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MOJEJUMPOBAHUE NNEPEJAYH JAHHBIX C IOMOIIBIO
K-3HAUYHbIX TU®PEPEHIIUAJIBHBIX MOJIEJEMN

Po3risaaoThest MUTaHHS AOCTIAKEHHS MPOLECIB PO3MOBCIOHKCHHS CHIHAMIB MO JHHISAM 3B‘S3Ky MiX
O0YHCITIOBATEHUMH MIPUCTPOSIMU Ha 0CcHOBI K-3HauHHX nuepeHIiiiHIX Moenelt. 3arpornoHOBaHO HOBY
K-3Ha4uHy Monespb TeierpapHux piBHsAHb. Po3po06ieHo yrceabHIN METO, SKUii JO3BOJISIE 32 TOIOMOTOI0
K-3Ha4HUX pa3HOCTHUX PIBHSIHB JOCIIDKYBaTH HPOLECH TMEpeAadi CUTHATIB B JOBTHX OJHOPITHUX
ninisx. Ha npukiazax nokasaHa npaueIiiHicTb HOBOT MOJENI Ta YHCETbHOTO METOY .

Questions of research processes the distribution signals on communication lines between computers are
considered on the basis of K-Value differential models. The new K-Value model of the cable equations is
offered. The numerical method allowing with the help K-Value difference equations to investigate
processes of signaling in long homogeneous lines is developed. On examples serviceability of new model
and a numerical method is shown.

IMocTanoBka mpodiaembl. B GonbmuHCTBE IMyONMHUKAINA IO TPOSKTUPOBAHUIO
COBPEMEHHBIX BBIYHCIUTEIBHBIX YCTPOICTB, CHCTEM U CETEl JMHAMUKE ITEPEXO0THBIX
IPOLIECCOB, BBI3BAHHBIX (PPOHTAMHM HWMITYJIBCHBIX CHUTHAJIOB, HE YHAJACTCS
BHUMaHMs. OJHAKO OTHOCHTENHHO HEOONBIIOE YHCIO pPadOT B 3TOH obnacTH
CBSI3aHO HE CTOJIBKO CO BTOPOCTENEHHOCTHIO YKa3aHHOH AWHAMHUKH, CKOJIBKO CO
CJIOKHOCTBIO €€ ydeTa IPH NPOSKTHPOBAHUH PEabHBIX JUCKPETHBIX CHCTEM. DTO
MOATBEPXKIAeT M IENbIH CHEKTP HMEIOUIMXCS B HAcTOSAIIee BpEeMs METOIOB
UCCIIeIOBaHUs TOJOOHBIX JWHAMUYECKUX siBiIeHHd [1 — 7]. OmHuM HX Takux
METOJIOB, MO3BOJISIOIINX JICTAIBHO HMCCIIEIOBATh IU(POBBIC YCTPONCTBA, SBISCTCS
METOJl, OCHOBAaHHBbIM Ha K-3HaYHOM KOJMPOBAaHWH JIOTHYECKUX CHI'HAIOB H
ONMCAaHMEM DJJIEMEHTOB M YCTpOHCTB IM(POBOH TEXHUKH C  IOMOIIBIO
06bikHOBeHHBIX K-3HauHbIX quddepeHnnanbHbix ypasHenuii [7, 8]. Metox xopoiio
3apeKOMEH/I0BaI ce0s MPU MOJEIUPOBAHUN PA3NUYHBIX IU(POBBIX M THOPHIHBIX
yerpoitcte  [7, 9]. OpmHako TpHMEHEHHE JTOr0 METOAa 3aTPyJHEHO IpU
MOJICTIMPOBAHUH PACTIPEICTICHHBIX IU(PPOBBIX BBIYUCIUTEIBHBIX CUCTEM I CETEH,
UMEIOIINX JIMHUM CBS3U. OTO OOBSACHSAETCA TEM, UTO JIO HACTOSALIEr0 BPEMEHH
OTCYTCTBYIOT K-3Ha4HbIE MOJAENM JIMHUH CBA3M W YWCICHHBIE METOJHI,
MIO3BOJISIONIHE HCCIIEC0BATH TAKKE MOJICIH.

Anamu3 Jjutepatypbl. OnHUMU M3 HamOoJee W3BECTHBIX MOCNEH JTHHHMA
CBSA3M SABIIOTCS MOJENH Ha OCHOBE TelerpadHBIX YpaBHEHHH B YaCTHBIX
npousBoaHbix [10, 11]. AHaauTHYeCKHE W YMCIEHHBIE METOIBI PEINEHHS TaKUX
HETIPEPBIBHBIX YPaBHEHHMI TaBHO pa3paboTaHbl U XOpOIO m3BecTHHI [12 — 14], u
IIMPOKO HCIOJB3YIOTCS TPH HWCCIEIOBAHWM pA3IMYHBIX Mojenei. Meronuka
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nepexoza OT HeNpepbiBHBIX JuddepeHInalbHbIX ypaBHeHHH K K-3HaYHBIM
aubdepeHInanbHBIM ypaBHEHHAM H3BecTHa [7]. OmHako B HACTOsIIee BpEMs
MPaKTUYEeCKH  OTCYTCTBYIOT  UHCIEHHbIE  MeTOoAsl  pemeHus  K-3Ha4HBIX
muddepeHInanbHBIX ypaBHEHNH ¢ YaCTHBIMH IPOU3BOTHBIMU.

Henplo craTbm sBIsAeTCS pa3paboTKa YHCIEHHOTO METOJa PpeLICHHs
(mpocreiimero) K-3maunoro amddepeHIambHOrO ypaBHEHHS B YacTHBIX
MPOM3BOIHBIX,  AMMIPOKCHMHPYIOMIEro rumnepbonmdeckoe  auddepeHnaIb-Hoe
ypaBHEHHE BTOPOTO IOPSIIKA C IBYMS HE3aBUCUMBIMH IIepEMEHHBIMH

o%u 2 o%u
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rzie U — Heu3BeCTHas nepeMeHHast; t 1 X — He3aBUCHMbIe TiepeMenHbie (T — Bpems, X —
paccTosHUE OT Hayana JIMHUH); @° — HOCTOSHHBIA KO3((MUIHMEHT, YUMTHIBAIOIIUIH
pachnpeieieHHy0 eMKOCTh U HHAYKTUBHOCTD JIHHHUH.

UzBectHo [12 — 14], uT0 OMH M3 METOAOB pelieHus ypaBHenus (1) ocHOBaH Ha
CBEJICHUH €r0 K Pa3HOCTHOMY T'MIEPOOIMIECKOMY YPABHEHHUIO

2 2
Ui, j1 =202 j + A7 (Ujag, j +Uizg i) — Ui j1 (2)
rae U; j =u(ih, jt); h, T — BenMYMHBI WArOB AMCKPETH3ALMHM COOTBETCTBEHHO IO
He3aBUCHMBIM mepeMeHHbIM X 1 t; h = I/n; | — qnuua muauu (mposoma); i = 0, 1, 2,

3,...mj=01273 .. /1=a%.

CootHorrenue (2) (hakTHUECKH SBISIETCS SIBHOW CXEMOH PEIICHUs YpaBHCHHUS
(1). VYcroiumBOCTP W CXOAMMOCTH J3TOW CXEMBl WM METOJa pEIICHUSI
obecmeunBaercs mpu A < 1 [12].

Jlst omucaHus MPOLIECCOB B JIMHUU C MOMOIIBI0 K-3HaYHON MPOCTPaHCTBEHHO-
BpeMeHHOH MoienH, riae K — mpocToe 4uciio, moa0kKHM, YTO 3aBHCUMAasi IEPeMEHHas

UK npunumaer 3nauenns u3 muoxectsa M = {0, 1, ..., K -1} u apisercs pynxmmeis
JBYX Lienounciennbx nepemennsix UK = UK(x;, t); i=0,1,2,3,...,n;j=0, 1, 2,
3 ...

Ecnu nosnoxure A = 1, To pasHOCTHOE ypaBHeHue (2), rie 00JacTh 3HaUCHHUIH
HerepLIBHOﬁ nepeMeHHoﬁ U SIBJISICTCSI MHOXXECTBOM BEHIECTBCHHBIX 4YHCET U3
3aMKHYTOr0 HHTepBana [Umin, Umax], MOXKeT ObITh ammpokcumupoBano K-3HauHbIM
Pa3HOCTHBIM YPAaBHCHUEM

Uit =Uf <+>kUiIEl<_>kUil,<j—1 : (3)

e U,'f’q =U K(Xp,tq), p=0,1,2,3,...,n;,9=0,1,2, 3, ...; a apupmMeTnuecKue

Ornepanuu ABJIAIOTCA ONIE€pAIUAMU 110 MOIYJIIO K.
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Takum o0Opazom, ¢ OmHOW CTOpOHBI, BbIpaxeHHue (3) sBisercs K-3HayHOM
pasHocTHOM (hOpMOIl HempephIBHOIO BOJHOBOTO ypaBHeHust (1), a ¢ apyroit —
omnpeenser MeTo[ pemeHus K-3HauHOro BOJIHOBOTO YPaBHEHHSI.

Ilpumep. 1lycTh Ha BXOJ OOHOPOAHOW OIPAHMYEHHOM JIMHUH, ONKUCHIBAEMOW B
HeNpepblBHOM ~ BHJE ypaBHeHueM (1), monaercst HeNpephIBHBIN  CHTHAI
JKCIIOHEHIMaNbHOH (opmbl  umrensHocThi0o 20 He. Ha puc. 1 mnokasana
rpadguyeckass HMHTEpIpETalusi paclpOCTPaHEHWs CHUrHajla 1O IPOBOJIHHKY,
OpeJCTaBJICHHAs. B BHIC 3aBHCHMOCTH aMIUIUTYAbl CHUTHANa OT BPEMEHH Uil i-il
TOUYKHU NPOBOJHUKA.

R sG]

W3meneHne HanpsKeHUst
B I-0H TOYKE MPOBOJHUKA OT BPEMEHH
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Puc. 1. I'padux n3MeHeHUsI HATIPSHKEHUS B i-if TOUKE MPOBOJHKUKA OT BPEMEHH

ar auckperu3auuu 1Mo BpeMmeHH ObuT BbIOpaH paBHbM T = 0,25 He, uTo, B
CBOIO OYepellb, HCXOAS U3 TOTO, YTO MOCTOSTHHBINA KO3()(UIMEHT &, YIUTHIBAIOIITHN
pacnpeseneHnylo  emkoctb C M MHAYKTMBHOCT,  JHUM L,  paBeH

a =1/ VLC =414 ><108 u A =1, ompenensier BEIUYHMHY IIara JAUCKPETH3AIUU TIO
JUTMHE TIpoBoHKKA: h = 3 cm.
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Ha nmnpuBeneHHBIX BpPEMEHHBIX JUarpaMmax OTpakeHa  3aBUCHUMOCTb
HanpspkeHust B 0-if, 12- m 28-i1 Toukax mNPOBOAHUKA, YTO COOTBETCTBYET
HCXOJITHOMY CUTHAJIy U €r0 BUAY B Hadajie MPOBOJHHUKA U B TOUKAX, OTAANEHHBIX OT
€ro Hayaja Ha pacctosiHue 36 cM u 84 cm.

Ha puc. 2 mpuBeneHbl BpeMEHHBIE AUArpaMMBbl PaclpOCTPAaHEHUS 3TOrO XKe
CHWTHana, TONyueHHbIe B pesynbTate pemenust K-3aagnoro (K = 7) pasHOCTHOrO
ypaBHeHHs (3), anmpoKCHUMHPYIOIET0 HENPEPhIBHOE I'MIIEPOOIMUECKOe ypaBHEHHUE
(1), Monenupyromee OIHOPOJAHYIO JHHHUIO CBS3M, HEPEAAOLIYI0 HMITYJIbCHBIE
curHansl. Illar auckpernsamum Mo BpeMEHH BBIOMpaeM paBHBIM T = | HC, 4TO,
COOTBETCTBEHHO, mpu A = 1 ompenensier mar Auckperusanuu mo jiuae h = 12 cm.
Ha BpeMenHbIX auarpamMMax (puc. 2) oTpakeH MpoLecc PacHpOCTPaHEHHs CUTHAIa
aMIUTUTYHOW 6 ypoBHedd kBautoBanust (3 B) w mmurempHOCTBIO 20 HC 1O
npoBOoAHMKY. Ha pucyHKe mNpesicTaBieHa 3aBHCUMOCTh AaMIUIMTYABI CUTHama OT
BpeMeHH ani 3-if u 7- TOueKk MPOBOJHMKA, YTO COOTBETCTBYET TOUKaM,
OTJaJIEeHHBIM OT HAYaja MPOBOHKKA Ha 36 cM U 84 cM (aHAJIOTMYHO pHC. 1).

(B

Vi3MeHEHNE HANPSKEHHS
B i-0li TOYKE NPOBOJHUKA OT BpEMEHH —
Lambda=1 (t=1wuc; h=12 cm)
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Puc. 2. I'paduk H3MEHEHHUsI HATIPSDKEHUS B i-if TOUKE MPOBOJHUKA OT BPEMEHH
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Ha puc. 3 npuBoauTcst cornocraBieHne pe3yJIbTaTOB PaCIpPOCTPAHEHHsI CUT'HANIA
IO TIPOBOJHHMKY B HENpephiBHOM H  K-3HaYHOM BHIaX, NPUBEICHHBIX
COOTBETCTBEHHO Ha puc. 1 u 2.

(AW =28

N3meneHne HanpsKeHUst
B i-0if TOYKE MPOBOAHKKA OT BPEMCHH

Lambda =1 (t =1 uc)

AMNNMTYAA CUrHana

100 104 108 112 116 120 124 128
Ocbk BpeMeHu (He)

Puc. 3. I'padux conocraBiieHus pe3yIbTaToOB HeMpepbIBHOTO 1 K-3HauHOTO
MOJICITUPOBaHHUS

IIpu comocTaBieHHH pPE3ylbTAaTOB, NPHUBEICHHBIX Ha puc. | U 2, MOXHO
chenmaTh  BBIBOA O  KA4eCTBEHHOM  WACGHTHUYHOCTH  ONMCAaHMA  IpoIiecca
pactipocTpaHeHusi curHaga BelpakeHusMu (1) u (3) amd HempepsIBHOIO U
JUCKPETHOTO CIIydaeB. DTO IO3BOJIAET FOBOPUTh O BO3MOKHOCTH HCIIOJIB30BAHHSA
K-3maunoro ypasHeHus (3) Ui OnMCaHMS PACIIPOCTPAHEHUS CHTHAJIOB B JIMHHBIX
JVHHUAX B CHCTEME aBTOMAaTHU3MPOBAHHOIO NPOEKTUPOBAHMSA Ha OCHOBE K-3HauHBIX
JuddepeHInaNTbHBIX MOIEIEH.

B kauecTBe mprMepa pacCMOTPHUM Iepeady CUTHaja 10 JIMHUH, COCTUHSIONeH
JIBa yCTPOICTBA, OHO M3 KOTOPHIX MOJKET BBICTYIATh B KadyecTBE IeperaTduka, a
BTOPOE — B KA4ECTBE MPHEMHHKA.
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Ha puc. 4 noxazaH BO3MOXHBIHM BapHAHT CBS3U IepefaTInKa U IPUEMHUKA, Ha
IpHUMEpPE KOTOPOr0 MOKHO II0Ka3aTh BO3MOYKHOE HCCIIEOBAHHME PACIPOCTPaHEHUSA
CUTHAJIOB IO JIMHUM cBA3d. Ha puc. 5 npuBeleH NPOTOKOJ CBA3M NEPENAaTUYMKA U
NpUeMHHKa, a Ha puc. 6 K-3HauHble BpeMEHHbIE AMAarpaMMbl OCHOBHBIX CUTHAJIOB
STOr0 IPOTOKOJIA.

DATA1 Mepegarus PR MiprestHig
NEB SD1 . : [ )

: RG1 4 . : o RG3
g |a|1 . :
—e <0 > DATAY .
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P
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: : DATAZ
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: T POCK ! :
F D Q1+ ; v . i i .
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: N2CLK :

Puc. 4. Cxema ycTpoiicTBa mpueMo-nepejaTanka

PaccMoTpuM nepenavy CUTHAJIOB C MOMOLIBIO CHHXpOHHOrO Metona [15]. Ilpu
€ro WCIOJNB30BAaHUH MpEeIyCMATPHUBAaeTCsA NapajUleNbHas Iepenada OBYX CHUTHAJIOB
TxD wu CLK (COOTBeTCTBEHHO CHTrHajla JaHHBIX M  CHHXPOCHTHAJA).
[omoxwurenprabie PppoHTH cuHXpocurHana CLK 3amatoT rpaHuIp! Mexxay OUTOBBIMA
uHTepBajaMH.  JlaHHBlE  OPUHUMAKOTCA MO  OTPHLATENBHBIM  (pOHTAM
CHHXPOCHTHAJIA. YCTpOWCTBO (puC. 4) BBINOJHSAET NepeAavyy IaHHBIX B BHIC
nmapamiensHeiX kogoB DATAL u DATA2, KOTOpbIle MOTYT OTHOCHTBCS K OJHOMY
WIM JIByM HE3aBUCHMBIM HWH(POPMALMOHHBIM HOTOKaM. IIOTOKM CHTHAJIOB
MOCTYMAlOT B IEpPeJaTYnK M3 BHEIIHErO0 BBIYMCIUTEIBHOIO YCTPOHCTBA H
nepenaroTcss 1Mo oaHOW JMHWUKM cBsisu TXD. IlepBblif mOTOK BOCHpUHHMAETCS
MIPUEMHUKOM N0 oOTpuuareslbHbM (poHTam curnana CLK, Bropoit — mo ero
MOJIOKUTENbHBIM  (poHTaM. Ilepenarumk conepkur reHeparop G, caBuUTOBBIE
peructpel RG1 u RG2, snement 2U1-WJIW, nsa D-tpurrepa m nBa uHBepTOpA.
[Ipuemuux conepxur casurosele peructpel RG3 n RG4, D-tpurrep, nHBepTOp M
YIBOUTENb «X2» 4YacTOThl C HMHBEPCHBIM BbIX0ojg0M. ['eneparop G dopmupyer
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HETIPEPHIBHYIO IOCIIEA0BATEILHOCTE cHHXpouMITysibcoB 2CLK (puc.5) ¢ wacToTtoii,
COOTBETCTBYIOILIEH YacTOTe Nepeaadn AaHHbIX 1 XD mo auHun.

2CLK
N2CLK
sl I A R

SV I O B o I e B
° (L LI LS LI LIL

oo [ 0] o | 1 | o | 1 | o]

i 1 I IR RN DR

TxD

TxD

TxD (DATAL) TXD (DATA2)
Puc. 5. IIpoTokon cBsA3M nepenaTunka ¥ IPUEMHUKA

Curnan c reHeparopa G mpeoOpasyercs B 4YeThIpe CHHXPOCHTHaJa C
MOCJIeI0BATENFHBIM (ha30BBIM CMEIICHHEM Ha deTBepTh nepuona. JJannsie DATAL
u DATA2 nepuoandecku 3anocsrcst B peructpsl RG1 1 RG2 u 3atem caBurarotcs
B HHUX II0 TOJIOKUTEIBHBIM (PPOHTAM COOTBETCTBYIOUINX YIPABIIAIONINX CHUTHAIOB
(uenu ympapiieHHsl TMapaUieJbHONW 3amMchio MaHHBIX B peructpel RG1 um RG2).

73



[ocnenoBarensubie ganubie SD1 u SD2 u3 peructpoB RG1 u RG2 moouepenno
BBIIAIOTCA B JIMHUIO yepes Joruueckuii anement 2M-NJIN. [losTomy nepenaBaemblie
nmannaeie TXD cogepixar 6utet DATAL u DATA2, npuHayiexaiiie IByM pa3HbIM
WM OHOMY oOuiemy WH(OpManMOHHBIM MOoTOKaM. [IpHeMHHK Mocien0BaTebHO
3arpy’kaeT NpHUHUMAaeMble JaHHble B caBuroBsle peructpel RG3 um RG4 c
npotuBogasHoil cunxponuzanmeil. Ilpu sToM HHGpOpPManus pacrpeneisercs Io
JIBYM IIEpBOHAYAJIbHBIM OTOKaM.

Ha BBIXO#ax perucTpoB B COOTBETCTBYIOIIME MOMEHTHI (HOPMHPYIOTCS
napanensHeie qanaeie DATAL u DATA2. B 3T MOMCHTHI OHH CYHMTBHIBAIOTCS
HOCJICYIOMUMH ~ YCTPOHCTBAMHM,  BBINOJHSIONIMMH  JalbHEWIIyl0o  00paboTKy
nHpopManuu. YnBourtenb dacToThl cuHxpocurHaga CLK «x2» u D-tpurrep
MO3BOJISIIOT TOJYYUTh B MIPUEMHUKE ITOJTHBIH KOMIUICKT aHAJIOTOB CHHXPOCHTHAJIOB
nepeaTImKa.

> B FSSsEiy 3 Feem T 3 3+ 3
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Puc. 6. K-3naunsie BPEMCHHBIE THAarpaMMbl MOACIUPOBAHUA TpoLEcCa nNepeaain
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Ha puc.5 mnpuBeneHsl pesyibTaTbl OyJeBOTO MOEIMPOBAHUS Mpolecca
nepenayd MOCIe0BaTeNbHOCTH IM(PPOBBIX MMITYJIBCOB, @ Ha pUC. 6 — BpeMeHHbIE
quarpaMmsl TakTupyrommx umnyiscoB 2CLK u CLK, a taxke MHGOPMAaMOHHBIX
curtanoB B, NB, SD1, SD2 u TxD, nony4eHHble Ipyu MOAEINPOBAHUS NepelaTYHKa
B CAIIP na ocnoBe K-3HauHoro auddepeHnmansHoro ucuucieHus. Ilpu stom
curtanbsl CLK 1 TXD noctynaroT Ha JIMHHIO CBSI3H.

Ha puc. 7 mpencraBneHsl BpeMeHHble auarpaMMel Juig curHana [XD B
HauanbHOW (HyNeBOHl) TOuke NPOBOAHMKA (IepBas Mauyka HMIYJNbCOB). OTa
UMITyJIbCHAs TOCJIEA0BATEIbHOCTE COOTBETCTBYET ABOMYHOM IOCIIENI0OBATENBHOCTU
0101110011, wo mpencraBieHa B K-smaunom Bume npu K = 7. Takum oOpazom,
YPOBEHb JIOTHYECKOW «EAMHMLBD B 9TOM Cllydae IpeJcraBisiercsi 3HaueHneMm K = 6.
JUInTenpHOCTh NMEpBOrO MMIyNbca paBHsAeTca 13 He, BToporo — 39 Hc, TpeThero —
26 HC, a (POHT KAKIOr0 HMIIyJIbCA UMEET IUTEIBHOCTh 3 HC. Bropas mauka
UMIIyJICOB Ha PUC. 7 COOTBETCTBYET pe3yJbTaTy mepenauu curaaia B 210-10 Touky
MPOBOJHMKA, YTO COOTBETCTBYET TOYKE, OTAAJCHHOW OT Hadaja NPOBOJHHKA Ha
paccrostane 25 Mupu A = 1 u T = 1 He.

(AW =/
I'paduikyt 3aBUCUMOCTH HATIPSHKSHUS
B i-0if TOUKE MPOBOJHUKA OT BPEMEHHU
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Puc. 7. BpemeHHbIe TuarpaMMbl pacipocTpaHeHus curnana XD 1o nuHuu cBsi3u
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BoiBoawl. [Ipemnoxena HoBas K-3HauHas Mojenb TenerpadHbIX ypaBHEHUH.
Pa3paboTaH unciIeHHBII METOI, TIO3BOJISIOMINI ¢ TOMOIIBI0 K-3HAYHBIX pa3HOCTHBIX
YpaBHEHHI HCCIEIOBATh IIPOLECCHI MEPEfadyl CHTHAJIOB B JIMHHBIX OJXHOPOIHBIX
muauax. Ha mpumepax npoaeMoHCTpHpOBaHa pabOTOCIOCOOHOCTh HOBOH MOJETH U
YHCIEHHOTO MeToAa. B manpHelmem mnpeamornaraercs paspaborka K-3HauHBIX
MOJIeTIe M YMCICHHBIX METOJOB JUIA MCCIEHOBAHUS IPOLECCOB B HEOIHOPOIHBIX
JUTMHHBIX JINHUSX.
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