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CUTHAJIOB, OTPAXKEHHbIX U3 HEOOQHOPOOHOMW KABEJ/IbHOM LLEMU

M.S. Bylina

IMPROVED MODEL AND COMPUTING TECHNIQUE OF TDR TRACE
FOR A TRANSMISSION LINE WITH DISCONTINUITIES

I KoHTpoJist omHOpomHoCcTU KabenabHbIX lieneit (KII) u ompeneneHuss ux mnapaMeTpoB IIMPOKO MC-
MOJIb3YEeTCSl MMITYJbCHBIA METON M3MEPEeHUI, peau3yeMblii UMIYyIbCHbIMU pediekTomerpamu (UP) wnu
pedaekToMeTpaMM BO BpeMEHHOI 00J1acTH, OCHOBaHHBIN Ha 3oHAMpoBaHMU KII KOpOTKMMU MUMITyJIbCAMU
HaMpsDKEHUST W TTOCIIEAYIONIeH peTUCTpaliii COBOKYITHOCTH CUTHAJIOB, OTPaXKeHHBIX OT HEOMHOPOIHOCTEN 1
THOoBpexXIeHN (00paTHOTrO MmoToKa). MYHKIMOHAIBHBIC BOSMOXKXHOCTH TaHHOTO METOIA MOTYT OBITh PaCIIIM-
PEHBI TTyTeM MCITOIb30BaHUS LIMMPOBOI 00pabOTKM pedieKTorpamMm, 3aperuCTPUPOBAHHBIX CYIIECTBYIOIIM-
mu MP. B ocHOBY 00pabOTKM I0OKHA OBITh MOJIOXKEHA afeKBaTHas MaTeMaThyecKasi Moiesib HEOJHOPOIHOM
KII u obpaTHOro rnoroka u3 Hee (peeKTorpaMMbl).

TIpenoxeHa yToYHEeHHAss MaTeMaTU4ecKash MOJIeJTb 00OpaTHOTO MOToKa 13 HeomHoponHoit K1, yuuteisa-
foIIIasT KOMIUIEKCHBIN XapaKTep BOJTHOBOTO COIPOTUBIICHUSI, a TAKKe TIPUBEICHBI PE3YIETaThl TEOPETHUECKUX
¥ 3KCITepUMEHTAIBHBIX MCCIICIOBAHNI, TTOATBEPKIAIOIINE HEOOXOIMMOCTh TAKOTO YTOYHCHMS W CITPABEUIH -
BOCTb IIPEIJIOKEHHBIX COOTHOIICHMIA. . .

KABEJIbHAA LEIb; UMITYJIbCHbIM METOI; METOJ MMITYJIbCHON PE®JIEKTOME-
TPUU; UMITYJIBbCHBIN PE®JIEKTOMETP; TDR; CUTHAJI OBPATHOI'O ITIOTOKA; PE®JIEK-
TOTPAMMA; HEOOJHOPOOHAS KABEJIbBHAS LHEITb; HEOOHOPOOHOCTb; MATEMATHUYE-

CKAA MOJEJIb.

Time domain reflectometry method and time domain reflectometers are used to monitor the state of
continuity for transmission lines. The method is based on probing the transmission line with short voltage
pulses and return stream signal registration. Functionality of existing TDRs can be enhanced by the use of
digital processing TDR traces. The digital processing should be based on adequate models of a transmission
line with discontinuities and return stream signal (TDR trace).

This paper presents the improved mathematical model of TDR trace for a transmission line with
discontinuities. The model allows for the complex character and frequency response of the particular
impedance. The paper also comes up with the results of theoretical and experimental studies. The results
demonstrate the need of the model refinement and validity of the proposed formulas.

TRANSMISSION  LINE; TIME DOMAIN REFLECTOMETRY; TIME DOMAIN
REFLECTOMETERS; TDR; TDR TRACE; TRANSMISSION LINE WITH DISCONTINUITIES;
DISCONTINUITY; MATHEMATICAL MODEL.

JIJ1s1 KOHTPOJISI OJHOPOIHOCTH KaOeIbHBIX  M3MEPEHUM, peaqus3yemblii  MMITYJIbCHBIMU
ueneit (KII) u ompeneneHus ux mapamerpoB  peduiekromerpamu (MP) nnm pedaekromerpa-
LIMPOKO MCIIOJIB3YEeTCS WMMITYJIbCHBIA MeTon MM BoO BpemMeHHOi obiactu (TDR — Time Do-
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main Reflectometer) [1—5], ocHOBaHHBIII Ha
3oHaAMpoBaHun KII KOpOTKMMM UMITyJIbCaMU
HampsDKeHUST W MOCEAYIONIE perucTparun
COBOKYITHOCTHM CUTHAQJIOB, OTpPaxk€HHbBIX OT He-
OTHOPOAHOCTEN W MOBPEXIACHUI. DTU CUTHA-
JIbL B TEOPUU HAMpPaBISIONIUX CUCTEM CBSI3U
MPUHSTO Ha3bIBaTb 00pAMHBIM NOMOKOM WA
cuenanom obpamuoeo nomoka |1, 2, 6, 7].

WP peructpupyer pedaekrorpaMmmy — 3a-
BUCHMOCTb CHUTHajJla OOpaTHOTO MOTOKA OT
BpemeHM (pacctosinus Baosab KII), mo koto-
POl MOXKHO OTpeesiITh XapaKTep HEOTHOPO/I -
HOCTE M M3MEPSATh PACCTOSIHUS IO HUX IIPU
OTHOCTOPOHHEM Ja0CTyle K JuHuu. B [8, 9]
MOKa3aHO, YTO (DYHKIIMOHAJbHBIE BO3MOXHO-
CTU JAHHOTO METOJa M3MEPEHUI MOIYT ObITh
paclIMpeHbl, a IIOTPEIIHOCTU OIIpeAeICHUs
pacCTOSIHUI YMEHBILIEHBI IyTeM MCII0JIb30Ba-
HUS UUDPOBOK 00pabOTKU pedieKTorpaMm,
3apeTMCTPUPOBAHHBIX cyluecTByommmMu MP.
B ocHoOBYy 00paboTKM HOJKHA OBITH MOJIOXKE-
Ha anekBaTHas MaTeMaThyeckasi MOjesib He-
omHopoaHoil KII u obpaTHOro MOTOKa U3 HEe
(pedyiekTorpaMmel).

B [10—12] paccMoTpeHBbl pa3audHbIe MOJ-
XOAbl K MOJAEIUPOBAHUIO HeoaHOpoaHbIX KILI.
Haubosiee yHuBepcalbHON SIBJISETCS MOIE/b
[12], B KOTOpOIi MOIyCKaeTcsl, YTO HEOAHO-
poanyio KII MoxHO pa3duUTh Ha HEKOTOpOe
KOJIMYECTBO IOCJIENOBATEIbHO COCIMHEHHBIX
OJIHOPOAHBIX YYACTKOB C pa3HLIMU MapaMeTpa-
Mu. B cThIKax yyacTKOB MOTYT pacroJjiaraThbCsl
COCpPeIOTOYEHHbIC HEOAHOPOAHOCTH. 1151 pac-
yera 00paTHOro MOTOKAa HEOOXOAMMBI MOJAEIU
ogHopoxaHoro yyactka KII 1 cocpenoroueHHoit
HEOoJHOPOAHOCTU. MoneanpoBaHUe COCpeao-
TOYEHHBIX HEOJHOpOoAHOCTe! B [12] ocHOBaHO
Ha TIPEIITOJIOKEHUM, YTO ITPU MCIIOIb30BaHUN
s 3oHaupoBaHusa KII KopoTKux MMIYJIbCOB
MOXHO TpeHeOpeub KOMIUIEKCHBIM XapaKTe-
pPOM €€ BOJIHOBOI'O COIIPOTUBJICHUSI U €ro 3a-
BUCUMOCTBIO OT YaCTOTHI.

B naHHOli cTaTthe mpemsiaraeTcs 0OoJiee
TOYHas U (pu3MYecKu Oojiee MpaBUJibHAS Ma-
TeMaThyeckass MojeJb OOpaTHOIO MOTOKa U3
HeogHopoaHoi KII, a Takxe nOpuUBOASTCS
pe3yabTaThl TEOPETUYECKUX M 3SKCIEepUMEH-
TaJbHBIX MCCJIEIOBAaHUI, TOATBEPKAAIONINE
CIPaBeIIMBOCTb MPUBEACHHBIX COOTHOILIEHUIA
M TTOKa3bIBaIOIIME, YTO MPEeHEOPEeKEeHNEe KOM-
IUIEKCHBIM XapaKTepOM BOJHOBOI'O COIIPOTHUB-
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genust KII ¥ 3aBUCHMOCTBIO €ro OT 4acCTOThI
MOXET CTaTh MPUYMHONM 3HAYUTENbHBIX IIO-
TPEIIHOCTEN IPHU pacyeTe CUTHaja 0OpaTHOTO
MOTOKa.

HeonnopoaHoctu B KadeabHbIx nenax. He-
OMHOPOTHOCTBIO IIPMHSITO HAa3bIBaTh J1000E
U3MEHEHUE BOJIHOBOTO CONPOTUBIECHUS Z
Brnonb KII [5, 9—11]. OmHako 3T0 ompengee-
HU€ HE SBJSIETCS MOJHBIM, T. K. OXBaTbIBaeT
HE BCe BUIBI HeogHOpoaHocTel. bymem pas-
JINYaTh CJIEAYIOIINE BUAbI HEOAHOPOIHOCTEI:

KOHIIeBbIE€, BO3HMKAIOIIME Ha BBIXOAE M
Bxonae KII n3-3a oTanums CONpOTUBICHUS Ha-
IPY3KM U BHYTPEHHETO COIIPOTUBJICHUSI MUC-
TOYHMKA CHUTHaja OT BOJHOBOI'O COIIPOTUBJIEC-
Hus KI1I;

CTHIKOBBIE, BO3HMKAIOIIME IIPU COEIMHE-
HUM CTPOUTEJBHBIX IJIMH, MMEIOIINX pa3Hoe
BOJIHOBOE COMPOTUBJICHUE;

BHYTPEHHUE, 00YCIOBJIEHHbIE U3MEHEHUSI -
MU BOJHOBOTO COIIPOTUBIICHMUSI B IIpelesiax
CTPOUTEJILHOM IJIMHBI;

BHEIIHWE, OOYCJIOBJICHHBIC BKIIFOUCHUEM
(mpenHaAMEepPEeHHbIM WM BO3HUKAIOIIUM IIO
€CTeCTBEHHBIM IIpUUMHAM) Ha ONpeAcICHHOM
paccrossHuu B ceyeHue KII HekoToporo uye-
TBIPEXTIOIOCHNKA C SKBMBAJICHTHON CXEMOIA,
colepxKallleil COCPeNOTOYEHHbIE 3JIEMEHThI
(pe3ucTOphl, EMKOCTA Y MHIYKTUBHOCTH).

HeomHopoaHOCTH MOTYT OBITH COCPEaOTO-
YeHHBIMH M pacnpeneneHHBIMU. K cocpeno-
TOYEHHBIM OTHOCST HEOJHOPOIHOCTU, BpE-
MSI pacIpOCTpaHEHUs IO KOTOPHEIM HAaMHOTO
MEHbIIE IJUTEJIbHOCTU 30HIMPYIOIIErOo HM-
nyiabca u (wim) mocTtosHHoOW Bpemenm KII
JIUIAHOM, paBHOI YIBOCHHOMY PACCTOSHMIO 10
HEOMHOPOAHOCTU. B TMpoTMBHOM ciyyae He-
OJHOPOAHOCTb HAa3bIBAETCSl paclpeacieHHOM.
KoHIIeBbIE 1 BHEILIHWE HEOTHOPOMTHOCTH SIB-
JISIIOTCSI COCPEIOTOYEHHBIMMU.

®opMHupoBaHHE CUTHAJA OOPATHOTO MOTOKA
U3 HEOJAHOPOIHOIT KadesbHO nenu (pedyiekTo-
rpammbl). PaccMorpuM mipouiecc opmupoBa-
HUS CUTHaja 0OpaTHOro MOTOKa, PEruCTpUpPY-
emoro MP. YnopollueHHasi CTpyKTypHas cxema
WP mpencraBieHa Ha puc. 1. 3oHaupylolue
WMITYJIbChl OT TeHeparopa 4Yepe3 yCTPOWCTBO
BBOJA/BBIBO/IA IIOCTYIAlOT B MCCIEAYEMYIO
KII. ITpu paccMOTpeHUM TPOLECCOB pacHpo-
CTpaHEHUS 30HIMPYIOIIMX UMITYJILCOB MOXKHO
BBIIEJINTD MIPSIMOM TTIOTOK OT TeHepaTopa K Ha-
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Puc. 1. CtpykrypHas cxema MP. DkBuBaneHTHas1 cxeMa u pedaekrorpamma HeogHopoaHoit K1

rpy3Ke M OOpaTHBIM MOTOK OT HArpy3KH K re-
HepaTopy.

[IpssmMoit MOTOK (hOPMUPYIOT MMITYJIbCHI,
pacnpocTpaHsIoOIIMecss OT TeHepaTopa K Ha-
Ipy3Ke, a TaKXKe OTpak€HHbIE MMITYJIbChI, BO3-
HUKAIOIMe B Pe3ybTaTe MHOTOKPATHBIX (YeT-
HOI KpaTHOCTH) OTpaxke€HUIi (C yJacTHEM IBYX
1 0osiee HEOTHOPOIHOCTei1). OOpaTHBIN MOTOK
(opMUPYIOT OTpakeHHbIE WMITYJIbChI, BO3HU-
Kalye B pe3yJbTaTe KakK OMHOKPATHBIX OTpa-
JKeHUM (C yJacTMeM OJHOIl HEOTHOPOIHOCTHU),
TaK M MHOTOKPATHbIX (HEYETHOW KpPaTHOCTH)
OTPaXEHUI (C yyacTMeM NOBYX M 0oJjiee HEOM-
HopoxHocTei). Ha pucyHke mokaszaH mpoliecc
(bopMupoOBaHS OMHOKPATHOTO U TPEXKPATHOTO
oTpaxeHuil. OOpaTHBI MOTOK Yepe3 YCTpOii-
CTBO BBOJA/BbIBOAA ITOCTYIIAeT Ha YCUJIUTEb,
a 3aTeM Ha YCTPONCTBO OTOOpaxkeHMs (9KpaH).
Pa3zBepTka 9KpaHa 3amyckaeTcs IIepeaHUM
(bpOHTOM 30HIMPYIOLLIETO UMITYJIbCA.

DKBHBAJIEHTHAS CXeMa HEOJAHOPOAHOI Ka-
OesibHOM memu. /11 onucaHuss HEOQHOPOMHOM
KII 6yneM ucnosb30BaTh 9KBUBAJEHTHYIO CXe-
My, u3obpaxkeHHyio Ha puc. 1. B maHHoii cxe-
me KII mpeacrapisier coboil mociaenoBaTeIbHO
COEIMHEHHBIE ¢ OMHOPOMIHBIX YYACTKOB C M-
Hamu [. Jlng ydera BCeX BO3MOXHBIX BUIOB
HEOIHOPOMIHOCTE! 1 MOBPEXKACHUI Mojiaraem,
YTO B CThIKaX MEXAY YYacTKaMU MOTYT OBITh

BKJIIOYEHBI YETBIPEXITOJIOCHUKM, COAepXKa-
LIME COCPENOTOUYECHHBIE COMPOTUBIIEHUSI, WH-
JYKTUBHOCTU M €MKOCTU M ITIPEJCTaBIISIIOLINE
Cc000lf KBUBAJICHTHBIE CXEMbl HEOTHOPOIHO-
creit. st ynobcTBa MaTeMaTUYECKOTO OIMCa-
HUs OylIeM CUMTATh, YTO YETBIPEXITOIIOCHUKU
BKJIIOUEHBI B KaXXIOM CTbIKe. Ecin CTBIK He
COICPXKUT COCPEIOTOYCHHON HEOTHOPOIHO-
CTH, COOTBETCTBYIOIIMI €My YeThIPEXITOJIIOC-
HUK sBjsgeTcs nycthiM. Paccrosinue ot UP 1o
i-TO CThIKA MOXHO OIPENENUTH MO BbIpaxke-

Huio [, =»'I,. Vuactku Oynem HyMepoBaTh
Jj=1

oT i = 1 go q. CTBIKM MEXIy ydacTKaMu — OT
Jj =0 1o g (Bcero g+1).

B oSKBUBWJIEHTHYIO CXeMy JUISl TEOPETU-
yeckux wucciaegoBaHuii kpome KII Bxomgar
TeHEepaTop 30HAWPYIOIINX HMITYJIbCOB e(f) C
BHYTPEHHUM COIPOTUBJIEHUEM Z, & TAKXKE CO-
MPOTUBJICHUE HArpy3KU Zq .

B uyacTtotHO#i 00slacTM Kaxablit i-ii OIHO-
ponusbiit yaactok KII xapakTepusyercs MocTo-
SHHOW pacmpocTpaHeHus v (jo) = o, + jB, rae
o(0) 1 B(0) — KOIPOUUUEHTL 3aTyXaHU U
asbl, j — MHMMas eMHULIA, U BOJHOBBIM CO-
npotusiieHneM Z (jo). OH MOXET ObITh Ipe/-
CTaBJIEH YETBIPEXIIOJIOCHUKOM, WMEIOIIUM
pacnpeneseHHble MapaMeTpbl, IJisi KOTOPOTO
MOKHO OMpeneSUTh NMepeaaTouHyto (ByHKIIMIO
Hyjo) [5-7).
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YeThIpeXTOIIOCHUK, TTPEACTABISIONINIA CO-
CPeIOTOYEHHYIO HEOJHOPOIHOCTD B i-M CTHIKE,
B YACTOTHOI 00JIACTM MOXXHO XapaKTepru30BaTh
nepeaaToOuHbIMU (DYHKIUSIMU MO OTPaXKEHUIO
Rj(joa) M TI0 MPOIMYCKAHUIO Kj(/'co).

MaremaTHyeckas MoJe/ib 00paTHOro MOTOKA
W3 HEOJHOPOIHOI Ka0eabHOil Ienu B YaCTOTHOM
obaactu. [ MareMaTMYECKOIrO OITMCAHMS
00paTHOTO TIOTOKAa MpPEACTaBUM €ro B BUIE
CYMMBbI OTpaxK€HHbBIX MMIIYJIbCOB, BO3HUKIIIMX
B pe3yabTaTe OAHOKPATHBIX U MHOTOKPATHBIX
(HeueTHOU KpaTHOCTU) oTpaxkeHuid. Eciu B
KII Gosblie ogHONW HEOOHOPOAHOCTU, TaKUX
MMIIYJIbCOB OyIeT 0eCKOHeUHO MHOro. OgHaKo
MPOBEIEHHbBIE HAaMU MHOTOYMCJICHHBIC 3KC-
NepUMEHTAIbHbIE MCCASAOBaHMUSI TOKa3alu,
YTO TIpU pacuere OOpaTHOIO IMOTOKA OOBIYHO

OnucaHHas BBIIIE CXeMa HEOJHOPOAHOM
KII mo3BossieT monyYnuTh 9KBUBAJIEHTHBIE CXE-
MBI JIJIS1 pacueTa UMITyJIbca, OAHOKPATHO OTpa-
JKEHHOT'O OT HEOIHOPOMHOCTH, HAaXOISILEics
B CTBHIKE [, U UMITYJIbCA, TPEXKPATHO OTpakeH-
HOTO OT HEOTHOPOMHOCTEH, HaXOISIIMXCS B
cThiKax i, m u n (puc. 1).

IIpencraBieHHbIe Ha pUC. 2 CXEMbI Ipea-
CTaBJISAIOT cO0OI TMOCaeA0BaTeIbHOE COSNMHE-
HUE pPacCMOTPEHHBIX YeThIPEXIIOJIOCHUKOB.
Js1 ux mepeaaToyHbIX (QYHKIUI MoayvyaeM:

OIHOKpAaTHOE OTpaxeHue (puc. 2 a)

i-1

erfi :Ri+':!{:1[H13-H(Kn+'Kn—); (1)

n=0
TpexKpaTHoe oTpaxkeHue (puc. 2 6)

n ]
H, =R R R _-T|H*- H? x
NIOCTAaTOYHO YYECTb TOJBKO OJHOKPATHBIC U e dmn e g “ VEIH Y ’
TPEXKPATHbIE OTPAXKEHMsI, T. K. C YBEJINYEHU- n-l i1 2)
eM KPaTHOCTU OTPaXe€HHbIE CUTHAJIBI OBICTPO < [T(K.K)]] (K,.K,).
yOBIBAIOT. u=0 yemsl
a) o
o_ — —
Bxon Ko+ H, K1y H;
O_ — —
-
O_ — — —
Brixon Ko H, K1y H,; R+
O_ — — —
0)
—>
o_ — ——7
Bxon Ko+ H, Hnr1 Ky H; ¢
o— — —
< | |
¢ Hpy K1y H; R
| —_t | ] |
Ry Hpy K1y H; K1)+ H, ¢
-
O— — | — —  c— — —
Beixon Ky H, Hpey K1y H; K1y H, R+
o_ — ——  co— — —

Puc. 2. DkBuBajeHTHasI cxeMma JJis pacueTa CHUrHaja, OJHOKPAaTHO OTPakKeHHOTO OT i-To CThiKa (a)
U TPEXKPATHO OTPAKEHHOTO OT CTBIKOB i, m, n (0)
CrpenkaMy MoKa3aHbl HapaBIeHUs pacpoCTpaHEHUs] CUTHAJIOB
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B Boipaxkenusx (1) u (2) npeamnonaraercs,
YTO IepenaTouyHble XapaKTePUCTUKU [0 OTpa-
KEHUIO U TIPONYCKAHUIO [JISI COCPEAOTOYECH-
HBIX HEOTHOPOTHOCTEWM 3aBUCIT OT HaIlpaB-
JICHUSI pacIIpOCTpaHEHUsI MMIIYJIbca, KOTOpOe
0003HayaeTcsd MHACKCAMU «+» IJI MPSIMOro
HampasJieHUs 1 «—» s obparHoro. Ilepena-
TOYHbIE XapaKTEePUCTUKU OJHOPOIHBIX y4acT-
koB KII He 3aBUCIT OT HampaBJeHUS PacIpo-
CTpaHEHUS UMITYJIbCA.

PaccmoTpuM mepenaToyHble  XapaKTepU-
CTUKU OTHCIBHBIX 3JIEMEHTOB 3KBUBAJICHTHBIX
CXeM, TIPeICTaBICHHBIX Ha puc. 2. Ing mepe-
JATOYHOM XapaKTePUCTUKM (-TO y4acTKa OI-
HopoaHo# cornacoBaHHoW KII cnpaBeainBo
[5, 6, 12, 13]:

H, = exp[-y, - 1. )

IlepenaToyHble XapaKTEPUCTUKKU MO OTpa-
XKEHUI0 R, ¥ MpomycKaHuio K, YeTbIpexIo-
JIIOCHUKA, TIPEICTABIISIIONIETO PACTIONOXKEHHYIO
B i-M CTBIKE€ COCPEIOTOYECHHYIO HEOAHOPO/I-
HOCTb, HEOOXOAMMO OIpENeNsiTb C Y4eTOM
BOJIHOBOTO COIPOTUBJIEHUs] Z  TIPEALIECTBY-
IOIIET0 i-T0 W BOJHOBOIO COIPOTUBJICHUS
Z,,.,, mocrenyiouero (i+1)-ro 0xHOPOXHBIX
y4acTkoB. TSI KOHIIEBBIX HEOMHOPOMTHOCTEM:
TepeaTouHble XapakTepucTnku R, u K , He-
00XOAMMO OIIpenesisiTh C Y4eTOM BOJHOBOIO
COTPOTHUBJICHNUSI Z, ¢-TO OJHOPOIHOTO y4acT-
Ka M CONpPOTUBJICHUs HArpysku Z, nepela-
TOYHBIE XapakTepucTuku R, u K, — c yde-
TOM BHYTPEHHETO COIPOTUBIICHMSI MCTOUYHUKA
CUTHaja Z, W BOJIHOBOIO CONPOTHUBIECHUA Z
IepPBOro OAHOPOIHOIO Y4YacTKa.

Beenem ob6osnauenus: U, ., I ., — Ha-
NpsSDKeHWE M TOK B BOJIHE, Majaolleil Ha i-1o
HeoaHOpoaHOCTb, U, ., [ .. — HamlpskeHWUe u
TOK B BOJIHE, MpOLIEAIIe Yyepe3 i-10 HEOIHO-
ponHocTh; U o £ I i — HalpsDKeHWEe M TOK B
BOJIHE, OTpPaxK€HHOW OT i-ii HEOOAHOPOIHOCTU.
3HaK «+» COOTBETCTBYET BOJIHE, paclpocTpa-
HSIOLIIECS OT reHepaTopa K Harpyske, 3HaK
«—» — BOJIHE, pacIpOCTPaHSIOLIEHCS OT Ha-
Tpy3KM K reHeparopy. Torma njsi mepenaroy-
HBIX XapaKTepucTuK R, u K, i-ii HEOTHOPO.I-
HOCTH CIIpaBeIJINBO:

v, Z

R _ refi+ ini+ vi

v Z. +Z.

mci+ mni+ vi

4.1)

U . L
Ki+ = ﬁ’ Zini+ = LH—’ (41)
Umci+ 1inci+
Ri _ Urefi— _ Zini— - Zv(i+l)
S U Z. 47,

inci— ini— v(i+l)

(4.2)

U U, .
Ki_ — Ufl‘al , Zini— — ['l}’lC'l .
mci— mci—

PaccMoTtpum mpolieaypy onpenesaeHus mne-
PeIaTOYHBIX XapaKTePUCTUK HEOTHOPOTHOCTHU
Ha mpuMepax.

Hawnbosee mpocTbIM BUIOM HEOTHOPOIHO-
CTU SIBJISIETCS CTBIK JIBYX OJHOPOJHBIX y4yacT-
koB KII ¢ pazusiMu mapamerpamu. Ee cxeMoit

3aMCLICHUA ABJISACTCA HYCTOI‘/JI YETBIPEXITOJIIOC-

HUK 0€e3 morepb. B atoMm ciyyae Z, Zv(,+1>’
Z, . = Z, TO eCTh Ul TIEPENATOYHBIX XapaK-
TEPUCTUK CIIPaBEIJINBO
Ri _ Zv(l+l) - Zvi R7 ZV' B ZV(HI) (5 1)
" Z + Zv(1+1) . Z + Zv(H])
27 2Z,
K =——>2@b g —__ "% (52
Y Z,+Z . Z + Z -5-2)

v(i+l) v(i+1)

Ha puc. 3 a, 6 npuBeneHbl SKBUBAJICHTHBIE
CXEMBbI UYETBHIPEXITOJIOCHUKOB, MOJCIUPYIOLINX
YacTo BCTpeYalolrecsl IPOCThiE IPOAOJbHBIC
U TIOINepeuHbie HeomHopomHocTu. [Ipumepa-
MM TIPOCTBIX TPOMOJBHBIX HEOIHOPOMHOCTEH
(puc. 3 a) 9BASIOTCSI OMMYECKash aCUMMETpPUs
(Z — 4nCcTO aKTUBHO), MHIOYKTUBHASI HEOIHO-
ponHocTh (HampuMmep, kartymika [lynnuHa)
(Z = jol). IlpumepaMH MPOCTHIX HOMEPEYHBIX
HeoJHOpoJHOCTeN (puc. 3 6) SBISIOTCS TO-
HWXEHWE COMPOTUBACHMST U3OJSLMU U yTeuka
(Z — 4uCTO aKTUMBHO), EMKOCTHAsl HEOJHOPO/I-
HocTh (Z=1 / jo().

[Tonyunm BblpaxkeHus1 IJIs1 TIEPeIaTOYHbIX
XapaKTepUCTUK STUX HEOTHOPOAHOCTEH IO
OTPAKEHWIO W MPOMYCKAHUIO.

151 IpoaoIbHOM HEOTHOPOIHOCTH (pUC. 3 )
cnpaseymso 2, =Z+Z .\ Z  =Z+Z, C

vi+1)? “in i
YYETOM 3TUX COOTHOLLICHUI U3 (4) HOJIy‘{I/IM.

Z +Zv(1+l) _Zvi
" Z+Z +Zv(,+1)
(6.1)
Z+Z, —va)
R =
S Z+Z,+7

v(1+l)
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a) 0) 6)
o— }—o o o 0 o—
Z u B
“ L L
T ) I
o ') o & ‘o) o—

Puc. 3. YeTbIpeXmoarOCHUKHY, SIBIISIIOIIMECS SKBUBAJICHTHBIMU CXeMaMU MPOJOJIBHON (a)
¥ TIOTIepeYHOM (6) HEOOMHOPOMTHOCTEM, SKBUBAJICHTHAsI CXeMa HECOIIACOBAHHOW Harpy3Ku ()

K- — 2ZV(i+1)
" Z + Zvi + Zv(i+1) ,
(6.2)
K = 22, .
Z + Zvi + Zv(i+1)
Mg MoTepeYHOI HEOTHOPOIHOCTH
(puc. 3 6) cnpasenmso Z, . =Z-Z .., [/ (Z+

¥ 2,0, 2, =27,/ (Z+ 7). Toxctanss

3TU BbIpaxkeHUs B (4), TOJIYYUM:

(Zv(i+l) - Zvi)Z B Zvin(i+l)

R7'+ = s
(Zv(i+1) + Zvi)Z + Zvin(i+1) (71)
& _ (Zvi B Zv(m))Z B ZviZV(i+l) )
: (Zvi + Zv(i+1))Z + Zvin(i+1)
Q’Zv(i+1)Z
Ki+ = ’
(Zv(i+l) + Zvi)Z + Zvin(i+l) (7 2)
X 27,7

a (Zvi + Zv(i+l))Z + Zvin(i+1) .

AHaJIOTUYHBIA MOIXO0A, MOXKET OBIThb TIpU-
MEHEH K OIpele/IeHUIO MapaMeTPOB KOHLIEBBIX
HeomHOpoaHOCTel. [ HecorymacoBaHHON Ha-
rpy3kn (puc. 3 6) OU3NYECKMiI1 CMBICT MMEIOT
TOJBKO TIepeaaTOYHbIe XapaKTepUCTUKU Rq+(p) u
Kqu). B orom cywae Z, = Z = Z , nostomy

®)

-7, 27
g+ ’ g+ = :
Z+7Z, Z+7Z,
Hns1 HEOMHOPOAHOCTU, IIPEACTaBIISIOLICH

co0oli HapyllleHME COIJIaCOBaHMUSI MCTOYHMKA
CHTHAJIa C JIMHUEH, (PU3NUECKUIA CMBICT MME-
I0T TOJBKO TIepeJaTOUYHbIe XapaKTepPUCTUKU

RO— n I(Oi
Z, —Z 2Z
R07 — Zvl ZO , K()+ — Z vl ,
vl + 0 0 + Zvl
9
o 9)
" Z,+Z,

Boipaxenussmu  (3)—(9) Mbl ompeaenuiu
BCE IIepemaTOYHbIe XapaKTePUCTUKU, BXOISI-
e B (1) u (2). OTMETHUM, YTO BO BCE 3TU Bbl-
paxXeHUsI BXOHAT BOJHOBBIE COIIPOTUBJICHUS
onHopoaHbix ydyacTkoB KII, koropnie sBIsi-
I0TCSI KOMITJIEKCHBIMU 1 3aBUCSAT OT YacCTOTHI.
BonHoBoe compoTuBieHUE i-TO OAHOPOIHOTO
ydyacTka MOXKHO OIPEAC/IUTh MO CJAeAYIOLIEMY
NPUOINXKEHHOMY BbIpaxXeHuio [6]:

N M, 1-j
0 \/6 \/5 b
rae Z, — BOJHOBOE CONPOTUBIEHUE i-TO OfI-
HopoaHoro yyactka KII B imana3oHe BHICOKUX
4acToT; M, — K03(PPULMEHT aNNPOKCUMALIUH,
3aBUCSIIUIA OT KOHCTPYKTUMBHBIX Pa3MepoB U
JU3JIEKTPUUECKON MPOHUILIAEMOCTH U30JISILIUN
i-ro ogHoponHoro ydactka KLI. 3nauenus Z
u M pna K1l roponckux TenedOHHBIX CeTei
(I'TC) mpuBeneHsl B Tabauie [6, 7].

Hns1 mepenaToyHON XapaKTepUCTUKU He-
onHoponHoit KII mo obpatHomy motoky H, o

Zvi :Zvi (10)

IMapametpsr KII I'TC

Kabenb Z , Om M, OM/MKc"> T, MKC/KM | T,, MKC/KM?
TIIIT-0.32 100 50,075 4,590 0,730
TIIIT-0.4 100 40,043 4,590 0,497
TIIIT-0.5 100 32,017 4,590 0,312
TIII1-0.7 100 22,844 4,590 0,155
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YYMTHIBAIOIIEH OMHOKpATHBbIE W TPEeXKpaTHBIE
OTpaxkeHUsI, MOXHO 3aIllCaTh;

q q n-1
SIS 33

n=2 i=1 m=0

i
refimn . (1 1)
Tenepb MOXHO paccuUTaTb OOpaTHBIN MO-
TOK U, B YaCcTOTHOIM 00JIacTu:

U, y=E-H,, (12)

rae F — 30HIMPYIOIIMI CHUTHAJ B YaCTOTHOM
obaactu. Beipaxenus (1)—(12) npeacrapiasiioT
co00li MaTeMaTU4YeCKyl0 Moeslb OOpaTHOIo
notoka u3 HeomHopoaHoi KII B vacToTHOM
obsacTu.

MaremaTHyecKkasi MoJeJib 0OPaATHOTO MOTO-
Ka U3 HEOJHOPOIHOW Ka0eJbHOI menu BO Bpe-
MeHHo# o0sacTu. Bo BpeMeHHO# obiacth 00-
paTHBII MOTOK U3 HeogHopomHol KII moxHO
HalTH HemocpeacTBeHHO u3 (12) ¢ IToMoIIbio
obpaTHOTrO TIpeodOpasoBaHus Pypre (MpU KC-
MOJIb30BAaHUM CHEKTPaJbHOTO METOAa) WU
Jlannaca (rpuM MCMOJIB30BAaHUM OIEPATOPHOTO
METOoNa). DTUMH CIIOCO0AMM BO3MOXHO TaKXe
ornpenesntb U3 (11) uMnyabcHYyIO grej(t) WIN
TIEPEXOIHYIO /1, (f) XapaKTePUCTUKM HEOIHO-
ponHoit KII, a 3atreM omnpeneanuTb O0OpaTHbIR
MOTOK uref(t) IIpu J11000# hopMe 30HIUPYIOIIIE-
ro uMmysbca e(f) ¢ moMmolbio nHrerpaia Hoa-
MeJis (CBEpPTKHU):

8 () = I H,,(p)exp(pt)dp =
e (13)
q g n-1 i
zg"‘gfl ) + Z greflmn( )
i=0 n=2 i=1 m=0
1 “¢°H,,
h(t) = 2 J- exp(pt)dp -
o (14)
q g n-1 i
Z hrEfl (t) + Z Z href imn (t)
i=0 n=2 i=1 m=0

(1) = j e(0)g(t -~ Ddt = [ e(Vh(t - v)d, (15)

—0

rac

o+ joo

Ereri () = J.

0./00

wr1(P) €Xp(pt)dp,

1 o+ joo
gref mn (t) TJ ref imn (p) eXp(pt)dp’

a—jo

l o+ joo Hre ’(p)
by () = 5= | === exp(p)dp,
TC_] o— joo
1 e Hre imn(p)
MO P g im2 7 exp( pt)dp.

aljoo

J1s1 yCHeUIHOro MCIIOJAb30BaHUSI BbIpa-
xeHuit (13)—(15) HeoOXoaAUMO PpaccMOTPETh
BPEMEHHbBIC XapaKTEPUCTUKU i-TO OJHOPOIHO-
ro yuactka KII Bo BpemeHHOIT obyiactu. Ero
nepeaaTovyHasl XapakKTepUCTUKaA OIPeaeIsieTCs
BeIpaxkeHneM (3). M3 (3) ¢ momMouibsio obpat-
Horo mpeoOpaszoBaHus Jlamiaaca MOXHO IIO-
JIYIUTh aHAJUTUUYECKNE BBIPAXKEHUS IJISI €ro
UMITYJIbCHOM g(f) M TiepexoqHon h(f) Xapak-

TEPUCTUK:
g1 = Tt - )3/2 exp

h(t) = erfc{

t()
" }1(: 1),
(16)

Z

i’ }1(: - 1),
Z

rae t, = t,,l’ u t, = 1 ], — NOCTOsIHHAsI BpeMe-
HU U BpeMs 3anepxku i-ro ydactka KLI; 7, u
T, — yIeJbHAs KOHCTPYKTUBHAsS TIOCTOSAHHASL 1
yIeJIbHOE BpeMs 3alepXKM i-ro ydyactka KII;
1(?) — pyukumsa XsBucaiina, paBHas HYJIO TIpU
t < 0 u paBHas eauHulie npu ¢ > 0.

[Tpu noayyeHUM aHATUTUYECKUX BbIpaXKe-
Huii (16) nna y(p) ObLIO MCHONB30BAHO TPHU-
OJIMKeHHOE BhIpaxkeHue [6]:

1,(p) = J4t, [P + 1, (17)

3HavyeHust 1), U T, MOXKHO CBfI3aTh C Mapa-
meTpaMu i-ro yyactka KII[ B wactoTHO# 061a-
CTU a, M B, ONPENETEHHBIMU Ha YacToTe f= f .
v, = 02()/ (41, - 8,68, — B.(f)/Cnf)
[6] qaCTOTa J, nmoixHa GLITB JOCTAaTOYHO
0OJIbIIION M BHIOMPATHCS M3 AMana3oHa, B KO-
TOPOM 0, IPOTIOPLIMOHAJIEH \/7 .

Hwuxe paccMOTpeHbl HECKOIBKO TTPUMEPOB
WCIIOJIb30BaHMsl IpeajiaraeMoil MaTeMaTuye-
CKOI Mozenu JJisg pacyeTa 0OpaTHOTO MOTOKa
n3 HeonHopoaHbix KII.

OOpaTHBIA MOTOK W3 OJHOPOIHOI HECorJa-
COBaHHOII M0 BbIX0AY KadeabHoii menu. O6pat-
HBI MOTOK OIHOPOIHOW HECOTJIACOBAHHOMN
no Beixony KII dopmupyercss eqMHCTBEHHBIM
OTpaXEHVWEM OT COMPOTUBJIEHMSI HATPYy3KMU.
ITosToMy u3zobpaxkenue Jlaminaca oOGpaTHOro
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nortoka takoil KII nmeer Bua;

U,y (p) = E(p)i—%exp{—zywm, (18)
roe Z — COIPOTUBJIEHUE HArpy3Ku; y — IIO-
CTOSTHHAsl pacIpoCTpaHEHMsI paccMaTpuBac-
moii KII; Z — ee BOJIHOBOE CONPOTUBIEHUE,
omnpenensgeMoe BheIpaxkeHueMm (10), KoTtopoe
IUISL TIOJYYEHMST UMITYJIbCHOIM XapaKTepUCTUKU
C MOMOIIBIO OOpaTHOro rnpeodpazoBaHus Jla-
Iiaca npuBeaeM K BUAY:

Z, =7, +M/p. (19)

Pacuer obparHoro mnoroka mpoBeaeM ISt
MPSIMOYTOJIBHOTO  30HIMPYIOLIEro MMITYJIbca
e(f) ¢ IUIMTENbHOCTBIO ¢ W aMIUMTynon E ,
nzobpaxeHue Jlarmiaca %(p) KOTOPOTrO MMeEeT
BUII;

E(p)=E, (1-exp(-1,p))/p. (20)

C yuerom (20) u3 (18) MOXHO MOJYYUTH
AHAJIMTUYECKOE BbIpaXKeHUe IUIsl pacueTa 00-
patHoro notoka KII urej(t):

U, ) =E,0E-1) 1(-1)-

— (it —1,—1,) (11, -1,)), 2
rac
v(t) = (R +1)-exp(ak) - exp(a’r) x
x erfe(avt + 1, /1) —erfe(t, /1),
a)
Uor/ U,
10— \Wfo T —
y 2-7Z/Zw0=40
3-7/Zy=2.0
05 2 \ 4_Z/Zvoo=1-5
g \\‘h
00 3 \: ——
' 5 P e
6 77 5-Z/Zw=1.0
05 N\ AT 16-2/Z0=05 |
¥ 77/ Zy=025
8 8-7/7,,=0
-1.0 T T
0 02 04 06 08 10

{—t,, MKC

f= 4ot =2l R =2 "L
e T 747,
M- fa =
a = TZWD s - TO ) TO I/I TZ KOHCprK‘

TUBHasI TIOCTOSIHHAsT U YyIEJIbHOE BpeMsl 3a-
Jepxku paccmatpuBaemoit KII.

Ha puc. 4 npencraBiieHbl pe3yabTaThl pac-
YETOB HOPMHUPOBAHHOTO OOpaTHOIO MOTOKA U3
HecornacoBaHHO HarpyxeHHoit KII TIIIT-0.4
(Z, = 100 Om, M = 32 Om/MKC"®) UIMHOM
250 M. Pacuernl mpoBeneHBI 1O BBIPAXKEHUIO
(21) ans 30HAUPYIOLIETrO UMITYJIbCA JJIUTEIbHO-
cteio 100 He. Hopmupytomnmit koapduimeHT
pasen 1 / U | 00 TIC U, . o0 — AMIUIATYIA VM-
MyJbca, OTPaKeHHOro OT oophiBa maHHoi KII.

Ha puc. 5 npeacrapieHbl ¢pparMeHThI 3KC-
MNEPUMEHTAILHO 3aperuCTPUPOBAHHBIX U TEO-
PETUUYECKU pacCUYUTAHHBIX IO BbhIpaxkeHU1o (21)
pedaexrorpaMm. [ist cpaBHeHMST Ha IrpaduKu
HaHeCEeHbI TakKe (PparMeHThl pedIeKTorpaMm,
paccuuMTaHHBIX 0e3 ydyeTa KOMILIEKCHOIO Xa-
pakTepa BOJIHOBOIO COIpOTHBIeHUS. BumgHo,
YTO y4eT KOMILUIEKCHOIO XapaKTepa BOJIHOBOTO
COIPOTUBJICHUSI TIO3BOJISIET 00Jiee TOYHO OTIH-
caTh OTPaXXEHHBIN cuUrHaa. Takxke BUAHO, YTO
MOTPEeIIHOCTb, OOYC/IOBJIEHHAsl MpeHeOpexe-
HUEeM KOMIUIEKCHBIM XapaKTepoOM BOJIHOBOTO
COIPOTUBJICHUSI, YBEJIUYMBACTCS MPU MPUOJIH-
JKEHMU K PeXHMY COIJIaCOBaHMUSI.

0)
Wt U,
P il 1-Z/ Zyo=130
2-71Zyp=125
3-Z/ Zyw=1.20
0.05 A\ v
¥ 4-7/Zys=1.15
k S—Z/Zu=1.10
0.00 | N _ —
N\t
~0.05 N
| e S
\\_///7—Z/ZV®:1.OO
—0.10 (N 8 —Z/ Zyo=0.95
9 =71 Zyp=10.90
-0.15 I I ]
0 0.2 0.4 0.6 0.8 1.0
t— 1, MKC

Puc. 4. Teopetnuecku paccuutaHHbie dparmeHTsl pedaekrorpamm KII TTIIT-0.4,
cofiepKalliie OTpaKeHHbIE OT HECOTIACOBAHHOW HArpy3Ku UMITYJIbChI
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Puc. 5. ®parmenTtsl pedaexkrorpamm KII NEXANS UTP 5e mmuHoit 270 M, comepsKalliue oTpaskeHHbIe
OT HECOTJIACOBAaHHOM HATPy3KW MMITYJILCHI: 9KCIIEpUMEHTAIBHO 3aperucTpupoBaHHbIe (1), TeopeTnuecKn
paccuMTaHHbIe ¢ y4eToM (2) u 6e3 ydyeTa (3) KOMILJIEKCHOTO XapaKTepa BOJHOBOTO COMPOTUBICHUS

OoOpatHbiii moTok u3 coracoBanHoi KII,
cocTosieil U3 JABYX OJHOPOJIHBIX YYACTKOB C
pa3HbiMi mapametpamu. B maHHOM ciydyae 00-
paTHBIN MOTOK (hOPMUPYETCS] €AMHCTBEHHbBIM
OTpaXEeHHWEM OT CThIKa JABYX OJHOPOIHBIX
Y4acCTKOB C pa3HbIMU TMapaMeTpamu:

Uref(p) — E(p) ZVZ(p) Zvl(p)
Z,(p)+Z,(p)

xexp[-2y,(p),],
1—I[eZvl = Zvloo + Ml/\/;’sz = ZVZoo + MZ/\/;_
BOJIHOBBIE  COINPOTUBJIEHUS  OJHOPOMHBIX
YYacTKOB; y, ¥ [, — IOCTOSIHHAs pacrpocTpa-
HEHUS U JJIMHA MIEPBOTO Y4acTKa.

Oo6parnbiit motok KII um/(t) P UCTIOJIb-
30BAHUM  TPSIMOYTOJILHOTO  30HAUPYIOLIETO
UMIyJIbca OyIeT OMpenessaThCs BbIpaXEHUEM
(21), B XoTOpoM

v(t) = (R, - R,) exp(ak) - exp(a’t) x
x erfc(at + W) +R, - erfc(\/m),

(22)

Z, —-Z
2 — V20 vl
tO = 4'[011] 5 tz - 2Tzlll’ Rz = m:v
Rm=M2_M1 _ M + M,
M1+M2’ Zvlw+Zv2nc’
k, = \J41y, 2;, 1) ¥ 1, — KOHCTPYKTHBHAsI 1O~

CTOSIHHAsl U yAeJbHOE BpeMsl 3alepXKKu Iep-
Boro ygactka KII.
Ha puc. 6 mokasaHbl (parMeHThI ped-

JIEKTOTpaMM, COJAEpXKalllue WMITYJbChl, OTpa-
xkeHHble oT cThika AByx KII TIIIT ¢ pa3HbI-
MU AVaMeTpaMM KWJI. Ha y4JacTKe 1 mmameTp
xkun cocrapnsan 0,4 mm (£ = 100 Owm,
M = 32 Om/mMkc3), Ha ydyactke 2 — 0,5 MM
(Z,, = 100 Om, M = 40 Om/mMkc"?). TTockoJb-
Ky s 3tux KL BOTHOBBIE CONMPOTUBIICHUS B
JIMana3oHe BBICOKMX YaCTOT OAMHAKOBHI, IIpe-
HeOpekeHNe NX KOMIUIEKCHBIM XapaKTepoM He
MO3BOJIUT PacCYMTaTh OTPAKEHHBIN OT CThIKA
CUTHAJI.

Ooparnblii moTOK U3 coriaacosanHoii KII,
cocTosIeii W3 JABYX OJHOPOIHBIX YYACTKOB,
B CTbIK€ MeXKIy KOTOPHIMH HMMeEETCS COCpeno-
TOYEHHAs] oMHYecKass acummeTpus. B maHHOM
cayyae oOpaTHBII MOTOK (pOpMUPYETCs SAUH-
CTBEHHBIM OTpa)K€HHEM OT COCPEAOTOYEHHOM
OMMYECKOI acUMMETPUM BEJIWYMHON Z, pac-
MOJIOXKEHHOM B CThIKE MEXAY ABYMSI OJHOPO/I-
HbeIMU yyacTkamu KII:

B Z+Zv2(P)_Zvl(p)><
Uy (p) = E(p)~ +Z,(p)+ Z,(p)

xexp[-2y,(p)/,].

O6parnbiii notok KII u, ef(t) MpU UCMOJIb-
30BaHUU  TMPSIMOYTOJIBHOTO  30HIMPYIOILIETO
UMILyJIbca OyIeT OMIpeneasaThCsl BbIpakeHUEM
(21), B xoTOpPOM

v(t) = (R - R,)exp(ak) - exp(a’t) x
x erfc(a\/f + m) +R, - erfc(m),

(23)
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Puc. 6. Teopernyecku paccunmtaHHble pparMeHThl pedaekrorpamm KII,
COCTOSIIIINX M3 IBYX OOTHOPOMHBIX YIACTKOB, COMEPKAIINE OTPAXKECHHBIC OT CThIKA UMITYJIbCHI

L, Z+Z,, -Z,,
fy=dwolt, 1= 20,0, R = Z+ Zv; + Zv:ao ’
RooM-Mo Mo M,
M +M,’ Z+7Z,, +2,,"
k =41y, 2], T, 1 T, — KOHCTPYKTHBHAs T10-

CTOSIHHAsI M yIOEJIbHOE BpeMsl 3alepXKKU Iep-
Boro yyactka KII.

Ha puc. 7 a, 6 nokazaHbl TEOPETUYECKU
paccuyMTaHHBIE MO BbhIpaxeHu1o (22) ¢pparMeH-
THI pedIeKTOorpaMM, CoAepxKalllle WUMITYIbCHI,
OTpaxkKeHHbIe OT cThiKa ABYyX pasHbix KL TTITT
¢ mmameTtpamu xua 0,4 m 0,5 MM, comepkariie-
ro pa3iIMYHbIE COCPEAOTOYEHHBIE OMUYECKHUE
acuMMeTpun. JJIMTEIbHOCTh IIPSIMOYTOJBHO-
ro 30HIUPYIOIIETO MMITyJbca ObUla TPUHSTA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha TpaduKax
MYHKTUPHBIMUA JIUHUSIMM HAHECEHbI Pe3Yib-
TaTbl AHAJOTMYHBIX PACUYETOB, MPOBEACHHBIX
0e3 ydyera KOMILJIEKCHOTO XapakTepa BOJHO-
BBIX CONPOTHUBICHMIT ydyacTKoB. M3 pucyHka
BUIHO, 4YTO MpeHeOpeXeHWe KOMIUIEKCHBIM
XapaKTepOM BOJTHOBBIX COIIPOTUBIICHUI OIHO-
poaHbix yyacTkoB KII mpuBoauT K OOJbIINM
MOTPEILIHOCTSIM OIIPenesIeHUsI 00paTHOTO IIO-
TOKa, OBICTPO BO3PACTAIOLIUM C YMEHbBIICHM-
€M BeJIUYMHBI acUMMeTpuu. MakcuMmaibHas
MOTPEIIHOCTh ONpeaeeHUs aMIIUTYAbl OTpa-
>KEHHOTO MMITyJIbca coctaBuia 40 % st Be-
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JnuuHbl acummeTpun 10 Om, 85 % misg 5 Om
u 6osee 300 % mia 2,5 Om. MakcumanbHas
MOTPEIIHOCTh  OMNpPENEAeHUS IJIUTEIbHOCTH
OTpaxk€HHOr0 MMITYJIbCa Ha YPOBHE ITOJIOBUHbI
aMIUTATYABl COCTaBUJA COOTBETCTBEHHO 60,
103 u 182 %.

Ha puc. 8 a npencraBieHbl pe3yJabTaTbl
AHAJIOTMYHBIX PacueToB (pPparMeHTOB pedeK-
TOIpaMM, COIEPKAIIMX WMITYJbChI, OTPakKEH-
HbIE OT OMUYECKOI aCUMMETPUU B CThIKE ABYX
ogurHakoBbix KII TIIIT ¢ amameTpamu Xui
0,4. I3 pucyHKa BUIHO, UTO TpeHeOpekeHue
KOMILJIEKCHBIM XapaKTepOM BOJIHOBBIX COIIPO-
TUBJIEHUI OMHOPOAHBIX yyacTkoB KI[ B sTOM
cllydyae MPUBOIMUT K CYIIECTBEHHO MEHBIIUM
MOTPELIHOCTSIM OIpene/ieHUsI 00paTHOro IO-
toka. IlorpemrHocTy omnpeneseHUsT aMILIM-
Tyl OTPa>k€HHBIX WMITYJIbCOB HE IPEBBIIIAIOT
11 %, a nUTeIbHOCTE HAa YPOBHE IMOJIOBUHBI
ammutyasl — 17 %.

OopatHblii moTok M3 coracoBanHoi KII,
cocToslIeil M3 JABYX OJHOPOIHBIX YYaCTKOB, B
CTBIKE MEXKIY KOTOPhIMH MMEETCS IomepedHas
pe3uCTHBHASI HEOAHOPOAHOCTH (yTeuka). B maH-
HOM cJilyyae OOpaTHBIM MOTOK (opMupyeTcs
€AVHCTBEHHBIM OTpaKeHHWEM OT IIOIePEeUYHOM
PE3UCTUBHON HEOMHOPOMTHOCTHU BEJIUYMHON Z,
PacIoI0XEHHOM B CThIKE MEXIY IBYMSI OHO-
poaHbiMu ydyactkamu KII:



4 YcTponcrea U cucteMbl nepegauu, npmemMa m o6paboTkm CUrHANIoOB

I] =250M

0.05 — :

3 -
o 1-Z=2.50 Om
0.04 /4
0.03 -t

2-7Z=5.000m [}
0.02

3-Z=10.00m ||
A%
0.01 A 7

%
0.00 @
0

..............

......... R PR YNy

~0.01
g 5 1.0 15 20
! —1t,, MKC
8)
tref/ Un repy 51=250m
000N—— T e e
G .‘_.4,,-4--“ ““‘4.-.441.
00z LB [T e
W
/X 1-Z=500Om
o ‘v:’ 2-7Z=1000 Owm [
~0.08| 3 - Z=2000 Owm ||
Ja
~0.10
VN,
-0.12
0 0.5 1.0 15
t—1t,, MKC

uref/ Um ref0 l] 250 m
0.06 5
vZ 1 —Z=2.500M
0:05 f‘\j S 2-Z=5000m
0.04 12 s 3-Z=10.00m ||
0.03 l\’v
4 \ 1
0.02 f\
0.01 -
0.00 B SRLLLIEIY| YYYVIVETS PPTTRE)
0 05 1.0 15 2.0
t—t,, MKC
2)
uref/ Um ref0 L =250mM
0.02 7
2
000 r\ e e —————— T
~0.02 WM ) Aﬂmﬂ"ﬂ'ﬂ
1-Z=500 Om
—0.04 A |
\ / 2 — Z=1000 Om
-0.06 3-72=20000wm ||
-0.08 \V/\/
~0.10 .
0 0.5 1.0 15
t—1t,, MKC

Puc. 7. Teopernuecku paccuntanubie pparmeHThl pediektorpamm KII,
COCTOSIIIIMX M3 ABYX Pa3HbIX YUACTKOB, COJAEPXKAIINE OTPAKEHHBIE OT COCPEOTOUEHHON OMUYECKOM
acuMMeTpui (a, 6) U TIONEePEeYHON PE3UCTUBHOUN HEOTHOPOIHOCTH (8, ) UMITYJIbCHI.
JlnameTp Xuj Ha repBoM ydactke cocrasisietr 0,4 MM (a, 6) u 0,5 Mm (6, e)

U, (p) = E(p)x
« (Z,(p)-Z,(p)Z - Z,(p)Z,,(p)
(Z,,(p)+ Z,(P)NZ + Z,(P)Z,,(p)
xexp[-2y,(p)}].

O6parnbiii morok KII u, e](t) MPpU UCTIOJIb-
30BaHUU  MPSIMOYTOJIbBHOTO  30HIMPYIOLIEro
UMILyJIbca OyIeT OMIpeneaThCsl BbIpakeHUEM
(21), B KoTOpPOM

v(t) = (R - R,) - exp(ak) - exp(a’t) x
x erfc(a\ﬁ + m) +(R,-1)- erfc(ﬂ),

x (24)

2Z -7,
)+Z Z

vl v200

R =
T Z(Z

vloo v2oo
27 - M,
ZM, + M)+ M,Z,,

Rm B + MZZvloo ,

_ Z(M, +M)+MZ
- Z(Z

V200+MZ 1o
Y+ Z,,.7Z,,.

vl v2oo

k = 4y, 2! =dr L}, 1 =2t [, mt, —
KOHCTpYKTI/IBHaﬂ MOCTOSIHHAsA U yz[eanoe
BpeMs 3amepxkku neporo ydactka KILI.

Ha puc. 7 8, ¢ moka3zaHbl T€OPETUYECKU
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paccuuTaHHBIE 10 BhIpaxkeHUo (22) ¢gpparmMeH-
Thl pedieKTorpaMm, coaepxKallle MMITYJIbCHI,
OTpaxkeHHbIe OT cThiKa ABYX pasHbix KII TTIIT
¢ nnametpamu xui 0,4 u 0,5 MM, comepkaiiie-
TO pa3JIMyHbIC ITONEPEYHbIE PE3UCTUBHBIE HE-
OMHOPOAHOCTU. JIJIUTEIbHOCTh MPSIMOYTOJb-
HOT'O 30HIMPYIOIIErO MMMYJIbca Obla MPUHSITA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha rpadukax
NYHKTUPHBIMM JIMHUSMW HAHECEHBI PE3Yib-
TaThl aHAJOTMYHBIX PACUYETOB, MPOBEACHHBIX
0e3 ydyeTa KOMIUIEKCHOTO XapakTepa BOJIHO-
BBIX CONpPOTHUBIECHUIT ydyacTKoB. M3 pucyHka
BUIHO, 4YTO TIpEeHEOpeXkeHUEe KOMILIEKCHBIM
XapaKTePOM BOJIHOBBIX COIIPOTUBIICHUI OTHO-
ponHbix ydyacTkoB KII MoXeT HpUBOAUTH K
3HAYUTEJbHBIM IIOTPEIIHOCTIM OIIpeAcICHUS
oOpaTHOro moToka. MakcuMmajibHas IOrpel-
HOCTb OIpeAeICHUsI aMILUIATYIbl OTPaKeHHO-
TO UMITyJibca cocTtaBuia 34 % 1t BeTWIUHBI
yreuku 500 Om, 23 % mna 1000 Om u 16 %
ans 2000 Om. MaxkcuManbHasi TOTpeluHOCTh
oIpeneseHnus] IJIUTEIbHOCTU  OTPaKEHHOIO
MMIIyJbCa Ha YPOBHE ITOJJOBMHBI aMILIUTYIbI
COCTaBWJIa COOTBETCTBeHHO 45, 34 u 23 %.

Ha puc. 8 6 npencrtaBieHbl pe3yabTaThl aHa-
JIOTUYHBIX pPacyeToB (pparMeHTOB pedeKTo-
rpamMM, comepxKallllX WMITYJIbCHI, OTpaXeHHBIE
OT MOTEPEYHON PEZUCTUBHOU HEOTHOPOIHOCTU
B cThiKe aByx oamHakoBbix KII TTIIT ¢ puname-
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tpamu xun 0,4. I3 pucyHka BUIHO, YTO Tpe-
HeOpexXeHe KOMILUIEKCHBIM XapaKTepoM BOJI-
HOBBIX COMPOTUBICHUI OTHOPOAHBIX Y4ACTKOB
KII B aTOoM ciy4yae mpuUBOOUT K CYIIECTBEHHO
MEHBIIMM TOTPEIIHOCTSIM OMpeaeJeHUs 00-
patHoro moroka. IlorpeirHoctu ompeneneHuUs
aMILUIATYJ, OTPaXKEHHBIX UMIYJIbCOB HE MPEBbI-
warot 10 %, a IauMTeabHOCTE Ha ypOBHE ITO-
JIOBUHBI aMIUTATYABI — 18 %.

IIpenyoxxeHHBIE B JAHHOM CTaThe MaTeMa-
TUYECKMEe MOJEeJIM OOpaTHOTO MOTOKA U3 HEOI-
aoponHoii K1 gaBnsgrorcs Hanbosee MOTHBIMI
M MaTeMaTUYEeCKU CTPOTMMU MO CPaBHEHMIO C
JIPYTAMU U3BECTHBIMU MonessMu. OHU TTO3BO-
JIIIOT aJeKBaTHO OMucaTh (POPMbI CUTHAJIOB,
OTpaXXE€HHBIX OT CTHIKA IIENeil ¢ OMMHAKOBBIMU
BOJTHOBBIMU COIPOTUBJICHUSIMA Ha BBICOKOI
4acToTe, HO C Pa3HBIMMU KOHCTPYKTUBHBIMH
napamMeTpaMu, a TakXKe CUTHaJI0B MHOTOKpaT-
HBIX OTPaXEHMIA C Yy4eTOM COIJIACOBAHUII IO
BXOJy Y BBIXOAY LENU C ITOMOILBIO aKTUBHBIX
COMPOTUBJIICHUIA.

Ha ocHoBe npemsaraeMbix Mojeseii, a
TaKXKXe€ C HMCIIOJIb30BaHMEM IIpeAjiaracMbIX B
[5, 9] anroputmoB 1M(DpPOBOK 00pabOTKU
HaMM B HaCTOSILIEEe BpeMs CO3HAETCs MpPO-
rpaMMHBIN MakeT s aHanu3a pedaekTo-
rpamMM, 3aperucTpUPOBAHHBIX UMQGPOBBIMU
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Puc. 8. Teopetnuecku paccuntanHbie pparmeHTsl pediektorpamm KII,
COCTOSILIIMX U3 JIBYX OJMHAKOBBIX YYaCTKOB, COEPXKallMe OTPaXeHHbIe OT COCPEAOTOUEHHOM
OMUYECKOUN acuMMeTpuu (@) U MOTEePeyHON Pe3UCTUBHON HEOITHOPOMHOCTU (6) UMITYJIBChI
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MP. CozpaBaeMoe mporpaMMHoe obecrneue-
HHUE MO3BOJUT Oosiee 3((HEeKTUBHO pellaTh
3agaun oueHku kadectBa KII (B mepByrto
oyepeab, OJHOPOMHOCTH) M JTUAaTHOCTUKU
MX COCTOSIHUS (BBISIBJIEHHE CYLIECTBYIOLIUX
U BHOBb BO3HUKIIWX HEOIHOPOAHOCTEH,
OLICHKa MX IMapaMeTpPOB — pPacCTOSIHUE [0
HEOOHOPOMTHOCTU, €€ THUIl, KO3(PPUIUEHT
OTpaxXeHWsT UM CTerneHb (QYHKIIMOHAIbLHOMN
MNPUTOTHOCTH) B Mpoleccax IPOU3BOACTBA
Kabejeil, CTpPOUTENbCTBA M OSKCIIyaTallUK
JIMHEVHBIX COOPYXEHUU CBS3U.
IIpemnaraemple MaTeMaTUYECKUE MOJEIIH,
aJiIrOpUTMbL M pa3pabOTaHHOE IIPOrpPaMMHOE
obecrieyeHre TIO3BOJISIIOT OTpadaThiBaTh HO-
Bble METOIMKU M3MEPEHUM, paclIupsIoIIne
(byHKIIMOHAIbHBIE BO3MOXHOCTU MUMITYJIbCHO-
To METOJIa, a TAKXKe CO3/1aBaTh MPOrpaMMbl JIJIsI

0o0yueHUsl, KOHKYPCOB IpodeCcCuOHaIbHOIO
MAacCTepCTBA Ui UM3MEPUTEICH IIapaMETPOB
KaOeabHbIX Leneil W CTYAEHTOB, YIayOJeHHO
M3YYalollnX MPOLECChl B HEOOHOPOOHBIX Ka-
OeJIbHBIX LeMnsX. ¥ Hac €CThb OIBbIT MCHOJb30-
BaHUS MOAOOHBIX 00YUYAIONIINX TTPOTPAMM.

Copaep:xaHue CTaTbU MOXKET 3aMHTEPECO-
BaTh paspabortuukoB MP u mporpammHoro
obecrieyeHusl K HUM, a TakKxKe CIelUaarcTOoB,
MCTIOJIL3YIOIIUX UMOYJIbCHBIE TPUOOPHI U XKe-
JIaloIIMX M3BJIEKaTh OoJblle MH(pOpMALUU U3
3apEeTUCTPUPOBAHHLIX PeIICKTOTPAMM.

ABTOp BbIpaxaeT 0JIarogapHOCTh COTPYIHUKAM
Kadenpel doroHuku u auHUA cBszu (CIIOTYT
uMeHu npodeccopa M.A.  bonu-bpyesuua)
C.®. I'aronesy u A.C. JIto60By 3a TTOMOIIb B 9KC-
TMIEPUMEHTAIBHBIX UCCIIENOBAHUSIX U 32 TUIONOTBOP-
HOe OOcCyxXaeHue pe3ylIbTaTOB TEOPETUUYECKUX U
3KCITepPUMEHTAIBHBIX MCCIICTOBAHUIA.
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