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Abstract: The paper discusses the results of the analysis of average characteristics of
the geomagnetic field in the Crimea. Data for the analysis were calculated for the peri-
od from 1900 to 2014 through the International geomagnetic model IGRF-12. It is con-
cluded that an increase in the total intensity of the geomagnetic field in Crimea with
time in a northeasterly direction.
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1. Beegenue

Bospocuuii 3a mocieHee BpeMsi HHTEPEC K U3YYEHUIO0 MarHUTHOTO TOJIS
3emiin 0OBSICHIETCSA PSIOM (DAKTOPOB, U3 KOTOPHIX CIIEIYET OTMETUTh TaKHE
KaK: YCKOpEHHOE IBIKCHHE MAarHUTHBIX IOJNIOCOB, YOBUIb HampsbK €HHOCTH
MarHUTHOTO MOJISl ¥ BBITEKAIOIIAs M3 3TOr0 Yrposa AJsl KU3HH Ha 3emiie, BO3-
MOYKHOCTh M3YYEHHS MPOIIECCOB B siJIpe 3eMIIU ¢ MOMOIIBI0 U3MEPEHNH Xapak-
TEPUCTHK MarHUTHOTO TOJISI, MHOTOTPaHHYIO POJIb MAarHUTHOTO TOJSI B OOMEH-
HBIX MIpoLeccax MPOUCXOASAIINX B COTHEYHO-3EMHBIX B3aMMOCBS3SIX.

MateMaTHYeCKMM ONMHMCAHHEM H3MEHEHHH MapaMeTpoB I'€OMarHUTHOTO
HOJIs SIBJIAETCSI CO3JjaHHAsl B HacTroslee BpeMs MexIyHapoaHas MOJIelb —
pe3y/bTaT COBMECTHBIX YCHIIMI OTHENIBHBIX MCCIIENOBATENIeH U HayuHBIX Opra-
HHU3alMN 110 W3YyYEHHMI0O MAarHUTHOTO IIOJI, YYacTBYIOIIMX B cOope U pacipo-
CTpPaHCHUH AAHHBIX O MarHUTHOM I0JIE CO CITyTHUKOB M Ha3eMHBIX 00CepBaToO-
pui IO BCEMY MHpY.
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Jnst aHanM3a CTPYKTYpPHl M MPOCTPAHCTBEHHO-BPEMEHHBIX W3MEHEHUI
TEOMarHUTHOTO TOJsA B 4 KpaitHmx Toukax Kpeima m 1. Kapa-/lar 3a mepuon
1900—2014 rr. aBTOPHI KCIOJIB30BAIH KAJBKYIISATOP JJISI pACUECTOB MATHUTHOTO
HoJIs B 33/IaHHOM IyHKTE M0 MexayHapoaHo#i reomaruutHoit mozenu (The
International Geomagnetic Reference Field, IGRF-12) [8].

Kpome ompeneneHus IOJTOBPEMEHHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX
W3MEHEHUI XapaKTePUCTHK MreOMAarHUTHOTO Tojs B KpbeIMy mccnemoBaiachk BO3-
MOJKHOCTH CYIIIECTBOBAaHHUS CBS3M M3MEHEHHUH XapaKTePUCTHK T€OMarHUTHOTO
oJISI ¢ TI00aTBHBIMH TEOAMHAMHYICCKUMH, TeTHOPU3NIESCKUMHA B aTMocdep-
HBIMH aHOMaNusAMA. Hapsmy ¢ aHamm3oM W3MEHEHHWH XapaKTepHCTHK Treomar-
HUTHOTO TIOJIsI B KpallHUX IMyHKTaX MOJIyocTpoBa (Ha ceBepe — 1. [lepekom, Ha
tore — 1. Kapa MpyH, Ha BocToke — 1. @oHaph, Ha 3anane — 1. Capbiv), B aHa-
JIM3€ UCTIOIb30BAIMCH XapaKTEPUCTUKU reoMarHuTHoro mosis 1. Kapa-/lar [2, 5].

2. JIokaJIbHBIE€ T€OMArHUTHBIE MOJIS

Bxurouenue B aHaM3 XapakTepUCTHK reoMarHUTHOro mois n. Kapa-/lar
BBI3BAaHO OOHApY>KEHHBIMH paHee aBTOpaMH HACTOSIIEH pabOThl aHOMAIUSIMHU
JIOKaJIbHOW MHCOISIIMH. Tak, ckopocTh pocTta nHcosumy 1. Kapa-/lar no gas-
HBIM 22-neTHero TpeHaa 3a nepuoa 1983—2005 rr., cocraBmna 2.69 kBr*u/M°
3a cTojerue, yTo Ooyiee YeM B 2 pas3a MPEBbIIIAET TEMIIbl POCTa MHCOJSLUU B
npyrux paiioHax Kpeima. Kpome Toro, oOHapyeHbI POTUBOIOJIOXKHBIE TCH-
JEHIIMY U3MEHEHHUsl TeMIepaTypsl Bo3Ayxa Ha BbicoTe 10 M U TemmepaTypbl
3eMJIM, YTO CBUJETEILCTBYIOT 00 aHOMANHUSIX B JOKAIBHBIX T€O(PHU3HYECKUX U
aTMocdepHbIx npoueccax 1. Kapa-/lar.

AHanu3 rpadUMKOB COCTABISIOIIMX BEKTOPOB MarHUTHOIO MOJS B 5 TOY-
kax Kpbima ompenensier o0uiue TeHISHIMN U3MEHEHUH AJIs1 KaXKA0H cocTaBis-
OIIEH: TOPU30HTAIBHBIE M CEBEPHBIE KOMIIOHEHTHI MAarHUTHOTO TIOJISI YOBIBAIOT
CO BpeMeHeM, a BOCTOYHbIE, BEPTHKAIbHBIE KOMIIOHEHTHI U 00II[ee MarHUTHOE
mojie — Bo3pacTaroT. [ aHanM3a MCHOIB30BAINCH JAHHBIE O MHOTOJIETHUX
M3MEHEHUSIX TOPU30HTAIBHOW COCTABISIOMIEH M OOIIEro MarHUTHOTO TOJS B
BUY OTCYTCTBHS KaKMX-IMOO OCOOCHHOCTEH B M3MEHEHUSX OCTAJbHBIX Xapak-
Tepuctuk. Ha pucynke 1 npuBeaeHsl rpaduky 0OLIETO Tr€OMAarHUTHOTO TOJS U
TOPU30HTAJIBHOM cOCTaBIOLIEN B 5 MyHKTax KpbiMa.

I'paduku Ha pucyHKe 1, BBIACICHHBIC CILIOLIHON JIMHUEH, OTHOCATCS K
reoMarHuTHOMYy Moo B 1. Ilepexon (kpaitnuii ceBepHslid) u 1. Capbru (Kpaii-
HUH I0KHBIN), pacOJI0KEHHBIM Ha OJHOM M TOM ke Joarote. B aTux myHKkTax
HaOrogaeTcss MUHUMaIbHAS (10 CPAaBHEHUIO C OCTAILHBIMH ITyHKTAaMHU) TOpPH-
30HTaJIbHAS COCTaBIAIONIas. B To jke BpeMs, TOpPU30HTaIbHASI COCTABIISIOMIAs B
n. Kapa-/lar npeBocxonut Bce octanbHble (cM. puc.l, 6), 4To, mo Bcei BeposT-
HOCTH, CBSI3aHO C OCOOBIMM JIOKAJIbHBIMU Ire€0(U3NUECKUMHU YCIOBUSIMU.
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Puc. 1. I'paduku XxapaKTepUCTHK T€OMAarHUTHOTO NOJIA B 5 myHKTax KppiMa: a) — Hanps»keHHOCTh
00111ero reoMarHUTHOTO ToJIs F, 6) — ropu3oHTaNbHAs COCTABIAIOMIAS T€OMArHUTHOTO 1Mot H.

Fig. 1. Graphs of the characteristics of the geomagnetic field in 5 points of the Crimea:
a) — the intensity of the general geomagnetic field F,
b) — the horizontal component of the geomagnetic field H

N3yuenue reonorun Kapa-/lara nponosmkaercs yxe 6osiee Beka. B koHIe
XIX B. HAUMHAIOT MOSBJIATHCS MEPBBIE CBEACHUS 110 T€OJIOTHH BYJIKAaHUYECKOMH
rpynnsl Kapa-Jlara. [Ipeanonoxenne o TOM, YTO OHA SBJISIETCA KPYMHBIM pas-
MBITBIM CJIOUCTBIM BYJIKAaHOM, BbicKa3zall A. A. IIpo3opoBckuii-I"onuubIH.

Hccnenosarensamu cTpykrypel Kapa-/lara caenan BbIBOJ OTHOCUTEIBHO
€ro CJI0XHOI'0 CTPOCHUS.

2. YcTaHOBJIEHHE KOTePEeHTHBIX CBS3ei

B ananuse cnekTpaabHOIO COCTaBa MCXOMHBIX JAHHBIX HCIIOJIb30BAJICS
METOJ] CHIEKTPAIBHBIX OIICHOK, O0JIaJAIONIHii BRICOKOH pa3pelrarmnieil crocoo-
HOCTBIO JJI1 OTPAaHUYEHHBIX MOCJEI0BaTeIbHOCTEH JaHHBIX [3]. B mocTtaHOBKY
3a/1a4¥ BXOJUJIO YCTAHOBJICHUE KOTEPEHTHOCTHU JIOKAIIbHBIX U3MEHCHHH Xapak-
TEPUCTUK TEOMAarHUTHOTO TOJII M TaKUX TIIO0ATBHBIX MPOIECCOB, KaK Bpallie-
Hue 3eMIIH, COJIHeYHas aKTUBHOCTb, IN100ajIbHast TeMIepaTypa.

CornacHo 3TOMY METOAY YCTaHOBJICHHE B3aHMHOU KOPPENSIIHUA MEXIY
JIByMsl (OJTHOKaHAJILHBIMHU) MPOLIECCAMH COCTOUT B BHIYUCIICHUU (PYHKIIUU B3a-
UMHOH (IByXKaHAJIBHON) CITEKTpadbHOW IUIOTHOCTH MommHOCcTH (CIIM), KoTo-
pasi mpencTaBiseT coboil AUCKPETHO-BpeMEeHHOe Ipeobpa3zoBanne Dypbe B3a-

MMHOU KOppemsIqHOHHOH (QyHKINN rxy B BUJIE
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k=+0 )
ny(f )= Tk X Iyy [ k] exp(—j2#fkT), (1)

rae X u Y - OJHOKaHaIbHBIE IPOLIECCHI, f - wacrora, T - untepBan Bpemenn.
KommekcHoe 6e3pazmepHoe BhlpakeHHE QYHKIMH KOTEPEHTHOCTH UMe-

€T BUJ,
Fay (F) =Py (F) /[P (F)Pyy (). )

st m3mepennst cxoncTBa (Kak (YHKIIMMA YacTOTHI) IBYX CHUTHAJIOB BEI-
quciseM KBajapaT Moayis korepentHocTH (KMK) B Buze

KMK (F) =[Fy (F)° @)
U (ha30BBIii CIIEKTP KOI€PEHTHOCTH
o(f) =arctg|Im{Fyy (F)}/ RefFy (F)]] @

Bemmunaa KMK (3) 3akirodena mexmy O (mis 9acToT, Ha KOTOPBIX OT-
CYTCTBYET KOT€PEHTHOCTb MEX/y KaHalaMu) U 1 (A7 9acToT, Ha KOTOPBIX Ka-
HaJbl MOJTHOCTHIO KorepeHTHbI). daza korepeHTHOCTH (4) XapakTepu3yeT OT-
CTaBaHHWE WM ONepekeHue Mo ¢aze B kaHaye X MO OTHOIICHHIO K KaHaly Y
KaK (yHKIIHIO YacTOTEHI.

[IpoBenem aHanm3 pe3yNbTaTOB MPUMEHEHHUS M3JI0KEHHOTO BBIIIE METO-
Ja Ui OOHapy)KeHUs KOTEPEeHTHBIX BapHalud XapakTEPUCTHK JIOKAIBLHOTO
reoMarHUTHOTO TOJst B KpbIMy M HEKOTOPBIX MapaMeTpOB INIOOAIBHBIX T'€O/IH-
HAMHUYECKHX, Telno(pu3nIecKknx U arMOC(EpHBIX MpoleccoB. B kadectBe uc-
XOJTHBIX JTAaHHBIX O JIOKAIBHBIX XapPaKTEPUCTHKAX T'€OMAarHUTHOTO IO BbIOe-
pem . Kapa-Jlar. Kak cnenyer u3 aHanu3a rpagukoB Ha puCyHKe 1, a), TeH-
JICHIIMY M3MEHEHHsST T€OMarHUTHOTO IOJISi Ha OCTAIBHBIX YEThIPEX IYHKTax
aHAJIOTHYHBI.

OnaHUM M3 TNIaBHBIX TTIO0ATBHBIX T'€OIMHAMUYECKUX MPOLECCOB, BIUAIO-
HIMX HA M3MEHEHHs JIOKAIBHBIX TeOQU3MUECKHX M aTMOC(EpHBIX XapaKTepu-
CTHK, SIBJISIETCS BpalleHHe 3eMJIM BOKPYT CBOEH OCH U €€ MOJIOKEHUE Ha opoOu-
Te. Jisl ycTaHOBNIEHHS KOT€PEHTHBIX KOJIEOaHWH HCIIONB30BAINCh JaHHBIE O
TFeOMarHUTHBIX XapakTepucTukax B 1. Kapa-Jlar u cpenHeroqoBbie BeTMYHUHbBI
OTKJIOHEHWH UIMTENLHOCTENR CYTOK OT cTanmapTHhIX (86400 ¢) LOD (length of
day), mybmmkyembie MexayHaponHoi ciyxOoi Bpamenus 3emun (IERS —
International Earth Rotation Service) [7].

Ananmu3 rpaduKoB Ha PUCYHKE 2, O TO3BOJSIET TPEIIOIONKUTE O CYIIe-
CTBOBAHHMH CTATUCTHYECKOW CBS3W MEXIY BapHAIlMSIMH C MEPHOAOM 25 JIeT B
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JIaHHBIX O TOPU3OHTAIILHOM COCTaBIAIOIIEH MarHUTHOro nojs B 1. Kapa-/lar H
(puc.1, ©6) W OTKIOHCHHSMHU JJIUTEIBLHOCTEH CYTOK OT cTaHmapTtHeix LOD

(puc.2, a). Kpome Toro, ycTaHoBlieHa KOT€PEHTHOCTh BapUalMii C MEPHOJIOM
66.7 rox B nanubix LOD u o01iero marautHoro moist F B . Kapa-/lar.
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Puc. 2 . I'paduku: a) — OTKIIOHEHHS AIUTEILHOCTH CYTOK OT cTaHmapTHbIXx LOD,;
6) — xBagpart moxy:s korepeHtHoctu LOD u H; B) - kBagpaT moayist korepentaoct LOD u F.

Fig. 2. Charts: a) — deviations of the duration of the day from the standard LOD;
6) — the square of the coherence modulus LOD and H;
B) — the square of the coherence modulus LOD and F

CoBpeMeHHBIC HaydHBbIC THIIOTE3bl HE OTPHUIAIOT (HaKT CYIIECTBOBAaHUS
CHHXPOHHBIX KOJIeOaHMIA B JOKAIBHBIX M TIO0ANTBHBIX mporieccax [1].

3emist HempepheiBHO moxydaeT oT CoiHIIA TMOYTH HEM3MEHHBIA ITOTOK
SHEPTUM, O0O0ECIeUMBAIONINIA HAOII0AaeMbIi YPOBEHb OCBEUIEHHOCTH U CPEJI-
HIOIO TeMIIepaTypy €€ MoBepXHOCTU. OJTHAKO KOJIUYECTBO COJIHEUHOU HHEPrum,
MOCTYTAOIICH Ha MOBEPXHOCTh 3€MITH, pacIpeneisieTcs] HepaBHOMEPHO U 3a-
BHCHT, TIPEXKJIC BCErO, OT MOJIOKECHHUS 3eMJIM Ha OpOUTE, CKOPOCTH e Bpallle-
HUS, JIOKQJIBHBIX M PErHOHANBHBIX ycioBwid. KoneOaHUs 3eMHBIX yCIIOBHH CY-
IIECTBEHHO 3aBUCAT OT COJIHEYHOM aKTHBHOCTH.

ITon axtuBHOCTRIO COJIHIIA, TIPEXKIEC BCETO, MIOHUMAIOT POCT YHCIIA COJI-
HEYHBIX IATEH U COIMPOBOXKIAIOUIUE €ro Mpolecchl. B 1emnoyke coaHEYHO-
3¢MHBIX B3aWMOJICHMCTBUM BIMSHUC COJHCYHOM AaKTMBHOCTH Ha BHCIIHHE H
BHYTPH3EMHBIC TIPOIIECCHI MPOSIBIICTCS B COOBITUSAX, TIEPHOJ] TIOBTOPECHHS KO-
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TOPBIX COCTaBisieT B cpeaneM 11 mer. PernonanpHble U JOKAJIbHBIE YCIOBUS
BIIMSIIOT Ha PE3yJbTaT BO3JCUCTBUS COJIHEYHOM akTUBHOCTH. IIpoBeneHHbINH
HAMH aHaJN3 OOHAPYXWII BBICOKYIO KOT€PEHTHOCTh M3MEHEHHS M3 TO/a B TOJ
HaIPsHKEHHOCTH 00IIero MarHuTHOTO 1o B 1. Kapa-Jlar ¢ m3meHeHusIMH u3
rojia B TOJ YUCJIa COJTHEUHBIX msiTeH. Ha pucyHnke 3, a) npusejeH rpadgux KMK.
Maxkcumanpaoe 3HaueHHe KMK coorBercTByeT Bapuarusm ¢ mepuogom 10.5
net. JlecaTuneTHre Bapuanuy OOHapYXeHBl paHee B dKCIIEPUMEHTAIbHBIX JTaH-
HBIX HEKOTOPBIX I'€0IMHAMHUYECKUX, T€OQU3NICCKUX U TeTMOPU3NICCKUX TPO-
1eccoB [6]. Ux KOTepeHTHOCTh C BapUallMsIMU B JaHHBIX O JIOKATHHOM TeoMar-
HUTHOM T0J1e KpbiMa 06cyxaaeTcs BIiepBbIe.

CBsI3b JIOKQIBHBIX KIUMATUYCCKUX U TeO(PHU3MUSCKUX XapaKTEPUCTUK C
MHOTOJIETHIMH H3MEHEHHSAMHU TII00ATBFHOW TeMIIepaTyphsl 3eMJIM B HACTOAIIEE
BpeMs SIBJISIETCS MPEAMETOM AUCKycCUi. OTCYyTCTBHE 3HAHHI O MHOTOJCTHEM
MEXaHU3ME 3TOU CBSI3U NOMOJHAETCS THUIOTE3aMU M aHAIU30M 3MIUPUYECKUX
JIaHHBIX.
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Puc. 3. KBagpar Momynsi KOTEpPEeHTHOCTH AaHHBIX 00 M3MEHEHHAX U3 Iofa B roJ] 0OLIero MarHuT-
Horo nouis B 11. Kapa- Jlar u a) — uncna comHeYHbIX nateH [9], 6) — cpeaHerofoBbIX riodanb-
HBIX aHOManuii Temmepatypsl [10].

Fig. 3. The square of the coherence modulus of data on changes from year to year

of the total magnetic field in KaraDag and a) — is the number of sunspots [9],
b) the average annual global temperature anomalies [10]
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AHnanu3 nanubIX 3a nepuoa 1900—2014 rr. oOHapy» W BEICOKYIO KOTe-
PEHTHOCTh U3MEHEHUS U3 TOa B TOJl HANPSHKEHHOCTH OOIEro MarHUTHOTO I10-
ns 1. Kapa-Jlar ¢ u3MeHeHHAMH W3 To/a B T'OJ CPEIHETONOBBIX BEIWYUH TII0-
OabHBIX aHOMAJMI Temreparypsl (cM. puc.3,0) IS BapHanuil C MEPHOIOM
67 net. DTOT pe3ybTaT COracyeTcs ¢ BBIBOJAAMH, OMyOIMKOBAaHHBIMH B paboTe
[4], o enuHOM MexaHM3MeE TeHepaluyd MHOTOJCTHHX BapUallMi ¢ TIEPUOJaMHU B
muana3zone 65—70 ner B rimoOanbHON Temreparype, U3MEHEHHSIX YTIIOBOTO
MOMEHTa fpa 3eMJIH, CKOPOCTH BpatieHus 3emuu. [Ipu aToM mpeanonaraercs,
YTO T€OMarHUTHOE T10JI€ MOKET MOJIEP’KUBATh 3TOT MPOLIECC.
MHoroneTHie JOKaTbHBIE W3MEHEHHUS OOIIero reOMarHWTHOTO TOJIS B
Kpbimy (cM. puc. 4) onpeaessitor o0Iy0 TEHACHIMIO €r0 SBOJIOHMH: POCT CO
BPEMEHEM B CEBEPO-BOCTOYHOM HaAIPaBICHHUH.

xlO3

39
g
=

= 385
]
-
8

I 38
I
HJ
%

% 375
| =
[,
I

37

37
36.5

CesepHas wupota (° )43 33 BoctouHas gonroTa (°)

Puc. 4. O61ast HanpsK €eHHOCTh F'eOMarHuTHOTo nojist B Kpeimy 3a nepuon 1900—2014 rr.
Fig. 4. The total intensity of the geomagnetic field in the Crimea for the period 1900-2014

Hcxonubie aanHble s rpaduka BeuucieHsl Ha ceTke 0.5°x 0.5° ¢ mo-
CIEYIOLIEN HHTEPIONSAIUEH.

3. 3akiouenue

1. CBsI3b JTIOKAJIBHBIX KIIMMATHYECKUX U T€O(QU3NICCKUX XapaKTEPUCTHK C
BpalleHueM 3eMIIH He MOJICKHUT COMHEHUI0. OTHAKO €€ JeTallu IS KaXK]I0ro
SKOHOMUYECKH Ba)XHOTO MyHKTa KpbIMa, B cuily pa3HooOpasws JaHmmadra,
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TEXHOTECHHBIX YCJIOBHHM M MPOY., TOJDKHBI HAXOIUTHCS IMOJA KOHTPOJIEM pery-
JIIPHBIX HA3EMHBIX U KOCMUUECKUX HAOJIOICHUI.

2. AHam3 MHOTOJICTHHX W3MEHEHHA T€OMarHuTHOTO ToJisg B 1. Kapa-/lar
HE TMPOSICHWJ MPUYNHY aHOMAIBHOTO POCTa MHCOJSIIIAN B TEMIIEPaTyPhl 3eMIIH
B 9TOM IYHKTE. B TO ke Bpemsl, rOpU30HTaIbHasl cocTaBisitonias n. Kapa-Jlar
MPEBOCXOJNT BCE OCTalbHBIE (CM. puc.l, 0)), 4To, IO BCEil BEPOSTHOCTH, CBSI3a-
HO C 0COOBIMH JIOKQJIbHBIMU T€0(U3UYCCKUMH YCIIOBUSIMHU.

3. OOHapyXCHHBIC JONTONCPUOIUYCCKAE KOTCPEHTHBIC KOJICOaHUsS Xa-
PaKTEePUCTUK JIOKAJTBLHOIO TEOMAarHUTHOTO TOJIS M TJIOOATBHBIX HM3MCHCHUH
JUTUTEIIBHOCTH CYTOK, COJHEUHOW aKTUBHOCTH, aHOMAJIMH TJI00aJIbHOM TemIie-
paTypbl MOITBEPKIAIOT THIIOTE3Y O CYIIECTBOBAHMM OOIIEro MEXaHHW3Ma JIo-
KaJbHBIX W TI00ATBHBIX KoieOaHui. 3ydeHne MHOTOJNIETHHX CBSI3€H JIOKalb-
HBIX ¥ TJI00ANBHBIX MPHPOTHBIX IMPOIECCOB HEOOXOAUMO ISl TIOCTpOeHHs 00-
Jiee TOYHBIX IKOJIOTHIECKHAX M KIIMMATHIECKUX IMPOTHO30B.

4. OOmas HampsOKEHHOCTh Te€OMarHuTHOTO Tois B KpeiMy 3a mepuon
1900—2014 rr. BO3pacTaeT B ceBEPO-BOCTOYHOM HAIPABICHUH.
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Abstract: The results of long-term monitoring of the Galactic maser source IRAS
18316-0602 (G25.65+1.05) in the water-vapor line at frequency f = 22.235 GHz (616—
523 transitioin) carried out on the 22-m Simeiz radio telescopes are reported. The ac-
curate distance estimate for IRAS 18316-0602 (12.5 kpc) and the flux density at the
flare maximum (=1.3 x10° Jy) makes this the most powerful Galactic kilomaser known.

Keywords: radio telescope, radio emission, flash, maser.
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1. Beegenue

Hcrounuk IRAS 18316-0602 cBsizan ¢ CBepXKOMIAKTHON H) 00JacThiO
G25.65+1.05 [1]. C uenbio HaXOXICHHS CIIEKTPATIBHOTO PaCTpeIeICHUs SHEP-
run w3nydeHus (SED) IRAS 18316-0602 uccienoBajics B paauoaqana3oHe B
HENpPEepHIBHOM criekTpe Ha yactoTax 5 u 8 I'T1 [2, 3]. HabmoneHust oObekTa B
CyOMUIUITUMETPOBOM Auanazone JumH BoiH (450—1100 um) npoBoauiucek B
1995 r. [4, 5]. Jluaus CO Oputa 0OHApPY)XKEHA B MCTOYHWKE HA JUTHHE BOJIHBI
2.6 MM B 1991 r. Mak Karueonom [3]. C HONOKUTENBHBIM PE3YIbTATOM OBUIH
Takxe mpoBeaeHbI Habmoaenus auanii CS u NH; [6].

Kak mazep H,O u meranonbHblid Mazep, IRAS 18316-0602 mpomerexTu-
poBas B 1994—1996 rr. [7—9]. UccnenoBarensMu 0TMEYaIOCh, 9YTO, HECMOTPS
Ha HUYTOXKHYIO JIOJIIO MOIIHOCTH Ma3epa M0 OTHOIICHUIO K 00JIOMETPUYeCKOM
CBETHMOCTH a30BO-IIBUIEBOr0 o61aka — 10°°, 3aMeueHa KOPPENSIHS MEKILY
BeNMIrHOM Mazepa H,O M CBETHMOCTBIO MAaTEPUHCKOTO 00JaKa B JalleKOM HH-
(pakpacHoM auamazone (60 um).
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Bo Bpems otkpeitust IRAS 18316-0602 ero mHTErpaibHBIN MOTOK B JIU-
Huu H,0 obut F,~1000 fu. [To naHHBIM HaMX HAOIFOACHUN BpEeMEHAMU ITOTOK
najan 0 ypoBHs okoio 10 SH.

2. Ob6opyaoBaHue U HAOIIOIEHUSA

i npuema u perucTpanyy CUrHajaoB OT HICTOYHHMKOB B JINHUM BOJSHOTO
napa Ha PT-22 KpAO wucnonp3oBaics MOAECPHU3UPOBAHHBINA CIIEKTPAIbHO-
NOJSIPUMETPHUYECKUN PATHOMETP ¢ (Dyphe-CHEeKTpaHaIN3aTOPOM MapaiebHO-
ro Tuna, Kotopsid umen 512 w/vnm 2048 kananos u pazpemenue 8 u 2 kl'1 (105
U 26 m/c 1o Jay4ueBoi ckopoct B smHuu H,O cootserctBeHHO) [10]. O6padoT-
Ka JaHHBIX MPOBOJWIIACH C YYETOM IIOTJIOIIEHUS B aTtMocepe 3eMiIn U Belu-
YUHBI 3QPEKTUBHON TTOMIAIN PAIUOTEIIECKOIIA OT YIila MecTa.

INomoca npuema uHpoOpManuu coctapisia 4 M pyu KCIONB30BAHUU
cucteMsbl peructpanuu Mapk-5B+. IIporpammHoe o0ecriedeHue co3AaHo B OT-
nene paguoactponomun KpAO. IllymoBast TeMnepaTypa cucTemsl 7y, U MOTJIO-
HIeHue B aTMoc(epe onpenensuiuch Mo KaaTuOpOBOYHOM CTYIEHBKE, «pa3pe3am
aTMocdepsD» U (PUKCUPOBAHHBIM TEMIIEPATypHBIM IepenasaM Ha anepType pa-
nuoteneckona. [llymoBas temneparypa 7T, BappupoBaiack B npeaenax (150—
200) K B 3aBUCHMOCTH OT IIOTOJAHBIX ycioBuid. KammOpoBka 1mo moToky ocy-
IIECTBJISIACH C MCoib3oBanueM ucrounnkoB DR 21, Vir-A, Cyg-A. Illupuna
JMarpaMMbl HalpaBJI€HHOCTU paauoTteneckona Ha 22 I'T'u cocrasinsna 150 yri.
cex. UyBCTBUTENBHOCTD pajuoTeneckona obuta 13 An/K.

[Mpuemuas cucrema, paboTaromiasi Ha JUiMHE BOJHBI 1.35 cM, ycTaHaBiH-
Basack BO BTopuyHOM ¢okyce PT-22. IlepectpanBaemble IeTepOIUHbI, CHH-
XPOHHU3UPYEMbIE BBHICOKOCTAOMIBHON YacToTol 5 MI'I[ OT BOJOpPOIHOTO CTaH-
napra gactotel VCH-1005, obGecrieunBanu mnpeoOpa3oBaHHE BXOIHBIX YacTOT
npreMa B MPOMEXYTOUHYIO 4acToTy ¢ moiocoir 4 MI'n [11]. Iukn nabmone-
HUI Ma3epHBIX JUHHUIA COCTOSUT B HAaKOIUIGHWH cuTrHajia B TeueHue (5—10) mu-
HYT IPY HaBEJCHUHM Ha UCTOYHHUK (ON) M IPH OTBEICHHU C MCTOYHHWKA Ha Tpa-
ayc B cropony oT ucrounuka (0ff). L{ukiel MO MOBTOPATHCS VIS TOCTHIKE-
HUsI HEOOXOIMMOT'0 OTHOILICHHSI CUTHAJI/IITY M.

3. Ha0mopenus

Habmonenus 3a 3TuM MCTOYHWKOM ObUIM HauaTel Ha PT-22 KpAO B
2000 T., HO TPOBOAMINCH AMU30IU4eCKH. B 00bekTe He ObLIO 3a)UKCHPOBAHO
CEPbE3HBIX MOJEMOB TUIOTHOCTH TOTOKA m3iydeHus. Ha puc.l mokasan rpa-
(K 3aBUCHMOCTH TUIOTHOCTH IMOTOKA B JIMHUU BOJISTHOTO Iapa B 3aBUCHMOCTH
oT smoxu Habmomenuit. OCHOBHas Macca JaHHBIX, IMOKa3aHHBIX Ha Tpaduke,
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omybnrkoBaHa B padorax [12, 13, 14] (kpecTuKaMu), JaHHBIC HALIMX HAOIIO/IC-
HUI TOMEYEHBI KPY>KKaMHU.
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Puc. 1. Jonrospemennsiit Monutoputr IRAS 18316-0602 B nunun BoasiHoro mapa [14, 15].

Fig. 1. Long-term monitoring of IRAS 18316-0602 in the water vapor line [14, 15]

Ha puc.1 Buano, uto B TeueHue npomexyrtka Bpemenu ¢ 2000 r. mo aB-
ryct 2017 r. npousonuix 3 HM30JMPOBaHHBIE OOJBIINE BCIBIIIKK C HapacTaro-
mei mo BpemMeHn amrmuTyaoi. M xots makcumym Benbimku 2002 r. He yaa-
JIOCh MIPONHCATH MOJHOCTBIO, BUIHO, YTO OHA ObLIa MEHBILE CIEAYIOMIEr0 MaK-
cumyma B 2010—2011 rr. Benpimku konma 2016 r. mo amruutyzae Oosblie
IBYX mpenbyaynmx [13].

Hapsany ¢ yBenuueHneM aMIUIMTY/bl BCIBILIEK CO BPEMEHEM OTMEYaeTcs
oOpaTHasl TEHJCHIIMS WM3MEHEHUs JUITMTEIHHOCTH BCIBIIIKHA. JMATENTFHOCTD
Benblku 2002 1. cocraBnsna okono 2 jer. IIpogoimKuTensHOCTh Mpolecca
2010—2011 rr. ymeHbIIMIach BIBOE — JI0 OJHOTO Toja. Bemteck moToka B
koHIe 2016 r. cokpaTwics 1m0 OgHOTO Mecsia. Hemb3sh MCKITIOYNTH BO3MOK-
HOCTb, YTO MBI HIMEEM JEJI0 C Pa3HBIMU 00BEKTaMH, BCIbIxuBaommmu B 2002,
2010—2011 n 2016 rr.

IMo manneiM pabotsr [15] IRAS 18316-0602 Haxomurcs Ha pacCTOSHHU
okosio 3.3 knk ot ConnHma. B TakoMm ciydae OH JOJDKEH UMETh OOJIOMETpHUe-
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. n.u1ap. Hapy>KECHUE KUJIOMa3€pa BOASHOTO I1apa B 1 aJJaKTHUKE

CKYIO CBETUMOCTbH Lg,, = 2.5-10* L,. OcuoBHas J07Ig CBETUMOCTH, 0OecrevueH-
Hasl Ta30BO-TIBUIEBBIM 00JIAKOM, COCPE0TOYEHa B HH(PAKPACHOM U CyOMUILIH-
METPOBOM JIMama30Hax BOJIH. DTO 3HAUYEHHE HA JBa TOPSIKA HIKE CBETUMOCTH
spuaiiux 00bekToB Katamora |IRAS. CTob HEBBICOKAs CBETUMOCTh MPUBOIUT
K Kraccy Bo30Oyxparorueit 38e3161 BO (T,qq ~3-1 0* K) 1 cpaBHUTEIBHO HEBBICO-
KOif IIOTHOCTH Ta3a Ny =~ 2-10° [16].

Cutyanus u3MeHHIach CylIIECTBEHHBIM 00pa3oM Iocie MOsIBICHHUS AaH-
HBIX U3MEPEHUS TUHAMHYECKUX PACCTOSHUH OOJBIIIOTO KOJIMYECTBA raTaKTHYe-
CKHX MasepHbIX 00BhekToB [17]. HoBbIe maHHBIE O PACCTOSHWUU O UCTOYHHKA
nonydensl B 2011 r. ¢ HUCHOJAB30BAHMEM METOAMKM aHANIHM3a CIEKTPOB
HEUTpanbHOTO BOMOpoaa H, B HampaBiIieHUAX JTOKAIM3ald Ma3epoB MeTaHOJa
(6.7 TTm). 3 obmieit BHIDOPKH METAHONBHBIX Ma3epoB ObLIM OTOOpaHbl 442
UCTOYHUKA, cpean kotopbix Obul u IRAS 18316-0602. Kunematnueckue pac-
CTOSTHHSI O UCTOYHUKOB OTPEACISUTUCH B PAMKax MOJEIH KPUBOM rajakThye-
CKOT'0 BpalIeHUs PU KPYTrOBOM JBHKCHUU 00BEKTOB BOKPYT LieHTpa ['anakTu-
k. Ilpu 3TOM HCHONB30BANMCH YTOYHEHHBIE MaHHBIE CKOPOCTH JBWKCHHS
Connna Bokpyr nentpa l'anaktuku — 246 kv/c. CornacHO MpOBEAEHHBIM HC-
CIIETOBaHMSIM, KHHEMaTHYecKoe paccTossHue g0 oObekta G025.650+1.050
(IRAS 18316-0602) cocraBiser 12.5 kmk. BakHo, 4TO 3TO 3HAYeHHE OBLLIO
OTIpEJIeJICHO JUTsl AMana3oHa Jy4eBbIX CKOPOCTEH B ATOM Ma3epHOM HCTOYHHKE
— 40.6—41.9 km/c. biuzko k JaHHOMY JUara30Hy HaXOIATCS IUHUH BOISTHOTO
napa, kortopble BcrbixuBaiu B IRAS 18316-0602 B konne 2016 1. u ceHTsIOpe
2017 r. — denpane 2018 r. [To stum gauubM IRAS 18316-0602 naxoautcs 3a
neHTpoM ["alakTUKK M SBISETCS OJHMM W3 CaMbIX JAIEKHX Ma3epoB BHYTPH
Hamielt ['anakTuku.

B cooTBeTcTBUM € MONYyYEHHBIM PAacCTOSHUEM A0 Mazepa OojomeTpuye-
ckas ceerumocts UK ncrounmka Lgo, ~ 5-10° L,. Ha ocHoBe 3Tix nanubix IRAS
18316-0602 naxomuTcs B OJHOM PsAy ¢ HauOosee SIPKUMHU MPEACTABUTEIIIMU
ramaktryecknx MK wucrounukos: IRAS 18507+0110 (Lso, = 7.5 -10° L,), IRAS
18314-0720 (Lgo, = 1.0-10° L,), IRAS 18449-0158 (L, ~ 1.8-10° L,). ITpu sTOM
KJlacc BO30YXKIaroliei 3Be3Jbl cienyeT kinaccupuiupoBaTh kak 04 ¢ ¢ dek-
THBHO} TeMnepaTypoii mosepxuoctn 5.8:10° K. To ecTh MBI MOXKEM HMETh JI€JI0
C MAaCCHBHBIM TOPSYMM THUTaHTOM B JIECATKH COJIHEYHBIX MAacC, CIOCOOHBIM
MOHH30BATh ILIOTHYIO CpeLy BOKPYT cebs Ha paccrosauu 101—10" em [14, 15].

Takum o6pazom, uctounuk IRAS 18316-0602 w3 paspsma 3aypsaHbIX
00BEKTOB MEPEXOAUT B KATETOPHIO CAMOTO MOIIHOTO TJIAKTUYECKOTO KUJIOMa-
3epa, npespimaronero MouHocTsh WA9N u Orion KL. MBI yuian, 9To MHKOBOE
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3HAYCHUC IMJIOTHOCTH IMOTOKA B JIMHUW BOASAHOT'O Ma3€pa B IMIOJIOCE 50 KFH B pac-

CMaTpHUBaEMOM MCTOYHHUKE B MTOCICAHEH JBOMHOM BCHbIIIKe B ceHTsOpe 2017 r.
— ¢espaine 2018 r. npubmmsmIocs k ormerke 1.3-10° ST (puc. 2) [14, 15].
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Puc. 2. O6paser 3amucu JiuHHA BostHOTO Tapa B G25.65+1.05 (IRAS 18316-0602) B Makcumyme
BTOpOi#i Bembimiku (2017—2018) rr. [14, 15].

Fig. 2. A sample of recording the water vapor line in G25.65+1.05 (IRAS 18316-0602)
at the maximum of the second flash (2017-2018) [14, 15]

4. Jakaouenue

1. BolnosiHeH ANUTENIbHBI MOHHUTOPHHI TalaKTUYEeCKOTOo KHJIOMasepa
IRAS 18316-0602 (G25.65+1.05) B iuHuiK BoASHOTO Tapa (repexo 615 — 53, ya-
croraimanu f=22,235 I'T'n) ¢ ucnonk3zoBanueM paauoteneckomna PT-22 KpAO.

2.bomee TouHOEe paccrosiHme, momydeHHoe st IRAS  18316-0602
(12.5 k1K), ¥ 3HaYCHUE TUIOTHOCTH MOTOKA MU3JIyYCHHUS] B MAKCHMYyME BCIIBIIIIKA
(=1 3-10° SIH) menaroT 3TOT HCTOYHUK CAMBIM MOTITHBIM TAJIAKTHUSCKAM KHUJIOMa-
3epoM. [IpoBeneHHBII MOHUTOPUHT O0BEKTa Jiall BO3MOXHOCTh HOJYYUTH Je-
TaJbHYI0 ()OPMY KPUBOH IJIOTHOCTH IMOTOKA M3JyYEHHUS! BO BpeMs YHUKAJIbHON
JBOWHOM BCIBILIKH, MpoAopkasieiics ¢ ceHTsiops 2017 r. mo ¢espans 2018 r.
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Annomayun: Hanuuue mHodicecmea ycmpoucmes c6s3uU, 0OHOBPEMEHHO pabomarouux
npu (YHKYUOHUPOBAHUL PA3IUYHBIX CUCHIEM CES13U, CO30dem CIOICHYIO 0OCMAHOBKY,
KaK ¢ MOYKU 3DeHUsl NPASUIbHO20 npuemMa uHgopmayuy, max u ¢ niawe 3j1eKmpomae-
HUMHOU 06cmanosKku. B ceszu ¢ smum mpebyemces pewenue, obecnewugaioujee Hadeic-
HbLIL NPUEM CUSHANO8 OMIUYHBIM OM CYWECmBYIOWUX cnocobom. [lns mooynayuu yug-
POB020 CU2HANA ObLL NPEOLONCEH ANOPUMM POPMUPOBAHUS CLYHAUHBIX NPOYECCO8 C
UBMEHSIOWUMUCS napamMempamu. Ycmanoeienvl Ouanasonsbl pasiuienus napamempos,
0151 KOomopwix ocywecmensiemcs spgexmusnas demooyaayusi. Kpome mozo, npeono-
JICEH ANCOPUMM MOOYIAYUL U 0eMOOVIAYUU YUPPOBLIX CUSHANO08, UCCIEO08aHA I hek-
MUBHOCMb €20 pabomvl nPU PA3IUYHOU 6APUAMUSBHOCU NAPAMEMPOE, UCCIe008AHA
ahpexmusnocmov purbmpayuy MaxKux CUSHAIO08 NPU U3BECMHBIX NAPAMEMPAX.

Knioueevie cnosa: 0sasicovi cmoxacmuueckds MOOeNb, agmopezpeccus, MOoOYIAYUsL
CUCHAN08, 0eMOOVIAYUSL CUSHANO08, KOPPEIAYUOHHAS MoOyasayus, uivmp Kanmana,
NEKMPOMASHUMHASL COBMECIUMOCNb.

Jnsa yumuposanus (FOCT 7.0.5—2008): AuapusHos H. A., T'appununa 0. H. Cro-
XaCTUYECKask MOJYJISIIHS U IEMOIYJISIINS CUTHAIOB HA OCHOBE aBTOPErPECCHIA C M3ME-
HSIOIIMMUCS MapaMeTpaMu MPH Mepeaye mo Kanaiaam cBsisu. / NHpokoMMyHUKAIU-
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1. BBenenue

CoBpeMeHHBIE CUCTEMBI CBSI3U UCTIONIB3YIOT MHOYKECTBO Pa3IHYHBIX BH-
JIOB MOAyNALUN. B OCHOBHOM Bce OHU 0a3MpyloTCcsl Ha MPUMEHEHUH TapMOHH-
YeCKUX CUTHAIOB [1—3] 1 yIpaBiieHHH UX apamMeTpaMu.

[TocnenoBaTeNbHOCTH CUMBOJIOB, KaK M3BECTHO, B TAKOM CIIydae Ha MO-
IOyJISITOpe MPEBpaIlaloTCsd B TapMOHUYECKUE CUTHANBI C Pa3HON aMIUIMTYAOMH,
(azoif mnm yactoroil. B mporecce nemoaynanuu Ha NPUEMHUKE CpaBHUBAETCS
MOJY4YEeHHBIH CUTHAJ U €r0 OKHJaHKe IJIsl KOHKpeTHOro cuMBoiia. Hampumep, B
JEMOAYJIATOPAaX MOTYT UCIOJIb30BaThCS aJrOPUTMBI, BHIYUCIISIONINE MEPY KOP-
PEIALMOHHOIO CXOACTBA [BYX CHUTHAIIOB U IIPUHUMAIOLIUE PELICHHUE IIOCIIE
CPaBHEHMS AaHHOU MEPBI C BEIYMCICHHBIM IIOPOTOM.

BMmecte ¢ TeM mpomoiKaromuecss B CTATUCTHYECKON PagoOTEXHHUKE HC-
CJICZIOBAHMSI TO3BOJISIOT HMCIOJIB30BaTh B PSANC Pa3IMYHBIX 3a7ad Cly4daiHbIe
nporeccel (CII). B gacTHOCTH, OBUTH TPEUIOKEHBI TBAXKIBI CTOXACTUYECKHE
aBTOperpeccuonHbie Mojenu [4—9], KOTopbie MOTYT OBITh YIaYHO NPUMEHEHBI
IpU ONHMCAaHUM HECTALMOHAPHBIX BO BPEMEHU CUTHAJIOB M HEOAHOPOIHBIX B
IIPOCTPAHCTBE IOJIEH.

Opranm3anus paauoCBI3u IPOUCXOIUT C UCTIOTB30BAHUEM MOOMIHHBIX U
CTaLlMOHAPHBIX IPUEMONEPENAIOIINX YCTPOUCTB, KaK MPaBUIIO, UMEIOLINX J0-
CTaTOYHO MAIYI0 MOIIHOCTh. [IpH 3TOM JOIDKHA 00ECreunBaThCs YCTOMYMBAS
roJ0coBasi CBSI3b.

OpHaKko HaNM4YMe MHOXKECTBA TAKHX YCTPOWCTB CO3/AET CIOXKHYIO JJIEK-
TPOMAarHuTHYIO O6CTaHOBKy. B cucremax cBs3u MOT'YT BO3HUKAThb HEIIPEIHAMEC-
PEHHBIE MIOMEXH, IPH 3TOM KadecTBO padoThl 00BbEKTa OyAeT CHWXATbCs. DTO
o0yciaBnuBaeT HeOOXOAUMOCTh Pa3BUTHs HOBBIX METOJOB Tepenadn HHPOp-
MalllH, MO3BOJISIIOIINX YIYYIIUTh KAY€CTBO CBSI3H.

Taxum 00pa3om, akTyalnbHOW 3aa4eid SBIseTCs obecreyeHne HaJae:KHOTro
nmpueMa CUrHajoB OTJIIMYHBIM OT CYHICCTBYIOIINX CIOCOOOM B CBSI3M C HAITUYH-
€M MHOXXECTBa YCTPOHCTB CBS3U, OJHOBPEMEHHO paboTalommx npu QpyHKIHO-
HUPOBAHUUN TCIICKOMMYHUKAIIMOHHBIX CUCTEM. OJIHI/IM U3 TaKUX METOAOM MO-
JKET BBICTYIHUTh MOIYJISILIMS CUTHAIOB C MMOMOILBIO KOPPEJSILIMOHHBIX MapaMeT-
POB aBTOPETPECCHOHHBIX MOJIENIEH.

2. 3BecTHBIE AJITOPUTMBI MOAYJISINH

Krnaccndeckn cumTaercsi, 4T0 OCHOBHBIMH METOJaMu IM(pPOBO MaHU-
MyJISIUY SBIISIOTCS: aMIUTUTY/IHAs, YacTOTHas, (pa3oBasi (MM BMECTE YIIIOBas)
Moxyssiuu [10]. OmHako CyImeCTBYIOT U pa3IndHbIe MOIUA(DHUKAITIN KiTacCH4e-
CKHX METOJIOB, KOTOPbIe B OCHOBHOM W HCIIOJB3YIOTCSI B HACTOSIIEE BpeMs Ha
npakTuke. PaccMoTpum ux moapoOHee.
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2.1. CAP-monynsanus

OCHOBHO# OCOOEHHOCTBIO alTOPUTMA SIBIIICTCS KOMOMHAIIAS MaHUITYJISI-
UM C TIOMOIIBIO aMILTUTYIBI ¥ (ha3bl, MOITOMY CaM aJrOPUTM IMPEICTABISCT
aAMILTUTYIHO-(a30BYI0 MOJYJALMIO U MOXET PacCMaTpUBaTBHCS KaK YaCTHBIN
cinyuaii anropurma QAM [11]. IIpu 3tom, B otamuune ot QAM npu CAP-
MOJIYJISIIIAK TIPOMCXOJMT CIelHanbHas 00paboTka CHeKTpa MOJYIUPOBAHHOTO
CUTHAJIa, B XOJIC KOTOPOW yNANSETCS] COCTABISIONIAs, BHOCUMAS HECYIeH Ja-
crotoii QAM. BoccranoBienue Hecyliei 4acTOThI OCYIIECTBIISIETCS HA TPHEM-
Huke. CleayonmM maroM padoThl MPUEMHUKA SBJISIETCS CYATHIBAHKE TIepe/ia-
BAaeMOI0 MOTOKA JaHHBIX MO CUTHaly ¢ Hecyuled. J[aHHbI mOIXO0X MO3BOJSET
COKpaTHTh M30BITOYHOCTH MPH Mepeaade. 3a cYeT 3TOTO YBEIWYUBACTCS Jallb-
HOCTBH CBA3U, MOXCT PCTYJIHMPOBATHCA MOINHOCTH MNEPEAATUMKA, YMCHBIIACTCA
YPOBEHb MEPEKPECTHBIX MOMEX B CIy4ae WCIOJL30BAHUS MPOBOJHBIX CUCTEM
nepenadn HHPOPMAIIHH.

[MpuHnmn paboTel anropuT™Ma 3aKiovyaeTcs B ciuenyromem. [locie momy-
YCHHUA MOOYJIHMPOBAHHOI'O CHUI'HAJIa Tpe6yeTc5{ HUCKIIIOYUTh 4YaCTOTY, KOTOpas
ObLTa MpeiHa3HAYeHA JIJIsl ero mepeHoca. TeM He MeHee, JeTATbHbIA aHaTN3 all-
roputMa CAP-MOIyJISIIIMK TIO3BOJISET CIIENIATh BBIBOJ O TOM, YTO JAHHBINA airo-
PUTM B 4acTH (OpMUPOBAHUS JIMHEMHOTO KO/Ia MPAKTHUECKH HUYEeM He OTIIHYa-
€TCs OT KJIACCUYECKUX AJITOPUTMOB FAPMOHUYECKON aMILITUTYJHOM MOYJISLIUN.

Ha puc. 1 npencraBieH anroput™ paboThl CO CIIEKTPOM MOYTHPYEMOTO
curHana npu peanmsanmu CAP-moxynsumu. 31ech CHHHM LBETOM 00O3HAa4YeH
CHEKTp MH(POPMAIIMOHHOTO CHUTHAJA, MPEAHAa3HAYEHHOTO IS Tiepeliadu, Bellu-
4quHe fnax COOTBETCTBYET BepXHsisi TPaHHIIA CIIEKTPa MO YaCTOTE; 3€JCHBIM I[BE-
TOM TIPEJICTABIICH CIEKTP MEepPeaBacMOro CUTHANA, KOTOPBIA ObLT MEPEHECEH B
001aCTh BBICOKOYACTOTHOM COCTaBIISIFOILIEH, XapakTepu3yeMoi HecyIleil yacTo-
ToM f; KpaCHBIM IBETOM TOKa3aH CHEKTP MOYJIHPOBAHHOTO KOJIeOaHWUS, MOy~
YeHHBIN Tocse npuMeneHus aropurma CAP-Moxysaaum.

m(f) /‘X

fmax fc f

M)

fe-fmax fc » fe+fmax f

m()

fc fe+fmax

Puc. 1. Anroput™m moxymsinuu CAP. Fig. 1. CAP-modulation
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K OCHOBHBIM TpeHMYIIECTBaM JAaHHOTO AITOPUTMA OTHOCSATCS: JIOCTa-
TOYHO IIPOCTHIC YCIIOBUS PEANN3alMy TIPH BBICOKOH CIIEKTPAIBHON 3P QeKTHB-
HOCTH; Oojiee 4eM B 2 pas3a MOBBIIIEHHas SHepretruueckas 3()(eKTUBHOCTD
(hopMHpyeMOro CUrHaia 3a CUeT MOJAABJICHUS Hecylled W oIHOW OOKOBOH MO-
J0CHI; B Teopuu ¢ moMompio CAP-MOIyISAINHT MOKHO TOCTHYh MAaKCHMAITBHBIX
orHomennd curtain/mym (OCIL), 4To MO3BONAET MOKPHIBATH MaKCHMAIBHO
BO3MOKHBIE PACCTOSHHUSL.

Opnnako anroputmy CAP-MOIyJSIIIMK TPUCYIT CYIIECTBEHHBIN HEJI0CTa-
TOK, CBSI3aHHBIN C OTCYTCTBHEM KaKHX-THOO CTAHIAPTOB IO MPOIEIype Mpeod-
pa30BaHUS CUTHAJIOB.

2.2. Anroputm moayJasinuu 2B1Q

W3BecTeH alropuT™, KOTOPBIH COMOCTABISET JBYM OMHAPHBIM CHMBOJIAM
OJTHO 3HaUeHHe HanpspkeHus. [1o npuHIKMy cBoel paboTHI NaHHBIH aNTOPHTM H
HOJIy4lJ Ha3BaHWEe — JIMHEiHOoe koxupoBanue 2B1Q (2 Binary 1 Quandary)
[12, 13]. AHanu3 ajgropuT™a MoKasbsiBaeT, 4To Moy siius 2B1Q sBusercs pas-
HOBHIHOCTBIO aMIUIUTYAHO-UMITYJIbCHOH MOAYJISILIUH, Ul KOTOPOM BEIOHMPaIOT-
Csl YeThIPE YPOBHS HANPSHKEHUS ¥ HE TIPOMCXOAMUT BO3BpaTa K HyJIEBOMY 3Haue-
HUI0. Anroput™ (OpMUPOBAHUS KOJIa IPUBEACH B Taom. 1.

Tab6n. 1 Anroput™ dopmupoBanus kona 2B1Q
Table 1. Algorithm for the formation of 2B1Q code

KopoBas rpynna KonoBoe HanpsizkeHne
00 -2,5B

01 -0,833 B

10 +2,5B

11 +0,833 B

Kak nokaspiBaeT aHanu3 npeAcTaBICHHON BbIle TaONUIbl, YTOObI cop-
MHUPOBATh HEOOXOJMMOE HANPSHIKCHUE, TPeOyeTcs MCXOMHYIO MOCIIe0BATEINb-
HOCTh OWT pa3lie)IUTh Ha TPYIIIBI, COAEpKalue mo 2 cuMBoia. [lepBblii OUT
3aJaeT NOJSIPHOCTDh UCTONB3YEMOTO U MOAYJISIIMU HalpsoKeHus. MOXHO 3a-
METHTB, 4To st Tpynn «00» u «01» HampspkeHHe UMeeT OTpHIATEeNbHBIN ypo-
BeHb, a Juis rpynn «10» u «11» — nonoxwurenbHbId. BTopoit OuT 3amaeT 601b-
LIYI0 MM MEHBIIYI0 aMIUIUTYNy. B uwacTHOCTH, BTopoMy «0» COOTBETCTBYET
ypoBeHs 2,5 B, a Bropo#t «1» — yposens 0,83 B.

Takum oOpa3om, 3aKOTUPOBAHHEIN B COOTBETCTBHU C TpaBuiaamMu 2B1Q
CHTHAJI TNPEACTABISIET COOOM MOCIIE0BATEIHHOCTh CKAaYKOOOPa3sHO HM3MEHSIO-
MIUXCSA HanpsbKeHUH ¢ 4 BO3MOXKHBIMU ypoBHAMU. [Ipumep pabotsl anropurma
2B1Q npencrapiieH Ha puc. 2.
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[or[10] [ ]oo]1n][10]10]o]

uB
+2,5

+0,833

Puc. 2. Ilpumep popmupoBanus koxa 2B1Q.
Fig. 2. Forming 2B1Q code

2.3. Anroputm moayasiuuu TCM

Hawubosee ycoBepiieHCTBOBaHHbIH MeTon mMomysiiuu — TCM (Trellis
Coded Modulation), Momysiust ¢ pemieT4aTbiM KOJAUPOBAHHEM HIIH TPEJLIHC-
moayisinus [12, 13]. Bo-nepsbix, TCM-MoaynsaTop cHmxkaeT TpeOOBaHHS K Ka-
Haiy cBsi3u 1o otHourenuto OCI Ha 3—6 nb no cpaBHenuto ¢ QAM moxys-
uel. Bo-BTOpBIX, TaHHBIM METO/ YBEIMYMBAET YUCIIO NIEpeAaBaeMbIX OUT 10 9,
YTO MPEBHIIIACT BO3MOXKHOCTH anropurMa QAM.

OnHUM M3 OCHOBHBIX PELICHHH, 3aJI0KEHHBIX B MeTO Moy st 1 CM,
ABJISIETCS] BBEJICHUE JONOIHUTEILHOIO OUTA, TOIYYEHHOTO C IOMOLIBIO CBEPTOY-
HOTo KoaupoBaHust. [Tocie Toro kak yucio OUT ObLTO YBEINYEHO, UCTIOIB3YIOTCS
cBepTouHbie Kozeps! [14]. XoTs Takoii moAXo1 MPUBOJHUT K TOMY, 4TO TpeOyeTcst
YBEIMYUTH 00IIee YUCIIO TOCBUIOK B J[Ba pa3a, OH 00eCIeunBacT BBIMTPHINI 110
OCII. JaHHBIN BRIMTPHIIT JOCTUTACTCS 32 CUET BO3MOXKHOCTH JIEKOJIepa BHOCUTH
UCIIPaBJICHHs B IPUHUMAEMBbIH CUTrHal. B 4acTHOCTH, MOKET OBITH MCIIOIb30BaH
3 PEeKTUBHBIN AITOPUTM MSTKOTO JeKonupoBanus Butepou [14]. Ananu3s npu-
HSTOTO U30BITOYHOIO OMTa U yUET PaHee NPUHSATHIX CUTHAJIOB 1A€T BO3MOKHOCTD
Oosee yBepeHHO BBIOpaTh Hanboiee BEPOSITHYIO TOUKY B MMPOCTPAHCTBE CHUTHA-
7I0B. Y CJIOKHEHHE aJITOPUTMOB 00Pa0OTKH CUTHAJIOB M yBEITMYEHNE OOIIETO YHC-
Jla TIOCBUIOK BEAET K YBEJIMYEHHUIO TPeOyeMOi MPON3BOAUTENLHOCTH (BBIYMCIIH-
TETHHON MOIIHOCTH) JEKOJIEPa, OAHAKO COBPEMEHHBIM YPOBEHb pa3BUTHUS HH(D-
POBBIX CUTHAJIBHBIX IPOIIECCOPOB MO3BOJISIET PEILIUTD ITY 3a/1ady.

2.4. OFDM monynsanus

[Ilupokoe mNpUMEHEHHE B CHUCTEMax PaJUOCBSI3M HAIIeN aJIrOPUTM
OFDM wmoaynsiuuu [15]. B TenekoMMyHHKAIMSIX OPTOTOHAIBHOE MYJIbTHILICK-
cupoBaHue ¢ 4acToTHBIM paszzaencHueM (OFDM) mpencraBisier coboit crocod
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KOJMPOBaHHS MUPPOBBIX JAHHBIX HA HECKOJBKHX Hecymux yactorax. OFDM
MPEeBPATHIIACh B TOIMYJISPHYIO CXEMY IIMPOKOMOJIOCHOW IU(POBOMA CBSI3H, HC-
MOJIB3YEMYIO B TaKUX NMPHIOKEHUSAX, KaK HU(POBOE TENECBUACHUE U ayIUOBe-
manue, noctyn k Murepuery DSL, GecipoBoiHBIE CETH, CETH dIEKTpoIepeaay
1 4G MOOHUIBHOI CBS3H.

OcHoubIM TipeuMyiiecTBoM OFDM o cxemam ¢ ofHOM Hecymei sSBis-
eTCs €0 CIIOCOOHOCTH CHPABIATHCS C CEPhE3HBIMHU YCIOBUSMH KaHaja (Hanpu-
Mep, 3aTyXaHHe BBICOKMX YaCTOT B JUIMHHOM METHOM IIPOBOJIE, Y3KOIIOJIOCHAS
uHTep(hEepeHnrs U YaCTOTHO-N30MpaTeIbHOe 3aMHUPaHNe U3-32 MHOTOyYeBOTO
pactpocTpaHeHus) 0e3 CIOXKHBIX (UIBTPOB BHIPABHUBAHMS. Y paBHHBaHUE Ka-
HaJOB ympoimaercs, mockoiabky OFDM MoxHO paccmaTpuBaTh Kak HCIOIB30-
BaHWE MHOTHX MEUICHHO MOJYJIHPOBAHHBIX Y3KOITOJIOCHBIX CHTHAIIOB, a HE O/I-
HOT'0 OBICTPO MOAYJIMPOBAHHOTO HIMPOKOTIOJIOCHOTO cUrHana. Huskast ckopocTb
nepefays CUMBOJIOB MMO3BOJISIET HCIOJIB30BATh 3alIUTHBIA MHTEPBAT MEXIY
JIOCTYITHBIMH CUMBOJIAMH, YTO ITO3BOJISIET YCTPAHUTh MEKCHMBOJIBHBIE TOMEXHU
(ISl) u ucnoNB30BaTh XO-CHTHAIBI U Pa30pOC BO BPEMEHH JUIS JTOCTIKCHUS
KO3 GUIMEHTa yCUICHUsI pa3HeceHus, T. . ynyumenue OCIIL. Dtor MexaHu3m
Takke o0Jerdaer MpoeKTUPOBAHUE OJHOYACTOTHBIX CETEeH, TJie HECKOJIBKO CO-
CeHUX TIePEAATYNKOB OJHOBPEMEHHO MOCHUIAIOT OJWH M TOT )K€ CHUTHANI Ha
OHHOﬁ M TOU XK€ YacCTOTC, MOCKOJIbKY CUTHAJIBI OT HECKOJIbKUX YAAJICHHBIX II€-
pEeNaTYNKOB MOTYT OBITh TMOBTOPHO OOBEAMHEHBI KOHCTPYKTUBHO, COXPaHss
MOMEXH TPAAULIMOHHOM CUCTEME C OJHOU HECyIIEeH.

Takum 00pa3oM, BCE pPacCMOTPEHHBIE aNTOPUTMbI MOJIYJISIMHA HMEIOT
AJNIEKTPOMArHUTHOE BIMSHUE JPYT HA Apyra. ITO CBA3aHO C TEM, YTO MOIYJIS-
IUsl OCYIIECTBIISIETCS CHUTHAIAMH, HAXOISAIIMMHCA B TEPEKPHIBAIOIIAXCS dYa-
CTOTHBIX AuarazoHax. Kpome Toro, OONBIIMHCTBO METOIOB HWCHIOIB3YIOT IIO-
CTOAHHBIC NJIM TAapMOHHWYECCKHUE CUTHAJIBI OJIA MOAYJISANU. I/IHTepeCHBIM npena-
CTaBISIETCS PELICHHE, B KOTOPOM MOXYJSIMSA OCYLIECTBISUIACh Obl Mocpen-
CTBOM II€peJjauy CIy4aifHOrO CUTHaJja ¢ 3alaHHBIMH CBOHCTBAMHU.

3. CroxacTuyeckuii MOAyJIATOP

PaccMoTpuM clenyroIIyl0 cxeMy MOIYJISIMH, KOTOpas HE BbI3BIBACT
CIIOXHOCTEH TpH Inepenadye MHPOpPMAIMK B Cilydae MPUMEHEHUs MeHEepaTOpPOB
CIy4yalHBIX IocleaoBaTenbpHocTel [9]:

1) ecnu HeoOXoauMO TepenaTh cuMBON «0», TorJa Ha ONpeIeIeHHOM
BPEMEHHOM HHTEpBaJie (IIMHA TIOCIEIOBATEILHOCTH) HEOOXOIUMO peanu30-

BaTbh MOJCJIb BUIa
X, = PoXi 1 FAJor A= p)E, ©)
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. 2
rae O, — KOPPENALMOHHBINH mapaMerp a1 Mopynsauuu «O»-ro Oura, O, —

nucnepcust moaenupyemoro CII, fi — cnyyvaiiHas 100aBKa, ee MaTeMaTh4e-

CKOE OKHJaHWE PaBHO HYJIIO, a IUCIICPCUS PaBHA CIUHHMIIC, | — nyuHa nocrie-
JIOBaTeILHOCTH, OTBEICHHOW JJIs TIepeiaun OTHOTO OWTa.

2) eciii HEOOXOAUMO TEepenaTh CUMBOJ «1», TOraa HEOOXOAMMO JIUIIb
3aMEHUTH TTapaMeTpbl B MosieiH (1) ¥ MOIydnTh MOJICITH CIICAYIONIETO BHUIa

=P Xy T O-f (1_ ,012 )5. , 2

. 2
rae O, — KOPPEISMOHHBIA IapameTp Ui MOayinsauuu «1l»-ro 6uta, O, -

nucnepcust Mmoaenupyemoro CII, fi — cnyyvaifHas 100aBKa, ee MaTeMaThde-

CKOE OKHIAHHE PABHO HYIIO, a AMCIIEPCHS PABHA CIMHHIE, | — JUTHHA MOCITe-
JIOBAaTEIEHOCTH, OTBEICHHON JUIA TIepejadd OJJHOTO OuTa.

Mogenu (1) 1 (2) HOTHOCTBIO TIEPENAIOT aANTOPUTM MOIYISALUHN TBOUIHO-
TO CUTHAJIa ¥ HE BHI3BIBAIOT OCOOBIX CIOXHOCTEH. IHTEpecHO, YTO COBOKYITHBIH
curHan m3 «0» u «1» Oynmer mpeactaBnsTh co00il OOBIYHYIO Pa3pBHIBHYIO MO-
JIeTIb, TapaMeTpbl KOTOPOH M3MEHSIOTCS Ha ONpelesieHHbIX nHTepBanax. Oue-
BHUJIHO, YTO HaWJIy4lllee pa3IMuCHNUEe CUTHAIOB OyJIeT B TOM CIydae, eclli mapa-

MeTpBl IpsiMO TIpoTHBononoXHel. Hampumep, npu p, =—0.99 u p, =0.99.

Bonee Toro, HaM A0CTaTOYHO OYJET UCMOJIL30BATh MEPEIATUNK C OJHOW MOIII-
HOCTBIO B 000UX CITyJasiX.
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Puc. 3. Moaynsuus npu pasHbIX IapaMeTpax.

Fig. 3. Modulation with different parameters
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Ha puc. 3 mpencraBieHsl IPUMEPH WMHTAIMU TOCIEN0BATENBHOCTH
«0101» mpu pasnuuHbIX Hmapamerpax moxenei: a — p, =—0.99, p =0.99;

6— p,=—05, p=05;8— p,=0.92, p, =0.95. [IpogomxuTenILHOCTH

onHoro outa cocraBisieT 200 0TCUETOB.

W3BecTHO, 4TO IpH Iepepade IO KaHajgaM CBS3U OyIyT MPUCYTCTBOBATh
nomexu. Tem He MeHee, U HCCIeT0BaHNI MHTEPECeH U aOCOMFOTHBIN CITydail.
[TosTOMy cHauana BBHIMOJHUM OIICHKY TOTO, KaKk paboTaeT alroOpuTM pa3inde-
HUS 1 OOHapY)KEHUsI [0 TAKOW CXEMe B Cllydae MACAIbHOTO KaHalla CBS3H. 3a-
TEM HCCIIeyeM BO3MOXKHOCTH (pUIbTpaLy MPUHUMAEMBIX CUTHAJIOB C M3BECT-
HBIMHU NapameTpamu. TakuM oOpa3oM, 0OHapyKeHHE MepeaaBaeMblX CHMBOJIOB
COIPSDKEHO C 3a/aueli OlEHNBAHUS KOPPEISHOHHBIX apaMeTpoOB Ha y4acTKe
MOJYJIMPOBAHHOI'O CUT'HANIA, COOTBETCTBYIOLIETO JUINTEIBHOCTH OJHOTO OHTA.

4. lemonyJisinusi B HA€aJLHOM KaHaje

[IpoBenem wmccrnemoBaHUS MO MOAYJISIMH W JEMOAYISALWN CHUTHAJIOB B
ciTy4ae ucnoib3oBaHus Mmoaeneit (1) u (2).

Ha puc. 4 npezacrapieH npuMep MOJICIMPOBAHUS TTOCIIEAOBATEIBHOCTH
st niepenaun curHana «1101y. [lpu 3ToM MpomOIKUTENEHOCTS OJTHOTO OHMTa
paBHa 200 orcueram. [t Mmomymsmuu «0» UCTIONB3yeTCsl OTpPHUIIATENbHAS KOP-
pensauua p, =—0.99, a ang moxynsauuu «1» MCHONB3YETCS IONIOKUTENbHAS

xoppenauusa p, =0.99.

T T T
, " e ) : ol : '
‘ & v: ‘\fl‘”'””" S \”|H'|”\"”\”‘

Puc. 4. HOCIIeZ[OBaTeIII)HOCTL ouT Ha nepeaaTinKe U pe3yjabTaT MOAYJIALNH
Fig. 4. Transmitter bit sequence and modulation result

Amnanmu3z puc. 4 MOKa3bIBACT, YTO MPEII0KESHHBIN METOT IIO3BOJISIET OTOM-
TH OT TAPMOHMYECKUX CUTHAJIOB Ipu Monayisiuu. [lpu 3ToM B mpouecce aemo-
TSI HEOOXOIMMO BBITIONHUTH CJICAYIONINE OIICHKH IOCIICOBATEIBHO Ha
KQKJIOM U3 YY4aCTKOB MOAYJISILIUU

H. = , 3
py= (M S 20 M0 ) ©
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IJIe UCTIONB3YIOTCSl ONCHKH CPEHEr0 3HAUCHHS U TUCIICPCUU, MOTYYCHHBIE 110
BBEIOOPKE TSI KOHKPETHOT'O OMTA.

COOTBETCTBEHHO JAIbIIIC MO TMOJYYCHHBIM OIICHKAM HEOOXOJHMMO BBI-
MOJTHUTH JIEMOJYJISAIUIO, CBA3aHHYIO C OOHapy)KCHHEM Ha 3aJJaHHOM Y4YacTKe
«0» mm «1y.

Ha puc. 5 mokazan mnporiecc AeMOIYIISIIUAN MO TOTYYECHHBIM C MTOMOIIBIO
BbIpaxkeHus (3) oueHkam. [Ipu 5ToM MOPOrOBHIM 3HAYEHHWEM B TaHHOM CIIydae
cuntaercss BemmumHa 2o T A1 Ecim omeHka Gonblle JaHHOH BETHYHMHBI, TO

2
MPUHAMAETCS PEUICHHE O TOM, YTO IepeaaBanach «1». B mpoTuBHOM ciyudae,
MIPUHUMAETCS peleHue o nepegade «0».

Oustina napans Tpon

i T
|
I

Beuanymmpe

Puc. 5. OnieHka mapaMeTpoB U pe3yNIbTaT AEMOIYIISAIH

Fig. 5. Parameter estimation and demodulation result

Bemonaum uccnenoBanne 3¢¢GEKTUBHOCTH AEMOIYJISIIMN B 3aBUCHMO-
CTH OT Pa3sHOCTH MEXIY KOPPESILMOHHBIMU HapaMeTpamu uist epeaadn «0» u
«1». Bynem npoBosiuTh ceputo skcriepuMmerToB u3 N=1000 pa3 mns mocnemosa-
tenbHOCTH «1010», mpu stom p, =0.99, a p,=-0.99u nocnenoBaTENLHO

HpI/I6J'II/I)Ka€TC$I K 0. HOJ'Iy‘IeHHI)Ie 3aBUCUMOCTHU NIPCACTABJICHBI B Tabm. 2.

Tab6um. 2 UccrenoBanne 3 GEKTHBHOCTH JEMOTYIISIIAN

Table 2. Demodulation efficiency study

Ap 1,98 1,58 1,18 0,78 0,38 0,1 0,05 0,025 | 0,01

P, 1 1 1 0,997 | 0,991 | 0,665 | 0,288 | 0,072 | 0,014

Ha puc. 6 npencrasnen rpaduk JaHHOH 3aBUCUMOCTH.

AHanu3 KpuBOi Ha rpaduke puc. 6 mokasbiBaeT, 4To Aooutscs 100%-
JEMOAYIISIINHA B OTCYTCTBUH MOMEX MOXKHO YK€ MpPU Pa3IHueHUH KOPpeJsiu-
OHHBIX MapaMeTpoB okoso 0.5, eciu 6paTh JOCTATOYHO OOIBIION KOIPPUIMEHT
KOppeJsILUNY IS epeaadn «1y.
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o 01 02 03 04 05 0.6 0.7 08 09 Ap
Puc. 6. DhdekTHBHOCTD AEMOIYISIIIUH.
Fig. 6. Demodulation efficiency

5. ¢ dexTuBHOCTH GUILTPALUN

ITycts HEOOXOANMO OCYIIECTBUTh ONTHMAIBHOE PEKYPPEHTHOE OLICHU-
Banue CII no numeromuMcs 3ayMI€HHBIM JaHHBIM

z,=X +n,i=12,., (4)
rae 1y, 1=12,..., — Gemblii rayccoBckuit mym ¢ qucnepcueit o-r? .

Hcxons U3 TOro, 4To UCIOJIB3YETCSl aBTOPErpeccusi ¢ KPaTHBIMU KOPHIMU
XapaKTepUCTUIECKUX ypaBHEHUH [16], BKiItovaromas B ce0sl mpeIcTaBlIeHHYTO
aBTOPETPECCHIO MEPBOT0 MOPsIIKA, MOKHO 3aIllMcaTh PACIIMPEHHBIH BEKTOP CO-
CTOSTHUS

X =(X Xi—l"'xifm+1)T . ®)
Tornma MOXXHO niepenucaTh MOJeINb HaOIOACHUI
z =CX +n,i=12,..., (6)
rie C=(10...0).

Camo ypaBHEHUE TaKKe CIIYeT 3alucaTh B MATPUIHO-BEKTOPHOH (hopme
X, =X, +<&,1=12,..., (7

pll plZ b plm

rie o= 1 0 0 : plj :(_1)j+1an1pJ';
0 1 0
0O 0 .. 1

& =(50..0)" V. =M{EE"}.
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[Mocne BBHIMOIHEHHBIX MPeoOpa3oBaHUN BOCIONB3YEeMCSl CTaHIAAPTHBIMU
ypaBHEHUSAMH JHHEHHOTO QrpTpa KanMana 11 HaXOXKICHUS ONTHMATBHBIX
oreHoK mHpopManmonHoro CIIT

a2 2 1 g 1 -
X=X, + P.CT 72(Zi _Cxoz)api = Poi(E +72CTCP31') 19 (8)

n n
e P, =pP 0" +V. X, = pX .

Ha KkaXaoM | —m IHIare OUEHUBAaHMS CTPOMTCS ONTHMAJIBHBIA IPOTHO3
m -

R, = z Py %;_; Ha OCHOBE NMPENBIIYIIMX OLCHOK X, ;. ] =12,....m u Haxo-
i1

JUTCA Hauryduias (B CMBICJIC MUHHUMYMa AUCIIEPCHUU OIINOKH

P =M {(xi - X )2 }) OLICHKA

11

oo 1 .
Xi = Xai + I:)lli 2 (Zi - Xai)’ (9)
O-n

P...

_ 11i
rie By =Py /| 1+ M/,
o;

OcTanbHbIE KOMIIOHEHTHI BCKTOpa )_(i BBIUUCIAKOTCA Ha OCHOBE UHTCPIIO-

JIAIMK TIPEIUIECTBYIONIMX OIEHOK C y4€TOM OYEPEIHOr0 HAONIOACHUS Z, W

B3aMMHBIX KOBapHaIMi OMHMOOK OICHUBAHUSL.
Ha puc. 7 npencraBieHbl MoJy4eHHbIE Ha OCHOBe ¢uibTpaiuu (4—9)
aucnepceuu omurook ¢punbTpanuu AP nepBoro nopsiika (CIUIOMIHbIE JIMHUH) JUTS

v 2 2
Pa3sHbIX OTHOLIEHUH CUTHA/IIYM (| = O, / O, TIpH KOPPEJISLUOHHOM TapameTpe

p=0.99.

P
N q

0,001 A 01 10

o001

Puc. 7. D¢pdexruBHOCTS QubTpannu aBroperpeccruonnoro CII.
Fig. 7. Filtration efficiency of autoregressive random process
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AHaIu3 TMONYYEeHHON 3aBUCHUMOCTH TIOKA3bIBa€T, YTO BO3MOXHO JIOCTH-
xerue dQdextuBHON punpTparun (P<0,1) yxe mpu comocTaBUMBIX 3HAYSHUIX
CHUTHAJI IITyM.

6. 3akar04eHue

TakuMm 00pa3oM, MONTYYCHHBIC PE3YJIbTAThI MOKA3BIBAIOT, YTO IS CIydas
XOPOIIIO OT/ICJICHHBIX 3HAYCHUH TTapaMeTpoB MPEII0KEHHBIN anropuT™ 3hhek-
THBHO CIIPABIBICTCS C IMOCTaBJICHHON 3amaueii (pasauma Oomee 0.5). Kpome To-
ro, JJIs MPEIJIOKEHHBIX MOJIEICH CYIICCTBYIOT ONTHUMAJbHBIC M KBa3WUOITH-
MaJIbHBIC AJITOPUTMBI (DUJIBTPAIMH, YTO TO3BOJISCT BBIMOJHATH Pa3IMUCHHC
TaKke U B yclnoBusax nomex. [lokazano, uyto npu koppemsuuu 0,99 ogHoro us
napamMeTpoB MOXKHO MONYYHTh JUCTepCHH OMMOO0K (GuibTpanuu Menbiie 0,1
yKe TPH COMOCTABUMBIX OTHONICHUSIX CHUTHAI/IIIYM.
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Annomayusn: B Oannol cmambe paccMampueaemcs NPUHYUn paboml JOKAIbHOU
HABU2AYUOHHOU CUCTEMbL C UCHOTb308AHUEM A0ANMUGHO MATIOINEMEHMHOU AHMEHHOU
pewemku. Cucmema no3601sm onpeodensms KOOPOUHamvl CYOHA C GblCOKOU MOUHO-
cmolo. [[ns ycmpanenus He0OHO3HAYHOCU (PA306bIX UMEPEHUU PACCMOAHUN 000CHO-
8aHA HEOOXOOUMOCHb POPMUPOBAHUSL MUKPOBOIHOBBIX CUSHANO8 C MATbIM YACHOMHbIM
cosucom. Obcysxcoaemesi Memoo GopMuposanss MUKPOBoIH08020 cuenana. Ilokasano,
MO UCTIONL30BAHUE AOANMUBHBIX MALOIIEMEHMHBIX AHMEHHBIX PEUEemoK NoGbluldem
npou3800UMeNbHOCMb cucmemvl 6e3 3HAUUMENbHO20 YOOPOXUCaAHUs cucmemvl. Aoan-
MUGHblE AHMEHHbIE PeulemKU NO360NAION MUHUMUSUPOBAMDb GIUSIHUE MHOLOTIYYEB020
PACAPOCMPAHEHUsl, HeU30EHCHO BOZHUKAIOULe20 NPU MUKPOBOIHOBOM PACHPOCMPAHEHUU
HAO0 800HOU NOBEPXHOCMBIO.

Kniwouesvie cnosa: nasucayus, ammocghepnulii Kanan, usmepenue ¢hazvl, 20MOOUHHOE
npeobpazoeanue Yacmomol, AHMEHHAs PeulemKd, MHO20Y14e80e PACHPOCMPAaHeHue.
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1. Introduction

The creation of adaptive antenna arrays in the microwave band is an ur-
gent task both in communication technology and in measurement technology
for positioning systems design. In this case, there are often conflicting require-
ments for the array dimension, namely, the simultaneous provision of a large
scanning angle and small mass-dimensional parameters. One of the applications
of such arrays is their use in local navigation systems for moving objects track-
ing. One way of the determining the coordinate of an object is the measurement
of fluctuations of the phase progression and/or the angle of arrival at microwave
propagation [1, 2].

While solving the problem of constructing of local navigation system for
accurate positioning of the vessel, the main source of errors in determining the
coordinates is the vessel’s pitching, which leads not only to a spread of coordi-
nates as a result of antenna movement, but also to a fading of measured micro-
wave signals.

This paper presents the results of modeling the effect of the number of el-
ements of an adaptive antenna array on the signal-to-noise ratio at the receiver
input of a local navigation system.

2. The principle of creating a local navigation system

Let’s consider the operation of the meter of fluctuations of amplitude,
phase progression and angle of arrival of the microwave signal. A generalized
structural scheme of the meter is shown in Fig. 1 [3].

In fig. 1 the following notations are used: MWO is the microwave oscilla-
tor; C1, C2 and C3 are the microwave Y-circulators; A1, A2 and A3 are the mi-
crowave antennas; M1 and M2 are the microwave mixers; AD1 and AD2 are
the amplitude detectors; PD1 and PD2 are the phase detectors; RO is the high-
frequency high-quality quartz reference oscillator; CO is high-frequency high-
quality voltage controlled oscillator; MWA and K are the microwave amplifiers;
CPS and ¢ are the controlled microwave phase shifters.

In each i-th measuring channel the microwave oscillator of the micro-
wave band of 10 GHz forms the signal

Upwilt) =U mwicos2nfpw it + dmwi) (2)

with initial amplitude U, , initial frequency fy,yi, and initial phase ;-
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Reference
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A

Fig. 1. Structural diagram of the amplitude fluctuation meter, phase progression fluctuations
meter, and determining the angle-of-arrival of microwaves.
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Then microwave oscillations through the microwave Y-circulators C1
and C2 feed the inputs of the microwave antennas Al and A2. Further the mi-
crowave oscillations are radiated in the direction of the transponder. After pass-
ing through the measuring channel the microwave signal obtains the phase pro-
gression proportional to the length of the path

Ad =kd; 3)

where kpi IS the propagation constant; d; is the length of the i-th path. Then

the microwave oscillations are received by the antenna A3 and through the mi-
crowave Y-circulator C3 they are transmitted to the microwave amplifier. The
amplified oscillations are fed to the signal input of the controlled microwave
phase shifter, which realizes the signal frequency shift by an amount equal to
the frequency of the phase shifter control signal F, [4, 5].

The microwave oscillations, which are shifted in frequency, are emitted
by antenna A3. The oscillations that pass through the measuring microwave
channel and received by microwave antennas again obtain the phase shift A¢; .
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The received microwave oscillations are multiplied in the microwave
mixers with the original microwave oscillations, as a result of which low-
frequency oscillations are obtained at the mixers outputs. As a result of the ho-
modyne transformation in the mixer, the initial frequency and initial phase of
the microwave oscillations of the original and information signals are respec-
tively subtracted. The amplitudes of detected in amplitude detectors signals are
proportional to the attenuation K; of microwave signals. The phases of re-

ceived signals are equal to the phase shift 2A¢, of microwave signals in the cor-

responding channel. In phase detectors these phases are transformed in corre-
sponding signals at its outputs.

The microcontroller adaptively adjusts the radiation pattern of the micro-
wave antenna array to the maximum signal-to-noise ratio by the changing the
amplitude-phase distribution of the microwave signal in the antenna array aper-
ture, which consists of antennas Al and A2, microwave amplifiers K, and phase
shifters o.

Changes in the propagation constants of microwave signals in the meas-
uring channels also affect the measurement error of the distance measurement
by the phase method. These changes are due to the changes in the physical pa-
rameters of the communication channel, such as temperature, pressure, humidi-
ty, etc.

For the compensation of the changes in the propagation constants k; of

microwave signals in the measuring channels, it is necessary to periodically cal-
ibrate the homodyne meter using the transponder, which is located at the known
distance. For this, one of the transponders of the positioning system is located
on the mobile object itself. Thus, by comparing the measured and true distances,
the positioning system is calibrated.

For eliminating the ambiguity of determining the distance by the phase
method, it is necessary to carry out the multi-frequency measurements. For this
purpose the microwave oscillator with a small frequency step is used as a refer-
ence one [6]. Thus, from one highly stable reference oscillator with a frequency
of 100 MHz is proposed to form a grid of frequencies

frefi =100 MHz +Afi , (4)

where Af; is the frequency changes of the reference signal from 1 kHz to

10 kHz [6]. This change of the frequency of reference signal results in changes
of microwave signals in a frequency band in 10 GHz + (0.1-1.0 MHz) [6].
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3. The algorithm of the antenna array control

The control algorithm of the antenna array pattern works as follows. In a
state until that time when there is no useful signal, the antenna has an initial
amplitude-phase distribution, characterized by the presence of the only one
main lobe of the radiation pattern. Since there is a priori information about the
direction of arrival of the signal, the main lobe of the radiation pattern is tuned
exactly to this direction. Further, the amplitude-phase distribution of the anten-
na array is adjusted to the maximum of the useful signal. Thus, the constant ad-
justment of the maximum radiation pattern in the direction of the transponder
compensates for the reduction in signal level caused by noise and the vessel’s
pitching.

In the case of interference affecting the side lobes of the radiation pattern
the microcontroller detects a decreasing in the signal-to-noise ratio at the output
of the amplitude detector and includes an adaptation algorithm. The purpose of
the adaptation algorithm is to form “zeros” of the radiation pattern in the direc-
tion of the noise effect while maintaining the direction of the main lobe to the
source of the useful signal. Since the objective function corresponds to the only
one global maximum [7], the gradient method is used for its finding.

4. Selection of antenna array parameters

Let’s consider a linear equidistant antenna array. Let the radiation pattern
of primary emitters be described in a spherical coordinate system by a function
fl(r,e, (p) (r is the distance to the observation point, 6 and ¢ are the angular
coordinates of the observation point). For further analysis it is sufficient to con-
sider the placement of the observation point in the far zone (in the radiation
zone) of the antenna, i.e. for the case of a plane phase front of an electromagnet-
ic wave generated by the antenna in the direction of the observation point.

A simplified model of the linear array of radiators is shown in Fig. 2

&7V

-(n-1)'¥ -(N-1)'}

Fig. 2. The model of linear phase antenna array.

Puc. 2. Monenb pererku ¢ IHHeHHBIM HaberoM (a3bl
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Let the amplitudes of the currents fed the inputs of the emitters be the
same, and the initial phase of the current in the i-th antenna element differs from
the phase of the i-th current of the antenna element by the same amount
vy =Vy; —y;_;, While the phase distribution of the phased antenna array excit-

ing the primary emitters is linear. Let’s take the initial phase of the current in
the first radiating element for zero, then the initial phase in the n-th radiator
will be (n—1)y, , and the radiation field generated by this radiator in the far

zone is determined by the expression
E, = Af,(6,¢)cos(ot —kr, +(n—1)y;), (5)

where A is the constant (amplitude) factor, independent of angles 6 ande; r,
is the distance from the n-th antenna element to the observation point;
k =2mx/) is the propagation constant.

It can be shown, the r, = —(n—1)dsin®. In this case, the expression (5)
can be written in the following form
E, = Afy(6,p)cos(wt —kr; +(n—1)kd sin 6+ ).

The field of the entire antenna array is determined by summing the fields
of the individual radiators and is written in the following form:

sin(';(nd sin @ + \Vl))

N
E=>E,=Af(6,0) 1 cosmt —kry )=
n=1 sin(z(kd sin 6+\|/1)j
sin Ny
= Af,(0,)—2— cos(wt — kry), (6)
Y
sin

where y =kdsind+y; is the phase shift between the fields of adjacent emitters
at the point of observation; v is the electrical phase shift, which is formed by
phase shifters in the diagram forming device; r, is the distance from the phase

center of the antenna array to the observation point; N is the number of emitters
in the linear array.
In this case, the multiplier kdsin® determines the spatial phase shift,

which depends on the distance between the radiators in the array.
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Thus, the directivity pattern of a phased antenna array is determined by
two aggregated factors:
— radiation pattern of the primary antenna element fl(e, (p) ;

— antenna array multiplier f,(6, o).
According to (6) the multiplier of the linear antenna array has the form

sin NV sin(n Nd(sin 0 +WlD
2 A kd

fn(e’(P)= y = T .
sin-—_- sin[}bd(sine+\le

2 kd

This factor depends on the shift of the initial phases y; of the excitation

currents of the neighboring emitters of the linear antenna array.

The maximum radiation in such antenna occurs for those directions in
space for which the condition  =2mp is satisfied, where p=0,+1+2,...,
i.e., where the phase difference between the fields of the antenna element
caused by the difference in the path of the rays is fully compensated by the dif-
ference between the initial phases of the excitation currents of the antenna ele-
ment

kdsin90+w1:kd(sine+%j:2n D,

then

. \'1 A
sinfy =——=+p—. 7
0 kd+pd (7)

This equation is called the beam swing equation, and p is the number of

the beam of maximum radiation.

From equation (7) it follows the movement of the beam in the antenna ar-
ray in space can be carried out in the following ways:

— by the changing the oscillation frequency of the connected microwave
oscillator;

— by the changing in the phase shift y; between the emitters using the
phase shifters and corresponding controlling system:;

— by the switching of the radiating elements of the array, the pitch of the
radiators or segments of the supply paths.



SHIROKOV I. B. et al. Organization of a local navigation system... 373
IIMPOKOB U. b. u ap. Opranu3zanus JOKaJIbHOW HABUTAIIMOHHOH CHCTEMBI. . .

The distance between the emitters is selected according to the criterion of
the absence of additional diffraction maxima according to the formula

g, 1

AL 1+sing,

This expression defines the maximum deviation of the radiation maxi-
mum in the absence of additional side maxima in the radiation pattern.

5. Modeling results

For the antenna array creating the microstrip patch antenna was chosen as
an array element. The advantages of this type of antenna are: simplicity of de-
sign, easy of manufacture, easy of excitation, the ability of creation of arrays of
the same type of elements, the possibility of combining antennas, amplifiers and
phase shifters in a single printing unit.

The design of a single antenna element is a square patch resonator located
on the dielectric substrate and metal ground plane. With a substrate thickness of
1.5 mm and a relative dielectric constant of 4.2, and a central operating frequen-
cy in 10 GHz, the size of the antenna array element is 6.4x6.4 mm® The feed
point is located at a distance of 1.6 mm from the edge of the printing element
with an input impedance of 50 Ohms.

The antenna array consists of 2 elements. The elements are displaced in a
plane perpendicular to the plane passing through the excitation point of the an-
tenna elements and their centers. This choice of the location of the antenna ele-
ments reduces their mutual influence on each other. The distance between the
edges of the antenna elements is also 6.4 mm.

The antenna pattern for the case of the in-phase excitation and quadrature
antenna elements is shown in Fig. 3

As follows from the Fig. 3, when the difference in the excitation phases
of the antenna elements changes from 0 to 90 degrees, the maximum of the di-
rectional pattern is rotated by 15 degrees. At the same time, the level of radiated
power drops by 20 %.

The radiation patterns of a three-element antenna array with the in-phase
and non-phase excitation of elements is shown in Fig.4. By changing the phases
of the excitation of the side elements, relative to the central element, it is possi-
ble to significantly change the position of the minima of the radiation pattern,
and due to this matter, it is possible to reduce the noise influence on the useful
signal.
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Fig. 3. Antenna pattern of a two-element antenna array.
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Fig. 4. Antenna pattern of a three-element antenna array
(curve 1 in-phase excitation, 2 — non-in-phase excitation).
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Table 1 shows the dependence of the width of the directional pattern and

the range of scanning angles vs. the number of elements of the antenna array.
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Table 1. Characteristics of low-element antenna arrays

Tabm. 1. XapaKTepI/ICTI/IKI/I MAaJIODJIEMEHTHBIX aHTCHHBIX PCHICTOK.

Width of radiation Scanning angle range, degree
Number
pattern, degree JluamasoH yrioB
of elements
H_[I/IpI/IHa JAuarpaMMbl CKaHUPOBaHUA,
Yucno 31eMEHTOB
HaIpaBJIE€HHOCTH, Ipagyc rpagyc
2 60 +13,5
3 41 +15
4 30 +16

6. Conclusions

The proposed method of measuring the position of the vessel allows the
creation of a local navigation system. Providing the determination of the instan-
taneous coordinates of the vessel with high accuracy, which is sufficient for en-
suring the remote control of the mooring. Due to the formation of the discrete-
tunable pattern of antenna array, the accuracy and noise immunity of a homo-
dyne measuring system can be significantly improved.

Due to the proposed low-element antenna array, it is possible to signifi-
cantly reduce the effect of multipath propagation of the measurement signal on
the accuracy of determining the location of moving objects. In this case, an an-
tenna array with an odd number of elements is preferred. Thus, the minimum
number of elements of the antenna array must be equal to three.

Acknowledgement

Work has been carried out at the State support in a framework of implementation of Pro-
ject #5.6208.2017/8.9 of base part of the State task of the Russian Federation.

References

[1] A.R.Webster and W. I. Lam, “Microwave angle-of-arrival measurements under anomalous
troposphere propagation conditions,” Annals of Telecommunications, vol. 35, no. 11-12,
pp. 474-478, 1980.

[2] R.W.McMillan, “Intensity and angle-of-arrival effects on microwave propagation caused
by atmospheric turbulence,” in IEEE Proc. of Int. Conf. on Microwaves, Communications,
Antennas and Electronic Systems (COMCAS’08), 2008, Tel-Aviv, Israel, pp. 1-10.

[3] 1. B. Shirokov et al. “Multipath Angle-of-Arrival, Amplitude and Phase Progression Meas-
urements on Microwave Line-of-Sight Links,” in Proc. First European Conference on An-
tennas and Propagation, Nice, France, 2006, pp. 1-6.

[4] 1. B. Shirokov, “The Multitag Microwave RFID System,” IEEE Transactions on Microwave
Theory and Techniques, vol. 57, iss. 5, part 2, pp. 1362-1369, 2009.

[5] I. B. Shirokov, “Precision Indoor Objects Positioning based on Phase Measurements of
Microwave Signals,” in: Evaluating AAL Systems Through Competitive Benchmarking,
Indoor Localization and Tracking: Communications in Computer and Information Science.
Springer-Verlag, Berlin, Heidelberg, 2012, pp. 80-91.



376 Radio engineering and telecommunication
Pannorexuuka u cBsi3pb (05.12.00)

[6] 1. B. Shirokov et al. “Highly stable reference oscillator for the homodyne frequency synthe-
sizer,” in Microwave and Telecommunication Technology (CriMiCo), 2013 23"
International Crimean Conference, pp. 990-991, 2013.

[7] V. A. Grigoriev (ed.), Adaptivnyye antennyye reshetki [Adaptive antenna arrays]. Part 1.
St.-Petersburg: ITMO University, 2016. (In Russ.).

Hcerounnku puHAHCHPOBAHUS U BhIPasKeHHe NPH3HATEIBLHOCTH

PaboTa BBINOJNIHEHA NPU TOCYAAPCTBEHHOH MOANEPIKKE B paMKaxX pealu3alMd HNpPOEeKTa
Ne 5.6208.2017/8.9 6a30Boii yacTu rocyaapcTBEHHOTO 3a1anus Poccuiickoit dexeparum.

Cnncok Jureparypsl

1. Webster A. R., Lam W. I. Microwave angle-of-arrival measurements under anomalous trop-
osphere propagation conditions // Annals of Telecommunications. T. 35, Ne 11—12. 1980.
C.474—478.

2. McMillan R. W. Intensity and angle-of-arrival effects on microwave propagation caused by
atmospheric turbulence // IEEE Proc. of Int. Conf. on Microwaves, Communications, Anten-
nas and Electronic Systems (COMCAS’08), Tel-Aviv, Israel, 13—14 mas 2008, C. 1—10.

3. Shirokov I. B., Jandieri G. V., Sinitsyn D. V., Martynyuk D. I. Multipath Angle-of-Arrival,
Amplitude and Phase Progression Measurements on Microwave Line-of-Sight Links // Proc.
First European Conference on Antennas and Propagation, Nice, France, 6—10 nosiopst 20086,
C.1—6.

4. Shirokov I. B. The Multitag Microwave RFID System // IEEE Transactions on Microwave
Theory and Techniques. 2009. T. 57, Beim. 5, gacts 2. C. 1362—1369.

5. Shirokov I. B. Precision Indoor Objects Positioning based on Phase Measurements of
Microwave Signals. B ku. : Evaluating AAL Systems Through Competitive Benchmarking,
Indoor Localization and Tracking : Communications in Computer and Information Science,
Springer-Verlag, Berlin, Heidelberg, 2012. C. 80—91.

6. lupoxos U. Bb., Ceparox U. B., dununmos U. @. BricokocTaOMIIBHEINH ONOPHBIH TeHepaTop
JUISL CHHTE3aTOpa 4YacTOT TOMOJIMHHOM cucteMbl. B kH. : 23-1 MexnyHap. Kpeimckas koHd.
«CBY-TexHMKa 1 TeleKOMMYHHUKALMOHHBIE TeXHONIOoTUuIm — KpeiMuKo’2013
(CeBactomnosb, 9—13 cent. 2013 1.). 2013. C. 990—991.

7.  ApnantuBHble aHTeHHbIe pemetkd. Yacte 1. [Tox pen. B. A. I'puropsesa. CII6 : YHuBepcu-
Ter UTMO, 2016. 179 c.

Information about the authors
Igor B. Shirokov, Dr. Sci. (Technical), professor at Sevastopol State University, Sevastopol,
Russian Federation. ORCID 0000-0001-6425-5385

Igor V. Serdyuk, Cand. Sci. (Technical), associate professor at Sevastopol State University,
Sevastopol, Russian Federation. 0000-0001-8988-820X

Elena 1. Shirokova, student at Sevastopol State University, Sevastopol, Russian Federation.
ORCID 0000-0003-2716-3638

Anna Yu. Mordvinova, teacher at Sevastopol State University, Sevastopol, Russian Federation.
ORCID 0000-0001-7888-019X



SHIROKOV I. B. et al. Organization of a local navigation system... 377
IIMPOKOB U. b. u ap. Opranu3zanus JOKaJIbHOW HABUTAIIMOHHOH CHCTEMBI. . .

Nudopmanus 06 aBTopax

IIupoxos Urops BopucoBu4, JOKTOpP TEXHUYECKHX HAYK, mpodeccop CeBacTOMOIBCKOTO roc-
yIapcTBeHHOro yHuBepcutera, I. CeBacromonb, Poccuiickas ®@enepanus. ORCID 0000-0001-
6425-5385

Cepaok Hrops BiiaaiuMupoBMY, KaHAWIAT TEXHHYECKHX HayK, HOUEHT CeBacTOMOJBCKOTO
roCyIapCTBEHHOTO yHHUBepcuTeTa, r. CeBacromnonb, Poccuiickas @enepamuss. ORCID 0000-0001-
8988-820X

IIupoxosa Ejena UropeBHa, cTyaeHTKa CeBaCTOMONBCKOIO FOCYAapPCTBEHHOTO YHUBEPCHTETA,
r. CeBacromnouis, Poccuiickas denepanus. ORCID 0000-0003-2716-3638

MopasunoBa Auna FOpbseBHa, npenogasareisb CeBacTONONBCKOTO rOCy1apCTBEHHOTO YHUBEP-
curera, r. CeBacromnons, Poccuiickas ®eneparus. ORCID 0000-0001-7888-019X



Hngpoxommynurayuonnsie u paduosnekmponnwvie mexnonozuu. 2018. T. 1. Ne 4. C. 378—388.
Infocommunications and Radio Technologies, vol. 1, no. 4, pp. 378-388, 2018.

ISSN: 2587-9936 print / 0000-0000 online

DOI: 10.15826/icrt.2018.01.4.29

Microwave water content in oil products meter

11. B. Shirokov, * 1. V. Serdyuk, and 2 I. I. Maronchuk
'Sevastopol State University
Sevastopol, 299053, Russian Federation
’Genesis-Tavrida Ltd.
Sevastopol, 299011, Russian Federation
shirokov@ieee.org

Received: September 20, 2018
Peer-reviewed: September 23, 2018
Accepted: September 25, 2018

Abstract: The paper describes the new method for determining the percentage of water
in the water-oil mixture and the manufactured flow-based instrument which uses the
microwave communication channel for performing the phase shift measurements with
simultaneous evaluation of the degree of absorption of the microwave signal in the test
mixture. The results of studies on the justification of operating conditions, development
and fabrication of the design of the prototype of the measuring chamber of the device
are considered. The results of investigations of the water content in water-oil mixtures

of various compositions are presented.

Keywords: oil, oil products, water, moisture meter method, water-oil mixture, micro-

wave oscillations, phase progression, microwave signal absorption.

For citation (IEEE): I. B. Shirokov, I. V. Serdyuk, and I. I. Maronchuk, “Microwave
water content in oil products meter,” Infocommunications and Radio Technologies,
vol. 1, no. 4, pp. 378-388, 2018. doi: 10.15826/icrt.2018.01.4.29



SHIROKOV I. B. et al. Microwave water content in oil products meter 379
HIMPOKOB U. b. u 1p. MUKPOBOIHOBEII H3MEPUTENb COIEPKAHUS BOJBI B HEQTEIPOLYKTaX

VK 621.317.39.084.2

MMUKPOBOJIHOBbIN U3MEPUTEIb
cojJepkaHus BOAbI B HepTenpoayKTax

! [Iupokos U. b., ! Cepmrok U. B, 2 Maponuyk U. U.

L Cesacmononvcxuii 20CY0apCmeeH bl VHUBEPCUMEN)
2. Cesacmononw, 299053, Poccu
2000 «I" enesuc-Taspuoa»
2. Cesacmononw, 299011, Poccus
shirokov@ieee.org

[omyueno: 20 centsiops 2018 r.
OtpenensupoBano: 23 ceHtsiOps 2018 r.
[Mpunsro k myoaukanuu: 25 centsiops 2018 r.

Annomayusn: B pabome onucan Ho8blil Memoo onpedeneHus NPOYEHMHO20 COOePIHCAHUS
600bl 8 BOOOHEPMAHOU CMECU U U320MOBIICHHBLI NOMOYHbIL NPUbOP HA e20 0CHO8e, ba-
3UPYIOWUECst HA NPUMEHEHUU MUKDOBOIHOB020 KAHALA C853U 0151 NPOBEOEHUsL USMEPEHUTL
Habeza (azvi ¢ 00HOBPEMEHHOT OYEHKOU CMeneHl NO2LOWEHUSL MUKPOBOTIHOBO20 CUSHA-
Ja 6 uccaedyemou cmecu. Paccmampusaiomes pe3yibmamul UCCie008anuti no 000CHO-
BAHUIO YCNIOBULL IKCHIYAMAYUU, pa3pabomKe u u320moGieHu0 KOHCMPYKYUU ONblmHoO20
obpaszya usmepumenvHoll kamepvl npubopa. Ilpueodsmes pe3yibmamol UCCIeO08AHUN
npubOpoM cooepircanusi 600bl 8 B0OOHEPMAHBIX CMECIX PA3TUYHBIX COCMABOB.

Knwuesvie cnosa: negpmo, nepmenpodykmol, 6004, 61azomep, 6000HePMAHASL CMECh,
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MuKpOBOTHOBEIM U3MEPHUTEIH COJEPKAHUSA BOIBI B HeTenpoaykTax // MHpOKOMMYyHH-
KaI[MOHHBIC U PauodieKTpoHHbIe TexHomorun. 2018. T. 1, Ne 4. C. 378—388.
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1. Introduction

Produced “crude” oil is a multicomponent mixture consisting of oil, gas,
and water. The availability of reliable information concerning the oil content
makes it possible to judge the profitability of exploitation of the oil deposit [1].
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The main oil products derived from oil are the automobile gasolines, the diesel
fuel, and the motor oils, which are intensively watered and polluted during
transportation, reception, storage, and distribution, with a consequent deteriora-
tion in quality. Therefore, the control of water content in oil and oil products is
an important task for technological processes at all stages of the extraction,
transportation and processing of hydrocarbon raw materials [2, 3]

One of the most popular methods for measuring the water content in oil
and oil products are microwave ones. In this case, there are fundamentally two
ways for determining the percentage of water in a water-oil mixture. One of
them is based on the absorption of microwave oscillations by proper water in-
clusions [4]. However, this measurement method can give inadequate readings,
since the dielectric itself can also absorb microwave oscillations. In addition,
with this approach, it is necessary to take measures to stabilize the amplitude of
the original microwave oscillations and to ensure the long-term stability of the
meter of the transmitted power of microwave oscillations. The presence of con-
ductive impurities in addition to the actual water in the controlled material, for
example, ash, salts, etc., provides an additional component of the error in de-
termining the percentage of water in the mixture. In general, in-line microwave
hygrometer, when operating in low-watered environments, has a limit of per-
missible absolute error of + 0.5% [2, 4]. With an increase in water content up to
60-80%, the phase inversion in the water-oil emulsion is observed, a sharp in-
crease in the resonant frequency occurs, an additional error increases, reflecting
on the metrological characteristics of microwave moisture meters [2].

Microwave phase metering methods for controlling the percentage of wa-
ter in a water-oil mixture give more adequate results [5]. In fact, the relative
dielectric constant of most dielectrics lies within 2—4 (about 4 for the vast ma-
jority of liquid hydrocarbons). The dielectric constant of water is about 80 (de-
pending on the operating frequency of the analyzer). Therefore, by passing mi-
crowave oscillations through a water-dielectric mixture, one can judge the per-
centage of water in the mixture by measuring the phase shift of the microwave
oscillations [5].

However, the described method [5] of determining the percentage of wa-
ter in the oil-water mixture, when the water content in the mixture varies wide-
ly, has one major drawback. The value of phase progression kd [5] depends on
the integral dielectric constant of the controlled mixture ¢, and on the layer
thickness d of this mixture at the fixed frequency of microwave oscillations. At
the same time, with the fixed and unchangeable value of the layer thickness d ,
the phase progression kd can vary within certain limits in two cases: either
when the percentage of water changes (with a known dielectric constant ¢,, =
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80) in the mixture, or when the electrical properties of the dielectric itself
change (dielectric constant ¢, ), for example when changing the type of con-
trolled dielectric (crude oil, fuel oil, oil, etc.). The value of the dielectric con-
stant of the controlled product with a change in its type may vary within certain
limits (e, = 2—4). At the same time, changes in the type of controlled product

leads to a change in the integral dielectric constant of the mixture ¢ , which

can be interpreted by the meter as a change in the percentage of water in the
mixture. When this occurs, the ambiguity of determining the percentage of wa-
ter in a mixture of oil-water takes place.

In present paper a fundamentally new method of measuring the water
content in oil and oil products is discussed. Also in the paper the in-line instru-
ment using a microwave communication channel is described.

2. New method description

In the process of work, a new method for determining the percentage of
water in an oil-water mixture was developed. This method is based on the use of
a microwave communication channel for measuring the phase progression while
simultaneously evaluating the degree of absorption of the microwave signal in
the mixture under study. Based on the evaluation of the degree of signal absorp-
tion, the percentage of water in the mixture was roughly determined, which
made it possible to calculate the number of phase cycles of the microwave sig-
nal phase and thereby to determine the exact value of the phase shift, and to cal-
culate the percentage of water in the mixture. The measurement of the phase
difference of the signals was carried out at low frequencies, obtained after the
homodyne frequency conversion of the microwave signals, which made it pos-
sible to obtain high measurement accuracy. Schematic diagram of the device
based on the new method is shown in Figure 1.

A device for determining the percentage of water in a oil-water mixture
using different dielectrics contains: the microwave oscillator MWO, the micro-
wave directional coupler MDC, the transmitting microwave antenna TMA, the
receiving microwave antenna RMA, the controlled microwave phase shifter
CPS, the microwave mixer MIX, the low-frequency amplifier LFA, linear ampli-
tude detector AD, phase detector PD, computing device (microcontroller) MCU.

The device that implements the method for determining the percentage of
water in the oil-water mixture using different dielectrics operates as follows.
Microwave oscillations with amplitude U, , frequency f,, and initial phase ¢, ,

described by the following expression
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from the output of the microwave oscillator is fed to the input of the microwave
directional coupler. The attenuated microwave signal from the first output of the
directional coupler is fed to the input of the transmitting microwave antenna,
which primarily emits these microwave oscillations through the layer of the
controlled mixture in the direction of the receiving microwave antenna. In this
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u (t)=U,cos(2n f,t+¢,),

case, the microwave signal acquires the phase progression equal to

Ap=2nf,d, fgmix /c.
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Fig. 1. Schematic diagram of the device based on the developed method.

Puc. 1. HpI/IHIII/IHI/IaIII)HaSI cxema yCTpOﬁCTBa Ha OCHOBC pa3pa60TaHHOro MeTOAa
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Thus, the received microwave oscillations are as follows:
u,(t)=U,Kcos(2x f,t + ¢, + Ap),

where K =K K, is the generalized amplitude factor, K, is the attenuation coef-
ficient of the directional coupler on the first output, K, is the attenuation coef-

ficient of microwave oscillations in the thickness of the layer of the controlled
mixture, taking into account the gain of the microwave antennas.

Next, the received microwave oscillations are fed to the signal input of the
controlled microwave phase shifter, to the control input of which a signal gener-
ated by the microcontroller is fed as well. In a controlled microwave phase shifter
a periodic monotonically increasing from 0 to 2rn of phase shift in the micro-
wave oscillations with frequency f, is realized. The period of this control signal
isequalto T =1/F . In this case, it is possible to speak about the shift of the spec-
trum of microwave oscillations by the so-called Doppler frequency F =1/T .

Thus, the frequency of the microwave signal is shifted from the frequen-
cy f, on the frequency F . Frequency-transformed microwave signal with the
frequency f, = f, +F has the following form

U (t)=U,K cos[zn( f+F)t+eq +Acp+cp2:| :

where ¢, is the initial phase of low-frequency oscillations.

This microwave signal is fed to the second input of the microwave mixer,
to the first input of which serves weakened original microwave oscillations with
frequency f,. In a microwave mixer, the multiplication of the microwave oscil-

lations or homodyne frequency conversion takes place. The frequency convert-
ed low frequency signal is described by the following expression

u, (t)=U.K, cos(2nFt+Ap+¢,),

where K, =KK, is the total amplitude factor, K, is the mixer conversion fac-

tor taking into account the attenuation of the microwave signal at the second
output of the directional coupler.

This signal is limited in amplitude and is fed to the input of an external
interrupt of the microcontroller with the use the integrated Capture-Compare
module and Timer. So, the phase difference of the converted signal and the sig-
nal generated by the microcontroller itself is measured. The argument of this
microcontroller’s signal is
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Y=2nFt+¢o,.

Thus, at the output of the Capture-Compare module, a digital code COD
is obtained, which is proportional to the coefficient K., of the phase shift of
the microwave signal as it passes through the layer of the controlled mixture

COD =K,pAo.

The number of digits of the received binary code is chosen as much as
possible. According to the calibration curve obtained earlier from the calibration
results of the meter, the exact value of water content in the oil product is deter-
mined in the microcontroller. Moreover, for different dielectrics, with different
electrophysical properties, different calibration curves are constructed, each of
which is memorized in the microcontroller during the calibration of the meter.
Moreover, the calibration curve is chosen that used in the measurements earlier
and, if the measurements are carried out for the first time, use, for example, the
first memorized in the memory of the microcontroller.

In parallel, the low-frequency signal from the output of the microwave
mixer is rectified by a linear detector and the DC voltage is obtained at its out-
put proportional to the attenuation coefficient K, of microwave oscillations in

the thickness of the layer of the mixture being controlled. This voltage is fed to
the input of the analog-to-digital converter built into the microcontroller, where
itis digitized.

The conversion process is not used to accurately measure the amount of
attenuation of the microwave signal in the thickness of the monitored mixture
(not for accurately determining the water content in the dielectric-water mix-
ture), but for roughly estimating the percentage of water content in the oil-water
mixture. The more water in the mixture the greater attenuation of the micro-
wave signal takes place. The number of obtained digits is small.

The results of this transformation are compared in the microcontroller
within the same number of bits of the binary code with the results of an accurate
determination of the water content in a oil-water mixture, which is obtained by
the phase method. If these results do not coincide, then this means that a dielec-
tric is chosen that is not with the electrophysical properties that is actually pre-
sent in the mixture. In this case, the deviation of the dielectric constant of the
dielectric selected from the calibration curve from its actual value present in the
dielectric mixture is interpreted by the meter as a change in the water content of
the mixture, which does not correspond in the first approximation to the water
content obtained by the amplitude method. According to the results of the com-
parison for a given level of water content in the mixture, obtained by the ampli-
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tude method in the first approximation, rather rough, choose from the memory
of the computing device a curve for which the closest match between the cur-
rent readings of the analog-to-digital converter and the current level of water
content in the dielectric mixture, obtained by phase method, is realized.

It should be understood that discrepancies in the indications of the ampli-
tude and phase methods for determining the water content in a mixture will be
observed only for small water content levels, when the contribution of water
with the large dielectric constant (e, =80) to the integral dielectric constant of

the mixture with the dielectric with the permittivity of ey, =2-4 is small

enough. As the level of water content in the mixture increases, the difference in
the electro physical properties of dielectrics will be leveled.

4. Measuring camera strength simulation

On the basis of the method obtained, the work was carried out in the field
of the development of an experimental in-line instrument. The operation condi-
tions of the instrument can very in a wide range. So, the operation of the meas-
uring chamber of the device in these conditions has to be studied. Consequently,
a reasoned choice of materials and the calculation of structural elements of the
chamber must be implemented. The calculations were performed using standard
techniques used by the oil industry in Russia.

Cpox cayx6sl (Umnka)

1.000e+006

l 9.135e+005

. 8.391e+005

7.586e+005
. 6.782e+005
- 5.977e+005
L 5.173e+005
. 4.368e+005
. 3.563e+005

. 2.759e+005
1.954e+005

I 1.150e+ 005
3.452e+004

Fig. 2. The diagram of the service life when calculating the fatigue of materials after 1000 load
cycles with the calculation parameters: Py = 6.3 MPa, T = 100° C.

Puc. 2. luarpamMma pecypca npu pacyere ycTtanoctu MaTepuaioB nocie 1000 mukiIoB Harpy3ku
¢ pacueTHbIMH Napamerpamu: Py = 6,3 Mlla, T =100° C
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The strength characteristics of the elements of the developed structure
were evaluated using the SOLIDWORKS Simulation software. Studies have
shown that under critical operating conditions at a pressure of Py = 6.3 MPa and
a temperature T = 100°C, the developed design operates well enough [6]. As an
example, Figure 2 shows the plot of the service life when calculating the fatigue
of materials after 1000 load cycles with the calculation parameters:
Py = 6.3 MPa, T = 100°C.

So, the correctness of the design elements and the choice of materials for
their manufacture were confirmed. Studies have shown the load on different
parts of the design of the developed device are applied unevenly, while the main
load is concentrated in the place of welding of the pipe with opposite segments
of the technological measuring channel. Studies on fatigue have shown that for
the destruction of this segment, it is necessary to apply at least 34,500 load cy-
cles for the given calculation parameters. The correction of these negative fac-
tors with the aim of improving the design features of the working chamber of
the device is the goal of further works.

5. Instrument manufacture

Based on the described above studies, the design of an experimental pro-
totype of a microwave measuring instrument for water content in oil products
has been manufactured. The microwave primary converter has been designed
and manufactured. The microstrip antennas built into the measuring chamber of
the device have been designed and manufactured. Also the measuring chamber
of the instrument was developed and manufactured.

The appearance of a manufactured measuring chamber with microstrip
patch antennas is shown in Figure 3.

Fig. 3. Appearance of the meter chamber.

Puc. 3. BHemHmii BUI U3MEPUTEIILHON KaMephl
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The adjustment, calibration and experimental testing of the pilot instru-
ment was carried out on the available crude oil samples with the content of the
mass fraction of water in the existing samples being 0.5%, at a temperature of
25° C. When conducting a series of measurements on three prepared samples of
“crude” oil, an adequate result was obtained with good compatibility with an
average basic error of +0.08%. Further studies of the water content in water-oil
mixtures with a mass concentration of water of 10, 20 and 30% were carried
out, the average basic measurement error was +0.08, +0.35, +0.28, and +0.45%,
respectively.

6. Conclusions

The results obtained suggest the use of the new method for determining
the percentage of water in the oil-water mixture. On the basis of this method the
flow-based instrument has been developed and tested. The method and the in-
strument are based on the use of microwave communication channel for meas-
uring the phase shift with the simultaneous assessment of the degree of absorp-
tion of the microwave signal in the mixture under the test.

Based on the data obtained as a result of research, it is clear that the
method presented in the work has an original solution, and an experienced, in-
expensive device based on, it has competitive characteristics that make it possi-
ble to output and use it in the oil market.
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1. Beenenue

HecnHXpoHHOE B3aMMOJIEHCTBHE JIEKTPOHOB C JIEKTPOMArHUTHBIM I10-
JleM — CPaBHUTEJIBHO MaJIo MccieloBaHHasi 00JIacTh B (PU3MKE M 3IEKTPOHUKE
CBU. Takoe B3auMOJICHCTBHE, B YACTHOCTH, PEATU3YETCSI B MOHOTPOHAX — OJI-
HOPE30HATOPHBIX T€HEepaTopax ¢ IUPUHON MPOJETHOrO MPOMEXYTKa, CPaBHHU-
MO C JUTMHOH BOJIHBI pabouero Tuna konedanuii [1, 2]. OxHako 3TH reHeparo-
PBI € TUIOCKOTIApAILIEIBHBIM 3a30pOM PE30HATOPa 00ECIICUUBAIOT HEMPUEMIIEMO
Hm3kuid KI1/1 s momabix npudopos (nopsinka 6 %). C apyroii CTOpOHBI, IPH-
CylIMe HECHMHXPOHHOMY B3aMMOJICHCTBUIO HEAOCTATKW TPYNIMPOBAHUS KOM-
NEHCUPYIOTCS 0COOCHHOCTSIMU UHTUBHIYaIbHOTO B3aMMOJICHCTBUS DIIEKTPOHOB
Opy JIBIDKCHHHM B HAPaCTAIONEM HECHHXPOHHOM 3JIEKTPOMArHUTHOM ITOJIE
(xBagpatnunble cwiibl Muutepa) [3]. DTo moATBepKIEHO NpHU pacueTe oOpa-
HIEHHOTO MOHOTPOHA Ha KOAKCHAILHOM PE30HATOpE (AMOTPOHA), I/Ie aMILTUTY-
na BY a1ekTpryecKoro moisi U3MEHSETCsl MPOHOPIMOHATIBHO 1/f (3JIeKTPOHBI
IBIDKYTCS K IeHTPY) [4]. B nanHO# cTaThe paccmarpuBaeTcs cxema ceporpona
— MOHOTpPOHA Ha JIByc(heprYecKOM pe30HaTope, TAe aMIUIUTy[a MOJs UMEeT
ewte GoJiee CHIBHYIO 3aBUCHMOCTB OT I: 1/r%. DT0 MO3BOISET CYLIECTBEHHO IO-
BeicuTh KI1JI mpubopa, npuduem, npu OONBLINX TOKaxX JIEKTPOHHOTO MOTOKA.
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2. lIpunnunuadbHas cxema cepoTpona

Cxema cdeporpona uzobpaxeHa Ha pucynke 1. 3gece 1 — karonm, 2 —
KOJIBIICBOM TEPBBIN aHOM, €ro HampsbkeHue Uj, 3 — aBychepuueckuii pe3oHa-
TOp, HAXOJUTCS TMOJ| TIOTESHIIMAIOM Uy OTHOCUTEIBHO KaToja, 4 — ouyepTaHus
9JIEKTPOHHOTO TIOTOKA; 5 — Kamepa CHCTEMBI OXJIKJCHHS KOJUIEKTOpa; 6 —
BaKyyMHO-IIOTHBIC U30JISIIIMOHHBIC KepaMudyeckue maiiobl. Ock Z cOBMEIEHa C
OChIO TTyuka. MepuauaHHbli yroa 3 cepudeckoil CUCTEMBI KOOPAMHAT OTCUH-
TBIBAETCS OT OCH Z (st myuka 3=0).

6 1 B 4
Wy *:////////////////

w

il

Puc. 1. Cxema cdepoTpona: 1 — katox; 2 — KOJbLEBOH aHO; 3 — AByc(hepHUIECKHii pe30HaTOP;
4 — >NIeKTPOHHEBIH MOTOK; 5 — KaMepa OXJIaKACHNUs; 6 — BaKyyMHO-TUIOTHBIE TAW0bI.
Fig. 1. Spherotron scheme: 1 — cathode; 2 — ring anode; 3 — two-spherical resonator; 4 — electron
beam; 5 — cooling chamber; 6 — vacuum tight washers

)

Ha pucynke 1 Takke yka3aHO pacnpeeicHNUE CHIIOBBIX JIUHUN JIEKTPH-
YecKoro IoJisi pe3oHaropa Ha kojebanmu Egzp. Pazmepsl pezonatopa ompene-
JISFOTCS paguycamu monycdep: a — 0ospmioi, b — manbrit. Beieos sHeprun Ha
pucyske 1 He yka3zaH. OH MOXKeT OBITh peajr30BaH B BHJIE MPSMOYTOJIEHOTO
BOJTHOBO/I2, CBSI3aHHOT'O C PE30HATOPOM Yepe3 a3UMYyTaJIbHYIO MIENb UK OKHO B
CTCHKE BHEITHEH cephl y TOpIia pe30HaTopA.

IIpu Oosbmiol MOMHOCTH CHEPOTPOHA MO A3UMYTy PE30HATOPA MOTYT
OBITH CCIIaHBI HECKOJIBKO TaKMX BBIBOJIOB PHEPruu. BMecTO BOJHOBOA MOXKET
OBITh MCIOJIE30BAaH BBIXOJHOW PYIOpP, OOIydarOmUil BHEIIHIOW (GOKYCHPYIO-
HIYIO 3JIEKTPOMArHUTHBIN JTyd aHTCHHY.
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3. Iloas B pe3oHaTope U YCJI0BUA PE30HAHCA

ITosne konebanus Eqyp IBycheprnueckoro pe3oHaTopa MOXXHO paccMaTpH-
BaTh KaK CYNEPIO3UIMI0 PACXOASAIIUXCS (3ama3apiBanue (—K-r)) U CXOISIINXCS
(obpatHoe 3amazapiBanue (K-r)) BOMH (DUKTHBHOTO SJIEMEHTAPHOTO AJIEKTPHYIC-
CKOTO HCTOYHMKA, HAaxo[sIIerocs B IeHTpe cdep pe3oHaTopa. 37aech
k=2n/A=w/c — BOIHOBOE YKCIO B BaKyyMe; A — JUTMHA BOJIHBI, () — YIJIOBas
94acTOTa, ¢ — CKOPOCTH CBETa B IyCTOTE.

Hcnons3yst Teoprro cepruaecKiuX BOIH 3JEMEHTAPHOTO JIEKTPHYECKOTO 13-
mydarens [5], momydaeM cremyrorye GopMyIbl KOMIIOHEHT Tonst KoneOanws Epjg
KaK pe3yJIbTaT HHTePEPEHIINIA, PACXOSIIMXCS M CXOMSIIMXCS CHEPUIECKUX BOJH:

E, =E, cosomt COSk:—ﬂ 0s 9
(kr)”  (kr)
E9=5005mt smkr+cosk2r_smk3r ing 1)
2 kr (kr)”  (kr)
oo Emosinmt coskr_smk! ng
¢ 2W kr (kr)

rae W° = ’% — BOJIHOBOE€ COIIPOTHBJICHUE BaKyyMa.
0

Pe3oHaHCHBIC 3HAYCHUS PaanycoB cep pe3oHaropa a u b HaxomsTcs U3
ycnoBus Eg(a)=0; Eg(b)=0.
Wmm, ncnonszys (1):

. coska sinka
sinka + - 5 =
ka (ka) )
Kb + coskb _sin kE) 0
kb (kb)

I'paHWuHBIE YCIOBUS Ha TOPIIEBOM CTEHKE pe30HATOpa, Kak CleayeT U3
dopmynsl (1) mpu § = m/2 aBromarudecku Bbimonnsercs: E, = 0, H, mapan-
JieJIbHA MTOBEPXHOCTH TOPIIA.

B nmanpHeitmux ¢opmynax ymao0HO mepeiTH K Oe3pa3MepHbIM MepeMeH-
HEIM: T =Kr
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4. YpaBHeHUe IBUKeHHUS YJIEKTPOHOB

Hcmone3yst 0cOOEHHOCTH KOHCTPYKIMH c(epoTpoHa TOJOXKHM, YTO B
o0macTi mpoxXoxaAeHUs deKTpoHHoro notoka 9=0. [Ipu stom Eg=0 u Hy=0.
PensituBuCTCKOE ypaBHEHHE ABMKCHUSI DJIEKTPOHOB B TAaKOM MPHOIMKEHUH
MMEeT BUJ

aB: _ (1 B)/(E +E™)

do 3)
dr, VI
g, i=ON-1
) de P,
3neck | — HOMep (ha30BoOil TpaeKTOpHUH AMEKTpoHA, N — YHCIO MpHHS-

THIX B pacdere ()a30BBIX TPAEGKTOPHIL; B MOUCKOBBIX pacdyerax N = 64, mpu
yrounenun pesynbtata N = 200. i = Vi/C; Vi — CKOpOCTh 3JIEKTPOHA B HAIPaB-
jJeHnu — ¢} 0 = ot;

COST sinT
E=AcC0s0| —5F——= |
GG
rac Ai_ m; e, mo — COOTBCTCTBCHHO 3apsm 1 Macca IIOKoOsA 3J'IeKTp0Ha.

m,»C
HampskeHHOCTE TIOJIST TIPOCTPAHCTBEHHOTO 3apsja, co37aBaeMoro cae-
PHUYECKUMH 110 CEYECHHUIO MydKa 3apsHKEHHBIMH KPYIHBIMHM YacTHIAMH i, | BBI-
paxaeTcs Kak [5]

N ha-—T 0,rT<rT
gr= o o LS R AT o™= e a=ka, b=kb;
m,Ca N<|ra-b (LE>T

J#l
0L — OTHOIIIEHHE TUIOIAAN CPEPUIECKOTO CEUSHHS ITyyKa Ha BXOJIE K IUIOMIA N
chepsr 4ma; B pacuerax o=0,01, i — HOMEp JaHHOW KPYIHOW YaCTHIIBI, | —
HOMEDP YaCTULBI-MCTOYHHKA.
HauanbHble ycnoBusi Kk cucreMe ypaBHeHUH (3) 3a7ai0TCsl CIEAYIOLINM
obpazom:

Bi(0)=—Bo, (0)=a; 6)p=2mi/N (4)

KoHen pacuera TpaeKTOpHy IIPOBOAKMTCS 1o yenosuio T =D .

KHH B3aHMO,Z[efICTBPIH OMIPEACIIACTCA MO MOTCPU SHCPIUU DJICKTPOHHBIM
ITIOTOKOM:

oSO 0

i=0 _YO

7 (B)=(1-B (B)) ™. 7o <1W
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5. Pe3yJbTaThl pacyera U ONTUMHM3ALUU

B pesynbrate pacuera chepoTpoHa HaWJCHBI TPH BapHAHTA C OJUHAKO-
BBIM 3HaueHneM D= 2,7437.

Bapuanm 1. a=12,4859 (mona Ez;ope3onaropa).

30Ha reHepaiuy 3TOro BapraHTa B KOOpAWHATAX Bo, A IpUBeIeHA HA PH-
cynke 2. Kak cnemyer m3 pucyHka, MakCUMaibHBIN 1M = 0,28 u HaxomuTcs B
obnactu By ~ 0,45, A ~ 4,25, 30oHa reHepanuu BecbMa mupokas mo A u g, 3To
TOBOPHUT O HEKPUTHYHOCTH PEIKUMA TeHEPAIIVH.

Bapuanm 2: a=9,3166 (mona Eyopesonaropa).

30Ha reHepaluy TOro BapuaHTa IoKa3aHa Ha puCyHKe 3. MakcuMalib-
HBI M = 0,33, T.e. HECKOJIBKO BBIIIE, YeM B BapuaHTe 1. DTO 3HAUYEHHE JOCTHU-
raercs B paiione A ~ 4, By ~ 0,405. 3oHa Takke TocTaTOuHO MKPOKas Mo A U Bo.

Bapuanm 3. a=6,1168 (mona Ei;9 pe3onaropa).

30Ha reHepaluy TOro BapuaHra u3o0paxena Ha pucyHnke 4. 3necy KITJ]
Jocturaet 3HaveHus 1. = 0,35 npu B ~ 0,402, A ~ 3,5. 30Ha, KaKk U B TPebI-
JYUIMX BapHaHTaX BeChbMa IIUPOKA.

A
6

55

45

>
\Qj_/

35

3 Bo
04 0.401  0.402  0.403  0.404 0405 0406 0407 0.408  0.409 0.41

Puc. 2. 3oust rereparuu no KI1/1 Bapuanra 1 B koopaunarax f3g, A.
Fig. 2. Efficiency generation zones of option 1 for coordinates o, A
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A

5

45

35

25

2 0

0.38 0.385 0.39 0.395 04 0.405 0.41 0.415 0.42

Puc. 3. 3onsI renepanuu ¢ pasnuaabiMi KITJT BapuanTa 2 B koopauHatax Po, A.
Fig. 3. Efficiency generation zones of option 2 for coordinates o, A

A
5

45

35

25

2 Bo
0.38 0.385 0.39 0.395 0.4 0.405 0.41 0.415 0.42

Puc. 4. 3oust rereparuu ¢ pasnunuasiMi KI1JI BapuanTa 3 B koopauHatax o, A.
Fig. 4. Efficiency generation zones of option 3 for coordinates o, A
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BaxxHBIM TpeAcTaBISETCS BOIIPOC O PEKUME BO30YXKICHUS TeHepaTopa:

MATKHHA WM skecTkuii? Kak mokazano B [4] OTBET Ha 3TOT BOIIPOC JaeT HCCIIe-
2

JIOBaHHUE 3aBUCUMOCTH ——— OT A. [leno B ToM, uTo pabouuii TOK mpu 3a/1aH-
n.(A)
2
HOW HarpyxeHHoW noopotHoctd Q mponopuuoHaneH —— . [loaTomMy B Mmsr-
Ne
2
KOM PEXHME BO30YXKJIECHUS ———— JIOJDKHA MOHOTOHHO BO3pacTaTh C POCTOM
n.(A)
aMIUTATYTBI TIOJISA, 9TO COOTBETCTBYET POCTY pab0overo Toka BMecTe ¢ A.
2
A“/MA
140 it )| 1 1 ‘
--------- Pexum 1
= = ‘Pewknm 2
120 - Pewnm 3
100 -
80 -
60 -
R T .
40 - :
20 T T 1 L L L 1 i A
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Puc. 5. XapakTepucTUKH pe)XKUMOB BO30YKACHHSI BAPUAHTOB C(HEPOTPOHOB:
TOYCYHAs JIMHUA *** BAPUAHT 1, IITPUXOBAs JIMHUS --- BAPUAHT 2, CIUIOIIHAS JIMHUSI — BapHaHT 3.

Fig. 5. Excitation mode characteristics of spherotron variants:
dotted line ‘- option 1, dashed line --- option 2, solid line — option 3
2

n.(A)

pPUAHTOB MOHOTOHHO BO3pacTarolue (IpOU3BOIHAS BCEX KPUBBIX MOJOKUTENb-

Kak cnenyer u3 pucyHnka S5, 3aBUCUMOCTH oT A s Bcex Tpex Ba-
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Ha). Takum 00pazom, peKuM BO30YXKACHHS BO BCEX TPEX BapHaHTaX MATKHUH,
pabounii TOK MpeBBIIaeT MycKoBOH. [I0CKOIBKY ITyCKOBOW TOK MPOIMOPITHOHA-
AZ
H—
n.(A)
HaTopa [4] mMyCKOBOW TOK MEPBOTO BapuaHTa MIPEBOCXOAUT TOK TPETHETO BapH-
aHTa 0oJjiee YeM B J1Ba pasa.
Bonpiioil uHTEpeC MpeAcTaBlIseT TAKKE 3aBUCHMOCTH 3(PPEKTHBHOCTH
(Ne) pacCCMOTPEHHBIX BAPHAHTOB OT BEIUYMHBI TOKA MydKa. Takue 3aBUCUMOCTH
npuBeJIeHbl Ha puUcyHKke 6. Kak cinemyeT u3 mpuUBEIEHHBIX Ha pPUCYHKe 6 naH-
HBIX, HAUMEHBIITYI0 3aBUCUMOCTh OT |o mMeet BapuaHT 3: gaxe mpu lg = 20 kA
ero me octaercs Ha ypoBHe 0,3. 3aMeTHUM, YTO YEPEHKOBCKUE PEISTUBUCTCKUEC
reHepaTopsl yTpauuBaroT 3PPeKTUBHOCTS yxe mpH lo = 3—4 kA [5]. Jeno B
TOM, YTO B ATHX MPHOOpax Mpu OOJBIINX TOKAX MPOCTPAHCTBEHHBIHN 3apsi pa3-
pymaer $azoByl0 TPYMIIUPOBKY, B CPEpOTPOHE K€ MPU HECHHXPOHHOM B3aH-
MOJICHCTBUM 3Ta TPYMNIIMPOBKA HE UTPAET OMpEeIsIoel Poiin, CylecTBeHHA
POIb KBaJPaTUIHBIX CHIL

e npu A—0, TO TIpy OJUHAKOBOW HArpyKEHHOH TOOPOTHOCTH pe3o-

0.35 2 T

......... PEJK‘HM I

= = Pexcum 2

0.3 - .“5'"-._ Pencum 3

e -— . ~o -
0.25 e T
- et ., T g
o, -, Wi, -
0.2r "'-...,. R 7
our, - L Ny

., Wi N
0.15 ha
0.1 - - i
0.05 ¢ g

0 I I I I I I I I I I ( K A)
0 2 4 6 8 10 12 14 16 18 20

Puc. 6. 3aBHCUMOCTH M OT TOKa MMy4Ka lg u1st BApHAHTOB c(HEPOTPOHOB:
TOYEYHAs! JIMHUSA *** BAPHAHT 1, IITPUXOBAst JINHUSA --- BAPHAHT 2, CILIONIHAS JIMHUS — BapHaHT 3.

Fig. 6. Dependences of ne on the beam current I, for spherotron variants:
dotted line --- option 1, dashed line --- option 2, solid line — option 3
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Bapuant 1 Hanbonee gyBcTBuTeneH kK BenuunHe |l OmHaKo OH OTiIHYa-

eTCsT HauOOJIBINICH MIMPUHONW AJIEKTPOHHOTO 3a3opa (mopsaka 1,5A), dro maer

npeumyiectso B KBY auanazone.
3aMeTHM, 4TO B CTAaThe PACCMOTPEHBI JIMIIb YAaCTHBIE BapUAHTHI cepo-

TpoHa (¢ omuHakoBeiM D ). Pesonancubix 3HaueHuii D u &, kak ciexyer u3
(2), 6eckoneuno MHOro. Bo3mMoXkHO, apyrue komOuHanuu D u @ ngamyr Gosee

IMPUBJICKATCIIbHBIC PE3YJILTATHI KAK I10 Te, TAK U 10 pa3MEpy a —b .

6. 3akIouenune

[TpuBeneHHBIC JaHHBIE pacdeTa BHIXOJHBIX XapaKTepHUCTUK chepoTpoHa
YKa3bIBAIOT HA HECOMHEHHYIO NEpCIEeKTUBHOCTH 3TOro mpudopa. Tak, pensaru-
BHUCTCKHE CHJIBHOTOYHBIE YEPEHKOBCKHE T'€HepaTopbl HMEIOT 3JIEKTPOHHBIN
KIIA B mpenenax 8...22% [6]. KII cdeporpona nocturaer 35% npu Kuitoam-
NEPHBIX YPOBHSX TOKa. IIpy 3TOM ero KOHCTPYKLMsI HECPaBHEHHO TPOLIE pensi-
tuBuctckoit JIOB u He TpeOyeT MarHUTHO# POKYCHPYIOIIEH CUCTEMEL.

B To xe Bpems cdeporpon nepcnextuBeH B KBYU nuanazone: mimHa 3a-
30pa pe3oHaTopa AOCTUraeT 1,5 JUIMH BOJIH, B OTJIMYUE OT MaJbIX JOJIEH JIJIMHBL
BOJIHBI B pubopax O-turma.
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