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AHHOTALUSA

Beeoenue. B cOBpeMEHHBIX CITyTHHKOBBIX CHCTEMaX CBS3M K YaCTOTHBIM M MacCOTab0apHTHBIM XapaKTepUCTHKaM
BXOJIHBIX (PHIIBTPOB HPENBSBISIIOTCS Bee Oojee sxecTkre TpeboBaHus. Vcxoas U3 3TOro, paccCMOTPEHBl KOHCTPYKIIUT
TIOJIOCOBBIX (PHIIBTPOB C MHIYKTUBHBIMU CBSI3SIMU Ha TO(pUPOBAHHBIX BOJIHOBOJAaX. HecMoTps Ha TO 4TO Moj00HBIE
(UIBTPEI OBIIIM OMMCAHBI paHee, B JAHHOW CTAaTbe PACCMOTPEHBI BOZMOXKHBIE PEaTn3alliy TaKuX (DPUIIBTPOB HA BOJ-
HOBOJIE 3ay)KEHHOTO CEYEHHUs, Ha CTPYKTYpax C CHMMETpHEH 1 0e3 CHMMETPHH I10 SIEKTPHYECKOMY MOJIIO.

Llenv padomer. ViccnenoBanue GpUIBTPOB ¢ MHIYKTUBHBIMU CBSI3SIMU C CUMMETPHEH U 0€3 CUMMETPHH T10 JIEKTPH-
YECKOMY II0JTI0, & TAKXKE OLIEHKA ITOJIOCHI 3aTPAXK/ICHHUS 110 YPOBHIO H IIHPUHE TOJIOCHI.

Mamepuanst u memoowl. UncieHHbIE HCCIEIOBAHNS TPOBEICHBI METOAOM KOHEUHBIX 3JIEMEHTOB M METOIOM KOHEYHBIX
pa3HOCTEH BO BPEMEHHOW 00IaCTH.

Pezynomamui. IIpoBeneHo MopennpoBaHue GUIBTPOB C HHAYKTHBHBIMH CBS3SIMU C CHUMMETPUEH B 0€3 CHMMETPHUH
TI0 EKTPHUECKOMY TIOJ0. YCTAHOBIICHO, YTO (HUIBTPHI 0€3 CHMMETPHH MO 3IEKTPHIECKOMY IOJTIO UMEIOT JTydIlINe
MaccorabapuTHbIE XapaKTePUCTHKH, HO Oosee y3Kylo nosiocy 3arpaxaeHus. C IOMOIIbIO MOJETHPOBAHUS TaKXKe
YCTaHOBIICHO, 4TO B (PHIBTPAX CO MUIeH(aMu OAMHAKOBOTO CEUEHHS YPOBEHb 3arpaxxaeHus Oompire moutu Ha 20 nb
10 CPaBHEHHIO C (pHUIbTpaMy, B KOTOPBIX HIIEH(BI HIMEIOT pa3Hoe cedeHue. YacToTHbIE XapaKTePUCTHKN (QHUIBTPOB C
WHAYKTUBHBIMU CBA3SIMH, MOJYYEHHBIE ITYyTEM JJIEKTPOAMHAMUYECKOIO MOJACIMPOBAHUS, COBIAJAIOT C XapaKTepH-
CTUKaMH, NOJYYCHHBIMU OIOKCIICPUMEHTAJILHO. HpOBeﬂeHO MOIACIUPOBAHUC NECATU3BCHHOTO CBCPXKOMIIAKTHOI'O
¢UIBTpa ¢ MHIYKTUBHBIMU CBSI3SIMH 0€3 CHMMETPHH MO MIEKTPHUECKOMY II0JIIO0, IIOTEPHU B MOJOCE MPOITYCKaHMS HE
6onee 0.7 1b, ypoBeHb 3arpaxeHus B nosnoce 4actot ot 7.9 no 8.4 I'T'y ne menee 80 ab, niuua dunsrpa 30 MM.
3aknwuenue. IlpuMeHenre GUILTPOB ¢ UHIYKTHBHBIMHU CBSI3SIMH MO3BOJISIET CYIIECTBEHHO YIy4YLIUTh Maccoraba-
PHUTHBIE XapaKTEPUCTUKH 0€3 yXyALICHHUS MOTEPh B MOJOCE MPOIYyCKAaHUA M COXPAHCHWH BBICOKOTO YPOBHS OCIald-
JICHUA B TI0JIOCE 3aTrpakKACHUS.

KaioueBbie cjoBa: QUIBTP C MHAYKTUBHBIMH CBSI3SIMH, IOJIOC 3aTyXaHWs, Huieiid, CUMMETpUYHAs €MKOCTHas
nradparmMa, HECCHMMETPHYIHAS €MKOCTHAs Truadparma
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Abstract

Introduction. Modern satellite communication systems continue to impose stricter requirements on the frequency
response, weight, and size of filters. In this paper, several designs of bandpass filters with inductive couplings on
corrugated waveguides are considered. Although such filters have been described previously, this paper considers
their possible implementations based on narrow cross-section waveguides, as well as on structures with and without
electric field symmetry.

Aim. To study filters with inductive couplings with and without electric field symmetry, as well as to assess the filter
stopband width and attenuation.

Materials and methods. Numerical studies were carried out by the finite element method (FEM) and the method of
final difference in the time domain (FDTD).

Results. Modeling of filters with inductive couplings with and without electric field symmetry was carried out. Fil-
ters without electric field symmetry were found to exhibit higher characteristics in terms of weight and size, at the
same time as having a narrower stopband. The conducted modeling also showed that filters with stubs of the same
cross section allow stopband attenuation to be improved by almost 20 dB compared to filters with stubs of varied
cross section. The frequency responses of filters with inductive couplings obtained by electrodynamic modeling
were established to agree well with those obtained experimentally. A ten-order ultra-compact filter with inductive
couplings without electric field symmetry was considered, with the bandwidth loss of not more than 0.7 dB, the at-
tenuation of at least 80 dB in the frequency range from 7.9 to 8.4 GHz, and the filter length of 30 mm.

Conclusion. The use of filters with inductive couplings allows their mass and dimension characteristics to be signif-
icantly improved without increasing losses in the bandwidth at the same time as maintaining a high level of attenua-
tion in the stopband.
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BBenenue. B coBpeMeHHBIX CITyTHUKOBBIX CH-
CcTeMax CBSI3U TPEOYIOTCS BXOIHBIE (UIBTPHI C
MaJIbIMU TIOTEPSMHU U MaJIbIMH TabapUTHBIMH pa3-
Mepamu. B X-nuanasone 4acToThl mpueMa u nepe-
Jla4¥ HAXONATCS OYCHb OJIN3KO (YacTOTHI TpUeMa
7.25...7.75 T 1mmbo ykopodeHHas IoJjioca Ipo-
myckanus 7.25...7.55TTu wyactoTel mepemadu:
7.9...8.41Tn). s nanHorO nMMamasoHa Tpedyercs
(UIBTP C BBICOKOH CEJICKTUBHOCTBHIO M MPH 3TOM
KOMITaKTHBIN. /{151 mosydeHus: BBICOKOW CEJIEKTUB-

HOCTHU IpueMHoro ¢uibTpa Tpedyercs popmupo-
BaHHUE TOJIOCOB 3aTyXaHMs Ha 4YacToTax Mepeaay.
OpHuM U3 cnoco6oB (HOpMHUPOBAHHS HECHMMET-
PUYHON aMIUTUTYAHO-YaCTOTHOM XapaKTEPUCTHKH
(AYX) aBnsieTcs IpUMEHEHHE CUHITIETOB, KOTOpPBIE
00eCcreunBalOT AOTOJHUTEIBHYIO CBSI3b MEXIY
BXONIOM U BbIXofoM [1]. CHHIIETBI paboTaroT Ha
mone Hogy mmm Hjp;. MoxHo B ¢QuiasTpax Ha

MIOJTYBOJIHOBBIX PE30HATOpax O0ecleunBarh CBA3U
MeXJly HECOCEAHMMHU pe3oHaropaMu [2]. OaHako

KomnakTHbIe N0JI0CHO-TIPONYCKAIOIIME BOJHOBOAHBbIE (PUILTPbI C HHAYKTHBHBIMHU CBA3SIMU 33
¢ E-niiockocTHOil cumMeTtpueii 1 0e3 E-NJ10CKOCTHONH CHMMeTPHU
Compact Bandpass Waveguide Filters with Inductive Couplings

with E-plane Symmetry and without £-plane Symmetry



H3Bectus By3os Poccun. Pagnosnexrponuka. 2022. T. 25, Ne 5. C. 32-41
Journal of the Russian Universities. Radioelectronics. 2022, vol. 25, no. 5, pp. 3241

Takue (UIBTPbl UMEIOT B COCTAaBE IOIYBOIHOBHIE
pesonaropel Ha mone Hogp wim Higpp, 4TO0 yBe-

nu4uBaeT rabapuTHele pasmepbl Quibrpa. Dop-
MHUPOBATh TIONIOCA 3aTyXaHUS MOXXHO W Ha JIByX-
Wi ogHoMoAOBEIX TM-pe3onaropax [3—5]. Ounb-
TPBI Ha IBYXMOJIOBBIX PEe30HATOPaxX OOBIYHO UMEIOT
Oorniee CIOXHYIO HACTPOHKY, TPeOyIOT MHHUMAJb-
HBIX JIOITYCKOB M PEaM3YIOT TOJIOCHI MPOITYCKAHUS
no 10 %, XoTs mpu 3TOM 00JamalOT XOPOIIUMH
MaccorabapuTHBIMH XapakTepHCTHKaMu. B BoiHO-
BOJHOIN TEXHUKE MIMPOKO HM3BECTHHI (DMIBTPHI Ha
ropupoBaHHBIX BONHOBoAax [6-9]. Ha Ttakux
CTPYKTypax B OCHOBHOM JI€NAOT (PMIIBTPBI HIKHUX
gactoT (PHY) ¢ HU3KUMH TTOTEPSIMHU ¥ IMTHPOKUMHU
rostocamu 3arpakaeHust [10,11], u3sectasr OHY
Ha TO(PHUPOBAHHBIX BOJHOBOAAX ©0€3 BXOIHBIX
Tpancgopmaropos [12].

3amady cozmanusa (GUIBTpa ¢ MAIBIMH TTOTEPS-
MU B X-Iramna3oHe MpeiaraeTcs peruTh ¢ OMO-
mpio QuIbTpa Ha TOGPHUPOBAHHOM BOJHOBOJIE,
peaNm3yIonero cXeMy ¢ WHAYKTUBHBIMH CBSI3IMHU
[13]. BO3MOXXHOCTh pean3aliid Takoro QuiIsTpa
onucaHa B [9]. Pe3oHaTOpHI peamusyroTcss eMKOCT-
HbIMH JuadparMamMu, 4TO CYIICCTBEHHO COKpaIla-
eT rabapuTHBIE pa3Mepbl; HHAYKTHBHBIC CBSI3U
peanu3yroTcs 1uieidamu, JIUHA KOTOPBIX IS
(hopMHpOBaHHS TIONIOCOB BBIIE MOJOCHI TPOITyC-
KaHusd MCHCEC YCTBCPTU AJIMHBI BOJIHBI B BOJIHOBO-
ne. OuiabTpsl BHIMONHAIOTCA HA BOJHOBOIE 3a-
Y)KEHHOTO CEYeHHS, KOTOpoe (HopMUpyeT HU3KOYa-
cToTHBIN ckat AUX. OnucaHHbIe paHee B JUTEpa-
Type (WIBTPHl UMENH MIMPHHY, PaBHYIO IUPUHE
IAPOKOW CTEHKH MOABOSAIIAX BOJTHOBOAOB, YTO
MIPUBOIIIIO K HEOOXOIUMOCTH TIOJICTPOUKH WHIYK-
TUBHOCTH Y KaXkaol auadparmbl. YMeHbIICHHE
HIMPUHBI BOJTHOBOJIA TIO3BOJISIET PEaiM30BaTh BHYT-

peHHue auadparMbl GUIETPa B BHUIEC EMKOCTHBIX
(kpoMe BXOMHOHM ¥ BBIXOMHOH) W TakuM 00OpazoMm
M30aBUTHCSI OT TOACTPOMKH WHIYKTUBHOCTEH.

MeTtoabl uccjeaoBanusl. YnciieHHbIE HCCIIE-
JOBAaHHSI NIPOBEIEHBI METOIOM KOHEUHBIX 3JI€MEH-
toB (Finite element method — FEM) u mMeTomom
KOHEYHBIX pa3HOCTed BO BpeMeHHO# oOmactu (Fi-
nal difference in the time domain — FDTD).

IIpoexTnpoBanne ¢QUIbTpa ¢ UHIYKTHBHbI-
MU CBSI3AIMHM ¢ E-TU10CKOCTHOM cuMMmeTpuei. Pac-
4yeT (PUIIBTPOB C WHIYKTUBHBIMH CBSI3SIMH TIO CXE-
MaM-IIpOTOTUIAM MpuBeAcH B [14]. DkBuBaeHTHAs
cxema (UIbTpa NpuBeAcHa Ha puc. 1.

CyTp pacyera 3aKio4aeTcst B TOM, YTO IO 3a-
JIAHHBIM HIDKHEH [, BEpXHEH f p vacToram

IOJIOCHI NPOITYCKaHUA, BEIININHC HYJ'H:CEILII/Iﬁ a D u

TpeOOBaHMSIM K TIOJIOCE 3arpaXKICHUs OIpeaeiseT-
Csl YUCIIO 3BEHBEB (PUIIBTPA 71 ¥ TApAMETPHI AJIeMEH-

toB ®HY-nporotrna g;. Pe3oHaHCHBIC YaCTOTHI

KOHTYPOB fi; (fi; — pe30HaHCHas 4acToTa k-TO KOHTY-
pa, k=1...n, n — NOPAAOK (PUIBTPa) OTIMYHBI OT
CpeIHEeH 4acTOTHI TOJIOCHI MPOIYCKAHUS

fO :ﬂf—pf+p'

B nmanHOM THTE QUIBTPOB MapaienbHbIe pe-
30HAaHCHBIE KOHTYPHI PEAU3yIOTCI B BHIE €M-
KOCTHBIX nuadparMm, Kaxaas U3 KOTOPHIX B code-
TaHWUU CO nulehaMu W BXOOHBIMHA HWHIYKTHBHO-
cTsiMU (OPMHPYET PE30HAHC B MOJOCE MPOITycKa-
Hus. Ha puc. 2, a mpencraBieHa paccuMTaHHAs
3aBUCUMOCTb HArpyXeHHOH JOOPOTHOCTH CHUM-
METPUYHOTO M HECUMMETPUYHOTO EMKOCTHBIX
OKOH auadparM OT WX BBICOTHI, Auadparma
Harpy>keHa BOJHOBOJOM CEUYEHHEM 22 X 6 MM,
tonmuHa auadparmel 3 mm. Ha puc. 2, 6 mpen-
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Puc. 1. Cxema ¢puIbTpa ¢ UHIYKTUBHBIMHE CBSI3IMI: ¢ — HAa COCPEIOTOYCHHBIX DJIEMECHTAX;
6 — ¢ 3aMEHOH MOCIeI0BATENIFHBIX HHAYKTUBHOCTEH MMOCIIeI0BAaTENbHBIMHI IIIeH(amMmu

Fig. 1. Filter with inductive couplings: a — circuit on lumped elements; 6 — circuit with the replacement
of series inductances with series stubs
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Puc. 2. 3aBUCIMOCTD Harpy>KeHHON TOOPOTHOCTH OT F€OMETPHIECKHIX PA3MEPOB: d — BEICOTH EMKOCTHBIX OKOH
CHUMMETPUYHBIX 1 HECHMMETPUYHBIX JHadparm; 6 — TOIIIMHBI CHMMETPHYHOMN auadparmsl

Fig. 2. Dependence of the loaded quality factor on the geometric dimensions: a — capacitive symmetrical
and asymmetric iris windows; 6 — the capacitive iris thickness

CTaBJIEHA PAaCCUMTAaHHAs 3aBHCHMOCTh Harpy>KeH-
HON MOOPOTHOCTH OT TOJIIUHBI CHMMETPUIHOU
E€MKOCTHOU TuadyparMel.

AHanmu3 pe30oHaHCHBIX auadparM MpUBEACH B
[15]. Pe3onancHas JjyiMHA BOJHBI AHA(QParMbl

2
D3D,
(D1 —D3Dy + D3D, )/(4a12)
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s

res —

~ ctgz(nal/(Za))_ _ n(az—alz) _
rae D= a Do 4aalcos(na1/(2a)); Py =
2 2 /y 2
_b /3+b1 C/Ziz 8bb1/n ; D4:4bln[cosec(nb1/(2b))];
1
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OKHa muadyparMel.
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[MocnenoBatenbHble MHAYKTUBHOCTH SKBHBA-
JICHTHOW CXEMBI BBITOJIHSIOTCS B BUJIE [TOCIIEI0Ba-
TenbHBIX HueidoB (puc. 1, a, 6), KoTopsie s
CUMMETPUHU KOHCTPYKIMHU pacIojiararorcs Ha ooe-
WX IIMPOKUX CTEHKax BoMHOBOaa (puc. 3, a). Ilo

PAacCUMTaHHBIM HMHAYKTHBHOCTAM CBS3H Ly f )

OTIPEIEISIOTCS Pa3Mephl MUIeH(OB:

oLy 41 _ 5 Zi k+1 .
2 Z

, By 9oy 1 = (Ro/ (2“))2 ¢
boay j+1 \/1 - (7‘0/ (2“’@"*1 ))2

e g =27'Ef0 — INHUKIMYCCKasa YacToTa IIOJIF0Ca

gb=

gh, ()

3aryxaHus ( f) — 4acToTa MOIIOCA 3aTyXaHWs);
Z() — BOIIHOBOE COIPOTUBJICHHE MOIBOIIIHMX BOJI-

HOBOJIOB; Zj /4] U O — BOIIHOBOE CONPOTUBIIEHHE U
MeKTpHYecKas JUHa uwienda; agy,by — pasmepsl
MOJBO/ISIINX BOJIHOBOLOB; Af f 41> bk,k+1 — paz-
Mepbl nuieldoB; k =1...n—1 — NOPSIKOBBIA HOMEP
pe3oHaropa; n — NOpANOK (uibTpa; Ao — JUIMHA
BOJTHBI Ha 9acToTe moiroca 3aryxanus. M3 (1) momy-
YaeTCsl, YTO YaCTOTHI MOJIFOCOB MOXKHO PEryIupo-
BaTh JJIS TIOMy4YeHUs TpeOyeMoi KpyTHU3HBI BBICO-
KOYaCTOTHOTO CKaTa. 3HAYCHWsI €MKOCTeH W WH-
IYKTHUBHOCTEH pPacCUYNTHIBAIOTCS HCXOAS M3 CXe-
MBI-ITPOTOTHIIA.

CTouT OTMETUTH, 9YTO IS (OPMUPOBAHUS
HU3KOYACTOTHOTO CKaTa BCS CTPYKTypa (UibTpa
BBITIOJTHSETCS HAa BOJHOBOJE 3ayKEHHOTO CEYeHHUS,
T. €. IUPUHA (PUIBTPA MEHBIIIE ITUPUHBI BXOAHOTO
¥ BBIXOAHOTO BONHOBOAOB. lllupuHa BhIOHMpaeTcs
TakuM 00pa3oM, YTOOBI YacTOTa OTCEYKH ObLIa
HWKE TIOJIOCHI TPOITYCKAHHS, HO BHIIIE YaCTOTHI
OTCEYKM BXOAHOTO W BBIXOJHOTO BOJHOBOIOB.
JanpHelmuil pacueT U mociueayroas OnTUMU3a-
U QUIBTPOB OCYIIECTBIAIOTCS C IIOMOIIBIO
ANMEKTPOAMHAMHYECKUX MporpamM. OnTuMu3anus
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Puc. 3. BocbkMH3BeHHBIIT QUIBTP C HHIYKTHBHBIMH CBSI3SIMH C E-TUNIOCKOCTHON CUMMETpPHEH: a — CTPYKTypa GuibTpa;
6 — U3TOTOBJICHHBIN QUIBTP; 6 — YACTOTHBIE XaPAKTEPUCTUKH (HUIBTPA; & — MOTEPHU B MOJIOCE MPOIYCKAHUS

Fig. 3. Eight-order filter with inductive couplings with E-plane symmetry: a — filter structure; 6 — manufactured filter;
6 — filter frequency response; 2 — bandpass loss

BBITIONHSIETCS C IIEJIBE0 TIONYYEHHsI TOYHBIX T'€O-
METPUYCCKUX Pa3MEPOB KOHCTPYKIIUU B YaCTOTHOM
00JIaCTH C IMOMOIIIBI0 BCTPOSHHBIX aBTOMATHYECKUX
CPE/ICTB AEKTPOAMHAMUYECKAX CHCTEM aBTOMATH-
3UPOBAHHOTO MPOSKTUPOBAHHSL.

Peanuzauusi puiabTpa ¢ MHAYKTHBHBIMU CBSI-
3avu ¢ E-miockocTHOi cummertpueii. Ha puc. 3, a
TIpeNICTaBlIeHa MOZAETh 8-3BEHHOTO (PIIIBTpA C WH-
JYKTHBHBIMH CBSI3SIMH, UMCIOIIETO E-TIIOCKOCTHYIO
CUMMETPHIO  (JIByXCTOPOHHEE  PAacIOJIOKCHHE
e oB 1Mo MUPOKOH cTeHke). Mexay mueida-
MU pacroyiaraloTcsi eMKOCTHbIE auadparmer. [lo-
PAAOK (PHIIBTpa ONpeneNnsIeTcs YHCaoM auadparm.
Bce mwieiidgpl GunbTpa HACTPOSHBI HAa YaCTOTHI
BBIIIIC TOJIOCH TpomnyckaHusi. DunkTp Ha BXOAE
(BBIXOZIC) MMEET BOJHOBOJ ceueHueM 28.5 X 12.6 mm,
ropupoBaHHas CTPyKTypa BBIIIOIHEHA Ha BOJHOBOJIC
mmprHO# 22 MM, lnnna ¢uisrpa coctasiset 60 M.

Jlnst  3KCTIePUMEHTAIbHOTO  TOATBEPIKICHUS
MOJTYYSHHBIX PACUCTHBIX PE3yJIBTATOB W3TOTOBJICH
obpaser; ¢unerpa (puc. 3, 6). XapaKTepUCTHKH
U3MepeHbl € TOMOUIBI0  aHaiM3aTopa Lemneu
Keysight PNA-X Network Analyzer N5245B.

Hactpoiika ¢uiasrpa BBITOTHSETCS B YacTOTHOM
00JIaCTH C ITOMOIIBI0 HACTPOEUYHBIX BUHTOB, YCTa-
HOBJICHHBIX B nuteiiax Gpuimsrpa u quadparmax.

[Tomoca npomyckanust 7.25...7.55 I'T'u. Koag-
¢uruent crosuert BoHbl (KCB) ¢unbrpa He 60-
nee 1.2, morepu cocrtapmusitor 0.25 nb, moxasnenue
Ha vactorax 7.9...8.4 I'Tu ne menee 70 nb. Us-
BECTHbIC (DMIIBTPBI, MMEIOIIME AHAIOTUYHBIC Ta-
pametpsl, JuMHHEe OoJiee 4eM B 2 pasa.

Ha puc. 3, ¢ BUaHO, 4TO SKCHEpUMEHTAIIbHAS
XapakTepucTika koddduimenta nepenadu, B OT-
JUYUE OT TEOPETHUECKOH, UMEET PE30HAaHC Ha ya-
ctote okoio 7.9 I'T'u. DTOT pe3oHaHC MoaydaeTcs
W3-32 CMEUICHHUS TIOJIOBUHOK (WIIBTpa IPYT OTHO-
CUTEIBHO Apyra npu cOopke. UToOBl yCTpaHHTh
9TOT Pe30HaHC, HYXKHO 00e fneTanu QUIbTpa U3ro-
TaBJIMBaTh OT 00Iel O0a3wl. Ha puc. 3, 2 mokazaHbl
MOTEPH B MOJIOCE MPOITYCKaHUSI.

Peasm3anusi ¢uiabTpa ¢ HHIYKTHBHBIMH
cBs3siMu 0e3 E-miiockocTHOl cumMmerpun. Eme
OIHOW Pa3HOBUIHOCTBIO NAHHBIX (DMIIBTPOB SIBIIS-
roTcs GUILTPBI 0e3 E-TUIOCKOCTHOM cuMMmeTpuu (¢
OZHOCTOPOHHUM pacnojiokeHueM muierdos). On-
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Puc. 4. BocbMU3BeHHBIH QUIBTP C MHIYKTHBHBIMH CBSI3IMH 0€3 E-TJIOCKOCTHOI CHMMETPHUH: a — CTPYKTypa GuibTpa;

6 — pacueTHBIE YaCTOTHBIE XapaKTEePUCTHKH QHUIBTpa

Fig. 4. Eight-order filter with inductive couplings without E-plane symmetry: a — filter structure;
6 — calculated filter frequency response

HUM M3 TPESUMYIIECTB STHX (DUIBTPOB SBISCTCS
MEHBIIIEE KOJMYECTBO PETrYAUPOBOYHBIX BHHTOB,
YTO JIENIAaCT HACTPOMKY MEHEe 3aTparHoi u Oolee
obictpoil. Kak Obwio mokazano, ¢umbrper ¢ E-
IUIOCKOCTHOM CHMMETPHUEN H3TOTOBJIEHBI M3 JBYX
TIOJIOBUH U COSAUHSIIOTCS IO IIUPOKON CTEHKE, NP
HETOYHOM CTHIKOBKE Ha ckare AUX BEIIIC ITOJIOCHI
MIPOITYCKAHUS TIOSBISAECTCS PE30HAHC. DTOr0 HEAO-
crarka JmiieH GuisTp 0e3 E-INIOCKOCTHOW CUM-
METPHUH, Y KOTOPOTO JAETAIN COEANHSIOTCS TI0 yY3KOH
CTEHKE, TIPUYEM OJHA JIETaNb SIBIISECTCS TJIAIKOH, a

—40
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—- =Sy (Teopus) i

S215 11, 1B
8

Jpyras COIep KUT LUIEH(BI, TOATOMY CTHIKOBKa HE
BIMSET Ha 2JeKTpuyeckue napamerpsl. Ha puc. 4
NoKa3aH 8-3BeHHbIH (GuibTp 0e3 E-TI0CKOCTHON
CUMMETPUHM U €ro YacTOTHbIE XapaKTEPHUCTUKH.

OuibTp Ha BXoAe (BBIXOIE) UMEET BOJHOBOJ Ceye-
HHeM 28.5 x12.6 MM, TodpHpOBaHHAs CTPYKTypa
BHITIOJIHEHA Ha BOJHOBOAE IHpHHON 21.3 MM.
Hmunaa ¢unsrpa cocraBmser 60 mm. [lonoca mpo-
nyckanus 7.25...7.55TTu. KCB ¢unsrpa meHee
1.2, motepu cocrarisiror 0.25 nb, momasneHne Ha
gactorax 7.9...8.4 I'Tw ne menee 80 nb.
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Puc. 5. BocbMU3BEHHBIH QUIBTP C MHAYKTUBHBIMU CBA3SIMHU 03 E-TUTOCKOCTHON CUMMETPHU: d — CTPYKTYpa GUIIBTPa;
0 — M3TOTOBJICHHBIE (DMIIBTPEL; 6 — YACTOTHBIE XapaKTEPUCTUKH; 2 — TOTEPHU B MOJIOCE MPOIYCKAHUS

Fig. 5. Eight-order filter with inductive couplings without E-plane symmetry: a — filter structure; 6 — manufactured filters;
6 — frequency response; ¢ — bandpass loss
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Puc. 6. BocbMU3BEeHHBIH (QUIBTP ¢ MHAYKTUBHBIMU CBSI3sIMU Oe3 E-TNTIOCKOCTHON CUMMETPHH CO HuTeiidaMu 0OAMHaKOBOTO
BOJIHOBOJIHOTO CEUEHUS: @ — CTPYKTypa (GUiIbTpa; 6 — pacdeTHbIE YaCTOTHBIE XapaKTePUCTHKU (GUiIbTpa

Fig. 6. Eight-order filter with inductive couplings without £-plane symmetry with stubs of the same waveguide cross-section:
a — filter structure; 6 — filter calculated frequency response

Ha puc. 5, a, 6 mnpencraBieH aHAJTOTUYHBIN
¢GmIBTp, HO ¢ OoJee MMPOKOH MOMOCOM MPOITYCKaHKS,
W €ro YacTOTHBIE XapaKTEepUCTUKH (puc. 5, g); Ha
puc. 5, 2 MOKa3aHbl MOTEPH B TOJIOCE MPOIYCKAHMSI.
@unbsrp Ha BXOE (BBIXOJIE) MIMEET BOIHOBOIL CEYEHH-
eM 28.5 x 12.6 MM, rodhpupoBaHHas CTPYKTypa BbI-
MOJTHEHA Ha BOJHOBOZAE IMIMpUHOW 22 MMm. JlnmHa
¢mnsrpa cocrasnser Menee 60 mm. Ilonoca mporryc-
kaaus 7.25...7.75 ITn. KCB ¢wunsrpa menee 1.2,
niotepu coctapisitoT 0.4 nb, monapieHre Ha 9acToTax
7.9...8.4 I'T'n He menee 60 nb.

Jns nanpHEHIIEro ynmydlleHUs! CEJIeKTHBHBIX
CBOWCTB paccMOTpuUM (UIETP 0€3 E-TTOCKOCTHOM
CUMMETPHUH, Y KOTOPOTO BCE MIICH (Bl BHIOITHEHBI
Ha OJJUHAKOBOM BOJHOBOAHOM ceueHuu. Ha puc. 6
MPUBEICH TaKOW BOCHMHU3BEHHBIH (QUIBTP U €ro
JaCTOTHBIE XapaKTEPHCTHKU.

Kaxk BunmHO u3 puc. 5 u 6, Gpuiistp co nureiigamu
omHoro cedenus umeetr 90 nb B momoce 3arpaxkie-
Hust, 9to Ha 30 b mydrre, yem y GuiasTpa co muiei-
(bamu pa3TMIHOTO BOJTHOBOTHOTO CEUEHHSI.

6.5 7 7.5 8 8.5 9 fITu 7.1 7.3 7.5 7.7 £, ITT
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Puc. 7. [lecITU3BEeHHBIA QUIBTP C MHIYKTUBHBIMH CBS3IMH 0e3 E-TNIOCKOCTHON CUMMETpPHH cO muieiidamu
PAa3TMIHOTO BOTHOBOTHOTO CEUEHHUS: & — CTPYKTypa (QUIIbTpa; 6 — U3TOTOBICHHBIA QIIBTP;
6 — YaCTOTHBIC XapaKTePUCTUKH QUIBTPA; & — MOTEPH B MOJOCE MPOITyCKAHUS
Fig. 7. Ten-order filter with inductive couplings without £-plane symmetry with stubs of various waveguide
cross-section: a — filter structure; 6 — manufactured filters; 6 — frequency response; ¢ — bandpass loss
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Puc. 8. CBepXKOMIAKTHBIN JeCATH3BEHHbIH (QUIBTP C MHIYKTUBHBIMH CBS35IMHU 0€3 E-INIOCKOCTHOH CUMMETPUH
co muieligaMu 0IMHAKOBOTO BOJHOBOJHOTO CEUEHHS: @ — CTPYKTypa (hUIBbTPa;
0 — pacueTHbIE YaCTOTHBIE XapaKTEPUCTUKU (QuibTpa

Fig. 8. Ultra-compact ten-order filter with inductive couplings without E-plane symmetry with stubs
of the same waveguide cross-section: a — filter structure; 6 — calculated filter frequency response

Jns nanpHeiero yBeJlIWYEHHUs] YPOBHS 3a-
rpakaeHus OBUT pacCuyWTaH W W3TOTOBJIEH MJecs-
TU3BCHHBIN (DMIIBTP C WHAYKTUBHBIMHU CBS3SIMUA Oe3
E-mmockoctro# cumMetpuu (puc. 7, a, 6). Ero da-
CTOTHBIE XapaKTEePUCTUKH MTOKA3aHbl Ha puUC. 7, 6; Ha
pHc. 7, 2— OTEPHU B MOJIOCE NPOITYCKAHUSL.

Jannblii Qunbrp Ha Bxome (BBIXOHAE) HMEET
BOJIHOBOJ, ceueHueM 28.5 x 12.6 MM, roppupoBaH-
Hasi CTPYKTYpa BBIIIOJTHEHA HA BOJTHOBOJIE IIMPHHON
21.3 mm. [lyimna ¢unerpa cocrasisier 72.2 mwm. [lo-
noca npomyckanus 7.25...7.75 I'Tu. KCB ¢wib-
Tpa B mojioce mpomnyckaHus He Oozee 1.2, motepu
cocraBisitoT 0.6 nb, momaBiieHMe Ha 4YacTOTax
7.9...8.4 ne menee 80 nb.

CrnenyeT OTMETHUTh, YTO BO3MOXKHA peau3a-
ISl CBEPXKOMITAKTHBIX (DUIBTPYIOLINX YCTPOUCTB
Ha ro)pUPOBaHHBIX BOJIHOBOAAX. Mjes KoMmakT-
HOTO (pUIBTPa OCHOBaHA Ha TOM, YTO C yMEHBbIIIe-
HUEM TOJIIMHBI JuadparMm 100pOTHOCTH PacTeT, U
NpYU YMEHBIICHUH BBICOTHl €EMKOCTHOTO OKHA TOH-
Kol JuadparmMel MOTEpU B MOJOCE MPOIMYCKaHHS
3HAYUTENbHO HE YBEJINYHUBAIOTCS. YMEHbBILIECHUE
BBICOTHI TOTIEPEYHOTO CEYEHHs LUICH(OB TaKxke
HE YBEJIMYWBAET MOTEPU B IOJIOCE TPOIYCKAHUS.
[IpumepoM sBISIETCS IECSITH3BEHHBIN (PHIBTP C
WHAYKTUBHBIMA CB3siMH  0e3  E-TINIOCKOCTHOM
CUMMETPUHU CO IDIepaMu OIWHAKOBOTO BOJHO-
BOJTHOTO ce4YeHHs. Taxoil GUIbTp U ero YacTOTHBIE
XapaKTepUCTUKH TIOKa3aHbI Ha puC. 8.

Janneiii ¢unsTp Ha BXOoAe (BBIXOIE) WMEET
BONTHOBOX cedeHneM 28.5 X 12.6 mm, rodpupo-
BaHHAsl CTPYKTYpa BBINOJIHEHA Ha BOJHOBOJE LIM-
punoit 21.3 mMm. JimHa ¢uiasTpa COCTaBISET
30 mm. I[lomoca mnpomyckanus 7.25...7.75TTm.
KCB ¢unsrpa B mojoce mpormyckanusi He Oojee
1.2, notepu cocrtasnstor 0.6 nb, monaBnenue Ha
yactoTax 7.9...8.4 I'T1 ne menee 80 nb.

3akuouenne. B crathe mpuBeneHb! pe3ynbra-
ThI MOACIMPOBAaHUA BOJTHOBOAHBIX (I)I/IHBTPOB C HUH-
AYKTUBHBIMHU CBA3AMU, TCOPETUUCCKUE U SKCHICPH-
MCHTAJIbHBIC YaCTOTHBIC XapaKTCPHUCTUKU, KOTOPHIC
JIOCTaTOYHO XOpOIIO COBMajAaroT. Takxke Mpeaso-
JKCHa KOHCTPYKLHSA BOJIHOBOJIHBIX (I)I/IJ'ILTpOB C
E-nnockoctHoV cummerpueld u 0e3 Hee. [lpoxe-
MOHCTPHUPOBaHa BO3MOKHOCTh Pean3alliid CBEpX-
KOMITAKTHOTO BOJTHOBOTHOTO (DMIIBTPA C UHIYKTHB-
HBIMHU CBSI3IMU 0€3 E-IJIOCKOCTHOM cuMMeTpun. K
HEOOCTaTKaM AAaHHOI'O THIIA (1)I/IJ'H>TpOB MOXHO OT-
HECTH OJIM3KO PaCIIONIOKEHHYIO Mapa3UTHYIO TOJI0-
Cy IPOIYCKAaHUS U HU3KOYACTOTHBIA CKaT C HEIO-
CTaTOYHO BBICOKOM KpyTHU3HOM. B Hacrosmee BpeMs
BEJIETCs MOUCK CIOCOOOB YCTPaHEHHS ITHX HENO-
cratkoB. CTOUT TaKkke OTMETHUTh, YTO PACCMOTPEH-
Hble (PUIIBTPBI 001aJat0T MPOAOILHON CUMMETpUEH
OTHOCHUTENIbHO LIeHTpa (UIIBTPa, UMEIOT B LICHTpPE
e W SIBJISIOTCS YETHO3BEHHBIMH, CIIEIOBA-
TEeNIbHO, HEYETHO3BEHHbIE OyIyT MMETh B LICHTpPE
nmuadparmy.
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