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NMpuMeHeHne MeTOA0B MHTEePBaJZIbHOIro aHann3a
K umdpoBoi 00pabdboTKe AaHHbIX
KopabenbHOro kKomrnaca

Xay By Kcan'!, C.H. Kymkos"?
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AHHOTauMS. B cTaTbe ONMUCHIBAIOTCS Pe3yIbTaThl IPUMEHEHUSI METOIOB MHTEP-
BaJILHOTO aHaJIn3a K LU(PPOBOi1 00paboTKe peanbHO 3alyMJIeHHO NH(OP-
MallM¥ MarHUTHOTO Kypca 0T KopabeIbHOTo 1IM(pPpOBOro MarHUTHOIO KOMITACA.
DyYHKIIMOHUPOBAaHKUE AJITOPUTMOB OLIEHMBAJIOCh KaK IIPU IIOCTOSIHHOM Kypce
KOpalJisi, TaK U IIPU BBIIOJHEHUU UM pa3Bopora. [Toka3aHo, YTO B YCIOBMSIX
HeomnpeneJeHHOCTU BEPOSITHOCTHBIX XapaKTePUCTUK IITYMOBOM KOMIIOHEHThI
B U3MEPEHUU CUTHAJIa, MHTePBaJbHbII MOIXOM 00eCIIeUnBAET CYIIECTBEHHO
JIYYIIIYI0 TOYHOCTh OOPabOTKM IO CPAaBHEHUIO CO CTAaHAAPTHBIM CTAaTUCTHYE-
CKUM IOIXOI0M.

Kntouesble cnosa. LludppoBoii KopabeabHbI MATHUTHBII KOMIIACc, MarHUT-
HBII Kypc, 3alIyMaeHHas nHGopMauus, ugponBas o0paboTKa, CTaHIApTHBIN
CTaTUCTUYECKUI TTOIXO/, METOIbI MHTEPBaJbHOIO aHAJIU3a, BhIXOIHAsI UHDOP-
Malusi, OLEHKH TOYHOCTH

Application of interval analysis to digital
procession of data from ship magnetic compass

Hau Vu Xuan', Sergey 1. Kumkov "2
!Institute of Radioelectronics and Information Technologies,
B.N. Yeltsyn Ural Federal University, Ekaterinburg, Russia;
e-mail: hauxuanhd@gmail.com
2N.N. Krasovskii Institute of Mathematics and Mechanics,
Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia;
e-mail: sikumkov@gmail.com

Abstract. The paper presents results of application of interval analysis methods
to digital processing of noised data from the ship digital magnetic compass.
Noises and chaotic corruptions of the data are stipulated by influence of the ship
electric mechanisms and power nets. The problem of processing the noised data is
formulated as follows: to filtrate off the noised components and to obtain enhanced
estimations of the current magnetic course and its accuracy. Data for processing
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is presented as a short sample of measurements of the magnetic course and any
probability characteristics of the summary noise components are unknown.
Actually, only reasonable interval constraints on maximal modulus (bounds)
onto these components can be shown. Under such uncertainty conditions, the
standard mathematical statistics methods can be applied only in a formal way.
As the alternative, methods of Interval Analysis can by used, since they do not
need information on the probability characteristics of the noising components. In
contrast to the statistical approaches, the interval procedures give the guaranteed
information set of the process admissible parameters and the guaranteed interval
of'values of the current magnetic course. For the user the following information is
provided. The central point of such interval is given out as a pointwise estimate of
the current course, the half of the interval presents the accuracy of this estimate,
and the tube of admissible values of the process under observation is also calculated.
Investigations of the elaborated interval algorithms were performed both under
the constant course of the ship and under performing the turn maneuver. The real
primary data of the ship digital magnetic compass were used. For comparison,
estimations were calculated on the basis of formal application of the standard least
squares method. It was shown that under mentioned uncertainty conditions the
interval approach gives crucially better estimates.

Keywords. Ship magnetic compass, magnetic course, noised data, digital
procession, standard statistical approach, methods of interval analysis, output
information, accuracy estimate

1. BBepenue

Hapsay ¢ mmpoKo ucmoab3yeMbIMU CTaHAAPTHBIMU TMPOCKOITHBIMU
KOMMAacHbIMU cucTeMamu [1] B TpakTUKY KopabeabHOI HaBUTalluy BHE-
NIPSIIOTCS IePCHEKTUBHBIE MM poBble MarHUTHbBIE KomIitacHbie (LIMK) cu-
creMbl. OTHAKO MPU UX pa3pabOTKe U SKCILTyaTalliy BCTaeT IpobdyiemMa 00-
paboTK1 nHGOPMAIIM MATHUTHOTO Kypca, CoaepsKaIllei IITyMbl 1 HABOIKHU
CO CTOPOHBI BJIEKTPUUYECKUX CUCTEM KopabJis [2].

B HacTosi111ee BpeMsi CyIIeCTBYET HECKOJIBKO MaTeMaTUYECKUX MOIXO0-
IIOB K pelLIeHMIO 3aaa4 00padoTku v puiabTpat. OgHaKo O0OJIBIIMHCTBO
13 HUX OMMpPAeTCs Ha UCTIOb30BaHME MH(MOPMAIIMK O BEPOSTHOCTHBIX Xa-
pakTepuCcTUKaX IIyMOBBIX KOMIIOHEHT curHaia. Hampumep, Takue kiac-
cHYecKre MeToabl, Kak KamMaHoBcKast hyiIbTpaluus WM METOIBI MaTe-
MaTUYEeCKOM CTaTUCTUKU (BKJItOUasi CTAHAAPTHBIN perpecCUOHHbBIN MeTO
HaMMEHBIINX KBaapaToB) [3; 4], opueHTUPOBAHbI HA HOpMaabHOe (TayCCOB-
CKO€) pacIipele/ieHe TIOTHOCTE BEPOSITHOCTE! IIIyMOBOM KOMITOHEH-
THI. AJIbTEPHATHUBOM SIBJISIETCS MOIXOM Ha OCHOBE MHTEPBaJbHOTO aHAJ-
3a, KOTOPBI ObUT MpeaIoXKeH B MMoHepckoii padotke JI.B. KanTopoBuua
[5]. B HacTosiiee BpeMsl YCHEIIHO pa3BUBAIOTCS KaK TEOPETUYECKHUE, TaK
U TIPUKJIAIHbIC — BBIYMCAUTEbHBIE aCIeKThl JaHHOTO HampaBieHUsT 00-
paboTKM 3al1yMIeHHOM nHopMaluu [6—8]. 31ech UCIIOIb3YETCS MOAbKO
uHGoOpMalLIMs 0 MAKCUMAaJIbHOM BeJIMUMHe (MAaKCMMaIbHOM OTpaHUYEeHUM
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10 MOYJIIO) MTOTpeITHOCTU u3MepeHus. [1pu aToM B paccMaTpuBaeMoii 3a-
Jadye KaXIoMy 3allyMJIEHHOMY M3MEPEHUI0O MAaTHUTHOTO Kypca CTaBUTCS
B COOTBETCTBUE MHTEPBAJ HEOIPEAEIEHHOCTU €r0 BOZMOKHbBIX 3HAUECHUIA;
m3mIecKmii CMBICT MHTEpBajia HEOTPeIeIeHHOCTH — 3TO 00JIaCTh BO3-
MOXHBIX 3HaUYEHUI CUTHAaJIa, comepxKalliasi HEM3BECTHYIO UCTUHHYIO U3-
MepsieMylo BennmunHy. I1o Habopy m3MepeHnit MAarHUTHOTO Kypca (T.e. TIo
Ha0OpPy MHTEPBATIOB UX HEOTIPEIEICHHOCTH) B COOTBETCTBUU C IPUHATHIM
OITMCaHMEM MOJICIIH U3MEePsSIeMOTO TIporiecca, CTPOUTCS UHGOPMAayUOHHOe
MHOdICecmeo NOMYCTUMBIX 3HAUCHUI ee mapaMeTpoOB U YTOUHSIETCS mpyo-
Ka TOITYyCTUMBIX TPAeKTOPHI (3aBUCUMOCTEH) poliecca. MeTombl MHTep-
BaJIbHOT'O aHAJIM3a YCMEIIHO MPUMEHSUTUCH TIPY PELIEHUM TTOIOOHBIX 3a-
J1a4 00pabOoTKM 3alIyMJIIEHHOM 9KCIIepUMeHTaIbHO nHpopManyu [9—12].

7151 TOJTHOTHI MCClIeAOBAHUS, B HACTOSIIEH paboTe pacyeThl BBIMOJI-
HSJTMCH Ha peaslbHOM 3aIlyMIICHHOM MH(MOPMAIIUK, KaK TP MTOCTOSTHHOM
MarHUuTHOM Kypce KopabJisl, TakK 1 MPU BBITIOJHEHUU CYTHOM pa3BOpoOTa.
INokazaHo, YTO B YCIIOBHUSX HEOMPEIeTeHHOCTH BepOITHOCTHBIX XapaK-
TEPUCTUK LTIYMOBOW KOMITOHEHThI B U3MEPEHUM CUTHAIA UHTEPBaIbHbIN
TTOIXOI 00eCITeYnBaeT CYIECTBEHHO JTYYIIYI0 TOUHOCTh BBIXOMHOM OT-
unpTpoBaHHOU UHMOpMau. ST cpaBHEHUST TPOU3BEAECHBI PacueThl
CTaHIAPTHBIM METOIOM HAaMEHBIITX KBaIpaToB [4].

Cratbs OpraHM30BaHa cienyloinm oopasom. B Paznene 2 paccmatpu-
BafOTCS OCOOCHHOCTH TIEPBUIHOI MH(MOPMAIIUK IM(POBOTO MATHUTHOTO
KoMmIiaca, u hopmyaupyetcs 3agada ucciaenoBanus. B Pazaene 3 onuchi-
BafOTCS OCHOBHBIE MaTeMaTUIEeCKHE COOTHOIIEHHNS 00pabOTKHM Ha OCHO-
Be Kak ctaHgaptHoro MHK, Tak 1 Ha ocHOBe Mpoleayp UHTEPBaJIbHOTO
aHanu3a. PesynbraThl 00pabOTKM peabHOM 3alIyMJIEHHONM MHMOpMan
npuBeneHbl B Paznerne 4.

Haetcs 3akimoueHne o paboTe 1 ITPUBOIUTCS CITMCOK IIUTUPOBAHHBIX
HMCTOYHUKOB.

2. OcobGeHHOCTM UHDOPMALMM MAarHUTHOIO Kypca.
NMocTaHoBKa 3aga4u nccnenoBaHus

ITo pesyabratam pab6otbl [IIMK Ha 3agmanHoM unHTepBajie [0, 7]

HaOJIoJIeHUsI, B MOMEHTHI £, U3BMEPEHMI MojydyeHa BbIOopKa N 3HaUeHU
,, MATHUTHOTO KypCOBOTO yTJIa

{tws Wi, 1, €10, T, n =1, N. (1)
[1pu addumueHoii Moaean 3alllyMJICHMST, Kaxka0e MOJydYeHHOE U3Mepe-
HUE Y, UMEET CIIEIYIOLIYIO CTPYKTYPY:
v,=%,te,n=1N|e,|< enm 2
rae ¥, — HeusBecTHas1 u3MepsieMasi UCTMHHAsI BEJIMYMHA MarHUTHOTO
Kypca; e, — HOrPEUIHOCTb #-TO U3MEPEeHMS, OrpaHUYEHHAST 10 MOIYJIIO
BEJIMYMHOMN €.
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BeposiTHOCTHBIE XapaKTEPUCTUKU TTOTPEIIHOCTY U3MEPEHUST Heussec -
Hbl, @ TIOTPEIITHOCTH B COCEMHUX N3MEPEHUSX He3d8UCUMbl MEXKIY COOOIA.

JI71 KaxX10ro U3MEPEHMS , TI0 MOIENHN (2) PACCYMTHIBAIOTCS HUXKHSAS
_\, ¥ BepXHSS "y, TpaHUIIBI MHTepBaia HeompeneiaeHHocT H,

H,=[_y,, "W, n=1, N _W, =V, — €na, W, =V, T €max. (3)
HanoMHuM, 4TO (hU3UYECKUIT CMBICT MHTEpBaia HeoNpeaeIeHHOCTH
(3) — amo obaacme 803MONCHBIX 3HAUEHULL CUCHANA, COOEPIUCAUASL HEU3BECH -
HY'I0 UCIUHHYIO UBMEPSAEMYIO 8EAUYUHY .
B ciyuae nocmosinnoeo maeHumnoeo kypca cynHa, GyHKIINS, OTTMChIBA-
0111281 MPOLIECC UBMEHEHUS U3MEPSIEeMOI MATHUTHO KOMITOHEHTHI OT Bpe-
MEHU , IBJISIETCSI KOHCTAHTOM Ha BCeM MHTepBaJie HaOMOIeHHS

¥ (1) = Const, 1€ [0, T], 4)

a B cJIy4ae pazgopoma cyoHa ¢ NOCMOSHHOU YeA0680il CKOPOCMbl0, U3BMEHEHUE
€ro KypCOBOrO yIjla OMUChIBAETCS JUHEHHON DyHKUMei W,(7)

() =¥, + ot, te [0, T], (5)

rae T — MOMeHT oKoHYaHUs HabmoaeHwus (1); W, — HayaibHOE 3HAUEHNE
OIMMCHIBAIOIIHI (DYHKIIMKU HAa MOMEHT ¢ = (; @ — yrioBasi CKOpOCTb U3Me-
HEHMST MAaTHUTHOTO YIJia, IOJIaracTcsl MOCTOSHHOM Ha paccCMaTpUBAeMOM
MHTepBaJie BpeMeHU HabIoaeHMs. 31eCh BeTMUUHBI W, 1 @ SIBJISTIOTC T1a-
paMeTpaMu, OMICXKITUMHU OIpeae/IeHUIO (OLIEHUBAHUIO).

®opmyMpoBKa 3aa4M: 0415 3a0anHOl ebibopku 3amepos (1), npu modeau
sauiymnenus (2) u coomeemcemeyroujeli onucviearoujeil pyuxyuu (4) uau (5)
mpebyemcs Halimyu MeKYULyIo 6eAUHUHRY KYPCA U OUEHKY ee MOYHOCHU.

3. OcHOBHbIe MaTeMaTn4Yeckue COOTHOLLUEeHUd
undpoeoit 06paboTku Hpopmaunmn

O6pa60TKa craHgapTHbIM MeTo40M HauMEeHbLLINX KBagparoB

ITocKOIBKY BEpOSITHOCTHBIE XapaKTEPUCTUKU TOTPEITHOCTA U3MEpPE-
HUIT HEM3BECTHBI, CTAHIAPTHBIE CTATUCTUYECKIE METOIBI (Harpumep, [4])
MOXKHO IIPUMEHSTH TOJIBKO (hOPMaJIbHO.

JIast cliydas moCTOSHCTBA MATHUTHOTO YIJjla IPU OMMCHIBAOIIE (yHK-
mu (4) UCTTONB3YIOTCS MPOCTHIE CTaHAAPTHBIE COOTHOIIEHNS. BhixoaHast
OlIeHKa Ha MOMEHT 7 OKOHYaHUs HaOIIONEHUST pAaCCUMTHIBAETCS KaK Ma-
TEMAaTUYECKOE OXUIAHNE BHIOOPKU

yr=(Z,- 1,8y / N. (6)
OLieHKa CPeHEKBAIPATUYECKOTO 3HAYCHUSI G, PACCESTHUSI BBIXOLHOM
BEJIMYMHBI HAXOAUTCS KaK

0,= Sart(Z, - 1, v (Vu— )2 /(N —=1)). (7)
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st carydas mepeMeHHOTO MAarHUTHOTO YyTJia C ONKChIBaIOLIeH yHKIIM-
ei1 (5), cTaHmapTHBIM METOIOM HaMMEHbBIIINX KBaapaToB [4] paccuuThIBa-
[0TCs 3HaYeHud ee mapameTpoB u CKO

\IIH,MHK’ (DMHK’ GMHK’ (8)

1 OIpeacIA0TCA BOSMOXHBIC GCBYCJ'[OBHLIC MHTEPBaJIbl HAYaJIbHOTO 3HA-
YEHUA N yr‘J'[OBOﬁ CKOpPOCTHU

[_‘I’H, MHK> +‘I’H, MHK] b [_mMHKQ +mMHK] . (9)

BrixonHast olieHKa Kypca Ha MOMEHT 1 OKOHYaHMsI MHTepBajia Ha0JIio-
JIeHUsI BRIUMCsieTcs o (pyHKUMM (5)

\VT, MHK = WH, MHK + (DMHKT‘ (10)

O6paboTka Ha OCHOBE MHTEePBaJibHOIro roaxoAa

B ciyyae mocTosHCTBA MATHUTHOTO YTIJ1a TIPU ONUCHIBAIOIIECH (DYHKIIMU
(4) BBITIOJHSIIOTCS CEMYIOIINE BHIYUCICHUS.

Ha MomenT 7 okoHYaHUs1 HAOIIONEHUS PACCUUTBIBAETCS UHPOPMAYUOH-
notil unmepean I, () donycmumbix 3HAYEHUIT MATHUTHOTO YTJIa, COBMECHHbIX
¢ 3a1aHHoM BbIOOpKOi (1) u pyHkumeit (4). HuxkHsst v BepxHsis "y rpa-
HUIIBI 9TOTO MHTEPBaja pacCUUTHIBAIOTCS 110 (hopMysiaMm

I(y) = [_wy, "w]: _y=max,- y{_w,}, 'w=min,—, y{"y,}. (11)

BcaenctBue orcyTcTBUS MHMOPMAIIMKA O BEPOSITHOCTHBIX XapaKTepH-

CTMKaX IIOrPEIHOCTEN M3MEPEHUIA, BBIXOIHAS OLIEHKA Y, MATHUTHOTO yIJIa
HaxOIUTCs KaK cepearHa uHTtepnaja (11)

v, =0.5Cy + _w), (12)
a NCKOMad OII€HKAa €€ TOYHOCTHU OIIPEACIACTCA KaK IToJypadMax UHTEP-
Baja (12)

dy=0.5 "'y — _w). (13)

B ciyyae mepeMeHHOro MarHMUTHOTO YTIJIa C OMUCHIBAIOIICH (PYHKIIMEH
(5) ucnonp3yercd clieayroliast TEXHOJIOT Y, CO3IaHHasl 1151 00paOOTKHU 3a-
LIYMJIEHHBIX 3KCIEPUMEHTaIbHbBIX JaHHBIX [9—12]. PaccMoTpuM OCHOB-
HbIE pacYETHbIC TTPOLICAYPHI.

Jna xaxnoit mapel untepsasios K H,,i=1, N—1,j=1i+1, N, He-
omnpeneeHHOCTH (3) 3aMepoB BbIOOPKU (1) pacCUMTHIBAETCS TBYMEPHOE
napyuanvroe unghopmayuontoe muoxcecmeo G; (y,, ®) [9—12] HavaabHOTO
yIJla U YIJIOBOM CKOPOCTHU, COBMECMHbIX C JAHHOM TapOil UHTEPBAJIOB He-
OIpeAeIEHHOCTH.

G (Y, 0),i=1,N—-1,j=i+1, N. (14)

Hanee onpenensiercs uHgpopmayuonnoe muoxcecmeo I(y,, @) 3Haye-
HUIA TTapaMeTpoB ,,, ), COBMECTHBIX CO 8cell 8bI00PKOIL 3aMepos

I(y,, o) = ﬂizl,/v—l,j:[ﬂ,/vG[,j(\Vm ®). (15)
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JlaHHOe MHOXECTBO XapaKTepu3yeTcst 0e3yCIOBHBIMU MUHUMAJIbHBIMU
BHEITHUMM OLIEHKAMU—WHTEpBaJlaMU IapamMeTpoB (MUHUMAaIbHAS BHEIII-
Hsisg box-o1ieHKa) [y, "y, | ¥ [_®,*®]. JlaHHbIe MHTepBaJIbl paCCUUTHIBA-
IOTCSI CJIEIYIOIIM 00pa3oM

LW, "Wl - _w, = Arg{min y, € I(y,, 0)}, "y, = Arg{max y, € I(y,, 0)}, (16)

[_o,*0]: _o=Arg{min e I(y,, ®)}, *o = Arg{imax v € I(y,, ®)}. (17)

ITocKoNIbKY BEPOSTHOCTHBIE XapaKTEPUCTUKU MOTPENIHOCTEN U3-
MepEeHUs HEM3BECTHBI, TO JJISI JaJbHEWIIero pacyera “cpeaHeil” am-
IMPOKCUMUPYIOIIEH 3aBUCUMOCTHU UCITOJIb3YIOTCS CPEAHNUE TOYKHM STUX

WHTEPBAIOB
Viop= 0.5 Cyy + _w) 1o, =0.5 (fot+ _o), (18)
caMa CpeIHsIsI 3aBUCUMOCTh pacCYMTHIBAETCS KaK

Vo) =V op T 0 1, 1€ [0, T1. (19)

B oTtinuume ot ctanmapTHoro noaxona ¢ MHK, nHTepBaibHbIM ITOAXOM
MO3BOJISIET CTPOUTh YTOUHEHHYIO MpYOKY 2apaHmMupo8aHHbix — 0ONYCIMUMBbIX
3agucumocmeil [9—12]. Jannas tpyoka Th(f) onpenensieTcsi CBOUMU HUX-
Heit _Th(t,) n Bepxueii *Th(¢,) rpaHULIaAMM, PACCYUTBLIBAEMBIMU 110 UH(OP-
MallMOHHOMY MHOXeCTBY (15) ciaemyroiym odopa3oMm:

Tb(r) = {_Tb(1,), *Ib(1,)}, 1, € [0, T], n =1, N, (20)

_Tb(1,) = min v t 01}, 21

Vi, @) € L(yy, ©)

*Tb(¢ ) = max {y. + ot,}, (22)

BbixonHbIe BeJIMYMHBI PACCYMTHIBAIOTCS ClieaytoiuM oopasom. Ha ko-
HEYHBIM MOMEHT 7 BpeMeHU HaOII0AeHMS 110 MH(GOPMALIMOHHOMY MHOXE-
cTBY (15) BBIYMCIAETCS MHTEPBAT [_ W, "y | MIONyCTUMBIX 3HAYEHU I Mar-
HUTHOTO yIjla C HUXHEeU U BepXHell rpaHuLaMu

(Y, ) € L(yy, ©)

V= min(\uH, o) € Iyy, w){WH to T}, (23)

+

YT MaX o We T O T (24)

B paccmarpuBaeMoMm citydyae OTCYTCTBUS MH(pOPMALIMU O BEPOSITHOCT-
HBIX XapaKT€PUCTUKAX MOrPEIIHOCTEH U3MEPEHUH, BBIXOIHAS OLIEHKA /.
MAarHUTHOTO YIJla HAXOIUTCS KaK cepeanHa narepsaia (16)

v,=0.5Cy,+ _w), (25)

a MCKOMas OlLlEHKa €€ TOYHOCTHU OTIPENENIeTCs KaK IMoJiypa3Max 3TOTO
MHTepBaia

dy,=0.5 Cy,+ _w,). (26)
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4. Pe3ynbTatbl 06paboTKu
peanbHOI 3awWyMneHHon uHpopmauunn

Ciry4aii HOCTOSSHHOr0 MarHUTHOTO yriia. Ha BceM BpeMeHU HaOIIOneHUS
CYJHO HEMOJBUXHO CTOUT y MUPCA C MOCTOSIHHBIM MarHUTHBIM KYPCOM.
®Daiin peasbHOI BEHIOOPKU (MOMEHTHI 3aMEPOB £, ¥ 3alIyMJIEHHBIE M3Mepe-
HUSI ¥/, MATHUTHOTO yTJ1a) U Pe3yJibTaThl 00pabOTKU MPUBEACHBI Ha puc. 1.
JnuHa Be1oopku N = 23 3aMepa, JaHHBbIE ITOCTyNaau ¢ TakToM df 1 win
2 cek, noJjiHoe BpeMst HabmoaeHust T = 34 cex. OrpaHudeHue (2) Ha MaK-
CUMaJbHOE 3HAaUY€HME IOTPEIIHOCTA U3MEPEeHMSI 3aaBajloCh €, = 1.59
rpamayca. 31ech 3aMepbl MArHUTHOTO yIJla HAHECEeHBI KpecTukaMu. MHTep-
BaJibl HeonpeneaeHHocTu H, 3aMepoB OTMEUEHbI BEPTUKATbHBIMU OTPE3-
kamu. I tpuxossie nmuaun — MHK-nmuHUS 1 Bepxasast +26,,, 1 HIDKHSS
—20yu TPaHuLIbl goryctuMoit (mo MHK) oGnactu 3HaueHuMit mpoliecca.
KupHbIii BepTUKaJIbHbIN OTPE30K B MOCTAEIHUI MOMEHT HaOIIOAEHUS —
untepBaibHas (11) onenka I, (y) DONyCTUMBIX 3HAYEHUI yIJIa ¢ BEPXHEA
W ¥ HUXKHEN _ W rpaHuLiaMu (IUTPUX—ITYHKTUPHbBIC JIMHUMN).

A v, ;{,):é[yc Wi — 228.2 g;z?ﬁ[ycv Ok — 1.1 ;?&i{yc g;’[lggﬁka N=23
i y =228.4 D, §=228.6 rad Cnar = 1.59 JR2IVC
\|/\ = 2285 F?,?a:[yc WndopmanmoHnslii nHTEpBaI /
P gra +26. Information interval
230 XX X X =
3amepbl / Measurements H{ I(\VC"”S‘) n :%Hn
TpyOka T0IMyCTHMBIX ‘
39 ~ ~ \"/
29¢ X% /}Flu?cczy;ﬁ;:‘igsib]c dependencies \T[
I\l’
228 /J'll/[lll/l}l X Vi
MHK—Iine
297 XX X XX XX X xx
2261 - __ IR e e R I I U
720\1111\‘ t’ (slg(l:(
0 4 8 12 16 20 24 28 32 g

Puc. 1. [Tpumep o6padotku nanHbix LIMK; cynHo crout y nupca
C TIOCTOSTHHBIM KYPCOM

Fig. 1. Example of processing the data from the digital magnetic compass;
the ship stands at the pier

ITpu cteHnoBbIX ucnibiTaHUAX [IIMK norpeirHoCTh M3MepEeHUS yIjia Ha-
xonunach Ha ypoBHe ~0.4—0.5 rpamyca. Ilpu peaiabHOI SKCIUTyaTalluyu Ha
CyJHE M3-3a 2JIEKTPUUECKUX U MAarHUTHBIX HABOAOK, MaKCUMaJlbHasl To-
IPelIHOCTh U3MepeHus (puc. 1) Bo3pacraer 10 ~1.49 rpanyca. s uH-
TepBaJibHOI 00pabOTKMU orpaHMuYeHue (2) Ha MaKCUMaJlbHOE 3HAUYeHUE
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MMOTPELTHOCTHU 3aaBajioCh e, = 1.59 rpamyca, T.e. ¢ 10% 3amacom. B ko-
HEYHBIM MOMEHT BpeMeHH HaOIIONeHNUS OllcHUBaeMble TTapaMeTphl TTPH-
HUMAIOT CJICAYIOLIME YUCICHHbIC 3HAUCHUSI:

— n1a MHK Bbixonnas Bennunna (6) v, = 228.2 rpagyca, CKO (7)
o,= 1.1 rpanyca;

— IUTSI THTEPBAJIBHOTO OIIEHWBAHUS BepXHsIs rpaHuIa "y = 228.6 Tpa-
nyca, HUXKHsIS TpaHulia _y = 228.4 rpaayca, cpefHsisl BbIXOIHAS BETUYM-
Ha (12) y,= 228.5 rpamyca, moiypasmax (13) ee uHTepBaia (TOYHOCTD)
dy = 0.1 rpanyca.

CpaBHeHue uHpopmaoHHoro otpeska (12) u unrepsana [—2c, +2c]|
no MHK nonarsep:kaaeTt, 4To y4eT JOMOJHUTEIbHON NHDOPMaLMU O MaK-
CHMAaJTbHOM OTPaHWICHUU €,,, Ha TIOTPEITHOCTh M3MEPEHUI B MHTEPBaIb-
HOM IOJIXO/I€ TIO3BOJISIET MOJYYMUTh 00JIee TOUHYIO FApaHTUPOBAHHYIO OLICH-
KY BBIXOIHOTO 3HaYEHNSI MATHUTHOTO YTJIa ¥ €T0 TOYHOCTU. OTMETHM, 9TO
oueHka y . mo MHK, ctporo roBopsi, Henornyctuma B MHTEPBaIbHOM CMbI-
cJle, TaK KaK JIEXUT BHe (puc. 1) uHpopmarmoHHoro uHrepsaia I, (y).

Cuyyaii mepeMeHHOro MarHuTHOrO yriaa. Ha nHTepBane BpeMeHU Ha-
OJIFOIEHNST CYTHO BBITIONHSIET Pa3BOPOT C HEKOTOPOI MOCTOSTHHOM YTJI0-
BOI1 ckopocThlo. Paiif peaJbHO BBIOOPKU (MOMEHTHI 3aMEpOB 7, U 3a-
ITyMJICHHBIE U3MEPEeHUS \y, MAaTHUTHOTO yIJIa, KpeCTUKaMM) TIPUBEICH
Ha puc. 2. JlnrHa Bei6opku 3amepoB N = 30, MOCTYIJIeHUE 3aMEPOB UIET
¢ taktamu df 1 u 2 cex, mojaHoe BpeMs HabmoaeHust 17 = 43 cex. OrpaHu-
yeHue (2) Ha MaKCMMaJIbHOE 3HaYeHKE TTOTPEITHOCTY U3MEPEeHHUSI 3a1aBa-
JIOCh € = 0.79 Tpamycos.

A \j rpanyc
> grad Bt
bIOOpKaA _
6 Sample N=30
— anyc
Conas = 0.79 I
5
3ameps! / Measurements
4 Y, H,
3
2
1
ceK
t’ sec
0 >

0 4 8 12 16 20 24 28 32 36 40 44

Puc. 2. I[Ipumep o6padotku nanHbix LIMK; cynHo pazBopauuBaeTcst
C TIOCTOSTHHO# CKOPOCTBIO

Fig. 2. Example of processing the data from the digital magnetic compass;
the ship performs the turn with a constant angular velocity
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PesynbTathl mocTpoeHust iCKoMoro MHoxecTBa I(\y,, ) 3HaueHUit mapa-
METPOB V,,, ® TIPEACTABICHBI Ha pHC. 3. MHOXeCTBO MMeeT BUI HETIPABIIIb-
HOTo MHOTOyTOJIbHKKA. Ero MuHMMaibHast BHeITHsIsI box-orieHka (16), (17)
OTMedYeHa MyHKTUPHBIMUA CHOCKaMH. [10CKOJIBKY BepOSITHOCTHBIE XapaK-
TEPUCTUKH MOTPEUTHOCTEN UBMEPEHUI HEU3BECTHBI, TO IS AAJIbHEHIITNX
pacyeToB UcTioab3yeTcs cpeaHss (18) Touka (Y, ¢p, Ocp) ITOTO MHOXKECTBA.

Bribopxka _
A WO’ g:élyc Sample N=30
aayc — rpagyc
6.29 A \VO’ graaé[y €max = 0.79 g?aély
5.55¢ Wndopmanmonnslii natepsan / Information interval

I(emax’ \V()a UJ) = \Q lGi.j(emax’ W(), U))
¢) j=TFTN
\V()ﬁ cp? (Dcp

b)

Gl,Z(\Vos ('0) I(ema,\'y WO’ UJ)

523 b ¥

¥ (\VO, MHK? (DMHI(
(\VO, MHK? O‘)MHK)

~0.128 ~0.117  —-0.110
rpamyc/cex
> grad/sec

@, Tpamyc/cex
" grad/sec

~0.790 -0.117 0.790

Puc. 3. /IBuxeHue cyHa ¢ pa3BOpOTOM; OlleHKa MH(MOPMAIIMOHHOTO MHOXECTBa
rapaMeTpoB: a) Tpy0Oast OlleHKa MO IByM MEPBbIM 3aMepaM; b) CpaBHUTEIbHbII
pa3Mep MHOXeCTBa B MEJIKOM MacIiTabe; ¢) MHGOPMAIIMOHHOE MHOKECTBO
(yBenmueHo); KpecTuk — Touka mo MHK

Fig. 3. The ship performs the turn; estimation of the information set
of parameters: a) the rough initial estimate on the basis of the first and second
measurements; b) comparative size of the information set (small scale);
¢) the information set (zoomed scale); the cross is the least squares mean point

4.71

Tpy6ka (20)—(22) monmycTUMBIX 3aBUCUMOCTEM MOKa3zaHa Ha puc. 4
(3aTeHeHa). 3mech KPECTUKM — 3aMEpbl MarHUTHOTO yria. MHTepBabl
HEeoMnpeaeIeHHOCTH 3aMEePOB OTMEUEHbBI BepPTUKAIbHBIMU OTPE3KaAMU.
I tpuxosBsie nuaun: MHK-n1uHuS 1 BepxHsIs +26,,, 1 HUXKHSIST —206,,,«
rpaHuubl gonyctuMoii (mo MHK) obiactu 3HayeHmii ripouecca. Huk-
Hss1 _Th(t;) n Bepxusis *Tb(f) rpanulbl Tpyoku Th(f) mOIyCTUMBIX 3Ha-
YeHUH Tpoliecca Mo MHTePBaJbHOMY OLIEHMBAHUIO OTMEUYEHBI XXUPHbI-
MM CIUIOIIHBIMU JTUHUAMU. BeabiMu KpyXXKaMy OTMEUYeHBI TPaHUIHBIE
TOYKU TeX MHTEPBAJIOB HEOMpPeIeJeHHOCTH, KOTOpble (DOPMUPYIOT Tpa-
HUIBI TPYOKU. OTMETUM, UTO, CTPOTO TOBOPS, TOUSUHAS OLEHKA Wy yinks
O« HEAOTYCTUMA B MUHTEPBaJbHOM CMBICJIE TaK KaK OHa JIEXKUT BHE UH-
¢opmanmoHHOTO MHOXKecTBa (puc. 3) u cooBeTcTByomas MHK -n1uHus
YaCTUYHO BBIXOAUT 3a TPYOKY AOMYCTUMBIX 3aBUcuMocTelt (puc. 4). On-
HaKoO JaHHAas OLIeHKA SIBJISIETCS KaYeCTBEHHO TTOJIE3HOM.
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B aTye — rpanyc _ rpagyc
Y, =526 giad” > Wy =555 ghad" > Vo op = 340 grad

_ rpagyc/ceK — _ rpajgyc/cex _ rpajgyc/cex
0=-0.128 grad/sec > O~ —0.110 grad/sec  » Op = —0.119 grad/sec

A1/ TPayc _ rpajyc _ rpajyc _ rpagyc — _ rpajyc
1 \V’ Lo \VO, MHK 5.23 grad™ > Oy — 0399grad > \lIO, MHK 4~32grad > WO, MHK 6'03grad

grad
_ rpajyc/cex _ rpagyc/cek — = _ rpajyc/cex
6 ~ Oy = -0.1 17gra sec > Qe _0'157grad/sec > Oy = _0~017grad/scc

A
5 A S~
~ +Tb(t) TpyOka 10IyCTUMBIX 3aBUCHMOCTEIt
Tube of admissible dependencies

af sl
MHK_.i[MHHS[
ine
3 _Th(¢) N
2
BeIiO
1 SamSl%Ka N=30

Can = 0.79 I

t. CEK
0 O > SC&
0 4 8 12 16 20 24 28 32 36 40 44
Puc. 4. JIBrkeHMe cyqHa C pa3BOPOTOM; TPYOKA TOMYCTUMBIX 3aBUCUMOCTEI
(cepas 3anmmuBkKa); oneHka no MHK u =20 rpaHuUIIbI 3TOM OLIEHKU

(IITPUXOBBIC JIMHUM)

Fig. 4. The ship performs the turn; the tube of admissible dependences
(colored in grey) by the interval approach; the estimate by the least squares
method and its £20-boundaries (in dashes)

PesynbTaThl 00paboTKM JaHHOTO (haiiyia Ipyu JUHEHHOM U3MEHEHUN
yrja MpUMHUMAIOT CJISAYIOIIMe YUCICHHbIC 3HAUCHUSI:

— oueHku (8) mo MHK cocTaBiasiiu Wy, v = 5.23 Tpagyca, O =
= —0.117 rpagycoB/cexk, CKO o, = 0.399 rpagycoB; untepsan (9) Hayab-
HOTI'O 3HAYEHUSI (C YUETOM BEJIMUMH 128,..) Wy v = 4.32 Tpanmyca, "Wy yu =
= 6.03 rpamnyca, nHTepBa (9) 3HaUCHUST CKOPOCTH (C y4ETOM JTMHBI MTHTEPBa-
nmaHabmoneHus 1) ®,,,= —0.157 rpamyca/cex, +m,, = —0.077 rpamyca/ceK;

— JUISI UHTEPBAJIbHOTO OLIEHUBAHUSI O€3YCIIOBHBII MUHUMATbHbIN BHEIII-
Huii (16) untepBan _w, = 5.26 rpamyca, "y, = 5.55 rpaagyca, unrepsai (17)
ckopoct _® = —0.128 rpamyca/cex, +® = —0.110 rpagyca/ceK; BbIXO/I-
Hag cpefHAs Touka (18) MHPOPMalMOHHOTO MHOXECTBA VY, o, = 5.40 rpa-
nycau o, = —0.119 rpanyca/cex.

W3 cpaBHEHMST 3THX MaHHBIX U pUC. 4 CIIEIyeT, YTO MHTePBaJTbHBII
nouaxon, 6jarogapst yueTy OrpaHUUEHMUS €,,,, Ha TTOrPELIHOCTh U3Mepe-
HUS yIJIa, JaeT Topasno 6ojiee TOUYHbIE TapaHTHPOBAaHHBIE OLIEHKH TTapa-
METPOB Ipoliecca U3MEHEeHUsT Kypca U 60Jiee TOUHYIO TPYOKY AOMYCTHU-
MBIX 3aBUCUMOCTEIA.
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5. SakniouyeHue

Ha ocHoBe cTaHmapTHOTO CTAaTUCTUYECKOTO MOIX01a U MHTEPBAJIBHOTO
Mojxoja pa3padoTaHbl aITOPUTMBbI IU(MPOBOI 0OPaOOTKY 3alTyMJIEHHOMU
“HOOpPMaLIMK KypCOBOTO yIiia CyaHa ¢ Hu(pOBOro MarHUTHOTO KoMIaca.

B ycioBusix HeonpeneaeHHOCTU BEPOSITHOCTHBIX XapaKTepUCTUK T10-
rpenrHocTet namepeHusd yria B LIMK, nHTepBaJIbHBIN MOAX0 TaeT Ooiee
TOYHbBIE FAPaHTUPOBAHHBIE OLIEHKM [MapaMeTPOB Mpoliecca U3MEHEHUS Kyp-
ca u 0oJsiee TOUYHYIO TPYOKY NOMYCTUMbBIX 3aBUCUMOCTEN.

HccnenoBanue nokasauo, YTO B YKa3aHHBIX YCIOBUSIX CTaHAAPTHBIN
U UHTEPBAJIbHBIN MOIXObI JOMOJHSIIOT APYT ApPYyra U MO3BOJISIIOT OoJiee
LIXPOKO MTPOBOAUTDH KAUECTBEHHBIN 1 KOJIMYECTBEHHbIN aHAJIU3 TaHHBIX.
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CurHanbl aBTOOUHHDbIX MOAVHEVI
C BHEeLWWHMM aeTeKkTupoeaHunem

B.4. Hockoe'>4, C.M. Cmonsckuir?, KA. Henamkos', A.I1. Yynaxun’

"' Vpanbckuii denepaabHblil YHUBEPCUTET MMeHU TtepBoro Ipesunenra Poccun
b. H. Enpuinna, Exatepun0Oypr, Poccus; e-mail: noskov@oko-ek.ru

2 HanmoHanbHBIN MCCIen0BaTeNbCKI yHUBepcuTeT «MDU», Mocksa, Poccus;
e-mail: smolskiysm@mail.ru

AHHOTauus. Pazpaborana MaTeMaTidecKasi MOZIEIb aBTOTMHHOTO TIPHUEMO-TIe-
pemaroIiero MoayJIsl, CBI3aHHOTO C aHTEHHOI Yepe3 OMHY WIH IBE IeTeKTOP-
Hble cekunu. [TorydeHbI OCHOBHBIE COOTHOIIICHUS TSI pacyeTa ero CUTHATb-
HBIX XapaKTePUCTHUK ITPU PETUCTPAIIAN CUTHAJIOB B IIETIA ITMTaHUSI TeHepaTopa
1 C TIOMOIIIBIO BHEITHUX IETEKTOPOB. I[ToKa3aHbI 0COOEHHOCTH (DOPMUPOBAHMST
CHUTHAJIOB C BHEIITHUX JETEKTOPOB. YCTAaHOBIICHO, YTO MX OTHOCUTEIbHEIC (ha-
30BbIC CIBUTH 3aBUCST KaK OT BEJITMIMHBI KOG PUIIMEHTa aBTOIUHHOTO YCH-
JICHUSI TeHepaTopa, TakK 1 OT (pa30BOTO PACCTOSHUS MEXKITy CeKIMSIMU. B ciry-
Yyae BEICOKOTO 3HaAYeHUsI KO3 (UITMeHTa aBTOOIMHHOTO YCHIICHUS 00a CUTHAJIa
Ha BBIXOJIE IETEKTOPOB HaxomsITcs B ¢aze. B ciyuae Manoit BeTMInHBI KO3(D-
¢uIMeHTa aBTONMHHOTO YCUJICHHS Ha BBIXOIE IMOIOB PeaInu3yeTCsT OIpee-
JICHHBIU CIBUT (ha3 MEXKIy CUTHAIaMU. BeTmarHa 3TOTro cABUTA OTIPEIEIsIeTCS
OTHOCHUTEJIBHBIM Pa3HOCOM MEXIY TMOJaMM B IETCKTOPHBIX ceKIusax. [Tomy-
YeHBI YCIIOBUST (hOPMUPOBAHUS KBaAPaTyPHBIX CUTHAJIOB. DKCIIEPUMEHTAIb-
HBIC TaHHBIC TTOIYIeHBI Ha IIPUMEPE TeHEePaTOPHBIX MOIYJICH, BRITTOJTHEHHBIX
Ha nuomax ['aHHa 8-MM mmMama3oHa.

KnioueBble cnoBa. ABTOAMH, aBTONMHHBIN JATYMK, aBTONMHHBIN CUTHAII,
BHEIITHEE JCTCKTUPOBAHHE

Signals of autodyne modules
with external detection

Viadislav Ya. Noskov'4l, Sergey M. Smolskiy?, Kirill A. Ignatkov’,

Andrey P. Chupahin’

!'Ural Federal University named after the first President of Russia B. N. Yeltsin,
Ekaterinburg, Russia; noskov@oko-ek.ru

2National Research University “Moscow Power Engineering Institute”,
Moscow, Russia; e-mail: smolskiysm@mail.ru

Abstract. The mathematical model of the autodyne transceiver module, which
is connected with an antenna through the one or two detector sections, is
developed. The main mathematics for calculation of its signal characteristics
at signal registration in the power supply circuit and with the help of external
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detectors, are obtained. The features of signal formation are demonstrated with
external detectors. It is proved that their relative phase shifts depend both on the
value of the autodyne amplification factor and on the phase distance between
sections. In the case of the high autodyne amplification factor, both signals at
the detector outputs are in-phase. In the case of low autodyne amplification
factor, the definite phase shift between signals is realized on the diode outputs.
The value of this phase shift is defined by the relative separation between diodes
in the detector sections. Conditions of quadrature signal formation are obtained.
Experimental data are obtained on the example of oscillation modules fulfilled
on Gunn diodes of the 8mm-range.

Keywords. Autodyne, autodyne sensor, autodyne signal, external detection

1. BBeoeHue

3agava JUCTAHLIIMOHHOTO U OECKOHTAKTHOIO OIpeAe/ICHUS TIPOCTPaH-
CTBEHHOTO TOJIOKEHUSI, CKOPOCTH, TIPOMIEHHOTO MyTU U HaMpaBIeHUS
IBUXKEHUST 0OOBEKTOB YACTO BOBHUKAET B TPOMBIIILIEHHOCTU W SHEPTETUKE,
Ha TpaHCHOPTe U B HAYYHBIX MccienoBaHusx [ 1—4]. Bo MHOrux mpumeHe-
HUSIX OHA PEIIAETCs C IIOMOIIBIO PAINOIOKAIIMOHHBIX JATYMKOB, BBITIOJI-
HEHHBIX HA OCHOBE aBTOAMHHBIX IpUeMO-Tiepeaatoux Mmoayiei [5S—10].

OCHOBOI 3TUX MOAYJIEH SIBJISIETCS aBTOAUHHBIIN reHepaTop (IIPOCTO aB-
ToauH). OTKJIMK aBTOAMHA HA BO3ACHCTBUE COOCTBEHHOTO OTPaXXeHHOTO
OT 00BEKTA JIOKALIMU U3TTYYEHUSI COCTOUT B U3BMEHEHUSIX aMITJIUTYIbI 1 Ya-
CTOTHI KoJiebaHuii. [1pu 3TOM U3-32 HETMHEHHOCTU XapaKTePUCTUKU aK-
TUBHOTO 3jieMeHTa (AD) B aBTOAMHE MPOUCXOIIT U3MEHEHMNS TAK3Ke ITapa-
METPOB CMellIeHUs (TOKa, HAMPSIKEHUST) B LIETIW MUTaHUsI. B OOJbIIMHCTBE
ABTOAMHOB PETUCTPALIUS STUX U3MEHEHUIN UCIIOIB3YeTCs IJIST IOJTyUeHUS
curHanoB. HeoO6XoaumMo oTMETUTD, UYTO JOCTOMHCTBOM aBTOAWHOB C peru-
CTpalyeil CUTHAJIOB B LI MTUTAHUS SIBJISICTCST BO3MOXKHOCTD ITPUMEHCHMUS
mob6oro CBY reneparopa 6e3 Kakux-Jmoo nepeaeiok. Kpome Toro, npo-
CTOTa KOHCTPYKIUU U HU3KAs CTOUMOCTh TAKUX MOMIYJIEH SIBJISIOTCS TIPU-
BJIeKaTeJIbHBIMU BO MHOTUX MpUMeHeHUsaX. OIHAKO MPUCYTCTBUE IITYMOB
UCTOYHMKA MUTAHUS B LIENU PETUCTPALIMKA CUTHAJIOB CYILIECTBEHHO CHU-
>KaeT YyBCTBUTEIbHOCTb aBTOIMHA 1 SHEPTeTUYECKU I TTOTEHIIMAJ paaro-
JIOKAaIMOHHOTO gatyuka [11].

s ycTpaHeHUs yKa3aHHOTO HEIOCTATKA MPEMIOXKEH Pl TEXHUUECKUX
pelIeH’iT, OCHOBAaHHBIX HAa UCITOIb30BAHUN B MOIYJISIX JOITOTHUTEIHHBIX
JIETEKTOPHBIX CEKIINI, peaIN3yIOIINX U3BECTHBIN MPUHLIUIT «<BHEIITHETO Ae-
TEKTUPOBAHUS». DTU PELICHUS, XOTS M HECKOJIBKO YCIIOKHSIOT KOHCTPYK-
LIMIO U CXEMY aBTOIMHA, 00eCIIeYMBAIOT YAYYIICHUE UX IITYMOBBIX ITapamMe-
tpoB Ha 10...15 nb [12]. VI3 nutepaTypbl U3BECTHHI pa3INIHbIC BApUAHTHI
aBTOJAMHHBIX MOJIYJICH, B KOTOPBIX I€TEKTOPHBIE CEKIIMM YCTaHABIMBAIOT-
¢ 0o B 3aIHEN YacTU TeHePaTOPHOI KaMephl OTHOCUTEILHO AHTEHHBI,
MO0 crnepean, MeXIy aBTOIMHOM M aHTeHHO# [7—9; 12—15]. [TocnexHnii
BapuaHT, Kak u3BecTHO [10], obecnieunBaeT He TOJBKO YIYUYIIeHHE IIIyMO-
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BbIX [IapaMETPOB, HO U pacIuMpeHKe (YHKIMOHATBHBIX BO3MOXHOCTEH pa-
MUOJOKAIIMOHHBIX JaTYNKOB. HarprMep, ¢ TOMOIIIBIO BHEIITHUX JETEKTO-
POB MOKHO MOJy4aTh KBaApaTypHbIe CUTHAIbI, KOTOPbIE 00ECIIeYnBAIOT
BO3MOXKHOCTH OIPEAC/ISITh HAIPaBICHMS NBUKEHUS 00BhEeKTa JTOKAINH.
Kpome Toro, 06paboTka 3TUX CUTHAJIOB COBPEMEHHBIMU CUTHAJIbHBIMU
IIPOIIeCCOpPaMU TTO3BOJISIET 3HAYNTEIHEHO TTOBBICUTH TOUHOCTD M3MEPEHUS
rapaMeTpoB ABUKEHMUSI.

Hecwmotpst Ha 6ombioe uncio n3ooperenuii CBY momyeit ¢ BHEIITHUM
NETEKTUPOBAHUEM, AaHATU3Y PabOThI ATUX YCTPONCTB MOCBSIIEHO CPAaBHU-
TeJHbHO MaJjoe YrciIo myonmKamuii. [1py 5ToM B M3BECTHBIX HaM paboTax
pPacCMOTPEHBI JIMIIb OOIIME TPUHIIMITBI TOCTPOCHUST MOJyJIei Oe3 yyeTa
peakIuy aBToreHepaTopa Ha BO3IeHCTBHE OTPaKeHHOTO M3TyIeHUs, Ha-
MpUMEp, B BUJE ABTOAVMHHBIX U3BMEHEHW YaCTOThI TeHEPALIMU. YUYET 3TUX
M3MEHEeHUI, KaK M3BECTHO, SBIISICTCS TIPUHIIMITHATBHO BaXXHBIM (haKTo-
POM IPU OMUCAHUM ABTOAUHHbBIX CUTHATIOB, BEIOOPE ONTHMAILHOTO PEXKH -
Ma pa6otel CBY reneparopa 1 06paboTKe MoJIydeHHBIX CUTHAJIOB [11; 16].
B cBs13U ¢ 5TUM 11eJ1bI0 HACTOSIIIEH CTATbU SIBJISIETCSI UCCIEOBAaHUE OCO-
GeHHOCTEl (POPMUPOBAHNUS CUTHAJIOB B ABTOMMHHBIX MOAYJISX C BHEIITHUM
NETEKTUPOBAHUEM C YUYETOM OTMEUYEHHbBIX (haKTOpOB. OCHOBHBIE PE3Yib-
TaThl 3TOM pabOTHI 00CYKHaarch Ha 27-11 u 28-11 MexnyHapoaHoii KpbiM-
ckoit koHdpepeHnu «CBY-TexHrKa 1 TeJIeKOMMYHUKAIITMOHHbIE TEXHO-
norum» [17; 18].

2. OCHOBHbI€E BbIPpaXXE€HUS U X aHaNU3
ANs cnyyYas OAHOro AeTeKTOpHOro amoaa

Ha puc. 1, a npuBeneHa pyHKIIMOHaIbHAs cXeMa aBTOJAMHHOTO JaT4M-
Ka, B KOTOPOM MPOU3BOAMUTCS BBIICJICHUE NBYX CUTHAJIOB: U, U U,. [lep-
BbIi1 BBIIESETCSI C MOMOLIbBIO AeTeKTopHOTo auojaa VD1 u ycunuBaeTcs
YCUJIMTEJIEM, @ BTOPOI BBIAEJISETCA B LIENIM CMELLIEHM TEHEPATOPHOIO AV -
ona VD2 ¢ noMol1bio 6y10Kka peructpatuu [19]. UsMeHeHueM paccTosiHUS
d mexny nuonamu (cM. puc. 1, 6) oObIYHO perynupyeTcst (ha3oBblii CABUT
MEXJy CUTHaJlaMU, a CMellleHeM MecTomnosioxeHus nuoaa VD1 oTHocu-
TeJIbHO OCU BOJIHOBOJIA HAa BeJIMYMHY A — Koa(dduuueHT cBsa3u. M3Bect-
HBI U IpYTUe KOHCTPYKIIMKU aBTOAMHHBIX MoyJieli [12], B KOTOpBIX peaniu-
30BaH aHAJOTUYHBIN TTPUHIIUIT TTIOCTPOCHUS.

Ha puc. 2, a npencrtapieHa 3KBUBaJIEHTHasI cXeMa aHaJU3UPyeMOro
Moayisi. Cxema COAEPXKUT MOoCiea0BaTeIbHOE COeMHEHUE CEKIIUU COO-
crBeHHo CBY renepatopa, netekropHyo ceknuio JIC u Harpy3ky. Mo-
NIyJIb COAEPKUT KosiebaTeabHylo cucteMy (KC) B Buae napajieabHOro co-
ennHeHus 9kBuBaleHTHbIX CBY pe3oHaTopy MHAYKTUBHOCTH L, EMKOCTH
C,, TPOBOAMMOCTH NOTEPD G, M CPEIHIOIO 3a MepUOL KOJeOaHUI TPOBO-
IUMOCTb AD Yys = Gas(A4, ©) + jBrs(A, ®), 3aBUCSIIYIO OT aMILIUTYIbI A
U YaCTOThI ® KOJIEOAHU.
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Puc. 1. ®yHKIIMOHAIbHAS cXeMa aBTOMMHHOTO MoAyJist (a) v ero Bun (6)
CO CTOPOHBI IIMPOKOI CTEHKU BOJIHOBOA

Fig. 1. The functional diagram of the autodyne module (a)
and its schematic view (6) from the side of wider waveguide wall
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Puc. 2. DxBuBaneHTHasi cxeMa aBTOAMHHOTO MOAYJISI C BHEIITHUM AETEKTOPOM
CO CTOPOHBI aHTEHHBI (@) 1 OHa Xe (0), MpUBeIeHHas K ceYeHNI0 AD

Fig. 2. The equivalent diagram of the autodyne module with the external detector
from the antenna side (@) and the same diagram (6) reduced to the AE section

YeTbIpex1oaocHUK B Buae JuHuu nepeaayu JIIT nporskeHHOCThIO d
0e3 moTepb UMEET MOCTOSIHHYIO pacnpocTpaHeHus B, = 2n/A,, tae A, —
nnuHa BojHbl B JIIT ¢ BonHOBOI# nmpoBoaumocTsio Y, . Cexuus C Ha
puc. 2, a npeAcTaBieHa cpelHel 3a mepuoa KojiebaHUil pe3ucTUBHOMN
MIPOBOIMMOCTBIO AeTekTopa (. IIpu 3TOM peakKTUBHOI COCTaBIISIONISH
aJIMUTTaHCa A1oja Mbl TIpeHeOperaeM.

Harpyskoit CBY reneparopa siBjisieTcss BXOAHasI IIPOBOAUMOCTD Y, = G,
COrIacOBaHHOM aHTeHHBI. JIelicTBUE OTpaxkeHHOU OT 00bEKTa JOKALIUU
BOJTHBI TIPEACTaBIEHO Ha CXeMe PUC. 2, @ SKBUBAJIEHTHBIM TeHEPaTOPOM
CUTHAJIbHOTO TOKa j(?, T). 3nech T = 2//c — BpeMsl paclpoCTpaHEeHUSI 13-
JIyYEHUS IO OTPaKaloliero o0bekra 1 00paTHO B CBOOOJHOM MPOCTPaH-
CTBe; [ — paccTosIHUE 10 OTpaxaTesl; ¢ — CKOPOCTh pacIpOCTPaHEHUSI 13-
nydyeHus. ITpu atom nosaraem, uyto yerbipexnoiatocHuk JIIT cornacoBan
€O CTOpPOHBI Harpy3ku: Y, = G, + G,. Toraa 1ienb, HaXOASIIYIOCS TpaBee
IUIOCKOCTHU ceyeHuss AD, mpeAcTaBUM B BUIEe NTapaJlJIeIbHOIO COeqHe-
HUS ee BXOIHOM npoBoaumoctu G, = (G, + G,) U ICTOYHUKA BXOJTHOTO
TOoKa j,(f, T) (cMm. puc. 2, 6).
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YuuTbhiBasg 0ObIYHO TOCTATOYHO BHICOKOE 3HAYEHUE HArpPy>KEHHOM 10-
oporHoctu KC Q, >> 1, e 0, = 0.C,/ G; G= G, + Gy, o, = (LC)™'* —
cobctBeHHast yactota KC, moyiaraeM, 4to KoysiebaHusI Ha AD SBIISIOTCS
kBazurapMmoHuueckumu: u(f) = Re[A(f) exp jP(£)]. 3nech W(¢) = oo + ¢ —
nosnHas aza Konebdanuii; A = A(7), ¢ = ¢(f) — MEIJIECHHO MEHSIIOIIMECS 3Ha-
YeHMS aMIUTATYIBI U (ha3bl B TEKYIITNIT MOMEHT BpeMeHU f. [1puHATHIE OT
o0bekTa Jokaluu Konebanus u npoueniue B KC, aBasiioTcst Takke KBa-
3UrapMOHUYECKUMU: j,, = ReJ, (¢, 1) exp j W (¢, 1), tae J (¢, 1) = J.(t, 1),
W, (#, T) — ammiuTyna u dasza KojedbaHuii U3 MpeablCTOPUU CUCTEMBI: f — T;
J(t, t) = [8G,P.]1/2; P, = I'>P — MOILHOCTb OTPAXKEHHOTO OT 00BEKTA 13-
nyyenust; P= A>G, / 2 — BbIXOQHAsI MOIITHOCTh Ha Harpy3ke G,; ' — koa(-
¢uLmeHT, XxapakTepu3ywommnii 3atyxanne CBY u3iaydeHus 1o aMIumTyne
MPU €ro pacrpocTpaHeHUU 10 0ObekTa U oopaTHO. C y4yeToM caeslaHHbIX
3aMeYaHUM 3aIUIIeM:

Re[AY,,]+Re[AY, 1= j, (&, 7), (1)

rne Yic = G[1 +20.(o — ®.) /o] —anmuttanc KC.

711 TIoTyYeH1sI YKOPOUEHHBIX ypaBHEHU I BO3MYIIIEHHOTO TeHepaTopa,
clieyst METOLy MEJIJIEHHO MEHSTIOIIMXCSI aMILIUTY B u3noxeHuu Kypoka-
BHI [20], B (1) cmenmaeM 3aMeHy @ Ha BeipakeHue wo(1 + x) —j(1/A4)(dA/df),
rae x = (1/wy)(de/df) = Aw/®m, — OTHOCUTEIBHBIE U A® = ® — ®y — a0CO-
JIIOTHBIE U3MEHEHUsI YaCTOThI KoJiebaHuii. 31eCh, B CUITY MEIJIEHHOCTH
o(1) u A(f), Benuuuusl (de/df) u (1/4)(dA/df) sBAsIIOTCS BOCTATOYHO Ma-
JIBIMU IO CPaBHEHUIO C YaCTOTOM . Toraa B HOBBIX IepeMeHHbIX (1) me-
penuiiemM B BUE:

260, 1 d4

o, Ao x + G + Gy | Acos(of + @) — N
2GOQ, (p [OR . .
( o, dr + B, +2GQ @, )Asm((ot+(p)—]BX(t,ﬂ:).

Hanee, nocie ymHoxeHus (2) Ha pyHKUMUU cos(mef + ¢), 3aTeEM, Ha
sin(wef + @), COOTBETCTBEHHO, U YCPEIHEHUsI 3a IEpUOJ KOJeOaHUt TToJTy-
YUM YKOPOYEHHBIE YPaBHEHMUS IJIST aMILTATYIBI A 1 (ha3bl ¢ B BUJIE:

2GgcQ, 1 d4
(1:)(; 0 + Gy + Gy = 2IMGyccos[d(7,T) + 2B,d],  (3)
2
269, d(f + By +2G 00 20 = 2T G esin[8(£,7) + 2B,d], (4)
o, .

rae N = Q./0u, Ou — KIIJ u BHemHs1s1 no6potHOoCcTh KC; (7, 1) =
=W¥(r) — Y(¢, 1) — HaOer (ha3bl OTPAKEHHOT'O U3JTydeHUs 3a BpeMs T. B naH-
HOM cltyuyae da3za d(¢, T) TTocjie yCpeIHEHMSI cTajla TaKKe MEIJIEHHO MEHSI-
fonieiics pyHkuueii 3a nepuon 7= 21/ », KonedaHUiA.
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TpyaHOCTh HAXOXACHMSI aHATUTUYECKOTO pelieHus cuctemsl (3), (4)
COCTOUT B HAJIMYMU HEJIMHEMHBIX 3aBUCUMOCTEI BCEX €ro ciaraeMbiX OT
napameTpoB aBTokojebaHuit. [TpoBoauMocTb Yy5 = Gas +jBas, Kak OTMe-
YaJIOCh BBIIIIE, 3aBUCUT OT aMILUIUTYIbI A 1 4acTOThI w Konebanuii CBY re-
HepaTopa: Ya5 (A, ®). [IpoBonuMocTh Yy ABIIETCS 3aBUCUMOI OT YaCTOTHI
W, UBMEHEHUS KOTOPOI TaKXKe CYIIIECTBEHHO BJIUSIOT HA 3aKOH (hOPMUPO-
BaHUSI aBTOAMHHOIO OTKJIMKA.

st obnerueHust aHanusa cuctembl (3), (4) 3aMeHUM HEJIMHEHbIE
YJIeHBI IPOBOAUMOCTEI Yic U Yip UX KBa3MJIMHEIHON almpoKcUMaIuei
B OKPECTHOCTH peXKMMa CTallMOHAPHBIX KOJIeOaHUI 1 OymeM paccMaTpu-
BaTb IIPOUCXOISIINE B aBTOJUHE IIPOLIECCHI OT BO3AEICTBUSI OTPasKEHHOTO
U3JIy4eHMST B OTHOCUTEJILHBIX BapuallysIx 3TOro pexxuma. [1pu aTom cur-
HaJl aBTOAETEKTUPOBAHUsI OY1eM PEruCTPUPOBATh MO NU3MEHEHUIO BETNUN-
HBI cpeaHero 3HaueHus Toka AD I = [(A, o), monarast HanpspKeHue cMe-
ImeHusT Ha AD HEU3MEHHBIM.

Hns atoro u3 cuctemsl (3), (4) npu paBeHcTBe I = () HaxoaMM cHavasa
ypaBHEHHSI CTAalIMOHAPHOTO pexXXruMa KojieO0aHUl, IoJiarasi Ipon3BOIHEIE
PaBHBIMU HYJIO U A = A, ® = ®,, 1€ A,, ®, — aAMIUIUTYA 1 4acTOTa CTa-
LIMOHAPHBIX KOJIEOAHUA:

Gano(Ap, W) + Gyc(®) =0, Byso(Ay, ®g) + Byc(®y) =0,

5
Ioy=1(4y,00), ©)

rae Byc(o,) =260 (0, — ®.) / ®. — peaktnBHas npoBonnMocTts KC. laH-
HbIEe YpaBHEHUST CTAIIMOHAPHOTO PEXMMa, XOPOIIIO U3BECTHBIE B TEOPUM
CBUY reneparopos [20], HO3BOJSIOT ONPEAEIUTb AMIUIUTYLY A, U 4ACTOTY
®, aBTOHOMHOT0 reHepaTopa.

7151 HaXOXIeHUS! ypaBHEHUI B BapualMsIX 1151 aBTOAUHHOTO OTKJIM-
ka CBY reHeparopa npeactaBUM aMIUIMTYAY U YaCTOTY aBTOKOJIeOaHUI
BBUne: A=A, + AA, o = 0, + Ao, tae A4, A® — COOTBETCTBYIOLINE BapU-
allu CTaIIMOHAPHOTO pexkrMa TreHepaTtopa. [1pm aToM mojiaraem 3TH Ipu-
paiiieHust 1octatogaHo MatbiMu A4 << A4, Ao << o,. Bxomsiiue B (3), (4)
napaMeTpbl Gas U Bas TIPU 3TOM B OKPECTHOCTHU CBOMX CTAllMOHAPHBIX 3HA-
yeHUit (5) moa BO3AEHCTBUEM OTPaXKEHHOTO U3MYYeHHs MOJy4YaloT COOT-
BETCTBYIOILIME UBMEHEHUSI.

Kpome Toro, yurem B Bapualiusix siBJieHUE aBTOACTEKTUPOBAHUS, TIPU
KOTOpOM OJ1arogapst UBMEHEHUSIM cpeiHeTo 3HaueHust Toka [ = (A4, ®) AD
obecrieunBaeTCsl BO3MOXHOCTD BBINEJICHUS BBIXOMHOTO CUTHAIA aBTOI-
Ha B LIeNU cMelieHusa AD 1o u3MeHeHuIo Toka: Al = I — I(4,, o)) = [ — I,.
IIpu sToM nosaraem, uro Al << [

Jomyckast TMHEITHOCTD 3aBUCUMOCTEN Gas(A, ®), Bas(A4, ®) 1 I(4, ®)
OT aMIUTUTYAbI A M 4aCTOThI ® KOJIeOaHUI B OKPECTHOCTY CTAllMOHAPHOTO
peXkmMa 3amuiieM yKa3aHHbIe TTapaMeTphl ¢ YIETOM TePBBIX IBYX YICHOB
pasnoxkeHui B psiabl Teitnopa:
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ol ol
I=1,+ A4+ A
(aA)o (aw) “ ©)
G G
GA9 = GA90 + (a—zajo AA +( a(/:)a jo AO), (7)
0B 0B
B,y =By + (a—f)o AA +( a(/:)g jo A®. (8)

3nech u nanee nHIEKC «0» MPU YaCTHBIX TPOU3BOIHBIX O3HAYAET, UTO
OHM TIOJTYY€HBI B OKPECTHOCTHU CTAIIMOHAPHOTO peXknuMa.

IMoncrasnss (6) — (8) B (3), (4) u paBeHCTBO /(A, ®), YIUTHIBAS TIPU
5ToM (5), TIOJIyYUM CUCTEMY JIMHEeapMU30BaHHBIX YPABHEHUI JIST OTIpe/ie-
JIEHUSI OTHOCUTEbHBIX BapUallNil aMIUTUTYABI @ = AA / A, 1 9aCTOTHI TeHe-
paiuu y = Ao / ®,, 2 TAKXXe OTHOCUTEIbHOI BETMYMHBI BBIXOJHOTO CUTHA-
Jla aBTofieTeKTUpoBanus i = Al/ I, B Buze:

I=0y,a+E,¥, )
. da
E"‘a“a'f‘g“X:anOS[S(t,T)+2BBd], (10)
0, do )
—+Ba+Q,x=—nIsin[d(z,7)+2P,d]. (11)

o, dr

Jns HaxoxaeHus peteHus: cucteMbl (9) — (11) mosaraem, 4to nepu-
Ol aBTOAMHHOTO curHana 7T, >> 1, a BpeMsl YCTAaHOBJIEHHUSI aBTOAMHHOTO
OTKJIMKA T, = O, / a,,0, << T,. [lepBoe noryieHre Mo3BoISIET 3aucaTh:
3(¢, t) = 8(T), a BTOpoe — 1aeT OCHOBAaHMUE JJIs1 HAXOXIEHUS KBa3ucTaThue-
ckoro pewienus [21]. st atoro, nonarasi B (10) u (11) da/df = de/dt =0
MOJIYYUM COOTBETCTBYIOIIME BBIPaXKEHMS 11 HOPMUPOBAHHBIX aBTOJIE-
TEKTOPHOI, aMIUTUTYIHOU a,(f), 4aCTOTHO Y,(f) U (a3oBoii d(t) xapak-
Tepuctuk AJI:

i,(t) = i(t)/ TK = cos[8(1) +2B.d — ], (12)
a,(t)=a(t)/TK, =cos[d(1) +2B,d — ], (13)
Xa(0) =)/ TL, = —sin[8(t) +2B,d +6], (14)
(1) =0(t)T=0,T—C,sin[0(7) +2B,d + 6], (15)

1- [ 2
rz[eK():ﬂ—%]( K‘”‘Y)F _ e AL L

o, (1-7p) o,1-)" " 0,(1-1p)
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K03 GULIMEHTHI aBTOAETEKTUPOBAHUSI, aBTOAMHHOIO YCUJICHUSI U aBTO-
TWHHON NeBHAIIMN YacTOTHI reHeparuit; Coc = Am,T — mapaMeTp OOpaTHOM
cBs3u (OC) cucTeMBbl «reHepaTop — 00BEKT JJoKalun»; Aw, = I'L,0, — am-
TJIUTYJa aBTOOIUHHBIX U3MEHEHW 4acTOTHI; y, = arctg(k.y), Y, = arctg(p),
0 = arctg(y) — yribl (ha30BOro cMeleH!s aBTOAMHHOTO OTKIIMKA; p = €,/ 0.,
y=P/0,, —KoaDOUIINEHTH HEM30POMHOCTU U HEU3OXPOHHOCTH aBTOTE-
HepaTopa COOTBETCTBEHHO; Ky = €y,0.;;/ 0y 0,, — KO3 MUIUEHT YaCTOTHOTO
JIETEeKTUPOBAHUS aBTOAMHHBIX U3MEHEHUIA YaCTOTHI B UBMEHEHMUSI CPETHE -
ro 3HaueHMs1 Toka AD; Koy = [(p — k) /(1 — KyyY)] — Ko huLMeHT aM-
IUINTYIHO-YAaCTOTHOTO CMEIEHNST aBTOAMHHOIO OTKJIMKA M0 U3MEHEHUIO
rmapameTpa cMellleHus (ToKa WX HampsKeHus ) Ha AD.

3aech HEOOXOOUMO OTMETUTD, UTO 3aBUCUMOCTh (PyHKuwmii (12) — (15)
OT TEKYILEro BpeMeHH 7 00yCJIOBJIeHA JIUILIb 3aBUCUMOCTbIO T = T(f) BCIeI-
CTBUE MepeMelleHns o0bekTa Jokaluuu. [Tpu aTom mist BbissBaeHUs B (15)
¢asbl 8(T) HAXOAUM pElIeHUE, UCTTOJIb3YsI METO/, TTOCAeA0BATEIbHBIX ITPU-
OMVDKeHUIA:

8(1,) = (21T,) o) — Cocsin[(2T,) ) + 2B, d + 0 — Coesin[(27T, ), +
+2B,d +6 ...~ Cesin[(211, ), +2B,d +6]...],

Ie UHAEKCaMU B KPYIJIBIX CKOOKaX, KaK 00bIYHO, 0003HAYEH MOPSIA0K
MPUOIVIKEHUS; T, = M,T/2nT — HOPMUPOBAHHOE (0e3pa3zMepHOE) BpeMs.

Ha 3axxumax ngetekropHoro aguona VDI (cMm. puc. 2, a) uMeeT MecTo
clloxkeHue Kojebanuit, monydeHHbIXx oT CBY reHepaTopa usr 1 IpUHSTHIX
OT 00bEKTA JTOKALINY U,:

uAF (T) = (AO + aOKa COS(pa)COS J.(('OO - Xm Sin (px)dt-'_ BBd 2 (17)
0

u,(t) = a, cos J (©) =%, sin@, )dt+B.d |, (18)
0

rae a, = [Ay; ym = T Lyoy; 9, = [0(7) + 2B.d — v, ]; ¢, = [8(t) + 2B,d + 6]. B pe-
3yJIbTaTe AETEKTUPOBAHMS OrM0OAIOIIeil CYMMBI: U,(T) = uar(T) + u.(t), oTOpa-
ChIBasi MOCTOSIHHYIO COCTABJISIIOIILYIO M YYUTHIBasI IPU 3TOM BBITIOJIHEHUE
B (17) u (18) cupHOTO HepaBeHCTBA: A, >> a,, a,K,, TOJy4UM BbIpAXEHUE
JIJIS1 HOPMUPOBAHHOTO CUTHAJA U,,(T,) Ha BBIXOJE BHELIIHETO IeTeKTOopa:

u, (T,) =u,(t,)/ a, = K,cos[d(t,)+3P.d —y,]+cosd(t,). (19)

W3 (13) u (19) BugHO, 4TO 0OCOOEHHOCTU (POPMUPOBAHUSI CUTHAIOB
B LIETIM MTUTAHUSI aBTOAMHA U TTOJIyYEHHOTO C BHEIITHETro IeTEKTopa, a Tak-
Ke uX (ba3oBble CABUTU 3aBUCST OT BEJIMUMHBI KOA((purIIMeHTa aBTOANH-
Horo ycuneHus K,. ITocne aneMeHTapHbIX IpeodpazoBaHuii (19) moayuum:

u,(t,)=Rcos[d(t,)+ O], (20)
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rae R, ©® — 3aBUCUMOCTU aMIUTUTYbI U (ha3bl BIXOJHOTO CUTHAJIA OT 3Ha-
yeHU# K03 puiirmeHTa aBTOOMHHOTO ycuiaeHUs K, 1 CIBUTOB (pa3 u3iryde-
nus B JIIT B,d 1 BbI3BaHHOI HEM30APOMHOCTBIO TeHepaTopa

R=\J1+K?+2K, cos 3B,d — ),

K, sin(3B,d —v,) 21)
1+ K, cos(3B,d —vy,)

3aBucumMoctu R(K,) u O(K,), paccuutanHble coriacHo (21) npu y; = 0
IUIS1 pa3IMuHBIX 3HAaUeHU (asbl f,d npeacTaBieHbl HA puc. 3, a u 0.

® = arctg

4 /2
1 | —
3 - /4
< 1 / d 5
<2 A= oL - -
54 //3 "'t “_'- @ ."::_--- - 3
/ Zef[ ... Bt CET PP
| p e —/4 .
i . Rl (L
S~ | e 4 4 ~——.a
0 el —1/2
0 1 2 3 0 1 2 3
K, K,
a 9]

Puc. 3. 3aBucumoctu R(K,) (a) u O(K,) (6), paccurTaHHbIC IJIs CIydast
vy, = 0 nipu B,d = n /6 (kpusskie 1), B,d = 0 (kpuBsie 2), B,d = —n/ 12 (kpusbIe 3),
Bsd = —m /6 (kpuBBIC 4)
Fig. 3. Functions R(K;) (@) and O(K,) (6) calculated for the case y; =0
at B,d =m/6 (curves 1), B,d = 0 (curves 2), B,d = —xn/ 12 (curves 3),
Bsd = —m/6 (curves 4)

W3 aHanu3a KpUBBIX pUC. 3 BUAHO, YTO B IIEpBOM cilyuyae, Korna K, << 1,
aMmIuMTyaa u ¢asza cursana u,(t,) Ha BBIXOJe BHEIITHETO IeTeKTopa oIlpe-
nensitorcst ypoBHeM oTpaxkeHHoro CBY uznydeHust u ciabo 3aBUCST OT
BBIOOpPA MECTOTIOJIOKEHMS BHEIIIHETO AeTekTopa. Bo BTopoM ciryyae, Kor-
na 3HayeHwus1 K, 6osbline (Mo kpaliHell Mepe, K, > 3) yKazaHHbIe TTapaMe-
TPbI CUTHAJIa B OCHOBHOM OIIPENENISIOTCSI aBTONMHHBIMU U3MEHEHUSIMU
aMIUIUTYObl KosiebaHuil. B TpeTbeM ciyyae, Korna BeanurHa K, cousme-
puMa ¢ eIMHUILIeH aMIUIMTY1a 1 pa3a curHajia u,(t,) BeCbMa UYyBCTBUTEIIb-
HBI K BBIOOPY MECTOIOJI0XKEeHUS BHellIHero AeTekTopa B JIT1. B HeKoTophix
clrydasix (cM. KpuBy1o 4 Ha puc. 3, a Tipv 3HaueHuU K, = 1) BBIXOIHOM CUT-
HaJ u,(T,) MOXET BOOOIIIE OTCYTCTBOBATb.

CoiicTBa curHaioB (12), (13), KoTopble perucTpUpPYIOTCSI Ha BBIXO-
Jle aBTOAWHA, TOCTATOYHO MTOAPOOHO M3yUeHk! (CM., Hanpumep, [11; 16]).
31ech pacCMOTPUM OCOOEHHOCTU CUTHAJIOB U,(T,) aBTOAMHA Ha BBIXOJE
BHEIIIHETO JeTEKTOpa, KOTOPbIe TIOIyYaroTCsl BO BcexX Tpex ciaydasx. [1pu
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9TOM HEO0OXOIMMO OTMETUTD, YTO OTPakeHHOE U3ydeHHe OT 0ObEKTa JIO-
KallM¥ HE3aBUCHUMO OT BETMIMHBI OTKJIMKA aBTOIMHA 10 U3MEHEHUIO aM-
MIATYAbI KosiebaHuii (13) BbI3bIBACT U3MEHEHMSI YaCTOThl TeHepaluy aB-
TOOMHA B COOTBETCTBUE C (14). AMIINTYIa 3TUX U3MEHEHNU (aBTOIMHHAS
JIleBUAIIMsI YaCTOThI) OIpenessieTcs BeauunuHol nmpoussenenus I'L,, Koto-
pasi, Kak BUOZHO 13 pacndpoBoK K (12) — (15), HemocpeacTBEeHHO BIIMSI-
eT Ha 3HayeHue napameTpa Cg.

Ha puc. 4 ipencraBieHbl BpeMeHHBIC TUArpaMMbl CUTHAJIOB Ha BBI-
XOJIe BHEIIHETO ASTeKTopa, paccuuTaHHble cornacHo (20), (21) ¢ yueTom
(16) mpu paznuuHbIX 3HaYeHMsIX napameTpa C, ., dasoBoro yria f,d 1 Ko-
a¢pdunmerHTa aBToqguHHOrO yerienus K,. U3 nuarpamm puc. 4 BUIZHO, YTO
B citydae ciaboro curHana, korna napamerp Co. << 1, CUTHaJbl C BHEIl-
HEero AeTeKTOopa UMEIOT MPaKTUUECKN CUHYCOUIATbHbIN BU (CM. KPUBBIE
Ha puc. 4, a v 8). B ycnoBusIX CMIBHOTO cUTHaJIA, Koraa napametrp Cy. co-
U3MEPUM C eIUHUILICH, BIXOAHBIE CUTHAJIBI C BHELIHETO NeTeKTOopa IMoj-
BepxKeHbI McKaxkeHUsIM. [1pu 5ToM XapaKTep 3TUX UCKaXKEHUI 3aBUCHUM OT
BeJIMYMHBI KoadduimeHrta K, aBTOMIMHHOTO yCUJIEHUS U (pa30BOT0 paccTo-
STHUS f,d MeXXITy TeHepaTOPHOU M JEeTEKTOPHOM CEKIIMSIMH.

3 3
2

[\

l{H(TH)
S =

U, H(TH)
S =

| U w(Tw)

T

Puc. 4. BpeMeHHbIe IrarpaMMbl CUTHAJIOB Ha BBIXOJE BHEITHETO TETEKTOPA,
paccuurtannblie ipu Coc = 0,1 (a), (6) u Cye = 0,8 (6), (1); Bud =7 /6 (a), (6) u
Bsd =—m/12 (8), (¢); K, = 0,1 (kpussie 1), K, = 1 (xkpusble 2), K, =2 (kpuBble 3)
Fig. 4. Time diagrams of signals on the external detector output calculated
for Coc = 0,1 (a), (¢) and Cy. = 0,8 (b), (d); Bsd =7/ 6 (a), (0) and B,d =—n/12
(8), (¢); K,= 0,1 (curves 1), K, =1 (curves 2), K, = 2 (curves 3)

B.4. Hockos, C.M. Cmornbekumi, KA. Virkarkos, A.T1. Yynaxvt | CurHasl aBTOAVHHBIX MOAY/IEN C BHELUHUM AETEKTUPOBaHNEM

2

©



Vladislav Ya. Noskov, Sergey M. Smolskiy, Kirill A. Ignatkov, Andrey P. Chupahin | Signals of autodyne modules with external detection

w
(@)

URAL RADIO ENGINEERING JOURNAL

7151 CHUXKEeHUSI CTEeTeHU CKaXKeHW I CUTHAJIOB 1Ie71eCO00pa3HO YMEHb-
1LIeHVEe BeJIMUYMHbI aBTOAMHHOM eBUALIMU YACTOThl A®,, UYTO TOCTUTAETCS
00OBIYHO YBEJIMUYECHUEM 9KBUBAJIEHTHOI 100poTHOcTH KC, Hanpumep, ¢ no-
MOIIBIO TOMOJIHUTEILHOTO BBICOKOIOOPOTHOTO pe3oHaropa [22].

3. ABTOAUVHbBI C BO3MOXHOCTbIO KBaApaTypPHOro AeTeKTUPOBaHUS

Ha puc. 5 npencrasieHbl GyHKIIMOHAIbHAS CXeMa aBTOIMHHOIO MOMIY-
Jist (@) ¢ BOBMOXHOCTBIO KBaIpaTUUHOTO AETEKTUPOBAHUSI CUTHAJIOB, €r0
9CKU3 (6) ¥ pa3INIHOM CJTOXKHOCTH 9KBUBAJICHTHBIE CXEMBI, TTOSICHSTIOIINE
YCTPOMCTBO U IPUHLIMII €70 AeHCTBUSI. DKBUBAJICHTHAsI CXeMa Ha puC. 5, 8
COJIEPKUT TIOCIeIoBaTeIbHOE coeqruHeHne cekiuu cooctBeHHo CBY re-
Hepatopa, nepsyto JIC1 u Bropyto JIC2 neTeKTopHbIe CEKLIMU 1 HATPY3KY
G,,. YetbipexnoatocHUKY B BUune JuHuid nepenauu JIIT1 u JITI2 6e3 notepb
HUMEIOT MOCTOSIHHYIO pAaclpoCTpaHeHus B, = 271/ A, Tae A, — JJIMHA BOJTHBI
B JIMHUU, UMEIOIIE BOJTHOBYIO TPOBOAUMOCTH Y. [1pu 3TOM 9KBUBaJIEHT-
Hasl cxeMa, IIpuBelIeHHasl K ceueHMIo AD COBITalaeT CO CXeMOii puc. 2, 0.

T Uga T g d[ (?‘11 A
Yewan- || Yewm-
TETh TEh VD2 VDI
A O—@ A
El va | v2 | vi / aw P
i |—n—| |—|]—( |—E|— ©® @ ®
Y N vps V3 V2 VI
A v Pyvp2 T o
a 0
Feneparop I— JIz2 I—_E,CZ r__:[l'll I—_EIEI_ Harpyska

Gy

__lf Yis G,
0= 6

G, Jelt.r)

|

Sty

N

o

&

Puc. 5. dyHKIMoOHalIbHAsI cXeMa IprUeMOo-TiepeIaroniero MoayJs (a)
C BO3MOXXHOCTBIO KBaJApaTyPHOTO IETEKTUPOBAHKS CUTHAJIOB, 3CKHU3 €TI0
BOJTHOBOJHOTO UCITOTHEHUS (), TIOJIHASI 9KBUBAJIEHTHAsI cXeMa MOIYJIs (6):
A — anTteHHa; V1, V2, V3 — peryampoBOUYHbIC BUHTHI

Fig. 5. The functional diagram of the transceiver module (a) with opportunity
of quadrature signal detection, the sketch of its waveguide implementation (6),
the complete equivalent circuit of the module (8):

A — an antenna; V1, V2, V3 — are adjusting screws
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Cexuuu JAC1 n JC2 Ha puc. 5, 6 npeacTaBieHbl CPEIHMMU 3a TIEPUOJ,
KoJIeOaHWi pe3UCTUBHBIMU IMTPOBOAUMOCTIMHU G U G, NeTeKTOPHBIX 1~
onoB. [Ipu 5TOM peakTMBHOI COCTaBJISIIONICH IMOIOB, KaK U B TIPEAbILY-
IIeM cydae, MbI ipeHeOperaeM. BosneiicTBre OTpaXkKeHHOTO U3ITyYeHUS
Ha aBTOJAVH MPEICTABICHO Ha CXeMe pUC. 5, 8 TeHepaTopoM TokKa j (7, ).
Kak 00bIYHO, 5KBUBaJIeCHTHAsI cXeMa MOIYJISI COAEPKUT CPEIHION0 3a Te-
puon KojiedbaHuii mpoBOAUMOCTb AD Yas = Gun(A, ®) + jBas(A4, ®), 3aBU-
CSIILYIO OT aMILIUTYIbl A M YaCTOTHI @ KoJjiebanuii AJl, a Takzke IMpoBOAu-
MocTh Yie = G{1 +,20,[(® — ®.) / ®.]} onHOoKOHTYpHO#T KC.

McxonHoe BeIpaxkeHuUe U151 aHaJIM3a CXeMBbI puC. 2, 6 ¢ y9eTOM IpUBe-
NIEHHOM K ceueHU10 AD NTpOBOAUMOCTHU Y, Bceil BHELTHE! MO OTHOIIEHUIO
K TeHepaTopy LeN U CeJIaHHbIX BbIIIEe 3aMeYaHUl UMEECT BU/:

Re[A(Yys +Yic + Y, )] = /i (2, 7), (22)
I1e ji(f, T) — 3aBUCSIIMI OT MPEIbICTOPUU CUCTEMBI T€HEPATOP TOKA BO3-
JEWCTBUS OTPAXKEHHOTO U3YyYeHUsI, TPUBEACHHBIN K 3aXknuMaM AD.
Pemienue ypaBHeHus (22) BBITIOJHSIIOCH, TaKXKe KaK U B TIPebIAY-
IIeM cIyJae METoIaM MeIJICHHO MEHSIOIIMXCS aMIUTUTY B JOTYIIeHUN
c/1aboro oTpaxkeHHoro usjaydeHus. [1pn aTom u3 (22) HaMU MOJTYYEHbI
BBIpaKE€HUST CUTHAJIBHBIX XapaKTepUCTUK M1 aBTOAMHHBIX U3MEHEHU I
aMIUIUTYy bl A(T), 4acTOThI ®(T) KoebaHuit u Habera a3kl 8(T) OTpaxkKeH-
HOTO M3JTyYeHUST:

A(t) = 4,{1+TK, cos[d(1) - y1}, (23)
(I)(T) =M, {1 — FLa sin [S(T) + 9]}, (24)
8(7) = 0,T—AQ, — Cy sin[8(7) +6], (25)

e Agy = ¢y, — @y = 2Pu(d, T d\, = 2Pud;; d, = d, + dy; d,, d, — paccTosi-
Hus Mexay cedyeHusimu nuonoB VD1, VD3 u VD1, VD3 cooTBeTCTBEHHO;
d,=d —d,.

Ha 3axumax netekropHbix quonoB V1 u V]I2 nmeeT MecTo cioxke-
HHUE KoJIeOaHU, TTOJIyYEHHBIX OT TeHepaTopa Uari(f), Uar>(f) 1 IPUHSTHIX
OT 00beKTa JJOKAIUM U (), U, (f) COOTBETCTBEHHO:

Uy, ()= A4,{1+TK, cos[d(T)—y]} x

xcos| [, {I-TL,sin[8(1)+0]}dr—B,d, |, 27)
0

Uy () = A, {1+ TK, cos[8(T)— y]} x

xcos| [@,{1-TL,sin[3()+0]}dr—B,ds . (28)
0
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t, (1) =T4,cos| , [ {1-TL,sin[3(t)+6]}dr—B,d, |. (20

0

u,(t)=TA4,cos| o, T {I-TL, sin[8(t)+6]}dt —B,(d, +d,,) |. (30)

t

B pesynbTare nerekTupoBaHus oruodarmolieil cyMMbl KojiebaHuit (27)
u (29) Ha iepBOM auoae: U, (f) = uar(?) + u.(¢), u xonedanuii (28) u (30)
Ha BTOPOM IUOIE: U,(f) = Uar(f) + u(f), oTOpackiBast IIOCTOSHHYIO CO-
CTaBJISIONIYIO M YYUTHIBASI IIPY 3TOM BhITIOJIHEHUE B (27), (28) 1 (29), (30)
CUJIBHBIX HepaBeHCTB: A) >> I'K,, oy >> I'L,, I << 1, moayuum oKoHYa-
TeJIbHBIC BbIPAXKEHMUSI JJIS1 BBIXOJHBIX HOPMUPOBAHHBIX CUTHAJIOB JETEK-
TOPHBIX TNOIIOB:

qu(TH) = u}ll(Tﬂ) / r =

=K, cos[d(T,)— Y]+ cos{2nt, — Cocsin[O(T, )+ 0]}, (D

uHZ(TH) = u}:lZ (TH)/F = Ka COS[S(TH) - W]"‘
+cos{2nt, +2B,d\, — Cocsin[0(tT,)+60]}.

M3 (31) u (32) BuaAHO, 4TO 0COOEHHOCTU (DOPMUPOBAHUSI CUTHAJIOB, a
TakXe MX (pa30Bble CABUTU 3aBUCIT OT BEJIMYMHBI KOA(P(PUILIMEHTa aBTO-
TMHHOTO ycuieHus K,, BEIMYMHBI IPOCTPAHCTBEHHOTO pa3Hoca d,, 11Oo-
JIOB B JIMHUU Mepenadyn, YPOBHSI OTPAXKEHHOTO U3IYYeHUSI U BHYTPEHHUX
napametpoB CBY renepartopa. B ciydae BbIcoKoro 3HayeHus K,, Koraa
K, >> 1, oba curHaia Ha BBIXOAE JETEKTOPOB HaXOmsTCs B (pa3e U OIIpe-
JIEJISIIOTCSl aBTOAMHHBIM 3((MEKTOM UCMOJIb3yeMOro reHeparopa. B ciy-
yae BBIMTOJHEHUST 00pAaTHOTO HEPaBEHCTBA peau3yeTcst CABUT (da3 MEXIY
curHasiaMu A = 2f,d,,, onpenesieMblii OTHOCUTEIbHBIM Pa3HOCOM MEX-
Iy nuofamu B nepenaroeid iuHuu. Tak, npu pazHoce d, = (2n + 1), /2,
IJIe © — HaTypaJlbHbIe YKCclia, CABUT (ha3 MeXIy CUTHAJIaMU HaXxOAUTCS B
KBazpatype: Ap =7 /2.

Kak rmoka3zasu pe3y/ibTaThl pacyeTOB CUTHAJIbHbBIX XapaKTepucTuK (31) —
(32), B cmyuae, koraa KoagGUIIMEeHT aBTOOIMHHOTO YCIeHUs K, COn3MepuM
C €MHULICH, BBIXOAHbIC CUTHANIBI U UX OTHOCUTEIbHbIC (pa30BbIe CMeElle-
HUS CJIOXHBIM 00pa3oM 3aBUCSIT OT pazHOca MexXay nuompamu d,,. Kpo-
M€ TOTO, BO BCEX PAaCCMAaTPUBAEMBbIX CJTydasiX CTeIeHb MCKaKEHUs CUTHA-
JIOB 3aBUCUT TaKXe OT BeIMUMHbI mapamerpa Cqc. s yMEHbILEHUS 3TUX
HUCKaXEHUH, KaK BBIIIE OTMEYAIOCh, OOBIYHO PEKOMEHIYETCSI UCTIOIb30-
BaHMe reHepaTopa C JOMOJIHUTEIbHBIM BEICOKOTOOPOTHBIM PE30HATOPOM
[22]. MHTepecHbIM MpeAcTaBIsIieTCs TaKXkKe pellieHue, OCHOBAaHHOE Ha BbI-
6ope Takoro pexuma padotsl CBY reneparopa, mpy KOTOPOM IapaMeTphl
K, Cy umetoT Masible 3HaueHus [ 11]. Kpome Toro, 111 pelueHus yka3aH-

(32)
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HOIi Tpo06IeMbI TPEACTABISIET MHTEPEC MPUMEHEHUE B3AMMHO CUHXPOHU-
3MPOBAaHHbBIX aBTOOMHOB [23].

4. Pe3ynbTaTbl 3KCNEPUMEHTOB

B kauecTBe 00beKTa UCCAEAOBAHUI Mbl CHaYaia UCTOJIb30BaIU MPU-
eMo-nepeaalii Mo1yJib, ONMCaHHbIN B [24]. Moay/ib COCTOUT U3 CeK-
LIMM nepeaaTyrka Ha quone I'aHHa U ceKMuy IMpueMHUKa B Buae 6anaHc-
HOTO JeTeKTopa Ha auoaax ¢ 6aprepoM LllorTtku. Cekuuu nepegaTanka
U TIpUEMHHUKA pa3MellleHbl B pa3HbIX OTPe3Kax MPSIMOYTOJbHBIX BOJIHO-
BOJIOB, COEIMHEHHBIX MEXIY COOO MO IIMPOKOI CTEHKE U pabOTaAIOIINX
Ha o0lIyl0 aHTeHHY. B BOJTHOBOIHOM KaHaje nepegaTyuka auon I'aH-
Ha YCTAHOBJIEH Ha PACCTOSIHUM, KPATHOM IIPUMEPHO TTOJIOBUHE JJIMHHBI
BOJIHBI B BOJIHOBOJIE, CUMTAsI OT TOPLIEBOU cTeHKU. JInoabl ¢ 6apbepom
IIoTTKM 6GajaHCHOTO IETEKTOPA YCTAHOBJIEHBI B BOJJTHOBOJE MPUEMHUKA
B OIHOM TJIOCKOCTHU BCTPEUHO APYT Apyry. YacTh MOIIHOCTU MepeaaTyu -
Ka, MCojib3yeMast Kak MOLIHOCTb FeTepOAMHA, MOJaeTCs U3 KaHaa Ie-
peaaTyrKa yepe3 BOJTHOBOJIHO-KOAKCHUAJIbHBIN MepeXxo/ B KaHaJ ITpueM-
HUKa. LleHTpaJIbHBII TPOBOIHUK KOAKCUATBLHON JUHUM MTOIKITIOUAETCS
K 0o0111eil Touke coequHeHUs n1uoaoB ¢ 6apbepom IlloTTku. Takas KOH-
CTPYKIUSI 0OecIIeunBaeT OAMHAKOBYIO MOIITHOCTh TeTEPOIMHA Ha TUOAaX
0alaHCHOTO JIETEKTOpA.

PaGouast wacrora momyist 37,51 T, BeIXoaHAast MOIITHOCTB 0KoJ1o 20MBT,
KO23(hOULIMEHT yCUIeHUEe aHTeHHBI 26dB, HanpsokeHne MUTaHUs TUO0aa
I'anna 4B, ero norpedsiemMblii TOK 0koj10 1A. O0mMii BUI MOIYJIs, COe-
JUHEHHOTO C pYIMOPHO-JIMH30BOM aHTEHHOM, TIpeICTaBeH Ha puc. 6, a.

B kauecTBe oTpakalIiero 00beKra JIOKALMK UCITOIb30BaJICs DJIEKTPO-
MeXaHUYeCKUIl UMUTATOP AOTIEPOBCKOrO CUTHaJa, 00eCcTeuBaoIIero
JINHEMHOCTh U PABHOMEPHOCTh M3MEHEHMUST (Da3bl OTPAKEHHOIO U3JIyde-
HUS B TIpeJeiaxX HeCKOJBKUX JUIMH BOJIH [16; 22]. UmuTaTOop ycTtaHaBiIu-
BaJICS HA PACCTOSIHUM 5 M OT TIpueMoIiepeaatoero moayis. K Hemy non-
KJIIo4ajiach pynopHasl aHTeHHa ¢ ycwieHueM okosio 20 dB. Jlnarpammbl
HAIIPaBJIEHHOCTU 00euX aHTeHH (MOAY/SI U UMUTATOPA) HAMIPABIISUIUCh
BCTPEYHO M B OJHON TOJIpU3ALUU. YPOBEHb OTPAXKEHHOTO U3JyYeHUS
PeryImpoBajcs IepeMeHHBIM aTTEHI0ATOPOM, BKIIIOUEHHBIM MEKIY UMU-
TaTOpPOM U aHTeHHOM. [TolydeHHbIe TTPY 3TOM OCLIMJLIOTPAMMBbI CUTHAJIOB
IJIST ABYX ciiydaeB (CJ1ab0ro U CUJILHOTO) OTPAKEHHOIO U3JTyYeHUs TIpe-
CTaBJIEHBI Ha puc. 6, 6 1 6.

W3 cpaBHEeHUSI BpeMEHHBIX IUarpaMM CUTHAJIOB, MPEACTaBIIEHHBIX
Ha puc. 4, U MOJYYEHHBIX HAMU BKCIIEPUMEHTAIbHO OCLIUJIOTPAMM
(cM. puc. 6, 6 1 ) BUIHO UX KaueCTBeHHOEe cooTBeTcTBHe. OTCIoNa
clienyeT aieKBaTHOCTh pa3pabOTaHHOM HaMU MaTeMaTU4eCKO Moje-
JIX TIpolieccoB (POPMUPOBAHUSI CUTHAJIOB B aBTOJMHAX C BHELITHUM JI€-
TEKTOPOM.
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Puc. 6. O61uii BU1 aBTOAMHHOTO MPUEMO-TIepeaatoiero Moayis (a)

U OCHWJIJIOTPAMMBbI CUTHAJIOB, TTOJIyU€HHBIE Ha BBIXO/IE BHEIITHETO IETEKTOpa
(kpuBbie 1) u B uenu nutanus auona ['anHa (KpuBble 2) IIs Ciiydasi c1aboro
(Coc = 0,1) (6) u cunbHoro curnana (Cyc = 0,8) (8)

Fig. 6. The overall view of the autodyne transceiver module (a) and signal
oscillograms obtained on the output of the external detector (curves 1)

and in the power supply circuit of the Gunn diode (curves 2) for the case of weak
(Coc = 0,1) (b) and strong signal (Cyc = 0,8) (¢)

Bropoii sKkcriepruMeHT BBITIOHSJICS ¢ MAKETOM aBTOAMHHOTO MOIYIIS,
coepXKallluM JIBe COeIMHEHHbIE MTOC/IeIOBATEIbHO IETEKTOPHbBIE CEKIIAN.
OHU HaXOIUJMCh MEXTY FeHepaTOPHOM ceklueit u anteHHoii. Kpome Toro
MOZYJIb OTJIMYAJICS HATMYKMEM (DeppUTOBOTO BEHTUIISI, BKIIIOUEHHOTO B BOJI-
HOBOJIHBI TPAaKT MEXy FTeHepaTOPHOI 1 JeTeKTopHOI cekiueil. [Tondop
PACCTOSTHUST MEX]TY TeTEKTOPHBIMM CEKLIMSIMU JIJIS1 TIOJIyUeHUSI CUTHAJIOB
B KBaJIpaType BHITIOIHSJICS YCTAHOBKOM TIJIACTUHOK Pa3TMIHOM TOIIIIMHBI
C BOJTHOBOJHBIM OKHOM B MX 1LIEHTpE.

B pesynbrarte onurcaHHO HACTPOMKU MOJTYJIsI HA 1aOOPaTOPHOM CTEH/IE
C JOTJIEPOBCKUM UMUTATOPOM OBLIIY MOJIyYeHbI Ha BBIXOAAX AETEKTOPHBIX
JIMOMIOB KBaIpaTypHbIE CUTHAIBI, ITOIO0HBIE IIPEACTaBIICHHBIM Ha puC. 6, 6.
ITpu aTOM aMIUIMTYIa CUTHAJIA C TIEPBOTO IMOAA (CUMTAst OT AaHTEHHOT'O BbI-
X0J1a) TPUMEPHO B 2 pa3a 0oJibliie, 4eM cO BTOporo auoaa. J1jist BeipaBHU-
BaHMSI UX aMIUIUTYJ HEoOXoIruMa peryJupoBKa CBSI3U AUOAOB C JIUHUECH
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nepenaur. OgHAKO KOHCTPYKIIUS IEeTEeKTOPHBIX KaMep He MO03B0oJIsijIa Bbl-
TTOJTHUTD 3Ty PeTyAMpPOBKY. [103TOMY ¢ ITOMOIIIBI0 3TOTO MaKeTa ObIjIa IMo-
Ka3zaHa JIMIIb TPUHILIMITHAIbHAs BO3MOXKXHOCTb peai3allui MOIYJIsI ¢ KBa-
IpaTypHBIMU CUTHAJIAMH.

5. BbiBOAbI

PazpaboTana maTeMaTruuyecKast MOJeb aBTOAMHHOIO 1aTYMKa C BHEIII-
HUMU JeTeKTopamu. [1omydeHbl OCHOBHBIE COOTHOILLIEHMS [IJIsI pacyeTa ero
CUTHAJILHBIX XapaKTePUCTUK TMPU PErMCTpallMd CUTHAJIOB B LIETIU MUTA-
HUSI TeHepaTopa U C ITOMOIIbIO BHEIIHUX AETEKTOPOB, YCTaHABIMBAEMbIX
MEKIy TeHepaTOPHOM CeKIMel U aHTeHHOM. M3 pe3ynbTaToOB BHIITOJHEH-
HBIX TEOPETUYECKUX U IKCIIEPUMEHTAIbHBIX UCCIEIOBAHUI CIENyeT, YTO
¢dopMUpPOBaHNE CUTHAJIOB, CHUMAEMBbIX C BHEIITHETO AETEKTOPA, a TAKXKEe MX
(¢a30BbIE CIBUTY OTHOCUTEIBHO CUTHAJIOB, PETUCTPUPYEMbIX B LICTIM ITUTA-
HUS reHepaTopa, 3aBUCST KaK OT BeJIMYMHBI KO3 dUIIMeHTa aBTOAUHHOTO
YCUJICHUSI TeHepaTopa, TakK 1 OT (pa30BOTO PACCTOSHUS MEXKAY CEKILIMSIMMU.

YcraHoBIEHO, YTO B aBTOIMHHOM MOJIYJIE C IBYMSI BHEITHUMMU AETEKTO-
paMu B clIydyae BBICOKOIO 3HaYeHUsI KO3 puiimeHTa aBTONMHHOTO YCUJIe-
HUs 00a cUrHasa, roJjiydyaeMble Ha BbIXO/IaX I€TEKTOPOB, HAXOSITCS B (pase.
B cnyuae manoii BeanunHbl KO3(¢pGULIMEHTa aBTOAMHHOTO YCUJIEHUST Ha
BBIXOJE 3TUX CEKIIMI peaanu3yeTcsl CABUT (a3 MeXIy CUrHajlaMM, KOTO-
PBIil OmIpeAesieTCss OTHOCUTEILHBIM Pa3HOCOM MeXXAY IMOAaMU B Iepe-
natoieit tuHuu. [pu pazHoce TMOA0B KPaTHO HEUYETHOMY UMCILY B OHY
BOCBMYIO JUIMHBI BOJIHBI B IMHUU, CIBUT (a3 MeXIy CUTHAJIaM1 HAXOIUT-
cs B KBajipartype.

JIJ1s1 yMEeHbIIIEHUSI CTEIEHU UCKaXKeHMSI CUTHAJIOB 1IeJ1eCO00pa3HO CHU-
>K€HUE BEeJIMYMHBI aBTOAWMHHOM AeBUALIMU YACTOTHI. DTO JOCTUTAETCS WU
yBeJIMUEHNEM 3KBUBAJIEHTHOM TOOPOTHOCTH KOJie0AaTEIbHOM CUCTEMBI
(mpuMeHeHUeM CTaOMJIM3alMU YaCTOThI C TTIOMOILBIO TOMOJHUTEIBHOIO
BBICOKOZOOPOTHOIO pe30HATOPA) WJIM MCIIOJIb30BAaHUEM BEHTUJIS MEXIY
ceklyeli reHepaTopa U JMOAHOM cekuueil. Kpome Toro, BO3MOXKHO MpU-
MEHEHME aBTOAMHA C CHHXPOHM3aIel YaCTOTHI OT JOITOJHUTEIbHOIO Ma-
snomourHoro CBY reneparopa.

W3 pe3yabTaToB BBINOJIHEHHBIX MCCIIEIOBAHUM CIeAyeT BBIBO O MEpP-
CHEKTUBHOCTU pa3pabOTKM MHTETrPaJIbHbIX aBTOJAMHHBIX MOMIYJIEH C KBa-
IpaTypHBIM JeTEKTUPOBaHMEM Ha OCHOBE OTEYECTBEHHOM 3JE€MEHTHOM
0a3bl. [1pu 3TOM HEOOXOAUMO AOTOJHUTEILHO PEIIUTh KOHCTPYKTOPCKO-
TEXHOJIOTUYECKIE BOIIPOCHI, CBSI3aHHBIC C OCBOCHUEM MOHOJUTHBIX MH-
TerpajibHbIX CXeM KBaJIpaTypHbIX AeTeKTOpoB, a Takxke CBY reHeparopon
Ha nuoxae 'aHHa, MHTETPUPOBAHHBIX C BHICOKOJOOPOTHBIM PE30HATOPOM.
DTO MO3BOJIUT CBECTU TEXHOJIOTUIO M3TOTOBJEHUS TIPUEeMO-TIePeIaroInX
MoOIyJIelt K IPUHILIUIY «ITOCTaBUII ¥ 3a0bLI», YTO 3HAYMUTEJIbHO CHIKAET MX
¢ce0eCTOMMOCTb.
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MeTopa pazaeneHus BUA0B KosiebaHun
npu pac4yeTte xapakrepuctuk 3C LICP
B nporpamme ANSYS HFSS

A.H. CasunlA<, U.A. Haxpan, K.Il. Baxaaesa

CapaToBCKMIi HALIMOHAJIbHBIN UCCIIEI0BATEIbCKMIA TOCYIAPCTBEHHBI YHUBEPCUTET
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e-mail: savinan@info.sgu.ru

AHHoTauus. [pencrapiaeHbl pe3yabTaTbl pa3padOTK METOAMKY MOAEIMPOBAH S
snekTpoanHaMudeckux xapakrepuctuk (D1X) 3C LICP B nporpamme ANSYS
HFSS, aHanornyHoit sKcriepuMeHTaIbHOMY Pe30HaHCHOMY MeTozy. JlaHHast me-
TONMKA, OCHOBaHHAsI Ha pacyeTe COOCTBEHHBIX (PE30HAHCHBIX) YaCTOT KOPOT-
KO3aMKHYTBIX IT0 TTocKocTsM cumMeTpun otpe3koB 3C LICP u pactipenenernus
9JICKTPOMAarHUTHBIX ITOJICH Ha ATHUX YaCTOTaX, pealn30BaHa B BUIE CKPUIITA HA
s3p1ke Python. B ckpurite Takske peaan3oBaH IPeIIOKEHHBIM alTOPUTM pasie-
JIEHUs! OJIM3KO PacIioIoXKeHHBIX BUIOB KoJjiebaHuii pezoHaTopHbIX 3C. [TpuBe-
JIEHBI TIPUMeEPBI pacueTa aucrepcuoHHbIX XapakTepucTuk 3C LICP B ocHOBHOIT
(pe30HaTOPHOI) U IIEJIeBOI IMOJI0cax MPOMYCKAHNSI C MCIIOJIb30BAaHUEM pa3pa-
0OTaHHOTIO AJITOPUTMA pa3aeieHUsI BUAOB KojiebaHuii. Ha ocHoBe skcnepumeH-
TaJIbHBIX TAHHBIX OINPeACICHbl ONTUMAIbHBIC TTapaMeTPhl BEIYMCIUTEIIBHOTO
npouecca BANSYS HFSS, obecnieunBaroiye 10cTaTOUHYIO TOUHOCTh pacyeTa
DX 3C LICP npu mpuemiieMbIX BpeMEeHHBIX 3aTpaTax. B pe3oHaTopHOI 11ono-
ce mponyckanus 3C LICP paccunTaHHbie 3HAYEHUST pe30HAHCHBIX YacTOT ITpa-
KTUYECKM COBITAAAIOT C SKCIIEPUMEHTAIBHBIMU. MaKCUMaIbHOE OTKJIOHEHUE
YacCTOT BOJIM3HM KOPOTKOBOJIHOBOM I'PaHUIIBI PE30HATOPHOM ITOJIOCH U JUTMHHO-
BOJIHOBO} IPaHULIBI 1LIEJIEBOM MOJIOCHI He npeBbimaeT — 0,34 %.

Knioyesble cnoBa. Pe3oHaHCHBIE YacTOTHI, LIETIOUKA CBSI3aHHBIX PE30HATO-
POB, pa3aeeHNe BUIOB KOJIeOaHMIA

Method of separation of oscillations types
in the calculation of characteristics of SWS CCC
in the program ANSYS HFSS

Aleksandr N. Savin>A, Irina A. Nakrap, Klavdya P. Vakhlaeva

Saratov State University, Saratov, Russia; e-mail: savinan@info.sgu.ru

Abstract. The results of development of modeling methods of electrodynamic
characteristics (EDC) SWS CCC in the program ANSYS HFSS, the similar
experimental resonance method are presented. This technique, based on the
calculation of eigenvalues (resonance) frequencies of section SWS CCC short-
circuited in their planes of symmetry and the distribution of electromagnetic
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fields at these frequencies are implemented in the form of a script in Python. The
proposed algorithm for the separation of closely spaced types of resonator SWS
oscillations is also implemented in the script. Examples of calculation of dispersion
characteristics of the SWS CCC in the basic (resonator) and slotted bandwidth
using the developed algorithm for the separation of oscillations types are given.
On the basis of experimental data, the optimal parameters of the computational
process in ANSYS HFSS are determinated, providing sufficient accuracy of the
calculation of the EDCs of SWS CCC at an acceptable time expenditures. In
the resonator band of SWS CCC the calculated values of resonant frequencies
practically time expenditures the experimental ones. The maximum frequency
variation from the experimental values does not exceed 0.34% near the short —
wave boundary of the resonator band and the long-wave boundary of the slot band.
Keywords. Resonant frequency, coupled cavities chain, separation of oscil-
lations types.

1. BBepeHue

Bakyymublie ycunurtenbHble mpubopsl Tuna JIBB na ICP, o6nanato-
11I1e BBICOKMM KO3(P(PULIMEHTOM YCUIECHHS U BLICOKOU BBIXOTHOM MOIIHO-
CTbIO, IIMPOKO UCIOJb3YIOTCS 111 KOCMUYECKOI CBSI3W U PaAMOJIOKAIIUU
Ha CBY, B TOM 4yncjie B 00J1aCTH MUJUTMMETPOBBIX I CYOMUJIJIMMETPOBBIX
IIMH BoJTH. KoMmibloTepHOe MoieTMpOBaHUE MPOLIECCOB B3aUMOAEHCTBUS
9JIEKTPOHHOTO MyYKa C 3aMeISIIoIel CUCTeMO TpeOyeT TOUHOe oIpee-
JIeHue aJieKTponrHaMudeckux xapakrepuctuk (DAX) LICP. [Ins pacuera
BBIXOIHBIX XapakTepucTuk JIBB tpebyercs 3Hanue DX 3aMelIgonnx
cucteM (3C) ¢ UIEHTUYHBIMU STUEHKaMU: TUCTIEPCUOHHBIX XapaKTepu-
ctuk (IX), onpenessitolix 4aCTOTHbIE CBOMCTBA, M COITPOTUBJIEHUS CBSI-
31 (R.;), oTBevarolero 3a 3(pHeKTMBHOCTh B3aUMOJIEHCTBUSI DJIEKTPOHHO-
ro notoka ¢ nosieM 3C [1]. DTu mapaMeTpbl MOXHO ITOJYYUTh, UCITOJIb3YS
pe3y/ibTarhl pacuera v (Mn) u3MepeHuii COOCTBEHHBIX (PE30HAHCHBIX) Ua-
CTOT KOPOTKO3aMKHYTBIX IO TJIOCKOCTSIM CUMMETpUU oTpe3KoB 3C u pac-
npeaeaeHus] 2JIeKTPOMarHUTHBIX MoJieil Ha 3Tux yactoTtax [2—4]. B atom
ciayyae pacueT DX 3C cBoauTCs K pellieHUIO BHYTpeHHElH KpaeBoii 3a1a-
YKy Ha COOCTBEHHBIC 3HaYeHU [5].

B Hacrosg1ee BpeMs 1151 pellieHus 9TOi 3a1auu CyIIeCTBYET 3HAUUTE b~
HO€ YKCJIO BIYMCIUTEbHBIX TPOrPaMM C UCTTOJIb30BaHUEM KOHEYHO-Pa3-
HOCTHOTO, KOHEYHO-3JIEMEHTHOTO U IPYIUX MOJOOHBIX MeTon0B [5]. Yu-
CJIEHHOE MOJIeJIMPOBaHUE MTPY MPOEKTUPOBAHUY HAYaJIbHOW KOHCTPYKILIUU
MMEET HECKOJIbKO MTPEUMYIIIECTB Mepel dKCepuMeHToM. JlocTynHas au-
arHOCTHKA SIBJISIETCS] HEBO3MYILAIONIEH, TTPSIMOI U BCECTOPOHHE, obec-
MeYMBaIOIIeH NeTalbHBIN B3I HAa GDU3NUYECKUE TTPOIIECCHI B MOJCIUPYe-
MO 1 TeM OoJiee ONTUMU3UPYeMOit cucTeme. YucaeHHOe MoieIupOBaHKe
MO3BOJISIET TAKKE 3HAYUTEIbHO COKPATUTh BPEMsI M CTOMMOCTh pa3padoTKu
npudopa. CylecTByOT M HETOCTaTKH MPY UCTIOIb30BaHU Y MOIEIMPOBAH NS
B KaueCTBE OCHOBHOTO MHCTPYMEHTA B Mpolecce MpoeKTUpoBaHust. OCHOB-



2018, Vol. 2, No. 4, pp. 41-51

HBIMU SIBJISTIOTCSI OTPAaHUYEHUST HA METObI U COOTBETCTBYIOIIM I BHIYMCIIU-
TeJTBHBIN TIpoIIece, a TAaKKe YCIOBHS (DM3MUECKON peaan3yeMOCTH pealb-
HoIi cucTeMbl. B Takux ciiydasix TpeOyeTcst 1o0aBieHUue HOBBIX (PU3NYECKUX
METOIIOB pacyeTa C COOTBETCTBYIOIIEH KOMOBOI MmommepKKoii. Hakonerr,
IU1s1 obecriedeHust 23GHEKTUBHOCTU M TOYHOCTH YMCJIEHHOTO MOJAEIUPO-
BaHUs, TIPOIIECC TTOCTPOSHUST HOBBIX KOTOB JOJIKEH OBITh CBSI3aH C CHCTE-
MaTUYECKOI MPOBEPKOIl MPOrpaMMBbl MO DKCIEPUMEHTATbHBIM JaHHBIM.

OpmHoii 13 mporpamMM, peanusyronieii TpexmepHoe (3D) MogenmupoBaHue
3JIEKTPOMArHUTHBIX MOJIEN 3aMeUISIIOLLUX CUCTEM € IIOMOLIBIO METO/1A KO-
HEYHBIX 31eMeHTOB, saBisiercss ANSYS HFSS [6]. [Iporpamma nmo3BoiisieT
npoBoAuTh pacueT u ontumu3sanuio DX 3C. IIpu aTOM B Heli TpedyeT-
¢ pean30BaTh GOPMUPYIOIINE TOBEPXHOCTH Momenupyemoit 3C, 3amaTh
IPaHUYHBIE YCIOBUS, OCYIIIECTBUTh PacyeT U MOCTIPOLIECCOPHYIO 00pa-
OOTKY COOCTBEHHBIX YaCTOT U pacTpeae/IeHIIT 3JIeKTPOMAarHUTHBIX TTOJIei
cucteMbl. [71s1 aBToMaTU3allMy 9TUX OTepalluii, a TakKe 1151 peaaru3aluu
HE BCTPOEHHBIX B MporpamMMmy aaroputMoB pacuera DX 3C ¢ moMoipo
pasnmuuHbIx MeToguK ANSYS HFSS nMmeeT BO3MOXHOCTb MCIIOIB30BaHUS
CKPUIITOB (TIPOrpaMMHO-0(POPMIIEHHON TOCIeT0BaTeILHOCTH IeCTBHI
JUISl aBTOMATUUYECKOTO BhIMIOJTHEHUS 3aaUM ).

HanHasg paboTa TOCBsIeHa pa3padboTKe METOTUKN MOICTUPOBAHUS
BJIX 3C LICP B nporpamme ANSYS HFSS, aHaiornyHoi skcnepuMeH-
TaJIbHOMY pe30HaHCHOMY MeTony [7]. JlaHHas MeToanKa, OCHOBaHHAsI
Ha pacyeTe COOCTBEHHBIX (PE30HAHCHBIX) YaCTOT KOPOTKO3aMKHYTBIX
1o T10cKoCcTIM cummMmeTpuu orpe3koB 3C LICP u pacnipeneneHus 21eK-
TPOMArHUTHBIX MOJIE HAa ATHUX YacTOTax, peajn3oBaHa B BUIE CKPUIITA
Ha s1361Ke Python. B ckpurite Takke peann3oBaH MpemTIOKEHHBIN aaro-
DPUTM paziesieHus1 OJIM3KO0 Pacro0XKEHHbIX BUIOB KoaeOaHU pe3oHaTOp-
HbIx 3C. [1puBeneHBI TpUMEPHI pacueTa TUCIIEPCUOHHBIX XapaKTepUCTUK
3C L CP B ocHOBHOI1 (pe30HATOPHOI) U 1IeJIeBOI MOJ0cax MpomnycKa-
HUS ¢ UCITOTb30BaHMEM Pa3pabOTaHHOTO alTOPUTMA pa3aeIcHUS BUIOB
KoJjebaHuil. Ha ocHOBe aKcniepMMeHTaNbHBIX JaHHBIX OTIpeaeIeHBI OTl-
THUMaJbHbIE TTapaMeTphl BeruncauTenabHoro npouecca B ANSYS HESS,
obecIrieyrBalolye JOCTaToOYHYy0 ToyHoCcTh pacyera DX 3C LICP npu
MIpHEeMJIEMBIX BpeMEHHBIX 3aTpaTax.

2. O0beKTbl U MEeTOoAbl UCCNefoBaHUs

IIpononbHbIE U MTONEPEYHbIE CEUEHUS UCCIEeAYeMOM 3aMeIIsIoneit
CHUCTEMBbI TUTIA LIETTOYKM MHIYKTUBHO CBSI3aHHBIX PE30HATOPOB C TOBEP-
HyTbIMU Ha 180° 1IeIIMU CBSI3U B COCEIHMX SUeiiKax U TpyOKaMu apeii-
¢a mans! Ha puc. 1. Makets! LICP, ipenHa3sHayeHHBIE TS MCCIIETOBAHUS
B P€30HAHCHOM PEXXUMe, IIPEACTaBIISIIOT COO0M OTpe3KU M300pakeHHOI Ha
puc. 1 cucTeMbl ¢ KOHEYHBIM YUCJIOM sTYeeK, KOPOTKO3aMKHYThIE 110 TJI0-
CKOCTSIM €€ CUMMETPUU.
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Puc. 1. I1pononbHblii 1 monepeynblit pa3pessl 3C tuna LICP
Fig. 1. Longitudinal and transverse sections of the SWS CCC

I1pu nocTpoeHuu rpacuiecKkoii Moaean pa3padaTbiBAEMOIro YCTPOii-
ctBa B mporpamme HFSS nmeercs BO3MOXHOCTb 3a/1aBaTh €ro pa3mMephbl
U TIapaMeTpbl MATEPUAJIOB B BUJIE IEPEMEHHBIX, UYTO TTO3BOJISIET OBICTPO
rnepecTpauBaTh MOJIEJIb, a TAKXKE MTPOBOJUTH ITapaMeTpUUeCKre Uccieno-
BaHUS U ONTUMU3ALUIO ETO XapaKTEPUCTUK.

BxonHbiMu nepeMeHHbIMU TIpy ipoekTupoBaHuu LICP saBasiivch Ha-
0OOpbI U3 AEBATU €€ PA3MEPOB, KOTOPBIE C TOCTATOYHOU MOJIHOTOM U OHO3-
HaYHOCTbIO onuckiBaloT uccienyemole 3C. B kayecTBe npumepa B Tad1. 1
MPUBEJAEHbI OTHOCUTEbHBIE Pa3MEPbI OJJHOTO U3 UCCIEAYEMbIX MAKETOB.
Ta6muna 1. OTHOCUTeNbHBIE pa3Mepbl Moaearpyemoro makera 3C LICP
Table 1. The relative sizes of the modeling design SWS CCC

d./D 1,/D 2rs/D ry/2rs s/t n/rs r/rs o/n
0.335 0.129 2.258 0.5 0.686 0.314 0.755 0.667

Omnpenenenue D/1X paccmarpuBaemMblx 3C OCYIIECTBISIIOCH, KaK yKa-
3aHO BHIIIIE, Ha 3Talle ITOCTIIPOLIECCOPHOI 00pabOTKM pe3yIbTaTOB pacueTa
PE30HAHCHBIX YACTOT U COOTBETCTBYIOIIMX pacIpeaeeHUN ToJIeii OTpe3-
koB 3C, 3aMKHYTHIX 10 IIOIIePEYHBIM IUIOCKOCTSIM 3¢pKaIbHOI CUMMETPUN
9JIEKTPUYECKUMMU WJIM MarHUTHBIMU cTeHKaMu. B Takux orpe3kax 3C Ha
PE30HAHCHBIX YaCTOTaX 3JIEKTPOMATHUTHEIE TT0JI UMEIOT B ITOTIEPEUYHOM
CEUYEeHMU CTPYKTYPY (C BABOE OOJIBIICH aMILJIUTYI01), COOTBETCTBYIOILYIO
MOIIEPEUYHOM CTPYKTYpPE 3aMeIICHHBIX BOJIH OecKoHeuHOI 3C.

MognenupoBanue 31X 3C TpeOyeT B OCHOBHOM JBE OIEpalluu: OIpe-
JieJieHUue COOCTBEHHBIX (PE30HAHCHBIX) YaCTOT OTPe3KOB uccienyembix 3C
LICP u pacnipeneaeHUs 3J1eKTPOMarHUTHBIX IMOJIEN Ha 3TUX yacToTax. Pac-
YeT pe30HAHCHBIX YaCTOT ITO3BOJISIET MOIYyYnuTh I X crcTeMBbI B ee moJjiocax
MPOIMYCKaHUsI, B TO BpeMsI KaK KapTUHA MOJISI MOXET ObITh UCITOJIb30BaHa
IIJISI OLIEHKU MMIIeAaHCa B3aUMOACICTBHUSI.
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Pacuyer B mporpamme ANSYS HFSS ¢ moMolibio MeToga KOHEUHBIX DJIe-
MEHTOB PE30HAHCHBIX YacTOT f,, oTpe3Ka 3C ¢ ynuciom nepronos N 1 orpe-
JieJIeHUE C TTIOMOIIIbIO CIIEKTPAJIbHOTO aHaIM3a pacpeneeHs AIeKTpuye-
ckoro 1noJst Ha ocu 3C cOOTBETCTBYIOLLMX (Da30BbIX CABUTOB (,, TTO3BOJISIET
nonyduth N + 1 touky Ha X 3C mis Kaxkaoil MccieayeMoil ee ImoJIoChl
TIPOITyCKaHMSI.

PesynbTaThl pacuera pe30HAHCHBIX YAaCTOT M COOTBETCTBYIOLIMX pac-
IpeneneHnit mojeit orpe3koB 3C UCITOIB3YIOTCS TaKXKe IS OTIpeaeICHUS
COMNPOTUBJICHUS CBSI3U R, ., n-l MPOCTPAaHCTBEHHON TapMOHUKM Ha Pe30-
HaHCHBIX yactoTax f,, 3C npu BEIMOJIHEHNUH [TOCIEI0BATETbHOCTH CIICAYIO-
wux onepauuii. ITo nusmMmeHeHuo pa3oBoii MOCTOSIHHOM B, #-1 TPOCTpaH-
CTBEHHOI TapMOHUMKU Ha (a30BBIX CIBUTAX ¢,, B MOJOCE MPOMYCKAHU
MOXHO OIpeNeuThb IPYMNIOBYI0 CKOPOCTh v,. Pactipenenenue anekTpuye-
ckoro mtons E(x, y, z) B 3C Ha pe30HaHCHBIX 4acTOTax f,,, MO3BOJISET pac-
CYUTATh CPEIHION0 3aNIaCEHHYIO BO BceM oTpe3ke 3C sHeprulo Ha 9THUX Ya-
croTtax. TakxKe I10 IIpOoA0ILHO cocTaBIIsItoNIei moist E(x, y, ), HampuMmep
Ha ocu 3C, ¢ TOMOIIIbIO CIEKTPATbHOTO aHAIM3a MOXKHO OTNIPEAETUTh aM-
TUTATYIY /-1 IPOCTPAHCTBEHHOM TApMOHWK ¢,,.. JIeTaibHOe OITCcaHue aJl-
roputMma onpenesneHus X v ConpoTUBIEHUS CBSI3U C COOTBETCTBYIOLIUMU
¢dopMmynaMu IipuBeaeHO B padore [8].

TouHocTh MoAearpoBaHus DX KOpOTKO3aMKHYThIX 0Tpe3koB 3C Tuma
LI CP 3aBucut ot MHorux mapamerpoB HFSS, mostomy mj1s1 nx HacTpoiiku
HCTOJb30BAIUCH IKCTIEpUMEHTaIbHbIe DJIX, M3MepeHHbIe Ha pe30HaHC-
HbIX MakeTax 3C IecsTHCAaHTUMETPOBOTO TMAra30Ha JUTUH BOJIH, M3TOTOB-
JIEHHBIX ¢ OOJIBIION OTHOCUTEBLHOI TOYHOCTBIO U 00eCIeurBarONIUX Mo-
TPEITHOCTD B OTIpeNe/IcHNH pe30HaHCHBIX 9acToT MeHee 0.02 %.

JX v npononbHbIe pactpeneseHus mnojeit LICP u3amepsiich MeTogoM
PE30HAHCHOTO BO3MYIIICHN | 7| B KOPOTKO3aMKHYTHIX ITO TIOCKOCTSIM CHM-
MeTpuH oTpe3kax KoHeuHo# miuHbl 3C. HoMep pe3oHaHCHOTo BUIA U CO-
OTBETCTBYIOIINIA cABUT hassl Ha Trepron [1C ompenensiich 1Mo MpoaoIIb-
HoOMY pacnpezesieHuto nojis. Casuru dasel Ha nepuoxa [1C MoxkHO ObLIO
YCTaHOBUTH TaKKe TT0 JaHHBIM CITEKTPaJbHOTO aHajIn3a pacIpeneacHUs
MoJjieil CUCTEM Ha UX COOCTBEHHBIX yacToTax. M3mepenue R., mpoBoau-
JIOCh MOAN(UIIMPOBAHHBEIM METOIOM “‘OMCEPHOro 30HIa” C y4eTOM pac-
MpeaeaeHUs oS B 3a30pe TUEHKM U BIMSIHUS BBICIIHUX MPOCTPAHCTBEH-
HBIX TapMOHMK. ABTOMaTU3MPOBAHHBIN N3MEPUTETHHO-BBIUYNCIUTEIHHBINA
KoMILIeKe [9] obecrieuynBai OTHOCUTENbHYIO TOYHOCTh UBMEPEHUST Pe30-
HaHCHBIX YacToT 5'10~°. [Tpu 5TOM MorpeirHocTs onpeaeaeHus JX He rnpe-
Boimrana 0.02 %, R., — 10 %.

3. PazpeneHune BnpgoB koneb6aHunii 3C LICP npu pacueTe
B nporpamme ANSYS HFSS

Mopnenuposanue (pacuet) 3C LICP B mporpamme ANSYS HFSS npo-
BOAWJIOCH B IBYX MOJIOCAX MPOIYCKAHUsI CUCTEMbI: OCHOBHOM (Pe30HATOP-
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HOI1) u OiKaiiieit K Heit meneBoit. B orpeskax uccineayeMbix 3C yucio
nepuonoB N ObLI0 BEIOpaHO paBHBIM iecTtu (N = 6). B KauecTBe rpaHnY-
HBIX YCJOBUM MCMOJB30BAINCh KaK BJIEKTPUUYECKUE, TAK U MAarHUTHBIC
CTeHKU. XOTsI (PU3NIECKUX MATHUTHBIX CTEHOK HE CYIIECTBYET, OHU MOTYT
OBITh JIETKO CMOJCIMPOBAHbI B KOMITLIOTEPHOM KO/JI€, UTO JieJ1aeT BO3MOX-
HBIM BBIYMCJICHUS JOIMOJTHUTEIbHBIX (HEU3MEPUMBIX) PE30HAHCHBIX Ya-
croT. KauecTBeHHOE pacrnpeneeHre 3JeKTPUYECKUX U MATHUTHBIX MOJIei
¢ pazmmuHbiMU TUnaMmu cuMmMmerpuun LICP Ha oTtoenbHBIX (ha30BBIX COBU-
rax moJisi B pe30HATOPHOI U 111eJIeBOI TTo10caX MPOMyCKaHUs TTPUBEICHBI
BO MHOTHUX paboTtax (CM., Hampumep, [2]).

TouHocTh (pu3nMyecKast aneKBaTHOCTb) pacueTa JUCIIEPCUOHHBIX Xa-
paktepucTtuk (JIX) paccmarpuBaeMmbix 3C (puc. 1) B AByX Iojocax mpo-
MycKaHus (pe30HAaTOPHOM U 111eJIeBOI) B IIMPOKOI MOJIOCE YaCTOT MOBbI-
[IaeTCsI ¢ YBEJMUEHUEM UKCIa PE30HAHCHBIX YaCTOT BUAOB KOJIEOAHUIA.
OaHako Tpy 3TOM MOSIBJISIETCs MpobeMa pa3aeeHus] BUA0B, 0COOEHHO
MpY TIPUOTVKEHUH K TPAHULIAM TI0JIOC TIPOITYCKAHMSI, TaK KaK Ha yJacT-
Kax X ¢ 6oJbIION KpYyTU3HOM U COOTBETCTBEHHO OJIM3KUM PaCIOJIOXeE-
HUEM BHJIOB TTOSIBJISIETCS BO3MOXHOCTD IEPECKOKA PE30HAHCHBIX YAaCTOT
BUJIOB MPU alanTallliu CETKU.

B HFSS mouck coOCTBEeHHBIX 3HAUYCHUI 3JIEKTPOIMHAMUYECKOM CH-
CTeMBbI OCYIIECTBIISIETCS C HEKOTOPOI 3alaHHOI HavyaJbHOM 4acToOTHI f,;,
B CTOpOHY ee yBenmmdeHus. [1pu 3ToM Ha KaxKaoM I1are utepauu (¢ yBe-
JIMYEHUEM Yuciia TeTpadapoB) COOCTBEHHbIC YACTOTHI yBeanuuBaroTcs. [To-
clieiHee TPY YMEHbBIICHUY pa3MepPOB KOHEYHbBIX 3JIEMEHTOB (TETPasapoB)
00yCJI0BJIEHO yBeanyeHueM 3(p(PeKTUBHOM IIMPUHBI 3a30pa d. 1, CAeN0-
BaTeJIbHO, YMEHBIIIEHUEM SKBUBAJICHTHOI €eMKOCTH TOPOUIATTEHOTO PE30-
HaTopa, aBistonierocst ocHoBoii 3C LICP. ITpu yBeimyeHnM COOCTBEHHBIX
YaCTOT B XOJIe UTEPALMOHHOTO ITpollecca B cydae OJIM3KO PaCIIOI0XKEHHBIX
PE30HAHCHBIX YaCTOT MOSIBJISIETCS] BO3MOXKXHOCTh HAXOXIEHUSI HA HEKOTO-
POl UTepaliiy YaCTOThI IIPEALIIYILIETO BUAA (TIepeCcKOKa YacTOT).

Hcnonbp3oBarh nmeromuiicss B ANSYS HFSS MHOroMonoBbIii pexxum
pacueTa COOCTBEHHBIX 3HAUCHUI TTPU BRIYUCIEHUH D] X KOPOTKO3aMKHY-
ThiX 0Tpe3KoB 3C LICP Henb3s1, Tak Kak HEOOXOAUMOE pacrpeaeieHIue Most
BBIIAETCSI TOJIBLKO Ha caMOii HU3IIEH COOCTBEHHOI 4acToTe.

JlaHHy10 3aauyy MOXHO PEeLIUTb, UCOJb3Ysl MpeaBapUTebHbIC UC-
clieayIolIe BEIMUCIICHNSI PE30HAHCHBIX YACTOT B PEXKMMeE ABYX PACIIOJIO-
JKEHHBIX PSIIOM MO/, TIO3BOJISIIONIME BbISIBUTh BO3MOXHOCTh MEPECKOKA,
U MOCJeayIolne U3MEHEHNST HauyaJlbHOM 4acTOThI MMOUCKA [, Tpedye-
MO¥ PE30HAHCHOM YaCTOThI HAa KaXXIOM IlIare aganTtalui KOHEYHO-2Je-
MEHTHOM CETKMU.

J1ns1 peanu3auvy JaHHOM naer ObLUI pa3paboTaH aiIropUTM, OhOpMIICH-
HBII B BUAE CKpUIITA Ha sA3bIKe Python, ocyliecTBASIOMMIA MOACTPOI-
Ky (yBeJIMUeHNEe) HauaJbHOM YaCTOTHI TTOMCKA f;,;, TAKUM 00Pa3oM, UTOObI
HUCKITFOUUTH BO3MOXHBIE MIEPECKOKM.
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Ha puc. 2 npuBeaeHsl pe3yiabTaThl pacueta LICP (pa3Mepsl B Ta0. 1)
¢ GJIM3KO PACITOJI0XEHHBIMU PE30HAHCHBIMY YACTOTAMM IIEIEBOI MOJIO-
Chl mponyckaHus B cranaaptHoit mporpamme ANSYS HFSS (puc. 2, a),
a TaKKe B clIydae MCIIOJIb30BaHUs pa3pab0TaHHOTO anropuTtMa (puc. 2, 6).
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Puc. 2. Pacuet 67113K0 pacnoio)XeHHbIX PE30HAHCHBIX YaCTOT LIeJeBOM MOJOCHI
npomyckanus 3C LICP 8 ANSYS HFSS: @ — npu ctanmapTHOM ITOpsIIKe;
6 — C TTOMOIIBIO TIPEIJIOKEHHOTO aIrTOpUTMa (JINHUM ¢ TOYKAMU — pacyer,
TOYKU — HaYaJIbHbIE YACTOTHI TOMCKA PE30HAHCOB (f,:,))

Fig. 2. Calculation of closely spaced resonant frequencies in the slot passband
from the SWS CCC in ANSYS HFSS using the standard order (a) and using the
proposed algorithm (6) (lines with points — calculation, points — the initial search
frequency of resonances (f,;,))

W3 npuBeneHHoro npuMepa BUIHO, UTO B ciTydyae OJIM3KO pacIIooXKeH -
HbIX PE30HAHCHBIX YaCTOT B KaUeCTBE COOCTBEHHOI YaCTOThI HA HEKOTOPOI
WTepaly HAXOIUTCS YacToTa MpeAbIAyIIero Buaa (CM. Ha puc. 2, a oBe-
JleHre COOCTBEHHBIX YacTOT BUIOB 57/6, 671/6 1IeNIeBOI TTOJIOCH U COOT-
BETCTBYIOILIETO 3HAUEHUS [, ). PaboTOCTIOCOOHOCTh TIPEIIOXKEHHOTO ajl-
ropuTMa pasiesieHusl BUJIOB KojeObaHUl Mpu pacueTe U MOJAEIMPOBAHUU
3C peMOHCTpUpPYET MPUBEACHHBIN YaCTHBIN TIpUMeEp MOBEACHUST COOCT-
BEHHOIT YaCTOTHI BUIa 67/6 IIeIeBOI TTOJIOCH U COOTBETCTBYIOIINX 3HA-
YeHUH £, Ha Kaxnol urepaiuu (puc. 2, 6).

PaspaboTaHHbI CKPUIIT TOJTHOCTHIO aBTOMATU3UPYET MPOLIECC pacue-
Ta COOCTBEHHBIX YaCTOT 1 pacrpeaesieHus] 2JIeKTPOMAarHUTHOTO TOJsT Ha
HUX KOPOTKO3aMKHYTbIX 0Tpe3KoB 3C LICP (B ToM yucsie npu 3HaYUTEb-
Hoit KpytusHe /IX). I1pu aTOM 111 pacueTa rpaHUYHBIX YaCTOT MOJIOC IIPO-
MyCKaHUS UCTIOJIb3YIOTCS KaK 3JIEKTpUUYECKHE, TaK U MAarHUTHBIE OrpaHu-

yuBaromne CTCHKU, 4Y€ro B (l)I/IBI/I‘ICCKOM SKCIIEPUMEHTE CACJaTb HEJIb34.

4. NMNopoop napameTpoB u oueHka aPpPpekTuBHocT ANSYS HFSS

PaccunTaHHbBIE C UCTTOIB30BAaHUEM MPEIJTOXKEHHOTO aropyuT™Ma B ITPO-
rpamme ANSYS HFSS co6erBennbie yactotel oTpeska 3C LICP ¢ kpyroit
X, cocTosiiero u3 1eCTH siueek, B €e pe30HATOPHOM U 11IeJIeBOM MOJI0-
cax IIpOIMyCKaHUs MPUBEICHBI HA PUC. 3.

AH. Casu, M.A. Hakpan, K.I. Baxnaesa | MeTon pasaenenns Buaos konedaHniinpn pacyete xapakrepuctvk 3C LICPs nporpamme ANSYS HFSS

~
\‘



Aleksandr N. Savin, Irina A. Nakrap, Klavdya P. Vakhlaeva | Method of separation of oscillations typesin the calculation of characteristics of SWS CCCin the program ANSYS HFSS

~
(@6

URAL RADIO ENGINEERING JOURNAL

] 1 i ]
E
o 8
£
ey
m &
<
o - = ol -
3.6 3.7 3.8 £TTn
a

= 8- ”
S el § ;s[[ sl &
F-E?h 7= I. ril " 1] i \f)
AR 5 54 a-; &4 o
=
b 5_ 1] 4
g 4 \ |
5 - ] h j:
E . ;_!
E 3 !- I.’

l [ [] I " - [ [ =

5.92 6.0 6.2 6.4 6.6 6.8 70  fITa

6

Puc. 3. Pe3ynbraThl pacueTa pe30HaHCHBIX YaCTOT B PE30HATOPHOM
(a) u menesoii (0) monocax nmpomyckanus 3C LICP B ANSYS HFSS ¢
KCTIOJIb30BaHMEM TPEIJIOXKEHHOTO aJITOPUTMAa
(JIMHUM C TOYKAMM — pacyeT, JMHUU — SKCIIEPUMEHT)

Fig. 3. Results of resonant frequencies calculation in the cavity (a) and slot (6)
passbands of the SWS CCC in ANSYS HFSS with using the proposed algorithm
(lines with points — calculation, lines — experiment)

TouHocTk pacuera pezoHaHCHBIX YacToT 3C B mporpaMmme ANSYS HFSS
orpenessieTcss MHOTMMU IMTapaMeTpaMU, B TOM YMCIIe KOJTUIeCTBOM UTepa-
LM aganTaluu KOHEYHO-3J1IeMeHTHOI ceTKu. [Toabop mapameTpoB (yucia
WTEepalnii) BEIMUCIUTEIBHOTO Mpoliecca 1 MOCIeayIoast olleHKa TOUHO-
CTU pacyeTa COOCTBEHHBIX YACTOT BUAOB MPOBOAUIACH MO COOTBETCTBYIO-
IIIAM 3KCIIEPUMEHTAIBHBIM 3HAYCHUSIM.

OueHKa MOrpeltHOCTH pacyeTa COOCTBEHHBIX YACTOT fyu, BUIOB KO-
potko3aMmkHyToro orpeska 3C LICP B cpaBHEHIM C COOTBETCTBYIOLIMMU
9KCIMEPUMEHTAbHBIMU YaCTOTAMMU f,, U KOJMYECTBO TETPAdAPOB MPU
ONTUMAJIBLHOM YUCJIe UTepallUii, ONPeaesiiollee BbIUMCIUTEIbHbIE pe-
CypChl, MpeaCcTaBIeHbl B Ta0I. 2.

Kaxk BugHo, B pe3onaropHoii monoce npomnyckanus 3C LICP npu no-
CTVKEHMU YMCIa UTepalnii, paBHOTo BochbMU (N2 8), paccunTaHHbIE 3HaUe-
HUS pe30HAHCHBIX 9aCTOT IMPAKTUIECKH COBITATAIOT C SKCITEPUMEHTATBHBI -



2018, Vol. 2, No. 4, pp. 41-51

MH. MakcumaabHOe OTKJIOHEHHE YaCTOTHI Ha HYJIEBOM BHUJIE pe30HATOPHOI
niosiockl (0r/6) cocrasisieT 0.337 %, a B 1ieneBoii nosnoce 0.285 % Ha Bune
17/6. I1pu 3TOM 0O6IIIEe KOTMIECTBO TeTpasapoB B Moaenn 3C He TpeBhI-
maeT 6°10%, uto obecrnieunBaeT MprueMsIeMble BEIUMCIUTEIbLHBIE U BpEMEH-
HBIE 3aTPaThI.

Taomuua 2. [Tapamerpsl monean HFSS kxopoTtko3zamknyToii 3C LICP

B PE30HATOPHOI U 1IEJIEBOM MOJIOcax MPOIycKaHus Ha urepanuu Ne 8

Table 2. The parameters of the model HFSS of the shorted SWS CCC
in the cavity and slot passbands at iteration No. 8

PesoHaTopHas 1moJjoca mpoITyCKaHust
Cagwr da3ssl Ha stueiiky, pan | 6m/6 | 5m/6 | 4m/6 | 3m/6 | 27/6 | lmw/6 | 0m/6
Total Tetrahedra 57 636|48 85256 696 | 51 411 | 50697 | 44 119 | 49413
Delta Frequency Per Pass, %| 0.06 | 0.061 | 0.074 | 0.068 | 0.056 | 0.042 | 0.138
(fraen = Soce) e % — [=0.098|—-0.086|—0.174 | —0.117 | —0.221 | —0.337
IlesneBas rmoJjioca MpoIycKaHust
Cusur ¢asel Ha sueiiky, pan | 17/6 | 1u/6 | 2n/6 | 3m/6 | 4mw/6 | Sn/6 | 6m/6

Total Tetrahedra 5179350 216 | 47 142 | 56 555 | 49 027 | 56 807 | 47 980
Delta Frequency Per Pass, % | 0.008 | 0.006 | 0.014 | 0.023 | 0.02 | 0.034 | 0.029
Fres = Frca)fosens % — 02850239 ] 0169 | 0.136 | 0.092 | —

IMocnenyromye nTepaluy yBeTUIMBAIOT YUCIO TETPASIPOB U TIPU UX
KoymuecTBe Oosee ~7-10* (B JaHHOM ciIydae) TIPUBOASIT K OOJIBIINMM IT10-
IPELIHOCTSIM 1 BbIYMCIMTEIbHBIM 3aTPaTaM.

4. 3aknio4vyeHune

PazpaboTran ajroputm, ocymecTBISIONMIMI MOACTPONUKY HayaJIbHOM
yacToThl morcka BerauciasgeMblx B ANSYS HFSS cobcTtBeHHBIX YacToT
otpe3koB 3C ¢ KpyTbiMU yyacTKamMu JX 1Sl UCKITIOUEHUST BO3MOXHBIX
rnepeckokoB yactoT. [IpuBeneHbI TPUMEpPBI pacueTa JUCIIEPCUOHHBIX Xa-
pakTepuctuk 3C LICP B 0cCHOBHOI1 (pe30HATOPHOI) 1 1LIEJIEBOI Mmosocax
MPOMYCKAHUS C UCITOJIb30BaHUEM pa3paboTaHHOIO aJirOpUTMa pasielie-
HUS BUIOB KoJieObanmii. IIpoBeneHa oueHka ToyHoctu pacuera JIX LICP
B CPaBHEHUU C 9KCIIEPUMEHTAJIbHBIMU XapakTepuctukamu. Mcrosnb3osa-
HUe TIPeIJIOKEHHOTO aJIrOpMTMa pas3ieeHrs BUIOB KojiebaHuil obecre-
YMBaeT aBTOMATU3aLIMIO 1 TOCTaTOYHYIO TOUHOCTh pacueTa DX 3C Ttuna
LI CP nipu npuemyieMbIX BpeMEHHBIX 3aTpaTax. JJaHHBII aIrTOPUTM MOXET
OBITh UCITOIL30BAH TaKXe B Ipyrux 3D-mporpamMmmax mpy aBToMaTU3alun
pacueTa coocTBeHHBIX 3HaueHUid 3C ¢ OJIM3KO pacloIOXKEHHBIMU Pe30-
HAHCHBIMM YaCTOTAMH.
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AHHOTauus. IlpoBeneH aHaaU3 M MTOKa3aHa BO3MOXKHOCTD MCIIOJIb30BaHUS
JIUM curHasioB 1 reTepoanHHOM cxeMbl TipueMa B Y3 JIYM HakinamHBIX Bpe-
MSI-TIPOJIETHBIX pacxomomepax. [lokazaHo, 94To mpu U3MEPEHUSIX Pacxoa Imo
Pa3HOCTSM 3alepKeK B paMKax paCCMOTPEHHOI MOJIEIN B KaueCTBe MH(DOP-
MAaIIMOHHOTO IMapaMeTpa MOXEeT ObITh MCITOJb30BaHa TOJIHAS (ha3a CUTHAJIOB
OueHwmii (3aBUCUMOCTD (ha3bl CUTHAIA OT BpeMeHM ). [IJ1st JaHHOTO citydast Imo-
CTpOeHa MOIIeJIb CUTHaIa OueHuii. [IpoBeneH aHaIU3 MPeaI0XKeHHBIX B JIUTE-
paType, B TOM YMCJIe HAMH, aJITOPUTMOB B KJIacce TTIaIKUX IIEHTPATbHBIX KO-
HEYHO-Pa3HOCTHBIX OLICHOK U MX 9KCTIEPUMEHTAIBHOE UCCIICIOBAHME B paMKax
MmocTaBIeHHOM 3amayn. [ToaydeHHBIE pe3yabTaThl ITOATBEPXKAAIOT 3(DHEKTUB-
HOCTb PACCMOTPEHHBIX METOIOB M3MEPEHMSI PA3HOCTE 3a1epKeK Ha IIPAKTUKE.
PaccMoTpeHHBIE METOIBI TTO3BOJISIIOT ObITh pealn30BaHHBIMU Ha 6a3e coBpe-
MEHHBIX MUKPOKOHTPOJIJIEPOB U TIPU 3TOM SIBJISIIOTCS] CTATUCTUIECKU 3 heK-
TUBHBIMU B paMKaX pacCMOTPEHHOM 3amauu. Pe3ysnbpraTel mpoBeneHHOM pa-
0OTBI MOKa3bIBAIOT 9 (HEKTUBHOCTD MCITOIB30BAHUS PACCMOTPEHHON MONIE/N
CHUTHAJIOB M METOMIOB OIICHKM MX ITapaMeTPOB B 3aJauyax U3MEPEHUI pacxona
pU NOMOIIM YIbTPa3BYKOBbIX HaKIagHbIX JIYM pacxomomepos.

Knioyesble cnosa. Obpadborka curHanos, JIYM curHambl, yabTpa3ByKOBbIE
pacxomoMepbl, HaKJIaaHbIE YIbTPa3BYKOBBIE PACXOIOMEPHI, U3MEPEHMS 3a-
IepKeK, U3MEPEHMS Pa3HOCTEH 3aepiKeK

Analysis of processing features
of ultrasonic flowmeters with FMCW signals

Mikhail V. RonkinlA, Alexey A. Kalmykov

Ural Federal University named after First President of Russia B.N. Yeltsin;
Ekaterinburg, Russia; e-mail: mvRonkin@gmail.com

Abstract. The paper deals with the analysis of features of frequency-modulated
continuous-wave (FMCW) signals and heterodyne scheme of receiving in
ultrasonic clamp-on time-of-flight flowmeters It is demonstrated that the full
phase of time relation may be applied as the information parameter in the case
of measuring the time delay difference in the considered task. The model of
beat signal for this task is proposed. The carried on analysis of existed (including
those proposed by authors) algorithms in the class of smooth centroid finite-
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difference estimators for the task. The attained results prove the effectiveness
of the studied methods of measuring the time delay difference in practice. The
studied algorithms may be implemented on the base of modern microcontrollers
with relatively low computation complexity, being statistically effective within
the considered task. The results of the work prove the advantages of the proposed
approach for the ultrasonic clamp-on flow measurements.

Keywords. Signal processing, FMCW signals, clamp-on ultrasonic flow meters,
ultrasonic flow meters, time delay measurement, time-delayed difference
measurement

BBepenue

PacxomoMepbl XKMIKOCTE, Ta30B U IIapOB B TPYOOIIPOBOAAX [TO3BOJISIIOT
00ecIeynuTh KOHTPOJIb, yIIPaBJIeHUE, aBTOMATHU3aLI1IO TTPOLIECCOB 1 OTITHU -
MM3ALMIO TEXHOJOTUIECKUX PEXXUMOB, 1 KOMMEPUYECKHUI y4eT TTPOayKTa
Ha BBIXOJIE B: 9HEpPreTuKe, He(TSIHOM, ra30BO, XUMUYECKOI U HedTeXu-
MMUYECKOI M BO MHOTHX JPYTUX OTPACISIX MPOMBIIIEHHOCTH. 3HAUCHHUE
KCIIOIb30BaHMSI PACXOIOMEPOB BO3pacTaeT B COBPEMEHHOM MUpPE B CBS3U
C OCTPOiIl HEOOXOIMMOCTBIO MAKCUMATbHOI S5KOHOMUU SHEPTeTUUECKUX
1 BOIHBIX PECypPCOB, KOTOphIE Bce OoJjiee u 0ojiee mopoxaior [1].

B nacrosiee Bpems, KaK TIpaBUJIO, K pacXoIoMepaM TIPeIbsIBISIOT-
csl TpebOBaHUS BICOKOI TOUHOCTH, BbICOKOM CTaOMJIBHOCTY MOKAa3aHUI,
IIMPOKOTO AMaTa3oHa M3MepsieMbIX PACXONOB M MO YyBCTBUTEIbLHO-
CTU K TaKMM YCJIOBUSI UBMEPEHUI Kak TeMIiepatypa, AaBieHue, (prusnuko-
XUMUYECKHUEe CBOMCTBA KOHTpoJupyeMmoii cpeny [1]. OnHuM u3 HauboJee
MEePCIeKTUBHBIX BUIOB PACXOIOMEPOB SIBISIIOTCS YJAbTpa3ByKoBbie (Y 3)
BpPEMSIIIPOJIETHBIE pacxomoMepbl. OHU TTO3BOJISTIOT B OOJIBITMHCTBE CIyda-
€B YIOBJIETBOPUTH HauOoJIee IIIMPOKOMY KPYTY TPeAbSBISIEMbIM K U3Me-
puTesIsIM pacxoaa TpeoboBaHUsIM [1—4].

[TpuHLIMIT AeWCTBUS YABTPa3BYKOBBIX PACXOJ0OMEPOB OCHOBAH Ha 3(-
dekTe 3aMeIeHUS WM YCKOPEHMST aKyCTUYECKIX KOJIeOaHUIA TP pacIIpo-
CTpaHEHUU B IBUXKYILEHCS cpeie MeXIy TepBUYHBIMU MbE30Mpeodpa3oBa-
tessmu (ITIT) [S]. ITpu 3TOM pa3HOCTb 3aJIEPXKEK «I10 MOTOKY» U «I[IPOTUB
MOTOKa» OyJET MPOMOPILIMOHAIbHA er0 cKopocTu. Cxema TaKoro pacxoo-
Mepa ImokasaHa Ha puc. 1.
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Puc. 1. CxeMa BpeMAIIPOJIETHOTO METOA U3MEPEHUST pacxona
Fig. 1. Block-scheme of time-of-flight flow meter
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BeipaxeHus a1l T, — BpeMEHU MPOXOXACHUS Y 3 110 TOTOKY U T, — Bpe-
MEHU TIPOXOKIECHUS BOJHBI IIPOTUB TTOTOKA MMEIOT CIIeAYIOITnii BU [1]:

L L
WE T Wt T (1

c+vsin®’ c—vsin®’
rae L njvHa akyCTUIeCKOro IyTH; 6 yroJl MexKIy HOpMaJlbio M HaripaBJieH! -
eM Y3 Jiyua B KOHTPOJMPYEMOI Cpefie; ¢ — CKOPOCTb 3ByKa B KOHTPOJIUPY-
e€MOI1 cpell; v — CKOPOCTh IoToKa. JIj1s cirydast, n300paxkeHHOro Ha puc. 1,
L=4d/cosb, rne d — BHyTpeHHUI TMaMeTp TpyOOIpoBoa.
B nHaubonee nmpoctom ciiydae MH(GpOpMaALIMOHHBIM TapaMeTPOM SIBJISIET-
csI pa3HOCTh 3aJEPKEK «I10 TTOTOKY» M «IIPOTUB TTOTOKa» [6]:

At=2L(v/c?)sin®, )
rae At — pa3HOCTb 3alIepsKeK.
[Mpu Kcroab30BaHUU YIBTPa3BYKOBOIO MPUHIIMITA U3MEPEHUI pac-
XOJI TTOTOKA BBIUMCIISIETCS HA OCHOBAHMU MMOKA3aHUI pacxomoMepa 1o
dopmye [1]:

2
Q=kAv=k-%v, (3)

rIe k — IOTpPaBOYHBIN KO3(M(MUIIMEHT, 3aBUCIIINM OT CKOPOCTH ITOTOKA,
cpelnbl, FeOMETPUYECKUX pa3MepoB U KOHGUTypaluy Tpydornposona; A —
TUIOLAIb CeUeHUs TPyOOMpoBOaa; v — CKOPOCTh MmoToka [1].

OmHO# U3 OCHOBHBIX ITPOOJIEM YIbTPa3BYKOBOI BpeMsI-TIPOJIETHOM pac-
XOIOMETPUH KUIKOCTEN 1 Ta30B Ha CETOMHSIITHUI TeHb SIBJISIETCS TIOBBI-
IIEHUEe TOYHOCTU U3MEepeHUsl pa3HocTeil 3aaepxek Y3 BoyH. [Ipu aToM
TUITUYHBIA TOPANOK 3HaueHui At ~ 10—100 we, a t,,, 1,, ~10—100 mMKc.
OcobeHHOo naHHas mpobjeMa akTyajdbHa MPU UCIIOIb30BAaHUN OECKOH-
TaKTHBIX YIBTPa3BYKOBBIX PACXOIOMEPOB, MMEIOIINX TIEPBUYHBIC TIPEO-
Opa3oBaTesiu, pacrooKeHHbIe Ha BHEILIHE# cTeHKe Tpyoornposoaa [3; 4].

AHam3 BO3MOXHOCTEH pellleHnsT YKa3aHHBIX BBIIIE 3a71a4 ITO3BOJIS-
€T MPEeATNOJOXUTh MePCIEKTUBHOCTb UCIIOJIb30BAHUSI COBPEMEHHBIX J10-
CTVKEHUI B 00J1aCTH paguoIoKaluu U IU(ppoBoil 00pabOTKM CUTHAJIOB.
B yacTHOCTHU NpY MCMOJB30BAHUHU YIBTPa3BYKOBBIX OECKOHTAKTHBIX pac-
XOIOMEPOB MOKET OBITh IMPETOXEHO TTPUMEHEHNE CIIOXKHOMOIYIMPOBAH-
HbBIX CUTHAJIOB 1 LIM(DPOBBIX AITOPUTMOB UX 00pabOTKHU, YTO MO3BOJISIET TT0-
BBICUTH OTHOIIEHNE CUTHAJI/TITYM MPUHUMAEeMBIX CUTHAJIOB W YBEJTMIUTh
TOYHOCTb X 0OPaOOTKMU.

NMocTaHoBKa n aHaNU3 3agavun

OnHuM U3 Haubosee MePCIEKTUBHBIX METOAOB CIOXKHONW MOIYJISLIMU
CUTHAJIOB SIBJISIETCS JIMHEeHasI-yacToTHast MmonyJisiius (JIYM). B npunoxe-
HUSAX OJIM>KHEN panvoioKalvu, Kak MpaBuiio, ONTUMAJIbHBIN ITPUEM TaKUX
CUTHAJIOB peaJlu3yeTcsl PU MTOMOILIM CXeMbI TaK Ha3bIBA€MOTO I'eTePOIMH-
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Horo npuemMHuka [7]. Cxema KaHajia npueMo-IepenaTymka ¢ KpaapaTyp-
HOIi TeTepOAMHHOI 00pabOTKOI IIpuBeAeHa Ha pUC. 2.
SCu_Q

Q/?\_,

MK Teneparop Su |~ S == Al
] cHrHana N E °
—=| 1 aun

SCm 1 1

Se

Puc. 2. Cxema kaHayia mpueMo-TiepenaTamka
C KBaJIpaTypHOI reTepoIuHHOI 00paboTKOM

Fig. 2. Block-scheme of QI heterodyne based transmitter

IpyHLIMTT paGOTHI CXeMBI, TOKAa3aHHOM Ha pYUC. 2, 3aKITI0YAETCST B CUH-
XPOHHOM M3JTyYEHNH U TeTEPOANHUPOBAHNK TPUHUMAEMOTO cuTHaa. U3
MMOJTYYEHHOM CMeCU CUTHAJIOB BBIACNSIOT HU3KOYACTOTHYIO COCTaBIISIIO-
mryto. IToydeHHBIN CUTHAJI Ha3bIBAETCSI CUTHAJIOM OMEHMUST:

5, (t) = a, exp{i(w(1) +6(7))}, )
[1e a, — aMIUIMTYA CUTHaja OMeHUIA; ®(T) — YacToTa CUrHajla OMeHuI;
0(t) — HauanbHas (paza curHanza OUeHUU, 1Sl KOTOPbIX COOTBETCTBEHHO:
o(1) = 2n£'c; 0(1) = 21/, T, (5)
Tm
e f, — Hecylllasl yacToTa CUTHazia; Af — neBUalus 4actoTsl; 1, — mepu-
OJl MOIYJISIIINN.

CurHan 6ueHuit (5) conepXuUt MH(OpPMaIIMIO O 3aepKKe MPUHSITOMN
BOJIHBI B CBOEI yacToTe M HavyajbHOU (aze. Kak mpaBuio, u3aMepeHuIo
MOJJIEXXUT yacToTa curHaia [8]. OagHako, B cilydyae u3MepeHusl pa3HOCTe
3amepXKeKk HavabHas (paza Takke MOXET SBJISIThCS MH(GOPMATUBHBIM T1a-
paMeTpoM.

Kak 6110 mokazaHo B pabotax [9; 10] curHasisl OueHuit Y3 BpeMsnpo-
JIETHBIX HaKJIaJHBIX PACXOAOMEPOB MOTYT ObITh ONMMCAHbI KaK aMITIUTYIHO-
MOJYJIMPOBAaHHASI CyMMa TI0JIC3HOI COCTABIISIIOIIEH 1 TIOMEXOBBIX CUTHA-
JIoB Ha (oHe OeJioro mryma. JlaHHbIe MOMEXOBbIE CUTHAJIBI, KaK MPaBUIo,
BBI3BaHBI IIPOXOXKIEHUEM Y3 BOJIH II0 CTEHKE TPYOOIIpOBOIa MJIU II0 Ma-
pa3uTHBIM ITyTsIM. [1py 3TOM aMITIUTYAa MOJAE3HOM COCTaBIISIIOLIECI 3HAUM -
TEJILHO MPEBBIIIAeT MOIITHOCTD IITyMa ¥ aMILUTUTYIbI TAPAa3UTHBIX CUTHAJIOB.

Takum obpa3zom, curHaibel ouenuii Y3 HakiaagHoro JIYM pacxomome-
pa MOTYT OBITh ONTMCAHBI KaK:

sy = A exp{i[0(T)t+0(T) |} 5, (1) 50 () + 2, (0);
55 = Ay exp{i[o(t, + ATt +6(T, + AD) [} + ©6)

S pary, (To1 T ATy )+, (Tr) + 25 (1),
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e t,, At — 3aepXKKa U pa3HOCTh 3aepKeK MOJIEe3HbIX CUTHAJIOB OMEHUI;
T,,, AT,; — 3aepKKa U pa3HOCTb 33 PKEK MAPa3UTHBIX CUTHAJIOB OMEHU I
B IMOTOKE; T,, — 3a/IePXKKa Mapa3uTHBIX CUTHAJIOB OWEeHUH, MPOILEAINX 10
CTEHKE; Spary ;> Spar,, — CYMMAPHOE BJIMSIHAE CUTHATIONOLOOHBIX TOMEX THUIIA
NapasUTHbIA CUTHAI, C UBMEHSIOIINECS 3a0EPKKOM; Syary, Spar,, — CYMMAPHOE
BIIMSTHUE CUTHAJIOIIOMOOHBIX TTIOMEX THIIA TTapa3UTHBIN CUTHAN C HEM3Me-
HSIIoUIeics 3anepKKoii; A;, A, — aMIITUTYIHbIE COCTABJISIIOLINE TTOJIE3HBIX
CUTHAJIOB, BKJIIOYAIOLIME AMIUTUTYIHYIO MOIYJISILNIO; z,(7), z,(f) — Oesblil
T'ayccoB mym.

[Tpu BeIMMCIEHNN pa3HOCTH 3amepKeK AT CUTHAJIOB Buma (6) MOXeT
OBITH MPOaHATU3UPOBaHA UX (DYHKIINS, TOCTPOSHHAsI TaK, YTOOBI BIUSIHUE
ITapa3sUTHBIX CUTHAJIOB OBUIO MaKCUMAIBHO CKOMITEHCHpOoBaHo. Takoii a¢-
(heKT MOXKET ObITh JOCTUTHYT MPU COMPSIKEHHOM MTPOU3BENESHU Y CUTHAJIOB:

s(t) = 5,(0)s; (1) =
= dexp{i[o(AT+0AD |} + 5, (1, Ty, AT +2(1), )
rae s(f) — aHaJTu3npyemas BBIOOpKa UTd OLIEHKU AT; (%, T,, AT,) cyMMap-

HOE BJIMSIHHAE Mapa3uTHBIX CUTHAJIOB; z(f) — OeJblil ['ayccoB 1ryM.
[1pu s3TOM, B CMJTy OCOOEHHOCTEM 3a0a4n:

[s@)]>>[20)]; [sO)]> s 0, (2. T, AT,). (8)

Wcnonb3ys oaxomn, MpemaioKeHHbIiA B padorte [11], IMCKpeTHBIN CUT-
Han tuna (7) (¢ = n/f,, Te f, — 4acTo IMCKPETU3ALMN) MOXET OBbITh MPE/-
CTaBJICH B CJIEAYIOIIEM BUJIE:

s(n) = A[1+v(n)]exp{j(w(AT)n+6(A1))}, ©)

rae ® — 49acToTa IMCKPEeTHOIO CUTHaia OMeHUi; v(n) — KOMIUIEKCHAasI
GYHKIMS BUAA:

3

2(1)+5 54 (1)
Aexp{j(mn+6)}’ (10)

rne vy(n) cocrapispollas v(n) cooTseTcTByonias oemomy 'ayccopomy
IyMy; v,,(n) — coctapJisioas v(n) COOTBETCTBYIOIIAs BKJIa1y Tapasur-
HBIX CUTHAJIOB.

®ynakuys 1 + v(n) B BeIpakeHNH (9) SBISIETCS KOMIUIEKCHOM 1 MOXET
ObITh OMKMCaHa CBOMM MoJyJieM U aprymMmeHToM. Toraa curHai (9) MoxXHO
MpeICTaBUTh KaK:

s(n) = A[l+v(n)|exp{ j[o(At)n +0(AT) +arglv(n) +11]}. (11

B Borpakennu (11) MHOXMTENS |1 + v(1)| BKITIOUaeT BIMSHUE 1IymMa z(#1)
1 TIOMEX s, Ha aMILUTUTY/ly CUTHaJIa, a cnaraemoe arg[v(n) + 1] BiusgHue
1ryma z(n) v riomex s, Ha asy curtaina. [1pu BBICOKMX OTHOIIEHUAX CUT-
HaJI/IllyM U CUTHAJI/TIOMEXMU:

V(I’l) =V (}’l) + vpar (n) =
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L+ v(n)|=1;
arg[v(n)+1] = arctan Im{v(n)} / |:1 + Re{v(n)}] =~ Im{v(n)}.

rae Im{(}, Re{(J} — onepauuu nomy4eH1ss MHUMOIA U NEACTBUTETHLHOM Ya-
CTeil KOMIUJIEKCHOTO 3HAYeHUsI.
C yueroM (12) BeipaxeHue (11) MOXET ObITb MPENCTaBICHO KakK

s(n) = s(n)|exp {j [OJ(AT)n +0(AT) + Im{v(n)}]} =
=|s(n)|exp(j arg s(n)).

e |s(n)| — aMIuInTyIa BEIOOPKHU, UMEOIIAS UCKAXKEHMsI, BBI3BAHHbIE I1a-
PasUTHOM aMIUIUTYIHON MomyJsiiveit, u dyHkuueii |1 + v(n)|; args(n) —
¢aza curHaja, ¢ yueToM MCKaXXeHUI, BI3BAHHBIX (DyHKIIMEH v(#).

B ciyyae, eciu v(n) mouMyl11eCTBEHHO MPeICTaBIsIeT COO0M 1IyM, MoJI-
Hasg daza cUTHaJIa MOXeT OBITh alMpPOKCUMUPOBaHa TIPU TTOMOIIN TIPsI-
Moii Buaa args(n) = an + b + ¢, e € — 6eblii mym. Kitacc orieHok napa-
METPOB CUTHAJIOB, OCHOBAaHHbBIM Ha TAHHOM IPEAIIOJOXEHNU ABIIIETCH
KJ1aCCOM IJIaJIKUX LIEHTpaIbHbIX KOHEUHO-pa3HOCTHBIX olieHOK (I'LIKPO)
[12]. Ouenku gaHHOTO Kjlacca SIBISIFOTCS CTaTUCTUIECKUM 3((DEKTUBHbBI-
MU M HECMEIIEHHBIMU JJISI MOJIeJIM MOHOTApMOHUYECKOTO CUTHAJIA, OfI-
HaKO UX MCCAeA0BAaHUM s ciiydast Monesu (7) mpencTaBiisieT HayYHbIA
U MPaKTUYECKUI UHTEPEC.

(12)

(13)

Pe3ynbTaTtbl 3KCNEPUMEHTAaNIbHOIO UCCieA0BaHNS

OCHOBHBIMM aJITOPUTMaMM, MPEACTABISIOIINMY NHTEPEC IUIsT pellle-
HUg maHHou 3agayu B kiacce 'LIKPO, npenioXeHHbIMU B IUTEpaType,
B TOM YMCJIe HAMMU, SIBJISIIOTCSI OLIEHKH 3ae p>KeK 10 HavyaJIbHOM U I10 I10JI-

HOM1 (pa3e BUaA:

VW (m)|s(m)arg s(n)

3w m)|sn)

11 (Nilj/z
Mgy =~ args(n); [11]
oA N, Gl (14)
1 N-1 N-1

A‘EFK:W‘P_I B 2n|s(n)|args(n) +M 2|s(n)|args(n) 5 [14]
0 n=0 n=0

Mpguxcon =are{s 05300/ {5 0530}, 151

rae ATFMCW_ COOTBETCTBYET OLICHKE PAa3HOCTU 3aJC€PKEK CUTHAJIOB oue-
HUM B3BELIEHHBIM METOJIOM HAaMMEHbILIMUX KBAAPATOB, MPEIJIOXKEHHBIM B

AT ppew =
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[13]; At,,,, — COOTBETCTBYET OLIEHKE HaYaJIbHON (ha3bl METOIOM HAMMEHb-
LIKX KBaAPATOB, NPEIIOKEHHBIM B [11]; At,, — COOTBETCTBYET OLIECHKE Ha-
yajabHOM (ha3bl B3BEIIEHHBIM METOJOM HaUMEHBIIMX KBaAPaTOB, C BECOM
ls(n)| mpemnoxkeHHbIM B [14], TI€ ; AT,/ 4c0x — COOTBETCTBYET OLIEHKE TIOJI-
HOI1 (ha3bl, paCCMOTPEHHOI B JaHHOM MPUMEHEHUU, HampuMmep B [15].

Jis1 uccneqoBaHus IIPUMEHUMOCTHY anropuTMoB (14) B yIbTpa3ByKO-
BbIX HakJagHbIX JIYM pacxomomepax ObLI0 MPOBEACHO SKCIIEPUMEHTAJb-
Hoe nccienoBanye. Ha puc. 3 mpuBereHa cxemMa pacIoloKeHNS TIepBIYHBIX
npeobpasosaresneii (I111), ucrosb3oBaHHAS B MPOBEAEHHBIX IKCTIEPUMEH -
tax. Kaxmerit n3 [1I1 momepeMeHHO BEICTYTIAeT UICTOYHUKOM U IIPUEMHU-
KOM curHaja. JIokaulMoHHBIH MyTh CUTHAJIA BKJIIOYAET MTPOXOKICHUE Upe3
CTeHKY Tpyoomposomna (1), KoHTpoaupyemylo cpeny (2), OTpaXkeHHe OT IIPO-
TUBOTMOJOXHOU CTEHKHU U 00paTHbIN MyTh 10 nprHuMaloiiero II1. Cxema
MIPOXOXKIEHMS ITOJIE3HOI0 CUTHAJIa 0003HaYeHa Ha puc. 3 uudpoii 3. Tak-
K€ IPUHUMAaeMBblii cCuraj, UMeeT apa3suTHYIO KOMITOHEHTY, COOTBETCTBY-
fo111y10 TIpsiMoMy ItpoxoxaeHuto ot I1I11 no I1I12 B MeTammnueckoii CTeHKe
(HampaBneHue o6o3HaueHo 1ubpoit 4). [ToMrMMO ONMCaHHBIX BBILIE MYy-
Tel TIPOXOKICHUS BOJTHBI OT UCTOYHUKA 10 TIPUEMHUKA, UMEIOTCS U APY-
rue UCTOYHMKM Mapa3uTHBIX CUTHATIOB, TPUMEP OJHOI0 U3 KOTOPBIX, CO-
OTBETCTBYET ABOMHOMY OTPaXKEHUIO B Cpelie U TMIPUBEIEeH Ha PUCYHKE IO
mudpoii 5.

| |

| mm2 |
hold A
{

Puc. 3. Cxema npoxoxXaeHUsI CUTHAIA B 3KCIIEPUMEHTE
Fig. 3. Scheme of signal propagation in the experiments

Ilpu aHanmu3e KOHGUTYpAIU PACTIONOXEHUS] UCTOYHUKOB U TIpUEeM-
HUKOB YJBTPa3BYKOBOT'O U3JTy4eHHsI UCTIOJIb30BAHO MPEANOJ0XEHUE O JIv-
HEMHOM MOJAEIN pacpocTpaHeHUs1 Y3 CUTHAJIOB B TpyOorpoBoe. [IpaBo-
MEPHOCTh JAHHOTO AOMYILIEHWs MOATBEpKAcHA B padoTax [16].

Bpewms nipoxoxaeHus: Y3 BOJHBI Yepe3 aKyCTUUECKUI TpaKT COOTBET-
CTBYIOLIMI UCITOJIb3YeMOIi KOH(UTYpalIM MepBUYHBIX TpeoOpa3oBateieit
(puc. 3) paccUUTHIBAIOCH CACAYIOIINM 00pa3oM:

(1+N,)d 2h

bia = . + +2%n, (15)
DT (ex TVSiNOL, )OS0, Cop, COSOLey ’
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rae N, — KOJTUYeCTBO MepPeoTPaKeHU i OT MPOTUBOIOIOXKHON CTEHKU TPY-
oomposona, w1 V kondurypamum (puc. 3) N, = 1; d — BHyTpeHHU n1a-
METp TPYOOIPOBOA; ¢, — CKOPOCTh 3BYKa B KUAKOCTU; O, — YTOJI BBOAA Y3
KoJIeOaHUM B XKMIKOCTb; A — TOJIIIMHA CTEHKU TPYyOOIpOBOJA; C.; — CKO-
DPOCTb 3BYKOBOI1 BOJIHBI B CTEHKE TPYOOIIPOBO/A; 0. — YTOJ BBOJA Y3 BOJI-
HbI B CTEHKY TPyOOINPOBOA; Ty; — COOCTBEHHOE BPEeMs 3a€PKKU B MPU-
3Me Mbe3oIpeopbazoBaTesl.

7151 IpoBeIeHUS 9KCIIEPUMEHTATBHBIX pabOT MCITOJIb30BaHa SKCITepH-
MeHTaJbHas 11aTa mpuemo-nepeaatomiero kanana CBPJI ¢ JIUM, Bkitoya-
foI11asi aHAJIOTOBhIE ¥ HU(POBBIE OJI0KU U3IYYECHUS K 00padOTKY CUTHAIA.
briok-cxema pa3paboTaHHOI TJIaThl MPUBEAEHA Ha puc. 4.

5 6 7 8 9 10— T 113
| — > ® 14
12 1 HK
2| -
- }‘g L < cy SPI |13
1 — MK
5 4 3 2 1

Puc. 4. biok-cxema NpUEeMO-IICpeaaroero KaHajaia MakK€THOTO 06pa3Ha
MCITOJIb30OBAHHOTO B SKCIIEPUMEHTAaX

Fig. 4. Block scheme of transmitter channel used in the experiments

Cxema (cM. puc. 4) paboTtaeT cleaylolM 00pa3oM. YIIpaBjieHue Ipo-
MU3BOIUTCS TIPU MOMol MUKpokKoHTposuiepa (MK) o6o3HaueHHOro 1md-
poii 1. M3nyyaemblii curHaia (hOpMUPYETCsT IIPU TTOMOIIM CXeMBbI TIPSIMO-
ro nudposoro cuHte3a 9acToThl (ITCY) 2. BeIXogHOM cUTHAN yCUIMBaeTCs
IO HaTIPSKeHUS TIMTaHUS TIPY TIOMOIITY YCUTUTENS 3 1 yepe3 TpaHchopma-
TOp 4 TOCTyMaeT Ha cxeMy TepeKIIIoUeHuUsl MMhe3ompeodpazonareseit 5. Cur-
HaJ ¢ TpaHc(opMaTopa, uepes KITIouu, MOCTYIaeT Ha Ibe30Ipeodpa3oBatesib
ckoHdurypupoBaHHbIii Ha uzaydeHue (M1 wiu TTI12). Takke nznydaemblii
CHTHAJI TIOCTYTAeT Ha BXOI CMEeCUTeNIS 8 B KauecTBe onopHoro. [TpuHumae-
MBIi1, 3a/Iep>KaHHBIN CUTHAJ IIPOXOINT Yepe3 mosiocoBoii prtbTp (ID) mpo-
MBILUIEHHBIX YaCTOT 6, Y IIPELYCTEINUTh 7. Y CUIICHHBII CUTHAJI ITOCTYIaeT Ha
BX0J1 cMecuTesist 8. BbIXOIHOM CUTHAT cMecuTesIsi UMeeT CUTHAJIbI pa3HOCT-
HOI, TAK ¥ CYMMapHOI 4acTOT. BbIcOKOYacTOTHAsT cocTaBIsItoniast huabTpy-
€TCsI TI0JIOCOBBIM (DUJILTPOM 9. YCeUuTe b C MporpaMMupyeMbiM Koadduiim-
eHToM ycuieHus (I1pY) ycunuBaeT HarpsikKeHUeE 10 OIIOPHOIO HATIPSKEHYST
ALIT 12. YnpasneHue nporpammupyemMbim ycuiuteiaem u [TCY ocyiecTs-
nsiercs ripu oMoty muHbl SPI 13. OmdpoBaHHbBIe TaHHBIE 00padaThIBa-
1otcst Ha MK 1 u nepenatorest Ha ITK 16 mo nportokosny ctangapta RS-232.

HccnenoBanust pa3paboTaHHBIX aJITOPUTMOB ITPOBOIMIIMCH IIPU TTIOMO-
IV THIPaBIMYECKOTO KOHTYpa, Ha KOTOPOM ITOMEIIAINCH IIEPBUYHEIC YITb-
Tpa3BykoBbie TipeodpazoBateiaun (ITIT). biok cxema UCIONb3yeMOro KOH-
Typa rokaszaHa puc. 5.
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Puc. 5. biiok cxema MCITOJIb3yeMOT0 B 9KCIIEpUMEHTaX
TUIPaBIMIECKOTO KOHTYpa

Fig. 5. Block scheme of hydraulic circuit used in the experiments

biiok-cxemMa Mcrnoab3yeMoro rupaBiMyecKoro KOHTypa, MpuBeaeH-
Hasl Ha puc. 5, COOEpKUT pe3epByap ¢ Bogoii (1), Hacoc (2), 3aaBrxKy (3),
neMIibepHbIii 6ak (4), aTaJOHHBIN pacxomoMep (5), padounii yyactok (6),
COEMMHEHMH TTPY TIOMOIIN COETMHSIONINX YCTPOMCTB (7), Ha KOTOPOM ITO-
MellleH ucciieayeMblii MakeT (8). 3amepkka At 3agaBajiach MyTeM peryJiu-
pOBaHUS pacxoja B TUAPABINIECKOM KOHTYpPE TIPU TTOMOIIM 3aIBVKKU
(3). demnipepHblil 6ak MCIOIB30BAJCS AJIsl rallleHUsI TyJibcalldii Hacoca
(2). BennunHa 3amaHHO# 3aaepKKHA KOHTPOIMPOBaIach Py IMIOMOIIM 3Ta-
JIOHHOTO pacxoaomepa (5).

HccnemnoBaHus aITOpUTMOB TIPOBOIMIIMCEH ITyTEM UCTIOTb30BaHUSI CMEH-
HBIX YUaCTKOB TPYOOIPOBOIA U3 MEAU U U3 cTajiv (7, CM. pUc. 5) pa3anyHO-
ro nuameTpa. Mcronb3oBaics cTaabHOM TpyOoIpoBoa auaMeTpom 100 Mm
(TONIIMHA CTEHKU 2 MM) M MEJHbII TPyOOTTpOBOI AMaMeTPOM 32 MM (TOJI-
murHa cTeHKU 3 MM). CTaJabHOI TPYOOIIPOBOI SIBJISICSI MOAEIbIO CUTHAT
C XOPOILIO pa3peliaeMbIMU TTOJIE3HON U Mapa3uTHOM COCTaB/SIOIMMU, Ha
doHe mapasuTHON aMIUIMTYTHOM MOMYJISIIINK. MeaHBIN y9acTOK TPyOo-
MPOBOJIa MOJEIMPOBAJl CMECH MOJIE3HOTO CUTHAIA Ha (DOHE OOJIBIIIOTO YK-
cJ1a OJTM3KOPACITOIOKEHHBIX TTapa3UTHBIX CUTHAJIOB (Hepa3pelraeMbIx) Ha
¢oHe Mapa3suTHON aMIUIMTYAHONH MOAYISILIUU.

Ha puc. 6 npuBeneHbI BUIbl CUTHAIOB OMEHMIA M UX CIIEKTPHI IS 00pa3-
LIOB ¢ pazaefsieMbIMu (cTajbHOU TpyoornpoBoa d = 100 mm) (a, 6) 1 Hepa-
3aensieMbIMU (MeIHBIN TpyoorpoBon d = 32 MM) (8, ) MOJIE3HBIM U Mapa-
3UTHBIMU CUTHAJIaMU, TTOJIyYeHHBbIE B 3KcIepuMeHTaX. CrieKTphl TOKa3aHbl
B 00J1acTH 3HaYeHMH OT () O TTOJIOBUHBI YaCTOTHI MUCKPETU3AIINH.

[TonyyeHHBIE B 9KCIIEPUMEHTAX CUTHAJIbI, TUTIMYHBIA BUI KOTOPBIX MO-
Ka3aH Ha puc. 6, 00pabaTbIBAJINCh CIEAYIOIINM 00pa3oM:

1) mpoBoOAMTCS yceueHMe BIOOPKU B Hauajle U B KOHLIE, B pe3yJIbTaTe KO-
TOPOTO YOUPAKOTCSI TAK HAa3bIBa€MbI€ «30HbI OOpalieHus» JIYM curHaios;

2) BBIMOJHSIACH IpyOast OlLieHKA YacTOThl CUTHaJa METOAOM TOKUCKa
MaKCHMyMa TTHKa B CTIEKTpe, TToydeHHOM MeTtonoM bI1d;

3) ocyuiecTBiaseTcs: (puabTpaLusi BHIOOPKU MPUHSITOrO CUTHAJA U/WUn
npeobpazoBanue I'mindpera;
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4) Npou3BOIUTCS 0Ope3Ka HaYaIbHbBIX U KOHEYHBIX 3HAYEHUI BEIOOPKHU
(pMIBTPOBAHHOTO CUTHAJIA, OTIEPALIUS CBSI3aHA C UCKITIOYEHNEM 30H, ICKa-
SKEHHBIX TTPU GUIBTPALIMY CUTHAJIA;

5) coBepiIaeTcs orepaly BEIYMCIEHNS] HCKOMOI OLIEHK.

m
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Puc. 6. TunmmuHbie cUTHAIBI OMEHUIA U X CIIEKTPHI 1711 00pa3LoB CTAIbHOM
tpy6onpoBon d = 100 mm (a, 6) u MeaHbIi TpyGomipoBon d = 32 MM (8, &).

Fig. 6. Typical beat signals and it spectrums for samples of steel conduit = 100
mm (a, 6) and for copper conduit d =32 mm (s, ¢)

B nipenioskeHHO peanu3aiy aaropuTMa GUIBTpalvs 1 mpeodpa3o-
BaHUE TUILOEepTa peaausyroTcs B CJEAYIONIEM BUIE:

se =ifft{ fit(sp) H}, (16)
e fft, ifft — onepaumu npsiMmoro 1 o6patHoro npeodpazoBaHuil Pypee; s, —
BBIOOPKA KOMIUIEKCHBIX 3HAUEHU ! CUTHANA; S, — BIOOPKA NeHCTBUTEIb-
HBIX 3HaUYeHU# curHana; H — BeIOOpKa ¢rIbTpa BUIa:

H(f)= 2, felfy, ful ,
0, f<fr, [>1u
rae f, .f,, — HYXKHSISL 1 BEPXHSIsl YaCTOThI CPe3a CUHTE3MPyeMoro (huiibTpa.
B nnpoBeneHHbIX 3KCIIepUMEHTaX MOJyYeHHbIE CUTHAJIBI AaHAIM3UPOBa-
JIVCh KaK ¢ IBYMS BApUaHTaMU [f;, f,;] B @yHkumu (17): BapraHT 6€3 hrib-
Tpauuu, Korna f, = 0; f, = f. /2 u ¢ dunwvrpauueit, korna f, =f, ... — 3/T,;
Ju=Fovarse T3/ T s THE 1 0ree — TPEABAPUTETIBHO MTOJTYYEHHASI OLIEHKA YACTOTHI.
Ha puc. 7 a—e npuBeneHbl rpadrKu 3aBUCUMOCTE! CMEILIEHUS PE3YJb-
TaTOB OIIEHKW M3MEHEHUI TIPY TTOMOIIN aHATM3UPYEMBIX aJITOPUTMOB M3~
MEPEHUI pa3HOCTH 3aiePXKeK (84., %) OTHOCUTEIBHO 3aJaHHOTO 3HAYECHMSI
(Ar, HC) m1s1 cTaNnbHOTO TPYOOIIPOBOAA O3 IIPOBEACHMS IIPEABAPUTEIbHOM
¢unbTpauuu (a), CTaabHOTo TPYyOOIIpOBO/IA C IpeaABapUTeIbHON (DUIbTpa-
et (6) 1 MemHOro TpyooIIpoBoaa ¢ huiabTpaLuei (6).

(17)
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Puc. 7. 3aBUCUMOCTHU CMEILIEHMS pe3yJIbTaTOB OLIEHKU U3MEHEHU I 3a7ePXKKH,
MOJyYeHHbIE TTPY TTOMOIIY aHATU3UPYEMbIX aJITOPUTMOB M3MEPEHUIT Pa3HOCTH
3aiepkeK (8,,, %) OTHOCUTEIBHO 3aAaHHOTO 3HaYeHUsI (AT, HC)

IUTS CTAJIBHOTO TPyOOIIpoBOIa 6e3 TpoBeneHHYsI ITpeIBapuTeIbHON (DUIBTpALIUKI
(a), cranbHOrO TPYOOIPOBO/A C TIPEABAPUTEIbHOM (hubTparueii (6)

1 METHOTO TpyOOmpoBoaa ¢ MpenBapuTeIbHOI (puabTpanueii (8)

Fig. 7. The relations of estimation biases of time delay difference, which obtained
by the analyzed algorithms of time delay difference (3,,, %), to set value (At, HC)
for steel conduit without preliminary filtration (a), for steel conduit with
preliminary filtration (6) and for copper conduit with preliminary filtration (8)

AHam3 pe3yIbTaToB, IPUBEICHHBIX Ha PUC. 7, TIO3BOJISIET CIEIATh BbI-
BOJI O IPEMMYLLECTBAX UCTIOIBb30BaHUS OUEHKU AT -y, B 3aJa4aX U3MEPEHU I
pacxona ¥3 JIYM HaknagHbIMU pacxogoMmepaMmu. CMmellieHre pe3yabTaToB
Aty HAXOAUTCS B MUANa30HE 8—2 %, YTO COOTBETCTBYET TEOPETUUYECKI
OXHMIAEMOMY TUATIa30Hy, CBI3aHHOMY C BIMSTHUEM ITOITPaBOYHOTO THAPAB-
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Jmyeckoro koadduumenTa [17]. Ilpu aToM 115 cliydast CTaJJbHOI'O TpyOO-
MPOBOJIa CMELIEHUE OLIEHKU ATy, IS CITyYaeB ¢ huabTpauueil u 6e3 Hee
paznmyaercs B cpenHeM Ha 0.1 % B GoJibliIeli YacTh KCCIIe0BaHHOTO IMaria-
30Ha pacxo0B (1 COOTBETCTBYIOIIMX UM At). Anroputm otieHku MAXCORR
MOXET OBITh UCITOJIb30BAHBI IIPU MTPOBEACHUHU MPEABAPUTENBHON (DUIIb-
TpaIuH IS CITydast XopoIro cortacoBaHHbIX 111 m cteHku Tpy6GompoBoma
(cranbHOM TpyOOMpPOBO + bubTparus). JJocTOMHCTBOM JaHHOTO aropuT-
Ma T10 CPABHEHUIO C AT,y ABISAETCS 00JIee HU3KAasl BBIYMCIUTENBHAS CIIOXK-
HOCTb, OTHAKO B OOIIIEM clTyyae JaHHbII alTOPUTM 00ecTiedrBaeT 00JIbIIOe
CMelIeHNe 1 TpedyeT Oosiee TIIaTeIbHOTo nombdopa napaMmeTpoB. OLieHKHT
Atg,,,, Atp 00ECTIEUMBAIOT HAMOOJIbIIIEE CMELLIEHUE CPEIU TTPOAHAIU3UPO-
BaHHBIX aJITOPUTMOB BO BCEX CITyJasX.

3akno4yeHue

IIpoBeneH aHanu3 0coOEHHOCTEM 00PaOOTKM CUTHAIOB YJIbTPa3ByKO-
BBIX PACXOJIOMEPOB C INHEHHO-YaCTOTHO MOYJIMPOBAHHBIM U3TYyYEHUEM.
IToxa3zaHa BO3MOXKHOCTb UCIIOJIb30BaHUs JIYM cuUrHaaoB U reTepoarH-
Holi cxeMbl preMa B Y3 JIYM HakjIagHBIX BpeMsI-IIPOJIETHBIX PacX0O0-
Mepax. Ui maHHOTrO ciyyasi rmoka3zaHa NPUMEHUMOCTb MOJIeJIM CUTHA-
Jla OMEHU, MPeACTaBIsIONIeTO COO0M aMIUIUTYIHO-MOIYJIMPOBAHHYIO
CMeCh TI0JIE3HOM U Mapa3uTHBIX COCTaBISIONIMX Ha ¢oHe Oesoro I'ayc-
coBa wyma. [IpryeM aMnanTyna noJjie3HOM COCTaBIISIIONIEH MpeBhILIaeT
MOIIIHOCTb IIIyMa U TTIOMeX.

[TokazaHo, YTO MpU U3MEPEHUSIX pacxoia Mo Pa3HOCTIM 3aaepKeK
B paMKax pacCMOTPEHHOI MO B KauecTBe MH(OPMALIMOHHOTO Tapa-
MeTpa MOXET ObITh UCITOJIb30BaHa MoJiHas (pa3a CUrHaI0B OMeHU (3aBU-
CUMOCTb (pa3bl cUTHajIa OT BpeMeH! ). TaKoii Ioaxo I03BoJISIeT [IOBBICUTD
TOYHOCTD 3a CUET MOBbIIIEHUST UH(MOPMAIIMM COOTBETCTBYIOIIEH n3Mepe-
HUIO TI0 CPABHEHUIO C TPAAUIIMOHHO-UCMOJIb3yeMbIMU OLIEHKAMHU I10 Ya-
CTOTEe CUTHaJoB OueHuii. [1pu 3TOM TpeaIoKeHO UCIOAb30BaHNE ajro-
PUTMOB B KJlacce TJaJKUX LIEHTPaJbHbBIX KOHEYHO-PA3HOCTHBIX OLIEHOK
N1 U3MepeHuid. JlaHHbIe airOPUTMbI UMEIOT HU3KYIO BBIYUCIUTEIbHYIO
CJIO>KHOCTD M 00€CIIeUMBaIOT CTaTUCTUYECKU 3(h(HEKTUBHYIO OLEHKY IS
MOJIEIM MOHOTaPMOHMYECKOTo CUTrHaia Ha ¢hoHe Oestoro ['ayccoBa myma.

ITpoBeneH aHanM3 NpenioXeHHbIX B JIUTEPATYpe, B TOM YMCJIe HAMU,
OLIEHOK B PaCCMOTPEHHOM KJIacCe U UX IKCMEPUMEHTaTbHOE UCCIen0-
BaHME B paMKax IMOCTaBJeHHON 3amauu. [ToayuyeHHble pe3yabTaThbl MO -
TBepxAatoT 3(h(heKTUBHOCTb PACCMOTPEHHBIX METOJ0B U3MEPEHUsI pa3HO-
cTeld 3aaepxek Ha mpakTuke. [Tpu 5ToM rmoka3aHbl MPeUMyIlecTBa OLIEHKU
Aty 0n- CMELEHNE U3MEPEHHBIX PE3YIbTATOB, MOJTYYEHHBIE B XO/IE SKCITe-
PUMEHTOB, [UIsl JaHHOM OLICHKM HaXOASTCs B IMana3oHe ot 2 10 8 %. Dt1o
COOTBETCTBYIOT TEOPETUUYECKU OXKUIaEeMOMY TMAIa30Hy, KOTOPbIi CBsI3aH
C HEOOXOIMMOCTbBIO BBEIECHUSI ITOIIPABOYHOTO I'MAPaBINYECKOro Koappu-
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LIMEeHTa, KaTMOPOBKA KOTOPOTO He ObLila MPOBeAeHA B CUITY OTCYTCTBUS TeX-
HUYECKOI BOBMOKHOCTH.

PesynbTaThl poBeneHHOI pabOThl OKa3bIBAIOT 3(PHEKTUBHOCTD UC-
MTOJTb30BaHUS PAaCCMOTPEHHON MOJIEIN CUTHAJIOB M METOIOB OIIEHKHN WX
rnapaMeTpoB B 3aJayax U3MEPEHUI pacxola Mpu MOMOUIY YIbTPa3ByKO-
BbIX HakJIagHbIX JIYM pacxomomepoB. Takke cieayeT OTMETUTh, 9TO pac-
CMOTpPEHHbIE METOIbI TTO3BOJISIOT ObITh peaIM30BaHHBIMU Ha 6a3e CoBpe-
MEHHBIX MUKPOKOHTPOJUIEPOB.
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Verified simulation of waveguide inhomogeneities
in Keysight EMPro 2017 software
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Abstract. In this paper numerical simulation of inhomogeneities in rectangu-
lar and circular waveguides at microwave, using the finite element method in
Keysight EMPro 2017 CAD, with experimental data verification are considered.
A sphere is used as a typical heterogeneity. Four samples of materials are con-
sidered: copper, paraffin, acrylic resin and texolite. A description is given for the
modeling the electrophysical parameters of these materials in a computer-aided
design system. A comparison of numerical and experimental data for a rectan-
gular waveguide is made. The selected materials are of primary concern for the
study and demonstrate various electrophysical parameters.

Keywords. Waveguide, sphere, finite element method, modeling, ECAD,
reflection coefficient

SKcnepumMmeHTasibHO BepudunumposaHHoe
MoAaenMpoBaHue HeOAHOPOAHOCTEN
B BOJIHOBOoAax B nporpamme Keysight EMPro 2017

K.M. 3etide

Vpanbckuii penepanbHbiil yHUBepcuTeT UM. nepBoro [IpesunenTta Poccun
b.H. Exbuuna, r. Ekatepun0ypr, Poccus;
e-mail: k.m.zeyde@urfu.ru

AHHOTaumsa. B raHHO# paboTe paccMaTpUBaETCsl YUCJIEHHOE MOACIUPOBAHUE
HEONHOPOMHOCTEN B IPSIMOYTOJILHOM U KPyTJIoM BosiHOBoaax Ha CBY, ncnosb-
3ys1 MeTon KoHeuHbIX 2sieMeHTOB B CAITP Keysight EMPro 2017, Bepuduiiu-
pyeMoe 3KCIepUMeHTaIbHbIMU TaHHBIMU. B KauecTBe TUMOBON HEOTHOPOI-
HOCTH HCTIOJb3yeTcs cepa. PaccMaTpuBaroTest YeTbIpe 00pa3iia MaTepUasioB:
Melb, TapauH, OPrCTeKJIO U TeKCToauT. [IpuBoaUTCS onucaHue crnocoOoB
OMNUCAHUS JEKTPO(PU3NUECKUX ITapaMETPOB STUX MAaTEPUAJIOB B CUCTEME aB-
TOMaTU3UPOBAHHOTO MPOEKTUPOBaHUS. [IpUBOIUTCS CpaBHEHUE YMCIEHHBIX
U 3KCIEPUMEHTABHBIX TaHHBIX 711 TIPSIMOYTOJIbHOIO BOJIHOBO/AA. BhiOpaH-
Hble MaTepuabl JEMOHCTPUPYIOT Pa3IUYHbIE 2JIeKTpodUZNIYECKUE mapame-
TPBI ¥ MIPEACTABJISIIOT OCOOBII MHTEPEC 1T U3YYCHUSI.

Kntoyesble cnosa. BonHoBox, cepa, MeTo1 KOHEUHBIX 2JIEMEHTOB, MOJIE/I -
poBanus, CAITP, koadduureHT oTpaxkeHus
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1. Introduction

The restoration of the electrophysical parameters of inhomogeneities
distinguishable in the transmission line with cavities, such as a waveguide is
the main requirement of the work. The basis of this study, including the use
of numerical methods of electrodynamics is described [1]. The generalized
methodology must be verified, due to the lack of uniqueness of the solution
when using numerical methods, as well as to conduct modeling with con-
trolled accuracy. ECAD EMPro with a FEM engine to solve the problem is
used in the study. As a typical inhomogeneity, for which a full-scale verifi-
cation was performed, a sphere with different electrophysical parameters is
used. Both rectangular and circular waveguides operating on microwave are
considered. An effective mathematical apparatus for analyzing diffractions
on inhomogeneities in a circular waveguide is presented [2].

Numerical simulation of inhomogeneities in waveguides, using the fi-
nite element method, with experimental verification is considered in this
paper. Data on the numerical analysis of such systems are presented [3]. In-
formation on the numerical simulation of materials in EMPro is presented
in the book [4].

Experimental investigations have been conducted initially. Its detailed
descriptions are presented in the works: [5—7]. The measuring system is
presented in the work [8], however, the measurement method is funda-
mentally different and the reconstruction of Mie equations for closed
space is used.

2. Simulation

Two types of waveguide operating in single mode in the microwave
range: rectangular 23 x 10 mm and circular with the radius 15 mm are an-
alyzed. The simulation is carried out in accordance with the stable mode
of the experiment at frequencies 8—12 GHz. As a reference inhomoge-
neity, a sphere with a radius of 2.25 mm is used, which corresponds to
the Rayleigh range.

EMPro with FEM solver is optimized in manual mode to achieve the
required accuracy, without taking into account the possibilities of time-
precision optimization, since at this stage the study of the possibility of re-
ducing the simulation time without loss of accuracy is not a priority. Mesh
optimization of dielectric objects is performed using the previously ob-
tained algorithm [9].

Table 1 demonstrates sample materials that are studied in this work. The
table presents the experimental parameters of materials (except for copper,
the conductivity (o) of which is taken from reference sources) based on the
results of work [10]. The table uses the classic notation, where Im(g,),,,— the
value of the imaginary part of the permittivity at the relaxation frequency f,,
of the dielectric.
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Table 1. Parameters of the studied materials

N Material Parameters for &—12 GHz
1 Copper 6=5.8-10",S/m
2 |Acrylic resin Re(e,) = 2.53-2.57;
Im(e,) =0;
Re(y,) =1;
Im(y,) =0.
3 Paraffin Re(e,) = 2.14-2.30;

Im(e,) = 0.24—0.47,

Re(y,) = 1-0.90;

Im(y,) = 0-0.15.

4 |Texolite Demonstration of a causal nature [11].
Re(g,) = 3.57-2.12;

Im(e,) = 1.39—-0.30;

Im(e,),, = 2.00;
Re(y,) = 0.90;
Im(y,) = 0.20—0.23;
f..=9.77 GHz.

2.1. Simulation parameters

We are drawing to exact modeling, in this regard the waveguides materi-
al corresponds to that used in the experiment, namely copper. The air box
is modeled in the waveguide cavity. Waveguide ports are configured for a
single mode regime for the fundamental waves as a rectangular and circu-
lar waveguide.

An adaptive type of frequency plan is used. Maximum number of ana-
lyzed points is 200. Solution stopping criterion AErr = 0.002 — relative er-
ror. Target initial mesh size equal to (A, /10), where A, — wavelength at
maximum frequency. Solver uses the 2" order discretization for direct ma-
trix solution. An adaptive finite element mesh is superimposed on the struc-
ture. Heterogeneity has a local mesh size optimized by the principle of max-
imum electrical significance [9].

2.2. Description of material parameters

To achieve the goal of high-precision modeling, when describing the pa-
rameters of materials, functional algorithms are used. Consequently, in the
case of the metal sphere (/N 1 in table 1), when setting the parameters, the
surface conductivity correction is selected. In this case, volumetric finite
element mesh is generated. This procedure significantly increases the cal-
culation time, however, it was obtained that the influence of the skin lay-
er affects the parameter more significantly than the total computational and
measurement errors. Even a visual assessment of the results shows the differ-
ence. Due to the fact that in this paper the problem of minimizing or search-
ing for modeling errors is not solved, no accurate analysis and assessment of
this effect is implemented.
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When modeling acrylic resin (N 2 in table 1), based on the values of ta-
ble 1, the magnetic permeability of a material is as free space. This assump-
tion is justified and does not cause doubts, by virtue of conducting an ex-
periment on the microwave.

The assignment of electrophysical parameters of paraffin (/V 3 in table 1),
is similar to the case described above, except for the fact that the specifica-
tion of magnetic permeability is mandatory.

The most difficult is the modeling of complex materials, the frequen-
cy curl of the parameters of which demonstrates a causality character,
due to various kinds of impurities, which leads to the emergence of new
types of material polarizability. In this paper, such materials are texolite
(composite epoxy material). EMPro has all the necessary functionality
to describe such materials. We use the classic description of the materi-
al by Djordjevic [11]. It has much in common with the Debye character-
istic (in the open literature, sometimes these concepts are identical). In
general, it is not difficult to move from the Debay description to Djord-
jevic, since the second one is broader. Using the terms of the Debye re-
laxation we have:

Sr(f)zngrL

(/7). :

where ¢ — the dielectric constant of the material at frequency goes to infin-
ity and Ag — difference in value for extreme frequencies of analysis. Djord-
jevic description is as follows:
e (f)=e.+a-mndet IS o
furiof
The indisputable advantage of the expression (2) is the complex na-
ture of the magnitude, which corresponds to the dielectric with losses,
as in our case (/N 4 in table 1). The coefficient of magnitude a is not set
manually, but is calculated automatically by EMPro. However, it is not
difficult by varying this value to achieve a complete (or almost complete)
correspondence between (1) and (2). In our case a = 3.2. Values f}, and
f, — extreme frequencies of analysis. Obviously, f, = 12 GHz and f, = §
GHz. In accordance to material specification the evaluation frequency
f has to be specified. This frequency is the frequency of the correspon-
dence of the electrophysical parameters to the classical complex form.
Empirical method gives compliance between f,,, and f;. In the calcula-
tion of the model, the equality f,,, = f is used. Fig. 1 shows a comparison
of two frequency characteristics for material N 4. This shows the com-
plete validity of using the algorithm for describing material parameters
through the EMPro environment.
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Fig. 1. Comparison of characteristics (1) (blue line) and (2) (black line)
with a = 3.2 for texolite. Horizontal and vertical cross — frequency f,,, = /.

3. Results

Figure 2 shows the simulation results for a rectangular waveguide. Some
conclusions have to be made prior the comparison of it with the experimen-
tal results. According to the data obtained in [5], the frequency dependence
of the reflection coefficient for the metal sphere is thoroughly described by
analytical and semi-analytical expressions. The main difference between al-
gorithm [12] and [5] is that the second demonstrates the characteristic non-
linearity of the function, with a similar dynamic of its increase. Numerical
simulation confirms that the function is not linear and has a local minimum
on the microwave.

|S11] v. Frequency

e =
~14
Texolite
_16 Acrylic resin
Paraffin
Copper
-18
gE720
7]
-22
24
e 1 — B I S ) e fem
—26 |— e —
2830 85 9.0 95 10.0 105 1.0 15 12.0

Frequency (GHz)
Fig. 2. Simulation results for the spheres in rectangular waveguide
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Fundamentally different dynamics of the function is for a composite ma-
terial sphere. The function |S,,|(f) decreases with increasing frequency. This
is obviously due to a change in the refraction index, in accordance to the
characteristic on fig. 1.

The dynamics of functions for simple materials (such as acrylic resin and
paraffin) visually completely coincide, merely the magnitude is different. More-
over, the increase in functions with increasing frequency is much slower than
for the metal sphere.

In this context, it should be pointed out that increasing the function with
increasing frequency for simple materials is a direct consequence of improving
its discernibility effect in the waveguide. The data is confirmed in the paper [6].

Figures 3—6 show the comparison of numerical and experimental data
for all samples in a rectangular waveguide. Here it is necessary to specify the
method of analysis and obtaining experimental curves. Points for receiving
system status reports are marked with red crosses. The smooth function is
constructed using spline interpolation. It should be emphasized that the data
between two points, the distance between which more than 0.5 GHz may be
fundamentally different. There are two main reasons for this:

1. The first is a non-single-wave mode of operation in which the wave-
guide operates in the experiment (fundamentally not achievable).

2. The second is not a monochrome signal from the generator in the ex-
periment (fundamentally not achievable).

The study [7] demonstrates that the experimental characteristics are ex-
periencing strong oscillations. The reasons for this are given above. However,
this paper presents raw data that should be processed in a specific way. The
development of the algorithm for processing this data is a separate study. In
this paper a simple algorithm for sampling reliable values at points tending
to a function obtained by a numerical method is used. The quality of vali-
dation, foremost, has be established by the number of such points, and to a
lesser extent than by its proximity to the reference function.
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Figure 7 shows the results of modeling the reflection coefficient for spheres
in a circular waveguide. The magnitude of the expected value has decreased —
this is due to the larger cross-sectional area of the circular waveguide. Char-
acteristics have a clear oscillation. Nevertheless, the general dynamics of
the functions is preserved (if we compare the starting and ending points of
the analysis), in fig. 2. It is possible to conclude in this context that the res-
onance curve for a sphere in a closed space is more quickly and clearly ob-
served in a circular waveguide but not in a rectangular one.
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Fig. 7. Simulation results for the spheres in circular waveguide

Conclusion

A number of important conclusions are obtained in the paper. Clear cor-
relation is indicated in comparison of simulation data for rectangular and
circular waveguides. It is assumed that an effective analysis of inhomogene-
ities in the transmission line is necessary to analyze its electrophysical prop-
erties in different analysis systems. The experimental verification is imple-
mented only for a rectangular waveguide in this paper. A similar experiment
with spheres in a circular waveguide gives similar results, keeping the prin-
ciple of causality.

Analyzing the characteristics for the metal sphere (fig. 3) the following
conclusions are made [5; 6; 12]. Valuable results are obtained in accordance
to dielectric spheres. The best data verification is found for paraffin (fig. 5).
It may be due to the possibility of its accurate measurement in a preliminary
experiment. The worst verification is maintained for the composite materi-
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al (fig. 6). No matching points are found during the comparison. This veri-
fication is considered undergone due to the complexity of the description of
the material parameters, as well as their experimental study. The intermedi-
ate value for the quality of verification is demonstrated by the acrylic resin
sphere (fig. 4). It may be explained by the simulation of the magnetic con-
ditions of the vacuum is not justified, but more accurate data on this sam-
ple has not been measured.

In this context, the development of a validated method for processing ex-
perimental data to reconstruct the electrophysical parameters of heteroge-
neity in the transmission line is a priority task of this study.
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TekcT aHHOTALIMY JOJIKEH OBITH JAKOHWYEH M KOHKPETEH, CBOOOIEH
OT BTOPOCTEITEHHOI MH(MOPMALIMH, JIMIITHUX BBOAHBIX CJIOB, OOIINX (hop-
MYJUPOBOK.

KnioyeBsbie cnoBa

Ot 3 1o 8 cJIOB MM YCTOSIBIIMXCS CJIOBOCOYeTaHUil. PekoMeHmyeTcs
ucronb3oBatb TakcoHoMuio IEEE.

Maremarunyeckmne popmynbi

Bce maTteMmaTuueckue (opmyJsibl B TEKCTE JOKHbBI ObITH HAOpaHbI €11~
HooOpa3Ho. PekomeHnyercst ucnosb3oBath MathType, ummnopt u3 MatLab
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13 CIIMCKA JIUTEPATYPhI.
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K€ Ha JIBYX SI3bIKaXx.

Mnarnar

[Tnaruar B 110601 hopMe nMpencTapisieT CO00i Cepbe3HOE HApYILIEHUE Ofl-
HOTO 13 CAMbIX OCHOBHBIX IPUHLIMIIOB HAYKU U HE MOXET OBbITh TPUEMIIEM.

Henomyctumesr:

1. KonupoBaHue cI0BO B CJI0BO YacTell 4y>Koil paOOTHI O6€3 3aKiIoue-
HUsI CKOITMPOBAHHOTO OTPbIBKA B KABBIUKM U YKa3aHUsI UICTOYHUKA B CO-
OTBETCTBUU C TTpaBUJIaMU HAYYHOTO LIMTUPOBAHUS.

2. Ucnonb3oBaHre 0000 YHUKAJIbHOTO TEPMUHA WU MOHSTUS, Hali-
JIEHHOTO MPU YTEHUU JIMTEPATYPhl, 0€3 yKazaHWs aBTOpa WUJIXM UCTOUYHUKA.

3. [lepedpazupoBaHue UK COKpallEeHHAs, U3BMEHEeHHasi DOPMYIUPOB-
Ka 4y>Koil uneu 6e3 yKazaHus TOro, Yeid Tpy ObLI B3SIT 32 OCHOBY.

4. JloxxHOe IUTHpOBaHUE: MaTeprall He TOJKEH ObITh OTHECEH K MCTOU-
HUKY, U3 KOTOPOTO OH HE ObLI MOJIYYEH.

5. JloxxHble naHHbIe — AaHHbIE, KOTOPbIe ObUTU C(haOPUKOBAHbBI WU U3-
MEHEHBI B J1aOOpaTOpUU UM B MPOLIECCE IKCIIEPUMEHTA (XOTS U HE SIBJISI-
10TCSl OYKBAJIBHO TJIarMaToOM, TEM HE MEeHee MPEACTaBIISIOT COOOI SIBHOE
aKaJeMMYeCKOe MOILIEHHUYECTBO).

6. HemonTBepxkneHHOE COAaBTOPCTBO UJTM COTPYTHUIECTBO: BKJIA KaXkK-
JIOTO aBTOpa WJIM COaBTOPA JOJIKEH ObITh COBEPUIEHHO OMPEIEIEHHbBIM.

7. CaMoriaruaT/BTopruuHas myoauKalus: MpeacTaBjieHue oJHOMI
U TOW K€ WJIM TTOXOXKeM O CTEeNEHU CPOJCTBA CTAThU JJIs1 ABYX UJIK Oosiee
MmyoJMKalUii OMTHOBPEMEHHO.

Penakuus octapisieT 3a coO0i IpaBO Ha BO3BpallleHUE aBTOpaM JII00O0M
PYKOIUCH, KOTOpasi, MO UX MHEHUIO, HE MOIXOAUT IJIs MyOoauKaluu, 6e3
0o0bsicHeHus TpuunH. Hu npu Kakux o0CTOSITeIbCTBAX JIMYHOCTD PELIeH-
3€HTOB U pe(epeHTOB MO OTAEIbHBIM CTaThsIM HE MOXET ObITh pacKpbITa
aBTOpPaM WJIM TPEThEU CTOPOHE.
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inal source, which is to be identified by the plagiarism detection soft-
ware Antiplagiat;

— confidentiality (non-disclosure of the authors’ and the review-
ers’ personal information and other information obtained within the
professional interaction);
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— making editorial correction in papers by agreement with au-
thors.

Responsibilities and ethics of editors

The editorial board should:
» strive to meet the needs of readers and authors;
» take appropriate measures to maintain a high quality of the materi-

al published;

» take appropriate measures to maintain a high quality of the materi-
al published;

» preclude commercial needs from compromising intellectual stand-
ards;

» always be willing to publish corrections, clarifications, retractions
and apologies, if required.

Author’s responsibilities and ethics

The author shall cooperate with the editorial board throughout the pub-
lication process by introducing appropriate corrections, if required. The au-
thor is fully responsible for any plagiarisms in the text, illustrations or oth-
er materials.

The manuscripts submitted to the Journal’s editorial staff should com-
ply with the research paper manuscript formatting rules stated on the Jour-
nal web site.

The author is not entitled to submit the same paper for several scientific
publications. The authors are obliged to observe the following ethical prin-
ciples:

» compliance of the materials with the ethics and legal standards in-
cluding copyright protection laws (in particular, the materials pro-
tected by the copyright including tables, digits or long quotations can
be reproduced only by the owner’s permission);

* research originality and scientific novelty;

» researchers should use best endeavors to describe the work perfor-
mance methodology clear and definitely in such way that their re-
sults can be approved by other researchers, if required;

* impartial discussion of the research importance;

» acknowledgement of other persons’ contributions, mandatory refer-
ences to the deliberations used for the benefit of submitted materials;

» presentation of all major contributors to the research as coauthors;

* informing about significant errors or inaccuracies, if any, found in
the publication and interacting with the editorial staff with the pur-
pose of the quickest error correction or removal of the publication;

* no adoptions without proper references to primary sources (plagia-
rism).
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The authors are fully responsible for reliability of the information con-
tained in the submitted materials, for compliance of the materials with the
statutory regulations, the moral rules and the ethics standards.

Responsibilities and ethics of authors

According to the Journal policy the editorial board establishes the re-
view procedures for the materials to be published. In the process of review-
ing the manuscripts the information about the authors and the reviewers will
be held in confidence. Disclosures in breach of the confidence are allowed
only in case of suspected deception or falsification on the part of the authors
or the reviewers. Reviewers are not entitled to use the reviewed manuscripts
for personal purposes or provide these manuscripts to third parties without
prior permission of senior editors. They are obliged to return or delete the
manuscript copy after presenting the review. The manuscripts rejected by the
editorial board are not preserved. The reviewer remarks are not published or
made public otherwise without permission of the reviewer, the manuscript
author or the editor. Reviewers shall provide fair and unbiased judgment of
the manuscript, giving clearly and well-grounded comments to appraise the
paper’s scientific content only. Personal criticism of the author is unaccepta-
ble. The reviewers are obliged to be guided by the following ethical principles:

* to review only those manuscripts which the reviewer has sufficient
knowledge to judge;

* to prepare a review in time based on the constructive approach;

* to maintain confidentiality;

* to be impartial preparing a review;

* toinform the editor in case the materials have been published earli-
er in this or another publication;

* to inform the editor and, if required, to pass the manuscript to an-
other reviewer in case of potential conflict of interests (existing of fi-
nancial, organizational or other relations between the reviewer and
the author);

* the review contents should not be influenced by the manuscript ori-
gin, the authors’ nationality, sex, religion or political commitments;

* not to use the information obtained within the reviewing process for
the personal purposes and in the interests of other persons.

Privacy

E-mail addresses intimated by the authors will be used exclusively for
communication with the authors and referees and shall not be disclosed to
other persons or entities.

Disclosure and conflict of interest policy

Referees deemed to have conflicts of interest in view of personal, finan-
cial or organization benefits, as well as competition with any submitting au-
thors (companies, organizations) will not be appointed to review the man-
uscripts in question.
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My6onukaunoHHaa 3aTuUKa

OOLMe NoJsIoXXeHUsd

Penakuus xypHana Ural Radio Engineering Jornal pykoBoacTBy-
eTcs B CBOEl paboTe MeXIyHApOIHBIMUA 3TUYECKUMU TTpaBUIaMU
HayYHBIX MyOJUKaLIMii, B OCHOBE KOTOPBIX JIEKUT MOPSAOUHOCTD,
KOH(MUAEHIIMATBbHOCTD, HAN30p 3a MyOJUKALIMIMU, pa3pellieHue
BO3MOXXHBIX KOH(MJIUKTOB MHTEpecoB U Ap. B cBoeii aesitebHOC-
TU pelaklus cieayeT pekoMeHaauusim Komurera 1o aTuke Hayy-
Hbix nyoaukanuii (Committee on Publication Ethics), onupaetcs
Ha OPUHLMIBI MYOJIMKAIIMOHHOW 3TUKM, NMPUHATHIE Jleknapaliu-
eit AHPU.

Penakiiusi rapaHTUpyeT pacCMOTPEHME BCeX MPENCTABIEHHbIX K ITy-
OJIMKAallMY MaTepUasoB, COOMIOACHUE PEIAKTOPCKO HE3aBUCUMO-
CTU U 1OOPOCOBECTHOCTH, MPUHITHE OOBEKTUBHBIX PELLIEHUIA.
Penakiinst HeceT OTBETCTBEHHOCTh 32 KaueCTBO OMYyOJIMKOBaHHbBIX
Hay4yHBIX CTaTell W MOAIEpPKUBAET UHUIIMATUBBI, HAIPABJIEHHbIE
Ha CHUXEHUE YKClia HEKOPPEKTHBIX JEWCTBUI CO CTOPOHBI aBTO-
POB U PELIEH3EHTOB U HAPYILIEHU HOPM 3THUKH.

DTUYeCKUM MpaBuIaM XypHaja J0JKHBI CJIeT0BaTh BCE yYaCTHUKU
npoiiecca nyoJuKaluu pe3yJbTaToB HayYHbIX UCCIENOBAaHUI: aB-
TOPBI, PELIEH3EHTHI, YIEHbl PeJAKIIMOHHON KOJUIETUU, COTPYIHU-
KU pelakiiiy, a TakKe Jivila U OpraHUu3aliu, 3aMHTEPECOBAHHbIE
B MHGMOPMAaLIWU, TIPEICTABISIEMO KYPHATIOM.

Martepuainbl, HanpaBiisieMble B peIaKlMIO XypHajia, aBTOpam
He Bo3BpalatoTcsl. BosHarpaxaeHue (roHopap) 3a ony0IuKoBaH-
Hble MaTepuasbl He BblIaunBaeTcs. Bce HayuHbIe cTaTby My0OJIK-
KYIOTCS B XXypHaJyie Ha 6€3B03Me3HOI OCHOBE.

Penaxius xxypHajia pyKOBOACTBYETCS TAKUMU STUUECKUMU MPUH-
numamu COPE, kak:

— OecCIpUCTPaCTHOCTD;

— co0OitofeHre HayYHOUM 9TUKU TTPU PeLieH3UPOBAHUU CTaTel,
MOOIIPEHNE HAYYHOW ITUCKYCCUM MEXIY aBTOpAMU U PEelLEH3eH-
Tamu;

— COIEHCTBUE 3al1UTe MHTEUIEKTYaJIbHOI COOCTBEHHOCTU 1 aB-
TOPCKUX TpaB;

— OTKJIOHEHUE PYKOIMMCHU CTAThbU MPU BBISIBJICHUH TJIarMara —
OIyOJMKOBaHHBIX paHee MaTepUaIoB IPYTUX aBTOPOB 0€3 CChUIKU
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Ha ITepBOMCTOYHUKM; TTPOBEPKA OCYILECTBIISIETCS C ITOMOIIBIO CH-
CTeMBI «AHTHTIATHAT»

— KOH(pUAEHUIMAIBHOCTD (HepasIialleHue MepCoOHaTbHbIX JaH-
HBIX aBTOPOB 1 PELICH3EHTOB U IIpoYeii MH(pOpMaLK, IOJIyIeHHOMI
B Xoj1e Mpo(heCCUOHATBHOTO B3aUMOJCHCTBUS);

— BHECEHHE B CTaThIO PeIaKLIMOHHBIX IIPABOK ITOCJIE COIIaco-
BaHMs C aBTOPaMU.

OTBEeTCTBEHHOCTb 1 3TU4ECKUE NMPUHLUIMbI COTPYAHUKOB
peaakuumn
Penakiius xypHana:
« obecrnieunBaeT BBIMOJHEHME 3alPOCOB YMTaTEsIei 1 aBTOPOB;
*  TIpeAnpUHUMAET HEOOXOAUMBbIE MEPDI [J1s1 00eceueHUsI BBICOKOTO
KayecTBa MMyOJIMKyeMbIX MaTEPUAIOB;
*  TapaHTUPYET CBOOOIY BbIpa’K€HUSI MHEHWI BCEM WieHaM HayYHO-
ro COOOIIIECTBA;
*  He JoIycKaeT MPpeBATMPOBAHUSI KOMMEPUECKUX COOOpaKEHU I HaL
UHTEJUIEKTYyaJIbHBIMU KPUTEPUSIMU;
* 10 Meépe HEOOXOAMMOCTU OOecrneyrBaeT MyOJnKal1IO TOIIPaBoK,
DPa3bsCHEHUM, OTIPOBEPXKEHUIN YU U3BUHEHU.

OTBETCTBEHHOCTb 1 3TU4ECKUue npuHUUNblI aBTOPOB

Ha mipotstkeHun Bcero mpoiiecca myoInKaiy aBTop 00s13aH COTPYI-
HUYaTh C pefaklieil KypHajia, UCIIPaBIIsisl CTaThIO B Cllydyae HeOOXOau-
MOCTH.
ABTOp TTOJTHOCTBIO OepeT Ha ceOst OTBETCTBEHHOCTh 32 BO3MOXKHBIN ITJ1a-
rvaT TEKCTa, PUCYHKOB U IPYIMX 3aTMCTBOBAHHBIX MaTEPUAJIOB.
Pykomnucu, npenocraBiisieMble Ha pacCCMOTPEHME B PEIAKIINIO XKypHa-
J1a, JOJKHBI COOTBETCTBOBATH ITpaBujIaM 0(hOPMIIEHUST PYKOITMCH HAYYHOM
CTaTbH, TIPEICTABJICHHBIM Ha caiiTe XypHaJa.
ABTOp HE MMEET IpaBa MPEACTABIITh OAHY CTAThIO Ha MYOJIMKALIAIO
B HECKOJIBKO HAYYHBIX U3TaHWIA.
ABTOpaM HEOOXOIMMO TTPUAEPKUBATHCS CIEAYIOIINX STUYECKUX TTPUH-
LIUTIOB:
*  COOTBETCTBME MATEPUAJIOB STUYECKUM M IOPUANIECKUM HOPMaM,
B T. 4. 3aKOHOJATEJLCTBY O 3alllTe aBTOPCKKX MpaB (B YaCTHOCTH,
MaTepuabl, 3alIAIIeHHbIE aBTOPCKUM TIPaBOM, B T. 4. TaOJUILIGI,
IUPBI WA KPYIHBIE LIUTATHI, MOTYT BOCIIPOU3BOANTHCS TOIHKO
C pa3pelleHus UX BIaJesblEB);

*  OPUTMHAJIbHOCTb M HayYyHas HOBU3HA UCCIIETOBAHWI;

*  JIOCTOBEPHOCTDH IOJYYEHHBIX PE3YIHTATOB;
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*  YETKOCTb B ONTMCAHUU METOIOJIOTUH BBIITOJHEHUSI PA0OT, YTOOBI MX
Ppe3yabTaThl MOTJIV OBITh ITOATBEPXKIACHBI IIPU HEOOXOAUMOCTHU JIPY-
TUMU UCCJICIOBATENISIMU;
*  00BEKTUBHOE OOCYXICHUE 3HAYMMOCTU UCCIIEIOBAHUIA;
* NpU3HaHWE BKJaAa IPYTUX JUl, 00g43aTeIbHOe HAIMYUe OMOIno-
rpau4eCcKuX CChUIOK Ha MCITOJIb30BaHHBIC paOOTHI;
* MpelcTaBJeHUE B KAUeCTBE COABTOPOB BCEX YUACTHUKOB, BHECIIINX
CYILIECTBEHHBII BKJIaJ B UCCIIEIOBAHUE;
*  MH@opMUpOBaHUE 00 OOHAPYKEHUU OLIMOOK UM HETOUHOCTEH
B IyOIMKALIMY U B3aUMOJIEICTBUE C PeJAKIIME C LEIbI0 CKOpeii-
1LIero UCITpaBJIeHUsI OLIMOOK WU U3BSITUS TTyOIMKALIUH;
*  OTCYTCTBME B CTaThe 3aMMCTBOBAaHUIM 0€3 CCHUIOK Ha MEPBOUCTOY -
HUKH (T1aruara).
ABTOpPBI HECYT BCIO OTBETCTBEHHOCTh 3a TOCTOBEPHOCTh MH(POPMALINH,
colep:kalleiica B MpeacTaBiseMblX MaTepHaliax, 3a COOTBETCTBUE
MaTepHuayoB HOpMaM 3aKOHOIATEIbLCTBA, MOPAIN 1 STUKH.

OTBEeTCTBEHHOCTb U 3TUYEeCcKue nPpUHUUNbI
peueH3eHTOB

B coOTBETCTBUM C MOJUTUKON XKypHasia peIaKiys ycTaHaBIUBAET MPO-
LIeaypY MPOBEISHMS pelieH3MPOBAHMS TIPEICTaBIEHHBIX K OIMyOJIMKOBa-
HUIO MaTepUuasoB.
IIpu perieH3UpOBaHUY PYKOIMKCeil obecreunBaeTcss KOH(UASHIIAIb-
HOCTb MH(OpMaIlMU 00 aBTOpax U O pelieH3eHTaX. HapyiieHue KoHpu-
TEHITMATbHOCTH TOITyCKAETCsT TOJIBKO TP TTOI03peHUN (pabcrbrKamu
CO CTOPOHBI aBTOPOB JIMOO PELIEH3EHTOB.
PenieH3eHTHI He MMEIOT TTpaBa MCITOIb30BaTh MOJyYeHHBIE PYKOITUCH
B JIMYHBIX LIEJISIX WM TIPEAOCTABISATh UX APYTUM JULIaM 0e3 pa3pelieHus
OTBETCTBEHHOTO WieHA PENKOJICTUM. 3aMeUaHusI peLIeH3eHTOB He My0JIu-
KYIOTCSI U He OOHApOAYIOTCSI MIHBIM 00pa3oM 0e3 pa3pelieHus pelieH3eHTa,
aBTOPOB PYKOIIMCHU U pedaKTopa.
PelieH3eHThI JOJIKHBI JaBaTh YeCTHYIO U OObEKTUBHYIO OLIEHKY PYKO-
MMMCH, YeTKO ¥ apTYMEHTUPOBAHHO (hOPMYJIMPOBATH CBOM 3aMeYaHUsI, OlIe-
HUBasi UCKJIIOUUTEJIbHO HayYHOE coiepkKaHue ctaTbi. Henmpuemiema kpu-
THUKa JIMYHOCTH aBTOPA.
PeuieH3eHT 00s13aH pyKOBOJCTBOBAThCS CIAEAYIOIIMMU 3TUYECKUMU
MPUHLIUTIAMU:
*  OCYIIECTBJSITh PELEH3UPOBAHUE TOJBKO TeX pPYKOMUCEN, 1JIsT OLICH-
K1 KOTOPBIX OH 00JIaJaeT JOCTaTOYHBIMM 3HAHUSIMU;

*  TOTOBUTH PELIEH3UIO0 CBOEBPEMEHHO HA OCHOBE KOHCTPYKTUBHO-
r'o TIOIXO/1a;

*  CcoOmoIaTh KOH(PUICHIINATBHOCTD;

*  TIpY COCTaBJIICHUU PELICH3U OBITh OOBEKTUBHBIM;



2018, Vol. 2, No. 4, pp. 86-89

*  MpeAynpeauTh peJakTopa O MaTepHaliax, OIyOIMKOBAaHHBIX paHee
B JaHHOM WJIM APYTOM U3IaHUN, TIPU X HAJTAYNH;
*  MpeaynpeInuTh pelaKTopa M, €CJIM HeOOXOIMMO, ITepeaTh CTaThIO
JIPYTOMY PELIEH3EHTY B CITy4dae IMTOTEHIINATBHOTO KOH(MINKTA MHTE-
pecoB ((bMHAHCOBBIX, OPraHU3ALMOHHBIX WJIH APYTUX OTHOLIEHU I
MEXIIY PELIEH3EHTOM 1 aBTOPOM);
* He MCMOJIb30BaTh MH(MOPMALINIO, TTOJTYYEHHYIO TTPU PeLieH3MPOBa-
HUU, B JIMYHBIX LEJIIX WM MHTEPECAX MHBIX JIUII.
Ha conepsxanue perieH3MM He JOJIKHO OKa3bIBaTh BIMSTHUE TTPOUCXO-
XKIEeHIE PYKOITUCH, HALIMOHAIBHOCTD, TTOJI, PETUTHO3HBIE WU ITOJTUTHYE -
CKUe yOexXIeH s aBTOPOB.

MpuBaTHOCTbL

[IpencraBieHHbIe aBTOpaMU UMEHA U aipeca 3JEKTPOHHOU MOUTHI UC-
TOJIb3YIOTCS UCKJTIOUMTEIBHO B JCTOBBIX LIEJSAX (TSI KOHTAKTa C aBTOpaMU
WJIK C peLieH3eHTaMU MPU MOATOTOBKE CTaThbU K MyOJMKALIMU) U HE MOTYT
OBITH TIPEIOCTABICHBI APYTUM JIMIIAaM M OPTaHU3AIIMSIM.

MonunTtuka packpbITUa U KOHDINKTbI UHTEPECOB

Ipu HaTMYMK KOHGIMKTOB MHTEPECOB BCIIEACTBUE IMYHOM, (PMHAHCO-
BO MJTM OPraHU3alMOHHON 3aMHTEPECOBAHHOCTH, a TAKXKE KOHKYPEHTHBIX
OTHOILIEHUH C JTIOOBIMU aBTOPaMU (KOMITAHUSIMU, OPTaHU3ALSIMU), TTPE/I-
CTaBJISIOIIMMU PYKOIIUCH, PELIEH3EHTHI HE YY4aCTBYIOT B €€ PACCMOTPEHM.
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MpaBuna odpopmsieHua ctaTbm

Article Submission Guidelines

YK 000.000

HasBaHue cTatbu

U. 0. Pamunus asmopa’
' MecTo paGoThI, TOPOJI, CTpaHa
e-mail

AHHOTaUWS. AHHOTAIMS TOJKHA cofepkath He 6ostee 300 CITOB M peaCcTaBIsATh
OCHOBHYIO MIICIO CTaThU.

Kntouesble cnosa. Ot tpex 10 BOCbMU CJIOB MIIN YCTOSIBILUXCS CJIOBOCOYETAHUIA.
Pexomennyercst ncnonb3oBaTh TakcoHomuio IEEE.

Paper Title

Author Name'
Author Affiliation, City, Country

e-mail address

Abstract. The abstract should contain no more than 300 words and represent the
main idea of the article.

Keywords. 3—8 words or established terms. IEEE taxonomy is recommended.

BeepeHue (Introduction)

Bo BBegeHIM HEOOXOAUMO npeacTaBUTb OCHOBHYIO UCIO pa6OTI)I, OIlN-
caTb UCCJIEJOBaHUA, KOTOPbIC ObLIU IIPOBCACHDLI. W natb noHsTH ynTaTE-
JI10, O YeM MOonaeT p€yb B OCHOBHOM 4aCTU CTaTbU.

Introduction contains the main idea of the article and the description
of the completed research. Introduction outlines the concept of the main
part of the paper.
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3aronoeok 1 (Heading 1)
P MCYHKU JOJI2KHBI UMETb ITOATIMCHU Ha PyCCKOM U AHTJINIICKOM SI3bIKE.

Puc. 1. HazBanue pucyHka
Fig. 1. Example of a figure caption

Figure captions should be below the figures; table heads should appear
above the tables. Insert figures and tables after they are cited in the text. Use
the abbreviation “Fig. 17, even at the beginning of a sentence.

3aronoBok 2 (Heading 2)

HazBaHue Tabauiibl YKa3bIBA€TCA Ha pPyCCKOM U AHTJIMIUCKOM $3bIKaXx.
B KOHIIC TaOJINIIBI H606XO,E[I/IMO yKa3aTb UICTOYHHUK, B IPOTUBHOM CJIy4dac
BbI ABJISIETECH aBTOPOM TaOMULBI.

Table heads are in Russian and English. The source of the table is indi-
cated after the table, otherwise you are the author of the table.

Tabauya 1

3aroJ10BOK TA0 MBI

Table 1
Table head

Source/MCTOYHUK:

3aronoBok 3 (Heading 3)

®opMyITel TOJDKHBI OBITh HabpaHbl mipudTamMu Times New Roman
u/unm Symbol. Henb3st uCTionb30BaTh BCTPOSHHBIN peaakTop (hopMyJI pe-
naxkropa Word Bepcuit 2010 1 BbIle, TaK KaK OH UCITOJIb3YEeT HECTaHAAPT-
HBIN MaTeMaTudyeckuii mpudT. Mcnons3yiiTe mpocToit HAabop MaTeMaTHhue-

9
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CKMX BbhIpaXKeHUI B CTpOKy win pegakTopsl MathType mwiiu MS Equation.
st cozmaHuss MHOTOYPOBHEBBIX (hOPMYJT UCITOIL3YITE peIakToOphl (pop-
mya MathType uiau MS Equation.

Hywmepyiite ¢hopMyItsl ImocienoBaTeIbHO. HyMepanust BBEITOIHSIETCS
¢ BbIpaBHUBaHUEM 10 TIPaBOMY Kpalo.

HasBaHus rmepeMeHHBIX: JaTUHCKIE OYKBbLI HAKJIOHHBIE, pyCCKUE OYK-
Bbl ipsamble: U . Hazanus QyHKIMIA M ONIEPATOPbI: IPSMbBIE JTATUHCKUE
oyksel: pi = di/dt. I'peueckue OyKBBI BCeTaa IIpsIMbIE.

IToMHUTE, YTO (DOPMYJIBI BKIIFOUAIOTCS B TEKCT C UCTIOJIh30BaHUEM 3HAa-
KOB IIpeNMHAHUS, HATIPUMED, CIEIYIOIIas 32 5TUM TeKCTOM (hOpMYJIa TOIK-
Ha 3aBepIIUTHCS TOYKOM, TaK KaK 3T0 OyJIeT KOHELl ITPeaIOKeHUS

at+b=y. (1)

YnocTtoBepbTeCh, UTO BCe TIEPEMEHHBIE, UCTIOIb3yeMble B opMyIIe,
ObUIM OTpeesieHbl 10 Uiu cpa3y nocie ¢popmyibl. Cebutasich Ha opmy-
J1y, MUIIKUTE «... B (1)...», HO HE «... B ypaBHeHUU (1)...», 32 UCKITIOUCHUEM
HayvaJja IpeajioxXeHus: «YpasHeHnue (1)...».

Heckosnbko pacrnpocTpaHeHHbIX OGOk

* He ucnonbsyiite 6yKBY «0» BMeCTO «0» (HyJIs), 1 HAOOOPOT: «(U »,
HO HC «U ».

* Bce rpeyeckue OyKBBI B (popMyJiax JOJKHBI ObITh MPSIMbIE, XOTSI
10 YMOJTYaHUIO PEAaKTOPHI (DOPMYJT CUUTAIOT MHAYE.

* 3ansTble, TOYKU U T.[I. CTABSITCS BIJIOTHYIO K CJIOBaM, TTOCJIE 3TUX
3HAKOB 00513aTEJIbHO CTAaBUTCS IIPo0e: «3amsThie, TOUKU...»,
HO He «3armIThle ,TOYKH..»

»  Tupe craBuTCst oMHOBpeMeHHbIM HaxkaTueM KiaBuin ALT + SHIFT +
+ «—» (Ha 1omnoJHUTeIbHOM LI poBoii KitaBuatype). He ncnosn3yii-
Te Aedurc, I KOPOTKOE TUPE, WIM MUHYC BMECTO THPE.

The equations are an exception to the prescribed specifications of this
template. You will need to determine whether or not your equation should
be typed using either the Times New Roman or the Symbol font (please no
other font). To create multileveled equations, it may be necessary to treat
the equation as a graphic and insert it into the text after your paper is styled.

Number equations consecutively. Equation numbers, within parenthe-
ses, are to position flush right, as in (1), using a right tab stop.

To make your equations more compact, you may use the solidus (/), the
exp function, or appropriate exponents. Italicize Roman symbols for quanti-
ties and variables, but not Greek symbols. Use a long dash rather than a hy-
phen for a minus sign. Punctuate equations with commas or periods when
they are part of a sentence, as in

a+p=o. (1)
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Note that the equation is centered using a center tab stop. Be sure that
the symbols in your equation have been defined before or immediately fol-
lowing the equation. Use “(1),” not “Eq. (1)” or “equation (1),” except at
the beginning of a sentence: “Equation (1) is ...”

Some Common Mistakes

* The word “data” is plural, not singular.

* The subscript for the permeability of vacuum m, and other common
scientific constants, is zero with subscript formatting, not a lower-
case letter “o0”.

e In American English, commas, semi-/colons, periods, question and
exclamation marks are located within quotation marks only when a
complete thought or name is cited, such as a title or full quotation.
When quotation marks are used, instead of a bold or italic typeface,
to highlight a word or phrase, punctuation should appear outside
of the quotation marks. A parenthetical phrase or statement at the
end of a sentence is punctuated outside of the closing parenthesis
(like this). (A parenthetical sentence is punctuated within the pa-
rentheses.)

* Agraph within a graph is an “inset,” not an “insert.” The word alter-
natively is preferred to the word “alternately” (unless you really mean
something that alternates).

* Do not use the word “essentially” to mean “approximately” or “ef-
fectively”.

* In your paper title, if the words “that uses” can accurately replace
the word using, capitalize the “u”; if not, keep using lower-cased.

* Be aware of the different meanings of the homophones “affect” and
“effect,” “complement” and “compliment,” “discreet” and “dis-
crete,” “principal” and “principle”.

* Do not confuse “imply” and “infer”.

* The prefix “non” is not a word; it should be joined to the word it
modifies, usually without a hyphen.

» There is no period after the “et” in the Latin abbreviation “et al.”.

* The abbreviation “i.e.” means “that is,” and the abbreviation “e.g.”
means “for example”.

3aknioyeHue (Conclusion)

B 3aximoueHUn JOKHBI OBITH C(OOPMYIMPOBAHBI OCHOBHBIE BBIBOIBI
o pabore.

Conclusion contains the main outputs of the research/paper.
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