIOB:

1. Monenb, mocTpoeHHass B HOpMaJIbHBIX (CTAaOMIIBHBIX) YCIIO-
BISIX IT0 HICTOPHYECKUM JIaHHBIM, JIA€T IOCTATOYHO TOYHBII POTHO3;

2. IlocienHue YeThIpe roja NoKa3ajin, YTO Ha CHCTEMY MOTYT
3HAUUTENILHO BIMATH IPYyrHe (pakTophl, HE CBSI3aHHBIE C Pa3BH-
THEM CaMOW CHCTEMBI;

3. Hus yueta Takux (aKTOPOB B MOJEJIb MPOTHO3a HEO0OXO-
JMMO BBOIWUTBH JOTOJHUTENbHBIE KOI(DOUIHUEHTBI U KPUTEPUH
OLICHKH ITPOTHO33;

4. B manmpHEUIIEM TpU TTOCTPOSHUH MOJENH MPOTHO3a HEe00-
XOJUMO OCYIIECTBUThH NEPEX0J] K MCKYCCTBEHHBIM HEHPOHHBIM
CeTsIM, TIO3BOJISIFOLIMM 3aJI0KUTH OOJIbIIIE TAPaMETPOB Ha BXOJE U
YUUTBIBAIOIINUM CKPBITBIC CBA3U,

5. TIpoBOANTH MOCTPOCHHE MPOTHO30B ONTUMUCTHYHBIX U
MECCUMHUCTHYHBIX CLICHAPUEB M OPHEHTHPOBATHCS Ha IPOTHO3-
HBI «KOPUIOP» MPU TPHHATUH PELICHUI pa3BUTHS CHCTEMBI B
HEPCIIEKTUBE.

3akJaouenue

HecmoTtpst Ha pa3HooOpa3ue METO0B U MOJCIICH MPOTHO3U-
poBaHusA, CUCTEMA IIOCTPOCHHA KOMIUICKCHBIX IIPOTrHO30B B
TpaHCHOPTHOH oTpaciau PD Hyxk1aeTcsa B CyLIECTBEHHOM pa3BU-
Tuu. JlaHHOE pa3BUTHE MPEIIOIaracT HHTETPUPOBAHHOE B3aHMO-
NIEHCTBHAE OTACTBHBIX TPAHCIIOPTHHIX MOACHUCTEM (aBTOMOOWIIB-
HOM, KeJIe3HOJOPOKHOM, pEUHOH, MOPCKOW U T.J.), a TAKXKE pa3-
paboTKy 00I1IepoCcCHiICKOro MeXKOTpacIeBoro danaHca, 4To OyaeT
CHOCOOCTBOBaTh B JajIbHEHIIIEM ITIOCTPOCHUIO KayeCTBEHHBIX
MIPOTHO3HBIX MOJIENIEH Ul KaxI0i U3 MOACUCTEM U TPAHCHOPT-
HOW CHCTEMBI B IIEJIOM.

Jlnst GorbIell yacTH CETH JOPOT XapaKTepHA 3HAYUTEIbHAS
BHYTPHCYTOYHAsl W BHYTPHMECSYHAS HEPABHOMEPHOCTH TTOC3-
HOW ¥ rPy30BOil pabOTHI, IPUYEM B OT/ICIIbHBIC TIEPHOBI 00BEMBI
paboT NPUONMKAIOTCSA K MPOCKTHBIM MOIIHOCTSAM OOBEKTOB
YIpaBJIeHHUS, TOATOMY Y4EeCTh KOHKPETHYIO 0OCTaHOBKY Ha OJIHU-
TOHE IJIAHUPOBAHUSI B TEXHOJOTMYECKH OTPaHUUYEHHOE BPEMsS B
YCJIOBUSAX MHOTOYHUCIIEHHBIX OTPaHUYE€HUN BO3MOXKHO TOJIBKO
MIPH AUAJIOTOBOM OOIICHUH YEeIIOBEKA U MAIITUHEI.

J1ist IaHUpPOBAHUSI [TOKA3aTelNel IKCILTyaTallHOHHOW PabOThI
HEOO0XOIMMO 3HATh T€ MOCIEACTBUS, KOTOPBIE BBI3OBYT YIPABIIsI-
IolIMe BO3/IeHCTBUA Ha cucTeMy. OTBET Ha 3TOT BOIIPOC JaeT pac-
4YeT ONEePaTUBHOIO MPOTHO3a IOKa3aTesel MOe3JHON U Ipy30BOoil
paboThI, YYUTHIBAIOIINN KOHKPETHO CKJIABIBAIOMIYIOCS 00CTa-
HOBKY, WCTIOJNB3YIOIINNA PeabHyI0 WHPOPMANNOHHYIO 0a3y BBI-
gucutenbHBIX 1eHTpoB (JIBL] u 'BII). Takum o6pa3om, 3amaya
OTIEPATHBHOTO MPOTHO3a JIOJDKHA PEIIaTHCS Ha IEPBOM 3Tale Co-
CTaBJICHUS IIJIaHA, pe3yJIbTaThl MPOrHO3a SBJISIOTCS MH(OpPMALH-
OHHO¥ 0a30if 3a/1a4 OTICPATHBHOTO IJITAHUPOBAHUS M YIPABICHUS
MEPEBO30YHBIM IIPOLIECCOM.

[IpuMeHeHNe TTPOTHOZHBIX MOJENEH HAIlPaBICHO HE TOJBKO
HA TOJTyYeHHE TOYHOTO 3HAYCHHS TPOTHO3MPYEMOTO TTOKA3aTeIs,
a B TIEPBYIO OYepep 0OecTIieunBaeT MOHINMAaHIE U BHICHHE TPAHC-
MOPTHOTO TIpollecca B MEPCHEKTHBE, YTO B IMOCIEAYIOIIEM JaeT
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BO3MOXHOCTb MNPUHATHA KAYCCTBCHHBLIX YIIPABJIICHYCCKUX PpEIIC-
HUH.

Bceé BeimeykazanHoe OyneT CHOCOOCTBOBATH YBEIWYCHHUIO
YPOBHA HE TOJIBKO INTAHUPOBaHHWs, HO TAK)XKC aHaJIn3a pasBUTUA U
(YHKIIMOHMPOBAHUS /1. B MONHBINA CIIEKTp MEpONpPHUSATHI BXO-
JUT KaK BO3MOKHOCTh IOCTPOEHHMSI HPOTHO3HBIX MOJENEH JUIs
MIPOM3BOACTBEHHOTrO Ooka xonmuura «PXK/I», Tak U BO3MOXK-
HOCTb aKTyaJM3alH CTPYKTYPBI AKCIUTyaTAallMOHHBIX ITOKa3aTe-
Jei ceT.
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IMPROVING THE QUALITY OF TRANSPORTATION BASED ON THE COMPLEX PREDICTIVE
MODELS CONSTRUCTION OF INFRASTRUCTURE LOADING

Ekaterina V. Malovetskaya, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia, katerina8l | 9@mail.ru
Anna K. Mozalevskaya, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia, Mozalevskay@mail.ru

Abstract

Accurate construction of time series forecasts is a key element in the system of support and management decision-making. This arti-
cle presents a method of multi-stage system forecasting of time series. The effectiveness of the proposed method is experimentally jus-
tified by the example of the arrival of car traffic at the junction points of railways. The most important contribution is the introduction
of a system forecast, in which the methods of forecasting traffic flows will be mutually consistent and complementary, since the use of
statistical methods alone will not fully reflect all the changes that occur in the transport complex of the Russian Federation. This hybrid
combination provides more competitive forecasts compared to other methods. Moreover, such a hybrid model is easier to interpret
by decision makers when modeling trend series..

Keywords: forecasting of transport car traffic, mathematical model, time series, system approach, non-uniformity of car traffic, predictive analysis, forecast
model, mathematical statistics, simulation model, linear and dynamic programming, performance indicators, theory of large systems.

References

I. A. L. Kuzhel, I. N. Shapkin, A. N. Vdovin. Efficiency of car traffic promotion during the transition to landfill technologies. Rail transport. 2016. No. 8,
pp- 4-10.

2. A. F. Borodin, V. V. Panin, D. V. Rubtsov, S. L. Shchepanov. Development and integration of information technologies for the management of the
transportation process when creating a Digital General Scheme for the development of the network of JSC "Russian Railways" within the framework of
the Digital Railway project. Bulletin of the Scientific Council of JSC "IERT". 2021. No. 6, pp. 5-14.

3. A. F. Borodin, V. V. Panin, E. A. Lokhankin et al. On the predictive business model of railway transportation of JSC "Russian Railways". Bulletin of the
Scientific Council of JSC "IERT". 2020. No. 5, pp. 5-14.

4. B. S. Kullman. Model of competition of rail and trucks in the market of intercity transportation: dissertation. Massachusetts: Massachusetts Institute
of Technology, Department of Civil Engineering, 1973. 318 p.

5. P. Guglielminetti, J.-P. Leivraz, R. Rivier. Cargo transportation planning: a model for optimizing the Transalpine railway network. Swiss Conference on
Transport Research. 2001. 20 p.

6. D. S. Bedrin. Transformation of methodology of planning and forecasting of cargo transportation on railway transport. Bulletin of the results of scien-
tific research. 2020. No. 4, pp. 5-23.

7. E. V. Malovetskaya, A. K. Mozalevskaya. Possibilities of using ARIMA models in constructing forecast values of car traffic. T-Comm. 2023. Vol. 17,
No. I, pp. 33-41. DOI 10.36724/2072-8735-2023-17-1-33-41

8. E. V. Malovetskaya. Possibilities of correcting car traffic to seaports by means of simulation modeling. T-Comm. 2022. Vol. 16, No. 10, pp. 36-42. DOI
10.36724/2072-8735-2022-16-10-36-42

9. Certificate of state registration of the computer program No. 2022661676 Russian Federation. The program for determining the technical and oper-
ational performance of a butt railway station based on the use of statistical data and variant forecast scenarios of fluctuations in incoming car traffic : No.
2022660561 : application 07.06.2022 : publ. 24.06.2022 / E. V. Malovetskaya, A.V. Suprunovsky, A. K. Mozalevskaya; applicant Federal State Budgetary
Educational Institution of Higher Education "Irkutsk State University of Railways messages".

10. L. Qadrini, A. Asrirawan, N. Mahmudah, M. Fahmuddin, and I. F. Amri, "Forecasting bank Indonesia currency inflow and outflow using ARIMA, time
series regression (TSR), ARIMAX, and NN approaches in lampung,” Journal Matematika, Statistika dan Komputasi, vol. 17, no. 2, pp. 166-177, 2021.

I'l. ). Gamboa. Deep learning for time series analysis. Preprint arXiv arXiv:1701.01887. 2017.

12. G. E. P. Box, G. M. Jenkins, G. C. Reinsel, and G. M. Ljung, Time Series Analysis: Forecasting and Control, Wiley, Hoboken, NJ, USA, 2015.

13. R. Fildes, A. C. Harvey, M. West, and J. Harrison, "Forecasting, structural time series models and the kalman filter," Journal of the Operational Research
Society, vol. 42, no. | |, p. 1031, 1991.

14. B. Lim and S. Zohren, "Time-series forecasting with deep learning: a survey," Philosophical Transactions of the Royal Society A: Mathematical, Physical
& Engineering Sciences, vol. 379, no. 2194, Article ID 20200209, 2021.

15. ). Devlin, M.-W. Chang, K. Lee, and K. Toutanova, "BERT: pretraining of deep bidirectional transformers for language understanding," Proceedings of
the 2019 Conference of the North American Chapter of the Association for Computational Linguistics: Human Language Technologies, Minneapolis, MIN, USA, June
2019.

16. S. Hochreiter and J. Schmidhuber, "Long short-term memory," Neural Computation, vol. 9, no. 8, pp. 1735-1780, 1997.

17. S. Bai, J. Z. Kolter, and V. Koltun, "An empirical evaluation of generic convolutional and recurrent networks for sequence modeling," 2018,
https://arxiv.org/abs/1803.01271.

Information about authors:
Ekaterina V. Malovetskaya, Candidate of Technical Sciences, Associate Professor, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia
Anna K. Mozalevskaya, Applicant, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia

e

T-Comm Tom 17. #7-2023




ELECTRONICS. RADIO ENGINEERING

NEW QUASI-OPTIMAL ALGORITHMS OF ANTENNA SELECTION
WITH LOW COMPLEXITY

DOI: 10.36724/2072-8735-2023-17-7-47-56

Mikhail G. Bakulin, Manuscript received 08 June 2023;

Moscow Technical University of Communications and Accepted 07 July 2023

Informatics, Moscow, Russia, m.g.bakulin@gmail.com

Vitaly B. Kreyndelin,
Moscow Technical University of Communications and
Informatics, Moscow, Russia, vitkrend@gmail.com

Mikhail L. Khazov, Keywords: MIMO communication system, spectral
Moscow Technical University of Communications and efficiency, bit error-rate, antenna selection, channel capacity,
Informatics, Moscow, Russia, mikekhazov@mail.ru radio path, selection criteria, computational complexity

Classical MIMO system model without antenna selection and MIMO
system model with antenna selection are presented. New quasi-opti-
mal low complexity algorithms of antenna selection are proposed for
MIMO communication systems. These algorithms allow to achieve
high spectral efficiency without significant increase of complexity. The
statistical modeling method is used to evaluate the efficiency of the
proposed algorithms and to compare their characteristics with the
characteristics of the known algorithms of full and partial combined
selection. The computational complexity of the proposed algorithms
is evaluated and been compared with the computational complexity
of the well-known algorithms of full and partial combined selection in
low-order and high-order MIMO system configurations. The possibili-
ty of practical application of new quasi-optimal algorithms in real
communication systems is clearly demonstrated by comparative
analysis of error-rate performance in conjunction with an assessment
of computational complexity. These applications provide significantly
improving of the energy performance of MIMO communication sys-
tems and it allows to improve quality characteristics of communica-
tions for subscribers or could be exchanged to the lower price of con-
struction and maintenance of real communication systems.

Information about authors:
Mikhail G. Bakulin, Moscow Technical University of Communications and Informatics, Associate Professor, Moscow, Russia
Vitaly B. Kreyndelin, Moscow Technical University of Communications and Informatics, chief of the Department, Moscow, Russia

Mikhail L. Khazov, Moscow Technical University of Communications and Informatics, post-graduate student, Moscow, Russia

Ana uuTupoBaHusa:
Bakynun M., Kpetindenun B.B., Xazoe M.J1. HoBble KBasnonTMMasbHble airOpUTMbl aBTOBbIGOPA aHTEHH C HU3KOM BbIYUCIIUTENBHOMN CIIOXKHOCTLIO
/I T-Comm: TenekoMMyHuKauumn u TpaHcnopt. 2023. Tom 17. Ne7. C. 47-56.

For citation:

Bakulin M.G., Kreyndelin V.B., Khazov M.L. New quasi-optimal algorithms of antenna selection with low complexity. T-Comm, vol. 17, no.7,
pp- 47-56.

——

T-Comm Vol.l7. #7-2023




ELECTRONICS. RADIO ENGINEERING

Introduction

Wireless communication systems with many transmit and
many receive antennas (Multiply-Input-Multiply-Output —
MIMO) have recently attracted serious attention from developers
of promising communication systems due to their advantages in
capacity and spectral efficiency. The advantages of using MIMO
technology communication systems increase with an addition of
the number of receive and/or transmit antennas compared to tradi-
tional communication systems with one transmitting and one re-
ceiving antenna (Single-Input-Single-Output — SISO). However,
the increasing at the same time hardware complexity is a key lim-
iting factor. A large number of radio frequency paths are required
in order to obtain good system performance, but at the same time
there is a high cost and large size of communication systems
equipment (user terminals, base stations).

The article proposes new algorithms of antenna selection at the
transmitting and receiving sides which allows to reduce the com-
plexity of the system while preserving the main advantages of
MIMO technology. For a limited set number of radio frequency
chains, receive and/or transmit antennas could be selected and op-
timally assigned. The proposed algorithms allow to achieve high
spectral efficiency without significant increase of complexity, re-
duce the size of devices, increase of their energy efficiency by re-
ducing the number of active elements.

A large number of antenna selection algorithms have known
up to now [1], [2], [3]. Some of the known approaches are based
on maximizing the signal-to-noise ratio, while others are based on
maximizing of channel capacity.

Well-known works in this area include simple algorithms for
antenna selection [4], as well as more complex algorithms [5], [6],
[7] which have slightly improved characteristics, but at the same
time significantly higher computational complexity. For the
MIMO communication system new quasi-optimal low complexity
algorithms of antenna selection compared to known algorithms,
and with the characteristics are close to the characteristics of the
optimal (full combined selection) algorithms are proposed.

1. Classical MIMO system model
without antenna selection

Assume that there are M receive antennas and N transmit an-
tennas in the MIMO communication system. Let's also assume
that the number of receive radio chains is equal to L, and the num-
ber of transmit radio chains is equal to P.

Consider a situation with Rayleigh fadings and Gaussian noise
in the communication channel. When all transmitting and receiv-
ing antennas (L = M and P = N) are involved, the model of the
received signal in the MIMO communication system has the fol-
lowing form [9], [10]:

/P
=, ]—H-s+n> (1)
y N n

where y — is M-dimensional column-vector of complex counts of
received signals; s — is N-dimensional vector of transmitted QAM-
symbols; p — average signal-to-noise ratio (SNR) in each receive
antenna; N — amount of transmit antennas; p — is M-dimensional
column-vector of complex numbers with zero mathematical ex-
pectation of additive white Gaussian noise with a unit correlation

matrix; H—1is M x N — dimensional complex matrix of MIMO
communication channel:

hll hl2 hl N
H= hZI h22 hZN > (2)
h;
hMl hM 2 hMN

where hij — is channel coefficient between i's receive antenna and
j’s transmit antenna. We will assume that the coefficients hij are

uncorrelated complex Gaussian random variables with zero math-
ematical expectations and with equal to one variances. Let’s here
and further consider the MIMO system without spatial correlation
of fading, as well as in the absence of direct sight between all
transmit and receive antennas (only reflected signals are received)

[9], [10].
2. MIMO system model with antenna selection

Consider MIMO system where selection of antennas is present
both on the transmitting side (P < N ) and on the receiving side
(L <M). Follows that only P antennas uses from all set amount
of N transmit antennas and L antennas uses from all set amount of
M receive antennas. Therefore, instead of N active transmitting ra-
dio chains for antenna selection system uses only P of these radio
chains, and instead of M active receiving radio chains uses only L
of these chains.

Expression for the model of the received signal in the MIMO
communication system has the following form [1], [8], [11], [12],
[13]:

- P = -
=, /—H-s+1n- 3)
y P n

where y — is L — dimensional column-vector of receive signal
which is contains complex samples of received signals from all
selected antennas at receiver side; H —is Lx P — dimensional
complex submatrix of MIMO channel. H matrix — it is submatrix

of full channel matrix H. Matrix H consist of selected elements
of matrix H, corresponding to selection of some subset P from N
available transmit antennas and of some subset L from M available
receive antennas.

To select the matrix H from full matrix of the channel H , it
is necessary to use the selection criteria (criteria of optimality),

which allows to select the best submatrix H according to this cri-
teria. In fact, according to a given criteria of optimality, the se-

lected submatrices H are compared. Finally we get best combi-
nation of subset P from N available transmit antennas and subset
L from M available receive antennas, according to a given criteria
of optimality.

A number criteria of optimality are known. These include the
following: the maximum of capacity criteria, the maximum of
SNR criteria, and the minimum trace of the correlation matrix of
information symbols demodulation errors [4], [8].

The expression for the maximum of capacity criteria (MaxCa-
pacityFull):

—
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C =mfellxlogdet(1+%-ﬁ-ﬁ’]~ 4)

The expression for the maximum of the Frobenius norm crite-
ria (the maximum of SNR criteria, FrobeniusFull):

2
2

. )

max |[H

p
> |h

M-

=max

H = H

mn

3
I
=]

The minimum trace of the correlation matrix of information
symbols demodulation errors criteria (MinTrVmmse, MinTrVzf)
is aimed at selection such a submatrix of the channel, in which the
minimum summary variance of errors in the evaluation of demod-
ulated information symbols is achieved.

-1
mintr (R) =mintr [ﬁ-ﬁ'.ﬁuj : (©)
H H P

3. Full combinations or optimal antenna selection algorithm

The optimal algorithm of antenna selection in the MIMO sys-
tem assumes a complete reselection of all possible sets of subma-

trix H inside the matrix H . The number of all variants of the
submatrix H is [16]:

N! M!
N,P,M,L)=C{Cl=—— . ()
Q( )=CyCy (N=P)-P! (M —L)-L!

In
Table 1 is demonstrated the results of counting the number of

all possible variants of submatrices H with a complete reselection
for a various values of equal total number of transmit and receive

antennas ( N=M ) and a various values of equal number of ra-
dio paths or in other words selected by the criteria of optimality of

transmit and receive antennas ( L=P ).

Table 1
The number of submatrix H with an optimal antenna selection
N=M 8 12 16 24
L=P 4 6 8 12
QN,P,M, L) | 49:-10° | 85-10° | 1,6-10° 7,3-10"
From

Table 1, it is obvious that with an increase in the number of

antennas, the number of all possible variants of submatrix H rises
rapidly. So it is impossible to implement the optimal algorithm of
antenna selection even with a relatively several number of anten-
nas.

Therefore an approach of using an optimal antenna selection
algorithm in real conditions, starting with MIMO 16(8)x16(8), is
simply impossible due to the rapid growth in the volume of calcu-
lations (computational complexity).

Than consider some of the well-known antenna selection algo-
rithms which do not require a complete selection of all the variants
of the reselected submatrix.

ELECTRONICS. RADIO ENGINEERING

4. Well-known quasi-optimal algorithms of antenna selection

NSA algorithm.

A simple quasi-optimal antenna selection algorithm is well-
known. In the literature it is called NSA (Norm based Antenna
Selection). Antenna in NSA are selected using criteria of the max-
imum Euclidean norm of the columns and then rows of the com-
munication channel matrix [1], [4].

A submatrix H which has a M x P dimension and are con-
taining P columns with maximal Euclidean norms is selected from

the full channel matrix H, while matrix H still having the same
number of rows M as in the full channel matrix H. Then, from

the submatrix H, the target submatrix H is selected, which has a

Lx P dimension and contains L rows with maximal Euclidean
norms.

So quasi-optimal antenna selection algorithm NSA uses Eu-
clidean norm as a criteria of optimality. Algorithm NSA cannot
use other criteria of optimality.

In addition to the mentioned simplest version of the NSA al-
gorithm, iteration modifications of NSA algorithm are also well-
known both with a decrease (Iteration Decrement) and with an in-
crease (Iteration Increment) in the dimension of the reselected ma-
trix [17], [19], [20].

IDNSA iterative algorithm

Initial conditions: H’ = H.

Step 1. Euclidean norms are calculated for all columns of the
matrix H.

Step 2. Among hj’ j=1...N is selected one column with a

minimal Euclidean norm ”h _ ” = min
min

I<j<N

from matrix H . So we obtain H" matrix with M x (N =1) di-

\h,- H and it is excluded

mension.
Step 3. Euclidean norms are calculated for all rows of the ma-

trix H®
Step 4. Among hi ,i=1...M isselected one row with a min-

imal Euclidean norm ||h )
min

= min||hi|| and it is excluded from
1<i<M

matrix H". As a result we obtain H?® matrix with

(M —=1)x (N —1) dimension.

Repeat Steps 1-4, but using a matrix H® instead of a matrix
H . The process of excluding rows and columns is repeated until
we get an aimed matrix H of Lx P dimension.

IINSA iterative algorithm
Initial conditions: equal amount of antennas at receive and at
transmit sides. Initial matrix F© :[ ], so it is empty matrix

without any of elements with 0x 0 dimension.
Step by step the dimension of initial matrix is increased, while

before the required aimed H submatrix with Lx P dimension
will be formed. Thus, a square matrix ﬁi:r)gel should be formed at

the K’s step.

—
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Step 1. Pick the maximal by module element hi(l)j o from H

matrix. In fact, this means selection of one transmit and one re-
ceive antenna with the maximal of transmission coefficient be-
tween them.

Matrix H" consist of selected element hi i’ and has a di-
mension 1x1.
q0 — - ) 8
H" = [hia)j(l)} = [E}fﬁ{?ﬁﬁ hy U ®

Step 2. Select from matrix H submatrix I:I(z), with 2x 2 di-
h
hi(2)i(2)

which actually added by

i(1j2)

mension. Submatrix ﬁ(2)= i includes se-

hi(z)j(])

lected at the first step element hi i’

clement h, selected at the second step from matrix H and

i(2)j(2)

bordered by elements h of matrix H. Submatrix

i(1)j(2)° hi(Z)i(l)
H"™ will be find by reselecting through all possible combinations
of second-order submatrix I:I(z) from the full matrix of channel
H, each of it contains an element hi i) and the Frobenius norm

A

H(Z)

for it is maximal Hﬁ&)‘

=max
F F
Thus, in Step 2, one more transmitting and one receiving an-
tenna is selected. In Step 3, we use the logic described in Step 2.
As aresult, we select one more transmitting and one receiving an-
tenna.
Next steps up to k's, where K = L = P, repeat iterative selec-
tion of elements from the matrix of channel H. The selected ma-

trix ﬁf';r)get will be the formed required matrix H with Lx P di-

mension, where L=P.

5. New quasi-optimal low complexity
antenna selection algorithms

New quasi-optimal iterative algorithm 11ZF

[IZF (Iterative Incremental Zero Forcing algorithm), an itera-
tive algorithm with a step-by-step increase in the dimension of the
formed matrix of channel and as a selection criterion minimum
trace of the correlation matrix of errors of demodulation of infor-
mation symbols.

Initial conditions: H® =[ ], so it is empty (without any ele-

ments) matrix with O x 0 dimension.
Step-by-step increase the dimension of the initial matrix until

is formed with L x P dimen-

the required submatrix [ = I‘:I?;r)get

sion. Thus, a square matrix ﬁf';r)g is formed at the k’s step based

ot
on calculation and comparison the values of the antenna selection
criterion of optimality for each of the available at current step sub-
matrix.

First step of the algorithm coincides with the first step of well-
known algorithm IINSA, represented in the section 4. From full

e

OO element.

In other words, will be selected pair of antennas on transmit and

receive with a maximal transmission ratio. Element hi WO is

matrix of channel H select maximal by module hi

A

formed matrix J® _ Hfﬁget with 1x 1 dimension.

At the second Step, taking into account criterion of optimality

A | h .
the submatrix Fy@ _ iMim A'(]”(z) with 2% 2 dimension
hi(2)j(1) hi(2)i(2)
are sequentially reselected from the full matrix of channel and

sorted. H® contains selected at the first step element

—H® . Target submatrix H® = ﬁ is find from full

2
hf(l)i(l) target

matrix of channel H by reselection through all existing combina-

tions of second-order submatrix H'®, each of it contains element

hi(m(l). Selection condition of submatrix H® is:
{i(2)j(2)} = argmin min f (H?): ©)
<i<M 1<j<
izi(1) j=j()

where f (I:I(z)) — the trace of the correlation matrix of estimation

errors l:{(Hz) , determined by the formula:
A A A A -1
f(A?)=tr(RY) = t{(H“”H(” +20, -1) } - 310

As a result of the described actions, another transmits and re-

ceives antenna will be selected and a matrix
A? —fg® = Mo Maie) |will be formed.
— *target h h

1(2)jM 1(2)j(2)
According to the formulated rule, at the step N—1 will be
formed submatrix

h h

iMjm i(Mj(n-1)

h h

i(n=1)j() i(n-1) j(n-1)

Selection condition of element of matrix H at step n is:

{i(n) j(n)} = arglznbn II]nLn f (ﬁ(”))’ (11)
0 )

ii(n-1) j£j(n-1)
where f (I:I‘”)) — the trace of the correlation matrix of estimation

errors R(l:), determined by the formula similar to (10):
After sorting through all possible combinations, the work of

the IIZF algorithm will be completed and the target matrix H with
L x P dimension, where L = P will be formed.

New quasi-optimal iterative algorithm IDZF
IDZF (Iterative Decremental Zero Forcing algorithm), an iter-
ative algorithm with a step-by-step decrease in the dimension of

T-Comm Tom 17. #7-2023




the matrix of channel until formed target submatrix started from
full matrix of channel and with a selection criterion minimum
trace of the correlation matrix of errors of demodulation of infor-
mation symbols

Consider new antenna selection algorithm based on iteration
decrement of dimension of matrix H.

Initial conditions: H® = H. Inside of matrix H by turns ex-
clude one row and one column at the same time, then calculate the
values of the antenna selection criterion of optimality for each of

the available submatrix IiI“) with (M —1)x (N —1) dimension,
remember the best of got selection.

After selection of target submatrix Ifligget with a best calcu-
lated criterion of optimality value, necessary repeat all upper de-
scribed actions for submatrix Iflfz)rget by turns exclude from ana-

lyzes one row and one column at the same time, after that to cal-
culate values of the antenna selection criterion of optimality for

each of the available submatrix H® with (M —=2)x(N -2) di-

mension, putting into a memory the best selection I:Igr)get .

Excludes rows and columns in the matrix H and search for
the submatrix with the best criterion of optimality value of the
form (10) do until the dimension of the selected submatrix be-

comes equal Lx P, where L =P , and the matrix Iflizr)get itself
will actually be the matrix H that we are forming.

At the step N, iterate over the matrices ﬁ(”) that are obtained
from the matrix Iflgr‘;;t by excluding the row j(n) and column

j(n) . The condition for choosing a matrix is as follows:

o ) . 2o 12
{imjm}=arg min min fHE[i(), jo)
i) j(=j()
i-('n)sti(n—l)'j'(n)¢j(n—1)

where f (I:I‘“’) — the trace of the correlation matrix of estimation

errors lii:), determined by the formula similar to (10).

Result of work of algorithm IDZF at the step n is the matrix
H=H"=HQ . with (M —n)x(M —n) dimension,

where [I<N<M -L.
6. Simulation results

Let's perform a comparative analysis of the known and pro-
posed algorithms. The effectiveness of the algorithms was evalu-
ated by statistical modeling method [14].

The simulation was carried out for two configurations of the
selected and total number of antennas, the same values on the re-
ceive and transmit sides (4 of 8; 4 of 12) under the following gen-
eral conditions:

e modulation method — 64-QAM,;

e demodulation method— MMSE;

e type of noise-resistant coding — Turbo coding (speed — 1/2,
number of decoding iterations — 4);

T-Comm Vol.l7. #7-2023
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e simulated algorithms of antenna selection in their various
combinations:

0 optimal (full selection) with maximal capacity criterion (4)
(MaxCapFull);

0 optimal (full selection) with Frobenius norm criterion (5)
(FrobeniusFull);

0 quasi-optimal algorithm NSA (section 4);

0 quasi-optimal algorithm IDNSA (section 4);

0 proposed algorithm IIZF (11);

0 proposed algorithm IDZF (12);

e channel matrix H is known on the receiving side;

e number of transmit antennas N =8; N =12;

e number of transmit radio chains P =4 ;

e number of receive antennas M =8; M =12;

e number of receive radio chains L =4

e type of fading — uncorrelated Rayleigh;

e frame length — 573 bits:

e number of experiments — 100000.

Error rates curves for known optimal algorithms with selection
criteria (4), (5) and the proposed optimal algorithm with a selec-
tion criterion (6) in a MIMO system 4(8)x4(8) are studied in [3],
[12].

Figures 1 and 2 shows simulation results for well-known opti-
mal algorithms (4), (5), well-known (section 4) and proposed
quasi-optimal algorithms (11), (12) for MIMO configurations
4(8)x4(8) and 4(12)x4(12).

MIMO-MMSE; 64QAM; Code Rate = 1/2;
Frame=573(bit); TxA=4(8); RxA=4(8)
T T T

4
w10
m E

-+ MaxCapFull
107 |-o-ipzF

E iZF
[ |——FrobeniusFull
o NSA \
+ IDNSA i

104

Eh.'N:, [dB]
Fig. 1. Error rate of MIMO system in configuration 4(8)x4(8)

MIMO-MMSE; 64QAM; Code Rate = 1/2;
Frame=573(bit); TxA=4(12); RxA=4(12)
T T T

10° T T
-+~ MaxCapFull
——IDzF

IZF

' ) & FrobeniusFull
——a e | —=—NSA
s N N b ; ; IDNSA

[ it
w2 4
w10 \\
5
\

I 1 I 1 L L
0 1 2 3 4 5 6 7 8
E /N, [dB]

Fig. 2. Error rate of MIMO system in configuration 4(12)x4(12)
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From quasi-optimal iterative algorithms (see Fig. 1, Fig. 2) the
best results, independently of the antenna configuration, are pro-
vided by algorithms using the minimum trace criterion of the cor-
relation matrix of demodulation errors (6), noticeably exceeding
the characteristics of the optimal algorithm with the maximum
Frobenius norm criterion (5).

The proposed quasi—optimal IIZF algorithm (11) has small
losses about 0.2 — 0.4 dB vs. the optimal (full selection) algorithm
with a best of known maximal capacity criterion of optimality (4).
At the same time, as will be shown below, the algorithm IIZF (11)
has significantly less computational complexity. The proposed
quasi—optimal IDZF algorithm (12) has additional 0.6 — 1.2 dB
gain relatively of proposed IIZF algorithm (11). At the same time,
as will be shown later, it has also a slightly higher computational
complexity.

The well-known quasi-optimal iterative algorithms NSA and
IDNSA (section 4) demonstrate low efficiency, being inferior to
the worst-evaluated optimal (full selection) algorithm with the
Frobenius norm criterion (5) and significantly inferior in charac-
teristics to the new proposed quasi-optimal algorithms.

7. Computational complexity of algorithms

Now will calculate the computational complexity of the de-
scribed antenna selection algorithms by estimating the total num-

ber of operations required to perform calculations. Such opera-

add

tions include operations of real addition vy and real multiplica-

tion operations V;“”'t. Write’s down the following expressions to

calculate the computational complexity for optimal (full selection)
algorithms:

mult _ mult
v =Q-vy

) (13)
add add
vy =Q-v." +Q
where Q — is the number of all possible combinations of reselected
active antennas on the receive and transmit sides for the exacted
configuration of passive and active antennas, determined by the

formula (7); V:‘“" — is the number of arithmetic operations of real

multiplications required to perform one combination; vr?dd —is the

number of arithmetic operations of real additions required to per-
form one combination.

Computational complexity of the optimal (full selection)
algorithm with maximal capacity criterion (MaxCapacityFull)
).

Find the number of arithmetic operations required for the pro-
cessor to process the expression:

1ogdet(1+%ﬁ.ﬁ'j- (14)

The channel matrix H selected during the operation of this
algorithm hasa L x P dimension. Matrix T=H-H hasa L x L

- P
dimension and includes elements T :thhé., where
ij ik 'kj
k=1

To calculate one value hikh;j require to perform one complex

multiplication. To calculate one value 'i’ij require P of complex

multiplications and 2 - (P —1) of complex additions, which cor-

responds to 4P real multiplications and 4P — 4 real additions.
For complete multiplication of matrix H-H require to execute
L* of similar operations. Taking into account the Hermitian na-
ture of the matrix T=H-H' value of Tij necessary to perform

about L*> / 2 operations.
So to calculate T=H-H' real operations will be required:

2 2
Vlm“" —4.P L? multiplications and Vladd =(4-P-4) L? ad-
ditions.

Value P from the expression (14) is known in advance (not

in real time). Thus, to calculate complexity of matrix

D= [1 + P H- ﬁ'j from (14) requires the following values are
P

the number of real multiplications and real additions:

LZ

v;““"=(4.F>+1).7 (15)
L2

vj‘dd:(4-P—4)-?+L~ (16)

To understand the complexity of calculating the determinant

of the matrix detf) — det(l _,_R ‘H- ﬁ'j we perform the fol-
P

lowing steps. The QR-decomposition of the matrix is known [5].
For the matrix D the record of its QR decomposition is:
D=Q-R, where Q — is unitary matrix with L x L dimension,

R —is upper triangular matrix.
Further take into account the following property of the deter-
minant of the matrix C=A-B [15], detC=det A -detB. Ap-

ply this property to the matrix D= QR.
So the detD=detQ-detR=1-detR=detR. Determinant

L

detR=][R, for matrix R require to perform L —1 of com-

i=l
plex multiplications.
The computational complexity of the QR decomposition of the

matrix is 2 P+ + 1 L —2 complex multiplications and the

same number of complex additions. A complex multiplication is
equivalent to four real multiplications and two real additions.
A complex addition consists of two real additions.

Thus, to calculate the determinant of the matrix, the following
number of operations will be required:

amn

ymt :4-(§L3+ L2+%L—2j~

e
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vj;d_4~(zL3+L2+lL—2)- (18)
3 3

Accordingly, given (14), (15), (16), (17), (18), the following
number of real operations is required to perform an optimal (full
selection) algorithm with maximal capacity criterion (MaxCapac-

ityFull) (4):
VnT::I(tCapFuII Q (Vmu“-i_v(;]:tm -
2
=Q-[(4-P+1)- L+4 (§L3+L2+§L—2H, (19)
V;da[j(CapFull :Q'(Vzadd +V§:td)+Q:
i L 2.4 5 1
=Q- (4-P—4)'7+L+4- gL +L +§L—2 +Q.

It is obvious from expression (19), that the algorithm optimal
(full selection) with cruterion (4), has a third order of complexity.

Computational complexity of the optimal (full selection) al-
gorithm with minimum trace of correlation matrix criterion
(MinTrVmmse, MinTrVzf) (6).

Let 's turn to the criterion (6).

For the matrix

2(1 +Eﬁ . ﬁ’] got formulas (15) and (16) to calculate it
P

computational complexity. Criterion (6) includes analogical ma-

trix G = 2 FI'H + 1 to calculate the complexity of which it is not
P
difficult to obtain the expression:

2
mult P

S+ — (20)

p2
=L P 1)

It is known that for the inversion of a complex Hermitian ma-
trix with Px P dimension requires about 2P —2P? of real
multiplications, 2P —4P? + 2P of real additions and P divi-
sions, which is about equal to 2P of real multiplications and
2P~ real additions [14], [15].

Calculating the trace of the matrix with P x P dimension re-
quires P —1 of real additions, since on the main diagonal of the
matrix G are real numbers. Thus, taking into account (20) and
(21) have the following expression for the computational com-
plexity of the criterion (6):

PZ
vt [2 P’+(@4-L+1)- —}
(22)

PZ
2 {2 PP+(4-L—4)- —+P—1}

So for optimal (fill selection) algorithm with a criterion (6)
requires to perform the following number of real operations:

ELECTRONICS. RADIO ENGINEERING

2
v s = Qv = Q{Z-PS +(4- L+1)-P7},

2
Vl?/ldigTerf =Q- Vadd+Q=Q |:2 P3+(4 L-4)- P_+p_1i|+Q

(23)

Computational complexity of proposed new quasi-optimal al-
gorithms using minimum trace of correlation matrix criterion.

At first estimate the computational complexity of the quasi-
optimal partial (combined selection) algorithm of antenna selec-
tion IIZF (11).

Thus estimate the complexity of the algorithm at the first step.
From full matrix of channel H the maximum by module of ele-

nt hﬂ(l) 0 is selected. It’s requires to calculate of modules and
(]

then comparing of all complex elements of matrix H . Calculation

of modules for all elements of matrix H require 2 - N ? of real

multiplications and N % ofreal additions (the operation of calcu-
lating the square root can be not taken into account, since it is per-
formed by table), and comparison of values of all elements hﬁ

require N * of real additions.
Further estimate the complexity of the algorithm at the second
step. Here is doing reselection of submatrix with (N —1)2 number

of reselections. Taking into account of expression (23), where

Q=(N-1)" and L=P =2 get required number of operations

for the second step:
vt =34 (N -1)°
V24 =25 (N -1y

(24)

At the N's step doing reselection of (N —n+ 1)2 submatrices.
Taking into account of expression (23), where Q=(N —n 4-1)2

and L =P =n get required amount of operation for the n’s step:

2
Vl:nult :(N _n+1)2,|:2_n3+(4.n+1).n_:|’
2 (25)

2
VA% = (N —n+1)2-[2~n3+(4-n—4)-%+n—1},

where n=1...L.

To complete the estimation of computational complexity, it is
necessary to sum up the values of computational complexity at all
steps:

L L 2
viee =D vt :Z{(N —n+1y° -{2-n3 +(4- n+1)-r‘2ﬂ,
n=l

n=1

(26)

2

L L
Vige = Vi :Z{(N —n+1y -{2-n3+(4~n—4)-nz+n—lﬂ.
n=1

n=1

The computational complexity of the IDZF partial selection
algorithm is performed similarly. As a result, we have the follow-
ing expression:

-
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N-L

mult mult _
Vibze = z Ve =

n=1

:NZL 2-(N-n)’ +(4-(N —n)+l)‘(N ;n)z](N—nH)z,

W _ N ad

al — al —

Vioze = z Ve =
n=1

27)

8. Comparative analysis of computational complexity
of algorithms

In Table 2 and
Table 3 present the results of the computational complexity es-
timation for optimal (full selection) algorithms with a best of
known MaxCapFull (4) and MinTrVzf (6), and also for simplified
quasi-optimal algorithms IIZF (11), IDZF (12). The estimates are
given also for high-order MIMO system with the number of pas-
sive antennas equal to 64.
Table 2
Results of estimation of computational complexity
for various antenna selection algorithms in the MIMO system

Number of real multiplication operations
Path | Antennas | MaxCapFull | MinTrVzf 1ZF IDZF
2 12 2,18-10°| 1,48.10°| 4,76-10°| 1,27-10°
4 12 9,02.107| 6,47-10"| 3,74-10*| 1,73-10°
6 12 9,99.10%| 7,53-10°| 1,13-10°| 1,86-10°
8 12 6,57-10°| 5,10-10°| 2,16-10°| 1,89-10°
2 8 3,92-10*| 2,67-10*| 1,95-10°| 1,33-10°
4 8 1,80-10°] 1,29-10°| 1,26-10*| 1,58-10°
6 8 9,17-10°| 6,91.10°| 2,87-10"| 1,60-10°
Number of real addition operations
Path |Antennas| MaxCapFull | MinTrVzf IIZF IDZF
2 12 1,87-10°| 1,13-10°| 3,31-10°| 1,19-10°
4 12 8,16.10"| 5,59.10"| 3,09-10*| 1,63-10°
6 12 9,28-10%| 6,81-10°| 9,90-10*| 1,75-10°
8 12 6,20-10°| 4,72-10°| 1,93-10°| 1,77-10°
2 8 3,37-10*| 2,04-10*| 1,35-10°| 1,21.10°
4 8 1,63-10°| 1,12-10°| 1,03-10%| 1,43-10°
6 8 8,52-10°| 6,26-10°| 2,48-10*| 1,45-10°
Table 3

Results of estimation of computational complexity for various
antenna selection algorithms in the high-order MIMO system

Total operations for high-order MIMO
Path | Antennas | MaxCapFull | MinTrVzf HZF IDZF
8 64/ 1,0.10%| 79-10%| 34.10"| 5.0-10"°
16 64  95-10%| 77.10°| 39-10°| 7.4-10"°
32 64/ 1,0.10"| 88-10"| 3,5-10°| 89-10"°
40 64|  3.8-10°| 32-10°| 59-10°] 9,0-10"
48 64|  25-10"] 2,1.10°| 82-10°] 9,1.10"

=Y |2:(N=n)+(4-(N —n)—4)~@+m —n)—l](N—nH)z.

Data in Table 2 and Table 3 demonstrate the possibility of
practical application of the new quasi-optimal algorithm of partial
selection IIZF (11) .

At Figure 3 the results of computational complexity estimation
for various antenna selection algorithms in a high-order MIMO
system are presented graphically.
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Fig. 3. The results of computational complexity estimation for various
antenna selection algorithms in a high-order MIMO system

At Figure 3 obviously demonstrated the difference in compu-
tational complexity of the best of all represented algorithms for
MIMO with a total of 64 antennas on the receive side and 64 on
the transmit side. New quasi-optimal algorithms IIZF (11) u IDZF
(12) demonstrate much less of computational complexity com-
pared to the best algorithms.

Conclusions

The proposed quasi—optimal algorithm of partial combined se-
lection which is step-by-step increase of dimension of forming
matrix of channel IIZF (11) has about 0.2 — 0.4 dB loss vs. as-
signed to the optimal (full selection) algorithm with a best of
known maximal capacity criterion of optimality (4).

At the same time new proposed algorithm IIZF (11) has sig-
nificantly less computational complexity in comparison to the best
algorithms in terms of error rates performance (6), (4) and demon-
strates up to two-tree orders of magnitude lower computational
complexity for low-order MIMO configurations and up to fifteen
— thirty orders of magnitude for a high-order MIMO configuration
with 64 passive antennas.

Optimal (full selection) algorithm with a criterion (6) also
demonstrates slightly less computational complexity compared to
the best of known optimal algorithms with a criterion (4), at the
same time, it demonstrates the best error rates performance which
are studied in [3], [12].

References

1. S. Sanayei and A. Nosratinia, "Antenna selection in MIMO sys-
tems," in IEEE Communications Magazine, vol. 42, no. 10, pp. 638-73,
Oct. 2004, doi: 10.1109/MCOM.2004.1341263.

2. V. Kreyndelin, M. Khazov. Antenna selection algorithms in
MIMO systems. Elecrosvyaz. 2017. No. 10, pp. 59-64.

3. V. Kreyndelin, M. Khazov Compare of MIMO systems with dif-
ferent antenna selection criteria. Materials of the XIII International Indus-
trial Scientific and Technical Conference «Informational society technol-
ogies». Moscow: MTUCI. 20-21 march 2019.

-

T-Comm Tom 17. #7-2023




4. P.J. Smith, T. W. King, L. M. Garth and M. Dohler, "An Analysis
of Low Complexity Algorithms for MIMO Antenna Selection," 2006
IEEE International Conference on Communications, Istanbul, Turkey,
2006, pp. 1380-1385, doi: 10.1109/ICC.2006.254941.

5. WH. Teukolsky, SA. Vetterling, WT. Flannery, BP (2007), "Sec-
tion 2.10. QR Decomposition", Numerical Recipes: The Art of Scientific
Computing (3rd ed.), New York: Cambridge University Press, ISBN 978-
0-521-88068-8 - https://dev.abcdef.wiki/wiki/QR_decomposition.

6. M. 1. As-Saafani, S. J. Sadi, E. F. Badran, D. A. E. Mohamed and
S. Shaaban, "Antenna Selection Algorithms in Correlated Fading MIMO
Channels," Proceedings of the Twenty Third National Radio Science Con-
ference (NRSC'2006), Menouf, Egypt, 2006, pp. 1-8, doi:
10.1109/NRSC.2006.386326.

7. X. Zhou, B. Bai and W. Chen, "lterative Antenna Selection for
Multi-Stream MIMO under a Holistic Power Model," in IEEE Wireless
Communications Letters, vol. 3, no. 1, pp. 82-85, February 2014, doi:
10.1109/WCL.2013.111713.130754.

8. M. Bakulin, V. Kreyndelin, M. Khazov Antenna selection criteria
at MIMO systems. Electrosvyaz. 2018. No. 10, pp. 78-81.

9. M. Bakulin, L. Varukina, V. Kreyndelin MIMO system technol-
ogy: entity and algorithms. Moscow: Goryachaya liniya — Telecom, 2014.
272 p.

10. Emil Bjornson, Jakob Hoydis and Luca Sanguinetti (2017), “Mas-
sive MIMO Networks: Spectral, Energy, and Hardware Efficiency”,
Foundations and Trends in Signal Processing. Vol. 11, No. 3-4, pp. 154-655.

11. Molisch A. F, Win M. Z. MIMO systems with antenna selection.
IEEE Microwave Magazine, 2004, No. 5, pp. 46-56.

12. V. Kreyndelin, M. Khazov Investigation of antenna selection ben-
efits in MIMO systems as compare to base MIMO system without an-
tenna selection. Tsifrovaya obrabotka signalov. 2018. No.4, pp. 63-68.

ELECTRONICS. RADIO ENGINEERING

13. V. Kreyndelin, M. Khazov Advantages and open questions of an-
tenna selection in multi-antenna MIMO systems. Materials of the Inter-
national scientific and technical conference INTERMATIC-2015. Vol. 5,
1-5 December 2015, pp. 236-238.

14. M. Bakulin, V. Kreyndelin, D. Pankratov. Radio communication
technology on the way to 5G. Moscow: Goryachaya liniya — Telecom,
2018.272 p.

15. E. Tyrtyshnikov. Matrix analysis and linear algebra. Moscow:
Phizmatlit, 2007. 480 p.

16. Lin Yisong, Zhuang Mingjie, «The complexity analysis and per-
formance comparison of MIMO systems based on antenna selection tech-
niques», Computer modelling & New technologies, 2014, no. 18(11), pp.
1380-1386.

17. A. Gorokhov. Antenna selection algorithms for MEA transmis-
sion systems. IEEE ICASSP, 2002. Vol. 3, pp. 2857-2860.

18. Yang-Seok Choi, A. F. Molisch, M. Z. Win and J. H. Winters,
"Fast algorithms for antenna selection in MIMO systems," 2003 IEEE
58th Vehicular Technology Conference. VTC 2003-Fall (IEEE Cat.
No.03CH37484), Orlando, FL, USA, 2003, pp. 1733-1737 Vol.3, doi:
10.1109/VETECF.2003.1285322.

19. Hyunsub Kim, Hyukyeon Lee, Jihye Koo and Jaeseok Kim Low-
complexity lattice reduction algorithm for MIMO detectors with tree
searching, EURASIP Journal on Wireless Communications and Network-
ing (2017) 2017:17.

20. Sudhanshu Gaur and Mary Ann Ingram. Transmit/Receive an-
tenna selection for MIMO systems to improve error performance of linear
receivers, School of ECE, Georgia Institute of Technology, Atlanta, GA
30332-0250 USA, Ph: 404-894-9482
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C HU3KOWM BbIYUCIIUTESIbHOM CJTIOXXHOCTbIO
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AHHOTauus

Ona cuctem ceasm MIMO npeanaratotcs HOBble KBa3WOMTMMAslbHble aJiIrTOPUTMbI MEpeKtoYeHus (aBTOBbIGOPA) aHTEHH (aJIrOpUTMbI

HeMoJsiHoro nepebopa), NO3BONAIOLLME AOCTUYb BbICOKYIO CMeKTpasbHYtO 3pPeKTMBHOCTb 6e3 CyLLeCTBEHHOrO yBeIMYEHUA annapaTHOM

CJITOXKHOCTWU. MeTOAOM CTaTUCTUHECKOro MoAennpoBaHUA BbINOJIHEHbI OL€HKa 3CI)¢GKTVIBHOCTVI npeAsIoXXeHHbIX aJITOPUTMOB U CpaBHEHUE

UX XapaKTEPUCTUK C XapaKTEPUCTUKAMU M3BECTHbIX aJIFOPUTMOB MOJIHOrO U HenmonHoro nepe6opa. [poseaeHa oLeHKa BbIYMCANTENBHOM

C/TOXXHOCTU NpeAnoXeHHbIX aJITOpUTMOB N ee CpaBHEeHue C BbIYUCIIUTENTbHOMN CITOXXHOCTbIO U3BECTHBIX aNropuUTMoB MOJIHOroO U HenosHoro

nepe6opa. CpaBHUTENbHbIA aHAaNW3 MOMEXOYCTOMYMBOCTU B COBOKYMHOCTM C OLEHKOM BbIYUCIIUTENBHON CNOXHOCTU HarnagHo

[IEMOHCTPUPYIOT BO3MOXHOCTb MPaKTUHECKOrO MPUMEHEHWA HOBbIX KBa3WOMTUMAslbHbIX aNrOPUTMOB B peasibHbIX CUCTEMAaX CBA3W,
CYLLiECTBEHHO YJlyYllias SHEpPreTU4ecKue XapakTepuctuku cuctem ceasum MIMO.

Knio4yeebie cnoea: cucmema ceasu MIMO, cnekmpaneHas 3¢ppekmusHocmsb, homexoycmouvueocms, aemoebibop (nepeksitoyeHue) aHmeHH, NponycKHAA
€nocobHoCMb KaHana cesAsu, paduompakm, Kpumepuii aemoebI6opd, 8bI4UCUMENILHAA CIIOKHOCMb.
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enumeration problem

Requirements for algorithms for specific problems of dis-
crete mathematics are changing. This is dictated by an
urgent need to increase calculation accuracy in technology-
related problems brought about by rapid digitization and vir-
tualization, which actively permeated various scientific areas
and changes the approach to previously studied objects.
These objects include n-dimensional structures, known as
circular structures, that describe global processes occurring
in communication networks, multi-processor systems, in col-
lective communications, stock market structures etc. Given
that, both the development of new mathematical methods
of solving problems and the solution of related calculation
problems are deemed important. The enumeration method,
based on various modifications of systematic viewing (tra-
versal) of graph elements and labeling, has been widely used
and quite fully developed for a long time. The purpose of the
article is to announce graphs presentation and the enumer-
ation methods on graphs presentations: the transposition
method and the node-graph method. This publication pres-
ents the basic results of the author's work on reducing the
severity of the NP-complete problem class.
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Introduction

Humans have always strived for total knowledge, and as accu-
rate as possible. The natural method of constructing accurate
knowledge is a total enumeration of links between available au-
tonomous facts. However, the modern approach considers full
enumeration inefficient, but doesn't answer the question set in [1]
— "can full enumeration be eliminated when solving discrete
tasks"? Even though "approximate" methods vary [2], they have a
few common features:

— here are no ¢ -approximate polynomial algorithms for some
problems in discrete mathematics [3];

— hey do not give facts, instead offering some probable results
and, even given small deviations [2], give knowledge that can be
relied upon only with caution.

At the present moment, requirements for algorithms for spe-
cific problems of discrete mathematics are changing. This is dic-
tated by an urgent need to increase calculation accuracy in tech-
nology-related problems brought about by rapid digitization and
virtualization, which actively permeated various scientific areas
and changes the approach to previously studied objects. These ob-
jects include n-dimensional structures, known as circular struc-
tures, that describe global processes occurring in communication
networks, multi-processor systems, in collective communications,
stock market structures etc. Given that, both the development of
new mathematical methods of solving problems and the solution
of related calculation problems are deemed important.

The enumeration method, based on various modifications of
systematic viewing (traversal) of graph elements and labeling, has
been widely used and quite fully developed for a long time. Even
though this method is very appealing, thanks to its simplicity, it
likely doesn't pose much theoretical significance due to its low and
non-current prominence in scientific literature [2-9]. Another
method — the successive matrix multiplication method — has not
received such prominence [6]. Given that modern advances in cre-
ating new methods have been quite meager, the author has focused
on developing and researching the aforementioned methods and
the possibility of compressing the factorial range of enumeration
results while preserving its qualitative properties: versatility, com-
prehensiveness and accuracy. The author defines "compression"
as conversion of enumeration results into some mathematical ob-
ject.

The developed enumeration methods are showcased on the
problem of listing Hamiltonian paths in a graph. The solution list
problem (determining the numbers in the enumerated set) has been
chosen for a few reasons:

— Solving the enumeration problem helps solve both the exist-
ence and optimization problems;

— Even if it's assumed that there is a method to recognize the
Hamiltonian-ness of a graph and P = NP, it's not certain that the
enumeration problem will be similarly "easy".

In the materials, a path means a sequence of arcs where the end
vertex of any arc, unlike the last one, is the starting vertex for the
next one [6]. In other words, a path is a sequence of adjacent ver-
tices. A simple path is a path in which vertices are not repeated.
Since only simple paths are being considered here, simple paths
will be called just "paths" here and throughout the paper for the
sake of brevity. The length of a path is the number of arcs forming
it. The end result of enumeration is the number of Hamiltonian
paths.

A Hamiltonian path is a simple path containing all vertices of
a graph.

The problem of enumeration of Hamiltonian paths is defined
as follows: a graph G|V, E] is given. What is the m power of the

Hamiltonian path set, meaning how many of them are in a graph.
1. Transposition method

1.1 Graph presentation
A graph G[V , E] is given, v = M is the power of the set V.

Let's present the given graph as an arc matrix V with the size of
V X'V . Elements of the matrix V are linked with the following

relationships:

i, j-if E(G)exist path (ij)usis j,iujeV(G)
"] 0-another

In the matrix V, a comma is used to separate the values defin-
ing adjacent vertices.

The matrix V for a full graph of five vertices without loops
looks like this:

j

1 2 3 4 5
1 0 12 13 1.4 1,5
2 2,1 0 23 24 2.5
[ 3 3,1 32 0 3.4 35
4 4.1 42 43 0 45
5 5.1 52 53 54 0

Elements v, i of the matrix V show if there is a positively aimed

arc (lj) from vertex | into vertex j. Since the state of each graph

element is associated with the concept of incidence and adjacency,
then i (row number) shows which vertex can be used to enter (in-
put or source) into an element of the matrix V, and j (column

number) shows which vertex can be used to exit it (output or sink).
1.2 Enumeration of paths in a graph
Enumeration of paths in graph G [V , E] set by matrix V is

done via forming tables of paths AP with the size of U XV,

where U is the number of rows in table AP. The element ai? of

table AP is a sequence of vertices, a path with the length of P,
p =1,(v—1). The set of tables forms the enumeration map.

The element ain is formed by supplying the output j of ele-

ment ai?_l to input | of element Vij» meaning when j =i. The

following is a process of path table formation using the matrix
transposition operation and operations on graphs - adding a vertex.
Adding a vertex allows a transition from a path of length p toa
path of length p=p+1.

A possible algorithm for enumerating all graph paths using the
transposition method is shown below. The algorithm is described
as a step-by-step procedure and ends after p =1,(v —1) iterations

by recording the power of Hamiltonian path set m.
Let's assume that the graph is set by the arc matrix V.

e
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Step 1. p=1, m=0, AP =V, elements of table AP are

sorted: null elements are replaced with values from the top down
in the column. Rows that only contain null elements are deleted.
The remaining rows are numbered from the top down, (| = max i
1,2,...
. Go to step 2.
Step 2. Put p=p+1, q=0 and go to step 3.

Step 3. Put q=q+1. For j=1v, the element qu of the

transfer table-row C of size 1xVv is defined as follows:

N
Cqj =8qj - Go to step 4.

Step 4. Each element bi‘J] of intermediate table BY of size
VxV is defined as follows: if | ¢i/\cgj ;to/\vij Z0A ] gcgj,
then bi? = C-th-j + ], where + is the addition operation of the graph
vertex, otherwise bi? =0. If p=(v-1~a bi(j] +0, then

m=m+1. Go to step 5.
Step 5. If g =u, then go to step 6, otherwise go to step 3.
Step 6. If p =v —1, record m (answer) and go to step 8, oth-

erwise go to step 7.

Bl
Step 7. Create table AP — by composing tables BY ver-
BY
tically, sort elements of table AP, U = max i - Go to step 2.

1,2,...
Step 8. End.
The presented algorithm implements the enumeration strategy
"from" all vertices i "to" all vertices j . The transposition method

also allows implementing all the other strategies.

1.3 Example
A graph G[V , E], figure 1, is given.

Figure 1. Graph G [V , E]

Matrix V' of graph G[V , E] looks like this:

1 2 3 4 5
1 0 12 1,3 0 0
2 0 0 23 24 25

v= 3 0 32 0 34 0
4 0 0 43 0 45
5 5,1 0 0 0 0
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Stepl. p=1, m=0, AP =V | sort elements of tabael Al

1 2 3 4 5
1 5,1 1,2 1,3 2,4 2,5
Al = 2 0 32 2,3 34 4,5
3 0 0 4,3 0 0

U =3 and go to step 2.
Step2. p=p+1=2, g=0 and go to step 3.
Step3. g=q+1=1.

1 2 3 4 5
Cj= | 5.1 | 1,2 ‘ 1,3 ‘ 2.4 ‘ 25 ‘

Go to step 4.
Step 4.
T \%
Cij B!

12 1 2 3 4 5
5,1 0 ]12(13]01]0 0 5,1,2 1 5,1,3 0 0
1,2 00 [23[24]25 0 0 [123]124]1.25
1,3 [+ 0 [32] 0 (34]0 |=[ 0 1,3,2 0 L3, 0
2,4 010 [43] 0 [45 0 0 2,43 0 2,45
2,5 501010 2,5,1 0 0 0 0

p # 4. Go to step 5.
Step 5. q # 3 and go to step 3.
Step 3. q=q+1=2.

1 2 3 4 5
Czj = | 0 | 3,2 l 2,3 | 3.4 | 4,5 l
Go to step 4.
Step 4.
T 2
Cy; \Y B
1 2 5 1 2 3 4 5
1 0 0 [12[13] 0 0 0 0[0 0 0
21 32 0 0 |23[24]25 0 0/0] 3,24 | 3,25
31 23 |+ 0 |32 0 [34] 0 |= 0 0/0] 234 0
41 34 0 0 |43] 0 [45 0 0[0 0 3,45
51 45 511 0 0 0 0 4,51 [0]0 0 0
p # 4. Go to step 5.
Step 5. g # 3 and go to step 3.
Step 3. q=9g+1=3.
1 2 3
G35 = 0 0 43 0 0
Go to step 4.
Step 4.
C3 v B’
1 2 5 1 2 4 5
1 0 0 1,2 | 1,3 0 0 0 0 010
2 0 0 0 23 124 |25 0 0 0[0]0
3 4,3 +1 0 3,2 0 4 0 |=]10] 432 [0[0]0
4 0 0 0 4,3 0 4,5 0 0 0[0]0
5 0 5,1 0 0 0 0 0 010

p # 4. Go to step 5.
Step 5. q =3 and go to step 6.
Step 6. p # 4 and go to step 7.
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Step 7. Create table A? by composing table BY vertically, Step3. q=q+1=4.
sort elements of table A’ 1 2 3 4 S
C4j = 0 0 0 2,34 3,4,5
1 2 3 4 5
1 2.5,1 51,2 5,1,3 1,2,4 1,2,5 Step 4.
42 = 2 4,5,1 1,3,2 1,2,3 1,3,4 2,4,5
= 3 0 43,2 243 324 | 325 c; \Y B4
4 0 0 0 234 3,4,5 1 ) 5 1 23 4 5
U= 4’ g0 to step 2. 1 0 0 [12[13] 0 0 0 0(0 0
Step 2 _ 1=3 ~0 2 0 0 0 [23]24]25 0 0[0]0 0
ps p=p+1=5.0q=0. 30 |+[o0[32[ 0] 4alo]=[ 0o JoloJo] o
Step3. q=q+1=1. 4] 234 010 |43] 0 |45 0 |olofo| 2345
51 34,5 5011 0 0 0 0 34,51 [0]0]0 0
1 2 3 4 5
cj= | 251 | sa2 | sas | 124 | 12s | p#4.Gotosteps.
Step 5. = 4 and go to step 6.
Step 4. Step 6. p # 4 and go to step 7.
T i 1
Cij B Step 7. Create table A by composing table BY vertically,
1 2 3 4 5 1 2 3 4 5 3
1251 01213700 [o] 0 2513 0 0 sort elements of table A
2502 [o]o23]24]25] [o] o [5123]5124] 0
31513+ 0 |32]0 |34] 0 [=]0]5,1,3,2 0 5,1,3,4 0 1 2 3 4 5
4124 [0 ] 043/ 045] [0] 0 |1243] 0 |1245 1 [ 2451 | 5,132 | 2513 | 5124 | 1245
501,25 5] 000710 0 0 0 0 0 2| 3,2,5,1 4,5,1,2 5,1,2,3 5,1,3,4 1,3,2,5
3 3 3,4,5,1 0 1,243 1,3,2,4 1,3,4,5
p# 4 . Go to step 5. A" = 4 0 0 4,5,1,3 1,2,3,4 43,25
Step 5. and go to step 3. > 0 0 0 0 3,245
P P 4 £ P 6 0 0 0 0 2,3.4,5
Step3. q=q+1=2. U =6 and go to step 2.
1 2 3 4 5 Step2. p=p+1=4,q=0.
Cyj = ‘ 45,1 ‘ 13,2 ‘ 12,3 ‘ 13,4 | 245 ‘ Step 3. q=q+1=1.
1 2 3 4 5
Step 4. Cij= | 2451 | 5132 | 2513 | 5124 | 1245
T V BZ
C2j
1 2 3 4 5 1 2 3 4 5 Step 4
114,51 0 |1,2{1,3] 0] 0 0 4,5,1,2 4,513 0 0 T ’ Vv 1
2[13.2] [0 o0 [23]24]25 0 0 0 [1324]1325 Cij B
311,23+ 0 [3,2] 0 |34] 0 |= 0 0 0 1,234 0 1 2 5 12 3 4 5
4/134] |00 (43]0 |45 0 0 0 0 [1345 1] 245.1 0 ]12]13]0]0 0/0] 245,13 0 0
51245 50]0]0J010 2,451 0 0 0 0 21 5132 0 0 [23]24]25 0]0 0 51,324 |0
G 5 312513 [+ 0 [32] 0 [34] 0 |=[0]0 0 2,5,1,34 |0
p #4.GotostepS. 45124 00 |43] 0 [45]| [0]0] 5.1243 0|0
Step 5. p # 4 and go to step 3. SLL245] |[51]0]0]0]0] [0]0 0 0 0
Step3. g=q+1=3. p=4,m=4.
1 2 3 4 5 Step 5. q # 6 and go to step 3.
G35 = 0 432 2,43 324 325 Step3. q=0q+1=2.
1 2 3 4 5
Step 4. Cyj = 3251 | 4512 | 5123 | 5134 | 1325
C3; v B*
1 2 3 4 5 1 2 3 4 5 Step 4.
1 0 0 |12]13] 0 0 0 0(0]0 0 CT' V B2
21 432 0 0 [23[24]25 0 0(0[0]| 4325 2j
31243 [+ 0 |32] 0 [34] 0 |= 0 0(0]0 0 1 2 5 12 3 4 5
41 324 0 0 [43] 0 [45 0 0(0[0]| 3,245 1] 3,2,5,1 0 [12]13]0 0 0]0 0 0 0
50325 silo]o]o]o 3251 |0]0]0] 0 245,12 0|0 [23]24]25] [0]o] 45,123 0 0
315123 [+ 0 [32] 0 (34| 0 |=]0]0 0 5,1,2,34 10
.Go to step 5. 4| 5,134 0 0 [43] 0 [45 0]0 0 0 0
p# 4 P 51 1,3,2,5 5110 0 0 0 0]0 0 0 0

Step 5. p # 4 and go to step 3.

e
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p=4,m=6. Step 4.
Step 5. g # 6 and go to step 3.
T 6
Step 3 Coj v B
tep3. g=q+1=3. 1 2 3 4 s 1 2345
1 0 0 [12]13] 0 0 0 0(0j0]0
1 2 3 4 5 2 0 0| o ]23[24]25 0 olofofo
C3j = 3451 | 0| 1243 | 1324 | 1345 3L 0 j+1 013210 13410 1= 0 0101010
4 0 0 0 [43] 0 |45 0 0(0j0]0
512345 511 0 0 0 0 2,34,5,1 0j0j0f0O
Step 4.
C3; v B’ p=4,m=13.
1 2 3 4 5 1 2 3 4 5 Step 5. g =6 and go to step 6.
1] 3.4,5,1 0 |12]13] 0] 0 0| 345,1,2 |0(0 0 . _
2 0 010 [23]24125] [0 0 olo 0 Step 6. p =4. Answer: m =13 and go to step 8.
311,243 |41 0 [32] 0 |34 0 =0 0 0[0 0 Step 8. End.
41 13.24 01014310 J45] |0 0 010 1,3.2.4.5 Therefore, given an arbitrary graph, the method ceases opera-
SLL3AS 110101010 0 0 010 0 tion after a finite number of iterations ( p=v- 1) and allows full
p=4,m=8. and accurate knowledge of all paths in a graph.
Step 5. g # 6 and go to step 3. 1.4 Some conclusions
Solving the problem of full enumeration of Hamiltonian paths
Step3. q=q+1=4. in a graph using the transposition method allowed to make the fol-
lowing conclusions:
1 2 3 4 3 1. Unlike methods that create a spanning tree rooted at a ver-
Cyi = 0 0 4,513 1,2,3,4 4,325 tex, the transposition method creates:
4] p
— A map of Hamiltonian paths between one pair of vertices;
Step 4 — A map of Hamiltonian paths between one vertex and all the
T ' v 4 other ones;
C4j B — A full enumeration map — paths from all vertices to all the
1 2 3 4 5 1 2 34 5 others.
10 0 112/13/010 0 0 010 0 2. T  transposition method also works with an adjacency
2[ 0 0 [0 23]24[25 0 0 [ofo] o matrix
3[4513 [+ 0 [32]0 340 |=] o0 45,132 |0ojo] o0 3 An . suali h .
41234 00 [43] 0 (45 0 0 0l0] 12345 . enumerathn map visualizes the enumeration process,
s[4325] 517010 Tolo0 23251 0 olo 0 allowing to research its patterns.

4. The volume of enumeration (intermediate results and an-

p=4,m=11. swer)‘while solving the problem of enumerating Hamiltonian
paths in a graph does not exceed eV!.

Step 5. g # 6 and go to step 3.

Step3. q=q+1=5. 2. The node-graph method

Ce 2.1 Graph presentation
5]~ 0 0 0 0 3,245 The graph G [V , E] is described with a set V of objects, called

a «node-graph». Each node-graph looks like this:

Step 4.
T 5 Y)W
cl v B g
1 2 3 4 5 1 2345 ) .
1 0 0 J12113] 0] 0 0 oToT Tol Wwhere U is the body of the node-graph, the sequence of adjacent
2 0 0 | 0 [23 2425 0 o[ofofo] wvertices (pathy U =V, u= ‘U‘ is the power of set U . Assume
3 0 +1 0 |32 0 [34] 0 |= 0 0/0]0]0 . . . .
4 0 0] 0 |43] 0 |45 0 olololo| thatthe path from some vertex into itself always exists, and is of
50 3245 50 0000 32451 [olofolo| length p=0.Then, to present the graph using node-graphs, take
4.m=12 U =k, where k = IT\/ is the number of the graph vertex.
SF': B 5 ’ . d 20 1o step 3 S is the input of the node-graph, an unlinked subset of vertices
ep 3. ( # 6 and go o step 3. ScV, s:‘S‘ is the power of set S . Each vertex out of S only
Step3. q=q+1=6. has an outgoing arc to the vertex out of U, S & U . The input of
1 2 3 4 5 the node-graph is placed to the left of the body.
Coj = 0 0 0 0 23,45 T is the output of the node-graph, an unlinked subset of verti-

cesTcV, t= ‘T‘ is the power of set T . Each vertex from T

only has an incoming arc from the vertex into U, T z U .

— e
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The output is placed to the right of the body.
y, W are the process parameters of the node-graph that char-

acterize the object, for example, the number of elements in a node-
graph, weight etc. Let us assume that y is the number of paths

going through the body U , while w=p.
Then the symbolic representation of the graph G [V , E] shown
on Figure 1 is the following sorted set of node-graphs:

J 1 >
i Fﬁhslus]k4slhzﬁ3hﬂ[zﬂ 55 )3t

The semicolon is used to separate the numbers representing
vertices that do not have an adjacency property in the subset.
Node-graphs represent G[V, E]J as a combination of paths of
length p = 2 through each vertex of the graph. Meaning, each of
V node-graphs can compress (concentrate) y < (v—1)x (V—2)
paths, since no more than (v—2) outputs exist for (v-1) inputs

of each vertex. Moreover, no complicated procedure is required to
obtain such a representation. It's not difficult to calculate that in
such a presentation, the input size of the problem is substantially
smaller than when the graph is presented in other ways.

2.2 Operation on node-graphs

The presented materials use the operations of vertex and arc
addition (deletion) to (from) the body of the node-graph.

Addition of vertex i (j) into the body from input S &

(output T # &) is performed as follows:

- Adding this vertex to the set of vertices of body U =i +U
U=U+j) while preserving all arcs of the graph,i € S, jeT;

— Substituting inputs (outputs) S (T ) for outputs (inputs) of
node-graph i ( J) in the initial presentation;

— Deleting vertices 1 ( j) belonging to U , together with their

incidental arcs, from S (T).

2.3 Enumeration of paths in a graph

The enumeration process using the node-graph method con-
sists of regulated addition of a vertex from the input (output) into
the body of the node-graph. Regulation algorithms may vary, but
the author presents the following algorithm.

Let us assume that graph G [V , E] is defined by a sorted com-
bination V of node-graphs.

Step 1.p=2, m=0.If p=v—1,then m=m+> y and
go to step 8, otherwise go to step 2.

Step 2. If v =2n + l‘n e N, then r =V and go to step 6, oth-

erwise go to step 3.
Step 3. q_1r j—lt jeT for ‘v’C“ if T =, create

table-rows D, enter d . =C; q into each cell of the table. Number

the table columns after each vertex of the output. Go to step 4.
Step4. p=p+1,q=1Lr, j=Lt. For Vdg; # 0. add the

vertex to the body of the node-graph from output Uu=U-+j,

where J 1S the table column number.

If T=0v (s=t=1AS=T), the node-graph is deleted.

If p=v—1,then m=m+ Zy and go to step 8, otherwise go

to step 5.
dy;
C- of size (v—1)x (v—1)

dy;

by composing tables D vertically, for | = ﬁ, j= ﬁ sort ele-

Step 5. r = 0. Create table

ments of table C , if Cij # 0,then r =r+1 and go to step 6.

Step 6. For vcij’ create tables DY of size Sxt, q :1Tr.

Number the table rows after each vertex of the input. Number the
table columns after each vertex of the output. If j = |, enter one

element from table diq = Cjj into each table cell. Go to step 7.

Step 7. p=p+2. For ‘v’dq if dq =+ (), add the vertex into

and output
U=i+U + j, where | is the table row number, J is the table
column number. If S=FvT=Jv(s=t=1AS=T) the
node-graph is deleted. If p=v —1,then m=m+ Z y and go to

the body of each node-graph from input

step 8, otherwise go to step 5.
Step 8. End.
2.4 Example
Let us assume that graph G[V , E] (Figure 1) is defined by a

combination of node-graphs
] 1
Bk ﬁﬁ E451h243b4]p44ks]p4][ﬂ

Stepl. p=2, M=0. p = 4-gotostep 2.
Step 2. V=15 - odd number r =5 - go to step 6.
Step 6. For vcij’ create tables DY of size Sxt, q :1Tr.

Number the table rows after each vertex of the input. Number the
table columns after each vertex of the output. If | % J , enter one

element from table di? = Cjj into each table cell.

3
D' - s [ gl&s
5
52 : [15]2[?;]4;5] [1 3]2[3 14:5] [1E§ 2 i]4;5]
3 0 [1;3]2[3;4;5] [1E§ 2 i]4;5]
2 4
! [1;2;[2t 3 %;14] [1;2;[2t 3 %;14]
D’ = 2 0 [1;2;[3 3 g;]4]
4 [1;2;[2t 3 %;14] 0

e
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3 5
B]F] 3] 4[2]
4 2 h34&ﬂ h34xﬂ
0 3 0 Bl4}2]
[2:3]7[3:5]
1
21z|2
L Rt
= 2]<[2
: S
Go to step 7.
Step 7. p= p+2 =4 and add vertices to the body of each
node-graph.
2 3
1 4 2 4
D'= s &FJQEL] [stiﬁhh]

p=v-1=4,m=0+3=3

3 4 5
2] | e |
Lo [P | sy

D? =

p=4,m=3+4=7

2 4
! S13.20 0
D’ = 2 0 mzlﬁﬂ
4 0 0
p=4.m=7+2=9
3 5
[1 4
2 | o ahf2.4.54]
D" = 3| o hg&&sﬂ
p=4,.m=9+2=11
1
2 0
D* = 4 a5

p=4,M=11+2=13 gotostep 8.

Step 8. End.

The node-graph method, like the transposition method, works
properly on an arbitrary graph and allows for searching of paths
not only "from" and "into", but also "through" the graph vertex.

2.5 Some conclusions

Solving the problem of full enumeration of Hamiltonian paths
in a graph with the node-graph method allowed to make the fol-
lowing conclusions:

1. The node-graph method allows for decreasing the input size
(volume of input data) of the problem.

2. T node-graph method creates paths through a certain set
of vertices (body of the node-graph) in various directions.

T-Comm Vol.l7. #7-2023
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3. The node-graph method transforms (concentrates) a certain
combination of paths into one mathematical object.

4. The volume of enumeration (intermediate results and an-
swer) while solving the problem of enumerating Hamiltonian

paths in a graph does not exceed EV!.
5

Conclusion

The following conclusions were made:

1. Modern government and enterprise control systems, com-
munication and automation networks, information and power sup-
ply systems, transport systems are characterized by a vast territo-
rial reach, a huge number of objects, high-intensity streams (of
information, energy, cargo etc.), a complex connection structure
and unpredictable quality of resources. Accurate analysis and op-
timization of operation of distributed systems is a very complex
problem, which the discrete mathematics apparatus currently has
no solutions for. Usually, the graph theory apparatus is used to
describe and analyze such systems in the most convenient way
[10-12].

2. A graph is the only mathematical object combining the
structural and flow content of discrete mathematical problems. As
a consequence, it's exceptionally popular in science fields related
to network structures [13-15].

3. Any enumeration method on a graph is a theoretical base for
development of algorithms, for both optimization and existence
problems.

4. A new presentation of a mathematical object usually also
defines new forms of processing of such objects. This means that
if there is a goal to develop a new mathematical method, including
one that solves calculation problems, first of all, it's necessary to
try to change the presentation form of the mathematical object - in
our case, a graph.

5. A new presentation form also defines new procedures (op-
erations) and its own specific set of algorithms for working with
graphs. This means that the possibility of using a specific method
for various discrete mathematical problems is equally defined by
the graph presentation quality and the set of operations and variety
of options for their applications.

6. A graph can be presented as a graphic, as an arc matrix, as
a set of node-graphs and in a multitude of other ways. All of them
are equivalent, since any graph presentation can be obtained from
another one.

7. As the results show, graph presentation using a set of node-
graphs is the most compact option. As a consequence, it's possible
to compress enumeration results while preserving its qualitative
properties: versatility, comprehensiveness and accuracy.
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METOZAbI NMOJIHOIO NEPEBOPA B IPA®DE

Kypensa Bukrop HukonaeBu4, 3A0 "MHcmumym Cemeebix TexHonozui", 2. Cankm-Tlemepbype, Poccus,
Kudelia.Viktor@int.spb.ru
AHHOTauuA
Llenbto cTatby sBNAeTCA aHOHCUMPOBaHME HECKOJIbKUX CMOcOBOoB 3adaHus rpacdoB U pa3paBoTaHHbIX A 3TUX MPeACTaBNeHUN MEeTOL0B
nepebopa: MeToAa TPaHCMOHUPOBaHWA U MeToga y3en-rpacdos. [laHHas ny6nukaums npefctaBnseT 6a3oBble pesynbrartbl paboTbl aBTOpa
HaZ CHWXKEeHMeM OCTpoTbl Npobnembl knacca NP-nonHbix 3aga4.

Knioyeenie cnoea: ZPG(t), nymsb, 2adMuJibimoHo8 nymseb, 3adaya nepequcneHUﬂ
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