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AKOB COJIOMOHOBUMY ININP®PUH

3acIy>KeHHBI AesaTe]b HAayKu U TeXHUKM YKpPauHBbI, Jaypear Ipe-
muu uM. A.C.ITonosa AH CCCP, nouetHsblii npodeccop Xapb-
KOBCKOTO HAIIMOHAJIBHOTO YHUBEPCUTETA pPATMOJIEKTPOHUKH,
CeBacToIOIBCKOTO HAIMOHATBHOTO TEXHMYECKOTO YHUBEPCUTETA,
Taranporckoro TexHonorndeckoro nHcTuTyTa KOxxnoro Menepaib-
HOTO YHUBEPCUTETA, TTIOUETHBIN JOKTOP XapbKOBCKOTO HAIIMOHAIb-
Horo yHuBepcuteTa uM. B.H. Kapa3uHa, npe3ugeHT YKpauHCKOKi
HaIlOHAJIbHOM accOLMalU «AHTEHHBI», MOXN3HEHHbBIN NEHCTBU-
TeJIbHBII uieH MexXIyHapoaJHOro obliecTBa paguonHxeHepos (Life
Fellow IEEE), copocoBckuii mpodeccop, akagemMuk 1 uieH [1pe3u-
Jnuyma AKageMUU HayK IMIPUKJIagHOM panroaiekTpoHuku (AH ITPD),
[JIABHBIA Hay4HbIi coTpyaHUK XHYPD, 1OKTOp TEXHUUECKUX HAYK,
npogeccop, yuactHUK Benukoit OTeuecTBEeHHOI BOMHEI.



K 90-JIETUIO CO JHA POXIEHUSA HNINOPUHA IKOBA COIOMOHOBUYA

23 anpens 2010 roga ucnonmusiercs 90 et rmaBHOMY
HayyHoMy coTpyaHuky XHYP3D SkoBy CoiomoHOBUUY
udpuHy, KpyrmHOMY yuyeHOMY B 00JIaCTU paauogusu-
KU U TPUKIAIHON 3JeKTPOAMHAMUKU, 3aCITYyKEHHOMY
TeSTeTI0 HayKW M TeXHUKW YKpPaWHBbI, Jaypeary MpeMuu
um. A.C.TITonosa AH CCCP, npe3uaeHTy YKpanHCKoi
HaIIMOHAJLHOU acCOIMauy «AHTEHHBI», TTOXW3HEH-
HOMY JENCTBUTEJbHOMY WieHy MeXIyHapoaHOro oo-
mectBa pagnonHxeHepos (Life Fellow IEEE), copocoB-
cKkoMy mnpodeccopy, akaeMHUKy W 4jeHy Mpe3uanyma
AkaneMumn HaykK TMPUKIAAHOW paanosiekTpoHuku (AH
[TPB), noxTopy TexHUYECKUX HayK, Mpodeccopy, OCHO-
BOITOJIOKHUKY M3BECTHOM BO BCEM MUPE CTATUCTUICCKOM
TEOPUM aHTEHH.

B nauane Bemmkoit OteuecTBeHHOU BOMHBI SIKOB
CoJIOMOHOBHY, TOJBKO YTO OKOHUMBIIUI (hU3MICCKUIA
¢akynpreT JIEHMHTPAACKOTO TOCYJAPCTBEHHOTO YHU-
BepcUTeTa, TOOPOBOIBHO YIIIe] B Psabl JICHUHTpaICcKO-
ro HapomHoro oronueHns u «3anepxajics» B apMUNA Ha
40 net. ITouTtu 25 neT cBoeil BOoMHCKOM ciyKObI (1957-
1980 rr.) OH OBUI HAaYaJbHUKOM KacdeApbl aHTEHH U
pACIIPOCTpaHEHUS PaavoBOJH BoeHHO-MHXXEHEPHOM
panuotexHuueckoi akamemuu um. JI.A. T'oBoposa. [loxg
€ro PYKOBOICTBOM 3Ta Kadempa, Mo o0IIeMy Ipu3Ha-
HUIO, CTajla OMHON M3 JIyYIInX (eCIM He JyJIleil) cpeau
aHaJOTUYHBIX Kadeap BOSHHBIX M TpaxkJIaHCKUX BY30B
oniBirero CCCP. Ee otnmyany BBICOKMI YPOBEHB ITOC-
TAaHOBKM YYeOHOTO ITpollecca, MCKIIOUUTEIIFHO KBaJl-
(GULMPOBaHHBIN MpenoaaBaTeJIbCKU COCTaB, MOLIHBIA
HayYHBI MoTeHIMal, 3(pheKTUBHENIIAs crucTeMa oI -
TOTOBKM HayYHBIX KaJpOB BBICIIIE KBamuKamu. Beex
9TUX YCIIEXOB Kadenpa q1o6uaack BO MHOroM Ojaronapsi
BBITAIOIITMMCS TICIaTOTUISCKIM, HayIHBIM M OpraHu3a-
TOPCKHMM CITOCOOHOCTSIM ee PYKOBOIUTEIIS IIpodeccopa
A.C.1udpuna.

ITocnenHee 00BsICHAET U TO, uTO Mpuxon Axosa Co-
somoHoBMYa B XHYPOD B 1980 r. cTas 3HaKOBBIM COObI-
THEM He TOJIbKO JJIsl paarodakyabTeTa, HO U JJIsl BCEro
YHUBEpPCUTETA B I1eJIOM. 3a TPUILIATh JIET pabOTHl B Ha-
meM yHuBepcuteTe SIkoB COJIOMOHOBMY BHEC OTPOM-
HbBI BKJaJ B COBEpIIEHCTBOBAaHUE yueOHOro Ipolecca,
MOBBIIIEHNE DYHIAMEHTAIBHOCTH WHXEHEPHOTO obpa-
30BaHUsI, pa3BUTHE HAYIHBIX UCCICIOBAHUI, TTOATOTOB-
Ky HayJIHBIX KaapoB. ITom ero pykoBOICTBOM WM TIpU
€ro CYIIEeCTBEHHON IMOMOIIY W HAYYHBIX KOHCYIhTAII-
SIX B YHHBEPCUTETE 3allMIIEHO Oosiee 15 KaHAUAATCKUX
1 okojio 15 mokropckux aucceprauuii. Co3gaHHbBIE U
pa3Buthie SIkoBoM COJOMOHOBHMYEM M €r0 YYCHUKAMU
HOBBIC HAyYHBIC HAIIPABICHUS IO CTAaTUCTUIECKOI T€O-
pUM aHTeHH, TEOPUU aHTEHH C HEJMHEWHBIMU 3JIEMEH-
TaMHM, TUAaTHOCTHKE (ha3MpPOBaHHBIX AaHTEHHBIX PEIIeTOK
XOPOIIIO M3BECTHBI OTEYECTBEHHBIM U 3aralHbIM CIIe-
uuanuctaM. 1o BceM atum HanpasiaeHusiM 1ikoja .C.
IndpuHa 3aHUMaeT TUAMPYIOIIME TTO3ULIMK B MUpe. 3a
ronabl padoTel B XHYPD {.C. ony6nukoBai 1uuHoO (WIn
B coaBTopctBe) 10 MmoHorpacdwmii, 60 crateit u okoso 65
JIOKJIAIOB. 3HAUYMTEbHAs YacTh 3TUX HAyYHBIX TPYIOB
OINyOJIMKOBaHa B 3apyOeKHbBIX U3TaHUSIX.

[ToMuMO OOIIMPHOI MHOTOIIAHOBOM HayYHO-IIC-
JarOruIecKoi AesITeIbHOCTH HETTOCPEACTBEHHO B HAIIEM
yauBepcurete, S.C. HeIpecTaHHO OKa3bIBAaeT OOJIBIIYIO
MOMOIIIb POACTBEHHBIM KadeIpaM MHOTUX BYy30B YKpau-

4

HbI 1 Poccun. OTpaxkeHrueM 3TOT0, B YaCTHOCTH, IBUJIOCH
TO, YTO OH, SIBJISIICH MOYETHBIM mpodeccopom XHYPD,
BBIOpAH TaKxKe ITOYETHBIM ITpodeccopoM TaraHporckKoro
TexHosornyeckoro nHctutyra KOxnoro deaepanibHOTro
yHUBepcuTeTa 1 CeBaCcTOMOIBCKOTO TEXHUUECKOTO YHU-
BEpCUTETA U MOYETHBIM JOKTOPOM XapbKOBCKOIO TOCY-
napctBeHHoro yHuBepcutera uMm. B.H Kapazuha.

Ocob6o cremyer oTMeTUTh TipoBoauMylto f.C. 1im-
POKOMACIITAOHYI0 HAayYHO-OPTaHW3aIlMOHHYIO pPaboTy,
HAIPaBJICHHYIO HA Pa3BUTUE YKPAUHCKOM AaHTEHHOM Ha-
yku. Cpasy xe nocie pacrnaga CCCP um B 1991 T. 6bLI
OpraHu30BaH pECIyOJIMKAHCKUI aHTEHHBIM CeMUHap.
IMosnxee, B Havase 1993 r., Ha 6aze XHYPD {.C. 6b11a
co3naHa, (YHKUMOHUPYIOLIAs 0 HACTOsILEe BpeMs,
VYKpanHcKass HallMOHAaJbHAasl acCOIUAlNSI «AHTCHHEI»,
KOTOpasi MHOTO chejiaja Juisi OObeIMHEHUSI U TECHOTO
B3aMMOJCICTBUS aHTCHHIIIUKOB YKpPaWHbI, MHTETPAIIUN
YKpPaWMHCKOI aHTEHHOW Hayku B MuUpoByro. Hanmaxupa-
HUIO MEXIYHApOIHBIX CBS3€U CYIIECTBEHHO CIIOCOOC-
TBoBaM Takxke u co3maHHble f.C. B 1995 r. Bocrou-
Ho-YKpanHckoe U B 2000 r. XapbKOBCKOE OTIEICHUS
MexnyHapoIHOIo O0IIIeCTBa pafuoHKeHepoB. B 1995T.
S1.C. MHULIMMPOBAJI MPOBEICHUE MEXKIYHAPOMTHBIX aH-
TeHHBIX KOH(pepeH1uii, a B 2002 r. — ele U KoH(pepeH-
LIV TT0 CBEPXIITMPOKOITOJIOCHBIM cHTHajaM. biaromapst
BBICOKOMY HAYYHOMY aBTOPUTETY U IITUPOKUM MEKIyHa-
ponHbiM cBs3saM A.C.1IudpunHa, Ha 3T KOHPEepEeHINN
cbhe3xatores BUaHbIe yuyeHble u3 CHI' m MHOTMX cTpaH
JIaJTbHEro 3apyoexps. K HacrosimeMmy BpeMeHH IIpOBe-
nIeHbl ke 11 Takux KoH(pepeHIil. DT KOH(pEpeHIINN
ITOJIB3YIOTCS IMMPOKUM IIPU3HAHKEM B MUpPE, UTO CYIIEC-
TBEHHO CITOCOOCTBOBAJIO ITOBBIIIEHUIO HAYYHOTO aBTO-
puteta XHYPD — o1HOro U3 0CHOBHBIX OPraHU3aTOPOB
9TUX KOH(bepeHLMit. [ToBBIIIEeHIIO0 HAyYHOTO aBTOPUTETA
HaIlleTO YHUBEPCHUTETa B HEMAaJION Mepe CIIOCOOCTBOBA-
JIM TaKXe WU MHOrouyucieHHbIe moe3nku f.C. B maibHee
3apy0eskbe I BEICTYIUICHUI ¢ TOKJIagaMU Ha HayIHBIX
KOH(MEPEeHINUSIX U YTCHUS JICKITUI 0 pa3HbIM acTeKTaM
MIPUKJIATHON SJICKTPOTMHAMUKH.

A.C. gBiseTcs] YJIeHOM PENKOJIICTHUH IIECTU aBTO-
PUTETHBIX HAYIHBIX XYPHAJIOB, aKTUBHO YJaCTBYET B JIe-
sateabHoCcT AH npukiagHoi paauosaeKTPOHUKM.

3acnyru {.C.1udpuna nepen PoagnHoit 1 Haykoit
oTMeueHbI 4 opaeHamu 1 18 menansmu. [ToyeTHoIt rpa-
mortoii [lpesunenta Ykpaunsl. B1983 r. npesunuym AH
CCCP npucymui emy ipemuto uM. A.C.ITomosa. B 1991 1.
OH YIOCTOCH 3BaHUS «3aCIIy>KCHHBII HesTeIh HAYKH U
TeXHUKU YKpauHbl», B 1994 I. cTall COPOCOBCKMUM TIPO-
deccopoM, B 2005 r. ygocTOeH IOYETHOIro 3HakKa Mu-
HUCTpa 0Opa30BaHUsS M HAayKu YKpauHbI «3a HaydHbIC
JTOCTYKCHUSI» .

[Ipodeccopcko-npenogaBaTeIbCKUil COCTaB U BECh
KOJJIEKTUB XapbKOBCKOTO HAILMOHAJIBHOIO YHUBEPCU-
TeTa PaarOdJEeKTPOHUKM, WICHBl AKaaeMUM HayK TpHU-
KJIagHOUM PaIMO3JICKTPOHUKHU CEPACYHO ITO3IPABIISIOT
SIlxoBa ConomoHoBuva [ludpunHa co craBHbM 90-71eT-
HUM I00MIeeM, XKelaloT eMy 100poro 310poBbsi, 001poc-
TH yXa, BIOXHOBEHMS M HOBBIX TBOPYECKUX YCTIEXOB.

Pexmop XHYPD, Ilpesuoenm AH ITPD

M. D. bonoapenko
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BEJIbMHUIIIAHOBHU IKOBE COJIOMOHOBUYY!

Bin imeni Ipe3unii HattionanbHO1 akagemii HaykK YKpaiHu i Bii cede 0coOUCTO 1IUpPOo Bi-
Tao Bac 3i c1aBHUM 1oBijieem!

Mu rimmboko manyemo Bac sIK BCECBITHBO BiIOMOI'0 BYEHOIO B rajy3i pamiojoKailii Ta
pazioeeKTpPOHHUX cucTeM. ¥ Baillomy HayKOBOMY JOPOOKY € YMMajlo 3HaUYHUX JOCSITHEHD,
SIKi CITPUSIIOTH BUPILLIEHHIO 6araTbox Jep>KaBHUX Ta OOOPOHHUX MTPOOIEM.

3acHoBaHMit Bamu HayKoOBMi1 HalpsiM — CTaTUCTUYHA TEOPisi aHTEH — € OJHUM i3 Ha-
MpsIMiB cydacHo1 paaiodiszuku, a Bali ekcriepuMeHTalbHi JOCTiIXKeHHS 1aIbHbOTO TPOITOC-
¢epHOro po3MOBCIOIKEHHS PadiOXBWIb AiCTaIX BUCOKY OLIIHKY HAYKOBOI CITUIBHOTH.

VY et aeHb MPUEMHO BiI3HAYUTH, 1110 Bamu miarorosieHo 25 1oKTopiB Ta Oiiblire 50 KaH-
JIUIATIB HayK, sIKi MPOJOBXYIOTh Bailli po00TH 3 Teopii aHTEH Ta PO3MOBCIOIXKEHHS palio-
XBWIb. Ballla Hag3BuyaiiHa Ipale3aaTHiCTh, JOOPO3UUINBICTb, CKPOMHICTb, BUMOIJIMBICTh
J10 cebe BUKJIMKAIOTh Y BCiX, XTO CHIJIKYETbCS 3 Bamu, mnMOOKy mosary i liupy CUMMAaTIlo.

IIupo 3muumo Bam, moporuii SIxkoBe CoJIOMOHOBUYY, MIIIHOIO 3IOpPOB’S Ta ILACTS,
TBOPUYOI'O HATXHEHHSI I ONITUMI3MY, 10OpoOyTY i1 npolBitTaHHs. Hexait Bamii naptHepu it of-
HOJyMLIi 3aBX11 OyyTh HAIMHUMMU, Hexalt TalaHUTh BaM y Bcix Baiux cripaBax.

3i wuporo nosaeoro

Ilpezudenm HAH Yxpainu

akademix HAH Ykpainu %J/ b. €. Ilamon
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TO LIFE FELLOW IEEE PROF.YAKOV S.SHIFRIN

Dear Professor Shifrin,

It is a great pleasure for me, on behalf of the man-
agement of the IEEE Region 8 to send greetings to you
on the occasion of anniversary of your 90th birthday
and 65 years of scientific and pedagogical activity.

You have contributed fundamentally to the field
of applied electromagnetics. The statistical antenna
theory (SAT), which you have developed, is of prima-
ry importance in designing, developing and exploiting
large expensive reflector antennas of space observing
systems and unique radiotelescopes, as well as com-
plicated multi-element phased antenna arrays. Your
monograph “Issues of the Statistical Antenna Theory”
published in the USSR in 1970 and translated in the
USA ayear later, made these works widely recognized
and highly appreciated in the world, which had its re-
flection in the prestigious A.S.Popov Prize AS USSR
award, which you received in 1983. Also owing to this,
in 1998 you were elected the IEEE Fellow with an
honorary citation “for fundamental contribution to
antenna theory and technology”.

The results of many years of investigation into the
field of far tropospheric propagation (FTP) of radio
waves are also very well-known. Your monograph on
FTP (1964), being the first type of work of such char-
acter in the world, was evaluated highly by the Soviet
and Western prominent scientists.

You and your disciples have laid the foundations
of the theory of antennas with nonlinear elements,
which have numerous applications in the modern ra-
dio electronics. Its results are also important in the so-
cial context, providing solutions to a number of actual
problems of national economy, in particular to the
development of different wireless power transmission
lines via the microwave beam and the creation of solar
space power stations.

As a Director of the IEEE Region 8, I would par-
ticularly like to mention your exclusive services in the
Organization of Antenna Science in an independent
Ukraine. Immediately after the disintegration of the
USSR, you dedicated yourself to the organization of
Ukrainian antenna seminars and, on their basis, the
creation of the Ukrainian National Antenna Associa-
tion (1995) that significantly contributed into uniting
antenna specialists in Ukraine and elucidating its an-

tenna scientific potential. IEEE Eastern-Ukrainian
(1995) and Kharkov (2000) Chapters, of which you
had been a creator and head for many years, power-
fully stimulated the accession of Ukrainian antenna
science into the global one.

International conferences on antenna theory and
techniques (ICATT) you have organized and been
leading biennially since 1995 contributed to this suc-
cess to a great extent as well. I had the occasion to visit
the second ICATT in Kyiv (1997) and enjoyed its sci-
entific program and wonderfully warm atmosphere.
Biennial conferences on ultrawideband and ultrashort
impulse signals (UWBUSIS) you initiated in 2002 are
also world-acclaimed events. Without any doubt, the
high scientific level of these conferences, held under
the auspices of the IEEE and attended by prominent
scientists from different countries around the world,
contributes to the prestige of the Institute.

Your numerous trips to different countries with
presentations at scientific conferences and lectures
given on different aspects of the applied electro-
magnetics have added immensely to the prestige of
Ukrainian science. I am even prouder knowing that
those trips were held owing to the efforts of my Polish
colleagues, who invited you to the well-known confer-
ence on EMC in Wroclaw in 1990. Also, in 1993 you
were awarded the honorary Kostyushko medal of the
Polish Armed Forces for giving lectures and consult-
ing students at the Polish Research Institute of Com-
munications, the Polish Military School of Commu-
nications and the Military Academy.

Dear Yakov, on this special day, the entire Re-
gion 8 would like to cordially wish you a lot of good
health, prosperity and more professional successes for
the years to come.

b

Prof. Jozef Modelski
Region 8 Director

Warsaw, February 15th, 2010
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O TBOPYECKOM IIYTU IKOBA COJIOMOHOBUYA ININPPUHA

Ponuncsa A.C.IMudpun B r. Mctucnasne (be-
sopyccust) 23 anpeist 1920 r. B Hauane 1926 1. cembst
nepeexaja B JIeHUHTpaz, rae oH B 1937 r. OKOHYMI C
cepeOpsSIHON MeNaiblo CTapEHIyI0 TOPOJACKYIO LIKO-
ny (HeiHe Bropas Cankr-IletepOyprckasi ruMHa3ust
uM. Anekcanapa I). ITocie okoHUaHMS IIKOJIBL IOC-
Tynui Ha pusnueckuii (pakyabreT JIeHUHIpaIcKoro
rocylapCTBEHHOIO YHMBEPCUTETA, KOTOPbI OKOH-
yuJi ¢ omimyueM B 1941 r. CneunanusupoBaiics B 00-
JIaCTU TeOPETUUECKOMN (DUBUKHU.

B nepsbie nHu BoitHbl S.C. lludpun, Oynyun
npeacengaresieM npogkoma (axynabTeTa, IIpUHUMAN
aKTUBHOE ydacTue B (opmupoBaHuu JIeHUHrpas-
ckoit Apmuu HapomHoro OrmosueHus, a B Havaie
MI0JIs1 BCTyua B ee psaabl. [1o nipuka3y BepxoBHOro
I'maBHOKOMaHIyOIIEro B KOHIIE aBrycTa ObLI OTKO-
MaHAMpoBaH Ha yueOy B BoeHnnyro KpacHo3zHamMeH-
Hy1o akagemuio cBs3u uM. C.M. bynennoro (BKAC).
JleroM 1 oceHbto 1943 r. npyHUMAaJl aKTUBHOE y4yac-
THe B 005X 32 OCBOOOXAEHME YKpPauHbl Ha TPETheM
VYkpauHckom ¢ponte. Bo Bpems yuednl Bo BKAC
A.C. [lIudpuHbiM ObUIa BHIMOJHEHA TepBasi Hayu-
Hasl paboTa, MOCBSIIEHHAs! pacyeTy XapaKTepUCTUK
psima TIPOBOJIOYHBIX AHTEHH C YYETOM pealbHBIX
napaMeTpoB ITOYBBI, KOTOpasi ObLia OIybJuKoBaHa
quiib B 1948 1. Ilocie okoHuyaHust BecHoi 1944 . ¢
oTnuneM paguodakyiabrera BKAC u Kpatkux Kyp-
COB 10 paguoJIoOKalMu, B ceHTI0pe 1944 r. Ha3HaYeH
KOMaHIMPOM OJHOW M3 HOBBIX Oarapeil CTaHUUU
opynuiinoit HaBoaku (COH). Dra 6arapest 10 KOHLIa
BOWHBI yyacTBOBaJla B 0OEBbIX AEHCTBUSIX B COCTaBe
pasnnuHbIX yacteil Boiick TTBO ctpanbl. C KoHLa
1946 1. 1o j1eTo 1948 r. — nepBklil IperoaaBaTeb pa-
nuojiokaliy B CeBacTOMOJbCKOM YUWIUILE 3€HUT-
Hoil apTuiiepuu (HblHe KUTOMMPCKUI BOEHHBII
YHUBEPCUTET paguo3IeKTpoHUKM). B 1948-1951 rr.
— ambBIOHKT IIepBOro Habopa ApTWLIEPUIICKOI pa-
auotrexHuueckoit akagemuu (APTA) B r. XapbKosge.
Ero xanaunarckasi IMccepTaIliy ITOCBSIIEHA TEOPUU
nprbdopos Gerymeit BosHBL. C 1951 o 1956 rT. — Ha
npenojgaBaTeabCKuX A0KHOCTSAX B APTA, a ¢ 1957
no 1980 rr. — HavyajapbHUK Kadenpbl aHTEHH U pac-
MpOoCTpaHEeHUs PaTrOBOJTH 3TOi akagemMun. B 1964 r.
SAxoB CoJOMOHOBMY 3alMINAET JOKTOPCKYIO IHC-
cepTalrio, MOCBSIICHHYIO CO3MaHHON MM CTaTHC-
TUYECKO# Teopun aHTeHH. B 1966 1. eMy IprcBOeHO
yyeHoe 3BaHMe IMpodeccopa Mo Kadenpe aHTEHH U
pacrpocTpaHeHUs paguoOBOJIH.

ITocne yBonbHeHus: u3 BoopyxeHHbIx Cui
B 1980r. — mpodeccop, 3aBenyoiuit Kkadeapoi,
IJIaBHBIM HAay4YHBIN COTPYOHUK B XapbKOBCKOM Ha-
LIMOHAJILHOM  YHUBEPCUTETE  Paaro3JIeKTPOHUKU
(XHYPD).

SxoBom Coj0MOHOBHUYEM BHECEH (pyHAaAMEH-
TaJbHBIN BKJIAI MO DSy HaIpaBiIeHU COBPEMEH-
Hoil pagrodusuku. OH SIBJIETCS OCHOBaTEIeM HO-
BOrO HAyYyHOTO HAaIpaBJIeHUsS — CTaTUCTUYECKOI
teopuu aHTeHH (CTA). Ota Teopusl, onpeaeisiemast
Kak Teopusi aHTeHH CO CAyYallHbIMU MCTOYHMKAMU,
MMO3BOJIMIIA BIIEPBBIE UCCICA0BATh B IIOJTHOM 00BbeMe
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CBOICTBA M TOTEHUMAIbHBIE BO3MOXHOCTU peasib-
HbIX QHTEHH, SIBJSIIOLIMXCS O CYIIECTBY M3JIydaro-
MU CUCTEMAaMM CO CTyYalfHBIMU MCTOUHUKAMU.

WUccnenosanus A.C. ludpuna no CTA, oxsa-
ThIBaloIIMe MOYTU S0-JeTHUI Mepruoa, MOXHO pas-
OuUTh Ha ABa 3Tamna. Mitorom mepBoro srama — 3Tamna
craHoBNieHUsI ocHOB CTA — sIBUJach €ro IIMpoKO
n3BeCTHasi MOHorpadus «Bompockl cTaTucTUYeCKO
Teopum aHTeHH» (131-Bo CoBeTckoe paguo, 1970 1.).
OTa KHUIa COAEPXKUT TJyOOKOE U CUCTeMaTUuecKoe
usnoxenue ocHoB CTA. IlomuepkHyTa OOIIHOCTh
Teopuu, 00yCIOBJIEHHAS TEM, UTO OHA TIPUTOIHA TTPU
JIIOOBIX 3HaUeHUSIX (DJIYKTyalluii MOJIsl B allepType aH-
TEHHBI, U TEM, YTO OHA OJMHAKOBO Pe3yJbTaTUBHA
HE3aBUCHMO OT KOHKPETHOTO MeXaHM3Ma (IyKTya-
LM MOJISI BAHTEHHE, MTOPOXIEHBI JIM OHU BHYTPU Hee
WU O0YCIOBJIEHBI CJTyYaliHBIMU HEOJHOPOIHOCTSIMU
Cpenbl pacrpocTpaHeHUs BOJIH. B mocnennem ciaydae
(aykTyaliuu 1oJjiss B aHTeHHE WHOIJAa MOTYT ObITh
CTOJIb 3HAYUTEJbHBIMU, YTO AMArpaMMa HarpaBieH-
Hoctu (JIH) aHTeHHBI BOOOILE «PacChIIIaeTCs». DTO
MOXEeT UMETh MECTO Ha 3aTOPU30HTHBIX JTUHUSIX TPO-
nocepHOro U MOHOCHEPHOTo paccesiHus, Ha Mpo-
TspkeHHbIXx KB-Tpaccax, Ipu HpOXOXIEHUM BOJIH
yepe3 Mia3MeHHble o0pa3oBaHusl U T.1. OOLIHOCTb
pa3BUTON TEOpUM TMpenorpeaesinia IUPOKylo 00-
JJacTb ee IMpuUMeHMMocTu. He ciyyaitHo MoHorpa-
¢us A.C. llludpuHa crajla HACTOJBHON KHUTOU He
TOJIbKO Y Hay4YHBIX PaOOTHUKOB U MHXKEHEPOB, pa-
OoTamlIuX B 00JIaCTU aHTEHH, HO 1 Y CIIELIMAJIICTOB,
3aHUMAIOILIMXCSI PACTIPOCTPAaHEHUEM BOJIH, Paauo-
JIOKALMEN, aKYCTUKOM, OIITUKOM U T.II.

Cpa3y xe mocjie ee BbIXxoda, MOHorpagus
A.C. lInudppuna 6b11a nepeBeaeHa u u3nana B CLIA
(“Statistical Antenna Theory”, Golem Press, 1971) u
TaM TaKKe MOoJIydnyia IUPOKOoe TIPU3HAHNE U BBICO-
KYIO OLICHKY.

ITocne 1970 r. bpoHT Mccien0BaHU i CYLIECTBEH-
Ho pacuupuiicsa. Ha atom BropoMm atane A.C. [ug-
PUHBIM U €r0 YUYEHMKAMM BBITIOJHEHA cepusl padoT,
HampaBJeHHbBIX Ha pazBuTue obieit CTA u penieHue
MHOTHX BaXKHBIX TMPUKIAIHBIX 3a1a4. 31eCh, B Tep-
BYIO ouepe/ib, HaJo yKa3aTb pa3padoTKy (COBMECTHO
¢ JI.I'KopHHEHKO) OCHOB CTATUCTUYECKOTO CMHTE3a
aHTeHH, 00001eHue CTA Ha 300y @peHes U TToCT-
poeHre CTaTUCTUUYECKOW TEOPUM aHTEeHH, C(hOKYCU-
poBaHHBIX B 300y ®penesnst. Teopust st 30HbI Dpe-
HeJis CTPOMJIAch Kak IJIsSi HETIPEPBIBHBIX, TMHEWHBIX
U afepTypHbIX aHTeHH, TaK U JJIs JUCKPETHBIX CUC-
TeM (BKJIIOYasl ciydaiiHble pa3peskeHHbIC PELICTKM).
AKTyaJbHOCTh 3THUX MCCIIeIOBAaHUII O0OYCJIOBJIEHA,
C OJIHOM CTOPOHBI, POCTOM 3JIEKTPUUYECKUX pa3me-
POB COBPEMEHHBIX AHTEHH, BJEKYIIUM 3a CO000
YBEJIMUCHUE TIPOTSLKEHHOCTH M, COOTBETCTBEHHO,
3HAYMMOCTU 30HBI PpeHessa, a ¢ IPYroil CTOPOHHI,
o0ocTpeHreM MPOoOJeMbl 3JEKTPOMAarHUTHOM COB-
mectumocTu (OMC). IlocnenHee AUKTYeT HEOOXO-
JTUMOCTb M3YUYE€HUSI CTPYKTYpbl TOJSI aHTEHHBI Ha
pPa3IMYHBIX PACCTOSIHUSIX OT Hee, T.e. BO BCEM OKpY-
JKalolleM ee IMPOCTPaHCTBE.



O TBOPHYECKOM IyT IKOBA COJIOMOHOBUYA LLINDPUHA

CrartucTuyeckasi Teopusl aHTEHH MOCIyXKuja
Takke ucxomHoil u npu paspadorke A.C. Hludpu-
HbIM (coBMecTHO ¢ B.A. YCUHBIM) OCHOB CTaTUCTU-
YECKON TeOpMU aHTEHHbIX U3MEpEeHUIi. DTa Teopust
MO3BOJISIET KOPPEKTHO OLIGHUTh TOTeHLMAIbHBIC
BO3MOXHOCTHU TOJIOTpaUUIECKOTO M KOJTUMATOP-
HOrO METOJOB AHTEHHBIX M3MEpPEeHUli, TpeOOBaHUS
K COOTBETCTBYIOILIEH N3MEPUTEIBbHON aImaparype, K
AHTEHHBIM 3TaJIOHAM.

[IpakTka COBpPEeMEHHOI0 AHTEHHOCTPOCHUS
yOeauTebHO IOATBEPXKAAET, YTO pa3paboTKa CJIOX-
HBIX, JOPOTOCTOSIINX aHTEHH (ITpexKae Bcero (ha3upo-
BaHHbBIX aHTEHHBIX PELIETOK U KPYITHbIX 36 pKATbHBIX
AHTEHH) HEMBICJIMMBbI CEroaHs 0e3 MCIOJIb30BaHUS
CTA, ee noaxonoB U pe3yiabTaToB. UMeHHO Ha 0a3ze
CTA MoxHO chopMyIupoBaTb 0OOCHOBAHHBIE Tpe-
0oBaHUS K MPOU3BOACTBY aHTEHH, CTAOMJILHOCTU U
HaIeXKHOCTH €€ 3JEMEHTOB, OIPEIeIUTh Ha dTarie
MPOEKTUPOBAHUST AaHTEHH UX peaJibHbIe U MPeAeIbHO
JOCTUKUMBIE XapaKTEePUCTUKH C YUYETOM PAZTUIHBIX
ycaoBuii akcruryaTaiuu. Kak mokazano S1.C. Iudg-
PUHBIM, (JIYKTyallud WMCTOYHUKOB BHYTPEHHErO W
BHEITHETO MTPOUCXOXKIECHUST 3aMETHO OTrPaHUYNBAIOT
npeaeabHble (WK Liejecoo0pa3Hble) pa3Mepbl KpyTl-
HbIX aHTEHH, CBOJASIT HA HET IMOMBITKHA peaanu3oBaTh
CBepXHAIpaBJeHHbIE aHTEHHBI, CEPbEe3HO JTUMUTH-
PYIOT MUHUMAJTBHO TOCTUKUMBINA YPOBEHb OOKOBBIX
JeniectkoB. IlociaeaHee OCIOXHSIET pelleHue 3amad
OMC, 1oOMexX0yCTOMYMBOCTU U Pa3BeLyCTOMYMBOCTU
pamnotexundyeckux cucteMm (PTC).

B uenom, uccaegoanug S.C.1Indpuna B 00-
snactu CTA MOXHO C OJHBIM OCHOBaHHUEM OTHECTHU
K YHMCITy KPaeyTrOJIbHBIX B OOIIEH TEOPHH 1 TIPAKTHKE
AQHTEHH.

[Ipu3zHaHMeM 3TOTO SIBUIOCH TIPUCYKICHUE MY
B 1983 r. Ilpesuauymom AH CCCP npemuu um.
A.C. ITornoBa ¢ ¢opMynupoBkoii «3a paboThl B 00-
nactu CTA, BHecuiue (yHIaMeHTaJIbHbI BKJIad B
TEOPHIO U TEXHUKY aHTECHH».

B 1988 r. 3a MoHOTrpadmio «MeToasl M3MepeHUsT
MMapaMeTpoOB M3JIYyYaIOIIUX CUCTEM», COAEPKAIIYIo
MeTpoJorndyeckue actektol CTA, A.C.IIudpuH 6601
YIOCTOEH MpeMUu «3a JY4YlIyi HaydyHYl padoTy»
TI'ockomurera CCCP no HapogHOMY 00pa30BaHUIO.

Pa6otsl mo CTA ynocToeHbl U MUPOBOTO MpPU-
3HaHus1. B 1998 r. fAxoB ConoMoHoBMUY U30paH (Tiep-
BbIM B YKpaumHe W TIEpBBIM CpeAu aHTCHHIIMKOB
CHI) meiicTBUTEIBLHBIM 4YJIeHOM MexXayHapoaIHOIO
obuIecTBa nHXeHepoB ayeKTpukoB (Fellow) ¢ dop-
MYJIUPOBKON «3a (pyHAaAaMEHTaJIbHBIA BKJIag B Te-
OpHIO U TexHoJioruio aHTeHH». B 2008 r. oH cTaHO-
BUTCSI TTIOKU3HEHHBIM YJIeHOM 3Toro obiectna (Life
Fellow IEEE).

OcnoBbl pazutoit SA.C. [lludpunsim CTA nis
nanbHei 30HBI 1 30HBI DpeHenst Bonum B 1-it TOM
«CnpaBoyHMKa I10 aHTEHHOW TexHuke» (1.9, M.:
HITPXKP, 1997). OCHOBBI CTATUCTUYECKOTO CUHTE3a
aHTEHH u3JIokKeHbl B KHUre «[IpoGiemMbl aHTEeHHOM
TexHuKW» (171. 13, n3a. Paguo u cBs3b, 1989).

BropriM HampaBieHMeM (PyHIAMEHTATBHBIX UC-
caenosaHuii 1.C.1udprHa U ero KoLl SBUIUCH
nepBbie B CCCP o0cTosiTeNIbHbIE 3KCIIEPUMEHTAIb-
HbI€ MCCJIeIOBaHUs AaJTbHETO TPOIOCHEepHOro pac-
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npoctpaHeHust (JATP) pamnoBoiaH. OHU BBITTOJIHSI-
JINCh B Te4eHUe IIuTeabHOro Bpemenu (1956-1962
IT.) Ha Tpaccax pa3jIMYHOU MPOTSKEHHOCTU, B pa3-
HBIX IMana3oHax BOJH W B pa3jIMYHOE BpeMs roja.
W3yyanuch cpeaHuit ypoBeHb CUTHAJIA 1 €T0 (IIYKTY-
alMu, pacrpeaeneHue 1moJs B (POKaJIbHOM TJI0CKOC-
TU IPUEMHOM aHTEHHBI, ToTepu ycriieHus rpu TP,
KOpPpEJSIMs CUTHAJIOB pa3HbIX AuMara3oHaxX BOJIH
U pSii OPYTUMX XapaKTePUCTUK PaCCESHHOIO IOJIs.
Ocoboe BHUMaHue ObUIO YIEIeHO M3YYEHUIO BECh-
Ma MH(pOPMATUBHBIX MIHOBeHHBIX JIH mpuemMHbIX
aHTeHH. 111 TOHMMaHMs U MPaBWJIbLHOU MHTEpIIpe-
Tauun Haomogaembix ipu TP sddexrToB mmpoko
npusiekagack CTA. Takoii moaxo/ mo3BoJIKI yCTa-
HOBUTh PSiJi HOBBIX 3aKOHOMEPHOCTEN, MPUCYIIUX
TP, BbISICHUTb pOJIb PA3IMYHBIX MEXaHU3MOB 3TOTO
SIBJICHUS B 3aBUCUMOCTHU OT psija ¢pakTopoB (ce3oHa
roma, BpeMEHHU CYTOK, JUIMHBI Tpacchl U T.1.). [Tomy-
YEHHbIE Pe3YJIbTaThl U3JI0XKEHBI B IBYX MOHOTpadusix
(u31-Bo akagemuu, 1964 r., u u3n-po «CoBeTCKOE pa-
I1o», 19651.), moayYMBUIMX IIUPOKYIO U3BECTHOCTh
1 BBICOKYIO OLIEHKY crielManuctoB. [lepBas us atux
KHUT ObLJ1a BOOOIIE IIEPBOIl B MUPOBOI JIMTEpAType
MmoHorpadueii mo JITP.

TpeTbe HampaBaeHUEe OPUTUHATBHBIX UCCIEI0-
BaHU 100MIsIpa — TEOPUSI aHTEHH C HEJIMHEUHBIMU
aniemeHTamMu (AHD). AKTyalnbHOCTb 3THX uCCle-
JIOBaHUI CBsI3aHAa, BO-TIEPBbIX, C BHEAPEHUEM B pa-
JIMOTEeXHUYECKYIO MpPaKTUKYy pa3Hbix TunoB AHO:
aHTEHH-BBIIPSIMUTENEN (PEKTEHH), CMECUTEIbHBIX
AHTeHH, aHTCHH-YMHOXWTeJNel, aHTeHH-reHepa-
TOPOB U T.A., — U, BO-BTOPHIX, ¢ podsemoit DMC.
IMTocnenHee HACTOSITEILHO JIUKTYET HEOOXOIMMOCTh
U3YYEHUST «BPEAHbIX» HEJIMHEWHBIX aHTEHHBIX 2(]-
(eKTOB, BO3HUKAIOLIMX U3-3a HAIM4Ksl HO B aHTeH-
Hax WM HEOJIaroNpUsITHOTO pexkrMa paboThl Iepeaa-
forero Tpakta PTC. UccnenoBanms S1.C. lludpuna
U ero ydyeHukoB (mpexnae Bcero A.W.JlyyaHuHoBa
u B.M. Illokano) B TeueHue 6osiee 20 JieT MpuBeJIU
K pa3paboTKe JHOCTaTOYHO OOIIeH TEOPUU aHTEHH C
cocpegoToueHHbIMU HD. 3HauuTeabHBIE ycHexu B
rnocJjeHee BpeMsi JOCTUTHYThI U B Pa3BUTUU TEOPUU
AHTEHH C pacrpeieJeHHON HeIMHEMHOCThIO, CylIeC-
TBEHHO HEOOXOAMMOI MPHM aHAIN3e MHTETPUPOBAH-
HbIX aHTeHH. Co3naHbl 3(P@EeKTUBHBIE AITOPUTMBI
U TIpOrpaMMbl pacueTa MHOTUMX TUIIOB @aHTEHH C CO-
CpeIoTOUYEeHHBIMU U pacipeaeacHHbIMU HD. OgHum
U3 BaXXHEWIIMX BBIXOAOB 3THUX pabOT sIBWJIAChH Jie-
TajbHas pa3paboTKa TEOPUM U MPAKTUKKU MOCTPOe-
HUS PEKTEHHBIX CHCTEM, SIBJISIIOIIMXCS OKOHEYHBI-
MU YCTPONCTBAMM CUCTEM OECIPOBOJHOM Mepenauyn
sHepruu. Yxe Muorue rogpl mkosna S.C. [ludpuna
B obsactu AHD 3aHuMaeT Juaupyoliue MNo3uluu
B Mupe. PesynbTaThl MccleI0BaHUI 3TON IIKOJbI B
obnactu AHD orpaxkeHbl B OOJILIIOM YMCJIE CTaTei
1 JETTOHMPOBAHHBIX MOHOTpaduii, a TakKe BOIIIA B
YIOMSHYTHI paHee 1-if Tom «CIpaBoYyHMKa T10 aH-
TEeHHOI TexHuke» (1. 10).

YerBeproe HampapieHue ucciaegoBanuii .C.
Mudpuna (coMectHo ¢ Y.P. JluenuHem) cBsizaHO
¢ muarHocTukoii MAP. Dra 3amaya cocTouT B OII-
peleaeHUU peallbHOro Tekyiiero cocrosHust GAP,
MECTOITIOJIOXKEHMSI U XapaKTepa HEUCIIpaBHOCTEU B
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O TBOPYECKOM IyTN 5KOBA COJIOMOHOBWYA LLIM®DPUHA

Hel B LeJISIX yueTa UX BIAMSIHUS B X0ae (GYHKIMOHU-
poBanus ®AP. [1peanoxeHo JBa HOBBIX MeTOAa Oec-
(dazoBoit mmarnoctuku MAP, KoTopbie TIpeICTaBIISI-
I0TCSl HauboJiee MepCrekKTUBHBIMU U3 BCEX METOMOB,
OIMCAHHBIX B JINTEpAType K HACTOSIIEMY BPEMEHH.
3HauyuTebHBIN MHTEPEC MPEACTaBIsIeT TAaKXKe Mpe-
JIOXKEHHbI aBTOpaMU HOBBIIA METOJA KOMIIEHCALIUU
BIMUSIHUS OTKa30B (TOJHBIX WMJIM YaCTUYHBIX) yac-
™ KaHaimoB MAP, OCHOBaHHBIM Ha WCIOJH30Ba-
HUW B3aMMOCBSI3M MoJsioxkeHus1 Hysaeil B JIH aHTeH-
HBI ¢ ee o0uieit ¢popmoii. BaxkHoe TeopeTudyeckoe u
NpakTUYeckoe 3HaueHue uMeeT M pa3pabOoTaHHbII
S.C. llIndpunsiM n Y.P. JIuenunHeM 3KcriepuMeH-
TaJbHBIN METOJ OTIPEeIEICHUS MAaTPULIBI B3AMMOBIIH -
aHus usnydaresieii @AP. 3Hast 5Ty MaTpUILy, MOXHO
yKe Ha starre pa3paborku AP mpegycMoTpeTh ai-
TOPUTMMUYECKYIO KOMITeHcal1io 3(P(PeKToB B3auMo-
BJIMSTHUST U3JTydaTesieid, 4TO CylIeCTBEHHO O0JeryuT
peanm3anno ckaHupoBaHus jyda GAP B mmpokom
cekTope. OCHOBHBIE Pe3yJbTaThl, TOJyYEHHBIE UMU
o guarHoctTuke @AP, n3moXeHbI B psae cTaTeil 1 B
KHUTe «<AKTUBHbBIC (ha3UpOBaHHbIE pelIeTKU» (I1.13,
M.: Paguorexnuka, 2004 r. ).

bonee 50 et 4.C. IlIndpuH Besr aKkTUBHYIO IIpe-
nojaBaTebCKylo padboty B BoeHHO-MHXKeHepHOit
akanemuu uM. JI.A. I'oBopoBa (0biBiIeii APTA) u B
XHYPD. Okosno 30 get Bo3riasisiy Kageapsl B 3TUX
yueOHbIX 3aBeeHUsIX. UM HamrcaHo MHOTO BBICOKO-
KA4YeCTBEHHBIX YYEOHBIX ITOCOOMIA, Cpeau KOTOPBIX
BBIZICIISICTCST KHUTA «AHTeHHBI» (M3IaHNe aKaJIeMUH,
1976 1.), KOTOpast CAyXWjIa U CIYKUT O CUX TIOP
YYEOHUKOM B PSIZe BOGHHBIX U I'PaKIaHCKUX BY30B
CHI'. [ToMruMo HEeMOCPEACTBEHHOM ITeJarorndecKoi
paboTbl, MHOTO BHUMaHMs S1.C. yaensn npobieMam
BoIciiero oopazosanusi B CCCP, a renepb B YKpanHe
MOATOTOBKE MOJIOABLIX IipenopaBaTescii. O000mNB
cBoil 50-TUJIETHUI OMBIT MpernoJaBaHUsl B TEXHU-
YECKUX By3ax, OH MOATOTOBWI U M3nan B Taranpore,
XapbkoBe M boarapum Matepuan «MeTomosoru-
Yeckue OCHOBBI (DYyHIAMEHTAJbHOTO WHXKEHEPHOIo
o0pa3oBaHUs». DTOT MaTepuaj U JIEKLIMU Ha 3Ty Xe
TeMy ObUIM C OA00peHHeM BOCIIPUHSITHI BO MHO-
rux By3ax Poccuu u Ykpaunwsl. Muorue roast 51.C.
OBbLT YWIEHOM Pa3JIMYHBIX METOAWYECKUX M HAYUHBIX
MEXBEJOMCTBEHHBIX COBETOB 10 aHTEHHAaM, pacIpo-
CTpPaHEHUIO PaAMOBOJIH, paarnodusuke. OH SBISETCS
YIEHOM PEIKOJUIETUM Psla aBTOPUTETHBIX HAYUHBIX
JKYpHAaJIOB M0 paanuo3jieKTpoHrKe B Poccun u Ykpa-
WHe, aKTUBHO yyacTByeT B pabote AH ITPD.

A.C. Iucdpun — aBrop okono 300 HaydyHBIX
pabot, B ToM umcie 16 moHorpadwmii. [Tox ero py-
KOBOJCTBOM WJIM MPU €ro CyIIeCTBEHHOU MOMOIIU
ObUIM 3aLIMIIEHBI OKOJIO 25 JOKTOpCcKUX U 6osee 50
KaHAUWAATCKUX AUCCepTallniA.

I'nyGokoro mpusHaHuUs 3aciy>XUBaeT Hay4yHO-
OopraHusalMoHHas aesteJbHOCTh AKkoBa CoJIOMOHO-
BUYa U TIOMOIIlb, KOTOPYIO OH Ha MPOTSKEHUU MHO-
TUX JIeT OKa3blBajl M MPOAOKAET OKa3blBaTh PSAY
By3oB cTtpaH CHI'. 3pech MOXHO yKaszaThb, HaIlpu-
Mep, Kadeapbl aHTeHH MUHCKOTO BbICIIIETO BOEHHO-
ro yumnuuia (ceituac Boennas akagemus benapycu),
Kazanckoro aBuanMoHHOro uHctutyrta, CeBacro-
NnoJiIbcKOro TexHnueckoro yHusepcutera (Ce HTY)
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n TaraHporckoro TEXHOJOIMYECKOIO0 WHCTUTYTa
IOxHoro ®exnepanbHoro yHusepcurera (TTU FODY)
P®, XapbKoBCKOTO HAIIMOHAJIHLHOTO YHUBEPCUTETA
um. B.H. Kapasuna, otaen aHTeHHO-(GUAEPHBIX YyC-
tpoiicTB 'Kb «}OxHoe» um. M. K SIHrens u t.4. 9710,
B YaCTHOCTH, HAIIIJIO OTPaXkeHUEe B TOM, UTO OH, OyIy-
4y 1ToYeTHBIM npodeccopoM XHYPD, 6b11 BEIOpaH
Takke 1moueTHbIM Iipodeccopom CeBHTY u TTHU
IODY PO, a takke MOYETHBEIM TOKTOpoM XHY mM.
B.H.Kapazuna. MaciTtab HayYyHO-OpraHMU3alMOH-
Hoii gesTeabHocTU 1.C. CylleCTBEHHO pacIlpUICs
nociie pacnaga CCCP. Yxe B 1991 r. oH opraHuso-
BaJl YKPaUHCKUI aHTEHHbI ceMUHap, LEIbl0 KOTO-
poro ObLIM OOMEH ONBITOM aHTEHHIIMKOB YKpauHbl,
BbISICHEHHUE €€ HaydyHOro rnorteHuuana. Ha 6ase ato-
ro cemuHapa B Havaie 1993 r. AxkoBom CosioMOHO-
BUMYEM Oblla co3gaHa YKpauHCKas HallMOHaJbHas
accoumanust «AHTEHHBI», KOTOpass MHOTOE crejiaia
IU1s1 0ObeAMHEHUS] AHTEHHIIMKOB YKpanHbl, UHTEI-
paluu YKpauHCKOM HayKu B MupoByto. [locieagHemy
BO MHOTOM CITOCOOCTBOBAJIM CO3TAHHOE UM (BMECTe
¢ A.U. Hocuuem) B 1995 r. BoctouHo-YkpanHckoe
u co3zgaHHoe uM ke B 2000 r. XapbKOBCKOE OTAee-
Hus IEEE, pykoBoauTesieM KOTOPBIX OH ObLT MHOTHE
TOJIbI.

Oco00 ciienyeT OTMETUTh OOJIbIIYI0 MHOTIOJIET-
HIOI0 paboTty, npoBogumyo A.C. 1Mo opraHuzanuu
1 TIPOBEACHUIO MEXIYHAPOAHBIX aHTEHHBIX KOH(pe-
pexuuii (ICATT). K HacTosiieMy BpeMeHU IIPOBe-
JIEHO YK€ ceMb TaK1X KOH(MepeHIINi, KOTOpPEIE CTaIn
MMpeeMHUKAMHN W3BECTHBIX <«ITHCTOTHBKOPCOBCKUX»
AHTEHHBIX KOH(EpEeHIIN, MPOXOAUBIINX paHee B
CCCP Ha npotsikeHuu MHorux jet. B 2002 r. 4.C.
WHULIMMPOBA TPOBEACHUE HOBBIX KOHGbEpeHIU
— IO CBEPXIIMPOKOIIOJOCHBIM M CBEPXKOPOTKUM
umiyiabcHbiM curHagam (UWBUSIS). B 2010r.
OyzneT mpoBeleHa yxe MsTas nogodHas KoHdepeH-
uus. I1pu opraHuzanuu Tex U ApyruxX KoHpepeHLnit
OoJIbIIIOE BHUMAaHWE YAEIIeTCs] OpTaHU3alliy BBICO-
KOKAUeCTBEHHbIX 3aKa3HBIX TOKJIAJ0B U OKa3aHUIO
(MHAHCOBOI MOAIEPXKKU MOJOABIM y4yeHbIM. Tpy-
Il 3TUX KOH(EpeHINIT M3TaI0TCS Ha aHTJIMICKOM
s13bIKe 1 pacxonsTcs mo Bcemy mupy. Ha ICATT u
UWBUSIS cbesxaiorcst BUAHbIE Y4eHble U3 YKpau-
Hbl, Poccuu, benapycu u u3 najibHero 3apyoexnbsi. B
HEMaJIoil Mepe 3TOMY CITOCOOCTBYET BHICOKHMIA Hayy-
HBII aBTOPUTET U IIUPOKME MEXIYHAPOIHBIC CBI3H
SxoBa CoysloMoOHOBHMYA, IIPUOOPETEHHBIE UM 0J1aro-
Japsi akTUBHOMY y4aCTHIO B MHOTOUMCJIEHHBIX Hay4-
HBIX KOH(EPEHIIUIX U YTCHUIO JIEKIIUI 10 pa3HbIM
acIeKTaM MPUKIATHON 3JIEKTPOANHAMUKHU B Pa3HBIX
crpanax EBpomnbl, CIIA, dnonuu, Kutae n t.m. B
nepuoz c 1990 r. mo 2003 r. A.C. [lIudpuH BbicTyNAN
¢ IoKJagaMu U Jekuusimu okosio 50 pa3 B 17 cTpaHax
MHUpa.

3acayru A.C. [lludpuna nepen PonuHoii 1 Ha-
YKOM TONTyYMIIN IMpoKoe pr3HaHne. OHU OTMede-
HBI 4 opaeHamu u 18 Memansamu, 61arogapHOCTIMU
IMpe3unenra Ykpaunsl, npemucii A.C.ITorosa (1983
I.), 3BaHUEM «3acCiIy)KeHHBbII IesITeib HAyKu U TeX-
HUKU YkpauHbl» (1991 r.), moyeTHbIM 3HaKOM Mu-
HHCTpa BBICLLIETO OOpa30BaHUSI U HayKu YKpauHbI
«3a HayuyHble nocTrxeHus » (2005 1.).
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NCCIEIOBAHUSA JAJIBHETO TPOITOC®EPHOT'O PACITPOCTPAHEHUS
B XAPBKOBCKOU PAIMOTEXHNYECKOU AKAZEMHUN M. JI.A. TOBOPOBA

ACIHIHOPHH

M3znaratorcst B ¢XXKaToM BHIIE OCHOBHBIE PE3YIbTaThl 9KCIIEPUMEHTAIBHOTO UCCIIEIOBAHMS SIBJICHUSI TaTbHeE -
ro TportocepHoro pacrpoctpaneHus (1 TP) yabTpakopoTKUX pagroBOJIH, BEIIIOJHEHHOTO B XapbKOBCKOI

paguoTeXHUYECKO akageMuu B 1956-1962 rr.

In the article, main results of the experimental investigations of the phenomenon of far troposphere propaga-
tion (FTP) for ultrashort waves, carried out at the Kharkov Radio Engineering Academy in 1956-1962, are

briefly given.

Kak ObL10 3KCIepuMeHTaJbHO YCTAaHOBJIIEHO B
koHlue 40-x — Havajie 50-X rogoB MPOLLIOro CTOJE-
TUSI, CPEIHUI YPOBEHDb DJIEKTPOMATHUTHOTO T10JIs B
nuamnazoHe YKB, co3gaBaeMoro tTeM WM MHBIM TIe-
penalIUM YCTPOMCTBOM, Ha 5-6 IOPSIIKOB BBILIE
3HAUEHUS €ro, OIpeAessieMoro IUMpakiurMOHHBIMU
dopmynamu Poka. DTo sABJICHUE, TTOJYIMUBIICE Ha-
3BaHUE JAJIbHETO0 TPOMOC(EPHOro pacrpocTpaHe-
Hus (JITP), cpa3y e mocje ero oTKphITHSI BbI3BAJIO
0OJIBIIION TEOPETUYECKUM 1 IIPAKTUUECKUI MHTEPEC.
Ilepen TeopeTrkaMu BcTajla 3agadya OOBSICHUTH 3TO
SIBJICHWE, HAWUTHW MeXaHU3Mbl, €r0 IOPOXKAAIOIIUeE.
Yrto Xe kacaeTcsl MPaKTUKOB, TO UM CTajo SICHO,
yTo cyuectBoBaHue TP oTKphIBaeT mepcrieKTUBLI
MOCTPOEHUS 3aTOPU3OHTHBIX JIMHUI PaJuOCBSI31 Ha
OoJblle paccTosiHUSI. BMecTe ¢ TeM cTajio oyeBuUI-
HBIM, 4TO cyuiectBoBaHue I TP ocioxHseT moMexo-
BYI0O OOCTaHOBKY 332 TOPM30HTOM [JII PaAlOCUCTEM
pa3auMuyHoro HazHaueHus. OmHaKoO W AJIs TTOCTpoe-
HUS HaJEXHbIX PAAUOJUHUIA, U JJIs1 OLIEHKU CTeTe-
HU YXYOIIEHUSI TTOMEXOBOM 00CTaHOBKM HEOOXOIM-
MO MMETh JI0OCTAaTOYHO HaJeXHbI€ KOJIUYECTBEHHbIE
JJaHHbIE 00 OCHOBHBIX XapaKTepPUCTUKaX IOJs Mpu
HTP. IlpennoxeHHsle yxe B 50-¢ IT., HA HAYaJIbHOM
atane ucciaegopanuii JITP, Teopun: Teopus pacces-
HUS Ha TJIo0yiaxX TypOyJIEHTHOIO IPOMUCXOXICHMUSI,
TEOpUsI HEKOTEPEHTHOTO pacCCEeSHUSI U OTpakKeHUs
OT IPOTSDKEHHBIX aTMOC(EPHBIX 00pa3oBaHMIA, Te-
OpHs KOTEPEHTHOIO paccesiHus (M3-3a CylIeCTBOBa-
HUSI UHBEPCUOHHBIX CJI0€B WU U3-32 MOHOTOHHOTO
yObIBaHUS AUDJIEKTPUUECKON MPOHULIAEMOCTU TPO-
nocgepbl ¢ BHICOTOI) — OKa3aJKUCh HE B COCTOSIHUU
OOBSICHUTh COBOKYITHOCTb HaOJIIOAABIIMXCS 3KC-
MEePUMEHTAJIbHBIX 3aBUCUMOCTEH. DTO MOJIOXEHUE
CTUMYJIUPOBAJIO MOSIBJIEHUE KAaK HOBBIX TEOPETUYEC-
KHUX, TaK U, OCOOEHHO, MOTOKA 9KCIIEPUMEHTATbHBIX
padoT B pa3HbIX CTpaHaX MUPa, PE3YIbTaTbl KOTOPbIX
000011LIeHbI B psiae MOHOTpaduili 1 yueOHUKOB (CM.,
Hanpumep, [1-7]). B CCCP onHoii U3 nepBbIX padoT
o ucciaenosanuio JITP Ob1a paboTa 1o AByxJieTHei
MpaBUTEILCTBEHHON TeMe «Jlenbra» (1956-1957) rr.
Hcnonnurensimu 3Toil TeMbl 06111 MHCTUTYT panuo-
anekTpoHuku AH CCCP (r. Mocksa) u Aptuiie-
puliickasi panuoTexHu4eckas akageMmus (I. XapbKoB).
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OCHOBHBIE 3KCITEpPUMEHTATbHbBIE MCCICIOBAHUS TIO
TeMe «JlebTa» BRITIOJNHSIMCH B aKaleMUH IO PYKO-
BoactBoM npod.f1.C. Hludpuna.

Llenbo 3THUX MCCeNOBAaHMI SIBIISIOCK:

— ompeneaeHre OCHOBHBIX XapaKTepUCTHUK TOJISI
npu TP, B 3aBUCMMOCTHU OT pa3HbIX (paKTOPOB: Bpe-
MEHU CYTOK, C€30Ha, PacCTOSIHUS, JJIUHBI BOJHBI U
T.0. DTU JaHHbIE HEOOXOAUMBI, IPEXKAE BCEro, IS
IMOCTPOCHUS PATUOJIMHUMN, UCITONIb3YIOIINX SIBJICHHE
HTP;

— BBISICHEHUE, TI0 BO3MOXHOCTH, POJIU pa3iny-
HbIX MexaHu3moB JITP B 3aBucumMocT: OoT Tex Xe,
yYKa3aHHBIX BhILIE, (DaKTOPOB. DTU pPe3yabTaThbl HE00-
XOIMMBI KaK TIpU PEIIeHUM psiia TPUKIATHBIX BOII-
POCOB, TaK ¥ IS JAJIbHEHIIIETO TTPOABIKEHUS BIIEPET
TEOPETUUECKUX MCCIENOBaHUI, CO3MaHusI Oojiee Co-
BepuieHHo# Teopuu TP, uem yxe cyliecTByIolIne.

HccnenoBanus TP B akaneMuu IpoaoJKaaucCh
U TIOCJIe OKOHYAHUS TeMbl «[lebTa», mpuyeM Mac-
mTab MX M, COOTBETCTBEHHO, 3KCIIEPMMEHTAIbHAsI
0asza ObLIM CYILIECTBEHHO pacCIIMpeHbl. 3aBepIlIeHbI
uccnenoBanust 6etM B 1962 1. Tlpu aToM mocnen-
HHE TOJTOpA TOa OHU CHOBA BBHITIOJHSUIUCH B (hOp-
MaTe MpaBUTEILCTBEHHON TeMbl «JlenbTa-1» ¢ TeMu
K€ UCIIOJTHUTEJISIMU, YTO U B TMIEpBOHAYAIBHON TeMe
«Jlenbra». OCHOBHBIE pPE3yJIbTaThl MCCIICIOBAHUIA,
BBITIOJTHEHHBIX B aKaJeMUU, ObUIM W3JOXEHBI B
kHure [3], BollIeaeil B n3a-Be akageMun B 1964 r.
Hano ormeTuts, uro nccinegopanussmu TP 8 CCCP
3aHUMAJIUCh B TO BPEMI U B pAAE IPYTUX OpraHu-
3aluil — BoeHHble Mopsiku, B PO AH Ykpaunsl, B
JleHMHrpamCcKoOM 3JIeKTPOTEXHUYECKOM WHCTUTYTE
cBa3u, B HUM cBga3m B MockBe u T.1. Tem He Me-
Hee, U3J10XeHHbIe B [3] pe3yJbTaThl UCCIeI0BAHUIA,
MMPOBEICHHBIX B aKaleMUH, MPEACTaBIISIIOT, Ha HaIll
B3IJIs11, OcoObIi MHTepec. IIpexne Bcero, rmoromy,
YTO 3TU MCCIIEIOBAHUS OXBAThIBAJIM MIOYTH CEMb JIET,
YTO SIBJISUIOCH peKOpAHBIM He ToibKo B CCCP, Ho U,
mo-BUAUMOMY, B Mupe. CTONb JTATEIbHBINA TTepUO
ITO3BOJIMJT TIOJTYYUTD PSA YHUKAJIBHBIX pe3yIbTaToB,
KacaloIInxcsl, B YaCTHOCTH, TOMOBOTO X0/Ia CPETHETO
YPOBHSI CUTHAJIOB, CBSI3U YpOBHs curHajia mnpu I TP
¢ ynuciaoM Boibgpa, xapakTepusyioluM COJHEUYHYIO
aKTUBHOCTb, 1 T.JI.
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Bropast ocobeHHOCTh 3TUX MCCASAOBAHUI CO-
CTOsIa B TOM, YTO OHU IMPOBOIMJIMCH Ha MHOTHUX
Tpaccax B Tpex auarnaszoHax BojH (1,5 M, 10 cm, 3 cm)
U OXBaThIBaJIU IIMPOKUI KOMILJIEKC BOMPOCOB, 100-
past 107151 KOTOPBIX paHee He U3yJaiach.

TpeTbst 0COOEHHOCTb 3TUX UCCAEAOBAHUM — 3TO
MX TeCHAasl CBSI3b CO CTATUCTUYECKOM Teopreit aHTeHH,
KOTOpas B 3TU Xe roJbl (hOpMUPOBAJIaCch B aKaIeMUUN
[8]. OTa cBs3b AeTaNBLHO paccMOTpeHa B padore [9].

W, nakoHel, clieayeT OTMETUTh BechMa TIIA-
TeJIbHOE OMNMucaHue B KHUre [3] BcexX yCIOBUIA Mpo-
BeleHUsI 3KCTIEPUMEHTOB, UTO BEChbMa CYIIECTBEHHO
MPU UHTEPIIPETALUY ITOJYYEHHbBIX Pe3yJIbTaTOB U UC-
MOJIb30BAaHUU UX Ha MPAKTUKE.

BeposiTHO, COBOKYITHOCTb OTMEUYEHHBIX OCOOCH -
HOCTEl TPOBEIEHHBIX MCCAEAOBAHUIM M XapakTepa
oInuMcaHus nX B KHUTE [3] crTocoOCTBOBaIM BHICOKOI
OLIEHKE KaK CaMUX HCCIeIOBaHUIi, TaK U KHUTHU [3]
pPSIOM aBTOPUTETHBIX CIELAAINCTOB, B YaCTHOCTH,
akagemMukoM E.JI.MDeitHGeproM (KOTOPOMY aBTOPBI
[3] mocnanu cBOX KHUTY) U M3BECTHBIM aMEpUKaH-
ckuMm ydeHbiM I1. bexmanowm. IlocimenHuit B mpe-
JUCIOBUM K aMEPUKAHCKOMY HU3JaHUI0 KHUTHU [9]
Hanucan «MccnegoBanust aBTopa 1Mo «MTHOBEHHbBIM»
JarpaMMaM HarpaBJIeHHOCTH M APYTUM XapaKTe-
PUCTUKAM aHTEHHbI B CIAy4aliHO (IYKTYUpYHOLIMX
MOJISIX — 3TO TEePBOKJIACCHBIE 3KCIIEPUMEHTAIbHbIE
padoThI» .

PesynbTaThl BBIMOJHEHHBIX B aKaJgeMUU MC-
cJeOBaHUIM YacTUYHO ObLIM OIyOJUKOBAaHbI U B
paborax [10, 11]. OgHaKO OCTaJIOCh MHOTO BaKHBIX
pe3yJabTaToOB, HEAOCTATOUHO M3BECTHBIX IIUPOKOMY
KpYry CIEeUUaTUCTOB, YTO CBSI3aHO C ABYMS MPUYM-
Hamu. Bo-niepBbix, KHHTA [3] BO MHOTOM «pacTBOPH-
Jlachk» B HaITMCAHHON To3aHee, B 1965 1., kaure [4].
[Tpu aTOM psin pe3yabTaToB padboThl [3] B KHUTY [4]
He BolLIU. Jla ¥ LIeTbHOCTh U3JIOKEHUS Pe3YJIbTaTOB
HUCCJIeI0OBaHUI, €CTeCTBEHHO, Hapylumuiack. Bo-BTo-
pPBIX, 1 3TO CKa3aJlIoCb OCOOEHHO OCTpO, KHMTa [3]
OblTa BBINYIIEHA BEIOMCTBEHHBIM U3AaTeIbCTBOM
MaJIbiM TUpaxoM, moa rpudom «IIpogaxe He moa-
JISXKUT», YTO CO3/1ABAJIO CJIOKHOCTHU B pacpoCcTpaHe-
HUM 3TOI KHUTHU U TIOMBITKAX CChLIOK Ha Hee.

B HacTosi111e 11 cTaThe MBI XOTEIM Obl HATTOMHUTH B
cxxaroi hopMe cofepkaHue UCCIeIOBaHUIA, BBITION -
HEHHBIX B akageMuu B (1956-1962) rr. MBI KocHeMcst
Tak>Xe M BOMPOCOB OpraHu3aluy 3TOW paboThl, MO0
3TO CYLIECTBEHHO IS ySICHEHUSI MacIuTaba 1 YpOBHSI
MPOBEACHHBIX UCCEAOBAHUIA.

W3snoxeHue OCHOBHBIX pe3yJbTaTOB, MOJYyUEH-
HBIX B aKaJieMUU, U CETOAHSI TIPEACTABJSIET CaMOCTO-
SITeJIbHYIO LIEHHOCTb. OHO MHTEPECHO U TTIOTOMY, UTO
5TU UCCJENOBaHUsI, BBIMIOJHEHHbIE B KOHILE 50-x —
Havajie 60-X IT., HaIllJTK CBOE OTpaskeHHUe B TTOCIIEIY-
toux padortax o ATP (cMm., Hanpumep, [7, 12]) u,
B YaCTHOCTH, B UCCJIEIOBAHUSIX, TPOBOAUMBIX B MTOC-
neanue 15-20 get B XapbKOBCKOM MHCTUTYTE paguo-
BJIEKTPOHUKU.

' TIpuBeneHHbIe B [9] naHHbBIE O XapaKTepUCTUKAX aH-
TEHHBI B CJIyYailHbIX TTOJISIX 3aMMCTBOBaHbI U3 [3].
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OBIIAA XAPAKTEPUCTUKA
NCCIENOBAHUU, ITPOBEJEHHDBIX
B AKAJEMUN

HccnenoBaHust MpoBOAMIMCH B METPOBOM JiMa-
nazoHe (A = 1,5 M) Ha JIByX Tpaccax MpOTsKeHHOC-
Tb10 200, 350 kM, B 10-TK cM 1uara3oHe Ha 13 Tpaccax
MPOTSKEHHOCTBIO OT 60 10 450 KM M B 3-X ¢M IMarna-
30He Ha 17 Tpaccax npoTskeHHOcThio oT 30 mo 350
KM. B xauecTBe uzjyyarommnx ycTaHOBOK B METPOBOM
u 10-Tv cM n1Mana3zoHax BOJH MCMOJIb30BAIUCH UM-
nyabcHbie niepeaatuuku PJIC Boiick [TBO cTpaHbl,
pacmnoyioKeHHbIe Ha TeppuTOpun YKpauHbl u Poc-
cun. Kpome Toro, B 10-Ti cM nuara3zoHe BO Bpems
SKCIEAUIIMU UCTTOJIB30BAJICSI pa3MEILeHHBIN B KYHTe
nepenatuyuk ctaHuuu COH-4. B 3-x cm auanasoHe —
nepenaTyuk cTaHuKU «['poM», ToXXe pa3MelleHHbI
B KyHTe. [IJ1s1 mpreMa CUTHaJIOB B METPOBOM JIHaria-
30HE MCIMOJb30BaNACh IBYXdTaxkKHasl ITUPEKTOPHAs
aHTeHHa cTaHUUM MocT-2, UMeBIIas Mo IBa KaHajia
B KaXX/I0M 3Taxke. AHTEHHa Oblj1a yCTAaHOBJEHA Ha BbI-
coTe 28 M HaJl ITOBEPXHOCTHIO 3eMJIN (Ha KpPBIIIe 6-T0
9TaXka OCHOBHOTIO 3/laHMsI akaaeMuu). st mpuema
curHaioB 10-Tu cM Auana3oHa UCMOJIb30BAIUCH JBa
napaboJjiouia BpalleHus1 ¢ fMaMeTpoM 1,8 M, CMOH-
TUPOBaHHbIE Ha CIelMaibHOl (epMe. DTa (epma
ObLTa ycTaHOBJIeHa Ha BbIcoTe 35 M (Ha Kpblilie 8-To
9Taxa LIEeHTpaJbHOI YacTu 30aHus akagemun). Kpo-
Me Toro, B 10-Tu cM Juamna3oHe UCIOJIb30BaJICS ellle
U 3-X METpPOBbIN Mapabojons BpalleHus, yCTaHOB-
JIEHHBIII HA aHTeHHOM KoJioHKe oT ctaHiu COH-4
Ha BbicoTe 50 M (Ha Kpblle 12 3Taxa LUeHTpalIbHOK
YacTH 3MaHusI ). DTOT ke mapadooua UCTTOIb30BaICS
1 B 3-X CM IMATTa30He BOJTH ITPH TIITH CMEHHBIX 00Ty -
yaresax. CMeHa obsyyaTesell Mmo3BoJisiia U3MEHSITh
9 deKTUBHYI0 TUJIOIIaAb pacKkpbiBa Mapadosionaa
NP U3MEPEHUHU TIOTePb YCUIIEHUsI aHTeHHBI. Kpome
TOro, B 3-X CM Iuana3oHe MCIOJb30Bajach CO3AaH-
Hasl B aKaJeMUU CiapeHHasi mIpueMHasl yCTaHOBKa U3
JIBYX HeOoJIbIlIMX napabosouaoB (¢ auamerpamu 30
u, mosaHee, 60 cM), KOTOpasi pacIioiarajach psiaoM ¢
3-MeTpoBbIM TapabosouaoM. ITpu uzydyeHuu rnormne-
pPEUYHOI KOPPEJSIMU TOJIsS 3Ta YCTAaHOBKA yCTaHaB-
JIMBaJIach B TOPU30HTAILHOM WM BEPTUKATIBLHOM MO-
JjoxkeHuu. Hano 3aMeTuTh, 4TO pazMelleHrue Bechma
IPOMO3JKUX U TsLKeJbIX 10-TH ¢cM (pepMbl Ha KpbIliie
8-ro aTaxa u 3-x MeTpoBoro rnapabdoJjonaa ¢ ero Ko-
JIOHKOI Ha Kpbllue 12-ro aTaxa UeHTpaJbHOU yacTu
3MaHUS aKaIeMUM yIAJI0Ch PEaanu30BaTh ¢ TIOMOIIBIO
OalIeHHOro KpaHa, MPMHUMABILIETO B TO BpeMsI yJyac-
THe B paboTax Mo 3aBepIIEHUI0 CTPOUTEbCTBA 31a-
HUS akageMun. Jrst KamnOpoBKY TPUEMHBIX aHTEHH
ucrob3oBamuchk reHeparopsl PT-10 (10 cM mmamna-
30H) U 'CC-35 (3-x cM auana3oH), yCTaHOBJIEHHbIE
Ha 10-M sTaxke BOCCTaHABJIMBAEMOIO TOTAA 3AaHUS
XapbKOBCKOTI'O YHUBEPCUTETA, PACITOJIOXKEHHOIO Ha-
MpOTUB 3AaHUs akagemMuu. B 1,5 M auamnasoHe uc-
MoJib30BaJicsl reHepatop [-4, ycTaHOBJEGHHbI Ha
KpBIIIe 3IaHUS TOCTMHUILI «XapbKoB». YacToTra m
MTPOIOJKUTEIBHOCTh KATMOPOBOYHBIX MMITYJIBCHBIX
CUTHAJIOB COOTBETCTBOBAIM IMapaMeTpaM UMIMYJIb-
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coB nepegatuynkoB PJIC. Kpome aHTeHH, pacmoJo-
JKEHHBIX Ha pa3HbIX BBICOTAX B 3JaHUM aKaJeMUU B
XapbKoBe, MCITOJb30BaIUCh Takke M aHTeHHBI PJIC
Ha TnoJuroHe akagemuu B r.Uyryese. MccienoBaHus
MPOBOJMJIMCH KaK Ha CTAallMOHAPHBIX Tpaccax, Tak U
B XOJI¢ CIeUMATbHbBIX KCIIEAUIIUI B JIETHEE U 3UM-
Hee Bpemsi. Mexay mepegamliiMyd U TTPUEeMHBIMU
cTallMOHAapHbIMU MYHKTaMM MMeach TejeoHHas 1
paauo cBs3b. B akcnenuumsix paboTana AByXCTOPOH-
HSST paguocBs3b. OO 00beM pPadOThI COCTaBUII
okoJjo 200, 3700 m 1300 yacoB B 1,5 M, 10-t 1 3-x cm
JIMara30HOB, COOTBETCTBeHHO. CHUTrHa/bl C BBIXOJA
MpUEeMHUKA MOCTYIMaIU [JIs1 3alUMcU Ha (POTOIICH-
Ky WM Ha OyMmaxkHyto JieHTy. [Jis 3anucu curHana
Ha (POTOMICHKY MCMOIb30BaNCs 8-11eii(hOBBIi OC-
uutorpag MITO-2. 3anuch Ha OyMaXkKHYIO JICHTY
ocyuiecTtsisuiack camonucuem H-370. ITomyuyeHHbIe
3anucu 0opadaThIBaIUCh BPYYHYIO.

HEKOTOPBIE PE3VJIbTATBI
NCCIENOBAHUN

Cpeonuii ypoeenv cuenaaa. E2o doazcoepemennbie
usMeHeHus

OrnpenesieHa BeJIMYMHA CPEIHEro 3a psm JeT
YPOBHSI CUTHajla B 3aBUCMMOCTU OT paccTtossHus. C
YKOPOUECHUEM JUTMHBI BOJHBI CPEAHUIN YPOBEHDb CUT-
Hajla TMajgaeT, MpUYeM B KOPOTKOBOJHOBOW 4YacTH
nuanazoHa YKB aTto nposBisieTcsa cuibHee. Tak, B
nuarasose 1,5 M — 10 cM cpegHMit ypoBeHb yObIBAET
MPOIOPLUUOHAIBHO A, a B iuana3oHe 10 — 3 cM — npo-
MopUMOHaNBHO A>3, CpenHssl BeJIMYMHA MOTOHHOTO
oc1abJeHMS oL OT PACCTOSTHUSI TPAKTUUECKM HE 3aBU -
CHUT UM COCTaBJIsIeT

o sy = 0,085 ab /xM; 0ty = 0,11 1b/KM;

03ep= 0,125 1B /KM.

Kak BumHO M3 TIpUBEICHHBIX U (P, C YKOpoUe-
HHUEM A BEIMUMHA O, PACTET, XOTS 3aBUCUMOCTD O OT A
BechMa ciadasi.

BenmumHa cpegHerogoBoro ypoBHsI CMTHaIa OT
roja K TOIy 3aMeTHO M3MeHstach. B 3aBucumoctn
OT PacCTOSTHUS 3TN U3MeHEeHMsT cocTaBisn 6-10 nb.
YCTaHOBHUTH 3aMETHYIO KOPPESAINIO 3TUX M3MEHE-
HUI ¢ MI3BMEHEHNEM COJIHEUHON aKTMBHOCTU (YHMCia
COJIHEUYHBIX MSITEH) He yaanoch. OmHAKO BbIBOA 00
OTCYTCTBUU MCKOMOM KOPPEJISIIUN MOXKET 0Ka3aThCs
MIpeXIeBPEeMEHHBIM, MO0 TTIepHO MCCIeTOBAHWIA BCe
ke ObUT HEeBEJIMK IO CPAaBHEHMIO C TIEPUOIOM COJI-
HeuyHolt aktTuBHOCTH (11 J1eT).

Ce30HHbLIL U CyMOUHDLI X00 CUeHAAA

AHaIu3 yCpeIHEHHOTO 32 HECKOJIBKO JIET CE30H-
HOTO XOIla CMTHaJIa TToKa3ajl, 4YTO OT MecsIa K Me-
CsIly YPOBEHb CUTHaJIa 3aMeTHO M3MeHseTcs. Tak,
npu A=10 cm sietom curHai Ha 5..10 b Bblle, yem
3uMoii. C yBeIMYeHUEM PACCTOSTHUS CE30HHBIN X0
CHTHAJIA CTJIaXXUBaeTCs.

CyTOYHBI X0/ CUTHAJIa BEIpaskeH BeChMa CyIIec-
TBEHHO. AMIUIUTYyAa KojebaHuii noxoaut no 20 n1b
u OGojiee. JIeToM CyTOUHBINM XOJA CUTHaJla BbIpaxKeH
cunbHee. C yBEeIMUCHMEM PACCTOSHUS CYTOUHBIN
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XOJI CUTHaJIa criaxuBaeTcsi. HecMoTpst Ha pe3Ko Bbl-
paxkeHHbIN CYTOUHBIN XOJ CUTHAla, YCTAHOBUTh Ka-
KMe-T100 3aKOHOMEPHOCTU He yaajnoch. BeposiTHo,
9TO CBSI3aHO C T€M, UTO CYTOUHBII X0/ CUTHaIa 00ycC-
JIOBJIEH CPaBHUTEJIbHO OBICTPBIMU, HEPETYJISIPHBIMU
U3MEHEHUSIMU METEOOOCTAaHOBKM B OTJIMYUE OT pe-
TYJSIPHBIX — CE30HHBIX U TOJ0BbIX. CBSI3b CYTOUHOTO
X0Ja C HEPeTyJSIpHbIMU U3MEHEHUSIMU MeTeoo0CTa-
HOBKH B paBHOM Mepe nposiBisieTcs B 10-Tu 1 3-x cMm
nuarazoHax. KpuBble CyTOUHOro Xoaa CHUTHAJIOB B
9TUX ABYX JMaIa30HaX MPUHUMAEMbIX OMHOBPEMEH-
Ho Ha Tpacce B 200 KM 0Ka3aJ1ch 3aMETHO KOPPEJIH-
POBaHHBIMU.

Daykmyauuonnsle XapaKmepucmuKu CuzHala

PaccmoTtpenuto (paykTyallMOHHBIX XapaKTepuc-
TUK CUTHAaJjla, €ro KpaTKOBPEMEHHBIX U3MEHEHUI B
npenenax 0,5-1 yaca yaenstioch 3HAUUTEIbHOE BHU-
maHue. M3yyanuchk: yactora v rjyOoMHa 3aMUpaHuil
CUTHAaJja, 3aKOH pacrpee/ieHUs] YpOBHEU cCUTrHaa,
aBTOKOPPEJISLUMOHHbIE (DYHKLIMU U CHEKTP CUTHAa-
na. Kak mokasanu uccienoBaHMsI, YCIOBHO MOXKHO
BBIAEIUTh TPU TUIIA KPAaTKOBPEMEHHBIX 3aMUpPaHUIA.
IlepBblii TUIT — OBICTPbIE 3aMUPAHUST TPOJOJIKU-
TEJIbHOCTHIO (B 3aBUCMMOCTU OT JUTMHBI BOJIHBI) OT
nojei cekyHanl g0 2..3 ¢. Bropoii Tun 3amupaHuii
¢ TIPOAOJIKUTENBHOCTBIO OT 5..10 ¢ 10 HECKOJbKUX
JIeCSITKOB CeKyHA. TpeTtuii TN — CpaBHUTEJIbHO MEJI-
JICHHBIE 3aMUPaHUS C MPOJOIKUTETbHOCTBIO OT HE-
CKOJIbKMX MMWHYT J0 JIEeCSITKOB MUHYT. 3aMUpaHUs
MEePBOro TUIIA SBJSIIOTCS HanboJjee pacpoCTpaHeH-
HbIMU. AMIUIMTYAA ux cocTasisia 15..20 nb. 3amu-
paHusl BTOPOIrO TUIIA HAOIIOJAINCh, KaK MpaBUIIo,
B TUXYI0 (QHTMLMKIOHHYIO) MOTroAy. AMILIUTYIA UX
MPUMEPHO TakKas e, KaK U aMIIUTya 3aMUpaHuii
MepBOro TuMa. 3aMUpPaHUsT TPEThEro TUMA, aMILIU-
Tyga Kotopbix coctaBisgeT 30..40 nb, Habmonanuck
CPaBHUTEILHO PEIKO, KaK MPaBUJIO, TOJBKO B JIETHEE
BpeMsl B aHTULIMKJIOHHYIO Toroay. Xapakrep 3aMu-
paHUii 3aMeTHO MEHsIeTCsI B TeueHHUe CyTOK. OObIYHO
HOUbIO CUTHAJI XapaKTepusyeTcs 0oJiee MeIEHHBIMU
3aMupaHussMu. OnpeneseHHast Mo MoJy4acoOBbIM UH-
TepBajiaM CPeHSIS MPOJOKUTEILHOCTh 3aMUPaHUI
B T€UEHUE CYTOK MeHsIeTCsl. AMILIUTYIA 3TUX U3Me-
HEHUI YMEHbIIIAETCS C YKOPOYEHUEM UTUHBI BOJHBI.
CpeaHsist 3a CYyTKM MPOJOKUTEIBHOCTh 3aMUPaHUIA
Ha Tpacce npoTsbkeHHOCThio B 200 KM cocTaBuia 9;
1,1m 0,4 c pna A =150, 10 1 3 cM COOTBETCTBEHHO.
3aech HaloO, OJHAKO, 3aMETUTh, YTO CYTOUHBIE CeaH-
Chl JUISI pa3HbIX IJIMH BOJH MPOBOAUINUCH B pa3HbIC
JIHU oceHu 1958 T.

OcraHoBUMCS TOAPOOHEE Ha 3aKOHE paclpe/e-
JICHUSI YpOBHS cUTHaja. M3yyeHue 3akoHa pacrpe-
JIeJIeHUsI CUTHAJIa TIpeACTaBIIsIeT 3HAUUTEIbHbIA UH-
Tepec ¢ TOYKU 3peHUs BbIsiIcCHeHUsT MexaHu3ma JITP.
Taxk, ecin B ocHoBe I TP npenMyIiieCTBEHHO JIEXKUT
paccesiHUE Ha TJIOOYJISIPHBIX HEOIHOPOIHOCTSIX, TO
pacrnpenesieHde YpOBHel CUTHaJIa 32 KOPOTKUE Tpo-
MEXYTKU BpPeMEHU JOJKHO MPUOIMXKATBCS K paJie-
eBckoMmy. [Tpu HaTMUKMKM B pacCesTHHOM CUTHAJIe Me/l-
JIEHHO MEHSIOILENCS COCTaBIISIIOLIC, XapaKTEpHOM
MPU HAJIMYMU OTPaKEeHUsI OT CJIOeB, 3aKOH pacIipe-
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JeJIeHUsI 32 KOPOTKUE MTPOMEXYTKHU BpeMEHU JOJKEeH
OBITb 0JIM30K K 0000ILIEHHOMY P3JIEEBCKOMY.

3aKoHbI pacrpeaesieHus] ObICTPBIX 3aMUpPaHUA
CTPOMJIMCH 32 KOPOTKME MPOMEXYTKU BpeMeHU (Kak
npasuiio, 3a 10 ¢) 1 cpaBHUBAMCH C PJICCBCKUM 3a-
koHoM. Kak mokazanu uccie1oBaHusl, B 3aBUCUMOCTU
MPOLIEHTA COBMAICHUS 3KCITEPUMEHTAIBHOTO 3aKOHA
C paJieeBCKUM (0003HAaYMM Jajiee 3Ty BEJTUUUHY Yepes
M) or BpeMeHHM Toa U CYTOK, a TaKXkKe OT paccTos-
HUSI UMEIOT MECTO OMpeaeeHHbIE 3aKOHOMEPHOCTH.
Jnem BemmunHa M B 2..4 pa3za OoJibllle, YeM HOYBIO.
ITpu usmMeHeHUM paccTossHUSI BeauyrMHa M Bener
cebs1 HeMOHOTOHHO, AOCTUTasl MAaKCUMAaJIbHOI BeJU-
yuHBI opsiaka (40..50) % Ha Tpaccax cpemHei TpoTs-
keHHocTH (R~350 km ripu A=10 cm u R ~ 200 k™M nipu
A =3 cMm). [TokazaHo TakKe, UTO YeM MEHbIIIe YPOBEHb
CUTHaa, TeM BeJuunHa M Ooubiiie. Hamo oTMeTUTS,
yto BemmumHa M Bcerma maneka ot 100%. Orcioma
CJIeyeT, YTO MEXaHU3M PacCesTHUSI Ha TJIOOYISIPHBIX
HEOJTHOPOJHOCTSIX HE SIBJISIETCS JOBJICIOIINM.

Heckoabko c1oB 00 aBTOKOPPEISILIMOHHBIX (DyH-
KIusIX 1 criekTpax curHana npu JITP. M3yyeHune atux
XapaKTepUCTUK TMpoBoausioch B 10-cM auarasoHe
BoJIH Ha 4-x Tpaccax (120, 200, 250 u 350 km). Bpems
BbIOOpKM cocTaBisio 10 ¢. PesynbTaThl MccaenoBa-
Huit n3noxeHsl B kKHUTE [3] 1 ctathe [10]. [IpnBenem
JINIIb UTOTOBBIEC PE3YIbTATHhI.

Paz0dpochl BpeMeHU aBTOKOPPESILAUN Ty U 1IU-
PUHBI CIIEKTpa CUTHaJa Af IO peanu3alusiM XapakTe-
PU3YIOTCS CAEAYIOIIMMU MHTepBaJaMMu:

70=(0,15..0,60) ¢ Af=(0,8..1,9) I'...

Ilonepeunas xoppeasyus cuenaioe

B 10-tv cM nmamaszoHe McclieloBaHUSI TTPOBO-
aunuck Ha Tpaccax B 200, 250 u 350 kM. PasHoc aH-
TEHH OCYIIECTBJISIICS B TOPU3OHTAJIBHOM MJIOCKOCTH.
B 3-x caHTMMETpOBOM aMamna3oHe MPOTSKEHHOCTD
tpacc cocrapisia 60, 150 u 200 kM. PasHoc aHTeHH
OCYILECTBJISJICSA B TOPU3OHTAILHOM M BEPTUKAJIbHOM
rutockocTsx. OCHOBHbBIE pe3yJbTaThl UCCAEIOBAHUI
TaKOBBI:

— KOppPEJSIIMOHHOE PACCTOSIHUE P COCTaBIISI-
€T BEJIMYMHY MOpPsIIKa HECKOJIbKUX NECITKOB ITUH
BOJIH;

— ¢ yBenuueHueM pacctosiHus ot 200 mo 350 km
(A =10 cM) BeTMUMHa p pacTeT;

— OOBIYHO HOYbIO M YTPOM BeJIMUYMHA p OOJIbIIIE,
yeM JHEM;

— IpU  yBEJWYEHUU pa3MepoB IMepeaaroieii
anepTypbl BeJIMUYMHA p yBeJIuuuBaeTcs. I'pyodast olieH-
Ka 31€Ch TaKOBA: P ~ Lyep;

— Ipu TPUOJVKEHUM 3aKOHA pacripeaeeHus
YPOBHSI MOJIS K P2JIEEBCKOMY BeIMUYMHA O YMEHbIIA-
eTcs;

— XapakTep U3MEHEHHUS P B 3aBUCMMOCTH OT pac-
CTOSTHUSI M BPEMEHM CYTOK JUISI A = 3 CM aHaJoTUYeH
TOMY, UTO UMeeT MecTo Tipu A = 10 cM;

— OTHOILIEHUE 3HAYEeHUI p MPU BEPTUKAJTLHOM U
TOPU30HTATBLHOM pa3HoOcaxX aHTeHH (MapaMeTp aHu-
30TPOMNUM CIYYANHOrO T0Jis1), U3BMEPEHHOEe B 3-X CM
JMara3oHe BOJIH, TpuMepHo paBHo 0,6..0,8.
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Ilomepu ycuaenus. Cpeonue JIH

[Motepu ycuneHuss AG onpeaeasyiuch MyTeM
CPaBHEHUSI CUTHAJIOB, MPUHSITHIX OJHOBPEMEHHO
HCCIeTyeMOM 1 3TaJIOHHOI aHTeHHOM. [Ipenmomnara-
JIOCh, UTO Y HEOOJIbILION 3TATOHHON aHTEHHbI TTOTEPh
ycuneHus HeT. MccaenoBaHust MpoBOAWIUCH B 10-Tu
M 3-X CM JIMara3oHax BOJH Ha Tpaccax pa3IuyHOK
npotsikeHHOCTU. 3HaueHUs1 AG B 000MX Arana3zoHax
MEHSUTUCH B Tipeaeax oT ~3 go ~8 ab. MHTepecHO
OTMETUTb HEMOHOTOHHBIN X011 u3MeHeHus1 AG B 3a-
BUCUMOCTHU OT paccTossHusl. Tak, B 10-Tu cMm auana-
30He HanOoJblIee 3HaueHe AG nopsinka 7 b nmesno
MecTto Ha pacctossHun 200 kM, a B 3-X cM IMana3oHe
Max AG miopsinka 8 1b coOTBeTCTBOBAI PACCTOSIHUIO
150 kM. K Bompocy o0 moTepsix yCuaeHus MpUMbIKaeT
BoIlpoc o pacmmpeHun cpenneit JAH. Dror addekr
Takke ucciaenoBaics B 10-tu u 3-X cM auarnasoHax
Ha Tpaccax pa3IUuyHOI MpOoTsKeHHOCTH. OKa3aaoch,
yto u pacmupeHue JIH ¢ poctom paccrosiHus BeaeT
ce0st HEMOHOTOHHO.

Yeno060ii pasnecennsii npuem (YPII)

CyTb 3TOT0 BUA MPUEMa COCTOUT B CACAYIOLIEM.
Ha npuemMHOM KOHLE co3matoTcsl aABe (WM 0oJiee)
JH, pasHeceHHBbIe B MIPOCTPAHCTBE Ha OINpEAeIcH-
HbIl yroj. BennuuHa yrjaoBoro pasHoca IOJKHA
obecreunBaTh JOJKHOE TMaJeHUEe KOppeasuuu B
MPUEMHBIX KaHajax ¢ TeM, YTOObl MPU CyMMMPOBa-
HUU CUTHAJIOB HaJeXHOCTh MpUeMa 3aMEeTHO MOBbI-
cunachk. JIOCTOMHCTBO 3TOM CXeMbl Pa3HECEHHOIO
npuema B ToM, yTo 0ode JIH co3maroTcs ogHuM 3ep-
KajoM, BOJM3M (PoKyca KOTOPOTO pPa3zMelIaTCs
CUMMeETPUYHO aBa obayuarens. HegoctaTok cxembl
COCTOMUT B TOM, 4TO pa3Hoc JI1H no yriry conpoBoxa-
eTcsl TTaJIeHUeM CPeIHErO YPOBHSI CUTHAIA B KaXIOM
MpueMHOM KaHaJie. Eciau 1ist nocTiKeHUst 3aMeTHOM
JEeKOpPEsIMU CUTHAJIOB TOTPeOyeTCsl CUJIbHO pa3-
Hectu JIH mo yriy, To cpenHuii ypoBeHb CUrHajla B
KaHajaxX CYLIEeCTBEHHO CHU3MUTCSI, U CUCTeMa OyaeT
MPaKTUYECKU HelleJeCO00pa3HOM.

Takum 00pa3oM, U3yuyeHre BO3MOXKHOCTEH cuc-
tembl Y PIT TpeOyeT oqHOBpEMEHHOTO UCCIeA0BaHUS
JIBYX BOIIPOCOB:

— IeKOppeJIslUM CUTHAJIOB B ABYX O0JIydaTessix
B 3aBHCUMOCTM OT MX pa3Hoca B (pOKaIbHOMI TLIOC-
koctu (pasHoca aByx JIH no yriy);

— CHUXKEHUSI CpEeJIHETO YPOBHSI CUTHAJIA TTPU BbI-
BoJie obJyuyaresiei u3 okyca.

HccnenoBaHusi 3THUX BOIMPOCOB MPOBOAUINCH
B 10-TM ¢cM Aumana3oHe BOJH Ha Tpex Tpaccax Ipo-
TskeHHOCcThIO 60, 120 1 200 xMm. [IpueM curHanos
OCYIIECTBJISICS 3-X M mapabosouaoM ¢ (hOKYyCHBIM
pacctosiHuem 1,07 M. B aToM 3epkaie ycraHaBIMBaI-
cs1 pa3paboTaHHBI HaMU CJIOXXHbBIA BOJTHOBOJIHBIN
o0JtydaTeib, 1BE MOJOBUHBI KOTOPOT'O MOTJIU BbIIBU-
raTbCsl B pa3Hble CTOPOHHBI OT (pOKyca Ha pacCTOSIHUE
or 0 10 8 cM. DTOMY COOTBETCTBOBAJIO pa3lBUKe-
Hue JIH kananos ot 0° 1o 7° mpu ropu3oHTAJIBLHOM
U BepTUKAJIbHOM pa3Hoce obayvaTeneil. BennunHa
KOPPEJSIIUOHHOTO «PacCTOSIHUSI» TI0 YIJIy OKasa-
Jack Ha 60-T KM Tpacce nopsaka 6°u mopsaka 4° —
Ha Tpacce ~ 200 km. [Tpu yKazaHHBIX BBIIIE YIJIOBBIX
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pa3Hocax CHUXXEHUE CPEeIHETO YPOBHSI CUTHAsa ISt
60 xM Tpaccel coctaBuio ~ 20 aB, a juist Tpacesl B 200
KM — okoJio 7nb. VI3 mpuBeaeHHBIX LMD ¢ yueToM
TUMTUYHOW TJYOMHBI 3aMUpaHU cUTrHajia (mopsiaka
20 n1b) cnemyer, uro Ha 60-TM KM Tpacce CUCTeMa,
Mo-BUAMMOMY, HelleJiecooOpa3Ha, a Ha Tpacce 200
KM oHa Oynet ad¢ektuBHON. C U3MEHEHUEM pa3-
MEpOB Tepeawlleii 1 MPUEMHONM aHTeHH KpPUBbIC
K02 GULMEHTa YIJIOBON KOpPpeasiUMU U KPUBbIC
pacnipeesieHUs: cpeHeil UHTEHCUBHOCTHU B (hOKasIb-
HOI TIocKocTH u3MeHstoTes. [loaToMy crenaHHbIe
BbIllIE BBIBOABLI O 1I€JIeCOOOPAa3HOCTU TPUMEHEHUS
cxembl YPII Ha Tpaccax pas3anyHON MPOTSKEHHOCTH
SIBJISIIOTCSI OTPAaHUUYEHHO TOIHBIMU. B 3TUX yClIOBUSIX
11eJiecoo0pa3HoO MPUBJIEYb COOOPAXKEHMST CTaTUCTU-
yecKoil Teopun aHTeHH. Kak ciemyeT u3 pesysbTa-
TOB BTOI TeopuH, MPU (UKCUPOBAHHOIN CTATUCTUKE
MaalolIero moJsi yBeJuuyeHue pa3MepoB MPUEMHOMK
AHTEHHBI MPUBOAUT K CIJIaXKHWBAaHUIO KPUBBIX pac-
npeaeaeHus cpeHeil ”THTEHCUBHOCTU B (DOKAIbHOM
TUIOCKOCTU U OOJIbIIEH ACKOPPENSILIMA CUTHAJIOB B
CUMMETPUYHBIX OTHOCUTENbHO (hoKyca Toukax. Oda
5TuX 3 deKTa MPUBOAIT K MOBBILLIEHUIO HAIEXKHOC-
™™™ cxeMbl YIIP. Takum ob6pa3zom, U3 TEOPETUUECKUX
CcoO0OpaxkeHU cleayeT, YTO MPU YBeJIMYSHUHN pa3Me-
pOB IIPUEMHOI aHTEHHBI JOCTOMHCTBA cxeMbl Y PII
Bo3pacTarT D(h(HEKTUBHOCTb CUCTEMBI TTOBBIIIACTCS
TaK>Xe MpU cJ1adbIX CUTHAJIAX, T.¢ UMEHHO TOra, KOT-
J1a 5T0 0OJIbIIE BCETO U HYXKHO.

Meznoeennvte JIH. Daykmyauuu nanpasienus
24A6HO20 MAKCUMYMA

IMTon mruoBenusiMu JAH (MIH) noHumaroTcs
JUarpaMMbl, CHSITbIe MPU OBICTPOM BpallleHUM aH-
TeHHbI. [lepuoa BpallleHUs aHTEHHBI (TOUHEee BpeMst
«TIPOXOKAeHUsI» TMaBHoro Jenectka JIH yrimoBoro
pa3Mepa 00JIaCTU paccesiHUsI) AOJKEH ObITb MHOTO
MEHbIIIe BpeMEHU aBTOKOPPEISILIMU cUuTHana. B atom
c/lyyae MOXXHO CUMTATh pachpeaesieHue mosl y mpu-
€MHOM aHTeHHBI «3aMOpPOXEHHbIM». CHSTbIC TpU
sToM MJIH c¢ omnpeneseHHbIM MHTEPBAJIOM OTpazka-
0T MTHOBEHHOE pacrnpeejeHrue CTPYKTyphl TOJsT y
AHTEHHBI (€ro OTAEAbHbIC peAU3alun) U IMHAMUKY
€e U3MEHEeHUS.

Hccnenosanns MIH npoBogmnock B 10-tn cMm
Juara3oHe BoJH Ha Tpex Tpaccax (80, 200 u 250 km).
ITpuem curHagoOB OCYIIECTBISIICSI aHTEHHOI B BUJIE
YCEUeHHOro Mapabojiona BpalleHUsI C pa3MepaMu
2 x10 m ¢ mmpunoii JIH 26, = 0,7° B ropu3oHTaabHOI
iockoctu. Ha mepenatoliieM KOHIIE UCITOJb30Balach
aHajorMyHasi aHTeHHa. [IpuemHast aHTeHHa Bpa-
majach co cKopocThio 3 u 6 06/muH (18°/c 1 36°/c,
cooTBeTcTBeHHO). 3anuchk JIH ocyuiecTsisiace Ha
¢otomneHky ocuumiorpaga MITO-2. OnpHoBpe-
MEHHO C CHUTHajJoM Ha (POTOIJIEHKY aBTOMaTuyec-
KM HAHOCUJIUCh a3uMyTajbHble METKU. Bcero ObL10
3aMycaHo M MpoaHaau3upoBaHo okoyio 1000 MJ/IH.
XapakTepHble MpUMEPhI UX TTPUBEACHBI B HAIlISH pa-
oorte [11] n Huzxe Ha puc. lau 16. Ha puc. 1a npuse-
neHa cepust MAH, cHaThIX ¢ MHTepBaioM 20 cek. DT
JH noxoxwu Ha HeBo3MyleHHbIe JIH (puc. 16) u 3a-
METHO KOppearMpoBaHbl APYT ¢ apyrom. Takue M/IH
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yalle MMeJIM MeCTO B HOUHOE BpeMsl, KOra O0JIbIIYIO
B poJib B o0pa3zoBaHuu A TP mosas urparoT «korepeH-
THBIE» MeXaHU3MBbI paccessHUsI 1oJsl. JleToM B 1HEB-
Hoe BpeMs yalle Haomomaauch KapTuabl MJ/IH tuna
MoKa3aHHBIX Ha pUC.16. TUTMYHBIM 3/1€Ch SIBSIFOTCS
cuibHble MckaxeHuss MJIH mo cpaBHeHUIO C HEBO3-
myieHHoi [IH n moteps koppensiiuu mexay MJIH,
cHaTeiMU Yepe3 10 ¢. OueBnaHo, yro 3t MJIH co-
OTBETCTBYIOT CUTyalluu, KOT/a CYIIECTBEHHYIO POJib
B obOpasoBaHuu moyst npu TP wurpaer mexaHusm

paccedaHudg Ha 1')106y}'I${prIX HCOOHOPOAHOCTAX.
: AL e

a — 1H, 6auskue
K Auarpamme B CBOOOTHOM
TPOCTPAHCTBE

6 — JIH, cunbpHO
HMCKaXXeHHbIE
o cpaBHeHwuio ¢ [IH
B CBOOOJHOM IIPOCTPAHCTBE

|
| l Hlll ¢
AT ..MI ! lll. il

6 — JIH B cBOOOgHOM
MPOCTPAHCTBE
Puc. 1

3HAYUTEIbHOE BHUMAHUE ObLIO YIEIEHO MOMbIT-
Ke «KoyimuecTBeHHOM» olleHkn MJIIH. Takas olieHKa
MPOBOAMIACH JIJISI IBYX BasKHEMILIMX CTATUCTUYECKUX
AHTEHHbIX TAPAMETPOB:

—mupunbl H n

— [OJIOXKEH U] HaPABJICHUS IJIABHOTO MAKCUMY-
ma (HI'M).

Ilpu cratucTuyecko oOlleHKE ILIUPUHBI pac-
CMaTPUBAJIUCH JIBE€ BEJIWUYMHBI — CPEAHsSIsl LIMPUHA
JH v mmupuHa cpeaneit 1H [3,9].

Jl1si HaXOXAE€HUS NTEPBOM BETMYMHBI 20 sp BHA-
yajie HaxXOAWJICs 3aKOH pacnpeesieHUs pacClIMpeHU i
AB otnenbHbIX peanusanuii MIAH. Mmes naHHble o
pacnpeneaeHu A0, MOXHO OMNpPEeneauTh CPEIHIO
mupuny AH, cyMMupysl 1MpuHY HEBO3MYIICHHOMN
JH 26, u cpeanee pacmupenue JAH. Tak, pist Tpac-
¢bl B 200 KM 1JIs1 OTHOTO M3 CyTOYHbBIX CEAHCOB MOy~
YUJIOCh

200.5p~ 1,251 1,10
U1 AHSA 1 HOYHM, COOTBETCTBCHHO.
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Onpeaensiiach Takke W mMpuHa cpeaHei JH.
IlocrnenHsas Haxomujach ITyTEM HAJIOXEHMST psaa
MJIH Tak, 4ToOBI a3UMyTa/IbHbIE METKU COBITAIAJIN.
IToctpoenHble Takum obpaszom cpeaHue JH yuuThi-
BalOT pacLIMpeHue OTAeAbHBIX peanu3zauuii MIH u
yxon HI'M B kaxoit u3 peanusauuii. Benmnuuna 20,
JUTSI TEX K€ YCJIOBUI, KaK 1 BBIIIIE, OKa3aaach paBHOM

20, =1,5"m 1,2

JUTST THST M1 HOYX, COOTBETCTBEHHO.

ITo yxony HI'M ctpownsics 3aK0OH pactipeaeaeHUs
5TOU BEJIMYMHBI, TTI0 KOTOPOMY OIPENESsiIoCh Cpel-
HekBagpatuuHoe oTkioHeHue (CKO) yxona HI'M. B
10-ti cM auama3oHe TIpU ITMPUHE HEBO3MYIIIEHHOM
IO H mopsnka 0,7°Bemmunnaa CKO yxoma HI'M oka3za-
sach nopsiaka 0,6°n 0,3° 11 [HS 1 HOYM, COOTBETC-
TBEHHO.

I[ToMrMO TIepeUMCIIEHHBIX BBIIIE XapaKTepHC-
K nosst npu TP, usyyanuce eie u psig Apyrux ero
MHTEpEeCHbIX ocobeHHocTel. He ocTaHaBIMBasich Ha
5TOM MOJPOOHEe, 3aMETUM, UTO J1aXKe MPUBEIECHHOE
BBIIIIE KOHCITEKTUBHOE M3IIOXKEHHWE ITPOBEICHHBIX
B akageMuu B mepuon 1956-1962 rr. ucciaenoBaHuit
JTP nmoka3sIBaeT CKOJIb 00beMHBIMY M MHOTOILIAHO-
BbIMM oHM ObLIU. Hamo 3ametuTh, uTo TeMa «JlenbTa»
ObLJIa TIepBOI MTPABUTEILCTBEHHON HAYIYHOU TEMOM,
33JaHHOM €Ille COBCEM MOJIOIOM, HE AOCTUTIICH U
JIEeCSITU JIET €€ CYIIeCTBOBaHMsI, XapbKOBCKOW pa-
JNMOTeXHUYECKOl akageMuu. [ToaToMy oHa mosib30-
BaJlaCh IIMPOKOM TMOAIEPKKONM PYKOBOACTBA akaje-
muu. Bee Hammm rmpocb0bl oTiepaTUBHO BHITIOTHSIINCH
pa3HbIMU ciyxkOamu akageMuu. OCOOEHHO CTOUT
OTMETUTb TPOM3BOJCTBEHHbIE MacTepCKue akaje-
MUHU, OKa3aBlliMe HaM OOJIbIIIYIO TIOMOIIIb B CO3JaHUM
U pa3BUTUM MaTepuajbHO 0a3bl HALIMX KCCIENO0-
BaHU, a Takxke (poTosiabopaToprio akaaeMuu, Bbl-
MOJIHUBIIYIO OTPOMHBI 00beM padoT 1o 0OpaboTKe
HECKOJIbKUX KUJI0oMeTpoB GoTorieHku. Iloxanyii,
€IMHCTBEHHBIN ITyHKT, TT0 KOTOPOMY BO3HUKAJIN HE-
MaJible CJIOXKHOCTHU, — 3TO OpraHU3alnsl SKCIIeAULINA.
CkaxeM IpsIMO, DHTy3Ma3Ma y HayaJbHUKA aKaje-
mum 1O .I1.baxkarnoBa oHu He BeI3bIBaIN. [1OHATH eTo
HETPYAHO, MOCKOJIbKY 3KCMEIULMU CTOWJIU OYEHb
HeMaJbIX 3aTpaT M MOTJIU MPUBECTU K KaKUM-TTOO0
HETIPUSTHOCTSAM, OCOOCHHO B 3uMHee BpeMs. Ho, kak
TOJIBKO pellIeHUEe MPUHUMAJIOCh, BCE HEOOXOAMMOE
JieJ1ajioch OBICTPO M B MOJIHOM oO0beMe. K cuacTelo,
B KCHEAULIMSX BCe 00OIILIOCH OJ1aronoy4Ho, U Bce
HAIIIM YCUJIUS U 3aTPAThI MIOJTHOCTHIO OKYITINCH T10-
JIY4EHHBIMU B WX XOJIe BAXKHBIMU pe3ysbTaTaMu. Pa-
00TbI 110 TeMe «/leJibTa» MOJb30BaINCh TAKXKE CyIIeC-
TBEHHOM TOJIEPKKOM KomaHaoBaHMsl Boiick TTBO
CTpaHbl ¥ KOMaHIMPOB YacTell pagMoOTeXHUUECKUX
Boiick cucteMbl IIBO CrpaHbl, pacnoysio)XeHHbIX B
VYkpaunne u Poccuu. iMeHHO 3TO BechbMma Osiaroxe-
JlaTeJIbHOe OTHOLIEHUE K Hallleil paboTe MOo3BOJIUIO
IIUPOKO TIPUBIIEYD K €€ BBITOJTHEHUIO IITMPOKO Pa3-
BETBJIEHHYIO ceTh BbicOKOKayecTBeHHbIX PJIC Boiick
ITBO Crpanbl, KaKk NpaBUJIO, CTOSIBIIMX HA OOEBOM
nexypcrBe(!). 3mech 51 ¢ 0J1arogapHOCTBIO XOUY YITO-
MsIHYTb reHepaiioB B.B. Ipyxxununa, M.T. bepero-
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Boro (I'maBHbIit mTad Boiick [1BO), komanmupa au-
Busuu [1BO renepana CepreeBa (CbiHa M3BECTHOIO
peBoJIIOLIMOHEepa ApTeMa) U, 0COOEHHO, BBIITYyCKHUKA
Hallel akageMuu, KOMaHAupa paguoTeXHUUYECKOTO
MoJIKa MoJKOBHUKA (rmo3aHee reHepana) I.A. 'muko.
[TonyyeHHbIe HAMM Pe3YabTaThl UCCIEIOBAHUIA,
o(hopMIeHHBIE B BUAE CEPUU OOCTOSITEBbHBIX OTUE-
TOB, ObLJIM BBICOKO OLIEHEHBI 3aKa3YUKaMU pabOThI U
komaHnoBaHueM Boiick ITBO Crpanbi. OcHOBHbBIE
ucnomauTe padotel (S1.C. lndppun, O.b. Yep-
Heiit, FO.A. Tuxomupos, I1.C.TpamkoB u ap.), a
TaKXe 3aM. HavyaJlbHUKa aKaJeMUM IO HayKe ObLIU
HarpaxxJaeHbl KpYMTHBIMU, TI0 TEM BpeMeHaM, JIeHeX-
HBIMU TIpeMUsIMU. BbIMOJIHEHHBIE HAMU UCCIIeA0Ba-
Hus no JATP nonyunim Takke, Kak s yKe YHOMUHAa
BbIIIIE, BEICOKYIO OLIEHKY YYEHbIX Y UHXXEHEPOB, CIie-
LIMAJIMCTOB B 00J1aCTU PACIpOCTPaHEHUsI PaAUOBOJIH.
Tak, B kHure A.A.Illypa [7] npuBOIMTCS CBBILIE Je-
CSITKA CChIJIOK Ha Pe3yabTaThl HALLIMX UCCAEIOBAHUM
o pa3HbIM acnekTaM siBjaeHust TP, npuBeneHHbIe
B kHure [3]. Bo MmHOrux patorax [4,6, 12, 13 u ap.]
MMeEIOTCS CChUIKM Ha Hawmu padortsl [10, 11]. OcHOB-
Hble pe3yJbTaThl MPOBEASCHHBIX HAMM MCCJeA0Ba-
HUI, KaK y>Ke YITOMUHAJIOCh BbIlEe, ObUTU BKIOUYEHBI
B M3BECTHYIO MOHOrpaduio [4], BEIIEAIIYIO B CBET B
1965 r. DTa KHHTA IMPOKO UCITOIB3YeTCs pagroctie-
LMAJMCTaMU, 3aHUMAIOIIMMUCS TIPOEKTUPOBAHUEM
Pa3IMYHBIX PaAUOCUCTEM, B OCHOBE PabOThl KOTO-
PBIX JIEKUT HcTob3oBaHue saBiaeHus I TP. B mepByto
oyepelb, BTO KAacaeTcsl CBSI3HBIX CTaHIUN TPOIIO-
chepHOro pacrnpocTpaHeHusl, paboTa Mo COBEpIIeHC-
TBOBAHUIO KOTOPBIX MTPOAOJIKAETCS U TI0 HACTOSIIIIeE
BpeMsi. OCHOBHBIE YCWIMSI 3[eCh HampaBjieHbl Ha
UCIIOJIb30BaHNe 00Jiee CIOXHBIX CUTHAJIOB U BHE/-
peHue agarnTUBHBIX METOMOB OOPLOBI C MPUCYILIUMU
sapneHuto I TP rmybokumuy 3aMmupaHusiMu curHajia. B
pa3paboTKe TaKUX afalTUBHBIX METOMIOB 3HAUUTE I b-
Hble ycriexul 1ocTUrHyThel B.U. PynakoBbim [14].
PesynbraThl 1 ONBIT, HAKOIIJIEHHBI HAMU B XOJ1€
nccienoBannit TP B 1956-1962 IT., IMIMPOKO WC-
MOJIb30BAJIMCH B JajibHelux ucciaeaopanuii B CCCP
B o6iactu JATP. bonblinyio oMol Mbl oKa3aad He
pa3 npuesxkaBnM K Ham Tomuuam (13 TUACYP),
03HAKOMMB MX C Hallleil 9KCIIepUMEHTaILHOI 0a301,
METOJMKOI BHITTOJHEHUS UCCIeA0BaHNI 1 00paboT-
KU DKCIIEpUMEHTATbHbBIX JAHHBIX, a TaKXKe MoAapuB
UM 00pa3lbl IKCIMEPUMEHTAIbHBIX 3allUCeii, XapakK-
TePU3YIOIIUX pa3Hble CTOPOHHBI saBjeHus A TP. I1pu
Halllel aKTUBHOM MoJAepKKe MPOBOAUINCH UCCTIe-
noBaHus TP u aHaim3 mosy4eHHbBIX pe3yJIbTaTOB B
baxunckoit apmun I1BO u B [Ipubantuke.
[TonyuyeHHbI I HAaMU OOTATHIN MaTepUas CylIeCT-
BEHHO MOMOJHWII 023y 3KCIEPUMEHTAIbHBIX JAHHBIX
00 ocobeHHocTsx JATP, yTo oka3zanoch BasKHbBIM JJIST
JaJIbHEUIIIMX MOTBITOK Pa300paThCsl B CYTU SIBICHUS
JATP. B aTOoM 11aHe MpeacTaBIsIIOTCS MHTEPECHBI-
MU PaOOThI, BBHIMOJHSIEMble B XapbKOBCKOM Hallu-
OHAJIbHOM YHMBEPCUTETE pPaaMO3NEKTPOHUKU B.A.
IleTpoBbIM U ero ydyeHUKaMu. DTU UCCICIOBAHUS
MpoBoasSTcs, HauuHasi ¢ 90-X roJoB MPOIILIOro BeKa,
U UMEIOT CBOE OCHOBHOM 11€JIbl0 BBISICHEHUE Me-
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XaHU3Ma pacCesHUs PaaMoOBOJH KakK IPpU 0OpaTHOM

paccestHUM (XapaKTepHOM JJIsI CUCTEM TMCTAaHIIMOH-

HOTO 30HAMpPOBaHUST aTMocdephl), Tak u npu JITP.

ITonydeHHBIE UMW TEOPETUYECKIE OLIEHKM JJIST paIv -

yca IonepeyHoi Koppensiunu p ~ Ly, ¥ 1151 motepb

ycuneHust AG~ 5n1b xopolio corjacyrTcs ¢ puBe-

JICHHBIMU BBIIIE SKCIEPUMEHTAIBHBIMU JaHHBIMU.

B HacTosiiee BpeMst IpOBOAUTCSI OU€Hb HEIIPOCTAast

paboTa Mo JOKHOM MHTEpIpeTallui MTHOBEHHBIX

JJH. O60 Bce 3TOM paccka3bIiBaeTcs ITOIpOOHEe B

MyoJIMKyeMoii B 9TOM ke coopHUKe ctaTtbe B.A. TTet-

posa [15].
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13 UCTOPUU UCCJIEIOBAHUI JAJBHEIO TPOIIOC®EPHOI'O

PACITPOCTPAHEHUA PAANOBOJIH

B.A. IETPOB

CTaTbsl pacckasbIBaeT O JBYX MaJOM3BECTHBIX pabOTaX, KOTOPbIE CBSI3aHbI C UCCIEAOBAHUSIMU JNaTbHETO
TpornocdepHoro pacrnpoctpaHeHus paauoBoH — gokiane JI.T. 'beccuHra u MoHorpaduu non peaakuuein

A.C. llludpuHa.

The paper narrates about two almost unknown works connected with researches in the far tropospheric propa-
gation of radio waves — the paper of D.T. Gjessing and the monograph edited by Y.S. Shifrin.

B 1945 rony nipu ncciiefoBaHUM pacIiipocTpaHe-
HUS pagvoOBOJIH CAHTMMETPOBOTO JAWAITa30HA B CJIOE
BJIAXKHOTO BO3[yXa HaJ IMOBEPXHOCTHIO oKeaHa [1]
ObIJIO OOHApPY:KEHO, YTO HAIMPSKEHHOCTh TTOJIST Ha-
JIEKO 3a TpeaeaMy PaTrioropru30HTa YOBIBAET C POC-
TOM JAJTbHOCTH 3HAYMTEIBHO MeJUIEHHEee, Y4eM MOoTJIa
OBl OOBSICHUTH JII00Ast M3 CYIIECTBYIONIUX TEOPHIA.
HMHTeHCUBHBIE (DIIYKTyallMW YKa3bIBaJIM Ha ydacThe
B MeXaHM3Me HaOJI0JaeMOro SIBJICHUS KaKMX-TO
CIYJaiTHBIX TIPOIIECCOB. AHAJIOTMYHBIE PE3yJbTaThI
OBITM TTOJIYYEHBI Y TIPU MCCIIEAOBAHUYT pacIpoCcTpa-
HEHMS pagvuoBOJIH HaJl CyXO# 3¢MHOM TTOBEpXHOCTHIO
B ApusoHe [2]. OOHapyXeHHOe SIBJIeHUE MO3aHee
MOJTYYMJI0 Ha3BaHUeE JaIbHETO TPOIToc(epHOTo pac-
npocTtpaHeHust panuoBoiH (JITP).

B 1950 rony Bykep u l'opmoH onyGaukoBain
TEOPUIO paccessHUS paavoBOJIH B Tponocdepe [3],
KoTopast oobsicHsi1a sipneHue TP BlaumoneiicTBu-
eM BOJH C (QIYKTyallUsIMA AUBJICKTPUUECKON TTPO-
HUIIAeMOCTH Bo3ayXa. [ BBEIYUCICHUS CpeaHei
WHTEHCUBHOCTH TIOJIST, PACCETHHOTO B 3aJaHHOM Ha-
npaBjieHuu, B padoTte [3] onpeneneH «3(ppeKTUBHbII
MOTEPEeYHNK paccesTHusT» o . Eciam m3BecTeH 00beM
V obnactu HEOTHOPOAHO Cpebl, B KOTOPOI Mpouc-
XOIUT paccesTHUE, TO pacyeT MHTEHCUBHOCTH TIOJISI B
MecTe TIpHeMa CUTHAJIOB BBITIONHSIETCS IO XOPOIIO
W3BECTHBIM (opMyIaM paanoyiokaunu. B Teopum
Bbykepa u l'opmona o ompeaenseTcss BBIOpaHHOM
MOJICJIBIO  aBTOKOPPEISIIIMOHHON (YHKIIUA OTHO-
CUTELHBIX (DIYKTyalldil TUAIeKTPUISCKON TTPOHM-
IIAeMOCTH € BO3Myxa. PacueTsl OIS 3a paguoropu-
30HTOM TSI SKCIIOHEHIIMATLHOU MoIean (yHKIIUN
ABTOKOPPEJIAIINY TaT OOHaIEKMBAIOIINE Pe3yIbTa-
THI, M Ka3aJI0Ch, YTO OJWH M3 TJIABHBIX MEXaHNU3MOB
sieiieHust JITP HaiineH.

INepcriekTBa MCTIONMB30BAHUS YIBTPAKOPOTKIX
BOJTH JIJIST CBSI3U IAJIEKO 32 MpeaeIaMu IIPSIMOIA BUI -
MOCTH CTUMYJIMpOBajia aKTMBHbIE TEOPETUUECKUE U
SKCIepUMEHTATbHBIE UCCIIEAOBAaHMS BO BCEM MUpE.
TpyaHo Ha3BaTh IPYTyIO 00JIaCTh HAYKH W TEXHUKH,
KOTOpOI OBIJIO OBI TTOCBSIIEHO TaKOe KOJWYIECTBO
nyonukaiuii. WMHTepec uccienoBaTesneit «moaor-
peBajics» TeM, YTO HAaHHBIE Pa3HBIX IKCIIEPUMEH-
TaJbHBIX PabOT He COBMAIaiid, a BO MHOTHX CJIyda-
SIX TEOPETUIECKUEe pacdyeThl He MOATBEPKIAINCh Ha
npakTuke. Jloporocrosinne MporpaMMbl KCCIIeI0BA-
HUWI pacIInpsUTNCh, HO TIPUPOJA 3TOTO MHTEPECHOTO
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SIBJICHUSI ocTaBajlach HesicHoil. CTaHOBMJIOCH OYe-
BUJHBIM, UTO YYeTa TOJbKO (DIYKTYUPYIOLIEH YacTh
Koa(hGULMEHTa TPEIOMIICHUS BO31yXa HEI0CTaTOU -
HO.

TeopeTtnueckue vcciaeI0BaHUSI pacCesIHUS U OT-
paxXeHUsI OT CJIOMCTBIX HEOAHOPOAHOCTE TpOMoC-
(epbl Takke MPUBOIMIM K pe3yJbTaTaM, HErioXo
COIJIACYIOIIMMCSI ¢ JAHHBIMU Psia SKCIEPUMEHTOB.
BoisicHuoCh, 4TO CTeneHb BAUSIHUS Pa3HBIX Me-
xaHu3MoB [ITP 3aBUCUT OT BpeMeHU CYTOK M CE30-
Ha, a IS MHTEpIpeTaldu paccesiHusl TpeOyrTCs
JIOTOJIHUTEJbHBIE CBEACHUSI O TMPOCTPAHCTBEHHOM
pacnpeaeneHun €. HyxXHBbI craTucThueckue Xapak-
TEPUCTUKHU, CIIpaBEIIMBBIC ISl TEKYIIIETO MHTEepBaja
BpeMeHU (BBIOOPOUHBIE CTATUCTUKHU), (DYHKIIUU aB-
TOKOPPEISILIUU (DIYKTyalUid € , BBIYUCICHHBIE TAKXKe
JIJIS1 9TOrO MHTEPBaja, «<BepTUKATbHbBIN MPOPUIb» € U
ap. IToaTomy yacTh ucciieqoBaHU ObLTa HaMTpaBIeHa
Ha YTOYHEHUE CTPYKTYPHBIX OCOOCHHOCTEH TpOITO-
cepbl U U3MEPEHUE CTATUCTUUECKUX XapaKTepuc-
TUK TIPOCTPAHCTBEHHOTO pachpeneeHus AUdJIeKT-
PUYECKON TPOHULIAEMOCTH.

Cpenu onyOoJMKOBaHHBIX B 9TOT mepuon (1959
— 19651T.) paboT ecThb OYeHb MHTEPECHBIC ITyOJIM-
KallMK, CChUIOK Ha KOTOpPbIE YMTaTe/ib, HABEPHO, HE
HalIeT B COBETCKOM MOHOIpadMuecKoil Mianu Iepu-
oauyeckoi nutepatype. TpyaHO cKa3aTb, UTO TOMY
MPUYMHON — O0BEKTUBHbBIC MPEISTCTBUS WU YeJlo-
Beueckue ciabocTu.

MoxxHo Ha3BaTb, MO KpailHell Mepe, ABE TaKue
MyOoJIMKALMU, U KaXaash U3 HUX 3acay>KMBaeT BHU-
MaHMsI. DTU pabOThl OKAa3aJIu CYIIECTBEHHOE BJIMSI-
HUE Ha Hallli UCCeJ0BaHUS U B 3HAUUTEIbLHOI Mepe
onpeaeanau UX HampabjeHue. PacckasbiBas 00 3TUX
paboTax, XOTeJ10Ch Obl M30€XaTh HEBOJIbHBIX CPABHE-
HUIA, a TeM OoJiee — MPOTUBONOCTaBAeHUA... Bripo-
4yeM, BCe TTO3HAETCSI B CPAaBHEHUU.

3ABBITBIN JTOKJIALL

AXTUBHBIE UCCJIEIOBAaHUS CTPYKTYpPhI aTMoche-
pbl 1 OCOOEHHOCTEN pacnpoOCTpaHEHUs] PAAVOBOJIH
TpeOOBAJIM KOOPAWHALIMW YCWIMN YYEHBIX pPa3HbIX
ctpaH. B 1966 r. B MoCKBe COCTOSLICS MEKIyHapOI-
HBIIA KOJIJIOKBMYM, MOCBSIIEHHBIA aTMoc(hepHOi
TypOyJEHTHOCTU U PACIPOCTPAHEHUIO PATMOBOJIH.
Hoxunan HopBexkckoro ydyeHoro JI.T. I'seccunra «Pa-
TMO(MU3NYECKUE ACTIEKThl HEPETYJISIPHON CTPYKTYPbI
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atMocdepbl» [4] 0000IIan pe3yabTaThl UCCAEA0Ba-
HUI, BRITTOJTHEHHBIX UM B 1960 — 1964 romax.

Onupasick Ha Teoputo bykepa u 'opaoHa u pa-
ootwl JIX. batuenopa, [.T. 'beCCUHT MCIOMB30BAJ
BbIpakeHue 1 3(p(GeKTUBHOTO TMOMNepeyHrKa pac-
CesIHUSI G B CJIeAylollelt ussiHom opme:

ozgk“cp(K,z), (1)

rne k=2n/A, A — mmHa BonHbl, K=k,-k,,
[ko|=|k,|=k , k) 1 k; — BOIHOBBIE BEKTOPBI [TaJaI0-
u1eii u paccessHHoit BoH, ®(K,?) — npeobpasosanue
®Dypbe aBTOKOPPENSILMOHHONW (PYHKUIMU (IIyKTya-
Mt &(r) B MOMEHT BPEMEHH , T — PaIMyC-BEKTOD
TOYKM B objactu V, BHYTpU KOTOPOH MPOMCXOAUT
paccesiHue.
W3 onpenenenns K=k, -k, cienyer:

|K|=2ksin(6/2), )

rae 6 — yroa Mexay Bekropamu k, n k, (pucyHoK).

Ecnu o6beM obnactu V u3BecTeH, a paccesiHue
U3 pa3HbIX 3JIEMEHTOB 3TOI 00JIACTU HEKOTePEHTHO,
TO 3¢ deKTUBHAS TUIOIIAAL BTOPUYHOTO M3TYICHUS
Bcero oobema S=cl .

CpenHsisi MHTEHCUBHOCTD ToJi1 [ (TJIOTHOCTh
ITOTOKA MOIITHOCTH ) BOJIM3W MPUEMHOM aHTeHHBI BBI-
YHCsgeTcs 1o popMyie

PGS
(4n)’ RPR}

roe P, — MOIIHOCTb mepenatyuka, G — Koahdu-
LVEHT yCUICHWS aHTEHHBI Ilepefarunka, R u R,
— paccrosiHus oT objactu V' jgo nepenatyvka 1 u
MprueMHHUKa 2.

Tpacca pacnipocTpaHeHUsI PaJrOBOJIH

Ecnu addexTrBHAas II01aab IPUEMHON aHTCH -
HBI paBHa A , TO MOIIIHOCTb IIPUHSITOTO PACCESTHHOIO

CUrHajia
_ . PGSA _ PGoVA

C(4n) R} (4n) RIRS

B 3T0i1 popmysie Bce BeMIMYNHBI, KpoMme S , of-
HO3HAYHO OMNPEISIISIOTCH YCIOBUSIMU SKCITEPUMEH -
Tta. O0BeM V' TakKe MOXKXHO pacCYMTaTh, €CJIU U3BEC-
THBI Y, U Y, — IIMPUHA AXArPAMM HalpaBIeHHOCTH
anTeHH Ha ypoBHe 0,5. Takum oOpa3om, YTOOHI BbI-
YUCIUTh P, HyX)HO UMETb 3HAYEHUE © .
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J.T. I'beccuHT cTaBUT 0OpaTHYIO 3a1a4y: MO 13-
MEPEHHBIM 3HaYeHUsIM P, py pa3HBIX YIJIax pacce-
sHMA O Haiitu 6 ¥ Beryucauth ®(K) mo dopmynam
(1) u (2), mpuueM B TAKOM MHTEpBaJIe YIJIOB 0 , KOTO-
pble xapaktepHbl 1t JITP. DToT nHTepBan npubiau-

xeHHo cootBetcTBYeT 1° <0< 6" . Takoii myTh Ucce-
JIOBaHUsI aTMoc(epHOU TypOyJeHTHOCTU TpebdoBa
CJIOKHOTO OOOPYIOBaHMSI M TIIATEIBLHO TTOATOTOB-
JIeHHoro oakcrepuMmeHTa. IlnaH npegycmaTpuBai
BO3MOXXHOCTBb COTJIACOBAHHOTO TIepeMEIeHUs ara-
rpaMM HaMpaBJICHHOCTU MEPENAOIIECH U TTIPUEMHOUN
aHTEHH 10 a3UMYTYy 1 yriy mecta. [1pu aToM obsiacth
TepeceyeHMsT IarpamMm repemMeIianach 1o TOPU30H-
Taju, IO BEpTUKAIN, a TaKXKe I10 ayre, MPpUYeM Tak,
yToOBI IIMHA BeKTopa K ocTaBajiach MOCTOSIHHOM,
a ero HarpaBJieHMe M3MEHSUIOCh. IIpOTsSsKeHHOCTh
Tpacc coctapisia 340 km u 167 K.

B xome sKCIeprMMEHTOB MCCIEIOBAINCH TaKKe
MMPOCTPAHCTBEHHAs] HEOTHOPOIHOCTh TPOIOChEpHI,
JacToTa 3aMUpaHuWli, IMUpPWHA CIIEKTpa CHUTHAlAa U
JOTIJIEPOBCKUIA CABUT YaCTOTHI.

OOpaboTKa JaHHBIX OOIIMPHBIX BKCIIEPUMEH-
TaJIbHBIX Pa0bOT MpuBeJa K HEOXUJAHHBIM pPe3yJib-
taraM. Mckowmbiit criektp ®(K) mocne yepennenust
0 BCEeM CepUsiM HaOJIIOIeHU I anpOKCUMUPOBAJICS
3aBUCUMOCTbIO

oK)~ 7.

C y4eToM MaKCUMMAaJbHOTO BO3MOXHOIO M3Me-
HeHUs o0beMa V 1ipu u3aMeHeHUM O Moy4yuiiach 3a-
BUCHMOCTD

O(|KJ)~ &4, (3)

TOr/a Kak U3 Teopuu aTMoc(hepHoit TypOyJIeHTHOCTU
CJIeI0BAJIO OXKUAATh

<D(|K|)~ k—11/3 — k—3,66 . (4)

SIBHOe HecooTBeTCTBUE 3aBUcUMOCTel (3) u (4)
yKa3bIBaJo Ha TO, YTO BbipaxeHue (1) He yuyuTbhIBa-
eT Kakue-TO CylllecTBeHHbIe ¢akTophl. [lombiTKa
peleHus: 00paTHOM 3agauyu okKaszajgach HeydauHOM.
3aBucuMocTh (3), Kak oTMeudaeTcsl B padote [4], He
corjacoBajach U ¢ gaHHbiMu Kapoana u Punra o
pacnpocTpaHeHUU BOJH B HOPMaJbHO CTpaTUdU-
LIMpOBaHHOU Tponocdepe. He Halwm skcrnepuMeH-
TaJbHOTO MOATBEPXKACHUS U TIPEINOI0XKEHHUS O TOM,
YTO T0JIe 3a PAAMOTOPU3OHTOM OOYCJIOBJIEHO OTpa-
>)KEHUEM OT TOPU3OHTAIBHO OPUEHTUPOBAHHBIX CJIO-
HCTBIX 00Opa30BaHUIA.

OnuH U3 JI00O0MBITHBIX UTOTOBBIX BHIBOJOB pa-
0OTHl B IOCJIOBHOM TMepeBoje 3BYYUT Tak: «Ecam
WCTOYHUKAMU PACCESTHHBIX BOJIH SIBJISIIOTCS CJIOU C
CUHYCOUAAJbHOU BOJHOOOpPA3HOM CTPYKTYpO#l, TO
OTHOULIEHUWE aMITJIMTY/AbI K IJIMHE BOJHbBI B 9TUX CJIO-
SIX JOJDKHO OBITh OOJIBIINM, U JOJXKHO ObITh MHOTO
TaKUX CJ0EB, YTOObI OOBSICHUTD Pe3yabTaThl UCCIIe-
JIOBaHUsI OJAHOPOAHOCTU CpPedbl U XOHI 3aMUpaHMi
CHUTHaJIa».

BosmoxHo, pabory H.T. I'beccuHra mocturia
TUMMYHAS YYacTh MCCIEI0BAHUI ¢ OTpULIATEIbHBIM
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pesyabTaToM. HacropaxkuBaroliee HeCOOTBETCTBUE
TEOPUU U BKCHEPUMEHTA B TUX UCCIEAOBAHUSIX, K
COXaJICHUIO, HE CTAJI0 CTUMYJIOM JIJIs1 yTOUYHEHMSI Te-
OpUM paccesiHus BOJH B Tponocdepe. PesynbraThl
paboThl B TO BpeMsl OKa3ajauch He BOCTPeOOBAHHBI-
MU.

OTu ucciaenoBaHus GakKTUUECKU ObLIU MOIBIT-
KOW M3yyeHusi aTMocdepbl MyTeM AUCTaHLIMOHHO-
ro HaKJOHHOro 30HAMpoBaHMsA. K 3TUM Bompocam
paHbIIle WJIW MO3Xe MPUIETCS BepHYThCs, HO B 1961
— 1964 rogax mocTaHOBKA TaKOW 3aJayd OKa3ajach
npexaeBpeMeHHoi. Y Bce e HyXXHO OTaaTh J0JIK-
HOE TUJIAHMPOBAHUIO CJIOXKHOIO BKCIEepUMEHTa U
LIEHHOCTH MOJy4€HHOT0 9KCITePUMEHTAIbHOTO MaTe-
puana. [TpuunHbI Heymauu OTYACTU CTaJW TTOHSITHBI
3HAUUTEIBHO T103Xe, MPU PelIeHUU 3aJaur paccesi-
HUS BOJIH B 30He nudpakunn Openens. U torna ru-
1oTe3a 0 «BOJIHOOOPA3HBIX CIOSIX» MpUodpesia MHoe
3ByuaHue, a HabmoaeHust [1.T. I'beccuHra okasanuch
OYEHb MOJE3HBIMU B UCCIEAOBAHUSIX CTPYKTYPhI UC-
TOYHUKOB BTOPUYHOI'O U3JIyYeHMSI TIPU pa3HBIX CO-
CTOSTHUSIX TpOTIoC(ephl.

«HEN3BECTHASI» MOHOT'PA®USA

... Mamemamuueckoe u usuueckoe nonumauue
npobaemuvt uacmo udym pyka oo pyxy. Paccyscoenusamu
MamemMamuka 4acmo pykosooum ¢huzuueckoe 6000pa-
JceHue, a MmaK Hasvlieéaemble (husuveckue cooopaNceHus
OnuUpaOmcs, CO3HAMENbHO UAU Hem, HA OYeHb XOPOULO
noHamole U, c1ed08amenbHO, XOPOUL0 3HAKOMble Mame-
Mamuyeckue 3aKoHbL..."

Bce, koMmy noBesioch ObITh IEPBLIMU, 3HAIOT, Ka-
KOro Tpyda M HampspKeHUs CUI TpeOyeT JIro0oi Ho-
BbIIi HAYYHBIN pe3y/bTaT. B nepBbIX MCCIeI0BaHUSX
TaKOro MHOTOIUIAHOBOTO U CJIOKHOTO SIBJIEHUS, KaK
pacnpocTpaHEeHUE YIbTPAKOPOTKUX BOJH 32 Paauo-
TOPU30HT, HESICHBIX BOITPOCOB ObLIO CJIMIIIKOM MHO-
ro. HoBble aKCEpMMEHTAJIbHBIE TAHHBIE TTOPOXKITN
HOBBIE Borpochl. O0111ei YepToii BCeX TEOPETUUECKUX
paboT gBISIOCH TO, YTO siBjieHUe JITP onuceiBasioch
KaxXI0M U3 HUX JIMIITb YacCTUIHO. Cepbe3HOe pacXoXK-
JIEHVE 9KCIIEPUMEHTAIbHBIX TaHHBIX U PE3YJIbTATOB
TEOPETUYECKOrO aHAJIN3a BbI3bIBAJIO HEAOBEPUE pa3-
pabOTUMKOB armapaTypbl K TEOPeTUYECKUM paboTaM.
Bricka3biBaioch MHEHUME, UTO HAKOTIJIEHUE OMBITHBIX
JTAHHBIX OCTAETCS IIABHOU 3aaueil uccienoBaresieit.
Kak Bcsikast KpaitHOCTb, TaKOM IMOAXO JIMIIb CHUKAIT
YPOBEHb U LIEHHOCTb Pe3yJIbTaTOB MCCJIEIOBAaHUIA.

Ceiiuac, ynTast ONMUCAHUE «IUCTO IKCIIEPUMEH-
TaJIbHBIX» PA0OT, MOPOU TPYIHO MOHSATh, YTO UMEHHO
XOTeJl UCCJeNoBaTh aBTop. Ellle TpyaHee MCnoib30-
BaTb OMYOJIMKOBAaHHbIE MaTepualibl TUX HCCIEN0-
BaHUU TSI TIOCTPOEHUS] MATEMATUYECKOW MOJIEIU U
pacyeToB. Cpenaun «MOpsi» SKCIIePUMEHTAIbHBIX JaH-
HBIX IPUXOAUTCH OTOMPATH JIMIID T€, YTO MOJYyUYEHBI
B XOJlI€ XOPOIIO CIJIAHUPOBAHHOTO 3KCIIEpUMEHTA
U COMPOBOXIAIOTCH MOJAPOOHBIM €ro ONUCAHUEM.
HMHorma nmoucku HeIoCTalOIIMX MOAPOOHOCTEM Mpe-

"' JI. Bepc. MaTtematuyeckre BOIPOCHI JA03BYKOBOIt
M OKOJIO3BYKOBOI1 ra3oBoii auHamuku,/ Ilep. ¢ aHII. mon
pen. A.B. bunanze. — M.: NJ1, 1961, 208 c.
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BpalllalOTCSI B HACTOSIIEE «paccieloBaHue», KOTO-
poe 3aKaHYMBAeTCs TeM, UTO OOHAPYKMBAIOTCSI He-
TOYHOCTHU, OIIIMOKHU, a TIOPOM U CJIeAbI TYKAaBCTBA.

B nouickax akcniepuMeHTaabHbIX padoT mo TP
MBI B Xopou1o u3BecTHoii MmoHorpadum .C. nd-
puHa «Bompochl cTaTUCTUUECKON TEOPUM aHTEHH»
[5] obHapyXwm cChUIKY «[28]» Ha KHUTY «DKCITe-
PUMEHTAIbHOE UCCIe0BaHKe JalbHEro Tpornocdep-
HOTO pachpoCTpPaHEeHUS! YJIbTPAKOPOTKUX BOJH» IO
pen. A.C. llludpuna [6]. Obpatwinchk B LIEHTPaIb-
HYIO Hay4HYI0 0MOJMO0TeKy XapbKoBa — OUOJUOTEKY
um. B.I'. Koponenko. Takoit KHUTM TaM (KakK BbIsIC-
HWIOCH TMO3IHee, U B IPYTUX OOIIETOCTYITHBIX O1O-
JINOTEeKaX) HeT.

Ho Bor mepeno MHOI 3Ta, KOMITaKTHasl Kak
KOHCNEKT, KHUra u3 auyHou Oumommorekn A.C.
Iudpuna. Jaxe npu 6erioM 3HAKOMCTBE C KHM-
roii obpaiamT Ha cebs BHUMaHUe 00beM, MaciluTad
U TPOJOLKUTEIBLHOCTh BBITIOJTHEHHBIX aBTOpaMU
uccaenoBaHuii. CTpyKTypa KHUTM U UCCIAEAyeMble
BOMPOCHI XapaKTEepHbI CKOpee IS TeOPETUUECKUX,
a He YMCTO 3KCMepUMeHTalbHbIX padoT. ITo cymiec-
TBY, 3TO MOHOTIpadus, HalmMcaHHas 1o MaTepuaiam
CcOOCTBEHHBIX UCCeA0oBaHM aBTOpoB. Kak ke Takas
KHUTa ocTajlach «He3aMeueHHoi»? [louemy Ha Hee
MPaKTUYECKU HET CChLIOK?

bonee BHMMAaTenbHOE UYTEHUE JUIIb YCUJIWIO
5TU BOITPOCHI, TeM 0OoJiee, UYTO Mbl HAIILUIM KaK pa3 To,
YTO JABHO McKanu. TouHble, sicHbIe ()OPMYJIUPOBKH,
ucuepnbiBaroliass MHGopMalusi 0 MeToauke obpa-
OOTKM MEePBUUYHBIX JAaHHBIX, TOYHOE OMUCAHUE BCEX
YCIOBUI 3KcrniepuMeHTa... M cTpaHHOe olnylleHue,
YTO 3TU IpadUKU yXe Tae-TOo BCTpedyanauch. OKasbl-
BaeTCsl, YaCTh SKCMEPUMEHTAIbHBIX JAHHBIX U3 3TOM
KHUTH BOIIIa B XOPOIIO M3BECTHYID MOHOIpapuio
[7], m3manHyI0 TOmOM TT03Xe, B 1965 romy. U cHoBa B
o01IpHOM OUbIMOTpauuecKoM MaTepuaje K 3TOu
MoHorpacduu KHuTa [6] He ymoMmmuHaetcs. Bee meno,
OKasbIBaeTcsl, B HaAINeyaTKe Ha 00paTHOM CTOPOHE ee
0010XKH: «[Tpomaxe HE MOIJTEKUT».

OO0 rucTopry HaNMMCaHUSI 3TUX MOHOTpaduit pac-
ckasbiBaeT S.C. [IIugpuH B CBOUX BOCTIOMUHAHMSIX
[8]. Monorpadus [6] 06ob1IaTa pe3yIbTaThl Helpe-
PBIBHBIX MCCIIEAOBaHUI, KOTOpPbIe MPOBOAUINUCH Ha
Kadeape aHTeHHO-(UICPHBIX YCTPONCTB U pacIpo-
CTpaHEeHUs PaJIMOBOJH B APTUJUIEPUIICKON paauo-
TexHnueckoii akanemMun (APTA) ¢ 1956 o 1962 rog.
B 1956—1957 n 1961—1962 romax vcciiefoBaHKS BbI-
MOJIHSLIUCh COBMECTHO ¢ MOCKOBCKUM MHCTUTYTOM
pamnoasiekrpoHunkn AH CCCP no nmocraHOBJIEHUIO
npaBuTesbcTBa. D10 ObUIM TIEpBBIe B CCCP uccne-
nmosanus JTP Ttakoro macmrada. OcHOBHasI LieJIb —
BBISICHUTb ITyTU MMOCTPOCHUSI CUCTEM JabHE! CBSI3U
Ha YKB. [1nan paboTbl HEOTHOKPATHO YTOUHSIICS U
JornoJHsuics. B utore mporpamma paboThl OKazanach
3HAUUTENBHO IIMpPE, YeM B aHAJTOTUUHBIX UCCIIEA0BA-
HUSIX 32 PyOeXKOM.

OCHOBHBIE 3KCIEPUMEHTAIbHbIE PaOOThI ObLIU
BoITIOJIHeHBI B APTA 1 3aBepiieHbl B 1962 romy. 3a-
KaHYMBaJach TMUTaHTCKasl paboTa, CBsI3aHHasl C 00-
pabOTKOI «BpPYyYHYIO» TMEPBUUYHBIX JaHHBIX B BUIC
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3anuceil Ha OyMaxKHOI JIeHTe caMOTUCLEB 1 Ha ¢o-
TOILIeHKax el oBoro ocuuniorpada. Hakonuncs
OTPOMHBIN SKCNEPUMEHTATIbHBIN MaTepura, HOBbIH,
UHTEPECHBIN, U3J0XUTb KOTOPBI MOXKHO TOJIBKO
B KHure. [ToapoOHee o comep:kaHUM U pe3yJibTaTax
aTuX ucchaeaoBaHuii pacckasbiBaeT A.C. [lIndpun
B CTaTbe, MyOJIMKYEeMOI B 3TOM XKe COOpHUKE.

[TonbITKa M31aTH KHUTY B MOCKBE HATOJIKHYJIACh
Ha BCTpEeYHOE TpeUIOKeHWEe MOCKBWYEH HamucaTh
MoHorpaduio coBMmecTHO. Hameuasncst aBTOpcKuii
KOJUIEKTUB B COCTaBe 25 4ejoBeK, B TOM 4YUCIe U
psifia BeChbMa BUAHBIX YUEHBIX. 3aKpeNUTh aBTOPCTBO
OCHOBHBIX WCIIOJHUTEJICH 3KCIEPUMEHTAIbHOM,
caMoOil TPYyIOEMKOH 4YacTu paboThl, MOXHO OBLIO
eMHCTBEHHBIM ITyTeM — HallMCaHWEeM U U3JaHUEM B
KpaTyaiiime CpoKM COOCTBEHHO KHUTU B U3aTe I b-
ctBe APTA. U sta KHUTa BBINILIA B CBET B 1964 romy
Onarogapsi YCWJIMSIM PYKOBOIMUTENSI 3TOMl pabOThI
B APTA {.C. lllndpuna. Tenepp, kak rmieT A.C.
udpuH, MOKHO OBLIO B3SIThCSI 32 COBMECTHYIO pa-
00Ty C MOCKBHUYAMMU.

CornacoBaHue pa3HOPOAHOIO MaTepuala, Impe-
JIOCTaBJIEHHOTO 25 aBTOpaMHu, JIETJIO Ha TIJIeYr YeThl-
pex penakTopoB: b.A. Beenenckoro, A.M. Kanununa,
M.A. Konocosa u S1.C. Hludpuna. TpyaHasa padorta
3aKOHYMIACh M3maHueM B 1965 romy mMoHorpadumn
«JlanpHee TpomnocdepHoe pacnpocTtpaHeHne YKB».
DTa KHUTa XOPOIIO U3BECTHA BCEM, KTO TaK MU MHA-
ye 3aHuMaicsa Borpocamu JATP. B Heit paccmoTpeH
LIMPOKUIA KPYT BOMTPOCOB — OT 0030pa pa3HbIX TEO-
puil 10 MHXEHEPHOro pacyeTa TPOMocpepHbIX pa-
auonuHuii. OMHAKO U3J0XEHUE COBOKYITHOCTU BKC-
MEPUMEHTAJIBHBIX pe3yabTaToB ucciaenoBanus TP,
CTOJIb JIOTUYHO U MOCJIEI0BATEIbHO MPEACTAaBIEHHOE
paHee B paborte [6], B KHUTE |7] yTpaTHIIO CBOIO LIEJTh-
HOCTb.

Teopetnueckre M 3KCIepUMeEHTalbHbIE Pabo-
Thl MOXHO CPaBHUTb C XyIOXECTBEHHBIMU U JOKY-
MEHTaJbHBIMU KUHOGWIbMaMU. [lepBbie oTpaxkawoT
B3IVISIA, aBTOpa Ha MpobjieMy, BTOpbIE TMpeacTaBIsi-
10T co00li He cTaperoluii JoKyMeHT. C 3Toil TOUKU
3peHust MOHOTrpadus [6] HACTONIEKO MHTEPECHA, UTO
Mbl, TIOJB3YSICh KCEPOKOMUSIMU TpaUMKOB, 3HAEM,
YTO MOKA CYMEJU BOCITOJb30BaThCSl TOJbKO YaCThIO
coaepxaieicss B HUX uHdopmauuu. st Hac oco-
ObIii MHTepec TPEACTaBJSIIOT 3KCIePUMEHTAIbHbIC
JaHHBbIE O TIPOCTPAHCTBEHHOU KOPPEJSILIMUA TIOS
B MECTE pacCIOJOXEHUS] MPUEMHON aHTEHHBI, XOI
3aBUCUMOCTE TOTepb YCUJIGHUSI aHTEHH OT yIjia
paccessHUs1 U aauHbBl Tpaccwl JATP, 3anucu «MrHo-
BEHHBIX» JUarpaMM HampaBJi€HHOCTH, MOJYyUYeHHBIX
Mpu OBICTPOM BpallleHWU MPUEMHON aHTeHHBI, U UX
WHTEPIIpeTalus C TOUKU 3pEHUSI CTATUCTUUECKOM Te-
OpuM aHTeHH|[5].

Ha «xadeape paanmosaeKTPOHHBIX CUCTEM
XHYPD noutu 20 et BeayTcsl UCCAeAOBaHUSI, CBSI-
3aHHbIE C paccessHUeM paavMoBOJH B Tpomocdepe.
O6paTHoe paccesiHUe (YroJl paccesstHust 0= 1) usy-
yaeTcsl MPUMEHUTEJbHO K CUCTeMaM BepPTUKAJIbHOTO
30HAMpOBaHUsI aTMocdepnl. PaccesiHue paanoBOJH
npu 0<<1 HemocpencTtBeHHo Kacaetcs HATP. Pac-
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CMaTpPUBAIOTCS «IIPSIMbIE» 3a1a4M, CBSI3aHHbIE C pac-
yeTaMu PacCesIHHBIX MOJIei, N «00paTHbIe» — CUHTE3
MPOCTPAHCTBEHHON CTPYKTYpbl MCTOYHMKOB BTO-
PUUHOTO M3JIy4eHUsI 110 3aJaHHBIM XapaKTePUCTH-
KaM paccessHHoro nojs. Ilpu uccinemoBanum TP
[JIaBHOM 3a/1aueit ocTaeTcsl yTOUHEHWe MaTeMaTuJec-
Kux MozeJieit Tporocepnl. Crnenmduka pemaeMbIX
HaMM 3a/1a4 TAaKOBa, YTO BO MHOTHUX CJIy4asiX Mbl OMU-
paemMmcs Ha CTaTUCTUYECKYIO TEOPUIO aHTEHH, pa3BU-
tyto S1.C. IIugpuHbIM B yKe YIIOMUHaBILIecs pa-
oorte [5]. B yactHOCTH, TPU TEOPETUUECKOM aHAJIN3E
CTPYKTYpPbl PacCESTHHOTO MoJisi B 30He AU(paKiuu
dpeHerst MBI BOCITOIb30BaJINCh OUEHb JTFOOOTTBITHBIM
CBOICTBOM I10JISI COBOKYIMHOCTU CAy4YalHbIX UCTOY-
HUKOB C MaJIbIM paguycoM Koppensiuuu. Kputepuii
JlaJIbHEW 30HBI 3TUX UCTOYHUKOB, Kak moka3zan A.C.
uppuH, BHIMISIAUT TaK:

ﬁ<<k. ®)

Kiaccuyeckuii KpuTepuid, Kak M3BECTHO, 3Ha-
YUTEJbHO KECTYE:
L2

ﬁ<<)“'

B aTux dopmynax / — paauyc Koppessiuuu aM-
TUIMTYAHO-(a30BOro pacnpenejeHus MCTOYHUKOB,
L — nuHeWHBIi pa3mep 00JIaCTH, 3aHITOM UCTOYHM -
KaMM, A — JJIMHA BOJIHBI, R — paccTOSHUE OT 3TUX
WCTOYHUKOB JI0 TOUKU HaOI0IeHUSI.

HMccnenoBaHue MCTOYHUMKOB BTOPUYHOTO U3JTY-
YeHUs MIpM yIjax paccessHusi 6=m u 6<<1 mokasa-
JIO, UTO B 000MX CJIydyasix 9KBUBAJIEHTHbIE UCTOYHUKU
BTOPUYHBIX BOJH MOXHO OIMCaTh COBOKYITHOCTBHIO
JIMHEWHBIX CUCTEM CO CIyYallHbIMU BO3MYILIEHUSIMHU,
U3yYalolIMX BAOJIb CBOEN OCH.

ITpumeHeHue kputepus (5) mpu pacuerax cra-
TUCTUYECKUX XapaKTePUCTUK PACCESIHHBIX MoJiell B
3oHe nudpakurn OpeHerst TO3BOJUIIO CYIIIECTBEHHO
YIIPOCTUTD amrapar aHajiu3a U MCIO0Jb30BaTh COOT-
HOIIIEHUS U TEOPEMBI, MTOJyYeHHbIe B IPUOIMKEHUN
mudpakunu OpayHrodepa. B stom npubmmkeHun
ObUla HailiieHa CBsI3b MEXAY pa3MepoM amepTypbl
rnepenaroieil aHTeHHbl d W paiuyCoOM KOPpPEIsILUU
paccesgHHoro nosa p,. Oxasanock, 4to p,=d B
ciiyyae 6 =7, u IpUOJU3UTENTBHO TaKylo Xe 3aBUCH -
MOCTb CJIeJIyeT OXXMAaTh Mpu 0<<1 .

Camoe 11000MIBITHOE 3€Ch TO, YTO TaKasl CBSI3b
(p,~d) Obula yCTaHOBJIEHA 3JKCIIEPUMEHTAIBLHO
MPU MCCIEI0BAaHUM MONEPEYHOU KOPpEaILUK OIS
3a paJMOrOpM30HTOM aBTOpaMKM MOHorpaduu [6].
TpynHo cka3aTb, MaTeMaTUUECKOE WU (PU3UUECKOE
MOHUMaHKe MPOOJIEMbI TOOYINUIO aBTOPOB UCCIEI0-
BaTb 3TOT Bompoc. Elle oqHO BaxkHOe HabJ0IeHe,
OIMCaHHOE B MOHOIpaduu, KacaeTcsi 3aBUCUMOCTU
MoTepb YCWIEHUSI aHTeHH OT JUIMHBI TpornocdepHoit
Tpacchl. bblJIO YCTaHOBIEHO, YTO 3Ta 3aBUCUMOCTb
He MOHOTOHHas1, XOTSI Ha 3TO He yKa3blBajia HU OJHA
U3 U3BECTHBIX TOTAa Teoprid. B HallIux ucciaenoBaHu-
SIX M OlleHKax crycTs 6osiee 40 JieT Mbl TIPUILUIU K TEM
’Ke BbIBomaM. Ho 11t aToro morpeboBanoch 0oJee
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CTPOTO PacCMOTPETh paccesiHHOE MoJie B 30He AUd-
pakiyu dpenes.

3HauyuTeIbHOE BHUMaHUE B MOHOTpaduu yaese-
HO MCCJICIOBAHMIO CPEIHMX IUarpamMM HallpaBJIeH-
HOCTU U 3KCHEPUMEHTATLHOMY U3MEPEHUIO MOTEPh
YCUJIEHUSI aHTeHH B 3aBUCUMOCTHU OT pa3HbIX (haKToO-
poB. KpoMe BaxkKHOTO MPUKIATHOIO 3HAYEHUS, OTH
HUCCJIeIOBAaHUSI TTO3BOJISIOT MOJYUYUTh MH(pOPMALINIO
0 XapakTepe aMILIUTYIHO-(}a30BOro pacrpeacacHUs
HoJisl B MJIOCKOCTU amepTypbl aHTeHHBI. B Hammmx
HUCCJIeIOBaHUSIX 3Ta MH(OpPMALIUs HYXXHA JIJisl CpaB-
HUTEJIbHOM OLIEHKY CTaTUCTUYECKUX XapaKTePUCTUK
MoJieil, pacCesTHHBIX MO yriaaMu O =1 1 0<<1 .

B cucremax BepTUKaJIbHOIO 30HAWPOBAHMS aT-
Mocdepsl TIpu O =7 paccesiHHOE ToJie UMeeT SIPKO
BBIPAXKEHHYIO IISITHUCTYIO  CTPYKTYpY  («CIeKJi-
CTPYKTYypy»). [IpreMHass aHTeHHa HaXOAUTCS B Cy-
IIIECTBEHHO HEOAHOPOJHOM TTojie. B ciydae, Koraa
nepeammias U NpueMHas aHTEeHHbI WICHTUYHBI 1
PAaCIIOJIOXEHBI B HEMMOCPEACTBEHHOM OJIM30CTH, IT0-
TepU YCUJIEHUS COCTaBIISIOT oKoJo S nb. ITo pe3yb-
TaTaM U3MepPEeHU B paboTe [6], Takue ke YUCIeHHbIE
3HAYEHUS TTOTEePh YCUJICHUST HAOIIOJAI0TCS HA Tpac-
cax JITP. [To-BunuMmoMy, B 000MX CITydasiX CTaTUCTH -
YeCKHEe XapaKTepUCTUKU T10JIEf UMEIOT MHOTO O0IIIEe-
r0, XOTSI MEXaHU3MbI PACCESTHUS Pa3INYHBI.

ABTOpamMu MoHoTrpaduu MoApoOHO aHATU3UPO-
BaJIOCh OTJIMYME SKCHEPUMEHTAIBHO MOIYYEHHBIX
3aKOHOB paCIIPEeICHUsI OT PAJEEBCKOT0, MpUYeM
3TOT MpHU3HaK (mapameTp «M») MO3BOJSIT BHISIBUTh
npeobaagamInnii MeXaHU3M paccessHus. MTHTepeceH
BeIBO: «IIpu JITP MexaHu3m paccessHus Ha II100y-
JIIPHBIX HEOTHOPOMHOCTSIX HE SIBIISIETCS TOBJICIO-
IUM». OTU TaHHBIE BaXKHbI ceiiyac, KOraa Mbl TbITa-
eMCsI YTOUHUTh MOJEIU CTPYKTYphl Tpornocdepsl, ¢
KOTOPBIMH CBSI3aHbI 1 OTHOCUTEILHO BEICOKHME YPOB-
HU CUTHAJIOB, U UX CTaTUCTUYECKUE XapaKTePUCTU-
KH.

B Hammx momsITKax HaWTU MIPOCTPAHCTBEHHYIO
CTPYKTYPY UCTOUHUKOB BTOPUYHOTO U3TYUYCHUS TTPU
TP nsg pa3HbIX COCTOSIHUI Tpormocdephbl MBI TT0JTb-
3yeMCsl OYeHb MHTEPECHBIMU pe3yJbTaTaMU HCCIIe-
JMOBAaHWI YIJIOBOIO Pa3HECEHHOro MpHeMa U MTHO-
BEHHBIX JMarpaMM HalpaBJICHHOCTU IIPUEMHONI
AHTEHHBI.

VI10BOI pasHeceHHBI TpueM B paboTe [6] mc-
cJiefloBaH MPUMEHUTENIBHO K ccTeMaM Tporocdep-
HOW cBs3M. [TosydeH BaxKHBII MPaKTUYECKWA BBIBO/:
NpPUMEHEHHE TaKOTO MyTHU OOPLObI ¢ 3aMUPaHUSIMU
11eJ1ecoo0pa3Ho MpU MpueMe caabbiX CUrHaI0B. YTo-
OBI ITOJIYYUTh TAKOU pe3yJIbTaT, IPUIILIOCH ITPOIEIaTh
OOJIBIIIYIO U CJIOKHYIO padOTY: CIIPOEKTUPOBATh U 13-
TOTOBUTH ABYXKAHAJIbHBIA pa3aBUKHOMN MEPBUYHbBIA
o0Osyyatesib, HCCleIOBaTh AU(PPAKIIMOHHYIO Kap-
TUHY B (POKAJTBHON MIOCKOCTU aHTEHHBI U YIIOBYIO
KOPPEJISILNIO0 TIPUHMMAEMBbIX CUTHAJIOB B PEAJbHBIX
YCIOBUSIX TpOIochepHOil CBSI3U. A 3TU JaHHBIE Cy-
IIECTBEHHBI U1 YTOYHEHUST MaTeMaTUYECKOU Mojie-
JI 00JTACTU pacCesTHUS.

OtaenbHbI  pasfaen MoHorpaduu MOCBSIIEH
HCCIIEMOBAaHUSIM «MTHOBEHHBIX» AMarpaMM HallpaB-
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JICHHOCTH, TOJYYEHHBIX MPU OBICTPOM BpalllcHUU
MPUEMHOI aHTeHHBI B TOPU30OHTAJIbHON TJIOCKOCTH,
B YCJIOBUSIX 3aKPBITHIX TPOIOC(HEPHBIX TPACC PacIpo-
cTpaHeHus paauoBojH. CepuM 3amuceil Juarpamm,
cHaTble ¢ uHTepBaniamMu 10 cu 20 ¢, conepxat nHdoOp-
MalMIO U O MPOCTPAHCTBEHHOM CTPYKTYpe paccenBa-
Io11Ieli cpenbl, U 0 ee AuHaMuke. [TpuBeneHbI pe3yib-
TaThl 00paboTKkM okoo 1000 guarpamMm, 3anMCaHHBIX
Ha doToIIeHKax 1nieiioBoro ocuuiorpada, u nx
aHaJu3 C TOYKU 3peHUST CTAaTUCTUYECKON TEOPUU aH-
TEHH.

CoxpaHuBLIasicad 4acTh (POTOCHMMKOB, OTIEeYa-
TaHHBIX C ATUX IJIEHOK, ceifuac JIt00e3HO MPeaoCTaB-
JieHa Ham 11 pa6oTthl A.C. IudpruHbiM. MBI TIbITa-
eMCsI TIOJYYUTb U3 3TUX 3allUCeil JOMOJHUTEIbHYIO
nHGOPMAIIUIO O CTPYKTYpe Tporochepbl B 001acTH,
IJIe TIPOUCXOAUT paccesTHUE BOJIH 32 PAAUOTOPU30HT.
3agaya oueHb CJIOXKHA, U TPYIHO Mpeacka3aTh OXu-
JaeMblii «BbIxoa». Ho mepBbie pe3yabTaThl MoKa3au,
YTO OHA He Oe3HaaeKHa, U MOXET ObITh, HAM yIACTCS
OOHAPYXUTb CJAEAbl TeX «BOJHOOOPA3HBIX CIOEB», O
KOTOpBIX roBopwiI I'beccuHr [4].

Mbl ynoMuHaeM 3[eCh O HallMX paboTax Julllb
JJIT TOTO, UTOOBI MOJYEPKHYTh, HACKOJBKO aKTy-
aJlbHbl CEroJHsI 3aTPOHYTbie B MOHOTpaduu BOII-
pochl. LleHHOCTb McclenoBaHUIT CBSI3aHA U C TEM,
YTO MHOTME 3KCIEPUMEHTHI CTaBUJIMCh Ha OCHOBE
TEOpPETUUECKOro Toaxoaa K mpobaeme. Jlo Bbixoaa
B cBeT MOoHoOrpaduu [6] yxke ObUIM OITyOJUKOBAaHBI
teopeTrnueckue padortsl S.C. Illudpuna, ocsemiaio-
LIMe HEKOTOPbIe BOMPOCHI CTATUCTUUYECKOW TECOPUU
aHTeHH. BausiHue 3Tux paboT mpocexkuBaeTcsl U B
aKcnepruMeHTanbHbIX uccaenoBaHusix A TP. TTosto-
My TIOJIydeHHBIe B paboTe [6] aKcIepMMeHTalIbHBIE
pe3yabTaThl MOJACKA3bIBAIOT MOCTAHOBKY HOBBIX T€O-
peTUYeCKUX 3aJa4 U TTOMOTaloT YTOUHUTh UCXOIHBIE
JaHHbIC JJIS1 UX PeIIeCHUS.

K »3TuM KOpPOTKUM 3aMeTKaM HY>KHO J100aBUTh,
YTO YMTATeIW KHUTU (KOMY YIajJoCh €€ MpPOuYecThb)
OnarogapHbl aBTOpaM MoOHorpaguu 3a TO, YTO WUH-
TEPECHEMIININ DSKCIIEPUMEHTAIbHBI MaTepuall He
«yllIeJ» TIBIUThCSI B apXMBBI, U YTO KHUTA HarucaHa
JUJIS. YATaTesIsl, YTO BKCIEpUMEHTATbHbIN MaTepual
HaJeXXHBIN 1 JOOPOTHBIN, UTO TeXHMKA U3MEPEHUN 1
MeToJaMKa 00pabOTKU JaHHBIX OMMCAHbBI C UCUEPITI-
BAIOILEY TOYHOCTBIO U ITOJTHOTOM.

B 2009 roay ucnonaHuiock 45 €T BbIXoJa B CBET
9TOi1 TIepBoii MoHorpaduu 1o TP, HanmrcanHoI 1o
MaTepuajgaM COOCTBEHHBIX MCCJIEIOBAHUI aBTOPOB.
B Heit cogepxaTcst 00001IeHHbIE SKCIIEpUMEHTATb-
Hble JaHHbIE 1I0CTATOYHbBIC IS TPOSKTUPOBAHUS pa-
JUOJIMHUI TporocgepHOli cBsI3U. DTa 1eb PadoThl
JIOCTUTHYTA.

Ho Ha ee cTpaHuiax, B Tabiuilax v rpadukax
XpaHUTCS ellle MHOTO OOBEKTUBHOUW MH(OpMAaLIUH,
oXuaarolleil gaapHelero aHaiu3a. Bo BBeneHUM K
MoHorpaduu chopMyarMpoBaHa OJHA U3 LieJIeil — To-
JIydeHUEe pe3yJbTaTOB, HEOOXOAUMBIX «IJIsl TIPOABU-
JKEHUST BIIepel TEOPETUYECKUX UCCIeI0BaHUM, st
co3naHus 0osiee COBEPIIESHHOM, UeM CYLLIECTBYIOIIIE,
teopun JITP». U aTa 11esb Takke AOCTUTHYTA.
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KHura ceronHst BoctpeboBaHa 1 OyIET Hy>KHA U
MoJie3Ha 10 TeX Mop, MoKa MpoAOJKAIOTCS UCCAEeN0-
BaHUS pacpocTpaHeHusI BOJH B Tponocdepe.

Imu ouepku noceaujaromes 90-remuro Hdxoea Co-
nomonosuya llugpuna, evioarouecocs yuernoeo u neda-
202, 0CHOBONONOICHUKA CIAMUCIMUYECKOI Meopul aH-
MmeHH, 8KAA0 KOMOPoe2o 8 pazeumue meopuu aHmMeHH U 8
uccaedoganus 0anvHeco MponocgeprHoco pacnpocmpa-
HeHUs: paduososH mpyoHo nepeoyesums. /s nac 60aw-
was u pedkas yoa4a — umems 803MONCHOCMY 8 A1000e
epems oopamumuca k Hxosy Conomonosuyy c onpocom
uau 06cyoums pesyavmamsl Hawux pabom. Hecmomps
Ha eblcoKull HayyHblil pane Sdkoea CosomoHosuua, 00-
wamocs ¢ HUM Aeeko u npocmo. Takue ecmpeyvu u bece-
Obl 6cee0a npoOyKmueHbl U UHMEPECHbL.

Brumanue, ¢ komopvim A.C. omnocumes Kk Hauum
pabomam u HAQWUM MPYOHOCMAM, GbI3bIGAEM Y)ECMBO
UckpeHHell baaeooapHocmu emecme ¢ YOugaeHuem U He-
N08KOCMbI0. YOU8UmMenvHo, CK0AbKO 8peMeHlU yoeasem
A.C. anaauzy u nodpobromy pazbopy Hawux pabom.
FEeo be3ycrognas dobposicesamenbHOCMb U 20MOBHOCHb
HOMOYb eCIeCMBeHHbIM 00PA30M COBMeuaromes ¢ mpe-
008amMeabHOCMbI0 U NPUHUUNUAALHOCMBIO 8 HAYYHbIX
eonpocax. Hukaxas owubka uiu nHemouHocms He yc-
Koawb3aem u3 noas 3perus Hxoea Coaomonosuua. He-
KOmopble e20 3aMe4aHusi U COBembl MOJICHO NOBMOPSMb
Kak agopuszmol. *)

A npurouty nodbopku cmameil u pedkoil aumepa-
mypul, nodeomoesaeHnvle 01 Hac Hdxkoeom CoaomoHo-
suuem, N0OPOOHO paAcCKa3bleal 0 Haulux becedax ceo-
UM NOMOWHUKAM — achupanmam. Jlyuuieeo npumepa
OMHOUIeHUs K HAYYHOU pabome u 6HUMAHUs K padome
Koae2 OHU He Haildym.

Mot cepdeuno nozopasasem Arxosa Conomonosuua
¢ robuneem, jcenaem 300p08bsi U 0042UX A€M CHOAb Jice
AKMUBHOIl HAYYHOU 0esAMeAbHOCHU.

*) [Tonbopka uutat u ahopu3mMoB OyIeT OMyOJIMKOBA-
Ha B CJIeIyIOIIEeM I0OMIeHHOM BBITTyCKe KypHaJa.
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PASPABOTKA AHTEHHBIX PEIIIETOK B OAO «PAINOPU3NKA»

CA.TAHHH, BA. MAKOTA, AM. IIHTHKOB, A.B. LTUIIIJIOB, A.I' IIYEOB

Ha npumepax KOHKpETHBIX pa3paboToK (a3upoBaHHBIX aHTEHHBIX peleToK (PAP) paccMoTpeHbI 0COOEH-
HOCTH KOMITBIOTEPHOTO MOIEIMPOBAHUST MAO3JIEeMEHTHBIX M MHOTroajieMeHTHBIX DAP. M3moxeH ombiT
kamnopoBku PAP. [MpuBeneHbI pe3yabTaThl JOCTUTHYTOTO HU3KOTO YPOBHSI OOKOBOTO M3JIyYeHUs B IMa-

I'paMMax HaIIpaBJI€HHOCTU aHTCHH.

Features of computer simulation of minor-element and multi-element Phased Array Antennas (PAA) are
considered on examples of concrete projects. The experience of PAA calibration is set forth. Achieved results

of low side lobe level of radiation pattern are shown.

1. CTATUCTHUKA I10JI1 AHTEHHBIX
PEHIETOK

IIpy pa3pa®oTke aHTEHHBIX PENIETOK IPUXO-
JUTCSI pellaTh JOBOJBbHO IIMPOKMUI Kpyr 3amad. B
3aBUCUMOCTU OT MPEIbsBISIEMbIX TPEOOBaHUI BbI-
OupaeTrcsl cxema MOCTPOCHUSI aHTEHHOW pelleTKU 1
€€ KOHCTPYKILIMSI, IPOBOJUTCSI €€ MaTEMATUYECKOE 1
SKCTNIEPUMEHTAILHOE MOJIeIUpOBaHuE. BaXHbIM 3Ta-
OM pa3pabOTKU SIBJISIETCS CO3MaHUE TEXHOJOTMYEC-
KOTO TIpoliecca U 000pya0BaHUs, U3TOTOBJIEHNE aH-
TE€HHbI, a 3aTeM €€ HaCTpoiiKa 1 UcTibITaHus. B 3agauy
Koncrpykropckoro 6ropo pamuornpuoopoB (KBPII,
HbiHe OAO «Paguodusukar), Kak IpaBua0, BXOAUT
BECH MOJIHBIM LIUKJI pa3pab0TKK OT 3apOXKIECHUS UIEU
1 HGOPMYJUPOBKU MPUHIIMIIOB TOCTPOESHUSI AaHTEHHbI
JI0 ee caaur 3aKa3uuKy.

OXBaTUTh BEChb 3TOT KPYr MpoOJeM U UX pelle-
HMIA B OTHOI CTaTbe, €CTECTBEHHO, HEBO3MOXHO.

ABTOpBI COUYJIU 1I€JIECO00Pa3HbIM OrPaHUUYUTHCS
PacCMOTPEHUEM B OCHOBHOM OJIHOM 3a1a4u — IyTEN
JIOCTUXKEHUS B AaHTEHHBIX PELIETKAX HU3KOTO YPOBHS
OokoBoro uznydeHus. PemeHue naHHOI npoOJeMbl
TpedyeT co3AaHusl KOHCTPYKLMI aHTEHHbBIX PELIETOK
C >KE€CTKMMU JI0MycKaMu, (hOPMUPOBAHUS B SJIEMEH-
Tax peleToK aMIUIMTYIHO-(a30BbIX pacnpeneseHuit
C MaJIbIMU MOTPELIHOCTIMMU, UCITOJb30BAHUS JOCTA-
TOYHO TOYHBIX METOMOB KaauopoBku MAP, 3HaHUS
MEXaHU3MOB M CTEIMEeHU BJIMSIHUSI Pa3JIUYHBIX TMOT-
pEeITHOCTEN Ha XapaKTepuCcTHKY naaydeHus OAP.

DTU BONpockl ObLIU Pa3BUTHI B CTATUCTUYECKOM
TEOPUM aHTEHH U Teopuu Kannoposku DAP, co-
snaHHbIX S1.C. [lludpuHblM U ero wmkojoi. JIpyrue
acrexThbl nesreabHocTh SIkoBa CoJIOMOHOBUYA MBI
3/IeChb pacCMaTpUBaTh HE OyAeM.

Ectb MHOTO mpuMepoB TOMY, KakK Ta WU WHasl
00J1aCTb HAayKU U TEXHUKU OTOXIECTBIISIETCS C UME-
HEeM OJHOTro YUeHOro, BHECIIIEro B Hee HauOO bIITN
BkJaa. CraTucTuyeckasi Teopusi aHTEHH — 3TO 00-
JIacTh, KOTOpasi Hepa3pbIBHO cBsi3aHa ¢ uMeHeM S.C.
ndpuna. OH 3aHs B HEW TUAMPYIOLIEEe TTOJOXKEe-
HUe mocje Bbixoga ero MoHorpaduii «CraTuctuka
MOJIsI TMHENHOM aHTeHHB» (1962T1.) [1] 11, 0coOGeHHO,
«Bormpochl cTtaTucTUueckoi Teopuun aHTeHH» (1970
r.)[2]. IlocneaHsiss crajga HACTONBLHOM KHUIOMN KaxK-
JIOTO MHXKeHepa — pa3paboTyrka aHTeHH. K aToi1 Te-
matuke A.C. HIudpuH obpaiiiaetcs Ha MPOTSKEHUU
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Bceil cBoeli aesareabHocTd. B 1997 r. uzmarenabckoe
npeanpusitue «PagnorexHuka» BoiycTuiao «Crpa-
BOUHMK I10 aHTEHHOU TeXHMKe» Mo OOIel pemak-
uueit JI.II. baxpaxa u E.I'. 3e1kuHa, B KOTOPOM IJia-
Ba, TMOCBSIILIEHHAs CTAaTUCTUYECKON TeOpUM aHTEHH
[3], nanucana A.C. [lugpunsiM. B 3T0Ii rnaBe aB-
TOP 000011 MHOTHE BaxkHbIe pe3yabTaThl Mo CTA,
MoJlydeHHble UM M ero ydyeHukamu rocjie 1970 r.
Ho S.C. IludpuHa B oIyOJMKOBAaHHBLIX padOTax
paccMaTpUBaIUCh BOIPOCHI CTATUCTUKU AOMYCKOB
MPUMEHUTEJIbHO K TeM WJIM UHBIM KOHKPETHBIM TH-
naMm anTeHH. f.C. [ludpuH npenioxuin Hauboiee
o0 MOAXOA K M3YYEHUIO BIMSHUS CIy4yailHOCTEe
B aHTEHHAX Ha MX XapakKTepucTuku. B paborax [2, 3]
OCHOBHOE BHUMaHME yIeIeHO U3YYEHUIO CTATUCTUKU
TOJIs1 HETIPEPBhIBHBIX aHTeHH. CTaTUCTUKA MOJST aH-
TeHHBIX PEIIETOK pacCMOTpeHa B 003ope [4]. Paspa-
0OTKa aHTEHHBIX PEIIEeTOK 3aHMMAET 0CO0O0 BaxKHOE
Mecto B TemMatke OAO «Pamnodusmka». CBoeoO-
Ppa3HBIM «KaMePTOHOM» IIpU 3TOM cTyKUT CTA.
ADY uzpemmii I3 u J13Y. OqHa 13 caMbIX TTEPBBIX
3ama4d MpeanpusiTUsl cocTosiia B MPOEKTUPOBAHUM
KPYMHOAMNEPTYPHBIX AHTEHHBIX PELIETOK W3ACTIUIA
A3 n I3V, KkoTopoe oCylIeCTBISIIOCH IIPU TOJIOBHOM
poau HWUMN nanbHeit panuocBsi3u. B 3Ty rogsl mipe-
crosiio coBepiuuTh ckauok oT PJIC cpeact I[TBO k
CTaHLIMSIM MPOTUBOPAKETHOI 000pOHKI. B TO Bpems
oOHapyXXeHHe M COIPOBOXKIECHUE CAMOJIETOB OCY-
LIECTBISIOCh CTAHLIMSAMU C MEXaHUYECKUM TOBO-
poTOM KaOWHBI C MpUEeMO-TiepeaaloIMMU YCTPOiic-
TBAaMM U, KaK IPABUJIO, C 3€PKAJIbHON aHTEHHOM,
umetonieii packpbiB 10-12 M. JI1st ctaHUM TajlbHETO
o6HapyxeHus1 ITPO noTpeboBaiuch cTallOHApHbIE
KpYMHOANepTypHbIe aAHTEHHbI C BJIEKTPUUECKUM
cKaHMpoBaHMeM Jiyya. Mmest mocTpoeHus1 onHOR U3
TaKMX CTaHLMU TpUHAIeXxana, MOJIOAOMY TOraa,
tajaHTIuBoMy [naBHoMy KoHCTpyKTOpy wu3menaus
A3 Bnagumupy IlanteneiimoHoBuuy CoCyJbHUKO-
By. Ero 3amecruresiem mo anteHHam ObU1 Bianumup
IMopdupseBuu Bactokos. B 1959 r. Ha TexHYeCKOM
copemianun B HUMIAP Binanumup Ilanteneiimo-
HOBUY U3JIOXKWII COAEpXKaHUE CBOEro MpoekTa. MHo-
I'MM YMYIPEHHBIM OMBITOM CHeLUAINCTaM, TIPUCYTC-
TBOBABIIVMM Ha 9TOM COBEIIaHWU, Ues TIOCTPOCHUS
HOBOI CTaHILMM MOKa3ajach TOrIa KpacuBOM, HO
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HEOCyIlIeCTBUMOI MeuToil. [Ipyrasi yacTb, B EPBYIO
odepeb, MOJIOABIX MHXKEHEPOB - TIOBepHJIa B 3TO!

ITorpeboBanack paboTa MHOTMX KOJIJICKTHBOB,
yTOOBI UCXOAHAas uaes Oblta peanu3oBaHa. ITokasza-
TeJIbHO, YTO OOJMK CO3MaHHOW CTAaHIIMUA Majo 4eM
OTJIMYaeTCs OT NnepBoHavaibHOro 3ambiciia B.IT. Co-
CYJTBHUKOBA.

3a KOHCTPYMpOBaHWE aHTEHH, CO3MaHUEe 00-
mupHOi Koomepaunn Kb, kpymHeWmmx 3aBomoB
CTpaHBl 1 MOHTAXXHBIX OPTaHU3AINI B3SIJICS BBIITYC-
kHUK Pu3texa - mupektop KBPII I'eopruii 'purops-
eB1uY byOHOB.

KpymmHoamnepTypHble aHTeHHBIE PEIIeTKN U3MIe-
qmii A3 u A3V [5], [6], KaK 1 camu U3[e/IsI B LIEJIOM,
He UMEIOT aHAJIOTOB B MUPOBOI TTPaKTUKE.

Ilpuemnas anteHHa wusmenus 3 mnpeacras-
Jisiaa co0oi COOpyXeHue C JUIMHOUW amepTyphl U ee
BbicoToi Topsinka 100 M. Ha puc. | mokazaHbl 1Be
MIpreMHBIe aHTeHHBI, CMOHTUPOBAaHHBIC Ha €IWHOMN
METaJUIOKOHCTPYKIIMM U OPUEHTUPOBAHHBIE B TIPO-
TUBOTIOJIOKHBIE HATIPABJICHMSI.

AHTeHHa (opMHUpoOBaja Beep y3KUX JIydeit B yT-
JIOMECTHOM TIOCKOCTH Ojlaromapst muarpaMModop-
MUpYIoIIeit TuH3e. YacToTHOe CKaHUPOBaHME JIydeit
B a3UMYTaJIbHON IUIOCKOCTH 00eCTIeYMBAIOCh JIH-
HeifilkaM1 BOJTHOBOJHO-IIEJIEBBIX M3TydaTesleil. DTn
JIMHEWKH, 00pa3yIolIne HEITOCPEICTBEHHO arepTypy
AHTEHHBI, SBJISIOTCS €€ KIIIOUYeBBIMU 3JIEMEHTAMM.
OHM BBITIOJTHEHBI Ha OCHOBE BOJTHOBOIOB C 3aMe/l-
JIsSTtolei meproandeckoit cTpykrypoit. IlocnenHsist
HeoOXxoanMa IJIsk TOro, YTOOBI 00€CIIEYNTh BHICOKYIO
KPYTU3HY YIJI0YAaCTOTHOM XapaKTePUCTUKHM CKaHU-
pOBaHMs JIyya IPY OTHOCUTEIHHO Y3KOI TTOJI0Ce Yac-
TOT TIPUHUMAEMOTO CUTHaa. JumarpaMMogopMupy-
olllast TMH3a BUAHA Ha pUC. | ¢ TBUIBHOI CTOPOHBI
Hecylllel MeTalJIoKOHCTpyKiuu. JIunza [7] coeau-
HeHa ¢ JMHeKaM1 aHTeHHOTO TOJIOTHA KOaKCHaJhb-
HBIMU JIMTHUSIMU paBHOU JUIMHEL. B To Bpewmst, Ha oc-
HoBe noctkeHuit S1.H. ®@enpaa u ero copaTHUKOB,

JuarpaMMoo0Opasylolue MaTpulibl Ha (UAEePHBIX
JIMHUSX CTAJIM BCE Yallle BBITECHSIThCS YCTPOMCTBaAMU
KBa3UOITUYECKOTO TUIA, BBITTIOJHEHHBIMU Ha OCHO-
Be TapasjIeibHbIX METAUIMYECKUX ITOBEPXHOCTEIA.
BolpaBHMBaHUE 2JEKTPUUYECKUX JIMH MYTEl B HUX
OCYIIECTBIISIOCH OJlarofmaps «CKJamKe» B CHCTEMeE
racTuH. [ TaKkoro BHICOTHOTO COOPYXKEHMSI, KaK
uzaeaune /13, Morjia UCIoib30BaThCsl TOJBKO TJI0CKast
KOHCTPYKLMSI JIMH3bI, KOTOpasi Oblla MpeaioxkeHa
B.E. bonkoBckum, I''A. KorenbHukosoii u A.T". Iy-
ooBeIM. OHa Obl1a peajy3oBaHa B m3feausax /3 u
J3Y onarompapst coBmecTHbIM ycuausm HUWUIAP u
«Pagmodpusuku» B 1960 - 1964 rr.

JIvnser n3pemmii J13 n J13Y no cux mmop ocraiorcs
CaMbIMM KPYMHBIMUA B MUpE YCTPOWMCTBAMU MOA00-
HOTO TUIIA.

Ha puc. 1 cnpaBa BugHbI (pparMeHThl KOHCTPYK-
LIMKU PAIMOIIPO3PAYHOTO YKPBITUSI (BBIMOJHSIIOLIETO
TaKKe pOoJib MOJSIPU3ALMOHHOTIO (DUJIbTPA) U OIOP
JIJISI €70 YCTaHOBKM.

Ilepenatoiiasi aHTeHHa cocTosla M3 aHaJO-
TUYHBIX BOJHOBOJHO-IIENEBBIX JIMHEEK, MUTAeMbIX
¢daszupyeMbIMU YCUJIUTEISIMU OOJIBIION MOIIIHOCTH.
IMockoabky uzgenus 3 u JA3VY npeactaBisiioT co-
601t PJIC HenpepbIBHOTO U3IyYeHUSs, iepeaaroiasi u
MpUeMHasi aHTEHHBI pa3HECEeHbl Ha pacCTOsIHUE 3 KM
Ipyr oT apyra. YtoObl oOecreyuTb HEOOXOAUMYIO
Pa3BsSI3Ky MeXIy MPUEeMHON U Mepenarolieil aHTeH-
HaMM, ObLIM TIPEAbSIBICHBI UPE3BbIYAHO KECTKUE
TpeOOBaHUSI K YPOBHIO O0KOBLIX JienecTkoB (YBJI) B
X AuarpaMmmax HampasieHHocTu (JIH).

KpynHoanepTypHyl0 aHTEHHY, COCTOSIIYIO U3
(YHKLIMOHAIBHBIX 3JIEMEHTOB OOJBIINX Pa3MepoB,
MPUXOAUTCS CTPOUTh M3 OTAEJbHBIX 0J0KOB Pa3-
Mepbl OJIOKOB, SIBJISIFOTCS BeChbMa BHYILIUTEJIbHBIMMU.
ITpu BeIOOpe MX TrabapUTOB MPUXOAUTCS YUUTHIBATh
BO3MOXHOCTHU 3aBOJCKOM TEXHOJOT MU U3TOTOBJICHUS
MPOTSIKEHHBIX KOHCTPYKIIMI ¢ 3aJJaHHOM TOUHOCTbHIO
U UX TPAHCIIOPTUPOBKY Ha OOBEKT MOHTaXKa.

\Y

Puc. 1. Ocku3 npueMHoM aHTeHHBI u3neaus J13
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3amenssionasi CTpyKTypa B JIMHEeKax MpeacTaB-
JISIET cO0O0M MEPUOIUUECKYIO CUCTEMY MEPEropoaok,
BIIastHHBIX B MOJIOCTb BOJTHOBOJA. JIOMyCKU B 3aBU-
CUMOCTU OT KOHKPETHOI'0 pa3dMepa KoJIeOJITCsl OT
JIECSTHIX IO COTHIX J0JIel MUJUTMMETpa IIpHU TTorepey-
HOM CceuyeHMU BOJTHOBoJA Topsiaka 1 M x 0.5 M u ero
ob6meii mrHe 100 M. CymMapHast JuTMHa BOJTHOBO/I -
HO-11IeJIEBbIX JTUHEEK AJIS1 OMHOM MPUEeMHOI aHTEeHHBI
n3nesms 3 coctaBuia 20 KM.

JI71s1 UIBrOTOBJIEHUSI TMHEEK ObLI MTOCTPOEH Crie-
LMaJu3upoBaHHbIM 1ex. WM3anyuaromme nauHEHKH
ObUIM pa3jie/ieHbl Ha OTAEAbHbIC CEKIIMU JJIMHOM § M.
Mx usrotosiaeHue ObLIO aBTOMATU3MPOBAHO U 00ec-
MeYrBaJIO BBICOKYIO TOYHOCTh. JIMHEKN yKOMILIEK-
TOBBIBAJIMCh B YHU(ULMPOBAHHbIC MapaebHbIe
psiibl, KOTOPbIE UCITOJIb30BAINUCh TTPU MOHTAXE aH-
TeHHBI B 1IeJJoM. OKoHYaTenabHasg oopaboTka ¢JiaH-
LIEBBIX COCAMHEHU CEKILINI, YCTAHOBJIEHHBIX Ha 00-
11Ie#1 pame, OCYILEeCTBIsJIach B TEPMOCTATUPOBAHHOM
nomelueHuu. st usMepeHuii mapaMeTpoB CeKIUit
ObUIM U3TOTOBJICHBI U OTJIAXKEHBI Ha 3aBOJIE CreLMa-
JIN3UPOBAHHbIC CTEHIBI.

H3mepeHHbIe aMILIUTYIHO-(ha30BbIe pacrpee-
JIGHUSI TIOJISl BAOJIb JIMHEEK MOKa3alu, UTO OCLIUJLISI-
LIMU B HUX HEBEJIMKU U B COOTBETCTBUM CO CTATUCTU -
YeCcKO# Teopueit aHTeHH He TOJKHbI ObLIU MPUBECTU
K 3aMETHOMY CHMXXEHMIO MapaMeTpOB aHTEHHbI B
LIEJIOM.

ITpoun3BOACTBO JIMHEEK C BLICOKOI TOUHOCTHIO U
TILIATEJbHBIE UX UCIIBITAHUSI OKA3aJIMCh HEIOCTaTOY -
HBIM yclioBUeM st (popmupoBaHus HyxxHoi JIH n
BbIcokoro KY nprueMHoii aHTEHHHBI.

Jlesio B TOM, YTO 3aroTOBKHU JIsI CEKLUMI JMHE-
€K BBIMYCKAJUCh B TeYECHUE OKOJIO 2-X JIET B liexax,
rae He ObUTO cTaOuabHOU TeMnepaTypbl. Ce30HHbIE
M3MEHEHMST TeMIepaTypbl BbI3BAIM U3MEHEHUE Ta-
paMeTpoB CeKUUI OT mapTuu K naptuu. [TockoabKy
psiibl aHTEHHOTO TMOJIOTHA COOMPAUCh U OTIPABIISI -
JINCh Ha OOBEKT MO Mepe MOCTYIJICHUS 3aroTOBOK, a
3aTeM MOHTUPOBAJIUCH MO MOPSIAKY, HAUMHAS C HUXK-
HUX PSJIOB, TAKOE MU3MEHEHME MapaMeTpoOB CEKIIMit
MNpuUBeEJI0 K cucTeMaTuyeckoi ommbke. Ha puc. 2a
MoKa3zaHbl cxeMaTUuecku (as3oBble pacrpeaeaeHus
MOJIsl HA HECKOJbKMX JIMHEMKaX JJ1s1 OMHOM 13 YaCTOT
3afaHHOro AnanasoHa. OTKJIOHeHUs (a3, OT JIMHEH -
HOTO 3aKOHAa, B KaXKJI0M BOJTHOBOJIE JIe>KaT B JOIMYCTH -
MBIX Tipefenax. Paznuuue tremmeparypsl, B yCJIOBUSX
KOTOPOI U3roTaBAUBAINCh 3JIEMEHTHI 3aMe IO eI
CTPYKTYpPBI, CKa3aJ0Ch Ha HaKJIOHEe (pa3oBbIX (PPOH-
TOB. YIJIbl HAKJIOHA UX BAOJIb OTAEAbHBIX TMHEEK TO0-
Ka3aHbl Ha pUC. 2a YCJIOBHO. B nelicTBUTENBHOCTH,
pasiauyue yrioB He TipeBbiiiano 1°—2°. Ho a1t Beiu-
YMHBI COMIOCTAaBUMBI C LIMPUHOMN Jy4ya, U 3TO BbI3Ba-
JIo OBl MCKaXXeHue 1aBHoro Jenectka JIH.

IToTrpeboBanace KoMIleHcalMsl pa3dpoca 2JIeK-
TPUUYECKUX UIMH JIMHEEK B LIEHTPaJbHOM CEUYEHUU
MOJIOTHA, YTO OBLJIO OCYIIECTBJIEHO 3a CUET BCTABOK
pPa3IMYHON JJIMHBI B KOAKCUAJIbHBIX JIUHUSIX, CO-
eIVHSIOMNX aHTEHHOE TOJIOTHO ¢ JuH30M. da3u-
pOBaHME OCYIIECTBISUIOCH B pealbHOM MacliuTade
BpPEMEHU TaK, UTO BCTAaBKU B KOAKCUATbHBIX JIMHUSIX
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OTJIMYAJIMCh IPYT OT APYyra Ha HECKOJIbKO JUIMH BOJIH.
B pesynbrarte pazupoBaHus (puc. 20) ObL1a KOMIIEH-
cUpoBaHa pa3HOCTh (ba3 B LIEHTPAIbHOM CEUYECHMMU,
YTO C YYETOM CMJIbHO CHAJAIOLIeTr0 aMILIUTYIHOTO
pacnpeieieHUsT TIOJIsI 0Ka3aloCh JOCTATOUHBIM IS
noyrydyeHus KayectBeHHou JIH.

INuneiika 1
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Puc. 26. Otknonenust a3 mnocie ¢pasupoBaHus

Cama 1o ce6e npouenypa GasupoBaHus ABJIAET-
¢s1 OTHOCUTENIBHO TIPOCTOI, HO OHA BHI3BaJIa Cephe3-
HbBIE TPYIHOCTH, TOCKOJIBKY TPEOOBAIOCH BHITIOJTHUTH
3Ty paboTy Mociie MOHTaXKa aHTCHHBI, Ha OOJIBIIION
BEBICOTE.

Ha moreHmmane ctaHIIMM TTOTEPU B KOAKCHATb-
HBIX JIMHUSIX HE cKasanuch Omarogaps MIIY, ycra-
HOBJICHHBIM Ha BBIXOJaX JIMHEEK.

B caenyromem uznenun I3V Obuta npeanpuHsaTa
TTOITBITKA CKOMITEHCHUPOBATh HAKJIOHHI (ha3 B JTMHE -
Kax ITyTeM COPTUPOBKHM CEKIINIi B TIPOIIECCE X U3TO-
tToBieHMA. OMHAKO CKJIAmUpPOBATh TOTOBBIE CEKIIMHU
JIMHEeeK OBUTO HeT/e, M OHM TaK Xe IT0 Mepe BBIITyCKa
MOCTyIaJu cpa3dy Ha MOHTaX. B uTore ObLT UCITOJb-
30BaH TOT XK€ cr1oco0 (pa3upoBaHUSI.

B ADY uznenust A3V Obliu BHECEHBI U3MEHE-
HUSI, KOTOPBIE YIYYIIVIN ero XapakTepucTnku. Om-
HOBpPEMEHHO ObLIIa IPOBeJcHAa MOACPHU3AIINS Ieiic-
TByIOLIETO nu3aenus /3.

VYposeHb 60KOBbBIX JiernecTkoB JIH B aTux usne-
JIASIX JIeXKall B JOTTYCTUMBIX Ipeaenax. Heooxomnmas
pa3Bs3Ka MEXIy IMepenarolleii 1 MpueMHON aHTEH-
HaMM ObL1a obecreyeHa.

®AP PJIC «Py3a». K HacTostiiemy BpemeHU «Pa-
Iro(pU3NKOo» pazpadoTaH LeJbli psia aHTeHH. Jis
WLTIOCTPAIIUM TTPUBEIEM OTHY U3 TAKMX pa3pabOTOK.
DoTO aHTEHHBI TTOKA3aHO Ha puC. 3.
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Puc. 3. ®AP MuuIMMeTpoOBOro Auara3oHa BOJIH

DT0 uzaenue sBIsIeTCs KpymHeuleid B Mupe
PJIC mMuniumerpoBoro nuamna3oHa, BbIITOJHEHHOM
Ha ocHoBe AP [8]. Pasmepsl aneprypsl AP co-
CTaBJISIIOT 7.2 M MO KaXJI0i OCH.

CkaHuUpoOBaHME Jiyya B aHTeHHE — 3JIeKTpuyec-
KO€ B Y3KOM YIJIOBOM CEKTOpPE M MEXaHW4YeCcKoe — B
IIUPOKOM CEKTOpE. DJIEMEHTbI aHTCHHbI BHITIOJTHEHbI
B BUIIE IBYX3epKaJdbHbIX aHTeHH. Ha mepegauy aHTeH-
Ha 3alUTHIBAETCS NBYMs TMPOKIMCTPOHAMM OOIIei
UMITYJIbCHOU MouiHOoCThio 1| MBT. st noctuxeHust
BBICOKOU B3JIEKTPUUYECKON MPOYHOCTU U CHUXKEHUS
MOTEPh B PA3BOJKE CUTHAJIOB OT TMPOKJIMCTPOHOB
K mMomynsasm PAP ucmonp3yloTcs cBepXpa3MepHBIC
MHOTI'OMOJIOBBIE BOJTHOBOJIbI JIOCTAaTOYHO OOJIBIIOTO
ceyeHMs. Ha BbIxomax TMpOKJIMCTPOHOB yCTaHABIM -
BalOTCSl KOHBEPTOPHI, Ipeodpasytoiiue moay TEg, B
moay TEy,. [lanee, Ha HanbOoJiee MPOTSKEHHbBIX yJyac-
TKax TpakTa OT IepeaaTyrka A0 MOAPELIeTOK, Kax-
Jlast 13 KOTOPBIX COCTABJISICT OMHY YETBEPTh allePTYPhI
DAP, UCTIONB3YIOTCS BOJTHOBOIBI KPYTIIOTO CEUCHMST
¢ BomHoil TE(;, kak Haubojiee COOTBETCTBYIOIINE
MpeabsBasieMbIM TpeboBaHUsIM. Pa3Bojika CUTHAJIOB
K MoAyJIsiM (Kaxaasl moapelieTka coaepxkut 31 Mo-
JIyJIb) OCYILIECTBJSIETCS ¢ MOMOIIIBIO ASIUTENs] paau-
aJbHOTO TUIIA U MHOTOMOJOBBIX BOJTHOBOIOB IIpSI-
MOYTOJIbHOTO ceueHus. [Ipu 3ToM Bce mapa3uTHbIC
MOJIbl B CBEpPXPa3MEPHbBIX BOJTHOBOAAX MOAABICHBI.

Ha Bxone xaxmoro MoayJisl yCTaHOBJIEH (a3o-
Bpalare;ib. B pexxume mpreMa CUTHAJIBI C BBIXOIOB
MOJYJIEH, BKIIOYAIOIIUX B ce0s1 MAIOLIYMSIIIIUE YCU-
JIUTeNnu U (pazoBpalliatesn, 10NOIHUTEIbHO YCUIMBA-
I0TCS Y TTOIAI0TCSI C TOMOIBIO TAKMX K€ BOJTHOBOAOB
MPSIMOYTOJILHOTO CEYeHHUSI Ha auarpaMModopMupy-
fouryo Marpuly. TakuM oOpa3oM, aHTeHHa Ipe-
cTaBysieT coboit monyakTuBHyio ®AP B pexxume me-
penaun 1 akTuBHYI0 GAP B pesknmMe Tiprema.

B ®AP, cocrogmieili M3 KpyImHOANEPTYPHBIX
MOJyJieii, BO3HMKAIOT MHTep(epeHIIMOHHbIE MaK-
CUMYMbI, YPOBEHb KOTOPBIX YBEJIWYMBAETCS TIPU

26

CKaHUPOBAHUHU JIyya. DTOT (haKTOp YUYUTHIBACTCS all-
TOPUTMUYECKHU B rpouecce padbotel PJIC.

Kamnoposka MAP Gbuta BBIIIOJHEHA 110 BbIHE-
ceHHOMY ncTouHMKY. Ma3a curHajza B TECTUPYEMOM
KaHaJjie cpaBHMBaJjach ¢ (a3oii B OITOPHOM KaHaje.
OcTalibHbl€ MOAYJIU MIPU 3TOM OTKJTIOUAIUCh.

BnocnencrBum ObLT pa3zpaboTaH aJropuTM Ka-
JIMOPOBKY Ha OCHOBE MePeKI0UeHUI (pazoBpallare-
JIEW U UBMEPEHUI aMIUIUTY/ CUTHAJIA.

Ocooennoctn momeuposanuss MAP. TMpu pas-
paboTKe aHTeHHBIX pelleToK «Pamnodusuka» uc-
MOJIB3yeT KaK aHaJTUTUYECKHE METOAbI aHaIu3a, Tak
U KOMIIbIOTEpHOE MonenupoBaHue. [Ipexnae Bcero,
9TO HYXXHO, YTOOBI ONMTUMU3UPOBATH M3JTydarolIne
BJIEMEHThI CJIOXKHON KOH(UTrypaluu IyTeM 3JIeKT-
POAMHAMUYECKOIO pelIeHUsT 3aJauyu ¢ Tpedyemoit
TOYHOCTbIO. JIJIs1 3TOr0, B YaCTHOCTU, UCTIOIb3YIOTCS
KOMMepyueckue mporpaMmbl, Hanpumep, High Fre-
quency System Simulator (HFSS), u apyrue.

B npoexktupoBaHue U MPOU3BOACTBO aHTEHHBIX
pelIeToK Bce OOJbllie BHEAPSIETCS MeyaTHas TeXHO-
JIOTHSI, TJe JOCTUTACTCS] TOUHOCTDb U3TOTOBJICHUSI MTO-
psiaka equHUL MUKPOH. [ToaTOMy 0 TOUHOCTH U3ro-
TOBJICHUSI U3JTydaTesieid U MOAPEeIIeTOK U3 HUX pedb
yXe He UAET, Mo KpaitHelt Mepe, BIJIOTh 10 MUJLIU-
MeTpoBoro auarnaszoHa BojH (MMJIB).

I[ToMuMO BIEKTPOAMHAMUYECKOTO MOIEIUPO-
BaHMSI, OCHOBHASI TSXKECTh pa3pabOTKU JIOKUTCS Ha
yIIpaBIsIIONIMe B3JeMEHThl — (hasoBpallaTeJu Win
HU@pPOBbIe YCTPONCTBA, a TAKXKe HAa METOAbI Kaauo-
poBku PAP.

Krnaccudpukammio AP MOXHO TOBOJBHO YyC-
JIOBHO MPOU3BECTU MO MPUHLUITY: MaTO3JIeMEHTHbIE
aHTEHHBI Y MHOTO3JIeMEHTHbIe aHTeHHBI. K Maio-
a5eMeHTHBIM DAP MBI OTHOCUM pEIIeTKH, BKITIOYA-
folI1e B ce0s1 10 HECKOJBbKMX COT KaHAJIOB, TOrIa Kak
MHoroaieMeHTHbIe DAP comepkaT 10 HECKOJBKHUX
ThIcTY KaHajioB. [1pu co3manum stux ®AP mcmonb-
3YIOTCSI HECKOJIBKO Pa3HbIe TTOAXOAbl MPOEKTUPOBa-
HUS Y KOMITbIOTEPHOT'O MOJICIMPOBAHUSI KaK €ro co-
CTaBHOM YacCTH.

2. MAJIODJIEMEHTHBIE ®AP

ADAP nas cuctembl HAPS. KoMmmbiotepHoe Mo-
JeJTMPOBAaHME MaJO3JEeMEHTHBIX aHTEHH — PEelIeTKU
B LIEJIOM — COCTOMT B aHaJIM3€ OOJIBIIOTO Yucia pe-
aM3aluii  aMIUIMTYIHO-(a30BbIX pacnpeacaeHU
noJist (ADP) B ee aneptype ¢ pacuerom JIH aHTeHHBI
IUTIST Kaxknoi peanusaiiuu. [1pu 5ToM BeTUYUHBI CITy-
YaiHBIX OIIMOOK B 3aJaHHBIX ITpenesax 3aaat0Tcs re-
HepaTopoM CIydyailHbIX uyrces. Ha mepBbIX mopax mis
MOJEIMPOBAHUSI pellieTKu, cocTosieit u3 100 namy-
yareJieil, 3a1aBajoCh HECKOJIBKO CcOT pean3auuii. [To
Mepe COBEPIIIEHCTBOBAHMUSI KOMITBIOTEPHBIX TEXHOJIO-
TUii, CTaJ0 BO3MOXHBIM ob0pabaTeiBaTh 1000 1 Gosee
peanuzaiuii. DT0 MO3BOJISIET OINPEACTUTb MPEAeIbl
yBeanueHust YBJI 3a cuer ciyvaitHoro ¢oHa pakTu-
YeCKMU C JII00OI 3aJaHHOM CTEIEHbIO BEPOSITHOCTH.

B coBpeMeHHBIX CcUCTeMaxX CBSI3U TpedyeTcs
o0ecreunTh 4Ype3BblYaiiHO HU3KUKU ypOBEeHb OOKO-
BOTO M3JIydeHUs. DTo TpeOoBaHUE IS psiaa CUCTEM
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CTaHOBUTCS MIEPBOCTENEHHBIM. B KauecTBe mpumMepa
MNpUBEIEM aHTEHHY JJIsI MPOEKTUPYEMOU CUCTEeMbI
CBSI3W C MOMOIIBIO TUIATPOPM, pacrojaracMbix B
crpatocdepe. [IpoekThl co3gaHusT MOMOOHBIX CHUC-
TeM mojyunau HasBaHue — High Altitude Platform
Station (HAPS).

Ilo cpaBHeHMIO CO CIYTHUKOBOW CBSI3blO, 3a
CYET 3HAYMTEJIbHOTO COKPAIEHUs pACCTOSTHUSI MEXK-
Iy HazeMHoM craHuueit u HAPS, sHepretuka nuHui
CBSI3U TIO3BOJISIET MCIOIb30BaTh aHTEHHbI Ha TLJIaT-
dopmax co CpaBHUTEIIBHO MaJIbIM KO3(h(GUIIMEHTOM
ycuneHus (nopsiaka 20 n1b). B To xxe Bpemst 1uist obec-
MevYeHUs] HeOOXOAMMOM Pa3BA3KM MEXAYy KaHajlaMM
MHOTOJIy4eBOI aHTEHHbI YPOBEHb OOKOBBIX JIETIECT-
koB (YBJI) nomxeH ObICTPO CHUXKATHCS IO MEPE YBe-
JINYEHUSI YTJIOBOTO pacTBOPa OTHOCUTENILHO TJIaBHO-
ro MmakcumyMa JIH. Dto TpeboBaHUe TsKeaee BCero
BBITIOJTHUTD JJ151 JaJIbHUX OOKOBBIX JIETIECTKOB. Tak B
cucteme cBsizu ctaHgapta CDMA Ha kpasix cekTopa
+90° YBJI He nomken npeBbiaTh MuHyc 60 nb. s
3TOro TPeOyeTCs UCIOIb30BaTh OBICTPO CIaaoIIe
aMIUIUTYHbIE pacIipefe/IeHUsI TOJISl B pacKpbIBe aH-
TEHHbI 1 00ECIIEUUTh JOCTATOYHO MaJible CIydaliHble
OLIMOKM B aMILIUTYIHO-(A30BOM paclpeacieHUN,
npuBojsiIre K (hoHY OOKOBBIX JIEMTECTKOB [9].

JluarpamMMa HamnpaBJIeHHOCTU MIeaIM3UPOBaH-
HOI aHTEeHHOM pelIeTKU (TPU OTCYTCTBUY aMILIUATY/I -
HBIX U (DAa30BBIX OLIMOOK) C U3TydYaTeIsIMU, PACIIOJNO-
KEHHBIMU B TOUKAX 7, OINPEIeISieTCs] BRIPaKEHUEM:

E(v)=%\7)-§:An~exp{ik-(7n;9)}, (1)
n=1

rae f(V) — JIH snementa pemerku. Hamu pacemar-
PMBAIOTCA TOJNBKO ceueHMs auarpamm. Ilpu 3ToMm,

V =[sinBcos@,sinOcos@,cos B]T 3aBUCHUT TOJIBKO OT
0e[-n/2;n/2] (¢=const), u Be3ze najee apryMeHT
Vv 3ameHsieTcs Ha 0. MaeanbHblil U3Mydaloniuii aie-
meHT umeet I H f(V ) = \/cos0 ; A, — amIuTyaa n-ro
usny4datesisi, N — o0llee 4uciio 3JIEMEHTOB B pelleT-
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Ke, ', — OpT B TOUKY HaOIIoAeHus, k = o BOJIHO-

N
BOe 4unciio, A= ZA,, — HOPMUPOBOUHBIN KO3 DU-
n=1

LIMEHT.

[lpy HaMMYMK CIOYYaifHBIX OIMMOOK B KaXKIOM
KaHaJjie, KOMIUIEKCHBIE aMILTUTYIbI A, OIIPEIeIISTIOT-
CSI COOTHOIIICHUEM:

A, =A) e, =A)p, e 2)

A) — ammiuTyga n-ro MsnyyaTens B OTCYTCTBUM
omnbok (meiictButenbHast). CiydaiiHbie BEJIMUYUHbI
€,, n=1...N XapakTepu3yloT aMIUIMTyOHble U ¢a-
30BBIC OIMMOKM B KaXIOM KaHajie aHTCHHBI. bynem
CUUTATh, YTO BCE €, OJMHAKOBO PACIIPE/IEICHBI U He-
3aBUCHMBL.

YucaeHHBIN aJlTOpUTM OTIpeAeIeHUS] CTaTUCTH -
YECKMX XapaKTePUCTUK OOKOBOTO U3JTyUYeHUsI aHTEH-
HBIX PEIETOK, MMPU HAJIMIUH B allepType CIIydaiiHbIX
aAMITIUTYIHBIX 1 (ha30BBIX OIMMOOK, COCTOUT B aHa-
JIM3e aHCaMOJIsT CIyJallHBIX peayli3alldii Juarpamm,
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MPpY 3alaHHBIX MAKCUMAaJIbHBIX aMIUTATYIHBIX M (a-
30BBIX OTKJIOHEHMIA.

Kaxnayto cayyaiinyio peanusauuto most (1) on-
penensitor N ciydallHBIX aMITIUTYI A,, 3al1aBaeMbIX
o popmyie (2), roe

o, ~10RH/0 o 0.

CryyaiiHble BeTMUMHBI W, He3aBUCHUMBI U PaB-
HOMEPHO pacrnpeaeeHbl Ha oTpeske [-1; +1]. s ux
MOJy4YeHHUsI, KaK ObLIO yKa3aHO BBIIIE, MCITOIb3yeM
reHepaTop ciiydaiiHbIx uyucell. I[lapamerp B, onpene-
JISIeT MAaKCUMAaJIbHYI0 OLIMOKY 1o amrunTyzae (dB), a
@Dy — MaKCHUMaJIbHYIO OIIMOKY 110 (pa3e (paguaHsbl).

Pesynbratel MogenupoBanus JIH Takoii perieT-
KU MpUBeIeHbl Ha puc. 4. 3aech MoKa3aHbl Uacalb-
Has JIH nipu oTcyTCcTBUM OLIMOOK, KPUBbIE CpeIHEM
MOIIIHOCTU M BEpXHEU ornbdaroiieit 00KOBBIX JIEIeCT-
KOB M0 YPOBHIO

Fy(0)=F,,(0)+£,(0),

1Y 2
e £, (6) = M50

1 M 212

21(0)= 5 2.2 (0)- (O]

Ipaxtuyecku rpaduk P, (0) cosnanaer ¢ Kpu-
BOI1, TTOJTYyYEHHOI B COOTBETCTBUM C XOPOIIO U3BECT-
HBIMH B CTATUCTUYECKON TEOPUU aHTEHH COOTHOIIIE-
HUSIMU.

Takoif aaTopuUTM ITO3BOJISIET, TIOMUMO CTaTHC-
TUYECKUX OIIEHOK, HAlTH, B YACTHOCTH, HAMXY/IIIYIO
peanuzanuio. OHa COOTBETCTBYET MaKCHUMaJTbHOMY
3HAUEeHUI0 OOKOBOTO JIeNeCTKa B OJJHOM U3 HarpaBJie-
Huii. Haiinennoe AP, cooTBeTCTBYyIOIIEE HAUXY/I-
el peaju3allii, COXpaHSeTCs HEM3MEHHBIM IIpH
pacuetre IH Bo BceMm 3amaHHOM auana3oHe YIJOB.
ITosToMy mpu TakoMm moaxojae OOKOBBIE JIEMECTKU
B JPYTMX HaIpaBJICHUSAX OKAa3BIBAIOTCS WHOTAA
HIDKE OIIEHOK, ITOJIYYEHHBIX CTATUCTHYECKUMU Me-
TOAAMM.

N3 pucyHka 4 BUAHO, YTO WAcAIM3MPOBAHHAS
JH ®AP ¢ 6oabmmmM 3amacoM (puc. 4a) yIoBJIeTBO-
psieT 3aJaHHBIM TPeOOBAHUSAM (KPUBBIE ¢ KPECTHUKA-
MH) Ha JIOITyCTUMBIN YPOBeHb OOKOBBIX JIETICCTKOB
JH. CnyyaiiHble OLIMOKM MPUBOIAT K 3HAUUTEIbHO-
My (hOoHY OOKOBBIX JierecTKOB (puc. 40). J1ist BbIMOJI-
HEeHUs TpeOOBaHMIT K aHTEeHHE HEOOXOIMMBI TOITY CKH
Ha KaTMOPOBKY aHTeHHBI He XyKe, 10 KpaifHeil Mepe,
0.2 dB o ammuryne v 1.5° o ¢paze (puc. 48). Enunc-
TBEHHBII cMIOCOO 0obecreyuTh TpedyeMyto TOUHOCTh
3aKJII0YAETCS] B MCIMOJIb30BAaHUM LMUMPOBON CXEMbI
(opmmpoBaHMs TUarpaMMbl HalTpaBJIeHHOCTH.

EcrecTtBenHo, yTo co3manue nogooHoit HAPS B
HacTosillee BpeMsl MpeacTaBisieTcsl Moyt ¢aHTac-
TKoM. Hy>XHBI, 110 KpaiiHeil Mepe, 1Ba (pakTopa: co-
31aHMe CTAOMIM3NPOBAHHOM C BHICOKOM TOYHOCTBIO
1atopMbl B cTpatocdepe U peBOJIOLIMOHHbBIE W3-
MEHEHHS B TEXHOJIOTUU IMU(PPOBBIX YCTPOMUCTB, KO-
TOpbIe IPUBEAYT K PEe3KOMY CHIDKEHUIO CTOMMOCTH
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aneMeHTHOM 0a3nl. Ilpn cozmanun PJIC undpoBbie
METOJIbl YCIEIIHO BHeApstoTcsl. OgHaKo B KOMMEp-
YeCKMX CHUCTeMax CBsI3W 3TO elle Brepeau. HyxHo
JIBUTaThCsI TOITAITHO.

ETRI (Pecnybnauka Kopest) coBmectHO ¢ «Pa-
nuodusukoii», Poccust, paspabotanu M UCTbITAIU
JIEMOHCTPAIIMOHHBIN MakeT 19-anemenTHO ADAP
(puc. 5, 6, 7), bopMupyIoIeit ceMb JTydeil 1 garoniei
BO3MOXXHOCTb MPOJEMOHCTPUPOBATH PAOOTY aHTEH-
HBl B S- 1 Ka- nuanasonax [10]. Ykazanusle ADAP
SIBJISIIOTCSI TIPUEMHBIMU, XOTSI TTPOBEJACHHBIN aHaAIN3
MOKA3bIBAET, UTO MO TAaKOMY K€ MPUHLUITY MOTYT
OBbITH MOCTPOEHBI Tepeaatolie aHTeHHbI. AHTeHHA
COACPXKUT aHTEHHbIC PELISTKM TSI KaXKI0ro Auarna-
30HAa, PaAMoOYacTOTHBIE MOJACUCTEMBbI OOOMX Avarna-
30HOB U €AMHYIO0 LIU(PPOBYIO MOACUCTEMY.

Ludposast moacucrteMa mMo3BoJsieT cHOpMUPO-
BaTh JIIOOYIO 3aJJaHHYIO CBSI3KY U3 7 Jyyell Ha BbIXOJE
A®DAP. B npoiiecce UCIbITaHMI MakeTa ObLUIN CHOp-
MUPOBaHbI U U3BMEPEHbBI TAaK1€ CBSI3KU JIy4eii.

ITo cornmacoBanuio ¢ ETRI, sra ke nudponas
MmojcucTeMa Obljla UCTIbITAHA TIPU COMPSIKEHUU €€ C
JIMHEHOW aHTeHHOM pelIeTKON 1isi 0a30BOI CTaH-
LIMU MOOMJIbHOM cBs13U. [Ipu 3TOM Takke (hopMUpy-
I0TCS1 7 HE3aBUCUMBIX JIydeil, KaXIblii U3 KOTOPBIX
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MOXeT ObITh JIOCTATOYHO Y3KUM U OBICTPO Tiepe-
CTpanBaeMbIM B a3UMYTaJIbHOM MJIOCKOCTU, WU JY4
IT-006pa3Hoit (hopMbl AJ1s1 paOOTHI B LIUPOKOM a3UMY-
TaJIbHOM CEKTOpe. DTO HalpaBjieHUe paboT MOXKET
oKazaTbcsl 0osiee OJIM3KUM ISl TPaKTUYECKOM pea-
nm3anuu, yeM co3ganue HAPS.

YT00BI 00ecneunTs (opMUPOBaHUE JIyyeil B 3a-
JIAHHOM CEKTOpe U B HYXXHOM I0JI0Ce YacTOT, KOHC-
TPYMPYIOTCSl UM3JIydaTeld PEUIETOK C CEKTOPHBIMU
JIH 3a cueT CHJIbHBIX B3aMMHBIX CBsI3€. AHTEHHAs
pemeTka S-amara3oHa (cxeMa puc. 6) COmepKUT
19 neyaTHBIX KpecT-BUOPATOPOB Hal MeTajliuyec-
KHUM 3KpPaHOM, C CUMMETPUPYIOLIMMU YCTPOHCTBAMU
B cUCTeMe BO30yXaeHusl. B3aumHast cBsi3b M3nyya-
TeJiel B COCTaBe pelleTKU MPUBOIUT K HEKOTOPOMY
VILUIOIIEHUIO BEPIIMHBI AUarpaMMbl HarpaBJIeHHOC-
™ ([AH) snemeHTa pemetrku (xapakrepHbie JIH 1ieH-
TPaJbHOTO 3JIeMEHTa B OJHOM U3 CEUEHU MoKa3aHbI
Ha puc. 7). Usmepenus J1H aneMeHTOB oCylleCTBIIsI-
JINCh KaK HEIMOCPEJACTBEHHO Ha BbIXOJAX M3jIydaTe-
JIeil, TaK M Ha BBIXOJaX PaAMOYaCTOTHOI MOJACUCTEMbI
rmocJie mpeodpa3oBaHUs YACTOThI, a 3aTEM Ha BbIXOJIE
nudpoBoii moacuctemsbl. [ToaydyeHHASI MIEHTUYHOCTh
pe3yabTaTOB U3MEPEHUI MO3BOIMIA CYAUTh O Kayec-
TBE CKBO3HBIX XapaKTePUCTUK KaxKJA0To KaHaJja.

-90 -60 -30 0 30 60 90
angle, degrees

0— B() =0.2 dB, (DO =5°

m— CPEAHSS
JOH

—e— Orubaiomas 60KOBBIX JIENECTKOB
10 YPOBHIO
Ph = Pa\ + Pd

——  HaUXYy/1as peajn3alns
(MakKCUMYM OOKOBBIX JICIECTKOB)

—— Tpebyemas orndaloias
(CDMA),

0 O (poH OOKOBBIX JIEMECTKOB

B— By=0.2dB, ®y=1.5°

Puc. 4. [luarpammsbl perietku u3 14 X 14 aj1eMeHTOB
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6

Puc. 5. A®AP ¢ uudpoBbIM quarpaMMoGOpMUPOBAHUEM: PAIUOYACTOTHBIE TOACUCTEMbI
¥ aHTeHHBIE pelleTKU S-auana3oHa (a) u Ka-nuamnazona (6)

B Ka-nuamasoHe peleTka BbIMOJHEHA B BUIE
BOJTHOBOTHOM MATPULBI C OUANEKTPUISCKUMU
CTEPXKHSIMU C CHJIBHOM B3aMMHOM CBSI3bI0. DTO 03~
BOJIJIO YBEJIMUUTH IIAT PEIIeTKH, M OOJIETYNTH 3a/1a-
gy pa3MeIIeHUs B MOIYJIe 3JIEMEHTOB, HEOOXOTMMBIX
JUTST TIpe0Opa30BaHMST YaCTOTH M OIIM(POBKU CUTHA-
na. B manmpHeitmem mpearionaraeTcs mepexon Ha Tme-
YaTHYIO TEXHOJIOTUIO U TIPUMEHEHME JIJIST TIOJTyIeHUST
cexTopHoit JIH sneMeHTa mapayie/IbHbIX ITe4aTHBIX
TUTaT ¢ METAITMYeCKUMU TucKamu. McciaemoBanus B
9TOM HamnpaByieHNN «Pamnodu3nkoit» TpoBeIeHBI.

S4

Puc. 6. Cxema pemeTky S-auana3oHa

OOBIYHO B TEXHMKE aHTEHHBIX PEIIIETOK IPUMe-
HsieTcst nonyiueHue (1), B COOTBETCTBUM C KOTOPbIM
JH aHTeHHBI MpeACTaBisIeTCS] B BHUIEC ITPOU3BEIC-
nust J1H aneMeHTa B cocTaBe peIIeTKM Ha MHOXM-
TeJb pelIeTKu. [JIsi MaJo3JIeMEHTHBIX PELIETOK 3TO
JonyuieHue mnepecraer padorarb. HFSS ngaet Bo3-
MOXHOCTh BbIUMCIUTL Kak JIH siemeHTa, pacmo-
JIOXKEHHOTO B IIEHTPAJIbHOW YacTW aHTCHHBI, TAe Y
HETO MMEIOTCST HECKOJIBKO «KOJIeI» OKPYKEHUS, TaK
M 3JIEMEHTa, PacCIOJIOKEHHOTO Ha Kpal PEIIeTKU.
Braromapst aToMy BBIMUCIICHUE TMAarpaMM aHTCHHBI
B I1€JIOM, COOTBETCTBYIOIIMX PA3TUIHBIM CJTyIailHbIM
peamuzanysm ADP, mpou3BoanTcst B 00IIEM citydae
C YYeTOM KpaeBbIX 3(pdeKTOoB:

MpuknagHas pagmnoanekTpoHuka, 2010, Tom 9, Ne 1

E(V)=i%i)An -exp{ik-(?n;V)} , (3)
n=1

rae f, (V) — AH n-ro s1eMeHTa peleTku.

Puc. 7. MapunansHas JIH snemenTa 10, ceueHue S3,
(30° K TOPU3OHTAJIBHOM OCH)

Kamoposka. Eiie coBceM HemaBHO ISl KaauoO-
poBku DAP wucrnonbs3oBanack azoMeTpuyecKas
anmaparypa. Tak, AP MM/IB, pe3ynbraTel pa3pa-
0OTKM KOTOPOM yKaszaHbI B [8], KanmnOpoBajgach Ha
HavaJIbHOM 3Tarle 10 BLIHECEHHOMY UCTOYHUKY C IT0-
Mollbio (pazomeTpa. B HEKOTOPBIX cydasx UCIOJb-
30BajIach CIlELIMAIbHAS «HACaJKa», KOTOpas Iooye-
peaHo uKcUpoBaiach Ha KaxkaoM uzirydareiae GAP.

KauecTBO KaMOPOBKM pe3KO YJIyUIIUIOCh, KOT-
Ja JJIs1 9TOM LIeJIM CTajy MCIIOJb30BaThCsl IITATHBIE
¢azoBpaiaresn, BCTpOCHHbBIE B KaXKIbIi KaHAJl BO3-
Oy>XaeHMs U3aydaTesi, uiu Hugponas moacucTeMa.

KoMmyTtammmonHsiii Meton KanubpoBku DOAP
(B HEKOTOPBIX UCTOYHUKAX OH Ha3BaH METOJIOM Iie-
PEKITIOUEeHMI) Oe3 MCIOIb30BaHUs (ha3oMeTpHuyec-
KO ammapaTypbl ObLT TMpPeMIOXEeH, B UMCIe OJHOM
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n3 1nepBbIX pador, B [11]. Jlo HacTosiiero BpeMeHu
B OAO «Pannodusrka» UCIOIb3YIOTCS TTORJIEMEHT-
HbI€ METObI KATMOPOBKU, CYTh KOTOPHIX 3aKJTI0OYAET-
cs B ceaytolleM: pa3oBpaliaTev B KaXa0M KaHajie
MOOYEPEHO YCTAaHABIMBAIOTCS BO BCE BO3MOXHbBIC
cocTosiHUSI. B BbIHECEHHOM HCTOYHUKE TMPUHUMA-
I0TCSI CyMMapHBIA CUTHa — OT TeCTUPYEMOTro U OT
OTOPHOTO KaHaoB. JIaHHbIe U3MEpeHUit 06pabdaThl-
BaloTcs. B pesynbrate BolUMCsieTcs (paza B KaKaoM
TECTUPYEMOM KaHaJjle PU UCXOJHOM COCTOSIHUU (ha-
3oBpararess. B AP, rie oTkiiounTs Hepaboyue Ka-
HaJlbl HE MPENCTaBISIeTCS BO3MOXHBIM, BHIHECEHHbI i
WCTOYHUK MPUHUMAET TOJBKO CYMMAapHbIif CUTHAI,
n3nydaeMblii Bceit AP, B TOM unciie, TeCTUPYEMBIM
kaHajioM. CYMMapHbIil CUTHAJ CJIY>KUT MPU 00paboT-
K€ JaHHbBIX B KAYECTBE OMOPHOTO B 3TOM CJIyyae.

Ha mepBblii B3rJ1s11, M3MepeHusi c1aboro cur-
Hajla OT OJHOro u3jydaTeynsi Ha (POHE MOIIHOIO
CYyMMapHOIo CUTrHajia OT BCEH OCTaJbHOU peIeTKu
MPEeACTaBISIOTCS OecnepCcreKTUBHBIMU, B TE€PBYIO
ouepellb, M3-3a HU3KOM TOUHOCTU. [leao oOCTOuT
MMEHHO TaK, €CJIW ISl BbIACJECHUST CUTHAJIAa OTHOTO
KaHaJja UCIOJIb3YETCs TOJIbKO KaKON-JI1M00 MPUHIIUTT
€ro «oKpacku», 6e3 mMpuMeHeHUs Apyrux mep. Jeao
CYILIECTBEHHO M3MEHsIeTCsI, Korma a3oBpalaTein
BCEX KaHAJIOB JO Hayaja KaluOpPOBKU BHICTABJISIOT-
Cs B TaKMe€ COCTOSIHUSI, YTOObI CyMMapHbIii CUTHaI,
¢opMupyeMbIii BCeil pelleTKOl B HaIlpaBJeHUU Ha
BbIHECEHHBIN UCTOYHUK, JOCTUT JOCTATOUHO HU3KO-
ro 3HaueHwus (HO, BCe Xe, MPEBbIIIAIOIIETO CUTHA OT
TeCTUpPyeMOTo KaHaiia). B aTom cityyae oba curHaia,
- OT U3MEPSIEMOT0 KaHajla U OT BCEW pelleTKH, cTa-
HOBSITCSI COMOCTaBUMbBIMU. MOy CUTHATIOB
XOPOIIIO HAOMI0MaeTCs 1 MO3BOJSET YBEPEHHO BbI-
YUCJIUTH HayajbHbIe (ha3bl BO BCEX KaHaJIax.

B npyrux HanpaBieHUsIX ypOBEHb CUTHAIa MOXET
OBITh KaK YIroJHO BeJIUK. M3MepeHusT Maja03JIeMeHT-
HBIX aHTeHH TMPOU3BOASTCS Yallle BCEro B 6€33X0BOM
Kamepe, B YCJIOBHUSIX, KOTJa OTCYTCTBYIOT 3aMETHbBIE
MepeoTpakeHusI TI0JIs, TTONaNaolIre B BHIHECEHHBIM
UCTOYHMK. Ho mgaxe mpu HaJUUUM TIepeoTpakeHUi,
BbI3bIBAEMbIX HEMOJABMKHBIMU MPEAMETaMU, CyMMap-
HBIIA CUTHAJI IPOI0JIKAET ObITh CTAOMIbHBIM, KAYeCT-
BO U3MEPEHUT He CHIKaeTcsl. BakHO, 4TOObBI yCTaHOB-
JIEHHOE MCXOJHOE TOJIOXKEeHUE BeeX (hazoBpaniaresei,
KpOMe TeCTHPYEMOTO, OCTaBAJIOCh HEM3MEHHBIM B Te-
YeHUE MOJHOTO LIMKJIa KAJIMOPOBKY AHTEHHBI.

[IpuMeHeHUe MO2JEMEHTHOIH KaJauOpOBKMU MO-
Ka3aHO Ha MpuMepe maccuBHOM mpoxomHoii MAP,
cocrosmeit n3 192 xananos [12]. ®AP Bximouana B
cebst 32 MomyJIsl, KaXIblii U3 KOTOPBIX comepxkai 6
KaHAJIOB C p-i-n-IMOIHBIMU YEThIPEXpa3psaIHBIMU
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dazoppainarensamu. CioxeHre MPUHUMAEMOTO CUT-
Hajla BHayajie IPOUCXOAWIO B MOIYJISIX, 3aT€M CyM-
MMPOBAIUCH CUTHAJIBI MOJYJICH.

ITpu KanMOGpoBKE UCTOJIB30BATUCH TPUOIKEH -
Hble 3HAYEHMSI HayaJbHbIX (a3 MOIysel, MoaydYeH-
Hbl€ B pe3yJIbTaTe U3MEPEHUS UX XapaKTEPUCTUK J0
YCTaHOBKY B aHTEHHY U MOAKJIIOUEHUS U3JTyyaTesei.
Brauase ocyiecTsisiach (pazupoBKa KaHaJIOB B MO-
IyJISIX, 3aTeM MonyJieid Mexay coboil. s Beiaesne-
HUS CUTHaJla MOJYJIsl, IPOU3BOAMIACH pacda3zupoB-
Ka BCeX MOJyJiell aHTEHHbI, KPOME TECTUPYEMOTO.

Ha puc.8 cieBa nokazaHa anepTypa aHTEHHbI Ha
MEepBOM 2Tarne KATMOPOBKU. ¥ BceX MOAYJEH, Kpome
TpeTbero, BepxHUe Tpu da3zoBpalaTessi yCTaHOB-
JIEHbl B COCTOSIHUSI, obecreurBaloliie cuHbaszHoe
CJIOXXEHWE CUTHAJIIOB B HAIlpaBJI€HUU OCU aHTEHHBI
(Ha pUcyHKe MoKa3aHo 0eJIbIMU KPYramMu), a HUXKHUE
TPU — B IPOTUBO(MA3ZHOE UM COCTOSIHME (Ha PUCYHKE
MoKazaHo cepbIMU Kpyramu). Takast pacdasmpoBka
o0ecrneyuBaeT, B IepBOM MPUOIUKEHUU, TPOTUBO-
dazHoe cloXeHWe CUTHAJIOB KaHAJIOB aHTEHHBI B
0CeBOM HarpasieHuu. Puc. 8§ cripaBa WIIIOCTPUPY-
eT KainuOpoBKy Ha 2-M atare. Ha puc. 9 mokazaHbl
uaMmepeHHble JIH 10 KanubpoBKY Mpu BbICTABIEHUU
¢azoBpalliaTesiei mo anpuopHbIM JaHHBIM (KpuBasi 1)
U Tocjie KaauOpoBKU (KpuBas 2). YpoBeHb OOKOBBIX
nenectkoB JIH 2 He nipeBbinaeT munyc 25 n1b. bosee
MoJApoOHO Mpolieaypa KaauOpOBKM pacCMOTpeHa B
[12]. Ha puc. 10 moka3zaHbl pe3yabTaThl KATUOPOBKU
mmoasieMeHTHBIM MeTonoM ADAP ¢ tnhpoBeIM hop-
muposaHuem IH [10].
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Puc. 10. AMmuTynbl B KaHanax 19-amementHoit AGAP
¢ uMMPOBLIM AUAarpaMModopMUPOBaAHUEM B IIPOIIECCe
KanuopoBKu (a), (6). U3MepeHHbIe ceUeHUs Ty4deil IIs
pPaBHOMEPHOTO (IIyHKTUP) U CHaAaloNiero (CIuionrHas
JIMHUSI) aMIUIMTYIHBIX pacIpeneaeHuii (6)

3. MHOT'ODJIEMEHTHAS ®AP

Oco0eHHOCTH pPa3pabOTK MHOTO2JIEMEHTHOM
pelIeTK! MpoMJuTIoCTpupyeM Ha mpumepe AP oT-
paxaTeJbHOTO THUIIa, MUJUIMMETPOBOTO IMara3oHa
BoJIH (puc. 11 u 12).
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Puc. 12. Anieprypa ®AP

DAP coaepxut 3600 wuzmydareneii-dasoBpa-
maTesneil B packpeiBe puMepHo 70\ u obecrieunBa-
€T CEeKTOp 2JIEKTPOHHOTO CKaHupoBaHMs +25° [13].
Bosoyxxnenune @AP u popMupoBaHre MOHOUMITYJTb-
cHolt cBs3ku [IH Ha npueM ocylecTBIsIeTCSI MOHO-
WMITYJIBCHBIM 00JTydaTesieM U KOHTPPe(IeKTOPOM.
Hznyygaromue snemeHTs PAP pacmosiokeHsl B y31ax
reKcaroHajabHOU ceTku ¢ marom 1.1A. M3nyyarommii
9JIEMEHT TPEACTABISIET COOON KOHUUECKUIA TUDJIEK-
TPUYECKUI CTEPKEHD, BBICTYITAIOIIMN U3 BOJTHOBOAA
KpYyTJoro ceueHus. biarogapst cjibHOM B3aMMOCBSI -
3u u3nyvateseit popmupyercs napuuaibHas JIH ane-
MEHTA C TIOJIOTOW BEPUIMHOU U KPYTHIMU CKJIOHAMU
(aTo xapakTtepHo mis1 ®AP, ¢ Tak Ha3bIBaeMbIM, OT-
paHUYEHHBIM CEKTOPOM CKaHUpoBaHUs ). CeKTOpHAas
dopma AH (puc. 13) mo3Boimiaa COKpaTUTb YUCIIO
u3Iydaresneit u pazoBpalaTesieii 3a CueT CyIecTBeH-
HOTO TIOIaBJIeHUsT MHTeP(hEePEeHIIMOHHBIX MAKCUMY-
MoB B JIH. B TpaguunoHHOI pelieTke, IpU TOM Xe
CEKTOpE CKaHMpPOBaHUs, MOTpedoBagach Obl Oosiee
TJIOTHAs YCTaHOBKA 3JIeMeHTOB ¢ 1aroM 0.7A [14].

VBequnueHue 1ara muaayyaTesieil 1ajo BO3MOX-
HOCTb TaKxKe pa3mMecTuTh B aneptype MAP Bbimyc-
KaeMble MPOMBILIIJIEHHOCTbIO (peppuTOBbBIE (Pa3oBpa-
maTeau (IuckpeT 45 °©).

CucreMa ympasieHUs (pa3oBpaliaTeIMu CTPO-
WTCS 110 IPUHIINATTY PacIpeaeIeHHOTO BEIYMCIUTES.
ApPXUTEKTYpa CUCTEMBI YIIPABICHUS NEMOHCTPHUPY-
ercs puc. 14. Bes aneprypa @AP pasoura Ha 36 moj-
pelIeToK.
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HMcnonb3yroTest yHU(ULMPOBAHHbBIC MOAPEIIET-
KU ABYX TUMOB. B moapeleTke Kaxkaoro Tumna coaep-
KHTCS 6 cTpOK. YMcao cTonbIoB, a, CIeqoBaTeIbHO,
U o0lllee KOJIMYECTBO 3JEMEHTOB B MOIpelleTKax
pasHoe. ITonpemerka 1-ro ThIIa BKJIIoYaeT B cebs 88
3JIEMEHTOB, 2-T0 ThIIa — 118 251eMeHTOB.
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Puc. 14. IMogpemerku AP

ITpuem Komanz OT eHTpajbHO DBM ocyecT-
BJISIETCSI STYEMKOM yrpaBiieHUs JiyuoM. B Heli npuHsi-
TBIII CUTHaJI oOpabaThIBaeTcs, 1 (DOPMUPYIOTCS KO-
MaHIBI 1T Kaxkaoi n3 36 sueek pacueTa a3 (APD)
B moapemetkax. AP®d cayxur mjis pacueTa 1 repea-
Yy B MOJAPEIIETKY KOA0B (ha3oBpalliaTesieil ¢ yueTom
XpaHSIIUXCS B MMaMSITH WHAWBUAYAJIbHBIX KOHCTAHT.
ITpu 3TOM yunThHIBalOTCSI (Da30Bble CABUTU TPU HY-
JieBOit yctaHoBKe (hbazoBpaiiateneit. OHU onpene-
ssrorest ipu Kannoposke PAP. Ocobennocts SPD
COCTOUT B TOM, YTO OHa YIpaBisieT OJHOBPEMEHHO
¢azoBpallaTessiMu, pacrnoyioKeHHbIMU B IBYX COCE/I -
HHUX CTPOKax MOAPEIIETKN. DTU 2 CTPOKM 00pa3yioT
Monynb. Takum obpa3om, pacueT (a3 mIst aHTEHHBI
B 1ejioMm u3 3600 saemeHToB npousBonutcst 108 Bbi-

32

YUCIUTEISIMU OTHOBPEMEHHO. B pexxuMe HacTpoitku
n Kanuoposku PAP, moboii ¢asoBpaiaresib aH-
TEHHBI MOXET OBITh BBICTABJICH B JII0OOE TTOJIOXEHHUE
HE3aBUCHMMO OT OCTaJIbHbIX (ha3oBpalateseil, HO B
CBSI3U C OCOOEHHOCTSIMU CUCTEMBI YIIPABIEHUS, 3TO
BO3MOXHO TOJILKO TTOMOJYJIbHO, T.€. I YCTAaHOBKU
$a3 HeobOxonMMO nepeciaTh B MOAPEIIETKY COCTOSI-
HUs (azoBpalliaTeseit Hea0ro MOIYIS.

IMonuelid pacyeT (a30BOro pacrpeneieHus ¢
YU4€TOM BPEMEHMU MPOXOKAEHUSI KOMaH1 BbITTOJHSIET-
cs1 3a 920 MKc.

Cucrema ynpanjieHUsI TTO3BOJISIET OCYIIECTBISATh
KOHTpPOJIb paboTOCIOCOOHOCTH (ha3oBpalaresei,
a TakKe CUYMTHIBATh (ha30BOE paclipeiesieHue B mep-
COHAJIBHBII KOMITBIOTEP CO CITEIMATU3UPOBAHHBIM
MPOrpaMMHbBIM 00€CTIEUeHUEM.

ITockoabKy ¥ B JaHHOM cllyyae MCIOJIb30BajICs
MO3JIEMEHTHBIM MeTOJ KaJuOpOBKHU, HEOOXOAMMO
OBIJIO TOYYBCTBOBATh MOIYJISIIMIO CYMMApHOTO CHUT-
HaJsla TIpY U3MEHEHMU (Ha30BOr0 COCTOSIHUST OIHOTO
nmoboro (dasoBpamaress u3 3600. D1o 03HavYaeT, 4TO
rnepen HavyaJloM KaJuOpOBKU TOKHO ObITh BbICTaB-
JIeHo mcxomHoe a3oBoe pactpeneneHue (MDP),
KOTOpOe obecIieunBaeT J0CTaTOYHO HU3KU I YPOBEHD
CYMMAapHOTI'O CUTHaJjia B HaMpaBJIeHUU OCU aHTEHHBI,
COBMAIAIOIIeM C HallpaBJIeHWEeM Ha BHIHECEHHbIM 1C-
TOYHUK.

B otninuue ot [12], npu kanubpoBKe paccMaTpu-
Baemoit AP oTcyTcTBOBaIa KaKas-I1u00 arpruopHast
nHopMalus 0 HaualbHOM (pa30BOM pacnpeaeeHun
(H®P), cooTBercTByIOIIEM HYJEBBIM COCTOSTHUSIM
dazoBpamareieii. KanmbpoBka ocylecTBIsIach B
HECKOJIbKO 3TanoB [135].

Ha stane 1, 4T00b1 MaKCMMAaILHO ITOIABUTh CUT-
HaJI B OCEBOM HampaBiieHnH, Tpebyemoe MDP Haxo-
JIJIOCh METOJIOM Mepedopa psiaa peanusauuii ¢as mno
rpymmnam ¢dazoBpaliaTeseii, BbIICISHHBIM B ariepType
aHTeHHBI. [IprMepsl Takoro pazaeaeHus KaHajaoB Ha
TPYIIIbI IIPUBEACHBI HA puc. 15.

dazoBpalaTenv, MpUHAIEKAIINEe K Pa3sHbIM
rpyrnmnaM, BblaeJieHbl 1iBeToM. Ha JjieBoii mojioBuHe
pUCYHKa cXeMaTMYHO TOKas3aHbl (ha3oBpalliaTen
BCEIl aHTEHHBI, HA TIPaBOM — TPEeX MOAYJIEH KPYITHBIM
TJTAHOM.

Hanee CMHXpOHHO M3MEHSUIUCh COCTOSIHUS TIO-
JIOBUHBI (pazoBpailiateseidi aHTEHHbI A0 MOJYYEeHMsI
MUWHMMAaJIbHOTO CUTHa/a. 3aTeM MPOU3BOAMUIIOCH T1e-
pepacnpenesieHle KaHajloB IO Ipymnram, U MpouLecc
MOBTOPSUICST 10 TOJyYEHUsSI TPUEMIIEMOTO YPOBHS
curHana. s pa3dbveHus1 KaHajJoB Ha TPYyMIbl UC-
MoJIb30BaJICsl Habop dyHkuuit Youma. CBOKWCTBO
OPTOrOHAJIBLHOCTU (DYHKIIMI TTO3BOJISIET YCIIEIIHO Jie-
JINTh YMCJIO KaHAJIOB MOMoJIaM — TIPU KaXI0M Tocje-
JIyIoIIEeM pa30MeHUH B KaXI0M TPYIIe OCTaeTcs MpU-
MEPHO MOJI0OBMHA KaHAJIOB, HAXOAMBILMXCS B HEW MTPU
npeapiayiieM pazoreHuu. OcTaabHbIE MEepexosiT B
Hee U3 Apyroi rpynibl. Beraucienue hpyHkiumii Yosma
[UIst Bcero Habopa u3 3600 dazoBpaliareieil 1o psimy
MPUYUH HEyT0OHO, MO3TOMY pa3OueHUe Ha TPYIIIb
MPOU3BOAMIOCH BHYTPY KaxKI0ro MoayJisi. Beictagie-
Hue Tpebyemoro MDP B manHoit @AP TpeboBaio He
oosiee 10-15 urepauuii pa3orMeHust Ha TPYIIIIbIL.
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Puc. 15. [Ipumepsl pa3dreHNsI KaHAJI0B Ha TPYIIITbI

Ha srane 2 npousBoauiach KaaubpoBka ¢a3o-
BpallaTesieii BHyTpu monyiei. Ilepen usMmepeHuem
KaxJ0i 00J1aCTU HY>KHO ObLIO MOJYyYUTh MAKCUMYM
CUTHaja MyTeM mnepedopa (a3oBbIX COCTOSIHUM (a-
3oBpamareneii. B pesynprare 2-ro aTama ObUIM OIT-
pefesieHbl peaBapuTe/bHble HadalbHbIe (ha3bl Bcex
KaHaJIOB.

Ha osrame 3 mpoBoawiach OTHOCUTENbHAs Ka-
JubpoBka monyJieil. B pesyiabrare 06pabOTKU JaH-
HBIX O pe3yJIbTaTaM U3MEePEeHMIt Ha aTanax 2 u 3 mo-
JIy4eH TTOTHBIN Habop HavambHBIX (a3 misd Bcex 3600
KaHaJIOB.

ITpouecc kKaauOpoBKM ObLT MAKCUMAIBbHO aBTO-
MaTU3MPOBAH Oyaromapsl CIelMaibHOMY ITporpam-
MHOMY obOecrieueHn10. BmelareabcTBO omepartopa
TpeboBaJIOCh JIMIIb MPU MEepexojie OT OJHOro ATana
K IpyroMy M Mpu MOACTpoiikax arnmnapaTypbl. Ka-
nmbposka AP Gbuta BhIMOMHEHA 332 OOUH padboOYnit
JEHb.

O KauecTBe KAIMOPOBKU MOXKHO CYIMUTh I10 U3-
MEpEeHHBIM JIuarpamMMmam  HarpaBieHHocTu PAP
(puc. 16).
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Puc.16. amepennnie JIH DAP nipu opueHTaun
[JIABHOTO JIy4ya [0 HOPMAJIU K ee arepType.
CrontHas nuHus — JIH cymmapHoro kaHaia,
nyHkTupHast — JIH pazHocTHOTO KaHaia

B cooTBeTCTBUU ¢ TMPOBEACHHBIMU OIIEHKAMU
[13] cpenHekBagpaTUUHasl OIIKOKA KaIUOPOBKU CO-
craBwia 13°, T.e. CyLIECTBEHHO MEHBIIIE IUCKpeTa
¢azoBparaTes.
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Kak cnenyeT u3 atoro pasaesia, MpUHSTHIN aji-
TOPUTM KaJIMOPOBKU SIBJISIETCS MHOTO3TAINIHBIM U
TpeOyeT 3HaYUTeJbHOI 3aTpaThl BpeMEHU. DTO MOX-
HO AOMYCTUTh JJIs1 DKCIIEpUMEHTAIbHBIX 00pa3loB,
KOTrJa MPOAOJIKUTEIbHOCTh KaTnOPOBKU 3HAUUTE T b-
HO MEHbIIIe, YeM BpeMsi, HeOOXOAMMOe JIJIsI TTIOJTHOTO
LIMKJIa BCEX OCTAJIbHBIX UCTIBITAHUM.

OCco0eHHO TPOMO3IKO ITO3JIEMEHTHBI METOI BBI -
[JISIIUT TI0 CPaBHEHMIO C BBICOKOITPOU3BOIUTEIbHbI -
MM MeToAaMM KanuopoBku. Tak, eme B [11], Hapsiny
C TO3JIEMEHTHBIM METOJIOM, ObLI TIPeACTaB/IeH CITO-
€00 ¢ nepexJItoueHreM Bcex (pasoBpaluaresiei nepei
KaXJbIM OTCUETOM, OCHOBAHHBI Ha MPUMEHEHUU
¢ynkumit Yomna. Haubosee mojiHo Kak BCTpPOSHHbIE
crnoco6nl KOHTPoJist DAP, Tak 1 TMarHoCTUKA IMyTeM
OIHOBPEMEHHOTO TepekimoueHuss Bceit MAP, pac-
CMOTpeHHI B [16]. DbhEeKTUBHOCTL NMPeIIOKEHHOTO
B [16] asrropuT™Ma MpoaeMOHCTPUPOBaHA Ha IIPUMEPE
JIMHEMHOU aHTeHHOI pelleTKU. YKa3aHo, 4To 0000-
IIEHWE aJITOpMTMa Ha IIJIOCKYIO PEIIeTKY HE BbI3bI-
BaeT OCOOBIX TPYJAHOCTEU MPU CTPOUHO-CTOJIOIIEBOM
MeToJie yrpaBjieHus ¢azoBpaiareasiMu. OTMedeHo,
YTO B psijie CllydaeB AMArHOCTHKA AByMepHBIX DAP
OyJeT UMeThb 3aMeTHbIE OTJIMUMSI, CBSI3aHHBIE CO CXe-
MO MUTaHUS U TeOMETPUEit PEIIETKH.

B Haiiem ciydae, KBa3MONTUUECKUI BO3OYAUTENb
dopMupyeT cragamliee aMIIUTYIHOE pacrpenese-
HUE MOJISl B anlepType B paJMajbHbIX HaIllpaBJIeHUSX,
npoBeaeHHBIX 13 eHTpa PAP K ee nmepudepun. Kak
MokKa3zaHo Ha puc. 12, moapelieTku, a cjaeaoBaTesb-
HO, ¥ MOJIYJIM B HUX, OPUEHTUPOBAHBI MOJI YIJIOM K
COOTBETCTBYIOIIEMY paauyc-BeKTopy. OpueHTauus
TToApeIIeToK B Kaxkmoit Tpett @AP pasHast.

Kpowme Toro, numeercs cieuuduka u3aMepuTesb-
Horo creHga OAO «Pamnodusuka». CteHn pa3MenieH
B 9KpPaHMPOBAHHOM IIOMEIIEHUU, CTeHbl KOTOPOIO
MOKPBITHI MOTJIOLIAIIIUM MaTepruaioM. B omenie-
HUU PACIIOJOXKEH PSIJI IPYTUX CTEHIOB C UCITBITYEMbI -
M MakeTamu. Kak ObII0 yKa3aHo B paszee 2, BO3HU -
Kalolye napa3uTHbIe MePeoTPaAXKEHUST MPAKTUIECKU
HE CHMXAIOT TOUHOCTU U3MEPEHMI M03JIeMEHTHOIO
Metoga. B mpouecce kanmubpoBku cymmapHas JIH
aAHTEHHBI, COOTBETCTBYIOIIASI UCXOAHOMY (pa3oBOMY
pacnpeiesIeHU10, 1 YPOBEHb IepeoTpaxkKeHuii ocTa-
10TCs1 Heu3MeHHbIMU. [lepeoTpaxkeHuss BHOCST He-
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KOTOPYIO TOCTOSIHHYIO COCTaBJISIIOLIYIO B OMOPHBIM
curHaja. Mexay TeM, Tpd MeTOJe OJHOBPEMEHHOTO
MepeKJIroueHusT Bcex (hpasoBpalliaTesieil cymmapHas
JH pemeTku u3MeHsieTCsl MpU KaXkIOM OTCYeTe, U
YPOBEHb Mapa3svUTHBIX MEPEOTPaKEHUI MO-pasHOMY
BJIMSIET HA PE3YAbTaThl U3BMEPEHUIA.

CroxHocth KoHCeTpykimn POAP, ocobeHHOC-
TU CUCTEMBI YIIPABJICHUSI U UBMEPUTEBHOTO CTeHa
00YCJIOBUIIM BBIOOD €€ MO3JIeMEHTHON KaTMOPOBKU.

Korma Tpebyercss HacTpauBaThb JOCTaTOYHO
0OJIbIIYIO0 MAPTUIO U3ACTUI WU OCYIIECTBISITE KOH-
TPOJIb B CJIOKHBIX YCIOBUSIX OKCTUTyaTauuu [17], BbI-
COKOITPOU3BOAUTEIBLHBIM METOJaM KaJluOpOBKU, B
TOM 4ucje, pa3pabaTbiBaeMbIM T0J PYKOBOJICTBOM
S1.C. llludpuna [16], HET aabTepHATUBLI.

OTO HEOOXOAMMO YUUTHIBATh HEMOCPEACTBEHHO
ipu pa3paborke GAP 1 cTeHIOBOrO 000PYIOBAHNUS.

ABTOpBI BbIpaxkaloT MNPU3HATEIBHOCTh SIKOBY
ConomoHoBuuy IludpuHy 3a BHUMaHUEe K PYKO-
nucu U moJjiedHeie 3aMeuanusi, B.A. [llepGeHKoBYy,
IO.A. bomiuteiiny, JI.A. TpylIKoOBOi1 3a TOMOILb TPU
MOJATOTOBKE PYKOMNCH.
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Dedicated to Prof. Yakov Shifrin on the occasion of his 90-year jubilee
SEISMO ELECTROMAGNETICS AS A FRONTIER OF RADIO SCIENCE

MASASHI HAYAKAWA

In this paper, a review on “Seismo- Electromagnetics” as one of the frontier science fields of Radio Science is presented.
This new science has a rather short history on the order of one decade, but it would be of extreme importance in the countries
like Japan with high seismic activity. The former method of short-time earthquake (EQ) prediction has been based on the
conventional mechanical (seismic) measurement of crustal movements, but it was concluded about ten years ago to be useless
for this short-term EQ prediction. Then, a new wave on the use of electromagnetic (non-seismic) effects has been developed
during the last ten years or so as a promising candidate of EQ prediction. Several phenomena are suggested as promising EQ
precursors. The first one is ULF (ultra-low-frequency) emissions from the lithosphere, the second is the seismo-atmospheric
perturbation, and the third is the ionospheric perturbation associated with EQs by means of subionospheric VLF/LF
propagation. We want to present some of our findings on these topics, and we hope that you could understand the important
role of electromagnetic effects in EQ prediction .

B crarbe maercst 0630p Mo «CeiicMO-3JIeKTPOIMHAMUKE» , KaK OTHOMY M3 aKTYaJIbHEUIIIMX HaydHbIX HaTpaBJIeHUI COBpe-
MEHHOI paIMOTEXHUKHU. DTO HOBOE HAITPaBJIeHKE BO3HUKJIIO COBCEM HEAABHO (JIET IECSITh TOMY Ha3ajl), HO OHO Upe3BbIvaii-
HO BaXkKHO JJIsI CTPaH C BHICOKOI CEICMUYECKOI1 aKTUBHOCTBIO, TOMO0OHBIX SmoHuu. [1peapiny it MeTon KpaTKOCpOYHOTO
nporHo3a 3emierpsiceHuii (3T) 6a3upoBasics Ha MEXaHMIECKUX (CEHCMMUECKNX) N3MEPEHUSIX IBMKEHUST 3¢MHOM KOPBI,
HO JIET ECSITh TOMY HazaJl ObLT cieJiaH BBIBOJL O TOM, YTO JUJIsl KPATKOCPOYHOTO MPOrHO3a 3eMJIETPSICEHU I 9TOT METO.I Oec-
TToJie3eH. 3a MOCJIeIHION0 IeKaay CTalu pa3padaTbiBaTh HOBOE HAIIPaBJIEHNUE JIJIs1 KPATKOCPOYHOTO 1porHo3a 3T, B KoTopom
MCTIOJIB3YIOTCS 2JIEKTPOAMHAMUYecKue (He ceiicMuueckue) apdexTsl. [Ipu 9TOM B KauecTBe MePCIeKTUBHBIX TTPEIBECT-
HukoB 3T npeuiaraeTcst MPUHSITH HECKOJIBKO siBeHUi. [TepBoe 13 Hux — 310 cBepxHuskouactotHbie (CHY) uznyyeHus us
stocdepsl, BTOpoe — ceiicMo-aTMoc(epHbIe BO3MYIIIEHMS, 2 TPEThe — MOHOC(EPHBIE BO3MYIIIEHUS, (DUKCUPYEeMbIe TPU
cyoroHocdepHom pacripoctpaHeHun CHY/HY BosH. MBI XOTMM MPeaCTaBUTh Pe3yJIbTaThl HALIMX MCCIICAOBAHUI HA 3Ty

TEMY U HAIEEMCs, YTO Bbl CMOXKETE OCO3HATDh Ba’>KHYIO POJIb 3JIEKTPOMArHUTHBIX SQ)(I)GKTOB B IIp€ACKaZaHUun 3T.

1. INTRODUCTION ON SEISMO
ELECTROMAGNETICS AND SHORT-TERM
EQ PREDICTION

EQ prediction can be classified into three catego-
ries: (1) long-term, (2) intermediate-term and (3) short-
term predictions. Long-term prediction means the es-
timate of the statistical probability of EQs to occur on
the time-scales of 10 to 100 years, based on geologi-
cal studies of faults and historic records of seismicity.
Intermediate-term prediction (1 to years) is based on
recent instrumental data of seismology and geodesy.
So, long-term and intermediate-term predictions are
really the subject of seismologists.

Although much more difficult than the above
long-term and intermediate-term predictions, the
short-term EQ prediction (3) is much more essential in
saving human lives and is much more highly required
in the seismo-active countries like Japan. Short-term
means the time scale of hours to weeks. It is concluded
about 10 years ago that the conventional mechanical
measurement of crustal movement is found to be not
so effective in the short-term EQ prediction. Amid the
general pessimism, some significant new waves have
been rising in this short-term EQ prediction and this
is Seismo Electromagnetics. This is the potential use
of electromagnetic (not mechanical) effects, and there
have been accumulated a lot of promising electromag-
netic precursors after the Kobe EQ. We think that it is
becoming a consensus that some precursory effects do
exist, mainly prior to an EQ.

It hasbeen recently reported that electromagnetic
phenomena take place in a wide frequency range prior
to an EQ (Hayakawa and Fujinawa, 1994; Hayakawa,
1999; Hayakawa and Molchanov, 2002; Molchanov
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and Hayakawa, 2008), and these precursory seismo-
electromagnetic effects are expected to be useful for
the mitigation of EQ hazards. Basically there are two
principal methods of observation of EQ signatures. The
first is the direct observation of electromagnetic emis-
sions (natural emissions) from the lithosphere and the
second is to detect indirectly the seismic effect taking
place in a form of propagation anomaly of the pre-ex-
isting transmitter signals. The first method is based on
the idea that natural emissions are radiated from the
hypocenter of EQs due to some tectonic effect during
their preparation phase. The problem of this “local”
measurement is that our observing station should be
located luckily very close to the EQ epicenter in order
for us to detect seismogenic emissions. The second is
based on the idea that there take place the anomalies
in the atmosphere and ionosphere due to the seismic-
ity, leading to the generation of propagation anomaly
on the pre-existing transmitter signal characteristics
(amplitude and phase). We call this type of observation
“integrated” measurement, because we can detect any
EQs which are located very close to the propagation
path from the transmitter to the receiver, so that it is
easy for us to accumulate the number of events for this
integrated measurement.

In the following we pick up a few possible can-
didates of EQ precursor observations. Section 2 deals
with the ULF emissions from the lithosphere (belong-
ing to the local measurement), Section 3 concerns
the perturbations in the atmosphere in possible asso-
ciation with EQs, and finally Section 4 is devoted to
the seismo-ionospheric perturbations as detected by
subionospheric VLF/LF propagation as an integrated
measurement. In the final Section 5, we describe the
general conclusion.
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2. SEISMOGENIC ULF EMISSIONS

2.1. Introduction

This section deals with the ULF (ultra-low-fre-
quency, with frequency less than 10 Hz) magnetic
field variation belonging to the local measurement.
The study on seismogenic ULF emissions started in
the early 1990s. Even though the radio emissions are
generated as a pulse in the EQ hypocenter, higher fre-
quency components cannot propagate over long dis-
tances in the lithosphere due to severe attenuation, but
ULF waves can propagate up to an observation point
near the Earth’s surface with small attenuation. This
is the most important advantage of seismogenic ULF
emissions.

There have been reported three reliable events for
the ULF magnetic field variations prior to the EQs;
(1) Armenia, Spitak EQ (1988 December 8, Magni-
tude = 6.9) (Molchanov et al., 1992), (2) USA, Cali-
fornia, Loma Prieta EQ (1989 October 18, M =7.1)
(Fraser-Smith et al., 1990) and (3) Guam EQ (1993
August 8, M = 8.0) (Hayakawa et al., 1996a). The epi-
central distance is 129 km for (1), 7 km for (2) and 65
km for (3). The Loma Prieta EQ happened very close
to the observing station, so that it is better for us to
indicate the results for this EQ. Fig. 2.1 illustrates the
temporal evolution of ULF magnetic field (horizontal
component, frequency = 0.01 Hz (period = 100 s)).
It indicates that the magnetic field increases for about
one week (5-12 days) before the EQ, followed by a
quiet period and a sharp increase one day before the
EQ (especially an abrupt increase 3-4 hours before the
EQ). Very significant changes in ULF magnetic field
were also observed for other two EQs, which were a
stimulus to the extensive research on the relationship

of ULF emissions and EQs. Here we review the re-
lationship between the two. An additional important
point is that these seismogenic ULF emissions are so
weak that it is of essential importance for us to develop
any methods to identify those signals. We need sophis-
ticated methods of signal processing, and we review
the observational results by those methods. Finally, we
will comment on our future works.
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Fig. 2.1. Temporal evolution of geomagnetic variation
for the Loma Prieta EQ (f=0.01Hz)
(after Fraser-Smith et al., 1990)

2.2. Magnetic field sensors and observation system
Fig. 2.2 shows the summary on the occurrence of
the EQ-related ULF activity in the form of EQ mag-
nitude (M) versus epicentral distance (R) from an
ULF magnetic station (Hattori, 2004; Hayakawa et
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Fig. 2.2. Summary of the seismo-ULF emissions in the form of
EQ magnitude (M) and epicentral distance (R). A white circle means
the event with ULF anomaly, while a black circle means the event
without ULF anomaly. The empirical threshold is indicated
by a dotted line (0.025R=M-4.5)
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al., 2007). White and black circles show an EQ with
and without accompanied ULF anomalies, respec-
tively. The dashed line indicates the empirical thresh-
old (0.025R<M-4.5) for the appearance of anomalous
ULF signals preceding large EQs. This figure demon-
strates that ULF emissions could be observed about
60 km from the source region for an EQ with M>6,
and the detectable distance of ULF magnetic anoma-
lies would be extended to about 100 km in the case of
an EQ with M>7.

Itisimportant to predict EQs with M>6 in a highly
populated region to mitigate disasters. Therefore, we
decided to install a network of ULF magnetometers
with high sampling rate to cover the Kanto (Tokyo)
area with inter-sensor distances of about 70-80 km.
Two types of magnetometers are adopted; torsion
and induction types. Taking account of the existence
of Kakioka Geomagnetic Observatory, Japan Mete-
orological Agency (JMA) (geographic coordinates:
36.2°N, 144.2°E), we planned to set up stations to cov-
er the area, as shown in Fig. 2.3. Circles in the figure
indicate the distance of 60 km from the station (the
circle from Kakioka observatory is also displayed). The
clock system at each station is controlled by GPS.

One of the sensors (induction magnetometer)
has been installed, for example, in JMA’s Matsushi-
ro Seismological Observatory (36.5°N, 138.2°E), in
which strain meters, tilt meters, and short-period seis-
mometers are already in operation by JMA. A com-

137° 138°

parison between the seismic and electromagnetic data
will be useful in understanding the fundamental phys-
ics of the EQ preparation process. We also installed
the induction magnetometer at Chichibu station.
Induction magnetometers installed at these two sta-
tions are of search coil type with 85 Hz sampling rate,
named LEMI-30 produced by Lviv Center of Insti-
tute of Space Research, National Academy of Science
of Ukraine. These sensors are intended for the study
of frequency band from 0.01 to 30 Hz, and detailed
specification of them is summarized in Hattori et al.
(2004). Also the acoustic emission sensor was installed
at Matsushiro station. The acoustic sensor records the
emissions at four frequency bands of 30, 160, 500, and
1000 Hz. The lowest band corresponds to the upper-
most frequency of LEMI-30.

A small L-shaped array has been composed with
three torsion magnetometers, the distance of which is
about 5 km at the western part of Izu peninsula and the
southern part of Boso peninsula. With these arrays, we
expect to develop a method to find the arrival direc-
tion of ULF waves (Hayakawa, 2006). Both Izu and
Boso peninsulas are seismic active regions, so that we
consider it good for precise observation for direction
finding of ULF anomalous signals by means of the ar-
rays. We also installed torsion magnetometers at Jaishi,
Iyogatake, Hayakawa, Misakubo, and Shitara. These
torsion magnetometers, MVC-2DS, were produced
by Institute of Terrestrial Magnetism, lonosphere

41°

36°

359

i38°

140°

Fig. 2.3. A ULF network in the Kanto (Tokyo) area. A triangle indicates the installation
of an induction magnetometer and a circle, the torsion-type magnetometer. Kakioka observatory
is equipped with induction magnetometers. A box indicates the fluxgate magnetometer
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and Radiowave Propagation, Saint Petersburg Filial
(SPbF IZMIRAN), Russian Academy of Sciences. A
magneto-sensitive element of the torsion sensor is a
permanent magnet suspended with quartz or metallic
fibers which serve as the rotation axis of the magneto-
sensitive element. The reflecting surface which trans-
forms angular displacement of the magneto-sensitive
element into electric signal by means of photoelectric
converter is mounted rigidly to the magnetic-sensitive
element. When the element is turned by the force of
the external magnetic field, the light beam deviates
from the zero position, leading to an increase of one
diode illumination and a decrease of the other. As a
result, there appears a signal proportional to the dis-
turbed magnetic field value for the sensor output. The
element is suspended inside the fluid-filled capsule on
the thin metallic fibers and a low-powered monochro-
matic infra-red emitting diode is used for the photo
emitter. The feedback circuit which produces a mag-
netic field opposite to the external field is adopted.
Also the coil for current compensation of constant
magnetic field to set up the magnetic-sensitive ele-
ment at the zero position and the coil for calibration
are installed. The main technical parameters of MVC-
2DS are described in Hattori et al. (2004).

2.3. Analysis method of ULF magnetic field vari-
ations

In addition to the installation of highly sensitive
ULF sensors, we have to carry out sophisticated signal
processing in order to detect and identify weak seis-
mogenic ULF emissions. We have already developed
several useful signal processings, some of which will be
described below.

(a) The ratio of vertical to horizontal compo-
nents of the magnetic field (polarization analysis)

There has been reported that it is useful to
use the ratio of magnetic vertical to horizon-
tal component S7/Sg (Sg? = Sy? + Sp?, H and
D are two horizontal magnetic components)
to distinguish the seismogenic ULF emissions
from other noises (Hayakawa et al., 1996a).
While we expect that this ratio (Sz/Sg) (po-
larization) is relatively small for the plasma
waves coming from the ionosphere/magneto-
sphere, we expect that this ratio is considerably
enhanced, Sz/Sg~ 1 or even more for seis-
mogenic emissions. We apply this method to
a particular event (Hattori et al., 2002). There
were two EQs in the North-west part of Ka-
goshima prefecture with M =6.5 and M =6.3
on 1997 March 26 and May 16, respectively.
Both EQs had the depth of about 20 km. Our
ULF observatory (at Tarumizu, Kagoshima) is
located about 60 km away from their epicent-
ers, and three magnetic field components were
measured there with sampling of 1s. By using
the data during about a year from 1996 August
to 1997 September on the relationship between
ULF magnetic field variation and seismic activ-
ity, we try to indicate the presence of ULF field
variation in response to the crustal activity. The

Polarization

p

XK
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following procedure of data analysis was adopted. (1)
We use the data of 4 hours during the local midnight
(LT=0~4h). (2) We divide the data into an inter-
val of 30 minutes and we have 8 segments. The FFT
analysis is performed for those 8 segments. (3) We es-
timate the average and dispersion of the spectrum, to
try to know the main frequency of seismogenic ULF
emissions. (4) We perform the polarization analysis
(S7/Sg) to find the seismogenic ULF emission. By
averaging over those 8 segments, we obtain the daily
average spectrum and polarization. (5) We compare
these with the corresponding data from remote sta-
tions in order to distinguish between the local and
global effects. (6) We compare the temporal evolution
of average spectrum and average polarization with the
geomagnetic activity (expressed by ZKp) and the local
crustal activity. With taking into account the spatial
scale of magnetic variation at Tarumizu observatory,
we examine the magnetic field data (3 components)
at Ogasawara island (Chichi-jima) 1200 km away
from Tarumizu and at Darwin (the conjugate point of
Tarumizu). The largest noise at ULF is geomagnetic
variation in the upper atmosphere, and this is the rea-
son why we look at the data at the conjugate point. At
these stations, the same sensors (inductions) are work-
ing. During our analysis period, we have confirmed
that there were no EQs within a radius of 100 km from
Chichi-jima and Darwin observatories.

Fig. 2.4(a) illustrates the temporal evolution of
seismic activity (the energy radiated from EQs is inte-
grated over one day, followed by the conversion back
into the magnitude). Fig. 2.4(b) shows the temporal
plot of the polarization (S;/Sg) during 10 days before

M6.5 M6.3

6 + Regional Seismicity | 5

90km,D<=100km ] [
'

(a) |

t [ M:all,R<

IR I LA P
96/9/6 96/10/26 96/12/15 97/2/3  97/3/25 97/5/14 97/7/13 97/8/22

Date
Fig. 2.4. Polarization results at Tarumizu, Chichijima

and Darwin. (a) Temporal evolution of regional seismicity,

(b) temporal variation of polarization (Sz/Sg, 0.01Hz)
at Chichijima and Darwin (thin lines) and at Tarumizu
(thick line), and (c) ZKp variation
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the current day at three stations. The full line refers to
Tarumizu. Fig. 2.4(c) refers to the geomagnetic activ-

ity (ZKp). When we look at Fig. 2.4(b), the polariza-
tion at the two stations (Chichi-jima and Darwin in
thin lines) is found to be stable, while we find a very
significant change in the polarization at Tarumizu in
a thick line. The polarization is seen to be increased
from the background value of ~ 1.0 to more than dou-
ble prior to the 1st EQ. We find a decrease in polariza-
tion and, when this decrease is stabilized, we had the
Ist EQ. The polarization value is found to remain at
this value for a while. Then, again we notice a decrease
in polarization, and then we had the 2nd EQ. In the
beginning of July, the polarization value returned to
the background value. Significant changes are noticed
only at Tarumizu, but not at Darwin and Chichi-jima.
When comparing the seismic activity around Taru-
mizu and the polarization, we can conclude, (1) the
polarization at Tarumizu is found to be significantly
enhanced prior to the EQ, and (2) the temporal vari-
ation of polarization seems to be very parallel to that
of seismic activity. This means that the polarization
of the magnetic field variation is a good parameter to
monitor the local seismic activity (Hattori et al., 2002,
2004) and the important point is that the polarization
increase is taking place before the EQ. No significant
correlation with the geomagnetic activity is found.

(b) Principal component analysis

We have been performing the array observation
by using 3-4 torsion-type magnetometers both at the
Izu and Boso peninsulas as shown in Fig. 2.3. The
sampling frequency is 50 or 12.5 Hz. We know that the
seismic activity at Miyake-island started to be active in
the late June of 2000, and the volcano-eruption start-
ed there. The activity continued not only at Miyake
Island, but also at its surroundings. The total number
of EQs in this area amounted to 12,000, which is a
record in this area since the opening of Meteorological
Agency. We adopted the principal component analysis
(PCA) for the ULF data observed at several stations
in the Izu peninsula (Gotoh et al., 2002). By using
the ULF data observed at close three stations, we can
have 3 sets of data, which enable us to separate three
possible sources. Generally speaking, the ULF signal

M6 1
2y RS2 .,

R82km R62km

15 \ua
M6 4 \.{< 3 Rl14km

observed at a station, is a combination of a few ef-
fects; (1) geomagnetic variation of the magnetosphere
(e.g., geomagnetic storms) due to the solar activity, (2)
man-made noise, (3) any other effect (including seis-
mogenic emissions). We have traced the eigen-value
An(n=1, 2 ,3) of three principal components in the
frequency range from T=10s to T =100 s by using
the time-series data with duration of 30 m. As the result
of analysis, the first principal component (1;) is found
to be highly correlated with the geomagneric activity
(Ap). The second eigen-value (1,) is found to have a
period of 24 hours, with daytime maximum and night-
time minimum. This suggests that this noise is due to
the human activity. Fig. 2.5 illustrates the temporal
evolution of the 3rd (or smallest) principal component
(A3). We notice an enhancement in A3 from the middle
March to the middle June (about a few months), fol-
lowed by a quiet period (about one week before the 1st
EQ) and by a sharp increase a few days before the 1st
EQ. Similar sharp peaks are seen for the subsequent
EQs with magnitude greater than 6.0. This general be-
havior seems to be in close agreement with Fig. 2.1,
which indicates that this variation is reflecting the
crustal activity in this district.

(¢) Direction finding (magnetic field gradient
method)

The objective of the above two methods was just to
identify the presence of seismogenic ULF emissions,
but we have to convince others that the detected ULF
emission is much more likely to be associated with an
EQ if we could locate its generation point. We have
performed the so-called direction finding for the ULF
emissions for the above-mentioned Izu peninsula EQ
swarm. We have used the same local array network
consisting of, at least, 3 stations in the Izu and Boso
peninsulas. By measuring the gradient of horizontal
and vertical components of the magnetic field at dif-
ferent frequencies ( Kopytenko et al., 2002; Ismaguilov
et al., 2002) (or periods in Fig. 2.6 (ordinate)), we de-
duce the direction of azimuth from the normal to the
observed gradient. The result at Izu is given in Fig. 2.6.
In the figure, 0 ° indicates the North direction, +, east
and -, west, and Fig. 2.6 illustrates the temporal evo-
lution of arrival directions. The ordinate indicates the
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Fig. 2.5. Result of principal component analysis with the use of the H component data observed at three stations.
The upper panel indicates the temporal evolution of the third principal component ( \/E ). The enhancement in A5 is seen
from the middle March to the middle June, followed by a quiet period one week before the 1st EQ,
and by a sharp increase a few days before the 1st EQ. (b) Geomagnetic activity (Ap)
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Fig. 2.6. Temporal variation of the occurrence
histogram of direction of arrival (azimuth) by means
of the Izu array. The abscissa is the arrival azimuth
(0: North, +, east and -, west). Time goes from
the bottom (a) to the top (e); (a) February 1st, 2000
(4 months before the swarm), (b) Aprile 10, 2000
(two months before the swarm), (c) June 14, 2000
(12 days before the swarm), (d) July 14-15, 2000
(during the swarm) and (e) July 5, 2002 (two years
after the swarm). There are 4 characteristic noise
sources numbered from 1 to 4. The number 4
is the seismogenic emission

occurrence probability of arrival azimuth in the night-
time period of 0 h to 6 h. Full lines refer to the vertical
component, while broken lines to the horizontal com-
ponent. Judging from the azimuth distributions, there
are 4 noise sources. In the Izu array observation, there
generally exists a signal predominantly from West
(Suruga-Bay) (numbered 1 in Fig. 2.6) (correspond-
ing to Parkinson vector) in the vertical component,
reflecting the geological contrast between the sea and
land. And for the horizontal component, there are two
stationary signals. One is located in the East, which
is directed to the seismo-active region in the eastern
sea of the Izu peninsula (designated as 2 in Fig. 2.6).
The second is the signal from the direction of Zenisu,
which is designated as 3 in Fig. 2.6. The locations of
the noise sources (numbered 1-3 in Fig. 2.6) are sum-
marized in Fig. 2.7. The time goes from (a) to (e); (a)
4 months before the swarm, (b) two months before
the swarm, (c) 12 days before the swarm, (d) during
the swarm, and (e) two years after the swarm. Now we
look at the noise designated as 4 in Fig. 2.6. This noise
is found to be observed about two weeks before the EQ
swarm ((c) in Fig. 2.6) due to the volcano eruption of
Miyake Island, and these noise emissions are found
to have propagated from the Miyake Island and their
occurrence is most enhanced during the swarm (see
Fig. 2.6(d)). Furthermore, we have tried to perform
the direction finding for this noise numbered 4 from
the Izu and Boso peninsulas. Fig. 2.8 is the direction
finding results, as the result of triangulations from the
Izu and Boso peninsula data. The azimuthal direction
from each peninsula is given by the area within the two
directions in broken lines. The area located by the tri-
angulation, is found to be coincident with the active
area of the Izu peninsula EQ swarm. As the conclu-
sion, the ULF emissions identified in Fig. 2.6, 2.7 and
2.8 (Kopytenko et al., 2002; Ismaguilov et al., 2002),
are highly likely to be associated with the swarm activ-
ity of Izu peninsula EQs.

(d) Direction finding (Goniometric method)

The importance of direction finding is again
stressed by showing another result for a recent, large
EQ (Niigata EQ) (Ohta et al., 2005; Hayakawa et al.,
2006). This EQ happened at 17:56 JST on October 23
in 2004, and its magnitude and depth are 6.8 and 10
km. We show the presence of ULF emissions for this
EQ, by using the data from other observatory at Na-
katsugawa. The three components of magnetic field
(Bns, Bew, Bz) are measured at Nakatsugawa by using
the same induction magnetometers (Ohta et al., 2005)
like at Izu and Boso peninsulas, but the importantly
different point is that the waveform measurement is
being performed at a wide frequency band. That is, the
sampling frequency is 100 Hz, and Fig. 2.9 illustrates
the temporal evolution of the emission intensity (Bew
component) at the frequency range, f<0.1 Hz, which
shows that the signal intensity is extremely enhanced
by 3 dB as compared with the monthly mean during
several days from October 2 to October 6. This noise
seems to be anomalous. However, we cannot con-
clude that this is associated with the EQ, even though
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Fig. 2.7. Direction finding results. Different azimuthal directions in Fig. 2.6,

correspond to different noise sources (numbered 1-4 in Fig. 2.6)
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Fig. 2.8. Triangulation of the noise source (#4 in Fig. 2.6) by using the azimuths estimated

from the Izu and Boso peninsula arrays
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it occurs about a few weeks before the EQ. Then, we
performed the direction finding for this noise by using
the goniometer principle by means of two horizontal
magnetic field components. We estimated the arrival
azimuth by taking the ratio of Bns/Bew for the emis-
sions with anomalous amplitude during 2-6 October.
The estimated azimuth (mean value) is indicated in
Fig. 2.10. The azimuthal direction is 55° from the
East, which is consistent with the epicentral direction.
This is indicative of a higher possibility that the noise
is associated with the EQ.

2.4. Characteristics of seismogenic ULF emissions
and generation mechanism

A large number of papers on seismogenic ULF
emissions have been published since the famous EQs,
Spitack, Loma Prieta, Guam, and in this section we
have reviewed mainly our published results. We can
summarize the characteristics of seismogenic ULF
emissions based on not only our results, but also previ-
ous foreign results.

(1) Thereisno doubt that ULF emissions take place
as a precursor to a relatively large EQ. The distance of
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Fig. 2.9. Temporal evolution of magnetic field intensity at Nakatsugawa. The frequency is less than 0.1 Hz.
Strong emissions are observed from October 2 to 6. EQ indicates the EQ time.
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Fig. 2.10. Goniometric direction of ULF noises during 2-6 October as seen from Nakatsugawa.
The epicenter is also indicated, for the sake of comparison
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detection (R) is 70-80 km for magnitude = 6.0, and
~ 100 km for magnitude = 7.0. The empirical threshold
of detection in Fig. 2.2 is given by 0.025 R =M -4.5.

(2) The ULF emissions for large EQs (with mag-
nitude greater than 6.0), seem to exhibit a typical tem-
poral evolution. First of all, we have a first peak one
month to a few weeks before the EQ, followed by a
quiet period and a significant increase in amplitude a
few days before the EQ.

(3) The amplitude of those seismogenic ULF
emissions is found to range from 0.1 nT to a few nT.
However, their frequency spectra are not well under-
stood; that is, what is the predominant frequency? Re-
cent studies indicate the importance of the frequency
of 10 mHz (period of 100s).

(4) The observation of ULF emission is a local
measurement. So that only when our observing station
happens to be very close to the EQ epicenter, we can
detect seismogenic emissions. Otherwise it is impos-
sible to detect any seismogenic emission, and this is
the reason why we do not have abundant data set as is
summarized in Fig. 2.2. The case of Niigata EQ, does
not follow the above-mentioned threshold, so that we
have to think of the generation and subsequent propa-
gation for this case.

We next review the generation mechanism of seis-
mogenic ULF emissions. It has been proposed that the
ULF emission is generated by a mechanism which re-
quires the charge separation (as an ensemble of small
antennas) due to microfracturing by the stress change
in the focal region before the EQ (Molchanov and
Hayakawa, 1995). According to their theoretical esti-
mate, the ULF emission can be detected within 60 km
for M = 6 and 100 km for M = 7. This theoretical es-
timate seems to be in good agreement with the above-
mentioned experimental threshold in Fig. 2.2. When
the radio emission is generated at the source region,
it should be wide-banded. However, the higher-fre-
quency components decay during the propagation in
the lithosphere, which results in the possible detection
of ULF emissions near the Earth’s surface (Molchanov
et al., 1995). Another possible mechanism is electro-
kinetic effect (Fenoglio et al., 1995). We cannot say,
at the moment, which one of these two representative
mechanisms is more probable as the generation mech-
anism of seismogenic ULF emissions. Then, we com-
ment on another aspect of the preparation process of
EQs. During this preparation phase, the lithosphere is
known to exhibit a self-organized criticality phenom-
enon. That is, we expect the microfracturing in the fo-
cal region due to the stress increase, followed by the
growth and coalescence of microcracks. This process
is thought to be involved in the generation of ULF-
emissions. This nonlinear process in the lithosphere
can be tackled with the use of fractal analysis (Hay-
akawaet al., 1999; Ida et al., 2005; Ida and Hayakawa,
2006). The results from fractal analysis are preferably
taken into account in the generation mechanism of
seismogenic ULF emissions.

2.5. Future direction on a network of magnetic field
observation (three components)

In Japan, some institutes (magnetic observato-
ries belonging to JMA, Institute of Geological Survey,
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etc.) have been continuing the magnetic observation
with 3 components, but their sampling rate is too low
(sampling of 1 minute). Also, Japanese universities
have their own networks of observations, but they are
interested in the measurement of total magnetic flux
with the use of proton fluxgate magnetometers in the
field of solid earth physics. In order to apply the mag-
netic field observation to EQ prediction, it is desirable
to (1) observe three components of the magnetic field,
(2) sample the data, at least, once per second, (3) ob-
serve the magnetic field with resolution of less than
10 pT, and (4) perform a coordinated observation at a
multiple of stations.

Further, we have to take care of other effects; we
need the information on solar-terrestrial effect (geo-
magnetic variation, geomagnetic storms) in the mag-
netic monitoring of seismic activity. We have found that
there were observed significant geomagnetic variations
before relatively large EQs. So that it is quite necessary
to estimate accurately the temporal/spatial character-
istics of the signals by simultaneous monitoring of solar
terrestrial effects from the ground and from space.

3. SEISMOGENIC PERTURBATION
IN THE ATMOSPHERE

3.1. Introduction

There seems to be a general consensus that un-
derground electromagnetic fields in the frequency
range /< 1 Hz associated with EQs are generated due
to either electrokinetic (EK), microfracturing effect,
or seismo-inductive effect (e.g., Molchanov and Hay-
akawa, 2008). At higher frequency we can expect ap-
pearance of emissions from the seismo-perturbed at-
mosphere and ionosphere, and you can find indeed a
lot of papers on this subject (e. g., numerous collec-
tions of papers in Hayakawa and Fujinawa (1994),
Hayakawa (1999), and Hayakawa and Molchanov
(2002)). We can classify several types of atmospheric
electromagnetic emissions as follows; (a) EQ light,
(b) HF/VHF emission at the frequency range of 10-
100 MHz, (c) Electromagnetic radiation in the ELF/
VLF/MF frequency range from hundreds Hz to hun-
dreds kHz, and (d) ULF/ELF atmospheric emission
at the frequency range of 3-30 Hz.

Then, another effect is the perturbation of the
atmosphere in possible association with EQs. This ef-
fect has been investigated with the use of over-horizon
VHF transmitter signal (a kind of integrated measure-
ment such as subionospheric VLF/LF propagation).

We will present latest results only of some of the
above phenomena.

3.2. Seismo-atmospheric electromagnetic emis-
sions

(a) HF/VHF emission in a frequency range of 10-
100 MHz

Several case studies were reported in USA (War-
wick et al., 1982, frequency~18 MHz), Greece (Nom-
icos et al., 1995, f~41 MHz and 53 MHz), and in Ja-
pan (Maeda and Tokimasa, 1996, f~22 MHz; Yamada
et al., 2002, f~50 MHz). The intensity and duration
of emission bursts reported were comparable with the
conventional HF radiation from the thunderstorm

43



Masashi Hayakawa. Seismo Electromagnetics as a frontier of Radio Science

system because HF noise reception on board mete-
orological satellites is a routine registration for moni-
toring lightning activity. Nevertheless, there were no
attempts to produce any correlation statistics or to
detect and identify natural background from the HF
bursts allegedly associated with EQs.

Here we present some latest results on these
seismogenic VHF radio emissions. Yonaiguchi et al.
(2007b) have made the first attempt of using the fractal
analysis to the VHF radio noises observed at several
stations in the Sendai area for a particular large EQ,
Miyagi-ken oki EQ (16 August 2005; magnitude=7.2).
The use of fractal analysis has enabled them to distin-
guish among different noise sources (lightning, solar-
terrestrial effect and seismogenic effect).

(b) ULF/ELF atmospheric emission in the frequen-
cy range of 3-30 Hz

The conventional ULF range of 0.003-30 Hz can
be divided into two physically different parts: the first
isarange of 0.003-3 Hz, where we meet sporadic mag-
netospheric emissions (magnetic pulsasions), natural
(nonseismic) emission from the ionosphere and Iono-
spheric Alfven Resonances (IAR) (0.3-3 Hz) with a
small addition of occasional seismogenic emissions
(Molchanov et al., 2003). While in the second part
the main input is atmospheric emission from lightning
pulses (atmospheries) resulted in intensity maxima
near Schumann resonances. These spectrum maxima
arise due to far-distant propagation of the atmospher-
ics (e. g. Nickolaenko and Hayakawa, 2002). Ohta et

al. (2001) reported on the seismo-induced changes
in ULF/ELF atmospheric noise. Based on the ULF/
ELF observation in Nakatsugawa in Japan, they found
abnormal enhancement in the ULF/ELF noise in-
tensity one day and after the famous Chi-Chi EQ in
Taiwan (21 September, 1999, M=7.6) and their go-
niometric direction finding suggested that those noise
are coming from the direction of EQ epicenter. Later,
Hayakawa et al. (2005) have reported on the abnormal
Schumann resonance phenomena, especially the sig-
nificant effect in the fourth harmonic (f~25 Hz) and
this anomaly is interpreted in terms of seismo-iono-
spheric perturbations.

Being stimulated by this work, the similar data
on ULF/ELF magnetic field observations in a Rus-
sian station, Karymshiro will be presented here. Lo-
cal variations of the magnetic field at the ULF-ELF
frequency range associated with seismicity are studied
with the data of observations at Karimshimo complex
observatory (latitude 52.83 °N, longitude 158.13 °E,
Kamchatka, Russia) (Shchekotov et al., 2007). A
wideband emission is found to start about 5 days before
an EQ and last until 5 days after it. Seismic ULF/ELF
emission at the frequency range of 4-6 Hz as com-
pared with the seismically quiet background has an
enhanced Py;,/P,; (P, and Py, are the spectral power
densities of H and D components) spectral ratio and a
reduced standard deviation of ellipse orientation angle
and the ellipticity, and it has a more linear polariza-
tion, as shown in Fig. 3.1. Parameters of this emis-
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Fig. 3.1. The observation results in the frequency range (4-6 Hz) for different parameters:
<H/D> -1 (second panel), [<H/D> -1]/[rms(Pol)] (third panel), [<H/D> -1]/[rms(Angle)]
(fourth panel) and [<H/D> -1]/[rms(Angle) rms(Angle)] (bottom). Here rms (Pol) is the dispersion
in polarization and rms (Angle) is the dispersion in ellipse orientation. The top panel indicates the ZKp
index (in dotted line) (the scale is given on the left end) and also Ks index (so-called seismic index )
(its scale is given on the right end)
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sion are studied for more than 30 individual EQs and
statistically with the superposed epoch method. The
reliability of the EQ predicting hypothesis is verified,
and the favorable parameters for the EQs together with
those for ELF magnetic field are selected. The follow-
ing EQ parameters are favorable for this emission:
depths H < 50 km, magnitudes Ms > 5.5, and epicent-
er distances R < 300 km. The changes of natural ULF/
ELF emissions during the periods of enhanced seismic
activity are interpreted as the result of the excitation
of additional ULF/ELF emissions in the seismic zone
to the east of the observatory or the redistribution of
lightning discharges with their possible concentration
near the active crust fault.

3.3. Seismo-atmospheric perturbation

(a) Reception of over-horizon VHF transmitter sig-
nals and seimo-atmospheric perturbation

The propagation of over-horizon FM signals
probably associated with impending EQs was observed
by Kushida and Kushida (1998). They detected the sig-
nals from an over-horizon transmitter in Central Japan
several days or weeks prior to the Kobe EQ. Though
we do not receive any signal from a VHF transmitter
out of the line-of-sight, we sometime receive the sig-
nals from the transmitter and we define this as being
abnormal. Some correlation was found between the
abnormal VHF wave propagation and the EQs which
happened at certain sensitive regions. This phenom-
enon has been studied intensively for a number of EQs
in Central Japan from February 1 till June 30, 2000
by Fukumoto et al. (2001) by making full use of the
advantage of an integrated measurement. The FM
transmitter is located in Sendai, 312 km far from the

receiver in Chofu, whereas the distance of line-of-
sight was 80 km. Though the FM signals (77.1MHz)
from Sendai have not been detected in Chofu on nor-
mal days because it is out of the line-of-sight, over-
horizon FM signals have been occasionally received in
Chofu with small incident angle smaller than 20 °. Fig.
3.2 illustrates one example of detection of over-hori-
zon signals from FM Sendai. The data are observed on
27 May, 2000, as a precursor to an EQ on 3 June, 2000
(with magnitude 6.2). The direction findings of the sig-
nal bearing have shown that there are sometimes a lot
of differences with regards to the bearing of the future
EQ epicentre. Fukumoto et al. (2001) found that the
cross-correlation between the abnormal over-horizon
FM signals and EQs exhibits a significant peak around
7 days before the EQ. Recently, an experimental evi-
dence for the same phenomena has been confirmed by
Fujiwara et al. (2004). There are few papers on seis-
mo-atmospheric perturbations on the basis of studies
on over-horizon VHF signals (Kushida and Kushida,
1998; Fukumoto et al., 2001; Fujiwara et al., 2004).
We can summarize the important informations from
these earlier works as follows, which would be essen-
tial for the following theoretical considerations.

(1) Over-horizon VHF FM transmitter signals
are not detected under normal conditions (Kushida
and Kushida, 1998; Fukumoto et al., 2001), but they
are received on some occasions.

(2) Such abnormal over-horizon VHF signals are
found to be received at a station out of the line-of-
sight with small incident angle (incident angle <20 °)
(Fukumoto et al., 2001).
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Fig. 3.2. An example of the reception at our university of over-horizon VHF signal from FM
Sendai on 27 May, 2000. The outputs from different antenna systems are plotted, indicating
the source bearing in the atmosphere (not the ionosphere). This reception may be a precursor
to an EQ on 3 June, 2000 (magnitude 6.2)
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(3) The cross-correlation between over-horizon
VHEF signals and EQs indicates that such an anomaly
takes place about one week before the EQ (Fukumoto
et al., 2001; Fujiwara et al., 2004).

(4) The direction finding of the bearing of ob-
served over-horizon signal shows that there is some-
times a lot of difference with regards to the bearing of a
future EQ. Always, the region or the atmospheric per-
turbation seems to be close to the land area for oceanic
EQs (Fukumoto et al., 2001).

Unlike the initial hypothesis by Kushida and
Kushida (1998), Fukumoto et al. (2001) have found
that this VHF anomaly is not attributed to the iono-
sphere, but to the atmospheric perturbation (Point(2)).
This atmospheric perturbation tends to take place
about one week before the EQ (Point (3)). Point (4) is
indicative of the suggestion that the atmospheric scat-
terer for over-horizon VHF signal seems to take place
close to the land (not over the sea).

(b) Latest statistical results

Yonaiguchi et al. (2007a) have made the first study
on the statistical correlation between the over-horizon
VHF signal (FM Sendai received at Chofu) and EQs
on the basis of one complete year data. It is found that
meteorological radio duct effect is dominant in July-
September. On the other hand, when we make our
analysis area narrower just around the middle region of
the great-circle path, we have always significant cor-
relation between VHF signal characteristics (average,
median intensity or variance) with seismicity in any
months of the year, exceeding the confidence level.

Yasuda et al. (2009) have developed an interfero-
metric direction finding for over-horizon VHF signals.
The azimuth distribution by means of our interferom-
eter has enabled us to correlate any burst in the tem-
poral evolution of electric field intensity to a certain
EQ. The over-horizon VHF transmitter signals (in our
case, FM Sendai (77.1 MHz)) in possible association
with EQs are always well above the background noise,
whose azimuth is found to be relatively close to the
direction of Sendai, relatively away from the EQ epi-
centeral direction. On the other hand, the VHF radio
noises as discussed in Section 3.2 (a) are always simul-
taneously detected as an enhancement of background
noise, with their azimuths being relatively close to the
EQ epicenter.

(c) A generation mechanism of seismo-atmospheric
perturbations

Kushida and Kushida (1998) and Pilipenko et al.
(2001) have assumed without any convincing results
that the abnormal over-horizon VHF wave propaga-
tion is due to the back-scattering from the meter-scale
plasma irregularities in the ionosphere above the seis-
mo-active region. But, it is concluded above that the
reception of over-horizon VHF signals is due to the
atmospheric perturbation.

We recall that the weak over-horizon signals de-
tected at Chofu were identified by audio monitoring to
be FM Sendai broadcasting which is operated at the
frequency 77.1 MHz. It is common knowledge that
the effect of long-range VHF wave propagation is usu-
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ally due to tropospheric ducting via the wave reflec-
tion below the tropopause (Turman, 1955; Hall et al.,
1996). Yonaiguchi et al. (2007a) have actually found
this ducting effect in particular seasons (summer). The
ducting in the troposphere followed by the ray distor-
tion builds up as a result of refractive index changes
with altitude. In the geometric optics approach the
curvature radius, R, of the ray can be expressed via the
refractive index n as follows (e.g., see Turman, 1955):

1 Vn
—=N-—, |
? p (D

where N denotes the unit vector of a principal normal
to the curve/ray. The refractive index of air depends
mainly on the atmospheric pressure P, the temperature
T, and the partial pressure of water vapour e, which is
contained in the air. The empirical relation of these
parameters can be written as follows (e.g., see Hall et
al., 1996):

ar . o2 )

where a;=7.8x107K/Pa and a,=3.7x10-3K*/Pa
are the empirical constants. The first term on the
right-hand side of Eq. (2) covers the dry gases, mainly
nitrogen and oxygen, while the next term is governed
by the water vapour. The atmospheric pressure
decreases with height approximately exponentially and
the mean temperature usually falls by about 1 degree
per 100 meters. The water vapour pressure depends on
meteorological condition and on the saturated water
vapour pressure, which, in turn, is a function of the
temperature.

Under standard meteorological conditions the
refractive index of air decreases with height z, and the
typical value of its derivative is dn/dz=-4 x 10-m-".
The ducting arises under the requirement that the re-
fractive index falls off more rapidly with height so that

dn 1
e, 3
2R (3)

(4

where R, is the Earth’s radius. This implies that the
rays will follow the curvature of the Earth.

The major cause of radio ducting is the humidity
and temperature inversion, which occasionally occurs
over water surface during anticyclon conditions. It is
usually the case that the ducts do not persist over land
and they are a coastal effect. It should be noted that the
long-duration pressure inversion does not occur since
the winds soon restore the equilibrium. The vast major-
ity of duct-producing inversions are located below 1—2
km (Yonaiguchi et al., 2007a), so that the tropospheric
ducting requires low-angle entry of the ray into the duct.
The over-horizon signals possibly related to EQs were
found to have the elevation angle smaller than 10 ° (Fu-
kumoto et al., 2001). This fact is in favour of the tropo-
spheric ducting rather than the ionospheric scattering.

Since the tropospheric ducting is mainly due to
the behaviour of water vapour pressure, the first term
on the right-hand side of Eq. (2) can be neglected.
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Thus, substituting Eq. (2) for n into Eq. (1) and taking
R= R, yields
L & de_ahe

R, T?dz TAh’
where Ae is the typical value of the vapour pressure
variation and A/ denotes the vertical scale of the duct.
Combining Eq. (4) with the state equation of perfect
gases, we can estimate mass density variation of the
water vapour at the boundaries of the duct

4)

MART
Ap= ;
R.Ca,

where Cis the universal gas constant and M is the mass
of vapour molecule. Substituting AZ#=0.1-0.5 km
and 7= 293K into Eq. (5) we get a rough estimation
Ap = (1.3 —0.3) x 10”2 kg/m?. Notice that this value is
of the order of the mean vapour density at the ground
surface.

It is interesting to note that such abnormal me-
teorological conditions can be related to the ground
temperature variations occasionally observed before
seismic events. The near-surface temperature in-
crease of about 1—3K and the soil moisture variations
were recorded prior to a few strong crustal EQs (e.g.
Sugisaki et al., 1980; Wang and Zhu, 1984). NOAA/
AVHRR satellite thermal images exhibited the ab-
normal enhancement of the outgoing infrared radia-
tion above seismo-active regions in Central and Mid-
dle Asia, China, Japan and European Union mainly
along the fault system of the Earth’s crust (Gorny et
al., 1988; Tronin, 1999; Qiang et al., 1999; Tramutoli
et al., 2001; Tronin et al., 2002). The thermal anoma-
lies have been detected several days or weeks before
EQ occurrence. The temperature increase of several K
continued for a week after the EQ. The thermal anom-
alies covering the area ~10* - 10° km? changed in size
before and after the EQ.

The effect is thought to be due to an output of opti-
cally active gases such as CO,, CH,, and water vapour
which results in the local green house effect (Tronin,
1999). An alternative mechanism is assumed to be due
to thermal water squeezing out from the higher depths
towards the Earth’s surface followed by the heating of
the ground surface. A convection mechanism of rock
warming by groundwater upward filtrating has been
considered as a possible reason for stable temperature
anomalies generated near the fault interception (Surk-
ovetal., 2006). Note that the convection mechanism of
rock warming may be more intensive for the underwa-
ter EQ or in the vicinity of coastline because of the fact
that the crust thickness is smaller than that on the land.

Now we shall study the possible relation between
the abnormal variations in refractive index and the
ground surface temperature increase (Hayakawa et
al., 2007). The heat exchange between the ground
and atmosphere is mainly controlled by the diurnal
variations of the solar radiation flux. The heat balance
also contains the convective/turbulent heat exchange
in the near surface atmospheric layer, the losses due

&)
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to water evaporation and the weak geothermal heat
transfer (Tronin, 1999).

We now estimate the convective heat transfer,
which depends on the temperature difference between
the ground and the atmosphere

qe=Y(T;1_Tg)’ (6)

where the subscripts a and g refer to atmosphere and
ground, and the constant y varies from day to night
as y=15-25W/(m?’K) (Gorny et al., 1993). The
enhancement of the mean ground temperature by
the value AT results in an increase of the upward heat
transfer by the value Ag, = yAT. Ifthe diurnal variations
of the heat balance are disregarded, the additional
amount of the heat produced for the time interval #can
be roughly estimated as AQ = yATSt, where S denotes
the area of the temperature anomaly. Assuming for
the moment that all the heat is fully converted into the
energy, which is necessary to vapour the gravitational
groundwater, the maximal mass of water vapour due to
evaporationisAm = AQ/A, where A denotesthe specific
heat of water evaporation at given temperature. The
water vapour can drag due to advection of air masses,
typically occurring in early evenings in the summer
with air from a warm land surface advecting over the
cooler sea.

If the water vapour piles up around 1—2km above
the ground, it can produce the high humidity gradi-
ents and a temperature inversion forming a radio duct.
The net mass of water vapour in the duct is estimated
as Amgy = ApAhSy, where Ah is the duct thickness, Sy
is the duct area, and Ap is the variation of the vapour
density. Assuming that Am~Amy and $~.8y, and taking
into account the above equation for AQ, we get

YATt /)~ ApAh (7)

Substituting Eq. (6) for Ap into Eq. (8) we can
estimate the time interval required to produce the va-
pour mass Amy

2
4 AMTAR . )

a,YATCR,
We choose the following parameters and

A=2.45x%x100)/kg (T=293 K), y=20 W/(m?K) and
AT=1— 3 K. The numerical values of other parame-
ters are found in this section. Substituting these values
into Eq. (8) we obtain that 7can vary from 3 h to 9 days.
This estimate does not strongly contradict with the as-
sumption that the weak heating of the ground surface
for several days or weeks may be a cause of the under-
ground water evaporation which, in turn, is capable of
sustaining the generation of radio ducting. This means
that, in principle, both the abnormal over-horizon
FM signals and the ground temperature anomalies
may be associated with EQ preparation process. We
finally comment on the effect of EQ magnitude, even
though its effect is very significant in the generation
of seismo-atmospheric perturbations. This magnitude
effect is implicitly included in the parameter S indicat-
ing the area of the temperature anomaly.
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A crude analysis described above is indicative of
a possible relation between abnormal phenomena of
the reception of over-horizon VHF signals and EQ
preparation stage. One can suppose the following sce-
nario of the phenomena in a seismically active region.
A variation of tectonic stress in the vicinity of faults
results in the gradual groundwater squeezing out from
the higher depths towards the Earth’s surface. The
warmed groundwater filtrates upwards from the higher
depth to the Earth’s surface to provide a weak increase
in the ground temperature similar to that detected be-
fore an EQ (Gorny et al., 1988; Tronin, 1999; Qiang et
al., 1999; Tramutoli et al., 2001; Tronin et al., 2002).
In addition, there may be an increase in the contents
of water vapour, CO,, CHy4, and other optically active
gases, which, in turn, leads to the local greenhouse
effect followed by the ground temperature increase
(Tronin, 1999). The lead time of abnormal over-ho-
rizon VHF signal is about one week (Point (3) in Sec-
tion 3.3.), seems to be consistent with these satellite
results on the ground temperature measurement.

If the favourable meteorological conditions occur
in the near-surface layer over seismically active re-
gions, it can produce the air humidity and temperature
inversion followed by the abnormal variations of the
air refractive index. Such meteorological conditions
can persist in the vicinity of a coastal line. This seems
to be consistent with Point (4) in Section 3.3. Eventu-
ally it can lead to the radio ducting and over-horizon
VHF wave propagation (Kushida and Kushida, 1998;
Fukumoto et al., 2001; Fujiwara et al., 2004).

3.4. Summary of seismo-atmospheric effects

We have reviewed seismogenic radio emissions
in the atmosphere in possible association with EQs,
including EQ light, HF/VHF radio emissions, ELF/
VLF/MF radio emissions. Generally speaking, it is
likely that those radio emissions take place in possible
association with EQs, but there are very few attempts
of any correlation statistics and also very few attempts
to separate those seismogenic emissions from other
noises. Therefore, the generation mechanism of these
seismogenic emissions is extremely poorly understood
or studied at the moment.

On the contrary, the study of seismo-atmosphere
perturbations as studied by over-horizon VHF signals
hasbeen advanced very much recently, which indicates
that the atmosphere is definitely perturbed before an
EQ. The statistical study and direction finding studies
have been very useful in elucidating the characteristics
of seismo-atmospheric perturbations. Also, a genera-
tion mechanism has been recently proposed on the ba-
sis of the changes in geochemical quanties related with
EQs, leading to the generation of radio ducts.

In the framework of this scenario one may also
suppose that the increase of humidity and mean tem-
perature in the atmospheric near-surface layer is ac-
companied by a weak fall-off of the atmospheric
breakdown voltage. It is interesting to note in this con-
nection that some strange phenomena such as a sheet
lightning/heat-lightning, luminescence of mountain
tips and fog regions were occasionally observed prior to
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and during strong EQs (Finkelstein and Powell, 1970;
Hedervari and Noszticzius, 1985; Derr and Persinger,
1986; Morgunov, 1998). The above assumption is in
favour of this fact, although we are not sure whether
these intriguing phenomena are really related to EQs.
Finally, some aspects we wish to emphasize are sum-
marized as follows:

(1) It seems that seismogenic emissions in a wide
frequency from ULF/ELF to VHF are generated in
a possible association with EQs, but the presence of
those emissions is not established before detailed sta-
tistical correlation studies are done.

(2) We have assumed that the tectonic activity
in the fault zone could trigger a weak increase of the
ground surface temperature, underground water lift-
ing and gas emanation, which, in turn, results in some
variation of the humidity in the near surface layer of
the atmosphere, followed by the changes of atmos-
pheric refractive index and a possibility of the break-
down voltage.

(3) The appearance of over-horizon VHF signals
and the increase of the ground surface temperature in
seismo active regions may be resulted from the gen-
eral origin that is the heating of the ground surface due
to gradual groundwater squeezing out from the high-
er depths towards the Earth’s surface or due to weak
greenhouse effect.

(4) All the effects treated here seem to be sporadic
and case sensitive, since they depend on meteorological
conditions, diurnal and seasonal variation of the air hu-
midity, proximity of the coastline, etc. Further experi-
ments are necessary to sort out this interesting problem
in seismically active regions in order to elaborate the
theoretical consideration presented in this section.

4. VLF/LF RADIO SOUNDING
OF IONOSPHERIC PERTURBATIONS
ASSOCIATED WITH EARTHQUAKES

4.1. The use of VLF/LF subionospheric propaga-
tion as new methodology

Most of the energy radiated by VLF/LF trans-
mitters is trapped between the ground and the lower
ionosphere, forming the Earth-ionosphere waveguide.
Subionospheric VLF/LF signals reflect from the D-
region of the ionosphere, probably the least studied
region of the Earth’s atmosphere (Rodger and Mc-
Cormick, 2006). These altitudes (~ 70-90 km) are too
far for balloons and too low for satellites, making in-
situ measurements extremely rare. The only possible
method of probing this D region is VLF/LF subiono-
spheric radio signals.

Any variations in the ionospheric D/E-region
lead to changes in the propagation conditions for
VLF waves propagating subionospherically, and
hence changes in the observed amplitude and phase
of VLF/LF transmissions are due to different kinds of
perturbation sources; (1) solar flares, (2) geomagnetic
storms (and the corresponding particle precipitation),
(3) the direct effect of lightning (e.g., Rodger and Mc-
Cormick, 2006). In addition to these solar-terrestrial
effects we can suggest one more effect of EQs (or seis-
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mic activity) onto the lower ionosphere (Hayakawa,
2007).

The first attempt of VLF/LF radio sounding for
seismo-ionospheric effects was done by Russian col-
leagues (Gokhberg et al., 1989; Gufeld et al., 1992),
who studied the VLF propagaton over a long distance
from Reunion (Omega transmitter) to Omsk to detect
any effect of an EQ in the Caucasia region. Then, they
succeeded in finding out a significant propagation
anomaly over the two long-distance paths from Reun-
ion to Moscow and also to Omsk a few days before the
famous Spitak EQ (Gufeld et al., 1992).

The most convincing result on the seismo-iono-
spheric perturbations with VLF sounding was obtained
by Hayakawa et al. (1996b) for the famous Kobe EQ
in 1995 (with magnitude of 7.3 and with depth of 20
km). Some important peculiarities in their paper are
summarized as follows; (1) the propagation distance
(from Tsushima Omega to Inubo observatory) is rel-
atively short-path at VLF (~ 1,000 km) as shown in
Fig. 4.1(a), as compared with 5,000 ~ 9,000 km used in
Russian papers (Gokhberg et al., 1989; Gufeld et al.,
1992), and (2) they found that the fluctuation meth-
od as used before, was not so effective for the short-
propagation path, so that they developed another way
of analysis. That is, they paid attention to the times of
terminator (morning and evening) and they found sig-
nificant shifts in the terminator times before the EQ,
as shown in Fig. 4.1(b). The morning terminator time
(t,) shifts to early hours, and t, shifts to later hours.
This point was statistically examined by a much longer
data-base of +4 months, which indicates that the shift
int, (phase) in Fig. 4.1(b) is found to exceed well above
twice the standard deviation (2c). This means that the
daytime felt by subionospheric VLF signals is elongat-

Ep|center
"o (Kobe earthquake)

Fig. 4.1 (a). Relative location of the VLF transmitter
(Omega, Tsushima), our observatory at Inubo and the EQ
epicenter (x). The first Fresnel zone is indicated. (b) The
sequential plot of diurnal variation (phase) (nearly the same
pattern as for amplitude) and please pay attention to the
variation in t,, (morning terminator time) and t, (evening
terminator time). The shaded areas indicate the shift from
the monthly mean value
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ed for a few days around the EQ, and the theoretical
estimation (Hayakawa et al., 1996b; Molchanov et al.,
1998; Yamauchi et al., 2007) suggests that the lower
ionosphere is lowered before the EQ.

A later extensive study by Molchanov and Hay-
akawa (1998) was based on the much more events dur-
ing 13 years (11 events with magnitude greater than 6.0
and within the Ist Fresnel zone) for the same propa-
gation path from the Omega, Tsushima to Inubo, and
they came to the following conclusion.

(1) As for shallow (depth smaller than 30 km)
EQs, 4 EQs form 5, exhibited the same terminator
time anomaly as for the Kobe EQ (as in Fig. 4.1(b))
(with the same 2 ¢ criterion).

(2) When the depth of EQs is in a medium range
of 30-100 km, there were observed two events. One
event exhibited the same terminator time anomaly,
and another indicated a different type of anomaly.

(3) Deep (depth larger than 100 km) EQs (4
events) did not show any anomaly. Two of them had
an extremely large magnitude (greater than 7.0), but
had no propagation anomaly.

This summary might indicate a relatively high
probability of the propagation anomaly (in the form
of terminator time anomaly) of the order of 70 ~ 80 %
for larger (magnitude greater than 6.0) EQs located
relatively close to the great-circle path (e.g., 1st Fres-
nel zone).

In response to the above-mentioned significant
results (especially the result for Kobe EQ), the Japa-
nese government conducted the integrated EQ frontier
project, and the former NASDA (National Space De-
velopment Agency of Japan) conducted the so-called
“EQ Remote Sensing Frontier Project” (for which the
author was the principal investigator) during 1997 to

Jan 15 p— = N
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*Jan17 M\/\\‘/v
[~ ’
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Fig 4.1 (b). is found to exceed well above twice the
standard deviation (2c). This means that the daytime felt
by subionospheric VLF signals is elongated for a few days

around the earthquake, and the theoretical estimation
(Hayakawa et al., 1996; Molchanov et al., 1998;
Yamauchi et al., 2007) suggests that the lower ionosphere
is lowered before the earthquake
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2001 (five years project) (Hayakawa et al., 2004a, b;
Hayakawa, 2004). In this project our greatest atten-
tion was paid to the subionospheric VLF/LF propaga-
tion aimed at the short-term EQ prediction. Fig. 4.2 is
the Japanese VLF/LF network established within the
framework of the Frontier Project and is still working.
There are seven observing stations (Moshiri (Hokkai-
do), Chofu (Tokyo), Tateyama (Chiba), Shimizu
(Shizuoka), Kasugai (Nagoya), Maizuru (Kyoto) and
Kochi), and we observe several transmitters simulta-
neously at each station, unlike the early VLF receiv-
ing system. The VLF/LF transmitters now we observe,
are (1) JJY (40 kHz, Fukushima), (2) JJI (22.2 kHz,
Ebino, Kyushu), (3) NWC (19.8 kHz, Australia), (4)
NPM (21.4 kHz, Hawaii) and (5) NLK (24.8 kHz,
America). By using the combination of a number of
observing stations and a large number of VLF/LF
transmitters received, we will be able to locate the
ionospheric perturbation with the accuracy of about
100 km. We make some comments on our system. Our
VLF/LF receiver named Japal, is designed to measure
very slow and small changes in amplitude and phase.
The magnitude of slow phase and amplitude perturba-
tions claimed for EQ precursors are much greater than
this, so it should be detectable by our system if they
exist.

130" 132

134" 136" 138" 140" 142" 144" 146"
7 & 48

SNWC ‘
130° 132" 134 136 138" 1400 142 144" 146"

30" H— 30"

Fig. 4.2. VLF/LF network in Japan. Several observing
stations (Moshiri (abbreviated as MSR), Chofu (CHO),
Chiba (CBA), Shimizu (SMZ), Kasugai (KSG), Maizuru
(MZR), and Kochi (KOC)) and several VLF/LF
transmitter signals detected at each station. The situation
for one station (MSR) is indicated, and receiving
transmitters are JJY, NWC, JJI, NPM and NLK
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Our VLF/LF system is deployed in different
counties as well in response to their requests. One of
our VLF/LF receivers is now working at Kamchatka
in Russian with good data (Rozhnoi et al., 2004), and
one is set in Taiwan as well. These stations, together
with our Japanese dense network, are forming a global
Pacific VLF/LF network. Additionally, a few VLF/LF
receivers were installed in Europe, and especially one
in Italy is working good with significant results (Biagi
etal., 2004).

By means of the above-mentioned Japanese VLF/
LF network, we have been working on many case stud-
ies for large EQs. We can list these EQs; (1) Izu penin-
sula EQ swarm (with the largest magnitude of 6.3) in
March, 1997 (with the data from Tsushima, Omega
to Chofu), (2) Tokai (Nagoya) area EQs (with data
from NWC (Australia) to Kasugai (Nagoya) (Ohta et
al., 2000), (3) Tokachi-oki EQ (25 September, 2003,
MS8.3) (Shvets et al., 2004a; Cervone et al., 2006), (4)
Niigata-chuetsu EQ (23 October, 2004, M6.8) (Hay-
akawa et al., 2006; Yamauchi et al., 2007). Especially,
in the case of Niigata EQ, we have made full use of our
VLF/LF network observation (Yamauchi et al., 2007).
That is, a comparison of the data on different propaga-
tion paths as a combination of several observing sta-
tions and several VLF/LF transmitter signals received,
has enabled us to locate the ionospheric perturbation
and to deduce their spatial scale. Also, their temporal
dynamics have been inferred, together with the theo-
retical full-wave computations.

The terminator time method we developed, for
the first time, for the case of Kobe EQ, has been used so
far as a standard analysis method of VLF/LF records.
In addition to this terminator time method, there is
another method of VLF/LF data analysis, which is
called, “nighttime fluctuation method” and which is a
further improvement of the previous Russian papers.

4.2. Recent VLF/LF results

Here we present a few of our latest results by us-
ing our VLF/LF radio sounding. First, we present a
result on the statistical correlation of ionospheric per-
turbations as detected by subionospheric VLF/LF radio
sounding with the EQs. Then, we present a case study as
detected in Japan for the huge Indonesia Sumatra EQ.

(a) Statistical study on the correlation between ion-
ospheric perturbations and EQs

In addition to the event studies it is highly required
to undertake any statistical study on the correlation
between ionospheric disturbances and EQs based on
abundant data source. There have been very few reports
on the statistical correlation between the ionospherc
perturbations and EQs (Shvets et al., 2002, 2004b; Ro-
zhnoi et al., 2004). Shvets et al. (2004b) have examined
avery short-period (March-August, 1997) data for two
paths (one is the Tsushima-Chofu and another, NWC
(Australia)-Chofu) and found that wave-like anoma-
lies in VLF Omega signal with periods of a few hours
(as indicative of the importance of atmospheric grav-
ity wave as suggested by Molchanov et al. (2001) and
Miyaki et al. (2002)) were observed 1-3 days before or
on the day of moderately strong EQs with magnitudes
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5-6.1. Then, Rozhnoi et al. (2004) have extensively
studied 2 years data of the subionospheric LF signal
along the path Japan (call sign, JJY)-Kamchatka (dis-
tance = 2,300 km), and have found from the statistical
study that the LF signal effect is observed only for EQs
with magnitude, at least, greater than 5.5.

The following is a summary of our latest paper
(Maekawa et al., 2006) devoted to such a statistical
study on the correlation between ionospheric distur-
bances and seismic activity. A few important distinc-
tion from the previous works by Shvets et al. (2002,
2004b) and Rozhnoi et al. (2004) are described. The
first point is the use of much longer period of VLF/LF
data (five years long). The second point is that we pay
attention to physical parameters of VLF/LF propa-
gation data; (1) amplitude (or trend) and (2) disper-
sion (in amplitude) (or fluctuation). In the previous
work by Rozhnoi et al. (2004) they have studied the
percentage occurrence of anomalous days, in which
an anomalous day is defined as one day during which
the difference of amplitude (and/or phase) from the
monthly average exceeds one standard deviation (o).

Here we pay particular attention to the EQs occur-
ring in and around Japan, so that we take a wave path
from the Japanese LF transmitter, JJY (40 kHz) (ge-
ographic coordinates; 36°18' N, 139°85" E) and a re-
ceiving station of Kochi (33°33' N, 133°32' E). Fig. 4.3
illustrates the relative location of the LF transmitter,
JJY and our receiving station, Kochi, and the distance
between the transmitter and receiver is 770 km.

The subionospheric LF data for this propagation
path is taken over 6 years from June 1999 to June 2005,
but we excluded one year of 2004 (January to Decem-
ber, 2004) because of the following reason. As you may
know, there was an extremely large EQ named 2004
Mid Niigata prefecture EQ happened on October 23,
with magnitude = 6.8 and depth = 10 km (Hayakawa
et al., 2006), and the effect of the main shock and also
large aftershocks was so large and so frequent that it
may disturb our following statistical result so much.
Then we have excluded this year of 2004 from our
analysis. We have to define the criterion of choosing
the EQs. The sensitive area for the wave path, JJY
transmitter to the Kochi receiving station is defined as
follows. As shown in Fig. 4.3, first we adopt the cir-
cles with radius of 200 km just around the transmitter
and receiver, and then the sensitive area is defined by
connecting the outer edges of these two circles. All of
the 92 EQs with magnitude (conventional magnitude
(M) by Japan Meteorological Agency) greater than
5.0 are plotted in Fig. 4.3, but the EQ depth is chosen
to be smaller than 100 km (with taking into account
our previous result that shallow EQs can have an effect
onto the ionosphere by Molchanov and Hayakawa
(1998)). We have normally been using the fifth Fresnel
zone as the VLF/LF sensitive area (Molchanov and
Hayakawa, 1998; Rozhnoi et al., 2004), but we have
found that the area just around the transmitter and re-
ceiver is also sensitive to VLF perturbation (e.g. Ohta
et al., 2000) with taking into account the possible size
of the seismo-ionospheric perturbation. In this sense
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the sensitive area we choose here seems to be very rea-
sonable because the width of the sensitive area is very
close to the 10th Fresnel zone.
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Fig. 4.3. Relative location of the LF transmitter, JJY in
Fukushima and an observing station, Kochi. The sensitive
area for this LF propagation path is also indicated; the
circles with radius of 200km around the transmitter and
receiver and by connecting the outer edges of these two
circles. Also 92 EQs with conventional magnitude (M)
greater than 5.0 are plotted, which took place
within the sensitive area

In the following statistical analysis, we undertake
the so-called superimposed epoch analysis in order to
increase the S/N ratio. Here we define the EQ magni-
tude in the following different way. Because we treat
the data in the unit of one (a) day (we use U. T. (rath-
er than L. T.) to count a day because we stay on the
same day even when we pass the midnight when we
use U.T.), we first estimate the total energy released
from several EQs with different magnitudes in one
day within the sensitive area for the LF wave path as
shown in Fig. 4.3 by integrating the energy released
by a few EQs (down to the conventional magnitude
M = 2.0) and by converting this into an effective mag-
nitude (MefY) for this particular day. This Meffis much
more important than the conventional magnitude for
each EQ, because the LF propagation anomaly on
one day is the effect integrated over several EQs taking
place within the sensitive area on that day. Though not
shown as a graph, we find that there are 19 days with
Meff greater than 5.5.

Diurnal variations of the amplitude and phase of
subionospheric VLF/LF signal are known to change
significantly from month to month and from day to
day. Therefore, following our previous works (Shvets
et al., 2002, 2004a, b; Rozhnoi et al., 2004; Hayakawa
etal., 2006; Horie et al., 2007a), we use, for our analy-
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sis, a residual signal of amplitude dA as the difference
between the observed signal intensity (amplitude) and
the average of several days preceding or following the
current day:

dA(f) = A(f)- < A(t) >

where A(t) is the amplitude at a time t for a current day
and <A(t) > is the corresponding average at the same
time t for 15 days (15 days before, 15days after the EQ
and EQ day). In the paper by Rozhnoi et al. (2004), they
have defined an anomalous day when dA(t) exceeds the
corresponding standard deviation. In our analysis we
have studied the nighttime variation (in the U.T. range
from U.T.=10hto 20 h) (or L.T. 19 hto 05 h)). Then,
we use two physical parameters: average amplitude
(we call it “amplitude”) (or trend) and amplitude
dispersion (we call it “dispersion) (or fluctuation)). We
estimate the average amplitude for each day (in terms
of U.T.) by using the observed dA(t) and one value for
dispersion (fluctuation) for each day.

Then, we are ready to undertake a superimposed
epoch analysis. For the study on the correlation be-
tween ionospheric perturbations in terms of two pa-
rameters (amplitude and dispersion) and seismicity,
we choose two characteristics periods; seismically ac-
tive periods with Meff greater than 5.5 and greater
than 6.0. The number of events with Meff > 5.5 is 19,
and that with Meff > 6.0 is 4.

We finally undertake the statistical test. When
we perform the Fisher’s z-transformation to the data
amplitude and dispersion, respectively, the z value
is known to follow approximately the normal distri-
bution of N (0, 1) with zero average and dispersion
of unity. Figs. 4.4(a) and 4.4(b) represent the corre-
sponding statistical z-test result. The 2¢ (o: standard
deviation over the whole period of five years) line is in-
dicated as the statistical criterion. First of all, we look
at the amplitude (trend) result in Fig. 4.4(a). It is clear
that the blue line for the Meff greater than 6.0 exceeds
the 20 line (about 3 dB decrease) a few days before
the EQ. This suggests that the ionospheric perturba-
tion in terms of amplitude (trend) shows a statistically
significant precursory behavior (3 to 5 days before the
EQ). Next we go to Fig. 4.4(b) for the dispersion. The
enhancement of dispersion (fluctuation) is clearly vis-
ible for extremely high seismic activity (Meff > 6.0).
That is, the dispersion is found to exceed the 26 line
6-2 days before the EQ day. When the Meffbecomes a
little smaller (Meff > 5.5) the effect of EQs is found to
be present, but it is not so significant as compared with
the case for Meff > 6.0. Finally, we comment on the
corresponding result for M > 5.0 (further below Meff
= 5.5by0.5). We have found that the variations in am-
plitude and dispersion, are well inside the +2¢ line for
Meff>5.0, and together with our previous findings, we
say that the seismic effect can only be seen definitely
for Meff>6.0.

We compare our present statistical result with
previous ones (Shvets et al., 2002; Rozhnoi et al.,
2004). Rozhnoi et al. (2004) have studied the percent-
age occurrence of anomalous days for different con-
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ventional EQ magnitudes. After examining different
effects (solar flares, geomagnetic storms etc.), they
have succeeded in detecting the seismic effect in subi-
onospheric VLF/LF propagation only when the EQ
magnitude exceeds 5.5. In our analysis, we do not pay
attention to the percentage occurrence of anomalous
days as studied by Rozhnoi et al. (2004), but we pay at-
tention to two physical parameters of subionospheric
LF propagation ((1) amplitude (trend) and (2) disper-
sion (or fluctuation)). Our result seems to have con-
firmed and supported our previous result by Rozhnoi
etal. (2004) by using the much longer-period data. The
present statistical study has given strong validation to
the use of nighttime fluctuation method in finding out
seismo-ionospheric perturbations (Hayakawa et al.,
2006; Horie et al., 2007a)
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Fig. 4.4. Statistical test result for the amplitude (a)
and dispersion (b). The day on the abscissa is defined
as follows: day zero indicates the day of the EQ, and minus
(plus) means that the phenomenon takes place before
(after) the EQ. The important 26 (o: standard deviation)
lines are plotted for the statistical test

(b) Case study of Sumatra EQ in December, 2004
(Ground-based VLF reception in Japan and satellite ob-
servation of VLF signals)

This section is concerned with a recent case study
for the Sumatra EQ by means of the VLF data on the
propagation between the NWC VLF transmitter (Aus-
tralia) (21.82°S, 114.15 °E) to Japan. Because this EQ
is extremely huge, it is worthwhile to study whether
this EQ has a certain effect on the lower ionosphere. If
the effect exists, we would like to study the character-
istics and dynamics of those perturbations.
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A huge EQ happened to take place in the west
coast of the Sumatra islands on 26 December, 2004.
The magnitude of this EQ is 9.3 and the focal depth is
30 km. The epicenter is located at the geographic co-
ordinates (3.31°N, 95.95 °E). Asshown in Fig. 4.5, the
epicenter of this EQ is located as a large circle (12/26),
which is found to be far away (about 2,000 km) from
the great-circle paths from the NWC VLF transmitter
(also shown in Fig. 4.5) and three Japanese receiving
points (Chiba (abbreviated as CBA), Chofu (CHO)
and Kochi (KOC)). The details of this VLF/LF net-
work in Japan are given in Hayakawa et al. (2004a, b).
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Fig. 4.5. Propagation paths from the transmitter, NWC
(in Australia) to the two receiving sites (Kochi and Chofu).
The fifth Fresnel zone for each propagation path is
indicated. The EQs with magnitude greater than 6.0 within
and just close to the VLF sensitive zone during the years
of 2004 and 2005 are all indicated. The center of each circle
corresponds to the EQ epicenter, and the size of the circle
indicates the EQ magnitude. The color of EQ s during the
period of November, 2004 to May, 2005 indicates the EQ
depth. The date of the EQ is indicated beside the circle
(i.e. 4/10 means April 10). The Sumatra EQ is far away
from the great-circle paths, but it is indicated (12/26)

We pay particular attention to the period around
the Sumatra EQ; that is, the period from the middle
of November, 2004 to May, 2005. In Fig. 4.5 we have
plotted only two propagation paths (two of fifth Fres-
nel zones for the NWC to Kochi and for the NWC to
Chiba). During the period from the middle November,
2004 to May, 2005, we have indicated the epicenters
of the EQs with magnitude greater than 6.0 and close
to our propagation paths. The center of each circle in-
dicates the EQ epicenter, and its size is proportional
to the magnitude. The color of the circle indicates the
depth with the step of 20 km.
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As already explained above, there have been pro-
posed two methods of analysis to find the precursory
effect in VLF/LF data; (1) Terminator time method
(Hayakawa et al., 1996b; Molchanov and Hayakawa,
1998), and (2) Nighttime fluctuation analysis (Shvets
et al., 2004a, b; Roznoi et al., 2004; Maekawa at al.,
2006). As shown in Fig. 4.5, the propagation path is
approximately in the N-S meridian plane, so that the
terminator time method is not so effective for this
path. Because the terminator time method is effective
mainly for the E-W propagation direction (Maekawa
and Hayakawa, 2006). Hence, we have adopted the
fluctuation analysis. Fig. 4.6 is the sequential plot of
nighttime amplitude of NWC signal observed at the
three observing sites (Chiba (CBA), Chofu (CHO),
and Kochi (KOC)). It is easy to understand quali-
tatively that there is an increased fluctuation in the
nighttime amplitude at all the stations. Then, we will
estimate this nighttime fluctuation quantitatively. We
use the nighttime L.T. time internal for six hours (L.T.
=21 h to 03 h), and we estimate the difference dA(t)
(= A(t) — <A(t)>) where A(t) is the VLF amplitude at
the time t and <A(t)> is the average value over *15
days (one month) at the same time t. Finally, we inte-
grate dA? over the relevant nighttime six hours, and we
have one data for each day.

As is shown in Maekawa et al. (2006), we have
shown the analysis result during the two years of 2004
and 2005. This long-term analysis was used to infer
that the VLF nighttime fluctuation seems to be de-
pleted during seismically quiet periods.

The fifth Fresnel zone shown in Fig. 4.5 is already
found to be useful and effective as the VLF sensitive
zone for EQs with magnitude 6.0-7.0 (Hayakawa et
al., 1996b; Molchanov and Hayakawa, 1998), when
we think of the possible size of the seismo-ionospheric
perturbations. This Sumatra EQ is extremely huge
(M = 9.3), so that we expect an extremely large area
of ionospheric perturbations for this EQ. By simply
using either the formula on the preparation zone size
by Dobrovolsky et al. (1979) or the empirical formula
on the size of ionospheric perturbations by Ruzhin
and Depueva (1996), the radius of preparation zone
or possible ionospheric perturbation is estimated to be
of the order of 7,000-8,000 km. The empirical formula
by Ruzhin and Depueva (1996) is mainly based on the
events mainly up to M = 7.0 or so, so that it is ques-
tionable for us to use this formula even up to M = 9.3.
Even though, it may be reasonable to anticipate that
the VLF propagation path from the transmitter, NWC
to Japanese VLF sites is definitely influenced very
much, or perturbed because the distance of the epi-
centre from the great-circle path is only 2,000 km.

As is already shown in Horie et al. (2007a), the
geomagnetic activity just around the Sumatra EQ (e.g.
tone month around the EQ) is found to be relative-
ly quiet except just after the middle of January, 2005
when the ZKp exceeds 40 (disturbed). For example,
in December, 2004, we have found relatively quiet
geomagnetic activity. We look at the VLF fluctuations
just before the Sumatra EQ. It is very fortunate that
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we find a very prolonged seismically quiet period be-
fore the Sumatra EQ. Fig. 4.7 is the extended figure for
the limited time period just around the EQ time. But,
you see now the temporal evolutions of the nighttime
fluctuation (the same integrated dA? over the night)
at three stations (Chiba in black, Chofu in blue and
Kochi in pink), together with the corresponding run-
ning value of m (mean) +2o (standard deviation) over
*15 days (with the same color). We notice one sharp
peak on 8 December, 2004 and a prolonged maximum
during the period of December 21, 2004 to January 2,
2005. In the case of the fluctuation enhancement on §
December, 2004, we notice a significant enhancement
at Chiba (in black) exceeding (m + 20) line. However,
the fluctuation at Chofu (in blue) is not found to ex-
ceed the (m + 20) line (given in the figure in pink) and

Amplitude(NWC-CBA)
Dec.

Amplitude(NWC-CHO)
Dec. -

also there is no enhancement at all at Kochi (in red).
Taking into account these facts, we may conclude that
the amplitude fluctuation is taking place significantly
only at Chiba, which meansthat thisenhancement on 8
December, 2004 might be the effect only for the NWC-
Chiba path. Next we discuss the prolonged period of
amplitude fluctuation during the period of December
21, 2004 to January 2, 2005. During this period we
notice the simultaneous enhancement in fluctuations
at the three observing sites (Chofu (in blue), Chiba
(in black) and Kochi (in red)), which means that this
prolonged fluctuation is global, and the NWC-Japan
propagation path is strongly disturbed. The fluctuation
at Chofu (in blue) is found to exceed significantly the
(m + 20) line at Chofu a few days before the EQ. Also,
we recognize the similar and significant enhancement
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Fig. 4.6. Sequential plot of nighttime amplitude data of the NWC signal as observed
at three Japanese observing stations (from left to right: CBA, CHO and KOC).
Date goes from the bottom to the top, and the EQ date is given by EQ. Time is given
in UT, so that the Japanese local time (LT) is given by UT + 9 h
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Fig. 4.7. Temporal evolution of VLF amplitude nighttime fluctuation (dA?) at the
three observing stations (Chofu (Blue), Chiba (Black), and Kochi (Red)). The red line
indicates (m (mean)+2c (o: standard deviation)) at Chofu, and the corresponding
lines refer to Chiba and Kochi. The EQ with magnitude greater than 6.0 is plotted
downward, and the EQs during the restricted period of November, 2004 to May, 2005
are characterized by different colors (color indicates the depth)
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in Chiba and also in Kochi. You can notice the excess
of the nighttime fluctuation over the corresponding
(m + 20) line both at Chofu and Kochi. Even after the
main shock (M =9) on 26 December, 2004, there oc-
curred several aftershocks on 1 ~ 4 January, 2005 with
magnitudes in a range from 6.1 to 6.7. In correspond-
ence with this high seismic activity, there have been
observed the prolonged VLF fluctuation during the
period of 21 December, 2004 to 2 January, 2005.

When we look at the temporal evolutions in
Fig. 4.6, we can easily identify clear wave-like struc-
tures in the data. Our visual inspection could give us
an idea that there exist clear wave-like structures, for
example, on 16, 24 and 26 December, 2004. These
structures are quantitatively investigated by means of
the wavelet and cross-correlation analyses. It is ex-
pected that these fine structures with wave-like prop-
erties could provide us with the information on how
the ionosphere is perturbed in association with EQs.

We perform the wavelet analysis with a mother
wavelet of the complex Morlet (Daubechies, 1990) to
the difference dA(t) (Shvets et al., 2004a, b; Rozhnoi
et al., 2004; Maekawa et al.,2006), and compute the
spectral intensity of the VLF fluctuation dA. Next we
quantitatively estimate the time delay between these 2
stations by using the cross-correlation method.

Fig. 4.8 is the summary of the cross-correlation
analysis on the time delay of the Chiba data with re-
spect to Kochi on the basis of superimposed epoch
analysis. The left panel in Fig. 4.8 corresponds to the
period of 16 December to 26 December, 2004 (that is,
11 days) before the EQ. While, the right panel is the
corresponding result for the period after the EQ (2
May to 12 May, 2005) (i.e. quite period). An impor-
tant point is that the fluctuations in amplitude (dA(t))
is very enhanced in the period of 20-100 minutes be-
fore the EQ. This epoch analysis in the left panel in-
dicates the clear presence of time delay or wave-like
structure before the EQ. The period of fluctuation is
confirmed to range from 20-30 minutes to above 100
minutes, and the time delay at the Chiba is around 2
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hours with respect to Kochi. There is no significant
frequency dependence (dispersion) in the time delay.
The right panel of Fig. 4.8 shows no such wave-like
structures at all after the EQ. So that, the presence of
such wave-like structures is likely to be a precursory
signature of this EQ.

Before the EQ, we could notice an enhancement
in the fluctuation spectra in the frequency range from
20-30 minutes to about 100 minutes. This period corre-
sponds to that of atmospheric gravity wave (AGW) (30
to 180 minutes) (Grossard and Hooke, 1975; Hooke,
1977) and this AGW is considered to be a possible and
promising candidate for the lithosphere-ionosphere
coupling (Molchanov et al., 2001; Miyaki et al., 2002;
Shvets et al., 2004a, b). The wavelet at Chiba is de-
layed by about 2 hours with respect to that at Kochi,
which is indicative of its propagating nature from the
epicenter toward outsides. On the assumption that the
wave is propagating radially from the epicenter, we can
estimate the propagation distance between the NWC-
KOC and NWC-CBA to be ~ 150 km. So that we can
estimate the wave propagation velocity of our wave-
like fluctuation to be about 20 m/s. This value seems
to be in good agreement with the theoretical estima-
tion of AGWs (Kichengast, 1996; Hooke, 1968). The
experimental evidence on the wave like fluctuations as
a precursor to this Sumatra EQ might be considered
to be an evidence of the important role of AGW in the
lithosphere-ionosphere coupling. Further details have
appeared in Horie et al. (2007b).

The same NWC signals have been detected on
board the French satellite, DEMETER, which has in-
dicated that the signal to noise ratio (the ratio of the
VLF signal to the background noise) is found to be sig-
nificantly depressed during one month before the EQ,
and that the diameter of the ionospheric perturbation
as seen on the satellite is about 5,000 km (Molchanov
et al., 2006). This satellite finding on the presence of
the ionospheric perturbation in association with the
Sumatra EQ and its spatial scale are found to be a fur-
ther support to our ground-based VLF finding.
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Fig. 4.8. The superimposed epoch analysis for the cross-correlation of fluctuation at the two stations of Chiba and Kochi.
The left panel refers to the period before the EQ (December 16 to December 26, 2004), while the right, a quite period
after the EQ (May 2 to May 12, 2005). The time delay at CBA on the abscissa is defined with respect to KOC (the delay
of +2 hours in the left panel at CBA, means that the wave structure arrives at CBA 2 hours later with respect to KOC)
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4.4. Lithosphere-ionosphere coupling mechanism

Even though it seems highly likely that the iono-
sphere is disturbed before an EQ, it is poorly under-
stood how the ionosphere is perturbed by the precur-
sory seismic activity in the lithosphere. Hayakawa et
al. (2004a, b) have already proposed a few possible
hypotheses on the mechanism of coupling between
the lithospheric activity and ionosphere; (1) chemi-
cal (+electric field) channel, (2) acoustic and gravity
wave channel, and (3) electromagnetic channel. As
for the first channel, the geochemical quantities (such
as surface temperature, radon emanation etc.) induce
the perturbation in the conductivity of the atmos-
phere, then leading to the ionospheric modification
through the atmospheric electric field (e.g., Pulinets
and Boyarchuk, 2004; Sorokin et al., 2006). The sec-
ond channel is based on the key role of atmospheric
oscillations in the lithosphere-atmosphere-ionosphere
coupling, and the perturbation in the Earth’s surface
(such as temperature, pressure) in a seismo-active re-
gion excites the atmospheric oscillations traveling up
to the ionosphere (Molchanov et al., 2001; Miyaki et
al., 2002; Shvets et al., 2004a, b). The last mechanism
is that the radio emissions (in any frequency range)
generated in the lithosphere propagate up to the iono-
sphere, and modify the ionosphere by heating and/or
ionization. But this mechanism is found to be insuf-
ficient because of the weak intensity of lithospheric
radio emissions (Molchanov et al., 1995). So, the Ist
and 2nd mechanisms are likely candidates for this
coupling(Molchanov and Hayakawa, 2008).

Our latest finding mentioned in the previous sec-
tion is thought to provide evidence on the important
role of AGWs in the lithosphere-atmosphere-iono-
sphere coupling. The observational evidence is, how-
ever, not much, so that we need to accumulate more
facts on the generation mechanism. We can say the
same thing for the 1st mechanism of chemical chan-
nel, and the subject, itself, is extremely interesting and
challenging.

4.5. Concluding remarks

The most promising candidate for this short-term
EQ predictionisrecently recognized to be the monitor-
ing of the ionosphere. We have proposed the VLF/LF
radio sounding for seismo-ionospheric perturbations,
and in this section we have presented a lot of convinc-
ing evidence on the presence of ionospheric perturba-
tions associated with EQs on the basis of statistical and
case studies. The most important point at the moment
is the accumulation of convincing results as many as
possible, which is being realized by this VLF/LF radio
sounding with the characteristic nature of an integra-
tion observation.

We are sure about the presence of ionospheric
perturbations associated with EQs, but more coor-
dinated observations are highly required in order to
elucidate the mechanism of lithosphere-atmosphere-
ionosphere coupling as the final goal of seismo-elec-
tromagnetic studies. For example, we choose a test
site where we carry out a highly coordinated measure-
ment; different kinds of observations including sur-
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face monitoring, lithospheric radio emissions (e.g.,
ULF emissions), atmospheric effect (such as studied
by over-horizon VHF signals) and ionospheric effect
(as studied by subionospheric VLF/LF waves in this
section).

5. FINAL CONCLUSION

As dedicated to Prof. Shifrin, we have presented a
review of “Seismo Electromagnetics” as a new fron-
tier field of Raio Science. This field of Seismo Electro-
magnetics is defined by the studies of electromagnetic
phenomena and effects associated with EQs for the
sake of short-term EQ prediction. This review con-
sisted of the description of some history and our lat-
est result on a few topical subjects of Seismo Electro-
magnetics including ULF emission in the lithosphere,
seismo-atmospheric perturbation, seismo-ionospher-
ic perturbations, lithosphere-atmosphere-ionosphere
coupling, etc. This new science field is very interesting,
attractive and challenging not only from the scientific
point of view, but also is of potential importance as a
promising candidate for short-term EQ prediction to
mitigate EQ disaster in the countries with high seismic
activity like Japan.

We would like to mention here that the former
mechanical (seismic) measurements provide seismol-
ogists with the macroscopic information of an EQ in
the lithosphere just after its occurence, which would be
useful for studying the EQ mechanism. But they seem
to be useless for short-term EQ prediction. While, our
electromagnetic (non -seismic) effects are likely to be
associated with microscopic effects of the lithosphere,
and they appear mainly prior to an EQ. Also, those
electromagnetic efforts can propagate over consider-
able distance in the lithosphere, though, of course, it
depends on wave frequency. These two properties of
precursory occurrence and long-distance propagation
of electromagnetic efforts are decisively superior to
the conventional seismic measurement.

As is mentioned in this review, you understand
that we are far from the practical EQ prediction,
though there have been accumulated a rather consid-
erable number of evidences. Depending on the type
of physical parameters (local or integrated measure-
ments), the number of reliable events is different. That
is, the number of ULF events is still very small, so that
we need to increase the number of reliable events as
much as possible for the statistical correlation with
EQs. On the other hand, the number of events of seis-
mo-atmospheric and —ionospheric perturbations is
already sufficient for statistical correlations with EQs.
So that, we have to explore the mechanism of litho-
sphere-atmosphere-ionosphere coupling as the final
goal of Seismo Electromagnetics. For this purpose,
any coordinated measurements collecting different
parameters reflecting the lithospheric information
(i.e., ULF emissions, acoustic emissions, etc.), at-
mospheric information (ELF/VLF and VHF emis-
sions, atmospheric perturbations by VHF signals etc.)
and ionospheric information (D region monitoring by
VLEF/LF signals, ionosonde observations (f, F2), TEC
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observation, satellite observation etc.), would be high-
ly required in near future.

Finally we would like to ask the readers to un-
derstand that our Seismo Electromagnetics is of non-
seismic nature, so that it has nearly nothing to do with
seismology. Though we know that the initial agent of
our Seismo Electromagnetics is at any rate due to the
mechanical effect (not macroscopic, but microscopic)
in the lithosphere, the main science fields are Electro-
magnetics, Radiophysics and Engineering, Geophys-
ics, Atmospheric Electricity, Atmospheric Physics
and Chemistry, Plasma Physics, Upper Atmospheric
Physics, Signal Processing etc. with seimology and ge-
ology just providing us with the fundamenral informa-
tion on the lithosphere.
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PHASELESS TECHNIQUES IN ANTENNA NEAR-FIELD MEASUREMENTS:
ALGORITHMS, SIMULATIONS AND EXPERIMENTS

SEYYED-FARHAD RAZAVI AND YAHYA RAHMAT-SAMII

This paper describes recent developments and advantages of applying phaseless near-field measurement tech-
niques in constructing antenna radiation patterns. The advantages of operating at higher frequencies and cost
effectiveness of these techniques have motivated a great deal of research over the past decade. A brief descrip-
tion of the present methods is accompanied by a detailed investigation of the Iterative Fourier Technique
(IFT) as a powerful phaseless algorithm for planar near-field measurements. The standard form of IFT limits
its usage in dealing with important antenna issues such as scanned beams, polarization construction, unique-
ness of the solutions and the impact of probe errors. This paper will discuss these issues and illustrate the modi-
fications necessary to develop a powerful algorithm for phaseless near-field measurements. Through a novel
customized simulation approach, the effects of probe positioning errors are addressed and it is demonstrated
that the phaseless method produce far superior results compared to standard amplitude/phase near field meas-
urements. Representative experimental data, using UCLA’s Bi-polar planar near field range, are presented to
show the utility of the algorithms developed in this paper.

B craTbe onmchIBaOTCS MocaeAHUE pa3paboTKU 1 MPenMYIIecTBa MpUMEHEeHUs 6eca30BbIX METOIOB U3ME-
peHuii B OJIMKHE 30HE JIJIsI BOCCTAHOBJICHUS ararpamMMbl HaripaBiieHHocTH (J1H) antenH. [TpuBnekaTenb-
HOCTb MCITOJIb30BaHUs 6ec(ha30BbIX METOIOB Ha BBICOKMX YACTOTAX U UX 9KOHOMUYHOCTb CTUMYJIMPOBAIN
MOSIBJIEHNE 32 MOCJEIHIO IeKaay O0JbIIOro KoJauuyecTBa COOTBETCTBYIONIMX padoT. Kparkoe onucanue
MpeaiaraeMbIX METOIOB COMTPOBOXKIAETCS JIE€TATBHBIM PACCMOTPEHNEM UTEPALIMOHHOM TIpoLieaypbl Ddypbe
(UT1®D), xak MouIHOTO 6€Cc(ha3oBOro AIrOPUTMA TPU TIAHAPHBIX OJIMKHE30HHBIX U3MepeHusIx. CtaHmap-
THast popma MUTTD orpaHnurBaeT BO3MOKHOCTH €€ UCITOTb30BAHUS TTPY U3YYeHUU: aHTEHH CO CKaHUPO-
BaHUEM JIyya, MOJIpU3alMOHHbBIX 9 (HEKTOB, eNIMHCTBEHHOCTH PEIICHU, BIUSHUS OMIMOO0K 30HAMPOBa-
HUsI. YKa3aHbl U3MEHEHMUS, KOTOPbIE HA/J0 BHECTU B aJITOPUTMBI C TEM, YTOOBI CYIIIECTBEHHO PaCIIMPUTH
BO3MOXHOCTHU Oeca3zoBbIX OJIMKHE30HHBIX METOIOB U3MepeHuid. [Ipenaraembie U3BMEHEHUSI TO3BOJISIIOT,
B YaCTHOCTH, OLICHUTh BJIMSIHME OIIMOOK YCTAHOBKM 30HJIa Ha BocctaHaBnuBaemyto JIH. TlokaszaHo, uto
6ecdazoBblii METOI UMEET CYIIECTBEHHBIC TTPEMMYIIIECTBA MO CPABHEHUIO CO CTAHIAPTHBIM aMILIUTYIHO-
(ha3oBBIM METOAOM OJIMKHE30HHBIX U3MEPEHUI. DTO TOJIOXEHHUE TTOATBEPKICHO OOIIMPHBIMU IKCIIEPU -

MEHTAJIbHBIMU JAHHBIMU, TIOJIyY€HHBIMU Ha OUTIOJISIPHOM TTOCKOM OJTmskHe30HHOM nojiuroHe UCLA.

1. INTRODUCTION

1.1. Celebrating Prof. Yakov Shifrin’s 90" Birth-
day

We are delighted to be invited to contribute this
paper to the 90" birthday special issue of the “Ap-
plied Radio Electronics”, honoring Prof. Yakov Shi-
frin, whose contributions to the electromagnetic and
antenna communities are profoundly appreciated
worldwide. His outstanding technical works in the
area of statistical antenna theory, pioneered by him
in 1971’s, have benefited many of us [1]. His books
and technical writings have been source of inspiration
for many researches [1-4]. One of the authors, Rah-
mat-Samii, has also immensely enjoyed his on-going
friendship with Prof. Shifrin. Rahmat-Samii works
[5-7] in the realm of the effects of random errors on
antenna performance have been influenced by Prof.
Shifrin’s works in this area. It is in the spirit of Prof.
Shifrin’s research style to strive for new directions and
apply it to practical engineering problems. The sub-
ject of antenna near-field phaseless measurements is
receiving considerable attention as a potentially viable
approach in measuring and characterizing antenna ra-
diation performance. This paper focuses on this topic
and presents some of the recent findings of the authors
in this area. Prof. Rahmat-Samii is also thankful to
the special issue editor, Prof. Nona Maksimova, for
extending the invitation to contribute this paper. We
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hope that the electromagnetic and antenna commu-
nity will find it interesting and practical.

1.2. Background and Problem Statement

In the 20" century we witnessed the evolution of
plenty novel antenna designs and the field of antennas
and propagation has matured to an incredible extent.
Amazing variations in antenna topologies suggest that
each antenna is designed to fulfill special performance
needs, such as, gain, frequency of operation, radiation
pattern, etc. Upon the construction of an antenna,
there is required to ensure its actual performance by
performing measurements. The antenna measure-
ments techniques are developed as a response to this
requirement. Among typical antenna characteristics
the far-field pattern characterization is by far the most
difficult, time consuming and demanding one. This is
due to the fact that any antenna radiates in all direc-
tions; consequently the antenna pattern has complex
angular and polarization characteristics. In practice,
an antenna is placed on a stage capable of rotating in
azimuth and elevation at a distance larger than 2D?/
A from the source antenna for direct far-field meas-
urements (D is antenna’s diameter and A is the wave-
length). Consequently, far-field pattern measurements
for both large antennas and at higher frequencies typi-
cally require huge real-estate facilities. In response
to this problem various techniques such as compact
ranges and near field techniques have been developed
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in last thirty years. Fig. 1 shows a schematic of vari-
ous techniques. This paper focuses on planar near field
measurement which allows measuring the near-field
of the antenna in indoor facilities at some practical
distances, and then computes the far-field patterns. In
particular, advances in near-field “phaseless” meas-
urements will be the central theme of this paper.

The near-field techniques will eliminate the need
for large measurement ranges. One is traditionally only
interested in the magnitude of the far-field patterns.
Consequently there is only a need for an amplitude
measurement in far-field facilities. Unfortunately, this
is not the case for near-field techniques where there
is a necessity of accurate measurements of both am-
plitude and phase data. At lower frequencies this fact
does not impose much restriction; however, this is not
the case at higher frequencies.

The recent trend for antenna operation at high-
er frequencies like millimeter and terahertz waves is
pushing the limits for the design and implementation
of antenna measurement ranges capable of operating
at these frequencies. Unfortunately accurate measure-
ments of the phase are cumbersome in these frequen-
cies and network instruments, if available, are highly
expensive. This fact has motivated the implementation
of the phaseless techniques. It is needless to say that
these methods are not vulnerable to the instrumental
phase drifts.

This paper revisits the utility of phaseless tech-
niques and provides solutions to the concerning issues.
The paper covers three main areas for completeness,
namely, phaseless algorithm developments, novel
simulation studies and finally representative experi-
mental activities. At first the theory and algorithms

~

Antenna Configuration

behind the phaseless techniques are discussed and
advanced beyond the traditional approaches. Specifi-
cally the IFT method is reviewed and extended and its
utility in a few cases is examined through simulations.
This method is chosen due to its fast convergence re-
sponse utilizing FFT. Its appropriateness for planar
measurements allowed its implementation in the cur-
rent UCLA bi-polar near-field facility. After detail-
ing the development of the IFT to a general purpose
algorithm the phenomenal ability of this method in
coping with the probe positioning errors is presented
through novel simulation studies. It is shown how this
probe positioning error can affect the phase distribu-
tion much more than the amplitude distribution and
henceforth making the standard amplitude/phase
near-field measurements so vulnerable to this type of
errors. Finally representative experimental activities
are summarized to demonstrate the utility of phaseless
algorithms developed in this paper in real life. Specifi-
cally, experimental data for a slot array antenna and
a microstrip antenna are presented. All the pertinent
references will be cited in the subsequent sections of
this paper.

2. ADVANCES IN PHASELESS TECHNIQUES
AND ALGORITHMS

In phaseless measurement techniques, one at-
tempts to reconstruct the phase distribution based on
some known amplitude information or constraints.
This process is usually referred to as “phase retriev-
al”. There are a number of approaches dealing with
this problem, and many of which have their roots in
crystallography and optics. Many of these methods
are focused on the application of the Iterative Fourier

i : Compact Near-field Near-field
et e etk Range Amp & Phase Phaseless
Planar Cylindrical Spherical
1960°s
1980°s i
1990 000’5
Plane- Plane- Bi-polar Linear-
Rectangular Polar 1potal Spiral
Computer Process
A 4 A 4 A 4
Far-field Patten
Beamwidth Pomting Gain Sidelobes Nulls Phase Cross-pol

Fig. 1. Various techniques available in measuring antenna far field patterns. The focus of this paper is
on indirect, phaseless near-field planar rectangular (for simulations) and bi-polar (for experiments) methods
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Technique (IFT), where the phaseless data informa-
tion is enforced at each step. The Misell algorithm [8§],
error reduction [9], and input—output algorithm [10]
are all categorized in this area. In antenna measure-
ments, the well-known plane-to-plane method [11],
exclusively formulated to deal with the planar near-
field measurement, is another example that makes use
of this technique. The method adopted in this paper is
a modified form of IFT. The appropriateness of IFT
for planar measurements and the utilization of FFT
for expediting the iterations motivated the authors for
adopting this method.

Therearealso functionalmethodsinwhichanerror
norm is minimized to attain the best phase distribution
on the plane of measurements. For instance, a func-
tional is formulated based on the squared amplitude
of the near-field in two different planes and is numeri-
cally minimized [12]. In contrast, there are methods
which are based on interferometric approaches. They
employ the Gabor holography using another source
as a reference. They suffer from some drawbacks like
the phase instability and the requirements for accurate
information regarding the reference antenna patterns
and positions [13]. Interestingly, in [14] the authors
have integrated two probes to make the measurement
on the same plane and therefore, the need for another
antenna is mitigated. This method, as a mixture of
functional and interferometric approaches, does not
have the problems associated with the interferometric
method but requires a mechanism to add the probes’
voltages and their 90 degree shifted values.

A. Iterative Fourier Technique

Due to the fact that the IFT used in this paper
is the advanced version of traditional IFT, a concise
overview is presented. At first two sets of individual
planar measurement (here bi-polar) are taken (step 1
in Fig. 2). In the next step using the optimum sam-
pling interpolation (OSI), exclusively developed for
the bi-polar near-field measurements [15], two sets
of rectangular grid containing the amplitude data are
created (step 2). The sampling rate should be at least
A/4 for the reasons mentioned in [16]. Afterward based
on the antenna aperture shape an aperture mask con-
straint is defined which is zero outside and is one in-
side the aperture (MayT),

1 (x,y)insidethe aperture

M X,¥)=
aut (%.Y) 0 (x,y) outsidethe aperture

M yractsasthefirstinitial guess foraperture plane
field distribution. This initial guess is then propagated
to the first plane (step 3). The calculated amplitudes
then will be replaced with the measured amplitudes of
plane #1 and the phase is retained. Then the resultant
field will be propagated to the next plane (step 4) and
the calculated amplitudes are replaced with the meas-
ured amplitudes of the plane #2 and again the phase is
retained. This cycle will form a complete iteration in
this method which can be mathematically presented
as:
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A" (x,y)- /1) <
f‘l{jf {M,y(x,y)~ejq’7’"("’y)}xH(kx,ky )}
Aly,n+1 (x’y).ejdﬂ’"”(x,y) _

F {]—" {M i (x.y) -ef¢’7f”<"’y>}>< H' (ky k, )}

)

where F denotes the Fourier Transform, » is the
running index denoting the nth iteration, k,and k,
are Fourier domain variables or angular frequencies,

My, are the measured amplitudes, Ay and @7 are the
amplitude and phase on the first plane, A;;and @7,
are the amplitude and phase on the second plane with
H and H ' as the forward and backward propagating
functions between planes #1 and #2 (Fig. 2) and are
defined as follow:

JO e oy
H(kx,ky) =<k Jor ki +k, (3a)
H (kx,ky ) =0 elsewhere
_ +ilzr -z \/m 2 2«
(k k )_ =2 kg Jor k; +k; < (3b)
- (kx,ky)=0 elsewhere

in which z;, and gz, are the AUT plane distances
from the measurement planes /and /. H and H
are defined zero for k; +k} 2k; due to the stability
requirements of iterations.

Mﬂd\\m

Amplitude
data [dB]

| Squared Amplitude OSI

> Plane #2 ﬁi

Iane #1

AUT Plane
Measurements

Fig. 2. Steps involved in the Iterative Fourier Technique
in reconstructing the phase using two amplitude near-field
measurements in a bi-polar configuration

Unlike [16] we do not go back to the AUT plane
to enforce the aperture constraint (My), because
this will impose a non-physical condition (enforce-
ment of fields outside aperture to zero). Moreover,
in many situations the aperture of the antenna is not
planar. In these cases, projection of the aperture on
a plane can not be defined uniquely. Instead we will
back-propagate the field in plane #2 to the plane #1
(step 5 in Fig. 2) and the point-wise error metric (as a
normalized measure to the square of residual error) is
calculated similar to [10, 16] as follows:

> (A ()~ M7 (x.9))

>, M (xy)

e, =10log “4)
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Then the same procedure will be repeated (steps
4 and 5 in Fig. 2). This will continue until the maxi-
mum number of iterations or desired convergence
rate is reached. Subsequently, the calculated phases
in plane #1 together with the measured amplitudes in
this plane are used to calculate the far-field patterns of
the antenna (step 6 in Fig. 2).

To test the functionality of this procedure the
simulation results for a broadside-directed array of
21x21 infinitesimal y-directed dipoles separated by
A/2 with uniform amplitude is shown in Fig. 3(a). The
implementation of infinitesimal dipoles allows one
to have accurate calculation of the near-field on the
planes of the measurements. Plane #1 and #2 have a
size of 50Ax50\ and the sampling points are uniformly
distributed in a 256x256 grid. The two measurement
planes are located at distances of 5A and 7\ from the
aperture plane. The valid angle is 6, = 68.70 (sin(0,) =
0.93), which requires to set all data outside the circles
of radius 17.8A and 25\ to zero, for plane #1 and
#2, respectively. Figure 3 demonstrates the result only
after 100 iterations, which takes only a few seconds to
run. It is interesting to see that the levels, positions of
nulls and side-lobe levels are detected pretty well up to
the geometrical optic valid angle of 70°. The response
of the algorithm is also tested for a more sophisticated
layout of the array elements. Every 5 element in the
array is rotated in the manner depicted in Fig. 3(b).
The resulted far-field pattern has high side lobes even
near grazing angles. The reconstructed far-field to-
gether with the exact pattern is also shown in Fig. 3(b).
It is clearly observed that the IFT has been able to ex-
tract the phase correctly in order to generate the far
field pattern even for this rather sophisticated case.
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Fig. 3. The exact and reconstructed far-field patterns by
IFT. Simulations are performed using 21 x 21 arrays of
infinitesimal dipole elements with (a) simple layout and (b)
a more sophisticated layout

B. Recent Advances in Applying the IFT: Scanned
beams, Polarization and Uniqueness

Unfortunately the IFT (in either original or
modified version) is sensitive to the well-posedness
of the data. The iterations in the standard IFT may be
trapped in a local minima or the problem of stagna-
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tion may occur. A hybrid solution is introduced which
searches for a global optimum initial guess based on
a two-variable approach [17]. A representative meas-
urement is illustrated in the last section of this paper
to show the effect of this simple and yet very efficient
adaptation of IFT.

Referring back to Fig. 3(b) one notices that rota-
tion of the infinitesimal dipoles will increase the cross
polarized field. An important issue regarding the us-
age of IFT is the fact that this method was custom-
arily used, until recently [18], only for the dominant
polarization. The correct detection of co- and cross-
polarized far-field components for linearly, ellipti-
cally and circularly polarized fields requires both the
measurements of x- and y-directed near-fields and a
linkage between them. The need for the inclusion of
both components is clearly observed in the following
far-field formulas [19]:

E,., =sin@E, +cosoE,
E, =cosoE, —singE,

Ey=f.coso+ f,sine (5
E,= cose(—fx sinQ+ f, coscp)
with
Fo=F (A (xy)- 00 o {7)
(6)

f, =.7—‘{Afy’”(x,y)-e"@mx’y)}:f {ET}

The need for the linkage (the phase constant ad-
justment) can be pictorially observed in Fig. 4, where
the IFT could correctly extract the phase distribution
but with a phase shift. To accommodate for this phase
shift the relative phase constant between the phase
of x-directed and y-directed near-field should be ex-
tracted by some means. This is done by taking a single
amplitude measurement on a carefully chosen point
[18] in the measurement grid along a direction differ-
ent from x- and y-axis. This extra measurement will
remove the ambiguity caused by phase shifts essential
to the IFT. This process is depicted in Fig. 5, where

M7 and M7 are the measured field magnitude along x
and y direction, ¢ isthe extra measurement direction,

M7 is the measured field magnitude along ¢ direc-
tion, and finally ¢, is the phase constant at this point.
The formula relating these parameters is:

(M}P)2 = (M,y sin(@)cos(¢, )+ M} cos((p))2

+(ij sin((P)Sin(‘Pc))2

This polarization extraction technique assumes
that we are measuring the actual near-field but in re-
ality the probes cannot measure the exact near-field.
The effect of a non-ideal probe may raise the question
of the appropriateness of the method; fortunately, it is
shown that the effect of the probe cannot hinder the
utility of this technique [20].

As a final discussion on the planar near-field
phaseless measurements it is worth looking into the

(7
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concerns regarding the uniqueness of the results asso-
ciated with these methods. The uniqueness problem is
investigated in the literature in three different catego-
ries. The first category considers cases where only one
set of one-dimensional amplitude-only measurements
(Fig. 5(a)) is available [21]. It is proven that there is
more than one solution although the number of solu-
tions is countable. Nonetheless, the uniqueness of the
phaseless measurements when one has access to two
one-dimensional measurements is proven in the optics
[22] (Fig. 5(b)). In contrast to one set of one-dimen-
sional measurements, the number of solutions drops
significantly, and for most parts only one solution ex-
ists when one set of two-dimensional measurements is
available. This is because of the mathematical fact that
the two-dimensional signals are in general un-factor-
izable [23] (Fig. 5(c)). It is conjectured that due to the
high possibility of the uniqueness for even one set of
two-dimensional signals, the uniqueness of the IFT as
a method which uses two set of two-dimensional sig-
nals can follow [24] (Fig. 5(d)).

@, (x-directed near field phase) @ (y-directed near field phase)
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Fig. 4. The difference in the phase constant for both x- and
y-directed extracted phase by IFT. The method outlined
in the text allows the construction of both co- and cross-

polarized components of the far field
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dimensional
measurements

One set of one-
dimensional
measurements

_&_ X

Two sets of two-
One set of two- dimensional

dimensional measurements

S ave 4 m
(© @ (d) @

Fig. 5. Schematic representation of scenarios under
which the uniqueness in phaseless measurements may be
anticipated. (a) one set of one-dimensional, (b) two sets
of one-dimensional, (c) one set of two-dimensional and (d)
two sets of two-dimensional measurements. The focus
of this paper is on (d)

3. NOVEL SIMULATIONS: THE ROLE
OF PROBE-POSITIONING ERRORS

This section shows how IFT, as a phaseless meas-
urement technique, can have a farbetter performance in
the presence of probe positioning errors than the stand-
ard amplitude/phase near-field techniques. At higher
frequencies a slight fluctuation of the probe positions
over the sampling plane can cause a very high distur-
bance in the detected near-field phase. Consequently

MpuknagHas pagnoanekTpoHuka, 2010, Tom 9, Ne 1

the typical amplitude/phase near-field measurements
are susceptible to the probe positioning error. In con-
trast in the phaseless measurements only the amplitude
is detected which is much less sensible to these kinds of
errors. For example at 30 GHz, 1 mm probe position-
ing errors results into A/10 or 36 degrees phase error!

In the past, the issues of the noise and the pres-
ence of measurement errors are not investigated in
details to provide strong impetus to the importance of
phaseless measurements. In this section the near field
of a few different types of antennas with both high and
low side lobes is simulated to create as realistic case as
possible. The effects of the probe positioning errors are
investigated by injecting random errors in the position
of the probe samples along z-axis. It is also illustrated
how the positioning errors can distort the phase dis-
tributions. Through detailed characterizations of the
constructed far field patterns, robustness of the Itera-
tive Fourier technique even at the presence of very
high probe positioning errors is demonstrated.

To illustrate the sensitivity of the phase to the
probe-height error using the same technique men-
tioned in previous section random errors are injected
in the height of the near-field samples. Figure 6 shows
the high sensitivity of the phase versus the less sensi-
tive amplitude distribution on one the measurements
plane. The errors corresponds to a fluctuation of +0.5A
which although a very large one, it can easily happen in
millimeter frequencies. To create these near-fields the
same tool discussed in earlier sections is used to gener-
ate the electric near-field of an aperture antenna mod-
eled by an array of 21x21 infinitesimal dipoles separated
2/2 apart from each other. Different types of amplitude
tapering are introduced to change the side lobe levels
accordingly. The phases are all uniform; henceforth
the far-fields are broadside directed. The aperture is
relatively large and therefore the modeled antennas
have relatively high gain which is typical for the anten-
nas measured in the planar near-field facilities.

Y-AXIS [A]
Y-AXIS [A]

Y-AXIS [A]
Y-AXIS [A]

X-AXIS [A] X-AXIS [A]

Fig. 6. (a)(b) The exact amplitude and phase versus
(c)(d) the distorted amplitude and phase due to the probe
positioning error in the near-field of a typical radiator. It is
assumed that the probe positions are randomly varying in
the range of + /2. Note that as expected the phase is much
more affected than the amplitude
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A. High Side Lobe Level Antennas

This subsection will demonstrate the simulation
results for typical antennas with very high side lobe
levels. Two types of apertures are considered, a uni-
form and an aperture with a Chebyshev tapering cor-
responding to a side lobe level of —13.3 dB. The results
are shown in Fig. 7 where the far-fields of these two
antennas are calculated by three methods. The black
solid curves represent the exact far-field correspond-
ing to the near-field data generated on errorless probe
positions. The dotted curve is the result of the stand-
ard amplitude/phase near-field method using the
data corrupted with the probe positioning error. The
dashed line is the result of the IFT method with the
corrupted amplitude data. The phenomenal response
of the IFT method as a phaseless method working on
the erroneous data is quite remarkable. The collected
data over the near-field plane corresponds to a valid
angle of 70° which corresponds to a sin(0) =0.94. The
IFT response has been acceptable even for the case
where the side lobes are very high near the grazing an-
gle (Fig. 7(b)). Clearly the standard amplitude/phase
near field method fails.

(a) ()

=

&

90° of Farfield [dB]
90° of Farfield [dB]

Cuto=

® 8 & 8
cute

05

0 []
sin(theta) sin(theta)

Fig. 7. Far-field patterns for (a) an antenna aperture with
uniform and (b) 13.3 dB SLL Chebyshev tapering. The
solid black curves are exact far-fields whereas the dashed
and dotted are IFT generated far-field and standard
amplitude/phase method operating on corrupted data
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Fig. 8. The far-field pattern for (a) an antenna aperture
with 30 dB SLL quadratic and (b) 30 dB SLL Chebyshev
tapering. The solid black curves are exact far-fields whereas
the dashed and dotted are IFT generated far-field and
amplitude-phase method operating on corrupted data

B. Low Side Lobe Level Antennas

This subsection will focus on the antenna patterns
with low side lobe level. The simulation procedure is
similar to the previous subsection. The only differ-
ence is that for simulating a pattern with decreasing
side lobe levels—a condition which is usually occurring
with high gain antennas (like reflectors) suitable for
planar near-field measurements—a quadratic taper-
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ing is introduced [25]. The other pattern is generated
similar to the Chebyshev tapering in previous subsec-
tion with the difference that the infinitesimal dipoles
amplitude tapering corresponds to a medium side lobe
level of —30 dB.

The results are shown in the Fig. 8 where the ro-
bustness of the phaseless IFT method is again con-
firmed. One may notice that the standard amplitude/
phase near-field method is remarkably off in terms of a
useful determination of the far-field patterns, whereas
the phaseless IFT method proves itself as a viable solu-
tion in coping with the probe positioning errors.

4. EXPERIMENTAL RESULTS

The modifications introduced in the previous
sections were vital to improve the applicability of the
phaseless method in planar near-field measurements.
The necessity of an optimum initial guess together with
the need for a linkage between the measured field data
along principal directions, were addressed. This sec-
tion will demonstrate the performance enhancement
of the discussed phaseless algorithm for measurements
conducted in the UCLA bi-polar planar near-field fa-
cility. The bi-polar facility is introduced to minimize
the hardware complexity by using two rotational axes
instead of the commonly used translational axes in
near-field rectangular grids [26]. It also offers the pos-
sibility of measuring scan plane sizes larger than the
actual area of the chamber [26]. A typical grid for this
type of near-field measurements is shown in Fig. 9.

Fig. 9. A typical Bi-polar data collection grid.
The marked dot, out of the bi-polar grid, is a typical
point over the rectangular grid whose field
will be calculated using the OSI
(refer back to the step 2 of Fig. 2)

A. Representative Measurements for the Neces-
sity of the Initial Guess Optimization

To show the improvement of the far-field while
one is optimizing initial guess versus the standard IFT,
two sets of measurements are conducted. The first one
is done with an antenna mechanically tilted to create
a scanned-beam antenna, and the other one by rotat-
ing the same antenna while it is broadside directed to
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increase the measured x-directed field (Fig. 10). The
antenna is an elliptically shaped slot array antenna op-
erating at 9.3 GHz. The dimension of the antenna is
14.8)\ (H-plane) x 8.7A (E- plane) and it has a broad-
side directed pattern. The first plane is located 13.13
cm (=4.17)) from the AUT plane (which in this case
is defined to be the plane parallel to the positioner
and containing the highest tip of the antenna for the
first measurement). The other plane is located 7.62 in
(= 2.36)) from the first plane. The two sets of meas-
urements have a valid angle of 6, = 70°. The far-field
pattern for the first one is shown in Fig. 11 where one
can immediately see the improvement in finding the
correct far-field characteristics of the antenna. The
extracted phase for the second measurement was even
more interesting (Fig. 12). This time the antenna was
broadside directed—a characteristics which usually
helps the fast convergence of standard IFT-but as can
be seen in the extracted near-field phases the improve-
ment using the modified IFT can be clearly observed
even for this case. The probe compensation is carried
out for all of these representative measurements.

Fig. 10. The measured slot array antenna (a)
mechanically tilted and (b) rotated 60° from the x-axis
in UCLA bi-polar near-field facility
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Fig. 11. Far-field pattern of the tilted slot array antenna

B. A Representative Measurement for the Extraction
of Correct Polarizations

The previous sections emphasized on the neces-
sity of measuring both the dominant and non-domi-
nant polarizations. Moreover the importance of the
linkage between these two sets of measurements was
also highlighted. In this section a measurement is con-
ducted over an elliptically polarized antenna as a proof
of the concept.
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In contrast to [18] where a linearly polarized an-
tenna is used, an elliptically polarized array of 2x8
patch antennas operating at 13.4 GHz is designed to
assess the effectiveness of polarization extraction al-
gorithm. This antenna is measured in UCLA bi-polar
near-field facility (Fig. 13). Figure 14 shows the con-
structed far-field patterns when one is applying the
adjustment necessary for extracting the correct co-and
cross-polarized far-fields. The solid patterns are the
co-polarized far-fields while the non-dominant po-
larization is neglected and the phase difference adjust-
ment is not applied. The removal of the non-dominant
component will alter the cross-polarized definition to-
tally and that is why the cross polarized is not shown
there.

x-directed field

y-directed field

Exact

without optimized initial guess

EreAsraeny Wl g R S
-20 10 0 10 20 20 10 0
[ © (]

with optimized initial guess

0 20

Fig. 12. Comparison between (a) the exact phase
of the measured near field, (b) reconstructed phase
without initial guess optimization and (c) reconstructed
phase with initial guess optimization

Fig. 13. An elliptically polarized antenna array measured
in UCLA bi-polar near-field facility

The high cross polarized level is due to the poor
design of the array antenna. As the final remark, it is
worth mentioning that the reason for the wide beam
over the ® = 90° cut is that the antenna array is much
narrower along y-axis.

67



Seyyed-Farhad Razavi and Yahya Rahmat-Samii. Phaseless Techniques in Antenna Near-Field Measurements: Algorithms, ...

48]

Copol
(98]
8
Copol

s fl-.} Amiplitude.ionly. without ..
phase difference

-50 0 50 -50 0 50
) ®

plitude-and Phas

° ©
3z S g
e X =
aof-
e only
] M with pHase difféerence|
0 50 50 =0 50 50

0
O]

Fig. 14. Far-filed patterns using (a) exact
(phase & amplitude) (solid), (b) IFT without phase
constant and non-dominant component adjustment
(light solid) and (c) IFT with both phase constant and
non-dominant component adjustment (dashed)

5. CONCLUSIONS

The need for compact and easily accessible rang-
es has motivated the implementation of near-field
measurements techniques. Unfortunately the need
for measuring the antennas at higher frequencies like
millimeter wave and beyond enforces the utilization of
costly instruments. Application of phaseless measure-
ments can retain all the advantages of the near-field
techniques and at the same time eliminate the need
for costly instruments. This paper has discussed all
the issues regarding a robust implementation of the
phaseless algorithms. The complexity involved with
scanned beam antennas is addressed. The extraction
of polarization and the necessity of not only incorpo-
rating both polarization but also linking them together
is discussed. The issue of uniqueness is also reviewed.
The modification necessary to develop a powerful al-
gorithm for phaseless near-field measurements are il-
lustrated by both simulations and measurements using
UCLA’s bi-polar planar near field facility.
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SYNTHESIS METHOD OF AN ARRAY PATTERN
WITH MAXIMUM DIRECTIVITY AND NULLS AT ARBITRARY ANGLES

KENICHI KAGOSHIMA,HIROMICHI TERATAKE, SHIGEKI OBOTE

Statistical antenna theory which was established by Prof. Shifrin includes the synthesis concept for finding
the source distribution. The synthesis concept is also important in designing array antennas. The synthesis
for maximum directivity problem has been solved, but the maximum directivity problem with null constraint
which is important in practical wireless communications has not been solved. In this paper, a new method us-
ing the Lagrange multipliers method is proposed to synthesize the array patterns with the maximum directivity
and nulls at arbitrary angles. Numerical results are presented to ensure the theory.

CraTtuctuyeckas TeopHsI aHTeHH, co3gaHHas rpodeccopom LndpuHbIM, BKIIIOUaeT B ce0s1 1 3a1a4y CUHTE3a
JUTSL HAXOXKICHUS pacripeie]IeHUsT ICTOUHMKOB. DTOT BOIPOC OCOOEHHO BaxkeH MPU KOHCTPYUPOBAHUM aH-
TEHHBIX pellIeTOK. 3a1aua CMHTe3a pemeTok ¢ MakcuMaibHbIM KH/I perrena. Ho mpobiieMa cuHTe3a pereTok
¢ MmakcuMaibHbiM KH/I npu onHOBpeMeHHOM (hOpMMPOBAaHUY HYJIEH B 3aJaHHbBIX HAMIPABICHUSIX, BaxKHast
TIPY TOCTPOEHNHU CUCTEM CBsI3U, He pellieHa. B ctaTbe mpeaiaraeTcst HOBbI METO/ pellieHUs 9TOM MPOOIEMbI,
OCHOBAHHBII Ha UCTIOIB30BAaHUY MHOXUTeJel JlarpaHka. B moaTBep KaeHue Teopuu MpUBEIeHbI pE3YTbTaThl

COOTBCTCTBYIOIIMX YMCICHHBIX paCY€TOB.

1. INTRODUCTION

Statistical antenna theory, which was established
by Professor Shifrin [1], has been an important field
of antenna design and practical use, especially in the
field of large antennas in both reflector antennas and
array antennas. He has presented invited talks at many
international conferences or symposia, one of which
was presented at the International symposium on an-
tennas and propagation held in Sapporo, August 1992
[2]. It includes “synthesis” concept to find the statis-
tics of source distribution in antennas.

On the other hand, the pattern synthesis has been
an important field in array antennas, and many valu-
able papers have been published. [3] The synthesis
problem for maximum directivity of array antennas
were successfully formulated by Cheng and Tseng for
isotropic elements [4], and was extended to dipole
elements, which are more practical, by Inagaki and
Sekiguchi [5]. However, in wireless communications,
maximizing S/(/+N) is more important than S/N,
where S, &V, and [ are the signal power, noise power
and interference power, respectively. This means that
antennas are required to achieve interference can-
cellation as well as maximum directivity. Cheng and
Inagaki successfully obtained the excitation coeffi-
cients by using eigenvalues of matrices. However, this
method cannot deal with the directivity optimization
under null constraint. In this paper, we propose a new
method using Lagrange multipliers for solving direc-
tivity optimization with null constraint. In section II
and III, the theory of the method is described and nu-
merical results are presented in section I'V. In section
V, conclusions will be summarized.

Tablel
Specifications for simulation
Frequency f 3|GHz]
Segment length 17 (sectioned sin wave)
Element length 0.5A
wire radius 0.001 A
Element spacing 0.251
Element number 3 to S elements
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2. SYNTHESIS OF AN ARRAY ANTENNA
WITH MAXIMUM DIRECTIVITY

Before describing the array synthesis of null con-
strained maximum directivity, the synthesis of the ar-
ray antenna with maximum directivity is presented.
This problem has been solved by Cheng and Tseng by
using eigenvalues of the array factor matrix in the case
of point sources and extended to the case of realistic
antenna elements of dipoles. We present an alterna-
tive method using the method of Lagrange multipliers.
Figure 1 shows the configuration of the array and the
coordinates of the analysis. Fig.1 is the case of a linear
array of dipoles, however the analysis method can be
used in an arbitrary configurations such as a circular
array or a two dimensional array. Suppose, G(6,p) is
the directivity to the direction of (6,p). G(6,p) can be
expressed as

VI AIAT' V]
G6,0)=————. 1
0 VI'(BIIV] W

where [V] is the vector of excitation voltages of ele-
ments, [B] is the matrix of real part of mutual admit-
tance of the array, and + denotes the complex con-
jugate transposed. [A(0,¢)] expresses the vector of the
array factor due to the piecewise-sinusoidal current
on the element, and these are given by the following
equations, respectively.

A
1 2 ;32/
) S
Ne—1 Ne—1
A
[
L ~; ~; s
@ Ne—" \/_>
©
B
RN
m\/ \/\ N
w

Fig. 1. Analysis Geometry
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V1=V Vs, Vyl 2)
B, =Re(Y)) )
[A]=[A, 4y, As.... Ay | (4)

N M;
A= \/E sineY Y v a" . (5)
4n i=1 n=1
In equation (5), a; is the array factor due to the
n-th piecewise sinusoidal current on the i-th element.
Since G(6,p) in equation (1) is expressed by the
ratio of the Hermitian quadratic form, the [V], which
makes G(6,¢) to be maximum, can be derived through
the maximum eigenvalue of (|A][A]'—A[ B]) and is giv-
en by the following equation.

[V1=1B1"'[A]. (6)

The maximum directivity G,, is also expressed by
equation (7).

G, =[A] [BI'[A]. (7

On the other hand, if we apply the method of La-
grange multipliers to equation (1), the cost function
F(V) may be defined as

FWV)=V" 44"V - )P, -V BYV), (8)

where P;, is the input power of the array and H denotes
the Hermitian operator.
Differentiating F(¥) by Vand setting it to be zero,
equation (9) can be derived.
d )

0
—  F=—W"A4"V + »— W "BV
v =37 Ay )

=2A4A4"V + 20.BV =0

Also, differentiating F(¥) by A and equating it to
zero, the following input power condition is derived.

P,=V"BV. (10)

From equation (9) and equation (10), the
Lagrange multiplier A can be obtained by the equa-
tion:

H H
ao AV
P

in

n

And substituting equation (11) into equation (9),
the optimum excitation voltage vector [ V] can be given
by equation (12)

V=(B'A,
where (=P, /V7 4.

In equation (12), { includes the undetermined
variable V. However, since it is common to all ele-
ments, excitation voltages V can be determined by
equation (12) which is equal to equation (6) derived
by the method of eigenvalue analysis. Equation (12)
is the result obtained by the alternate method which
can be extended to the synthesis problem of maximum
directivity with null constraint and is described in sec-
tion I1I.

(12)
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3. SYNTHESIS OF MAXIMUM DIRECTIVITY
WITH NULLS AT ARBITRARY ANGLES

Suppose, the directional function of the array an-
tenna is given by D(0,¢), where (6,4,¢,) is the direction
of desired wave and (0,,9,) is that of interference wave.
The problem synthesized is that the directivity to the
direction of (6,,¢,) should be maximum under the
constraint of a null radiation to the direction of (6,,¢;).
The cost function H(¥) of this problem can be defined
by the equation.

HV)=V"A0,,0,)4(0,,0,)"V -

(P, -VEBV)-%,(0-V¥ D(6,,0,)D(6,,0,)" V). (13)

Hereafter, for simplicity, 4(64¢,) is expressed by
A, and D(0,,9,) is expressed by D. As similar to equa-
tion (11), differentiating H (¥) by Vand setting it to be
zero, equation (14) can be derived.

aiVH =2A4A4"V + 20, BV + 20, DDV =0 . (14)

Also, differentiating H(¥V) by A, and A,, respec-
tively, and equating them to zero, the following simul-
taneous equation can be derived.

\BV =—A4"V -1, DD"V

P,=V"BV (15)
0=V"DD"V
Here, we set oy, By, o and By as follows.
VA AA"Y =,
V¥ pp"v =8, 16)

VEDDY B AA"V =«
V¥ DD" B' DDV =B,
It should be noted that the left-hand side of equa-

tion (16) are all scalar and complex values, and A; and A,
in simultaneous equation (15) can be solved as follows.

p, = deth) o, detd) (17)
det(S)) det(S))

Substituting A; and A, into the first equation of
(15), excitation voltage V can be expressed as

y o 9eUS) por gy 9UD) o ppy (g
det(T)) det(;)

where 8/, T} and T, are matrices given as follows.

F. Bo } [_% Boi } |:Pm —0y }
S = , T = , T, = .(19)
1 { 0 By l o By ? 0 -o
Since A"Vand D"V are scalar values, Vcan be ex-

pressed by equation (20).
V=-(B'4d-{,B'D=

(20)

1

=;131[-A-§—2310J,
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where {; and {, are complex constants and given
by the following equations.

_det(S) oy, . _det(Ty)
det(T)) det(T,)

In equation (20), £;/{, can be manipulated and
simplified as

det(T,) D"V  D"B'A
2 _ 2 _

9] DV . (21)

Vs t.>2

32 =— . 22
¢, det($)4"Vv  DYB'D 22)
Finally, V can be expressed by equation (23)
D B4
-1
V=C1B [—A‘FmD] (23)

If equation (23) is substituted to equation (1), the
maximum directivity with the null radiation at (6,,¢;)
can be obtained. Also, antenna patterns can be calcu-
lated using excitation voltages given by eq. (23).

The third equation of (15) corresponds to the null
condition at (6;,¢,;) and if N null points are specified,
similar equations WD, D,AV=0(n=1,2...N) are add-
ed as well as the Lagrange multipliers from A, A, to A,
M. An+1. And similarly, optimum excitation voltages,
which make the directivity of the direction (6,,0,)
maximum and null radiations at (6;,¢;) (i = 1,2...N),
can be derived.

4. NUMERICAL RESULTS

Based on the theory described in sections II and
111, numerical studies have been carried out.

Specifications on numerical studies are shown in
table 1. Fig. 2 shows radiation patterns of the array ex-
cited for achieving the maximum directivity at desired
direction with null constraint and without constraint.

The desired direction is set at =90 degrees, that
means the endfire radiation, and there is one null in (a)
and two nulls in (). Fig. 2 (¢) shows the radiation pat-
tern of the array with optimum excitation efficient for
the directivity, which has no null constraint. The syn-
thesized array without null constraint originally has null
at ¢ = —45 degrees, therefore, the pattern of the array
with null constraint at ¢ = —45 degrees is very similar to
that of the array without null constraint. However, the
null depth of the array with null constraint is very large
compared to that of the array without null constraint.

Fig. 2 (b) shows the array pattern with two null
constraints, one is at —45 degrees and the other is at
30 degrees. Both nulls are clearly formed at specified
angles. Although the second null is specified at 30 de-
grees, which is rather close to that of the array without
null constraint shown in Fig. 2 (¢), the directive gain
in the desired direction (=90 degrees) does degrade
very little. Fig. 3 shows the array pattern with null at 60
degrees, which is close to that of the desired direction.
In this case, the degradation of the directive gain be-
comes very large, especially when the element number
N=3. Table 2 shows the excitation coefficients ob-
tained by equation (12) and equation (23), when the
element spacing is 0.25 wavelength.
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Table 2
Excitation coefficients relative to the first element
N Null direction Izlfl ]3/[1 14”1 Vz/Vl V3/V1 Vq/Vl Z]=V1/ll
096 1.57507
wio null * * * * 2771+5 5221
2-14819 2-152.06
093 3.35887
245 * * * * 33.014 22.17
3 2-113.20 2-102.44
1.06 0386778
230 * * * * 82.02+; 10376
213252 213546
1.08 0300837 ]
260 * * * * 116.284 +5 94.16
29859 27468
135 095 330418 231131 .
wionull * * 15.08+5 36.97
2-161.64 2-324.61 2-153.27 2-304.61
134 095 330435 2.33198 .
245 * * 15.97+ / 36.39
3 2£-161.30 23615 2-151.38 25720
114 098 2.56406 1.42339 .
230 * * 18.65+ 7 43.50
2-172.46 215.80 2-153.51 22986
076 1.03 1.65876 0821472 i
260 * * 26.05+ j 57.47
216529 £-22.75 £-156.22 2£-52.50
1.84 1.82 0.97 4.89378 5.64913 2.31505 ]
wionull 10.01 +5 27.38
2-164.86 22634 2-140.2% £-15511 24471 £-96.57
1.98 197 0.96 7.363%4 7.86897 3.30704 )
245 138+ 2179
4 2-162.86 22502 2-140.7% £-178.95 21871 £-116.67
1.93 1.89 0.96 5.15405 6.29589 2.68677 .
230 8.85+/26.68
2-163.94 23021 £-1363 £-157.80 244.85 2-89.14
144 146 0.99 345458 2.85778 1.26776 X
260 11.90+7 3591
2-176.17 £-3.13 2-177.23 £-159.07 22098 2173.09

N: Number of elements, /;: Input current of i-th element, V;: Input voltage of i-th element

Fig. 4 shows the relation between gain reduction
and the null location, when the number of nulls is one.
When the angular difference becomes less than 45 de-
grees, the degradation of the directivity becomes large
and lessthan 30 degrees, it significantly degrades. Fig. 5
shows the broadside case, wherein the beamwidth be-
comes narrower than that in the endfine case, then the
degradation of the directivity is not so much, even if
the angular difference is less than 30 degrees.
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Fig. 4. Gain reduction vs angular difference between
desired and null directions (one null, d=0.25))
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-90 -60 -30 0 30 60 90
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Fig. 5. Gain reduction vs angular difference between
desired and null directions (one null, d=0.51)
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Fig. 6 shows the input impedance of the array op-
timally excited with null constraint and without null
constraint. Originally, the array without null con-
straint has nulls at —45 degrees and 20 degrees, so the
input impedances of both arrays coincide.

—o— R(ZNwihndl
_o In@wihndl
60|  --- ReZlvitrautrdd
——_ In@witroutru

20 ::;;{ T
LN
NS

-20
-90 -60 -30 0 30 60 90
Null Point[degree]

40

}

Impedance [Q]

Fig. 6. Input impedance with and without null constraint
(N=3, d=0.25)%)

CONCLUSIONS

A new array pattern synthesis method was pro-
posed to maximize the directive gain at a desired di-
rection and to form nulls at interference directions.
Excitation coefficients for achieving the desired pat-
tern have been formulated by using the method of La-
grange multipliers. Numerical calculations have been
performed for linear arrays, and the excitation coef-
ficients of the synthesized array have been presented.
The effects of null constraints were investigated, and
it was cleared that the angular difference between the
desired direction and the interference direction was
important. The synthesis method proposed in this pa-
per is useful for designing array antennas and expected
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to improve the performance of wireless communica-
tions.

The authors dedicate this article to Prof. Yakov Shi-
frin celebrating his 90 year jubilee and wish him all the
best for many years.
References

[1] Y. 8. Shifrin, “Statistical antenna theory”, the Golem
Press, Boulder, Colorado, 1971.

[2] Y. S. Shifrin, “Statistical antenna theory”, Proceedings
of ISAP’92, Sapporo, Japan, Aug., 1992.

[3] R. E. Collin and F. J. Zucker, Antenna theory, chapter3,
pp.194-203, McGrow-Hill, 1969.

[4] D. K. Cheng and F. I. Tseng,”Gain optimization for
arbitrary antenna arrays”, IEEE Trans. on Antennas and
Propagation, AP-15, #11, pp.356-366, 1967.

[5] N. Inagaki, and T. Sekiguchi, “Exact design of an array
of linear antennas with optimum directivity,” IEICE
Trans. on Commun., vol.53-B, no.11, pp.687-692, Nov.
1970.

Manuscript received March 15, 2010

Kenichi Kagoshima received the B.E.,
M.E. degrees in electronics engineer-
ing and Ph.D. degree from Tokyo In-
stitute of Technology, Tokyo, Japan
in 1969, 1971 and 1974, respectively.
He joined Nippon Telegraph & Tel-
ephone Corporation (NTT) Labo-
ratory, and engaged in research and
development of many kinds of radio
communication antennas, especially
earth station antennas, satellite borne
large multi-beam antennas and also
mobile communication antennas. He
had served as a research group leader
of the antenna group of NTT Wireless
Systems Laboratories. Since 1997,
he has been with the Department of
Media and Telecommunications of
Ibaraki University. Currently, he is
interested in numerical techniques
for analyzing complex small anten-

74

— —

~
i

nas and MIMO antennas. He was
an associate Editor and the Editor of
the IEICE(the Institute of Electron-
ics, Information and Communication
Engineers ) Transaction on Commu-
nication from 1990 to 1992 and from
1993 to 1994, respectively. From 1999
to 2000, he was a chair of antennas
and propagation professional group
of the IEICE. He was also a Secretary
and Treasure, Vice Chairman of IEEE
AP-S Tokyo-Chapter in 1992, 1993
and 1994, respectively. He was a chair-
man of the 2002 Interim International
Symposium of Antennas and Propaga-
tion (ISAP' 02). He served as a session
organizer and chairperson of the IEEE
Antennas and propagation symposium
several times. He was awarded Yon-
ezawa Prize for young engineers from
IEICE in 1973 and best paper award in
1998 .

Hiromichi Teratake graduated De-
partment of Media and Telecommu-
nications Engineering, The College of
Engineering Ibaraki in 2008. Now he
is in the master’s course of the Gradu-
ate School of Science and Engineering
Ibaraki University and attending to the
study on MIMO.

Shigeki Obote received his B.E., M.E.
and D.E. degrees in electrical and
electronic engineering from Tottori
University, Tottori, Japan, in 1996,
1998 and 2000, respectively. Since
2000, he has been with department of
media and telecommunications engi-
neering, faculty of engineering, Ibar-
aki University, Ibaraki, Japan, where
he is currently an associate professor.
His research interests are in RFID tag,
MIMO and adaptive array antenna.

MpuknagHas pagnoanekTpoHuka, 2010, Tom 9, Ne 1



VIIK 396. 96. 001(07)

ITPEJEJIbHBIE PASMEPBI ALTEPTYPbI AHTEHHbI PA,Z[HOJIOISAHPIOHHOPI
CTAHIIUUA ITPU KOMIIEHCAIIMU BO3JIENCTBUA BHEIIHEN ITOMEXH

HH MHHEPBUH

ITonydeHo BeIpaxkeHue Il MpeAebHOr0 pa3Mepa aHTeHHbI PaJMOJOKAIIMOHHOM CTAaHIIMY MPU KOMIIeHca-

LMY BO3AEUCTBUS BHELLIHEN TOMEXU.

IMpuunHOIi orpaHUYeHUs pa3Mepa aHTEHHbI SIBJISIOTCS TPOCTPAHCTBEHHbIE (OIYKTyalMu (hpoHTA MOMEXO0-
BOIf BOJTHBI. DTU OTpaHUYEeHUsI CPABHUBAIOTCS CO 3HAUUTELHO MEHEe CYIIIECTBEHHBIMU, UMEIOIITUMU MECTO
MpY MpUeMe TMOJIE3HOTO CUTHAJIA, B OTCYTCTBUU BO3JEHCTBUS BHELITHEl MoMexu. B kauecTBe mpumepa Jist
000X paCCMOTPEHHBIX CJIy4aeB MPUBEICHbI YMCIEHHBIC OLIEHKU BIUSHUS TYPOYJIEHTHOCTH Tporochephl.

The expression for a limit of size of the radar antenna at compensation of the interference action is obtained.

Restrictions on the antenna size are caused by the spatial fluctuations of the interference front fluctuations.
These restrictions are compared with significantly less important ones taking place when receiving the useful
signal without action of interference. As examples for both cases, numerical estimates of the troposphere

turbulence influence are given.

BBEIEHME

ITocranoBka mnpoGaembl. Bo3MOXHOCTU KOM-
MeHcaly BHEILIHEH MOMEXH, OTNpeacsolne B KO-
HEYHOM cyYeTe OTHOLIEeHWE CUTHaJl/TioMexa, orpa-
HUYMBAIOTCS CIyJdalHBIMU QIIYKTyauussMu (ppoHTa
TMTOMEXOBOIi BOJHHI.

Iens cratbu. Lleabio HACTOSILEH CTaTbU SIBJIS-
eTCs OLIEHKa MpeaeJbHBIX pa3MEpOB anepTypbl aH-
TEHHbI PaAMOJOKALIMOHHOU CTaHLIMU, TP KOTOPHIX
ele obecrieynBaeTcsl TpedyeMoe ocjiabjieHUe BO3-
JICVICTBUS BHEIUHE ITIOMEXMU.

AHanu3 pe3yJbTATOB MOCJEIHUX HCCJeI0BAHMIA
W nyoJauKanmii. Meporo MoJaBjcHNUST BHEITHEW ITy-
MOMNOAOOHON MOMEXW MOXKET CIAYXKWUTb OTHOIICHUE
JUCIIEPCUIA TTOMEXU Ha BBIXOAC U BXONE YCTPOICTB
MIPOCTPAHCTBEHHOII 00pabOTKM MPUHUMAEMbBIX pea-
JIM3alMi CUTHAJIOB U TOMEX

OrpaHuyeHust 3Toro koadduumreHTa ocade-
HUSI PACCMOTPEHbI C UCMOJIb30BAHUEM METOJIOB U
pe3yJbTaTOB CTaTUCTUUYECKOW TeOpuu aHTeHH [1] u
JITOPUTMOB ONTUMAJIbHOW MPOCTPAHCTBEHHOI 00-
paboTKM NMPUHUMAEMBbIX peaiu3alliii CUTHaja U To-
mexu [2] B pabote [3].

OCHOBHOW MATEPHUAJI

Janee OynyT Mcronb30BaThCsl MpeAeIbHBIC 3HA-
YEHUS 3TOT0 KO3 (PUIMeHTa, KOTOPhIE CITPABEIJTUBbI
JIJIsI Hanbosiee 0JIaronpUsITHBIX YCJIIOBUI OCIa0JIeHUS
BO3JEUCTBUS BHEIIHEH MMOMEXU. DTUMU YCIIOBUSIMU
SBJISIIOTCS:

— HaJIM4YMe TOJIBKO OJJHOTO MCTOYHHMKA BHEIITHEHI
TIOMEXM;

— YCTAaHOBUMBILMIACS PEXKUM;

— CYILIECTBEHHOE BJIUSIHUE TOJLKO (Da30BBIX
(baykryaruii;

— paguyc Koppessiuuu ¢a3oBbiX (GIyKTyaluii
3HAYUTEILHO OOJIBIIIE pa3Mepa arepTypbl AaHTEHHBI;

— pealn30BaHO ONTUMAJILHOE 10 KPUTEPUIO MaK-
CHMyMa OTHOIIIEHUST CUTHAJT/IITyM aMIUTATYTHO-(a30-
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BOE pacIpe/ie/ieHUE Ha anepType aHTEeHHO CUCTEMBbI,
KOTOPOE CYIIECTBEHHO OTIMYAETCS OT C/Iydasi OTCyTC-
TBUSI MPOCTPAHCTBEHHBIX (Da30BbIX (hIYKTyalUil TMO-
Mexu (IUIs1 TMHEHHOM aHTeHHbI TTOJIy4eHo B [3]).

OueHKu, TpuBeAcHHbBIE B [3], MoKa3ajik, 4TO OT-
KJIOHEHUSI OT 3TUX YCJIOBUM yXydIawT Koadduim-
EHT OCJ1a0JICHUSI TIOMEXU 1) B Pa3bl.

[ns Ooubllieid HAMISIAHOCTU TOJYYEHHBIX pe-
3yJIbTATOB OrPAaHUUMMCSI PACCMOTPEHUEM JIMHEHHOM
aHTEHHOI cucTeMbl M (a30BbIM KO3(h(DULIMEHTOM
KOPPEJSILIMU, OMKChIBAEMbIM COOTHOILLIEHUEM

r, = e"z’zl‘/pw ,
The Z U 7, — KOOPAMHATBI TOUEK AHTEHHbI, OTCUUThI-
BaeMbIe OT LIEHTPA AHTEHHBI; P, — PaJNyC KOPPesi-
11U (pa3oBbIX QIYKTyaLUA.

bynem cuuraTh Takxke Py >> L, rne L — nnuHa
AHTEHHBI, TaK KaK TOJBKO IPU 3TOM YCJIOBUM BO3-
MOKHO peaJTbHOe OcJIabIeHIe TTOMEXH.

IIpu coboneHuu TepeurciIeHHbIX YCJIOBUN B
[3] momyyeHO cCoOTHOIIEHUE

_oL
2p, ’

U3 KOTOPOTO JUISI ITOITyCTMMOTO pa3Mepa aIepTyphl
AHTEHHBI ClIeAyeT

n

L<2P0y, (1)

¢

[IpencraBnsier MHTEpeC CpaBHEHME STOM BeJU-
YUHBI C JOMYCTUMBIM pasMepoM aHTEHHbI MPU OT-
CYTCTBMM BO3ICICTBUS BHELIHE MOMEXHU.

[Tpu oTCyTCTBUM BO3NEMCTBUS BHEILIHE TOMEXU
OyneM npeaebHbIMU pa3MepaMu anepTypbl aHTEHHBI
CUYMTATh €€ MaKCUMaJbHbIE pa3Mephl, B IIpeneax Ko-
TOpPBIX elle d(PHEeKTUBHO KOrepeHTHOE CyMMUpPOBa-
HUE BOJIH IMPH CIyYyaiiHbIX MICKaXKEHUSIX ee (DpOoHTA.

B monHorpacduu [1] 1j1st oroBOpeHHBIX BbIllIE YC-
JIOBUI B peXHMMe HAKOTUIEHWS MOJIE3HOIO CHUTHaja
CpeNHsIs MOUIHOCTb NMPUHKUMAaeMbIX KOJeOaHUil or-
penessieTcsl BbIpakeHUueM
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2 =]

I L
Ifwf =l”e "

+jw(x=x)

dxdx, ,

Y .
rae ¢ = T“’ — HOPMUPOBAHHBIN paiuyCc KOppesiliuu

(a3oBbIX AYKTYaLUd; = %sin 0 — 00O0OIIECHHBII

yroji; 6 — peajabHbIi Yroa nMpuxoaa BOJH, OTCUUThI-
BaeMbIil OT HOPMaJIM K IUHWUU aHTEHHBI; A — IJIMHA
. 2z 2z
BOJIHBl; X=— W X; =—— — OTHOCHUTEJbHbIE KOOP-
L L
JUHATBl TOYEK Z U Z;, OTCUUTHIBAEMbIE OT LIEHTpa
AQHTEHHBbI; aMIUIMTYIHOE paclpeaeJeHue MPUHSITO
PaBHOMEPHBIM.

AHau3 3Toro BhIpaxkeHus B [1] mMo3BoJIsSIET MO-
JIY4UTD JJIsI aHTEHHbBI, HaMpaBJIeHHOW Ha UCTOUYHUK
usnyyeHust (y=0), 3aKOH YObIBaHUSI MOIIHOCTU
CUTHaJIa C YBeJUUYECHUEM JUTMHBI L aHTeHHbI

L
O =1-32
Po
3agaBasich TIpUEMJIEMbIM YPOBHEM A OTHOCH-
TEJIbHOTO TaJeHUsI MOIIHOCTU CUTHAJIa, ISl TOMyC-
TUMOU JUIMHBI L. aHTEHHBI ITOJYUYUM

L<3Pea. )

G

CpaBHeHUE OTrpaHMYEHUN Ha JUIMHY aHTEHHBI,
HaKJaablBaeMbIX HepaBeHcTBaMu (1) 1 (2), mokasbl-
BaeT, YTO, HECMOTPS Ha OTJIMYME PacCMaTPUBAEMBbIX
MPOLIECCOB 00pabOTKM TPUHUMAEMBIX CUTHAJIOB,
TpeOOBaHMS K JJIMHAM aHTEHH OIMPEIeISIOTCS Ofl-
HUMU U TEMU XKe mapameTpamMu QIIyKTyauuit ¢ppoHTa

MIPUHUMACMBIX BOJH (P, U Gi ).

CyuiectBeHHOE oTyinure orpaHudeHuii (1) u (2)
OIpeIeIIIeTCS COBEPIICHHO Pa3HBIMU JOITYCTUMBIMH
3HAYCHUSMM OCJIa0JIeHUS] MOITHOCTHA BHEIITHEH T10-
MEXH U CHIDKEHUSI MOIITHOCTH TTOJIE3HOTO CUTHAIA.

TpeboBaHMST K M| 1 A B KaXIOM KOHKPETHOM
cy9ae MOKET OBITh pas3nuIHbIM. [1pn ganmpHEHIIIX
YUCJIEHHBIX OIleHKax OyIeM MCIIOJIb30BaTh OTHOCH-
TEJIbHO CJ1ab0e HEPABEHCTBO

n<0,1A . 3)

I1pu aTOM pa3Mep aHTEHHBI IMPH KOMITEHCAIINHT
BHEIIIHEH TTOMeXHU IOJKEH ObITh He MeHee, ueM B 15
pa3 MeHBIIIe pa3Mepa aHTeHHBI TIPU ITPOCTOM HAKOIT-
JIEHUU TTOJIE3HOTO CUTHAJIA.

[MprnumHamu GayKTyanuii ppoHTa BOJTHBI MOTYT
OBITh: HEOTHOPOIHOCTH TpOITocdephbl, HEOTHOPOI -
HOCTH penbeda TTOACTHIIAIONIeH TTOBEPXHOCTH ITO-
UMY PaIHOJIOKAIIMOHHOM CTAaHIIUN, TTOTPEITHOCTH
M3TOTOBJICHUS aHTEHH U JIp.

B kawecTBe mpuMepa NpuBeAeM KOHKPETHEIE
OIIEHKW BIMUSIHUS (QIYKTYalMid IURJIEKTPUIECKOMN
npoHuLaeMocT Tporocdeprl. Heobxomumble s

TaKOU OLIEHKHU BO3MOXKHbIE 3HAUYEHUS AUCTIEPCUM cg
GayKTyalldii AU2JIEKTPUIECKOU MPOHUIIAEMOCTH, a

TaK K€ COOTHOLICHUA IJId AUCIICPCUN Gi (I)a3OBBIX
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Gbaykryaunii 1 paguyca p, Koppemsiuuu (asoBbIX
GayKTyaluii MMEIOTCS B JIMTepaType (Hampumep,
[4D).

Cpa3y OTMETUM CUJIbHYIO W3MEHUYMBOCTbH Xa-
PaKTEPUCTUK TypOYJIEHTHOCTU Tponocgephl.
ITosToMy oOlLIEHKM caenaeM [Jid Tpex 3HaYeHUi
nucnepcuu  (IyKTyalui ﬂuaneKTqueCKoﬁ npo-
HULIAEMOCTH: MUHHMMalbHOTO o2, =0,25-107"%,

EMUWH
cpeuHero Gscp =0,45-10" u  MakcHMaIbHOTO
12
SMaKC 9 10
I/ICHOHbSyH UMeIoLINeCs B JIUTepaType OLIEHKU
P, U 62, B YIOOHBIX ISl BBIYMCIEHUS €IMHULIAX

NMEEM

(03]

oMl _2*?[em]

2 L6[o
o, rY[km]

- L™ [km]x

0,45-10° ipu o2,
x10,45-10* pu o7, 4)
1,5-10° pu o?

€MaKc *

3neck: L, — BHEWHMI MacwTad TypOyJeHTHOCTH,
KOTOPBINf OOBIYHO TPUOJVMKEHHO II0JlaraloT paB-
HBIM BBICOTE MCTOYHMKA M3JTydeHUs (OyaeM CYMTaTh
L, =1xm); r — nyTb BoJHBI B Tporocdepe (Oynem
cuutath ¥ =100 km).

C ucnonb3oBaHueM cooTHolueHuid (1)-(4) mas
A=0,1 u n=0,01 Ha puc. 1 npencraBieHbl B Jora-
pudMUIECKOM MaciTabe YMCIeHHBIE OLIEHKHU Ipe-
JeJIbHBIX Pa3MepPoOB [, aHTEHH B PEXUME HaKOIUIe-
HUS MOJIE3HOTO CUTHAaJIa (nyHKTI/IpHLIe JquHuM 1, 2 1

3 COOTBETCTBEHHO IS G- 62, M G2, ) 1 Ipe-
JebHBIX pa3MepoB L, aHTEHH B pexXMMe KOMIIEH-

EMUH ? ECp
caluy BHEIIHEN moMexu (CIIoNIHbIe TMHUM 4,5 1 6
2

COOTBETCTBEHHO IS GSMMH, Oiep U GEMaKC)
Li[m] == =
Lv| 1 =

P 1 -
100 L.~ 2L 1T
// //
o
/ -
10 i/
/ 5
1 /
e
|~
0,1
1 2 3 4 56 78910

MeMm|
Puc. 1. I1penenbHbie pa3Mepbl aHTEHH

M3 pucyHka BUAHO, YTO MpeeIbHbIE pa3Mephbl
AHTEeHH CYIIECTBEHHO 3aBUCST OT CTeTICHU TypOYJIeH -
THOCTH TPOTOChephl U JUTMHBI BOJTHBI.

B paccmarpuBaemMoMm auamna3zoHe UIMH BOJH
cJ1aboit TypOyJIEHTHOCTU Tporocephl B pexKMe Ha-
KOIUICHUSI MOJIE3HOTO CUTHaa (IUTPUX0Bast TMHUS 1)
OrpaHUYeHUS pa3Mepa aHTEeHHBI TPAKTUUECKU HET, a
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B peXXMMe KOMITEeHCAllMW BHEIIHEH MoOMexH (CIUIoNI-
Hasl TMHUs 4) TaKUe OTpaHUYEeHUs MOTYT BO3HUKHYTh
MPU JJTMHE BOJHBI OKOJIO 1 CM.

[Ipu cpeaHeit 1 MaKCcUMaIbHON TYpOYJEHTHOC-
THU Tpornocdepbl B pexkMMe HAKOIJICHUS MOJe3HOTO
curHaia (IITPUXOBbIE JUHUU 2 U 3) OrpaHUYECHMUSI
pasmepa aHTEHH MOTYT BO3HUKHYTb 10 JJIMHbBI BOJTHbI
OKOJI0 2 CM, a B pexkrMMe KOMIIEHCAllMM1 BHEIIHEeH Mo-
Mex" (CIUIOIIHBIC TUHUM 5 1 6) OrpaHUYECHUST MOTYT
BO3HUKHYTB JIO UTMHBI BOJIHBI OKOJIO 6 CM.

MHorue peajibHble PaauoJOKATOPbl MPETeHIY-
I0T Ha 3HAYMTEIbHO OoJiblliee OcabieHue BHELIHEe!
MOMEXH, YeM MPUHSITOE HAMU MPU YUCTCHHBIX OLICH-
kax (mo n=-30 ab). B aTom ciyyae orpaHnuyeHue
pa3MepoB aHTEHHbI OyIeT BO3ZHUKATh 10 JJIMH BOJH
oosee 20 cm.

[ HUBKOJETSIIMX Ledeil cieayeT OXuaaThb
JOTIOJTHUTEBbHO CYIIECTBEHHOTO BMSIHUSI HEOMHO-
POMHOCTEI MOACTUJIAIONIEH MOBEPXHOCTU MO3ULIUU
paauosiokaTopa (Harmpumep, MOBEPXHOCTH B3BOJHO-
BAaHHOTO MOpsI). DTO BAMSHHUE MOXET CTaTh OCHOB-
HBIM B METPOBOM AMaria3oHe IJIWH BOJH U TSI BbICO-
KOJIeTSIIIUX Leei.

[IpuBeneHHbBI BbIlIE MaTepuasl MOKa3bIBaeT,
YTO QJITOPUTMBI U TTOKa3aTeJnd KayecTBa MpoCTpaHC-
TBEHHOW OOpPabOTKM CUTHaja MpU HAJIUYUU BHE-
IIHEH TMOMeXU U COOTBETCTBYIOIIME MpPaKTUUYeCKUe
PEKOMEHJALIMU JOJKHBI  YUUTBHIBATh PE3YJbTaThl
CTaTUCTUYECKON TeOpUU aHTeHH, nosydyeHHbie S1.C.
IudpunsiM B [1]. O0nacTh X IpUMEHEHUS IIMPE
TEOPUU U TEXHUKHU TOJbKO CAMUX aHTEHH.

Hapsdy c¢ smoii 3amemkoii, noduepkusaroujei
npaKmu4eckyro 3Hayumocmes noayuentolx Sxosom Co-
nomonosuvem Ilughpunvim hyndamenmanvhvix pezynv-
mamoe He MmoAbKO 8 CMAMUCMUYECKOU meopul aHmeHH,
6 amu rouseiinble OHU BO3HUKAEM JCeAaHUe Bblpa3Uumb
2nyboKoe ysajcenue K Hemy Kak 000pomy 61a20p00HOMY
Yen06eKy.

S cpasrumenvho mano cayicuns nod eco hopmans-
HbIM PYKOBOOCMBOM, HO HENOCPEOCMBEHHO U KOC8EHHO
OH 0KAa3blean 041aeomeopHoe GAUsAHUE HA MOI MHCU3Hb
bonee 57 nem.

Mou dpy3vsa u cocayucueuwt 6 Mockee (uncmumym
asmomamuru u mesemexanuku AH CCCP) u ¢ Xapo-
xoge (Jle¢ Koncmanmunosuy Yeprses) compyonuua-
au ¢ Skoeom Conromonosuuem 6 namuodecsmole 200bl
60 8peMs HANUCAHUS UM KAHOUOamcKoil duccepmayuu
no meopuu 31eKmMpOHHO-B0AHOBOU AaMNbl (Nepedoso-
20 (hpoHma paduo’rneKmpoHuUKU mex nem) u 0eaunucs
CBOUMU YBAICUMEAbHIMU BNEUAMACHUIMU OM 2020
compyoHuyecmaa.
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Akoe Coa0MOHOBUY NPUHUMAN Y MEHS KaAHOUOam-
CKUe IK3aMeHbl N0 cneyuarbHocmu (WUpoKuil U y3Kuil
npogpunu). A 3anomrun eeo enybokue 6onpocwt u 0006po-
JcenamenvHoe omHouleHue K aK3ameHyrouemycs. baa-
200aps e20 peKoMeHOayuu MOUM OQUUUANLHBIM ONNO-
HEeHmMoOM Nno KaHOUOamckoil duccepmauuu Obia PUIUK
Mupoeoeo yposus Anexcandp HMavuyu Axueszep, ooujerue
C KOMOpbIM 045 MeHs OblA0 O0AbULOLL YeCmbiO.

bonvwoe ysaxcenue k Hrxosy Coromonosuuy cno-
coocmeosanu npecmuxcy APTA um. JI.A. Tosoposa 6
HAy4HOM MUpe U 8HUMAHUI0 K ee npedcmagumensim 6
yacmuocmu. HmenHo smum s 00sACHAN YCHEUWHOCMb
CBOUX OMOENbHbIX KOHMAKMO8 ¢ 8bl0aouumcs usu-
xom un.-xkop. AH CCCP Cepeeem Muxaiinoeuuem Poi-
MOoBbIM U co30amenem YHUKAAbHBIX PAOUOAOKAUUOHHBIX
xomnaexcog un.-kop. AH CCCP Ipueopuem Bacunve-
euuem Kucynvko. Dmo He mpe6o6aso ocobvix npocwvo,
6ce npoucxoouno & npedeaax psoosozo pabouezo co-
mpyoHuuecmaa.

Bue cayacebnvix omuoutenuii slxkoe Coromonoeuu —
OueHb 01a20MCeAamenbHblil UHMeEPeCHbLl co0eceOHUK,
ONMUMUCIMUYHDBLIL HCU3HEPAOOCMHDLIL YenoseKk («oyua
KOMNAHUU» ).

Taxue a100u yKpawarom ycu3Hbs, U 04eHs Xo4emcs,
umoobl Slkoe Cor0MOHOBUY MHO2O-MHOO Aem NPOAO-
acan amo deaamo.
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Munepsun Huxkonaii HukonaeBuy,
JIOKTOP TEXHUYECKUX HayK, mpodec-
COp, BeIyLIMI HAy4YHBIM COTPYIHUK
XapbKOBCKOro yHuBepcutera Bos-
nymHbeix Cun umenun MBana Koxe-
ny6a. O01acTh HayYHBIX MHTEPECOB:
YUYeT yCJOBUM pacrpocTpaHEeHUs pa-
JIMOJIOKALIMOHHBIX CUTHAJIOB MPU UX
obpaboTke.
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CTATUCTUKA AJAIITUBHBIX OIITOYIIPABJIAEMbBIX AHTEHH

B.U. KAPIIEHKO, O.B. KAPIIEHKO, P.A. 35PHUI[KUH, B.B. OHUIIIEHKO

B Hacrosiiee Bpems 11 pellieHus psiia BaKHbIX 3a1a4 B MHGOPMAIIMOHHBIX U PaAMOJOKAIIMOHHBIX CUC-
TeMax MCMOJb3yeTCs] MUIMMETPOBBIN AMana3oH JAIMH BoJH. OJHUM U3 MEPCHeKTUBHBIX HaIlpaBieHUi
OCBOCHUSI MWIIMMETPOBBIX U CYOMUJUIUMETPOBBIX PAlMOBOJIH SIBJSIOTCS OMTOYIpaBjisieMble aHTEHHHBI,
TO3BOJISIIONINE OCYIIECTBJSATh MPOCTPAHCTBEHHO-BPEMEHHYIO 00pabOTKY CHUTHAJIOB HEMOCPEACTBEHHO B
packpbiBe aHTEeHHbI. Pe3yibTaThl TEOpUM M MPAKTUKU MOCTPOSHUS TaKMX aHTEHH MPUBEIEHbI aBTOpaMU
B psje paboT. B maHHOIT paboTe Ha OCHOBE CTATUCTUYECKON TEOPUM aHTEHH MPOBEACHBI TEOPETUUECKUE
HCCaeOBaHMS, KOTOPbIE MO3BOJMIN B 3aBUCMMOCTH OT XapaKTEPUCTUK MOJYIPOBOIHUKOBBIX TOKPBITHIA,
CTPYKTYDPbI AN TUBHOM Mepensydaloleii CUCTEMbI C ONITOYMPABASIEMbIM TOKPHITUEM ITPOU3BECTH aHAIU3
MOTEHLMATBbHBIX BO3MOXKHOCTE! TAKMX CUCTEM B 3aBUCUMOCTH OT pelaeMbIx 3a7a4. [1py 3TOM cTaTucTrka
(bopMUpyeMbIX panoOroJorpaMM paccCMaTPUBAETCsl HA OCHOBE MaTeMaTUYeCKO MOMEIN CTaTUCTUUECKUX
XapaKTePUCTHUK TOJI B TUIOCKOCTU MPUEMHOM anepTypbl U XapaKTePUCTUK TOJYINPOBOTHUKOBOTO MOKPbI-
THS. A CTaTUCTUYECKUE XapaKTEPUCTUKU BOCCTAHABIMBAEMbIX PaIMOU300paXKeHUN 0OBEKTOB, BhIPAXKEH-
Hble Yepe3 CTaTUCTUYECKHE XapaKTEPUCTUKU MPUMEHSIEMOTro MOJYNPOBOAHMKA, MO3BOJUIN OMPEACTUTD
JIMCTIEPCHIO0 HECMEIIEHHOM OLIEHKU U3MEPSIEMBbIX ITapaMeTpPOB.

Nowadays the millimeter range of wavelengths is used for solving the number of important problems in
the information and radiolocation systems. One of perspective directions in mastering the millimeter and
submillimeter radio waves range technology is the implementation of optically controlled antennas that
enable to carry out the space-time signal processing directly in the antenna aperture. The results of the theory
and practice of such antennas design are shown by the authors in a number of their works. In the article,
on the basis of the statistical antenna theory, the theoretical investigations are carried out, which allowed to
impose the requirements on basic parameters of the used optically controlled coverings and to analyze their
potentialities depending on problems to be solved with a specific adaptive system incorporating the optically
controlled antenna. The requirements, being subject to semiconductor parameters and features, are based
on the statistical description of the information registered on the optically controlled antenna covering; the
mathematical model of the field in the receive antenna aperture and its statistical characteristics; the analysis
of statistical characteristics of radio images being restored from registered radioholograms; the mathematical
expressions obtained to estimate the potential evaluation precision of linear dimensions of the restored object

radioimage.

BBEJEHUE

OaHUM 13 NePCNEeKTUBHbBIX HATIPaBJIEHUI B pa3-
BUTHUM aHTEHHOW TEXHUKU JJIs1 TTOJYYEHUsT BICOKOM
YIJIOBOI pa3pellaloiieii ClioCOOHOCTH SIBJISIETCS T1e-
pexoll K MUJUIMMETPOBOMY IMAla3oHy JJIMH BOJIH.
OpHako HECTaOMJIBHOCTM IIPpUEMO-IIepenaroiiuX
TPaKTOB U HEOIHOPOJHOCTU TypOYJIE€HTHOI aTMOC-
¢epbl CylIeCTBEHHBIM 00pa3oM OrpaHMYMBAIOT JIM-
HelHbIE pa3Mepbl aHTEHH A3TOro JAuarna3oHa. OTU
MPUYMHBI TOOYIUJIM K PEILIEHUIO BOIIpOca MOCTpoe-
HUS aIalTUBHBIX CUCTEM, 00ECTIeUMBAIOIIUX MeJIeH-
raluio v roJjiyyeHrue HeKOOpAMHaTHOM nH(popMaliuu
B YCJIOBUSIX MYJIbTUTUIMKATUBHBIX ITOMEX.

Ha xadeape xkBaHnToBoit anekTpoHuku BUPTA
uM. JI.A. ToBopoBa, HaunHasg ¢ 1985 roga, aKTUBHO
MPOBOIMJIMCH UCCIIETIOBAHUS TTO CO3AAHUIO aAalTUB-
HBIX OITOYMNpPaBASIEMbIX MEPEU3NyYalolIX aHTEHH.
OHu 6a3upoBaIUCh Ha MOKAa3aHHON MPUHLIMINAAIb-
HOW BO3MOXXHOCTU CO3IaHUSI aHTEHH MWJUIMMET-
pOBOr0 U CYOMWJIJIMMETPOBOTO IMAIa30HOB JJIWH
BOJIH, OCHOBaHHbIX Ha W3MEHEHUW KOMILIEKCHOTO
koa(pduumenTa orpaxenuss CBY mojs B moaynpo-
BOJHUMKOBBIX CTPYKTypax MOJ BO3ACHCTBUEM ONTH-
yeckoro uanaydyeHus. OTaeabHO CAeAyeT BbIIEIUTh B
9TOM HarpanjieHuu padory baxpaxa JI.JI., ABpameH-
ko P.®. u Hukonaepoii B.W., moka3zaBImx MpuHILI-
MUAJIbHYI0 BO3MOXHOCTb OCYIIECTBICHUS (ha30BOrO
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yrnpaBiieHus: otpaxkeHHbiIM CBY curHajiom B MHO-
TOCJIOMHBIX MOJYITPOBOJHUKOBBIX CTPYKTypax C IO-
MOIIIBIO ONTUYECKOTO M3JIydeHHUsI, KOTOpasl Halluia
0J1arONpPUSITHYIO MOYBY JIJISI pa3BUTUSI BOIIPOCOB 00-
paboTKU pagnoa0KauMOHHOK MHMOpMaLIMK C TTOMO-
1IbI0 METOJOB U YCTPONCTB ONTUYECKON 00pabOTKMU
CUTHAJIOB.

PazButue Teopuu u TeXHUKU 0OpaOOTKU CUTHA-
JIOB MWJJIMMETPOBOIO Mana3oHa JIJIMH BOJIH B OIITH-
YeCKOM JIMaIla3oHe JOCTaTOYHO ITOJHO M3JIOKEHO B
psiie pabor [2—8, 11], rme ocHOBHOE BHUMaHUeE ye-
JICHO TMepeun3JTyyaroliuM aIanTUBHBIM PaauoJIoKal -
OHHBIM CUCTEMAaM C OIITOYNPAaBJIsSieMbIMU aHTEHHAMU,
B HEIOCPEICTBEHHOM PacKpbiBe KOTOPBIX OCYIIECT-
BJIsIeTCSl 00paboTKa MPUHUMAEMBbIX CUTHAJIOB TroJIO-
rpauyecKruM METOAOM. DTO MO3BOJISIET C TOMOIIBIO
¢(OpPMUPOBAHHOTO OIIOPHOIO CUTHaja IMOJYyUYUTh
HEUCKaXXEHHOE panirou300paKeHue HadI01aeMoro
00beKTa B YCJIOBUSIX MYJbTUIUIMKATUBHBIX TTOMEX.
OaHako B paboTax He paCCMOTPEHbI BOIMPOCHI CTATUC-
TUYECKOI OLIEHKH BJUSIHUS XapaKTEPUCTUK ONTOYII-
PaBIIIEMBIX TTOKPBITUI W KOHCTPYKTUBHBIX OCOOCH-
HOCTEl TaKMX CUCTEM Ha KaueCTBEHHbIE MoKa3aTesn
(GopMUpyeMBIX pagron300paxkeHUi 00bEKTOB.

YcTrpaHeHue 3Toro npobesia 6a3upyeTcsl Ha pe-
3yJbTaTax ocHoBoroJjaratoiieit padorsl A.C. lud-
puHa|[l], KoTophblii, 3aHUMAasICh TTeAArOrn4eCcKom 1 Ha-
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KapneHko B.U., KapneHko O.B., 36puukuii P.A., OHuiieHko B.B. Ctatuctvka agantyBHbIX ONTOYrnpaB/isieMbiX aHTEHH

yuHoli nesitebHoCThi0O B BUPTA um. JI.A.T'oBopoBa,
OKazajl OrpOMHOE BJIWSIHUME Ha Pa3BUTHE aHTECHHON
TEXHUKU MPAKTUIECKU BCEX AMAMa30HOB JJMH BOJH
1 OCHOBaJI HOBOE HayYHOE HarlpaBjJeHUEe — CTaTUC-
TUYeCcKo# Teopun aHTeHH. AkoB COJIOMOHOBUY aK-
TUBHO OKa3bIBaj MOAACPXKKY HOBBIM paboTaM M He
TOJBKO B 00JIACTM aHTEHHOI TeXHUKHU, 4TO OJaro-
MPUSITHO TTOBJIMSIIO HA CTAHOBJIEHUE YUYEOHOTO U Ha-
yuHoro npoueccoB B BUPTA ITBO um. JI.A. I'oBopo-
Ba U APYIUX BBICIIMX BOCHHBIX YUCOHBIX 3aBEACHUSIX.
OTO cnocoOCTBOBAJIO TOMY, UTO aKaJeMusl 3aHsia
Belylllee MECTO CpPeAu HayyHBIX U HaydHO-TIPOU3-
BOJCTBEHHBIX yupexaeHuit u npeanpustuii CCCP B
pa3paboTKe afanTUBHBIX AaHTEHHBIX CUCTEM pa3iny-
HOTO Ha3HAYeHMUSI.

1. IPUHIIUII IIOCTPOEHUA
ATAIITUBHBIX OIITOYIIPABJIIAEMbIX
AHTEHH U CTATUCTUYECKOE OIIMCAHUE
MMOJYITPOBOTHUKOBBIX ITIOKPLITUI

IIpocreiimas onroyrpasiseMasi aHTeHHa, puc. 1,
npencTasisieT cCo00i CTPYKTYpy, COAEPXKAIILYIO TTOTY-
MPOBOIHUKOBBIN CJIOM 1, AUBIEKTPUK 2, BO3MAYIIHbII
3a30p 3, MPOBOJHUK 4.

ER(ﬁ)o(m

Puc. 1. OnToynpasisiemast aHTeHHa

ITon Bo3neiicTBMEM CBETOBOTO U3MYYEHUS 5 U3-
MEHSIETCSl  TPOBOJAMMOCTbL  TOJYIPOBOJIHMUKOBOTO
CJI0SI, YTO TIPUBOAUT K aMIUTUTYIHBIM W (Pa30BBIM
usMeHeHusam orpaxkeHHoro CBY curnana Er(p)orp
B KaXIOW TOYKE MHOTOCIOWHOU CTPYKTyphl. I[lpmn
U3MEHEHUU MHTEHCUBHOCTU CBETOBOTO CUTHaia E,
B KaXJIOH TOUKE IMOJYyNMPOBOAHUKOBOTO TOKPBITHUS
MOXKHO YMPaBIsITh aMILUIUTYIHO-(a30BbIM pacripe/e-
JneHneM otpaxkeHHoro CBY moiist B pacKpbIBe OITO-
yrpaBiisieMoil aHTeHHbI (OA), T.e. onToymnpasjisieMast
anTeHHa oOyygaetcss CBY curHanom ¢ M3BECTHBIM
aMIUTUTYIHO-(a30BbIM pacmpeiesieHeM, a Mpolece
yIIpaBJIeHUS] U3TyYEHUEM OCYIIECTBIISIETCS CUTHAJIa-
MU, (popMUPYEMBIMU Ha ONTUYECKOIW HeCcyllel yac-
toTe. [To3TOMY C TOMOIIIbIO TAKOW aHTEHHbBI, HAPU-
Mep, JIErkKo CO3/aBaTh YMpaBisIeMyl pajuoJUH3Y,
KOTOpasi 00ecreyrBaeT He TOJbKO CKaHUPOBaHUE, HO
U okycupoBky oTpakaemoro CBY nosst Ha nznyye-
HHE U TpUEeM B 3aBUCUMOCTH OT CO3/1aBa€MOIi ONTH-
YeCKUM U3JIy4eHUEeM JBYMEPHOU KapTUHBI OCBEIlIEH-
HOCTH TIOJTYTIPOBOJIHMKOBOM MOBEPXHOCTH.

Ha xadenpe xBanToBoii a1ekTpoHuku BUPTA
T1BO um. JI.A. ToBopoBa, B ganbHeieM XapbKOB-
ckuii BoeHHBINI YHUBepcuTeT, MpoBeleHa Teope-
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TUYecKass pa3paboTKa BOMPOCOB (OPMUPOBAHUS
MHOTOCJIOMHBIX MOJYITPOBOAHUKOBBIX MOKPBITUIA,
obecreunBarOIINX M3MeHeHue (a3bl OTpaxkKeHHOIO
CBY curnana B nipeaenax oT 0 1o 2w Nnpu peaiunsy-
€MbIX MHTEHCHUBHOCTSIX OOJIydeHUSI TMOJYIPOBOI-
HUKOBBIX TIOKPBITUI € MOMOIIBI COBPEMEHHBIX
Jla3epoB. DTO TMO3BOJUIO pa3paboTaTh aJanTUBHbIE
MepeunsIydaroliue CUCTEMbI, B KOTOPBIX MPOCTPaHC-
TBEHHO-BpeMeHHas 00paboTKa paauoOCUTHAIOB OCY-
LIECTBISIIACh HEMOCPEACTBEHHO B PACKpbIBE OITO-
yIIpaBIgeMOll aHTEHHBI [2].

Puc. 2. CtpykTypHas cxema aganTUBHOMN
OIITOYIIPABJISIEMON aHTEHHBI

CTpyKTypHasl cxeMa aJanTUBHOM OITOYIpaB-
JISeMOl aHTEHHBI TpencTaBjieHa Ha puUC. 2, TIe:
1 — onrroynpasisemast aHTeHHa (OA); 2 — pynopHBIii
CBY ob6nyuarenb; 3 — CBY reHepatop; 4 — Matpu-
na npuemHbix CBY siemMeHTOB, pacrojoxXeHHas B
(hoKaJIbHO TJIOCKOCTH ONTOYIPABISIEMO aHTEHHBI
(KapTMHHAsl TUIOCKOCTh HaOII0gaeMOro O0beKTa);
5 — NPUEMHO-YCWIMTEIbHBINA TPakT; 6 — YCTpOIC-
TBO ONTUYECKOU OOpabOTKM CUTHANOB; 7 — WUCTOY-
HUK JIa3€PHOTO M3Iy4YeHMs; 8 — IMPOCTPAHCTBEH-
HO-BPEMEHHOI MOMIYJISTOpP Ja3epHOTO MU3JIyYeHMUSI;
9 — mpoekiMoHHas onTuka; 10 — TypOyneHTHas cpe-
Jla pacIpocTpaHeHUs paauoBoiH; 11 — Habmomae-
MBI IPOTSLKEHHBINM 00BEKT, comepxkaiuit M oiec-
TSILIUX TOYEK.

B pabote [3] npuBeaeHBI pe3yabTaThl UCCIEI0-
BaHUS OKCIEPUMEHTAIbHOIO MaKeTa amalTUBHOM
OIITOYIPAaB/SIEeMOIl aHTEHHBI, & OCHOBHbIC TpeOoBa-
HUSI K peaiu3alliid OCHOBHBIX Y3JIOB ITOJYUYEHBI B [4].

ITpuHIMI paboOThI TAKO# aHTEHHbBI 3aKTI0YAETCS
B cienytoieM. Hanmpumep, 1o pe3ysibrataM BHEILIHE -
ro LejeyKa3aHusl He0OX0AMMO O0JyYUTh OTACIbHYIO
[-10 GecTAIyI0 TOUKY 00beKTa 11, KOTOpBIii MOXET
HaXOOUTbCS B AajibHelt win B 30He MDpeHens aH-
TeHHBI 1. {11 9TOro mpu OTCYTCTBUM TypOYJIECHTHOI
cpenbl Ha TTOBEPXHOCTU MOJYMPOBOJHMKA aHTEHHBI
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CJIEAyeT Co34aTb OCBCIICHHOCTL, KOTOpad IpeacTraB-
JISTIOET CO00M yepeayromumecda CBETJIbIC U TEMHBIC I10-
JIOChI, paAnyCbl KPUBU3HbI KOTOPbLIX B npocTenieM
cjydyac onpeacjAaAroTCAa BbIPpaXCHUAMU WU ABJIAIOTCA
pe3yjabTaTaMun I/IHTepd)epeHL[I/II/I JBYX BOJIH:

2
P, = nAF+[%J , n=0,1,23...,

rae F — skBUBajleHTHOe (POKYCHOE pacCTOsIHUE pa-
JIMOJIMH3BI:
_ Rl Rf
R+R,"

IlepBast BosiHa pacrnpocTpaHsieTcst oT [-it GJec-
TSIIEW TOUKU, PacoJOXKEHHON Ha JaIbHOCTU R; OT
Hayvajla KOOpJAMHAT aHTeHHbI, a Bropas — or CBY
o0syuaresist 2, pacIoJIOXKeHHOT0 B KApTUHHOM IJI0C-
KOCTH HabJIt01aeMoro 00beKTa Ha pacCTOAHUM Ry

PaccmorpuM  mociienoBaTeIbHOCTL — MIpoliecca
ajanTaluydu TaKoOW aHTEHHbI W TOJyYeHUs] paauo-
U300paxkeHusl MPOTSIKEHHOTO OO0bEeKTa, coiepka-
mero M Gaectsaiux toyek. CuurtaeM, yto audpak-
LIMOHHAsI pa3pellialolasi CrInocoOHOCTb aHTEHHBI
MO3BOJISIET pa3peliaTh OTAEIbHbIE OJECTSIIINE TOUKHU.
ITpy Hanmuuum TYpOyJeHTHON aTtMocdepbl y Leau
dopMupyeTcs nuarpammMa HampaBjieHHOCTU AW, KO-
TOopasl TepeKpbIBaeT Bce OJecTsiiiye TOUku uead. B
pabotax [3, 5, 6] moka3zaHo, YTO ITPU MHOTOKPATHOM
nepeusiydyeHuun (hazoconpsizKkeHHOro IoJis Ha LejJu
dopMUpyETCsI OMOPHBIM CUTHAJ. A ITpU KOHTPOJIE 3a
MPOLIECCOM aarTalliyi €ro MOXHO c(DOpMUPOBAThH 3a
TPU LMKJIA MMePEeUs3TydeHUs] Ha MPOTSKEHHON LIe/u.
ITpy sTOM B KaxJoM ILMKJE TEepeusydeHus: ocy-
LIECTBIISIETCS] TPMEM CUTHAJIOB MaTpULIE TPUEMHbBIX
CBUY syemMeHTOB 4, ycrjieHUE UX B TPAKTE 5, IEpeHOoC
CMEeKTpa CUTHAJIOB Ha ONTUYECKYIO HECYIIYIO YacTO-
Ty, TIpeoOpa3oBaHNe MOJYYCHHOTO TMOJIsT 1Mo Dyphbe
(®peHemo) W TeTepOANHNPOBAHNUE €r0 B YCTPOIC-
TBe 6, UTO TTO3BOJISICT Ha €T0 BBIXOHE (POPMUPOBATH
Ha OINTUYECKON Hecyllleil 4yacToTe B OINpeaeeHHOM
Maciutade 1nose, Ga3zoconpsKeHHOE MO OTHOIIEHUIO
K NpUMHUMaeMOMY ONTOYIpaBisieMOll aHTeHHOU 1.
DT0 MnoJie yepe3 MPOCTPaHCTBEHHO-BPEMEHHOM MO-
JYJISITOP JIa3€PHOrO M3JIy4YeHUsT 8§ U MPOEKIIMOHHYIO
OINTUKY TMPOELMPYeTCsl Ha TOBEPXHOCThb MOJYIPO-
BOJIHMKOBOTO MOKPBITUSI aHTEHHHI 1.

Takum oOpa3oMm, Ha ONTOYIpPaBISIEMOM IIOIY-
MPOBOJIHUKOBOM MOKPBITUM (DOPMUPYETCSI paaro-
rojorpamma, obaydeHue koropoir CBY curnamom
¢ CBY obGayuarens 2 obecrieunBaeT repeusyiydeHue
¢azocornpsixKEHHOTO MOJISl IO OTHOLIEHWIO K MPUHU-
MmaemoMmy. IIpu 3ToM Ha 1eau GopMUpyeTcsl Oorop-
HBII cCUTHAJI ¢ IMDPaKLIMOHHON pa3pelliaroleit cro-
COOHOCTbIO, OIpeIe/sIeMO JUHEWNHBIMU pa3MepaMu
rnepeusyJarolleil aHTeHHbI, T.e. BCS Mepensydyae-
Masi 3HepTusi (hOKYCUPYyeTCsl Ha OJHOU U3 OJIECTSIIIUX
TOYEK TIPOTSLKeHHOW ueau. [IpuHSITHIE ONMOpHbIN
CUTHaJ 3alIOMUHAETCs, a Ha ujlyueHue (hopMupyer-
Csl paiuoroJjiorpaMMa, aHaJIorMyHasl MeEpBOMY LIMKITY
U3JyYeHUs, a IPU TIpUeMe CUTHAJIOB OT BCeX 0JiecTs-
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IIIUX TOYEK MTPOTSDKEHHOM eI Ha aHTeHHE (popMu-
pyeTtcs (pazoconpsbKeHHas rojlorpaMMa OT OIIOPHOTO
CHTHaJa.

ITockosbKy moJjie, MpUHUMaeMoe OT Bcex OJrec-
TSAIIMX TOYEK MMPOTSKEHHOM 11e/Tu, HeceT MH(popMa-
IIMU O TypOYJEHTHOI aTMocdepe TOYHO TaKylo Ke,
KaK ¥ OITOPHBII CUTHAJI, PaIMOToJIOrpaMMa KOTOPOTO
copMupoBaHa Ha MOJTYITPOBOIHUKOBOM TTOKPHITHH,
TO B KAPTUHHOM IJIOCKOCTH HA0JII0AaeMOro o0beKTa
(Ha BbIXOAe MaTpulbl TprueMHbIXx CBY 31emMeHTOB)
opMupyeTcst parmon3odpakeHre OTAEIbHBIX O1ec-
TSAIIMX TOYCK.

[pemnoxeHHast CTpYKTYpHasi cCXeMa alarTHBHOMN
ONTOYMPABJISIEMOI aHTEHHBI ITO3BOJISIET UCKITIOUYUTh
BIUSTHUE TypOYJEHTHOI aTMOCHEpBl M Psi BHYTPEH-
HMX HECTAOMJILHOCTE! OTHEIbHBIX 3JICMEHTOB, N3Me-
HSIIOIIMXCSI MeJUICHHEe TTpoliecca aanTalyy Ha Ipo-
1ecc hopMUPOBAHUS PATMON300pakeHUsI OOBEKTA.

OnHaKo Ha KauyecTBO 3THUX Paaron300pakeHMi
OKa3bIBAIOT BIMSIHME CJIeAyrolnne (hakKTOphl: Kauec-
TBO C(POPMHUPOBAHHBIX PAIMOrOJIOTPAMM Ha OIITO-
YIPaBISIEeMOM ITOKPHITHH, KOTOPOE B CBOIO OYepelb
3aBUCUT OT XapaKTEPUCTHK MCITOIb3YeMbIX ITOJIY-
ITPOBOTHMKOB, CTaTUCTUIECKUX ITOTPEITHOCTE OII-
TUYECKOTO YCTPOMCTBa 00pabOTKM pPaauloCUTHAIIOB
M TPOCKIIMOHHOM aIlmapaTypbl, CTaTMCTHYECKUX
XapaKTepUCTUK PaTdOCUTHAIOB, TOCTYIAOIIMX Ha
BXOJI OIITOYMPABJISIEMOI aHTEHHBI OT IPOTSLKEHHOM
1I€JTM ¥ OTIOPHOT'O CUTHAJIA.

[IpoBeneHHBIC 9KCIIEpEMEHTATBHBIC HCCIIEI0Ba-
HUS [2] ToKa3anu, 9YTo U3MEHEHHE ITapaMeTpOB OII-
TUYECKOTO YCTPOICTBA 00paObOTKM paflOCUTHAIOB 1
MPOCKIIMOHHOM armapatypsl SIBJISIETCSI MEUICHHBIM
10 OTHOIIIEHUIO KO BPEMEHU ITUKJIA TePEU3ITyIeHUsI
B aJIalITUBHOM CUCTeMe M MOXET B JajbHEMIIeM He
YYUTBHIBATHCS.

DKCIIepUMEHTaIbHAsT ONTOYIIpaBJIsIieMasi aHTCH -
Ha | mpesncraBieHa Ha puc. 3. Kak BUIHO OHa COCTOUT
13 OTIEIBHBIX TIOJYITPOBOTHUKOBBIX IJIACTHHOK 2.
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Puc. 3. Onroymnpasisiemast aHTeHHa

OTHOILIEHUE JIMHEAHBIX Pa3MEPOB OTAENbHBIX
IUIACTMHOK K JUIMHE OTPAXXaeMOM PaJrOBOJIHBI COB-
Magaer ¢ OTHOLIEHMEM XapaKTEPHOIO JMHEHOIro
pasMepa MpPOSIBJISIIOIIETOCS OTAEIbHOrO 3€pHa Ha
(dboToruIeHKe K JUIMHE CBETOBOW BOJIHBI, YTO MTO3BO-
JIUT KCITOJIb30BAaTh METOAMKHU CTATUCTUYECKO OLIEH-
KM CBOIICTB pagyorojiorpaMM Ha OCHOBE CTaTUCTHU-
KU onTudeckoil rosorpacduun. C Apyroid CTOPOHBI
MUHUMAJIbHBIE Pa3MEpPbl 3JEMEHTAPHOIO YdYacTKa
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AHTEHHOTO TTOKPHITUST A YIIPaBISIEMOTO CBETOBBIM
W3JTy9eHWeM, OTpaHWYeHBbl CpemHel MIMHOM Ipo-
Oera 2JIEKTPOHOB ITOJYITPOBOIHUKOBOTO CIIOS W
cocTtaBisgioT nopsaka 0,3—0,8 cM, KoTopbie 1 orpa-
HWYMBAIOT JINHEWHBIE pa3Mepbl MAaKCUMAaJIbHBIX ITPO-
CTPaHCTBEHHBIX YACTOT, (POPMUPYEMBIX ONITHIECKIM
OCBELIEHUEM.

CrnenyeT OTMETHUTh, YTO MaKCHUMaJbHas IIpPO-
CTpPaHCTBEHHAs 9YaCTOTa ONTHYECKOTO M3TyYeHUS 3a-
BUCUT OT KOHCTPYKTHUBHBIX OCOOCHHOCTEI amanThB-
HBIX ONTOYIPABISIEMBIX CUCTEM U TIPY 3HAYMTETHHBIX
pa3Mepax aHTeHH MOXET COBIAAaTh C XapaKTepHBIM
pa3MepoM OTIETbHOM TJIACTUHKY aHTEHHEI.

[MosTomy, mist hopMUpPYEMOIT pamgroroiorpaM-
MBI, TOMOOHO ONTUYECKOM, CITPAaBeI;TUBO YTBEPKIE-
HUE, 94TO CTPYKTypa (hOpMUPYEMOI pagrorojorpam-
MBI TIPEICTABIISIET COOOM COBOKYITHOCTh OTHETbHBIX
OTpaXkalollluX LIEHTPOB, OTpaXkalollue XapaKTepuc-
TUKH KOTOPBIX 3aBUCST OT pa3dpoca ImapaMeTpoB OT-
JIeTbHBIX TITIACTUHOK,, VJTH K€ OT OTAEJTbHBIX yUaCTKOB
A KaXI0# MIaCTUHKMU.

Torma cpenHee 3HaueHWe KO3(hGUIIMEHTa OT-
paxkeHHs TIPOITOPIIMOHAIBHO TTPOBOINMOCTH, 3aBU-
csIlel OT MHTEHCUBHOCTU CBETOBOTO ITOTOKA, MPU-
XOJSIIIerocsi Ha y4acTok A,. byaem cuutarth, yTo
WHTEHCUBHOCTh CBETOBOTO ITOJISI, ITAfaloliero Ha
MOJYIIPOBOHUKOBYIO MOBepXHOCTh [ (p), OTHOP-
MUpOBaHa TaKMM 00pa30M, YTO MHTETpajl OT Hee T0
BCell CBETOUYBCTBUTEILHOM 00J1TacTH Q paBeH Cpel-
Hell TIPOBOIMMOCTH, BO3HUKAIOIIEH B TTOIYITPOBOI-
HUKOBOM CJTOe

1 N N —
—[1.()dp=G.,, (1.1)
Uy o

I ITOJIE3HOTO CUTHaJIa U COOTBETCTBEHHO

1 I ®)dp=G 1.2
Hog

JJIA LL[yMOBOFO CUTHAaJJIO0B.

B atux BBIpaxeHusx 1/p, — HOPMUPYIOLLMIA
MHOXWUTEJIb, ONIPEAEIIeMbIi U3 BEIPAKSHUST

1 N L =
—[1.@®)+1,1dp=G,
My o

rme G — cpemHee 3HAaYeHME MPOBOIMMOCTH MONY-
MPOBOJIHUKOBOTO MTOKPBITHS.

Torna cpenHee 3HaYeHUE MPOBOAUMOCTU AHTEH-
HbI TIPU HAUIMYMU CUTHAJIA U CpeHEeEe 3HAUECHUE 111y~
MOBOW MPOBOAUMOCTU

G.-G.-S:G,=G.-S.

rae G_C’ — yAeJbHasi MPOBOIAMMOCTb TMPU HaIUYUU
CUTHAJA; G_L’H — ymeJabHas IIyMOBasi TIPOBOAMMOCTD
AHTEHHBI.

Ecau perucrpaniust paarorogorpaMMbl OCYIIIECT-
BISIETCSl Ha JIMHEMHOM Y4YacTKe XapaKTepUCTUKU
MPOBOAMMOCTH, TOT/IA BBHITIOTHSIETCSI COOTHOIIICHUE

W, Gy, =1(B)-A, . (1.3)
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Ecmm xe peructpauuda OCylICCTBIACTCA HAa HC-
JIMHEAHOM y4yacTKe, TO MPHU JTOCTATOYHO MAJIbIX A
MOXKHO 3anumcaTb

w, Gy, =@ [1.(P)]-A,

rae GpyHKiusg ® ONMCBhIBACT HEJMHEHHYIO 3aBUCH-
MocTb. Toraa cpeaHsisi IPOBOAUMOCTb OyIEeT OMUCHI-
BaTbCsl BhIpAKEHUEM

w,G=[ @1 @)dp+1,-S,
Q

rae S — Iuiomianb CBETOYYBCTBUTEIBHOIO MOKPBI-
TUA.

Ecam maTeHcuBHOCTE /() He (PIYKTYHpyeT Ha
OTICJIBHOM 3JIEMEHTapHOM YYacTKe ITOKPHITHSI, TO
BEJIMYMHY TPOBOAMMOCTHA MOXHO CUWTaTh paciipe-
neJieHHo# 110 3akoHy Ilyaccona. Tak Kak IpoBO-
JUMOCTh Ha OTHEJIbHBIX 3JIEMEHTapHBIX ILIOMIAIKAX
MeXIy co00il He3aBHCUMa, TO COBMECTHOE paciipe-
JIeJICHUE TI0 BCEM OTpakaloIIuM LIEHTPaM IIpeaCcTaB-
JIIeTCS B BUIIE

L
P(GI,GZ,...,G,,)=HKG[GI el
i=l Yi-

1

(1.5)

IJe CPeOHsISI IPOBOAMMOCTD i -I'O OTPaKalollero
LieHTpa (OTICJIbHOM IUTACTUHKM) OMpeeisaeTcs 13
BBIPaKEHMSI

W, G = [ [1.(®)+1,1dp.
Ay

3HaueHue koapduumreHra otpaxeHuss CBY
CUTHaJIa OTAEJbHBIX IUIACTUHOK (OTpakaroluX 1eH-
TPOB) MOXHO TaKXe Y4eCTb HEKOTOPbIM MHTEHCUB-
HOCTHBIM TTapaMeTPOM ¢ . 3HaUEHUE TOTO MapameT-
pa OINMUCBIBAETCS CBOMCTBAMM KaXKIOU OTpaxkarollei
IUIACTUHKM, a BbIpaxkeHue Mt KoadduiimeHTa or-
paXkeHUsI ONTOYNPaBISIEMOro MOKPHITUS 3aIIUIIEM B
BUJIE

(1.6)

BBeneHHbII MapaMeTp o, CBSI3aH C OTPaXalolL-
MU XapaKTEePUCTUKAMU KaxKIO0M OTASIbHOM IJIAaCTUH-
KU WIM OTpaxaTejlbHOro IlieHTpa. CiiemoBaTesbHO,
(irykTyaliud BeJIMYMHBI O OIPEACIISIIOTCS HEmoc-
penCTBEHHO (DIIYKTyallMsIMU IapaMeTPOB OTICIbHBIX
ITOJIYIIPOBOTHUKOBBIX IJIACTUHOK M MX COYETaHHEM
Ha ITOBEPXHOCTH aHTECHHBI, a 3HAYMT U DIYKTyarusi-
MU IIPOBOAMMOCTH B KaXK/IOi OTAEIbHOM IJIACTUHKE.
CpenHekBaapaTHIecKoe 3Ha4eHue GJIyKTyalMii oT-
paXkamIMX XapaKTePUCTUK OTIEIbHBIX IUIACTUHOK
WX K€ X LIEHTPOB 0003HAYMM Yepe3 G, .

TakuM o0Opa3oM, OTpaXkalwlIlhe XapaKTepPUCTH-
ku CBY curnajia mosixynpoBOIHUKOBOTO MOKPBITHS
OIIPEICIISIIOTCS C OJIHOM CTOPOHBI CTATUCTUIECKUMM
XapaKTePUCTUKAMU BXOTHOI'O CBETOBOIO IIOJISI, a C
JIPYTOil CTOPOHBI — IMapaMeTpaMK MCIIOJb3YeMOIO
ITOJIyIIPOBOHMKOBOIO IIOKPBITUS. BBeIeHHBIC BhIIIIE
3aBUCUMOCTH TIO3BOJISIIOT TIPOM3BECTH OLICHKY BJIM-
SIHMSI CTaTHUCTUYECKMX CBOMCTB OITOYIPABJISIEMbIX
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(TTOJTYTTPOBOIHMUKOBBIX) IMOKPHBITHIA Ha Ka4eCTBO BOC-
CTAHOBIIEHHBIX pagron3o0paxkeHuit. s mpoBene-
HUS JAJbHEMIINX pacyeToB HEOOXOIMMO CHavaja
OIPENeNTUTh CTATUCTUIECKIE XapaKTePUCTUKU TIPH-
HUMAaeMOT0 OITTOYITPaBIsIeMOl aHTEHHON IO W
MMPOBECTH WX MPeoOpa3oBaHNe C YIETOM BBEICHHBIX
CTATUCTUYECKUX CBOVICTB ONTOYITPABIISIEMBIX TTOKPHI-
THIA.

2. MATEMATUYECKAS MOAEJIb I1OJIA
B INIOCKOCTU ITPMEMHO ATIEPTYPBI
N EI'O CTATUCTUYECKUE
XAPAKTEPUCTUKHA

CurHajabHyI0 COCTABJISIIOIILYIO OIS, TTOCTYIa0-
IIErO Ha OMTOYIMPABISIEMYI0O aHTEHHY OT MPOTSIKEH-
HOro 00beKTa, comepxaiiero M OJeCTIIINX TOYEK,
0003HauuM uepe3 E,(p,7), a ILIyMOBYIO COCTaBJISIIO-
myto yepes n(p,t). bynmeM Ttakke cuMTaTh, YTO BbI-
TOJTHSIIOTCS COOTHOIIICHUS

<n(p,)>=0;
<n(5,,tl)n(§2,t2)>:N0 6(51 _52)8(11 _tz) .(2.1)

YuursiBas aauTUBHBIN XapakTep liyma, I10JI€ B
TIJIOCKOCTU OHTOYHpaBHHeMOﬁ AHTCHHbI IPEACTaBUM
B BUJIEC

E@®,1)=E.(p, 1) +n(p,1) . (2.2)

st oO0bekTa, HaXONSIIErocss Ha pa3IMYHBIX
PACCTOSIHUSX OT aHTEHHbI, 3alUIIEM ITPUHUMAaeMOe
T0JIe Yepe3 KOMITJIEKCHYIO aMJIMTYAY MOJIS B KAPTUH -
HOM TIJIOCKOCTU 00BbEKTa U MepeAaTOUHYIO (DYHKIIUIO
MPOCTPAHCTBA, OTOPOCUB BPEMEHHO mapaMeTp

E@)= [ EGF)H(F -p)dF

Q

(2.3)

rae

H(F =)=

1 k o2
kR+ j—|p— 2.4
j}\Rexp{J 12R|p rl}( )
J71s1 30HbI DpeHens u

k.

H(r-p)= Epr}(2-5)

JAR
17151 30HbI @payHrodepa, R — paccTosiHUE OT LIEHTpa
KapTUHHON MJIOCKOCTU 00BbeKTa J0 Havyajaa KOOPAM-
HAT ONTOYIIPABJISIEMOI AHTEHHbBI; ¥ U P — TEKYIIUe
KOOpAMHATEI B KApTUHHOM TIJIOCKOCTH OOBEKTa U
OIITOYIIpaBJIsIeMOI aHTeHHBI; k =271/\ — BOJHOBOE
yucao; , — 001acTe KapTUHHON IJIOCKOCTU Ha-
Os11012€MOTO OOBEKTA.

Ilpu ycmoBumM, 4TO KOMIUIEKCHAsI aMILIATYyIA
ONIHOI M3 KOMITOHEHT 3JIEKTPUYECKOTO IO B Kap-
TUHHOM TIJIOCKOCTU 00BEKTa YIOBIETBOPSIET COOTHO-
HIEHUIO

<ER)E'(1)>=<E (R)E(r) >=U(#) 81 - 1) ,

. koL .
CXP{JkR+Jﬁ|p|2—J

rie U(F) — HekoTopas (pyHKIMs, OTIMYaroLiascs
OT HYJISI B KAPTUHHOM TUIOCKOCTU 00BbEKTa Q U SIB-
JITIONIAsICS TIPOEKIMEel OOJIydYeHHOM ITOBEPXHOCTU
00bEeKTa Ha €r0 KapTUHHYIO IJIOCKOCTh. [IpeacraBum
KOPPEJISIIIMOHHYIO (DYHKIINIO KOMILIEKCHBIX aMILIN-
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TY/ 1OJIsT, MPUHUMAEMOTO OT MPOTSKEHHOTO 00BEK-
Ta B BUAE OJECTSAIIMX TOYEK, HAXOOSIIMXCS B 30HE
Dpenensa

M
K (®1,0,)= YU, (F=1)3(F —1,) H(F B, )x
=

o 1 gk (.02 5
xH (’”—pz)=WeXPJ{ﬁ(|Pl| _|pz| )}X

M W e o ko L\
><2U£(r—r£)8(r—rﬂ)expj{i(p2 —py )7 } (2.6)
=1

OueBUAHO, YTO TaKasl 3allUCh MMPaBOMEpHa MPU
YCJIOBUM, YTO JIMHEMHBIM pa3Mep OTACJAbHOI Ojec-
TSIl TOYKY MEHbIIIEe JIMHEMHOTO pa3Mepa Iudpax-
LIMOHHOIO Mpejieia pa3pelieHus ONToynpaBisieMoi
anTeHHbl. C yyeToM (2.6) 1 (2.2) KOppeassiuoHHast
(GYHKILMS TIPUHUMAEMOTO T0JIs

R(ﬁl,t1;§2,12)=<E(§1,tl)E*(§2,12)>=

1 . .
:ERe K (B,p,)exp—j{wy(t -1,) }+

+N, (P, —p,) (1, —1,) .

Kaxk BugHO, KoppesunoHHass (yHKIIMS COCTO-
WUT U3 ABYX CJaraeMbIX, IpUIeM BTOPOE 00YCIOBIECHO
UCKITIOYUTEbHBIM (DOHOM, a MepBOe — TOJbKO CUT-
HaJIbHOM cocTaBistiolleit. B nanpHelimem 3To ciara-
emoe OyzneM o6o3Havatb R.(B,,%;P0,.5) -

CpenHee 3HaueHMe dHepTUU Q , IPUXOAAIICICS
Ha 00J1aCTh Q OITOYITPABIIIEMOTO ITOKPBITHS 3 Bpe-
Ms T, oOyciIoBIIeHA TOJBKO TTOJIEM, PACCESTHHBIM OT
00BeKTa, M ONPEILIISICTCS BEIpaXKeHUEM

2.7)

T
0=[[R.\.1: P51 dpdr=
0Q

T & R, I ~
=3[ XU -i)| HE-p)f dp=
Q (=1
T § U S
“ IR ;U[(r—r[). (2.8)

B mociegHeM paBeHCTBE YYUTHIBAJIOCh, 4YTO
|H(F—§)|2 =1/(LR)*, a uepe3 S 0Go3HAUYEHA ILIO-
1IAIb TOBEPXHOCTU Q OMNTOYIIPABJISIEMOM aHTEHHBI.

J1y1s1 HaBTF0IAeMOTO TIOJIST, SIBJISIIOIIIETOCS peasn-
3alMeii TayCCOBCKOTO Tpotiecca, GyHKIIMOHA MJI0T-
HoctH BeposiTHocTH (PI1B) mmeeT Bux |9, 10]

_ 1% -
FLE®.n =K, exp{—— [JTW®1:850)x
0

2O QQ
xE(By,1,) E(By,1,) dp, dp, dt, dt, } , (2.9)

rie K, — KOHCTaHTa, He3aBUCsLIAsl OT KOHKPETHOI
peanuzauun E(p,t). ®ynkuus W (p,.t;p,,t,) omnpe-
JieJisieTcs U3 ypaBHeHUsI [9]
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o=

_[ R(ﬁlatl; 52at2) W(62’t2; 63’t3) dﬁ2 dt2 =
Q

B cooTBeTCTBUMM C METOIMKOI PEIICHUST MHTET-
panbHbIX ypaBHeHUi Tuma (2.10), ®I1B npeacraBum
B Buze [12]

(2.10)

_ Ut o e
F[E(p,t)]:Koexp{—W“-Ez(p,t)dpdt—
0o0Q

2

L [V dr |,
24

[ H (7 -P)E,(5) dp
Q

rae

T
Ey\®)=[E@,nexp—j(oyn)dr;  (2.11)
0

B} 1 U(F)
V(F)=- ;
2N; T .
1+[4NOJV(r)
M
UG =YU,(F-7); (2.12)
(=1
UG-7)=|K,G-7)sE -, @13)

rie K , — 3HaueHME KOMIUIEKCHOTrO Ko3(druneHTa
OTpaxkeHUsl (-0l OaecTsIe TOYKU MPOTSIKEHHOTO
00BbeKTA.

JlaHHBIE BbIpaXKEHUSI COCTABJISIIOT MOJHOE CTa-
TUCTUYECKOE OIKCaHue IpUHMMaeMoro Iojs. B
JaJIbHEWIIEM pPacCMOTPUM BIMSHUE BBEICHHBIX
CTaTUCTUYECKUX XapaKTEPUCTUK OMTOYIPABISIEMBIX
MOKPBITUIA Ha CTaTUCTUYECKUE XapaKTePUCTUKH
M0JI51, BOCCTAHABIMBAEMOI'O U3 PETUCTPUPYEMBIX pa-
JITMOTOJIOTPAMM.

3. AHAJIN3 CTATUCTNYECKHUX
XAPAKTEPUCTUK PAIMON30BPAXKEHNI,
BOCCTAHABJ/IMBAEMbIX
N3 PAANOTI'OJIOT'PAMM

PaccMorpuM ciyyail, Korma IIpOTSIKEHHBIN
00BeKT HaxomuTcs B 30He MpeHelsT ONMTOYIIPaBIIsI-
eMoil aHTeHHBI. [Ipy 3TOM B MepBOM TakTe MpueMa
KOMIJIEKCHAsI aMIUIUTyJda MoJisl B TUIOCKOCTU aH-
TEHHbI ONMMCHIBaeTCsl BbipaxkeHueMm (2.3) ¢ yuyeTom
(2.4). TlpunsiTtoe nosie (popMUPYETCS HA BXOJIE TIPU-
eMHbix CBY anemeHTOB 4, puc. 2, U IEPEHOCUTCS B
OTITUYECKOE YCTPOMCTBO 00pabOTKM CUTHAJIOB 6, TIe
nocye npeobpaszoBanust no Openemo [3] u rerepo-
JTUHUPOBAHUS Yepe3 MPOCTPaHCTBEHHO-BPEMEHHOMN
MOJIYJISITOP 8 U MPOEKIMOHHYIO OINTUKY TOCTYMaeT
Ha ONTOYIpaBJsieMyl0 TOBEpXHOCTh aHTeHHBI. Ha ee
MOBEPXHOCTU PETUCTPUPYETCSI PaJaMOrojiorpamma,
pacripesieieHue CBETOBOM MHTEHCUBHOCTU KOTOPOU
omnpenensieTcss MHTepdepeHInel MHGOPMALMOHHO-
To U TeTepOJMHHOTO CUTHAJIOB
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1.(B)= A2 +| EG)[" +2Re 4, E(B)x

A, (= P
-jik - |t 3.1
Xexp J{ m 2F} (3.1)
52
rae E, ()= A4, exp—j{kﬁo{ﬁ—ﬁ“ (3.2)

— TeTEepONMHHBIN cUTHAI, (POPMUPYEMBIIf B OMNTU-
4eCKOM YCTpoiicTBe 00pabOTKuU; M, — €IMHUYHBbI
BEKTOp, OMNpENesIoONnInii HampaBieHue Ipuxoaa
cheprueckoit BoJIHbI; F'— 5KBUBaJIEHTHOE (DOKYCHOE
paccTostHuE.

TTpu perucrpaniny paiuorojorpaMMbl HaJIMHE -
HOM Y4acTKe XapaKTepUCTUKU MPOBOAUMOCTH TTOJY-
MPOBOJIHUKOBOTO MOKPBITUSI U YCIOBUHU, UTO IIIYMBbI,
BHOCUMBIE TIOKPBITHEM, TIepeCYMTaHbl Ha BXOH M
XapaKTepU3YIOTCS BEJIMYMHON [, C COOTBETCTBY-

IOIIEH Tucrnepcueit cﬁll , KOO (DULIMEHT OTpaXKEeHMUS

c(bopMUPOBAHHOU paarorojorpaMmsl ¢ yuetoM (1.2)
MOXKHO 3aItcaTh

T, P) =ko[ 1.(B)+1, + 1, ]=ko[A2+|E(6)|2+
+2AOReE(f3)exp—j{kﬁz{f)—%” , (3.3)

£

A F?

rne A= +1, +1,,; k, 1, — 3T0 TO 3HaUYeHME

Koa(hGULIMEHTa OTpaXeHUsT chOPMUPOBAHHON pa-
JMOTOJIOrPaMMbl, KOTOPOE BbI3BAHO OIIIMOKAMU Mpe-
oOpaszoBaHust MHMOPMALMOHHBIX curHajioB B CBY

(0,,) ¥ ONTHYECKUX TPAKTAX ( Gy, ) U ONPEENICTCS
BBIPaXKEHIEM

2 _ 2 2
Cyx =040 + 04y -

3.4)

3aperucTpupoBaHHAsl paguorojorpamma ooJy-
4yaeTcs MoJieM OT C(POPMUPOBAHHOTO OITIOPHOTO CUT-
HaJja.

=2
Eo<a>=ABexpj{krﬁ{ﬁ—2"—”, (3.5)

rae Ry — paccTostHre OT IIeHTpa aHTEHHEI 10 OTTOPHO-
TO CUTHaJIa c(pOpMUPOBAHHOTO HA TOUKE /TIPOTSKEH -
HOTO 00BEKTa, a BOCCTAHOBJICHHOE TT0JIe B TNIOCKOC-
TH MaTpPULBI TPUEMHBIX 3JIEMEHTOB OITpEIesIeTCs
BBIpaXKeHHEM

E,(7)= Ak, [ [1,(8) HE-F)xH (@ -7")x

Q) Q

22
B P .
Xex kmy| p—=—— | 1 drdp . 3.6
pj{ o{p 2R0H p (3.6)
YuuThiBasi paHee BBEIEHHbIE O0O3HAYCHUS U
BhIpakeHue (3.3), 3anuileM BbIpakeHUe IJis oIpe-

JIeJIeHUS ”THTEHCUBHOCTU BOCCTAHOBJIEHHOTI'O Paano-
U300paKeHUs
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1) =|E()] = (A, -k, | [ 42+ EG)[

Q
62
xexp j{ km, ﬁ—m H@-7F)H@E-F)drdp +

+43 [ E" () H(B-F)dp+ A, [ EP)

2

H@E-r)H@p-r)drdp| . (3.7)

22
xexp j4 2k m, ﬁ_;ﬁ

ITpoaHann3upyem ciaraemble, Hecyle MHGhOp-
MalMIo O Pagron300paKeHNN 00BbEKTa

Ay [ [E'(®)HE-F)H@-F)dpdr =
Q) Q
S B GVH (57

_ng[£ BV H(P-1)x

k ,12
o 4] -

Crnaraemoe (3.8) BoIpaxkeHus: (3.7) omnuchiBa-
eT paanoun3odpaxkeHue HaOIIaeMoro oobekra o6e3
BJIMSIHUS TypOYJIEHTHOII aTMoc(ephl, a OCTaJbHbIE
cjaraeMble XapaKTepU3yIOT PACXOISIIYIOCS BOJTHY.

IMoncraBnsisi BeIpaxkeHue misl KoagduiLueHTa
OTpaKeHUSs MOIYITPOBOIHUKOBOIO MOKPHITHS (1.6)

7

h

M
H h(i 7)) =Y E'(7) . (3.8)
1=1

(3.9)

B (3.6) moay4uM BEIpaXkeHUe IS OITpeIeSICHUST KOM-
IJICKCHOM aMIUIMTYIbl BOCCTAHOBJICHHOIO IIOJISI B
CJICIYIOIIEM BHIE

E,(")=4, Y, x
i=1

=2
5_9_

2R,
M MHTECHCUBHOCTU BOCCTAHOBJICHHOTO paI[I/IOI/I306pa-
KECHUA

xexp j{ km, H@p;, -7 (3.10)

1(7)=| E,(")[

PaccmaTtpuBaemble ¢GyHKUUM Ko3(ppuliMeHTa
OTPaXX€HHUsI OINTOYNPABJISIEMOro MOKPHITUS T,(P) U
aMIUTUTYIbl BOCCTaHABIMBaeMoro nosst £, (F) sBisi-
I0TCS CTyYaliHBIMU. DTO BBIPAXKAETCSI B TOM, YTO OHU
3aBUCAT OT CAYYalHON BeJTMYMHBI UHTEHCUBHOCTHO-
ro rnapameTrpa OTpakeHUsI o MOJYMPOBOJHUKOBOTO
MOKPBITUSI U KOJIMYECTBA BOZHUKAIOIIUX OTpaxaro-
IIUX LEHTPOB C COOTBETCTBYIOIIMMMU KOOpIAWHATA-
MU p,, 3aBUCSILKMMU, B CBOIO OYEPEb, OT BXOIHBIX
CBETOBBIX CUTHAJIOB. BesiencTBue KBAaHTOBOTO Xapak-
Tepa B3aUMOJACIUCTBUS CBETa C BEILECTBOM, MOXHO
CUYUTaTh, YTO BO3HUKHOBEHUE OJHMX OTpakaTesb-
HbBIX LIEHTPOB HUKAK HE CKa3bIBACTCSI HA MOSIBICHUM
npyrux. Takum o0pa3oM, BO3HUKAIOUIME LEHTPbI
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OTpaXkeHUs SIBJISTIOTCS CTATUCTUIECKU HE3aBUCHMBI-
MH. BEITIOIHEHNE OTMEUEHHBIX YCJIOBUIA TTO3BOJISIET
HCIIOJIb30BaTh MOEJb ITyaCCOHOBCKOTO TTOTOKA JUISI
OIMCAaHUSI COBOKYITHOCTH BO3HUKAIOIIMX IIEHTPOB
OTpakeHUsI Ha ONTOYIPABISIEMOM ITOKPHITHUH.

Otpaxkaroliye IeHTPbI, BO3HUKAIOIINE 3a CUET
ITYMOBBIX CHTHAJOB, MOXHO CUMTATh BEJIMYMHAMU
0oJiee BBICOKMX TOPSIIKOB MaJIOCTH M TaKXKe OITH-
ChIBaTh ITyaCCOHOBCKHMM ITIOTOKOM C HEKOTOpPOii
MOCTOSIHHOW WHTeHCUBHOCTbIO [, . TlosTtoMy Bcst
COBOKYITHOCTb 3HAY€HWil KOOpAMHAT f,...,0, BCEX
BO3HUKAIOIINX IIEHTPOB OTPAXXCHUST TAKXKE SIBIISICT-
csl IyacCOHOBCKUM TIOTOKOM. [IpM 3TOM IJIOTHOCTH
BEPOSITHOCTH KOODPJAMHAT BO3HUKAIOIIUX IIEHTPOB
OTpaXkeHUsT Ha TTIOBEPXHOCTU aHTCHHBI

. - 1%, ~
P(plap2""apn’n)=;1_[1ﬂ(pi)x
s =l

XeXp —jl(ﬁ) dp |, (3.11)
Q

rae /,(p), mpu yclOBUM COOJIIOAECHMS JIMHEHHOTO
peXrMMa 3alicu ¢ TOYHOCTBIO JO HOPMUPYIOIIETO
MHOXUTENA W, , (1.2), paBHO

ICH(ﬁ)+ImH +IlLLIH =]CH(6)+IILIZ'
Torma

. 1 N 1 1 1 .
1@ =— ) +— [y =— A +—|E@)[ +
My My My My

=22

+iAD Re E() exp] — jkim,| p-+— |!.(3.12)
n 2R,

H

Hopmupytommii MHOXUTENb W, BBIOMPAETCA U3
ycioBus (1.2)

[ 1@ dp=—[[ 1.G)+ 1,5 |d5=G . (3.13)
Q MHQ

rne G — cpelHee 3HAYCHUE IMPOBOAUMOCTHU IIOJTY-
IIPOBOJIHUKOBOTO TTOKPHITHSI.

O6o3HauuB [ 5 =15 /W, Ay =A1/10, ;
E@)=E@1/n, n EF)=EF)y1/w, , nper-

cTaBUM cooTHoleHue (3.13) B Bume

G=1I,s S+ AL -S+[|E@)| dp+
Q

=2
+2Hy, R, [ E/ () exp—j kit 5—2"—& dp . (3.13)
Q

PaccmoTtpuMm mepBble TpU cjaraeMbIX JaHHOTO
Boipaxenus. [y, -S=G CpelHss MPOBOIU-
MOCTb, BBI3BaHHAsl HECTAOMJIBLHOCTBIO MapaMeTPOB
OIITOYIPABJIIEMOTO MOKPBITUS 1O TIOBEPXHOCTHU aH-
TEHHBI Gm , @ TAKKe HATMIreM (IIyKTyalnit, BO3HU-
KaIOIIMX IIP1 00pabOTKeE C ITOTrPELIHOCTSIMU CUTHAJIOB

B CBY u onTtuueckux TpakTax, KOTOpbie B JajdbHel -
1LIeM PETUCTPUPYIOTCS Ha ONTOYITPaBISIEMOM MOKPbI-
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min G, 1.e. G,x =G, +G,, . [lepBoe cnaraemoe B
JAHHOM BBIPaXEHUM XapaKTepU3yeT CPEIHION0 Ioy-
MOBYIO MIPOBOAMMOCTb, BO3HUKAIOLIYIO B MOJIYIPO-
BOJHUKOBOM TOKPBITUM AHTEHHBI MPU OTCYTCTBUU
nonesHoro curnana. G, = A2, -S — cpeaHss npoBo-
JAMMOCTb, 00YCJIOBJIEHHAsI OMIOPHBIM CUTHAJIOM, MPU
YCJIOBUU, YTO NH(OPMALIMOHHBII CUTHAJI OTCYTCTBY-

. - 2 s

er, re. E(p)=0. G, = _|.| E, ()| dp — cpennsist mpo-
Q

BOIMMOCTb, OOYCJIOBJIEHHAS 3aIMChIO JINILIb MOJIE3-

HOTrO CUTHana, T.e. korna A, =0 u /5, =0.

Bemmuunwt /5, , A, , E@) nu E(F) B otiu-
Yye OT aHAIOTMYHBIX BEJTMYMH 6€3 TOMOJTHUTEIbHO-
ro eAMHUYHOTO MHIEKCA OTJIMYAIOTCS TEM, YTO OHU
YUUTHIBAIOT KOJUYECTBEHHO M CBETOUYBCTBUTENIb-
HbIE XapaKTepPUCTUKU ONTOYMPABISIEMOTO TOKPBITHS
B oTinuue ot BenmuuH [, E@), E(F) u A,, xo-
TOpPbIE OTNPEAEISIOTCS UL UHTEHCUBHOCTBIO COOT-
BETCTBYIOLLIMX CUTHAJIOB.

B nanpHeiieM OyayT MCOJIb30BaHbI TOJILKO BE-
JIMYUHBI ¢ UHAEKCOM “1” ¥ TO3TOMY JJIsI MIPOCTOTHI
0003HaYECHU I JOIIOJHUTEIbHBINA NHACKC OYIET OITyC-
KaTbes.

Baenem 6e3pazMepHbIe KOMIUIEKCHbBIEC aMILIUTY -
JIbI

E@®)

E,(p)= : 20 E(). (3.14)
SJIE@) dp

, B, (F)=

ITpu aToM

G.=[|E®) dp= [|E, )]

Q

(3.15)

B

rme Q — MOBEPXHOCTDH OITOYIIPABIIIEeMOI aHTCHHBI,
Q, — MOBEPXHOCTb TUIOCKOCTH BOCCTAHOBJIEHUS pa-
JIMOMU300paKeHUSI.

CrenyeT OTMETUTD, YTO BbipaxkeHue (3.15) cnipa-
BEIJIUBO JIMIIb TPU TOTEHLMAIbHO BBICOKOM YT-
JIOBOM pa3pelieHuU OITOYNpPaBIsIeMOll aHTEHHBI,
MO3BOJISIONIEM MOJIYy4YaTh Ha HAOJI0HaeMOM OOBEKTE
HECKOJIbKO 2JIEMEHTOB pa3pelieHus.

Boipaxxenue (3.12) npu BBeIEHHBIX HOPMUPO-

BaHHbIX BECJIMYMHAX MPEACTaBMM B BUJIC

1= 15 15 2
1P)=—G,+—-G,+—=G_|E. (P)| +
®) =500 +5G,+5C | E,P)|
P
2R,
C yuetoMm (1.6), cpemHee 3HaYeHMEe KOIDDUIIN-
€HTa OTPaXXKCHUsI ONTOYIIPABISIEMOTO ITOKPHITHS OIT-

PENENSIETCS U3 BHIPAXEHHUSI
(P =k, 01(P) , (3.16)

rae k, — Ko3h@ULUMEHT NPOIOPLMOHATBHOCTH.

Torma, BoCIob30BaBIIMCh BbhIpaxkeHueM (3.2),
MOXKHO 3aIliCaTh BbIPaXXECHUE IJISI CPEIHEro 3Hade-
HUS KO3 UIIMEHTA OTpaXkKeHUS

+%/G‘O G, ReE. (P)E, exp —j%?ﬁo
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R(®) =a {42 +| E,G)[ +2Re 4, EB)x

—»2
p —_—
2R0
[Tpu ycioBUM BBICOKOTO YIIIOBOTO pa3pellieHus
1 BOCCTAHOBJIEHUHU PaaOrojorpaMmMbl chepruiecKoit
BOJIHOW, CPEAHSS UHTEHCUBHOCTb BOCCTAHOBJIEHHO-
r'o paIMon300paKeHUST ONTOYIPaBIsIeMO aHTEHHOM
MOXeT ObITh MpeCTaBlIeHa B BUIIE

xexp — j1 kmy (3.17)

T(Fy=g2 dita | GGl p v o i)
MR M,
ol +o?
+H l+———+ |5}, (3.18)
(04

rne M, =S-S,/(LR)* —unCiI0 21eMEHTOB pa3pelie-
HUSI, 00eCIIeuMBaeMbIX OIITOYIIPABISIEMOI aHTEHHOM
Ha BOCCTaHABJIMBAaeMOM pPaalOU300paXeHUU O0b-
€KTa; Gi — nucriepcust GAyKTyauuit KoagduieH-
Ta OTpakeHUs ITOJTYIPOBOTHUKOBBIX IIACTUHOK,
ornpenessieMasl 5KCIepUMeHTAIbHO; Gél — nucnep-
cugd Gaykryaunii KosdgduureHTa oTpaXeHus Mo-
JIyIIPOBOJHUKOBOTO MOKPBITUS, BOZHUKAIOIIAST TIPU
obpadotke ¢ nmorpemHoctaMu B CBY u ontnyecknx
TpakTax MPUHUMAEMON OITOYIPAaBJISIEMON aHTEH-
HOWM CUTHAJIOB.

N3 monyyeHHOro BbIpaKEHUsI CIAEAyeT, YTO B
BOCCTAHOBJICHHOM  PaAuOM300pakKeHUU  CPEaHSIs
WHTEHCUBHOCTh CUTHajJa MPOIMOPLUUOHATIbHA CPEe-
HUM TPOBOIMMOCTSIM, OOYCJIOBJECHHBIM OIMOPHBIM

1 MHGOPMAIIMOHHBIM CUTHAJIaMU GO u GC , MHTEH-
CHBHOCTH BOCCTaHaBJIMBAEMOIO CHUTHAJa U 0OpaTHO
MPONOPIUMOHATIbHA YMCITY 3JEMEHTOB pa3pelleHUs
M, .

OO611ee MpeBbIllIeHE TOJIe3HOTO0 CUTHajda Hau
(GOHOM IJI1 BOCCTAaHOBJIEHHOI'O PagrOM300paKeHUsI
OIpenesseTcsl U3 OTHOILICHUS

J— N _ Gé +6§C

G,G\|E (F+Rymy)| | M,G 1+Tl , (3.19)
roe G — cpemHee 3HAUEHME TIPOBOINMOCTH OIITOYTI-
paBJISIEMOTO MOKPBITUS, ONPEnessieMoe BbIPaKeHU -
eMm (3.13).

KoppensguuonHass GyHKUIMS —pacnpeneaeHus
WHTEHCUBHOCTH B BOCCTAaHOBJIEHHOM paauou3obpa-
JKEHUHU OTpelesIsieTCsl U3 BhIPaKeHUS

K 7y) =< I(7) 1(7) > < [(7)>-<I(7,)>. (3.20)
C yueroM (3.18), 3anuiieM BbIpaxeHUe 1151 KOp-

PeNISILIMOHHON (PYHKIIUM BOCCTAHOBJIEHHOTO MOJIS

2 2 _
i 7 GOL+GOL A4 GG
K@# ,5)y=2a% 1+ I B_ -0 “c oy
(5 72) a> (MR M,

<Re{[(G,,+G,) by (7 7))+
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1 ks o o koL oL
XS_OEEEH(")EH(”_’E +"2)CXP{JE("1 —K)F }X

xdF | Ey (7 + Ry i) E, (7 + Ry i) x

2

=

+ Ry

’

0| ~ |7+ Ry

Xexp4 —Jj

2&{ 2} ,(3.21)

te () =5 [exp (j 47 $) .
2 R,
M3 noayyeHHOro BbIpaxKeHUs OINpeaeIuM JUC-
MepPCUI0 CpeiHEe MHTEHCUBHOCTHU BOCCTAHOBJIEHHO-
ro paguon300paKeHuUs

(&
o7 (F)=K(F,F)=20"| 1+————

(GGG | p (3.22)

U COOTBETCTBEHHO KO3(M(OUIIMEHT KOPPEIILINU WH-
TEHCMBHOCTHM B BOCCTAHOBJICHHOM paIloOM300pae-
HUU

IV
K#,n)

k(?l”é)= VN N
JKG 7K@ F)

=Zl[(6u1 -1-60)><

xhg (7~ )+ G, exp —jn%@’—f;)z <

< JEE - R )
xexp| jo (7 ~F)F (3.23)
R :
rae
1 ki, = ., P 2R 2
Zl=5Reexp jm[ n+Rymy| —|r +R,my }x

E, (7 + R, i) E, (7 + Ry ii})
‘E ("1 +R0mo)HE (”2 +R0m0)‘

Hanuyue sKCIOHEHIMAIBHBIX MHOXWTENICH, a
TaKKe BMECTO TPAIUIIMOHHOM aBTOCBEPTKU — WH-
Terpajia HECKOJIbKO IPYToro BUIa CBSI3aHO C TEM, UTO
BOCCTaHOBJICHME U 3aIlMCh PaIMOrojIorpaMMbI OCY-
HIECTBIIACTCS CDepUISCKIMU BOJTHAMU.

Kak BumHO, B 00JacTi (h)OPMUPOBAHUST PAIHO-
M300pakeHMs AJIUTUBHO YIaCTBYIOT 1B HE3aBUCH-
MBIX MEXIy cO0O0Ii CIydaliHbIX IIpollecca ¢ pasind-
HBIMU KOPPEJSILIMOHHBIMU CBOMCTBAMMU.

J1J1s1 IepBOro U3 HUX painyc KOPPeJIsIuu

1 P S,
— [ g7 =5y dr" = | =2,
ngjo R (7 =7 \/nM

Ar, = (3.24)
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a Il BTOpOro

R di’
Ar, :—j [ E.) [r—(r2—r1)}  di (3.25)
0 Q) Qg
CiieqoBaTeIbHO, BCIUIECKOB WHTEHCHUBHOCTH,

COOTBETCTBYIOIIUX OBICTPBIM (hIYKTYaIIUSIM T10 BCEt
00J1acTN paguon300paKeHMsT OKa3bIBAETCS IOPSIAKa
M, , a MEUIEHHBIX — NOpSAKa equHUIBL. [1pn sToM
OTHOCUTEJILHBIN BKJIaA OBICTPBIX (PIYKTyallWii Mo
CPaBHEHMIO C MEIJICHHBIM OIIpeAeIIIeTCS BeTNIM-
HOW L

72=(G,+G,)/G, .

Taxum 06pa3zoM, BOCCTAHOBJIEHHOE pacopeme-
JIeHWE UHTEHCUBHOCTU 3JIEKTPOMArHUTHOTO U3Jlyye-
HUSI, IPEACTaBIIIONIee paguon300pakeHne HabJo-
J1aeMoro o0beKTa, SIBJISIETCS CPABHUTEIBHO IJIaJKHUM,
HO Ha 3TOM TJIaKoM (hOHE TMOSIBJISIIOTCSI pe3KKE Bbl-
opocel. CyMMapHOE 4MCJIO TaKOBBIX BEIOPOCOB I10-
psinka M, v OHO TeM pe3ue, 4eM OOJIblIe ITPOBOIN-
MOCTb MOJIYITIPOBOJHMKOBOTO MOKPBITUS aHTEHHbI 3a
CYET IIIYMOBBIX COCTABJISIIOLIMX PA3IMUHON TTPUPOIBI
U TeTePOJMHHOTO CUTHaja, (POPMUPYIOILIETO paaro-
rojiorpammy. IToaToMy uem OoJibllie TeTepOAMHHBIN
CUTHAJI, ONpPeAesIoUi MpoBoAuMocTb G, U IIy-
MOBOI1 cocTapisifolieil G, , TeM MeHblle 3HAUEeHHUE
KOPPEJSILIMOHHON CBA3M MEXAY OBYMS paspeliae-
MBIMU pa3HECEHHBIMU OJIECTAIMMU TOUKAMU B BOC-
CTAaHOBJIEHHOM paguou300pakeHrr Ha0I101aeMOro
00beKTA.

PaccMoTpuM BelnuuHy, KOTopasi OyaeT Xapak-
TEepr30BaTh HACKOJBKO peaibHOe 3HAaUeHUE MHTEH-
CMBHOCTH BOCCTAHOBJICHHOTO PaIMOM300paKeHUs
B NPOM3BOJILHOW TOYKE O0JaCTH HAOMIOAEHUA Q|
MOXKET OTJIMYATbhCS OT CBOErO CPelHero 3HaueHus B
a1oii ke Touke (CKO), 4To cOOCTBEHHO U AACT Mpe/l-
CTaBJIEHUE O BEJIMUMHE OTHOILICHUST CUTHAJI-IIIYM.

s aTOrO0 BBEAEM BEJIMUMHY ¢, PABHYIO OTHO-
IIEHUIO CpeaHeil ”HTEHCUBHOCTU BOCCTAHOBJIEHHO-

ro panuounsobpaxkenus I (7)) x ee qucnepcuu o7 (7).
Mockoneky 1 (F)=1,(F)+1,5(F), TO

:I_(H' I.(7) [Lu):()
012() 01( 01(

C yueroM BbipaxkeHuii (3.18) u (3.22) ciaraembie
(3.26) MOXXHO TIpeICTaBUTh B BUJIE

=g, +q,. (3.26)

G, G -,
g = e |E()],  (3.27)
_ o, +0,
2G My| 1+
(04
G, G ,
o= | 0w B, (328)
O, +0

2G M| 1+
o

W3 Beipaxenus (3.27) BUAHO, YTO BEJIMUMHA ¢,
GG
0 ¢  Orkyma cieiyer, 4To

IIPpONMOpLMOHAJIbHA
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yBeJIUUCHUE MPOBOAMMOCTU TIOKPBITUSI aKTEHHBI
3a CUeT TOJbKO MOUIHOCTU TeTEPOAUHHOIO WU XKe
MOJIE3HOTO CUTHaja He liejiecooOopa3Ho, a addek-
TUBHOE YBEJIMYEHNE ITapameTpa g, TpeOyeT coBMec-
THOTO YBEJIWYEHUS] MOIIHOCTU WH(OPMALMOHHOTO
U TeTepOAUHHOTO curHajoB. [TockonbKy yBeauye-
HHE MOILIHOCTY MHMOPMALIMOHHOIO CUTHAaJa CBsI3a-
HO €O creuuUKOoii TOCTPOESHHUSI ONTOYIPABISIEMbIX
AHTEHH, TO OCHOBHBIM MapaMeTpOM, BIUSIOIIUM Ha
TOYHOCTHBIE XapaKTePUCTUKU BOCCTAHABIMBAEMOTIO
pagronso0paxkeHus, OyneT UyBCTBUTEIBHOCTb pe-
ructpatopoB npuHuMaemoro CBY mossi, Kotopast
OrpaHUYMBAETCSI B OCHOBHOM 4YYBCTBUTEJIbHOCTBIO
npueMHbix CBY TpakToB, KauecTBOM ITpeoOpa3oBa-
Hus npuHATbIX CBY curHanos B yrpapisiioliyde or-
TUYECKUE CUTHAJIBI, PeaJnu3ylollie paguorojorpam-
MY U CTaTUCTUUECKUX CBOMCTB MOJYMPOBOIHUKOBBIX
MOKPBITUI AaHTEHHHBI.

CpenHee 3HaueHUWE KOMIUIEKCHON aMIUIUTY-
JIbI T10JI51, BOCCTAHOBJIEHHOTO U3 3a(pUKCUPOBAHHON
paauoroyorpaMMbl ¢ yuetoMm BbipaxeHuit (3.10) u
(3.12), npencraBuM B BUIE

iy 1 — ~ * - =7 =
E, (F :EABWH,/GO G, jEH(p)H(p—r)dp , (3.29)
Q

KOTOPO€ B CJiydya€ BbBICOKOI'O YIJIOBOI'O pa3pCllC€HUA
MOXKET OBITh npeo6pasoBaH0 K BUAY

1
—FA ,/G E
m O('MH 0 (p)

Ilepen Tem, Kak nepeiTH K KOMIIJIEKCHOMY aHa-
JIU3Y BJUSHUS TIpoliecca perucTpauuyd v ciaydaii-
HOCTM BXOJHBIX MH(MOPMALMOHHBIX CHUTHAJIOB Ha
KauyecTBO BOCCTAHOBJIEHHOTO pPaJuoU30paXkeHusl,
paccMOTPUM PSiJl BOIIPOCOB, CBSI3aHHbBIX CO CTATUCTH-
KOW KOOpJAMHAT BO3HMKAIOLIUX LIEHTPOB OTPaXKEHUS
U UX cymMMapHoro uucia. CiayyailHbIid XapakTep UH-
(bopMalIMOHHBIX CUTHAJIOB U3MEHSET CTAaTUCTUYEC-
KKMe 3aKOHOMEPHOCTU, KOTOPBIM MOJYMHSIETCS TIPO-
BoIMMOCTh G(p) U caMM KOOPAWHATHI OTPAKAIOLINX
LIEHTPOB Py, Py,---» P, MOJTYIPOBOAHUKOBOTO MOKPbI-
THSI, BO3HUKAIOIIME B pe3yJibTaTe BO3IEUCTBUS 3TUX
CUTHAJIOB Ha IMOBEPXHOCTb aHTEHHbI. OIWH U3 My-
TE€U pelIeHUs TIOCTABJIICHHON 3aa4/ 3aKJII0YAETCs B
MocJie1oBaTeIbHOM YCPEIHEHUH T10 pacrpeie/ieHUIo
(3.11), a 3areM 1o BO3MOXHbIM peanuzauusm 1 (p) .

C yyeToM MOJIyYeHHBIX Pe3YyJbTaTOB 3aluIlIeM
BbIpaOXXEHUE JISI YCPEAHEHHOTo I10 peau3alusiMm
3HAUEHUST KOPPEJSILUMOHHOK (DYHKIIMU BOCCTAHOB-
JICHHOTO paJinonu300paxeHus pu HaOI0eHUN 00b-
eKTa, copepxaniero M OJyiecTSIIUX TOUEK B BUE

E,(F)= (3.30)

<R 5= BT By ()= A2 Gy
x 5,
th(”z ~YRE F) [ U, () dF +
QB
+A4; 0’ <G >—— h(F
}»

—/
-n)=
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M
= B h(r] =) (R 1)+ Byh(Fy 1) ,

(=1

(3.31)

1

rae Bl[ =A20(, MHG0<G > UHé(_v)d

ZSOQ
By =A2a@’u, <G> /(AF)*;

h(Fz’—fi')=%feXp{j%(?£—7‘i')5}dﬁ-
Q

JlaHHO€e BbIpaXkeHHe UCIIOIb3yeM B JabHENIIeM
JUIST TIOJyYeHUsT (QyHKILMOHaa TUIOTHOCTU BEpPOSIT-
HOCTU BOCCTaHOBJIEHHOTO MmoJjisi. C 3TO# ke 1ieblo
OoIpenearM CpEeIHIO DHEPrui0 BOCCTaHABJIMBAE-
MOTO I0JIs1 B IJIOCKOCTU Q,, KOTOpast AJIsl epens-
JIyJalolMX KpPYMHOAMEePTYPHBIX OINTOYMPABISIEMbIX
AHTEHH COBIMAaJaeT ¢ 00JacTblo Q, WIs ciyyast pop-
MMPOBaHUS C(HOKYCUPOBAHHOTO TMOJISI B KAPTUHHOM
IUIOCKOCTU HaOJII0gaeMoOro o0bekTa, a IS ciydasl
BOCCTAHOBJICHUS MCKaXXEHHOTO WJIM HEUCKaKeHHO-
ro paauou3o0paxkeHus 00bEKTa ¢ IUIOCKOCThIO Q.
Ilepexoast T HOpMUPOBAHHBIX BEJIMYMH K SHEPTeTH -
YECKUM, TTOJYYUM ClIeAyIolee BhIpakeHUue

0.=L | B =] 4@ 6,6, +
QB
T S, 2 52
G A , 3.32
155, o (3.32)
rie S, — TUIOIanb BOCCTAHABIMBAEMOTO PaINo-
U300paxkeHus.

TTpu BBICOKOM yIJI0BOM pa3pelieHun

<0, >=%A§&2uic_io <G, >+
2 2
T SB I 6, +0, _
+ES.SO AB o “HMO 1+Tl <G>. (333)

AHanM3upysl JaHHOE BbIpaXKeHUE, MOXHO CKa-
3aTh, YTO YCPEAHEHHOE MO peaju3alluyd 3HayeHUe
SHEPTUM BOCCTAHOBJIEHHOIO MOJISI COCTOMT U3 JBYX
cjaraéMbIX — CHTHAJIBHOTO <Q_C > W IIIyMOBO-
ro <Q_Lu >. IlepBoe cnaraeMoe MpONOPIHXOHATBHO
SHEPruy MPUHUMAEMOTO MOJISI U 3aBUCUT OT SHEPruu
OINOPHOTO M BOCCTaHABJIMBAIOILIETO TOJIeH, a TaKxXKe
CBETOUYBCTBUTEIbHBIX XapaKTEPUCTUK MOJTYIIPOBO/I-
HUKOBOTO MOKPBITUSI.

Btopoe ciaraemoe — ciiencTBre IIyMOBOIo (poHa
00YCJIOBICHO CITy4ailHbIM IPOLIECCOM PErMCTPaLUH.
HOC—)TOMy, MOMHMO BEJIMUYUH G0 , G , OHO 3aBUCHUT OT
Gm , 6%, M, , a Takxe OT COOTHOILEHHS TLIoMaei
BOCCTAHABJIMBAEMOT0 PAIMOU300paKeHUsT 0OBEKTa
S, U IUIoWAany NefCTBUTENILHOTO pPailon300paxe-
HUA S .

C yueroMm (3.31) u (3.32) npencraBum (3.33) B
BUIIE
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T1l p52G,<G, >u2 +

<Q,>=<0,>+<0,, >= 7S

T 2=2 ~ SB
+5ABoc H<G>k2R2 (3.34)

CrreyeT 3aMeTUTh, YTO JUTS IIPOTSKEHHOM IIeIH,

_ Mo _
cozxepxaileil M GnectammxToyek < Q, >=Z< 0>
(=1
B KOTOpOIi Kaxzoe ciaraemoe <Q,, > OIpenesieT
SHEPTUI0, BOCCTAHOBAEHHYIO HAa COOTBETCTBYIOIIEH
Oaecrdieii Touke. B ob1ieM ciryyae aMIuiMTyaa Boc-
CTaHOBJICHHOTO TTOJISI

E,(F.0)=Re E,(F)exp[ - joyt ]+ n(F\1). (3.39)

HOZ[ OTHOIICHUEM CHUTHAJI-IIYM 6y):[eM ITOHU -
MAaTb OTHOIICHMUE SHEPTNU CUTHAJIA K CHCKTpaJTI)HOﬁ
IJIOTHOCTHU 1IIyMa U 0603HaI-H/IM OTY BCJIMYMHY 4YEPE3
q.

I1pu 3TOM BCIO HEPTUIO U €€ COCTABIISIOIIME Oy-
JE€M paCcCUUThIBATh IJIsA O6HaCTI/I, COOTBeTCTByIOH_[eﬁ
ee IEHCTBUTEIBLHOMY PafuoU300PaKEHNIO TaK, YTO

<Q,, > OIpe/eISETCS TEM XK€ COOTHOLLIEHUEM, YTO U
<Q,, >, Ho c3ameHoil S, Ha §,. Torma

q = <Q> <Q, > <Q> .

3.36
IN, 2N, ' 2N, =4 +4u- (336)

[TOMMMO OTHOLICHMSI CUTHAI-LIYM ¢ , BBEAEM
K03(h(GULMEHT KOHTpAcTa, KOTOPbIil paBeH OTHOIIE-
HUIO CUTHAJI-IIYM B pacueTe Ha OJWH 3JEMEHT pa3-
peleHus

e e (T (3.37)

C yyeToM BBEJIEHHBIX BEJIUYUH, KOIPDULIUEHTHI
B, n B, BbpaxeHus (3.32) MOXHO NPENCTaBUTH B
BUIIE

M _
2 Bl[ = < QLLIB >,

(=1

rne M, =SS, /(LR)* — unciI0 57eMEHTOB pa3pelle-
HUSI B BOCCTAHOBJEHHOM Paauon300pakeHUU.

C yuerom (3.31) koppensiimoHHasi (HByHKLIUS
Buzaa (2.7) mjist BOCCTAHOBJIIEHHOTO IOJISI OT 0OBbEKTa,
comepxaiero M OJecTSAIIMX TOYEK, 3alUILeTCs B
BUIIE

M <O >, B, =
<>, By=77

B B

7 — 1 M S S
R(7, ,tl;r2,t2)=§Re {ZBMh(r2 FYh(F —F )+
=

+B, h(F/ —I_’{/)}GXP[/'UJO (%, _’1)]}+

+N,8(F —7)8(t, ~-1,) .

Ha ocHoBe moJrydeHHBIX BBIIIIE PE3YJIbTaTOB, 3a-
MUIIeM BbIpaXkeHue Ui (QYHKIMOHAaIa TUIOTHOCTH
BEPOSITHOCTH BOCCTAHOBJICHHOTO TIOJIST OT OOBEKTa,
COCTOSIIIIETO U3 OTAEIbHBIX OJICCTSIIMX TOUCK.

88

T
F[ E, (7,0 =K, exp -LN”EZ( 1) dF di +

00Q,
2
+= EC” '[h(r[ —7) Ey(F) dF’ +%cz><

xRe [ [ (7 1) Ey(F) Eg(%) dF dFy, (3.38)

Q,Q,
1 B 2 q,
C = . 2 - w339
He NG, T MR 5 TSNy 1+ky, (3.39)
4N, §

c .1 B, _
AN LT RR T XZRZ(B 4 B)
4N, S || 4N, S te+ 5

2M, et (3.40)

TN, TS, (I+ky ) (L+qe, )

.
rae K, — HekoTopast KOHCTaHTa; K, =q,,,/ M,
BaxtHO OTMETHUTb, YTO HAJIUYKME B BBIPAXEHUU

(3.38) dynkuum A(7' —7) BbIpe3acT M3 06IACTH
Q,(Q,) obracTb, COMZBMEPUMYIO C BJIEMEHTOM pa3-
pelleHnsT paguorojiorpaMMbl. CliemoBaTeIbHO, BCE
YJIeHBI BXOAAIIEH B JaHHOE BBIPAXKCHNE CYMMBI MEXK-
Iy co00It He TTepeKPHIBAIOTCS IT0 OCHOBHOMY JICTIECT-
KY, a B CTATHYECKOM CMBICJIE CBSI3b MEXKITY HUMU OTI-
penensieTcs BeIpakeHUeM (3.26).

s pemieHWs 3aad OLIEHKNM HEM3BECTHBIX TTa-
paMeTpoB TPeOYeTCs BBISICHUTH 3aBUCUMOCTD KO3(-
(punmenTta K, or TOi McxogHOU MHMOPMALINK, IS
KOTOPOI COCTABIISICTCST TAaHHBIN (DYHKIIMOHAJ.

B cBs131 ¢ 9TUM 11714 TTpOBEACHIST OTICHKH TOYHOC-
TH U3MEpPEeHUs JUHENHBIX pa3MepoB HaOII0IAeMOTO
00bEKTa, COCTOSIIIIETO U3 COBOKYITHOCTHU OJIECTSIIIUX
TOYEK, U3 €T0 BOCCTAHOBJICHHOTO paIroM300paKe-
HUS HEOOXOAMMO HAWTH OTHOIICHME IIPaBIOITO-
IOOMsSI, KOTOpOE OTIpelessieTCs] B BUIE OTHOIICHMUS
(yHKIIMOHAJIA TUIOTHOCTH BEPOSTHOCTH BOCCTAHOB-
JsieHHoro mojs (3.38) K (yHKUMOHANYy TUIOTHOCTU
BEpOSATHOCTH ITYMOBOTO CHUTHaJIa, 00YCJIOBJICHHOTO
CIIyJalfHBIM TIPOIIECCOM PETUCTPAIlUM PaIHOTOJIO-
rpaMMbI ¥ IIIyMaMU BHEIIHUX MCTOYHMKOB. BrIpa-
keHre (QYHKIIMOHAIA TUTOTHOCTH BEPOSITHOCTH IITY-
MOB TIOJI B 00J1aCTH BOCCTAHOBIICHUS N300pasKeHUs
COOTBETCTBYET TUIIOTE3e 00 OTCYTCTBUHU ITOJIE3HOTO
CHTHAJIa M 3aTTMCBhIBACTCS B CIIEAYIOIIEM BUIE

F [ E,(7,t) ]= K,y exp] - HEZ( 1) dF di +

009

+ CzRe_[ [ n(E =) Ey (7 ) Ey(7)) dF dFy }.(3.41)

Q,Q,

B BhIpaxkeHMsIX (pyHKIIMOHAIOB HEU3BECTHBIMU
rapaMeTpaMu B0t Koagduumentsl K, u K, ,

3aBUCSIINE OT UCXOAHON MH(pOPMALIMK, IJIsI KOTO-
poOii cocTaBjIeH COOTBETCTBYIOIIMI (DyHKIIMOHAI. B
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o0l1lleM cyyae HaTW 3HAYEHUST ITUX MHOXUTEEeH
He yaaeTcs, U00 YacTo OKa3bIBaeTCsl, YTO OHU UMEIOT
OECKOHEYHO OOJIBIITYIO BEIMYMHY.

CoriacHO U3BECTHOI METOAMKE MOXKHO OIpeie-
JIUTh BEJIMYMHY OTHOILIEHUS 9TUX KO3(DGHUIMEHTOB,
BXOJISIIILYIO B BbIpaXK€HME JJ151 OTHOLIEHMSI MPaBIOIIO-
Jn00us1, KoTopasi MpeAcTaBUMa SKCIOHEHIIMaTbHbBIM
MHOXUTEJIeM

M, *
B: KO =eXp 22111%_
KOLLI (=1 1+qC[/ +Ku_[B

~2M, In (1+Km)} (3.42)

Torga, cocTaBiisisi OTHOILIEHUE IIPABAOIIOI00MS
u3 pyHkumroHanos (3.23) u (3.41), nonyuum

Z[l?”(?,t)]:exp{dMB In(1+k,)-

CI:é M 1

B

Ny TS, 1+k,,

M
2% In| 1+ .
; I+k,,

X —| [ WG -FVE,(7)dF| |, (3.43)
(= 11+qcé ILIB Q,
rae q: ¢ — OTHOLICHHUE CUTHaAJI-LIYM, COOTBETCTBYIO-

1iee ¢ -oii OJiecTsIIe ToUYKe 00ObEKTA.

4. OIIEHKA IIOTEHITUAJIbHOM TOYHOCTH
OINPEJEJEHWA JUHEVHBIX PA3SMEPOB
BOCCTAHABJINBAEMOTI'O
PAANON3OBPAXKEHUA OB BbEKTA

OnpeneyieHre JIMHEUHBIX pa3MEPOB 00bEKTa MO-
2KeT ObITb JOCTUTHYTO MyTeM U3MEPEHUS pACCTOSTHUS
Mexny chOpMUPOBAHHBIMU CUTHaJIaMU B MU300pa-
JKeHUM O00beKTa, HabJIoIaeMbIMM OT €ro KpanHMX
Onectainux ToueK. HaxoxxneHue gaHHOTO ITapaMeTpa
5KBUBAICHTHO U3MEPEHUIO OTHOCUTEILHOM YIJIIOBOM
WU JIMHEWHOW KOOPJAMHATHI MEXY IByMSI TOUEUH bl -
MU OOBbEKTaMU.

OnpenesieHWe OTHOCUTEIbHBIX BEJIMYMH BO Bpe-
MEHHOI 00JIacTH, 3akjroJalouieecss B U3MEpPEeHUU
BPEMEHHOI0 MHTEpBajia MEXIy JABYMSI KOPOTKUMM
UMITYJIbCAMU, TTO3BOJISIET, IPUMEHSISI 001IMe aHaIu -
TUYECKUE 3aKOHOMEPHOCTH /IS 001aCTH JIMHEHHBIX
KOOpJAMHAT, 3anucaTh AUCIIEPCUIO OIIMOKU Orpee-
JICHUS JIMHEWHBIX Pa3MEPOB JIBYXTOUCUHOW 1IN B
cliefylolieM Bue

1o =01+ = K136,10,7 (4.1)
rae 6%, G4, —IUCIEPCHU OLIMOGOK OMNpeaeeHus
JIMHEMHBIX KOOPAMHAT OJIECTSIIMX TOYEK B KapTUH-
HOW IUTIOCKOCTH 00beKTa; K|, — Ko3dduureHT Kop-
peJsiliuy B U300pakeHUM 00BbeKTa MEXKIY OTACIbHbI-
MM OJIECTSIIIMMU TOUKAMU.

B ciayyae BBICOKOTO YIJIOBOTO pa3pelieHusl Be-
JiMurHa KO3 (ULIMEHTA KOPPEISLIMU B BbIPAXKEHUN
OyAeT CyIIECTBEHHO MEHbIIIE eNIMHUIIBI, HO, TTpUep-
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JKMBasICh O01IE MaTeMaTUYECKO CTPOrOCTH, €€ He-
00XOJIMO YUUTHIBATh.

st onpeaeaeHus: 3HaYSHUS JUCIIEPCUU OO~
KI M3MEepSIeMOro IapaMeTpa BOCTIONb3yeMCs BBIpa-
JKEHMEM OTHOIIEHUsI TpaBAoNono0usi BOCCTaHAB-
JINBaeMOTO M300paxkeHUs1 00bEKTa, COCTOSIIEr0 U3
COBOKYIHOCTU OsiecTsiiux Touek (3.43). BriOpaH-
Hasl CTaTUCTUKA COIEPXKUT MHMOpPMAIIMIO O KOppe-
JISIMOHHBIX CBA3SIX B JCHCTBUTEILHOM HM300paxe-
HUU 00bEKTa, MOITOMY HEOOXOAMMOCTh OT/AEJIbHOTO
OTbhICKaHUS KO3(hGULIMEHTA KOPPEJISILIUY B AaTbHel -
1IeM oTnaaaeT. 3aBUCHMOCTb MEXAY OTASIbHBIMU
OJiecTSIIMMM TOYKaAaMM IO AuarpaMme HampaBieH-
HOCTHU Oy/IeT yuTeHa IpY aHaar3¢ OTHOILIEHUS MpaB-
JIOnoa00usI.

Z[I/ICHepCI/IHA HECMEIIEHHON OLIEHK! U3MePsIeMO-

ro nmapametrpa X MMeeT HUXKHIOW TpaHUILy, orpe/e-
Jsiemyto 1o ripaBuity Pao-Kpamepa
-1
2 2[1,(0] (4.2)
rae

d ? 92
1,(x)=m, [aan(x)} =m ﬁan(x)

— nHdopmalus mo Puiepy, copepxKaiasicss B Bbl-
0opke, onpeneageMas MaTEMaTUYECKUM OXUAAHUEM
OT BTOPOM MPOU3BOAHON Jiorapvdma OTHOILIECHUS
MpaBaoNoA00Usl 10 OLIEHUMBAEMOMY IapaMeTpy X .
3anuiieM BbIpaXeHUE Ui TOTEeHUMAJTbHOU TOY-
HOCTU OTNpElEIEHUS JIMHEWHON KOOpAUHATHI ¢ -Oi
OsiecTslel TOUKM 0ObEKTa B KAPTUHHOM TIJIOCKOCTH,
UCIIOJIb3YS OTHOILIIeHUe npaBaononodus (3.43). [pu
9TOM AUCIIEPCUS OIIMOOK MOXKET OBITh IPeACTaBIcHA
B CJIE/IYIOIIIEM BU/IE:

-1

2 —
62, =< n(Z[ E(F,1) 1) >, (43)
e <-> — CpC€AHEC 3HAYCHUEC BTOpOI‘/JI l'IpOI/I3BOZ[HOI71

oT )'IOI‘apI/I(bMa OTHOILICHUWA HpaBI[OHOZ[O6I/IH B TOYKC

C KOOPIMHATOI 7, .

B BbIpDaXEHHWM OTHOIIEHUS MpPaBIONONO6HUS
pasnenuM 3HepreTMyeckre MmapameTpbl oT WH(Op-
MAIMOHHBIX, /ISl YEro BHIHECEM 3a 3HAK MHTerpajia

2
SHEPTETUYECKYIO BETMUNHY |E0(r’)| , BEIpAXKEHHYIO
yepe3 SHEepPruio CUTHajJa OT OTOEIbHBIX OJICCTSIINX
TOYEeK

| E(7)[

IIpoBoast jorapudpmMupoBaHue U JIBYKpaTHOE
nuddepeHipoBaHne BeipaxeHus (3.43) 1Mo Koop-
IuHate ¥, IMeeM

2 M, 2
O (2] B, t)])zzq—z aﬁ,z 7,
ar (= r r

M >
=y M > 4.4
TS, 9

(=1

(4.5)

(4e,)°
T*(1+K, )(1+q, +K..)
paKTepU3yIOLIMK OTHOLIEHNWE CUTHAJI-IIYM B M300-

rae ¢, = — IIapamMeETp, Xa-
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paxeHun (-oil Gnectsmeit Touku; A2=S, /M,
— IUIOIIAAb 3JIEMEHTA Pa3pelleHus B IUIOCKOCTU
BOCCTAHOBJICHHS JEMCTBUTEIILHOTO H300paXeHUS

obbekTa; [ (F =|'|‘h(7/—?’) d¥’ | — dyHkums, on-
Q
penensIomas yriaoBoe paspenienie NHGHOPMAIOH-

HOIi CUCTEMBI;
= o/
F-r
[ - —
p|dp.
F

) =§ [exp ik
Q

IMosicHuM  (pU3UYECKYIO CYIIIHOCTh OTHOIIIEe-
HUSI CUTHAJI-IIYM W PAacCMOTPUM BTOT Mapamerp B
BUJE JABYX COMHOXUTeNei. [lepBblii COMHOXUTETb
o /(1+Kyy)= =<0, > /(Ny+<Q,, >/ M) xapak-
TEPU3yeT OTHOLIEHWUE SHEPTUU B U300pakeHUU ¢ -Oi
OJsiecTsIIe TOUKM K CyMME CIIEKTPaIbHOM MJIOTHOCTH
MOLLIHOCTY BHELIHETro lyma N, M 3HEpPruu LIyMOB,
00yCJIOBJIEHHBIX ITPOLIECCaMU PETUCTPALIU FOJIOTpaM -
Mbl M BOCCTAaHOBJIEHMSI M300pakeHUsI B pacueTe Ha
OIIMH 2JIEMEHT paspellieHus1. BTopoii coMHOXUTENb,
B OTJIMYME OT IMEPBOTo, MOMOJHUTEIbHO COACPXKUT B

3HAMeHaTeJle CJIAraeMOoe ¢,, U 3allUChIBAETCS B BUIIE
G0+ Koy 40 =<0, > /| Ny+ =924 0, >
M, 0
ITocaenHuit COMHOXUTENb XapaKTepU3yeTcsl OT-
HOIIIEHWEM SHEPTUM CUTHAJIA OT OJIeCTSIIE TOUKN K
o01Iel PHepruyM curHaia u mymoB. CioxHasi 3aBU-
CHMOCTh OTHOIIICHMST CUTHAJI-IIIYM OT DHEPTeTUIeC-
KHX ITapaMeTPOB 00YCIOBIEHA 3aBUCHMOCTbIO MEXTY
SHEprueu curHaia u 1yMom, oopasyeMbIM B o0J1ac-
TH IEUCTBUTEIHLHOTO M300pakeHMUS TP BOCCTAHOB-
JIeHUM TroJiorpaMMbl objyvawoouieid BoiaHou. [lpu
YBEJIMUEHUU SHEPTUU OOIYYAIOLIErO MOJIsl BMECTE C
CHUTHAJIOM YBEJIMIMBAIOTCS PETUCTPALIMOHHBIC IITyMbI
B U300paxkeHUU 00beKTA.
[peobpasyeM BbipaxeHue byHKumM f(F) K
ynooHoMy 1t tuddepeHIpOBaHNS BULY
2

f27) = %Jsincn(?('—?l')/ArdFl' . (4.6)
0

e Ar=./S,/M, = % R — nuHenHBIN pa3Mep dJie-

MEHTa pa3pelIeHNsT aHTCHHBI ¢ SKBUBAJICHTHBIM pa3-
MEPOM pacKpeiBa L, .

[Mpu paznoxeHun uHTterpaia f,(F’) B cTeneH-
HO psil M OTPaHWYMBASICh IBYMS YWICHAMU Pa3JIOKe -
HUS, TIOJTYIUM

AF| (7 =7y n( -F)

F)=|—
S 2n| 18AF AF
—3 -7
— nr +ﬂ 4.7
18A7 ' AF (4.7
HMcnonb3ys nipaBuna  auddepeHIUpoBaHUS

CJIOKHBIX (DYHKIIWI, TIOJTYIUM BBIPAKEHMS TS TIep-
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BOI U BTOPOI MPOU3BOAHOM (PYHKLIUHU ff(r’) 10 Te-
PEMEHHOIA #

(SR =2 £,(r') ()5
(SR =2(f) +2 £,(r') [

e f/(r'y=sinca(r/-r)/Ar,

(4.8)

(r/ =r)cos [n(r/ =)/ Ar ]+sin [n(r/ =) /Ar ]
(n(r/=r)/ar) |

Bropast mpom3BogHas jorapudMa OTHOIICHUS
MIPaBIOITOIO0OUS OIIPEACINTCS BhIpakeHUEM

Jr) =

aZ M,

S (Z[ B0 ])= 3 5 )+ £, (49)

(=1

e f,,(r")=2[ f(r) ]2 =sinc?n(r/-r")/Ar;
D=2 1,0 ).

B nosiyyeHHOM BBIPaXKEHUM 32 CUET COMHOXKU-
tenst f(r) dynkumsa f,,(r’) sBasiercst GbICTpOC-
IUAJUTAPYIOIIE OTHOCHUTEIbHO HYJIEBOTO 3HAYCHUS,
YTO IO3BOJISIET IIPU YCPEAHEHUM 10 KOOpAUHATE F’
CUMTaTh ee OJIM3KOM K HyMO. BeipaxkeHue mjst muc-
[EePCUU OLIMOKKU M3MEPEHUsI JUHEIHON KOOpaAUHA-
Thbl, TIOCJIE TToACTaHOBKHU (4.9) B (4.3) u ycpeaHeHusl,
[IPUMET BUI

(4.10)

st ynpolieHus najibHeUIero aHaiausa Ipei-
MOJIOXHM, YTO OOBEKT COCTOUT M3 ABYX OJIECTSIINX
TOUEK C OJMHAKOBBLIMU MOAYJISIMU KO3(P(PUIIMEHTOB
OoTpaxkeHusl. DTO COOTBETCTBYET CIyvyalo, KOTaa HOp-
Mupyoomas (yHKIYS, BXOASIIAs B BIPAXKEHUE IS
SHEPrMM CUTHAJIOB OT KaXXIOM TOUKM, IMPUHUMACT
paBHbIEC 3HAUCHUS

U, (r)=U,(r)8(r'-r))=0,5.

ITpuHuUMass BO BHUMaHUE CleJaHHbIe TOMylle-
HUSI, MOTeHIMaJIbHAsI TOUYHOCTb U3MEPEHUs JIMHEH -
HBIX pa3MepoB 00beKTa MOXKET ObITh HalifieHa U3 pac-
YETHOTO COOTHOIIEHUS

G;o=0,"A,, (4.11)

rae 6, =2 [ q(1+sinx*n L) ]71/2 — HOPMUPOBAH-
HOE 3HaYeHUE OIIMOKM OLIEHMBAEMOTO TapameTpa,
BBIPQXKEHHOE B JOJISAX 3JEMEHTA JIMHEHHOTO pas-
peweHus; A, =./S,/M, =AR/\JS — pasmep oie-
MEeHTa JIMHeHoro paspeenust; L, =(r'-r)/A, —
HOPMMPOBaHHOE 3HAa4YeHWE JIMHEHHOTO pa3mepa
00BEKTa. BBIPAXKEHHOE B JIOJISIX 2JIEMEHTa JIMHEITHOTO
paspewennst; ¢, =(q.)* /(1+ Ky )(1+45; + Kyy)
OTHOILEHUE CUTHAI-LIYM sl KaXIO0M TOUKN 00beK-
Ta B BOCCTAaHABJIMBAEMOM N300paKeHUH.

M3 ananuza IOJIY4YCHHOI'O BbIpaXXCHUA CICAYCT,
YTO TOYHOCTb OIIPCACICHUA JIMHEMHBIX pasMEpoB
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00BEKTa YAY4YIIACTCSl MPU YBEIUUYEHUU OTHOILICHMS
CUTHAJI-LIYM ¢, Y YJIy4YILIEHUH YIJIOBOTO Pa3peLIeHUs
AHTEHHOI CHUCTEMBbI, a TaKXKe 3aBUCUT OT JIMHEHHBIX
pa3MepoB HAOIIOAAEMOTO 00bEKTA.

IIpexae yuemM MpoOU3BECTU pacuyeT 3aBUCUMOCTE
TOYHOCTHBIX XapaKTEePUCTUK ONTOYIPABISIEMbIX aH-
TEHH OT MX MapaMeTpoB, HEOOXOAWMO OMpPeae/IUTh
HENU3BECTHBII HOPMUPOBOYHBIN KO3(hOULIMEHT U, ,
BXOMSILIMI B OTHOIIIEHUE CUTHAJI-IIIYM, KOTOPBIi ObLT
BBeJIcH paHee B BoIpaxkeHuu (1.1).

C 3701 LIeJIbI0 MPeIbsIBUM 0011I1e TPeOOBaHUS K
CHUCTEME BOCCTAHOBJICHUSI U300PAKEHUSI.

Ilycth mpu HauXyOIIMX IIYMOBBIX Iapamer-
pax ONTOYIPABISIEMOro MOKPBHITUS, MUHUMATbHOM
YPOBHE OCBEILICHUSI €r0 U HATMYMU BHEIIHEro (hoHa
B 00JIaCT BOCCTAHOBJICHUST M300paxkeHUsT B MH(POP-
MallMOHHOM CcHUCTeMe O0ecIeurBaeTcsl M3MepeHUue
JINHEMHBIX pPa3MePOB 00BEKTA MPU OTHOLLIEHUU CUT-
Haj-1yM He MeHee yeM 15—20. Yutewm, uTo onpefe-
JIeHUEe JTMHEWHBIX U YIJIOBBIX pa3MepOB 00bEKTa paB-
HOCUJIBHO OINpPEAEICHUI0 OTHOCUTENIbHOW YIJIOBOI
KOOPAMHATHI B MEJEHTallMOHHBIX MOHOUMITYJIbCHBIX
CHUCTEMax, KOTOpbie 00JIaJaloT CleAyIolIeil MOTeH-
LIMaJIbHOM TOUHOCTBIO U3MEPEHMUSI

4.12)

Gy :GHZ‘Aeﬂ

IO Gpy = [ 0.36n2q] v HOPMMPOBaHHOE 3Haye-
HUE CpeJHEeKBaApaTUYECKOro OTHOIIEHMS, BbIpa-
JKEHHOE B TOJISIX DJIEMEHTa AUMPAKIIMOHHOTO YIJI0-
BOIo paspemieHust; A, =A\ L, — ymioBasg IIMpPUHA
BJIEMEHTa pa3pellieHUs]; ¢ — OTHOIIEHUE CUTHaJ-
myM; L, — JIMHEeHBI pa3Mep pacKpbIBa AHTEHHBI.

[TpupaBHsieM HOPMUPOBAHHBIC 3HAYCHUS CPEI-
HEKBaJIPAaTUUECKUX OTKJIOHEHWI B BBIPAXKCHUSX
(4.11), (4.12) u B pe3yabTaTe IMOJYYUM YpaBHEHUE
JUJIS1 OTIpeJIeICHUSI HOPMUPYIOLLIETO MHOXUTEJISI

050G G)
(N, +u,G(1+c2 /a?))

-1/2

X — ! —
(N, +0.5u2 G, G, +u,G(1+52 /5?))

=[03677¢] ", 4.13)

roe G =G, +G, +G,, — cpeqHsIs IPOBOINMOCTb.

YcnoBumes, YTO MUHMMAJIBHOE 3HAUEHUE OTHO-
LIEHUS] CUTHAJI-IIYM COOTBETCTBYET HAUMEHBILEMY
YPOBHIO OCBEILIEHHOCTH OINTOYIPABISIEMOTO MOKPbI-
THS1, U3MEHSIIOLET0, HallPUMep, CPEIHIO0 TPOBOAM-
MOCTb MOJIyIIPOBOJHUKOBOTO MOKPBITHSI HA OCHOBE
CdS no snauenuit G, =G,=2.5Om'm"'. Harnom-
HUM, YTO MHTEPBaJ U3MEHEHUS IPOBOAUMOCTH MPU
3¢ (}EeKTUBHOM YIPaBIEHUM OTPaXAIOLIUMU CBOMC-
TBaMU JaHHOTO THUMa (DOTOYYBCTBUTEIbHBIX MOKPBI-
TUH JIEKUT B Tipeaeax 2+25 Om'm-!.

ITycTe Hamxynuiude IIYMOBBIE CBOMCTBa yCT-
poiicTBa onTuYeckoit 00pabOTKM PaaMOCUTHAIOB
OIpEeNIeJISIIOTCSl  3HAYEHWEM LIYMOBOI MPOBOIU-

MpuknagHas pagnoanekTpoHuka, 2010, Tom 9, Ne 1

MOCTU TIOJYIIPOBOJHUKOBOI'O ITOKPBLITHUA paBHOM

6, =0.15(G, +G,) mpy MaKCUMANbHOI HeCTaOUIb-
HOCTM  IIapaMeTpPOB  OTpaXaTeJbHbIX LICHTPOB
Gi J02=0.2.

MHTeHCMBHOCTL, BHeELIHero (oHa B o0yacTu
BOCCTAaHOBJICHUSI JI€MCTBUTEILHOTO H300paXKeHUs
BbIpa3UM 4Yepe3 3HaYeHUsl CPeAHUX CUTHaJIbHBIX
MPOBOAMMOCTEN

N, =0.01u, (G, +G.). (4.14)

ITpu BBeAeHHBIX UCXOMHBIX TAHHBIX YpaBHEHUE
HOpMUPOBKU (4.13) mpuobpeTaeT BU

2 A2
MO 36
11/6(u, +0.68)

Torma Tipy BeTWYMHE OTHOIIECHUSI CUTHAI-IITYM
g =15-20 — 3HaYeHUe HOPMUPOBOUYHOIO KO3(DPu-
LMeHTa cocTaisgeT W, =250-340.

BoiOpaHHasi HOpMUPOBKA MapaMeTpOB OMTOYII-
paBjisieMOli aHTEHHBI TTO3BOJISIET PAcCUMTHIBATh €€
TOYHOCTHBIE XapaKTEPUCTUKMU.

3HaueHUS CPeTHNX CUTHATTLHBIX IPOBOAUMOCTEIA
MMOJIYIIPOBOAHMKA BBIOMpAIOTCS B Ipeaeiax 3dek-
TUBHOTO y4acTKa ONTUYECKOI0 YIIPaBIeHUs OTpaxka-
IOIMMHU XapaKTEPUCTUKAMU (DOTOIYBCTBUTEIHHOTO

AHTEHHOTO IMOKPBITHS U cocTaBisoT G, + G, = 5;7.5;
10; 12.5 Om'm7.

HectaOunbHOCTM  OTHENBHBIX  OTpakKarolInX
LIEHTPOB, XapaKTePU3YIOIIe 3ePHUCTYIO CTPYKTYPY
roJIOrPaMMBI, 3aaHbl TIAPAMETPOM G, /0., IPMHMU-
MarluM auckpeTtHbie 3HaueHus 0; 0.05; 0.1; 0.15.

Kak moxa3splBalOT 3KCHEpUMEHTAIbHbBIC UCCTIe-
JIOBaHUSI OTAEJIbHBIX O0pPa3L0B OMNTOYIPABISIEMbIX
MOKPBITUI, Pa30POC UX OTPAKAIOIIUX XapaKTEPUCTUK
P OJMHAKOBOM JIJII BCEX YPOBHE 3aCBETKM COCTAB-
JsteT He 6osiee 10 % ot cpenHero 3HaueHMs KO du-
uueHTa orpaxkeHuss CBY uziydyeHus: mo MOIIHOCTH.
3agagyMM MHTEpBal M3MEHEHHUS! IIIYMOBOM ITPOBO-
JUMOCTU ONTOYIIPaBIsIEeMOl aHTEHHBI B IIpeaesax
G,=0+0.2(G,+G,).

Takum 00pa3oM, MOXHO TPEAIOI0XUTb, YTO
TIPUHATHIE IS pacdyeTa MCXOMHBIC JaHHBIC OJM3KU
K pealbHBIM IITYMOBBIM ITapaMeTpaM OITOYIIPABIIsIE-
MOI aHTeHHBI U ITO3BOJISTIOT TTOJYIUTh JOCTOBEPHYIO
OLIEHKY TOUHOCTEI.

PesynbTaThl pacueta HOPMHMPOBAHHOTO Cpe/l-
HEKBaJIpaTUUECKOro 3HAYCHUsI OIIMOKU u3Mepe-
HUS TMHEWHOTO pa3Mepa 00beKTa MpeacTaBIeHBl Ha
puc. 4, a, 6.

AHaJ3 TaHHBIX 3aBUCUMOCTEH ITOKA3bIBACT, UTO
cpeaHeKBaapaTUYeCKOe 3HaYeHNe OIIMOKM MPaKTH-
YeCKM JIMHEIHO BO3pacTaeT MpU YBEJIUYEHUHN 1IIyMO-
BOIi mpoBoauMocT. HecTaOMIbHOCTh OTpaXkaloIuX
IMapaMeTpOB OTACIBHBIX HE3aBUCUMBIX IIEHTPOB TaK-
K€ TIPUBOINT K YXYIIIEHWIO TOYHOCTHBIX ITapaMeT-
poB aHTeHH. OmNTMMalbHBIE 3HAYCHUS OCBEIICH-
HOCTH, TIpU KOTOPOIi obecrieunBaeTcs 3¢ GeKTUBHOE
yIpaBlieHHEe OTpaXkalollMMU  XapaKTePUCTUKAMU
MHOT'OCJIOHOTO MOJIYITPOBOJHUKOBOTO aHTEHHOIO
MOKPBITUSI HA OcHOBe CdS M AOCTUTAeTCs] HAUBBIC-

(4.15)
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11asi TOYHOCTb ONpPEIeJIEeHUsI JIMHEHUHBIX Pa3MepoB
O6’bCKTa, JOJDKHO COOTBETCTBOBATL CJCAYIOIIUM

3HAYEHUsIM CUTHAJIbHBIX IpoBoaumocteit G, +G, =
=10+12.5 Om '™,

o, 10 en
Gy +G.=50n"'m7";

NU =0.01 1y (G_U +G_()

1.30

1.25

-
o
-

AN
ALK
AN

1.15

0 0.05 0.10 0.15  _Ouw_
G0+ c
a
)o2/a?=0; 2)0.05 3)0.1; 4)0.15
cglO",eﬂ

G,+G. =7.50m'm7";
Ny =0.01p, (G, +G,)

1.05

1.00

W
AN

0.95
0.90 -
0 0.05 0.10 015 _Gu_
GO+ c
6
Puc. 4
3AKJITIOYEHUE

Takum oOpa3zoM, MpoBeACHHbIE TEOPETUUECKUIE
HCCIeAOBAaHMS, KOTOPbIE OMUPAIOTCS Ha TOJYy4YeH-
Hble paHee IKCIepUMEHTaIbHbIE Pe3yJbTaThl paboT
[2-7] m cTaTUCTUYECKON TEOPUU AHTEHH IO3BOJIM-
JIU B 3aBUCUMOCTU OT XapaKTepMCTUK ITOJYIpo-
BOIHUKOBBIX TOKPBITUH, CTPYKTYpbl amalTUBHOMI

92

Tepen3ayJaronieii CUCTeMbl C OITOYIPaBISIeMbIM
MOKPBLITUEM IIPOU3BECTM AHAJIMU3 IMOTEHIIMAIbHBIX
BO3MOXKHOCTEM TAKMUX CUCTEM B 3aBUCUMOCTHU OT pe-
maeMbIx 3amad. [Ipm aTom cratmcTrika opmupye-
MBIX PaIMOroa0orpaMM pacCMaTPUBAETCsS Ha OCHOBE
MaTeMAaTUYECKOM MOJIENIN CTATUCTUYECKUX XapaKTe-
PUCTHK TIOJIST B TUIOCKOCTU TIPUEMHON arepTyphl 1
XapaKTePUCTUK MOJYITPOBOIHUKOBOTO MOKPHBITUS. A
CTATUCTUYECKUE XapaKTEPUCTUKU BOCCTAaHaBIMBae-
MBIX paguou300paxkeHuil OOBEKTOB, BbIpaKEHHBIE
yepe3 CTaTUCTUYECKUE XapaKTEPUCTUKU IPUMEHS-
€MOT0 TIOJIYITPOBOIHMKA, TIO3BOJWIN OIPEICTUTh
NUCIIEPCUIO HECMEIIEHHOM OLIEHKM W3MePSIEMBIX
napaMeTpoB. [Ipu 3ToM HOpMUpPOBaHHBIE 3HAYEHUSI
TOYHOCTHM OIpeIeSICHUS] U3MEePSeMBIX ITapaMeTpPOB
cocTaBistioT 8-102+ 1.3-10°1.
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OIITUMAJIBHAA ITPOCTPAHCTBEHHAA OBPABOTKA MHOI'OMO/1OBbIX
CHUT'HAJIOB B YCJIIOBUAX PACCOIVIACOBAHUA

E.10. TOPOJELKAA, A.-H. MAJIEXAHOB, JI.M. XAPJIAMOB

Ananusupyetcs 3¢ (GeKTUBHOCTh METOIOB ONTUMAIbHOM MPOCTPAHCTBEHHON 00pabOTKU CUTHAIOB B BOJI-
HOBOJIHOM KaHaJie paclpoCTPaHEHHUs B YCIOBUSIX MOJIOBOTO PACCOTIaCOBAaHUS, MOSIBJISIIOLLIETOCS B PE3yJib-
TaTe HETOYHOMN OLIEHKMU IPOCTPAHCTBEHHOW CTPYKTYPbl OTIAECJBbHBIX MOJ Ha BXOAE NMPUEMHON aHTEHHOW
pewretku. [TpuBeneHbl pe3yabTaThl PpAaCYETOB MOTEPh BBHIXOAHOTO OTHOLIEeHUs curHai/iym (OCI), obyc-
JIOBJIEHHBIX PACCOTJIACOBAHUEM, B IMPOKOU 00JIaCTU MTapaMeTPOB, KOTOPbIE XapaKTepU3yIOT aMILIUTYIHbIE
1 (ha30BbIE€ COOTHOLIEHUSI CUTHATIbHBIX MOJI HA BXOJIE aHTEHHBbI, UX B3AUMHYIO OPTOTOHATIbHOCTb, BEJTUYMHY
MEXMOOBbIX KOPPEJSLUi, a TAKXKE YPOBEHb MOIOBOI MTOMEXU.

The signal-to-noise ratio (SNR) performance of optimal array signal processing in the presence of modal mis-
match is studied. Modal mismatch is treated as a general effect of erroneous estimation of the modal shapes at
the array input. The results of calculations of the mismatch-induced SNR loss for the optimal array processor
in a wide range of parameters determined by the amplitude, phase, and orthogonal characteristics of the signal
modes, their mutual covariance, and by the input modal noise level, are given and discussed.

1. BBEJAEHUME

HccnengoBaHue MeTOAOB MPOCTPAHCTBEHHOM
00pabOTKU CUTHAJIOB MPEACTABISIET 3HAYUTEIbHbBIN
WHTEpEC B CBSI3M C pEIIeHUEM 33Jay OOHapyXeHUs
M OLIEHKM MapaMeTpOB CUTHAJIOB B HEOJHOPOJIHBIX
cpeJax ¢ UCIOJAb30BaHMEM MPOTSKEHHBIX aHTEHHBIX
pemetok (AP). Kak u3BecTHO, onTuMu3anusl oopa-
OOTKM IIOJIHOCTbIO KOIE€PEeHTHBIX CUTHAJIOB (IIpo-
CTPAHCTBEHHBIN MacilITad KOTepeHTHOCTU KOTOPBIX
MHOTO 0OJIbllie pa3MepOB IIPUEMHOI aHTEHHBI) O0-
CTUraeTCs B KJIacCe METOAOB JIMHEMHOI 00paboTKH,
KOTOpasi MpeCTaBIsieT COO0 BECOBOE aMIUIMTYAHO-
(azoBoe CyMMHUPOBAaHUE CUTHAJIOB, TPUHUMAEMbIX B
otaeabHbIx KaHatax AP. Takast oopaboTka cBOAUTCS,
MO CYWECTBY, K (hPOPMUPOBAHUIO TPOCTPAHCTBEH-
HOro (uibTpa C HEKOTOPBIM aMILIMTYIHO-(a30-
BbIM pacrpeneicHueM (ADP) u oTBevamomuMm eMy
JIuarpaMMOIl HaMpaBI€HHOCTU, OINTUMAJILHOWM IS
3aJIaHHBIX TIPOCTPAHCTBEHHbBIX CIEKTPOB CHUTHaIa
U TIOMeX OKPYXKalIIMX MCTOYHMKOB [1-3]. Bmecte
C TeM, XapaKTepHOEe ISl CAydyaliHO-HEOJHOPOIHBIX
cpel ocaadyieHUe MPOCTPAHCTBEHHOM KOTepEeHTHOC-
TU TIOJIE3HOTO CUTHAJIa C POCTOM JUCTAHLIMU ITPUBO-
JIUT K 00JIee CIIOKHBIM PEIIEHUSM JIJIs1 ONITUMaIbHOM
IIPOCTPAHCTBEHHOI 00pabOTKHU B KJ1acCe KBaapaTuy-
HBIX MeTOlIOB. Takast 00paboTKa CBOAUTCS K (popMU-
pOBaHUIO MHOTOJIYYEBOM AUarpaMMOOOpa3yrolleit
CXeMbl 1 HEKOT€PEHTHOMY HAKOILJIEHWIO BBIXOJHBIX
curHajgoB AP mo oTaeNbHbIM «Jy4aM», T.€. Tlapliu-
AJIbHBIX MPOCTPAHCTBEHHBIX (DUJIBTPOB, KaXKIbIA U3
KoTOpbIX nmeeT cBoe ADP [1, 4-6].

Oco0yto cneuuKy 3aaa41 ONTUMU3ALUU IIPO-
CTPAaHCTBEHHOI 00pabOTKM CHUTHAJOB MpHUOOpeTa-
0T B CJlydyae MX BOJHOBOJHOIO PacIpOCTPaHEHMUS.
B sTtOoM cilyyae, BHE 3aBUCMMOCTU OT BO3MOXHOTO
ocJ1abieHUs KOTePEeHTHOCTH T10JIE3HOTO0 CUTHajla Ha
OOJILIINX JTUCTAHLIMSIX, MOSIBJISIETCS €le OJAUH MpU-
HUMITUAIbHBIM acrieKT — MHOTOMOA0BOE (DOpMUPO-
BaHME TIOJIST CUTHaJIa U rTomeX Ha Bxone AP. Jlaxe B
cllyyae TMOJIHOCTbIO JE€TEPMUHUPOBAHHOTO KaHaja
pacnpocTpaHeHUs] TPOCTPAHCTBEHHbIE  CIIEKTPbI

94

CUTHaja U TOMeX MOTYT CollepXKaTh 3HAYUTEIbHOE
YUCJIO OTAEJbHbIX TapMOHMK (Mom). OueBUIHO,
«KOH(UTYypalUsi» KaxI0l TakKoil TrapMOHUKM, WU
ee ADP nHa Bxome AP, Oyner 3aBuceTh kKak or ADP
caMoii MofhI (T.€. OT CBOMCTB BOJIHOBOAA), TaK U OT
reoMeTpum pacroioxenus AP B BonrHoBoge. KoHk-
peTHbIe 3HAUeHUsI MOTEHILIMAJbHOTO BBIUTPHILIA OIl-
TUMaJIbHOI 00pabOTKM CTaHOBSTCS 3aBUCUMBIMU B
UTOTEe OT 000UX 00CYKTaeMbIX (DAKTOPOB, CBSI3aHHBIX
C pacrpocTpaHEHUEM CUTHAJIOB — OT MOJOBOW JMC-
KpeTu3alyu NpoCTPAaHCTBEHHOIO CMEKTpa CUTHAJb-
HO-TMIOMEXOBOTO MOJISI U cTaTUCTUYECKUX (D (HEeKTOB
ocjabieHusT TPOCTPAHCTBEHHOM KOTE€PEeHTHOCTU
noJieaHoro curHaia. IlocieaHue, B CBOIO ouepelb,
¢uszmueck oOyCIOBIIEHBI OCIA0JIEHNEM B3aMMHBIX
KOppESIMU aMIUIMTY, paclipoOCTPaHSIOIIUXCS MOJ,
10 Mepe ynajeHus npueMHoi AP ot uctouHunka cur-
HaJa.

Ha cerogHsiiHui 1eHb TeOpUSl aHTEHH ¢ o0Opa-
OOTKOIl CHUTHAJIOB B MHOTOMOJIOBBIX KaHajlax pac-
MPOCTPpaHEHHUs TMOJIydusia HauOoJiblllee pa3BUTUE B
MPUJIOXEHUN K HU3KOYACTOTHOM aKyCTHMKe OKea-
Ha [3, 7]. DTO CBA3aHO MMEHHO C TE€M, YTO JaJIbHEE
pacrnpocTpaHeHMe HU3KOYaCTOTHOTO 3ByKa B OKeaHe
00yc10BJIeHO (POPMUPOBAHKMEM B BEPXHEM CJI0€ OKe-
aHa MOJIBOJIHOTO 3BYKOBOTO KaHaja, MpeacTaBsio-
1ero co0oi MPUPOIHBINA CayYaiiHO-HEOAHOPOAHbBIU
BOJIHOBOJ, pedpakliMoHHOro Tuma. sl pa3auyHbIX
TUITIOB OKEAaHWYECKUX BOJHOBOAOB AUCTAHLIUU, IS
KOTOPBIX YYET CTaTUCTUUYECKUX (PPeKTOB B nuamna-
30HE HU3KUX 9acToT (10 ~1 kI'11) cTaHOBUTCS CyIlec-
TBEHHBIM, OKa3bIBaIOTCS BEeCbMa pPa3JIMYHBIMU: OT
HECKOJIbKHUX JAECITKOB KUJIOMETPOB B MEJKOBOIHBIX
KaHajax 10 COTeH KMJIOMETPOB B MIyOOKOM OKeaHe
(0030p psima BKCIEepUMEHTAJbHBIX JAHHBIX TIPEHd-
craBjieH B [8]). DTo o3HAYaeT, YTO aHAIM3 METOIOB
MIPOCTPAHCTBEHHOI 00PabOTKM MHOTOMOIOBBIX CUT-
HaJOB, B TOM 4YMCJie ONTUMAIbHOM, MOJKEH BKIIIO-
yaThb 00a 0OCYyXIaeMbIX ClieHapusi — TTOJHOCTbIO
KOT€pPEeHTHOTO M YaCTUYHO-KOT€PEHTHOTO CUTHaJIa,
B 3aBHCUMOCTM OT (PUM3MUECKUX MapaMeTpoB 3aja-
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yM (4aCTOTHBIN AMAra3oH, JaTbHOCTh, TUIM KaHala,
pasMepbl aHTeHHBI). B cepuu Hammx paboOT Takoit
aHanu3 ObL1 TipoBeneH [9, 10], uto mo3BoIMIO pac-
CUMTATh XapaKTepPHbIe 3aBUCUMOCTU KO3 (HULIMEHTA
ycusieHus (Beiurphiiia) AP ot ee BOJIHOBBIX paszme-
POB IPU Pa3IMYHbBIX METOAAX 0OPAOOTKY (JIMHEHHBIX
U KBaApaTUUYHbBIX) B PEATUCTUUYHBIX YCIOBUSIX Oajb-
HEro pacnpocTpaHEeHUsI 3ByKa B CIy4allHO-HEOJIHO-
POIHBIX OKeaHNYEeCKMX BojiHOBomax [11-13].

OaHO# M3 BaXXHBIX U (PU3UUECKU OUYEBUIHBIX
MNPUYMH, CIIOCOOHBIX TPUBECTU K 3HAUUTECIHLHOMY
CHIDKEHUIO 3(PdEKTUBHOCTU MPOCTPAHCTBEHHOI
00pabOTKM CUTHAJIOB IUCKPETHOTO MOJOBOTO CIEK-
Tpa, SIBJISIETCSl HAJTM4YKe Pa3uuyHOIo poAa OlIMOOK B
OLIEHKE MOJIOBO CTPYKTYPbl CUTHAJIbHO-TTOMEXOBOI'O
noust. Takue olMOKY, B JajlbHEMIIIEM Ha3bIBaeMble
MOJIOBBIM paccoriacoBaHWeM, MOTYT BO3HUKATh MO
JIBYyM HE3aBHCUMbIM MPUYMHAM: BCJICACTBHUE HETOU-
HOTO 3HAHUS XapaKTePUCTUK KaHajia paclpocTpaHe-
HUS (M COOTBETCTBYIOIIEH HEOMpPeaeJeHHOCTHU TPO-
CTPAHCTBEHHBIX paclpeae/ieHUil OTAeIbHBIX MO Ha
Bxone npueMHoit AP) 1ubo HeTOYHOI OLleHKM (MU
HECTalLlMOHAPHOTO MOJIOKEHUST) OTAEAbHBIX 3JIEMEH-
ToB AP B KaHajie. B 00oux ciayyasx paccorjiacoBaHue
MNPUBOJAUT K yMeHbIlIeHUI0 BbixogHoro OCIII, yxyn-
LIEHUIO XapaKTePUCTUK OOHAPYKEHUSI WIN OLIEHKU
napaMeTpoB CUTHajia (Harmpumep, KOOpAUHAT IMOJIO-
JXeHUs UCToOYHMKa) [7, 14-16].

HecmoTpst Ha BaXHOCTb MPOOJIEeMbl MOJOBOTO
paccorjacoBaHMsI, BOITPOC O €0 BIAUSIHUU Ha BbIXO/I -
HbIE XapaKTePUCTUKU ONTUMAaJIbHOI 00pabOTKU CUT-
HaJIOB B Cilyvae cJiabo KOppeJupOBaHHbBIX MO TTpaK-
TUYECKHU He obcyxkaaics B tuteparype. Kpome Toro,
B MOJABJISIIOIIEM OOJBIIMHCTBE pabOT clLeHapuil
MOJIOBOTO PacCOIIacOBaHUSI aHATU3UPYETCS TMyTeM
MOJEUPOBAHUS KOHKPETHBIX YCIOBUIA pacrpocTpa-
HEHUs U TIpUeMa CUTHAJIOB, UTO HE TMPeACTaBIIsSIETCS
JIOCTaTOYHBIM C TOUKU 3PEHUST OOIIETO aHaIu3a Mpo-
6;1eMbl. Llenbio HacToOsIIElH PaOOTHI SIBISIETCS UCCIIe-
npoBaHue otepb BbixogHoro OCII, o0ycioBAESHHBIX
MOJIOBBIM paccorjiacoBaHUeM, [Js1 ONTUMAaTbHOMI
JIMHEeWHOUN U KBaApaTUYHOU 0OpabOTKU B LLIMPOKON
00J1acTU mapaMeTpOB 3a1aUM, UTO JACT BOBMOXHOCTh
OLICHUTb BJIUSIHAE BCEX OCHOBHBIX (PM3NUECKUX (pak-
TOPOB U BBICKA3aTh PsiJi PEKOMEHAALUN B MJIaHE MU-
HUMU3ALMKA BO3MOXHBIX MOTepb BbixogHoro OCIII.

HccnenoBaHue mMpoBOAUTCSI HAMU B JIBa 3Taria.
CHauajla MBI MCIIOJIb3yeM MOJeb IBYXMOIOBOIO
CUTHaja, MPUHUMAeMOro Ha (poHe aJAUTUBHOMN Of-
HOMOJIOBOM TOMEXU, NMPUCYTCTBYIOILIEW B OMHOW U3
CUTHAJBHBIX MOJ, U M30TPOITHOrO IrymMa. B pamkax
3TOW MPOCTOM U BMECTE C TEM YHUBEPCAIBLHOMU MOJIe-
JI1, He TpeOylolleil KOHKPETU3aLMU MOJOBOM CTPYK-
TYpbl BOJJHOBO/Ia, TTOKA3aHO CYIIIECTBEHHOE BIUSHUE
aAMIUIUTYIHO-(a30BbIX COOTHOILLIEHUN W B3aMMHbIX
KOppPEJSIUil CUTHAIBHBIX MOJ, YPOBHSI MOJOBBIX
noMex, a Takxke paspeliampouieid crocodbHoctu AP
(koadduiMeHTa OpTOroHAJbHOCTA MOJA Ha TIpU-
€MHOI arepType) Ha BEJIMUYMHY MOTEPb BHIXOAHOIO
OCIII, o0yclOBIEHHBIX MOJOBBIM PAacCOTIACOBAHU-
eM. OcoObIlf MHTepeC MOomo0HAas MOCTaHOBKA Mpe-
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CTaBIsSIeT IJig caydasi OTHOCUTEJIbHOIO HeOOJbIIOo-
ro yucja «pabounx» MoOJI', KOrma paccorjiacoBaHue
OLIEHKU TPOCTPAHCTBEHHBIX pacIpele/ieHU naxe
eAMHUYHBIX MOJ Ha Bxoiae AP moxeT mpuBectu K
3aMETHOMY OCJa0JICHUIO €€ TOMEXOYCTOMUMBOCTH.
[anee mpoBOAUTCS YMCIEHHOE MOJAEIUPOBaHUE 3a-
a4y U BEPTUKaAJIbHOM 16-371eMeHTHOM AP B Me-
KOBOJHOM 3BYKOBOM KaHaJjie ¢ MpoduieM CKOPOCTU
3ByKa, THIIMYHBIM JJIsl rTuapoioruu bapeHueBa Mmops.
PesynbTaThl MomenupoBaHus U UX (pu3udeckasi MH-
TeprpeTalusl HarJsIHO WUTIOCTPUPYIOT OOIIUe BbI-
BOJIBI TIPEIBIIYIIETO aHAJIM3a B paMKaX IBYXMOIOBOM
MOJIEIN.

2. MOJEJIb CUTHAJIOB
N OCHOBHBIE YPABHEHUA

Hrak, OyaeM npearnoJjaratb, YTO UICTOYHUK I10-
JIE3HOTO CUTHaJIa, UCTOYHUKU TIOMEX W MpueMHas
AP, conepxaiass N 2JIeMEHTOB, PaCIIOJOXEHbI B
BosiHOBoze. ClienoBaTeIbHO, CUTHA U BHEIITHUE T10-
Mexu Ha Bxonae AP ¢opMupylorcsl cyrneprio3uuueit
KOHEYHOro yucia M pacnpoCTpaHSIOIIMXCS MO
JUCKpeTHOro criekrpa. Torma A®P curHajabHOro
(00603HAaYaeMOro BEKTOPOM S ), TIOMEXOBOro (n) u
cymMapHoro (X ) nosieit Ha Bxone AP (m1s1 HeKoTo-
pOIi 3aJaHHOI YaCTOThI) MOTYT OBITh TIPEACTABIICHBI
B cienyroiiem Buze [9, 10]:

M M
s=Ya,n,. n=n+ >y bu,,
m=1 m=1

(1a)

M M
X=ny+ Y a,u,+>y b,u,, (16)
m=1 m=1

rne u, = (le (rlﬂzl )sum(r2izz)" . '9um(rN LN ))T — BCK-
top ADP momel ¢ HOomepoM m Ha Bxojge AP,
Ha3bIBaeMblii B JajbHEHIIEM MOJOBBIM BEKTOPOM
(BepxHUIT MHAEKC ‘7> 03HAYaAET TPAHCIIOHUPOBAHUE);
a,,a,,...,4,;, — MOJOBBIE AMIIJIUTY/bl CUTHAJIA, Ha3bl-
BaeMbI€ B JaJbHEHIIIEM MOJOBBIM CIIEKTPOM CUTHaIa
(KOMITOHEHTBI 3TOTO CHEKTpa SIBJSIIOTCS KOMILIEK-
CHBIMM CJIyYailiHBIMU BEJIMYMHAMM); by,by,....by,

AHAJIOTMYHO, MOAOBBII CIEKTP IMOMEX; N, — BEKTOP
1IyMa, OTBEYAIOIIM I TOMEXE CILJIOITHOIO MPOCTPAHC-
TBEHHOTI'O CITeKTpa (KOTopasl BKJIIOYaeT TakKe colc-
TBEHHBIN WyM B KaHasax AP), (r;,z;) — JeKapTOBBI
KOOpAMHATHI 25ieMeHTOB AP (paauyc-BeKTOp B ropu-
30HTAJIbHON TMJIOCKOCTU U BEPTUKAIbHAS KOOPAWHA-
Ta). Moa0BbIE BEKTOPBI-CTOIOLIbI 00pa3yloT MaTPUILY
U pasmepa (N x M), KoTopasi eCTb MaTpULia MOAO-
BOIT CTpYKTYpHhI Ha Bxone AP. [ToguepkHem, 4To B 3a-
BUCHUMOCTHU OT PACIIOJI0XEHUS U 00I1Iero Yuca mpu-
€MHUKOB OPTOrOHaIbHbIE CBOMCTBA MO/ Ha Bxojae AP
MOTI'YT ObITh Pa3JIMYHBIMU, T.€. MOIIOBbIC BEKTOPHI HE
00pa3yIoT OPTOTOHAIbHbIN 0a3uc paznoxenus (1) (3a

' B akycTHKe OKeaHa Takoil ciyyaii HauboJiee Xxapak-
TEpeH /IS MEJKOBOJHBIX 3BYKOBBIX KaHAJIOB, B KOTOPBIX
MOJIHOE YMCO PACTIPOCTPAHSIIONIMXCS MOJl OTHOCUTENIbHO
HEBEJMKO, U, KPOME TOTO, paccesiHue 3ByKa B TOHHBIX MO~
ponax MpUBOIUT K CYIIECTBEHHOMY 00eTHEHUIO MOJIOBOTO
CIIEKTpa C POCTOM AMCTAHIMU («BBITEKAHUIO» MOJ BBICO-
KMX HOMEPOB U3 KaHaJja).
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HUCKJIIOYEHUEM CJIyYaeB CIeLIMaibHOIO pa3MelleHuUs
AP B xaHane). B nanpHeiiemM OyaeM mpearnosararh,
YTO CUTHAJ U TIOMEXU SIBJISTIOTCSI CIyYaifHBIMM U CTa-
TUCTUYECKHM HE3aBUCHUMBIMU, TTOMEXM MMEIOT Tayc-
COBY CTaTHUCTHUKY, a LIyMOBasi KOMIIOHEHTa N, €CTb
MPOCTPAHCTBEHHO-0EJIBII LIyM.

Takum o6paszom, B paMKax moaeau (1) curHaib-
Hoe 1oJie Ha Bxoae AP ripencTaBiisieT co00ii COBOKYII-
HOCTb KOHEYHOTO YMCJia HEKOTOPBIX 3aIaHHBIX MPO-
CTPAHCTBEHHBIX pacIpeeeHuid ¢ TPOU3BOJbHBIMU
(B 001IEM ciTydae) OpTOTOHAJIbHBIMU CBOMCTBAMU U
ClydJaliHBIMM aMIUIMTYAaMM, XapakTep B3aMMHbIX
KOPPEJISILUIA KOTOPhIX TMOJHOCTBIO OMpeaessieT, Als
3alaHHbIX pa3MepoB AP, KorepeHTHbIe CBOMCTBa
cUTHaJa. DTa Xe MoJejdb OTBeuyaeT aHU30TPOITHOM
(MOJI0OBOI) KOMITOHEHTE MOMEXOBOTO MOJIsl, UMEIO-
e, KaK MpaBUI0, HEKOTOPBIN XapaKTepHbIN (/15
3aJIaHHOTO YaCTOTHOTO Juara3oHa M TUIla KaHaja)
MOJIOBBI CIEKTp M MaciTad KorepeHTHocTu. OT-
METUM, YTO Monesb (1) MOXeT ObITh TAKXKe UCIOJb-
30BaHa TpU JyIeBOM OMMCAHUU TOJS B pedpaKiim-
OHHOM KaHaJje WM, eCclid cpeja pacrpoCTpaHEeHUs
MpeacTaBisieT co0oit CBOOOJHOE MPOCTPAHCTBO, MPU
yueTe MepeoTpaKeHUM IMOJEe3HOT0 CUTHajla U Mpu-
X0JIe Cpa3y HECKOJIbKHUX CUTHAJIbHBbIX KOMIIOHEHT. B
9TOM CJlyyae MOJIOBbIA MHIEKC 7 OTHOCUTCSI K HOME-
Py KOMITOHEHTHI YIJIOBOTO CIIEKTpa MPUHUMAEMOTO
oJIsl.

Crnenys padoram |1, 4-6, 9-13], ahdbeKTUBHOCTD
00pabOTKU CUTHAJIOB OyeM XapaKTepu30BaTh Cle1y-
fo1iei BeanunHou BeixogHoro OCIII:

<P(s+n)>—-<P(n)>
q= 7 (2)
{<P’(0)>-<P(n)>*}"

MO, KOTOPbIM IMOHMMAETCsS OTHOIIEHUE OTKJIOHE-
HUSI BBIXOJHOI MOIIHOCTU < P(-)>, BbI3BAHHOE T10-
SIBJICHUEM I10JIE3HOTO CUTHaja, K €€ CTaHAApPTHOMY
OTKJIOHEHHIO B OTCYTCTBUE cuTHasa. I3BeCTHO, UTO
KPUTEPUIA ONTUMU3ALUMU O0OpabOTKU MO KPUTEPHUIO
MaKCHMYMY BEJIMYUHBI (2) TECHO CBsI3aH ¢ bosiee 00-
WM JUISl 3aa4¥ OOHApY>KeHUsI KpUTEPHUEM MaKCH-
MyMa OTHOIIEHUS TIPaBIOINON00Ms, U B IPAKTUIEC-
KM BaXXHOM YaCTHOM cjiydyae oOHapyXeHUsI c1aboro
rayccoBa cUTrHaJja Ha (hOHe rayCCOBBIX TOMEX 3TH JIBa
KPpUTEPUS SKBUBAJICHTHBI ApyT Apyry [1, 4].

[Ipexae yem mnepexoauTh HEMOCPEACTBEHHO K
aHanu3y 3¢p@GEKTOB MOJOBOIO PacCorjacoBaHMs,
OCTaHOBMMCS KPAaTKO Ha METOJaX ONTHUMAaJIbHOM, 110
kputeputo makcumyma OCII (2), 06paboTKy MHO-
TOMOJIOBBIX CUTHaJIOB B pamKax mozaenu (1). Tloxa-
YEepKHEM, YTO Mbl OTPAaHUYUBAEMCS 3[1E€Ch PACCMOT-
peHUueM HMEHHO MPOCTPAHCTBEHHOU 00paboTKH,
OTHOCsIIelcs, KaK U cama Mojeb (1), K HeKOTopoit
(bMKCHPOBAHHOM YacTOTe CHEKTpa TMPUHUMAEMBIX
CHUTHAJIOB.

OnTuMainbHast 006paboTKa KOTEPEHTHBIX CUTHA-
JIOB Ha (pOHE MOMeX SIBJISIETCS IMHEHOM: CUTHaJl Ha
BBIXOJE 00pabOTKU Y, (X) MPENCTaBILIET COOOM Jn-
HelfHoe IpeoOpa3oBaHME BeKTOpa HabiroaeHuil. B

N

OGLLEM CIly4ae OHO UMEeT BHIL: Yy, (X) = Y 0,X; =W' X,
i=1
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rme w — A®P (BecoBoif BeKTOp) aHTeHHBI. Takas
00paboTKa COOTBETCTBYET OOBIYHOM CXeMe BECOBOTO
HaKOIUIEHUsI CUTHAJIOB, T.€. OMHOJYYeBOI auarpam-
MOO0Opa3yIollIeil cxeMe, IIe TEPMUH «JTyY» OTHOCUTCS
K [IAaBHOMY JIETIECTKY AuarpaMMbl HalpaBIeHHOCTU
AP. OnTuMasibHBI BECOBOI BEKTOP M OTBeYalollee
emy 3HaueHue OCI omnpeaensitoTcs Mpu 3TOM U3-
BECTHBIMM BbIpaxkeHusIMH [1, 2]:

el o Y
Opf_MnnS > Gpax =S Mnns ) (3)

e M,, =<n'n” >=1+UR,, U" — wmarpuna mpo-
CTPAHCTBEHHBIX KOPPEISILIMA TTOMeX, UMetoLIast psi-
MYIO CBSI3b C MaTpUIIEl B3aUMHBIX KOPPEJSILIMIA MO-
noBbix amruintya R, =<b’b” > pasmepa (MxM),
Ha3bIBaeMYIoO Jajee MaTpulieil MeXKMOAOBBIX KOppe-
Jsauuii (3neck I — eauHMYHAsA MaTpuila MTPOCTPaHC-
TBEHHBIX KOppessiluii Oeysoro imyma, “*> — 3HaK
KOMILJIEKCHOTO coIpsixkeHus1). B cBoOOgHOM Tpo-
CcTpaHCTBe BbipaxkeHue (3) orBevaeT (popMUPOBAHUIO
JIrarpaMMbl HarpaBJIeHHOCTHU C IJIABHBIM MaKCHUMY-
MOM B HampaBJIeHUM MPUXOJa CUTHAJA U TITyOOKUMU
MpoBajaMM B HaIlpaBAEHUSIX Ha MOMEXOBbIE MCTOU-
HUKH, YEM U JOCTUTAETCsI MAaKCUMM3ALIUST BIXOAHO-
ro OCIILL.

OnTtuManbHasi 00pabOTKa YaCTUYHO-KOTePEHT-
HBIX CUTHAJIOB SIBJISIETCSI KBaAPATUYHOM, B pe3yJibTa-
T€ KOTOPOM OCyLIECTBIsIeTCs 0oJiee clIoxKHOe (KBajl-
patuuHoe) Tpeobpa3oBaHMEe BeKTOpa HaOJIoAeHUI
cJIeIyIOIIero O01Iero Buaa:

Vuad (0 =X (W W )x =[W7x|",

rne W — marpuna (N xR) BecoBbix Koapduiu-
eHTOB AP, uncio croiabiuoB KoTopoit R>2. Takasa
o0OpaboTka mpeacTaBiIsIeT Cco000ii HEKOrepeHTHOe
HaKOIUIEHUE OTKJIMKOB OTAEJIbHBIX MPOCTPAHCTBEH -
HBIX (PUJIBTPOB, KaXIbIii U3 KOTOPBIX XapaKTepu3y-
€TCS CBOMM BECOBBIM BEKTOPOM, COBMANAIOIIUM C
COOTBETCTBYIOIIMM BEKTOPOM-CTOJIOIIOM BECOBOIt
MaTpulibl. B BeIpoxkaeHHOM ciydae (mpu R=1) Be-
coBas Matpuiia (GopMaabHO €CTh BECOBOI BEKTOp, a
Mpeobpa3oBaHue CUTHAJIOB CBOAWTCS K KBaapaTHy-
HOMY JIeTeKTUPOBAaHUIO Ha BbIxoJe cymmaTopa AP,
T.€. COOCTBEHHO IIPOCTPaHCTBEHHAsI 00paboTKa Mpu
3TOM OCTaeTcsd JuHelHoi. CnenoBaTelbHO, KBaIpa-
TUYHAs IIPOCTPAaHCTBEHHAsI 00padOoTKa IPeaCTaBIsIET
co0oii 6osiee 0bIILyI0 cXeMy MpeoOpa3oBaHMsl CUTHA-
J0B B AP, coueraloliyio JMHEWHbIE Oonepaluy MIpo-
CTPAaHCTBEHHOM (WIbTpAlIMM CHUTHAJIOB (MOCTpOE-
HUe R-1y4eBoOil AuarpaMMo-o0pa3ylolleil cXeMbl) 1
HEKOTepPeHTHOE HAKOIUIEHWE BBIXOAHBIX CUTHAJIOB
10 OTACJBHBIM «JTydam».

OntumanbHas BecoBasi MaTpHUlia 1 COOTBETCTBY-
tomas eii BenuunHa OCILL onpenensiroTcs U3 ypaBHe-
HUI1, B KOTOPBIX, B OTIMYME OT ypaBHEeHUs (3), mpu-
CYTCTBYET B SIBHOM BMIIE KOPPEJSLIMOHHAs MaTpuila
curHaia Ha Bxone AP [1, 4-6]:

WoptWoJ;)t = M;ilMssM;nl 5 (4a)
-1 21 1/2
e ={ SPMLM )} (46)
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NpU B3TOM KaXXIbI MapLyalbHbI BECOBOM BEKTOP
YIOBJETBOPSIET ypaBHEHUIO [9]:
1/2 -1 *
w,=A"2M!s , r=1,2,.,R,

nn ~r

(48)

rie M =<s's” >=UR_ U’ — marpuua npocrpaHc-
TBEHHBIX KOPPEJISILNNA MOJIE3HOTO CUTHANIA, A, , S, ,
R — e€ coOcTBeHHBbIe uMcCiIa, COOCTBEHHbBIE BEK-
TOPbl M PaHT, COOTBETCTBEHHO (BEPXHMUII WHAEKC
“ 0003HAYaET B3PMUTOBO COMpPSLKEHME), MaTpulia
R, =<a'a’ > — maTpu11a MEXMOIOBBIX KOPPENALIMIA
CUTHaJA.

Takum o00pa3oM, 4UCIO IapUMaIbHBIX MpPO-
CTPAHCTBEHHBIX (WIBTPOB ONTUMAJbHOM KBaapa-
TUYHOII 0O0pabOTKM COBIIAJIA€T C ITOJHBIM PaHIOM
MaTpUlibl KOT€PEHTHOCTHU IOJI€3HOro curHaiga. Ero
BeJIMUMHA BOOILIEM ClTyyae He MPEBbILIAET MUHUMAJTb-
HOTO U3 JBYX UYMCEJ, OMPEACISIONINX Pa3MEPHOCTh
3agaun — M (uncio mom) u N (4rciio MPUEMHUKOB).
Kak npaBuio, oJHaKo, paHT OKa3bIBa€TCs 3aMETHO
MEHbIIIE 3TOU OLIEHKM CBEPXY B CUJYy YaCTUYHOIO
pas3pelleHus MOAOBOI CTPYKTYPhI aHTEHHOM U (MJIN)
COXPAHEHUS B CUTHAJIBHOM I10JI€ YACTUYHBIX MEX-
MOJIOBBIX KOPPEISLUNI TaxKe Ha OOJIbIIUX yIATEHUSX
OT UCTOYHMKA (3TO HauboJiee XapaKTEPHO JISI MOJI C
om3kumu Homepamu) [11, 17]. C yueToM CUIBHO He-
PaBHOMEPHOIO, KaK MPaBUJI0, CIIEKTPa COOCTBEHHBIX
3HAYEHUI KOPPESILIMOHHOM MaTPULIbI, B PacyeT J10-
CTaTOYHO MPUHUMATD €€ «3(POEKTUBHBIN» PaHT, MO
KOTOPBIM MOHUMAETCS YUCJIO CTAPIIUX COOCTBEHHBIX
3HaueHuil. [locnenHee, B CBOIO oyepelb, UMEET siC-
HbIA (pU3NYECKUI CMBICI: IO MOPSIAKY BEJIMUMHBI 9Ta
BeJIMYMHA COBIIaaeT C OTHOIIeHUeM pasmepa AP k
MacuTady mpoCTPaHCTBEHHOW KOT€PEHTHOCTU CHUT-
Hasia. DTO U €CTh Ta BeJUUYMHA, KOTOopasl OonpeaesieT
OTHOCHUTEJIbHBINA MaciuTad IPOCTPAaHCTBEHHOM CIy-
YaHOCTHU CUTHAJIA.

MopoBoe paccoriacoBaHhe MOXHO (hopMajbHO
ONPEIEIUTD KaK MOSBJICHUE HEKOTOPOM aIIMTUBHOM
J100aBKU (OIIMOKU) B «IIPABUJIBHBIX» MOJAOBBIX BEK-
TOpax:

m=12.., M. (5)

Torma B KauecTBe mapaMeTpa, XapaKTepU3ylo-
LLIET0 OTHOCUTEIbHYIO BEJIMYMHY PACCOIIACOBAHUS B
KaXK[I0#l MOJie, €CTECTBEHHO OIPEAEIUTh CAeAYIOLIEe
OTHOIIIEHHNE:

u, =u,+ou,,

ul

du
E,.m"

-

(6)

PacnpeneneHue BenunHb (6) 110 HOMEpaM MO
MOKa3bIBAET, HACKOJbKO CUJIbHO Pa3JIMYHbIE MOJbI
BOJIHOBOJIa TIOABEPXKEHBI paccoriacoBaHuto. Oue-
BUJHO, YTO 3TO pacrpeieeHue, Kak U caMd MOJIO-
BbI€ BEKTOPbI, 3ABUCUT OT UKCJIa U pa3MelleHUsI dJie-
MeHTOB AP B kaHate.

BausiHre MOJ0OBOTO paccoriacoBaHUsl KOJMJec-
TBEHHO OY/IeM XapaKTepu30BaTh BEJIMUYMHON OTHOCU -
TeJIbHBIX MOTepb BbixogaHoro OCIII:

p= Dmismatch , (7)

qmax
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TA€ G,ismaicn €CTh OCLL B yc10BUAX paccoriacoBaHus,
Gmae — MakcumaibHoe OCLL, koTopoe paccunThiBa-
eTCcsl ComIacHoO BhIpaxkeHusM (3) wiu (4) (mist onTu-
MaJIbHOM JIMHEMHOM WM KBaApaTUYHOII 00pabOTKU
COOTBETCTBEHHO). BenmnunmHa ¢, DPACCUNTHIBA-
€TCS MO TEM XK€ BBIPAXKEHUAM, HO C IOICTAHOBKOMI

«PACCOMIACOBAHHOIO» BecoBOro Bektopa W (wist
JIMHEeHOW 00pabOTKM) WM «paccoriacoBaHHOM»
BECOBOW MaTpulleid W (ISl KBaapaTUUYHON oOpa-
0oTku). PaccornacoBanue nocieagHux (MX OTJIUYUS
OT ONTUMAJbHBIX PElIEHU) 00YCIOBIEHO TEM, YTO
HUCKaxeHus (5) B OLIeHKE MOJIOBOI CTPYKTYPHI ITOJIei
MPUBOJIAT K PACCOIJIaCOBAHUIO OLIEHOK KOPPEJSIIu-
OHHBIX MaTpUIl CUTHAJIa ¥ TToMeX Ha Bxojae AP.

HanbHeliliee ucclieoBaHWe 3akoyaeTcsl B
cpaBHUTeNbHOM aHanuze notepb OCII (7) B pas-
JIMYHBIX CUTHATLHO-TIOMEXOBBIX CUTYaITNsIX Ha BXOJIE
AP, KOTOpBIE XapaKTepU3YIOTCS aMIUIUTYIHBIMUA W
(ha30BBIMU COOTHOIIIEHUSIMU WJIU BEJIMUMHOMN B3anM -
HBIX KOPPEJSIINIA CUTHAIBHBIX MO, OPTOTOHATHHBI-
MU CBoicTBaMu MoJ Ha Bxojie AP, a Takxke ypoBHEM
MOJIOBbIX MoMeX. COBOKYMHOCTb 3TUX (DU3UYECKUX
rnapamMeTpoB TOJHOCTbIO OIpeensieT Ccreuuduky
MOCTAaBJEHHOM 3a/1auM B CPAaBHEHUM CO CJIy4aeM CBO-
O6onHoro mpoctpaHcTBa. OT 3TUX XK€ MapaMeTpoB B
SIBHOM BU/JI€ 3aBUCSIT U MOTEHIIMATbHbIE BO3MOXHOC-
TU ONTUMAaJIbHOI 00pabOTKU, T.€. 3HAUEHUST MaKCU-
MasibHbIX OCIII (3), (4) B OTCYTCTBUE paccorjiacoBa-
Hus [9-13].

3. IBYXMO/IOBBI CUTHAJI
HA ®OHE MOJIOBO¥ [TIOMEXH
1 U30TPOITHOTO IIIYMA

Teopernueckuii aHajiu3 TPOBOAWUTCS HAMM B
paMKax MOJEJbHOM 3a7aur 00pabOTKM 1BYXMOI0BO-
ro curHaja Ha (poHe MpoCTpaHCTBEHHO-0€eJI0ro 1yMa
U MOJOBOM MOMEXHU, NMPUCYTCTBYIOLEHA B OJHOU U3
CUTHAJIbHBIX MO/, (IU1s1 OMPeIeIeHHOCTH, B TIEPBOIA).
B Takoii moctaHOBKe BEKTOphI curHajia u nomex (1)
Ha Bxone AP numeror Bu:

s=aqu,+a,u,, Nn=n;+bu,. 8)

B pamkax Mmoaenu (8) BblAeIMM ABE TPYMIIbI 0€3-
pa3MepHBIX ITapaMeTPOB 3aJa4i, KOTOphIe HanboJiee
YIOOHBI TS JaJIbHEHIIEro aHauu3a W (pU3MIeCKoit
WHTEPIIPETALINN €TO Pe3yJIbTATOB.

[TapameTpBl MOJOBOTO CUTHAJIBHO-IIOMEXOBOTO
TTOJIST:

2 2
<|ay|” > u, |
=——>——> — OTHOIIEHUE WHTEHCHUBHOC-
<la|">w|

Teil CUTHATIbHBIX MOJI; \f = (arga, —arga, ) — pasHOCTb

(w5
(a3 CUTHaJIBHBIX MOZI; & =—"
Jus -,

OPTOTOHAJIBHOCTHU MOJOBBIX BEKTOPOB Ha BXOIEC AP,
— P mod
b wh

— K03(hGULMEHT

Y — OTHOCUTEJIbHBIA YPOBEHb MOIOBOW MMO-

2
Mexu (30€Chb P,y =<|b| >; p,, — NHTEHCHBHOCTH
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*
|< aa, >|

0eJ10TO IIIyMa Ha BXOJE); €= — KO-

2 2
<‘al| ><|a2‘ >
oGOULUMEHT B3aMMHBIX KOPPEISILUMIA CUTHATLHBIX
<|al,2|2 >|u1,2|2
<[b |2 >|“1|2
BXOIOHBIC OCllI 11 Ka)K,Z[OfI 13 MO, Ha3bIBA€MbIC B

nanbHeimeM MmogoseiMu OCI.
ITapameTpbl MOJIOBOTO pacCcOTIACOBAHUS:

MoJa. OTHOIIEHUS eCTh, II0 CYTH,

|8u1|2 |6u2|2
= > &= = KO3(pGULIMEHTHI MOJOBOTO
| [u,|
(ufSu] ) (Sugul )
paccornmacoBaHusi (6); Ay =———= , A, =—
Juy - [Bu, | [3uy |, |

&1

Puc. 1. 3aBucumocts noreps OCLI p(§, ) B ycroBusix
OTCYTCTBMSI MOI0BOIH momexu (Y =(0) 1 paBHOMEpHO-
ro MozoBoro criekrpa curHana (6=1):1) &, =0; e=1
(crmotnHas kpusas); 2) &, =0.14; e=1 (myHkrup);
3) &, =0; €=0.3 (wrpnux); 4) &, =0.5; e=0 (wrpux-
nynktup). OcranbHble mapameTpbl: 0 =0.8, =,
Ay =0, A, =0, Ay =A,,=0.5, A=1

&

Puc. 2. 3aBucumMoctnb p(?’;z) B CJIy4ae MOJOBO TIOMEXA
(y=10) 1 curHama IPeNMyILECTBEHHO Ha BTOPOiA MOJIE
(0=10):1) & =0; e=1 (crumowrnast KpuBas);

2) &, =0.14; e=1 (mynktup); 3) &, =0; £=0.3 (wrpnx);
4) £ =0.5; e=0 (WTpUX-TTYHKTHUP).
Ocranbubie mapamerpebl: 8=0.8, =,

Ay =Ap=0.5, Ay =Ay,=0 , A=1
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(Sul*uz) (u§6u2) Az (Sul*Suz) o

2 o] 2 o] oo
3 PUIMEHTH OPTOTOHAJBHOCTU BEKTOPOB pacco-
[JIaCOBAHUS M MOIOBBIX BEKTOPOB.

OTIMYUTENbHOM 0COOEHHOCTBIO JAHHO MOJIETb-
HOW MOCTaHOBKMU SIBJISIETCSI BO3MOXKHOCTh MCCJIEIOBa-
HUSI TOCTaBJICHHOM 3a1a4u 6€3 KOHKPETU3allUK YCII0-
BMI1 pacnpoCTpaHEeHUs CUTHaJla U TojiokeHus1 AP B
KkaHaje. Bce oo0cyxxnaeMbie 3(peKThI OJTHOCTHIO OIl-
penessoTes 3HaYeHUSIMU TIPUBEIEHHBIX TTapaMeTPOB.

Ha puc. 1—4 npuBeneHbl 3aBUCUMOCTHU MOTEPh
OCHI (7) ot BeanuuHbBI paccoriacoBaHust (6) B of-
HOM 13 MO NPpU (PUKCUPOBAHHBIX 3HAUYECHUSIX BEJIM-
YUHBI PACCOTIACOBAHUS B IPYTOil MOJE U OCTAIbHBIX
mapameTpoB 3aaaun. OcoOblli MHTEpEC I HacC Ipe/-
CTaBJIsIeT CPAaBHUTEIBHBIN aHAIN3 BIUSHUS MOIOBO-

1 |

&

Puc. 3. 3aBucumocTb p(<§1 ) B aHAJIOTMYHOM pUC. 2 clyyae
npu Y=10 u 0=10:1) §, =0; e=1
(crumournast kpusas); 2) &, =0.14; e =1 (nynkrup);

3) &, =0; €=0.3 (wrpnx); 4) &, =0.5;e=0
(wrpux-nyHkTUp). OcranbHble napamerpsl: 6 =0 ,
y=m, A =A,=0,A,,=A,=1,A=1

&1

Puc. 4. 3aBucumoctb p(&1 ) B CJlydae MOJIOBO MOMeXHU
(y=10) u paBHOMepHOTrO criekTpa curtana (o =1):
1) & =0; e=1 (crutomnas kpusasi); 2) &, =0.14; e=1
(myukrup); 3) &, =0; €=0.3 (wrpnx);

4) &, =0.5 €=0 (urrpux-myHKTHP).
Ocranpnbie mapametper: §=0.8, y=m, A=A, =0,
Ay =47, =05,A=0.8
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ro paccorjacoBaHusl Ha BeIMYMHY BbixogHoro OCIII
BJBYX MIpeeJIbHBIX CyYasiX: MOJHOCTbIO KOPPEIUpPO-
BaHHBIX (pa3zgen 3.1) U B3aMMHO-HEKOPPEJIMPOBaH-
HbIX (pasnmen 3.2) curHajbHBIX Moja. B mepBom ciy-
yae, KaKk OTMEUYEHO BbIllIe, ONTUMaIbHasl 00paboTKa
SIBJISIETCS] IMHEHHON U CBOAUTCS K (hDOPMUPOBAHUIO
BECOBOTO BEKTOPa, KOTOPOMY OTBEUAIOT OMpeAe/IeH-
HbIe 3HaUCHUSI OTKJIUKOB AP Ha curHaibHbIe MOJBI,
3aBUCSIIHAE OT UX MTOMEXOYCTOMUMBOCTU (MOJOBBIX
OCIII); Bo BTOpOM cilyuyae onTuMajabHas o0paboTka
CTAaHOBUTCSI KBaApaTUYHON U TpeOyeT MOCTPOCHMSI
BECOBOI MATpPUIIbl, COCTOSIIEN B JAHHON MOCTAHOB-
K€ 13 JIByX BEKTOPOB-CTOJIOLIOB.

3.1. KoppeupoBaHHbIE MOJIbI CUTHAJIA

BoipaxkeHue 11 oNTUMaIbHOTO BECOBOTIO BEK-
Topa (3) uMeeT B 3TOM cjIydyae BU/I:

-1 5 % T *
Wopt = Py [ 0‘( @ _azY( upu, )) u + az“z] ,
1

=1+y|u1|2'

)

BunaHo, yTo BecoBoii BeKTOp (9) ecTh cyneprno3u-
LM IBYX KOMITOHEHT: MepBasl U3 HUX «OTBeYaeT» 3a
MoJaBJIEHUE TIEPBOI MOJIBI, YTO TIPUBOIUT K YMEHb-
IIEHUIO YPOBHSI MOJIOBOM ITOMEXHM Ha BEIXOnIe 00pa-
0OTKM (B aCUMITOTUKE Y —> oo KOA(PpPuimeHT oo — 0,
MpY 3TOM IIepBasi MOJIa BOOOIIE He IaeT BKJIama B
BBIXOJHOI CUTHa), a BTOpasi — 3a COIJIACOBaHHYIO
(punpTpaiio BTopoii (curHaabHoit) Moabl. CienoBa-
TeJbHO, MOJIOBOE PAaCcCOrJIacOBaHME MPUBOIUT K OC-
JlabaeHuto 3(pPekTUBHOCTU 00pabOTKU B pe3yJibTa-
Te KaK YMEHBIIICHNST OTKJIMKA Ha TOJIe3HBII CUTHAIT,
TaK W YBEJIWYCHMSI OTKJIMKA Ha MOIOBYIO ITOMEXY.
®opmainbHO, TToTepu BeixogHoro OCII obycnosite-
HBI IIPA 3TOM TEM, YTO PACCOIIACOBAHHbIN BECOBOM
BEKTOP W OTJIMYAETCS OT ONTUMAIbHOTO BeKTOpa (9)
B CUJIy OTJIMYHMiA BEKTOPOB U, , OT TOUHBIX BEKTOPOB
u;,, a HauOOJIbLINE MOTEPU OTBEYAIOT CUTYyallH,
KOTJIa 3TH BeCOBBIE BEKTOPHI OKa3bIBAIOTCS B3aMHO
OPTOTOHATbHBIMU.

HecMoTpst Ha OTHOCHUTENBbHYIO TTPOCTOTY JABYX-
MOJI0OBOI MOJIe/IM CUTHAJIa, aHATUTUYECKOE PACCMOT-
peHME 3aJauu OKa3bIBAaeTCs BeCbMa I'POMO3IKUM C
YUETOM BCeX ee MapaMeTpoB, MOITOMY Mbl OTpaHU-
YUMCS PSIAOM HauboJiee BaXKHbIX YACTHBIX CJTyYaeB.

B ciyyae HyneBoit MogoBoii momexu (mpu y=0)
ONTHMMaJIbHas 00paboTKa 3aKjIrYaeTcsl B COIJaco-
BaHHOM (PUIBTpAIIMA MOIOBOTO CUTHaja Ha (OHE
MPOCTpPaHCTBeHHO-0eJ10ro ymMa. OueBUAHO 3apaHee
(m1s1 1I000TO YKMCIia CUTHAIBHBIX MOJ), YTO BJIMSIHUE
paccorjiacoBaHus IPU 3TOM OMNpeIesieTcs TeM, Ha-
CKOJIBKO OHO BEJIUKO TSI TeX MOJI, B KOTOPBIX MOIII-
HOCTb CUTHaja sBJseTcsl Haubosbliei. JdomycTum
CHayaJyia, 9YTO PaccorjacoBaHUE €CTh TOJBKO B OfI-
HOl U3 MOJ, UISl ONIpeAeIeHHOCTH, BO BTOPOI Mojie
(&=E&, )% BaxHOii 0COGEHHOCTBIO 3aBUCUMOCTH p(&)

2 Hanpumep, Tpy HETOUHOI OLIEHKE TTOJIOXKEHUS BEP-
TUKaJIbHO! AP B IMOABOOHOM KaHajle WIM OTICIbHBIX €€
3JICMEHTOB PacCOIIacOBaHME OKa3bIBaeTCsI 0oJice 3aMeT-
HBIM JUTSI MOJI C BBICOKMMY HOMEpaMU, UMEIOITUMU OCIIMII-
JIMPYIOLIME aMIUIMTYIHbBIE PACIPEAEICHUSI ¢ MEHBIIMMUI
macuTabamu (CM. ClIeAyIOLIUii pa3ae).
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B OTOM cJly4ae sIBJIsIeTCS TO, YTO OHA MOXET ObITh He-
MOHOTOHHOM 1 UMETh MUHUMYM (OTBEUYAIOLIMMA MaK-
cumymy niotepb OCIII) npyu HEKOTOpPOM KOHEYHOM
BEJIMYMHE paccoriacoBaHus =&,

1+ 28\/3005\11 +0
\/E(Alz cosy + Azzx/g)

OTMeyeHHass HEMOHOTOHHOCTb p(&) oOTBeya-

A
eT ycnoBmio cosy<-—2.c, A,#0, u B ciydae

12
CoSy = -1 , Korga CUTHaJIbHbBIC MOJIbl OKa3bIBAIOTCA

B npotuBodase Ha Bxoae AP, Bemmunna p(E, )=0

E-:cr =

(T.e. BEIMUUHA ¢,;n0s =0 ). Ilpu oObpaTHOM yCi0-
BUM 3aBUCUMOCTD p(&) SBIAETCS MOHOTOHHO YOBI-
Barouieil. BUIHO TakKe, 4YTO ¢ yMEHbLIEHUEM BEJIU-

A
YUHBI —22+/G ¥ POCTOM MapamerTpa & 3HaueHue &,
12

YMEHBLIAETCS, C/IeJoBaTeIbHO, 3aBUCUMOCTh p(&)
CTAaHOBUTCS 00Jice pe3Koil B 00J1acTh MasiblX 3HaYe-
HUI &, 4TO CBUACTEJbCTBYET O HAMOOJIbILIEM B -
HUM paccorjiacoBaHus Ha 3(ppeKTUBHOCTb 00padoT-
k. OO6paTUM Takke BHUMaHUE Ha 3aBUCUMOCTb OT
BEJWYMHBI § : YeM OHa MEHBIIIE, T.€. YeM MEHEE OPTO-
TOHAJIbHBI MOJIbI (Xy2Ke pa3pelaroniasi CliloCOOHOCTb
AP), rem 6osbime norepu OCII Moryt HaO/MIOaaTh-
cs yKe TIPU MaJIbIX 3HAUYeHUsIX paccorjiacoBaHUs B
ONIHO M3 CUTHAJbHBIX MO/,

IIpu yyere paccoriacoBaHusi B 00€MX CUTHAIb-
HBIX MOJIaX €CTeCTBEHHO BBIACIUTD JBA MPEACTIbHBIX
cJydJasi: CIbHO HEPaBHOMEPHOTO U, HATIPOTUB, PaB-
HOMEPHOTO MOJOBOTO CIIEKTpa CUTHasia. B mepBom
ciiydae (mpu 6 >>1 win 6 << 1) onTuMaabHbIA MOIO-
BBII (OMIIBTP, KAK U CUTHAJI, CTAHOBUTCS «OTHOMOIO-
BbIM», moaToMy BequuuHa rnmorepb OCII onpenes-
eTcsl K03 (ULIMEHTOM OPTOrOHAILHOCTU TOYHOTO U
paccorjiacoBaHHOTO MOAOBBIX BEKTOPOB TOJIBKO UISI

~T 2
|ui u; |
227
;] Ju |
i=1 (npu o<<1),1m60 i=2 (npu 6>>1). Cymecr-
BEHHO, UTO TaKMe BaXKHBIC TTapaMeTPhl, KaK Pa3HOCTh
$ha3z u xKoa(pPpuIMeHT B3aUMHOU OPTOTrOHAJbHOC-
TH CUTHAJIBHBIX MO, TIPAKTUUECKNA HE BIUSIIOT TIPHU
5ToM Ha BesinuuHy rorepb OCII. Hanpotus, B ciy-
yae paBHOMEPHOI0 MOJOBOro criekrpa (npu o=1)
3aBucumMocThb norepb OCII ot MexxMomoBoro ¢aszo-
BOIO cIBUTa U KO3 duliMeHTa OpTOrOHaIbHOCTH MOJT
CTAaHOBUTCSI, KaK M CJIEIOBAJI0 OXUIATh, HauboJiee
3aMeTHOi. MuHuManbHoe 3HayeHue p=0 (rnojgHas
noteps 3(pPpeKTUBHOCTU 00paOOTKM) JOCTUTAETCS B
9TOM cJlyyae IMpU YCIOBUM B3aMMHOU OpPTOrOHasb-
HOCTH Pa3HOCTHBIX BEKTOpPOB (U, —u;) 1 (u,—u,),
KOTJa paccorjacoBaHWe MPUBOIUT K ITOJTHOMY TIO-
JIaBJICHUIO BBIXOAHOTO CUTHaA (pUc. 1, MyHKTUP ISt
ciyyas 2).

B curyauumn, xorga Ha Bxome AP mpucyrcrByeT
MoII[Hasi MojoBas romMexa (rapamerp y>>1), BO3-
MOXXHOE BIMSHUE pPacCOTJacoOBaHMUs, OYEBHMIHO,

O/IHOM (HanboJiee MOIITHOM) MOJBL: P ~ rae
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TOJIbKO YCHJIMBACTCA. Ecmu paccoriaCcoBaHUE IIPpU-
CYTCTBYCT TOJIbLKO BO BTOPOU CUTHAJIbHOW MOJE, TO,
AHAJIOTUYHO IMPEAbIAYHIEMY CJIy4alo, TaAaKXKE BO3MOXK-
HO HEMOHOTOHHOC ITOBCACHUEC 3aBUCUMOCTU p(ﬁ)
COOTBeTCTBy}OH_Iee BbIpa>k€HME 1JId BEJIMYMHBI pac-
corjlaCoBaHusda B TOYKE MaKCUMyMa IIOTE€Pb OCIII
MMECT TCIICPb BU:

1+28Vo cosy + 6 + oy (1 -8
e )
\/E(Alzcosq;+A22\/E)—0'y(A126—A22)

M3 sToro BbIpaxke€HWs BUJHO, UYTO MpU oy >>1
1-8?
3HaueHue /&, ~———
A126 - A22
pOCTOM & BCJIEACTBUE TOTO, UYTO PACCOIIACOBAaHUE BO
BTOPOi1 (CUTHAJILHOM) MOJIE «IIPOCLIUPYETCsI» Ha Iep-
BYIO (IIOMEXOBYI0) MOAY, 0TYero 3(p(peKTUBHOCTD I10-
JaBJICHUS TIOMEXH Pe3KO TafaeT naxe IMPU MaJIbIX 3Ha-
yeHusx & (puc. 2, CIUIONIHAS KpUBast TS cydas 1).
AHanu3 BIMSHUSL PaccOIIacOBaHUS B 00eux
MOZAaX MO3BOJISIET BBIICAUTD U IPYTUE KPUTUYECKUE
CUTYaIIMHU, TIOSIBIICHNE KOTOPBIX 3aBUCUT OT COOTHO-
IIEHWST UHTEHCUBHOCTEN CUTHAJIBHBIX MOJ. B yact-
HOCTH, €CJIM CUTHAJI M TIOMeXa MPUCYTCTBYIOT TIpe-
HMMYILECTBEHHO B pa3HbIX MoAax (6>>1, y>>1), HO
pa3pelniarponias cnocooHocTb AP OTHOCHUTEIbHO MaJia,
Jlaxke Majioe paccorjacoBaHue B TepBoii Mofe (TIpu

YCITIOBUM \/a >>y ) TPUBOINT K 3aMETHOMY IIO-
JIaBJICHUIO BTOPOI MOJIbI M CUTHaJIA B 1ieJ10M (puc. 2,
MyHKTUD JJ1s1 citydast 2). OgHako, OCHOBHOM BKJIAl B
BesnuuHy notepb OCII onpenensieTcs B 3T0M CJly-
4yae pOCTOM BBIXOJHON MOIIIHOCTA MOJIOBOI MTOMEXH,
B TOM YHUCJIE, U TIPU MTOJTHOCTbHIO OPTOTOHAIBHBIX MO-
Jlax, Koraa rnojaaBjieHue MOJIE3HOTO CUTHaja MpakTh-
YeCKM OTCYTCTBYET (pHcC. 3, CILTOIITHAS KpUBasl U IMyH-
ktup). IloguepkHeM, 4TO cCiydyail pa3aesIsIOIIUXCS
MOJIOBBIX CHEKTPOB CUTHAaJa U MOMEX TPeACTaBJsIET
B KOHTEKCTE Halllero aHajau3a HauOOJbIIUI WHTe-
pec, TOCKOJIbKY OH OTBEYaeT HauOOJblIeMy 3Haye-
HUIO «HEBO3MYILLIEHHO» BETMUYUHBI MAKCUMATbHOTO
OCII (3) — dakTMyeckud, HAWIYIIIUM YCJIOBUSIM
MpreMa CUTHaJIa C TOYKM 3PEeHUsI ero oOHapyKeHUs
Ha (poHe MOIIHOK moMexu. B To ke Bpemsi, 00yCI0B-
JIeHHbIE MOJIOBBIM paccoriacoBanueM rnorepu OCII
MPU 3TOM MOTYT 0Ka3aThCsl Takxke HauboJsiee 3HaAUu-
TeTbHBIMU.

OOparHBbIii ciaydyail o <<1 He ImpeacTaBIsieT 0CO-
0oro uHTepeca, Tak Kak MOJOBbIE CIIEKTPbI CUTHAJIA U
MOMEXHU TPU 3TOM TMPAKTUUYECKU HE pa3inyarTcs, U
ontumu3saumst AP naxe B OTCyTCTBUE paccorjiacoBa-
HUS TTPpaKTUUYECKU He oOecrieurBaeT 3aMEeTHOTO Bbl-
WUTpPbIIIA B CPABHEHUU C OJUHOYHBIM MPUEMHUKOM.
B cB0G60OAHOM MPOCTPAHCTBE 3TOMY C/Iyyalo OTBEYaeT
CUTyallusl, KOrIa HampaBjJeHWs Ha UCTOYHUKU TI0-
JIE3HOTO CUTHaJIa M MOIIHOM ITOMEXM TPaKTUIECKU
COBIIAJAIOT, T.€. HE pa3pellaloTcsl B Mpeneax riaB-
HOTO JierlecTKa AuarpaMMbl HarpaBjieHHocTU AP.

Haxkonen, s ciyyass paBHOMEPHOTO CIeKTpa
curHayia (c = 1) Bo3mozkHbIe moTepu OCII 3annma-
10T HEKOTOPOE MTPOMEXKYTOYHOE MOJIOXEHUE U 3aBU-

M TaKXKE YMCHDBIIACTCA C
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CAT, KaK M B cllydyae HyJIeBOIl MOJOBOI MOMEXU, OT
MEXMOI0BOI pa3zHocTU (ha3. Pesynbrupyrommii a¢-
¢eKT TakKe 00YCJIOBJIEH B 3TOM Cydyae YaCTUYHBIM
MOJAaBJICHUEM TMOJIE3HOTO CHUTHajia M yMEHbIIEHU-
eM 3(p(peKTUBHOCTU TIOAABAECHUS] MOIIHON MOMEXU
(puc. 4, crutolrHasi KpuBasi M MyHKTUP). BiausiHue
«HECUMMETPUYIHOTO» TI0 MOAAaM IOMEXOBOTO (hak-
TOpa CYLIECTBEHHO 3aBHUCUT OT B3aMMHOI OPTOro-
HaJIbHOCTU MOJI; UeM OHa HUKe (XyxKe paspeliatonias
cnocoOHocTh AP), TeM OoJibllie TTOTEPU BBIXOAHOTO
OCII (MeHblIIe BeIUYHUHA P ).

Takum ob6pa3om, B cuTyalluu pruemMa KOrepeH-
THOTO CUTHaJIa, KOTOPBI (DOpMUPYETCSI TTOTHOCThIO
KOPPEIMPOBAaHHBIMU MOJAMHU, BeJUUYMHA MOTEPh
OCIII B oCHOBHOM ompeaeisieTcsl aMILUIMTYIHO-(da-
30BbIMU COOTHOLLIEHUSIMU CUTHAJIBHBIX MO (Tapa-
MeTpaMU G U \ ), a TaKxKe YPOBHEM MOJOBOIA TO-
Mexu (TmapamMeTpoM v) , TIPU 3TOM Pe3yJbTUPYIOIINA
a¢hdeKT paccorjiiacoBaHus CYIIECTBEHHO 3aBUCHUT
OT TPOCTPaHCTBEHHOro paspeuieHuss AP Mmomo-
BO# CTpyKTyphl (Mapamerpa ). B yactHocTu, nipu
CWJILHO HEPABHOMEPHOM pacIipefeieHUN CUrHaaa u
nomex 1o Mogam norepu OCII MoryT OBITh cylec-
TBEHHBIMM Jaxe MpU MaJlbIX BeJIMUMHAX paccorja-
COBaHUS B pe3yjbTaTe KaK YaCTUYHOTO MOAABICHUS
HaunboJlee «IOJe3HBIX» MOI (MOA C HAaMOOJIBITUMM
3HaueHusiMmu mMomoBbix OCIII), Tak u pe3koro poc-
Ta BBIXOAHON MouIHOCTU ToMeX. [TpssMbIMM aHaO-
raMu Takux 3¢@eKToB B CBOOOJHOM IMPOCTPAHCTBE
SIBJISIFOTCS, COOTBETCTBEHHO, YaCTUUHOE OCIabieHue
BBIXOJIHOTO CUTHAJIa B pe3yJIbTaTe CMEICHUSI MaKCH -
MyMa ONTHUMAaJIbHOM AMarpaMMbl HampaBIEHHOCTU
OT HampaBJieH!s] Ha UICTOUHUK TMOJIE3HOTO CUTHAIa U
POCT BBIXOJHOTO YPOBHSI MIOMEXU B pe3yJbTaTe cMe-
IeHus (Iaxke He3HAYMTEJbHOTO — Ha yroj, MHOTO
MEHBIIMK IIUPUHBI JIETIECTKA) HYJISI AUarpaMMbl OT
HarpaBJeHUs Ha TIOMEXOBbIM MCTOUYHUK, MPU BTOM
nocaeaHuit 3¢gp@ekT TeM 0oJblile, YeM Bblllle UHTeH-
CUBHOCTb TTIOMEXM.

3.2. HekoppempoBaHHbIE MOIbI CHTHAJIA

PacnipoctpaHeHre MHOIOMOJOBOTO CHUTHaia
B CJIy4yailHO-HEOJHOPOJHOM KaHaljle COIPOBOXIA-
eTcsl ocjabJieHMeM ero MpPOCTPAaHCTBEHHOM Kore-
PEHTHOCTU B pe3yJibTaTe ocJabJeHUsI MEXMOI0BBIX
KOppEesilvii, KOTOpoe, B CBOIO ouepelb, MPOUCXO-
JIUT BCJAEACTBUE PACTYLIMX C AUCTAHUMEN (hJIyKTya-
LM MEKMOJOBBIX (Da30BbIX CABUTOB. ONTUMAabHAas
KBaJpaTU4Hasi 00paboTKa TaKOrO CUTHAaJIa CTPOUTCS
MyTeM HeKOrepeHTHOro (0e3 yueTa cayJyaiiHbIX (ha3o-
BBIX CABUTOB) HAKOTIJICHUSI OTKJIMKOB MapLUaIbHbIX
MPOCTPAHCTBEHHBIX (MOMOBBIX) (DPUILTPOB (4B), a B
MpeaeJbHOM Cyyae MOJHOCTbIO HEKOPPEIUpPOBaH-
HBIX U pa3pelliaeMbIX aHTEHHON MOJ — HEKOTepeHT-
HOTO HaKOTUJICHUSI OTACIbHBIX MO/, (DOPMUPYIOLIUX
nosie curHaia Ha Bxozge AP [10, 18].

IMTapameTpom, xapakTepu3yIOIIMM B paMKax Ha-
1Ieil MOJEeNAN CTeNeHb KOTepeHTHOCTU CUTHAaIa, sIB-
nsieTcst Koa(ULIMEHT € B3aMMHOM KOPpesSLUU MO-
JIOBBIX aMIUIUTYA. OCTaHOBUMCSI KPaTKO Ha aHaIu3e
BJIMSIHUSI PACCOTJIaCOBaHUSI B MpPeNebHOM cilydae
B3aMMHO-HEKOPPEJIMPOBAHHBIX CUTHAJIBHBIX MOJ
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(mpu e€=0). YncieHHbIEe WLIIOCTPALIUU TIPEACTaB-
JIEHBI TaKXe JUISI TPOMEXKYTOUHbBIX Cy4aeB 4acTU4U-
HO-KOppeIUpOBaHHBIX Mo (puc. 1—4, ITpUX-TyH-
KTHPHbIC U IITPUXOBAHHbBIE KPUBBIE TS caydaeB 3, 4
COOTBETCTBEHHO).

Kax u B mpenbiayiiem moapasaesie, cHayaaa oc-
TAaHOBUMCSl Ha aHaJM3€ CUTyallMM, KOTJAa MOAOBBIMI
ym oteyterByeT (v =0). B ciayyae cuiibHO HepaBHO-
MEpPHOTO CMEeKTpa CUTHaja onTUMajbHas oOpadoT-
Ka OKa3bIBaeTCsl, Kak U ISl KOTePEHTHOTO CUTHAJIa,
MPaKTUYECKU «OJHOMOIOBOI», a NOMOJHUTEIbHBII
BBIMTPBIII KBaJpaTUYHON 0OpabOTKM MpaKTUYECKU
OTCYTCTBYeT. PU3NUECKN 3TO TIPEACTABISICTCS OUe-
BUIHBIM, TOCKOJILKY TaKOW CUTHAJI COXpaHSsIeT BbICO-
Ky ITPOCTPAHCTBEHHY0 KOTe€PEHTHOCTh BHE 3aBHUCH -
MOCTH OT ME€XXMOJIOBBIX KOppesiiuii (3¢ppeKTUBHBII
paHT ero KOppelsILMOHHON MaTpullbl paBeH 1).
Taxcke oueBuAHO, uTO NOTepu BhixogHoro OCIII orm-
PEeNeITIOTCS TIPY 3TOM BEJTMYMHON paccoriacoBaHUs
TOJIbKO B OIHOW, HamboJjiee MOIIIHOW CUTHAJBHOM
MOJIe.

HaubGonee uHTepeceH 3aech, OAHAKO, ciayyai
OJIM3KUX MO MHTEHCHUBHOCTU B3aMMHO-HEKOPPEIU-
POBaHHBIX MOJ, TTOCKOJIbKY HEKOTEePEHTHOE HaKOII-
JIEHWE BBIXOTHBIX CUTHAJIOB MapIIMaIbHBIX MOIOBBIX
(unbTpoB ObecrneyrBaeT Mpyu 3TOM MaKCUMaJIbHbIN
BBIMIPbILI KBaAPaTUUHON 00pabOTKU B CPAaBHEHUMU C
JIMHEITHOM 00paboTKoii. BenmunHa 3T0r0 HOIoJHNI-
TEeJIBHOTO BBIMIPHIIIA PaBHA ~/2 (B paMKax JaHHOI
MOJIeJIN), B OOLIEM ciayyae — JM [10, 11]. Coor-
BETCTBEHHO, BIWSHHE MOIOBOTO PacCOTIaCOBaHUS
Ha 3P EKTUBHOCTh KBaApaTUIHON 00pabOTKM OKa-
3BIBACTCSI TIPU 3TOM TaKKe HamboJjee CyIIecTBeH-
HBIM.

He mpuBomst rpoMoO3nKMX BBIPaKEHUI, OTMe-
TUM TOJbKO, yTo BequunHa OCI memneHHO yOBbI-
BaeT C POCTOM BeJWYMHBI paccoriacoBaHms. Ha-
MpUMeEp, Iaxe I JOCTATOYHO OONBIITNX 3HAYCHUI
€ =L¢&,=1 Bernuuna norepp OCLLU p=0.5 (npu
JTOTIOTHUTETLHOM YIIPOIIIAIONIEM pacyeT YCIOBUH,
4TO 00a BEKTOpPA PACCOTTacoBaHWW &u;, OPTOro-
HaJbHbI UCXOIHBIM MOAOBBIM BekTOpam). M3 puc. 1
TaKKe XOpOIIIO BUIHO, YTO BIMSHUE paccorjacoBa-
HUS Ha KBaApaTUYHYIO 00pabOTKY 3aMETHO MEHBbIIIE
B CPaBHEHUM C COTJIACOBAaHHOI 00pabOTKOI MOJHO-
CTBIO KOTEPEHTHOTO CUTHAJIA.

B ciayyae npucyrctBusi Ha BXxojae AP MoliHoit
MOJIOBOU momexu (y>>1) M yMepeHHbIX 3HaUYEeHUI
621 OTKIMK Ha CHTHAJ TIEPBOTO TAPIHAIBHOTO
(punbTpa oTHOCUTEBHO MaJl, moaToMy notepu OCII
OymyT ompenessiTbcs, B OCHOBHOM, paccoriacoBa-
HMEM IO BTOPOM MOAE, KaK U IJISI PaCCMOTPEHHOM
BBIIIIE TMHEWHOW 00pabOTKM KOrepeHTHOTO CUTHAJIA.
IMpu manxpHeiiIIeM pas3meJeHMH MOIOBBIX CIIEKTPOB
CUTHaja U oMexu (T.e. ipu o >>1) aexT pacco-
IJIACOBAHUS MPAKTUYECKNA HE OTIMYACTCS OT CIIydast
KOPPEIMPOBAHHBIX MO/, MTOCKOJILKY AP «He 4yBCTBY-
eT» OcJabJieHUEe MEXXMOIOBBIX KOPPEJISILIMI CUTHaIa
(Kak 1 B ciryyae HyJeBoi MoaoBoit momexu). Ha puc.
2, 3 mokKa3aHo, 4TO ocJiabJieHne MEXXMOIOBBIX KOP-
pensauii mpu OOJBIIMX 3HAYCHUSIX TapaMeTpa o
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JIEMCTBUTENBHO C1a00 BIUSIET HA PE3yJbTUPYIOLIUE
notepu BeixogHoro OCIILI.

[Tpu paBHOMEpHOM cIrieKTpe curHaia 3PdeKT
paccorjacoBaHMsI TakKxKe MeHee 3aMeTeH B CpaBHe-
HUU C aHAJIOTUYHOM CUTyalMell TpU KOPPEIUPOBaH-
HbIX Momax. OmHaKo, KaK 3TO BUAHO Ha puc. 4, us-
3a paccorjacoBaHMsI B TIEPBOl MOJE TOTEPU MOTYT
OCTaBaThCsl CYLIECTBEHHBIMM, TJIAaBHBIM 00pa3oM,
BCJIEICTBME OTMEUEHHOTO BbIllie 3(h(eKTa «Impocadu-
BaHMSI» MOILIHOI MOMEXU B BBIXOJHOU cUTHAJ (3TOT
3¢ heKT, 0IHAKO, TAKXKE HE 3aBUCUT OT KOTePEHTHBIX
CBOWCTB CUTHAJILHOTO MOJISI U OTIPEACISIeTCS] BEIMY M -
HOI1 mapameTpa d ).

Takum obOpa3oM, TpOBeEHHbII aHAIU3 B paM-
Kax mpocToit monenau (8) mokasai, YTO B CUTyalluu
CJ1abbIX MEXMOMOBBIX KOPPEISIWI MOJE3HOTO CUT-
HaJla KBaJpaTuuyHasi o00paboTKa He TOJIbKO CITOCOOHA
00eCIeuYnTh JOMOJHUTEIbHBIN (B CPAaBHEHUU C JIU-
HeliHO#T 00paboTKoit) BhIMrphIll BhixogHoro OCIII,
HO U MeHee ToABepKeHa BIUSHUIO MOAOBOIO pac-
corynacoBaHus. s curHajaoB ¢ paBHOMEPHBIM pac-
npeaeaeHueM monoBbeix OCIII, korga KBagpaTUUHas
o0paboTka Haubosee 3deKTUBHA, 00YCIOBICHHbIE
paccoriacoBanueM notepu BoixogHoro OCII moHo-
TOHHO YMEHbIIAIOTCSI ¢ OCAa0IeHUEM MEXMOJOBBIX
KOPPEJSILIMA ¥ OKa3bIBAIOTCS MUHUMATbHBIMU TIPU
HEKOPPEJUPOBAHHBIX MOJAX.

4. BEPTUKAJIbHAS AP B MEJIKOBOJIHOM
3BYKOBOM KAHAJIE

B manHoM pasnmene TpeacTaBieHbl YMCIEHHBIE
pe3yNbTAThI, UJUTIOCTPUPYIONINE BIUSHUE MOIOBOTO
paccorjacoBaHMsl Ha BeauuuHy BbixogHoro OCILI
pu padore BepTuKaabHOI AP B aKyCTUYECKOM BOJI-
HOBOJIE MEJIKOro Mops. B oTiinuue oT mpeabiaylie-
ro HCCIeIOBaHMS, BBITIOJHEHHOTO B OOILEM BUJE
0e3 KOHKpEeTM3alluM MOIOBOM CTPYKTYphl KaHasa,
a(deKT paccoriacoBaHUsl IeMOHCTPUPYETCS 31eCh
MyTeM TMPSIMOT0 MOJEIUPOBAHUST CUTHAJILHOTO 1 TIO-
MEXOBOTO MoJieid Ha Bxojae AP ¢ 3agaHHBIM pacmoJio-
JKEHUEM 3JIEMEHTOB.

151 MOIe TMpOBaHMSI TUAPOJIOTMYECKUX YCTOBUI
ObLT BHIOpAH TUIMYHBIA TJIyOMHHBINA HPO(UIb CKO-
poctu 3ByKa B bapeH1ieBoM Mope (puc. 5, CrIolHas
KpuBas) M 3aJaHbl CIeayIolIre apaMeTphl 3a1auMu:
CKOPOCTb MPOJOJIbHBIX BOJH B IHE (OTHOPOIHOM YTI-
pyrom nosymnpoctpaHcTBe) — 1830 M/c, rimyorHa Ka-
Hana 120 M, yactoTa 300 I'ty (moJIHOE YKUCIIO MOJI, IUC-
KpeTHoro criektpa M= 29), uncio anemeHToB N= 16,
MEX3JIEMEHTHOe paccTossHue d = 2,5 M (TIOJHBIN
pa3Mep aHTEHHBI COCTaBJISIET IIPU 3TOM 37,5 M), TJIy-
OMHAa MOJIOXKEHUSI TIEPBOTo BJIeMeHTa Z; = 5, 35, 75 M.
MopoBoe paccoriacoBaHUe MOIEIMPOBAIOChH IyTEM
HEKOTOPOTO CIIIaKUBAHUS «TOYHOT0» MPOGUIIST CKO-
poctu 3ByKa (puc. 5, Tpux-myHKTUp). [TocKonbKy
Takoe MCKakeHue Mpoduis oTBeyaeT CpeaHel Io
IyOrMHe 00JacTu KaHajla, OHO IIPUBOIMUT K 3aMeET-
HOMY paccorJlacOBaHWIO B CTPYKTYPE MOJ C HU3KU-
MM HOMEpaMU, BEPTUKAJIbHbIE TPODUIN KOTOPBIX HE
BBIXOST Ha TOBEPXHOCTD U OOJIbIIIE TIPUKATHI K THY.
Pacuer BemuuH &,, (6) Mpu pazaMyHBIX [TyOMHAX
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pasMeltieHuss AP moaTBepaun, 4To paccorjacoBaHUe
JIOCTUTAeT 3aMETHBIX BEJIMUMH TOJBKO JJISI MO, C OT-
HOCHUTENTbHO HU3KMMHK HoMepamut m<10 (cM. puc. 6
IS ciydast z; = 35 M).

BriOpanHass HamMu MojeNnb KaHaja MO CBOUM
re0aKkyCTUUEeCKMM TapaMeTpaM, XapakKTepu3yIluM
CBOICTBa MOPOJ MOPCKOIO JAHA, MAKCUMAJbHO YII-
pOllieHa U He TIPEeTeHAYET Ha XOPOolliee COOTBETCTBUE
pealbHBIM ycloBUsIM. B maHHo# pabote HaM BaxkHa
HE CTOJIbKO TOUYHOCTb MOJAEJIUPOBAHUSI KOHKPETHBIX
YCJIOBUI pacpoCTpaHEeHUsI 3ByKa, CKOJIbKO JEMOHC-
Tpauus 3¢dekTa MOIOBOTO paccOriacoBaHUs U €ro
3aBUCUMOCTHU OT TapaMeTpoB 3agauu. bojee ciox-
HbI€ pacueThl CUTHAJIBLHOTO TOJISI C YYETOM CJIOUCTOM
CTPYKTYpPbl JOHHBIX MOPOJ MPUBEAYT, OUEBUIHO, K
MornpaBKaM B MOJOBOM CTPYKType KaHajia U BeJIu4u-
Hax £, , HO He K \BMEHEHMIO XapaKTepa 00CyK1aeMbIX
3(pdexkToB. OTMETUM B BTOM CBSI3U, YTO HETOYHOE
3HAHME Ie0aKyCTUYECKUX MapaMeTPOB MEJIKOBOIHO-
ro KaHaJjia, Kak 1 Ipoujisi CKOpOCTU 3ByKa B CaMOM
BOJHOM CJIO€, SIBJISIETCSI €CTECTBEHHOW MPUUYMHON
MOJIOBOTO PACCOIJIaCOBaHUS MPU pabOTe MPOTSKEH -
HBIX TUAPOAKYCTUUYECKUX aHTEHH B pealbHbIX YCJIO-
BUsX [14-16].

Jns1 pacyera KOpPpENSILMOHHOM MAaTpUIbl MO-
JIOBBIX TOMEX HaMU MCIOJb30Bajach U3BECTHAS CTa-
TUCTUYECKAsl MOJEb T.H. COOCTBEHHBIX IIIYMOB OKe-
aHa, BO30yXJ1aeMbIX TOUEUHBIMU HEHATIPABICHHBIMU
UCTOUYHUKAMU, M30TPOIHO pachpeaesieHHbBIMU Ha
MopcKoii moBepxHocTH [19]. B pamkax aToii Mmonenu
MEXXMOJIOBbIE KOPPEJISIIUU IIIYMOBOTO MOJSI OTCYTC-
TBYIOT, a MaTpHlia MPOCTPAHCTBEHHbBIX KOPPESIIUi
rnmomex Ha Bxoje AP umeer Bu:

REACN

M, }=—— =0

/ Puwn m=1 hm Im(hm)H

rae A, — MpOINOJbHBbIE BOJHOBBIE yuciaa mon;, H —
JIyOMHa BOJIHOBOJA; I,/ — HOMepa 3jJeMeHTOB AP.
IlepBblii COMHOXUTEINb MO 3HAKOM CYyMMBbI, 3aBUCS -
LU OT 3HAYCHMI IMTPOU3BOJIHBIX MOIOBBIX (DYHKIIMIA
u,(z) Ha MOBEPXHOCTH, €CTh MOAOBBII CIIEKTP MH-
TEHCUBHOCTHU TTIOMeX. BBIMOTHEHHBIN 1715 3aaHHBIX
rnapaMeTpoB pacueT Mokasajl, YTO MHTEHCHBHOCTb
TMOMEX MOHOTOHHO PAacTET C POCTOM HOMEpa MOJIbI,
HauMHasi ¢ HoMepoB m ~ 10, B TO BpeMsI KaK B HU3KUX
MOJax MOMEXM MPAKTUYECKU OTCYTCTBYIOT. Takoii
XapakTep CHeKTpa Mmomex oOycioBIeH (PrU3ndecKoun
MOJIEIBIO MX TeHEepallMu: Hanbosiee 3alyMJIEHHBIMU
OKa3bIBAIOTCSl «BBIXOASIINME» Ha MOBEPXHOCTh MOJIbI
BBICOKMX HOMepoB. ClieqoBaTe/IbHO, ONTUMAab-
HbII MOJOBBIN (DUILTP SIBJISIETCS B JAHHOM Ciydae
(pUIBTPOM OTHOCUTENILHO HU3KUX MOJ. ITOCKOJIBbKY
CTPYKTypa UMEHHO 3TUX MOJI, TPX BBIOPAHHOM HaMU
MEXaHU3Me paccorjacoBaHUsl, Haubosiee MmoaBepKe-
Ha paccorjacoBaHUIO (CM. pHC. 6), MOXHO OXHMIATh
3aMeTHbIX notepb BeixogHoro OCIL. Bmecte ¢ TeM,
MOMEXOBbBIE (BbICOKHE) MOJIbI [TPU ITOM MTPAKTUUECKU
He MoJBep:KeHbI paccoriacoBaHuio. CienoBareabHo,
OTMeUeHHbI BhIlIe pakTop notepb OCII, KoTophlit
CBs3aH ¢ ocnabaeHreM 3¢ (GEKTUBHOCTU MTOIABICHUS

um(zi)um(zj) ) (10)
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AHU3O0TPOITHBIX MOAOBLIX ITOMEX B YCJIIOBUAX pacCoO-
rjraCcoBaHUusA, HEC NOJIKCH OBITh CYHICCTBCHHbIM B 1aH-
HOM cCJiy4dac.
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Puc. 5. MoaenbHble mpodusii CKOPOCTH 3BYKa
(110 ocu abuucc, B km/c) Kak QYHKIIMU TITyOUHbI
(110 ocu opaMHAT, B M) B MEJIKOBOJIHOM KaHaJie Tiyou-
Hoit H = 120 m: crutoHast IMHUSI — TOYHBIN PO,

ITPUX-TTYHKTUP — UCKAXKEHHBIN TTPOPUITH
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Puc. 6. PactipenesieHre BeTNYMHBI MOIOBOTO
paccornacosanmst &(m) 1o Homepam Moz (Ipu z; = 35 M)

4.1. JIuneiinas 00pad0TKAa KOrepeHTHOTO CHTHAJIA

3aBucumoctu notepb OCII (7) oT paccTosiHUS
0 UCTOYHUKA TSI Caydasl TTOJIHOCThIO KOPPEeaupo-
BaHHBIX MOJ MPUBEACHBI HA PUC. 7 TIPU Pa3TUIHBIX
IyOMHaX UCTOUHUKA U mpueMHoil AP. @dusnyecku,
9TOT cayyall OTBeYaeT OTHOCUTEIbHO OJM3KHUM pac-
CTOSIHUSIM, JUJISI KOTOPBIX CTaTUCTUYEeCKUE I(D(hEKThI
MHOTOKPATHOTO paccestHUs 3ByKa Ha CIyJyailHbIX He-
OHOPOJHOCTSIX KaHalla «He YCITeBaloT» MPUBECTU K
0CJIabJIEHUIO MEXMOAOBBIX Koppeysiuuii. M3meHe-
HUE PACCTOSIHUS MPUBOIUT, OAHAKO, K U3MEHEHUIO
(ha30BBIX COOTHOIIEHUI CUTHAJBbHBIX MOJ Ha BXOME
AP (HabGer (pa3pl MO KaXI0i M3 MOJ 3aBUCUT OT €e
MPOJOJIBHOIO BOJIHOBOTO 4uciaa #, ). M3MmeHeHue
[JIyOMHBI UICTOYHMKA, B CBOIO OYepedb, MIPUBOIUT K
M3MEHEHMIO MOJOBOTO CIEKTpa BO30YKIAeMOI0 UM
CHUTHAJIa U K COOTBETCTBYIOIIEMY U3MEHEHUIO MOJIO-
Beix OCI (mpu 3a1aHHOM CIIEKTPE MOIOBBIX TTOMEX
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(10)); ausmeHeHue rayouHbI AP — K 13MeHeHu1o op-
TOTOHAJIbHBIX CBOMCTB MOJIOBBIX BEKTOPOB Ha amnep-
type AP. Takum o0pa3oM, MeHSISI 3TU TapaMeTphl,
Mbl MMEEeM BO3MOXHOCTh MOKa3aTb BJIWSIHUE BCEX
OTMEUEHHBIX B MpeIblAylIeM paziaeie (U3NIECKUX
(hakTopOB, BIusgoMX Ha BeanunHy norepb OCII B
YCIOBUSIX MOAOBOI'O PAacCOIIaCOBaHUSI.

1
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Puc. 7. ITorepu BeixonHoro OCII ontumaabHO
JIMHEWHOI 00pabOTKY B 3aBUCMMOCTH OT PACCTOSIHUSI
JI0 UCTOYHMKA (TI0 OCU ab1IMCC, B KM) MPU PAIUUHbBIX

riryouHax uctounuka (40, 70, 90 m) u AP:
z1=15, 35, 75 M (cBepXy BHU3)

IIpu pacnonoxeHun AP BOIM3M MOBEPXHOCTHU
(zy= 5 M, BepxHUIi pUCYHOK) paccorjiacoBaHUe MpU-
BOJIUT K 3aMeTHOMY 3(heKTy TOJIbKO TOraa, Koraa
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WCTOYHUK BO30YXKIAET TPYINY HU3KUX MOJ, MUMEIO-
IIMX OTHOCUTEJbHO OOJIbIIYIO BEJIMYMHY paccorja-
COBaHMSI (CM. MYyHKTUPHbIE W IITPUX-MYHKTUPHbIC
KpuBble). OJHAKO Jaxe B 3TOM CJydae MoTepu Bbl-
xonHoro OCIII oTHOCUTENBHO HEBEIUKHU (IO BEIM-
yuHbI ~0,5), TOCKOJbKY HU3KME MOJIbI C1ab0 «OCBe-
AI0T» MOAMOBEPXHOCTHYI0 AP 1 moaToMy MX BKJIag
B NMPUHUMAaEMbIi CUTHAJ OTHOCUTEIbHO HEeBeJUK (B
KCITOJIb3YEMOU MOJIe/IN KaHalla HU3KUE MOJIbI «ITPU-
KaThI» KO IHY).

HaubGonee 3HauutenbHbIE 3(P@EKT MOIOBOIO
paccorjiacoBaHusl, Kak BUIHO M3 CPEIHEro pUCYHKa,
OTBEYaeT pacrosioxeHuio AP B lIeHTpaJibHOI YacTh
kaHazna (z; = 35 m): BeixogHoe OCII nagaeT mpak-
TUYECKU J10 HYJISI U1l HEKOTOPBIX AUCTaHIil. OTMe-
TUM, UYTO MOJAbI C HauOOJbIIUM paccorjiacoBaHueM
SIBJITIOTCSI B TAaHHOM CJIy4yae 4aCTUYHO-OPTOrOHANIb-
HbIMU. B mipenpiayiiem pasnese yxke 0blU1o MoKa3aHo,
YTO YMEHBIIIEHWE pa3pelraromnieid crrocooHoctu AP
MPUBOJUT B YCJIOBUSIX pacCOriacoBaHUsl K POCTY TO-
tepb OCII (pakTruecku, K 60JbllIeMy TTOAABISHUIO
noJjieaHoro curHana). IlosBiaeHue ri1ybokux mpoBa-
JoB B 3aBucumoctu mnorepb OCIII ot paccrosiHus
yOeAUTEIbHO MOATBEPKAACT BHIBOJL O CYIIIECTBEHHOM
BJIMSIHUU MEXMOMAOBBIX (Pa30BbIX CABUTOB CUTHAb-
HbIX MOJ. OUeBUAHO U3 (PUBNYECKUX COOOPAKEHUIA,
YTO IIMpPUHA BTUX MPOBAJOB OOPATHO IPOIOPIIU-
OHaJIbHA YMCy HauboJiee MOIIHbBIX MOJ B CIEKTpe
CHUTHaJIa, TTOCKOJIbKY UMEHHO UX (Da30BbIE COOTHO-
IIEHUS OTIPEEISIOT NaHHbIN 3(PHEKT U KOHKPETHYIO
(opmy 2TOIi 3aBUCUMOCTH.

[Tpu pacnionoxenuu AP B mpuaoHHO 00JacTu
(z; = 75 M) BIMSIHUE pacCOIJacOBaHUSsI, KaK 1 B Mep-
BOM cCJlyyae, OTHOCUTEJIbHO HEBEJMKO, HO YXe IO
gpyroil mpuuuHe. Huskue mMoabl ¢ HaMOOJbLIMMU
3HayeHUsIMU MonoBbix OCIL 06iagaloT B 9TOM CITy-
yae OCTaTOYHO BBICOKOW B3aMMHOW OpPTOrOHAaJb-
HOCTBbIO Ha aHTEHHe, IMOCKOJbKYy AP mpakTuuecku
MepeKpbiBaeT 00J1aCTh JIOKAJIM3AlUU MOIOBBIX (hyH-
KIIMI 110 TJIyOuHe.

C y4yeToM XapaKTEepHOTO IS MEJIKOBOIHOIO
pacnpocTpaHeHus: 3¢ dekTa «00eTHEHUS» MOIOBO-
ro CIeKTpa CUTHaJla B pe3yJibTaTe paccessHus 3ByKa B
JIHE, MOXKHO KaueCTBEHHO 3aKJIFOUMTh, YTO MOKA3aH-
Hble Ha pUC. 7 3aBUCHMOCTH C POCTOM PaCCTOSIHUS
OyAyT MOCTENEHHO CIIaXUBAThCs (KOJIMYECTBEHHbIE
WLIIOCTPALMU 3TOro 3 deKTa 31eCh He IPUBOASITCS).
B npenenbHOM cityyae ogHOI pacipocTpaHsIoeics
Mozl BeanurHa notepb OCIL BooO11e nepecTaeT 3a-
BUCETb OT PACCTOSIHUSI U UMEET HEKYIO TTOCTOSTHHYIO
BEJIMYMHY, 3aBUCSIILYIO TOJbKO OT COOTBETCTBYIOIIEH
BEJIMYMHBI &, ISl JaHHOM (mepBoii) Moabl. Bmecte
C TeM, 3aMETHOE YMEHBIIEHUE BIUSHUS MOIOBOTO
paccorjiacoBaHusl, Kak yXe ObLJIO MOKa3aHO BhIIIIE,
MPOSIBJISIETCSI TAKXKe B pe3yJsibTaTe Apyroro addexra
JaJIbHETO PacIpOCTpaHEHUsI — OCIA0JIEHUST MEKMO-
JOBBIX Koppemsauii. @akTudecku, oba 3TUX (HHU3N-
yeckux (pakTopa MPUBOAAT K YMEHBIIEHUIO TTOTEPh
OCII ¥ noBBILIEHUIO POOACTHOCTU O0PaOOTKU C
POCTOM PacCTOSIHUS A0 UCTOUHMKA.
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4.2. KBagpatuuHas o0paGoTKa 4acTUYHO-KOre-
PEHTHOTO CHTHAJIA

Hust momenupoBaHus 3¢g@deKra paccoriaco-
BaHUSI B Cllydae YaCTMYHO-KOI€PEHTHOIO CHTHaja
HaMM MCIIOJIb30Bajlach TOCTaTOYHO ITPOCTast 3BPHUC-
TAYEeCKash MOJENb MEXMOIOBBIX KOPPESIIINiA, MC-
ITOJIb30BaHHASI TakKe B PSijie MPEAbUIYIINX HaIIUX
pa6or [11, 17]:

_|m—n]|

ek an

<a,a, >=|a,|la,|exp
rae mapameTp A ecTb HEKOTOpPbI MacuiTad MeX-
MOJIOBBIX KOPPEJSIUUil (YUCIO MOMA, IS KOTOPBIX
COXPaHSIOTCS KOPPEJSLIMU aMIUIUTYA C JaHHOU MO-
noii). Mogaenb (11) kKauecTBEeHHO BEpHO OTpaXkaeT Ha-
nbosiee BaxKHOE CBOMCTBO MEXKMOIOBBIX KOPPEISILIUA
CHUTHaJIa B CJy4yaliHO-HEOJHOPOIHOM BOJIHOBOJE: UX
MOHOTOHHOE YMEHBIIEHUE C YBEJIUUYEHUEM PA3HOCTU
HoMmepoB Moj [20, 21]. Maciitab A yMeHbIIaeTCcs
C PacCTOSIHMEM JI0 MCTOYHMKA aCUMMTOTUYECKHU J0
HYJIS, T.€. A0 TMOJHOIO MCYE3HOBEHUST MEXMOJOBBIX
KOpPPEJISILUiA, B pe3yJbTaTe 4Yero NpoCTpaHCTBEHHbBIN
MacilTad KOrepeHTHOCTH CUTHaIa TaKXKe YMEHbIIa-
€TCs1 10 HEKOTOPOi MUHUMAJIbHOM BEJIMUMHBI, 3aBU -
cs1Iel OT TUIA KaHana (CM., Hampumep, [8]).

CylecTBeHHbIM yIpolneHueM B monenn (11)
SIBJISIETCSI TO, YTO B HEM HE YUYUTHIBAIOTCS OCTATOU-
Hble (IOCcJie CTATUCTUYECKOTO YCPEIHEHS) MEXMO-
JIOBBIE pa3HOCTH (a3, KOTOPBIE MOTYT COXPAHSITHCS
JUUIST HEKOTOPBIX ITap MOJI ¢ OJIM3KMMHU HOMEpaMy Ha
oonbux auctaHuusx. CienoBatenbHo, Moaesb (11)
JIaeT BO3MOXKHOCTb MOJTYYUTh YCPETHEHHYIO (110 THUC-
TaHLMU) oueHKY 11st motepb OCIL, criiaxxuBamiyo
«HTEep(PEPEHIIMOHHYIO» CTPYKTYPY MX 3aBUCUMOCTH
C YYETOM BIMSHUS MEKXMOIOBBIX (ha30BBIX CIBUTOB
JUIST HEKOTOPBIX TTap Mom. Jpyroe ympolneHue Mo-
JleJv, BbIpaxalroleecsi B OTCYTCTBUM 3aBUCUMOCTH
Maciirtaba A OT MOIOBBIX HOMEpOB®, He SBISETCS
MPUHLIMITHAIBHBIM B KOHTEKCTE HAIIIETO pacCMOTpE-
HUSI.

Pacuetnl BenuunHbl norepb OCIII, BbIMOIHEH-
Hble Ui CpelHel TyOuHbI ycTaHOBKM AP M Tpex
3HAYeHMI MaciuTaba MEXMOJOBbIX KOpPpessuid,
MpeAcTaBieHbl B TabJ. 1 (mpenenbHbIil cayyait A=0
OTBevaeT IMaroHasbHoON martpule R ). BugHo, uro
B CPAaBHEHUHU C PACCMOTPEHHBIM BBIIIIE CIIyIaeM ITOJI-
HOCTBIO KOTE€PEHTHOTO CHUTHAJIa BIMSHUE MOIOBO-
IO paccorjiacoBaHUs 3HAYMTEIBHO YMEHbIIAeTCS, 1
notepu OCIHI He npesbimaior Beqmuuny ~0.5. Tpn
9TOM C YBEJMYEHHEM MaciuTaba MeXMOJIOBbIX KOp-
pessLuii BIUSTHUE PACCOTIaCOBAaHMS HECKOJBKO BO3-
pactaeT (CUrHajl CTAHOBUTCS 00Jiee KOTEPEHTHDBIM),
HO B CMJIy TOTO, 4YTO B Moneiu (11) He yuuThIBalOTCS
OCTaTOYHBIE MEXMOJOBBIC pa3HOCTH (a3, ToTepH
OCII ocraoTcs MPaKTUYECKU HE3HAUYUTEIbHbIMU
JUUIST BCeX 3HAUYCHUI BEIOpAaHHBIX TTapaMeTPOB.

3 Dra 3aBUCUMOCTb, KaK IPaBUJIO, UMEET MECTO B pe-
AJIbHBIX KaHAJIaX M OTPaKaeT Pa3InYHYI0 MHTEHCUBHOCTD
aykTyanuit MexXMOIOBBIX (ha30BbIX CABUIOB JUISI Pa3HBIX
IPYII MOI B 3aBUCHMMOCTH OT THITa CIy4alHBIX HEOIHO-
POIHOCTEH M MX IPOCTPAHCTBEHHBIX MACIIITA0O0B.
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Taommuna 1

ITotepu BeixogHoro OCI mis AP
C KBaIpaTUIHOM 00pabOTKOI curHaaa

Z1:35M A=0 A=3 A=10
Zsource — 40 m 0.78 0.71 0.54
Zsource — 70m 0.97 0.98 0.94
Zsource =90 M 0.97 0.94 0.76

Takum oOpa3om, pe3yjbTaTbl YMCJIEHHOIO MO-
JIEJIMPOBAHUST  ONTUMAJIIBHOU TMPOCTPAHCTBEHHOM
00pabOTKM CUTHAJIOB B YCJIOBUSX MOJOBOTO Pacco-
[J1acoBaHUsl, OOYCJIOBJIEHHOIO HETOUYHBIM 3HAHUEM
XapaKTePUCTUK KaHajla PacnpoCTPaHEHUS, TOJIHO-
CThIO TIOATBEPXKIAIOT OOLIME BBIBOABI MPEIbIAYIIETO
aHajau3a B paMKax IPOCTOM NBYXMOIAOBOW MOJIEJIM.
TTokazaHo, 4TO B cilyuae KOr€peHTHOTO CUTHaJIa Be-
mumunHa 1oTeph BbixogHoro OCII onruManbHOMI
00pabOTKM CUJILHO 3aBUCUT OT KOOpPAMHAT HUCTOY-
HUKa, OMPEeSIONIMX MEXMOJOBbIE Pa3HOCTU (a3
W MOJIOBBII CIEKTp WMHTEHCHBHOCTU CHUTHAJIA, a
TakKe OT nosioxeHusi AP B kaHase, BJIMSIOLIETO Ha
MPOCTPAHCTBEHHOE pa3pellieHre MOJOBOWM CTPYyK-
Typbl BoJIHOBOAA. IIpy HEKOTOPBIX «KPUTUUECKUX»
aMILIUTYIHO-(ha30BbIX COOTHOIIEHUSIX CUTHAJIbHBIX
moa BeixogHoe OCI B pesynbrare paccoriacoBa-
HUS MOXET IMaaaTh MPaKTUYECKU J0 HYJS, YTO CBU-
JIETeJILCTBYET O MOJIHOI rotepe apdexkTuBHOCTU AP.
B ciyuae cabo KoppearMpoBaHHbBIX CUTHAJIbHbBIX MO/
notepu BoixogHoro OCIII 3aMeTHO yMEHbIAIOTCS U
¢J1ab0 3aBUCST OT OPTOTOHAJIbHBIX CBOMCTB MO Ha
Bxoge AP. CrnenoBareibHO, ONTUMMAabHAsl KBaapa-
TUYHas 00pabOTKa YaCTUYHO-KOT€PEHTHOIO MHO-
TOMOJIOBOIO CHUI'Hajla SIBJIsIETCSI OoJjiee YCTOMUYMBOIA
(pobacTHOIi) MO OTHOILIEHUIO K MOJIOBOMY paccoriia-
COBAHUIO B CPAaBHEHUU C ONTUMAIBHOW JTUHEMHOM
00paboTKOU curHajia, (h)OpMUPYEMOTO CYMepro3u-
LIMEN MOJHOCTBIO KOPPEJIMPOBAHHBIX MO/,

3AK/IIOYEHUE

B nanHoO#1 paboTe paccMoTpeHa 3ajadya OITH-
MaJIbHOM IIPOCTPAHCTBEHHO 0OpPaOOTKM CUTIHAJIOB
Ha (poHe IoMex B BOJTHOBOAHOM KaHaJle pacipocTpa-
HEHUS B YCIOBUSX PacCOIIaCOBAaHUS OLIEHKM CTPYK-
TypbI MOJ IMCKPETHOTO CIIeKTpa Ha BXO/€ TPUEMHOM
AP. DT0 paccorjacoBaHue BO3HUKAET BCIIEICTBUE
afpuOpHOl  HEOMPENeJICeHHOCTU  OTHOCUTEIBHO
CBOICTB KaHayia JIMOO HETOYHOTO 3HAHUS TOJOXKE-
HUI OoTHeNbHBbIX 2j1eMeHTOB AP 1 sBisieTcs BecbMa
XapaKTepPHbIM ClICHApYeM 3a1auM OOHAPYKEHUS CUT-
HaJIOB Ha (hOHE MOMEX B peaIbHbIX TPUPOIHBIX BOJI-
HOBOJaX. BbIMOIHEH CpaBHUTEIbHBIN aHAIN3 TTOTEPh
OCIII, BbI3BaHHBIX MOJOBLIM PacCOIIaCOBaHUEM, B
JBYX NMPUHLMUIIMAIBHO Pa3JIUYHBIX CUTYyallUsX, Xa-
pPaKTEPU3YIOLINX YCIOBUSI pacpOCTPaHEeHUs CUTHA-
JIa: TTOJIHOCTBIO KOPPEJIMPOBAHHBIX U YaCTUYHO-KOP-
peJIMPOBAHHBIX (B TOM YMCJIe, HEKOPPEIMPOBAHHBIX)
curHaJIbHBIX Mof. C To3uluii o0Iero aHaau3a Me-
TOJOB IIPOCTPAHCTBEHHOM 00PaOOTKM CUTHAJIOB IUC-
KPETHOTO CIIeKTPa C UCMOJb30BaHUEM MPOTSKEHHBIX
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aHTEHH, TIPeJCTaBICHHbIE pPe3yJbTaThbl MO3BOJSIIOT
OLIEHUTh POOACTHOCTh ONTUMAJIbHBIX METOJOB B yC-
JIOBUSIX MOJIOBOTO pacCOIiacoBaHUs.

ITokazaHo, 4TO B cllyyae KOrepeHTHOIO CUTHAIa,
KOTOPBI (hOPMUPYETCS TTOJTHOCTHIO KOPPEIUPOBAH-
HBIMM MOJAMU Ha OTHOCUTEIbHO KOPOTKUX (B 3TOM
CMBICJIE) PACCTOSIHUSIX A0 MCTOYHMKA, MOTEPU BbI-
xoaHoro OCII npu 3amaHHBIX BEJIUMYUHAX MOJOBOTO
paccorjacoBaHMSsI OMPEACISIIOTCS, TJIABHBIM 00pa30oM,
MEXMOAOBBIMU (ha30BbIMU COOTHOILLIEHUSIMU U 3Ha-
yeHusiMu MoaoBbix OCII 1 cyliecTBEeHHO 3aBUCST
TaK>Ke OT MPOCTPAHCTBEHHOTO pa3pelleHNs] MOJOBOI
CTPYKTYPBI CUTHAJIA, T.€. OT pa3MEPOB U TMOJOXECHMUS
npueMHoii AP B kaHaje. B yacTHOCTH, B cUTyalluun
CUJIbHO HEPAaBHOMEPHOTO pachpenesieHus] MOJOBBIX
OCIII, xorma curHaa U MTOMeXy MPUCYTCTBYIOT Mpe-
MMYILIECTBEHHO B Pa3HbIX IpyInax MoJ BOJHOBOJA,
notepu BbixogHoro OCIII oka3biBaloTCsI HanboO-
Jiee 3HAUUTENbHBIMU B JABYX PA3IMUYHbBIX CUTYaLIUsIX:
1) ipu c1aboii OpTOroHaJTbHOCTH MO/, C HAMOOJIbIIIM -
MU U HAaUMEHBIIUMU 3HaYeHUusIMU MoaoBbix OCIII
(TIp1 5TOM MPOUCXOAUT YACTUUHOE TIOJAaBJIeHUE Ha-
nooJIee «IMOJIE3HBIX» MOJ); 2) MPU OOJIBIIIMX BEJIUYU-
Hax paccorjiacoBaHUsl B CTPYKTYpe MOMEXOBBIX MOJI C
HauMmeHbuMu OCII (Tpu 3TOM pe3Ko yMEHbIIAeT-
cs1 9(p(EeKTUBHOCTD UX MTOAABJICHUSI).

ITokazaHo Takxe, 4TO ¢ ocyjabjeHueM B3auM-
HBIX KOppeasuuii MOAOBBIX AMILIUTYA TOJE3HOro
CUTHaja BJIUSHMUE MOJOBOTO pPacCOrjacoBaHUs 3a-
METHO yMeHbllIaeTcsl. BenuunHa rnmorepb BBIXOJHOTO
OCIIl MOHOTOHHO YMEHBILIAETCS C YMEHbIIICHUEM
XapaKTepHOro MacilTaba MexXMOIOBBIX KOPPEISILUii
U TIepecTaroT 3aBUCETh OT MEXMOIOBBIX (Da30BBIX
CIABUTOB, €CJIM TOCJEeIHNE HOCST MOJHOCTBIO CIy-
YaiiHbIN XapakTep U He UMEIOT CpeaHell (KorepeHT-
HOI1) KOMITOHEHTbI. DTO O3HAYAET, YTO ONTUMAJIbHAsI
KBaJpaTU4Hasi MPOCTPaHCTBEHHas1 00paboTKka yac-
TUYHO-KOTEPEHTHOIO MHOTOMOJIOBOTO CUTHaJa SIB-
JISIETCSI 3HAUUTENIbHO 00Jiee YCTOMUMBOI K MOJOBOMY
paccorjaacoBaHMUIO.

Takum o0pazoM, MUHUMHU3ALUMU BO3MOXKHOTO
BJIMSTHUSI MOJIOBOTO PACCOIIaCOBaHUsI HAa BBIXOJHOE
OCIII mpoTszkeHHO AP MOXHO 10OUTBCS IBYMSI ITy-
TssMU. Bo-TiepBBIX, MyTeM NPOCTPAHCTBEHHOIO pa3-
peleHust (OpTOroHaaM3aluy) TPYII MOJI ¢ HAauOOJIb-
IIUMU U HAUMEHBIIUMU YpOBHsAIMU BXoaHoro OCIII,
npuYeM OCHOBHOE BHUMaHUE JOJIKHO OBITh yeJeHO
OLIEHKE CTPYKTYPHI T€X MOJI, B KOTOPBIX MPUCYTCTBY-
eT (UM OXMIaeTcsl) MolllHasl momexa. Takas opTo-
roHajqu3alysl TO3BOJUT MUHUMU3UPOBATH «IIPO-
cayMBaHUE» MOJOBOM IMOMEXU B BBIXOIHON CHUTHAJ
00paboOTKM, KOTOpOEe MPUBOAUT K 3HAYUTETbHOMY
ymeHblieHuo OCII. Bo-BTophix, myTeM MCIOIb30-
BaHUSI BBPUCTUUYECKOI MPOLEAYPbl HEKOTEPEHTHO-
0 HAKOIUICHUSI CUTHAIbHBIX MOJ Ha OTHOCUTEJIBbHO
OJIM3KUX PACCTOSIHUSIX OT UCTOYHMKA, AJISI KOTOPHIX
COXPAaHSIOTCSI PeryJsipHble MEXMOJOBbIE Pa3HOCTU
(has, a caM curHay coxpaHsieT BBICOKYIO ITPOCTpaHC-
TBEHHYIO KOT€pEeHTHOCTb. TaKoil Moaxoa o3Hayvaer,
0 CYIIECTBY, YMEHbIIIEHNE BO3MOXKHbBIX ITOTEPh pac-
COIJIACOBaHUS 3a CYET MPEeABAPUTEILHOTO YMEHbIIIE-
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Hus BixogHoro OCIII B pe3ysbTaTe MCHONIb30BAHUS
HEONTUMAJbHOTO (M MO3TOMYy 0o0Jiee YCTOMUMBOTO)
MeToJa 00pabOTKM.

B neiicTBuTEIbHOCTU, 002 OTMEUYEHHBIX MOIXO-
Ja Kk muHumuszanuu notepb OCII B3anMocCBsi3aHBblI,
MOCKOJIBKY 3HAYUTEJIbHBIN BBIUTPHILI MPOTSIKEHHOMU
AP 1ipu UCTTOJIB30BAaHU M HEKOTEPEHTHOM MPOCTPAHC-
TBEHHOI (DMIbTPALIUU MOJ MOXKET ObITh peain30BaH
TOJIBKO B CJIydyae CUJIbHbBIX Pa3Inynii MOIOBBIX CIIEK-
TPOB CUTHaja W Tomex. Jpyrumu ciioBaMu, Tpo-
CTPaHCTBEHHOE pa3pelleHrue (OPTOrOHATbHOCTD)
«CUTHAJIbHBIX» U «[TOMEXOBbIX» MOJI Ha Bxoze AP ecTb
HeoOXoIuMoe yCJIoBre TaKoro Beiurpseiiia [18]. B cu-
Tyalluu, KOTJa OLIeHKN MOAOBBIX CIIEKTPOB CUTHAaja
U MoMeX, a TaKXKe caMOil MOJOBOI CTPYKTYphbl BOJI-
HOBOJIa, MOTYT ObITh MOJYYEHbI allpMOPU HA OCHOBE
peaIMCTUYHON MOAENU PACIpPOCTpaHEHUsI, BBIOOD
pobacTHOTrO METOJa MPOCTPAHCTBEHHOUN 00pabOTKU
MOXET OBbITh YTOUYHEH, MCXOASI U3 CPaBHUTEIbHOM
YUCJIEHHON OLIEHKU BO3MOXHBIX MIOTEPh BBIXOJHOTO
OCIII ayist KOHKPETHBIX YCIOBU pa3meleHust AP B
KaHaJe.

ABtopnl 61aromapsaT B.U. Tananosa 3a nHTepec
K paboTe U noJyie3HbIe 3aMevyaHusi. PaboTa BhITTOJHEHA
MpU YaCTUYHOI (PUMHAHCOBOI MOAIEPKKEe rocyaapc-
TBEHHOI ITPOrpaMMbl TTOAAEPKKU BEAYILIUX HAYUHBIX
ko POD.
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JEHTOYHO-ANATI'OHAJIBHAA PEI'YJIAPU3ALINA MITI OHEHOK
KOPPEIALIMOHHBIX MATPUII 'AYCCOBBIX ITOMEX B AJITOPUTMAX

AIJAIITAIIMN AHTEHHbBIX PEIIIETOK

JL.U. IEXOBUIIKHUH, F0.U. ABPAMOBHY, T.A. XVTA, J.C. PAYKOB

CormocTaBisieTcsl “aHepreTuyeckoe” ObICTPONEICTBUE Psijia aJITOPUTMOB alallTUBHOI 00pabOTKM KOTrepeH-
THBIX CUTHAJIOB Ha (hoHE TaycCOBBIX ToMeX. OCHOBHOE BHUMAaHUE YAEISIeTCs] OTHOCUTEbHO HOBOMY coYe-
TAHUIO JIBYX CIIOCOOOB peryisipu3alnu MakcuMaabHO npaBaononooHoii (IMII) oleHKY KOppeasiiiuOHHOK
Matpuiibl (KM) rayccoBbIX BEKTOPOB BXOIHBIX BO3AEHCTBUI C AMCKPETHBIMU U HEMTPEPBIBHBIMU SHEPreTH -
yeckuMu criektpamu. [TokasbiBaeTcs 11e1eco00pa3HOCTb TAKOTO COUETaHMsI /IS TTOBBILLIEHUST ObICTpOIelic-
TBUSI U pallMOHAJIbHBIE CTIOCOOBI €0 MPaKTUYECKO peaan3allii Ha OCHOBE pellleTYaThiX (PUIbTPOB.

In the article, the “energy” speeds of a number of adaptive processing algorithms of coherent signals against the
background of Gaussian clutter are compared. Main attention is paid to a relatively new combination of two
ways for regularization of the maximum likelihood estimate (MLE) of the correlation matrix (CM) containing
Gaussian vectors of inputs with discrete and continuous energy spectra. The expediency of such a combination
for the speed increase, and efficient lattice-filter-based methods of its practical realization are shown.

BBEJEHUE

Hcropust pa3BuTusl ajanTUBHOM TIpOCTpaHC-
TBEHHO-BpPEMEHHOI 00pabOTKM CUTHAJI0OB Ha (hoHE
oMex — 3TO UCTOpUSsI OOPHOBI 32 yBeIMUEHUE ee ObIC-
TpoaeiicTBusl. Boicokoe ObicTpoaeiicTBe — HEOOXO-
nrmoe yciaoBue 3¢h(GeKTUBHON pabOThl afanTUBHOMN
CHUCTEMbI B peajbHbIX YCIOBUSX MaJbIX UHTEPBAJIOB
CTallMOHAPHOCTU BXOIHBIX BO3AeCTBUM. OHO BeCh-
Ma XeJlaTeJIbHO U B NMPaKTUYECKH BOZMOXHBIX CUTY-
alusIX CTallMOHAPHOCTU Ha OTHOCUTEIbHO OOJIbIINX
BPEMEHHbIX MHTepBajaxX, MOCKOJIbKY IMO3BOJISIET CHU-
3UTh TPeOOBaHUS K 00beMY orepauuii 00padboTKU B
eIVHUILY BPEMEHU.

3a nmpuMepHO MOJIYBEKOBOM IeproI afalTUBHOM
00pabOTKM IIPEaIOKEHO MHOIO CIIOCOO0B PEILICHUSI
3TOM 3a/1auM, PACCMOTPETh KOTOPbI€ B paMKax OHOM
paboThl MPAaKTUUECKU HEBO3MOXKHO. 3HAYWTEbHasl
YacTh U3 HUX pa3BUBaeT “0a3oBble” METOMAbI, KOTO-
pble B MOMEHT MX MOSBACHUSI 3HAMEHOBAIU Havyaslo
MPUHIIMITHAIIBHO HOBOTO 3Taria TEOPUU U TeXHUKU
aganTuBHOK 00paboTku. K HMUM MOXHO OTHECTH, B
YaCTHOCTH, METOJ/Ibl, OCHOBAaHHbIE Ha HCIOJb30Ba-
HUU:

— CTOXaCTMYECKUX TPAJIUEHTHBIX aJIrOPUTMOB
aganTauuu (KOppesiiMOHHBIX aBTOKOMITIEHCATOPOB
(AK) romex) [1 — 8];

— MakcumajbHo npaBpornogooHsix (MII) owe-
HOK KoppesiiinoHHbIX MaTpull (KM) rayccoBbix 1mo-
Mmex [9];

— “nuaroHajnbHo peryasipuzoBaHHbix” MII o1e-
Hok KM nowmex [10, 11];

— (aKTOPM30BAHHBIX MPEACTABICHUN MaTpPMHIIL,
o0paTHbIX olieHOUYHBIM KM pa3nmyHOoro Buaa, U UX
JIEHTOYHBIX armpokcumManuii [ 12—15, 20, 24, 26—28].

OTU METOAbI B TOI MM MHOW Mepe UCCIeI0BaHbI
B JIUTEpaType, CIIMCOK KOTOPOW JajieKo BBIXOAMT 3a
pPaMKM IPUBEAEHHOTO B cTaThe. OHAKO B OOJIBIITMHC-
TBe pabOT OHM pacCMaTPUBAIMCH OTACIBHO U CPaBHU-
BaJIMCh MEX]1y COOOM MO pa3IUUHBIM KPUTEPUSIM.

B [14] ObL10 BBICKA3aHO MPEANOJIOKEHUEe O 1ie-
JIeCOOOPa3HOCTU COBMECTHOTO UCIMOJIb30BAHMS IBYX
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MOCJIEAHUX METONO0B, HE3aBUCUMO MOATBEPXKICHHOE
U TEOPETUYECKM 000CHOBaHHOE 3aTeM B [15].

Ileab naHHOM CTaThbU — KOJIMYECTBEHHO OLICHUTh
3((HEeKTUBHOCTb TAKOT0 00beAUHEHUSI 1 000CHOBATh
paloHaIbHbIe CIOCOOBI €ro MPaKTUYeCKON peanu-
3aLMU.

Cratrbsl OpraHmM3oBaHa cjiaeaylolMm odpa3zoM. B
M. | aHaIM3UPYIOTCS 0COOEHHOCTU MEPEXOIHbBIX MPO-
meccoB B KoppessunoHHbIX AK. B 11. 2 onuckiBaroTest
CTPYKTypa paccMaTpuBaeMbIX (DUJIBTPOB, aJrOpuT-
Mbl MX aJalNTUBHON HACTPOMKMU, “IHEpPreTHUecKuit”
KPUTEPUIA cpaBHEHUSI ObICTpOIeCTBYS [9] 1 Monenu
BXOIHBIX BO3IECHCTBUIA, UCIOJIb30BAHHBIC B MaTeMa-
TUYECKUX 3KcnepuMeHTax. B m. 3 aHammsupylorcs
pe3yabTaThl KCIEPUMEHTOB U TOKa3bIBAIOTCS Tpe-
MMYILIECTBa JIGHTOYHOI AaIlMnmpoKCUMAlLIMd MaTpULIbI,
00paTHOI JAMATrOHAJBLHO PeryJsipu30BaHHON OLIEHOY-
Hoit KM. B 11. 4 06¢cy>xaatoTcst BO3MOKHbIC BAPUAHTHI
MPAKTUUECKON peanu3allii COOTBETCTBYIOIINX KOM-
OMHMPOBAHHBIX AJITOPUTMOB afarTaliui U 000OCHOBbI -
BaeTcs 11eJeco00pa3HOCTb UCTONb30BAHUS JIJISI TOM
1LIeJTV aJalTUBHBIX pelIeTdaThiXx GribTpoB (APD).

1. IEPEXOJHBIE ITPOLECCHI
B KOPPEJIAIIMOHHBbIX
ABTOKOMITEHCATOPAX

A. Ha puc.1 npuBeaeHa yrpolleHHas cxema o/~
HOTO M3 TEePBBIX BAPUAHTOB aHAJOTOBBIX OIHOCTY-
neHyatbix AK ¢ BbIIEI€HHBIM OCHOBHBIM (Hepery-
JIUpYEMbIM) g—M, g€ |,M KaHajioM U CUCTEMOU U3
M —1 napajuiesibHO BKJIIOUEHHbBIX BCITIOMOTaTeIbHbIX
(peryinpyeMbix) kaHaaoB [1—8].

TTomexa Ha ero BbIXOjIEe

e=e(t)=y, (t)+k" (1) y_(?) €))

obpasoBaHa CyMMOii momexu Y, () oCHOBHOTO (g-T0)
KaHaJia IIpueMa 1 JUHEHHOM KOMOMHAIed KOMIIO-

HeHT (M —1)-mepHoro Bektopa y_(f)={y, ()}
l2g
MoOMeX BCITOMoOraTejibHbIX KaHajioB ¢ ( M —1)-mep-

HBIM BEKTOpPOM BecoB k(7). TIpu 0GBIYHO HMCTIOND-
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3yeMBIX B LETISIX KOPPETIIIMOHHON 00paTHOM CBSI3H
(KOC) unTerpupytoimux GuiabTpax nepBoro mopsii-
Ka 3TOT BEKTOP YIOBJIETBOPSIET cucteMe auddepeH-
LIMAJIbHBIX ypaBHEHUI [4 — 8]

T-dl;—l@+k(t)=—r-y(t)-s*(t), k(0)=ky, ()

rae 7 —1mocTosIHHAs BpeMeHUMHTEeTrpaTopoB(00bIYHO
OIMHAKOBas BKaxXaoMu3Hux), I' = diag{ 2, >0 } ,’Z 1‘1 —
JaroHajabHasi MaTpula Ko3(p@uiMeHToB YCUIeHUs
neneit KOC, a moa mpou3BOIHON OT BEKTOpa ITOHM -
MaeTcs BEKTOP IMPOU3BOAHBIX OT €T0 3JIEMEHTOB.

R0

y_() +

A 4

™

A 4

Puc. 1. Ananorosblii ogHocTyneH4YaThiii AK

Jlns cpenuero 3Hauyenus r(1)= k() BexTopa Be-
COB CIIPaBEIJIUBO IIPUOIMKEHHOE PABEHCTBO
dr(t —
T-#+r(t):—r-y_(t)-8 (1), r(0)=r,, (3)
B CWJIY KOTOPOTO B CTallMOHAPHOW IIOMEXOBOU
00CTaHOBKE B YCTAaHOBHMBIIEMCSI peXuMe, Koraa

r(t)=r=const, y_(t)-€(¢) ~-T''.r, u npu ycue-
HUSIX 2, —> oo

y_(1)-€°(1) =0. 4)

3aech 1 gajee 3Be3104YKa M YepTa CBepXy — CUM-

BOJIbI 9PMUTOBOTO COMPSIKEHUS U CTATUCTUUYECKOTO
YCPeIHEHUsI COOTBETCTBEHHO.

CrpaBesinBoCTh (4) 03HaAyaeT, YTO B yCTAHO-
BUBIIEMCS pexkume rmomexa Ha Bbixoge AK (puc. 1)
HEKOppeJMpoBaHa C TMOMEXaMM BCIIOMOTaTeJbHBIX
KaHaJIOB, BCJIEICTBME YEro €€ MOIIHOCTh MEHbIIIE,
YeM MOIIIHOCTh MOMEXM Ha BbIxoje Jiroboro M —
BXOJOBOTO BECOBOTO CyMMaTopa C BEKTOPOM BECOB

w={w} Y #r, c g-m onementom o, =1. Tem ca-

MbIM AK nipeacTaBiisieT co0oit acuMNTOTUYECKHU (TTpU
t — o) ONTUMAJIbHBINA KOMIIeHcATOp (TTOAABUTEIb)
CTallMOHAPHOM MTOMEXMU.

B. B TMUTMYHBIX YCIOBUSIX TOMEX, CTALIMOHAPHBIX
TOJIbKO Ha OrPaHUYEHHBIX BPEMEHHBIX MHTEpBaJax,
apPpektnBHOCTE AK MOXET OBITH HEIOCTAaTOUHOI
MU3-3a OCOOEHHOCTE YCTAaHOBJIEHUSI TIEPEXOTHbBIX
MPOLIECCOB. DTU OCOOEHHOCTU ACTATbHO M3yYeHBI B
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qareparype [4 — 8 u Ap.|, TO3TOMY 31eCh MBI TOJIBKO
MIPOWJITIOCTPUPYEM WX, WCIIONB3Ys PeIIeHUe IpHU-
OmkeHHOro ypaBHeHUs (3) AJ1s1 CpeHEeTO 3HAaUeHUS
r(t) BekTopa BecoB AK.
B cootBercTBUM ¢ (1) €r0 MOXHO Tepenucarh B
BHIIE
dr(t)/dt=A-r(t)+b,

A=-T" (I, +T-®_)=T-A- T,

b=-T"-T-p,, )
A =diag{}, il T={t, o
O =y -y, P, =Y. V-

roe I, —eamHu4yHasg vxv marpuia, A u T — gua-
TOHaJIbHAA MAaTpPHIA COOCTBEHHBIX 4MCeN (C.4.) A;
M YHUTapHasi MaTpulia COOCTBEHHBIX BEKTOPOB t;,
iel, M -1 maTpuusl A .

ITpu Hyn1eBOM HauanbHOM 3HayeHun (r(0)=0)
pewrenue [16, ¢.197] 3T0i1 cucTeMBI

r(0)=[ " ds-b=r+r,,, (1),
(f)=—e r

OonpenensieTcss MaTpUYHOM SKCIOHEHTOM, KOTopas
puy ACHCTBUTEIbHOU MaTpulle ycuiaeHus: I' gorryc-
KaeT npeacTasiaeHue [16, ¢.218]

er =T-E(1)-T", E(t)=diag{exp(n;-1)}}17". (7)

i=1

(6)
r=-A"'b, r

trans

IMockoneky A; <0, To mpu t—e E(f)—0,
e’ >0, r,, (1)—0 u, crenoBaresbHO, BEKTOp Be-
COB r(f) CTPEMMTCS K CBOEMY YCTaHOBMBIIEMYCS
3HayeHMIo r(t)—r, obecreyrBaloleMy BbINOIHE-
HME PaBeHCTB (4) Mpu GOJBIINX YCUIEHUSIX B LEISIX
KOC (¢; — o). [loaTOMY IUIUTENBHOCTD NIEPEXOTHO-
ro mpotecca (opicTpoaeiictBue) AK ompenensercs
MEPEXOIHOM COCTABISIONICH BEKTOPa BECOB, B CUITY
(6) — (7) paBHOI

M-1
irans (t) = TE(t)T 'A_l ‘b= 2 %-EAI(A)J 'ti >
P (3)
‘P:{q)i}?:ll_]:T* ‘b.

OTtciofa ciemyeT, 4YTo TepexomHasi COCTaBIsAI0-
11asi BEKTOpa BECOB paBHa B3BEIIEHHOM CyMMe co0C-
TBEHHBIX BEKTOPOB t; Marpulbl A (5) ¢ 9KCIIOHEH-
LIMATLHBIMUA BeCaMU, TTOKa3aTeIn CTeIIEHU KOTOPBIX
MPONOPUMOHAJBHBI €.4. 3TOM MaTpulibl. B o0iiem
ciiyyae OHU 3aBUCAT OT cBoiictB KM @®_ momex
KOMITeHCAlIMOHHBIX KaHaIoB. B wactHocTH, B AK co

CKaJISIpHBIMU MaTpuLaMmu yeuienust I'=e-1 B 1ernsx
KOC >t c.4.

A=-T"(l+e-w,), iel,M-1 )

NoJiHOCTbIO onpenesnsitores ¢.4. w;, KM @_ nomex
KOMITEHCALIMOHHBIX KaHAJIOB. B yCcI0BUSIX peasbHbIX
MOMEX 3TH €.4. MOTYT CYIIIECTBEHHO pa3inyaThCs MO
BenuuuHe. [Ipu aTom B (8) Hapsiay ¢ “ObICcTpbIMU™
9KCITIOHEHTaMU (C OOJIBILIMMU 110 MOAYJIIO €.4.) OyayT
BXOJUTb U “MeIlJIEHHbIE” , KOTOPbIE 3aTATUBAIOT MPO-

MpuknagHas pagnoanekTpoHuka, 2010, Tom 9, Ne 1



JlexoBuukuii 1.U1., A6pamosuy FO.U., XKyra TI.A., Paukos /[].C. JleHTO4YHO-AnaroHa bHas perynspudaums Ml oueHok ...

1ecc “o0HyJIeHUs” TIepeXOHbIX KOMIIOHEHT BEKTOpa
BECOB M, TEM CaMbIM, HACTYIUIEHNE YCTAHOBHBIIIETO-
cs peXXuMa.

DTO HAITIAIHO WLTIOCTPUPYIOT TMOKa3aHHbIE Ha
pyc. 2 pe3yabTaThl pabOTHI aganTUBHOM CHUCTEMBI
CJIII 1a ocHoBe AK B 60opToBoii PJIC “JIuana” camo-
JleTa JaJdbHETO PaIMOJOKALIMOHHOTO OOHApYsKEHMS
(CAPJO) [17, 18]. B BepxHeM psiny 34eCh MOKa3aHbI
OCIMJUTOrpaMMBI TECTOBOTO CUTHAIA JIJIST HACTPOMKH
AK — pagmounmrtyibca ¢ (PMKCMPOBaHHOM HeCyIIei
YacTOTOM (&), M TTACCUBHBIX TTIOMEX — OTPakeHWI OT
Mopsi (6) 1 cyl1iu (6) MPU BBIKJIIOUEHHOM, a B COOTBETC-
TBYIOIIIEM HIDKHEM PSiIy — TTpu BKITtoueHHOM AK.

BunHo, 4TO 3MeCh MPOTSKEHHOCTh HECKOMITEH-
CUPOBAHHOI “KPOMKHM” MOMEX OT MOpSI JOCTUTAeT
npumepHo 30 KM (6), oT ey — He MeHee 60 KM (),
TOTAa KakK JUISl TECTOBOTO CUTHAJIa OHa He TTPEBOCXO0-
IUT 2 KM (a).

Takoe OBICTPOAENCTBHAE W €ro 3aBUCHUMOCTDH OT
XapaKTEePUCTUK TTOMeX ObUIM TIPUEeMJIEMBI B YCIIOBU-
ax CIAPJIO [18]. OnHako oHM He TTO3BOJISIIM paccyn-
ThIBaTh Ha 3(ppekTrBHYI0 padoty AK (anropurma (1),
(2)) B bosiee CAOXKHONW U AMHAMUYHO MEHSIOLIEHCS
TMTOMEXOBO 0OCTaHOBKE, JOCTATOYHO XapaKTepHOM
Jutst HazeMHBIX PJIC. DTo cTUMYTMPOBaio aKTUBHEII
MOVWCK B pa3HBIX CTpaHaX IHU(GPOBLIX AJITOPUTMOB
aJanTaliy C CYIIECTBEHHO 06oJiee BBICOKMM OBICT-
poneiicTBreM. VX aHaIn3y W CpaBHEHUIO TTOCBSIIIEH
OCTaJTbHOI MaTepHall CTaThbH.

2. CTPYKTYPA AHAJIN3UPYEMBIX CUCTEM,
AJITOPUTMBI ATAIITALINN, KPUTEPUN
CPABHEHUW A, MOJEJU BXOJIHBIX BO3-

JEVCTBUI 1 METOJINKA DKCITEPUMEHTA

A.PaccmaTtpuBaeMbleaanTUBHbIE DUIBTPbIUME -
0T OJJMHAKOBYIO CTPYKTYpY, ITOKa3aHHYIO Ha puc. 3.
B xaxxnom 13 HUX hopMUPYETCS BeCOBasi cyMMa

M
e=ru=yr"-u (10)
i=1

KOMITOHEeHT M —MECPHOI'O BXOJHOT'O BEKTOpPA

(11a)

AIINTUBHON CMECH B3aMMHO HE3aBUCHUMBIX BEKTO-
pos nomexu y={y,}/,~CN(0,®) u, BO3MOXKHO
(ripu y=1), MOJIE3HOTO CUTHAaJIa

s={s}Y=B-x, B~CN(0.0?).

C BEKTOPOM BECOB

u=uy={u.(Y)}{Zl=y+y-s, v=0,1

1

(116)

(12)

Puc. 3. CrpykTypa aHAJIM3UPYEMBbIX
afanTUBHBIX (GUIBTPOB

OTamums MexXay HUMU 3aKJII04aloTcsl B BBIOOpE
matpuisr W ={w, } ¥, , mcronp3yromeiics B kauec-
TBe 00paTHOM /st anpropu HeusBecTHOI KM rmomex
®=y-y , KoTopasi IpeobpasyeT OMOPHLIl BEKTOP
MOJIE3HOTO CUTHAJIa X B BECOBOi1 BeKTOD (12).

b. Huxxe paccmaTpuBaloTcsl 4eTbipe pa3HOBU/I-
HOCTH 3TUX MaTpHII.

1°. TIpemtoxXeHHas M ucciienoBaHHas B [9] mMar-
puia

(13)
obOpaTHast BbIOOpouHOit KM

— K
O={g, )M =K Y Y =K" Ny, vy, (14)

i=1

Puc. 2. ITepexonnsie rpouecchl B AK rpu BXOAHOM TeCTOBOM CUTHAJIE (@), OTpaXKeHUSIX OT Mopsi (6) U cyiuu (8)
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oOpazoBaHHOilI K >M B3aMMHO HE3aBUCUMBbIMU
BEKTOpaMU ITOMEXH CO CBOMCTBAMM

- (@, i=j,
YiYiTle, ixj,

ije LK. (15)

KM (14) npu o6beMe BbIOOpKU K < M BBIpOXIeHa,
MO2TOMY Mpolieaypa ananTalMu Ha OCHOBE 00paTHOM
K Hell MaTpuibl (13) MOXeT HayaTbCsl TOJIBKO MOCIIEe
HakoruieHusT K > M o0yvarlnnux BEKTOPOB ITOMEXU
(15).

2 . Ananormynas (13) maTpuna

Y=¥,=-0,", (16)

oOpaTHasl auaroHajJbHO momoaHeHHoi (Diagonally
Loaded [10, 19]) Bei6opouHoit KM

@, =cl,+®, (17)

B otnuuue ot (14), mocnenHsisi HEBBIPOXICHA
rpu 006X K >1, mosToMy mIpolieaypa amarTaiii
(16), (12), (10) Ha ee OCHOBE MOXKXET HAUMHATHCS YKe
c K=1.

3" Jlentounas (band) apmuroBa M x M Matpu-

c>0.

ua

¥Y=¥,=¥,=H, -H,=N, N, (18)
C ITMPUHOM JIGHTBI 7 =2-m—1, COMHOXHUTEIN KOTO-
poil — JICHTOYHBIC Tpeyrojibhble M x M MaTpHIIbI C
LIIUPUHON IeHTBl m< M (puc. 4).

0 0 0 0 0

M= [, [=[l=1", || N3
0 q [T [l [0&] [0 >

Puc. 4. TpeyroyibHbI€ TIEHTOUHBIE BEpXHE-HUKHEE
U HUDKHE-BEpXHee Pa3iokeHUs SPMUTOBOM
JIGHTOUYHO MaTpuiisl (18)

Hwxusist (H, ) v BepxHsist (N, ) IEHTOYHbIE Tpe-
yroyibHble MaTpulibl B (18) paBHBI (puc. 5).
3nech

a,,(0)={a"(0)}1=e""
b, (0)={b{(¢)}n=e - H

m—MepHbIe TiepBass U TOCHEAHSIST (m—sI) CTPOKU
COOTBeTCTBeHHo BEpXHEIl TpeyrojibHOM ManHuH

’"W) te LM +1-m,
"y, m<M, (19)

(E) U HIDKHEH TpeyroJbHOI MaTpULIbI H" (Z)
TpeyFOJIbeIX COMHOXMTEJIel X0JIeIKOro 3pMUTOBOM
mMXm MaTPUIIbI

(m)
HYY (1) e 0

H, = N\p" @)
b(m)*(3)
0
b (1)

Z
o
I

v=M+1-m

"(e)y=H""(0)-H"(0) =
"N (@) =(@") (0))

obpaTHOM /- 1?1 Eel M +1-m TtnaBHOI mXxm TOA-

(20)

MaTpulie o {qoy}f”;'f,' ! Bei6opounoit KM (14)
(puc. 6), ev) — V-3 CTPOKa nxn MaTpuusl I, .
0 0
= % = % =
0 0

¥y HO 0y HM o) N™ey NO* (o) (@ (0))7!

Puc. 6. TpeyronbHbIe BepXHe-HIDKHEe U HUDKHE-BepXHee
pasyioXeHus1 5pMUTOBOI MaTpulibl (20)

DpMUTOBa  TJIaBHAsI
(I)(m)(é) {(T)Ij},’”j‘él Be0opounHoit KM (14) BBIpoX-
JIeHa TOJIbKO TIpu K < m , MO3TOMY Ipolienypa agarn-
TalMM Ha OCHOBE JICHTOYHOI ammpokcuMauuu (18)
00paTHOM MaTpUIBI MOXET HAUYMHATBCSI YXKe IIpU
K >m . 9pmuToBa HeBbIpOXKIeHHAa M x M marpula,
oOparHas (18), Ha3pIBaeTcs majiee JIEHTOYHO (band)
PETYJISIPU30OBAHHOM.

4°. OpMuTOBa JIeHTOYHass M x M wmaTtpuua c
IIMPUHOM JIEHTBl Z2=2-m—-1, m<M ,

mxm noamMaTpuia

Y=Y,=¥, =H,, H, =N, Ny, 21
MOCTPOEHHAs TeM K€ CIOCOOOM, HO IO TJIaBHBIM
mxm TOAMATpULlaM JUATOHAJBHO DPEryJISipU30BaH-
Ho#t maTpulibl (17). AnanTtalus B 3TOM cllydyae MOXET
HauyMHaTbCs yKe ¢ BblOopku oobeMa K =1. HeBbl-
poKIeHHass MaTpuia, obOpatHas (21), Ha3bIBaeTCs
Jajiee JIeHTOYHO—AMAaroHanbHo (hand—diagonal) pery-
JISIPU30BAHHOM.

B. bricTponeiicTBue ONUCAHHBIX aJITOPUTMOB
HUKE XapaKTepu3yeTcsl BBeleHHOH B [9] 3aBucumoc-
ThIO CJTyJ4aliHOU BeJIMYMHEI (C.B.)

$(K) = @e 0,1,
(22)

x (K|
v (K)®-r(K)

oT obbema oOyuarouieil BeiOopku K . OHa umeeT
OYEBUIHBIN CMBIC]I MOTEPb BBIXOJHOIO OTHOILEHUS
curHai/(momexa+imym) (OCIIIO) w(K) d¢unstpa
(puc. 3) o CpaBHEHUIO C €ro MaKCUMAaJbHbIM 3Ha-
YeHUEM W, KOTOpOe B TMIIOTETMYECKOW CUTyalluu

WK)= p=x -¥-x

a (Hl)* (1>
o (m)* 2) O

a(m)* 3)

=N ()

Puc. 5. CTpykTypa JJEHTOUHBIX TPEYTOJbHBIX COMHOXUTENEH MaTpulibl (18)
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TouHOo u3BecTHOU KM momexu @ obOecrieumBaeTcs
ONTUMAaJIbHBIM BECOBBIM BeKTOpoM r=® ' -x.

I'. Tlotepu (22) paccuuThIBalOTCS AJIsSI TOMEX C
HENpEephIBHLIMH 1 TUCKpeTHbIMM criekTpamu  s(f),

cBsizaHHbIMU ¢ ux KM nomex paBeHcTBamMu BuHepa
— XunuuHa [4]

1/2

@ ={(qu }2{4=1=_1J;2s(f)-x(f)-x*(f) df,

x(f)={er2me 1

B oGoux ciyuyasix paccMaTpUBaIOTCSl TIOMEXHU CO
cnexktpamu 1 KM Buga

S(F)=14M-S,0m (f), ®=I,,+m-p, (24)

B KOTOPBIX IIepBbIe cliaraemble — crekTp u KM He-
KOppEeJIMPOBAaHHBIX COOCTBEHHBIX ITyMOB M KaHa-
JIOB IIpHeMa ¢ OIMHAKOBOM (6IMHUYHOI ) AUCIIEpCUEi
(MOIIIHOCTBIO), M| — OTHOCHUTEJbHas (IO OTHOIIIE-
HUIO K 3TUM IIIyMaM) MOIITHOCTb BHEIIIHEH TTOMEXH,

(23)

Som (f) — €€ CTIEKTP, HOPMUPOBAHHBII YCIIOBHEM
12
[ Suom (D) df=1, (25a)
12
1/2
M *
p={p,,}, = j Sporm (£)-x(£)-x" (£ dF,
-i/2
p,, =1 — (256)

M xM wmatpuna Ko3h@UIIMEHTOB B3aMMHOM KOpP-
pessiiy toMex M TpUeMHBIX KaHaJIOB.

JI. B iepBOM ciiydyae BHEIIITHUE TIOMEXH arIpoK-
CUMUPYIOTCS Mpolieccamu aBroperpeccun (AP) uesno-
ro nopsiaka p>1 [4, 20] ¢ HempepbIBHBIMU CIIEKTpa-
MM BUAA
%

= ’ ‘
A1 2
i=l1

Snorm(f) ) >

(26)

Bi=|Bi|'ejA2AnAfi5 |B[|<19 ieLps

Iae ¢, — KOHCTaHTa, 00eCIeunBaomasi HOPMUPOBKY
(25a), B; — mapametpsl AP nipouiecca.

B uyactHoctu, AP mpouecc IepBOro Iopsiaka
( p=1) umeet cexTp

%
2

e O

Snarm (

U 9KCHOHEHIHAIBHYI0 KOPPEISLIMOHHYI0 (YHKIIUIO
(DK®D), nj1s1 KOTOPOIt
(276)

0,0=0"  p =B,

rae p, — KoahOUUMEHT KOPPEsiLUM MOMEX ABYX
CMEXXHBIX KaHaJIOB TIpHUEMa.
Hnst AP mipoliecca nopsiika p—> oo C paBHbIMU
JIeMCTBUTEIBHBIMU TTapaMeTpaMu
s (f) — ea-cosZ-n-f /IO (a)’

Prq =I\pfq\(a)/10 (a),
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(28)

rne [, (x) — momudunmposanHas ¢yHkuus Becce-
I v —TO TIOpsAaKa, a — TapaMeTp, BEIOMpAaeMbIil IO
3aJaHHOMY 3HaueHMUIO p, . [Ipy OTHOCUTENIBHO OOJTB-
IIMX 3HAYCHMSIX |p1|20.98 BMecTO (28) MOXHO HC-
TTOJT30BaTh 0OJIee MPOCTYIO (popMyITy
_ g lo-al’
Poy =P , (29)
COOTBETCTBYIOLIYIO TIOMEXE C TayccoBoOi (KOJIOKOb-
HOI1) KoppenstimoHHo# ¢pyakimei (FTKD).

E. Bo BTOpoM cilyyae MCMOJB3YIOTCS MOMEXH C
HOPMMPOBAHHBIMU CIIEKTPAMU

sng,m<f>=<1/hz>-:21h,--6<f—f,->,

., (30a)
h2=2hi’ f,e-1/2,1/2,
i=1
U ISt KOTOpBIX, B cuity (23), KM (24) paBHa
®=1,, +1n-X-h-X",
U (306)

X={x(f;)} 11, h=diag{h/h}7,,

U COOTBETCTBYET COBOKYITHOCTM # KOMIUIEKCHBIX
FapMOHUK C YacTOoTaMu (ITPOCTPAHCTBEHHBIMU, Bpe-
MEHHBIMM) f; U MIHTEHCUBHOCTSMU 4, , i€ 1, n.

Kak B mepBoM, Tak U BO BTOPOM CJIy4yasix pac-
cmatpuBaeMble uctuHHbie KM (23), (24), (28) — (30)
SABJIIOTCS SPMUTOBLIMU TelumieBbiMu [16]. Kak xo-
pOLIO M3BECTHO, TaKyld CTPYKTYPY TEOPETUUYECKU
MoryT umeTb KM moMex Ha BbIXoAax “peryasipHbix”
MPOCTPAHCTBEHHO-BPEMEHHBIX KaHaJoB Ipuema
(IMHEMHBIX 9KBUAMCTAHTHBIX AHTEHHBIX PELIECTOK
(AP) U3 MACHTUYHBIX 3JEMEHTOB (Momyneit), cuc-
TeM MexaynepuogHoit oopadotku (MIIO) curHa-
JioB uMnyabCHbIX PJIC ¢ mMOCTOSIHHBIM MHTEpBaIoOM
30HAMPOBAHMS U T.1.). B oTinune ot apmutosix KM
00111er0 BUAA, COOTBETCTBYIOIIMX MPOU3BOJbHBIM
cucTeMaM KaHajioB mnpuema, TeruivueBsl KM moJ-
HOCTBIO OMPENEesIsIIOTCS JIEMEHTAaMU TOJbKO OJTHOTO
(rmepBoro Wi nocjenHero) crojaodua. Takoe yMeHb-
IIEHUE YuCcJia arpuopyd HEM3BECTHBIX MapamMeTpoB
TEOPETUYECKM IO3BOJISIET MOBBICUTH OBICTpOJIEHC-
TBUSI aJalTUBHON 0OPaObOTKU B “peryasipHbIX” CUC-
Temax, 4To 0oJiee moaApodHO obcyxaaercs B 1. 4.3.

XK. Huxe aHanusupyloTcsi pesyjabTaThl CpaB-
HeHust sddexTuBHOocTH anroput™os (10), (12), 1°
— 4° o xputepuio (22) B yCIOBHSX rayCCOBBIX I10-
Mex ¢ KM (24), (27), (29), (300), nmoysiyueHHbIe Ma-
TeMaTHYeCKUM MOIeTNpoBaHueM. McTioh30BaHHbBIE
B HeM rayccoBbl K —MepHble oOyJarwlie BhIOOpKU
nomex co cpoiictBamu (15) popmupoBanuch nyrem
M3BECTHOTO ITPe0Opa30BaHUs

Y={y,}5=G-Z (31)

“kopHeM” G 3amaHHoi M x M KMnomex ® =G -G”
nakera

Z={g} L, &~CN(0,1),
L
‘Eugj ={ A

0, i#]j,

32
i,je,K (32)
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B3aMHO HE3aBUCHUMBIX KOMIUIEKCHBIX TayCCOBBIX
M — MepHBIX BEKTOPOB 0eJ1oro 1yma &; ¢ HyJeBbIM
BEKTOPOM cpenHuX W envHnuHoil KM, reHepupye-
MBIX CTAaHAAPTHBIM JAaTYUKOM CITyJaiHBIX YHCEJT.

3. PE3VJIBTATbI MOJAEJINPOBAHU A
N NX AHAJIN3

Haunem ¢ aHanu3za 3(ppeKTUBHOCTU afarTUB-
Hoit obpaboTtku (10), (12) Ha OoCHOBe aJrOPUTMOB

1° — 4° B ycI0BUSIX TOMEX ¢ HEMPEPBIBHBIMHU CTIEKT-
pamu (27), (28).

A. Ha puc. 7, a nmoka3aHbl “sHepreTudyeckue”
yactoTHble xapaktepuctuku (UYX) ¢puibrpa (puc. 3)
— 3aBucumoctu MakcumaibHoro OCIIII p (22) ot
HOPMMPOBAHHOM (ITPOCTPAHCTBEHHOM, BPEMEHHO)
yactotbl f M =50 -37€MeHTHOI TayKu TOJIE3HOTO
curHana s (1106), (23)c c? =1. OHu paccynuTaHbI IS
APrniomexmopsiakoB p=1(27)u p— e (29)c =50 nb
u KM (24), cob¢cTBeHHBIE Ynca (€.4.) KOTOPBIX, YITO-
psiIOUEHHBbIE 10 BeJIMUMHE, [TOKa3aHbl Ha puc. 7, 6.

20 I A 60 \ T
H, ] o (W _
i _T =0.99
v b e P — © p=1 HBSO :\ _p,l_,_,__
0 / 20 = p1=0.96_|
N T~
10 L. - \\\ /(~____’_
ol FaOWHIEE S5 ol \ T
o AR —\pI:O,96__ 20 2=
I/// 0.99 10 \. p—>©
—40 P£1=0.99 —— 1 AN
-50 0 X[\
0 01 02 03 04 05 0 5 10 15 20 25 30 35 40 45 50
a 7]

Puc. 7. “Oneprernueckue” UYX bunvtpa puc. 3 (a)
u cniekTphl ¢.4. KM (24) moaenbHbIX Tomex (6)

I'pacbuku HATJISIAHO UILTIOCTPUPYIOT CYILIECTBEH -
HbIE Pa3IyUs MOTCHIIMATBHBIX BO3MOXHOCTEH 00-
pabotku curHajoB Ha ¢oHe TToMex ¢ KD (p— o)
u OK® ( p=1), mopoxmaeMble pa3TuIUSIMU CITCKT-
poB c.4. ux KM, xopouio Bocnpou3BoasImx (opmy
SHEPTETUICCKOTO CIIEKTPa COOTBETCTBYIOIIMX IIO-
MeX.

b. Ha puc. 8 nokazaHo mnoBeaeHUE KpUTEpUs
(22) nj1s1 OLIeHOK 19 — 4°.

ITapaMeTpbl TOMeX 37€Ch T€ XK€, YTO U Ha puc. 7,
yactora nojesHoro curdana f =0.22 . llupuHa jeH-
Thl TpeyrojbHbIXx 50x50 MaTpull-COMHOXUTEIEH
m=5 (puc.4, 5). KpuBble mojyyeHbl yCpeaHEHUEM
3HaueHnit x(K) (22) B NA=50 He3aBUCHMBIX HC-

nbiTaHusX. HikHUM nHAeKcoM B olieHke 2° yka-
3aHO 3HAYeHUs TapaMeTpa peryisipusauvu K-c B
(17). A6crmcca Touku epeceueHust Kpusbix 10 — 4°
C TOPU3OHTAIBHOU IITPUX—ITYHKTUPHONW MPSIMOU Ha
ypoBHe —3 n1b yka3eiBaeT 00beM BIOOpKU K , KOTO-
PBIM OOBIYHO XapaKTepU3YIOT OBICTPOACUCTBUE IO
kputeputo (22) agantuBHoii obpadotku (10), (12)
Ha OCHOBE BbIOPaHHBIX OLIEHOK OOpaTHON MaTpULbI
(HUKe 1711 KPaTKOCTU UCTTOIb3YETCS TEPMUH “OBICT-
poeiicTBIE OLICHOK”).

AHanM3 MPUBEIECHHBIX PE3YJbTATOB MO3BOJISIET
Ces1aTh CJIEAYIOLINUE BbIBOIbI.

1. Ouenka 1°, B ycnosusx (15), (32) sBasioma-
sicst MakcuMasibHO npasaonogooHoit (MII) oueHkoi
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KM o6uero suaa [4, 8—12], TeopeTuuecku ycTpa-
HSIET OCHOBHOM HeIOCTAaTOK KOoppeasunoHHBIX AK
— 3aBUCHMOCTb OBICTPONEMCTBUS amanTUBHON 00-
paboOTKM OT IMapaMeTpoB IToMeX (pacIipeieJIeHNS ¢.4.

nx KM). Kpussie 1° ¢ poctom o6bema o6yyaroreit
BbIOOpKM K BemyT ce0s1 OfMHAKOBO Ha BCEX puC. §,
a—e, KoTopbie cooTBeTCTBYIOT KM C cylliecTBEHHO
pa3sHBIMM paclipefesieHusaMu c.4. (puc. 7, 6). D10
noctonHcTBO MII o11eHOK OBUIO YCTaHOBJIEHO €111 B
[9], rme mokazaHO, YTO TUIOTHOCTh pacIpeneIeHUS

x5+l (1 _x)M—Z

= K = 6=K_M
P,(x)=p,(x,K) BGora M D)’ ,(33)
n!-m!
B(n+1,m+1)=m

ciayvaitHoit BesurHbl (22) or KM nomMex He 3aBu-
cut. CpenHee 3HaYEHNE TTOTEPh

- (3+2) _(K—M+2)<
(K+1) (K+1)
paHo 2/(M+1) mpu “craproBoM” 3HaYeHUH
K=M (=14 n1b npu M =50) u He NPEeBOCXOAUT
3 1B (%=0.5) npu o6beme BoIGOPKH K =2-M -3
(=100 mpu M =50), 4TO MOJHOCTBHIO COIJIACYETCSI C
noBeneHneM Kpusoii 1° Ha puc. 8, a—e.

1 (34)

0 0 e
5 257 N R R 11 gl . o=~ M e Feligiie
x> s e L~
5 AN g i ¢
_ ] * _ I\
10 0 10 0
K\i -
1\ 2%100 1 00
“20fH—T—] — -20 =
" T'Kd T'K®D
1 P = 0.99 K P1= 0.96 K
-30 1 I 1 -30 1 1
0 25 50 75 100 125150 0 25 50 75 100 125150
a 0
0 p— 0 =
X /"" e po"1
- U< BB SE LiE
.| N s L

40“‘\(’5(
/50
N2 100
T LN 10
T b oko
T/ p=099 | g

5

-1
0 25 50 75 100 125150 0 25

0 0
(' 2 1000N2 10000

l’ 2|0100

=T
e
_’_/ﬁ P = 0;96 v

50 75 100 125150

-

8 e
Puc. 8. “DHeprernueckoe” ObICTPOAEICTBIE OIIEHOK

1° — 4" (m=10°, M=50, =022, c=100, m=5)

st naapHeiIero noje3Ho MpUBECTH ellle OJHO
00BSICHEHHE 3TOTO pe3ysbTaTa.
ITpencraBum MCKOMBIN BecoBoit BekTop (12) —
(14) BBuge r = K -¥ 1 paccMOTpUM Tipoliecc (popmMu-
POBaHMUS MOCJIeI0BATEIbHOCTH OMTOPHBIX BEKTOPOB
i=f,=B,'x, B, =0/,

(D/=ZYI"YI‘=(D/—1+YK'YK! te M+1, K,
il

MOCJIEeIHWI U3 KOTOPhIX (TTpu £ = K ) MponopiuoHa-
JeH Tpebyemomy (12) rpu onenke 1° .
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Hcnonb3yst opMyibl oOpallieHuss CyMMbI MaT-
puy [21], oy MaTpuusl B, moxyynm

B,=B, -v,-g, g =¢-v,
vi=B,_y, ¢ :1/(1+yZ~Vg )’

4TO MO3BOJISIET MPEACTABUTh ¢ — 1 OMOPHBINA BEKTOP
(36) B BUIE

(36)

r,=t_-d, B, -y, d,=c,m,

. (37)
n[ =Yz Iy, le M+1,K
IToctpoeHnast nmo (37) cxema (opMUpOBaHUsI
BeKTOpOB (35) rokasaHa Ha puc. 9.

Puc. 9. ®opMupoBaHue BECOBBIX
BekTOpoB (35) mo (37)

3aech crhpaBa OT IUTPUXOBOM BEePTUKAILHOM
JIMHUM pacnojoxeH 1mogooHbiii AK (puc. 1) apam-
TUBHBII BecoBoii cymmarop ¢ tensimu KOC. B Hewm,
omHako, B otnune oT AK, MmaTpulia ycuiaeHus Lenei
KOC He nuaroHanbHas 1, TeM 0oJjiee, He CKalsipHast
matpuua I' (2), (9). Ee poab BeimomHsSIeT GOpMUpPY-
eMasg 110 (36) ciieBa OT IITPUXOBOM BEPTUKAILHOM
JMHUM MaTpuua B,, obpatHas matpuue P, (35),
nponopuroHajibHOi (HecMmeleHHoit) MII oneHke
KM nomex. B ¢BI31 ¢ 3TUM CTaHOBUTCS CKAISIPHOM
(rporopilyoHaabHasl eIMHUYHOKM ) MaTpulia A B (5),
a ee COOCTBEHHBIC YMCIIAa U OIIpeeIIeMOe UMY ObIC-
TPOIEICTBUE CXeMBI pucC. 9 mepecTaloT 3aBUCETh OT
KM niomex [22, 23].

2. OcHOBHOI1 HeocTaToK olieHku 1° 3aKimoua-
€TCSI B HEBO3MOXHOCTM HayaTb MpOLEAypy ajamnTa-
MM Ha €€ OCHOBE 10 Habopa oOyyarolieil BHIOOPKU
obobema K > M , a 1151 TOTO, YTOOBI IIOTEPU KPUTEPUST
(22) He nipeBbicuau 3 1B, TpeOYIOTCSI BHIOOPKU TIPU-
MEPHO BABOE 00JIbIIETO 00beMa. B mrpokom Kitacce
MHoOrokaHalnbHbIX ( M >>1) cucrem oOpaboOTKu, pa-
OoTaIIMX B IMHAMUYHO MEHSIOLIEHCS TTOMEX0BOM
00CTaHOBKE, BBIOOPKM TaKOro o0beMa MOTYT ObITh
HEeIOCTYIHBI, TaK 4TO 2¢h¢eKTUBHas aganTalus B
TaKMX YCIOBHUSIX HA OCHOBE 3TOM OLIEHKM JOCTHKUMA
TOJBKO B OTHOCUTEIBHO MajOKaHAJIbHBIX CHCTeMax
MPOCTPAaHCTBEHHO-BPEMEHHOI 00pabOTKU.

3. Kak BugHO u3 puc. 8, ator Hemoctatok MII

OLICHKM 10 CYLIECTBEHHO ocJiabJsieTcs: OLeHKaMM

2° — 4% OCTPOGHHBIMU B COOTBETCTBUHU C IIPU-
HIWATIOM “0XKHJAaeMOoro mnpaBaononodous (expected-
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likelihood (EL))”— KOHCTPYKTUBHOI aJlbTepHATUBOM
MPUHIUNY “MaKCUMAJIBHOIO NpaBaonoaoous (maxi-
mum-likelihood (ML))” B ycnoBusix BBIOOPOK Ma-
Joro oobema [15, 19, 20, 24]. CymHOCTb NPUHLIMTIA
EL orieHMBaHuMs 3aKITI0YAETCS B TOM, YTO B KA4€CTBE
oneHkn P anpuopu HemsBecTHOU mcTMHHOK KM
OepeTcs He MaTpULA, MAKCUMU3UPYIOLIAst HOPMUPO-
BaHHOE OTHOIIIEHUE TIpaBaonoaoous [19]

det (D! -(i))-exp{ M}
exp {z‘r((\i)‘1 ~(i))}

a MaTpula, npuodakaromas 3HadeHus (38) K TeM,
KOTOpPBIE MOXHO OXUAATh OT 3HaueHuit OI1(P,Y),
rnmopoxkaaeMbIXx UCTUHHOM KM @

3ameuaTesnbHasi ~ OCOOEHHOCTb  CJIy4allHOTO
OII(®,Y) — 3aBUCUMOCTh €T0 IUIOTHOCTU pacIipe-
JIeJIEHUS TOJbKO OT YMCJia aIaliTUBHO YIIPaBISIEMBbIX
KaHajioB M u obbema BbiOOpkU K > M mpu He3aBU-
cumoctu oT KM nomex (“cueHapus’”). JleficTBUTEb-
HO, ucnoib3ys (14), (31), (32), ero MOXHO IIeperu-
caThb B BUIIE

OIl(®,Y) =

; (38)

K

det(1/K Y5 &) exp{ M}

i=1 R , (39)
exp{r(1/K-Y & &)}
i=l

OIN(®,Y) =

YTO M J0Ka3bIBaeT cAejdaHHOe yTBepxkaeHue [19].
[Tpu HeGonbIIMX OTHOWEHUsIX K / M 3HaueHwus (39)
MOTYT CYIIECTBEHHO OTJIMYAThCSl OT MaKCUMAaJIbHOTO
3HAUCHUS

maxOI1(®,Y)=0(D,Y)=1,
D

noctapisiemoro MII onenkoit @ (14) He3aBUCUMO
OT yHrcJia KaHaioB M u o0bema Bbioopku K > M .
Jns winrocTpaluy 3TUX pa3nuuuii Ha puc. 10 mo-
Ka3aHbl TUIOTHOCTH Py, (X) (a) n dyHKIMuI fo; (x)
(6) pacnipeaenenus OI1 (39) npu M =12 u paznuy-
HOM OTHOCHUTEJIbHOM pa3Mepe Bbioopku K /M , mo-
JydeHHble 10 10° He3aBHCHMBIX MCITBITAHMIL.
Bunno, yro npu K /M <4 3nauenus OI1 (39),
reHepupyeMbie ucTuHHoi KM, ¢ oueHb O0JIbIIION Be-
POSITHOCTBIO 3HAYMTEIHLHO MEHbIIIE MAaKCUMaJIbHOTO
s3HaueHust OI1 =1, nopoxnaemoro ee MII olieHKOI
(14). Tak, npu K /M =3 3nauenus Ol (39) c Be-
positHocThIO 0.95 He peBocxoasaT 0.15 mpu MenraHe
~0,1,anpu K/ M =2 c TOi1 Xe BepOSITHOCTbIO OHU
He 6oubie 0.05 npu meauane 0,0257. B cBs3u ¢ 5TUM
B YCJIOBUSIX BBIOOPOK OTHOCUTEJILHO Majloro oobeMa

(40)

BHoJIHe ecTecTBeHeH oTKa3 oT MII oneHok @ (14)

U TIepexo[l K OlleHKaM DD, MOPOXIAIOIINM 3Ha-
yenus OI1 (38), bonee 6nu3kue K 3HaueHUsIM OIf1
(39), renepupyembiM cTuHHOM KM [19].
Bapuanramu umenHo takux (He MII) oueHok
SIBJIIIOTCS OLIEHKU 20— 4° , IpeJIOXKEHHbIE U3 (hu-
3U4ecKux cooopaxenuii B [10—14] 3amoiro no pa3pa-
ootku B [15, 19, 20, 24] npunuuna EL oneHuBanus,
JIaBIIETO UM yOeauTesIbHOE TeOPETUUYECKOe 00OCHO-
BaHME Kak criocoba corjiacoBaHus MpU JOCTYITHOM
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x 107
0 |
po (x) K=2M M=12 100-M n
e
K 3M 4M 6-M 8M 12:M 24-M 48-M
2

0.95
Jon (x)

0.5

0.1 0.2 0.3 0.4

0

0.5 0.6 0.7

Puc. 10. CemeiicTBa miotHocTeit (a) u pyHkuuii (6) pactipenenenust OI1 (39)

OTHOCHUTEJILHOM pa3mepe BblOopku K /M cratuc-
TUYECKOTO MPABIOIIOA00MS UCTIONIB3YEMOM OIIEHKU C
uctuHHoit KM.

4. Kpusble 2° Ha puc. 8 MOJTyYeHb! /TS OLIEHKH
v=v1,=®1,",
(i)ld[ =c/K -1, +(i)=(c~IM +®)/K, ¢>0,

B KOTOpOI mMapameTp peryisipuzauuu c/ K obpar-
HO TIpOIopLMOHaleH 00beMy BbiOOpkM K . Takoe
3amaHue oTBevaeT puHIMMY EL olleHUBaHUS, B CO-
OTBETCTBUM C KOTOPBIM IIPH MaJloM 00beMe BHIOOP-
KU ucrojib3dyemast ouieHka KM MoxeT ObITh 1ajieka B
cmiicie (38) or MII ouenku (14), HO ¢ pocToM 00b-
eMa BBIOOPKM MPUOJIKaeTcsd K Hell. DTOT MPUHLINT
ITO3BOJISIET ONTUMU3UPOBATH TTapaMeTp IUaroHab-
HOM peTyIsipu3allii ¢ TIpU HUMeIolIeMcs o0beMe
oOyyvaromieii BbIoopku [15, 19, 24].

Heob6xommMocTh B 3TOM MOXET BO3HUKATh, ITOC-
KOJIBKY B 3aBHcUMOCTH 0T KM TmoMex omHO M TO Ke
3HAYCHNE ¢ MOXKET ITO-Pa3HOMY BIIMSThH Ha TTOBEIe-
Hue kputepus (22). Tak, npu ¢=100 ¢ poctom 00b-
eMa BBEIOOpKH ToTepu 11T ToMex ¢ KM MoHOTOHHO
yMeHblIawTcs (puc. 8, a, 6), Toraa Kak JJjsl ToMeX C
DK® na naTepBasie K €1, M OHU MOHOTOHHO pac-
TyT (puc. 8, 6, 2). DTOT POCT 3aMeISIETCSI BHIOOPOM
3HaueHus ¢>100.

5. Marpuua (41) npomnopuuroHagbHa MaTpu-
1e d)ld/ =c-I +® , nomyckaroleil peKyppeHTHOe
npeacraBieHue, aHajnornuHoe (35). IToatomy aman-
TUBHBIN BecoBoi BeKTOp (12) Ha ocHOBe oLleHKH (41)
MOXeET (popMupoBaThCs cxeMoli (puc. 9), KoTopas B
9TOM Cllyyae “3aIyckaercs” HauyaJbHbIM BEKTOPOM

-1
ry, =C'-X, CYUIECTBEHHO GOJee MPOCTBIM, UeM
“l.x, “samyckarommuii” ee mpu BbIGO-

(41)

BekTOp 1) =D,

pe OLIEHKU 1°.
6. HaGmomaemoe Ha puc. 8 BBICOKOE OBICTPO-

neiicTBue orieHKH 3° CBS3aHO C TeM, YTO UCIIONb3Y-
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eMasl B Heil JIeHTOUHasl anIpOKCUMAIlUs MaTPUIIbI,
obpatHoil KM, cneuuduuecku ontumaibHa (Mak-
CUMajIbHO SHTpomnuiiHa) [26]. BeaeacrtBue sToro B
TUNOTETUYECKUX YCI0BUsIX M3BecTHOM KM MHTEH-
cuBHBIX AP ToMex mopsinka p oHa obecrneunBaeT
MpPaKTUYECKU MOTeHLUATbHYI0 3((hEKTUBHOCTb 00-
pabOTKM TpU ITUPUHE JEHTHl M > p U MaJible MoTe-
py gaxke npu m << p [25]. DTo HATJISIIHO WLTIOCTPU-
pYIOT pacueTHble ceMelicTBa “asHepretuyeckux”’ UX
¢unbTpa puc. 3 B ycnoBusix nmomex ¢ I'K® (p— )
MPY Pa3TUIHBIX IITMPUHAX M JEHTHI, TOKa3aHHbIC Ha
puc. 11.

20 T

10|~ 8~ > 10| 4 L= s
0 HB’ _m=M \ 0 il A= 7‘
5 3
oA oS 3 /N
0 \4 2 2 \a_ 3/
30 30 R
/ TK® \| (/ TK® \

—0y 1=0.99 O 1 =0.96 Yy

: =50
0o 02 04 06 08 1 0 02 04 06 08 1

0
Puc. 11. DHeprernueckue YX dpuiabrpa puc. 3

a

1ipu JeHTouHOI Matpuue (18) (=10, M =50)

Bunno, uto yxxe npu m=4,5<< M =50 naxe B
YCJIOBUSIX UHTEHCUBHBIX AP mmoMex mopsigka p— oo
notepu OCIIII HeBeaUKY U OYAYT ellie MEeHbILIe TPU
MeHblIlIeii MHTeHCUBHOCTU AP momex KOHEYHOro
nopsiaka. B To xxe BpeMsi yMeHbIlIeHUE 3a CUeT JIeH-
TOYHO peryasipu3alyu 4rciia apamMeTpoB, OlLEeHU-
BaeMbIX Ha 3Tare aJanTaluy, MOXET CYIIECTBEHHO
CHU3UTh TPeOOBaHUS K 00beMy 0Oyyaroleii BbIoop-
KU (TTOBBICUTH OBICTPOAEICTBUE) U OJHOBPEMEHHO
YIIPOCTUTH 0OPAOOTKY.

BuactHoctu, Bripumepaxpuc. 8 (M =50, m=5)
oueHka 3 (JIeHTOUHasI peryysipu3aLyis) Mo CpaBHe-
HUIO ¢ otieHKoit 1° mpuMepHO B 4 pasa yBeMUMBaeT

MpuknagHas pagnoanekTpoHuka, 2010, Tom 9, Ne 1



Jlexosuukuii 1.U1., A6pamosuy FO.U., XKyra TI.A., Paukos /[].C. JleHTO4YHO-AnaroHa bHas perynspudaums Ml oueHok ...

owicTponeiicTBre ipu I'K® momex (puc. 8, a, 6), n
npuMepHO B 8 pa3 — B momexax ¢ DKD (puc. 8, 6, e)
(BBIUTPBILIKM MOTYT OBITH OOJblIe (MEHbIIE) TpU
OosblieM (MeHblleM) 3HaueHuu M ). B oboux ciy-

yasix OHa 3aMeTHO 3(pdekTuBHee oreHKu 2° , uTo wis
MOMEX C HEeMPEPbIBHBIMU CTIIEKTPAMU ObLIO MpeacKa-
3aHO B [15]. BBIUIpBIIIM MOTYT JOMOJIHUTEIbHO YBe-
JIMYUTHCS TIPU ONTUMU3ALMU IIIUPUHBI JICHTHI B CO-
otBercTBUU ¢ EL npuHUMIIOM oueHUBaHus [24].

7. Onenka 4° (JIGHTOYHO-IMAaroHaJIbHAS Pery-
NApu3anms) oobeaNHAET TOCTOMHCTBA OleHOK 2°
3" — oHa HUMKOTI/IA He XyXe, HO MOXKeT GbITh 1 JIyYlIle,

yeM JIydinast u3 Hux. [lociieqHuii BEIBOI CIIPABEIINB
U IS TOMeX ¢ AUcKpeTHbIMU criekTpamu (30a) u KM
(300), uTO HAMISIAHO UJLTIOCTpUPYETCS puc. 12.
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Puc. 12. “DHepretudeckoe” ObICTPOACHCTBUE OLIEHOK
10_40 (n:los’ M:SO’ C:lOO, m:5)

3mech IMOKa3aHbl 3aBUCHMOCTU, aHAJIOTMYHBIC
MPUBEICHHBIM Ha PHC. 8, HO ITOMeXy 00pa3yloT OaHa
(a), nBe (0), yeThipe (8) U NEBATh (2) KOMILICKCHBIX
TapMOHMK C pa3IMYHbIMU (IIPOCTPAHCTBEHHBIMH,
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BpPEMEHHBIMM) YaCTOTAMHM B CMECU C COOCTBEHHBIM
IIYyMOM KaHaJIoB TipuemMa. [1one3Hblii cuTHaI — KO-
repeHTHass M =50 - sIeMeHTHas MMayKa ¢ YacTOTOM,
OTJIMYHOM OT YacTOT MeHIAloImMX rapMOHUK. Hirk-

HVMM MHIEKCOM B olieHKe 2’ yKa3aHO 3HauYeHMs Ta-
pameTpa peryasipuzauuu ¢ B (41).

Bunno, uto ouenka 1° B 3TOM ciydae, Kak U
clemyeT u3 Teopuu [9], He MeHsSIeT OBICTPOAC