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PeTpocneKTMBHbIA 0630p TPOUUHBIX NOC/Ief0BaTE/IbHOCTEN
C nageanbHO NepmoanYecKoin aBTokoppensiuuein
M YCTPOWMCTB NX FreHepauunmn

E. N. KpeHzeno™

AO "CbT"
yn. leHepana Anekceeea, 0. 16, Mockea, 124460, Poccus

™ eyg.krengel@gmail.com

AHHOTaLuA

BBepeHue. geansHble MHOrodasHble YHUMOAYNSPHbIE MOC/eA0BaTeNbHOCTY, T. €. NocAef0BaTeIbHOCTA C
naeanbHOM NepuoAnNYeckon asTokoppensaumen n eANHUYHOM aMnAnNTYAOM CUMBOJIOB, LUMPOKO UCMONb3YOTCS
B COBPEMEHHOl pagnocBsa3n 1 pagnonokaumm. Ocoboe MeCcTo Cpein HUX 3aHMMaKT UAeasbHble TPOUUHbIe
nocnegosaTensHocT (UTM) c anemeHTamu {-1, 0, 1}. PakTU4eCKnN 3TO ABONYHbIE MOCAeAOBaTENBLHOCTY C anda-
BUTOM {-1, 1}, HO C Hy/NeBbLIMN CMMBOJIAMWN Ha HeKOTOpPbIX No3uuuax. T 4oCTaToOYHO MHOMOUMC/IEHHbI, a NX
ANVHA B OTANYME OT UAeaNnbHbIX ABOVMYHBIX MOCeA0BaTENbHOCTEN He OrpaHMYeHa cBepxy. [naTtoi 3a 3To sB-
nsetcs NUK-GakTop, UMeoLWNi 3HaveHne, bonbluee eAnHULbI, YUTO PAaBHOCU/IBHO SHepreTnyeckmM noTepsm B
npuemHuke. ViccnegoaHuio UTIM NocBsALLLEHO 60NbLLOE YMCI0 HayUHbIX CTaTen 1N KHUT. B 4aCTHOCTY, LUMPOKYHO
N3BEeCTHOCTb MOAYYUA CAPaBOYHMK MO MNPOEKTUPOBaHUIO NocnefoBaTenbHocTen PaHa n JapHenna (1996), B
KOTOPOM faeTcst 0630p HEKOTOPbIX M3BECTHbIX Torga cemeiicte UTM. OgHaKo 3a npollejluve ABa AeCATUNETUS
6bINM OTKPbITEI HOBbIE MHOTOUMC/IeHHble ceMelicTBa UTI, nosyyeHbl Teopembl 06 X CyLLLECTBOBaHUK, @ Takxe
YCTaHOB/IEHbI CBA3M MeXAY HUMWN U LIUPKYNSAHTHBEIMU B3BeLUeHHbIMW MaTpuLamu. No3ToMy BO3HMKIA HEOHX0-
AVIMOCTb B MpoOBeAeHMN HOBOIo 0630pa CyLLeCTBYOLLMX Ha cerogHsa UTT.

Uenb pa6oTbl. CTaTba NMOCBsLLEHA PeTPOCNeKTUBHOMY 0630py MMetowmxca cerogHsa VT v ycTpoincTeam mx
reHepaumu.

MaTtepuanbl 1 meToAbl. PacCMOTPEHbI 1 NPOaHAIN3NPOBaHbI OTeYeCTBEHHbIE U 3apybeXHble NCTOYHUKA UH-
dbopmaunn (KHUTK, XypHabHble CTaTbW, TPYAbl KOHPEpPeHL I, NaTeHTbl).

Pe3ynbTaTtbl. Hapsay ¢ peweHnem nHGopmaLMoOHHO-6nbanorpadryeckon 3agaym B ob63ope nokasaHa B3au-
MOCBS3b MOJly4eHHbIX B pasHoe BpeMs WTI, nx skBUBANEHTHOCTb LVPKYNAHTHLIM B3BeLUeHHbIM MaTpuLaMm, a
TaKXe pacCMOTPEeHbl 610K-CXeMbl FeHepaToOpOB HEeKOTopbIX cemencTs UTI.

3akstoueHme. MNpeacrtaBneH KPaTkniA peTpoCneKkTUBHbIN 0630p UTI 3a X MNOYTU LUeCTUAECATUIETHIOW UCTO-
puto; paccMOTpeHbl reHepaTopbl HekKoTopbix cemencTs UTI. Pe3ynbTaTbl nccnefoBaHUsA akTyanbHbl ANS Npu-
MEeHeHV B COBPEMEHHbIX CUCTeMax PagnocBasn 1 pagrnonokaumm, B YactHoct B CW- n LPI-pagapax.

KnioueBble cnoBa: paj/ocurHanbl, nieanbHble TPOUYHbIE NOC/eA0BaTe/IbHOCTY, FeHepaTopsl
nocnegoBaTtenbHoCTeM
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Retrospective Review of Perfect Ternary Sequences and Their Generators

Evgeny I. Krengel™
JSC"NWT"
16, Generala Alekseeva Str., 124460, Moscow, Russia

™ evg.krengel@gmail.com
Abstract
Introduction. Perfect polyphase unimodular sequences, i. e. sequences with ideal periodic autocorrelation and
single amplitude of symbols are widely used in modern radio communications and radar. A special place
among them is occupied by perfect ternary sequences (PTSs) with elements {-1, 0, 1}. In fact, these are binary
sequences with the alphabet {-1, 1}, but with zero symbols in some positions. It is known that PTSs are quite
numerous and their length in comparison with perfect binary sequences is not limited from above. The charge
for this is a peak factor greater than one, which causes energy losses in the receiver. A large number of re-
search papers and books are devoted to the design of PTSs and the study of their properties. In particular, the
handbook on sequence design by Fan and Darnell (1996) which provides an overview of the then known PTS
families has become widely famous. However, over the past two decades, numerous new PTS families were
discovered, some theorems on their existence were obtained, and connections were established between them
and circulant weighing matrices. Therefore, there is a need for a new review of existing PTSs.
Objective. The article is devoted to a retrospective review of existing PTSs and their generation devices.
Materials and methods. Considered and analyzed domestic and foreign sources of information (books, jour-
nal papers, conference proceedings, patents).
Results. Along with solving an informational bibliographic problem, the review shows the relationship between
PTSs obtained at different times, their connection with circulant weighing matrices, and also describes the block
diagrams of generators of some PTS families.
Conclusion. A brief retrospective review of PTSs for their almost 60 years history is presented and the genera-
tors of some PTS families are considered. The results of the study are relevant for use in modern radio com-
munications and radar systems and in particular, in CW and LPI radars.
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Beenenune. Mneanbubie MHOTO(A3HBIE YHUMOY-
JSIPHBIE MOCIIEIOBATEIFHOCTH, T. €. TOCIEI0BATEIIb-
HOCTH C WJCaTbHONH TEepUOAMYECKONH aBTOKOPPEINS-
nyed M eMMHUYHON aMIUTUTYIOW CHMBOJIOB, IIIUPOKO
UCTIONB3YIOTCSI B COBPEMEHHOH paaMOCBSI3H H pa-
nuonokanuu [1-4]. B paguonokanuu Hauboiee mep-
CHCKTUBHBIM BUAWTCS UX NPHMEHEHHE B pamapax ¢
HernpepbIBHBIM u3inydeHueMm (CW-panaper) [3] 1 HU3-
Kol BeposiTHOCTBIO mepexBara (LPI-pamapsr) [4].
HauGounbiyto H3BECTHOCTh cpelnd MHOTO(a3HBIX
MOCIICOBATENFHOCTEH TIONYYIIIN HICANBHBIC MHO-
rodasneie TocnenoparensHoctd Ppanka (Frank),
3anoBa—Uy (Zadoff-Chu), Munesckoro (Milewski) n
nx Moxudukarmu [2, 3]. OOIMM CBOWCTBOM BCEX ITHX

TIOCIICIOBATENILHOCTEH SIBJISICTCS  yBEIIMUeHHEe 0o0bema
andasuTa ¢ pOCTOM MX JJIHHBL

B 1o xe BpeMsi HMEIOTCSI MHOTOYHCJICHHBIE Ce-
MeHCTBa MICaJIbHBIX MHOTO(A3HBIX MOCIIEIOBATEb-
HOCTEH ¢ HYJIIMH, 00beM aaBUTa KOTOPHIX HE 3a-
BUCHT OT X JUTHHBI. [[eHa, KOTOPYIO MBI BEIHYKICHBI
TUTATUTH 32 3TO, — MUK-(akTop Ooskmie 1 U, COOTBET-
CTBEHHO, 3HEPreTHUYCCKHUE MOTepHu B mpHeMHHKe. K
TaKUM IIOCJIEOBAaTeILHOCTSAM C HYJISIMH OTHOCSTCS
XOPOIIIO M3BECTHBIE TPOHYHBIE TOCIICIOBATEIILHOCTH
[1, 2], 4-dasHble 00OOIICHHBIC MOCICIOBATEIBHOCTH

JIn [vHBL (pm + 1), e p > 2, mpoctoe; m > 1, 1e-

Jioe, IpUIeM ( P+ 1) =2mod4 [5]; 8-da3Hble moce-
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NOBaTeNbHOCTH JITOKE JUTHHBI ( p' - 1) / ( p" - 1) =
=4mod8, tne p >2, mpocroe; n>2; m=>1; n,m—
nesble, pudeM mln (3ammch m|n 03Hauaet, uTo M SAB-

nseTcst aenuTeneM n) [6]; 4-pa3Hple mocienoBareib-
Hoctu Illorrena—JIroKe JUTMHEI ( p" —1)/ ( p" —1),
rne p=4t+1>1, npocroe; n>1, m — nenple, Tpu-

ueM mln u n#2m [7]; a Takxe 4- u 8-hasuele no-

CJIEIOBATEILHOCTH ATHHBI N = 2(pn - 1)/(pm - 1),

roe p > 2, npoctoe; n=mk;, m=>1; k>1, uensle,

npuYeM 4‘(pm —1) [8] u ap.

Ocoboe MecTo cpen HUX 3aHMMAaeT KJIacC Hje-
ambHBIX TPOMYHBIX mocienoBarenbHocTedt (UTII) ¢

snementamu {—1, 0, 1}. dakTuyecku 9T ABOMYHBIE
nocnezioBarenbHocTH ¢ andasutom {—1, 1}, Ho ¢ HY-

JIEBBIMU CHUMBOJIAMHU Ha HEKOTOpBIX mo3uuusax. On-
HAKO MUMEIOTCS CyIIeCTBEHHbIEC OTINYHs. Bo-nepBhIX,
UX JUIMHA HE OTPaHUYEHA CBEPXY, KaK y HJCaJIbHBIX
JIBOMYHBIX TOcJenoBaresibHocTeld. Bo-BTophix, 3TH
MOCIIEIOBATEIBHOCTH JOCTATOYHO MHOTOUHCIICHHBI,
IpUYeM HX THK-(QaKTOp CTPEMUTCS K €AWHUIE C PO-
cToM JUIMHBL. B-Tpetbux, reneparopsl UTII B oTin-
Yye OT TeHepaTopOB JAPYTHX HJCalbHBIX MHOTO(ha3-
HBIX TIOCIIEIOBATEIBHOCTEH ¢ 0oO0beMoM andaBura
Oompiie Tpex ammapaTHo mporre. 1 HakoHen, B pe-
skuMe HenpepblBHOM nepenaun UTII MoryT koMmes-
CHpOBATh OTCYTCTBHE HICANBHBIX OMHAPHBIX ITOCIIE-
noBarensHOCTEe. C 3Toi nensio JleBanon u dpun-
MaH TPEJIOKHUIN 3aMECTUTh HYJIM B TIEPUOAMUYECKU
nepenaBaemoit MTII uepe3 mepuon eauHunamMu u
munyc enunautiamu [9]. Ilpu 3ToM B kKadecTBe omop-
HOW TIOCJIEIOBATENILHOCTA B KOPPEJATOpE MPUMEHS-
ercs ucxomnas UTIIL, a Bpemsi WHTErpupoBaHus B
HEM BBIOMpaeTca PaBHBIM YETHOMY YHCITY MEPHOA0B
nociaenoBarensHOCTH. B 3ToM ciydae mmK-¢akTop
[IEPEeJaBaeMoOro CUrHajga CTaHOBUTCS pPaBHBIM €1U-
HUIlE, 3HaYeHUs1 OOKOBBIX JICTIECTKOB Ha BBIXOZE KOP-
pensiTopa paBHbI Hymt0. B pesysnsrare muatoi 3a He-
COMIAaCOBaHHYIO (DHIIBTPALINIO OYAYT SHEPTETHUECKUE
MOTEpU B MPUEMHUKE, HO M 3TH MOTEPU CTPEMATCA K
HyJto ¢ poctoM JunHbl UTTI.

Koncrpynposanuto UTII u wuccrmenoBannio ux
CBOMCTB TOCBALICHO OOJBIIOE YHMCIO HAYYHBIX CTa-
Tel 1 KHUL. I1IupoKyr0 M3BECTHOCTH IOIYYMIM MO-
Horpadus HMnaroBa [1] o mepHOIUYECKUX ITHUCKPET-

8
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HBIX CHUTHAJIaX C ONTUMAaJbHBIMU KOPPEISITUOHHBIMHU
cpoiictBamu (1991) u cnpaBounuk ®ana u Jlaprenna
[2] mo TMpOEKTUPOBAHMIO MOCIIEIOBATEIFHOCTEH AJIS
npuiioxkeHuit cBsazu (1996), B KOTOPBIX paccMOTPEHBI
u3BecTHble Ha TO Bpems cemeirictea UTII. 3a mpo-
HIEJIINAE C T€X MOP TOMbI OBLIIH OTKPHITH HOBBIE MHO-
rouncneHnele cemeiictea UTII, moka3zaHbl TeOpEMBI
00 WX CYIIECTBOBaHHWH, YCTAHOBIICHBI CBS3H MEXIY
HUMH W WJCATbHBIMH TPOWYHBIMU IUPKYJISTHTHBIMA
B3BEILIEHHBIMU MaTpuuamu (circulant weighing matri-
ces) CW (N, K) nopsiaka N (COBNaaomero ¢ Jit-
HOM MOCIIeI0BaTeIbHOCTH) U Beca K.

C y4eroM BBIIEU3IIOKEHHOTO W BO3POCHIETO 32
nocneaaue roael naTepeca k UTII B HacTodIe craTbe
JaH perpocnektuBHbId 00630p MTII 3a ux mouru 60-
JICTHIOKO HMCTOPHIO M PAacCMOTPEHBI HEKOTOpble KOH-
CTPYKIIUY TEHEPATOPOB ATUX MOCIIEI0BATEIIEHOCTEH.

HUneanbHble TPOMYHBIE MOCJIEI0BATEIHLHOCTH
(kpartkuii 0030p). Mcropuss UTII HacuuTHIBAaET OKO-
mo 60 mer. B 1960 r. TomMmnkuHC, UCTIONB3YSI METO.
HCYEPNBIBAIOLIECTO TMOUCKa, TeHepupoBan UTII
BIUIOTH 10 mnuHEL 18 [5], [10]. 3atrem B 1967 1. Yanr
[10] Ha ocHOBE m-TIOCTIEAOBATENIEHOCTEN HA/T GF(3)

noctpoun UTII ¢ qnunolt N = (3" —1)/ 2 (N Heuer-
HO). OTMeTHM, YTO MOAOOHBIA METOI MOCTPOCHUS
UTII taxxe npemnoxumu [pun u Kenca [11]. B 1977 &
Moxapup [12] Haten HeoOXOIUMBIE YCIOBUS CYIIECT-
BoBaHusa MTII u, ucnons3ysd LUKINYECKHE Pa3HOCT-
HbIe MHOXKECTBA, MOJTy4ns Heckoibko HOBeIX UTII. B
1979 1. lllenn u CapBar Ha OCHOBE CBOWCTB KOppe-
JSUOHHOW WACHTUYHOCTH JIBYX IMOCJIEI0BaTENbHO-
creit (Capsar u Ilepcim [13]), mpuMeHNMBIX K Tlapam
M-TIOCIIEIOBATENbHOCTEH C TPEeXypOBHEBOM B3auM-
Hoii koppemsuueit (Fonmx [14], Huxo [15], Kacamu
[16], Xenmnecer [17]), moctpounu cemeiictBo MTII

mmiael p’ -1 (p > 2 —mpoctoe uucio) [18].

3areM ¢ WHTEpPBAJIOM B HECKOJNBKO JIET ObUIH
HalJIeHbl JBE CUCTeMaThyeckue KOHCTpykiuu WUTII
JUTUHBI (p" —1)/(pm —1), e p — OPOCTOE YHCIIO;
n=mk; m>1 — nenoe, npudeM k >3 — HEYETHO.

IlepBass KoHCTpyKIMA A p >2 ObUIa IOJNydYeHA

UnatoeiM B 1979 1. Ha ocHOBe p”' -MUHBIX mM-TIO-

cnenoBarensHOCTEl [19]. BTopas koHCTpyKIus st
p =2 nonydena Xoxonarom u xacreceHom B 1983 .

Ha OCHOBE pAa3HOCTHBIX MHOXecTB 3uHrepa [20].
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Bnocneacrsun Mnaros, [lnatonos, Camoiinos [21] u
KamaneraunoB [22] wauum apyrue UTII ¢ Takumu
ke TIapameTpamu (JUTMHOM 1 mHK-(pakTopom), kak UTIT
[19]. B nampHeitmem Obuto ycraHoBieHo, uto MTIT
Yanra u I'puna—Kencua [10, 11] sBastoTcs moaMHOXe-
ctBom UTII Umarosa mns p =3, UTII Xoxonmara—

Mxacrecena [20] conanator ¢ UTII Hlegna—Capsara
[18] s p=2, m=1 u neuernoro n, a UTIl Maxa-

pupa [12] mpunamnexar cemericty UTII Mmarosa nim
Xoxonara u Jxactecena. bonee moapoOHbIe cBeACHNS
00 3TOM MOYKHO HaiiTH B [2].

B mocnenyromre rogsl ¢ OTKPHITHEM HOBBIX HJIe-
aNbHBIX OWHApPHBIX MOCIEIOBATEIBHOCTEH C JIBYX-
YPOBHEBOW aBTOKOppEIsAIuel (TmociaeoBaTelbHO-
creii GMW, 10oClIeIoBaTeNbHOCTEH  CTEIIEHHBIX
¢ynkumii Kacamu, nocnenoarensHoctelt Bemmua—ToHr n
TUIIEPOBAJIbHBIX IIOCIENOBaTeIbHOCTEH Mammnertu
[23]) mosiBuinicst psan paboT, MOCBSIIEHHBIX HCCIIENO-
BaHUIO UX B3aMHO-KOPPEILILIMOHHBIX CBOICTB. B cBs3n
C 9THUM HEOOXOIUMO YIOMSHYTH paboThl [24-31],
Onarogapsi KOTOpbIM HaiiIeHbl Pa3IM4HbIE Tapbl JBO-
WYHBIX U HEIBOMYHBIX TMOCIIENIOBATENILHOCTEH C Tpex-
YPOBHEBOW B3aMMHOW KOPPEINSLUEH, YIOBIETBOPSIO-
e ycnoBusaM koHeTpykimu lenna—Capsara. B pe-
3yJAbTaT€ 3TOTO CTAl0 BO3MOXKHBIM TOCTPOCHHE
oombiiero yucia UTIT [30].

B 1986 r. I'eiimc [32], ucnonp3ys ammapar pas-
HOCTHBIX MHOXECTB W KBaJpUK B MPOEKTUBHOHN Te0-
METPHUH, TOCTPOHUI CEMEHCTBO TPOWYHBIX IIOCIEHO-

BATEIBLHOCTEN JTTHHBI (q” —1)/((] -1), tme g — cre-

neHp npoctoro yucina. ['eitmc gokazan, uto UTIIT Xo-
xonara—J>kacTeceHa SBIIOTCS ITOAMHOKECTBOM ITO-
JIy4eHHON UM KoHCTpyKuuu. B 1992 r. JlxekcoH u
Bwisn [33] nokasamu, yro UTII MatoBa Takxke sBis-
rorcst mopMmHokectBoM UTII [eiimca. OmHako ocrasaii-
Csl OTKPBITHIM BOIPOC, MOXKHO JIM Ha OCHOBE MPEIJIO-
xenHor lelimcom koHcTpykimm renepupoBars WTII
JUTSL Y€THBIX 7. JTa MpolOieMa, U3BECTHAsI Kak mpooiie-
Ma Waterloo, Obita pasperreHa Apacy, [dumioHowm,
Jxaaraukernem u [Torrom B 1995 1. ¢ moMoIIpI0 OTHO-
CUTEJIBHBIX PA3HOCTHBIX MHOXKECTB M BECOBBIX MaTpPHII
[34, 35]. B pe3ynerare cTajgo O4EBUAHBIM, YTO C TO-
MOIIBIO TPEIOKeHHON [ €iMCOM KOHCTPYKIIMH MOKHO
ctpouth UTII TONBKO 1J11 HEYETHBIX A.

C tex mop UTII MnaroBa nepeoTKPHIBAIUCH EIIIE
He enmHOXKIBL. Tak, JIu [5] mokasam, uto st UTII
MIPE/ICTABIISIIOT CO00M TOMHOMKECTBO HJICATTBHBIX ¢-14-
HBIX TIOCJICIOBATCILHOCTEH, HAHJICHHBIX C IIOMOIIBIO

MyJIBTHIUIMKATHBHBIX XapakTepos Hax nonem GF(p).

3arem B 1996 . JItoke u llloTTen [7] momyuniu Te xe
camble UTII u3 w-nukiIn4deck uaeajbHBIX HOCIEN0-
BarenpHOCTed. UTII UnaroBa npu g =3 oxazamucek

TaKke IOIMHOKECTBOM HIICANBHBIX MHOTO(a3HBIX
MOCTIEIOBAaTENBHOCTEH  C MOCTPOCHHBIX
Bosracom u ITapammnasm [36].

ITapamnensno ¢ UTII n3yyanuck Takxe uaeaib-
HbIe TpOWYHBIE MaccuBhl (perfect ternary array —
PTA) u, B 4acTHOCTH, IIUPKYJISIHTHBIC B3BEIICHHBIC

HYJISIMU,

marpusl CW (N, K) nopsiika N u Beca K ¢ aie-
{-1, 0, 1}.

CW (N, K) npencraBiseTcs OCOGEHHO BasKHBIM,

MCHTaMHU H3 MHOXCCTBaA HSy‘-IGHI/Ie

TaK KaK CyILECTBYeT B3alMHO-OJHO3HAYHOE COOTBET-
ctBue Mexny HuMu U UTII mnunst N ¢ K HeHyleBbIMU
anemeHTamu. [lompoOHbIe 0030pel PTA m matpui
CW (N, K) conepxarcs B paborax Apaca u Jlui-

mona [37, 38]. B 1990 r. Autseiinep u Jlioke npen-
JIOXKWIH HOBBIM MeTox nmoctpoennst PTA u UTII [39].
Jl71s1 3TOTO OHM KCIIOJIB30BaJIM KPOHEKEPOBCKHUE TPO-
n3Benenus m3BecTHbIXx UTII m PTA ¢ uneansHOI
anepuoJnueckord aprokoppensnueil. C HOMOIIbIO
3TOTO METO/a ¥ KOMITBIOTEPHOTO TOWCKA OHU TOIY-
g HoByto UTII mnunbl 33 ¢ sHepruyeckod a¢-
¢dextuBHOCTEIO 0.76.

B nacTosiiiee Bpems 1okazaH LHENbIA PsI TEOPEM
cymectBoBanus M HecymectBoanusi CW (N, K) ¢

3amanabpiMu mapamerpamu N u K [37, 38]. C nomo-
MIBI0 ATUX TEOPEM W KOMITHIOTEPHOTO ITOWCKA OBLIH
naiinenst CW (24, 9), CW (71, 25), CW (87, 49),
CW (96, 36) u CW (142, 100).

HecomHeHHBIIT MHTepeC NPEACTaBISIOT KOMOU-
HupoBaHuble MTII, oOGpa3oBaHHBIE TOCHMBOJILHBIM
npousBeaeHneM nByx MTII ¢ B3amMHO THpoCTHIMH
nepuofamMy WM MPOU3BEICHUEM UACAIBHON JBOMY-
HOH mociienoBaresibHoCTH 111-1 mmuel 4 1 10001
WTII neuetnoit ;umnsl [1, 2]. B 310ii cBSA3M cnenyer
ynomsaHyTs Meton mnocrpoenus WTII mnunber 4N,
npennoxeHdsld Kperarenem B 2007 1. [40]. CortacHo
stomy metony HoBble UTII anmunsl 4N oOpa3yroTcs B
pe3yapTare CMELIMBAaHUS WUJeaJbHOU TPOMYHOH IO-
CJIEZI0BATENILHOCTH U TPOUYHOM MOCIIe10BaTeIbHOCTU
C HEYETHO HJCAIIbHOW aBTOKOPPESLUEH, UMEIOLINX
HEYETHYIO JUIMHY N ¥ OJMHAKOBOE YKCIIO HYJIEH.

Hakonern, nocienHsis 10 BpEMEHU B 3TOM CIIMCKE
koHcTpykuus UTII neuetnoit jymmusl N = NyN, 10-

9



M3Bectus By3oB Poccun. Pagnosnexrponnka. 2019. T. 22, Ne 4

OB30PHAS CTATbBSA

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4

PaguorexHuueckue CpeacTBa nepegavu, npuemMa u 06p360TKI/l CUI'HAJIOB

REVIEW ARTICLE

Radio electronic facilities for signal transmission, reception and processing

crpoeHa Kpenrenem B 2017 1. [41, 42]. HoBeie UTII
00pa3yroTcst Ha OCHOBE TOCIIEAOBATEIIEHOCTEH CIIBU-

ra IJIMHBI Nl’ COOTBCTCTBYIOIINX M-MOCJICAO-

BaTEJILHOCTAM JUIHHEI p" —1 wman GF ( p), n UTII
HEYeTHOW JUIHBI Ny, TIe p >2 — MpoCToe YHCIo;
m>1 - k>3 —

n=mk, 1eJnoe,

M=(p™ 1)/ ("=1) w0 23,|(p™ -1). 3ave-

THM, 9TO YUCIIO (popMuUpyeMbIX 3THM Metomom WUTII

HCYCTHO,

CYIIIECTBCHHO YBEIMYUBACTCS, €CIH HCIIOIB30BaTh
pacIIMpeHHBIE MTOCIEeIOBATEIBHOCTH CIBHTA, MONIY-
JaeMble Ha OCHOBE PA3HOCTHBIX OaJIaHCHBIX (DYHK-
it co ceoiictBamu d-hopm [43, 44].

I'enepaTopsl HAeaILHBIX TPOMYHBIX MOCJIEI0-
BaTeabHocTell. B [1] mocraTtouno moapoOHO ommca-
HBI ycTpoiicTBa, renepupytoniue UTII Mnarosa anu-

HBI (pmk—l)/(pm—l), p=>3, mpocroe u Xo-

xonaTra—J[)kacTeceHa JTHHBI (2mk - 1)/ (2m —1) npu

m>1 n HeuetHOM k >3. Ilpuuem B [1] UTIT Xo-
xomnaTa—J>acTeceHa MpeACTaBIEHb! C IIOMOIIBIO UC-
MI0JIb30BaHUS CIIEOBBIX (PyHKINUI U peodpa3oBaHuit
HaJl HUMH, 4TO CYLIECTBEHHO YIPOIIAET UX almapar-
HYIO peajn3aluio.

mk
-1
miHel N = A

UTII HnaroBa g=1g;
(s o

CTpOHTC}I B COOTBETCTBHHU C Bblpa)KeHI/IeM
i j .
g =(=1 w[Tr,’,’q (ocl )}, 0<i<N,
rie y[-] — nBy3HauHBII MyIBTHIUTHKATHBHBIH Xa-

paxTep noss GF( p" );

— cIient dIeMeHTa x U3 mois [amya GF( p" ) OTHOCH-
TEJIbHO MOJIA GF( " ); n=mk; o — IPUMHUTHBHBINA

3JIEMEHT OIS GF(p" ), npuueM m>1; k>3 — He-

yeTHO. HanmoMHuM, UTO JBY3HAYHBIM MyJIBTUILIHKA-
THBHBIM xapaktepoMm mons GF(g) seusercs oto6-

%
paxeHne MyIbTHIUMKATUBHON Tpymmbel GF (q) oc-

HOBHOTO TOJIA (T. €. BceX ¢ —1 HEHYJIEBBIX AIEMEHTOB

10

TI0J1sT) HA MHOYKECTBO {—1, 1} BUJIA \V(S) = (—1)lOgB 5 s

rie 8eGF(g); loggd — morapudm § mo ocHoBa-
HUIO B (B — IPUMHUTUBHBIA >JI€MEHT OIS GF(q)).

OueBHIHO, YTO logBS NPUHUMAET OAHO W3 3HaYe-

mnii 0, 1, 2, ..., ¢—2. Jlna UTII Unarosa ¢ = p™ n
MYJBTUTUINKATUBHBIN XapakTep Uil HyJIEBOTO dlie-
MeHTa moJist 6 =0 moomnpeaeneH a0 HYJS.

I'eneparop UTII Hnaroa, Gnok-cxemMa KOTOPOTO
TIPEZCTaBIeHA HAa pUC. 1, COCTOMT W3 TOCIIEOBATENHHO
COENIMHEHHBIX TeHepatopa 1 ¢-MYHOM m-IIOCHIEeNOBa-

TENHHOCTU JIJIMHEI qk -1, g= pm, m=>1, k>3 —
HedeTHOE; OJI0Ka Ipeodpa3oBarelis 2, BHITOIHSIONIETO
orepanuio 1peodpa3oBaHUsl BXOTHOTO HEHYIICBOTO
cumBona (HeHynesoro onementa nomst GF(g)) B

CHUMBOJI JIBy3HAYHOTO MYJIBTUILTUKATUBHOTO XapaKTe-
pa, nMeromero 3Hadenrue —1 wim 1, a HyneBoro cum-
BOJia (HYJIEBOTO BJIEMEHTa IMOJIs GF(q)) — B HOJb.

Beixon npeobOpa3oBaresns HOIKIIOUSH K IEPBOMY BXO-
JIy YMHOXHTEIIS 3, BTOPOH BXOJl KOTOPOTO MOAKIIIOYEH
K BBIXO/y TeHeparopa MeaHpa 4.

[puHumm paboTs! u OIOK-CXeMa TeHeparopa g-md-

o k
HOHU M-MOCJICAOBATCIbHOCTHU JJIMHBI ¢ -1 HO,I[p06-

HO ONHCAHBI B JINTEpaType, B YaCTHOCTH B KHUTAX
Unarosa [1], ®ana u [Japuemna [2] u [omomba u
T'onr [23]. TIpeoOpa3oBarenb, B KOTOPOM BBIYHCIIS-
eTCsl JIBY3HAuHBId MYJBTUIUIMKATUBHBIA XapakTep
aneMenTa mons ['amya, MOKHO peann3oBarh C MOMO-
LIBI0 PA3IUYHBIX YCTPOUCTB. B wacTHOCTH, AJg 3TOU
IIEJTH MOKET OBbITh HCIIOJIB30BAHO YCTPOWCTBO HEIO-
CpE/ICTBEHHOTO BBIYHMCIIEHUS JBy3HAUHOTO MYJIBTH-
TUTMKaTHBHOTO XapakTepa JII000ro HEHYJIEBOTO JJie-

menta nonst GF(q) [45]. Onnako Takast peanusanys

TpeOyeT 3HAUMTEIBHBIX alllapaTHBIX U BPEMEHHEBIX
pecypcoB. C Apyroii CTOPOHBI, KOHCTPYKIIHS MPE00-

1l —» 2 —» 3 —>»

4

Puc. 1. bnok-cxema reseparopa UTII Nnarosa
Fig. 1. Block diagram of Ipatov PTS generator:
1 — g-ary m-sequence generator; 2 — converter; 3 — multiplier;
4 — meander generator
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pas3oBarciisi MOXKET OLITH CYII€CCTBCHHO YIIPpOIICHA
IIpU UCIIOJIBb30BAHHUHU 3apaHEC BBIYHMCIICHHOM Ta6J'II/IHLI

OTO6pa)KCHI/IH HCHYJICBBIX pm OJICMCHTOB Xj B OAUH

u3 cumBonoB {—1, 0, 1}, peanusoBanHHON Ha MOCTO-

STHHOM 3aromuHatomeM ycrpoiictee (I13Y), kak 3to
peuIoXkeHo B [1].
WUTII Xoxomura-Jlkacrecena a={a;} UMHBI

N=("—D)/(2™ -1), n=mk, m=1, k>3 - ne-
4YeTHOe, B IpeaiokeHHOW MmaToBsIM mMHTEpIIpETaIn
[1] umeet BuA

0, e (&) = 0;
4 = \q—3 .
e[dl-(Tr,Z &) } e (g1) 2 0,
e e(8) = (T d) _ aJIMTHBHBIN XapakTep Io-
ns GF(g) (%, 8eGF(q)); 0<i<N, g=2",
(k-1)/4 8Ds ;]
5 {ﬁ[q ‘ +1Jl}’k51mod4;
=
T (k-3)/4

> T {ele™ 1 g 2 imods;
t=l1

& — IPUMHUTUBHBIN DJIEMEHT GF(qk ); S — HEKOTOpOe

uesoe 4ucio, npudeM (s, k)=1, uto sBngeTcs 3a-

MUCBIO0 TOTO, YTO HANOONBIINH OOMINI JeTUTEeNb YH-
cen s U k paBeH eJMHHUIIE.

I'eneparop UTII Xoxonara—/Ixacrecena, peaiu-
30BaHHBIN B COOTBETCTBHU C MPEICTABICHHBIMHU BEI-
pakeHUsIMH, ONOK-CXxeMa KOTOpOTO IIOKa3aHa Ha
pHC. 2, COCTOUT U3 JBYX F€HEPATOPOB JIMHEWHBIX TIO-
ciemoBarenbHOCTENH: 1 — (hopMHpPYIOIEro m-mocie-

el
Ing

2

Puc. 2. biok-cxema reneparopa UTII
Xoxonara—/xacTteceHa

Fig. 2. Block diagram of Hoholdt—Justesen PTS generator:
1 — generator of the m-sequence {Tr,f; (e“;i )},

2 — generator of the seauence {d.}: 3 — converter

JIOBaTEIbHOCTh BUJIA {Tr,’fl (c’;i )}, 2 — dhopmupyroie-

TO MOCJIEI0BaTeNbHOCTD {dl-}, a Takxe npeoOpaso-
BaTens 3, KOTOPBIA B ciiyyae {TrZ (él )} #(0 BO3BO-

JIUT DJIIEMEHT Tr,'f, (F;l) B CTeNEHb ¢ —3, YMHOXAaeT

Ha c(opMHPOBaHHBIN B T€HEpaTOpe 2 DIEMEHT d;,

a 3aTeM BBIYMCIIAET aAJUTUBHBIN XapakTep IMOIy-
YEHHOI'0 Npou3BeAeHUs. B mpoTuBHOM ciydae Ha
BBIXOJIe TIpeoOpa3zoBaresst 3 (pOPMHUPYETCS CHMBOJ
Hyas. C Lenplo yOpoIEeHUs CXeMbl Mpeodpa3oBa-
Tenb 3 mpennoxkeHo peanu3onars Ha [13VY [1].
Paccmorpum  Tenepp rTenepamuio  UTIT [41],
YacTHBIM cilydaeM KoTopbix sBisttorcst MTII Mnarosa.
B [42] onucan reneparop WUTII neuetHoW nnwHBI

mk_l' m_q

p Ny =P

NiN,, tne Ny=—;
14V2 1 s o

— JUIMHA

HekoTopoi n3BecTHOM UTII HeueTHON IMHBL, TpUYeM
p>2 —mpocroe uncio; n=mk; m>1, h>1 —1e-

nele; k>3 — HedeTHO. MeTon MOCTPOCHUS 3THX
UTII nonpobHo onucan B [41].
Ilycts d:{di} €CTb p-W4YHass M-MOCIENO0Ba-

TCJIIBHOCTH MJIMHBbI p}’l _1 C DJICMCHTaAMHU
d; :Trln(a’): Yo, n=mk, 0<i<p" -1
Jj=0
u b={b} ecth g-wuHas mM-TOCIENOBATENBHOCTD

amansl p" —1, g = p™ ¢ snementamu

n/m—-1 " o
z o , n=mk, 0<i<p” -1,
Jj=0

b; =Tty (oci):

T1Ie 0L — IPUMHUTHBHBIN dmeMeHT noiist GF ( p" )

PaccmoTpum marpuily I€KOMITO3HUIIMHN TTOCTIEI0BA-

TenpHocTH d, coctosmyo 3 T = ( p" —1)/ ( p" —1)

ctpok 1 p™ —1 cron6uos. CTpokamu 3TOi MaTpuilbl
SIBJISTFOTCSI TIOCJIEIOBATEIbHOCTH M3 BCEX HYJEH WIH
UUKINYECKUE CIIBUTH HEKOTOPOH KOPOTKOW p-MUHOU
M-IIOCJIEN0BATEILHOCTH  [UTMHBI pm —1. 3nHauyeHus

ATHX CIBUTOB OTIPEICIIIOTCS ITOCIESIOBATEIHHOCTEIO
cABUIOB e [23, 24], onpeneieHHON BhIpaKeHUEM

11
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, T (of) =0,
o)) i (o)

logg [Tr,ﬁ (of )], Tr, (of) 0,

rne 0<i<7, a cuMBON co 00O3HAYAET ITOCIECIOBa-
TEIBHOCTh U3 BCEX HYJEH.

Amnroput™ noctpoenuss UTIT gnuner NyN, co-
CTOUT M3 YETBIPEX 1IATOB:

1. Ina Hexotopoit UTII a HeueTHOHU qumHBL Ny
BEIOMpAIOTCA TapaMeTpel p =2, mpocToe; m > 1;
k >3, uederno, npuuem (2N, )‘(pm —1), 1 HEKOTO-
pBId TIPYMHUTHBHBIA TIOIMHOM CTCIICHH 1 =km Haj
GF( p).

2. BeruuciseTcs nmocieaoBaTeIbHOCTh CABUTOB €
JuInHBL N| = (pn —1)/(pm —1) p-UIHOU Mm-TIOCe-
nosatensHocTu d muHbl p” —1, cooTBeTcTByIOMmIEH
BEIOPAHHOMY TIOJIMHOMY.

3. ®opmupyetcst MaTpuna ¥ nopsaka Ny x No,
i-s1 CTpOKa KOTOPOH OompenessieTcs: Kak
(_1)(z+ei)mod2 7&imod N, (a), ¢; # o,
0...0,

str; =
€ =0,

OSi<N1,

N
rae L (a) — omepaTrop IMKJINYECKOTO CABHUIa Mocie-

JIOBaTeNbHOCTH a BJIEBO HA § Pa3psi/IOB.
4. Matpuna V pacnakoBbIBaeTCs IO CTOJIOIAM B
MOCJIEeIOBaTeIbHOCTh VvV, KoTopas seisercs WTII

JHBL N{Nj.
Ananus nokasbiaet, 4to ecmu (N, Ny) =1, 10

UTII v saBnsOTCS HOBBIMH, MPUYEM HUX JJIMHA COB-
nagaer ¢ JnuHoW komOuHupoBanHbix UTIL. B cmy-

qae (Ny, Np)#1 mmna nonysennsix UTIT v Moxer

copriagark ¢ ;umHOM WTII MnaroBa wim ObITH yHU-
kanpHOM. CoBHafieHHe JUIMH uMeeT Mecto, Korjga UTII
a SBISETCS IMIOCJEN0BATENLHOCTRI0 ImaroBa UIMHEI
Ny = (pef - 1)/(pf - 1), rme e>3, HEeYeTHO;
f =1, uenoe; m=ef. 3amMeTuM, 4TO B 3TOM CiIydyae
TOJbKO oxHa w3 MHoxkectBa HWTII v mamHBI
N:(p” —1)/(pf —1) cosnanaer ¢ UTII Unatosa.

Bo Bcex ocranpnbix ciyuasx UTII v otmmuatores ot
n3BecTHRIX UTII, T. e. sBnsAroTCA HOBBIMH. B 3TOH

12
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CBsA3HU HeO6X0)II/IMO OTMCTUTH, YTO €CJIM IOCICI0OBA-
TCIBbHOCTH a={1}, TO TOCJICAOBATCIBHOCTh V COB-

nagaer ¢ UTII Wnaroa mmuuel Np. Ilux-caxtop
9TUX IOCIEN0BAaTENbHOCTEN paBeH IPOU3BEACHUIO
muk-pakropos UTII mme Ny u N,. Ilockonbky
Nj > N,, muk-¢axrop (4, COOTBETCTBEHHO, SHEpre-

THUYECKHE TIOTePH) HOBOW IOCIECIOBATEILHOCTH Oy-
JIET TJIaBHBIM 00pa3oM OTPENENAThCs MHK-(PaKTOpoM
WTII nnveel N,.

st reneparnun nepuoanueckux UTII moctynum
caenyronmMm obpaszom. OOpasyeM u3 ( p" —1)/N2
MIEPUOOB TIOCIIENIOBATENIFHOCTH A TIOCIIEIOBATEIILHOCTD
a mmuEer p™ —1. Jlanee, WCHONB3ys 3aBUCHMOCTD
biir =Bb;,

nocnenosarensHoctn V' ={vj}, 0<i< "™ 1, 06-

MOJYYUM, YTO OOLIUI WieH TPOUYHOMN

pa30BaHHOI U3 ( p" - 1)/ N, nepuonos UTII v mim-

HBl N{N;, MOXET OBITh MIPEICTABICH KaK

!

DT, b 20

O, bi = 0,

0<i<p™ 1,

e z; =logg by, b #0 m z; =¢ s 0<i<T.

TTomoxxus

Zi 4 . .
DTz b2 0 0<i<p™ -1,

0, b =0;

1)

OKOHYATEe/IbHO HMEEM V; = (-1 1(B).

Bermcenne [ (bl-) MOXXHO CYILECTBEHHO YIIPO-

CTUTh, €CIIM BMECTO TAOJMIIBI JOrapru(MOB HCIOJB30-
BaTb TAONMILy, CTaBSIIyI0O B COOTBETCTBHE CHMBOIY

b e GF( pm) JBYXpa3psITHOE JBOMYHOE YHCIIO, HPH-
HuMaromee 3HaueHue 10 npu f (bi) =1, 3nauenue 01

pu f(bl-) = —1 u 3Hauenue 00 npu f(bl- ) =0.

Dnemenr ¢ nonst GF(q), g=p"", moxer GbITh

TIPE/ICTaBIEH B BUJIE CYMMBI
m—1 m—1
cm—lB +C‘m_2[3 +...+Cp,
e ¢; € GF(p), a B — NpUMUTHBHBINA SIEMeHT Mot

GF( p" ) TTosTOoMy MOOOMY MEMEHTY € 13 GF( p" )

MOX>XHO ITOCTaBHUThb B COOTBETCTBHUC M-PaA3pSAAHOC p-UU-
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HOE 4HCIIO BUA (Cpyy, Cpy_p, ..., Cg ). B 1BOMUHOM

BHJIE€ 9TO YMCIO COCTOMT U3 |_m10g2 ( p)_l paspsI0B

m—1 m—1 )
U PaBHO (cm_lp +Cpop +to.tcp),- C yue-
TOM 3TOTO TalIuIa OTOOpaXKEHUSI MOXKET OBITH pea-
JH30BaHa C TMOMOIIBIO MEPENpOrpaMMHPYEMOTO TI0-
CTOSIHHOTO 3amoMuHaromiero ycrpoiicrea (II13Y)
obbeMoM p”' X2, aJpecHBIM BXOJOM B KOTOPOE
CIIy’)KUT JIBOMYHOE IIPEIACTABICHHE JJIEMEHTA € U3
GF( pm). B pesynbrare 0ok mpeobpazosarens Oy-
JIeT COCTOSTh W3 IIOCIIEAOBATEIBHO COCIMHEHHBIX
dopmupoBarest  ampeca, IPeoOpasyroIIero  m-pas-
PSOHOE p-UYHOE TMPENCTaBICHUE 3JIEMEHTa IOJiA
GF(g) mHa BbIXOmE TeHeparopa ¢-WMHOH M-TIOCIE-

JIOBaTeJIbHOCTH B (m log, ( p)—| -pa3psaHOe ABOMYHOE

qucIo, O10ka mamMsaTH o0beMa ¢ x 2 M Kojomnpeoodpa-
30BaTels ABYXPa3psiIHOIO JBOUYHOIO YHUCIA B CUM-
BOJ TpomuHoro kopa {—1, 0, 1}. 3amerum, uto mpu
q=p anpecom qua IIII3Y seasercs Hemocpen-
CTBEHHO 3HaueHHe cuMBoia ¢. [losTomy dopmuposa-
TeJlb ajipeca B OJI0Ke Mpeodpa3oBarelis OTCYTCTBYET.
T'eneparop mnepuogMuecKuX HACATBHBIX TPOUY-
HBIX IIOCIEAOBaTeNbHOCTEH JMHBL N{N,, OIOK-
cXeMa KOTOpOTO TPEACTaBlICHA HA PHUC. 3, COHEPKUT
TIOCIIEZIOBATENIHHO COCAMHEHHBIE TeHeparop 1 g-uaHoH

k m
m-nmocjacaoBarcJIbHOCTH JJIUWHBL ¢ —1, q=p ,

m21u k>3 — HedeTHO, U Npeobpa3oBarelb g-ud-
HOTO CHMBOJIa M-TIOCIEAOBATEIFHOCTH B CHMBOII
TPOMYHOTO KOJa, COCTOSIIUM W3 IMOCIEIOBATEIHEHO
CoeNMHeHHbIX (opmuposarens aapeca 2, [MI3Y 3 u xo-
JorpeoOpazoBaresist 4 ABYXpa3pstHOro TBOMYHOTO KOZa
B CHMBOJI TPOUYHOTO Koma. BrIxox xomompeoOpasosare-

] 5 —

Puc. 3. ok cxema reneparopa UTII mmsaer N{N,

Fig. 3. Block diagram of PTS generator of length N;N, :

1 — generator of the m-sequence with length qk -1
2 — address builder; 3 — PROM; 4 — code converter;
5 — multiplier; 6 — meander generator

JI51 TIOAKITFOYEH K TIEPBOMY BXOy YMHOXKHTEIS 5, KO BTO-
POMy BXOy KOTOPOTO TOJKIIFOUEH TeHepaTop MeaHpa 6.

['eHeparop KOMOWHUPOBAHHBIX IOCIICAOBATEIb-
HocTel nnuHel N{N)y COCTOUT U3 JBYyX I'€HEPATOpPOB

WTII ¢ pommaamu N; 1 Nj, BBIXOABI KOTOPBIX IIOX-

KITIOYEHBI K BXoJaM yMHoxuTens. Heckoipko Gonee
W30IIPEHHON BBINIAIUT OJIOK-CXeMa TeHeparopa
UTII yuerBepennoit mmmabl [40]. B stomM cimydae
WTII nyunsl 4N CTpouTCd HAa OCHOBE MHTEPIMBHH-
ra (mepeMeXeHus) IBYX MOCIEIOBATEIIEHOCTEH: 10-
CJIeIOBATENILHOCTH, COCTOSIIEH W3 JIByX TEpPHUOIOB
UTII neuetHo#l mymuHbI N, ¥ HOYTH UIICATbHON TPOUY-
HOM IIOCJENOBATCILHOCTH JUIMHLI 2N, HMEIOICH B
2 paza Ooibinee gucio Hyner, yeM UTII guabt V.

Jns mocTtpoeHus TeHepaTopa BOCIOJb3YEMCs
TEM, YTO, BO-TIEPBBIX, MOYTH HCaTbHAs TPOWYHAS
MMOCNIENOBATEILHOCTD SIBIIACTCA KOHKATCHAIMEH He-
YETHO-UACATBHON TPOUYHON MOCIEI0BATEIIEHOCTH
JUIMHBI N W ee WHBEPCUH, BO-BTOPBIX, PE3YyNbTaT
YMHOXEHHS DIIEMEHTOB HEYETHO-WJEATHHON IOCHe-
JIOBaTeIbHOCTH HEUETHOW JUTMHBI HA 3HAKOMIEPEMEH-

HYIO NIOCJIE[OBAaTEIbHOCT BU/A (-1)" ectp mueans-
Has TOCJIE0BaTeIbHOCTh TOU ke IuHbl [40, 41].
I'eneparop UTII muasr 4N (puc. 4) COCTOUT U3 Te-
HepaTtopa | 3HaKoIepeMeHHOM MOCIe0BaTeNbHOCTH,
reneparopoB 2 u 3 UTII neuetHol juuHBl N € Tak-
TOBOH YacTOTOH [, YMHOXHUTENS 4 ¥ MyIbTHILIEKCO-
pa 5, oOBEUHSIOIETO JIBE BXOIHBIEC IOCIEA0BAaTEIb-
HOCTH B OZIHY BBIXOIHYI0. B pesynbrare Ha BbIXOIE
MynbTUILIIEKcopa obpasyercss WUTII mnunabr 4N ¢

YABOEHHOH "acToToil 2 f1.

1 — — 5 |—»
2 3

Puc. 4. bnok-cxema reneparopa UTII nnunel 4N

Fig. 4. Block diagram of PTS with length 4N :
1 — meander generator; 2, 3 — generators of the PTPs
with odd length N and clock frequency f;

4 — multiplier; 5 — multiplexer
3akirouenune. B crarbe nmaH KpaTkui peTpo-
cnektuBHbIH 0030p UTII 3a ux moutu 60-J€THIOIO
HUCTOPHIO M PACCMOTPEHBI HEKOTOpPbIE KOHCTPYKIIUU
rereparopoB UTII. HeoGxomumocTh TaHHOW paboOThI

13
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Ha3peBalla YK€ HECKOJIBKO JIET, MOCKOIbKY MOCICAHUN
0030p UTII 6611 cenan B 1996 r, a 3a mpome/ive
JIBA JICCATHIICTUSI OB OTKPBITHI U HCCIIEIOBAaHbI HO-
Bble MHorouucieHnele cemeiictea WTII. Uurepec x
WTII BbI3BaH B MEPBYIO OYEpEb TEM, YTO OHM 00Iaza-
10T UJICATbHBIMU aBTOKOPPEJSIIIMOHHBIMUA CBOHCTBAMH,
a ux sHepreTrdeckast 3PPEeKTUBHOCTh C POCTOM JUTUHBI
CTPEMHUTCS K €IUHHUIE, YTO JAETAeT BO3MOXKHBIM HX
MIPUMEHEHNE B COBPEMEHHBIX CHCTEMaX PaJHOCBSI3H U
panuonokaruu, B yactHoctd B CW- u LPI-pangapax.

B npencraBineHHOM 0030pe Hapsiay C pelicHUEM
qucTO0 MH(MOPMAIMOHHO-OMOIHorpaduueckoil 3anaun
MOKa3aHa B3aMOCBS3b MOJYYEHHBIX B Pa3HOE BpEMS
UTII u ux 3KBUBAJIEHTHOCTh LMUPKYISTHTHBIM B3Be-
IICHHBIM MaTpHUIIaM.

00630p MOXeT OBITB IMOJIC3CH TSl pa3pabOTIYNKOB
CHUCTEM Pa3IMYHOTO Ha3HAYEHUS, B KOTOPBIX MCIOJb-
3YIOTCSI WeallbHbIe TPOMYHBIE TIOCTIEIOBATENILHOCTH.
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AHHOTaLuA
BeBegeHue. OnvcaHa CTPYKTypa AeMOZYNATOPa U pa3obpaH anroputM AeKOAMPOBaHUA ANS MCMONb30BaHUS B
pa3paboTke CUrHaNbHO-KOAOBbIX KOHCTPYKLUWIA, NpejcTaBneHbl CTPYKTypa U GyHKLUMOHAaNbHOE onncaHne pas-
paboTaHHOro nporpammHoro obecneveHus (MO), NpejHa3HaYeHHOro 419 YCTAaHOBKM B MakeTe paAnoCTaHLmiA
nporpamMmmHo-onpejensemMoit pagnocncreMbl. PaccmoTpeHbl dopmMaThbl KaApoB LLUMPOKOBELLATENbHOrO 1 NoJy-
AyNAeKCHOro NpoTOKOMOB; MOAYAALUMN/eMOAYNALMN 1N nocnegytoLein L$poBoit 06paboTKmM CUrHANOB, KOTO-
pble NPUMEHSAIOTCA B CyLLECTBYIOLLMX 1 MepCrekTUBHbIX CMCTEMaX PajNoCBS3N.
Uenb paboTbl. ViccnegoBaHe MeTOAOB MOAYNSLIMW/AeMOAYNSLNN U NocnesytoLlel undpoBoii 06paboTkmn cur-
HasoB, a TakxXe HaknajplBaeMbIX MW TpeboBaHWIA Ha annapaTypy CTaHUMIA CeTU 1 anropuTMbl paboTbl CUCTEMBI.
MaTtepuanbl n meTopabl. [Ins 060CHOBAHNS JOCTOBEPHOCTU 1 PabOTOCMNOCOBHOCTU MPesIOXKEHHOrO anropuT-
Ma 1 NpoToKona nepejauun 6o10 paspabotaHo MO A1a MakeTa NporpaMMHO-oNpeAensieMon paguocncTemsl.
OHO MOXeT 6bITb 1UCM0/b30BaHO 419 NpuemMa 1 nepejayn MHGopMaLmm NocpeAcTBOM UCMONb30BAHNSA NOHO-
cdepHbIx oTpaxeHuit. Mpu paspaboTke NPUHATLI BO BHUMaHKe CyLLLeCcTBYIOLLMe CTaHAAPThI, lobuTenbekme cu-
ctembl TMNa WinLink n nHpopmaumoHHblie cuctemsl (LdpoBbIe 1 aHaNOroBble) B YacTy, kacatoLelics "dunsn-
yeckoro" 1 "KaHanbHoOro" ypoBHel.
Pe3synbTaTbl. [prBefeHbl CTPYKTYpa 1 GyHKLMOHaNbHOe onmncaHne paspaboTtaHHoro MO ana MakeTa NporpaMmmHo-
onpezenseMol pagnocMcTeMsl, MOKa3aH BapuaHT peanrsauimn NporpaMMHO-KOHGUIyprpyemoro pagrokaHana npu-
emMa 1 nepegayvn MHGOPMaLMKM C UCMOMb30BaHNEM NOHOCEPHBIX OTPaXeHWiA. MokasaHbl pe3yibTaTbl 3KCreprMeH-
TaNbHOW anpobaLyin TEXHNYeCKNX peLueHnia. MO MOXeT 3a4eCTBOBaTh annapaTtHble 1 MPorpaMMHble CPeAcTBa AJ1S
ynpaBneHvs NpreMonepesatoLLEero MoAy/s, BKIOUatoLero TpaHceep SUNSDR2 1 aHTeHHbIN yeunuTes.
3aksntoyeHmne. B pesynbTaTe pacCMOTPeEHUS BbIbOpa M MUCMOAL30BaHWUA MPOrPaMMHON apXMTeKkTypbl npes-
CTaBNeHO onmncaHne CTPYKTypbl U GyHKUMOHan paspabotaHHoro MO. CaenaH BbIBOJA O TOM, UTO 060CHOBaHMUSA
JOCTOBEPHOCTN N PaboTOCNOCOBHOCTN MPeAsIOXEHHOro anropyTMa 1 NpoTokKona nepejaydnm akTyasnbHbl B 3a-
Jadvax pa3paboTkn LundpoBbIX MPUEMHUKOB AN CUCTEM CBSA3M Pa3IMYHOrO HasHayeHus. lpeacTaBieHHble
JaHHble 3KCnepuUMeHTabHbIX UCCnefoBaHWl No BepudrKaLnmn NpeanoxXeHHOro anropnuTMa nokasanu peanu-
3yeMOCTb MPUHATLIX PeLleHni No KavyecTBEHHOMY MCMO/b30BaHNIO KaHalbHOMO pecypca Ha OCHOBe OrnucaH-
HOW KOJ0BOWN KOHCTPYKUMW. lNpeAcTaBieHHble pe3ynbTaThl NO3BOAAIOT oNpejennTe Hanbonee Lenecoobpas-
HbIA 1 3Hepro3pPekTVUBHLIN NyTb pa3paboTky, B TOM yuncae MO, NO3BOAAIOLMNIA CO34aTb TEXHUKY, CMOCOBHYHO
YA0BNETBOPUTL MaKCUManbHOMY YMCY BO3MOXHbLIX Ha3HaYeHUn KaHanoB pajanoocTyna.

KnrouyeBble csioBa: CxeMbl KOAMNPOBaHWMA, CXeMbl 4E€KOAMPOBAHUA, CNCTEMA CBA3W, KaHan nepejayn, nporpaMmmMmHoe
obecneuyeHue, CMITHaNbHO-KOAOBbIE KOHCTPYKLUMNN, LIJI/IpOKOBELLI'aTEJ'IbeIVI npoToKon, I'IOJ'Iy,EI'yI'I]'IeKCHbIVI NpOTOKON

Ana untupoBaHusa: Bopobbes O. B., PbibakoB A. V. Bbibop 1 ncnonb3oBaHme NporpaMMHON apXmUTEKTypbl
AelicTBytoLLLero NPoToKona nepejadn AaHHbIX NPOrpaMMHO-KOHGUIryprpyemoro paanokaHana // /13s. By3oB
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Abstract

Introduction. The demodulator structure is described and decoding algorithm for signal-code constructions
development is presented. The structure and functional description of the developed software (SW), which is
designed for the installation of the software-defined radio in the radio stations layout, are presented. The
frame structures of the broadcast and half-duplex protocols, modulation/demodulation and subsequent digital
signal processing in existing and prospect radio communication systems are considered.

Objective. Investigation of modulation/demodulation methods and subsequent digital signal processing along
with requirements imposed by them on the network stations equipment and system operation algorithms.
Materials and methods. The software for the software-defined radio system layout is developed to demon-
strate the reliability and operability of the proposed algorithm and transmission protocol. It can be used to re-
ceive and transmit information by using ionospheric reflections. Present design takes into account existing
standards and amateur systems such as WinLink and information systems (digital and analog) for the "physical"
and "channel" levels.

Results. The structure and functional description of the developed software for the software-defined radio sys-
tem layout are given. The possible realization of the software-defined radio channel for data receiving and
transfer by using ionospheric reflections is presented. The results of technical solutions experimental testing
are shown. The software can use hardware and software to control the transceiver module, which includes the
SunSDR2 transceiver and antenna amplifier.

Conclusion. The structure and functional description of the developed software are presented as a result of
the software architecture selection and its application investigation. It is concluded that the reliability and oper-
ability justification of the proposed algorithm and transmission protocol is relevant in a field of the digital re-
ceivers development for communication systems of various purposes. The presented experimental studies da-
ta on verification of the proposed algorithm show the feasibility of present solutions on the qualitative utiliza-
tion of the channel resource by using the described code structure. The present results allow to determine the
most appropriate and efficient way of the software development allowing to create a technique that can meet
the maximum number of possible assignments of radio access channels.

Key words: coding schemes, decoding schemes, communication system, transmission channel, software, signal-
code structures, broadcast protocol, half-duplex protocol
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Beenenne. Tor ¢GakT, YTO HOHU3UPOBAHHEIE CIICIIBI
METEOpOB, BXOIAIINX B 3€MHYIO aTMOC(epy, MOTYT
OTpaXkaTh PaJHOCUTHANBI, OBUT M3BECTECH C Hadaia
30-x rr. XX B., korja [Tukapn (Pickard) 3amerun, uro
BCIBIIIKA BBICOKOYACTOTHOTO H3IYYCHHUS IIPOUCXO-
JST BO BpeMs MeTeopuTHbIX noxzaed [1]. B 1935 .

Cremer (Skellet) oOHapyX i, 9TO MOHW3UPOBAHHBIN
CJIe]T, OCTaBIISICMbIA METEOPOM IIPH CTOPAHUM B 3¢MHOU
arMocgepe, MOXKeT OBbITh MCIONB30BaH AJIS OTpake-
HUS paJIMOCUTHAJIOB B HAIIPABJIEHUH Ha 3eMITIo [2].
Panee cmocoba OOHapyKWTh W HCIOJH30BAaTh
WOHHU3UPOBAHHBIA (METEOPHBIN) Clel Mpexae, YeM
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OH pacceeTcs, He CYIIECTBOBAJIO, TI03TOMY METeOpHast
CBsI3b OBLIa PENKOCTHIO, WHOIZIA HCIIONB3YeMOi pa-
JTUOJIOOUTENAMUA M UMEBILIEH OueHb Majoe MPaKTH-
yeckoe npuMeHeHue. [losBieHne COBPEMEHHBIX He-
JIOPOTHX TEXHOJOTHH W BBICOKOCKOPOCTHOTO HU(PO-
BOT0 00OpYIOBAaHUS MPUBENO K PE3KUM H3MEHEHUSIM
TEXHOJIOTUM METEOPHOM CBSI3H, KOTOpasi CTaja KOM-
MEpYECKH IOCTyMHA. B oTiiMdme oT Apyrux cpeicts
nepeayd OHa MOXET IPEAOCTaBIATh CB3b "3a Mpe-
nenbl npsmoi BuauMoctr" (Extend Line Of Site).

OOBIYHO CETh IMPUEMOIICPEIATINKOB METCOPHOI
CBSI3U COCTOMT M3 OJHOW WM HECKOIBKMX 0a30BBIX
CTaHIIMH W HEKOTOPOTO YHCIIAa YHAJCHHBIX TEpMHHA-
70B. ba3oBBIe CTaHIWH TOIICPKUBAIOT CBSI3b C yla-
JICHHBIMU TEPMHUHANAMH U IPYTHMH 0a30BBIMH CTaH-
ISIMH.  TepMHUHAIBI TIOICPKUBAIOT CBS3b TOJBKO C
0azoBbIMU cTaHISME. CBSI3b OJHOTO TEPMHHANA C
JIPYTUM MOXeET OBbITh OCYILIECTBJIEHA uepe3 0a3oByIO
cranio. Korga cooTBeTcTBYIOMME ciei oOHapykeH
U ero "kayecTBO" OMpeNesieHo, YacTh OIM(POBAHHBIX
JAHHBIX TIEpelacTcs KOPOTKUM umiyiabcoM. Cyiie-
CTBOBaHHE CJE/a OIpENeISIeTCs] MPUEMOM TECTOBOTO
CHTHAJIa, TIepeNaHHoTo 0a30BOM CTAaHIUCH IH JPYTHM
TepMHUHATIOM ceTH. Korjaa TepMruHa MpUHUMAET TeCTO-
BbId CHTHAJI, OH TIepelacT TOATBEpXKIeHHe 0a3oBoOi
CTaHIINH, TTOKA3BIBAs, YTO CIIe]] CYIIECTBYET M TEPMH-
HaJI TOTOB K 00OMeHy JaHHBIMH. Bpems Ha 3TOT 0OMeH
YKEPTBYETCSI B IOJIB3Y HAJEKHOCTH CUCTEMHI |3, 4].

Jnst mommepskaHust CBSI3M B OOCTaHOBKE CYIIE-
CTBEHHOTO W3MEHEHHsI YCIIOBUH PacIpOCTpaHEHHUS
CHTHAJIA, CBA3AHHOTO C OBICTPHIM M3MEHEHHEM Iapa-
METPOB METEOPHOTO Clie]Ia, TapaMeTpsl U (opMaThl Ko-
JIMPOBaHUS TEpe/laBaeMbIX CUTHAJIOB JIOJDKHBI Orepa-
TUBHO M3MEHATHCS. JIist 3TOM Ienmu B paccMarpuBae-
MBIX PaJMOCHUCTEMAX MPELyCMOTPEHO MPOrpaMMHOE
W3MEHEeHHe KOH(UTypaluu, MOITOMY OHH OTHOCSATCS K
PO PaMMHO-OIIPEICTIICMBIM PAAUOCHCTEMAM.

Lenbto uccnenoBaTenbCkoi paboThl, pe3ysbTaThl
KOTOpPOW TPENCTaBJIICHBl B HACTOSIIEH CTaThe, SBU-
JIOCh MCCIIEOBAHUE CYIIECTBYIOMINX METOIOB MOIY-
JSIIAW/AEMOAYISIIAN U Tocienytomeit  mudposoit
00pabOTKK CUTHAJIOB, HAKJIABIBAIOLINX TPeOOBaHUS
Ha anmnaparypy CTaHIUN CEeTH U alTrOPUTMBI pabOTHI
CHCTEMBI, JJIs OTIpeelicHUs] Hanbolee mernecoodpas-
HOTO U 3Heprod3(h(HeKTUBHOTO MyTH pa3pabOTKHU TeX-
HUYECKHX CpeACTB (B TOM 4YHUCIIE CO3JaHHs IPO-
rpammHoro obecrieuenust (I10)), cmocoOHBIX yI0-
BIIETBOPUTh MAaKCHMAJIGHOMY YHCIy BO3MOXKHBIX
MpUMEHEHHUH KaHAIOB paJloA0CTyIIa.
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ABTOpaMHM HacTOSIIIEN CTAaThU ClEJaHa CTaBKa Ha
rcnojib3oBanne OFDM-MoIyIauyu COBMECTHO C a0-
comoTHO# ¢azoBoit manunynauueit (2PSK u 4PSK)
B nojakaHanax. [lomumo [5] Ha BEIOOp TaKoTO CIIOCO-
0a MOIYIIAIMYU TOBJIUSIO M3YYCHUE padOTHI TOMY-
JIAPHOTO CcTaHAapTa IudpoBor ceteBor cBsizu IEEE
802.11a, BXOAsIIEro B COCTaB KOMMEPYECKOTO CTaH-
napra "Wi-Fi". HecMoTpss Ha pasnuyaromuecs Ha
HECKOJIbKO MOPSIKOB AMANa3oHbl, IPH COOTBETCTBY-
IOIIEM MacIITabUPOBAaHUH BBIACHSAETCS, YTO YCIOBUS
paboTsl 0benx cucrteM o4eHb Hoxoxu. Kpome Toro,
ObUTM TIPUHSATHI BO BHUMAaHHE Y)KE CYIIECTBYIOIIHE
CTaHAapTHI [6], MobuTenbckre cucTeMbl THa WinLink
U Mopckue HU(pOoBBIE W aHANOTOBBIE WH(pOpPMALU-
OHHBIE CHCTEMBI B YacTH, Kacatoreiics "puznueckoro”
n "kaHanpHOTO" ypoBHEH. Kpome Toro, ncmons3oBa-
HBI U IPYTHE HAy4YHO-TEXHUYECKHe MmyOonukanuu [3].

[lepeiinem Kk pacCMOTPEHHUIO ONMKMCHIBAEMOIO BapHU-
aHTa MOCTPOCHHUS MPOTrPaMMHO-KOH(UTYPHPYEMOTO
paauoKaHala, Ha4yaB C IpeCTaBJIeHUs] 00 UCIIONb3ye-
MO cXeMe MOJTYIISIIUH.

Cxema moayasinuu. Jlns nepemaun nHpopMa-
WU TI0 PaJUOKaHATY HCIOJIB3YIOTCS YaCTOTHO-Ma-
HunynupoBanHubele (frequency shift keying — FSK)
curHansl. K mpoextupyeMoMy HporpaMMHO-KOH(HU-
rypUpyeMOMy KaHally CBs3M, paOoTaiouiemMy B pe-
KUMe Tiepeadn "MOTOKOBOH" MH(OpPMAIIUH, TIPEab-
SIBTISUTUCH CIIEIYTOIIHE TPeOOBAHNUS:

— 3HauYeHHe MHK-(hakTopa paBHO 1, 4TO MO3BOJIAET
MaKCHMAaJIbHO HCIIOJIb30BaTh YCUIUTENN CUTHAJIOB,;

— [IOMEXOYCTOMYUBOCTh NpHEMa SBISAETCS NpH-
eMJIEMON JUIsl MIpeNroaraéMblX 3Ha4eHUH OTHOILe-
HUS CUTHAJI/TITYM;

— peanu3alysi UMeeT HEBBICOKYIO CJI0KHOCTD.

Cxema monynaropa FSK-curnanos npencrasieHa
Ha puc. 1, OHAa Xe C NMPUMEHEHHUEM Y3JIOB z-TIpeoOd-

x(n)

q(n)

Puc. 1. Cxema mogynsaropa FSK-curnanos

Fig. 1. FSK signals modulation circuit
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Puc. 2. Cxema mogynsaropa FSK-curnanos
¢ MPUMEHEHHEM Y3JI0B Z-IPe0oOpa30BaHus

Fig. 2. FSK signals modulation circuit with z-wave nodes

pazoBanust — Ha puc. 2. CKopocTh niepenadan uadopma-

[IUA HAXOAUTCS B TIPE/Iesiax 102 ..10% 6ur/c. Tomoca
3aHUMaeMBIX YacTOT (B Teplax) YHCICHHO paBHA
VABOSHHOMY 3HAUCHHIO 3TOTO MMapaMeTpa.

[MoToku KBaapaTypHbIX cocTapisiomux x(n) u
q(n) (n — mopsAKOBKI HOMEp BPEMEHHOIO IMCKPETa)
MOCTYIAIOT Ha OJOKU CIIOKEHHUS, 3aJCPiKKU U Tepe-
MHOXeHHs. Ha 3aBepmiaromieM srare pe3ynsraT Ie-
penaertcs Ha pemaromiee ycrpoiictso PY [6].

B nemonynstope kaHama cBsi3U 00pabOTKa CHT-
HaJla peanu3yeTcs IO aJrOpPUTMY, ONTHMAIbHOMY
JUTSL IPUHSATBHIX METOJIOB MOIYJISILIUK U KOJUPOBAHHS.

Cxema kogupoBanusi. KomoBasi KOHCTpyKUUSL.
B [3] nokazaHo, 4TO CHMMETPHYHBIN 1O BHIXOAY KaHAI
0e3 mamMsTH C ABOMYHBIM BXOIIOM, XapaKTePU3yHOIIUHACS
YCIIOBHOH IUIOTHOCTBIO PaCIpeIeTICHIST W( y|c) pH-

HSTOTO CUTHAJIA y TIPU TIEPEIaHHOM CHUMBOJIE ¢, B COYe-
TaHUM C TPEOOpPa30BaHUEM, OIMCHIBAEMBIM MAaTpPHIICH
Gy, 3amaer cemeiicTBo u3 N MOIKAaHANIOB IepenayH,

XapaKTePH3YIOIIMXCS YCIOBHBIMU PaCIpe/IeNICHUSIMU:
N-1 -1
W(Yo ) ‘”i) =

~vr = rllien)
uje{O, 1}

0<i<N,i<j<N,

e y) = (0> ---» YN_1) — BXOZHOI BEKTOp IpH-

HATOTO CHUT'HANA; u(])V 1o (ug, ..., uy_1) — BXOIHOI

BEKTOpP MOJIIPU3YIOIIETO MPeoOpa3oBaHus; u;, U -
WH(POPMAIIMOHHBIE CHMBOJIBI, [ — HOMEp KaHala; j —
¢aza HeKoAMpOBAHNS; HIDKHIHA HHACKC S 0003HAYaeT
IIPUHUMAEMBII CUTHAIL

Hanee paccMoTpuM yKa3aHHOE IpeoOpa3oBaHue

Ha MpumMepe KOJIOBO# KOHCTPYKIHU C UCITIOJIb30BAHU-

eM MoJsIpHbIX KoAoB. Ilonspuble konpl [S] npencTas-
JISIOT cO0OM KOIBI C MOPOXKAAMOMICH MaTpuIleH, co-
CTOSIIIEN U3 CTPOK MATPHUIIBI

® ®
Gy =ByF=" =F""By,

rne N =2"; m — norapudm 1o ocHOBaHMIO 2 JJTHHBI
HEYKOPOYEHHOTO MONISAPHOTO KOJia ¢ TMHAMHYECKH 3a-
MOPOKEHHBIMH CUMBOIaMK; By — NMEpecTaHOBOUHAs

MarpuIa obparenus 61T ¢ pasmepamu 2”7 x 2" ;

1 0)
1 1)

@m — CUMBOJ M-KPAaTHOIO KPOHEKEPOBCKOTO TIPO-
W3BEJICHUs] MaTpHUIbl ¢ coboil. Ha mosmmmsx, coor-
BCTCTBYIOIIUX AWHAMHUYCCKU 3aMOPOKCHHBIM CHUM-
BOJIaM, BBIYHCIISIOTCS 3a/laHHBIC JIMHEIHbIE KOMOU-
HallMK BXOJHBIX CUMBOJIOB ;. IIpousBonurcs mnepe-
CTaHOBKa oOpaieHusi OUT, T. €. YMHOXKEHHE Ha Mar-
puity B,,. VI3 nony4eHHOTo BEKTOpa MCKIIOYAIOTCS
HEAKTHBHBIC CHMBOJTBL.

KomoBoe cioBo
c(])v -1

Takoro Kojga HMMECT BH]J

= uON _IGN. HHdopmanronHble OUTHI, IpeHa-

3HAYCHHBIC JIJIS TIepellau, COCTABIAIOT k SIIEMEHTOB
BEKTOpa, a OCTaBIIMECS 3JEMEHTHI BBIYHCIISIOTCS B
COOTBETCTBHH C TPOLEAYPOH, MPUBOIMMON Haiee.
C pocTOM m 3TH MOJAKAHAIBI MOJIAPH3YIOTCS, T. €. UX

napamerpsl bxarrauappu’” Z; cxoparcak Oum 1.
Bynem mepenaBath monesHple JaHHBIE 0€3 KOIU-
pOBaHI/IH 110 BI/IpTyaJ'ILHI)IM IIoJKaHaJlaM, xapaKTepI/I—
3yIOIUMCs 3HaUeHUsIMH Z; =~ 0, B TO BpeMs Kak IO
nozKaHanaMm ¢ Z; ~1 Oyzem mepenaBaTb HEKOTOPBIE
npenonpeneneHHble 3HadeHus. Ilogkanansl ¢ Z; =1
Ha3bIBAIOTCS 3aMOPOXKEHHBIMH (KaK M COOTBETCTBY-
IOIUE CHMBOJIBI U;), U B KIACCHYECKUX IOIAPHBIX
Kozax 1o HuM nepexatorcs Hymd (u; =0). Iopox-
JIAroIas MaTpHIla KIAaCCHYECKOTO TOJSIPHOTO KOJa
NOJy4aeTcs BBbIYEPKUBAHUEM U3 Martpulbl Gy

CTPOK, COOTBETCTBYIOIIMX 3aMOPOKEHHBIM TOAKaHa-
nam. OtMeTrum, 9TO ecnu napamerp bxarragapeu wc-
XOJHOTO KaHaNa Iepefadn HHPpOopManud J0CTaTOuHO

¥
ITapamerp bxarrauappu KaHala C JBOMYHBIM BXOJOM SBIISCTCS
OLICHKOM CBEpXY /I YJJBOCHHON BEPOSTHOCTH OIIMOKHU Ha OUT NpH
nepeaye Mo 3TOMy KaHaly JaHHBIX 0€3 KOJIUPOBAHNUSL.
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Mall, TO CIpaBeAIHNBa OIECHKA Z; :O[Z Wt(l)l rie

wt (i) — 9HMCIIO HEHYNEBBIX OUT B IBOMYHOM IPE/ICTAB-
JICHUM YUCIIA 1.

Jnst Hajme)xkHOW Tepenadd JaHHBIX 110 KaHaly
WCIIONIb3YEM TIOJIIPHBIE KOABI C AMHAMHYECKH 3aMO-
poxennbiMu cumBonamu (I[TKA3C) [6], T. e. BMecTO
HYJIeW TI0 3aMOPO’KEHHBIM ITOJIKaHATIaM OyaeM Iepe-
JlaBaTh JIMHCHHBIC KOMOWHAIIMM TPEABUTYIINX CHM-
BOJIOB. TaKI/Ie KOJIbI UMCHOT 60.HI>IHCG MHWHUMAJIBHOC
paccTosiHE TI0 CPABHEHUIO C KJIACCHYECKUMH. BbI-
paxeHwusl IS JIMHEWHBIX KOMOWHAIMI Ha3bIBAIOTCS
OTPAaHUYECHUSIMU TUHAMUYECKON 3aMOPO3KH [6]:

wy lGyH O =u) V" =0,

rae H — HekoTopasi IPOBEPOUHAs MAaTPHUIIA C pa3MepamMu
f Xn pacumpeHHOT0 MPHMHTHBHOTO IHKIMIECKOTO
koxa boyza—Yoymxypr—Xonsuarema (BUX); O — o6pa-
THMast MaTpHIa, TaKasi, YTo j-s1 CTPOKA MaTpHUIBl V pas-
MeIIAeTCs B CTONONE #;, BCE 4; PasinuyHbl U V; =L

npudeM f <n—k (n— mmHa Koua (KOJIHMIECTBO KOIO-

BBIX CHMBOJIOB); kK — pa3Mep koza (KOJH4ecTBO HHMOP-
".n

MAIMOHHBIX CUMBOJIOB)); — CHUMBOIT TPAHCTIOHUPO-

BaHMs. Takum 06pa30M, CHUMBOJI Uy, MOXKCT OBITH BBI-
i

YHCJICH KaK JIMHEHHAss KOMOMHAIMSI CHMBOJIOB C MEHb-
R0150%051 HOMepaMI/I nu HOTOMy Ha3bIBACTCA JUHAMHWYCCKNU
3aMOPOKEHHBIM CUMBOJIOM.

MsBectHO [5], 9TO BCAKMI pacHIMpEeHHBIN TPUMH-
TUBHBIN Ko BYX B y3KOM cMBbICHE SBISIETCS] TIONKOIOM

HeKOTOporo koja Puna-Mamtepa mmuasl n=2"" u
nopsnka r <m. [locmemHee yclioBHE MOXET pac-
CMaTpUBAaThCS KaK MOJSIPHBIN KON, MHOXKECTBO HH-
JICKCOB 3aMOPOXKCHHBIX CHMBOJIOB KOTOPOT'O COCTOHT
u3 Beex uncen i:wt(i)<m—r. Takum obpazom, 3a-
MOPO)KEHHBIMH OKAa3bIBAIOTCS BCE MOJKAHAIBI, Iapa-
MeTp bxarradappu KOTOpPBIX YOBIBACT JOCTATOYHO
MEJUICHHO C YMEHBILICHUEM IMapamerpa Z HCXOTHOTO
KaHaja mepemayn MHQOpMAIMU. DTOTO, OJHAKO, HE
JOCTAaTOYHO Uil 00ECIIeUeHHsI TPUEMIIEMOI BEpOsIT-
HOCTH OIIUOKU AexoxupoBanus. [ToaToMy ocTaBIIH-
ecsi n—k— f OWUTOBBIX MOIKAHAJIOB C HAHOOIBIICH

BECPOATHOCTBHIO OIIMOKU I:)l 3aMOpPaXMBAKOTCA CTAaTU-
YCCKH, T. €. HAa HUX HAJIAralOTCsA OrpaHUYCHUA U; = 0.

Hcxonst 3 mpoOBEACHHOTO PACCMOTPEHUSI, TI00aBHM
YCIIOBHE: MYCTh F — MHOXECTBO CTATHYECKU W [IMHA-
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MUYCCKU SaMOpO)KeHHI)IX CHMBOJIOB, TOI'Ia HOJIy'lIeHHI)Iﬁ
KOJI SIBJISIETCS ITOAKOAOM paciupeHHoro koga bUX.

OrnucaHHbIe MONSIPHBIE KOJBI UMEIOT JUTUHY 2",

YTO HE BCETJa YAOBJIETBOPSET NMPAKTHYECKUM TpeOOoBa-
Husim. [loaToMy U1 manbHEHIero npeacTaBieHus ai-

ropuT™Ma OyleM HCIONMb30BaTh Kofbl MBI 1 < 2.
Heo0xomuMbIM yciioBreM YHU(DHUKAIMH SBISICTCS YKO-
pOYEHHE KOjia — IOHMKEHUE PAa3MEPHOCTU U JIIHHBI
KOZIa BBE/ICHUEM JIOTIOJIHUTENBHBIX OrPaHUYEHUNA BUIa
¢; =0 Ha HEKOTOpbIE CHMBOJIBI HCXOJHOIO KOZOBOTO

cnoBa. KonoBbIe ci10Ba yKOPOUEHHOTO KOZIA MOJTYYaroTCs
WCKJTFOYEHHEM TakuX ("'HEaKTHBHBIX'') CHMBOJIOB.

PaccMoTpuM ommcaHHe HCIONB3yEeMBIX KOJIOB,
MpeaCTaBistoniee co00i TEKCTOBBIN (aiin cleayro-
niero gopmara. B mepBoii cTpoke depe3 mpoden yka-
3BIBAIOTCS MapaMeTpsl m, k, d, n (d — MUHUMaJIbHOE
paccTosiHue Kofia).

Ecm n=2" (xon He yKOpOdeH), TO CleIyromas
CTpOKa omyckaercsi. B mpoTuBHOM ciydae B Hel Te-
peuuncisAoTcs Homepa "akTUBHBIX" (T. €. MOTEHIH-
aJIbHO HEHYJIEBBIX) CHMBOJIOB KOJIOBOTO CJIOBA.

B nocnenyromux cTpokax HPUBOISATCS OIpaHU-
YeHHUs AWHAMHYECKOW 3aMOPO3KH, 33Jalollfe KOJ.
B Havasie kaxa0i CTPOKH yKa3aHO KOJMYECTBO CHUM-
BOJIOB W, BXOIALIMX B orpaHuueHue. Jlanee cienyer

CIIUCOK MHJIEKCOB i, Iy, ..., I,_| CUMBOJIOB, y4acT-

BYIOIIIMX B OrPaHUYCHUM:
w—1
Z u; = 0.
J
Jj=0

CuMBOII ¢ HAaMOONBIINM HOMEPOM i CYHTACTCS

(nMHaMHUYeCKH) 3aMOpPOXKEHHBIM. BWTHI, TpeaHa3Ha-
YEeHHBIE JUIS TIepeiady, paclpeiessitoTCs M0 BXOAHO-

My BEKTOPY MOJISIPU3YIOIIEr0 NpeoOdpa3oBaHus u(])v -1

Ha MO3UNUAX, COOTBETCTBYIOUINX AWHAMHUYCCKU 3a-
MOPOXEHHBIM CHMBOJIaM, BBIYUCIIAIOTCA 3a1aHHBIC
JINHEWHbBIE KOM6I/IHa]_II/II/I BXOIHBIX CHMBOJIOB U;.

VYMHOXEHHEM Ha MaTpully Bj BBIIOJIHAETCS Iepe-
cTaHOBKa oOpamieHuss Out. [lomydeHHBIH BeKTOp

YMHOXaeTcd Ha marpuny [ ®m s MOJIYYEHHOT O
BEKTOPa MCKITFOYAIOTCS] HEAKTHBHEBIE CHMBOJIBL.

Puc. 3 wmumocTpupyeT KOppeKTHPYIOLIYIO CIO-
COOHOCTH (BO3MOXKHOCTh KOJia OOHapy>KHBaTh H/WUIH
UCTIPABIATh OMIMOKY MAaKCHMAIbHONW KpaTHOCTH)
MKA3C (256, 180, 14), mocTpOCHHOTO B COOTBET-
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Puc. 3. Koppextupyromas criocoOHOCTb KOJIOB

Fig. 3. Codes error correction capability: / — polar code

with dynamic frozen symbols (256, 180, 14);
2 — low-density parity-check code
CTBUHM C METONOM, onucaHHbM B [3] (kpuBas /), B
CpPaBHEHUU C KOJIOM C MajiOi MJIOTHOCTHIO MPOBEPOK
Ha 4eTHOCTS [7] (kpuBast 2) I cityvast aJIATUBHOTO
rayCCOBCKOTO KaHalla ¢ JBOUYHOHN (ha30BOU MOMYIIS-
nueil. BuaHo, 4TO TONSApHBIA KOoa oOecriednBaeT
SHEPreTHYeCKUil BRIMTPHIII Okono 1 nb, uro mocrtu-
raercs 3a cueT OOJNBIIEr0 MUHUMAIBHOTO PacCTOsi-
aus [TIKJ[3C.

AJropuT™ AexoaupoBanms. Pa3bepem Bapuant
peann3anyy paanoKaHala, Ui 9ero pacCMOTPUM ajl-
TOPUTM JICKOJIMPOBAHUS HAa IPUEMHOU CTOPOHE.

B kaHaje noHOC(hEpHON CBA3M MOIIHOCTH MPH-
HHUMAaeMOT0 CHTHAJA CYIIECTBEHHO W3MEHSETCS BO
BpEMEHH. B CBs3M C 3TUM BO3HHKAET HEOOXOAUMOCTD
aJlanTalyy NapaMeTpoB Mepeladl, TAKUX, KaK COOT-
HOULICHHE MH()OPMALMOHHBIX CHUMBOJIOB (OUT) U J10-
MIOJTHUTENBHBIX OUT B CITy4ae U30BITOYHOTO TIOMEXO-
3alIMIIEHHOTO KOJIMPOBAHHUS, WM CKOPOCTH Iepeia-
4, TpeOyIOMIast BBITOIHEHHS CIICIYIONINX YCIOBHIA:

1) OBICTPOl M TOYHOH OIECHKU XapaKTePHCTHUK
KaHaua;

2) IOMyCTUMBIX 3aTpaT Ha aJalTHBHOCTb.

g 3amaHust Koja W, CIIEOBAaTENbHO, JJISI BbI-
YHCICHUS] KOHTPOJBHBIX CHMBOJIOB TI0 W3BECTHBIM
UH(POPMAIIMOHHBIM MOXXHO HCIIOJB30BaTh OIHMH W3
CIoco0OB 3aJjaHMs MOAIPOCTPAHCTBA pasMmepa k B
IpoCTpaHcTBe pa3Mepa n. Hamomuuwm, dro 3amaHue
MIPOCTPAHCTBA IMPEATIONaracT M 3aaHue MO, OTKY-
na 0epyTcsa KodhPUIMEHTH Pa3IoKESHUS BEKTOpa 110
Oa3ucy (koopAMHATHI BeKTopa). PaccMoTpeHHble pa-
Hee Kofbl, KpoMe kona Pumna—Conomona, 3a1aHbl HalT
IBOUYHBIM TIOJIEM, a MOCIETHUN — HAJ PaclIHpeHU-
€M IBOMYHOTO TOJISI, WMCIONIMM KOJMYECTBO OJe-

-1
MEHTOB, COBIIAJIAIOIIEE C Pa3MEPOM BEKTOPa y(])v .

Ilycte Ha NpPUEMHONH CTOPOHE IIPUHAT BEKTOP
yév _1, XapaKTepU3YIOIMNiA WHPOPMAIIMOHHOE CO00-
menue. [y To4HOTO pacro3HaBaHMs HMPHHATOTO HH-
(hOpMaIMOHHOTO COOOIICHUSI HEOOXOAMMO U JOCTa-
TOYHO HCIIONB30BaTh IIOCIIEIOBATEIBHBIA aJITOPUTM
JIEKOJIUPOBAHMS, COCTOSAIINI U3 CIIETYIOIINX I11aroB:

[lar 1. B npuoputeTHyro ouepens” mo0aBisieTCs
Iy Th HYJIEBOM JTHHBI U BeposTHOCcTH Q(0). DyHKIMs

Q@ =~[](1-#)
J<i,
jeF
XapaKTepHu3yeT BEPOSTHOCTD HEMPABIIBHOTO TIPUHSTHS
pelIeHuUs] OTHOCUTENILHO CUMBOJIA #4; IIPU U3BECTHBIX

3HAYCHUSAX paHee IPHUHATBIX CUMBOJIOB (Pj — BEpo-
SITHOCTh OIIMOKU TIPH TIPHUEME paHee TIepeaHHOTO j-TO
CUMBOJIA ( j<i,jeF ) ). 3HaueHUs PJ BBIYUCIIAFOTCS
C TIOMOIITBI0 METO/IA TAyCCOBCKOM arpoKcuManuu [5].

[ar 2. M3 npuopuTeTHON Ouepean BbIOUpaeTcs

-1 - o
IyTh B KOZIOBOM JIEPEBE u(])v C HauOOIbIIIEH OLIEHKOH

BeposiTHOCTH W (uf)_1 ‘ y(])\[ -1 ) Ecnu nnvea sToro mytn
paBHa N, TO COOTBETCTBYIOIIEE KOJOBOE CIIOBO CUNTA-
eTcs ChOPMUPOBAHHBIM H JCKOJIEP 3aBepliaeT padoTy.

Ecin cuMBon u; sBIseTcs (JUHAMUYECKH) 3a-

MOPO>KEHHBIM, BBIUHCIIETCS €I0 3HAUYCHHE COIVIACHO
(1). B mpoTuBHOM cnyyae jjajiee OTAEIbHO paccMar-
puBatorcst ciaydau u; =0, u; =1. Beruucnstores

OIICHKH BEpOSTHOCTH HauOosee MpaBaonoJo0HOro
KOZI0BOro cioBa uB,,Gp MNOISpHOro KoJa, 331aBae-

MOTO BEKTOPOM U C pe(hUKCOM u) :

i—1|  N-1 i—1|  N-1 .
w(ui!ye ™) = Puf]v6 o).
BexTopsl u6 IIOMEIIAIOTCA B IIPUOPUTETHYIO OYEPEIb.

Hlar 3. Ecnu Konu4ecTBO ITyTel u6_1 JUIMHEI 1,
KOIZa-1M00 M3BJICUEHHBIX MAEKOAEPOM, IIPEBBIIIAET
3aJaHHBIN TOpOr L, U3 MPUOPUTETHON OYepenn yra-
JIAIOTCSL BCe IIyTH JUIMHBL [ U MeHee. Eciu xonuue-
CTBO IIyT€H B NPUOPUTETHOH O4YEpPEIU IPEBBIINIACT
HEKOTOpBIN napamerp ©, MyTH ¢ HAMMEHbIINMU 3Ha-

YEHUSAMU W(uf)_l‘y(])v _1) YAAIAIOTCA, IOCHIE YEro

IPpOHCXOAWT BO3BpAT HA Liar 2.

*
IIpuopurerHast ouepenb — CTpyKTypa JaHHBIX TUIIA OYEPeIH, B KO-
TOPOH Ka)kZIOMY 2JIEMEHTY IPHCBOCH IIPHOPHTET.
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IIpu yBenuueHur 3Ha4YeHHH mapameTrpoB L u O
BEPOSITHOCTH OIMMOKM YMEHBINAIOTCS C OJHOBpE-
MEHHBIM YBEJIMYEHHEM CIOKHOCTU JEKOJUPOBAHUS.
HpI/I JOCTAaTO4YHO OONBIINX 3HAYEHHUAX OTHX rnapa-
METpPOB peanu3yercs ACKOJUPOBAaHUE IIOYTH 110 MakK-
CUMYMY TPaBIOMIOI00USI.

B HekoTOpBIX Cllydasix BO3BpallaeMOe aJropuT-
MOM KOJIOBOE CJIOBO HE SIBJISIETCSI Haubojee mpaBio-
nogoOHeM. Kak mpaBwiio, 3TO MPOUCXOAWT BCIEI-
CTBUE OTOpachIBaHUs NMPaBUIIBHOTO IyTH Ha Iiare 3,
YTO COIMPOBOXKAAETCS PE3KUM YBEIHUEHHEM 4YHCIia
WTEparyii, BBITOJHIEMBIX JEKOIEPOM. DTO MOXKHO
WCITOJIB30BaTh I OOHAPY)KEHUsI ONIMOKU JICKOIANPO-
BaHUS: JIEKOZIEp BO3BpaIaeT ¢ar OMHOKH, €ClIM YnC-
JIO UTepaluil pacCMOTPEHHOIO AJITOPUTMa IIPEBBIIIAET
HEKOTOPOE IIOPOroBO€E 3HAUYEHHUE, 3aBUCHILEE OT KOJA.

OnHCaHHBIA aNTOPUTM OOCCICUMBACT IPUHATHUEC
pEllIeHUIl MO0 KayeCTBEHHOMY HCIIOJIb30BAaHUIO Ka-
HaJBHOTO pecypca ¢ JOCTAaTOYHBIM YPOBHEM IIpaB-
JIOTOIO0NsT ¥ HaJIS)KHOCTH Tepeadll HH(OpMAIIVH,
3aKJIIOYEHHOW B ONMCAHHOM KOIOBOM KOHCTPYKIIMH.
[Tepeitnem k paccmorpennto 1O, peanmzyromero
PacCMOTPEHHBIN aIrOPUTM.

IIporokoasl nmepegaun. PaccMoTpum JeHCTBY-
IOIMe MPOTOKONBI Mepefadd, HeoOXOomuMble s
KOPPEKTHOM paboThl MPOSKTUPYEMOM pajIrioCHCTEMBI
U TMPOrpaMMHO-KOH(DUTYpUPYEMOTO paJroKaHaia.
B npoextupyemoii paguocucteMe IMperyCMOTPEHO
JIBa IIPOTOKOJIA Iepeauyd — BeLaTeIbHbI U IOy-
IYTIJIEKCHBIM, OINUCaHHbIE JAajieeé C TOYKH 3PEHHUs
npumenenus B [10 paguocucteMsl.

Bewamenvuwiii npomoron. J{aHHBII TPOTOKOI
IpeJHasHadeH Ui OIHOCTOPOHHEW CBS3M U OCY-
LIECTBJICHUS] TaPaHTUPOBAHHOW TOCTaBKH COOOILECHUIH,
4TO pCaIU3y€TCsd MHOI'OKpPATHbBIM ITOBTOPCHUEM CO-
obmenust nepenarankoM. OH XapakTepusyeTcs Iie-
puomamu mprueMa U mnepegaun uHpopmanuu. B mpo-
TOKOJIE TIPEAYCMOTPEHO KOJUPOBaHHUE COOOIIEHHS, B
CBA3M C 4YEM JIaHHbIE IEPEAalOTCs B BUAE KaJpoB
JAHHBIX, CTPYKTYpa KOTOPBIX IPEACTaBlIeHa B Ta0. 1.

Tabnuya 1. CTpyKTypa Kajpa JaHHBIX

Table 1. Data frame structure

3arosoox/Header Komosoe cinoo/Code word
HpealviGyna, 1D Kgna, CRC, ID na:ceTa, TMose
Oaift/ Oaiit/ Gaiit/ Gaitt/ —
Preamble, | Code ID, byte IPackage ID, Data field
byte byte byte
[lepemennas

6 2 2 1 mHa/

Variable
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Tabauya 2. Bo3aMoXHBIE crieHU(pUKAINN KOJAUPOBAHUS
U pa3Mepsl MOJIS JaHHBIX

Table 2. Possible coding specifications and data field sizes

Pasviep Pazmep Pazmep
JAHHBIX IS oISt
KOIOBOTO KOIHPOBAHUSI,| MAaHHBIX
Crnemudukanus/ | ciosa, Out/ ’ Vg
Specification Size of the . Ou/ 61/.” (Gair)/
P Size of the | Size of the
code word, .
bits encoding | data field,
data, bits | bits (bytes)
1024 896 6 4.spec 1024 896 872 (109)
1024 768 12 S.spec| 1024 768 744 (93)
1024 512 32 S.spec| 1024 512 488 (61)
1024 512 28 S.spec| 1024 512 488 (61)
1024 256 44 2.spec| 1024 256 232 (29)
256 204 12 4.spec 256 204 180 (22)
256 180 14 4.spec 256 180 156 (19)
128 90 12 4.spec 128 90 66 ( 8)

3aronoBOK Kajipa COICPIKUT IpeaMOyITy, 1o IpreMe
KOTOPOH TIPUEMHHK CHHXPOHU3HPYETCS ¢ MpUHHMAae-
MBIMH TaKTOBBIMU CHTHallaMH. AJIPeC MOIydarelis
conepxutcs B aByxbaritoBom moste "ID koma". Kojo-
BOE CJIOBO COCTOHT W3 IBYXOAHTOBOTO IONS KOH-
TPOJILHON CYyMMBI, 3HAYEHHE B KOTOPOM BBIYUCIISAETCS
o ormpeneneHHoMy anroputMy (momuHomy CRC-32),
azipeca OTHpaBHTeNs B ogHOOaKTOBOM Toiie "ID make-
Ta" ¥ MOJS TAaHHBIX IIEPEMEHHOW JUIMHEL. B 3aBucH-
MOCTH OT o0beMa COOOIIEHWs TPUMEHSIFOTCS pa3-
JMUYHBIE CIEMU(HUKAINA KOOUPOBAHMS, PA3IIIYaro-
IIMECs pa3MepaMH IMOJIsl TAaHHBIX M KOJOBOTO CIIOBA B
nenom (tabm. 2). B crmenmdukanuy yka3blBaloOTCs
pa3Mep KOZOBOTO CIIOBA, 00BEM KOTUPOBAHHBIX TaH-
HBIX, CKOPOCTh MIepeadul U aApec OTIPABUTENS, pa3-
JICTICHHBIE 3HAKOM TTOYEePKUBAHMS.

Ilpu mepenmade WMCHIONMB3YIOTCS KOMOBBIE CIOBA
CTaHJapTHOM JUIMHBI, II03TOMY C YYETOM IE€PEMEH-
HOW JUTMHBI TIOJI TAaHHBIX €r0 pa3Mep MOXKET OBITh
HECKOJIBKO YMEHBIICH ISl COOMIONEHUS UTHHBI (CM.
MIPaBYIO KOJIOHKY Tao. 2).

Tonyoynnexcrouii npomoxon. JIaHHBIA TIPOTOKOI
MOXET OBITh HCIONB30BaH B IPOrPaMMHO-KOH(HUTY-
pupyeMoM pajuokaHaiie. B HeM mpemycMoTpeH 0OMeH
uHpopMaIreil MeXIy NMepeaaTInKoM U IIPUEMHHIKOM B
(hopMare KaJipoB JaHHBIX.

PaccMoTpuM CTPYKTypy M JaHHbIE Kajapa (puc. 4).
B HauajpHBII MOMEHT BpeMeHU 0a30BOW CTaHIUEH
OTIPABIISIOTCS] 30HI-CUTHANIBI 3, MpeIHa3HAuYCHHBIC
JUIS OTIpeJIeNIeHUs] Hadajla MOHWU3UPOBAaHHOIO cliena
[6]. dmuTtenbHOCTh 30Ha-curHaNoB 0.8 Mc, 3a7epiKka
MEXIy HUMHU cocTapisier 50 Mc, 4TO 00yCIOBJIEHO
MUHUMAJILHO BO3MO)KHOM 3aJ1€PKKOM IIEPEKIIOUEHUS
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CTaHL[I/ISIﬂ 50mc |3 DATA | ACK|
0.8 mMc 0.8 mc 180 mc 4 mc
0.8 mc
180 mc 4 mc
Hep]/l(bep]/lﬁ}[ag 3 50 mc DATA 50 mc |ACK
CTaHIIUSA
< 293.8 mc — >
< .8 Mc >

Puc. 4. CtpykTypa Kaapa MoayAyIUIEKCHOTO ITPOTOKOJIA

Fig. 4. Half-duplex protocol frame structure

aHTEHHBIX KOMMYyTaTropoB. B cnyuae oOpa3oBaHus
HOHHM3HPOBAHHOTO (METEOPHOTO) ciena (kpuBas / Ha
puc. 4 yCIOBHO OTOOpakaeT WHTEHCHBHOCTh CHUTHA-
J1a, OTPaKEHHOTO OT 3TOTO cjie/la) 30HMA-CUTHAN T0-
CTyIaeT Ha BXoJ mepudepuitHoil craHuuu, KoTopas,
NPUHSIB €0 M OIEHUB BO3MOXKHOCTBH TEpeIadn WH-
dbopmaluy, NEpeKIlouaeT aHTEHHBIH KOMMYTaToOp C
mpreMa Ha rmepelady d TepefaeT CUTHAN MOJATBEp-
xaeHust ASK 06 oOpa3zoBaHnu kaHasa (TIOSBICHUU
HMOHHM3HPOBAHHOTO (METEOPHOT0) ciiesa) Ha 6a30BYHO
crannuto. [Tocne npuema 0a30BOW CTaHIMEH CHTHA-
na ASK BO3HHMKHOBEHHE KaHalla (DUKCHUPYETCS W I10
HEMY BBITIOJHAETCA Iepenada qaHasix DATA.

ITocne monydeHus: KaXxa0ro kaapa JaHHBIX C Ie-
pudepuitHoif cTaHIMM Ha 0a30BYIO OTIpAaBIsSETCS
MOATBEPKICHUE MPABIWIIFHOTO IIpHEMa B BHIE CHI-
Hana ASK. B cocraBe 3TOro curHana mnepenaercs
HOMEp CIJICAYIOUIEr0 OXXUIAEMOTO Kajapa JaHHBIX.
B curnane ASK, mnoarsepxkmaronieM YCTaHOBIICHHE
MOHM3MPOBAHHOIO KaHalla, epenaercs Homep kazpa 0.

CrpykTypa Kajpa npuBeieHa B Ta0. 3.

OmnumeM conepikaHue CTPYKTYpPHI KagpoB IOIY-
JIYIJIEKCHOTO TPOTOKONA Ul KaXKIOro CHraaia Oomee
noapo6Ho. CurHaiael B CHCTEMax (30HAUPYIOIIUH,
CHUTHaJ MOJACBETA, 3alIPOCHBIH, OTBETHBINH, COOCTBEHHOE
pamuounsnyueHne 00beKkTa HaOMIONCHUS, OTpPaKeH-
HBIH CHUTHAM U T. 1) SBISIOTCS 3JIEKTPOMarHUTHBIMA

Tabauya 3. CTpyKTypa Kazapa MoaTBEepKICHHS

TOJISIMH, KOTOPBIC XapaKTEePHU3YIOTCS BPEMEHHOW U TIPO-
CTpaHCTBeHHOW cTpykTypamu [8]. s obGecrneueHus
pacrio3HaBaHUsI M Pa3IeiieHUs KaHAJIOB Ha TIprueMe 000-
PYHOBaHUE JEMYNBTHILICKCHPOBAHMS TPYIIIOBOTO CHT-
HaJla HWCIIONB3YeT PEeXHM IIMKJIOBOH CHHXPOHH3a-
UM — TPOLEAYpPY HICHTU(HUKALUHU IMOSBICHUS Me-
TEOPHOTO CHUTHATAa B COCTaBE COBOKYITHOCTH CHUTHA-
JIOB, MPUHUMAEMBIX B pabodeM [uama3oHe YacToT.
Jns o6o3HaveHust Havasia makeTa 1udpoBoi HHGOp-
MaIyy ucnonib3yrores noss "®dnaru". [Ipumep nBowy-
Horo conepskanus sroro noms: 11110000, — naHHBIX

ais nepenaun Het, 00001111, — 3a xanpom moaTBeEp-

KaeHus OyneT nepenaH KaJap JaHHBIX.

B paccmarpuBaemoMm ciydae Ui KaKAOTO CO-
0oOIIeHU WUCHONB3yeTcs KOAMpOBaHUWE, crenuduka-
U1 KOTOPOTO 3aBHCHT OT 00beMa cooOIeHus [9].

CrpykTypa Kajpa JaHHBIX C OJIHHMM KOJOBBIM
CJIOBOM TipezicTaBieHa B Ta0i. 4. [IpeaycmorpeH pe-
UM paboThI, TPU KOTOPOM HECKOJIBKO KOJIOBBIX CJIOB
oOpenuHsIOTCA. llpM 3TOM HCTIONB3YyeTCS TONBKO
OJIMH 3aroJIOBOK (Tabi. 5), a KOAOBbIE CIIOBA UJEHTHU-
¢unupyroTces no Haauuuio noneit "dnarn".

Tabnuya 4. CTpyKTypa Kaapa JaHHBIX C OTHAM KOJJOBBIM CJIOBOM

Table 4. Data frame structure with single code word
ITone xaapa: 3aronoBok kaapa / Frame field: Frame header
Hassanue / Name Paswmep, Oaiit / Size, bytes

1T P 1 6
Table 3. Confirmation frame structure peamdyna / Preamble
ID xona / Code ID 2
3arosoBok kajapa/Frame header - -
Tone xaapa/Frame ficld ITone xagpa: Kogosoe ciioBo / Frame field: Code word
Haszpanue/Name Pasmep, Oaiit/Size, bytes Haspanne / Name Pasmep, Gaiit / size, bytes

IIpeambyna/Preamble 6 CRC 2
CRC 2 ID naxera / Package ID 1
®iuaru/Flags 1 [epemennas quna /
ID nakera/Package ID 1 Tone nanteix / Data field Variable length
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Tabnuya 5. CTpyKTypa KaJpa JaHHbBIX C HECKOJIBKUMHU Cratyc
KOJIOBBIMH CJIOBAaMHU HOJKITFOYCHHS §
Q
Table 5. Data frame structure with several K CCPBEpy B
code words Pexum pabotsr z Pexum paboTbl
ycunutenei s ycunuTenen 2
IMone kaapa: 3aronoBok kajapa / Frame field: Frame header CronooTE ot Cronooms S
HasBanwme / Name Paswmep, Gaiit / Size, bytes P = P g
T — ol 5 nepeayn g nepefayn 2
peamOyina / Preamble m 5l z
ID xoxa / Code ID > actoTsl puemal S | (HacToTsl npuema 2
IMone xagpa: Konossle cnosa / Frame field: Code words M E 4 nepeaatn £ | | BBoa naHHbIx
Hassanue / Name Pasmep, Gaiit / size, bytes Tun g Tun % JJIsL Iepesiavn
CRC 5 KoZmpoBaHus | = || KoAMpOBaHuA | = | [OroGpanenue
ID nakera / Package ID 1 Hporoxon E Iporoxkon E HPUHSATBIX
TTore TAHHBIX KOJOBOTO e nepenain epenain JQHHBIX
cioBa Ne 1/ Data field of the pem A
Variable length
code word # 1
Knuent |
ITosie aHHBIX KOJJOBOTO THepeMeras UinHa /
cioBa Ne 7 / Data field of the pem A
code word # 7 Variable length _
Bueurnuit Cepge —»|Hactpoiika | Tpancusep
YCUIIUTENb pBep <@ Jlanupie | SunSDR2

IIporpamMHoe o0ecnieueHue npueMa/mepenadyu.
Js mpoBepku pabOTOCHOCOOHOCTH MPEIOKEHHBIX
aJropuT™Ma M MpoTOKOJIa Mepeaayn Obulo pa3padora-
HO [1O mns mpuema w mepenadnt WHPOPMAIMH TO-
CPEICTBOM HCIIOJIB30BAHUS METEOPHBIX OTPaKEHUU.
I10 mnonnmepxuBaeT yMNpaBiICHHUE alNapaTHBIMH U
MPOTPaMMHBIMH  CPEICTBAMU IIPHEMOIEPEHAIOIIETO
MOJyJIsI, BKIIodaromero tpancuBep SunSDR2, obec-
MICYMBAIONIMY PabOTy amnmapaTHOM YacTH B TOMYIYI-
JIEKCHOM PEXXUME*, M aHTEHHBINA YCHUIIUTEIND [2].

Hnsa ycroitunBoir pabotsl 110 TpeOyroTcsi cre-
Jyromiue anmnaparseie cpeactsa [10]:

— OBM, umMmeromast mporeccop apXuTeKTypsl x86,
OIEepaTUBHYIO NaMsiTh He MeHee 2 ['0alT, eMKOCTh
xecTkoro jaucka He menee 100 I'Gaiit, MmoHUTOpP C
pasperienremM dkpaHa He Hwke 1024%X768 nukcenei;

— aHTeHHO-(UICPHBIC YCTPOUCTBA;

— TpadcuBep SunSDR2.

Pa6ora I1O ocymectensiercs B OC Windows 7
(u OoJiee HOBBIE BEPCHH) C Pa3psAAHOCTHIO X32/x64
MOZ YIpaBJIEHHEM IPOrpaMMHOro makera Microsoft
Visual C++ 2010.

CrpykrypHasi cxema paspadbortannoro 1O mpwu-
BezZieHa Ha puc. 5. I1O mocTpoeHo Ha OCHOBE KIIMEHT-
cepBepHort apxutektypbl [11]. Knuentckas wacth
(pacrionokeHHasi Ha pucynke Haja "Kimmentom') BEI-
MOJHSCT (GYHKIUN WHIUKAIWU, HACTPONKH U yIpaB-
JICHUSI KOMIUIEKCOM, IIepeladn IaHHBIX, OTOOpaske-
HUS TIepechlacMOi/IpUHUMaeMO HH(OpMaIuA Ha

* o .
SunSDR2 noanepuBaeT Takxke U MOJIHBIN JIYTUIEKCHBIA PEXUM, OJ1-
HAKO B PACCMaTPUBAEMOM CHCTEME OH HE HCIOIB3YeTCs.
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Puc. 5. CTpykTypHas cxema IpOrpaMMHOTO 00eCTIeUeHHS
npueMa/epeaadn

Fig. 5. Block diagram of the receive/transmit software

JUCILIEHOM Mopyie. Pe3ynsTupyrolmue napamerpbl
U JaHHbIE KJIMEHTCKOW 4acTH IepelaroTcsl Ha cep-
BEPHYIO YacTb JJS VYIOPAaBICHUS TPaHCUBEPOM
SunSDR?2 u nepemaun ganHbIx [12].

Ha puc. 6 npencrapien uaTepgetic I10 mpu 3amycke
CEpBEPHOI YacTH C HACTPOMKAMH aJpecHOW M IPOTO-
KOJIbHOW HMH(OpMAaIMi KOMIUIEKTa Oa30BOM CTaHIIUU
[13]. CornacHo puc. 6, BxomabpME AanHbMHA 110 (B 3a-
BHUCHUMOCTH OT ITOJYKOMIUIEKTA CTaHLIUH) SBJISIOTCS:

— MOPT CEPBEPHON YacTu™;

— Tpacca pajnoKaHana 2;

— IP-anpec u nopt TpaHcusepa 3;

— MOIIHOCTb TIepeaTINKa TPAHCHBEPA

— CKOpOCTbh niepenayu J;

— 4acToTa HaCTPOMKHU MepenaTyuka 6;

— 9acTOTa HACTPOMKH MPUEMHHKA 7

— TUII IpOTOKONA &;

— THN KoaupoBaHus (crienudukanys) 9;

— ynpasneHue ycunurensmu 10;

— cooOmIeHus 15 iepenauu 11;

— KOJIMYECTBO ITOBTOPEHUH COOOIIEHMS ISl Ie-
penayu mo BenareIbHOMY IPOTOKOIy /2.

BxonHble naHHBIE UMEIOT OYKBEHHO-LIM(POBOMA
(hopMar U BBOISITCS B TUAIIOTOBOM PEKUME.

BeIxomHbie JaHHBIE UMEIOT OYKBEHHO-IU(PPOBOIt
win u(poBOIl BUI; OHU BBIBOJIATCS HA IKpaH MOHHU-
TOpa WU COXPAHSIOTCS B (aiinax.

* Vkasau Ha apyroii crpanuie untepdeiica.
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" | Client (o] @ (=
Hacrpoikn
Crapr | l MHoO | - OunCTMTS
IPaspec: 192.168.16.109 Mopr: 50001 5 v "\
- -\\_1.'.! L e
Mogem: ESK - L 3 \.\ ¢ -
CROpOCTE: 10000 Gutfc = @ \\ i e

YacToTa HacTpoiki RX: 144300000 My = @

YacToTa HacTpoKM TX: 144300000 My M @

MpoToxon:

Kogmposanve:

: i
BewaTENBHBIR b, v = \::

1024_256_44. 2.5 * |9

MpeayoumTens: |0 ab

~ |[¥] vB4 (vKEB)

BHELHIAA YOUBMTEND
HKomr4ecTBo NoEToperss: 100 = -

HauaTe TECTHpOBaHHe -

— = 3

Puc. 6. IHTepdeiic mporpaMMbl IpH 3aITyCKe CEPBEPHON YacTU KaHaa IMepeaadu

Fig. 6. The program interface when running the server part of the transmission channel

3akaioueHne. B Hacrosmiee Bpems mporpamm-
HO-OIpeNesieMble  PaJUOCUCTEMbl  IMPEACTABISIOT
00JIBIIION MHTEpPEC KaK B TEOPETHUYECKOH, Tak U B
MPaKTHUECKOM cdepe: OHU BEHIIONHIIOT 3HAYUTEIIh-
HYI0O 4acTb HU(GPOBONH 00pabOTKH CHTHAJOB Ha
O6])I‘JHOM NEPCOHAJIbHOM KOMIIBIOTEPE WJIM Ha
[IJIUC. Lenp Takoil cXxeMbl — PaTUONPUEMHUK WITH
paauonepenaTiuK paguoCUCTEMbl, U3MEHSIEMbIH T0-
CPEICTBOM MPOTpaMMHOI pekoHpurypamuu. Tpamu-
MOHHBIA aHanmoroBbIl npuemMHUK, rae ALl mpeo6-
pa3yloT CUTHAJBI C BBIXOJA aHAJIOTOBBIX KBaJpaTyp-
HBIX KaHAJIOB, IMECT CIIEAYIONINE HETOCTATKH: HE00-
XOIUMOCTH TOYHOH HACTPOWKH; YyBCTBHTEIHFHOCTH K
TeMIepaType U K pa3dpocy mnapameTpoB KOMIIOHEH-
TOB; HEJMHCIHBIE MCKAKEHUS; CIOKHOCTH IOCTPOE-
HUS TIEpECTparBaeMbIX (HIBTPOB U (PHUIBTPOB C IO-
nasienuem oonee 60 n1b. Ho Gmaromaps pazBuruto co-
BPEMEHHOM MOTYPOBOTHIUKOBOH 3JIEMEHTHOH 0a3bl, B
niepByto odepens — AL u LIATI, Terepp MoxxHO TIpe-
00pa30BbIBaTh CHUTHAJ HEMOCPEACTBEHHO C BBIXOAA
MIPOMEKYTOUHOM YacToThI [14].

VYKka3aHHas TEXHONOTHS TIIO3BOJSACT 3aMECHUTD
pasHooOpa3Hble CYIIECTBYIOIIUE M pa3pabarbiBac-
MBIE PaJUOINPUEMHUKU U TPAHCUBEPHI, KAK CEPHUM-
HBIC, TaK W, MPEXKIE BCETO, MOOUTEIBCKHE, TTIOCTPO-
€HHBIC TI0 CJIOKHOW CYIEepPreTepoIuHHON CXeMe, Ha
OrpaHNUYCHHOC YHMCJIO JOCTYIIHBIX alllapaTHbIX 6]10—
KOB, Pa0OTAIONIMX ITOJ] YIPABJICHUEM pa3paboTaHHO-
ro I10. Drto mpuBeneT K yHPOLICHUIO U YICHICBIIC-
HUIO KOHCTPYKIMH, CYIIECTBCHHOMY YIIyUIICHHIO
XapaKTEPUCTHK, TOJICPIKKE JTIOOBIX BUIOB MOIYISI-
[IUH, TOSBJICHUIO OOJBIIOT0 KOJHUYECTBA CEPBUCHBIX
(yHKIMH, a TakKe YCKOPUT pa3pabOTKy, MOCKOIbKY
IO MoXeT COBEpUICHCTBOBATHCS OTHOBPEMEHHO
BceM coobriectBoM [15]. Takoe cTaso BO3MOXKHO C
nosiBlieHHEeM A0cTyNmHBIX ObicTphix LIAIT m AL u
ynemesneaneM [19BM u DSP-niporieccopos.

AHamu3upysl TaKyl0 BaXHYIO TEXHUYECKYIO Xa-
PAKTEpPUCTHKY PaTUOCHUCTEM, KaK ITOMEXOYCTOHUH-
BOCTb, MOXKHO CIEJIaTh BEIBOJ, YTO PaTHOCHCTEMEI C
JBYXCTOPOHHHM MPOTOKOJIOM OOMEHa HMEIOT Pl
HEOCHMOPHUMBIX TEXHHYECKHUX MPEUMYIIECTB MO CPaB-

27
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HEHHUIO C PaJAMOCHCTEMaMHU C OJHOCTOPOHHUM IPO-
TOKOJIOM OOMEHA M B HACTOSIIMI MOMEHT SBIISIFOTCS
€MHCTBEHHO HAJICKHOW aJIETEPHATUBOUN MPOBOIHBIM
cucremMaM. Eclii CBsI3b HE MOXKET OBITh BOCCTAaHOB-
JIeHAa Ja)ke IOoCJe TaKuX JEHCTBUM, KaK CMEHa 4Ya-
CTOTHBIX KaHaJIOB, M3MEHEHHE MOIIHOCTH H3JIyye-
HUS, U3MEHEHHE TIeproJia BBIX0/Ia B panxuoddup, To B
JTAHHOM clly4yae HaOromaeTcs MpeJHaMEePeHHOE TeX-
HUYECKH IIOTOTOBJIEHHOE CabOTHpOBaHUE PaOOTHI
CHCTEMBI: MOCTAHOBKA IIMPOKOIIOJIOCHOM IMOMEXU BO
BCEM Pa3pEICHHOM IHUAaIa30He YacToT.

B mHacrosmeil crathbe mNpuBeAEeHA CTPYKTypa H
(YHKIIMOHATILHOE OIMCaHWe pPa3pa0O0TaHHOTO MPO-
IrPaMMHO-KOHUTYPUPYEMOTO pagHOKaHala M HC-
clenoBaHa UMUTAIIMOHHAS MOJENb paauouHTepderi-
ca. B pesynbrare paccMoTpeHUs! CTpYKTYphl U (DyHK-
IUOHAJILHOTO OmnucaHusl pa3padoranHoro [10 MoxHO
clenarh BBIBOJ, YTO pa3pabOTaHHOE ISl MCCIIE0Ba-

ORIGINAL ARTICLE

HUS JIOCTOBEPHOCTH U PaOOTOCHOCOOHOCTH MPeJyIo-
YKEHHOTO aJlropuT™Ma M npotokona nepenayu 110 mo-
KET ObITh HCIIOJIb30BAHO JAJIS IPUEeMa U Niepelad UH-
(hopMaru MOCPEICTBOM HCIIONIL30BaHUsI HOHOCHEp-
HBIX OTpakKeHUU. B panpHeWneM IutaHupyeTcs Mpo-
BeCTH 0030p W aHajIu3 apXUTEKTypbl MPOrpaMMHO-
orpesenseMoil paruocucteMsl B cpeae LabView [16],
OLICHUTHh YCTOHYMBOCTH PabOTHI TPU Tepenade WH-
(hopMaiy B yCIOBUAX MHOTOJTY4EBOCTH.

B nmanpHeiimem mutaHupyeTcss Tak)Ke IMPOBECTH
nccienoBanusi npoxoxaeHus curaanoB OFDM ue-
pe€3 MHOTOJIyueBble KaHAJIbl CBSA3U C 3aMHUPAHHUAMU
Poanest u Paiica. [lomy4yennast Moens O3BOJIUT OlLie-
HUTh MOMEXOYCTOMYHMBOCTh MPU PA3IHYHON [JIMHE
uukianueckoro npepuxkca OFDM-cuMBona, MOLIHO-
CTH OCHOBHOTO Jiy4ya B Mojenu Paiica m HaOmronath
3a MOBEICHUEM CUTHAJIBHOTO CO3BE31Ms IIPU BO3AEH-
CTBHH Pa3IMYHBIX HECTAOMIBHOCTEH.
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AHHOTauuA

BBepaeHue. HacToTHbIV Arnana3oH B6an3n 60 L - 04nH 13 Hanbonee NepcrnekTUBHBLIX AN CO34aHNSA BbICOKO-
CKOPOCTHbIX CUCTEM CBA3M HOBOIO MOKOMEHMNS 33 CHeT UCMO/b30BaHMA LUMPOKOI NOAOCkl YacToT nepejasae-
MbIX CUFHaNOB, CYLLECTBEHHO MpeBbIaroLLeri AOCTYMHble 3HadYeHna o 6 [TL B TPaAMLMOHHBIX YacTOTHbIX
AnanasoHax. AKTVBHOE pa3BuUTUE CUCTEM CBA3W Anarna3oHa okono 60 My nogkpennaetca pacluvpeHeM MHo-
roobpasns COOTBETCTBYHOLLMX MNOYNPOBOAHNKOBBLIX KOMAOHEHTOB W MiaHaPHbIX YCTPOMCTB, peanmsyemMblx Ha
CBY neyaTHbIX NaaTax U UMeLLMX nHTepdenc Ha 0OCHOBE MUKPOMONOCKOBLIX TMHWI Nepejayn. Ana n3mepe-
HUS U OTNajKN NOMYNPOBOAHMNKOBbLIX KOMMNOHEHTOB 1 MaHaPHbIX YCTPONCTB BO3HMKaeT HEOOXOANUMOCTL KX
COefMIHeHUsi C BOJIHOBOAHbBIM NHTEPdENCcoOM U3MepUTeIbHOro 060pYA0BaHMSA, YTO MOXeT BbiTb BbIMOMHEHO C
MOMOLLbH0 BOJIHOBOZHO-MVKPOMOJ/IOCKOBOrO Nepexoja.

Lienb pa6oTbl. PaspaboTka 1 ncciefoBaHme MaaHapHOTo LLVIPOKOMOAOCHOMO BOTHOBOAHO-MUKPOMOIOCKOBOrO
nepexoja 415 YacTOTHOro AnanasoHa okono 60 M, obecneynBatoLLero Manblil ypoBeHb BHOCUMbIX NOTepPb.
MaTtepunanbl n metoapbl. NS JOCTVXXEHNS MOCTaBAEHHON Lien NPpOoaHaan3MpoBaHO BAVSHWE HEOLHOPOAHO-
CTeli B CTPYKType nepexoja Ha ero xapakTepucTuky, a Takxke nccnefoBaHbl METOAbE! YCTPAHEHUS TaKMX HEO4HO-
pogHocTel. AHann3 BANSAHWSA HEOAHOPOAHOCTEN N pacyeT XxapakTepucTuK paspaboTaHHOro nepexoja BbiMOaHe-
Hbl C MOMOLLEIO 3N1eKTPOANHAMNYECKOTO MOAEIMPOBAaHNA 1 NOATBEPXAeHb! pe3y/ibTaTaMu 3KCrnepuMeHTanbHo-
ro NccnefoBaHUs U3roToBAEeHHbIX 06Pa3LoB LUMPOKOMOIOCHOIO BOAHOBOAHO-MUKPOMOIOCKOBOMO Nepexosa.
Pe3synbTaTbl. Pa3paboTaHHbIV Mepexos OCHOBAH Ha 3M1eKTPOMarHMTHOM B3aMMOAECTBUN Yepes LUeNieByto anep-
TYPY B 3KpaHe MUKPOMOIOCKOBOM NMHUV N HE COAEPXUT B CBOE CTPYKTYpe C/IerbIX MepexoHbIX OTBEPCTUIA, YacTo
NPYMeHsieMbIX A5 Mepexo0B MUIIMMETPOBOIO AMana3oHa YacToT, HO 3HaUNTE/IbHO YBENNUMBAIOLLMX CI0XHOCTb
1N CTOMMOCTb N3roToB/1IeHNs. [lepexo/ BbINMOIHEH C BOSMOXHOCTLIO HEMOCPeACTBEHHOrO NOACOeANHEHNS K OTPE3KY
NPSIMOYro/ibHOr0 BOIHOBOAA CTaHAAPTHOro ceveHms WR-15 6e3 ononHuTeNbHbIX MOANGUKaLIIA B CTPYKTYpe BOSI-
HoBoZa. o pe3ynsTaTaM MOAENNPOBaHWSA 1 SKCNepUMEHTaIbHOro UCCIe0BaHMSA MoJioca NPorycKaHns nepexosa
paBHa MoaHOW nosoce nponyckaHus BonHosoga WR-15, a nmeHHo 50...75 Ty no ypoBHio -2 ab koabduumeHTa
NPOXOXZAeHWs, a NoTepu, BHOCMMbIE B NnepeAaBaemsblin curHan, He npesbiwatoT 0.8 46 Ha yacTtoTe 60 IMu,
3akntoyeHune. LLinpokas nosoca NponyckaHWa curHana, HebonbLume noTepu, yCTOMUMBOCTb K HETOUHOCTAM U3ro-
TOBJ/IEHWNS 1 MPOCTOTa MHTErpaLmm no3BoJIAOT 1CMOJb30BaTb BOJIHOBOAHO-MUKPOMO/IOCKOBLIV Nepexos Ans co-
efMHeHNs pasNYHbIX MUKPOMOAOCKOBbLIX Y BOMTHOBOAHbLIX YCTPONCTB MUANNMETPOBOMO AMana3oHa A/IMH BOJH.

KnioueBble cnoBa: MI/I}'IJ'II/IMETpOBbII7I AnanasoH AJ/IH BOJIH, BO}'IHOBOAHO-MI/IKpOI'IOI'IOCKOBbIIZ rnepexoa,
rneyaTHas njaaTa, MeTananyeckmni BO/THOBO/,

Ana yutnpoBaHmA: LLIMPOKONONOCHbI BONHOBOAHO-MUKPOMOIOCKOBLIV Nepexo ANf 4acTOTHOro AmManasoHa
60 My / A. B. MoxapoBsckuii, A. A. AptemeHko, P. O. MacneHHuKoB, W. b. BeHguk // V3B. By3oB Poccun. Paguno-
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© Moxaposckuin A. B., AptemeHko A. A., MacneHHukoB P. O., BeHguk A. B., 2019

@ @ KoHTeHT goctyneH no nuueH3unmn Creative Commons Attribution 4.0 License
BY This work is licensed under a Creative Commons Attribution 4.0 License 31



M3Bectus By3oB Poccun. Pagnosnexrponnka. 2019. T. 22, Ne 4

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4 OPUTMHAJIBHAST CTATBA

DJIEKTPOAMHAMMKA, MUKPOBOJIHOBASl TEXHHKA, AHTEHHBI
Electrodynamics, Microwave Engineering, Antennas

ORIGINAL ARTICLE

KOHq)ﬂI/IKT MnHTEpecos. ABTOpr 3aAB/IAOT 06 OTCYTCTBUN KOHq)J'II/IKTa NHTEpEeCoB.

CraTbsa noctynuna B pegaxkumio 27.03.2019; npuHsATa K nybavkaumm nodie peleHsnposaHms 16.08.2019; onybavkosaHa
oHnaiiH 27.09.2019

Design of Wideband Waveguide-to-Microstrip Transition
for 60 GHz Frequency Band

Andrei V. Mozharovskiy™, Aleksey A. Artemenko’,
Roman 0. Maslennikov’, Irina B. Vendik?

LLC "Radio Gigabit"
95, bld. 2, Osharskaya Str., 603105, Nizhny Novgorod, Russia

2Saint Petersburg Electrotechnical University
5, Professor Popov Str., 197376, St Petersburg, Russia

™ andrey.mozharovskiy@radiogigabit.com

Abstract

Introduction. The frequency band around 60 GHz is one of the most promising to realize new generation com-
munication systems with high data rate due to the utilization of a wide operational frequency band that signifi-
cantly exceeds traditional frequency bands below 6 GHz. High interest in the development of 60 GHz communica-
tion systems is related to the recent evolution of MMIC technology that allows creating effective components for
this band and the variety of planar devices. Both are typically realized on printed circuit boards and have interfac-
es that are based on microstrip lines. The wideband waveguide-to-microstrip transition is required to test various
active and passive planar devices with microstrip interfaces in order to provide an effective interconnection be-
tween the standard waveguide interface of measurement equipment and planar microstrip structures.

Objective. The paper deals with the design of planar wideband waveguide-to-microstrip transition with low in-
sertion loss level in the 60 GHz frequency band.

Materials and methods. The main objective is achieved by analyzing of discontinuities in waveguide-to-
microstrip transition structure and their influence on transition characteristics. The transition characteristics
are analyzed using full-wave electromagnetic simulation and confirmed with experimental investigation of de-
signed wideband waveguide-to-microstrip transition samples.

Results. The designed transition is based on an electromagnetic coupling through a slot aperture in a mi-
crostrip line ground plane. The transition is performed without using blind vias in its structure that provides low
production cost and al-lows integrating the WR-15 rectangular waveguide in a simple manner without any mod-
ifications in the waveguide structure. Results of the electromagnetic simulation are confirmed with experi-
mental investigations of the fabricated waveguide-to-microstrip transition samples. The designed transition
provides operation in the nominal bandwidth of the WR-15 waveguide, namely, 50...75 GHz with the insertion
loss level of 2 dB and with less than 0.8 dB insertion loss level at the 60 GHz frequency.

Conclusion. The designed waveguide-to-microstrip transition can be considered as an effective solution for in-
terconnection between various waveguide and microstrip millimeter-wave devices due to its wideband perfor-
mance, low insertion loss level, simple integration and robustness to the manufacturing tolerances structure.

Key words: millimeter wave band; waveguide-to-microstrip transition; printed circuit board; hollow metal
waveguide
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BBenenne. AKTHUBHOE pa3BUTHE CUCTEM BBICOKO-
CKOPOCTHOW paJMOCBsI3U O0YCJIOBJICHO B HACTOSIICE
BpeMsi HEOOXOOUMOCThIO OECHpOBOAHON Tmepenadn
Oonpmyx 00BEMOB MH(OPMAIINH, TAKUX KaK MHTCp-
HET-Tpa(uK, MYITBTHMEIHA U TIOTOKOBOE BHJICO BBI-
COKOTO paszpeiieHus. MILDITMMETPOBBIN IHUana3oH
e BoJdH (30...300 I'T'm) siBisieTcsl MpHUBIICKATEb-
HBIM JUIS CO3JIaHUSI TaKUX CHCTEM, IOCKOJIbKY OH
obecreuynBaeT BO3MOXKHOCTb UCIIOJIB30BAHUS JUIA T1€-
penay CUTrHaja IMUPOKHUX IOJIOC YaCTOT BIUIOTH O
HECKOJIbKMX THTarepl], 4rto oOyCIOBIMBaeT 3HAUU-
TEJIbHOE YBEIMYEHHE CKOPOCTH Mepeayuu.

BHuMaHre MHOTHX pa3pabOTIHMKOB KOMMEPUYECKUX
CHCTEM CBSI3W TIPUBJICKACT JUAIAa30H YacTOT OKOJIO
60 I'Tn, B koTOpoM yxke paboraror cuctembl Wi-Fi
HOBOTrOo TOoKoNeHwus [l], paguopeneitHple TUHUW OIS
COTOBBIX CHCTEM CBSI3H, CETH (PHKCHPOBAHHOTO Oec-
MPOBOJHOTO JIOCTyIa, a TakXke OyayT pa3BepHYTHI
MOOWJIBHBIE CETH CIICAYIONIETO 5-r0 MmoKoyieHus [2].
B 3T0T MMana3zoH BXOAWT JMHUSI TOTIIOIEHUS] KUCIIOPO-
Jla, 4TO OmpesersieT OoNbllve 3HAYCHHUS 3aTyXaHHs
AIEKTPOMArHUTHOW SHEPTUM TIPH PacIpOCTPaHEHUH,
BILIOTH 710 16 nb/km [3]. DTO CyImIECTBEHHO OTrpaHH-
YUBAae€T BO3MOXKHOCTH HCIIOJNB30BAaHUS YKa3aHHOTO
JMara3oHa Jijisl Tiepe/iadd JaHHBIX Ha OOJIBIIHE pac-
CTOSIHUS. B CBsI3U ¢ 3TUM B OOJNBIIMHCTBE CTPaH s
JIAHHOTO JAMarna3oHa yIpolneHa (MU OTCYTCTBYET)
Mpoleaypa JUICH3UPOBAHNS YaCTOT U YCTPOMCTB, a
TaKKe MPHUHATHI OCIA0NEHHBIE PETYISITOPHBIE Orpa-
Hu4eHus [4—6]. brarogapst 3ToMy 4acTOTHBIN AMarna-
30H BONm3u 60 I'T'i momyumn HanOomblliee pa3BUTHE
JUTSL CHCTEM CBSI3H, TIPEAHA3HAYCHHBIX JUIsl pabOThI Ha
kopotkue paccrosHus: A0 10..20 M BHyTpu nome-
mennit u 10 300...500 M BHE momemenwii [1, 7].

Bonbiioit uaTEpeC K pazpaboOTKe CUCTEM BBICOKO-
CKOPOCTHOM PaJIMOCBSI3M YaCTOTHOIO Juara3oHa BOJIH-
3u 60 I'T'1 momkpersieTcst Tak)Ke akKTHBHBIM Pa3BUTH-
€M M paCIIMPEHHEM COOTBETCTBYIOIICH MOIYIIPOBOI-
HUKOBOW KOMITOHEHTHO# 0a3bl. PaznuuHble ycTpoiicTa
MUJUIAMETPOBOTO THANa30Ha YacTOT, B TOM 4HCJIE,
Harpumep, Mmajnourymsue ycuwmutenn (MITY), cme-
cuTel, GUIBTPBI U AaHTCHHBI, BBITIOJHSIOTCSI B OCHOB-
HOM B BUJIE TUTAHAPHBIX MUKPOIIOJIOCKOBEIX CTPYKTYD C
WCIOJIb30BAHUEM TakuX TexHojorui, kak CBY mneuar-
HBIE TUIAThI, HU3KOTEMITEpaTypHasi COBMECTHO OOXKHUTa-
emas kepamuka (Low Temperature Co-Fired Ceramic —
LTCC), monyrpoBOIHUKOBBIE TEXHOJIOTHH.

NsmeputenpHOe 000pynoBaHNE MUJLTHMETPOBOTO
JTMara3oHa JUTMH BOJH OOBIYHO UMEET BOJHOBOIHBIH

3JIeKTp0)Il/IHaMI/lKa, MHUKPOBOJIHOBAasI TEXHUKA, AHTCHHbI

Electrodynamics, Microwave Engineering, Antennas

uHTepdeiic, 9To rapaHTUPYET Majble TIOTEPH PacIpo-
CTpPaHCHUS, BO3MOKHOCTh IEpeAadll CHTHAJIOB OOIb-
IO MOIIHOCTA W TPOCTOH CHOCOO IMOJICOCAMHEHUS
WCCIIEAYEMBIX YCTPOUCTB. JlJIsl U3MEpEeHHsI U OTIIaIKU
TUTAHAPHBIX YCTPOWCTB HEOOXOMUMO HX COCIHHECHHUE C
BOJTHOBOAHBIM MHTEp(eiicoM U3MEPUTETBHOTO 000py-
noBaHus. [l mepepauu curHajia OT MUKPOIIONIOCKO-
BBIX YCTPOICTB K BOJHOBOAHOMY H3MEPUTEIHLHOMY
000py/IOBaHUIO HEOOXOJMMO WCIIOIE30BAHUE BOJHO-
BOJHO-MHUKPOIIOJIOCKOBOI'O IIEPEX0/1a.

B Hacrosimieit crarbe IpeacTaBlIeHB! pa3padoTKa H
UCCJIe0BaHKUE TUIAHAPHOTO [IMPOKOIOIOCHOTO BOJIHO-
BOJIHO-MHKPOIIOJIOCKOBOIO IepexoAa sl 4acTOTHOIO
Juanazona okonno 60 I'T' ¢ ncnonbp30BaHUEM pactpo-
CTpaHEHHOW BBICOKOYACTOTHOW TEXHOJOTMH HW3IOTOB-
JieHus nevatHeix 1at. K nepexony mpenbsiBieHs! Tpe-
OoBaHMsT OOECIICUECHUST MAJIOTO YPOBHS BHOCHMBIX IIO-
Tepb, MIMPOKOM TIONOCHI MPOIYyCKAaHWUS CHUTHajda H
YCTOMUMBOCTU XapaKTEPUCTUK K HETOYHOCTSM H3IO-
TOBJIEHHA. TakKe BaKHO OOECHEYUTbh BO3MOXKHOCTb
HETOCPEICTBEHHOTO TOIKITIOUSHHUS CTAHAAPTHOTO BOJI-
HoBoma WR-15 k paspaboranHoMy mepexony 06e3 HeoO-
XOAUMOCTH MOMU(MUKAIMI B CTPYKType BOJHOBOJA,
YTO XapaKTEePHO JUISi MHOTHX THUIIOB aHAJIOTUYHBIX BOJI-
HOBOJTHO-MHKPOTIOJIOCKOBBIX TiepexonioB [8—17].

BaxxHoli ipoOiieMoi Tpy pa3padoTKe BOIHOBOIHO-
MHKPOIIOJIOCKOBOTO TIEpexofia SIBIISICTCSl oOecTiedeHue
MaJIoro YpOBHS IIOTEPb Ha MPOXOXKIIEHUE, TOCKOJIBKY C
TIOBBIIIICHIEM Pabodeil YacTOTHI A0 MIUUIAMETPOBOTO
JIMara3oHa CyIIeCTBEHHO BO3PACTAIOT MOTEPH B Ievar-
HBIX CTPYKTypax IIpU BO3HUKHOBEHHH HEOIHOPOIHO-
creii. Takum 00pazoM, BaYKHON HAy4YHOH 3a/1a4eil sIBIIsl-
€TCs aHallN3 BIMSHUS HEOJHOPOIHOCTEH B CTPYKTYpe
IIEpEXO0/Ia Ha €r0 XapaKTepUCTUKH, a TAKKe HCCIIeI0Ba-
HHUE METOJIOB YCTPAaHEHUsI TAKUX HEOAHOPOIHOCTEH.

Juia pemieHusi MOCTaBIEHHOW 3afa4yu Oblia BbI-
OpaHa CTPyKTypa BOJHOBOIHO-MHKPOIIOJIOCKOBOTO
nepexoja, OCHOBaHHAs Ha 3JEKTPOMArHUTHOM B3au-
MOJICHICTBUM 4Yepe3 WICNEBYI0 amnepTypy B JKpaHe
MuKpononockoBoi nuann [18-20]. Jlns koHIEHTpa-
LU 3IEKTPOMArHUTHON SHEPTrUM B OONACTH MEPEX0-
Jla VICTIONIb3YIOTCSI METAJTU3UPOBAHHBIC TIEPEXOIHBIC
OTBEPCTHUS, COCOUHSIOIME BOJHOBOJ IIO BCEMY IIe-
pumeTpy (Kpome HeOOJIBLIOrO MPOMEKYTKAa B MECTE
MOJIBE/ICHUS] CUTHAJIa MUKPOIIOJIOCKOBOHM JIMHUEH) C
SKpPaHUPYIOLUIUM IIPOBOJHHKOM, PACIIOIOXKEHHbIE Ha
BHYTPEHHEM ypPOBHE MEYaTHOM IUIAThI, YTO MO3BOJIA-
eT 3(eKkTHBHO MPOATUTH BOJHOBOJA B TeJIC Meyar-
HOM IJIaThl M PACIONIOKHUTH H3IIyHaIOUIUH 3JIEMEHT
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BHYTPH BOJIHOBOJAA. BakHOU 3amauell ABISIETCS HC-
CJIeJIOBaHUE BIMSHUS BEITUYMHBI MPOMEXKYTKA B Me-
TaJUIM3UPOBAaHHBIX CKBO3HBIX IIEPEXOAHBIX OTBEp-
CTHAX, HEOOXOAMMOTO Ul TIOABECACHUS CHTHAIA
MHUKPOIIONIOCKOBOW JnuHHMEH. s yctpaHeHHs 3¢-
(beKxTa BIMSHHUSA TMPOMEKYTKA B IEPEXOAHBIX OTBEp-
CTHSIX PACCMOTPEHO pa3MEIleHUE HENOCPEICTBEHHO
M0 LEHTPY MOABOASIIEH MHUKPOIOJIOCKOBOM JIMHUU
JIOTIOJIHUTENBHOIO IEPEeXOJHOI0 OTBEPCTHS, 3JIEK-
TPUUECKHU COEAMHSAIOLIET0 MOABOAALINM BOJIHOBOJ C
9KPaHOM MHUKpPOIIOJIOCKOBOM nuHMU. I3ydeHo nBa
MOJXO0Aa K pealu3allii Takoro IEepPEXOAHOIO OTBEp-
CTHUS: HA OCHOBE NIyXOTO0 OTBEPCTHSI, COETUHSIOLIETO
BEPXHUI CJOM MEYaTHOM MyaThl U 3KpaH MHUKPOIIO-
JIOCKOBOY JINHWY, a TaK)Ke OPUTWHAIBHBIN MOIX0 Ha
OCHOBE CKBO3HOIO OTBEPCTHS, CYIIECTBEHHO YIIPO-
IIAIOIIUHM TEXHOJOTHUCCKHE TPEOOBAaHUSI U YMEHBb-
LIAIOLIMHA CTOUMOCTb U3TOTOBIIEHUS TIEYaTHOM IUIAThI.

ITocranoBka 3amauym. PaccMOTpUM OCHOBHBIE
XapaKTepUCTUKU TPSMOYTOJILHOTO BOJIHOBOJA U
MHUKPOTIOJIOCKOBOH JIMHUU.

[lonple MeTamIMyecKkue BOJIHOBOABI HAXONAT -
pOKOe TpHMEHEHHE B Ciydasx, Korja HeoOXOmuMo
o0ecTieunTh Majible TIOTEPH PACTIPOCTPAHEHUSI CUTHAJIA
WIN Tiepefadyy CUTHAJIOB OOJNBIIOW MOIIHOCTH Ha BbI-
COKHX yacToTax. [IpsMoyronsHble BOIHOBOABI HCTIOJb-
3ylOTCSl JUIsl TIEpe/ladll CUTHAJIOB C JIMHEWHOW MOJISIpH-
3aLuel, a BOJIHOBOZBI ¢ KPYIVIBIM WJIM KBaJPaTHBIM Ce-
YEHHEM — C KPYrOBOM WJIM IByMS OpPTOTOHAJIbHBIMU
JUHENHBIMHU TOJIsIpu3aimsMu. M3-3a orpaHn4eHuil mo
pa3Mepy 1 Macce JKECTKHE BOTHOBOIBI OOBITHO HCIIONB-
3yrorcst Ha yactoTax ot 1 I'Ty no coten rurarepit [21].

Bce BomHOBOABI MOTYT OBITH KJacCH(HULIHPOBa-
HBI TIO pa3Mepy, MOJTHOCTHIO OTPEAEISAIONIEMY UX Ya-
CTOTHYIO ToJIoCy IponyckaHusi. OHa U3 OCHOBHBIX
KJIACCU(HUKAIINIA TPSIMOYTONBEHBIX BOJHOBOIOB JaHa
MexayHaponHOW 3JIEKTPOTEXHUYECKOH KOoMUCCHEN
(International Electrotechnical Commission — IEC) B
cooTBeTCTByIOMEeM ctaHaapte [22]. Tak, Hanmpumep,
B COOTBETCTBUM C JaHHOH Kiaccudukanueil BOIHO-
Bon WR-15, wumeromuil monepeyHoe CeYeHUE
3.75 x1.88 MM, mpenHa3Ha4YeH /IS MIEpelayd CUTHa-
noB ¢ yactotoit 50...75 I'Tw.

OcHOBHOM MO/IOM CHUTHala, paclpoCTpaHsIoLIe-
rocs B IPSIMOYTOJILHOM BOJHOBOJE, SIBJISETCS MOza

TEIO, HE MMEIOIIAsi COCTaBIISIONICH OJICKTPUICCKOI'O

TIOJIst TIO HAIPaBJIEHUIO PACIIPOCTPAHEHHS CUTHAA.
HanmeHbliass 4actoTa pacnpoCTpaHCHHs HHU3-

e MOJIEI TEIO B BoiHOBOIE WR-15 cocrasiser
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39.97 I'Tu. HanmenspInme 9acTOTHI pacpOCTPaHEHHS
0oJiee BEICOKHX MO UMEIOT OONBIINE 3HAYEHHUS, YTO
o0ecrieunBacT HEKOTOPYIO MOJOCY YacTOT, B KOTOPOU
pacIpocTpaHseTcs TONBKO OiHa, OCHOBHAsI, Moza. [t
BojHOBoma WR-15 Ommxkaiimieii Momoil  sBIISIETCS

TE,(, xoTopas pacnpocTpaHseTcss Ha yactorax 6o-

nee 80 ['Tu. Takum oOpa3om, MONOCY MPOMYCKAHUS
BosHOBOoZa WR-15 MOXHO cTporo cuurarh paBHOH
40...80 I'Tu. OnmHako mst oOecrieueHUs] HAWTYYIICH
mepeayd CUrHajga CTaHAapTOM PEKOMEHIYETCS HC-
MOJIb30BaTh BOJIHOBOA WR-15 1j1 cUrHAIOB ¢ MOJIO-
coit yactot 50...75 I'T'.

MuKpONoNOCKOBasi JIMHUSL TPEICTABISET COOOM
IUTaHAPHYIO CTPYKTYPY, COCTOAIIYIO M3 IIEHTPaJIbHOTO
MIPOBO/IHUKA, OT/EIEHHOIO OT TMPOBOMISIIETO JKpaHa
JIUAIIEKTPUYECKON TOIOKKOM. MUKPONOJI0CKOBas -
HUSI TIPOCTa B U3TOTOBJICHUH C UCTIOIB30BaHUEM TEXHO-
JIOTWA TIEYaTHBIX TUIAT, KOTOpas UMEET HU3KYIO CTOH-
MOCTh B MacCOBOM ITpou3BojicTBe. K HemocTarkam mo
CPaBHEHHIO C MPAMOYTOJBEHBIM BOJHOBOJIOM MOXKHO
OTHECTH OTPaHUYEHHS IO MOIIHOCTH MEPEeIaBacMOro
CUTHaJIa U OOJIBIINI YPOBEHb MOTEPh. AHATUTUYECKOE
UCCIIeI0OBaHIE MUKPOIIOJIOCKOBOM JIMHUHU TPEICTaBIIC-
HO BO MHOTYX UCTOYHHKAX, Hapumep B [20].

OCHOBHOH pacIipOCTPaHSIOLIEHC MOAOH B MUKPO-
MOJIOCKOBBIX JIMHUSAX TepeAadl SIBISIETCS KBa3u-
TEM-mona. Otinnume ot unctor TEM-monpl, mis
KOTOPOH OTCYTCTBYIOT TMPOAOIBHBIC COCTaBIISIONINE
ANEKTPUYECKOTO U MAarHUTHOTO TIOJIEH, OIIpeaemsieTcs
TEM, 4TO JaHHAs JTUHUS HE SBISETCS CUMMETPUIHON
Y TOJIBKO YacCTh NEKTPUUYECKOTO TOJISl KOHIIEHTPUPY-
eTcsl B TIOJIOKKE MEXKIY MHKPOIOJIOCKOM M 3a3€M-
JIEHHBIM JKPaHOM, a OCTajJbHas 4acTb — PSIAOM C
MUKPOTIOJIOCKOM B BO3/yXe. JTO MPUBOIUT K pa3iiv-
YUSIM B CTPYKTYpE TOJICH B BO3AyXe (OTHOCHTEIbHAS
JIUBIEKTPUYECKast POHHUIIAEMOCTh € = 1) u B mowiox-
Ke (8 > 1) Y, KaK CIICICTBHE, K TIOSBICHUIO MPOIOIIb-

HBIX COCTAaBIISIIOIINX SJIEKTPHYECKOTO TIOJISI, KOTOpPhIS
CTaHOBSATCS OOJIee 3aMETHBIMHU C POCTOM YacTOTEHI.

CTpyKTypBI IICKTPHUSCKOTO U MarHUTHOTO MOJICH
MPSIMOYTOJIFHOTO BOJIHOBOJAa M MHUKPOIOJIOCKOBON
JIMHUM MMEIOT 3HAYMTENILHOE CXOACTBO, YTO O0ecIie-
YUBAET BO3MOXXHOCTh Pa3pabOTKH BOTHOBOIHO-MHUKPO-
MOJIOCKOBOT'O IEPEX0/ia B IMUPOKOH TOI0CE YaCTOT.

B muteparype ommcaHo MHOTrOOOpa3We BOJIHO-
BOJIHO-MHKPOIIOJIOCKOBBIX TEPEXOOB: C HCIOJIB30-
BaHUEM OTpe3Ka MPOBOJHUKA, MOMEIICHHOTO BHYTpPb
BoNHOBOAA [8—11], ¢ MCTIOIB30BaHMEM COITIACYIOIIETO
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MeTaJuIn4ecKoro rpe0Hs [12], oCHOBaHHBIX Ha AJIEK-
TPOMarHuTHOM B3aWMOJIEMCTBUU Yepe3 LIeb B CTEH-
ke BoimHOBOAA [13, 14]. OnHako Takue mepexoabl Ma-
JI0 TIPUCTIOCOOICHBI 1711 paboThl B MUJUTUMETPOBOM
QMara3oHe 4acToT, TaK Kak TPeOyIoT MOAU(HUKALIIA B
CTPYKTYpE BOJIHOBOJIA, KOTOPBIE TOKHBI BBHITIOMHSITHCS
C OUECHb BBICOKOM TOYHOCTBIO, YTO IPUBOIUT K 3HAYU-
TEJIbHOMY YBEJIMYEHHIO CTOMMOCTH UX U3TOTOBJICHUS U
TPYAHOCTSIM MOHTaa.

Hanbonee mepcneKTHBHBIME B MHJUTUMETPOBOM
JIara3oHe YacToT SIBJIAIOTCS BOJIHOBOJHO-MUKPOIIONIOC-
KOBBIE MEPEXOJIBI C AIEKTPOMATHUTHBIM (O€CKOHTAKT-
HBIM) B3aHIMOJICHCTBHEM dYepe3 INEJIEBYIO alepTypy B
TIPOBO/IHUKE JKpPaHa MHKPOIIOJIOCKOBOM JHMM [18,
19]. danupiii TUD mepexona He TpeOyeT moauduka-
U B CTPYKTYpEe BOJHOBOAA, YTO oOecreunBacT
POCTOE MOJKIIOYEHHE IUIAHAPHBIX YCTPOWCTB U
YCTOHYMBOCTb K HETOYHOCTSIM U3TOTOBJICHUSI.

Bo0JIHOBOIHO-MUKPOIIOJIOCKOBBIE ~ IIEPEXOIBl €
3JIEKTPOMArHUTHBIM B3aWMOJIEMCTBHEM Yepes Iele-
BYIO anepTypy B MPOBOASIIEM dKpaHe MUKPOIOJIOC-
KOBOW JINHWY, NIPEAHA3HAYCHHBIC I paboTH Ha Ya-
crore 60 [T, yacTo BBINOJHSIOTCA HAa KepamHuue-
ckoii mojtokke mo TexHonoruu LTCC, uto 06ycnoB-
JICHO OOJIBIICH TOYHOCTBIO W3TOTOBJICHUS, IINPOKH-
MU TEXHOJOIMYECKHMH BO3MOKHOCTSAMHM M MaJbIM
ypoBHEM moTeph. OHAKO HCTIONB30BaHUE ATOH TeX-
HOJIOTUH TIPHBOIUT K 3HAYUTEIHHO OOJBIIECH CTOM-
MOCTH M CpPOKaM H3TOTOBJIEHUS B CpPaBHEHUH CO
CTaHJApPTHBIMUA BBICOKOYACTOTHBIMU TEXHOJIOTHAMHU
W3TOTOBJIEHUS TI€YaTHBIX IJIaT. Bo3MOXXHOCTH Ipu-
MEHEHMs CTaHJApTHBIX MarepuajoB BBICOKOYACTOT-
HBIX TICYATHBIX IUIAT JJISi Pa3paOOTKU BOTHOBOIHO-

q Bosnnoson S
WR-15

j©)
(© @ 0@

Of ©

MI/IKPOHOHOCKOBM JIMHUSA

MHUKPOIIOJIOCKOBBIX ~ MEPEXO/I0OB  MHJUIUMETPOBOTO
JMara3oHa 4actorT Obuia mokasaHa B [19]. OmHako
npeacTaBieHHblil B [19] mepexoa uMen orpaHu4eH-
HyI0 mosiocy nponyckanus (11.5 % no oTHomIEHHIO K
neHtpanbHol yactore 60 ['Tm) u 3HAYNTENBHBIN
ypoBeHb motepb (oxono 2 nb Ha wactore 60 I'T).
Kpome Tor0, B CTPYKType BOIHOBOTHO-MUKPOIOIOC-
KOBOTO Tepexojia, mpeAcTaBieHHoro B [18], ncmoms-
30BAJIUCh TIIyXHE METAJUIM3UPOBAHHBIC MEPEXOIHBIC
OTBEPCTHSA, UYTO CYIICCTBCHHO YBEIMYHMBACT CTOH-
MOCTh H3TOTOBJICHHS M COIPOBOXKAACTCS CyIIe-
CTBEHHBIMH TEXHOJIOTHYECKUMHU OTPAHUYCHUSIMU.

B Hacrosimeit crarbe mpejctarBieHa pa3paboTka
MIPOKOTIOIOCHOTO BOJTHOBOZAHO-MHUKPOIIOIOCKOBOTO
nepexoja ¢ MajbIMHU norepsaMu Ha yactote 60 I'T1 ¢
WCIIONIF30BaHNEM CTAHIAPTHOW TEXHOJIOTHH H3TO-
TOBJICHUS TEYATHBIX IUTaT. Pa3paboTKa BEIMOJHEHA C
MPUMEHEHHEM DBIIEKTPOINHAMHYECKOTO MOJAEIHPO-
BaHMS U UCCIICNOBAHUH XapaKTEPUCTHK SKCIICPHMEH-
TaJBHOTO 00pas3iia mepexoma.

Pe3ynsrarhl 3/1IeKTPOIMHAMUYECKOIO MOJIeIH-
poBaHHsI BOJHOBOIHO-MHKPOIOJIOCKOBOTO IE€pexo-
ma. s pa3paboTaHHOIO  BOJHOBOIHO-MHKPO-
TIOJIOCKOBOTO TIepexo/ia BEIOpaHa CTPYKTypa, pe/ICTaB-
JICHHas Ha pucC. 1: a — MPONONBHBINA pa3pe3; 6 — BUJI
CBEpXY; 6 — BHJ CHH3y. B kauecTBe Marepuana Iu-
JNEKTPUYECKON MOJJIOKKHK Hcnonb3oBaH CBY-mare-
puair RO4003C ¢upmbr "Rogers", obnanaromuii Ha
gactote 60 [T ¢=3.54 [23]. 3HaueHHs TaHreHCa
yrmia JEdNieKTpuieckux moteph tgd = 0.0058 3anaBa-

JIUCh B COOTBETCTBUU C SKCIEPUMEHTAILHBIMU JIaH-
HBIM, TIPEZICTABICHHBIMHU B [24].

Puc. 1. CTpykTypa BOTHOBOJHO-MUKPOIIOJIOCKOBOTO TIEpexoaa

Fig. 1. The waveguide-to-microstrip transition structure: a — cross-section; 6 — top view; g — bottom view
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Puc. 2. CTpyKTypa 3IeKTpUIECKHX MOJIEH B BOITHOBOAHO-MUKPOIIOJIOCKOBOM IEPEX0Ie

Fig. 2. The electric fields distribution in the waveguide-to-microstrip transition

PaccmarpuBaemast CTpyKTypa UMeeT TpU CJIOsl Me-
TaJUTU3AIMH, Pa3IeNICHHBIX JIUIEKTPHUSCKON MOIOK-
KoM, BKirouatomied nsa cnosi /, 2 CBU-marepuana
RO4003C Tonmunoii 0.203 MM KaXKAbIHA U CBA3YIOLIETO
npenpera RO4450B Tonmunoi 0.2 MM Taxoke Mpo-
n3BoncTTBa pupmel "Rogers". CpenHuil ol MeTa-
TU3alUK 3 SBISETCS HEMPEPHIBHBIM SKPaHUPYIOLINM
METATIMYECKUM CJIOEM, C OJTHOW CTOPOHBI KOTOPOTO
MOJXOAUT OTPE30K BOJIHOBOZA, @ C APYrOil CTOPOHBI
pacronaraercss MUKpomnojockoBas juHus. llepenaua
CUTHAlla MEXIy BOJHOBOJIOM M MHKPOIOJIOCKOBOH
JIUHUEH OCYIIECTBISIETCSI Yepe3 MIENEBYIO aneprypy 4
B JKpaHUPYIOUIEH MOBEPXHOCTH C HCIOIb30BaHHEM
M3JIy4YaIONIero dJIEMEHTa 5 Ha BEPXHEM CJI0€ MeTaJlIH-
3allMH, YTO TO3BOJISIET TOOUTHCS JIYUILEro COINlacoBa-
HUS Tiepexoja B ILIMPOKOW mojoce yacToT. OOras
TOJIIIMHA nedyaTHou miarkl 0.66 MM, TOMNIIMHA KaKI0-
ro ciost metaiu3auu 18 Mkm. CTpyKTypa 3IeKTpH-
YecKHX TojJied B pa3paboTaHHOM BOJHOBOIHO-
MHKPOIIOJIOCKOBOM TIepeXoJie MpeicTaBleHa Ha puc. 2.

Yacto s yBEIMYEHHUS LIMPHUHBI IMOJIOCHI MPO-
MyCKaHUs BOTHOBOJHO-MHUKPOIOJIOCKOBOTO Mepexoa
WCTIOJNB3YIOT HECKOJIBKO H3IYYarolluX JJIEMEHTOB,
PaCIONIOKEHHBIX IPYT HaJ npyroMm [16]. Anamus mo-
Kazall, 4TO MPHU COOTBETCTBYIOLIEM BHIOOPE MapameT-
POB TIepexojia BO3MOXKHO TPU MTOMOIIX OJHOTO H3ITy-
YaoIIero 3IeMeHTa 00eCIeUUTh MONOCY MPOIMyCKa-
HUS TIepexoja, paBHYIO BCEHl Moioce MpOIycKaHus
MIOJBOISILETO OTPE3Ka BOJIHOBOJA.

Hcnonp3oBanue MeTaIIM3UPOBAHHBIX IEPEXOIHBIX
otBepcTuii (cM. puc. 1, 6), COSAMHSIIONINX BOJHOBO/T
Mo BceMy TepuMeTpy (Kpome HeOONBIIOTO MpoMe-
’KyTKa B MeCTe MOJBEIeHUs] CUTHAJIa MUKPOIIOJIOCKO-
BOIl JIMHUEH) ¢ HKPAHUPYIOUIUM MPOBOIHUKOM, I103-
BOJISIET 3((EKTUBHO MPOUIUTH BOJHOBOJ U PACIO-
JIOKUTh W3IMYYaIONMK 3JIEMEHT BHYTpu Hero. llpm
5TOM B LIEJIOM sl TIEpeXo/ia BBIMOJIHACTCS OTpaHU-
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YeHHe Ha OTCYTCTBHE MOTU(HKAIINA B CTAaHIAPTHOM
MOJIBOZISIIIIEM OTpE3Ke BOTHOBOJA. PaccrosHue Mex-
Iy COCCTHHMH IEPEXOTHBIMH OTBEPCTHSMH OKAa3bl-
BaeT OOJNBINOE BIHMSHHE HAa XapaKTCPHCTHKH BOJHO-
BOJITHO-MHUKPOIIOJIOCKOBOTO Tepexona [15], moatomy
OHO BHIOPaHO MHHHMAJIBHO BO3MOXKHBIM HCXOIS W3
TEXHOJIOTHYCCKUX ~ OTpaHHYeHUH.  lcmonp3oBammch
CKBO3HBIE  IIEPEXOAHBIE OTBEPCTHA  JUAMETPOM
0.18 MM mpu paccTOSTHUM MEXIy COCEIHUMHU OTBEP-
ctusmu 0.2 MM. B MecTe monmBeneHus: CUTHaIa MUK-
POTIOIOCKOBOM JIMHUEH peann30BaTh IMepPeXOnHbIe
OTBEPCTUA C 3aJaHHBIMU MMapaMEeTpaMu HE MPEACTaB-
JSeTCS. BOBMOXKHBIM, M, KaK CICICTBHE, BO3HHKACT
HEKOTOPBIN MPOMEXYTOK B IEPEXOJHBIX OTBEPCTHUSAX.
N36exaTh MpOMEKYTKA B MEPEXOTHBIX OTBEPCTHAX
B MECTE IIOZIBSICHUS CHTHAJIA MHKPOIIOJIOCKOBOM JIH-
HHCH MOKHO C TIOMOIIBIO IPHMEHEHHS CIICTIBIX Iepe-
XOOHBIX OTBCpCTI/IIZ MCXKIY ABYMs BEPXHUMH CIIOSAMH
Metamummzain  [15, 16]. Ommako 3T0 MpUBOOUT K
YCIIO)KHEHUIO TEXHOJOTHH TPOHM3BOJCTBA M, COOTBET-
CTBCHHO, K YBCIIMUCHHIO CTOMMOCTH HU3TOTOBJICHHA. B
HACTOSIIIICH CTaThe IPEICTABICHBI PE3yNBTAaThl HCCIIe-
JIOBaHUS BIUSIHUS POMEXKYTKA MEXTy CKBO3HBIMHU I1e-
PEXOOHBIMU  OTBEPCTUAMM, PACIIOJIOKCHHBIMH OKOJIO
TIOZIBOJISATIIEH MHUKPOIIOJIOCKOBOM JIMHWH, HA XapaKTepH-
CTHUKH BOJTHOBOJTHO-MHKPOIIOJIOCKOBOTO IIEPEX0/a.
MopnenupoBanue  pa3paboTaHHON  CTPYKTYpBI
BOJTHOBOZHO-MHKPOIIOJIOCKOBOTO TIEPEX0f[a BBIIION-
HEHO MPOrpaMMON TPEXMEPHOTO AIIEKTPOAUHAMUYE-
ckoro monenuposanust CST Microwave Studio. Hc-
CIICZIOBAJIOCH BIMSHHE HA IAapaMETpHl Iepexoia Be-
JUYMHBI TIPOMEXYTKA B MEPEXOJHBIX OTBEPCTHSX B
MeCTe TIOABEJCHHUS CHUTHalla MUKPOMOJIOCKOBOM JIH-
Hueit d B npenenax 0.8...1.4 mm. IloiydeHHbIC B pe-
3yJbTAaT€ MOJEIUPOBAHUSI YaCTOTHBIE 3aBUCHUMOCTHU

K03 (OULMEHTOB NPOXOXKAEHHA Sy; U OTPAKEHUS

S|| HpencTaBleHkl HA PHC. 3.
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Puc. 3. YacToTHBIE 3aBUCUMOCTU KO3 (GUIHEHTOB IPOXOXKAEHHUSA Sy; U OTPAKEHUS S);

Fig. 3. Frequency dependences of transmission S,; and reflection Sj; coefficients

W3 pe3ynsTaToB MOAEIHPOBAHUS CIEAYET, UTO
TIPH PACTIONIOKCHUH TICPEXOAHBIX OTBEPCTHH MO BCEMY
HIepUMETPY BOJIHOBOZIA MIPH MAJIOM ITPOMEXYTKE B Iie-
PEXOIHBIX OTBEPCTHSIX BOIHOBOZHO-MUKPOIIOTIOCKOBBII
mepexon 00eCIeYnBaeT IOJIOCY HPOITyCKaHUs, paB-
HYIO BCel Mojoce MPOIyCKaHHs MOABOJSIIEr0 BOJI-
HoBO/Ma. ONTHAKO TPW HAJMYHUK 3HAYUTEIHHOTO (00-
jgee 1 MM) INPOMEXYTKa B MEPEXOAHBIX OTBEPCTHUSIX
HUMEET MECTO IPOBaJ B KO3 (HHUINEHTE IPOXOKICHUS
B monoce mpormyckanus. Ilpm yBenmmdeHnn mnpome-
JKYTKa B TIEPEXOTHBIX OTBEPCTHSAX IPOBAN YBEIMUH-
BaeTcs Mo MIyOMHE W cMellaeTcs B CTOPOHY MEHb-
MHX 9acTOT. [IpM SIEKTPOANHAMHYIECKOM MOJEIH-
POBaHHHU yNANIOCh OOHAPYKHUTh, YTO C YBEIHICHUEM
NPOMEKYTKa B MEPEXOJHBIX OTBEPCTHAX pacTeT ypo-
BEHb MMOOOYHOTO WM3IYUYCHUS W YBEIHIMBACTCS KOH-
LEHTpaluusl SJIEKTPOMAarHUTHON SHEpPrHMHM Ha BHYT-
PEHHMX CJIOSX IUIaThl, YTO W OOBSICHSET HaJIH4YHE
npoBayia B Kod(h(HUIMEHTE IMepenadyd BOTHOBOIHO-
MHKPOIIOJIOCKOBOTO Tepexofa. Mozaenn IIOTHOCTH
INEKTPUYECKOTO TOJIsS B CEYEHHHU Iepexofa JUisl Mpo-
MEXyTKa B TICPEXOOHBIX OTBEPCTHAX THAMETPOM
0.8 u 1.4 MM npencTaBIeHbl Ha puc. 4.

[IpeuioxkeH METON pealn3alyd  BOJHOBOAHO-
MHUKPOIIOJIOCKOBOTO Tepexoa, IMO3BOIBIIONMHN 0e3
YBEIUUYCHHSI €T0 CIOKHOCTH M30€kKaTh MCIIOIb30Ba-
HUs NIPOMEXKYTKA B IIEPEXOAHBIX OTBEPCTUAX. MeTon
3aKJIF0YaeTCsi B pasMEIIeHHWH JIOMOIHHUTEIBHOTO
CKBO3HOTO IIE€PEXOJHOTO OTBEPCTHS HEIOCPECTBEH-
HO IO LEHTPY MOABOJSIICH MHKPOIIOIOCKOBOH JTH-
Huu. [Ipu 3ToM HEoOX0aMMO, YTOOBI IMPUHA JTHHUN

OblIa JOCTATOYHO OOJIBIION (Ws >04 MM), 4uTo

MOJTHOCTBIO COTNIACYeTCS ¢ IMAPHHON MHUKPOIOJIOC-
koo nuHMKU 50 OM Ha BBHIOpAaHHOH CTPYKType Iie-
YaTHOW TIaTel. B 3TOM cilydae MOXKHO pacrojioXXHUTh
MEPEXOHBIE OTBEPCTUS 0 BCEMY IEPUMETPY BOJI-
HoBoza. [Ipu 3TOM BOKpYT MEPEXOJHOTO OTBEPCTHUS,
PACIIONIOKEHHOTO TI0 IEHTPY MHUKPOIOJIOCKOBOU JTH-
HUU, HEOOXOAMM KPYTJIBbIA 000JI0K, OCBOOOXICHHBIN
OT METaJUTN3allny, JJIs IPEIOTBPAIICHHS 3aMbIKaHUS
MUKPOIIOJIOCKOBOH JIMHUM HAa MPOBOIAIIUI JKpaH.
Takast cTpykTypa o0pa3yeT HEOJHOPOIHOCTH MOJBO-
qnsmedt auHu. [ KoMneHcanu 3TOW HEOTHOPO/-
HOCTH MOXKHO, B YaCTHOCTH, WCIIOJIb30BaTh YIIHpE-
HHUE YaCTH JIMHHUU, HAXOJIIIEHCS HEMOCPENCTBEHHO
101 BOJTHOBOJIOM.

\@ .Y!‘-. ety

d=0.8 Mm

d=14mm
Puc. 4. Monenu mioTHOCTH JIEKTPUUECKOTO T0JIsl B CEYSHUU TIepexo1a

Fig. 4. Models of the electric field density in the transition cross section
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Puc. 5. Ctpykrypa pa3paboTaHHOTO BOJIHOBOJIHO-
MHKPOIIOJIOCKOBOTO IIE€PEX0/ia C AOHMOJIHUTEIbHBIM
HEePEeXOAHBIM OTBEPCTHEM

Fig. 5. The structure of the designed waveguide-to-microstrip
transition with an additional hole

HroroBast cTpykrypa pa3pabOTaHHOTO BOJIHO-
BO/IHO-MHKPOIIOJIOCKOBOTO TIEpexo/ia C JOIOJIHU-
TETBHBIM MEPEXOAHBIM OTBEPCTHEM B IIEHTPE IMOJIBO-
JAIIed JMHUM TpeAcTaBieHa Ha puc. 5. Pa3mepsl
SNIEMEHTOB Tiepexona (cM. puc. 1) cocTaBisgrOT

Wwg =1.88 MM,  Lyg =3.76 mm, Wp =2 MM,
L, = 0.93 MmM, Wy =0.45 mm, Wy =0.18 Mm,

L, =18 MM, Ly =0.6 MM. J[j1st KOMIICHCALIMH BIIH-

SHHUS TIEPEXOIHOTO OTBEPCTHSA BBIOPAHO YIIMPEHHE
JUHUM B MECTe IOACOEJUHEHUS BOJHOBOAA JIO
Wi = 0.9 MEM.

Ha puc. 6 mpuBeseHs! pe3ynbTaThl MOAEIUPOBA-
HUSL KO3(D(UIMEHTOB OTPAKCHUS U IPOXOXKJICHHUS

40 45 50 55 60 65 70

75 f,ITu

Sy1, 1b

BOJTHOBOZHO-MHKPOIIOJIOCKOBOTO TIepexofia C JIOIOoI-
HUTEIBHBIM MIEPEXOIHBIM OTBEPCTHEM B LIEHTPE MO/~
Bomsield JymHUM (KpuBble /). JIisg cpaBHEHHUS Ha
puc. 6 TIpUBEAEHBI PE3YIBTAaTHl MOACTUPOBAHUS IS
BOJIHOBOJIHO-MHKPOITOJIOCKOBOTO TIEPEX0/Ia CO CTPYK-
Typoil Ha OCHOBE IIyXOTO IEPEXOAHOTO OTBEPCTHS,
COEIMHAIONIETO BEPXHUM CJIOM MeTaulM3aluu C
9KPaHOM MHUKPOTIOJIOCKOBOHM JIMHUM Ha BHYTPEHHEM
cioe Metannu3anuu (kpusble 2). Pesynbrarel Moze-
JUPOBAHMS TTOKA3BIBAIOT, YTO pa3pabOTaHHEIA mepe-
X0J o0ecreunBaeT nepeadyy CUrHajga U3 BOJIHOBOJA B
MHUKPOITOJIOCKOBYIO JIMHUIO BO BCEH IMOJIOCE MPOIMyc-
KaHWs BoMHOBoAA. [Ipu 3ToM oOecreunBaeTCsl IIIaB-
HOE M3MCHEHHE KO3((HUIMEHTa MPOXOXKICHUS Oraro-
Japs HaJIMYUIO TIEPEXOAHBIX OTBEPCTHH MO BCEMY IIe-
pUMETpy BOJHOBOnA. Pa3paboTaHHbIN mepexoa UMeeT
XapaKTEePHCTUKH, OIM3KHE K XapaKTEPHCTHKAM IIepexo-
Jla C TIIyXUM OTBEPCTHEM, YTO MOATBEpXkAaeT ddek-
THBHOCTB TIpeIOKeHHOTO moaxona. [lotepu B mepexo-
nie cocraBisitoT MeHee 0.5 nb Ha meHTpanpHON YacToTe
60 I'Tn, nonoca npormyckanust mo yposHto —1 1b ko-
s dunmenta mpoxoxaeHus oonee 15 ' (wmm 6o-
nee 25 % ot ueHTpaibHOM dYactoThl 60 I'Tm). Bo
Bcel mosioce mporyckanus BomHoBoaa (50...75 I'T')
obecrneunBaeTcs Nepefadya CUrHajla ¢ MOTepsSMHU, HE
npeBbIimatomumMu 2 1b.

J1s1 OLeHKH BIUSHUSI HETOYHOCTEW M3TOTOBJICHUS
Ha XapaKTePUCTHKN pa3pabOTaHHOTO Iepexosa IOmo-
HUTEIBHO TPOBENCHO €TO MONIESIMPOBAHUE C M3MEHEH-
HBIMH pa3MepaMi MPOBOIHUKOB U 3a30POB MEXIY HU-
Mmu. [IpenensHble OTKIIOHEHHS Pa3MEPOB IUPHHBI MIPO-
BOJIHUKOB U 3a30POB IIPH MOJCIHPOBAHUHN OBUIM BBHI-
Opanbl paBHBIME *10 %, 9TO0 OOEcreunBaeTCsl CTaH-
JTApTHOM TEXHOJIOTMEH MPOU3BOJCTBA NIEUATHBIX IIJIAT.

40 45 50 55 60 65 70

75 f,ITu

Sy1. Ab

Puc. 6. HacToTHbIe 3aBUCUMOCTH KO3()(UIIMEHTOB NPOXOXKACHUS U OTPAXKEHUS BOIHOBOIHO-MUKPOIIOJIOCKOBOTO HIEPEX0a
C JOMOJHUTEIBHBIM MIEPEXOAHBIM OTBEPCTHEM

Fig. 6. Frequency dependences of reflection and transmission coefficients of a waveguide-to-microstrip transition
with an additional hole: / — through hole; 2 — blind hole
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Puc. 7. BnusitHue HETOYHOCTEW MU3TOTOBJICHHS HA XapakKTEPUCTUKHU BOJTHOBOJHO-MHUKPOIIOJIOCKOBOT'O II€pEX0aa

Fig. 7. The influence of manufacturing inaccuracies on the waveguide-to-microstrip transition characteristics: gray region
belongs to a range of characteristics with 10 % inaccuracy; black line shows simulation results without inaccuracies

OO6nacte pa3zdpoca pe3ylbTaToOB 3JICKTPOIUHA-
MHYECKOTO MOJICTHPOBAHMS MPU Pa3THIHBIX KOMOH-
HAIUAX OTKJIOHCHUH pa3MepoOB OTIACIbHBIX DJICMEH-
TOB TIEpeXoAa IOKa3aHa Ha PHC. 7 CEPHIM IIBETOM;
YepHas JIMHHS TPEICTABISACT UCXOMHBIC PE3YIbTaThI
MozenupoBanusl. Kak BUIHO U3 pe3yabTaTOB MOJICITH-
POBaHU, OTKIOHEHHE PAa3MEPOB OTIACIBHHBIX JJIEMEH-
TOB Tepexofia TMPHBOAUT K HEOOIBIIOMY CMEIICHHIO
paboueii monockl 4acToT. [Ipu 3TOM 3Ha4eHUs] KOA-
(unmeHTa IPOXOXKICHHUS H3MEHSIOTCS B IIpeesiax He
oornee 0.4 nb or ucxomHoro 3HaueHusA. Cieayer OT-
METHUTh, YTO B MOJABIIIONIEM OOJBIITHHCTBE CIYJIacB
M3TOTOBJICHHBIC ITEUaTHBIC TUIATHl HMEIOT 3HAYNTEIIh-
HO MCHBIIHUHA pa3dpoc pa3MepoB, UTO oOECIeUnBacT
XOPOIIYI0 MOBTOPSIEMOCTh XApPaKTEPHCTHK MEPEX0-
JIOB BO BCEM paboueM Iuana3oHe 4acToT.

Puc. 8. Maxker neuaTHOMH IIAThI ¢ IByCTOPOHHUM IEPEXOA0M
"BOJIHOBOI-MHUKPOIIOJIOCKOBAs JINHUSI—BOJIHOBO"

Fig. 8. Model of a printed circuit board with a double sided
transition "waveguide—microstrip line-waveguide"

JKclnepUMMeHTaJIbHbIE  HcclefoBaHus. Jlns
OKCIIEPUMEHTANBHON — MPOBEPKH  pa3pabOTaHHOTO
BOJTHOBOJIHO-MHUKPOIIOJIOCKOBOTO TIepexoa ObLT U3ro-
TOBJIEH JIByCTOPOHHUH Tepexof] '"BOIHOBOI—MHKPO-
MOJIOCKOBAsl JIMHUA—BOJIHOBOA" C JOMOJHUTEIbHBIM
MIEPEXOTHBIM OTBEPCTHEM B IIEHTPE MOJBOASIIEH JTH-
Huu. Portorpadus M3rOTOBICHHOW TEYaTHOW TUTATHI
JIBYCTOPOHHETO Iepexo/ia MpeIcTaBlIeHa Ha puc. 8.

B kadecTBe MOAJIOKKH HCIOIB30BAJICSH yKa3aH-
Helii  panee CBY-marepman mewarHbIX — TUIar
RO4003C ¢upmsr "Rogers", uro obecnednsio 3HAYH-
TCJIBHO MCEHBIIYI0 CTOUMOCTH H3TOTOBJICHUSA, YEM
TPaZULMOHHO HCIOJIb3yeMble B JHana3oHe MUILIH-
MeTpoBbIX BoJIH LTCC-texHosnoruu. Pazmep neuar-
Hol miatel coctaBuia 50 X 20 mm. PaccrosiHue mMex-
Iy IBYMS BOJHOBOJHO-MHKPOIIOJIOCKOBBIMH IIEPEXO-
JamMu BeIOpaHO paBHbIM 30 MM A oOecriedyeHHs
yA0OOHOTO TojACcOoenuHeHHS (IaHIeB BOJHOBOJIOB,
nMeromux nuamerp okoio 20 mm. Crnemyer orme-
TUTh, YTO TIOTEPU PACHPOCTPaHEHHs] B MUKPOIIOIOC-
KOBOH JIMHUU C IIUPUHOM npoBoaHuka 0.45 MM uiu-
goi 30 MM cocrasisroT 2.5...3 nb.

W3MepeHus IBYCTOPOHHETO BOJHOBOIHO-MHKPO-
MIOJIOCKOBOTO NEPEXOAa MPOBOIMINCH C HCIIOIb30Ba-
HUEM IeHepaTopa Ha auoae I'aHHa, nepecTpanBaeMo-
ro B nuamasoHe 4acTtoT 55...62 I'T'n u umeromero
BOJIHOBOZHBIN BBIXORHON uHTepdeiic. [lepenannbiit
CUTHAJ NPUHUMAJICS M aHAJIU3UPOBAJICS CIIEKTPO-
ananuzatopom Agilent E4407B coBMecTHO C MOHH-
JKalomMM BHEIHUM cMecutenem Agilent 11970V.
IMpu m3MepeHUssx 0oOpa3ubl IBYCTOPOHHHX MEPEXO-
JIOB 3aKPeIUUTUCh B MPEABAPUTENILHO MO3UIIMOHU-
POBaHHOE U 3aKperyIeHHOoe JlabopaTropHoe 000pymo-
BaHHUE, YTO MO3BOJIMIO MUHUMHU3UPOBATh MEXaHUYE-
CKOe BO3ZICHCTBHE (TIEeperudbl, KpydeHus U Ip.) Ha
IaThl M TEM CaMbIM YIYYIIHTh TOBTOPSIEMOCTD

39



M3Bectus By3oB Poccun. Pagnosnexrponnka. 2019. T. 22, Ne 4

OPUTUHAJIBHAS CTATHA

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4

BHCKTPOHHHaMﬂKa, MHUKPOBOJTHOBAasl TEXHUKA, aHTCHHbI

Electrodynamics, Microwave Engineering, Antennas

_35 \
S, nb y
Puc. 9. Pe3ynbTaTel MOIETHPOBAHHS U H3MEPEHUS
XapaKTEPHCTHK JBYCTOPOHHETO Mepexoaa "BOTHOBOI—
MHKPOIIOJIOCKOBAsI TMHUSA—-BOIHOBO"

Fig. 9. Simulation and measurement results of the double sided
transition "waveguide-microstrip line-waveguide" characteristics:
1—S,;, simulation; 2— S}, simulation; 3 — S,;, measurements

U3MEPEHHBIX XapaKTepUCTUK. [l yMEHBIIEHUS CMe-
IICHNS TIOABOMSINETO BOJITHOBOAA OTHOCHTEIIHHO TIeUar-
HOM ITaThl B HEll ObUIM BBITIOJHEHBI CIICIIHATBHBIC OT-
BEPCTUA U1 MMO3UIMOHUPOBAHUA C IIOMOILIBIO IHTI/I(b—
TOB CTAHJAPTHOTO BOJIHOBOIHOTO hantia UG-385/U.
Pe3ynbraThl 2NEKTPOJMHAMHYECKOTO MOJCITUPO-
BaHUS YACTOTHBIX 3aBUCHUMOCTEH Kko3(dunmneHToB
npoxoxaeHus S, (kpuBas I) u oTpaxkeHus S|

(kpuBas 2), a TaK)Ke U3MEpPEHHbBIC 3HAUCHUS KO3 hu-
LUEHTA NPOXOXKIACHUSL Sy; ABYCTOPOHHETO MEPEXoaa

"BOJTHOBOJI-MHUKPOITIOJIOCKOBAS JINHHUS—BOJHOBOL"
(xpuBas 3) mpeacTaBiIcHbI Ha puc. 9.

W3 pe3ynbTatoB H3MEpPEeHHS CIIEAYET, YTO ociad-
JICHUE B TIOJIOCE MPOMYCKAHHUS BOJHOBOIHO-MHUKPO-
MOJIOCKOBOTO TIEPEX0/Ia XOPOIIIO COTIIACYETCs C PE3yIib-
TaraMH MOJICIIMPOBAaHHUS M COCTAaBISIET B CPEIHEM
4..4.5 nb (no pe3ynbraram MmojaenupoBanus 3.5 nb).
Takum 00pa3oM, ¢ y4eTOM MOTEPh B MUKPOTIOIOCKO-
BOH JIMHUYW TIOTEPU B OJHOM BOJHOBOJHO-MHKPOIIO-
JIOCKOBOM TIepexojie cocTaBisifoT He Oonee 0.8 nb.
HepaBHOMEpPHOCTh PE3yJIETATOB U3MEPEHUSI COCTaB-
JsieT okoJIo 1 1B U 0OBSICHAETCS HETOYHOCTRIO HU3IO0-
TOBIIEHUS. 3MepeHus] HECKOIBKHIX YK3EMILISPOB Iie-
YaTHBIX TJ1aT TOKA3bIBAIOT COBIAJAIONINE PE3yIbTa-
ThI, YTO JIOKA3bIBAET yCTOMYMBOCThH TEepexoia K He-
TOYHOCTSIM H3TOTOBJICHUS.

3akaovenue. B HacToseidl craThe NMpencTaB-
JIEHBI PE3YJBTAThl Pa3padOTKH M UCCIEIOBAHUS TIa-

ORIGINAL ARTICLE

HapHOTO IIMPOKOIIOJIOCHOTO  BOJHOBOJHO-MHKPO-
MOJIOCKOBOTO Tepexoia Uil YaCTOTHOTO JAuana3oHa
50...75 TTu. BonHOBOIHO-MHUKPOTIOJIOCKOBEIN TIepe-
X0l OCHOBaH Ha B3aMMOJCHCTBUHM 3IEKTPOMATHUT-
HBIX MOJIEW B BOJTHOBOZAE M MUKPOIIOJIOCKOBOW JTMHUHU
4yepe3 MIENIEBYI0 alepTypy B NPOBOJHUKE OSKpaHa
MUKpPOTIOIOCKOBOM JMHUHU. [[1s1 M3TOTOBIECHHS WHC-
MOJIb30BaHA CTAHIAPTHAS BBICOKOYACTOTHAS TEXHO-
JIOTHUS TIPOU3BOJICTBA TEUATHBIX IIAT, YTO 00SCIIeUH-
BaeT Malyl0 CTOMMOCTH W3TOTOBJICHUS IO CpaBHE-
Huto ¢ LTCC-rexnonoruei. bnaronapsi ucnosnbs3oBa-
HUIO JOTIOJIHUTEIHHOTO TIEPEXOIHOTO OTBEPCTUSI B
LIEHTPE TOABOSIICH MHKPOIOJIOCKOBOW JTMHUM YJia-
JI0Ch 00€CIEYNTh MOJIOCY MPOIyCKaHus pa3paboTaH-
HOTO TIEpexo/a, PaBHYIO BCEH MOJOCE MPOITyCKaHUS
MOJIBOASAIIET0o BOoJIHOBOJga WR-15.

OKCIIepUMEHTAIBHBIE HMCCIICIOBAHUS BBIOJTHE-
Hbl Ha JBYCTOPOHHEM Iepexojie '"BOIIHOBOI—MHKPO-
MOJIOCKOBasl JIMHUSI—BOIHOBON". M3Mepenust xapak-
TEPHUCTUK TMEPeXo/ia MOATBEPAIN PE3YJbTaThl JICK-
TPOAWHAMUYECKOTO  MOjenupoBanHus. 3mepenus
HECKOJIbKMX JK3EMILISIPOB HM3TOTOBJIEHHBIX IEPEX0-
JIOB TIOKa3aJId XOPOIIYI0 yCTOMYMBOCTH Tepexoaa K
HETOYHOCTSM wu3roToBieHusi. [lo momydeHHBIM pe-
3yJbTaraM MoJIoCa TPONMYCKAHMs Iepexoja COCTaB-
nsiet 25 [T (6onee 40 %) no yposrio —2 b K03d-
¢uIMeHTa TPOXOKIACHHS, a TMOTepH — He Oolee
0.8 nb Ha nentpanbHoi yacrore 60 I'T.

B pesynbrare mpoBEACHHOTO HUCCICIOBAHHS CO-
3IaHUEM JIOTIOTHUTEIILHOTO TIEPEXOAHOTO OTBEPCTHS
B IIEHTPE TMOABOASIICH MHUKPOIOJIOCKOBOHN JIMHUH,
MO3BOJISIONICTO  YCTPaHHUTh  HEOJHOPOAHOCTh B
CTPYKType Tmepexoaa, obecriedeH HHU3KUKA ypOBEHBb
MOTePh B BOJHOBOJHO-MHKPOTIOIOCKOBOM IE€PEX0/Ie
B nuamnazone 50...75 I'Tm. IlpencraBnenHsrit moaxon
MO3BOJISIET YAOBJIETBOPUTH BCEM MOCTABIICHHBIM TPH
pa3pabotrke mepexoma TpeOGoBaHusIM. Illupokas mo-
Jloca TPOIYCKaHWs CHUTHAaja, HEOONbINe TOTEpPH,
YCTOWYUBOCTH K HETOYHOCTSIM M3TOTOBJICHUS U TIPO-
CTOTa WHTETPAIMU TO3BOJISIOT UCTIOIb30BaTh BOITHO-
BOJTHO-MHUKPOTIOJIOCKOBBIN TIEPEXo] ISl COCMHEHUS
Pa3TUYHBIX MHUKPOIIOJIOCKOBBIX W BOJHOBOIHBIX
YCTPOMCTB MUJJTIMETPOBOTO JIMalla30Ha JJTHH BOJIH.
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AHHOTauuA

BBepaeHue. PaccmoTpeHa npobiema CMHTe3a HamnpasieHHOro nssyyatens ¢ 50-oMHbIM MOPTOM Ha BXOAe, B
YacToTHOM AmanasoHe 0.9...5.8 ITuU. JaHHbIA AMana30H Ha CEeroAHSALWHNA AeHb ABNSETCA Hanbonee akTyanb-
HbIM AN19 aHaM3a 371eKTPOMarHUTHON 06CTaHOBKM, Tak Kak B 3TOV NoJIOCe YacToT Hanbosiee 4acTo peanunsyert-
cs1 06MeH nHpopmaumer ¢ 6opTOBOM annapaTypor 6ecnMAOTHbIX eTaTe/lbHbIX annapaTos.

Lienb pa6oTbl. CHTE3 HaMpaB/IeHHOroO LUMPOKOMOJOCHOrO N3/lyyaTens B YaCTOTHOM AnanasoHe 0.9...5.8 .
MaTepuansl n meToabl. VIcnosib3yeTca MeTo/ 3/1eKTPOAMHAMMNYECKOro MOAENNPOBaHWA A1 CMHTEe3a LNpo-
KOMOMIOCHOrO M3nyyaTtens. XapakTepucTukKn n3nyyatens, onTUMMU3MPOBaHHbIE Ha MOJenu, NOATBEPXAAoTCS C
MOMOLLIbI0 HaTYPHbIX 3KCMEPUMEHTOB Ha MakeTe uU3aydaTens. MismepeHns AmarpaMMbl HanpasieHHOCTH, Npo-
BOAVMble B 6e33X0BOV Kamepe, 1 koadduumeHTa ctosueli BoHbl (KCB) ocyLlecTBAAOTCA € MOMOLLbIO aHanu-
3aTopa uenen.

PesynbTatbl. [pejjoxeH HeaHaIUTUYECKNIA MeTO/ NapaMeTpmyeckor onTUMM3aLnm MoAenn no KpUTeputo
KCB < 2 c NOMOLLbI0 HOBENLLINX CPeACTB 31eKTPOAMHAMUYECKOro MOAeNMPOBaHus. NprBeaeHbl 3CKM3bl pa3pa-
60TaHHOV ONTVMU3MPOBAHHOW MOJENN C YKazaHWeM UTOroBbIX 3HaYeHW BCcex napameTpos. lNpeAcTaBieHbl
CHUMKW pacyeTHOro pacripefiefieHns 31eKTpUYeckoro noss no MosOTHY aHTEeHHbI, pacyeTHble AMarpammebl
HanpaBNEHHOCTM Ha HeCKOIbKMX YacTOTHbIX Toukax, pacyeTHbli KCB mogenun. Mo pesynbTtatam MoAenpoBa-
HUA 1N ONTUMU3ALNN U3rOTOBJIEH MaKeT u3aydaTens. MNprsejeHbl U3MepeHHbIe r1aBHble CeYeHNs AnarpaMmbl
HanpasneHHocTn 1 KCB makeTa.

3aknto4yeHmne. B pesynbTaTe npeAcTaBNeHHOro MccneAoBaHWa pa3paboTaHa Mojesb LUMPOKOMOI0CHOMO 13-
nyyatensa B gnanasoHe 0.9..5.8 TL, NpoBeseHO MakeTUpoBaHMe 1 KPaTKUIA CPpaBHUTENbHBIN aHau3 pacyeT-
HbIX N U3MepeHHbIX XapakTepuUCTUK aHTeHHbI, AeMOHCTPUPYIOLLMIA Xopollee coBnageHne. OnmncaHbl npenmy-
LLlecTBa MpeasioxXeHHOro MeToja 1 camoli MOAenn un3nyyaTens. Pe3ynbTaTel paboTbl akTyasbHbl B 3ajayax
HabneHVs, NefeHraLmm 1 npruemMa CMrHanos oT 6eCNUIOTHbLIX leTaTe/bHbIX annapaTos.

KnroueBble cnoBa: CBepXLUNPOKOMNOI0CHasA aHTeHHa, aHTeHHa BrBanbaun, CBY-ananasoH, anekTpoanHaMmmyeckoe
MOZeIMpoBaHye

Ana unTtupoBaHus: fintosckmnini V. A, Maspblues E. A. CMHTe3 HanpasBneHHOro msnyyartens B juanasoHe
0.9..5.8 Ty // N3B. By30B Poccnn. PagrnoanektpoHuka. 2019. T. 22, Ne 4, C. 45-52. doi: 10.32603/1993-8985-
2019-22-4-45-52
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Abstract
Introduction. In this work, we consider the problem of a radiator synthesis with the 50-Ohm port at the input

in the frequency range of 0.9...5.8 GHz. At present, this frequency range is the most relevant for the electro-
magnetic environment analysis due to information exchange with the on-board equipment of unmanned aerial
vehicles is most often realized in this frequency range.

Objective. The main objective of this work is the synthesis of a radiator for an ultra-wideband antenna array in
the frequency range of 0.9...5.8 GHz.

Materials and methods. In this work, the method of full-wave electromagnetic simulation is used for the
broadband radiator synthesis. The characteristics of the radiator are optimized by simulation and confirmed by
experimental investigations of the radiator model. The antenna radiation pattern measurements are carried
out in the anechoic chamber and standing wave ratio (SWR) is calculated by using the network analyzer.
Results. A non-analytical method of the model parametric optimization considering the SWR<2 criterion and
using the latest tools of the full-wave electromagnetic simulation is proposed. The examples of the designed
optimized model with the final values of all parameters are reported. The calculated distributions of the electric
field over the antenna, calculated radiation patterns at several frequency points, and calculated SWR of the
model are presented. The radiator model is made taking into account simulation and optimization results. The
measured main cross-sections of the radiation pattern and SWR of the model are shown.

Conclusion. In the present work, the broadband radiator model in the frequency range of 0.9...5.8 GHz is de-
signed. The machining and brief comparative analysis of the calculated and measured antenna characteristics
is carried out and demonstrated a good agreement. The advantages of the proposed method and designed ra-
diator model are described. The results of this work are relevant in the tasks of observation, direction finding
and signals reception from unmanned aerial vehicles.

Key words: ultra-wideband antenna, Vivaldi antenna, microwave range, full-wave electromagnetic simulation
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Beenenne. MHTepec k CBEPXIIMPOKOIIOIOCHBIM
pPaTMOTEXHUYECKUM CHCTEMaM HAapacTaeT BBHIY psi-
na npeumymects [1, 2]. s paauoiaokauu 3T0 Bbl-
COKasl paspeliaromias CroCOOHOCTh U BO3MOXHOCTb
pacro3HaBaHMs OOBEKTOB, IS CHCTEM PaANOCBA3HN —
BBICOKAs MPOIMYCKHAsl CIIOCOOHOCTb U BO3MOXKHOCTb
CKPBITHOM Nepeadn JaHHBIX. Pa3paboTka aneMeHTOB
BBICOKOYACTOTHOTO TPAKTa IJIsi CBEPXLIMPOKOIONOC-
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HBIX CHUCTEM TpeOyeT CHelHabHBIX TOAXOIO0B, CY-
MICCTBEHHO OTIIMYAIOIIUXCS OT TPAJUIIMOHHBIX pPe-
meHuii. TakuMu 3JeMEHTaMU SBIISIOTCS M3Ty4aro-
1€ yCTPOUCTBa.

[enp HACTOSIIIEH CTaThU — CUHTE3 HAIPABJICHHOTO
IIUPOKOTIONIOCHOTO ~ W3Jydareiss B JIMAla30He
0.9...5.8 T, ueneBbM NapamMeTpoM KOTOPOIO SIBIL-
eTcs mmpuHa pabodelt mojockl m3my4arens. [lom mm-
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PHHO ITOJIOCHI aHTEHHBI B Y3KOM CMBICIIE TIOHIMAIOT
JIMara3oH 4acToT, BHYTPU KOTOPOTO 3HAUYE€HUE KO-
¢unenta crostuedt BoHbl (KCB) wm3myuarens He
npeBbimaer 2. B nmanazone wactor 0.9...5.8 I'Tm,
BBIOpaHHOM B ONMCHIBaeMO# paboTe, Hambosee da-
CTO peanusyercss 0OMeH MH(popMaIei (TeeMeTpus,
yIpaBiieHHE, BUIE0) ¢ OOpPTOBOI ammaparypoii Oec-
MWIOTHBIX JIETATEeIIbHBIX alaparoB.

B mmpoxoM cMmBICIEe, IOMHMO COITIACOBAaHHS B
yKa3aHHOU Tonoce, mobaBisieTcss TpeOoBaHUE He3a-
BUCHUMOCTHU JJICKTPUUYECKUX XapaKTCPUCTUK (HAIMpH-
Mep, HalpaBJICHHBIX CBOKMCTB) OT pabodedl 4acTOThI
BHYTpPH 3asBICHHOTO muama3oHa. [Ipu 3ToM m3iyda-
TEJb JIOJDKEH OBITh KOMIIAKTHBIM.

CyiecTByonfe BUIbI IIHPOKOMOJIOCHBIX H3-
aydareneii. Kimaccnpukanuss aHTeHH MO ITUpUHE
MOJIOCHI HE UMEET CTPOTHX KPUTEPHEB, OJJHAKO CPEIU
CHCUIMAMCTOB YacTO HCIONB3YIOTCS  CIICIYTOIIHe
pasrpaHryYeHus 10 mapameTpy 4actotsl (v) [3]:

A% —Vmi
2 max min < 01
Vmax ~ Vmin

— y3KOHOJ'IOCHBII\/'I H31y4areiib p€30HAaHCHOI'O THIIA,

A% — Vi
p-max ‘min _ 14§
Vmax t Vmin

— IIUPOKOIIONIOCHBIH H3Ty4aTenb;

— cBepxumpokornonocHsrit (CILIT) wim yactoTHO-He-
3aBUCHMBIN H3ITydaTellb.

Hnsa pacmmpenuss pabodell MONOCH YacTo HC-
MONB3YIOT ~ JOMOJHUTEIbHOE  CHMMETPHpYIOIIce
YCTpOMCTBO B y3ie nutanus [4—6]. OqHako Takue me-
pBl HE TIO3BOJISIIOT CYIISCTBEHHO YBEJIMYHTH IIOJIOCY,
HO BHOCSAT OTPAHMYCHUS HA MaKCHUMAJIBHYIO MOII-
HOCTH CHT'HAJIa, MUHUMAJIbHBIC XapaKTepPHBIC pa3MephI
W3JydaTess, MUHUMAJIbHbIE TIOTePH Ha TIPUEM U Tiepe-
Jady curaana u T. 1. [Tostomy npu paspadorke CLIII-
aHTCHHBI I1e71eco00pa3HO OTKa3aThCA OT JOPaOdOTKU
Y3KOTOJIOCHBIX M3ITy4arelieil B MOoNb3y MPUHIAITHAIb-
HO CBEPXIIHPOKOIIOIOCHBIX TEOMETPHI.

K mnHacTosimeMy BpeMEHH HM3BECTHBI HECKOJBKO
BujoB ClIII-anTeHH: cnupajibHble, (pakTalbHBIE,
JIOTOTIEPHOMIECKIE, a TAKKE aHTCHHBI BuBasu.

OpaxTanbHbIC H3TyJYaTeTH ICHCTBUTEIHHO MIMe-
IOT MHOTO Pa0OYHMX YaCTOTHBIX JHUANa30HOB, OJHAKO
MEXIy HUMH HaXOISTCS TMPOJOJDKUTENBHEBIC YacTOT-
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Hble JMana3oHbl pacconiacoBaHus. Ilpumepamu
ycnewHblx (pakrtanpueix CIIII-aHTeHH SBISIOTCA
WCCIICZIOBAaHHBIE paHee YacTHBIE clyyal, KOHCTPYK-
IIUs1 KOTOPBIX 0a3HpyeTcsl Ha y4acTKe CaMOITO00HON
TeoMEeTpUYecKoil (Urypsl (Hampumep, CIUpaiu, Jio-
rornepuogryuecKie aHTeHHbI). dpakranbHble (OPMBI
B IIPUMEHEHUM K CHHTE3y H3JydyaTejed Ha HacTos-
Il MOMEHT HcclieIoBanbl He BroiHe [7, 8]. OT aH-
TEHH JIOTONEPUOJUYECKOrO THUIla HEOOXOIUMO OTKa-
3aThCSl BBUJYy HEMPUMEHUMOCTH OOBEMHBIX T'€OMET-
puii B auamazone 0.9...5.8 I'T1. Iledarnsie morome-
PUOAMYECKUE aHTEHHBI B CHIIy OCOOCHHOCTH IOJBE-
JieHus! GUAEPHOTO TPAKTA JOJIKHBI OBITH UCTIOTHEHBI
C TIOMOINBIO TPEXCIOWHOW TIaThl. DTO CyIIECTBEHHO
YCIIOKHSIET TEXHOJIOTUYECKHUI Ipoliecc, a caMu U3Jy-
YaTead MaJlo MCCIIEOBAHbI I CTONb BBICOKOYACTOT-
HBIX JTHAIa30HoB. [1o CXOXuM mprauHAM HEOOXOIMMO
OTKa3aThCsl ¥ OT CIIMPANILHBIX aHTEHH [9].

AntenHbl BuBanpnmu — 0000IIeHHOE Ha3BaHUE
knacca anteHH, ommuaromuxcs CIITI-cBoiicTBaMH.
CamMo Ha3BaHHE U3JTydaTesied ABJSeTCS MONMYIAPHBIM
Ha3BaHUEM M HE MMeeT Moj COOOH apryMeHTalluH,
OIHAKO, 10 HAyYHOHM KiIacCHU(UKAIMK, TO KiIacc Ie-
YaTHBIX NIEIeBBIX aHTeHH Oerymield BoiHsl ([TIIIABB),
U3IyYaroleld 4acTbl0 B KOTOPBIX SBIAETCS IIEIb,
BBITPABJIEHHAs B METAJUIM3allMM IIOJOTHA AHTEHHBI.
[TepBoe ynmomunanwue o [T1II[ABB natupoBano 1979 1.
B 3KCIIepUMEHTaIbHOHM pabote I'mbcona [10]. B nams-
HelmeM ObUTH pa3paboTaHbl M UCCIISIOBAHBI Pa3Iny-
HBIE METOJbI IMOJMYYEHUS! XapaKTEPUCTUK H3IIyYeHHUs
AHATITUYECKUX DIIEKTPOAUHAMUYECKUX MOJIeTiel aH-
TeHH. Tak TOSIBUIINCH SKCIIOHCHIMAIBHBIC TPOQIIIH
ey, npodmmu Gepmu—/Iupaka u T. 1. [11-13].

Mopeanr CHIII-u3zayuyaresst. K Hactodmemy Mo-
MEHTY HE CYIIECTBYET €JMHOTO IMPOCTOr0 METOJa CHH-
te3a CILIT IIIIABB. B [3, 14] pa3paboTan u paccMoT-
per anamutryuecknit meton cunartesa [TIIIABB. Meton
Oaszmpyercs Ha BRIOOpE MYJIBTHIUTHKATUBHOTO KPHTE-
pUs U JalbHEHIIeM MOUCKE YAOBIETBOPSIOUINX €ro
reomeTpuil. Takne METOIbI HE YYUTHIBAIOT pacipe-
JIeJIeHue ToJIel B y3ilax MUTaHUs, HO UMEIOT A0CTa-
TOYHYIO TOYHOCTH OMHCaHUs TMoJed Ha mpoduie u
IMOJIOTHE aHTEHHBI. AHAIIMTHYECKUH ITOAXO0/ CBI3aH C
UHTETpUpPOBaHUEM TPeOyeMBIX BBIXOJHBIX XapakTe-
PUCTHK Kak (PyHKIIMI reOMEeTpUHU IMOJOTHA aHTEHHBI
[15]. Takum oOpazom, aHaIMTHYECKAs 3a7a4a CHHTE-
3a [IIIIABB cBoguTcs Kk anmpoKCUMaIuu 3aBUCHMO-
cTeil TpeOyeMBbIX BBIXOJHBIX XapAKTEPUCTHK U JIAJb-
HeleMy 1epebopy TeOMETpH IMOJIOTHA C YYeTOM
BCEX JIOMYIIEHHBIX NpUOMMXKeHU. Takoil meron
pacueTa KpaifHe CJIOXKEH JUIl MPUMEHEHHUS Ha TpaK-
TUKE U B IPOU3BOJICTBE.
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Fig. 1. Scheme of the radiating part
of the printed traveling-wave slot antenna

B HEexoTOpoM cMBICIIE MEHEe CIIOKHBIM SIBIISETCA
Meron cunrte3a IIII[ABB ¢ momompio HOBEHIIHX
CPEICTB 3JEKTPOAMHAMUYECKOIO MOAEIUPOBAHUS
(CST studio, HFSS, FEKO wu np.). Jlannasiit Mmeton
Takke 0a3upyercs Ha MapamMeTpUYecKOW ONTHMH3a-
LMY TEOMETPHUH, OJHAKO HE TpebyeT aHaTUTHYECKON
aNMpPOKCUMAIINK BBIXOJAHBIX XapaKTEPUCTUK, TaK Kak
TEeOMETpUSl aHTEHHBl AHAJIU3UPYETCS METOAOM KO-
HEYHBIX 3JIeMeHTOB [16].

MeTtoa nmapamMeTprudecKor ONTUMHU3AINH IITHPOKO
pacmpoctpaHeH B Hacrtosimee Bpems [17]. Pemenne
3aJa4ydl CHMHTE3a aHTeHHbl BUBajbIW HaYMHAETCS C
BBIOOpa ONTUMAJIBHON M JOCTATOYHO OOIIEH CTpyK-
TYpBl MOJEIIN U3ITydaTes.

g onrcaHHOTO pelleHusl CTPYKTypa UCXOIHOM
mogenu [TIIABB B3sita u3 [14], B KOTOpO# OBUTH TTO-

e MecTo maiku

[ 1
Wein Ly |
'S |
[ PRGN :
L[Wsin [

ORIGINAL ARTICLE

IpoOHO WCCIIEIOBaHBl HEKOTOPHIC YACTHBIC CITydad
IIIIIAGB B Oosee BBICOKOYACTOTHBIX JHAIla30HAX.
Monens u3nyvaronield yactu aHTeHHsl (puc. 1) umeer
SKCTIOHEHIMATBHBIA mpoduis memu W (x). TIpsmo-
YTOJBHBIH MPOMUIIH MOTOXKKHU JTOTOIHEH (ha30KOppeK-
TUPYIOIIEH JTMH30{ B BHUIE KPYTrOBOTO CEKTOpa paiuy-
coM Rj. Jlms yMeHbIICHHUSA YPOBHS OOKOBOTO H3ITyde-

HUsI Ha HIDKHHUX 9acTOTaX Ha OOKOBBIX I'PaHSX M3JTyda-
IolIell 4YacTH MOJIEN BBITPABIICHBI KolleOaTesbHbIC

KOHTYPBI B (h)OpMe KaHABOK C mapamerpamu Ry, W,

PacCIIOJIOKCHHBIX Ha PACCTOSIHUU H, g OT Kpas IOJIOTHa

anTeHHbl. POpMa U KOJIMYECTBO KOHTYPOB BapbUPYIOT-
Csl ¥ OKOHYATENILHO BBIOUPAIOTCS B COOTBETCTBHH C OII-
TUMaJbHOM (popMOil AMarpamMMbl HarpaBIEeHHOCTH
(IH) Ha HIKHUX YacTOTax MpPH YCIOBUHM OTCYTCTBUS
HEIOIyCTUMBIX PE30HAHCHBIX 3((EKTOB, 3aTATUBAIO-
MUX WA MOIY/IMPYIOIINX CHUTHAI IpH paboTe aHTEH-
HBI B UMITyIbCHOM pexkume [14]. JIH Ha BepxHHX ya-
CTOTaxX MPU 3TOM NPAKTUUECKH HE U3MEHSETCS.

B xauectBe smHun nutanus [1IIABB BbeiOpan
MHUKPOTIONIOCKOBO-IIIEIeBOM niepexon (puc. 2) [3], ko-
TOPBIA MOXKET OBITh peaIn30BaH Ha IMEYaTHOM TuiaTe,
o6meit ¢ ITIIIIABB. Mertamau3anus JTHHAM THTaHUS
HAHOCUTCS C OOpaTHOM MO OTHOWIEHHIO K TOJOTHY
W3ITyYaressi CTOPOHBI JUAIEKTPUIECKON MOJIOKKH.

VYuactok mmuHbl Ly (puc. 2) sABIseTCS MOBBI-
maromuM TpanchopmaropoM Mexay S50-oMHOH nH-
HHUEH ¥ EMKOCTBIO KPYTOBOI'O CEKTOpa PajuycoM Rs.

JIuHMA UTaHUA M W3TyYarolas 4acTb MOJEIH-
pPOBaJCh U ONTHUMU3UPOBAIUCH OTAENbHO. Bapbu-
pyeMbIMH TTapaMeTpamMu B Mofelsix (puc. 1, 2) sBis-

JIUCHh: We, La, VVinﬂ Wouta Rl, R2, R3, L3, Lg,

Ws out ‘

Puc. 2. Y3en nuranus [11IIABB

Fig. 2. Power node of the printed traveling-wave slot antenna
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Pg, Wg — nanyuaromet yactu (puc. 1); R4, Rs,
Weins Wrout> Lu» Lg, @ TaKiKe yron packpbiBa \ u

OpHCHTAIMsI KPYTOBOTO CEeKTOpa & — B JIMHUM IIHTA-
Hus (puc. 2). B xadecTBe HayalbHBIX 3HAYEHW ra-
OapuToB ObUTH

aHTteHHsl W, L, BBIOpaHEI

HauOOJIbIINE MOMY/TMHA U JUIMHA BOJIHBI B IANa30He
pabouynx YacTOT COOTBETCTBEHHO. Bemmumma W,

BhIOpaHA PaBHOM IMIMpUHE MOJOTHA. HauampHOe 3Ha-
YeHUE IMPUHBI enu Wi, NPUHATO PaBHBIM HMIUPHHE

50-0oMHON HECUMMETPHUYHON MHKPOTIOIOCKOBOM JIH-
HUM JJI UCHOJIb30BAHHOIO IUANIEKTpUKaA (Marepual
mapku Rogers RO4003C, tommunoii 0.508 mm).

[Tapamerpuueckas ontumusanus monemu [1IIIABB
OCYILECTBIIUIaCh B HECKOJIBKO WTEpaLMil 2JIEKTPOIU-
HAMUYECKUM MOJIEIIMPOBAHUEM METOAOM KOHEYHBIX
a7eMeHTOB. JII MOMCKa ONTUMANBHBIX 3HAUYCHUH Ia-
paMeTpoB B 3a/laHHBIX HHTEpBAJIaX pPacCUUTHIBAIINCDH
BBIXOJIHbIE XapaKTEPUCTUKU MPU BCEX BOSMOXKHBIX Ba-
puanusix mapaMerpoB Moxenu. HabGop mapamerpos,
MPY KOTOPOM TuTomap moxa rpadgukom KCB B pabouem
Qara3oHe ObUla MUHUMATBHOM, SIBISUICS ONTHMANb-
HBIM HaOOpOM B TeKylled urepaiuu. V3MeHeHHe WH-
TepBajla BapHallMM Ka)KIOIO U3 IapaMeTpoB IIpeKpa-
1aJI0Ch, KaK TOJBKO TEKYILEe ONTUMAJIbHOE 3HaYeHHe
napaMeTpa OKa3bIBaJIOCh BHYTPU MHTEpBala, HO HE Ha
ero rpanmuie. JlagpHelas onTuMHU3anys o mapameT-
py OCyLIECTBIsUIaCh METOAOM IOJIOBUHHOIO JEJIE€HUS
MHTEpBasa JI0 TeX Mop, MOKa YAOBJIETBOPUTEIbHBIE U3~
meHeHust KCB ocTaBasuch cyIiecTBeHHBIMHU.

Pe3yabrarsl. B pesynprare ontuMuzanuu Mome-
mu o kputeputo KCB <2 Bo BceMm muamazoHe mpu
YCIIOBUM MHUHHMMAJIbHON 3aBHCHMOCTH HaIlpaBJieH-
HBIX CBOHCTB OT 4YacTOTHI IOJYYEHBI CIETYIOLIHe
3HAYEeHHUs IapaMETPOB:

We =252 MM, L, =245 MM, Wi, =0.35 MM,

Wout =167 MM, R; =7 MM, Ry =11 mm,
Ry =84 MM, R4 =12mMM, Ry =T7.8mm,
Ly =8 MM, Lg =29.5 MM, Pg =27 MM,
Wy =3 MM, Wpin =3 MM, Weoy =0.35 Mum,
Ly =139 MM, Ly =6.8 MM.

[oyueHHbIe B pe3yabTaTe MOICIHPOBAHUS pac-
TpeNIeNIeHusI TIOJISI IO aTllepType aHTeHHBI I CpenHen
9acTOTHl JWANa3oHa B JBa MOMEHTa BPEMEHH IIPEI-
CTaBJIeHBI Ha puc. 3. PacueTHple XapaKTEPUCTUKU aH-
TEHHBI ITOCTIC ONITUMU3AINY TIPUBENICHBI B TaOIHIIE.

Ilo pesynbraraM MOJECTHPOBAHHS W OINTUMH3A-
1y m3rorosiieH MakeT [TIIIABB (puc. 4).

Puc. 3. Pacipenenenne moss 1o anepType aHTEHHBI
Ha yactore 2.4 I'T1y 1i1st 1ByX MOMEHTOB BpEMEHH
(pe3ynbpTaT MOJCIUPOBAHUS)

Fig. 3. Field distribution over the antenna aperture
at a frequency of 2.4 GHz for two time moments (simulation)

PacueTHbIe XapaKTepHCTUKK aHTCHHBI IOCIIE ONITUMHU3ALMI
Antenna calculated characteristics after optimization

MakcumanbHbIH WMupuna AH, ...%/
Yacrora, .. . o
Tw ko3pmment | Radiation pattern width, ...
ycunenust, 1b/
Frequency, Maxi . | E-mnockocts/| H-mnockocts/
aximum gain,
GHz dB E-plane H-plane
0.9 8.4 60 114
24 9.0 66 44
5.8 10.9 72 32

PesynbTarsl n3MepeHnst XapaKTePUCTHK HAIPABIICH-
HOCTH MakeTa B O€39XOBOH KaMepe IMpeCTaBICHBI Ha
pHC. 5 BMECTE C PacueTHHIMH 3HAYCHISIMHA HOPMHPO-
Banueix JIH (HAH) D. Tlo pe3synbraram w3mepeHuin
HJIH BbrumcneHsl 3HaueHUS KO3(D(HIMEHTa YCUIICHUSI
aHTEHHBI HA TPaHWUYHBIX YaCTOTaX Juanasona: 9.8 nb Ha
gactore 0.9 I'Tu 13.9 1b va yacrore 5.8 I'Tw.

Pesynerarer pacuera KCB aHTEHHBI U €10 M3MEpeHUsI
Ha MakeTe TPEACTABIeHbl HA pUC. 6. DTH PE3ybTarhl
TIOJTHOCTBIO YAOBJIETBOPSIIOT KPHTEPHIO OITHMU3AIIIH.

Puc. 4. Maker [1ILIABB

Fig. 4. Model of the printed traveling-wave slot antenna
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D, nb

H-mnockocts (pacuerHas)

—-180 -90
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09Ty /

D, nb—

H-mnockocts (13MepeHHas)
Puc. 5. DxcriepuMeHTAIBHBIC HOPMUAPOBAHHBIE AUArPAMMBI HAMPABIICHHOCTH MAKeTa M3/Ty4aTesisi Ha IPAHUYHBIX YacTOTax JHarna3oHa

Fig. 5. Experimental normalized radiation patterns of the radiator model at the cutoff frequencies

KCB
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3 H3mepenne/measurements

Pacuert/calculations
2_
-
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Puc. 6. XapakTepuCTHUKH COTJIACOBAHUS aHTEHHBI

Fig. 6. Antenna matching characteristics

Oo6cy:xnenue. B anekrpoinHaMUYecKol MOJIETH
K MHKPOIIOJIOCKOBO-IIENICBOMY MEPEXONy IOABEICHA
uaeansHas 50-oMHasi JIMHUS NUTaHUS. MakeT OTIH-
4aeTcs OT MOJACIH HAJIMYHEM B 3TOM MECTe pa3zbeMa
CPI’-50-751®B, BHOCsIIIETO COOCTBEHHOE paccoria-
COBaHHUE, 4YTO O0O0YCIOBIMBAET HE3HAYUTEIHHOE pac-
xoxenne kpuBblx KCB B 005acTé BEICOKHX YacTOT.

Kak BumHO u3 puc. 3, mudnekTpudeckas JMH3a
MPaKTHYECKU HE BIUAET HA Gopmy dazooro (pon-
Ta. DTO BBI3BAHO TEM, YTO HapaMeTpPhl MOJAEIH OI-
TuMHU3UpoBaich 1o kputepuro KCB <2 6e3 mo-
MOJTHUTEJBHBIX OrpaHudeHuil. Takum oOpazom, aJis
YMEHBIICHHUS Pa3MEPOB AHTCHHBI MPU IPOYHUX PaB-
HBIX XapaKTePUCTHKAX OT JIMH3BI MOKHO OTKA3aThCsL.

50

Juns ontumusanuu Gopmel (a3oBoro GpoHTa CIedy-
€T ONTHMHU3UPOBATh HapaMeTpPhl JIMH3BI OTAEIHHO,
Tak Kak ee (¢opma ciabo BIHMSET Ha COIIACOBaHHE
aHTeHHbI. Taxke Ha pUC. 3 BUIHBI Y37l U MyYHOCTH
BOJIHBI PACHPOCTPAHSIOMICHCS TI0 MTOJIOTHY aHTEHHEI,
9TO KOCBEHHO CBHJCTEIBCTBYET O COMIACOBAHHOCTHU
M3JIydaTess Ha CpeAHeH YacToTe Auana3oHa.
MaxkcumanbHas pa3HUIA MEKIY KOd(pPHUIIMeHTa-
MH HaIpaBJICHHOTO IEHCTBUS M YCWUICHHS AHTCHHBI
(cM. Tabnmuiry) B paboueM uanazoHe HaOmomaeTcs Ha
gactote 5.8 [T, Takum 06pa3om, MUHHUMAIBHBINA KO-
s unment nonesnoro aeiicteus (KI1J) paspadoran-
HOil aHTeHHBI cocrasisier 10.9-139=-3 1b wm

okosio 50 %, 4To ABISETCS CPaBHUTEIBHO BBICOKHM
3nadeHreM KII/] ams mewatHO#M aHTEHHBI C XapakTep-
HBIM Pa3sMepoM TI0JI0THA 1—6 JUIMH BOJH, B 3aBUCHUMO-
CTH OT BHIOPAHHOM 4acTOTHI.

Kak BugHO U3 puc. 5, aHTeHHa COXpaHseT Halpas-
JICHHOCTb W3JTy4YeHus! B paboueM nuamnaszone. lllupuHa
IJIABHOTO JIeTTecTKa B H-IOCKOCTH yMEHBIIaeTcsI ¢ po-
CTOM YacCTOTHI; IHPUHA JieTiecTka B E-miockoctn oT
yacToThl He 3aBUCHT. Pacuernrie /IH Heckonbko mmpe
HU3MEPCHHBIX, YTO BBI3BAHO PA3JIMYUAMU DJICKTPOAHHA-
MHUYECKOW MOJETIM M PEalbHOr0 MakeTa (HaJu4ue
pasbeMa B JIMHUM [UTaHWA, HEMJEaIbHO IIOCKHUIA
(POHT MaJaroLIero U3ITy4eHUs B 0€39X0BOM Kamepe).
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Wsmepenwns, mpoBeleHHBIE Ha MakeTe pa3pado-
tanHoi ITIJABB, nokaszanu cxoacTBO ¢ pe3yabTara-
MU [IPUMEHEHUS HEaHAJIUTUYECKOTO METO/la CUHTE3a
CLUII-u3myyarenss Ha 0a3e MPUHATOM CTPYKTypHOU
mojenu. [IpeanoxeHHplid MeTo]] ynooeH I MpaKTh-
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YECKOTO NMPUMEHEHHS B MHXKCHEPHBIX pa3paboTKax H
JIOCTOBEpEH [UIsl JaHHOW CTPYKTYpHOM MOJENH
ClUIT-n3nyyarens. AHTeHHa 0oONagaeT HU3KOW CTO-
HMMOCTBIO U JIETKO ITOBTOpsiEMa.
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CBAA3b OpMEHTaLMN NoNepeyUHbIX 0Ceid MeIKOMACLUTa6bHbIX aHU30TPOMHbIX
HEeoOAHOPOAHOCTEV CpeAHELUUPOTHO NOHOCdEepbI C HaNpaB/ieHneM apelida
Ha BbicoTax F-o6nactu
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AHHOTaLuA
BBegeHue. PaHee ObIIO YCTAHOBNEHO, YTO B MOMSPHOM MOHOCPepe MeNKOMacCLITabHble HeOAHOPOAHOCTMU
(MH), BbITAHYTbIE BAO/Ib MAarHUTHOMO MOJS, @aHW3O0TPOMHbLI B MONEPEeYHOM K MarHUTHOMY MO0 HamnpasBieHWUN.
Mpw 3ToM 60/bLLIAsA 3 MoMepeyUHbIX oceli MH VMeeT TeHAEHUMI0 OPUEHTUPOBATLCA BAO/b HanpasneHus apeiida
MH. KocBeHHO 3TO MOATBEPXAANOCb U ANA MOHOChepbl CPpeAHMX LUMPOT, OAHAKO MpsiMble COMOCTaBNeHUS
HanpasneHns aHn3oTponuu MH 1 HanpaeieHNs NOHOCPEPHOro Apeida AN CpeAHVIX LNPOT OTCYTCTBOBAN.
Lienb pa6oThl. [psiMoe conocTaBeHme 3KCnepuMeHTanbHbIX aHHbIX 0 dopme MH ¢ napameTpamu ABUXEHNS
HeOAHOPOAHOCTE NPY N3MEPEHUAX B OAHOM 1 TOM Xe MecTe (MOCKBa), B O4HO 1 TO Xe Bpems. PaHee akcne-
PUMeHTaNbHO MOMlyYeHHble 3HaYeHNs OpMeHTaL MM nonepeyvHon aHmsoTponuy MH B cpejHeLLMpPOTHON NOHO-
cdepe cpaBHMBANNCE TONBKO C MOAE/NbI0 HETPasbHbIX BETPOB.
MaTepuansl n meTtopabl. [ing onpejeneHns napameTpos aHM3oTponum MH ncnonb3osaH Tomorpadpuyeckunii
noAxoA - 0bpaboTka pagnoMepLaHnNiA CUrHANoB MpuY NpoJieTe psja HaBUraLMOHHbIX CMYTHUKOB, N31Yy4YatoLLMX
yactoTbl 150 1 400 MTl'u. B pamkax mogenv MH B BUje OPUEHTMPOBAHHBIX MO MarHNTHOMY MO0 3/UTNNCONA0B
C TPems pa3HbIMU XapakTepHbIMU MacluTabaMu pa3mMepoB BAO/b 1 Nonepek MarHUTHOrO Nos 3emMan nonyye-
Hbl OLIEHKW/ COOTHOLUEHUS OCel 3NINMCOUAOB 1N OPMEeHTaLMKN MomnepeYHbIX oceil aHm3oTponuu. MNapamMeTtpsl
HeOoAHOPOAHOCTEe NoyYeHbl NOAG0POM NapaMeTpoB MOJENY, MPU KOTOPbIX PacyeTHbI Xo4 Anucnepcuun o-
rapvdma OTHOCUTENBHOW aMMIUTYAbl CUTHANO0B CMYTHUKOB NO Mepe nX ABMXeHWUs No opbute Hanbonee 6au-
30K K 3KCMepUMEHTaNbHO NOyYeHHO M 3aBUCUMOCTU.
OLeHKM CKOPOCTU 1 HanpaBneHns gpelida cpesHeMaclUTabHbIX HeogHopoaHocTel (CH) noayyeHbl Mo AaHHBIM MOHO-
30HAa DPS-4, npv pagmonokaumm noHocdepsbl gekaMeTpoBbIMU BOHaMK C MOBEPXHOCTY 3emau. cnonb3yroTes Tak
Ha3sblBaeMble KapTbl Heba, oTpaxKatoLLme pacrnpeseneHyie SHeprm paccesiHHbIX PaAVOBOIIH MO yraam nNpuxoaa. OgHo-
BPeMeHHble 13MepeHst A0MIePOBCKMX CABUIOB YaCTOTbl U YIIOB MPUXOAA Ha 3eM/IH0 PacCesiHHbIX BOIH MO3BONAIOT
NOMYYNTb OLIEHKM TPEX KOMMOHEHT CKOPOCTU Apeiida cpeHeMacLITabHbIX HEOA4HOPOAHOCTEA.
PesynbTaTtbl. O6HapyXeHO XOpoLlee COOTBETCTBME MexJAy HamnpasneHuem gpeinda cpesHemMacluTabHbIX He-
OAHOPOAHOCTEN N OpUeHTaLMel NonepeyYHor aHN30TPONNUM MeNKoMacLLTabHbIX HEOAHOPOAHOCTE.
3aknoueHne. O6cyxjaemMas CBA3b OPWEHTaLMM MOonepeyHoi aHWU30TPOMUN BbITAHYTLIX HEOAHOPOAHOCTEN U
HanpaeneHusa nx aperida MOXET bbITb Mofe3Ha B yC10BUAX gedurumTa MHGopMaumm o HeoAHOPOAHOI noHochepe.

KnioueBble cnoBa: noHochepa, opueHTaLms HeOAHOPOAHOCTEN, Apeiid HeOA4HOPOAHOCTEN, 0bpaTHOe

paccedaHne, 3aropmnsoHTHaaA pagnonokayns
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Abstract
Introduction. It was previously reported that small-scale irregularities (SSI) in the polar ionosphere are elon-
gated along the magnetic field and anisotropic in its cross-field direction. At the same time, the largest of the
SSI cross-field axes tends to orient along the SSI drift direction. This is also indirectly confirmed for the midlati-
tude ionosphere, however, direct correlations of the SSI anisotropy and ionospheric drift directions in the mid-
dle latitudes are absent.
Objective. The main objective of this work is a direct comparison of the experimental data of SSI shape with
motion parameters of irregularities, which are measured at the same place (Moscow) at the same time. Previ-
ously, experimentally obtained values of the SSI cross-field anisotropy orientation in the midlatitude iono-
sphere were compared only with the neutral winds model.
Materials and methods. A tomographic approach is used to determine the SSI anisotropy parameters by pro-
cessing radio scintillation signals while overfly of several navigation satellites emitting on frequencies of
150 MHz and 400 MHz. Estimations of ratio between the ellipsoids axes and cross-field anisotropy orientations
in the framework of SSI model in a form of magnetic field oriented ellipsoids with three different dimensions
along and across the Earth's magnetic field are obtained. Irregularities parameters are obtained by selecting
the model parameters when the calculated logarithm dispersion of the satellite signals relative amplitude while
they orbiting is the closest to the experimentally obtained curve.
Estimations of the velocity and drift direction of medium-scale irregularities (MSI) by using DPS-4 ionosonde da-
ta acquired while decameter-wave radar studies of ionosphere from the Earth's surface are obtained. The so-
called "sky maps" presenting the energy distribution of scattered radio waves on incident angles are used. Sim-
ultaneous measurements of Doppler frequency shifts and incident angles of scattered waves allow obtaining
estimations of three components of the medium-scale irregularities drift velocity.
Results. A good correlation between the drift direction of medium-scale irregularities and cross-field anisotro-
py orientation of small-scale irregularities is found.
Conclusion. The correlation between the cross-field anisotropy orientation of the elongated irregularities and their
drift direction can be useful under conditions of the lack of information on ionospheric irregularities.

Key words: ionosphere, cross-field anisotropy orientation, irregularities drift, backscattering, over-the-horizon radar
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BBenenune. Bce MeToapl M ycTpoHCTBa AHCTaH-
IIUOHHOT'O, OECKOHTAaKTHOTO KOHTPOJSI OOBEKTOB HUC-
MIOJIB3YIOT BOJIHBI B TOM WJIM MHOH cpelie: aKkycTude-
CKHE BOJHBI B THAPOJIOKALIUK WM 3BYKOBOW IEJIEH-
ralnuy apTUIIEPUHCKUX CHCTEM, aKyCTHYECKHE Ipo-
JIOJIbHBIC U TOIEPEYHbIE BOIHBI B TOMIIE 3eMIU MPU
peTUCTpalu CEHCMHUYCCKUX COOBITHH, dIIEKTpoMar-
HUTHBIE BOJIHBI ONTHYECKOTO IUANa3oHa MPH JIUAAp-
HBIX MU3MEPEHUSX, SIEKTPOMArHUTHBIE BOJIHBI paio-

uamna3soHa (105 ...1012 Fu) TIpU PaANOIOKALNN WIH

MecToonpeneneHnn 00BhekToB. Bo Bcex cimydasx
[EHHOCTh TIONlyJaeMOW WH(OpMANUU 3aBHCHUT OT
IPaBWIBHOTO 3aJaHUsl 3aKOHOB PaCIpOCTPAHEHHUS
BOJIH, CBOMCTB CHTHAJIOB, allpUOPHBIX CBOHCTB 00B-
€KTOB W, YTO OYEHb Ba)KHO, MAKCHMAJBHHO ITOJTHOTO
y4eTa XapaKTEepUCTHK CPeAbl PaclpOoCTpaHEHUS HC-
MOJb3yEMBIX CUTHANOB. sl pasHBIX Cpexl 3TO pas-
JIMYHBIE XapaKTEPUCTHUKH, HO OOIIMM SBISETCS TO,
YTO 3TH HapaMeTphl ONPeaesoT kodhdUIueHT npe-
JIOMIICHHSI UCTIONB3YeMBIX BOJH. Ecnu B rHaposoka-
IIUY BaXXHbI paclpe/eNIeHUs INIOTHOCTH U COJICHOCTU
BOJIBI, paclpeqesicHHe TeMIIepaTypsl, TO IPU 3JIeK-
TPOMAarHUTHOM 30HIAMPOBAHHUU — pacIpeeeHue I1-
ANMEKTPUUECKOM MTPOHUIIAEMOCTH CPEIIBI.

WuTepnperanys pe3ynbTaToB U3MEPEHUS XapaK-
TEPUCTUK KOHTPOJIHPYEMOTO OOBEKTa MOXKET OBITH
yAydlOIeHAa TpSMBIM HM3MEPEHHEM XapaKTEePHCTHK
Cpendpl, HApHUMEp, HCIOIb30BAHUEM OMOTHUTEIh-
HBIX KaHAJOB WJIM CHUCTEM B paJUOIOKaTOpax Juis
OTIpEJIeTICHUs] TIOMEX H3-32 PACCEsHHUs B Cpeie pac-
MPOCTPaHEHHsI CUTHAJa WM MPUMEHEHHEM MHOTO-
YACTOTHBIX CHCTEM B CHCTEMax CIYTHHKOBOW HABH-
rauuu. B psane ciyuaeB Takue peanbHble U3MEPEHUs
Mas103(h(EKTUBHEI, 3aTPYAHUTEIBHBI MIIH HEBO3MOXK-
HBL. B 3THX yCOBHSAX Ba’kKHO BHIOpaTb MOJIEIH Cpe-
IIBI, TIPABIIIFHO OTHCHIBAIOIICH OCHOBHBIE CBOMCTBA
nokasatens npeiaomieHus. Takue Moaeny co3naroTcs
JUISL KQKJIOM U3 Cpell U TOJDKHBI BKIIIOYATh B ceOst Jie-
TEPMHHHAPOBAHHYIO YacTbh, OIMCHIBAIOIIYIO IOBEE-
HHUE yCPEOHEHHBIX NapaMeTpOB B IPOCTPAHCTBE U
BPEMEHHU U CIIyuyailHyr0 U3MEHUUBOCTh BO BPEMEHHU U
B MIPOCTPAHCTBE (HEOAHOPOTHOCTH CPEJIbI).

OO0nacTpi0 MHTEPECOB aBTOPOB HACTOALICH CTa-
TBU SIBJISETCS PacHpOCTPaHEHHE PaJUOBOJIH B HOHO-
chepe, ABIAIOMECHCS BIEKTPONPOBOASIICH CpeoH,
T AUJIEKTPUYECKasi MPOHULIAEMOCTh ONpeaesseTcs
IUIOTHOCTBIO AJIGKTPOHHOTO COJEpXKaHUA B Clla-
OonoHM3MpoBaHHOW TuIazmMe. Jlnst  moHOcheps
HAKOIUIEH M CHCTEMaTU3UPOBaH OOJBIION 00beM (de-
HOMEHOJIOTHYECKUX HaHHbIX [1, 2], mocTpoeHsl U
MIOCTOSIHHO YJIy4lIatoTCs MOJENIH PETrYSIPHOM CTPYK-
TYPBI HOHOC(EPEL, T. €. PacIpeAeICHUs] HOHU3AIIH B
3aBHCHMOCTH OT reorpauueckux KOOpAUHAT PEruo-
Ha, BPEMEHH T0Jla M CYTOK, YCPEIHEHHBIX MHIICKCOB
COJIHEYHOM aKTUBHOCTH M TEKyIIeil MarHUTHON ak-
TUBHOCTHU [3, 4] U maxe JMyHHBIX npuiauBoB. Ilpen-
MIPUHUMAIOTCS YCHUIIHS 71l TIOCTPOCHUS pacmpeese-
HUSI B TIPOCTPAHCTBE W BPEMEHH MOHOC(HEPHBIX He-
onunoponuocteit (MH) [5, 6], OTBETCTBEHHBIX 3a TO-
BCJICHUE CHTHAJIIOB CHCTEM CBSI3H, MECTOOIpEee-
HUS ¥ pajvioJIoOKaIiy (3aMUpPaHUs, UCKaKeHHs Gop-
MBI, PACIUIBIBAHUS [0 BPEMEHHU, UCKAXKEHHS CIEKTpa
MIPUHUMAEMBbIX CUTHAJIOB), CBOMCTBAa KOTOPBIX HEOO-
XOJIUMO 3HATh M YYHUTHIBATh B 3aJladyax paJnuoiIOoKa-
IIUH, B MOCTPOCHUU M (YHKIMOHHPOBAHUH CHCTEM
Mecroomnpeaenenuss (GPS, GLONASS, Galileo u
T. 1.). YXyOUICHWE TOYHOCTH OIPEEICHUS KOOPIH-
HAT TaKUX CHCTEM M Jaxe rpyObie cOOM BO BpeMs
CHJIBHBIX MOHOC(EpHBIX BO3MYIICHUH XOPOLIO H3-
BecTHBI [7]. B 3agauax 3aropm30HTHON paanoiOKa-
U obparHoe paccestaue oT MH siBisercst omHUM U3
IJIaBHBIX UCTOYHHKOB TIOMEX, ITOATOMY AJs obecrie-
YeHHUs MPAaBWIBLHOIO MPOEKTHPOBAHUS U (YHKLHNO-
HUPOBaHMS 3arOPU30HTHON PaJMOIOKAIMOHHON CH-
CTEMBI U CHCTEM CBSI3H IOJIC3HHI JIOOBIE (PEHOMEHO-
JOTHYECKUE NaHHBIC WM alpHOPHBIC CBEACHHUS 00
HOHOC(HEPHBIX HEOTHOPOTHOCTSIX.

B nacrosimieii cratbe mapamMeTpbl pacCcenBaOIINX
HEOJHOPOIHOCTEN ONPEAENAIOTCS UCXOAS U3 Tpea-
cTaBlieHuil 00 MOHOC(epe Kak O IUIOCKOCIOUCTON
cpenie, oKa3aTellb MPEeIOMIICHHs # KOTOPOH 3aBUCHT
OT BBICOTHI Z U YacTOThl PaJIMOBOJIHBI ®, B KOTOPYIO
no0aBieHbl (OrPy>KeHbI) HEOJHOPOAHOCTH Pa3iiny-
HBIX TIPOCTPAHCTBEHHBIX M BPEMEHHEBIX MacIITaboB.

55



H3Bectus By3oB Poccun. Paguosnexrponuka. 2019. T. 22, Ne 4

OPUT'NHAJIBHASA CTATHS

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4

Panuosiokanust ¥ paiuoHABUI AL
Radiolocation and Radio Navigation

B monoctepe 6e3 HeomHOPOAHOCTEH TIpU 30HAUPO-
BaHUM C MIOBEPXHOCTHU 3€MIIM PaJUOBOJIHBI 4aCTOTHI
HIDKE HEKOTOPOH KPHTHYECKOHM 0y HCIBITHIBAIOT

TOJIHOE BHYTPEHHEE OTPakeHHE B OOJACTH, IJIE MO-
Ka3aresb npenoMaenus 7n(z, ), yMEHBIIAsACh C BbI-

COTOMH, oOpamaeTcst B HOMb [2]. [[ist rumockocioncTon
Mozenti HoHocdephl 0e3 HEeOTHOPOIHOCTEH MOBEepX-
noctu n(z, ®)=0 WIyT TApaUIENEHO APYT JIPYTY.
ITpn MOHOCTAaTHYECKOM 30HIUPOBAHMH HOHOCHEPHI
Ha (UKCHPOBAHHOHN 9acToTe © < g 00NacTe OoTpa-

JKEHMSI eJUHCTBCHHAs, W BOJIHA BO3BpallaeTcsi Ha
3eMJTI0 BEPTHUKAIbHO, U3 3eHuTa. [Ipu m0OaBICHUN B
IUIOCKOCJIONCTYI0  MOHOCc(Eepy  HEOXHOPOXHOCTEH
pa3nuuHoro macmraba MOBEPXHOCTH PAaBHOM JJICK-
TPOHHOW KOHILICHTPALWH YK€ HE MapayuieibHbI IPYT
apyry (puc. 1). YcimoBuem BO3BpallCHUS! SHEPTUU
30HAUPYIOLICH BONHBI B TOYKY H3JIYYCHHUs Temepb
SIBISIETCS JIOKAJIbHASI MEPICHANKYIAPHOCTh Jy4a K
MOBEPXHOCTH OTPAKEHHUSI HA yIACTKAX MMOBEPXHOCTH,
e n(x, y, z, ®)=0. DHEPrus OTPaKEHHON pamHO-

BOJIHBI TETIEpPh TOCTYMAET HEe U3 OJHOM TOYKU (3CHUTA),
a pacmpesiesieHa B HEKOTOPOM KOHYCE YITIOB IIPUXOAa
M3-3a paccesHus Ha HEOAHOPOAHOCTSIX pPaszIHMYHBIX
MPOCTPAHCTBCHHBIX U BPEMCHHEIX MacIITa0oB.

s mporieccoB paccessHuS UMeeT 3HaueHue Qop-
Ma HeomHOpomHocTel. Tak Ha3pIBacMbIe IepeMerna-
IOIINECS BOTHOOOPa3HBIE HOHOC(EPHBIC BOSMYIIICHHS
C XapakTepHBIMH MPOCTPAHCTBEHHBIMU MacluTabamu

10%...10° KM, SIBJISIIOIIMECS MPHYUHONW XOPOIIO W3-

Puc. 1. Mogens nonocheps! ¢ HEOJHOPOAHOCTIMH
Pa3IUYHBIX MacIuTaboB

Fig. 1. Ionosphere model with different scale irregularities
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BECTHBIX KBAa3UIIEPUOAWYECKUX BapuallMi KpUTHYE-
CKHX YacTOT U BBICOTHI HOHOC(epHbIX cnoeB F1 u F2
C MepUoJIaMH OT 5 MUH JI0 2 4, UMEIOT MPOU3BOJIBHYIO
dopmy. B 10 ke Bpemst HaOmoOmaeMple CHTHAIBI 00-
paTHOro paccesHusl TOBOPAT O MPUCYTCTBUU HEOJHO-

poaHocTeil Maciitada 107'...10° M [8] — Tak Ha3bI-
BaeMbIX MeJIKOMacTaOHbIX HeoaHopoaHocteil (MH),
CUIILHO BBITSHYTBIX BIIOJIb MArHUTHOTO 10N (pHC. 2).
CxeMaTn4HO MOIeNnb HOHOC(hEpHl C HEOTHOPOIHO-
CTSAMH pa3HbIX MaclITaboB MpeCcTaBiIeHa Ha puc. 1.

Caydaitieie MH 0OBIYHO OITHCHIBAIOTCSI KOppe-
JNSUOHHOW (PYHKIMEH B BHUIE DJUIMIICOHMIA, Y KOTO-
poro miaBHas, HAUOONBINAs OCh HAIllpaBJeHA BIOJb
MarHuTHoro noist 3emnn (puc. 2, a). Takast BBITSIHY-
TOCTh OOYCIIOBJICHA TE€M, YTO KOA(PQPHUIIMEHTH -
(by3uH SIEKTPOHOB M MOHOB BIONb U IOMEPEK Mar-
HUTHOTO TIOJSI CHJIBHO pa3jiMyaroTcs. DKCIEPUMEH-
TaJbHBIC OIICHKA OTHOIIEHHUS OCEH JIIUICOUIa
(cTemeHp BBITSIHYTOCTH) CHJIBHO KOJIEONIOTCS OT
3...4 B [8], 0o HeckonbKkux coteH [9]. Hacto cuuta-
ercs, 4To MH MOXHO MpeacTaBUTh B BUJE DIUIUIICO-
UJI0B BpAIICHUS, OJHAKO HCCIEIOBAHUA PA3HBIX JIET
MOKa3bIBAIOT, YTO 3TO HE Bceraa gomyctumo [10, 117,
u panee MH paccMOTpeHbl MOINEPEYHO-aHU30TPOII-
HBIMH, T. €. PABEHCTBO MOMEPEUHBIX OCEH AIIUIICOU-
JIOB HE TipeArnonaraercs (puc. 2, 0).

Ienbto HacTOSIIEH CTAaTbU ABIACTCS HEOUEBHIHOE
cornocrapieHre (POPMBI HOHOC(EPHBIX HEOTHOPOIHO-
CTell ¢ mapaMeTpaMu X JBWKEHHS, & IMEHHO OpPHEH-
TaIMy TMoTepeyHoi ann3otporn MH woHOChEpEHI, C
HampaBJIeHHEM [Ipeiida cpeIHeMacIITaOHBIX HEOTHO-
ponnocreii (CH) nHa BeicoTax F-cios, skcnepumeH-
TaJbHO U3MEPEHHBIX B OJTHO U TO JKE BPEMS, B OJTHOM H
ToM ke Mecte (Mocksa). [Ton MH moapazymeBaroTcs

a o
Puc. 2. KoppensuuonHas GpyHKuus
MEJIKOMacIITaOHbIX HEOIHOPOJHOCTEH

Fig. 2. Correlation function of small-scale inhomogeneities:
a — correlation function; 6 — cross-section



OPUTUHAJIBHAS CTATHSA

H3Bectus By3os Poccun. Pagnosnexrponunka. 2019. T. 22, Ne 4

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4

ORIGINAL ARTICLE

HeopHopoaHoctu ¢ pazmepamu 0.1...3 xm, nox CH —
HEOJTHOPOIHOCTH ¢ pazmepamu 5...50 km. [Ipu sTom
WCIIOJIb30BaHbl CYIIECTBEHHO Pa3HbIE METOIBI U3MeE-
penuit napamerpoB MH u CH. ®opma 1 opueHTanus
MH onpenensimucy Mo ToMorpaduyeckoil METOIHUKE
[10] myTrem mpuema Ha MOBEPXHOCTH 3EMJIM CUTHA-
JIOB HU3KOJICTSIINUX HABUTAI[MOHHBIX CITyTHHKOB. [la-
pametpsl apeiidpa CH uaMepsuiuch myTeM 30HIUPO-
BaHHS HOHOC(HEPHI C MMOBEPXHOCTH 3EMIIU C HCIIONb-
30BaHMEM HOHO30HAa DPS-4 [12—15].
Tomorpadguyeckuii MeTox ONPENECICHUS OpHU-
CHTAIUM TIONEPEYHON AHW3O0TPONHH pa3padoTaH B
[10]. PaccmoTpena Mozellb XaOTUYHO PaCIOJIOKEH-
HbIX MH B BUzi€ BBITSAHYTHIX BAOJIb MAarHUTHOTO TOJIS
smumnconnoB. Cunraercs, 9To ux (opMa M MECTO-
MOJIOXKEHNE HEM3MEHHBI 32 BpeMs u3Mepenus. Jlyde-
BbIE TPACKTOPUH OT MPOJICTAOIIETO UCKYCCTBEHHOTO
cnytHuka 3emiu (MC3) no Ha3eMHOro NMpHEMHHKA
nepecekarT obnactp, comepxkanryro MH. B npenro-
JIOXKEHUU CIA0bIX HEOAHOPOTHOCTEH M OTCYTCTBHSA
paccesHUS Ha3aJ C TIOMOIIBIO NpUOIIKeHNs PriToBa
[16] momydeHsl BbIpaskeHHS ISl JAWCIIEPCUU JIOTa-
pudMa OTHOCHUTENbHOM amiuTyabl curHaiza KC3

x=1In(4/4y), tne A — GuykTyHpyromas amMILIHTy-
Jla CHTHAJIa B IPUCYTCTBUM HEOIHOPOIHOCTEMN; Ay —

aMIUTUTyna HEe(IyKTyHPYIOIIEro CHTHaja B Cpexe
0e3 HEOTHOPOIHOCTE! U CIIOCO0 IKCIICPHIMEHTATLHOM
oleHKU . B BbIpaxenue s x B [10] BXOOsT BBITS-

HYTOCTb HEOIHOPOAHOCTEW BAOJIb MArHUTHOIO IIOJIS
0L, BBITAHYTOCTb HEOJHOPOIHOCTEH MEPIICHANKYIISPHO

MarHuTHOMY mosito 3 (GOMbLIast U3 MOMEPEUHbIX Ocei

SJUIMIICOU/IA) U YTOJT \ 3TOM OCH C HalpaBiIeHHEM Ha
BocTOK (cM. puc. 2). Ilpu stom o >P>1. VYrom vy

Ha3bIBACTC OpPUEHTAIMEN MOIEPEeYHON aHU30TPOITUH.
OnpeneneHue mapaMeTpoB aHU30TpoItHBIX MU o,  u
\ BO3MOXKHO B pe3yJIbTaTe 00paOdOTKH aMILTUTY/IbI CUT-
HasoB nponetHsix MC3.

MonenupoBanue nokasbiBaet [10], uto mapamer-
PBI AaHU30TPOITUH CYIICCTBEHHO BIUSIOT HA U3MEHE-
HUE AMCIIEPCUU JOorapudmMa OTHOCHUTEIbHOW aMILIH-
Tyl curHana (y) Mo Mepe MPOXOKIEHHS CITyTHUKA

BOJIM3M MarHUTHOIO 3CHHTA. Hal'IpOTI/IB, BbICOTA pac-
TOJIOKCHUS CJI0A ¢ HECOAHOPOAHOCTAMM, €TI0 TOJIIIHNHA
U CTCHCHb ChalaHusA MPOCTPAaHCTBCHHOI'O CIICKTpa
HeOL[HOpOL[HOCTeﬁ BIIMAKOT Ha % HE OYCHb CylIC-

cTBeHHO. [lopoOHOCTH METOMUKH O0paOOTKH 3KC-
MEPUMEHTAILHOT0  Marepuana, IONOJHHTEIbHBIE

Panuosiokanust ¥ paguoHABUT AU
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MIPETIONIOKEHHUS O MapaMeTpax HEOAHOPOIHOCTEH U
BBICOTE X PACIOJIOXKEHHUs mpeacTasieHsl B [10].

Ha npaktuke npumeHsieTcs CIEIYIOMIUNA TMOps-
oK aeiictBuil. IIpu HaXOXIEHUU CIIyTHHKA B 30HE
PaAMOBUAMMOCTH HAa3€MHBIM IIPUEMHHKOM 3aIMChI-
BaeTcs pamuocuraan Ha gactore 150 MI'm, koTopsit
UCKa)kKaeTcsl NpU NpoXokaeHuu depes F-croit nono-
ctepsl, cogepxkanuii MH. Ha ocHOBe cooTHOeHHH
n3 [10] Mo SKCIIepUMEHTABHBIM JTAHHBIM PACCUUTHI-

BarOTCA 3HAYCHUA JUCIICPCUU 62 (X) B 3aBUCHUMOCTH

OT NOJIOKEHMs CIlyTHUKaA. IIpu mepecedeHuu s1yuyoMm
"cnyTHUK—TIpueMHUK" obmactu ¢ MH moxer HaO-
JFONIATHCSI TIOBBIIICHHAS! W3MEHUYMBOCTh AMILTHTY/IbI
MPUHIMACMOI pPaJMOBONHBI M3-32 PACCESHUS, TPH-

BOJSIIAS K POCTY o’ (X) (puc. 3, xpuBas /) u K 00-

Pa30BaHUI0 MAaKCHUMYyMa, MPOCTPAHCTBEHHO OXBAThI-
BalolIero o0JacTb ¢ HEOMHOPOAHOCTAMH. Eciu 3Ha-
YeHHe B MaKCUMyME€ B HECKOJBKO pa3 INpeBBILIAET
YpOBEHb (POHA, MOXKHO OTPEACTUTh MPOCTPAHCTBEH-
HbIC TIapaMeTphl HEOMHOPOAHOCTEH o, B u . s
3TOr0 HYXHO MOCTPOUTDH aNMpOKCUMALIUIO IKCIIEPU-
MEHTAJIbHOM 3aBUCUMOCTH (puc. 3, KpuBas 2) 1o co-
otHOHeHUsM U3 [10]. Anmpokcumarysi MpouCXoauT
MyTeM Ooa00pa YHCIIOBBIX 3HaYeHui o, B u y. B [10]
MOKa3aHO, YTO IIMPUHA TEOPETHUECKOTO MaKCUMyMa
3aBUCHT B OCHOBHOM OT BeimduH o W . [Ipoctpan-
CTBCHHOE TIOJIOKEHUE TEOPETHUYECKOTO MaKCHMyMa
CYIIECTBEHHO 3aBUCHUT OT BEJIMYMHBI Y U B OOJIBIIMH-
CTBE CIIy4acB ONpPEAEISETCS ¢ TOUHOCTBIO 2...3°.

() 0
s
0.015 375
0.010= 25.0
0.005 12.5
0 0

52 53 54 55 56 o,..°
Puc. 3. 3aBucumocTs aucnepcuu jgorapudma OTHOCHTEIBHON
aMIUTHTY/Ibl CUTHAJIA M YTJ1a MEXKly BEKTOPOM MarHUTHOTO
TIOJIS M HAIIPaBJICHUEM Ha CITyTHHK OT reorpadu4eckon
mMpoTHl criyTHUKa (Mocksa, 11.01.2014 00:25 UT)

Fig. 3. The dependence between the logarithm dispersion of
signal relative amplitude and angle between the magnetic
field vector and line connecting the satellite with its latitude
(Moscow, 11.01.2014 00:25 UT):

1 — experiment; 2 — simulation;

3 — angle between the magnetic field vector and line
connecting the satellite with its latitude
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IIpencraBneHHble B HACTOSIIECH CTaTbe M3MEPEHUS
MpoBeZIcHbl B MOCKBE. YTOlI MEX/y HalpaBJICHUEM B
3€HUT U BEKTOPOM MarHUTHOIO I10J1s1 COCTaBILI 14°.

ITockonbKy TpaekTopus CIyTHHKa W KapThl
OOBIYHO JaHBI B TEOrpapHUUSCKUX KOOPIHHATAX, TO
BMCECTO YyIJla Y B MArHuTHBIX KOOpAWHATax 6y)1€M
UCIIONIL30BaTh YIOl \,, IONy4aeMbIH NPOEKIUEN

HaTpaBJICHUs \y HA TOPU3OHTAIBHYIO IIOCKOCTh, HO
B ommyue oT [10] OymeM OTCUMTHIBATH 3TOT YTOJ
CTaHIAPTHO — II0 YaCOBOW CTPENKE OT HATIPaBIICHHUS
Ha reorpaduyeckuii cesep.

IIponemoHCTpUpPYEM METOX ONpEeNieHUs Mapa-
METpOB 0, B U Y, Ha IpUMepe, IPEICTABICHHOM Ha

puc. 3 (¢ — reorpaduueckasl MUPOTa CIyTHUKA). B
JAHHOM CEaHCE YTroJl MEXIY BEKTOPOM MAarHHTHOTO
TIOJISL M HallpaBJICHHEM Ha CIyTHHK 0 cHawaja cramain
ot 31 no 3.5° a 3arem Bozpacrtan 10 44.9° (puc. 3, kpu-
Bag 3). Ilpy o5ToM BONM3M MarHUTHOTO 3CHUTA

(Omin = 3.5°) Ha rpaduxe o2 (3) (xpusas 1)

copmupoBancst nuk mupuHON okono 1°. Mojenu-
poBaHue (KpuBas 2) MOKa3aJio, YTO HAWITy4IIEe CO-
racue mojy4aercs Ipu mapamerpax o =9, f=2,

v, =95°. IlokasarensHo, yTo anmnpokcumanus MU B
BHJIC DIUIMIICOMI0B Bpawenns (B =1) okasanach He-

YIIOBJIETBOPUTENBHOM.

PaguosiokanuoHHbIN MeTox ouLeHKH Apeiida
cpefHeMacHITAOHBIX HeoAHOpoAHOCTel. Pasme-
nienblii B Mockee (U3BMUPAH) nonozonn DPS-4
[12] ¢ anmmaparHO#M TOYKM 3peHHS SIBISIETCS MMITYJbC-
HBIM JIOTUIEPOBCKHM PaIHOJIOKATOPOM C IIPUMEHEHHUEM
CBEPTOK (ha30MAHUITYINPOBAHHBIX KOIOBBIX ITOCIE-
nosarenpHocTel (PKM-curnanos). On umeer Qasu-
POBaHHYIO IIPUEMHYIO MAJIODJIEMEHTHYIO aHTEHHYIO
pemetky. MloHO30H] paboTaeT Ha epeMEHHON YacTo-
Te 30HAUpOBaHus B auanazoHe 1...40 MI'n. [Toapo6-
HocTu (QyHkunoHupoBanusi DPS-4 u cioco6oB o6pa-
OOTKM MOHOTpPaMM MOKHO Haiitu B [12, 13, 15]. Ot-
METHM 3/1€Ch TOIBKO CaMble CYIIECCTBEHHBIC IS HC-
CJIEJOBaHUSI HEOJHOPOAHON CTPYKTYpbl O0COOEHHO-
CTH JaHHOTO armmapara. HpI/I 30HAUPOBAHUN HOHO-
cdepsl u3-3a HANWYXS MarHUTHOTO TOJS 3eMIIH H3-
JMydeHHass aHTCHHOU IUTOCKOTIONISIPU30BaHHAS BOITHA
pacmajgaeTcs Ha JBe SJUTUITUYESCKHU TOISIPU30BAHHBIC
BOJIHEL. DTO TaK Ha3bIBaeMbIe OOBIKHOBEHHAs! BOJHA
(O-BostHa) W HEOOBIKHOBSHHAs BoJiHA (X-BOJHA).
OHU UMEIOT pa3InYHbIE MTOKA3aTeNN MPETOMIICHUS U
OTpaXXaloTCS Ha pas3HBIX BBICOTaX HMOHOC)EPHL.
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OOBIYHO aHTEHHBI HOHO30HIA Ha 3eMJIe IPUHUMAIOT
cyneprioutiuto O- u X-sonH. Ilpm anammze moms
MPUHAMAEMBIX Ha 3eMJIe PAJMOBOJIH JJIsl ONpeJese-
HUSl XapaKTEPUCTHK PAaCCEHBAIOIINX HEOTHOPOIHO-
CTel HY)KHO OOECHEeYUTh MPUEM PaIHOBOIH TOJBKO
OTHOW W3 JBYX MoJsipu3anuii (0OBIYHO OOBIKHOBEH-
Hoif). B DPS-4 sta 3a1ava pemaercs npuMeHESHHEM B
KauecTBE MPHEMHBIX aHTCHH CKPEIICHHBIX PaMOK U
COBMELICHHBIX C HMUMHU IepeKytouaresei moaspusa-
uu (puc. 4). ITockonbKy MarHHTHOE TI0JI€ B MOHO-
cthepe Ham MOCKBOWM OTKJIOHEHO OT BEpPTHKAJM Ha
13...14°, O- u X-BOJHBI MOJSPU30BAHbI IPAKTHUE-
CKU IUPKYIAPHO, MO3TOMY JJIsl TTOJIABJICHUS] HEXeTa-
TETHFHOW MOJISIPU3AlMHU B KXAOW aHTEHHE JI0CTaTOY-
HO CJIOKHMTb CUTHAJbl PAMOK, CIIBUHYB OJIMH U3 HUX
o ¢asze Ha +£90°. Jlns ymyuiieHus MOJABICHUS He-
xenarenbHON nossipu3anuu B DPS-4 [12] Ha mepe-
JIady TaKKe HCIONB3YeTCsl aHTeHHAa HUPKYISIPHOH
nosisipusanuu (puc. 4), Ha KaKI0€ U3 CKPEIIEHHBIX
MOJIOTEH KOTOPOM MOJAETCSl CUTHAINI OT CBOETO Iepe-
JaT4YMKa, TIPAYEM STH CHTHANBl CABUHYTHI 1O (ase
OTHOCHUTEJIBHO APYT apyra Ha +£90°.

OcHOBHBIM pexuMoM pabotsl DPS-4 gpistercs
CHSITHE MOHOTpaMM (pucC. 5) — U3MepeHue 3aBUCUMO-
CTH 3aJIEPXKKH OTPKEHHOTO OT HOHOC(EpHI CHTHAA
(Tak Ha3BIBAEGMOM Ka)KyIIEHCsl BBICOTHI) OT 30HAUPY-
fomei  vacrorel f. TunmyHas HWOHOTpaMMa B
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Puc. 4. IlpuemHas anTeHHas cucteMa nHoHo3oH1a DPS-4

Fig. 4. The receiving antenna system of the DPS-4 ionosonde
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Fig. 5. Ionogram and calculated electron concentration profile
under calm ionospheric conditions

CIOKOMHBIX HOHOC(EPHBIX YCIOBHSAX MpPUBEICHA HA
puc. 5. AMIIUTYIa TPUHATOTO CUTHAaja OTOOpa)a-
€TCsI TUIOTHOCTHIO TIOUSPHEHNSI METOK. BUIHBI UeThI-
pe BETBH CHTHAJIOB: ONHOKPAaTHO OTpakeHHBIE O- U
X-cUrHaNBl ¥ ByKpaTHO oTpaxkeHHble O- n X-curHa-
761, B CIIOKOMHBIX YCIIOBHSIX, KOT/Ia paccessHue B HOHO-
cdepe MPaKTHIESCKH OTCYTCTBYET, HOHOTPAMMBI TIPe[-
CTaBILIFOT COOOM YETKUE CIIEbI, KaK Ha PHC. 5.

s pacueToB 00BIMHO OEpeTcsi CUTHANT OTHOKpAT-
HO OTpakeHHOH O-BOJHBI, IO KOTOPOMY IPOTPAMMON
MOCTPOEH TpeK (puc. 5, 1), KOTOPBIA UCHOJIB3YETCS s
ABTOMATHYECKOTO pacueTa pacHpereleHus! SICKTPOH-
HOU KOHIICHTpAIIMH TI0 BBICOTE HOHOCHEpHI (pHC. 5, 2) —
TPOIIIS DIEKTPOHHOH KOHIICHTPAIIUHL.

Kpome ckanupoBanus auanaszona yactor DPS-4
MOXeT padoTaTh Kak KJIACCHYECKUH pajnojIoKaTop ¢
JIOTIJICPOBCKOM (DHITbTpAIMCH CUTHAJIOB M ONpeese-
HUEM YIVIOB MPHUXOJAa OTPAXKECHHBIX OT LENU (MOHO-
ctepsl) paguocursaioB. B stom pexume DPS-4
[UKIIMYECKHA TepeOupaeT HECKOJIBKO (DUKCHUPOBAH-
HBIX HMHTEPBAJIOB YAacTOT. AMIUTUTYOBI M (a3bl Ha
Ka)XJ/I0il M3 YeThIpex aHTeHH (pHC. 4), OJy4YCHHbIC B
Iporecce N3MEPEHHs, COXPAHIIOTCS B (aiiiax cre-
maneHoro gopmara DFT [12]. B pesynbsrate obpa-
00TKM 2TUX (ailJIOB ONPENENAIOTCS YIVIBI MPUXOAa
Ka)XJON M3 MapIuajibHBIX PaJuoOBOIH (C pa30MBKOH
SYEeK 10 IATbHOCTH W JIOIUIEPOBCKOMY CHABUTY) H
CTpOsiITCSL Tak HasbiBaemble KapTel Heba (KH)
(Skymaps), otoOpakaroiime pacrpeeieHue MOIIl-
HOCTH OTPa)XEHHBIX OT HEOTHOPOIAHOW HOHOCHEPHI
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Puc. 6. Kapra Heba, mocTpoeHHas IO JaHHBIM
HOHOT'PaMMBI pHcC. 5

Fig. 6. The skymap constructed from
the ionogram data at Fig. 5

paanoBoiH no yraam npuxona. KH B DPS-4 06b1uHO
orobpaxkarorcs B npezaenax 40° ot 3eHUTa (BHEIIHSS
OKPY>XHOCTPH Ha puc. 6, 8, 10 u 12). Ha puc. 6 npen-
craBieHa KH, monmyuyeHHas mo JaHHBIM, Ha OCHOBa-
HUM KOTOPBIX TIOCTpOeHa uoHorpamma puc. 5. Kak
crieyeT u3 puc. 6, OTpaXeHHBIE OT HOHOC(EPHI CHT-
HaJIbl IPUXOJAT U3 OYEHb Y3KOr0 KOHYyCa YIJIOB BOJIM-
34 3eHUTA (KPECTOBBIE MAPKEPhl — CUTHANBI C TOJIO-
KHUTEIFHBIM JTOTUIEPOBCKUM C/IBUTOM, KBaJPaTHBIC —
C OTPHIIATENFHBIM JOTDIEPOBCKIM CMeleHrneM). Takoe
pacmpeneieHie MOIIHOCTH IO yIliaM MPHUXOoAa TH-
MMUYHO JIJISi CTIOKOWHBIX MOHOC(EPHBIX YCIOBHIA, KO-
Ia OTCYTCTBYIOT HOHOC(EPHEIC HEOTHOPOTHOCTH H,
COOTBETCTBEHHO, HET PAcCESHUs Ha HUX.

BObIyl0 4acTh BPEMEHH B CPEAHCIIMPOTHOMN
noHocepe HabIOmaCTCS paccesHrue 30HAUPYIOLINX
CUTHAJIOB B TOW miu uHOW cremneHu [6]. Ilpu stom
TPEKH HOHOTPaMM PACIIMPSIOTCSA MO BHICOTE M Ya-
CTOTE ¥ HOHOTPaMMBI NMPHOOPETAOT BHUJ, MOKAa3aH-
HBII Ha puc. 7 (4acTh MOHOTPAMMBI, H300paKCHHAS
CIUJIOLTHOW JIMHHEH, MOTydeHa B Pe3yNIbTare MpsIMbIX
W3MEPEHUH; 4YacTh, W300paKCHHAS INTPUXOBOW JIH-
HUEH, — KOMIIBIOTEPHBIM MOJAEIHpPOBaHUEM). B naH-
HOM clly4yae KOHYC, U3 KOTOPOTO Ha 3eMJTI0 MPUXOASAT
paccesiHHbIe paJHOBOJIHBI PACIIUPSETCS, a €r0 IEHTP
MOXET CYIIECTBEHHO OTKJIOHSTHCS OT 3eHUTa (puc. 8).
[Tpryem 00acTH MakCUMAIILHOW JIOKAJIN3AIlUU BOJTH
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Fig. 7. lonogram showing scattering on ionospheric
irregularities (Moscow, 11.01.2014 00:25 UT)

C TIOJIOXKUTEIBHBIM (KPECTOBBIE MapKephbl, 30HA BbI-
JIeJIeHa CIUTIOIIHOW JIMHUEH) W OTPHUIATENBHBIM JIO-
TUIEPOBCKMM CJIBHTOM (KBaJpaTHbIC MapKephbl, 30HA
BbIJIeJIEHa IITPUXOBOM JIMHUEH) MOTYT pa3inyarbes.
WsmepuB yribpl MpHXola U COOTBETCTBYIOIIME J0-
TUIEPOBCKHE CABUTH JJs Kaxkaoro otpaxarens (CH
HoHOC(hephl) TpH HE MEHee TpeX OTpaKaTensx,
MOYKHO BBITIOJIHUTD CJIEAYIOLIUE IPOLEAYPHI.
[IpenmnonoxuB, 4TO TPH BBHIOPAHHBIX OTpaXKaTels

N

Puc. 8. Kapra HebGa npu HoHOC(HEpHOM pacCestHUH
(Mocksa, 11.01.2014 00:25 UT) (cMm. puc. 7)

Fig. 8. Skymap under conditions of ionospheric scattering
(Moscow, 11.01.2014 00:25 UT) (see Fig. 7)
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HMEIOT OIIMH | TOT K& BEKTOP CKOPOCTH, MOKHO 3aITd-
carh CUCTEMY YPaBHCHHW U HAWTH BCE TPH KOMITOHCH-
ThI 9TOTO Bektopa [11, 13, 15]. IlepeOpaB pasnuuHble
TPOWKH OTpa)kareyiel, MOXKHO MOJYYUTh MAacCUB BEK-
TOPOB U OLIEHUTb CPEAHEE 3HAUCHHUE U JUCTICPCUIO CKO-
pocreit. IIponenypy ycpemHEHUs] MOXXHO IIPOBECTH C
YUYETOM BECOBBIX KO3(D(HITEHTOB, OTPAXKAIOIIUX OTHO-
CHTEITFHYIO MOIITHOCTB PA3JIMYHBIX ITAPIHATBHBIX BOJH.
AJITOpUTM, aHAJIOTUYHBIA ONMCAHHOMY, UCTIONB30-
BaH B IIOCTAaBISIEMOM KOMIUIEKTE MAaTeMaTHIECKOTO
obecrieuenust noHozouaa DPS-4. B cranmapTHOM pe-
JKHME TI0CJIE CHATHS MOHOTPAMMBI aBTOMATHYICCKH BbI-
OuparoTcst YeThlpe (PUKCHPOBAHHBIC YACTOTHI, HA KOTO-
pbIx mpoBoauTcst 3oHaupoBanue. aiee crpositcss KH n
OIPEIEISIIOTCS. TPH KOMIIOHEHTBI CKOPOCTH HEOHOPOJ-
Hoctell. [lomyueHHbICe 3Ha4Y€HHUS BBIBOIATCS M (DUKCH-
PYIOTCSI B MAaCCHBE C IIOCTPOCHHUEM CYTOYHBIX IPA(HKOB.
Puc. 8 nmpencrapiser cobol aBroMaridecku chop-
mupoBaHHoe DPS-4 u3o0paxeHne (HECKOIBKO YHPO-
1meHHoe). OpuUrHHaIbHbIC LIBETHBIE H300paKEHUS HOHO-
rpamm 1 KH moxuo Hatita B [14]. KH Ha puc. 8 coort-
BETCTBYET MOHOrpamMme Ha puc. 7. CTpenku Ha puc. 8
TIOKA3BIBAIOT HAIpaBICHUE Jpeida, YCPEeIHEHHOE IO
BCEM OTpakaTesIM Ha JaHHOM pHCYHKe. [opr3oHTamb-
HOE [BIDKCHHE HEOJHOPONHOCTEH MPOUCXOAUT B
HalpaBJIeHUH OT OOJIACTH C MPEUMYIECTBEHHO IIO-
JIOKUTETFHBIMA CIIBUTAMH JIOTIIICPOBCKOI YacTOTHI B
CTOpOHY OOJIaCTH C MPEUMYIIECTBEHHO OTPHUIIATEIBHBI-

MU C/IBUTAMH (CM. CTPEIIKH Vgepyy HA PHC. 1 1 pHic. 8).

ToyHOCTH U3MEPEHUS CKOPOCTEH 3aBUCUT OT WH-
TCHCHUBHOCTU PACCCAHUA. B JHEBHBIC 4YacChl, KOIrja
HOHOC(EpHOE paccesiHue MeHbIe (MEHbIIE HEOIHO-
poanocreil Ha KH 1 y30Kk 3aHMMaeMbli UMM KOHYC
BOKPYT 3€HHTA), TOUHOCTh U3MEPEHHUsI CKOPOCTEH va-
CTO HEYOBJIETBOPUTEIbHA. B HOUHBIX YCIIOBUSX, KO-
rna HeomgHopomHocTed Ha KH coTHm mim ThIcsS4w,
TOYHOCTh M3MEPEHUs CKOPOCTEH BBILIE, a OIIEHKa
JUCIIEPCUM  CKOPOCTEH, ONpeaesstomas TOYHOCTb
W3MEPEHUN JOCTAaTOYHO KOPPEKTHA. YIOBJIETBOPH-
TEJIbHBIMH MOXKHO CUMTaTh MU3MEPEHMS, 1€ CpeIHHE
3Ha4YEHUs] CKopocTel B 3—5 pa3 mpeBbIIIAIOT CpeHE-
KBaJpaTUUYECKUE OTKJIOHEHMUSL.

HNMenHO u3MepeHHst B TEMHOE BpeMsi CyTOK HC-
M0JIb30BaHbl B IPEICTABICHHBIX Jajiee pe3ynbTaTax
JUTSI CPaBHEHUH.

Pesyabrarsl 3kxcnmepuMeHTOB. PaHee amiuiu-
TYIHBIH TOMOTPAapUUSCKU METOJ OBLI YCIEIIHO
npuMeHeH B psae pabot [10, 17-20]. Mcnons3oBa-
Jlach CUCTEMa POCCUMCKUX HABUIallMOHHBIX CITYTHH-
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KoB, paboratonux Ha yactorax 150 u 400 MI, c
TIOYTH KPYTOBBIMHU OpOHTaMH BBICOTOM Okoito 1000 km.
bruto moka3aHo, 4TO B MOJSPHOM IIALIKE W aBpO-
paNbHON 30HE OpPUEHTAlUsl TOTEPEYHON aHHM30TpPO-

OMU Y, KOppeInupyeT C HampapieHHeM Jpeiida

IJ1a3Mbl WIIP’ OIIPCACIICHHBIM 110 AAHHBIM paJapoOB

HEKOTEPEHTHOTO paccessHus u cucteMbl SuperDARN.
BBITAHYTOCTh BBICOKOIIUPOTHBIX HEOIHOPOTHOCTEH
BJIOJIb TEOMAarHUTHOTO ToJIst (OCh o) MeHseTcs ot 10
mo 100...150, a BEITSIHYTOCTh NEPICHIUKYISIPHO
reoMarHuTHOMY 1oJ1to (ock ) — ot 3 1o 30...40, T. e.
HEOJJHOPOIHOCTH TIOMEePEeYHO-aHU30TPOIHBL. Hccie-
JIOBaHWE CPEIHCIIMPOTHBIX HEOMHOPOAHOCTEH IMOKa-
3aJI0, YTO OHM TaKX€ BBITSAHYTH MPEUMYIIECCTBCHHO
BJIOJIb TE€OMarHUTHOTO TOJIsl, B HEKOTOPOM Harpasiie-
HUY TIEPIICHANKYIISIPHO €My, M MapaMeTphI o U 3 9uc-
JICHHO CXOXKH C TTapaMeTpaMH BBICOKOIMPOTHBIX HEOI-
HOpojiHOCTEH [21], a opueHTaIMs UX MMOTIEPEYHON aHU-
30TPOIUH Y, Ppa3IUdHA IPU PA3IMYHBIX reodusude-

CKHUX ycoBusx [21].

W3-3a OTCYTCTBHS paJapoB HEKOT€PEHTHOTO pac-
cesaust unu panapoB SuperDARN B eBpomeiickoit
gacti Poccun He MMenoch HaHHBIX O Japelide mias-
MBI B CpPEJIHEHNIMPOTHOW HMOHOC(hEpe, a OpuUeHTALUs
W, Ui CPeIHUX MIUPOT PaHEe CPaBHUBATACH TOJb-

KO C MOJIENIbIO HEUTpalbHBIX BeTpoB [21]. CpaBHUM
OPUEHTALMIO Y, C KCIEPUMEHTAIbHbIMH JaHHBIMU

0 Jpeiide Ta3Mbl, MOTYYCHHBIME PaIHOIOKAIIUOH-
HbBIM MCTOAOM B PETrUOHE MOCKBI)I, B OOHU U TEC XK€
MOMEHTBI BpEMEHHU.

g cpaBHeHus ObLIM BBIOpaHBI CEaHCHI, KOTJa
[0 JaHHBIM TIPHEMHOTO ITyHKTa B MOCKBE OBLIM
YCIIELIHO OIpeesIeHbl opueHTauun v, MH. 13 Bcero

MaccHBa JaHHBIX 00 ammuuTyae curHanoB MC3 sto
YOAJIOCh CHENaTh TOJIBKO IpUMEpHO B 3 %, Tak Kak
KpUTEpUIl MPUMEHUMOCTH METOJa COCTOMT, BO-
MEPBbIX, B HAJIMYMHU MakCUMyMa B rpaduke aucrep-
CUU JIorapu(mMa OTHOCHUTEIILHOW aMILTUTYABI, U, BO-
BTOPBIX, 3TOT MaKCUMyM HE JOJDKEH IpeBBIIAaTh
3HadeHus1 0.3, MOCKOJNBbKY pPacdyeThl TEOpeTHYECKOU
MOZIETM PAcCEUBAIOLINX HEOJHOPOJHOCTEN CHETaHBI
B paMkax mnpuOmwkeHus PerroBa [16]. Jlnsa sHBaps
2014 . TakuX YCHEIIHBIX CEaHCOB OKa3anoch Tpu: 11 sH-
Baps B 00:25 UT (puc. 3, 7, 8), 15 auBaps B 16:46 UT
(puc. 9, 10) u 26 suBaps B 02:18 UT (puc. 11, 12).
NmMmenHO pe3ynpTaThl M3MEPEHHM B 3THX CEaHCax
CpPaBHUBAJIMCH C OLIEHKAMH CKOPOCTH U HaNpaBJICHUS
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npetida maa3mbl, aBTOMATUYECKH TOTYYEHHBIMU pa-
JIMOJIOKAllMOHHBIM METOIOM Ha pPa3MEUICHHOM B
N3MUNPAH nonozonae DPS-4 nipu 0ObIYHOM 30HIM-
poBaHuM B 15-MuHyTHOM pexume. i cpaBHEHUS €
HAIpaBIeHUSIMU OPHEHTAlUM Y, U3 apXuBa ObLIM
U3BJICUEHBI HanOoJee OJIM3KHE K YKa3aHHBIM MOMCH-
tam KH B reorpadmuecknx koopamHarax. Ha puc. 8
nipeactasnenst ganHbie st 00:19 UT 11 smBaps 2014

Hanpasnerme npefida CH  yp =278°  miokasano

crpenkami. [TockonmbKy OpHeHTaIust \y, CHMMETPHYHA
nosopoty Ha 180°, Ha puc. 8 opuenrauuss MH nokaszana
orpeskoM \, =95° =275°. B ceance 16:46 UT 15 su-
Baps monmyueno o=30, B=7, y, =50"=230" u
Yyp = 2357 (puc. 9, 10).

Ha KH ms 11 (puc. 8) u 15 (puc. 10) saBaps

HaOITIOaeTCs XOpoIlee COrIache MEXITy OpHUCHTAIMeH
HOIEPEYHON aHU30TPOIUU Y, W M3MEPCHHBIM NPAKTH-

YeCKH B 9TO e BpeMs HarpasienneM npetiga CH v p-

Opnako ciydaii 26 sHBapsi JEMOHCTPHUPYET He-
CKOIIBKO HHYIO cuTyauuio. CHaqama Ui pacuera .,

ObuTa rcronb3oBaHa Best KH (puc. 11), kak U B citydasx
11 u 15 suBaps. Pacuer nenancs aBTOMAaTHYECKU IIPO-
rpammoit DriftExplorer, mocrasnsemoit ¢ DPS-4. Beuto

TOITYYCHO 3HAYCHUE Y 1y = 320° (ctpenku Ha puc. 12).
B 1O k¢ BpeMs 3HaueHUE OpHUEHTALMU IONEPEYHOU

AHM30TPOIHMH B 3TOM ceance , = 85° =265° (puc. 11,

a TaKKe OTPe30K Ha puc. 12). DTo pacxoxkIeHUE To-
TpeOOoBaJIO JOMOIHUTEIBHOTO PACCMOTPEHIIS.

B pesynerare I'. H. J)KbankoBbiM Obliia pa3padoTaHa
mporpaMMa ONpEICNICHUs] HaIpaBlIeHus apefida 1o
KH, ananormunas nporpamme DriftExplorer, Ho Oonee
rubkast B ympasineHuu. llpu o6paborke Bceit KH
puc. 10 oHa pmama TO KE€ 3HAUYEHHWE OpPWEHTAIH

Ynp = 320°. OzHaKo NP OrpaHMYEHHH O0ONACTH TIPH-

HUMAaeMBIX K pacueTy oTpakeHuil Ha puc. 10 okpect-
HOCTBIO HamlpaBICHUS Ha OOJNACTh, IIe HaOmromaercs
MaKCUMyM (DIIYKTyalluil aMILTATYIBI, TONYYeHO CYIIe-
CTBEHHO JIy4IIIee COMIACHE M3MEPEHHBIX HAIPABIICHUI
Va U Y. OTOT GakT OOBSCHACTCS TeM, YTO Terepb

HarpaBJieHue apetida ObLI0 ONpEeIeieHO B OrpaHHYCH-
HOM 00NacT, MaKCHMAJbHO ONM3KOW K MpPOCTpaH-
CTBeHHOMY Tonoxkenno MH [22].
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Puc. 9. 3aBucuMocTb auctiepcuyt Jorapudma OTHOCUTEIBHON
AMIUIMTY/Ibl CUTHAJIA M YTJ1a MEXY BEKTOPOM MarHUTHOTO
10711 ¥ HAIIPaBJICHUEM Ha CIIyTHUK OT reorpadudeckoi
mupoTsl crryTHuKa (Mocksa, 15.01.2014 16:46 UT)

Fig. 9. The dependence between the logarithm dispersion
of signal relative amplitude and angle between the magnetic
field vector and line connecting the satellite with its latitude

(Moscow, 15.01.2014 16:46 UT):
1 — experiment; 2 — simulation;
3 — angle between the magnetic field vector and line
connecting the satellite with its latitude

Puc. 10. Kapta Heba mpu HOHOC(HEPHOM paccessHIN
(Mocksa, 15.01.2014 16:46 UT) (cM. puc. 9)

Fig. 10. Skymap under conditions of ionospheric scattering
(Moscow, 15.01.2014 16:46 UT) (see Fig. 9)

3akawodenue. OOpaboTKa SKCIIEPUMEHTATIBHBIX
KPHBBIX JIHCIIEPCUH JioraprudmMa OTHOCHTEIHHOW aM-
IUTMTYIBI CUTHAJNIA TI0 Mepe MPOXOXKIEHHS CITyTHHKA
NoKasajia, YTo HeoAHOpOoAHOCTH B F-cioe B cpemHux
HIMPOTaX IMOMEPEYHO-aHU30TPOITHBI, KAK ¥ B BBICO-
KAX [IMPOTax, MOCKOJIbKY HH OJWH MAaKCUMyM HE
yAaIoCh annpoKCUMHUpoBaTh npu B=1, T. e. Moae-

JbI0 M30TPONHBIX BBITAHYTHIX HEOIHOPOAHOCTEH.
MH B cpennemmpoTHON HOHOC(hEPE CKIOHHEI BBITS-
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Puc. 11. 3aBucumocTs quctiepcu Jioraprhma OTHOCUTENBHOM
aMIUIMTY/Ibl CUTHAJIA U YTJIa MEX/Y BEKTOPOM MarHUTHOTO
TI0JIS 1 HAIIPaBJIEHUEM Ha CITyTHHK OT reorpadu4eckon
mMpoTh criyTHUKa (Mocksa, 26.01.2014 02:18 UT)

Fig. 11. The dependence between the logarithm dispersion
of signal relative amplitude and angle between the magnetic field
vector and line connecting the satellite with its latitude
(Moscow, 26.01.2014 02:18 UT):
1 — experiment; 2 — simulation; 3 — angle between the magnetic
field vector and line connecting the satellite with its latitude

Puc. 12. Kapra HebGa npu HOHOC(HEPHOM paccessHAN
(Mocksa, 26.01.2014 02:18 UT) (cm. puc. 11)

Fig. 12. Skymap under conditions of ionospheric scattering
(Moscow, 26.01.2014 02:18 UT) (see Fig. 11)
TUBAThCS B IOTNEPEYHOM HAIMpPaBJICHUH, OIU3KOM K
HamnpasieHnto nepemenienns CH. Cornmacue maHHbIX
TEM Jydllle, YeM KaueCTBEHHEe MPUBJICYECHHBIE JIaH-
HBIE U YeM IOoApoOHEe YUTEHbl OCOOCHHOCTH KOH-
KPETHBIX CITydaeB. BEISBICHHAs CBS3b OPHUEHTAIUU
MOTEePEYHON aHU30TPONHUU BBITSHYTHIX HEOTHOPOA-
HOCTEH U HampaBiieHHs UX Apelda MoXeT ObITh IOo-
Jie3HA B yCIOBHSX Je(huiuTa MHPOPMALMU O HEOM-

HOPOJHON HOHOChEpeE.
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Abstract

Introduction. Relativistic, high intensity and small emittance electron bunches are the basis of a future linear collider
and free electron laser projects. Drive beam generation in a wakefield structure employing for power extraction and
acceleration low loss dielectrics like microwave ceramics, fused silica and Chemical Vapor Deposition (CVD) diamond
were considered.

Objective. We report here our experimental testing of a ceramic material with extremely low loss tangent at GHz fre-
guency ranges allowing the realization of high efficiency wakefield acceleration. We also present Barium Strontium
Titanium oxides (BST) ferroelectric material, which is a critical tuning element of the 400 MHz superconducting radiof-
requency (RF) tuner developed and tested by the CERN/Euclid Techlabs collaboration. The materials discussed here
also include quartz and CVD diamonds that are capable of supporting the high RF electric fields generated by electron
beams or pulsed high power microwaves. These materials have been optimized or specially designed for accelerator
applications.

Materials and methods. The ceramic materials for accelerators, commonly used for the dielectric based accelerating
structures, have to withstand high gradient accelerating fields, and prevent potential charging by electron beams. Cor-
respondingly, the ceramic materials, fused silica and CVD diamond were tested with high power wakefield accelerat-
ing structures at Argonne Wakefield Accelerator of Argonne National Laboratory. Some of the presented here ceramic
materials were tested at X-band 11.4 GHz magnicon high power source.

Results. Low loss microwave ceramics, fused silica, and CVD diamonds have been considered as materials for dielec-
tric based accelerating structures to study of the physical limitations encountered driving > 100 MV/m at microwave
and ~ GV/m at THz frequencies in a dielectric based wakefield accelerator. Various ceramic compositions were high
power and electron beam tested at X-band 11.4 GHz magnicon power source and Argonne Wakefield Accelerator cor-
respondingly. Special attention was paid to the CVD diamond cylindrical Ka-band 35 GHz wakefield structure devel-
opment. Finally, the dielectric based structure tuning was demonstrated by varying the permittivity of the BST ferroe-
lectric layer by temperature changes and by applying an external direct current electric field across the ferroelectric.
This allows us to control the effective dielectric constant of the composite system and therefore, to control the struc-
ture frequency during operation. The same type of ferroelectric material was used for the Ferroelectric Fast Reactive
tuner (FE-FRT) development. In a world first, CERN has tested the prototype FE-FRT with a superconducting cavity, and
frequency tuning has been successfully demonstrated.

Conclusion. Recent results on the development and experimental testing of advanced dielectric materials for acceler-
ator applications are presented. Low loss microwave ceramics, quartz and CVD diamond are considered. We present-
ed our experimental results on wakefield generation in microwave frequency ranges with the dielectric based acceler-
ating structures. Special attention was paid to the experimental results on high power testing at X-band of the exter-
nally powered dielectric based components. Finally, we present here first experimental demonstration of ferroelectric
tunable microwave ceramic for accelerator application, which includes both tunable dielectric wakefield accelerating
structure and ferroelectric based fast high power tuner for superconducting cavities. The experimental results pre-
sented here are critical for the advanced dielectric wakefield accelerating structures and other components develop-
ment intended for the future linear collider projects.

Key words: microwave, dielectric, ceramic, diamond, ferroelectric, accelerator
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Introduction. A linear collider concept based on
drive beam generation from an radiofrequency (RF)
photoinjector and employing dielectric structures [1]
for power extraction and acceleration has been pro-
posed [2]. The collider is based on a modular design
with each module providing 100 GeV net accelera-
tion. High frequency (20 GHz) RF power extracted
from the drive beam using a low impedance dielec-
tric structure is used to power the main linacs, which
are based on high impedance high gradient dielectric
loaded accelerating structures [2, 3]. Dielectric struc-
tures have been shown to sustain high fields for short
RF pulse lengths and can be used as RF power genera-
tion devices [3-5]. In this paper, we present a survey of
experimental testing of microwave materials with
high-current electron beams and high power micro-
wave sources intended for use in dielectric based short
pulse linear collider designs [2].

Low loss microwave ceramics, fused silica, and
Chemical Vapor Deposition (CVD) diamonds have
been considered as materials for dielectric based ac-
celerating structures to study of the physical limita-
tions encountered driving > 100 MV/m at microwave
[3-5] and > GV/m at THz frequencies in a dielectric
based wakefield accelerator [6]. Advanced dielectric
materials can sustain high surface fields and high
pulsed power in the GHz frequency range [4]. A
100 MV/m gradient has been demonstrated with an
X-band standing wave resonator [3, 4]. THz radiation
has been generated by a short ~10 GV/m pulse with-
in a 100 um diameter dielectric fiber [6]. The electri-
cal and mechanical properties of diamond make it an
ideal candidate material for use in dielectric RF
structures: high breakdown voltage, extremely low
dielectric losses and the highest thermal conductivity
coefficient available for removing waste heat from
the device [7-9].

Recently developed nonlinear "smart" materials
like Barium Strontium Titanium (BST) based low
loss ferroelectrics are used as key elements in RF

tuning and phase shifting components to provide fast
electronic control [10, 11]. The frequency of a metal-
lic accelerating structure is defined by its geometry.
Dielectric loaded accelerator (DLA) structures, on
the other hand, have another important parameter
that determines the frequency spectrum — the dielec-
tric constant of the loading material. A new technique
that allows control of the dielectric constant (and
consequently the frequency spectrum) for dielectric
waveguides by incorporating ferroelectric layer is
considered. It should be noticed that ferroelectric
materials are also is a base for newly developed ac-
celerator components that allow coupling adjustment
and control of power consumption during accelerat-
ing cavity filling and are under study for potential
Energy Recovery Linac (ERL), International Linear
Collider (ILC) and Proton Improvement Plan-I1 (PIP-II)
applications [12, 13].

Methods. Dielectric loaded accelerator structures
using low-loss microwave ceramics and excited by a
high current electron beam or an external high fre-
quency high power RF source have been under exten-
sive study [1, 3—6]. The basic wakefield RF structure
is very simple — a cylindrical, dielectric loaded wave-
guide with an axial vacuum channel is inserted into a
conductive sleeve. A high charge, (typically 20...40 nC),
short, (1-4 mm) electron drive beam generates TMOn
mode electromagnetic Cherenkov radiation (wake-
fields) while propagating down the vacuum channel.
Following at a delay adjusted to catch the accelerating
phase of the wakefield is a second electron (witness)
beam. The witness beam is accelerated to high energy
directly by the wakefield produced by the drive beam
in the collinear accelerating method [1, 2—6]. In a two-
beam-acceleration method, a low-energy, high-current
particle beam is passed through a deceleration section,
where the power from the beam is partially transferred
to wakefields. With a properly designed RF output
coupler, the power can be extracted to an output
waveguide, and used to accelerate a high-energy low-
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current beam [3, 4, 14]. A series of proof of principle
experiments have been successfully performed in mi-
crowave frequency range at the Argonne Advanced
Accelerator Test Facility and Argonne Wakefield Ac-
celerator [1, 3—5]. THz range wakefields have been
generated by the UCLA-SLAC collaboration [6].

The advantages and potential problems of using
dielectric for loading an accelerating structure are
discussed in the references [3, 4, 15] and are only
summarized here. The advantages are:

— simplicity of fabrication: the device is simply a
tube of dielectric surrounded by a conducting cylin-
der that is a great advantage for high frequency struc-
tures compared to conventional structures, where
extremely tight fabrication tolerances are required;

— the relatively small diameter of these devices
also facilitates placement of quadrupole Ilenses
around the structures useful for suppressing beam
break up effects;

— dielectrics can potentially exhibit high breakdown
thresholds relative to copper and high shunt impedance;

— reduced sensitivity to the single bunch beam
break-up (BBU) instability;

— easy parasitic mode damping [3, 4, 15].

Potential challenges of using dielectric materials
in a high power RF environment are breakdown and
thermal heating, challenges that are shared with all-
metal conventional accelerating structures.

Results and discussion. The first dielectric
wakefield acceleration was demonstrated at the Ar-
gonne Accelerator Test Facility at Argonne National
Laboratory (ANL) [1]. This accelerator provided a
beamline for these pioneer wakefield acceleration
experiments. The charge per bunch could be varied
between 1 and 5 nC, and part of this bunch was sub-
sequently intercepted by a graphite target to form a
second beam. Materials used in this proof-of principal
experiment were polystyrene, steatite and nylon that
were acceptable at that time for the demonstrated low
wakefields magnitudes <1 MV/m [1].

The Argonne Wakefield Accelerator (AWA) fa-
cility was built in the early 1990s, having as its main
objective the generation of high charge electron
beams for wakefield acceleration and RF power gen-
eration [3—4]. A single cell photocathode RF gun was
used to produce high charge drive electron bunches
of charge up to 100 nC accelerated by two linac
tanks to an energy of 15 MeV; a second multi-cell
photocathode RF gun was used to generate 4 MeV
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witness bunches. The two beamlines — drive beam
and witness beam — were connected by a combining
section that provided drive and witness beams that
could be configured as both a collinear wakefield
accelerator and two beam accelerator [3—4, 14].

Several materials have been beam tested at the
AWA facility to demonstrate dielectric based acceler-
ation. An X-band dielectric loaded accelerator has
been developed [15], and several standing-wave
DLA structures have been tested under high gradi-
ents up to 100 MV/m [3, 4]. Recently lower power
loss and higher acceleration efficiency multilayer DL
structures were proposed [16] and bench tested [17];
an enhanced transformer ratio was shown in a
ramped bunch train test in a DLA structure [18]. Dif-
ferent materials such as cordierite (¢ = 4.7), forsterite
(e = 6.3), magnesium calcium titanium oxides (MCT)
(e = 20), alumina (¢ = 9.8 ) and quartz (¢ = 3.8) have
been used for different applications, which provided
useful experience in choosing dielectric materials
and testing RF breakdown thresholds.

Dielectric loaded wakefield structures have po-
tential to be used as high gradient accelerator com-
ponents, and 15 MeV drive beam measurements of
the ceramic and quartz materials are summarized in
Table 1 of this paper. The table is limited to the work
of the AWA group and contributions from their col-
laborators. After the AWA demonstrated its capability
of producing > 100 nC per single bunch, attempts
were made to achieve high accelerating gradients in
several short standing-wave structures using wake-
fields from a high charge beam [3, 4]. Quartz and
cordierite structures have been recently beam tested,
with dielectric constants of 3.75 and 4.76, respective-
ly. The AWA group has been able to gradually in-
crease the gradient in dielectric wakefield devices
from 20 MV/m a few years ago to the current
100 MV/m. The results show no observed break-
down [3-4], Table 1.

A method of power extraction has to be provided
for a two-beam accelerator design [3, 4, 14]. As part
of the two-beam accelerator program at AWA, a
7.8 GHz DL power extractor has been designed and
tested with an intense electron beam. 30 MW of
power has been generated in single bunch experi-
ments and 44 MW in tests using a train of four
bunches [19]. Furthermore, a 26 GHz DL power ex-
tractor has been designed and demonstrated in 2009,
and 30 MW output power has been reached in a 10
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Table 1. Ceramic microwave materials that have been utilized
for the dielectric loaded accelerating (DLA) structure development

Dielectric € tan 9, 10 GHz | Frequency, GHz Experiment, reference
Quartz 3.8 <1-10% 11.4 High Gradient Standing Wave [3, 4]
7.8 7.8 GHz TBA Power Extractor [14]
8.6 High Gradient Standing W 3,4
Cordierite 47 <1.5-104 igh Gradient Standing Wave [3, 4]
21 21 GHz DL Power Extractor [19]
11.4/30 Two Channel High Transformer Ratio [23]
Diamond 5.7 <1-10* 26-35 High Gradient Standing Wave [5, 9]
) 11.4 Traveling Wave DLA [13]
Forsterite 6.3 <2-1074
26 26 GHz DL Power Extractor [18]
Alumina 9.8 <1-10* 114 Dual Layer DLA (outer layer) [16]
MgTiO;—
. 16 <1.2-10 13.6 Collinear High Transformer Ratio [17]
Mg,TiO,
MCT .

(Mg.Ca)TiO, 20 <2-10 7.8 Two Beam DLA Accelerator [12]
BaTi, O, 37 <3-10 114 Dual Layer DLA (inner layer) [16]
CaTiO5-

LaAlO 38.1 <5-10 1...30 (multimode) | Multimode DLA bunch train generation [22]
anlls

ns pulse [20]. No breakdown phenomena have been
detected with this set of experiments either. The
21 GHz DL power extractor has been tested previous-
ly by Duly Research, with the results reported in [21].

A joint ANL/NRL/Euclid program in 2005-2015
allowed to investigate X-band DLA structures, using
high-power 11.424 GHz RF from the NRL Magnicon
Facility [22, 23]. The X-band NRL Magnicon can
provide up to 20 MW with a 200 ns pulse length
from either of its two output arms to test DLA de-
signs and in particular to determine the RF break-
down limits of the structure materials. The most re-
cent test results for two DLA structures loaded with
alumina and MCT have been reported in ref. [22]. No
RF breakdown has been observed for up to 5 MW of
drive power (equivalent to 8 MV/m accelerating gra-
dient), but multipactor was observed to absorb a
large fraction of the incident microwave power. The
latest experimental results on suppression of multi-
pactor using a Titanium Nitride (TiN) coating on the
inner surface of the dielectric have been reported in
[22, 23]. It was found that the MCT structure appears
to be superior to the alumina structure as it loses less
power throughout the tested range.

The DLA structure loading materials tested at the
NRL magnicon are presented in Table 2. The most

recently built design is the X-band clamped DLA
structure made of quartz as the loading dielectric
with an inner diameter of 3 mm. This structure is
designed to produce an 11.6 MV/m accelerating gra-
dient at 10 MW RF drive power. This structure was
tested to an input power level of 16.5 MW with no
sign of RF breakdown, for which a gradient of
15 MV/m can be inferred. The 10 % RF transmission

Table 2. Microwave dielectric materials that have been high power
tested at the X-band NRL Magnicon Facility

Frequency,
GHz

Experiment,
reference
Traveling
Wave 250

ns RF Pulse

[21]
Traveling
Wave 250
ns RF Pulse
[20,21]

Dual Layer

DLA (outer

layer) [16]"
Traveling
Wave 250

ns RF Pulse

[21]

Dual Layer

DLA (inner

layer) [16]"

Dielectric € tan &

Quartz 38 114

<1.107*

Alumina 9.8 114

<1.107*

MCT

(Mg CayTio, | 20 114

<2.107*

BaTi, O, 37 | <3.107 114
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drop as the input power was increased up to 4 MW
reflects the onset of multipactor induced losses. This
structure showed no sign of RF breakdown at the
highest input powers applied [22].

Light reflects off the naturally smooth individual
facets of diamond crystals comprising the polycrys-
talline aggregate.

It should be noticed that multiple arcing has been
detected with initial high power tests. The RF power
applied to the first MCT structure was stopped at
1.9 MW due to multiple arcing sites that appeared at a
dielectric joint between the upstream end taper section
and the uniform acceleration section resulting from the
existence of a microscale vacuum gap in the dielectric
joint [23]. Based on the continuity of electric flux, the
local longitudinal electric field should be enhanced by
20 (e) times compared to the ideal (joint free) case.
For this MCT DLA structure, the accelerating field is
around 5.7 MV/m (10 % power reflection considered)
at the upstream end taper when 1 MW of incident
power is applied. One can estimate that the electric
field enhancement at the gap to be 100 MV/m for a
5.7 MV/m accelerating gradient. Interestingly, this
indirectly shows that the MCT DLA structure handled
60...100 MV/m electric fields for a 200...250 ns RF
pulse without breakdown [23].

In order to eliminate dielectric joints, two new
types of structures were developed that employ a sin-
gle-section dielectric insert. One uses a coaxial RF cou-
pler, and the other structure uses a clamped metal outer
jacket to enclose a tapered dielectric insert. The X-band
clamped DLA structure using quartz as the loading ma-
terial has been fabricated and tested at NRL Magnicon
Facility. As expected, this structure showed no signs of
RF breakdown at the highest powers tested [22].

a

70

RF power attenuation is a critical problem in the
development of dielectric loaded structures for parti-
cle acceleration. A Multilayer Dielectric Loaded Ac-
celerating Structure (MDLA) is a possible approach
for reducing the RF losses below those of a single
layer device [17]. A MDLA based on the principle of
Bragg reflection has been designed and constructed
using alumina and BaTiqOg9 low loss ceramic as

loading materials (Tables 1, 2). The cold test results
are presented in [17]; beam and high power tests are
planned in nearest future. 13.625 GHz DLA structure
was designed fabricated with MgTiO3—Mg,TiOy4

ceramic loading (¢ =16) for the High Transformer
Ratio experiment [18]. A multimode DLA structure
(CaTiO3—LaAlO3, €=16) has been excited with

the four-bunch train as well [24]. A two channel DLA
based structure with enhanced transformer ratio and
made of cordierite ceramic is currently being tested
at AWA [25]. No breakdown or multipactoring were
detected in these experiments.

Low-loss microwave ceramics and quartz are not
the only materials that are being intensively studied as
potential DLA loading. An alternative is to use poly-
crystalline artificial diamond produced by CVD [9],
which shows promise for use in a high-gradient, DLA
structure. It has a very high breakdown field up to
2 GV/m at DC field (no data available for RF frequen-
cies yet), low loss tangent (<10~ at 10...30 GHz), and
the  highest known  thermal  conductivity

(2100 W-m 1.k [7-9].
Initially, a diamond based resonator loading was

considered in [7]. In [8], a diamond-based rectangular
DLA was discussed and all-metal and dielectric-based

b
Fig. 1. Photographs of CVD diamond tube developed: top view (a); axial view (b)
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Forsterite BST (M)

a

Fig. 2. The tunable DLA resonator with double layer loading: the nonlinear layer is made
of BST(M) ferroelectric and the inner forsterite layer (light) inserted into the ferroelectric one (a);
tunable ferroelectric elements for BST based superconducting RF (SRF) tuner prototypes (b)

accelerating structures were compared. The cylindrical
diamond dielectric tubes that are manufactured via a rela-
tively simple and inexpensive CVD process, plasma as-
sisted CVD have been considered in [5, 9]. Our initial
work was based on 100 um and 5 mm scale tubes with
fundamental frequencies in the 0.1...1.0 THz range;
promising results were obtained using the plasma assist-
ed and hot-filament CVD process. The 5 mm inner di-
ameter, 2.5 cm long and 500 um thick diamond tube has
been fabricated for 35 GHz structure and characterized
with SEM, micro-Raman and micro-photoluminescence
spectrum analysis. Fig. 1 shows the finished free standing
diamond tube. Tube parameters are: 5 mm inner diame-
ter, 2.5 cm long and ~500 pm thick.

The frequency of a metallic accelerating struc-
ture is defined by its geometry. DLA structures, on
the other hand, have another important parameter
that determines the frequency spectrum — the dielec-
tric constant of the loading material. We have pro-
posed a new technique that allows control of the die-
lectric constant (and consequently the frequency
spectrum) for dielectric waveguides by incorporating
ferroelectric layers. The most noteworthy feature of
the tunable DLA is the replacement of a single ce-
ramic by a composite of 2 layers as shown in
Fig. 2, a. The inner layer is ceramic, with permittivi-
ty typically in the range of 4...36 [5, 10]. The outer
layer is made of BST ferroelectric, placed between

the ceramic layer and the copper sleeve. The DLA
structure tuning is achieved by varying the permittiv-
ity of the ferroelectric layer by temperature changes
or by applying an external DC electric field across
the ferroelectric. This allows us to control the effec-
tive dielectric constant of the composite system and
therefore, to control the structure frequency during
operation. Table 3 presents materials that have been
used for the tunable DLA fabrication. The details can
be found in [10, 12], where the results show a very
good linearity and sensitivity of the thermal tuning of
this ferroelectric material: ~14 MHz/K has been
measured for the structures.

The BST solid solution can be synthesized in the
form of polycrystalline ceramic layers and in bulk
[12]. High dielectric breakdown strength, low gas
permeability and simplicity of mechanical treatment
make ferroelectric ceramics promising candidates for
the loading material in accelerator tuning and switch-
ing devices [12]. Recent progress in the technology
of BST(M) ferroelectrics was demonstrated in labor-
atory tests of fast switching: switching times <1 ns
were measured for small ferroelectric samples and
<30 ns for a high power L-band tuner model
[12, 13]. Other desired material properties are quite
well known: high tunability and low dielectric losses
are required. Consequently our work has focused on
ferroelectric-dielectric composites containing inclu-

Table 3. Microwave dielectric and ferroelectric materials that have been used for the tunable DLA fabrication

Dielectric I3 tan & Frequency, GHz Experiment, reference
Forsterite 6.3 <2.107* 18...26 Tunable DLA [10, 11]
BST/MgO/Mg,TiO, | 100...500 | <1.1073 18...26 Tunable DLA [10, 11]
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sions of low permittivity conventional dielectric ma-
terial. In particular, the area of possible accelerator
applications of ferroelectric elements is broadening.
Our collaboration currently has studied two L-band
tuner designs, and X-band and Ka-band fast switches
and phase shifters [12, 13]. A fast ferroelectric tuner
has been designed for operation in L-band to allow
rapid adjustments of cavity coupling in an accelerator
where RF source fluctuations, microphonics, or other
uncontrolled fluctuations could cause undesirable emit-
tance growth. This ferroelectric based device is intend-
ed for ERL [11], ILC and PIP-II applications [12, 13].
Typical representative ferroelectric materials are
BaTiO3 or a BaTiO3—-SrTiO3 solid solution

(BST). The BST solid solution can be synthesized in
the form of polycrystalline ceramic layers and in
bulk, Fig. 2, 5. BST(M) material [26] (BST ferroe-
lectric with Mg-based additives) was developed by
Euclid Techlabs/Ceramic Ltd. collaboration allowing
fast switching and tuning in vacuum at a high biasing
electric field of 50 kV/cm [27, 28]. Initially this ma-
terial was developed for the X-band frequency range
[29, 30] (11.424 GHz) and demonstrated loss tan-

gents of 5 107 at 10 GHz. Tunability, time response
and loss factor measurements for large bulk ferroe-
lectric samples have been presented and published in
[31]. A new BST-based material has been developed
with a tunability of 6-8 % at a 15 kV/cm biasing
field to be applied in air [32-34]. Development of
this type of material was a challenge; there are no
other materials available with a tuning range and loss
factor close to those listed above. It was demonstrat-
ed recently that by introducing a linear (non-tunable)
72

b

Fig. 3. The tunable BST ferroelectric element for 400 MHz SRF cavity tuner (@);
tunable ferroelectric BST element after metallization (b)

Mg-based ceramic component into the BST solid
solution one can enhance the tunability factor of the
entire composition while keeping the loss tangent

below 10~ at L band [33—34]. This counter-intuitive
property (by increasing the non-tunable ceramic con-
tent of the ferroelectric-ceramic mixture one can en-
hance the tunability of the resulting material) opens
important new possibilities in designing the specific
class of microwave ceramic materials that will ena-
ble tuning at low magnitude biasing fields. In partic-
ular, an unprecedented low zero-field permittivity,
non-linear material that retains tunability has been
developed [33-34]: a BST ferroelectric and Mg-
based additive composite with a dielectric constant in
the range of = 150, Fig. 3, a, b.

A prototype Ferroelectric Fast Reactive Tuner
(FE-FRT) for superconducting cavities has been de-
veloped, which allows the frequency to be controlled
by application of a potential difference across a fer-
roelectric residing within the tuner. This technique
has now become practically feasible due to the recent
development of a new extremely low loss ferroelec-
tric material. In a world first, CERN has tested the
prototype FE-FRT (based on the Euclid/Ceramics
Ltd. BST material) with a superconducting cavity,
and frequency tuning has been successfully demon-
strated [11]. This is a significant first step in the de-
velopment of an entirely new class of tuner. These
will allow electronic control of cavity frequencies, by
a device operating at room temperature, within time-
scales that will allow active compensation of micro-
phonics. For many applications this could eliminate
the need to use over-coupled fundamental power
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couplers, thus significantly reducing RF amplifier
power. Details of this research can be found in [11].
Conclusion. We presented a survey of experi-
mental testing of microwave materials with high-
current electron beams and high power microwave
sources intended for use in dielectric wakefield ac-
celeration and other beam physics applications. The
discussed materials include low loss microwave ce-
ramics, quartz (fused silica), CVD diamonds and
nonlinear BST based ferroelectrics. We presented our
experimental results on wakefield generation in mi-
crowave frequency ranges with the dielectric based
accelerating structures. Special attention was paid to
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the experimental results on high power testing at X-
band for the externally powered dielectric based
structures. Finally, we presented here first experi-
mental demonstration of application of ferroelectric
tunable microwave ceramic for accelerator applica-
tion, which includes both tunable dielectric wake-
field accelerating structures and ferroelectric based
fast high power tuner for superconducting cavities.
Experimental results presented here are critically
important for the advanced dielectric wakefield ac-
celerating structures and other components develop-
ment intended for the future linear collider projects.
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Abstract

Introduction. Microacoustic sensors based on surface acoustic wave (SAW) devices allow the sensor integra-
tion into a wafer based microfluidic analytical platforms such as lab-on-a-chip. Currently exist various ap-
proaches of application of SAW devices for liquid properties analysis. But this sensors probe only a thin interfa-
cial liquid layer. The motivation to develop the new SAW-based sensor is to overcome this limitation. The new
sensor introduced here uses acoustic measurements, including surface acoustic waves (SAW) and acoustic
methamaterial sensor approaches. The new sensor can become the starting point of a new class of microsen-
sor. It measures volumetric properties of liquid analytes in a cavity, not interfacial properties to some artificial
sensor surface as the majority of classical chemical and biochemical sensors.

Objective. The purpose of the work is to find solutions to overcome SAW-based liquid sensors limitations and the
developing of a new sensor that uses acoustic measurements and includes a SAW device and acoustic metamaterial.
Materials and methods. A theoretical analysis of sensor structure was carried out on the basis of numerical
simulation using COMSOL Multiphysics software. Lithium niobate (LiINbO3) 127.86° Y-cut with wave propaga-
tion in the X direction was chosen as a substrate material. Microfluidic structure was designed as a set of rec-
tangular shape channels. A method for measuring volumetric properties of liquids, based on SAW based fluid
sensor concept, comprising the steps of: (a) providing sensor structure with the key elements: a SAW resonator,
a high-Q set of liquid-filled cavities and intermediate layer with artificial elastic properties between them; (b)
measuring of resonance frequency shift, associated with the resonance in liquid-filled cavity, in the response of
weakly coupled resonators of SAW resonator loaded by periodic microfluidic structure; (c) determination of
volumetric properties of the fluid on the basis of a certain relationship between the speed of sound in liquid,
the resonant frequency of the set of liquid-filled cavities, and the geometry design of the cavity.

Results. The new sensor approach is introduced. The eigenmodes of the sensor structure with a liquid analyte are car-
ried out. The characteristic of sensor structure is determined. The key elements of introduced microfluidic sensor are a
SAW structure, an acoustic metamaterial with a periodic set of microfluidic channels. The SAW device acts as electrome-
chanical transducer. It excites surface waves propagating in the X direction lengthwise the periodic structure and detects
the acoustic load generated by the microfluidic structure resonator. The origin of the sensor signal is a small frequency
change caused by small variations of acoustic properties of the analyte within the set of microfluidic channels.
Conclusion. The principle of the new microacoustic sensor, which can become the basis for creating a new
class of microfluidic sensors, is shown.
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Introduction. Microacoustic sensors based on
surface acoustic wave (SAW) devices allow the sen-
sor integration into a wafer based microfluidic ana-
lytical platforms such as lab-on-a-chip. Currently
exist various approaches of application of SAW de-
vices for liquid properties analysis [1-5]. The basic
concept of a SAW sensor utilizes an interrogation of
external measuring substance with propagating along
the waveguide acoustic wave. Initially developed
Rayleigh wave SAW sensors were applied for the
organic gas detection utilizing polymer sensitive
layers [6]. However, an application of the same ap-
proach for liquid sensors was associated with a con-
siderable wave attenuation caused by irradiation of
normal component of Rayleigh wave into the liquid
volume. Further development of SAW devices dis-
covered a various modes of surface acoustic waves
such as horizontally polarized shear waves that were
applied for non-polar liquids measurements. Unfor-
tunately, the wave attenuation was still too high be-
cause of a significant mismatch of dielectric proper-
ties of substrate (commonly used quartz substrates)
and liquid. As a result, the wave confinement at the
waveguide surface was deteriorated. The current prob-
lem was later solved by utilization of substrate materi-
als with dielectric constant that is considerably higher
than quartz [7, 8]. The application of lithium niobate
and lithium tantalite substrates of different cuts al-
lowed the sensor to operate with high permittivity
liquids even in cases where it is directly applied to the
waveguide surface. Thus, the SAW sensor based on
36° YX cut of LiTaO3; wafer was utilized as a biosen-
sor to detect amounts of an enzyme immobilized on a
surface during the catalytic reaction [9]. Later, another
type of shear horizontal SAW liquid sensor was devel-
oped with the use of Love surface wave. The Love
wave is a surface acoustic wave that is localized with-
in the overlayer deposited atop of the SAW wave-
guide. This type of wave appears in a layered structure
and localizes in the overlayer because of its low
acoustic wave velocity in comparison to the wave-
guide. Such acoustic wave localization allows decreas-
ing the surface wave attenuation caused by scattering
into the bulk of the substrate. The adjustment of the
waveguiding layer thickness may create an acoustic
film resonance that significantly improves the sensor
sensitivity to mass loading [10].

The SAW-based sensor concepts were broadly
utilized for biosensor applications. In most cases, the
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sensor structure is formed on a solid substrate basis
with a tailored wave propagation path (surface modi-
fication with recognition layers), which allow for the
realization of liquid sensors that are specifically sen-
sitive to certain targeting substances. The detecting
variation of mass load in this case is extended by
altering the functional layer properties caused by the
adsorption in a sensitive layer or binding to the
recognition layer. In contrast to near-surface detec-
tion mechanisms, the velocimetry-based sensor ap-
proaches detect the variation of the speed of sound of
the liquid analyte. Excitation of liquid pressure reso-
nances and control of the resonant response of liquid-
containing volumes is one of the most convenient
ways to measure the analyte velocity of sound. The
application of cavity-based approaches on a basis of
SAW sensor platform is rather challenging because
of the unavoidable scattering of acoustic waves into
the substrate volume. Therefore, the velocimetry-
based analysis of liquids on a SAW sensor platform
is rather challenging approach.

Another approach is sensors based on phononic
crystals. Composite periodic structures, also called
phononic crystals, allow to develop the composite
arrangements with artificial acoustic properties that
are defined not only by the material properties of the
structure constituents, but by the design (geometry,
symmetry, periodicity) [11, 12]. A propagation
through such structures of elastic waves is featured
by the wavelength regions, within which sound can-
not propagate through the structure (bandgap); there-
fore, almost complete reflection or scattering of inci-
dent acoustic waves occurs. For the frequencies cor-
responding to a bandgap region, the periodic struc-
ture can be described in terms of high acoustic im-
pedance for an incident acoustic wave. Thus, one of
the most advantageous features of phononic struc-
tures is an ability to be applied in those cases, where
rather high acoustic impedance boundaries are re-
quired and application of standard materials (such as
tungsten) is limited.

Since among other parameters the acoustic prop-
erties of the composite arrangement depend on mate-
rial properties of structure constituents, their varia-
tion causes a change in a structure transmission be-
havior. That feature allows to apply solid-liquid peri-
odic composite arrangements for liquid sensor pur-
poses that were already demonstrated in several pre-
vious works [13-15]. A control of the frequency
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position of isolated narrow transmission bands is
more beneficial rather than deviation of bandgap
edges, as it was demonstrated earlier. For that reason,
the idea of phononic crystal based liquid sensors was
focused on the obtainment of the structure isolated
transmission peaks (dips) that correspond to material
properties of the liquid constituent. In contrast to
well developed microacoustic liquid sensors, the
phononic crystal liquid sensor approach enables the
detection of the velocity of sound of liquid analyte.
Similarly to ultrasonic velocimetry sensor approach,
the phononic crystal based sensors allow to evaluate
thermodynamic quantities of the liquid analyte ana-
lyzing the speed of sound at a certain range of pres-
sures. The reaction on molecule interactions is re-
flected as a change in a liquid compressibility that
can be detected by probing the analyte with ultrason-
ic velocimetry methods. Proposed approach allows to
keep the advantages of velocimetry based methods
and at the same time to apply the measurement prin-
ciple based on a control of structure resonances simi-
lar to microacoustic sensor devices [16].

Several of previous works have already demon-
strated phononic crystal based sensor designs and
confirmed the concept showing a direct correlation
of the periodic structure response to volumetric ma-
terial properties of the analysed liquid (more precise-
ly, speed of sound) [17, 18]. Depending on the appli-
cation field, certain advantages of the phononic crys-
tal based sensor approach can be underlined. In [19,
20] it was shown that application of periodic ar-
rangements for the detection of properties of hydro-
carbon blends is advantageous in several aspects. It
was shown that the speed of sound properties of
analytes vary in a distinct manner depending on the
composition, and the deviation between different
blends is much sufficient for the detection.

Materials and Methods. A new SAW based
sensor which idea is introduced here detects a change
in resonance frequencies of the system of piezoelec-
tric transducer loaded by periodic structure of micro-
fluidic channels filled by liquid. The resonance fre-
quencies of the SAW with microfluidic system
strongly depend on acoustic properties of liquid.
Detecting of its changes allow to obtain qualitative
and quantitative information of the composition of
liquid and thermodynamic properties including mo-
lecular interactions within the (free) liquid.

asuring Systems and Instruments Based on Acoustic, Optical and Radio Waves

The key elements of the new microfluidic SAW
based sensor are a SAW resonator, an acoustic met-
amaterial and a high-Q set of liquid-filled channels.
The SAW resonator acts as electromechanical trans-
ducer. It excites acoustic waves propagating towards
a periodic microfluidic structure and detects the
acoustic load generated by liquid resonator.

Application of resonator based SAW platform
enables the efficient readout of microfluidic structure
sensing modes at the resonance conditions of the
SAW resonator that leads to significant improve of
the sensor response. The application of that approach
is associated with challenges related to the appear-
ance of couple resonances and as a result broadening
of spectral properties and loss of sensitivity. In order
to decouple the resonances of the SAW structure and
the microfluidic structure modes, we propose to in-
troduce the intermediate layer with artificial elastic
properties that allows to tune the coupling between
the resonating part of the arrangement in a prede-
fined manner. The result of the structure coupling is
the achievement of structure readout in a form of
narrow-band resonance that is sensitive to the varia-
tion of material properties of the periodic structure
liquid constitute.

Lithium niobate (LiNbO3) 127.86° Y-cut with

wave propagation in the X direction was chosen as a
substrate material. It has an efficient coupling to
Rayleigh wave and is a typical material for broad-
band SAW devices. Electrodes with an equal aperture
of 100 of SAW wavelengths (interdigitated transduc-
ers IDTs), an equal electrodes width, and a period
along the wave propagation were used in the current
sensor design. Microfluidic structure with a set of
rectangular shape channels are made of silicon.

Results and Discussion. The modelling of de-
signed structure was based on solving a system of
equations that includes an equation for the propaga-
tion of acoustic waves in anisotropic media

2
zz kya a

where p is the density; u; are the components of the

displacement field; e; is the piezoelectric tensor; ¢

is electric potential; cgkl is the elastic modulus ten-

sor determined with a constant electric field; i, j, £
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and / are indices running from 1 to 3; and the Helm-
holtz equation for a pressure wave in a liquid

where o is the circular frequency; v is the speed of
sound in a liquid; p is pressure.

Conditions at the boundaries of the "solid-liquid"
section are as follows:

F=-ngp; (nfou)oo2 =—ng (— le+qj,
P

where F is the force per unit area representing the
load on the cylinder walls; ng is the normal vector

directed from a solid; n¢ is the normal vector di-

rected from the fluid volume; u is the mechanical
displacement vector in a solid; q is the acceleration
vector reported by the fluid.

The simulations were completed with an acoustic
module of COMSOL™ Multiphysics software (Bur-
lington, MA, USA).

The structure geometry was divided into separate
domains of three different types, each of which is
described with a separate system of equations. The
"piezoelectric material" domains are described as
anisotropic piezoelectric materials. The 127.86° Y
cut is defined with a rotational coordinate system that
recalculates the respective material properties in
accordance with Euler angles prescribed in the rota-
tion coordinate system of the model. The computa-
tional domains of the microfluidic structures and
IDTs are described as isotropic materials that are
mechanically coupled to the piezoelectric waveguide.
These domains are described as "linear elastic mate-
rial" domains. The liquid that fills the microfluidic
channels is described by the pressure acoustic model.
It specifies the propagation of pressure waves in the
liquid domains and contains the liquid material prop-
erties that are targeted for sensing (such as speed of
sound and density). Model boundaries in the Z
planes are prescribed with periodic boundary condi-
tions that make the whole arrangement infinitely
long in the Z direction. This boundary condition
allows for a significant reduction of the computa-
tional model to complete the simulation tasks within
a meaningful time duration. The surface acoustic
wave excitation is completed with prescribed period-
ic potential and ground boundaries along the X direc-
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Fig. 1. Microfluidic SAW based sensor structure

tion of the waveguide surface. Receiving IDTs-
waveguide boundaries are prescribed with "ground"
and "float potential" conditions. The receiving elec-
trodes are in the middle of the structure.

Fig. 1 depicts a general scheme of microfluidic
SAW based sensor. These are the principle structure
of sensor, connected to the measuring circuit. The
key elements of microfluidic SAW based sensor are a
SAW resonator (piezoelectric plate with electrodes),
intermediate layer with artificial elastic properties
and a set of liquid-filled cavities. The most important
in this sensor design is the system itself, consisting of
the said three structural components. The design is
determined by wide possibilities for optimizing char-
acteristics, in particular for the fluids under study.
The sensor device is supplemented with measuring
means for measuring at least two electrical responses
selected from the group consisting of resonant fre-
quencies, damping, admittance (or impedance).

The SAW device acts as an electromechanical
transducer. It excites acoustic waves propagating
towards the periodic microfluidic structure and de-
tects the acoustic load generated by the intermediate
layer and the set of liquid cavities.

The important element of fluidic SAW based
sensor is an intermediate layer with artificial elastic
properties that separates the piezoelectric resonator
and liquid-filled cavities. The main purpose of input-
ting of this layer is creation of conditions for weak
mechanical coupling of two resonators. By changing
the reflection coefficient of the intermediate layer, it
is possible to control the degree of mechanical cou-
pling between the resonators and adjust the sensitivi-
ty and resolution of the sensor. Thus, the three re-
quirements hold for the intermediate layer. First, it
must effectively control the propagation of acoustic
waves between the piezoelectric transducer and mi-
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Fig. 2. Frequency dependence of the reflection coefficient (R)
of an acoustic metamaterial in the form of a periodical system
of rectangular cavities in a solid-state plate

crofluidic resonator. Second, design and materials
must define a passive control. Third, it must not in-
troduce additional acoustic energy losses. Acoustic
artificial materials are suitable for these tasks. In fact,
this sensor device does need neither a full bandgap
nor a complete suppression of the respective waves.
We need a reflection coefficient (R) in the range of
80-95 % for the shear waves in the operating fre-
quency range of the sensor. Our studies prove that
one layer of periodically spaced rectangular cavities
is sufficient. Fig. 2 shows the frequency dependence
of the reflection coefficient of a periodic arrangement
of those cavities in silicon for shear waves. Width
and position on the frequency scale can be set by the
length of the cavity, a, and the lattice period of the
structure, b. The larger the filling factor a/b, the

higher the reflection coefficient. As can be seen from
Fig. 2, the values of the filling factor from 0.7 to 0.9 are
suitable for our task in the frequency range from 14 to
21 MHz, which covers the sensor’s operating range.
Fig. 3 shows possible variations of the interme-
diate layer structure: an arrangement of rods or voids
of rectangular, cylindrical or triangular shape; a
composite or a porous material; a multilayer struc-

.

N

Fig. 3. Possible variations of the intermediate layer structure
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Fig. 4. Admittance spectrum of the sensor device for two
different sound velocities of the liquid

ture. Despite the various possible designs and mate-
rials, the most significant and common for the inven-
tion is its functional purpose of weak mechanical
coupling.

Fig. 4 shows a frequency dependence of admit-
tance (its module, |¥]) of the microfluidic acoustic
metamaterial SAW based sensor, shown in Fig. 1.
The two curves show the response of microfluidic
SAW based sensor for different values of speed of
sound in liquid. The figure demonstrates the joint
work of the two weakly coupled resonators. The peak
A frequency depends on speed of sound in liquid.
The peak B corresponds to the resonance of the pie-
zoelectric transducer. Its frequency does not depend
on the properties of the liquid (Fig. 5).

Fig. 5 shows a dependence of characteristic fre-
quencies of the system of weakly coupled resonators
of SAW resonator loaded by solid-fluid structure on the
speed of sound in liquid. Curves A and B in Fig. 5
correspond to peaks A and B in Fig. 4, respectively.
Fig. 6 shows the vibrational modes. Colors represent
displacement (in solid) and pressure (in liquid) fields
with white node lines. Fig. 6, a shows the situation at
the first resonance. The complete overlayer vibrates

f, MHz
20—

19—
18—
17+
16—

15
1200 1300 1400 1500 v, m/s

Fig. 5. Dependence of Eigenfrequencies on the speed of
sound for microfluidic structure (A) and SAW (B)
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Fig. 6. Displacement and pressure fields distribution for
microfluidic structure resonance (a) and SAW resonance (b)

now in a way that resembles film resonance. One
however should note that the displacement profile
differs significantly from that in the homogeneous
counterpart. Fig. 6, b illustrates the second reso-
nance. Obviously, the displacement diminishes al-
ready half the way through the intermediate layer.
The phase shift at the SAW-structure interface is
small. This finding has an important engineering
impact since the geometrically extraordinary thick
overlayers become acoustically similar to layers of
common thickness in some SAW applications.

In accordance with curve A on Fig. 5, we see a
linear dependence of the frequency on the speed of

sound. The corresponding equation for the shift of
the resonance frequency (Af) from the change in

the speed of sound in liquid (Av) is:
Af = klszV,

where k; is a constant depending on the material
properties and the geometry of cavity; k, is a con-

stant depending on the elastic properties of interme-
diate layer.

Applying acoustic metamaterial concepts in the
construction of an intermediate layer and a liquid-
filled cavity, we can increase the values of k; and

ky , increasing and the sensitivity and resolution of

the SAW based sensor.

Conclusion. The principle of the new microa-
coustic sensor, which can become the basis for creat-
ing a new class of microfluidic sensors, is shown.

The principle of measuring volumetric properties
of liquids, based on SAW based fluid sensor concept,
comprising the steps of:

(a) providing sensor structure with the key ele-
ments: a SAW resonator, a high-Q set of liquid-filled
cavities and intermediate layer with artificial elastic
properties between them;

(b) measuring of resonance frequency shift, as-
sociated with the resonance in liquid-filled cavity, in
the response of weakly coupled resonators of SAW
resonator loaded by periodic microfluidic structure;

(c¢) determination of volumetric properties of the
fluid on the basis of a certain relationship between
the speed of sound in liquid, the resonant frequency
of the set of liquid-filled cavities, and the geometry
design of the cavity.
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Abstract

Introduction. Petroleum is a complex mixture of hydrocarbons. Sulphur is the most common heteroatom in
pe-troleum and petroleum products. Its content in oil can reach 14 %. The determination of sulphur in oil and
its removal is of great importance, since sulphur compounds adversely affect the quality of petroleum products
and pollute the environment. Desulphurization of hydrocarbons is important in the processing of petroleum
products, which needs in usage of accurate and simple methods for the sulphur-containing components de-
termination. Most of developed methods are difficult to apply for flow online analysis, which can create difficul-
ties in using them to monitor the content of sulphur-containing heteroatomic components in real time. Acoustic
sensors are one of the possible solutions. In term of sensing of flammable liquids, the use of the acoustic
methods is attractive since the analyte is not a part of an electrical measuring circuit and it is only acoustically
coupled that prevents an occurrence of a spark.

Objective. The purpose of the work is to study the possibilities of online flow analysis of sulphur-containing
heteroatomic components using acoustic measurements. The challenge is the development of a resonator
system integrated with the pipe.

Materials and methods. Thiophene and oil fraction with the boundary boiling point of 100-140 °C were used
to prepare the mixtures. Thiophene is a representative of sulphur-containing components, which may be in-
cluded in the composition of petroleum and its derivatives. Experimental measuring equipment includes im-
pedance analyzer, a developed sensor structure integrated with a liquid-filled pipe, a pump and a tank with a
measured liquid. A theoretical analysis of sensor structure was carried out on the basis of numerical simulation
using COMSOL Multiphysics software.

Results. The sensor structure was designed as a combination of 2D and 1D pipe periodic arrangements to
achieve high Q-factor of acoustic resonance in the flow system. The eigenmodes of the sensor structure with a
liquid analyte were carried out. The characteristic of sensor structure is determined. The sensor shows good
sensitivity to the thiophene content with high resolution in-line analysis. This result is achieved by limiting the
energy losses of acoustic resonance in radiation along the pipe by creating a periodic structure.

Conclusion. The study of acoustic properties of solutions prepared on the basis of thiophene and oil fraction
with boundary boiling point 100-140 °C was performed. It shows that methods based on acoustic spectroscopy
make it possible to accurately determine the concentration of heteroatomic components in gasoline mixtures,
since the presence of heteroatomic components leads to a change in mechanical properties of liquid hydrocar-
bons mixtures. Possible applications for developed acoustic sensor are flow analysis for monitoring the quality
of oil products.
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Introduction. Petroleum is a complex mixture of
hydrocarbons that includes paraffins, naphthenes,
aromatic compounds, unsaturated hydrocarbons, and
heteroatomic compounds in the form of components
containing atoms of sulphur, oxygen or nitrogen.
There are sulphur compounds thiols, sulphides, cy-
clic sulphides, disulphides, thiophenes, benzothio-
phenes, dibenzothiophene and naphthobenzothiophe-
nols in petroleum. Compounds containing oxygen
may be present as alcohols, phenols, ethers, carbox-
ylic acids, esters, ketones and furans. Compounds
containing in their composition a nitrogen atom in
petroleum mixtures, are represented as molecules of
pyrrole, indole, carbazone, benzocarbazone, pyridine,
quinoline, indoline and benzoquinolines and their
metal components. Detection and determination of
the exact concentration of these components is nec-
essary for the entire petroleum production and pro-
cessing cycle: to set the initial data for the design of
petroleum inflow, for petroleum preparation for
transport, and for deep petroleum refining [1-3]. To
create a qualitative mathematical model of the in-
flow, it is necessary to know the exact composition
of petroleum. Heteroatomic components can signifi-
cantly affect to the properties of the hydrocarbon
mixture, so determining their content is an important
task for petroleum engineers [4].

Sulphur is the most common heteroatom in pe-
troleum and petroleum products. Its content in oil
can reach 14 %. Oil, committed devoid of sulphur,
does not exist. The determination of sulphur in oil
and its removal is of great importance, since sulphur
compounds adversely affect the quality of petroleum
products and pollute the environment. There are
different methods of analysing oil and oil products to
control heteroatomic components that can be used to
determine the concentration of sulphur compounds.

One of the most effective laboratory methods for
analyse of petroleum component composition are gas
and high-performance gas chromatography. Gas-
liquid chromatography is also demonstrating high
measurement accuracy and can separate components
that are very similar in their physical and chemical
properties. However, preparation and preliminary
separation of the sample into narrower fractions re-
quires a big period of time. Separation of analytes

occurs in columns (tubes) filled with a solid porous
sorbent, with a liquid non-volatile stationary phase
on the surface of the sorbent. A vapours of analytes
that are mixed with carrier gas are move through the
column. In this case, multiple equilibrium is estab-
lished between the mobile gas and liquid stationary
phases due to repeated repetition of the dissolution
and evaporation processes. Substances that dissolve
in the stationary phase better have retained longer in
the column. As a next step an analysed mixture is
divided into separate components and all of them are
leave a column separately and registered at the out-
put. As a result it can be concluded that with the help
of these methods it is possible to achieve high resolu-
tion of the analysis [5—8]. However, the high cost of
equipment, large dimensions and complexity of the
analysis process limit the industrial application of
chromatographic methods in industry.

Methods of spectral analysis are also widely used to
determine the properties of liquids hydrocarbons and
gases. Raman spectroscopy makes it possible to obtain
spectra with characteristics for different components in
complex mixtures. This method has been successfully
used to measure a suspension of carbon particles in an
aqueous solution of carbohydrates [9]. In addition to
Raman spectroscopy, IR spectroscopy and NIR spec-
troscopy are also widely used. A comparison of NIR,
IR, and Raman spectroscopy for analysing the compo-
nent composition of petroleum was carried out in work
[10]. The results of the study showed that IR spectros-
copy provides an acceptable analysis of fractions of
heavy oil. The use of Raman spectroscopy is limited
due to fluorescence due to fractions of heavy oil. How-
ever, Raman spectroscopy can be used for narrow frac-
tions of oil with a low boiling point.

Most of the methods listed above are difficult to
apply for flow online analysis, which can create diffi-
culties in using them to monitor the content of sulphur-
containing heteroatomic components in real time.

However, perhaps the simplest and most effec-
tive method to control heteroatomic oil products is to
measure impedance, evidenced by a large number of
works devoted to the study of various types of fuel
by the methods of impedance spectroscopy [11-13].
In [14], the authors show the possibility of using a
sensor system with an impedance component to
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study complex three-component mixtures of gaso-
line, ethanol and water. Similar work on the study of
bioethanol fuels by the method of impedance spec-
troscopy is described in [15]. Another important
advantage of impedance spectroscopy is the ability to
use it to create microfluidic sensory systems [16].
Impedance spectroscopy can exploit electromagnetic
or acoustic measurement methods. Acoustic spectros-
copy looks more perspective. In term of sensing of
flammable liquids, the use of the acoustic methods is
attractive since the analyte is not a part of an electrical
measuring circuit and it is only acoustically coupled
that prevents an occurrence of a spark. Sound velocity
is closely linked to Gibbs Free Energy and related
values [17], hence ultrasonic velocimetry allows for
detecting molecular interactions [18], for example in
enzyme catalysis [18, 19], or microstructural transi-
tions [20]. Ultrasonic methods can even be applied to
optically non-transparent systems [19].

Therefore, in this work, we used acoustic spec-
troscopy method and studied its acceptability for
flow online analysis.

Materials and Methods. The purpose of the work
is to study the possibilities of online flow analysis of
sulphur-containing heteroatomic components using
acoustic measurements. The challenge is the develop-
ment of a resonator system integrated with the pipe.

To achieve the goal, the measuring system shown
in Fig. 1 was prepared. Measuring equipment in-
cludes impedance analyzer (/); a sensor structure (2)
integrated with a liquid-filled pipe (3); a pump (4)
and a tank with a measured liquid (9).

The Agilent4395A network analyzer was used as
a measuring instrument along with an Agilent
87511A S-parameter extension.

During the experiment, the measured solution
circulates through the system with a flow rate of

Fig. 1. Measuring equipment layout
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Fig. 2. Measuring structure

5 ml/min. Using connecting tubes, the pump is con-
nected to a container with a solution and measure-
ment structures. The liquid, after passing through the
measurement structures, returns to its original ca-
pacity. The experiment was carried out at a constant
ambient temperature of 22 degrees Celsius.

The sensor structure (Fig. 2) was designed as a
combination of 2D and 1D pipe periodic arrangements
to achieve high Q-factor of acoustic resonance in the
flow system. The acoustic measurement device con-
sists of a steel matrix with a periodic system of cylin-
drical holes (/). The diameter of the cylindrical holes
is 4 mm; the distance between them is 4.9 mm. Liquid
is supplied through a central cylindrical steel channel
with a periodic system (period length is 12 mm) of
rings along the axis (2). Piezoelectric transducers (3)
made of PZT are placed on the right and left of the
contact to the perforated steel plate (/). A longitudinal
acoustic wave is excited on the left side and received
on the right one by measuring the s21 parameter. The
2D periodic system of cylindrical holes is designed to
excite high-Q liquid resonance in the central cylindri-
cal cavity, then the system of periodic rings along the
channel axis is made to prevent acoustic energy losses
due to radiation along the pipe.

A theoretical analysis of the eigenmodes of sensor
structure was carried out on the basis of numerical
simulation using COMSOL Multiphysics software.

The narrow oil fraction was taken as a basic so-
lution. The boundary boiling point of the fraction is
100—140 °C. Thiophene was used to prepare the mix-
tures. Thiophene is a representative of sulphur-
containing components, which may be included in
the composition of petroleum and its derivatives.
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Results and Discussion. When designing the sen-
sor structure, calculations of its resonance modes were
performed. The propagation of acoustic waves in an
elastic medium can be determined by the equation:

2
pg (1) i[cij} 0

8t2 j.m,n dxi 8xm

where pg is the density of solid medium;u; are the

components of the elastic displacement field; Cjjyyy,

is the elasticity tensor components; i, j, m and n are
indices running from 1 to 3; r=(x, y, z) is the co-

ordinate vector; ¢ is time. To search for the eigen
resonant solutions, Bloch's theorem was used, ac-
cording to which the displacement vector can be
represented as the product of the propagating wave
and the periodic function of the sonic crystal:

u(r,k)=uy (r)exp(-ikr),

where uy (r) is the periodic function of r; k is the

wave vector.

Fig. 3 shows calculation results of the sonic crys-
tals behaviour. Fig. 3, a shows an acoustic band dia-
gram (the dependence of the frequency of the struc-
ture eigenmodes on the wave vector close to high
symmetry points (I, K and M) in the first Brillouin
zone) for a two-dimensional infinite cubic symmetry
2D sonic crystal made of steel with a periodic ar-
rangement of cylindrical empty holes.

The size of the holes is 4 mm, the distance be-
tween the holes is 4.9 mm. The sonic crystal, as seen
from Fig. 3, a, has a bandgap in the frequency range
from 352 to 420 kHz. It is highlighted by a gray
stripe. Fig. 3, b shows an acoustic band diagram for a
one-dimensional infinite pipe sonic crystal made of
steel with a periodic arrangement of rings. The inner
diameter of the pipe has the same size as holes of the
2D sonic crystal. Rings repetition period (L) is
12 mm. This pipe periodic structure has a narrow
bandgap in the frequency range from 360 to
367 kHz, which falls into the forbidden frequency
band of 2D sonic crystal. In this frequency range,
both structures work as perfect reflectors of acoustic
waves. For structures of finite size, the penetration
depth of acoustic waves is 2 lattice periods for the
2D crystal (Fig. 3, ¢) and 3 periods for a pipe sonic
crystal (Fig. 3, d).

360

350

. . 340 R
r K M T 0 w/(2L) /L
Wave vector Wave vector
a b

Total displacement, nm

o
0 0.5 1 1.5

c d

Fig. 3. Band diagrams of infinite 2D cubic (a) and 1D pipe (b)
sound crystals and the reflection of an acoustic wave from
finite structures (c, d) in its forbidden frequency ranges

The most interesting features of the spectra of the
sensor structure must be associated with the liquid
pressure resonances in the pipeline. The pressure
changes can be described as a wave equation for given
boundary conditions. Resonance modes can be found
by solving the eigenmode problem for acoustic modes
in a cylindrical cavity. The basic equation for the pres-
sure wave with harmonic solutions is the Helmholtz
equation, which can be represented as follows:

2
v[_iwj— °L -, @)
PL PLIL

where pp is the density of liquid; p is pressure; o is
circular frequency; ¥} is speed of sound in a liquid.

Conditions at the boundaries of the "solid—

liquid" section are as follows:

2 1
F=-ngp; (ngeu)o =—nf(— EVp+qj, 3)
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Fig. 4. Simulation of resonance conditions in the pipe of the
sensor structure

where F is the force per unit area representing the
load on the cylinder walls; ng is the normal vector

directed from a solid; ngis the normal vector di-

rected from the fluid volume; u is the mechanical
displacement vector in a solid; q is the acceleration
vector reported by the fluid.

On the basis of the equations (1-3) computation
results of eigenmodes for the sensor structure (Fig. 2)
were carried out. Fig. 4 shows the liquid resonance in
the pipe embedded in the measuring acoustic system.

Here the liquid-filled pipe works like a structural
defect in a 2D sonic crystal. By creating a replace-
ment-type defect in the regular structure of a sonic
crystal by filling one of the holes with a liquid, we can
create an isolated localized state if the resonance fre-
quency of the liquid-filled pipe falls into the bandgap.

For typical values of the gasoline speed of sound
(about 1200 m/s [21-23]), axisymmetric mode is in
the centre of the bandgap (Fig. 3). A cylindrical lig-
uid-filled resonator is surrounded by a periodic struc-
ture that provides high acoustic contrast at the edges
of the resonator and, as a result, a high Q-factor of
the resonant peaks can be achieved. In this case, the
resonance peak turns out to be isolated, since there
are no other vibrational modes of the solid-state

86

0 .
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Fig. 5. Experimentally measured frequency spectra of the
sensor structure for different gasoline-thiophene mixtures

structure within the bandgap. When the composition
of the fluid changes (more precisely, the speed of sound
changes), the resonant frequency of the defect mode
shifts. This fact allows to use the shift of the resonant
frequency to detect the composition changings.

The dependence of the resonant frequency ( f; in

kHz) of the structure on the speed of sound in a liquid
(71, inns) is described by the following equation:

£, = 030497 +0.02.

Fig. 5 depicts an eexperimental dependence of
the intensity (/) of the acoustic signal passing
through the structure on the frequency (f) for various
volumetric concentrations of thiophene in gasoline.

The quality factor of the resonance peaks is lim-
ited by the viscosity of the fluid and imperfection of
the manufactured structure.

The sensor shows good sensitivity to the thio-
phene content with high resolution in-line analysis.
This result is achieved by limiting the energy losses
of acoustic resonance in radiation along the pipe by
creating a periodic pipe structure. Secondly, the
structure of a 2D sonic crystal allows to excite ax-
isymmetric eigenmodes of liquid pressure in a pipe
that have reduced viscosity losses compared to o
spining modes that would be excited by direct con-
tact with piezoelectric transducer.

Possible applications for developed acoustic sen-
sor are flow analysis for monitoring the quality of oil
products.

This work extends the field of sonic crystal lig-
uid sensors with novel results that have a high poten-
tial in a field of liquids properties evaluation in flow
analysis.
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AHHOTauuA
BBepeHwue. MNpu 3KcnayaTaLm BbICOKOTOUHbBIX M3MEPUTENbHBIX CTEHAOB HEOBXOAMMO obecrneunTs JOCTOBep-
HOCTb M3MepeHuit. I3aMeHeHre pacnonoXeHNs 3/1eMeHTOB M3MepUTeIbHOro TPaKTa, 0COBeHHO B CTeHAaXx, pa-
6oTatowmx B CBY-grnanasoHe, NpUBOAUT K UCKAXKEHUIO MOJIyYEHHbIX Pe3ybTaToB U3MepeHUi. [ns focTuxe-
HUS AOCTOBEPHOCTN M3MEepPeHN i HeObXOAMMO KOHTPOIMPOBAaTb PACMO/IOXKeHVE 3/1eMeHTOB N3MepPUTENbHOro
CTeHAa, NpW 3TOM KOHTPO/b AO/KEH MPOBOAUTLCS B MpoLecce M3MepeHus, YCTPONCTBO KOHTPONS AO/KHO
NOAKNOYATLCA K aBTOMaTLUYeCcKOM cucTeMe ynpas/ieHnsa U3mMepuTesibHbiM CTEH0M, He BO3/eNCTBOBaTb Mexa-
HWNYECKM Ha 3/1eMEHTbI CTEHAA U He MPUBHOCUTL 3/1IEKTPUYECKNX 1N 3N€KTPOMAarHUTHLIX NoMex.
Lienb pa6oTbl. Pa3paboTka c1cTemMbl KOHTPOAS NepeMeLleHNiA 31eMeHTOB BbICOKOTOUHOIO N3MepUTeNBHOrO CTeH-
Aa C To4HOCTBH 1.0 - 1074 MM, He OKa3bIBaKOLLE MeXaHNUECKOro BO3AEMCTBUS Ha KOHTPOIMPYEMbIE 3/1EMEHTbI 1 He
BHOCSILLIEI N1eKTPUYECKMX 1 SNeKTPOMArHUTHLIX MOMeX C BO3MOXHOCTLIO LIMPPOBOI 06paboTkm curHana.
MaTtepuanbl n MeToAbl. B paspaboTaHHOW c1McTeMe MCMO/b30BaHbl ONTUYeCcKMe MeTOAbl KOHTPONA rnepeme-
LLIeHWN, OCHOBaHHbIE Ha reoMeTpUYeckor onTuke. [ins permcrtpaumm peakumm CMcTeMbl Ha U3MeHeHMe noso-
XXeHWs OMTNYEeCKOro NyTW NCMO/b3YHTCS MPUOOPLI C 3apAA0BOI CBA3bIO.
Pe3ynbTaTthbl. Pa3paboTaHbl 2 BapuaHTa cMCTeMbI KOHTPOSIS. B MepBOM BapuaHTe crcTeMa no3BosisieT perncrpu-
poBaTb U3MEHEHWNs B pPacrosioXeHUW 31eMeHTOB CTeH/a, BO BTOPOM - UAEHTUPULMPOBATL 3/1IEMEHT, U3MEHUB-
LMK reomeTpuyeckoe nonoxeHue. CncTemMa CrnocobHa perncTprpoBaTth MepemeLleHNs 31eMeHTOB CTeHAa Ha
1.0 10 MM 1 KOHTPO/IMPOBATb PACMOIOXEHWSI 31EMEHTOB CTeHAA NMpPW BUBPALIMOHHOM BO3AENCTBMM, He OKa-
3bIBaeT MEXaHNYeCKoro 1 31eKTPOMarHUTHOMO BO3AENCTBUA Ha 3neMeHTbl CTeHAa. Bce 31eMeHThbl cncTembl He
YyBCTBUTE/NbHbI K BO3AencTenio CBY-n3nyyeHns 1 NoBbILLEHHOIO PaAnaLMOHHOro GOHa, 3a UCKI0YeHneM npu-
6opa C 3apAfoBON CBA3bIO, KOTOPLIA JO/MKEH PACnofaraTeCs BHE 30HbI 061yYeHus. MaTemaTnyeckoe Mogenu-
pOBaHMe NO3BOINIO OLEHUTb YyBCTBUTEbHOCTL ONTUYECKOM CUCTeMbI KOHTPOSA. MNpesioxeH cnocob nosblLLe-
HWSA TOYHOCTU CUCTEMBI C MOMOLLIbIO YBEIMYEHNS ONTUYECKOro MyTN 1 NCMOoJ/b30BaHNA KOPPEKTUPYIOLLLero oTpa-
xatens.
3aknro4veHue. PaspaboTaHHasa cucTeMa KOHTPONA nepemMeLleHni 31eMeHTOB BbICOKOTOYHOMO M3MepUTebHOMo
CTeHAa obecneyrBaeT TpeboBaHWS, 0603HaYeHHbIe B Lieiv paboTbl. [103B0ASeT Npor3BoAUTE LdpoByto 06paboT-
Ky curHana. MoxeT 1Cno/b30BaThCs B CTeHAax C NoBbllleHHbIM CBY-, peHTreHOBCKMM U PaAVaLMOHHBIM 13/yYe-
HMem. B cpaBHeHWW C c1MCTeMaMK, OCHOBAHHBIMWU Ha APYrnx GU3NYecknx NpuHLmMnax, paspaboTtaHHas cucrema
3HaYMTENbHO NPOLLEe B peann3saumn. HoB13Ha UCMO/b3yeMOn CUCTeMbl KOHTPOSA MOATBEPXAEeHA NAaTEHTOM.

KnroueBble cnoBa: KOHTPO/b I'IepEMELLI,EHVIVI, KOHTPOJ1b CprKTypHOVI LEeNOoCTHOCTK, onTn4yeckaa cnctemMa KoH-
Tponqd, |/|3mep|/|Teanb||7| CTeH

Ana umTmnposaHusa: XonkuH B. B., XonkuH B. FO. OnTryeckasa cuctemMa KOHTPOJIA PacrosioxXeHVs 3/1eMEHTOB BblCO-
KOTOYHOrO M3MepuTeNibHOro creHaa // Ws3B. By3oB Poccnn. PagnosnektpoHuka. 2019. T. 22, Ne 4. C. 89-98.
doi: 10.32603/1993-8985-2019-22-4-89-98
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Abstract
Introduction. It is necessary to ensure the reliability of measurements when operating high-precision meas-
urement setups. The elements displacement of the measurement path introduces measurement results distor-
tions, especially in measurement setups operating in the microwave range. It is necessary to monitor the ele-
ments positions of the measurement setup to ensure the measurements reliability. The monitoring should be
performed during the measurement, and the control device should be connected to the automatic control sys-
tem of the measurement setup, and it should neither mechanically affect the setup elements nor introduce the
electrical and electromagnetic interferences.
Objective. The objective of the present work is a design of the control system, which allows monitoring of ele-
ments displacements of the high precision measuring setup with an accuracy of 1.0 - 10~ mm. And the de-
signed control system should neither mechanically affect the controlled elements nor introduce the electrical
and electromagnetic interferences, thus allowing the digital signal processing.
Materials and methods. The designed system utilizes optical methods of the displacements monitoring, which
are based on the geometric optics principles. The charge-coupled devices (CCD) to record the system response
to optical path changes are used.
Results. Two designs of the control system for the displacement monitoring of the high precision measurement set-
up elements are presented. The first system design allows detecting the elements displacement occurrence, and the
second system design allows to identify the displaced element. The system is capable to register the elements dis-
placements with accuracy of 1.0 - 104 mm and monitor the elements positions while vibration exposures. The sys-
tem does not mechanically or electromagnetically affect the controlled eplements. All system elements are resistant
to the microwave radiation and increased background radiation, excluding CCD that should be placed outside the
active zone. The mathematical simulation allows assessing the sensitivity of the designed optical control system. The
system sensitivity increasing method by the optical path increasing and corrective reflector using is proposed.
Conclusion. The designed control system for the displacements monitoring of the high precision measurement
setup elements meets the requirements imposed on it. The system allows the digital signal processing and can with-
stand the increased microwave, X-ray and background radiation. The designed system is much simpler to implement
in comparison with systems based on other physical principles. The novelty of the control system technical solution is
confirmed by the patent.

Key words: displacement control, structural integrity control, optical control system, measurement setup
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BBenenue. PazBurue BBICOKOTOUHBIX CpPEIACTB  Bble CIOCOOBI KOHTPOJSI COCTOSHUS H3MEPUTEIBHON
M3MEPEeHUH C Bce BO3pACTAIONIMMH TPEOOBAHUSMHU K ammaparypbl, B TOM YHCJE CIOCOOBI KOHTPOJS pac-
JIOCTOBEPHOCTH HM3MEpPEHHUI 3acTaBiAe€T MCKaTb HO-  IOJOXKEHHUS COCTaBHBIX yacTel M3MEpPUTENbHOU TexX-
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HUKH. OCOOEHHO HaHHBIE TPeOOBaHMS PacIpOCTpa-
HAIOTCS Ha CTeH[bl, pabortatone B CBY-anana3one.
[Ipu 3TOM CcpencTBa KOHTPOJS HE JOJDKHBI BO3JEH-
CTBOBAaTh HA KOHTPOIHPYEMBIC YaCTH KaK MeXaHHYe-
CKU, TaK U MPHUBHECEHUEM DIEKTPUUYECKUX U DJICK-
TPOMAarHUTHHIX omex [1].

Kpome crennmoB, paboraromux ¢ CBY-ycrpoii-
CTBaMH, MPEUU3UOHHBIN KOHTPOJb TOJOKEHUS dJIe-
MEHTOB YCTaHOBOK TpeOyeTcsi B 00JIacTH, CBI3aHHON
¢ romorpadueil, OCOOCHHO TIPH HCCICIOBAHUU
CBOHCTB BHOBb C(OPMHPOBAHHBIX CTPYKTyp. Tak,
npu pa3paboTke CTeHIA M0 M3YYCHHI0 HHTep(hepeH-
IUOHHBIX CBOMCTB CIOUCTBIX CTPYKTyp Ha OCHOBE
0aKTEepHOPONONICHHA HCCIIEIOBAaTEeISIMUA OblIa TOJ-
YepKHyTa OCOOCHHass Ba)XKHOCTh YCTpPaHEHHS IIPO-
OneM, CBS3aHHBIX C FOCTUPOBKOW ONTHYCCKHX dIie-
MEHTOB, BO3HUKAIOIIMX BBy 0COOOH UyBCTBUTEINb-
HOCTH TOIOOHBIX YCTPOWUCTB K CTOPOHHHUM MEXaHH-
YECKHUM BO3JIEHCTBUSM [2].

B Hacrosiiee BpeMs OCHOBHBIMH METOJIaMH KOH-
TPOJI TIEPEMEIICHIH OOBEKTOB, NMPUMECHIECMBIMH B
SKCIIEPUMEHTAIbHBIX CTEHIAX, SBISIOTCS:

— HMHAYKTUBHBIC METOJbI, OCHOBaHHbBIC Ha TIpe-
00pa3oBaHUM TIepEeMEIICHUsI OOBEKTa KOHTPOJISA B
M3MEHEHHE UHAYKTUBHOCTH JIEKTPUUECKON LEeMH;

— €MKOCTHBIE METOJIbl, OCHOBaHHBIC Ha Mpeodpa-
30BaHMMU TIEpEeMeIIeHUs 00beKTa KOHTPONIS B H3Me-
HEHHE eMKOCTH JIEKTPUYECKOH LIenu:

— peocTaTHbIe METOJBI, OCHOBAaHHBIC Ha Tiepe-
MEIIECHUN [JBIDKKA MPEIM3HOHHOTO peocTara MHpu
W3MEHECHUH TIepeMeIeHns 00beKTa KOHTpos [3].

Taxoke A7 KOHTPOJS MEpEeMEUICHUH TPUMEHsI-
IOTCSI YIIBTPa3BYKOBBIC ITATIUKU TOJOKCHUS U aKce-
JIEPOMETPBI, YCTAHOBJICHHbIE Ha OOBEKTHl KOHTPOJI.
VYnbTpa3ByKOBbIE AATYMKH OCHOBaHBI Ha M3MEPCHHUH
BPEMEHH 10 MPHUXOJa YIBTPAa3ByKOBOTO HMITYIIBCA,
OTpaXXEHHOTO OT 00BekTa [4].

Juia u3mepeHusi epeMenieHuil 00bEKTOB TaKKe
UCIIONB3yeTCS ITHEBMATHUECKUH MpeoOpa3oBaTeb.
Pabota ycTpoiicTBa OCHOBaHa Ha M3MEHEHUHU Pacxoja
CKaToro BO3/AyXa MpHU JUHEHHOM MepeMelIeHUH 00b-
eKTa KOHTpoysl. Pacxon Bo3myxa MEHSETCS 3a CUET
M3MEHEHHs IUIOIIAIN TMPOXOJHOTO CEYCHHs KaHaya
ucteueHusa. Takum oOpa3zoM, U3MEpssl Pacxoll BO3IY-
Xa TPHU YCIIOBHHU TTOCTOSIHHOTO JTABIICHUS MOXKHO II0-
JTYy4YUTh UHPOPMALIUIO O TIEpEeMEIIeHNH 00bEeKTa KOH-
Tpois. [THeBMaTHUeCKHe CHCTEMBI KOHTPOJIS Tepe-
MeIIeHHH 001agaloT BEICOKOH TOYHOCTBIO M OTHOCH-
TEJIbHO MallbiIMU rabapuTaMu, OAHAKO HUX MPHMEHe-

HHE HAaKJIaablBaeT HEOOXOMMMOCTD HCIIONB30BAHIS
BO3IYIIHOM CEeTH ¢ (PMKCUPOBAHHBIM JABICHUEM, YTO B
HEKOTOPBIX CIyYasXx MOXET OBITh 3aTpyAHHTEIBHO.
Kpome Toro0, HHEpIHMOHHOCTH MTHEBMATHUECKUX CHCTEM
OTPHUIIATENBHO CKa3bIBAETCS HA MIPOU3BOIUTEIBHOCTH
mocieqHUX M, Oojiee TOro, AETaeT HEBO3MOKHBIM
KOHTPOJIb BUOPAITMOHHBIX BO3JCHCTBUH [5].

[IpoGiemy KOHTpOJISI TEpEeMEIICHUH MBITAOTCS
PEIINTh, B TOM YHCIIE HCIIOJB3YS ONITHIESCKHE CPEACTBA
koHTponst [6—8]. Hambonee w3BecTHBIE oONTHYECKHE
METO/Ibl KOHTPOJISI TMHEWHBIX MEPEMEILICHUH OCHOBAHbBI
Ha SIBJICHUSX TU(PaKIun 1 UHTepdepeHtmu [9].

PaboTa mazepHBIX HHTEpPEPOMETPOB 3aKIIOUA-
eTCSl B CJIOKCHUM JIBYX KOTEPEHTHBIX JIy4el OT HC-
TOYHHKA M3JIYyUCHUS, KOTOPBIM sIBJIsIeTCs Jasep. [lpu
3TOM TPACKTOPHS IEPBOTO Jy4a OCTACTCS HEH3MECH-
HOIA, a IMyTh BTOPOT'O 3aBUCUT OT PACCTOSHUS 10 00b-
eKTa KOHTpoisL. TakuM 00pa3oM, HM3MEHEHHE PaccTo-
SIHUS TIPUBOJIUT K TIepepactpeeNiCHAI0 HHTEHCHBHO-
CTe U K YCHJICHHIO THOO OCIalIeHUI0 CyMMapHOTO
MoTOKa (B 3aBUCHMOCTH OT paszHocth (a3). K Heno-
cTaTkaM HHTep(epoOMETpOB CleAyeT OTHECTH HX
qyBCTBUTEIBHOCTH K BUOpALUH, TPeOOBAHMS K HEUC-
Ka&KEHHOW OTNOpPHOW KOTEPEHTHOW BOJIHE M CIIOX-
HOCTh B 00paboTke naTepdeporpamm [10, 11].

JudpakiionHbIe AaTYUKK TIEpeMEICHUs] OCHOBa-
HBI Ha C/IBUTe MHTEP(HEPESHIMOHHBIX ITOJI0C TPH Tepe-
MEILEHUH KOHTpoupyeMoro oowekra. K Hemocrarkam
YCTPOMCTB MOJOOHOTO THUIA OTHOCST HEIOCTATOYHYIO
TOYHOCTb, OOJBIIIME Ta0apUTHI U BBICOKHE TPEOOBaHHUS
K KOT€pEeHTHOCTH UCTOYHMKA M3ydeHus [ 12].

Eme ogauM criocoOoM u3MepeHHst pacCTOSHHUS SB-
JISTIOTCS JTA3ePHBIC TATbHOMEPBI, OCHOBAaHHEIC Ha H3Me-
peHu crBura a3z MeKAy U3TyYeHHBIM U OTPaKEHHBIM
CHT'HaJIaMH (HETIPEPBIBHBIN PEXUM paboThI) OO Bpe-
MEHH MEXIy M3Ty4CHHBIM H OTPaYKEHHBIM HUMITYITbCA-
MU (MMIyJbCHBIN pekum pabotel) [13]. Cepre3HbM
HEJIOCTATKOM TMOJOOHBIX YCTPOWCTB SIBISETCS CIIOXK-
HOCTh WX TTPUMEHEHUS Ha MaNbIX paccTosHusX [ 14].

OOWwuUM HEZOCTaTKOM, MPHUCYIIUM IepeYHCIIeH-
HBIM YCTPOWCTBaM, SBIJIICTCS HEAOCTAaTOYHAs YyB-
CTBHUTEIBEHOCTD, YTO BBIHY)KIAET YCIOXKHSTH CHCTE-
MBIl U HUCIOJIB30BATh AOPOTOCTOSIINE BBICOKOTOUHBIE
KOMIUIEKTYFOIIIHE.

Onucanne padoTbl ONTHYECKOH CHUCTEMBI
KOHTPOJISl lepeMelleHusl YacTeil n3MepuTeJIbHOTr0
crenja. PemeHuem, MO3BOJISIFOIIAM HCKIIOYUTH HE-
JOCTaTK{, CBS3aHHBIC C HEJIOCTAaTOUYHOH UyBCTBU-
TEIbHOCTHIO M3MEPUTENLHOW CHUCTEMBI U C HE0OXO-
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JUMOCTBIO HCIIOJIb30BAHUS JOPOTOCTOSIIUX KOM-
TUIEKTYIOIINX, SBJSIETCA CO3MaHHE ONTUYECKOH CH-
CTEMBbl KOHTPOJs, OCHOBAaHHOM Ha MHCIIOJIb30BAHUU
ONTHUYECKOTO YMHOXKUTEJIS U OTPAXKEHUS JTyda jJa3epa
OT KpUBOJIMHEWHOH noBepxHoctH [15] (puc. 1).

CucremMa COCTOUT W3 CIEAYIONIMX YacTei: 6a3o-
BOi Tuiomanky / ¢ yCTaHOBJIEHHBIM Ha HeH Ja3zepoMm
0, U3Iy4arollluM JIy4 7; KOHTPOJIUPYEMBIX 3JIEMEHTOB
creHzia 2—4 ¢ 3aKpEIUICHHBIMU Ha HUX 3€pKajiaMu S—
10; XKOppeKTUPYIOIIETO OTpaXkarenst //; yMHOXKHUTEIS
5 ¢ cuctemoii 3epkait /2, 13 u npubopa c 3apsaoBoi
cBsi3pio ([13C-matpuna) /4.

[Ipennaraemass ontudeckas CUCTEMa KOHTPOJIA
MEPEMEIIECHNS YacTell M3MEpPHUTENbHOTO cTeHna 2—4
OTHOCHTETIFHO [IIpyr JApyra pa0oTaeT CIemyIOIiM
00pa3oM: YCTaHOBJICHHBIH Ha 0a30BOM IUIOIIAIIKE
CTEeHJa Jla3ep 6 TeHEepHUpYyeT JIyd CBETa 7, KOTOPbIN IO-
CJIeIoBaTeNbHO OTpaxasich OT 3epkan S§—/0, ycra-
HOBJIEHHBIX Ha KOHTPOJHMPYEMBIX YacTAX CTEHAA,
nonajaeT Ha KOppeKTUpyoomuil otpaxarens //. Jla-

Jiee JIyd cBeTa 7/, MHOTOKPATHO OTPakasich OT 3epKall
12 wn 13, monanaet Ha [13C-marpurty /4.

Jlnst n30bexaHusl B3aMMHOW KOMIICHCAIMH, KOT/a
MEepEeMEIICHUEe OJHOTO DJJIEMEHTa KOMIIEHCHPYETCS
NepeMeIIeHUEM JIPYToTo, a TakkKe KOIjua mnepeMerie-
HHUE TIPOMCXOANT BIOJIb NOBEPXHOCTH 3€pKaia, B Ka-
gecTBe 3epkan 8§—/() cieayeT WCIONb30BaTh KPUBO-
JUHEHHBIC 3epKaIbHBIC TOBEPXHOCTH.

[IpencraBnenHas Ha puc. | cucrtema KOHTPOIS
MepEeMEIICHUS YacTell H3MEpUTEIHHOTO CTEHAA PO-
CTa B pean3aliyy.

7151 TO9HOTO TTO3UIIMOHUPOBAHMS JIA3EPHOTO JIyda
paspaboraH 3epkanojepxaresib (puc. 2), cHaOKeH-
HBI IIAPHUPHBIMU (PUKCATOpaMH 4—6, TO3BOJISIO-
MU BBICTABHUTH 3€pKajio 2 B HEOOXOIMMOM ITOJIO-
JKCHHUH. YTON OTPaKEHHsI BBICTABISIETCS C TOMOIIBIO
MHUKPOMETPUYECKOTO BHHTA, PACIOJIOKEHHOTO B
BEpXHEW YacTH 3epkanozaepkareis. JlazepHwri myq
pacmpocTpaHsieTcss o HampasisiromuM 1, 3. 3epka-
JoJiepKaTeNlb KPEMUTCs Ha KOHTPOIHPYEMOM dJie-
MEHTE C IOMOIIBIO TUIOIIATKH 7.

Puc. 1. OnTuyeckas cucTeMa KOHTPOJIS IEpEMELCHNS YacTel H3MEPUTENILHOTO CTEHIa OTHOCUTENIBHO JIPYT IApyra

Fig. 1. Optical control system for monitoring of the measurement setup elements displacement relative to each other:
1 —base site; 2—4 — controlled elements; 5 — multiplier; 6 — laser; 7 — laser beam; 8—/0 — mirrors mounted on the controlled
elements; /7 — corrective reflector; /2, 13 — multiplier mirror system; /4 — CCD
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Puc. 2. 3epkanonepxarens

Fig. 2. Mirror holder: 1, 3 — beam guides; 2 — mirror;
4—6 — hinged clamps; 7 — mounting pad

Pa3paboTaHHBI  KOPPEKTHPYIOIIMI  OTpaXkaresb
(puc. 3) COCTOHT U3 KPUBOJIMHEHHOTO 3epKajia cepuie-
CKOW WITM LMITMHAPUYECKON (POpMBI /, PacTIONOXKEHHOTO
B oIpaBe. B KOHCTPYKILIMIO KOPPEKTUPYIOLIETO OTpaka-
TeJIs1 BXOIAT MIapHUPHBIE (PUKCATOPBI 2—4 VIS peryinm-
POBKH TIOJIOKEHUSI B TIPOCTPAHCTBE M MHUKpPOMETpHUYC-
CKMI BHHT JJIs1 TOYHOW HacTporku. KoppexTupyromimii
OTpakaTesb KPETHUTCS C MOMOIIIBIO TUIOMIAIKH 5*.
Onrtnyeckasi cucreMa OOHapyKeHHMs TepeMe-
HIeHUHA YacTell M3MEPUTEJbHOI0 CTEHIa OTHOCHU-
TeJbHO 0a30Boii TOuKH. OOHUM W3 HEIOCTATKOB
ONMCAaHHOW ONTHYECKOW CHCTEMBI KOHTPOJIA Tepe-
MEIIeHUs yacTell M3MEPUTENbHOTO CTEHIA SIBIAETCS
TO, YTO C €€ IIOMOIIbI0 BO3MOKHO 3apPETUCTPUPOBATD
HapyllleHUE LEIOCTHOCTU TIE€OMETPUYECKUX pa3Me-
POB pa3MelICHUs KOHTPOJIUPYEMBIX JIEMEHTOB Kak
enuHON KoHcTpykuuu. IIpu sTom mH(poOpMarys, Ka-
KOW MMEHHO JIEMEHT KOHCTPYKLMHU CMEILEH, OTCYT-
CTBYET, UYTO YCJIOXHSET MOUCK HEHCIpaBHOCTH. [lis
(UKcaluy CMEIIEHUH OTAETIBHBIX 3JIEMEHTOB H3MEPH-
TEJIBHOTO CTEHJA MpeJlaraercs cucrema OOHapyxe-
HUSl UX TIepeMELIeHUI OTHOCUTENHHO 0a30BOM TOUKH.
[TpuHIMTT paGOTHl ONTHYECKOW CXEMBI CHCTEMBI
0o0HapyXeHHs NepeMeIICHUN KOHTPOIUPYEMBIX 3JIe-
MEHTOB M3MEpPHUTEIHLHOTO CTEHJa OTHOCHTEIhHO Oa-
30BOM TOUKM (puC. 4) 3aKIIOYaeTCsl B CIEAYIOMIEM:
nazepsl 6a, 66, 66 UCIyCKaIOT yuu 7a, 76, 76 pas-

*
Ha omrudeckux cxemax puc. 1, 4 3epkanofepKartenn U KOPPEeKTH-
PYIOLIHiT OTpaXkaTeNb IOKA3aHbl YCIOBHO.

Puc. 3. Koppextupyroumii oTpaxxareib
Fig. 3. Corrective reflector:

1 — curved mirror; 2—4 — hinged clamps; 5 — mounting pad
HOHM JyMHBI BONMHBL. Kaknprii u3 aTux nydei mamaer
Ha ONTHO M3 3epkan 8—I/(), pa3MeleHHbIX Ha pa3ind-
HBIX KOHTPOJIMPYEMBIX JIEMEHTaX CTeHJa 2—4, IOo-
CJIE Yero OTPakaeTcsl OT KOPPEKTUPYIOLIETO OTpaxka-
tens /1, 3epkan /2, I3 yMHOXUTENS 5 U MOCTyHaeT
Ha [13C-marpuny /4. PazHas qyivHA BOJIHBI JIyueit
MIO3BOJISIET 3a(DUKCHPOBATh CMEUICHUE KaXXIOTO KOH-
TPOJIMPYEMOTO D3JIEMEHTa OTHOCHUTEIHHO 0a30BOM
TOYKH pa3MeIIeHUs J1a3epoB /5.

B ciyuae HemoctaTowHOM paspemiaromiei cro-
cobHoctu [13C-MaTpuIlel pH LBETOACIECHUH CIIECTY-
€T UCIOJb30BaTh Heckonbko [13C-matpun muia xax-
JIOTO KOHTPOJIUPYEMOTO 3JIeMEHTA.

YyBCTBUTEIBHOCTh  ONTHYECKOH  CHCTEMBbI
KOHTPOJISI PACHOJIOKEHHUSI 3JIEMEHTOB BbICOKO-
TOYHOI0 HM3MEpPHMTEJbHOI0 cTeHJa. UyBCTBUTEIb-
HOCTb MpPEIJIOKEHHONH ONTUYECKOH CHCTEMBI KOH-
TPOJIsl ONPEAEIAETCS. CUCTEMOM 3epKall ONITHYECKOTO
YMHO)KUTEJI B COOTBETCTBUU CO CXEMOMU IPOXOXKJE-
HUS Tyda B YMHOXHTeENE (pHc. 5).

3amaua cUCTEMBI 3€pKall ONTHYECKOTO YMHOXH-
Tens /2, 13 3aKiroyaeTcss B TOM, YTOOBI B OTpaHU-
YEeHHOM NPOCTPAHCTBE YBEIMYUTh CMELICHHE IATHA
nazepHoro sny4da 7 Ha [I3C-marpuny /4 npu n3MeHe-
HUHY yIJIa HAKJIOHA [3, yBEJIMYMB TEM CaMBIM YyBCTBU-
TEIbHOCTbH CXEMBI.

B cootBercTBUM € pHC. 5 YYBCTBUTEIBHOCTH [
ONTUYECKOTO YMHOMKUTENSI ONPEAEIAETCs] 3aBUCUMO-
CTBIO M3MCHEHHS PACCTOSHIS X OT U3MEHEHUS yrvia 3.
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Puc. 4. OnTryeckas cucTeMa KOHTPOJIS EPEMEIICHUI YacTel H3MEPUTEIBHOTO CTEH/1a OTHOCHTEIILHO 0a30BOIT TOUKH

Fig. 4. Optical control system for monitoring of the measurement setup elements displacement relative to the base point:

1 —base site; 2—4 — controlled elements; 5 — multiplier; 6a—66 —

lasers; 7a—76 — laser beams with different wavelengths;

8—10 — mirrors mounted on the controlled elements; // — correction reflector; /2, 13 — mirror system,;
14— CCD; 15 — base point

W3 puc. 5 cnexyer, 4To BEIMYMHA OTKIOHEHMS
ompenenserca kak b=atgf, rae a — paccrosHue

MEXIy 3epKallaMu; J — yroy oTKIoHeHHs oT ocH 04.
Torma mis cyMMapHOTO OTKJIOHEHHS X ONTHYECKOTO
Jyya Mocie # OTPaKEHUH MOITyduM:

x=[(n+1Da+h]tgp, (1)

rae h — paccrosiaue ot [13C-Marpurist /4 1o 3epkaia 2.
JIJIs 9yBCTBUTEIHLHOCTH ONTHYECKOTO YMHOMKH-
Tenst W= dx/dp cucnons3osanueM (1) umeem

_(n+Da+h

cos? B

2

BenmuunHa Ax mepeMeneHusi CBETOBOTO MATHA Ha
[M3C-marpurnie /4 onpenensercs Kak

Ax=[(n+Da+h]tg(p+AB)~[(n+1a+h]tg B, 3)

rae AP (puc. 5) — mpupamenne yria OTKIOHSHHS 3.
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N3 (3) ¢ yuerom (2) momy4yuM TNpUOTMKEHHOE
BBIPOKCHUE T AX :

Ax ~ LA, )

AB=2-10"> pax,

a=500mMm; A=0 u n=100 B cooTBercTBUU C (4)

Tak, w©Hampumep, TpH

nonyuuM Ax =101 mm.

V3MeHeHHs TIONIOKEHHSI OCBEIIEHHOTO JIydOM
msitHa cBeta Ha [13C-marpune Ha 1.01 MM moctaTtodHo
JUISL OTIpEeNIENICHNs] HaIW4usl WM OTCYTCTBHS IepemMe-
IIEHNH 7IEMEHTOB CTEH/Ia OTHOCHTEIFHO JPYT JpyTa.

[Tpu yrne nepememenus AP = 2~10_6paz[ nMme-
eM Ax =0.101 mm.

Jaxe npu ucnons3oBannu [13C-marpurs! ¢ oTHO-
CHUTEJIbHO HEBBICOKOM IUIOTHOCTBIO pa3MelIeHHs CBe-
TOYYBCTBHUTEIBHBIX IEMEHTOB (Hampumep, Tuma 1D

¢dupmer «Kodak» [16]), paspelieHrne KOTOPOi COCTABIIS-
er 2181 DPI (okomo 85.6 »1eMEHTOB HAa MUJUTHMETD),
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Puc. 5. Tpaexropus j1yya B yMHOXKUTEIIE

Fig. 5. Multiplier beam path: /2, 13 —mirror system; /4 — CCD

KOJITYECTBO 3aCBCUCHHBIX NHKCEIEH TpH (HHKCAIH
nepemerieHnss  1sitHa  Ax=0.101 MM cocTaBuT
(2181/25.4)0.101=8. DTOro BMOMHE AOCTATOYHO,
9TO0BI 3a(PUKCUPOBATH ITepeMENICHHUE TISITHA CBETA.

Ecnu ucnone3oBare MaTpuily C BBICOKOW ILIOT-
HOCTBIO pacnionokeHus nukceneit (iPhone 4s Gpupmbl
«OmniVision» c¢ paspemernem 18100 DPI wumn
712.598 nukceneit Ha 1 mm [16]), To mpu yryie nepe-
MerieHns Ap=2- 1077 pam pearupoBath OyayT 7
MIIKCETEH.

[IpennoxeHHBIA METOJ PETUCTpAINK TIepeMe-
LIEHUI YacTell M3MEpPUTENbHOIO CTEHA MO3BOJISET
npu ucnons3oBaHu I13C-maTpumsl ¢ MIOTHOCTHIO
18100 DPI, paccrosaun mexny 3epkanamu 500 Mmm u
CTOKPAaTHOM OTPa)KCHHH B ONTHYCCKOM YMHOXKUTEJE
MOJTYYUTh TOYHOCTH (DUKCAIIUH YIVIa TIEPEMEICHHUS
AB=2-10""pan.

[MomMumo peructTpanui BOHHKHOBEHUS IEpeMe-
HICHUS YacTel CTeHIa MPEAIOKEHHBIA METOJ TaKkKe
MO3BOJISIET HCIIONB30BaTh €r0 KaK KOHTPOIBHO-U3-
MEPUTEIBHYIO CHCTEMY ONpENENCHHS TePEMEIICHHUS
gacted creHna. /s 3Toro HeoOXOIUMO OTPENIETUTh
3aBHCUMOCTh M3MEHEHHs yria [ (puc. 5) oT mepe-
MmemieHus x; (puc. 6) 3epkana (Hampumep, §), ycTa-
HOBJICHHOTO Ha KOHTPOJIHPYEMOM 3JIEMEHTE, U paJliy-
ca R xoppekTupymomero orpaxareins // (cM. puc. 1).

[puHImI UCHONB30BaHUS PEIIAraeMOr0 YCTPOH-
CTBa B Ka4€CTBE KOHTPOJIHHO-U3MEPUTEIBHOM CHCTE-
MBI 3aKJIIOYaeTCsl B YCTAHOBKE 3€pKaJl MO/ H3BECT-
HBIM 3apaHee yriioM (pHc. 6) ¢ MOCIEAYIOUIUM OIpe-
JIEJICHUEM 3aBHCUMOCTH HM3MEHEHUS PaCIOJIOKEHHS

cBeroBoro msiTHa Ha [[3C-marpuime ¢ paccTosHuEM
HepeMeIEHUs] KOHTPOIUPYEMOTO JIEMEHTa X;.

Heo0xommMo OTMETHTH, YTO MPHHIUII PabOTHI
MpeularaeMoro crnocoda perucTpanuyd nepeMere-
HUH TO3BOJSIET B CIydae HEOOXOOMMOCTU YBEIHYH-
BaTh UYYBCTBHUTENHEHOCTh H3MEPUTEIBHOTO IpHOOpa
KaK C IIOMOUIbIO YMEHBIICHUS Paguyca KOPPEKTUPY-
tomero orpaxareis /1 (puc. 6), Tak U yBEIUYCHHEM
KOJIMYECTBA OTpaKEeHUH n oT 3epkan 12, 13 (puc. 5).

B cnyyae wucnoib30BaHUS KOPPEKTHPYIOLIETO
oTpaxarens // ¢ paamycoM 5 MM W TaAeHUS Tyda

Puc. 6. Tpaekropus JTy4ya IpU UCIONB30BAHIH 3€pKaa
Ha KOHTPOIIMPYEMOM BJIEMEHTE H KOPPEKTHPYIOIIETO
OTpaxarels

Fig. 6. Beam path when using the corrective reflector and
mirror mounted on the controlled element: 7 — laser beam;
8 — mirror mounted on the controlled element;

11 — corrective reflector
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nazepa 6 B TOYKY, PACIOJOXKEHHYIO OT LEHTpa
OKPYXXHOCTH Ha paccTossHuH 4.95 MM, mpu mepeme-

meHuu 3epkana x; =0.0001 MM yron OTKIOHEHHS
nyda AP =0.00028369 pax, uyto npu a =500 mm;

h=0 u n=100 B cooTBeTcTBHHU C (3) MOCTATOYHO
JUISL perucTpaluy MepeMEeLeHHs C UCIOJIb30BaHUEM
IT13C-maTpuibl HEBBICOKOH IJIOTHOCTH, pa3pelIeHUe
kotopoi cocrasnsier 2181 DPI.

14 koMIleHCcallMM 3aTyXaHusl CUTHajla MpH yBe-
JINYCHUHN 0Tpa>1<eH1/1171 OT 3€pKajl MOXHO ITOBBICUTH
BBIXOJIHYIO MOIIHOCTH J1azepa. Puzndueckuil mpemaern,
CBSI3aHHBIA C BO3MOXXHOCTBIO TMPOXHUTAHHS JIyYOM
Jlazepa 3€pKajli, MOXHO OTOABUIaTh, HUCIOJIb3ys BbI-
COKOTEMIIEpaTypHbIE MaTepuaibl, a TaKKe CUCTEMY
oXJaXkIeHus 3epkai [16].

3akuarouenue. IlpenMymiecTBo mpenIOKEHHON
ONTHYECKON CHCTEMBbI KOHTPOJISI TIEpEMEIICHHH dIie-
MEHTOB M3MEPHUTEIBHOTO CTeHla 3aKiIio4yaeTcs B
MPOCTOTE peaau3alii, YTO IO3BOJSET CO3IaBaTh
BBICOKOTOYHBIE YCTPOMCTBA KOHTPOJIS PACHIOIOKEHUS
SIIEMEHTOB KOHCTPYKLUUH H3MEPUTENBHBIX CTEHI0B
0e3 pHCKa MEXaHWYECKOTO U 3JIEKTPO(PHU3NUCCKOTO
BO3IIEHCTBUS HA pabOTy MOCIETHUX.

Hcnons3oBaHne B ONTHYECKOW CHCTEME KOH-
TPOJISI MEePEMEIICHUN 3JIEMEHTOB KOHCTPYKIIUH OII-
TUYECKOTO YMHOXKUTEN U OTPaKEHHUS Jiyda jasepa
OT KPHUBOJIMHEHHON TIOBEPXHOCTH IO3BOJSIET MpHU
MMPOCKTUPOBAHNU OINTUMU3UPOBATL CHUCTEMY KOH-
TPOJII B 3aBUCHMOCTH OT HEOOXOOMMOW UyBCTBH-
TEJIBHOCTH, CIOKHOCTU IOCTUPOBKH CHUCTEMBI, a TaK-
ke rabapuTHbIX pasMmepoB. Eciam mosBomsior raba-
PUTHBIE pa3Mephl, HEOOXOAUMAas YyBCTBUTEIBHOCTD
CHUCTEMBbl MOXET ObITh olecreueHa ONTHYECKUM
YMHOKHUTEJIEM C HECJIO)KHOM CHCTEMOM IOCTHPOBKH.
B ocranpHbIX cinyyasx (HEBO3MOXKHO PAacCIOJIOXHUTh

ORIGINAL ARTICLE

3epKalia Ha HEOOXOMUMOM PACCTOSIHHUH, KOJIUIECTBO
HEOOXOIUMBIX OTPaXXEHUH MPEBOCXOIUT BO3MOMKHO-
CTH ONTHYECCKOM CUCTEMBI TIO 3aTyXaHWI0) HE0OXO-
IUMYI0 TyBCTBUTECIHPHOCTh MOXKHO MOJYYUTH C TIO-
MOIIBIO KPUBOJIMHEHHOTO OTpakaresis, yBEJINYHBas
KPUBH3HY ITOBEPXHOCTH. OpHIMHAIBHOCT M HOBH3HA
TIPETIOKEHHOM CHCTEMBI TOATBEPKIeHA TTaTeHToM [ 15].

B otnudne oT mpoTOTHIOB mpesiaraeMasi OnTH-
Yyeckas CHUCTeMa MOXKET padoTarbh MpH BHOPAIMOH-
HOM BO3ICHCTBHH, OIpENeNss IO IEPEMEIICHUI0
MATHA 3aCBETKM Ha (oTOMATpHUIle JOKPUTHUECKUN
YPOBEHb TIEPEMEIICHHS DJICMEHTOB OT YNAPHOTO H
BHOpAIMOHHOTO Bo3aeicTBHiA. [Ipu 3TOM, B OoTiIMUne
OT U3BECTHBIX CHCTEM KOHTPOIIS, B TOM YHUCIIE C HC-
MOJIb30BaHUEM HMHTEPPEpOMETPOB, paspaboTaHHAs
CHCTEMa MO3BOJIIET 110 TICPEMEIIICHHIO IIATHA 3aCBET-
KM ONpeeNsTh HampaBlieHHe BUOPAIMOHHOTO WIIN
YAApPHOTO BO3ICUCTBUSI.

C yderom HeBbicokol crommoctu [13C-marpwuir,
a TaKKe JIa3epHBIX M3Iydaresiel mpejaraemas ofl-
THUYECKasl CHCTEMa KOHTPOJS MEPEeMENICHUI MOXKET
OBITh HCIIOJIB30BaHA HE TOJBKO B MPELUU3NOHHBIX
YCTpOMCTBaX, HO U KaK OCHOBHASI HJIU JIOTIOJTHUTEIb-
Hasl CHCTeMa KOHTPOJIS IepeMeleHns: B 000pyaoBa-
HUH, a TaKKe B KPYIMHOTa0apUTHBIX YCTPOHCTBax U
COOPY)KEHUSIX.

OnTuyeckre CUCTEMBI KOHTPOJIS TepeMenIeHIH
MOTYT HCHOJB30BaThCSl B YCIOBUSIX BO3ICHCTBUS
CBU-, a TaxXe PEHTIEHOBCKOTO U pPaJUallMOHHOTO
W3ITy9CHHUN.

[IpennoxxeHHass cucTemMa KOHTpOJIS IepeMmelie-
HUS 4acTell M3MEpPUTENHFHOTO CTeHa pealn30BaHa B
YCTaHOBKE OTPEIEICHUSI OJHOPOIHOCTH C MPELU3H-
OHHBIM y3JIOM KOHTPOJII MEXaHWYECKHX BO3ZCH-
ctBuii Ha 3A0 HIIO "Cpenmam".
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AHHOTaUuA

BBegeHue. B coBpeMeHHO TeXHMKe 3KCMeprMeHTa M3BeCTHO HamnpasBneHue, CBsi3aHHoe C pa3paboTKol WH-
dopMaLNOHHO-N3MepPUTENIBHBIX CUCTEM perncTpaunn, nNpesBaputesibHon ob6paboTkM 1 aHanmsa N3BbITOUHbIX
HN3KOYACTOTHbIX LLYMOB (GAnKKep-LUyMOB). B HacTosILLee BpeMs 13-3a pa3HO06pasns Lenen 1 3ajay nccneso-
BaHWI Takue n3mMepuTe/bHble CUCTEMbI MpeAcTaBNeHbl B BUAE YaCTHbIX peLleHnid. B To Xe Bpems Ans aBToMa-
TV3aLMKM IKCreprIMeHTa BeCbMa BOCTPeboBaHbl MHOMOKaHalbHble M3MepuTebHble KOMMAEKChl C BO3MOXHO-
CTbIO TMBKOWN pekoHOUrypaumm 13mMepuTeNbHOro KaHana CornacHo NMocTaBieHHOW 3adade. Jlloboli pacnpege-
NeHHbIN M3MepUTeNbHbIN KaHan NpejCTaBieH B BUje MHOMOKAcKagHOM cxeMbl € 3aZaHHbIMU GYHKUUAMN U
napamMeTpaMu Kaxzoro Kackaja, YTo 3aTpyjHseT afanTaumio N3MepuUTenbHOM CUCTEMbI K KOHKPETHbIM YC/10-
BVISIM 1 3aja4aMm 3KcnepumeHTa. JIOrMUHbIM peLleHneM onmncaHHoM npobnemMbl ABASeTCA raybokas yHUduKa-
LSt BCEX KOMMOHEHTOB M3MepPUTe/IbHOrO KaHana Mpu COXpaHEHUW BbICOKMX 3KCMAyaTaUMOHHbBIX XapakTepu-
CTUK. MpY 3TOM OAHOM M3 OCHOBHbIX NPObG/IEM ABAAETCA OLeHKa COBCTBEHHbIX LLUYMOB 3/IEKTPOHHbIX 3/1eMeH-
TOB, 06ecrneunBaloLLX N3MEeHeHVe NapameTpOB YCUIUTENS.

Lienb pa6oTbl. AHann3 cobCTBEHHbIX LLUYMOB 3/IEKTPOHHbIX MOTEHLMOMETPOB, paspaboTka KOHLenuun n nccie-
JOBaHVe rMapaMeTpoB MasOLLYMSILLEro YCUANTeNst MoCTOAHHOMO TOKa C BbICOKOW CTeneHbl YHUdUKaLmu, Bo3-
MOXHOCTSIMU BHELLIHErO 3/1eKTPOHHOTO YNPaBAeHNS 1 BCTPOEHHBLIMU aNropUTMamMu KOPPeKLM XapakTepucT K.
MaTtepuansl n meToabl. 15 JOCTVXKEHWA MOCTaBAEHHOrO pesy/ibTaTa Npej/ioXeH Cnocob V3mMepeHns LWyMoB
3/1eKTPOHHbIX MOTEHLMOMETPOB U BbIMOJHEHbI 3KCMepPMeHTa lbHble NCCeA0BaHWS.

Pe3ynbTaTbl. [10 pesy/bTaTam pacyeTa 1 3KCNepuMeHTalbHbIX UCCNef0BaHNA NOKa3aHo, uUTo yAe/bHble Luy-
Mbl 371eKTPOHHbIX MOTEHLMOMETPOB COOTBETCTBYHOT LLUYMaM MeTa/IONNEHOUHbIX Pe3VCTOPOB, YTO AeflaeT BO3-
MOXHbIM MX UCMO/b30BaHMWe B ManOLIyMALLMX Kackagax ycuneHus. PaspaboTaHHble cxemMoTexHu4eckme pe-
LLIeHWsI MO3BOIAIOT peann3oBaTb Ha 6aze 3NeKTPOHHbLIX MOTEHLMOMETPOB YHUPULMPOBAHHbBIA YCUANTENbHbIN
MOZY/lb C BO3MOXHOCTbIO KackaAVpoBaHWS A5 MOCTPOEHNS MaOLLYMSALLMX U3MePUTENbHBIX TPaKTOB MOCTOAHHO-
ro Toka. BHellHee 1 BHyTpeHHee Li$ppoBoe yrnpaBfeHe No3BoseT 3HaUNTeIbHO NMOBbICUTE MPON3BOAUTENb-
HOCTb U3MepUTeNbHOro TPakTa B Lie/IOM 1 aAanTpOoBaThb ero K LVPOKOMY KPYry peLlaeMblx 3a4au.
3akstoueHwme. NpejoxeH cnocob n3mepeHns LYMOB 3/1IEKTPOHHbLIX MOTEHLMOMETPOB, NPoBejeHbl aHanuTnYe-
CKMe 1 3KCreprMeHTaNbHble NCCneA0BaHNs, pa3paboTaH 1 nccneAoBaH NPOTOTUM MAaSOLLYMALLEro YCUAUTENS.

KntoueBble c10Ba: ManoLyMSLLNIA NpesycunnTesb, SNeKTPOHHbIV LMpPOBOMA NOTeHLMOMETP, GUALTP Ha
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Low Noise Programmable DC Amplifier with Remote Control
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Abstract

Introduction. In modern experimental technology, the direction associated with the development of infor-
mation-measuring systems for recording, pre-processing and analyzing excess low-frequency noise (flicker
noise) is well known. Currently, such measuring systems are mainly presented in the form of particular solu-
tions, due to the large variety of research goals and objectives. At the same time, for automation of the experi-
ment, multichannel measuring complexes with the possibility of flexible reconfiguration of the measuring
channel according to the task are highly demanded. It is obvious that any distributed measuring channel is rep-
resented as a multi-stage scheme with given functions and parameters of each stage, which makes it difficult
for the measuring system to adapt to different conditions and tasks of the experiment. The logical solution to
this problem is a deep unification of all components of the measuring channel while maintaining good perfor-
mance characteristics. One of the main problems with this is the evaluation of the intrinsic noise of electronic
elements, which provide for changing the parameters of the amplifier.

Objective. Experimental analysis of the intrinsic noise of electronic potentiometers, development of the con-
cept and study of parameters of a low-noise DC amplifier with a high degree of unification, the possibility of
external electronic control and the use of built-in characteristics correction algorithms.

Materials and methods. To achieve the set result, a method for measuring the noise of electronic potentiome-
ters was proposed and experimental studies were carried out.

Results. According to the calculation results and experimental studies, it was shown that the specific noise of
the electronic potentiometers corresponds to the noise of the metal-film resistors, which makes it possible to
use them in low-noise amplification stages. The developed circuit solutions allow the implementation of a uni-
fied amplifying module with cascading to build low-noise measuring DC paths based on electronic potentiome-
ters. External and internal digital control allows you to significantly improve the performance of the measuring
path as a whole and allows you to adapt it to a wide range of tasks.

Conclusion. As part of the study, a method was proposed for measuring the noise of electronic potentiome-
ters, analytical and experimental studies were carried out, and a prototype of a low-noise amplifier was devel-
oped and investigated.

Key words: low noise preamplifier, electronic digital potentiometer, switch capacitor filter, DC amplifier, low-
frequency excess noise, flicker noise
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BBenenue. l3meputenbHble CHUCTEMBI, TNpEAHA-
3HaYCHHBIC TS PETUCTPAINH U aHaJIn3a W30BITOYHBIX
HU3KOUACTOTHBIX IIYMOB, B HACTOSINEE BpEMs MpPe-
CTaBJIEHBI B BUJIE€ YAaCTHBIX PEIICHUH. DTO CBSI3aHO B
MIEPBYIO OYEPEh C Y3KHM KJIaCCOM PEIIAEMBbIX 3a/1ad.
W3meputenbHblii  KaHal, ONTUMU3UPOBAaHHBIN ISt
JAaHHBIX 33/1a4, OOBITHO MMECT MAJIONIyMSIIUHA Mpes-
BapuTenbHblid yeunurens (MITY), ycunutens Bropoit
CTyneH! (MpOMEeXyTouHbIH ycunutens — [1Y), ¢uns-
TPBI HKHUX U BepxHHX yactoT (PHY, ®BY) [1].

100

OO6ecreunTh BBICOKHH KO3(DOUIMEHT yCHICHHS
OOBIYHO MEHEE CIIOKHO, YeM KOMIICHCHPOBAThH CO-
CTaBIISIIOIIYIO TIOCTOSHHOTO TOKa U Jpeii¢) Hampske-
Husa. @BY, orpaHnumMBarOmuii MOJIOCY MPOITYCKAHUS
KaHalla CHH3Y, MCIONB3yeTCs M PelIeHus mpooiie-
Mbl apeiida. I[Tockomsky MITY, kak npasuio, umeer
HeOoJIbIIOe yeueHHe (JIIsi COXPaHEHHUsST HAMITydIIIero
OTHOIICHUS CUTHAII/IIYM M TPEIOTBPALICHUS HACHI-
OICHUSA H3-3a HaJIU4YuA B CHI'HAJIC MMOCTOSIHHOM CO-
CTaBJIAIOMIEH), QWIBTP BKIIIOYACTCS MEXIY CIEIy-
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IOMUMH  CTYNEHSMH YCWICHHUS, TIJie HampsKeHHe
CMEIlEHUS HaMHOro Belme. OJHAKO NpPUMEHEHHE
®BY orpaHMYMBaeT YYyBCTBUTEIBHOCTh METOAA
JIMarHOCTUKH Ha OCHOBE M3MEPEHUN HU3KOYACTOT-
Horo myma. ®HY ¢ mepemeHHON 4acTOTO#l cpesa
HeoOXoAuM JJisi yeTpaHeHHs 3(PQPEeKTOB HaTOKEHHUS,
YTO OCOOCHHO aKTyallbHO U PETHCTPAIlMH CUTHA-
JIOB C IIUPOKKUM CIIEKTPOM (IITyMOB).

BaxxHoii mpoOnemoii sBIseTCS 3agaya coraco-
BaHUs BbIXOna Tectupyemoro ycrpoictea (OUT) u
BXOJ]a U3MEPUTEIBHOTO yCHIUTEsL. B OombmmHCTBE
CIIy4aeB JOCTaTOYHO MPaBWIBHO BBIOpATh ONepalu-
oHHbIN ycmmtens (OY), 4ToOBI 00ECIeYUTh ONTH-
MaJIbHOE COOTHOLLIEHHE €ro LIYMOBOIO TOKa U LIyMO-
BOT'O HANpPSHKEHUS B COUYETAHUU C BBIXOAHBIM COIMPO-
TUBJIEHWEM HUCTOYHMKA CUrHaja. B peaxux ciyuasx
HEOO0X0IMMO NPUMEHSTH clielalibHble pereHus. [1o
sToit mpuurHe MITY 00BIYHO UMEIOT (PUKCUPOBAHHBIN
K03 (OUITMEHT yCHIICHHS TI0 HANPSHKCHUIO W 3ajaH-
HYIO TI0JIOCY YCUJICHHS, a TaKXKe HEKOTOpbIE TUIIOBbIE
peIleHus COTNIaCOBAHUS C HICTOYHUKOM CUTHAJA.

OKCIepUMEHTaIbHblE H3MEPUTEIbHBIE CUCTE-
Mbl C ONMCAaHHBIMU NPUHIMIAMHU MOCTPOECHUS W3-
MEpPUTENBHOTO KaHajla paccMoTpeHbl B [2—8]. B
YKa3aHHBIX IpUMepax oOIiee YCHICHHE MO Hampsi-
JKEHUIO HEBEJIMKO, MOCKOJIbKY aHaJIM3aTOp CIEeK-
Tpa, UCIOJIb3YEeMbIH /A JajbHEHIIero aHanu3a u
00paboTkH, yxe umeer BcTpoeHHbd MITY. B 11e-
JIOM HCIIOJIb3yeMble METOJbl U TEXHUUYECKUE pelle-
HUS HalpaBleHbl HA aJlanTalui HU3MEPUTEIHLHOTO
KaHaJla K KOHKPETHBIM YCJIOBHUSAM 3KCIIEpUMEHTa U
MpEACTaBIEHbl KaK YaCTHbIE PELIEHUS.

B Hexoropeix paborax [9-13] mpeacraBieHbl
YCUJIMTENU, ONTUMU3UPOBAHHBIE JUJIl KOHKPETHBIX
YCJIOBUH NpUMEHEHUs (Hampumep, yMEHBbLICHUS
COOCTBEHHBIX (IMKKEp-IIyMOB). B OGonbmuHCTBE
CJlyyaeB HCIIOJIb3YyEeTCS TEXHOJOTUs HapajleabHo-
0 COCJUHEHHUs HECKOJbKHX KaHAJIOB C CyMMHPO-
BaHHMEM BBIXOJHBIX HAIPSKECHUH WU C HCIONb30-
BaHMEM TEXHUKM Kpocc-Koppeasiuuu. OTAenbHOro
BHUMaHUS 3aciyxuBaeT paborta [10], rae aBTOpHI
JIeJAI0T MOMbBITKY PAaCUIMPESHUSI BO3MOXKHOCTEH Ma-
JOINYMALIMX YCUJIMTENEH 3a cueT MOIYJIbHOIO
MOJX0/a, COBMEIIasi paHee MPeAoKeHHbIE METOIbI
KpOCC-KOPpETSALUU, CXEMOTEXHUYECKHE OCOOeH-
HOCTH auddepeHInanbHbIX YCUINTEIeH U UX Kac-
KaJHOTO COEOWHEHUS g OOILIero CHIKEHHS
YPOBHS IyMa.

Ileas m mocTaHoBKa 3aga4n. /{1 oOecricueHus
BBICOKOW CTENECHHW YHH(UKAIMKA aBTOpaMH Mpeayo-
’)KeHa KOHLeNuus yHuBepcaibHoro MIIY, kotopsii
MOXKET BBIMIOJHATH JIIOOYI0 (DYHKIIUIO B COCTaBE W3-
MepUTEIbHOTO Tpakta. [Ipm 3TOM HE mpemycMaTpu-
BACTCs PA3NIMIN MEXIY MEPBBIM H TIOCIIETYONIMA
KackaJaMM, a TakXKe OTCYTCTBYeT HEOOXOIUMOCTh
BBE/ICHUSI CXEMOTEXHHUYCCKUX peIIeHUH Ui mapa-
METPHUECKOM KomreHcanun aperida. OCHOBHBEIMU
TpeOOBaHUAMHU SABISIOTCS: HU3KUH YpOBEHb COO-
CTBEHHBIX NIYMOB, BO3MOXKHOCTH JHMCTaHIIMOHHOTO
HU3MEeHEHHs K03 (OUIMEeHTa YCHICHNS U HAIPSDKCHUS
CMEIICHNUS, HU3KOYaCTOTHAsT (PHIIBTpaIHsl CUTHANA C
MporpaMMHUpyeMOil 4acTOTOH cpesa, BCTPOCHHAas
g poBasi KOppeKus nperida, OTCYTCTBHE OTpPaHU-
YeHNH 9aCTOTHON XapaKTePUCTUKHU CHU3Y (pabora Ha
MOCTOSIHHOM TOKE), Hajuuue UUPPOBOH CHCTEMBI
KOMITEHCAIH Jiperia Kak B OTAEITBHOM MOAYJE, TaK
U B COCTaBC W3MEPHUTEIBHOTO TPaKTa B IEIOM. Ta-
KM 00pa3oM, YHHUBEPCAIBHBIH YCHINTETh MOKHO
WCTIONB30BaTh KaK OTIENBHO, TAK U B COCTaBE MHO-
TOKAaCKaJHOW CHCTEMBI, YTO 3HAYUTEIBHO PACIIUPSICT
ero Bo3MoXHOCTH [14, 15]. OcHOBHOHM mNpoOGiIeMoi
pu pa3paboTKE TAKOTO YCHIIUTENs SBISAETCA HEoO-
XOJIUMOCTh BBIOOPA M HCIIOJIL30BAHUS IEKTPOHHBIX
KOMIIOHCHTOB JUISI PETYIHPOBKH YCHIICHUS U CMeTIle-
HUSI, BIMSIOMNX Ha [IYMOBBIC XapaKTEPUCTHKH.

DJIeKTpOHHbIe HU(POBbIe NOTEHIHOMETPHI
KaK 3JIEMEHTHI PeryJupoBKH. DJICKTPOHHEBIE ITH(]-
poBeie moteHnuomeTphl (OIIII) mmpoko wucHonb3y-
IOTCSL B Ka4eCTBE JJIEMEHTOB YIPABICHUS B JJIEK-
TPOHHBIX YCTpOHCTBax oOmiero HaszHadeHus [16].
Jlns perynupoBkr ko3 UIMeHTa YCUIIEHUST 00bIYHO
UCTIOJIB3YIOTCS TP OCHOBHBIE CXEMBbI MOAKIIOUEHUS
noteHiomeTpa (puc. 1).

[Mpumenenne DIl B Majomrymsimux ycHiIHATe-
JSIX MOXKET OBITh OTPaHUYCHO M3OBITOYHBIMU IITyMa-
MU (10 CPaBHEHUIO C METAJUIOIUICHOYHBIMH Pe3U-
CTOpaMH), HEOOXOMUMOCTBIO YHHUTIOJSIPHOTO Hamps-
JKCHUSI TUTAHUS U HEOONBIIUM TPEICIbHBIM 3HAUC-
HHUEM CKBO3HOTO TOKa, OOBIYHO OTpaHHYECHHBIM
3...5 MA. CxemHbIe pelieHus Ha puc. 1, a, 6 UMEIOT
MIPEUMYIIECTBO B TOM, YTO O0ECIIEUHBAIOT MOCTOSH-
HYIO CHJIy TOKa 4epe3 MOTEHIIMOMETP, HE3aBUCHMO
OT 3HAYCHUS 3aJ]aHHOTO K03 UIIMeHTa yCHIIeHUS 110

nanpsoxennio (K, ). 3asucumocts K, (R ) sBns-

eTCsl HEMMHEWHOM, YTO 0COOEHHO XapakTepHO MIJist
CXEMBI, TIpEeJICTAaBJICHHOMW Ha puc. 1, 6.
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6
Puc. 1. CxeMbl NOAKIIIOYEHUS TIOTEHIUOMETpA
JUISL PEryYJIMPOBKU KO3 duumeHTa ycuneHus

Fig. 1. Potentiometer wiring to adjust the gain:
a — gain control with R;; 6 — gain control with R; u Ry ;

6 — gain control with R

Cxema Ha puc. 1, ¢ Haubosnee npennoYTUTENbHA
s MITY, nockoneky Juid pesucropa Ry IIyMOBOe

ycunenue cocraBimsier Gy R =1 [17]. Onnako B

3TOM cXeMe NpU MaJioM 3HAY€HMU R| BO3MOXHA pa-

00Ta TOJILKO B PEXKUME MaJIOro CUrHajia, B IpOTUBHOM
ClIydyac H3-3a HaCBbIIICHUA YCHUIIMTCIIBHOTO KacCKaaa

BO3MOJKHA Tleperpy3ka Ry . [laHHas mpobiema ycTpa-

HSETCS IOBBIIIEHHEM HOMMHAJIOB BCEX PE3UCTOPOB,
OTHAKO TPH 3TOM CYLIECTBEHHO BO3pPAcTAaET BKIAJ
Ka)KJIOTO KOMIIOHECHTA B OOIIMii YpPOBEHb IIIyMa KacKa-
na. OrpaHu4yeHue Toka yepe3 MOTEHIIMOMETD C LIeNbI0
MIPEAOTBpAILCHHUS TIEpErpy3Ku MOXKET ObITh obecrede-
HO HU(POBON PEryIHPOBKOW YCHIICHHS B PEabHOM
BPEMEHM IMPU IIOMOIIM BCTPOEHHOIO aJropuT™Ma
(uudposas cneadiias oOpaTHasi CBA3b 10 TOKY).
UroObl HWCMONB30BaTh JIEKTPOHHBIA MOTEHITHO-
METp B KayecTBE peryaupyroniero snemeHta B MILY,
HEOOXOIMMO OLIEHUTH BKJIAJ €r0 COOCTBEHHBIX IIIyMOB
B OOIIME NIyMbI YCHJIUTEIBHOTO Kackama. OCHOBHOM
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MpOOJIEMOM MPH 3TOM SIBJISICTCS OTCYTCTBHE B COBpE-
MEHHBIX ITyOJUKALUAX JAHHBIX, XapaKTePU3YIOLIHUX Xa-
paKTep U cOoCTaB IIIyMOB MoTeHnomeTpa. [loaromy oka-
3aJ10Ch HEOOXOIMMBIM Pa3paboTaTh TECTOBYIO YCTAHOB-
Ky Juis u3mepenus mryma OLIT u nryma pesucropa ¢ 9k-
BUBAJICHTHBIM COMPOTHBIICHHEM. J[71 3TOM 1€ MOYKHO
WCTIONTb30BaTh CXEMY, TPE/ICTaBICHHYIO Ha pHC. 1, a, To-

CKOIIBKY B HEH YCHJIEHHME IMymMa Ul K| COCTaBIsieT

Gy g =Ry /R u sBIsiercs HaMBBICIINM 3HAYCHHEM
1

JJI1 BCEX paCCMOTPECHHBIX BAPHAHTOB BKIIFOUCHMS.

I[J'IH MHUHUMH3AlIUU TIOTPEHIHOCTH HU3SMCPCHUA
HGO6XOJII/IMO TAaKKE€ OLCHUTH MPOLCHTHOC OTHOMIC-
HUC IIIymMa Rl n OCTAJIbHBIX HCTOYHUKOB IIIYMOB

kackana. M3BectHo [17], 9TO I CXEMBI, TIPEIICTaB-
TeHHOH Ha puc. 1, a, ollee 3HaUEHHE CpPEIHEKBA-
paTHYEeCcKOTo IIyMa Hamps KeHUs Ha BBIXOJAE Kackajaa
OyZIeT onpenesIThCs KaK

2 2 2 . 2
U, :\/EHRL +Ean +E] on +(anHRL) , (1)

i (] Eﬁ E2

R’ nR — CPCAHCKBAAPATUYCCKUC 3HAYC-

HUSl IIYMOB PE3UCTOPOB R| U R| COOTBETCTBEHHO;

EI% on — IPHUBEIEHHBIH K BXOHY (3KBHBAJICHTHBIN)

myM HanpsokeHus OY; i, o Rp — SKBHBaJCHTHBIH

11yM Toka Bxozga OY.

OdeBUIHO, YTO CYyNIECTBYCT HEKOTOPOE OITHU-
MaJlbHOE 3Ha4yeHHWe R|, TPH KOTOPOM €ro BKJaj] B
oOmiee 3Ha4YeHUE ITymMa OyaeT MaKCHUMalbHbIM. Mc-
none3yst (1), Bkaag Ry, R u OY [%] moxHO pac-
CUUTATH CIEAYIOMNM 00pa3oM:

2 . 2
EZn  +(i iR
Kp =| fu (non) 100; )

E
Kp = —=[100; 3)

Ko =| =22 100, (4)

Jis vccnenoBaHus ObLT UCIIOIB30BaH AIEKTPOH-
HBIM MOTEHIIMOMETP OOIIETO HA3HAYEHHUsS CO CIEMy-
IOIMMH IapaMeTpaMH: AHAIla30H 3Ha4eHUil compo-
TUBIEHUS OT Ry, =1 KOM 10 Rppi, =50 OM; umc-

JI0 II1ar0B U3MEHEHHs CONPOTUBIEHUs Ng = 255.
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Puc. 2. Bknan 1€MEHTOB CXEMBI B IIIyM YCHJIUTEIIS

Fig. 2. Contribution of circuit elements to amplifier noise:
black curves for a fixed gain circuit; gray curves for a circuit
with a fixed value of the R,

HccnenoBanuch aBe CXEMBbI U3MEPEHUS: C (UK-
CHUPOBaHHBIM YCHJICHHEM W (PUKCHPOBAaHHBIM 3HAYe-

HueM Ry . llepBasg cxema MMeeT IIPEUMYIIECTBO B

ciyvae, korjga oOmmid ko3(pQHIMEHT yCHIIeHUS W3-
MEPUTEIHHOTO TPaKTa (PUKCUPOBAH U HE MOXKET OBITh
n3MeHeH. OHaKo 3TO TpeOyeT CHHXPOHHO M3MEHSTh
3HaueHus R| U Ry U1 TOYHOW PETYIUPOBKHU YCH-

JIEHUsI N0 HAIpsDKEHUIO, YTO HE OuYeHb yAOOHO Ha
npakTuke. Bropas cxema MoxeT ObITh MCIOJIB30BaHA
B TOM CJIy4ae, KOIla U3MEepUTeNbHas yCTaHOBKA UMe-
€T UIMPOKHM NWHAMUuYecKUd nuana3oH. OueBHUIHO,
YTO B 3aBUCHMOCTH OT THIIA CXEMBI BKJIQJ KaXKJOTO
ee aneMeHTa Oyner pasHbpIM. Ha puc. 2 mokazaHbl
3aBHCUMOCTH BKJaJla YKa3aHHBIX KOMIIOHEHTOB B
oOmuii ypoBeHb IIymMa JUIsd NEPBOM U BTOPOM cxeM
HU3MepeHHs (YepHBIC U Cepbhle KPUBBIE COOTBETCTBEH-
HO). Kak BuaHO M3 puc. 2, BKIaJ KaXIOTO KOMIIO-
HEHTa, pacCYMTaHHBIA MO (2)—(4), MpaKTHYECKHU HE
3aBHCUT OT McCieLyeMoro merona. B To ke Bpems
BKJIan R — HanOONBIIMI MO OTHOIICHHIO K APYTUM

HCTOYHUKAM IIyMa, MIPUYEM O0COOEHHO MpeBaupyeT
B nuamnazone conpotusieHnid 300...400 Owm. Ilpuse-
ICHHBIE 3aBUCHMOCTH COOTBETCTBYIOT HambOolee
pacIpoCcTpaHEHHOMY CIIy4aro, KOIJa HOMHHAJ pe3u-
cTopoB oOparHo#l cBsizu coctapiseT 10...1000 Owm,

9qT0 00BIYHO Hcmonb3yercst B MITY. YBennuenue Ho-
MHHaJa Ry YBEIMYMBAET €TO BKJAJ] B OOIINE ITyMBI,
OITHOBPEMCHHO TIOBBINIAs TOYHOCTh W3MepeHus. Ta-
KM 00pa3oM, Ha MpakTHKE 11eJIecO00pa3HO HCIOb-
30BaTh CXeMy ¢ (PUKCHPOBAHHBIM 3HaYCHUEM Rj .

Ha puc. 3 mpencraBneHa (yHKIMOHAJIBHAS cXeMa
SKCIIEPUMEHTAIILHONW YCTAHOBKH 11 MCCJIEIOBAHUS
IITyMOB SJIEKTPOHHBIX MOTEHIIMOMETPOB. Ycumurenn Al
n A2 Ha ocHoBe OP37 o0ecrieunBaroT OCHOBHOE yCHIIe-

HHE (OKOIIO 10* ), ycwmtenms A3 dopmupyer Tpedye-
MBIH [Tt MOTYITs cOopa aHHbIX E14-440 nuana3oH BbI-
xormHbIx HanpspkeHnit +10 B. Taxum oOpazom, obree

YCHIICHUE TPaKTa COCTaBISET okosio 660 - 10°,

Ounetp MAX7400 ¢ BHEMIHUM yNpaBICHUEM
ucnons3yercs B kadectse ®HY ¢ yacroroil cpesa,
perymupyemoii B quanasone fe, =0...20 kI'u, xoto-

pas yCTaHaBIMBAIach CHHTE3aTOPOM YacCTOTBI Fige
3 YCTOBHA fp, =100/ Fyq. . CpenHekBanpaTinieckoe

3HAYCHHUE HAMPSDKEHUS IIyMa H3MEPSUIOCHh C HUCIOJb-
CIEIMATTU3UPOBAHHOTO  IPOTPaMMHOTO
obecrnieuenust "PowerGraph" wmetomoM Tmoi0COBOM
1 poBoi
1..2 x['m u HOpManmu3amuu YCpeIHEHHOW pean3a-
MM CIIEKTpa OTHOCHTENHHO JTOTr0 3HadeHws. J[ms
KOMIICHCAIIUK HAIMPSDKEHUsI CMEIIEHUS W TMPelnoT-
BpalllcHUs] HACHIIICHUS H3MEPHUTEIHHOrO KaHaia B

30BaHUCM

¢wIbTpanMy CHUTHaNa B JWAaNazoHe

Ka4ecTBE UCTOYHUKA HampshkeHus FE, M pe3ucropa
R, wucnone3oBancs muQpoaHanoroBsii mpeodpaso-

Barenb AD5320. 3nadenne Ry BBIOMPAIOCh TaKUM

00pa3zoM, 4To0BI 00eCTIeUnTh HEOOXOIUMBIN THANIA30H
PETYIMPOBKH ¥ 33JIAHHYI0 TOYHOCTh YCTaHOBKH
HanpsbkeHus cmernenus [ 1, 14, 15].

Ha puc. 4 npencrasieHo cpaBHEHNE NIOIYYEHHBIX
SKCIIEPUMEHTAIBHO IIYMOBBIX XapaKTEPHUCTUK 3JICK-
TPOHHOTO TOTEHIMOMETpa MpH Kod(duimente ycu-

|
DA1 AD797

Ry,
| K, =100 Ky =10 K, =1 K, =~6
}‘ +> > > >
out
Iy S ®HY I
B Al A2 ? A3
F

Puc. 3. DyaxunoHambpHas CXeMa SKCIIEPUMEHTAIBHOM yCTAaHOBKH ISl HCCIIEA0BAHMS IIIyMOB IEKTPOHHBIX HOTEHIIMOMETPOB

Fig. 3. Functional diagram of the experimental setup for the study of the noise of electronic potentiometers
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1-107° | | | |
0 200 400 600 800 R, Om
Puc. 4. DXBUBaTICHTHBIC 3HAYCHMS [ITyMa HATPSDKSHUSI IS
YCUITUTEIIS C JIICKTPOHHBIM MTOTCHIIHOMETPOM (IKCIIEPUMEHT)
U SKBHBAJICHTHOr0 pe3ucropa R; (pacuer)

Fig. 4. Equivalent voltage noise values for an amplifier with
an electronic potentiometer (experiment) and an equivalent
resistor R; (calculation)

nenuss MITY K, =11 u pacuyerHo# XapakTepUCTHKU
n

pEe3UCTOpa C SKBHUBAJICHTHBIM 3HAUYEHHEM COIIPOTHB-
nenust. Kak BuaHO M3 puc. 4, 3MeKTPOHHBIA MOTEH-
LMOMETpP TPaKTHUUECKH SKBHUBAJIEHTEH METAIIOIUIE-
HOYHOMY PE3HCTOPY IO IIYMOBBIM XapaKTEPUCTHUKAM,
YTO 103BOJISIET MCIIOIb30BaTh UX B KAUECTBE JIIEMEH-
TOB ympaBieHus B mooom MITY. /laHHbIe H3MepeHHi
COOTBETCTBYIOT 4acToTaM 1...2 KI'Il ¥ HEe yYUTHIBAIOT
W30BITOYHBIE [IyMBI, OJHAKO WCIOJB3YS JaHHBIC
HayaJibHble 3Ha4YeHus U Iyma J[HKOHCOHA M como-
CTaBJIsAs CIEKTPAIBHYIO XapaKTEPUCTHKY LIYMOB C
mrymamu OY, MOXKHO CZIeaTh BBIBOJ, YTO BKJIAJ HU3-
KOYaCTOTHBIX ITyMOB MHHHMAJICH M TIPEHEOpEXH-
TEITBHO MaJl [0 CpaBHEHUIO ¢ (umkkep-rymoM OY.

ORIGINAL ARTICLE

Cxemorexnnuyeckasi peanuzamusi MITY. Ha
puc. 5 mpeactasineHa (GyHKIMOHAJIbHAS CXeMa pa3pa-
6oranHoro MIIY ¢ 1m}pOBEIM IUCTAHIIMOHHBIM
ynpasiaenueM. OcHoBoW ycunutens spisgerca OY
DAL. TlockoabKy MCTOYHHMKHM CHUTHajla MOTYT MUMETh
pa3Hble BBIXOAHBIE COIIPOTHUBIIECHUS, B CXEME INpeny-
CMOTpEHa BO3MOXKHOCTb 3aMeHbI ero Ha OY apyroro
tuna. Hanpumep, AD797 MOXHO 3aMeHUTh Ha
TLO71, OP37, AD795, 4ro mo3BoisieT MOaOHpaTh
HeoOxomuMed OY Ton 3aaHHOE BBIXOJHOE COIIPO-
THUBJICHUC OaT4YHKa 663 N3MCHCHUA CXCMBbI YIIpaBJiC-
HUA. YcuieHwe peryaupyercs ¢ momornbio LI

DA3 AD8400-1K B nuanasone KuH =5...100 ¢ ma-
rom AK, = 0.39 mpu 3amaHHOM COMPOTHBICHUH

R =10 Om (mnsg ymeHbleHHs BKIafa R| B oOmue

ITYMBI YCUJIATEIIS).

Cwmemenne perymupyercs ¢ momomneio  OIIIT
DA4 AD8400-10k, BKIIFOUEHHOI'O 10 CXEME JCIIUTE-
7 HanpsbkeHus. J(nana3oH v TOYHOCTh PEryJIMPOBKU
CMEIIEHUS BBIOUPAIOTCA C MOMOILBIO JOTOIHUTENb-
HBIX pe3ucTopoB R2—R4. HanpsixeHue cMelleHus Ha
BBIXO/I€ YCUJIUTENS ONPEAETsieTCs U3 ypaBHEHUS

2U 3
(p N —Um](lo N, +50)
U = 256 256 )

) R2 4

rae Uy, — HampsbkeHue nutaHusi; Nj, N, — 3Ha-

YCHHUEC YIPaBAOINUX KOAOB, IMOAaBaCMbIX Ha DA4 u

+U DDI1 RS” U
uT out
—U [ SCF OUT%)—«—:'T»—@—Q
+—«IN CLK > r—==
MAX7403
TS5A3157DVCR r* - DA3| Rp DD2
1=~y
AD797 | 3 | MCU[ RS , Jose A
+ —|| | [
Rl L SN T ANO AN1 DD4
T AD8400 7 R
RC6 VDD—"" R6
—_— _Ul'lI/IT +Um/IT VR +U
SDI, CLK, CS1, CS2 |RCO.. VSS DD3 —,{ OUT IN
pA4| ¥ 0, RC3 TX|—DL]TRX[A GND
- Ty oL ZQl1
U“£| 1 ] |+_Uf“" A I5sci RCS —g% R7 }—oiM
L | " — =
R3* +U,|AD8400 R4 = 105¢ RX—pr Bq_um GND |
PIC18F2520 ADM485 OUT IN
VR
R8 DD5
. LM317 | o

Puc. 5. dynxunonansHast cxema MITY ¢ 1 poBbIM TUCTaHIIMOHHBIM YIPaBICHHUEM

Fig. 5. Functional diagram of the low-noise pre-amplifier with digital remote control
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DA3 coOTBETCTBEHHO. YIPABIAIOIIME KOABI yCTa-
HaBNUBaIOTCS MuKpokoHTpoiuiepom (MK) DD2
PIC18F2520 ¢ ucnonn3oBanuem mpotokona SPI, pea-
JIM30BAHHOTO Ha MPOrPaMMHOM YPOBHE. AHaJIOTOBBIN
nepexmodare’ns DA2 nmpenHa3HaueH Iuisl pearn3aui
peXuMa eprHoANIEeCKON KOMITeHCalluu Aapeiida myTem
M3MepeHns (PaKTHUECKOTO 3HAUYCHUS BBIXOJHOTO CMe-
LMIEHUSA M KOMIIEHCAILIMKA €ro ¢ mmoMolnso DA4. Dot
PEXHUM MOXKET HUCIOJIB30BATHCS JIOKAIBHO B Ka)JIOM
yCHJINTENE, HO TPH KaCKaJHOM ITOJKITIOYCHUH BO3-
MOKeH 0oJIee CIOKHBIN alTOPUTM KOMITCHCAITHH.

C wucnonb3oBanueM (5) BO3MOXKHA HACTpOMKa
YCHIIMTEIILHOTO Kackama, oOecredyrBaromas OanaHc
MEXIY TOYHOCTBIO KOMITIEHCAIIMU CMEUICHUS U Jna-
Ma30HOM KOMIleHcaluu. Peanusanus u uccienosa-
HHUE TAKUX AITOPUTMOB SBIISIOTCS IPEAMETOM Iailb-
Helreld paboThl.

Ou4eBHIHO, YTO MNPU KACKaJHOM COEIWHEHHH
YHHUBEPCAJIBHBIX YCHINTENCH MOXKHO JOCTHYH BEICO-
KOU TOYHOCTH YCTAaHOBKH CMEILCHHUS HYJIS HA BBIXOZIE
BCETO TPaKTa, €CIU KaXAbl YCWINTENb H3MEpH-
TEJIFHOTO KaHaJla 3a/IeHiCTBOBAH B ATOM alTOPHUTME.
OTO Takke MPHUBOOUT K PACIIMPEHHIO AHAITa30HA
KOMITEHCAIIUW; OJHAaKO TpeOyeT B3aMHOTO OOMEHa
nHpopManer Mexay Kackagamu ycuiautens. O0b-
eIMHCHNE BCEX YCHIIMTENCH B ONHY CETh HA OCHOBE
untepdeiica RS-485 nemaer 3170 BO3MOKHBIM.

Kax mokazamm mociemyroniie 3KCICPUMEHTHI,
aHaJOTOBHIH KItod DA2 He BHOCHT TOTIOTHUTEIBHBIX
urymoB. TakuM 00pa3zoM, B MIPEJCTABICHHOM MOJYIIE
(puc. 5) peaM30BaH OAWH W3 MPHUHITUTIOB KOMITCHCA-
UM C CYIIECTBCHHBIM pacIIupeHreM (YHKIHHA, 9TO
SIBIISIETCS] TIPEUMYIIIECTBOM IE€PENl CXEMHBIMH pelle-
HISIMA Ha 0a3e MOIYISTOPOB U ICMOIYISTOPOB.
BozHukaromiye mapasuTHble TapMOHHMKH YacTOTHI
koMMmyTanud DA2 MoryT OBITH yCTpaHEHBI Kak Ipo-
rpaMMHO, TaK W OpraHu3anueil coopa AaHHBIX CHH-
XPOHHO C YaCTOTOM KOMMYTallUH.

ONIUNTHYECKUH  (QUIBTP BOCBMOIO MOpSIIKA
DD1 MAX7403 ycranoBnen Ha Bbixome DA1. Ya-
crota cpe3a koHTponupyercss MCU wuiau BHEIIHUM
cunTe3aropoM dactorel. [Ipumenenne MCU B kaue-
CTBE TCHEpaTopa TAKTOBOTO CHTHAJla HMEET IIpe-
HUMYIIECTBO B TOM Cilydae, €cid HeoOXoauMmo obec-
MEYNTh HE3aBUCUMYIO YaCTOTy cpes3a JUIsl KaKIOoro
MOZYJIS B U3MEPUTEIHHOM TPAKTE MPU OTHOCHUTENHHO
HeOOJIBIIOM JMara3oHe (PUKCUPOBAHHBIX 3HAYCHUH,

TOT/Ia KaK MCIIOJIb30BaHUE BHEIITHEr0 CHHTE3aTopa 03~
BOJISIET YCTAHOBUTE JIFOOYIO YacTOTY cpe3a B THala3oHe
0..30 x['. OunkTp SBISETCS OMIUOHAIBLHBIM MOITY-
JieM, TaKk Kak ero HajJudue 00s3aTelbHO TOJIBKO B TIO-
CIIEIHUX KackaJax M3MEpHTENbHOro KaHama. Ouisrp
nepBoro mopsaka RSC1 orpaHH4MBaeT IMOJIOCY IPo-
MMyCKaHMsl ycuiuTenst Ha dactoTtax Beime 20 k[, 9to
3HAYUTENFHO yMCHBINACT Mapa3UTHBIE TapMOHUKH
DD1 MAX7403 B obnactv HU3kuX 4actoT [1].

IIpoToxoJ AMCTAHIIMOHHOIO ynpaBieHus. st
BHEIITHETO YIPABICHHUS YCHIIUTEIEM HCIIONb3YeTCs
CHEeIHMaJbHBINA MPOTOKOJ Mepeaayy JaHHBIX U UHTEp-
¢eiic komaHmHOM cTpoKH. Pa3zpaboTka cOOCTBEHHOTO
MPOTOKOJa OOOCHOBaHA CHEIHU(UIHOCTHIO pelae-
MBIX 3aJa4 U HEOIpaBJaHHBIM HCIOJb30BAaHUEM pe-
cypcoB MCU i GONBIIMHCTBA U3BECTHBIX MPOTO-
kojoB (Harmpumep, ModBus-RTU). Haubomnee Gimn3-
KHM K pa3paboTaHHOMY sBJsieTcs mpoTokoil Modbus-
ASCII [18]. TlepenaBaeMble 1aHHBIE MPEACTABISIOT-
¢ B koge ASCII, 4To IO3BOJISICT MCITOIL30BATh IS
yIpaBJeHus JI0yH TepMHHAIbHYIO mporpammy. K
MIPOTOKOJY YIIPABICHUS MPEIBSBIAIOTCS CIETYIONIHe
TpeOOBaHMA: MPOCTOTA IPOTPAMMHOU peaH3aIliu
Ha ctopoHe MK; BO3MOXHOCTh OOMEHa JaHHBIMU
Kak Mexay otnensHsiMu MK B enuHOM cetH, Tak u
MEXIy HEHTpaJbHEIM ycTpoiictBoM (Master) u yma-
JIEHHBIM yCcTpoiicTBoM (Slave) (coenmuHeHue "Todka—
To4Ka"); BO3MOKHOCTh HapalluBaHUS U Pa3BUTHA
CHCTEMBI KOMaHI 0e3 MPUMEHEHHS MEHIO; BO3MOXK-
HOCTh paboThl B MIOCUMBOJILHOM, ITOCTPOYHOM M IMa-
KETHOM PEXHMMaX; BBOA-BHIBOJ B TEKCTOBOM PEKUME;
BO3MOXKHOCTh HCIOJIG30BaHUS JIIOOBIX TEpPMUHAIb-
HBIX TIPOrpamMM; paboTa B ACHHXPOHHOM pexXuMme 0e3
TaliM-ayTOB; HE3aBUCHMOCTH OT BHEITHUX OMOJINOTEK
u momuepxkka Jirooerx MK, MMErImux BCTPOCHHBIN
Monyab UART; oTcyTCTBHE KOJNJIM3UNA BCIEICTBUE
HazHaueHuss poiedd (Master, Slave) kaxmomy
YCTPOUCTBY; paboTa 6e3 yCTaHOBICHUS COCIUHCHUI;
(UKCUpPOBAaHHBIE TMO3WIIMH CHMBOJIOB B 3aroJIOBKE
Kagpa. Kak mokasamm mpeaBapuTENbHBIC SKCIEpPH-
MEHTBI, IIPU MaJIbIX CKOPOCTSIX IMepenayd TaHHbIX
OTKJIOHEHHE TOMOJOTUU OT craHjapra RS-485 mo
KacKaJHOMY WM IPEBOBHIHOMY NPHHIUITY HE TPH-
BOJIUT K YBEITMUEHUIO Yuclia omuOoK. OnTuMu3anus
MPOTOKOIa OOMEHa M BO3MOXKHOCTH IE€pelnaud JaH-
HBIX 10 JIMHMASM THTAHUS SBISIOTCS TIPEIMETOM OT-
JIEIbHBIX UCCIIEIOBAaHUM.
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m[c|cfc]=|r[p[P|P|-[D[D|D[-] .. ¥
a

M[c[c]c|=[s|p[p|P|-|D[D|D[-] . ¥
6

|/n | /r | A| N| S | : | ITapamerpsr "XXXX", "YYYY" |/n| /r|
6

Puc. 6. Kanper nepenaun TaHHBIX
JUTSL yIIPaBIICHUS yCUITUTENEM

Fig. 6. Data transfer frames for amplifier control:
a —reading a given parameter; 6 — writing
a parameter; ¢ — module response

Ha puc. 6 mokazans! hopMarsl KaapoB pa3paboTaH-
HOro nportokona. [lpu3HakoM Havana Kajapa SBISETCS
cumBoa "M", mociie 0OHApYKEHUSI KOTOPOTO MOAYIh
npuaumaet ajapec "CCC" B muamazone 0...255. Tlpu
COBIIAJICHUH ajjpeca aHaJIM3UPYyeTcs CHUMBOJ THIIA
oneparmu ("R" — urenue (puc. 6, a), "S" — 3anuch
(puc. 6, 60)). Jlamee B 3aBUCUMOCTH OT THIa Omepa-
LMK 3aJaeTcsl ajipec mapamerpa B auanazone 0...255
Y TIpY OTICpAINH 3alllCH 3HAa4UCHUE ITapaMeTpa B Ana-
nazone 0...9999. Ilpu3HakoM KOHIA Kajpa SBISETCS
cumbon "LF". Eciau onepanys BbIIIOIHEHA YCIEIIHO,
MOAYAb (OPMUpPYET OTBET B BHJC 3HAYCHHUS Mapa-
MeTpa, He3aBUCUMO OT BHIa onepanuu (puc. 6, 8).

B ciyuae ¢yHKIMOHMPOBaHUS IPOTOKOJIA B paM-
KaxX OJHOTO M3MEPHUTENHHOTO KaHana IPHHATA JIpY-
ras cucrema anpecaruu Buma "MXXXX.YYYY",
rme "XXXX" agpec WM3MEpPUTEIBHOIO KaHalia,
"YYYY" — agpec Momyssi B MUBMEPUTEILHOM KaHale,
oTIpeeIsIeMbIii IO HOMepy Kackaza ycrmieHus. Beero
peanuzoBaHo okojio 30 0a30BBIX KOMaH, C TMOMO-
b0 KOTOPBIX KOH(DHUTYpHUpYETCs JIF000H YCHITUTEh
B MHOTOKAaHaJbHON cUcTeMe. 3aJaHHble HACTPOHUKU
MOTYT OBITh COXpPAaHEHBI B MPOTPAMMHPYEMOM IIO-
CTOSIHHOM 3amoMuHaromeM ycrpoiictee MK u npu-
MEHEHBI IPU BKIFOYEHUH TUTAHUS MOIYJIS.

Pe3ysabTaThl Hecae0BaHMS IIYMOBBIX Xapak-
TepUCTHK. Pe3ynsraTsl M3MepeHns: MIyMOB ONHCAaH-
HOTO MPOTOTHIA YCUIIUTENS NpeACcTaBIeHbl Ha pUc. 7

A CJICAYHOIMUX  [MapaMeTpoB: YaCTOTa Cpe3a
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Puc. 7. DxBuBanieHTHas CrieKTpalibHAs TUNIOTHOCTH LIyMa
HaIpPSHKEHUS! MAJIOIYMSIIIEr0 YCHIIUTENs

Fig. 7. Equivalent voltage noise spectral density of the low
noise amplifier

fcp =10k, foe =1 M, Ku11 =11, w4acrora

JIUCKpETH3aluu cOopa JTaHHBIX th =50 xI'u. Kak

BUJHO M3 PHUCYHKAa, JKBHBAJICHTHAs CIIEKTpaJbHas
IUIOTHOCTH IlIyMa HanpspkeHus Ha yactore 1 k['1 He

MpeBbIIACT 3HaYeHus 1.2 HB/ J/T'Il, HE3HAYUTENHHO

OTIINYAsCh OT BEJIMUUHBI e, Hcnonb3yemoro OY. Kak

NOKa3any JaibHeHIIne W3MEpeHUs, JTO 3HaucHUe
nozaepxkuBaercs mpu mobom 5< K, <100.
it

Kpome rapmoHuK MpOMBIIITIEHHON YacTOThI B CIIEK-
Tpe MPUCYTCTBYET cocraBisitommas 45 I, sBisomasics
KOMOMHAIIMOHHOM YacTOTOM TakToBOro reneparopa MK.

3akouenue. PazpaboTaHHbII ONBITHBINA 00pa3er]
YHHMBEPCAIBHOTO M3MEPUTENBHOIO YCHJIUTENS MOXKET
OBITh MCIIOJNB30BAH ISl IOCTPOEHUS CIIOKHBIX MHOTO-
KaHAJBHBIX PACHpENIeNIeHHbIX H3MEPUTENbHBIX CH-
cteM. OCHOBHBIMHM IPEUMYILECTBAMHU YCUIIMTEINS SIB-
JISIFOTCS. HU3KUN ypOBEHb COOCTBEHHBIX LIYMOB, pado-
Ta Ha TIOCTOSTHHOM TOKE, BO3MOXKHOCTh JIMCTAHIOH-
HOTO YTIPaBIICHUS TapameTpamy 0e3 3HAYUTEITbHBIX
W3MEHEHUH IIYMOBBIX XapaKTEPUCTUK, MOAYIbHOCTb,
TMOKOCTh M TMPOCTOTa HACTPOWKH, HEIYyBCTBUTEIb-
HOCTb K KaueCTBY IMTAIOLIEr0 HalpsDKEeHUs, Oonbline
BO3MOXKHOCTH JJIsl peali3allid BCTPOEHHBIX allro-
PUTMOB TOBBIIICHUS] YyBCTBUTEIBHOCTH M CHH)KEHHS
COOCTBEHHBIX (MITUKKEP-IITYMOB.
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Abstract

Introduction. Increasing demands of precise geometry measurements by science and industry cause the ne-
cessity of improvement in an associated branch of legal and practical metrology. One of the most significant
fields is the measurement of internal dimensions and so the issues with the unit of meter transfer. Now we face
the situation when the current accuracies of National standards of different levels in corresponding traceability
chain (reference rings measurements) get close to each other. This means that we have to make the standard
of upper level more precise. One of the obvious ways is to apply the latest ultra-stable laser locked to a fre-
qguency comb.

Objective. The objective is to propose possibilities for improvement of the National secondary standard of the
unit of length by researching its measuring capabilities to minimize measurement uncertainty.

Materials and methods. The calculation of expanded uncertainty of internal diameter measurements by the
National secondary standard of the unit of length is performed according to the international document «Guide
to the Expression of Uncertainty in Measurement» JCGM 100:2008 approved by BIPM. The secondary standard
research results represented in previous reports and publications are also taken into consideration.

Results. Detailed uncertainty budget for the proposed measuring system is given as well as graphical data rep-
resenting the accuracy improvement.

Conclusion. Actions for minimization of measurement uncertainty components of the National secondary
standard of the unit of length in the field of reference ring internal diameter measurements in combination
with state-of-the-art laser interferometer system improve it to the next frontiers of accuracy and precision.

Key words: national standard, the unit of length, reference ring, internal diameter, uncertainty, laser
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Introduction. Units and systems which proper  industry, etc. leads to requirements revision in produc-
work depends on precise measurements of internal  tion and control precision. So the level of accuracy in
dimensions for the finest assembling and performance = measurements of any kind of gauges and reference
can be found in any branch of science or industry. A  standards gets higher and higher in response to in-
constant build-up of aircraft, ship construction, oil  creasing demands of modern industry and science.
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NATIONAL PRIMARY STANDARD OF THE UNIT OF LENGTH - METER

NATIONAL
PRIMARY
STANDARD | 1
—————————————————— < Comparative method ) ———— —C Comparative method ) .
SECONDARY STANDARDS
SECONDARY Interferometric sets for measurements
STANDARDS of internal dimensions in the range (0.5-200 mm)
5=(0.05+0.1L)pm

&' =0.01 um

Y

/ Direct measurements

First echelon

standards (0.5-200 mm)

Internal diameter gauses
(rings) in the range

6=(0.05+0.5L)pm

Systems for verification
of internal and external
dimensions measuring

instruments (0—1500 mm)

§=(0.05+0.5L)um

Fig. 1. Extract from the National Traceability Chain

As it concerns the legal metrology, uniformity of
measurements and unit transfer regulations for this
area in the Russian Federation are given in the latest
edition of the National traceability chain [1]. Measur-
ing rings are used as reference gauges for unit of
length storing and reproduction. In dependence of its
level in the chain rings can transfer unit to high-
accurate measuring systems (horizontal instruments
for example) as well as down to shop measuring in-
struments such as bore gauges. It’s necessary to men-
tion that according to the new revision of the tracea-
bility chain the unit of length — meter has to be trans-
ferred from the reference standard to the secondary
standard, then to internal diameter gauges (rings) of
the first echelon and then down the chain. But the
highest accuracy level for this type of standards was
the second in the previous version of the document
[2]. So, we clearly see the upward trend in the accu-
racy level in this thread.

The secondary standard used here is the laser inter-
ferometer system developed by VNIIM and designed
for internal measurements. Again, this system was add-
ed into the chain as well as the rings of the first echelon
due to demands from the industry mentioned above.

The extract from the traceability chain that co-
vers corresponding unit transfer is given in Fig. 1.

110

The systems to be discussed in this paper are
shaded gray. Accuracy characteristics are given in
terms of tolerances (instead of uncertainties, but the
correlation will be represented in the following sec-
tions). As you see, confident tolerances according to
the Formulas are close to each other, and the smaller
the measuring range the closer they get. But there
should be at least triple gap between the accuracy
values of standards at nearest levels in the chain ac-
cording to general theory [3]. So, the chain is still
imperfect, and unfortunately, it cannot be upgraded
as fast as the practical demands. And again, the most
significant thread covers the unit transfer in the field
of internal measurements and reference rings. The
same issues appear not only in Russian Federation
but in every country with CMCs declared in corre-
sponding area. Only 20 % of countries represented in
BIPM database have values of measuring uncertainty
for reference rings less than 100 nm [4].

The detailed description of the laser ring measur-
ing system used in VNIIM at the level of the second-
ary standard as well as its uncertainty components
are given below.

Internal measurements laser system. The ob-
ject of research is the system used in VNIIM for
measurements of internal dimensions which consists
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Measuring system

Fig. 2. Measuring setup: / — measuring item; 2 — the light
source of the optical probe; 3 — photodetector of the optical
probe; 4 — movable reflector of the measuring system;

5 —laser

of a horizontal comparator and a laser interferometer.
The main feature of the system is the optical probe
(also called ‘perflectometer’) for non-contact point-
ing at the gauge surface [4]. It is well-known that
using the tactile probe for the same purpose causes
contact deformation, which may affect the results,
and the measuring range limitation depending on the
probe size [5]. So, the non-contact probe is such an
advantage for the entire system.

The general setup of the measuring system in
combination with the optical probe is given in
Fig. 2 [6]. The measuring item (reference ring) / is
placed and fixed on the movable table on the axis of
the optical probe. The light mark from the source 2
reflects from the gauge surface and the image pro-
duced is captured by the detector 3. The measuring
system in the setup consists of a stabilized He—Ne
laser 5 with the wavelength A =633 nm that is the
part of a Michelson’s interferometer scheme which
movable reflector 4 is attached to the table. So the
horizontal displacement of the table is the distance
between two points on the opposite side of the gauge
surface, that is an equivalent of the internal diameter.

The setup has some more parts not mentioned in
Fig. 2, such as electronic counters and digital devices
for interference pattern processing, temperature sta-
bilization system, etc. Each one will be unfolded
along with the uncertainty calculation approach.

Uncertainty calculation. The internal diameter
of the reference ring can be evaluated as the function
of interferometer readout, laser wavelength, tempera-
ture effects including the thermal expansion of ring
material, corrections based on optical probe perfor-
mance and correction on the instrumental error of
interferometer system.

The mathematical model of internal diameter meas-
urements can be represented as the Equation [6, 7].

d =N)©(2n) + Aty aD+A, +A;, (1)

where d — diameter of the gauge at the temperature of
20 °C in mm; N — interferometer readout; A — wave-
length of the laser source, mm; n — air refractive in-
dex; At,, =(20-1,,) — deviation of the gauge tem-

perature t,, from normal, °C; o — thermal expansion

coefficient of the gauge material, K'!; D — nominal
diameter of the ring, mm; A, — correction depending

on the uncertainty of the optical probe performance,
mm; A; — correction depending on the instrumental
error of the interferometer system, mm.

This model gave as a result of the expanded un-
certainty of measurements with the coverage factor
k=2 [7]

U(D)=+0.12 +0.922D?.

This was represented by VNIIM as the results of
international comparisons of internal diameter gauges
in the COOMET project 181/RU/99. The Formula was
corrected after further research and then published in
the BIPM CMC database as given (updated on De-
cember 28", 2012) and can be represented as

U(D)=+0.12 +0.0162 D2

The goal now is to describe each component in de-
tails to find out any possibilities for its minimization.

Laser. Laser wavelength error depends on the fre-
quency stabilization system a lot. The corresponding
uncertainty has the distribution along the measured
length (the distance of mirror displacement) as shown by

U, (D)=UL)D.

This value corresponds to the wavelength in vac-
uum. To accept it into real air it’s necessary to know
air refraction coefficient, which can be calculated by
Edlen Formula [8]. Through this, we can take into
account combined impact to refraction coefficient by
environment temperature, humidity, and pressure. Air
refraction coefficient (n) can be derived this way

with the error less than 1.8-1077. The uncertainty of
n distributed along the measured length and can be
represented as

U,(D)=U(n)D.
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In the measuring system operation mode the un-
certainty of the interferometer readout occurs. The
length measured by the interferometer is actually the
number of the interference lines N. The main source of
the error corresponds to the fractional lines counting,
that can be obtained only via experiments. It’s also a
kind of combination of readout error, interferometer
resolution, and photodetector sensitivity. Currently
used laser LGN-302 gives the resolution error of
20 nm at the wavelength A =633 nm [7]. We can easi-
ly reduce this component by choosing the laser system
with higher frequency stability, different wavelength
and so lower resolution. So this part of the entire sys-
tem seems to be the first one to be highly improved
with the newest frequency stabilization technologies.

In 2017 the frequency comb system was placed
in service at VNIIM as the part of the brand-new
high-precision hardware complex for the reproduc-
tion and transfer of the unit of length [9, 10]. The
complex in general consists of frequency measure-
ment equipment (optical frequency comb) and two
stabilized lasers with wavelengths of 633 and
532 nm. So, by applying the laser with A =532 nm
wavelength to the reference rings measurement sys-
tem we’ll reduce the resolution error to 16 nm.

Temperature. In (1) At,, — is the temperature devia-

tion from the normal conditions. This value can be es-
timated practically by using thermal sensors by "Trimos
S. A." and the special software "WinComp" taken from
the thermal compensation system of the first echelon
standard of the unit of length in the range 10°6-
1100 mm [11]. The system consists of platinum tem-
perature sensors by "Almemo" with the measurement
uncertainty less than 0.01 K and traceability to the na-
tional primary standard of the unit of temperature.

The value contributes into the length measure-
ment with the thermal expansion coefficient (CTE)
of the gauge as shown in

Up, (D)=U(Aty,)aD.

The CTE value (o) is also known with error

about 0.5-107°K~! [12].

The CTE evaluation error affects to the length
measurement uncertainty by Az, D.

Individual long-term tests to ensure the tempera-
ture stability in the laboratory were performed along
one year using the temperature measurement system
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mentioned above. They represented small tempera-
ture excursions around the average value which are
negligible for the practical time frame of a single
measurement [5].

Instrumental error. The component A; (1) corre-

sponds to the instrumental error of the measuring
system. This error is mostly caused by misalignment
of the laser beam and movable carriage displacement
direction. The basics of the error appearance are
shown in Fig. 3.

Fig. 3. Instrumental error general description

As seen from the picture, in this case we take as
the measurement result not the horizontal displace-
ment but the length increased by additional 9.

The angle Q2 can be determined using autocollima-
tor. The high-precise autocollimator by "Trioptics"
used successfully in such situations (e.g. in the re-
search of 30-meter interferometer comparator from the
National primary standard of the unit of length — meter
[13]) in combination with an accurate adjustment of
the laser set may easily provide the value of Q=90".

The value 6 can be calculated using geometrical
formulas with the assumption that trigonometric
functions of small angles can be replaced with the
values of the angle and can be represented by

Us)=0%/2.
The following formula shows the contribution at
the measured length for Q=90":

Q? 6
Uy, (D) =7D ~0.05-107°D.

Optical probe performance. The component Ap
covers optical probe performance and it means a
combination of factors which gives the pointing op-
eration error of the perflectometer system. In another
word, it’s the uncertainty that appears each time the
gauge surface is acquired. It highly depends on the
quality of the image we see in the perflectometer
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projective system and on the signal level of the im-
age mark reflected from the gauge surface. To
achieve higher performances, it is necessary to have
good reflection and so good item roughness less than
the optical probe light source wavelength. In the ex-
act system we use the halogen source of A ~ 500 nm.
The typical roughness characteristics of reference
ring Ra <40 nm is the perfect fit according to [14].

The Ap component value can be obtained exper-

imentally. Typical value of the VNIIM measuring
system represented by

U(A,) =1.23-10%m.

This uncertainty appears twice as well as the
readout error mentioned above, so the ultimate con-
tribution shown by

Uy, (D)=21.23. 108=17 nm.

Results. Uncertainty components with the values
mentioned above are represented in Table. Coeffi-

cient of /2 is applied for readout and probe compo-
nents because corresponding uncertainties appear
twice at opposite sides of the reference ring.

The following formula shows the calculation of
the expanded uncertainty from Table by using cover-
age factor k =2 according to the GUM [15]:

U(D)=~/0.0552 +0.442D. )

To compare this result with the previous researches
we drawn the following graphic of uncertainty in de-
pendence of measured reference ring diameter in the
range of (5...200) mm that corresponds to the measur-
ing range of the National Secondary standard.

The uncertainty of the VNIIM set after improve-
ments applied as they are given above and calculated

Uncertainty Budget of Reference Ring Measurement

Inpu.t Standard Sensitivity Standard
quantity deviation, coefficient, uncertainty
);i u(x;) ¢i = 8d/8x; u;(d), pm
N 16-107° 2 0.022
A, 1.23-1078 V2 0.017
A 3.10°8 D 0.03-107°D
n 1.8-1077 D 0.18-10°D
A; 0.05-107° D 0.05-107°D
A 0.01 K axD 0.12-107°D
a 005-10° K| Ay, *D | 0005102 D

401

| | |
0 50 100 150

Fig. 4. Expected performance
of the improved VNIIM measuring set

L, mm

from (2) is shown by diamonds. Traceability chain
requirements for the secondary standards (Fig. 1) are
given in terms of uncertainty and shown by triangles.
The previous secondary standard research results ob-
tained via international comparisons of internal diame-
ter gauges in 2006 are also shown on the same picture
(squares). It means that the methods for the measuring
system improvement described in this paper may pro-
vide better performance and lower uncertainty to fit
the requirements of uncertainty ratio between the sec-
ondary standard and the substandard (Fig. 1). The cor-
responding line (diamonds) also has more theoretical-
ly correct slope instead of previous data (squares).

By using laser source with a frequency locked to the
comb mentioned above we will make all the components
related to the laser negligible. For example, relative fre-
quency instability of the currently used LGN laser is

4.107° while the same parameter of laser set from the

higher precision comb complex is about 9- 10712, So,
connecting displacement measuring system of the sec-
ondary standard directly with the comb will reduce the
resulting expanded uncertainty more. The expected
performance is also shown in Fig. 4 by circles.

Conclusion. Here we declared the general setup
of the laser interference system made by VNIIM for
internal measurements of reference rings as well as
some possible methods to be applied for minimiza-
tion of the uncertainty components.

Along with the laser system improvement, some
further steps will be taken to optimize the entire sys-
tem to make its performance even better.

At first, the real-time thermal compensation sys-
tem will be applied to have a clear view of tempera-
ture gradients in the volume of the measuring set.
The system of 2 up to 6 thermal sensors with the
special software by "Trimos S. A." is going to be
used. The similar one is already launched successful-
ly at the first echelon standard of the unit of length [16].
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Then the photodetector of the optical probe will
be replaced with the CCD camera and the software for
digital image processing. At the same time the measur-
ing table will be equipped with servo drives with the
active feedback from the optical probe to make the
system acquire diameter points automatically or by
remote control. This will make the optical probe per-
formance more accurate and also it will reduce human

ORIGINAL ARTICLE

factor effects as well as the temperature deviations
caused by human presence in the laboratory. The steps
described will lead to the automation of the entire
measurement procedure and the highest accuracy.

On the other hand, some legal procedures should
take place to renew the National traceability chain
according to the latest accuracy data obtained from
the improved Secondary standard unit.
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MyOJNMKALMK; TIPH 3TOM HEOOXOJIMMO 0053aTEeIBbHO CChUIATHCS HA MCTOYHHKH, U3 KOTOPBIX Oepercs MHpopMaIus.
ABTOp TIPUBOIUT omnucaHue "OesbIX MATeH" B MpoOJieMe WM TOro, YTO €Il HE CIENaHO, U (POPMYJIMPYET LEId U
3aJ1aud MCCIEIOBAHUS.

B Tekcte MOryT ObITh MPUMEHEHBI CHOCKH, KOTOPbIE HyMepyroTcs apabckumu mudpamu. B cHOockax MOryT ObITh
pa3MeIeHsl: CChUIKM Ha aHOHUMHBIE UCTOYHUKHN U3 VIHTepHeTa, CChUIKM Ha yueOHuKH, yueOHbIe mocobus, 'OCTHI,
aBTOpedeparsl, Auccepranuu (€Ciau HeT BO3MOXKHOCTH MPOLMTHPOBATH CTAThH, OMYOIMKOBAHHBIC 110 Pe3yJbTaTamM
JUCCEPTALMOHHOTO UCCIICIOBAHMS).

MCTOIILI. HeO6XOﬂI/IMO OIMMCAaTb TCEOPCTUUCCKHUC WM OISKCHCPUMCHTAJIBHBIC MCETOAbI HCCIICAOBAHUS,
HCIIOJIb3yEMOC 060pYI[0BaHI/I€ urT. no., YTOOBI MOYKHO OBLIIO OLICHUTH W/AIH BOCITPOM3BECTH HUCCIICIOBAHUC. MCTO,H nim
METOOOJIOTHUIO MTPOBEACHUA NUCCIEAOBAHNA uenecoo6pa3H0 OIMMCBIBATH B TOM CJIy4a€, €CJIM OHU OTJIMYarOTCA HOBH3HO.

Hay4Hast crarbsi 10/DKHA OTOOpa)XaTh HE TOJNBLKO BBIOPAaHHBIM MHCTPYMEHTApUIl M MOJyYeHHbIE Pe3yJbTaThl, HO U
JIOTHKY CaMOI0 MCCIEIOBaHUS WM IOCJIEIOBATENbHOCTh PACCYXJEHHH, B pe3yJbTaTe KOTOPBIX IOTyYEHBI
TeopeTrueckre BbIBOJBL. [10 pe3yibraTaM sKCIIEpUMEHTAIBHBIX HCCIEeIOBaHUN 11e7eco00pa3HO OMUCaTh CTaluU U
9Tamnbl SKCIEPUMEHTOB.

PesyabTatel. B 3TOM pa3zmene mpeAcTaBIEHBI JKCIEPHUMEHTANBHBIE WIH TEOPETHUECKHUE TaHHEIE,
MOJy4eHHbIe B XOJ€ MCCIIeIoBaHusl. Pe3ynbTaThl AaloTcsi B 00pabOTaHHOM BapuaHTe: B BuAe Talbnul, rpadukos,
JqUarpamM, ypaBHeHHH, (ororpadwuii, pucyHkoB. B 3TOM paszgene npuBogsTcs ToJdbko (akthl. B onmcanun
MOJTyYSHHBIX Pe3yJIbTATOB HE JOJDKHO OBITh HUKAaKUX MOSACHEHUH — OHM JatoTcs B paszaerne «O0cykaeHue».

Oocyxnenne (3axiodenue U BoiBoanl). B 5T0ll wacTu ctaTbu aBTOPBI MHTEPHPETUPYIOT HOTY4YEHHBIE
pe3yapTaThl B COOTBETCTBUU C IMOCTaBIEHHBIMU 3aJauyaMH HCCIEIOBAHHUS, MPHUBOAAT CPABHEHUE MOIYUYEHHBIX
COOCTBEHHBIX Pe3yJbTATOB C Pe3yJIbTaTaMu APYTHX aBTOpoB. HeoOX0onMMO MOKa3aTh, YTO CTAThs PEUIACT HAYIHYIO
poOJIeMy WK CITYKHUT IPUPAIICHNAIO HOBOTO 3HAHHS. MOKHO OOBSCHSTH IIOTyYCHHBIE PE3yIbTAaThl HA OCHOBE CBOETO
ombiTa ¥ 0a30BBIX 3HAHWH, NMPHUBOJSI HECKOJIHKO BO3MOKHBIX OOBSCHEHMH. 3IECh HM3JararoTcsi MPEUIOKEHUS 110
HAalpaBJIeHUIO OyIyIIUX UCCIEAOBAHUI.

Cnucok auTepatypsl (OHOIHOTpaQUUSCKUA CITICOK) CONEPIKUT CBEACHHS O MUTHPYEMOM, paCCMAaTPUBAECMOM HITH
YIIOMHHAEMOM B TEKCTE CTAaThH JIMTEPaTYpPHOM HCTOYHHKE. B CIHCOK JHTEepaTyphl BKIIOYAIOTCS TOJBKO
peLeH3upyeMble HCTOYHHUKY (CTaThH U3 HAYYHBIX KYPHAJIOB U MOHOTpadun).

Crmcok nuTepaTypsl JOJDKEH WMETh He MeHee |5 HCTOYHHMKOB (M3 HHMX, Ipu Hamuduu, He Oonee 20 % — Ha
COOCTBEHHBIE Pa0OTHI), UMEIOIINX CTAaTyC HAyYHBIX ITyOIHKaLnii.

IIpuBETCTBYIOTCS CCBUIKM Ha COBPEMEHHBIC AaHTIOsA3bIdHbIe m3naHus (TpedoBamms MHBJ[ Scopus — 80 %
HUTHUPYCMBIX aHTJIOA3BIYHBIX I/ICTO'-IHI/IKOB).

CcbUlKM Ha HEOIyOJIMKOBaHHBIE UM HETHPaXMPOBAaHHBIE PabOThI HE JIOMycKalTci. He J0omyckaroTcsl CChUIKM Ha
y4eOHUKH, y4eOHbIe TOCOONsI, CIPAaBOYHUKH, CIIOBAPH, TUCCEPTALUH U IPYTHE MaJOTHPaXKHbIEC U3/1aHHS.

Ecnu oniceiBaemast myOnukanus nmeet nudposoii ngentudukartop Digital Object Identifier (DOI), ero HeoOxonumo
yKa3bIBaTh B caMOM KoHIe OmOnmorpaduyeckoit ccouiku B opmare "doi: ...". [IpoBepsts Hanmmume DOI crarbn
cienyert Ha caiite: http://search.crossref.org mmm https://www.citethisforme.com .

HesxxenatenpHBI cChUTKH Ha MCTOUYHUKHU Oosee 10—15-meTHel JaBHOCTH, MPUBETCTBYIOTCS CCHUTKHA HAa COBPEMEHHEIE
WUCTOYHHKH, NMEIOMIHe uaeHTHPuKaTop doi.

3a J0CTOBEPHOCTh U MPABWIBHOCTH O(GOPMIICHHUS MPEACTaBIsIEMbIX OUONIHOrpadrUeckuX AaHHBIX aBTOPbI HECYT
OTBETCTBEHHOCTD BIUIOTH JIO OTKa3a B IpaBe Ha IyOJINKAIHIO.

117



M3Bectus By3oB Poccun. Pagnosnexkrponnka. 2019. T. 22, Ne 4
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 4

IIpaBunia pist aBTOPOB cTaTeit
Author's Guide

AHHOTAIHMA HA AHIJMICKOM si3bIKe (Abstract) B pyCCKOS3BIYHOM H3JAHHM M MEXKIYHAPOJHBIX 0a3aX JaHHBIX
SIBIIICTCS ISl MHOCTPAHHBIX YUTATEIICH OCHOBHBIM U, KaK MPAaBHJIO, CAMHCTBCHHBIM HCTOYHHUKOM HH(OpPMAIMU O
COJICPXKAHUW CTAaThbH U U3JIOKCHHBIX B HEH pe3ylbTaTax HCCIEOBaHUM. 3apyOe:KHbBIC CICIIMATHCTHI 10 aHHOTAIUH
OIICHWBAIOT MyOJUKAINIO, OTPEACIISAIOT CBOM MHTEpec K padoTe POCCHHUCKOTO YYEHOTO, MOTYT HCIOJB30BaTh €€ B
CBOCH MyOJIMKAINH U CIIENaTh Ha Hee CCBUIKY, OTKPHITh JUCKYCCHIO C aBTOPOM.

TexcT aHHOTaLMK JOJDKEH OBbITh CBA3HBIM U MH(OpMaTUBHBIM. [IpH HarmicaHHy aHHOTALMH PEKOMEH/TYETCsl HCIIOJIb30BaTh
Present Simple Tense. Present Perfect Tense siBisiercst normyctumeM. Pexkomenmyemsrii 0oem — 200-250 cioB.

Cnucok sutepatypbl (References) s 3apyOexHbIX 0a3 JaHHBIX MPUBOIUTCS TOJTHOCTBIO OTACIHHBIM OJOKOM,
MOBTOPSISL CIIUCOK JIUTEPATYPhI K PYCCKOA3BIMHOM YacTH. ECIIM B CIIMCKE JIUTEPATYPhI €CTh CCHUIKA HA MHOCTPAHHBIE
MyOJIUKALMK, TO OHH TOJHOCTBIO TIOBTOPSIIOTCS B CIIUCKE, TOTOBsIEMCS B poMaHckom andasute. B References
COBEPIIEHHO HEAOMYCTHMO Hcmoib3oBaTh poccuiickuii ['OCT 7.0.5-2008. bBubamorpadudeckuii Crmcox
MPE/ICTABISIETCS C TIEPEBOJIOM PYCCKOS3bIUHBIX HCTOYHUKOB Ha JIaTHHUILY. [Ipn 3TOM npUMeHsIeTCs TpaHCIuTepanus
o cucreme BSI (cwm. http://ru.translit.net/?account=bsi).

Tunossie npumeps! onucanus B References npusesieHs! Ha caiite xypHana https:/re.eltech.ru .

Caenenusi 00 aBTopax

BxmrowaroT At Kaxaoro aBTopa (paMHiIMIO, UMs, OTYECTBO (IIOJTHOCTHIO), YUCHYIO HJIM aKaIeMHYECKYIO CTCIICHb,
y4eHOE 3BaHHeE (C JaTaMM IIPUCBOCHUS U MPUCY>KICHUS), IOYETHBIC 3BaHUS (C 1aTaMH IPUCBOCHUS U IIPUCYKICHUS),
KpaTKyl Hay4yHyr0 Ouorpadmuio, KOJIMYECTBO MEYaTHBIX paboT U cdepy Hay4dHBIX HHTEpECcOB (He Ooyiee 5—6 CTPOK),
HA3BaHUE OPraHHU3allUH, JOJKHOCTb, CITY>KeOHBIH M IOMAIITHAN ajJpeca, CITy)KCOHBIH U TOMAIIHAN TeJIe(OHBI, aapec
9JIEKTPOHHON MOYTHl. EciM y4eHBIX W/MiM akaJeMUYeCKHMX CTEINeHEed M 3BaHUH HET, TO CIeNyeT yKa3aTh MECTO
MOJyYeHHsT BBICIIEr0 OOpa3oBaHUs, TOJ OKOHYAHMS By3a M CIEUHAIbHOCTb. Takke Tpedyercss BKIIIOYATh
nHneHTuGUKaoHHbl HoMep wuccienoBarenisi ORCID (Open Researcher and Contributor ID), kotopsrit
otobOpakaeTcs Kak aapec Buaa http://orcid.org/Xxxx-xxxx-XxxX-XxxX. [Ipr 3ToM Ba)KHO, 4TOOBI KaOWHET aBTOpa B
ORCID 6511 3am101HEH HHPOPMAITHEH 00 aBTOpe, UMeNl HEOOXOIUMBIE CBEICHUS O €r0 00pa30BaHUH, Kapbepe, APYTHE
ctatbu. BapuaHT «Her obmienoctymHoi nHpopMmammm» npu obpamennu k ORCID e nmomyckaercs. B cBeneHnsx
ClIeyeT yKa3aTb aBTOpPa, OTBETCTBEHHOTO 3a IIPOXOXKICHHUE CTATbU B PEAKIIUH.

IIpaBuia oopmiieHUsI TEKCTA

Tekcr craTbu NOATOTABIMBAETCS B TEKCTOBOM penakrope Microsoft Word. ®opmar Oymarum A4. Ilapamerpsl
CTpaHMLIBL: TOJSI — BEPXHEE, JIEBOE U HUXKHEE 2.5 CM, MPaBO€ 2 CM; KOJIOHTUTYJIBI — BEPXHUU 2 CM, HIDKHUK 2 CM.
[IpuMeHeHHE TOTYKUPHOTO M KYPCUBHOTO MIPU(PTOB TOMYCTHMO MPH KpaifHEeH HEOOXOIMMOCTH.

JloTIOTHATENBHBIH, TOSCHSIONIMI TEKCT CleAyeT BEIHOCHTD B IOJCTPOYHBIE CCHUIKH IPU MOMOIIY 3HAaKa CHOCKH, a
npu OonpIioM 00beMe — 0(OPMIIATE B BHIEC NPWIOKEHUS K craThe. CchUTKA Ha (GOpMYITBI M TaOMUIBI JAOTCS B
KPYIJIBIX CKOOKaX, CCBUIKH Ha MCIIOJIb30BaHHbBIC HCTOYHHKU (JIMTEPATYPY) — B KBAAPATHBIX IPSIMBIX.

Bce cBemenuss u  Tekct craThbu HaOuparorcss rapHutypod  "Times New Roman"; pasmep wpudra
10.5 pt; BeIpaBHHMBaHHE MO ImWpuHE; ab3amHbeld orcTynm 0.6 cM; MeXCTpouHbI mHTepBan "Muoxwuremp 1.1";
aBTOMAaTHYeCKas pPacCTaHOBKA MEPEHOCOB.

IlpaBuina BepCTKH CHOHCKA JIHTEPATYphl, (GOPMYI, PHCYHKOB W TabaMI[ TOAPOOHO OIMCAaHBI Ha caiire
https://re.eltech.ru.

[Iepeqem, OCHOBHBIX TEMATHYICCKHUX Hal'[paBJ'[eHI/Iﬁ JKypHaJja
TemaTtnka JKypHajia COOTBETCTBYCT I'pyIlliaM CHeIlI/IaHBHOCTeﬁ Hay4YHBbIX pa6OTHI/IKOBZ

e 05.12.00 — "Paguorexnuka u cBs3p" (05.12.04 — PagnorexHuKa, B TOM YHCIIE CHCTEMBI M YCTPOMCTBa
teneBuaenus, 05.12.07 — Anrennsl, CBY-ycrpoiictBa u ux texHoinoruu, 05.12.13 — Cucremsl, cetu u
yCTpoO¥icTBa TenekoMMyHuKanwii, 05.12.14 Pamuonokanus u paguoHaBUTaIHs);
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05.27.00 — "DOnexrponuka" (05.27.01 — TBepmoTensHas JIEKTPOHUKA, PaJHOAIEKTPOHHBIE KOMIIOHEHTHI,
MHKpO- ¥ HAaHO?JIEKTPOHHKa Ha KBaHTOBBIX 3(pdekrax, 05.27.02 — BakyymHas ¥ 11a3MeHHas! SJIEKTPOHHUKA,
05.27.03 — KsanrtoBas sinekrponuka, 05.27.06 — Texnomorus W 000OpyIOBaHHME /ISl NPOM3BOACTBA
MOJIYIPOBOIHUKOB, MaT€PUAJIOB U IIPUOOPOB AIIEKTPOHHOHN TEXHUKN);

05.11.00 — "TIpubopocTpoeHue, METPOIOTHS U WH(POPMAIMOHHO-U3MEPHUTENBHBIC TIPHOOPHI U CUCTEMBL" B
pemakumu mpukaza BAK ot 10.01.2012 Ne 5 (05.11.01 — IlpuGopsl m MeTOABl U3MEpPEHUS MO BHIAM
n3mepenuii, 05.11.03 — IIpubopsr HaBurammu, 05.11.06 — Axyctuaeckne npubops! u cuctemsl, 05.11.07 —
OnTu4ecKue 1 ONTHKO-3JIEKTPOHHBIE PUOOPHI U KoMIuiekchl, 05.11.08 — PagnonszmepurensHbie MpUOOPHI,
05.11.10 — ITpubops! 1 METOABI UTSI U3MEPEHUS HOHU3UPYIOMNX HU3ITYYeHHH U PEHTTeHOBCKHE TPUOOPEI,
05.11.13 — ITpubopsI ¥ METOABI KOHTPOJIS IIPUPOTHOM CPEIbl, BEIIECTB, MATEPHUAIOB U u3aenuit, 05.11.14 —
Texunonorus npudopocrpoenusi, 05.11.15 — Merponorust u mMerposiorndeckoe odecnieuenne, 05.11.16 —
WudopmannoHHO-U3MepUTEIbHbIE W yNpaBisiioniue cuctemsl (mo ortpacisim), 05.11.17 — Tlpubopsl,
CHUCTEeMBl W W3ZeNHs MeAWIUMHCKoro HaszHaueHus, 05.11.18 — ITIpubopbl M Meronsl npeoOpazoBaHUs
N300paXeHUH U 3ByKa).

Yka3aHHBIE CIIEHUAIBHOCTH MPEICTABISIIOTCS B )KypHaJIE CJIeTyIOLIMMU OCHOBHBIMHU PYOpPHKaMu:

"PagroTeXHUKa U CBSI3b":

PagnorexHU4eckne cpencTBa repefadn, mpuemMa 1 00paboTKH CUTHAJIOB.
IIpoexTHpOBaHNE U TEXHOJIOTHS PAIUOIIEKTPOHHBIX CPEJCTB.
TeneBunenue u 00paboTKa H300PAKEHUH.

DJIeKTpOANHAMHUKA, MUKPOBOJIHOBAsI TEXHUKA, aHTEHHBI.

CucTeMsl, CeTH U YCTPOICTBa TEIEKOMMYHUKAIMH.

Panguonokamnus u paauoHaBUranus.

"OnekTpoHHKa":

Mukpo- 1 HaHOIJIEKTPOHUKA.

KBanToBas, TBepHOTENbHAL, TNIA3MEHHAS U BAKYYMHAs HJIEKTPOHHKA.
Pagnodoronuka.

Onexkrponnka CBY.

"[IpubopocTpoeHne, MeTPOIOTHS i HHPOPMALMOHHO-U3MEPHUTENEHBIC IPUOOPHI U CHCTEMBI':

[Tpubops! 1 cucTEeMbI N3MEPEHNUS HA OCHOBE aKyCTHYECKUX, ONTUYECKUX U PaIHOBOJIH.
Mertposorus 1 HHGOPMAINOHHO-U3MEPUTETbHBIE IPHOOPHI U CUCTEMBI.
[TpnGops! MEAUIIMHCKOTO HA3HAYEHHS, KOHTPOJISA CPEJIbl, BELIECTB, MaTEPHAIOB M N3IEIHH.

Anpec penakunoHHo# kosuteruu: 197376, Cankr-IlerepOypr, yiu. Ilpod. Ilonosa, 5, CIIGIDTY "JIDTU", penakuns
KypHana "M3BecTrs BbIcIINX y4eOHBIX 3aBenennii Poccun. Pagnosnexrponnka"

TexHUYECKHE BOMIPOCH MOKHO BBIICHHUTH 110 anpecy radioelectronic@yandex.ru
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