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BCTYII

KomruiekcHe  moegHaHHS — TEXHIYHMX — 3aco0iB, KOTpi  3a0e3IeuyroTh
CJICKTPUYHMI €JIEKTPO3B'A30K: Iepenady, NpuiioM, 00poOKy, po3moais 1 30epiraHHs
pi3HOMaHITHOI 1HGoOpMaIli 3a JOMOMOTOI EJIeKTPUYHUX CHUTHAIIB, Ha3WBaIOTh
TEJIEKOMYHIKAIlITHUMHA CUCTEMaMH.

3aranbHO TPUUHATUM € Te, IO 1HQOpMAIls TEPeqaeTbcsi 3a JOMOMOTOI0
CJICKTPOMArHITHUX CUTHAJIIB 3aco0aMM TeJIeKOMYyHiKailiil. Pagiocuruanom BBaXKaloTh
MarepialbHUl HOCii abo (i3uyHy BEIUYMHY, IO TMEPEHOCUTh IMepeaaHe
noBiJoMJIeHHS. J[JI1 IbOro B Tpolieci mepeayl MOBITOMIICHHS! 3MIHIOETCS KUJTbKa
napaMeTpiB paJilOCUTHANTy, B 3aJIe)KHOCTI Bl 3aJaHOIO IpaBiia 1 MOBIAOMIICHHS,
KOTpPE MEePeIaEThCA.

OpmHo3HAYHA BIAMOBIAHICTG TMOBHHHA OYTH MDK TOBIJOMJICHHSM 1 CHTHAJIOM
I TOro, II00 ajapecar MIr OJHO3HAYHO BHUAUIMTH 3 CHUTHAIY TepeaaHe
MTOB1JOMJICHHS.

3 TOHATTSAM TEJICKOMYHIKAlIMHUX CHUCTEM TICHO TIOB'SI3aHE€ TOHATTS
TEJIEKOMYHIKALIHUX MepexX, sKI SBIAIOTH CO00K HalIp TOYOK, BY3JIM Ta JIHIL
(kaHamM 3B’A3KY, TPAKTH), MO iX CHOJYy4aroTh. TeJIeKOMYHIKalllifiHI CHCTEMH Ta
TEJICKOMYHIKaIlIiHI MEpeXi, B3aEMOJIIOYM MIDK CO00I0, YTBOPIOIOTH CHCTEMY
CJIEKTPOHHOTO 3B'SI3Ky - KOMIUIEKC TEXHIYHUX 3aco0iB, 110 3a0e3MeuyroTh
CJICKTPOHHUM 3B'S30K MIEBHOTO BUTY.

TenexkomyHiKalliHI CHUCTEMH Ta MEpeXl NpH Iepeaadl MOBIAOMIIEHHS BiJ
JUKEepelia 10 CIOKMBadva, 3JIMCHIOIOTH IEBHI orepallii, HalpuKiaj, MepeTBOPCHHS
MOBIJJOMJICHHSI, OTPHMAHOTO BiJ JpKepela TOBIJOMIJICHHS B E€JIEKTPOHHUM CHUTHAM,
3'€THaHHS TEJIEKOMYHIKAlIMHUX CHUTHAJIB 3 KaHallaMU 3B’SI3KY Ta KOMYTalllMHUMH

CTAHILIISIMHA H T.II.
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CyuacHa kiacu@ikailisi TEJIEKOMYHIKAIIHHUX CHCTEM JOCHTh PI3HOMAaHITHA,
aJle B OCHOBHOMY BOHAa BHU3HAYa€TbCs THIAMH MOBIJIOMJICHb, CEPEIOBHILEM ISt
MOIITMPEHHS eJIEKTPUYHUX CUTHAJIIB 1 METOIaMH PO3MOBCIOKEHHS 1H(POopMaIIii.
Pamiokananm 11 CHOKOHBIYHO CEpPEOBHINE IMHPOKOTO BIiMaHHA. Tomy
MOTEHIIIHHO KOXHHUM KOPHCTYBad y MeXaxX JOCSHKHOCTI TiepefaBada MOXKe
3MIACHIOBATH TIPHIIOM CHUTHATY BiJl HHOTO. AJie ISl BIACTUBICTh, YacTO KOPHCHA, Y
BUITAJIKY MOOUTHHOTO 3B'SI3Ky BUMarae CKJIaJHOI OpraHi3allii i KOHTPOJIIO JOCTYITY.
OCHOBHUMHU KPUTEPIIMU PO3POOKH CUCTEMH MOOUIBHOTO 3B'A3KY € MPOMYCKHA

CIIPOMOXKHICTB, BapTICTh peajizallii, IKICTb HaJJaBaHUX MOCIIYT.



1. AHAJIITUYHA YACTHUHA

1.1 AHaJi3 cnoco0iB 00po0Ku paaioCUTHAJIB

Amnanorosi cucremu (Advanced Mobile Phone Service - AMPS, Nordic Mobile
Telephony - NMT, Total Access Communications Systems - TACS) po3BuBaiucs 10
cepennHu 80-X pOKIB, KOJIM BCE 3pocTatoya norpeda B "aemeBomy" 1 JOCTYIHOMY
MOOUTIBHOMY 3B'SI3KY 3a)Kajjajia IIBUAKOTO 30UIBIICHHS YUCIa KOPUCTYBauiB, MPUTIM
10 aHAJOTOBUM 3B'I30K OyB HE3JAaTHHM 13 UM YNOPATUCA B CHIIYy BJIACTUBUX HOMY
TEXHOJIOTITYHUX OOMEXEHb. CKIAIHICTh MOJLITYy AaHaJIOrOBUX CHUTHAIIB MPHU
MYJIbTUIUIEKCYBaHHI Ta Maja KUIBKICTh MOXJIMBHUX HEIHTep(hepyrounx KaHaliB
NIPU3BOMJIIA JIO TOTO, IO BiH OCTaBaBCs JIOPOTUM Ta MPHUBIICHOBAHUM 3B’ SI3KOM).

3aranom Kaxyud, OyAb-fKka cHCTeMa MOOUIBHOIO 3B'SI3KYy, HaINpUKIA],
CYITyTHUKOBA, CTUIbHHUKOBa a00 MPOCTO O€3ApOTOBA - € CHCTEMOKO CTITLHHUKOBOIO
3B'SI3KYy, MPUHANMHI B TOMY PO3YMIiHHI, y SIKOMY HEIO € "3BUYailHUUA" CTIIbHUKOBHIA
3B'SI30K. Y KOXHIA 3 HUX BUKOPUCTOBYETHCS Mepeka "0a30BUX CTaHIIN'", KOXKHA 3
SAKUX Ma€ MEBHY 30HY NOKpUTTA. s CymyTHUKIB 1€ "TUIsIMH", JUIsl CTUIBHUKOBUX
CTaHIIM, BIAMOBIAHO, "CTUILHUKHU". BC1 30HU CHUJIBHO PO3PI3HSAIOTHCA MO IUIOINII, IO
3BOPOTHO MPOTOPITIHHA JOBXKHHI XBWJII BHKOPHUCTOBYBAHOTO BHUIIPOMIHIOBAHHS. Y
BCIX CHCTEM MOOUIBHOTO 3B'SI3KY € 3arajibHi IpoO0JeMH, 110 BUIUIUBAIOTH 13 JESKUX
dbakTopiB, BIACTUBUX KOXHOI 3 HHUX. BcCi BOHM € CHCTEeMaMH MacOBOTO
0oOCITyroByBaHHS 3 OOMEXKEHHM YHCIOM KaHaJiB, OTKE, OOMEKEHUM MOMJIHMBUM
YHUCJIOM KOPHUCTYBaudiB. BOHM BUKOPHCTOBYIOTH PaJiOXBHIII B KOCTI HECYYOi, 3BIIKU
BUHHUKAE TMpoOJieMa B3a€EMHHMX TEPEIIKOJ TMpU poOOTi, 3aBIaHHS YaCTOTHO-
TEPUTOPIATIHLHOTO TIAHYBAHHS.

CrekTp panioyacToT € OOMEXEHHM MPUPOJHUM PECYpcoOM 1 B HAac JaBHO
ICHYIOTh mpoOsiemun 3 ioro posmomiioMm. Dizuka W TEXHOJOTiS HAKIATAIOTh

OOMEKEHHSI Ha ):[ianasoﬂ qacCToT, l'[pI/IIIaTHI/Iﬁ 1 BUKOPHUCTAHHA B MO6iHBHOMy
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3B'SI3KY, TOMY ICHY€ MOTpeba y epeKTUBHUX alfOPUTMaX MYJIbTHILIEKCYBAaHHS JaHUX
Ha OJHII CMY31 MPOIYIIEHHS.

IcHye Tpu OCHOBHHMX MIAXOJX i BCi BOHM BHUKOPHUCTOBYIOTHCS B MOOIIBHOMY
3B'SI3Ky W OyAyTh PO3IJISHYTI B MOTOYHOMY Orfisifi. CucTeMu MOOIUIBHOTO 3B'SI3KY
JIOCUTh 1CTOTHO BHUKOPHUCTOBYIOTh TOW (DaKkT, IO PaIOXBWII NpHU MOIIUPEHHI
NOTEPIalTh CHIIbHOTO 3aryxaHHs. Koegimient 3aryxanHs K g Tumosoro
pajioKaHay JEXHUTh J1ech Mk 2 1 6, y cepennbomMy 4. [1oTyXHICTh CUTHAITY TIaa€ K
exp(-kt). Tomy st pimieHHS IpoOJEMHU 3aBaj MOTPIOHO 30LIBIIYBATH BiJCTaHb MIX

CTaHITISIMH, IO TIPAITIOIOTH Ha oHiN gacToTi (Puc.1.1).

Pucynox 1.1 - Ilpuxnan pimeHHs 3aBIaHHS YaCTOTHO-TEPUTOPIaIBLHOTO TUIAHYBaHHS

1.2. Metoau n1ocTymy a0 6€31p0oTOBOI0 3B’ A3KY

[ToHATTS MHOXHMHHOTO JIOCTYIy B O€3JIpOTOBOMY 3B'A3KYy 3aCHOBAaHO Ha
130JIF0BaHHI ~ CUTHAJiB, 110 CTaBIATHCS JI0 PI3HUX KaHaJIB y  MeXax
BUKOPHUCTOBYBAHOT'O JIOMEHY (Hecyuoi). PO3pi3HSIOThCS MPOCTOPOBUM, YaCTOTHUH,
TUMYACOBUH, KOJOBHUI JOMEHH. BiMOBIHO TOMEHAM PO3PI3HSIOTH METOAN JOCTYIIY:
MHOKHMHHUH goctyn noairy dactotd - FDMA ( frequency-division multiple access),
noziny dacy - TDMA ( time-division multiple access), moainy koxy - CDMA ( code-

division multiple access). OcHOBHa i1esi BCIX TpPbOX METOAIB CKJIQJA€TbCI Y
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BUKOPHCTAHHI OPTOrOHAJIBHUX 200 MPAKTUYHO OPTOTOHANBHUX cUTHANIB. [Ipu oMy
BUKOPHCTOBYIOTBHCSI KOPETSTOPH, SIK1 IPOEKTYIOTh OJCP>KYBaHHUM CUTHAI y M1IPOCTIP

Oa)kaHOro CUTHaITY 0€3 IKOro-HeOy/1b BIUIMBY CTOPOHHIX CUTHAJIIB.

Guard Time
Guard Time

....... Ie
(b) TDMA

(c) CODMA (F Im

Pucynox 1.2 [Ipukiaj pisHUX METOJIB JOCTYITY

FDMA - curHamm, 1o BIJHOCSATHCSA JO PI3HUX KaHAIIB, BUKOPUCTOBYIOTH
HEMEepeciyHl YacTOTHI Jiama3oHd, 1 TOMY MOXYTb OYTH JIErKO pO3JLIEH]
BUKOPHCTAHHSAM BIJIMOBIAHUX YaCTOTHUX (iIbTPiB. Y KOKHUKA MOMEHT 4acy Oymab-
KU KOpPHCTYBad BUKOPUCTOBYE YHIKaJIbHHI YacCTOTHHMM Jlama3oH 1 B pe3ysbTari
CUTHAQJIM BiJl PI3HUX KOPHUCTYBaylB YUCTO OPTOrOHAJIbHI, MPUHANMHI, B 1€aJIbBHOMY
Bumnaaky. Ha mpakTuill mpencTaBiseTbCss HEMOMIMBUM 30BCIM BUKIIIOUWTH BIUIMB
CYCI/IHIX CUTHAJIIB OJIUH Ha OJHOTO, 1[0 Be/E 10 HEOOX1THOCTI BBOJAMUTH JICAKl 3aXHCHI
Jlara3oHu, Ha SKUX MPUMOM 1 Mepenada BUKIIOUEHI, aje IMPU IbOMY 3BYXKYETbCS
npocTip, npuaaTHuid 1uist Bukopuctanusa. Kopucno noenqnatn FDMA 3 nymuiekcHUM
noiaoM yacy (TDD - time-division duplexing) npu sskoMmy aOOHEHTCHKHIA MPUCTPIH 1
0a30Ba CTaHIlIS COJIKYIOTHCS Ha OJTHOMY YaCTOTHOMY Jiana3oHi mo 4yep3i. Cnenudika
KaHany: npu BukopuctanHi FDMA nepenava 371iicHIOEThCSI O€3yTTUHHO B TIOPIBHSHHI
3 TDMA. ToMmy nepemkoan MiXK MepelaHiMU CUMBOJIaMU MPAKTUYHO BIJICYTHI i yac

3arpumku curHany ( 1-10 Mkcek) manuii y MOpPIBHSHHI 3 TPUBAIICTIO CUMBOIY (~
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40mkcex). Edexr Jlomepa mpu pyci pkepena (HampuKIaa, aBTOMOOUIS TIO
MIBUKICHIN MaricTpani) Takoxx Manuid ( 1-100 Hz) y mopiBHSIHHI 13 IIUPUHOIO KaHATTY
(~ 100 xI'm). Takum uyrHOM, amapatypa 06a30BOi CTaHIlT MOPIBHSIHO MpocTa. SKIIo
cnonyuutd FDMA 3 TDD, To 6a3a it aO0HEeHTChKHI1 MPUCTPiii BUKOPUCTOBYIOTH OJTUH
JaCTOTHHUH Jliana3oH. Y I[bOMY BHMIAJKY MPAKTUYHO BCIO pOOOTY 3 0OPOOKH CUTHAJIIB
MOKHa TIOKJIACTH Ha 0a30BY CTaHIIIO, BUKOPUCTOBYIOUM MpPUHANMHI J[BI aHTECHHU:
BOHM TOBUHHI MOJYJIIOBATH BHUIPOMIHIOBAHHS TAaKUM YHUHOM, BUKOPHUCTOBYIOUU
XapaKTEPUCTUKN OCTaHHbOI AaOOHEHTCHKOI Iepedadi, M0 JABlI XBUJIl KOI'€PEHTHO
1HTEpPEepyroTh HAa aOOHEHTChKIM aHTeHl. AOOHEHTChKUW MpUCTpid  Oyne
BUKOPUCTOBYBATH ISl NPUOMY U IIepeadl Ti caMi mapaMeTpH, HE Marouu MoTpedy y
BUTIPSAMJIISIYl W 1HIININA CKiIaaHii amapartypi. lle crae MoxnmuBuM, TOMYy IO JIBa
IPUCTPOI BUKOPHUCTOBYIOTh TOW caMMil KaHal, Xodya O HaBiTh 1 BIPTyaJbHUU
(cermeHTOBaHMW). BIUIMB BUCOTH aHTEHU: Yy CTUIBHUKOBOMY 3B'Si3Ky BHMOTa
Oe3nepepBHOTO 3B'A3KY JIJIsl aDOHEHTA, 1110 PYXa€ThCs, IPUBOAUTH 10 BUMOTH BEITUKOI
IUIOLI, 110 MOKPUBAETHCS OAHIEID 0a30Bor0 craHiiero (1o 30 km). Y pesynbrari,
aHTeHU 0a30BO1 CTaHIli MalOTh MOPIBHSIHO OUIBITY BUCOTY MPU JIOCUTH BHUCOKIHN
NOTyXHOCTI BunpoMiHioBaya. [lpu Buxopucranni FDMA ¢ TDD abGoneHTChKHiA
TepMmiHaia 1 0aza BUIPOMIHIOIOTH B OJHOMY YacCTOTHOMY [lialia3oHi, TOMY MOXKE
BUHUKHYTH MPOOJieMa TMEPenIKoa, MO MPUBHOCIATHCS CYCIIHIMH 0a3aMu B CHUTHAJIH
Bl aboHeHTa. Tomy BapTo 30UIbLIYBaTH BiJICTaHb MDK 0Oa3amu, L0 MpPaIlOl0Th B
OJTHOMY JT1aIta30Hi.

TDMA - pi3HI KaHaJid BUKOPUCTOBYIOTH pI3HI YacoOBI TPOMDKKH W
pPO3pI3HSIOTECA 0a30BOI0  CTAHIIED 3a 4YacoM IXHbOro mnpuiiomy. Curnamm
IPYNyIOThCS 3a MPUHIMIIOM KiblieBo1 uepru (round-robin). Ha 6a3i 3acToCOBYIOThCS
JIOCUTH MPOCTI PUIBTPH TSI IOALTY CUTHAIIB PI3HUX a0O0HEHTIB. P03/11710B1 MPOMIKKHU
gacy (guard time) MOXyTb OyTH 3pO0JICHI HACTUIBKU MAaJIMMH, HACKIIBKUA JO3BOJIHUTH
BUMOTa CHMHXpOHI3alii Bciei Mepexi. 3a3Buyail ne npomixku B 30-50 mcek. mpu

IIbOMY BCi aOOHEHTCHKI MPHUCTPOi MOBHUHHI OYTH CHUHXPOHI30BaHI OJHOMAHITHO 3
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0a30BOI0 CTaHIIEI0, JJIS [BOTO HAa OJHOMY 13 IIMPOKOMOBHHX KaHamIB 0a3u
TpaHCTIOEThCSl e€quHui yac. TDMA wMoxe komOinyBatucs 3 TDD a6o FDD (
frequency-division duplexing). Iepiiie crioaydeHHs 3aCTOCOBYETHCS IIPH HEBEITUKOMY
PO3XO/KEHHI MIDK aHTeHaMH aOOHEHTCHKOIO TMPHUCTpOI0 U 0a3u (HampuKIiaf,
BukopuctoByerbesi B DECT- cranaapti 6e3npotoBoi tenedonii). [Ipu Benukiii BUcoTi
0a30Boi aHTeHM Ounblle epekTuBHE 3acTocyBaHHs FDD, 1mo came xapaktepHo st
CTUIBHUKOBOTO 3B'si3ka. Jlnga mpuiloMy ¥ mepegadli B LbOMY  BHIIAJKY
BUKOPHCTOBYIOThCSI PI3HI KaHajd, TOMY HE BAA€TbCA "MOJIErMIUTH" aOOHEHTCHKUMN
IOPUCTPIA - JIOBOAMTHCS PEAN30BYBaTH CKJIAJHY aHTeHy (0araTo4yacTOTHOrO) 1
BUNpsMIIsiY (equalizer) 1 Ha aOOHEHTCHKOMY MPUCTPOI, 1 Ha 0a30BIM CTaHLIi, L0
30UTBIIy€E IIHY ¥ crokuBaHHS eHeprii. OcoOMMBOCTI KaHay: y MOpPIBHSIHHI 3i
mBujKicTIO mnepenaul (data rate) B FDMA, mo oaHakoBa Ha BCIX YaCTOTHUX
nianazonax, B TDMA BoHa 30UIbIIYETHCS B CTUIBKM pasiB, CKUIbKH KOPHUCTYBayiB
PO3IISAIOTH TaHWK aiara3oH - T00To 8 mist GSM 1 3 s D-AMPS. 3Bifcu BUIIuBae
3MEHILEHHS] TPUBAJIOCTI CHMBOJY B CTUIBKM K pa3iB 1 MHOCHJIEHHS HAKJIaJICHHS
CUMBOJIIB (MDKCHUMBOJIbHI KoJi3ii). (Hampuknaa, mpu mBuakocti nepenayi 25 cps 1
BOCBMHU KOPHUCTYBadax TPHUBAIICTh CUMBOIIy Oyze nopiBHIOE 5 Mkcek. [lpu 3atpumiii
MOIIMPEHHS XBHWJII HaBiTh B 1 MKCeK. y 0e3IpoToBHX Tesie(pOHAX BHKOPUCTAHHS
BUIIpsIMIIsSIYAa OyJe BUIIPaBAAHO, IIO TOBOPUTH MPO CTUIBHUKOBUU 3B'S30K, [€
3aTPUMKH NOMIMPEHHS N0cATaroTh 20 MKkceK. MoXHa cKa3aTu, M0 KaHajl € YaCTOTHO-
BUOIPHUM, TOMY III0 HA PI3HUX 4YacTOTax Ied edekT Oynme pospizustucs. [lpuitmau
JUTSl TAKOI CUCTEMH BUIJIE IOCUTH CKIIAJIHUM, ajie KaHal 3a0e3neuye AesiKy NPUPOIHY
THYYKICTb, 110 pOOUTH Mepeaavy Ouiblle CTIMKOI A0 3aTyXaHHs curHaiy). [louatkose
npusHaueHHs1 kaHany: 1 B FDMA 1 B TDMA kanan He TOBUHEH 3aKpITUTIOBATHCS
MOCTIHHO 3a SKUM-HeOynb aOOHEHTChKMM TmpuctpoeMm. lle Oymo © 3aHanro
MapHOTpaTHO. TOMy BHKOPHCTOBYETHCA TMOYATKOBE NpHU3HAUCHHS KaHaimy. Jlis
peamizamii gaHoi (QyHKII HE0OXigHA HASBHICTH CIEIMIAIBHOTO 3ape3epBOBAHOTO

kaHainy mnepenadi (uplink) nams MOOUIBHMX NPUCTPOIB, MO SIKOMY BOHH MOXYTh
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crioBimaTu 0a30By CTaHIIIIO TIPO Te, IO MOTPiOeH KaHan oOMminy. Lleit kaHam o cyTi €
KaHaJOM BHIIQJIKOBOTO JIOCTYIy. YCIIIIHA TIpoIeaypa IPU3HAYCHHS KaHATY
MOoKa3aHa Ha MaJIFOHKY.

Mobile Base

Station Station
Rarndom Access

- immediate Assignment

e

Exchange of Call
Setup Information

_‘Traﬁﬁc Channel Assignment

Data Flow

Pucynok 1.3 - [Iponienypa npu3HaueHHs KaHATy

[Tpouemypa MOYMHAETHCS TTOCUITKOO 3aIUTY BiJl aDOHEHTCHKOTO MPUCTPOIO HA
BUJIIJICHHSI KaHay. TOMy 110 KaHajl y HAac BUITAJIKOBOTO JOCTYIy, TO BIH BHUMAarae
3aCTOCYBaHHSA JCSKOrO MPOTOKONY 3amobiranns komisiil. [licnms onmepskaHHs 3amuTy,
0a3a HampaBiiie MOOUIBHUM TPHUCTPIA Ha CHELiaJIbHUM KOHTPOJbHUW KaHal st
HACTPOIOBaHHS U MpU3HAYCHHs KaHamy. [lo 3aBeprieHHI0 00MiHYy KOHQITypaiiifHO
iH(popMaIlier0o MOOITBHOMY NPHUCTPOIO TPHU3HAYAETHCA KaHal (yactoTra abo Taiim-
CJIOT), Ha IKOMY J1aJll POXOJUTh BECh OOMIH.

CDMA - pi3Hi a00HEHTCHKI iHTep]eiic BUKOPUCTOBYIOTH CIA0KO KOpPEIhOBaH1
CUTHaJIM, TOMY BIITIOBIJTHA amapaTypa MOXKE PO3IIIUTH CUTHAJIU, 1110 PO3PI3HIIOTHCS,
HaBITh SIKIO BOHHM TMEPENAIOThCS OJHOYACHO W Ha onHii yactoTi. [Ilupoko
BUKOPHCTOBYIOTBCS JIBa MeToau - Meron 4vactoTHux cTtpuOkiB (FH - frequency
hopping) 1 Meron mpsmoi mociimoBHocTi (DS - direct sequence). IIpu mpoxomi
CUTHAITy 4epe3 (PiIbTp, HATAMTOBAHUN HA KOHKPETHOTO a0OHEHTA, BHXIJ[ CHTHAJIB,
IO CTaBJATHCA JO IHIIUMX a0OHEHTIB 0araTo MEHIlle CUTHAJy Ha3BaHOIO aOOHEHTA.

OCHOBHUM 4YHHOM e AO0CATa€TbCA BUKOPHUCTAHHAM HOCJIi,IIOBHOCTeﬁ MOIIMPCHHA
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(spreading sequences) 3 manow Kopemsimiero. Uepe3 momiOHICT, Ha NIyM, Taki
MOCIIZOBHOCTI YacTO HAa3WBaIOTh IICEBIOIIYMOBUMH TOCTIAOBHOCTSIMH. CHCTeMH
CDMA Ha3uBarOTh MIUPOKOCMYTOBI (Spread-spectrum) 3a BUKOPUCTAHHS MIUPOKUX
Jiana3oHiB. Y METOAI MPSMOi TOCHTIIOBHOCTI BHCOKOYACTOTHA IICEBIOBUIIAIKOBA
MOCTIOBHICTh MOJIYJIIOE€ TIepeJaHuid CHUTHaJl TaKUM YHHOM, 100 Jiaras3oH
pPEe3yIbTYIOUOTO CHUTHAIIy JIOPIBHIOBaB 4YacCTOTI MOCHIAOBHOCTI. TakuM 4YHHOM,
KOPENTbOBAHICTh CUTHAIIIB Oy/1e BU3HAYATHCS KOPEIbOBAHICTIO MOCIIIJOBHOCTEH.

Curnasim aboHeHTiB CDMA po3aiisitoTh 3arajibHl YacTOTHHM 1 THMYacOBHI
JIOMEHHM, ajie IpH UbOMY BIJAUIEH] APYT BIJ Ipyra 1o BUAY Hecydoi pamioxBuii. [Tpu
bOMY Bijnajae norpeda y TBEpAid CUHXpOHI3aIlli M)XK aOOHEHTCHKUMU MPUCTPOSIMHU
1 y po3moiiii ¥ KepyBaHHI YaCTOTAMH.

Oco06aMBOCTI cepeIoBUIIA MTONTUPEHHS: MUPOKOCMYTOBI CUTHAIIA JTyKe J100pe
MIIXOMSATh IS MOOUIBHHUX CHCTEM 3B'SI3KY 3aBISIKM CBOIM NMPUPOJHIA YaCTOTHIM
THYYKOCTI: K YK€ OyJIO BIIMiY€HO, 3aTPUMKHU TTOITUPEHHS JIs CTITLHUKOBHUX CUCTEM
CTaHOBJISITh JEKUIbKA MKCEK. 1, OTXKE, MMOTro/KeHa IUpPHUHA Jlana3oHy Oynae meH |
Mra. IlocnioBHOCTI MOMIMPEHHS MOXYTh OyTH O0OpaHi TakKUM YHHOM, 100
3aMOBHUTH MOTOXKEHHI 1arla30H 1 3pOOUTH KaHal YaCTOTHO-BUOIpHUM, TOOTO Pi3HI
YaCTOTHI KOMIIOHEHTH CHUTHAJIy IMO-PI3HOMY BIITYKYIOTHCA Ha 3aTyxaHHA. Pi3Hi
KOMITOHEHTH MOXXYTh OyTH 3r0oJIOM KOTE€PEHTHO KOMOIHOBaHI ¥ po3mm@poBaHi 3
JI03BOJIOM TIOPSIIKY TPUBAJIOCTI CHMBOJTY.

Jlng 11poro MOTpiOHE 3HAHHS 4Yacy BIAMOBIAI KaHAy, IO OOYMCIIOETHCS 32
JIOTIOMOTOF0 HABYAJIbHOT TIOCIIOBHOCTI 3aBIIIKH TaK 3BAaHOMY MiJIOTHOMY CHUTHAITy. Y
BUITAJIKY, SKIIO KOMOIHYBaHHSI KOMIIOHCHTIB BUSBIISIETHCS 3aHAJITO CKJIAJHUM, MOKHA
O0IiTHCS HAUOUIBIINN TIO TTOTYKHOCTI KOMIIOHEHTOM - BUKOPUCTOBYIOUH (IIBTP IS
NPUAYLIEHHS 1HIIUX YacTOT, ajie MPU bOMY METOJMKA TPOXHU BTPaya€e B THYYKOCTI.
KoH(IIKTH MHOXMHHOTO [OCTYIY: SIKIIO MOXJIHUBO KOHTPOJb BIJHOCHOTO dacy
nepeJaHuX CUTHAJB, HApUKIa npu poboTi 6a3u (downlink), curnanu MoxyTs OyTH

3p00JIeHI OJIHO3HAYHO OPTOTOHAJIBLHUMM M MIAXOASANIMN (UIBTP HA MpUiiMadl MOXe
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BUKOPUCTOBYBATUCS [UIsl TIOAUTY CHUTHANIB. AJle TIpu JucnepcHoMmy (depes
PI3HOYACTOTHUM KOMITOHEHT) KaHAJll CUTHAJH, [0 MPUXOAATh HA TpHMad, y)Ke HE
OyJyTh 30BCIM OPTOTOHAJIbHI ¥ KOMIIOHEHTH UYKUX CHUTHAJIB HE OYyJyTh IOJIaBJICHI
biabTpOM.

ITpu nepenayui aOOHEHTCHKUMH MPUCTPOSIMHU HEOOX11HA CHHXPOHI3allis Ha PiBHI
TPUBAJIOCTI CHUMBOJIY, 3arajloM Ka)Xy4W, HEMOXJIUBa 1, TOMY IMOTPiOHI JOJaTKOBI
3axoaM I 3a0e3nedeHHs KOHTporo KoHpikTiB. Kpim Toro, icHye mpobiiema
OJIM3BKOTO-JAJIEKOTO KOPUCTYBada, KOJM TOTYXHI CHUTHAIM OJIM3BKUX IO CTaHIi
KOPUCTYBa4iB MPUAYIIYIOTh OiblIe CIIa0Ki CHUTHAIM JAJIeKUX KOPUCTYBadiB, IIO
MOX€e YK€ CHJIbHO 3HU3UTHU €(DEKTUBHICTh CUCTEMHU.

Jlyist pitieHHs i€l mpoOiaeMu ICHYIOTh JBa MIAXOAM: KOHTPOJIb MOTYXHOCTI 3
M'asKuMU XeHgoBepamu M (multiuser detection). KoHTposib MOTYXKHOCTI NOKIMKAaHUN
3a0e3MeunTy MPUOJIIU3HO TOM caMHil pIBEHb MOTYKHOCTI BUIPOMIHIOBAHOTO CHUTHAITY
JUTSL BCIX KOPHUCTYBauiB y Mekax onHi€l cTuibHUKHU. [1[06 OyTh edekTuBHUM, Crocio
KOHTPOJIIO TOBHWHEH OyTH [OCHUTh TOYHMM 1 MaTH JOCTaTHIO 4YacToOTy, 100
KOMIICHCYBAaTH 3aracaHHs dacTtoTu. Sk yxke Oylo ckazaHo, I MOOUIBHOTO
IPUCTPOIO, MO pyxaeThes 31 mBHAKICTIO 100 kM Ha roguHy W mepegaBaJbHOTO HA
yactoTi | I'ti, nomepoBebkuit 3cyB Oyae cranoButu nopsaaky 100 I Otxe, kaHan
JUIsl TaKOTO aboHeHTa Oyzae MiHATH cBOi xapaktepucTukud 100 pas3iB 3a cexkyHmy U
KOHTPOJIbHI CUTHAJIM BiJl 0a3u MOBUHHI Oy1yTh MepeaaBaTucs 31 MBUIKICTIO MOPSAKY
1000 cumBoOiB 3a cekyHay. SIKIO BpaxyBaTH, 110 MapaMeTPH pyXy Pi3HUX aOOHEHTIB
MOXYTh Jy>X€ CHJIBHO PO3PI3HATHUCS, TO 0a30BOi CTaHINI MPUNAIE MaTH BEIUKUMA
JWHAMIYHUHN Alana3oH JiJi1 KOHTPOJIIO MOTYKHOCTI.

Hns downlink-a KOHTpOJb MOTYXKHOCTI MOTPIOHUI TUIBKHM B TOMY BUIAJKY,
KoJin aOOHEHT nepeOyBae Ha PiBHIM BiACTaH1 BiJ JBOX pi3HMX cTaHuii. [Ipobiema,
NoB'si3aHa 3 KOH(IIKTOM Ha TpaHMIl PO3MOAUTY ABOX ab0 Oiiblle 30H, MOXE

NEPETBOPUTHUCSA B MIEPEBary, KO BUKOPUCTOBYBATH 17€10 ""M'sIKOTO" XeHI0Bepa.
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[Tpu downlink-e Bci 6a30Bi1 cTaHIli B MeXax JAOCSKHOCTI MOXKYTh ME€peIaBaTu
Ha CTUIBHWK, III0, Y CBOIO YEPry, MOKe KOMOIHYBaTH CUTHAJIW BiJ Pi3HUX 0a30BHii
CTaHIlIM, MO0 BUKOPHUCTOBYBATH CKJIQJHICTh CBO€i anTeHu. [Ipu uplink-e moxHa
JOCATTH MOAIOHOTO e(exTy, BUOMpaloyu caMUil MOTYKHUW CHTHAN 3 OJIEP)KyBaHUX
cycigHiMu 06a30BUMHM CTaHIIsIMU. Ta CTaHIIis, IO OJIEPIKYE HAUTYKUMM CUTHAT 1 Oyie
3MIMCHIOBATH KEPYBaHHSA TMOTYKHICTIO CTUIbHHMKA, 1100 MIHIMI3yBaTH MOro
eHeproputpatu. [lng peamizamii  "M'skoro" XeHmoBepa TOTpPIOHO  TBepaa
CUHXPOHI3aIllsl MK CYCITHIMU 0a30BUMHU CTAHIIISIMU, IO 3HUIIYE OJIHY 3 OCHOBHHUX
nepesar  CDMA wnang TDMA. Ane 1 uga mnpoOieMa BUPILIYETbCS 3aBISKH
OaraTokopucTyBaJdbHUIIbKOMY Bu3HaueHHIO (Multiuser detection). OcHoBHUI 3MicT
OTO TMIAXOAY TOJSIra€e B TOBHIM MOJENIOBaHHI 0araTOKOPHUCTYBaJIbHUIIBKUX
KOH(IIKTIB 1 po3p0OIli MIPUCTPOIB, sIKI O BiakuaaIu HeOaxkanut curHai. (TexHomorii
TYT cami pi3Hi - Big oOuucieHHs onTuMaibHux (maximum-likely hood)
MOCJIIIOBHOCTEH, 0araropiBHEBHMX CXE€M 3 BUKOPUCTAaHHSM QJITOPUTMIB, IO
HABYAIOTHCS, 31 3BOPOTHUM 3B'SI3KOM, [0 JIHIHHUX JEKOPEIIOIUHUX MpUIMaYiB).
CDMA wMae nexinbka KOPUCTHUX BJIACTHUBOCTEH: y croiyuyeHHi 3 FDD Bin npomnonye
NPUPOAHE PILLICHHA JUIsl MPOOJIeMH KOHTPOIIIO MOTY>KHOCTI 1pH uplink-e it downlink-1,
METO/1 JI03BOJISIE BUPIIIUTHU MPOOJIEMy MOBHUX TMay3 - PU MOBYAaHHI aDOHEHTa HIYOTO
HE NEPEAETHCS i piBeHb KOH(IIIKTIB 3HHKYETbCS, TAKUM YHHOM, 3aralibHy KIJIbKICTh
aOOHEHTIB MOXKe OyTH Maii>Ke MOJBOEHO.

ITopiBHSHHS TPHOX METOIB: Ha IMUTAHHS SKOI 3 METOJIB Kpalluid, K 3aBXIH,
HeMae oJiHO3Ha4Hoi BiAnoBimi. FDMA nyxke noOpe migxoauTh s O€3IPOTOBUX
TeneoHiB 3 JyKE MAJICHBKUMH 30HAMH ¥ 3aTpuUMKaMu momupeHHs. J{ms
CTUTPHUKOBOTO 3B'SI3Ka ¥ OUIBIIOCTI THUIMIB CHUCTEM MepcoHanbHOTO 3B'si3Ky (PCS)
BuOip 3mimaerbcss 10 TDMA 1 CDMA. V¥ muani cknaadocti, TDMA Bumararoth
HENHIMHUX aNanTUBHUX BHUNpAMIAYIB (equalizers) y cepenoBuill 3 OUIBIIMMU
3arpumkamu nomupenas, CDMA notpioni RAKE-npuiimaui i ckinagHe KepyBaHHS

MOTYKHICTIO.
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CunxpoHi3zallis 3a 4acoM MOTpiOHa B 000X BHMaAKaxX, Xo4a W 3 PI3HUMH
minssmMu. CKITaIHICTh KOMyBaHHS B 000X crcTeMax MmopiBHsAHHA. OQHUM 3 HAWOLIbIIE
gacTto HasuBaHux rnepeBar CDMA € mocTynmoBe MOTIPIIEHHS SIKOCTI 3B'SI3KY TIpH
301UTBIIIEHH] Ynciia abOHEeHTIB, y Toi yac sik B TDMA kopuctyBau Oyje oaepKyBaTu
MOCTIHY B1JIMOBY, SIKIIIO BC1 KaHanu 3aiHATI. Ane ais TDMA icHytoTh pono3uiii
10 TIOJAJBIIIOMY PO3BUTKY - IIEPEPO3MOJII KaHAIB IIiJ Yac MOBHHX IIay3,
301IBIIEHHS MPOITYCKHOI 3/1aTHOCTI 32 paxyHOK MPUUHATHOTO piBHS BTpaT 1 T.1. Bci
Il ToMnImeHHs 3MoXyTh HaOmmsuth TDMA no CDMA 3 #oro THYYKICTIO,

30epiraro4yu Npu LbOMY BCl CBOT IIEPEBArH.

1.3. Cucremu M00iIbHOTO 3B'SI3KY

Be3aporosa (cordless) - BukopuctoBye FDMA. Ilpuxiagu cucrem: CT-2,
DECT, PHPS.

Crinbaukosa (cellular) - TDMA, CDMA i kom6inartii Bcix TpboX. [Ipukmanu
cucteM: GSM/DCS1800, D-AMPS, 1S-54, 1S-95, PDC. Cucrema CTUIBHUKOBOTO
3B's13Ka € TeneOHHO-TeIeHOHHO-OPIEHTOBAHOK CUCTEMOIO, 1[0 HAJA€ CEPBICU THUITY
ISDN. Cucrema moBMHHa 3a0e3medyBaTd ayTEHTH(IKAII0O KOPUCTYBadiB 1
mudpyBaHHS JaHUX, CEPEIHIO M BUCOKY MPOIyCKHY 31aTHICTh (10 1000 Dpnanr Ha
KM2), Oe3nepepBHUN 3B's30K Yy Mexax 30HM B 0.3 - 30 kM, edexTuBHUU CIOCIO
nepepo3noalTy pamiokaHanmy. IloBuHHa 3a0e3nedyBaTd KepyBaHHS MOOUIBHUMU
abonentamu (location updating, roaming, handover), mopiBHSHO HEBHUCOKa SIKICTh
MOBH - CE€peJHINM 1 HU3bKUU PiBEHBb YacToTH auckpetusarlii ( 4-16 kb/s). MoObiibHUI

MPUCTPIii MOBUHEH OyTH MOPTATUBHUM.
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|
MS |

Pucynok 1.4 - Tunoa apxiTeKTypa CUCTEMH CTUIBHUKOBOTO 3B'S3KY

Cucrema cknagaerbcsi 3 MOOUIBHUX HpHUCTpoiB (MS), miacucremu 06a30BUX
craniit (BSS), npencrasienoi kontpoiepom (BSC) 1 tpanciBepamu (BS, BTS), siki
3a0e3MeuyloTh 3B'A30K 3 CTUIBHMKaMH B MeEKax MOKPUTTA. MepexHa mMiJcucTema
(NSS) micTuTh crieniajgbHe YCTaTKYBaHHS KOMyTalli MOOLIBHUX MPHUCTPOiB (mobile
switching equipment - MSC), 1o 3'eHye BCi CHCTEMHI €JIEMEHTH 3 TEJIC(POHHOIO
cucremoro, mo komytyeThes (Public Switched Telephone Network - PSTN), ISDN 1
1H(dopmartiiiHoo Mepexero, o komyTtyeTbes (Packet Switched Public Data Network
- PSPDN). Peectparriitai 3anucu home & visitor locations (HLR/VLR) - 6a3u nanux,
yTpUMyIOUl JaHi aOOHEHTa CHUCTEMU ¢ BHKOPUCTOBYIOTBCS JUIsl KEPYBAHHS
(MoHiTOpHHTY) Moro mnepecyBaHHsAM. Komii BCiX CEKpeTHHX KIIOYIB aboHEHTa
30epiratoTbcss B IHeHTpl ayreHTU(ikamii (Au), a cepiiiHi HoMepu MOOUIBHUX
MPUCTPOIB 30€piraloThCsd B PEECTPALIMHUX 3amucax iAeHTU(IKalli BCTATKyBaHHS
(equipment identity register - EIR). Bci crcTeMHI KOMIIOHEHTH YIPAaBJISIOTHCS ©
KOHTPOJIIOIOTBCSL 13 IEHTpa KepyBaHHS W miATpuUMKU (operation and maintenance
center - OMC).

PMR - TDMA, FDMA. Ilpuxknaagu cuctem: TETRA, APCO Project 25.
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1.4 CTUILHUKOBI CHCTEMHM APYIroro NOKOJIiHHA

1.4.1 GSM - I'no6anbHa Cucrtema MoOUILHOTO 3B'SI3KY

Crangapr GSM 0Oy cnemnudikoBanuit  €BponeicbkuM  [HCTUTYyTOM
TenekoMyHikamiaux cranaaptiB (ETSI) y skocti maneBpomeiickoi uudpoBoi
CTIJIBHUKOBOI CHUCTEMH MOO1JIBHOTO 3B's13Ky. BiH BHHUK, SIK BiJIOBIJIb Ha TOTpeOy B
3araJlbHOEBPOMNEHCHKOMY CTaHIAPTI B 3aMiH YHCIEHHUX CTapUX aHAJOTOBHX CHCTEM,
takux sk Nordic Mobile Telephone (NMT), Total Access Communication Systems
(TACS). HocnimxeHHs: B 00J1acTi CTBOPEHHS 1i€1 CUCTEMU Benucs 3 moyatky 1980-x
0 1XHBOI CEpeuHHU, KOJU IOoYaBcs Tmpoiec craHaaptuzailii. [lomepeanbo Oyio
CTBOPEHO KUJIbKa pi3HUX peanizamiit cucteM GSM.

VY €pomi OyB BuauieHui miama3zoH Onu3bko 900 Mri 1 kpaiHu migmucamu
JIOTOBIP  B3a€EMOPO3YMIHHS, IO SKOMY BOHH 3000B'S3yBaJMCS PO3TOPHYTH
HAIllOHAIBHI CHCTEMH 3 MOXJIHMBICTIO poyMiHry. Ilepma ¢dasza cranmapruzaiii
3apepumiacss 1o 1990 p. - me ocHoBa cywacHux Mepex GSM, y Hbomy
cnenu@ikoBaHl BCl OCHOBHI TMOCIYTH, II0 BKIIOYAIOTh TeNedOHI0, TEPMIHOBI
J3BIHKK, KoH(epeHlii, (aKCUMUIbHI MOBIJOMJICHHS, KOPOTKI TOBIAOMJICHHS,
MepEeCHIaHHs TaHUX 31 MBUAKICTIO 10 9600 O1t/c.

Apxitektypa mepexi GSM y TOYHOCTI BIAMOBIIa€ OMUCAHOT BUIIIE.

Kinrouem 1o moOuibHOCTI aboHeHTa € SIM-Kaprta (subscriber identity module), 3a
JIOTTIOMOT'0I0 SIKOT a0OHEHT MO’KE€ BUKOPHUCTOBYBATH OYAb-SIKHi TepMiHad (CTUIBHUK),
BCTABUBIIIM B HHOT'O CBOIO KapTy. BoHa MicTuth BCio iH(OpMalito mpo aboHEHTa i
BUKOPUCTOBYETHCS JUIsl BUKOHAHHS OCHOBHUX (DYHKIIIM 3aXUCTy - ayTeHTU(IKaIli i
re’epaiiii Kirova s mudpyBaHHs TOTOKY JaHUX.

GSM BukopuctoBye BocbMikaHansHuii TDMA 3 FDD. ¥V €Bpomni ais HbOro
BUJIUUICHO JIBa Jiana3oHu mo 25 Mri, npu 1poMy BUAUBIIOTECS KaHanmu no 200 Kru.
Hani moxymiototbes GMSK 13 uactororo 270 Ko6/c. Koxumit kanp TDMA

CKIaJa€TbCa 3 8 THUMYacoOBHUX CJIOTiB, 1o Bi,Z[HOBi,Z[aIOTB BOCbMH HEC3aJIC)KHUM
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bi3uuanM kaHamaMm. KoxxeH Gi3MYHHMIA KaHaM MOXE IO 4Yep3i BUKOPHCTOBYBATHCS
JeKITbKOMa JIOTIYHUMHU KaHanmamu. J{ias 60poThOM 3 MOraHMMU yMOBaMH Teperaui
BUKOPHUCTOBYIOTHCSI MOBLIBHI YacTOTHI cTpuOku. Kpim Toro, peamizoBaHi J107aTKOBI
¢GyHKIII - KOHTPOJIb MOTYXHOCTI i 0a3m, i crimpHuka, MAHO - mobile assisted
handover, HenocTiitHa nepenaya, 3aCHOBaHA HA BUBHAUYECHHI MOBHHUX T1ay3.

[Ipomec craHmapTuzaiii yce IIe TpUBa€, JOMAIOThCS HOBI (YHKINT Yy
BIMOBIMHOCTI 31  crmenmupiyHUMHU  MOTpedbamMu  KOpPHUCTyBadiB. Y  MicTax
BUKOpHUCTOBY€EThCs posmuperHss GSM - DCS1800, mo mpairoe B aiana3zoHi OJU3bKO
1800 Mru, mo BHKOPUCTOBYE MEHII MOTYXKHUWA CHUTHAN 1, BIANOBIIHO, MEHIIMMA
po3mip 30HH. GSM TmOCTIIHO pO3BUBAETHCA ¥ 30HA MOTr0 BUKOPUCTAHHS
PO3IIUPIOETHCS.

CnokonBiuHO €Bporneiickka cuctema, GSM 3apa3 BUKOPUCTOBYETHCSI OLIbIII
Hix B 100 kpainax. Ane B geskux kpaiHax, Hampukiazn y CIIA, Snonii, TpuBae
po3po0Ka BIaCHUX CTIIBHUKOBUX cucTeM. GSM mae KOHCTPYKTHBHI OOMEKEHHS, SKi
HE MOXXHa TOBHICTIO YCYHYTH O0€3 KOpPIHHOi MepepoOKHM CHUCTEMH, 1 SKI B¥Ke
MOYMHAIOTh TIO3HAYaTUCs B LIIJIBHO 3aceleHux paioHax. Hacammepen, 1ie oomexeHe
YUCII0O MOXKJIMBUX JIOTIYHMX OJIHOYACHO TMPalIOI0UMUX KaHajiB - TOOTO OOMExeHe
YHUCJIO KOPUCTYBauiB. Y pe3yjbTaTli 4Oro AyXke TOCTPO IMOCTAE MUTaHHS YaCTOTHO-
TEPUTOPIATHLHOTO TUIAHYBAHHS.

Jlnst BupilieHHs 1i€i mpoOieMd po3pOONSIOTECA MiHI 1 MIKPO 30HH 3
HEBEJIMKUMHU pajilycaMu TIOKPUTTS. AJie € ¥ 1HIII HeIOMIKHU - BITHOCHO OOPUBY 3B'SI3KY
IIpU XEeHJI0OBEpax, Majla IIBUIKICTh nepenadi Aanux - Tuibku 9600 Ko/c. Ilpononosani
3apa3 pillleHHs 3aHaJTO JOPOTl i He BUPIUIYIOTH IpodiaemMy B Luiomy. Tomy, 3arainom
kaxyur, GSM He miaxXoauTh Ha PoJib TiI00ambHOI cucTeMu 3B'si3Ky. lle 3aBmanHs
BUMAara€e He3ajie)KHO1 po3poOKH ¥ 30BCIM 1HINOI opraxizamii. Tomy eBomoris GSM
OTIepaTOPIB MOJSTAE y MOJEPHI3alii Ta MPUXOAY J0 3B’SI3Ky HOBOTO IMOKOJIHHS Ha

ocHoBi ctannapty UMTS sxkuit BukopucroBye WCDMA.



20

1.4.2 PerioHaJIbHi CTIJIBHUKOBI CHCTEMH

I1S-54: OcnoBHoto npuunHOw 1jis nosisu B CILIA cuctem IS-54 6yB mBuako
3poctatounii B 80-X pokax MONUT Ha MOOLIBHHI 3B's30K. [Ipu oMy HE0OXiIHOIO
BUMOTOIO JIJII HOBOi CHCTeMH Oyja CyMICHICTh 13 IITMPOKO PO3MOBCIOKEHOIO TOJI
aHajorosoro cucteMoro AMPS, po3po6ienoi e B 70-1i Bell Laboratories. Buxonsuu
3 BUMOTH 3BOPOTHOI CyMICHOCTi, MOOUTBHI MPHUCTPOi, K 1 0a30Bi CTaHIlii, TOBUHHI
Oyau BMITH TpaIfOBaTH y JABOX pekumax. [S-54 mo's3aHuil 13 Tpynor CyMiKHHX
CTaH/AapTIB, 1110 BU3HAYAIOTh B3AEMOIIO0 PI3HUX YAaCTHUH CUCTEMHU. 30KpEMa, CTaHIaAPT
IS-54 Bu3Hauae MepeKHHH KOMIIOHEHT cucteMu - B3aemomis MSC 1 BSS,
aBTOMATUYHHUM POYMIHT, Pi3HI aAMIHICTpaTuBHI (QYyHKIIT ¥ ¢GyHKIii 3axucty. Ha
HIKHIX pIBHSIX CHCTEMa BHUKOpHCTOBYBaJla Mepexy X.25. Ilim cucremy OyB
BUJIJICHHI TOM K€ YaCTOTHMM Aiamas3oH, 1mo ¥ gis AMPS, mo no3Bossio 3pooutu
MaKCHMAaJIbHO HETOMITHHM TepeXiJ BiJ aHajJoroBoi J10 IM(poBOro 3B'SI3KY.
BuxopucroByBanuii Mmeroa nocrymny - TDMA/FDD. [/Ins kaHainy BUKOPUCTOBYIOTHCS
AMPS-xi 30kI'1-BI cMyru, mpuuoMy KOXKHA PO3MOIIISETHCS HA TPU TUMUYACOBUX
cnotu. 1S-54 menm ISDN-opienToBana, yum GSM, ane Bce-Taku 3a0e3leuye
OCHOBHMI Ha0ip QyHKIIIH, 3 MaKCUMaTBHOO MBUAKICTIO iepenadi B 9600 Kout/c. Ha
OCHOB1 1IIl€i cucTeMu Oyna po3pobieHa, 3okpema, cucrtemMa E-TDMA, o
BUKOpHUCTOBYBaiacs il y Pocii.

1S-95: B 1991 p. dipmoro Qualcomm OyB mpoAeMOHCTPOBAHUN TEPIIIHIA
EK3EeMIUISIp CTUIBHUKOBOI CHCTEMH, 3acHOBaHOi Ha TexHojorii CDMA. Ilicus
MPOBEJICHHS TIOJIbOBUX BHIPOOYBaHb, CHCTEMa JIATJa B OCHOBY CTaHIAPTY
HMIMPOKOCMYTOBHUX CHCTEM MOOIIBHOTO 3B'SI3KYy APYroro nokoiiHHs. IS-54 13 rpymnoro
CYMIKHHUX CTaHJapTiB crnenudikytoTb (QYHKII, apxXiTeKTypy H B3aEMOII0 Mk
ckiaanoBumu cuctemu, 3 IS-CDMA, ax meton moctymy. Koxuuit kanan 8 CDMA
MOJYJIHOETHCS CBOEIO BJIACHOIO NICEBIOBUIIAIKOBOIO MOCI1OBHICTIO,

BUKOPUCTOBYIOUH MPU 1[bOMY OAHY Hecydy. CMyra MpomylieHHs i TaKoi CUCTEMU
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cTaHOBUTH 1.25 Mr11 - necsita yacTuHa OJIHIET HECYUOi, BUALIEHOT ISl CTUIBHUKOBOTO
3B's13ka. {7l CHONMy4YeHHS aHAJIOTOBUX 1 MOMIOHMX HUQPPOBUX CHUCTEM, MOTPIOHO
IPOCTO 3AIMIIATH YAaCTUHY CMYTH MPOIMYIIEHHS i aHAJIOTOBI MPHUCTPOi. Y cUCTeMi
noctynHi Bel iepeBaru CDMA - "M'ski XeH10BepbI'', THYYKE KepyBaHHS MOTY>KHICTIO
NepeaHoro CUTHalIy, 0OCOOIMBO NpH Mepenadyi MOBH, ajie MPH IIbOMY IPUCYTHI i BCi
moro Hepomiku. [S-95 3abe3neuye Bci cepBicu, gocTymH1 B [S-54.

PDC: y minomy, cxoxwuil Ha [S-54, ane He oOTsHKeHMIT BUMOTOIO0 CYMICHOCTI 3

aHanoroBumu cucremamu. Kpim toro, € ISDN-opieHTOBaHUM CTaHIapTOM, Ha 3pa30K

GSM.

1.5 KomyTanisi nakeTiB - NpUiiiellIHi CHCTEMH TPETHOI0 MOKOJIiHHS

Ha mowatrky 21-ro CTOMITTS CHCTEMH JApPYroro TOKOJIHHS TIEpecTaiu
CHPABISATUCS 3 MAacOBHUM POCTOM IMONMTY Ha MOCIYI'M PyXOMOro 3B'A3Ky. Bumoru
KOPHUCTYBa4diB MOTPEOYIOTh 3HAYHO OLIBIIOI MPOMYCKHOI CIPOMOXHOCTI, 110 MOXE
OyTH JOCSTHYTa 3a pPaxyHOK TIEpexXoay 10 CTUIBHHKIB MEHIIOro pajiyca U
BUKOPHUCTAHHS O1IbIIIe BUCOKUX HECYUHX YACTOT 13 MIUPOKOIO CMYTOIO MPOMYIICHHS.
Cucremu pyxomoro 3B’s3Ky (nmami-CP3) HacTymHOro MOKOJNIHHS TIOBHUHHI OyTH
IHTErPOBaHI 3 MEPCHIEKTUBHUMHU (PIKCOBAHUMH (HA36MHUMH) MEpex)aMu, 0COOIMBO 13
HIMPOKOCMYTOBUMH LU(DPOBUMHU MepexkaMu 3 iHTerpaiieto cinyx0 (B-ISDN,IP).Ile
npunyckae Bukopuctanas B CP3 po3po06ieHi 1y pikCOBaHUX MEPEK TPAHCIOPTHUX
TEXHOJIOT1M, MepexHOi 1HQPACTPYKTypH ¢ MPOTOKOJIB, MOPSA 3 I1HTErpali€ro
PI3HOMAHITHUX JTOAATKIB 1 TOCITYT.

Meroto ctBOopenns cucremu UMTS mnporosomena iHTerpamis MOCITyT
pyxomoro 3B's3ky, ane UMTS He miaTpuMye BCHOrO CHEKTpa IIMPOKOCMYTOBHX
3'eqHanb. L{ib cTBOpeHHsA 0€37pOTOBOI MOJAENI ACMHXPOHHOTO PEXUMY IMepeaaul

(WATM, Wireless ATM) mno mnpoektry WAND (Wireless ATM Network



22
Demonstrator) mpoTWiIeXHAa TOMEPEAHbOI W CKJIAJAETbCSl B IHTErpauii
IMIMPOKOCMYTOBHUX MEpeX (piKCOBAHOTO i PyXOMOTO 3B'S3KY.

BnpoBamxennss UMTS mnoBUHHE 3aJl0BOJIBHUTH MOTPEOM caMUX pI3HUX
aOOHEHTIB, BiJ THX, XTO Ma€ MOTpeOy B MPOCTHX 1 JEMIEBUX TEPMiHANAX JIJISI MOBHOTO
3B'SI3Ky, J0 KOPUCTYBadiB IMOCIYI MYJbTHMEla B pealbHOMY MacmTabi uacy.
Cucrema UMTS mnpononye mwupokuii Habip MOCAyr, y 3HAa4YHIA Mipi, OJHAK,
ONTUMIi30BaHM 11 mepenaui MOBH. Ii po3poOka 3aiiicHIOBaNAcs, TOMOBHUM YHUHOM,
BiAmoBigHO J0 gochigHunbkoi mporpamu RACE (Research and Technology
Development in Advanced Communications in FEurope), mo ¢inancyBaiacs
Komiciero €C. Konuenuisst UMTS Oyna Bnepiiie nporoJiomeHa B IPoeKTI PyXoMoro
3B's13ky (R1043) mporpamu RACE 1 1 oxepskana mojaiabIivii po3BUTOK y MPOEKTaX
nporpamu RACE II. MaOyTh, HaliOIbII BaXKJIMBUM 3 HHUX JIJIs PO3POOKH CHUCTEMH
UMTS 6yB mpoekt MONET (Mobile NETworks, R2066). V 1eii gac Bemerbcs
poboTa Haj TmpoekTamMu HOBOI mocmigHuibkoi mporpamu  ACTS  (Advanced
Communication Technologies and Services), mo po3suBae inei RACE.
Cranmapru3anis UMTS 3piticHroetsess ETSI.

CexTop cTangapTH3ailii 3B'13ky MDKHApOIHOTO O3y enekTpo3B's3ky ( [TU-
T) y me#t yac 3aificHIOE 3axoau 10a0 craHaaptu3aiii anajgoriunoi IMT-2000. Yu
3M0oxkyTh ETSI 1 ITU-T 3a6e3neuntu 3nuttst UMTS 1 IMT-2000, nokake MaitOyTHE.
PC3 UMTS npusHadeHa AJis1 peajizallii JoAaTKiB, 1110 BUMAraroTh MIBUJIKOCTEN 10 2
Moburt/c. [Tocnyru UMTS noBunHI OyTH IOCTYIHI aOOHEHTOBI HE3aJEKHO BiJ HOTO
pO3TalllyBaHHS; Y BUMAAKY BIJICYTHOCTI CTUIBHMKOBOI pajiioMepexi 3B'S30K MOBUHHA
Oyt 3a0e3medeHa 3a JIONOMOIOK0 HHU3bKO OpOITAIBHMX CYMYTHUKOBUX CHUCTEM
(LEO). IIpote, He Bci Tepminanu cuctemu UMTS OyayTh 34aTHI BUKOPHUCTOBYBATH
NOCIYT'M CYNYTHUKOBOTO 3B'a3Ky. HamanHs mociyr BeNUKid KIJIBKOCTI PI3HUX
KopuctyBauiB 3axanae Bix UMTS mmpokoro niamna3oHy migTpUMyBaHUX CEPEIOBHILL
1 TepMiHAIBHOTO a00HEHTChKOro BecTaTKyBaHHsI. UMTS moBuHHA 01HAKOBO YCHIIIHO

BUKOPHUCTOBYBATUCS Ha POOOTi, OYIMHKY ¥ y TPaHCHOPTHOMY 3ac001, Y 3aKpUTOMY
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NpUMILIEHH] ¥ Ha BIAKPUTOMY MOBITPI, y LIEHTPl BEIMKOrO MiCTa i Ha BUIy4YEHIN
MmajonaceneHi Tepuropii. s UMTS Buaineni asi cmyru gactot: 1885-2025 Mri i
2110-2200 Mrt1.

SKI0 pO3BUTOK HASBHUX CHCTEM CTUIBHMKOBOI TenedoHii MIMCHO Mmime Io
HUIAXY IXHBOT'O MEPETBOPEHHs B ckianoBy yactuny UMTS, 3acTocoByBaHi chbOrojiHi
niamazoHu nopsaaky 900 1 1800 Mrir miJIkoM 3MOXKYTh 3aJ0BOJIBHUTH OUIBIIICTH
noTped y uucto TenedoHHOMY cepBici, Toai sk 3ape3epoBadi mist UMTS minstHkn
CIIEKTpa BUSBJIATHCS 3aTpeOyBaHUMU HOBUMH IMOCIYTaMH IIUPOKOCMYTOBOTO 3B'SI3KY.
BigHOCHO mIMpOKa CMyTa YacTOT 1 LIMPOKE BUKOPUCTAHHS CTUILHUKIB Majoro pajiyca
(miKoCcOoT), 10 1HOAI HE MEPEBUILYIOTHh JIecsITKa MeTpiB, 3a0e3neuye UMTS Bucoky
OpONYCKHY 3AaTHICTh. be3nepepBHicTh 30HM 00ciayroByBaHHa cucreMu UMTS
JOCSITAETBCSL 32 PAaxXyHOK BUKOPHCTaHHS MAaKpPOCTUIBHHK pPaalycoM J0 AEKUIBKOX
necatkiB kiutomerpiB 1 LEO. Ilupuna cmyr panioinTepdeiciB po3noauIIeEThC B
UMTS nauHaMi4HO, BIAMOBIIHO JO TOTPEO TEPMIHAIBHOTO BCTAaTKyBaHHS.
Bignosinno po mnporpamu  RACE  po3poOneHi iHTepdeiicu, 3acHOBaHI Ha
MHOXHUHHOMY nocTymi 3 KojgoBuM ( W-CDMA) 1 tumuacoBum (TDMA) momimom.
[lutanHs MPO BUKOPUCTAHHS TOTO a00 IHIIOrO METOAY AOCTYIy (abo 000X) MOKH
3ITUIIAETHCS BIIKPUTHM.

PyxmuBuit Tepminan UMTS nHanmae aOOHEHTOBI MOXJIIMBICTH 3'€THAHHS 3
MEpPEXKEI NOCTylmy W BUKOpUCTaHHS mocayr cucremu UMTS. OcHoBHUMH
bynakuisimu Mepexi goctynmy UMTS e QyHKIi, mo cTaBasTbes 10 pajioKaHamy,
HaMpuKIaJd XeHAOBep 1 KepyBaHHs 3'eqHaHHsM. Jlo ¢yHKIi# 06a30B0oi Mepexi
CTaBJIATHCSA KOMYTallisl ¥ TpaHCTIOPTYBAaHHS JaHuX. DyHKIIT, TOB'SI3aH1 3 PyXJIUBICTIO
TEepMiHaJla, PEATI3yIOThCSA  IHTEIEKTYaJbHOIO MEpexer 3B'SI3Ky. THIOBUMHU
nocnyramu MCC gns UMTS  cayxarh BU3HAYEHHS  MICIHI€3HAXOJKCHHS,
ayTeHTH(IKaLis U 1H.

[pyHTyIOYMCh HAa TPHUIYIIEHHI IPO EBONIOLIMHMN XapakTep PO3BUTKY

MEPEKHHUX 1 KOMYHIKAI[IMHUX TeXHOJ0T1H, KoHuemniis UMTS npumnyckae, 1o cydacHi
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TeneOHHI Mepexi 3arajJbHOro KopuctyBaHHs i Mepexi ISDN eBomronionyoTs yoik
mupokocmyroBoro Bapianta ISDN ( B-ISDN), ne sk 6a3oBuit MexaHi3M mepenadi
Tpadiky MK KIHIICBUMH TPUCTPOSIMU  TlepeAdavaeTbCsi  BUKOPUCTOBYBATH
TpaHcnopTyBaHHs ocepenkiB ATM. J[o TenepinHpOro yacy BXe modyaTe JOCTIKCHHS
MUATaHHS TMPO Te, YW HAICKHI MEpeXKi AaCHHXPOHHOI Tmiepedadyli MaTh TIIbKH
"bikcopany" peamizamito abo, HABIPOTH, JJI HaJaHHSA BJIaCHUKaAM MOOUIBHHUX
TEpPMiHAJIIB TOTO X CHEKTpa MOCIYT, IO AOCTYMHUIA KopucTtyBadyam mepex B-ISDN,
HeoOX11HO 3acTocoByBaTH 0e3poToBi Mepexki ATM. Tlependayaetncs, mo B-ISDN
oyzne 6azoBoro mepexxero UMTS. binpnricts BapianTiB iHTerpamii UMTS 1 B-ISDN no
npoektax UMTS opieHTOBaHO Ha B3a€MOJII0 JBOX MEpEeX, a HE Ha MAliCHY
IHTErpallio.

Bzaraimi, ¢ikcoBanuii Tepmidan B-ISDN, mjo miarpumye 3B'SI30K 3 pyXJIMBUM
tepmiHaiom UMTS, He mOBMHEH 3HATH I0-HEOYIb NIPO PYXJIUBICTH IIHOTO
tepminana. Iline po3pooku UMTS, 30kpema, mossiraga B TOMy, 1100 MIiHIMI3yBaTH
BIJTMB cnenu(iyHuX QyHKIII MOO1IBHOCTI HAa 0a30By Mepexy. lig 1poro 3a3HaveHi
dbyHKIIi TOBUHHI OYTH PO3MIIlIEHI B MEPEki AocTyny (aOOHEHTCHhKOI Mepexi) 1, 1Mo
MO>KJIMBOCTI, B IHTEJIEKTYaJbHIA Mepexi 3B's13Ky. s 3'ennanng mepexi UMTS 3 B-
ISDN BuxopucroByethesi iHTepdeiic kopuctyBau-mepexxka (UNI) ATM. Pyxnuswuii
a0OHEHT TpHM 3BEPTaHHI M0 pecypciB 0a30BOi MeEpexi MOXKE BHKOPHUCTOBYBATHU
cnemudiuny a1 UMTS  curnamizamito, "TpaHciboBaHy" TMOTIM y CHUTHaJIbHI
MOBIJJOMJICHHS BIJMOBIAHUM dYWHOM MoaudikoBanoro mnpotokony Q.2931+. Tlo
iHIIoMy BapiaHTi curHamizaris Q.2931+ Moria 6 BUKOPUCTOBYBATHCS MOBHICTIO aXk
JI0 PYXJIMBOTO T€pMIHAJIA.

CTpoku BMPOBAPKEHHS CHUCTEM MOOUIBHOTO 3B'SI3KY TPETHOTO TOKOJIIHHS
MOMITHO BIJIPI3HSIFOTBCS B PI3HUX perioHax 3eMHoi Kyii. I'padik, sskoro Mae Hamip
noTpuMyBatucsa SmoHisA, BUTIsAAaE HaWOuLible amOimiiHO: mociayru mepexi IMT-
2000 noBunH1 Oyt goctynHi Bxke B 2000 p., mo (axtuuHo Oylio BTUIEHO Y >KOBTHI

2001 poky omepatopom DoCoMo y wmepexi I-mode. Iliaxig eBpomeiiiiB
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BIJIPI3HSIETHCS OUIBIION MOMIPHICTIO: OCTaTOYHI peKOMEHAaIli Oyin BHPOOJICHI 0
kiHug 1999 p., a moBHOMacimiTabHE PO3rOpTAaHHS CHUCTEMHM TPHUBAE IO CEM dac.
Hapernti, aMmepukaHIil IeMOHCTPYIOTh Y JIaH1M 00JacTi HaOUIbIly (hJerMaTUYHICTh,
HAJAl0YM PUHKY IUKTYBATH TEMITH MPUWHATTS HOBUX CTaHAAPTIB. Tak YW 1HAKIIE,
ane cucremu IMT-2000 Ta UMTS y €Bpomi BCTynaroTh y €KCIUTyaTalllo.
3a ocTaHHI KiJIbKa POKIB CUTYyallisl y (PIKCOBaHUX MEpPEKax TPOXH 3MIHUJIACS -
BEJIMUYE3HY TOIMYJSAPHICTh 3Hailma riobanbHa KOMMI'IOTEpHAa Mepexka Internet.
Internet mo cBOiil CyTi € Mepexero, He OpIEHTOBAHOI Ha BCTAHOBJIICHHS 3'€/HaHb, 1
TOMY B 3aCTOCOBYBAaHMX Y Hill POTOKOJIIB 1 CXEM aJpecarlii MaJio 3arajibHOTO 3 TUMHU,
o0 OAEpKajau MPONHUCKY B MMHUPOKOCMYroBux Mepexkax ISDN. Opnak moBcrogHe
nomupeHHs npoTtokony [P mpuBeno no Toro, mo mnepeBakHa OUIBLIICTh CY4acHHUX
NPUKIAJAHUX T[pOTpaM, OPIEHTOBAHUX Ha POOOTY 3 JaHUMH, 3aJEKUTh BIJ
noctynHocTi [P-CepsiciB, a mosiBa mporokony Resource Reservation Protocol
(RSVP), cuctem Internet-Tenedonii # mOMMUpPEHHS TEXHOJOT1H MyJIbTIMEI1a TTOMITHO
PO3LIMPUIN AOCTYITHICTh TJI00ATBHOT MEpeXKi ISl 10JIaTKIB pPeaJbHOIo Yacy.
CporoHiiH1 peanii Taki, 0 Opraxizaiii, 3aTy4eHi B MpoOIeC CTaHAapTU3aIli
texHosorii UMTS, He MOXyTh He po3risgaTu Internet sik e oAUH BUJI MPUKIIATHOTO
CepBiCcy Teperadyl JaHUX MK  KIHIICBUM  YCTaTKyBaHHSM, III0 ITOBUHEH
nigrpumyBatucs B mepexki UMTS. Tlpote B 11boMy KOMyHIKAI[IfHOMY CEpEIOBHIII
yactuHa niepeBar UMTS abo BUSBUTHCS HENOCTYITHA KIHIIEBUM KOPHUCTyBadam, abo

BIJIMTOBI/THI TTOCIYTH MPUIAJIE BIITBOPIOBATH HA PiBHI MpoTOKOy IP.

1.6 BucHoBOK 3a po3aijiom

Ha croromHi ime 6opothba i7ei Ta KamiTajaiB JBOX INIISAXIB €BPONEHCHKOTO Ta
amepukaHcbkoro, a came TDMA ta CDMA Bxe 3apa3 3p03yMijio, IO HE3Ba)Kal04u
HAa PUHKOBY OOpOTHOy 3a MpHOYTKH MIK €BPOMEHUCHKUMH Ta aMEPUKaHCHKUMU

BUPOOHUKAMHU TEJIEKOMYHIKAIiiHOrO o0nagHaHHa TexHojoris goctynmy CDMA
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3aBISKH CYTTEBUM JOpOoOKaM Ta HAMHOBITHIIIMM BHHAaxogaM OyJe OCHOBHOIO
TEXHOJIOTI€I0 JIOCTYMy MPUHAWMHI JJIsI CUCTEM MOOIUTBHOTO 3B 3Ky 3-TO IMOKOJIHHS,
ak To UMTS Oynyerbcss na W-CDMA 3Baxatoun Ha dvacTtoTHi GSM mineHsii
eBponeiicbkux omeparopiB. A amepukancbka CDMA-2000 Bigpi3HSETHCS MO CYTI
JUIIe TIUPUHOK cMyTH 4YacTtoT, sika y W-CDMA 5 MI'm a y CDMA-2000 1,25
MI 1.

Topkarouuce MUTaHHA KOHKYpPEHIIii TPAaHCTIOPTHUX TEXHOJIOTIT y (hiKCOBAaHOMY
Ta MOOUIBHOMY 3B’sI3KY, sika B ocTaHHI yacu Toumiach Mik ATM Tta IP Ha crorogni
3aBASIKM  PO3BUTKY  TEXHOJIOTH  KOMIpEcii,  MNPOIMYCKHOI  CIPOMOXHOCTI
TEJIEKOMYHIKAIIITHUX MEpEeX, OUIbII HM3bKOI BapTOCTI OOJIAIHAHHS Ta TEHACHINI
pocty Tpadiky maHuX Haja TpadikoMm ToJIOCy, SKUH MHOro BKE MEPEBUIIYE CTa€
3pO3YMUINM, 1110 TEPE3U CXUIIAIOTHCS B O1K TexHoiorii [P.

3pocTarounii MOMUT Ha PI3HOMAHITHI TEJIEKOMYHIKAIIHHI TTOCIYTH Ha ChbOTOJHI
(GbakTHYHO MIAIITOBXYE JIIOJCTBO O MPOEKTYBAHHS, CTaHAApTU3aIlll Ta MoOyAOBH
cucteM 4-ro TOKOJIHHS, sika Oyae Ouapm onTuMizoBana ming [P Ta mo3BosuTh
nepeIaBaTy JaHl Ha MBUIAKOCTIX OuTbm 2-x MOIT/c 1 3a0e3meuntsh QOS i1 101aTKIB
pPEabHOTO PEXUMY Yacy, roJiocy, Bifeo.

VY 1boMy po3/iii MPUBEACHO IS TOTO, 1[0 MU 3apa3 MAEMO B MEPCOHAILHOMY
MOOITBHOMY 3B'SI3KY Ta TEJIEKOMYHIKAIlisIX 3arajoM i 1110, MOXJHMBO, He3abapoM
oynemo Matu. Tema moB's3aHa 31 CTUIBKOMa CYMDKHHMH OOJIACTSAMH 1 € HACTUIBKU
HAyKOMICTKOIO c¢eporo, Mo i BUBYCHHS 3aKajJae yuMajoro dvacy. Sk BumHO,
TEXHOJIOT1i TEJIEKOMYHIKAIIN - 1€ 3apa3 oJHa 3 00JIaCTeH JIOJCHKOI JTisJIBHOCTI, 1110
HaWOUIBII MIBUAKO PO3BUBAIOTHCA. CIOAM BKIIIOYAETHCS TaKOX T€, 10 AHTIIOCAKCH
Ha3uMBalOTH 'ubiquitous computing" - MOBHa MOOUIBHICTH JAOCTYIY 10 BCUIAKHX
iH(opMariitHux pecypciB. Lle HameBHO cTaHE MOTYKHUM COIIaIbHUM (PaKTOpOM, 110
Oyzae MaTH CyTT€BUU BIUIMB Ha (JOPMYBaHHS YCiX TpaHEil CyCNUIbCTBA Y HEJAIEKOMY
MaitOyTHhOMY. JIIOJICTBO CTOITH Ha PO3AOPLEKKI, ICHYIOTH Pi3HI TOYKH 30py Ha

npobJsieMy MOOyAOBH TJIO0ATBHUX TEICKOMYHIKAIIMHUX MEPEeX ManOyTHHOTO IyKe
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rOCTPO TMOCTAlOTh MNHUTaHHS KOHBEPreHIii Mepexk Ta mociyr. Slka BoHa Oyne
TeJIeKOMYHiKalliiiHa Mepexka MaiidytHporo? lle aBTOpy HEBiOMO, ane y LbOMY
PO3JILJII aBTOP CIpOMAaraBcsl CIMPAIOYHUCh HA 1ICTOPIO Ta peasiii ChOroICHHS OXOMUTH
OCHOBHI TpOOJIEMH Ta MOKa3aTH IUTIOCH Ta HEJOJIKM MOXKJIUBUX MUIAXIB PO3BUTKY

TEJIEKOMYHIKAIIHHUX MepexX MaOyTHBOTO.
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2. TOCJIIJKEHHS BJACTUBOCTEM PAJIIOCUCTEM

Bci cuctemu ginsTees Ha ABa BUAW - cTaTW4Hi (Oe€3iHEpIiiiHI) 1 JUHAMIYHI
(irepiitai). KoxxHOT 3 HUX K 00'€KTY JOCIIIKEHHS BIIACTHBI TIEBHI OCOOJIMBOCTI, SIK1
XapaKTepU3ylTh pI3HI CTOPOHHM iXHBOro (yHKIIOHYBaHHSA. IIpu BUBYEHHI
IHTEerpaJIbHUX SKOCTEM CHCTEM BaXXJIMBY pOJIb Tpa€ MUICHICTh, IO BiJoOpaxkae
3aJIeKHICTh MK eleMeHTamu. Koiam BUBYA€TbCS 3AAaTHICTh CHCTEMHU pearyBaTH Ha
BXIJIHI BIUIMBH, TO BH3HAYAETHCA TaKa BIIACTHBICTh SK MPHYMHHICTH. Po3mosin
BIUIUBIB Ha Kepyroui (KOpUCHI) 1 10 OOYproloTh (IIKIJIJIUBI) Ja€ MOXJIUBICTD
BU3HAYUTH KEPOBAHICTh, CTIMKICTh 1 3AAaTHICTh ajanTyBaTHcsA. Jlo BaxJIMBHUX
CTPYKTYPHHX XapaKTePHUCTUK HAJICKATh 3B S3aHICTh 1 CKJIAJIHICTh cucTeM. Bci 3ramani

BJIACTUBOCTI JOKJIAJHO PO3TJISHYTI B 111 TJIaBi.

2.1 AHaJi3 CTATHYHHUX CHCTEM

Cucrema S Ha3MBA€THCS CTATHUHOIO (O€31HEPIIHOT) TO1 i TUTBKU TO1, KOJU

3HAYEeHHS 11 BUX1AHOI BeIMUMHU Y(t) B Oy/Ib-sIKMM MOMEHT 4acy 3aJie’KaTh BUKIIOUHO
BiJI TTIOTOYHOI'O 3HAYEHHS BXIJIHOTO BIUIMBY X(t) 1 cTaHy z,(t), 3 SIKOro mnoyanacs
eBoytolis cucteMu. [lpu 1bOMy, SKIIO 3HIMAIOTHCS BXIJIHI BIUIMBH X(t), KOJIH
z,(t)=0, Taka cucTemMa HerailHO MEPEXOJUTh Y CTaH PIBHOBAru. 3 BUKOPUCTAHHSIM

JIOTTYHUX onepauiﬁ CTaTU4Ha CUCTEMA BU3HAYAECTHCA BUPAKCHHAM

(x,y)eS <3z, Viyt) =K, (z,,x(t), (2.1)

0 IHTEPIPETYETHCSA B TaKWil COCIO: cUCTeMa, y SKOT BU3HAYCHI 3HAYCHHS BXOIB 1

BUXOIB (x1y) Oyae Toal ¥ TUIBKM TOJ1 CTaTUYHOK CHUCTEMOIO S, KOJIU ICHYE

MMOYaTKOBUM CTaH Zy, SIKUM HAJIC)KUTh J0 MHOKNHH MOJKJIMBHUX ITOYAaTKOBHUX CTaHIB Z,
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1 1711 BCIX MOMEHTIB 4acy t BUXiJHA peakilis y(t) BU3HAYAETHCA MOYATKOBUM CTAaHOM

Z, 1 BXITHUMH BIUTMBaMH X(t), sIKi 3a0e3MeduyioTh BioOpakeHHs K, B IO BHXITHY

peaxiiro y(t).

[Hakmie Kaxyyu, cTaTMYHa cucTeMa S € Oe3iHepIiiiHow. Y Hild BIACYTHI
nepexigHl pekuMHU MPHY BIUIMBI Ha CUCTEMY BIUIMBY, 110 00yproe, Ha Bxoai. He cmin
IUTYyTaTH 31 CTATHYHUM PIBHOBRXHUM CTAHOM IHEPIIIHHOI a00 TUHAMIYHOT CHCTEMH,
o nepedyBae B CTaHl CHOKOKO MICS MEpexiHUX mporeciB. CTaTUYHI CUCTEMH €
MEBHOI0 a0CTPaKII€l0 pEeaIbHUX CUCTEM, SIKMM BJIACTHBI 1HEPIIHHICTD 1 JIUHAMIYHI
nepexigHl pexxuMu. YacTo cTaTU4HI CUCTEMU € OJTHOYACHO M cUCTEMaMH 0e3 TaM'sTi,

TOOTO CUCTCMaMH, Yy AKHX MMOYaTKOBUM CTaH Z, OJJHAKOBC u BiIIl'IOBiIIHO

K, €, x(t) = K, €(t) .

2.2 AHAJII3 TMHAMIYHHUX CHCTEM

JInHAMIYHOIO HAa3UBAETHCA 1HEPIliiiHA (HeCTaTUYHA) CUCTEMA, Y SIKOT BU3HAYECH]
¢ynkuii nepexony craniB f(t) 1 BuxigHoi peakuii g(t). Lle Moxyrte Oytu B
3arajJbHOMY BUNAJKYy (DYHKI[IOHAIIH.

CrarmioHapHUMH JTHHAMIYHUMH HA3WBAIOTh KJIAC JWHAMIYHUX CHCTEM, CTaH 1
CTPYKTypa SIKMX HE 3aJie)KUTh Bill TOTO, Y SKHH MOMEHT 4acy OyIe pO3TsiiaThcs
BIIMB. [Ipo HHMX TroBOpSTH, IO IIl CUCTEMM 1HBApPIAHTHI BIJHOCHO THMYacOBOIO

3IBUTY

VEFU(x(t,t) = FY(x(t —1)), (2.2)

TOOTO TSI KO)KHOTO MOMEHTY 4Yacy t MOKHA BU3HAYHMTH ONEPATOp 3PYIICHHS Yacy

F' TakWii, 0 peakilisi CUCTEMH Ha BXIJHHH BIUIMB Y MOMEHT 4Yacy t 3aJIe)KHTh
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TITBKH BIJ] PO3XOPKCHHS MDK 4acOM HOT0 MOYaTKy W MOTOYHMM YacoM, a HE Bij
MIOTOYHOT'O Yacy, IMPH MbOMY t <t <>t —t>0.

Jlns cramionapHoi cucteMu S < XxXY, nexe X, yeY - BIUIUBH M peakiii €

CTaIllOHAPHUMH, SIKIIIO

(X, = F' (X)), 23)
(VO)(Y, = F'(Y)) |
BaxxnnBoro BIaCTUBICTIO CTAIllOHApHUX (1HBApIaHTHUX Yy Yaci) CUCTEM € Te, 110
(GyHKLIIO MEepexoay CTaHy Mg OyJp-KOTO MOMEHTY 4Yacy MOKHA OJEp)KaTh SK
pe3yJIbTaT 3aCTOCYBaHHS OllepaTopa 3ABUTY 10 OYATKOBOI peaKilii CUCTEMH.
AZIeKBaTHUM ONKUCOM MAaTeMaTWYHOI MOJETl JWHAMIYHOI CHCTEMH €

nudepeHiaabHe pIBHIHHS

SO~ Fx.Lu0)x0 = x,, 4

ne x(t) e X - MHOKHMHA CTaHIB CUCTeMH; U(t) e U - MHOKHMHA 30y)KYIOUMX BILIUBIB.

[Tepmia moxigHa dx(t)/dt, 110 € HIYUM IHIIUM, K MIBUAKICTIO 3MIHU CTaHIB CUCTEMH,
MOX€e JIOPIBHIOBAaTH HYJIIO, IO BIAMOBIJA€ CTAHY CIIOKOK CHCTEMH, BOHA MOXE OyTH
JIOPIBHIOBATH HETAaTHMBHIN a00 MO3WTHUBHIM BEJIMYMHI, TOMY IO II€ PIBHIHHS MOXE

MaTH MPaBy YaCTUHY, 1110 3MIHIOETHCS

% = Fx(), X(0) = X,, (2.5)

[lpu F> 0 cucrema noBOAMTHCS 30y[KEeHO, HecTaOUIbHO, mpu F < (0 BoHa

MOBEPTAETHCS B CTaH CIIOKOIO, 11 MOBEIIHKA CTab1JIbHA
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x(t) = x,e ™, (2.6)

BoueBuap, npu F = IUHaAMIYHA CUCTEMA CTa€ CTATUYHOI, MPU BIJJIIKY BiJ oo
1o 0 iHepIiiHICT 3pocTae, Mpu F =0 cUcTeMa CTa€ HePYXJIMBOI, Y CTaHI CIIOKOIO.

OueBuaHO, BCs Teopis AudEpeHIIMHNX PIBHSIHL MOXE OyTH MpHUKIaJeHA 10
Teopii JTMHAMIYHUX CHCTEM 1 1€ MaTeMaTUYHUW amapar € JOCUTh MPOIyKTUBHHM,
no0pe BiAMpanbOBaHUM, TOMY HaBEJEHI JUIIE JesKl BUTPUMKHU 13 I11€i Teopii. Tak
nudepeHIiagbHe PIBHSHHS IEPUIOr0 MOPSAAKY TUNy (2.5) 3 BUIBHUM YIEHOM Y

BUTJISAII 30y/IPKEHOTO 3BaXKEHOTO OUIOro raycoBoro Imymy &(t) HOCHTH Has3BY

CTOXaCTUYHOTO PIBHSIHHS CTaHy 1 3alIUCY€ThCA TaK

PO _ F ) + 6:0.050,%0) = %, (2.7)

ne G(e) - koedilieHT 30yproBaHHs, 110 BIUIUBAE€ HA BEJIMYUHY JAUCTEPCIi CTaHy

x(t) JaHOI TMHAMIYHOI CUCTEMHU.

v

v

Y
A
N

40) G(t) | J

A

F(t)

Pucynok 2.1 - CtpykrypHa cxema popmyrouoro piabtpa
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Ha puc. 2.1 nHaBenena ctpykrypHa cxema ¢GopmMmyrodoro (uibTpa, mporec Ha
BUXO/JI1 SIKOTO BIMOBIZA€ CTAaHY AMHAMIYHOI CUCTEMH, aHaJIoTigHOi (2.7), ajie 3aMiCTh
F(x(t),t) 1 G(x(t),t) BpaxoBaHi BIANMOBIIHO F(t) 1 G(t). CTaH ATUHAMIYHOI CHUCTEMH
JICTKO MOJCITIOEThCS 3a JoroMororo EOM, ne piBHsHHS cTany (2.10) BiaTBOPHTHCS B

PEKYPCUBHOMY BH/I

X (k +1) = Dk, k +D)x(K) + I'(k,k +1)&K), (2.8)

ne d&(k,k+1) 1 I'(k,k+1) Tak camo, K 1 JuIs CTaHy 3 O€3MEepPEPBHUM MapaMETPOM

(2.7), 3ByThcs KoedillieHTaMU BiJNOBiIHO cTaHy ¥ 30ypIOBaHHIO. IXHiil aHATITHYHMIA

BUTJIS

D(k, k +1) = exp(—c]t]), (2.9)

(k. k+1) = Jo’D(k, k +1)(1L- DK, Kk +1)) , (2.10)

1 . .y
ac o =——, Tyop ~ IHTCPBAJI KOPEJIAIIN BUITAIKOBOTO CTaAHY CUCTCMM.

z-xop

2.3 JlocJiiizKeHHSl BJIACTHBOCTEH CHCTEM 3B’ SI3KY

[{imicHICT € OJHI€I 13 caMUX XapaKTepHUX BIIACTUBOCTEH CHUCTEM, IO
MPOSIBISIETHCSI Y BUHUKHEHHI HOBUX IHTETPAIbHUX SKOCTEW, HE BIIACTHBUX IS
YTBOPIOIOUY CHCTEMY KOMIIOHEHTIB. Tak, BIIaCTUBOCTI CHCTEMHM 3B'S3KY MO0
3a0€3IMeUeHHs] CTIMKOCTI W 1HIIMX IIOKa3HUKIB € HE TUIBKH IIPOCTOI CYMOIO
BJIACTMBOCTEH E€JIEMEHTIB, 3 SKUX BOHA CKIAJa€Thbci. | B CHUCTEM XHUBOI MPUPOAH

(MypalllHUKIB, TEPMITHHUKIB, OJDKOJIMHUX POJMH, a TAKOX TPYIl JIIOACH, HaIlIA 1 T.11.)
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CHUCTEMHI BJIACTHBOCTI TaKOXX HE € MPOCTOI0 CYMOIO BJIACTUBOCTEH 1HIWBITYYMIB.
BnacTuBOCTI IITICHOCTI MPOSIBISIOTHCS B CUCTEMI 13 IBOX OCHOBHUX CTOPIH:

- BJIACTUBOCTI CHUCTEMHU SK IIIJIOTO HE 3BOJATHCA JO CYMH BIACTUBOCTEH
CJICMEHTIB 200 YaCTHH;

- BJIACTUBOCTI CHUCTEMH SK IIJIOTO 3ajekaTh BiJI BJIACTUBOCTEH €JIEMEHTIB 1
yacTWH, Moau@ikaimis OAHIE€l YACTUHMU BUKIMYE MoJudikarmii y BCIX IHIIMX
YaCTHHAX 1y BCif CHCTEMI.

[cTOTHUM TIPOSIBOM BIACTHUBOCTEH IIJIICHOCTI € HOBI B3aEMHHH CUCTEMHU SIK ILI1JIOTO

3 HABKOJIMIIHIM, BiMIHHI BI1J B3a€MOJIl OKPEMHUX E€JEMEHTIB 13 IIMM OTOYEHHSIM.
BrnactuBicTh HUIICHOCTI TMOB'I3aHE 3 METOIO, JJISi BUKOHAHHS SIKOi IPU3HAYECHA
cucTema.

CucreMr MOXYTh MaTH aJbTEPHATUBHE IUIICHOCTI BIACTUBICTh - (DI3HUYHY
aJUTUBHICTh, HE3aJCXKHICTh. BnacTuBicTh (I3UYHOI aTUTUBHOCTI (HE3aJIEKHOCTI
€JIEMEHTIB) TIPOSBIIIETHCS B CUCTEMI, IO K OM po3majiacs Ha HE3aJEeKHI €JIEMEHTH.
OdeBuHO, MO y BUIAIKY, KOJIU BCi CJIEMEHTH CTAlOTh HE3aJICKHUMH, TO TOBOPUTH
PO CUCTEMY HE Ma€ 3MicTy. Takum 4uHOM, OyJib-SKa CUCTEeMa repedyBae Mixk JBOMA
KpaHIMU CTaHaMH: aOCOJIFOTHOO IITICHICTIO, 110 AOCSTAETHCS P MaKCUMaIbHOMY
3B'I3KY MDK €JIeMEHTaMH, 1 a0COIFOTHO1 aJUTUBHICTIO, KOJIM 111 3B'SI3KH B1JICYTHI.

Takox y nmiTepaTypi 3yCTpidaeThbcs TEPMIH "CKIGEHHOCTh' €JIEMEHTIB CUCTEM, 1110
M1IKPECITIOE TXHS B3a€EMO3AJIEKHICTb.

[HOMI, pO3TIIsAIatoUn E€BOIIOIII0 CUCTEM, YBOJSATh TaKi MOHATTS, K (hakTopU3arlis
(MparHeHHsT CUCTEMH JO CTaHy 3 yce Oulbllie He3aJe)KHUMH eJIEMEHTaMM) 1
mporpecyroua CcHUcTeMaTu3allis, IUICHICT, (TparHeHHsT CUCTeMHU J0 OuIbIIOol

IITICHOCTI, /IO 3POCTAaHHS 3aJIEKHOCTI MK €IEMEHTAMH ).
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2.4 Ka3yaabHICTb cHCTEM 3B’ SI3KY

[TprunHHICTIO (Kay3aJIbHICTIO) HA3MBAIOTh BJIACTHUBICTH CHCTEM, IO BU3HAYAE
3aJIeKHICTh BUXIJHOI peakiii B OyJb-SKUA MOMEHT 4Yacy BHHSITKOBO BiJ BXIJHUX
BIUIMBIB. TOOTO BJIACTHBICTH CHUCTEMH pearyBaTH TIJIbKM Ha ICHYIOUl, a HE Ha
MaiOyTHI BIUIMBH. [3 NMPUYMHHICTIO MOB’sI3aHI BJIACTHBOCTI Hemepen0adyyBaHOCTI M
noTepeIHb01 00yMOBIICHOCTI. Y HemependadyBaHid cucteMi mMoawdikamii BUXiAHOT
peakKilii He MOXYTh BUIEPEHKATH 3MIHM BX1JHOTO BIUIMBY. BiCyTHICTh monepeaHboi
O0OYMOBJICHOCTI O3HA4Ya€ iCHyBaHHS TaKOro 4acy t eT, MO I Oyab-sKHX t>t
MaifOyTHS  €BOJIIOI[IE ~ CHUCTEMH  BHU3HAYAETHCA  BUHSATKOBO  IOINEPEIHIMHU
CIIOCTEPEKEHHSIMU W HEMae >KOJHOI TMOTpeOu 3BepTaTHCs OO0 AKUX-HEOy/b

JOTIOMIXKHHUX MHOXXWH THUITy TOYaTKOBUX YMOB. Buxin y(t) HemependadeHOl cCUCTEMU
MO’KHA BU3HAYUTH, 3HAIOYM TUIBKHM IMMOTOYHUM CTaH CUCTeMH z(t)1 MOTOYHE 3HAYCHHS
BXI1JIHOT'O BIUIUBY X(t) .

VY TexHill NPUYMHHICT, BHUCTYINA€ SK BIACTUBICTh (PI3UyHOI peanizarii

IPUCTPOIB 20O CUCTEM.

2.5 AHaJti3 BJIaCTHBOCTEH cucTeM 3B’ SI3KY 10 ifeHTHdiKalii Ta ananTaunii

BaxnuBuMmu XapakTepucTUKaMH JUHAMIYHUX CHCTEM, TOOTO CHCTEM, SKi
pPO3BUBAIOTECSI B Yaci, a TaKOX CHCTEM, y SIKUX IIeH CTaH JIOMYCKAa€ThCS, €
KEpOBaHICTb, CIIOCTEPIraHHs, 3/IaTHICTh CUCTEM 1IEHTU(DIKYBATUCS 1 aanTyBaTUCS.

[cHY!OTH JOCHUTH CTPOTI BHW3HAYEHHS JAaHWUX TOHSITH IMOJO0 KiOEPHETHUUHUX
cucrteM, siki Gpopmaii3ytoTbes. [lepepaxoBaHo BIACTUBOCTI OararboX OpraHizaiiitHo-
TE€XHIYHUX CHUCTEM, Y TOMY YHCI1 i CUCTEM 3B'S3KY, BIACTUBOCTI SKMX CKJIAIHI L1010
dbopmamizallii, ajie MalOTh aHAJIOT1YHY CYTb.

KepoBaHicTh € TOJIOBHOIO cepell MepepaxOBaHUX BIACTUBOCTEW cucTeM. BoHa

BHU3HAYAECTHCA AK yMOBaA MO>KJIMBOCTI NEPCBCACHHA CUCTCMHU 3 OAHOI'O CTAHY B 1HIIIE
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3a 3aJjaHUi yac a0o MpU BUKOHAHHI 1HINNX 33IaHUX 0OMEXEHb (3a OJ1H KPOK, ado 3a
KUTbKa KpOKIB, 3 MIHIMaJIbHOIO BHUTPATOIO €HEPrii Ha KepyBaHHSA, NMEPEBEICHHS B
HOBHUH CTaH, 3a 33/IaHOI0 TpaekTopi€ro Ta iH.). Kepyrounm BmiauBoM u(t) 3BUYANHO
BUCTYIIA€ CUTHAJI, IO BIUIMBAE HA KEPOBAHUU MTPUCTPIKt a00 perysaTop, YUM BIACHO U
JOCATAEThCSl Oa)KaHWM KIHIEBUH CTaH CHCTEMHU. SIKIIO Kepyrouud BIUIHB U(t)
dbopMyeTbes y BIAMOBIIHOMY MPUCTPOi, TO TOBOPSTH MPO aBTOMATHYHE KEPyBaHHS.
Pazom 3 TuMm, 1110 Kepyro4i BIUTMBU MOXXYTh OyTH chopMoBaHi i 0co0010, 1110 TpHUiiMae
pimiennss (JITIP). ¥V npomy BuMaaky TOBOpSITh MpPO epraTuyHe abo cuTyaliiiHe
KepyBaHHs. SIKIIO K JlaHe KEepyBaHHS 3JIHCHIOETBCS 3 BUKOPHUCTAHHSAM 3aco0iB
apromatu3auii, EOM, To 1e - aBroMaru3oBaHe KepyBaHHA. OUeBHIHO, peani3auis
KIHIIEBOI 3a/1aul KepyBaHHS MOKJIMBA 32 MEBHUX YMOB a00 BJIACTUBOCTSAX CHCTEMH.
[lumMu HEOOXiTHMMHU yMOBaMH a0O BIJIACTUBOCTAMHM CaM€ 1 € CIOCTEepIiraHHs 1
3[IaTHICTb 1JIEHTU(]IKyBaTHUCH.

Icaye Ginbiie 30 BapiaHTIiB BU3HAYEHHS KEPOBAHOCTI B TEOPii aBTOMATUYHOTO
KepyBaHHs. barato npu npomy 3aJ€KuTh BiJl TOTO, 3 SIKOI'O MMOYATKOBOIO cTaHy X(0)1
B SIKUM KIHIIEBUU X(t) = X, + AX(t) IEpEBOAUTHCS CUCTEMA, 1 IKUM YUHOM (32 OJIUH TaKT
u=u0+Au) abo mo CKJIaaHIN TpaekTopli Uu(t)=uO+Au(t) 3aBASKH ONTUMAIBHOMY
KepyBaHHIO Au(t) JocsiraeThCsa KiHIEBa MeTa. [lpuBenemMo TyT BHU3HAYCHHS

kepoBaHocTi no KanmaHy: HEOOXiIHOI ¥ JOCTaTHHOK YMOBOIO KEPOBAHOCTI IS

JHIAHOT CUCTEMH, 1110 OMHUCYETHCS TUdEPEHITIaTLHUM PIBHSIHHIM

% = Ax(t) + Bu(t), (2.11)

e A 1 B maTpuili po3MipoM BIAMOBIIHOI NxN 1 NXT € 3aJIEXKHICTh

rank [B‘AB‘AZB‘..M“B} =n (2.12)
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Ile 3HAUUTH, 1ITO B CUCTEMi HE TIOBUHHO OYTH KOOPJIMHAT, MO0 SIKUX HEe Oyio 0
BUJIUVICHE BIJMOBIJIHUX KEPYIOUMX BIUIMBIB. [HIMMMU cJOBaMH BCS KUIBKICTh

KoopAMHAT X;(t), i=12,..,n, BCl n pIBHSIHb MOBMHHI OyTH KEpOBaHI, 1HAKIIE MOXE

3aUIIATUCA OJUMH a0o0 KiTbKa HEKEPOBAaHUX TMapaMmeTpiB (EJIEMEHTIB) CHUCTEMH,
BHAC/IJIOK 4YOro He OyJe MOXJIHMBOCTI IEPEBECTH IO CHUCTEMY B HEOOXIIHUM
KIHIICBUU CTaH.

Cnocrepiranis € HEOOX1JHOK YMOBOKO CHHTE3y KepyBaHHs cHCTEMOR0. Lls
BJIACTUBICTh XapaKTEpU3y€E MPsAIMY W HENpsIMy MOMJIMBICTH BUMIPY MapaMeTpiB, sKi
OepyTh ydacTh y (popMyBaHHI KEpyIOUMX BIUIMBIB. [HaKIIe Kaxydu, CIOCTEpIraHHS
JOCSITAETHCS, KOMM JO KEPYKYOro OopraHa HaJXxOJAWTh HE0OXiaHa iH(opmallis mpo
cran cucremu. lllogo cucrem 3B'A3Ky, A€ AONycKaeTbcs peanizauis Oyab-sKUX
KepyBaHb pEKUMaMU 3 METOI0 3a0e3MedYeHHs HEOOXiAHUX BHUMOT, CIOCTEpIraHHS
JOCATAETHCS, SAKIIO IO KaHajaX TEJEKOHTPOI abo ciy>)k00BOro 3B'A3Ky [0
KEpYIYOoro IEHTpa HAJIXOAUTh 1H(POpMAIlisl MPO CTaH KaHAIIB 3B'S3KY, TEXHIYHOTO
CTaHy anapaTypu Ta iH. 3 BUKOPUCTaHHSIM JIaHOi iHpopMallii POpMYyeEThCS KEPYIOUHiA
BILJIUB.

Cnocrepiranast a00 BHUMIPHICTh € HEOOXIJHOI CKJIaJ0BOI0 YacCTHUHOIO
KEepyBaHHS.

Jlnst cmoctepirada, 10 BHUMIPIOE BIJMOBIJHI CHUTHATW a00 CTaH CHUCTEMHU,
iH(opMalris, 1o HOoro MiKaBUTh, MOXKE HAIXOIUTU y BUTJISAI Oe3nepepBHOi y(t) abo
nuckpeTHoi B y(k),k =123,...,n, byHKIi#. 30KkpeMa 1151 iHPopMaIlisi MOKE MaTH Pa3oBe
3HaU€HHA Y,. [3 camMOI0 BEIMYMHOIO, 10 BHMIPSIEThCSI, a00 QYHKIIIEO

x(t) cnoctepexyBaHa iHhopMarlis Moke OyTH 3B'sA3aHa JIHIIHHO

y(£) = Ht)x(t) + £(t), (2.13)
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a00 HEJIHINHO

y(t) = h(x(),t) + £(1)), (2.14)

e H(t),h(e) - dyHKIT CIIOCTEPEKEHHS, IO BPaXOBYIOTh MaciiTad (IMOCUICHHS a0o
ocnabieHHs ), a TAaKOXK 1HII 0COOIMBOCTI 3aC00y BUMIPY;

&(t) - TOrpIIIHICT (IITyM) CHOCTEPEKEHHS, II0 YacTO alPOKCUMYIOTh O17IUM
rayCoBIM IIYMOM 3 HYJIbOBUM CEpPEIHIM.

PiBusiHHs crioctepexenus (2.13), (2.14) ang IUCKPETHOTO JIIHIMHOTO BUMAAKY

3100yBa€ BHU]I

y(K) = HK)X(K) + £@1),k =1,2,3,....n, (2.15)

JUTST HEJIIHIHOTO

y(k) = h(x(k),k) +£(k) (2.16)

3a3HayeH1 BUIIE PIBHSHHS MOXYTb MAaTH W OUIbII NMPOCTUN BUJ, HAMPUKIAI,
Komu H(t) =1, To y(t) =x(t)+£&(t). Sxmo morpimHocTi (ryM) BUMIPY BIACYTHI, TO
y(t) = H(t)x(t) . Ixniit Bug Moxxe GyTH if cknajHille, HAMPUKIA TOMI, KOJIM CTABUTHCS
3aJa4a KepyBaHHs pe3ylbTaTaMH CIIOCTepeXeHHs. Taka 3ajgada XapakTepHa s
pimmeHds BaacHux mnpoosem EMC (mami — enexkTpoMarHiTHa CyMICHICTH), KOJHU €
MOJKJIMBICTh YIPABISATH 1HIIMMHU, KPIM SIK CBOIMHU BIIACHUMH, ITapaMeTpaMu. Y LbOMY
BUMAJIKY, SKIIO X(t) MapaMeTpu CUTHAJIB Ha BXOJl pajionpuiiMaya, HanpuUKIas,
MPOCTOPOBO-TIOJIIPU3ALIIIHI TTapaMETPU, TO PIBHSHHSA CIIOCTEPEKEHHS MOXKE MAaTu

BUTJIISI
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y(t) = H®)X(t) + B(t)u(t) + £(t) (2.17)

e B(t)u(t) - kepyroda go0aBKa, 110 MEPEBOJAUTH CTaH CUCTEMH X(t) B IHIIE, 3aJaHE
BIJIMOBITHUM KPUTEPIEM.

OyukIii y(t) abo y(k) MOXyTh 3400yBaTH K CKAIAPHUN, TaK 1 BEKTOPHUHN
BUTJIA, TPU IbOMY YMOBHU CIIOCTEpITaHHSA, SK 1 YMOBH KEPOBAaHOCTI IOB'A3aHi 3
BIJIMOBIJTHICTIO PO3MIpY KOOPJMHAT CUCTEMH i criocTepiraya.

YMOBHU CITOCTEPEKEHHS 1 caMl PIBHSHHS CIIOCTEPEKEHHS 3HAXOASTH BTIJICHHS
HE TITbKM B KEPOBAaHUX CHCTEMaX, aj€ ¥ y KOHTPOJIbOBAHMX, JO SKUX TaKOX
HaJeXaTh YacTHMHA CHCTEM TIiepenayi, JiHIT 3B'A3Ky, 3pa3Ku amapaTypud 1 ixHi
eneMeHTH. [Ipu 1IbOMy pe3ysibTaTH CIOCTEPEKEHHS (BUMIpU) BUKOPUCTOBYIOTHCS B
epraTuyHux cuctemax, jie JIIIP Ha OCHOBI MX JaHUX YXBaJO€ PIIIEHHS IIOA0 CTaHy
CUCTEMHU. Y 1IbOMY BHNAJAKy pE3yJbTaTH BHUMIPY BapTO OIIHUTH, JaTH IM
CTaTUCTUYHY OLIIHKY.

VY poiii CTaTUCTUYHUX OI[IHOK MOXYTh OyTH BUKOPHUCTaHI BUOIPKOBE CepeHE

BUOIPKOBA JUCHIEPCis

;(:%in 12,0, (2.18)

o’ zni_lg(xi ~%), (2.19)

ne n 00'eM BUOIPKY; X; - HAJIEIKH1 BUMIPH.

Orminka Moke OyTH OTpUMaHa 3 BUKOPHCTAHHIM PEKypPCUBHUX Tporenyp Pobunca-
Monpo abo, SKIIO CrocTepiraeTbes mpoliec, To nporec Kaiva-na-berocu.
Takoxx BapTO mpHBECTH Xo4ya O OJMH BHUPOJKYBAHWI BHITQJOK, KOJU YMOBH

CTIIOCTEPEKEHHSI HE BUKOHYIOTHCA, X04Ya CHCTEMa il KepoBaHa, 1 crocTtepiraerbes. Le
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alanTUBHI aHTeHHI Ipatu. TyT n- KaHajgbHa cHCTEMa Ha BXOJl MEPEBOJUTHCS B
OJTHOKAHAJIbHY CHCTEMY Ha BHXOl. AJjie 3aBISKU i€l BUPOKYBAHOCTI BJIA€THCS
BUKJIFOYHUTH 31 CIOCTEPEKEHHS MEPEIIKO/IU, SIK1 IIF0Th Ha N - BXOJaX.

Cucrema Moke OyTH cmocTepexXyBaHa, aine ¢GopMa CHOCTepeX)eHHS abo
iH(opMalris, 10 HAJAETHCSI, MOXKE BUSBUTHCS TaKUH, IO MPUUHSITTS BIJIMOBIIHOTO
pILIECHHS 71 KEpYBaHHS BCE-Taku He BIaeThecs. Tak, iHPopMallis mpo Te, 0 TOPUTh
Jammouka "3B's130k" 1€ He TOBOPUTH MPO AIMCHY HasBHICTD 3B's13Ky. AO0 iH(opmaris
po Te, 0 BUHIUIA 3 JIaay SKach AUISTHKA pajiopeseiHOl JiHIT HE € TTOBHOIO, TOMY
[0 I HECIPaBHICTh MOXE OyTH OOYMOBJICHA BEJIIMKOIO KUIBKICTIO PI3HOMAHITHUX
OPUYUH - TEPElIKOJaMU, YMOBAaMHU TOIIMPEHHS PaTiOXBUJIb, TEXHIYHUM CTaHOM
anaparypu Ta iH. Bunukae npo6iema ineHTudikaiiii criocTepexeHb.

3MaTHICTIO  11€HTU(IKYBAaTUCS HA3MBAEThCS  BIACTUBICTb CHUCTEMH, IO
XapaKTEepPU3ye€ MOKIMBICTh BHU3HAYCHHS IMapaMeTpiB CHUCTEMH 3a pe3yJibTaTaMu
criocTepexeHb. [HOMI TOBOPATH MPO 3AATHICTH 1IEHTU(]IKYBATHUCA MaTeMaTUYHOL
MOJIE/I1 CUCTEMH, KOJIM HAaMararoThCsl JJOCSATTH aJ€KBAaTHOCTI ii 3 peaJIbHOK CHCTEMOIO.
Jnst 3amad imeHTHdikaiii BUKOPUCTOBYIOTh PI3HOMAHITHI CTATUCTUYHI METOJIHU:
KparkoBi a00 1HTepBaJIbHI METOAM OLIHKH MapaMeTpiB, CTOXaCTUYHOI allpoKCUMaIlli,
perpecii, MporHo3y Ta IHIIII.

VYenimuicth iaeHTHdIKAIT 0arato B YOMYy 3aJIKUTh BiJl TOTO, SKHUM YHHOM

3MIHIOKOTBLCS TIApaMETpH & , AKi i1eHTH(DIKYIOThCs B crucTeMi S(x). st cucTeMu, 1110

OMUCYETHCS PIBHAHHIM CTaHy

dx
i f(x,u,a,t) (2.20)

1 pIBHSIHHSIM CTIOCTEPEXEHHS

y=h(xu,at) (2.21)
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HANOUTBII MPUAATHUMU HEOOX1THUMH YMOBAMH JUIS 1IeHTU(IKALI] €

dat) _,

" 2=0, (2.22)

10 BIJNOBIJIA€ BUIMAJAKY CHUCTEMH 3 TOCTIMHUMHM IMapaMeTpamu, IO MiJISATaloTh
imenTudikarii.

HaiinpocTtimmM 1 pO3MOBCIOJDKCHUM  BHUIQJKOM € TaKHM, KOJHM 3ajada

11eHTU(IKAIlT BUPIIIYETHCS Pa3oM 3 OILIIHKOIO CTaHy cucteMHu. L{g orinka x(t) Moxe

OyTH oTprMaHa 3HOBY TaK{ 3a JOIIOMOTOI0 PEKYPCHBHHX Iporenyp Tumy PoOuHca-

Monpo, Kanmana-berocu a6o iHmux. Pazom 3 omiHkoro x(t) 3a JIOIMOMOIOIO
AN A

aHaAJIOT1YHUX TPOIIEAYP MOKHA OIIHIOBAaTH U a(t). O0'enHaBIIM OOUJIBI OLIHKU X(t) 1

a(t) , OJIEPIKUMO BEKTOP
=15 _1n, (2.23)

KWW 1 HEOOX1IHO OIIIHIOBATH.

Jlns onmepxkanHs omiHKK (2.23) HeoOXigHO, MO0 BIATOBIIHO JI0 BEKTOpa %(t)
BUKOHYBAJIMCA YMOBU CHOCTEPEKEHHS 3 PiBHAHHS (2.21), TOOTO BepTaeMocs B IbOMY
BUITAJIKY O YMOB CIIOCTEPEKEHHS.

[IpuBenemo mnpukian mnporeaypu PoOunca-MoHpo Uisi CHOCTEpEKYyBaHOI

CHUCTEMH BIJIOBIIHO 0 PIBHSHHS

y(k) = Hx(k) + (k) ,
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JIe BCl CKJIAIOBl BiAMOBIMaOTH (izumunomy 3micty (2.13), (2.15) abo (2.21). Ils

npolelypa OL[IHKH ONUCYEThCA 3aJI€KHICTIO

x(k +1) = X(K) + 2(K)(y(k) = H x(K)) , (2.24)

ne z(k) - KkoedimieHT, M0 00yMOBIIIOE MPAarHeHHs MPOLEAYPH 0 MOCTIMHOTO CTaHy.
o . o . 1 . o ..
HaitmpocTimmii BUTIISIA BIH Ma€, KOJIU z(k)=F. Bzarani neit koedilieHT MOBUHEH

BIIMOBIaTH yMOBaM /[BOpelbKOT0, KOJIU

0

S 2(k) >0 Y 22 (K) < o0

k=1

AJle mpakTHKa Mokasye, 1o npoueaypa (2.24) Takoxx HENmoraHo 30iraeTbcs i
npu z(k) =const <1. Y 3amauax ajmamnraiiii 4acT0 BUKOPHUCTOBYIOTh PIBHSHHS Y HUIPOY-

Xopda, mo maiixe 36iraerses 3 (2.24),
w(k) =k ~1) + 2(K)(y,, (k) ~ H () w(k ~D)H (k), (2.25)

ne Yy, (k)- ornmopHuid, eTaJoHHUM, OaXKaHWH CUTHAIT, \?v(k) - BaroBui KoeiIlieHT.

Y 1mux 3amavax moxHa Opatu z(k)=(1..01), MmO OOYMOBIIOE MIBHIAKICThH
TIParHeHHsI MPOICAYPH.

YacTto He BIIOKPEMIIIOIOTH 3AATHICTh 1I€HTU(]IKYBATUCA BiJl CIOCTEPEKHOCTI,
BBAKAIOYM TIEPIINY CKJIAIOBOIO OCTaHHBOI. OJHAK CKIIATHICTh 1 BaXKJIMBICTH 3ajadi
imeHTrdikaiii 00yMOBIIIOE PO3TIIAL il K MMOCTIHHOI HAYKOBO-TEXHIYHOT IIPOOJIEMHU.

3MaTHICTh CHUCTEMH aJamnTyBaTHCS - BIACTUBICTh, IO BHU3HAYA€ 3AATHICTh

3a0e3neyyBaTd HEOOXITHUM peXuM (YHKIIOHYBAaHHS B yMOBax HEBHU3HAYEHOCTI
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CTOCOBHO 30BHIIIHIX BILIMBIB. OYEBUIHO, aJallTOBAHICTh CUCTEMHU A€ MOXKJIUBICTH
MIIBUIMUATH 11 CTIWKICTh. 3MATHICTh aJanTyBaTUCA 4YacTO I1HTEPIPETYETHCS SK
BJIACTUBICTh CAMOOpraHizaiii CcuUCTeMU. AJanTUBHA CHUCTEMa I[IOBMHHA OyTH
KEpPOBAHOIO, CIIOCTEPEIKYBAHOIO Ta 3/1aTHA 0 1AeHTU(]IKAIT CTOCOBHO caMoi cebe, a
TaKOXX CTIIOCTEPEKYBAHOIO 1 3/1aTHOI 1ICHTU(IKYBATUCS CTOCOBHO 30BHIIIHIX BIUIMBIB.
IcHye nBa BUIM alanTUBHUX CUCTEM. AJANTUBHICTb CUCTEM IMEPIIOrOo BUIY
JIOCATAETHCSI 32 PAXyHOK TAakoro BHOOpPY BHYTPIIIHIX CTaHIB 1 PEXKHUMIB OKPEMHUX
CJIEMEHTIB, SIKI MPU PI3HUX Hemepen0aueHnX, HebaKaHUX BIUTUBAaxX ab0 BUITAJKOBHUX,
HEBU3HAYEHUX MOJU(DIKaLISIX SKUXOCh XapaKTEPUCTHK 3a0€3MeUyl0Th HEOOXI1JIHE
uigecnpsiMoBaHe  (YHKIIOHYBaHHS JaHOi cucteMH. llpu 1bOMy CTPYKTYpHI
Monu(ikalii He JomycKarTbes. Taka cucTeMa 3BeThCsl TOMEOCTaTHYHO-aJalITUBHOO
CUCTEMOIO. SIKIIO X CTOCOBHO pI3HUX BIUIMBIB a00 Moaudikauid y cuctemi
MPUITYCTUMA HASIBHICTH 1i CTPYKTYPHUX MOJu(IKaIlii, TO Taka CUCTeMa Ha3UBAETHCS
MOp(}O-TeHETUYHOIO aIallTUBHOIO CUCTEMOIO.
MoxJMB1 aJanTHBHI PEXUMH B CHUCTEMI MependavyaroThCsd Ha eTami i
CTBOpEHHS, TOOTO CUCTEMa MOBUHHA CTBOPIOBATHUCS SIK afjaliTUBHA. Y LIbOMY BHUIIAJIKY
MOXXYTh OyTHM BUKOPHUCTaHI HE TUIbKU 3rajlaHl TYT OJHOKOHTYPHI 3acoOu ajamnranii,

ayie i 6araTOKOHTYPHI, KOJIM aJalTUBHOIO BUKOHYETHLCS caMa IiJICMCTeMa ajanTarii.
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H{k) H (k)w(k =1)
| > Wik — X >
F
Kontyp 1 }—{ Kontyp 2 Ny /4 ve (k)
v(k)
H(k
£> X Z(k)

Pucynok 2.2 - AnantuHa nponeaypa Yiapoy-Xoddoa.

Ha puc. 2.2 nokazaHa ajanTHBHA MNpOLEAYypa OLIHKK BaroBuUX Koe(dilllEHTIB
w(k —1),i=123,...,n, 4YUCIO SIKUX MOXE OYTH PI3HMM 3aJIE€KHO BIJT PO3MIPHOCTI

curHaiiB Ha Bxoal H(k). Alle BUXIJHUM cUTHAI Yy = H (k)vAv(k —-1) - ckanspHui. Y i
npouenypi € naBa KoHTypu kepyBaHHs. Koutyp [ - kepyBanns '"ymepen" (3a
npuniunoMm Iloncene), koutyp Il - KepyBaHHS 1O BIOXWJIEHHAX BiJ OIOPHOIO
curHany Yy, (k) mo He3B'sisyBaHHIO V(k) (KepyBaHHS 3a NPUHUMIIOM YaiiTa).
[Ipouienypa BUKOHYEThCS TOCTIMHO Tipu z(k), IO BIAMOBIZAE 3a3HAYECHUM BUIIEC
oOMexxeHHAM 1 3100yBae BignmoBigHO 13 Kputepiem MCKB (miHiMambsHOTO
CEepPEAHBOKBAAPATUYHOTO BIIXWJICHHS) 3HAYCHHS, SKI 3aJal0ThCSl  €TaJOHHUM
curnajiom Y, (k), MCKB (y-v,,(k))? >0. Taki aaropuTMu BHKOPHUCTOBYIOTHCS B
aJanTUBHUX aHTeHax, Hanpukiag y cuctemax GSM-900, anTeHu 1IuX CUCTEM HOCATH

Ha3BY iHTeHeKTyaHBHHX.
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3MaTHICTh aJanTyBaTUCS B CHUCTEMY 3aKJIaJalOTh 3aJI€KHO BiJl OYIKyBaHHX
BIUTMBIB a00 Moaudikamii. SAkmo i BrumBKH abo Moaudikaiii BUXOIATh 3a PaMKU
3aCTOCOBYBaHUX IIPOrpaM, TO Taka CUCTEMa HE MOXKE BBaXKaTHCS amanTtuBHoi. ToOTo,
KOJIM TOBOPSATH MPO 3JAaTHICTH aJanTyBaTHCS, TO HEOOXITHO yTOYHIOBATH, JO SIKOTO
KJIacy BIUIMBIB a00 Moaudikallii Iig 3JaTHICTh HAJICXKHUTh. Tak, cucrema (2.25),
BiIoOpakeHa Ha MaJj. 2.2, aJlanTUBHA II0JI0 CUTHAJIB (MEPEIIKO/), sIKi He 301ratoThCsl

3 €TAJIOHHUM cuTHaIOM Y, (k), a TakoX IIOJO0 NESIKUX BIIXHJICHb Y TOIIMPEHHI

pamioxBuiib. Bce-Tak BOHA HE MOXE BBaKATHUCS aallTUBHOI MO0 IIBHIKOCTI
nepeaayi iHQopMaIiiHUX CUTHAJIIB a00 MeperajiiB B eHEProcIOKUBaHHI.

VY OuipmiocTi BUMNAAKIB HA MPAKTUIl CHUCTEMY HEOOXITHO HE TUIbKH
croctepiraTd abo JIOCHIKYyBaTd, aje M Jomaratucs OJIEp>KaHHS B pe3yibTaTl ii
GyHKIIOHYBAaHHS KOPHCHHX BJIACTUBOCTEHM. 3MaTHICTH cUCTeMU (GYHKIIOHYBaTH
MEBHUM YMHOM 3BHYANHO OIIHIOETHCS IO XapakTepy ado BUJIaM peakilii Ha 11 BUXOII.

Konu amanrariis CTOCYEThCSl MPOCTUX CUCTEM, TAKUX SIK MpUKMayl, iXHi OJIOKH,
OKpeMi KOMIUIEKCH, TO KpUTepli JOCUTh MpocTo (opmamizyrorbes. Hampuknan, y
nporenypu (2.25) kputepiit MCKB »%(k) = (y,, (r) - y)* O4E€BHIHHIA i TOCHTDH MIPOCTIii.
[Mogo cuctemu 3B'A3Ky e Takl "BUXIAHI" XapaKTEPUCTUKH, TaKl SIK CBOEYACHICTb
JIOCTaBKHA TIOBIJOMJICHHS, BIPOTIAHICTE mpuitomy U iH. [Ipm mpoMmy yMoOBH sKi
BU3HAYAIOTH ii CTaH, TOOTO YK Ma€ CUCTEMa JIedKl BIACTUBOCTI YU Hl, BUPAXKAIOTHCS B
CTpOKAax ICHYBaHHS BIAMOBINHMX TEBHUX BIUUBIB. JIJis  OIIHKKA  SIKOCTI
byHKIIOHYBaHHSA S < XXY HEOOX1THO PO3TISAaTH JAEAKY OIMIHHY (QYHKIIO (KpUTEpin
AKOCT1)@, $Ky BH3HAYMMO SK BiJOOpaKeHHS BHUXITHOI peakiii Y Ha JesKy

OLIIHIOBaHY MHOXHUHY U !

DX xY >U® (2.26)

e U® =U, xU, x..xU, =xU,:tel,) 1 .12..k.
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SAxmo k=1, To 3amada OIIHKM — OJHOKpUTEpianbHa, SKIO K=2,..K, TOMII
OaraTokpuTepiaibHa, caMa CUCTeMa IMpH [bOMY TakoK OaraTtokpurepianbHa. OUIHKA
AKOCTI, Ki OJepXkyioTh, veV® XapakTepu3yloThb CHCTEMY IMPH 3aJaHUX BXITHHUX
BuBax X . OpHaK JJis TOoro, nob cucrema OyJia KepoBaHO, HEOOX1THO B MHOXKHHI
X BUIUINTUA MIAMHOXMHY U Kepylouux BIUIMBIB. Y IIboMy BHUMNAAKy (2.25) mae

BUTJIS
@:MxUxY 5v®

e M - mIMHOKMHA MHOKHMHHM X BXIJIHUX BIUIMBIB, 10 3QJIMIIMIOCS, JTOJATKOBO JIO
u.

Cuctema S c M xU xY 5 BBaXKa€ThCsl KEPOBAHOIO MIOJI0 MHOXKUHU V V , KOJIH
JUTS 33JITAaHOTO KJIacy BXiJHUX BIUIMBIB M e M MoO)ke OyTH 3HaiiieHO KepyBaHHS UeU ,
110 JaCTh MOXKJIMBICTB OJICpKaTH MOTPIOHY OLIHKY AKOCTI ueV . AGo Te % came 3

BUKOPUCTAHHSM JIOTIYHUX OTEparliii:
(wv)(vu) f eV Uu eU = @m)(f (m,n) =u) . (2.27)

[HIMMMY clioBaMM, KEPOBAHICTH - II€ BJIACTHBICTH, [0 TapaHTY€E MOKIJIUBICThH
JOCATHEHHS 331aHO1 SIKOCT1 MPU OyAb-SIKUX 30BHIIIHIX BIUIUBAX.

Jliist GaraTOKpHUTEpiaTbHUX CHCTEM BHU3HAYAETHCS BIACTUBICTH «CKICCHOCTH,
KOJIM 3ajaHa oriHka u; eV®,i=12...k Moxe OyTH JOCATHyTa Juine B 00'€IHaHHI 3
IHITUMHU OIIHKaMU. Taka BJIACTUBICTh TPOSBISETHCS B TOMY BHUIIAIKY, KOJIH MIX

13HOMAHITHUMH KOMIIOHEHTaMH OIliHIOBaHOTO 00'exkTa V “V, xV, x...xV, 1CHY€E IKUU-
1 2 k

HeOyJb BHYTPIIIHIA B3a€MO3B'SI30K, YHMM 1 TOSICHIOETHCS TEPMIH «CKJICEHICTDHY.
BoueBuab, Taki «CKJICEHI» BIIACTUBOCTI MAlOTh 1 BIAMOBIAHI OLIIHKUA, OCKIJIBKU TYT HE

TIJIBKU caMi €JIeMEHTH (BY3JIM 3B'SI3KY) € 3aJIeKHUMH JIPYT Bif JIpyra, aje il OLIHKH,



46

K1 XapaKTepU3ylTh IX SIKICTh, OJUH 3 OJAHMM MAalOTh SK (DyHKIIOHANbHI, TaK 1
IMOBIpPHICHI 3B'SI3KH.

[TonsarTs "ckneeHHOCTI" BIAIrpae BAXXIUBY POJib Y TEOPii KEPOBAHOCTI CUCTEM:

JUISL JICKapTOBUX MHOXKHH HACHIAKOM '"CKJIEEHHOCTH" € KepoBaHICTh. OCKUIBKH

JIeKapTOBHIA JOOYTOK JIBOX MHOXHH - II€ TPETSI MHOKMHA BCIX YIMOPSIKOBAHUX Tap,

TO CHCTEMa 3B'SI3KYy 3aBISKH CBOIM CTPYKTypi Moke OyTH BiHEceHa IO Takoi X

MHOXMHU. Pazom 3 TuUM s 3a0e3meueHHS KEpPOBAaHOCTI KpIM TMO3HAYEHUX

CTPYKTYPHUX BJIACTUBOCTEW MOTPIOHMI Ie W BIANOBIIHUNA pecypc, IO JacTh

MO>KJIUBICTh OJIEP>KATH FAPAHTOBAHY SIKICTh MPH Oy/Ib-SIKWX 30BHIIIHIX BIUIMBAX.

2.6. CTiliKiCTb CHCTEM 3B’SI3KY

CTIfKICTh € OJHUM 13 HAMBAKIIUBIIINX BJIACTUBOCTEH CHCTEMH, TOMY IO , 0€3
il cUCTeMM SIK Taki HE MOXYTh ICHyBaTu. {151 mpocTUX cCHUCTEM XapaKTepHl MacHBHI
dbopMu  CTIMKOCTI, BOHM TIOB'S3aHI 3 TaKUMHU BJIACTUBOCTSAMHM, SIK MIIHICTb,
30aJ1aHCOBAHICTh, TOMEOCTATU3M (ITOBEPHEHHS! B PIBHOBAXKHUW CTaH TPH BUXO1 3
HbOTO). JIns CKIIagHUX OpraHi3aliiHO-TEXHIYHUX CHUCTEM, Y TOMY YHCIl CHCTEM
3B'SI3Ky, XapakTepHl aKTHUBHI (QOpMHU  CTIWKOCTI: HAAINHICTh, KUBYUICTb,
3aBajo3axuct. OueBUIHO, aKTUBHI ()OPMH CTIHKOCTI BapTO PO3TIIANATH 3 TOTISIAY
Ypa3MBOCTI CUCTEMHM IiJl BIUIMBOM 30BHIIIHIX BIUIMBIB. [Ipy 1IbOMYy BIUIMBY MOXe
MiIaBaTUCS K OKPEMHH eleMeHT (Tpyra eJIeMEHTIB), TaK 1 BIAMOBIIHI 3B'S3KH MIX
enemMeHTamMu cuctemMu. CTIMKICTh, [0 BU3HAYAETHCA NPU BIUIMBI Ha BIJAMOBIJIHI
3B'SI3KM MIXK €JIEMEHTaMU, XapaKTepU3y€e BIACTUBOCTI 3B'S3aHOCTI I[i€T cucTeMu. Bonu
OyAyTh PO3TIISIHYTI AaJIi.

Buxonsuu 13 nmpUYMHHO-HACIIKOBOTO aCHEKTY 3B'A3KIB, CTIMKICTh TPAKTYIOTh
SK BJIACTHBICTh MAJCHBKUX MOIU(DIKAIA TPUYMH BUKJIMKATH BiMOBIIHO MaJeHBKI
moaudikamii HacaiAKiB. TOOTO cucTeMa BBAXKAETHCS CTIMKOTO, SKIIIO MAJICHbKI BXIiTHI

BIUIMBU BHKJIWYYTh MaJICHbKI BUXIAHI ii peakiiii. 3 JaHOTO BU3HAYEHHsI BUTIKAE, IO
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CTIMKICTh XapaKTepHa AJI1 IUHAMIYHUX CHUCTEM, SIKI 3MIHIOIOThCS 3 4acoM 1 (abo) y
npoctopi. Tomy 1HO/1 TOBOPSATH MPO CTIUKICTh PYyXy CUCTEMHU.

JUist CTIMKUX CHCTEM XapaKTepHa HAsSBHICTh PIBHOBAXXHUX CTaHIB, 10 SIKHX
CHUCTEMa TMPUXOJUTHh BHACIIIOK HAJXO/KCHHS a00 3HATTS 30BHINIHIX BIUIMBIB. J[7s
CKJIQHUX CHUCTEM, Y TOMY YHCI1 CHUCTEM 3B'SI3Ky, BU3HAUCHHS TaKWUX PIBHOBAKHHX
CTaHIB BIJIrpa€ MPUHIIMIIOBY POJIb, OCKUIBKH 111 CTAaHU XapaKTEPHU3YIOTh MOXKJIHUBOCTI
CHCTEM BHPIITYBaTH CBOI 3a/1a4i MICIs HAIXOHKEHHS 30BHINIHIX BIUIMBIB. Jl0 Takmx
PIBHOBa)XHHMX CTaHIB CTABISATHCA:

- EHTPOMINWHUI, 7O HHOTO CHUCTEMa MPHUXOAUTH BHACHTIIOK BUTPAT HAsIBHOTO 3aracy
pecypciB a00 pyilHyBaHHS CBO€T CTPYKTYpH;

- TOMEOCTaTUYHUH, 110 MPUITyCcKae 30€pekKEHHS] CTPYKTYPH CUCTEMHU MPU Oyb-IKUX
30BHIIITHIX BILIMBAX;

- MOp(OreHEeTUYHUH, MOB'I3aHUHN 3 TIEpeO0yI0BOI0 CTPYKTYPU CHUCTEMH IIiJl 4ac Oy/ib-
SKUX BIUIUBIB JUTsI 30€pEKEHHS HEOOX1THUX BIACTUBOCTEM.

O4eBUHO, 110 CTIMKICTh CUCTEMH 3a1E€XKUTh B[ ii TUIY, 1, Y MIEpUIy Yepry, BiJ
TAaKUX 11 BJACTUBOCTEM:

- MaJl0 BIAXWJATBCA BiA JEAKOr0 pyXy TMpU MaJeHbKUX 30ypIOBaHHAX
MOYAaTKOBOTO CTaHy CHCTeMH (1HOJII MaJICHbK1 30ypIOBaHHS MOYAaTKOBOTO CTaHY
OepyTbcs HE JOBUIBHO, a IO SKOMYCh JOJAQTKOBI YMOBH; 1HOAI MAaiCTh
30yprOBaHHs W BIIXUJICHHS BUZHAYAETHCS JIUIIE ICIKUMU NTapaMETPAMH );

- 30epiratu Aeski pucu (azoBOTo MOPTPETa MPU MAJECHBKHUX 3MiHAX 3aKOHY PyXy
("BOpyYIIIHHAX" CUCTEMMU);

-y IpoIect pyXy 3aJIUIIATUCS B 00MexKeH1i 30H1 (ha30BOTO MPOCTOPY;

-y Ipolieci pyxy BepTaTHCS CKIJIbKH 3aBrOJHO OJIM3bKO J0 CBOTO MOYaTKOBOTO
CTaHy.

Ha 3aranpHOCHCTEMHOMY pPiBHI 3BUYAaHO (POpMai3ylOTh MOHATTSA CTIMKOCTI

A A
MNIIMHOXXHHH MPOCTOPY CTaHiB. Tak, ko deD 1 eeE BiNOBIIAIOTh NPUYUHI U
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HACJTIKY JESKOTO SBHINA ¥ iCHye BimoOpakeHHs F, take, F(d)=e, To mapa (d,e),
HA3UBAETHCS CTIMKOIO BITHOCHO 33JaHUX CiMEHCTB miAMHOXMH D 1 E ( ©, 1 ©.) Yy

TIM 1 TUIBKA B TOMY BUIAAKY, KOJIU

(Va e N(@E©)ES e N(@)(Va)ae B - Fla)ea), (2.28)

ne NE)c®, i N(d)c©,- cuctemu 06ximaux Kparok e u d BifHOCHO ©, i O
BIJITTOBITHO.

Busznauenns (2.28) moke OyTH BUKOPHCTAaHE JJIA OJEPKAHHS Py OUIBII
KOHKPETHHUX MOHSTh CTIMKOCTI CHCTEM, HANPUKIAJ CTIAKICTh peakuii, CTIMKICTh
130J1bOBAHOT TPAEKTOPIT Ta 1H.

VY Teopii cuCTEM 4acTO BUKOPUCTOBYIOTh MOHSTTS CTPYKTYPHOI CTIMKOCTI, IO
TICHO MOB'sI3aHE 3 MOP(OJIOTIEI0 CUCTEMH.

Tum NMoBOJKEHHS CHCTEMH €< E Ha3MBa€TbCS CTPYKTYPHO CTIMKHUM Yy TIM 1

TUIbKK B TOMY BUMAAKy, KOJU [Jisi KOXHOro deD, Takoro, mo e=F(d),

CIIPABEJIMBO

@f e N(@)(Va)(@ e f = F(a))=e (2.29)

[Hakme kaxydu, AOMYCKAEThCA, IO NOTOYHUN CTaH CTPYKTYPHO CTIMKOL
CHUCTEMH 3aJMINAEThCA SKICHO HE3MIHHMM IPU JOCUTh MaJCHbKI Momudikarii
nesikoro mnapamerpa. Hampukiian, cucrema 3B'3Ky CTPYKTYpPHO CTiHKa B TOMY
BUIIAJIKY, KOJIM B Hiil 3a0e3neuyeTbcss 0OMiH iH(GOpMAaIIi€ro 3 TOTPIOHOIO SKICTIO TIPH
BUXO/I1 3 J1aJly OKPEMHUX €JIEMEHTIB a00 MOPYIICHHI 3B'13KIB M)XK HUMHU.

[HTEepnpeTaltis MOHATTSA CTIMKOCTI 3aJ€XHUTh BiJ Kjiacy cucTeMH. Tak, is

JIHIAHUX CHUCTEM, SIKI OMHCYIOTHCS 3BHYAHHUMH IU(EPEHLIATbHUMU PIBHSIHHIMH,
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HallyacTilie BUKOPUCTOBYIOTh MOHATTSA CTIMKOCTI W ACHMMOTOTUYHOI CTIHKOCTI MO
JlsnynoBy. Hampuknan, s cucteMu, IO ONHCYEThCS AuQepeHIliaTbHUMU

PIBHSIHHSIMU
. dx »
X (t) = f,(t,x,...x,),i =1,n, . (t,) = XiO'aEX(t) : (2.30)

HE30ypeHUl pyX HA3UBAETHCA CTIMKUM MO JIAMYHOBY CTOCOBHO 3MIHHUX Y,,, fKI
BU3HAYAIOTh BIAXWICHHS (Bapiallii) BEJIMYUHU X;, AKIIO MPU OyAb-sSKOMY JOBLIBHO

3aIaHOMY TO3UTUBHOMY 4YHUCJIl &, SIKUM OM MaJe€HbKUM BOHO HE OyJl0, MOXXHa

BUOpaTH 1HIIE TAaKe MO3UTUBHE YUCIO J(g), IO MPHU BCIKUX 30YpIOBaHHIX Y, SKI

3aJI0BOJIBHSIOTH YMOBI

Zy <4, (2.31)
1 Ipu OyAb-SIKOMY t >t, OyJie BUKOHYBATHCS HEPIBHICTh

Y xii<e (2.32)

Sxmo x He30ypeHuil pyx criiike no JlsmyHoBy ¥ mpu 1boMy OyAb-sIKUA
oOypeHH pyX TP JTOCUTh MAJICHBKUX MOYATKOBUX 30ypIOBAHHAX HAOIMKAETHCS 10

He30ypeHoro pyxy, TOOTO

lim x,(t) =0, (2.33)

Te 00ypeHHIl pyX Ha3UBAETHCS ACIMIITOTUYHO CTIMKUM 10 JIsSyHOBY.
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CriiikicTh mo JIAmyHOBY 1€, 3arajoM Ka)Kydu, JIOKaJIbHa CTIMKICTh (CTIMKICTh Y
BY3bKOMY pO3yMiHHI). Y JiTeparypi 4acTO BUKOPUCTOBYIOTHCS MOHSATTS CTIHKOCTI B
IIUPOKOMY PO3YMIiHHI ¥ y mioMy. Tak, cTaH piBHOBaru CUCTEMH Ha3UBAIOTh CTIMKUM
y IIUPOKOMY PO3YMIHHI TOJI, KOJU O€37i4 MOXKJIMBUX y JaHI CHUCTeMI BiIXUJICHb
[IJTKOM HAJIKUTh 00JIaCTI NPUTITaHHd, TOOTO MHOXXHHI IOYaTKOBUX CTaHIB
(BIIXUJICHB), IPH SIKUX 3a0€3MeUy€eThCS CTIMKICTD 10 JISITyHOBY.
VY cBOMW 4epry, Ko 00JacTh MPUTATAHHS OXOIUIIOE BECh MPOCTIP CTaHIB, TO
BIJIMOBIHY CTINKICTh HA3UBAIOTh CTIMKICTIO B IILJIOMY.
BigHOCHO 110 HENHIMHUX CHUCTEM 3BUYAMHO BUKOPUCTOBYIOTH MOHSTTS

a0coI0THOT cTiMiKoCTi. Tak, HeiHIiHA CUCTEMa BUTIISA Y

X = AX+b&
£ = 9(5) (2.34)
oc=C"x

€ X - n- MIpHUI BEKTOp CTaHy; A- MOCTIAHA (nxn) mMaTpuis; C- MNOCTIMHHUMA n -
MIpHUHN BEKTOP; ¢(o) - JMesKa HeliHIWHA (QYHKIIiS, Ha3UBAETHCS a0COJIOTHO CTIMKOIO
Ha 3aJjaHOMY KJiacl QYHKIIA ¢(e) y TOMY BHIAJKY, KOJH ii MOJOXKEHHS PIBHOBAru
CTIMKE B LIULIOMY NpU Oyb-AK1i HEMHIAHINA QYHKIIT ¢(e) 337aHOTO Kiacy.

VY peanbHux yMmoBax (yHKIIIOHYBaHHS 0OaraTbOX CHCTEM 3A1MCHIOETHCS TPHU
BILTMB1 BEJIMKOI KUTHKOCTI PI3HOMaHITHUX (DAKTOpIB, SIKI CIAOKO KOHTPOIOIOTHCS, Y
TOMY 4YHCIl W HemepeadayeHuX, BUITAJKOBUX, B3aEMOIS SIKMX MAa€ CKIQJIHUI
xapakrtep. Hanpuknan, momo cuctemMu 3B'sI3Ky 10 YMCia TakuxX (PaKTOpiB BIIHOCSTH
pamioeNeKTpOHHUM BIUIMB 1HIMMX cucrteM, EMC, HecnpaBHOCTI ¥ BiAMOBH
paioeeKTPOHHUX 3ac001B, BIAIXUJICHHSI iXHIX KOHCTPYKTHBHHMX IMapaMmeTpiB, 3MiHa

CTaHy 30BHINTHBOTO cepenoBuma Ta iH. OAHIET 3 BaXJIMBUX TPUYUH HETIOBHOTH
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1H(popMalii € 3ami3HEeHHS, BUKJIUKaHE KIHIIIBKOIO Yacy, HEOOX1IHOTO AJIsi TPOBEICHHS
CTHIOCTEPEKEHb 1 00POOKH IXHIX pe3ysIbTAaTiB.

JInst  BU3HAUEHHS CTIHKOCTI TakKOro BHIY CHCTEM BHKOPHUCTOBYETHCS
IMOBIpHICHUHN MiAXid. Y 0araTbOX BHIIAJKax, HAIIPHUKIAJ AJISl CUCTEM, SIKI 3a7al0ThCS

CTOXaCTHYHUMU JUDEPCHIIIHHUMH PIBHSIHHIMU BUTY
dx(t) = f(t, x(t)) +b(t, x(t))d&,t >0,
x(0)=x,,XeR,, £eR, (2.35)

JI€ X, - I€TepMIHOBaHUI a00 BUIIAAKOBUN BEKTOP MMOYATKOBUX YMOB, BEKTOP-(DYHKIIIS

f(t,x)eR, 1 Marpuus b(t,x(t)) BuUMIpHOCTI (nxm) 3amaHi, & - CTaHJAPTHHM
BEKTOPHUI BIHEPOBCKHM TMpOIEC, MUTAHHS MPO CTIMKICTh MAESIKOTO pPyXy, SK 1
3BUYAMHO B TeOpli CTIAKOCTI, MOXKE OYTH 3BEACHHM 10 OCHIJKEHHS CTIAKOCTI
TPUBIAJIBLHOTO pillIeHHA PiBHIHHA (2.35).

[lix CTIMKICTIO TPUBIAIBHOIO pIllIEeHHs piBHSAHHA (2.35), 4K 1 paHile,
PO3MIISAAETHCSA HOTO BIACTUBICTh HEOAraTo 3MIHIOBATHCS IIPH HEBEIUKINA Moaudikaii
MOYATKOBUX YMOB. 3aJl€KHO BiJl KOHKPETHOTO PO3YMIHHS BHpaXXEHHs ''MajeHbKa
Moaudikaiis pimeHHS" MOXJIMBI PI3HOMaHITHI BH3HAYCHHS CTIHKOCTI. 30Kpema,
TPUBIATLHUM DIIICHHS PiBHSHHSA (2.35) Ha3UBAETHCA:

a) cJ1abKO CTIMKUM 1O WUMOBIPHOCTI, SIKIIIO

Ve>0,V5>0 1 HalineTses Taka 7(s,6) >0, O NpH t>t, i |X|<7(e,5) BUKOHYeThCS

HEPIBHICTH

PHt. %) >¢ 36 (2.36)
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ne P4 wmipa HMOBIpHOCTI; Xty X,(t)- pimenHs piBasaus (2.35) npu t>t, 3
IIOYaTKOBOIO YMOBOIO;

0) aciMIOTOTUYHO CIa0KO CTIMKMM MO MMOBIPHOCTI, KOJU PIIICHHS MOCTIMHO

cnabko 1Mo WMOBIPHOCTI H, KpiM TOTO, Uil Ve >0 BUSIBUTBCS Take 7(g) >0, 110 TIpU

|Xo| <m(£) Mae Miclie BiTHOLIEHHS
PHt,. %) >& 30, t > (2.37)

B) aCIMIITOTUYHO CJIA0KO CTIMKMM IO MMOBIPHOCTI B IJIOMY, SIKIIO PIILIEHHS

aCIMIITOTUYHO CJIa0KO TMOCTIHHO TO WMOBIPHOCTI M, KpiM TOro, s Vx,Ve >0

CIIpaBEJIMBA PIBHICTD

lim P t,, %,(0) > & 30 (2.38)

r) P- criiikum (P > 0) y BUnmanky icHyBaHHSI 11l Ve >0 Takoro 7(g)>0, 010 OpH
|Xo| <77(£) BUKOHY€TBCS HEPIBHICTh

MX <gt—>o (2.39)

to. %o (1)

ne Mo - Mmo3HaYeHHs MaTEMATHYHOTO OYiKYBaHHS;
) aCUMIITOTHYHO P - CTIHKMM, SKIIO PilleHHs P - cTilike ¥, KpiM TOTO, I |X,| <7

pU IeIKOMy 77 >0 Ma€ MiCIle CITiBBIIHOIICHHS

lim 1[X, | =0 (2.40)

t—w
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(acumnroTuHy P - CTiMiKicTh Tpu P = 2 y mitepaTypl Ha3uWBalOTh CTIMKICTIO B
CEpEIHbOKBAAPATUYHOMY);

€) eKCMOTEHINaNbHO P - CTIMKUM, KOJH BUSIBISATHCA TaKi MOCTIiHHI C, 1 C,, IO

M ‘Xto,xc(t)r < C0|x0|P exp(-C, (t—t,)) (2.41)

k) CTIMKMM Yy UIJIOMY, SKIIO pIMIEHHS aCUMOTOTHYHO P - CTidke W ma VX,

CIIpaBEeIJIMBE CIIBBIIHOIICHHS

lim M|X, 0| =0 (2.42)

t—wo

3) CTIMKUM MO UMOBIPHOCTI, KOJIM 1Ji V >t,, V& >0 BUKOHYETHCS CIIBBITHOIICHHS

lim P{sup X, , | >¢€r=0 (2.43)
s %o (1)

t—w

K) AaCHMITOTMYHO TMOCTIMHUM 1O WMOBIPHOCTI, SIKIIO PIMEHHS TMOCTIHHO TIO

WMOBIPHOCTI ¢

lim P lign X

Xg—>®©  tSw

31 (2.44)

tx(t)

J) aCUMIITOTUYHO TIOCTIHHUM 1O WMOBIPHOCTI B IIJIOMY, KOJIU PIIIEHHS TIOCTIMHO TIO

HMOBIpHOCTI ¥ 11 Vt,, VX, Ma€ MICIIE CITIBBIIHOIIECHHS

P fijn X 31 (2.45)

13, lo% ® =
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KpiM HaBeeHHMX NOHATH BUKOPHUCTOBYETHCS TAKOX IOHSATTS CTIMKICTh IO

iimoBipHOCTI 1. Po3yMieThcsi Taka CTIMKICTh, MPHU AKIH CTIMKUMHU € BCi TPA€eKTOpIi
cucTeMH (KpiM, MOKJIMBO, MHOKHMHHU TPAEKTOPIN HYJIHOBOT HMOBIPHOCTI).

I3 P - cTiiiKOCTI TpUBIATBHOTO pillieHHs piBHAHHSA (2.35) BUmmBae iforo cnabka

CTIMKICTb IO HMOBIPHOCTI, a 3 ACHMITOTUYHOI P - CTOMKOCTI - aCHMIITOTUYHO clla0Ka

CTIMKICTh 1O WMOBIpHOCTI. CTIMKICTh 1O WMOBIPHOCTI 3HAYHO CHJIBHIINIEC CJIA0KO1

CTIMKOCTI ¥ O3Hayae, MO0 TPAEKTOPIi MpOIECY, SIKI MOYMHAIOTHCS B MOMEHT t, 13

Kparky B N- MIPHOMY HPOCTOpI, 3aBXKIU 3aJIMIIAIOTHCS B KOXKHIN Harepes 3a1aHii
OJIM3BKOCTI JI0 TPUBIAJIBLHOTO PIIICHHS 3 IMOBIPHICTIO, 110 HAOJIMKAETHCS A0 OJWHUIII,

KOJIK X, — 0. Y BU3HAUEHHI CTIMKOCTI CTOXaCTUYHUX CUCTEM HaMIlIKaBIIIUM, MaOyTh,

€ TIOCJIJIKEHHS CTIMKOCTI 10 HMOBIPHOCTI i P - CTIMKOCTI.

2.7 AHaJIi3 CTPYKTYPOBAHOI 3B’ I3HOCTi CHCTEMH 3B’ SI3KY

3B’s3aHICTh (200 CTPYKTypHa 3B’SI3aHICTh) CHCTEMH € OJHIET 3 HANUOUIBII
BOKJIMBUX 11 SKICHHUX XapakTepucTWk. JliiiCHO, 31 3HUKHEHHSM CTPYKTYpHOI
3B’A3aHOCTI 3HUKAae€ W camMa CHCTEMa, BOHA pO3MAJacTbCcsi Ha B3a€MOHE3aJIeKHI
CJIEMEHTH.

MareMaTnyHuil omMC 3B’A3aHOCTI MOXK€ OyTH 3A1HCHEHE 13 3aCTOCYBAHHSIM
PI3HOMaHITHUX MMAXOMIB, TPUUYOMY HaWOIBII yjaai 3 HUX MOOYJOBaHI Ha OCHOBI
Teopii rpadis 1 anreOpaidHOI TOMOJIOT].

CyTb IOCTIKEHHS 3B’ 3aHOCTI MOJISTaE B TOMY, 11100 YCBIIOMUTHU U BUSIBUTH Ti
MaTeMaTU4YHl KOHCTPYKIli, $KI ONHUCYIOTh XapakTep 3B'SI3KY MK OKPEMHUMH
eJIeMEeHTaMu CcHUCTeMH. Po3risitHeMoO Jesiky cuctemMyS, y sKid MOKHa BUIUIMTH N
pi3HUX eneMeHTiB. Tofl 11 CTpyKTypy MOKHA MPEJICTAaBUTH Y BUTIISIAL JesKoro rpada,
y SIKOMy Nn BEpXiBOK 300pa)KylOTh h €JIEMEHTIB CUCTEMH S, a Jyra, HI0 3'€IHYy€

€JIeMEHTH | 1 | TOKa3zye, L0 Il JBa €JIIEMEHTH IMepedyBaloTh y JEIKOMY

CIIBBITHOIIIEHHI MDK c00010. [IpUpogHOIO 1LIHOCTpAli€l0 0 BHUILE3TaJaHOTO MOXKE
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CITY’)KUTH CHCTEMa 3B'A3KYy. Ii eeMeHTaMH € By3JH 3B's13Ky a00 ONOpPHi BY3IH 3B'S3KY.
CriBBIIHOIICHHS MIXK €JIEMEHTAaMU CHUCTEMH 3B'SI3KY 3aJie)KaTh T€ 3B'SI3KY MK j-M 1
i-M By3iamu. J[aHy 3aJIe)KHICTH MOXXHA PO3BUTH: TaK, MO>KHA BBECTH OPIEHTAIIIIO

(CIpsIMOBaHICTB) YT, SKI 3B'A3yIOTh €JIEMEHTH CHCTEMH, 1 YTBOPUTH OPI€EHTOBAHUM

rpad (oprpad).

Pucynok 2.3 - ®parmMeHTH MOJeT MEpPEXi 3B'SI3KY

binem nmokimamHo Mopem cucTeM, sKi 0a3ylOThCs Ha BHUKOPHCTaHHI Teopii
rpadiB, OyayTh po3rasHyTi nani. OJIHaK, HE3Ba)XKalOyuW Ha IEpeBard TEOPETHKO-
rpadoBux 3aco0iB, OCOOJMBO HJisi BI3yaJbHOTO aHaNI3y, iXHE BUKOPUCTAHHS
HATpaIUIsie Ha TPYIHOIII TEOPETUIHOTO i aHATITUYHOTO XapaKTepy, OCOOIHBO, SIKIIIO
BpPaxXOBYEThCA CTPYKTypa CaMHUX KOMIIOHEHTIB 3B'si3Ky. Tak, mpu crpoOi omnucatu
OaratomipHy CTPYKTYypy IUICHapHUM TpadoM 6arato 4oro 3 reOMETPUYHOI CTPYKTYPHU
cucteMu Oyne mnpuxoBaHO a0o B3arai 3aryOsieHo. buibllie NpoayKTUBHUM st
aHaJli3y 3B’S3aHOCTI € MIAXiJ, 10 0a3yeTbcs HAa TOMOJOTIYHMX ifesix. PosrmsHemo
TOTIOJIOTIYHUHN TIX11 OB IeTaIbHO.

JIiist mpuKkIiaga Bi3bMEMO TP (PparMeHTH Mepexi 3B's13Ky, HaBe/IeH1 Ha puc. 2.3.
[HTYITUBHO SICHO, 1110 BOHU MAIOTh Pi3HI CTyNeH1 3B’ 13aHOCTI. /{15 o1iHKM 3B’ A3aHOCTI
OyneMo VSBIATH KOXHUW BY30J y BHUIVISIAI JCSKOro OaraTroMipHOro o00'€KTa,

BUMIPHICTh SIKOTO BH3HAYA€THCA YHMCIOM BHXITHMX (200 BXIIHUX) 3B'SI3KIB. Y
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TOMOJIOrI] TaKOMY MOJAHHIO By3/a 3B'SI3KY BIJIMOBIJA€ T€OMETPUUYHUN OO'€KT, IO
HA3MBAETHCS CUMILIEKCOM.

BimomMo, n - MipHMM CHMIUIEKCOM 3 BepXiBKamu R, x2,..xn+1 & R"

HA3UBAETHCS MHOXKMHA KPATOK N - MipHOTO €BKJIIIOBOTO MIPOCTOPY RN, 110 331a€ThCs

CII1BBITHOIIEHHSIM

=SaxSa, :J.GC R" (2.46)

Pucynok 2.4 - Ilpukiaayu CUMIUIEKCIB BUMIPIB: a,0,B,T - BianoBiaHo 0-, 1-

, 2-, 3- CUMILIEKC

Ha puc. 2.4 300pakeHi NPUKIAIU CHUMIUICKCIB PI3HOMAHITHHUX BHMIpIB. 3
BU3HAUCHHS BWIUIMBAE, IO CHUMIUIEKC OJHO3HAYHO BH3HAYAETHCS 3a/IaHICTIO
MHOXXMHU BepxiBok. ToMy Ui mogaHHS By3Ja y BUIVIAAI 0OaraToMipHOTO
reOMETPUYHOr0 00'€KTa KOXHOI JiHIT 3B'A3KYy, IO BUXOIUTH 13 BY3Jld, CTaBIATH Y
BIJINOBIJIHICTh BEPXIBKY cuMIuiekca. [Ipu 1boMy BepxiBlil MPUBJIACHIOETHCS HOMED,
10 BI/IMOBi/Ia€ BY31y, YOIK SIKOTO HAMpaBJICHHA JIHIA 3B'S3KY.

Hanpuxnan, Byzonm 1 (puc. 2.3, a) mojgaeTbcs y BHIJIAAI OAHOMIPHOTO
cummiekca (puc. 2.5, a), a By3on 2 13 ¢parmenta (puc. 2.3, 6) y BuIIAml

JIBOBUMIPHOTO cUMILIeKca (puc. 2.5, 0).
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Sz m
124

Pucynok 2.5 - 300pakeHHs BY3JIiB y BUTJISI/II CUMIUIEKCIB

OckiIbKM Mepexa 3B'A3Ky Mae KUIbKa BY3JiB, T€, CTaBISYM Yy BIAMNOBIIHICTb
KOXXHOMY BY3JIy CHUMIUIEKC, OJIEP)KUMO YSIBHY MEPEXY Yy BUIJIAII OaraTOMiIpHOTO
r€OMETPUYHOrO0 00'€KTa - HAOOPY CHUMIUIEKCIB KS CHMILIEKCIB, 1€ HA3WBAETHCS
CHMILTHIIAJIBHBIM KOMIUIEKCOM. Take momaHHsS 0aratboX BHXIZHUX (200 BXITHHX)
3B'SI3KIB J]a€ MOKJIMBICTh BUBYATH IXHIO TJIOOQIbHY CTPYKTYpY 3@ JOINOMOTOIO
METO/11B KOMO1HAaI1il TOMOJIOT1].

Ha puc. 2.6 300pakeHi CUMIUIUIIAIbHI KOMIUIEKCH Il ()parMeHTIB MEPEexKI.
JIBa HE3B'sI3aHUX OJTHOMIPHUX CUMIUIEKCH (puc. 2.6, a) BIAMOBIIaI0TH MEPEXKi HA PHUC.
2.3, a. IlosBa niHii 3B'A3Ky MK By3iamu 2 1 3 (puc. 2.3, 0) iCTOTHO MiHSIE TEOMETPIIO
Komruiekcy. Bysmu 2 i 3 (puc. 2.6, 0) mogaroThCsl ABOMIPHUMH CHMIUIEKCAMH, MPU
I[bOMY PO3MIPHICTh CUMIUIEKCIB ISl BY3JiB 1, 4 HE 30UIBIIYIOTHCA. 3PEUITOI0 IMiCIs
J0JIaBaHHS JIiHi1 3B'sI3Ky MK By3namu 1 14 (puc. 2.3, B) o1epKyeMO CUMILIUI{IaTbHUN
KOMILJIEKC Y BUTJISI TETpaeapa, y SKOMy KOXKHA BepXiBKa MOJIA€ThCS OAHIET 13 TpaHei

OaratorpaHHUKa.
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KSl KSZ KSS
3
3

213

4

2 2 1
124 1 1 2
\ 3
4
4 4

Pucynok 2.6 -300pakeHHs Mepeski 3B'S13KY y BUTJISI/II CUMILIMIIIAIBHAX KOMILJICKCIB

300paxeHHs] Mepexl 3B‘S3Ky Yy BUIJISAl CUMIUIMLIAIBHOTO KOMIUIEKCY J1a€
MO>KJIUBICTh BBECTH IOHATTA OaraTOMIpHOI 3B‘S3aHOCTI ab0 (-3B‘SI3aHOCTI BY3JIIB
Mepexi.

Busnauenns: J[Ba cummiekcu o, 1 o, Kommiuekcy Ks (- 3B‘a3aHi a0o, Mo

€KBIBaJICHTHO, 3'€/IHAHO JIAHITFOTOM (-3B‘S3KY, SIKIIIO ICHY€E MOCTII0BHICTh CUMIUICKCIB

d; 3, B Ks Taka, 10 o, <o, TOOTO o, - IpaHb CUMILIEKCA o3, G, - TPaHb o, O,

i o,  MaloTh 3arajbHy TpaHb po3MipHOCTi P 11 i=12,...,n-1,q=min §p,, p,.....p,, ]

Ay

HmwxkHniil 1HAEKC CHMIUIEKCA BIANOBIJA€ TCOMETPUYHOI BHUMIPHOCTI, HAIPHUKIA]
dimo, =S.

MoskHa nokasatu, 1o ( - 3B‘S13aHICTb NOPOJXKYE BIITHOCMHU E€KBIBAJIEHTHOCTI
Ha MHOXUWHI Ks. 3 BHU3HAUYCHHS CHMIUICKCA BHIUIMBAE, IO SKIIO JIBa 3 HUX ( —
3B‘s13aHi, TO BOHU Takox (-1 -, -2 -,...,0- 3B‘s13anH1 B komiuiekci K. Ha puc. 2.6, 0-
MIpHI CUMIUIEKCH 2 1 3 € TpaHsIMHU OJIHOMIPHOTO CUMILIEKCa, TOMY BoHU 0-3B's3aHi. Y
BIJIMIHHOCTI BiJl I[bOTO HE ICHY€ JNaHIora, mo 3'eqnye 0-mipai cumimekcn 2 1 4.
CuMIMIiaIbHUM KOMIUIEKC Ha pHUC. 2.6 CKIIAa€ThCsl 3 2-MIPHUX CHMIUIEKCIB 3

BepxiBkamu {1,3,4} 1 {1,2,4}. Boun MawoTh 3arajipbHy OJHOBUMIpHY rpanb {1, 4}, i
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Tomy, 1-3B‘s3aHi. [le¥ KOMIUIEKC IIKaBHil TaAKOXK TUM, 110 MICTUTh ABa |-3B'I3KOBUX

KOMIIOHEHTA. [HIITNI1 KOMIIOHEHT YTBOPEHUH |-MIpHUM CHUMILIEKCOM 3 BEpXiBKamHu {3,
2}, K1 He 3'€IHaH1 JJAHITIOTOM 1-3B'SI3KY 3 KOJHUM CHMIUIEKCOM KOMILICKCY.

Takum 9WHOM, BUBUYEHHS TJIO0ATBHOI CTPYKTYpPU 3B SI3aHOCTI KOMIUIEKCY Ks

3BOJIMTHCSA JO PO3MIAAY KiaciB (| - €KBiBaJeHTHOCTI. JIJIsI KOXKHOTO 3HAYCHHS

BuMmipHocTi q = 1, 0,...,dim K, MOXXHa BHU3HAQUUTH YUCIIO PIZHOMAHITHUX KJIACIB

€KB1BaJICHTHOCTI.
Omneparisi BUAUICHHS TaKUX KJIACiB HA3UBAEThCA ( - aHANI30M, a BEKTOP

Q = (Qgimks 191, Q) - HEPIIUM CTPYKTYPHHUM BEKTOPOM KOMILIEKCY.

[ndopmartis, mo BTpuMmyeTbes B Q, BigoOpakae T1I00alnbHY CTPYKTYpY
KoMmIuiekcy Ks. Jlmsg Ttoro mo6 aBa cumiviekcu A u B Hamexanu omgHOMy (]
3B’SI3aHOMY KOMITOHEHTY KOMIUIEKCY Ks, He0OXiJHa HasBHICTb €qHaibHOrO A u B
JIAHIIOTa MTPOMDKHUX CHUMILIEKCIB Takoro, mo0 "came cimabke" 3 morjsay BUMIPHOCTI
JIlaHKa MaJjia BUMIPHICTh OUIbITYy a00 piBHY (.

3acobu ( - aHaMI3y Jal0Th MOXKJIMBICTh 3/IIMCHIOBATH aHaJII3 3B I3aHOCTI BY3JIIB
a00 KOPECMOHJEHTIB y CHCTeMi 3B'SI3Ky. 3a JOMOMOTOI0 IIhOTO aHayli3y MO>KHa
BU3HAUMUTU caMi CJIaOKl 3B'SI3KM U 3a0e3MeYuTH piBEHb 3B‘SA3aHOCTI, 110 MOTPIOHO.
Otxe, ( - aHam3 BUSBIAETHCS KOPUCHMM 1 TIPU CHUHTE31 CHCTEM 3B'SI3KY, 1 NpHU
iIXHbOMY IJIAHYBaHHI.

st pparmMeHTiB Mepexi 3B'S3Ky, HaBeleHUX Ha puc. 2.3, Oe3mocepemaHii
MiPaxXyHOK JAacTh TaKl 3HAYEHHS ISl CTPYKTYPHHUX BEKTOpPiB: Q, =(2,2) Q,, =(2,)
Q. =@1). Lle 3HauuTh, MO 3a CTyYMEHEM 3B‘S3aHOCTI (PparMEeHTH MEpPEexi OynyTh
ynopsinkoBasi: S3; S2; S1.

Orxe, yBeaeHud QopManbHUM amapaT (@ - aHali3y Y3TOMKYEThCS 3
IHTYITUBHUM TIOJIaHHSIM TIPO 3B ‘SI3aHICTh, 110 1€ MOKJIUBICTh BUKOPHUCTOBYBATH IIEH
amapar y CKJIaJHUX BHUIAJKaX JJIsl 3arajdbHOi OLIIHKU CBSI3HOCTH HE TIIBKU MEpEex

3B'SI3KYy, ajie W JOBUIBHUX cHCTeM. Moro Mo’kHa TakoX 3aCTOCYBaTH IpPH OLIHII
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XKHUBYUOCTI CHUCTEMH 3B'A3Ky, IO MOXE JEerpajyBaTd BHACTIAOK BHYTPIIIHIX abo
30BHIIIHIX MTPUYHUH.

Tpeba pomatu, 1O CHUCTEMH 3B'A3Ky MOXYThb BIAHOBIIIOBATH BTpPAUYEHY

3B‘s3aHicTh, Hampukimag KX 3B's30k. ToOTO cam MOKa3HWUK 3B'SI3aHOCTI HOCHTH

IMOBIpHICHUH XapakTep.

2.8 AHaJi3 CKJIAHOCTi CUCTEMH 3B’ SI3KY

[cHyroTP 1Ba TiIyMaudeHHS 1€l BIACTUBOCTI cucTemu. Ilepmie, umcTo
cy0'eKTMBHE, XapakTepu3ye€  BIJHOCMHM  cHocTepirayua Ao  oO'ekta, 1IO
CIIOCTEPITAEThCS, KOMM TOW caMHui OO0'€KT MOXKE PI3HUMU CIOCTepirayamu
copuiiMaTHCs K 4YM NPOCTUH JOCUTHh CKIagHui. Jlpyre TiiymadueHHs - 00'€KTMBHA
XapaKTepUCTHKa, He TOoB's3aHa 31 cnoctepiradeM. Illomo camux cuctem 00'eKTHBHA
CKJIAJHICTh BU € MO-Pi3HOMY. BHUIUIAIOTH Taki CTOPOHH CKJIAJHOCTI: CTPYKTYpHY,
JUHAMIYHY i 00YHCITIOBAIbHY.

CTtpykTypHa CKJIAJIHICTh BHU3HAYAETHCS  BJIACTUBOCTSIMH  3B'SI3KIB MK
eJIeMEHTaMHU CHCTeMH. BoHa MoOke XapaKTepu3yBaTH 1€papXidHy CTPYKTYpPY, CXEMY
CBSI3HOCTH, PO3MAITICTh €JIEMEHTIB, PiBEHb a00 CHIIy B3a€EMOJIi MDK e€JIeMEHTaMu
CUCTEMU.

CtpyKTypHa CKJIQJIHICTh, BITHECEHA /10 1€papxli €JIEMEHTIB CUCTEMH, ITOBUHHA,
Ma0yTh, MPUITYCKATH HABHICTH ITI€T 1€papxii. Taka iepapXist CTOCOBHO CHUCTEM 3B'SI3KY
BCTAHOBJIIOETHCSI HE TUIBKU BIATIOBIIHOK MIAMNOPSIKOBAHICTIO (TOJIOBHA CTaHINA 1 i1
KOPECIOHJIEHTH ), aJie ¥ TUM, 1110 ICHYIOTh IEPBUHHI # BTOPUHHI MEPEXi, Pi3HI PIBHI
MEPETBOPEHHS CUTHAIIB.

CTpyKkTypHa CKJIAJHICTh, BIJHECEHA /IO CXEMH CBSI3HOCTH, BH3HAYAETHCS
CIIOCOOOM, SKUM €JIEMEHTH CHUCTeMH TOENHYIOThCS B eauHe 1iite. Lls ckmamHicTh

MoO’ke OyTH BU3HAYEHA YHCTO T€OMETPUYHO, Yepe3 BUMIPHICTD 3B'A3KIB. Pazom 3 TuM,
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BOHA MOX€e OyTH BU3HAa4YeHA TaKOX 13 anredpaiynux no3uiii. Tak, mogaHHs cucteMu
JTIHIAHUM TudepeHIiaTbHUM PIBHIHHIM

—_—

d ———
d_’t‘ = F(xx)=c¢ (2.47)

MPUITYCKA€ HASBHICTh y MaTpUIll F pI3HOMaHITHUX HElarOHAJIBHUX €JIEMEHTIB

fi, SKI BH3HAYalOThb 3B'SI3KM MDK OKPEMHUMH KOMIIOHEHTaMH BEKTOpa

ijo

-

X=(X.,..,X,),i =1, N . TakuM 4MHOM, CKJIQIHICTh Yy I[bOMY BHIIQJIKy BU3HAYAETHCS HE

TIIBKH PO3MIPHICTIO N, ajie e OUIbIIOK MIPOI0 HAasBHICTIO MEXKKOMIIOHEHTHBIX

3B'A3KIB, BM3HAa4€HMX 3a paxyHok f,. Ilpm mbOMy MOXe BUSABMTHCH, IO HABITh

i
CUCTEMA, BEJIMKOT BUMIPHOCTI HACIIPaB/Il BUSBIISAETHCS IOCUTH TPOCTOIO, HATTPUKJIIAL Y
BUIAJIKY, SKIIO MaTpulld F giaronanbHa. CucTteMa mpu 1bOMY MOJA€ThCs HAOOpOM
B3a€MOHE3B ‘SI3aHUX €JIEMEHTIB, 1, 0 CYTl, HE MOXE OYTH CUCTEMOIO.

CTpyKkTypHa CKJIQJHICTh € OJHHM 13 BJIACTHUBOCTEH, 3a JIOMOMOTOI0 SIKUX
cucrema 37100yBa€ 3JaTHICTh IEPETBOPIOBATH 1H(OPMAILIitO, IO 10 Hel HaaXoAuTh. L1s
CKJIQJIHICTh TOB'sI3aHA 13 MPUHIMIIOM HE0O0XiAHO1 po3maitocTi Emibi: po3maiTicTh
MOke OyTH YCYHYTO abo 3pyHHOBaHO TUIbKM po3MaiTicTio. Hampukian, po3maitocTi
BIUIMBIB HAa CHUCTEMY 3B'S3KYy PpI3HHUX T[EPEIIKOJ] MOXHa 3amo0irTd TUIbKU
BIJIMOBITHOIO  PO3MAITICTIO  KEepyBaHHA HWoro mapamerpamMu ab0  IHIIUMU
PI3HOMAHITHUMHM 3aco0aMM, y pE3ynbTaTl SKUX MeperaeMo 10 EHTPOIIYHOTO,
rOMEOCTaTUYHOr0 200 MOP(}OIOTIYHOTO PIBHOBAKHUM CTAHAM.

CTpyKTypHa CKJIAJHICTh, BiJHECEHa JO PIBHA B3aEMOAIl MIX eJIeMEHTaMu
CHUCTEMH, JI03BOJISIE BPAaXOBYBATH PI3HOMAHITHUHN XapaKTep 1UX B3a€MO3B'S3KIB.

BoueBunp, Oyap-sika cuctema Moxke OyTH CKJIQIHOI, 3 OJHOTO OOKY, 1 MPOCTIH,
3 1HIIIOT0, a00 K IS CKJIAJHICTh MOJKE BU3HAYATHCA B JEKIJIBKOX CIIBBITHOIICHHSX.

JluHamiyHa CKJIaJHICTh a00 CKJIQJHICTh MOBOKEHHSI CUCTEMHU BH3HAYAETHCS

TUM, HACKUIbKH CKJIaJIHA PEaKIIisl CHCTEMH Ha MPOCTUMN BILIUB. J{MHAMIYHA CKIIAHICTD
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TaKOXX TIOB's3aHa 3 XapaKTEPUCTUKAMHU CTIHKOCTI, KOJIM MaJli BXiJIHI BIUIUBH
MPUBOJISITH 10 3HAYHUX BUX1THUX PEAKITIH.

CTpyKkTypHa CKJIaJHICTb CHCTEMH, BOYEBU]Ib, BIUIMBAE Ha JUHAMIYHY
ckaaaHicTh. OHAK 3BOPOTHSI 3aJICKHICTh TBEPKEHHS HE BUKOHYEThCA. Tak, cucTeMa
MOKe OYTH CTPYKTYPHO MPOCTIid, X04a ii MOBO/>KEHHS BUSBUTHCS IOCUThH CKIIQIHUM.

OO6uucioBaibHa CKJIAJHICTh MOXE XapaKTepU3YBAaTHUCS KUIBKICTIO KpPOKIB,
HEOOX1MHUX Ui OOYMCIIeHHS 300pakeHHs CHCTeMH. SIKIo cuctema, 300paxkeHa
SAKUM-HEOY/Ib aITOPUTMOM, TO OOUYUCITIOBATIbHA CKIIAJTHICTh MOXKE XapaKTepU3yBaTUCS
3a J0moMoror MammHu TeropuHra. O0uncIoBaibHa CKIAIHICTh CUCTEMHU Y BUIIISII
KEpylo4yoro aBTOMaTa MOXXE  BH3HAUaTHUCAd  KUIBKICTIO  ONEpaTropiB,  SKi
BUKOPHCTOBYIOTHCH.

AKCiOMH CHCTEMHOI CKJIaJHOCTI € MaTeMaTHYHOI OCHOBOIO, 3a JOMOMOTOIO
AKO1 CKJIQHICTh MOXe OyTH TpeAcTaBlieHa i, BIAMOBIAHO, 3piBHAHA. SK MIpy
CKJIQJHOCTI BUKOPHUCTOBYIOTH peajbHy BEIHUUHY O(S). AKClOMaMU CKIIATHOCTI €
aKcioMH 1epapxii, MapajaeabHOro 3'€HaHHS IIJICUCTEM, TMOCIIIOBHOTO 3'€JHAHHS,
3'eTHaHHS 31 3BOPOTHUM 3B'SI3KOM, HOpMaJTi3aillii.

Akcioma iepapxii: Ko S, mjacucrema S, To
0(S,) <©(S),

TOOTO MiJICUCTEMA HE MOXKE OyTH CKJIQHIIIE, HIXK CUCTEMA B LILJIOMY.

AKcioMa mapaJIeIbHOrO 3'€THaHHS IMJACUCTEM: SKIo S=S ®S,®..®S,, TO
o(s) = max ©(s;) TOOTO CKJIAMHICTh CHUCTEMHM BHU3HAYAETHCS TIEHO TMapajesIbHOIO
M1JICUCTEMOTO, 1110 MAa€ MAaKCUMAJIbHY CKJIaJHICTb.

AKciomMa  TOCHIIZOBHOro  3'€mHaHHA: SKmo S=S ®S,®..®S., Toal
O(S) <O(S,) +O(S,) +...+0O(S,), TOOTO CKIAAHICTh CHUCTEMH BHU3HAYAETHCA CYMOIO

CKJIQTHOCTEN BCIX MOCJIJOBHUX IT1JCHCTEM.
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AkcioMa 3'elHaHHS 31 3BOPOTHUM 3B'S3KOM: SIKIIO Ma€ MiCIe 3BOPOTHHIA
3B'SI30K © 13 cucTeMH S,,y cucTeMy S, TO O(S, ®S,) <0(S,) +0(S,) +(S, ®S,)
BoueBuap, 1o momepenHss akcioMa € YAacTKOBHM BHIIQJAKOM JaHOI, SIKIIO
3BOPOTHHUM 3B'SI30K BIJCYTHIH.
AxkcioMa HOpMai3alii: y KJaci CUCTEM, SKl 33JJOBOJBHSIOTH UM akcioMaMm, MOXE

OyTu BUJIiIEHA IIMHOKMHA CUCTEM Y, JUI AKMX O(S)=0 amsi BCiX Se)_ .

Ha ocHoBI manux akciom MokHa MoOyAyBaTH BIJNOBIIHY aiareOpy, mo JAacTh

MO>KJIMBICTh O0'€KTUBHO aHAJI3yBaTH i CHHTE3YBATH CUCTEMH PI3HOI CKIJIATHOCTI.
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4 PO3POBJIEHHA AJITOPUTMY OBPOBKHU PAIIOCUT'HAJIY B
BAI'ATOKAHAJIBHUX MOJEMAX

VY Bumaaxy, koiau ¢asza CUTHATY, L0 HAaTXOAUTh, 3MIHIOETHCS TOBUIBHO, €
MOKJIMBICTh IUISAXOM aHaNi3y TMOMEPEAHIX €JIEeMEHTIB CHUTHaldy, IO HAaJIXOJUTh
BU3HAYWUTU 3 TEBHUM CTYIIEHEM TOYHOCTI MOYATKOBY (pa3y OUIKyBaHUX CHUTHAJIB 1
peanizyBaTu OJIM3bKUNA JO KOIE€PEHTHOIO, TaK 3BAHUN KBA31KOTEPEHTHHUM MPUHOM.
CtyniHb TOYHOCTI 3aJI€KHUTh, 3 OJJHOTO OOKY, BiJ] TOTO, 3 SIKOIO MIBUAKICTIO (QIIYKTYE
¢daza cursamy, MmO HAAXOAUTh, a 3 IHIIOrO OOKY, BiJ BIJHOIICHHS €HEprii 10
CHEKTPaJIbHOI HIUIBHOCTI IIYMYy, OCKUIBKM HAasfBHICTh ILIYMIB HE JI03BOJISIE TOYHO
BUMIPUTHU 3HAUYCHHS (Pa3u MOMEpeIHIX eIeMeHTIB [7].

Brumis mrymy Mo>kHa 3MEHIIIUTH, POBOISIYN YCEPETHCHHS PE3yJIbTATIB BUMIPY
3a BETUKHM MPOMDKOK dYacy. Auie 30UTbIIEHHS  4Yacy MPUBOAUTH O TMOSBU
MOTPINTHOCTI B OIIHII OYiKyBaHOi (ha3u BHACIIIOK TOTO, 110 BPAXOBYIOTHCS BIIPI3KH
CUTHaTy, MPUUHATI HAbaraTo paHillie 3a 4acOM BiJ MPUHHATOrO B JaHUH MOMEHT
eJIeMEeHTa CUTHaTy, TOOTO, MEHIII KOPUTOBaHI 3 HUM 10 (pa3i. TakuM YMHOM, ICHYE
JEeSKUM ONTHUMaJIbHUM 1HTEpBal YCEPEOHEHHS, TUM OUIbIIE TPUBAIUM, YUM
MOBUIBHIIIE 3MIHIOETHCS (aza 1 YuM OUIBIINN PiBEHb IIyMY B KaHai. 3aCTOCYBaHHS
KOTEPEHTHOTO TPUIOMY JUTsl IBIMKOBUX CUTHAIB JIO3BOJISE OJICPKATH CHEPTETUUHUMA
Burpami ~ 1ab y MOpIBHSHHI 3 ONTUMAaJIbHUM HEKOT€PEHTHUM MpUHOMOM. Y
MEPCIEKTUBHUX OararokaHalbHUX MojeMax TY (ToHaabHOI YacTOTH) KaHATy IS
JOCSITHCHHS BHCOKHMX IMMTOMHX IIBUIKOCTEH Iepe0adaeThCss BUKOPHCTOBYBATH
Oaratono3uiiiauii curHai. Jljis mpuiloMy TakuxX CHUTHAJIB, SIK BIJIOMO, JOIIBHO
BUKOPHCTOBYBATH KOTEPEHTHUN MPUIOM, OCKUTHKY TIpH 30UTBIIIEHH] YKCia BapiaHTIB
CUTHaTY €(EeKTHUBHICTh KOT€PEHTHOTO MPUHOMY B IOPIBHSHHI 3 HEKOT€PEHTHUM

ckianac 3-5 gb.
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Jlo HUHIITHROTO Yacy y OaraToKaHAJIBHUX MOJEMax 3a PiIKICHUMHU BUHSATKAMHU
BUKOPHUCTOBYBABCSl HEKOT€pPEHTHUM NpuUKioM. lle BHUKIMKAaHO, B OCHOBHOMY, IBOMa
MPUYUHAMH.

[Tepma — Bimomi MeToaM peanizallii KBa3iKOT€pEHTHOTO MpUHoMY Oa3yBasucs,
rOJIOBHMM YMHOM, Ha Oe3mnocepeiHiii o0poOin ¢pa3oMaHIyJIbOBAaHOTO CUTHATY Y TOM
yac K y 6ararokaHaJbHUX MOJEMaXx 3 OPTOrOHAJIbHUMH CUTHAJIAMHU MICHST PO3MOILITY
KaHaJiB MalOTh MICIe TUIbKU 3HAYEHHS MPOEKIlli KO)KHOTO TTOYaTKOBOTO CUTHAITY Ha
B3a€MHO OpPTOTOHAJIbHI OINOpPHI KOJIMBAaHHA 3 JOBUIBHOIO IOYaTKOBOKO (ha3oro.
Hanpuknan, oqauMm 3 MetoaiB (opmyBaHHsA onopHux konuBaHb (POK) e meron
MHOXEHHSI 4acTOTH YW (pa3u, 10 NOJArae B HENIHIMHOMY mneperBopeHHl OM
CUTHATy.  BIACYTHICTH  pO3NMOJUIEHMX  KaHAJIBHMX  CUTHAJIIB  Ha  BXOJI
0araTokaHaJbHOTO MOJEMY 3 OpPTOTOHAJIbHUM pPO3IMOJALIOM BHIy4ae MOMIJIHMBICTh
peaiizalii KOrepeHTHOTO MPUMOMY Ha OCHOBI MOMIOHMX MeETOJIB. Bimomi Takox
meromn DOK, 3acHOBaHi Ha BUBEIEHHI TMPOEKII MNPUHHATOTO CHUTHAIY,
MIJCTPOIOBAHHS YacTOTH 1 (pa3u KepoBaHOro reHeparopa. [Ipu 3acTocyBaHHI Takux
METO/MIB HEOoOXimHO Oyno O y KOXHOMY KaHaji OaraToKaHaJIbHOTO MOJEMY
BUKOPUCTOBYBAaTH aBTOHOMHE K1JbIe (a30BOro aBTomiicTporoBanHsa yactotu (DAIT)
3 KEpOBaHUM I'€HEPATOPOM, 110 3BUYANHO YCKJIAJHIOE TOOYA0BY CUCTEMHU.

Jlpyra mpuumHa — peaiizalfisi OaraTOKaHaJIHHOTO MOJEMY 3 KOTE€PEHTHUM
METOJIOM TpuiloMy Ha 0a3l eJeMEeHTHOI 0a3u cepelHbOI IHTerpallii MpecTaBisiia
JiesIKe YCKIJIaTHEHHS 1 He 3HAMIIIA MOMIMPEHHS. 3 TIOSIBOIO MIKPOIIPOILIECOPHOI TEXHIKH
3'sIBUJIACS MOJKJIMBICTh peai3yBaTH MPAKTUYHO OYyIb-AKl alrOpUTMH, IO JEXKaTh B
OCHOBI Takux cuctem [29].

Bigomi okpemMi aaropuTMH KOT€pEHTHOI OOpOOKHM 0araTOYaCTOTHMX CHUTHAIIIB
MpU3HAYEH] JJI1 KOHKPETHOI 16-MO3UIIiMHOI KOHCTPYKIli CUTHAIY 3 KBaJApaTypHOIO
amMIutiTyiHoI0 Moxyssmiero QAM-16. KorepenTHe mifCTpOIOBaHHS MPOBOJUTHCS B
TaKUW CIOCIO: aHANMI3YIOThCS MPOEKIT MPUUHATOTO CUTHATy Ha HEKOTepEHTHI OcCi,

MOTIM 3HAXOAUTHCA BEJIWYMHA PO3ODKHOCTI B TOJIOKEHHS MPOMOHOBAHUX
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KorepeHTHUX oced. Ll BemmumHa (KyT) HPOTSATOM JAEAKOTO Yacy YCEpeIHIOETHCS,
NOTIM MIiJKOPEKTOBYIOTBCA OCI 1 3HAaXOIAThCA HOBI MPOEKIii, MICIAsI IOrO
npuitMaroTbest piteHHs. Po3srisHemo ocoOnuBocTi nux anroputmiB. [lo-mepie, B
HUX yCepeJHEeHa BeIWYMHA MiJJA€TbCAd HETIHIMHUM MEePETBOPEHHSM, IO MOTIpIIye
XapaKTePUCTUKH OIIHOK y TIOPIBHSAHHI 3 MaKCHMAaJIbHO  MPaBAONO10HUM
omiHOBaHHM. [lo-apyre, 3acTOCYyBaHHS IIUX AJTOPUTMIB Ma€ TPYIHOII, TOMY IO
BOHM CKOHCTPYWOBaHI TIIbKMA JUJIsl OJHIE] BHU3HAUEHOI KOHCTPYKIi CHUTHAIIB.
HapemTi, nmocnmimkeHHS 4HCIa OMeparliii Ioka3ajo, I0 IIporpaMHa peai3allis
JIEMOIYJISATOpa, SIKA BHUKOPHUCTOBYE TaKOTO THIy QJITOPUTMHU OOpOOKH cHUTHAIY,
CKJIa/iHA.
TakuM 4YMHOM, CTaHOBUTH IHTEpEC PO3pOOKa YHIBEPCAIBHOTO AITOPUTMY
KOTE€PEHTHOI 0OpOOKM 0araTtono3uiliiHUX CUTHANIB y OaraTokaHaJdbHUX MOJEMax.

OnauH 3 MOKJIMBHX TIIXO1B JI0 PIIICHHS 1€ 3a71a41 TOJISTAa€E B HACTYITHOMY.

3.1. Oco0ymBoOCTI i HISAXM BHUPILIEHHSA 3a/1a4i KOIrepPeHTHOI0 MPHUIIOMY

0araTo4acTOTHUX IPYNOBUX CUTHAJIIB

Ak BiIOMO, PO3MOAUT KaHAJIBHUX CHUTHAIIB Yy JAEMOAYJSATOPI KOT€PEHTHOTO
MOJIEMY 3IIMCHIOETHCS 3a JOMOMOTOI0 aKTHUBHUX (iIbTPIB (KOPEIATOPIB), y SKUX
OOYHUCITIOIOTHCST TIPOCKINi CHUTHANIB Ha KOOPAMHATHIM OCl TpuiimMadya. AJroputm

oOuuncieHHsT CMH(A3HOT KBapaTypHOi PoeKIil (X, , Y,) K -ro kaHaibHOTO CUTHAITY

Ha N-1 ITOCUJIL Ma€ BU:

nT -
Xn =[S Tosaktdt,

11 (3.1)

nT -
Vo= [SCSinoktdt
617
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ne S(t) — npuiHATUI TPYyHOBHUIl CUTHAJ.
Sk BIiIOMO, aJITOPUTM ONTHMAJIBLHOTO JAEMOIYJIATOpa IOJSITa€ B OOYMCIICHHI

BIJICTaHI MK MPUMHATHUM 1 BaplaHTaMH IEpelaHOro CUTHAIY W y BHOOpI BapiaHTa 3

. * * ces o .
HAaUMCHIIIOIO B1JICTAaHHIO. }{KHIO IMO3HAYUTHU YCPC3 Xj’yj IIPOCKIIll J -TO BaplaHTa

nepeganoro curtany (j=1, 2, ..., m) Ha Ti K onopHi KoJmBaHHs (Bupa3 1.1)

nT
Xj*: _“Sj (:COS&)ktdt,
¢-17
(3.2)

nT
yi*=[S; €Sinwktdt,
617

TO BUIIC 3a3HAYCHY BiI[CTaHB MOHa IIPEACTABUTH SK:

dn:\/(n_x}c‘j"'(/n_y);\j (3.3)

1, OTXKe, HOMEp NEPEITaHOTI0 CUTHAITY €:
: . « 2 « 2
|:argm}n[(n—xj)+ (n—yj)} (3.4)

Jlnst peanizaiii anroputMy (3.4) HE0OXiTHO 3a TPOECKITIEID TPUWHATOTO CUTHATY
o . . * * . . .
Xn, Yp Ha JICAKIH MHOXHHI MOCHJIOK OLIHUTH 3HAYEHHSA Xj, Yj JUIsL yCiX BapiaHTiB

CUTHAITy. AJNTOPUTMH OIIHIOBaHHS 3aCHOBaHI Ha YCEPEIHCHHI THUX YM I1HIIHMX
napameTpiB curHaiy. [Ipu 11boMy B SKOCTI yCepeIHEHUX BEIMYWH BapTO BUOUpATH
JesIKl TIEPETBOPEHHSI  BUXIIHMX MapaMmeTpiB X,, Y,, AKl 1HBapiaHTHI 1O HOMeEpa
NepeaHoro curHany. TakuM 1HBApiaHTHUM MEPETBOPEHHSIM €, 30KpeMa, KyT MIiX
NPUAHATAM 1 HAHOIMKYUM IO HBOTO MEpeaHuM BapianTtamu curaany [118].
PosrasitHeMo MeToJ OILHIOBaHHS BapiaHTIB MEPEJaHOr0 CUTHANY MUIIXOM
YCEpEeIHeHHs KyTa MK MPUUHATUM 1 HalOJIM>KUKUM 10 HbOTO MEpPEe]aHUM BEKTOPOM

CUTHAIY.
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Oo6uncaroemo Ha N MOCUIKax CepeiHIO0 aMILTITYAy CUTHAITY

N
Ap = 2R @9

Buznauaemo ycepenHeHi 3HaYCHHS aMILTITY] YCiX BapiaHTIB CUTHAITY

ne o — KoedilieHT, Mo BiANOBIKa€ j-y BapiaHTy CHrHAIY, IO 3aICKHUTh Bil

TUITY 00paHOi KOHCTPYKIIli CUTHAITY.

3HaxomuMo COSAQ 1 Sin A, e AQ - KYT MiX MPUAHITAM BEKTOPOM X, Y, 1

. o o * *
JI03BOJICHMM BEKTOPOM (OLIHKOIO), HAKOIMKINM [0 IPUAHSTOTO ( Xjq, Y jn ), TOOTO

* *
Xn 'Xjn + Yo yjn

2 Jin 3.7)
VX2 y2 Xy

CoS AQ,, =

B nanomy Bumanky mepen0adaeTbesi, M0 € JEsAKi OIIHKU MPOEKIIN X i Y

BaplaHTIB MEPEJAHOT0 CUTHAIly, Ha MIACTaBl SKUX JEMOAYJSATOpP MpHUIME pIillIeHHS,
SKAW 13 CUTHaJIIB mepeaaHui. B  SKOCTI MOYaTKOBUX OIIHOK MOXYTh OyTH
BUKOPHUCTaHI MPOEKIIi NEPIIOi 3 MPUUHATUX MOCUIIOK.

YcepeaHtoeMo oTpuMani C0S A@, 1 Sin A, :

N
COSAQ, = % Z 0SAQ,

”N (3.8)
sinAg, = % Z inAg,

Tenep BapTO 3MIHUTH OIIHKM MPOEKIIA CUTHATy TaKUM YHUHOM, 100 (aza

BIATOBIZHUX BEKTOPIB 3MiHMIACSK HA AQ,, a aMIUNTy/a crajna piBHOI A;. YTO4YHEHI

** **

OLIIHKH MPOEKIIT j—TO BapiaHTa Xj 1 Y JIOpiBHIOIOTH:
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X" = A cos@” +AG, |
o e (3.9)

yJ = Aj SN ‘)J +A(pn/,
qu HiCHﬂ TPUTOHOMCTPHUYIHUX IICPETBOPCHDb!:

~

yi = A (n ©j COSAQ, +COSQ;Sin Ay, ,
=

- N _ . (3.10)
Xj = A (oscpj COSA@, —sIn ¢ sin Aoy, .,
Po3kpuBim 3Ha4eHHs SiN (pj 1 COS (p’; , OJIEP)KUMO:
Vi =a; €] cosAG, + X;sin AG, ,
- . _ . N (3.11)
Xj =aj (J COSA([)n — yJ SIn A(pn/,

Ae o - Koe(iIieHT, 10 MpUiiMae BU3HAYEHE 3HAYCHHS y 3aJIeKHOCTI B HOMeEpa

BEKTOpa i BUOpPAHOI KOHCTPYKIII curHamiB. Llell alropuT™ KOrepeHTHOro Mpuiomy
0araTomo3uIiiHUX CHUTHANIB y OararokaHalbHUX MOJIEeMax HE € alrOPUTMOM
MaKCUMAaJIbHO MPaBIONOIOHOTO OI[IHIOBaHHS. PO3risiHYyTHI aJropuTM, Ha BiAMIHY
BiI BIIOMHX, € YHIBEpPCaJIbHUM, TOOTO HOTO MOXXHaA 3aCTOCOBYBATH B CHCTEMax
OaraTtomo3uiiiHuX curHamiB. Ilpum 3MiHI CHCTEMH CHTHAIB 3MIHIOIOTBHCS TIJIbKH
koedimientn o j y dopmymi (3.11). Leit aaropuT™ Opi€HTOBaHWH Ha peami3alio
JNEMOJyJIITOpa 3a JOMOMOTrOI0 MiKpompoliecopiB. BiH, mpoTe, BoJoAie THUM
HEJI0JIIKOM, IO BHACIIJOK HEMIHIMHOro nepeTrBopeHHs (auB. ¢hopmyny 3.7) OLIHKU
MPOEKIIiT BapiaHTIB CUTHATY HE € €()EKTUBHUMHU.

Jlns onepxanHs e(EeKTUBHUX OLIHOK BapiaHTiB curHany Xj i Y; Bapro
CKOPUCTATHUCS TPABUIOM MaKCHMaJbHOI MpPaBAONOAIOHOCTI, IO Y CHOJY4YEHHI 3

npaBuwioM BuOopy (3.4) macTh ONTUMAJIBbHHUI aJrOPUTM KOTEPEHTHOI O0OpOOKH

PO3TIITHYTUX TPYIIOBUX CUTHAIIIB OaraToOKaHAJTbLHUX MOJIEMIB.
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3.2. CuHTE3 ONTHMAJIBHOIO AJTOPUTMY KOTepEeHTHOI 00pPO0KH 0araTro4acTOTHUX

rPpyNoOBUX CUTHAJIB

Curnaim 3 aMIuTTy1IHO-(pa30BOI0 1 aMILTITYTHO-()A30PI3HUIICBOIO MOIYJISIIIEI0
(ADPM) 3BUUAIfHO 3aCTOCOBYIOTHCS JJISI IOCATHEHHS! BUCOKUX MTUTOMUX IIBUIKOCTEH
nudpooi nepemaui (3 Oit/cek. I'p 1 OuUIbI) y KaHaidax 3 >KOPCTKUM OOMEKEHHSIM
CMYTd 4acTOT 1 MOPIBHSHO N0OpOI0 eHepreThkoro. HalOinbin BIZOMHMH 1 4acTo
BUKOPUCTOBYBaHUMHU € 16-Tm mo3uuiiiHi cuctemu APM 1 ADOPM curnanis, 0o
BIAMOBIAae 4-u KpaTHIA MaHIimyssaiii. Bigomi BUNagku MpakTUIHOTO BUKOPHCTAHHS
CUTHAIIB 1 OLIIBIII BUCOKOI KPATHOCTI.

Posrasiuemo 3araiibHuii BUManok U(poOBOi mepenayi 3a JOMOMOIOK m —

MO3UIIMHOTO CUTHATY 3 JOBUILHUMHU aMIUTITYAaMHU &, 8,...a 1 MOYaTKOBUMHU (azamu
01, ¢9, ey Oy, HE pOOISTYM TIOKM 1O pi3HUIT MK ADM 1 ADPM. Ilpu Ttaxiit

MOCTAHOBIII 3amayi |- BapiaHT MEpPEAaHOTO CHUTHAIY MOXKHA TIPEJACTaBUTH B

HACTYITHOMY BUTJISIIL:
S; € =a;sin Gt +¢; , i=12,.,m. (3.12)

VY kaHaji 3 TayCCOBCHKMM HEKOPEIbOBAaHMM IIYMOM ONTHUMAJIbHUMA aIrOpUTM
npuiiomy curdaiib (3.12) moxe OyTH cPOpMyNbOBAHHI TaKUM YUHOM: (DIKCY€ETHCS

nepeiannii i-i BapiaHT CHTHAITY, SIKIIO IPH YCiX | # 1 Mae Miciie HepiBHICTb
! ~ ~2 ! ~ ~2
(kG- Cdt< [FC-s; Cat, (3.13)
0 0

ne X(t) — npuiHaTHI curHai, T- TpUBaIICTh MOCHIIKH.

;
i=argmin [k s; Cdt (3.14)
0
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[Tpu uudposiit 00poOIIl 3pYyUHO MEPEXOAUTH BiJ BUCOKOYACTOTHOTO CUTHAIY
(3.13) mo #oro BimoOpa)kKeHHS 4Yepe3 KOOPAWHATH B JIBOMIPHOMY IMPOCTOpi, IO Ha
MPaKTHIl BIJMOBIJA€, HANPHUKIAJ, OIEpalisM TMEPEHECEHHS YU CHEKTPY IMOILTY
OpPTOTOHAJbHUX KaHAJTBHUX CUTHAJIB y OararokaHajibHIi cucTemi.

Otxe, Hexal BiOMI OOYMCIICHI Ha IHTEpBaJIl OJHIET TOCHUJIKH IPOEKIIIT

npuiiHgaTOoro curHaiay x(t) 1 cur"ams (1.12) Ha omopHi KOJHUBAHHSA 3 JOBUIBHOIO

dazoro ¢g:
T - - )
Xo = [x€ Cos @t +qq dt,
2 ! (3.15)
Yo = [x€Sin Gt +oq Gt
0
T ~ ~ )
X; = [s; € Cos Gt +g; dt,
. ! (3.16)
y| = J-Si (ZSII’] (0t+(pi Ejt,
0
1=12,..m

Toni ontumansHU anroput™ (3.14) MokHa NPEICTABUTH B HACTYITHOMY BH/II

.
i=argminj[<0—xj yj/]jt (3.17)
0

Bximni B (9.17) 1=12,..,m BequuuHu X, 1 Y, BU3HAYAIOTHCS, K BHIHO 3

(3.15), y pesyabrati 0OpOOKHM IOTOYHOT MPUHHSTOT MOCHIIKK CHTHAITY, & BEUIUHA X
1 Y}, 9UCIIO SKUX JOPIBHIOE 2m, IIOBUHHE OyTH BIAOMHM ampiOpPHO Y B O0YHCIICHI

(owiHeHH1) y mpoIieci NpUoMy MOMEPeIHIX MOCUIOK CUTHAITTY.



72
Jltst OGUUCIICHHS! OLIIHOK IPOEKLIIT BAPIaHTOM CHTHATY X; 1 Yj CKOPHCTaEMOCS
METOAOM TMPHUBEACHHS W yCepemHeHHS NpOeKIii mnpuitHaroro curHamry. Ha poib

YCepEeIHEHUX BEJIMYMH BHOEpPEMO Jii BU3HAUEHOCTI MPOEKIli MEepIIoro BapiaHTy

(3.12), To6T0 BenmumHM X; 1 Y; (muB. 3.16), M0 HHUX ke OyaeMO MEepeTBOPIOBATH
(MpUBOAMUTH) 1HIN BapiaHTU MPHUIHATOTO CHUTHAIY B MPOLECI MiJCTPOIOBAHHS TI0
iH(opMaliitHOMy CUTHaM. SKIIO MPUHHATHI CUTHAI X(: MICTUTh Ha 1HTepBayi N
MOCWJIOK CHUTHAIIY S (: B CyMillll 3 TayCCOBCHKUM IIIyMOM, TO, fK BIJOMO,

MaKCHMaJIbHO MPaBIONOIIOH] OIIHKY [IUX BEJIMYMH X, 1 Y; PiBHi:

~ 1 N
X = N 2 Xon
n=1 ! (3.18)
- 1N
Y1 = WnZ::1YOn1

e Xon 1 Yon - BemnuuHU npoekuii (3.16) Ha iHTepBai N—0i MOCUIIKU, @ XBUJISICTOIO
JHIEIO HAT X; 1 Y; BIA3Ha4Ya€eThes, MO 1e omiHku. Ominku (3.18) € He3MileHnMu i

eeKkTUBHUMHU. IX MoxkHa copMyBaTH y He3MillleHi i e(eKTHBHI OLIHKM MPOEKIii
BCIX IHIIMX BapiaHTIB CUTHAIY, L0 BXOJAATh B ONTUMalbHUU anroput™ (3.17). s

L(bOT0 BBEJEMO MO3HAYCHHS (0 j = (1 +AQj, yTBOPHMO MPOCKILIIIO B TAKUH CII0CIO:

T ~ -~ aj T ~ -
X =(I)ajsin‘)t+(pj/aosin()t+(po/dt=a—(j)alsin‘>t+(p1+A(pj/aosin()t+cp0/dt=
1

aj T - - T - -
= ——[cosAgj Jasin @t + 1 Qpsin @t + g dt +sin A j [Qsin €t + @1 _agsin @t + o dt]=

aq 0 0
aj T -~ - T ~ -
=—"[cosAoj &) sin Gt + 91 agsin @t + og dt —sin Ao j Jag sin Gt + 91 agcos@t + o dt]=
a1 0 0

~

(3.19)

=

a;
:a—J(lcosAq)j — Yy15inAQj
1
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AHaIOTIYHUM YMHOM OJIEPKY€EMO IPOEKIII0 y;. 3aMIHMBLIN TENEP BEIUYUHU

X, 1y, IXHIMU OIL[IHKaMH, OTPUMAEMO:

N

- a; ~ . ~
X =a—JflcosA(pj —§ysin Ag; ,
1
(3.20)
- a; ) - ~
Vi =a—1(15|n AQ; + ¥, C0SAQ;
1 y

ne Agp; - Bimoma pi3HuLA (a3 MK CUTHajmaMu S (t) 1 S,(t).

3a3HaunMo, M0 IpU 00UMCIIeHH] OIIHOK 10 (3.20) HeMae HEOOX1THOCTI MaTH
iH(OpMaIiI0 PO aMILIITYy 11 BapiaHTiB CUrHAY a; 1 a,, @ JOCUTh 3HATH BIJHOLICHHS
IMX aMILITYA a,;/a, .

OTpumaHi  aJdropuTMH  BHPINIYIOTH  3a/layy  KOT€PEHTHOTO  MpUHOMY
Oararonozuriiitnoro A®M curHany mpu HasSBHOCTI CHEIaIbHOTO CHHXPOCHUTHAIY,
0, HampukiIaa, nepeaye nepedadi iHbopmamiiHux nocuwiok: 1o (3.16)
OOYHUCIIOIOTHCST TPOEKINT CHHXPOCHUTHAIYy Ha OINOpPHE KOJWBAHHS 3 JIOBLIBLHOIO
no4aTkoBow (azoro, moTiM 1o (3.18) BU3HAUYAIOTBHCS OLIHKH MPOEKIIN MEepIIoro
BapiaHTa curHaily X1 Y,, mo (3.19) oOuuCHIOIOTBCS OIIHKK MPOEKI[H yciX m
BApIaHTIB CUTHAY 1, HAPEIITi, OTPUMaHI OLIHKK X; 1 Y;; YCi BapiaHTU CUTHAy
HiJICTAaBIAIOTECA 3aMicTh X; 1 y; B amroputMm (3.17), mo sKOoMy NIpPOBOJIUTHCS
JEeMOTYJISIIisl IHPOPMAIlIHHUX TTOCUJIOK.

[Tinkpecaumo, 10 pO3TIISTHYTHI aJTOPUTM OPIEHTOBAHUIN HA MIPUHOM CUTHAITY 3
abcomoTHor0 ®M, TOMY IIO HAsBHICTh CHHXPOCHUTHATY BHUKIIFOYA€ HEBH3HAYCHICTH
MOYaTKOBOI (pa3u, 110 3aBakae 3aCTOCYBaHHIO a0COTIOTHOI (Da30BOT MOTYJISIII.

[ToBepHeMOCST Temep 10 PO3TIASHYTOTO AITOPUTMY 1 MPHUCTOCYEMO HMOTO [0
BUMAAKY — MPAKTUYHO HAWOLIBII BAXKJIMBOTO — KOJIM CHUHXPOCUTHAN BIJICYTHIM 1
“miACTporOBaHHS” MPOEKIli 3pa3KiB CUTHATY MPUXOAUTHCSA BECTH OE3MOCEPEeNHbO MO

iHOpMaLIHHUX TOCHJIKAaX. Y JaHOMY BHMAJKy HEOOXIJTHO YCEpEAHIOBAaTH HeE
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npoeKiii MPUAHHATOro CUrHaiy, a 3BefeHl npoekuii. [Ipu 1poMy omeparrisi 3BeieHHs
MOJISATAa€ B TIEPETBOPEHHI MPUUHIATUX MPOEKIIN 10 MPOEKI[iH, HAPUKIAJ, MEePIIOro
BapiaHTa CUTHAJy 3 BHKOPHCTAHHSIM NPUIHATOTO PIlIEHHS MPO IMEepeJaHuil 3pa3ok
CUTHAIy.

Hexait, sk 1 panime, Ag, - pi3HUIA a3 MK BaplaHTOM CUTHaTY, Ha KOPHUCTh

SAKOTO TMPUUHATE PIIIEHHS Ha N-1 MOCWJI 1 HEpIIMM BapiaHTOM CHUTHalIy, a, -

n

aMIUTITy/la CUTHAITY, HA KOPUCTD SKOTO MPUMHSTE pillieHHs Ha N-1i1 mocumi. Toal Ag,

npuiiMae 3HAUYEHHS 3 JTUCKPETHOI MHOXKHMHHU J103BOJIeHUX (a3, Bu3HaueHux B (3.12).

[Ilo cTocyeThes a,, TO 1 BEIWYMHA JIOPIBHIOE (DAKTUUHIN aMILTITY/Al, MPUAHATIN Ha

N-1f MOCHJII 3MIIIAaHUX CUTHATY 3 IIIYMOM, OJTHaK Hajajl BOHA OTOTOXXHIOETHCSH 3
aMIUTITYJIOI0 TOTO BapiaHTy CHTHally, Ha KOPUCTh SIKOTO BUHECEHE PIIICHHA Ha N-iil
MOCHJIIl. XBUJIACTOI JIIHIEHD B 000X BHIAJKaX IIIKPECIIOETHCS, IO II OIIHKH

(aKTUYHO MOXYTh OyTH MOMWIKOBUMU. TOM1 3BE€€H1 NpOeKLii X,, 1 Y,, IPUUHITOrO
CUTHAILy Ha N-it TOCWILI OOYMCIIOIOTLCSA Yepe3 NPUAHATI MPOEKUil X, 1 y 32

dbopmynamu:

a ~ L~ =
Xin = a-_l €on COSAQ,, + Yo, SN Ay,
n
(3.21)

& ~ -
Yin = 5_ ‘/On COSA®y, — Xop SIN AQy,
n

[Tinkpecnumo, mo a, 1 Ap, BU3HAYAIOTHCS PIMIEHHSM PO MepeaaHuil Ha N-ii
MOCHJILII BapiaHT CUTHATY, IPUHHSITUM 32 Pe3yJIbTaTaMu 00OpOOKH BEIUYUHU X, 1 Y, -

Hami, sk 1 B ajaropuTMi NOpUHOMYy IO CHHXpOCUTHanmy, BenuduHu (3.21)

yCepEIHIOIOThCS:
_ 1 Na - ]
X = W Zé—_(xon COSA(Dn + Yon SN A(ﬂn)
~ a ~ . ~
Yi=— ZTl(YOn COS A@y, — Xon SIN Agy,)
N n=18n

/
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Bigminnictes anroputmy (3.22) Big (3.18) momsirae B tomy, mo B (3.18)
YCEpEeIHECHHS TPOBOIUTHCA Ha IHTEpBal CHHXpocurHany, a B (3.22) — Ha
“mMHHOMY” 1HTEpBaJi B M TOCHJIOK, IIO TEPEenyroTh OOpoOIOBaHIM B JaHUM
MOMEHT.

Bigznaunmo, mo mpu oOumcneHHi omiHOK mo (3.22) Hemae HEOOXiTHOCTI B
anpiOpHUX 3BEJICHHAX PO CEPEAHIO MOTYX HICTh CUTHATY, 1110 3HAXOAUTHCS, TOMY 110
B 1I€H aJITOPUTM BXOJSTh TUIBKU BIIHOIICHHS aMILTITY/I.

Takum uyuHOM, chiBBigHOmeHHs (3.21), (3.22) pazom 3 (3.17) yTBOpATH

IIYKaHUH arOpUTM KOTEPEHTHOI 0OpOOKH.

Pucynok 3.1 - KorepenTHa o0poOka pagiocurHaity

Bapiautu pisauip ¢asz Ag j, He0OXinHi 11 o0uncIeHHS 0 popmyrnax (3.20) i

(3.21), HeBaXKO BU3HAYUTHU 3a puc.3.2.
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Pucynox 3.2 - I1licTHaAIATHTIO3UIIIMHAN CUTHAJ 3 KBaJAPaTyPHO-aMILII Ty THOIO

moaysiiero (QAM)

Jns nedkux BapiaHTIB 3pyYHO OOYMCIMTH OE3IOCEPEAHBO CcosA@, 1 sinAg,.

Hanpukian, g curaany 3 HOMepoM 4 MaeMo:

SinAg; —Sin(q)—z)—l(sin¢ — COoSs@ )—i Ya - X4 —i(i—i)zi
J 47 2 4 YUV2 e ryZ JxZ+yz Y2 V10 V100 VB
r 1 . 2
cosAp; =cos(¢, _Z) = 5(smgo4 +cos@,) = i (3.24)

TakuMm 4yuMHOM, HpU NpuioMi 4-r0 BapiaHTy CUTHATY 3BEACHI MPOEKIi 3rigHO

(3.21), (3.22) 1 (3.23), 00UHCITIOIOTHCS 3a POPMYJIOFO:
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a 2 1 1
Xin = a_l(xon E ~ Yon E) :g(zxon - yon)’
4
3.25
Ay 2 11 .
yln a4 yon\/g on\/g 5 yon on/:

AHanoriyHUM  YWHOM, JJs  2-TO  BapiaHTa  CHUTHAIY  OJIEPKYEMO

2 | a 3BesieHi MPOEKIii mpy mpHifoMi 2-ro BapiaHTa CHTHAILY

SinAg, :—i, COSA@, =

J5
JIOPIBHIOIOTH:
1
Xin = g (2X0n - yon)
(3.26)
1
Yin = g (ZYOn - Xon)

TpuronomerpruyHi QyHKIIi IHIIKUX (Pa30BUX BY3JIB CUCTEMU CUTHAIIB puc.3.21
oJlepkyemMo 3 (a30BUX KyTiB CHUTHaNIB 1, 2, 3, 4.

JificHo, 11 cucTeMa CHTHaliB (OPMYEThCS LUISIXOM MOJBIHHOI (Pa30BoOi
MOJYJIALII1, TaK 10 CUTHAIU 5, 6, 7, 8 OyAyl0ThCs MOBOPOTOM curHamiB 1, 2,314 - Ha
90°, curnamu 9, 10, 11 1 12 — moBopoTom curHaiiB Ha 180°, curnaymm 13, 14, 15, 16 —
IIOBOPOTOM Ha - 90°.

Ili 3BemeHi TMPOEKIlii yCepeaHIOITHCS, Y PE3YIbTaTl YOTO OJIEPKYEMO OIIIHKH
MPOCKIIIA Tepmioro BapiaHTa curHaimy X, 1 Yy,. Ilo dopmynax (3.20) pgam
OOYMCIIOIOTHCS OLIHKH BCIX MPOEKIIH X; 1 ;.

Crnig 3a3HauUUTH, IO PO3TIASHYTI TYT AQJITOPUTMU KOTEPEHTHOI 0O0poOKH
Oararono3uuiinux A®M uyn ADOPM curnamB = ocoOaMBO  3pyuyHI AN
OaraTokaHanbHUX (0araTo4acTOTHMX) CHUCTEM 3 OPTOTOHAJBHUMHU KaHAJIbHUMU
CHUTHaJaMH, TOMY IO B IUX CHCTEMax Ui TMOAUTYy OPTOTOHAJIBHHMX CHUTHATIB
BUKOPUCTOBYIOTHCS Ti K, IO M Y PO3MISIHYTUX aJITCOPUTMAX, MpoIeaypa 00U CIeHHS
NPOEKII TPUHHATOTO CUTHAIY Ha JBa B3a€EMOOPTOTOHAJIBHUX OIOPHUX KOJMBAHb 3

JIOBUTBHOIO TTOYATKOBOIO (Pa3olo .
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VY 6araToyacTOTHUX AEMOIYJSTOpaX ONOPHI KOJMBAHHS BCIX KaHANIB 3BUYAIHO
dbopmyeThCs BiJ OAHIET JOBUTHHOT YacTHHH. Pa3oM 3 TMM modyaTkoBi (a3u KaHAIbHUX
CUTHAJIIB MarOTh PI3HI 3CyBH, a B PsJly BHUIIQJIKIB BOHM B3araji cja0o 3B's3aHi
(HampuKiaa, y pajioKaHalax 13 CENEeKTUBHHMHU 3aTyXaHHSIMU — HEKOPEIhOBaHI).
Bracniiok 1mporo B OaraTokaHaJdbHUX JAEMOJIYJIATOpPaX Ba)XKO BUKOPHCTOBYBATU
MeTroau (OpMYBaHHS OMNOPHUX KOJMBaHb, 3aCHOBAHUX Ha IIJICTPOIOBaHHI (a3u
KEpPOBAHOTO TeHepaTopa.

OnucaHi aNrOpuTMH KOTE€pEeHTHOI OOpOOKM HE MOTpPeOYIOTh IMiJICTPOIOBAHHS
da3u ONOpHUX KOJMBAaHb KAaHAJIBHUX CHUTHAIIB 1 JO3BOJISIOTH JOCHUTH MPOCTO
peanizyBaTH K OpTOrOHAJIBHUMN MOJIIJ CUTHAJIB, TaK 1 KOTEPEHTHUH nipuiioM. [liiicHo,
JUIsL TIOJIUTY KaHajiB BHUKOPHCTOBYIOTHCS TI K OINOPHI KOJMBAaHHA, IO 1 TpH
ONTUMAJIbBHOMY HEKOTE€PEHTHOMY MPUHOMI, @ KOTEPEHTHUI MPUIOM 31CHIOETHCS Ha
MIJCTaBl MiJCTPOIOBAHHS BaplaHTIB CUTHAJTY B KOKHOMY KaHaji 0ararokaHalbHOTO

moaemy [30].

3.4 Moae/iloBaHHSI KOT€PEHTHOT0 0araTo4yacToTHOIO MOJIEMY

3anmaui, MO0 MOXYTh OYTHM BHPIIMICHI NIJISXOM MOJIEIIOBAHHS, (OPMYITIOIOThH
TaKUM YUHOM. 3ayBa)KMMO, III0 3alPOTIOHOBaHI aJTOPUTMHU KOTEPEHTHOI OOpOOKH
Oararonosuuiinux A®M uyn A®OPM curbamB = ocoOAMBO  3pydyHI AN
OaraTokaHanbHUX (0araTo4acTOTHMX) CHUCTEM 3 OPTOTOHAJBHUMHU KaHAJIbHUMU
CHUTHaJaMH, TOMY IO B LWX CHUCTeMax IJs PO3AUTy OpPTOTOHAIBLHUX CHUTHAJIB
BUKOPUCTOBYIOTHCS Tl K MPOUEAYPU OOUYHMCICHHS MPOEKLIA MPUHHATOTO CUTHAIY Ha
JIBa B3a€EMOOPTOTOHAJIBLHUX OMOPHUX KOJIMBAHHA 3 JOBUIHHOIO MTOYATKOBOIO (a3oio.

V¥ 6araToyacTOTHUX AEMOIYJISTOpaX ONOPHI KOJIMBAHHSA BCIX KaHANIB 3BUYAHO
(bopMyIOTBCS BiJl 3arajbHOTO 33/1al0U0r0 TeHepaTtopa. Pazom 3 TuM modatkoBi (a3u
KaHaJbHUX CHUTHATIB MalOTh Pi3HI 3CYyBH, a B Psjl BUIAIKIB BOHHM B3araii ciabo

3B's3aH1 (HampuWKIaA, Yy paJloKaHalaXx 13 CEJeKTUBHUMH 3aTyXaHHSMH —
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HEKOPETbOBaHHI). YHACTIIOK LBOr0 B OaraTOKaHaJbHUX JEMOAYJIATOPAX BaXKKO
BUKOPHCTOBYBaTH MeTOau (OpMYBaHHS ONOPHUX KOJMBaHb, 3aCHOBAaHUX Ha
MiJICTpOIOBaHH1 (pa3u KepoOBaHOTO TeHepaTopa.

Omnucani aaropuTMu KOTE€PEHTHOI OOpOOKM HE MOTPeOYIOTh MiACTPOIOBAHHS
da3u OmopHUX KOJMBAaHb KAaHAJbHUX CHUTHATIB 1 JO3BOJIAIOTH JOCUTH MPOCTO
peaiizyBaTH K OPTOrOHAJILHUN MOJIIJT CUTHAJIIB, TaK 1 KOTepeHTHUH npuiioM. [ificHo,
JUIS TIOAUTY KaHaliB BHUKOPUCTOBYIOTbCS Ti K OINOPHI KOJUBaHHSA, IO 1 TpHU
ONTUMAJIbHOMY HEKOT€pEeHTHOMY Ipuiiomi. KorepeHTHHI npuiiomM 311HCHIOETHCS Ha
MIJCTaBl MIJCTPOIOBAHHS BApIAHTIB CUTHATy B KOKHOMY KaHajl 0ararokaHalbHOTO
MOJIEMY.

1. BusnayeHHs: IMOBIPHOCTI MMOMUJIKU TPH 1/1€aJIbHUX OTIOPHUX KOJMBaHb
JUIsS. PpI3HUX BIAHOIIECHb CUTHaJ/3aBaja. lle 103BOJUTH BU3HAYUTH MOTEHIIMHY
3aBaIOCTIUKICTh JEMOJYJIATOPa MPU BUKOPUCTAHHI PI3HUX TPYIN 0araTorno3uiiiifHuX
CUTHAJIIB.

2. BusHaueHHss WMOBIPHOCTI TOMMJIKM TMpd (QOpMyBaHHI BapiaHTIB
CUTHAJIIB JIJIA PI3HUX 1HTEPBAIIB ycepeaHeHHs. Bu3HaueHHsT MiHIMAIBHOTO 1HTEPBATY
yCepeaHEHHs, MPU IKOMY 3aBaI0CTINKICTh OJIU3bKa 10 MOTEHIIMHOI.

3. [TopiBHSIHHA pI3HUX CHCTEM CHUTHAJIIB TI0 3aBaJOCTIMKOCTI MpHU
PO3TIITHYTOMY METO1 OOpPOOKH.

4. BusHaueHHsI TPUBAJIOCTI MOYATKOBOTO BXOJ/DKEHHS B 3B'S30K, a TaKOX
TPUBAJICTh BXOKEHHS TICIS PI3HUX 32 BETUYHMHOIO CTPUOKIB a3y CUTHATY.

[Ipu pocnimkenHi OyB BUKOPUCTAHUA METOJ| CTATUCTUYHOIO MOJEIIOBAHHS, Y
SKOMY BCl MPOIIECH 3aJal0ThCs Y BUI QJITOPUTMIB 1 OPIEHTOBAHMX HAa BUKOPUCTAHHI
U1 po3paxyHkiB Ha EOM.

Ax mxepeno auckperHoi iHdopmalii il MOJCIIOBaHHS Oyja BUKOPHCTaHA
nporpaMa (QOpMyBaHHs TCEBJOBHIIAJKOBOI MOCHiIOBHOCTI uucen Bix 0 mo 15.
MopentoBaHHsl JiSIHHS aJUTUBHOrO (UIyKTyal[ifHOrOo IIyMy 3acHOBAHOTO Ha

dbopMyBaHHI YHMCENl 3 HOPMAJIbHUM 3aKOHOM PO3MOALTY, HYJIbOBOIO CEPEIHBOIO 1
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3agaHo0 gucnepciero. L1 umcma, y cBO depry, MOXyTb OyTH OTpUMaHl 3
MOCIIJOBHOCTI TICEBJOBUIIAIKOBUX YHKCEN, PIBHOMIPHO PO3MOIUICHUX Ha 1HTEpBaii

(0, 1), Ha miACTaB1 HEHTPAIBHOI TPAHUYHOT TEOPEMHU TEOPii HMOBIPHOCTEH.
Monenroroya mporpama CKJIaJaeThbes 3 TOJIOBHOT 1 IEB'SITH MIAIPOTPAM.

VY 3ajmady TroJIOBHOI MOJENIOKYOi MPOrpaMy BXOJUTh: BBEAEHHA POOOUHX
MacHBIB; 3aBJaHHS NOYAaTKOBUX 3HAYEHb OKPEMHUM 3MIHHMM 1 MacuBaM, BBEJICHHS
BUXIJTHUX JaHUX CHUTHAJIB, IO XAapaKTepU3YIOTh 3aJlaHy CUCTEMY, 1 BIAHOILIEHHS
CUTHAJI/IIyM; 3BEpTaHHSA [0 PI3HUX MigIporpaM. ['0OJOBHOIO MPOrpaMoI0 TaKOXK
3IIACHIOETHCS MiIPAXYHOK IMOBIPHOCTI MOMMJIKH, K€pyBaHHS pOOOTOIO0 BCIX OJIOKIB

MOJIeJII 1 BUB1J Ha JPYK (MIPUHTEP) HEOOX1THUX BUXIAHUX JAHUX 1 pE3yJIbTaTIB.

J1J1st 3py4HOCT1 ONMUCY MO3HAYMMO MiANPOTpaMu BIAMOBIAHO HOMepamu 1, 2, ...,

Ilionpoepama 1 ycTaHOBITIOE MMOYATKOBI MapaMETPH CUCTEMHU 1 3a/1a€ HEOOX1THE

YHCJIO TIOCHJIOK YCEPETHEHHSI.
llionpoepama 2 3abe3nedye miIpaxyHOK BUTPAUYEHOTO Yacy PHU PO3PAXYHKY.

Ilionpoepama 3 3aiticHIOE BUIady BUumaakoBux uucen Big 0 1o 15, a Takox npu

HEOOX1THOCTI 3aBJJaHHS PI3HUX CTPHUOKIB (ha3 1 aMILTITYAU BX1AHOTO CUTHAIY.

Ilionpoepama 4 BUKOHYE 00'€MHAHHS BXIJHOTO CUTHAIIYy 3 IIIYMOM; BiJIHOCHE

KOJIyBaHHS CUTHaITY; oO0uncieHHs mo gopmym 3.17.
Ilionpoepama 5 npoBoauTh obuncieHHs 3a popmynamu 3.21 1 3.22.

Ilionpoepama 6 37a1iicHIOE OOYMCIIEHHSA AMCIEPCIi 3aBail y 3aJIeKHOCTI Bif

3a/1aHO1 BEJIMYMHU BIIHOIIIEHb CUTHAJI/IIIYM.
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Ilionpoepamu 7-8 3amar0Th CUCTEMY CHUTHATIB. 3HAYMMO, IO MPU TEPEXO/l B

1HIIIy CHCTEMY CUTHAJIIB MOTPiOHI JIHMIIe HEBEIMKI 3MIHU B IiAmporpamax 7 i 8.

Po3paxyHOK MpOBOAMBCA OKpEMO JUIsl KOXHOTO CHUTHAJIBHOTO Cy3ip’s 3a
noromoroto cuctemu ,,MathCAD ® v.7.0 Professional Edition”. Tekct mporpamu
HaBEJICHO B JI0JaTKy. B pe3ynbTaTi 3po0JieHUX po3paxyHKIB BU3HAYEHI IMOBIPHOCTI
MOXUOKHU JIJIsi PI3HUX BIIHOIICHb CUTHaJ/3aBaja. IMOBIpHICTh MOXMOKH BU3HAYAIACS
TakuM 4uHOM. [IopiBHIOBAIMCS HOMEpPHU NEPENAHUX 1 MPUUHATUX BEKTOPIB CUTHAIIB.
[ToTiM BU3HayanOCAd BIJHOIICHHS IOMUJIKOBE MPUUHITHX BEKTOPIB CHUTHANY O
3arajbHOr0 4YMClia MepeAaHuXx BeKTopiB. [lpuuomy, y 3aiexHOCTI BiJ OYIKYBaHOI
HMOBIPHOCTI MOXMOKHU OYB 3a1aHUil HEOOX1AHMI 00CcAT BUOIpKH Q.

[Ipu Bu3HaueHHI 00CATY BUOIPKUA JOIIBHO CKOPUCTATHUCS pe3yibTaramu. Sk
Bimomo [10] mmst koxHoro Q 1 3amaHoi iMOBIpHOCTI “MOBipeHHS” f TOOYIyBaTH

obmacTh, BcepenuHi Kol 3HadeHHs imoipHocti momuiku (P, ) cymicHo 3i

3HAWIEHNM y JOCBifi 3HaYeHHSM 4actoTu (P, ). 300pakeHi KPHBi, IO 0OMEKYIOTH
TakoX o6nacTi 1y pizHux Q mpu iMoBipHOCTI “moBipeHHs” B =09. Hanpuknan, mpu
P, =011 3a0e3neuenns intepsany “nosipenns’ [0.09 - 0.11], HeoOximuuii o6csr
BUOIpKH ckiaae ~ 200, mpu P, =0.07 1 3a0e3reucHHs inTepBany “moBipeHHs” [0.065

- 0.075] neobximamii obcsar ckimane ~ 1000. Takum ynHOM, 0OCAT BHOIPKH HEOOXITHO

20
BUOWpATH HE MEHIII —, — .

nom
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1 10 12 14 16 18 20 Ecp/No,p,B
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103

10+

Pucynok 3.3 - 3anexHicTh IMOBIPHOCTI IOMHJIOK BiJl BITHOIICHHS] CUTHAJI-IITYM

I'padiku, mpuBeneni Ha puc.3.3 UIFOCTPYIOTh 3aJI€KHICTh IMOBIPHOCTI IIOMMJIKH
P, BIJ BIITHOIICHHS €HEPTii CUTHATY JI0 CHEKTPAIbHOI MIUIBHOCTI TOTYXKHOCTI IITyMYy
st cuctemu curHainiB ADOM, 3o00paxenoi Ha puc.3.1. KpuBi Ha pucyHKy mo3Ha4eHi
muppamu 1, 2..9. KpuBa 1 xapakrtepusye MNOTEHUIAHY 3aBaJOCTIMKICTh AaHOI
CUCTEMHU CUTHAJIIB TPU CTPOTO KorepeHTHoMmy mnpuiiomi. KpuBa 2 oTpumana B
pe3ynbTaTi MOJEIIOBAHHS TPU TOYHUX OIMOPHUX KOJMBAHHAX 1 XapaKTepU3ye

MOTEHIIMHY 3aBaJOCTIHKICTh PO3pOo0IEHOTO airoputMy o60poOku. Kpusi 3...7

OTpUMaHi B pe3yjibTaTi MOJENIOBAHHS 1 XapaKTepU3yIOTh 3aBaJIOCTIMKICTh
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JIEMOIYyNATOpa TpPU KOTEPEHTHOMY TMPHIOMI CHUTHANIB s PI3HUX I1HTEPBAJIiB

ycepenHeHHs M, 110 BiAmoBiaHO Bubupanmcs pisaumu 1, 5, 10, 20 1 100.

- M =100 (xpuBa 3)
- M =20 (xpuBa 4)
- M =10 (kpuBa 5)
- M =5 (kpuBa 6)
-M =1 (xpuBa 7)

Kpusa 8 xapakTepu3ye T€OpETUUHY 3aBaJA0CTIMKICTh it 4 - kpatHOi ®PM npu
KOTE€pEeHTHOMY MeTo/l1 ipuiiomy. KprBa 9 oTpruMaHna eKciepuMeHTAIbHO B PE3YNIbTATI
71a00paTOPHUX JOCIIKEHb 48 - KaHaJIbHOIO MOJEMY 3a JOIOMOIrOK iMmiTaTopa
kaHay T4 tumy “xkanan 2”. Ilga kpuBa BH3HAYae peajgbHy 3aBaJIOCTIHKICTb
neMoaynsaTopa 48 - KaHaIbHOIO MOJEMY 3 ONTUMAaJIbHUM HEKOT€PEHTHUM METOIOM
npuiioMy, y SKOMY BUKOpUCTAaHUW 16 - MO3UIINWHWUN CUTHAJ, TPUBEACHHUN Ha
puc.9/3.7, (v2 y nBa pa3u Ouiblie HiX ul).

Ananmiz uwux rpadikiB (puc.3.3) mATBEpKYE BHUCHOBOK TIPO TIEpeBary
BUKOPUCTAHHSA KOTEPEHTHUX METOJIB NpUOMYy sl 0araTONMO3HMIIMHUX CUTHAJIB.
EnepretnyHuii BUrpam MOXKHa OJEPKATH SK BIJl 3aCTOCYBaHHS OlIbII €PEKTUBHOI
cuctemu curHamB (Hanpukiaa, QAM uym AOM), Tak 1 BiJ BUKOPUCTAHHS
PO3pO0JIEHOr0 AIrOPUTMY KOT€PEHTHOTO IPUIOMY.

VY naHomy BHIIJKy, MOPIBHSIBIIM KPUBY 3 1 KpUBY 9, BHIHO, IO CyMapHUU
BUrpall ckiagae ~ 31ab.

MiHiMallbHUI 1HTEpBaAJ yCEPEAHEHHs, 00YMOBIIEHUI YHMCIIOM MOCUIIOK M, mpu
SKOMY peajibHa 3aBaJIOCTINKICTh OJM3bKa M0 moTeHIiitHoro (puc.3.22), ckianae >20
MOCHJIOK.

Ha puc.3.4 300paxeHi KpuBi, II0 XapaKTEepHU3yIOTh 3aBaJOCTIMKICThH
KOT€pEHTHOIO MPHUIOMY CHUTHANIIB JUIsl PI3HUX M NpU BUKOPUCTAHHI KOHCTPYKIIT

curHainy QAM-16, npencrasienoi Ha puc.3.2. Kpusi no3naveni nuudpamu 1, 2...7, ne:



- KpuBa | - TeopeTUYHA 3aBaIOCTINKICTh IS II€T CHCTEMH CUTHAJIIB;
KOJIMBAHb;

- KpuBa 2 - OTpMMaHa B pe3yjibTaTli MOJEIIOBAHHS IS TOYHUX OIOPHUX
- kpuBa 3 - 1 M = 100;

- kpuBa 4 - nia M = 20;
KkpuBa 5 - st M = 10;

- kpuBa 6 - g M = 5;

-kpuBa 7 - mma M = 1;

1

12 14 16 18 20

Ecp/NO,,U,B

101

107?

103

104

Pucynox 3.4 - 3anexHICTh IMOBIPHOCTI IIOMUJIOK BiJl BiTHOIIICHHS
CUTHAJT-TITYM
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Ha rpadiky npeacraBineHa KiibKiCHa 3aJ€KHICTh HAOJIMKEHHS A0 11€aTbHOTO
BapiaHTa (iI€aJbHUM € BapiaHT, IpU SKOMY OTOPHI KOJUBAHHS - TOYHI; Ha rpadikax
puc.3.3 i puc.3.4 - 11e KpuBi 2) IpHU PI3HUX IHTEpBaANIaX ycepeaHeHHs M i cucTeM

curHaiiiB QAM i ADOM, npudomy A=h;, —h’,. JInsg 000X CUCTEM CUTHAJIIB YHCIIO

YCEPEeIHCHUX TOCWJIOK, TMPU SIKOMY 3aBaJIOCTIHKICTh OJIM3bKa N0 MOTEHINIIHOI,
noBUHHE OyTH He MeHI 20.

Ha rpadiky puc.3.5 npeacraBieHi KpuBi, 1110 XapaKTepU3yIOTh 3aBaJ0CTINKICTh
nBox cucteM curHaiiB QAM 1 AOM npu M=100. [TopiBHSIHHS IMX KPUBUX TOKA3ye,
[0 3aCTOCYBaHHSI CHCTEMH CUTHaIIB, mo3HaueHoi ADM nae sxkuiich (HE3HAYHMI)
eHepreTUYHUi BHUrpam y nopiBHsHHI 3 QAM, oAHak, iHOAI HA MPAKTHUIll JOIIIHHO
BUKOPHUCTOBYBATU 1 cucteMy QAM, KO 1€ CHPOINyE peari3aliio JeMOIyJISITopa.
[ToTiM mopiBHIOBAJIACS MOCIIIOBHICTh BEKTOPIB MEPEIAHOTO 1 MPUIHATOrO CUTHAIIB, 1
(diKCyBaBCs HOMEpP MOCHJIKHM, MOYMHANOYM 3 [KOI II MOCHIIOBHOCTI 30iranumcd. Lle
JTIO3BOJIMJIO BU3HAYUTH KUIBKICTh HEMPABWIBHO TPUUHATHUX TMOCWIOK CUTHANY, a,
OTKe€, 1 4aC BXOXKEHHSI B CHHXPOHI3M.

Bigznaunmo, 1m0 B mporeci BXOKEHHS B CHHXPOHI3M YyCepeaHEHHS
MPOBOJIUTHCA HE HA TJIMHHOMY 1HTEpBasli B M MOCUIIOK, @ Ha 1HTEpBaJl MPUMHITHX

MOCUJIOK CUTHAJY JI0TH, TOKH KIJTBKICTh MPUUHITUX MOCUIIOK HE ocarHe M.
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Pucynok 3.5 - 3anexHicTh IMOBIPHOCTI MOMHJIOK BiJl BITHOIICHHS] CUTHAJI-IITYM

s cuctemu curaainie AOM 1 QAM

Tomy, BU3HAYaIOUH, 1[0 CHUCTEMAa BXOJWTHh Y CHHXPOHI3M uYepe3 iHTepBal yacy
0 K TIOCWJIOK, HEOOXiJHO BpaxyBaTH, IO 3aJaHa 3aBaJIOCTIMKICTh, Oyje
3abe3nedyBatucs 4epe3 1HTepBas vacy M mocuiok. Ha pwuc.3.6 mpeacramieHa
KUIbKICHA 3aJIeKHICTh 3aBaJOCTIMKOCTI JEMOAYJSTOpA 0 1/1€ajJbHOTO BapiaHTy MpU

pizanx M.
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Pucynok 3.6 — KinbKicHa 3a1€KHICTh HAOJMKEHHS JI0 171eaIbHOTO BapiaHTy

npu pi3HUX M

I'padiku, mnpencrabineni Ha puc.3.7 1 puc.3.8, UIIOCTPYIOTh 3aJICKHICTh
MOYAaTKOBOTO BXOJKEHHSI B CHHXPOHI3M (puc.3.7), a TaKoX 3aJIeKHICTh TPUBAJIOCTI
BXO/DKEHHS B CHHXPOHI3M micist cTtpubka ¢asu (puc.3.8) Biag BiAHOIIECHHS
CUTHAJI/IIYM 1 BEJIMYMHU PO3OIKHOCTI MEPEeJaHOTr0 CUTHANY BiJl OLIHOK BaplaHTIB
CUTHAITy B JIEMOJYJIATOP1 1 BeauunHu cTprbka. [1o oci aGciuc BiaKIaaeH1 pi3HI KyTH
(Ap, rpam), MO XapaKTePU3yIOTh PO30DKHICTH MEPEAAHOIO CHTHAIY BiJ OI[IHOK
BaplaHTIB CUTHAIY B JAeMoayisTopl (puc.3.8) 1 BenuunHy cTprOKa (a3 nepesaHoro
curHary [lo oci opauHaT - BIAMOBITHO TPHUBATICTH MOYATKOBOTO BXOKCHHS 1
TPUBAJICTh BXO/KEHHSI B CHHXPOHI3M Mmicis cTpubka ¢aszu. KokHa kpuBa oTpumana

JJIs1 BU3HAYCHHA Bi,ZIHOIlIeHHHM CI/IFHaJI/HIYM Impu qyuci YCEPEAHCHUX ITOCHIIOK

piBaomy 10 (M=10).
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Pucynok 3.7 — 3anexHicTh TPUBAJIOCTI BXOJIPKEHHS Y 3B'SI30K BiJ] BETUYUHU

cTpubKa (azu NMpu pi3HUX BITHOIICHHSX CUTHAI-ITYM
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1, nocunok
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Pucynox 3.8 — 3anexHiCTh TPUBAJIOCTI TOYATKOBOT'O BXOKEHHS Y 3B'SI30K MpHU

PI3HUX BiHOIICHHSX curHa-myM (s M=10)

MoskHa 3poOUTH BUCHOBOK, IO TPU BiTHONICHHI CUTHAN/iyM He MeHie 201b
TPUBAJICTh MOYATKOBOTO BXOJ/KEHHS B CHMHXPOHI3M, a TaKOX TMIcis cTpuOka (dasu

CKJIaJac ~ 2 MOCWIKH.
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BUCHOBKU

VY MarictepchKiii poOOTI JOCHIIKEH] 1 MIPEACTABICH] YHIBEPCAIbHI allTOPUTMHU
ONTUMAJIBHOTO KOT€PEHTHOTO Ipuiiomy Oaratomno3uiiinux A®M 1 AOPM curnamnis
OararokaHalbHUX MOJIEMIB 3 OPTOTOHAJILHUMU CUTHAJIAMH.

1. Po3pobneHuii yHiBepcaldbHM alrOPUTM ONTUMAJIBHOTO MPUHOMY
Oararomosuriiinnx ~AOM CHUTHAJIIB B OaraTokaHaJbHHUX  MOJEMax 3
B32€EMOOPTOTOHAIBHUMH CUTHAJIaMU, OCHOBAHUN Ha MAaKCUMAJIBHO MPaBIONOII0HOMY
OLIIHIOBAHI BapiaHTIB CUTHAITY.

2. Po3po0rieHi KOHKpPETHI ajJrOpuTMH KOT€PEHTHOI 0O0pOoOKM e(EeKTUBHUX
CUCTEM 0araTomo3uIlIHHUX CUTHAIB.

3. 3a gomoMoOrorm craTu4Horo MojeiaoBaHHt Ha EOM  3HaiineHi
XapaKTEPUCTUKU 3aBaJIOCTIMKOCTI PO3POOJICHUX aJTOPUTMIB B 3aJ€KHOCTI Bij
TPUBAJIOCTI IHTEPBATY YCEPEAHEHHS OLIIHIOBAHUX MapaMeTpIB.

4. Bu3HaueHo, 110 3aBaJIOCTIHKICTh PO3POOJIEHOTO aNrOpUTMY KOT€PEHTHOTO
MPUIOMY CUTHAIB 3 MOBUILHO 3MIHHUMH MapaMeTpaMu HaOIMKeHa 10 TOTSHIIHHOTO

IIPU TPUBAJIOCTI ycepeaHeHHs Oinbie 20.
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1. ANALYTICAL PART

1.1  Analysis of radio signal processing methods

Analog systems (Advanced Mobile Phone Service - AMPS, Nordic Mobile
Telephony - NMT, Total Access Communications Systems - TACS) were developed
until the mid-1980s, when the growing need for "cheap" and affordable mobile
communication required a rapid increase in the number of users , although analog
communication was unable to cope with this due to its inherent technological
limitations: the complexity of dividing analog signals during multiplexing and the
small number of possible non-interfering channels led to the fact that it remained an
expensive and privileged communication). Generally speaking, any mobile
communication system, whether satellite, cellular or simply wireless, is a cellular
communication system, at least in the sense that it is a "regular" cellular
communication. Each of them uses a network of "base stations", each of which has a
certain coverage area. For satellites, these are "spots”, for cellular stations,
respectively, "cells". All zones differ greatly in area, which is inversely proportional
to the wavelength of the radiation used. All mobile communication systems have
common problems arising from some factors specific to each of them. All of them are
mass service systems with a limited number of channels, therefore, a limited number
of possible users. They use radio waves as a carrier, which is where the problem of
mutual interference arises during operation, the task of frequency-territorial planning.
Radio frequency spectrum is a limited natural resource and we have long had
problems with its distribution. Physics and technology impose limits on the frequency
range suitable for use in mobile communication, so there is a need for efficient
algorithms for multiplexing data on a single passband. There are three main
approaches and all of them are used in mobile communication and will be discussed

in the current review. Mobile communication systems make significant use of the fact
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that radio waves are strongly attenuated during propagation. The attenuation
coefficient k for a typical radio channel lies somewhere between 2 and 6, with an
average of 4. The signal power decays as exp(-kt). Therefore, to solve the problem of
interference, it is necessary to increase the distance between stations operating on the

same frequency (Fig. 1.1).

Figure 1.1 - An example of a solution to the task of frequency-territorial

planning

1.2. Wireless access methods

The concept of multiple access in wireless communication is based on the
isolation of signals related to different channels within the used domain (carrier).
Spatial, frequency, temporal, and code domains are distinguished. Access methods are
distinguished according to domains: frequency division multiple access - FDMA
(frequency-division multiple access), time division - TDMA (time-division multiple
access), code division - CDMA (code-division multiple access). The main idea of all
three methods is to use orthogonal or nearly orthogonal signals. At the same time,
correlators are used, which project the received signal into the subspace of the desired

signal without any influence of extraneous signals.
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Guard Time

Time
(b) TDMA

(a) FDMA

(c) CDOMA (FH) Ime

Figure 1.2 An example of different access methods

FDMA - signals belonging to different channels use non-overlapping frequency
bands and therefore can be easily separated using appropriate frequency filters. At any
moment in time, any user uses a unique frequency range and as a result the signals
from different users are purely orthogonal, at least in the ideal case. In practice, it is
impossible to completely exclude the influence of neighboring signals on each other,
which leads to the need to introduce some protective bands in which reception and
transmission are excluded, but at the same time narrows the space suitable for use. It
is useful to combine FDMA with time-division duplexing (TDD - time-division
duplexing), in which the subscriber device and the base station communicate on the
same frequency band in turn. Specificity of the channel: when using FDMA, the
transmission is carried out continuously compared to TDMA. Therefore, interference
between transmitted symbols is practically absent and the signal delay time (1-10
usec) is small compared to the duration of the symbol (~ 40 usec). The Doppler effect
when the source is moving (for example, a car on an expressway) is also small (1-100
Hz) compared to the channel width (~ 100 kHz). Thus, the equipment of the base
station is relatively simple. If you combine FDMA with TDD, the base and subscriber

equipment use the same frequency range. In this case, almost all the work of signal
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processing can be put on the base station, using at least two antennas: they must
modulate the radiation in such a way, using the characteristics of the last subscriber
transmission, that the two waves coherently interfere at the subscriber antenna. The
subscriber device will use the same parameters for reception and transmission,
without the need for a rectifier and other complex equipment. This becomes possible
because two devices use the same channel, even if it is a virtual (segmented) channel.
Effect of antenna height: in cellular communication, the requirement of continuous
communication for a mobile subscriber leads to the requirement of a large area
covered by a single base station (up to 30 km). As a result, the antennas of the base
station have a comparatively greater height with a sufficiently high power of the
emitter. When using FDMA ¢ TDD, the subscriber terminal and the base emit in the
same frequency range, so there may be a problem of interference introduced by
neighboring bases into the signals from the subscriber. Therefore, it is worth
increasing the distance between bases operating in the same range.

TDMA - different channels use different time slots and are distinguished by the
base station by their reception time. Signals are grouped according to the round-robin
principle. Quite simple filters are used on the base to separate the signals of different
subscribers. Guard time can be made as small as the requirement of synchronization
of the entire network will allow. Usually these are intervals of 30-50 msec. at the
same time, all subscriber devices must be uniformly synchronized with the base
station, for this, a single time is broadcast on one of the broadcast channels of the
base. TDMA can be combined with TDD or FDD (frequency-division duplexing).
The first connection is used when there is a small difference between the antennas of
the subscriber device and the base (for example, it is used in the DECT wireless
telephony standard). With a high base antenna height, the use of FDD is more
effective, which is typical for cellular communication. In this case, different channels
are used for reception and transmission, so it is not possible to "lighten" the subscriber

device - it is necessary to implement a complex antenna (multi-frequency) and
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rectifier (equalizer) both on the subscriber device and on the base station, which
increases the price and energy consumption. Features of the channel: compared to the
transmission rate (data rate) in FDMA, which is the same on all frequency bands, in
TDMA it increases as many times as the number of users sharing this band - i.e. 8 for
GSM and 3 for D-AMPS. This results in a decrease in the duration of the symbol by
the same number of times and an increase in the overlapping of symbols (intersymbol
collisions). (For example, at a transmission speed of 25 cps and eight users, the
duration of the symbol will be equal to 5 pusec. With a wave propagation delay of even
1 psec. in wireless telephones, the use of a rectifier will be justified, what to say about
cellular communication, where propagation delays reach 20 psec. The channel can be
said to be frequency-selective because this effect will vary at different
frequencies.The receiver for such a system will be quite complex, but the channel
provides some natural flexibility that makes the transmission more resistant to signal
attenuation). Initial channel assignment: In both FDMA and TDMA, the channel must
not be permanently assigned to any subscriber device. That would be too wasteful.
Therefore, the original channel assignment is used. To implement this function, it is
necessary to have a special reserved transmission channel (uplink)
Mobile Base

Station Station
Random Access

- Immediate Assignment

]

Exchange of Call
Setup Information

_‘Traﬁi'c Channel Assigrment

Data Flow

Figure 1.3 - Channel assignment procedure
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The procedure begins with sending a request from the subscriber device for
channel allocation. Because we have a random access channel, it requires the use of
some collision prevention protocol. After receiving the request, the base directs the
mobile device to a special control channel for channel configuration and assignment.
Upon completion of the exchange of configuration information, the mobile device is
assigned a channel (frequency or time slot) on which the entire exchange takes place.

CDMA - different subscriber interfaces use weakly correlated signals, so the
corresponding equipment can separate signals that differ, even if they are transmitted
simultaneously and on the same frequency. Two methods are widely used - the
method of frequency hopping (FH - frequency hopping) and the method of direct
sequence (DS - direct sequence). When a signal passes through a filter configured for
a specific subscriber, the output of signals related to other subscribers is much smaller
than the signal of the specified subscriber. This is mainly achieved by using spreading
sequences with low correlation. Because of their similarity to noise, such sequences
are often called pseudo-noise sequences. CDMA systems are called broadband
(spread-spectrum) because of the use of wide bands. In the direct sequence method, a
high-frequency pseudo-random sequence modulates the transmitted signal so that the
range of the resulting signal is equal to the frequency of the sequence. Thus, the
correlation of the signals will be determined by the correlation of the sequences.

The signals of CDMA subscribers share common frequency and time domains,
but are separated from each other by the type of carrier radio wave. At the same time,
there is no need for hard synchronization between subscriber devices and frequency
distribution and management.

Features of the propagation environment: Broadband signals are very well
suited for mobile communication systems due to their natural frequency flexibility: as
already noted, propagation delays for cellular systems are a few microseconds. and
therefore the agreed bandwidth will be less than 1 MHz. Propagation sequences can

be chosen to fill the agreed range and make the channel frequency-selective, that is,
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different frequency components of the signal respond differently to attenuation. The
various components can subsequently be coherently combined and deciphered with
the resolution of the order of symbol duration.

This requires knowledge of the response time of the channel, which is
calculated using the training sequence thanks to the so-called pilot signal. If the
combination of components turns out to be too difficult, you can get by with the
largest power component - using a filter to suppress other frequencies, but at the same
time the technique loses a little flexibility. Multiple access conflicts: if it is possible to
control the relative time of the transmitted signals, for example in the operation of the
base (downlink), the signals can be made uniquely orthogonal and a suitable filter at
the receiver can be used to separate the signals. But with a dispersed (due to a
different frequency component) channel, the signals arriving at the receiver will no
longer be completely orthogonal and the components of other people’s signals will not
be suppressed by the filter.

When transmitting by subscriber devices, the necessary synchronization at the
symbol duration level is generally impossible and, therefore, additional measures are
required to ensure conflict control. In addition, there is the near-far user problem,
where the strong signals of users close to the station suppress the weaker signals of
users far away, which can greatly reduce the efficiency of the system.

There are two approaches to solving this problem: power control with soft
handovers and (multiuser detection). Power control is designed to ensure
approximately the same power level of the emitted signal for all users within the same
cell. To be effective, the control method must be accurate enough and have sufficient
frequency to compensate for frequency attenuation. As already mentioned, for a
mobile device moving at a speed of 100 km per hour and transmitting at a frequency
of 1 GHz, the Doppler shift will be of the order of 100 Hz. Therefore, the channel for
such a subscriber will change its characteristics 100 times per second, and control

signals from the base will have to be transmitted at a speed of the order of 1000
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symbols per second. If we take into account that the movement parameters of
different subscribers can vary greatly, the base station will have to have a large
dynamic range for power control.

For downlink, power control is required only if the subscriber is equidistant
from two different stations. The problem associated with the conflict at the boundary
of the distribution of two or more zones can be turned into an advantage if the idea of
a "soft" handover is used.

In downlink, all base stations within range can transmit to the cell, which in
turn can combine signals from different base stations to use the complexity of its
antenna. With uplink, you can achieve a similar effect by selecting the strongest
signal received by neighboring base stations. The station that receives the strongest
signal will control the power of the cell to minimize its energy consumption. To
implement a "soft" handover, firm synchronization between neighboring base stations
is required, which destroys one of the main advantages of CDMA over TDMA. But
this problem is also solved thanks to multiuser detection. The main content of this
approach consists in the complete simulation of multi-user conflicts and the
development of devices that would reject the unwanted signal. (The technologies here
are very different - from the calculation of optimal (maximume-likely hood) sequences,
multi-level schemes using learning algorithms with feedback, to linear decorrelating
receivers). CDMA has several useful properties: in combination with FDD, it offers a
natural solution to the problem of power control in uplink and downlink, the method
allows to solve the problem of speech pauses - when the subscriber is silent, nothing
Is transmitted and the level of conflicts is reduced, thus, the total number subscribers
can be almost doubled.

Comparison of three methods: as always, there is no unequivocal answer to the
question of which method is better. FDMA is very well suited for wireless phones
with very small areas and propagation delays. For cellular communications and most

types of personal communications systems (PCS), the choice shifts to TDMA and
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CDMA. In terms of complexity, TDMA requires non-linear adaptive rectifiers
(equalizers) in an environment with longer propagation delays, CDMA requires
RAKE receivers and complex power management.
Time synchronization is required in both cases, albeit with different purposes.
The complexity of coding in both systems is comparable. One of the most often cited
advantages of CDMA is the gradual deterioration of communication quality when the
number of subscribers increases, while in TDMA the user will receive a constant
rejection if all channels are busy. But for TDMA, there are proposals for further
development - redistribution of channels during speech pauses, increase in bandwidth
at the expense of an acceptable level of loss, etc. All these improvements will be able

to bring TDMA closer to CDMA with its flexibility, while retaining all its advantages.

1.3. Mobile communication systems

Cordless - uses FDMA. Examples of systems: CT-2, DECT, PHPS.

Cellular - TDMA, CDMA and combinations of all three. Examples of systems:
GSM/DCS1800, D-AMPS, 1S-54, 1S-95, PDC. The cellular communication system is
a telephone-telephone-oriented system that provides ISDN-type services. The system
should provide user authentication and data encryption, medium and high bandwidth
(up to 1000 Erlang per km2), continuous communication within a zone of 0.3 - 30
km, an effective way of redistributing the radio channel. Should provide management
of mobile subscribers (location updating, roaming, handover), relatively low quality
of speech - medium and low level of sampling frequency (4-16 kb/s). The mobile

device must be portable.
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Figure 1.4 - Typical architecture of a cellular communication system

The system consists of mobile devices (MS), a subsystem of base stations
(BSS), represented by a controller (BSC) and transceivers (BS, BTS), which provide
communication with cells within the coverage. The network subsystem (NSS)
contains special mobile switching equipment (MSC) that connects all system
elements with the public switched telephone network (PSTN), ISDN and the packet
switched information network Switched Public Data Network - PSPDN). Registration
records of home & visitor locations (HLR/VLR) - databases that hold the system
subscriber's data and are used to manage (monitor) his movement. Copies of all
subscriber secret keys are stored in the authentication center (Au), and serial numbers
of mobile devices are stored in the equipment identity register (EIR). All system
components are managed and monitored from the operation and maintenance center
(OMC). PMR - TDMA, FDMA. Examples of systems: TETRA, APCO Project 25.

1.4 Cellular systems of the second generation
1.4.1 GSM - Global System of Mobile Communications

The GSM standard was specified by the European Telecommunications

Standards Institute (ETSI) as a pan-European digital cellular system for mobile
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communications. It arose as a response to the need for a pan-European standard to
replace numerous old analog systems, such as Nordic Mobile Telephone (NMT),
Total Access Communication Systems (TACS). Research into the creation of this
system was conducted from the beginning of the 1980s to their middle, when the
standardization process began. Previously, several different implementations of GSM
systems were created.

In Europe, a range of about 900 MHz was allocated and the countries signed a
memorandum of understanding, according to which they undertook to deploy national
systems with the possibility of roaming. The first phase of standardization was
completed by 1990 - it is the basis of modern GSM networks, it specifies all the main
services, including telephony, urgent calls, conferences, fax messages, short
messages, data transmission at a speed of up to 9600 bps.

The architecture of the GSM network exactly corresponds to the one described
above.

The key to the subscriber's mobility is the SIM card (subscriber identity
module), with which the subscriber can use any terminal (cell phone) by inserting his
card into it. It contains all the information about the subscriber and is used to perform
the main protection functions - authentication and key generation for data flow
encryption.

GSM uses eight-channel TDMA with FDD. In Europe, two bands of 25 MHz
are allocated for it, while channels of 200 KHz are allocated. The data is modulated
by GMSK with a frequency of 270 Kb/s. Each TDMA frame consists of 8 time slots
corresponding to eight independent physical channels. Each physical channel can be
used alternately by several logical channels. Slow frequency hopping is used to
combat poor transmission conditions. In addition, additional functions are
implemented - power control of both the base and the cell, MAHO - mobile assisted

handover, non-permanent transmission based on the determination of speech pauses.
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The standardization process is still ongoing, new features are being added to
meet the specific needs of users. In cities, an extension of GSM is used - DCS1800,
which operates in the range of about 1800 MHz, which uses a less powerful signal
and, accordingly, a smaller zone size. GSM is constantly developing and the area of
its use is expanding.

Originally a European system, GSM is now used in more than 100 countries.
But in some countries, for example in the USA, Japan, the development of their own
cellular systems continues. GSM has design limitations that cannot be completely
eliminated without a radical redesign of the system, and which are already beginning
to show in densely populated areas. First of all, it is a limited number of possible
logical simultaneously working channels - that is, a limited number of users. As a
result, the issue of frequency-territorial planning is very acute.

To solve this problem, mini and micro zones with small coverage radii are
being developed. But there are other disadvantages - in relation to communication
interruption during handovers, low data transfer speed - only 9600 Kb/s. The
currently proposed solutions are too expensive and do not solve the problem as a
whole. Therefore, generally speaking, GSM is not suitable for the role of a global
communication system. This task requires independent development and a completely
different organization. Therefore, the evolution of GSM operators consists in
modernization and the arrival of a new generation of communication based on the
UMTS standard, which uses WCDMA.

1.4.2 Regional cellular systems
IS-54: The main reason for the appearance of 1S-54 systems in the USA was the
rapidly growing demand for mobile communication in the 80s. At the same time, a
necessary requirement for the new system was compatibility with the then widespread
analog AMPS system, developed back in the 70s by Bell Laboratories. Based on the

requirement of backward compatibility, mobile devices, like base stations, had to be
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able to work in two modes. 1S-54 is related to a group of related standards defining
the interaction of different parts of the system. In particular, the 1S-54 standard
defines the network component of the system - MSC and BSS interaction, automatic
roaming, various administrative functions and protection functions. At lower levels,
the system used the X.25 network. The system was allocated the same frequency
range as for AMPS, which made it possible to make the transition from analog to
digital communication as inconspicuous as possible. The access method used is
TDMAJ/FDD. AMPS-like 30kHz bands are used for the channel, and each is divided
into three time slots. 1S-54 is less ISDN-oriented than GSM, but still provides a basic
set of functions, with a maximum transmission speed of 9600 Kbit/s. On the basis of
this system, in particular, the E-TDMA system, which was also used in Russia, was
developed.

1S-95: In 1991, Qualcomm demonstrated the first example of a cellular system
based on CDMA technology. After conducting field tests, the system formed the basis
of the standard of broadband mobile communication systems of the second
generation. 1S-54 and a group of related standards specify the functions, architecture,
and interaction between system components, with IS-CDMA as the access method.
Each channel in CDMA is modulated with its own pseudo-random sequence, using a
single carrier. The passband for such a system is 1.25 MHz - a tenth of one carrier
allocated for cellular communication. To connect analog and similar digital systems,
you just need to leave a part of the bandwidth for analog devices. All the advantages
of CDMA are available in the system - "soft handovers", flexible control of the power
of the transmitted signal, especially when transmitting speech, but at the same time all
its disadvantages are present. 1S-95 provides all the services available in 1S-54.

PDC: Generally similar to 1S-54, but not burdened with the requirement of
compatibility with analog systems. In addition, it is an ISDN-oriented standard, like
GSM.
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1.5 Packet switching - future systems of the third generation

At the beginning of the 21st century, second-generation systems could no
longer cope with the massive growth in demand for mobile communication services.
User requirements require significantly more bandwidth, which can be achieved by
moving to smaller radius cells and using more high-bandwidth carrier frequencies.
Next-generation mobile communication systems (hereinafter referred to as mobile
communication systems) must be integrated with promising fixed (terrestrial)
networks, especially with broadband digital networks with integration of services (B-
ISDN, IR). , network infrastructure and protocols, along with the integration of
various applications and services.

The purpose of creating the UMTS system is declared to be the integration of
mobile communication services, but UMTS does not support the entire spectrum of
broadband connections. The goal of creating a wireless model of asynchronous
transmission mode (WATM, Wireless ATM) under the WAND (Wireless ATM
Network Demonstrator) project is the opposite of the previous one and consists in the
integration of fixed and mobile broadband networks.

The introduction of UMTS should satisfy the needs of a wide variety of
subscribers, from those who need simple and cheap terminals for voice
communication to users of real-time multimedia services. The UMTS system offers a
wide range of services, to a large extent, however, optimized for speech transmission.
Its development was carried out mainly in accordance with the research program
RACE (Research and Technology Development in Advanced Communications in
Europe), funded by the EU Commission. The concept of UMTS was first announced
in the mobile communication project (R1043) of the RACE | program and was further
developed in the projects of the RACE Il program. Perhaps the most important of
them for the development of the UMTS system was the MONET project (Mobile
NETworks, R2066). At this time, work is underway on the projects of the new
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research program ACTS (Advanced Communication Technologies and Services),
which develops the ideas of RACE. Standardization of UMTS is carried out by ETSI.

The Communication  Standardization Sector of the International
Telecommunication Union (ITU-T) is currently taking steps to standardize a similar
IMT-2000. Whether ETSI and ITU-T will be able to ensure the merger of UMTS and
IMT-2000 remains to be seen.

The UMTS RSZ is intended for the implementation of applications requiring
speeds of up to 2 Mbit/s. UMTS services must be available to the subscriber
regardless of his location; in the absence of a cellular radio network, communication
should be provided using low-orbit satellite systems (LEO). However, not all
terminals of the UMTS system will be able to use satellite communication services.
Providing services to a large number of different users will require a wide range of
supported environments and terminal subscriber equipment from UMTS. UMTS
should be used equally successfully at work, at home and in a vehicle, indoors and
outdoors, in the center of a big city and in an isolated sparsely populated area. Two
frequency bands are allocated for UMTS: 1885-2025 MHz and 2110-2200 MHz.

If the development of existing cellular telephony systems really goes along the
path of their transformation into a component part of UMTS, the bands of the order of
900 and 1800 MHz used today will be able to satisfy most of the needs for pure
telephone service, while the spectrum areas reserved for UMTS will turn out to be in
demand for new broadband services . Relatively wide frequency band and wide use of
cells of a small radius (picocells), which sometimes do not exceed ten meters,
provides UMTS high bandwidth. Continuity of the UMTS system service area is
achieved through the use of macrocells with a radius of up to several tens of
kilometers and LEO. The bandwidth of the radio interfaces is distributed in UMTS
dynamically, according to the needs of the terminal equipment. According to the
RACE program, interfaces based on multiple access with code (W-CDMA) and time
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(TDMA) division have been developed. The question of using one or another method
of access (or both) still remains open.

The mobile UMTS terminal provides the subscriber with the opportunity to
connect to the access network and use the services of the UMTS system. The main
functions of the UMTS access network are functions related to the radio channel, such
as handover and connection management. Basic network functions include switching
and data transport. Functions related to the mobility of the terminal are implemented
by an intelligent communication network. Typical ISS services for UMTS include
location determination, authentication, etc.

Based on the assumption of the evolutionary nature of the development of
network and communication technologies, the UMTS concept assumes that modern
public telephone networks and ISDN networks will evolve to the side of the
broadband version of ISDN (B-ISDN), where ATM cell transport is supposed to be
used as the basic mechanism for transmitting traffic between end devices . Until now,
research has already begun on whether asynchronous transmission networks should
have only a "fixed" implementation or, on the contrary, wireless ATM networks
should be used to provide mobile terminal owners with the same range of services
available to users of B-ISDN networks. B-ISDN is expected to be the UMTS core
network. Most of the UMTS and B-ISDN integration options in UMTS projects are
focused on the interaction of the two networks, and not on actual integration.

In general, a fixed B-ISDN terminal communicating with a mobile UMTS
terminal should not know anything about the mobility of this terminal. The goal of
UMTS development, in particular, was to minimize the impact of specific mobility
features on the underlying network. For this, the specified functions must be placed in
the access network (subscriber network) and, if possible, in the intelligent
communication network. ATM user-network interface (UNI) is used to connect the
UMTS network to B-ISDN. When accessing basic network resources, a mobile

subscriber can use UMTS-specific signaling, which is then "translated™ into signaling
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messages of the appropriately modified Q.2931+ protocol. Alternatively, Q.2931+
signaling could be used completely up to the mobile terminal.

The terms of implementation of third-generation mobile communication
systems differ markedly in different regions of the globe. The schedule that Japan
intends to follow looks the most ambitious: the services of the IMT-2000 network
should be available already in the year 2000, which was actually implemented in
October 2001 by the DoCoMo operator in the i-mode network. The approach of the
Europeans is more moderate: the final recommendations were made by the end of
1999, and the full-scale deployment of the system is still ongoing. Finally, the
Americans demonstrate the greatest phlegmatic in this area, allowing the market to
dictate the pace of adoption of new standards. One way or another, the IMT-2000 and
UMTS systems are entering into operation in Europe.

Over the past few years, the situation in fixed networks has changed a little -
the global computer network Internet has gained immense popularity. The Internet is
essentially a network that is not focused on establishing connections, and therefore the
protocols and addressing schemes used in it have little in common with those
registered in ISDN broadband networks. However, the ubiquity of the IP protocol has
led to the fact that the vast majority of modern data-oriented applications depend on
the availability of IP Services, and the advent of the Resource Reservation Protocol
(RSVP), Internet Telephony systems, and the spread of multimedia technologies have
significantly expanded accessibility global network for real-time applications.

Today's realities are such that the organizations involved in the process of
standardization of UMTS technology cannot but consider the Internet as another type
of applied data transmission service between terminal equipment that must be
supported in the UMTS network. However, in this communication environment, part
of the advantages of UMTS will either be unavailable to end users, or the relevant
services will have to be reproduced at the IP protocol level.

1.6 Conclusion by section
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Today, there is a struggle of ideas and capitals of the two ways of European and
American, namely TDMA and CDMA, it is already clear that despite the market
struggle for profits between European and American manufacturers of
telecommunications equipment, CDMA access technology, thanks to significant
improvements and the latest inventions, will be the main access technology at least
for mobile communication systems of the 3rd generation, such as UMTS, is built on
W-CDMA, taking into account the GSM frequency licenses of European operators.
And the American CDMA-2000 essentially differs only in the width of the frequency
band, which is 5 MHz in W-CDMA and 1.25 MHz in CDMA-2000.

Touching on the issue of the competition of transport technologies in fixed and
mobile communication, which in recent times has been raging between ATM and IR
today thanks to the development of compression technology, the bandwidth of
telecommunication networks, the lower cost of equipment and the trend of data traffic
growth over voice traffic, which is already exceeds, it becomes clear that the scales
are tipping in the direction of IR technology.

The growing demand for various telecommunication services today actually
pushes humanity to design, standardize and build 4th generation systems, which will
be more optimized for IR and will allow data transmission at speeds of more than 2
Mbit/s and provide QoS for real-time applications , voice, video.

This section provides an overview of what we currently have in personal
mobile communications and telecommunications in general, and what we may soon
have. The topic is connected with so many related areas and is such a science-
intensive field that its study will require a considerable amount of time. As you can
see, telecommunications technologies are now one of the fastest growing areas of
human activity. This also includes what the Anglo-Saxons call "ubiquitous
computing™ - full mobility of access to all kinds of information resources. This will

surely become a powerful social factor that will have a significant impact on the
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formation of all aspects of society in the near future. Humanity is at a crossroads,
there are different points of view on the problem of building global
telecommunication networks of the future, and the issue of convergence of networks
and services is very acute. What will be the telecommunications network of the
future? This is not known to the author, but in this section the author tried to cover the
main problems and show the pros and cons of possible ways of developing
telecommunication networks of the future based on the history and realities of the

present.



