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Annomayus — B nokiame paccMOTpPEHBI BONIPOCHI MOJEIHPOBAHMS CTPYKTypHpoBaHHBIX curHanoB (CC) u pa3BUTHS

teopur CC Ha OCHOBE MHOTOMEPHOIO HPEJCTABICHHS X CTPYKTYpbI, MCIIONB30BAHMA HpaBui anreGpsl [NV -MepHbIX
MaTpull NIPU HAXOXKICHUH CIEKTPAIBHBIX IUIoTHOCTeH MormHocTH CC, THIMYHBIX JUISi COBPEMEHHBIX CHCTEM TEJICKOM-
MYHUKAIUH{, 1 Ha OCHOBE, B IIEPCIEKTUBE, TeH30pHOro ananu3a CC.

Knrouesvie cnosa — CTpyKTypUPOBaHHbIE CHIHAJIbI, N-MepHbIe MATPHUIbI, CNIEKTPAJIbHAS IIOTHOCTh MOIIHOCTH,
KOMIBIOTEPHOE MO/IeJINPOBAHME.

I. BBegenue

Jloxmnan mocBseH MOACTUPOBAHUIO CTPYKTYpUpOBaHHbIX curHaNOB (CC), THTMYHBIX AJIS COBPEMEHHBIX CHC-
TE€M TEJIEKOMMYHHUKALMA U CUCTEM UX HAJECKHOMU MOAJEPIKKH, TAKUX, HAIIPUMED, KAK CUCTEMBI CETEBOM CUHXPOHHU-
3aIHu.

Henpro noknana sBisieTcss 000CHOBaHHE IIeJIECO00Pa3HOCTH OOIIEro MoAXoa K Pa3BUTUIO TCOPHUU M K MOJIe-
suposannio CC Ha OCHOBE MCIOJIB30BaHMS MAaTEMATHYECKOTO annapara MHoromepHbix Matpun [1] ( N —marpun
[2]) ¥ COOTBETCTBYIOIIMX MHOTOMEPHBIX MAaCCHBOB MCXOIHBIX JAHHBIX O JCTEPMHHHUPOBAHHBIX U BEPOSTHOCTHBIX
B3aHMOCBSI35X 3JIeMeHTOB Moaenupyembix CC.

11. MHOTOMepHBIE MPEACTABIEHNSA CTPYKTYPHPOBAHHBIX CHTHAJIOB
CymHOCTh paccMaTPUBAEMOTO ITOX0a COCTOUT B TOM, UTO KaXKIasl U3 pealn3aluil CTPyKTYPUPOBAHHOTO CHT-
Haya (B 00IIeM cirydae MpeNCTaBISIONIET0 COO0H CIyJaifHBIA MMITYJIbCHBIN IIPOIIECC) 3aaeTCsl MaTpUICH WiH ce-

MeiicTBoM Matpul B N uveromux N H3MepeHuid, ¢ JIEMEHTAMH, OIPEACIECHHBIMU COITIACHO PEANBHOM CTPYK-
<N>

type CC.

IIpu uccnenoBanuu u MonenupoBanuu CC marpuna B NS 3JIEMEHTBI bi1 i KOTOpPOH MHIEKCUPOBAaHbI
<N> iy,

.

OTIpe/IeIeHHBIM 00pa30M, pac-cMaTpUBaeTCs Kak CBOEOOpPAa3HBIA KapKac JJIi MHOXKECTBA PasHBIX pealn3aliid I1mo-
CIIEZIOBAaTENIFHOCTEH KOHTEIHEPOB CTpyKTypHBIX O10k0B CC. Hampumep, B ciiydae HMEpHOAMYECKH CTAlHOHAPHOM
MOCJIEZI0-BAaTEIbHOCTH TAaKOTO POJa KOHTEHHEpPOB, MHAEKCAIMS MOXKET MPOU3BOJUTHCS COTJIACHO MPHUBEACHHOM

HHXC Taﬁnnum 1, a 3HAa4YCHUA bil i MOTYT OTOXKACCTBIATHCA CO 3HAYCHUSAMU OIIPEACIICHHOIO MapamMeTpa dJje-

oy
MEHTOB (MMITYJICOB) CTPYKTYPHBIX 0s1ok0oB peanm3annu CC [3-8].
IIpu nocnenoBarensHOM HyMepaiuu snemenToB CC, HampuMep, Korjaa /' - MOPSIKOBBIM HOMep dJeMeHTa pea-

JIM3ALMHI CHTHAJIA B HHTEPBaJle BpeMeHH Habumonenust L, KOHTeiiHepoB cTpyKTypHBIX GiokoB CC, nMeeM
r =Ly, ,.L, LGy -D+L,,.L,LG,, -D+..+L @G -1D+1. (1)
HOpu r < LL,...L, | 3HadueHue 7' COOTBETCTBYET HOMEpY JJIEMEHTA B [IePBOM U3 L, KOHTEHHEpPOB, a Mak-

cnmanbHoe snavenne 7, = L,L,...L, L, - Homepy nocnennero snementa B L, - oM Konteiinepe (Tmocneanem

KOHTEHHepe B MHTEpBaJIe HAOJIOICHHUS).
B obmem ciaydae BO3MOXKHO pa3HO (OpPMBI pa3imyHBIX 1eMeHToB peanm3annit CC (B mpeamonokeHnn, Bce

K€, 4TO MAaKCHMAJIbHOE 4MCII0 (DYHKLUH, ONUCHIBAIOLIMX (OPMY 3IEMEHTOB, HE NPEBbILIACT 3HaYeHHUs L)) 1ys Xa-

PaKTEpPUCTUKN JETEPMHUHUPOBAHHBIX M BEPOSTHOCTHBIX B3aMMOCBs3eil ameMeHToB CC MOXKeT OBITh HCIIOJIB30BAHO
CeMeICTBO ABYXMEPHBIX KBaIPAaTHBIX MAaTPUIl BUA

P (Aysin s JyosentinJi) =D 5 B ysinois Jyoisesin J) I ()

rae onement P, (Ay,iy 15 Jy_1s-rii5/;) PaBEH BEPOATHOCTH COBMECTHOTO (JOPMHPOBAHMS MMITYIbCA i) -Oit
(GOpMBI B [, -OM TAKTOBOM HHTEpBaJIe I,-i KOJOBOIl KOMOMHALMH B Iy -€M LIUKJIE U T. ., BXOJAIINUX B I, -i KOHTEH-
Hep, U UMITyJIbca J, -0if YOPMBI B J| -OM TaKTOBOM HHTEpBaJe Jj,-0i KOJOBOIl KOMOMHALIMH B ], -€M LIMKJIE H T. 1.,
BXOISILMX B -if KoHTelHep. [Ipu 3TOM HesnouncnenHoe 3uauenne A, =1, — j, , @ 3HAYCHUS UHICKCOB [, U
Jo He mpesbimator Ly =1, = j, . Bce sneMentsl cemeiicta Marpuil (2) MOryT ObITh pasmereHst B 2N =
MEpPHOU MaTpulie

P,y (Ay) =l P iy diiosio (A1 3)
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LD PN ST O A (Ay) = Pi, j, (Anslygsyorsestis i) -

ITpn mepnoauyeckoi CTAIMOHAPHOCTH TOCIEI0BATEIBHOCTH C MEPHOAOM CIICIOBAHHUS KOHTEHHEPOB, PABHBIM

15005

Ty ;5 2N -mepnas marpuna P_,,. (A, ) 3asucur or A,,, HO He 3aBHCHT OT TOTO, KAKHE 3HAYCHHUS Iy, U

o6pasyror A, . Ecin A, crpeMuTest K GeCKOHEYHOCTH, TO, KaK [PaBUIIO,

Py inivdiioso () = b, (Iyorslygseeesty) P, (Jnots Jnoasees Ji) s THE pi, (inoi>Ty_gseesly) - BEPO-

ATHOCTB TOTO, YTO (hOpPMA JIIEMEHTA, PACToNoKeHHOro B coctase CC cornacHo mHuekcam i, I, ,...,1, | cooTBeT-

N
CTBYeT I, -if pyHKIMK U3 Lo BO3MOXHBIX (DYHKIIMH, onmuchIBaromux Gopmy smementor CC.
II1. YcpenHeHHble cieKTpaibHble IVIOTHOCTH MOLIIHOCTH NEPHOAUYECKH CTALIMOHAPHBIX CJYYaiiHbIX MM-
MyJbCHBIX MPoLeccoB, sABJsIomuxcs Mmoaeaavu CC
CoOTHOIIEHHS AJIs1 pacyeTa COOTBETCTBEHHO HEMPEPHIBHON U AUCKPETHOM YacTel YCPEeTHEHHBIX CHEKTPATbHBIX
mwioTHocTer MomHocTH (CIIM) MaTeMaTH4ecKuX MOJENC CHTHAIIOB Pac-CMaTPUBAaEeMOro KJlacca, MOydeHHBIC C
HCIIOJIh30BAHUEM MPUHATHIX 3/I€Ch U B [8] 0003HAUCHUIA, UMCIOT CIICAYIOIIHN BUJT

A N_max

2
E. (o ):E z [([([P<2N>(AN)_

Ay ==Aymax

-PL (O 10)G Vi Gl )i} & - 9y i1} Sy Jexpli@A, Ty, 4)

B@)=2 3 [([(Pac 6 G i34 Jind . e Wiy} 8 Texpo, 7)) )

N Ay=Ayma

e i=+—-1,a G =G_.(0)uG=G

mwiotHocTH  QyHKUMt  ommcaHus  (QOPMBI  dJEMEHTApHBIX uMIyinbcoB. Marpunst ¢, =9, (@) u

o> (a)) OJTHOMEPHBIE MAaTPHILBI, XapaKTEPH3YIOIINE CIEKTPaIbHbIC

&, =8,_,. (@) - 510 Toxe onnomepusie MaTpHusI cooTBeTCTBeHO ¢ Mementamu exp(-iay,) u exp(iwi,).,
npuYeM j, M I, TPUHUMAIOT 3HAYEHUA OT equHuibl 10 L, , rie d - NONOKMTENbHOE LENOe YHUCiIo, HE MPeBbI-

watowee NV . 3nauenue 1), paBHO uHTepBaly BpeMenu Habozaenus L, koureitnepos CC.

B(4)u(5), tak ke, kKak u B [1], i1 omepanii yMHOXKEHUS IO OTIPEICIICHHOMY HHICKCY HPHUMEHEHO 000-
3Ha4YeHUe { } C yKa3aHHEM COOTBETCTBYIOIIETO MHIEKCA B (PUT'YPHBIX CKOOKaX.

[TpuBeaennpie cooTHOMEHUsT MPUToaHbI A pacuera CIIM mmpoxkoro kiacca moaeneir CC, Bmodas CC ¢
BBICOKOYACTOTHBIM 3aIl0JIHEHHEM DJIEMEHTOB-UMITYJIbCOB. Crenu(rka Haau4dus WM OTCYTCTBHS 3aIIOJHEHHUS M-

yJbCOB YUUTHIBAETCS IIPU BEIYMCIEHUH 31eMeHTOB oaHoMepHbx Matpun G u G .

3aMeTuM, YTO COIOCTaBICHHE MpHBEAeHHBIX cooTHommeHu st CIIM mogeneit CC ¢ XOpoIIo M3BECTHBIMH
BEIpakeHUAMH ycpenHeHHbIX CIIM mepronnvecky CTaloHApHBIX CIYYalHBIX MTOCIIE-JOBATEIEHOCTEH OTACIBHBIX
AMIYJI6COB [9] MM K€ CIy4alHBIX IMOCIEIOBATEIHHOCTEH MMITYyITECHO-KOMOBBIX KoMmOuHanmit [10-12] maet BO3-
MOYKHOCTh B OUEpEeJHON pa3 yOeaHuThCs B CIIPABEJIMBOCTH MOCTYJIaTa MEPBOTO 0000IIeH!s, CPOPMYITHPOBAHHOTO
I". KpoHoM mpH M3JI0)KE€HUH UM BOTIPOCOB TEH30PHOTO aHAJIN3A JICKTPUUECKUX TeTel u cetei [1].

Jist aTOTO 3amuineM, HarpuMep, U3BecTHYI0 (hopmyiy i HerpepbiBHOM Yacti CIIM ciydaiinoit nmocienoa-
TEJILHOCTH HMMITYJIbCHO-KOJIOBBIX KoMOuHa-1mil [10-12], koTopas ¢ MCIOJIb30BaHMEM IPUHSATHIX 3Jlech 0003Haye-
HHI, UMEET BHU]

A 3 max

Ee=-— 3 ([P, (A,)-PoUIGNI G )i & lexp(i.T)

2 Ay ==Aomm

7 CONOCTaBUM ee ¢ (4). DTO COmOoCTaBIeHNE M MOJOOHOE JKe COIoCcTaBIeHne NUcKpeTHBIX dacteit CIIM ¢ oueBmn-
HOCTBIO MOJTBEPIK/IAET, UTO «yPaBHEHMS CI0XKHOMU cuctembl (¢ N creneHsMu cBoGO/IbI) MOTYT GbITH HAHIEHBI TIPH
aHanmm3e HanOosee 00IIero AIIEeMEHTa CUCTEMBI IIPH YCIOBUH, YTO KaX/1as BEIMIMHA 3aMEHICTCS COOTBETCTBYIOLICH
N —marpuueii» (cm. [2], I'nasa 2. Pazgen 10. ITocTynar nepsoro 0600MeHns).

B cBs3u ¢ 3TUM menecoobpa3Ho OOpaTHTh BHUMaHUE Ha BO3MOXHOCTH pa3BuThsA Teopur CC He TOIBKO C UC-
N0JIb30BaHUEM JIOCTHKEHUH anrebpbl [V —MaTpuil, HO ¥ Ha OCHOBE TeH30pHoro anammsa CC.

IV. KomnslotepHoe mogeaupoanne CC

JIist WTIOCTpalMK M3JI0KEHHOTO B JIOKIaze noaxoza K uccienopanuto CC ¢ ucnonbsopanuem N —marpuit

aBTOPOM, B ITPOLIECCE MOJATOTOBKH psijia paHee OMyOJIMKOBaHHBIX palboT [3-6], BBINOIHEHO KOMIIBIOTEPHOE MOJAEIIH-
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poBanue HekoTophix pasHosuanocteit CC. Ha puc. 1, nanpumep, npencrasnena N —mepnas marpuna ( N =5), nc-
MoJIb3yeMasi Kak KapKac Ul pa3MEIeHNUs 3JIEMEHTOB pealn3aluii CTPYKTYPUPOBAaHHOTO CUTHAJIA, HCTIOJIB3yEMOT0 B
cHCTeMax TeICKOMMYHHKAIMH HE TOJIBKO KaK MH(OPMAIIMOHHBIN, HO U KaK CHHXPOHU3UPYIOINH CUT'HAI. B cBsi3H ¢

9THM B CTPOKaX, BBIICICHHBIX B MaTpulle B Ha pHc. 1, HapAQy ¢ AETEPMUHUPOBAHHOM I[UKJIOBON CHHXPOIPYII-
<N>

noit 0011011 u ¢ uHMOPMAUMOHHBEIMU CHUMBOJIaMH, 00O3HAUEHHBIMHU 3BE3/J0YKaMH ¥ IMPUHUMAIOLIIMMHU B Pa3HbIX
peanu3anusaX pasIuYHbIE 3HAYEHHUs, TOKA3aHbI TAKKE CUMBOJIBI S . DTH CHMBOJIBI, COTJIACHO IEHCTBYIONIMM MEK-

JIyHApOJHBIM PEKOMEHIAIMAM, UCTIONIB3YIOTCS s iepeaayn coobmienuit SSM  (cooOIeHuit 0 cTaTyce CHHXPOHHU-
3aIl1H).

Tabmuua 1. Magexcanus snemenToB /N —MepHOM MAaTpHIIBI B COOTBETCTBUHM C 3JIEMEHTAMH M CTPYKTYPHBIME 0JI0-

KaMH HEePHOJNYECKH CTAOHAPHOTO CIYYallHOrO HMITYJILCHOTO MpOoIlecca, acCCOLMHUPOBAHHOTO C COOTBETCTBYIO-
M CC.

W3mepenust DneMeHTHI U CTPYKTYpHbIE OJI0KH MaTtematiieckoi moaenu CC MHpiexchl 251eMeHToB
N —marpuust N —marpuust
1-e CHMBOJIBI B KOJIOBBIX KOMOMHALIMSX (1< <L =0 ,.)
2-¢ KooBele KOMOHHALIMK CHMBOJIOB : : ]
(< < Ly=1i,,)
3-e Llukiibl, coiepiKalue Ko10Bble KOMOMHAIMU CUMBOJIOB OT BO3MOXKHO Pa3HbIX
HCTOYHHUKOB HH(pOPMAIUH
4-¢ TTocBEpXIMKIIBI, 0OBEANHAIOIINE ONPEACICHHBIC LIUKIIBL. ; ; _
' L (Si, S Ly =iy,)
5-e CBEepPXLUKIIBI, COCTOSIIHE U3 MOACBEPXIHUKIIOB. . . _ s
(1S5 < Ls = i)
OO6benuHenns (KOHTeHHephl) Hauboee CIOXKHBIX CTPYKTYpHBIX 6110k0oB CC
N - iv(A<iy <Ly =iy,..)
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=) MHOroMepHHEe MOLEAH CTPYKTYPHPOEAHHHX CHIHANDE

Faiin Pen. Orno Beog Buo Horanoska B okne  [MefctewAa  Ynpaenedwe  Penaktop [pasgue O nporpasme
D@ £]=e] 5l=5]

ig=1 NPARAOYro) A

ig= .
e N TR S VAN
EandIalkA_ l\ -’/) .:

B.5s //I

Lb:‘l b=1 b=1 4 b=0(5) b=0 (5] b=0 (5] b=0 [S] b=0 [5]
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/| [T 1 ]

b=1 [C] b=0 b=10 b=1 b=1 b=10 b= b=1
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1 2 3 4 L] E 7 3

| I I I I I I I I I I

b=0 1 b=07[] b=070 b=07 b=07 b=07[ b=1T7[] b=01[%

51111 52111 53111 54111 55111 BE111 57111 58111

OkHo N 2 =] B3
in=h ic=1 Tai MPAROYros - —

alirep
=l = e - ;mopmaanememas Tpanueis

Peanuzauma_ l{
Besy ]
L b=1 b=1 b=1 & b=01[5] b=01([5)] b=01[5) b=0 (5] b-
| 11611 12611 13611 14671 15671 16671 17611 1
1 b=1 (1 b=07[] b=07( b=07] b=07( b=07 b=07[ b-
21611 22611 23611 24671 2586711 266711 27611 2
] b=0( b=17[] b=07( b=07 b=11 b=07[ b=11[ b=
el A1E11 326711 33611 3BT 356711 J6ET1 7ET1 Kl
K3 | M
Puc. 1

V. 3ak/rouenne

B 3akmroueHue BbIpa3uM HaAeXKIy Ha AalbHEWIIee pa3BUTHE TEOPUH CTPYKTYPHPOBAHHBIX CHUTHAJIOB C HWC-
MOJIB30BaHUEM UX MHOTOMEPHBIX IIPEACTABICHUH U COBPEMEHHBIX OCTHKEHHUH B 00JIaCTAX MaTpPUYHOH anreOpsl 1
TEH30pHOro aHanu3a. Hajgo mosarars, 4To, B CBSI3H C LIMPOKUM PAacIIPOCTPAHEHUEM CTPYKTYpPHPOBAaHHBIX CHI'HAIOB
B CHCTEMAX U CETSAX TEIEKOMMYHHKALUH, COBEPIICHCTBOBAHNE METOJI0B KOMITBIOTEPHOTO MOJAEIUPOBAHUS PA3HOTO
poza CTpYKTYpUPOBAHHBIX CUTHAJIOB [5, 6], BMECTe ¢ pa3BUTHEM aHAIMTHYECKHX METOJOB UX UCCIEIOBAHUS, CMO-
JKET CHOCOOCTBOBaTh PEIICHHIO aKTYaIbHBIX MPAKTUYECKUX 3ajad, BO3HUKAIOUIMX TP pa3pabdoTKe M BHEAPEHUU
COBPEMEHHBIX TEJICKOMMYHUKAILIMOHHBIX TEXHOJIOTHH.
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STRUCTURED SIGNALS AND THEIR MULTIDIMENSIONAL COMPUTER MODELS
Konovalov G.
ZNIIS, e-mail: zniis-gerkon@mtu-net.ru

The report is devoted to modeling of the structured signals (SS) typical for the modern telecommunication sys-
tems and systems of their reliable support, such as synchronization networks.

The purpose of the report is substantiation of expediency of the general approach to the developing the SS the-
ory and to modeling such signals on the basis of multidimensional matrices ( /N -matrices) mathematical models and
appropriate multidimensional arrays of the initial data about deterministic and statistical interrelations between ele-
ments of the structure blocks in simulated SS.

The essence of the considered approach is, that each of structured signal realizations (assuming SS is a stochas-

tic pulse process in a common case) is set by a matrix g or by the family of N-matrices with N dimensions and
<N>

with elements determined according to the real SS structure.

When researching and modeling SS the matrix B , whose elements have proper indices, is considered as
<N>

some kind of “carcass” or framework for set of different realizations of sequences, that are sequences of containers,
that include the SS structural blocks of. It is noted, that by using such SS multidimensional representation, the gen-
eral formula is derived for the average power spectral density (PSD) of periodically stationary stochastic pulse proc-
esses, which are the SS mathematical models. The comparison of this formula, derived by using rules of N -
dimensional matrices algebra, with known expressions for PSD of stochastic sequences of pulse code combinations
proves once again the validity of the first generalization postulate formulated by Gabriel Kron while considering
tensor analysis of electrical networks. In this connection, the attention is paid to an opportunity of developing the SS

theory not only through /N -matrices algebra achievements but also on a basis of the SS tensor analysis.
To illustrate some report provisions the SS computer simulation examples are considered, that were performed
by the author during preparation of his earlier SS devoted published papers.
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