H3Bectus By3os Poccun. Paguosnexrponuka. 2023. T. 26, Ne 5. C. 21-30
Journal of the Russian Universities. Radioelectronics. 2023, vol. 26, no. 5, pp. 21-30

PangmoTexamueckue cpeacTBa nepeaadn, npuemMa u 00padOTKH CHUTHAJIOB

YK 621.396.67.012.12 HayuHnas cTatbs
https://doi.org/10.32603/1993-8985-2023-26-5-21-30

AHaJIUTHYECKHE MOJAC/IH BPEMECHHOI'0 OTKJIMKA MHKpOHOJIOCKOBOﬁ JIMHHUH
C ABYMS JONMOJIHHUTEC/JIbHBIMA CUMMETPUIHBIMHA IIPOBOIHUKAMMU CBEPXY
P PA3/IMYHBIX I'PAHUYHBIX YCJIOBUAX HA UX KOHIIAX

A. Cekenosa, 3. M. Ken:xeryiosa, U. E. Caruesa™, T. P. 'azu3zos
ToMcKUi1 YHUBEPCUTET CUCTEM YIIPABICHUS paIn03JIEKTpOHUKH, Tomck, Poccus

HMindira_sagieva@mail.ru

AHHOTALUSA

Beedenue. 3amura pagnodneKTpoHHOH ammaparypsl (POA) OT pa3aHIHBIX EKTPOMATHUTHBIX ITOMEX SBJISIETCS BaXK-
HBIM aCHEKTOM 3JIEKTPOMAarHUTHOM coBMecTUMOCTH. OmacHBIMM cpeau momex it POA sBIAIOTCS CBEPXKOPOTKUE
UMITYAbCHl MMUKOCEKYHJHOTO U HAHOCEKYHJHOTO JUANa30HOB M3-32 BBICOKOTO HAIPSKEHUs, MAJIOW JUINTEIbHOCTU U
mupoKoro crekrpa. OgHuM U3 3¢ PEKTUBHBIX BUAOB 3aIUTHI SBISIETCS IPIMEHEHHE TTOIOCKOBBIX YCTPOHCTB HA OCHO-
BE€ MOJAJIBHOTO Pa3JIoKEHHs: MOAAIbHBIX (GHIBTPOB (M®). [liist 3TOro BaskKHO aHAIM3UPOBATh UCKKEHUS BPEMEHHOTO
OTKJIMKA TIOJIOCKOBBIX yCTpOHCTB. OOBIYHO aHalM3 BBINOJHSIETCS YHCICHHBIMH METOJaMH, OJIHAKO TpeOyeMble ISt
9TOTO BBIYMCIHUTEIBHBIE 3aTPaThl YacTO BBICOKH JaKe I MPOCTHIX KOH(HUrypamuii. Mexmy TeM NpHMEHCHHE He-
CJIOXKHBIX aHAJIMTUYECKUX Mojeell BpeMEHHOTO OTKJIMKA B psijie ClIydaeB OKa3bIBaeTcs npreminembiM. Ha HaganbHBIX
JTanax NPOEKTHPOBaHMS TaKHe MOJEIHU BEChMa IMOJE3HBI, TIOCKOIBKY MO3BOJISIOT HAMTH MpeABAPUTEILHOE peIleHUE U
OBICTPO OIIEHUTH MCKAXXEHMS OTKJIMKA. B CBSI3M ¢ 3TMM CpaBHEHHE BPEMEHHBIX OTKJIMKOB, HOJNYYEHHBIX C ITOMOIIBIO
YHCIICHHBIX METOAOB M aHAIMTUYECKIX MOJIEIICH, BayKHO.

Ileny pabomei. CpaBHEHHE BPEMEHHBIX OTKIMKOB, IIOJYYEHHBIX B pe3yJbTaTe KBa3UCTaTHYECKOIO aHAJIM3a U ¢ IOo-
MOIIBIO TIPEUIOKEHHBIX aHATUTHYECKUX MOJEIIEH.

Mamepuanst u memoost. PaccMOTpEeHBI aHATTMTHYECKUE MOJIETH ISl BBIYHCICHHUS BPEMEHHBIX OTKIIMKOB, OCHOBAH-
HbIE Ha METOJMKEe MOJAJILHOTO aHaiu3a. IIpoBeeHO KBa3HCTaTHYECKOE MOJAEIHPOBAHUE MHUKPOIOIOCKOBOH JIMHUH
(MILJI) ¢ nBYMS TOTIOMTHUTEIHHBIMA CHMMETPHYHBIMH TIPOBOTHIKAMH CBepXy B cucreMe TALGAT.

Pezynomameut. [Ipennoxens! ananuruaeckue moaenu aust MILI ¢ aBymst TOTTOTHATETBHBIMA CHMMETPUYHBIMH TIPO-
BOJHHKAMHU CBEPXY C YUETOM Pa3IMYHBIX I'PAaHMYHBIX YCIIOBHH Ha KOHIaX. [IpoBepka TOYHOCTH M JOCTOBEPHOCTH
MIPEVIOKEHHBIX MOJIeNIel BBHIITOJTHEHA CPAaBHEHHEM BPEMEHHBIX OTKIIMKOB, NMOJyYEHHBIX KBAa3UCTATUYECKUM aHaIU-
30M ¥ MozIeIsIMU. B pesynbrare HabmomaeTes MX COBNa/ICHHE.

3axntouenue. Tlokazano, yro MIUJI ¢ 1ByMS NOMOJHUTENFHBIMH CHMMETPHUYHBIMU HMPOBOIHUKAMH CBEPXY MOXKET HC-
MONTB30BaThes Kak M@ IpH pa3IHIHBIX TPAHMYHBIX YCIOBHMAX Ha KOHIIAX 9TUX MPOBOAHMKOB. MOJEH TO3BOJISIOT C TIPH-
€MJIEMOW TOYHOCTBIO U OBICTPO OLIEHHUTH (JOPMY M aMILTUTYIY OTKJIMKA O€3 3aTPaTHOTO YHCIICHHOTO MOJICTIMPOBAHHUS.

KiioueBbie cj10Ba: MUKPOIIOJIOCKOBAsI JIMHUSI, CBEPXKOPOTKUN MMITYJIbC, MOAAIbHBIN (DUIBTP, BPEMEHHOW OTKIIHK,
aHAJTUTHYECKas MOJIED

Jna quTHpoBaHUsA: AHAJTUTUYCCKHE MOJICIM BPEMEHHOIO OTKJIMKA MHKPOIIOJOCKOBOM JIMHUHM C IBYMS JOIMOJIHH-
TENBHBIMA CHMMETPUYHBIMH TIPOBOJHUKAMHE CBEPXY MPH Pa3IHMYHBIX TPAHUYHBIX YCIOBUAX Ha mX KoHIax / A. Ce-
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Abstract

Introduction. Protection of radio electronic equipment (REA) against various electromagnetic interferences is an im-
portant aspect of electromagnetic capability. Among interferences for REA, ultra-short pulses of picosecond and nano-
second ranges represent the highest danger due to their high voltage, short duration, and wide spectrum. One effective
protection measure consists in the use of bandpass devices based on modal decomposition, such as modal filters (MF).
This requires an analysis of distortion of the temporal response of bandpass devices, which is usually carried out nu-
merically. However, even for simple configurations, this approach is associated with high computational costs. Yet
simple analytical time-response models are acceptable in some cases. In the initial design stages, such models are ex-
tremely useful in providing a preliminary solution and a rapid assessment of response distortions. Therefore, compari-
son of time responses obtained by numerical methods and analytical models appears an important research task.

Aim. To compare the time responses obtained by quasi-static analysis and analytical models.

Materials and methods. Analytical models for computing time responses based on a modal analysis technique were
considered. A quasi-static modeling of a microstrip line (MSL) with two additional symmetrical conductors on top
in the TALGAT system was carried out.

Results. Analytical models are proposed for an MSL with two additional symmetrical conductors on top taking dif-
ferent boundary conditions at their ends into account. The accuracy and reliability of the proposed models are veri-
fied by comparing the time responses obtained by quasi-static analysis and the proposed models. The results ob-
tained showed good agreement.

Conclusion. 1t is shown that an MSL with two additional symmetrical conductors on top can be used as an MF under
different boundary conditions at the ends of these conductors. The proposed models allow the shape and amplitude of
the response to be estimated with acceptable accuracy, reducing time and computational costs.
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BBenenue. Illupokoe BHempeHHE paaUOANICK-
TpoHHOU ammaparypsl (POA) B paznuunbie cheps
KU3HH OOINECTBA, POCT IIOTHOCTH pPa3MEIICHHS
POA u xommdecTBa MOTEHIMAJIBHBIX HCTOYHHUKOB
TTOMEX TIPUBEINN K ySI3BUMOCTH PDA K BO3IEHCTBHIIO
JNIEKTPOMArHUTHBIX ~ BozaewctBuit  (OMB)  [1].
K uucity Takux BO3JEUCTBUN OTHOCSTCS CBEPXKO-
porkue mmmyibebl (CKM). Mommusie CKHU, o6:a-
Tasi BBICOKOW aMIUTUTYIOHN, CIIOCOOHBI TpaKTHUe-
CKH OecTpensTCTBEHHO NMPOHHWKATh BHYTPh PDA,

4TO, B CBOIO OYEPE/lb, MOXKET IPUBECTU HE MPOCTO
K BPEMEHHOMY COOI0, a K MOJHOMY BBIXOMy POA
n3 cTpos[2]. B cBI3M ¢ 3TUM IS JOIHKHOTO
(yaxmmonupoBanust POA nHeobxomumo paspaba-
THIBaTh ycTpoiicTBa 3ammtel [3]. Ceromns cyime-
CTBYIOT pa3HOOOpa3HbIe yCTpOMCTBA: ra3opaspsji-
HUKH, BapUCTOPHI, (QUIBTPBI, IPOCCENH U JIp.
[4-6]. OnaIM W3 OTHOCHUTEIHHO HOBBIX YCTPOHCTB
SBIIeTCST MomainbHBI GmisTp (M®P) Ha OCHOBe
MIUJI, rne 3ammra or CKM oGecneunBaercs 3a

22 AHa/IMTHYeCKHe MO/ IH BpeMEHHOr0 0TKJINKA MHUKPOI0J0CKOBOIi IMHUH € ABYMS A0NOJHUTEIbHBIMU
CHMMETPUYHBIMH NPOBOJHUKAMH CBEpPXY IPH Pa3JIMYHBIX TPAHMYHBIX YCJI0BHAX HA HX KOHIAX
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CUET €ro MOAalbHOro paszioxeHus [7]. Hanuas
TEXHOJIOTHS 3aKJTI0YACTCSI B PA3JIOKESHUH TTOMEXO-
BOTO CHTHaJIa OOJIBIION aMILTUTY/IbI HA CEPUI0 UM-
MyTbCOB MEHBIICH aMIUTUTYIbI, TOpa3lio MeHee
OIMACHBIX ]ISl CUCTEMBI OTHOCHUTEILHO MCXOIHOTO
nomexoBoro curhHana [8, 9]. Bmecte ¢ Tem, mus
3amuTel OT omacHelx OMB (B Tom umcie CKU)
HeoO0XoMMa CTIOCOOHOCTH OIEHMBATH MCKAYKEHUS
(hOpMBI BPEMEHHOTO OTKJIMKAa PacCcMaTpUBAEMBIX
CTpyKTYp. YacTo Takas OlleHKa BBITIOIHIETCS YKC-
JIEHHBIMU METONaMH, TPEOYIOIINMH OOJBIINX BBI-
YUCITUTENbHBIX 3arTpar. OMHUM W3 HUX SBISETCA
KBa3HCTAaTUYECKUNA aHAIA3 N-IIPOBOAHBIX CTPYK-
Typ, OCHOBaHHBI Ha BBIYMCICHHH KBaIPAaTHBIX
Matpur (Topsaka N) TIOTOHHBIX IIapaMeTpOB:
anekTpocrarndeckoi (C) U 37eKTpOMarHuTHOH (L)
uHAyKOuu. g ydeta moTepb BBOISTCS €IIe JBeE
MaTpHIBl: TOTOHHBIX TpoBoauMocTe (G) u TIo-
TOHHBIX COMPOTHBJICHUN (R), KOTOpPHIE BBIYHCIIS-
IOTCS WM OMPENENAIOTCA  AKCIEPUMEHTAIBHO.
Iloronnesie mapameTpbl
M3BECTHBIX JOMYIIEHHUIX, KOTOPBHIM YIOBIETBOPSI-
€T TIONaBJISIoNIee OONBIINHCTBO CTPYKTYP, MO3TO-
My KBa3HCTaTHYeCKHH TIOAXON TPEICTABISET
HanOOJBIINI MpaKTHYeCcKuii nHTepec. Konedno, o
SBTSIETCSl TIPHONMKEHHBIM, HO B paMKaxX CBOEH
NPUMEHHUMOCTH JIaeT JOCTAaTOYHYIO JAJIsI MPAKTHKA

paccuuTHIBAIOTCS  IIPH

TOYHOCTb, a TAK)KE OTIIMYAETCA BBICOKOW pe3yJibTa-
TUBHOCTBIO. [[pyrum MeToIoM SBIIE€TCA 3JIEKTPO-
JIMHaMUYECKUI aHaju3, KOTOpbI OCHOBAaH Ha pe-
LIEHUH ypaBHEHUI MakcBeuia U I03BOJISIET y4eCTh
BCce TUlbl BOJMH. OH SBISETCS YHUBEPCAIBHBIM U
MO3BOJISIET MOJEJNHMPOBATh CTPYKTYpPbl MPOU3BOJIb-
Hovi reomeTpun. OJJHAKO YHUCICHHBIH MeTON TpeOy-
€T JIOBOJILHO OOJIBIIMX 3aTpPaT, aMsITH ¥ BPEMEHHU.
B cBs13u ¢ 3TUM TIpencTaBisieT MHTEPEC MPUMEHE-
HUE AHAIUTUYECKUX MOJENIEH I NpPEABapPUTEIIb-
Horo u touHoro aHanu3a CKU, a taxke ompenene-
HUS TIPUYMH €70 WCKKCHHUH. AHAJTUTUYECKUE MO-
JIJI BPEMEHHOTO OTKJIMKa M® MOryT OBIThH MOJY-
YeHbl Ha OCHOBE METOAA MOJAJIBbHOIO aHAIU3a B
CBSI3aHHBIX JIMHMSX, HCIoJb30BaHHOrO B [10-12].

poBOIHUKOB [ 14]. Mexnay TeM mpoBepka U amnpo-
Oanust Mojesiell TakoW CTPYKTYpbl MPH JPYTHX

Lenb

HaHHOﬁ CTaTb" — CPaBHUTb BPEMCHHLIC OTKIIMKH,

TpaHUYHBIX YCJIOBHUAX HE MPOBOAWIACE.

MOJIYYCHHBIE B Pe3yJbTare KBa3UCTATHIECKOTO
aHajgM3a W C WCIOJB30BAHUEM MPEITIOKEHHBIX
aHAJIUTHYECKUX MOJEIEH.

Ananutuyeckne Mmoxenu MILJI ¢ aByms
CHMMETPUYHBIMU MPOBOTHUKAMHU cBepxy. [lns
Hayaja TPHUBEIEM HCXOIHbIC aHAJIUTHYECKUE MO-
nenu [13] BeluKcCIeHUs OTKIMKA Juis Takoi MITJL
Hcxons u3 momanbHOro ananuza [10] B Momensx
HCTIONb3YIOTCS:

® MaTpHIBI TPEe0Opa3oBaHKs MO TO HAIpshKe-
HUIO (TV) u toxy (7, 1), BBIUHCIICHHBIE M3 COO-

CTBEHHBIX BeKTOpOB npousBenenus Marpull LC u CL:

Tyaa  Tyab  Tyac
Ty =|Tywwa oo Tive |»
Tyca Tyeb  Tyee 1)
Traa Trb  Thac
T7=Twa Tb T |5
Trea Tieb Tree

® BEKTOp MCTOYHMKA HanpsbkeHKs (VS) U MaTpHLIbI
UMIIEJ]AHCOB B Havane (Rg) W B KOHLE (R} ) IMHUU:

v Ry 0 0
Vs=|0|, Rg=| 0 Ry, O |,
0 0 0 Rg o
Ry 0 0
RL=| 0 R, 0|
0 0 R

rne V — aMIiuuryga 3JeKTPOABUXKYIIEH CHIIbI
(31C) ncrounuka;

® BEKTOPHI MOJIabHBIX MCTOYHUKOB HaIpsDKe-
Hus Vg, (MHOEKCH a, b, ¢ 0003Ha4aroT MOIBI

M®) 1 ICTOYHHUKOB M3HAYAEHO TaTAfOIIHX MO/

Vs
a
[IpumepoM TpPUMEHEHHS 3TOTO METOMA SBISCTCS 1
13 Vsm =Ty Vs =| Vsp |,
aHAJUTHIECKass MOJeNb [13] BpeMEeHHOTO OTKJIMKA
MomuduiporanHoii MILJI ¢ nByMs gomoJiHu- Vse 3)
TEILHBIMU CHMMETPUYHBIMU MPOBOTHUKAMHU CBEP- Voa
xy, nMeromei cBoiictBa M®. IlokazaHo, 4TO aM- ( )_ _
Y ’ Vom =\E+RsmZcm)  Vsm =| Yoo |
IUTUTYZIbl UMITYJIbCOB PaBHBI IIPU KOPOTKOM 3aMbI- V.
kaanu (K3) Ha KOHIaX AOTOTHUTETHHBIX BEPXHUX Oc
AHaJIUTHYECKHE MOJ€EJIH BPEMEHHOI'0 OTKJIMKA MHKpOl’IOJ’IOCKOBOﬁ JIMHUHU C ABYMS JONOJTHUTECIbHBIMH 23

CHMMeTPUYHBIMH NPOBOAHUKAMH CBePXY NPHU Pa3INYHBIX TPAHMYHBIX YCJIOBHAX HA MX KOHIAX
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e FE-—enuHuuHas wmarpuu@;, Ry, ¥ Ry
MAaTpHULIbl MOTATBHBIX UMIICAHCOB:
_RSaa Rsap  Rsac
Rsm =Ty 'RSTy =| R Ry Rspe |:
_RSca RScb RScc )
_RLaa Riap  Riac
Rim =T/ 'RLTy =| Riba Ripy Rive |:
_RLca Rich Rice

Zcm — MaTpula XapaKTCPUCTUYCCKOIO HUMIICJaHCA

MO, KO3((PHITEHTHI KOTOPOH OIIPENEIISIFOTCS KaK

[
Zemi = =23 i=1,2,3, ...,n %)
Cmi

3nech Ly v Cpyj —

QJICMCHTBI OUAaroHaJinu3upo-

BaHHBIX MaTpuIl L u C;
® MaTpUIlbl K03()(OUIIMEHTOB OTPaKESHUS MO B

Hagaue (I'gy, ) u B xonne (I, ) muHun:

Fom = (RsmZinh +E) (RsmZarh ~ E) =

I Saa r Sab r Sac
=|T'sba Isbb I'sbe |>
FSca I Scb I Sce
3 (©)
Fim =(RimZeoh +E)  (RumZoh - E) =
Lm —\*Lm“%cm Lm%cm -
rLaa rLab rLac
=/I'tba Trob Trbe |-
I Lca r Lcb L Lcc
U3  wmomenert  (1)~(6) momyunMm MopemH

MOJANbHBIX HANPSKEHUN N1 KaXIOH MOIbI B
KkoHIIe M®:

Va(t)=(1+Ta0 ) Voa (1 - Ty ) +
+TapVob (1= Ty )+ TacVoe (1 -T2 );
o () =(14Tyy ) Vop (.- T ) +
+ Lo Vou (£ =Ta ) + The Voo (1 - T¢ )
Ve(t) =(14T ¢ ) Voe (1 -T2 ) +
+T Voo (1T )+ TcaVoa (1 T4 ),

(7

rae 1, Ty, T, — 3a1€pXKKH pacIpOCTPaHEHHs MO,
Ucnonesys mogenu (1) u (7), OTKIMKH B KOHIIE
M® (y3en V6) B utore OyayT OnpeaemsThes Kak

V6(t) = Tia [ (1+ Taa ) Vou e = Ty) +
+Tap Voo (1 = Tp) +
+Tae Voo (1 = T) |+ Tyap [(1 +Tpp ) Voo (t = Tp) +
+Tpa Voa (t = T3) + Toe Voo (t = T) ] +
*Trac [(1+Fcc)V0c(f—Tc)+FcbV0b(t—Tb) +
+TeaVoa (1 —T))- (8)

Cnemyer  y4HUTHIBATh, CUMMETpUS
MOMEPEYHOro CceueHus paccmarpuBaemMoro M@ B
couetannn ¢ moxenmsmu (1) m (4) TmpUBOOUT K

qTo

HyJEBBIM 3HAYeHUSAM Kodpuuuentos Ijp,. u

Rracs Ribes Ricas Richs a 270, B CBOIO
ouepesib, NMPUBOAUT K TOMY, YTO KOAI(D(IHMEHTHI
marpunbl  oTpakeHud I'[ ¢, Ipe, IcasI'ch B

(6) pasnbI HyIIO0. B pesynbrare (8) mpuobperaer By

V6(r) =Tyaa [(1 + 15 )VOa(t -+
+ Iy, Voo (= Ty) | +
+Tyab | (1+ T ) Vob (t = Tp) + Tpa Vou (¢t = T,) |- (9)

Hcmonp3oBanue (9) mO3BOIAET ONPEACTUTH
BPEMEHHOM OTKJIMK Ha KOHIIaX uccieayemoit MITJT
IIPH PA3HBIX TPAHUYHBIX YCIOBHSX.

Pesyabrarel mogenuposanus MILJI npu
Pa3HBIX IPaAaHUYHBIX ycjaoBusx. s uccneno-
BaHUS KOPPEKTHOCTU NPEIJIOKEHHBIX MOeNeH
He0oOXO0IUMO MPOU3BECTH MopaenupoBaHue. s
KBa3UCTATUUECKOTO aHaiu3a BhBIOpaHa oTeue-
crBeHHas cucteMa TALGAT [15, 16]. Ona oc-
HOBaHa Ha METO/IE MOMEHTOB, 3apPEKOMEH]I0BaB-
nieM ce0si IpH pelleHud MIHUPOKOTo Kpyra 3agad
3JeKTpOMarHuTHOro mnoiys. B kadecTBe makera
3NEKTPOJAUHAMUYECKOTO MOJEIUPOBAHUS
opan Electromagnetic Professional (EMPro) [17].
PacnpocTpaneHHBIMH METOAAMHU IPU MOJAEIHUPO-
BaHuM B EMPro sBIsAOTCSI METOI KOHEYHBIX
9JIEMEHTOB, MO3BOJISIIOIINKA pabdoTaTh CO CTPYK-
TypaMy MPOU3BOJIBHON (OPMBI, 1 METOA KOHEY-
HBIX pa3HOCTEH BO BPEMEHHOW o00JacTu, Hc-
TIOJIB3YIOLTUICS 11 MOJEIUPOBaHUSA BBICOKOYA-
CTOTHBIX YCTPOWCTB (aHTEHH, QHUIBTPOB U Ip.).
Ha puc. 1, a nokazano nonepeyHoe ce4eHUE HC-
cnegyemoro M®, a Ha puc. 1, 6 — SKBHBaJICHT-
Hasl CXEMa €ro BKIIOYCHUSI.

g TpoBEepKM aHAIMTHYECKUX MOJIEIEH He
MMEET NPUHIMIHNAIBHOIO 3HAUYCHUS PaCIIONIOKEHUE

BBbI-

24 AHa/IMTHYeCKHe MO/ IH BpeMEHHOr0 0TKJINKA MHUKPOI0J0CKOBOIi IMHUH € ABYMS A0NOJHUTEIbHBIMU
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0

Puc. 1. Tlonepeunoe ceuenne (a) 1 cxema dIeKTpHIecKux coequHennit (6) MILJI ¢ nBymsi TOMOTHUTENBHBIMU POBOAHUKAMH CBEPXY

Fig. 1. Cross section (a) and electrical connection diagram (6) of the microstrip line with two additional conductors on top

OOKOBBIX MPOBOIHHKOB: CBEPXY, Ha MOMIOKKE WU
yIIyOneHHo. Mexay TeM HX pacrolIOKEHUE CBEPXY
JaeT JIYYIyl0 3allUTy: YBEJIMYMBAET HHTEPBAJIBI
MEXIy UMITYJIbCaMU pa3fiokKeHHsl BO3IEHCTBYIOIIETO
CKU [14]. B cBsi3u ¢ 3TUM UMEHHO Jjis Takoro Md
1enecoo0pa3Ho BbIOpaTh MapamMeTphl, oOecreurnBa-
IOIME€ MHMHUMAIBHYIO aMIUIMTYQY BBIXOIHOTO
HAaMpsDKEHUs! TIPH Pa3iTMYHbIX TPAHUYHBIX YCIIOBHSX.
PaccmarpuBaemsiit M® Ha ocHoBe MIIJI co-
CTOUT U3 OMOPHOTO MPOBOJHHUKA B BHJE MPOBOJIS-
LIET0 CJOs, AWINEKTPUYECKON IMOIOXKKH U CHI-
HaJbHOTO MPOBOJHHMKA B BHJE IMOJOCKM Ha MOJ-
JIOXKKE U OTJINYAETCs HAJIMYHUEM JIByX CUMMETPHU-
HBIX MTPOBOJHUKOB CBEPXY, COEIUHEHHBIX HA KOH-
[ax ¢ OmopHBIM OpoBogHukoM. 3ammra o CKU
JIOCTUTAaeTCd 3a CYET €ro MOAAJIBHOTO pasJioikKe-
Hus. Beibopom mmabel M@ Takoii, 4ToOBI ee mpo-
W3BEJICHNE HAa Pa3HOCTh TPEThel M BTOPOW MOTrOH-
HBIX 3aJiep)KeK MO JIMHWU IIPEBBILIAIO IJIUTEIb-
Hocth CKU, obecneumBaercs pasjiokeHHE Ha
2 UMITyIhCa MEHbINeH aMIouTyasl. [Ipu 3ToM BEI-
00p BBICOTHI IPOBOJAHUKOB, UX IIHPHUHBI U PACCTO-
SIHUSI MEXAY HHMMH II03BOJISIeT oOecneunBaTh pa-
BEHCTBO aMIUTUTYZ 9TUX UMITYJIECOB.
I'eomerpuyeckue mapaMeTpsl IMONEPEUHOIO
cedenus (puc. 1, a) MEHSINCh: TPU TPAHUIHOM
ycinoBun 50 OmM-K3

k=18mkm; €, =4; 5 =0.3mm; 7 =1mm; /2 = 0. 1Mm;

w=021Mm; w =1 Mm;

R2=R5=500m (puc. 1). Tak npu 50 OmM-K3 mpu-
HATO R1=R3=500M u R4=R6=1mMOwM; mnpu
ClI- R1=R3=R4=R6=500m; a npu K3-K3 -
R1=R3=R4=R6=1MOMm.

Brrurcnennsie A pacCMOTPEHHBIX CIydaeB
Matpuibl C 1 L TipencTaBieHsl B Ta0m. 1.

Jns 3agaraeix Marpuil L u C us (9) nmomydnm:
— mpu ycnoBum 50-K3

V6(t)=0.761[0.331 Vg, (= 5.15) +
+0.71 Vo (1 —4.22) ]+
+0.372[0.49 Vo, (£ —4.22) +
+0.23 Vo, (1 —5.15)];
—npu CJI
V6(r) =0.749[0.491Vy, (t — 4.76) +
+0.03Vp (1 —4.15)] +
+0.629[0.99Vy (1 —4.15) +
+0.01Vy, (t —4.76)];

—npu K3-K3

Ta6a. 1. Matpunsl C u L s MILJ, cOOTBETCTBYIOLINX
Pa3HBIM IPaHUYHBIM YCIOBUSIM

Tab. 1. Matrices C and L for microstrip lines according
to different boundary conditions

o Matpuiis
npu ycnoBuu coriacoBanHod suHuH (CJI) oHm R C b/ b L. nlwm
OTAMYAIOTCSL TeM, 4T0 w=0.29MMm; wy =1.5mm; [60.6 —212 -7.47([409.8 2524 167.27
€, = 3;5=049mm; mpum  K3-K3  w=0.3Mmwm; 50-K3[|-21.2 64 212 2524 5473 2524
wy =1lMM; g, =4.5; s =0.49mm. B KauecTse BO3- [ 74 7212 60'6: :167'2 2524 409'8:
ciic criomssopancs CKU ¢ Tpame c [64.6 -185 -58 3439 188.6 106.8
WCTBHS HCIIONH30BAJICS B BY, HeIn
. 5 SIC 5B I Tpanen CJI -185 548 -185 188.6 499.9 188.6
avmmrynoi SJ1C 5 B, Bpemenem HapacTamms, cria- | 58 —185 64.6]|[1068 188.6 343.9]
JMa ¥ miockoi BepmmHbl no 50 mc. [lnmHa mrHUN - —— -
=1 B 603 -20.8 5.1 414.7 2309 141.7
— M. B XOIe MOACTMPOBANIAL ToTepH BHHPOBOH' K3-K3||-20.8 717 208 |[2309 5267 230.9
HUKaX W JUIEKTPUKAX HE YUUTHIBAIHCH. Harpys3ku |51 208 603 | |[1417 2309 4147
Ha JIOTIOJTHUTENBHBIX IPOBOJHUKAX MEHSIOTCS, a
AHaJIUTHYECKHE MOJ€EJIH BPEMEHHOI'0 OTKJIMKA MPleOl'IOJ'IOCKOBOﬁ JIMHUHU C ABYMS JONOJTHUTECIbHBIMH 25
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V6(r)=0.788[0.421V(, (1 —5.49) +
+0.657 Vo, (t—4.37)]+
+0.27[0.42Vp, (1 —4.37) +
+0.69V, (t —5.49)],

e ¢ — BpeMs, HC.
Boemmcnenasie  popMBI HalpsHKCHUA B KOHIIG
MII, nomy4yeHHbIE B XO/I€ KBa3UCTATUYECKOIO aHa-

Ne 5. C. 21-30

JIM3a U TI0 MOJIEJISIM, TP Pa3HBIX TPAHUYHBIX YCIIOBH-
AX MOKa3aHbl Ha pHc. 2. CpaBHEHHE aMIUIMTYA U 3a-
Jep>KeK UMITYJILCOB IIPUBEIEHO B TA0M. 2.

W3 puc. 2 u tab6n. 2 Buano, uyro CKU, nomny-
YEHHbI MpH pa3IuYHbIX IOAXOAAX, B KOHIIE
M® (V6) paznoxuics Ha 2 UMITyIbca paBHOU aM-
mwutyapl. M3 cpaBHeHnst GpopM HanpspKeHU, MOMy-
YEHHBIX Pa3HbIMU METOIAMH, BUJHO, YTO OHM Kade-
CTBEHHO comiacyrorcs. [Ipu 3ToM MOIHOCTBIO COB-

Tabn. 2. CpaBHenue amiumutyn (U) 1 3anepikek (f) IMITYJIBCOB, IIOJyYE€HHBIX IPU Pa3HBIX MOJEISIX

Tab. 2. Comparison of amplitudes (U) and delays (#) of pulses, obtained by different models

50-K3 CJ1 K3-K3
Tomxopmet U, ,B|U,, Bl ,8c |t,,8c|U;,B|U,, B| ,8C|t,,8C|U;,B|U,, B| ,,HC| t,,HC
Ksasucraruka u amamutuka | 1.12 | 1.12 422 1476106 1.06 | 4.14 | 516 | 1.22 | 1.22 | 4.37 5.5
DneKTpoArHAMHKA 1.02 | 1.04 4.5 544 (1.04] 098 | 435 | 492 | 093 | 1.15 | 475 | 5.78
U, B-
0.7
0.2
N LN
L T r T T L | T hl T T NS T g T L T T L 1
4 4.2 4.4 4%/ 48 5 52\/ 5. 5.6 5.8 6 t, HC
—0.3-
a
U, B+
1-
0.5 1 /\
s TANSI
4 42 4.4 4.6 4.8 5 5.2 5.4 5.6 \é/g 6 t, HC
—0.5-
4]
U, B 1
0.9 4
0.4 1 j\
T T T bl T T ™ L i ‘(I\-v-‘l'& L T T T T T T T /
—0194 42 44 46 43 s 52 5.4 5.6 5.8 6 \/z, He
—0.6-

8

Puc. 2. Dopmel HanpspxeHus B koHIIe MO (/6), BEIMUCIEHHBIE TIO KBA3UCTATHIECKON (KpacHast JIMHUS), SIEKTPOANHAMAIECKON
(4epHast TMHUST) ¥ AHATUTHYECKOH (ITyHKTHP) MOZAEISIM JUTS Pa3HBIX TPpaHHYHbIX yeinoBuid: a — 50-K3; 6 — CJI; ¢ — K3-K3

Fig. 2. Voltage waveforms at the MF output (V/6), calculated by quasi-static (red), electrodynamic (black) and analytical () models for
different boundary conditions: a — 50-K3; 6 — CJI; 6 — K3-K3
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MajgaloT Pe3yAbTaThl, MOJIYyYCHHBIE KBa3WCTaTHue-
CKMM aHAJIM30M M MO IPEIOKEHHBIM aHaJMTHIC-
ckuM MomeisM. OfHAaKo BUIHO, YTO PE3YJABTATHI
3NIEKTPOAMHAMUYECKOTO aHajn3a OTIMYAIOTCS 110
dopme, aMIUIMTyIe W 3aA€pKKaM HMITYJIbCOB.
Paznuums pe3ynbraToB, MONXYYEHHBIX UYWCIIEHHO,
BBI3BAaHBl Pa3IMUMEM YHCIECHHBIX METONOB, JIie-
XKamux B WX OcHOBe. Kpome Toro, pasmuume
(hopM HMITYTECOB OOYCIIOBIEHO YYETOM BCEX TH-
TI0OB BOJH, KpaeBbIX 3(P¢HEKTOB HAa KOHIIAX IIPO-
BOJIHUKOB M YaCTOTHOW 3aBUCHUMOCTH AUAJIEKTPH-
YeCKOW TMPOHHUIIAEMOCTH TPH JIEKTPOJUHAMUYE-
CKOM MOJETUPOBAHWU. DTO MPHUBOAUT K Xapak-
TEpHOMY [JIi peajbHBIX IMHUW 3aTSITHBAHHIO
¢poHTa M cmama ummynbca. Tak, MacHMajbHBIC
OTJIOHEHWSI TI0 aMIUTUTY/E U 3aJep>KKaM COCTaBH-
mu: ipu 50-K3 (puc. 2, a) -3.7 u 6.6 %; npu CJI
(puc. 2, 6) — 0.9 u 2.47 %; npu K3-K3 (puc. 2, 6) —
2.95 1 2.48 % cOOTBETCTBEHHO.

Kpome TOTO, M3 pumc.2, 6 BUAHO, YTO TPH
CJI mabmomaeTcss HAaMMEHbIIas aMITIATYIA Ha BBIXO-
ne uccrenyemoid cTpykrypbl 1.06 B. Tem cambiv tipu
JAHHOM IPaHUYHOM YCJIOBUM paccMarpuBaeMbiii MO

MO3BOJISICT TOJIYYHUTh Havy4iiee (110 CPABHEHHUIO C
50-K3 u K3-K3) ocnabnenue (oxomno 2.36 pasza) Bo3-
netictayromero CKU.

3axumiouenne. PaccMOTpeHBI MOMENU JJsl BBI-
YUCJICHUS BPEMEHHOTO OTKJIMKAa MOAMU(DUIIMPOBAH-
Hoil MIIJI ¢ 1ByMs 1ONOMHUTENBHBIMA CUMMETPHUY-
HBIMH TIPOBOIHUKaMU cBepxy. [IpumeHenue paspa-
0OTaHHBIX MOJIENEl Ha paHHUX dTamax MPOEKTHPO-
BaHUS TIOJIOCKOBBIX YCTPOWCTB 3alUTHI TTO3BOJIUT
COKPaTHTh 3aTpaThl BPEMEHH W BBIYHACIUTENHHBIX
PECYpPCOB TIPH MHOTOBapHUAHTHON ONTHMH3AIINH,
TIOCKOITBKY TIPH BBIYHCICHHUSX B JWAlla30HE Iapa-
METPOB HET HEOOXOAMMOCTH B HAXOXK/ICHHUH OTKITUKA
Kak TakoBoro. lIpencraBrneHo cpaBHEHHE BpEMEH-
HBIX OTKJIMKOB, TTOMYYEHHBIX C TIOMOIIBIO TIPEIIO-
JKEHHBIX aHAJUTHYCCKHX MOZEICH M YHCIICHHBIMH
MeTrofamMu (B IBYX TMPOrPaMMHBIX MPOAYKTAX).
B pe3synbrare nomydeHo COBIaIeHHe PE3YIIBTaTOB T10
ammoaTyae, Gopme U 3amepikke UMITYIIbCOB. [loka-
3aHO, uto MIIJI ¢ nByMSI HOMONHUTEIBHBIMU CHUM-
METPUYHBIMU TIPOBOJHUKAMH CBEPXYy MOXET WC-
MOJTB30BaThCs kKak M® ¢ ompeeneHHFIMU TTapameT-
paMu Ipy pa3TUIHBIX TPAHNYHBIX YCIOBHUSIX.

ABTOpCKHUIi BKJIajJ

CexeHnoBa AWTIrya — cOop 1/ninm 06paboTKa JaHHBIX.

Ken:xerysoBa 3apuna MypaTdekoBHa — pa3paboTKa aHAIUTHYECKUX MOJEIIEH.
CarueBa Unaupa EpukoBHa — KOHIICTIIIHS, MaTEePHAIBL.
I'azu3oB Taabrat PamuroBuy — nocTaHOBKA 3334, KpUTHUYECKAsI OLICHKA.

Author’s contribution

Aitgul Sekenova, data collection and/or processing.

Zarina M. Kenzhegulova, development of analytical models.

Indira Y. Sagiyeva, concept, materials.

Talgat R. Gazizov, analysis and/or interpretation, critical review.

CrnHcoK JMTepaTyphl

1. Zheng J., Wei G. New development of
electromagnetic compatibility in the future: cognitive
electromagnetic environment adaptation // 13" Global
Symp. on Millimeter-Waves and Terahertz (GSMM),
Nanjing, China, 17 Aug. 2021. IEEE, 2021. P. 1-3. doi:
10.1109/GSMM53250.2021.9511983

2. Tpu BO3MOXHBIX MEXaHHW3Ma BO3HMKHOBEHHS
OTKa30B DJIEKTPOHHBIX YCTpPOHCTB B pe3yjbTaTe
anekTpoMarHuTHOro Bosnewicteus / JI. H. 3myxos,
10. B. Mapdénos, O. A. Tapacos, B. M Yemnenes //
TexHONOrMH  3JIEKTPOMArHUTHOW  COBMECTHUMOCTH.
2018. Ne 2 (65). C. 22-34.

3. Radasky W. A., Baum C. E.,, Wik M. W.
Introduction to the special issue on high-power

electromagnetics and intentional electromagnetic
interference / IEEE Transactions on Electromagnetic
Compatibility. 2004. Vol. 46, iss. 3. P. 314-321. doi:
10.1109/TEMC.2004.831899

4. Kotny J. C., Margueron X., Idir N. High
frequency model of the coupled inductors used in EMI
filter // IEEE Transactions on Power Electronics. 2012.
Vol. 27, Ne 6. P. 2805-2812. doi: 10.1109/
TPEL.2011.2175452

5. Yoshida T., Endo M. A Study on ESD
protection characteristic difference measurement of
TVS diodes by VNA // IEEE 5% Intern. Symp. on
Electromagnetic Compatibility (EMC), Beijing, China,
2018. P. 1-4. doi: 10.1109/EMC-B.2017.8260474

AHanuTHYecKHe MOJeJU BPeMEHHOI'0 OTKJIMKA MUKPOII0JI0CKOBOM JIMHHUH C ABYMS 1ONOJHHUTEIbHBIMH 27
CHMMeTPUYHBIMH NPOBOAHUKAMH CBePXY NPHU Pa3INYHBIX TPAHMYHBIX YCJIOBHAX HA MX KOHIAX

Analytical Models for the Time Response of a Microstrip Line with Two Additional

Symmetrical Conductors on Top under Different Boundary Conditions at Their Ends



H3Bectus By3os Poccun. Paguosnexrponuka. 2023. T. 26, Ne 5. C. 21-30
Journal of the Russian Universities. Radioelectronics. 2023, vol. 26, no. 5, pp. 21-30

6. CmupuoB B., IllamaeBa A., XapuToHOB A.
DJIeKTPOMAarHUTHAs COBMECTUMOCTh B 3JIEKTPOHHKE.
M.: Menua KuT, 2018. C. 34-40.

7. 3abomouxmit A. M., TasmsoB T. P.
TeopeTnyeckue OCHOBBI MOJAIBHON QuiIbTpauuu //
Texnuxa paauocsssu. 2014. Ne 3. C. 79-83.

8. Gazizov A. T., Zabolotsky A. M., Gazizov T. R.
UWRB pulse decomposition in simple printed structures //
IEEE Transactions on Electromagnetic Compatibility.
2016. Vol. 58, Ne 4. P. 1136-1142. doi:
10.1109/TEMC.2016.2548783

9. Belousov A. O., Zabolotsky A. M., Gazizov T. T.
Optimization of parameters of multiconductor modal
filters for protection against ultrashort pulses // 17"
Intern. Conf. of  Young  Specialists on
Micro/Nanotechnologies and Electron Devices. Altai,
Russia, 30 June — 4 July 2016. P. 67-70. doi:
10.1109/EDM.2016.7538694

10. Park S. W, Xiao F., Kami Y. Analytical
approach  for  crosstalk  characterization  of
multiconductor  transmission lines using mode
decomposition technique in the time domain // IEEE

Trans. on Electromagnetic Compatibility. 2010.
Vol. 52, iss. 2. P. 436-446. doi: 10.1109/
temc.2010.2045759

11. Xiao F., Murano K., Kami Y. Analytical
Solution of the Electromagnetic Radiation from
Coupled Differential Microstrip Pairs // Asia-Pacific
Symp. on Electromagnetic Compatibility (APEMC),
Taipei, Taiwan, 2629 May 2015. IEEE, 2015. P. 708—
711. doi: 10.1109/APEMC.2015.7175358

12. Soleimani N., Mohammad G. H. A,
Mohammad H. N. Crosstalk analysis at near-end and

far-end of the coupled transmission lines based on
eigenvector decomposition // Intern. J. of Electronics
and Communications. 2012. Vol. 12. P. 1-8. doi:
10.1016/j.aeue.2019.152944

13. Sagiyeva I. Y., Kenzhegulova Z. M., Surovtsev R. S.
Analytical Models for the Time Response of a Modal
Filter Having a Symmetrical Pair of Passive
Conductors with Grounded Ends // IEEE Intern. Multi-
Conf. on Engineering, Computer and Information
Sciences (SIBIRCON), Yekaterinburg, Russia, 11-13
Nov. 2022. IEEE, 2022. P. 1080-1084. doi:
10.1109/SIBIRCONS56155.2022.10017074.

14. Sagiyeva I. Y., Kenzhegulova Z. M., Surovtsev R. S.
Modal filters based on a microstrip line with overhead
conductors grounded at both ends // 22™ Intern. Conf. of
Young Professionals in Electron Devices and Materials.
Altai, Russia. 30 June — 4 July 2021. IEEE, 2021. P. 176—
179. doi: 10.1109/EDM52169.2021.9507610

15. Kuksenko S. P. Preliminary results of a project
of the University of TUSUR on designing the
distribution network space vehicles: modeling EMS.
IOP Conf. Ser.: Materials Science and Engineering.
2019. Vol. 560, Ne 012110. P. 1-7. doi:10.1088/1757-
899X/560/1/012110

16. HoBbrle BO3MOXXHOCTH CHUCTEMBI MOJENIHU-
pOBaHMSI  DJIEKTPOMAarHUTHOW  COBMecTHUMOCTH  /
C. II. Kykcenko, A. M. 3aboomnkuii, A. O Menko3epos,
T. P. T'asuzor // Jlokn. ToMCKOro roc. yH-Ta CHCTEM
yhpaBieHUs ¥ paanoaieKTpoHuku. 2015. Ne 2. C. 45-50.

17. PathWave EM Design (EMPro). URL:
http://scanru.ru/products/keysight-eda/products/empro/
(mata obpamenus 20.09.2023)

HNnudopmanms o0 apropax

CexeHoBa AMTryJ — MarucTpant kxadeapsl TEJIEBUACHUS W yNpaBieHHs TOMCKOTO YHHBEPCHTETa CHCTEM
yIpaBieHUss ¥ PAJMOIIEKTPOHMKH. ABTOp JeBATH HayuHbIX Iyonukauumid. Cdepa HaydHBIX MHTEPECOB —

QJICKTPOMAriuTHasi COBMECTUMOCTb.

Anpec: ToMckuil yHMBEpCUTET CUCTEM YIPABIEHUS U PaJUOIIEKTPOHUKY, 11p. JlenuHa, 1. 40, Tomck, 634050, Poccus

E-mail: aitowaas@mail.ru

Ken:keryaosa 3apuna MypaT6exkoBHA — MarucTp 110 HanpasieHUIo0 "MHOOKOMMYHHKAIMOHHBIE TEXHOJIOTUI
u cuctemsl cBs3u" (TYCVYP, 2020), acnupanTka kadenpsl TEIEBUACHUS W YIpaBiIeHHs TOMCKOTO yHHBEPCHUTETa

CHCTEM YNpaBJICHHA W PaJHOICKTPOHHKH.
3JIEKTPOMAarHUTHAsI COBMECTUMOCTb.

ABtop 14 mHaydHBIX paboT.

Ccepa HAYIHBIX HMHTEPECOB —

Anpec: ToMckuil yHUBEPCUTET CUCTEM YIIPABJICHUSI U PaJUO3JIEKTPOHUKHY, 11p. JIenuna, 1. 40, Tomck, 634050, Poccust

E-mail: zarina.kenzhegulova@mail.ru
https://orcid.org/0000-0003-0984-5088

CarneBa Unaupa EpukoBHa — kaHmuaatr texHudeckux Hayk (2021), noueHT kadeapsl TEIEBUICHNS U YIPaB-
neHusi TOMCKOro yHHMBEPCHTETa CHUCTEM YIpaBICHHS W PaAMOINEKTPOHUKU. ABTOp 59 HayuHbix pabotr. Cdepa

HaYYHBIX HHTEPECOB — BJICKTpOMAariuTHass COBMECTUMOCTb.

Anpec: ToMckuit yHUBEpCUTET CHCTEM YIIPABJICHUsSI U PaHOdTIeKTpOHUKH, 11p. Jlennna, 1. 40, Tomck, 634050, Poccust

E-mail: indira_sagieva@mail.ru
https://orcid.org/0000-0001-7119-0583

I'azuzoB Taasratr PammroBu4 — 10KTOp TexHUYecKuX Hayk (2010), 3aBexyromuii kadenpoil TeneBUICHAS U
ynpasieHus: TOMCKOTo yHUBEPCHTETA CHCTEM YIPABICHHUS U palrodIeKTpoHUKH. ABTop 482 Hay4HbIX padot. Cde-
pa Hay4HBIX HHTEPECOB — JIEKTPOMArHUTHAsI COBMECTUMOCTb.

Anpec: ToMCKH YHUBEPCUTET CUCTEM YIIPABJICHUS U PaIUOdIEKTPOHUKH, 11p. JlenuHa, a. 40, Tomck, 634050, Poccus

E-mail: talgat@tu.tusur.ru
https://orcid.org/0000-0002-1192-4853

28 AHa/IMTHYeCKHe MO/ IH BpeMEHHOr0 0TKJINKA MHUKPOI0J0CKOBOIi IMHUH € ABYMS A0NOJHUTEIbHBIMU
CHMMETPUYHBIMH NPOBOJHUKAMH CBEpPXY IPH Pa3JIMYHBIX TPAHMYHBIX YCJI0BHAX HA HX KOHIAX

Analytical Models for the Time Response of a Microstrip Line with Two Additional

Symmetrical Conductors on Top under Different Boundary Conditions at Their Ends



H3Bectus By3oB Poccun. Paguosnexrponuka. 2023. T. 26, Ne 5. C. 21-30
Journal of the Russian Universities. Radioelectronics. 2023, vol. 26, no. 5, pp. 21-30

References

1. Zheng J., Wei G. New Development of Electro-
magnetic Compatibility in the Future: Cognitive Electro-
magnetic Environment Adaptation. 13" Global Symp. on
Millimeter-Waves and Terahertz (GSMM). Nanjing, Chi-
na, 17 Aug. 2021. IEEE, 2021, pp. 1-3. doi:
10.1109/GSMM53250.2021.9511983

2. Zdukhov L. N., Parfenov Yu. V., Tarasov O. A.,
Chepelev V. M. Three Possible Mechanisms for the
Failure of Electronic Devices as a Result of Electro-
magnetic Interference. Tekhnologii elektromagnitnoy
otrazheniya [Electromagnetic Compatibility Technolo-
gies]. 2018, no. 2 (65), pp. 22-34. (In Russ.)

3. Radasky W. A., Baum C. E., Wik M. W. Intro-
duction to the Special Issue on High-Power Electro-
magnetics and Intentional Electromagnetic Interfer-
ence. IEEE Transactions on Electromagnetic Compati-
bility. 2004, vol. 46, iss. 3, pp. 314-321. doi:
10.1109/TEMC.2004.831899

4. Kotny J. C., Margueron X., Idir N. High Fre-
quency Model of the Coupled Inductors Used in EMI
Filter. IEEE Transactions on Power Electronics. 2012,
vol. 27, mno. 6, pp. 2805-2812. doi:
10.1109/TPEL.2011.2175452

5. Yoshida T., Endo M. A Study on ESD Protection
Characteristic Difference Measurement of TVS Diodes
by VNA. IEEE 5" Intern. Symp. on Electromagnetic
Compatibility (EMC), Beijing, China, 2018, pp. 1-4.
doi: 10.1109/EMC-B.2017.8260474

6. Smirnov V., Shalayeva A., Kharitonov A. El-
ektromagnitnaya sovmestimost' v elektronike [Electro-
magnetic Compatibility in Electronics]. Moscow, Me-
dia KiT, 2018, pp. 34-40. (In Russ.)

7. Zabolotsky A. M., Gazizov T. R. Theoretical
Foundations of Modal Filtering. Tekhnika radiosvyazi
[Radio Communications Technology]. 2014, no. 3,
pp- 79-83. (In Russ.)

8. Gazizov A. T., Zabolotsky A. M., Gazizov T. R.
UWB Pulse Decomposition in Simple Printed Struc-
tures. IEEE Transactions on Electromagnetic Compati-
bility. 2016, vol. 58, no. 4, pp. 1136-1142. doi:
10.1109/TEMC.2016.2548783

9. Belousov A. O., Zabolotsky A. M., Gazizov T. T.
Optimization of Parameters of Multiconductor Modal
Filters for Protection Against Ultrashort Pulses.
17" Intern. Conf. of Young Specialists on Mi-
cro/Nanotechnologies and Electron Devices, Altai,
Russia, 30 June — 4 July 2016, pp. 67-70. doi:
10.1109/EDM.2016.7538694

10. Park S. W., Xiao F., Kami Y., Analytical Ap-
proach for Crosstalk Characterization of Multiconduc-
tor Transmission Lines Using Mode Decomposition
Technique in the Time Domain. IEEE Trans. on Elec-
tromagnetic Compatibility. 2010, vol. 52, iss. 2,
pp. 436-446. doi: 10.1109/temc.2010.2045759

11. Xiao F., Murano K., Kami Y. Analytical Solu-
tion of the Electromagnetic Radiation from Coupled
Differential Microstrip Pairs. Asia-Pacific Symp. on
Electromagnetic Compatibility (APEMC), Taipei, Tai-
wan, 26-29 May 2015. IEEE, 2015, pp. 708-711. doi:
10.1109/APEMC.2015.7175358

12. Soleimani N., Mohammad G. H. A., Moham-
mad H. N. Crosstalk Analysis at Near-End and Far-End
of the Coupled Transmission Lines Based on Eigenvec-
tor Decomposition. Intern. J. of Electronics and Com-
munications. 2012, wvol. 12, pp. 1-8. doi:
10.1016/j.aeue.2019.152944

13. Sagiyeva L. Y., Kenzhegulova Z. M., Surovtsev R. S.
Analytical Models for the Time Response of a Modal
Filter Having a Symmetrical Pair of Passive Conduc-
tors with Grounded Ends. IEEE Intern. Multi-Conf. on
Engineering, Computer and Information Sciences
(SIBIRCON), Yekaterinburg, Russia, 11-13 Nov. 2022.
IEEE, 2022, pp. 1080-1084. doi: 10.1109/
SIBIRCONS56155.2022.10017074

14. Sagiyeva I. Y., Kenzhegulova Z. M., Surovtsev R. S.
Modal Filters Based on a Microstrip Line with Overhead
Conductors Grounded at Both Ends. 22™ Intern. Conf.
of Young Professionals in Electron Devices and Materi-
als, Altai, Russia, 30 June — 4 July 2021. IEEE, 2021,
pp. 176-179. doi: 10.1109/EDM52169.2021.9507610

15. Kuksenko S. P. Preliminary Results of a Project
of the University of TUSUR on Designing the Distribu-
tion Network Space Vehicles: Modeling EMS. IOP
Conf. Series: Materials Science and Engineering. 2019,
vol. 560, no. 012110, pp. 1-7. doi:10.1088/1757-
899X/560/1/012110

16. Kuksenko S. P., Zabolotsky A. M., Melkoze-
rov A. O., Gazizov T. R. New Features of Electromag-
netic Compatibility in TALGAT Simulation Software.
Doklady Tomskogo gosudarstvennogo universiteta sis-
tem upravleniya i radioelektroniki [Papers from Tomsk
State University of Control Systems and Radioelectron-
ics]. 2015, no. 2, pp. 45-50. (In Russ.)

17. PathWave EM Design (EMPro). Available at:
http://scanru.ru/products/keysight-eda/products/empro/
(accessed 20.09.2023)

Information about the authors

Sekenova Aitgul, Master's student of the Department of Television and Control at Tomsk University of Control Sys-
tems and Radioelectronics. The author of 9 scientific publications. Area of expertise: electromagnetic compatibility.
Address: Tomsk University of Control Systems and Radioelectronics, 40, Lenin Ave., Tomsk 634050, Russia.

E-mail: aitowaas@mail.ru

Zarina M. Kenzhegulova, Postgraduate student of the Department of Television and Control at Tomsk Univer-
sity of Control Systems and Radioelectronics. The author of 14 scientific publications. Area of expertise: electro-

magnetic compatibility.

AHanuTHYecKHe MOJeJU BPeMEHHOI'0 OTKJIMKA MUKPOII0JI0CKOBOM JIMHHUH C ABYMS 1ONOJHHUTEIbHBIMH 29
CHMMeTPUYHBIMH NPOBOAHUKAMH CBePXY NPHU Pa3INYHBIX TPAHMYHBIX YCJIOBHAX HA MX KOHIAX

Analytical Models for the Time Response of a Microstrip Line with Two Additional

Symmetrical Conductors on Top under Different Boundary Conditions at Their Ends



H3Bectus By3os Poccun. Paguosnexrponuka. 2023. T. 26, Ne 5. C. 21-30
Journal of the Russian Universities. Radioelectronics. 2023, vol. 26, no. 5, pp. 21-30

Address: Tomsk University of Control Systems and Radioelectronics, 40, Lenin Ave., Tomsk 634050, Russia.
E-mail: zarina.kenzhegulova@mail.ru
https://orcid.org/0000-0003-0984-5088

Indira Y. Sagiyeva, Cand. Sci. (Eng.) (2021), Docent of the Department of Television and Control at Tomsk
University of Control Systems and Radioelectronics. The author of 59 scientific publications. Area of expertise:
electromagnetic compatibility.
Address: Tomsk University of Control Systems and Radioelectronics, 40, Lenin Ave., Tomsk 634050, Russia.
E-mail: indira_sagieva@mail.ru
https://orcid.org/0000-0001-7119-0583

Talgat R. Gazizov, Dr Sci. (Eng.) (2010), Head of the Department of Television and Control at Tomsk Univer-
sity of Control Systems and Radioelectronics. The author of 482 scientific publications. Area of expertise: electro-
magnetic compatibility.
Address: Tomsk University of Control Systems and Radioelectronics, 40, Lenin Ave., Tomsk 634050, Russia.
E-mail: talgat@tu.tusur.ru
https://orcid.org/0000-0002-1192-4853

30 AHa/IMTHYeCKHe MO/ IH BpeMEHHOr0 0TKJINKA MHUKPOI0J0CKOBOIi IMHUH € ABYMS A0NOJHUTEIbHBIMU
CHMMETPUYHBIMH NPOBOJHUKAMH CBEpPXY IPH Pa3JIMYHBIX TPAHMYHBIX YCJI0BHAX HA HX KOHIAX

Analytical Models for the Time Response of a Microstrip Line with Two Additional

Symmetrical Conductors on Top under Different Boundary Conditions at Their Ends



