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Paboma nposedeHa 6 pamkax ebInosiHeHUsA 20Cy0apCmeeHHo20
3adaHus HAL| "Kypuamosckutu MHcmumym

Knioueebie cnoea: Ljugpossie npeduckasumenu (Digital

Axuran Buktop MBaHoBUY i
P ! Predistorters, DPD) cuzHasnos, ycunumenu mowHocmu,

HauuonanbHeii uccnedosamensckutl ueHmp "Kypuamosckud

uncmumym", Mockea, Poccus; adanmueHble peKypcusHble an20pummbl no Kpumepuro
HauuoHaneHbiii uccnedosamenbckutl yHusepcumem "Mockosckul Haumerbwux keadpamos, DPD ¢ Henpsambim obyueHuem,
uHCmumym snekmporHol mexuku", Mockea, Poccus DPD ¢ npambim obyyeHuem, mpaduuuoHHas
dzhigan_vi@nrcki.ru apxumekmypa, moduuuuposaHHas apxumekmypa

Lindposoe npeauckarkeHne CUrHanoB cerofHs LUMPOKO UCNONb3yeTcA B pajuonepesaloLmux yCTpOWCTBax cucteM
ceasu. OHO no3BonAeT BbIPaBHMBATL TaK HasbiBaeMble aMIUIMTYAHO-aMIIMTYZHbIE U aMNIMTyAHO-(da3oBbie
MoaynAuMoHHble Xxapaktepuctukn (AM-AM u AM-®M) HenuHenHbix ycunutenen MowHoctn (YM).
BbipaBHMBaHME NPOMCXOAMUT 3a CYET TaKOro NpPeAMCKAXKEHMA CUFHanoB, MocTynalowmx Ha Bxoa YM, uto
pesynetupylowpme AM-AM u AM-®OM xapaKTepuCTUKM KacKalHOrO coeauHeHMA UudpoBoN npeaucKasutenb
(Digital Predistorter, DPD) u HenuHeinHbii YM nuHeapusyiotca. Kak cnepctsue, B BbixogHOM curHane YM
YMEHbLUAIOTCA BHEMOJIOCHbIE UCKAXKEHUA, YTO NPUBOAUT K YBEJIMYEHMUIO €r0 MOJIE3HOW BbIXOAHOM MOLLHOCTHU U K
YCTPaHEHMIO UCKaXKeHUN NepeflaBaeMbiX MHGOPMaLMOHHBIX cuMBonoe. DPD saBnsAeTca afanTUBHBIM YCTPOACTBOM.
Cywecrteyer asa tuna DPD: ¢ HenpaMbiM M c npaAMbiM o6Gy4yeHneM. Ha npaktuke B GonblUMHCTBE cnyvyaeB
npumeHsioTca apantueHble DPD ¢ HenpambiM o6GyuyeHueM. B takux DPD MoXHO uMcnonb3oBatb ajanTUBHble
UNBLTPLI KaK Ha OCHOBE MPOCTbIX A/IFTOPUTMOB FPaIMEHTHON CMYCKa, TaK U Ha OCHOBe Gornee CNoOXHbIX, HO U Gonee
3¢ heKTUBHBIX, PEKYPCUBHBIX aNifOPUTMOB MO KpUTepuio HaumeHblunx KeagpatoB (Recursive Least Squares,
RLS). B TpaauumoHHbix xe DPD c npambiM o6yvyennem RLS-anroputMbl cnonb3oBath HEBO3MOXHO, OHAKO MUX
MO>XHO MCMONbL30BaTh B TaK Ha3biBaeMbix MoanduumupoeaHHbix DPD. B pa6ote paccMotpeHbl apxutektypel DPD
M MX MaTeMaTMYeCcKue MoZenyu MNpU UCNoNb30BaHUMM B HUX afanTUBHLIX ¢punbTpoB Ha ocHose RLS-anroputMos.
CpaBHutenbHaa >3¢¢ekTuBHocTe paccMatpuBaeMbix DPD  peMoHcTpupyerca nyTeM KoMNbliOTEpHOro
mogenuposanua. B kauectse YM ucnonbsyerca ero mogens ¢ naMatbio. Henuueitnwin DPD Mopenupyertca
MHOrOKaHaNbHbIM JIMHEHHbIM ajanTUBHbLIM (UNLTPOM, KaHanbl KOTOPOFO COOTBETCTBYIOT YCEYeHHbIM
AnaroHanbHbIM AApaM HeveTHbIX nopaakos dunstpa Bonbrepa. My6uHa namaTn (YMCNo 3neMeHTOB 3a/lepXKKu B
Ka)XZJOM U3 KaHasloB) TaKoro puneLTpa paBHa yABOEHHOW rnybuHe namatu mogenu YM. Becosbie ko3 puumeHnTbl
aAanTuBHbIX (uNbTPOB BblYMCHAOTCA ¢ nomolybio RLS-anroputmoe B 06oux DPD. YcraHoBneHo, uto npu
MCMONb30BaHUMN JINHEMHOTO AApa M YCEYEHHbIX AWAroHalbHbIX AAEP TpeTbero, NATOro, CeAbMOro U AEBATOro
nopaakos, moauduumposaHHeii DPD ¢ npaMbIM 06y4YeHneM NpaKkTU4YECKU NONHOCTBIO YCTPaHAET BHEMONOCHbIE
UCKa)keHua B BbixogHoOM curHane YM. MopgasneHne 3tux muckakeHun ¢ nomowbio Takoro DPD B BbixogHOM
curHane paccmatpusaemMoro YM cocrasuno okono 1.4 ab, a ¢ nomowbio DPD ¢ HenpaMbIM 06y4yeHnemM — okono
8.3 ob. 3Tn uncneHHble Nokasatenu, rpacuKM CNEKTpanbHbIX MNNOTHOCTEN MOLUHOCTH, a Takke rpacdpuku AM-AM
n AM-®M xapaKTepucTMk AEMOHCTPUPYIOT (PYHKLMOHANbHOE MPEBOCXOACTBO MoauduumposaHHoro DPD c
npaMbIM 06y4eHnem no cpasHeHuio c DPD c HenpaMbIM 06yveHuem.

NHdopmauus o6 asmope:

Huean Bukmop MeaHoeu4, 00oKmop mexHU4YeCKUX HAYK, npocpeccop, aaaeHbili HayuHbIl compyOHUK omdesna npobnem npoekmuposaHus e
MukpoanekmpoHuke, HauuoHanbHeil uccnedosamenbckul ueHmp "Kypuamoseckuii uHcmumym"; npocpeccop MHcmumyma mukponpubopos u cucmem
ynpaeneHus HauuoHansHozo uccnedosamesnbckozo yHusepcumema “Mockosckuti uHcmumym snekmpoHHoil mexHuku", Mockea, Poccus.

ORCID 0000-0001-7485-1623

Ana untuposaHus:

[xuzan B.M. CpashutenbHas 3¢pdekTMBHOCTb LUMBPOBLIX MpeamucKasMTeneit CUrHanoB Ha 6ase afanTMBHbIX PEKYPCMBHbIX afrOPUTMOB MO KPUTEPUIO
HamMeHbLUMX kBagpatos // T-Comm: TenekoMMyHukaumm n TpaHcnopt. 2025. Tom 9. Nel 1. C. 4-14.

For citation:

V.I. Djigan, "Comparative Efficiency of Signal Digital Predistorters Based on Adaptive Recursive Least Squares Algorithms," T-Comm, 2025, vol. 19, no. |1,
pp. 4-14. (in Russian)

T-Comm Tom 19. #11-2025




BBenenne

[epenava coobmeHnit B IM(PPOBOM BHAE CETOIHS ITUPOKO HC-
TTOJT3YETCsl B COBPEMEHHBIX CpeAcTBaxX paanocBssu [1]. OmHako
n3-3a ycunurenel Momuoctd (YM) [2], uudpoBbie CUTHAIBI TIO-
BEpPraloTCsi 3aMETHBIM HEIMHEHHBIM HMCKaKEHUSM, «HAXOISCh»
ellle B pajiuonepesaTunke. ITH UCKaKEHHs YCTPAHSIIOTCS C TIOMO-
ko 1MpoBbIX npeauckasurteneid curnanos (Digital Predistort-
ers, DPD) [3-5]. B mporiecce padotst DPD HacTpauBaeTcs: TaKuM
0o0pa3om, 4YTO €ro HeJMHeWHas mnepenarodyHas (YHKIUS CTaHO-
BUTCSl OOpaTHOM K HENMHEWHOH mepepaTodHod ¢yHkimun YM.
B pesynbrate Henuneinbsll YM «imuneapusyercs». Kauectso mu-
HeapH3aly XapaKTepru3yeTcs aMIUINTYAHOH U (a30BOW cOCTaB-
JSTFOLMMH 9TOH (DYHKIIMH, KOTOpPBIE HA3bIBAIOTCS aMILIUTYIHO-
ammmutynHor (AM-AM) u amruty mHO-(a3oBoit (AM-OM) mo-
JYJSIHOHHBIMH XapaKTEPUCTHKAMH.

KitoueBbiM anementom DPD siBiisieTcsi MHOTOKaHAJIBHBIN JIH-
HEHHBINA aJanTHBHEIA QUIsTp [7, 8], hopMupyronmii HeNMMHEWHYIO
TepeIaTOYHy 0 (PYHKIMIO. JTa (QYHKIWSA B OOJBIIMHCTBE CITyYacB
TIpeCTaBIsAeTCS yCeUEHHBIMA psitamu Bosibrepa [6]. Koppemsiu-
OHHAasi MaTpHlla BXOJHBIX CHI'HAJIOB Takoro (uibTpa sBIsieTcs
II0X0 00ycnoBaeHHON. [To3TOMy MpH MCIIOIB30BAaHUM BBIYHCITH-
TEITBHO MPOCTHIX TPAJMEHTHBIX AJITOPUTMOB ISl pacuyeTa BECOBBIX
koapPurmentos (BK) agantusHoro ¢uibrpa, Takoit GpuasTp Men-
JICHHO CXOJUTCS. DTOr0 HEJOCTATKA JIMIICHBI PEKYPCHBHBIE aJro-
PUTMBI IO KPUTEPHIO HAaMMEHBIIMX KBaapartoB (Recursive Least
Squares, RLS), Bkimtouas ux ObICTpble (BBIYUCIUTENHHO (P PEKTHB-
HBIE) BEPCHH, UTO JIETACT 3TH aJITOPUTMBI TIPHUBIICKATEIILHBIM IS
WCTIONB30BaHUS B amanTUBHBIX ¢mibTpax DPD. AnantuBHEIC
¢ureTpHI, uctionp3ytonme RLS-anroputmel, cxonsTces ObIcTpee u
o0ecIIeunBar0T MEHBIIYIO CpeHeKkBaapaTnIHyto ommoky (CKO) B
YCTaHOBHUBIIEMCSI COCTOSIHUM MO CPAaBHEHUIO C aJalTUBHBIMU
(bUIBTpaMH, UCIIONB3YOMINMHU TPAJIUEHTHBIE AITOPUTMBI.

WzBectus! aBa Buma DPD: ¢ menpsmeiM oOydenuem [9] u ¢
npsimbiM 00yuennem [10]. B DPD ¢ HenpsiMbIM 00y4eHHEM MOTyT
OBITh MCIONB30BaHbl RLS-aaropuT™el, a BOT B TPaJMIMOHHBIX
DPD ¢ mnpsmbiM 00y4eHHEM OTH aIrOPUTMBI HCIIOJIB30BATh
Henb3st. OHM MOTYT OBITh HCIIONIB30BAHbI JIMIIH B TaK Ha3bIBAEMBIX
MoanunupoBaHHbEIX Bepcusx DPD ¢ npsimbiv o0yuennem [11].

Llenbro HacTOsIIEH PaOOTHI SIBIISICTCS! OIIMCAHUE APXUTEKTYP U
Maremarnuecknx mozeneit DPD ¢ HenpsMbIM U npsiMbIM 00y4e-
HUEM Juid YM ¢ mamsThIo, a TaKKe aHAIIM3 PE3yJIbTaTOB KOMITBIO-
TEPHOTO MOJICITUPOBAHKS, IIOATBEPIKIAOIINX Pab0TOCITIOCOOHOCTD
W CpaBHHATENBHYIO d3QPeKTUBHOCTH ATHX DPD.

Apxutexktypsl DPD 1 nx matemaTuyeckue MojeIu

Paccmotpennsiit B [9] DPD ¢ HenpsiMbiM 00yueHHEM Tpe/iHa-
3HaueH Ui JIMHeapu3auu YM 6e3 namsaru. B Toxe Bpems, YM
0e3 mamsTH peslko BcTpeyaroTcesi Ha rpakTuke. OHU Bcerna oKpy-
JKEHBI PA3JIMYHOTO0 pPOJia aHAJOTOBBIMH YaCTOTHO-M30MpaTelib-
HeIMH 1eTsiMH (pritbTpamu). [ToaToMy aHamoroBbIi 4eThIpexmno-
JIOCHUK B BU/ie YM 1 OKpy’Karomux ero GUIbTpOB XapaKTepu3y-
eTcsl TPYIITOBEIM BPEMEHEM 33I€PXKKH BXOIHOTO curHaia. B tep-
MHHAX JUCKPETHOH MOJENN TaKOTO YETHIPEXITOIIOCHHUKA, YHCIIO
COZEPIKAIINXCS B HEH JIEMEHTOB 3a/IePKKH (ITaMSTH) Ha3bIBACTCS
rTyOMHON mamsATH. YTPOIIEHHAS HelIWHEeHHas Moaens YM c¢ ma-
MSTBIO O0BIYHO NTPEACTABIIET CO00MH MO0 KacKagHOe COSAUHEHUE
nuHeiHoTo QuibTpa 1 YM 6e3 mamsatu (Moaens Bunepa), mibo
KackaJHoe coequHeHne YM 0e3 maMsaTH M JIMHeWHoro (puibTpa
(monens XammepinreiiHa), 1nbo kackaaHoe coenuHeHne YM 0e3

T-Comm Vol.19. #11-2025

SNNIEKTPOHMKA. PAONOTEXHUKA

MIaMSTH ¥ JIMHEHHBIX (UIBTPOB Ha €ro BXOJE M BBIXOJE (MOAEIb
Bunepa-Xammeprureitaa) [3-5]. [Tostomy B apxurekrype DPD ¢
HETpsSIMBIM OOyYCHHEM HEOOXOAMMO YUHTHIBATH 3aJICP)KKY BBI-
XOJIHOTO CHTHaJIa MoJienin Y M, oTcyTcTBYyIOnIyto B [9]. Apxurek-
Typa Takoro DPD g YM ¢ mamsTbiO IpHBEeHA HA PUCYHKE 1.
Yacts, oTHOCsAMIAsACS codcTBeHHO K DPD, Ha pucyHKke BbIneneHa
CUHEHN MyHKTUPHOM JTUHUEH.

Obpabotka curaanoB B DPD BrmonHsAeTCS Ha 4acTOTe WX
Jckpern3anuu F, , KOTopasi B HECKOJIBKO pa3 MpeBbIIIaeT 4a-

CTOTY, XapaKTEPU3YIOMIYIO IUPUHY TOJIOCHI YaCTOT Mepe/aBac-
Moro curHaia. OTcuéTbl 00pabaTHIBAEMBIX CUTHAJIOB CIIEAYIOT C
MEPUOIOM JTUCKPETU3AINN T11 =1/ Fﬂ, a Homepa K »Tmx orcué-

TOB, KaK IPaBUIIO, COBIIQAAIOT, C HOMEpAaMH UTEepaIuii alropuTMa
Beruncienuss BK amantuBHoro ¢uibrpa. AHanoro-unpoBbie u
U po-aHaTIOTOBBIE TPEOOPA30BATENH, OCYIIECTBISIOMINE JIHC-
KpEeTH3allMI0 CUTHAJIOB, HA pHC. | ¥ MOCIEAYIOUMX PUCYHKaX HE
nokasansl. Berxozuoii curaan YM y”(K) cHauana ociabsiercs ¢

-1
nomolIpio arteHoaropa G, , a 3areM npeoOpa3yercs Ha HyJle-

BYIO MIPOMEKYTOUHYIO YACTOTY C IMOMOIIBI0 IIHPOKOMOIOCHOTO
npeoOpa3oBatelis YacToThl (Ha puc. | He MmoKa3aH), KOTOPhIA MO-
nenupyercst «JIuHuen 3aaepxkKu 2y, 3a1ep >KUBatOIIeH ITOT CHUT-

nan Ha D, orcuéros c nepuonom T, . 3necs G, — o710 KO3 PH-

IUEeHT Tepenaun (ocnabieHns) aTTeHioatopa. llpenmonaraercs,
4TO MpeoOpazoBaTelb YaCTOTHl HE BHOCHT UCKQKCHHUH, a BHOCUT
JIHMLIB 3aJEPIKKY CUTHAJA.

Kak criemyet u3 puc. 1, BXOAHOW CUTHAT aIallTHBHOTO ()HITb-
tpa Y"(K)=Yy"(k—D,)+z(k) = y(k)+z(k) sBmstercst 3amym-
neHubM, T7e Y(K) — 3TO BBIXOAHOM CHTHAI peobpa3oBarets ya-
cToThl, a z(K) — curHan cymmapHoro myma YM u mpeodpasoa-

TEeJsl YaCTOThl. DTO SBJsIETCS OAHUM U3 HepocTatkoB DPD ¢ ne-
MPSIMBIM 00yYeHHEeM, TaK Kak anropuTMbl Beraucinerns BK aman-
TUBHBIX (DWJIBTPOB HE TPEAIONATAIOT, YTO BXOJHBIC CHUTHAIIBI
9THX QHIBTPOB COIEpKaT UIyMsl [7, §].

CornacHo puc. 1, aanTUBHBIN QUIBTP pelIaeT 3a1a4y oopat-
HOM uaeHTHUKAIMKA HenuHeiiHOro YM ¢ mamsthio. Ero BK ko-
npytorcs B HenmHelHbiii DPD-¢unbTp, coOCTBEHHO OCYIIECTBIIS-
FOILYIO JIMHeapu3auuoo Y M.

OpHako B OTJIUYKE OT JTMHEWHBIX YETHIPEXIOIIOCHUKOB, KOTO-
pBIC KOMMYTATHBHBI, HSTMHCHHBIC YCTHIPEXTIOIFOCHUKHY (B JAHHOM
ciayyae DPD B kackaze ¢ YM u YM B kackaje ¢ alaiTUBHBIM
(GUIBTPOM) HEKOMMYTATUBHBI, YTO SIBJISICTCS CIIC OJHUM M3 HEJI0-
cratkoB DPD ¢ HenpsMbIM 00y4YeHUEM.

Ha pucynke 1, B kauecTBe TpeOyeMOro curHasia d (k) ucronp-
3yeTcsl 3a/IePXKAHHBIN ¢ TOMOMIBIO «JIMHUM 3a7epKKU 3» CUTHAI
¢ BeIxosia DPD-¢unbTpa (j(k) =y'(k-D,),tme D ,=D,,+D,
— 3TO CyMMapHO€ YHCJIO AJIEMEHTOB 3aJ€pKKU YM ¢ mamsiThio
D, u mnpeobpaszoparens yacToTel D, .

Brruncnenne BK DPD-¢unbTpa ocymiecTBisieTes: B mporecce
MHUHAMH3AIUH aIaTHBHBIM (QHIBTPOM Pa3iIUIHbIX (YHKIHH OT
currana ommoku a(k)=d(k)—y(k), rre Y(k) —3T0 BbIXOMHOI
CHUTHAJ aJalITUBHOTO (HUIBTPA.

Ha pucynke 1, «JIuaus 3agepXku 1» He SBISETCS COCTAaBHON
gacteio DPD ¢ HenpsaMbM oOydennem. OHa HCHOIB3YETCs JTUIIb
JUIsl OTIpEJIeNICHUs] KauecTBa JIMHeapu3auu Y M 1myTeM cpaBHEHUsI
HepeiaBacMoro 3ajiepskaHHoro currana X(K) u 3amrymieHHOro
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curHana Y"(K) wHa BeIXOIE MpeoOpa3oBaTeisi YacTOTHI Kak
(k) =d(k)—y"(k). [TosToMy YHCIIO SIIEMEHTOB 3a/IEPKKU CUT-
Hana X(K) ompenensercs 3Hauenuem D, =D ,,+D;.

Heranpras apxurekrypa DPD ¢ HenpsiMbIM 00y4eHUEM TTOKa-
3aHa Ha puc. 2. B 31ech u ganee BeKTOpH 0003HAYAIOTCS CTPOY-
HBIMH TIPSIMBIME JKHPHBIME OyKBaMH. MaTpHIlbl 0003HAYAIOTCS
MIPOTIICHBIMH MTPSIMBIMH JKUPHBIMU OykBaMu. Bepxumii nanekc T
B BEKTOpaxX W B MaTpHUIax 0003HAYAET OIEPAIHIO UX TPAHCIIOHH-
poBanusi. Hmwxuuit unaekc, Hanpumep N , 0003Ha4aeT 4nciio se-
MEHTOB B BEKTOpE, a aHAJOTMYHBIN MHIEKC B KBaIpaTHOW MaT-
pHILIEe — YKo ee 31eMeHToB, paBHoe N x N . Onepaiusi 3pMHUTOBO
CONPSKEHUsI (TPaHCTIOHUPOBAHUSI M KOMIUIEKCHOTO COTPSDKEHHMS
9JIEMEHTOB BEKTOpa MJIM MaTPHIIbl, 0003HAYaEMOT0 BEPXHUM HH-
JIEKCOM * ) 0003Ha4yaeTcst BEpXHUM nHjiekcom H .

Curnan Ha Beixosie DPD-¢dunbTpa Beumcisiercs Kak

y'(k) =hy (k=Dx, (k) ,

rae hy (k) —aro Bekrop BK, a x, (k) — BekTop 3amepiKaHHbIX
orcuéroB curnana X(K) B aTom dunbtpe.

AHAJIOTMYHO BBIYMCIIETCS CUTHAT Ha BBIXOAE aJalTHBHOTO
¢bunbTpa

§(k) =hy (k=Dy (k) ,

L4

rae yy (K) —oaro Bekrop 3agepxannbix orcuéToB curtana y"(K)
B OTOM (HIIbTPE.

Ha xaxoii urepanun paboThl aIaNTHBHOTO QHILTPA €rO BbI-
xoauoi curnan Y(K) GpopMupyercs npu UCHOIb30BaHUK BEKTOPA
BK h, (k—1), Bbruncisiemoro Ha npepiayiieil urepamud K—1,
TaK KaK 9TOT CHTHAJ MCIOJb3YEeTCsl W PH BBIYUCIICHUH BEKTOPA
BK h, (k) Ha rexymieii ureparmn K .

y'(k)
x(k) - DPD-dwnnbTp i
™
=
-1
=y
Eg
9]
™

a(k)

e
P
e
—

AnanTuBHbIA (OUNbTP |

B AQanTUBHLIA anropuTM <&

a(k)
| Nunus dtk) =x(k-D) * z _
"| 3anepmxn 1 o

_______________________________ S
I
I
I
|
HenuHenHbIn :
P YCUNUTENb MOLLHOCTH » y"(k) |
C NamMsATbO | |
|
-1 I
G, |
I
Y |
I
N I
z g |
=y/(k-D) Ia !
c @ |
= |
@ I
) I
+ Wk)=y"k-D,) |
+ I
z(k) :
I
»"(k) :
I
I
|
I
I
I
I
|
I
|
I
I
I
|
I
I
|

Puc. 1. O606mennas apxutektypa DPD ¢ HenpsMbIM 00ydeHneM

-
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JInHuna

DPD—d)vu'lep/

y'(k)

HernuHetHbIA yeunuTens

x(k)

3agepxen 1

d(k) = x(k— D)) 4 /Zj s

—A

INnHna

MOLWHOCTH C NAMATEH

|
|
|
»| hi(k-1) >
|
|
|

3afepwkn 2

y(k)=y"(k—-D,)

PG
3agepkkn 3

dk)=y'(k—Dy)

+
5 $3

AJanTUBHLINA
unsTp

y(k)

— hi(k-1)

a(k)

AAanTUBHLINA

anroputM

e s oy s g g e S i e e ey e - s et e s e

Puc. 2. [leranpras apxutekrypa DPD ¢ HenpsiMbIiM 00ydeHHEM

O06o01meHHast apxuTekTypa Tpaauuonnoro DPD ¢ npsiMbiv
oOyuenueM [10] npuBeneHa Ha puc. 3. B Helt, B otiuuue ot DPD
C HemnpsiMbIM OOY4YEHHEM, BXOIHBIM CHTHAJIOM aJallTHBHOTO
¢unpTpa (OH XKE B ITOW apXHUTEKType ONHOBpeMeHHO u DPD-
(WIIBTP) M aZanTHBHOTO aNropuTMa, Beruncisiomero BK, sBis-
etcs HesammymnéHubIi curaan X(K) . Kpome toro, B mporecce BbI-

yucnenuss BK ucnonesyercs curnan o(K) , xapakrepusyronmi,

KaK y’ke ObITO CKa3aHo, Ka4eCTBO JHHeapu3anun Y M.

DPD, puc. 3, MOeT OBITh UCTIOJIB30BAH TOIBKO /IS TMHEAPHU-
3anuu YM 6e3 namsitu. [t muHeapuzamu YM ¢ naMsThio clie-
JyeT ucnoinb3oBath DPD ¢ npsiMbiM 00yuennem, puc. 4. OcobeH-
HOCTBIO €TI0 apXUTCKTYPHI ABJIACTCA HATUYUC «JInaun 3aACPIKKHU
4y, 3amepxuBaroleil BXoaHOH curHan X(K) Ha 4ucno oTcuéTroB

D, = Dy, +D, . Boixoxuoit curnan nuuuii 3agepxku X(k—D,)
ydacTByeT B (OPMHUPOBAHMHM OTCYETOB BEKTOpa CHUrHaja
X, (k) =x, (k—D,) , ucrioip3yemoro mpu BeraucieHnd BK amarn-

tuBHOro Quibrpa h (K) .

Dta 3a/1epiKKka HeoOXoauMa 1o cieayromieit npuunHe. Tak Kak
curnan y"(K) samepskmBaercst oTHOCHTENBHO curHama Y'(K) Ha

D ,=D,,+D, orcuéros, To 1 BEeKTOp CUTHAJIOB, Y4aCTBYIOILUH

B BeruncneHun BK aganTuBHbBIX QUIBTPOB, TaKkKe TOMKEH OBITh
sagepxkan Ha D, = D, orcuéros, 4To 0becnednBaeT KOPPEKTHOE
BelupcieHne 9Tux BK, uHCHONe3yrommx CHrHajX — OMIMOKH
o(k)=d(k)—y"(k), bopMupyemMbIii ¢ TIOMOIIBIO JBYX CHIHa-

70B: 3anepxanHoro Ha D, orcuéros curnama x(K), mpomrenmmero

uepes «JIunuio 3aaepxku 1», u 3agepxannoro na D, = D ., +D;,

—
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0TCU€TOB 3TOTO K€ CHTHana, rpoiueaniero yepe3 DPD-uibtp,
HEJIMHEWHBIN YCUIUTENb C MaMATHIO U «JIMHUIO 3aJIEPIKKH 2.
Ecmu ms Berancnenns BK aganTuBHOTO (OMIIBTpa HCIOTH30-
BaTh TPAIMCHTHBIC aITOPUTMEI C IITATOM CXOJUMOCTH, OTIpeaeIs-
emom uucioMm BK N [7, 8], To u3-3a 3anepxku D, DPD (puc. 4)

Oyner HeycroiiuuBbiM. B atom DPD Tpebyercst ucnonb3oBath
YMEHBIICHHOE 3HAYCHHUE I1ara CXOAMMOCTH, MpeesbHOE 3Haue-
HHEe KOTOporo ompexensercst uucinoM D, > N . B stom cmydae

aanTHBHBIA (QUIBTP OyneT yCTOHYUBBIM, HO C YMCHBIICHHBIM
1aroM oH OyJIeT CXOJMTHCS MEJUICHHO.

K coxanenuto, B8 DPD (puc. 4) HEBO3MOXXKHO HCIIONH30BATh
Ooniee sdpdexrrBabie RLS-anropurmbl, Tak Kak B HHUX OTCYT-
CTBYET ITapaMeTp, aHAJIOTUYHBIH IIary CXOANMOCTH, PEryJIHpOBKa
KOTOPOT0 MOTJIa ObI 00eCIIeYNTh yCTOWYNBOE MOBEACHHE STHX all-
TOPUTMOB.

B toxe Bpemsi, RLS-anroputmpl MOXKHO MCHONIB30BaTh B TaK
Ha3bplBaeMOM MojuduuupoBaHnHoM DPD ¢ npsiMeiM o0yueHnem
[11]. Jna nomyuenust Takoro DPD nprumeHeHo pelieHue, aHano-
rugHoe [12], paHHee HCIIOF30BaHHOE B YCTPOMCTBAX aKTHBHOTO
ITYMOTIOIaBJICHHUS, T/IE OHO J0KAa3ajo CBOIO pabOTOCTIOCOOHOCTH
1 TIPOIEMOHCTPUPOBAIIO (PYHKIIHOHAIBHYIO (P (EKTUBHOCTB. [le-
TallbHasl apxXUTeKTypa MoauunupoBanHoro DPD ¢ npsimbim 00y-
YeHUEM IPUBE/CHA HA PHCYHKE 5.

B 31011 apxuTekType MOKHO MCIOJIb30BaTh HE TOJBKO ajall-
THUBHbIC (bI/IJ'l])TpI)I Ha OCHOBC TI'PaJMCHTHBIX aJIrOPUTMOB, IIPC-
JICNIBHBIN IIar CXOJUMOCTH KOTOPBIX ompeaensercsa uucioM BK
ajanTtuBHOTO QuiabTpa N , HO M aganTHBHBIE (PMIIBTPBI HA OCHOBE
RLS-anroput™moB.




DNEKTPOHUKA. PAODUOTEXHUKA

d(ky =x(k— D))

NinHua

/4

Yk HennHenHbIA

x(k) L
C NaMATLH

Y

3aAeprkm 1

(k)

DPD-counetp = YCUNWTENb MOLUHOCTH —=

"
] e | Mukms
| sageprkn 2

Y =y k- D)

| AJAnTUBHLIA anropuTi |-

Puc. 3. O6o6uienHas apxurekrypa TpaauiuonHoro DPD ¢ npsiMbiM 00ydeHreM

| Nuema d(k) =x(k— D)) % )
T sageprkn 1 = a(k)
(k)
T 1 e —— W
| MAETP | |
! /v'(k)l ' )
| -~ Hopp Y | HenuHeRHBIA yeunuTens | . e NMuHua
x(k) I B h, (k-1 } I MOLLHOCTH € MAMATEH [ "1 sagepwkn 2
| | |
| Lo [ k)= y"k=1Dy)
| AnanTueHem | | |
| dueTp | T T T T T T T T TTTT T
| |
TMuuna x(hk—-1D,) | o | Ananmuerein | | afk)
" 3afepxen 4 : anroputm | ;
| |
Puc. 4. [leranbHas apxurektypa TpaguiuonHoro DPD ¢ npsiMbiM 00yueHHneM
Nunms dk)=x(k-D)) + )
- 3aiepKKa 1 = a(k)
2(k)
e 1
DPD-¢hunTy | |
w2l Vi) | | V)
e H || HenuHeitHbin younutens i = TnHna
x(k) B by (k=D I MOLHOCTH € NaMATER I = sapepxkn 2
| |
} ! yk)=y"tk=D,)
_________________ +v
Mk V(= D) = by (k =Dy =Dxy (k= 1) i(
7| sapgepxkn 3 s z
N et Sl e i |
| Apanuensii | - "
} chuneTp : dik)y=alk)+y'(k-D,)
| I +
‘ / i (k) =ht(k—Dx, (k-D,)
| I vk =h(k—Dxy (k=1 5t
\ hEE=1) 1 ~6)
| |
| I
| |
| | %
; NiaHus x(k-D,) | | Aganmueni | | 0k =dk) - yik) = alk)+ y'(k - D) - y(k)
sagepxkn 4 | anroputm [ |
| |
NP RS S, P TR S I

Puc. 5. letanpuas apxutekrypa MoauduuuposanHoro DPD ¢ npsmbiM 00yueHreM

JlaHHasi BO3MOXKHOCTH OO€CIeunBaeTcsl CIeAyIoIuM o0pa-
30M. B MonudunuposanHoii apxurekrype DPD ¢ npsiMbiM 00y-
yeHueM, 3ajepikannbiii Ha D, orcuéroB curman x(k-—D,) wuc-

HOJIB3YETCs KaK BXOIHOW CHTHAJ aIallTHBHOTO (QIIIBTPA, T.C. CHUI-
Hau1, hopmupyromwmii Bektop orcuéroB X, (K) =x,(k—D,) Bero
JUHUSX 3a1epKkn. Bekrop X, (K) oqHOBpEeMEHHO HCIOJB3yeTCs

u B anroput™e Beranciiennst BK nannoro ¢unbrpa, KoTopsie Ko-
nmupytorcs B DPD-unstp.

TpeOyemblii CHTHAJI aJaNTHBHOTO (QHUIBTPA d (k) dopmupy-

ercst u3 curnana omubku oK) kak

d()=ak)+y'(k-D,),
rue
y'(k-D;)= h]rj (k=D =Dxy(k-D,).
Tak kak D, = D, u BK agantuBHoro ¢uiabrpa B yCTaHOBHB-
HIEMCSl COCTOSIHUM IIPAKTHYECKU HE U3MEHSIOTCH, T.€.
hy(k=D; -1 ~hy(k-1),
TO

y(k) =hE (k=Dxy (k-D,)~y'(k-D;) =hE (k=Dxy (k=D,).
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CrepoBarensHo, curHan ommbOku G.(K) amantuBrOro Quib-

Tpa OMPEACIACTCS KaK
a(k) = d (k)= y(k) = a(k)+y'(k=D,) - ¥ (k) ~ a(k).

Paccmorpennas momudukamust DPD ¢ npsimbiM 00ydenuem
TI03BOJISIET HMCIHOJIB30BaTh B apXUTEKType (pHc. 5) moboil anro-
put™ Berancienus BK agantuBHOTO hMnbTpa, Gasupyromuiics Ha
MHUHUMHU3ALAN Pa3inuHbix QyHkiuu ot omubku (k) = a(k).

Maremarunueckue mosienit DPD (puc. 2 u puc. 5) ¢ afanTuBHBIMA
¢mpTpamu Ha 6a3e RLS-anroputMoB npuBeaeHb! HIXKE.

MartemaTnyeckas mogeas DPD ¢ HenpsiMbIiM 00y4eHnem

Manuuanmsauus : X (0) =0y, yy (k), hy(0), xy (0)=0, ,
Yo, =0, ¥\ (0)=0, R} (0)=571,
For k=12,...,K
Xnp, (k) 1iNp -1 2 XN, (k)|1:X(k)
d(k) = Xnp, (k) Np, x(k=D,)
For m=12,....M
Xy, (k)|2:Nm =Xy, (k)|1: N,-1 0 XN, (k)|1: fm {X(k)}
End for m
T
xy (k) =[x, (K0, x5, (K), ooy x5 (K), s X, (K) ]
y'(k) =hy (k=Dx, (k)
y”(k) = fYM {y'(k)}
O | N (3 R P (SIS
y () =y%, (0], +2(K) = y"(k=D,)+2(k) = y(k) + 2(K)
a(k) =d(k)-y" (k)
Y;\ID3 (k) 2:Np, :y;\lDl (k) 1:Np, -1 2 Y;\JD3 (k)|1: y'(k)

d(k) =y}, ()]s, =Y'(k=Dy)
For m=12,....M
Yo (0o, =¥ (O] ¥i (O]= T, {y" 0}
End for m
vi ()= [0 0.y ), ey (K. ¥ (O
§(k) =hy (k=Dyp (k)
a(k) =d(k) - y(k)
R (k-Dy" (k
gN (k) = mHN( —l)yN( ) m
A4y (OR (k=Dyy (k)
Ry (K) =27 [Ry (k=D =g, (K)y " (ORY (k=1 |
hy (K) =hy (k=1)+ g, (k)& (k)
End for Kk

2:Np, — XNp, (k)
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MaremaTudeckas moaejb Moauguuuposansoro DPD
¢ MPSIMBIM 00y4YeHHeM
Munumanmsamus : x, (0) =0, X, (k), hy (0), Xy, 0)= ONDl ,
YKADZ 0)= 0NDz >Y;\1D3 0)= OND3 > X, 0)= OND4 > R;\ll 0)= 6721N
For k=12,...,K
XN, (k) 2:Np, — XNp, (k) 1:Np -1 2 XNDl (k)|1:X(k)
d(k)= Xy, k) Ny = x(k=D,)
For m=12,...,M
XN, (k)|2:Nm =Xy, (k)|l:Nm—l » Xy, (k)|1: fm {X(k)}
End for m
X (k) = [ X1, (K).x5 (K), o X1, (K), e x5, ()]
y'(k) = hy (k=Dx, (k)
y"(k) = fVM {y’(k)}
Y, (0 oy, =¥, (K)o, 5 ¥, (K=Y (K)
y"(k) =y, (0], +2() = y"(k=D,) +2(K) = y(k) + 2(K)
a(k) =d(k)-y"(k)
Y, (K)
d(k) = a(k)+y}, (|,
Xy, (K)|2: g, =X, (k)‘I:ND4—1 > Xng, (k)|1=X(k)
For m=12,....M
iNm (k)|z; Npn :iNm (k)|I:Nm—l )
%y, ()], = i fx, (O} = F, {x(k=D,)}
End for m
%y (k) = &3, (K0, %3, (K), o &3 (KD, oo R (k)]T
9(k) =hy (k =Dy (k)
G(k) =d(k) - (k)
R (k-Dx, (k
gN(k): - N( 71)N(2
L+3 (ORy (k=D (K)
R, () =2 [R (k=D -g, (O (OR, (k-1
hy (k) =hy (k=D + gy (K)a (k)
End for Kk

1:Np, -1 Y;\J[h (k)|1:y’(k)

=a(k)+y'(k-D,)

2:Np, :y;\lD3 (k)

B nanneix monensix DPD ucnons3zoBan RLS-anroputm Ha oc-
HOBE JIeMMbI 06 obparenuy Matpuitsl [7, 8]. 3aecs & > 0.16° —
9TO HapaMeTp HAYaIbHOU Peryysipusanuu 00paTHOW KOPpPEIIsiu-
onHoit MaTpuiel Ry (0) BXOIHOTO CHTHANA aJaNTHBHOTO (HITb-

2
Tpa, G~ — IUCIEPCHS BXOJHOTO CUTHAJA aJJallTUBHOTO (PHIIBTPA,

I, —eauanunas matpuna, 1—1/N <A <1 —mapameTp 9KcroHeH-

[IUAIBHOTO B3BEIIMBAHU 00padaTeiBaeMbIX curHanoB, g, (K) —

—
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BekTop KoapdunueHToB Kanmana, a M — 9ucio kaHajaoB ajar-

THBHOTO (GUIBTPa. BeIpaskeHws THIA X, (k)|1: N B Xy (k)|1 060-

3HAYar0T HOMEpa AJIEMEHTOB B BEKTOpE,

B npuseaennsix Boiie mozesix DPD ¢ namsitelo, 1715 BbIUMC-
seHust Bektopa g, (K) MOryT Takke ObITh HCIOIB30BAHBI IPOLIE-
JIypbI IPYTUX MaTeMaTHYEeCKH SKBUBaJICHTHBIX RLS-anroputmos,
BKJIFOYast UX OBICTPBIC, T.€. BEIYUCINUTEIBHO YPPEKTUBHEIC, BEP-
cuu [7, 8]. B aTOM cinyyae MHUIMAINU3AIMIO ATUX MPOLIETYpP Clie-
JIyeT BBIMOJIHATH KaK IMOKa3aHo B [7].

3ammes y"(K) = fy,, {y’(k)} 0003HauaeT HEMMHEHHYIO (YyHK-
10 TipeoOpa3oBanmst BXxoaHoro curHama YM y'(K) B ero BeIXo-
Hoit curHan Y"(K) . B Hacrosmeii pabote HenuHeitHOE peobpa-
30BaHUe, peaim3yromiee 00paTHyI0 MOAETs HeTHHeHOro YM ¢

MaMAThI0, (HOPMHPYETCS] HArOHATBHBIMU SApaMH  (HUIBTPA
Bonprepa [6]. Kaxmoe sapo (BKITIOYas THHEHHOE) XapaKTepu3y-
ercs cBoeit pyuxumeit f {-} mpeobpasoBamms mocTymaromero Ha
ero Bxoj curHana. [loaromy kax/blii HenuHelHblii DPD-dunbtp
W KX/l HeJIMHEHHBINH alanTuBHBIN GUILTP Ha puc. 1 — puc. 5
MIPE/ICTABISIFOTCS. OJIMHAKOBBIMU M -KaHaJIbHBIMU JIMHEHHBIMA
¢wreTpamn. B Hacrosimedr  pabore, umcnmo BK N

m=1,2,..,M B KaXIOM M3 KaHAJIOB 3THX (DPMIBTPOB IPUHSITO

m>

OJMHAKOBBIM, XOTSI MOJKET OBITh M PAa3HBIM.

B obmiem ciyuae, HenuHeitHoOe peobpazoBanne DPD, onmcei-
BaeMoe panoM Boubrepa, ycranaBiuBaer cienyroliee COOTHOLIe-
Hue Mexy ero BxoausiM X(K) u BeixomubiM Y'(K) curnamamu:

YKy = 300" (k—x(k —i)+
S SR k= Dk - Dx(k— X (k1) +--
i=0 j=i I=j

- BK
MoJenu siapa M-ro mopaaka (m=3,5,7,....). B mogensx DDP

3neck h"* — o0 BK muneiinoii wactn mozemn, a hy)"

OOBIYHO MCHOJIB3YIOTCS Siipa HEUETHBIX MOPSAKOB [3-5], Tak Kak
S7Ipa YETHBIX MOPSIKOB (POPMHUPYIOT UCKaKEHHsI, CUTHAJIBI KOTO-
PBIX BBIXOJIAT 32 IPEIENbI 0N0Ck! yacToT £ F, /2, a motomy mno-

JaBJIAIOTCS TTOJIOCOBBIM AHAIOTOBBIM (HIBTPOM, OOBIYHO IIpHU-
CYTCTBYIOILLIMM Ha BbIXoJe YM panuonepenaTduka.

Peanuzanus nprBeIeHHON BbIIIE HEJIMHEWHOM MOJAENIU Tpe-
OyeT 3HaYHUTENIbHBIX BEIYHCIUTEIBHBIX PECYPCOB M 3JIEMEHTOB 3a-
JIEP)KKH CUTHAJIOB (TIaMSITH).

VunteiBas, uyro 3HaueHus BK Mozeneit TMHEHHEBIX 1 HeJIMHEH-
HBIX YETHIPEXIIOTIOCHIKOB OOBIYHO YOBIBAIOT C POCTOM HOMEPOB
BK monenmpytromux ux ¢puisTpos, To BKiIag Takux BK B popmu-
POBaHUE BBIXOJAHOTO CUTHAIA MOJENIN CTAHOBUTCS] HECYIIIECTBEH-
HbIM. [loaToMy Ha npaktuke Mmoaens DPD uvacTto npencraBisieTcst
JIUIIH KOHEYHBIM YiciioM M JHaroHadbHBIX sfep HEUETHBIX MO-
PSIKOB, BKITFOUAs! JIMHEWHOE S/IPO, ¢ pUKCHpoBaHHBIM yrciioM BK

N, , T.e. cambivu OonbinnMu BK B xaxaom siape [14]. Ipumep

Takoil Mosienn 3-T0 MOpSIKa TIPUBEICH HIKE

N, -1

y'(k)= > h" (k=Dx(k —i)+
+Nf h®" (k =1)x(k —i)x(k =i)X" (k =i)+---

- Nzl h®* (k =1)x(k —i) + NZI he" (k= 1)|x(k - i)|2 -

hy (k=Dx, (),

rac
by, (k)= [0 (k). W7 ()]
x, (k) =[x (). x0T (0]
X (k) = [x(k), x(k —1), x(k =2), ..., x(k =N, + )]’
158

2
5 veey

X0 (k) = [x(k)|x(k)|2 x(k=D)x(k =D, x(k —2)[x(k ~2)

x(k =N, +D)|x(k =N, +1)|2T.

B crienyromem paszzerne, pu MojydeHUH pe3yIbTaTOB MOJIe-
mupoBanrus DPD (puc. 2 u puc. 5) Hcrons30BaHbl THarOHaJIbHBIE
sinpa 1-ro, 3-ro, 5-r0, 7-r0 ¥ 9-TO MOPSIAKOB.

MopenupoBanue

[IpoBepka pabOTOCHOCOOHOCTH IMPECTABICHHBIX B padoOTe
DPD B pa3HbIX pexxuMax BBIIOJHsJIACh B TECTOBOH cpene, mpe-
CTaBJICHHOIl Ha pUCyHKe 6. OJIH U3 TaKUX PEXKUMOB pacCMaTPH-
BaeTCsl HUKe.

[lepenaBaeMble JaHHBIE MOAYIUPOBAINCH KBAIPATYPHOH aM-
TUTNTYAHOW MOAYJISIIIMEH C YMCIIOM CHMBOJIOB B aj(aBuTe, pas-
HbIM 16 (Quadrature Amplitude Modulation, QAM-16). Otu cum-
BoJBI X(K.) cremoBamm Ha AUCKPETHBIX OTCYETaX K. .

z(k)

McTouHMK kY

WHbOPMaLMK

— Mogaynstop RRC-punbutp

DPD +¥M

Ak k) ol k) Xhk—1-D)

33A€ePKKU 2 +

RRC-punbp

©

OueHka CKO n EVM

(k. — D) (k.- D)

PeweHne

Puc. 6. Apxutekrypa TecToBOI cpebl A uccnenoBanus DPD
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[Tockonbky Bo3HUKaromue B YM HelWHEHHbIE UCKAXKESHHS
HaXoJiITCs 3a TpelieNlaMH MOJIOCH 4acTOT MH()OPMALMOHHOTO
CHTHaJa, TO JUIS PacIIMPEHHs 3TOH TOI0oCk cuMBOIBI X(K.) mox-
BEprajluch CTaHAAPTHON Mporenype mHTepnoxsuuu [1] myTém
nobasieHus L —1 HyJeBBIX OTCUETOB MEXIy KaKIOH Mmapoil co-
CeAHHX CHMBOJIOB cHrHaia X(K.) ¥ IHOCIEIYIONIEero CriiakKuBa-
HUSl TIOJyYEHHOH I10CIIE€0BATEIIbHOCTH JAHHBIX C ITOMOIIBIO
¢umpTpa THIIA «KOPEHBb KBAJPATHBIH W3 TPHITOTHITOTO KOCH-
Hyca» (Raised Root Cosine, RRC). 3nauenue korumnreHTa uH-
TepHosun/qenumManu L Obuto BHIOPaHO paBHBIM 16, 4nCIO
BK RRC-¢punsrpa Ny —paBHbIM 129, a k03 bHUIMEHT criaxu-
Bauust RRC-punbrpa — paBHeiM 0.35. Pe3ynpraT HHTEPHOIAIUH
— 9710 oTcuéthl curHana X(K). B mMomenupoBaHuu, OHU CIEAYIOT

Ha 4acToTe JAUCKPETU3aLUU F}1 =16 MI'u, B L=16 pa3 mpeBbI-
[Ialoniell 4acToTy CleA0oBaHUS WH()OPMALMOHHBIX CHMBOJIOB
X(k.), paBayto F. =1 MIm.

Curnan X(K) sIBIsieTCS BXOAHBIM CHTHAJIOM HCCIIETYEMBIX
DPD. Boixoanoit curnain «Jlunuu 3agepxku 2» Y(K) cmermBa-
ercst ¢ mymom Z(K), cM. puc. 1-6, u 00paTHO AEHUMUDPYETCS IS
TIOJTyICHUS 3a/Iep>KaHHBIX 0TcuéToB curHana X(K. — D) ¢ BeIxoma
YM Ha CUMBOJIBHOI CKOpOCTH. Jlennmanust mpou3BOANTCS Iy TEM
crnaxuBanus orcuéroB curnana Y'(K) c¢ Beixoma «Jlunum 3a-
JIEPKKH 2» ¢ TIOMOIIB0 Takoro ke RRC-duimbTpa kak npu nHTEp-
TIOJISIIMY 1 TIPOPEXKNBAHMS OTCYETOB BBIXOJHOTO CHTHAJIA 3TOTO
dumstpa X(k—L-D) B L pas. Ha pucynxe 6 cumsomom T: L
0003HaYaeTcsi YCTPOMCTBO, H00ABIISIOIIEE HYJIEBbIE OTCYETHI B
MOCTYMAIONIYIO Ha €€ BXO/I II0CIIeI0BATEIBHOCTh JAHHBIX, & CUM-
BoJOM : L — yCTpOICTBO, MPOPEeKMBAIOIIEe TaHHbIC.

C mOMOmIBI0 YCTPOHCTBA TPHHATHS PEIICHUH OTCUETHI
X(k—L-D) mpeobpasyrorcsi B WHGOPMAIIMOHHOE CHMBOIIBI
X(k. —D) . Jnst ouenku kauecte paboter DPD B TepMmuHax re-
penaBaeMbIX HHPOPMALMOHHBIX CUMBOJIOB X(K.) 9TH CHMBOJIBI
3ajepkuBaroTcsl Ha D 0oT4éTOB, ClENyIONMX C IEpHOAOM
T. =1/F.,rne 3nauenue D = (D, +2Dy)/ L, a Dgye — 2710 32-
nepxka curaaiga B onHoM RRC-dunptpe, ncuncnsemas 9uciom
nepuosos T .

Hcmoms3yst orcuaéter X(k. —D) u X(k. — D), MoxHO B ycTa-

HOBHBLIEMCS] COCTOSIHUM pabOTHI aIalITUBHOTO (PUIIBTPA OLIEHUTD
3HaueHne HopmupoBaHHoro CKO uH]poOpMamoHHBIX CHMBOJIOB,
nporenmux yepes DPD u YM, kotopoe onpenensercs kKak

SNNIEKTPOHMKA. PAONOTEXHUKA

E {[x(k. ~D)~ (ke ~ D)’}
E{[x(k. ~D)['}

CKO =10log,,

rae E{ e } — 910 onepamus ycpeiHeH s 1aHHBIX Ha MHTEPBAIIC

X HaOJIFOIEHNS.

OTa Xe BeJIMYMHA B IPOLCHTAX HOCUT Ha3BaHHEe «Momyib
BekTopa omnbkm» (Error Vector Magnitude, EVM). Ona onpee-
JsIeTCs KaKk

E {[x(k. ~ D)~ (ke ~D)f |
E{jx(k.~D)['}

EVM = 100% .

KavectBo paborer DPD kak HenMHEHHOro aJanTHBHOTO
YCTpOMCTBa ompeensercs mo Bumy rpapukoB AM-AM u AM-
®OM xapaKTepuCTUK U TPAPUKOB CIIEKTPATBFHOHN ITIOTHOCTH MOTII-
Hoctu (CIIM) curnasnos. YncnenHo kadecTBo padots DPD ompe-
JIeNsIeTCs] KaK OTHOIIEHHE MOIIHOCTH CUTHAJIA 3a MpejesaMu To-
JIOCHI 4acTOT MH(POPMALMOHHOTO CUTHAJIa K MOIITHOCTH CUTHAJIA B
9TOi mosoce. Oto oTHOmeHUe u3BecTHO Kak Adjacent Channel
Power Ratio (ACPR).

Hccnenosanue DPD nmpoBoauiiocs npy OTHOLIEHUH CHUTHAJI-
urym (OCIL) Ha Beixoge YM, paBaom 40 ab, rae curnan z(K)

MoenupoBaics 6emsiM rayccosbM mrymom (BI'IH). ['my6una na-
MATH YM paBHsnace 7 orcuéram. DPD — 310 1o cytu HenuHei-
HbIl aJanTUBHBIA S3KBajlai3ep, BbIPABHUBAIOLIUI XapaKTepH-
ctukn YM. Cornacho [15], uncno BK B agantuBHOM (hriibTpe oK-
Bajaiizepa JOJDKHO ObITh, KAK MHHHMYM, B JBa pa3a OOJibIle
yucina BK ¢unbrpa BeipaBHHBaeMoro oobvekra. [lostomy, uncio
BK agantusHOro dunbrpa DPD B Kax10M U3 ero KaHajoB ObLIO
BBIOPAHO OIMHAKOBBIM U paBHbIM N =15.

B Tabnuue 1 npuBeeHb! YHCICHHbBIE PE3YIIbTaThl HCCIEA0BA-
HUsE KauecTBa pabotel DPD, nosy4yeHHbIe myTeM MOICIMPOBAHUSL.
BuaHo, 4TO € pocTOM UHCIa JaXKe YCEUEHHBIX HETMHENHBIX sIep
kauectBo DPD yBenuumBaercss B TepMHUHAaX BCEX IMOKa3aTeseH,
MIPUBE/ICHHBIX B ATOH TabJuIIe.

[Ipu MakcUManbHOM 4HUCIIE SIAEP, PABHOM IISITH, 3TU MOKa3a-
Tesn npubIKaroTest kK nokasaressiM bI'lI-kanana, T.e. 4eThIpex-
TIOJTFOCHUKA, HE CO/IEPIKAIETO TMHEHHBIX M HEIMHEHHBIX HCKaXKe-
wuii. Tak B BI'lll-kanane npu OCILII =40 nb, 3nauenns CKO u
EVM pasnsl coorBercTBeHHO -36.0 1b 11 1.6%, a B paccmarpusa-
emMoM YM 6e3 DPD stu 3HaueHus u nokaszaresnb ACRP paBHBI -
19.9 nb, 10.06%, u -24.31b, COOTBETCTBEHHO.

Tabnuma 1

UYucneHHbIE pe3yIbTaThl MOJICTUPOBAHHS

Vcnone3yemMble HeTHHEHHbIE Aapa 3-ro mopsska 3-ro 1 5-T0 MOPSIKOB 3-ro, 5-Tou 7-r0 3-ro, 5- O, 7-TO
TIOPSIIKOB 1 9-T0 MOPSIIKOB
CKO, nb Mogud. DPD ¢ npsiMbiM 00y4. -27,8 -33,0 -34.8 -35,5
DPD c HenpsiMbIM 00YY. -22,1 -32,8 -33.9 -354
EVM, % Moaud. DPD ¢ npsiMbiM 00y4. 4,08 2,24 1,82 1,69
DPD c HenpsiMbIM 00Y4. 7,84 2,30 2,56 1,70
ACPR, n1b | Moaud. DPD ¢ mpsMbiM 00y4. -28,1 -32.3 -34.2 -35,7
DPD ¢ HenpsiMbIM 00YY. -25,1 -30,6 -31.5 -32,6

-
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CrenoBaTebHO, B PACCMaTPUBAEMBIX YCIOBUSX PaOOTHI, MO-
mudupoBanseii DPD ¢ mpssMbIM 00y4eHHEM U C TIATHIO SIPAMH
yiyumaet nokasateiab ACPR YM na 11.4 n1b, a DPD ¢ HenpsimbIM
oOyuenneMm — Ha 8.3 1b.

Yucnennsie pazmunst CKO u EVM B paccmarpusaembrx DPD
HE CTOJIb 3HAYUTEINIBHBIE, T.K. 3TH TapPaMETPbI OLIEHUBAIOTCS TTOCTIE
¢unprpannu RRC-GuasTpoM i mpopeXuBaHus, T.€. TOIBKO B ITO-
J0ce 4acToT MH(OpMaIMOHHOro curnana.B Toxe Bpems, noctu-

cnm Bru

CMM curHana + Bri

CMNM curnana YM + Bl

CIMM curnana DPD + YM + Bl

&
S
.

CrM, aB/Tu
&

-100
-120
6 -4 2 0 2 4
Yacrora, 'y «108
1.6
1.4

-
L&

o
=

| y(x} |, amnnutyaa
o
> i

= AM-AM, ¥YM + BNU
* AM-AM, DPD + ¥YM + BMU
AM-AM ranana ¢ BN

0 02 04 06 08 1 12 14 1.6
| x|, amnnntyna

= AM-OM, YM + BIU
* AM-@M, DPD + ¥M + BIUL AM-3M
AM-@M xanana ¢ BMU

=

@

a

‘;“ - —'-—E”-—‘___:__

=

8

=

-200 " - . i L i - — -
02 04 06 08 1 1.2 14 18

| % |, amnnuTyna

raemblii nokaszaresis ACPR B monudunuposannom DPD ¢ mps-
MBIM 00y4eHHEM 3aMeTHO Jyuine, yeM B DPD ¢ Henpsimbim 00y-
YEHHEM.

JlaHHbIe BBIBOJBI TAKXKE MMOJATBEPKAAIOTCS IpaKaMu, KOTO-
prie st DPD ¢ nuHeHHBIM S1poM 1 HeMTUHEWHBIMU SIIpaMu 3-To,
5-ro, 7-r0 1 9-T0 MOPSAKOB MIPUBECHEI Ha pUCYHKE 7. BumHo, 9TO
B otimune oT DPD ¢ HempsiMbiM 00ydeHmeM, MOAU(DHUIINPOBaH-
ue1ii DPD ¢ mpssMbIM 00ydeHHeM PaKTUYECKH ITOJIHOCTHIO yCTpa-

CMNM Br

CIMM curHana + Bril

CIMM curvana YM + Bl

CIMM curiana DPD + YM + Brll

CMM, a6/
8

-100 -
-120
-6 -4 -2 0 2
Yacrora, 'y «108
a)
16 -
14 ?
o]
1.2
=
=
g 1
=
@08
®
=06
04
* AM-AM, YM + B
0.2 z + AM-AM, DPD + YM + Bl
AM-AM xawana ¢ BN
N> _ ; .
0 02 04 08 08 1 12 14 16
| x |, amnnutyga
0)
200
= AM-OM, YM + BT
150 « AN-OM, DPD + YM + BILL AM-OM
e AM-DM kaHana ¢ BMLU
o
@
a
=
=
=
5,
Fj‘
-200 — e i — . — -
0 02 04 06 08 1 12 14 16
| x|, amnnutyna
B)

Puc. 7. Pesynprarsl MoJennpoBaHus, ciieBa — Moauduimpoanusii DPD ¢ npsmbiM o0ydenneM, ciipasa — DPD ¢ HenpsMBIM 00ydeHHneM:
a) — CIIM; 6) — AM-AM xapakrepucTky; B) — AM-®M XapaKTepUCTHKH
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HSIET BHEIOJIOCHBIC HCKA)KCHHS B BBIXOJHOM cUrHaje Y M, u 3Ha-
YUTEJIBHO JTy4llle BelpaBHUBaeT ero AM-AM u AM-®M xapakre-
PHUCTHUKH.

Takum 00pa3om, pe3yabTaTbl MOJEIMPOBAHUS CBUACTEIb-
CTBYIOT 00 O4€BHIHOM (DYHKIIMOHAJIBHOM ITPEBOCXO/ICTBE MOJIH-
¢unmposanHoro DPD ¢ npsimbim o0yuennem niepex DPD ¢ ne-
IPSMBIM 00y4YEeHHEM B OINHAKOBBIX YCIOBHAX PAOOTHI.

Pe3ynbTaThl, aHAJIOTUYHBIE MPEICTABICHHBIM B Ta0n. | n Ha
puc. 7, TOCTUTarOTCsl U TIPH MCIIOIb30BAaHUU APYTHUX BHIOB LU}-
POBOI MOAYJSIIIMY WH(GOPMAIIMOHHBIX CHMBOJIOB, M TIPH APYTHX
pasmepax ux andapuros npu OCIL, 103BOISIONIEM 3TH CUMBOJIBI
pa3nmuyath. [Toxoxue pe3yabTaThl MOMYyYalOTCs M IPH HCIIONB30-
BaHUM MOJIeNeN APYruX HeIUMHEHHBIX Y M.

BrIBoABI

Taxkum oOpa3om, B JaHHOH craTtbe paccmorpeHsl DPD ¢ He-
npssMbIM 00ydeHneM U MoaupuimpoBanuslii DPD ¢ mpsiMbiM
oOydenueM. Pe3ynabpTaTbl KOMIIBIOTEPHOI'O MOJECIHPOBAHMS JIe-
MOHCTPHUPYIOT paboTocmocobHocTs 3THX DPD, a Taxke nemMoH-
CTPHUPYIOT SIBHOE (PYHKIIMOHAIBHOE MPEBOCXOJCTBO MOJIU(PUIIH-
posannoro DPD c¢ npsiMbiM 00yuennem niepes DPD ¢ Henpsimbim
oOy4yenueM B TepmuHax 3Hadenuit CKO n EVM undopmaimion-
HBIX CUMBOJIOB B BBIXOJIHOM CUTHAJI€ HEJIMHEHHOTO Y M, B TeépMUu-
Hax 3HayeHuit ACPR, a Take B TepMHHaxX BH/a BHIPOBHEHHBIX
AM-AM u AM-®M xapaxtepuctuk. [lomyueHHble pe3yabTaThl
MOTYT OBITh I0JI€3HBI PU BbIOOpE apxurekTypbl DPD ms pas-
TMYHBIX YM pagmonepeaaTankoB COBPEMEHHBIX CHCTeM I dpo-
BOM paJInOCBSI3H.

Paboma nposedena 6 pamxax 6b1noaHeHUsA 20CY0APCMBEHHO20
sadanua HUL] «Kypuamosckuii uncmumyms.
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COMPARATIVE EFFICIENCY OF SIGNAL DIGITAL PREDISTORTERS
BASED ON ADAPTIVE RECURSIVE LEAST SQUARES ALGORITHMS

Victor I. Djigan, National Research Center "Kurchatov Institute", Moscow, Russia;
National Research University of Electronic Technology, Moscow, Russia,
dzhigan_vi@nrcki.ru

Abstract

Digital signal predistortion is widely used in radio transmitters of communication systems today. It allows to linearize the so-called
Amplitude-to-Amplitude Modulation (AM-AM) and Amplitude-to-Phase Modulation (AM-PM) characteristics of nonlinear power amplifiers
(PA). The linearization occurs due to the predistortion of signals comming at the PA input so that the resulting AM-AM and AM-PM char-
acteristics of the cascade connection of the Digital Predistorter (DPD) and nonlinear PA are linearized. As a result, the out-of-band dis-
tortions are reduced in the PA output signal. This leads to an increase in its desired output power and leads to the elimination of the
distortions of the transmitted informational symbols. A DPD is an adaptive device. There are two kinds of the DPD: with indirect and
with direct learning. Adaptive DPD with indirect learning are mainly used. They can use the adaptive filters based on both the simple
stochastic gradient descent algorithms and can use the more complex and more efficient Recursive Least Squares (RLS) criterion algo-
rithms. The RLS algorithms cannot be used in the traditional DPD with direct learning, but they can be used in the modified architec-
tures of the DPD. The paper considers the architectures of the mentioned DPD and their mathematical models when using the adap-
tive filters based on the RLS algorithms. The comparative efficiency of the considered DPD is demonstrated by means of computer sim-
ulation. The simulation uses a model of a PA with memory. The nonlinear DPD is modeled by a multichannel linear adaptive filter, the

—
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channels of which correspond to the truncated diagonal kernels of odd degrees of Volterra filters. The memory depth (the number of
delay elements in each channel of such a filter) equals to the doubled memory depth of the PA model. The adaptive filter weights have
been calculated using the RLS-algorithm in both of the considered DPD. It has been found that when using a linear kernel and truncat-
ed diagonal kernels of the third, fifth, seventh and ninth degrees, the modified DPD with direct learning almost completely eliminates
the out-of-band distortions in the PA output signal. Using such DPD for the PA under consideration, the signal distortion suppression
has been achieved of about | 1.4 dB, while using DPD with indirect learning it has been achieved of about 8.3 dB. These numerical indi-
cators, graphs of spectral power densities and graphs of AM-AM and AM-PM characteristics demonstrate the functional superiority of
the DPD with direct learning compared to the DPD with indirect learning.

Keywords: Digital Predistorters (DPD) of signals, power amplifiers, Recursive Least Squares (RLS) adaptive filtering algorithms, indirect learning
DPD, direct learning DPD, traditional architecture, modified architecture
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ANA BbICOKOHAZl@XXHOW nepejAayyu [AaHHbIX B YC/OBMAX
noMex u wusMmeHumsoctu KB kananos. lMpeacraBnensl
paspaboTaHHbie ana atux uenen B MI'TY ycrpoiicTtea ana-
THOCTMKM M BbICOKOHaJIeXXHOM nepepaun uHgopMaummn c
WUCnonb3oBaHUEM NpPOrPaMMHO-KOH(UrypupyeMbix TexHo-
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BBenenue

B Hacrosiiee BpeMst pa3BUTHE OECIIPOBOAHBIX MH()OKOMMY-
HUKAIMOHHBIX TEXHOJIOTHH OOYCIaBIMBAET MMOCTAHOBKY HOBBIX
3aja4, IMPEIIoNIaralolluX HCIIOIb30BaHNE CIOKHBIX CHTHAJIOB
Pa3IMYHOTO THIA W COBPEMEHHBIX METOIOB MX 00pabOTKH, YTO
BJEYET 32 COOOH MOAEPHHM3AIMIO paJrocHCTeM. B wacTHOCTH,
BHE/IPEHNE MHOTORJIEMEHTHBIX OECIIPOBOIHBIX CEHCOPHBIX CETEH
(BCC) tpebyert pa3paboTKH CIIEIHATH3NPOBAHHBIX aITOPUTMOB U
MIPOTOKOJIOB C MOCJIENYIOUIEN X MpOrpaMMHO-aNIapaTHoil pea-
nu3anueit [1-2], a Takke co3qaHus anrOpUTMOB, 0OecreunBaro-
muX (QyHKOMH CaMOKOH(HIYpanuy, caMocOOpKH, caMOIHarHo-
CTUKH U CaAMOBOCCTAHOBJICHUA B YCJIOBHUAX U3MCHCHUSA BHEIIHEH
Cp€abl UJIK OTKa3a OTACIIbHBIX CCTCBLIX Y3JI0B.

JlanHbIe 3a1a4u 00J1aJa0T CYIIIECTBEHHOMN CII0KHOCTBIO, T.K.
Ha KB paanoxanai okas3pIBaeT CyIeCTBEHHOE BIHMSHIE YaCTOTHO-
BpEMEHHAs! M3MEHYMBOCTh YCJIOBHH PaclpOCTpaHEHUs! B Cpeie
(noHocepe) M N3MEHYMBOCTh BHYTPUKAHAJILHBIX ITOMEX Pa3jiny-
HOMW TPUPO/IBI, 0COOCHHO COCPEAOTOUCHHBIX ITOMEX. XOPOIIO H3-
BECTHO, uT0 KB cHurHasibl pacpocTpaHsIOTCs OT MepefaTinKa K
MIPUEMHUKY CKAaYKOBBIMH MOJAMU — Jy4aMH OTPaKarOIIMMHUCS
TIOCIIE0BATENBHO OT CJIOSI HOHOC(EPHI U 3eMITH. J[11s1 CKauKOBOTO
pacIpocTpaHeHUs IPUHIUITNAIEHOE 3HAYEHNE NMEIOT HOHOC(hep-
ueie cnou: E, F1, F2.B cucremax mudpoBoii cBs3u nHpopMaus
NepeiacTCsl AOCTaTOUYHO AJIMHHBIMHU HMITYJIbCAMH, KOTOpPBIE Ha
[IPUEMHOI aHTEeHHE HHTep(epupyloT. B pesynprare npossisercs
HeraTUBHBIA 3()(eKT MEKMOIOBOH YaCTOTHO-BPEMCHHOM [THC-
nepcun (paccessHusl UMITYJIbCOB TI0 JOIIEPOBCKOW 4acTOTe M 3a-
JIEPKKe), MPUBOISALINI K 3aMUPAHUSIM CUTHaIa. MOJIOBBIN COCTaB
CHUIr'HaJia 3aBUCUT OT MNPOTXKECHHOCTH TPACChl U MCHACTCA OT I'€O-
¢dusnueckux ycnosuii cpespl. Hanpumep, mmHa ckauka mojpsl 1E
He npessimaet 2000xym, 1F1 — 3000 kv n 1F2 — 4000 kM.

J11s1 IOBBIIIEHNSI B TAKUX YCJIOBHSX HAJEKHOCTH M KAauyecTBa
CBSI3M HE00XO0IMMa padoTa B ONTUMAIBHOM PEKMME, KOTOPBIH H3-
32 M3MEHUYMBOCTH KaHala M KaHAIBHBIX IOMEX JOJDKEH OBITH
anantuBHbIM. [locnenHee TpeOyeT MCHONB30BaHUS CPEACTB CEH-
COPHOM JIMarHOCTHKH MapaMeTPOB ANUCIIEPCUH U TTIOMEX. 3aBUCH-
MOCTb YCIIOBHII paciipoCTpaHEHHUs! OT reorpaduaeckoro mooxe-
HUSI TPAcChl CTaBUT 33]auy pa3pabOTKU CETEBBIX MOAXO/0B AHa-
THOCTHKH U niepeaaun uHpopManuu norpeduressim. B cBoto oue-
penb, cereBoii moaxon B KB cBsi3u 00yciaBiuBaeT qajibHekee
pa3BUTHE IIPUHIIMIIOB TIOCTPOCHHUSI COOTBETCTBYIOIMX 3a/1aue ce-
Teil ¢ NIPUMEHEHHUEM TEXHOJIOTHH MCKYCCTBEHHOTO WHTEIUIEKTa
nun.

WHTeHcuBHOE pa3BUTHE CPEICTB CEHCOPHOM IMAarHOCTHKH
BCEH COBOKYITHOCTH KaHAJOB M3 IOJIOCH! Mpo3payHocTd KB pa-
TUONHHUY [4, 6-7] 00yCIOBIIIO HEOOXOJMMOCTD HCIIOB30BAHHUS
CJIOKHBIX CHTHAJIOB M YCOBEPIICHCTBOBAHHS METOMOB MX 00pa-
6otku. Takum 00pa3oM, akTyalsHOU SBISETCS MPoOIIeMa pa3BH-
THSI METO/IOB U CPEJICTBA CEHCOPHOI IMarHOCTHKH HOHOC(EPHBIX
KB panmokaHanoB Ha MHOXECTBE JAJIbHUX pajdoTpacc, a TakxKe
METO/I0B M CPEACTB BBICOKOHAIEKHOM Iepeiaun Ha OO0JIbIINe pac-
CTOSIHUS TTOJTy4EHHON HH(pOpMAIHK.

Leab paGoThl 3aKiII0YaETCsl B COBEPILICHCTBOBAHUH METOJIOB
U CPEJICTB CEHCOPHOI AMAarHOCTHKH HOHOC(EPHBIX KOPOTKOBOII-
HOBBIX PaJMOJIMHUM, a TaKkke B (OPMHUPOBAHUU CETEBBIX IOJIXO-
JIOB JUIsl TIepeAadyd JaHHBIX, HAINPABJICHHBIX Ha MOBBIIICHUE
Ha/Ie)KHOCTH M YCTOMYMBOCTH KaHAJIOB CBSI3U B M3MEHSIOLIHXCS
YCIIOBHUSIX MOHOC(EPHOH CPEIBI.

JIist TOCTHKEHMsI TIOCTABJIEHHOM LIeJIN MCIOIb3YeTCsl COBpe-
MEHHOE IPOTrpaMMHO-KOH(UTYypHpyemMoe oOopynoBaHue, obec-
MeYnBarolIee COBMEIICHNE (QYHKIMN AUATHOCTHKH paroKaHaia
W BBICOKOHAJISKHOI nepenaun nHpopmanni. IPPEeKTUBHOCTE U
NPUMEHUMOCTD TIPEITIOKSHHOTO MOJX0/a TOATBEPKIAIOTCS pe-
3yJIbTaTaMH OKCIIEPUMEHTAILHOW BepU(PHKAIUK B PEAbHBIX
YCIIOBHSIX paObOTHI HOHOC(HEPHBIX PaIHOINHIH.

1 IToaxoasl K MOCTPOECHUIO THATHOCTHYECKUX 0eCIPOBOAHBIX
cereil KB pagunonnnumii

OaHMM U3 BOIPOCOB MIPU MOCTPOCHUH JUATHOCTUUECKON CETH
SIBIIICTCS IPOTSDKEHHOCTh PaJMOINHHAN U IIIOTHOCTh OXBATa TEp-
putopuu. Kak usBectHo, 1 quarsoctuku KB paanonunuii mo-
TyT OBITh MCIIOJIBb30BaHbl BEPTUKAIBHBIC WM HAKJIOHHBIC HOHO-
30H1bl. Pa3BepThiBanue Ha Teppuropur Poccum MIOTHOM ceTH
CTaHIMH BEPTUKAIBLHOTO 30HANPOBAHUS HOHOC(EPHI COMPSIKEHO
CO 3HAYUTEILHBIMU TPYAHOCTSIMU, OOYCIIOBICHHBIMH OOLIMPHON
IUIOIIA/IbIO CTPAHBI U €€ CYIECTBEHHOMN NPOTSKEHHOCTHIO B J1071-
TOTHOM M IMIMPOTHOM HamnpaBJlIeHUsIX. B cioxuBiueiics curyanun
Han0oJee PalMOHAIBHBIM IPEJICTABISACTCS CO3AaHHE CETH I
BEPTHKAJIbHO-HAKIIOHHOTO 30HJMPOBaHMs, KOTOPOE CIIOCOOHO
o0ecrieunTh MOBBIIICHHYIO IUIOTHOCTh OXBaTa HaOJII0AaeMbIX
tepputopuil. [Ipu a3ToM auarHoctuueckas 06JacThb, Gpopmupye-
Masi OIHOM CTaHLUeH, JOIKHA UMETh PAJUYC, HE IPEBBIIIAIONIIN
2000 kM, 4TO COOTBETCTBYET NPEAEIbHOMN ATMHE JIy4a, OTPAXKEH-
Horo ot ciost E nonocdepsr.
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Ha pucynxke 1a noka3zaHsl TOUKH pa3MeElLEHUs CTAaHIIUN BEPTU-
KaJBHOTO 30HANPOBAHUS U KOHTPOJINPYEMbIE HOHOC(hEpHBIE 00-
nacti. O4eBUAHO, YTO BOCEMb CTAHIINH BEPTUKAIFHOTO 30HANPO-
BaHMs HE 00eCeYnBalOT TpeOyeMOi TPOCTPAHCTBEHHOM IIJIOTHO-
cTi noHochepHoro kKoHTpond. Ta e camasl CETb MOHO30HJIOB,
MpeCTaBICHHAs Ha pUCYHKe 10, HO (QYHKIMOHHPYIOIIAs B pe-
KHMME BEPTHUKAIbHO-HAKIOHHOTO 30HIUPOBAHMA, 10 3(P(EKTHB-
HOCTH COOTBETCTBYET paboTe 22 CTaHIUI BEPTHKAIBLHOTO 30HTH-
poBanusi. CieioBarenbHO, (PMHAHCOBBIE pacXo/bl Ha (popMHUpOBa-
HHUE CCTH B 3HAYUTEIBHOHN CTETNEHH ONpEACISAIOTCS BBIOpaHHOU
METOJIUKOH.

bnaromapst omucaHHON MeTOIUKEe HOCTUTAeTCs Tpedyemas
IUIOTHOCTh KOHTPOJII MOHOC(EPHOro cocTOsHMSA. J{okazareinb-
CTBOM CIIyKaT IpocTpaHCTBeHHbIe pacnpenenerns MUF(2000)
(MITY) (puc. 2), moiydeHHbIE NMPHU PaJUOMOHUTOPHHIE HOHO-
cheppl Ham ABCTpanWed B pa3iH4YHBIE MEPHOIBI CYTOK:
a—06.00UT, 6 — 12.00UT. 1o BepTHKAIBEHOW OCH TIPEICTABICHBI
Bemmurabel MUF(2000) mist paarotpace jmmHo# 2000 kM.
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Puc. 2. Ilpoctpancteennsie cTpyktypsl MUF(2000) (MITH)

IIpuMEHUTENBHO K POCCUNCKUM peausM, IPUHUMAsi BO BHU-
MaHWE TeppUTOpUAlIbHBIE MacuTadbl, Haubosee Ierecoodpas-
HBIM TNPEJCTABIACTCSA 30HANBHBIA MPHHLIUI K TOCTPOCHUIO CETH.
[Tpn Takom pemennn 3-4 30HBI CIIOCOOHBI PA3JEIUTh TEPPUTO-
puto Poccuu o mupore. CTpyKTypa ceTH B TpaHULaX OTAEIbHOI
30HBI MOXKET (POPMHUPOBATHCS 110 AHAIOTHH C aBCTPAIIMHICKON MO-
Jenbro. [IpyHIMN MOCTPOEHUsI UMEET UePapXUUECKHUI XapaKTep.
Wndopmanns U3 30HATBHBIX HEHTPOB AKKyMYJHPYETCS B IICH-
TPAJIBHOM Y37€ CETH. B 30HaNBHBINA IEHTP NOCTYNAIOT JaHHBIE OT
HMOHO30H/I0B, Pa3MELICHHBIX B COOTBETCTBYIOIEHN 30HE.

2 UcciienoBanue NpUMEHNMOCTH METOI0JI0TUH GeCIPOBOIHBIX
CEHCOPHBIX ceTell /1J15 mepeAayu JMarHoCTHYeCKOoi
uHpopmanuu no KB pagnosununam

[Tpu pa3paboTke ceTH KOPOTKOBOJHOBBIX PaJMOIMHUH KITIO-
YeBOoe 3HaYCHUE MMEET BBIOOp €€ TOMoJIOrHYeckoi KoHdurypa-
LIUH, OT KOTOPOH 3aBUCSAT OCHOBHBIC MapaMeTphl (GYHKIIMOHUPO-
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BaHMS U HAJIKHOCTh CBSI3M MEXY y37daMu. B kadecTBe KoHIEN-
TyaJbHOW OCHOBBI IPOBEIECHHBIX MCCIIEA0BaHUI ObLIA HCIIOIH30-
BaHa MO/IeNb OECIIPOBO/IHBIX CEHCOPHBIX CeTel, pa3padoTaHHas 1
peann3oBaHHas B IHCTUTYTe pafMOTEXHUKN U 3JIEKTPOHUKU UM.
B.A. KorenpanukoBa PAH [1-2].

OKCHEepUMEHTAIFHOE MOJIEINPOBAHUE BBINOJIHAJIOCH HA HC-
MBITATENIFHON TUTaTOpMe MaHHOH OECIpOBOMHONW CEHCOPHOM
CeTH C y4eTOM OCOOEHHOCTE#l mocTaBiieHHOU 3a/1aun. B xo1e nc-
CJIEZIOBAHUH MPOBOAMIICS AHAN3 PA3JIMYHBIX BAPHAHTOB TOIOJIO-
Wi U ClieHapueB (yHKIIMOHUPOBAHUS CETH, BKITFOUAs OLICHKY 3(-
(EKTUBHOCTH aJbTCPHATUBHBIX CXEM MapIIPyTU3ALIUU U pacIpe-
JCIICHUS KaHaJIOB. Taxkoi TI0X0/ ITO3BOJINJI BBIIBUTH HaubOoJiee
YCTOWYMBBIE U PAllMOHAIBHBIC PEIICHHUS JJIsl OPraHU3aAIMU CBSI3H
B YCJIOBHSIX KOPOTKOBOJIHOBOTO JIMAIa30Ha.

[TpuHMMaIOCH BO BHUMAHUE, YTO B CETEBOM CTPYKTYpE C IPO-
MEXYTOYHOW peTpaHCIAIUEH aHHBIX, KOT/a JHAarHOCTHYEeCKas
nH(pOpMaNUs OT HICTOYHHWKA HE MOKET OBITh IepeiaHa HeTocpeI-
CTBEHHO ajpecaTy BCIIEACTBHE CYyIIECTBCHHON TUCTaHIIUHA MEXKTY
HUMH{ WIM TI0 IPUYUHE MEPETPYKEHHOCTH KaHalla TPaHCIALUH,
JUIS TApAaHTHPOBAHUS TOCTaBKH MH(POPMAIMN MOXKET HCHOIb30-
BaTHCS aNTOPUTM MIPOMEKYTOUHON PeTpaHCIsIuH (puc. 3).
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Puc. 3. Tononorust MoenupyeMoii CEHCOPHOH CETH € PEeTPaHCIATOPOM

OYHKIMIO PETPAHCIATOPA BBIMOJIHACT MpHUEeMOINepeaaromiee
YCTPOUCTBO (MOTHODYHKIIMOHATIBHBIH y3ei1). OHO MPUHUMAECT UH-
(opMaIMOHHBIN TTAKET OT A00OHEHTCKOT'0 yCTPOUCTBA-MCTOYHUKA
Y MPOU3BOJIUT €T0 IOBTOPHYIO Mepeayy, €Clid OTIPAaBUTENb [IPH-
CYTCTBYET B CIIUCKE JIOCTYIIa JIaHHOTO y3ja. TOT aJrOPUTM IIO-
CJIe/I0BATEIbHO BOCIPOU3BOIUTCS KaXKIbIM MOCIEAYIOLIUM MOJI-
HO(YHKITMOHAITEHBIM y3JIOM, IIPHHSBIITNM ITAKET, 0 €T0 TOCTABKH
LIEJIEBOMY MOJyYaTeNo.

PesymbraThl MOAETHHOTO OJKCIIEPUMEHTa IOKa3ald, 4YTO B
YCIIOBHSIX OTPaHUYEHHOTO KOJIMYECTBA YCTPOMCTB M HEBBICOKOI
WHTCHCHBHOCTH Tpa(uKa BEpPOATHOCTh CHHXPOHHOW TIepenadn
MAKeTOB OT Pa3IMYHBIX HCTOYHUKOB CTAHOBUTCS MPEHEOPEKUMO
Masoi. [Ipu 3TOM HU CEHCOpHBIE Y3JIbl, HU PETPAHCIATOPHI HE 3a-
JIEHCTBYIOT MEXaHU3MBI NPEIOTBPALICHUS KOJUIN3NUHN, OCYIIECTB-
Jisis TIepeiavy JAaHHBIX B CTPOTO OTBE/ICHHBIE BPEMEHHbBIE HHTEP-
BaJIbl.

Opranuzanusi CBsi3W B MPSIMOXAOTUYECKOM CETH COOTBET-
cTByeT npuHIunaMm ad-hoc Mojmenn — nereHTpaan30BaHHON Oec-
MPOBOJTHOW CTPYKTYpHl 0e3 (PUKCHPOBAHHOW apXUTCKTYPHI.
B pamkax gaHHOI MO/ieNU ceTEeBOE B3aUMOJICHCTBHE PeaTu3yeTcst
32 CUET TUHAMUYECKOTO YCTAHOBICHHUS COCAMHCHUH MEKIY
YCTPOUCTBAMH, KOTOPBIE CAMOCTOSTEIFHO (POPMHUPYIOT CETEBYIO
TOTIOJIOTHIO.
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Puc. 4. Ctpykrypa npsiMoXaoTHYECKOH OECITpOBOIHOM CEHCOPHOH CEeTH
B pexume ad-hoc

OcHoBonosaratomuil npuHOMN nocrpoenust ad-hoc cern co-
CTOHT B YCJIOBHH, COTJIACHO KOTOPOMY KasKAbIH y3el OecripoBo-
HOH CEHCOPHOM CETH HAaIlpaBJeH Ha Iepenady JaHHBIX, aIpeco-
BaHHBIX ITPOYUM y371aM. [Ipu 3ToM BEIOOD y371a MPOU3BOAMUTCS AU~
HAaMHUYECKH, OMHUPAsCh HA TOIMOJOTHIO CBA3HOCTH ceTH (puc.4).
OcHoBomoararomas uaes, Jexamias B QyHIaMEHTE MPsIMOXao-
THYECKO#M OCCIPOBOHOI CEHCOPHOM CETH, 3aKJIHOYaCTCsS B TOM,
YTO NMpH KOHPUIYPUPOBAHUM MpUEMOIepeaTynka Ha padoTy B
PEeXUME PETPAaHCISITOpa U TMOJIKIIOYCHUH K HEMY CEHCOPHOTO
y3I1a, OH OYZIeT pean30BbIBATH OJIHOBPEMEHHO JIBE (PyHKIUH: pe-
TPaHCIMPOBaTh JaHHBIE OT BHEUIHUX HPUEMOIIEPEATYUKOB M
TpaHCIMpoBaTh B >(up mHPOpMAnNUIo, MOCTYHAOUIYI0 OT CO0-
CTBEHHOT'O CEHCOPHOTO y3J1a.

[Tpn BBIOOpE arOpUTMa YNpABJIEHHS CETHIO B KaYECTBE OC-
HOBHBIX KpPUTEpHEB ObIIM BEIOPAHBI: IPOCTOTA peann3aluy 1 ra-
paHTHpOBaHHOE OOHAapyXEHHE BceX y3JoB. [l mccienoBaHus
cercopHoii cetn KB pamnommanii mcmonb3oBanacek miaTdopma
OMNeT++. Mogenp npencrasisiia ad-hoc ceTh 1Mo MPOTOKOIY
AODV ¢ nSThI0 y3/1aMH, PacON0KEHHBIMHU B T. Mockse, r. Mom-
kap-Oze, o. Kump, nrt. Jlukcon u r. UpkyTcke, ¢ MaKCUMaIbHON
nJanpHOCTRIO 10 4500 kM. OMNeT++ mo3BoJsAn MOJENUpPOBaTh
nepesiadyy CHI'HAJIOB C yU4€TOM IIOMEX U MOTeph, a TaKke padoTy
CETEBBIX M MPUKIAIHBIX TpHIoKeHUH. CeTh ToKHA (PyHKIMOHH-
poBaTh MO MPUHIMIYY JUHAMHYECKOTO IIOCTPOCHHUSI MapIllpyTOB
Ha ocHOBe mpotokosia AODV. Kaxpiii y3en nepruoandecku 00-
MEHMBaeTCsl HHpOpMAIHEi 0 JOCTYIHBIX MapHIPyTax U 110 HE0O-
XOANMOCTH HHULIUUPYET ITOUCK MYTH K 11eJIeBoMy y3iy. [lepenada
JAHHBIX OCYIIECTBIISICTCS TOJBKO TOTAA, Korna 3¢up cBOOOEH,
YTO MPEJOTBPAIIAET KOJUTU3UH U 00ECIEUNBACT KOPPEKTHYIO 0-
CTaBKY IAKETOB. Y3IIbl MOJICPKHUBAIOT aKTyalbHOCTh MapIipy-
TOB 3a CUET PEryJIIPHON MPOBEPKH MX JOCTYITHOCTH M OOHOBIIE-
HHS HHOPMALIUHK O IOTEPsIX CBA3U. B3anuMozeiicTBie Mex 1y CeH-
COpaMH CTPOMUTCS Ha MOCHUTKE MAKETOB C KOMaHJAMH U JAHHBIMH.
HccneaoBanus MOKa3ajiM, 9YTO B TAKOW CeTH 00ecreunBaeTcs -
(heKTUBHOE paclpeieliCHUEe PEeCypCoB CETH U CTaOMIIbHOE (YHK-
HUOHUPOBAHUC JAXKE ITPU 6OJ'II)I_HI/IX PaCCTOAHUAX MEKIY Y3JIaMU.

3 UmuTanuoHHOe MO/IeJIMPpOBaHUEe OeCIIPOBOAHOI CeHCOPHOM
cetu KB paguonnnmii nepegaun 1uarHocTH4ecKom
uHpopmauuu B cpege OMNET++

Juist uccnenoBanusi (yHKIMOHUPOBAHUSI paclipeieIeHHON B
MPOCTPAHCTBE CEHCOpHOU ceTn noHocdepHbix KB panuonnuuii
nepeiauy AMarHocTHYecKoi nH(opMaluy HCIOIb30BajIach IIaT-
dhopma OMNeT++ [8] ¢ dpeiimBoprom INET [9]. Moaens nipea-
crasisieT ad-hoc cetb o mpotokory AODV (Ad hoc On-Demand

Distance Vector) u COCTOUT U3 ISITU MPUEMO-TIEPEIAIOIINAX CCH-
COpOB, Pa3MEIIEHHEIX B T. MoCKBe (LleHTpanbHbIi xab), r. ou-
kap-One (pernoHaNbHbIH peTpaHcisiTop), o. Kump (rpaHu4HbINA
y3en), nrt. JlnkcoH (apkruyeckas craniyst) u r. Upkyrck (cudup-
ckas craHius) (puc. 5). MakcuManbHasi JaJbHOCTh MEXKIY Yy3-
JIlaMH COOTBETCTBYET pEaJIbHbIM MacIITadaM pPEerHOHAJIbHBIX Ce-
Teil IMarHOCTHUKA M MOHUTOPUHTA HOHOC(EPHI.

Puc. 5. Ctpykrypa cencopHoit KB cetu B pexxume ad-hoc (AODV)
Ui 3aaayn cuMysad B OMNeT++

OMNeT++ obecrneunBaeT CHMYJISAIMIO CEHCOPHBIX CETeH
noHocepubix KB pagnonuHuii [UarHOCTUKM W Tepejadd WH-
(dbopmMaruu, MOJISTUPyYsl CUTHAJIBI C TOMEXaMH, TUCTIEPCHel 1 13-
MeHUYMBOCTBIO kaHanoB yepe3 INET. KitoueBsle HacTpoiiku: Mo-
OMJIBHOCTH JUISl CTallMOHAPHBIX Y3JIOB C KOOPAMHATAMH; PaJIno-
KoH(purypanus ¢ narepdeiicom u 3a1aHue HEOOXOANMBIX PEKH-
MOB Pa0OTHI (Y4acTOTa, IMOJIOCA, MOIIHOCTh, JaTbHOCTH Ui multi
hop, 6utpeiit, npeamOyia, 3arojloBOK), 4yBCTBUTEIBEHOCTH PHU-
€MHHKA, TIOPOTOBBIC 3HAUCHHUSI OTHOIICHHS CUTHAJI/IIIYM, MOJICIb
omubok npuaATOro coodmenus; MAC (Medium Access Control)
¢ ACK (MexaHN3M TOATBEPKACHHUH), peKAM IOy TyTIIeKca, 3a-
JTaHWe TaMayTOB M CIIOTOB MPOTHUB KOJUIM3W; OUEpEH MaKEeTOB
C 33IaHHOH €MKOCTBIO; TOTEPH B HOHOCHEpe, CKOPOCTh Nepeiaunl
nH(pOpMaLNHU, MapUIPYTH3aLUs C UHTEpBaJaMu IPUBETCTBUH, 110-
TepsIMH, TUAMETPOM M moBTOpamu ajs ad-hoc; peanuzanus mpo-
rpamMM ypOBHSI IPHIIOXKEHUSI JUIs FeHEpaliy 1 00pabOTKU JJaHHBIX
C 3aJIaHHBIMU NAPAMETPaMHU: [EJIEBBIC Y3JIbl, TOPTHI, JJIMHA MaKe-
TOB, MHTEPBAJIbl OTIIPABKH M BPEMsI CTapTa JUisi MOJEIUPOBAHUS
MHoroueneBoro tpaduka. CO0p M aHaIU3 CTATUCTUKU METPHK,
BKJIFOYasi KOJMYECTBO IIAKETOB, 3aJep)KKH, KojmdecTBO hop,
MapHIpyThl, mapameTpsl MAC-ypoBHS B CETEBOTO YPOBHS, C JIO-
TMPOBAaHNUEM JJAHHBIX JJISI TOCIIEAYIONIETO aHaIN3a.

3agaBanachk cieyromas KoHpurypanust Mmojend. LienTpanbhas
gactoTa 14,1 MI'1 ¢ monocoit mpomyckanus 3 kI 1r; Mmoaemns pactpo-
cTpanenus paxuocurHaga LogNormalShadowing ¢ mapamerpom
3aryxanus o = 1,81 u crangapTHEIM OTKJIOHEHHEM G = 4,1 b yqu-
ThIBaJIA (IIYKTyallMM CUTHaja, XapaKTepHbIe VIS CPEeIHEBO3MY-
MEHHBIX HOHOC(hepHBIX KaHaoB. CKOpPOCTh pacHpoCTpaHECHHs
3x10® m/c, poHoBBII 1rym -150 1bm 11pu tostoce 3 kI 1. MomHoCTh
nepesaTyMKoB Bapbuposanack ot 1,7 kBt (r. Momkap-Oma) 10
3,9 kBt (0. Kunp), nansaocts cBsizu — ot 1700 kM (r. Mocksa) 110
4500 kM (0. Kunp). UyBcTBUTETBHOCTD IPUEMHHUKOB OT -106 1bm
(0.Kump) 1o -134 nbwm (urr. /lukcon), moporu SNIR — ot 1 1o 6 1b.
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MertoKa SKCIIEpIMEHTa B paMKaX UCCIIEJOBAaHHS CEHCOPHOH
IUarHoCTUKH noHochepHbIx KB pagmonnauii Oblia BEICTpOEHA C
YYETOM CHEUU(PHUKN PAaCTIPOCTPAHEHNST KOPOTKOBOJTHOBBIX CHT'HA-
JIOB Ha OOJIBIINX JUCTAHIMSIX U BBICOKOM M3MEHUMBOCTH CPEMBI.
LleHTpaNbHBIM DJIEMEHTOM MOJICIMPOBAHKS CTall POTOKOJI
AODYV, anantupoBanHblii 1oj; ocobennoctn KB-nuanazona. B
OTJIMYME OT TPAIUIMOHHBIX pealn3aluii, OpPUCHTUPOBAHHBIX Ha
MOOHJIbHBIE U JIOKaJIbHBIEC OECIIPOBOAHBIC CETH, B JAHHOH KOH(pH-
rypanuy ObUIM 3a/laHbl yBEJIMYCHHBIC WHTEPBAIbl OOMEHa CIly-
KEOHBIMU COOOIIEHHUSMH W 0Ooyiee YCTOMYMBBIC IapamMeTpsbl
MapmpyTtH3aiud. Tak, uaTepBas Mexgy HELLO-cooOmenusmu
COCTaBISUT 45 CeKyH]] — Ha MOPSIIOK OOJIbIIIe, YeM B CTaHAAPTHBIX
peann3aysax, 4To MO3BOJMIO CHU3WTh HAarpy3Ky Ha KaHal MpH
COXpPaHEHHUH JJOCTOBEPHOCTH TOMOJIOTHH ceTH. JnameTp ceTn Obu1
YCTAQHOBJICH Ha YPOBHE JICCATH Y3JI0B, @ BpeMs 00X0/a Mapiipy-
TOB — AECATH CeKyHJ. sl KOMIIEHCAIllMK 3aMUPAHUM CUTHAIa U
MEPUOOB OTCYTCTBUSI CBSI3H KOJHMYECTBO MOBTOPHBIX 3aIPOCOB
MapuipyToB (RREQ) yBemmdeno mo miectd, mpu OrpaHHYCHHUN
CKOPOCTH MX TEHEpaluH JIECAThIO 3alpPOCaMU B CIHHUILY Bpe-
MEHH.

Oco0oe BHUMaHKE B UCCIICOBAHUSX YCISIOCh KAHATBHOMY
ypoBHIO, T1ie ObUT peanu3oBaH npotokon CSMA/CA ¢ mapamer-
pamu, alalTUPOBAHHBIMH T10]1 yCIIOBUSI HOHOC(EpHOH cBs3u. st
Pa3IMUHBIX reorpaUuecKix MyHKTOB UCIIOJIb30BAINCH HHANBHU-
JlyallbHble HAacTpOWKM BpeMeHHbIX wuHTepBasioB: SIFS (Short
Interframe Space) BappupoBaics oT 25 MC sl HEHTPaJIbHOTO
y3ma (r. Mocksa) 1o 55 Mc Jurs TabHUX MyHKTOB (T. MpKyTCK),
DIFS (Distributed Interframe Space) — ot 70 mo 110 mc, a amu-
TETBHOCTH BPEMEHHOTO cJ0Ta — oT 15 mo 35 mc. TaitmayTs! mos-
tBepkaeHus npuéMa (ACK) m3mersummch B tuana3one ot 1500 mo
3500 Mc, 9TO OTpaxkaso peajbHbIC 3aIePKKH PaCIIPOCTPAHCHUS
CUTHAJIOB II0 TPaccaM IMPOTSKEHHOCTBIO O HECKONBKUX THICAY
KmwioMeTpoB. EMKocTh odepeseil mepepadyn Takke 3aBHCENia OT
poiu y3na B cetu: ot 100 nakeToB st nepuepuiHbIX CTAaHLIUH
(o Kunp) mo 200 makeToB mjisi IEHTpajibHOTO y3ia (T. MockBa),
9TO 00eCIeYrnBaIo OalaHC MEXIy Oydepusaueii 1 CKOPOCTHIO
peakIuy CeTH Ha U3MEHEHUS TpaduKa.

Ha mpuknagHoM ypoBHE HCIIOJIB30BAINCH CPEACTBAa MPOTO-
kona UDP, peannzoBannsie yepe3 npminoxenus UdpBasicApp u
UdpSink, obecnieunBapme nepepady ANArHOCTHYECKHUX CO00-
mIeHn# pa3inmyHoro pasmepa — ot 40 mo 100 GaiiT — ¢ uHTEpBa-
mamu oT 50 1o 250 cekyHI B 3aBUCHMOCTH OT reorpaduaecKoro
MOJI0KeHUs y310B. IP-anpecanns BbIMONHSIIACE B IPE/ieNax Mo-
cetm 10.0.1.0/16, duro obecrmeunio THOKOE MOICINPOBAHHE
CTPYKTYPBI CETH M B3aUMOJICHCTBUS MEX/Y ITyHKTAMH.

HmuranimoHHOE MOJEIMPOBAaHUE, IPOBEIEHHOE B Cpeje
OMNeT++ ¢ ucnonszoBanuem ¢peiimopka INET, oxBaTbiBaiio
BpeMeHHOW nHTepBan 5000 cexyHH, B TeUeHHE KOTOPOTO ObLIO
obpabotano 6osee 370 ThIcSd cOOBITHIA. 32 3TO BpEMsI BBIITOJIHEHO
CBBIIIE JIECATH THICSY MEPEAay U OKOJIO COPOKA THICSY NMPUEMOB

[
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CHTHAJIOB, @ TAK)KE MPOBEICHBI JECATKHU ThICAY BBIYMCIECHUN I10-
MeX M pelIeHui 0 MpuéMe, OTpaXKaroInuX B3aUMOCHCTBIE CUTHA-
JIOB W IIyMOB B paauocpere. Boicokas 3¢ (eKTHBHOCTD KAINPO-
BaHus — 85,4% nys pemeHuit o npuéme u 66,7% nmns pacu€Ton
MOMeX — MOJTBEP/IMJIa ONTUMH3ALNIO BBIYNCIUTEIBHBIX MTPOIIEC-
COB M a/ICKBaTHOCTbh MO/ICITH.

Pa3mep naxeroB mapumpyruzanuu RREQ Ha ceTreBom ypoBHe
cocraBun 52 Oaiira (IPv4 — 20 6Gaiit, UDP — 8 6aiit, AODV —
24 Gaifra), a ¢ yaérom 3arosioBkoB MAC n PHY (Physical Layer)
— 83 Oaiira. Bpems pacmpocTpaHeHHS 3allpOCOB MapIIPyTOB Ba-
pBHEpoBaiock oT 376 1o 690 MITITHCEKYHT B 3aBUCUMOCTH OT pac-
CTOSIHMSL MEXY y3JIaMH, YTO COOTBETCTBYET 3a/I€P’KKaM, Xapak-
TCPHBIM JIsA KB-cBsasu Ipyu JaJIbHOCTAX B TBICAYN KHJIOMETPOB.
Cpennee 3naueHre hop count He MPEBHIIIAIO SAUHUIIBI B paze 00-
HapPY>KCHHUSI MApIIPYTOB, YTO yKa3biBacT Ha 3(PPEKTUBHOCTD IIIH-
POKOBELIAaTENIbHOM PacChbUIKM M CTAOMIIBHOCT TPSIMBIX KaHAJIOB
MEK/1y OOJIBIINHCTBOM Y3JIOB.

Pacnipenenenue ycrenrHod JOCTaBKM MaKETOB MPOJAEMOH-
CTPHPOBAJIO 3aKOHOMEPHYIO HEPaBHOMEPHOCTb, OTPA’KAIOILYIO
3aBHCHMOCTh KauecTBa CBSI3M OT NMPOTSDKEHHOCTH TPACCHl U Xa-
pakTepucTHK cpensl. LlenTpanbHblii y3en (r. MockBa) IpHHAMAT
JI0 BOCBMH NaKETOB, PErHOHaIbHBIH perpanciaTop (r. Momkap-
Outa) — 110 MATHAIATH, B TO BPeMS KaK JUIsl yIaIEHHBIX CTAaHIIUN
(nrt. dukcow, T. MpKyTCK) HaOMI0OMaI0Ch CHIDKCHHE JTOCTaBJIsIC-
MOCTH, OOYCIIOBIIEHHOE 3HAUNTEIbHBIMHU MOTEPSIMHU Ha Tpacce U
3amupanusamu. [luana3on uaeHTuGUKaTopoB Mapupytos (rreqld
oT 4 1o 20) 1 MOPAIKOBEIX HOMEPOB MakeToB (0T 2 1o 15) mox-
TBEPIWIT CTAOMIBHOCTh (H)YHKIIMOHHPOBAHUS CETH U OTCYTCTBHE
H36I)ITO‘IHOI>1 CUT'HaJIN3alliu, YTO YKa3bIBA€T HA aJICKBATHOCTDb BbI-
OpaHHBIX MapaMeTPOB MOBTOPHBIX IMOMBITOK MapIIPyTH3ALUU U
KaHAJIbHOTO B3aUMOJAEHCTBUSI.

[TokazaHo, 4TO TpEUIOKEHHAs] METOJIUKA MOJEITHPOBAHMUS
TI03BOJIMJIA KOMIUIEKCHO OLICHHTh B3aUMOJICHCTBHE YpOBHEH ce-
TEBOM apXMTEKTYpHI IIPH Tepeaade ANarHoCTHIecKod nHpopMa-
LIUH B yCIIOBUSIX HOHOC(hepHbIX KB-KaHamoB, BEIABUTH KITIOYEBbIE
3aBucuMocTH Mexy mapamerpamu AODV n CSMA/CA u noz-
TBEPIUTH dPPEKTHBHOCTH Pa3pab0TaHHBIX aITOPUTMOB MapIIpy-
TH3AINH IS pacIpeieIEHHBIX CEHCOPHBIX CHCTEM TUATHOCTHKH.

4 HatypHoe 3KcriepUMeHTATbHOE Hecle0BaAHHe
(parmenTa cetu ¢ peanuszanueii 0HOBpeMeHHOM
AHATHOCTHKM U 0e3011M00YHOM nepenayu HH(popmanumn
aKTUBHBIM ceHcopoMm III'TY

[ToneBble UCTIBITAHUS CETMEHTA CETH C (DYHKIUEH Mapajuielb-
HOW JIMarHOCTHMKH U Mepe/lauyl JaHHbBIX BBITOJIHEHBI HA KOPOTKO-
BOJIHOBOW MOHOC()EPHON PaMOIMHUY MPOTHKEHHOCTBIO 80 KM.
[IpenBapuTenbHble WTOTH MPOBEICHHBIX HCCIEIOBAHUN OBLIH
mpencTaBieHsl B padorax [10, 11]. B xome skcrepruMeHTa TIaHH-
poBaoch 3a/1efiCTBOBATh BCE YACTOTHHIE KAaHAJbBI, BXOAAIINE B
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CIICKTP, BBIICICHHBIN I 30HIUPOBAHUS HOHOC(HEPHOTO pagno-
kaHana. Vcronb3oBaHME IUKIMYECKH MepeiaBaeMoro cooorie-
HUSI JTAJI0 BO3MOYKHOCTH Ha OCHOBAHHH TIOJTyYEHHBIX SKCIIEPHMEH-
TAJIBHBIX JIAHHBIX C(OPMUPOBATH OMTOBYIO MAaTpHILy, B KOTOPOK
KaXJ1ast CTpPOKa COOTBETCTBOBaJIa HOMEpPY TEpeJaHHOTro coo0IIe-
HUSI ¥ ero pabouelt gactorte. B To jxe BpeMsi cTOIOIBI MAaTPHIIBI
COJICprKaJIN OLICHOYHBIC 3HAUCHNUS OUTOB, TEOPETUIECKHU COBIIA A~
ore Mex Iy coboit. OmHaKo BIUSHIE KaHAIBHBIX TIOMEX BBI3HI-
BaJI0 UCKAXCHHUS, YCTPAHEHHE KOTOPBIX OCYIIECTBIIIOCH C TPH-
MEHEHHEM METOJIOB MaTEeMAaTHUECKOW CTaTUCTHUKH, B YaCTHOCTH,
Ma)KOPUTAPHOTO MPUHITHIIA.

AHanm3 JaHHBIX BBISBUJI, YTO IS YACTOTHBIX KOMIIOHEHT, HE
HECYIIUX TOJIE3HBIN CUTHAI JIN0O0 XapaKTepH3YIOIINXCs HeT0cTa-
TOYHBIM YPOBHEM MHTCHCUBHOCTH, PETUCTPUPYIOTCS 01HI/I60'-{HbIe
OHMTOBBIC 3HAYEHHMSI, YTO OINPEICIHIIO aKTyallbHOCTh UCCIIE0Ba-
HUSI METOJIOB NOBBILIEHUs JIOCTOBEPHOCTH Iepeiaun nHdpopma-
uuu. Pe3ynbTarhl ONMCAHHBIX MOJEBBIX HCMBITaHUM [3, 5], moa-
TBEPXKAtOT 2P PEKTUBHOCTD TAHHOTO TTOJIX0/1A.

CTpykTypHas cxeMa DKCICPUMEHTAIBHOW YCTaHOBKH ITOKA-
3aHa Ha pucyHke 6. [IpoBeeHme ceaHCcoB mepeadn TaHHBIX OCY-
mecTBIsUIOCH B ceHTs10pe 2023 roma mo NVIS-tpacce, mposokeH-
HOI 10 MapmpyTy T. Moukap-Ona — 03epo SIbumK, ero npoTs-
YKEHHOCTDH COCTABIISICT Mmopsaka 80 KM.

B kauecTBe aHTeHHOro OJIOKa B TIepemaromieM IyHKTe (T.
Momkap-Ona) MCIOIb30BaCs MHPOKONONOCHBIH TOPH3OHTAITb-
He1ii aunons AH-710. B nmynkTte npuema (o3epo Snpunk) Obuta
yCTaHOBJIEHA aHAJOTM4YHAsi aHTEeHHas cucTeMa. Komruieke ceH-
COPHOM IMarHOCTUKY JIMHUM CBSI3H M NlepeJiauu TeerpadHbIX co-
obmennit mocpenctom curHania FMCW-FSK [5] Obut peanuso-
BaH Ha OCHOBE IIPOIPaMMHO-KOH(QHUIYPUPYEMOU ILIaTPOPMBI
USRP (Universal Software Radio Peripheral) [3, 7].

dopmupoBaHKE ITepeiaBacMbIX CHTHAJIOB, a TaKKe 00paboTka
MTOCTYTIAOMIHX JaHHBIX BBITTOJTHSITUCH C IPIMEHEHUEM CITSITHAIIH-
3UPOBAHHOTO IPOrpaMMHOTO obecriedeHnss 1 DBM. B ocHoBe
HAYYHOH HOBH3HBI PaOOTHI JIGXKHUT pa3pad0TKa OPUTHHATBHBIX ajl-
TOPUTMOB M COOTBETCTBYIOIIETO TNPOTPAMMHOTO OOCCIICYCHHUS
JUTSL CHHTE3a CUTHAJIOB B UX ITU(PPOBOH 00pabOTKH.

Otu anroputmbl peanusoBanbl B cpene GNU Radio Bepcuun
3.10.1.1, paborarorieii mon ympasienuem Ubuntu 22.04.3 LTS,
49T0 00eCIeUnBacT TMOKOCTh KOH(HUIYpallUH, aJanTaluo mapa-
METPOB CHUTHAJIOB K Pa3IMYHBIM pEXHMaM PaOOTHl U BO3MOXK-
HOCTH TIPOBEJICHHS IKCIIEPUMEHTAIBHBIX UCCIIE0OBAaHNI C BBICO-
KO TOYHOCTBIO.

Kak yxe oTmeuasoch, anmaparHas 4acTh HKCIIEPUMEHTAIIb-
HOr0 CT€HJa BKIIIOYalla YHUBEpCalbHbIA paguomonysis USRP-
N210, obecrieunBaBIINi BHITIOJIHEHNE [T (PO-aHAIOTOBBIX U aHa-
JIOTO-IM(POBBIX MTPE0OPA30BAHUIMA, a TAKXKE PYHKIMH UPPOBOTO
npeobpaszosanus gactoTsl (DUC u DDC). [lnst peanu3arum 3THX
omepanuii mpuMeHsuiack OBM, ocHamieHHas TUTaOUTHBIM CeTe-
BEIM HHTEpQEHcoM.

IlepenaBaeMblii curHan MNPOXOAWJI YCWICHHE IPU ITOMOLIU
yeunurenst LZY-22+, o06ecrneqnBaromiero BbIX0AHYK0 MOIIHOCTh
1o 10 Br. U3smenenne yactorel LFMCW-curnasna mpoucxouio
co ckopocThio 50 K[ '1/C Ipu yCTaHOBICHHONH OMTOBOW CKOPOCTH
50 6ut/c, 94T0 00ECIEUUBAIIO CTAOMILHOCTh MOYJISILIMUA U BBICO-
KYyIO TOYHOCTb II€Peadt JaHHbIX.

Pe3ynbraThl 30HAMPOBAHMS, NMOIYYCHHBIE B XOJE 3KCIIEpPH-
MEHTa, YIOPSI0YUBAIIMCH MO YaCTOTE JUISi CMEKHBIX KaHAJIOB C
mojtocoit 20 kI'1, mocite 9ero mist KaXKaoTro U3 HUX BRIYHCIIIOCH

oTHOIIeHHE curHai/uryMm (B nb). Busyanu3zarus napaMeTpoB 30H-
mupoanus (I13M) mo3BovITa MOMYIUTh HATIISIHOE MIPEICTaBIIC-
HHE O YACTOTHBIX 3aBUCHUMOCTSIX M BPEMEHHBIX 3aJIepXKKaX MpH-
HUMAaeMBIX MOJI, UTO JIAJI0 BO3MOKHOCTB 00JIee IETaIbHO OIICHUTH
XapaKTePUCTHKH UCCIIEAYEMOTo paarokanana [7].

[[nprHa MOIOCHL, MPUXOIAMIASLCS Ha OJMH HH()OPMAITHOHHBII
6wur, cocrapmsuia 1 xI'm. OquH CHMBOIJ TIepeaBaeMoro cooorie-
HUs coaepxan 8 out u 3anumMain nosocy 8 k[, Takum obpasom,
CcOoO001IeHNE UIMHOU 16 CUMBOJIOB OXBAaTHIBAJIO B YaCTOTHOU 00-
nactu quana3oH 128 xI'n. HawanbHas u KoHEUHast 4acTOTHI HECY-
mero JIJUM-curnana cocTaBiasyii COOTBETCTBEHHO 2 u 10 MI'm.
[TpoomKUTETBHOCT OJTHOTO COOOICHHUS, IUKIMUECKH TIOBTOPSI-
emoro 62 pasa B aquanazone 2-10 MI'u, gocturana 160 c.

B xo0/1€ sKCIIepuMEHTOB OBUIO TIEpeaHo U IIPUHSTO Tenerpad-
Hoe coobmienue "test message!!!" u coxpaneno B mamsatu OBM,
TIPH 3TOM JIEKOANPOBAHHBIE CHUMBOJIBI COXPAHSUIACH IS ITOCTIETY-
FOIIETO aHAJIN3a JJOCTOBEPHOCTH IepeIadn.

O06paboTKa IKCIIEPUMEHTAIBHBIX JaHHBIX MOKa3ala, 9To pea-
JIM30BAaHHBIA METOJ, UCHOJb3YIOLIMI YaCTOTHO-BPEMEHHOE Pas-
HECCHHE CHTHAJIa B COYCTAHUH C TeKYyIIeH TUarHOCTHKON KaHaja,
MO3BOJISIET JOCTUrATh 0E301IMO0YHON TIepejad MaJIbIX 00bEMOB
JAHHBIX B YCJOBHUAX 3arpyxeHHocTd nomexamu NVIS-kanamos
nonocheproit KB c¢Bsi3u. YcTaHOBIIEHO, YTO METOJ YaCTOTHO-
BPEMEHHOI'0 pa3HECeHUs] 0e3 JAMAarHOCTHKM KaHalla JICMOHCTPH-
PYeT CyLIECTBEHHO MEHBIIYIO 3(PEeKTUBHOCTD. [IpemioskeHHbIi
IOJIXOJT PEKOMEH/IyeTCsl JJIsl IPUMEHEHUS B OECITPOBOIHBIX CEH-
COPHBIX CETSAX Ui O0ecreYeHUs] 0e30MMO0YHON TIepeayn KO-
POTKHX TenerpadHBIX COOOIICHHA.

4 BpIBOABI

B xone nccnenoBanmii pa3paboTaHbl METOBI M CPECTBA CCH-
COpHOW JauarHocTHku HoHocdepHbix KB paanokananoB ¢ Bo3-
MO>KHOCTBIO [1apAJIJIEJIbHOM BBICOKOHAIEKHOM Iepejaun JaHHbIX.
O0G0CHOBAaHO HCIOJIB30BAHUE METOIOJIOTHH CEHCOPHBIX CEeTeil B
KadyecTBe 0a30BOW NPH ONpENeNICHHH CLIEHAPHEB MapIlpyTH3a-
LUK, TIPOTOKOJIOB OOMEHA JMAarHOCTUYECKOW HH(popManuen u
YIPaBJICHUS CETHIO.

NmuraumonusiMm MoaenupoBanueM B OMNeT++ moarsep-
k7ieHa 9 GEKTUBHOCTD MPEIOKEHHBIX aITOPUTMOB MapIIpyTH-
3anuu (Moxuduuuposanusii AODV) u aganTupoBaHHBIX Mapa-
MeTpoB KaHaabHOTO ypoBHS (CSMA/CA) mns obecriedeHus BbI-
COKOM HaJIe)KHOCTH TE€PEadn JaHHBIX B YCIOBHAX JIMHHBIX pa-
JIMOJIMHUM, KOMILIEKca rnomex U usmeHunBoct KB paanokana-
JIOB M3-32 YaCTOTHO-BPEMEHHOMN MEXMO/I0BOM JUCTIEPCUU.

B pesynpTare MoaeTMpOBaHNs BBISIBICHBI KJIFOUEBbIE OTPAHU-
YeHHs 110 JAIBHOCTH ¥ 4yBCTBHTEIBHOCTH Y3JIOB, OKa3aHa 3¢-
(heKTHBHOCTH KAIIMPOBaHMS M MpoKoit nepenaun RREQ-naxke-
TOB. DKCHEPUMEHTAIBHO IOKa3aHa BO3MOXKHOCTH peau3aliu
(hparMeHTa ceTH C OJHOBPEMEHHOMN TUATHOCTHKOW M 0€30I100Y-
HOU nepenaueii nHpopmanu Ha HoHochepHoit KB paanonnnum
MPOTSHKEHHOCTBIO 80 KM.

HUcrounuk ¢punancupoBanus. biaarogapuocru

Pabora BemomneHa mpu ¢uHAHCOBOH moanepxke Poccwii-
CKOTro Hay4yHOro ¢oHaa, rpanT Ne 23-19-00145.
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Abstract

This paper develops methods and tools for sensor diagnostics of ionospheric HF radio channels and the simultaneous, highly reliable
transmission of the acquired information. To analyze the operation of distributed sensor networks, simulation modeling was conduct-
ed in the OMNeT++ environment using the INET framework. An ad-hoc network model was implemented using the AODV protocol
with five diagnostic points and varying radio path lengths. The simulation confirmed the effectiveness of the developed routing algo-
rithms and channel-layer parameters for highly reliable data transmission in the presence of interference and variability of HF channels.
Devices for diagnostics and highly reliable data transmission developed at VSTU for these purposes using software-defined technolo-
gies are presented. A network fragment for an 80-km radio link was experimentally implemented.

Keywords: HF radio channel, diagnostic, ionosphere, sensor network, information transfer, routing algorithm, data exchange protocol, simulation

modeling, OMNeT++
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Boratbipes Bnagumup AHatonbesuy,

Cankm-llemepbypackuli 2zocydapcmeeHHbIl yHUgepcumem Knroveesie cnoea: kodbl ¢ Masioll nIOMHOCMbIO NPO8EPOK
aspokocmudeckozo npubopocmpoenus, 2. Cankm-ITemepbype, Ha YémHocmb, 65104HO-NEPECMAHOB0YHAA KOHCMPYKUUS,
Poccus, vladimir.bogatyrev@gmail.com K8d3UuUKIuYecKue Kodbl, NaKkembl oWUbOK, KAHAbI C NAMAMBHO

B cratbe paccMaTpuBaerca 3ajjaya OLEHKM NMOMEXOYCTOMYMBOCTM HEKOTOPbIX KOAOB C Manow
NAIOTHOCTbIO MPOBEPOK Ha 4E€THOCTb, MPOBEPOYHAA MaTpulia KOTOPbIX COCTaBfieHa U3 Gnokos
pasnuuHou npupopabl. PaccMoTpeH 0606LLEHHBIA MoOAXoA K OmnpeAeneHUI0 KOppeKTUpYloLen
cnocoGHOCTM KoAa AnA cnyyas, Koraa owubku npepcraBnaioT coboii KoMOGMHaLMIO nMakeToB U
He3aBUCUMBIX OLIMGOK 3alJaHHOM KPaTHOCTM, OCHOBAHHbI# Ha KOMOGMHATOPHOM NOKPbITUM
MHOXecTBa OWKUO0YHbIX no3uumii cnoea. Llenbio paHHoOW paboTbl ABnNAeTcA aHanus
KOppeKTupyiowel cnoco6HocTn aHcambnei 65104HO-NepecTaHOBOYHLIX KOAOB MO CPaBHEHUIO C
LLIMPOKO UCMOJIb3YeMbIMU GNOYHO-LIMPKYNIAHTHLIMU KOZJAMU, @ TAKXKe UX U3BECTHLIX NOAKNACCOB AnA
ncnpaBneHUs OAHOKPaTHbIX MNakeToB owWMGOK. M3BecTHO, 4To AnNA Bcex 3TUX KOHCTPYKLMiA
MaKCUManbHO BO3MOXXHAA ANMHA UCNPABNAEMOro OAMHOYHOrO MaKeTa CTPOro MeHblue pasMepa
6noka, Takum o6pasoM, ecniv pasMep 6510Ka U MaKCMManbHaA ANUHA OT/IMYAIOTCA HA €JMHULLY, TaKue
KoAbl ONMTUManbHbl B paMKax AaHHbIX KOHCTpykuui. MpoBeaeHa 3KcnepuMeHTaslbHasA OLIEHKa
ANMHBI UCMPaBNAEMOr0 OAMHOYHOTO NakeTa AnA Kopos lMnGeprta, UX AETEPMUHUPOBAHHOIO M
BEPOATHOCTHOIO paclUMpeHUsa, aHCaMOnA GNOYHO-LMPKYNAHTHBIX KOAOB, a TakKe aHcambnsa
6no4Ho-nNepecTaHoBOYHbIX KoAoB. Moka3aHo, YTo B aHcaMGne 6noY4HO-NEepecTaHOBOYHbIX KOAOB
HaxoAATCA ONTUMasibHble ANA GNOKOBBLIX KOHCTPYKUMIA Koabl NMpu nio6om pasMepe 6noka. DTum
CBOMCTBOM He o6nazaloT Apyrue pacCMOTpeHHble KOHCTPYKLMK: ANA G/1OYHO-LIMPKYNAHTHBIX KOJIOB,
BKNloyasa paclumpeHusa kopga lunGepra, onTuManbHble KoAbl HaWAeHbl NULIL ANA HEYETHLIX
3HaueHuii pasmepa 6noka. Mpu 3ToM BepoATHOCTL BbIGOpa M3 aHcaMbGnA Koja ¢ MaKCMManbHOM
KOppeKTupyiolein cnoco6HoCTbIO Bbillle ANA pacluuMpeHHoro koaa lMunbepra, uem ana obuiero
61M0YHO-LUMPKYNAHTHOTO Kofa. PaccMOTpeHHbI leTepMUHMPOBaHHbINA pacluMpeHHblit koa Mnbepra
NOKa3bIBaeT CPaBHUTENIbHO HEGONbLLYIO KOPPEKTUPYIOLLYIO CMIOCOGHOCTL M ONTUMAsIEH TONLKO MPU
NpoOCTbIX 3HavYeHuAXx pasMepa 6noka. Pesynbratbl pa6oTbl MOryT ObITb MCMONbL30OBaHbl AnNA
NOCTPOEHUA KOJOBbIX CXE€M U MOBbILLIEHUA AOCTOBEPHOCTU Mepefayu B KaHalaX CO CJIOXKHOWM
CTPYKTYPO# LUyMa, ONMUChIBAIOLLENCA FPYNMNUPYIOLLMMUCA OLUIMGKaMU.
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DNEKTPOHUKA. PAODUOTEXHUKA

BBenenne

C pa3BuTHEM COBPEMEHHBIX CHCTEM HMH(MOKOMMYHHUKAIWH K
HUM TIPEIbSBISIFOTCS BCE BoO3pacrarolye TpeOOBaHHMS K HX
Ha/I&KHOCTH, TIPOU3BOJUTEIILHOCTH U TIOMEXO0YCTOHYMBOCTH. 3a-
Jlada MOBBIIICHUS] BEPOSITHOCTH 0€301mHO0YHOM Tiepenadn coo0-
IIEHUH peraeTcsi KOMOMHUPOBAaHUEM METOJIOB C HCIOJIb30Ba-
HHEM OOpaTHOH CBs3M (Tam, IZie 5TO BO3MOYKHO) W HEIOCPEe-
CTBEHHOTO (TIPSIMOTO) WICTIPABIICHHS OIIHOOK Ha MPUEMHHKE Oe3
nepecripoca. B nepBom ciydae TpeOyercs MexaHH3M OOHapysKe-
HUSI HEKOPPEKTHO MPUHSTHIX MMAKETOB, YTO PEIIAETCSI OOBITHO C
MOMOIIBIO JJOOABIEHUSI KOHTPOJIBHON CYyMMBI, BEIYMCICHHON Ha
ocHOBe uKiIndeckoro u3oprrounoro kona (CRC, cyclic redun-
dancy check), 1 mpu HEOOXOAMMOCTH OCYIIECTBIISIETCS TIEPECTIPOC
W MOBTOPHAsI TIepeiada OUIMOOYHOI0 MaKeTa, JIN00, B THOPUIHOM
PEKHMME, JOTOTHUTENILHON M30BITOYHOCTH JIJIsl HOBOM HOIBITKH
Koppeki [1, 2]. DT METOIbI UCTIONIB3YIOTCS Ha KaHAIBHOM WIIH
TPaHCIIOPTHOM YPOBHSX ceTd. Bo BTOpoM cirydae MCIoib3yeTcs
TIOMEXOYCTOWYNBBIA KOJI, JENAIOIIUH ITONBITKY HCIPABICHHS
OmMMOOK B IPUHATHIX HAa (PU3UUYECKOM YPOBHE CETH CHMBOJIOB
[3, 4]. B nanHoll cTathe paccMaTpuBaeTcs 3ajada MPsSMOro HC-
TIPaBIICHHS ONITHOOK.

Jlist moctpoenust 3P PEKTUBHBIX METOI0B MOMEXO0YCTOWYH-
BOT'O KOJMPOBAHUS U JIEKOANPOBAHUS TPEOYETCs NCTIONb30BAHNE
a/IeKBAaTHOM MOJIENIN UCKaKeHUs MH(OopManuy B kaHaie cBsi3u. K.
[ITeHHOHOM OBLTO TIOKA3aHO CYIIECTBOBAHHUE NPEIEIBHON BEIH-
YUHBI CKOPOCTH 0€30mMO0YHOI Tmepenaun, Ha3bIBaGMOU MpO-
MyCKHO#M CIIOCOOHOCTHIO KaHaa, 3aBHUCAIICH TOIBKO OT CBOWMCTB
KaHalla ¥ IPH KOTOPOH BO3MOXKHO 00ECIIEUUTh CKOJIb YTOIHO Ma-
JIYI0 BEPOSATHOCTh OmHOKH. HEoOX0aMMO OTMETUTB, UTO MOJ Ka-
HaJIOM CBSI3M 37IeCh ITOHMMAETCsi MMEHHO MaTeMaTH4ecKasi MO-
JIelb, OIMCHIBAIONIAsl TEPEXO/HBIC BEPOSITHOCTH MEXIy BXOJ-
HBIMH U BBIXOJIHBIMH ITOCJIEIOBATEIbHOCTSIMU MIIM CUMBOJIAMH.

Knaccuueckass Teopust MOMEXOYyCTOWYHMBOTO KOJMPOBAHMS
0OBIYHO paccMaTpUBAET MO/ICIIH, B KOTOPBIX OIIMOKH IIPOUCXOJISIT
He3aBuCcHUMO. COBpEMEHHBIE METObI KOJUPOBAHMS IMPEAIararoT
KJIaCChl KOJIOB C BBIYMCINUTENBHO I(P(PEKTUBHBIMU JEKOACPAMH,
MPAaKTHYECKN BIUIOTHYIO MOJIXO/SIINE K MPOITyCKHONW CIIOCOOHO-
CTH KaHAJIOB C HE3aBHCHMBIMHU OLIMOKAaMH — B IEPBYIO OYepellb,
KaHala ¢ aJIUTHUBHBIM O€JbIM TayCCOBCKMM LIyMOM. B 3Toif
CBSI3U CIIEyeT B MEPBYIO OYEPE]lb OTMETHTh KJIACCHI MOJISIPHBIX
KOZ0B [5-7] 1 KOJIOB C MaJIol MJIOTHOCTBIO IPOBEPOK HA YETHOCTH
(MIIITY) [8; 9].

O/HaKO MO ¢ HE3aBUCHMBIMH OINHOKAMH 334acTyHO He-
aJICKBATHBI MTPOIIECCaM, IPUBOJISIINM K UCKaKCHUIO CHMBOJIOB B
peanbHBIX KaHaax cBsi3u. COBpEeMEHHBIM TTO/IX0/I0M /IS a/1arTa-
UM TaKUX MOAENEH K MPAaKTHYECKUM CHTYAIMsM SIBISCTCS WC-
TIOJTb30BaHNE TIEPEMEKEHHS, UTO TPUBOIUT K YBEIMUCHHUIO 3a7Iep-
JKeK 00paboTKK MH(pOPMaINY KaK Ha epeJaTIuKe, Tak U Ha MIpH-
EéMHIKE, OJTHAKO ITOMHUMO 3TOT0, M3BECTHO, YTO TaKas a/IalTarys
YBEIMUYUBACT PA3PhIB MEKTY IPAKTUIECKUMH XapaKTEPUCTHKAMHU
Ha/I&KHOCTH U TEOPETUIECKUMH, 33/1aBAEMBIMH IPOITYCKHOH CTI0-
coOHoCThIO KaHana. Takum o0pazoMm, AajibHeiinee yiydlleHHe
XapaKTEePUCTHUK CHCTEM CBSI3M BO3MOXKHO, €CJIM CHCTEMa TIOMEXO0-
YCTOWYHMBOTO KOJMPOBAHUSI OPHUEHTHUPOBAaHA HAa WCIIPABJICHHE
omHMOO0K, crieln(UUHBIX /IS KaHajla CBSI3H.

CrarucTryeckasi 3aBUCHMOCTH OIIMOOK B KaHalle OOBIYHO
Ha3bIBACTCS MAMSITBIO, U TIPUBOAUT K (DOPMHUPOBAHUIO CIPYIIIH-
POBaHHBIX OMMUOOK, HA3bIBaEMBIX MmakeTamu [3, 10, 11]. B reopun
KOJIMPOBAaHMSI KJIIACCHYECKUMH TIOIXOJAaMH U HCHPABIICHHS

[MaKETOB OIIMOOK sABJIAIOTCS KOoabl Puma-ColoMoHa, UCITOIL30Ba-
HUE KOTOPBIX MIPUBOANT K CPABHUTEIHHO BEIYHCIUTEIHHO EMKIM
mporeaypaM JACKOAUPOBAHUS B HEABOWMYHBIX MMOJISX, ITUKIHYC-
ckue koabl Daiipa, KOTOPBIC SBISTFOTCS BEICOKOCKOPOCTHBIMHE 1 HE
00J71a1a10T TOCTATOYHOW THOKOCTHIO B BRIOOpPE IMapaMeTpoB, WITH
WCTIOJh30BAHNEC HMTEPATUBHBIX KOHCTPYKIHH, TAK)KE BBIYHCIIH-
TEIBHO PECypCco3aTpaTHBIX W HelocTaToyHo TuOkux [12, 13]. B
MTOCTICTHUE TOIBI PACCMATPHBAIUCH BO3ZMOKHOCTH HCIIPABICHHUS
MTaKETOB ONMIMOOK C MOMOIIBIO OSPHBIX KOAOB [14, 15], a Takxe
MIIITY-konoB [16-18]. OgHaKO B 3THX CTaThsAX MajO BHUMAHHSI
yJIEJICHO aHAIU3Y KOPPEKTHPYIOIINX CBOHCTB COOTBETCTBYIOIINX
KOJOBBIX KOHCprKHI/II‘/II U B OCHOBHOM pacCMaTpuBarOTCsA METObI
JCKOTUPOBAHUSL U CBSI3aHHBIC C HUMU BEPOSTHOCTH OIIUOKH.
Kpowme Toro, e ananusupyercst koHcTpykuus MIITTU-konoB, oc-
HOBaHHAsl Ha TIPOU3BOJIBHBIX MIEPECTAHOBKAX.

B HacTosmel cTaThe paccMaTPHUBACTCS KOPPEKTHUPYFOIIAS
CHOCOOHOCTh HEKOTOPBIX Hauboyiee MHTEPECHBIX KJIAcCOB
MIIITY-k0m0B, OCHOBaHHBIX Ha OJIOKax TepecTaHOBOK. CTaThs
OpraHM30BaHa cieayronmM obpa3oM. Tak Kak OomHMcaHWE BEKTO-
POB OIIMOOK CIIOKHOW CTPYKTYPHI, a TAKKE CaMo TIOHITHE KOp-
peKTHpYIOMIEeii CHOCOOHOCTH KO/Ia TIPH HCIIPABICHUN TaKUX OIIH-
00K He SIBJISIETCS OOLICTPUHATHIM, CHavaia BBOJHUTCS MOHSTHE
00001IIEHHON KOPPEKTUPYIOIIEH CIIOCOOHOCTH, HA OCHOBAaHHUH KO-
TOpOro (hopMysupyercs: KpUTephil MOMEXOYCTOHYHMBOCTU Kak
MaKCHMAaJIbHOH JJIMHBI UCTIPABJIACMOI'O IMaKE€Ta IPpU 3aJaHHBIX
KpaTHOCTSIX IAaKeTOB M HE3aBHCUMBIX olnuOok. Jlanee mposo-
JAUTCA OKCIICPUMCEHTAJIbHas OLCHKa MaKCHUMaJIbHOM JUIMHBI HC-
MPABIISICMOTO OJMHOYHOTO MAaKeTa IS OJIOYHO-IMPKYISTHTHBIX
KOJIOB, HX MOJIKJIACCOB: KOJOB [ miibepTa, 1eTepPMUHUPOBAHHBIX H
BEPOSTHOCTHBIX PaCIIMPEHHBIX KOA0B ['miabepra, a Taxke s
OII0OYHO-TIEPECTAHOBOYHBIX KOJIOB OOIIEro BU/A.

O0001EHHAS KOPPEKTUPYIOLIAsl CIOCOOHOCTH
JIMHEHHOro Ko/ia

JInueitnsii (n, K)-kox npencrasisiet coboit K-meproe moampo-
CTPAHCTBO N-MEPHOT0O JINHEHHOT0 BEKTOPHOT'O IPOCTPAHCTBA HAJl
KOHEUHBIM TI0JIEM, Jajieeé Mbl OTpaHMYUBAEMCS PAaCCMOTPEHHEM
TOJIBKO IBOMYHBIX KOJI0B. basuc G atoro mpoctpancta — (K x n)-
MaTpulla IOJIHOTO paHra — Ha3bIBaeTCs MOPOXKAAOLIEH MaTpuLeH,
a 6asuc H opToroHasbHOro MpOCTpaHCTBA — MPOBEPOYHOI Mat-
puneil. Marpuna H mmeer pasmepHocTb XN, roe r=n—-k —
YHCII0 M30BITOYHBIX CHMBOJIOB, U 1151 Heé Bhinosnsiercs GH' = 0.
JIuHEeHHBIH KO MOXKET OBITh 3aJlaH KaK C TIOMOIIBIO TOPO’KAAI0-
Iei, TaK U C TOMOIIBIO ITPOBEPOYHON MaTpuIlsl. Heo6xommumo oT-
METUTBh, 4To i KinaccoB MIIITY-konoB, paccMaTpuBaeMbIX Ja-
Jiee, MPOBEPOYHAsi MATPUIA YaCTO MMEET JOMOIHUTEIbHBIC JIH-
HEIHO 3aBUCHMBIE CTPOKH, YTO 0OYCIIOBICHO €€ KOHCTPYKLHUEH,
TakUM 00pa30M, YKCJIO M30BITOYHBIX CUMBOJIOB Koja I = rank H
HECKOJIbKO MEHbIlE KonuuecTBa cTpok B H, aToi pazHuuel Mbl
Oyzaem npeHeOperarb.

[Tpu ncnpaBneHnN HE3aBUCHMBIX OLIMOOK BayKHEHIIeH Xxapak-
TEPUCTUKOW TOMEXOYCTOWYMBOCTH SIBISIETCSI KOJMYECTBO HC-
TIPaBIIIEMBIX OIIHOOK I, KOTOPOE YacTO XapaKTEepPHU3yeTCs BETHIH-
HOM MUHHUMAJBHOTO paccTosiHus Xemmunra do = 2t + 1 paccmar-
puBaemoro koaa. OnpeaenuTb KOPPEKTUPYIOMIYI0 CIIOCOOHOCTh
(WM MUHUMAaJIbHOE PAcCTOSIHHE) MOKHO KaK IO MOPOKIAIomIen
MaTpHILE, UCTIONb3Ysl HEKOTOPBIN BapHaHT mepedopa 1o KOI0BbIM
CJI0BaM, Tak ¥ 10 MPOBEPOYHON MaTpHILE.
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Ecnu MuHumanbHbli Bec XOMMUHTA KOJIOBOTO CJIOBA a paBeH
W(a) = dy, To B pOBEpOYHON MaTpHIC UMEETCS KOMOMHAIIMS 3
do TMHEWHO 3aBUCHUMBIX CTOJOLOB, ¥ JTF00bIE 0y — 1 cTONOIOB JH-
HelHo He3aBHCUMBI. C TOYKH 3peHUsT KOPPEKTHPYIOIIEH crioco0-
HOCTH, 3TO O3HAYaeT, YTO HUKAKHUE JIBE KOMOMHAIMHU U3 t cTono-
IIOB HE JIOJDKHBI JaBaTh OAWHAKOBBIA CHHIPOM, TO €CTh JIFOOBIE
2t cTONIOIIOB MPOBEPOYHOM MAaTPHUIIBI 00Pa3yIOT ITOAMATPHILY 0TI
HOro panra. Takum o0pa3om, mporeaypa ONpeaeneHNsT KOPPeK-
TUPYIOLIEH CIIOCOOHOCTH KO/Ia MOJKET 3aKJII0YAThCS B HAXOXK/Ie-
HUM MaKCHMAJIPHOTO 3HA4YeHUs {, AJIs1 KOTOPOTO PaHT BCEX BO3-
MOJXHBIX TOAMATPHIL U3 2t CTOJ'I6HOB SIBJIICTCSA ITOJIHBIM.

Ha ocHOBaHMM 3TOro JIETKO MOXHO IOJYYHThb, YTO
do<n—-k+1=r+1,uosr0 HEpPaBEHCTBO M3BECTHO KaK I'paHUIIA
Cunrnrona. OnHako Takol mepeOop SKCIOHEHIMAJICH, 1 Oojee
TOTO, OINpEJEICHUe MHUHUMAJIBHOTO PAcCTOSHHS KOAa B OOIIEM
cirygae — NP-tpyHas 3agada. 3aMeTnM, 4TO apamMeTp KOPpPeKTH-
pytoreii criocoOHOCTH T cileyeT paccMaTpUBaTh B CIEIYIOIIEM
CMBICIIE: KOJI MOXET HMCIPAaBHUTh JIIO0YI0 KOMOMHAIIMIO U3 He 00-
nee, yeM t ommOoK, HO TaKkKe HEKOTOpBIe KOMOWHAIINY U3 OoJiee
geM t oImmbOK — KOHKPETHBIA HA0Op 3THX KOMOWHAIMHA OTpeie-
JSeTCS CTaHMApTHOW paccTaHoBKod koxa [3]. Takmm oGpazowm,
napametp t (unmu do) — 310 ymoOHBIM (M peanu3yeMblii HA Mpak-
THKE) CIoco0 3aJaHMs MOJMHOYKECTBA BEKTOPOB OIIMOOK, HC-
IIpaBJIAEMbIX KOOOM, 3aJaHUEC K€ BCCX TAKUX BEKTOPOB HMECT
HKCTIOHEHIIHAIBHYIO CJIOKHOCTb.

B ciyuae xaHanoB ¢ MamsAThIO JAUCKPETHAS MOJENb OMIMOOK
0OBIYHO 10JIpa3yMeBacT BBE/ICHHE MOHATHS akeTa ommookK. EcTb
pas3HbIC TOAXO/BI K OIPE/IEJICHHIO TTaKeTa OMINOOK, CaMbIM IIpO-
CTBIM M3 KOTOPBIX SIBJIETCS OTIPE/ICIICHNE TaKeTa KaK MOBEKTOpa
B BEKTOPE OMINOOK €, YbH MTO3UIMH PACIIOJIOKEHBI OT IIEPBOTO 10
TIOCJIEZIHETO HEHYJICBOTO 3JIEMEHTa €, W JJMHA TakeTa paBHA
JUIMHE 3TOro nojsekropa. Ilpu Takoil TpakTOBKE HakeT Bceria
HAUMHAETCS M BCEIZla 3aKAHYMBACTCS HEHYJEBBIM AJIECMEHTOM.
CymecTBYIOT U JApyrue MOAXOAbI K ONPEEIICHNIO TTaKeTa OILIH-
00K. B 4acTHOCTH, TaKOE OMPEICIICHHE HE MOXKET OBITH 0000IIECHO
Ha CJTy4yail MHOTOKPATHBIX ITaKETOB, & TAK)KE KOMIIAyH/THBIX OILH-
0OK, COYETAIOIIMUX IMAKETHl M HE3aBUCUMEIC OIIMOKM. 3a1aauMm
OIpeJIeJICeHne CTPYKTYpPhl BEKTOpa OMIMOKM Ha OCHOBE MOAXOAA
3. M. IN'abuynuua, UCIIoIb30BAaHHOTO NP 33/IaHUU KJ1acca KOM-

omraTopHBIX MeTpuK [19]. ITycte Ny = {1, 2, ..., N} — MHOXECTBO
HOMEPOB IO3ULUI BEKTOpa U3 N 3JIEMEHTOB, TOT'Ia HOCUTEINb BEK-
Topa supp(e) = {i| & = 0, i € Ny} — MHOXKeCTBO HEHYJIEBBIX MO~

3UIUI BEKTOpa e.
Jlnis HekoToporo MHOXkecTBa A OyieM TOBOPHUTH, YTO OHO TO-

KpBIBAaeT BEKTOp OMMOKH e, ecnu supp(e) C A, T.e. BCe HCHYJICBBIC

nosurun e comepxatcs B A. Paccmotpum mEOXecTBO A = {A|, A2,

S
..o, Ash, Ai C N, Takoe, uto LJi_1 A =N, . Hycrs ms HexkoTo-

poro b
.Ab = {Bl, Bz, ceny Bn7b+1, T], Tz, . Tn},
A =B ={1,2,...,b},
A=B,=1{2,3,...b+1},
Anbi1=Bro={n-b+1,n-b+2,..,n}, (1)

Anpo=T= {1},
Anp=Tr= {2},

Aonpi1 =Ta = {n},
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3aech S =2n — b + 1 1 JoMOTHUTENbHBIE 0003HAUCHUSI TTOIMHO-
xectB B u Tj BBeneHbI 111 y100HOTO COOTBETCTBUS MAKETaM M
HE3aBHCUMBIM OLITHOKaM.

Bynewm cumtats, uto BenmunHa Z = {0, 1} nmpuHUMaeT 3Haue-

HUS HyJIS W eIuHUIbl Oyieana A, T.e. crpaBeamBo 0A = & u
IA=ATlycts 2= (21,22, ..., 2),Z € {0, 1}, mmmsa 1 <i<j<n

i
oGosuaunm uepes Z; =(Z;,Z;, .-

z j) HOJBEKTOp Z U3 MOAPS

n-b+1

UIYIMX SIeMEeHToB OoT | jgo j. [lamee, mycts Z, =177,

1
ZZ

pa3oBaH bp-KpaTHBIME [AKETaMH UTHHOM D 1 th-KpaTHBIME He3a-

S
=12, ,.,. lornaOymemM roBOPUTE, YTO BEKTOP ONIHOKH € 00-

BUCHMBIMH OIIMOKaMH, €CIIM CYIECTBYET Takol BekTop Z = (Z; |
Z,), tne W(Z;) = by, W(Z2) = tn, 171t KoTOpOro

BIUl U T}

iesupp(Z,)
()

JPYTHMHU CIIOBaMH, €CJIM BCE HEHYJIEBbIE MO3UIMU BEKTOPA
OmmMOKA € MOTYT OBbITh MOKPBITHI HAOOpOM U3 He Gonee, e by
MHOXecTB Bj (makeToB /yMHOM, He mpeBblmaroiieit b) u ty Muo-
xkecTB Ti (He3aBUCHMBIX OJTMHOYHBIX OLIMOOK), NPUUEM ITH MHO-
JKECTBA MOTYT IepeceKaThcsl. 3aMeTHM, 4TO TP 33aHHOM IIpa-
Buie (1) moctpoerus MHOXKecTB B m T omHOMY U TOMY kK€ BEK-
TOpPY OIIMOOK MOTYT COOTBETCTBOBAaThb pa3HbIC MHOKPBITHS,

T.. pasHele BeKTOpel Z. Hampumep, HocuTenem BeKTOpa

e = (0010100) sBustercst supp(e) = {3, 5}. Ilpu b = 2, by=1,
tn =1 9TO MHOKECTBO ABJIACTCA IOAMHOXECTBOM KakK O6’be):[I/IHe-

supp(e)giLile,Ai :[n[bj] z,Bi}UL U ziTi:|:

i=l iesupp(Z;)

Hust B3 U Ts, Tak 1 T3 U Bs, cymiecTBy1oT u ipyrue BapuaHThl 00b-
€/IMHEHUH, TAIOIINX MTOKPBITHE.

Takum 00pa3oM, pacCMOTPEHHOE MHOXKECTBO Ap HE MOXKET
OBITH NCIIOJIL30BAHO ISl BBEICHNUSI HOPMBI BEKTOpA M MEpPBI pac-
CTOSIHUS (METPUKH ), KaK 370 jenan O. M. ['abumynuH Juist Ipyrux
BapuaHTOB 3a1aHus A B [19], B CBA3M ¢ TeM, 4TO KaKk HOPMA, TaK

U PACcCTOSHUE SBIAIOTCS (QYHKIUAMH, a OTOOpakeHHE U3 € B 2
HEoZHO3HaYHO. bonee Toro, 1iIst HEKOTOPBIX BEKTOPOB € BOOOIIIE
HE CYIIECTBYET BEKTOpa Z, Uil KOTOPOTO BBIMOJHSIOCH ObI (2).

O603naunm uepe3 Z(e, by, tn, Ap) MHOKECTBO BEKTOPOB Z, JUis

KOTOPBIX BBIMOJHSACTCS (2) IS 3a1aHHBIX €, bn, th, Ap (3TO 03Ha-

yaet u 3ajanue b).

Taxum 00pazom, (2) MOXKET paccMaTpUBATHCS KaK 3aj1a4ya pac-
[O3HABAHMS, PE3YJIBTATOM KOTOPOM SIBISIETCSI OTBET «Ja» HIIA
«HET» Ha BOTIPOC: «SBJIACTCS JIH MHOKECTBO Z(e, by, th, Ap) Hery-

cTeiM?». JlaHHas 3a/1a4a MOKET OBITH OCHOBOW ISl ONPE/ICIICHHS
0000IIEHHON KOPPEKTUPYIOMIEH CIIOCOOHOCTH KO/, TaK KakK, KakK
MbI BUICIH PaHee, KOPPEKTHPYIOIIasi CIIOCOOHOCTH 3a/1aéT HEKO-
TOPOE MTOIMHOXKECTBO HUCIIPABIISIEMBIX BEKTOPOM OIITHOOK.

Torma 0000mIEHHAS KOPPEKTUPYIOIAS CITOCOOHOCTH KOJa MO-
JKET OBITH 3a/1aHa KaK mapameTp, ONMPeaeIAIONNNA MPH HUKCUPO-
BaHHBIX Dp, th, 1 Ap MHOXKECTBO M3 BCEX TAKUX BEKTOPOB OMIHOOK

€, U1 KOTOPBIX 3aJa4a paclio3HaBaHUA (2) HUMCECT OTBCT «Jda» U
BCC TAKUC BCKTOPHI JICKAT B Pa3HbIX CMCIKHBIX KJIacCax (I/I CJICI0-
BaTCJIbHO, UCITPABJIAIOTCSA I(O,I[OM).
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OdYeBHUIHO, TAKOE MHOJKECTBO BEKTOPOB OIHNOOK MOXKET (pop-
MHUPOBaTh HEKOTOPOE MOJMHOXKECTBO JIMJCPOB CMEXKHBIX KIac-

coB. Hammpumep, npu by = 0 MHO)KecTBO Ap HE 3aBHCHT OT b 1 co-

crout uz A= {T1, T2, ..., Ta}, u Z(e, 0, tn, A) = & n1s moboro e,

qutst kotoporo W(e) < t,, Toraa MakcumMaibHO BO3MOXKHOE th, TIpH

KOTOPOM 3a/ladya pacro3HaBaHUA (2) UMEET OTBET «J1a» TOJIBKO
JUIsl BEKTOPOB M3 Pa3HbIX CMEKHBIX KJIACCOB, COBIAAAET C pac-
CMOTPEHHOW paHee «KIaCCHICCKOI» KOPPEKTUPYIOMIEH CII0CO0-
HOCTBIO KOJIa TP MCIIPABICHAN HE3aBUCHUMBIX OIITHOOK.

[ycts Teneps t, = 0, by =1, rorma Ap = {By, By, ..., Brbs1}, 1

Z(e, 1, 0, Ap) = @ 151 BCex BEKTOPOB, 00pa3yOIIHX OAHOKpAT-

HBIU MaKeT JUIUHOM, He mpeBblmaromei b. Makcumusanus o b
JACT «KJIACCHYCCKYIO» MAKETHYI KOPPEKTHPYIOIIYIO CIOCO0-
HOCTB, T.€. MAKCUMAaJBHYIO JUIMHY IPOU3BOJEHOTO TMaKeTa, WC-
MIPABISIEMOTO KOJIOM.

B 3aBHCHMOCTH OT peIIaeMbIX 3a/1ad, MOXHO (PUKCHPOBATH
OJIHU mapamMeTpbl u3 Habopa by, tn, Ap U ompenensaTe yepes HUX

npyrue. Mbl Oyzem paccMaTpuBaTh BapuUaHT, IPH KOTOPOM JIJIs
3aaHHBIX Dy U th, T.¢. KPATHOCTAX MAKETOB M HE3aBUCHMBIX OIIIH-
00K, MAaKCUMHU3UPYETCS JUTMHA HCIPABIISIEMOT0 MaKeTa.

IMycts E(bn, tn, Ab) = {e : Z(e, bn, tn, A) = F} — MHOKECTBO
BEKTOPOB, IJIsl KOTOPBIX 3ajada (2) mMeeT OTBET «aa». IlycTh
C — muneitnbiit (N, K)-xox ¢ nposepouynoit marpunei H. JIroGbie

JIBa BEKTOPA €| U €, HE MOTYT ObITh (OJJHOBPEMEHHO) UCIIPABJICHBI
KOJOM TOI'Jia ¥ TOJIbKO Torna, koraa e H' = e;H', [yctb

5C(bn, tn, Ab) = {{61, €, .. } g 5(bn, tn, Ab) .
Vi=j) eH = ejHT}

— MHOKECTBO TakuXx BeKTOpOB u3 &(bn, tn, Apb), KOTOpBIE JI€XKAT

B pasHbIX CMEXKHBIX KJlacCax CTaHZ[apTHOﬁ pacCTaHOBKHU KOJa C.

Torna 0606mEHHON (MmH coBMecTHOM) (D, th)-KoppekTupyrorei
CHOCOOHOCTBIO KoJ/1a Oy/IeM Ha3bIBaTh BEJIHUYHHY

bO = {b}v

max
Ee (b .ty Ay )#D

T.€. MAKCUMAJIbHYIO JUTHHY T1akeTa Do, pu KoTopoii Bce BEKTOPBI,
obpasyroiue by-kpaTHbIe makeThl JUHOU Dy 1 th-KpaTHbIE HE3aBU-
CHMBbIE OIINOKH, JISKAT B Pa3HBIX CMEXKHBIX KJIaccax.

Iporieaypa onpeneners by MokeT GBITH TOCTPOEHA, HCITONb-
3ysl UJieH, OTIMCAHHBIC PaHee JIJIsl ONPEICIICHIS KOPPEKTUPYIOIIEH
CcrocoOHOCTH KOJia TI0 TPOBEPOYHON MaTpuie. B ciydae omHO-
KpaTHBIX IMaKC€TOB, aHAJOTMYHO HCIIPABICHUIO HE3aBUCUMBIX
OMMOOK, CIIOCOOHOCTh KOAA UCIIPABUTH OJWHOYHBINA TAKET JIJTH-
HO# b o3Hawaer, yTo MrOGBIC Ba Habopa W3 b moapsa wmymmx
CTOJIOIIOB MPOBEPOYHON MaTpUIbl 00pazyroT MOJMATPHUILY IOJI-
HOTO paHra, W Mpoleaypa TaKkXKe 3aKJII0YaeTcs B ONpPEACICHHH
paHra Bcex BO3MOKHBIX IT0JIMATPHUI] COOTBETCTBYIOIEH KOH(HUTY-
paumny. BerauciuTenapHas CI0KHOCTD TAKOH MPOLEAypHI TTOJIMHO-
MuaabHa. MakcuMasbHast [UIHHA UCIIPABIIIEMOrO MaKeTa YI0BIIe-
TBOpsieT Tpanuie Peiirepa: b< (n—-k)/2=r/2.

Jlerxo 00OONMTE OMUCAHHBIE paHee MPOLE Y PhI JUIs OIpejie-
JICHUSI COBMECTHOW KOppEeKTHUpYIolei crocobnoctn. Hukakue

JIBa BEKTOpa € U ej, Bxomsme B E(bn, 1y, Ap), HE MOTYT UMeEThH

OJII/IHaKOBI)Iﬁ CUHAPOM, 9TO OKBHUBAJICHTHO TOMY, qTO

MOIMATPHIIA, COCTABIICHHAS M3 CTOJOIIOB C HOMEPAMU HOCHTEIIS
BEKTOpA €j D ej, HE MOKET UMETh JINHEHHO 3aBHCHUMBIC CTOJIOIBI,

T.€. OJDKHA MMETh MOJHBIH paHT. DTO MOXKHO NPOBEPHTH, pac-
cMarpuBasi paHru noamarpuil u3 2b, 6;10k0B mo b moapsit umy-
mmX CTONOIOB (T HEeKOTOoporo 3amanHoro h) u 2t, orTmensHO
CTOSIIIINX CTOJOIOB U MAKCUMU3UPYs D IpH yCIOBHH OTCYTCTBHSE
TOIMATPHI] HEMOJTHOTO paHTa.

ANTOPUTM U HEKOTOPBIE PE3yJIBTATHI €r0 BHITIOIHEHHUS ITPHUBE-
nensl B [20], mpuBeaém 311ech MCEBIOKO JITOPUTMA IS TOJI-
HOTBHI W3JIOKEHHs. B TCeBIOKOaE HCIONB3YIOTCS ClEAyIOIne
o6o3nauenus. Ilycte H — mpoBepounast Matpuma koia, b u

th — KpaTHOCTH MAaKEeTOB M OTAEJIBHBIX OMINOOK, COOTBETCTBEHHO,
b — mekoropoe HarypambHOe uunciao. OGO3HAUYUM Uepes3 H;g:
MHOKECTBO BO3MOKHBIX TIO3MIMI 2D, makeToB mmwHOM b, Kax-
JIBIIA TTAKET BRITIOUAET B ce0st D moApsIT MyIuX HOMEPOB MO3HUITH
or 1 mo n. s yckopeHus: pabOThI ajJropuTMa MOKHO CUHUTATh,
YTO ATH MHOXKECTBA HE TIEPECEKAIOTCS, T.€. MAKEThl HE HAKJIa [bl-
BAIOTCs JIPYT Ha JIpyra — 9TO BKJIIOYAET B ce0sl MX MepecedeHue
KaK YacTHBIM Cilydail, HO yMEHbIIAeT YUCIIO MIaroB ajJropHTMa.
Hanee, nyctb thn — MHOECTBO U3 21, TPON3BOJIBHBIX MTO3UIUH,

e someamux 8 H ;E) Haxowner, uepe3 H(a, B) 0603Ha4umum mnoj-
n

MaTpuily poBepouHoit Matpuiel H, coctaBiieHHYI0 U3 CTOJIOIOB
¢ HOMepaMH 13 00beAMHEHHUSI MHOKECTB o U 3. [IceBmoko airo-
pUTMa NPUBEIEH HUXKE.

TIPOLIE/TYPA by = FindBMax(b, H, by, tn)
BXO/: Benmuunna b > by, mpoepounas (r x n) matpura H,

KPaTHOCTB TTaKeTOB D, KpaTHOCTH OMIHOOK ty
BBIXO/1: 06006méHHast KOPPEKTUPYIOIast ClIoCOOHOCTH by Kozia.

Eciu b = 0, Boszspatuts 0.

(b)
Jlns Beex O € szn

Hnsieex Be T,

Ecim rank(H(a, B)) < 2(bnb + ty)

Bosspatuts by = FindBMax(b — 1, H, by, t).

. Bossparuts b.

Anroputm. Onpenenenne 0000MIEHHOH KOPPEKTHPYOLICH
CHOCOOHOCTH JINHEWHOTO KO/Ia

Sk » b=

Kak MOXHO BHIETh M3 MPUBEAEHHOTO MICEBIOKOJIA, AITOPUTM
COCTOHT B BBI30BE PEKYPCHBHOM MPOIETypHl, KOTOPOH mepena-
€Tcsi HEKOTOpOe HadallbHOE 3HaueHue D, sBisromieecs BepxHei
rpaHuLei as Do, 1 IpH KaXI0M pEeKypCHBHOM BBI30BE 3HAUCHHUE
b ymenbinaercs Ha emuHUILY, IOKA HE CTaHEeT paBHBIM Dy — Torma
YCIIOBHE B CTPOKE 4 BHYTPH IIMKJIOB B CTPOKAxX 2 W 3 HUKOTA HE
BBINOJTHUTCSI, 3TO CBUJIETEIBCTBYET O TOM, UTO TEKYIIlEe 3HAUCHUE
b = bo.

[Mpouemaypa UAET OT GOJIBIIErO 3HAYEHHS D K MEHbIIEMY, TAaK
KaK MOKHO OHJIaTh, 4TO TpH Oosbinux b > by MbI gocTarouHo
ObICTpO OyZIeM HaXOJUTh OAMATPHIIBI HETTOJIHOTO PaHTa U Iepe-
XOIUTh K CheayroueMy 3HadeHuo b. KoHeyHo, MakcHMalibHO
BO3MOYKHBIM 3HaUCHUEM s D siBTIsieTcs N, HO 171 YCKOPEHUs pa-
0OTBI AITOPUTMA JKENATENBHO MPUOJIM3UTH 3Ha4YeHHe D Kk ncko-
MoMmy Dy, rapaHTHPOBAHHO COXPAHSs YCIOBHE BEPXHEH IPaHHLIBI.
Bocnonp3yemcst U1 3TOr0 HEKOTOPOH MoanpuKarmeid H3BecCT-
HBIX TPaHUI] KOPPEKTUPYIOMIEH CIOCOOHOCTH.

C Touxu 3penus rpanul; CHHIIITOHA U Peirepa, Makcumans-
HBIE 3HAYEHHs KOpPpEKTUpyromeld crocodnoctn t u b (s
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OJTHOKPATHBIX ITAKETOB) OJIMHAKOBBI, IIOCKOJILKY B OJTHOM Cliydae
paccMarpuBaioTCs KomOuHanuu u3 2t, a B xpyrom — u3 2b ¢tosb-
1IOB IPOBEPOYHOI MaTPHUIIBI, @ MAKCUMAJIBHBII PAaHT ITOAMATPUIIBI
H ne moxer 6biTh Gosblie, yeM rank H = r = n — k. Dto cpasy

naét rpanuipl 2t < ru 2b < r, 94TO M COOTBETCTBYET rpaHHIlAM

Cunrnrona u Peiirepa.

B cimygae coBMECTHOH KOppeKTHUpYIOIIeH COCOOHOCTH, T.K.
MBI paccMaTpUBaeM IOIMATPHIIBI U3 JIByX HA0OPOB KOMOWHAIIUIH
bn makeroB mmuHO# b u t, ommbok, oHu comepxat 2bnb + 2t,
CTOJIOLIOB, M MOYKHO IMOJYYHTh 0000IIEHHYIO Tpanully Pelirepa:

2bnb + 2ty < r. BepxHeii rpaHuIieil JTHHBI TAKETA B TAKOM CITy4ae

Oyzaer 3HaueHue

Bennuuny B npaBoii 4acTW HEPAaBEHCTBA MOYKHO HCIIOJNIB30-
BaTh KaK HayaJbHOE 3HaYeHWE D mpu mepBoM BBI30BE BBIIICTIPH-
BEIIEHHOM pPEKYpPCUBHOW IpoLenypbl. BrpluncinurenbHas Clox-
HOCTb aJrOpUTMa OIpPEAENEHUSI COBMECTHON KOPPEKTHPYIOIICH
crocoOHOCTH ompeneneHa B pabore [20], oHA 3aBHCHT OT pac-
CMAaTpUBACMBIX MMapaMETPOB U MOJMHOMUAIIbHA IPHU HC6OJ'II)I_HI/IX
3HAYEHUsIX by U th.

OueHkKa KOppeKTHPYIOLIEH ClIOCOOHOCTH
0JI0YHO-TIEPECTAHOBOYHOI0 KO/Ia

Wcnonp3ys MOIXOABI, OMHUCAHHBIC B MPEIBIAYIIEM paserne,
MPOBEAEM OIIEHKY KOPPEKTHUPYIOIMIEH CHOCOOHOCTH HEKOTOPBIX
B&KHBIX KJIACCOB KOJOB. OTpaHUYMMCS pacCMOTpEHHEM Hambo-
Jiee pacIpOCTPaHEHHOTO CIIydasl HCIPABICHUS OJHOKPATHBIX Ia-
KeToB, T.€. tp =0, by = 1.

OIHUMH U3 HTUPOKO MCIIOJIB3YEMBIX CETOHS KOJIOB SIBIISTFOTCS
KOJIbl C MaJIOH IUIOTHOCTBIO IpoBepoK Ha yérHocTh (MIIITY). B
COBPEMEHHBIX CHCTEMax CBSI3M HauOOJblIee PacnpoCTpaHeHHE
MTOJTyYMJIa KOHCTPYKIUST HU3KOTUIOTHOCTHBIX KOJIOB, OCHOBaHHAS
Ha OJI0Kax — TMEPEeCcTaHOBKAX SAMHUYHON MaTpHUIIBl. Takue KOJIbI
OIIHCBHIBAIOTCS TP TIOMOIIH TIPpOoBepoyHOit MaTpuibl H Buma

C11 C12 Clp
_ C21 C22 C2p 3)
Cyl Cv2 Cw

cocrosmie u3 y X p 6;okoB. Kaxmerii 610k npeacTaBisieT cooon
(M X m)-IBOWYHYIO MaTPHILy, TAKIM 00pa3oM, JUTHHA KOJa paBHA
N =pm, a 9UCIIO MPOBEPOYHBIX CHMBOJIOB I HECKOJIBKO MEHBIIIE
gmcna cTpok ym B (3), T.K. MaTpuIa Bua (3) uMeeT THHEHHO 3a-
BHCHUMBIE CTpOKH. OOBIYHO TIPH WCIPABICHUH HE3aBUCHUMBIX
OLIMOOK HCIIONIB3YeTCs  OJIOYHO-IUPKYJISIHTHAS. KOHCTPYKIIMS
(BLIK), Toe xax1p1ii 670K — HEKOTOpast CTETIeHb IUPKYIISIHTA C Te-
HEepaTOpPOM €JMHUYHOTO BECa, YTO COBIMAACT C MAaTPHIIEH LIUKIIH-
YECKOM NepecTaHOBKU. Takas KOHCTPYKLUS 3a1aET KBa3ULUKIIU-
YEeCKHUil KOJ M TIO3BOJISIET YIIPOCTUTD MPOLIEAYPhI KOAUPOBAHUS U
JexoaupoBaHusa. MHoOrna paccMarpuBaroT TakKe LHUPKYISIHTHL C
TeHEpaTOpOM OOJIBIIETO Beca, OJJHAKO MPAKTHYECKH BO BCEX CO-
BPEMEHHBIX CTaHJapTax cBsi3u, ucnonb3yomux MIITY-koasl, B
KadecTBe OJIOKOB HCIOJNB3YIOTCS MATPHIBI  [HAKIMYECKOU
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MIEPECTAaHOBKH, U MBI TaKke OyJIeM paccMaTpPUBATh TOIBKO TaKOH
BapuanT BLIK.

bonee xommnaktHo matpunia (3) B ciydae BIIK moxeT ObITh
MPEJCTaBICHa C TOMOIIbIO TaK Ha3blBaeMoW 0a3oBoi (Y X p)
MaTpHIIbL:

P Pp plp
Hb _ p:21 p:zz p:2p ’ (4)
pyl pyZ o pyp

31ech Pij — nenoe uncio or 0 1o m — 1, mpeacrasistoniee coooi
CTCTIeHb MATPHIIbI IUKIHYCCKON TIePECTaHOBKH, C;= Chi.

W3BecTHBI TaKkke KOHCTPYKLMH HAa OCHOBE HCIIOJIB30BaHuUs 00-
nee obmielt 6:104HO-nIepecTanoBouHOM KoHCTpYKImH (BITK), B ko-
TOPOH OJIOKHM — IEPECTAHOBKH CTOJIOIOB €IMHUYHOW MaTPHIIBI 00-
mero Buga. OueBunno, BIIK sBusercs moakmaccom BITK. Beibop
KOHKPETHBIX OJIOKOB, KaK MPaBHJIO, ONPEICISIETCS C MOMOIIBIO
WHTEHCUBHOTO KOMITBIOTEPHOTO MOJICITUPOBAHMS, BO3MOXKHO,
HAlMpaBJIEHHOTO IPU TOMOIIM HEKOTOPBIX, MOPOH JOCTATOYHO
CJIOKHBIX 3BPHUCTHK. HeKOoTOphple M3 HHUX HCIOJIB3YIOT aHAJIN3
CTPYKTYPBl MaTpHWIBI U CBA3aHHOTO ¢ Hell rpada Tammepa, a
TaK)Ke BECOBBIE PACIIPE/ICICHUS CTPOK M CTOJIOIIOB IIPOBEPOYHOI
MAaTpULbl, U I YIYYIIEHUSA CTPYKTYpPbl MAaTPUIbI MHOIAA HC-
MOJIb3YETCsl MACKUPOBaHHE MATPUIIBI (3) HYJIEBBIMU OJIOKaMH.

Kak ripaBuuio, 1ist 3 ()eKTHBHOTO UCTIPABIICHHSI HE3aBUCHMBIX
OmKOOK MPOBEPOYHbIE MATPHIBI JIOJDKHBI BKJIIOYATh OOJIBIIOE
qucio 6110koB. OOBIYHO YHCiIO OJIOKOB Y B cTobIe (3) He MeHee
YeTHIPEX, M MOXKET JIOCTUTATh HECKOJIBKUX JIECATKOB, KaK, HaIlpH-
Mep, B KOJlax cTaHaapTa MoOMIbHON cBsizn 5SG. Uucno 0J0KoB B
CTPOKE p OIpe/eNsieTcs] CKOPOCThIO KoJa R 1 MoxeT ObITh TpH-
MepHO oreHeHo kak p =7y /(1 —R).

Bo3MOXXHOCTH TPUMEHEHUs] OJIOYHO-IUPKYJISTHTHOW KOH-
CTPYKLIMH JJIsl UCTIPABIICHUS OJHOKPATHBIX [TAKETOB OIIMOOK pac-
cMaTtpuBaniach B [21], Tie ObUTO MOKa3aHo, YTO €CIU HE MCTIOJb-
3yeTcsl MACKMPOBAHUE HyJIEBBIMHU OJI0KaMH, AJIMHA OJTHOKPATHOTO
ucmpasmsieMoro makera by He npebiaer BenmuunHy M — 1. Cre-

JIOBATEIbHO, ¢ yu€ToM Tpanuibl Peiirepa by < r/2 mpu BbIOOpE

ko108 BIIK st ncripaBieHns MAaKeTOB OMMOOK WH(OPMAIIMOH-
Hasi M30BITOYHOCTH HCIOJB3yeTCsl Oojice A(PPEKTHBHO, €CIU
yucio  OJIOKOB  HEBEJIMKO. YKa3aHHAas BEPXHsSs TpaHuIla

bo < m— 1 cpaBemBa u st BITK.

[Tpu HaMeHbIIIeM 3HaYeHUH Y = 2 U3BECTHBI KOJibI [ MibepTa,
siBstroruecs noakinaccoMm BIIK u 6a3oBast maTtpuiia (4) KOTOPBIX
HUMEeT BUJI

000 .. 0
= . 5)
01 2 p-1

BaxHO OTMETHTH, YTO B KOHCTPYKIMU (5) MaTpHIla IIHUKIINYC-
ckoit mepectanoBku C TOJTyYeHA UKIMYSCKUM CIABHIOM CTOJIO-
I[OB CIMHUYHOW MATPHUIIBI BIICBO. DTO UMEET OOJIBIIOC 3HAUCHHE
JUTSL UCTIPABJICHUS ITAKETOB OIMOOK, TaK KaK IIPH UCIIOJb30BAHIH
CIBHTra BIIPABO KOPPCKTHPYIOIIAsl MAKEeTHAsl CIIOCOOHOCTh 3THX
KOJIOB PE3KO YXY/IIAeTCS. DTO CBA3AHO C TEM, YTO KOPPEKTHPY-
folIasi CIIOCOOHOCTh KOJla TPW HCIPABICHUN TAKETOB OIMHOOK
CBsI3aHA C MMOAMATPHUIIAMA U3 TOJPS WAYIINX CTOJOIOB, U €CIU
MIPYU UCTIPABICHUH HE3aBUCHMBIX OIIHOOK HCIIOJIH30BAHNE SKBH-
BaseHTHbIX MIIITY-k010B, T.€. OTIMYAIOLIUXCS NEPECTAHOBKOM
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KOOPJMHAT KOJIOBOTO CJIOBA WJIM CTOJIOIIOB MPOBEPOYHOI Mat-
pHIIBL, HE BIUSCT HAa AWCTAHIIMOHHBIC U CIICKTPAIBHBIC XapaKTe-
PHUCTHKH KOJIa, a TAK)KE Ha 0OBIYHO pacCMaTPHUBAaEMBbIC CTPYKTYPHI
rpacda TanHEpa, B CITlydae MaKEeTOB OMIMOOK SKBUBAJICHTHBIC KOJIBI
MOTYT 00JTaaTh MPUHINITAAIGHO Pa3HBIMHU CBOIICTBaMH.
KoppexTupyromas crmocobHOCTs K0m0B [ mibepra mpu mc-
TIPaBIICHIH OJHOKPATHBIX MAKETOB OIMIMOOK MOYET OBITH BBIUHC-
JICHAa aHAIUTHYECKU C TIOMOIIBIO MPOIEYPHI, ONTMCAHHOH B [22].
Ipu p = 3 ;utMHA ucnpasisieMoro nakera b = m — 1, u Takue KOJIbl
nexxaT Ha rpanune Peiirepa. OnHako ¢ pocToM mapamerpa p Kop-
peKTUpyIoIIas ClIocCOOHOCTH KOJIOB [ Mitbepra yMeHbIaeTcst mpu-
MEPHO JIMHEHHO /10 3HAYEHUS OKOJIO M/2, ¥ HAYMHAS CO 3HAYCHUIN

p ~ M/2 He u3mensiercs. Koppekrupyromias criocoOHOCTh KOJI0B

I'mnGepta st HEKOTOPBIX 3HAUEHHUH M MPUBECHA Ha PUCYHKE 1.

—0— m=13 —o— m=123
—o— m=17 —o— m =29
—o—m=19 —o— m=31

JlnnHa ucipaBnsAeMoro naxkera
—
wn
-
L

0 i | I L I I | .
2 4 6 8 10 12 14 16 18 20

Yucno 610K0B B cTpoke (p)

Puc. 1. Koppekrupytoast criocooHocts ko108 ['minbepra
IIpU UCIIPABJICHUU OJJHOKPATHBIX MIAKETOB

B [23] mpensioxeno ob6obmienue konos ['minbepra amst y = 3.
bazosas MaTpuia TaKuxX KOJA0B UMECT BUJ

0 o ... O 0
H,=| 0 1 p—2 p-1],
p—-1 p-2 ... 1 0

(6)

3amernm, 4TO KOHCTpYKIMH (5) u (6) NeTepMUHHPOBAHEI B
TOM CMBICIIE, UTO JJISl 3aJJaHHBIX ITapaMeTPOB p U M CYIIECTBYET
poBHO onuH kKox ['minbepra u ero 0600meHNe 71 ¥ = 3.

Konctpykuus (5) MoxxeT OBITH Takke 0000IIeHa 0 BEpOSIT-
HOCTHOT'O aHCaMOJIst KOJIOB ¢ 6a30BOW MaTpHIIeH

0 0 ... ©0 0
H,=|0 1 p-2 p-1], )
Po B - PBpa By
rne {Po, P1, ..., Pp-1} — cydaiiHas mepectaHoBka gucen ot 0 10
p — 1, c ycioBueM, 9To Pi+1 — Pi = 1 HE gost kakoro i =0, ..., p— 2.

JlokazaHo, 4To st MPOCTHIX M Kokl (5) 1 (6) Bcera HCIpaBIIsIOT
MAaKeThl JUIMHOW 0 M — 1, 9TO SABJIAETCS HAUITydIIEH BO3MOKHOM
KoppekTupyomei criocodHocThio st BIIK oTHOCHTENBHO pas-
Mepa 0J10Ka, OIHAKO JUIsi COCTABHBIX 3HAYCHHIH M KOPPEKTHPYIO-
I1ast CIoCOOHOCTh ITAaHHBIX KOJIOB HEM3BECTHA.

[TpoBenéM SKCHEpUMEHTANBHBIN aHAIM3 KOPPEKTHPYIOIIECH
CHOCOOHOCTH ITPH UCTIPABICHUH OJHOKPATHBIX MAKETOB YISl Clie-
JIYIOHINX KIACCOB KOJIOB!

— pacmpennsle kojs! ['mnbepra (6) u (7) ¢ pa3HBIMH pa3Me-
pamu OJI0KOB (TP TPEACTABICHUH PE3yITaTOB AKCIIEPIMEHTOB
Oynem o0o3HadaTh STH Kiacchl komoB depe3 3-Gilb m 3-Gilb
Perm, cooTBeTCTBEHHO);

— BEPOSTHOCTHBIM aHCaMOJb OJOYHO-IUPKYIISTHTHBIX KOJOB
co ciy4aiiHpiMi 0a30BbIMH MaTpunamu (4) (0003HAYMM ATOT
kiacc kak BCC);

— BEPOSITHOCTHBIM aHcamOJib OJIOYHO-IIEPECTaHOBOYHBIX KO-
JIOB CO CITy4allHO CreHEPUPOBAHHBIMH TlepecTaHOBKaMu (0003Ha-
9uM 3TOT Kiacc kak BPC).

[Ipoananu3upyem KOJbl U3 yKa3aHHBIX aHcaMOuel s y = 3,
p=6uanay=23,p=12.B cayuaey =2 pesynprarsl BI|K u BIIK
He OymyT mydie, 9eM y komoB [ minbepra, ipu ¥ = 4, Kak oTMeYa-
JIOCh, YXY[IIAeTCsI OTHOCHUTEIbHAs KOPPEKTHUPYIOIIAS CIOCO0-
HOCTB, T.K. JJISl KOJOB OJMHAKOBOHM IIMHBI U CKOPOCTH pa3Mmep
670Ka M, SBISFOIIMICSA BepxXHed Tpamuien mias by, 3amMeTHO
YMEHBILIAETCS C POCTOM Y.

Jnist yka3aHHBIX KOHCTPYKIHMH Oy/ieM OIIEHUBATH PACXOXKIIe-
HHE MaKCHMalbHOHN UTHHBI Dy HcpaBisieMoro makera u BepxHei
rpanuibl s BIIK u BIIK, paBHo#t m — 1, a Tounee, OyaeM orie-
HHUBAaTh BETUYUHY M — Do, TydIIyro (MUHUMAITBHY0) CPE/IH CreHe-
PUPOBAHHBIX KOJOB BepOATHOCTHOTO aHcamOust. [Ipu pacxoxme-
Hur M — by = 1 Oyaem nomyyaTh ONTHMANbHBIE KOJIbI, JOCTUTAI0-
e MaKCHUMAaJIbHO BO3MOJKHOW KOPPEKTHUPYIOIIEH CIIOCOOHOCTH
st BIK u BIIK.

Ha pucynke 2 mokasaHbl pe3yJbTaThl MOJCIHUPOBAHHS IS
pacmupeHHbIX Ko10B I 'minbepra Buaa (6) u (7). MoKHO 3aMETHTH,
YTO IS TPOCTHIX 3HAYCHUH pa3mepa 0J10Ka Jist 000MX KOJ0B pac-
XOXKJICHUE PaBHO €AMHHUIIE, T.€. JOCTUTACTCSl MAKCUMAaJIbHOE 3Ha-
YEeHUE KOppeKTHpYIoleil criocobHocTH. OHAKO AJIsl COCTaBHBIX
M ciyyaiiHble Kol ['mibepra mokaspIBaloT JyYIIHN pe3yJIbTar,
4eM JIeTepMHHUPOBAHHbIE: JUIs HEUETHBIX pa3MepoB OJIOKA B aH-
cam0ie Bcerya HaXOAWTCS KOJ ¢ KOPPEKTHUPYIOIIEH CIIOCOOHO-
cteio b =m — 1, a it Heuérueix — ¢ b =m — 2. Koxel Buza (6) s
COCTaBHBIX M TTOKa3bIBAIOT CPABHUTEIBHO HEOOJIBIIYIO JUIMHY HC-
MIPaBIISIEMOTO ITaKeTa.

| -Gl W 3-Gilb Perm

m— hﬂ
)
T
|

0 N
5 10 15 20 25 30 35 40 45 50 55 60
m
Puc. 2. 3aBUCHMOCTB pacX0XkICHUST KOPPEKTHPYIOMICH CIIOCOOHOCTH
pasmepa 0J10Ka AJ1s pacuIMpeHHbIX Ko10B ['mnbepTa pu p = 6

Ha pucynke 3 mpencraBieHbl pe3yibTaThl MOJECTUPOBAHHS
quist BLIK, BIIK u pacupennsix kojnoB ['undepra rnpu p = 6.
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Puc. 3. 3aBrcuMOCTb PacXOXKICHUSI KOPPEKTUPYIOIIEH CIIOCOOHOCTH
pasmepa 6soka amust MIITTY-komoB mpu y =3, p=6

Jlyist BepOsSTHOCTHBIX aHcamOuiei Obuto crerepuposano 1000
CJIy4alHBIX KOJIOB U BBIOPaHBI JIYUIIIHE U3 HUX 110 KOPPEKTUPYIO-
el crnocoOHOCTH (yBeTHMUeHHE BHIOOPKU HE PUBOAMT K 3HAYM-
MBIM HM3MCHCHUSIM pe3yibTaToB). Kak BHIHO W3 pHCYHKA, VIS
BIIK ObutM HaWICHBI KOIBI C JJIMHOW HCHPAaBISICMOTO IaKeTa
m — 1 i Bcex paccMoTpeHHbIX 3HaueHuit m, s bBLK, xak u aiis
cIIyqaiHBIX K0J0B ['minbepra, BepXHSA IpaHUIa JOCTHTACTCS IS
HEYETHBIX 3HAYCHUN M W Ha SAWHUITY XyKe JUIS YETHBIX 3HAUe-
HUH. PacmmpenHsie qeTepMUHIPOBaHHBIE KOABI | midepTa onTu-
MAaJTbHBI TIPH MPOCTHIX M U PUBEACHBI ISl CPAaBHEHUS.

W3 pucysakoB 2 1 3 BUIHO, YTO MUKIMYECKHE BEPOATHOCTHBIC
KOHCTPYKIINH, T. €. Koabl Buaa (6) n BLIK, moka3siBatoT oguHaKO-
BYIO KOPPEKTHPYIOIIYIO CIIOCOOHOCTH JUIsl Iy4IIHMX ciydaeB. Ha
pHUCYHKE 4 TIpeaCcTaBIeHa BEPOATHOCTh HAXOXKICHHUS KOJla ¢ MaK-
CUMAJIbHOW KOPPEKTUPYIOIICH CIIOCOOHOCTRIO IS ITUX KOH-
CTPYKLMI 1Ipy Heu€THOM pasmepe Oioka. Kak BuaHO U3 rpadu-
KOB, JUIS CIy4YailHBIX PacIIMpEHHBIX KOJ0B [mibepra BeposiT-
HOCTh HaxOXIeHus koja ¢ b = by 3ameTHo BhImIe, uem s BITK.

Ha pucynke 5 mpencrtaBieHBl pe3ylbTaThl MOACITHPOBAHUS
s BLK, BITK u pacmmpenHsix konoB [ mnbepra npu p = 12. J{ns
BEPOSATHOCTHBIX aHcambieil 6puto crenepupoBano 100 cmygaii-
HBIX K0/10B. Kak BUIHO U3 pUCYHKA, PE3yIbTAaThl HECKOIBKO XYKe
s BITK — mpu HEKOTOPBIX MaNbIX 3HAYCHUAX pazMepa O6oka M
He ObLIM HAlEHb! ONITUMAJIbHbIE KOIBI ¢ MAKCUMAJIBHON JUIMHOMN
nakera. 3aMeTHO Xyke pesynbTarhl ans BIK, u pacmmpenHbie
Kozbl [ mnbepTa cHOBa TIOKA3bIBAIOT HAMXYIIIMK pe3ynbTaT. Bos-
MOJKHO, [IPH YBEJIMYCHUH BBIOOPKU MOTYT OBITh HAaWICHBI KOJBI,
Oostee Onn3kKe K onTUMaNbHBIM. [Tpn 3TOM Ipu POCTHIX M, KakK
U PaHee, BO BCEX CIy4asx AJIs BCEX KOHCTPYKUUHI MOITy4EHbI KOJbI
MaKCHMaJIbHOIM KOPPEKTHPYIOMIEH CIOCOOHOCTH.

Pr[h = bo]

5 10 15 20 25 30 35 40 45 50 55 60
m (odd only)

Puc. 4. BeposTHOCTh HAX0X/ICHUS KOJIa C MAKCUMaIbHON
KoppekTupyromei cnocodnoctrio st BLK u ciyuaiineix
pacmmpeHHbIX Koo ['mnbepra
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Puc. 5. 3aBHCHMOCTD PACX0XKJICHHS KOPPEKTUPYIOIIEH CITIOCOOHOCTH

pasmepa 6soka amast MITTTY-komoB pu y =3, p =12

3akirouenue

B crarbe paccmaTpuBaeTcs 3a/1a4a ONpeAeIeHust KOPPEKTHPY-
Io1Iei criocoOHOCTH TIPH MCTIPABICHUH TTAaKETOB OMINOOK JUIs He-
KOTOPBIX KJIACCOB KOJIOB C MaJIOH TUIOTHOCTHIO POBEPOK HA YET-
HOCTb, POBEPOYHASI MATPHIIA KOTOPBIX COCTOUT u3 O0KkoB. Ha
ocHOBe kKoMmOuHatopHoit MeTpuku E.M. 'abunynaa chopmymu-
POBaH MOAXOJ K ONPEe/ICHHI0 KOMOMHUPOBAHHOTO (KOMITAyH/I-
HOT0) BEKTOpa OIMIMOKH, COCTOSIIETO B O0IIEM CITydae U3 MHOTO-
KpaTHBIX MaKeTOB M HE3aBUCHMBIX OINHOOK, a TaK)Ke TMOHSTHE
0000IIEHHON KOPPEKTUPYIOMIECH CITIOCOOHOCTH.

Jnst crydasi MCIIpaBJICHUsT OJHOKPATHBIX IMAKETOB OIIMOOK
MIPOBEJICHA IKCIIEPUMEHTAIbHAS OIIEHKA KOPPEKTUPYIOLIEH CII0-
COOHOCTH OJIOYHO-IMPKYJISIHTHBIX KOJIOB, & TAaKXKe HX IOJIKJIAC-
coB: kojioB ['mibepra. PaccmoTpeHo o6o0mieHue ko108 ['undepra
Ha OCHOBE JIETEPMUHUPOBAHHOM KOHCTPYKIIMU U BEPOSITHOCTHOTO
ancam0is1. IlokazaHo, 9T0 JeTEpMHUHHUPOBAHHBIE PACIINPEHHBIC
Kozl ['mnbepra MOCTUTAIOT ONTHMAIBHOM /U OJOYHBIX KOH-
CTPYKLIMH KOPPEKTHPYIOIIEH CHOCOOHOCTH JIMIIB JUIS TPOCTHIX
pa3MepoB OJIOKOB, TOTJa KaK BEPOSTHOCTHBIC PaCIIMPEHHBIC
koxb! ' mbepra MOTYT OBITh ONTHMAIBHEI IS JTFOOOTO HEYETHOTO
pa3mepa Ooka. ITHM K€ CBOMCTBOM 00JIaAaI0T U OJIOTHO-ITUPKY-
JISIHTHBIE KOHCTPYKIIMK OOIIEero BHJA, OJHAKO BEPOSTHOCTD
HAXOX/ICHHUs ONTHUMAJIbHBIX KOJOB Ha OCHOBE BEPOSTHOCTHBIX
pacuMpeHHbIX ko70B ['niabepra Bbilie, 4eM Jyisi 00IIero aHcam-
07151 OJIOUHO-IIMPKYJISTHTHBIX KOJOB. PaccMOTpeH Takyke BEposiT-
HOCTHBIN chaM6J'H) 6H0‘IHO-HCpeCTaHOBO'—IHBIX KOOOB, IJIs1 KOTO-
pOro MOKa3aHo, YTO OH COJICPKUT ONTHUMAJIbHBIC KOJBI JUIS JIFO-
6oro pasMepa 0J0Ka MPOBEPOYHON MATPHIIEL.

[Nomy4eHHbIe pe3yIbTaThl MOTYT OBITH UCIIOIb30BAHbI JIJISI T10-
CTPOCHHS CXeM KOJMPOBAHUS [Tl CHCTEM CBSI3H, OLIMOKH B KOTO-
PBIX XapaKTePU3YIOTCsl OJIMHOYHBIMU MAKETaMHU, [TO3BOJISIOT BbI-
MOJIHSATH aJIANTAIMIO KOJAOBBIX KOHCTPYKIHI C y4ETOM KaK CTaTH-
CTHYECKUX OCOOCHHOCTEH KaHAJIOB CBS3H, TaK M TPEOOBaHUH K
BBIYHCIIUTEIILHOM 3P PEKTUBHOCTH MPOLIESYP KOJUPOBAHUS U Jie-
KOJIMPOBAHMUSL.

Paboma evinoanena npu ¢unancosou noooepoicke Munu-
cmepemea Hayku u evbicue2o oopaszosanus Poccutickoti Dedepa-
yuu, coenauenue Ne FSRF-2023-0003, «@ynoamenmanvrvie oc-
HOGbl NOCMPOCHUS NOMEXO3AUWUIEHHBIX CUCTEM KOCMUYECKOU U
CHYMHUKOBOT C83U, OMHOCUMENbHOU HABUSAYUL, MEXHUYECKO20
3PeHUs U AIPOKOCMUUCCKO20 MOHUMOPUH2AY.
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Abstract

The article discusses the problem of evaluating the noise immunity of some codes with a low density of parity checks, the parity-check matrix
of which is composed of blocks of various nature. A generalized approach to determining the correcting ability of a code is considered for the
case when errors are a combination of bursts and independent errors of a given multiplicity, based on combinatorial coverage of a set of erro-
neous word positions. The purpose of this work is to analyze the correcting ability of ensembles of block-permutation codes in comparison
with widely used block-circular codes, as well as their well-known subclasses to correct single error bursts. It is known that for all these designs,
the maximum possible length of a fixed single burst is strictly less than the block size, so if the block size and maximum length differ by one,
such codes are optimal within these designs. An experimental estimation of the length of the corrected single burst for Gilbert codes, their
deterministic and probabilistic extensions, an ensemble of block-circulant codes, as well as an ensemble of block-permutation codes is carried
out. It is shown that the ensemble of block-permutation codes contains optimal codes for block structures at any block size. This property is
not possessed by the other constructions considered: for block-circulant codes, including extensions of the Gilbert code, optimal codes are
found only for odd values of the block size. At the same time, the probability of selecting the code with the maximum correction ability from
the ensemble is higher for the extended Gilbert code than for the general block-circulant code. The considered deterministic extended Gilbert
code shows a relatively small correction ability and is optimal only for simple block size values. The results of the work can be used to build
code schemes and increase the reliability of transmission in channels with a complex noise structure described by grouping errors.

Keywords: low-density parity-check codes, block-permutation construction, quasi-cyclic codes, error bursts, channels with memory
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B HacTosiulee BpeMA ocCyllecTBNAETCA aKTMBHOE pasBepTbiBaHWE U pa3BUTME COTOBLIX ceTew
CcTaHAapTa cBA3M nNAaToro nokonexusa (5G), napannenbHo BeAyTCA Hay'4Hble AUCKYCCUU OTHOCUTENBLHO
APXMTEKTYPHBbIX OCOGEHHOCTENH M K/IOYEBbIX TEXHONIOTMMA CreAyloLero NoKoneHusa G6ecnpoBoAHbIX
ceTeit. B paMKax AaHHbIX CTaHAApPTOB 3HaYUTENIbHOE BHUMaHUE yAlenAaeTca CLeHapuAM NpUMeHeHus
WutepHeta Bewen (Internet of Things, loT). B cuctremax Maccosoro loT OCHOBHBIM cLeHapuem
nepeAayn AaHHbIX ABNAETCA CLEHApUA MaccOBOM MexMmaluHHow cBasm (mMTC). Opuum us
OCHOBHbIX TpeGoBaHuAMY K cueHapuio MMTC ABnAeTcA BO3MOXKHOCTL 06pabOTKM NOTEHLMUANIBHO He
OrPaHMYEHHOTO KONMYeCTBa YCTPOWCTB. TeHAEHUMA Pa3sBUTMA [JAHHOIO CLieHapusa npeananoraer
noBbILLEHWE KONUYECTBa YCTPOWCTB B paMKax paboTbl oaHOM Touku focTyna. Bonblwoe konuvecteo
ycTpoicTe oGycnoenueaer Heo6x0AUMOCTb UCMONbL30BAHNA METOZOB CIy4aMHOIO MHOXXECTBEHHOTO
AocTyna Ans nepepayu no ob6ueMy kaHany. B takom cnyyae, Bospacraior Tpe6GoBaHuA K NokasaTensaM
3¢ dektmBHOoCTU Oyaylux nokoneHun cucreM GecnpoBOAHOW CBA3M, TaKMM KaK: NpPOMycKHas
CNOCOGHOCTb, MNOTHOCTb NOAKMIOYEHUA YCTPOWCTB, 3alepXKKa nepeflaum AaHHbIX. B coBpeMeHHbIX
ceTAX ucnonb3yeTcAa 4-wiaroBasa npoueaypa chy4vaiHoro paoctyna. OpHako, ucnonbsoBaHue 4-
LLIAroBou npoueaypbl B paMKax CLEeHapua MacCOBOM MEXMaLUMHHOW CBA3W MMeeT pAf HeAO0CTaTKOB:
Gonbwoi ob6beM nepepaBaeMbiX cNyXebGHbIX coObLiEHMIA MO OTHOLIEHUIO K NepepaBaeMoW
nucdopmauun ot ycrpoiicte UntepHeta Beleli, yBenuuenne BpeMeHu nepefauu us-za Gonee
nospaHero o6HapyxeHua konnusui. B HoBbIX cTaHaapTax 6ecnpoBogHbix ceTel (5G NR) nobaenena
BO3MOXXHOCTb MCMOJNIb30BaHUA 2-LLIAr0BOM MpOLEeAypbl Cy4aiHOro [OCTyna, KOTopasA yMeHbluaeT
Konu4yecTtBo cnyebHbix coobuieHuin. OfHaKo, B HeKOTOpbIX cny4Yasx JAaHHaa npoueaypa
Cny4YaiHOro AOCTyNa TaKKe MMeeT HEe[O0CTaTKU: YyBeNUYeHWe BEpPOATHOCTU KOMIMZUM [AaHHBIX.
Moatomy B pAage paboT onucbiBaeTcA BO3MOXHOCTb Nepexoja OT 2-lLaroBoW npoueaypbl B 4-
warosyio npouenypy npu ycnoeum nonyydenusa fallback RAR. TouHoi copMynupoBku Takoro
nepexoaa HeT. B paHHoi paGoTe npepanaraeTcAs HeCKONbKO BapMaHTOB TaKoOro nepexoja M
NPOBOANTLCA CPaBHUTENbHBINA aHanu3 3Tux nepexopos. Mo pesynbTataM aHanusa Aenaerca BbIBOA,
4YTO HEKOTOpble BapuaHTbl Nepexoaa ABNAIOTCA HaubGonee NEpPCNeKTUBHLIMU ANIA BO3MOXHOIO
MCMonb30BaHMA B MpoLieAypax Cly4aiHoro Aocrtyna Gyaylumx nokoneHuit 6ecnpoBoAHbIX CeTeM.
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CBA3b

BBenenune

AJNTOPUTMEI CITy4aifHOTO JOCTYIa UTPAIOT KIIFOYEBYIO POJIH B
YIpaBICHUN COSIWHCHUSAMHU YCTPOMCTB B OECIPOBOIHBIX CETSX,
0COOEHHO B YCIOBHSX PACTYIIETO YHCIIa YCTPOUCTB. DTH ajro-
PHUTMbI 00€CIIEYMBAIOT MEPBOHAYAIBHBIN JIOCTYI I10JIb30BATEIb-
ckoro obopynoBanust (UE) k cer, 4To SIBISIETCS KPUTHUYECKU
Ba)KHBIM JTallOM yCTaHOBJICHMsI CcBsi3u. Hambounee pacnpoctpa-
HEHHOHM IpoLEAypoH ClyyailHOro 1ocTyma sBiseTcs 4-1aronas
npoueaypa ciydailHoro noctyna. JlaHHyr mpouenypy MOKHO
OMKCATh MPU MOMOIIM ClIeAYIoero airoputma [1]:

IIar 1. Kaxnaplil moap30BaTeNb HE3aBUCUMO MPUHUMAET pe-
[ICHUE O Tiepeiadn cooOmeHns msgl B Havae Kaapa 4-1aroBoi
TIPOIEAYPHI CITyIaiHOTO JOCTYTIA.

[ar 2. ba3oBas cTaHIwsI OTBEYaeT COOOIICHNEM msg2.

[ar 3. ITomp30BaTenh OTHPABISLET HAa 0a30BYIO CTAHIIMIO MSE3.

[ar 4. bazoBas cTaHIMA OTBEYAET COOOMEeHnEM msg4.

Msgl npencraBiser coboit mpeamOyIry (II0CIeI0BaTEIEHOCTh
OIIpe/IeJICHHON JUTMHBI) U3 Habopa mpeamOyJi, UCIOJIb3YeMbIX B
nporeaype ciaydaitHoro pocrymna. CormacHo [2] msg2 siBisieTcst
RAR (random access response), KoTtopas BKJIIOYaeT B ceOs:
1) BpeMEeHHYI0 METKY, KOTOpasi UCTIOJIb3YETCsI MOJIb30BaTENIEM JIJIs
KOPPEKTUPOBKHM BpPEMEHH IMepelauyd B BOCXOJIIIEM KaHAJE;
2) rpaHT B BOCXOMSIIEM KaHayie (pecypc s mepeaadd msg3);
3) BpeMEHHOW MICHTU(PHUKATOP AJIS YCHEIIHO MPUHSTHIX Mpeam-
Oyn. Msg3 — 3anpoc Ha mojkiIrodeHue (connection request), oT-
MIPaBIISIOMINICS B BBIICJICHHOM PECypce B BOCXOJSILEM KaHae.
JanHOE COOOImIEHNEe COCTOUT U3 TOIH30BATEIECKOTO WACHTU(H-
karopa. Msg4 npencraBiseT coboit coobmenne (Contention Res-
olution). JlanHOE COOOIIEHNE TMOATBEP)KIAACT HICHTH(DUKALINIO
MTOJTE30BATENSI ¥ 3aKaHYHUBACT MPOIEAYPY CIyIalHOTO JOCTYTIA.

B pamkax BHeIpeHMs U UCIOIb30BaHUS CETEH HOBOT'O IIOKO-
nenus (5G) 4-marosas npoieaypa CIy4aifHOro JOCTyma CTaaKu-
BAETCS C PSJIOM HEJOCTATKOB, TPEOYEMBIX CLEHAPUSIMH UCIIOIb-
30BaHus B ceTax 5G, TaKUMHM Kak:

1) TpagunmonHast 4-nraroBast mpoueaypa RA He ymoBneTBo-
psieT TpeOOBaHUSIM K 3a/IepKKe JUIs IPUIIOKEHNH CBEpXHAIEKHON
cBsi3u ¢ masoi 3anepxkkoit (URLLC) [3].

2) B CIIeHapusAX MaccoBoi MexMamuHHON cBsizu (mMTC)
00J1BI10€ KOIWYECTBO MOJIb30BaTeNei MOXKET MBITATHCS TOTYIUTh
JOCTYTI K CETH OJJHOBPEMEHHO, YTO MPUBOIUT K KOJUTU3USAM CITy-
YaHOTO JOCTYyIa U Ipo0jIeMaM MOBTOPHOH nepenauu [4].

3) OoJIBIIION 00BEM CEPBUCHBIX COOOIICHHUI 10 OTHOIICHHIO K
Nepe1aBaeMbIM JIaHHBIM OT MOJIb30BaTEIbCKUX YCTPOUCTB [3].

Jns peimieHust JaHHBIX HETOCTATKOB 4-11aroBOH IMPOLEAYPHI
ciydaiiHoro goctyna B ceTsix LTE u 5G npennaratores cienyro-
IIHE aJTOPUTMBI U METOIBI:

1) AmanTuBHOE paclpeneleHHe MHOXKECTBA MpeaMOyI st
MaKCUMU3AINH TPOITYCKHOH CITOCOOHOCTH C YYETOM Harpy3KH:
DTOT anropuT™M MpeaHa3HAuCH IS IPUOPHUTE3AINH TIPH CITydaii-
HOM gocTyne B 5G, 0coO0eHHO IJIsI MEKXMAITHHHOTO B3anMOIEH-
CTBHSI C BEICOKOM Harpy3Koi U HEOTHOPOJHBIMH TPEOOBAHISIMHA K
kadecTBy oocimyxuBanus (QoS) [5]. OcHoBHast uyest JaHHOTO ajl-
TropuT™Ma 3aKI04acTCAa B JTUHAMHUYCCKOM BBIACICHUN Pa3JIMYHOI'O
yucia npeamOysl pa3HbIM KjlaccaM YCTPOMCTB, OCHOBBIBAsCh Ha
TEKYIIYI0 Harpy3ky W TpeOOBaHMSI K KayeCTBY OOCITY)KMBaHUSI.
AnanTHBHOE pacmpenesneHue npeamOyin paboTaer CieayroIuM
o0pazoM: rpeamOyJIbl JEISTCS Ha ABE TPYIIBl «BBICOKOIIPHOPH-
TETHBIE» M «HHU3KONPHUOPHUTETHBIC», COOTHOIIEHHE IpeamOys
MEXIy TPyNIaMH AWHAMHUYECKH HW3MEHseTcsl. MaKCHMHU3aIys

MIPOITYCKHOW CHOCOOHOCTH JIOCTHTAeTCsl 32 CYET ONTHUMM3AINU
KOJIMUecTBa MpeamMOyJl B KaXI0H IpyIie, TeM CaMbIM MOBBIIIAs
OOIIYIO TIPOITYCKHYIO CIIOCOOHOCTbD.

2) Pa3pemienne KOH(IMKTOB € NCIIOJIb30BAHNEM UICHTU(HKA-
TOpOB a0OHEHTOB: DTOT METOJ pemiaeT MmpodjeMy CIydaifHOTo
JIOCTYIA, YJIydIlasi MacIITaOMpyeMOCTh MPOTOKOJIAa yCTAHOBIIE-
Hus coequHenus B cetsax LTE [6]. OcHoBHOM ueei JaHHOTO Me-
TOJa SBJISETCS TUHAMHUYECKas IPHOPUTE3aIHs TIepejadn yCTPOi-
CTBaMH Ha OCHOBE YHHKAJbHBIX HICHTH()UKATOPOB. JlaHHbIH Me-
TOJ pabOoTaeT CIeayIONUM 00pa3oM: yCTPOWCTBA IIEpEeIatoT CBOU
naeHTH(UKATOPBI B BUJIE OMHAPHBIX MOCJIEOBATEIBHOCTEH, 3a-
TEM 6a3013a51 CTaHIUs BBISABIIACT KOHq)J'H/IKTI)I n ONpCaAciiacT
YCTpOMCTBa C HAWBBICIIUM HMPHUOPUTETOM JuIs JocTyna. Vcmois-
30BaHKE JJAHHOT'O I10JIX0JIa MO3BOJISIET YMEHBIINTh KOJUIU3UH BO
BpEMSI ITPOLIEAYPhI CIy4aifHOTO JIOCTYTIa, & TAK)XKE MIOBBICHTH MTPO-
IIyCKHYIO CITOCOOHOCTb.

3) 3anper kinacca nocryna (ACB) [7-9]. Unes nannoro mexa-
HHU3Ma 3aKJIF0YaeTCsl B TOM, YTO a0OHEHTHI IPUHUMAIOT PEIICHHE
0 Tepenade mpeaMOyJibl Ha MEPBOM dTare MPOUEAyphl CIydaii-
HOTO JIOCTYTIa C OTIPEEIICHHON BEpOATHOCTHIO. Takum oOpazom,
He Bce aOOHEHTHI OyAyT IiepenaBaTh mpeaMOyITy Ha mare 1 B Kax-
JIOM UTepaluy MPOLEAYpHl, YTO MO3BOJISIET YMEHBIINTh KOJIHUE-
CTBO KOJUTU3MH U CPEHION0 33IEPKKY Tepesjadll B CUCTEMAXx CIIy-
yaliHOro nocryna. s yMEHbIIEHUsI CPEAHEN 3a1eP>KKU BEPOAT-
HocTh nepenayu B ACB B 11e510M 1071KHA 3aBHCETh OT KOJTMYECTBA
a0OHEHTOB, YYaCTBYIOIIMX B MPOLEAYpE CIy4allHOrO JOCTYyIa
[10]. Ha ocHOBe TOYHOTO 3HAHUS KOJHUYECTBA A0OOHCHTOB, F'OTO-
BBIX K IIepe/iaue, MOYKHO BBIOPATh ONTHMAJIBHYIO BEpOSTHOCTB Tie-
penayuu, KOTopasi MUHUMH3UPYET CPEIHION0 3a/IepKKyY IepeIadH.
Orta cTparerusi HCIoNIb3yeT 3HaHUE TOYHOTO KOJINYecTBa aDOHEH-
TOB, YTO Ha MPAKTHKE HEBO3MOKHO.

4) I'my6okoe oOydeHne st 00HApYKEHHS TTpeamMOyIT: METO BT
rITyO0KOT0 00YYEeHHS MOTYT HUCTIOJIB30BAThCS IS yITyUIIeH s 00-
Hapy»XCHUsI arperMpoBaHHBIX IIOCIEIOBATEILHOCTEH HpeaMOyi1
[11]. OcHOBHas Mes JaHHOTO METO/A 3aKIF0YACTCS B arperanu
nocneaoBarenbHocTel 3a10Ba-Uy U3 pa3HbIX KOpHEH AJis co3aa-
HUst OoJibliiero Habopa JIOCTYIHBIX NpeaMOys. DTO MO3BOJSET
S3HAYUTCIBHO YBCINYUTH KOJIUYCCTBO YHHUKAJIBHBIX HpeaMGyn 3a
CYET BCEX BO3MOYKHBIX KOMOWHAIIMI Map 1Mocjej0BaTeIbHOCTEN.

OnucaHHBIC aJTOPUTMBI U METO/bI, O3BOJISIIOT PEUINTH Pl
HEJIOCTaTKOB 4-11aroBoil MpoLeayphl CIy4allHOTO JOCTyna JUis
IpUMEHEHHs B ceTsiX 5G, HO He PenIaloT Hel0CTaTOK OOJIBIIOTO
00BEMa CepBUCHBIX COOOMICHHH, T0TOMY B ceTsix 5SG NR mpe-
JIOKEH Tepexo]] K 2-IIaroBoi Mpoleaype CIydaiHOro JOCTyNa
[12, 13]. JarHyI0 IpOIIeIypy MOKHO OIHCATH IIPH ITOMOIIHX CIe-
JIYIOIIETO alropuT™a:

[ar 1. [Tome30BaTens BEIOMpAET ONHY U3 MpeaMOy U mepe-
A€t e€ BMeCTe O CBOMMHM JaHHBIMU (MSZA).

[ar 2. bazoBas cTaHIMA JETEKTUPYET NpeamMOyITy U IbITaeTCs
JIETEKTHPOBATh I10JIb30BATEIbCKAE IAHHBIC, 3aTE€M BO3BPAIIACT
OTBET MOJIb30BaTelNo (msgB).

CooOrenne msgA siisieTcsi 00beiMHeHHeM coo0eHnid msgl
1 msg3 u3 4-1aroBoil Mporeaypsl CIY4alfHOrO JOCTYIa, a CO00-
nieHue msgB siBrsieTcst 00beIMHEHIEM COOOIIIeH I msg2 1 msg4.

MHOeCTBO HCCIIeIOBaHHI MOCBSILIEHO CPABHEHHIO JIBYX OC-
HOBHBIX CX€M ciydaiiHoro jgocryma. Tak, B pabdore [14] npoBo-
JIUTCS aHaIU3 2-11aroBoi U 4-11aroBoil Ipoueayp ¢ TOUKU 3pEHUS
BEPOSITHOCTH YCIEUIHOW TIepejadll MaKeToB, CPETHETO SHEPToII0-
TpebNeHNnsT U TPOIMYCKHOH CrocOOHOCTH. Pe3ynbTaThl mokasbl-
BalOT, YTO 2-mMaroBas TNpoleaypa AEMOHCTpHpYET Ooree
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BBICOKYIO BEpPOSITHOCTH YCHEIIHOM Iepeiaun, MEeHbIIee SHEepro-
MoTpeOIeHHe W TOBBIIICHHYIO MPOIYCKHYIO CIIOCOOHOCTH TIO
CpaBHEHHIO C 4-I1arOBOiA.

B nmpyroii padore [15] paccmaTpuBaroTcs Te e IBE MPOIie-
IypBl, HO B YCJIOBUSAX MOJEIH «3alpOC-Ouepeb» C Mepemadei
JMaHHBIX O1okamu o M makeros. [Ipenmomnaraercs, 9To Ka bl
aboHeHT nMmeeT Oydep HEOrpaHMYSHHOTO pa3Mepa ¢ H3HAYaIIFHO
3aI0JIHEHHOM ouyepenbio coolieHuid. B nanHol KoHpurypamuu
aBTOPBI IPUXOAAT K BBEIBOJY, UTO 4-11aroBast MpoLeaypa mpeBoc-
XOHT 2-11aroBYIO MO0 MaKCUMAJIbHOM MPOITYCKHOM CIIOCOOHOCTH
1 00€eCTIeYrBaeT MEHBINYIO CPETHIOI0 33ICPIKKY .

CorunacHo uccnenoBanusiM [12-14], B 2-maroBoii npoueaype
CIIy9aifHOT'O JOCTYIIa BO3MOJXKHO JBa Pa3IMYHBIX CIIOCO0A COIIO-
CTaBJICHUS TIPeaMOyJI ¥ PeCypCHBIX OJIOKOB JUIS MEPEAadH MOJIb-
30BaTEJILCKUX aHHBIX: B3aWMHO-O/HO3HauHOEe (one-to-one) u
MHOTOKaHaIbHOE (many-to-one) otobpakenue. CreayeT oTMe-
TUTh, 9YTO TIPH HCIIONB30BAaHUH TOAXO0JIa many-to-one MOBHIMIA-
€TCsI BEPOSITHOCTH OIMHOOK JIEKOTUPOBAHMS TIOJIE30BATEIBCKIX
JAHHBIX. B TO e Bpems1, MoIXoa one-to-one XOTsA U CHUXKAET Be-
POSITHOCTB OLITMOOYHOTO JEKOANPOBAHUS, HO TpeOyeT Oobllie pe-
CypcoB Ui mepeaayn naHHbIX. Kak ormedeno B [12], B ciaydae
YCIIEIIHOTO JIETEKTUPOBAHUS MPeaMOyJIbl PU HEYCIIEITHOM Jie-
KOOUPOBAHWU MOJIB30BATCIIbCKUX JaHHBIX 6a3OBa$1 CTaHIus OT-
npasisiet fallback RAR-cooOiieHue, 4To MPUBOAUT K MEPEXOY
MOJIb30BaTels K 4-11aroBoii mpouenype (HauuHas ¢ 3Tamna nepe-
Jlau¥l M0JIb30BATEIbCKUX JaHHBIX msg3).

B nanHOM HcclieloBaHUM paccMaTpUBAETCS UCKITIOUYUTEIHHO
ciydaii many-to-one comoctaBieHus. OMHUOKN MpHeMa MOIb30-
BaTENbCKUX JaHHBIX MOTYT OBITh BBI3BaH KaK ITyMaMH KaHala,
TaK ¥ KOJUTM3USAMHU TIPH BEIOOpE TIpeaMOyII.

1 O630p 2-m1aroBoii mpoueaypsl CIy4aitHOTO J0CTyNA

B nmensx mocnepyromiero aHaiaMza paccMOTpHM Oouee Jie-
TaJbHO 2-1IAaroBYIO MPOLEAYPY CIy4alHOTO TOCTYIIa, pe/noa-
raolylo0 0ToOpakeHHe Mo cXeMe many-to-one Mexay npeamoy-
JJaMU U PECYPCHBIMH OJIOKaMH, MpeJHa3HauYCHHBIMHU JUISl TIepe-
Jlau¥ T0JIb30BaTENLCKHUX JIaHHBIX. Kak ObUTO ckazaHo paHee, IpU
nmonmy4yennn fallback RAR cooOrmeHnst ocymecTBIsIeTCs Iepexo;t
OT 2-111aroBOM NpOLEAYpbl CIIy4aiiHOTO AOCTYyIIa K 4-11aroBoil.

Ha Texymmuii MOMEHT OTCYTCTBYET YCTaHOBJIEHHOE OTIpeiesie-
HHUE YCIIOBHH Mepexojia OT 2-maroBoi K 4-I1aroBoil mporeaype
cIIyd9aifHOTO ocTyma. B cBs3M ¢ 3TUM B HacTosmIeH paboTe OyayT
paccMOTpEeHBI HECKOIBKO MHTEpIIpeTaruil. [lepexos k 4-mraroBoi
nporenype OyJIeT MHUIMHPOBAH TOJIBKO B Cllydac MOJYYCHUS
nmoJip3oBaresieM otkinka tuma fallback RAR. CormacHo pabdote
[12] mepexon k 4-maroBoii mpoueaype HauMHACTCS C Mepeaadu
cooOmennst msg3. [Ipennonoxum, 4To B TAKOM Cllydae TOJIb30-
BaTeJb nepeaaer msg3 (cocrosmee 3 RRC 1 cBoMxX qaHHBIX), 3a-
TeM 0a30Basi CTAHIIUS JCKOIUPYET COOOIICHHE U OTBEUACT CO00-
meHneM msg4. Takast uHTepnperanuy HanboJee Moxoxa Ha Oa-
30BBIH AITOPUTM 4-11aroBoi npoueaypel. Cxema pacCMOTPEHHOU
MHTEPIIPETALNN PE/ICTABICHA HA PUCYHKE 1.
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Puc. 1. [lepBast cxema HHTEpIPETAIMU IEPEXOAA OT 2-IaroBOi
TIPOLETYPHI K 4-I1ar0BO IpOIeaype
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B paccMmoTpeHHO paHee MHTEpIIPETAIlH Ha KaX10e coo0IIe-
HUe msg3, 6a30Bas CTaHIMA OTBEYAET cooOmenneM msg4. AHa-
morudHo padore [15], rie maHHBIE TIepeaaBaIich OokamMu Mo M
MTAKETOB, MOYKHO TPEIIOI0KNATh BO3MOKHOCTh OJMHAPHOTO OT-
BeTa OT 0Aa30BOM CTAHIIMHU HA ITOCJIEA0BATEILHOCTE COOOIIEHNI OT
Pa3HBIX TOJIB30BATEIC B COOTBETCTBHH C TOPSIKOM HX Tepe-
nadu. PaccMOTpuM BTOPYIO MHTEPIIPETAIIMIO MTEpexoa OT 2-1a-
TOBOW MpoIeayphl K 4-1aroBoit mporeaype. B nannom ciyuae
M0JIB30BATENHU TAK)Ke HAUMHAIOT Tiepeady ¢ msg3 (cocTosiee u3
RRC u cBOMX NaHHBIX), HO B JAHHOM cily4ae 0a3oBas CTaHIUA
OTBETUT JIUIIIb OJHUM COOOICHHEM Mmsg4 Iociie MpUeMa BCeX
msg3. byiem monarate, 4To JITUTSILHOCTH MEpeadd COOOMICHHUS
msg4 ocraeTcs Heu3MeHHOW. Cxema JaHHOM MHTepHpeTalun
MIPEICTaBIICHAa HA PUCYHKE 2.
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Puc. 2. Bropas cxema MHTepIpeTaluy nepexoa oT 2-11aroBoi
HpOLETYPhI K 4-11aroBoii mporenaype

Bropas cxema ymeHblIaeT o0lee BpeMsi, 3aTpauuBacMoe Ha
4acTh KaJipa NpoLeaypsl CIy4aiHOTO TOCTYTA, a TAK)KE MOTEHIH-
JILHO YMEHBIIAET HArpy3Ky Ha 0a30BOIi CTAHIIMU, TaK KaK B JIaH-
HOM cilyyae 0a30BOW CTaHIIMM HEOOXOJMMO OTIPABHUTh B OTBET
TOJIEKO 1 cooOrieHne msg4.

Jpyroii uHTepperanyeil BO3MOXKHOIO Iepexosa OT 2-I1aro-
BOH Mpoleaypsl K 4-11aroBoi sIBJISIETCS CXeMa, B KOTOPOH MOJIb-
3oBareny nepenatot oxgHo odmee RRC coobmenne. byaem nomna-
raTh, 4YTO JJIMTEIBHOCTH AaHHOTO ONoKa He m3Mensercs. [lanee
Ka)XIbI MIOJTb30BATEINb ITEPEIACT TOJIBKO CBOM IaHHbIE. 3aTeM Oa-
30Bast CTAHIUS JEKOAUPYET MOTb30BATEIbCKUE JaHHbIC M Ha KaXK-
JI0€ COOOIIEHNE C MOJIb30BATEIbCKUMH JAHHBIMH OTBEYAET CO00-
mieareM msg4. B manHoM cirydae oOriee BpeMs 4acTd Kajapa CIry-
YafHOTO OCTyma i 4-I1aroBoil MpoLeaypbl YMEHBIIACTCS IO
CpaBHEHMIO C MEpBOH MHTeprperanueid. Cxema JaHHOW HHTEp-
MIpeTaIiy MPeCTaBICHbBI HAa PUCYHKE 3.
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Puc. 3. TpeTbs cxema HHTEPIPETALUH [IEPEX0/1a OT 2-I1aroBOH
HPOLEYPHI K 4-111aroBoi mporeaype

UeTBepToil MHTEpHpETALMEN, paccMaTpUBaEMOM B ATOU pa-
00Te, SBIIETCS cXeMa, KOTOpas ABISETCS KOMOMHAITNEH BTOPOH 1
TpeTbell nHTepIpeTanyu. B naHHOM citydae gacTh Kaapa 4-maroi
mporenypsl HaunHaeTcs: ¢ nepexadn obmero RRC coobmienns
BCEX IIOJIb30BATENEH, 3aTe€M KaXK/blil I0Jb30BaTEllb IEPENAcT
cBou nanHble. [locne momydeHuss Bcex IMOJIb30BATENBCKUX JIAH-
HbIX 0a30Basi CTaHIMs OTBEUYACT OJHUM OOIIUM COOOIICHHEM
msg4 JUIA BCEX MEPCAAHHBIX IMOJIb30BATCIBCKUX NJAaHHBIX B COOT-
BETCTBUHU C MOPAJIKOM HX MepeAaud. AHAJOTUYHO MPEABLTYIINUM
HMHTEPIpPETANUAM OyeM IMoJIarath, 4to JuTenbHocTh RRC c000-
meHus: 1 msg4 He u3MeHsieTcs. Bpemst yactu kajapa ciiydyaitHOro
JOCTYTIa YMEHBIIIAETCS TIO0 CPaBHEHUIO CO BCEMH PAaCCMOTPEH-
HBIMU paHee HHTeprnpeTanusiMu. OIHAKO, B JAHHOM CITydae IS
peanu3aniy TakOW WHTEPIPETAIIMA HEOOXOTUMBI JTOTIOTHUTEITh-
HBIC BEIYUCIUTEIBHBIC PECYpChl Ha 0a30BOI CTAHIIHH.

-
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CxeMa Takou HUHTEPIIPECTAllNU NPEACTABJICHBI HA PUCYHKEC 4,
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Puc. 4. YerBepras cxeMa UHTEpIpETALMU IIepexo/a OT 2-11aroBoit
IpoLEAyphl K 4-111aroBoii npoleaype

B nanpHeiimem moa 2-maroBO MpOIEAYpON CIIy4aiiHOTO
JIOCTYTa C MEPEX0J0M K 4-I1aroBoil OyJIeT MOHUMAThCS TaKOM
CLICHAPHii, IPY KOTOPOM HM3HAYAJIBHO NPUMEHSETCS 2-I1aroBbIi
JIOCTYII, OJJTHAKO B 3aBUCHMOCTH OT yCJIOBHUH (Harpumep, rpu mo-
nyusennn fallback RAR) ocymectBisercs mnepexiodeHne Ha
4-111aroBYI0 MPOLEAYPY.

CrenoBaTenbHO, ONMCAHHBI paHee alroput™M  paboThl
2-111aroBO# POIEeTypbl MOXKHO IPEJICTABUTH C CIIEIYIOIIEM BUJIE!

[ar 1: IToxp30BaTEN HE3aBUCUMO BBIOMPAIOT OJHY H3 Ipe-
aMOyn U mepenaroT e€ BMECTe CO CBOMMH JaHHBIMH B mSgA B
HaJaje Kajapa 2-IIaroBOM TpOLEAyphl CIy4ailHOTO JOCTYyTa.
BepositTHocTe  mepemaunm  ompenenseTcs  BEPOSTHOCTBHIO

P mm( Aﬂ‘j (rme M; — 3TO 4MCIIO AaKTHBHBIX TOJIB30BATEINICH B
Kazape t, a L — 4nciio yHUKaIbHBIX TpeaMOyJI B CHCTEME).

[ar 2: ba3oBast craHIUs AETEKTUPYET U OLIEHUBAET YHCIIO T10-
JYYCHHBIX TPeaMOyI, a TaKkKe IMBITaeTCs ACKOIMPOBATH MOJIB30-
BaTeJIbCKUE AaHHbIE. [lajiee mocbuIaeT Noap30BaTeNsiM msgB.

[ar 3: 3arem cucteMa paboTaeT B COOTBECTHH C TIOTYICHHBIM
OTBETOM OT 0a30BOM CTAHIINH.

e B cnydae nmonmyyenns ycnemrHoro RAR cucrema nepexo-
JIUT K CIEIyIOmEeMy KaJapy 2-I1aroBoil mpoueaypsl Ciry-
YallHOTO JI0CTYIIa.

e B cayuae nonyuenus follback RAR cucrema nepexomut
K 4-11aroBOM IpoLIelype, UCTIONB3Ys OJIH U3 PaHee OIlH-
CaHHBIX CITIOCOOOB Nepexo/a. BaxkHo 3aMeTHTB, YTO B CH-
cTeMe JuIsl 4-11aroBoi Mpoueaypsl BBIAEISETCS 1 JOMOI-
HUTETBHBIX PECYPCHBIX OJOKOB, TIIE 1 — YHCIIO0 YHUKAIb-
HBIX MPeaMOyJI, OTYYCHHBIX 0a30BOI CTaHIMEH TOCIe
00paboTk msgA.

2 AHAJIM3 MPONMYCKHOI CMOCOGHOCTH /151 HHTEPIpeTANHU
nepexoia u3 2-mAaroBoii B 4-1aroByio Npoueaypy
CJIy4aiiHOro 10CTYymNA

BBenem ynpomnieHHy10 MOJIETb CUCTEMBI JUTs 2-I1aroBOM 1po-
el pBl CIIyYaifHOTO JOCTYTIA CO CIEAYIOIINMH JIOMTYIICHUSIMU:

Jomymenne 1. Cuctema mmeer L yHHUKaNTbHBIX TpeamMOyIL.
[IpeamOya — HEKOTOPHIN cuTHAN. ba3oBas cTaHIMA TOCTOBEPHO
ompenesieT HoMepa YHUKaIbHBIX mpeamOyi. OmHako, 6a3oBas
CTAHLUS HE MOXKET OLEHHTh TOYHOE YHCIIO TOJIb30BaTeeH, BbI-
OpaBIIMX OAMHAKOBYIO IIpeamMOyiry.

Jonymenne 2. Bc€ Bpemsi paboThl CHCTEMBbI pa30UTO Ha
Kaapbl. Bce aOOHEHTHI TOYHO 3HAIOT TPAHUIBI KaJpPOB U MOTYT
y4acTOBOBaTh B IPOLEAYpe CIy4ailHOro JOCTyna TOJBKO B
HavaJie KaJ10ro Kajpa.

Honymenue 3. Cuctema uMeeT MOTEHIMAIbHO HEOTPAHUYEH-
HOE YHCJIO 10JIb30BaTeNell. B TakoM ciydae MoHsATHS «I10J1b30Ba-
TEJIbY U «CO00IIeHNe» SKBUBAJICHTHBI. KonniecTBo cooOmeHuii,
MOCTYMAOLIMX B CHCTEMY B KaXKJIOM KaJpe paclpeerieHo 1o 3a-
xony Ilyaccona ¢ mapameTpom A.

JLis BBeIEHHOH MOJICITH CHCTEMBI M paHee ONMCAaHHBIX HHTEP-
MpeTanuii mepexoia U3 2-maroBod MpoIeayphl CIy4aiiHOTO J10-
CTyIa B 4-11aTOBYIO OIMPEEIUM U ITPOAHATU3UPYEM MPOITYyCKHYIO
cnocobHocTh. O003HAYNM MPOITYCKHYIO CIIOCOOHOCTH KaK Ms, KO-
TOpas MOJIPa3yMeBacT MaKCUMAIbHYIO BXOJHYI0 HHTCHCUBHOCTh
nosp30BaTeseil B cuctemy B Tedennn 1 cexynapt (A ) i konedHOi
3a1CPIKKOM.

Jast orpeziesieHus s HEOOXOAUMO clIeJIaTh nepepacyer Mmpo-
MyCKHOM CIIOCOOHOCTH U3 [0JIh30BaTEICH\CIIOT] B [OIB30BaTE-
nei\nmmurensHocTh Kaapa CJ]. [IpomyckHas criocoOHOCTh MOKET
OBITh MOCYMTAHA KaK OTHOLICHHE YHCJa YCIICHIHO MepeaaHHbIX
COOOIEHNH Ha CPEIHIOI0 JUIUTEIBHOCTh KaJpa IPOLETyphl CIly-
YaliHOTO JIOCTyNa. B TakoM ciydae, ¢ yueToM BpeMEHHBIX PacXo-
JIOB Ha CEPBUCHBIE COOOIICHUSI, TIPOIYCKHAst CIIOCOOHOCTH MOKET

L)y=Le™
OBITh TTOCYNTAHA KaK (L) Takum obpa3oM, Ms MOXKET
OBITH TOCYUTAHA TI0 CIIEAYIOMIEH GopmyIe:

7, = 1000Le7
s E[Te, I’
)]

rae E[Tcp] — cpennee Bpemst kajipa ciiydaifHOTO JIOCTYTIA.

Hnst naneHeidimero ananu3a nocurtaeM E[Tcy] ang xaxaoin
WHTEPIPETAINU TIePexXoia OT 2-MaroBOX MPONEAYPHI K 4-maro-
BOIi. J/IaHHYTO BEeIMYHHY ISl IEPBOU HHTEPIPETALINH TIEPEX0/1a OT
2-11aroBo# MPOIEAYPHI K 4-11aroBoif MOYKHO ITOCYUTATH KaK:

E|:TC/ZI:| =Zw:TC/z1 (L| j)Pr{j},
)

rae Pr{j} — 9To BepOSTHOCTH TOTO, UTO j TIOIB30BATEIEH PEIITHIIO
npenaBath, Tem(L | j) — WUTENBHOCTE Kaapa MpoLeayphl CIyvaii-
HOTO JIOCTYTIA I IEPBOM MHTEPIIPETAIlNK MEpexoaa OT 2-11aro-
BOI1 Mpore1ypsl B 4-11aroByIo.

3nauenne Teqi(L | J) MOKET OBITH TIOCYUTAHO TIO CIEAYIOMICH
bopmyie:

T27maaoga;z’ J € {09 1}3
L L
Cﬂl( | J) T27maaogaﬂ +le|{q| | J})JZ
i=l

3

r71€ T2-warosan — BPEMS 2-IIaTOBOM TPOLIEAYPHI, T1 — BpeMs 3aTpa-
YUBAEMOE Ha OJIMH OJIOK 4-111aroBO# MPOIeyphl B IEPBON HHTEP-
npertanuu, 1{q; | j} — nHaMKaTOpHAS DYHKIHMS, O3HAYAIONIAS UTO
i-Tyro mpeaMOyTy BBIOpA XOTs ObI OTUH A0OHEHT TIPH | AKTUBHBIX
MOJIb30BATENSIX, YYaCTBYIOIIMX B MPOLEAype CIydaiHOro mao-
CTyma.

Paccmotpum seranbHee cnaraemsie B (3). Bpemsi, 3arpaunBa-
eMoe Ha 4acTh 2-IIaroBOil IpoLeypsl MOXKET OBITH ONpe/eneHa
KaK CyMMa MHTEPBAJIOB BPEMEHH, 3aTPaYMBAEMbIX IS TIepeIadn
1 06paboTku coobmmennii msgA n msgB. B takom ciyudae ¢op-
MyJa JUIst pacdeTa T2 warosan OYJACT UMETH CICAYIOUTHIA BUI:

T

2-wazo6asn

=T

msgA

+T,

PmsgA

+T

msgB

+ TPmsgB . ( 4)
rre Tmsga — BpeMs, 3aTpadrBacMoe Ha mepeaady cOOOIICHM mSgA,
Thmsga — BpeMsl, 3aTpaurBaeMoe Ha 00paOOTKy COOOIICHHUSI MSZA,
Tmsgs — BpEMsi, 3aTpaurBacMoe Ha Tiepeady cooOuieHHs msgB,
Thmsgs — BpeMs1, 3aTpaurBaeMoe Ha 00paboTKy cooOIeHus msgB.
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Hus pacgera T, MOXeT OBITH HCIOJB30BAaHA CIEAYIOIIAS
dhopmyna:
T =T,

msg3

+T +T  +T,

Pmsg3 msg4 Pmsg4 > (5)

rae Tmsgs — BpeMsl, 3aTpaynBaeMoe Ha Iiepeiaqy COOOIIeHUs msg3,
Tpmsgs — BpeMsl, 3aTpaunBaeMoe Ha 00padOTKy cOOOIEeHUsT msg3,
Tmsg4 — BpEeMsi, 3aTpaurBacMOe Ha Iepenady CooOIeHHs msgd,

Tpmsgs — BpEMs, 3aTpaunBacMoe Ha 00pabOTKy cooOmieHus msg4.

W3 onncanms anroputma paboThl 2-11aroBOM MPOLIETyPHI OITH-
CaHHOTO paHee CIeIyeT, YTO YMCIIO MOJIb30BaTeNeH, PEemnBIINX
repeiaBaTh B KaJipe 3TO HEKOTOpoast ciydaiiHas BeanuuHa. [1pu
YBEIIMUYECHNH YUCIIa TI0JIb30BATENEH paclpeielieHue TaHHOH CiIy-
YyallHOW BEJIMYMHBI CXOAUTCS K pacnpenenenuto Ilyaccona c na-
pamerpom L. CnegoBarensHo, (2) MOKET OBITH 3aIlMICaHa B CIIEY-
IOIIEM BHJIC:

E[Ten]=T. |
+12[T Z{q'“}jfv e (6)

B pa6ore [16] cpennee 3nadenue (yrxmuu |{qi | j} mMoxer
OBITh MOCYUTAHO IO CIEayIoNIeH hopmyie:

E[1{a}] ( ( /L)j -

CoracHO aHaNIU3y MOXO0XKEH CHCTEMBI C PAaCIICAHUEM, MPE/i-
CTaBJeHHOMY B pabote [16], koHeuHOE BhIpakeHue uis (6) Oyner
HUMETb CIEYIONINI BUI:

E[Te =T ®

[Tocuntaem cpegHee Bpems Kaapa HpPOLELYpbl CIydaifHOro
JIoCTyna AJisi BTOPOM MHTEpIpeTaluyu Mepexojia OT 2-I1aroBoit
poreaypsl K 4-1maroBoii nporenype. B nannom ciydae popmyia
pacyera BpeMEHH HEOOXOJMMOTO Ha KaJp MPOLEAYypbl Clydai-
HOTO JI0cTyna OyeT NMETh BU:

Tzfmaeosaﬂ H J € {07 1}’

L
T2—u¢azutfa)l +T2ZI {ql | J} +TP45 J 2 23
i=1

(1+L)et +

2- waeosa}z

2-wazoeas

+TL(1-e" —e™).

Ton(Lli)=
©)

rae T, — BpeMs, 3aTpaunBacMoe Ha OJJH OJIOK 4-11aroBoi mporie-

JIypbl BO BTOPO# HHTEPIIPETAILNH TIepeX0a, Tps — BpeMst HEOOXO0-

JIMOE JUTSI TIepeaddl 1 00pabOTKH OJHOTO COOOIIECHIS msg4.
3Ha4yeHne T> MOXKET OBITh MOCYUTAHO, UCTIONB3YS POPMYITY:

T2 =Tmsg3 +TPmsg3' (10)
dopmyina mist pacuera Tps OyIeT UMETH ClIETYIONMN BT
TP4 :Tmsg4 +TPmsg4‘ (11)

AHaNOrn4YHO BBIBOJY, MPEACTABICHHOMY JUIsl IEPBOM MHTEp-
HpeTanny, IOKaXxeM HTOroBYI0 (JOpMyITy pacdera CpeHero Bpe-
MEHH HEOOXOIMMOI0o A1 OJHOIO Kaapa CIy4alHOro AOCTyma
BTOpPOW MHTEpHpeTalluu IMepexofa OT 2-IIaroBoil Hpouesyps!
K 4-nraroBoit nporeaype. JlaHHoe 3HaueHHE MOXKET OBITh TOCYH-
TaHO 110 CIIeyoel popmyJie:

CB43b

+T,L(1-e"-et)+

2-wazosasn

t-Let).

E[Tern ]=T

+T,,(1—e"
P4 ( (1 2)
PaccmoTpuM TpeThio HHTEpIpeTamio nepexona. s pacyera
BPEMEHH KaJipa MPOIEAYPHI CIYyJaifHOTO JOCTYIa UMEET CIIeIyTO-

MU BUJI:
T

2-wazo6asn ®

L
CﬂS( | J) T2 —uazosas +T ZI ql | J

je{0,1};

CRRC’ J =

(13)
rae Ts — Bpems, 3aTpaurBaeMoe Ha OJIH OJI0K 4-1I1aroBoii mporie-
IIypHI B TPEThEH HHTEpHIpeTanny, Tprrc — BpeMs HEOOXOAMMOE Ha
nepenady u 00paboTky oaHoro coodienus RRC.

3nauenue T3 MOKET ObITh ITOCYUTAHO 110 (hopMmyJie:

T, =T +T +T  +T

data Pdata msg 4 Pmsg4*

(14
rae Tgaa — BpeMs, 3aTpauMBaeMoOe Ha Iepeliady I10JIb30BaTEllb-
CKHUX JJaHHBIX, Tpdata — BPEMS, 3aTpaunBacMoe Ha 00pabOTKy M0JIb-
30BaTEJIbCKUX JAHHBIX.

®Dopmyna ans pacyeta 3HaueHUN Tcrre MMEET CIEAYIONIUN
BU/I:

TCRRC = TRRC +TPRRC'

(15)

rae Trre — BpeMmsl, 3aTpaunBacMoe Ha niepeaady coobmenus RRC,
Tprre — BpeMsi, 3aTpaunBacMoce Ha 00paboTKy coobmierus RRC.

s pacuera cpenHel UIMTENBHOCTU KaJpa CIydalHOro J0-
CTyla JaHHON WHTEPIPETAlNH BOCIONB3YEMCS aHAJIOTHYHBIM
MOJIXOJIOM pacyeTa Kak Jyis MepBOM MHTeprpeTanuu. B Takom
ciyvae, CpelHss JUIMTEIbHOCTh Kajpa MpOoIeayphl ClydyaitHOro
JIOCTYIIa MOXKET OBITh MOCYUTAHA 10 CIeayroIei Gpopmyiie:

E[Te ] =T

+Tonre (1-€7

+TL(1-e"—e ™)+

—wazosas

~Le™").

(16)

Jlanee mokakeM, Kak MOYKET OBbITh TIOCUMTAHO BpeMs Kajapa

CIy4aifHOT'O JIOCTYIa JJIsl Y€TBEPTOH MHTEPIIPETAlnu Tepexoaa

OT 2-111aroBoii mpoueayps! k 4-11arosoit nponenype. JlanHoe 3Ha-
YEHHE MOXKET ObITh IOCUUTAHO CIIELYIOIUM 00pa3oM:

T

2-wazosas >

T, vaionan + 1. Zl G 3+ Tomre + Tpar i 22,
i=1 (17)

jelon;
TC/IA(L‘ J)=

rae T4 — Bpems, 3aTpaurBaeMoe Ha OJUH OJIOK 4-11aroBoii mporie-
JIypbl B YETBEPTOH MHTEPIIPETALUH MIEPEX0a.

3nauenus T4 MOTYT OBITH MOCUMTAHBI O CleayromeH (op-
MyJie:

T, =T + T,

data Pdata *

(18)

OCHOBBIBasICh Ha BBIBOJIC CPEIHEH 3aAEpKKH Kaapa Ipole-
JIypBl CIy4altHOTO JOCTyMHa Juid mepBoil nHTepmperanuu u (18),
cpeaHsis 3a/iepKKa JIsl TAHHOW MHTEPIPETAI[A MOXKET OBITh 110-
CYMTaHa KaK:

—
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E [TCH4:| = TZ*mazomm + T4L (1 - eq - eiL ) +

+(Terme + Tou)(1-€7" = Le ™). 19)

CrnenoBatenbHo, ¢ yuetoM (1), (6), (12), (16) u (19) moxem

onpeneauTh GOPMYJIBI IS pacyeTa 3SHAUCHHUS (B JIJIS1 KK 10U UH-
TepnpeTauu nepexoaa oT 2-maroBoi mpoueaypsl K 4-maroBoi
npouenype. @opmysbl sl pacdeTa MPOIMYCKHOH CIOCOOHOCTH
HMMEEIOT CIIEeYOLINMI BUL:

1000Le™
s (L)= S
T2—ula208aﬂ +T1L<1_e ! —e L) (20)
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HJ’IH BBIUMCIIEHUST 3HAYSCHUN Ns BOCIIOJb3YEMCA THIIOBBIMU
3HAYCHUSAMHU HHTEPBAIOB BPEMEHH Tepeaad COOOIIeHNH B 4-1m1a-
TOBOH M 2-IIaroBOHM MpoIleypax clydyalHOro M0CTyma, MpHUBe-
JICHHBIX B Tabyuie 2 B padore [15]. HeoOxoaumMbie HaM HHTEp-
BaJIbl BPEMEHU UMEIOT CleAyIontie 3HaueHHUS: Tmsga = 2T T+ Tdata
(TTI — uHTEpBaN BpeMEHU TIEpENayH, | data — BPEMsI HEOOXOAUMOE
Ha Irepejavy Mojib30BaTeIbCKUX JaHHbIX), Tpmsga = 1 TT1 + 3 mc,
TmsgB =2TTI, Tmsg3 =TT+ Tgata, Tpmsg3 =3 Mc, Tpdata= 3 Mc — TTI
1 Tpmsgs = Tmsgs = Tpmsgs = TRre = Trrre = TT1. [Ipeamonoxmum, ato
TTI=0,5 mc.

4 Pe3yabTaThl pacyera MPomycKHOil cnoco0HOCTH
JUIS1 MHTepnpeTanuii nepexoja ot 2-maroBoii K 4-maroBoii
€ y4eTOM BpeMeHHbIX 3aTpaT

Pacuernsie 3nauenus nomydernsie mo (20) — (23) mpencras-
JICHBI HAa PUCYHKaxX 5 1 6.

Ha pucynke 5 npencrasieHa 3aBUCUMOCTb IIPOITYCKHOM CIIO-
COOHOCTH C y4ETOM BPEMEHHBIX MHTEPBAJIOB Ts OT YHCIIA YHU-
KanbHBIX npeamOyn L mpu Tgata = TTI 1 Bcex nnTepnperanuit
nepexoza.
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Puc. 5. I'paduk 3aBUCUMOCTH MPOITYCKHOI CIIOCOOHOCTH
OT YKCIIa YHUKAIBHBIX peaMOy1 pH Tdaa = 0.5 Mc

CoriacHO MOJTy4€HHBIM Pe3yJibTaTaM MOXHO CAEJIaTh BBIBOJ,
YTO NMPH Tdata = T 1| HaMITyUIIyIO MIPOITYCKHYIO CHOCOOHOCTH TPH
yuce npeamOyi L > 1 uMeer yeTBepTast HHTEpIIpeTalys, HAUXy /-
LIyI0 — NIepBast UHTepIpeTays. Bropas u TpeTbs HHTEpIpeTalys
PaBHBI IpYT APYTY, TAK KaK JUINTEILHOCTH NIepeiadl M 00paboTKH
RRC paBHa ymrenpHOCTH U 00pabOTKe cooOImeHust msg4.

Ha pucynke 6 mpencraBiieHbl pe3ysbTaThl pacueTa 3aBHCH-
MOCTB TIPOITYCKHOH CITOCOOHOCTH Ms OT 4Hcia mpeamOy L mpu
Tdata = 10 mc.
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Puc. 6. I'paduk 3aBHCMOCTH NPOITYCKHON CHOCOOHOCTH
OT YHCIIa YHUKUIBHBIX IpeaMOy1 mpu Tdata = 10 Mc

CornacHo ImpeCTaBICHHBIM pe3yJibTaTaM Ha pUCYHKEe 6 Mpu
YBEJNNYEHUN Tdaa BBIMIPBII YETBEPTONl HHTEpHNpeTanuud OT
OCTaJIbHBIX YMEHBIIIAETCs], 10 CPABHEHUIO C Pe3yJIbTaTaMU Ipe/-
CTaBJIEHHBIMM Ha puUCyHKe 5. OfHAKO, IpU TaKOW JIUTENBHOCTU
Tata I€TBEpTAS HHTEPIIPETALNS BCE SIIE NMEET HAMITYqIIyIO ITPo-
ITyCKHYIO CIIOCOOHOCTB 10 CPAaBHEHHUIO C OCTAIbHBIMU HHTEPIIpE-
TaIsIMHU, a TepBas HAMXyALIylo. BakHO OTMETHTB, 4TO JaHHBIN
BBIMTPBIII JOCTUTACTCS 33 CUCT YBEIMUYCHUS HEOOXOIUMBIX BBI-
YHCIUTEIBHBIX PECYPCOB HA 0a30BOM CTAaHIIMU.

BuiBoabl

B nanHO# paboTre OBUT MpoBeneH 0030p 4-I1aroBoil mporie-
Jypbl cityuaiHoro jocryna. B xone 0030pa 0003HaueHbl HEKOTO-
pBI€ HEJIOCTAaTKH, KOTOPbIE OrPAaHNYMBAIOT IIPUMEHEHHE 4-11aro-
BOI mporieypsl B ceTsix SG. Takke, ObUTH ONMUCAHBI AITOPHTMEI
1 METO]Ibl, TIO3BOJISIIOLIME AIalTHPOBAaTh NPUMEHEHNE CTAaH/IapT-
HOM 4-11aroBoi MPOIeyphl CIYyIalHOTO MOCTyTa Uit cetei 5G.
Kpowme astoro, 651112 onmcaHa 2-1maroBast Iporeaypa CIyIaifHOTo
JIOCTYTa ¥ MHTEPIPETANN TIePexo/ia OT 2-IIaroBOH MpOIEy bl
K 4-1maroBoii mporietype CIydaiHOTO J0CTyIa B Clydae MmoJryde-
nust fallback RAR. [lns Bcex paccMOTpPEHHBIX MHTEpPIIPETALIUit
IPOBEJICH aHAJIM3 U PacyeT MPOIyCKHOH criocooHocTH. [Iponsse-
JICHO CpaBHEHHE pacyeTa MPOIYyCKHOM CIIOCOOHOCTH JJIsl YeThIPEX
HMHTEpIpETALUN IEPEX01a IPU Pa3HbIX 3HAYCHUSX AJIUTEIBHOCTH
MHTEpBaJIa Mepe/jadn MOoJIb30BaTEIbCKUX JIAHHBIX.

CoracHO MOJTy4eHHBIM PE3yJIbTaT pacyera MPOoITyCKHOM CIIo-
COOHOCTH MOXKHO 3aKJIFOYHTh, YTO MPU PACCMOTPEHHBIX 3HAYE-
HUSIX JUIMTENIBHOCTH WHTEpBaJa Mepesadd I0JIb30BaTeIbCKIX
JAHHBIX YETBEPTHI BapuWaHT HWHTEPIPETaluy MMEET HanOOoIIb-
LIYI0 HPOITYCKHYIO CHOCOOHOCTH TPH JIIOOOM 3HA4YEHHE Yucia
YHUKAJIBHBIX TpeaMOyn L > 1.
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OpHako, IpU yBENMUYCHUH [UIHTEIEHOCTH WHTEpBaja Iepe-
Ja4d TIOJIH30BATENBCKUX JAHHBIX BBIUTPHIINI YETBEPTON HHTEp-
MIpeTay yMeHbIIaeTcs. Takxke, BaXXHO OTMETHUTh, YTO BCE HH-
TepIpeTaui KpoMe MepBOi TpeOyeT YBEIWYCHHBIX BBIUYMCIIHU-
TEJILHBIX PECYPCOB Ha 0a30BOI CTaHIMH.

HpOBeI[eHHI)Ie pe3yJIbTaThl UCCICAOBAHUA IMOKA3bIBAKOT, YTO
pa3Hble BapHaHTHI Mepexoja OT 2-IaroBOd TPOIEAYyphl K
4-maroBo¥ MO3BOJISIFOT JOOUTHCS PA3HOM MPOITYCKHON CITOCOOHO-
ctu. [lepBast MHTEpHpeTanys nepexona aHaJIorH4Ha 4-I1aroBoi
nporeaype citydaiiHoro pocrymna. OTMETHM, 4TO JUIs 3TOTO BHIA
repexoja He TpeOyeTcs JIOMOIHUTEIILHBIX U3MEHEHUH B padboTe
0a30BOM CTaHIMM, OJHAKO, HaHHAs WHTEPIPETALUs HMEET
HaUXyIIIAe 3HAYEHU MIPOMYCKHOW CIIOCOOHOCTH.

Bropas 1 TpeThsl HHTepIpeTaliy MEPeX01a MOKa3bIBAIOT O/IH-
HAKOBBIC PE3YNBTATHI NP YUETe TOTO, YTO UIUTEIFHOCTE TIepe-
Jauu 1 00paboTKK cooOIeHHs: msg4 paBHA JUIUTEIBHOCTH Iepe-
naun 1 o0pabdorku coobuienuss RRC. [{ns o0oux BapraHTOB Iie-
pexojia yBeIMYEeHHE MPOIYCKHOW CIIOCOOHOCTH OTHOCHUTEIHHO
MIEpBOTrO BapUaHTa 00yCIaBIMBACTCSI HEOOXOAUMOCTBIO yCII0XKHE-
HUS 9acTH Tepeadyn cooO0IeH st msg4 Uit BTOPOM HHTEepIpeTa-
LMY TIepexo/ia u nepeaadu coodienust RRC ais TpeTheid uaTep-
MIPeTaLuH.

YeTBepTasi MHTEpIPETAIMsl HUMEET HAWIYUIIyI0 HPOITYyCKHYIO
CHOCOOHOCTB, HO JIAHHBIA BBIMTPHIII 00YCIIaBINBAeTCsl HEOOXO-
JMMOCTBIO YCIIO)KHEHHEM 4YacTH Iepenadn cooOmmeHuid msgd u
RRC, Tak xak npuMeHsieTcst KOMOMHUPOBaHHAsI Hesl U3 BTOPOTO
U TPETHEro BapuaHTa Mepexosa OT 2-IIaroBOM MpOLEIyphl CIy-
YafHOTO JIOCTYTIA K 4-II1arOBOM.
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ANALYSIS TYPES OF BACKOFF FROM 2-STEP TO 4-STEP RANDOM ACCESS PROCEDURE

Roman O. Rachugin, Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia,
rrol 699@gmail.com

Abstract

Currently, the active deployment and development of cellular networks of the fifth generation communication standard (5G) is underway, while
scientific discussions are ongoing regarding the architectural features and key technologies of the next generation of wireless networks. Within the
framework of these standards, considerable attention is paid to the application scenarios of the Internet of Things (IoT). In mloT systems, the main
data transfer scenario is the massive Machine-Type Communication (mMTC) scenario. One of the main requirements for the mMTC scenario is
the ability to process a potentially unlimited number of devices. The development trend of this scenario assumes an increase in the number of
devices within the operation of one access point. A large number of devices necessitates the use of random multiple access methods for trans-
mission over a common channel. In this case, the requirements for the performance indicators of future generations of wireless communication
systems increase, such as: throughput, device connection density, data transmission delay. Modern networks use a 4-step random access proce-
dure. However, using the 4-step procedure in the context of a massive Machine-Type Communication scenario has a number of disadvantages: a
large volume of transmitted service messages in relation to the transmitted information from loT devices, an increase in transmission time due to
later detection of collisions. New wireless network standards (5G NR) add the ability to use a 2-step random access procedure, which reduces the
number of service messages. However, in some cases this random access procedure also has disadvantages: an increased probability of data colli-
sion. Therefore, a number of works describe the possibility of backoff from a 2-step procedure to a 4-step procedure, provided that a fallback
RAR is received. There is no precise formulation of such a backoff. In this paper, several types of such a backoff are proposed and a comparative
analysis of these transitions is carried out. Based on the results of the analysis, it is concluded that some types of backoff are the most promising
for possible use in random access procedures of future generations of wireless networks.

Keywords: 2-step procedure random access, throughput, 4-step procedure random access, mMTC, loT
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B cratbe paccMatpuBaetca 3ajava nepefavM AaHHbIX B YCIOBUAX MYNbLTU3OHOBOFO
nokpbiTua cetei 4G n 5G, 4To BecbMa aKkTyanbHO Npu pacTyleM cnpoce aGoHeHToB
Ha pa3sHooG6pa3Hble KaTeropum nocraBnAeMoro KoHteHTa. Ocob6oe BHMMaHue
yAenAaeTca MHTErpaumMmM MHOroalpecHoi M ajpecHoW AOCTaBKU MH(oOpMauuK, 4TO
HanpsAMyio BnuseT Ha 3P peKTUBHOCTL UCMOJIb3OBAHUA CETEBLIX PECYPCOB U KAa4€CTBO
oGcnyxuBaHua nonb3oBatenein. CoBpeMeHHble cuUcTeMbl MOGMNBHON CBA3M
CTANIKUBAIOTCA C PpacTylyuM notpebneHneM MynbTUMEAMMHOrO KOHTEHTa M
Heo6X0AUMOCTLIO YNpaB/ieHUA OrPaHUYEHHbIMU pecypcaMu MOoGunbHOro oneparopa
B YCNOBMAX BbICOKOW 3arpysku cetu. Llenbio uccnepoBaHua ABnAeTca oOLEHKa
KOMOGMHMPOBAHHOTO MoAXoAa, BKIIOYAIOLLEro LUMPOKOBeLLaTeNbHYI0O nepepayy
MYNLTUMEAUAHOTO KOHTEHTa M afpecHylo [AOCTaBKy JAaHHbIX. lMpeanoxkeHa HoBas
KOHLeNUUa [OCTaBKM MYNbTUMEAUAHBIX [AaHHbIX ANIA MHOrOQApPEecHOro cerMeHTa
BKJ1I0YaA TOMOJOruIo, NepeHoc paboynx 4acToT B MeHee 3arpyeHHble AuanasoHbl,
a TaK)XXe TEeXHOJNIOrMI0O AO0CTaBKM AaHHbIX. KoHuenuus BKno4vaeT TOMONMOrMIO CeTH,
nepeHoc pabouMx YacTOT B MEHEE 3arpyXXeHHble pPajMo4acTOTHble AWaNa3oHbl U
ONTUMM3ALMIO TeXHONOrMu nepepaymn AaHHbix B cetax 4G m 5G. MpoBeaeHHble
pacyeTbl AN MyNnbTU3OHOBOM CHUCTEMbl MOKas3anu yBeNUWYEHUEe MNoLaAu 30HbI
MNOKpPbITUA U MoBbilleHUe 3¢ PEKTUBHOCTU UCMONb30OBAHUA YaCTOTHOIO pecypca.
OcCHOBHbIE pesynbTarthbl noAaTBepxKAaOT NoBbILLUEHUE a¢ppekTUBHOCTH
MCNONb30BaHUA CETEBbIX PECypCcOB, pacyeT OMNTUMaNIbHbIX MapaMeTpoOB 3OHbI
MOKPbITUA U CHMIKEHME BEPOATHOCTU OTKa3a 3a CYET aAanTUBHOrO pacnpefeneHus
Harpy3ku. BbisBneHbl HOBble BO3MOXXHOCTU ANA PasBUTUA TUOGPUAHLIX CeTeBbIX
ApXUTEKTYp, KOTOpble COYeTaloT LUMPOKOBeLaTeNbHble W MEepPCOHANN3UPOBaHHbIE
cepBucbl. [Mony4yeHHble pe3ynbTaTbl MOATBEPXKAAOT, YTO  MHTErpauus
MHOroaZpecHblX U OAHOAAPECHBbIX TEXHOJNOIMA [OCTaBKM KOHTEHTa ABnAeTcA
NepcrneKTUBHbIM HamnpaBjieHWEeM ANA pa3BUTUA MoOMnNbHOW cBA3u. Pesynbrathbi
MccnefoBaHUA MOTYyT ObiTb BHeApPEHbl onepatopaMu MoGMNbHOM CBA3M AnA
NOBbILLIEHUA KavyecTBa 06cnyKMBaHUA aBOHEHTOB U HaleXKHOCTM MOGUNBLHOM CBA3M.
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1 BBenenue

C pas3BuTHEM MOOWIBHBIX TEXHOJOTMH W TOSBICHHUEM BCE
GoJiee coBepIICHHBIX aDOHEHTCKUX YCTPOMCTB Obliia paspaboTa-
Ha TPAHCTIOPTHAsI CHCTEMa, COOTBETCTBYIOIIAsI KOHIIEIIINU CETeH
HOBOTO TIOKOJICHUS, ¥ TIPeHa3HAYCHHAs Iyl epeladil MyJIbTH-
MeauiiHoro Tpaduka. OIHAKO IO MEepe pocTa Harpy3KH Ha CETh,
KoTOpasi OyJeT TOJIbKO YBEJIMUUBATHCS, BO3HUKAIOT ONpEIENIEH-
HBIE CI0XHOCTHU. I10CKONBKY BCE CepBHCHI pabOTaIOT HA OIHOM 1
TOH ke HH(PACTPYKType, MKy HUMU BO3HHKAET KOHKYPEHLIS
3a OrpaHHYEHHBIE pecypchl ceTh. Kpome Toro, Kaxablii CEpBHUC
BBIJIBUTA€T CBOM TEXHOJOIMYECKUE TPEOOBAHMS K pecypcam, u4To
JIOTIOJTHUTEJBHO YCIIOKHSET CUTYAIMIO.

B yciioBHsSIX COBpEMEHHOTO MHpa KayecTBO IPEIOCTaBIIsie-
MbIX yeayr (Quality of Service, QoS) u 1moabp30BaTENbCKUH OMBIT
(Quality of Experience, QoE) craHoBsTCS KITIOYEeBBIME (DaKTO-
pamu. PecypcHo-cepBUCHASI MOJIETb TPEINONAraeT, YTo yCIyru
JIOJDKHBI OBITH Ha BBICOYAWIIEM YPOBHE, a TIOJIb30BATENH JJOJIK-
HBI TIOJIy4aTh TOJBKO IOJIOKHTENBHBIE IMOIMN OT B3aUMOAEH-
CTBHSI C HUMH. PacTymuii cipoc Ha pa3HOOOpa3HBIE KaTErOpuu
MIOCTABIISIEMOT0 KOHTEHTA 3aCTaBIsIET MOOWJIBHBIX OINEPaToOpOB
UCKAaTh HOBBIE TEXHUYECKHE pEUICHHs, KOTOpbIE ITO3BOJISAT
YIYYIIUTh Ka4eCTBO JOCTAaBKM M CHU3UTHb HArpy3Ky Ha CeTb
[1-7].

TpanunuoHHBIE MOIXO/BI K YNPABJICHHIO CETEBBIMH PECyp-
CaMH, OCHOBAaHHBIC Ha JKECTKOM DPa3JeJICHUH yCIyT, CTAaHOBSITCS
Hed(P(HEKTUBHBIMU B YCJOBHSX pacTymero o0béMa MyJbTHME-
quiiHOTO Tpaduka. JJaHHBIA (akT 0COOEHHO 3aMETEeH B MYJIbTH-
30HOBBIX CETSIX, IJle KOMOMHHpPOBAHHOE MOKpHITHE (MakKpo-,
MHKpPOCOTEHI, indoor-pemreHus) TpedyeT AMHAMHYECKOW ajarnTa-
LUK K M3MEHSIomMMcs ycsoBusM. [Ipn Takux creHapusx KImro-
YEeBYIO0 POJIb WIPAIOT THOPHIHBIE CETH, KOTOPHIC MO3BOJSIOT
O00BEANHUTh HIMPOKOBEINATEIbHBIE U IEPCOHAIM3UPOBAHHBIC
CETH JIOCTABKU JIAaHHBIX.

JlaHHas cTaThsl cOCPEJOTOUYEHA HA PACCMOTPEHHH peayn3a-
MM MYJbTU30HOBOH CETH paclpOCTPaHEHUs KOHTEHTa uepe3
COBMECTHOE HCIIOJIb30BaHHE LIMPOKOBEHIATEILHOTO M OJHOA-
PECHOTO CerMeHTa B paMKax €IWHON CeTH oreparopa MOOWIIb-
HOMW CBSI3U C WCIIOJIb30BAaHHEM AITOPUTMa pacHpe/ieeHus] KOH-
TEHTa 110 CErMeHTaM ceTH. lI3ydyeHne COBpEeMEHHBIX IyOInKa-
LU NOKa3bIBaeT, YTO CYIIECTBYIOUINE PEIIeHUs] (POKYCHPYIOTCS
100 Ha ONTHUMM3ALMK OJHOAAPECHOTO TpaduKa, MO0 HA IIH-
POKOBELIATENIFHON PacChUIKE, HTHOPUPYS MX CHHEPIreTHYECKUI
moteHan [8-13]. B ornmume oT HUX, maHHas paboTa, Kak H
ctatbu [14-18], mpemmaraeT KOMIUIEKCHBIA MOJXOJ, TPH KOTO-
pOM paccMaTpuBaeTCsl TpUMEHEHHe arperamuu ciaotoB (Slot
Aggregation) n kogupoBauus (Channel Coding) mms pacmmpe-
HUsI BO3MOXHOCTEH IIMPOKOBEIIATEILHOTO IOJIX0Ja paclpo-
CTpaHEeHHs KOHTEHTAa. Arperanus CJIOTOB IOBbIIIAeT d(deKTus-
HOCTb HCIIOJIb30BAaHMUS YAaCTOTHOTO CHEKTpa 3a CUeT O0bEIHHe-
HHs BPEMEHHBIX WHTEPBAJIOB JUIsl iepejaun naHHbix. Koanposa-
HHME KaHAJIOB MUHHMHU3UPYET MOTEPH MH(POPMAIMU B YCIOBHUIX
IIOMEX ¥ MHOTOJIy4€BOr'0 PacIpOCTPaHEHHsI CUTHAA.

2 CoBpeMeHHbIe (pOpMATHI MHOT0QPECHOT0 BeIIAHUS
B CETSIX MOOMJILHOM CBSI3H

PaccMmoTpuM CyliecTBYyIOIIME TEXHOJOTMH JOCTAaBKH MYJIb-
TUMEIUIHOro KoHTeHTa. B pamkax cranpapra 4G MHOroaapec-
HOE BElIaHUE MPEeIyCMOTPEHO Tpu wucnoiab3oBanuu LTE-

eMBMS (evolved Multimedia Broadcast Multicast Service),
KOTOpOE B CBOIO o4epe/lb paboTaeT B Ka4eCTBE OJHOYACTOTHOM
cetu (SFN, Single-frequency network), peann3zoBanHoii B ogHOM
JIaIia3oHe, UCTIOIb3Ys ONPE/CIICHHBIC YAaCTOTHI, BBIJICIICHHBIC U3
OTpaHHYeHHOTO auarazoHa dactor LTE-cetn MoOMIBHOTO OTIe-
paropa. IlpenocTaBieHHBIE MOOMIBHBIM OINEPATOPOM HaCTOTHI
MIpeAHa3Ha4YeHbl Ui Iepefadn Oospmoro o0bEMa JAaHHBIX B
OTIpeISIEHHBIX 30HaX MOKPBITHSA, T1ie Bce 0a3oBbie cTaHmu (bC)
pabotarot B coctaBe SFN, Kak moka3zaHo Ha pHCyHKe 1.

Bce BC mepenator ofHu U T K€ JTaHHBIC B €IUHBIC BPEMEH-
HBIC MHTEPBAJIbI, TO €CTh 3TOT ()PArMEHT CETH (PYHKIHOHUPYET
kak ojHa Oonbmas bC. Takast ceTh MO3BOJISIET peaan30Barh I0-
TEHIMAJ IIUPOKOH BapUATUBHOCTH KOH(UIYpalil Kak B BHIC
HeOOJIBIIION 30HBI BENaHUs, COCTOSIIICH U3 OHOW MM HECKOIIb-
kux BC, mokprIBarommx KBapTajl ropoja, WM K€ OXBaTbIBaTh
OOIBIIYIO TEPPUTOPHIO — TOPOJ, O0JIACTh, (heIepPATBLHBIA OKPYT
WM JTaKe CTpaHy. B oHOI ceTn MOTYyT cocymiecTBOBaTh Kak IIH-
POKOBeIIaTeNIbHbIE, TaK W OOBIYHBIC KAHAIBI, NP 3TOM OTPAHH-
YEHHBIE PAANOYACTOTHBIE PECYPCHI MOTYT AMHAMHYECKH TIepepac-
MPENENSITECA MEXIY KaHaJlaMH PAclpOCTPAaHEHWs KOHTEHTa B
3aBHCHMOCTH OT BO3MOKHOCTEH MOOMIIBHOTO orepaTopa [19].

unicast

SP/PDN-GW

MBMS-GW

YNpaenAwWan MHpopMaLm

Monb3ceaTenbckue adHble

HaHHbie

Puc. 1. Apxutexrypa Bemanus LTE-Broadcast

PasButne 6ecnipoBOIHBIX ceTeil mokojeHns SG HarpaBIeHHO
Ha MPEeJOCTaBJICHHE IMPOKOTO CIIEKTPa YCIYT PH 00ecTieYeHHH
BBICOKOW CKOpPOCTH mepenayu AaHHbIX. [locTosiHHBIN U Hemnpe-
PBIBHBI POCT MOOMIBHBIX YCTPOWCTB M MPUIIOKEHUH, COMpO-
BOJK/Ia€MbIi yBEJIMUEHHEM TPeOOBAaHUI K MPOITyCKHOW CIOCO0-
HOCTH, BBIHYXK/IaeT TeXHOJOrnu 5SG MoaAepKUBaTh 3HAYNTEIb-
HbIC O6'béMI)I nepeaaun JaHHBbIX. KiroueBbIM acmekToMm 1A ap-
XUTEKTYpPbI (PU3MUECKOTO YPOBHSI TAKMX CHUCTEM SIBIISICTCS OIpe-
JieneHne (PU3NYecKuX XapakTepuCTHK pagnonHTepdeiica.

Juisn cetn 5G  (usmueckue XapaKTEPUCTHKU OTIMYAIOTCS
CJICAYIONIMMHU TIOKA3aTeIsIMU: CIIEKTpasibHas 3(QQEKTUBHOCTH B
nHucxoasmeit muaun 30 Out/c/I'1, MMKOBBIE CKOPOCTH TMEpeaadn
nmauabix 20 ['6ut/c mis HUCXOHAIIEH JMHUU CBSI3U, 33/I€PKKa B
1 Mc mpu monaepskke MoOmiIbHOCTH B 500 KM/4 M TIOJAEpIKKa
moJockl mponyckanust 10 | I'To mpu mpomyckHO# crmocobHOCTH
okono 10 M6ur/c/m?. Tlokazarenu Juis BOCXOJAIIEH JIMHAK He
yKazaHbl, mNOCKoJbKy TexHonorun 4G/LTE-A/eMBMS He
npeaycMaTpuBaeT AyIUIEKCHYI0 paboty. s mepepaun mpume-
HSIETCS TEXHOJIOrusi BpeMeHHoro pacnpenenenuss OFDMA
(Orthogonal Frequency Division Multiple Access).
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B cersix 4G ans nepenadu JaHHBIX TPUMEHSIETCS METOJ MO-
JYJISLUHM, OCHOBaHHBI Ha MYJIBTHUIUIEKCUPOBAHHUH C OPTOrO-
HQIBHBIM ~ YacTOTHBIM  pasneneHneM  kaHaioB  (OFDM,
Orthogonal Frequency Division Multiple). Onnako y atoro mm-
POKO pacnpoCTpaHEHHOTO METOJa €CTh HEIOCTaTKU, TaKHe Kak
CHIDKEHHE CTIEKTPAIBbHON 3((QEKTUBHOCTH M3-32 BBICOKHX OOKO-
BBIX JICTIECTKOB M CTpOTHE TpeOOBaHWS K CHHXPOHHU3AINH.
B cersx 5G pa3pabaTeiBaloTCS HOBBIC METOIBI MOYIISAIIUH,
HaIpaBJICHHBIC HA YJIy4JIIEHHE KauyecTBa CBA3M.

Jlanee paccMOTPHM TEXHHUYECKHE DEIICHHS, HallpaBICHHbIC
Ha ONTHMH3ALMI0 MHOTOAJPECHON NOCTaBKU KOHTEHTa aOOHEH-
TaMm B pamkax KoHueniun texHojoruu 4G/LTE-A/eMBMS:

A) Arperanus cJ0TOB

B cersax 4G xaxzapiii BpeMeHnHol nHTepBan nepenaun (TTI,
Time To Interactive) cTpouTcs Ha JBYX OCHOBHBIX KOMITOHEH-
Tax: (u3nYecKkoM KaHalle yNpaBJieHUsI HUCXOMSIIEH nepenauci
(PDCCH, Packet Data Control Channel) u ¢uznueckom kxanaie
s HAcXomsmied nepemaun  gaHHbIX  (PDSCH, Physical
Downlink Shared Channel). PDCCH cnyxur s mnepenadn
ynpasistronied HHGOPMAINH, BKJIIOYAS TNITAHNPOBAHUE U YIIPaB-
JICHWE IOCTYTOM, 3aHuMast 10 20% cuMBOJIOB B moakanpe (3 u3
14), B To Bpems kak PDSCH ucnons3yeTcs 11 iepeadn mob-
30BaTENbCKUX NaHHBIX. MoOmnbHbIe ycTpoiictBa (UE) cumThI-
BaroT PDCCH, 4To0BI OmpenennuTs pacrojoXeHne CBOUX JIaH-
Heix B PDSCH. Opnako mocrositaHoe mpucytctBue PDCCH B
Ka&XJOM MOAKaape co31aéT HaKIaJIHbIe PAcXoJibl, CHHXKas (-
(heKTUBHOCThH MCIIOJIB30BAHUS CIICKTPa, OCOOCHHO B IIHPOKOBE-
LIATEeNBHBIX CLEHAPHUsX, I/Ie TpeOyeTCsl OTHOBPEMEHHas! JOCTaB-
Ka KOHTEHTa MHOXKECTBY NOJIb30BaTENICil B pa3HBIX 30HAX IIO-
KPBITHSI.

Arperauma cnotoe 4G

41 M

l PDCCH. Packet Data Control Channel

Arperauma cnoToe 5G . PDSCH, Physical Downlink Shared Channel

4 M 4 e

Puc. 2. Otnnuns B arperanuu ciotoB Mexnay 4G u 5G

B cersix 5G st pemenust aToit mpoOieMbl BHEIpEHa arpera-
LUl BPEMEHHBIX MHTEPBAJIOB, KOTOpasi ONTHMHU3HPYET PECypChI
32 C4ET AWHAMUYECKOTO DPEryJMpPOBAHMS YNPABIISIONMMU CHI-
Hanmamu. ba3oseie cranmmn 5G (gNB) coxpaHAIOT JaHHBIE HHUC-
XOJIIero kanaina B Oydepe, aHamm3upys oObEM Tpaduka s
kaxaoro UE. Ecmu ycrpoiicTBy TpeOyercs mepenaTh OOJbIION
00BpéM maHHBIX (Hampumep, Buzaeo), gNB nasnawaer PDCCH
TOJIBKO B NEPBOM BPEMEHHOM HMHTEpBaje, BBIACNAS HECKOJIBKO
ciotoB i nepefayd. Haunnast co Broporo mnrepsana, PDCCH
OTKJIIOYaeTCs, ¥ Bce 14 CHMBOJIOB TMOAKAIpa HCIOIB3YIOTCS HC-
KIIFOUUTENBbHO Ul nepenadn AaHHbX yepe3 PDSCH, uto ycrpa-
HSIET CITy’KEOHBIE PACXObl Ha YNPABISIIONINE CUTHAJIBI, TIOBBIIIAS
TIPOITYCKHYIO CIIOCOOHOCTD ¥ CIIEKTPAIBbHYIO0 3 ekTrBHOCTH [20].

Taxo¥ moaxo1 0COOEHHO aKTyaleH IS MYJIbTH30HOBBIX Ce-
TEH, r7ie KOMOMHUPYIOTCS MAKPOCOTHI MU MHKPOCOTHI ISl TUIOT-
HOH rOpOJICKOM 3aCTpOKU. Arperauusi CJIOTOB MO3BOJISIET aJall-
THPOBaTh INIMPOKOBEIIATENbHBIH TpapuK MOA Ppa3HBIC 30HBIL

CB43b

UCTIONIb30BAaTh HHU3KHE YacTOTHI A YJAIEHHBIX PETHOHOB H
MUJUIMMETPOBLIC BOJIHBI JI1 BBICOKOCKOPOCTHBIX CHCHApPUCB.
OTO HE TOJNBKO CHIDKACT 3aJIePXKKH M YIydlIaeT KayecTBO 00-
CITy’)KUBaHUS, HO U OCBOOOK/IAeT pecypchl [isi GOHOBBIX 3ajad,
oOecrieunBast Oananc MexIy dPPEeKTUBHOCTHIO M HaJIEKHOCTHIO
B YCJIOBHSIX PACTYILETO CIpOca Ha MyJIbTUMEIUHHBINA KOHTEHT.

B) Ontumm3anus IHPOKOBEIATEIbHOI0 CerMEeHTaM B
MYJbTH30HOBBIX ceTsiX Yepe3 LDPC u mossipubie KObI

B cersix 5G KIIIOUEBBIM 3JEMEHTOM YIYUIICHUS IIUPOKOBE-
IIaTeNIbHOTO CETMEHTA CTAJI0 BHEJIPEHHE KOIOB IMPOBEPKH UYET-
noctn Hm3Kkoi twotHOcTH (LDPC, Low-density parity-check
code) ¥ HOMAPHBIX KOIOB, KOTOPBIE IIPEBOCXOAAT TPATUIIOHHBIE
TypOokoabl 1o 3ddexkruBHocTH. LDPC-K0aBI 1EMOHCTPUPYIOT
MOBBIIIEHHYIO YCTOMYMBOCTh K OIIMOKaM IIpU Tepeaade KpyI-
HBIX TPAHCIIOPTHBIX OJIOKOB JaHHBIX, YTO JENAET UX ONTHMAllb-
HbBIMU I HIHWPOKOBEHIATC/IbHBIX CEPBUCOB B MYJIBTU30HOBLIX
ceTsx, Ije TpeOyercsi OJHOBPEMEHHas pacChUIKa KOHTEHTa
(HanpuMep, CTPUMHHT MM OOHOBIICHHE ITPOTPaMMHOT0O 00ecre-
YeHus) Ha Oouybinue paccTostHus. OfHAKO JUIs KOHTPOJIBHOTO
Tpaduka, He ucronb3yromiero kpymnusle Omoku, LDPC wmenee
s dexTuBeH, nodToMy B 5G NPUMEHSIOTCS MOJSIPHBIE KOJBIL.
DTH KOJBI, OCHOBAaHHBIC HA CIIUCOYHOM nexomupoBanuu (SC-
List), ciocobnb! mpubmmkaTthes K npeaeny lllennona, obecrme-
gyuBast BeIMTpeII B 0,5 1b mo cpaBHEHHIO ¢ TypOOKOAAMH, UTO
KPUTHYHO VISl YIPaBICHUS TPAQUKOM B YCIOBHUSIX BBICOKOH MH-
TeppepeHIny i JHHaAMUIecKoil Harpy3ku [20].

B MyJIBTH30HOBBIX CETAX, COUETAIOIINX MAKPO- ¥ MUKPOCOTBHI,
TaKoe pa3JelieHue KOJOB IO3BOJISIET TMOKO aJlalTHPOBAThCS K
TpeboBanusM pasHbix 30H: LDPC ucnomb3yeTcst /Uit BBICOKO-
CKOpPOCTHOM Tmepefauv B IJIOTHO HacelEHHBIX paiioHax, a Io-
JSIpHBIE KOJBI JUISL HAAEKHOTO YINPABICHUS COCIMHEHHUSIMHU B
YAQIEHHBIX WM WHTEp(EpEeHINOHHO-HATPYKEHHBIX pPErnoHax.
JlaHHOE pelIeHHe He TOJBKO MOBBIIIACT CIEKTPaTbHYIO 3(dek-
TUBHOCTb M CHI)KACT 33/IEPXKKH, HO U ONTUMH3HUPYET HCIIOIb30-
BaHHME PECypCcoB, OCBOOOXKIass KaHaJbl OT M30BITOYHON CITyXeo-
HO MH(POPMALINH.

B pesynbrare, komOuHanmst LDPC u momspHBIX KOIOB CTa-
HOBHUTCS KJIIOYEBBIM MHCTPYMEHTOM JJIsI MacITabupyeMbIX IIH-
POKOBEIIATEIFHBIX PACCHIIOK, O0ecTeunBast 6aJaHc MEXIy CKO-
POCTBIO, HAIEKHOCTBIO M aJaITUBHOCTBIO B YCIOBHUSIX PacTyIIle-
ro CIpoca Ha MyJIbTUMEIUNHBIA KOHTEHT.

CoBpeMeHHBIM pa3BuTHEM TexHonorun MBMS  aBnsercs
FeMBMS (Further evolved Multimedia Broadcast Multicast Ser-
vice) [19]. Texuonorus FeMBMS crana jorudeckiuM pa3BuTHEM
npeapitymeid rexnoigorun eMBMS u Obia paspaborana uis
Y/IOBJIETBOPEHHUSI HOBBIX TPeOOBaHMI K MHOT'0aJpECHOH Iepesia-
ye naHHbIX B cersix LTE u 5G. OcHOBHOM 1enbio pa3paboTku
FeMBMS 6su10 mipeononenue orpanndcHuit eMBMS u amanTa-
IUsI TEXHOJOTMH K HOBBIM CIIGHApHUSIM HCIIOJIb30BAHUS, TaKHM
Kak TpaHCIsmus Buaeo Boicokoil yetkoctn (HDTV, 4K) u mac-
COBBIE PACCBHIIKH JIaHHBIX B YCIIOBHSAX BBICOKOW IJIOTHOCTH a00-
HEHTOB.

Texnonorus FeMBMS o6ecnieunBaer:

— TOAZIEPKKY OOJIBIIEr0 PACCTOSIHUS MEXKIY CTaHIUAMH OJla-
rojiaps UCI0Jb30BaHUIO TUKIHYHOTO npedrrca 200 MKc;

— w™enranayro MBMS/onHoaapecHyo iepenauy;

— CHeIMaIn3upoBaHHy0 nepegayy MBMS;

— HOBBIW THI MOAKAAPOB;

— PEXHM TOJIBKO TIpHeMa U BO3MOXKHOCTh OECIUIaTHOM Iepe-
Jlauu.

—
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[TocnenHnM MpeaCTaBIEHHBIM JTANIOM PAa3BUTHA Ul TEXHO-
norun 5G sBisercs paspabotanHas TexHojoruss SMBS (5G
Multicast/Broadcast Services) [21], koTopast MpeacTaBisieT CO-
Ooii manpHeimee passutue FeMBMS. Texnomorus SMBS pe-
LIaeT KJIIOYEBbIEe 33Jja4ll COBPEMEHHBIX CETEH CBSI3H, TaKHE Kak
MaccoBasl JIOCTaBKa KOHTEHTa BBICOKOIO KauecTBa (Hampumep,
Busieo 4K/8K), TpaHCIsIUs CIOPTUBHBIX COOBITHI, OOHOBIICHUS
mporpaMMHOro obecnieuenust it ycrpoicts loT u apyrue cre-
HapuH, r7ie TpedyeTcs 0JTHOBPEMEHHas Iepeada 0THOTro MTOTOKa
JTAHHBIX MHOKECTBY MOJIb30BaTEIICH.

OcHoBHble oTmunst mMexay FeMBMS u SMBS B moxxoze
(u3HUeCcKOi peann3anuy nepeaadn KOHTEHTA 3aKITI0YaroTCs B:

1) crpykrype kampa: FeMBMS wucmons3yer (uKCHpoBaH-
weie MBSFN monkanper, Torna kak SMBS mpemmaraet ruoxyio
CTPYKTYpPY C ANHAMUYECKHM PACIIPENICICHUEM PECYPCOB;

2) WCTOJB30BAHUHM PATMOYACTOTHBIX pecypcoB: FeMBMS
MeHee 3¢ (eKTHBHA B HCITOJIB30BAaHUU CIICKTpa, Toraa kak SMBS
HOJJIEP)KUBACT JIMHAMUYECKOE pacIipe/ieieHHe PECypCcoB;

3) meromax monyisiumu: SMBS mommepkuBaer Gonee co-
BpPEMEHHBIE METO/bI MOIYJISIIIMK, YTO OoOecIieunBaeT Oosiee BbI-
COKYIO IIPOITyCKHYIO CIIOCOOHOCTB;

4) 3one nmokpeitust: SMBS ucnons3yer SFN B coueranuu ¢
beamforming, 4ro yBenM4YMBaeT 30HY HOKPHITHS M YJIydlIlIaeT
Ka4ecTBO IIpHeMa.

Takum obpazom, SMBS mpezncrasisier coboif 3HAYUTETFHOE
yIIydineHne 1o cpaBHeHHIo ¢ FeMBMS, amantupoBaHHOE is
yIOBIETBOpeHHUS TOTpeOHOCTe cereit 5G. Mexay SMBS u
FeMBMS cymecTByloT 3HaUMTENbHBIE OTIMYHS B IOIXOAE K
(bu3ruecKoil peann3aluy nepeaadn KOHTEHTa, 0COOCHHO B KOH-
TEKCTe CTPYKTYPBI KaJpa 1 CIIOCOOOB HCIIOIB30BAaHUS Pauoya-
CTOTHBIX PECYpPCOB. DTH pa3inuuusi 00yCIOBIEHBI TEM, YTO TEX-
Hostorusi FeMBMS paspaGorana mist cereii LTE, a SMBS —
s cereit 5G. COOTBETCTBEHHO, HAMOOJBIIUI MHTEPEC IS pea-
JIU3alUH TIMPOKOBEIIATEIbHOTO CerMEeHTa JJOCTaBKW KOHTEHTA B
CeTH MOOMJIBHOTO OIlepaTopa JIsl JaHHOTO MCCIEAOBAHUS TIPea-
craBisieT TexHonorus FeMBMS.

OxHuM W3 KJIIOYEBBIX TNPEHMYIIECTB  HCIIOJIb30BAHMS
FeMBMS sBisiercss BO3MOKHOCTD ITPUMEHEHHSI OOJIBIIOTO KO-
nmuaectBa OFDM-niogrecynx. B wactHOCTH, pa3HOC MOIHECY-
IIX MOXET OBITh YMeHbIIeH 10 1,25 k', a 3anuTHeId HHTEp-
Ban yBenmdeH 10 200 MKC, 9TO OTKPHIBACT MEPCIIECKTUBBI IS
YBEJIMYEHUS pacCcTOSIHUSA MexXay BomkamMu SFN-cetn 10 60 kM,
XOTsI Ha NPAKTUKE TAaKOW 3alUTHBIA MHTEpBAl NMPUMEHSETCS He
JUIL YBENIMUEHMsS] PACCTOSHHSA, a JJIsI KOMIIEHCALMM CHIIBHOU
MHOTOJIY4€BOCTH, HO CBOI BKJIaJ] B YBEJIMYCHUE 30HBI OOCITYKH-
BaHUs JJaHHOE peleHue BHocuT. Kpome Toro, Obun pa3padboTa-
HbI CIICHUAJIbHBIC PCKHUMbI MEpCAavyu AAaHHBIX, MPCIAHA3HAYCH-
HBIC JUIS BellaHus 0€3 KOHKYPEHIIUH 32 PaJin0YaCcTOTHBINA CIIEKTp
C HCITOJIb30BaHKEM Unicast-yciyr (puc. 4).

B nensx ontumuzanuu npouecca rnepeaadn JaHHBIX B CETSX
LTE 6511 pa3zpaboran HOBBIH peskuM Transport-only. OH 1m0o3Bo-
nsieT OCCTIPEINsITCTBEHHO IepeaaBaTh WH(POPMANWIo B JIOOOM
(dopmate, B TOM 4HCIIE JaHHBIE, HE COOTBETCTBYIOIINE CTaHAAP-
taM 3GPP. [l sToro manusie mpeobpasyrorcs B [P-makeTsr, 9to
MO3BOJISIET PA3IMYHBIM IIPOBaiiiepaM HCIOIb30BaTh OJHY U Ty
)K€ CeTh JUISL IPEIOCTABIICHHUS] PA3HOOOPA3HbIX YCIYT.

st Toro utoObl cnenark TexHosnoruro FeMBMS Gosee npu-
BJICKATEIbHOI /7 MOJb30BaTeNiell U 00ecCeYnTh €€ KOHKYpEeH-
TOCHOCOOHOCTh 110 CPABHEHHIO C CYIIECTBYIOUIMMH BEIIATEIb-
HBIMH CETSIMH, TIpeJyIaraeTcs BapuaHT nepead JaHHBIX TOJIBKO

B OJIHOM HaITpaBJICHHH, 0e3 00paTHOM CBSI3H, TTO3BOJISISI UCIIONb-
30Bath cepBruckl FeMBMS 6e3 ncrnosnp3oBanust SIM-kapTsl.

CMELIZHHLIH PEXHM B2UIAHMA NPEANDMEHHEI B FEMBMS gna
COBMECTHOMN patioTh Ha BC 4G

LTE-Kagp 10 mc = 10 nogragpam no 1 mc

. - Bulgenax0 gns Unicast-yomyr . - BEIFENSHD ANA NOK3AP0E FEMBMS

npegcTa B Aana
Broadcast-pacceiakie

LTE-kagp LTE-kaap LTE-kzap

. - CyHebHbIH
nopgkagp

LTE-#app

. - nogxagp FeMEBMS
Puc. 4. Pexxum Berianust B TexHosnorud FeMBMS

Onnako BHenpenne FeMBMS crankuBaercs ¢ onpenenéH-
HBIMH CJIO)KHOCTSAMHU. TaK, JJIsl CHHXPOHHU3AIMU COT HEOOX0ANMO
UCIIONIB30BaTh 00IMe moKaapsl i Bcex kananoB LTE. Kpome
Toro, nuKiIndeckuii npedukc B moxkaapax LTE cocrasmser B
MaKCHMaJIbHOM BapHaHTe Bcero 16,6 MKc, B TO BpeMsi Kak Juls
FeMBMS on nomxkeH 0biTh He MeHee 200 MKc.

3 HUcnoas3oBanue Tonojoruu TowerOverlay
JUISl BeIAHUsl MYJIbTUMeAUITHOro Tpadguka

OcHoBHasi 11e7b mnpuMeHeHuss Tononorun TowerOverlay
(TooL+) HampaBieHa Ha CO3[JaHUE CETHU C BO3MOYKHOCTBIO COB-
MeleHus] GYHKIMHA COTOBOW M BEIIATENbHON CHCTEMBbI Paclpo-
CTpaHEHHs C peajM3aluell CTaTUYECKOro WM IMHAMHUYECKOI0
paszgencHus criektpa B pamkax konuernuu High Tower High
Power (HTHP, Bricokas bamns Beicokass Mormnocts) [22]. To-
nosorust TowerOverlay npeacrasinsier co0oi ceTeBoe pelieHue
JUIsl TIepe/layil MHOT0/IPECHBIX JAaHHBIX COBMECTHO € 3 EKTHB-
HOM rmepenayell BeIIATENbHBIX CUTHAJIOB. Takoe pelieHue
HaNpaBJIeHHO Ha CHATHE OTPAaHMYCHHUS KIACCHYECKOW COTOBOM
ceTn B HEOOXOIMMOCTH 3a/IeHICTBOBAHMS MHOXKECTBA TUIOIIAIOK
JUIsl pa3MelIeHust 000pyAOBaHUSI.

B otnmmuune ot LTLP-cetn (Low Tower Low Power, Huskas
Bamas Huskas MoIIHOCTB), T UIS OOECTICYeHUS MOKPBITHS
Tpebyercst Oosbiioe konmuyectBO BC ¢ OrpaHUYEeHHON MOIIHO-
CTbIO, PACIIOJIOKCHHBIX Ha He60J’[LH.IOI>i BBICOTC, TCXHOJIOT'HA
«TooL+» 1o3BoisieT ONTUMHU3NPOBATH 3aTPaThl Ha 00CITYKUBa-
HHE CETH KaK C TOYKH 3PEHHUS] SHEPronoTpeOiIeH s, TaKk U ¢ TOY-
K1 3peHust obopyoBanus. Kpome Toro, cymiecrByomias nHdppa-
ctpykrypa HTHP moxer ObITh HMOBTOPHO HCIIONIB30BaHA JUIst
nepenaun paHabIX LTE-A+ OGmaronapst MCIIogb30BaHHUIO KaapoB
DVB-T2 (Digital Video Broadcasting Terrestrial 2, Iludposoe
Ha3eMHOE BHJ/ICOBELIAHUE TEJEBHUICHUE BTOPOTO MOKOJCHUS),
3ape3epBUpPOBaHHBIX st Oymymiero wucmonbs3oBanus (FEFs,
Future Extension Frames) (puc. 5). Xots crammapt DVB-T2
MpEeIoIaraeT BO3MOXKHOCTh NpHEMa HAa MOOWIIBHBIC YCTpPOW-
CTBa, B HACTOsAIIEE BPeMs el HE MPOU3OIIO MACCOBOTO BHEA-
PeHHS BCTPOGHHBIX paaAWONpHEMHBIX Momyieit DVB-T2 B
cMmapTdoHbl ¥ TaHmeTs [26, 27]. OnHako Onarojapsi ctaHiap-
1y LTE-Advanced, ecth BO3MOKHOCTh MHHUMH3HPOBATh M3Me-
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HEeHHUsl B KOHCTpyKuuH cymiectBytomux uurnceroB LTE, uzbderas
HEOOXOAMMOCTH YCTaHOBKHU JIOTIOJHUTEIBHBIX TIOHEPOB PaJHO-
npuémHbIX Moayneit DVB-T2.

Motok Unicst gaHueix Ha BC 4G LTE

TMBpuAHLIA NOTOK AaHHLIX NpegocTasnexHbie no Tower Overlay

\.

- — e o

AaHHBIX

Puc. 5. Cxema yactoTHO-BpeMeHHOr0 pacnpenenenus DVB-T2/P2MP

OJIHI/IM U3 KIIFOYEBbIX HOBOBBeJleHI/Iﬁ ABJIACTCA HCIIOJIB30Ba-
HUe Oosiee IMHHOTO HUKiIndeckoro npedukca (CP), koTopsblii
ONTHUMHU3UPOBAH ISl PadOTHI B YCIOBHUSX BBICOKOHW IUIOTHOCTH
nepesiauu JaHHBIX. DTO MO3BOJISIET obecrieuuTh Oosiee 3ddek-
THUBHOE UCIOJBb30BaHUE CHEKTpa M yJIy4IINTh KauecTBO Mepea-
M JTaHHBIX.

JUis MUHMMM3AaLUU JONOJMHUTENBHBIX 3aTPaT, CBA3AHHBIX C
yBennueHueM CP, Takke OPOUCXOJUT YBEIUYEHUE JUIMHBI
OFDM cumBona 3a c4€T yMEHBIICHUS PACCTOSIHAS MEKIY TO-
HECYIIMMH, YTO IO3BOJIIET COXPAHUTH CTPYKTYpy (opmmpoBa-
uus kaapa LTE. OgHako yMeHbIIeHHEe MHTEpBajia MOJHECYIIeH
OTPaHUYEHO LIENBIM JEIUTENIEM, YTO 00ECIIEUNBAET LIEIOCTHOCTD
M HaJEXHOCTh CUCTEMBI.

B xoHTeKkCcTE pacliupeHus BPEMEHHOIO MHTEpPBAJIA, Ka)Ibli
noakanp LTE, cocramstommii 1 mc, Oyner Bkio4aTh B ce0s
Bcero 18a OFDM-cuMBOIa BMECTO MPEXKHUX ABEHaAIaTh. Tex-
nonorusi «Tower Overlay» wucIoab3yeT ONOPHBIE CHUTHAIIBI
MBSFN (Multicast Broadcast Single Frequency Network, omHo-
4acTOTHAsl CETh MHOTOAJPEeCHON M HIMPOKOBEINATEILHON Imepe-
nmaan) ast kaxmgoro OFDM-cuMBona. Pacctostare Mex Ty TByMst
OTIOPHBIMH HECYIIMMH B YaCTOTHOM 001acTy OBIIO OMpeaeiIeHo
PaBHBIM IIECTH MOAHECYIIMX, IPH TOM CMEILEHHE B TPH MOJIHE-
CYIIUX TMPOUCXOAMIIO B KaXKIOM BTOPOM CHMBOIIE [23, 24].

C Baenpenuem TexHoiornd FeMBMS pasnuane mMexmy cur-
HaJlaM{ MOOWJIBHOHM CBSI3M M IIU(POBOTO TEIEBUACHHS MO CTaH-
napty DVB-T2 crano mpakTH4ecku HECYIIeCTBEHHBIM. DTO CO-
30a€T NMPEANOCHUIKY Ul MHTETPAliui YKa3aHHBIX TEXHOJIOTHH B
€MHYI0 apXUTEKTypy BellaHus. lIpencraBisercs MEpCIEKTUB-
HBIM COYETaHWE T[IOAXOJIOB, PEAIH30BaHHBIX B CHCTEMax
TowerOverlay 1 FeMBMS, 4T0 OTKpBIBacT BO3MOXKHOCTH IS
(opMupOBaHUsT HOBOW KOHLEHINHU IOCTAaBKH MYJIbTUMEIUIHOTO
KOHTEHTA.

OcCHOBOM NaHHOM KOHIENIUU BBICTYNAeT HUCIOJIb30BAaHHE
tononoruu TowerOverlay, opueHTHpOBaHHON Ha Tepepacrmpe-
JIeNICHNEe Harpy3KH 3a CuéT MepeBojia BEIIATEIbHOTO TpadHKa B
MEHEEe 3arpy’KCHHbIE YaCTOTHBIC MOAIMANa30HBI. Takxke B e
paMKax IpUMEHSETCS pa3paboTaHHBIM B paMKax CTaHIapTa
FeMBMS pexxum niepenaun, ocHOBaHHBIN Ha mpuHnunax HTHP,
[103BOJISIIOIINI MTOBBICUTH YCTOMUMBOCTh IPUEMA U OXBAaT TEPPU-
TOPUH TIPH CHIDKCHUHM WHTep()EpEeHIMOHHON Harpy3Kd B CETsX
MOOHJILHOM CBSI3H.
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AHanu3 mokasali, 4To peanu3alys JaHHOTO MOAX0a B MYJib-
THU30HOBBIX CETSIX MOOWJIBHBIX ONEPAaTOPOB OOECHeYrBaeT 3Ha-
YUTENBHBI POCT A(PPEKTUBHOCTH HCIOIb30BAHHS OCTYITHBIX
pecypcoB, BKIIOYAs PaMOYACTOTHBIN CIEKTp M HHPPACTPYK-
TypHBIC MOIIHOCTH. IIpM 3TOM BO3pacTacT HEOOXOIMMOCTH B
MOBBIIICHUN TMPOU3BOAUTCIIBHOCTH BBIYHUCIIUTCIBHBIX KOMIIO-
HEHTOB $jIpa CeTH, OOYCJIOBJICHHAS! YCIIOKHEHHEM aJrOPUTMOB
pacrpeieJICHAs U YIIPABJICHUS MOTOKAMU JTaHHBIX.

Ocoboe BHUMaHHE Y/EIECHO POJM MHOTO3JPECHBIX TEXHOJIO-
THH, KOTOPBIC, BHICTYIAs] B KAYSCTBE JIOTOJIHEHHSI K OJTHOAJPEC-
HOW Tepeade, MO3BOJIIOT CYIIECTBEHHO CHHU3HUTH HATPY3Ky Ha
COOTBETCTBYIOIIUI CerMeHT ceTd. [IpenmMymiecTBo Takoro Toj-
X0/1a 0COOCHHO 3aMETHO B YCIOBHUSIX HEOIHOPOIHOTO TTOKPBITHSI,
XapaKTEePHOTO JUISi COBPEMEHHBIX MYJIbTH30HOBBIX CETeH, rie
Tpebyercsi THOKasi OalaHCHPOBKA PECYpCOB MEXIy 30HAMH C
Pa3IUYHON IIOTHOCTHIO ADOHEHTCKOTO 000y /TOBaAHHSI.

Ha pucynke 6 mpejcraBieHa cxema 4aCTOTHO-BPEMEHHOI'O
pacmpeeneHus, KOTopas jeria B OCHOBY pa3pabOTaHHOW KOH-
Oernmuuu. BaskHbBIM 2JIEMEHTOM SIBISETCSI TaK¥Ke HUHTETpanus Me-
XaHU3Ma OOpPaTHOM CBSI3H C IOJIH30BATEIBCKUM 000PYAOBaHUEM
yepes cetu 4G, obecreunBaroiias BO3MOXHOCTh JHHAMHUYCCKOM
KOPPEKTHPOBKH MApaMETPOB BEIIAHUS.

JlaHHOE pelleHre HalpaBJIeHO Ha ONTHUMM3AIMIO HCIOJIb30-
BaHUs PaJIMOYACTOTHOTO pecypca B PEabHOM BPEMCHHU B CETSIX
IIATOTO TIOKOJICHHWS W TIOBBIIIATH KAueCTBO IMPEIOCTABIICMBIX

YCIIYT.

— —— — MexnoToKOBaA CHIHANM3ALMA O BEWAHUM A3HHBIX

A MoTok Unicst gaHHbix Ha pasubix BC 4G LTE

NoTox aauHsix FeMBMS ans Broadcast-pacesinkm no Tononorum
Tower Overlay

.

- o s > L

1ome N 10mc N ome t

- Brigeneso ana l Nogkaap FeMBMS l Cnyswebubiii
Unicast-ycayr nogragp

-NogobHelid Tpaduu
NOANEWAWMA nepeHocy
8 WHPOBEWETENbHIH
CEIMEHT

Puc.6. Cxema 4aCTOTHO-BPEMEHHOI'O PACIPEICNICHHS MYIbTU30HOBOIO
BELL[AHMsI [IPH COBMECTHOM HCIIOJIb30BaHUH TexHosoruu FeMBMS
u Tower Overlay

B pesynbrare y MOOWIBHOTO oreparopa o0pasyeTcs MOTEH-
[1aJ]l B3aUMO/ICHCTBUS TOIIOJIOTUH C MCIOJIB30BaHUEM 000pPYI0-
Banusi LTE-Advanced u 5G coBMECTHO C MpEICTaBICHHON KOH-
LeTUKeN peaan3aluy UPOKOBEIATEIbHOTO cerMenTa [25]. Oto
MTO3BOJISICT B CETH MOOWIIBHOHM CBSI3U pEaii30BaTh MYJIETH30HO-
BOC TOKpPBITHE, TOAPA3IACICHHOC HAa IIMPOKOBCIIATCIHHBIN H
OTHOAIPECHBIN CETMEHT, B KOTOPBIX MPHUMEHSIOTCS CpEICTBa
nmocraBku 4G u 5G (puc. 7).
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! Core-Aapo/Cepeep

MME: yaen ynpsgsesis
PGW: naneTHEi wios

SO oficny xRS Wi e

Puc. 7. MynbTH30HOBOE pacipeesieHUe IOKPhITUS
B CETH MOOWIJIBHOTO OIepaTopa

4 Pac4er 30HBbI NOKPBITHS IIMPOBEIIATEIbHOI0 CETMEHTA
MYJIbTH30HOBOH CeTH

Jis eMOHCTpalMu MOTeHLMana MPEeAIoKEeHHOTo MOoAX0Aa
OBUI TIPOBEJCH pacyeT 30HBI MOKPBITHS HIMPOKOBEIIATEIHHOTO
CerMeHTa MyJIbTU30HOBOM CHCTEMbl MOOMIILHOM CBSI3H, Npe/IHa-
3HAYEeHHOH ISl IPeoCTaBlIeHHUs KOHTeHTa aboHeHTam. B meTo-
JIMKE pacdeTa IPUMEHSIOTCS CIICIYIOIINE MTOI0KEHHS:

1) Ha tepputopun Poccuiickoit denepariu aist MOOHIBHOM
cBs13u 4G MCIIONB3YIOTCS YaCTOTHBIC JHAIA30HbBI, MPEICTABICH-
Hele B Tabmume 1. OmepaTopaMu MOOWIBHOW CBS3M HamOoiee
AKTHBHO HCIIOJIB3YIOTCSl Ul TIPEJIOCTABIICHUS OJHOAAPECHBIX
yeryr auanasonsl Band 1, Band 3, Band 7. CootBeTcTBeHHO
UCTIONIB30BAaHNE JAHHBIX IUANIA30HOB Ul MIMPOKOBEINATEIBHON
JIOCTaBKM KOHTEHTA HE SIBJISETCS I€JIECO0OPAa3HBIM BBHUILY UpeE3-
MEpHO#1 3arpy’>keHHOCTH, U, CIeI0BaTeIbHO, HanOoJee mepcrek-
TUBHO MCIOJIb30BaTh quana3zonsl Band 20 u Band 31.

2) MomHocTtb nepenarunka juist rexHosiorun LTE-Advanced
JUls TIPUMEHEHUsI B IIUPOKOBELIATEIILHOM CErMEHTE COTJIACHO
Pemrenuto 'KPY Ne 17-44-06 cocraBinsier He Oosiee 43 nbwm (20
Br) npu xosdduumente ycunenus anreHusl 19 nb. CoriacHo
I'OCT P 55696-2013 u pemenuto [KPY Ne 15-35-04 mst 1udp-
POBOTO Ha3eMHOTO TejeBH3noHHOro Bemianust DVB-T/T2 mom-
HOCTb Iepe/laTIiKa MOXKET OBITh yBennueHa 70 10 kBr.

Tabmnuna 1

YacToTHBIE THAMa30HbI, HCIIOIb3yEeMbIE OllepaTopaMu
MOOHIIBHOM cBsi3u B Poccuiickoit denepannu

Homep Juanazon, MI'y | Pexxum Ocobennoctu
JHANa30Ha AyIieKca HCIOJIb30BAHMS
Band 1 2100 FDD Hcnone3oBaics panee
UL: 1920-1980 B cetsx UMTS, B Hacrosiee
DL: 2110-2170 Bpems B ceTax LTE
Band 3 1800 FDD [upoko ucnoab3yercs
UL: 1710-1785 B cetsax LTE, ocobenno
DL: 1805-1880 B PErHoHax
Band 7 2600 FDD HWcnonb3yercst At BHICOKO-
UL: 2500-2570 CKOPOCTHOI'O MHTEpHETA
DL: 2620-2690 B rOpoaax
Band 20 800 FDD |Ucnonb3yetcs B ynanéHHBIX U
UL: 832-862 DL: CEJIbCKUX paiioHax
791-821
Band 31 450 FDD OueHb Xopolliee IOKPHITUE
UL:452,5-457,5
DL:462,5-467,5
Band 38 2600 TDD HMcnonp3yercst B OCHOBHOM B
UL/DL: 2570-2620 KpyIHBIX ropoziax (Mocksa, CI16)

Memoouka pacuema

IIpu pacuere ucnonssyercs nogxoxa HTHP, mpemycmarpu-
BaIOIINI BapUaTUBHOCTD BBICOTHI 10/1Beca aHTeHHBI bC B ieHTpe
30HBI O0CITYKUBAHHS.

Pacuer panuyca 30HbI 00CITY)KMBaHHsI OCHOBAaH Ha TPHHIUIIE
MUHMMAJIbHOM NMpHEeMIeMOil HalpsHKEHHOCTH MOJIS AJIS MOIIHO-
ctu nepenarunka 20/40/100/120/200 Br. ITpu 5TOM yuTeHbl Bce
HEOOXOJMMBIC MOTEPH W IONPABOYHBIE KOI(PPHUINECHTHI, BKIIIO-
Yas 3aTyXaHWE CHTHaja, BIMSHUE YacTOTHI M IapaMeTpbl aHTEH-
Hbl. Mcnonp3yercst ¢opMyia pacdera morepsb st cBOOOJHOTO
npoctpanctsa (FPLS, Free Space Path Loss), nononmaurensHo B
METO/IMKE pacyera yuTeH (akTop BBICOTHI OBECA AHTECHHBI:

1000
Lp =32.44+201g(R) +20 Ig( f0)+201g(T) )

rze Lp - ocHoBHBIE TOTEpH Ha Tpacce (1b), R - paccrosiHre Mex-
Ny Tiepejaroliell U npuHuMaromieii antenHoit (km), fy - pabouas
yactora cuctembl (MI'1), h — BricOTa TO/IBECa mepearoiieil aH-
TEHHBI HaJl yPOBHEM 3eMIIH (M).

Pacuer pamiyca 30HBI IOKpBITHS 1I0 Gopmyre (1) mpuBoauT
K Ype3MEepHO BBICOKMM 3Ha4eHUsM. J[Jisl ompesieneHus paauyca
30HBI TIOKPHITHA NpuMensieTcss Pexomenmarmss MCD-R P.1546-6
[32], pacuer mpoBoauTcs no dpopmynam (2) - (6).

O¢dexTrBHAsT H30TPONHO H3Iydaemass MolnHocTh EIRP
(EIRP, Effective Isotropic Radiated Power):

EIRP = Py, + Gy —77; )

rae P, — MomHOCTE TIepenaBaeMmoro curHana ot bC (B n1bBT),
Gi-ycuneHne aHTeHHBI nepenatynka (B nb), #+-IoTepu Ha Ka-
OempHOM (repe MeKIY IepeIaTInKoOM U aHTeHHOH (B 1b).

Jliist pacdeTa BIUSIHUSL JJOMOJHUTEIBHBIX TTOTEPh MPUMEHSIET-
Csl OTHOILIICHHUE, KOTOPOE BKJIFOYAET CIeAyIomne GopMyIibL:

Ep =EIRP-E . +C_ (€)

rne Ep — MakcumarnbpHOe 3HaueHHE HANPSHKEHHOCTH MOJIS, KOTO-
poe MOKeT OBITh JOCTHTHYTO Ha 3aJIaHHOM PACCTOSIHUU C y4é-
TOM TomnpaBok, Ci — TOMPaBOYHBIA KOA(PPUIIMEHT HA MECTOIIO-
JIOXKEHUE.

MennanHoe 3Ha4YeHNE HanpsHKeHHOCTH mmoiist 1t 50% Bpeme-
uu 1 50% npoctpanctsa E(50,50) onpenensiercs BeIpaskeHUEM:

E(50,50) = E(50,1) + AE(t) 4)

rae E(50,1) — MmeauanHoe 3HaYeHHE HAMPSHKEHHOCTH TIOJST ISt
50% Bpemenu u | % mpoctpanctsa, AE(t) = (15...18) ab B 3a-
BHCHUMOCTH OT KJIMMaTa W THIA MECTHOCTH (U1 YMEPEHHOTO
KIuMara u ropojickoit cpebl AE(t) = 15 nb).

Hanpsi»keHHOCTh TOJISI TOMEXH OT MEIIAIOIIErO TepeIaTurKa;
Eno,wexu = EIRPMem - Lp(R) (5)
rne EIRP, e, — 2ddexTuBHas nzorponHas uaydyaemas MOIIHOCTb
CTOpOHHe#H mnepenaromeil cranuuu, Lp(R) — motepu Ha Tpacce
MEXIy TIePEIaTINKOM U MPUEMHHUKOM, 3aBUCSIINE OT PaCCTOs-
Hus R. Bee 3T mepemMeHHBIe HEOOXOIMMEI TS TIPOBEPKHU YCIIO-
B 3aIIIUTHI OT TTOMEX:

Ep - EnOMexu 2 ARCH +AA Q)

-
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rie ArcH — MHHHUMAIBHO JONMYCTHMOE OTHOIICHHWE CHUT-
Han/momexa, AA — TonpaBKa Ha JIOTIOJHUTEIbHYIO 3aIUTy CH-
CTEMBI OT TIOMEX.
Pezynvmamul pacuemos
Pacuersl pamuyca 30HBI MOKPHITHS BBITOJHCHBI HA 4acTOTE
800 MI'y ¢ yueToM mapamMeTpoB aHTEHHBI, MOLTHOCTH TEpeaaT-
YhKa W TpeOOBaHHMU K KA4eCTBY CHTHANIA, C HCIIOJIb30BAaHHEM
KPUBBIX HANPSHKEHHOCTH IOJIST B 3aBUCHMOCTH OT BBICOTHI TTepe-
naroriell aHTeHHsI (st 1% BpeMeHn), peIcTaBIeHHBIX B Peko-
Mengaiuun MCD-R P.1546-4. Ucxonnble JaHHBIE [UIsI pacyeTa
MIPECTAaBICHBI B TAOIHIIE 2.
Tabmuma 2

Hcxonnbie nanHble Ui pacyeTa

f=2800 MI'y
Gt=11.7 nb

Pabouas gyacrora
Koa¢pduipeHt ycunenus
nepenaouiel aHTeHHbL:
MoNIHOCTh MepeaaTInKa
BricoTta 6a30BOM CTaHIINN
BbricoTa npueMHOI aHTEHHbI
ToTtepu puaepa CHIKESHUSI
nepeaouiel aHTeHHbI
MuHMMalbHOE 3HaYEHUE
HANPSHKCHHOCTH TIOJIS

Pz = 20/40/100/120/200 Bt
ht=30/50/100/200/400/500 m
hr: 1,5 M
ni=2 nb

Emin= 60 nb(MxB/m)

MuHUMaNIBHO JIOMYCTUMOE ArcH=22 nb
OTHOILIEHUE CUTHAJI/TIOMEXa
[TompaBka K 3aIIUTHOMY OT- AA=1n1b

HOILICHHIO
MOIIHOCTB NepeaaTInKa
MeIIaoiei CTaHINH
IMonpaBounslii K03 durmeHT
Ha MECTOIOJIOKCHHE
Hanps>KeHHOCTb Mot UL
50% mect u 1% BpemeHH

PmeLu = 25 HBBT

CL=9 nb

E(50,1) =27 ab(mMxB/Mm)

[lomyuennsie B pe3ynbraTe pacdera mo dopmymram (1)-(6)
JUIsL ONIpe/IeNieHHs] pajinyca 30HbI MOKPBITHS COriacHo PekomeH-
nmar MCD-R P.1546-6 nist cBOOOAHOTO MPOCTPAHCTBA JAHHEIC
(Tabn. 3) mokaspiBarot, uto TexHojorust HTHP nmeer moteHm-
a1 ISl UCTIOJIb30BaHUsI OJ1arofapsi 0OJIBIION 30HE MOKPHITHS.

Tabuuma 3

Panuyc 30HbI OKPBITHSL B 3aBUCUMOCTH OT BBICOTHI IIOJIBECA
nepeaarnei anTeHnsr s P, =40 Bt

CB43b

rae hy — BeIcOTa mepesarolei anTeHHsl (B MeTpax), h=1,5 M —
BBICOTA MPHEMHOW aHTCHHBI (IS MOOWJIBHOTO YCTPOMCTBA),
a(hy) — mompaBouHBIH KOI(DPUIMEHT, YIUTHIBAIONIMN BIHSIHHC
BBICOTHI TIPHEMHON aHTEHHBI HAJl ypOBHEM 3eMitH h,.

a(hy) = (1L,1*1g(£)—0,7)*hy — (1,56 *1g(f)—0,8) (8)

PC3yJ’ILTaTLI pacdyeTta paaguyca 30HbI HOKPBITHUA COTJIACHO
yKa3aHH017[ MoOA€CIH MMPCACTABJICHLI B Ta6n1/1ue 4.

Tabnuua 4

PesynbraT pacuera pajuyca 30HbI TOKPHITHS
cornacHo mozenu Oxamypa-Xarra

ht, m Pajnuyc 30HBI MOKPBITHSI, KM
JUISI MOITHOCTH TepeaTynka Py
20 Br 40 Br 100 Bt 120 Br 200 Br

30 1,6 1,9 2,5 2,7 3,1
50 1,9 2,2 2,8 3,0 3,4
100 2,5 2,9 3,7 3.9 4,5
200 3,5 4,1 5,2 5,5 6,3
400 5,3 6,2 7,9 8,4 9,6
500 5,6 6,6 8,4 8,9 10,1

st Hanbonee TOYHBIX pacyeToB 30HBI MOKpBITHA BC B TO-
poICKOil cpene mpuMmeHsieTcss Moness  Yonduma—lkeramn B
COOTBETCTBHH C COOTHOIICHUEM:!

Lp = Lcs.npocm. + I‘I’t + LSd (€))
rue
Legnpoem, = 32.4+201g(f) +201g(R)

Lyt =53,7+17,3h, —10,31g(w) + 0,36 f —0,7h,

Ly =18.71g(b) +1,9(1g(b))” ~10,7+0,3hy

rme W — MIMpUHA YIUIbL, b — cpeHee paccTostHie MEXIy 31aHH-
ssMH (TUTOTHOCTB 3aCTPONKH).

PesynbraThl pacuera paguyca 30HbI IIOKPBITHS COIIACHO MO-
nenu Younguira-Mkeramu mpeacTaBiacHbl B Tadnuie 5. YcioBue
3alIMTHl OT TOMEX JUIS pacdeTa TaKXKe BBIOJHSACTCS, TaK Kak
ypoBeHb nomex Enoy = 52 nb(MxB/M) menee 53 nb(MkxB/m).

Tabmuma 5

PesynbTat pacuera pajauyca 30HBI TIOKPBITHS
coryacHo Mozenu Y ondwuma-Hkeramn

BI)ICOTa nmoaBeca aHTEeHHbI, M Pazmyc 30HBbI ﬂOKprTP[fI, KM
50 6,5 ht, m Pannyc 30HBI NOKPBITHS, KM
100 9.3 JIJISl MOILIHOCTH NepeaaTYuKa Py
200 10,9 20 Br 40 Br 100 Br 120 Br 200 Br
300 15,6 30 1,0 1,2 1,6 1,7 2,0
450 21,4 50 1,3 1,5 1,9 2.1 2.4
500 23,2 100 1,7 2,0 2,6 2,8 33
200 2.4 2,9 3,7 4,0 4,6
OnHako MpHUBEICHHAS BBIIIIC METOIMKA pacueTa He o0azaeT 400 3,2 3,8 4,9 5,3 6,1
BBICOKOW TOYHOCTBIO B YCJIOBHUSIX TOPOJCKON 3aCTPOWKH WM 500 3,6 4,2 5,5 5,9 6,8
MECTHOCTH C TIEPEMEHHBIM penbedoM. bosee BrIcOkast TOYHOCTH
JocTuraeTcsi npu  npumeHenun wmozenu  Okamypa-Xartrta Ananuz pezynomamos
¢ yuérom Pexomennanuu ITU-R P.1546 nnst ropoackoit cpeabt: B mpencraBieHHOM  MCCIIEIOBAHMM  IIPOBEIEH  pacyer

Lp =69,55+26,161g( f)—13,821g(h); —a(hy) +(44,9-6,551g(hy))
x1g(R) (7

pannyca 30HBI MOKPBITHS IMTUPOKOBEIIATEIHHOTO CErMEHTa IIO0
texHojorun LTE-eMBMs npu MakcUMaJbHO pa3pelieHHON
momHocT BC 20 BT u THMOBO# BBICOTHI TMOJBECA AHTEHHBI
30 M, KoTOpBIiA cocTaBul 1 kM JIJist IpeIsioKeHHOM B HACTOSIIICH

-
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pabote ynyunieHHoi TexHonoruu Tower Overlay ¢ 30HOH 00-
CITy’)KMBaHUSI MYyJIbTU30HOBOH CUCTEMbI MOOMIILHOW CBSI3H C IIIH-
POKOBEIIIATCIEHBIM CETMEHTOM TMPH YBEIMYCHHUA MOIIHOCTH
nepeaTyiKa U BBICOTE IMOJ(BECA aHTCHHBI PaJIUyC 30HBI MOKPHI-
THS CYIIECTBEHHO BO3pacTaeT (Tabin. 5). PacueT BBIMOTHEH It
mudposort Moaysiuu 64-QAM Ha gactore 800 MI'1y ¢ yaeTom
apaMeTpOB aHTCHHBI, MOITHOCTH TMepeAaTInKa U TpeOOBaHUH K
Ka4yeCcTBY CHTHAJA.

Takum 00pa3om, pe3ynbTaT pacdera MmoKas3ai MPEHMYIIECTBO
noaxona HTHP Haj cymiecTByrOIKUM MOAXOIOM C BBIMUTPBILIEM
10 pajinycy 30HBI MOKPHITHA OT 1,2 10 6,8 pa3 B 3aBUCHMOCTHU OT
XapaKTEePUCTHK MPUMEHIEMOTr0 000pY/I0BaHNUSI.

CpaBHUTENBHBIA aHAIU3 MOJTYYECHHBIX PE3ylbTAaTOB IOKa3al
SHAYUTCIIBHOC MNPEUMYILIECTBO MyJ'II:THSOHOBOﬁ CUCTEMBI C On-
HOAAPECHBIM M HIMPOKOBCIIATCIIBHBIM CErMCHTAMMU IO ILIOIAAN
TTOKPBITHSL.

5 3akaoueHue

B HacTosmielt paboTe MpeacTaBICHO HCCIEIOBAHUE, MOCBS-
IICHHOE MHTETPAIMH MHOTO0AIPECHON PACCBHUIKH MYJIbTUMEIHII-
HOTO KOHTEHTa U aJPECHON JOCTaBKM JAHHBIX B COBPEMEHHBIX
MOOMJIBHBIX ceTsiX. Ha OCHOBE MpPOBEICHHOIO aHajHM3a CyIie-
CTBYIOIIMX TEXHOJIOTMM IIHPOKOBEUIATEILHON Iepesayu J1aH-
HBIX TpPEJIOkKEHa HOBasi KOHIIEMIHS JOCTAaBKH MYJIbTHUMEIUN-
HBIX JAHHBIX, 3aKJIIOYAIOIIAsCs B MCIIOJIb30BAaHUM TOIIOJOTHU
Tower Overlay ¢ mepeHocoM BeliaHus B MEHEE 3arpy KCHHBIN
YacTOTHBIM mogauamna3oH u nogxoga HTHP ¢ ucmonas3oBanmem
Texaonorun FeMBMs.

[IpennokeHHass KOHLIETILMS MO3BOJSIET JOCTUYL B paMKax
MYJIBTH30HOBOH CETH MOOWIBHOTO OIlepaTopa 3HAYHUTEIHFHOTO
npupocta 3G PpEeKTUBHOCTH UCIIONB30BaHMS PECYPCOB OIepaTopa,
BKJIFOUasi YaCTOTHBIA CIIEKTp U ceTeByio mHppactpykrypy. OT-
METHM, YTO MPEIOKEHHAsT KOHIICTIIIHS OJHOBPEMEHHO MPEAIo-
JlaraeT TOBBIIMICHNE TPEOOBAaHWH K BBIYHUCIUTEIEHOW MOITHOCTH
sapa ceTd. KiroueBbIM pe3ysbTaToM padoThl SBISIETCSl TO, YTO
MHOTOQ/IpECHBIC TEXHOJIOTMHM KaK JIOTIOJHEHHE TOUYE€YHOW ajape-
caIu, 00eCIeYrBaOT YMEHBIIICHHE HATPY3KH HA OHOAAPECHBIN
CErMEHT CETH MOOWIBHOTO OIEepaTopa, YTO OCOOCHHO KPUTHIHO
JUISL MYJITU30HOBOM CETU ¢ HEOJHOPOIHBIM MTOKPBITUEM.

ITo pesynpTaTam pacueTa 30HBI MOKPBITHS IIUPOBELIATEINb-
HOTO CETrMEHTa MYJIBTH30HOBOW CETH TPOBEIEHHOEC CPAaBHCHHE
[I0Ka3aJl0 MPEUMYIIECTBO MPEIIOKEHHOTO B KOHLIETILUHU MOIXO-
Jla TI0 BEJIMYMHE pajiyca 30HbI MOKpeITHs B 1,2...6,8 pas (mpu
YBEIMYCHUH MOIIHOCTH TIepeJaTdyhKa W BHICOTE TIOJBECA aHTCH-
HBI) TIO CPAaBHEHHIO C TUTIOBBIM PEIICHUEM ITHPOKOBEIIATEIFHON
noctaBkd B cersx 4G (texnomorus LTE-eMBMs). Mectom
YCTaHOBKH TiepenaTdynka B MockBe MoxkeT ObITh OCTaHKHHCKAs
TeneOanHsI.

[TomyueHHbIE pe3ynbTaThl MOATBEP)KIAIOT, YTO HWHTETPALIUS
MHOTOQJIDECHBIX U OJHOAJPECHBIX TEXHOJOTUH JOCTaBKM KOH-
TEHTa SBIISETCSl MEPCIEKTUBHBIM HAMpPABICHUEM JJISI Pa3BUTHUS
MOOWJIBHOW CBsI3U. Pe3yibTaThl HCCIICHOBAHHS MOTYT OBITh
BHCJIPCHBI OIepaToOpaMu MOOWIBHOW CBSI3U JUISI ONTUMH3AIAN
TOINOJIOTUU CETeH MyTEM CHIKEHUS KallMTaJbHBIX U JKCILTyaTa-
IMOHHBIX 3aTpaT 3a CYET PAIMOHAIBHOTO WCIIONB30BaHUS dYa-
CTOTHOTO CIIEKTpa.

B nanpHelinieM ncciegoBaHus eJIeco00pa3HO HAMIPABUTH Ha
TECTHPOBAHNE METO/a B YCIOBHAX BBICOKOW AMHAMHUKHU HArpys3-

KM, a TAKXKe Ha aJanTaiuio MeTo/ia noj crnenuduyeckue Tpedo-
BaHus cerei 6G.
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MULTICAST OF MULTIMEDIA CONTENT AND TARGETED DISTRIBUTION IN 4G / 5G
MOBILE NETWORKS: FREQUENCY SPECTRUM OPTIMIZING METHODS
AND COVERAGE AREA CALCULATING

Egor O. Melikhov, Moscow Technical University of Communications and Informatics, Moscow, Russia, e.o.melikhov@edu.mtuci.ru
Elena P. Stroganova, Moscow Technical University of Communications and Informatics, Moscow, Russia, es@radiotest-mtuci.ru

Abstract

The article considers the problem of data transmission in conditions of multi-zone coverage of 4G and 5G networks, which is very important given the
growing demand of subscribers for various categories of delivered content. Particular attention is paid to the integration of multicast and addressed infor-
mation delivery, which directly affects the efficiency of network resources and the quality of user service. Modern mobile communication systems are faced
with growing consumption of multimedia content and the need to manage the limited resources of a mobile operator under high network load. The objec-
tive of the study is to evaluate a combined approach that includes broadcast transmission of multimedia content and addressed data delivery. A new con-
cept of multimedia data delivery for the multicast segment is proposed, including topology, transfer of operating frequencies to less loaded ranges, and data
delivery technology. The concept includes network topology, transfer of operating frequencies to less loaded radio frequency ranges and optimization of
data transmission technology in 4G and 5G networks. The calculations performed for a multi-zone system showed an increase in the coverage area and an
increase in the efficiency of using the frequency resource. The main results confirm the increase in the efficiency of network resource use, calculation of
optimal coverage area parameters and reduction of the probability of failure due to adaptive load distribution. New opportunities for the development of
hybrid network architectures that combine broadcast and personalized services are identified. The obtained results confirm that the integration of multi-
cast and unicast content delivery technologies is a promising direction for the development of mobile communications. The results of the study can be imple-
mented by mobile operators to improve the quality of subscriber service and the reliability of mobile communications.

Keywords: multimedia traffic, network topology, unicast network, broadcast technology, 4G, 5G
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Introduction

The strategic course towards achieving technological sover-
eignty and the need for rapid response to disruptions in production
chains pose complex challenges for the modern machine-building
industry related to the accelerated development and production of
a new product range. In this context, reverse engineering is be-
coming not just one of the technical tools, but a key element of the
import substitution strategy. The success of such projects is largely
determined by the quality of planning at the earliest stages, when
the economic foundation for future production is being laid. The
central task of this stage is a predictive assessment of the com-
plexity of design and technological training, since this assessment
is the basis for cost formation, determining the timing of the pro-
ject and making informed management decisions about the feasi-
bility of its launch.

Historically, a paradigm based on the use of integrated calcu-
lation methods, such as the method of specific normalization, the
method of mass accounting, multifactorial and regression analy-
sis, has developed in engineering practice to solve this problem.
These approaches are based on the hypothesis that it is possible to
approximate labor intensity based on statistical data on previously
manufactured analog products and their key physical or opera-
tional parameters. The effectiveness of these methods has been re-
peatedly confirmed in conditions of stable large-scale and mass
production, characterized by a limited range and a high level of
repeatability of technological processes.

However, with the transition to the conditions of modern
small-scale production and, in particular, in relation to the tasks of
reverse engineering, the fundamental assumptions underlying tra-
ditional approaches cease to be fulfilled. This leads to a number of
system limitations that critically reduce the reliability of the esti-
mates obtained. Firstly, the basic requirement of having a statisti-
cally significant and relevant database of analog products is vio-
lated, since reverse engineering facilities are often unique to the
enterprise. Secondly, these methods demonstrate a high sensitivity
to the subjective factor: the completeness of the set of parameters
and the values of correction coefficients are determined by the
qualifications and experience of a particular expert technologist,
which introduces a systematic error into the calculations and
makes the result irreproducible.

The most significant disadvantage is the inability of traditional
methods to work with the primary carrier of information about the
complexity of a product — its geometric and topological represen-
tation. Models that operate solely on a set of scalar parameters
(mass, dimensions) completely ignore the unstructured infor-
mation contained in engineering graphics (drawings, CAD mod-
els, polygonal grids after 3D scanning). This leads to the fact that
two products with the same weight, but with radically different
geometry complexity, will receive a similar assessment of labor
intensity, which is fundamentally wrong [1].

The identified methodological gap necessitates the formation
of a new scientific approach capable of overcoming these limita-
tions. It requires a transition to a class of models capable of auto-
matically extracting features from heterogeneous, including un-
structured, data sources and approximating complex nonlinear de-
pendencies without a priori assumptions about their form. The
purpose of this paper is to present the methodological foundations
and mathematical apparatus for building such a system, which
makes it possible to move from subjective expert assessment to

objective, data-based predictive labor management in projects of
design and technological preparation of production [2].

Materials and methods

At the initial stages of production preparation, various meth-
ods of integrated calculation are used to assess labor intensity,
which allow us to obtain initial but fairly accurate estimates of the
time and resources spent.

A. The method of mass accounting

This methodological approach (1) is based on the hypothesis
that there is a correlation between the labor intensity of the pro-
duction process and the dynamics of changes in the mass of the
final product.

Tat+ Kn=T, €

where T, — the labor intensity of a product that is an analog of the
one being designed or obtained statistically for products that have
common design and technological features with the analyzed
product; K — a coefficient that takes into account differences in
the size or weight of the compared structures.

B. The method of specific rationing

The method of specific rationing is a more universal method-
ology in comparison with the method of mass accounting. The cal-
culation of labor costs (2) for the production of a product using the
method of specific rationing involves the preliminary determina-
tion, rationing and establishment of standard labor indicators for
similar product designs. It is assumed that the specific rate is the
same for the analogue and the product in question.

(To/P) X P =T} x P = T# ()

where Ta — the labor intensity of a product that is an analog of the
one being designed or obtained statistically for products that have
common design and technological features with the analyzed
product; T4 — the specific labor intensity of an analog product;
P — the value of the main technical parameter of the product, or
the beneficial effect realized by the product when used for its in-
tended purpose; P, — the value of the main technical parameter of
the analog product.

If the mass of the product is selected as such a parameter (P),
the method of specific rationing is transformed into the method of
mass accounting.

C. The method of multifactorial analysis

A more accurate assessment of labor intensity is provided by
the method of multifactorial analysis, which allows taking into ac-
count the impact of several key product parameters on labor inten-
sity at once [3]. In this context, labor intensity (3) is defined as a
complex function depending on the combination of these parame-
ters.

Ti—Ko=T 3)

where T, — the initial indicator of the labor intensity of a product
of a basic (characteristic) design under certain conditions of work;
Ko — a correction factor that takes into account the impact of spe-
cific work conditions (4).

(Kc/Kr) X Kgo XKy=K, # €))
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where Ky — a coefficient that takes into account the change in T
depending on the product release program;

K4, — a coefficient that takes into account the change in T de-
pending on the duration of product release in production.

K. — a coefficient that takes into account the change in T de-
pending on the serial production of products.

K — a coefficient that takes into account the technological
equipment of the work.

The calculations do not include the cost of performing a scan
or adapting the results of polygonal models into a full-fledged 3D
model. The absence of these variables makes it impossible to ac-
curately estimate the labor costs and deadlines for reverse engi-
neering projects.

For a preliminary assessment of the complexity of products in
the early stages of reverse engineering, when the working draw-
ings have not yet been developed, the method of element coeffi-
cients is used. This method takes into account the complexity of
the reverse engineering process and allows us to obtain reasonable
data on the required resources and time for the implementation of
the project [4].

The number of elements and their complexity are taken as a
measure of complexity in the method of element coefficients.

T
=K 5
-I-elsx e ( )

where T, — the complexity of the element; T S* — ore intensity of
the element taken as the source; K, — the element coefficient.

Knowing the element coefficients K,; and the parameters (em-
ployee's qualifications, the complexity of the part, the dimensions
of the part), you can calculate the complexity and estimated labor
intensity of the product in manufacturing.

1
D K= Ka# ©)
i=

KeiTeisx =K, ™

where N,; — the number of identical elements in the ith group;
| — the number of groups of elements.

The regression analysis method is used to plan the time and
resources needed to produce a part or product. This method uses
statistical data to estimate the labor intensity of production, taking
into account factors such as shape, material, and purpose of the
product. The use of regression analysis helps to more accurately
predict production costs and make reasonable use of resources,
which makes production more efficient [5].

In the process of reverse engineering, this method allows you
to create mathematical models that relate design features to the
time and resources required for its production [6]. This helps not
only to estimate in advance how long it will take to produce, but
also to identify important factors that affect labor intensity.

The use of regression analysis also helps to optimize produc-
tion processes, for example, to make decisions about which tech-
nologies and materials to use, in the process of reverse engineer-
ing, production systems are more competitive and cost-effective
[7]. The correlation relationship is expressed using a multiple re-
gression equation in two ways.

COMPUTER SCIENCE

AXPM X . XxPM=T (8)
A+a1P1+a2P2+"‘+anPn=T (9)

where A — a certain constant that varies depending on which cate-
gory the analyzed part belongs to.; P,... — parameters taken into
account in the model; a,, — indicators (coefficients) indicating the
degree of influence of the parameters P, by the amount of labor
intensity.

Further detailing of the factors is carried out by highlighting
the values of the complexity of the main and auxiliary work [8].
When analyzing and evaluating labor costs using reverse engi-
neering, it is necessary to take into account factors related to the
methodology and specifics of this approach.

The calculations of this method use coefficients reflecting the
degree of influence of the engineer's qualifications on the amount
of labor intensity, as well as a parameter characterizing the engi-
neer's qualifications [9].

In the calculations of this method, it is proposed to use:

* a coefficient reflecting the degree of influence of an engi-
neer's qualifications on the amount of labor intensity;

* the p rameter characterizing the engineer's qualification;

* t e complexity factor of the part, which affects the complex-
ity of the process;

» the duration factor of the 3D scan, reflecting the time required
to obtain a digital model of the part;

* the drawing's occupancy rate, which takes into account the
density of information in the drawing and affects the speed of its
analysis;

* the format of the drawing, which can affect the convenience
and accuracy of working with it, and therefore the complexity of
the process.

In this case, each of the coefficients and parameters can have
its own weight in the equation.

Labor intensity
of production

Employee
qualifications

Fullness
of the drawing

The complexity

Drawing format of the details

Fig. 1. Factors influencing the calculation of labor costs
for reverse engineering projects

Results and discussion

The analysis of existing approaches to assessing labor inten-
sity, including the correlation and regression method, shows their
focus on establishing a formalized dependence of the type

Tzf(Pl,Pz,...

B, (10)

-
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where T — the total labor intensity, and P is the set of product pa-
rameters. This approach makes it possible to obtain a quantitative
assessment, but its application is associated with a number of fun-
damental limitations that reduce accuracy and adaptability in mod-
ern small-scale and medium-scale production.

The main limitations are the a priori defined structure of func-
tional dependence and subjectivity at the stage of feature selection.
Models based on linear or polynomial regression are not able to
accurately approximate the nonlinear relationships of complex to-
pology that exist between design parameters and technological
complexity. In addition, the completeness and representativeness
of the set of parameters P entirely depend on the expert's qualifi-
cations, which introduces an unavoidable systematic error into the
model. These methods do not provide for direct analysis of un-
structured and semi-structured data formats, such as engineering
graphics (drawings) or CAD system data, which leads to the loss
of a significant amount of information [11-12].

These limitations, systematized in Table 1, necessitate the tran-
sition to a class of models capable of automatically extracting fea-
tures from heterogeneous data and approximating functions of ar-
bitrary complexity [13].

Table 1

System limitations of traditional labor intensity
assessment methods

Disadvantage Description A consequence for
assessing labor intensity
The fixed The need for an a priori | Low accuracy in the pres-
shape of the | choice of the type of func- | ence of complex, nonlinear
model tion (linear, polynomial), | dependencies; risk of over-
linking the parameters |fitting or underfitting the
and complexity. model.
Manual The subjective choice of a | Loss of information due to
selection of | set of parameters is made | an incomplete set of fea-
features by an expert technologist | tures; dependence of the ac-
based on his experience. |curacy of the model on the
expert's qualifications.
Working with | Inability to directly ana-|Ignoring a  significant
structured lyze raw data such as|amount of information con-
data drawings, 3D models, or |tained in the initial design
textual specifications. documentation; the need for
time-consuming  prelimi-
nary data preparation.

To overcome these limitations, an architecture based on the
principle of functional decomposition is proposed. This approach
involves dividing the overall task of optimizing labor costs into
two consecutive subtasks:

1) accurate prediction of the complexity of atomic technologi-
cal operations;

2) formation of an optimal sequence of these operations and
resource allocation.

The proposed concept is based on the interaction of two key
modules: predictive and optimization. The predictive module, im-
plemented on the basis of a multimodal neural network, solves the
regression problem by approximating the labor intensity function
based on heterogeneous input data (structural, visual). The opti-
mization module, which uses the mathematical apparatus of Rein-
forcement Learning, solves the management problem by develop-
ing an optimal stochastic task allocation policy among performers,
taking into account their individual competencies [14].

The main task of the predictive module is to construct a func-
tion approximating the dependence of the complexity of a techno-
logical operation on the heterogeneous characteristics of the input
data. Unlike classical regression models that operate exclusively
with structured features, the proposed architecture implements a
multimodal approach that allows for comprehensive data analysis
of various types: structured tabular data and unstructured visual
data (engineering graphics).

The architecture of the module is a pipeline processing of data
by several parallel processing branches, each of which is special-
ized in a specific type of data. The output representations of the
data from each branch are combined (concatenated) and fed into a
common block to form a final forecast. This multimodal approach
marks a conceptual transition from the paradigm of manual feature
engineering to the paradigm of automatic representation learning.
In traditional methods of analysis, there is a semantic gap between
a set of formal, easily measurable product parameters (weight, di-
mensions) and an abstract, difficult-to-formalize concept of its
"technological complexity".

An expert technologist tries to bridge this gap intuitively,
based on his experience. The proposed architecture, in particular
its convolutional branch, solves this problem systematically. Dur-
ing the learning process, a convolutional neural network inde-
pendently forms a hierarchical system of features, moving from
low-level graphical primitives (lines, arcs) to complex structural
elements (holes, edges, chamfers) and their spatial combinations

(Fig. 2).

Visual data (T)

( sctwesparamein ) ((www

Input data
|

[CE—n ———

Feature extraction branches

h_fused

Fig. 2. Data processing pipeline

Mathematically, if the traditional model can be represented as
a function described in formula (10), whose argument is a vector
of structured parameters, then the proposed model is a function @
of a data set that includes both a vector P and a tensor I represent-
ing visual data (for example, a raster image of a drawing):

Tpred =o(P, 1) (11)
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This function @ is implemented by a composition of functions
corresponding to the elements of the architecture. The feature vec-
tors extracted by each branch are defined as:

{hmlp = gomlp(P;@mlp) (12)

hmlp = q)mlp (P’ ®m|p )

where @1, ¥ Qcnn— nonlinear functions implemented by MLP
and CNN networks with sets of trainable parame-
ters @ U Ocpy accordingly. The final forecast is formed based
on a concatenated feature vector. fgygeq, Obtained by combining
vectors from each branch:

hfused = hmlp @ hcnn (13)
where @ denotes a concatenation operation. This vector is fed to
the input of the final block. @eqq:

Tpred = QPhead (hfused; ehead)

(14)
The training of the predictive module is carried out within the
framework of the Supervised Learning paradigm. A training sam-
ple is being formed D, consisting of N object-response pairs:
D = {(X, yOYL, # (15)
where X; = (P;, I;) — a multimodal description of the i-th techno-
logical operation, and y=T; is the corresponding actual labor in-
tensity value from historical data.
Optimization of model parameters
0= {Omlp, Ocnn, Qhead}# (16)
It is produced by minimizing the loss function L(®), which
uses the root-mean-square error (Mean Squared Error, MSE):

1 N
L©) =5 ) (@ 1)~ T)? (a7)

Minimization is carried out iteratively using stochastic gradi-
ent descent methods, for example, the Adam algorithm.

The optimization module solves the management problem, the
purpose of which is to form an optimal work plan to minimize the
final labor costs of the project. The task of forming such a plan is
formalized in the form of the Markov Decision Process (MDP),
which uses Reinforcement Learning (RL) to solve it. In this for-
mulation, the "virtual agent" is trained to make consistent deci-
sions on assigning performers to tasks [14, 15].

Markov's decision-making process (MDP) defined by a tuple
(8,4, P,R,y) where, respectively: S is the state space, 4 is the ac-
tion space, P is the state transition function, R is the reward func-
tion, y is the discount factor.

For each engineer €j, a competence vector C;j is introduced,
characterizing his level of mastery of K key skills:

G = [cj1, iz o Ciic | # (18)
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This vector is used to parameterize the reward function. The
reward function is defined as the negative value of the predicted
labor intensity obtained from the predictive module, which takes
into account both the parameters of the task and the competence
of the performer:

R(sp,ar) = —@(Py, I, C;) # (19)
where (Py, I;;) — multimodal task description j;; ® — neural net-
work function from the predictive module.

The agent receives a higher reward for appointing a more com-
petent employee, since the predicted labor intensity (negative re-
muneration) will be lower (Fig. 3) [16].

New condition
Award

Action (assign an engineer
to a task)

A <
Environment
(Project, Tasks, Engineers)

Caleulates

Observation s_t

Fig. 3. Interaction of the RL agent with the environment

The purpose of the RL agent is to find the optimal pol-
icy. m*(a | s), which assigns to each states an action a that max-
imizes the expected discounted amount of future rewards (re-
turn) G;:

Gy = Z yiRt+i+1
i=0

Optimal policy n* is in the process of iterative interaction of
the agent with the environment using algorithms such as Q-learn-
ing or its neural network analogues (Deep Q-Networks, DQN). As
a result of the work of a trained agent, for a given initial state (the
full pool of project tasks), a sequence of actions is generated that
represents the optimal work allocation plan that minimizes the to-
tal projected labor costs.

(20)

Conclusion

In this paper, a study was conducted and a solution was pro-
posed to one of the most pressing tasks of modern mechanical en-
gineering — increasing the reliability of labor intensity estimates at
the early stages of design and technological preparation of produc-
tion. The analysis showed that traditional approaches based on
generalized calculations based on analogues demonstrate their in-
consistency in conditions of high uncertainty typical for reverse
engineering and small-scale production projects. Their fundamen-
tal limitations, which consist in the a priori defined structure of the
mathematical model, dependence on the subjective experience of
an expert and inability to analyze primary design information, lead
to significant errors in planning and, as a result, to economic costs.

As an alternative, a neural network architecture is proposed,
the methodological apparatus of which forms the core of this arti-
cle. The presented model is not just an improved forecasting tool,

-
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but represents a conceptual shift in the approach to labor manage-
ment itself. The key scientific result is the development and for-
malization of a multimodal predictive module. For the first time,
a mechanism has been proposed that allows for joint, synchronous
analysis of heterogeneous data — structured tabular parameters and
unstructured visual data (engineering graphics). This approach al-
lows us to move from indirect and often incomplete features
(weight, dimensions) to a direct, objective analysis of the main
labor—intensive factor — the complexity of the geometry of the
product, extracting the relevant features automatically, without
human intervention.

The second significant element of the novelty is the integration
of the predictive module with the optimization module, which op-
erates on the basis of Reinforcement Learning. This combination
provides a transition from solving the passive regression problem
(answering the question "how long will it take?") to solving the
active management problem (answering the question "how to or-
ganize work to minimize time?"). The developed model does not
just provide a forecast, but generates an optimal policy for distrib-
uting project tasks among performers, taking into account their in-
dividual competencies. This marks the transition from static ra-
tioning to dynamic, adaptive resource management in real time.

The proposed architecture lays the theoretical foundation for
the creation of intelligent decision support systems of a new gen-
eration. The practical significance of this approach lies in the po-
tential to significantly reduce the risks and costs of implementing
import substitution projects, improve budgeting accuracy, and en-
sure more efficient use of human resources in design and technol-
ogy services. In a broader perspective, such systems are a neces-
sary step towards realizing the concept of a "Digital Twin" not
only for the product, but also for the entire process of its develop-
ment and technological preparation.

It should be noted that this work is primarily theoretical and
methodological in nature. Further research should be aimed at
practical verification and development of the proposed ideas. The
primary task is the industrial testing of architecture on real datasets
of machine-building enterprises in order to quantify the accuracy
of forecasting and optimization efficiency. Subsequent scientific
research can focus on expanding the functionality of the model, in
particular, on detailing the forecast to the level of individual tech-
nological operations, as well as on exploring methods for integrat-
ing this system into the existing IT landscape of an enterprise
(ERP, PDM, PLM systems).
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AHHOTauuA

B AaHHOM cTaTbe pacCMOTPeHbl COBPEMEHHbIE METOAbI AaBTOMATM3aLMM U OMTUMU3ALIMM NPOU3BOACTBEHHbIX MPOLLECCOB MPU UMMOPTO3aMELLEHUN AeTanel
MalUMH CEeSIbCKOXO3ANCTBEHHOM TEXHWKW. Pa3paboTaH anroputM Ha OCHOBE MCKYCCTBEHHOTO MHTEIEKT, MO3BOMAIOLMIA OLEHWUTb TpyAO3aTpaTbl B
Pa3fMYHbIX OTPACAAX MPOMBILLIEHHOCTY, TakMX KaK MalUMHOCTPOEHWE, aBTOMOOWIECTpoeHue U TpakTopocTpoeHue. [lpoBedeH aHanu3 ¢akTopos,
B/IUAIOLLMX HA CIIOXKHOCTb U TpyAOeMKocTb paboTbl. Ocoboe BHWUMaHMe yAenseTcAs OMNTUMM3ALMMU TPYAO3aTpar AJiA COKPALUEHUs BPEMEHM BbimycKa
MALLUMHOCTPOUTENbHBIX W3AENUA, MO3BOMAIOLMX MOBLICUTL KavyecTBO U 3(hEKTUBHOCTL MPOU3BOACTBA OTEYECTBEHHbIX AHANIOrOB JeTaneil MaluuH,
Y/yHLIAEeT TOYHOCTb MIAHUPOBAHUA PECYPCOB M CPOKOB Ha 3Tanax pa3paboTKM U MPOEKTUPOBAHMA.

Knioueenie cnoea: MM, machine parts, data processing methods, onmumamusauus npou3eodcmeeHHbIX NPoUECCO8
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Introduction

The development of the Arctic region, which boasts significant
natural resource reserves and important transportation potential,
requires the creation and maintenance of specialized transporta-
tion infrastructure [1-8]. Extreme climatic conditions, including
extremely low temperatures, storm winds, and challenging ice
conditions, place critical stress on equipment [9, 10]. Given the
fragile Arctic ecosystem, the consequences of technical failures
and accidents are particularly significant, as they can lead to large-
scale pollution, disruption of soil and vegetation cover, and nega-
tive impacts on biodiversity [11].

The efficiency of transportation and logistics operations in the
Arctic is determined not only by the balance between capital
(CAPEX) and operating (OPEX) costs but also by taking into ac-
count other risks [12]. The cost of equipment failure in such con-
ditions includes not only direct repair costs but also complex sys-
tem costs, combined into the cost of mission failure (CMF). The
CMF structure includes potential losses associated with downtime
of production facilities, the costs of eliminating the consequences
of emergency situations, including environmental damage, and
penalties for failure to fulfill environmental and contractual obli-
gations. These costs can be many times greater than the book value
of the transport unit itself, highlighting the need to develop relia-
ble and environmentally oriented approaches to managing
transport infrastructure in the Arctic.

An analysis of modern approaches to industrial fleet manage-
ment shows that prevailing lifecycle cost (LCC) models use linear
or overly simplified equipment degradation and depreciation func-
tions [13]. Such models do not correctly account for the stochastic
nature of failures and the nonlinear growth of operational risks,
including environmental ones, typical of work in extreme environ-
mental conditions. In particular, they ignore the potential for a
sharp increase in the frequency of incidents that can lead to signif-
icant consequences, such as oil spills, soil disturbance, and dam-
age to biodiversity [14]. Thus, a significant scientific and method-
ological gap is emerging in the development of integrated ap-
proaches that enable the quantitative assessment and optimization
of fleet renewal schedules, directly considering not only the eco-
nomic but also the environmental consequences of failures. A
pressing challenge is the creation of a methodology that integrates
probabilistic reliability models, environmental risk assessments,
and economic calculations, thereby minimizing the cumulative
impact of industrial activity on Arctic ecosystems [15].

To address these environmental and economic challenges, this
study developed a comprehensive economic and technical model
aimed at determining the safe operating period of vehicles in Arc-
tic conditions [16]. The model is based on minimizing the objec-
tive function of total annual costs, which includes both determin-
istic maintenance costs and the expected value of mission failures.
This approach enables the integration of time-varying technical
reliability parameters with long-term performance indicators of
the industrial fleet. The aim of this study is to develop and test a
mathematical model for determining the optimal service life of
Arctic transport equipment from a risk-minimizing perspective.
The model takes into account the nonlinear dynamics of the
growth probability of failure depending on the age of the equip-
ment and stochastic environmental factors, and also enables a
comparative analysis of various fleet lifecycle management strat-
egies.
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The scientific novelty of this study lies in the integration of an
environmental component into the cost of mission failure (CMF)
indicator as a key element of the objective function for optimizing
the Arctic fleet. The developed model is a strategic planning tool
that allows for the justification of a renewal schedule for a heter-
ogeneous fleet of vehicles based on minimizing cumulative risks
and economic costs throughout the entire lifecycle, thereby reduc-
ing the negative impact of industrial activity on fragile Arctic eco-
systems.

Materials & Methods

The study is based on the method of economic-technical mod-
eling of the vehicle lifecycle. This method allows for a dynamic
assessment of the total cost of ownership of an equipment fleet by
integrating deterministic operational costs and stochastic risks as-
sociated with failures. The modeling is conducted for a heteroge-
neous fleet that includes both domestic and foreign models of mo-
tor transport equipment adapted for operation in Arctic conditions.

The initial data for the modeling are the technical-operational
and cost parameters of four representative equipment models.
These parameters, presented in Table 1, include the initial cost, the
basic annual maintenance cost for new equipment, the baseline
probability of failure per typical mission, and the aggregated Cost
of Mission Failure (CMF).

Table 1

Initial Parameters of Arctic Transport Equipment Models

Model Origin | Class | Initial Base Base Cost of
Cost, RUB| Mainte- Failure Mission
nance |Probability| Failure
Cost, (CMF),
RUB/year RUB
KAMAZ- |Domestic| Truck |15,000,000( 800,000 0.05 50,000,000
6355
"Arktika"
TREKOL- |Domestic| All- | 7,000,000 | 450,000 0.08 30,000,000
39294 Terrain
Vehicle
BvS10 Foreign | All- |45,000,000| 1,200,000 0.02 40,000,000
"Beowulf" Terrain
Vehicle
Foremost | Foreign | Truck |60,000,000| 1,800,000 0.03 70,000,000
Commander
C

The central element of the model is the formalization of the
equipment degradation process over time. The annual mainte-
nance costs, Cpqine(t), for equipment of age t years are modeled
using linear growth, reflecting the planned increase in the volume
and complexity of repair work [17]:

Cmaint(t) = Cmaintbase : (1 + T (t - 1)) (1)

where: Cpgint pase— 15 the base annual maintenance cost;
T;, — is the annual growth rate of maintenance cost; t — is the year
of operation.

The annual failure probability of the equipment, Pr e (t), is
modeled using an S-shaped (sigmoid) function. This approach al-
lows for a more realistic representation of the three lifecycle phases:
an initial "run-in" period with slow risk growth, a period of normal
operation with accelerating growth, and a final "wear-out" period
where the failure probability approaches its maximum value:

T-Comm Vol.19. #11-2025
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1
Pfailure(t) = Pfailurebase + (Pmax - Pfailurebase) " te—k(t—to) (2)

where: Prgijyre pase — i the base annual failure probability;
Prax — 1s the maximum theoretical failure probability; t, — is the
inflection point of the curve (average service life); k — is the coef-
ficient determining the steepness of the growth.

Based on these dynamic parameters, the objective function is
formed — the total annual costs Cyyq;(t), consisting of mainte-
nance costs and the expected value of the cost of mission fail-
ures E[CMF(t)]:

Crotar(t) = Craine(t) + E[CMF (t)] 3)
here the expected value is calculated as:
E[CMF(t)] = Pfailure (t) " CMFyase * Ninissions (4)

where: CMF 5. — is the base cost of a single mission fail-
ure; Npissions — 1S the average annual number of missions.

The criterion for determining the optimal service life T* is the
minimization of the average total cost of ownership over the entire
operational period. This metric, C4yg,0t0:(T), accounts for both
the initial capital expenditure Cj,;;;q; and the sum of all opera-
tional costs

T
1
Cavgtotal (T) = T <Cinitial + Z Coperational(t)> (5)
t=1

The optimal service life T* corresponds to the year in which
this function reaches its minimum:

T" = arg minT{Cangumulative(T)} (6)

Within the computational experiment, the following unified
parameters were adopted for all models:

Table 2
Simulation parameters
Parameter Notation Value Note
Maximum Tnax 25 years |Planning horizon for the
modeling period equipment lifecycle.
Maintenance T 0.10  |Reflects the linear annual in-
cost growth rate crease in maintenance cost.
Failure severity S¢ 0.3 Share of CMF lost in an aver-
factor age failure.
Max. failure Prax 0.85  |Asymptotic limit for the S-
probability shaped curve.
Parameters S-curve (t_0, k)

For domestic to, k |9 years, 0.4 |Inflection point and growth
equipment steepness of the curve.
For foreign to, k 12 years, |Inflection point and growth
equipment 0.35 steepness of the curve.

The modeling process itself can be represented in a simplified
form by the following diagram (Fig. 1). The software implemen-
tation of the modeling was carried out using Jupyter Notebook
[18].

Block 1: Initialization

Input of initial data for vehicle models
(from Table 1)

Y
Block 2: Iterative Modeling

Cycle over years of operation (t=1 to T_max)
Calculation of dynamic parameters:
C_maint(t) [Formula 1]
P_failure(t) [Formula 2]

\
Block 3: Objective Function Calculation

Calculation of E[CMF(t)] [Formula 4]
Calculation of C_total(t) [Formula 3)

Y
Block 4: Optimum Determination

Calculation of C_avg_cumulative(T) [Formula 5]
Determination of optimal service life T* [Formula 6]

A
Block 5: Output

Formation of dataset with results
and optimal service life for analysis

Fig. 1. Simplified diagram of the modeling process
Results

The application of the described methodology to the initial
data allowed for the quantitative assessment of the dynamics of
operational costs and the determination of economically optimal
service lives for each of the equipment models under considera-
tion. The modeling results are presented as a series of graphs il-
lustrating key dependencies.

An initial analysis of the input data reveals fundamental differ-
ences in the economic structure and technical risks between do-
mestic and foreign models. Figure 2 presents an integrated analy-
sis comparing the cost indicators and baseline reliability of the
equipment.

The upper sub-plot (A) is a grouped bar chart comparing the
initial cost and the Cost of Mission Failure (CMF) for each model.
Annotations above the CMF bars show the risk multiplier — the
ratio of CMF to the initial cost. The lower sub-plot (B) is a bar
chart illustrating the baseline failure probability permission for
each model, with precise percentage values indicated.

The upper graph (Fig. 2, A) demonstrates that for domestic
models, the cost of mission failure exceeds their initial cost by a
factor of 3.3-4.3. For foreign analogues, this ratio is less than 1.0.

—
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The lower graph (Fig. 2, B) shows that the baseline failure proba-
bility for domestic models (5% and 8%) is 2-4 times higher than
for foreign ones (2% and 3%).
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Fig. 2. Integrated comparative analysis of economic
and technical parameters of Arctic equipment

Dynamic modeling of the equipment lifecycle over a 20-year
operational period allowed for the calculation of the change in to-
tal annual costs, including maintenance expenses and the expected
value of losses from failures. The dynamics of these costs are pre-
sented in Figure 3.

Tt exsala. rusen

Fig. 3. Dynamics of total annual costs over the lifecycle
and cost decomposition

g
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The graph of the dynamics of total annual costs consists of line
charts showing the change in total annual costs (on a logarithmic
scale) for the four equipment models as a function of the year of
operation. Each line corresponds to one model.

The analysis of the graph in Figure 3 shows that all models are
characterized by a non-linear, near-exponential growth of total
costs after a certain period of operation. The most intensive growth
is observed for the "TREKOL-39294" and "KAMAZ-6355 '
Arktika" models.

To identify the factors driving this growth, a decomposition of
the total costs into two components was performed: deterministic
maintenance costs and probabilistic costs associated with failure
risks (E[CMF]).

The decomposition graph consists of line charts where, for
each model, two curves are shown: one (solid) reflects the growth
of maintenance costs, and the second (dashed) shows the growth
of the expected value of the cost of mission failures (E[CMF]).
The vertical axis is presented on a logarithmic scale.

The figure indicates that in the initial stages of the lifecycle
(1-5 years), maintenance costs are the main contributor to total
costs. However, after 5-7 years of operation, an intersection point
is observed for all models, after which the expected value of losses
from failures begins to dominate the cost of maintenance, becom-
ing the determining factor in the growth of total costs.

Based on the calculated total annual costs, the optimal service
life for each model was determined by minimizing the average to-
tal cost of ownership over the period. The dynamics of this
indicator and the optimum points for each model are presented in
Figure 4.

Metric 1. Avecage Tolal Cost (with CAPEX)

deragn morual cost. .

o p—— Y

6 . = =
Woses of spermton

Fig. 4. Determination of the optimal service life

The graph consists of line charts showing the change in the
average annual cost of ownership over the entire operational pe-
riod for each model. Points on the curves mark the minimums,
corresponding to the economically optimal year for equipment re-
placement.

The calculations show that the average total cost curves have
a distinct U-shape. The minimum points of these curves, which
determine the optimal service life, are summarized in Table 3.
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Table 3
Results of Optimal Service Life Calculation
Model Origin Optimal Replacement
Year
KAMAZ-6355 "Arktika" Domestic 6
TREKOL-39294 Domestic 6
BvS10 "Beowulf" Foreign 11
Foremost Commander C Foreign 10

The results presented in Table 3 show that the economically
justified operational period for domestic models is 6 years,
whereas for their foreign analogues, this period reaches 10-11
years.

Discussion

The obtained results demonstrate that an environmentally-ori-
ented model of the equipment lifecycle in extreme Arctic condi-
tions is fundamentally determined by the dynamics of operational
risks, including environmental ones, rather than solely by deter-
ministic maintenance costs. The use of an S-shaped aging func-
tion, in contrast to simplified linear or exponential models, allows
for a more accurate assessment of the equipment degradation pro-
cess, taking into account its impact on the environment [19]. The
introduction of the inflection point parameter (to) makes it possible
to quantitatively determine the critical moment after which the ac-
celerated growth in failure probability renders further operation of
the equipment environmentally and economically impractical due
to a disproportionate increase in the expected value of the cost of
mission failure (E[CMF]), which includes potential environmental
damage.

This approach allows for the identification of the point at
which the risks of emergency situations with significant environ-
mental consequences—such as fuel spills, pollutant emissions,
and damage to fragile Arctic ecosystems—begin to increase expo-
nentially. Thus, the model provides a scientifically substantiated
criterion for making decisions about decommissioning equipment
before the onset of a period of heightened environmental risks,
which contributes to minimizing the anthropogenic impact on the
environment of the Arctic region [20].

The analysis of the results shows that it is the EfCMF], not the
maintenance cost, that drives the growth of total costs in the mid-
dle and late stages of the lifecycle. This fact confirms that strategic
decisions about fleet renewal in the Arctic should be based primar-
ily on risk management. The optimal replacement time occurs not
when the equipment is physically worn out, but when the average
cost of ownership, which includes the amortized risk, reaches its
minimum [21]. Continuing operation beyond this point means that
each subsequent year of ownership becomes less economically ad-
vantageous.

A comparative analysis of domestic and foreign models re-
veals not a qualitative superiority, but a fundamental difference in
optimal management strategies. The high initial cost of foreign
equipment can be interpreted as a capital investment in extending
the operational period with an acceptable level of risk, which is
reflected in a later inflection point (to = 11 years) of the S-shaped
curve. The optimal service life of 10-13 years for these models
corresponds to a strategy of long-term asset ownership [21].

For domestic equipment, characterized by lower initial invest-
ments but also an earlier onset of the accelerated wear-out phase
(to = 9 years), the model prescribes a different strategy. The opti-
mal service life of 7-9 years indicates the advisability of a shorter
fleet renewal cycle. This approach allows for maintaining the av-
erage age and, consequently, the average risk level of the entire
fleet at an economically acceptable level, managing risks not
through the durability of an individual unit, but through opera-
tional flexibility and renewal frequency [22].

The proposed methodology has the potential for expansion to
heterogeneous fleets that include unmanned systems. For such
systems, both the cost structure (elimination of crew costs,
changes in the structure of maintenance costs) and the reliability
function parameters (new types of failures related to electronics
and communication channels) will change. The flexibility of the
model allows for the integration of these changes and for conduct-
ing a comparative analysis to determine the optimal balance be-
tween manned and unmanned platforms for specific transport
tasks in the Arctic [23, 24].

It should be acknowledged that the accuracy of the modeling
depends on the quality of the input expert parameters (to, k, Sy).
Further development of this research involves the collection and
statistical analysis of real operational data on failures of Arctic
equipment. This will allow for the verification and calibration of
the model parameters, increasing its predictive accuracy and trans-
forming it from a strategic tool into a tactical decision support sys-
tem.

Conclusion

A model has been developed that provides a quantitative tool
for strategic service life planning of Arctic transport equipment. It
takes into account not only economic factors but also, indirectly,
environmental factors through the cost of mission failure (CMF).
It has been established that the optimal service life of domestic
equipment (6 years) is significantly shorter than that of foreign
equivalents (10-11 years), indicating the need for different fleet
management strategies. It has been revealed that the key factor
determining the need for equipment replacement is the nonlinear
growth of operational risks (the probability of failure), rather than
direct maintenance costs. A new approach has been proposed that
enables a transition from reactive management (repair after fail-
ure) to proactive strategic fleet renewal planning, which provides
the basis for reducing damage and increasing the resilience of
transport operations in fragile Arctic ecosystems. The model has
been found to be flexible and can be adapted to the effectiveness
of various fleet management strategies, for example, by incorpo-
rating specific costs for eliminating environmental damage into
the CMF.
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AHHOTauusa

SKcnnyataluus TPaHCMOPTHOM TEXHUKM B APKTUKE COMPsXXeHa C BbICOKMMM PUCKaMM1, OBYCNOB/IEHHBIMU MOBbILLIEHHON BEPOATHOCTBIO TEXHUHECKUX
OTKa30B B SKCTPEMaribHbIX YCNOBUAX. PasnnBbl roptote-cMa3o4HbIX MaTepUanos, BbIGPOC! 3arpASHAIOLLIMX BELLECTB MPY aBapuAX U HEOBGXOAUMOCTL
NpOBeZEHNA aBAPUIMHO-CMacaTesbHbIX OMepaLMii OKa3bIBAIOT 3HA4MUTENbHOE HEraTMBHOE BO3AEMCTBME HA XPYMKME apKTU4deckue skocucteMbl [1-5].
[na MMHMMM3aLMKM yulep6a paspaboTaHa SKOHOMMKO-TEXHWYECKas MOAESNb OMpefeneHns ONTMMANbHOTO CPOKa Cry)KGbl TPAHCMOPTHBLIX CPEACTB.
Mopenb ocHoBaHa Ha MUHMMU3ALMM COBOKYMHbIX U3AEPXKEK, BKIIOYAIOLMX 3aTpaTbl Ha TEXHUYECKOe OBCTyXXMBAHME M MaTEMaTUYECKOE OXUAaHWe
ctommocTy cpbisa Muccumn (Cost of Mission Failure, CMF), koTopas arperupyer, B TOM 4uciie, NOTeHUMaNbHbIe M3AepXKU. [erpagaumna HageXHOCTU
TEXHWKM onmncaHa S-obpasHoi dyHKumen. MeTogonorma anpobupoBaHa Ha AaHHbLIX MO OTEYECTBEHHbIM M 3apyGeXxHbIM MOAENAM apKTUHECKOM
TeXHUKM. PacyeTbl BbIABMAM ONMTUMAsibHbIE CPOKW 3aMeHbl: 6 nieT AnA oTteyvectseHHon M 10-11 neT ana 3apyGexHOM TeXHWKU. YCTaHOBMEHO, YTO
K/IO4eBbIM ApaiBEPOM AJIA CMMCAHWA ABMIAETCA He POCT 3aTpaT Ha OBGCIy)KMBaHME, a SKCMOHEHLMaNbHbIA pocT puckoe. Moaenb mossosnser
o6ocHOBaTL CTpaTermto oBHOBNEHUA MapKa, HAMPaBMEHHYIO HAa CHWXXEHWE 4acTOTbl MHLMAEHTOB C HEraTMBHbIMU MOCNEACTBUAMU, U MOXET OblITb
pacLuMpeHa )1 OLIEHKN SKOMOrMYECKOro CieAja XKM3HEHHOTO LMK/ TEXHUKU.

Knioyeebie croea: apkmuyeckas mpaHCnOpPmHAs MeXHUKA, PUCKU, >KU3HEHHbIU UuKi obopydosaHus, cmoumocmb cpbiea muccuu (CMF), onmumusauus cpokoe
3KCNlyamauuu, ynpassneHue puckamu, ycmouusoe pazeumue Apkmuku
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