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MeTop aBTOMaTUYECKO CErMeHTaLMmM TPaHCMOPTHbLIX CPeACTB Ha U306pa>keHnn

WN.T. 3y60B¥
00O "HEKCT", MockBa, Poccunsa

& ZubovlG@gmail.com

AHHOTauuA

BeBepeHune. CoBpeMeHHble CUCTeMbl akKTUBHOM 6e30MacHOCT TPAHCMOPTHLIX CPEACTB NPU3BaHbI CyLLLECTBEHHO
CHU3UTb KONNYECTBO JOPOXKHO-TPAHCMOPTHBIX NPONCLLECTBUIA. JaTUMK/ Ha OCHOBE MOHOKY/IAPHBLIX Kamep Bce
yallle BHeApsoTCS BeAyLLIMN MUPOBBLIMY aBTOMPOU3BOANTENAMUN KaK 3PPEKTUBHBIN NHCTPYMEHT MOBbILLEHUS
6e30nmacHOCTU ABVXKeHUsi. CoBpeMeHHble MeTOZAbl I0KaAn3aumm 1 Knaccudukaumm B COBOKYMHOCTA C anropuT-
MaMK CeMaHTUYeCKOW CerMeHTaLmn No3BONSIOT PasfennTb M306paxeHne Ha He3aBMCMble Tpynbl MUKCENos,
COOTBETCTBYHLLME KaXAOMY 06beKTy. TeM He MeHee SIBNSIeTCA akTyasbHbIM pa3paboTka MeTOZ0B CermeHTauumu,
obecrneuynBaroOLLMX yy4LLEeHNe KayecTBa CerMeHTaLmm N306paxeHnii.

Llenb pa6oTbl. Pa3paboTka aBTOMaTMYeCKOro MeToja CerMmeHTaunm AeTeKTMPOBaHHOIoO 06bekTa NHTepeca Ha
N306paxeHnm.

MeToabl U MaTepuansbl. B cTaTbe NpejioxeH aBTOMaTUYECKNA METO/ CerMeHTaLmmn TPaHCMOPTHbBIX CpeacTs
Ha n3obpaxeHunn. NpeacTaBneHHbIA MeTO/ MO3BOASET NPOBECTM CeMaHTUYeCKyto CerMeHTauuto obbekTa VH-
Tepeca Ha OCHOBe anpuopHOlV MHGOPMaLMK O rpaHMLAX MPAMOYrofbHUKaE, OrPaHNYMBAIOLLEr0 06BEKT Ha
n3o6bpaxeHun. NIHpopmaums o rpaHmLax obbekTa UCMonb3yeTca 415 Npeobpa3oBaHVA N306paxeHns B Mo-
NAPHYIO CUCTEMY KOOPAMHAT, rAae MUKCenbl N306paxeHns BbICTyNarT B ponn pebep B3BelleHHOro rpada. C
NCNONb30BaHWEM aNropmTMa nomcka Kpartyariero Nyt 1 06paTHOro npeobpasoBaHns B AeKapToBY CUCTEMY
KOOPAMHAT BOKPYr 06beKTa MHTepeca GopMUPYeTCs 3aMKHYTbIA KOHTYP.

PesynbTaTbl. [poBeAeHHbIe 3KCMEPUMEHTbI NMOATBEPANIN KOPPEKTHOCTL BblAeNeHNst obbekTa MHTepeca Ha
OCHOBe MpeasioxXeHHOro metoa. KoappunumeHT cxoactBa Xakkapa 415 OTKPbITOM 6a3bl M306paxeHunii Carvana
coctaBun 85 %. MpeaoxXeHHbIN MeToZ TakKe 6bl1 yCneLHO NPUMeHeH K pa3HbIM Knaccam n3obpaxeHuin 6asbl
Pascal VOC, uTo goka3anio BO3MOXHOCTb 06paboTkm 06BEKTOB Pas3/MyHbIX K1acCoB.

3akntoveHme. OCHOBHOW BKNaj NpeaoXeHHOro Metoga: 1) Mo3BonseT cerMeHTMpPOBaTb 06BEKT NMHTepeca Ha
YPOBHEe COBpPEeMeHHbIX MEeTO/0B CerMeHTaumn, a B OTAENbHbIX CNyYasix MPeBOCXOAUT UX; 2) NpefocTaBaseTcs
HOBBIV B3rNs/ Ha CNOCOH6 NPOCNeXMBaHNS KOHTYpa 06beKTa.

KnioueBble cnoBa: cermeHTauusa N3o06paxeHnii, BeljeneHne ob6nactn MHTepeca, MOMCK KpaTyanLlero Nyt B
rpade, anroputm A*; nosspHas cmctemMa KoopauHaT

Ansa untnposaHus: 3y6os V. . MeToz aBTOMaTUYeCKOM CermeHTaLm TPaHCMOPTHBIX CPEACTB Ha N300paxeH
/1 N3B. By30B Poccun. PagmnoanektpoHuka. 2019. T. 22, Ne 5. C. 6-16. doi: 10.32603/1993-8985-2019-22-5-6-16

KOHq)nI/IKT NHTepecoB. ABTOp 3aaBnseT 06 OTCYyTCTBUIN KOHq)fII/IKTa MHTEpPECOoB.

BnaropgapHocTU. ABTOP BbipaxaeT 0Cobyto 61arofapHoCTb BbIMyCKHMKY MOCKOBCKOFO FoCy4apCTBEHHOMO Tex-
HUYecKoro yHmBepcuTeta nM. H. 3. BaymaHa AmuTputo Bagnmosunuy BopoBoMy 3a 0OKasaHHYH MOMOLLb Npwy Apo-
BEAEHWN JAHHOrO NCCNeA0BaHWSA, LIeHHbIE COBETbI 1 3aMeyaHus.

CraTtbsa noctynuna B pegakumio 11.07.2019; npuHaATa K nybankaumm nocne peueHsnposaHmsa 30.09.2019;
ony6ankoBaHa oHnariH 29.11.2019
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Abstract
Introduction. Modern systems for active vehicle safety are designed to significantly reduce the number of road
accidents. Sensors based on monocular cameras are increasingly being introduced by the world's leading au-
tomakers as an effective tool for improving traffic safety. Modern methods of localisation and classification,
combined with semantic segmentation algorithms, allow for image division into independent groups of pixels
corresponding to each object. However, the problem of developing segmentation algorithms ensuring im-
proved quality of image segmentation remains to be solved.
Aim. To develop an automatic method for segmenting a given object during image analysis.
Materials and methods. An automatic method for segmenting vehicles in an image was proposed. The meth-
od presented herein allows semantic segmentation of the object of interest, based upon a priori information
about the bounding boxes, which frame the objects in the image. Bounding box information is used to trans-
form an image into a polar coordinate system where the pixels of the image act as the edges of a weighted
graph. A closed contour is obtained around the object of interest by using the shortest path search algorithm
and inverse transformation to the Cartesian coordinate system.
Results. The experiments confirmed the correctness of the selected area of interest based on this algorithm.
Jacquard's similarity coefficient for the Carvana open database is 85 %. Furthermore, the proposed method was
applied to different classes of images from the Pascal VOC database, thus demonstrating the ability to segment
objects of other classes.
Conclusion. The main contribution of the proposed method was as follows: 1) segmentation of the object of
interest at the level of modern methods, and in some cases in excess thereof; 2) the study presents a new look
at the way of tracking object contours.

Key words: Image segmentation, selection of the region of interest; algorithm A*; polar coordinate system;
shortest path in the graph

For citation: Zubov |. G. Method for Automatic Segmentation of Vehicles in Digital Images. Journal of the Rus-
sian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 6-16. doi: 10.32603/1993-8985-2019-22-5-6-16

Conflict of interest. The author declares no conflict of interest.

Acknowledgements. The author expresses special gratitude to the graduate of Moscow State Technical Universi-
ty N. E. Bauman to Dmitry V. Borovoy for the assistance in conducting this study, valuable advice and comments.

Submitted 11.07.2019; accepted 30.09.2019; published online 29.11.2019

Beenenne. BHenpenne cucTeM TEXHUYECKOTO 3pe-
HUS B INOBCEAHEBHYIO >KU3Hb CTaHOBUTCS Bce Ooiee
HNOMy/sIpHBIM. be3onmacHocTh Ha Jopore — ofHa U3 ca-
MBIX IPHOPHUTETHBIX 3a1a4. /laTdnky Ha OCHOBE MOHO-
KY/SIPHBIX KaMmep [OKa3ald CBOIO 3((EKTHBHOCTH B
JaHHOU oOnactu. Hampumep, cucrema mpenoTspaiiie-
Hus cronkHoBeHuit Mobileye [1] mo3Bonsier ymeHb-
IINTh PUCK CTOJKHOBEHUS C TICIIEXONOM M WHBIM
tparcnopTHbM cpenctBom (TC), a Takke cxoza ¢ To-
nocel aBxeHus. K coxaneHuro, ykazaHHast cucteMa
OTIOBEIIEHNS pabOTaeT JIMIIIL B CBETIIOE BPEMSI CYTOK.

Hcnonp3oBaHne NaTYMKOB HA OCHOBE MOHOKY-
JISIPHON KaMephl MO3BOMISET PEIINTh OOJBIION CIIEKTP
3ajga4. Hanmpumep, Ha OCHOBE HTaHHBIX O (opMe U
wromanan TC Hapsamy ¢ OCOOCHHOCTSIMH an3aiiHa
aBTOMOOWIISI BOBMOXKHO oIleHuTh pasmep TC u pac-
cTosiHME 10 Hero. Takke, MpUMEHSS TIepeloBbIe al-
TOPUTMBI KIIACCU(UKALNH, NETEKIUN H CErMCHTAIHN
JIOPOXKHOM CIIEHBI, YIUTHIBas BOBMOXKHBIE OIpaHHyYe-
Hus noBeaeHus TC, oCHOBaHHbBIE Ha TEOPUU ABUXKE-
HUS aBTOMOOIISI, BO3MOXKHO TIPE/ICKA3aTh MOBEICHIE
TC B cinenytommii MOMeHT BpeMmeHH. OpHaKo st

MeTtoa aBTOMATHYECKOI CerMeHTAIIMU TPAHCIOPTHBIX CPEICTB HA M300paKeHUN 7
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pelieHus JaHHBIX 33/1a4 HeOOXOAUMO OIHMCaHHE JI0-
POKXHOI CLIEHBI KaK KOMIIO3HMIHH OOBEKTOB, HMEIO-
mwmx (Gopmy, oMb, B3aUMHOE PACIIONOKEHHE.
Bemrpenn B 2012 1. koHKypca 1o Kitaccu(uKamm
n300pakeHuit cBeprouHOM HepoceTpro AlexNet,
o0yuenHor A. Kpmkesckum, U. Cytkesepom u 1. XuH-
TOHOM, 3aCTaBWJI MHPOBOE COOOIIECTBO MO-HOBOMY
B3NIIHYTh HA METOIBI aHann3a u3o0paxeHuit. A. Kpu-
KEBCKOMY C KOJUIETaMH VAaJOCh MPEB30MTH Bce
KJIACCUYECKHUE METO/Ibl KOMITBEOTEPHOIO 3pEeHHs, TIpel-
crapiennbie B ImageNet Large Scale Visual Recogni-
tion Challenge (ILSVRC) [2]. Ha doHe 3T0r0 COOBITHSL,
a Takke Onaromaps OOMIETOCTYITHOCTH ITHU(PPOBBIX
Kamep, OIHIM K3 HanOoJee IHPOKO Pa3BUBAFOLIMXCS
HAIpaBJICHUN B OOJIACTH MAIIMHHOTO 3PEHHUS CTall
aHaJIN3 M300pakeHUH Ha OCHOBE IBETOBOH HH()OP-
Malli{ C WCIOJIb30BaHUEM ONIHOM Kamepsl. B HacTto-
S MOMEHT CHCTEMbI, OCHOBAaHHBIC HA CBEpPTOU-
HBIX HEUPOHHBIX CETSIX, SBISIOTCS CAMBIMU TOYHBIMHU
B 3a/lauax KJIacCHU(pHKAIMK U300paKeHU U 00Hapy-
XKEeHUU 00beKkTOB. C BIICUATISAIONIMM JOCTHKECHHUEM
HEHWPOHHBIE CETH OBUIH YCIIEIIHO TPUMEHEHBI K pa3-
JIUYHBIM THIIaM IpobiaeM, Harpumep [3-5].
[Nonamnstomee OOMBIIMHCTBO — CYIIECTBYIOIIUX
JIETEKTOPOB OOBEKTOB OPUEHTUPOBAHO HA JABYMEPHYIO
JoKanv3anuio. Monens oOHapyxeHus 2D-00beKkToB

npenoctanser uHpopmammro (X y; hyw), e

(X; y) — 2D-KoopaMHATBI LEHTpa MPSIMOYTOJBHHKA,

OTPaHUYMBAIOLIETO O0BEKT;, h, W — BBICOTA M IIUPH-
Ha obbekta cootBercTBeHHO [3-10]. IlpunuMas Ha
BXOZl M300pakeHWE, AETEKTOp BBIIAET KOOPIMHATHI
OTPaHMYMBAIOMNX OOBEKTHI MPSMOYTOJIBHUKOB M BeE-
POSITHOCTH MX TPHUHAICKHOCTH KilaccaM. B kauectBe
nprMepa Ha puc. | Moka3aHbl OTpaHUYMBAIONIHE TIPS-
MOYTOJBHUKH, TONy4eHHBIE aeTektopoM Yolo [3],
BEPOSITHOCTh HAXOXKJICHHS TPAHCIIOPTHOTO CPE/ICTBA B

a

koTopsIx mpeBbimaet 0.5 (puc. 1, @) u 0.05 (puc. 1, 6).
Jls manbHeiero aHanu3a OOHApPY>KEHHOTO 00b-
eKTa HeoOXOOMMO TIPOM3BECTH cermeHTamuto. Ilog
CerMeHTaIvel MPUHSTO TIOHNMAaTh pa30onueHne n3o0pa-
JKEHUsI HA MHOXECTBO HEMEPEeCeKAaIONUXCs CBSI3HBIX
obnacreii (cermMeHTOB). B mpomecce cermeHTanm Kax-
JIOMy TIMKCeTy W300payKeHHsI MPHCBAMBACTCS KIACC
COIIACHO HEKOTOPOW XapaKTepPHUCTHKE WIIH BBIYHCIICH-
HOMY CBOJCTBY, HallpuMep I10 IIBETY, APKOCTH MM TeK-
crype. Pesynbratom cermeHTanun n300paXkeHusl sSBJIs-
€TCsl MHOXKECTBO CEIMEHTOB, KOTOphIE BMECTE TOKPbI-
BAalOT Bce M300pakeHne. CermeHTrarysi M300pasKeHHI
MO3BOJISIET TIEPEUTH K OMHMCAHHIO CLIEHBI KaK KOMIIO3H-
MM 00BEKTOB, MMEIOIHX (HOPMY, TLIOLIa/Ib, B3AUMHOE
pacIioNioKeHne, IPKOCTHBIE U TEKCTYPHBIE IPU3HAKH.

B Hacrositiiee BpeMsi CyIIECTBYeT MHOKECTBO Me-
TOIIOB CErMEHTAIINN H300payKeH:H, Takux Kak [11-13]:

a) BBIICNICHHE KpacB 1 obnacteii: Ph-nerexrop kpac;

0) PBPHCTUYECKIE METOJIBI:

— paspacranus peruonos (Region growing),

— pasnenenust ¥ cimsiHUsE pernoHoB (Split & Merge),

— Bomopaszena (Watershed),

— HOPMaJIM30BaHHBIX pa3pe3oB rpados,;

B) KJIACTEPH3ALIMs 110 METO/IAM:

— K-cpennux,

— casura cpeanero (Mean shift) u passurus;

T') SHEPreTUUECKHE METO/IbI:

— METOJIBI YPOBH,

— typ6ormukcens! (TurboPixels).

Meron. B Hacrosiieii crarbe B KadyecTBe 00beKTa
unrepeca paccmarpusaercss TC. Ilpu cermenTaimu
JICTEKTHPOBAHHBIX OOBEKTOB Ha M300paKEHHH B Kade-
CTBE alpHOpHON MH(OPMAIMK TOJNAraeM TOJIOKEHHE
TPSIMOYTONIEHIKA, OTPAHIYHBAIOIIETO O0BEKT (PHC. 2, ).

Jns pemenwnst 3amaun cermentanuu TC aBTOpom
HacCTosIIEH CTaThU pa3paboTaH aaropuT™M o0paboTKu
M300paXKeHU Ha OCHOBE TMOKMCKA KPaTYaMIIero myTH

7

Puc. 1. Buzyanuzanuust OrpaHH4MBaIOIINX MPSMOYTOJIbHUKOB, OTyYE€HHBIX JETEKTOPOM 0OBEKTOB,
[P BEPOSTHOCTH HAXOXIEHHS 00BEKTOB B MpsiMoyrolibHuKe Golee 0.5 (a) u Gonee 0.05 (6)

Fig. 1. Visualization of bounding boxes predicted by an object detector, if the probability

of finding objects in a rectangle is more than 0.5 (a) and more than 0.05 (6)
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a

Puc. 2. MacurrabupoBaHue BBIACICHHOTO 00bEKTa:
a — UCXO/THOE M300paKEeHNE BBIIENIEHHOTO 00BEKTa; O — MacIITaONpOBAHHOE H300pakeHHe

Fig. 2. Scaling a selected object: a — the original image of the selected object; 6 — the scaled image

BO B3BEIICHHOM rpade, MPEeACTaBICHHOM B MOJSP-
HOH cUCTeME KOOPAMHAT.

OCHOBHBIE TIIary aITOPUTMA.

llaz 1. Macwumabuposanue u300padicerus.
N3o0paxkeHre MacITabupyeTcss TaKUM 00pa3oM, YTOOBI
COOTHOIICHHE CTOPOH H300paxkeHuss cocTaBmsuio 1:1
(puc. 2, 6). B xauecTBe MeToma MacIITaOMPOBaHUS
WCTIONB3yeTCsl  OwinHeiHass wuHTepnomsinus [14].
MacuirabupoBaHue MO3BOJHUT IEHTPUPOBATH HOJSP-
HBIH MOMTIOC B KaK 101 Touke (cM. miar 4).

Lllaz 2. Obpabomka uzobpasicenus onepamopom
oemexmuposanust epanuy Konnu [15]. OcHOBHBIC
3TaIlbl 3TOTO AJITOPUTMA:

1. K m3o0pakenuto nmpumensiercs puistp [aycca:

2 4 5 4 2

4 9 12 9 4
B=—5 12 15 12 5|xA,

4 9 12 9 4

2 4 5 4 2

rae A — MaTpuIla MUKCEI0B N300paKSHHUS.
2. BpIUUCIAIOTCSA MPOEKIMH TpaaneHTa n3obpa-
JKCHHSI HA KOOPJINHATHI:

-1 -2 -1
Gy=|0 0 0 |[xA
1 2 1
101
Gy=|-2 0 2|xA
101

a TAaKKe HAIIPaBJICHUEC I'PaJUCHTA.
0= arctg(Gy /Gy )

3. Tlonmy4yeHHOe 3HaUCHHWE HANPABICHUS TPaJIu-
€HTa OKPYIVISIETCS O OJHOTO M3 4eThipex yrios: O,
45,90 u 135° [15].

COCEIHUX MUKCENIOB. JTH MHKCENBI CUATAIOTCS KaH-
JTUnaTaMu Ha pOpMHUPOBAHKE TPAHUIIBI 00BEKTA.

5. JIByxmoporoBas (QuIbTpariysi, MO3BOJSIOIAS
pa30oUTh BCE BBIACICHHBIC IHUKCENBI (hparMeHTa
M300paXKeHUs Ha TPH MHOXKECTBA:

— MHOXXECTBO ITHKCEJIOB, 3HAYCHUS TPAJIUCHTA B
KOTOPBIX IPEBOCXOMUT BEPXHUH ITOPOT;

— MHOXXECTBO NMHUKCEJIOB, 3HAYCHUE T'PAJUCHTA B
KOTOPBIX MEHBIIIE HUYKHETO TI0pOTa;

— MHOYXECTBO ITMKCEJIOB, 3HAYCHUS TPAUCHTA B
KOTOPBIX HaXOISATCS B HHTEPBAJIC MEXIY IIOPOTaMH.

[Mukcensl MepBOr0 MHOKECTBA OTHOCSTCS K Tpa-
HHULAM O0BbEKTa, MUKCEIbl BTOPOTO COCTABIIIOT He-
TrpaHWYHBIE 00JacTH (oHA WM 0ObekTa. Pemenus B
OTHOIIECHUU MHUKCECJIOB TPETHEI0 MHOXKECTBA NPUHU-
MAIOTCS B pe3yNibTare aajibHeleir 00paboTKu.

6. Ilukcenbl TPEThEro MHOKECTBA OTHOCSTCS K
rpaHuIie 00bEKTa, CIIN COCEACTBYIOT C ITHKCEIaMH Tpa-
Huu. Ecim ke 9TH MUKceNbl OKPY)XeHbI TOJIBKO Herpa-
HUYHBIMH TTAKCEIAMH, OHF OTHOCSTCS K HETPAHITIHBIM.

7. ['paHHIIBl OKOHYATEIFHO OMPEACIIAIOTCS B pe-
3y/lbTarTe OMEpaludd WX TPacCHPOBKH. I[Ipu 3>TOM
TOJNIIVMHA IPaHUI] CBOAUTCS A0 OIHOIO ITUKCelna, 3a-
MOJTHSIFOTCSI pa3phIBBI, 00pa0aThIBAIOTCS BETBIICHUS
rpaHui. TpaccHpoBKa OCYIIECTBISETCS COBOKYITHBIM
aHaJM30M OKPECTHOCTH KaXKIOTO IHKCEeNa TPaHHIbI.
B pesymbrare nerexktopom KoM Qopmupyercs
OKOHYATENIFHOE TPENCTABICHUE TPaHUIl 00BEKTa HC-
XOIHOTO n300pakenust (puc. 3).

Llae 3. Ionaproe npeobpasosanue. Jlns onuca-

HUS TOJOKEHUA Touku M (X, y) B MOJISIPHBIX KOOP-

JWHAaTax I U (@ BOKPYI LEHTpa IPsSMOYTOJILHHKA,
OTPaHMYMBAIOIIETO JETEKTHPOBAHHBIA OOBEKT, HC-
HOJIB3YIOT ClIeAyIolIee IpeoOpa3oBaHue:

r=\{x2 +y2; (1)

4. BeigenieHue THKCENOB, TPAIUEHT B KOTOPBIX tgp = y/x, 2)
SIBJIAETCA JIOKAJIBbHBIM MAaKCUMYMOM OTHOCHUTEJIBHO
MeTon aBTOMATHYECKOH CerMeHTAIIMH TPAHCIIOPTHBIX CPEICTB HA M300paKeHH! 9
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Puc. 3. Pesynbrar 00paboTku o0bekTa puc. 2, 6
nerexropoM Konan

Fig. 3. The result of processing the object Fig. 2, 6
used Canny detector

rae I — moiroc (paccTosHUue OT Toukd M 1o Hawana
KOOpJIWHAT); (¢ — yroy, oOpazoBaHHbIH JydoM OM ¢
TOISIPHOM OCBIO.

B xauecTBe Hayasa KOOPIMHAT HCTIONB3YeTCs LIEHTP
MPSIMOYTOJIbHUKA, OTPAHUYHBAOIIETO JICTEKTUPOBAH-
HBIH 00beKT, T. €. (1)  (2) UMEFoT CITeYrONMiA BUI:

r=\/(x+w/2)2+(y+h/2)2; ®3)
tgo=(2y+h)/(2x+w), 4)

rme h u W — BbICOTA WM IIMPUHA OrPAHUYHMBAIOLICTO
MPSIMOYTOJIBHUKA COOTBETCTBEHHO.
Bocnone3oBasmmcs (3) u (4), mpeobpazyem
n300paKeHUe U3 JeKapTOBOI CHUCTEMBI KOOPAMHAT B
nojsipayio (puc. 4). ITocne atoro mpeoOpa3zoBaHus
KOHTYp 00BeKTa pacronioxeH B odnactu 0 << 2.

Llaz 4. Iouck kpamuatiwezo nymu 60 636eUeHHOM
epacpe. TlpencraBum m3o0paxkeHue B BUAE rpada, Bep-
IIMHaMH KOTOPOTO SIBJISFOTCS MTHKCENBI U300paXKeHus B
TIOJSIPHOM cucTeMe KoopauHar. Mcxoms u3 Toro, 4to
JIeTeKTUPOBAHHBIM OOBEKT 3aHMMaeT OOJIBIIYIO YacTh
M300pKEHS, €r0 BHEIIHMM KOHTyp Oymer oOpasoBaH
TIMKCENTaMH, HMEFOIIMH HarOOJIBIINE 3HAYCHUS PajIiy-
ca. Torma Beca pebep, pa3neNsIOIMX JBa THMKCENa, B
TOYKE C KOOPJMHATAMH @, I MOYKHO TIPEZICTABUTH CIIELY-
FOIIIAM 00Pa3oM:

Imax» if 1(o, 1)=0;

ioh _
weight (¢, r) Mmax — T if 1(o, 1)=0,

rae |((p, r) — HWHTCHCHUBHOCTL IIMKCECJIa B TOYKE C

KOOpAWHATAMH O, I'.
Hcxons w3 Toro, 4to BHENIHUN KOHTYp OOBbEKTa
pacnonoxkeH B obmactu 0< @<27m, a Beca rpada

3aBUCAT OT 3HAYCHMS HOJIIPHOTO pajuyca U MHTEH-
CHBHOCTH IIMKCEJIOB, 3aJady CErMEHTallul MOXHO
NpPEeICTaBUTh KaK IIOMCK KpaTdalIero MyTH BO
B3BelIeHHOM rpagde. OOxon rpada HauMHaeTca ¢
BepwrHbl (=0, r) ¥ 3aBeplIacTCs Ha BEPIUHMHE

(p=2m, 1).
W3 cymecTByromero pasHooOpasus METOIOB, HC-
MOJIB3YIOIINX TEOPHUIO TpadoB, ObLT BEIOPAH AITOPUTM

noMcka Kpardaitirero mytu A* [16]. DTotr anroputm
HAXOJUT ITyTh HAUMEHBIIEH CTOMMOCTH OT 33J[aHHOTO
HAYaJbHOrO [0 LENEBOr0 y3na (M3 ONHOW WM He-

CKOJIbKUX BO3MOKHBIX Lenieil). A* cremyer nmo mytu
HAMMEHBIINX U3BECTHBIX ABPUCTUYECKHUX 3aTpar:

f(W=gW+jv),

e V — Tekymas BepumHa; ¢(v) — HauMeHbIIee
paccTOsiHME OT CTApTOBOW BEPUIMHBI [0 TEKYILErO
nonoxenust; j(v) — sppuctuueckas GyHkuus (MaH-

XITTCHCKOE PACCTOSHHE) MPHOIIDKEHUS PACCTOSHIS
OT TEKYII[ETO MECTOMOIOKEHHUS 10 KOHEUHOI Lieu.

Ha puc. 5 npeacrapnen pe3ynbTUPYONMUI MyTh ¢
HAaUMEHBILIUM BECOM, PACCUUTAHHBIN 1O aJTOPUTMY
A* st uzobpakeHus ¢ puc. 4.

Llae 5. Ilpeobpazosanue noayueHHoO20 nymu 8
dexkapmogy cucmemy KoopoOuHam ¢ nocieoyiouell
sanuexkou. Vicrionp3ys oOpaTHoe mpeoOpa3oBaHUe
BeIpaxkeHu# (3), (4), mepeBeneM MOITyYEHHBIN MTyTh B
JIEKapTOBy cHUCTeMy KoopAuHaT. Tak Kak KpaTyaii-
MUNA MyTh, MOJTYYEHHBIH Ha mmare 4, MpeicTaBiseT
co00¥ 3aMKHYTBIH KOHTYp, OMNHCHIBAIOIINNA OOBEKT
HHTEpeca, sl MTONYICHUS] MacKi OOBEKTa BOCIIONb-
3yeMCsl 3aIMBKON OOJIACTH, PACHONOXKECHHONH BHYTPU
JJaHHOTO KOHTypa. ComocTaBUB MacKy C HCXOAHBIM
n300pakeHNeM, TOJyYnM CerMEHTHPOBAaHHOE H300-
paxenue (puc. 6).

MeToa aBTOMATHYECKOH CerMeHTALMH TPAHCIIOPTHBIX CPEICTB HA H300paKeHUU
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Puc. 5. Pe3ynbrar BeIJieTIeHs KpaTYaiIlero ImyTH 1o rpady
Fig. 5. The result of selection of the shortest path through the graph

Puc. 6. Pesynbrat paboThI anropuT™Ma
Fig. 6. The result of the algorithm operation

Pesyabrarel. {18 oneHKM KadecTBa pazpado-
TaHHOTO AaJITOPUTMa TMOJy4YaeMble UM pPe3yNbTaThl
CETMEHTAINU CPaBHUBAIINCH C Pe3yIbTaTaMH, JaBac-
MBIMH TpeMs PaclpOCTPAaHEHHBIMH METOIAMH Cer-
MenTtanuu u3obpaxenus: K-Means [17], GrabCut
[18] u Mask-RCNN [19].

K-Means — anropuT™m KiacTepu3allii, OCHOBaH-
HBIA Ha pa3OMEHUH MHOXKECTBA JIEMEHTOB BEKTOP-
HOTO IPOCTPAHCTBA Ha 3apaHee OMpPEAeIeHHOE YUCIIO
KJIACTEPOB C MHUHHUMU3AIIMEN CPEIHEKBaIPaTHUECKO-
ro OTKJIOHEHHWS Ha TOYKaX Kaxknoro kiacrtepa. Ha
Ka)XIOW WTEpallid BBIYUCIIETCS IICHTP Macce UL
Ka)XJIOTO KJIacTepa Ha OCHOBE LIEHTPOB, MOITYYCHHBIX
Ha mpoueamei urepauuu. Ilocie 3TOro 3meMeHTHI

CoBNA

BEKTOPHOTO TPOCTPAHCTBa BHOBH DPa30MBAIOTCS Ha
KJIacTephl B COOTBETCTBHHU C ONVDKAHIINM paccTosi-
HUEM J0 HOBBIX IICHTPOB. AJITOPUTM 3aBEpIIaeTcs,
eCIi Ha OuepelHOW HTEpalii LEHTPHl KIacTepPOB
OCTalOTCSI HCM3MECHHBIMH.

GrabCut [18] — meTon cermeHTanuu U300paxe-
HUS, OCHOBaHHBIH Ha aiaroputme GraphCut [20].
GrabCut pacmmpsier Bo3MokHocTH GraphCut Ha
00paboTKy IBETHBIX H300paxkeHuid. BHauane coBo-
KYITHOCTh I[BETOB IIMKCEJIOB BHYTPU U CHApPYXH Jie-
TEKTHPYEMOTO OOBEKTa AIMPOKCHMHUPYETCS CMECHIO
rayCCOBCKUX BEJIMYMH, MPEICTABIISIONINX ITHAKCEITBI
nesneBoro oobekTa U ¢oHa. [lomyueHHass Monenb Hc-
TIOJIB3YETCS IS IOCTPOCHHSI MAPKOBCKOTO CITyJaifHOTO
MOJsL C dHEepreTHdeckod (QyHKUuMEH, BBIAEISIONIEH
COCIMHEHHBIEC MTUKCETbl, NMEIOINe OAWH M TOT K
kiace. [locne gero 3amyckaeTcss ONTUMHU3aMOHHBIN
METO/l, OCHOBaHHBII Ha MUHUMAJIbHOM pazpese rpada.

Mask-RCNN [19] — apxuTekTypa COBpeMEHHOM
HEHPOHHON CeTH AN CETMEHTAaluH OOBEKTOB Ha
n3o0paxeHusx. Ee MOXXHO NMpeacTaBUTh B BUJE Clle-
JYIOIINX MOAYJIEH:

— reneparop ocobennocreii (features extractor),
GOpPMUPYIONIUIA TPEXMEPHYIO MaTPHILy OCOOCHHO-
CTe BXOTHOTO H300paKCHHUs, IONYICHHYIO CBEp-
TOYHOU HeliporHo# ceThio ResNet-50 [21];

Puc. 7. TlpeaBapurensHas oo6padotka nzodpaxenuii 6a3pr Carvana:
a — UCX0/IHOE N300paXkeHne; 6 — MacIITabOuPOBaHHOE N300pakeHHE C BBIIECICHHON 00acThi0 00BEKTa

Fig. 7. Preprocessing of the image of the Carava database:
a — the original image; 6 — the scaled image with the selected area of the object
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— Region Proposal Network — cetp reneparuu
PETHOHOB MPUCYTCTBUS O0BEKTOB;

— TOJIHOCBSI3HBIE CJIOM — 3TO CETh, KOTOpas VIS
Ka)XIOTO PETHOHA BBIPE3aeT U3 MATPHUIBI 0COOCHHO-
CTeil COOTBETCTBYIOILYI) 3TOMY PETHOHY 4YacTb H
BBIIACT KJIACC OOBEKTa M YTOYHCHHBINH OIMUCHIBAO-
uii 00BEKT IPAMOYTOJIBHUK;

— reHepanusi OMHAPHBIX MAacOK BHYTPU PErHOHOB
MIPUCYTCTBHUS OOBEKTOB.

J7nst OlIeHKH TIPEITIOKEHHOTO METO/Ia U CPAaBHEHHUS
C TIEPEYHCIICHHBIMH AJTOPUTMAMH HCIIONB30BANIACH
0asa cerMeHTHPOBaHHBIX M300paxenuit Carvana [22],
comepxkamast 5088 wuzobpaxenuit TC pazauuHbIX
KJIaCCOB, a TAK)KE MACKH I KaKIO0ro U300paKeHHsI.
Kaxnoe mzobpakenue ObLIO MacHITaOUPOBAHO IS
NpPUBEICHHS K EIHHOMY KOJIMYECTBY IHKCEJIOB

500 x 500 (puc. 7, a). Ucxons u3 OGUHAPHON MacKu
M300pakeHus, BBIICISIACH TIPSIMOYTOIbHAS 00JacTh,
B KOTOPOM HaxoauTcs oObeKT mHTepeca (puc. 7, 6).
N300pakeHue, 3aKII0MEHHOE BHYTPU PaMKH, OTPaHH-
YHUBAIONIEH 3Ty 00IaCTh, UCIIOIH30BAJIOCH B Ka9eCTBE
BXOJIHBIX JaHHBIX IS AITOPUTMOB CErMEHTAIIUH.

Tabauya 1. CpaBHUTENIbHBIE PE3YJIBTAThl CETMEHTALIUU
n3obpaxenuii 6a3pr Carvana
Table 1. Comparative results of the segmentation
of the database Carvana images
Bunapras Mepa cxozcrsa JKakkapa/

A binary similarity measure of
Jaccard, %

Merox cermenTaruu/
Segmentation method

K-Means 0.55
GrabCut 0.68
Mask-RCNN 0.66

I[IpensoxkeHHbIid MeTo 1/

Proposed method 0.85

Tabauya 2. Pe3ynbraTsl pabOThl JITOPUTMA CEIMEHTALMH AETEKTUPOBAHHBIX TPAHCIIOPTHBIX CPEICTB

Table 2. The results of the algorithm for segmentation of detected vehicles

Hcxoanas macka

[IpennoxeHHbli MeTOR

o0BeKTa

GrabCut Mask-RCNN
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Tabnuya 3. Pe3yapTaT IPUMEHEHHUS AITOPUTMa K H306paxenusiM 6asbl Pascal VOC
Table 3. The result of applying the algorithm to the images of the Pascal VOC base
Hcxonnoe uzobpaxenue 6aspl fanHbix VOC CermentupoBaHHoe M300paxkenue| Pesynprar paboThl anropurma

‘ i

B kadecTtBe Mepsl CXOICTBA MOJYYEHHBIX MAacOK J=|AnB| /| AUB|,
CErMEHTHPOBAHHBIX  OOBEKTOB  MCIIOJIb30BAJIaCh e A, B — GUHApHbIE MACKH H300P@KEHNS, TIONY-
OunapHas Mepa cxonctsa JKakkapa: YEHHOTO aJITOPUTMOM CETMEHTAINH, U UCXOTHOTO
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M300pa’keHUsI COOTBETCTBEHHO.

AJITOPUTMBI CErMEHTALMY TIPUMEHSIIUCH KO BCEM
nzobpaxenusiM  0a3pl.  [lomyueHHBIE pE3yNIBTATHI
MpecTaBiIeHBI B Ta0I. 1.

BuHapHble H300paKeHUsl, MPEACTABICHHbIC B
TabJ. 2, MOKA3BIBAIOT PE3YIBTATHl PabOTHI ANTOPHT-
MOB aBTOMAaTHYECKOH CerMeHTallH AETeKTHPOBAH-
Heix TC.

[IpeanokeHHBI METOA TaKKe MPUMEHSIIC K
n3obpaxenusim 6a3pr Pascal VOC [23]. Uzobpake-
HUS B TaOJ. 3 MPECTaBISIOT Pe3y/bTaT IPUMEHEHHUS

MPEATIOKEHHOTO METOAa K pa3HBIM KJIaccaM OOBEK-
TOB Ha N300paKCHHU.

BeiBon. B crarbe mpencraBieH HOBBIM METOX aB-
TOMAaTHYECKOH CErMEHTalll TPAaHCIOPTHBIX CPEICTB
Ha n300pakeHUH. PaboToCcIiocOOHOCTh M KOHKYPEHTO-
CIIOCOOHOCTh METONa IO OTHOIICHWIO K HM3BECTHBIM
ayroputmam cermentarn K-Means, GrabCat, Mask-
RCNN mpoBepeHbI ero TectupoBaHueM Ha 0ase H300-
paxenuit Carvana. Mertox, Takke YCIEIIHO IMpUMe-
HEeHHBIN K n300pakeHusM 0asbl Pascal VOC, mokazan
BO3MOKHOCTH CETMEHTAIINH OOBEKTOB Pa3HBIX KIIACCOB.
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|.|JI/IpOKOI10]10CHbII7I BOHHOBOAHO-MI/IKpOﬂOﬂOCKOBbIVI nepexoa 3oHAOBOIo Tuna
MWUIMMETPOBOIro Anana3soHa A4J/iIH BOJIH

A. B. MoxkapoBckuii'™, O. B. CovikmnH’, A. A. AptemeHko', P. 0. MacneHHukoB', U. b. BeHaUK?
'000 "Paguo lvrabut", HuxHwuii Hosropog, Poccus

2CaHKT-MeTepbyprckmii rocyAapCTBEHHbI 31eKTPOTEXHMYECKNIA
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AHHOTauuMA
BBeaeHmne. [Ing yBennuyeHNs CKOPOCTU MnepeAayn JaHHbIX B COBPEMEHHbIX cucTeMax 6ecnpoBOAHON PajnoCBsa3n
HEeOobX0ANMO CyLLIeCTBEHHOE pacLUVpeHne NoaoCkl YacToT nepeAaBaeMbIX CUTHAN0B, YTO BO3MOXHO 3a CYeT yBenu-
yeHWa paboyer YacToTbl 4O MUIMETPOBOrO AnanasoHa. B cuctemax pagrmocsasn MUIIMMETPOBOTO AMana3oHa co-
e/JHeHe NacCUBHbIX 3/IEMEHTOB aHTEHHO-PUAEPHOro TPaKTa, Peann3oBaHHbIX Ha MeTaNIMYeckx BONHOBOAAX, U
aKTVIBHbIX 3/16MEeHTOB PajMoYacTOTHOro TPakTa, UMeLMX NHTepdeinc Ha OCHOBE MUKPOMOJIOCKOBLIX JIMHWIA, OCYy-
LLLeCTBAAETCS C MOMOLLIbIO BO/IHOBO/HO-MNKPOMOI0CKOBOro nepexoaa (BMIMM).
Lienb pa6oTbl. PazpaboTtka n nccnegoBaHve wnpokononocHoro BMMM ans yactoTHoro gnanasoHa 60 My, ¢ HU3KKM
YpOBHEM noTepb 419 3GPEeKTVBHON Nepeaayn CUrHaA0B MeXAy aKTVBHbIMU 31eMeHTaMM PagMoYacToTHOro TpakTa v
NacCUBHbIMY 3/IeMEeHTaMN aHTEHHOTO TPpakTa.
MaTepunansl n metoapbl. OueHKa BANAHWA MaTepurana NoAIOXKM U CBOMCTB MeTanInmyecko Gonbri Ha xapakrepu-
CTVKM MeYaTHbIX CTPYKTYP M pacyeT XapakTepUCTUK pa3paboTaHHOro nepexoAa BbIMoJIHEHb! C MOMOLLbIO 3/1€KTPOAM-
HaMN4YeCcKoro MoJeNnpoBaHuA B CUCTEMe aBTOMATM3MPOBAHHOrO npoekTuposaHus CST Microwave Studio v noa-
TBEPXAEHbI pe3ynbTaTamy IKCNePUMEHTaIbHOMO UCCNef0BaHNSA N3rOTOBIEHHbLIX 06Pa3L0B LWVPOKOMNONOCHOMO BOA-
HOBOZAHO-MVKPOMOJIOCKOBOrO NMepexo/a Ha BeKTOPHOM aHanm3aTtope Lenei.
PesynbTaTbl. PaspabotaHHbli BMIIM ocHOBaH Ha MCNOMb30BaHUM MPOBOASLLEr0 30HAa, peann3oBaHHOrO Ha ne-
YaTHOW nnaTte, 3aKpenneHHOW Mexay CTaHAaPTHBIM NOABOAALLMM BONHOBOAOM WR15 1 4eTBepTbLBOMIHOBOW 3arnyLu-
KOW TOro e ceveHns. [Ing yMeHbLUEHNS NOTepb B Mepexoje Ha NeyaTHOM nnaTte BbiMONHEeHbl CKBO3HblE HEMeTaNu-
31|POBaHHbIE OTBEPCTUSA, CUMMETPUYHO Pacro/ioXeHHble BOKPYr 30HAa ANA YMeHbLUeHUA JONN AM3N1eKTPpYKa rneyar-
HOW NnaTbl B BOJIHOBOAHOM KaHasne. o pe3ynbTaTtaM 3KCNeprIMeHTaNbHOro NCCneioBaHNS N3roTOBNEHHbBIX MakeToB
nepexosoB, peann3oBaHHbIX Ha MeyvaTHbIX MiaTtax, BbIMOJHEHHbIX U3 MaTepuanoB RO4350B v RT/Duroid 5880 npo-
M3BOACTBa KoMnaHuum "Rogers", 66110 NOAy4eHO, YTO Mepexos COrfacoBaH Mo YPOBHIO KO3QOULUMEHTa OTpaxKeHns
$11 <—10 nb B nonoce yactot 50...70 [Ty 1 obecneynBaeT NoTepu Ha NpoxoxaeHue He 6onee 0.4 n 0.7 ab ans mate-

punanos RT/Duroid 5880 1 RO4350B coOTBETCTBEHHO.

3akntoueHue. NpenoxeHHbI METOA CHUXEHWSA NOTePb B BOIHOBOAHO-MMKPOMO/I0CKOBOM Nepexo/e OCyLLEeCTBAETCs 3a
CYeT yMeHbLUeHVS BAVNSHUSA AV3NEKTPUYECKON MOAJIOXKKM MPU NCMOAb30BaHMN pa3nnyHbix CBY-maTeprnanos nevaTtHbix
nnat. 3To NO3BO/IAET pacCMaTPUBaTb Pa3paboTaHHbIV BONHOBOAHO-MUKPOMO/IOCKOBbIV Nepexo/ Kak nepcnekTUBHbIA A1s
COeIHEHMS Pa3NNYHbIX MUKPOMOIOCKOBLIX 1 BOTHOBOAHbIX YCTPONCTB MUIIMMETPOBOTO AManasoHa J/1MH BOJH.

KnioueBble cnoBa: MUIMMETPOBBINA AVNaNa3oH AJIVH BOJH; BOJIHOBOAHO-MVKPOTMOJIOCKOBLI/ Mepexo; neyat-
Has nnaTta; MeTainyeckmii BOJIHOBOZ

Ansa umtnpoBaHua: LLUMPOKONOMOCHbI BONHOBOAHO-MMKPOMO0CKOBbLI Mepexos 30HAO0BOro TMna MUIMMETPO-
BOrO AnanasoHa AnvH BosH / A. B. Moxaposckuia, O. B. CoinkuH, A. A. ApTeMeHko, P. O. MacneHHWKoB, W. b. BeHaunk
/1 N3B. By30B Poccnun. PagmoanekTpoHuka. 2019. T. 22, Ne 5. C. 17-32. doi: 10.32603/1993-8985-2019-22-5-17-32
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Wideband Waveguide-to-Microstrip Transition for mm-Wave Applications
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Abstract
Introduction. Increased data rate in modern communication systems can be achieved by raising the operational frequency
to millimeter wave range where wide transmission bands are available. In millimeter wave communication systems, the
passive components of the antenna feeding system, which are based on hollow metal waveguides, and active elements of
the radiofrequency circuit, which have an interface constructed on planar printed circuit boards (PCB) are interconnected us-
ing waveguide-to-microstrip transition.
Aim. To design and investigate a high-performance wideband and low loss waveguide-to-microstrip transition dedicated
to the 60 GHz frequency range applications that can provide effective transmission of signals between the active compo-
nents of the radiofrequency circuit and the passive components of the antenna feeding system
Materials and methods. Full-wave electromagnetic simulations in the CST Microwave Studio software were used to es-
timate the impact of the substrate material and metal foil on the characteristics of printed structures and to calculate the
waveguide-to-microstrip transition characteristics. The results were confirmed via experimental investigation of fabricat-
ed wideband transition samples using a vector network analyzer
Results. The probe-type transition consist of a PCB fixed between a standard WR-15 waveguide and a back-short with a
simple structure and the same cross-section. The proposed transition also includes two through-holes on the PCB in the
center of the transition area on either side of the probe. A significant part of the lossy PCB dielectric is removed from that
area, thus providing wideband and low-loss performance of the transition without any additional matching elements.
The design of the transition was adapted for implementation on the PCBs made of two popular dielectric materials
RO4350B and RT/Duroid 5880. The results of full-wave simulation and experimental investigation of the designed wave-
guide to microstrip transition are presented. The transmission bandwidth for reflection coefficient S1; < -10 dB is in ex-
cess of 50...70 GHz. The measured insertion loss for a single transition is 0.4 and 0.7 dB relatively for transitions based on
RO4350B and RT/Duroid 5880.
Conclusion. The proposed method of insertion loss reduction in the waveguide-to-microstrip transition provides effec-
tive operation due to reduction of the dielectric substrate portion in the transition region for various high-frequency PCB
materials. The designed waveguide-to -microstrip transition can be considered as an effective solution for interconnec-
tion between the waveguide and microstrip elements of the various millimeter-wave devices dedicated for the 60 GHz
frequency range applications.

Key words: millimeter wave band; waveguide-to-microstrip transition; printed circuit board; metal waveguide
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Beenenue. OqHOI M3 OCHOBHBIX COBPEMEHHBIX
TEH/ICHIINH pa3BUTHS OECIIPOBOIHBIX CETEH SBISETCS
MOCTOSIHHBIA pocT o0beMa mepenaBaeMoil nH(popma-
UK. DTO CBA3aHO, B MIEPBYIO OUEPEb, C YBEINYECHU-
€M JIONIU MYJIBTUMEIUHHOTO MOOWIBHOTO Tpaduka u
HOMYJISIPHOCTBI0 COBPEMEHHBIX CEPBHUCOB IOTOKOBO-
rO BHJEO BBICOKOTO paspelleHus. s ynosiaeTsope-

HUS BBICOKHAX TPEOOBaHUI K HPOITyCKHOW CITOCOOHO-
CTH COBPEMEHHBIC CUCTEMBI CBSI3W JIOJDKHBI TIOAJIEP-
JKUBaTh CKOPOCTH NEpPEeAayu JTaHHBIX BIUIOTh J0 €IH-
HUI U JaXXe JECATKOB rUrabut B cekyHay. Joctuxe-
HHUE TaKHX CKOPOCTEH BO3MOXKHO IPEXIE BCEro 3a
CUET HUCTOJIE30BaHUs 00JIee IUPOKOH MOIOCH YaCTOT
nepeJaBaeMbIX CUTHAJIOB, a TAKXKE 3a CUET MPUMEHe-

18 H]HpOKOl'[O.]'lOCHbIﬁ BO.]'[HOBO}IHO-MHKpOl’lOJ’lOCKOBin/'I nepexoa 30H10BOIro TuIa

MWIJIHMETPOBOI'0 THANA30HA IJIMH BOJH
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Hus 6onee 3(P(HEKTUBHBIX CIIOCOOOB UCIOIB30BAHUS
cnektpa. K Takum cmocobam MOXKHO OTHECTH,
HanpuMep, MOAY/ISILMHA BHICOKUX TOPSAKOB U peaju-
3allUI0 CUCTEM CBSI3U Ha OCHOBE TexHosorun MIMO
(Multiple Input Multiple Output) [1], mo3BosroIIEei
OCYILECTBIISITh OHOBPEMEHHYIO MapauleIbHYH0 Iepe-
Jlady cpa3y HECKOJIBKMX MOTOKOB JAHHBIX C UCHOJB30-
BaHHEM MHOXKECTBA AHTCHH, B TOM UHCIIC C ITOMOIIBIO
Ppa3AeNeHus! TOTOKOB 10 MOJSIPU3aLIUH.

OCHOBHOI TpPYIHOCTBIO JUISl BBIACNCHUs Oojee
IIAPOKOH TTONOCH YacTOT MepPeaBaeMbIX CUTHAJIOB SIB-
JsleTcsl TIEPErPYKEHHOCTh CIEKTpa B TPAIUIIMOHHBIX
YaCTOTHBIX JuanasoHax fo 6 I'Tu. OquuM U3 BO3MOX-
HBIX TIOIXOIOB K PEIICHUIO YKAa3aHHOH IMPOOIEMEI SIB-
JsleTcsl YBEJIMYEHUE HECyIel 4acToThl NepeaaBaeMbIX
CHTHAJIOB [I0 MIUUIMMETPOBOTO JHAMa30HA JTMH BOJIH
(30...300 I'Tm). OTOT aMaNa30H TMO3BOJISET HCIIONB30-
BaTh JUI Tepefaudl JaHHBIX Psifi TOJOC IIMPUHON
BIUIOTH IO HECKOJBKHX THUTarepll, YTO MPeICTaBIsIeTCS
JOCTaTOYHBIM TSI TOCTIDKEHUS TPEOYEeMBIX CKOPOCTEH.

HaubGonee akTuBHO 1 pa3pabOTKM HOBBIX CH-
creM (DPMKCHPOBAaHHOW PaTUOCBSI3H MIJUIAMETPOBBIX
(v ONMM3KMX K HHEM) JHAITa30HOB IPHMEHSFOTCS
JIAara30HbI 27.5..29.5, 40.5...43.5, 57...64,
71...76/81...86 1 92...95 I'Tu. [1pu 3TOM Mana3oH ya-
cTot 57...64 T'T sBisercst Hanboee MPUBJIEKATEIb-
HBIM U1 peanu3anuu cucteM Wi-Fi HoBoro mokose-
HUs [2], paguopeneiHbIX JIMHUHN I COTOBBIX CHCTEM
CBSI3U, ceTell (PMKCHPOBAHHOTO OECIPOBOIHOTO JI0-
CTyIa, a TAKKEe Pa3BePTHIBAHMS MOOMIBHBIX ceTeil 5-To
noxosieHus (5G) [3]. OcHOBHOM NPUUMHOM 3TOTO SIB-
JSIeTCsl yIpomIeHHass (WIH MOJHOCTBIO OTCYTCTBYIO-
masi B psijie CTpaH) MpoLeaypa JUIEH3UPOBAHUS Ya-
CTOT U YCTPOWCTB, a TaKXKE OCIa0ICHHbBIE PETYISTOP-
Hble OorpaHndeHust [4—6] BBUIYy HaXOXKICHUS BHYTPH
3TOTO AWANa3oHa JIMHUM MONIOLICHHUS KUCIOPOJa, YTO
MIPUBOJUT K OOJBIIOMY (BILIOTH 10 16 nb/kM) 3Haue-
HUIO 3aTyXaHUs OSJIEKTPOMAarHUTHON OJHEPTUH TIpU
pacmpocTtpaHenuu [7]. BBuay 3Toro 4acTOTHBIN Aua-
nazod 60 [T moryurn HambonbIiee pa3BUTHE B JIO-
KaJIbHBIX CHCTEMaX CBSA3HM, NMpeIHa3HAYeHHBIX VIS pa-
00TBI Ha KOpOoTKHE paccTostHus 10 10...20 M BHYTpH 1
110 300...500 M BHE ITOMEILIEHUH.

BONBIIMHCTBO TMACCHBHBIX 3IEMEHTOB CHCTEM
pammocBsS3M  MIJIIMMETPOBOTO  THAna3oHa JJIUH
BOITH, TaKHX, KaK AUIUIEKCEPBI, IIUPKYSATOPHI, ITOJIS-
PHU3AIMOHHBIC CEJICKTOPHI, a TAK)KE BHEIIHUE AHTEH-
HBI C BBICOKMUM 3HaU€HHEM KO3(D(HUITMEHTA YCUICHUS,
OOBIYHO BBITIOJHSIOTCS Ha OCHOBE ITOJBIX METaJLIH-
YECKUX BOJHOBOIOB WJIM MMEIOT BOJHOBOJHBIN WH-
Tepdeiic. OCHOBHBIM IPEUMYIIECTBOM yCTPOMCTB Ha

OCHOBE BOJHOBOJIOB SIBIISICTCSI HU3KHUU YPOBEHB II0-
Tepb 10 CPaBHEHHUIO C APYTHMH TEXHOJOTHSIMH, a
TaKXe BBICOKAas HAJe)KHOCTh, MEXaHHYEeCKas CTa-
OWJIBHOCTB, CIIOCOOHOCTH K TIepefade CHTHAaJIOB
0OJBIIO MOITHOCTH M BO3MOKHOCTH MHTETPALIUH C
JJIeMEHTaMH Kopryca cucteMbl cBs3u. C apyroii
CTOPOHBI, TIONABIISIIONIEE OOJBIIMHCTBO AKTUBHBIX
SNIEMEHTOB PagHOYaCTOTHOTO TPAKTa CHCTEM CBS3U
MUUIAMETPOBOTO TUANA30HA, TAKUX, KaK YCIITUTEIN
MOITHOCTH, MAJOIIYMSIIUE YCUIIUTEIU, CMECHUTEIH,
(GWIBTPHI B Jp., OOBIYHO PEAIN3YIOTCS Ha IEYaTHBIX
IIaTax M UMEIOT MHTepdeiic Ha OCHOBE MHKPOIIO-
JIOCKOBBIX WJIM APYTHX TUIAHAPHBIX JIMHUHA Mepeaadu.
Takum o0pa3zom, 3ama4a pa3pabOTKH IMHPOKOIIOIOC-
HOTO  BOJTHOBOJHO-MHKPOIIOJIOCKOBOTO  IIepexojia
(BMIIIT) s a>¢ddextuBHOW Tepeadr CHTHAIOB
MEXIYy aKTUBHBIMH DJJIEMCHTAMH PaIHOYacTOTHOTO
TpaKTa U MACCHBHBIMHU 3JIEMEHTaMHU aHTCHHOTO TPaK-
Ta CHCTEM CBSI3M SBISICTCA aKTyanbHOH. Kpome Toro,
TaKOH TEepexol MOXET OBITh HCIIONB30BaH IS Te-
CTHPOBaHHS XapaKTEPUCTHK Pa3IUYHBIX 00pa3IoB
pa3paboTaHHBIX MEYAaTHBIX YCTPOUCTB WM CXEM Ha
OCHOBE HJIEMEHTOB IIOBEPXHOCTHOTO MOHTaXa.

C mnoBblIcHHEM paboyel Y4acTOThI 0 MHUJIIH-
METPOBOTO JHWAlla30Ha CYIIECTBEHHO BO3PACTAIOT
MOTEPH B TEYATHBIX CTPYKTYPaxX, ¥ YMCHBIICHHUE TI0-
TEPh IIPU NPOXOXKJIEHUM BOJHBI YEPE3 MEPEXOJ CTa-
HOBHUTCS BaKHOUM mpoOiemoii. [Tpu 3ToM BO3HHKaeT
HEOOXOIMMOCTh aHANIN3a BIMSHUS CBOWCTB Marepua-
Ja TAJISKTPUYECKOH ITOJTIOKKU M TIPOBOJISILIUX CIIO-
€B TEeYaTHON IUIaThl Ha XapaKTEePUCTUKU MEYaTHBIX
CTPYKTYp, a TaKkXe aHalIn3a METOJOB YMEHBIICHHS
HETaTUBHOTO BJIMSIHUSI CBOMCTB MOJIOKKKU Ha Xapak-
TEPUCTUKHU pazpadateiBaecmoro BMIIII.

OCHOBHBIMH TpeOOBaHHAMH K pa3padaTriBaeMo-
My BMIIII sBisAoTcs Manblil ypoBEeHb IOTEPh Ha
npoxoxnaenue (MeHee 1 n1b) u coracoBaHue Mo 3Ha-
4yeHH0 Kodbdunuenta orpaxeHus Sq1 <—-10 nb B

paccMaTpuBaeMoM Auama3one dactor 57..64 TTm.
[Tockoneky BMIIII npeanasHaueH sl WCIIONIB30BA-
HUSA B COCTaBE PaJMOYaCTOTHOTO MOAYJS CHCTEMBI
pamuoCBsI3d, OH TOJDKEH OBITh peai30BaH Ha OOIIeH
MHOTOCJIOWHOM TEYaTHOW IJIaTe ¢ aKTHUBHBIMH JJie-
MEHTaMHU paJiIn04acTOTHOTO TpakTa. [Ipu peanuzanuu
pPaguo4acTOTHOTO MOIYNSI sl TPACCHPOBKH CHT-
HaJbHBIX JIMHUHN, TUHUNA YIpPaBIEHUS U MUTAHUS aK-
TUBHBIX KOMIIOHEHTOB, OOECIeUeHHUS HECKOJIbKUX
SKPAaHUPYIOMIUX CJIOCB METaJUIN3AIiH, HEeO0OXOIu-
MBIX JIJISl M30JISIMH TU(QPOBBIX M aHAJIOTOBBIX CXEM,
OOBIYHO HCIIONB3YIOTCS HECKOJBKO CIIOEB METAlIH-
3allMM TIeYaTHOW IiaTel. MHOTrOCIOHAs CTpyKTypa

HInpokonoJIocHBIi BOJTHOBOJIHO-MHKPOINOJOCKOBBIN Iepexo/ 30HA0BOI0 THIIA

MUJ/UIMMETPOBOI0 AMamnasoHa 1JJIMH BOJIH
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MeyaTHOU IIaThl 00eCreuYnBaeT KOMIAKTHOE PacIo-
JIOXKEHHE COCPENOTOUYEHHBIX M  PaclpelesCHHBIX
JJIEMEHTOB M YMEHbINaeT oOmue Tradaputhl. s
MOAKIIIOYEHHUS K BOJHOBOAHBIM KOMIIOHEHTaM aH-
TEHHOTO TPaKTa CUCTEM CBSI3M YaCTOTHOTO JHaraso-
Ha 57...64 I'Tn, a Takke K U3MEPUTEIEHOMY 000pY-
JIOBaHUIO TIepPeXoJ JOJDKEH UMeTh HHTepdeiic Ha oc-
HOBE CTaHJApTHOTO IPSIMOYTOJBHOTO BOJHOBOAA
WR-15 ¢ pasmepamu ceuenns 3.76 x 1.88 Mm.

C 1nenbr0 YMEHBIIEHHUs NOTEPh B IEPEXOAE UC-
CJIEIOBAHO BIMSIHUEC AUAIEKTPUUECKOTO Marepuala
MTOJUTOKKH ¥ CII0C00a M3TOTOBJICHUS MEIHOH (HOIBIH
Ha XapaKTEPUCTUKU IIE€YATHBIX CTPYKTYp, peanu3o-
BaHHBIX Ha IMEYaTHOH IulaTe, B TOM YHCIE pa3pado-
TanHoro BMIIII.

B xauectBe ocHoBHOro Bapuanta BMIIII BbI-
OpaH mepexoil 30HIOBOTO THUIIA C AOIOJHHUTEIbHON
BOJIHOBOJIHOM 3aIiIylIKOW Ha OCHOBE 3aKOPOYEHHOTO
oTpe3ka perynspHoro BonHoBona WR-15. Xapakre-
PUCTUKU IEPEeXOf0B HCCIEJOBAaHBI METOIOM 3JIEK-
TPOAMHAMUYECKOTO MOIEITUPOBAaHHUA B CHCTEME aB-
ToMatusupoBanHoro npoextuposanust (CAIIP) CST
Microwave Studio 1 HoxTBepKICHbBI IPH U3MEPEHUU
TECTOBBIX MAaKETOB.

Bausinue Marepuajia NOMJIOKKH M CBOHCTB
MeTaJUINYecKOil (POIbIM HA XapPaKTEePUCTHKH IIe-
YaTHBIX CTPYKTYpP. CBOMCTBAa EPEX0OI0B M 0COOEH-
HOCTHU TEXHOJIOTHH CyHI€CTBEHHO 3aBUCAT oT
CBOWCTB HCHONB3YeMbIX MaTepuanoB. [lotepu, BO3-
HUKaIOUIME B JIMHUSAX Iepefadd Ha MedaTHBIX IJ1a-
Tax, MOXHO IO IMPUPOAC BOZHUKHOBCHHUA Pa3JACINUTH
Ha MOTEpU B IPOBOAHUKAX U MOTEPH B JUIJIEKTpUUE-
CKOU MOJJIOXKKE.

ITorepu B mpoBomHUKaxX OOYCIOBJIEHBI HECKONb-
KMMH OCHOBHBIMH IpuduHaMu. [lepBas U3 HUX — Ko-
HEYHas SJIEKTpUYEeCKas MPOBOAMMOCTb MeTajlInyue-
CKOil (hosbru, ncnonb3yeMoit pu MPOU3BOACTBE ITe-
gaTHRIX TIaT. OOBeMHAsl TUIOTHOCTh TOKa MAaKCH-
MaJjbHa y MOBEPXHOCTH MPOBOIHUKA U IKCIOHEHIIH-
anpHO YOBIBaeT MpPH YAAJICHHH OT IOBEPXHOCTH.
I'my6una, Ha KOTOpPOH 0ObEMHasl IUIOTHOCTh TOKa
YMEHBILAETCS B € Pa3, U3BECTHAs KaK TONIIMHA CKHUH-
CJI0S1, OIIPENENSACTCSI BRIPAKCHUEM

1
afrcf uc’

rae f— 4acToTa; G — JIeKTpUYecKas IPOBOIUMOCTE;
[l — MarHuTHas IPOHMULIAEMOCTh IpoBogHMKA. C po-

A=

CTOM YaCTOThI TOJIOHWHA CKHH-CJIOSA YMCHBIIACTCA,
YTO MPUBOAUT K YBCIMYCHHIO IIJIOTHOCTH TOKa B
MPUITIOBEPXHOCTHOM CJIO€ MNPOBOJHHKA, a CJI€dOBa-

TEJIbHO, K 3HAYUTEILHOMY POCTY aKTHBHOTO COIIPO-
TUBJICHUS TPOBOAHMKA W K YBEITMYEHHUIO MOTOHHBIX
notepb. Tak ¢ pocToM YacToTel curHanma ot 1 1o
60 I'Tu ToNmIMHA CKHUH-CIIOS MEIHOTO MPOBOAHHUKA
ymensbmaercs ¢ 2.1 go 0.27 mxm. OueBHIHO, 4TO
IIPY CTOJb MaJIOW TOJIIMHE CKHH-CIIOS B MUJIIAMET-
POBOM JHara3oHe JUIMH BOJH MOBEPXHOCTHBIE HEOM-
HOPOJHOCTH, BBI3BaHHBIE 0COOEHHOCTSMU MPOU3BO/I-
CTBa MEIHOH (DONIBIH, CTAHOBSITCS CONOCTABHIMBIMH C
HUM TI0 pa3Mepy, YTO CYIIECTBEHHO BIIUSIET Ha IOTOH-
HBIE TIOTEPU B IPOBOJHUKAX.

OOBIYHO BBIICIAIOT 2 THNA (OJBIH, PUMCEHSE-
MO JJIs1 TIPOM3BOIACTBA TEYATHBIX IUJIAT: KaTaHas U
ANEKTPOJIUTUYECKH OcaxkaeHHasd. Kartanyro memHyro
(oJBry MOMYYaroT U3 TOJICTONW MEITHOW 3arOTOBKH TI0-
CPEACTBOM TOCIEOBAaTENIbHBIX XOJIOAHBIX IMPOKATOB
BIUIOTBH JI0 JOCTIDKEHUSI HYXHOUM TomuHs [8]. [Taa-
KOCTb ITOBEPXHOCTH (DOJIBTH, OOBIYHO ONHChIBacMast
cpeanekBaaparuueckum otkinoneHuem (CKO) 3epHu-
CTOCTH, B 3TOM CJIyd4ae 3aBHCUT OT XapaKTEepUCTHK
MPOKATHOTO CTAaHKa W OOBIYHO COCTABISIET AECATEHIC
JIOJIM MUKPOMETPA, YTO CIIOCOOCTBYET YMEHBILICHHIO
MOTOHHBIX ToTeph B mpoBogHukax CBY. C apyroit
CTOPOHBI, PAaBHOMEpHAsT MOBEPXHOCTH YMEHBIIACT
MIPOYHOCTh CKJICMBAHHS CIIOEB B MHOTOCIIOMHBIX IIe-
YaTHBIX IUIaTax W yXyAllaeT aare3uro (oTope3ucTa.
Kpowme Toro, xaranas ¢oibsra mMeeT TOpu30HTaIbHYIO
CTPYKTYPY 3€PHUCTOCTH, YTO YCIIOKHSET TPABJICHUE B
YCIIOBHSX OTPaHIYIEHHOTO POCTPAHCTBA TIPOBOHHUKA.

JUI1  M3rOTOBJICHUS DJIEKTPONUTHYCCKH — OcCa-
XKJICHHOW (POJIBTH UCTIONB3YIOT MPOIIecC ralbBaHu4e-
CKOTO OCaxJIeHWs Meau [8] Ha BpamaroreMcs Oapa-
OaHe, M3rOTOBIEHHOM M3 TUTAaHA WIH HEp)KaBeromen
cranu. TonmmuHA OCAKIACHHOTO CJIOS MENU Peryiu-
pyeTCsl CKOpOCThIO BpalieHus Oapabana. [Ipu 3Tom
CO CTOPOHBI OapabaHa MOBEPXHOCTh MEIHU MOJydaeT-
cs Oojee rmaakas U Oyectsinas, a Co CTOPOHBI Oca-
JKICHUSI DIICKTPOJIATA — MaToBasi U OoJiee ImepoxoBa-
tas. IllepoxoBaroil CTOPOHOW MeIb KIEHTCS K OU-
SNIEKTPUKY IS YAYYIISHUS aJre3WBHBIX CBOWCTB
MIPU CLEIJICHUH € MOMTOKKON. Takoil momxon no3Bo-
JSIeT YIIYYIIATh CIETUICHHE TUAICKTPUKA U (OJIBTH B
SApax, 4TO YIYYIIaeT MX MEXaHHYeCKHe CBOMCTBA,
OITHAKO TIPU 3TOM Oollee IIepoxoBaras CTOPOHA pac-
moJjaraercsi B 00JIacTu ¢ OONbIIeH TUAIEKTPHICCKON
MIPOHUIIAEMOCTHIO OKPYXKAIOIIETO MPOCTPAHCTBA H,
Kak CIICICTBHE, B 00JacTH OONBIIEH ILIOTHOCTH
ANEKTPUIECKOTO TOKA 3a cueT dpQekra "BrsruBanms’
AIIEKTPOMArHUTHOTO TOJISl B TUDIIEKTPHUK.

Turmaneie 3Hauenust mepoxosaroctu (CKO) st
Pa3IMYHBIX THIIOB MEIHOH (HOIBIM MaTepraoB Mpou3-
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BozicTBa KoMnanuu Rogers*! cocrapisror 0.3...0.4 MxkM
JUTs KaTaHo# ¢onbru u 1.8...3.2 MKM I mepoxoBa-
TOUW CTOPOHBI AIEKTPOIUTHUECKA OCAKICHHON (hOITb-
ri. Jng rmankoil CTOPOHBI MEKTPOIUTHYECKH Oca-
KJICHHOHM (POJIBIY 3HAYCHUS MIEPOXOBATOCTU ONHM3KH
K 3HAUCHHWSM I KaTaHOW (ONBIH U COCTABISIOT
0.4...0.5 MKM.

Juia vccnenoBaHus BIMSHUAS LIEPOXOBATOCTH T10-
BEPXHOCTH METHOW (POIBIM HA MOTOHHBIEC ITOTEPH B
JUHUAX Tepefadd Ha TEeYaTHBIX IUlaTaxX MPOBEIEHO
JNeKTpoAuHamMuyeckoe MonenupoBanue B CAIIP
CST Microwave Studio Ha monenu MILJI ¢ BomHO-
BbIM ummegancoM 50 OM, peann3oBaHHOW Ha TOA-
noxke Toamuuaoir 0.203 mm. TommmHa 000UX CIIOEB
Metammu3anuu (MITJ] u Metaumyeckuit sKkpaH) ObI-
na BeIOpaHa paBHOU 18 MkM. {151 HCKITIOUEHUS BITU-
SIHUA TIOTeph B AHMIJIEKTPUKE TaHTEHC yIia MOTepb
Mareprana MOMIOKKH 3aJaBajiCs PaBHBIM HYIIO.
[IepoxoBaTocTh MOBEPXHOCTH MeIHOW (ONBTH 3aa-
Bajlach BBOJIOM JIByXCJIOWHOTO Marepuajia C MPOBO-
IMMOCTBIO M€Y M 3aJaHHbIMU mapamerpamu CKO*!
HEOITHOPOAHOCTEH Kak CO CTOPOHBI TUAJICKTPHKA, TaK
U ¢ 00paTHOi (IMajKoi) CTOPOHBI.

Ha puc. 1 nokaszanbl pe3yabTaThl AJIEKTPOANHA-
MHYECKOTO MOJICIHPOBAHHUS MOTOHHBIX TOTEph / B
MUWJUIMMETPOBOM JHaria3zoHe JuInH BojH B MITJI, BeI-
MOJTHEHHOHN M3 mIajakoil (6e3 mepoxoBaTocTeit), Ka-
TaHOW M JJEKTPONMTUYECKHA OCakAeHHON Menu. Kak
clelyeT W3 puc. 1, ydeT WIepOXOBATOCTH Cylle-
CTBEHHO BIHMseT Ha noroHHsle norepu B MIUJI. Ilo
pe3yapraraM MOJAENHPOBAHUS B PaCCMATPHBAEMOM

I, nb/cm
1 _ —_—
e
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Puc. 1. Pe3ynbTathsl 2JIeKTPOAMHAMUYECKOTO MO/ICIIHPOBAHUS
MHKPOIIOJIOCKOBOI! JINHUY C Pa3IMYHOMN LIEPOXOBATOCTHIO
Marepuaia: 1 — 3JIeKTPOJIUTHYECKH OCKIACHHAS MEIHAs
(ompra; 2 — karanas MmeqHas Qonbra; 3 — rnagkas ¢onsra

Fig. 1. The results of electrodynamic simulation
of a microstrip line with different roughness of the material:
1 — electrolytically deposited copper foil; 2 — rolled copper
foil; 3 — smooth foil

*1 https://www.rogerscorp.com/documents/749/acs/Copper-Foils-for-
High-Frequency-Circuit-Materials.pdf (nrara o6pawenns: 29.09.2019).

JIana3oHe 4acTOT MOJIYYEHO YBEJIMYEHHE IOTOHHBIX
norepb Ha 0.08 nb/cM mpu HCmoNb30BaHUH KaTaHOU
¢omern m Ha 0.13 nb/cM mis 2MEKTPOIUTHYECKH
OCaXAEHHOH! (DOoNbru MO CPaBHEHUIO C MOTEPSAMH B
Clyyae IPUMEHEHUS TIIaIKOH (OIBTH.

Jpyrum UCTOUHUKOM TOTEPh B MEYATHBIX IJIaTax
SBISIFOTCS. TOTepH B auanekTpuke. Hamboree pac-
MpOCTpaHeHHBIMH  Tipu  npom3BoactBe  CBY-
MEYaTHBIX IUIAT SBISIFOTCS MaTepUaibl HA OCHOBE YI-
JIEBOIOPOHOTO TEPMOPEAKTUBHOIO MOJIUMEpA C Ke-
paMHYEeCKUM HANONHUTEIEM, KaK, HallpuMmep, Mare-
puanbl cepun RO4000*? u ux ananoru. OCHOBHBIM
MPEUMYILECTBOM TaKUX MAaTepUaIOB SIBISIETCS CPaB-
HUTEIBHO HH3Kas CTOMMOCTh MX H3TOTOBIECHUS U
BO3MO)KHOCTh H3TOTAaBIMBATH MHOTOCTIONHEIC IIATHI
u HanexHele RO4000/FR4-rubpuansie cOOpKy.

OpHako Ha YacTOTax MOpSAAKA IECATKOB T'MIa-
TepIl MOTEPH B ITUX MaTephaliaX JOCTaTOYHO BEICO-
k. B kadecTBe ambTepHATHBBI MOTYT OBITH WCIIOJNb-
30BaHBl MaTepuanbl Ha OCHOBE (hroporiacra c Jo-
MOJTHUTENHHBIM YCHJICHHEM HETKaHBIM CTEKIIOBO-
JIOKHOM, Kak, HampuMep, B MaTepHaie
RT/Duroid 5880*3, min xepaMM4eCKMM HAIIOIHUTE-
neM, Kak B Marepmanax cepuu RO3000*4. Tanrenc
yIya IUDICKTPUYSCKUX HOTeph MaTepHajoB Ha OC-
HOBe (TOpoIUIacTa SABJISIETCS HAUMEHBIIUM CPEAU
MIOCTABISEMBIX B HACTOAIIMH MOMEHT MaTepHajioB
MEYATHBIX TIAT, YTO AeJaeT WX HanOolee MOAXOms-
muMu Uit CBU-ycTpoHCTB, Iie MOTEpH IOJDKHBI
ObITh MUHUMAaNbHBI. OCHOBHBIM HEIOCTaTKOM YKa-
3aHHBIX MaTEePHAaJOB SBISIIOTCS UX HU3KHE aATe3WB-
HBIC CBOWCTBA, UTO 3HAYUTEIHHO YCIIOKHSET TEXHO-
JIOTHIO IIPOM3BOJCTBA MHOTOCIIOWHBIX II€UaTHBIX
miaT. Tak, A1l CeKaHus. MHOTOCTIOMHON CTPYKTYpBI
00BIYHO TpeOyeTcsl 3HaYMTEdbHOE (TPUMEPHO Ha
100 °C) moBbIIICHHE TEMIEPATyphl, YTO YCIOXKHSIET
TEXHOJOTUYECKUH MPOIeCC, YBENUIUBAET CTOUMOCTD
W YMEHBIIIACT BBIXOJ TONHBIX 00pPa3IoB.

Crnenyer OTMETUTH, YTO OOJBIIMHCTBO IIPOU3BO-
JIUTENed MaTepHajoB IEYATHBIX IJIAT YKa3bIBAIOT B
crenu(pUKANUIX XapaKTePUCTUKN MaTEPHUAIOB TOJb-
ko mng yactoT go 10 I'Tu, mostomy g aHanu3za
BIUSIHHSL TIOTEPh B JUIICKTPUKE HA XapaKTEPUCTUKU

*2 https:/iww.rogerscorp.com/documents/726/acm/RO4000-Laminates-
--Data-sheet.pdf (nata obpamenus: 29.09.2019).

*3 https://www.rogerscorp.com/documents/606/acm/RT-duroid-5870-
5880-Data-Sheet.pdf (nata o6pamenust: 29.09.2019).
*4 https:/Amwv.rogerscorp.com/documents/722/acs/RO3000-Laminate-Data-

Sheet-RO3003-R0O3006-R03010-RO3035.pdf (mara obparenws:
29.09.2019).
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TIeYaTHBIX JIMHUM MepeJayl BaKHOU 3a/1auei SBisIeT-
Csl UCCIIeZIOBAaHUE XapaKTEePUCTUK MaTepuayia Ha 00-
Jie€ BBICOKHMX YacTOTax. DKCIEpHUMEHTAJIbHbIE JlaH-
HbI€ U3MEpPEHUs IUAJIEKTPUUECKON MpPOHHUIIAEMOCTU
HEKOTOphIX TomymapHelx CBY-marepuanoB mnedar-
HBIX IJIaT MPOU3BOIACTBa KomnaHuu Rogers npen-
CTaBJIEHBI, HaIIpUMep, B [9].

Jiia uccrnepoBaHusl MOTEPh B Pa3IUYHBIX [U-
AIEKTPUUECKUX MOIIOKKAX MEYaTHBIX IJIAT UCIOIb-
3oBaHbl Mofenu MIIJI Ha moaymokkax U3 MarepualioB
Rogers RO4350B, RO3003 u RT/Duroid 5880 c
BorHOBBIM mmMrtegancom 50 Owm. Ilpu mopenmpoBa-
HUU I KaXIO0ro W3 MaTepualioB BbIOMpaiach
HamOoJiee TOHKas TMOMJIOKKA M3 TMPEACTaBICHHBIX B
cnenuduranuax (tadm. 1). Takoit BeIOOp 0OBICHSIET-
csi, B NIEPBYI0 Ouepesib, TEM, UYTO C yYMEHBIICHUEM
TOJIIIMHBI MOJIOKKN yMeHbIaeTcs mupuna MIT ¢
BEIOpaHHBIM BOJHOBBIM HMIIEJAHCOM, YTO CyIIIe-
CTBEHHO YNPOILAET MOCIEAYIOUIYI0 UHTETPALIUIO TIe-
YaTHBIX JIMHUWA Tepeayd ¢ MHUKPOCXeMaMU M dJie-
MEHTaMH I[OBEPXHOCTHOIO MOHTa)a, a TaKKe YyBe-
JIMYHUBAET MJIOTHOCTH KOMIIOHOBKH Y3JI0B.

Pesynbrarsl 27MeKTpOIMHAMHYECKOTO MOAEIHNpPOBa-
HUS TOTOHHBIX noTeph i MIUI Ha momnoxkkax, yka-
3aHHBIX B Ta0id. 1, mpeacrasnens! Ha puc. 2. Crom-
HBIMHU JIMHUSMH TIOKa3aHbl Pe3YJbTaThl, MOMy4YEeHHbIC
st MITJT ¢ xapakTepucTHKaMu (OJBIY, W3TOTOBJICH-
HOW METONIOM BJIEKTPOJIMTHYECKOTO OCAXKIACHHUS, IITPH-
XaMH [TOKa3aHbI Pe3yIbTaThI U KaTaHOH! (DOIBTHL

B cootBeTcTBUM C pe3yasTaTaMu MOAETHUPOBAHUS
MOTEPU B ITUDJICKTPUUYECKOM MOMJIOKKE UTPAIOT OIpe-
JENAIOUIYI0 POJIb s TUIAaHApHBIX JIMHUM mHepenadu
MWUIMMETPOBOIO AMANa3oHa JUIMH BOJIH, BBITOJIHEH-
HBIX Ha TEYaTHBIX TUIaraXx. TeM He MeHee JJIs dJeK-
TPUYIECKH OONBIINX CTPYKTYP, TAKHX, KaK, HATIPAMED,
IUIAHApHBIE (PHIJIBTPHL, TIOTEPH B MPOBOTHHUKAX TAKKE
OKa3bIBAIOT CYIECTBEHHOE BIUSIHWE Ha OOIIUI ypo-
BEHb NOTEPh B IUIaHApHOW cTpykType. IlomyueHHbIe
pe3yabTaThl MOATBEPKAAIOTCS IKCIEPUMEHTATbHBIMU
JIAHHBIMH, TIPEJICTABICHHBIMHA B psific padoT 1yist Ooree
HU3KUX 4acToT (cM., Hanpumep, [10]). Tak, ans mare-
puana ¢ MajbiM TaHT€HCOM YIvia AMAIEKTPUUECKUX
MOTEPh B 00JIACTH HU3KHUX YACTOT TMOTEPH B MIPOBOHH-

I, nB/cm
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Puc. 2. Pe3ynbTaThl 37€KTPOJMHAMUYECKOTO MOJICITUPOBAHUS
MHKPOIIOJIOCKOBOH JIMHUH Ha MOAJIOKKAX U3 MaTCPHAIIOB
¢dupmer "Roders™: 1 — RO4350B; 2 — RO3003;

3 — RT/Duroid 5880.

CrutoIIHble KPUBBIE — JIMHAY Ha OCHOBE 3JIEKTPOIUTHIECCKH
OCaK/ICHHOH (DOJIBI'H, IITPUXOBEIE KPUBBIE — JIMHUN
Ha OCHOBE KaTaHOU (oibru

Fig. 2. The results of electrodynamic simulation
of a microstrip line on substrates of company "Rogers":
1 - R04350B; 2 — RO3003; 3 — RT/Duroid 5880.
Solid curves — lines based on electrolytically deposited foil;
dashed curves — lines based on rolled foil

Kax TPEBaJMPYIOT HaJl AMAIEKTPUICCKUMH TIOTEPSIMH.
OpHako ¢ pOCTOM YacCTOTHI BIMSHHE TUIEKTPHYECKIX
MOTEePb YBEIIMUMBACTCS, U Y)K€ HA YacTOTaxX BHIIIE He-
CKOJIBKHUX THUTArepI] OHU CTAHOBSITCSI JOMUHHUPYOIITIMHA
B 00I1IeM ypoBHe rmoteph. Kak npaBmiio, moTepu B Mpo-
BOJIHUKAX TMPOTIOPIIMOHANIBHBI KBaIpaTHOMY KOPHIO U3
YaCcTOTHI, a TIOTEPH B JUAIIEKTPUKE TTPOTOPIHOHATBHBI
gacToTe. XOTS pe3ynbrarhl, npeacraBieHHsie B [10],
MOJTY4€Hbl TOJNBKO JUIS YacTOTHOro nauanaszoHa go 20
[T, HabmronaemMple 3aBHCHMOCTH CIIPABESIUTUBBI U JUTS
00J1e€ BELICOKHX YaCTOT.

Takum 06pazoM, Ha OCHOBE aHAIHM3a CBOMCTB JH-
AIIEKTPUYUECKON TIOTIOKKH U METAIUTHYECKON (OJIBTH
MOXKHO CIIENIaTh 3aKJII0YEHNE, YTO B MUJUTUMETPOBOM
JMara3oHe 4acToT BBIOOp Marepuasia Mme4aTHOW Tuia-
THI SIBJIICTCS KITFOUEBBIM (PAKTOPOM JUTSI YMEHBIICHHSI
IIOTEPb B CTPYKTYPE NIEUATHBIX JIMHUI NTepeayun.

Crpykrypa. CymecTByeT JOCTaTOYHO MHOTO
pa3nuyHBIX BapuaHTOB peamu3auuu BMIINT mumm-
METPOBOTO JMarna3oHa JIuH BojH. Hampumep, nepe-
X0 MOXKET 6I)ITB BBITIOJIHEH HA OCHOBEC HeanHOﬁ aH-
TEHHBI, Pa3MEIIEHHON B TEJI€ METAUIMIECKOTO BOJHO-
BO/Ia. AHTEHHBIM 3JIEMEHT MOXET TPEJCTaBISATh CO-

Tabauya 1. XapakTepHUCTHKH MHUKPOTIOJIOCKOBBIX JINHUH, Pealn30BaHHBIX Ha MaTepuanax ¢pupmsl "Rogers”

Table 1. Characteristics of microstrip lines, implemented on the materials of the company "Rogers"

TaHreHc yriia Iu3IeKTPHUUSCKUX
Marepuain/ Toummuna moanoxku, Mmm/ | llupuna munum, Mm/ Huonextp quCKa/ﬂ noteppb Ha yactore 60 I'T/
Material Substrate thickness, mm Line width, mm I;gf;ﬁg%%‘;g’n t Dielectric loss tangent at
frequency 60 GHz
R0O4350B 0.101 0.2 3.66 0.0115
R0O3003 0.127 0.29 3.0 0.0034
RT/Duroid 5880 0.127 0.36 2.2 0.0024
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00l MUKpOIIONIOCKOBYIO aHTeHHY [11, 12], meuarHbIit
qunons [ 13, 14], kBa3u-Yna-Sru-antenny [15], mee-
Byto aHTeHHy [16, 17]. OObIMHO TIepexo/pl yKa3aHHbBIX
TUTIOB 00ECTIEUUBAIOT IIUPOKYIO MOJIOCY pabouux ya-
CTOT W He TPeOYIOT MOTU(PHKAIUI B CTPYKTYpE TOI-
BOJISIILIETO BOJIHOBOZA, OAHAKO MMEIOT BBICOKHU YpO-
BEHb OOpaTHOTO M3IYYEHHs, a TaK)Ke 3HAUYUTEIbHbIC
MOTEPH B IAMAICKTPUUECKOH TOUIOKKE, KOTOPHIE CY-
LIECTBEHHO YBEJIMYMBAIOTCS C POCTOM 4YacToThL. [py-
UM PaclpoOCTPaHEHHBIM TUIIOM IEPEXO0B SBISIOTCA
MIePEXOIbl, PeaTn30BaHHBIE COHAIIPABICHHO CO CTPYK-
Typol MOABOASIIETO BOJIHOBOIA C HCIOJIb30BaHUEM
COIVIACYIOIIETO MeTajuindeckoro rpedHs [18] wim Ha
OCHOBE TIEPEKPBIBAOIINXCS TTOJOCKOBBIX JuHUN [19],
[20]. OmHako Takue Tepexonsl TpeOyroT Moauduka-
Ui B CTPYKTYpEe BOJHOBOZAA, KOTOPBIC NOIDKHBI BEHI-
TIOJHATHCS C OYCHB BBEICOKOW TOYHOCTHIO, UTO MPUBO-
JUT K 3HAYUTEIFHOMY YBEJIMYEHUIO CTOMMOCTH H3TO-
TOBJICHHS U TPYOHOCTSIM MOHTaxka. Kpome Toro, 3ava-
CTYIO TIepeXOIbl TAaHHOTO THIA MPUHIUIIAAIBHO pea-
JU3YIOTCA TOJBKO Ha TMEYaTHBIX IIaTaX ¢ OXHOCIOH-
HOM CTPYKTYpOU, UTO 3aTPYIHSET X MCIIOIH30BAaHHE B
COCTaBe PaaMOYaCTOTHBIX MOIYJEH, KOTOPBIE OOBITHO
peanm3ytoTCsl Ha MHOTOCIOWHBIX TIEUATHBIX IUIATaX.
B03MOXXHBEIM BapHaHTOM pEIICHHS JaHHOM MPOOIeMBI
SIBISIETCSL WCTIONB30BAHUE TIEUATHBIX IDIAT Ha OCHOBE
KOMOMHAIMI 30H C OXHOCIONHON M MHOIOCIOHHOI
CTPYKTYpoii [21], omHAKO 3TO CYIIECTBEHHO YCIIOXKHSI-
€T TPOLIECC M3TOTOBJICHMS MEYATHRIX IUIAT U YBEIUIH-
BacT CTOMMOCTD U3I'OTOBJICHUA.

OmauM W3 caMBIX PACIPOCTPAHEHHBIX THIIOB
BMIIIT MuniuMeTpoBOro nuamna3zoHa AJIMH BOJIH SB-

JISIOTCSL TIEPEeXOJbl 30HAOBOTO THIIA, B KOTOPBHIX B
CTPYKTYp€ BOJHOBOJHOI'O KaHaja PacIOOXeH IMpo-
BOJSILIUN 30HJ, peaIM30BaHHBIM HA MEYaTHOM IuIaTe
u coeauHenHbid ¢ MIUJT [22-24]. [leuatHas mata ¢
30HIOBOM CTPYKTYpOH OOBIYHO pacrojiaraeTcs Mex-
Iy TIONBOISIIMM BOJHOBOAOM, KOTOPBIA MOXET SB-
JATBCSA HMHTEPPEHCOM BOJHOBOJHOTO JHILICKCEpPa,
MOJIIPU3ALIMOHHOIO CEJEKTOpa WM aHTEHHBI, U JI0-
MIOJIHUTENIBHOM BOJTHOBOJHOM 3anTyIIKOH (UeTBEPTh-
BOJIHOBBIM 3aKOPOYEHHBIM OTPE3KOM BOJIHOBOAA). 3a-
rmynika obecrieuynBaeT cHH(pA3HOE CIOKCHHE Iaja-
IOIIEH BOJIHBI OT TIOABOMASALIETO BOJTHOBOJA M BOJIHBI,
OTpaXKEHHOW OT BOJHOBOIHOM 3ariIylIKW Ha MPOBO-
nsmieM 30H1e (puc. 3, a). O6sraro BMIIIT 30H10BO-
rO TUIA UMEIOT MaJlblii YPOBEHb MOTEPh Ha MPOXOXK-
ICHUEe, MIAPOKYIO IMOJOCY YacTOT W 00eCHeYHBaIOT
MaJlblil YpOBEHb MMapa3UTHOIO HU3IIyYEHUs, UTO Jena-
€T UX OYEeHb MPUBJIEKATEIbHBIMHU IS UCTIOIH30BAHUS
B CHCTEMaXx CBSI3M MUJUIMMETPOBOTO AMAIla30HA UIUH
BoH. OCHOBHBIM HEIOCTATKOM TIPEICTaBICHHON
koHcTpyKuuun BMIIII sBnsercss Hanu4ue TOJICTOH
MHOTOCJIOWHOM JHANIEKTPUUECKON TOMNIOKKH, Yepe3
KOTOPYIO TIPOXOAUT BOJIHA B OOIACTH BOTHOBOIHOTO
kaHaia. C poctoM paboueil 4acTOThI JUINEKTPUK BCE
CHJIbHEE BJIMAET Ha XapaKTEPUCTUKU Iepexoia, Cy-
LIECTBEHHO yBelnuuBas norepu. Kpome rtoro, au-
ANIEKTPUK MEYaTHOW TUIaThl BHOCHUT JOTIOTHUTEIBHYIO
Mapa3sUTHYI0 €MKOCTHYIO PEaKTUBHOCTh MEXAY MOJI-
BOJSIIIMM BOJIHOBOAOM M IPOBOSIIMM 30HIOM, YTO
YCIIOXKHSIET UMIIEJAaHCHOE COITIaCOBaHME M CyXKaeT
pabouyro mosiocy [25]. JIas KOMITEHCAIMH Tapa3uT-
HOIO BIIMSHUS MaTepualia Me4yaTHOM IUIaThl U YIIyd-

a

o
Puc. 3. Ctpykrypa nepexoja 30HZ0BOTO THIIA: a — pa3pes3; O — BUI CBEPXY
(1 — ckBO3HBIC HEMETATH3UPOBAHHBIC OTBEPCTHSL; 2 — 30H[(; 3 — YETBEPTHBOJIHOBAS 3ariylika; 4 — noasosiumii BoaHoBog WR-15;
5 — mevarHas miata; 6 — MHKPOIIOJIOCKOBAs JIMHHUS;, 7 — IIEPEXO/JHBIC OTBEPCTHS)

Fig. 3. The structure of the probe type transition: a — section; 6 — top view
(1 — perforating non-metallic holes; 2 — probe; 3 — quarter-wave cap; 4 — supply waveguide WR-15; 5 — printed circuit board;
6 — microstrip line; 7 — vias)
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meHuss conmacoanuss B BMIIII 30HmoBoro Tuma
OOBIYHO MPUMEHSIOTCS COIIACYIOIINE CXEMBI, KOTOPBIE
MOTYT OBITH OCHOBaHBI, HAaIpUMEp, Ha OTpe3Kax
MIJII [26], cNOXHBIX LETAX cornacoBaHud [27] win
Ha BbIpE3ax B psJie JUIIEKTPUYECKUX clloeB [28].
OCHOBHBIM HEIOCTAaTKOM ONHMCAaHHBIX MOIXOIOB SIB-
JISIETCS CIIOKHAS CTPYKTypa M, KaK MpaBUIIO, 3aMeT-
HOE CyXeHHe padoyeid MoJI0Ckl YacToT.

B pabote, xoTOpoli MOCBsIIEHA HACTOSINAS CTa-
ThA, IJIsl YMEHBIUICHUS BIUSHUS TOJICTOM TUAIEKTPU-
YeCKOH MOIOKKH Ha XapaKTePUCTUKH Tepexoaa Uc-
MOJIH30BAIUCH CKBO3HBIC HEMETAJUTM3UPOBAHHBIE OT-
BEPCTHA B MEYATHOH Tu1aTe B 001aCTH BOJTHOBOIHOTO
kaHaia [29]. Mcnonb3oBaHUEe OTBEPCTHH MO3BOJISIET
YMEHBIIUTH JONIO TUIIEKTPUIECKOTO Marepraia B
00JacTH mepexojia, TeM CaMbIM YMEHBIIMB BCE HeTra-
TUBHBbIE A(PQPEKTHl BIUSHUS TUIIEKTPUUYECKON MOM-
JIOKKH, OMUCaHHBIE paHee. OTBEPCTHS AMAMETPOM
Dy, uMeroT Kpymiyro GopMy ¥ CHMMETPHYHO PacIio-

JIOKEHBI BOKPYT MpoBoxsmiero 3oHga (puc. 3, 0).
Br16op ¢opmMbl oTBepCcTHiI 000CHOBAH MPOCTOTON UX
(OpPMHpOBaHUS CBEpIEHHEM, YTO HE YBEJINYUBACT
CTOMMOCTb TIPOU3BOJICTBA ITEUATHBIX IUIAT M MIPUTOI-
HO JJIsl MaccoBOTO INpom3BozcTBa. [Ipu pazpaboTke
nepexofa MCCIIeNOBAIUCh TaKXKE OTBEPCTHS JAPYroif
(hOpMBI, OZIHAKO MPH WX UCIIOJIE30BaHUH HE OBLIO JI0-
CTUTHYTO CYHIECTBEHHOIO YIIYYILIECHHUS XapaKTepHu-
CTHK TIepexojia M0 CPaBHEHHUIO C OTBEPCTHSAMH KpPyT-
Joii popMel. JIlnameTp U TOJNOKEHHE OTBEPCTHHA OI-
TUMU3UPOBAJIMCH C TMOMOUIBIO 3JJICKTPOMArHUTHOI'O
MOJCIINPOBAHUA C LICJIBIO YMCHBIICHUS IMMOTEPH B II€-
pexozie ¥ YIydIIeHus: KO3 PHUIIMEHTa OTPAXKCHUS.
TpexmMepHasi MOJEIb 30HAOBOTO Mepexoia IoKa-
3aHa Ha puc. 4. [lepexox ocHOBaH Ha KOMOWHAIHH

Puc. 4. TpexmepHas Mozielb pa3pabOTaHHOTO Mepexoa:
1 — ckBO3HBIC HEMETAJUTU3UPOBAHHEIE OTBEPCTHS; 2 — 30HT;
3 — 4eTBEPTHBOJIHOBAS 3aIIIYIIKA; 4 — OJBOIALLINH
BOJIHOBOJ; 5 — meyarHast 11aTa; 6 — MUKpOIIOJI0CKOBAs JIMHUS

Fig. 4. 3D model of the developed transition:
1 — perforating non-metallic holes; 2 — probe; 3 — quarter-
wave cap; 4 — supply waveguide; 5 — printed circuit board;
6 — microstrip line

MIEYaTHOM MJaThl, COAEp Kalleld MPOBOMALIUN 30HI,
PACTIONIOKEHHOW MEXTy CTaHAAPTHBIM TTOABOISIINM
BoaHoOBOIOM WR-15 ceuenunem 3.76 x 1.88 MM u
BOJIHOBOJIHOM 3aINIyIIKOM TOTO K€ CEYEHMs JIIMHON
MopsAAKa 4eTBEPTH IJIMHBI BOJHBI B paccMaTpuBae-
MOM JMalla30He 4YacToT. B 00iacTy BOJHOBOZHOTO
KaHaJa MeTaJUTH3alus yOpaHa Ha BCEX CJIOSAX Iedar-
HOM TUTaTHI (32 UCKIIIOYEHHEM 30H[a) AJIsi CBOOOIHO-
TO TPOXOXKJIEHHs 3IEKTPOMArHUTHBIX BOJH OT MOJ-
BOJSIIETO BOJNHOBOAA. llepexomHble MeTaJTU3UpO-
BaHHBIE OTBEPCTHS, PACIOJIOXKEHHBIE MO KOHTYPY
MOABOIISIIIIETO BOJHOBOAA, TO3BOJSIOT A((PEKTUBHO
MIPOAJIUTH BOJIHOBO/HBIM KaHAJ B TEJIE IUIaThl U JJIEK-
TPUYECKHA COENMHUTH MOABOISIINI BOTHOBOMA U YET-
BEPTHBOJIHOBYIO 3arTyliky. [1pu 3ToM obGecrnieunBaroT
HAJEKHOE SKpaHHPOBAHWUE CTPYKTYpHI Mepexona
MPEeIOTBpAIlleHHe YTEUKH CHTHAJla WA Mapa3suTHOTO
n3nnydeHns. JluameTp MeTauIM3WpOBAaHHBIX OTBEP-
ctuit 0.2 MM ¢ paccTOsSIHEEM MEXAY [EHTPAMH OKOJIO
0.4 mm. [Ins mpenoTBpailieHUs] OTpaXkeHUs B 0Oia-
CTH, TJI€ Y4aCTOK BOJIHOBOJIHOW 3aINIyIIKH pacroia-
raetcs Ham MILJI, o0pa3ys KBa3HIIOJIOCKOBYIO
HECUMMETPUYHYIO CTPYKTYpPY JIHHUH, OBLIO peau-
30BaHO CYXXEHHE, IO3BOJISIIOIIEe KOMIIEHCHPOBAThH
9T0 BiMsHUE. CTPyKTypa DIEKTPUUYECKUX TMOJieH B
3oaa0B0oM BMIIII pencrasiena Ha puc. 5.

JI71s1 OLIEHKY BIHSIHUS CBOMCTB ITUAIEKTPUYECKON
MOJUTOKKA Ha XapaKTEPUCTHKH BOJHOBOJHO-MUKPO-
MOJIOCKOBOTO TEPEXo/ia €ro CTpyKTypa Oblia peaiu-
30BaHa Ha JIByX Pas3lUYHBIX MEYATHBIX IJIaTaxX, BbI-
MOJTHEHHBIX Ha 0a3e wMarepuanoB Rogers 4350B
(HM3Kask CTOMMOCTD, MTPOCTOTA M3TOTOBJICHHS U TIPU-
MEHUMOCTh JJII MaccOBOTO IMPOW3BOJICTBA, OIHAKO
JIOCTaTOYHO OOJIBIIIOE 3HAYCHUE TaHTeHCa Yria JH-
ANEKTPUUYECKUX TOTEPh B MIJDIMMETPOBOM JHaria-
30H¢ umH BosH) ® Rogers RT/Duroid 5880
(HaMMEHBIIUK TAaHTEHC yIJIa JUAJIEKTPUUYECKUX TO-
Tepbh B MIJITUMETPOBOM JIMAITa30He, OTHAKO BBICOKAS
CTOMMOCTh M CIIO)XHOCTH MPOU3BOJICTBA MHOTOCIIOMN-
HBIX TIEYaTHBIX TUIAT).

CrpykTypa o00euX IUIaT COOTBETCTBYET Npe-
CTaBJICHHOW Ha puC. 3, @ U BBIIIOJIHEHA HA TPEX CIOAX
JIMDJIEKTPUKA M YETHIPEX CIOSX MeTayumm3anuu. Jlis
00enX TMeUYaTHBIX TUIAT Sapa JAUAIEKTPHKA Pacriolio-
KCHBI Ha BHEIIHUX CJIOSIX MEYaTHOM IUIAThI U paszie-
neHbl omHuUM cioeM mpemnpera (Rogers 4450B most
atel Ha ocHoBe RO4350B u TacBond 1.5 mng mna-
eI Ha ocHOBe RT/Duroid 5880). Pa3smepsr otnens-
HBIX 3JIEMEHTOB W TOJIIMHBI TUAJIEKTPUUYECKUX CIIOEB
JUTsl 00erX MeYaTHBIX TUIAT MpeACcTaBleHbI B Ta0I. 2.
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Puc. 5. CprKTypa QJIEKTPHUHYCCKOIO IMOJIst 30HA0BOI'0 BOJIHOBOAHO-MHUKPOIIOJIOCKOBOTO II€pEX0oaa

Fig. 5. The structure of the electric field of the probe waveguide microstrip transition

Tabnuya 2. Pa3mMephl BOJIHOBOAHO-MUKPOIIOIOCKOBBIX
HEePEeX0/I0B, PEATU30BAHHBIX HA IIEYaTHBIX IUIaTax
n3 Marepuaios ¢pupmsr "Rogers”

Table 2. Dimensions of waveguide microstrip junctions
implemented on printed circuit boards from Rogers materials

D e i) | RO43508 | RT/Duroid 5880
W, 0.38 0.35
Ly 1.22 1.0
W 0.15 0.2
L 0.115 0.15
Wi, 0.2 0.36
Ly 0.27 0.2
Dy, 1.55 1.4
Hps 1.27 12
Hgt 0.3 0.3
H; 0.101 0.127
H» 0.1 0.144
Hs 0.338 0.381
PEByJILTaTLI 3J1EeKTPOAUHAMHYECKOI0 Moe-

JMPOBaHUsI Tepexona 30HA0oBOro Tuma. BMIIII
30H0BOIO THIIAa Ha MOJUIOKKAaX Ha OCHOBE MaTepHa-
nmoB Rogers RO4350B u RT/Duroid 5880 wuccieno-
BaJICh C TOMOIIBIO 3JICKTPOJUHAMUYCCKOTO MOJIC-
mupoBanust B CAITP CST Microwave Studio. Ilpu
MOJIEJIMPOBAHUM XapaKTEPUCTUKU MOIJIOKKH 3ajaBa-
JIUCh B COOTBETCTBHU ¢ Tabi. 1. s moneneii nepe-
XOJIOB BO BCEX CIIydasix CBOMCTBA MPOBOISAIINX CIOEB
MEYaTHOM IJIaThl 3aJaBaJIuCh B COOTBETCTBUU C Xa-
PaKTEepUCTUKAMH METHON (DOJBIH, H3TOTOBJICHHOM
METOJIOM 3JIEKTPOJIUTUYECKOTO OCaKIeHus. B kaue-
CTBE Marepuaja Ui OTpe3Ka MOABOISLIETO BOIHOBOIA
WR-15 u 3armyniku ucrosib30Bajcst aIfOMUHUH.
CpaBHeHHE DPe3yJAbTaTOB MOJIEIUPOBaHUS S-Tia-
paMeTpoB A 00OMX IEPEeXOAOB MPENCTABICHO Ha

puc. 6. Kak cnemyer m3 pe3ynbTaToB MOIEIHPOBA-
HU, TIEPeXobl B pacCMaTPHBAacMOM JHAIla30He Ha-
cT1oT 57...64 I'T1 cornacoBaHbl O YPOBHIO KO3 dH-
uueHTa otpaxenus S;q <—17ab m Sy <-211b

JUTsl TIepexoioB Ha ocHoBe MatepuasioB RO4350B u
RT/Duroid 5880 cootBerctBenHO. Kpome Toro, oba
mepexofia COIIacCOBaHBI IO YPOBHIO KOA((HUITHCHTA
orpaxenuss S11 <—10 n1b BO Bcell momoce 4YacToT

50...70 I'T1. YpoBeHb ko3(h(HUITUEHTA TPOXOKITCHUS
B jauama3oHe dactor 57..64 ITno cocrasui
Spq1 >—0.6 u—0.35 1b cooTBETCTBEHHO.

JKcIepUMEHTAJIbHbIE HUCCIEI0BAHUS TPOTO-
THUIIOB 30HI0BbIX NMEPEX0JA0B. DKCIEpUMEHTAIbHAS
nposepka 30H10BbIXx BMIIII BeImonHANacs Ha Mpo-
TOTHITAX JIByXCTOPOHHUX TI€PEXOJ0B '"BOIHOBOA—
MITJI—BonHoBOR". 1) KaXKIOTO U3 MEPEXO0B OBLIN
MOJITOTOBIIEHBI JIBYXCTOPOHHHE pean3allid C pas-
muuHor gnuHor MITJI. Takoi moaxon IO3BOJIHII
AKCIIEPUMEHTAIBHO OIEHUTh TOTOHHBIC TIOTEPH B
MIUI anst uX MOCHIEAyIOLIEro y4yeTa Mpu omnpesnerne-
HUM XapaKTePUCTHUK OTACNbHBIX MepexonoB. JTUHBI
MIDI pns W3rOTOBICHHBIX ABYXCTOPOHHUX IEPEXO-
JIOB cCOCTaBWIN 25 U 35 MM JjIs TIEpEXOA0B Ha OCHO-
Be Marepuana RO4350B u 25 u 40 MM 1t iepexo-
noB Ha ocHOBe RT/Duroid 5880 (puc. 7). B skcriepu-
MEHTAJBHBIX MAaKeTaX IEePEeXOf0B Uil yYMEHBIICHUS
YPOBHS TIOTEPh MCIOJIBL30BaNIaCh KaTaHast (hoIIbra.

DKCIepUMEHTAIBHBIC HUCCIICIOBAHMS BBIMOJHE-
HBl C TIOMOIIBI0 BEKTOPHOTO aHaju3atopa Iernen
Rhode & Schwarz ZVA24 ¢ BHEUIHHMH ITOBBIIIAIO-
mwMu cMmecutessiMu ZVA-Z90E. YkazanHoe o0opy-
JIOBAaHUE TIO3BOJIICT IPOBOAWTH HM3MEPEHHS B 4a-
croTHOM pauamnaszone 57..95 I'Tm, yro mocTtarodHo
JUTSI KCCIICZIOBAHUS pa3pabOTaHHBIX MTEPEXOJIOB.

CpaBHEeHHE W3MEPEHHBIX W TONTYyYSHHBIX 10 pe-
3yJIbTaTaM  JIIEKTPOAMHAMHYECKOTO  MOJICITMPOBAHUS
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Puc. 6. Pe3ynbTaThl 3J1eKTPOIMHAMUYECKOT0 MOIEINPOBAHUS K03 (OHUIMEHTOB IPOXOKICHUS Spq U OTPaKEHUS Syq

30HIOBBIX BOJHOBOIHO-MHUKPOIIOJIOCKOBBIX TIepexo10B. Marepuaisl nomtoxku: 1 — RT/Duroid 5880; 2 — RO4350B

Fig. 6. Results of electrodynamic modeling of coefficients of transmission S,; and reflection S;;
of probe waveguide-microstrip transitions. Backing materials: 1 — RT/Duroid 5880; 2 — RO4350B

a

13

Puc. 7. ®otorpadun neyaTHHIX IAT IBYXCTOPOHHHUX NMEPEXOI0B:
a — Ha ocHoBe Matepuana RO4350B; 6 — na ocuose marepuana RT/Duroid 5880

Fig. 7. Photos of printed circuit boards of two-way transitions:
a — based on material RO4350B; 6 — based on material RT/Duroid 5880

KO3((GUIINEHTOB OTpaXKeHHUsL Spq M IPOXOXKACHUSA Soq
qa apyxcropoHHux BMIIII npencrasieno Ha puc. 8
I mepexonoB Ha Marepuasne RO4350B u Ha puc. 9
Iu1st iepexonoB Ha Marepuaie RT/Duroid 5880.

JInst ABYXCTOPOHHHUX IEPEXONIOB JOCTUTHYTO XO-
polliee COOTBETCTBHE MEXKIY pe3yIbTaTaMy MOJIEIH-
POBaHUS W U3MEPEHMs Kak Uil Kod(HIUCHTa OTpa-
KeHus Sqq1, TaK M A1A KOIPOULIUEHTa MPOXOKICHUSA

So1. Tak mo pesynpraraM H3MEpEHHH, 3a HCKIIOUE-

HHEM pAfa TOYeK, BCE ABYXCTOPOHHHE MEPEXoIbl CO-
IJIACOBAHBI 110 YPOBHIO KO3(MQUIMEHTa OTPAKCHUS
511 <10 nb B monoce yacror 57..70 ITu. Yeenu-

yeHne Ko3((HIIMEeHTa OTPaXKEHHUS IO CPaBHEHHIO C
OTJICNIBHBIM TIepexo/ioM (puc. 6) BBI3BAHO IepeoTpa-
KEHHUSMU B JBYXCTOPOHHEU CTPYKType "BOJHOBOI—
MIJI-BonHoBon". OgHAaKo XOpollee COOTBETCTBHE
W3MEPEHHBIX S-MapaMeTpOB TECTOBBIX CTPYKTYp C
pe3yibTaTaMi MOJICIIUPOBAHHUS O3BOJISIET CJIeNaTh
BBIBOJI, YTO JUIS OTAENBHOTO TIepexoia 3HAYeHHUs KO-

s duUIeHTa OTpaKEHUS TaKKe JOJKHBI OBITh OJTN3-
KM K IIPEJCTaBIEHHBIM Ha pHC. 6.

ITo pesynbraTam U3MepeHnil IBYXCTOPOHHUX Tiepe-
XOJI0B ¢ paznuuHo jyimHOoN MITJI onieHeHbI TOroHHBIE
notepy B MIUI ¢ BomHOBbIM mmnenancom 50 Ow.
B nonoce yactor 57..64 I'T1y onu cocraBunu 1.1 nb
JUI TMHUM Ha TOWIOoKKe u3 Mareprana RO4350B u
0.55ab nns nUHUM Ha TOUIOKKE W3 Marepualia
RT/Duroid 5880, uTo xoporio coracyercs ¢ pe3yiib-
TaTaMH JIEKTPOJUHAMUYECKOTO MOAETUPOBAHUS IS
MI1JI, BBITOTHEHHBIX M3 METHOM (OJIBTH, M3TOTOB-
JIEHHOH METONOM D3JIEKTPOJUTHUYECKOIO OCAXKICHMUSL.
C y4eToM OLEHKH NOTroHHBIX notepb B MITJI MoxHO
ONpeAEUTD MOTEPH Ha MPOXOKACHUE I OTIAEIIbHO-
ro BMIIII. Tak, mo pe3ynbTaramM H3MEpPEHUN B ya-
cToTHOM muamnasone 57..64 I'Tu morepu B paspado-
TaHHBIX Nepexonax cocrasisitor 0.4 u 0.7 nb s mare-
puanioB RT/Duroid 5880 u RO4350B cooTBeTcTBEeH-
HO, YTO TaKXe XOPOLIO COIIacyeTcsl C pe3ylbTaraMu
MoaenupoBaHus.  M3mepeHuss mpoBemeHbl A
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Puc. 8. CpaBHEHHE Pe3y/IbTATOB MOJCIHPOBAHUS U U3MEPEHHS KOI(D(OUIMEHTOB IPOXOKIEHHUA Sy U OTpaXKeHHs Spp

JIByXCTOPOHHHX BOJIHOBOJIHO-MHKPOITOJIOCKOBBIX ITEepexo10B Ha Oa3e Marepuana RO4350B.
JmHa MEKpOToNnocKoBoit muaun: 1 — 25 MmM; 2 — 35 mMm.
CruIonIHbIe JIMHUU — PE3YJIbTaThl MOACIMPOBAHUS; IITPUXOBBIC IMHUU — PE3YJIbTaThl U3MEPEHHS

Fig. 8. Comparison of the results of modeling and measuring coefficients of the transmission S,; and reflection S,

of double-sided waveguide-microstrip junctions based on RO4350B.
Microstrip length: 1 — 25 mm; 2 — 35 mm.
Solid lines — simulation results; dashed lines — measurement results
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Puc. 9. CpaBHEHHE Pe3yJIbTATOB MOIEIHPOBAHUS U U3MEPEHHS KOI(DPUIIMEHTOB NIPOXOKACHHA Sy U OTpaXKeHHs Spp

JIByXCTOPOHHHX BOJTHOBOJTHO-MHKPOIIOJIOCKOBBIX IIepexo10B Ha 0a3e mMarepuana RT/Duroid 5880.
JmHa MEKpoTonockoBoit muaun: 1 — 25 mm; 2 — 40 mMm.
CIuIoLIHBIE JIMHUHU — PE3YJIbTaThl MOACIMPOBAHUS; IITPUXOBBIE IMHUU — PE3YJIbTaThl U3MEPEHHS

Fig. 9. Comparison of the results of modeling and measuring coefficients of the transmission S,; and reflection S,

of double-sided waveguide-microstrip junctions based on RT/Duroid 5880.
Microstrip length: 1 — 25 mm; 2 — 40 mm.
Solid lines — simulation results; dashed lines — measurement results

HECKOJIbKUX OOpPa3loB HM3TOTOBIEHHBIX MEPEXO/OB,
TIPY 3TOM TOJTyYeHBI OJIN3KKE PE3yNIBTaThl, YTO JIOKa-
3bIBAET YCTOMUYMBOCTh XapaKTEPUCTUK pPa3pabOTaH-
Horo BMIIII k HETOYHOCTAM HM3rOTOBJICHUS U €T0
MIPUMEHUMOCTH JIJTISI MACCOBOTO TIPOM3BOJICTBA.
3akawuenue. PaccmoTpeHa 3aada pa3paboTKu
mupokononocHoro BMIIIT 3ou0Boro tinma st va-
crororo mumamaszoHa 60 I'Th. Omin4yuTensLHON 0CO-
OCHHOCTBIO TIepexofa SBIIACTCS HCIOJIBh30BaHUE
CKBO3HBIX HEMETAJUTM3UPOBAHHBIX OTBEPCTHI B TEJE
MEYaTHOM IUIaThl, CAMMETPUYHO PACHOJIOKEHHBIX BO-
KpYT 30HJa. YKa3aHHbIE OTBEPCTHSI MO3BOJISIIOT yMEHb-
IIUTH JOJIO0 JTUAJIEKTPUKA TEYaTHOM IUIaThl B BOJHO-
BOJTHOM KaHajie M, TEM CaMbIM, YMEHBIIUThL TIOTEPH B
BOJIHOBOJIC U OOECTICUNTh XOPOIIIEEe COTTACOBAHUE TTOI-
Bosmiero BomHoBoma u MIUJI. Crpykrypa mepexona
OblTa aJanTHPOBaHA K MPUMEHEHHIO TMEYaTHBIX ILIAT.

AHanm3 notepb B METANIMIECKOH (hosbre U Marepuae
JIMDJICKTPHKA TTO3BOJIMJI O0OCHOBATh BBIOOpP JIU3JICK-
TpUKa ¥ MeTolla M3rOTOBJeHUs Qonbru. B pesynbrare
Mepexo/l U3TOTABINBAJICS C HCIIOJIL30BAaHUEM JIBYX Pac-
npoctpaHeHHbIx CBY-MarepranoB npon3BOICTBA KOM-
nmannu Rogers: RO4350B u RT/Duroid 5880.

Jliist ipoBeNieHns DKCIIEPUMEHTAITBHBIX UCCIIEI0Ba-
HUH OBLTH M3rOTOBJICHBI MAKETHI JByXCTOPOHHUX Tepe-
xo10B "BomHOBOA—MITJI-BoHOBOA" HA MEYATHLIX IIIa-
Tax, BBIIOJHEHHBIX HAa BBIOPAHHBIX Marepuaiax. M3-
MEpEHUs! ABYXCTOPOHHUX TEPEXOI0B MOATBEPIAMIN pe-
3YIIBTaThl TIPEIBAPUTETIHHO TPOBEICHHOTO AICKTPOJIH-
HAMHYECKOTO MojienupoBanus. [lomoca mpomyckaHus
pa3pabOTaHHBIX MEPEXONOB TI0 YPOBHIO KO3 PHIHEHTA
otpaxkeHus Sqq <—10 nb cocrasuna 6onee 20 %. s

Mmarepuaia RT/Duroid 5880 moronnsie motepu B MITJI
cocrasmmm 0.55 nb/cm, a morepu B mepexone 0.4 ab,

HInpokonoJIocHBIi BOJTHOBOJIHO-MHKPOINOJOCKOBBIN Iepexo/ 30HA0BOI0 THIIA
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quist matepuana RO4350B 1.1 u 0.7 n1b cooTBeTcTBEH-
HO. B pesynsrate uccnenoBaHusi pelieHa InpoOiema
obecriedeHHsT HU3KOTO ypoBHs moteps B BMIIIT ba-
CTOTHOro auamnaszoHa 57..64 I'T'1 3a cueT UCnoib30Ba-
Hust CBY-MarepranoB neyaTHBIX IUIaT ¢ KaTaHoH (oib-
roil ¥ JONOMHUTEIbHBIX HEMETAUIM3UPOBAHHBIX IIepe-

XOIHBIX OTBEPCTHH B CTpPYKType mepexona. IlomydeH-
HBIE PE3yNIbTaThl TOKa3ajid, YTO MpeUIoKEHHAs KOH-
CTPYKLUSI TIepexofa MO3BOJISIET TOOUTHCSI HI3KUX 3Ha-
YeHUH TOTepb Ha MPOXOXKACHHE 3a CYET YMEHBIICHHS
BIIMSIHUSL JUAIEKTPUYECKOM MOIIOKKU TIPU UCTIONB30-
Banuu pazmnyabix CBYU-MarepraioB rnevarHpIX TUIar.
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AHHOTauuMA

BBeaeHue. B cBA3M C 0OCBOEHVEM MUIVIMETPOBOTO AMana3oHa U pa3BUTMEM CPeACTB LLUMPOKOMOAOCHON CBA3N
MMeeTcs MOTPEeBbHOCTb B @aHTEHHbIX CMCTeMaX, KOTopble paboTanu 6bl B LUMPOKOM MOA0Ce YacToT (Mopsgka ok-
TaBHOM), MenNu BbICOKYHO HaNpPaBNeHHOCTb U KOMMAaKTHble pa3mepsl. MiMetoLlmecs peLlleHmns, Kak Npasuio, He
YAOBNETBOPSAIOT AdHHBIM TPEOOBAHUSAM.

Lenb pa6oTbl. KOHCTpyMpoOBaHMe 1 3KCNeprMeHTanbHoe NcciefoBaHne aHTeHHo pelteTkn (AP) K-ananasoHa,
obnagatoLeri BbICOKMM KO3$PULIMEHTOM UCNoNb30BaHMA naowaan (KUM) n MansiMm NpoAosHbIMU pa3Mepami.
MaTepuanbl n MeToabl. HcneHHble nccnegoBaHmsa nposogmnnce B CAMNP CBY (CST Studio Suite), akcnepumMeH-
TaNbHble NCCIe40BaHMSA — Ha 060PYAOBaHUM 4151 BEKTOPHOro aHanm3a CBY-ueneii (Agilent EB363B PNA). Xapak-
TEePUCTUKM HanpaBAeHHOCTU N3MePSAANCh METOOM CKaHMPOBaHNS BANXKHEro nons.

Pe3ynbTatbl. MNpeanoxeH BapnaHT peanmsauum wipokonoaocHon AP K-grnanasoHa (18...26 Tu). Nepuog AP
cocTtaBnset 2.25 AVHbI BOMHbI Ha BEPXHEeR YacToTe AnanasoHa. [ns nojasneHns AndpakumMoHHbIX 1ernecTKoB
NCNOMb30BaH AONOAHUTENbHbIV CNOI, COCTOALLMIA U3 NNH3 N3 NCKYCCTBEHHOMO HEOAHOPOAHOrO AMU3NEKTPUMKa,
CHOPMUPOBaAHHbIN N3 TOHKUX PUIYPHBIX CI0EB INCTOBOrO NoAnaTuneHTepedranarta. MpeanoxeHa rmbpugHas
KoHUrypaumsa gnarpammoobpasyroLeri cxemsl (OC), B KOTOPOI 0fHa YacTb CXeMbl BbIMO/IHEHA Ha OCHOBe Me-
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CymMapHas TOo/LWMHA BCel CUCTeMbl cocTaBmna 50 MM, UTO PaBHO 4.3Amin. ECIV M3 KOHCTPYKLMW UCKIOUNTL
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Abstract
Introduction. As a result of the extensive development of broadband communication in the millimetre wave
band, there has arisen a need for antenna systems with a high level of directivity and compact dimensions, capable
of operating across wide frequency ranges. However, at present, few engineering solutions satisfy this demand.
Aim. To develop and study experimentally a K-band antenna array (AR) characterized by a high aperture effi-
ciency and compact longitudinal dimensions.
Materials and methods. Computer simulations were performed using the CST Studio Suite software. Measure-
ments were carried out using an Agilent E8363B PNA vector circuit analyzer. Radiation patterns were obtained
by the method of near-field scanning.
Results. A K-band broadband antenna array configuration operating over the 18...26 GHz range was pro-posed. It was
found that the period of the array equals 2.25 wavelengths at the highest operating frequency. In order to suppress grat-
ing lobes, an additional layer consisting of artificial inhomogeneous dielectric lenses was used. The dielectric material
consisted of thin curly layers of sheet polyethylene terephthalate. Additionally, a hybrid configuration of feeding network
was proposed, in which one part of the network was developed by means of printed two-wire lines, while the other part
was achieved by means of rectangular waveguides. The proposed antenna array demonstrates VSWR of less than 2 and
an aperture efficiency above 0.5, side and diffractive lobe levels not exceed -12 in the 18...26 GHz range. The total thick-
ness of the configuration equals 50 mm or 4.3xmyin. In order to ensure the compactness of the AR for wideband fre-

guency applications, the thickness of the system can be reduced to 2.5 min by excluding the waveguide part.

Conclusion. When compared with existing solutions, the proposed antenna has a simpler feed network, which
yields better matching. High aperture efficiency is achieved in the wide frequency range by means of inhomoge-
neous dielectric lenses.

Key words: antenna array, broadband antenna, inhomogeneous dielectric, lens antenna
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BBenenne. B Hacrosiee BpeMs C LIENbIO YBEIU-
YEeHUS MPOITYCKHOM CIIOCOOHOCTH KaHAIIOB Tepeaavn
HHPOPMAIIMY, PA3BUTUS IIUPOKOIIOIOCHBIX CPEICTB
CBS3M W PATUOJIOKAIUM MHTEHCHBHO OCBAMBACTCS
MUJUTMMETPOBBIA uana3oH AauH BonH [1-3]. Ak-
THBHO Pa3BUBAIOTCS MPOTPAMMBbI ILIMPOKOIOIOCHOTO
cyTHUKoBoro nocryna B MHrepHer B K-nuanasone
[4]. Pacmupsiercss HEOOXOAMMOCTH WCIOJL30BaHUS
LIMPOKOTIOIOCHBIX CPEJICTB PAIMOMOHUTOPUHTA U pa-
nuonsMepeHnit. TexHuueckass W 3KCIUTyaTallMOHHAas
3(pPEKTUBHOCTH YKa3aHHBIX CUCTEM HE B TIOCIICIHIOK0
oyepeb OMPEeIIOTCS UCIOIb3yEMbIMU aHTEHHAMMU.

[[Iupokoe pacnpocTpaHeHHE MEPEUHUCICHHBIX CH-
CTEM TIPEIBSBIISIET ONpe/IeTICHHbIC TPEOOBaHMS K MX aH-

TCHHBIM CHUCTEMaM, KOTOPBIE JOJDKHBI OBITh ITHPOKOIO-
JIOCHBIMH, KOMITAKTHBIMH, JIOTTYCKATh JICTKU MOHTAX U
pa3BepThIBaHUE, UMETh HU3KYI0 CTOMMOCTh. TpeboBa-
HUSL KOMIIAKTHOCTH, IIMPOKOTIOIOCHOCTH M BBICOKOM
HAITPaBJICHHOCTH B U3BECTHOIM Mepe POTUBOPEUHUBHI:

— IIMPOKOTIONIOCHBIC Y3KOHANPABJICHHBIC aH-
TEHHBI Ha OCHOBE 3€pKall U JIMH3 HUMEIOT BEIHOCHEIC
ANIEMEHTHl U, COOTBETCTBEHHO, 3HAYHUTEIHHBIC MPO-
JIONTBHBIE pa3MEpHI;

— KOMTIaKTHbIC aHTCHHBIC pemeTkd (AP), BeIOMHS-
eMBIe T10 TIeYaTHOW TEXHOJIOTHH, paboTaroT, Kak Ipa-
BWJIO, B Y3KOH IOJIOCE YaCTOT U 3a4acTyl0 UMEIOT OUeHb
CIIOXKHYIO Jriarpammoo0pasyromryto cxemy (JIOC), 3a-
TPYAHSIONIYIO COITIACOBAHKE B IIMPOKOI! TI0I0CE YacTOT;

34 BKCHepHMeHTaHLHOC Hccjiea0BaHue lJ.lPlpOKOl'lO.]'lOCHOﬁ aHTEHHOI pelIeTKH K-auana3zona
€ HCMOJIB30BAHUEM CTPYKTYP U3 HCKYCCTBCHHOTO HEOAHOPOAHOT 0 TUIJICKTPUKA
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— HEKOTOPBIE TUITBI IIUPOKOTIOIOCHBIX U KOMITAKT-
HBIX aHTCHH (HalpuMep, JIOTONEPHOTUIECKHE), YI0-
BIICTBOPSIsI OMTUCAHHBIM TPEOOBaHUIM, HE 00ECIICUH-
BalOT BBICOKOU HalpaBJIeHHOCTH.

Jlyi pereHus onrMcaHHbIX POOIeM B HACTOSIIICH
crarbe TpemnoxeHa AP, comepkamas (pokycHpyro-
1IMe JUH3BI U3 UCKYCCTBEHHOTO HEOJHOPOIHOTO M-
anekTpuka. C MOMOIIBIO JIUH3 JOCTHTAETCS CY)KCHHE
nuarpaMMbl HanpasieHHocTr ([IH) snementa AP 3a
cueT I(PPEKTUBHOTO MOAABICHUS AUGPAKIUOHHBIX
JIETIECTKOB ¥ TAaKUM 00pa3oM obecrieunBaeTcs pabora
B IIMPOKOH MMOJIOCE YacToT.

B [5] npennoskeH crioco6 peanu3anuy JUH3 U3 He-
omHOpoaHOTO Auanekrpuka (JIHJ), onpeneneHs! mpe-
JeTbHBIC 3HAYCHUS IMapaMeTPOB JUCKPETU3AINH Of-
HOPOJHOTO TUDJIEKTPUKA, U3 KOTOPOTO U3TOTOBIISETCA
JIH]/I, Takux Kak TOJNIIMHA 3JIEMEHTAPHOTO IHJIUH-
JPUYECKOTO CJIOS U KOJIMYECTBO (PUTYpHBIX "TerecT-
KOB", peaju3yonux NepeMeHHbIH 3aKOH U3MEHEHUS
JIUDIIEKTpUYecKon mponumaemoctu [6]. B [7] pac-
cmotpena kouctpykus AP ¢ JIH/I, coctaBnenno# u3
16 aeMeHTOB, PACIIOIOKEHHBIX TeKCaroHaIbHO.

B nactosimieit cratee paccmotpera AP u3 64 snemen-
ToB ¢ JIOC THOpUIHOTO THITA HA OCHOBE NIEYaTHBIX JIBYX-
TPOBOMHBIX JIMHUKA U BOTHOBOAOB. Takas KOH(HUTypaLus
HCTIONB3YETCSl C LSO CHIDKEHMSI TTOTEPh B MEYATHBIX
JIMHUSX TISPEIavy 3a CUET 3aMEHBI MX YacTH BOIHOBO-
JIaMH, B KOTOPBIX 3aTyXaHHE CYIIECTBEHHO MEHBIIIE.

PazpabarrBaemast AP paccuntana Ha padory B K-mma-
nazoHe (18...26 I'T'm).

Onucanue H>KCHEPUMEHTAJIbHBIX 00pPa3LoB.
Juarpammoo6pa3yomas cxema. UtoOsl n3dexarh
nosiBIIeHHs TU(PAKIIMOHHBIX JIEIECTKOB Npu pabote
AP B mMpoxom nuana3zoHe 4acToT, €€ MePUOA JOHKEH
cocTtaBmsTh 0.5 OT JUTHMHBI BOJHBI HA BEPXHEH TPAHULIE
JaNasoHa Apmjn. 1IpH 9TOM pasMephl DIMPOKOIONOC-
HBIX M3Nydaresneld OnpeAesstoTcs ATUHON BOJIHBI Ha
HIDKHEH pabodell 4acToTe Apgy. IIpH onpenenenHoi

IIMPHUHE MOJIO0CH HEM30EKHO NEePEeKphIBaHNE U3ITyYa-
TEJSIMU APYT apyra. M3BecTHBI MHPOKONONIOCHEIE AP,
B KOTOPBIX TPUMEHSETCSI IMEHHO TaKasi KOHQUTyparys
nsny4varesneid — AP Ha OCHOBE CHIIBHOCBS3aHHBIX BHO-
paropoB. B Takux AP KOHIIEI BHOPAaTOPOB 3aXOMST YT
Ha Jpyra, o0pasys BCTPEUHO-IITHIPEBYIO CTPYKTYPY
[8]. CymecTByloT pasznuuHble Bapuanuu Takux AP c
Pa3IMYHBIMU CIIOcO00aMu "yIakoBKH'" M3ITydaTeneld Ha
TUIOCKOCTH, HallpUMep MeperuieTeHHbIe criupany [9].
[ToMrMO CHIBHOCBSI3aHHBIX BHOPaTOpPOB CyIIe-
CTBYIOT Takke AP Ha ocHOBe ANMMHHBIX mmesnei [10-12].
Henocratku 3THX COCOOO0B CleqyIonHne:

— HeBO3MOXHO pazmectuTs JJOC Ha obmeil noxa-
JOKKE € M3Iy4YarollMMHU JIEMEHTaMH. OTO BeIET K
HEe0oOXOZIMMOCTH IIPENyCMaTpUBaTh 3IEMEHTHI Iepe-
X0fla MEXHy JIMHMSAMU Iepefad Pa3IduHbIX THIIOB,
4TO, B CBOIO OYEPEb, 3aTPYAHSET CONIACOBAHHUE;

— IUIOTHOCTb PACIIOI0XKEHUs U3Jydaresieil oueHb
BEJMKA, TAK KaK IIEPHOJ CTPYKTYpPbl JNOIDKEH OBITH
MeHblle 0.5 i, OTO NMPUBOAUT K CIOXKHOCTAM B

npoektupoBanuu JOC i Tako# perieTky U K yXyi-
HICHUIO COIIACOBAHUSI.
Hpyroii cnioco® pacmmpenus pabodeld TOIOCHI
AP cocTouT B yBEJIMUEHUHU €€ IEPUO/IA 32 CUCT YMEHb-
IICHUS YMCIIa DJICMEHTOB M YIPOIICHUS TaKUM 00pa-
3om J1IOC. Jlns mogaBieHus TUQPaKIIHOHHBIX JICTIECT-
KOB B JIAHHOM clTy4ae HeOOXOIMMO MPUMEHSTH (DOKY-
CHUPYIOIINE JIEMEHTHI, cykatomue JIH kaxaoro usiy-
garelrs. B kauecTBe Takux 21eMEHTOB BO3MOYKHO TIpHUMe-
HEHHE JTNH3 W3 HEOTHOPOTHOTO ArdekTpuka [ 13—15].
B paccmarpuBaemoii koHCTpykuuu AP n3myuare-
JSMU CITy)KaT Te4YaTHbIe MIMPOKOIONIOCHBIE BUOpa-
TOpHI-"0a00YKH", BRITPABIICHHBIC Ha TIO/JIOXKKE M3 Ma-
tepuana Rogers RT5880 ¢ Tanrencom yrima muanek-
Tpuyeckux noreps tgd5=0.0009, 4ro cooTBeTCTBYET
notepsiM opsiaka 4 nb/m Ha gactore 26 I'Ti (puc. 1).
[neun BUOpaTOpoB pacmonararoTest Ha pasHBIX CTO-
POHAX MOAJIOXKKH, a TUTAHKUE OCYILECTBISETCS IEYaTHOM
nByxmpoBoaHoi muauel (JAI1J]), monBoaumoii k eHTpy
BHOpaTropa. DJIEMEHTBI PACIIONIOKEHBI TEKCArOHAIBHO,
JOC wmmeer ABOMYHO-3TaXHYIO KoH(puryparpro. Ile-
puon AP cocrapnsier 3.25A nHa BepxHel wactore 26 [T
[lepBble BE CTYNEHU NENUTENS BBIMOJHEHBI Ha
OCHOBE BOJTHOBOJIHOM TMHHUM cTaHaapTa WR42, ume-
tomeit pasmepsl 10.67 x4.32 MM 1 K03 GUIHEHT 3a-
tyxanus nopsyka 0.4 nb/m. BomHoBox o6pa3zoBaH

Puc. 1. Tononorus neyatHoii miaate AP

Fig. 1. Feeding network circuit
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JByMsl alrOMUHHEBbIMU aeTansmu. IlepBas neranb
o0pasyeT OogHY W3 IIMPOKHX CTEHOK BOJHOBOZA, a
TaKXXE BBIIIONHACT (PYHKIUH OTPAXKAIOUIETO dKpaHa
Juid aneMeHToB AP 1 HecyIiero sneMeHTa Ajsl Kper-
neHus nun3 (puc. 2, 1), BTopas AeTallb B BUAE NPsIMO-
YTONBHOW KaHaBKH B TOJICTOM IIIACTHHE OOpasyer
OCTaBIIIUECS TPU CTEHKH BOTHOBONA (pHc. 2, 2 U pHC. 3).
JUis compsbkeHust IEYaTHOM JMHMU M BOJIHOBOJA
MPUMEHSETCS CIIeNUAIbHBIN MIaBHBINA Iepexo/.

Puc. 2. BomHOBOHBII IeTUTENb Ha YEThIPE HATPABICHHS
(6e3 mepexo10B Ha ABYXIIPOBOIAHYIO JIUHHIO)

Fig. 2. Waveguide divider
(without transitions to two-wire line)

Puc. 3. HuxHsIs 4aCTh BOJIHOBOIHOTO ACHUTENS (BUI] M3HYTPH);
JIMHUY OKaHYUBAIOTCA NIEPEX0AaMU Ha JBYXIIPOBOAHYO JIMHUIO

Fig. 3. Bottom part of the waveguide divider (inside view).
Lines end with transitions to two-wire line

BosnoBoaHO-1BYX1IPOBO/IHOI mepexoa. Ha puc. 4
MIPEICTaBIIEH H30METPUUECKUI BU]I TTEpeXoia ¢ MpsIMO-
YIOJILHOTO BOJIHOBOZIA Ha IEYAaTHYIO JIBYXIIPOBOIHYIO
JIUHNIO. BOTHOBOIHO-IBYXITPOBOAHOMN MEpexo Mpe-
CTaBJIAET COOOM ITaBHBIN JINHEIHBIN Nepexo] BOIHO-
Boza B H-00pa3Hblif BOITHOBOJ € MOCIIETYIOINM TIIaB-
HBIM IIEPEXOJIOM Ha IIeYaTHYIO JUHHUIO. J{udnekTpuye-
CKasg TOIUIOKKA IMEYaTHOW JHMHHUM 3aXOAUT B IPO-
CTPaHCTBO MeXAy rpeOHsmu H-o6pa3zHoro BoiHO-
BOJIa U 3aKaHUYMBAETCS TPEYIOJbHBIM CY)KEHUEM IU-
anekTpuka. [IpOBOIHMKK JMHUM 3aKaHUYMBAIOTCS B
MECTe Iepexoa X B TpeOHM BOJTHOBO/A.

o

Puc. 4. I3omeTprueckuil Bus nepexoaa oT BOJIHOBOJA K
JIByXIPOBOIHOM CUMMETPUYHOM IJIAHAPHOW JIMHUY NTEepeaadHn
a — TMIONHOCTBIO, 6 — 0€3 CTEHOK BOJIHOBOA

Fig. 4. Isometric view from the waveguide to transition two-
wire symmetrical line:
a— completely; 6 — without the walls of the waveguide

B skcnepuMeHTaNbHOM HMCCIEOBAHUM M3MEPSIICS
koa(hpurment orpaxenus: (KO) cucteMsl U3 IBYX HICH-
TUYHBIX TIEPEXOJIOB, CoeMHEHHBIX oTpe3kom JTTJT amm-
Hoit 140 MM (pHc. 5).

OrnncaHHass CHCTeMa MMEET [Ba BOJHOBOAHBIX
nopra. B Heil npoucxoaaT oTpaxeHHs Kak OT BXOAHOTO,
TaK 1 OT BBIXOITHOTO IMTOPTOB. UTOOHI yCTPaHUTH BIMSHUC
OTpa)XKEHUH OT BBIXOTHOTO MOPTa, MPUMEHSETCS (QHITh-
TpAIIHs YaCTOTHOM XapaKTePUCTUKU Sjq BO BPEMEHHOI

obnacty. JlaHHas BO3MOXKHOCTb TIPEIOCTABIISETCS TIPH-
oopom Agilent E8363B PNA.

Ha puc. 6, 7 noka3aH BO3MOXKHBIH cOCO0 TOA-
kioueHus neyarHoit JI1JI k BomHOBOY ITPpH MOMOIIN
JlaHHOTO repexonaa. B paccmarpuBaeMoM ciiydae uc-
MOJTB3yeTCs THOKas MOMIJIOKKA, B KOTOPOH BBIpe3aeTcs
"S3BIY0K", 3aXOIAIINNA MEX Ty ABYMs TpeOHsiMu H-00-
pa3HOro BOJTHOBOJA.

Puc. 5. DxciepuMeHTalIbHAS [ETTh U3 IBYX IIEPEXOI0B,
CoeIMHEHHBIX oTpe3koM JII1JT

Fig. 5. Experimental circuit from two transitions connected
with a fragment of the two-wire line
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Puc. 6. TTepexo/] OT BOIHOBO/A K ABYXIIPOBOIHON JTHHAM
(Bux criepen)
Fig. 6. Front view of the transition from the waveguide
to two-wire line

Puc. 7. BHyTpeHHee yCTpOKCTBO Mepexoza,
cedeHHe yepes E-IIocKocTb BOIHOBOAA

Fig. 7. Inside construction of the transition,
cross-section through E-plane of the waveguide

IxkcnepuMenTaabHblii Maker AP. [TonHblil Ma-
ket AP (puc. 8) coctout u3 64 usnmyuareneii, pacmo-
JIOXKEHHBIX B y3J1aX T€KCaroHaJIbHOMW CETKH.

B kauectBe BepxHEH CTEHKHM NPAMOYTOJIBHOTO
BOJIHOBO/IA BBICTYTIAET HHXKHSISI YaCTh METAIITHYECKON
IUIACTHHBI, MTPAolIel TaKke poiib dKpaHa (puc. 2).
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Puc. 8. DxcriepumenTanbHbiil Maker AP (BHz cBepXy)

Fig. 8. Experimental model of the antenna array (top view)

OcranbHble TPX CTEHKH 00pa30BaHbI MPSMOYTOJIBHBIMH
KAaHABKAaMH B OTBETHOH YaCTH BOJIHOBOIHOTO JEITUTEIIS.

®dokycupyromuil cioii HabpaH W3 22 CloeB Ju-
CTOBOTO TIOJIMITHIEHTEpedTaIaTa TONIIUHOW 1 MM,
M3 KOTOPOTO JIa3€pHON PE3KOW BBIPE3aHBI JIETIECTKH
IUTSL CO3MAHUS JIFH3.

Mexny 3xpanom, maroit JIOC u cioem uH3 BBe-
JICHBI 32306l B 5.2 1 2 MM COOTBETCTBEHHO, KOTOPHIE
00ecreunBaroTCs IpoCIOHKaMH MICHOTIOIUCTHPOTIA, a
TaKKe IUIACTUKOBBIMH INAi0aMU COOTBETCTBYIOIIEH
TOJNIIUHEL Bee cion KOHCTPYKINHY CKPEeIUISIOTCS BUH-
TaMH [0 IEPUMETPY U B 5 IEHTPATbHBIX TOUKaX.

I"aGaputsl MakKeTa AP COCTaBIIAIOT
330 x 290 x 50 MM, TakuM 00pa30M, IPOAOJILHBINA pa3-
Mep aHTEHHBI paBeH 4.3\ min-

Mertoabl ucciaenoBanusi. Mzmygaromme CTpyk-
TYpBI YHCJICHHO MOJIEIUPOBAIKMCH MPH MOMOIIHU Ma-
keta CST Studio Suite. XapakTepHUCTUKH JKCIEPH-
MEHTaJIBHOTO 00pasiia BOJTHOBOIHO-ABYXIIPOBOIHOTO
Mepexoia M3MEPSUINCh BEKTOPHBIM aHATU3aTOPOM IIie-
neit Agilent E8363B PNA, mo3BoJistonuM u3MepsTh
S-mapaMeTpsl YeTHIPEXIIONIOCHUKOB B ITOJIOCE YacTOT
0.01...40 I'Tu. YxasaHHbIi npubop obecrednBacT
Taroke (QUIBTPAINIO TIOMYYIAaeMBIX XapaKTepPHUCTHK BO
BPEMEHHOH 00JIaCTH, YTO O3BOJISIET ITPU HEOOXOAUMO-
CTH UCKITIOYHTH M3 HUX BIMSHUE OTPAXKECHHUH OT Ompe-
JIEJIEHHBIX 3JIEMEHTOB M3MepsaeMo Lenu. s usmepe-
HUSI XapaKTePUCTUK HAMPABJICHHOCTH HCIIOIb30BAJICS
pa3paboTaHHbIi Ha Kadeape paguorexHukn Cubup-
CKOTO (hermepabHOTO YHUBEPCUTETA amIapaTHO-IIPO-
TPaMMHBIA KOMIUIEKC JUIS M3MEPEHUST XapaKTePUCTHK
aHTCHH B OJIMKHEH 30HE, COCTOSIINN U3 0€39X0BOH Ka-
MEpBI, YeTHIPEXKOOPANHATHOTO TIOCKOTO CKaHepa | Ipo-
TpaMMHOTO obecriedeHust it 00pabOTKH HM3MEPEHHI.
JH n xoadduiment HanpapieHHoro aeiictust (KHI)
BBIYHCIUINACH TI0 aMIUTUTYTHO-(ha30BOMY pacIipeerie-
HHUIO B pacKpbiBe aHTeHHBbI. KoahdHIueHT ycuneHus
(KVY) uzmepssics MeToZioM STaJIOHHON aHTEHHBI.

Pesyabrarsl ucciiegoBanuii. Boa1HOBOTHO-IBYX-
nposBogHoi nmepexon. Ha puc. 9 mpencrasnens va-
CTOTHBIEC XapakTepucTUKU Monynst KO s Heckomb-
KX JymH nepexona ( Ly ).

B cooTBeTCcTBUY C JAHHBIMH PacyeTOB AJIFHA SKC-
MIEPUMEHTAILHOTO TIepexo/ia BEIOpaHa paBHOU 26 MM,
9TO COOTBETCTBYET €ro padoTe B auarazone 18...26 [T

Ha puc. 10 npeacraBieHa yacToTHas 3aBHCH-
MOCTb Sy1,,, NOJIy4YEeHHasl IPH MTOMOILIY UCKITFOUEHUS
OTpaXeHHI OT BTOPOTO MOpTa (GHiIbTpanuell Bo Bpe-
MeHHO# o0nacTh. PacueTHast KpuBasi COOTBETCTBYET
JUTHHE Tiepexoaa 26 MM.
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Puc. 9. PacueTHble yacTOTHBIE 3aBUCHMOCTH Moayia KO
BOJIHOBOJIHO-/IBYXIIPOBO/IHOTO TIepexo/ia

Fig. 9. Simulated frequency dependences of the reflection
coefficient modulus of the waveguide two-wire transition
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Puc. 10. KO BOIHOBOAHO-ABYXIPOBOIHOTO MEPEX0/a;
1 —pacuer ms L, =26 MM; 2 — 9KCTIEpUMEHT

Fig. 10. Reflection coefficient of the transition from
waveguide to two-wire line:
1 — calculation for L, =26 mm; 2 — experiment

JKcnepuMeHTaNbHbIH MakeT AP. B xone skc-
TIepUMEHTANBHBIX HCcIenoBaHui MakeTa AP m3meps-
muck KO (puc. 11), JIH Ha BepxHeit gactore pabouero
nuarna3ona B ceueHusax ¢ =0, 30, 60 u 90° (puc. 12),

ypoBHU 00KOBBIX JieniecTKoB (YBJI) B 3THX cedeHusnx
JIH; wyactotHble 3aBucumoctd KHJI u KVY.

Ha puc. 13 npencrariensl rpaguku ypoBHS O0KO-
BBIX JICTIECTKOB B PA3IUYHBIX XapPaKTEPHBIX CEUCHUSIX
TPEXMEPHOHN XapaKTEepUCTUKU HampaBieHHOCTH AP.
ITox YBJI 3neck nonnmaeTcss HanOOIbIINK YPOBEHb
m000r0 M3 BCceX OOKOBBIX JICTIECTKOB AaHTEHHHI. B
mwiockoctsix E (9=90°) u H (¢=0) TakoBbIM siB-

JSUICA TIePBBIN OOKOBOM JIETIECTOK, YPOBEHb KOTOPOTO
cocCTaBIsu1 mpuMepHo —12 nb Bo Bcelt mosoce 4acTor.

18 20 22 24
-10 I I |

715
—208

£ T

‘Sll ,Z[B

Puc. 11. KO ot Bxoma AP
Fig. 11. Reflection coefficient from the antenna input
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Puc. 12. IH AP na gacrore 26 I'T'x
Fig. 12. Array radiation pattern at the frequency 26 GHz
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Puc. 13. YpoBeHb MakcHMalibHOTO O0KOBOTO Jenectka JIH AP

Fig. 13. The level of the maximum side lobe
of the antenna radiation pattern

Ha puc. 14 npezcrapieHsl SKIePUMEHTAIBHBIC Ya-
crotubie 3aBucumoctd KH/L (D, ) u KY (G,) anrennsl,
a TaxoKe 11 cpaBHeHus npuserieH rpagux KHJ cuxdas-
HOHM paBHOMEpPHO BO30Y)KIAcMOU HICATLHOU arlepTyphl
( Dyix ) , PABHOM UCCIIEyeMOM aHTEHHOM TUTOIIA .

Oo0cy:xnenue. BoJIHOBOTHO-IBYXIIPOBOTHOM Tepe-
xon. Hanbornee BayKHbIM rabapUTHBIM ITapaMeTpoM Tiepe-

Xo4a sABJIICTCA €ro JJIMHa ( Ln ) YucneHHble UCCIeI0Ba-

HUA TTOKA3bIBAIOT, YTO ITOT MapameTp OIpeeNseT HIK-
HIOIO pabodyro yactoty nepexona. Koadduiment nepe-
KpBITHS pabodeid MooCkI repexonia 1o yposHio —20 1b
cocrapysieT ipuMepHo 1.5. Kak BumHO 13 puc. 10, ko3d-
(UILMEHT Tiepenadn AKCIEPUMEHTAIBHOTO BOJTHOBOTHO-
JIByXIIPOBOTHOTO TIepexosia B paboveid moyoce 4acToT He
npeBbIIaeT —15 b, HO 3TO CyIIECTBEHHO BHIIIIE pacyeT-
HBIX JaHHBIX. Takoe pacXoKIeHNEe MOKET OBITh 00YCIIOB-
JICHO HETOYHOCTHIO TIO3MIIOHUPOBAHHS TPOBOJHHUKOB
MeYaTHON JIMHUHM OTHOCHUTENHLHO TpeOHel BONHOBOMA W
HEZOCTATOYHO TOYHBIM OI00POM ITHPHUHBI ABYXIIPOBOLI-
HOM JIMHUW, M3-32 Yero BO3HUKAET PacCOIIaCOBaHNE.
Maket AP. [Tockonbky koduIMEHT UCTIONB30Ba-
Hust Tiotnaau (KUIT) onnHOYHOTO M3mydarens MeHbIIe
1, mudpakimoHHble JernecTki B AP MmomaBisitoTcs He
noiaHocTeio. OnHako B mmonoce yactor 18..26 I'Thn ux
YpOBEHb HE MPEBBINIAET YPOBHSA MEPBOr0 OOKOBOTO
JierecTka, cocrasisroniero —12 nb. M3 naHHBIX 3KC-
MEPUMEHTA CJIEAYET, YTO TEPHOI PEIICTKH, PaBHBIHA
3.25Amin, ABISAETCS CIAUIIKOM OONBIINM MO KPUTEPHIO

YPOBHs! JM(PAKIMOHHBIX JICTIECTKOB: HA BEpXHEl da-
CTOTe MX ypoBeHb jgocruraer —12 nb. VposeHs au-
(ppaKIMOHHBIX JIEIECTKOB MOXHO HECKOJBKO CHH-
3UTb, €CJIM yMEHBIINTD [IEPUOJ PELIETKH.

KUII autenns! (e,) B paGodeil MoToce 4acToT

Boime 0.5 (puc. 15). KI1JI (1) y 9KcriepuMeHTaIbHOTO
obpasma paseH npumepHo 0.5, a Ha BepxHel rpaHuIe

D, G, nbu
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Fig. 14. Experimental dependencies of the directivity (D) and
gain (G, ) of the antenna, the directivity of an ideal aperture (D, )
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Fig. 15. Aperture efficiency (e, )
and energy efficiency of the antenna (n)

nuamnasoHa nagaet 10 0.25. KUIT moxeTr OBITH ITOBBI-
LIeH MMyTeM yMEHbIIEHUS NepuoAa PEIeTKH, a yis
nowitieHns KI1/] Tpebyercs ucnoab30BaHuEe MaTepH-
aJoB ¢ 6osiee HU3KUMH HOTEPSIMH.

3akimouenue. PaccMorpenHas B cratbe AP mos-
BOJsieT TepekpbITh craHnapTHeiil IEEE-nuamnason
18...26 I'T, mpu aTrom KUII B monoce gacTot mpeBbI-
maet 0.5, a ypoBeHb OOKOBBIX U TU(PAKITMOHHBIX Jie-
nectkoB He mpeBocxoauT —12 nb. [lpumenenne Tu-
opunnoi IOC Ha OCHOBE MEYaTHOHN JABYXITPOBOIHON
U BOJIHOBOZIHOM JIMHUI 11O3BOJISIET COKPATUTh IIOTEPU
B neyaTHoil nuHuM nepeaaq. O6mmit KI1/] sxcnepu-
MEHTAJIbHOTO MaKeTa OKa3aJiCi OTHOCUTEJIbHO HHU3-
KHUM, YTO MOXKCT OBITh HCIIPABJICHO IPUMCHCHUEM JTU-
ANEKTPHUKA ¢ OOJIee HIU3KUMHU MOTEPSIMH [T U3TOTOB-
JeHHs TUH3 (HanpuMep, IMOJIMCTHPONA).

CyMMapHasi TOJIIIIMHA BCEW CHCTEMBI COCTaBHMIIA
50 MM, uTO paBHO 4.3\ . Ecim U3 KOHCTpYKIMY HC-

KJIIOYUTH BOITHOBOIHYIO YacTh, TONIIMHA MOKET OBITh
YMEHBIIEHA 10 2.5\ mjn, YTO 00ECIIEYHBAET KOMIIAKT-

HOocTh AP mpu mmpoxkoii mojoce pabodnx 4acToT.
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AHHOTauuA

BBegeHue. 1A pelleHnsa 3a4aun paguononsgpuMeTprm B MHOMOMO3NLMOHHBIX MUKPOBOHOBBLIX JOCMOTPOBbIX
cncrtemax (MMZAC) ¢ anepTypHbIM CUHTE30M HEOBXOAMMO MCMOJIb30BaTh aHTEHHbI C BbICOKMM YPOBHEM KPOCCMOo-
nApr3saumoHHol pa3easkuy (KMP) B LUMPOKOM MPOCTPaHCTBEHHOM yrne. BocctaHoBeHe paanon3obpaxeHunii B
MMZC nponcxoamnT Ha AUCTaHUMSAX, COM3MEPUMBIX C pa3MepamMu anepTypbl aHTEHHbIX CTPYKTYP, MO3TOMY 3Haue-
HVe NPOCTPAHCTBEHHOrO Yrna, B KOTOPOM HeObXOAMMO BbiNOAHEHWe TpeboBaHWs Bbicokoin KIP, MoxeT gocTtu-
ratb 30°. TakM 06pa3oM, BO3HMKaeT HOBast 3aja4a CO34aHNA aHTEeHHOW CTPYKTYpbl X- 1 Ku-4nanasoHoB, nprme-
HeHue koTopoi B MM/AC no3Bosnno 6bl pelunTb 3ajady NOCTPOeHNs paanon3obpaxeHns 4enonspru3oBaHHOMo
MWKPOBOMIHOBOIO N3/ly4YeHWs, pacCeAHHOr0 CKPbITbIMU ONAcHbIMU 06beKTaMu Ha Tesle YenoBeka.

Lenb pa6oTbl. PazpaboTka NpMeMHOM aHTeHHbI XeCTKOM KOHCTPYKLUUM A8 4ONTOBPEMEHHOI 3KCnayaTaumn B
MMZC c yposHem KIP 28 4B npu npocTtpaHcTBeHHOM yrae 30° 1 pabounx yactoTax 8... 20 Ty,

MaTepuansl n metoabl. OnpejeneHbl TpeboBaHUA 419 NpUeMHOl aHTeHHbl B MMZC. MpuBeseHbl TeopeTu-
yeckre 060CHOBaHNS ANS BbI6Opa KOHCTPYKUUN aHTeHHbI. B paspabotaHHon MM/AC 4na nocTpoeHns MUKpo-
BONHOBOIO M306paXeHns NCNob3yeTcs anepTypHbIV cuHTe3. MNpeacTasneHbl 3Tanbl U pe3ynbTaTel MOAEANPO-
BaHWS LUMPOKOMONOCHbIX ABYXrPebHeBbIX aHTEHH B MPOrpamMme TPeXMepHOro MOZAENVNPOBAHNS 3/1eKTpomar-
HUTHOro nonsa CST Studio. PaccMoTpeHbl pe3ynbTaTbl MOAENINPOBAHNSA ABYXTpebHEeBbIX aHTeHH: nupamMmaans-
HOW, KOHMYECKOW, B KPYr/IOM 1 3AIMMTUYECKOM BOJIHOBOAAX. MpoV3BeeHO CpaBHEHMe pesynbTaToB n3Mepe-
HVA B 6€33X0BOIN KaMepe 15 MakeTa NOoyYeHHON aHTeHHbI 1 pe3yNbTaToB MOAENPOBaHNS.

Pe3ynbTaTbl. Pa3spaboTaHa 1 U3roTos/ieHa ABYXrpebHeBas SN1MNTUYECKas aHTEHHA XeCTKOM KOHCTPYKLMK, C
KCBH He 60onee 2 1 KpoccnonsprsauoHHOM pa3Ba3Koy B MpocTpaHCcTBeHHOM yrie 30° He meHee 28 ab B ana-
nasoHe 4acToT, NepeKkpbIBatoLLEeM OKTaBY.

3akitoveHme. AHTeHHa MOXeT BbITb ncnonb3oBaHa B MM/AC ana getekTpoBaHus addekTa genonsapursaumm
MWKPOBOMIHOBOTO U3/y4YeHUs CKPbITbIMU OMAacHbIMW 06bekTamMu Ha Tesne yenoseka. Boicokoe 3HauveHuve KMP
aHTEHHbI B LUVMPOKOM MPOCTPAaHCTBEHHOM Yr/le MO3BONINT B Aa/lbHEeNLLEeM BHeAPUTb MUKPOBOIHOBYHO MOASPU-
meTputo B MMAC.

KntoueBble cnoBa: AByxrpebHeBast pyrnopHas aHTeHHa, KPOCCMoNspU3aLMoHHas pasBa3Kka, INANNTUYecKast
ABYyxXrpebHeBasi aHTEHHa
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Modeling and Practical Implementation of a Broadband Double-Ridged Horn Antenna
with an Operating Range More Than an Octave and a High Level
of Cross-Polarization Discrimination

Viktor V. Meshcheriakov®, Natalia V. Markova, Pavel D. lurmanov
Apstec Labs LTD, Saint Petersburg, Russia

M mescheryakov.v.v@gmail.com
Abstract
Introduction. The resolution of the problem of radio polarimetry in multiposition microwave screening sys-
tems (MMSS) with aperture synthesis requires the use of antennas with a high level of cross-polarization dis-
crimination (XPD) in a wide spatial angle. The radio images are reconstructed in MMSS at distances commensu-
rate with the aperture of the antenna structures. Therefore, the value of the spatial angle, at which high XPD is
required, can reach 30°. This leads to a new problem of creating an antenna configuration of the X and Ku
band, the application of which in MMSS will resolve the problem of constructing a radio image of depolarized
microwave radiation scattered on the human body in the form of hidden dangerous objects.
Aim. To develop a double-ridged receiving antenna for long-term operation in MMSS with an XPD level of 28 dB
at a spatial angle of 30° and operating frequencies of 8...20 GHz.
Materials and methods. The requirements for the receiving antenna in MMSS were determined. Theoretical
justifications were proposed for the choice of antenna design. Aperture synthesis was used to construct micro-
wave images in MMSS. The stages and results of modelling broadband double-ridge antennas were presented
using the CST Studio software broadly applied for three-dimensional electro-magnetic field modelling. The re-
sults of modelling pyramidal and conical double-ridged antennas, as well as those in circular and elliptical
waveguides, were analyzed. The designed antenna was tested in an anechoic chamber. The measurement re-
sults were compared with those obtained during simulation.
Results. An elliptical double-ridged horn antenna with a VSWR of no more than 2 and cross-polarization dis-
crimination in a spatial angle of 30° of no less than 28 dB for the frequency range that covers an octave was
designed and constructed.
Conclusion. The developed antenna can be used in MMSS for the purpose of detecting the effect of micro-wave
radiation depolarization as hidden dangerous objects on a human body. Such characteristics of the antenna as its
high XPD value in a wide spatial angle will allow the future introduction of microwave polarimetry in MMSS.
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Beenenue. B nocnegnee BpeMs B MHOIOIIO3HLIU-
OHHBIX MMKDPOBOJHOBBIX JOCMOTPOBBIX CHCTEMAaX
(MM/IC) st BBISBICHHS METAJUTHYECKHUX TPEIMe-
TOB Ha TEJE YEJIOBEKa YacTO IPUMEHAIOTCS KpOcc-
nonsipusanuonusie meroast [1]. MMJIC, noka3zaHHas
Ha puc. 1 B MecTe SKCIUTyaTalluH, IpeIHa3HAuCHa
JUI HETIPEPBIBHOIO CKaHUPOBAHMS II0TOKA JIIOAEH Ha
HaJW4YUE CKPBITBIX B3PBIBHBIX YCTPOMCTB M aBTOMa-
TUYECKOTO OpPYXHsl Ha TeJle YeJIOBEKa U B POK3aKax.

OHa HuCHOJIB3yeT METOHA PaJHuOJIOKALIMOHHON MOJIf-
pumetpuu [2, 3], B KOTOPOM s TIONTYYEHHS OJTHON
uHpOpMAIIMA O PACCESTHHOM OT IIeNId TI0JIe MpHMe-
HSIOTCS IIUPOKOIIONIOCHBIE TBYXI'PEOHEBBIC aHTCHHBI
[4, 5]. Jns momydyeHusl HOCTOBEPHBIX PE3YIBTATOB
HCTIOJIb3YeMbIE aHTCHHBIC CTPYKTYPHI JOJDKHBI HMETh
BBICOKUU YPOBEHb KPOCCIIONISIPU3ALIMOHHON Pa3BI3KU
(KTIP) [6, 7], 9To 11t 4aCTOTHOIO IUama3oHa C Iie-
peKpbITHEM O0Jiee OKTABHI SBISIETCS CJIOKHOM TEXHU-
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Puc. 1. MBOTOIO3HIHOHHEAS MHKPOBOIHOBAS IOCMOTPOBas
CHCTEMA B MECTe KCILIy ATl

Fig 1 Multiposition microwave inspection system (MMIS)
at the place of operation

yeckoit 3amaueti [8, 9]. ITox KIIP (Cross Polar Discrimi-
nation — CPD [10]) mompa3symeBaercsi MHHMMAJIbHOE
OTHOIIECHHE aMIUIUTYJ] JIMHEHHBIX KOMIIOHEHTOB HJIEK-
TPOMArHUTHOTO TIONISI OCHOBHOM M KPOCCIIOJISIPH3AIIHH,
OTIpeIENIeHHBIX B cucTeMe KoopmuHar Ludwig-3 [11],
JUTS1 33JJAaHHOTO TIPOCTPAaHCTBEHHOTO YIvia.

B pazpabatpiBaeMoii aBTOpaMy HACTOSIIICH CTaThH
MMJIC 1 mocTpoeHHsST MHKPOBOJIHOBOTO M300pa-
JKEHHST UCIIOJIb3yeTCsl anepTypHbld cuHTe3. Cyle-
CTBCHHBIM OTPaHUYEHHEM UL IOCTPOCHHS PaaHo-
H300paKeHUsI B OPTOTOHAIBHON mosspusarmu [1]
SIBISIETCSL  HEYOBJIeTBOpUTENbHOE 3HadeHue KIIP
WCIIONIB3yeMOW aHTEHHBI.

[Ipu mpoBeneHUN SKCIIEPUMEHTA, OMUCAHHOTO B
[1], yctaHoBNeHO MuHMMAaIbHOE 3HaueHune KIIP mus
3aJladu KiIaccH(UKAIMK ONACHBIX O0BEKTOB Ha Tee
yenoBeka: 5.0 — B ocHoBHOM nossipu3anuu u 0.2 — B
KpOCCHOMApH3aLUH, uTo cocTaBisieT 28 nb. J{ns pas-
pabarsiBaemoit MMJIC [12] HeoGxoaumo, 4ToObI 3TO
3HaUCHHUE BBIACPKUBAJIOCH TPU NETEKTUPOBAHUH B
30HE aHAIM3a OTPAKEHHOTO M3yueHus (puc. 2, 3).

PazpabarsiBaemMass MHOTOIIO3UIIMOHHAS CHCTEMa
(puc. 2) cocTouT U3 MBYX AHTCHHBIX MACCHBOB, pac-
TIOJIOKEHHBIX 1Mo yritoM 45° k ocu X. 30Ha JOCMOTpa
BKJTIOYAET 30HY aHAIM3a MPOIISIICTO U3ITyICHUSI 2 ’
30HY aHaJIM3a OTpaykeHHOro uanyuenus 3 [13]. U3 pac-
TIOJIOXKEHUST U Pa3MEPOB 30HBI aHAIM32 OTPAKESHHOTO
M3ITydeHusT 3 CIIeAyeT, 4To TpeOyeMBIi MpOCTpPaHCT-
BEHHBIN Yroj, B KOTOPOM IOJDKHO BBIACPIKMBATLCA 3a-
nanHoe 3Hadenue KI1P, cocrasnsier kak Muanmym 30°.

B neproii Bepcut MMJIC [12] npumensumch rie-
YaTHBIC aHTECHHBI BuBanbau (puc. 3), HO B Tporiecce
Pa3pabOTKH CUCTEMBI I OOHAPYKEHHUS CKPBITBIX 00b-
€KTOB METOIOM aHaJM3a KPOCCIIOISIPHI3AI[HOHHOIO Pac-
cestHus BbIsiBIIeHO, uyTo KIIP naHHBIX aHTEHH HE yo-
BIICTBOPSIET HEOOXOMVMBIM TpPeOOBAHUAM, TaK Kak ee
ypoBenb B yriie 30° cocraBnsier Bcero jumb 4 nb

Y

Puc. 2. Cxema pacnonoxenuss MM/JIC:
1 — HanpaByieHNE TTIABHBIX JICTICCTKOB IIEPEAfOIINX aHTEHH
B MaccuBe; 2 — 30Ha aHAJIM3a MIPOIIE/IIET0 3Ty IeHHS;
3 — 30Ha aHAIM3a OTPAXKEHHOTO M3ITy4EHUS

Fig. 2. MMIS location scheme:
1 — direction of the main lobes of the transmitting antennas in
the array; 2 — zone of analysis of transmitted radiation;
3 — zone of analysis of reflected radiation

[pY JTMHEHHO MOJSIPH30BAHHOM HM3Iy4eHUH. B mpo-
CTPaHCTBEHHOM yTiie cBbie 30° Ha 4acTOTaxX BhIIIE
14 ITu y naHHOW aHTeHHBI HauYMHaeT Mpeoliagarh
KPOCCKOMITOHEHT W 3HAa4eHHE PAa3BS3KH IMATaeT 10
—10 nb. Takue mapaMeTpsl HE MO3BOJIAIOT UCTIOIB30-
BaTh NAHHYIO aHTCHHY JUISA OIPEICIICHUS CKPBITHIX
OTIaCHBIX 00OBEKTOB, ONMMCAHHBIX B [1].

OcTanbpHbIC TIApaMeTPhl aHTCHHBI BuBambau B
pabouem muanazone 8...18 I'Tm:

— k03(duIHEeHT cTosUeH BOJHBI HANPSHKCHUS
(KCBH) menee 1.8;

— cpeaHee 3HaueHUe kod3(duIMeHTa HanpaBieH-
noro aeicteust (KH/) 9 nbwu;

Puc. 3. Aurenna Busasnbau, ucnons3yemas 8 MMJIC
Fig. 3. Vivaldi antenna used in MMDS
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— MIMPYHA IABHOTO JICTIECTKA MO YPOBHIO 3 b B
IUIOCKOCTH audyiekTpudeckor mnomnoxku X0z (E-
miockocth) 70...60°, B OPTOrOHAJLHOW IJIOCKOCTH
y0z (H-miockocts) 85...30° B memoM SIBISIOTCSA He-
VAOBIETBOPUTENBHBIMA JJISI CHCTEM C CHHTE30M
arnepTyphl B IpocTpancTBeHHOM yrire 30°.

[MomMuMO 3TOrO paccMOTpEHHAs IPHEMHAsT AHTCHHA
OTJINYACTCS XPYIKOCTBIO M HEYCTOWYMBOCTBIO KOH-
CTPYKIMH, HEAOCTATOUYHON MOBTOPSEMOCTBIO HJIEKTPO-
JMHAMUYECKHUX MapaMeTpoB OT obpasiia K oopasLy.

Leab padorbl. Pa3spaboTka NpreMHON aHTEHHBI C
BbIcokuM ypoBHeM KIIP, paGoraromieii B 4acTOTHBIX
muanazoHax X u Ku, ¢ moMoIpio KOTOpoid MOXKHO J10-
CTOBEPHO PEIINTh 331ady BOCCTAHOBJICHUS PaIION300-
paxkenust B pazpabarsiBaemMori MMJIC 11t MUKPOBOJI-
HOBOTO FRITY9IeHUS, JEIOIIPH30BAHHOTO TIPH PACCESTHUM
CKPBITBIMH OTIACHBIMH OOBEKTAMHU HA TEJIE YEIIOBEKA.

B paspabareiBaeMOil MpUeMHOI aHTEHHE IOJIXK-
HBI OBITH IOCTUTHYTHI HEOOXOOMMBIC 3HAYCHUS Ma-
paMeTpoB, a TakKe yCTPaHEHbI OTMEYEHHEBIC HENO-
CTaTKU KOHCTPYKIIUH.

Mertonpl uccjienoBaHusi. 13BeCTHBI U TPUMEHSIOT-
CS IIMPOKOIIONIOCHBIE CTPYKTYpBI, pa3pabOTaHHbIC Ha
Oaze AByXTpeOHEBBIX PYymMOpHBIX aHTeHH [4, 5]. B [4]
paccMOTpeH JBYXIPeOHEBBIM MHUpaMUIANBHBINA PYyTIOD,
3aIITaHHBIA ¢ TIOMOIIBI0 KOAKCHAIBFHOTO Kalels, IpH-
BEJICHBI pa3Mephl CTPYKTYPHI M TIONyYeHHBIE s Hee
MEKTPOAMHAMHIYECKYE MapaMeTphl, HO HE yKa3aH ypo-
BeHp KIIP. Jlnst orneHKn 3TOrO mapaMerpa MpOBEICHO
AMEKTPOAMHAMITIECKOE MOIEINPOBAHNE JBYXTPEOHEBO-
TO MUpaMHUIATEHOTO pyrnopa ¢ omortsio CST STUDIO
SUITE. Taxxe c niensto onpenenennst KIIP B npoctpan-
ctBeHHOM ymiie 30° mpoMoneMpoBaHbl IBYyXIPeOHEBbIC
KOHMYECKUH PYINOp U JUIMIITUYECKUI BOJIHOBO/,.

Ji1st cornacoBaHus! aHTEHH UCIIOIb30BaJIach JIBYX-
rpeOHeBass CTPYKTypa SKCHOHEHIHAILHOU (HOPMBI

(puc. 4), 3a1aHHAs BBIPAXKEHHEM

_ a0z

d(z2)= -y ) —, 1
)=y +(y2 yl)l—eo‘h 1)

TA€ Vi, Yo — KOODIOMHATHI Hayana M KOHLA 3KCIO-

HEHIMAILHON YaCTH BYXIPEOHEBON CTPYKTYPHI; O —
K02 GHUIHEHT SKCIOHEHTH, h — miMHaA pymopa.
JByxrpeOHEBBIC CTPYKTYPBI PACCMOTPEHHBIX aHTCHH
3aMUTHIBAJIMCH KOAKCHAEHBIM Ka0eJIeM C BONHOBBIM
conpotusierneM 50 Om.

ITpoBeneM OIEHKY pa3sMepoB pacKpbiBa U MHpa-
muzasbHOro pymopa. CormacHo [14] H-o0pasubiii Bost-
HOBOII, (JOPMHUPYEMBI ABYMS TPEOHSAMH B TIPSIMOYTOJTb-
HOM BOJIHOBOZIE, MMeeT Oojiee HHM3KYH0 KPHUTHYECKYHO
4acTOTy JUIsl BOJIHBI OCHOBHOTO THna Hig B cpaBHEHHM

C MpsAIMOYT'OJIbHBIM BOJIHOBOJIOM. Tun Bonmuer H 10 Tak-

JKe SIBISIETCS. OCHOBHBIM I TIHPaMHUIATBEHOTO PYIopa.
OkcrioHeHManbpHas GopMa TpedHel obecrieunBaeT Co-
niacoBaHre H-o0pa3HOro BOJHOBOZA M pacKphIBa NHpa-
MHIQJIBHOTO pyTiopa MpsMOyroibHOM (Gopmbl. Bocmons-
3yeMcsl TS OLICHKH B3aUMOCBSI3H Pa3MEpOB allepTyphI U
Ko3((uLIeHTa HAPaBICHHOCTU (HOPMYIIOH JUISl BOJHBI
Hio B mupamumansHOM pymope [15]:

D = 0.64(4nab/22),
e a u b — mornepevHbie pasMepbl PaCKphIBA.
Comacto [16] mupuHa aparpaMMbl HAPABICHHO-
cru (JIH) B E-mnockoctu Y0z BWg 1 H-mockoctu X0z

CBA3aHa C pa3MepaMH PyNopa COOTHOIIEHUMU
a=>53)1/BWg; b=53)2/BWy.

Torna tpedyemsbiii KHJI 10 1bu npu cpenueit yactore
13 I'Tu yia TiaBHOTO JienecTka MIMPUHON 60° MOX-
HO TIOJIY4HUTb JUId pazmepoB a =22 MM u b =30 mm.

A-A
y a0

i f A _ 30 VA1
- Y2 . I.I _

i i

o 24|,

NTIESY Yy gy 1 e 8 AN

:!Is U’% A >X

%

178",
e b=30 "

Puc. 4. Monens 1ByxrpeGHEBOTO MTUPAMHUIAIBHOTO PYTIOpa:

1 — 50-oMHBIIf KOAKCHATIBHBII BOTHOBOJI C (JTOPOILIACTOBBIM HU30JIITOPOM; 2 — METAJUINYECKHIA TPEOEHB SKCIIOHCHIMAILHON (hPOPMBI

Fig. 4. Double-ridged pyramidal horn model:

1 — 50-ohm coaxial waveguide with fluoroplastic insulator; 2 — exponential metal arris

MogaenupoBaHue U MPAKTHYECKAS PeaTn3alus MIMPOKOMOJI0CHOH IBYXIpeOHeBOil PyIOPHOil AaHTEHHbBI 45
¢ IIMPHHOM padoyeii MoJ10ckI 60/1ee OKTABBI M BHICOKMM YPOBHEM KPOCCHOJISPU3ALMOHHON pa3BA3KHU

Modeling and Practical Implementation of a Broadband Double-Ridged Horn Antenna
with an Operating Range More Than an Octave and a High Level of Cross-Polarization Discrimination



N3Bectns By3os Poccun. Pagnosiexkrponnka. 2019. T. 22, Ne 5. C. 42-51
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 42-51

B xonmueckoMm pynope Onaromapsi JByXrpeOHEBOIM
CTPYKTYype BHYTPH PacKphiBa Ha BBIXOJC AHTEHHBI (B
cedeHnu Jc Ha puc. 6) Gopmupyercs BonHa Thra Hyj.
PaccMoTpuM yripolieHHy 0 MOZIENb U3Ty4YeHHs KPYyIio-
To BOJHOBOJA, BO30OyXaeHHoro Ha BomHe Hqq [15],
JUISL OmpefesieHus MpenebHbIX pa3MepoB anepTypHl,
HeoOXomumol 7yt opMmupoBaHus  Kod(duimeHTa
HarpaelieHHOTO AevictBus, paBHoro KHJI panee wuc-
noJb3yeMoil anTeHHsl BuBanpan. IIpu orpannueHnn
pa3MepoB KpyIJioro BOJHOBO/A B IpeIenax

c/A=06...13 2
s KH/L cipaBeyiBa hopmyna

o (14 11540 )c )’

4.7751-154x/c

D = (mc/2) @)
TIe ¢ — AMaMeTp PacKphIBa pymnopa; A — IITHHA BOJHBI
ANIEKTPOMArHUTHOTO M3ITydeHHs. Takum o0pas3oMm,
Juis cpeaHed dactoTsl nuamasoHa 13 I'T'm m KHJL
10 nbu HE0OXOAUMO UMETH C = 25 MM.
MoneaupoBanue. Ha puc. 4 npueneHa aHaiu-
3upyeMasi MOAeIb IBYXIPeOHEBOr0 MHPAMHUIAIHEHOTO
pynopa. ®opma rpebus 2 onpenenena (1), mpu sTom

8 10 12 14 16 f, T
-12 [ [ [ [
-14— a=-0.25
N
-16— -0.15

KIIP, 1B

a

pasmepsl a=22 MM 1 b =30 MM BeIOpaHsI 114 110-
mydenust Tpedyemoro KH/I B coorercTBum ¢ (3).

Jlns 5TOM MOnenu IOJydYeHbl YacTOTHBIE 3aBH-
cumoctu KCBH (puc. 5, 6) u KIIP B mpoctpan-
crBerHoM yrire 30° (puc. 5, a) Wit pa3TuYHBIX 3HA-
yernid ko3ddunmenta o. Ha mpuBeneHHBIX Tpadu-
KaX BUIHO, YTO KOA(Q(UIIMEHT Ol CYIIeCTBEHHO BIIHS-
et Ha ypoBenb KIIP, mpu stom KCBH ans Bcex npu-
BEJIEHHBIX 3HAYeHW o He mpeBocxoauT 2. Omnrtu-
MaJIGHBIM JUISI TAHHOW 3aJaud SIBJISICTCS 3HAuCHHE
o=-0.1, ogHaKO NOJYYEHHBIH NPH 3TOM 3HAYEHHU
ypoBeHb KIIP He menee 18 nb He ymoBneTBOpseT
3asBleHHOMY TpeboBanuio 28 nb, a morpemHocTu
MIPOM3BOJICTBA €Ile OOMbIIE YXYALIAT 3TOT apaMeTp.

ITosToMy OBUIO NPHHSATO pelIeHHe HCCIeI0BaTh
KoHWYecKui pymop. Ha puc. 6 npusenena uccnemye-
Masi MOJICIb KOHUYECKOH ABYXIpeOHEBOH pyHOpHOH
AHTEHHBI, COCTOAIIAs U3 JBYX YacTeil: caMoro pymo-
pa ¢ anepTypoil JuaMeTpoM C U KPYyIJIOro BOJIHOBOJA
pamuycoM 8 MM. I'peOHeBas CTpyKTypa MMeEeT SKC-
noHeHnHansHyIo Gopmy pedep d(z), 3amanmyro (1).
Jns yoydIineHnst coriacoBaHus TpeOHM CKOIIEHBI CO
CTOPOHBI KOPOTKO3aMBIKAIOILEH CTEHKH.

KCBH
1.8
1.6

14

1.2

70.3[5
8 10 12 14 16

0
Puc. 5. YacToTHBIE 3aBUCHMOCTH NapamMeTpoB nupamuaaisHoro pynopa: a — KIIP; 6 — KCBH B npoctpancrsennom yrie 30°

1.0 |

f, T

Fig. 5. Frequency dependences of the parameters of the pyramidal horn:
a — cross-polarization discrimination (CPR); 6 — VSWR in a spatial angle of 30°

AA
. 2A 465 yf 10
|

Puc. 6. Moznens 1ByXrpeOHEBOro KOHUYECKOTO pyIopa:
1 — 50-0MHBIi1 KOaKCHABHBII BOJTHOBO/I C (PTOPOILIACTOBBIM H30ITOPOM; 2 — METAILTHIECKHI TPeOEHb IKCIIOHEHIMATILHON (GOPMBI

Fig. 6. Double-ridged cone horn model:
1 — 50-ohm coaxial waveguide with fluoroplastic insulator; 2 — exponential metal arris
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8 10 12 14 16

-15

KIIP, 1B

a

CornacHO OrpaHMYEHHSAM, YCTaHOBICHHBIM (2),
paccuntansl 3HaueHnss KCBH u KIIP B mpoctpan-
ctBeHHOM yriie 30° s auamerpa pymnopa 16, 20, 25
u 30 mm (puc. 7).

ComacHO pe3yibraTaM MOIEIHPOBAHUS, MOIEIh
IByXrpeOHeBol koHmueckoil anTeHHb MMeeTr KCBH
He Oonee 2 B obnactu BepxHuX yactoT U KIIP He Mme-
Hee 25 nb B momoce 4acToT ¢ mepeKkphITHEM TI0 Trara-
30ny, paBHbM 1.8. KH/] Ha wactore 13 [T st pac-
KpeiBa ¢ =25 MM coOTBeTCTBYeT 3HaueHuto 10 abwu,
paccuntanHoMy 1o (3). Ilpu 3ToM Ha 3aBHCUMOCTH
KIIP ot yactots! (puc. 7, @) BUAHO, YTO IPH JUAMETPE
packpsiBa 0osee 20 MM OHa CYIIECTBEHHO yXyAIIaeT-
CsL. DTO TIPOUCXOIUT U3-3a pachasupOBKU KOHUIECKO-
ro pymnopa: Impu OOJBIIMX 3HAUCHUSX AMAMETpa pac-
KpbIBa (ha30BOE paclpeiesieHHue B anepType aHTECHHBI
OyZIeT OTIIMYHO OT PABHOMEPHOTO, T. €. HeCHH(Da3HOE.
HVcxonst n3 mpHUBENECHHBIX Ha pUC. 7 PE3ylIbTaTtoB, He-
obxomumblil yposeHb KIIP B mpocTpaHCTBEHHOM yIuie
30° mocTHraercs Mpu yMEHBIICHUH pa3Mepa arepry-
pst 10 16 MM. HeoGxomuMo OTMETHTH, YTO MPHOIIH-
JKEHHE alepTyphl K pa3Mepy KPyIJIoro BOJIHOBOAA He-
BO3MOXXHO, TaK KaK B DTOM CIy4ae YBEINYNBACTCS
MHHHUMAaJIbHas1 pa60qa5[ qyacToTa aHTCHHBI.

TpeOyeMble NEKTPOIUHAMUYECKIE 1 KOHCTPYKTHB-
HBIE TapaMeTpbl TaKKe BO3MOXKHO IONYYHTH B JIBYX-

8 10 12 14 16
6

Puc. 7. YacToTHBIE 3aBUCUMOCTH MTapaMeTpoB KoHnueckoro pynopa: a — KIIP B mpoctpanctsennoM yrie 30°; 6 — KCBH
Fig. 7. Frequency dependences of the parameters of the conic horn: a — CPR in a spatial angle of 30°; 6 — VSWR

f, T

rpeOHEBOM aHTEHHE, pa3paboTaHHOW Ha 0a3e BOJHOBO-
Jla JUIMIITUYECKOr0 CeYeHHs. DIUMnTHYecKkas (opma
BOJIHOBOZIA YCTpaHsET BHIPOXKICHHUE THUIIA BOIHBI Hjq,

XapaKTepHOE IUIsl KPYIIIOro BOJTHOBOAA, M o0ecrieunBa-
eT (DUKCAIHIO TUIOCKOCTH mostsipu3aruu [17].

ABTOpaMH CIIENTaHO TPEIIONOKEHHE, YTO pPacIo-
JIO)KEHHE TPEeOHEH BIIONb MAJOH OCH 3JUIMIITHYECKOTO
BOJIHOBOZA yiryumut 3HadeHue KIIP B npocTpancTBeH-
HoM yrie 30°. Ha puc. 8 npuBenena 3D-monens 3mmi-
THYeCKON nByxrpeOHeBoi anteHHBI (1 — 50-OoMHBIIT
KOAKCHAJIBHBIN Kabenb ¢ (PTOPOILIACTOBBIM H30JISTO-
POM, OKaHIHBAIOIIHICST SMA-pazbeMoMm).

Ha puc. 9, 10 noka3aHbl 4aCTOTHBIE 3aBUCUMOCTH
KCBH, KIIP B npoctpancTteeHHOM yrite 30°, mmpwu-
Ha JIH B E- u H-mnockoctax BWg u BWy, a rak-

ke KHJI. [IpuBenennbie pe3yabTarTsl MOITYyYEHBI TPH
CIELYIOIUX pa3Mepax UIMITUYECKON aHTEHHBL:
— TIOMEPEYHbIE pa3MepPhl AIUITHUECKOTO BOJIHO-

BOJIa B TUIOCKOCTU packpbiBa a,; x b, =11x7 Mm2,

e ay; U b,; — OonmbIIas ¥ Manas MOIyoCH JIUIMIICA

COOTBETCTBEHHO,
— ToNMHA TpeOHs 3.4 MM;
— I]_II/IpI/IHa ICJIN B MECTEC 3aIlIUTKH 1 MM,
— JUIMHA aHTEHHBI 68 MM.
Konnueckass BHeIHsS (opMa aHTEHHBI CHIDKACT

: /4

Puc. 8. Monens smmnTudeckoit AByXrpeOHeBoH aHTeHHBI: 1 — 50-0MHBII KOaKCHAIBHBIA BOJHOBOJ € (PTOPOILIACTOBBIM H30JISITOPOM

Fig. 8. Model of an elliptical double-ridged antenna: 1 — 50-ohm coaxial waveguide with fluoroplastic insulator
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a

f, IT

8 10 12 14 16 f,ITu
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40—

KIIP, 1B
6

Puc. 9. YacToTHBIE 3aBHCHMOCTH TTapaMeTPoB AUIANTHYECKO#H AByXTpeOHeBoit antenHs! | a — KCBH; 6 — KIIP B mpoctpancTBenHOM yrite 30°
Fig. 9. Frequency dependences of the parameters of the an elliptical double -rib antenna: « — VSWR; 6 — CPR in a spatial angle of 30°

BW, ...
90—
70—
50 | | |
8 10 12 14 16 f,ITu

a

KH/I, nbun
11
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g o N o ©
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8 10 12 14 16 18 20
6
Puc. 10. YacToTHBIC 3aBUCUMOCTH MAPaMETPOB JUIUNITAYECKON TBYXTPeOHEBOM aHTCHHBI
a — IUpHHA JHarpaMMbl HallpaBJIeHHOCTH 10 ypoBHIO —3 1b B E- m H-mtockoctsx; 6 — KH/

f, T

Fig. 10. Frequency dependences of the parameters of the an elliptical doub le-rib antenna:
a —beam width in level -3 dB in E-plane and H-plane; 6 — directional coefficient

YPOBEHB TIpHUEMA €€ ArlepTypoil TOCTOPOHHHUX M3Ty4CHHI
M0 CPaBHEHHMIO C AHTCHHOW MWIMHIPHYCCKOH (DOPMBI.
YBenmueHne pa3Mepa Ha IpaBoM TOpILIE aHTEHHEI 100aBH-
JIO KECTKOCTHU M YCTOMUMBOCTY BCEH KOHCTPYKIIUM.

B mockocTr packpbiBa aHTEHHBI HAXOMUTCS He-
Oopioe (GTopoIIacTOBOE KOJIBIIO, KOTOPOE COrac-
HO pe3yabTaraM MOJAEIHUPOBAHUS IO3BOJSIET 3HAUU-
TEJIbHO CHH3HUTH YPOBEHb KPOCCIOJSPU3ANMOHHOTO
M3Iy4eHMs B HUOKHEH 4acTH Juarna3oHa 4acToT.

MonenupoBaHue SIUTHIITHYECKON JBYXrpeOHe-
BOM aHTEHHBI JAJI0 CIIEIYIONIHE €€ MapaMeTphl:

— KCBH <£2;

— KIIP B npoctpanctBeHHoM yriie 30° He MeHee
30 nb B Mamna3oHe YacToT C EPEKPHITHEM 2.2;

— mupuHa masHoro Jjenectka u KHJI ynosie-
TBOPSIOT HEOOXOIMMBIM TpeOOBaHUSAM Jyis obecrie-
YeHMs NIPUEeMa CUTHaJla OT LIeJIM B 30HE aHaJlu3a OTpa-
’KEHHOTO MHUKPOBOITHOBOTO M3ITydeHHst (CM. puc. 2, 3).

PesyabTarsl. Ha puc. 11, g mokasan mMakeT u3ro-
TOBJICHHOW JIByXI'PEOHEBOW SJUTHIITHYECKOH aHTCHHBI.
Pesynbrarel uccnenoBaHus ee MEKTPOIUHAMHUUECKUX
MapaMeTpoB B IUIOCKOCTH, 33aBAEMOIl yIiioM ¢ (cM.
puc. 8, 6), nmpueneHsl Ha puc. 12. Pacnpenenenue
KIIP nocTpoeHo B 3aBUCUMOCTH OT YIVIa OTKJIOHEHUS
0 oT OcH CHMMETpHH aHTEHHBI (CM. pHC. 8, 8).

Jus coxpanenus yposHst KIIP npu ¢opmuposa-
HUM aHCaMOJsI MPUEMHBIX OIUIMNTHYSCKUX JBYX-
rpeOHEBBIX aHTEHH HEOOXOIMMO HCIIONB30BaHHE TI0-
mromaromero martepuaia, Hanpumep ECCOSORB
VHP-2-NRL. Ha puc. 11, 6 npencrariena ¢ororpa-
¢us anteHHsl B Maccuse nornotutenss ECCOSORB
VHP-2 B 6e33x0B0i kKamepe, e ObUTH MPOBEICHEI
usmepenns [18]. AHanu3 pe3ynsraToB SKCIIEPHMEH-
TaJbHBIX HCCIEJOBAaHUH pa3paOOTaHHON M H3TOTOB-

a B o
Puc. 11. Dnnunrrdeckas AByXrpeOHeBast aHTEeHHA:
a — MakeT; 6 — yCTaHOBKA B MaCCHB TTOTJIOTUTEIIS
ECCOSORB VHP-2-NRL

Fig. 11. Elliptical double -beam antenna:
a — layout; 6 — installation in the array
of the absorber ECCOSORB VHP -2-NRL
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Puc. 12. Teopernueckue 1 1 SKCIIepUMEHTAIBHEIE 2 3aBUCHMOCTH [IAPaMETPOB AJUTHIITHIECKOH IBYXTPEOHEBOH aHTEHHBI
Ha yactote 18 I'T'y B rutockoctu ¢ =45°:

a — HOPMHPOBAHHEIN HAa MaKCUMaJbHOE 3HadeHue kodddumunent ycunenns; 6 — KITP

Fig. 12. Theoretical 1 and experimental 2 dependences of the parameters of an elliptical double-rib antenna
at a frequency of 18 GHz in the plane ¢ =45°: a —normalized to maximum value gain; 6 — CPR

JICHHOM »JJUIMNTUYECKON JBYXIpeOHEBOW aHTCHHBI
MOKA3bIBAET, YTO MOIYyYEHHbIE SKCIIEPHMEHTAIbHbIE
JaHHBIE U PE3YIIBTaThl MOJEIUPOBAaHMS XOPOILIO KOP-
penupoBansbl. 3HaueHue KIIP u3roroBneHHol aHTEH-
Hbl Ha yactoTe 18 [T B mpocTpaHCTBEHHOM yriie
30° He menee 30 nb, pHM MOHMKEHUU YaCTOTHI yPO-
BEHb Pa3BA3KMU YBEIMUYMBACTCS. DTO MOIHOCTHIO CO-
[acyeTcs ¢ pe3ylbTaTaMUi MOJEIUPOBAHUS U MO3BO-
JsieT IpuMeHaTh aHTeHHs! B MMJIC.

3akirouenne. PazpaboraHa M M3rOTOBNIEHA IIBYX-
rpeOHeBas UIMNTHYECKAs AHTEHHA JKECTKOH KOH-
crpykiuy, ¢ KCBH <2 u KIIP B npocTpaHCTBEHHOM
yrie 30° He meHee 28 nb B Anamna3oHe 4acToT, Iepe-

KPBIBAIOIIIEM OKTaBy. AHTEHHAa MOXET ObITh UCIIONb-
3oBaHa B MMJIC st netektupoBanus 3¢ dekra me-
MOJISIPU3ALIMYA MUKPOBOJTHOBOTO M3IYYEHHUS CKPBITHI-
MM OIIaCHBIMH OOBEKTaMHU Ha Telle 4delloBeka. KoH-
CTPYKTHBHO JBYXI'peOHEBas aHTEHHA coOMpaercs u3
Tpex YacTeil — BEepXHEW M HUKHEHN MOJOBUH AILIUII-
TUYECKOTO BOJHOBOJA M JBYXIPEOHEBOW IJIACTHHBI,
KOTOpBIC COCAMHSIOTCS B OJHO IIEJI0C C TIOMOIIBIO
BUHTOB. Takasi KOHCTPYKILUSI 0OecleunBaeT yIoBIIe-
TBOPEHHUE JKECTKUX KOHCTPYKTHBHBIX JIOITYCKOB, 3a-
JIAaBaCMBIX MOJICITUPOBAHUEM, OIHAKO INPH H3rOTOB-
JICHUU TPeOyeT BBICOKOMN KYIBTYPbI IPON3BOACTBRA.
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Wcnonb3oBaHWe anocTeprvopHo MHpopMaLUm Npy peanausauum CUCTEM
pPaAuoNOKALMOHHOIO pacno3HaBaHUS C NPUMEHEeHVEM HelipoceTeBbIX TEXHOOrnA

A. ®. beckocThiiA'!, C. T. BopoBukoB’, 10. B. icTpe6oB’, UN. A. Co30HTOB?™
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AHHOTaUmA

BBepeHume. CyLlecTBylOLAA B HacTosiLLiee BpeMS HEOBXOANMOCTb MOyYeHUs aKTyaabHOW, MOAHOM U JOCTO-
BEPHOV MHPOPMaLMM O BO3AYLLUHbIX ObbeKTax onpefenseT NOCTOAHHOEe COBEpLLEHCTBOBAaHWE COBPEeMEHHbIX
cMcTeM paguoniokaumMoHHoro pacrnosHasaHua (CPJIP), Bxoaalwmx B coCcTaB cUCTeM yrnpasieHus. Passutne co-
BpeMeHHbIX CPJIP co3gaeT 06bekTVBHbIE MPeAnoCbIIKA A1 UCNOb30BaHWSA NPOrpeccuBHbLIX 1N pa3paboTku
HOBbIX METOJO0B M anropuTMOB 0BPabOTKM CUIHANOB C MOMOLLBI HeMpOHHbIX ceTell. MpuMeHeHne mnckyc-
CTBEHHbIX HElipOHHbIX ceTel, 061ajatoLLMX CBOMCTBOM 0by4aeMOoCTH, MO3BONSET PaclUMPUTL MHOXECTBO Npu-
3HaKOB pacrno3HaBaHWA 3a CYeT MCMOob30BaHWA MOMlyYeHHOM B MpoLecce KOHTPOAS BO3AYLUHOMO MpoCTpaH-
cTBa HOpMaLMK.

Lenb pa6oTbl. DopMynmpoBKa 3agaun 1 paspaboTka npesioxeHNin No NCNoab30BaHMI0 arnoCcTepUOPHON NH-
dbopmMaumm ana KOHTPONSA BO3AYLLHOrO MPOCTPAHCTBA B CUCTEMAX PaAMONOKALMOHHOIO pacno3HaBaHus npu
NPUMeHEeHNN HelipoceTeBbIX TEXHONOTUA.

MaTepunanbl 1 MeToAbl. Ha ocHOBe aHann3a CTpyKTypbl e 4UHOM0 MHGOPMALIMOHHOr0 NPOCTPaHCTBa chopmynm-
poBaH NoAxof, K pasBuTuto CPJ/IP Ha ocHoBe 06y4YatoLmx TexHonormin. C nprMeHeHnemM MeToza CUHTe3a npea-
JIOXXEeHbl MPUYIMepbl TEXHNYECKNX PeLLUeHWN, MO3BOJIAIOLLME NCMOb30BaTb COBPEMEHHbIE MeTOAbl 1 airOpPUTMbI
06paboTKN CMHANOB Ha OCHOBE anoCTePMOPHON NHbopMaLKn, GopMUPYEMO CUCTEMON YNpaBAeHNs.
PesynbTratbl. COOPMYANPOBaHLI MPUHLMMNLI OBYYEHNS HENPOHHOM CeTX NpU peLleHUn 3aAayn pacno3HaBsa-
HUA B npouecce GyHKUMOHMPOBAHUSA pPajno3nekTPOoHHbIX cpeacts (PIC). MNpeanoxeHbl TexHUYeckme pelue-
HUA, yunTbiBaoLmMe GYHKLUMOHNPOBaHWE NHTErPUPOBAHHON PajMONOKALIMOHHON CUCTEMBI U MO3BOASAIOLLNE B
e JMHOM NMHPOPMALIMOHHOM MoJie NoslyyaTb Tpebyemble ans obyyeHns CPJIP nHdopMaumoHHble NapamMeTpbl.
Moka3saHo, UTo CHATME OrpaHNYeHNin, CBA3aHHbLIX C aBTOHOMHOCTBIO QYHKLMOHMPoBaHUSa PIC, no3sonseT mnc-
Nnonb30BaTb anocTepropHyrd MHbOPMaLMIO NpY peanmsaunn CUCTEM PajMOIOKaLMOHHOMO pacrno3HaBaHUS.
3TOT $aKT AaeT BO3IMOXHOCTb YBENNUNTE KOJNYECTBO UCMO/b3YeMbIX B aifOPUTMax NpU3HaKoB pacno3HaBa-
HUVS 1 MOMOAHUTL 6a3bl NOPTPETOB.

3akntoueHue. CPJIP moxeT pasBMBaTbCA NOCPEACTBOM OOYUYEHMS 3@ CHET CHATUA OrpaHNYeHN, CBA3aHHbIX C
aBTOHOMHOCTbIO $YHKUMOHMPOoBaHMA P3C. 3To NO3BOASET NOBbLICUTL afeKBaTHOCTb OLeHKW O6CTaHOBKW U
ONTUMU3MPOBATL NMPUHMMaEMbIe YpaBneHYeckne peLleHus.

KntoueBble c/10Ba: pPaAvooKaLMOHHOE pacno3HaBaHve, anoctepruopHas MHGopmMaLms, HelipoceTs, 06yde-
HUe, paAroNOKaLIMOHHOE CPeACTBO, MHGOPMALMOHHOE NPOCTPAHCTBO
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Abstract

Introduction. The current need to obtain relevant, complete and reliable information about airborne objects
has led to the continuous improvement of modern radar recognition systems (MRRS) as part of control sys-
tems. The development of modern MRRS has created objective prerequisites for the use of progressive and
new methods and algorithms for the processing of signals using neural networks. The use of artificial neural
networks with learning ability permits expansion to include many signs of recognition by using information ob-
tained in the process of monitoring airspace.

Aim. To formulate the problem and develop proposals for the use of posterior information for airspace control
in radar recognition systems using neural network technologies.

Materials and methods. Based on an analysis of the structure of a unified information network, an approach
was formulated to facilitate the development of MRRS based on training technologies. Using the synthesis
method, examples of technical solutions were proposed, which will allow the use of modern methods and sig-
nal processing algorithms using a posteriori information generated by the control system.

Results. The study identified the principles of neural network training in solving the recognition problem in the
process of functioning of radio electronic equipment (REE). The technical solutions pro-posed take the function-
ing of the integrated radar system into account, allowing the information parameters required for training
MRRS in a single information field to be obtained. It is shown that the removal of restrictions associated with
the functional autonomy of REE, allows the use of posterior information in the implementation of radar recog-
nition systems. This also allows for an increase in the number of recognition signs used in the algorithms and
for the database of portraits to be replenished.

Conclusion. MRRS can be developed via training by removing the restrictions associated with the autonomous
functioning of RES. This allows for the situational assessment to be enhanced and management decisions to be
optimised.
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Bgenenue. 3HaunmocTts cucteM ympasienus (CY) B
COBPEMEHHOM OOILIECTBE MOCTOSHHO pacteT. OHU NpH-
MEHSFOTCSI KaK B TPKIAHCKUX, TaK U B BOGHHBIX chepax
nesTenbHOCTH. [t BhIpaOOTKM pelieHunid (ynpaBIisito-
nmx BoszercTBril) B CY HeOOXOIMMBI TOCTOBEPHEIC U
MaKCHUMaJIbHO TTOJTHBIE UCXOTHBIE TaHHBIE.

OnHUM 13 OCHOBHBIX HAIIPaBJICHUN CO3MaHUA U
COBEPILIEHCTBOBAHUS BO3IYLIHO-KOCMUYECKOH 000-

poubl (BKO) B cootBerctBiu ¢ konmemueit BKO
Poccuiickoit ®eneparuu  [1] sBasrOTCST  HOMHOMAC-
mTabHOE pa3BepThIBaHUE (efepabHOI CHCTEMBI pas-
BEIIKM U KOHTPOJIsI Bo3myiHoro nipoctpancTa (PCP u
KBII) u ¢opmupoBanme eIUHOTO HHPOPMAIMOHHOTO
npoctpanctea (EUII) o cocTosHMm BO3MyIIHOM 0OCTa-
HOBKU. OJIEMEHTaMHM TEXHUUYECKOH COCTaBIIIOLIEH
OCP u KBII sBistorcs palioIOKallMOHHbIE CPEAICTBa
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(PJIC) (B obmiem ciydae parodJIEKTPOHHBIE CPEICTBA
(P2C)), popmupyrompie mepBUYHBIC HCXOIHbIC TAaHHBIC
JUTSI TIPUHSITHS PETICHUH.

B Hacrosiliee BpeMs BBI3BIBACT MOBBIIICHHBIN
HHTEpEC paclo3HaBaHHE BO3AYIIHBIX OOBEKTOB, IMO-
CKOJIKY OHO 00eCrednBacT OOJNBIIYIO MOTHOTY pa-
JIMOJIOKAIMOHHOW MH(OpPMAIMK O PeasIbHO CKJIAJIBI-
BaloIeiicss 00CTaHOBKE M, KaK CIICACTBHE, ONTHMH-
3allUI0 W TOBBIINICHUE aJICKBATHOCTH (POPMUPYEMBIX
Ha MYHKTax YIPaBICHUS PA3IHNYHON CTEIICHH Hepap-
XUU PEIICHUI.

B cBsi3u ¢ 3TUM B cocTaB MH(pOPMAIIWH, BhIIaBa-
emoii PJIC morpeOuTensM, CTpeMsTCS BKIIOYHTH
JaHbIe O TPHHAJICKHOCTH PaIHOIOKAINOHHOHN IIeTH
K TOMY WIM MHOMY kiaccy (tumy). Ilomobnyro uH-
(hOpMaIIMOHHYIO COCTABIIAIONIYI0 (OPMHPYET BXO-
nsmmast B coctaB PJIC cuctema paamonokannoHHOTO
pacno3HaBaHHsl Ha OCHOBE MH(OPMAIMOHHBIX Iapa-
METpPOB CHTHAJIOB, MPUHIUMAEMBIX IpU 0030pe BO3-
IOYIIHOTO TIPOCTPAHCTBA.

INponecc pacno3HaBaHUsI OCHOBAaH Ha OTOX/ECTB-
JICHUH C STAJIOHAMH COAEPIKAIIUXCS B TIPHHAMAEMBIX
CHTHaJIaX OMpEICICHHBIX NPU3HAKOB (B 00MIeM CITy-
Yae HaJW4yKMe MPU3HAKa — JOCTaTOYHOE YCIIOBHE IS
MIPHHAJICKHOCTH 00BEKTa HEKOTOPOMY KJIaccy).

dopmupyemble pH IOCTPOSHUH CHCTEM paro-
nokarmonsoro pacrosHaBandst (CPJIP) u3 mpusHa-
KOBOTO TIPOCTPAHCTBA CIIOBapH NPHU3HAKOB TIIPEI-
CTaBJIAIOT M3 ceOs anpHOpHYI0 WHGOPMAIHIO s
koHkpetHoro POC. Ona cozmaercsi MOCPEICTBOM
MOZIETMPOBAHUS W TIPOBEACHHS IKCIICPUMEHTAIBHBIX
ucciuenoBanuii [2—4].

Ilony4yennas B pe3ynbTare (DYHKIHOHHPOBAHMS
CY, Bxmouatowieit POC ¢ CPJIP, anocrepropHas MH-
(opmars, HeCMOTpSI Ha HAMYHE TOCTATOYHO IITHPOKO
MIPEICTAaBIEHHOTO MaTeMaTHYeCcKoro ammapara [4—6], B
HACTOSIIIICE BpEMsl TIPUMEHSIETCSI B OCHOBHOM IS
obecrieyeHHs TIOTpeOHTeNIel M OLEHKH paboTOCIOCO0-
HOCTH aJITOPUTMOB PACIIO3HaBAHMSL.

B TO ke BpeMs BBHIY HEOOXOIMMOCTHU aKTyalb-
HOM, TIOJHON W JOCTOBEPHOH HH(MOpMAIMH O BO3-
JTYIIHBIX OOBEKTaX JUIsl KOHTPOJIS BO3AYIIHOTO TPO-
CTpaHCTBA M MPUHSITHUS aJCKBaTHBIX MEP MOXKHO HC-
MOJIL30BaTh alOCTEPUOPHYIO HH(pOpMaIuio, hopMu-
pyemyto CVY, Bxmouaromeir POC ¢ CPJIP, nmpu npu-
MEHCHUH HEHPOCETEBBIX TEXHOJIOTHHA, B TOM YHCIIE
JUIsi OOECIIeYeHUs] alrTOPUTMOB paclio3HaBaHHs HC-
XOAHBIMU NAHHBIMU W JUJII KOPPEKTUPOBKHU aIrOPUT-
MOB TIEPBUYHON ¥ BTOPUYHOU 00pabOTKU CHT'HAJIOB.

Metoapl. ®opMallbHO PaJUOJIOKALMOHHOE pac-
no3HaBanue (PJIP) — 3agada oTHeceHHsT 0OHApYKEH-

HOTO 00BEKTa K OXHOMY M3 DJIEMEHTOB MHOKECTBA
{A}, npexncrassomtero coGoii andasuT K1accoB, —

IPU OTPaHUYCHUH Ha OOIIWE 3aTpaThl, aCCHTHOBAH-
HBIE HAa CO3JaHUE BCEX YCTPOMICTB, PELIAONINX 3a/1a-
gy PJIP, cBoguTCSl K OTBICKaHHIO dKCTpeMyMa (pyHK-
nroHana [2]

3t Sp, Xit, Hep, H, ZIB],

rne D[K ] — BriGpannbiit kputepuii onenku 3¢dek-
TUBHOCTH, t — KOJIMUECTBO CPEJICTB, MPUBIEKAEMBIX K
PELICHHIO 3a/1a4i PACTIO3HABAHUS; Spt — MHOXKECTBO

THIOB PaJHONOKAMOHHBIX CUTHAJIOB; X|; — MHOXKECT-
BO OIMCaHMH IPH3HAKOB; H  — MHOXECTBO IpaBHII

MPUHATUSA PELIEHUN O Kiacce pPaguoiIOKalMOHHON

OCIu, Hq — MHOXECTBO IIpaBUJI HCIIOJIb30BaHUA

JIaHHBIX O Kjacce oObekra;, B ={bj} — MHOXECTBO

00BEKTOB PA3JIMYHBIX TUIOB; Z — MHOKECTBO MapaMeT-
POB 0OBEKTOB, KOTOPBIC MOTYT OBITh MoTydeHs! PJIC.

[Ipu pemenun 3ama4un pacrio3HABaHUS pPEaTU3Y-
I0TCSl pas3iMYHBIC AJTOPUTMBI, O0YCIOBIEHHBIE OCO-
OCHHOCTSIMH TEXHHUYECKOW peanv3alui IpUMeHse-
MBIX METOJIOB, B CBOIO OYepe/lb OCHOBAHHBIC Ha WC-
MOJIb30BAHUH OTIPe/IeNIeHHOTO(bIX) pU3HaKa(0B).

[Ipencrapinsis aqropuT™M pacro3HaBaHHs WHPOP-
MAaITMOHHBIX MTOPTPETOB KaK aOCTPaKTHYIO (PYHKITHO-
HaJBHYIO CHCTEMY, COCTOSIIYI0 M3 andaBuTa Kiac-
COB, CIIOBapsi PU3HAKOB, MHOKeCTBa R mpasmi (aj-
TOPUTMOB) TPUHSATHS PEIICHHUS O MPHHAIIEKHOCTH
00bEeKTa K OIpPEJeIEHHOMY KIIAcCy, MOJIYYUM 3aBH-
CHUMOCTD PEIICHHUS 3a/1aul PacliO3HABaHHUS OT peajv-
3yeMOTO aJTOpUTMAa:

3t, Sy, R {ZIB}].

[Mpouecc passutus CPJIP MoXHO mpencTaBUThH
KaK TIpoIiecc MOJAM(UKAIMKA aJropuTMa(oB) pacro-
3HaBaHHd TPU YCJIOBHUU TIIOCTOAHCTBA MHOXKCECTBA

THUIIOB paJHOJIOKAITMOHHBIX CUTHAJIOB Snt .

3t Sy, Ry, 1ZIB} @y <
<3[t, Sy, Ry, {21BY]Qu, (1)

e Ry 1 Ry — MHOXXECTBO aJIrOpHTMOB PAacIO3HABA-
Hus, peam3yeMbix POC 1o u nocire o0ydeHus COOTBET-
creenno  [Rp <R, Ry <R, Ry #Ry, Ry =A(Ry)];
Q1 1 Qp — MHOXECTBO YCIIOBHIA, B KOTOPBIX (hyHKLIHO-

HUPYIOT peaIM3yHoLHe arOpUTMbI pacrnio3Hasanus POC.
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Ilpu stom Q =Q,Qy = Q, rme Q — MHOXECTBO
BO3MOXKHBIX ycloBui (pyHKInoHupoBanus POC.
Beinonnenue ycnoBus (1) ocHOBaHO Ha crocoo-
HOCTH CUCTEMBI K 00y4eHuto [3], T. €. K U3MCHEHHUIO
CBOMX ITapaMeTpOB M (WJIN) CTPYKTYPHI B 3aBHCHUMO-
CTH OT OKCIEepPUMEHTAJbHBIX JaHHBIX. KoHeuHoe
MHOXKECTBO TaKHMX JaHHBIX Ha3bIBaeTCs 00ydJaromeil
BbIOOpKOiL. OOydeHHe SBISIETCSI MHOXKECTBOM IIPAaBUIL
HMCTIONB30BAHMS JIAHHBIX O Kiacce oObekra Hy m

OIMCAaHMMI TPU3HAKOB X ;.

IIpu3Haku paguoNIOKALlMOHHOTO PACHO3HABaHUS
Pa3IeNIoT 1Mo uX (GU3nIeckoi mpupoze [4].

[IpunanummansHoe oTIMure 00yJIaeMBIX KIIacCH-
(MKaTOPOB COCTOMT B TOM, YTO TPAHMIBI MEXIY
KJlaccaMu 00pa3oB (IIOPTPETOB) OIPEHCIIAIOTCS HE
HETIOCPEACTBCHHBIM BBIUUCIICHUEM COOTBETCTBYIO-
IMX KO3(PUIMEHTOB B pazAesomuX (yHKIHAX, a
UTEPaTUBHO.

TUMUYHEIME 711 paccMaTpUBaeMOil KaTeropHu
KJIacCU(HUKATOPOB SIBIISIIOTCS HCKYCCTBEHHBIE HEH-
pounsie cetrn (HC) [7-10], mas KOTOPBIX CBOMCTBO
00yJaeMOCTH €CTeCTBEHHO W HeoThemieMo. Mx
MIPUMEHEHHUE JIaeT XOPOIIHME Pe3yabTaThl Aaxe INpU
WCTIOJIB30BAaHUH OIHOTO TIPH3HAKA PACIIO3HABAHUSA
[11-13]. IIpumenenune B CPJIP cOBOKYITHOCTH MIpH-
3HAKOB B HACTOSINEE BPEMS BBI3BIBACT ONpEJENCH-
HBIC TPYOHOCTH, CBSI3aHHBIC HE TONBKO C yCIOXKHE-
HUEM almaparypbl INaBHOTo TpakTa npuema POC, Ho
1 C HaJIN4YUEM aHpHOpHOﬁ HCONPEACJICHHOCTU IIPpU
HCTIOJIb30BAaHUH OTACIBHHBIX MPU3HAKOB. YCTpaHCHHE
anpuopHOW HeompeneneHHoctu [14] gocruraercs
KOMIUIEKCUPOBAHNEM U 00yUIEeHUEM.

Jiis oOydeHus: HeHpornmomoOHOW CHCTEMBbI HeoO-
xonuma Oaza maHHbix (BJI) oOywaromux mpuMepos.
Yewm mnonuee BJ] m yem TouHee MpHUMEpHI COOTBET-
CTBYIOT Pa0OdnM pekHMaM CHCTEMBI, TeM TOUHEe
BIIOCJIEACTBUM cHcTeMa Oyner pabortats. OmHuM u3
HaIpaBJIeHNi 00y4eHus C y4eTOM IPUMEHEHHS CTPYK-
TYpbl HEMPOCETHU SBISIETCS KOPPEKTUPOBKA BECOB (CTe-
TIEHN B)KHOCTH KOHKPETHOTO npu3Haka) st POC.

YHHUBEpCAIBHOTO aaropuTMa OOy4eHHs, IMOIXO-
Jsero anst Beex apxurekryp HC, He cymecTByer.
W3BecTeH numis HaOOp CPEACTB, IMPEACTaBICHHBINA
MHOXCCTBOM aJITOPUTMOB 06yLIGHI/I$I, Ka)K}lbIﬁ nus3
KOTOPBIX HMEET CBOHM JOCTOMHCTBA. AJITOPHTMEI
Oo0ydeHHs OTIMYAIOTCS APYT OT Jpyra crocobom
HaCTPOMKH CHHANTHYECKUX BECOB HeilpoHOoB. Emie
OIHOM OTIMYUTEIEHON XapaKTePUCTUKOH SBISETCS
Croco0 CBs3M 00yyaeMoi HEHpOCeTH C BHEIIHHM
MHUPOM. B 3TOM KOHTEKCTE TOBOPSAT O Mapagurme

obyuenust (learning paradigm), cesizaHHON ¢ Moje-
JIBI0 OKPYKAIOIICH Cpelibl, B KOTOPOUH (PYHKITHOHUPY-
et nanHas HC. B HC noctynaroT cTumysasl U3 BHELI-
Hel cpensl, ompenesnseMble KOMIIOHEHTaMH t, Sy,

Xit, 1ZIB}. B pesynsrare 5TOr0 M3MeHsIOTCA ma-

pametpsl HC, mociie 4ero oHa oTBedaeT Ha BO30YXK-
JICHHS Y>K€ HHBIM 00pa3oM.

B nacrosimee Bpemst npumenutensHo k HC pac-
CMAaTpPUBAIOT 5 OCHOBHBIX MOJIEINCH 00yUICHUS:

— Ha OCHOBE KOPPEKILIHHU OUIHOOK;

— C UCTIONIF30BaHUEM ITaMSTH,

— xe000BCcKoe 00yUueHHeE;

— KOHKYpEHTHOE 00yuCHHE;

— Mmetox bonbrmana.

OOyueHne, OCHOBAHHOE Ha KOPPEKLIMM OIIMOOK,
peanusyeT MeToA ONTUMaibHON ¢ubTparmu. O6yde-
HFE Ha OCHOBE IIAMSITH MPEIIOJIaraeT SIBHOE UCIIONB30-
BaHMe oOydarommx JaHHBIX. Meton Xeb0a M KOHKY-
PEHTHBIIA MOIXON K OOyYeHHIO OCHOBAaHBI Ha HEHpO-
OHMOJIOTMYECKHX TIPHHIMITAX. B ocHOBY MeTona bobil-
MaHa IOJIOKEHbI UIICU CTATUCTHYESCKOM MEXaHHUKH.

Peanuzanus anroputMoB oOy4ueHHsI Mpeanosiara-
eT HaJudue JOCTOBEPHOH WH(GOPMAIMH O THIIC
(kmacce) 0OBEKTOB pacro3HaBaHUS TOCIEe WX OOHa-
PY)KEHHS U OTOXKICCTBICHHUS.

B cnygae dopmuposanus EUIT o cocrosHum
BO3yIIHOM 0OCTaHOBKHU ITyTeM cOopa M 00paboTku
uHpOpMaIMY, MOOBIBAEMON Pa3IUYHBIMU HCTOYHH-
KaMu (BKJItOYas COOCTBEHHBIC YHH(DHUIIMPOBAHHBIC
uist MuHOOOpoHBI, PocaBuaruu u Ipyrux MHHU-
CTECPCTB U BCAOMCTB PAJUOJIOKAIIMOHHBIC KOMIIJICK-
CBI), M HAJIMYHS JIOCTYIIA K TOMY IIPOCTPAHCTBY pa3-
JIMYHBIX TOTpEOUTENCH ¢ YIETOM pasTpaHHUCHUIN HX
MOJTHOMOYHH TIPH PEHICHUH CTOSIINX Iepel HUMH
3aJlad yKazaHHas WHGOpMAIUsS MOXET ObITh TOTy4e-
Ha HEMOCPEICTBEHHO JIM0O OT CPENCTB aBTOMATH3a-
WX (B TOM YHCJIE OT €IUHOW CHCTEMBI OpTraHU3aIiH
Bo3nymHoro neikenus (EC OBJl)), a Taxke oT ome-
paTopoB, NPOIEAINX CIEIUAIBHYIO IIOATOTOBKY.

Kpome Toro, momomHsTh 0a3bl JaAHHBIX, a B psize
cirydaeB W ()OPMHPOBATH MX IIETIECOO0pa3HO TOCHe
pacro3HaBaHMs TPU HAJIMYWK TOATBEPKIECHUS Mpa-
BIJIBHOCTU pelieHus. Bo3MOXXHA KOPpEKTUPOBKA
CTETICHH Ba)KHOCTH OTHENBHBIX MMPH3HAKOB Ha JTare
BBOJIa TEXHUKH B IKCILTyaTallul0 B KOHKPECTHBIX I10-
3UIIUOHHBIX pailoHax.

TakuM 00pa3oM, MpH peanu3aliy armaparypel
pacrio3HaBaHUS C HCIOJB30BaHUEM TITyOOKOH (co-
JepKamell HECKOJbKO MHOTOCIOHHBIX (DHIBTPOB)
HC nonsitue sTanoHHoro noprpera o0beKTa Mpuoo-
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peTaet Ooree HIMPOKOE 3HAYCHHEC. B stom cj1y4dac
STAJIOHHBIN IOPTPET HE TOJIBKO AOJDKCH BKIIHOYATh
MHOXXECTBO OIHUCAHUMN MPU3HAKOB X|t, HO U YYUThI-

BaTh peaM3yeMbIi alropuT™ R, BXomsimii BO MHO-
JKECTBO TPaBWJI MPHUHATUS PELIeHUH O Kiacce pa-

JIHOJIOKALMOHHOM 1enu H .

ComracHO PYKOBOIALIMM JIOKyMeHTaM MUHU-
cTepcTBa 000poHEI PD o0ydeHHE CTOSIIMX HAa BO-
opyxkennu POC sBrsieTcs MpOTUBOPEUNBON 331a4€H.
C onmHOU CTOPOHBI, MPOU3BOAUTENH, OOEcIeunBas
3aJaHHBIC XaPaKTEPUCTHKH CPEICTB, pEaIN3yeT KOH-
KpPETHBIC AITOPUTMEL, C JPYTOil — 3TH aJTOPUTMHBI B
MpoLecce IKCIUTyaTallid MOTYT OBITh TOJABEPTHYTHI
KOppeKImH. be3 mpuMeHeHnsT JOTIOHUTEIEHBIX Mep
KOPPEKTHPOBKA B Psle CIydaeB MOXKET CHHU3HUTH Ka-
YECTBEHHbIE MOKA3aTeNH, I03TOMY HEOOXOIUMO pa3-
IEeTUTh TIPOIECCHl BBITIONHEHMST OOEBBIX 3a7ad MU
oOydeHns. C 93ToW IIeNbI0 TPEIyCMaTPHUBACTCS
BKJItOYeHHE B cocTaB POC JOMOTHUTENIBHBIX 3Jie-
MEHTOB, 00€CIEUNBAIOMINX HE3aBUCUMOCTD IIPOIIEC-
ca oOydeHwusl.

[Ipumenutensno k HC peanusyemblie ero aniro-
PHUTMBI paclio3HaBaHHUS MOTYT OTIMYATHCS BECOBBIMHU
ko3 umenTaMu CBsI3ei ¢ acCONMATHBHBIMM U pea-
TUPYIOIIUMH dJeMeHTaMu. BecoBble KO PHUIIMEHTHI
MOTYT OBITH IpEICTaBlIeHbl MaTpuLield My, mpu Tex-

HUYECKOM peanu3alliy XpaHAlelWcs B IaMATH.
B mporiecce oOydeHUsI MOXKET NPUHHMATBCS peIe-
HUE O HEOOXOIMMOCTH KOPPEKIMH OTICIbHBIX 3Je-
MEHTOB MAaTpPHIIbI, OJJHAKO OKOHYATEIHHOE pPEHICHUE
00 M3MEHEHWH 3THX 3HAYCHUH HEOOXOIMMO MPHHH-
MaTh JUIIb ITIOCJIC HAKOIIJIICHUA I[OCTaTO‘lHOﬁ cTaru-
CTHKH. J{JIs 3TOr0 B COCTaBE CUCTEMBI MPeAycMaTprBa-
eTCs JIOTIOJTHUTEbHAsI MaTPHIla BECOBBIX KOA(PQUIIH-
CHTOB M 2, B UCXOOHOM COCTOSSHHUU ITOJTHOCTBIO NIACH-

TH4YHasi My, 3HaueHHsA DIEMEHTOB KOTOPOH B IIPO-

necce oOydeHust m3MeHstoTcs. [locne nmpunsaTus pe-
meHns 00 aJeKBATHOCTH H3MEHCHHBIX 3HAa4eHHI
Mmarpunia M n3MmeHsercs.. DTOT MPOLECC OCYIECTB-

JISIeTCSL YCTPOWCTBOM YIPABIICHUSI BECOBBIMH KO-
¢unmreHTaMu.

[TapameTpbl yKa3aHHOW HpPOLEAYPHI [JOJDKHBI
OBITh OTIpEENeHbl U PerIaMeHTHPOBAHBI.

Pesyabrarel. CTpykTypHas cxeMa YCTpoiicTBa
pacno3HaBaHHMs MU HCTIONB30BaHNK r1ybokoit HC ¢
JOTIONTHUTETIFHON MaTpuIiiell BeCOBBIX KO3(D(PHIHEH-
TOB AJSI peanu3alyy 3a7ad o0ydeHHs MpeicTaBlIeHa
Ha puc. 1. YcTpoHCTBO coOIlIacoBaHUS B COCTaBE
TpakTa 00pabOTKH paMOJIOKAIIMOHHON HHpOpMAIH

AnTeHHas [H-|

B
1ou et BOU
CHCTCMa :
B

R

YeTpolicTBO corylacoBaHust

R

X

R

i ﬁ
YcTpoiicTBO ynpaBieHus
BECOBBIMH K03 duIipeHTaMu

Puc. 1. CtpykTypHas cxema yCTpOUCTBA paclo3HaBaHHs IIPU
ucnoib3oBaHuy rirybokoit HC ¢ nononHuTensHOM MaTpuei
BECOBBIX KO3()(HUINECHTOB IS Pean3aluy 3a1a4 00yICHUS

Fig. 1. Block diagram of a recognition device using a deep
neural network with an additional matrix of weights
for the implementation of training tasks

obecrieunBaeT HOPMUPOBKY B TPYIIIE CHTHAJIOB, CO-
JepKaIMX OJUH MPU3HAK U3 OOIIell COBOKYITHOCTH
X|t,» U mocuemyromei oopaboTku ¢ neiso dop-

MUpoBaHus peuieHus A MHbIMU cioBamu, ycTpoii-

CTBO COIVIACOBAHUS COBMECTHO C almaparypoi mep-
BHYHOU 00paboTku mHpopmarmu [IOU n BTOpHUHON
ob6pabotku undopmanun BOU pemraer 3agauy kia-
crepusanuu [15].

B 0o0y4yeHnu mpu pacro3HaBaHWH MOKHO BBIZIE-
JINTh 4 OCHOBHbBIX HaIIpaBJICHUA:

1. CraproBoe 0OydcHHE (3aITUCh MOPTPETOB HA
dTare CO3MAHUS CHUCTEMBI U3 0a3bl, MOTYICHHOH JH-
00 3KCIIEpUMEHTANILHO, TUOO B MpOIecce WMUTAIIM-
OHHOTO MOJEIHPOBAHUS C HCIONB30BaHUEM HHGOP-
MAIIHOHHBIX TEXHOJIOTHIA).

2. ®opmupoBaHue 6a3pl MOPTPETOB B MpoIiiecce
(GYHKIIMOHUPOBAHHS CHUCTEMBI TPU MOATBEPKICHHH
pE3yIBTAaTOB PACIIO3HABAHUSI U JOCTATOYHO MPOCTOM
CUTHAJIbHOW OOCTaHOBKE.

3. IononHeHnue 0a3pl MOPTPETOB B TpoIiecce
(GYHKIIMOHUPOBAHHS CHUCTEMBI TIPU MOATBEPKICHUH
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Fig. 2. Radar recognition system with elements providing its training

PE3YIBTATOB PACIIO3HABAHUS W JOCTATOYHO IIPOCTOM
CUTHAJIBHOHN 00CTaHOBKE.

4. KoppeKkThpoBKa IIOPTPETOB [UIsi KOHKPETHOM I10-
3HIMH C YIETOM OCOOSHHOCTEH IMO3UITHOHHOTO paiioHa.

Jliis oGecriedeHust CTapTOBOTO OOyUYCHHMSI TPEIy-
CMOTpPEHO HeckoJibko 3TanoB [16]. Ha mepBoM B Ka-
YecTBe OOyYalolUX MPUMEPOB HCIIONB3YIOT HH(pO-
BEIE, IMOJYyYCHHBIE MOICTHUPOBAaHHEM (DOHOIIETIEBOM
00CTaHOBKM HJIM OIM(PPOBKON MOAXOMAIIUX PEaib-
HBIX (parMeHTOB. J[aHHBIC XpaHATCS Ha JKECTKOM
IIFICKe KOMITbIoTepa. /Iy OIleHKH a/leKBaTHOCTH BO3-
JICWCTBUMA, TMOCTYMAIOMIMX HA BXOI CHCTEMBI, IPH-
BJICKAIOTCS JKCIepThl. Ha 3ToM sTame mpoucxomut
0TpabOTKa aITOPUTMOB B TICEBJIOPEATHHOM BPEMEHH.

Bropoii aTan ommyaeTcs OT nepBOro TeM, YTo HC-
TIOJIB3YHOTCs aHAJIOTOBBIC BXOAHBLIE CUTHAJIBI — TC KC
(l)paFMCHTI)I, HO XpaHAINMECI Ha HWHBIX HOCUTEIIAX.
OtmdpoBKa BHIIOMHSACTCSI HETIOCPEACTBEHHO BO BpeMsI
paboThl. [laHHBIe MTOCTYIAIOT C 33JaHHOH TIePHOANYHO-
CTbI0, 00pabOTKa MPOU3BOUTCS B pEaTbHOM BPEMEHHL.

Tpetuit 3Tan — OKOHYATENbHAsI MPOBEPKA U JI0-
oOyueHHe CHCTEMBI — IIPOBOJUTCSI HA OCHOBE pPeajlb-
HOU (oHOIIENIeBON 0OOCTAHOBKH B YCIOBHSIX, MaKCH-
MaJIbHO MPUOIKEHHBIX K OOEBBIM.

[optpersl MoryT nenuThcss Ha 0a3oBble ((yHma-
MEHTAJIbHBIC) U HA WHAWBHUIYaJbHbBIC TSI KOHKPETHOM
no3uumy. Hanpumep, i POC, pa3MelieHHbIX B TOpHOH
MECTHOCTH, Pe3yJbTaThl W3MEPEHUs BBICOT LieeH TpH
pacIio3HaBaHUK HEOOXOIUMO KOPPEKTHPOBATH (YIHUTHI-
Barb BBICOTY HOBI/H_[I/H/I) JUIL aJICKBAaTHOI'O CpaBHEHUSA C
TIOPTPETOM, COIEpPrKaIllM HMH(POPMALHIO O BO3MOXKHO-
CTIX LEM 1Mo Habopy BBICOTHL Koppekumro menecood-
Pa3HO MPOBOIUTH HA TPETHEM JTalle.

YCTpoHCTBO KOHTPOJIS U yNpaBJIEHUS NapaMerT-
paMH pacro3HABaHWs, BKIIIOYAIOIIEE CPEICTBA BU3Y-
anu3ayy 1 BBoza nHopManuu (puc. 2), odecrneuu-
BaeT pPeaM3allHIo CTAPTOBOTO OOYIEHUS.

[NonTBeprkAeHNEe JOCTOBEPHOCTH TOMYYCHHBIX pe-
3YJIBTaTOB BO3MOXKHO TIpH B3ammopenctBuu ¢ POC,
komruiekcoMm cpenctB apromaruzanun (KCA) PocaBua-
WA ¥ TONy4eHHH HWH(QOPMAIUK OT AWUCIETICPCKUX
ITyHKTOB ¥ paioHHBIX IIeHTpoB EC OBJI.

[Tpu padore POC B cocTtaBe rpynmupoBKH Lieje-
co00pa3HO MpPEeIyCMOTPETh BO3MOXKHOCTH OOMEHa
MOpTpeTHBIMU 0a3aMu (0e3 ydera chOpMHUPOBAHHBIX
0COOEGHHOCTEH MECTHOCTH) MEXIy OAHOTUIIHBIMU
POC (puc. 3).

[mpoxwe BOZMOXKHOCTH PEaT3aIMN aBTOMATHIe-
ckux amroputMoB oOydenust HC, mprMeHseMBIX Tpu
pacno3zHaBaHvuU, OTKPBIBAOTCA IIPU HCIIOJIb30BAHHUH B
panuonokaonHon cucreme npuniunos EUIT o co-
CTOSHUM BO3IYIIHOW OOCTaHOBKH, KOLJA JJIEMEHTBI
CHCTEMBI CBS3aHBI MEXIYy CO0OH HHTErpupOBaHHOU
1(hpOBOI TETEKOMMYHUKAIIMOHHOM CETHIO.

Mpuamumner EUIT mo3Bonsror npu o6ydennn HC
HCIIONIE30BaTh JOCTOBEPHYIO HH(MOPMAIMIO O THIIAX
COITPOBOXKIAEMBIX BO3MYIIHBIX CYIOB, ITOCTYyNaro-
IIYI0 OT B3aUMOJCHUCTBYIOIIMX CPelCTB MHUHOOOPO-
Hbl Poccun u PocaBuarnuu (puc. 4): Moayneil mpo-

POC, KCA KCA (TLICON)
PocaBuanuy, OCP u KBIT
Verpoiicto koutpossi|  Cpenctsa
U yIpaBJICHU BU3yanm3auuy ||
napameTpamn U BBOJIA =
pacro3HaBaHus nHpopmarmu P3C

PAC @

YeTpoicTBO peanuzannu
AJITOPUTMA PACcIO3HABAHUS

Puc. 3. Buemnue cBsi3u POC npu 00ydeHUH CHCTEMBI
pacno3HaBaHUs B COCTAaBE IPYNIUPOBKH

Fig. 3. External communications of radio-electronic

equipment during the training of the recognition system
as part of a grouping
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Fig. 4. Elements providing learning of the recognition system when working as part of a group

IPaMMHO-TEXHMYECKHX  CPEICTB  aBTOMATH3aIUU
KOHTpOJISL HCIOIb30BAaHHUSA BO3MYLIHOTO IPOCTPaH-
ctBa MIITC AKUBII, pasMeriaeMbix Ha KOMaHIHBIX
nyukrax KII paguorexnuueckux nonkos PTII, u
Mozyneil IporpaMMHO-TEXHUYECKHX CPEICTB CUCTE-
MBI MH(OPMALMOHHO-TEXHUYECKOTO B3aHUMOAEHCTBHA
MIITC CHUTB ¢ aBTOMaTH3MpOBAHHBIMHU CHUCTEMaMHU
ynpasneans ACY YB/I, a taxxe KCA mmanupoBanus
HCIOJIB30BAaHUs. BO3AYIIHOro mnpocrtpancrsa IIMBII,
pa3memmaeMsIx B neHTpax EC OB/I.

B Ttakoii cxeme B3aMMOAEHCTBHS MOTYT OBIThH 3a-
JEUCTBOBaHbI TEPPUTOPUAIIBHBIE LIEHTPHI COBMECTHOM
o6padoTku nHpopmarmu THHCOU pagnoTeXHUUECKUX
cpenctB PTC pagnoTexHHYECKHX MOJIKOB, 0OeCTIeHH-
BAIOIME LIEHTPAIN30BAaHHBIA cOOp, 00pabOTKy WHH-
(hopmaruu 0 BO3IYIIHOM 00OCTaHOBKE U yITPaBJICHUE.

IIpu sTOM, OnHAKO, ClEAYET YUHUTHIBATh, YTO Ta-
Kas OpraHu3aiys B3auMopeiicTBusi (B HHTepecax

ob0yuenuss HC u moCTpOeHHs HHTEIUICKTYalbHBIX
CHUCTEM pAacIlO3HaBaHHA) MOTPEOyeT CYIIeCTBEHHOTO
WU3MCHEHUsI TIPUHIUIIOB B3aHMMOJICHCTBHSI YJIIEMEHTOB
PaIUONOKAIIMOHHON CHCTEMBI U, KaK CICICTBHE, IIe-
pecMoTpa CYIIECTBYIOIINX IIPOTOKOJIOB HH(pOpMALU-
OHHO-TEXHUYIECKOTO B3aMMOICHCTBHS.

3akawuenue. Takum obpazom, CPJIP, pemaro-
IIasi aKTYaJIbHYIO B HACTOSIIEE BpeMsl 3a/1ady pactio-
3HaBaHUs, KOTOpasi B CIOXKHOHN (oHOIIeTIeBOi 00cTa-
HOBKE€ IIO3BOJISIET IOBBICUTH AJCKBATHOCTH OLCHKHU
OOCTaHOBKM W ONTHMH3HPOBATH IPUHUMACMBbIC
YIpPaBJICHYCCKUC PEIICHUA, MOXKET PAa3BUBATHCA I10-
CPEACTBOM OOYUYCHHS 33 CUET CHATHUS OrpaHHYCHUH,
CBSI3aHHBIX C ABTOHOMHOCTBIO (DYHKITHOHHPOBAHHUS
POC npuMeHHUTENBHO K PELICHHUIO 3a/1a4l PacIo3Ha-
BaHHs, a TAK)KE€ YBCIIMYCHUS KOJINYCCTBA INMPU3HAKOB
MIpY IPUMEHEHUU HEHPOCETEBBIX TEXHOIOTHUI.
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O6Hapy>keHne TpaeKToOpUii ABVKYLLUXCS NMPAMOJIMHEHO BO3AYLUHbIX Lienei
npu BTOPNYHOU 06paboTKe paagnosioKaumMoHHON UHGopmaLun
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AHHOTauuA
BBepgeHume. OCHOBHbIMW 3aja4aMy BTOPUYHON 06paboTKM pagmMoNOKaLNOHHON MHPOPMaLMK ABAAIOTCA 06-
HapyXeHVe 1 CONPOBOX/EHMe TPaekTOpUin ABMXEHUA BO3AYLUHbIX Lienei (BLL). Mpu 3Tom npouecc obHapyxe-
HWSA TPaeKTOPUiA ABMXKEHUA BL, NPUHATO XapakTepn3oBaTb BEPOATHOCTAMM UX OBHaPYXeHWs 1 cpeiHUM Bpe-
MeHeM KX aBTo3axsaTa. [pun AB/XEHUN Lienn ee AanbHOCTb OT PagnoioKaumMoHHoM ctaHummn (P/1C) nameHseTcs,
YTO MPUBOANT K U3MEHEHWIO OTHOLLEHWNS CUTHAN/LLIYM 1 BEPOATHOCTM O6HapyxeHus BL.
Lienb pa6oTbl. OLeHKa BAVAHNS N3MEHEHNS BEPOATHOCTN 0B6HapY>XKeHUA NPSMONNHEHO ABUXYLLENCS Lenun
npuv PaavoNoKaLMOHHbBIX HabOAEHNAX Ha XapaKTEPUCTUKM OBHapyXeHUs TPaekTopun ee ABUXEeHWS npu
BTOPUYHOI 06paboTke pasmonoKaLMOHHOW NHbopMaLmnn.
MeTopabl. VICNONb3yOTCA MeToAbl MaTeMaTUYecKon CTaTUCTUKIL: NpoBepKa CTaTUCTUYECKMX rMnoTes, oLeHKa
napameTpoB pacripejeneHunii 1 Teopus BO3MYyLLEHUI N0 MafioMy napameTpy. B kauecTse Bo3MyLLaOLLIErO Ma-
paMeTpa Bbl6paHO OTHOLLEHME paccTofHWS, npoxogmmoro Bl 3a nepuog o630pa, K AanbHOCTU Lenu B
Ha4vanbHbIi MOMEHT ee 06Hapy>XeHWus.
PesynbTathbl. [TonyyeHbl aHanUTUYeCKMEe BblpaXeHUs A5 BEPOATHOCTU OBHapyXeHUs MPAMOANHEHO ABW-
xyLerics BLL n BepoAaTHOCTM 0B6Hapy>XeHVA TPaekTopun ee ABUXKEHWA Ha WHTepBasnaX, KpaTHbIX Mepuogy 06-
30pa. MponnnCcTpMpoOBaHO YMeHbLLeHe BEPOATHOCTN 0bHapyxeHus BL, yaanstoLerica ot P/1C, npu nocne-
foBaTeNbHbIX PAaAMONOKALUMOHHbBIX HabMOAEHNAX C YMEeHbLUEHWEM OTHOLLEHWA CUrHaN/Wym v yrna mexgy
BEKTOPOM CKOPOCTW 1 pajnycoM-BekTopoM BL| otHocuTensHo P/IC. YBennueHune ckopoctu B, Bbi3biBatoLLee
n3meHeHne napametpa z ¢ 0.01 go 0.07, NpMBOANT K YMeHbLLUEHUIO BEPOSTHOCTM 06HapyxeHus BL, ¢ 0.727 go
0.52 1 K COOTBETCTBYHOLLEMY M3MEHEHWNIO BEPOATHOCTY 0BHapY>XXeHNSA TpaeKTopuu. MNpu coKpaLLleH BpeMeH U
HabnoaeHNs Ha OAVH BPEMEHHOW NHTepBan YMeHblLeHe BEPOSTHOCTM 06HapYyXeHWa TpaekTopumn CocTaBns-
eT ot 0.03 g0 0.04...0.07 ana otHoweHus curHan/wym 40 n ot 0.06 go 0.08...0.11 Ana oTHOLWEHUS CUTHAN/LIYM
25 (Npv BEpOSITHOCTM NOXHO Tpesorn 1074).
3aknto4yeHme. MNonyyeHHble BbipaXeHNsa NO3BONIAIOT PacCUNTLIBATL XapaKTePUCTUKM OBHapyXeHWs TpaekTo-
puUli BO3AYLLUHbIX Lieneid, ABMXYLLUNXCA MPAMOSIMHEHO, C yY4eTOM U3MEHEHNIA BEPOATHOCTEN ObHapyXeHNs Lie-
Nleil B nocnefoBaTe/lbHbIX BpEMEHHbIX MHTepBanax 063opa paaronokaLMOHHbIX HabMAeHNA.

KnioueBble c/ioBa: aBTO3axBaT TPaekToOpuK, cpesHee BpeMst 06HapyXeHUsl, A1Ncnepcust, XapakTepucTKm
06bHapyxeHus
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Detection of the Trajectories of Moving Rectilinearly Air Targets
in the Secondary Processing of Radar Information

G. S. Nakhmanson, D. S. Akinshin®
N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy, Voronezh, Russia

®ads199011@icloud.com
Abstract
Introduction. The primary functions of secondary processing of radar information are to detect and maintain
the trajectories of air targets (AT). The AT trajectory detection can be characterised by the probability of detect-
ing trajectory and average autocapture time. When the target moves, its distance from the radar station chang-
es, leading to a change in the signal/noise ratio and the probability of detecting AT.
Aim. To assess the impact of a change in the probability of detection of a straight and evenly moving target at
consecutive time intervals of radar observation upon the characteristics of trajectory detection during second-
ary processing of radar information.
Methods and materials. The research aim was achieved using the methods of mathematical statistics, includ-
ing verification of statistical hypotheses, assessment of distribution parameters and theory of perturbations by
small parameters. The ratio of the distance travelled by the AT during the review period to the target range at
the initial moment of its detection was chosen as a perturbation parameter.
Results. Analytical expressions were established for the probability of detecting a straight-moving AT and the
probability of detecting the trajectory of its movement at interval multiples during the study period. The study
illustrated the probability of detecting AT moving away from radar by means of consistent radar observations
with reduced signal/noise ratios and angles between the velocity vector and the AT vector radius relative to the
radar. The increase in AT speed which causes the z parameter to change from 0.01 to 0.07 reduces the proba-
bility of AT detection from 0.727 to 0.52 and leads to a corresponding change in the probability of detecting the
trajectory. If the observation time is reduced by one time interval, the probability of detecting the trajectory is
from 0.03 to 0.04...0.07 for signal/noise 40 ratio and from 0.06 to 0.08...0.11 for signal/noise 25 ratio (with the
probability of false alarm 107%).
Conclusion. The resulting expressions allow for the calculation of directly moving AT trajectory detection, con-
sidering changes in the probability of detecting targets in successive time intervals of radar observations.
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BBeaenue. OqHON U3 OCHOBHBIX 3ajay, pemiae-  HapyxeHud BL] 3a HECKONBKO YCTaHOBJIEHHBIX 3apa-
MBIX paguonokaruonnoi cranmueit (PJIC), sBisieTcss  Hee HHTEpBaIOB 0030pa) U B €€ COMPOBOKICHUH.
COIMPOBOXKACHUE JIBMXKYIUXCS BO3AYIIHBIX IeNei D(hheKTUBHOCTD peleHns 3a1ad BTOPHYHOM 00pa-
(BII). Dra 3amaya pemaercs B pe3ylbrare MEPBUY-  OOTKM NMPHHATO OLEHHWBATH IO BEPOSTHOCTH OOHApy-

HOM M BTOPMYHON 06PaGOTKM DPaJMONOKALMOHHON  JKEHWs TpaekTopuu jaBrkenus BLI v cpenneMy Bpeme-
uadopmarmu (PJIN). Ilog mepBuuHO# 06paboOTKOM HU ee oOHapyxeHus [1-9]. Yka3aHHbBIE XapaKTepUCTH-
IIOHUMAETCHI 06Hapy)KeHHe eau B OHpe,E[eJ'IeHHI:Iﬁ KU CYIICCTBCHHBIM 06p330M 3aBUCAT OT BepOﬂTHOCTeﬁ

MOMEHT BpeMeHH. Bropuunas 06pabotka cocrout B OOHapyxkeHus BLL B Ka10i 13 ToYeK HAOIONCHHS, KO-

OGHAPYKEHHH TPAeKTOpHH (II0CIEN0BaTeNbHOM 06-  TOPbIE 00BIYHO TIpY BTOpHYHOM 00padotke PJIN mpu-

62 O0HapyskeHHe TPAEKTOPHIA ABMIKYIIIMXCSI MPAMOJIHHEiHO BO3AYIIHBIX LesIei
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HSTO CUMTaTh ONWHAKOBBIMH [3, 4, 9—12]. Onnako mpu
nBrkeHnH naidbHOCTh BII otHOCHTERHO PJIC MOXer
CYILIECTBEHHO MEHATHCSA, YTO BBI3bIBAET U3MEHEHHUE OT-
HOIIICHUH CHTHAJI/ITYM JUTSL OTPaKCHHBIX OT LIEIH MPH-
HUMAEMBbIX CUTHAJIOB U, COOTBETCTBEHHO, BEPOSITHOCTH
obnapyxenus BLl. JlononmauTtensHyro nHbOpMAIHIO 00
obHapyxeHHH Tpaektopun BLl, momuMo cpemHero
BpEMEHHU 3axXBara, JaeT U3MEHEHHE BEpOSTHOCTH €€
oOHapy)XeHHsI Ha 3apaHee 3aJaHHbIX MHTEpBalaxX Bpe-
Mmenu [13, 14]. IlosToMy uccienoBaHe BIUSHUS U3Me-
HEHUS BepOoATHOCTH oOHapyxeHus BL] B Toukax ee mo-
CIICIOBATENIHFHOTO PaJHOTIOKAIIMOHHOTO HAOIONCHUS Ha
XapaKTePUCTUKU OOHAPYKEHUs TPACKTOPUI JBHKEHHS
BII npu BropmuHoii o0pabotke PJIM mpencrapmser
MPAaKTUYECKUI HHTEPEC.

Lenbto HacToAILEH CTAaTbU SIBISETCS OLIEHKA BIIMS-
HUS M3MEHEHUs] BEPOSITHOCTH OOHApY>KEHHS MPSIMOJIH-
HEWHO MBIXKYINEHCS IeMd TPH PaJrOJIOKAIIMOHHBIX
HaOJFO/ICHUSIX HA XapaKTepPUCTHKNA OOHAPYKESHHS TPacK-
TOpHU €€ JBYKEHHUS TIPU BTOpUYHOI 00paboTtke PJIM.

Metoapl oOHapy:xeHusi neseil. bygem cuumrars,
yto BII nBMKETCS CO CKOPOCTHIO V TIO TPSIMOIMHEHHON
TPAeKTOPHUHU, COCTABISIONIEH C paJlyCOM-BEKTOPOM
Ro Haxoxnenus Bll B HadanbHBII MOMEHT €€ 0o0OHa-
pyxenus yroia 0 (puc. 1). JlanbHocTH Iienu depes
UHTEpBaJIl BPEMEHU T(j, PaBHbIE IE€pUOLY 0030pa

PJIC, onpenensitores kak Ry, Ry, ..., Ry.

PJIC
Puc. 1. K pacdery 1anbHOCTH LENU B TOYKaX HAOIIOICHUS

Fig. 1. To the calculate of the ranges of the targets
in the observation points

B atom ciyuae paccrosiHUSI MEXAY TOYKaMH MECTO-
nonoxkenust BLl Ha Tpaekropun ABWXEHHS B MOMEHTBI

Ha6moz[e}m;1 COCTaBJIAOT VTo. B stom ClIydac€ Oajib-

HocTb BL yepes k nHTEpBaIIOB 0030pa COCTABIISICT:

Ry :\/Rg +(kvTg)? + 2kvToRo S0 =

MONIHOCTh CHUTHAaIA, OTPAKEHHOTO OT IEIH |
npuaumaemoro PJIC, umeet Bug [1, 2]

2 _ PHGGHAHP
(47)° R*

C =
rie a — 3bdeKTHBHOE 3HAYEHHUE aMIUIUTYIbL; P, — Mor-
HOCTb TiepenaTanka; G — ko3 puimeHT ycuneHus aH-

TeHHBI, G,; — 3(PEKTUBHASA TOBEPXHOCTh OTPAKEHNS,

I
Anp — dbeKTHBHAS TOBEPXHOCTH AHTCHHBI; R — Jaltb-

HocTb g0 uenu ot PJIC.
MOoIIHOCTh CHUTHANIA, IPUHUMAEMasl TIPH Ha4alb-
HOM HAOJIFOIECHUU:

2 _ PiGoyAp
(4n)® RS’

I:’cO =

CooTHOIIIEeHNEe MOIIHOCTEH MPUHSATOTO CHUTHAja
Ha HaYaJIbHOM U TeKylIeM HaOMoIeHUSIX UMEET BUJL

Re/Feo =32/a§ =(RO/R)4'

4
oTkyla a’ = a%(RO/R) .
Toryia OTHOIIEHHE CUTHAI/IYM JUIsl CHTHATIA, OTPa-

skerHoro ot BILI, Haxomsimeiicss Ha k-M BPEeMEHHOM HH-
TepBajie 0030pa, ¥ NpUHIMaeMoro rprueMHukoM PIIC:

2a%E 2386 (Ry)  (Ro)'
w- S R w[R) @

e
lT
B == U2 (Dt
20

— DHEPIUsl CUr'HaJla IpY eAMHUYHOM amIuutyne; Ng —

JBYXCTOPOHHSIS CIIEKTPaJIbHAS IJIOTHOCTH IyMa; Qp —
OTHOIIICHUE CUTHAJI/IIIYM Ha BbIxoJe npuemMHuka PJIC
IIpY MpUEME CUTHala, oTpaxeHHoro or BII, B Mo-
MEHT PaIUOIOKAMOHHOTO HAOIIONCHUS Ha JAIBbHO-
ctu Ry or PJIC.

Eciu npuHHMMaeMblil CUTHaJl UMEET CIy4alHble
HavalbHylo a3y W aMIUIMTyRy, TIpUYeM HadalbHAs
¢aza pacmpenereHa paBHOMEPHO Ha HHTEpBaie
(—m; m), a aMIUIMTY#a MOMYMHSETCS PENeeBCKOMY

pacnpeeneHuo:

2 {2/(2e2)]
kvT, kv, _(a/s2)e L a >
=Ry, [1+| =2 | +2—Lcos6. (1) o@)=(a/0} Je » a0,
Ro Ro
O0HapyskeHHe TPAEKTOPHIi ABMIKYIIIMXCSI MPAMOJIMHEHO BO3AYIIHBIX Leei 63
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e c§ — aucnepcust GIyKTyalud aMIDIUTYIbI CUT-
HaJla, OTPaXEHHOTO OT IEIH, TO OTHOIICHHE CHI-
HaJI/IyM IPUHUMAET BU Qy = 205 =] / No.

C y4eToM yKa3aHHBIX paclpesiesiecHHi TapaMeTpoB
MpUHUMaeMoro curaaia noxgctasuM (1) B (2) u pazno-
KM TIOTy4CHHOE BBIP)KCHHE B PSZ IO MAJIOH BENH-
upHe Z =VTy/Ry — OTHOLICHHIO PACCTOSHMS, IPOXO-
aumoro BII 3a Bpems omHoro nepuoga oozopa T, K

JIBHOCTH LIEJM B HAaYaJbHBIM MOMEHT ee OOHapyKe-
Hus. Torma oTHONIEHHE CHTHAN/IIYM JUIS CHTHANa, OT-
paxenHoro ot BLI, Haxoxsmeiicst B Touke k TpaekTo-
pun, 1 npuHIMaemoro npuemuarkom PJIC, nmeer Bun

Qc =Qo(Ro/Re)" =
=Qp[1-4k(vTo/Rg)cos0 +

+2(6c0s? -1k (v, /RO)T. 3)

BepositHocT  mpaBuiibHOrO OoOHapyxeHus: BIJ
MIPY TIOCIJICAOBATEbHBIX BPEMEHHEIX HHTEPBaJIax pa-
IMOJIOKAIMOHHBIX HAONIONCHUH ONpeRensoTcs Co-
otHomeHueMm [9], [10]

D = F+Q) ™, )

rae F'— BEpOATHOCTB JIOKHOW TPEBOTH.

[MoncraeuB (3) B (4) ¥ Pa3JIOKUB MOCIICAHEES BbI-
paXeHHE B P 110 z, ITOJIYYUM BBIpAKEHHE JJISI BEPO-
SITHOCTH TIpaBHJIbHOTO OOHapyxkeHus BIl B Touke &
TPaeKTOPHH:

Dy = Dg + Akz + A (kz) 2, 5)
rae
-D 4Qy In Fcose;

(1+Qp)

8(In FQp cose)2 .\

A =D,
7 )

L INF(4Qocos0)” 20y InF (1-6cos?0)
(1+Qp)’ (1+Qp)?

Ha puc. 2 npuBenens! pe3ynbsraThl pacieToB Be-

POSITHOCTU TPABHJIBHOTO OOHAPYKEHUS (Dk) BII,

JIBIDKYIIEUCS TI0 MPSMOIMHEHHON TPAaeKTOPHH, Kak
(GyHKLIMU OT HOMEpa MHTepBajia HaOMIOAEHHUs, Kpat-
Horo mepuony o63opa PJIC (Ty), mist OTHOIMICHHS

curHaj/lyM Ha Beixojie npuemnuka PJIC, npu npu-
€Me€ CHUTHaJa, OTPAKEHHOrO OT LIENIU, HaXOAAIEHC B
MOMEHT PaJMOJIOKAMOHHOIO HAOIIONEHHS HA JaJib-
Hoctu Ry or PJIC Qp =30, oTHOmEHMH paccTos-

HUsA, npoxomumoro BIl 3a Bpems omHoro o00630pa
PJIC, x ee mambHOCTH B HauaJbHBIH MOMEHT HaOJIO-
nenust z=0.01 u 0.07, BepoATHOCTHU JOXKHOM TpeBO-
ru F TIpH pa3iuvHBIX 3HAUYCHUAX yIriia O MexmIy Tpa-
ekropueii apmkenns Bl u ee pagnycom-BeKTOpoM B
Ha4yaJIbHOH TOYKE HAONIOMEHHS.

W3 xoma kpuBbix Ha puc. 2 u cootHorreHus (1)
CIIETyeT, YTO BEPOSTHOCTH MPABIIEHOTO OOHAPYKECHHS
YMEHBIIAIOTCS C YBEIMYCHHEM HOMeEpa HHTepBaa
HaOmonenus Bl oTHOCUTEIBHO HAYaJIbHOIO MOMEHTA
ee oOHapyXeHus, a TaKkKe MpU yMEHbIEHUH yria 0
MEXAy HampapieHueM JBrkeHus BLl u pammycom-
BEKTOPOM €€ MECTOHAXO)KICHHS B HAYaIbHBI MOMEHT
nabmonenns (k =0). JleHCTBUTENBHO, yMEHBIIECHUE
yIiia IPUBOAUT K YBEIMUYEHHNIO qanbHocTH Bl otHOCH-
tenbHO PJIC 3a nHTEpBan o630pa.

CpaBHEHME KPUBBIX Ha PUC. 2, @ U 6 TIOKA3bIBAET,
YTO HA YMCHBIIEHHE BEPOSTHOCTH OOHAPYKEHHS
BIIMSIET TAK)XXE YBEIIMUYEHUE CKOPOCTHU JBMKeHus: BLI,
BBI3BIBAIOIICC YBCINYCHUC PACCTOSAHUSA, IMTPOXOAUMO-
IO €10 3a BPeMEeHHOH uHTepBan o63opa I, H, COOT-

BETCTBEHHO, ee nanbHocTH oT PJIC, n ymenbienne
OTHOIIICHHUS CUTHAJI/IIIYM JUISI TPUHAMAEMOTO CHTHA-
na, orpaxkeHHoro ot BII. Tak, mis 0=25° npu
F=10"%u Qp =30 yBesmmuenne ckopoctu B, BBI-

3pIBaolee u3MeHeHue napamerpa z ¢ 0.01 gzo 0.07,

Puc. 2. 3aBucuMoCTH BepOSTHOCTH IIPAaBIIIBHOTO OOHApY)KEHHUS OT HOMepa nHTepBaia o63opa PJIC
Fig. 2. Dependencies of the probability of correct detection on the number of radar coverage interval:
a—z=00L F=10"% 6- 2=00L F=10"° ¢— 7=0.07; F=10"*
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NpUBOINT K yMeHblleHnMio Dz ¢ 0.727 mo 0.52. K
YMEHBIIEHHIO Dy IPUBOAUT TaKXkKe CHUKEHHE BEPO-

SITHOCTH JIO)KHOM TPEBOT'H, BBI3bIBAEMOE YBEJIIMUEHUEM
YPOBHS MOpOra PEeIaloIero yCTpoiicTBa MpueMHHKa
oOHapyxeHHs curHana. Kak cremyeT M3 KpHUBBIX IS

0 =25° Ha puc. 2, a u 6, u3MeHeHue F ot lO_4 bi(o)

1070 MPU TIPOYMX PABHBIX YCJIOBUSX BBI3bIBACT
yMeHbIIEHHE BeposiTHOCTH D3 ¢ 0.725 mo 0.621.

XapaKkTepuCTUKH OOHAPY:KeHHsI TPAeKTOPHH
ABuzkeHMs1 Heau. OOHapykeHHe TPaeKTOpUU OCy-
mecTBisieTcs B ABa orana. Ha mepBom stare npu mo-
CIICIOBATCTIFHOM OOHAPY)KCHHH IIeTIM Ha TEPBBIX
JIBYX TIEpHOZIaX PaJMOJIOKalIMOHHOTO 0030pa (MHTepBa-
J1ax HaOIOIEHHUS), COTIPOBOXKIAEMBIX (hOPMUPOBAHUEM
METOK B cHcTeMe BTopu4yHOU ob6pabotku PJIU, mpo-
WCXOJIMT 3aBsi3Ka TPACKTOPUH (OIIpe/esieHne TIPEeATIo-
JlaraeMoi TPaeKTOPUHU LIENH IO JABYM TOYKaM) C Be-
posatHocTei0 P =RyR, tne By =Dy, B =D — Be-
POSATHOCTH OOHAPY>KCHHUS 1ICTH B HAYaIbHBIA MOMEHT
ec HaOMIONEHNS M CIICAYIOIINIA 32 HUM Tieproa 0030pa.
OOHapy)KeHHe TPaeKTOpUH [IBIDKCHUsS IIeJIH OCY-
IIECTBISIETCS TMOCNE €€ 3aBs3KH MpU OOHApY)KEHUH
nenu (GopMUPOBAHMH METKH) Ha OJHOM M3 HECKOJb-
KUX TOCJICAYIOIIMX MHTEPBAIOB PaJIHUOJIOKAIIMOHHO-
ro Haomonenus [10].

YduTBIBasI, 9TO BEPOATHOCTH IIPABHIHHOTO 00-
HapyxeHus BL] B paznuuHble epronsl ee HaOmoe-
HUS HE OJIMHAKOBBI, BEPOSTHOCTh OOHAPYKEHUS Tpa-
eKTOpHH (TIOSBJICHUS METKH B JIIOOOM M3 k TIOCIEy-
IOIUX UHTEPBAJIOB 0030pa) onpeaesseTcs Kak

n
Por =PRI 2. Rk,

k=2
rae
D2, k =2;
_) k4
A= D[ J(1-Dj), k>2 ©

i=2

— BEpOSITHOCTh OOHapykeHust Bl Ha k-M nHTEpBase
ee HaOMIONIeHNs TIPH aBTo3axBaTe Tpaekropuu. Torna
cpenHee BpeMsl OOHAPYKCHHS TPACKTOPUH JBIDKCHHUS
BII (nosiBjieHHE TpEThei METKH):

n
ZTo(k +1)F1(

_ k=2
>R
k=2

i€ 71 — KOJIMYECTBO BPEMEHHBIX HHTEPBAJIOB 0030pa
PJIC, HeoOxomuMbIX Ui OOHApY)KEHUs TPacKTOpUI
nekenns BL npu BropruHoii o6pabdotke PJIN;

=2 KR ho=2 R
k=2 k=2

AHamornyHo HaWaeM BTOPOW MOMEHT OIICHKH
BpeMeHU oOHapyxeHus Tpaekropuu BLI:

n
12 (k+1? R,
P> _hye2hyehy
. ,
> K

k=2

n
rae hy = Z k2H<.
k=2
Torna BeIpaxkeHHE I AUCTICPCHH OLICHKH Bpe-
MEHH 00HAPYKCHUS TPACKTOPHH LIEJIH UMEeT BUJL

2
hp hi

ho

Ha mpakTtke mpuHSATO Ha 3Tame OOHAPYKCHUS
TpaekTopun BIL] mcmonb3oBaTh pe3ynbTaTtbl 0OHapY-
xeHust BL mocne 3aBA3KKM TPaeKTOPUM B YETHIPEX
MOCTICIOBATENbHBIX BPEMEHHBIX MHTEpBaNaXx 0030pa

P>, P, Py, B (n=5) [10, 12].
[MoncraBue (5) B (6), mMociHe MaTreMaTHYeCKUX
mpeoOpa3oBaHUi MONTYUUM:

o =T, -T4 =T¢

5

2.

hg = > B =hog +hg1z +hgpz;
k=2

5
by =D kR =y +hygz + hypz?;
k=2

5
h2 = z k2H< = hzo + h21Z+ h2222,

n k=2
PR D To(k+1) R e
- k=2 -
Top = n - hoo =1+0-+02 +0% hos = Aa(502 ~59-2);
PR 2. R
Ez hoy = Apai(2502 ~13q - 4) + A? (6 - 450);
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Mo :2+3q+4q2 +5q3;
1 = A (250° 2902 ~11q - 2);
hy = Agq(1250° ~8192 — 250 —4) +
+A2(6+50q - 225¢2);
hoo =4 +9q +16q° + 250°;
hyy = A (1253 ~16192 —53q -10);
hyy = Ay (62503 — 46992 —127q - 20) +
+A2(42+330q-1125q2),

npuyeM ¢ =1-Dy.
Torna

Tep :%[hooﬂho + (o1 + M1 )2+ (hop +h12)22]:

2
2 T 2
c Z%[hoohzo —hip +
hg
+(hgohp1 + hoahpg — 2hyhyg )z +

2.2
+(h00h22 +hp1hp1 + hgohog — 2oy — hn)z J

Oocyxnenue pesyabraroB. Ha puc. 3 mpen-
CTaBJICHBI 3aBUCHMOCTH CpPEIHEr0 BPeMeHU OOHapy-
’KeHHUs TPAeKTOPHH LIeIH, HOPMHUPOBAHHOTO Ha 7,

OT OTHOILUECHHMS Z IIPU BEPOSITHOCTH JIOAKHON TPEBOTU

(F)107* w1078,
W3 xpuBbIX Ha pUC. 3 BUAHO, UTO CPEIHEE BpPEMs
oOHapyxeHust TpaekTopur BI] (Tcp) YBEINYMBAET-

Csl TIpH YBEJNIMYCHHUH Mapamerpa z (MpH YBEIHUCHUN
ckopoctd BII H, COOTBETCTBEHHO, €€ yHal€HUU OT
PJIC 3a omauH BpeMeHHOW WMHTEpBaj HAOIIONCHHS).
[Ipu »>TOM HamOoyiee CYIIECTBEHHBIM (DAKTOPOM,

BJIMAIOIIMM Ha TCp’ ABJIACTCA OTHOIICHHUE CHTI-

HaJI/TIIyM 1711 IPHHAMAEMOTO CHTHAIA B Ha9aJ bHBIN
MoMeHT Habmofenus Q. Tak, ymenbmenue Qg c

40 nmo 25 mnpu BEPOSTHOCTH JIOXKHOW TPEBOTH

F=10" u yBenuueHuu napamerpa z ot 0 mo 0.07
NPHBOAUT K YBEIMYCHHIO CPEIHETO BPEMEHU OOHa-
pyxxenus Tpaekropuu BI] ot 0.15 go 0.17...0.22, a

mpu F =10 — o1 0.21 10 0.19...0.29. C ymeHbIe-

HUEM BEpOSATHOCTH JIOXKHOW TpeBoru mo F =107°
(puc. 3, 6) 5Ta BenmnuuHa BospacTtaeT npu Qp =40 or

0.13 mo 0.15...0.2, a mpu Qy=25 — or 0.19 no
0.17...0.27. ITpuyem BospacTanue Ty, IPH yBenHde-

HUH Zz pacTeT ¢ yMCHBOICHHEM yriia 6 Mexny
HampaBliecHHeM JBwkeHus B[ u ee pammycom-
BEKTOPOM B MOMEHT HadajbHOro HabmtomeHus. Ilo-
ciemHee OOBSCHSAETCS yBEIMYCHHEM JaibHOCTH BI]
3a BpeMEHHOW HHTepBaJll 0030pa, YTO HPUBOJHUT K
YMEHBILICHUIO MOIIHOCTH OTpakeHHOro oT BII cur-
HaJla, OTHOUICHUS CHUTHAI/IIYM M YMEHBIICHHUIO Be-
posiTHOCTH OOHapy»xkeHus BIL.

Ha puc. 4 npencraBieHsl 3aBUCUMOCTH CpeHe-
kBajparnieckoro otkiioneHns (CKO) 6 oTHOCHTENBEHO
CpeIHETo BpeMeHH 0OHAPYKEHNUS G TPASKTOPHU LIEIH,
HOPMHPOBAHHOTO Ha Ty, OT OTHOLIEHH: Z IIPY 3HAYCHU-

SIX BEPOSTHOCTH JIOXKHOW TPEBOTH 10 u1078

W3 pucynka cnenyer, uto CKO Bo3pactaer mpu
yBenmuueHnn mapamerpa z. OHO Taxke 3aBUCUT OT
OTHOIICHUS CUTHAII/TIIYM IJIsl IPUHAMAEMOT0 CHUTHA-
Jla B HauaJbHBIA MOMEHT HaOmoneHuss Qp M BEpOAT-

HOCTH JIOKHOH TpeBoru. Ymensmenue Qp ¢ 40 mo
25 mpu BepOSATHOCTH JIOKHOH TpeBoru F =107 pH

YBEJIMYCHUH TapameTpa z (T. €. Mpu BO3pacTaHUH
ckopoctu BII) ot 0 1o 0.07 mpuBOIUT K yBETUICHUIO

CKO or 0.14 10 0.15..0.18, a mpn F =10 — or

Tcp/TO TCP/TO

3.60 2 ==

3.550— 0=0 __==%___. 38

350 Q=25 _=FT =57 3.7

3.45— fﬁﬁf”: —————— A 3.6

3= === — 250 P '

3.35 3.5

3.30

3.25 75° 34

3.20 | | | | | | 3.3 | | | | | |

0 0.01 0.02 0.03 004 0.05 0.06 z 0 0.01 0.02 0.03 004 0.05 0.06 z
a 7]
Puc. 3. Cpennee BpeMsi 0OHApYKCHHUS TPACKTOPHX BO3IYIIHON IIETH
Fig. 3. Average time of detection of the trajectory of an air target:
a- F=10"% 6- F=10"°
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o/To
25° —_——=
0=0 ===
0.95— Q=25 /;B;;’ J———
—_—=_ - 75°  50°
’&ﬁ”—______——-h—__
08— ———

0.75—

0.65 | | | | | |
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0

Puc. 4. CpeZ[HeKBaIIpaTI/I‘IeCKOC OTKJIOHECHHUE BPEMCHU 06Hapy)1<eHH;1 TPACKTOPUU OTHOCUTEIIBHO €€ CPEAHETO 3HAUCHUSA
Fig. 4. Root mean square deviation of trajectory detection time relative to its average value:
a- F=10"% 6- F=10"°

0.14 go 0.15...0.16. Ilpuuem m3menenue CKO o ¢
POCTOM z YBEIUUYHUBACTCS C yMEHbIIEHHEM yra 0
MEXIy HarpaBieHueM aBrkeHus Bl u ee pampnycom-
BEKTOPOM B MOMEHT HauaJbHOIO HAONIIOECHMS, IIO-
CKOJIbKY YMEHBUIECHNE YIJIa IPUBONUT K YBEIUYECHUIO
npuparieHnst qaapHocTd Bl 3a BpeMeHHOH MHTEpBa
0030pa U, COOTBETCTBEHHO, K YMEHBIIEHUIO MOLTHOCTU
oTpaxxeHHOTro OT Bl curnana, oOTHOIIEHUS CUTHAJ/LITYM
¥ YMEHBIICHHUIO BEPOSTHOCTH OOHapyxeHus BLI.
MOMEHTHI OLICHKH BpeMeHH OOHapyXeHHs Tpa-
exTopun aBmxeHus BL (cpennee Bpemst oOHapyxe-

s (Tep

XapaKTEePUCTUKAMHY, MPU HAXOXKAECHUM KOTOPBIX HC-
MOJIB3YETCS] yCPEAHEHHUE C YUETOM BEPOSITHOCTEH 00-
HapyxeHus: BIl Ha OTBOAMMBIX 11 OOHApY>KEHHS
TPaeKTOPHHU IBHKEHHS BPEMEHHBIX HHTEpBallax 00-
3opa. Hapsany ¢ ynoMsHYTBIMH MOMEHTAaMHU JAOION-
HUTEIBHYI0O MH(POPMAIMIO JAIOT W3MEHEHHS! BEpOSIT-
HOCTH OOHApY)KCHUsI TpaeKTopuu aBwxkeHus Bl Ha
KOHKPETHBIX BPEMEHHBIX HHTEpBaNaxX pPaauONIOKalH-
OHHOTO HaOmozneHus (popMUPOBAHUS TPETHEH METKH)
[0 OTHOUICHHIO K BEPOSITHOCTH €€ OOHAapyKEHMs Ha
BCEX OTBOAUMBIX ISl 3TONO BPEMEHHBIX MHTEpBallax.
OTH U3MEHEHHS XapaKTepU3yIOTCs IapaMeTpaMu

P2+P3_ P24=P2+P3+P4

P23 =% 5
2 K > K
k=2 k=2

OTpPaXKalOMVMH H3MEHCHHS BEPOSITHOCTH IPHU IO-
CJICIOBATEIIBLHBIX OOHApyXeHUsIX Tpaekropuu Bl Ha

) 1 CKO (c)) SBISIOTCS MHTErpalbHBIMU

BTOPOM U TPEThEM U HA BTOPOM U UYETBEPTOM Bpe-
MEHHBIX MHTEpBallaX 0030pa COOTBETCTBEHHO.
Ha puc. 5 npencrasnensl 3aBUCMMOCTH M3MEHEHHUS

otHomeHnit Py3, Pp4 oT oTHOmEHM Z =VTy/Ry npu

3HAYEHUSIX BEPOATHOCTH JIOKHOM TPEBOTH 1074 n1078

Kak cnemyer u3 xofa KpHUBBIX, 3aBUCUMOCTH U3-
MEHEHUSI BEPOSATHOCTEH OOHApYKEHHS TPACKTOPHH
JIBIDKEHUS LIENEeH, yIAIAIOMUXCS O MPSIMOIUHEHHON
Tpaektopuu BIl ot PJIC, ymeHbIIatoTCs IpU yBEIH-
YeHUM mapamerpa z (yBenmueHHu ckopoctu BII w,
COOTBETCTBEHHO, €€ YNAJEHUsI OT MECTOIOJIOKEHUS
PJIC 3a opuH nHTEepBan HaOMOACHUS, TPUBOIAIINX K
YMEHBIICHUIO BEPOATHOCTH oOHapy:keHus BII). [Tpu
9TOM CYIIECTBEHHOE BIIMSHUE HA 3HAYCHHE BEPOST-
HOCTH OOHapyxeHHUs Tpaektopun BI[ okasbiBaer
BPEMEHHOM uWHTEpBan ee¢ HaOmomeHus. JleicTBH-

TeNbHO, yBeNInueHue Poy 10 cpaBHeHMIO ¢ P,3 mnpu

BEPOSATHOCTH JIOKHOW TpeBorn F =10_4, OTHOIIIE-
HUHM CHTHA/IIYM TIPH HAYaIbHOM PaIHOJIOKAIIOH-
HoM HaOmonenun Qy =40 u yBenMyeHHH napameT-
pa z ot 0 mo 0.07 cocrasmser ot 0.03 mo 0.04...0.07,
anpu Qy=25—-0.06 10 0.08...0.11. C ymeHpIIeHH-

€M BEpOSTHOCTH JIOKHOW TpeBoru 1o F =107% 510
msmeHeHne npu Qp =40 cocraager or 0.06 mo

0.07...0.11, a mpu Qy =25 — or 0.1 mo 0.11...0.17.

[Mpruem Bo3pacTaHNe M3MEHEHHS BEPOSTHOCTH OOHa-
pyXeHusl TpaekTopuu ABikeHus BI] Ha oTBOIMMBIX
BpPEMEHHFBIX HHTEpBajiaXx 0030pa MpH YBEIUYCHUH Z
pacTeT ¢ yMEHbIIEHUEM YIVIa MEXIY HallpaBlieHHUEM
nBrxkeHus Bl u ee paanycoM-BEKTOpOM B MOMEHT
HAYaJIFHOTO HAOIIOACHUS, YTO CBS3aHO C YBEINICHU-
eM nmanpHOCTH BI] 3a BpeMeHHOH mHTepBan 0030pa
Y, COOTBETCTBEHHO, C YMEHBIIEHUEM MOIIHOCTH OT-
pakerHoro ot Bl curHana, OTHOIIEHUS CUTHA/TITYM
U YMEHBIIICHIEM BEpPOSTHOCTU 0OHapyxeHus Bll.
OTMeTHM, YTO TIPH MallbIX WHTEpBAJiax HaOrozIe-
HUSL Ha BEPOSTHOCTb OOHAPYKCHHS TPACKTOPUH JBH-
skeHws B Ha OTBOAMMEBIX BpeMEHHEIX HHTEpBAJIax 00-
30pa CyIIECTBEHHO BIMSET OTHOIICHHE CHTHA/IIYM B
HaYaJIbHBI MOMEHT HAOITIONCHMS, 3aBUCSILEE OT JATb-
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Puc. 5. I3meHenne BeposiTHOCTH 00Hapy)KEeHHsI TPAaeKTOPUH BO3LYIIHOM €11 Ha JIByX BPEMEHHEIX HHTEpBalax
npu GOPMHUPOBAHHUH TPEThEI METKU

Fig. 5. The change in the probability of detecting the trajectory of an air target at two time intervals during the formation
of the third mark:

a— Py, F=10" 6- Py, F=10"° 6— Py, F=10"% 2— Py, F=10"°

HOCTH LIEJTH ¥ BEPOSTHOCTH JIOKHOM TpeBoru. Kak cire-
JyeT U3 PUC. 5, N3MEHEHUE BEPOATHOCTU Po3, coOT-

BETCTBYIOIIGE BTOPOMY M TPEThbeMy HHTEpBaIaM
HaOmoneHust, npu F =107 u wsmenennn Qp or 25

1o 40 ysenuuuBaeTcs B cpefHeM Ha 0.04, a Py, usme-

Hsercst He 6onee yem Ha 0.01...0.03.

3akiaouenue. [lomydeHsl aHATUTHYECKHE COOT-
HOIICHUSI /IS BEPOSITHOCTEH OOHAPYXEHUS TBUXKY-
mercs npsamonuHerHo BII npu ee mocnenoBaTenbHBIX
HaOIOIEHUSIX U BEPOATHOCTH OOHAPYXKEHHS TPaeK-
topun aBuxkeHus Bl Ha OTBOAMMBIX BpEMEHHBIX

HWHTEepBaIax 0030pa Npu BTOpUIHOH 00padoTke PJIN.
BbIsABIEHO yMEHBIIEHUE yKa3aHHBIX BEPOATHOCTEN
IIpU U3MEHCHMU OTHOIICHMS PACCTOSHUS, MPOXOIH-
MOTO LIEJIBIO 32 HHTEpBaJI 0030pa, K AaTbHOCTH LEIH
B HA4YaJbHBIM MOMEHT ee¢ HaOMNIONEHMs, OTHOICHUS
CUTHAJI/IIlyM B HadaJbHBIA MOMEHT HAONIONEHUS U
BpEeMEHHOTO WHTepBayia HaOmomeHus. [lokazaHa 1e-
J1eCcO00Pa3HOCTh y4eTa U3MEHEHHs BEpOsITHOCTEH 00-
HapyXEHUs NPSMOIMHENHO IBIDKYLIMXCS LieJed Ipu
UX TIOCIIEAOBATENBHBIX PaJMOIOKAIIOHHBIX HaOIo-
JICHUSIX U 0OHApY>KEeHUH UX TPACKTOPHH JIBIKCHUH.
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Haxmancon I'ennaouii Cumonoeuy — 1oKTop TexHudeckux Hayk (1993), 3aciykeHHBIH paOOTHUK BBICHICH

mkonel PO (2000), mpodeccop (1992) BoeHHOTO y4eOHO-HAydHOTO HEeHTpa BoeHHO-BO3AYIIHBIX cui "BoeHHO-
BO3IyIIHAsA akanemus MeHn npodeccopa H. E. XKykosckoro u FO. A. Tarapura” (1. Boponex). ABTop 6onee 300 Hay4-
HBIX Tpy#oB. Ciepa HaydHBIX MHTEPECOB — 00pabOTKa IMIMPOKOIOJIOCHBIX CUTHAJIOB B PaJIOTEXHIMYECKHX CHCTEMAxX B
YCIIOBUSIX BHYTPEHHUX IITyMOB U BHEIIHHX ITOMEX; ONTHYECKast 00pabOTKa CHTHAJIOB B PeaIbHOM MacIliTade BpEMEHH.
Anpec: BoenHo-Bo3nynrHas akagemus uM. ipod. H. E. JXKykosckoro u 0. A. I'arapuna, yn. Crapsix bonbiieBrkos,
1. 54 A, Boponex, 394064, Poccust
E-mail: kig28@mail.ru
https://orcid.org/0000-0002-7450-1890

Axunvwun [Imumpuii Cepzeeguy — UHXEHep IO crenuagbHOCTH CrenuanbHble paJdoTeXHUUECKUe CHUcTe-
Mmbl" (2012, BoeHHbI# aBHANMOHHBIN HHXEHEPHBIH yHHBepcuteT (T. BopoHex)). AIBIOHKT BOCHHOTO Y4eOHO-
Hay4HOro IIeHTpa BoenHo-Bo3aymHbIX cui "BoeHHo-Bo3ayniHas akanemust umenu npogeccopa H. E. JKykosckoro
u 10. A. l'arapuna" (1. Boponex). ABTOp Tpex Hay4HbIX myOnukanuii. Cepa HayIHBIX HHTEPECOB — OOHAPYKEHHUE
TPAaeKTOPUI JBIKCHHUS BO3AYIIHBIX OOBEKTOB IIPH BTOPUYHON 00pabOTKe pagroIOKAIMOHHOW NH()OPMALIUH.
Anpec: BoenHo-Bo3nynrHas akagemus uM. ipod. H. E. XKykosckoro u 0. A. I'arapuna, yn. Crapeix bonbiieBrukos,

1. 54 A, Boponex, 394064, Poccust
E-mail: ads199011@icloud.com
https://orcid.org/0000-0003-3489-8579

References

1. Radiolokatsionnye sistemy: osnovy postroeniya i
teoriya [Radar Systems: Fundamentals of Construction
and Theory], ed. by Ya. D. Shirman. Moscow,
Radiotekhnika, 2007, 806 p. (In Russ.)

2. Pomekhozashchishchennost' sistem radiosvyazi s
rasshireniem spektra signalov modulyatsiei nesushchei
psevdosluchainoi posledovatel'nost'yu [Interference Im-
munity of Radio Communication Systems with Expansion
of the Spectrum of Signals by Modulation of the Carrier
by a Pseudo-Random Sequence], ed by V. N. Borisov.
Moscow, Radio i svyaz', 2003, 640 p. (In Russ.)

3. Kiselev V. Yu., Monakov A. A. Assessment of Tra-
jectory Processing Algorithms in Air Traffic Control Radar
Systems: Track Detection. Radioengineering. 2016, no. 3,
pp. 28-36. (In Russ.)

4. Wieneke M., Koch W. The PMHT: Solution for
some of its problems. Proc. of SPIE. 2007, vol. 6699,
pp. 1-12. doi: 10.1117/12.734388

5. Bar-Shalom Y., Blair W. D. Multitarget-Multisensor
Tracking. Applications and Advances. London, Artech
House, 2000, vol. 3, 608 p.

6. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part II: Ballistic Target Models. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-August 2001, 23 p.

7. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part Ill: Measurement Models. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets.
San Diego (USA), July-August 2001, 24 p.

8. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part IV: Decision-Based Methods. Proc. of SPIE
Conf. on Signal and Data Processing of Small Targets. Or-
lando (USA), April 2002, 24 p.

9. Li X. R, Jilkov V. P. A Survey of Maneuvering Target
Tracking. Part V: Multiple-Model Methods. IEEE Trans. on aero-
space and electric systems. 2005, vol. 41, no. 4, pp. 1255-1321.

O0HapyskeHHe TPAEKTOPHIi ABMIKYIIIMXCSI MPAMOJIMHEHO BO3AYIIHBIX Leei 69
NP BTOPUYHOH 00padoTKe paguo010KaHOHHOI HH(popMa UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



H3Bectns By3os Poccun. Pagnosiexkrponnka. 2019. T. 22, Ne 5. C. 61-70
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 61-70

10. Willett P., Ruan Y., Steit R. The PMHT: Its prob-
lems and some solutions. IEEE Trans. on aerospace and
electric systems. 2002, vol. 38, no. 3, pp. 738-754. doi:
10.1109/TAES.2002.1039396

11. Kuz'min S. Z. Tsifrovaya radiolokatsiya. Wedenie v
teoriyu [Digital Radar. Introduction to Theory]. Kiev, KVITS,
2000, 428 p. (In Russ.)

12. Vasil'ev K. K., Mattis A. V. Nelineinaya traektornaya
fil'tratsiya v svyazannykh koordinatakh [Nonlinear Trajecto-
ry Filtering in Linked Coordinates]. Radar, Navigation,

Communication. Proc. XXIV Intern. Scientific and Technical
Conf. Voronezh, 17-19 April 2018, vol. 3, pp. 1-8. (In Russ.)

13. Nakhmanson G. S., Komyagin B. P. Efficiency of
Air Target Motion Path Detecting in Case of Radar Data
Secondary Processing. Journal of the Russian Universi-
ties. Radioelectronics. 2017, no. 4, pp. 52-55. (In Russ.)

14. Nakhmanson G. S. Prostranstvennaya obrabotka
shirokopolosnykh signalov [Spatial Processing of Broad-
band Signals]. Moscow, Radiotekhnika, 2015, 256 p. (In
Russ.)

Information about the authors

Gennady S. Nakhmanson, Dr. Sci. (Eng.) (1993), Distinguished Worker of the Higher School of the Russian

Federation (2000), Professor (1992) of the Military Educational and Scientific Center of the Air Force "N. E. Zhu-
kovsky and Yu. A. Gagarin Air Force Academy" (Voronezh). The author of more than 300 scientific publications.
Area of expertise: the processing of broadband signals in radio systems in conditions of internal noise and external
interference; optical processing of signals in real time.

Address: N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy, 54 A Starykh Bolsheviks Str., Voronezh 394064, Russia

E-mail: kig28@mail.ru
https://orcid.org/0000-0002-7450-1890

Dmitry S. Akinshin, Dipl. engineer on "Special Radio Technical Systems" (2012, the Military Aviation Engi-
neering University (Voronezh)). Postgraduate student of the Military Educational and Scientific Center of the Air
Force "N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy” (Voronezh). The author of three scientific publica-
tions. Area of expertise: the detection of trajectories of air objects in the secondary processing of radar information.
Address: N. E. Zhukovsky and Yu. A. Gagarin Air Force Academy, 54 A Starykh Bolsheviks Str., Voronezh 394064, Russia

E-mail: ads199011@icloud.com
https://orcid.org/0000-0003-3489-8579

70

O0HapyskeHHe TPAEKTOPHIA ABMIKYIIIMXCSI MPAMOJIHHEiHO BO3AYIIHBIX LesIei

NpH BTOPUYHOH 00padoTKe pagno0KalMOHHOI HH(popMa UK
Detection of the Trajectories of Moving Rectilinearly Air Targets in the Secondary Processing of Radar Information



W3Bectus By30B Poccun. Pagnodrekrponnka. 2019. T. 22, Ne 5. C. 71-79
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 71-79

Pagnonokauusa 1 pagrmoHaBuraums

YAK 621.396.96 OpurnHanebHas cTatba
https://doi.org/10.32603/1993-8985-2019-22-5-71-79

CTpo6upoBaHMe paguooKaLMOHHbIX OTMETOK NMPU TPAaeKTOPHOM ¢punbTpaummn
B CBA3aHHbIX KOOpAMHaTax

K. K. Bacunbes’, A. B. MaTTunc?, O. B. CaBepKuH'™
'Y bSAHOBCKUI FOCYAAPCTBEHHbIV TEXHUUECKUI YHUBEPCUTET, YIbSHOBCK, Poccus

2A0 «HMO "Mapc"», YnbaHoBck, Poccusa

Msaverkin-oleg@mail.ru
AHHOTaumMA
BBepaeHume. CoBpeMeHHble BO34yLLUHbIe Lenn, B 0CO6eHHOCTM B6eCnniOoTHbIe, CTAaHOBATCA MeHee 3aMeTHbIMY, a
X MaHeBpPEeHHbIe BO3MOXHOCTW NPOAO/IKAKOT COBEpLUEHCTBOBATLCSA. Ans obecneveHns 3¢deKTUBHOro conpo-
BOX/EHWS BbICOKOMaHEBPEHHbIX LieNeil akTyann3npyroTca U anroputMbl TPaeKToOpHOM 06paboTku. Mockonbky
TOYHOCTb QUIbTPALMM TPAEKTOPHbLIX NapaMeTPoB BO MHOTOM Onpejensercs AOCTOBEPHOCTBIO pajmonoKaLn-
OHHOI MHpOPMaLMK, BO3pacTaeT ponb aaropnuTMoB CTPOBMPOBaHUSA. B €BA3M € 3TVM BO3HWMKaeT 3aada no-
BblLLeHWs 3G eKTUBHOCTY CTPOBMPOBaHNS PaANoIOKaLNOHHbIX OTMETOK.
Lienb pa6oTbl. PaspaboTtka n nccnegoBaHve 3GeKTUBHOCTM anropnutMa TPaekTOPHOro CTPObMpoBaHKS, OCHO-
BaHHOMO Ha MOJEeNN ABMXXEHNS B CKOPOCTHOW CBSI3aHHOM C HanpaBieHNeM ABVXEHUS Lenn cucteme KoopamHat
1 npegnonaratoLlero ¢opmMrpoBaHume ctpoba B popmMe yceueHHOro 311MNConAHOro cektopa.
MeToabl M MaTepunanbl. PacCMOTPeHbl MOJENU ABUXKEHUS Lief1eli B CBA3aHHbIX KOOPAMHATaX, KOTopble nono-
XeHbl B OCHOBY HOBbIX a/ITOPUTMOB TPAEKTOPHOIO COMPOBOXAEHUS, 6A3NPYHOLLMXCA Ha KaIMaHOBCKON Gunb-
Tpaunn. PaccMOTpeHbl CyLLecTBYHOLLME MeTOoAbl CTPOBMPOBaHNSA PaAVONOKALMOHHbLIX OTMETOK OT Luenu u
NPeAIoXeH HOBbIV NOAXOH Ha OCHOBe GUAbTPaLMKM B CBA3AHHbIX KOOpAMHaTax. HoBbIM anropuTM npeanonaraet
dopmMmpoBaHMe cTpoba B popMe yceueHHOro 3A1MMNCOMAHOro cekTopa. Takas popma COOTBeTCTBYeT Hanbonee
BEPOSAITHOMY MECTOMOJIOXKEHMNIO OTMETOK OT COMPOBOXAaemMon Lenn. PPeKTUBHOCTb Npea/ioXeHHbIX peLue-
HUIA NOATBEPXAAETCA pe3ybTaTaMy MaTeMaTMYeckoro MoAeMpoBaHNS, BbiMoAHeHHOro B cpese MATLAB.
PesynbTaTbl. lNprBeseHbl aHaNUTUYECKNe BbIPAaXEHUST AN MOAENV ABUXEHWNS, PeKyppPeHTHOM dunbTpaumm u
anropmTMa CTpobMpPOBaHWA B CBA3AHHbLIX KOOpAMHaTax. MNposejeH cpaBHUTENbHbI aHanu3 3¢PeKTUBHOCTA Co-
NPOBOXAEHNS NPU OAMHAKOBLIX Pa3mepax 3NIUMATUYECKOrO N NpesoXkeHHOro cTpoboB. YCTaHOBNEHO, YTO ANS
CKOPOCTHbIX 1 BbICOKOMaHEBPEHHbIX Liefiell anropuTM € NoCTpoeHneM CcTpoba B popMe yceueHHOoro anamncona-
HOro cektopa obecneuynsaeT A0 30 % bonee gnnTebHOE CONPOBOXAEHME O NEPBO NOTEPU OTMETKM OT Lienu,
Yem anropuT™M C NIUNTUYECKUM CTPobUpoBaHMeM. Kpome Toro, cpeaHss NMpPOAC/IKUTENBHOCTE COMPOBOXAEHMA
AN CeKTOPHOro CTpoba NpakTUYeckn He 3aBUCUT OT HaYanbHON CKOPOCTU ABUMXKEHUS Lienn, a Npy 3HaYeHnsx no-
rpeLuHocTelr 3mepeHus KOopAHaT MeHee 50 M MMeeT 6osbLLee 3HaYeHVe, Yem ANs SAANNTNYECKOTO.
3akntoueHue. [JocTUrHy b pe3ynbTaT obecneynBaeTcs CNOCOBHOCTLIO CTPpoba B CBA3aHHbLIX KOOPAMHATaXx
NOACTPaVBaTbCA NOJ HanpaBneHVe ABUKEHUS N MaHEBPUPOBaHME Liefin, YTO NO3BOSET OCYLLeCTBAATb Kaye-
CTBEHHOE COMpPOBOX/AeHNe 06beKkTOB B 6o/blLUeM AMana3oHe CKOpocTel. MNocTpoeHne Takoro cTpoba Takxke
NO3BONT CHU3UTb BEPOATHOCTb MPOMYCKa PagMONOKALMOHHBIX OTMETOK OT CONPOBOXAAEMO Lienn 1 obecne-
UNT YMEHbLLEHMEe YNCNa IOXKHbIX OTMETOK 1 OTMETOK, MPUHaAeXaLLMX pYriM TPaekTopusaM, BHYTpU CTpoba.

KnioueBble cnoBa: MyTeBasi CKOPOCTb; KYpC; Yrofl Hak/oHa TPAaeKToOpUK; CBsI3aHHasi cMcTeMa KOOpAMHaT; Tpa-
eKTOpHas GUAbTPaUUS; paclupeHHbIli dunbTp KanmMaHa; ctpobrpoBaHmne

Ana yutnposaHuma: Bacunbes K. K., Mattuc A. B., CaBepkuH O. B. CTpobrpoBaHme pagnoiokaumoHHbIX OTMe-
TOK NpY TPAaeKTOPHOM GpunbTpaLmnm B CBA3AHHbIX KOOpAMHaTax // V3B. By30B Poccun. PagnoanekTpoHumka.
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Strobing of Radar Marks for Trajectory Filtration in a Body-Fixed Frame
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Abstract
Introduction. Modern air targets, particularly drones, are becoming less noticeable, while their manoeuvrabil-
ity continues to improve. Trajectory processing algorithms have also been improved in order to provide for ef-
fective tracking of highly manoeuvring targets. The accuracy of filtering trajectory parameters is largely deter-
mined by the reliability of radar information. This has also required an enhanced role for strobe algorithms and
the need to increase the effectiveness of strobe radar marks.
Aim. To develop and investigate the efficiency of a trajectory strobe algorithm based on the target motion
model in a high-speed coordinate system associated with the direction of the target motion and involving the
formation of a strobe in the form of a truncated elliptical sector.
Materials and methods. The study considered the target motion model in the body-fixed frame. This model
was taken as the basis for new trajectory filtering algorithms based on Kalman filtering. Existing methods for
strobing radar marks of the target were considered and a new approach based on filtering in the body-fixed
frame proposed. The new algorithm assumes the formation of a strobe in the form of a truncated elliptical sec-
tor. This form corresponds to the most probable location of the marks of the tracked target. The effectiveness of
the proposed solutions is confirmed by the results of mathematical modelling carried out using MATLAB.
Results. The study produced analytical expressions for the motion model, recurrent filtering and strobe algo-
rithm in the body-fixed frame. A comparative analysis of tracking effectiveness with the same volumes of the
elliptical and proposed strobes was performed. It was established that the algorithm with strobe formation in
the shape of a truncated elliptical sector provides for longer target tracking up to the time of the first loss of the
mark for speed and highly manoeuvring targets, when compared to the elliptical strobe algorithm. In addition,
the average duration of sector strobe tracking does not in practice depend on the initial speed of the target and
provides greater accuracy for small measurement error values (less than 50 m) of the coordinates than in com-
parison with the elliptical one.
Conclusion. The described results were achieved by the ability of the strobe in the body-fixed frame to adapt
to the direction of motion and target manoeuvring, allowing high-quality target tracking within a larger speed
range. Such strobe formation will also reduce the likelihood of skip-ping radar marks from the tracked target
and will reduce the number of false marks belonging to other trajectories inside the strobe.

Key words: ground speed; course; climb angle; body-fixed frame; trajectory filtration; extended Kalman filter; strobing
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Beenenne. Coznanue alnropuTMOB TPAEKTOPHOTO
corpoBokaeHus! [1-12] ocHOBaHO Ha HCIHONB30BaHUU
MaTeMaTHYeCKUX Mofeiel, C IMOMOIIBI0 KOTOPBIX
MOYKHO C JIOCTaTOYHON TOYHOCTBIO arpOKCHMUPOBATh
peaibHOE JIBIKEHHUE TIEJIM M TIpoliece ee HaOMoneHusI.
Onucanue TpaeKTOpUi ABMKEHUS JOJDKHO OTPa)xaTh
JUHAMHUYCCKUEC CBOICTBa Pa3IMYHbIX THIIOB ABUXY-

HIAXCS 00BEKTOB M 00€CIeYrBaTh BO3MOKHOCTE I10-
CTPOEHHS aJTOPUTMOB 0OpabOTKH HaONOACHUH B
peaNbHOM MaclITabe BpeMeHH. DTHM YCIOBHUSAM YI10-
BIIETBOpPSIET OOIIENPU3HAHHOE TPEACTaBICHUE Tpa-
EKTOPHUI C MOMOIIBIO HIMPOKOTO Kjlacca BEKTOPHBIX
MapKOBCKHUX TOCIIeAOBaTeIbHOCTENH. BMmecTe ¢ Tem,
HEIOCTAaTKOM M3BECTHBIX MOJEICH SBISICTCS TPUBS3-

72 CtpoOupoBaHue PaaHoJOKANOHHBIX OTMETOK NPH TPAEKTOPHOIT GUIBTPALIMU B CBSI3AaHHBIX KOOPIMHATAX
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Ka yCKOpeHHH 00bheKTa HaONMIOnCHHUS K 0a30BOM Tpsi-
MOyTOJIbHOU cucteme koopauHar 0Xyz. [TousTHO, uTO
HAIpPaBJICHUE JBIKCHUS pPEANbHON IEH M €€ BO3-
MOXKHBIE MaHEBPHI, KaK MPaBUIIO, HUKAaK HE COOTHO-
CSTCS C NCKYCCTBEHHO BBEJCHHBIMU KOOPAMHATAMH.
B cBm3u ¢ 3tum B padorax [13, 14] mpemoxeHo
HCIIONIB30BATh IS OIFCAHUS TPACKTOPHI CBS3AHHYIO C
IBIDKCHUEM eI CHCTEMY KOOpPAMHAT. AHAIHM3 IIOKa-
3aJ1, YTO MPU STOM MOXKET OBbITh MOBBIIeHA d(PHEeKTHB-
HOCTh TPACKTOPHOH (IIBTPAIMN MAaHEBPHUPYIOLIHX
neseit [14, 15]. Bmecte ¢ Tem, npu GHIBTPAIHN B CBS-
3aHHBIX KOOpIHMHATAX Kiaccudeckas (opMa SIUTHITH-
YeCcKoro cTpoba MoeT ObITh 3aMeHeHa Ha OoJiee CooT-
BETCTBYIOIMI TaKMM KOOPAWHATAM 3JLIHIICOMTHBINA
cekTop. B cBA3M ¢ 3TUM I1IelTb HACTOSIIEH CTaThl — pe-
IIeHHE 3aJIa9K TIOCTPOEHHs CTpoda B popme ycedeHHo-
TO UIAICOUTHOTO cekropa. K 3amauam uccrenoBanus
TaKOKe OTHOCHTCS CPaBHUTENBHBINA aHAIU3 d(PHEeKTHB-
HOCTH TIPIMEHEHUS CTPOOOB Pa3IMIHON (hOPMBI.
Oco0eHHOCTH (MJIBTPALIMM B CBSI3AHHBIX KOOP-
auHAaTax. [1ycTh CKOPOCTh U3MEHEHMS TTONIOKEHHS 00b-
eKTa OIpeeNsieTcss B CBSI3aHHON CHCTEME KOOpPIMHAT.
B oToMm ciydae Ha i-M M3MEpEeHHH HEOOXOMMMO 3a1aTh
(puc. 1) BO3MOXKHOE U3MEHEHHE 3HAYCHHS ITyTEBOM CKO-
POCTH Vi M JBYX YIJIOB —Kypca 0j, OTCUNTBIBAEMOTO OT
OCH X TI0 YaCOBOW CTpeEJIKe, ¥ yIJIa HAaKJIOHA TPaeKTOPHH
(yrma nabopa Bbicothl) ¢ € (—0.57; 0.57), orcunThbiBa-

€MOTO OT MPOEKIMK BEKTOPa CKOPOCTH Ha TOPH30HTAIb-

Hyto mockocts OXy: @; >0, ecmu v, >0 (i=1, 2,...—

HOMEp H3MEPEHHS).
W3MeHeHne 5TUX TMapaMeTpoB 3aJajiiM Cleay-
FOIMMH YPAaBHEHHSIMHU aBTOPETPECCHH:
Vi = Vi1 +0oyti&yi
0; = 0j_1 + SotiSoi;
®i = Pi-1+SgliCoi

Puc. 1. 3ananue ckopocTH B CBSI3aHHOH cUcTEMe KOOPAHHAT

Fig. 1. The specifying of velocity in the body-fixed frame

rae oy, Og, G(p — CPCAHCKBAAPAaTHICCKUEC OTKJIO-

Henus (CKO) yckopeHHs, CKOPOCTH U3MEHEHHsI Kyp-
€a ¥ CKOPOCTH M3MEHEHU yIIIa HAKIIOHA TPAEKTOPHHU
paccMaTpuBaEMOro Kiacca LieJded COOTBETCTBEHHO;
tj — MHTEpBAJI BPEMEHU MEXIY COCEIHUMH H3MeE-

permsamu; &yi, Egi, e — CTAaHIAPTHBIC TaycCoB-

CKHE HE3aBHCHUMbIC CIydallHble BEJIMYMHBI. OTH
ypaBHEHUS! MOXKHO 3alKcaTh B BEKTOPHOH opme:

Vegi = Veg(i-1) + Ovibis

rae

Vegi :(Vi’ %, o )T;
9yj =diag(oyti, opti, ot );

& = (i i Goi )

[Mocne 3amaHus BEKTOpa CKOPOCTH BO3MOXKHBI 2
MOJIX0/1a K TIOJTHOMY OTIPEEIICHUIO MOJETIEH JBIKE-
HUSA TeNIed ISl PemIeHus 3a/a9 UMUTAIUU TPAeKTO-
puii, MPOrHO3UPOBAHUS U QUIIBTPALIUH.

[TepBbIii MOAXOA COCTOWMT B MPSIMOM BBEICHUH
CKOpPOCTEH U YIJIOB B CBSI3aHHBIX C JBM)KEHUEM IIENIN
KOOPJIUHATAX B BEKTOP COCTOSHHMS:

Seai =(%i\ Vi Ziv Vi, 6, )",
e

Xi = Xi +1iVxi;
Yi = Yi1 +tiVyis
Zi = Zj1 +1jVy;
Vi =Vi_1 +oyti&yi;
i =0j_1 +optioi;
@i = 91 +VopliSei

1)

npudaeM  Vyj =Vj COSO; COS@;;  Vyj =V Sin0; COS pj;

Vzi =V sin @j — OPOCKUHUU BEKTOpa CKOPOCTH NBU-
JKEHUS Ha KOOpPAUHATHEIE OCH.

Ha puc. 2 npencraBieHsl XapaKTepHbIE peaan3a-
LMY, TIOJTYYEHHBIE C IMTOMOUIBIO CBSI3aHHOM MOJENH
MpU JIByX Ha0opax mapaMeTpoB. AHAIN3 MHOTHX
peanu3alrii MOKa3bIBAET JIy4Illee CXOJCTBO C peaib-
HBIMU TPACKTOPUSAMH JBIIKCHHS MAaHEBPUPYIOIINX
BO3MYIIHBIX 1iesiei. OueHb BaXKHO, YTO JUISL paccMmar-
pUBAEMbIX CBSI3aHHBIX MOJIECH HEoO0XOomuMo 3aja-

BaTb MapaMETpbl Oy, O, G(P’ HC 3aBUCAIIHUC OT

HaIpaBJICHUA KOOPAWHATHBIX ocelt u ONpCaCIIsICEMBIC
TOJIBKO TUIIOM LICJIN.
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Puc. 2. XapaxtepHble TPaeKTOPUH JIBIDKSHHS 1ieNeil Ha INIOCKOCTH

Fig. 2. Characteristic trajectories of the targets motion on the plane

[pemoxxeHHass MOIenb MMeeT 2 CYIISCTBEHHBIX
OTIIMYMS OT KJIaCCHUYECKOM TuHelHoN Moaenu. [Ipexne
BCero, BeipaskeHus (1) OTHOCSTCS K KJIaCCy BEKTOPHBIX
HEJIMHEHHBIX CTOXACTUYECKUX Pa3HOCTHBIX YPABHEHHIA:

Seai = i Se(i—1) |+ Ovi&is 1=1 2, ..
e O [Scs(i—l)] — HEeJIMHEWHAasl BEKTOpHAS (PyHKIIUS

BEKTOpa COCTOSIHUS S p(j_1), onpexemsiemas (1). Ilo-

ca(i
9TOMY MPOTHO3 (IKCTPANOJIAIMS) BEKTOpPa COCTOSHHS
Ha I-M 11are HaOJTFOIEHHS OTPEAESIIETCS 10 (hopMyIIe

A

Sceoi = 9i [écB(i—l):"

a KOBapHaIlMOHHAs MaTPHIla ONTHOOK — KaK

Pyi =0 | Seation) |Ri—n®i" | Seation ]+ HiQi %%, )

e

0i [SCB(i—l)] =do; I:SCB(i—l):l/d SCB(i—l) ;

-1
-1
Ra= Pa(i—l) |:E + CTBi—lcpa(i—l)] —  KoBapHalu-

OHHas MaTpHIia oIInOoK OIICHUBAHUS,

Q=M {gigf}, npudeM E — enuanynas matpuna; C —
MaTpuia npeobpa3oBaHus HabOmrogeHuit; M — cum-
BOJI MaTE€MaTHYECKOro OXHAAHWS; cuUMBojiom """
37Iech W Jajiee OTMEYEHBI Pe3yJbTaThl OLICHUBAHUS
COOTBETCTBYIOIINX BEITUYHH.

OueHnBaHNE BBIMONHAETCS COIVIACHO HM3BECTHO-
My BbIpakeHuro jutst punsrpa Kanmvana [14, 15]:

& . _& . Tp-1(.. ;.
S(:Bi _SCB.3| + I:]IC B| (ZI _CSCB.3| )v
Iae Zj — Mojelb HaOMOIeHUH.

[Ipu »ToM mnpeamonaraercs, 4To HAOIFONCHHUS
TIPOM3BOIATCS B JIGKApPTOBOW cucteme. B atom ciydae
MojleNb HabmoneHuid umeer Bun Zj = CSggi +N;,

e N = (nxi Nyi Ny )T — aJIMTHUBHBIN IyM C Hy-

JIEBBIM CPETHUM M KOBapUAMOHHOW MaTPHUIICH

2
Snixi bxyi byzi
2
B = bxyi Shyi byzi '

2
Dyzi byzi Onzi

NPUYEM Opyj, Opyis Onzi — CKO Habmronenwuii ko-
OPAMHAT X, Y, Z COOTBETCTBEHHO; byyi, Dyyj, Dyi —

KOBapHallMy COOTBETCTBYIOIIUX Habmonenuit [15].
Marpuiia ipeoOpa3oBaHril B JEKapTOBOW CHCTEME
HMeeT BHJT

100000
C=/01000 0]
001000

[Tockonbky Tmipu  paboTe PaaHOIOKAIIMOHHOM
crannun (PJIC) no3uiust neian o0bIHO GUKCHpyeTCst
B cepHyeckux KOOpAMHATAX, Iepe]] HAYaJoM Tpa-
EKTOpHOH 00pabOTKU HEOOXOANMO BBIOJIHHUTH COOT-
BETCTBYIOIIIHE Mpeobpa3zoBanust [15].

Ha ocHoBe mnpemiokeHHOM MoJenu OIUCaHUs
IBIDKCHUSI C YYETOM MOJETH HaOIIOIEHHH, 3aBHCS-
meit ot Tama PJIC, MoryT OBITE TOCTPOEHEI pa3HOO0-
pa3HbIe aJIrOPUTMBI KBA3UIIHHEHHOTO PEKYPPEHTHOTO
OIICHUBAHMSI U3MCHSIOIIUXCSI KOOPAUHAT 1ieiu. [1pu-
MEpBI TAaKUX AITOPUTMOB U PE3yIbTATHl UX CPABHU-
TeNbHOrO aHanu3a npuseneHsl B [14, 15]. TIpu stom
YCTaHOBJICHO, YTO (HIBTPAIHSI B CBI3aHHOM CHCTEME
KOOPJMHAT MPUBOJAUT K BBIUTPBINLY [0 TOYHOCTU
OIICHUBAHUS TAPAMETPOB IBIDKCHIS [ICITH.

AJuroput™mbl  cTpoOupoBanusi. B nexapToBoii
CHUCTEME KOOpIMHAT CTPOO MPEACTaBIseT COOOU -
JIUIICOU, OIpPEACSIeMbIi KOBAPHAIMOHHBIMUA MaT-
pUIIaMu OMUOOK HAOIIOACHUS U OIMIMOOK MPOTHO3U-
poBaHusI MONOXKeHus 1enu [5, 7].

74 CtpoOupoBaHue PaaHoJOKANOHHBIX OTMETOK NPH TPAEKTOPHOIT GUIBTPALIMU B CBSI3AaHHBIX KOOPIMHATAX
Strobing of Radar Marks for Trajectory Filtration in a Body-Fixed Frame



W3Bectus By30B Poccun. Pagnodrekrponnka. 2019. T. 22, Ne 5. C. 71-79
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 71-79

0

Puc. 3. BI/I[[ CTp06a B CBA3aHHBIX KOOpAWHATaX Ha IMJIOCKOCTH
Fig. 3. Shape of the strobe in the body-fixed frame on the plane

OunbTpanys B CBI3aHHBIX KoopmuHarax [14, 15]
MpeArnoiaraeT co3naHue cTpoda B BUAE YCEYEHHOTO
AIUTMIITHYECKOTO ceKTopa (puc. 3, I Ciydas JIBYX
n3Mepenuii). Pasmepsl ctpoba onpenenstoTcs ypoBHEM

JIOTYCTHMBIX OTKJIOHeHHH ASyi =(ADj, AG;, Ag;)"

M0 NAbHOCTH, KYpCY W IO YLy HAKIIOHA TPAeKTo-
PHU COOTBETCTBEHHO.

VkazaHHbIC OTKJIOHEHHsSI PACCUMTHIBAIOTCS —IIPU
OIpe/IeNIeHNH KOBAPHUALIMOHHOW MATPHIIbI OLIMOOK IIpo-
raosupoBanms (2). Jmst momydeHus HeOOXOMUMBIX OT-
KJIOHEHHI M3 COCTaBa MOMYYEHHON MAaTpHIIBI BHIIEISIOT-
Csl KOBapHAIMH OIITHOOK MPOrHO3UPOBAHKS KOOPIHHAT:

Po11i Po12i Ps13i .
Puxi =| Ps21i Ps22i Py23i |=CR,;C .
P>31i P32i  Ps33i

KoBapuanuonnas marpuiia OTKIOHEHUM pajuo-
JIOKALIUOHHBIX OTMETOK OT 3KCTParolupOBaHHbBIX
KOOpAMHAT L€ B CBSI3aHHOW CHCTEME KOOPIHHAT
oIpeieNIsieTes KaK

M {SCBisgBi } =

A A T
= M{Ti (Zi —CSCB.ai)(Zi _CSCB.ai) TiT}:
=Ti (Pyi + BTy,

T
THE £cpi =(Di, E0iy Egi) — OTIIOHEHHS Ha CBA-

3aHHBIX OCX,

T, =

c0s0.,; COS(,; —SiN0,; COSPy;  —COS B, SiN o

=| sin0,;cosd,; €0s0,;COSP,; —sinb,;sin .,
SiN @, 0 COS Qs

— MaTpuLa II0BOPOTA KOOPAMHAT.

[Tockonpky B3amMHas KOBapHaIls HaOIOMCHHI
B QJITOPUTME HE YUYUTHIBAECTCS, KOBapHALMOHHAsS
MaTpuIia IryMa HaOIItoIeHU | NMeeT BUJT

onxi O 0
Bi=| O Onyi 0
0 0 o

[Nomy4enHble 3HAYCHUSI OIMOOK MPOTHO3MPOBAHMS
B CBA3aHHBIX KOOpAMHATaX (GDi' Goi cs(pi) orpe-

JIeJISIOT JIMHEHHBIE pa3Mepbl cTpoda!
3pi =YoDi; Vi =YO0i; Spi = YO

KOTOpPbIE CBSI3aHbI C JOMYCTUMBIMU OTKJIOHEHUSIMU
CIIEAYIOIUM 00pa3oM:

opi = AD;;
Sei = (éCBBi _éCB(i—l) )‘Aei;
8(pi = (éCB,ai _éCB(i—l))‘ Agj,

IpUYeM MapamMeTp Yy BEIOMpaeTcs 1Mo 3aJaHHOH Be-

POSITHOCTH TPOITyCKa OTMETKH OT IIeJH, KaK IpaBHU-
70, B uHTEpBase 2...3.

B pesynbrare mosmydeHHble ¢GopMa M pasMephl
cTpo0a COOTBETCTBYIOT Hamboyiee BEPOSTHOMY Me-
CTOTIOJIOXKEHUIO [IENIN B CICAYIOIIUH MOMEHT BpeMe-
HU HAOJIFONEHU.

CpaBHuTeILHBI aHaN3 3¢ ¢eKTHBHOCTH CTPO-
OupoBaHus. VccrnenoBaHue MpeyIokeHHOTO ajlTopuTMa
crpobuposanust ([TAC) BBINOIHSIOCHh MATEMATHIECKIM
MozenpoBaHreM Ha OBM 1 npoBOIMIIOCh A Cirydast
IByx mmepenuid. Mcenenoarack s¢dexriuHOCTS [TAC
B CpPaBHEHHH C W3BECTHBIM AJTOPHTMOM CTPOOMPOBaHHMS
(MAC) mpy oIMHAKOBBIX IUIOLIASIX CEKTOPHOIO U 3Ji-
JIMTITHYECKOTO CTPOOOB, YTO 0OECIIeUrBaeT paBHBIC Be-
POSITHOCTH TOTIA/IAHUS B HUX JIOKHBIX OTMETOK.

Hnst onienku sddextuBHOCTH npuMeHenns NAC
u [1AC B cpene MATLAB 06rpta mocTpoeHa MaTeMa-
THUYECKasi MOJIEITh, TIO3BOJISIONIAS:

— AMUTHPOBATH PA3IHYHBIC TPACKTOPHH JIBHIKE-
HUSI BO3IYIITHBIX O0BEKTOB;

— umutupoBats Haomonenus ot PJIC ¢ 3aman-
HBIMU TOYHOCTHBIMH XapaKTEPUCTUKAM;

— BBINIOJIHATh TPACKTOPHYIO (QUIIBTPAIMIO TONY-
YEHHBIX HAOJIOACHUH C MPUMEHEHHUEM MPOCTOTO JIU-
HerHoro ¢wierpa Kanmmana u nuHelHOTO (QHIBTpa
KanmMana ¢ moncTpoiikoil B CBSI3aHHBIX KOOPAWHATAX;

— ¢QopmupoBaTh CcTpoOBI B (opMme dJuIUICca H
YCEUEHHOTO CEKTOpa U OICHUBATH IIOJIOKEHHE OT-
METKH OT 1€/ OTHOCUTEIILHO IPaHuI] CTPOOOB;

— oTOOpakaTh WCXOIHYIO TPAaeKTOpHIO IIeNH, Ha-
Omonenwst, nomydeHHsle or umutapyemoit PIIC, u pe-
3yIBTAThl 00PaOOTKH PaIHOTIOKAIIMOHHON HH(pOopMAaIiH,
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Puc 4. Tlonoxxenre 1 BHEUIHUH BU CTPOOOB IIPU MaHEBPE LIETIH.
T'onyGeiMu muuusIMH orpanndensl cTpoosl [TAC, kpacHbIME — cTpoOB1 MAC.
Cunune MapKepbl — HEHTPLL CTp06OB; KpaCHbIC MapKEPbl — OTMETKU OT LCIIN
Fig. 4. Position and shape of strobes for maneuvering target.
Blue lines limit the strobes of the proposed algorithm; red lines limit the strobes of the known algorithm.
Blue markers is the strobes centers; red markers is the position of the target

— 0TOOpaXkaTh 3aBHCUMOCTH CPEIHETO BPEMEHH
COMPOBOXICHUS OT pazmepoB ctpoda it MAC u TTAC.

JloTIOTHUTENFHO JIJISl  BH3YQJIM3allMU  TIOJTy4YeH-
HBIX pe3ynsraroB B cpeae Qt Creator Ha si3p1ke C++ ¢
HCTIOJIE30BAaHUEM AJTOPUTMOB U3 MOIEIH, PEaln3o-
BaHHOU B MATLAB, pa3paborana nporpamma:

— IUI WMHUTAlMd U TPaQUUEcKOro MOCTPOCHHSI
Pa3IMYHBIX TPACKTOPUH IBMKEHHUS BOAYIIHBIX O0BEK-
TOB;

— AMHUTAOUN U TPapUUECKOro IOCTPOCHUS Ha-
omonennii ot PJIC ¢ 3agaHHBIMH TOYHOCTHBIMH Xa-
PaKTEepUCTHKAMH;

— TPAaeKTOPHOM (QUIBTPAIMM TOJYyYCHHBIX Ha-
ONIONIEHNI U TpaprUeCcKoro MOCTPOSHUSI BOCCTAHOB-
JICHHBIX TPAEKTOPUH U MPOTHOZUPYEMBIX OTMETOK;

— TpaduyuecKoro TMOCTPOSHHsI PACCUYMTAHHBIX
CTpoOOB B (hOpMeE IIUIUIICA U YCECUCHHOTO CEKTOPA.

Ha puc. 4 npencraBieHbl OTMETKH CONPOBOXK A~
e€MOW IIeNM C pas3IuYHbIMHA CcTpoOamu Tipu 7y = 3.
MogzenupoBaHue OTMETOK MPOU3BOAWIOCH B JIE€Kap-
ToBBIX KoopauHartax ¢ CKO wnabmonenuii 10 M mo
kaxnoi koopaunare. PJIC pacnonaranace B Havaie
koopruHar. Llenp nBuranace Kypcom 45° ¢ HauaJbHON

2
ckopoctbio 300 M/c, yckopenuem 1m/c” u ckopo-
CThi0 m3MeHeHHst kKypca 3 °/c. Jlns BBINONHEHHS
TPaeKTOPHOH (HUIIBTPALIMK HUCIIONB30BAICS (PUIBTP C

pazmeNbHBIM OLICHUBAHUEM B CBSI3aHHBIX KOOPIMHATAX
[15], HacTpoeHHBII Ha COMPOBOXKICHHE OOBEKTa, Tepe-
MEIIAOIIETOCS ¢ YKa3aHHBIMU ITapaMeTpaMu JBIKCHUSL.

Ha puc. 4 mokaszaHo, 9T0 0OBEKT BBIIONHSET Ma-
HEBPHUPOBAHUE MO KypCy U B MOMEHT MOBOPOTa dJI-
muntaaeckuit crpod MAC TepsieT 0TMETKY OT IeINH.
Takoit 3pdekr oObsACHICTCA TUHAMHUKOW JIBUKCHUS
00beKTa B MOMEHT CTPOOUPOBAHMS.

Jlnst oneHku 3(pHEKTUBHOCTH aIrOPUTMOB CTPO-
OMpoBaHMA B XOlIeé MOJIEIMPOBAHUS OIICHUBAIOCH
CpemHee BpEMsl CONMPOBOXKICHMS €M A0 MEepBOH
HOTEPH OTMETKH Tyeq Ana ctpobos MAC m TTAC

UICHTUYHOTO pazmepa. Oba GuiIbTpa HACTPOCHHI Ha
COIIPOBOXKICHUE IIeNW C yKa3aHHBIMH paHee Iapa-
METpaMH JBHKSHUSI.

Ha puc. 5 npencraBiaeHsl pe3yinbTarThl, MOTyJIeH-
HBIC TIPH IMUTALUH JBIDKCHUS IISTH ¢ TapaMeTpaMH,
COBIIAIAIOMINMH C HACTpoiKo# ¢(unbTpos. [Ipu ma-
nom pasmepe crpoba (y<2) airopuTMbl HUMEIOT

ONM3KUe 3HAYCHUS CpENHEH MPONOIDKUTEIBHOCTH
COIPOBOXIICHUS IO TIEPBOM IMOTEPH OTMETKHU OT LICIH.
[To mepe pocta 3HaYeHHS KOAPQUIIMESHTA Y, COMPO-
BOXKJTAIOIIETOCST  YBEIIMYCHHEM pa3MepoB CTPOOOB,
cpennee Bpemsi conpoBoxaeHus [TAC Bce Oosnbie
IIPEBBIIIAET aHaJOrMuHbIN nokaszarens MAC.

Ha puc. 6 moka3aHbl pe3ynbTaThl, IOTyIeHHBIC
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Puc. 5. 3aBUCUMOCTB CpeTHETO BPEMEHHU CONPOBOKACHHS
nem UAC u ITAC ot 3HaueHus ko3 durmeHTa v.
Kpacnas munus — ITAC; cunss muaus — MAC

Fig. 5 Dependence of the average object tracking time
on the value of the coefficient y for the proposed algorism
(red line) and known algorism (blue line)
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Puc. 7. 3aBHCUMOCTB CpETHETO BPEMEHHU CONPOBOKACHHS
oobexkra it MAC (cunss muaus) u [TAC (kpacHast TUHUS)
OT Ha4aJIbHON CKOPOCTHU

Fig. 7. Dependence of average object tracking time on initial
speed for the proposed algorism (red line) and known
algorism (blue line)

npu y=2.5 I JIBWKEHUS 1eJIM ¢ HaYaJIbHOW CKO-

poctbto 300 M/c mpU PpazTMYHBIX 3HAYCHUAX TIO-
TPEIIHOCTH HW3MEPEHUs] KOOpAWHAT (HOTPEIIHOCTH
HU3MEpEeHHs 00X KOOPIUHAT TIOJIOKEHBI PaBHBIMH).
ITomy4eHHble pe3yabTaThl IO3BOJSIOT CHENATh BBIBO/,
yro [TAC wuMeeT npeuMylecTBO NPH 3HAUYEHUSX
Gy <50 M. Ilpu OONBIINX 3HAYEHUSX HOTPEIIHOCTH

U3MEPEHUSI KOOPAMUHAT 00a aropuTMa UMEIOT OJM3Koe
3Ha4YEHHNE CPENHETO BPEMEHH COMPOBOXKACHHUS, IIPUIEM
C POCTOM IOTPELIHOCTH TO 3HAYEHUE CHIYKAETCA.

Ha puc. 7 npencraenensl rpaduky, momydeHHbBIE
npu y=25 08 JBWKEHUA TETH C  Pa3IMYHOU
HAYaJIbHOH CKOPOCTBIO W IOTPEIIHOCTHIO W3MEPCHUS
koopauHar 10 M. BuzaHo, 4TO mpM CKOpPOCTH MeHee
100 m/c MAC umMeeT MpeuMyIecTBO, OIHAKO C POCTOM
CKOPOCTH 3HAYEHHE CPEIHET0 BPEMEHH COMPOBOXKIE-
HUsI CTPEMUTCS K yCTaHOBHBIIEMYcCs 3HaueHHro. [Ipu
atom cpeanee Bpems [TAC npakTudecku He 3aBUCHUT OT
HAYaJIbHOH CKOPOCTH W TPEBOCXOAUT (B CpemHEM Ha
20 c) ycranoBuBieecs 3HaueHre MAC.

50

30 | |
0 40 80 G, M
Puc. 6. 3aBHCUMOCTB CpeTHETO BPEMEHHU CONPOBOKACHHS
oobexra it MAC (cunss munus) u [TAC (kpacHast TUHUS)
OT TIOTPEITHOCTH U3MEPEHUSI KOOPAUHAT

Fig. 6. Dependence of the average object tracking time on the
measurement error of coordinates for the proposed algorism
(red line) and known algorism (blue line)
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Puc. 8. 3aBUCUMOCTb CpeTHETO BPEMEHU CONPOBOKACHUS

obnexra st MAC (cunsis nunus) u [TAC (kpacHast JTUHUS)
OT YCKOpEHUs
Fig. 8. Dependence of average object tracking time
on acceleration for the proposed algorism (red line) and
known algorism (blue line)

Ha puc. 8 npencrasinens! 3aBucumMoctu T,eq (2)

JUIsl ABMDKEHUS C Pa3iM4YHBIM YCKOPEHHUEM, MOJIyUYEH-
HBIE TP (PUKCHPOBAHHOM 3HAYEHHH HAYAIBHOH CKO-

poctu Vg =300 m/c; y=2.5 n oy =10m. U3 nomy-

YEHHBIX TPa(QHUKOB MOXKHO CJIENaTh BBIBOM, YTO C PO-
CTOM JMHAMUKH JBYKEHUS 3HAYCHHUE CPEIHETO Bpe-
MEHHU COTIPOBOXKJICHHSI CHIDKAETCS JUIS OOOMX ajro-
putMoB, nipuueM [TAC ycrymaer MAC.
3akJiioueHue. YCTaHOBJICHO, YTO IS CKOPOCT-
HBIX ¥ BbICOKOMaHeBpeHHBIX 1iene [TAC, peanuzye-
MBIif B KOOpAMHATAX, CBA3AHHBIX C OTCIIE)KHBAaEMOU
LENBIO, ¢ MOCTPOSHUEM cTpoOa B (hopMe yCEUEHHOTO
SITUIICOMTHOTO CEKTOpa, oOecreunBaeT Oonee JIH-
TEJIBHOE COMPOBOXKACHUE J0 MEPBOM MOTEpU OTMET-
k1 oT nenu, 4eM MAC ¢ 3/UIMITHYECKUM CTPOOOM,
peanu3yeMblii B HE CBSI3aHHBIX C IICJIBI0 KOOpAHWHA-
tax. MAC umeeT npeuMyIllnecTBO B CpedHEH Ipo-
JIOJDKUTEIBHOCTH BPEMEHH COIMPOBOXIACHHS TOJBKO
MpH HAOJFOJICHUH 32 HU3KOCKOPOCTHBIMH 00BEKTaMH,
XapakTep ABWKEHHS KOTOPBIX ONHM30K K MPSMOJIH-
HelHOMY. TakXe yCTaHOBJIEHO, YTO CpPEIHSSI TPO-
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JOJDKUTENBHOCTE compoBoxaeHust st [TAC mpak-
TUYECKHA HE 3aBHCHUT OT HAYaJIFHOH CKOPOCTH IIBU-
KEHHS 1eNTd, a MPH MaJbIX MOTPEIIHOCTIX H3Mepe-
HUsI KOOpIUHAT UMeeT OOJbliee 3Ha4YeHHE, YeM IS
HNAC. Takue pe3ynbTaThl OOBACHSIIOTCS TEM, 4YTO B
ITAC ocymecTBiasieTcss MNOACTPOHMKa pa3MepoB U
(hopMBI cTpoOa B 3aBUCUMOCTH OT XapaKTepa JIBHKE-
HUS. TPH MHTCHCHBHOM MaHEBPUPOBAHUH CEKTOP-

HBIH CTPOO BBITSATHUBAETCS 110 KyPCY, a IPH MPSIMOJIH-
HEHHOM [BWKCHUH C YCKOPEHHEM — BBITSATHBACTCS
BIOJIb TpackTopuu. B uTore takod cTpoO mydie,
yem yumnconn MAC, oxsarsiBaeT oOnacTs HanOo-
Jice BEPOSITHOTO MECTOIOIOKEHHUS IISIH, YTO MO3BO-
JSeT OCYIIECTBIATh KAaYECTBEHHOE COMPOBOKICHUE
00BEKTOB B OOJIBIIIEM JTHANIa30HE CKOPOCTEH.
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AHHOTaUMA
BBepeHue. B nocnegHve gecatnneTtus B GOTOSNEKTPOHMKE 0coboe BHMMaHME yAenseTcs paspaboTtke nony-
NMPOBOAHMKOBBLIX MAaTPUYHBIX POTOMPUEMHbIX YCTPONCTB, KOTOpble dpakTuyeckn ctanu 3¢ ekTMBHOM anbTep-
HaTUBOM CyLLeCTBYIOLLMM aHaJI0r0BbIM TeNeBU3MOHHBLIM NPUeMHbIM cncteMaM. Cpean Takmx YCTPOWMCTB Nu-
HeliHble MO3ULMOHHO-YYBCTBUTENIbHbIE AATUMKN MPUMEHSIOTCA A1 Pernctpaunm 6biCTpbIX W3MEHEeHWn B
oKpy>aroLLeli ob6CcTaHOBKe 1 MX NocaeaytoLlen 06paboTky (Hanpumep, BbICTPOAENCTBYOLLME IOKATOPbI eTa-
Te/IbHbIX annapaToB).
Lienb pa6oTbl. Co3jaHne NNHENKN KPeMHNEBBIX pin-ANOAOB AN NCMOAb30BaHUS B COCTaBe rMMOPUAHOrO Ae-
TekTopa WNK-n3nyyeHus ¢ Lenbto pernctpaumm GoTO3/1eKTPOHOB C BPpeMeHHbBIM paspelueHnem nydiwe 10 Hc.
MogennpoBaHne OCHOBHbIX 31eKTPOPUINUECKNX XapaKTEPUCTUK IUHENKN.
MaTepuanbl N metoabl. B paspabaTtbiBaeMoM npubope perncrpaums GoTo31eKTPOHOB obecrneynsaeTca 3a cyeT
HaNMums NPUNOBEPXHOCTHOrO MOAS MPU UCMONb30BaHUW p**-p-nepexosa, cpopmmpoBaHHoro anddysmeli 6opa B
KPeMHWI C yaenbHbIM conpoTuaneHnem 3 KOM - cMm. TsiHyLLiee none, B CBOK oyepesb, Takke GopMupyeTcst B 0bna-
€T 06BEeMHOrO 3apsaga Mexay ptt- n n**-obnactamu. [na cozgaHus n**-obnactn nposogunace andoysna pocdopa.
YncneHHble pacyeTbl pacnpeseneHns noTeHLmana, KoHLEeHTpaLmy cBoboAHbIX HoCKTeNen 3apsja U TOKOB Mpo-
BOAWNNCH B MPOrpaMMHbIX NakeTax ogHoMepHoro (SimWin) n asymepHoro (TCAD Synopsys) MOAennpoBaHus.
PesynbTaTbl. [lpoBeseH ABYMePHbI pacHeT pacnpeaeneHunsi KOHLEHTPaLmm CBO6OAHbBIX HOCUTener 3apsiga v no-
TeHUWana B uccnegyemor pin-ctpyktype. OnpegeneHbl MUHVMAaAbHbIE HanpseHWs, obecneunBsatoLlme noaHoe
obegHeHMe j-Cnos, B TOM YMCe Ans ciydast NPOAOAbHOM KaHaBKW PasAnYHOM rnybuHbl. JIHelka TecTMpoBanach B
cocTaBe rmb6puaHoro GoToaNeKTPOHHOro Npubopa 0bayyeHeM CBeTOBbIMK MMMyabcamn oT UK-ceeTogmoaa. Mpu
HaNps>KeHWW Ha AnoAax MMHeNKn -270 B 4oCTUMHYTa ANNTeNbHOCTb GPOHTA CMIHaNa Ha Bcex kaHanax 5...9 He.
3akutoueHme. [ina rmbpuaHoro getektopa VIK-n3nyveHns paspabotaHa avHenka ns 12 KpeMHUeBbIX pin-AnoA0B, C
pa3mepamMu YyBCTBUTENBHOM 061acTh aneMeHTa 24 x 0.2 MMm. o pesynbTataM UcCIeA0BaHNA MMNYIbCHOM XapakTe-
PUCTUKM NOKa3aHo, YTo 6e3 onepauyn YTOHEHUS JOCTUTHYTa AIMTeNBHOCTb GPOHTA CUrHana Ha Bcex KaHanax, yAo-
B/IETBOPSAIOLLAA TPE6OBaHVIAM K BbICTPOAENCTBYIOLLEMY MO3NLIMOHHO-HYBCTBUTENBHOMY AaTUmKy NK-13ayyerHns.
KntoueBble cnoBa: rmbpuaHbIA GOTO3NEKTPOHHbIV MPUBOP, KPEMHMEBAsA 3/1EKTPOHHO-YYBCTBUTEIbHAsA IVHEKa
pin-pnogos, NK-doTonpremHumk
Ansa ynTnpoBaHusa: KpemMHeBas 31eKTPOHHO-YYBCTBUTENbHAsA pin-nuHelika, obnyvaemasi C 06paTHOM CTOPOHBI
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Abstract
Introduction. In recent decades, in the field of photoelectronics, special attention has been paid to the develop-
ment of semiconductor matrix photodetectors. These detectors have become an effective alternative to existing
television receiving systems. Among such devices, linear position-sensitive sensors are used in cases where the
rapid registration of changes to the environment is required (for instance, high-speed locators for flying vehicles).
Aim. To develop a strip of silicon pin-diodes as part of a hybrid IR-detector for effective registration of photoelectrons
with time resolution less than 10 ns, as well as to model the key electro-physical characteristics of the strip.
Materials and methods. In the device under development, the registration of photoelectrons is achieved by
the presence of a near-surface field using p**-p junction formed by diffusion of boron into the silicon with resis-
tivity of 3 kQ - cm. The pulling field is also formed in the space charge region between p**- and n**-regions. Dif-
fusion of phosphorus was carried out to create the n**-region. Numerical calculations of potential distribution,
concentration of free charge carriers and currents were carried out using software for 1D- and 2D-modelling
(SimWin and TCAD Synopsys).
Results. 2D-calculation of charge carrier concentration and potential distribution was performed. The study de-
termined the minimum bias for the complete depletion of the i-layer, including that for longitudinal grooves of
various depths. The strip was tested as part of a hybrid photoelectric device by irradiating light pulses from IR LED.
When the voltage on the diodes was reached -270V, the duration of the signal front on all channels was 5...9 ns.
Conclusion. For use in IR-hybrid detectors, a strip of 12 silicon pin-diodes was developed with a sensitive ele-
ment of 24 x 0.2 mm in dimension. The study of pulse characteristics showed that the necessary duration of
the front signal on all channels was achieved without thinning thus satisfying the requirements for high-speed
position-sensitive sensor of the infrared radiation.
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For citation: Ainbund M. R., Mironov D. E., Pashuk A. V., Zubkov V. I., Solomonov A. V., Zabrodskii V. V., Nikolaev A. V.
Back-Side Electron-Bombarded Silicon pin-Strip. Journal of the Russian Universities. Radioelectronics. 2019,
vol. 22, no. 5, pp. 80-92. doi: 10.32603/1993-8985-2019-22-5-80-92

Conflict of interest. Authors declare no conflict of interest.

Acknowledgments. The authors are grateful to O. E. Fominsky for his help in making calculations in TCAD Syn-
opsys simulation package.

Submitted 21.06.2019; accepted 16.08.2019; published online 29.11.2019

Beenenne. B nocnennne necatuierus B (oro-
JNEKTPOHUKE 0co00€¢ BHMMaHME YACISIETCS paspa-
0OTKe TOYIPOBOAHMKOBBIX MAaTPHYHBIX (HOTONpPH-
emubix yctpoiicts (focal plane arrays — FPA). C
MPUMEHEHHEM MHKPOSJICKTPOHHBIX CXEM OIpoca H
00paboOTKH MaTpUYHBIC YCTPOMCTBA CTAHOBATCS (-
(heKTUBHOW aJBTEPHATHUBOI CYIIECTBYIONIMM aHaJIo-

TOBBIM TEJIEBH3MOHHBIM NPHEMHBIM cucTeMaMm [1-5].

Cpenu Takux YCTpOICTB MOXHO BBLACIUTH JIU-
HeltHpIe (OTONPHEMHBIE TPUOOPHI, MPEACTABIISIO-
mue co00i TMHEHWKY MO3UIIMOHHO-IYBCTBUTEIBHBIX
K M3IIy4eHUIO0 JaT4ukoB. OHM NPHUMEHSIOTCA TaM,
rae Tpedyercs ObicTpast (€IMHHULBI—IECATKH HaHOCE-
KyHJ[) perucTpanvs H3MEHEHHH OKpykaromeil o0-
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CTaHOBKH C COOTBETCTBYIOLIEH OTpaOOTKON peakiuu
(HanpuMep, JIOKAaTOPHI YIPaBISIEMBIX W HEYIIpaBsie-
MBIX JICTATEIIBHBIX AIIapPaTOB).

B TeXHONOTMM MAaTPUYHBIX MOIYIPOBOJHUKOBBIX
YCTPOUCTB HaONIOJaeTcs YCTOHYMBas TCHIOCHIMSA K
MUHHaTIopu3anuy. OJTHaKo ¢ YMEHBIIEHHEM I'eOMeT-
PHYECKHX pa3MepOB IMUKCEIOB YBEIHMYHBAETCS TUIOT-
HOCTh METAJUINYECKUX IIPOBOIHUKOB, a TAKXKE ITOJIH-
KPEMHHEBBIX CJIOEB, M, KaK CJEICTBHE, CHHU)KAETCS
J0JIl  SKCIIOHUPYeMOW IUIOmaan (OTONPHUEMHUKA.
[TosToMy B mocnemnee BpeMs MOMYISIPHON CTaHO-
BUTCS apXHUTEKTypa (POTONPHUEMHOIO YCTPOMCTBA C
OCBEILIEHUEM CO CTOPOHBI IOIJIOKKH, Ha KOTOPOM
HET METAJUTMYECKOW pa3BOAKH M CTPYKTYPHBIX IIO-
kportuii (backside (BS)-ctpyxrypsi) [3, 6, 7].

B Takmx mepeBepHYTHIX CTPYKTypax Iaaaloline
Ha OOpaTHYIO IMOBEPXHOCTh (DOTOHBI B pE3ylbTare
MOTJIONIEHHUS OCYLIECTBIISIOT T€HEPaIHio JIEKTPOH-
HO-ZIBIPOYHBIX Hap (BHyTpeHHuil ¢otorddekr), npu
9TOM BJIEKTPOHBI B TIPHJIOKEHHOW Pa3HOCTH ITOTEH-
[IUAJIOB JBHUTAIOTCS K YYBCTBHUTEIHFHBIM SUCHKaM (K
p—Nn-mepexofaM) Ha MPOTHUBOIOIOKHONH CTOPOHE.
HenmocraTkoM naHHOW KOHCTPYKIMU SIBISICTCS HEBEI-
COKasl SHEprus Maaarmux (OToHOB (MOpsIKa IIIH-
PHHBI 3alpeleHHOI 30HBI MaTepuaia), B pe3ylibrare
4ero oAuH (OTOH TeHEpUPYET OIHY DJIEKTPOHHO-
IBIpOYHYIO mapy. bonee mepcrneKTUBHON paccMaTpH-
BaeTCs apXUTEKTypa HpuOopa, COCTOAIIETO M3 pasz-
JeNbHBIX (poTokarona U aHoma (rmomodue (oToINIeK-
TpoHHOTO yMHOKuTens) [/, 8]. B Hem oTmenbHO
(YHKIMOHHPYIONTHH (POTOKATOJ CITY)KUT JIETEKTOPOM
nagaromumux (bOTOHOB B HYXHOM JUAIlIa30HC [JIMH
BOJH, a BS-kpucramn ¢ MaTpurnei perucTpupyrommx
MMUKCEIOB 00yJyaeTcs (OTOIIEKTPOHAMH, BbLIETA-
oMMy U3 orokatona (BHemHUHN Gotoaddext). B
TAKOM Clly4ae TNPHIOKEHUEM YCKOPSIOIIETro MOJis
MeXIy (OTOKATOMOM W aHOOOM MOXKHO JIOCTHYb
SHEPTUU (POTORIEKTPOHOB B HECKONBKO KHIIODJICK-

TPOH-BOJIBT. OTU  (POTORIECKTPOHBI, OoMOapaupys
MOBEPXHOCTh  ITOJIYIIPOBOAHMKOBOIO  P—N-aHOAA,
o0ecreunBaOT  POXIEHHE COTE€H  3JIEeKTPOHHO-

IOBIPOYHBIX TMap B 00beMe MONYNPOBOAHMKA, YTO
OTIpeZieTIsicT BBICOKMH KO(M(HUINEHT yCHUICHUS TPH-
6opa [8, 9].

CTpykTypa M3rOTOBJIEHHOW KPEMHHEBOi JIN-
Heiiku pin-goronpuemuukos. Ilensio pabor GbLIO
CO3IAHUE JIMHEWKH KPEMHHUEBBIX PiN-IMOAOB, KOTO-
pas B cocraBe rubOpugHoro gerekropa MK-
W3TyYeHHsT JO/DKHA obecneunBarh 3((PEKTHBHYIO
perucTpanuio GoTodIEKTPOHOB ¢ 3Heprueit 1...5 k3B
Y BpeMEHHBIM pa3pewienueM jyume 10 He. B kaye-

cTBe 0a3bl BEIOPAH KPEMHUI P-THUITA AIEKTPOIPOBOI-
HOCTH, TaK KakK 2JIEKTPOHBI (HEOCHOBHBIC HOCHTENN
3apsaa B P-Si) 001amnaroT GONbIIEH MOABUKHOCTHIO,
9eM JBIPKU. YIOEIbHOE COMpPOTHBIICHUE KPHCTAJLIa
3000 Om - cm [10].

CoBpeMEHHBIC KPEMHHCBBIC JICTEKTOPBI PETHCTPH-
pyIOT 2nekTpoHsl, HauuHas ot dHepruu 200...600 5B
(9HEpreTHYECKUI MOPOT PETUCTPAITUH) 10 JECITKOB
KIJIODJIEKTPOH-BOIIBT U Ooiee. [Ipu B3amMonericTBuu
BBICOKOOHEPTeTHYHBIX AJICKTPOHOB C TBEPIOTEIHHbI-
MU JETEKTOPaMH pPean3yeTcss MHOTOKPATHOE YIIPY-
ro¢ U HEYIpPYyroe paccesHue dJICKTPOHOB B KPUCTAT-
nudeckoil pemerke [11, 12], mpuBoasiiee K cMeHe
TPaeKTOPUU MX OBIDKEHHUS, BIUIOTH J0 BO3MOXKHOCTH
BBIXOJIa YaCTH AIICKTPOHOB OOPaTHO M3 TBEPIOTO Te-
Ja B BaKyyM IIOCJ€ HECKOJBKUX aKTOB PacCesHUS B
MIPUTIOBEPXHOCTHON oOnactu. JlaHHas OCOOEHHOCTh
paccesiHus JNICKTPOHOB TPeOyeT MHUHUMHU3AIUK TOJI-
IIWHBI TTIOBEPXHOCTHBIX CIOEB TBEPAOTEIHEHOTO JIETEK-
TOpa, B KOTOPBIX HE MPOUCXOTUT 3 deKkTHBHOrO cOopa
HEOCHOBHBIX HOCHTENCH 3apsga. TakuMu CIOsSMU sB-
JSTIOTCSL TIACCHBHUPYIOLINE CIIOM AWDIICKTPUKOB, CIIOH,
00€eCIeurnBaONIe MHUHAMHU3AMNIO  MTOBEPXHOCTHOTO
COTPOTHUBJICHUS, U IPUITOBEPXHOCTHBIC oOnactu pP-—N-
W M30THIHBIX MEPEXOHOB. XapaKTepHBIC TOJIIIHBI
TaKMX CJI0eB 00bI4HO He Oomee 10 mm [13, 14].

CrpykTypa cioeB paszpaboTaHHOro mpudopa
npuBeacHa Ha puc. 1, a. DPpPeKTHBHAS perHCTpaIns
3IIEKTPOHOB C SHEPTHel okojo 2 k3B obecrnieunBaet-
Ci 3a CUCT NPUTTOBEPXHOCTHOIO MOJIA IMIPHU UCIIOJIB30-

BaHuM u3oTHHHOro Ptt—p-nepexoma, cdopmmposan-
Horo juddy3ueii 6opa ¢ TOBEPXHOCTHOW KOHIICHTpA-

IUeH IPUMEpHO 1020 en 3, Huddy3usa dopa nposo-
munack metogom Chemical Vapor Deposition (CVD)
npu temmeparype 900 °C. TsmHymiee mone, B CBOIO
ouepesib, TakkKe POPMHUPYETCS B 00JaCTH 0OBEMHOTO

sapaga mexay ptt- m ntt
ntt

-o0macTsMu. JIj1s co3maHus
-o0mact mpoBomuiack Aupdysus ocdopa mpu
temneparype 950 °C.

IMpoduns npumecu 6opa (puc. 1, 6) u3mepsics
METOJOM BTOPUYHOW HOHHOW MAacC-CIEKTPOMETPHHU
(BUMC) (urrpuxoBoii jnuHHE# Moka3aHa 00acTh
KOHIIEHTpalWW, HEAOCTYMHAs JJIsi U3MEPEHUN 3TUM
MmeronoM). Kak BHIHO W3 PHCYHKA, KOHIEHTpAIUS
Oopa crmamaeT ¢ TMOBEpXHOCTH o0pas3na B IIyOHHY
MPUMEPHO SKCIOHCHIMANBHO. [myOuny muddysun
0opa MOXXHO TIPHOJIU3UTEIHHO OICHUTH 3HAYCHUECM
50 um. Kak nokazamn BUMC-u3mepenus, cdopmu-
poBanubli  mudysueit  pocdopa ntt—p-nepexon
pacnonaraercs Ha rmyouHe okoio 1600 HM.
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Puc. 1. Kpemuuesas pin-cTpyKTypa: a — MOCJIe0BaTeIbHOCTD CJI0EB; 6 — pacipee/icHre KOHIICHTPAIMH [prMeceit
Fig. 1. Silicon pin-structure: a — layer sequence; 6 — impurity concentration distribution

W3roToBneHHbIC 06p33HLI XapaKTECPU3YIOTCA Ka4eCTBEC HUCXOOHOT'O0 KPEMHHUA MOJIYNPOBOJHUK TOHb-

CIIEAYIOIIIMHA TEXHUIECKAMH TTapaMeTpaMu: 1re 250 MKM HeJTb3sI H3-3a XPYITKOCTH TLIACTUHBL
— o0l1Iee YHCII0 IIEMEHTOB JINHEHKH 12 Co CcTOpOHBI JIMTHEHKH, TIPOTHBOIIOIIOXKHOH 00JTy4a-
— pa3Mephbl OJIHOTO dJIeMeHTa iuHeliku 2 X 0.2 Mv;  €Moif, Ha lepBoM 3Tane HaHocuics cioit SiO,, 3ateM B
— pasMepbl 4yBCTBUTENbHON oGnact 24 < 0.2 M. M3TOTOBIICHHBIE (hoTONMMTOTrpadueil OKHa OCaXIacs
Ha puc. 2 npezncrasieHa KOHCTPYKIUsI aKTUBHOW o n**-nomuxpemuns [10]. lupuna cios poly-Si

00J1acTH IMHEHKH SIIEKTPOHHO-TyBCTBUTEIBHBIX KPEM-
HHEBBIX THOIOB (IIOKa3aHbI TPH JIEMEHTA) U e¢ ToIe-
peunslii cpe3. OOIydeHHe IEeKTPOHaMU OCYILECTBIIS-

taxoke cocrapisieT 200 mxMm. Jlanee Ha MONMMKPEMHUH
(hopMHUpOBaJICS AIFOMUHUEBBIN KOHTAaKT. Paccrosnue
MEXIY OJJIEMEHTaMH OIpeNeNseTcss PacCTOSHHEM

+_ .
CTCH CO CTOPOHBI P*¥-Cr10s. PerMCTpHpyembie HaCTHIB! ey coceannmu oknamu B SiO, — 60 Mim. Bepx-
TOIIOMIAKTCS B 00JacTh u3otunHoro Pt —p-nepexona TR .
. Hwmit p**-cioit crutommoit. Ha Hero Takske HaHOCHIICS

ntr- o
AJIFOMHUHUU C TTOCJIICAYIOINM BCKPBITUEM OKHAa HaIpo-

ntt

U BBICOKOOMHOH 0a3pl P-THIIA U ABIDKYTCS K P
nepexofay B Jper(oBOM pekHMe, O0OeCIieunBacMOM
oOparHbIM cMmerieHrneM. C 11eNbl0 yMEHBIIIEHUS BpeMe-
HHU cOOpa 3JIeKTPOHOB M3 0a3bl MOXKHO BBECTH YTOHE-
HUE CpEeIHEH YacTd JIMHEMKU C HCXOJHOW TONIIUHBI
iacTUHbl KpeMHus (350 MKM) BIDIOTH 710 50 MKM.
[Inpuna xanaBku — 200 mxm. Kpome Toro, yroHeHue
MPUBOAUT K YAYYIICHHIO YaCTOTHO-KOHTPACTHOM Xa-
paKkTepUCTUKH (OTOMPUEMHOTO YCTpoicTBa. bpath B

THB -MONTMKpeMHHS. JIHO KaHaBKH IOIDKHO OBITH
cBOOOHO OT aymoMuHus. K BepXHEMy 3MEKTpOIy MpH-
KnaneiBaeTcst otpurarensHoe cvenienne 200..300 B
JUTSL CO3IAHHS TSHYIIETO MOJIS B i-00MacTH IHOIOB.
Jlanee mpoaHaTN3UPOBAHBI 3NEKTPOPHU3MUECKHE
CBOWCTBA KPEMHHEBOI JMHEHKH (POTONPHEMHHKOB,
00TyJ4aeMOii SIIEKTPOHAMHY C 00OPaTHON CTOPOHBI.

&I { { E ~ 2000 5B
. »m_ m_o U =—(200...300) B
P %%
Sio,

? OIS

n U=0
*
Al

a 6

Puc. 2. AxtBHast 00671aCTh JINHEHKU: @ — KOHCTPYKLUS; 6 — HOIEPEUHbIH cpe3
Fig. 2. Active area of the strip: a — design; 6 — cross section
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Pacuer xapakTepuCTHMK KPEeMHHEBOW JIHHEI-
KH Pin-goronpueMHuKkoB. OEHUM CMEIICHHE, KO-
Topoe Tpedyercss NMPWIoKUTh Mexmy pt- m ntt-
00MaCTAMHU CTPYKTYPBI IS TIOJTHOTO OOCIHEHUSI I-CIIOSL.
B mepBoM NpHONIKEHUH IS 3TOTO BOCIIONB3YEMCS
BBIpaKEHHEM JUTS IMUPHHBI 00JIaCTH OOBEMHOTO 3apsijia
(O03) peskoro p—n-nepexona [15]:

)

rie €=11.9 - oTHOcuUTeNbHas AUNIEKTPUYECKAs

IIPOHUIIAEMOCTh KPEMHHMS, £q— DIEKTpHYECKas Ipo-
HHMIAEMOCTh BakyyMma, Up; — KOHTAaKkTHas pasHOCTb

noteHuanos; U — HanpsbkeHUe CMEIeHHUs; € — 3apsiz
anekTpoHa; N — KOHLIEHTpaIys HocuTenel 3apsama.
OO6nacth 00beMHOTO 3apsiaa GopMupyercs Hero-
JBIDKHBIMY MOHAaMM IPUMECH U PACTET 110 KOPHEBO-
My 3aKOHY C yBEIMUYCHHEM INPHIOKEHHOTO CMelle-
Hus. Ilpu mepecdere ymenmpHOTO CONPOTHBICHUS B
KOHIICHTPALMIO HOCHUTENEH 3apsia HCIOJIb30BAIHChH
cnpaBouHble AaHHbie [15]. dnsa kpemuaus mpu 300 K
moJiaraeM, 9To BCsI IPUMECh HOHH30BaHA.
Pesyneratel pacuera mupussl OO3 B KpeMHUH,
MPUMEHSIEMOM B KavecTBe Pin-GoTomnpreMHHUKA, MO-
Ka3alld, 4TO CJIA00JIETHPOBAHHBIA KPEMHUH C yIIeb-
HbIM  conportuBieHHeM P =3 KOM - CM MOJHOCTHIO

obemnen mnpu Hanpsokernn 300 B, a umerommit
Pp=2KOM-CM mpH TAaKOM HANPSHKCHHUH OOCIHEH

IMpUMEpHO Ha TIyouny 245 uM. Ilommoxku N-tuma c
TEM JK€ YICIbHBIM COMPOTUBIICHUEM OYIyT HUMETh
CymecTBeHHO 00mbInyto mmpuay OO3 Kak cIeacTBre
MEHBIIIeH KOHIIEHTpaIuu HocuTenen 3apsaa [15]. Tlpu
MOJTHOM OOETHEHWH pacdyeTHasi eMKOCTh CTPYKTYPHI C
YKa3aHHBIMH TMapaMeTpaMH OKa3bIBaeTcs He Oojee
2 n®. Takoe 3HAYEHUE TOHKHO 00ECIICUUTD 3a1aHHbIE
XapaKTEPUCTHKH MPHOOpa 10 BPEMEHHOMY paspelie-
HUIO B UCTIOJIb3YEMON CXeME CMETLICHHUSI.
[IpuBeIeHHBIN OICHOYHBIH pacdeT uMeeT O0OoJb-

Iy MTOTPENTHOCTh, MockoibKy OO3 B moiynpoBoI-
HUKE HE UMEeT pe3KHX rpanuil. Ee kpail pa3meIT 3a
CUET KYJOHOBCKOTO JKPAHUPOBAHUS IMOIABMIKHBIMU
anekTpoHamu. IllupuHa pasMbITHS XapaKTepU3YeTCs
nebaeBcKoil [UINHOM 3kpanupoBanus [15, 16]:
L= eggkT Y2

D= "2,

e p
rae k — mocrosunas BoneuMana, 5B/K; T — abcomror-
Has Temieparypa, K.

B crabonernpoBaHHOM KpeMHHUH (C KOHIICHTpaIei
p <1013 CM_3) Ipy KOMHATHOH Temneparype Lp Gy-
JIET UMETh 3HAUEHHUE eJUHUI] MUKPOMETPOB, T. €. 00ea-
HEHHE B peabHOM IPpUOOpe HACTYIIACT TOPa3a0 PaHBIIIE.

C mOMOIIBIO TPOTPaMMHOTO ITaKeTa OTHOMEPHO-
ro moxenupoBanust SImWin [17] BeimonHeH pacuer
pacnpeneNieHus] KOHIICHTpaluh CBOOONHBIX HOCHTeE-
Jel 3apsAma W IOTCHIMAla B HCCIedyeMoi pin-
CTPYKTYpE MPH Pa3INIHBIX 3HAYCHUAX MPIIOKECHHO-
ro HanpspkeHus. [lapameTpbl momynmpoBOmHHKA, He-
o0xXomuMble il pacdyera (TONIIMHBI CIOCB W KOH-
[EHTPaNUsl BHEAPCHHOW NPHMECH), COOTBETCTBYIOT
puc. 1. Ilepexon n**—p mpumar npakTHueckm pes-
KUM, a IpoQuiIb KOHIEHTpanuu npumecu B Pt-cioe
anMpOKCIMHUPOBAH DJKCIOHEHTOH. Pacuer mpoBeneH
JUTS y9acTKa KaHABKH, TJIE TOJNIIMHA BCEH CTPYKTYpBI
cocraniseT 150 MKm.

[Ipu orcyrctBum cmemenuss OO3 B CTpyKType
3aHuMaeT MeHee 15 MkM. IlpunoxkeHue cmenieHus
OTPHIIATEIBHON TIOJMIIPHOCTH MPHUBOIUT K pacIIkpe-
a0 OO3, MOSBICHUIO B HEW DJIEKTPUUECKOTO OIS
u Hebonbioro obparHoro Toka. Ilpm U =-100 B
003 pacumpsiercss IPakKTUYECKU Ha BCIO CTPYKTYDY.
Ee rpanmniia oxa3pIBaeTCs JTOKAIM30BAaHHON B JHIama-
30He 139...149 mkm (puc. 3). DiekTpUdecKoe Moje
3aHUMAaeT BCIO CTPYKTYpY, CO3/1aBasl TsAHyIIee IoJe
IUTSL HOCUTENIEH 3apsia; ero HalpsHKeHHOCTh M3MEHS-

ercst oT 1.7-102 1o 1.3-10% B/em. Kak cremyer

u3 (1), mmpura OO3 cyOnuHEHHO BO3pacTaeT ¢ po-
croM U, Tak 4to 1151 00CTHEHHS CTPYKTYPHI TONIIHHON
350 MKM HEOOXOIUMO TPWJIOKHTH HAMPSHKCHHE YXKe
oxoro 300 B.

PaccuntanHass B OTHOMEPHOM TPHOIIKCHUU
BOJIBT-aMITepHAsI XapaKTepUCTHKa PiN-Iuoia JIeMOH-
CTpUpPOBajla MOHOTOHHOE BO3PACTaHUE ILIOTHOCTH

obparHoro Toka n0 3HaueHus 90 MA/ CM2 pu

Hanpspkernn —100 B.

s Oonee MOMHON XapakTepH3alldH JIWHEHKH
pin-nuomoB mposoxuics 3D-pacueT CTPYKTYphl B
nakere monenuposanus TCAD Synopsys. B nonmpo-
rpamme Structure Editor 6suta moctpoeHa oObeMHas
Mozenp JuHedku (puc. 4). OqHako IeTalbHBIE pac-
9eThl TPEXMEPHOH MOJeNnH MoTpedoBann OYeHb
OonpIIMX OOBEMOB MaMATH, HE MOAJCPIKHUBACMBIX
naxketoM. [IpuuauHOi 3TOTO ABJIAETCA, C OJHOW CTO-
POHBI, IOCTaTOYHO OOJIBIION pasMep CTPYKTYPEHL, a C
JIpyroi — HaJM4ue Ype3BbIYaliHO TOHKHUX CHUJIBHOJIETH-
POBaHHBIX CIJIOEB, JUI KOTOPHIX TpeOoBaach OYEHBb
nozipobHast cetka. [loaToMy panee BCe BBIYMCIICHHUS
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Puc. 3. PesynbpTatsl MoienupoBaHus paboThI P-N mepexoaa
npu cmemmernn U =—100 B: a — xoHIeHTpaIys CBOOOTHBIX
HOCHUTENeH 3apsaaa; O — HaPSHKEHHOCTD JIEKTPUYECKOTO
1oJIs; 6 — TOK B PIN-auone
Fig. 3. The results of modeling the work of the p-n junction
at bias U =-100 V: a — the concentration of free charge
carriers; 6 — electric field strength; ¢ — current in the pin-diode

z

Y

Cl

Concentration, cm™

- 1.00-10°

251.10°

6.30-10°

1.58-10
—6.20-10°
—2.51-10"

-1.00-10%

Puc. 4. 3D-mozens pin-nuHeiiky, noctpoertas 8 TCAD Synopsys
Fig. 4. 3D-model of the pin-strip created in TCAD Synopsys

BBINOJIHSJIUCh B KBAa3UJBYMEPHOM NpHOMkeHud. B
CTPYKTypE OETaNiCh CPe3bl — IMONEPeK CTPYKTYPHI U
BIOJIb Hee (OWMH W3 HHUX NokaszaH Ha puc. 4, Cl) u
¢dopmupoBaiuch ae HoBble 2D-monenu. IlonoxeHue
Cpe30B BapbEUPOBAIOCH.

Ilonepeunoe ceuenue cmpykmypul. Pacnpenene-
HUSI IOTEHIUAJIa B MONEPEYHOM CEYEHUU CTPYKTYpHI
NP pa3INYHbIX DIyOHHE KaHABKH 0 M HPHIOKSHHOM
HanpspkeHuu U npesicTaBieHsl Ha puc. 5. M3 ananuza
CJINlyeT, 4TO Ha JJHE HerTyOOKOif KaHaBKM oOecredn-
BaeTCsA IMOTCHIWAN, HPAKTHICCKH PABHBIA IPHUIIO-
JKEHHOMY K METaJZIMUECKOMY 3JIEKTPOLy Ha MOBEPX-

noctu p*t-cnos (puc. 5, a, d =100 mxm). Ho eciu

KaHaBKa JOCTaTlOYHO ImyOoKas, To make PTT-cmoit ¢

KOHIIEHTpaluei 6onee 10?0 cm ™2 He obecnieunsaer
OKBHUITOTEHIMAIFHOCTh M Ha €€ JIHE OKa3bIBaeTCs
BCETO JIMING IOJOBHHA TPWIOKEHHOW K CTPYKTYpe
pasHocTH moTeHmmanoB (puc. 5, 6, d =200 mMxm).
[Ipu sTOM camo HajdW4We KaHABKH HECYIIECTBEHHO
MOTUGDHUIMPYET MOTCHIUATBHBIA pebed CTPYKTYpHI,
CO37aBaeMblil B IEPBYIO Ouepeb METaJUTHYeCKUMH
KoHTakTaMu. KaHaBka jxe Kak OblI "TIorpykaercs’ B
uMeroIIeecs IEKTPHIECKOe ToITe.

JlBymepHOe pacrpeneneHue o0aacTH 00BEMHOIO
3apsiaa PiN-CTPYKTYpbl MMEET LHIHHAPUYECKYIO (op-
My HaJl METAJUTMICCKIM KOHTAKTOM, TIOBTOPSISI U300~
TEHIMAJIbHBIE KPUBBbIE PUC. 5. B BepTUKanbHOM cede-
HUU TIOTCHIMAJ paclpeleleH MEKITy METaJUTIYeCKIM
KOHTaKTOM ¥ KaHABKOH MO KBaJPaTUYHOMY 3aKOHY, a
HaIPSDKEHHOCTB AJIEKTPUYECKOTO OIS — IO JIMHEHHOMY.

VienpHas! IIOTHOCTh TOKA MEXKIY METaLTHYECKIM

KOHTAaKTOM M KaHABKOM COCTaBIIsIET MpUMEpPHO 4 MA/ oM.

IIpodonvhoe ceuenue cmpykmypol. IlpoBeneH
pacueT HampsHKEHHOCTH OJJICKTPHYECKOTO IO U
pacrpesiesieHust 3apsAa0B B TPOMONBHON TEOMETPUH
CTPyKTYphl. TIpeqMeToM aHaiu3a SBHJIOCH pacIpe-
JieJIeHre DIEKTPUIECKOTO TIOJNS B TONYIPOBOIHUKE
MEXy METAJUTMIECKIMI KOHTAKTaMH M €T0 3aBHUCH-
MOCTh OT PAaCCTOSHHS MEKIy KOHTakTamu. Kpome
TOTO, MCCIIENOBAIOCH BIHMSHHE 3TOTO PACCTOSHUS HA
cMmbikanue OO3 cocenHUX TUOA0B.

TeoMeTpHst ¥ apaMeTphl JIETHPOBAHHUS CTPYKTY-
PBI IPUHSATHI COOTBETCTBYIOIIMMHE PHC. 5, 6: T1yOHHA
kanaBkn 0 =200 MKM, pacCTOsSTHHE MEKTy METAJUTH-

yeckuMH KoHTakTamu 60 Mxm. Hampspkenue cmerne-
Hus coctaBwio 130 B (HyneBod moTeHUMan pacro-
Jarajcs Ha MeTaJUIMYecKoM KoHTakTe). Ha puc. 6, a
M300pakeHO paclpe/ielicHue MOTEeHIMaNa Toj Ka-
HABKOW, B IIEJIOM PaBHOMEPHOE Ha MOAABJISIOLIEH
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Puc. 5. PacnipezienieHne 31€KTpoCTaTHYECKOro MOTEHIMala B 001acTH 00bEMHOr0 3apsija:
a— U =145B,d =100 mxm; 6 — U =140 B, d =200 Mxm

Fig. 5. Distribution of electrostatic potential in the space charge region:
a—-U=145V,d =100 um; 6 — U =140 V, d =200 pm
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Puc. 6. Pactipe/iesieHre 3I€KTPOCTATHYECKOTO MOTEHIMANA (@) U HANPSHKEHHOCTH 3JIEKTPHIECKOro noist (6)
B ctpykrype ¢ d =150 mxm npu U =130 B

Fig. 6. Distribution of electrostatic potential (a) and electric field strength (6) in the structure with d =100 um at U =130 V

9acTH TIIyOWHBI CTPYKTYpbl. HepaBHOMEpHOCTH OKa-
3BIBAETCSI CYIIECTBEHHOHN Ha nocneanux 20 mkm. Kak
BHIHO W3 Tpaduka, mocpeauHe MEXIY KOHTAKTaMU
CyIIECTBYET MoTeHIHa mopsiaka —30 B.
HanpsokeHHOCTh 3JIEKTPUYECKOTo TOJIA MO Bep-
THUKAJIU CTPYKTYPHI WILTIOCTpUpyeTcs puc. 6, 6. Kak u
CJIeI0BAJI0 OXKMJATh, MAKCUMAJIbHBIM OTXOH OT paB-
HOMEPHOTO pacIpeAeiCHUs] HANPSHKEHHOCTH AJICK-
TPUUYECKOTO ITOJSI HAOMIOMAETCS Ha KpasiX KOHTaKTOB,

7€ OHa JOCTHUTaET 2.5-104 B/CM MpU  yKa3aHHOM

3HAUEHUU NPUIIOKEHHOro HanpsbkeHus. IIpu sTom B
HE3aKphITOM KOHTaKTOM Y4acTKe IIOBEPXHOCTHU
HaNpsDKEHHOCTD TIOJIS B 5 pa3 MEHbIIE.
Pacnpenenienue NOMHOM yOENbHOH IUIOTHOCTH
TOKa B CTPYKType nipu obpaTHOM Hanpspkennu 130 B
MpuBeNieHO Ha puc. 7. B obmacTh, 3aKphITON KOHTaK-
TaMM, IUIOTHOCTh TOKa PaBHOMEPHA U IMPHUMEPHO

paBHa 20 MA/ eM?. B LIEHTPE TOK OKA3bIBACTCS Ha

MOPSIIOK MEHBIIe, YXOIsI K KpasM METaJUTMIEeCKUX
KOHTAaKTOB. BBUIM paccunTaHbl BOJIBT-aMIIEpHBIE Xa-
PAKTEPUCTUKH OIS HECKONBKAX METATHYECKUX
KOHTaKkToB ¢ pazmepamu 0.3 x 0.2 MKM.
CpaBHHBAJIOCH ~ paclpefefieHde  IOTeHIHaua
[0 CTPYKTYpE NPH BaPHHUPOBAHHUN PACCTOSHUSI MEXK-
Iy MeTaindeckuMu koHTakTamu ot 40 mo 80 Mkm.
ITpy u3MeHeHNH B yKa3aHHBIX IpejeNnax MOTCHIINA
B LIEHTPE MEXIY HUMU H3MeHsiercs oT —20 1o —40 B,
a HaIMPSHKCHHOCTH YIEKTPUIECKOTO TIOJS TajaeT He-

sHaumTensHo — ¢ 5-10° J:[04-103 B/cm. YBenmue-

HUE LIMPUHBI MEXKOHTAKTHOTO 3a3opa A0 80 MKM
MPUBOIUT K CYIIECTBCHHOMY NepEepacIpeIelICHHIO
IUIOTHOCTH TOKa OT €ro IEeHTPa K METATHYCCKUM
KOHTakTaM. B o00macTm MeXKOHTaKTHOTO 3a30pa
IJIOTHOCTHL  TOKA  OKa3bIBAETCS  MEHBIIE  IIO0
BCEH TONIIMHE CTPYKTYPBI, YTO CICAYET CUUTATh HE-
OIITUMAJIBHBIM.
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Puc. 7. Pactipenenenne NoiHO# yaeIbHOM INIOTHOCTH TOKa
B CTPYKTYpE 101 KaHABKOH MIMPUHON 60 MKM
npu U =130 B, d =200 MM

Fig. 7. Distribution of the total current density in the structure
under a groove wide 60 pm at U =130 V, d =200 um

Crenyer uMeTh B BUJY, YTO Ha THE DIyOOKOH Ka-
HaBKHM OKa3bIBaeTCAd BCErO JIMIIb YacTh (B cCilyyae
d =200 MkM — TIOJIOBHHA) TPHIIOKEHHOH K CTPYK-
Type (MeXIy METAUTMYECKIMH KOHTAaKTaMH CBEPXY
U CHH3Y) Pa3HOCTH IOTEHIHUAIOB (puC. 5, 6). Yurem
9TO 0OCTOATENILCTBO, MOJAB KO JHY KAaHABKU COOT-
BETCTBYIOIIMI YMEHBIIEHHbIN TOTeHIHAN (puc. 8, a).
I'maBHbIi pesynsrar — mmpruHa OO3 He mepeKphIBaeT
Bce 150 mxm. Okoi10 25 MKM MO KaHABKOIM OCTArOT-
cs1 B 00nacTu anekTpoHeiTpatbHoCcTH (rpanuna O0O3
nmokazaHa OeJoli MuHMeN). B maHHOM citydae paccto-
SIHUE MEXITy HIDKHAMH METAJUTHICCKUMHU KOHTaKTa-
Mu cnabo Bimser Ha mupury OO3. Ee Hexotopoe
"npoBucanue” B ciaydae OoJbmioro 3azopa (80 MxMm)
CICAYCT CUNTATh HE3HAYUTCIIbHBIM.

350 400 450 500 X
a

PacripeyierieHrie TIOTHOCTH TOKA B 00J1aCTH KaHAaBKU
IpU ydeTe TOHIKEHHOTO MOTEHIMaja Ha ee JHE OTHO-
CHTEJIEHO TPUIIOKEHHOTO K METAITMYECKOMY KOHTAKTY
(puc. 8, 6) B LeNOM WICHTHYHO paHee MPHUBEICHHBIM
rpadukam (puc. 7), OTIMYasiCh HECKOJIBKO MEHBIIHMH
3HaYeHMAMH. MeXy HIDKHIMH METJUTMYECKHMU KOH-
TaKTaMH HaOITIONAeTCsl CHIDKEHHE TUIOTHOCTH TOKa.

Jlns pa3pabaTeiBaeMOro CKOpOCTHOTO JAaTYHKa
NepeMeIleHns] BXHBIM TapaMeTpOM SIBIISETCS CKO-
POCTB OTKJIMKa OTJebpHOro nuofa. OHa onpenenser-
sl BpeMeHeM Jpeii(hoBOro MposieTa MEKTPOHa Yepes3
CTPYKTYpPY M HPSAMO IPONOPLHOHATBHA JUIHHE HpOo-
mgera L: t=L/v, tne v=pE — ckopocts mapeiipa
(E=U/d — HanpsuKeHHOCTH BIEKTPHYECKOTO MOIs).

[ToaBMXHOCTB IEKTPOHOB B KPEMHMH L IO PA3INY-
HBIM CIIPaBOYHBIM JAHHBIM COCTaBIISIET

0.14...0.19 M2/(B-¢).

U =300 B Bpemst Ha mpoJIET CTPYKTYPHI TOIIIUHON

Torma npu CMCHICHUN

d =350 MKM COCTaBHUT OKOJIO 2.7 HC, & TIPH TOJIIUHE
150 MM — B 2 pa3a MeHbIIIE.

TecrupoBanue rudpugnoro UK-npubopa Ha
6aze pin-mmHeiikn. Ilocie HM3rOTOBICHHS MAPTHH
JIUOJHBIX JINHEEK 0e3 KaHaBOK 0OpasIlbl MPOXOIUITH
TECTUPOBAHHE B COCTaBE THOPHIHOTO (DOTOMETEKTO-
pa: OImpemessUIoch BpeMsi HapacTaHHsS HMMITYIbCHOM
XapaKTEPUCTHKHU (JITTUTEITLHOCTh (PPOHTA) B COOTBET-
ctBun ¢ [OCT 11612.13-85. B atux m3mepeHnsx ¢o-
TOKaTofl MpuOopa OOIyJancsi CBETOBBIMH HMITYJIHCAMH
OT CBETOAMOAA C AMMHOW BONMHBI m3mydenust 1310 Hwm,
KOTOPBII pacrosarajcsi Ha pacCTOSHUAH | CM OT BXOIHO-
ro okHa mprOopa. CBETOAMOA MUTAICS OT TeHeparopa
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Puc. 8. PacnipesienieHre moTeHIMANA 110 CTPYKTYpe (@) ¥ TUIOTHOCTh TOKA B 00JaCTH KaHABKH () MIPH MPUIIOKEHHOM KO JHY
KaHaBKU HanpsokeHud 57 B. Tiny6una kanasku d = 200 MKM, paccTOsIHHE MEX/Y METAUINYECKUMH KOHTaKTaMu 60 MKM

Fig. 8. The potential distribution by structure (a) and current density in the groove region (6) with a voltage applied to the bottom
of the groove 57 V. The depth of the groove is d =200 um, the distance between the metal contacts is 60 pm
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I'5-56 umImynabcaMy HanpsbKEHHst OTPULIATENNBHOM Io-
nsipHOCTH amrumuTynor 3 B. Yacrora cinemoBanwms cBeto-
BBIX HUMITYJIbCOB COCTaBIsUIa 2 I'II, JUTMTENBHOCTh MM-
mysbca reHeparopa 10 HC, GpoHT U craj UMIyNbCa 1o
5 He. Yepes GaiuacTHoe conpotuBieHre Rg =25 I'Om
Ha (HOTOKaTo[ TONABATIOCH BBHICOKOE HaIpsDKEHHE
Ugpx = —2.6 KB OTHOCHTENILHO JIMHEHKH THOOB.

B skcniepumenTe pabovasi MOBEpXHOCTh (OTOKA-
TOJa HAmpOTHUB JAMONOB JMHEWKH OrpaHUYMBajach
mmadparMoit ¢ pazmepamu 2 X 25 MM, YCTaHOBICHHOM
HETIOCPEACTBEHHO Ha BXOAHOM OKHe. [Ipm mccremo-
BaHUM CHTHAJA KaXIOTO JHOAA OCTAIBHBIC OB
JMHENKHN 3a3eMJISUTUCh. PaccTosiHue MeXay dJieMeH-
TaMu cocTaBiisuio 60 MkM. Ha oOmwmid amekrpon iu-
HEHKHN OT MCTOYHHKA TMOCTOSHHOTO TOKA TONABAIOCh

HaIps>KECHNUE OTpPIIIaTeJ'ILHOﬁ MOJISIPHOCTH UZ[’ I10-

CTOSIHHBI TEeMHOBOH TOK B Lemu |, KOHTpOImpo-

b
BaJICSI MUKpOaMIepMeTpoM. Pexxum mnurTaHus i

Beex uonos coctapisn U, =-270 B, mpu s1oM,

Kak IoKa3aJl aHaJInu3, Bci CTPYKTypa Obuia o0eaHeHa.
OTO 3HAYCHUE HANPSDKCHHSA CMEIICHHS O0Ka3aloch
HECKOJIBKO HIDKE PacdeTHOTO LIS JAHHOW TONIIMHBI
aKTUBHOW oOnacth QoTtonpueMHuka. [IpuauHO# sB-
JsieTcs 00CyXKIaBIIeecs paHee 1e0aeBCKOE Pa3MbITHE
Kpasi o0macTé 0ObEMHOTO 3apsija, a TakKe Haludue
TG PY3MOHHBIX "XBOCTOB" OT CHIIbHOJICTHPOBAHHBIX
cioes, 3 dexkTuBHO yMeHbIapmux TommuHy O03.
OcumiiorpaMMa OTKJIMKA OJHOTO U3 JAMUOIOB Ha
umnyabcHeI curHan MK-cBertonmona mpencraBieHa
Ha puc. 9. CurHan nokasaH IOCJI€ BBIYMTAHHS I10-
Mex; nonoca yactot 150 MI'n, narpyska 50 Om. Kak
BUITHO, ()POHT PETUCTPUPYEMOTO CHTHAJIA OKOJIO 5 HC.
B nenoMm mno pe3ynpTaTaM UCCIEAOBaHUN MOpH

U, =-270 B na Bcex kananax npubopa JOCTUrHyTa

TpeOyemas IIUTeIbHOCTh (poHTa curHana (5...9 He).

U, ,MB

it

| | | | | | | |
~100 -80 —60 —40 —20 \j 20 40 60 80 t mc
2
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Puc. 9. OcummiorpaMma UMITYJIbCHOW XapaKTePHUCTHKA
OJHOrO PiN-auoaa JIMHEHKK

Fig. 9. Oscillogram of the impulse response of one pin-diode
of the strip

OTOT pe3ynbTaT AEMOHCTPUPYET, YTO Ha IEPBOM 3Ta-
e pa3paboTKu MOXKHO HE IPUMEHSATh YTOHCHHUE [CH-
TPaJILHOM YacTh (hOTONPHEMHHUKA, YTOOBI HE YCIIOXK-
HSTh TEXHOJOTHIO M3rOTOBICHUS mpubopa. Tem He
MeHee 0TpadoTKa KOMITIEKCA TEXHOIOTHIECKUX OIle-
panuii Mo NPenu3MOHHOMY YTOHEHHIO (DOTOIYBCTBH-
TenbHON obnactu npueMHnka MK-u3nyyenus ¢ yuetom
MPUBEJCHHBIX PacyeToB B JaJbHEHIIEM JacT BO3MOXK-
HOCTPH CYIIIECTBEHHO (J10 3 pa3) CHU3WUTH NPHKJIAIbIBA-
emoe paboyee cMelleHre U B 3 pa3a YBEJIHMYUTh OBICT-
poneiictBre (HOTONPHUEMHOM JIMHEHKH.

3akawdenue. /[ TuOpuAHOTO POTOMETEKTOPA
UK-u3nmydyenns, 4yBCTBUTEIIBHOTO B CIEKTPAIHHOM
nuamnasone 1...1.6 MM, pa3paboraHa jauHelka u3 12
KPEMHHEBBIX PIN-IHOMOB C YAEIbHBIM COMPOTHBIIE-
HUEeM 0a3bl KpucTamuia 3 KOM - cM. CHIBHOJIETHPO-
BaHHbIC HAHOpa3MepHbIe P*¥- u N**-ciou chopmupo-
BaHbI mUddy3ner 6opa u docdopa. Pazmepsr uys-
CTBUTEJILHOM obmactu JJIEMEHTA JMHEUKH
24 x 0.2 Mmm. B obnmactu 00beMHOTO 3apsiia CTPYKTY-
pBL popMUpyeTCs TAHYIIEE TMOJIe 33 CUET MPIIIOKEH-
HOTO 00paTHOIO HaNpPsDKEHHUS.

[IpoBenen 2D-pacuer pacnpeneneHuss KOHIICH-
Tpanuu CBOOOIHBIX HOCHUTEICH 3apsia U MOTCHITHaIa
B pin-ctpykrype. OrmpeneneHsl MHHAMAIbHBIC
HanpspKeHUs, 00ecneynBaloIue MMoJHOe OOeaHEHHe
i-closi, B TOM YHCIE Ui CIy4asl JOMOJHHUTEIbHO
c(hopMUpOBaHHON TPOJONBHON KaHABKH Pa3iMyHON
r1younsl. [TokazaHo, YTO pU BapbUPOBAHUH PACCTO-
SIHAS MEXIy MEeTaJUIMYeCKUMHU KoHTakTamu oT 40 110
80 MKM IOTEHLMAN B LEHTPE MEXY HUMH U3MEHSIETCS
ot —20 1o —40 B, a HanpPsSKEHHOCTH MEKTPHUUECKOTO
TIOJISI HE3HAYHUTENHHO MajaeT.

N3roroBneHHasi IWHEWKa TECTHpOBalIach B CO-
CTaBe TOTOBOTO THOPHIHOTO (POTORIECKTPOHHOTO
npudopa o0IydeHneM CBETOBHIMHA MUMITYIBCAMH IJTH-
TeapHOCTRIO 10 HC ot MK-cBeTommonma c¢ IMHOM
BonHbl 1310 HM. Beuietaromue ¢ MK-dortokatona
(OTOANEKTPOHBI YCKOPSITUCH 3a CUET MOAaYl Ha HETO
BBICOKOIO HampsbkeHus 2.6 kB oTHOCUTENBHO M-
HEWKHU pin-le/IOJIOB U JIETEKTUPOBAJINUCH OTACIbHBIMU
JMUOJIaMH JIMHEHKH. B mporecce MCIbITaHUH pUOOp

BBIZICpKal HampspDKEHUE J10 anc =-3.5kB, auonsl

CHOCOOHBI BBIACPKUBATH TOK B HMITyIIbce 150 MKA n
Oomnee. PesynbraTel nccnenoBaHui (hpoHTa UMITYITBC-
HOW XapaKTepHUCTHKH TTOKa3bIBAIOT, YTO O3 OIeparyu
YTOHEHMs NpHU HanpspkeHHH Ha 1uone —270 B Oputa
JOCTHTHYTa JUINTENBFHOCTD (D)pOHTA CHTHaja Ha BCeX
KaHaJax 5..9 HC, YTO YHOBIETBOpsIET TPEOOBAHMSM,
MPEIBSIBIIEMBIM K OBICTPOICHCTBYIOIIEMY ITO3UIIMOH-
HO-4yBCTBUTENbHOMY AaTunKy UK-n3mydenus.
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Abstract
Introduction. Metal oxide semiconductor sensors have many advantages. But their working temperature is
still high and their sensitivities are frequently low. In the current work, | present the results from investigation
of sensing ability of new kind of potentiometric solid state gas sensor.
Aim. The main goal of this work is investigation of the temperature dependence in the flow of air and in etha-
nol vapour mixture of the investigated junction structures. Also, we investigated at fixed temperature the de-
pendence of the thermoelectric force from the ethanol vapour concentration at possible low operation tem-
perature. For the structure, which shows the lowest operation temperature to ethanol vapour, we investigate
the ability to detect Pseudomonas putida suspension.
Materials and methods. In this work, the sensitivity to ethanol vapour and Pseudomonas putida suspension
were investigated by measuring the thermoelectric force (the voltage) appearing of the structures by standart
voltmeters.
Results. Two experimental installations for sensors have been developed. The first one is for detection of etha-
nol vapour by Zn0O/Zn0O:Cu, ZnO/Zn0:CuO, ZnO/ZnO:Fe junction structures. The second installation was for
Pseudomonas putida suspension detection in gas phase by ZnO/ZnO:Fe junction structure. We discovered that
Zn0O/ZnO:Fe structure, has the lowest operation temperature of 200 °C to ethanol vapour. For this structure,
the potential difference has a negative value and decreases with increasing the amount of the pulverized bacteria.
Conclusion. We discovered that ZnO/ZnO:Fe structure, has the lowest operation temperature of 200 °C. This
operation temperature is a bit higher than operation temperature of at which some very novel sensing struc-
tures shows the maximum sensitivity.
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Introduction. The basic principle of operation of
the solid state ethanol sensors are the changes of the
electricalproperties of ZnO layer under adsorption of
ethanol molecules on the ZnO surface. The interac-
tion of ethanol molecules with ZnO surface is inves-
tigated and understood quite well [1, 2]. Taking into
account very poor selectivity of ZnO gas sensors, the
molecules of ethanol gas could be used as a probe for
checking sensing properties of the ZnO gas sensors.

Different science groups have fabricated solid-
state ethanol sensors in the form of sensing film,
formed on alumina ceramic tube, different nanostruc-
tures on flat solid surfaces, different forms of chemo-

© Dimitrov D. Tz., 2019
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resistors, formed by pressing, powder of ZnO nano-
particles used for generated cataluminescence emis-
sion from catalytic ethanol oxidation on the surface.
The normal operation temperature of metal oxide
gas sensors is in general within the range between
200 and 500 °C, where conduction is electronic and
oxygen vacancies are doubly ionized. ZnO thin
films, one of the earliest discovered material for gas
sensing has been widely used to detect low-
concentration of gases, have drawbacks, for instance,
the working temperature is within the above range
and their sensitivities are frequently low [3].
Real-time detection of toxic gases by analytical
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equipments such as Fourier transform infrared spec-
troscopy, Gas chromatography, or mass spectrometers
is expensive and not practical mainly due to the bulky
size of the instruments. Metal oxide semiconductor
sensors have advantages of small size, low mass and
cost, good sensitivity at the ambient conditions, easy
processing and simplicity in fabrication [4, 5].

In the current work, | present the results from in-
vestigation of sensing ability of new kind of potenti-
ometric solid state gas sensors, which are having
nonlinear response towards the ethanol vapour con-
centration. In this work:

1. The sensing structures were constructed by
overlapping of pure ZnO and doped with Cu or Ga
nanostructured ZnO layers and their sensing proper-
ties investigated in the temperature range from 240 to
350 °C. By using thus constructed by us apparatus,
presented in detail here, we investigated first the
temperature dependence in the flow of air and in
ethanol vapour mixture. Second, we investigated at
fixed temperature the dependence of the thermoelec-
tric force (the potential difference) appearing on the
junctions from the ethanol vapour concentration [6].

2. Described the synthesis of ZnO/ZnO:CuO
structures in the form of overlapping layers of nan-
owires of pure and copper oxide doped zinc oxide.
The obtained structures were tested as a sensor to the
vapour of ethanol. Interaction of the obtained sensor
structures with vapour of ethanol is investigated by
measuring the potential difference between the layers
of pure and CuO modified ZnO nanowires in the
temperature range from 190 to 300 °C [7].

3. lvestigate the nostructured layers ZnO/ZnO:Fe
junctions, obtained by the sol-gel technology. The
best sensing performance was obtained for the struc-
ture with upper layer produced by two dip-coatings
in the sol containing 3 at. % of Fe into it in the tem-
perature range from 180 to 360 °C [8].

Taking into account that ZnO/ZnO:Fe junction
structures has significant sensitivity to ethanol va-
pour at lowest operation temperature and that during
sensing of ethanol, there is a chemical interaction
between oxygen of ethanol and zinc of ZnO:Fe thin
film [9] and the fact that leaching of Zn ions has a
minor influence on the antibacterial activity [10], we
concluded that ZnO/ZnO:Fe junction structures can
be used for detection of bacteria. We use an experi-
mental investigation of the sensing properties to-
wards Pseudomonas putida suspension of the
Zn0/ZnO:Fe junctions. The sensing properties of these
structures towards Pseudomonas putida suspension are

investigated in a newly constructed experimental set-up
for bacterial detection [11, 12]. Observed properties
depend on the relation of the concentration of charge
carriers into the top and the bottom layers of the sensing
junction and the nature of analyte.

Materials and methods. The main purpose of
this work is to check the sensing to traces of ethanol
vapour  of  different  junction structures
(Zn0O/Zn0:Cu,Ga, ZnO/ZnO:CuO, ZnO/ZnO:Fe).
After that the ZnO/ZnO:Fe structures, which shows
the best sensitivity at ethanol vapour at lowest opera-
tion temperature were tested in detection Pseudomo-
nas putida suspension.

1. Preparation of ZnO/Zn0O:Cu,Ga structures [6]. For
preparation of ZnO doped with Cu and Ga sol we
have used the following precursors:

Zn(CH3COO0), - 2H,0 and 2-methoxyethanol, both

from Fluka, monoethanolamine from Riedel-de-
Haen, Cu,(OAc),- 2H,0 from Sigma and Ga(lll)

chloride from Aldrich. Three different sols with con-
centration of Cu and Ga as 1, 3 and 5 at. % into it
were prepared. The nanostructured layers were de-
posited on alumina ceramic substrate (Rubalit®710)
with size 20x10x0.63 mm from CeramTec AG. The
precursors were mixed together in a round bottom
triple neck flask, stirred by magnetic stirrer for
15 min at room temperature and heated to 60 °C
while stirring for 1 h. The produced by the above
way sol was aged for 24 h. The process of producing
the structures including pure and doped with Cu and
Ga ZnO films consist of two stages, each including
of few steps. The first stage is preparation of thin film
of ZnO if we want the ZnO layer to be lower layer ofthe
structure and the second is preparing the doped layer by
earlier prepared solutions with different content of Cu
and Ga, when we want the doped layer to be on the top
of the structure. The process of producing pure ZnO
thin films consists of the following steps:

a) deposition of the sol on ceramic substrate Ru-
balit®710 by means of dip-coating method;

b) different numbers of dip-coating cycles of the
substrate into the sol until obtaining the desirable
thickness of the films;

¢) drying and annealing of the films.

After each dipping procedure the films were dry-
ing at 80 °C for 30 min and then dipped again into
the sol until the desirable thickness was obtained.
The final calcination of a film is carried out at
500 °C for 60 min, followed by cooling down in the
air at the room temperature. ZnO films doped with
Cu or Ga were prepared by the same procedure, us-
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ing different amounts (1, 3 or 5 at. %) of the dopants:
Cup(OAc), - 4H,0 (Sigma), or Ga(Ill)Clz (Al-

drich). Different samples with different numbers of
dip-coating cycles in the sol and different construc-
tions were produced. The structures ZnO/ZnO:Cu or
Ga, in which pure ZnO as a bottom layer was over-
lapped by the upper part with doped ZnO, and vise
versa. The area of the overlap between the lower and

upper layers were kept ~ 80 mm?.

2. Preparation of ZnO/ZnO:CuO nanowires struc-
tures [7]. The synthesis of ZnO nanowires on a solid
substrate consisted of two stages, namely, the
deposition of a layer of nuclei and nanowire growth. A

layer of nuclei was applied from a Zn(CH3COO)2

solution with a concentration of 5 mmol/L by
centrifuging (KW-4A (Chemat Technology Inc.)
centrifuge) at a speed of 900 rpm for 10 s and at a
speed of 2200 rpm for 20 s followed by air drying.
This operation was repeated five times to prepare a
layer of ZnO nuclei that can be used for nanowire
growth. The substrate was then washed, dried, and
annealed at 320 °C for 20 min. The entire process of
creating nuclei on a substrate was repeated two times,
and the substrate with an applied layer of nuclei was
washed with distilled water and dried in air.
Nanowires were then grown on these substrates from

precursor  solutions. Solutions Zn(NO3), 6H,0

(Sigma_Aldrich,  purum  p.a.>99.0%) and
metheneamine (Merck, purum p.a. > 99.5 %) with a
concentration of 50 mmol/L were mixed in the same
volumes immediately before the beginning of each
growth cycle. The final concentration of each reagent
in the precursor solution was 25 mmol/L. Samples
were vertically placed in the solution and held at
87 °C for 3 h. The substrates were then removed
from the solution, washed with distilled water, and
located in an as-prepared precursor solution. The
growth process was repeated eight times. The
prepared layers of zinc oxide nanowires were washed
with acetone and distilled water and then dried in air.

For our investigation, it was necessary to form a layer
of pure ZnO nanowires that is overlapped with a layer of
CuO-doped ZnO nanowires. Such samples were prepared
by the immersion of a layer of nanowires to two-thirds of

their length into a Cu(NOg),3H,0 solution (Valerus,

purum p.a.>99.0 %) with a concentration of 10 mmol/L.
The samples were dried at 75 °C for 10 min in air, and the
process of immersion was repeated two, four, or six times
to grow modified layers with various CuO concentrations.
The samples were annealed at 300 °C for 10 min.

3. Preparation of ZnO/ZnO:Fe structures [8, 12].
Zinc acetate dehydrate [Zn(CH3COO)2-H20],

2-methoxyethanol, mono-ethanolamine (MEA) and iron
nitrate hydrate, | Fe(NO3),-9H,O | were purchased

from Fluka. Ceramic substrates Rubalit®710
(20x10x0.63 mm and 25x15x0.63 mm) were
purchased from CeramTec AG and were used as
supports for the films. Nanostructured ZnO:Fe thin
films were formed on a ceramic substrate via dip-coating
technique from sol. The sol was prepared by dissolving

Zn(CH4CO0),-2H,0 and  Fe(NO3), 9H,0 in

2-methoxyethanol, to which a weak base MEA was
subsequently added. The junctions, composed by two
plane-parallel nanostructured thin film electrodes, were
prepared as described below. The 2/3 of the entire area of
the substrate Rubalit®710 was coveredfirstly by layer of
pure ZnO, produced by three dip-coatings. Then, the
same area on the opposite end of the sample was covered
by ZnO layer doped with Fe. The overlapping area

between the lowerand upper layers is kept ~80 mm?

for all samples for etanol detection and ~125 mm? for
bacteria detection. The sample swere produced with
different thickness of the top layer by varyingthe number
of dip-coatings. The films were dried at 80 °C for 30 min
after each successive coating. Finally, when the desired
thickness ofthe layer was reached, the sensing junction
structure was annealed at 500 °C for 60 min.

Response of the investigated structure to ethanol
vapour. Test equipment. In the current work different
sensing junction structures were tested by means of
novel in-house made experimental setup specially de-
signed for investigating the temperature dependence of
the potential difference of the different junction struc-
tures in the continuous air flow and the changes in the
value of the potential difference when these structures
are exposed to mixture of vapour of ethanol with air
flow. The scheme of this equipment is shown on Fig. 1
[6] (1, 2 — gas cylinders with technical air; 3, 4 — securi-
ty air locks; 5 — flowmeter for measuring the tiny gas
flows (ethanol vapour flow); 6 — flowmeter for measur-
ing the air flow; 7, 8 — drexels with silicagel; 9 — drexel
with ethanol; 10 — threefold gas mixer; 11 — aluminium
head of the quartz tube; 12 — voltmeter for measuring
the potential difference between the overlapped layers;
13 — metal stick, carrying the ceramic sample holder; 14
— quartz tube; 15 — ceramic holder with the sample;
16, 17 — metal pressing-point electrodes, making Ohmic
contacts with the sample; 18 — tube heater; 19 — outlet
drexel with glycerin [6]).
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Fig. 1. Scheme of experimental setup

As it can be seen from Fig. 1, by the use of the
above measuring equipment we were able to measure
the thermoelectric potential difference, AU, appear-
ing between the overlapped two parts of the investi-
gated structures. The electric circuit is formed be-

tween two overlapped at 80 mm? pure and doped
with Cu or Ga ZnO layers (ZnO/ZnO:Cu,Ga), pure
and doped with CuO layers of nanowires ZnO
(ZnO/Zn0:Cu0), pure and doped with Fe layers of
Zn0 (ZnO/ZnO:Fe). At the end of the upper and lower
layers of the sensing junction, at about 1...2 mm from
the point of the overlap, two point needled electrodes
16, 17, made from stainless steel are pressing on the
layers, making Ohmic contacts of the metal to the
semiconductor. The needle electrode, connected to
the lower layer is attached to the metal stick, carrying
the ceramic sample holder. The ceramic holder is
connected to the aluminum head of the quartz tube,
from where a connector is going to the common
input of the voltmeter 12.

The other needle electrode, connected to the up-
per layer is connected through isolated thermo resis-
tive wire to the other input of the same Voltmeter. By
this way, voltmeter 12 is connected to the both wires,
coming from the sample and measures the potential
difference between the overlapped two layers of the
sensing structure.

The ceramic holder 15, together with sample at-
tached by pressing with two metal electrodes is
placed onto the quartz tube 14. The tube heater 18 is
used for heating quartz tube together with the sam-

ple. The tube heater is supplied by its own power
supply, which allows slowly changing of the temper-
ature. After the desired value of the temperature was
reached, it was kept stable by means of Voltage Sta-
bilized (not shown on Fig. 1). The temperature was
measured by standard thermocouple Chromel-
Alumel, connected to other Voltmeter. Mixing of the
flows of the ethanol vapour with dry air provides the
particular ethanol concentration. The flowing of air
for ethanol and dry gas lines are provided by stand-
ard bottles of dry air under high pressure 1, 2, with
standard reducing valves on each. From the bottles of
air, flows goes through security air locks. Air locks
are connected to the flowmeters 5, 6, which needles’
valves allows regulation of the air flows very pre-
cisely. After this, the flows goes through two Drexels
with silicagel 7, 8 for filtration and additional drying
of the air. After that, the tiny gas flow goes into the
Drexel with ethanol 9, where the air is saturated with
ethanol vapour. These two flows, the dry air and the
saturated with ethanol vapour air flow, were mixed
by three-fold gas mixer 10. After mixing, the result-
ing flow with certain known concentration of ethanol
vapour goes into the quartz tube and gets into contact
with the sample. For preventing an outside flow into
the experimental system, at the output the gas mix-
ture goes through Drexel with glycerin.

Results and discussions. 1. Temperature depend-
ence of the potential difference of obtained
Zn0/ZnO:Cu junctions in air flow and in the flow of
mixture of air with ethanol vapour with concentra-
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tion of 1500 ppm. For each of the samples the tem-
perature dependence of the potential difference in air
flow and in 1500 ppm concentration of ethanol va-
pour was investigated. The 1500 ppm concentration
was produced by the mixing of flow of air and flow
of saturated ethanol vapour.

Temperature dependence of the potential difference
in the air and in the flow of mixture of ethanol vapou
with air having concentration 1500 ppm for different
Zn0O/ZnO:Cu structures, upper layers of which is pro-
duced by certain number of dip-coating cycles into the
having 3 at. % Cu sol is shown on Fig. 2 [6].

How it can be seen from Fig. 2, a, b, the behav-
ior of the potential difference in the air flow with
increasing the temperature is completely different for
the samples with the top layer produced by two and
three coating cycles into the Cu contained sol. In the
case of upper layer produced by two dip-coating
cycles the potential difference firstly increases with
the temperature up to the value of about 2.35 mV at
290 °C and then decrease down to the value of about
1.5mV at 303 °C (Fig. 2, a).

With increasing the temperature two processes
are happening into the upper ZnO layer, which are
account for observed on Fig. 2, a results:

1) because ZnO is an n-type semiconductor ma-
terial, its resistance will decrease with increasing
temperature because more electron-hole pairs are
generated. Because of the electron-hole pairs genera-

tion, the thermoelectric coefficient o of the upper

layer of the investigated structure is getting more
negative value. That leads to the increase of the total
potential difference as positive value;

2) oxygen ionosorption removes the conduction
electrons from conduction band of ZnO and by this
way increases its resistance. At temperatures fewer
than 150 °C, the molecular species dominate, while

AU, mV,

N PN

250 260 270

a

280 290 300 t,°C

above this temperature the atomic species dominate,
which can allow capturing one or two electrons from
conduction band of ZnO with increasing of the tem-
perature [13].

If we neglect the dependence of the Seebeck coef-
ficient o on the temperature, the resulting expression
for the potential difference AU takes the form [14]:

AU =AU; — AU = (oot —0top At

Because of this process the thermoelectric coef-
ficient oy, of upper layer is getting less negative

value, which will make the total potential difference
to decrease as positive value as can be considered
from the formula. The observed on Fig. 2, a trend of
the changing the total potential difference in the case
of ZnO/ZnO:Cu structure, with upper layer produced
by two dip-coatings cycles into the sol, containing
3at. % Cu is a result of these two processes. The

ayop Of upper layer is increased as a negative value,

up the temperature of 290 °C, because up to that
temperature the generation of charge carriers in this
layer more strongly affects the total potential differ-
ence of the sensing structure than the depletion layer,
caused by the oxygen ionosorption on the surface of
the overlap. As it can be seen, due to the dependence
of the potential difference from the temperature in
the atmosphere, the total potential difference is in-
creasing up to 290 °C and is decreasing after that
(Fig. 2, ).

The potential difference in the air flow has zero
value up to 277 °C when the top layer is produced by
three dip-coatings into the sol, after which gradually
decreases as negative value down to —1.85 mV at the
temperature 345 °C (Fig. 2, b). The reason for this
could be understood by taking again into account

formula. It could be seen that because of both ot

AU, mV,

330

t,°C
-2
b

Fig. 2. Temperature dependence of the potential difference for ZnO/ZnO:Cu structures, with upper layer produced from the zol

containing 3 at. % Cu by: a — two dip-coating cycles; where: m —

at the air, @ — at ethanol vapour with concentration 1500 ppm;

b — by three dip-coating cycles where A— at the air, ¥ — at ethanol vapour with concentration 1500 ppm [6].
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and ayop being negative, with the temperature in-

creasing, the potential difference will be getting more
negative value. This is possible when the thermoelec-
tric coefficient oo of down layer has larger nega-

tive value than the thermoelectric coefficient g, Of

upper layer, and the latest having not such a big neg-
ative value. The observed gradual increase of the
potential difference as negative value could be hap-
pening when increasing the temperature leads to the
electron-hole pair generation in the lower layer and
has more pronounced effect than generation of elec-
tron-hole pairs in the upper layer. The thermoelectric

coefficient aygp of upper layer won’t have so nega-

tive value, and we will have small value of negative
total potential difference, which will get more nega-
tive along with increasing the temperature, because it
is determined mainly by the thermoelectric coeffi-

cient aypo of the down layer. This probably is relat-

ed to the increase degree of crystallization with in-
creasing the size of the particles of the top film with
increasing the number of coatings (Fig. 2, b), which
was proven in one of our previous work [15]. The
increased degree of crystallization will reduce the
number of point defects, which are the main source
of electrons into ZnO and by this will make the
above mentioned effect of Cu doping more pro-
nounced in the reduction of the number of electrons
generated into the top layer.

2. Ethanol vapour concentration dependence of
Zn0/ZnO:Cu junction structures. At the temperature
at which each of the samples has the maximum value
of the sensitivity, the dependence of the potential
difference on the concentration of ethanol vapour
was investigated. The dependence of the potential
difference on the ethanol concentration for the sam-
ples with the different number of dip-coating cycles,

at the temperature where the sensitivity of the sam-
ples has the maximum value, is shown on Fig. 3 [7].
Measuring the ethanol concentration dependence
of the samples at t=306+2°C and at t =300+ 2 °C
is done for the samples with upper layer produced by
two and three dip-coating cycles, respectively.
Results for both of the samples show that no
matter of the numbers of dip-coating cycles, with
each upper layer is produced, the potential difference
increases nonlinearly as a function of ethanol con-
centration. The concentration of electrons nyq; in the

layer on the bottom of the sensing structure doesn’t
change during the ethanol detection at constant tem-
perature. However, during the interaction with etha-
nol, due to the transfer of electrons between the ad-
sorbed on the ZnO surface oxygen ions, attracted are
one or two electrons from the conduction band of

Zn0O. The concentration of electrons ny,y in the top

layer of sensing structure (doped with Cu ZnO) will
change. Those oxygen ions interact with ethanol
molecules, and return back captured one or two elec-
tron into the conduction band of ZnO, and that leads

to increasing of the concentration of electrons nyg,

in the top layer of sensing structure. This will give
the nonlinear trend of the change of the total poten-
tial difference AU with the change of the concentra-
tion of ethanol vapour. It can be seen that with in-
creasing the concentration of ethanol, the potential
difference is increasing nonlinearly and for the sam-
ple, having upper layer produced by 3 dip-coating
cycles, increasing is much more. In both of the cases
increasing comes to saturation and for two dip coat-
ing cycles sample, saturation comes early, even
thought the sensitivity is less.

3. Temperature dependence of the potential differ-
ence of obtained ZnO/ZnO:CuO nanowires junctions
in air flow and in the flow of mixture of air with etha-

AU, mV, AU, mV
5 —
6 41—
3 -
4
2 -
2im 1=
0 | | |
| | | 1000 2000 3000 n, ppm
0 1000 2000 3000 n,ppm -1
a b

Fig. 3. Ethanol concentration dependence of the potential difference for ZnO/ZnO:Cu structures, produce

d by dip-coatings into

having 3 at. % Cu in the case of upper layer produced by: a — two dip-coating cycles; b — three dip-coating cycles
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ethanol vapor concentration (e, m), produced by 4 u 6

immersions in the solution of Cu(N03)2
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nol vapour with concentration of 1000 ppm. Sensor
structures with various CuO contents were studied at
various detection temperatures and ethanol vapor
concentrations using a device, shown on Fig. 1.

The temperature dependence of the potential dif-
ference of nanowire samples ZnO/ZnO:CuO in air
and in ethanol vapors at a concentration of 1000 ppm
is shown in Fig. 4 [7].

As is seen from Fig. 4, the potential difference
between the nanowires of pure and CuO-modified
zinc oxide increases with the number of immersions
for the nanowire layers formed at 4 and 6 immer-

sions in the Cu(N03)2 solution. This phenomenon

is caused by the fact that, as the number of immer-
sions increases, a large quantity of ZnO dissolves and
then crystallizes in the form of flower-like island
structures. The conditions of crystallization of these
structures are far from equilibrium; therefore, they
contain many defects, including oxygen vacancies
and Zn interstitial atoms. As a result, the modulus of

thermoelectric coefficient o, (which has a nega-

tive value) of the CuO-doped ZnO nanowire layers
in the structures under study increases, which favors
an increase in the total potential difference (positive
value). In the case of the structure formed upon
four immersions, the potential difference in air
changes nonlinearly, whereas the potential difference
in the case of six immersions changes linearly with
temperature.

The linear behavior is explained by the fact that
ZnO is an n-type semiconductor, and its resistance
decreases with increasing temperature because of the
generation of additional electron—hole pairs. As a
result of the generation of electron—hole pairs, ther-

moelectric coefficient oop of the modified layer in
the structure under study becomes high in modulus

(it is a negative value), which leads to an increase in
the total potential difference as a positive quantity
(see Fig. 4).

The nonlinear character of the temperature de-
pendence of the potential difference in the case of
four immersions in the sol is caused by the fact that
the crystal structure of the ZnO nanowire layer has a
small number of point defects because of a small
amount of recrystallized ZnO. When the number of
defects is small, the concentration of electrons,
which are the main charge carriers in ZnQO, is also
rather low. In this case, the thickness of a depleted
charge region is larger as compared to the structure
formed upon six immersions. This feature causes a
stronger modulation of thermoelectric coefficient

atep Of the modified layer because of oxygen ion

sorption, which increases the resistance of ZnO [16].
Because of oxygen ion sorption, thermoelectric coef-

ficient aop of the modified layer becomes lower in

modulus (it is still negative), which causes a decrease
in the potential difference as a positive quantity and
leads to a nonlinear increase in the potential differ-
ence with temperature of the sample formed upon
four immersions.

In both cases, however, the potential difference
increases in ethanol vapors, since the electrons trapped
during oxygen ion sorption on the surface return to the
conduction band of ZnO during the interaction of ion
sorbed oxygen with ethanol molecules and, hence,
increase the electron concentration in the upper layer.

In this case, thermoelectric coefficient oo, of the

modified layer in the structure under study becomes a
more negative quantity and, hence, increases the po-
tential difference as a positive quantity.

It is seen from the temperature dependence of the
measured potential difference that the response of the
Zn0O/ZnO:CuO nanostructures formed upon four
immersions under the action of ethanol vapors is
significantly higher than in the case of six immer-
sions in the Cu(NOg3), solution. This result can be

related to the CuO content in the samples. Being a p-
type semiconductor, CuO adsorbs the molecules
having unpaired electrons, such as ethanol and mo-
lecular oxygen, and interacts with their unshared
electron pairs [17]. After such molecules are ad-
sorbed by the ZnO surface (where ion-sorbed oxygen
is inevitably present), the reaction that increases the
sensitivity of the structure formed upon four immer-
sions in the solution takes place. As the number of
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immersions increases, the quantity of dissolved and
recrystallized ZnO increases along with increasing
localization of active molecules on the ZnO surface.
As a result, the sensitivity of the structure decreases,
since the increase in the number of electrons in ZnO
that is induced by an increase in the fraction of ZnO
containing a large number of point defects leads to a
decrease in the Debye length and, hence, to a smaller
modulation of the measured potential difference.

4. Ethanol vapour concentration dependence of
Zn0/Zn0:CuO junction structures. The potential differ-
ence of the structures under study as a function of the
ethanol vapour concentration is also of interest. This
dependence is related to the change in the charge transfer
caused by the interaction of various numbers of ethanol
molecules with the surface of the modified layer in the
structures. Some results are presented in Fig. 5 [7], where
the ethanol vapor concentration is varied from 0 to 3500
ppm at a working temperature t =268 + 2 °C.

It is seen that the sensitivity of the structure of
Zn0/Zn0O:CuO nanowires formed upon four immer-

sions in the Cu(NOg), solution is higher than that of

the structure of ZnO/ZnO:CuO nanowires formed upon
six immersions in the Cu(NOgz), solution according

to the causes described above. However irrespective of
the technological conditions of structure formation, the
sensitivities of the prepared sensor structures have a
nonlinear dependence on the ethanol vapor concentra-
tion, which is promising for designing high-sensitivity
sensors operating at low temperatures.

Obviously, the potential difference increases no-
ticeably as the ethanol vapor concentration in an air
flow increases, which provides the sensitivity of the
grown ZnO films to organic molecules. The response
of this sensor to ethanol is potentiometric and charac-
terized by a nonlinear dependence of the potential
difference on the concentration, according to the

AU, mV,
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Fig. 5. Ethanol concentration dependence for the structure
Zn0/Zn0O:CuO (A) 4 immersions in solution of Cu(NO3 )2 ;

(w) 6 immersions in solution of Cu(NO3)2 at detection
temperature of 268 + 2 °C

Nernst equation [18]. A change in the CuO concen-
tration in the modified layer also substantially affects
the functional properties of the formed structures.

5. Temperature dependence of the potential dif-
ference ofobtained ZnO/ZnO:Fe junctions in air flow
and in the flow of mixture of air with ethanol vapour
with concentration of 1000 ppm. Temperature de-
pendence of the of thermo-electromotive force
(EMF) (the potential difference) in the air and under
1000 ppm ethanol vapour exposure for ZnO/Zn0O:Fe
structures having different thickness and morphology
of the ZnO:Fe layer is investigated in order to find
out the lowest operation temperature with maximum
sensitivity (shown in Fig. 6 [8]).

From Fig. 6 it can be seen that the temperature de-
pendence of EMF at the atmosphere for the structure
Zn0/Zn0O:Fe, produced by two dip-coatings of the upper
layer in Fe modified sol have the value of AU =-8.5 mV
at the temperature of 190 °C. With increasing the tem-
perature, the potential difference is also increasing, pass-
ing through AU = 0 at the temperature of 240 °C and
reaching the value of AU = 9.5 mV at the temperature of
t=295°C (Fig. 6). When the upper layer of
Zn0/ZnO:Fe structure is produced by three dip-coatings
in the Fe modified sol, AU = 0 at the temperature of t =
190 °C. With increasing the temperature, potential differ-
ence increasing almost linearly, reaching the value of
AU =1325mV at temperature of 350 °C (Fig. 6). It is
interesting to note that no mater of number of dip-
coatings of the upper layer of the structures, the potential
difference of both structures becomes equal to the value
AU =35 mV at the temperature of t = 255 °C. After that
the temperature dependence of the potential difference
goes almost linearly and very close for both structures.

Under exposure of ethanol vapours within the the
potential difference always increase with the increas-

AU, mV,
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Fig. 6. Temperature dependence of the potential difference for
Zn0O/ZnO:Fe structures with upper layer produced by dip -
coating into 3 at. % Fe contained sol by means of: m, ® —two
dip-coatings in the sol; A, V¥ — three dip-coatings in the sol,
in the air (m, A) and under 1000 ppm ethanol vapour
exposure (e, V), respectively

o
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Fig. 7. Ethanol concentration dependence at t =200 °C for the
Zn0O/ZnO:Fe structures with upper layer produced by dip-
coating in the sol, containing 3 at. % for the case of : m —two
dip-coatings in the sol ; A — three dip-coatings in the sol

ing of the temperature (Fig. 6). The reason for this is
the charge transfer because of the interaction be-
tween oxygen of ethanol and zinc cation from inter-
stitial site into the Fe—ZnO thin film. We have meas-
ured the potential difference of the ZnO/ZnO:Fe
structures at operation temperature of 200 °C as
function of ethanol vapour concentration. The results
are shown in Fig. 7 [8].

As could be seen for the for the ZnO/ZnO:Fe
structure with upper layer produced by two dip-
coatings in the sol, the measured by us potential
difference has negative value over the all of the in-
vestigated range of ethanol vapour concentrations
and changing from —6.6 mV in the air up to —2.4 mV
at the concentration of ethanol vapour 3000 ppm

I Thermometer |

(Fig. 7). When the upper layer of the ZnO/ZnO:Fe
structure is produced by three dip-coatings in the sol,
the measured by us potential difference has positive
value over the all of the investigated temperature
range and changing from 0.9 mV in the air up to
2.8 mV at the concentration of ethanol vapour
3000 ppm (Fig. 7). However, the measured by us
potential difference is reaching the saturation value at
about 2000 ppm in of the both cases.

Response of ZnO/ZnO:Fe structure to bacte-
rial suspension. 1. Experimental installation for
bacteria detection. Pseudomonas putida is used as a
surrogate of the pathogen Pseudomonas aeruginosa,
which often causes nosocomial infections. In the
present paper we try to produce a biosensor for
detection of pathogenic bacteria transmitted by air.
That is why we did not test E.coli, which is an
inhabitant of polluted water.

In order to investigate the sensing properties
towards bacteria we have constructed the experimental
installation, shown in Fig. 8. All of the blocks used to
construct this apparatus are situated at atmospheric
pressure into the same thermostatic chamber from
polymethylmetacrylate, shown in Fig. 8 [11].

The electronic devices are situated out from this
box. This constructive solution has he following
advantages: one electronic thermoregulator is used to
regulate automatically the temperature of all the

blocks included inside the box, not only of
Voltage Digital
repeater voltmeter

Heat s . f ) Sensing
Pump exchanger a\t/légztellon Pulverizer Separator junction Outlet
L ) structure
Suspension
of bacteria
N—
Thermo Heat Temperature
sensor eater controller
Thermostatic chamber
[ Electronic )
temperature
regulator

Fig. 8. Experimental installation for bacterial detection
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investigated sensing device. By this way there is no
reason other devices to be kept at constant
temperature and the accuracy of maintaining the
temperature of the sensor system is increased.

As it is mention above, the thermostat is
constructed from polymethyl metacrylate. The
thermostatic chamber is formed from plates with the
thickness of about 10 mm. By this way the area of the
box is better thermo-isolated from surrounding
environment than if the box was constructed by other
thermo-isolated materials. In addition of that
polymethylmetacrylate allows to control all of
occurred processes and it is much stronger in
comparison with glass and other transparent materials.

The main part of the apparatus is built on
modular principle, which makes its service and repair
easy and convenience in modification if nessasary.
The functional blocks (modules) following the line
of carrier-gas are shown in Fig. 8:

1) the heat exchanger for incoming gas coming
from the pump is made in form of copper spiral in
order to increase the exchange of heat between the
heater and environment by equalization of the
temperature of incoming gas flow and stated at the
thermostat;

2) the glass G20 saturation vessel is Drexel
bottle, having a NS35 polishing on the neck and
porosity G1 of the glass bubbler. The purpose of this
facility is preliminarily saturation of the carrier gas
with water vapour for preventing the bacteria in the
aerosol from drying. It can also be used for
introducing some substance into the carrier gas;

3) the pulverizer is made from non-corrosive
materials, such as stainless  steel 314,
Polytetrafluoroethylene (Teflon, PTFE) and glass in
order to avoid its interaction with working fluids. It
is used for dispersion of bacterial suspension into
aerosol condition;

4) the separator is made of G20 glass/Pyrex. It is
used for removal of large droplets from the aerosol. The
aerosol becomes more dispersive and with higher
degree of refinement after passing through the
separator;

5) well dispersed aerosol interacts with the
sensing junction structure and the alterations are
monitored by the electronic device. The system for
the electrical measurement of experimental set-up
includes a digital voltmeter. It has six decimal
positions on the screen of display with voltage ranges

of 0.1 V with accuracy of 1 pV up to 1-103V with
accuracy of 1 mV. The coverage of internal resistance

is R >2.10°°Q at the ranges of 1V & 10V, and

Ri >2.10°Q at range of 0.1 V, both of it at direct

current. This device has the port for connection with
computer and possible distance control. The total
description of protocol is reviewed at detailed
technical documentation of the device. To increase
the input resistance, the complete set of the device
included voltage repeater, allowing increasing of R;

up to 10*3. The repeater is constructed on the basis of
the integral schemes and can be considered as
independent unit having an own power supply.

The principle of operation of the electronic
temperature regulator shown on Fig. 8, is shown
more detailed in Fig. 9 [11].

From there can be seen it consists of Thermo
sensor, Heater and Temperature controller. The
circulation of air into the thermostat is promoted by
small noiseless ventilator, shown on Fig. 9 and
covered with a protective cowling. A heater and a
circuit-breaker against accidental overheating are
also placed into the thermostat. The electronic
temperature controller consists of a semiconductor
resistance type thermo sensor. It has a cover from
stainless steel and copper tip for a good thermal
contact with the surrounding environment. The
sensor cover is hermetic in order to protect it from
accidental effect of harsh exposures.

Regulating the temperature is conducted by heat
exchanger, operating on analogous comparison of
incoming order and suitably multiplied signal from
the temperature sensor. The comparator is a standard
integral circuit brand p723 in corresponding special
scheme connection. The order is formed by means of
multiturn (helical) potentiometer; the amplification
device is combination of part of integral circuit brand
part u723, combined with relay output. The heating
element has a power of 300 W. It possesses very low
own weight and insignificant heat capacity as well.

I | Incoming air
Temperature l
controller
—pt| Ventilator_[ | Heater excHhe;r:ge >
*Therm.ostated
[ Thermostatic chamber ar

Fig. 9. The temperature regulation into the thermostatic chamber

102 From Gas Sensors to Detection of Etanol Vapour to Sensor of Bacteria Detection



U3Bectus By30oB Poccun. Pagnosnekrponnka. 2019. T. 22, Ne 5. C. 93-106
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 93-106

The last property is necessary for increasing stability
of temperature regulation against oscillation after
achieving the steady regime.

The holder of the sensing structure is made of
materials with high resistance to the working fluids
(Fig. 10, 1 — BNC (Bayonet Neill-Concelman)
connector; 2 — Bacterial aerosol; 3 — Sensing junction
structure; 4 — Beryllium brass springs; 5 — PTFE table;
6 — Holder stage [8]): stainless steel 314, PTFE,
silicon rubber, oxigenized aluminium, brass, Pyrex
glass. The electrical connection of sensing structure is
realized by BNC cable 1. The sprayed aerosol 2 is
deposited directly on the sensing structure 3. To avoid
formation of continuous liquid layer on the sample
surface, the flow of the extra liquid down from the
sample is ensured. The electric contacts to the sensing
structure are in the form of needles. They are made of
gilded phosphoric bronze (beryllium bronze). Their
pressing with suitable force on the sample surface is
realized by two Beryllium Brass springs 4. The force
with which they are pressed on the sample must be
strong enough to deform locally the crystal structure
of ZnO. This is necessary in order to make different
point defects, which perform the Ohmic electrical
contacts to ZnO layer. But the force must be not too
strong to make the pin holes and to lose electrical
connection with the sensing structure. The
construction and materials are chosen with high
insulation resistance in order to minimize the leakage
currents outside from the sensing structure.

The discharge system is designed in order to
bring the aerosol out from working area for
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Fig. 10. Holder of the sensing junction structure

conceivable disposal. The materials used in
construction of this part of the installation are
silicone rubber and Pyrex glass. From preventing the
outside flow into the experimental system at the
output the gas mixture goes out through Drexel bottle
filled with Glycerin.

All the building blocks of the experimental set
up, which are exposed to the aerosol, can withstand
potentially harmful materials and are also resistant to
heat sterilization. Because of these considerations as
well as taking into account that the system should be
transported without difficulties, all of the details
which could be exposed to dangerous species are
built up as detachable units into a small box made
from polymethylmetacrylate.

2. Microorganisms. Microorganisms and Cell
Cultures (NBIMCC) and is referred as ATCC 12633.
It was cultivated in two types of nutrient media: the
rich natural one and the poor synthetic medium ISO
12072. The bacterial culture for experiments with the
biosensor was prepared from frozen at —15 °C for
24 h. Pseudomonas putida culture stored in
Eppendorf tubes with glycerol, having density of

108 cFucm= (CFU — colony-forming unit). The
fresh culture was obtained after 24 h cultivation on
rich liquid 1SO10712 medium at 23...25 °C and three
sub-cultivation procedures in liquid pretest medium
described also in the same standard 1SO10712. After
the third sub-cultivation the cells were washed three
times with deionized water to remove all ions from the
culture medium. As the Pseudomonas putida is usual
both air and water inhabitant, it could grow and
multiply in drinking water. In deionized water the cells
could survive up to a month. That is the reason that
makes necessary the determination of the live bacterial
guantity by means of cultivation methods every time
in the day of experiment with the biosensor.

The bacterial suspension in an exponential
growth phase (12...18 h) was centrifuged after the
third subcultivation in poor synthetic medium at
10 000 rpm for 20 min, the water was decanted and
the bacterial pellet was suspended in deionized water.
The same wash was repeated 3 times in order to
remove all ions from the bacterial cells. The bacterial
pellet was kept at 4 °C in 100 pL deionized water.
Then at the day of the experiment immediately
tenfold dilution was prepared in deionized water,
inoculated and cultivated on the rich medium to
determine the quantity of survived bacteria. Several
dilutions of bacteria were used for the measurements
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of ZnO/ZnO:Fe thin films sensitivity as a function of
bacteria amount.

3. Experimental investigation for bacteria detec-
tion as a function of bacteria amount. For
investigating sensing properties of Zn0O/ZnO:Fe
junction structures to bacteria the thermoelectric
potential difference is measured at constant
temperature (37 °C) under exposure to air, pulverized
water, and pulverized Pseudomonas putida
suspension. The temperature of the experiment was
chosen as intermediate between the most suitable
temperature for bacteria to survive and the existing
of big enough for detecting potential difference at
our sensing structure. The aseptic standards are
maintained as all operations are performed in the
laminar Bio-hood, which provides a sterile
atmosphere. The quantity of live bacteria was
determined on nutrient agar medium and every time
the purity of the culture was checked by microscope
before the experiment with the biosensor. The
electrical measurement is performed at least one hour
after turning the equipment on. This time was enough
for warming up the equipment and stabilization of
voltage values on the screen of the potential
difference measuring device and the temperature in
the box as well. It is established that the response of
Zn0/ZnO:Fe junction structures to water vapor is
insignificant in comparison to the bacteria’s
response. In addition of that the amplitude and half-
width of the peaks are much smaller in comparison
with those under bacterial suspension exposure. It
should also be mentioned that both the response and
the recovery time in the case of bacterial detection
are much slower than in the case of water vapor
exposure. Some of the most representative results of
alteration of the potential difference under exposure
of different amount of Pseudomonas putida
suspension are shown in Fig. 11. The response of
different ZnO/ZnO:Fe junction structures having
upper (working) layer produced by: three dip-coating
cycles into Fe modified sol (upper part); two dip-
coating cycles into Fe modified sol (lower part);
under exposure of bacterial suspension of Pseudo-
monas putida (the amount of bacteria is 60, 150,
157 CFU for volume bacterial suspension of 10, 500,
1000 pL, respectively [12]).

The results show that alteration of the potential
difference of ZnO/ZnO:Fe junction structures under
Pseudomonas putida suspension exposure depends
strongly on the amount of bacteria suspension. The
sensor response of the sensing structures depends on

Zn0O/ZnO:Fe, 3 dip-coating
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Fig. 11. The response of different ZnO/ZnO:Fe junction
structures having upper (working) layer
the surface morphology of the ZnO:Fe films used as
working layers of the ZnO/ZnO:Fe junctions. The
morphology changes drastically as a function of a
number of dip-coating of substrate in the Fe contain-
ing sol, as shown in the case, where the response of
only geometrically different structures to ethanol
vapors is investigated [12]. It is clear that in our case
we are not dealing with the interface
phenomena,because the changing the number of dip-
coatings does not changethe conditions of the
interface between the pure and Fe modified ZnO, but
changing only structure and morphology, which
changing the concentration of charge carriers,
affecting by this way the thermoelectric properties of
the layers. That is the reason why with changing the
number of dip-coating for producingthe upper layer
of investigated structures we are able to change even
sign of the value of the potential difference. In case
of ZnO layer doped with Fe, deposited by two dip-
coatings on pure ZnO, the ganglia-like-hills are uni-
formly situated. Moreover, when ZnO doped with Fe
is deposited by three dip-coatings, the average thick-
ness of the ganglia-like-hills is in much larger range
in comparison with layer of ZnO doped with Fe
produced by two dip-coating in Fe containing sol.
Such functional nanostructures with dimensions
comparable to Debye’s length (~0.3 um for undoped
ZnO at room temperature [19]) are some of the
advantages of sol-gel technology, in additional to
smoothness, continuity, and a homogeneity of the
composition [8]. As expected, the response to
bacterial suspension is completely different in the
cases of different surface morphology. For the
Zn0O/ZnO:Fe junction structure which has upper
(working) Fe modified ZnO layer produced by three
dip- coating cycles into the Fe modified sol, the
potential difference has a positive value and
increases with increasing the amount of the
pulverized bacteria (upper part in Fig. 11). When

7, min
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dealing with ZnO/ZnO:Fe junction structure which
has upper (working) Fe modified ZnO layer produced
by two dip-coating cycles into the Fe modified sol, the
situation is completely different. In the second case,
the potential difference has a negative value and
decreases with increasing the amount of the pulverized
bacteria (down part in Fig. 11).

Summary of main results from this work. The
main results of this work could be summarized as
follows:

1) we have found that for the ZnO/ZnO:Cu
junction structures ability to detect ethanol vapour, the
top layer must be formed of three dip-coatings into the
sol, containing 3 at.% Cu and the lower layer must be
pure ZnO. In this case the maximum of sensitivity to
ethanol vapour is at temperature of 278 °C;

2) the response of ZnO/Zn0O:CuO nanowires junc-
tion structures formed upon four immersions under the
action of ethanol vapors is significantly higher than in
the case of six immersions in the Cu(NOs), solution.
In this case the maximum of sensitivity to ethanol
vapour is at temperature of 268 °C;

3) the sensitivity to bacterial suspension of
Zn0O/Zn0O:Fe sensing structures, with upper (work-
ing) layer produced by two dip-coating cycles, is
much higher than the sensitivity of ZnO/ZnO:Fe
structures, with upper (working) layer produced by
three dip-coatings. When dealing with ZnO/ZnO:Fe
junction structure which upper (working) Fe modi-

fied ZnO layer is produced by two dip-coating cycles
into the Fe modified sol, the potential difference has
a negative value and decreases with increasing the
amount of the pulverized bacteria.

Conclusions. Based on measurements done on
different sensing junction structures, investigate in
this work, we discovered that ZnO/ZnO:Fe structure,
with upper layer, produced by two dip-coating in th
sol, has the lowest operation temperature of 200 °C.
This operation temperature is a bit higher than opera-
tion temperature of 300 K presented in [9] and
100 °C [13] at which some very novel sensing struc-
tures show the maximum sensitivity. The measured
by us potential difference has negative value over the
all of the investigated range of ethanol vapour con-
centrations and changing from —6.6 mV in the air up
to —2.4 mV at the concentration of ethanol vapour
3000 ppm. For the ZnO/ZnO:Fe junction structure
which has upper (working) Fe modified ZnO layer
produced by three dip- coating cycles into the Fe
modified sol, the potential difference has a positive
value and increases with increasing the amount of the
pulverized bacteria. When dealing with ZnO/ZnQO:Fe
junction structure which has upper (working) Fe
modified ZnO layer produced by two dip-coating
cycles into the Fe modified sol, the potential
difference has a negative value and decreases with
increasing the amount of the pulverized bacteria
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Abstract
Introduction. In-line analysis of ethanol content in gasoline blends is currently one of the urgent needs of fuel
industry. Developing safe and secure approaches is critical for real applications. A phononic crystal sensor have
been introduced as an innovative approach to high performance gasoline sensing. Distinguishing feature of
proposed sensor is the absence of any electrical contact with analysed gasoline blend, which allows the use of
sensors directly in pipelines without the risk of explosion in an emergency.
Aim. Investigation of the possibilities of using phononic sensor structures to determine the ethanol content in
liquid hydrocarbons.
Materials and methods. A theoretical analysis of sensor structure was carried out on the basis of numerical
simulation using COMSOL Multiphysics software. For measurement, substances of ordinary gasoline and gaso-
line 63-80 with ethanol concentrations in the range of 1-10 % by volume in increments of 2 % were prepared.
The phononic crystal sensor was designed as a stainless steel plate with cylindrical holes and a resonant cavity,
formed as a running across the wave propagation path slit between two lattices.
Results. In-line analysis of measuring the concentration of ethanol in alcohol-containing fuels on a phononic
crystal structure with a resonant cavity was carried out. Using the Agilent4395A admittance meter, the trans-
mission spectra of longitudinal acoustic waves through the gasoline-filled sensor structure with were obtained.
The non-linear correlation between the composition and the speed of sound of the blend is presented in the
article is due to the ability to reduce the speed of sound of the mixture with an increase in ethanol concentra-
tion in the range of 0-10 % by volume.
Conclusion. A measurement structure on the basis of phononic crystal was created. The measurements of
various gasoline-ethanol mixtures show that the sensor has significant sensitivity (0.91 kHz/ms™") with quality
factor of 200) to distinguish between regular fuels, gasoline based blends and the presence of additives in
standard fuels. The sensor has prospects for in-line analyzes the composition of liquid hydrocarbons.
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Introduction. Nowadays, ethanol containing is obtained as a derivative product after oil distilla-
gasoline is widely utilized around the world replac-  tion at the temperature of 60...120 °C (known as still
ing clear fossil petroleum fuels. Originally gasoline  gasoline). It has a sufficiently low octane number
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that results in the impossibility of its use as a fuel in
modern engines. In order to increase the octane
number, various additives such as aromatic hydro-
carbons and alcohols became widespread in recent
decades [1]. Ethanol is currently one of the most
popular additives widely utilized in bio-fuels. It in-
creases the octane number and improves the combus-
tion process. In Brazil since the 1930s, a gasoline
with ethanol content of 2-8 % became widespread.
Nowadays, there is the E85 brand with ethanol con-
tent of 85 % in Sweden and Finland [2].

The usage of ethanol in substandard fuels on the
other hand requires a compatibility of the engine.
The utilization of ethanol blended gasoline in motors
that are not designed to operate with fuels containing
high concentrations of alcohol can lead to undesira-
ble effects and can cause a rapid engine wear, de-
crease its efficiency and a service lifetime. Moreover,
due to the incomplete oxidation of the combustible
mixture, an increase of environment pollution with
CO,, CO and other emissions can be expected.

The engines with different features require vari-
ous kinds of fuel. In order to achieve optimal tech-
nical and operational results of the petrol engine, it is
necessary to control the fuel with respect to content
of ethanol. Currently, permanent works are carried
out to improve the characteristics of gasoline engines
to operate on different mixtures of ethanol and gaso-
line [1-3]. One of the promising directions in current
research field is the development of engines that can
operate on pure gasoline, pure ethanol or on a mix-
ture of petrol and ethanol in any proportions (so-
called Flex-fuel engines). The optimal ratio of the
ethanol content in gasoline was previously discussed
and estimated [4-6].

At the present time, a large number of techniques
for gasoline and gasoline-ethanol mixtures analysis
are developed. Several of them allow the determina-
tion of their composition [7] but they are inapplicable
for conducting an in-line analysis. Prasad et al. [§]
demonstrated the analysis possibility of combining
the gas chromatography with Fourier transform infra-
red spectroscopy which specifies advantages and
disadvantages of these methods. Additionally, there
are some straight forward methods [9] where the
determination of ethanol content was carried out by
means of the viscosity measurement of a mixture.
Also, there are ways to make express analysis of the
ethanol content in gasoline. One of the approaches
shown by Pereira [10] to test the gasoline samples
injected into the sensor working area using the batch

injection by means of a gold electrode. An impact of
ethanol concentration on a fuel mixture can also be
seen from the distillation curves, as shown in [11].
That is an example of a fairly accurate analysis of the
ethanol content in gasoline-ethanol mixtures, but it is
cumbersome and time consuming. The determination
of ethanol concentration in gasoline-ethanol blends is
an important task that leads to the development of
different techniques and sensors. Nowadays, the appli-
cation of acoustic metamaterials for liquid sensor
purpose, so called phononic crystal sensors, was prov-
en to be an innovative approach demonstrating certain
advantages [12—15]. It allows conducting the analysis
with only acoustical coupling to the fuel. In compari-
son to impedance spectroscopy methods [16, 17], in
current approach the analysing gasoline is not part of
an electrical circuit. This feature allows minimizing
the explosion risk in an emergency case and affords
to apply such sensors for in-line analysis directly in
pipelines without any danger. The method itself is
based on analysis of volumetric properties of fluids,
such as speed of sound and density. The measuring
system provides integral information about analyte
volumetric properties that reflect the intermolecular
interaction of complex liquid mixtures.

Materials and Methods. The sensor experi-
mental verification was completed with following
substances. Gasoline 63—-80 and Ethanol 99.5 % were
obtained from Carl Roth GmbH and Sigma-Aldrich
Chemie GmbH. Gasoline E-5, Gasoline E-10 and
Gasoline V-Power were purchased from the local
Shell gasoline station as a regular fuel. The measured
probes were prepared from regular gasoline and 63—
80 fraction of gasoline (gasoline 63—80) with ethanol
concentrations in range 0-10% by volume with
increment of 2 %.

The phononic crystal sensor is performed as a
periodically structured two-dimensional arrange-
ment. The structure scatters completed as cylindrical
scatters (holes) structured in the stainless steel slab.
The resonant cavity is formed as a running across the
wave propagation path slit between two lattices,
Fig. 1, a. The lattice constant of the periodical struc-
ture is 3.0 mm, the thickness of the slab is 15 mm.
Cylindrical scatters have a diameter of 1.8 mm, and
the resonant cavity has a width of 1.5 mm.

Overall phononic crystal sensor layout as well as
parameters and dimensions have been defined upon
numerical simulations. A robust design of the sensor,
including shape and materials were optimized assum-
ing industrial applications. In addition, for practical
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Fig. 1. The experimental setup: a — the phononic crystal sensor arrangement; b — and measurement experimental setup

reasons, the structure is designed to the wavelength that
corresponds to the probing frequency around 1 MHz
because of a vast variety of external ultrasonic trans-
ducers that can be utilized for the structure probing.

The experimental setup and the phononic crystal
sensor are demonstrated in Fig. 1.

The coupling of the phononic crystal sensor to
the external measuring circuit is performed only
acoustically with a help of external ultrasonic trans-
ducers. Panametrics V103-RB clamp-on contact
piezoelectric transducers with central frequency of
1.0 MHz have been brought into contact with the
sensor utilizing glycerol as a coupling agent
(Fig. 1, b). Transducers excite and receive longitudi-
nal acoustic waves orthogonally to the scatter’s axis
and resonant cavity. The analysed liquid fills the
structure scatters (holes) and a slit cavity. The sensor
is an in-line part of a fluidic system that operates in a
circle with analysing liquid, Fig. 1, 5. The measurement
scheme does not include any matching circuits; hence,
acoustically coupled ultrasonic transducers are directly
connected with coaxial cables to a network analyser.
The S-parameter measurements of the PnC sensor filled
with analysing fuel were completed with Agilent4395A
network analyser together with S-parameter extension
Agilent 87511A (100 kHz...500 MHz).

Theory. Phononic crystal sensor utilizing resonant
cavity is well known and its basics and applications
are well described [13] including gasoline properties
determination [12]. Therefore, we used the same de-
sign and experimental setup as described in [12] since
rheological properties of examined blends are very
close. Spectral parameters and expected frequency
range of resonances have been determined on the basis
of numerical simulation performed with COMSOL™
Multiphysics. The 2D computational domain has been
used. We studied both arrangements with finite dimen-

sions along and across acoustic wave propagation and
the case with the infinitely long (periodic super-cell)
domain in across direction, as well.

Transmission has been computed as the ratio of
displacement induced by the incident on the slab
acoustic wave and displacement on the opposed side
of the slab induced by transmitted wave. The overall
transmission has been computed for the frequency
range 1.0...1.2 MHz covering the range of expected
resonances. The 5 kHz frequency step has been cho-
sen. The liquid domain is represented by the model
liquid having rheological properties (density and
speed of sound) similar to the low temperature frac-
tion of gasoline (clear gasoline). Computed transmis-
sions corresponding to two different speeds of sound
are shown in Fig. 2.

The simulation has been performed for the struc-
ture filled with four different model liquids having
the same density and different speeds of sound. The

density of both liquids was 750 kg /m3. The speed

of sound was set as 1080, 1100, 1120 and 1140 m/s
respectively. The speed of sound in range
1080...1100 m/s correspond to known data for the
low temperature gasoline fraction [18, 19] and the

Uy, um
0.03—
0.02—

0.01—

0

1 1.05 1.10 f, MHz

Fig. 2. Computed transmission spectrum for model liquids
equivalent to gasoline

Determination of Ethanol Content in Fuels with Phononic Crystal Sensor 109



N3Bectns By3os Poccun. Pagnosaexrponnka. 2019. T. 22, Ne 5. C. 107-115
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 5, pp. 107-115

T=0000[[[000 O
*<0.Q 00lll0

(it

CoYefele|| o] e
Pt 010,0.-0]||(e]le ajo
p, Pa
x10°
15 -1 05 0
Uy, um
[ IEEEE——— ]
30 20 10 0 10 20 30 X107

Fig. 3. Displacement and pressure distribution in phononic
crystal sensor structure. Liquid domain density 750 kg/m3,
speed of sound 1080 m/s

higher values (1120...1140 m/s) are the expected
values for a regular gasoline.

The transmission spectra of the PnC sensor filled
with equivalent to gasoline liquids provide several
well-distinguishing transmission peaks. The variation
of speed of sound in the liquid domain significantly
affects their position. The shift of transmission peak
to lower frequencies for the liquid with lower speed
of sound indicates the involvement of the liquid ana-
lyte filling the structure. For lower speed of sound
liquids (1080 and 1100 m/s) the transmission maxi-
mum is rather narrow and well-isolated. Increase of
speed of sound of liquid domain shifts the transmis-
sion peak to a higher frequency considerably broad-
ening in case of liquid with 1120 m/s speed of sound
and splitting to two separate coupled transmission
maximums with 1140 m/s. Observed effect can be
associated with coupling of transmission modes of
liquid cavity and phononic structure separately. In
order to get more insides on the transmission behav-
ior of the phononic structure filled with equivalent to
gasoline liquid the displacement and a pressure pat-
terns in the structure were analyzed. The structure

x10~7

-40 -20 0 20 40

displacement and pressure distribution obtained at
the frequency of maximum transmission for liquid
with speed of sound 1080 m/s is shown in Fig. 3.

Shown in Fig. 3 displacement pattern and pressure
distribution illustrate the phenomenon behind the
transmission peak. An incident from left to right
acoustic wave passes through the phononic structure at
the frequency of peak transmission. One can see well
defined pressure resonance pattern inside the slit cavi-
ty that explains the direct speed of sound dependency.

Increase of speed of sound of the liquid domain
causes transmission maximum broadening with fur-
ther separation into two coupled peaks (Fig. 2, speed
of sound 1140 m/s). That phenomenon can be vividly
explained by analysis of displacement and pressure
distribution at two separated maximums appearing
with liquid speed of sound 1140 m/s, Fig. 4.

The observed on Fig. 4 displacement and pres-
sure patterns demonstrate splitting of resonant cavity
mode and phononic structure transmission mode into
two separate frequencies. Fig. 4, a shows the appear-
ance of structure cavity mode at frequency
1.124 MHz, but the transmission through the period-
ical arrangement of holes is rather weak. On the oth-
er hand, for the frequency 1.142 MHz the transmis-
sion through phononic structure is more pronounced
but it does not coincide with the cavity mode result-
ing reduction and broadening of transmission maxi-
mum. That is an unwanted effect that decreases the
sensor resolution that makes it necessary to consider
this effect and adjust the sensor for a certain speed of
sound range where the effect is avoided.

Results. Initial investigations were conducted in
a way to determine the ethanol presence in different
concentrations in low temperature gasoline fraction
with the use of the developed PnC sensor. For that
reason, the gasoline 63—80 probes were mixed with

Fig. 4. Displacement and pressure distribution for the phononic structure filled with analogous to gasoline liquid
(density 750 kg/m3, speed of sound 1140 m/s) at frequencies 1.124 MHz (a) and 1.142 MHz (b)
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Fig. 5. Measured S,; — parameter (transmission) of the PnC

sensor filled with the gasoline-ethanol mixture in
concentrations range of 0-10 % by weight

1.125

ethanol in a weight concentrations range of 0—10 %
with increment of 2 % were measured.

The dependence of sensor S»1 — parameter mag-
nitude response that is demonstrated in Fig. 5 shows
that the shift of the peaks is observed in the selected
area depending on the ethanol content in the solution.
With an increase of ethanol concentration, peaks grad-
ually shift towards the region of lower frequencies.

Nowadays, most of the fuels contain additives in
concentration up to 30 %; for example, aromatic
components. Following experimental investigations
were conducted in order to receive an experimental
verification of the sensor frequency spectrum behav-
ior for different ethanol concentrations in a gasoline
mixture containing ethylbenzene as an aromatic addi-
tive. As it can be seen in Fig. 6, the experimental
results confirm previous findings where increase of
ethanol concentration causes a gradual shift of the
transmission maximum to lower frequency region.
The experiment was conducted utilizing mixtures of
Gasoline 63-80 (78 %) and Ethylbenzene (22 %)
with a variable concentration of ethanol containing 0,
5 and 10 % of ethanol. The content of ethylbenzene
increases the speed of sound of the multicomponent
gasoline mixture that shifts the peaks of maximum

Sy, MV

o B, DD W b~ 0 o

Fig. 6. Measured S,; — parameter (transmission) of the PnC

sensor filled with the gasoline-ethylbenzene-ethanol mixture
in a concentrations range of ethanol 0, 5 and 10 % by weight
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Fig. 7. Measured S,, — parameter (transmission) of the PnC

sensor filled with gasoline-ethanol mixtures and regular
gasoline E5, E10 and VP

transmission in a higher frequency range in compari-
son to light gasoline fraction experiment Fig. 5. An
increase of ethanol concentration leads to shifting the
peaks towards lower frequencies (Fig. 6) in the same
way as it was observed in previous experiment.

In a similar manner several experiments were
carried out using regular Gasoline E5, E10 and VP
purchased from local gasoline station. The results of
experimental investigations are demonstrated in
Fig. 7. The representation of the sensor response as a
Nyquist diagram allows obtaining more distinct in-
formation from measured regular fuels (see Fig. 8).

The demonstrated in Fig. 8 Nyquist plot shows
the data in a frequency range of 1.17...1.18 MHz,
omitting the higher and lower frequency information
in order to make the plot clearer in a frequency range
where the dependence on different gasolines is more
pronounced. For the case where in magnitude meas-
urements the dependences for E10 and V-power
gasoline almost overlap, the Nyquist plot shows
significant distinguishability.

Referring to magnitude sensor response Fig. 7, it
can be observed that the sensor transmission peak
merges two transmission maximums in most cases.
That effect is more pronounced for Shell V-power

Im (Syy) Shell E10
L Shell E5
(0] ou'// Shell V-Powe
2oL =."/
4 I“\\
“I*\\___i___,:'—""js.w;:::fn |

4 Re(Sy)
Fig. 8. Nyquist plot of measured S,; — parameter

(transmission) of the PnC sensor filled
with regular gasoline E5, E10 and V-power
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gasoline. The effect of transmission double maxi-
mum origin is also reflected in Nyquist plot as an
interruption of continuous phase change (observed as
a bending of curve semicircle on Nyquist plot). Ob-
servation of coupled transmission maximums can be
explained as an overlapping of separate transmission
modes originated by the liquid cavity and phononic
structure. The same effect of coupled transmission
maximums was also observed theoretically and was
shown in Fig. 2 and Fig. 4, a, b.

Due to the influence of aromatic hydrocarbons
and to the fact that the composition of regular gaso-
line is much broader and contains various fractions,
the peak of maximum transmission is shifted to high-
er frequencies as it was observed with respect to
similar measurements for a narrow low temperature
fraction. Additionally, regular gasoline can contain
up to 30 % of aromatic additives that have a consid-
erably higher speed of sound than original gasoline.
Their presence in a fuel causes an increase of speed
of sound of the whole blend. As it can be seen in
Fig. 7 and Fig. 8, experimental results demonstrate
that the transmission maximum of regular gasoline
with a higher ethanol concentration has higher fre-
quency that contradicts to previous findings. We
assume that these results can be explained by the
variation of composition of ES and E10 gasolines not
only in terms of ethanol content. Presumably, we can
conclude that E10 regular gasoline contains more
high speed of sound components (such as aromatic
additives and others) than ES. Such variation of the
hydrocarbon’s composition can diminish the ex-
pected downshift of transmission peak caused by
increased ethanol concentration. This conclusion can
be supported with additional experimental investiga-
tion with two different blends. One of them is regular
E5 gasoline, which presumably has 5 % of ethanol
concentration, and another is the same E5 mixed
with additional 5 % of ethanol. The idea behind the
experiment is to keep constant the composition of the
initial fuel and observe only the ethanol influence.
Experimental results are demonstrated in Fig. 9.

The obtained experimental results confirm previ-
ous findings; the increase of ethanol concentration
shifts the transmission maximum to a lower frequen-
cy range as it was observed in previous experiments
where the composition of gasoline in the mixture was
kept constant.

Discussion. Velocities of sound in hydrocarbon
components and their mixtures were previously in-
vestigated in [20, 21] showing enough agreement

Sa1, 1]

4

0
11 1.14 1.18 1.22 f, MH:
Fig. 9. Measured S,; — parameter (transmission) of the PnC

sensor filled with regular gasoline E5 and mixture that contair
95 % of regular gasoline E5 and 5 % of ethanol by weight

between hydrocarbons liquid mixture composition
and speed of sound of their constituents. Predictable
reflection of multicomponent composition of hydro-
carbons mixtures in velocity of sound provided plat-
form for applying this method for more sophisticated
analyses of thermodynamic properties of liquid mix-
tures [22—27] that in most cases is hardly completed
with alternative methods. In adiabatic liquid systems
the isentropic compressibility is directly related to
the speed of sound [28] that became a convenient
method to study molecular interactions occurring in
liquid mixtures. Compressibility as a measure of
relative volume change under external pressure de-
pends on thermodynamic properties of liquid mixture
[29]. The difference between measured and adiabatic
compressibility provides an excess compressibility
that reflects the interaction between mixture constit-
uents. The sign of excess compressibility shows how
strong are the intermolecular interactions in current
liquid mixture. For binary mixtures a negative access
compressibility defines a preliminary attractive in-
termolecular interaction and the positive excess
compressibility on the other hand advocates to an
establishment of a less “rigid” molecular structure
[29, 30]. The investigation of the excess compressi-
bility or excess thermodynamic properties of liquid
mixtures in general is a widely utilized approach
allowing obtaining the information from intermolec-
ular interactions in multicomponent liquid systems.
The observed behavior of ethanol-gasoline mix-
tures demonstrates a non-linear correlation between
composition and speed of sound of the blend. Even
though ethanol has a higher speed of sound than
gasoline, the increase of its concentration (in range
0-10% by volume) causes lowering of mixture
speed of sound that is observed as a shift of transmis-
sion maximum to a lower frequency region. This
behavior of gasoline-ethanol blends was already
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previously observed [13]. Due to alcohol contains a
special functional group R—OH, its presence leads to
a very big difference in the ability to attract and re-
tain electron pairs between atoms of oxygen, carbon
and hydrogen that are included in the hydroxyl group
of alcohol molecules. C—O and O-H interconnec-
tions have significant polar properties: an oxygen
atom has an unshared electron pair and a partial neg-
ative charge that leads to occurrence of a significant
positive charge on a hydrogen atom inside hydroxyl
group. The charge difference between a hydrogen
atom of a hydroxyl group and other hydrogen atoms
gives the opportunity to form intermolecular hydro-
gen bonds and stable clusters of molecules as a re-
sult. The mechanism of formation and interaction of
clusters formed with ethanol and other liquids can
lead to abnormal fluctuations [31, 32] that was ob-
served in current work.

Conclusion. Current contribution describes the
development and experimental verification of the
phononic crystal based in-line fuel sensor. The dis-
tinguishing feature of demonstrated sensor is its con-
ceptual difference from those that are currently uti-
lized. The application of acoustic metamaterials, so
called phononic crystals, allows build conceptually

different measuring scheme that does not require the
fuel to be a part of the electrical circuit (as it is in
impedance — based methods); hence, the gasoline is
only acoustically coupled. The presented sensor de-
sign and its theoretical investigation demonstrate an
ability of the sensitive integral analysis of complex
hydrocarbon mixtures. Numerical calculation results
underline the necessity for the phononic structure to
be optimized for certain speed of sound range of
analyzing liquid to keep the sensor high resolution.
The experimental investigations confirmed theoreti-
cal predictions. The speed of sound variation reflects
the fuel composition and indicate the existence of
intermolecular interactions causing non-linear re-
sponse. Demonstrated results of the in-line ethanol
concentration analysis provide distinguishing and
explainable results. The measurements of various
gasoline-ethanol mixtures demonstrate that the sen-
sor has a significant sensitivity to distinguish regular
fuels, gasoline — based blends and presence of addi-
tives in standard fuels. The demonstrated for a first
time results of measuring with phononic crystal sen-
sor the regular fuels and ethanol containing gasoline
can be valuable for applications in a fuel industry.
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AHHOTaUmA
BBepeHume. CocTossHME 0O6BEKTOB IKCMIyaTauumn (Hanprumep, Ha Xene3HoW Aopore) KOHTPOAMPYeTCa cucTeMa-
MU ANArHOCTUKMW. B X cocTaBe NCMO/b3YHTCAH MUKPO3NEKTPOMEXaHNYEeCKME CUCTEMbI, KOMIIIEKTYeMble JaTuyu-
KaMu ycKopeHus (akcenepomeTpamu). B npoulecce skcnayaTaummy akcenepomMeTpbl NOABEpraoTcsa 3HaunTeNb-
HbIM BUOPaLINAM 1N MHOFOKPATHO MOBTOPSAIOLLMMCS YAapHbIM BO3AENCTBUAM. ITO HakNajblBaeT OrpaHnyeHns
Ha KOHCTPYKLUMIO 1 MaTepuansl, U3 KOTOPbIX M3roTaB/NBAlOTCA akcesiepoMeTpbl.
Lienb pa6oTbl. Pa3paboTka MMKpoMexaHu4veckoro akcenepometpa (MMA) Ha MOBEPXHOCTHbIX aKyCTUYeCcKMX
BonHax (MAB), cmoco6HOro N3MepsThb yAapHble BO3AelCTBIUA.
MaTtepuansl M MeToAbl. TeopeTuyeckas YacTb paboTbl BbIMNOAHANACh C MPUMEHEHNEM MaTeMaTUYecko Teopum
anddepeHUMansHbIX ypaBHEH WA, TEOPETUYECKON MeXaHNKM, KOHEYHO-3/1IEMEHTaPHOro aHanmsa 1 31eMeHTOB Teopun
MNAB. B xoge paboTbl NpuMeHsiacs MaTematnyeckas obpabotka B nporpammax MATLAB, Mathcad, Maple, COMSOL
Multiphysics, OOFELIE::Multiphysics, MO Bluehill3, CoreIDRAW. SkcneprMeHTanbHble UCCAef0BaHNUA NpoBeAeHbl C
npriBneYeHeM HanoNbLHOM aBTOMATU3NPOBAHHOW NCMbITaTeNlbHOM cucTembl INSTRON 5985.
Pe3ynbTaTtbl. Pa3paboTaHa KOHUEMLUMSA NOCTPOEHNS 1 NpeasioxXeHa opuriHaabHasa KOHCTpykuma MMA Ha MAB,
CNOCOBHOro M3MepsATb yAapHble BO3AeNCTBUSA B COTHU g. Pa3paboTaH UyBCTBUTENbHBIM 31eMeHT (Y3) ceHcopa.
AHann3 Matepuanos AN NIacTUH B cocTaBe KOHCTpyKuMy MMA Ha MAB nokasan, 4to Y3 mn3 kBapua ST-cpesa
oT/InyaeTcsa bonee WNPOKMM AMaNa3oHOM MN3MepsieMblX YCKOPEHUI 1 6onee BbICOKMM MOPOroM YyBCTBUTE/IbHO-
CTn, YeM Y3 13 HmobaTa nMTns cpesa YX-128°. BbipaboTaHbl TpeboBaHUSA N NCCIef0BaHa BO3MOXHOCTb MOBbILLe-
HMSA Nopora YyBCTBUTENLHOCTU AaTumka. CHOpMynMpoBaHbl TPeboBaHMA K MPOEKTUPOBAHWUIO U MpesioxXeHa
TOMNOMIOrNSt BCTPEUHO-LUThIpeBOro npeobpasosatens (BLUM) B BuAe konbueBoro pesoHaTtopa. [peanoxeHa opu-
rMHaNbHas TOMOMOMNS pe3oHaTopa C HeaKBUANCTaHTHLIM BLUM ana yyeTa aHW3O0TponunM maTtepuana 4yBCTBU-
TeNbHOro anemMeHTa. OLeHeHbI BbIXOAHbIE XapakTepUCTUKIN: NOPOr YyBCTBUTENBHOCTY, ANHAMUYECKUIA AManasoH,
MacLTabHbIN Ko3dduLmeHT. MpegnoxeHa MetTogmka pacdeta MMA Ha MAB ¢ KonbLEeBbIM Pe30HAaTOPOM Ha aHW-
30TpoONHOM MaTepuane. Y3 MMA Takor KOHCTPYKLMN MMeeT BbICOKMIA MOPOr YyBCTBUTENBHOCTY, LUMPOKUIA An-
HaMMYecKMii AnanasoH 1 Mayto MonepeyHyto YyBCTBUTEbHOCTb.
3akntoueHme. MNpeanoxeHHass MeToAMKa NPOeKTUPOBaHMA Y3 TBepAOTeNbHOro JaTyumka UHENHbIX ycKope-
HWI NO3BOASET BblIbpaTh MaTepman 1 CUCTEMY CbeMa N3MepUTeNbHOM MHGOPMaLMK B 3aBUCUMOCTA OT TEXHU-
yecknx TpeboBaHWin. bnarogaps OpUTrMHaNBLHOCTA KOHCTPYKTOPCKO-TEXHOMOMMYECKOro peLleHns npeasioxeH-
HbliA akcenepomMeTp NO3BoAET NPOBOANTL N3MEPEHUS B LLUMPOKOM JManasoHe yiapHbIX BO34eNCTBUN.

Kniouesble cnoBa: MUKPO31eKTpOMEXaHNYeCKEe CNCTEMBI, MMKpOMexaHMMECKMm akcenepometp, l-inCTBI/ITEJ'II:>HI3II7I
3N1eMEHT, NOBEPXHOCTHO-aKyCTN4YeCKMe BOJIHbI, BCTpel-iHO-LLITprEBOIZ I'Ip606pa3OBaTEJ'Ib, aHI/I3OTpOI'IHbIIZ MaTtepuman

Ana umTUpoBaHMA: MyKpoakcenepoMeTp Ha MOBEPXHOCTHbIX aKyCTUYECKMX BOIHAX C KO/bLIEBbIM Pe30HAaTOPOM
Ha aHwn3oTpornHom maTepuane / . M. JlykeaHos, A. M. BopoHaxuH, C. HO. LLieBueHko, M. A. Xuspuy, T. A. AMupos //
M3B. By30B Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 5. C. 116-129. doi: 10.32603/1993-8985-2019-22-5-116-129
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Abstract
Introduction. Diagnostic systems are designed to monitor the condition of operational components (for example,
on the railway). It is imperative that micro-electromechanical systems (MEMS) equipped with acceleration sensors
(accelerometers) be used as part of measuring diagnostic systems. It is known that accelerometers are operated
under increased vibration and repeated shock loads. This imposes a limitation both on the accelerometer design
and the properties of materials from which these devices are produced.
Aim. To develop a micromechanical accelerometer (MMA) for surface acoustic waves (SAW), capable of measur-
ing shock effects.
Materials and methods. The theoretical part of the study was carried out using the mathematical theory of
differential equations, theoretical mechanics, finite element analysis and elements of SAW theory. In the course
of the work, the following methods of mathematical processing were applied: MATLAB, Mathcad, Maple, COM-
SOL Multiphysics, OOFELIE: Multiphysics, Bluehill3 software, CoreIDRAW. Experimental studies were also con-
ducted using the INSTRON 5985 floor automated test system.
Results. An original design of MMA on a SAW capable of measuring shock effects in hundreds of g was proposed.
A sensing element (SE) of the sensor was developed. An analysis of the plate materials for their use as part of the
SAW-based MMA design showed that SE from the quartz ST-cut material has a wider range of measured accelera-
tions and a higher sensitivity threshold than SE from the YX-128° cut-off lithium niobate material. Requirements
were developed to increase the SE sensitivity threshold. Design requirements were developed, and an interdigital
transducer (IDT) topology in the form of a ring resonator was proposed. The following output characteristics were
assessed: sensitivity threshold, dynamic range and scale factor. In addition, a procedure was developed for calcu-
lating MMA on a SAW with a ring resonator on an anisotropic material. It was found that the developed SE is char-
acterized by a high sensitivity threshold, a wide dynamic range and a low transverse sensitivity.
Conclusion. The technique proposed for designing a sensing element for use in solid-state linear acceleration
sensors facilitates, depending on technical requirements, selection of construction materials and sensor design.
Due to the originality of the design and engineering solutions, the proposed accelerometer allows measurements
to be carried out across a wide range of impact loads.

Key words: microelectromechanical systems, micromechanical accelerometer, sensitive element, surface
acoustic waves, interdigital transducer, anisotropic material
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Beenenue. Ilocneanue necaTuaeTuss MUKPOINIEK-  DIEKTPOHHUKH, TaK M B TSDKEIOH NMPOMBILIUIEHHOCTH,
Tpomexanuueckue cucrembl (MOMC) cramu HeoThb-  BOeHHOH TexHuke. MOMC aKTHBHO MPUMEHSIOTCS B
eMIIEMOH YacThl0 coBpeMeHHOW TexHHWKH [1-3]. OHM  cHeNuaNbHON TEXHUKE ¢ OCOOBIMH YCIOBHSAMH IKC-
MPUMEHSIOTCS KaK B COCTaBe MPHOOPOB MEPCOHANBHOW — IUTyaTallid, B KOHTPOJIBHO-U3MEPUTEIBHON armmmapa-
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Type, HapuMep B COCTaBE CHUCTEMBI THATHOCTHKH
KEJIC3HONOPOXKHOTO TIOJIOTHA, TIE HEOOXOIMMO H3Me-
psITh ynapHble Bo3zeiicTBus B coTHU g [4-6]. Yka-
3aHHBIC BO3MOKHOCTH OIPEHCISIOT aKTyaJdbHOCTD
MIPOCKTHPOBAHUS TAKUX IPUOOPOB.

B pesynsrare aHanu3a OCHOBHBIX BUJI0B MOMC-
aTIuKOB [7—17] caemaHo 3aKiIrOYCHHE, 9TO TSI MUK-
pomexaHndeckoro akceiepomerpa (MMA), cnoco6-
HOTO BBLAEPKUBATh OOJBIINE IEPErPY3KH U U3MEPATH
BBICOKHE YCKOPEHHMs, HEOOXOIUMO BBINOJIHEHHE Clie-
JTYIOIIINX PEKOMEHAITHIA:

— YyBCTBUTEJbHBIN 37eMeHT (UD) nomkeH ObITH
KECTKO 3aKpeIlIeH;

— UL YMEHBIIECHUS TONEPEYHON YyBCTBUTEIIH-
HOCTH HEOOXOINUMO IPHMEHSTh OCECHMMETPUYHBIC
KOHCTPYKLUH YD U paBHOMEPHOE UX 3aKpEILICHHE;

— JUIA TIOBBIIEHHUS TOpPOTa YyBCTBUTEIHHOCTU
He00X0IMMO Harpyxarb U2 MHEpIIMOHHOW Macco.

Jnst  BBINONHEHMS YKa3aHHBIX PEKOMEHIAIMi
Mpe/UIaracTcsl BHIMOIHSTh TBEPIAOTEIBHBIN NATUMK Ha
MOBEPXHOCTHBIX aKyctuueckux BonHax (ITAB), wuc-
TIONB3YIOIIMX MOJICKYIISIPHYIO KHHETHKY TBEPIOTO TeJa.

Panee Ha xadenpe nazepHbIX U3MEPUTEIBHBIX U
HaBuranuoHHbIX cucrteM (JIMHC) Cankr-Ilerep-
OyprCKOTO TOCYIapCTBEHHOTO JJIEKTPOTEXHHUESCKOTO
yauBepcutera "JIOTU" um. B. U. YnesHoBa (JIenu-
Ha) Ob11 pa3paboran MMA na ITAB [18]. On npen-
CTaBISIT W3 ceDsl aKCeNIepoMeTp MAasTHHKOTO THUIIA,
UD KOTOpOTO peann3oBaH B BU/IE KOHCOIH, BHITIOIHEH-
HOW M3 MOHOKpHCTasUia kBapua ST-cpeza. UD skecTko
3aKpEIUBUICS ¢ OMHOW CTOPOHBI M HATPY>KaJICS HHEPIIU-
oHHO# Maccoit (M) ¢ npyroii. Ha mpoTHBOIONIOKHBIX
CTOpOHax 371eMeHTa Haxoawiuch ITAB-pezoHaropsl.

O0o0meHHas CTpyKTypHas cxema auepeHim-
anpHOTO [TAB-akcenepomerpa mokazana Ha puc. 1.
Ona Bkmouaer YD [, KOTOpBIA KECTKO 3aKpervieH
JIEBBIM KOHIIOM U HarpyxkeH MM m cnpasa. Ha Hem
ycranoBiensl 1Ba [IAB-pe3onaropa 2, BKIIIOYCHHEIE B
LIEMI aBTOreHepaTropoB 3. BbIXOqHBIE CUTHABI aBTO-
T€HEepaToOpOB TIOJAIOTCS Ha CMECHUTENh 4, Ha BBIXOZE
KOTOPOTO BKJIIOUEHBI JJBa MTOJIOCOBBIX (HIIBTpA J, 6.

fog — Af
Puc. 1. CrpykrypHas cxema [IAB-akcenepomerpa

Fig. 1. Structural diagram of a SAW-accelerometer

[Mon peiictBuem yckopeHusi UD KOHCONBHOTO
THTIA UCTIBITHIBAET HArpy3ky Ha m3ru6. [lpu sTom
PE30HAHCHBIE YaCTOTHI PE30HATOPOB 2 M3MEHSIOTCH,
YTO BEI3LIBAET M3MEHEHME YAaCTOT BBIXOAHBIX CHIHA-
JIOB TeHeparopoB 3 Ha BenmuuumHy Af, mpomopitmo-

HAJIBHYIO JEHCTBYIOLIEMY YCKOpEHUro. I'apMoHMYe-
CKHe KoleOaHUs aBTOT€HEpaTopoB 3 NOCTYHAIOT Ha
cMmecurens 4, rae (GOpMUPYIOTCS CUTHAIBI CyMMap-

HOW wactoThl fig+ f)g M pasHOCTHON 4YacTOTHI

fig — fog + 2Af. PasHocTHas dyacToTa 3aBHCHT OT

3HAYCHHS] YCKOPEHHS, a CyMMapHasi MOXKET OBITh HC-
MOJIb30BaHa JJIi YMEHBIIEHUsS] BIUSHUS JeCcTaOuiIm-
3UPYIOLINX (PaKTOPOB, MPEXKAE BCErO TEMIIEPaTyphl,
yepe3 KaHaj aBTOMOACTPOMKH YacTOT T€HEPaTOPOB.

OaHMM M3 BOXHEHIINX KPUTEPUEB, OMpEAesio-
mux 49yBcTBUTENbHOCT, MMA Ha IIAB, sBiswoorcs
oTHOCHUTENbHBIE aedopmaru UD. B ciyuae mpsmo-
YTOJIbBHOM KOHCOJIM paclpelie]IeHNe OTHOCUTENbHBIX
nedopmanuid o juimHe YD mpu AeHCTBUM yCKOpe-
HUS BAOJIb OCH UyBCTBUTEIBHOCTH J1aTUMKa SABISETCA
HEOJHOPOAHBIM, YTO NPU HECUMMETPHYHOM PAaCIIO-
noxeHuu [TAB-pe30HaTOpOB MPUBOIUT K Pa3IMIHOM
YyBCTBHTEIFHOCTH IUIeY AU HepeHINATEHON CXEMBI
W, CJIEI0BaTelbHO, K JOMOJHUTEIHHBIM IMOTPEIIHO-
cTsM. s yMEHbLIEHHs 3TUX NOrPEIIHOCTeN mpen-
JIOKEHA KOHCOJIb TpeyroyibHOM (hopmbl [18], oTHOCH-
TeJbHBIE JIehopMaIMi KOTOPOH paBHOMEPHBI.

Bwmecte ¢ tem, UD mpsiMOyronbHOH (GOpMBI OT-
JIMYaeTCsl CYIIECTBEHHOM UYBCTBUTEJIIBHOCTBIO K
YCKOPEHHUSM, HaIpaBJICHHBIM BIOJNb OCEH, MepIrieH-
JTUKYISIPHBIX U3MEPUTENBHON, B TO BpeMs Kak YD ¢
TpeyroabHOH (OpMOM KOHCOJNIM K TaKHUM BO3JCH-
CTBUSIM NPAKTHYECKH HEUYBCTBUTEJICH.

[IpuHrMas BO BHUMaHHE yKa3aHHBIE CBOWCTBA,
OB ClieJaH BBIBOJ, YTO JIJIS AaJIbHEHIINX pa3pado-
TOK Ooliee TEpPCIEeKTHBHA KOHCOJb TPEYTrOJIbHOM
(GopMBI, Tak Kak OHa OOECIeuHnBacT PaBHOMEPHOE
pacrpeneieHie OTHOCUTEILHBIX JedopManuil B 00-
nactu HaHeceHus IIAB-pe3onaropa, a Taxxe umeer
MaJyl0 IMONEPEYHYI0 UYBCTBUTEIBHOCTh JaT4HKA.
HenocTtatkoM Takoil KOHCTPYKIWH SIBISETCS MasbIid
JMMHAMHYECKUHN JMana3oH, 4TO HE TO3BOJIACT H3Me-
PATH yoapHble BO3IECHCTBUSL.

B 2009 r. pyccko-HemenKol HAayqHOW TPYIIION
MpeUIoKeH BbICOKOI0OpoTHBI [TAB-pezonatop B
BUJIE MPOTSHKEHHOTO 3aMKHYTOTO B KOJIBLIO OJJHOBXO-
JIOBOTO pEe30HaTOpa, HAHECEHHOI0 Ha MOMJIOKKY
Z-cpe3a HUTpUAa antoMuuus [19-21].

B nacrosieil crarbe mpennaraeTcs COBMECTHTD
9TH JIBE Pa3pabOTKu ¢ Ienbio co3ganuss MMA Ha

118 MuxpoakcejiepoMeTp HA MOBEPXHOCTHBIX AKYCTHYECKHX BOJIHAX € KOJIbLEBBIM Pe30HATOPOM
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[TAB ¢ KONbLIEBBIM PE30HATOPOM HA aHHU3OTPOITHOM
Marepuaie, cliocoOHOTO M3MEpPATh YOapHEBIE BO3xEii-
cTBus B coTHU g. IlocTaBneHHas Lienb JOCTUraercs
PELIEHUEM CIIeYIOIUX 3a1au:

— BBIOOPOM KOHCTPYKIMH U Marepuana Y9 MMA
Ha [TAB s u3aMepeHus yaapHbIX BO3JIEHCTBUM;

— aHaJIM30M BHYTPEHHUX HAIPsDKEHUM U pacmpe-
JICJICHUS] OTHOCHUTEINILHBIX JleopMmarmii UJ;

— MOBBIIIIEHUEM UYBCTBUTEIBHOCTH 33 CYET UCIOMb-
30BaHUsl TOIOJIOTHH KOJIBLIEBOIO BCTPEYHO-IITHIPEBOIO
npeoOpazoparens (KBILIT) u Harpyxenus U2 M

— OLIGHKOI JIMHAMHUYECKOro AMAMa30Ha, MOpora
YyBCTBUTEILHOCTH, MACIITAOHOTO KO PHUIIHEHTA;

— pacueroM Tonosorun KBIIII mig anuzorpon-
HOU TO/UIOXKKH U OLIEHKOH BIHSHHS TEXHOJOTHMYE-
CKHX TIOTPEITHOCTEHN Ha BRIXOHOW CUTHA,

— aHaIM30M OCOOEHHOCTEH ChEMa BBIXOJHOTO
CHUTHasa.

Ha ocHoBanuu peuieHus 3Tux 3aiad OpeasiokKeH
MMA Ha ITAB ¢ KONbLIEBBIM PE30HATOPOM Ha aHU-
30TponiHOM Marepuaie (puc. 2). YD takoro MMA
MPEJCTABIIAET COOOH TUIACTHHY Kpyriiod (opMbl,
3aKpeIyIeHHYI0 Mo oOpasymomei, Ha o0e CTOpPOHBI
koTopoii HaHeceHbl [IAB-pe3onatopsl. OH pemiaer
Cpa3y [IB€ 3allayd — PaBHOMEPHOE paclpeleeHue
OTHOCHUTENBHBIX AedopManuii U pasyMHOE HCIOJb-
30BaHMe rabapuToB dmeMeHTa [22].

fg + Af

fop — Af
Puc. 2. Ctpykrypnast cxema MMA Ha ITAB
C KOJIBLIEBBIM PE30HATOPOM

Fig. 2. Structural diagram of the MMA using the SAW
with ring resonator

[Ipunmmn paboTHl TAaKOTO aKceIepoMeTpa TOUHO
TakoH ke, kak y MMA, onucanHoro paHee.

Ha nepBom stane npoektupoBannst MMA Heo0-
XOJMIMO OLICHUTH BO3MOXKHOCTh IIPUMEHEHHS B Kade-
CTBE Marepuana Aisl YyBCTBUTEIBHOTO 3JIEMEHTA!
kBapua ST-cpe3a n HHOOaTa jmuTHs cpeza Y X-128°.
Bynyun marepuanamu A NOUIOKEK aKyCTOIEK-
TPOHBIX YCTPOMCTB, KaXKIbIii U3 HUX 00Ja7aeT CBOM-
MU JOCTOMHCTBAMH M HemocTaTkamu. HeobOxommmo
HCCIIeIoBaTh, KaK 3TH MaTepuansl OyayT BecTH cebs
B POJIM MOABECHOM KOHCTPYKLKMKU MMA.

IHapamerpsl MaTepnaJioB. XapaKTepUCTUKaMU
T000T0 aKcenepoMeTpa SIBISIFOTCS ITOPOTOBast TyB-
CTBUTENLHOCTh U AMHAMUYeCKHii quana3oH. B MMA
Ha [TAB »Ti mapameTpbl onpenenstoTcs (B mepBOM
npuOIMKEHNN) MeXaHWdeckod dJacteio U3, B pac-
cmarpuBaeMoM MMA — kpyIioil IJIaCTUHBI, JKECTKO
3aKpEIUICHHOW TI0 00pa3yIoIIeH.

Junamuyeckuti ouanazon MMA onpenensercs
TIpeIeTHFHON MPOYHOCTHI0 MEXaHW4Yecko yactu UD.
IIpennonaraercst, 4ro upemiokeHHBE YD Oymer
CIoCcOOEH BbIIEP)KUBATh OONbIINE HATPY3KH, yeM U2
MasiTHukoro Tuma [18]. B pesyasrate aHaiuza
HaNpPsHKCHHO-JIe()OPMUPOBAHHOTO  COCTOSHUSA YD,
3aKpEIUICHHOTO 0 00pa3ylomiel, OmpeneNeHo, 9To
MaKCUMaJIbHOE HalpPsDKEHHE 3aBUCHUT OT JIBYX Iepe-
MEHHBIX: YCKOPEHHS d U OTHOILICHUS KBajpaTa paau-
yca IUTAaCTHHBI R K ee TONIIHHE /:

omax = (3/4)pa(R2/h),

rie p — INIOTHOCTh MaTepuaa.

ITpu BEIOOpE TabapuToB UD s akcenepomeTpa
OIIPE/ICIISIIOIINM  SIBJIICTCSl TPOHMKAIOLIAs CII0CO0-
HOCTh aKycTudeckoit BonHel. ITAB obnanator crnaboit
MIPOHUKAIOIIEH CIIOCOOHOCTBIO OKOJIO 3A (A — myIMHA
ITAB). IIpeanonaras, uto BIIII 6ynyT pacnonarats-
CsA C IMPOTUBOIIOJIOXHBIX CTOPOH I’Ig, MHUHHMAaJIbHasA
TONIIMHA 3JIEMEHTa M3 KBapla JOJDKHA COCTABIIATH
He MeHee 7A. Hampumep, 1y gaTduka ¢ pazmepamu
He Oonee 10x10x10 MM HEOOXOAHUMO, YTOOBI COOT-

HOIIIEHNE Rr%ax / Nmin OblI0 He 60nee 500 mns kBap-
ma 1 400 gua HuobOara JIUTHS (Rmax v Pmin — Mak-

CUMAaJIbHBIA pauyc M MHUHUMaJIbHAas TOJILIMHA ILIa-
CTHHBI COOTBETCTBEHHO). Bce nanpHEWInne BBIYKC-
neHnss ®W TpadQUKd TPHUBEACHBl IS 3HAYCHUH
RZax/Mmin = =25, 100, 200 1 400.

Ilpeodenvrvie npounocmu mamepuarog. MMA Ha
ITAB coxpaHseT wW3MepUTENbHBIE BO3MOXKHOCTH
BIIOTh IO M3J0Ma, T. €. JUara3oH U3MEpeHu# nat-
YrKa U MaKCUMaJIbHbIE TIEPETPy3KH, KOTOPBIE OH BBI-
JICp’KMBACT, COBMAIAIOT. B pe3ymbTrare A OLEHKH
MUHAMHYECKOTO JIHAla30Ha HEOOXOOMMO 3HATh Me-
XaHU4YECKUEe BO3MOXKHOCTU YD — mpenenbHyto npoy-
HOCTh MpH W3THOE, O] KOTOPOH MOHUMAaeTCs
Harpyska, IpUBOASIIAs K Pa3pyLICHHUIO 00pa3Iia.

Jns onpenenenus nmpeaesbHbIX NPOYHOCTER Ma-
TEPHUAJIOB OBLIIM MPOBEJCHBI CTATHUECKUE UCTIBITAHHS

obpasnoB kBapra ST-cpe3a u HHOOATa JTUTHS Cpe3a
YX-128°.
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Puc. 3. DxcniepumenTaipHas ycraHoBka INSTRON 5985
C UCIIBITYeMBIM 00pa3LoM

Fig. 3. Experimental installation INSTRON 5985
with the testing sampler

Ha skcnepumenTansHoit yctaHoBke INSTRON
5985 ycTaHaBNMHMBAIHNCH TPaBEPCHl C 3KUMAMU U
obecrieynBasiach MapajjIeIbHOCTh OIOPHBIX MOBEPX-
HocTel (puc. 3). O6pa3ub! mactuH kBapua ST-cpesa
u HUOOara JyiuTus cpeza Y X-128° xecTko 3aKpernis-
JIMCh 32)KUMaMH B DKCIIEPUMEHTAJIbHON YCTaHOBKE U
MO/IBEPraJInCh MEXaHWYECKOMY BO3/ICHCTBHIO B BHJIE
JaBieHUs "cBEepXy BHH3' PaBHOMEPHO PaCIpeeIIeH-
HOW Harpy3koil P 1o paspylleHus Marepuana (puc.
4). Tlo pe3ynbrataM HUCHbITaHUN ObLIa paccuMTaHa
mpenenbHas MPOYHOCTh MAaTepPHaJiOB: UIS KBapIla
ST-cpe3a ona cocraBmwia 141.8 Mlla, a g HuoGara
nmutust cpe3a Y X-128° — 106.8 MIla [23-25].

P, H

Hwuobar nmurus
Ksapir ST-cpesa cpe3 YX-128°
400— uartz ST-slice Lithium niobate
Y X-128°-slice
200
| |
300 600 900 1200 1500 t,c

Puc. 4. T'paduk nogaun Harpy3Kku B SKCIIEPUMEHTE MO
OIIPEIENCHHUIO MIPEIeNIBHON IIPOYHOCTH 00pa3IoB

Fig. 4. Graph of the load in the experiment to determine
the ultimate strength of the samples

TaxuMm 06pa3oM, IpU PaBHBIX YCIOBHUSIX 3KCILTY-
arauuu, xapakrepHbix 1 U9 KBIIIT (neperpysku
B TBICAYM g, )KECTKOE 3aKpemeHue YO no nepumer-
PY), KBapIl sBIIETCS Ooyiee MPOYHBIM MaTCPHATIOM
M0 CPaBHEHMIO C HHOOATOM JIMTHS. DTO ITO3BOJISET
3aKJIIOYUTh, YTO €r0 HCIOJIF30BaHHE B KaUeCTBE Ma-
Tepuia 11 UD akcenepoMeTpa Oonee panoHaIbHO.

Hopoe uyscmeumenvuocmu. Ilopor 4yBCTBHU-
TENBHOCTH OIPEACTISUICS KaK BO3/eiiCTBUE, BBI3BIBA-

I0Illee CUTHAN, B 3 pa3a MPEeBOCXOMSIIUNA ypPOBEHBb
mryMoB. [Ipy olleHKe MOpOroBO YyBCTBHUTEIBHOCTH
MMA Ha ITAB BaxkHYI0 pOJIb UTPAtOT OTHOCHUTEIb-
HBIE JIe(opMani B MECTE PACIIONIOKEHHS Pe30HATO-
pa, ¢ BO3pacTaHUEM KOTOPBIX YBEIMUYUBAETCS H3Me-
HEHHE YacTOThl, a CJIeJ0BATEIbHO, U BBIXOIHOU CHUT-
HaJ npeoOpaszoBareis. Pe3ynsraTsl H3MEpeHnH ToKa-
3aJId, 4TO JUIsl paHee pa3paboTaHHOrO Ha Kadempe
JIMHC MMA Ha ITAB ¢ U3 MasATHUKOBOrO THIIa
[18] mopor uyBctBUTENnbHOCTH coctaBiser 0.21 kI,
C menpio yBeTHMUYEHHS OTHOCHUTEIBHBIX Ie(op-
Malui, MPUBOASIIMX K MOBBIIICHUIO TMOPOTa YyB-
CTBUTEIILHOCTH, ObIIO perieHo Harpy3uth YD VM u
MPOBECTH aHalU3 HaNpPsKEHHO-e()OPMHUPOBAHHOTO
cocTosiHuA. Bapeupys napamerpsl IM u cTpyKTypbl
BIITII, MoxHO DOOMTHCS HAaMOONBIIEH TOYHOCTH W3-
MEpEHUH, MPOCTOTHl KOHCTPYKIIUHM JaTYMKa M HE0O-
XOIMMOTO YacTOTHOTO JHana3oHa. AHaTUTHYECKUN
pacder OTHOCHTEIBHBIX Ne(OopMaIiii — CIOKHAS H
TpyZOeMKasl 3aja4a, IodTOMY Ui ONTUMH3AINH ObI-
JI0O TIPOBEJCHO KOMIIBIOTEPHOE MOJAEIMPOBAHHUE.
Kpome Toro, B nporecce npoeKTUpOBaHUS BO3HHUKA-
€T HEeOoOXOIUMOCTh OLEHKH NpeAeNbHBIX KCITyara-
LIUOHHBIX XapaKTEPUCTHK CEHCOpoB. [IOCKOIBKY K
yaaporpogHoctr ceHcopoB Ha [TAB mpenbsBnsitores
KpaiiHe jkecTKkue TpeOOBaHUS, ee IKCIIePUMEHTAb-
HasdA OLICHKa Tpe6yeT SHAYUTCJIbHBIX 3aTpart, a B HCKO-
TOPBIX CITy4yasiX BOBCE HE BO3MOXKHA.
MogenupoBanne MMA Ha [1AB BBINONHSIOCH B
nporpammaoM nakere COMSOL Multiphysics. Ipu
MIOMOIIM BCTPOCHHOTO PENaKTOpa TeOMETPUH OBLIN
MOCTPOCHBI MOJIETH, MPENCTABIABIINE COOOU KpyT-
JbIe TJIACTHHBI, KECTKO 3aKperuieHHbIe Mo 00pasy-
FOIIEH, B LEHTpe KOTOophIX noMemensl UM. Mopenn
pa3duBaIINCh HAa KOHEYHBIC IEMEHTHI TPEYTOJIbHOM
ceTkoit (puc. 5, a). Pa3Meps! I1acTHH yIOBIETBOPSIIN

BBIOPaHHBIM DPaHEE COOTHOIIEHUSM ernax /hmin =

=25, 100; 200; 400. Pacyer poBOIHMICS I IBYX
BUJIOB MarepHaioB: kBapua ST-cpe3a u Huobata u-
i cpe3a YX-128°. B mpouecce MoAenupoBaHUS
YYUTBHIBAIIUCH AHHU30TPOIHBIC CBOWCTBA YKa3aHHBIX
MarepuasnioB. HepIHMOHHAas Macca MpeICcTaBisiia
coboit mmwmmHAp. B kadectBe marepmama UM Obur
BBIOpaH HEMAarHUTHBIA TSHKEJIBIHA CIUIaB BOJIb(pam—
Hukenb—Mens (BHM), oOnanmatonuii cliemayrommmMu

XAPAKTCPUCTUKAMMU: BBICOKOM IJIOTHOCTBIO

p =18 000 KF/ M , MonyneM ynpyroctu FOnra
E =350 I'Tla, xoaddunmentom Ilyaccona y=0.29.

IIporpamma mo3BOJIMIA CMOAENMPOBATh BO3ICHCTBUA
Pa3IIYHBIX 3HAYCHHH YCKOpeHuH (puc. 5, 6) U paccuu-
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o
Puc. 5. Mogenb 4yBcTBHTENBHOTO 25ieMeHTa (UD): @ — pa3duBKa Ha KOHEYHbIE AJIEMEHTHL; 6 — YD noJ Harpys3Koii BIOJIb OCH Z

Fig. 5. Model of a sensitive element (SE): a — breakdown into finite elements; 6 — SE under load along the z axis

TaTh Jc(QOPMAIMOHHBIC XapaKTepucTHKH Y3 (me-
(opmariy, BHYTPEHHHE HANPSDKEHHS, OTHOCUTEIIb-
HbIC YUIMHCHUSA) TIOJ BO3ACHCTBHEM YCKOPEHHS
BIOJIb OCH UyBCTBHTEIBEHOCTH Z.

Koabuepoii IIAB-pe3onatop. Ob6a paccmarpu-
BaeMbIX Marepuana UD — kBapn ST-cpesza n HuoOar
qutus cpe3a Y X-128° — gBIsroTCS aHU30TPONHBIMHU.
®dazoBeie ckopoctH [IAB B HEX, K03(pdHIHEHTHI
anekTpomexaHnueckor cBsa3u (KOMC) menstoTcs B
3aBUCUMOCTH OT HalpaBJeHUsl PaclpOCTPaHEHUS
aKyCTHYECKOU BOJHEI B MaTepHale.

[Ipu pacuere n moctpoennu Tomoiormm KBIIIIT
(puc. 6, @) AN IOBBILIEHUS TOCTOBEPHOCTH PE3yibTa-
TOB BaYKHO YYUTHIBAaTh M3MEHEHHS (Da30BOH CKOPOCTH
u KOMC. [l Toro uroObl pabodast 9acToTa aKyCTH-
YeCKOro YCTPOMCTBA OCTaBayiach MOCTOSHHOM, Heoo-
XOIMMO YUYHUTHIBAaTH (Pa30BYI0 CKOPOCTH B TIperernax
Ka)KJJOro Mepro/a TOMOJIOTHH KOJIBIIEBOTO PE30HATOPa
ornenbHO. Toraa aHW30TPONUsI CBOMCTB MarepHalna
UD koMIleHCHUpyeTCcsl HE3KBHIUCTAHTHOCTBIO Hearo-
IM3upoBaHHOTO KostblieBoro BIIIIT (puc. 6, 6).

Pacuer Tononornu TMHERHOTO 3KBUIUCTAHTHOIO
pe30HaTopa CBOAUTCS K ONpENEeNICHUI0 Iepuoja,
IPOTSHKEHHOCTH NpeobpasoBarens U anepTypsl. Ile-
puox BIIIII onpenensaercs yclioBUEM aKyCTUYECKOTO
CHUHXPOHU3MA: PAaBEHCTBOM IIE€PUOAA TOMOJIOTHU
pmne [IAB A =v, ./ f, rne

1
V, =
Y d vy, +(1-d))v,

— ckopocTh ITAB Ha 4acTHYHO METATM3HUPOBAHHOM
TIOIIOKKE, TIPHIEM V., Vy, — ckopocTh IIAB Ha cBo-

0OMHOW W METAJUTM3UPOBAHHOMN TOBEPXHOCTSIX COOTBET-
ctBeHHO; d =0.5 — ko3 PUIHeHT MeTaIUTH3AIAH.
JnuHa Bcero mpeoOpazoBaresiss HAaXOAUTCA Kak
MIPOW3BEICHHE TTePHOIa TONIOJOTHH L Ha MX KOJIUYe-
ctBo N: L = LN.
B nesxBumucrantaom BIIIT stor meprox MeHs-
ercs. Torna

é!
\

o 8

Puc. 6. KonpLieBoi#t BecTpeqHO-IITEIpeBoi peoOpazopatens (KBIII): a — oOmuii Bug; 6 — cxemMa HEOKBUAUCTAHTHOTO
neanoausupoBanHoro KBIIII; 6 — onpenenenue nepuogos KBIIITT

Fig. 6. Ring interdigital transducer (RIT): a — general view; 6 — scheme of the non-equidistant unapodized RIT;
6 — determination of the periods of a ring RIT
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T71e { — HOMep MEpPHO/Ia TOTIOIOTHH, OTIPEIEIIEMOT0 KaK
Li =V / fp .
3neck v; — ¢asoBas ckopocte ITAB Ha i-if mape

HITBIpEH; fp — pabouast yacToTa, paBHast 433 MI'1.

Bribupas aneprtypy npeoOpa3zosareins, HeoOXo-
VMO YYUTHIBATH BO3MOXKHBIC AH(PAKINOHHBIE II0-
TEpH, CBA3AHHBIE C PACXOJUMOCTBHIO aKyCTHYECKOTO
Jyya OrpaHHUYeHHON amepTypsl. IlosToMy ameptypa
anekrponoB BIIIT He nomkHa OBITH MEHBIIE 3HAYC-
HUS, OTIPECIIIEMOT0 rpaHuIiei 30ub1 OpeHens:

W = Al L +1],

T7e Y — mapaMeTp aHu30TPOIIHH.
JUIMHa KONBLEBOTO pe3oHaTopa IpeoOpa3oBaTe-
JIsl — 5TO JUIMHA OKPYKHOCTH: Ly =27nR, roe R -
CpEeIHUI pagnyc KOJIbIIA.
Amneptypa OyneT paBHa:

W = [(v/ fy)2nR[L+1| = MR,

e M = (V/ fp)2n|1+ y|. MakcumanbHas aneprypa

COOTBETCTBYET MaKcuMaibHOM ckopoctu ITAB, mo-
9TOMY M 3% AOCTUTAETCA NIPU Vipay - MaKCUMallbHast
(ha3oBasi CKOPOCTh MOBEPXHOCTHOH BOJIHBI B KBaplie
ST-cpe3a cocraBmser 3569.53 m/c, y=+0.378.
B HnobGare nutus cpesa YX-128° maxkcumanbHas
¢azoBast ckopoctb 3739.2 m/c, y=-0.37. Otcroma

mojydaem st kBapra W > 0.009\/§ , 11 HHoOara
s W > 0.0064R. [pumem mms oboux marepua-
7108 M pay =0.01, Torra W > 0.014JR.

B KBIUIII ameprypa W =(Rp, —R;). Cunras,

YTO OHA CYIIECTBEHHO MEHBIIE CPEIHEr0 pajuyca
R=(Ry —Ry)/2, nonyuaem tpeGoBanme K aneprype

KOJIBLIEBOT'O pe30HaTopa:

R>W > 0.014/R.

3aBucumocth aneprypel KBIIII or panuyca
KOJIbIIa MPECTaBIICHa Ha puc. 7. DTa KpUBas ABJISET-
Cs TpaHUIE MUHUMAJIBHOTO 3HA4YEHUS! anepTypbl
OTHOCHTENBHO pasilyca KOJIbLEBOTO PE30HATOPA.

O4eBUAHO, YTO AJIS JIYYIIero cheMa HH(popMa-
MA aMIUTUTYJHO-YAaCTOTHAsl XapaKTepUCTHKAa TIpe-
oOpasoBaTens JOJDKHA HMETh Y3Kuid mHK. OJHAKO
nepuonsl tonosiorun KBIIII sBnsitoTcss BeepHBbIMU:
paccTosiHiE MEXKIY OCSAMHU CUMMETPUHU INTHIpEH MO-

W, mm
0.16
0.12
0.08

0.04

0 50 100 150 200 250 300 R,wmm
Puc. 7. 3aBucumocts aneptypst KBIII ot cpennero paguyca
KOJIbIIA

Fig. 7. The dependence of the aperture of the RIT
on the average radius of the ring

HOTOHHO U3MEHSETCS M0 €ro MHUpHHE. DTO pacIiups-
eT AUX 3a cyeT TOIMOJIOTHH Pe30HaTopa.

Ha anmsorpornHOM Matepuaie ¢a3oBasi CKOPOCTb
ITAB nepemeHHasl, HO, TaKk KaK pe30HATOp HEIKBU-
JUCTAHTHBIM, IPUMEM, YTO Ha KaXKIOM IIEpUOAE TO-
HOJOTMU CKOPOCTh IOCTOSHHA M U3BecTHAa. Torma
mupuHa AUX:

Ao = fyuum — fBHTp’

e

f

BHIIH — VM.C/ L praams fBHTp =VMmc / LBHTp

— uacTtoThl [IAB OKOJO BHENIHEr0 M BHYTPEHHETO
pazycoB coOTBETCTBEHHO, MPHIEM ( Lyyy,  Laurp

— IIUpUHA TIEPUO/IA TOTIOJIOTHH OKOJIO BHYTPSHHETO U
BHEIITHETO PaJNyCOB COOTBETCTBEHHO, CM. PHC. 6, 8).

B crry ManocTv IMMpHHBI IEPHOAA TOTIOJIOTHH TI0
CpaBHEHMIO C JUTHHOU mpeoOpaszoBaress L npupaBHsi-
€M €€ JUIHHE JyT'¥ COOTBETCTBYIOIIETO paanyca:

LBHTp =0nR; Lopum =6, Ro,
rae O, — yrmosoii nepuon. Torna

Ry-R ., W
AO): pr: pr

¥ ycioBHe juist y3koro muka AUX: W/R — min.

Pesynbrarsl pacueroB. luHaMuuyecKuil aua-
na3oH. 3HauyeHHWs JedopMamuii M BHYTpPEHHHX
HaIpsHKEHWH OBUIM TIepecYMTaHbl B 3HAYEHHS BBHI-
XOJHOTO CHTHAJIa aTYMKa IS BCEX NMPEIUIOKEHHBIX
COOTHOLIEHUI pa3MmepoB u Marepuanos. Ha puc. 8
MOKa3aHbl BBIXOJHBIE XapaKTepUCTHKH it YD wu3
JIBYX MaTepuasioB M YETHIPEX BAPHAHTOB COOTHOIIIC-
HUH pa3MepoB: KBaJpar paauyca K Toamune Y0.

B 1abn. 1 mpeacTaBieHbI pe3yNbTaThl PacueTOB:
MacmTabHbIe Ko3(phUIMeHTs B quddepeHnaIsHoM
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Af, k' Af, k'
Ksapn ST-cpesa , 600 Huobar nutus ,
1000~ Quartz ST-slice ~ R?/h =400 cpes YX-128° R?/h = 400
500—  Lithium niobate
800— Y X-128°-slice
400
600—
300,
400 200
200 100
} f | f
0 5000 10000 15000 a/g 0 5000 10000 15000 a/g
Puc. 8. BeIxoaHble XapaKTePUCTHKH 1yBCTBUTEIIEHBIX 3JIEMEHTOB
Fig. 8. The output characteristics of the sensing elements
Tabruya 1. Xapakrepuctuku MMA na [TAB
Table 1. Characteristics of a micromechanical accelerometer using SAW
2
ITapamerp R / h, v
25 | 100 | 200 | 400
Keapy ST-cpesza
MacmTabHbi kKod(duiment (anddepeHnnaIbHbIH 0.0063 0.0259 0.0523 0.1053
pexum), kl'/g
Jlnana3oH u3MepsieMbIX YCKOPEHHH, { +200 u 6onee | +200 u Gonee | +200 m Gonee | +200 u Oonee
IMopor 4yBCTBUTEIBHOCTH, { 68 17 9 4
Huobam aumus cpeza YX-128°
MacmTabHbli koa(duiment (anddepeHunambHbII 0.0035 00151 0.0304 0.0612
pexum), k['/g
Jlnana3oH u3MepsieMbIX YCKOPEHHH, J +200 u 6onee | +200 u Gonee | +200 u Gonee | +200 u Oomnee
[Topor 4yBCTBUTEIHHOCTH, ( 120 29 14 7

pexume, AUana3oHbl U3MEPSEMbIX YCKOPEHUH, TOpo-
TH YyBCTBUTEIBHOCTH.

MopnenbHbld 3KCOEPUMEHT MOKa3al, 4TO IpHU
Harpy3ke YD MHEpIMOHHON Maccol IMIMHIPUYECKON
(hopmel, pazmernieHHO Ha YD coocHO 1o ocu z (cM.
puc. 5, 6), oBbIIaeTcs dyBcTBUTEIbHOCTS KBIIIII.
IIpu sTtom ¢ pocrom VM yBenuuuBaeTcs U IpUpa-
[IEHUEe YacTOThl. B CBs3M ¢ 3TUM ObLT IpOBENIEH aHa-
U3 XapakTepucTUK YD B HampspKeHHO-Ae(hopMHpPO-
BaHHOM MHEPILIMOHHON Maccoil COCTOSHUU.

[Ipu onvHaKOBBIX YCIOBUAX JUIsl ABYX Marepua-

Af, kI'g
0.30—
0.25(—
0.20—
0.15—
0.10
0.05

Hwuobar nmurus
Lithium niobate

| | | | |
0.3 0.7 R/Rym

0
01 02

JIOB TJIACTHHBI MAaKCHMaslbHas YyBCTBUTEIHHOCTb
HaOmonaeTcs npu ycioBud Rypy <H (tme Rypy —
pamuyc MIM; H — Beicota MIM) u oOTHOUIEHUH
Ry /R <1, a 30Ha HanGoubIIeil 4yBCTBUTEIBHOCTH
ANIEMEHTA CMEIIAeTCS K MECTy KpPEeIUICHHS W JOCTH-
raer cBoero Makcumyma mpu Rypg/R=3/5, mocie
Yero MpouCXoauT cmaf (puc. 9, a).

Takum ob6pasom, paguyc MM nomxeH cocTas-
a1k 60 % ot paguyca UD. HanpoTtus, 3aBUCHMOCTb
YYBCTBHUTEIFHOCTH OT COOTHOIIECHHWS BBICOT UD m

Af, k'
0.30
0.25—
0.20—
0.15
0.10

0.05
0

Hwuobar nurus
Lithium niobate

0.1 0.4 0.7

My /h
6

Puc. 9. 3aBUCHMOCTH CMEIIECHUS YaCTOTHI ISl HCCIIeJOBaHHBIX UD OT OTHOIIEHHS pajanyca INIaCTHHBI U paguyca M (a)
M OT OTHOIIEHHS BBICOTHI HHEPIIMOHHOM Macchl (IM) K BeICOTE 4yBCTBUTENHHOTO 31eMenTa (UD) (6).
UYepHble KpuBbIe — BOIMU3M KperuieHnst Y3; kpacHble KpuBble — BOIM3M kperuienus UM

Fig. 9. The dependence of the frequency shift for the investigated sensing elements (SE) on the ratio of the plate radius and the radius
of the inertial mass (IM) (a) and on the ratio of IM to the height of the SE (6).
Black curves — nearly SE fixing; red curves — nearly IM fixing
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UM (puc. 9, 6) He umeet skcTpemyma. [loaToMy BbI-
cora UM orpaHuuyuBaeTCs TOJBKO IIeJIeCO00pa3HO-
CTBIO U KOHCTPYKTUBHBIMU OCOOEHHOCTSIMU NPUOOpA.

W3 onucaHHbIX pe3yabTaTOB MOXKHO C/€IATh BbI-
BOJI, UTO JUIsl YBEJIMUEHUS IIOPOTa YyBCTBUTEIbHOCTU
CEHCOpa, MOCTPOEHHOI0 KaK C MPUMEHEHHEM KBaplLa
ST-cpe3a, Tak 1 HHOOara T Y X-128°, mipu wuc-
nonb3oBaHuK MM pexomeHayercs o0ecrneunBarh:

— pacnoioXKeHHE KONbLEBOIO Pe30HaTOpa BOIU3U
MecTa kperieHus: Y0,

— oTHOMIeHHE paguyca UM k paanycy miaacTHHBI
Ry /R =3/5.

[NonyunB ontuMansHBI pasmep MM (mon ontu-
ManbHOCTEI0 VIM moHMMaeTcst pasmep, IMpH KOTOPOM
JIOCTHIaeTCsl MaKCHMaJIbHAsl TyBCTBUTEIFHOCTE UD) 1
OIIPENIENIUB 30HY YYBCTBUTEIIBHOCTH, MOKHO OLIEHUTH
JMHAMHUYECKUI JHaIa30H.

TakuM 00pa3oM, pasMemIeHHe TOTIOJIOTHU Pe30-
HaTopa Ha IPOTUBOIOJIOKHBIX CcTOpoHax Y3, mo
OKPYKHOCTHU M BOJHM3M MecTa KperuieHus: YD k kop-
mycy, pacnonoxenne UM munuHApUYIECKOH (HOpMBI
mo 1eHtpy YO, obecreueHrue OTHOUICHUS pajuyca
VM x panuycy IIAacTHHBI paBHBIM 3/5 NPUBOAUT K
MIOBBILIEHHIO TOPOTOBOM YyBCTBUTENBHOCTH.

B Tabn. 2 mpeacraBieHb! pe3ynbTaThl pacueTos,
aHajornyssie Tabn. 1, mis KBHIII ¢ YD B Hanps-

JKEHHO-Ie(DOPMUPOBAaHHOM HWHEPIIMOHHOW Maccou
COCTOSIHUM TIpYU ONTUMANbHBIX pazmepax UM nmns
KaX/I0T0 MaTepuaia M pacloIoKeHHs pe3oHaropa B
30HE HAHOOJBIIEH TyBCTBUTEIEHOCTH.

Pesynbrarel nepecdyera BHYTPEHHUX HaIlpsbKe-
HUH B 3HAUEHUs BBIXOJHOTO CUTHaNA Jatynka ¢ Y0 B
HaINpspKeHHO-1e(DOPMUPOBAHHOM COCTOSIHAM TIPE-
craBieHsl Ha puc. 10.

[To pesynmpraram mnpozenaHHON pabOTHI Mpeio-
JkeHa OoK-cxema MeTonuku paciera MMA Ha [TAB
C KOJIBLIEBBIM PE30HATOPOM Ha aHU30TPOIIHOM Mate-
puane (puc. 11).

Metonmuka pa3OuBaeT pacdyeT Ha 2 TOCiIenoBa-
TEJbHBIX JTala: pacyeT MexaHW4yeckod yactu YD u
pacuet Tononorun KBIIII. [{nst Hawana HEoOX0auMoO
3aaTh TpeOyeMble YCIOBHSA: padodyld YacToTy
YCTpOICTBA, AWHAMHYECKUN AMAna3oH, MOPOTOBYIO
YyBCTBUTEILHOCTb, Ta0apUTHl U Maccy. 3aTeM — BbI-
Opatp mMatepman u pazmep UD, paccuuTarh TUHAMH-
YeCcKMi auana3oH. Pacmmputh quHAMUYECKUN aHa-
Ma30H MOXXKHO BBIOpaB Jpyrue MaTepHall Wid pasMep
YD, a cy3uTh — J0OABUB HHEPLIUOHHYIO MACCY.

Janee HeoOXoAMMO TPOBECTH aHAIM3 TOpOTa
YyBCTBUTEILHOCTHU: MOBBICUTh €T0 MOXKHO HArpy3uB
qyBCTBUTENBHBIN 3neMeHT M. Tlepexomuts k pac-
yety Tononoruu KBIIIT nenecoobpasHo mociue pac-

Tabnuya 2. Xapakrepuctuku MMA Ha [TAB ¢ UD B HanpsbkeHHO-Ie(h)OpMUPOBAHHOM COCTOSIHHH

Table 2. Characteristics of a micromechanical accelerometer using SAW with sensing element in the tense deformed state

2
ITapametp R / h, wm
25 | 100 | 200 | 400
Keapy ST-cpesza
Macurabubiit ko durment (auddepeHunatbHbIi 1.48 6.69 13.81 2758
pexum), kK[ /g
Jluana3oH U3MepseMbIX YCKOPEHUH, ( +200 u 6onee | +200 u Gonee +177 +95
Ilopor uyBCTBUTENBHOCTH, { 0.29 0.063 0.031 0.016
Huobam aumus cpesa YX-128°
Macurabubiit ko durment (anddepeHunaIbHbIi 039 173 370 743
pexum), kK[ /g
Jlnama3oH n3MepsieMbIX YCKOPEeHU, J +200 u 6onee | +200 u Gonee +167 +84
ITopor 4yBCTBHTEIBHOCTH, ( 1.08 0.24 0.11 0.06
Af, k' Af, k'
Ksapu ST-cpesa Huobar nmng{ )
20 000— Quartz ST-slice  R?/h =400 5000  cpes YX-128 R?/h =400
Lithium niobate
15 000— 4000—  YX-128°-slice
3000—
10 000—
2000—
5000— 3 1000
: — :
0 500 1000 a/g 0 5000 10000 a/g

Puc. 10. Berxoansle xapakTepucTuky YD B HaNpsHKEHHO- e OpMUPOBAHHOM COCTOSTHUH

Fig. 10. The output characteristics of the sensing element in in the tense deformed state
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TexHuueckoe 3a1aHue:

[Topor
YYBCTBUTEIBHOCTU

ToBsIcHTS| VYerpa- |[lonnsurs

— paboyast 4acToTa; Pacuer Tononorun
— IMHAMMYECKH JUAMa30H; KBOIII
— [OPOroBast YyBCTBUTEIBHOCTS;
— rabapuThl, Macca P ——————————— ————————
Pacuer DUTPL, | :
MEXaHU4YECKOH < : Pacuer nynnbl |
yactu Y9 y I ripeoGpasosarers L :
| [Bei6op matepuana UD| | ' [
I |
: : : Vuer Bri6op aneptypst W: :
| [ Bui6op pasmepa 4D || : ! aHU30TPOIHH W >0.0L /R, |
| »| |
T | | .
l v R I | W/R;, — min !
| AHalu3 nanasoxa . P | [|@asosbie ckopoctn v;|] 1 |
I HU3MEPSIEMBIX YCKOPEHHIT | Ll L ———— t —————— —- I
| : | | | | B yryoBBIX cerMenTax : I
: I I : KOJIBLIEBOTO . Br160p nepuoaos | :
| | . |
: HAMITUECKIT | : | pe3oHaTopa KBHIIT L bl
: JIHATa30H : | T T T T Tttt T T t ______ - :
I . Cy3urs | Verpa- |Pacimmpurs : : AHanu3 xapakTepuCTUK |
: " y uBacr I I BBIXOJIHOTO CHTHAIIA :
|
: Ananus nopora P !
I 4yBCTBUTEIBHOCTH I : I
|
| 1 |
|
: P :
I I I |
| P! I
| |
| |
| |

Puc. 11. brok-cxema Metonuku pacieta MMA ¢ kounbiieBbiM [IAB-pe3oHaTopoM Ha aHU30TPOITHOM MaTepualie

Fig. 11. Block diagram of the calculation method of the micromechanical accelerometer on SAW with a ring resonator
using an anisotropic material

gera MexaHnmdeckod gactu UD, Tak Kak OT Hee 3aBU- J11s TIOBBIIIIEHHMSI TTOPOTa IyBCTBUTEIFHOCTH HE00-
cuT ajauMHa mpeoOpasoBaresst. Pacuer ameprypbl M Xomumo: pasmernars Ttonosnoruro BILIT-pesonaropa na
BeIOOp mepuoma KBIIII sBisioTcss BaKHEHMIIMMU — NPOTHBOMONOXKHBIX CTOpoHaXx UD, MO OKPY:KHOCTH H
STalaMy IPHM NPOEKTUPOBAHMH, TAK KaK OT HHX 3a-  BOMM3M MecTa KpemleHus YD K KOpIycy, a Takke
BHCHT Ka4eCTBO BBIXOIHOTO CHUTHAJIA. Harpyxars Y9 VM mwmnaprdeckoi hopMel, pacrio-
3akuouenne. B omicanHoil paGoTe MccieoBaHbl  JIOKEHHOH c00cHO YD mo Beprvkami. OTHOIIEHHE paIy-
marepuans! 11 U9 MMA na TTAB: kpapi ST-cpeza  yca MIM k pajmycy miiacTuHbl IOJDKHO COCTABILTH 3/5.
u HuoOar nuTHs cpe3a YX-128°. Ananus marepua- Js ToydeHuss MakCHMAJIbHO y3KOTO IIHKa aM-
JIOB TIOMJIOMKEK JUIsi MCHONb30BAHUA HX B cocTape  I[UIUTYIHO-YAaCTOTHOH XapaKTCPHCTHKH PE30HATOpA
KOHCTPYKIUU MMA ua IIAB ToKasan, 4To Un us €] aKcenepoMeTpa HEOOXOIUMO YYHUTBIBaTh aHU30-
kBapua ST-cpe3a umeer Oonee MUPOKW nuamazoH ~ TPONHUIO  Marepuania YD  HEIKBUIMCTAHTHOCTHIO
M3MEPSIEMbIX YCKOPEHWH W Ooyiee BBICOKMU Mopor  BCTPEYHO-IITHIPCBOIO npeodpasosarens. Ipu npoek-
YyBCTBUTENLHOCTH, 4eM UD u3 HuoOara nutus cpesa  THposanun KBIIII crenyer BBINOIHATH YCIOBHS

YX-128° npu npo4ux paBHbBIX YCIOBUSIX. Rep >W >0.04 R ; W/ Rep = min.

ABTOPCKUIA BKNAA,

JykbsaaoB [Ivurtpuii [IaBaoBuu — 0030p ucmons3oBanuss MMA Ha [TIAB B cocTaBe CHCTEMBI THATHOCTUKU
JKEeJIe3HON TOpOTrH; 000CHOBaHUE MpUHITMIA mocTpoerust MMA Ha [TAB.

Boponaxun Ajexcanap MuxaiiioBud — 0630p ucnonb3oBannss MMA na [TAB B coctaBe cucTeMbl anarHo-
CTHKH XEJIE3HOH JOpory; GopMyIHpOBKa TeXHHYECKHX TpeboBannii K MMA Ha [IAB ¢ ydeTroM ycioBuii SKCIuTya-
TalUM B COCTaBE CUCTEMbI JUATHOCTHKU.

IeBuenko Cepreii FOpbeBuu — 0030p cymectByonmx MOMC; ocHOBBI KoHIIENIMY moctpoenuss MMA Ha [TAB.
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XuBpuu Mapusi AjiekcaHapoBHa — KoHuenuus noctpoeHusst MMA Ha [IAB ¢ xosbLieBBIM pe30HATOPOM Ha
aHW30TPOITHOM MaTepHae; pacueTsl; OJIOK-CXeMa; BBIXOAHAS XapaKTePUCTHKA.

Amupos Temypmaauk AHBap yriau— 0630p cymectByrommx MOMC.
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TekeT cTraTby M37araeTcsi B OMNPEICICHHOW IOCIe0BATENbHOCTH. PekoMeHayeTcs: mpuaepKuBarhesi (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenne, Metonst, Pesymsrarsl, O0cyxaeHue):

BBenenue. Bo BBeneHUH aBTOP 3HAKOMUT C IPEIMETOM, 3ala4aMH M COCTOSHHEM HCCIICIOBaHHUHN 10 TeMe
MyOMUKaIMK; TTPH 3TOM HEOOXOTMMO 00s3aTeTHHO CCHIIATHCS HAa MCTOYHUKH, U3 KOTOPHIX OepeTrcs MH(OpPMAITH.
ABTOp TIPHBOIUT OMHCaHHE "OENBIX IATEH" B MpOOJIEeMe WM TOTO, YTO eIlle He CHeNaHO, M (GOPMYIHPYeT LEeNHd U
3aJ1a4u MCCIIeIOBAHMS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadckumu Iudpamu. B cHockax MoryT ObITh
pa3MeIneHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTepHeTa, cCchutkn Ha yaeOHukH, yuebnsie mocodms, [OCTHl,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JIMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImrcarb TEOPCTUYCCKUEC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie uT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIIENOBAHNA uenecoo6p33H0 OITUCBHIBATH B TOM ClIyda€, €CJIM OHU OTJIINYArOTCA HOBH3HOM.

Hayunas craTest 10JDKHA 0TOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH 1 MTOIy4YEHHbIE PE3yNIbTaThl, HO U
JIOTHKY CaMOT0 HCCJIEAOBAHUS WIH IIOCJIENOBATEIbHOCTh PACCyXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHYecKre BeIBOABI. [10 pe3ynbTaraM SKCIIEpUMEHTAIbHBIX HCCIIENOBAHUN IeIecO00pa3Ho OMHcaTh CTAIUN U
3Tansl SKCIEPUMEHTOB.

PesyabraThl. B 3TOM pa3smene mpencTaBiieHBI 3KCIIEPUMEHTAIbHBIC WIM TCOPETUYCCKHE JIaHHbIC,
MOJIYYCHHBIC B XOJIC MCCIICIAOBaHMs. Pe3ynbTaTsl Aal0TCs B 00pabOTAaHHOM BapuaHTE: B BHUIC TaOIUIl, TpaduKOB,
JaMarpaMM, ypaBHeHHH, (ororpadwuii, pucyHkoB. B 3TOM pasziene HpUBOAATCS ToibKo (aktel. B omucanum
MOJIYYCHHBIX PE3YJIbTaTOB HE TOJDKHO OBITh HUKAKUX MOSCHEHHUI — OHM Jat0TCs B paszaene «O0cyx aecHue.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTyYEHHBIE
pE3yAbTaTbl B COOTBCTCTBHUU C IIOCTABJIICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YJBTAaTOB C pe3yJbTaTaMu APYTruX aBTOpoB. HeoOXoauMo mokaszarh, YTO CTaThs pEIIaeT HAyuYHYIO
npoOJieMy WITH CITYKHUT NPUPAIIESHHUIO HOBOTO 3HaHHs. MO)KHO OOBSCHATH NONTYy4YSHHBIE PE3YJIBTAaThl HA OCHOBE CBOETO
ombiTa ¥ 0a30BBIX 3HAHW, NMPUBOAS HECKOJIBKO BO3MOXKHBIX OOBSICHEHHWIl. 3[€Ch M3JIaraloTcsl MPEIOKEHHS I10
HalnpapJICHHUIO OYIYILHX UCCIICIOBAHUH.

Cnucok jurTeparypbl (0ubauorpadMuecKuil CUCOK) COJACPKUT CBEACHHS O IUTHPYEMOM, pacCMaTpHBAEMOM HIIH
YIOMHWHAaEMOM B TEKCTE CTaThU JIMTEPATypHOM MHCTOYHHKE. B CHHCOK JUTEpaTypbl BKIIOYAIOTCS TOJBKO
PEIeH3UPYEeMbIe HCTOYHUKH (CTAaThU M3 HAYYHBIX JKYPHAJIOB U MOHOTpaduu).

Cnmcok JuTeparypsl ODKEH MMETh HE MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHINIOs3bIYHbIe u3naHus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIVIOS3BIYHBIX UCTOYHUKOB).

Cchuiku Ha HeOHy6J'II/IKOBaHHLIC U HETUPAKUPOBAHHBIC pa6OTBI HE JOITYyCKaroTCs. He JAOITYCKArOTCA CCBUJIKM Ha
y‘IC6HI/IKI/I, y‘I€6HLI€ HOCO6I/I}I, CIIPABOYHHKH, CJIOBApH, JUCCEPTALNU U APYTUC MAJOTUPAKHBIC U3AaHUS.

Ecnu onmckiBaeMas myonukaiius umeeT nudposoit unentuduxarop Digital Object Identifier (DOI), ero HeoOxouM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B dopmare "doi: ...". IlpoBepsars Hamuune DOI cratbu
cnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HesxenarensHbl CCUIKMA HAa HCTOYHUKH Oojiee 10—15-meTHel JaBHOCTH, MPUBETCTBYIOTCS CCHUIKH HA COBPEMCHHBIC
HCTOYHHKH, Metotre uaeHtudukatop doi.

3a I0CTOBEPHOCTh M MPABWIBHOCTH O(QOPMIICHHS TPEACTABIAEMBIX OHMONMHOrpaUIecKrX AaHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTh BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIHMKAIHIO.

AHHOTAIUSl HA aHIIUICKOM s3bIKe (Abstract) B pycCKOS3BIYHOM H3TAaHMU M MEXAYHAPOAHBIX 0a3ax JaHHBIX
ABJSIETCS JUII MHOCTPAHHBIX YMTaTelell OCHOBHBIM M, KaK MPaBUIIO, €IWHCTBEHHBIM HCTOYHHKOM HMH(OPMAIUH O
COZIep’KaHUM CTAaThbH M M3JIOKEHHBIX B HEH pe3ynbrarax MccieAoBaHUi. 3apyOexHble CIEUAINCThI 10 aHHOTAIuN
OLIEHHMBAIOT ITyOJIMKAIUIO, ONPEEISIIOT CBOM MHTEpEC K paboTe POCCHHCKOrO YyYEHOTO, MOTYT HCIIOJIb30BaTh €€ B
CBOEH ITyOJIMKAIMK M C/IeNIaTh Ha HEe CCBUIKY, OTKPBITh AMCKYCCHIO C aBTOPOM.

TexcT aHHOTAIMM TOIDKEH OBITH CBSI3HBIM U MH(OPMAaTHBHBIM. [Ipy HaNMCaHUM aHHOTAllMK PEKOMEH/IYeTCsI HCTIONB30BaTh
Present Simple Tense. Present Perfect Tense siBnsiercst nomyctumbiM. Pekomenyemsiii oobem — 200250 cios.
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Cnucok jsmreparypbl (References) i 3apyOe:kHBIX 0a3 JaHHBIX MPUBOIUTCS MOTHOCTHIO OTIEIBHBIM OJIOKOM,
MTOBTOPSIS CIIMCOK JIUTEPATYPhI K PYCCKOSI3BIYHOM yacTh. EClTu B CIIEICKe TUTEPaTyphl €CTh CCHUIKH HAa HHOCTPAHHBIC
MyOJIUKAIMK, TO OHU TIOJHOCTBIO MOBTOPSIOTCS B CIMCKE, TOTOBAIIEMCS B poMaHckoM andasure. B References
COBEPIICHHO HENOMYCTHMO Wucmonb30oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK
MPEJICTABISICTCS C MEPEBOJIOM PYCCKOSI3BIYHBIX UCTOYHHKOB HA JIATHHUILY. [Ipy 3TOM MPUMEHSAETCS TPAaHCIUTEPaIUs
o cucteme BSI (cwm. http://ru.translit.net/?account=bsi).

Tumossle mpuMeps! onucanns B References npuBeneHs! Ha caiite )xypHaia https://re.eltech.ru .

Caenenus 00 apTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMuIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
ydeHoe 3BaHMe (C JaTaMH IPHCBOCHUS U MIPHUCYKICHU ), TOYECTHBIEC 3BaHMS (C JaTaMH IPHCBOCHUS U IPUCYXKICHNUA),
KpaTKyIo HaydHyI0 Onorpaduro, KOIMYECTBO IEYaTHBIX paboT U chepy HaydHBIX MHTEpecoB (He Ooiee 5—6 cTpok),
Ha3BaHHE OPTaHW3aLNH, TOJDKHOCTD, CITY’KCOHBI U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MMOUTH. Ecim yueHBIX W/WnM akaIeMHYecKHX CTENeHeW W 3BaHWH HET, TO cIeqyeT yKa3aThb MeCTO
MOYYCHHSI BBICIIETO OOpa3oBaHMs, TOJ OKOHYAHHS By3a W CIEIHUAJIbHOCTh. Tarke TpeOyeTcss BKIIOYATh
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpakaercsi Kak aapec Buaa http://orcid.org/xxxx-Xxxx-XxXxx-xxxx. [Ipu 3ToM BaxHO, 4TOObI KaOWHET aBTOpa B
ORCID 6511 3amonHeH nH(opMaIuei 00 aBTope, UMell He0OXOMMBbIE CBEJICHUS 0 er0 00pa30BaHKH, Kapbepe, Ipyrue
ctatbu. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 32 MPOXOXKICHUE CTaTbU B pElaKILIUH.

IIpaBunia odopmiieHHs TEKCTa

TekcT crarbM MOATrOTaBIMBaeTCS B TEKCTOBOM pepaktope Microsoft Word. ®opmar OGymarm A4. Ilapamerpsl
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, mpaBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne Moay)KUPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel HE0OXOJMMOCTH.

JIOTIOMHUTENBHBIN, TTOSICHAIOUIMN TEKCT clieyeT BBIHOCUThH B MOJACTPOYHbIE CCBHUIKHM IPH IMOMOIIHM 3HAaKa CHOCKH, a
npu OosbioM oObeMe — 0GOpMIIATE B BHAE NMPHIOKEHMS K crarbe. CChUIKM Ha (GOPMYINBI U TaONUIBI AAIOTCS B
KPYIJIIBIX CKOOKaX, CCBUIKH Ha UCIIOIb30BaHHBIC HCTOYHUKH (JIUTEPATYpPy) — B KBaJIPATHBIX MPSMBIX.

Bce cBemeHmss wW Tekct craThu  HaOmparorcst rapHuTypodi "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE N0 MIHPHWHE; a03amHEIM oTcTym 0.6 CM; MEXCTpOUYHBIH WHTepBan "Muoxwurens 1.1";
aBTOMAaTHUECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BEpCTKU CIKCKA JIUTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOIpoOHO onrcaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANPABJIEHHUT KypHaJia
TemaTuka xypHana COOTBETCTBYET TPYIIaM CIEIHATbHOCTEH HAYIHBIX PAOOTHHUKOB:

e 05.12.00 — "Pammorexumnka u cBsa3p" (05.12.04 — PagmorexHWka, B TOM YHCIE CHCTEMBI M YCTpOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, cetu u
yCTpoiicTBa TeaekoMmMyHukanui, 05.12.14 Paguronokanus v paguoHaBUTAIINA);

e 05.27.00 — "Dmexrporuka" (05.27.01 — TBepmoTenbHAs 3JIEKTPOHUKA, PaTHOIIEKTPOHHBIE KOMIIOHEHTEHI,
MHKpPO- ¥ HAHORJIEKTPOHHMKA Ha KBAaHTOBBIX Adderrax, 05.27.02 — BakyymHas ¥ 11a3MeHHast 2JI€KTPOHUKA,
05.27.03 — KsantoBast snektpoHuka, 05.27.06 — TexHonoruss W oOOpyIOBaHUE ISl TPOU3BOACTBA
MOy TTPOBOAHHUKOB, MATEPHUAJIOB M IPUOOPOB NEKTPOHHON TEXHUKH);

e 05.11.00 — "[IpubopocTpoeHne, METPOJIOTH ¥ MHPOPMALIMOHHO-U3MEPHUTEIIbHBIE TIPHOOPHI U CHCTEMBL" B
penakunu npukaza BAK or 10.01.2012 Ne 5 (05.11.01 — ITpubopsl n MeToas! M3MEpEHUs MO BUAAM
n3mepennit, 05.11.03 — I[IpuGopsr HaBuranny, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPUOOPHI 1 KoMIutekesl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3ITyYeHUH M PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI ITPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnaonorust mpubdopoctpoerus, 05.11.15 — Merponorust u MeTponormdeckoe obdecmeuenue, 05.11.16 —
WnubopmMannoHHO-U3MEpUTENbHBIE U YIpaBisiomue cuctemsl (mo orpacisiM), 05.11.17 — IpubGopsr,
CHUCTEMBI W U3AeNMs MeAuIuHcKoro HasHadeHus, 05.11.18 — Ilpubopbl m MeTomsl mpeoOpa3oBaHHA
U300paKEHHI 1 3ByKa).
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VYka3aHHBIC CHEINATBHOCTH MPECTABIAIOTCA B KypHAJIE CICIYIOIINMI OCHOBHBIMH PyOpHKaMH:

"PagnoTeXHHKA U CBS3L'":

PannorexHnueckue cpeacTBa nepenadu, npuemMa 1 00paboTKU CUTHAIOB.
[TpoexTupoBaHue 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenne u 06padoTka n300paKeHUH.

ONeKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAIIHH.

Papnonokanus n paXuoHaBHT LML,

"DnexTpoHuKa':

e  MuKpO- ¥ HAHORJICKTPOHHUKA.

e KgaHTOBas1, TBepIOTENbHAS, IIA3MECHHAS M BAKyyMHAs DJICKTPOHUKA.
e Pamnodoronuxka.

e  Dnexrponuka CBY.

"IIpubopocTpoenue, METpPOIOrus 1 HHHOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI':
e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHIECKUX U PaIHOBOIIH.
e  Merposnorus 1 HUHGOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI.

e  [IpuOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJISI CPE/IbI, BEIIECTB, MaTEPHAJIOB U H3JIEITHI.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yin. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "V3BecTus BRICIINX yueOHBIX 3aBeneHuit Poccuu. Pagunosnekrponuka"

TexHUYECKHE BOMPOCH MOXKHO BBIICHUTH 110 ajpecy radioelectronic@yandex.ru
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