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AnHoTanus. B pabote npecTaBieH aHAIH3 IIEKTPOHHBIX U POTOHHBIX PEHICHUH K TIOCTPOCHUIO MHO-
TOKaHAJIBHBIX CBEPXIITUPOKOIMOIIOCHBIX MTPUEMHBIX TPAKTOB paaronokaroHHbix cuctem (PJIC). Chop-
MYJIMPOBaHbI KJIIOUYEBbIC BBI30BHI COBPEMEHHOI pPaJMOJIOKAIlMM — «aHAJIOTOBBIH Oaphepy aHalloro-
mudpoBsIX mpeodpazoBatenceii (AL nmpu npsamoit onrdpoBKe IMHUPOKOIIOIOCHBIX CUTHAIOB, (ha30BBIiH
IIyM TE€TEPOINHOB U pacIipeeIeH sl ONOPHBIX YaCTOT, OOHapyKEHHE MaJIbIX 1ieJiel Ha POHE MOIITHOTO
OTpa)XeHHs OT NOACTHJIAIOLICH TOBEPXHOCTH, YACTOTHBIN YBOJ JIy4a B INIUPOKOIOJIOCHBIX (hasupoBaH-
HBIX aHTCHHBIX PEIIeTKaX M CHEKTPAIbHOE COCYIICCTBOBAHHE PAa3IMUHBIX CHCTEM B IEPerpyKEHHOM
cnektpe. [lokasaHo, uro paanodoronuka — Gotonubie ALl ¢ BpeMeHHOH pacTsDKKOM, ONTHYECKHE
TeTepPOJMHHBIC MICTOYHUKH U pacTpe/ielieHue H3ITydeHHs PaJioreTepOINHOB M0 BOJOKHY, (DOTOHHBIC
dhopmupoBaTenu auarpamMm HamnpaieHHOCTH (JJH) ¢ ncTUHHON BpeMeHHOMW 3aIepKKO 1 ONTHYeCKast
CHeKTpasbHast 00paboTka — 00eCIIeYnBaOT (PU3MUSCKUEC MEXAaHU3MEBI TIPEOIOJICHISI 3TUX OTPaHUICHIH.
[pensioxeHo K pacCMOTPEHUIO HOBOE HAIIpaBJIeHHE Pa3BUTHE PaJHOPOTOHHKU B UCCIIEyeMOil 00ia-
CTH — YaCTOTHO-pa3HECCHHBIC aHTCHHBIC pemIeTKH it popmupoBanust IH ¢ mpuMeHeHHeM ABYX He-
CyIHX U paguo(OTOHHEIE (POPMHUPOBATENH UL UX peann3anui. OOCYKIar0TCS CpaBHUTEIBHBIC Tpe-
UMyIlecTBa (POTOHHBIX U 3JICKTPOHHBIX PEIICHUH, a TAK)Ke HepeIEHHbIE HHKEHEPHBIC 3a/1aui: THOPH/I-
Hble AIIIT-ppoHTeH bl HHTErpalus 1 MUHUATIOpHU3aLKsl (POTOHHBIX HWHTEIPAJIbHBIX CXEM, JHEProad-
(heKTUBHOCTH W CTaHapTH3aus nHTepdeticoB. MTorn 0030pa yKa3plBalOT HA CTPATETHUSCKYIO HEH3-
6eXHOCTh BHEIpeHHs paano(oToHHBIX TexHoJorui B PJIC HOBOTO MOKOJICHHS.

Kawuessble ciioBa: paguodortonuka, porounsiid AL[I1, ontudeckuii rerepoaus, ha3upoBaHHAsS aHTCH-
Hasl peIIeTKa, HICTUHHAS BPEMEHHAs! 3a/IePIKKa, YaCTOTHO-PA3HECCHHAsI aHTCHHAS PEIIeTKa, KOTHUTHB-
Hasl PaUoJIOKaIUs, CUTHAIIBI C HU3KOH BEPOSATHOCTHIO IIepeXBaTa, IPOCTPAHCTBEHHO-BPEMEHHAs aJIall-
TUBHAasI 00pabOTKa, CIIEKTPAILHOE COCYIICCTBOBAHHE.

Beenenune

Panuonoxkarus, 3apoauBiiasicsi B mepBoil MmoyioBuHE XX BEKa, OCTA€TCs KPaeyroJIbHBIM
KaMHEM B CHCTEeMax Hal[MOHAJIbHOW 0€30MacHOCTH, TPaXKIaHCKON aBUAIlUU, METEOPOJIOTHH, KOC-
MHYECKOTO MOHUTOPHHTA U aBTOHOMHOTO TpaHcrnopTa [1]. E€ ¢pyHnmamenTanbHas 3amad — omnpe-
JICJICHUE KOOPJIMHAT, IMapaMeTPOB JABMKCHHS U XapaKTEPUCTUK OOBEKTOB (IIeJIel) — He U3MCHH-
Jach, OJIHAKO TpeOOBaHMUS K TOYHOCTH, Pa3pellarolieil COCOOHOCTH, MOMEXOYCTOMYHUBOCTH U
(YHKIIMOHATBFHOCTH BBIPOCIH Ha MOPSIIKH.

CoBpeMeHHBIE BBI30BHI PATUOIOKAIIUN MOXHO OXapaKTEPHU30BaTh HECKOIBKUMU KITFOUE-
BBIMH TCHICHITUSIMH:

1) Ilepexox k MMPOKOIOJIOCHBIM U cBepxIiupokomnoiaocHbM (CIIIT) curnanam. 1o HEOO-
XOJIMMO JJIsi TIOBBIIIEHUS pa3pellaronieil CnocoOHOCTH MO JaTbHOCTH (0 CAaHTHUMETPOBOIO
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YPOBHS), YIYUILIEHHUS CEJICKIINH LIeJIeH U MOJIy4eHUs PaIiOJIOKallMOHHBIX TOPTPETOB (M300pake-
HUI) BBICOKOTO KadecTBa [2]. OQHAKO 3TO CTaBUT CIIOKHEHIIHME 3a/1a4d TIepel PaIuo4acTOTHON
(PY) u ananoro-uudpoBoi 2JIeMEHTHOM 0a30H.

2) YcnoxHeHHe pajnodJeKTPOHHON 00cTaHOBKU. CIEKTp CTAHOBUTCS MEPENOTHEHHBIM,
yto TpedyeT oT PJIC cocoGHOCTH K CIEKTpajIbHOW TMOKOCTH, aAaTUBHOCTH U KOTHUTUBHOMY
YIPaBICHUIO PecypcaMu Ui CIIEKTPAIIbHOTO COCYIIIECTBOBAHUS C IPYTUMU cucteMamu [3].

3) [loBbIieHre TpeOOBAaHUHN K CKPBHITHOCTH U SHEProd(PGEeKTUBHOCTH. TEXHOIOTHH MaJIOi
3ametHocTH (Stealth) meneil, a Takke UCHOIB30BAaHUE CIOKHBIX CUTHAJIOB C HU3KOM BEpOSITHO-
cteto niepexBara (Low Probability of Intercept, LPI) TpeOytor ot PJIC BeICOKOI 4yBCTBUTEIBHO-
CTH Y TIPOJIBUHYTHIX aJlTOPUTMOB 00pabOTKH.

4) Pa3BuTHe akTUBHBIX (Pa3sMpOBaHHBIX aHTEHHBIX peweTok (ADPAP). ADAP obGecneun-
BAaIOT BBICOKYIO CKOPOCTH 0030pa, MHOTOJIy4EBOCTh M TIOMEXO03aIIUIIEHHOCTh. OIHAKO JUTsl HIH-
POKOIIOJIOCHOW pabOThI HEOOXOJMMBI CHCTEMBI (POPMUPOBAHMS Jyda ¢ HICTUHHON BPEMEHHOH 3a-
nepxkkoi (True Time Delay, TTD), Tak kak TpaauiinoOHHBIE (Pa30BBIE CHCTEMBI BBI3BIBAOT YaCTOT-
HYIO 3aBUCUMOCTh HampasiieHus tyda (Beam Squint) [4].

5) «Ananorosseiii 6apbep» ALIIL Ilpsmas onndpoBKka CUTHAIOB C TUTArepOBBIMH TOJIO-
camH U TpeOyeMol TuHaMUKOH (>12 OMT) Ha HECYNINX WM HEHTPAIBHBIX YacTOTaX TMrarepio-
BOT'O JlMalla3oHa CONPSHKEHA C YyJOBHILHBIM SHEPronoTpeOIeHUEM U TEXHOJIOTUYECKUMU Orpa-
HUYEHUSMHU KJ1accuuecKux 3eKTpoHHbIX ALII [5].

DT BBI30BHI BIJIOTHYIO MOABOJAT K (DU3MUECKUM M TEXHOJIOTMUYECKUM TIpeJiesiaM TPaau-
[IUOHHOM PaO3IEKTPOHUKH, UTO U CTUMYJIUPYET MOUCK ApYTrux perienuit. OqHuM U3 Haubomnee
MEePCIIeKTUBHBIX HaMpaBlIeHUH ABIseTCS paanodoToHrka. OHa MO3BOISET PEai30BaTh CBEPXIIU-
POKOMOJIOCHBIE KAHAJIBI ¢ MUHUMAJIbHBIMH TOTEPSMH U BBICOKOW YCTOMYMBOCTBIO K momexam. Hc-
MOJIb30BaHKEe (POTOHHBIX METOAOB CHUXKAET BIUsSHUE (Aa30BOTO IIyMa U PACIIUpPSET JUHAMHYE-
CKUH Juana3oH oOpaboTKK cUrHajoB. BHenpeHnue (GOTOHHBIX TEXHOIOTUHN CIIOCOOCTBYET CO3/a-
HUI0 KOTHUTUBHBIX PJIC, criocOOHBIX aqanTUpOBaThCS K U3MEHSIOIIUMCS YCIOBHUSM CIIEKTpa. ITO
HaIpaBlieHUE MOAJEP>KUBACTCS TNI00ATBHBIMU TEHISHIIUSAMHU MEPEeX0/ia K ONTUYECKUM CETSIM U
UHTETpaIi (OTOHHBIX KOMIIOHEHTOB B MUKPO3JIEKTPOHHBIE TIAT()OPMBIL.

Takum o6pa3zom, paanopOTOHUKA CTAHOBUTCS KIIIOYEBBIM HJIEMEHTOM CTPATETHYECKOro
PasBUTHSI PaIMOJIOKALIMOHHBIX CUCTEM HOBOTI'O MOKOJEeHHsA. PaccMOTpUM 00OCHOBaHHE JaHHOTO
BBIBOIa O0JI€e MOIPOOHO.

1. KinroueBsble npodiaemsl coBpemeHHbIX PJIC

JlocTikeHrne HOBBIX TAKTUKO-TeXHUUYeCKHX Xapakrepuctuk PJIC ynupaercs B psg pyHma-
MEHTaJILHBIX MTPOOJIEM, KOPSHSINUXCS B GU3UISCKUX OTPAHNYCHUSX JICKTPOHUKH U dJIEKTpOMar-
HUTHOM Teopuu. [loHnMaHue 3THX MPOOIEM SBISAETCS KIIFOUOM K OIEHKE MTPEUMYIIECTB paarnodo-
TOHHBIX TTOJXOJIOB.

1.1 TpeGoBaHue K IHPOKOI MOI0Ce H OLU(PPOBKeE

Cospemennsie PJIC cTpeMsaTcs K YBEJIWYEHUIO MOJIOCHI MPOIYCKaHHs B 1O BYM OCHOB-
HBIM IIPUYHUHAM:

1) moBeIIEHKE pa3pelaroieil crnocoOHOCTH Mo fanbHOcTU AR=c/(2B), rie ¢ — CKOpOoCTh
CBETA;

2) yBeIMYEHHE CKOPOCTH MEepeau JaHHBIX U IOMEXOYCTOHUYNBOCTH MPU UCIOIB30BAHUN
CJIOKHBIX IIMPOKOTIOJIOCHBIX CUTHANIOB (Hanmpumep, JTYM) [2].
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[Ipobnema «anamoroBoro 6apbepa» ALIIL: mpsmas onudposka CBU-curnana tpeOyeT BbI-
noyiHeHHs KpuTepus HaiikBucTa (yacTora quckperusanuu f=>2B), npu 3ToM d3)PEeKTUBHOE YUCIIO
paspsanoB (ENOB) nomkHO OBITH JOCTATOYHO BBICOKHM I o0OecrieueHus TpeOyeMoro TMHaMHM-
yeckoro auana3oHa. Kak moka3aHo B kiiaccuueckoi padore YouaeHa [5], cymecTByer GyHaaMeH-
TaJbHBIA KOMIPOMHUCC MEXAY MOJO0COI 3aXBaTa U TOYHOCTBIO MpeoOpazoBanus (puc. 1,a). s
nostoc cBbimre 1 I'Tr cozmanue ALIT ¢ ENOB > 8 6ut conpsikeHo ¢ SKCIIOHCHIIMAIBHBIM POCTOM
SHEPronoTpeOIeHUs U CI0KHOCTH (puc. 1,0).

a) MapeHwne ToyHocTK ALM c pocToM nonockl 6) SKcnoHeHUWanbHbLIA pocT cnoXHocTU/noTpebneHns
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Puc. 1. Tengenuuu pazsurtus snektpoHHbIX AL (agantupoBano u3 [5)):
a) 3aBucuMocTs ENOB 0T 4acToThl JucKpeTH3aiun (I0JI0CHl) U «TEXHOJIOTUYEeCKUH Oapbep»
(kpacHas TuHUSA);
0) pOCT yAEIBbHON MOIIHOCTH (TJIOTHOCTH HEPTHH HA OTCUET) C YBETUYCHHIEM ITOJIOCHI TIPOITYCKAHHUS

Tennmenums scHO IOKa3bIBaeT, uto nocTwkenrne ENOB > 8 OuT B momocax CBBIIIE HeE-
ckonpkux [T TpeGyeT mpOpHIBHBIX MOAXO00B, BRIXOASAIINX 32 PAMKH KIIACCUYECKON IJIEKTPO-
HUKH.

1.2. KorepenTHOCTD M (pa30BBIil IIyM

Korepentnas oOpabotka B PJIC (nomnepoBckuil aHamu3, KOT€pPEeHTHOE HAKOIUICHHE)
TpeOyeT UCKIIIOUUTEIbHON cTabMIbHOCTH onopHoro rerepoauHa (LO). ®a3oBblii mym L(f) cnek-
TpaJbHOM IIIOTHOCTU MoIIHOCTH (SSB) ompenenser HUXKHUIA MOpor oOHapyKUBAaeMOTo JIOTLIe-
POBCKOTO C/IBUI'a U HAKJIAJbIBAET OTPAaHUYECHNE HAa TMHAMUYECKUI JUaa30H CUCTEMBI U3-3a YX Y-
IIEHUS] OTHOLICHMS CUTHAJI/IIYM Ui ciaaObIX Ieneil, HaXOMsIuUXCs PsIOM 10 YacTOTe C CHUJIb-
HbIMH [6].

[Tpu pactipenenennu LO B kpynHbix ADAP 351ekTpoHHBIM ciocoO0M (depe3 KacKaabl yCH-
JUTeNel W pa3BeTBUTENEH) BO3HHMKAET MpobiieMa HAKOIUIEHHS U pa30anaHcUpoBKU (pa3oBOro
nryma Mexay KaHajgamu. Pa3HOCTb (a30BbIX LIYMOB B i-OM U j-OM KaHanax Ad(f) mpuBOIUT K
HECOTJIACOBAaHHOCTHU MPH KOTEPEHTHOM CYMMHUPOBAaHUH, CHIKasl KOG (UIIMEHT YCUIICHNUS aHTEH-
HOM pemIETKH U YBEJIIMYMBAsi YPOBEHb MOOOYHBIX JIETIECTKOB. DTOMY CIIOCOOCTBYIOT TeMIIepaTyp-
HbIe Jpeidbl 1 HeCTaOMIIBHOCTH JUIMHBI TPAKTOB.

1.3. O0HapykeHHe MaJIbIX LeJeil

3amaya oOHapyKeHHS 1eTu ¢ Malloi 3 dexTuBHON TUIomaasio paccesaus (DI1P, o) Ha
(hOoHE MOIIHBIX OTPAXCHHUH OT MOACTUIIAIONICH MOBEPXHOCTH (KJIATTepa) WK MpeTHAMEPEHHBIX
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MOMEX SIBJISIETCS] OJJHOU M3 HanboJee caoKHbIX. OTHOLIEHNEe MOITHOCTH CUTHANa el P, K MoII-
HOCTH KjaTTepa P. B 0JJHON pa3peniaeMon sYeiike MOKET JOCTUTaTh:

4

B _o .G kR (1)
P o G \B)’

rae 6. — JIIP knarrepa, Gi, G — K03 PUIMEHTHI YCUIICHWs] aHTCHHBI B HAINPaBJICHUU IENH U
KJaTTepa, R, Rc — COOTBETCTBYIOIIUE AaJTbHOCTH.

Ha puc. 2 npencrasiena paccuMTanHas MOJENb CIEKTpa JOMJIEPOBCKUX YacTOT, MOSICHS-
Io11as 3a/1a4y oOHapy)eHUs Majio nenu. [lpuHumaemsblil curHan s f) BIsSETCS CYMMOW OTpake-
HUU OT 1eNU SAf), pacpeieICHHOTO KiaTTepa Sq(¢) u myma n(t): s{t)=s{t)+sc(¢t)+n(t).

3apaya obHapyXeHus Manoli Liein Ha (hoHe MOLLHOro Knatrepa
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Puc. 2. CmoaennpoBaHHBIA CHEKTP JOMIEPOBCKUX YaCTOT
JUTSI TIOCTAHOBKY 3aJ7]aui OOHAPY>KEHUS MaJIoH e (aanThupoBaHo u3 [6])

Ha puc. 2 npezacrasieH pe3yabTar ObicTporo npeodpazoBanus Pypoe (BIID) oT cmecu
curHanoB (cuHss auHusA). [Tapamerpsl Mojenu: oTHomeHue curnai-nomexa (SNR) Ha Bxoze co-
craBisieT —40 b, a BpeMst KOTEpeHTHOT0 HaKOIUIeHUs: 0K0JIo 10 Mc. MOXHO BBIIETUTH: OpaHXKe-
BBIW MTYHKTHUP — MOIIHBIN CIIEKTpP MACCUBHOM MOMEXH OT IMOJICTUIIAIOIIEH MMOBEPXHOCTH (KIJIATTED);
KpacHBI MyHKTHP — MCTUHHOE IOJIOKEHHE c1ab0oro CUrHaja IeJid Mo JIOMIEPOBCKON YacTOTE;
3anuTas rojybas o0JacTh WIUTIOCTPUPYET YpPOBEHb OOKOBBIX JIETIECTKOB CIIEKTpa KiaTTepa.
Bunno, yto ipu cur"aie ot menu okojio 10 1b, oH «yToHET» B OOKOBBIX JIETIECTKAX MACKHPYIO-
miero ¢ona oxosio 30 ab. [Ipu 3TOM ero npsimoe oOHapyKeHHE HEBO3MOKXHO 0€3 CreIuaibHON
00paboTKH.

[Tocne nomnepoBckoit 00paboTku BIID criekTp oTpa)keHUil OT MECTHBIX IPEAMETOB Sc(f)
COCpPEIOTOUYEH OKOJIO HYJIEBOW JOIUIEPOBCKOM YaCTOTHI, HO UMEET MPOTSHKEHHBIE OOKOBBIC Jie-
MECTKU M3-32 KOHEYHOTO0 BPEMEHHM HAKOIUICHUSI M aMIUTUTYIHOW Monynsuud. Cnalblii cCUTHAI
e Syf) MOXKeT OBITh TOJHOCTBIO CKPBIT O] ITUMH JICTIECTKAMHU, €CJT €TI0 MOITHOCTh COM3Me-
pHUMa WM MEHbIE uX YpoBHs. Pemienue Tpedyer npuMeHEeHHsI CII0KHBIX aJITOPUTMOB ITO1aBIICHUS
Takux nomex (cenekuus aBuxymxces nened (MTI), mpocTpaHcTBeHHO-BpeMeHHas alaliTUBHAs
obpabotka (STAP)) u cucreM ¢ 0O4eHb BHICOKHM TUHAMHYECKHM JUANa30HOM, YTOOBI MOIIHBII
MacKHUpYIOMui (OH HEe BBI3bIBAJ HACHIIIEHUE TPUEMHOT0 TPAKTa U HE UCKaXKaJl IPH ATOM CIa0bIN
TMIOJIE3HBIN CUTHAL.



OOTOHUKA | Dnexrponuka, poroHuka u kubdepduznueckue cucremur. 2026. T.6. Nel

1.4. ®opMupoBaHue AMArpaMMbl HANIPABJEHHOCTH JIy4a

B dazuposannoii antenHoi pemérke (DAP) ¢ N anemeHTaMu, pa3HECEHHBIMH Ha PacCTO-
suue d, nuarpamma HanpasieHHocTH (JH) nmyda ¢popmupyercs BBenenuem (pazoBbIX CABUTOB Oy
MEXy dNeMeHTaMHu. J1Jis y3KOTIOJIOCHOTO CUTHAA ¢ HeCyIeH fo yron ckanupoBaHus 0o 3amaéres
KaK:

21 c
¢, =—| — |*ndsinOy,A, =—. ()
A, B #

JUisi IIUPOKOTIONIOCHOTO CUTHAIA C COCTABIISIIOIIMMH Ha Pa3HBIX YacTOTAX f 3TOT MOIXO.
MPUBOAUT K SIBJICHUIO YaCTOTHOTO YBO/JIa JIyyYa:

sin®( f) = % #sin 0. 3)

Ha puc. 3-4 noka3zaunsl paznuuus 11 GopMUpOBaHUs Jiyda npu (a30BOM YIPABICHUH U
yIpasiieHUH ¢ npuMeHenueM TTD.

B) Anarpammil HANPABNEHHOCTK: hasosoe vs TTD
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Bpems, He

Puc. 3. Wmmoctpanus yBoaa yda ¥ HMIYJIbCHOTO OTKJIMKa pu ¢opmupoBanuu JH
(amanrrmpoBano u3 [4, 5]): a) cxemaTudeckoe n3odpakenne GAP ¢ mygamu i1 pa3HBIX YaCTOTHBIX KOM-
MOHEHT (f1, fc, fr); 0) AMarpaMMbl HAITPABJISHHOCTH IS ATHX YaCTOT, OKAa3bIBAIOIIUE CMEIICHUE MaKCH-

MYMOB TIpH (a30BOM YIPABICHUH U ¢ (OPMUPOBAHHEM HCTUHHOW BPEMEHHOH 3a1EPiKKH;
B) MojenupoBanue JIYM-ummyiibca ¢ IMAPOKOH MOIOCO — OOIIHM BH/I;
r) MogenupoBanue JIYM-ummyinbca ¢ IUPOKOH MOIOCOH — AeTaTu3anus
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PasHble criekTpanbHbIe KOMIIOHEHTBI CUTHANA (f1, fc, fi7) U3IIy4atOTCs O/ Pa3HBIMU yIIaMHU
(puc. 3,a,6), 4TO BBI3BIBAET BPEMEHHOE paCIUIbIBAHUE UMITYJIbCA U JeTpajialuio pa3pemeHus. Kak
BUIHO, NpH (ha3oBoM (hopMupoBaHHU (KpacHas JHMHHS) CYIIECTBYET pa3MbITHe uMmyibca, mpu TTD dop-
MHpPOBaHHH (CHHSIS JIMHUs) cOXpaHsieTcs popma umiryibca (puc. 3,6,2).

CoracHo puc. 4 HeoO6XxoauMO UcToNIb30Banue hopmuposareneit JIH ¢ uctuHHOM BpeMeH-
Hoit 3aaepxkkoii (TTD), rie B kaxaplii KaHaJ BHOCUTCS 3a7epiKKa T,—(ndsinbo)/c, He3aBucAIas ot
yacTtoThl. OJIHAKO co37aHKe nepecTpanBaeMbiX 3eKTpoHHbIX TTD-dopmuposareneii ¢ MaapiMu
MOTEPSIMHU, BBICOKOM TOUHOCTBIO U ObicTpojeiicTBueM B CBY-auana3one Asis ThICAY JIEMEHTOB
DAP octaércs kpaiiHe CII0KHON U TPOMO3AKOM 3a7a4eil.

3aBUCMMOCTE yrna Ny4ya oT YacToThkl (Beam Squint)

—— ®a30B0e ynpasieHue
—— TTD ynpasneHue

@ f:0=621°

® f:0=450°

® f:0=361°

80

70

60

®a30B0e yNpaB/eHue:
50 nyy "MAbIBET" € YacToToi

Yron nyya, rpaaycel

[TTD ynpasneHwne:
[nyq cTabuneH Ha BCex YacToTax

40

30

T
0.6 0.8 L0 12 1.4
OTHocUTenbHaa YactoTa (f/fo)

Puc. 4. CpaBuenue yrna nyqa aiist ¢asosoro u TTD ¢opmuposareneii (agantupoBaso u3 [4, 5])
2. Pagmodoronuka B PJIC: nocTHKeHUs1 M pelIeHUust

Pamnodoronnka mpezanaraer mapagurMansHbiid caBur B apxutektype PJIC, ucnombiys
CBET B Ka4eCTBE HOCUTEIS JUIsl TeHEepallnu, pactpeneneHus u oopadorkun CBY-curnanos. B atoit
IJIaBe PACCMaTPUBAIOTCS OCHOBHBIC ()OTOHHBIC TEXHOJIOTHH, HEIIOCPEICTBEHHO PEIIAFOIINE ITPO-
0J1eMBI, ONTMCAHHEIC BHIIIIE,

2.1. ®oronnsie ALIII n 00padoTKa IMPOKOMOJIOCHBIX CHTHAJIOB

KitoueBbIM perieHneM npoosieMbl «aHaIoroBoro 6apbepay siBiseTcsl JOTOHHOE aHAJIOTO-
dpoBoe npeodbpazoBanue. Bmecto npsimoit ormdposku CBU-curnana snexrponnsiv AL, do-
TOHHBIE METO/Ibl CHauasa Mpeodpas3yroT ero B ONTUYECKYIO 001acTh, TJ€ TOCTYITHbI YHUKAIbHbIE
IIPEUMYILECTBA: CBEPXIIMPOKas I0J0ca, HU3Kas JUCIEPCHs U BO3MOXKHOCTH BPEMEHHOW pac-
TSKKH.

IMpunmun crpobockonuyeckoro ¢oronnoro ALl 3axmouaercs B ciemyromiem. Cur-
Hal SrA() MOAYIUPYET HEMPEPHIBHYIO ONTHYECKYIO HECYIIYIO (4aCTOTa Vopt) C IIOMOIIBIO BBICO-
KOCKOPOCTHOT'O 3JIEKTpoonTHUYeCKOro Moayiastopa Maxa-Ilanaepa (MZM). Ora MmonynupoBaH-
Hasl ONITUYECKasi BOJHA 3aTEM CMEIIUBAETCS C ONMTUYECKON IPEOCHKON — CepHreil CBEPXKOPOTKHUX

6
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UMITYJIbCOB C BBICOKOW CTaOMJIBHOCTBIO MOBTOPEHHUS frep. Kaxkaplil UMITynbC rpeOEHKH BBIMOJ-
HsIeT cTpoOrpoBaHKE (BPEMEHHYIO BBIOOPKY) MOIYIUPOBAHHOTO curHaia. [IockonbKy AmuTensb-
HOCTb ONTUYECKOTO UMITYJIbCa MOKET OBITh MeHee | 1c, 3T0 oOecreunBaeT 3KBUBAJICHTHYIO I10-
nocy nuckperusaiuu B cotHu [Ty [7]. [Tocne ¢poTomeTekTpoBaHus «pacTSIHYTHIN» BO BPEMEHH
CUTHAJ OUU(POBBIBAETCS OTHOCUTENILHO MEJICHHBIM, HO BBICOKOTOYHBIM 351eKTpOoHHBIM ALIIT.

Marematuuecky, eciau UIMTEIbHOCTh HMITYJIbCA T'PEOCHKU T, a MEpPHOJ MOBTOPEHHS
Trep=1/frep, TO KOADGUIUEHT PACTSIKKHU BO BpeMeHU cOCTaBsieT M=T1ep/T, YTO O3BOJIIET CHU3UTD
TpeboBaHus K cKopocTH 3ekTpoHHoro ALl B M pa3 [8].

Ha puc. 5 mokazano MmojenupoBaHue KIFOYEBBIX 3TaroB padoTsl poronHoro AIIIL. Curnan
BBICOKOHM 4acTOTHI (pUC. 5,a) CTpoOUpYyeTCs CBEPXKOPOTKUMH ONTHYECKMMU UMITyJIbCaMu (pHUC.
5,0), 9TO naeT MUCKpeTHBIC BEIOOPKH (puc. 5,8). [locne BpeMEeHHOM pacTshKKH (pUC. 5,2) BpeMEH-
HBIE XapaKTEPUCTUKU CUTHAJIA 3aMEJISIOTCS, [T03BOJISISI UCIIOIB30BaTh 00J1e€ MEJIEHHBIH, HO TOY-
HbI# 25ekTpoHHbIil AL anis onudposkw.

A) McxoaHbiin CBY-curtan : - " [fTiee o B) OeTanuzauus oNTUHECKOro MMMy bCa
f=10rru f rep = 100 My

Af=20TTy —— N4M curHan —— UmMnynec rpeberkn
T_Amn = 1.0 HC 109

1.0

0.54

AMAUTY A
(=]
o
WHTEHCUBHOCTD

—0.54

T T T T 0.0 T T T T T T
2.0 2.2 2.4 2.6 2.8 3.0 1998.0 19985 1999.0 1993.5  2000.0  2000.5 200L.0 20015  2002.0
Bpems (Hc) Bpems (nc)
B) Mpouecc cTpobuposaHus T F-Enras nocne Bp {HOW pacTaXKK (Koad. = 100)
1.0 i — €BY curran 0.03 {|3ke. f aDc = 200 rry
H rpeberka
' MOMEHT cTPOBUPOBEAHIS 0.02 4
@ Bubopka

—— PaCTAHYTHIA crHan

154
@

0.01 4

<4
ES

0.00 1

o
»
L

—0.01 §
0.2 4

AmMnanTyna

=0.02 {

AMNAMTYAa (HOPMUPOBaHHAS)

=0.03 4

—0.04 4

1980 1985 1990 1995 2000 2005 2010 2015 2020 246 248 250 252 254
Bpems (nc) Bpems (Hc)

Puc. 5. Oransl pabots! poTonHOTO cTpobockonnueckoro AL (amantuposano u3 [7, 8)):
a) ucxoaubii CBU-curnan; 0) peranu3amnus ONTHYECKOTO UMITYJIhCa;
B) Mpolecc CTPOOMPOBaHUsI; I') CUTHAJ ITOCJie BpeMeHHOH pacTskku B 100 pas

2.2. OnTr4yeckue reTepoaAMHbI 1 noaasjenne Ga3oBoro myma

ITpobnema ¢pazoBoro myma u pacrpeieleHus: KOrepeHTHOTO reTepoArHa dPPEeKTUBHO pe-
[IaeTCsS C MOMOUIbIO ONITUYECKUX T'€TEPOJUHHBIX cUCTEM. B OCHOBe MeTo/a JIeKUT reHepanus
CBY-curnanoB nocpeacTBOM OMEHHS IByX KOT€PEHTHBIX ONTUYECKUX Hecymux [9].

Ouznyeckuii npuHIUN GOPMUPOBAHUS PAINOYACTOTH HA OCHOBE (POTOCMEIIEHUS 3aKIII0-
YarTed B cileayomeM. JlBa cTabMIn3UpOBaHHBIX J1a3epa ¢ YaCTOTAMU Vi U V2 MTOJIAI0TCS Ha BBICO-
KOCKOpOCTHOM (hoToneTexTop. BenencTBue kBaipaTuuHOro Xapakrepa poToaeTeKTupoBaHus, Ha
BbIX0/I€ BOBHUKAET Pa3HOCTHAs 4acTOTa:

frr =|U1 —UZ|. 4)
®a3oBbIil myMm renepupyemoro CBUY-curnana onpenensercsi BeIpaXXeHUEM:

7
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Sy (f)=S (£)+57(f), (%)

rae Sp°P'(f) — crexTpaabHas INIOTHOCTH MOIIHOCTH (ha30BOT0 IIyMa ONITHYECKUX HECYIIHX.

[Ipu ucnonb30BaHUU Ja3€pOB, CTAOMIM3UPOBAHHBIX OTHOCHTEIHHO OJHOM ONTHYECKON
rpeGeHKH, OTHOCUTEINIbHBIN (ha30BbIH IIYM TeTepOoIMHA MOKET OBITh YpEe3BbIUAHHO HU3KUM (pHC.
6,a) [10].

CpaBHeHue q)aBDBbIX LUYMOB 3/IEKTPOHHOro U ONTH4YECKOro rerepoauHa

A) CnekTpansHaa NNOTHOCTL (a3oBoro Wyma b) MHTerpanbHbIil thasobli LyM

=50 TOTT T Oo
1750 - 3nekTp0HHt3M
== OnTUyeckun

1500 q

-80 1 1250 q

=901 1000

~100+ 750 -

=110

®a3oeblid Wym, 4BH/ ML

500
=120
250 A
—130 { = 3neKTpOHHbIA cuHTe3aTop (10 M)
— OnTUyeckui reTepoauH (10 Mru)

VHTerpanbHbiii pa3osbiii Wym (RMS), rpaaycel

-140 T . . T T T T T T
100 10! 102 10% 104 10° 108 10! 102 10% 104 10
OTCTpOiAKa OT Hecywedd, My MaKcuManbHas 4acToTa MHTerpupoBaHus, 'y

Puc. 6. CpaBHeHue xapakTepucTuk (pa3zoBoro myma (agantuposano u3 [10]):
a) CHeKTpaJibHasl INIOTHOCTh MOIIHOCTH (ha30BOT0 IIyMa
(onrTmaeckwii rerepoArH qeMoHcTpupyeT Ha 20-30 nb mydmme nokazarenu
B KpuUTHUYECKO# obmactu noruiepoBckux 9actoT (100 I'm - 100 x['m));
0) uHTerpanbHbIi (pa3oBbId LIYM B pa3NUYHbIX I0JI0CAX HHTETPUPOBAHUS
(mst monockr o 100 k['11 onTHveckuii reTepoArH UMeeT B 3-5 pa3 MeHbIIHHA (a30BbIi IIyM)

Pacnpenenenune rerepoauna B kpynusix ADAP ocyiecTBisieTcs mOCpeICTBOM MacCHB-
HOTO ONITUYECKOTO Pa3BETBIICHUS B BOJIOKHE C TTOTepsiMH ~0.2 1b/KM, 4TO Ha MOPSAKH JIydIlle, YeM
Yy KOaKCHUaTbHBIX TUHUN. KpuTH4eCKr Ba)KHO, 4TO (DA30BBIN 1IyM HE HAKATIJIMBAETCS MPHU PACTIPO-
CTpaHEHUU TI0 BOJIOKHY, B OTJIMYUE OT DNIEKTPUUECKHUX TPAKTOB (pHC. 6,0).

2.3. ®oronnsbie TTD-dpopmuposarenu AH nyuya

®otonnsle TTD-dhopmupoBaTenu odecreynBarOT HE3aBUCILEE OT YaCTOThI (POPMHUPOBa-
Hue JIH nyda, 4To KpUTHUECKH BayKHO JUIsl COBpEMEHHBIX mmpokononocHeix PJIC [11, 12].

dusnueckuil mpuHIUNI paboThl (POTOHHBIX (POPMHUPOBATENIEH 3aKITIOUAETCS B CIEAYIOIIEM.
B poronnom TTD-dopmupoBatene kaxplii 7-b1ii kKaHas sneMeHTa ADAP coepKUT ONTHYECKU
MOJIYJIATOP U NepecTpauBaeMblil 0510k 3anepxkku. CBU-curnan MoayaupyeT onTHYECKYIO Hecy-
I1yI0, KOTOpas 3aTeM 33JIepP)KUBaeTCs Ha BEIWYHMHY T,=~(ndsinbo)/c, rae n — HoMep 3IeMeHTa, d —
paccTosiHuEe MEXAY dJIeMEHTaMH, 0 — yroi CKaHuPOBaHHUSL.

Jliia nuHeitHON pemieTku u3 N 2JIEMEHTOB C PaBHOMEPHBIM BO30YXAeHHEM K03 PHUITEHT
HarpaBJeHHOTOo AeicTBus pu TTD-dopmupoBanun:

AF (6, f)=1N|Y_n=0N —1exp| j2nf (ndsin6c—rn), (6)
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[Ipu 1, Makcumym (6) nocturaercst ipu 8=00 1y Bcex yactort f. [Ipu dazoBom ympabiie-
HUU (0,=—27fondsinOo/c) MaKCUMyM CMEIIAEeTCs Ha BETMYUHY

0( f)=arcsin(f0fsin60), (7)

YTO U MPUBOJUT K yBOY J1y4a (3).
CpaBaenue pa3oBoro u BpeMeHHOro (hopmupoBanus jiyueid B DAP npu ckaHupoBaHuU Ha

45° mpencTaBlieHO Ha puc. 7.
CpaBHeHue ¢daszoBoro n TTD ynpanneful(nfn) B ®AP npu cKaHUpoOBaHUK Ha 45°
c \lo
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Puc. 7. JleranbHoe cpaBHeHue pazooro u TTD ynpasnenus B AP npu ckanupoBanuu B 45°
(amantupoBano u3 [11])
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B BepxneM psity puc. 7 nokazanbl JIH a71st TpeXuacTOTHBIX KOMIIOHEHT fi, fc, fr. BuIHO cMemieHue
MUKOB TIpU Pa3oBoM (opMHupoBaHHH U UX cTabwibHOCTh pu TTD-popmupoanuu. [lupokomnonocHsii
aHaJIN3 MOKa3bIBACT YIIMPEHHUE JIyda M MOTEPH YCHIICHUs IpH (a3oBOM (OPMUPOBAHHH, B TO BPEMs KaKk
TTD-dopmupoBanue no3posseT coxpanars y3kyio JIH, uro nmokazano B HIKHeM psiny puc. 7. [Ipencras-
JICHHAs B HEM )K€ IiarpaMma CpaBHEHHS XapaKTEPUCTUKH KOJMYECTBEHHO JIeMOHCTPUPYET IPEUMYIIeCTBa

TTD-dopmupoBates o motepsM YCHICHHUS U IIUPUHE JTyda.
HeranbHoe cpaBHeHHE xapakTepucTuk (azoBoro u TTD-dpopmupoBareneli mo BceM paccMOTpeH-

HBIM B 0030pe mapaMeTpamM MpeCcTaBIeHo B Taom. 1.
2.4. ®otonnbie popmuponartenu IH 4acToTHO-pa3HeCEHHBIX AHTEHH

B nmocnennee Bpems OGecrnmiioTHble netarenbHbie anmnaparsl (BJIA) cranu momonHUTENH-
HBIM HCTOYHHUKOM MEPErpy3Ku CHEeKTpanibHOU cuTyauuu B 30He koHTposia PJIC. B Hux mmpoxoe
npumenenue Haxoxs LITIC texHonoruu, 4ro emie OOJbIIe YCIOKHSIET 3a/1auy Pa3BUTHS MPHUEM-
HBIX cucTeM. [y pemienus ykazanHoi mpoonemsl kpome ADAP ¢ pa3oBbIM U UCTHHHO BpEMEH-
HBIM YIPABJIEHUEM CTaJId aKTUBHO NMPUMEHSATHCS YaCTOTHO-PA3HECEHHbIE aHTEHHbBIE PEIETKU
(UPAP) [13, 14], B KOTOPBIX CO3JAIOT JUATPaMMY HaAIllPaBJICHHOCTH, 3aBUCSIIYIO OT yIjia M 1ajb-
HOCTH.
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Tabmuma 1. CpaBHenue xapaktepucTtrk ¢azoBoro u TTD-popmuposareneit JITH AP

®dazoBoe IIpenmyiuectBo
¢dbopmupoBaHHe TTD-popmmposarme TTD-dopmuposareneit

XapakTeprcTuka

VYBog syda B rpagycax )
nipu Aflfo = £20% 5-10 0 [Tonnoe ycrpanenue

VBenu4yeHue MUPUHBI

nywa ans ITIC B % 30-50 0 ITonHOE CoXpaHeHHE
IMotepu ycunenwus B 1b 2-6 <05 [pakTryecku
OTCYTCTBYIOT
Peanuzamus 8 AGAP CoxxHast CoxxHast Peanu3zanms Ha unne
[Tosoca mporyckanus OrpanuvecHa He orpannyena IMonnepsxka CIIII

Ee ammmTynHOe U TPOCTPAHCTBEHHOE paclpe/iesieHne MOKET PEeryIHUpOBAThCS BEIMYUHU-
HOM Pa3HOCTHOM YaCTOTHI MEXK/y JIEMEHTaMU U UX KOJMYECTBOM. biarogaps 5ToMy BO3HHMKAET
BO3MOYKHOCTh TOJTHOTO KOHTPOJISL paclpeiesieHus epe1aBaeMoi YHEPTUH, MOJABICHUS TOMEX
Wi 0OHApYKCHHSI 00BEKTOB, HAXOIANINXCS Ha PA3HBIX JATBHOCTSIX JIAXe MPH OJUHAKOBOM YT-
JIOBOM pacroiokeHud. Takoi (GyHKIIMOHAT HETOCTYTICH JUISl ITUPOKO M3BECTHBIX (Pa3upOBaHHBIX
aHTEHHBIX pemnieTok [15].

OcHoBHast 3aa4a pa3Butust YPAP coctout B HEOOXOAMMOCTH reHEpallii CHMMETPUYHBIX
CIIEKTPATbHO YUCTHIX JABYXYACTOTHBIX HECYIIUX, PA3HECEHHBIX IO YaCTOTE, I IBYX4aCTOTHOTO
nuarpamMmmoo6OpasoBanusi [ 16], 4TO TO3BOJIUT CYIIECTBEHHO YBEIMUUTH UX POCTPAHCTBEHHOE pa3-
pelIeHne Mo CPaBHEHUIO C OJHOYACTOTHBIM. Perienne qaHHOW 3a/1aud paguoTEXHUYECKUMU Me-
TOJIaMU 3aTPYJHEHO B CUITY Y3KOMOJIOCHOCTH M HEMTUHEHHOCTH MPUMEHSIEMOU 3JIEMEHTHOMN 0as3bl.
CymectBytonie paaro(GOTOHHBIE METO/bI TeHEPAINH XapaKTePU3YIOTCS CIO0KHOCTBIO U BBICO-
KOH CTOMMOCTBIO TPUMEHSEMOM 2JIeMEHTHOW 0a3bl, M HATUYHEM MMapa3UTHBIX CHEKTPATbHBIX CO-
CTaBJISIFOIINUX BBICOKOTO YpoBHs [17].

B [13] npeanioxxeH HOBBIII METO/ F€HEPALIMHN PAa3HECEHHBIX M0 YaCTOTE JIBYXKOMITOHEHT-
HBIX ONITUYECKUX TPeOEHOK, OCHOBAaHHBIN Ha TPEOOPA30BAaHUH JIBYXUACTOTHOTO PAAHOU3TYUEHUS
B aMIUIMTYIHOM Monyisitope Maxa — Llenaepa ¢ yMHOXEHUEM €ro pa3HOCTHOM 4acToThl. Paccmar-
pHUBaeTCsl MPUMEHEHHE TaHHOTO METO/A JJIsl pelieHus 3aaad ruokoro popmuposanus JIH YPAP
C BBICOKUM Pa3peIIeHHeM.

CxeMa peanu3zanuu npeiaraéMoro Metoja (GOTOHHOM reHepaluy JByX4aCTOTHBIX pajiu-
OHECYIIUX JJISI YaCTOTHO-PA3HECEHHBIX aHTEHHBIX PEUIETOK PAAUOTEXHUYECKOTO TPAHCTIOPTHOTO
JIOMEHa, OCHOBAaHHOTO Ha JBYX JBYXKOMIIOHEHTHBIX ONITUYECKUX rpeOCHKaxX Moka3aHa Ha puc. 8.

MPYUT Ay | Fuh | p@)

(Aw) _
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[ .
Ao 2 s, / . ACD
. ~ .
7 ‘N 4
o T B EY K ST
Mo S "
. . N
~. v P "o
~. Lo OII A(+l
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3 R

NG

Puc. 8. CrpykrypHas cxema ¢poTOHHOTO (POPMHPOBATEIS
aJpeCHBIX IByX4acTOTHBIX paguonecyuux st JH YPAP
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Cxema coaepxurt jazepHsbiit quon (JI1), u3nydenue KoToporo paszieieHo COOTBETCTBEHHO
Ha BEPXHUH M HIDKHUHM KaHAIBI ONTHYECKUM pa3BeTBuTeseM (OP).

Kaxnpiii kanan conepxut GopMUPOBATEIN COOTBETCTBYIOIIMX MAaKETOB IpeOEHOK, BbI-
XOJIbI KOTOPBIX 00beIMHEHbI onTHYecKUM 00benuuTesneM (O0O), COeTMHEHHBIM C IEMYIbTHILICK-
copoMm ([IM), kaxkplii BBIXOJ1 KOTOPOT'O B CBOIO 0UYepe/Ib uepe3 poTOnprueMHUK HArpy»eH Ha YCH-
JUTENh MOIIHOCTH ¥ aHTeHHBIH 37eMeHT (A(£N)) UPAP, rae 2N+1 — ee 4uCIIO 3JIEMEHTOB.

dopmMupoBaTeb IpeOCHKH BEPXHEro KaHaja CTPOUTCS IO M3BecTHOM cxeme [17] u co-
CTOMT M3 TOCJIEI0BATENbHO yCTaHOBIEHHBIX AMMII1, paboraromiero B pexuMe yMHOKEHUS
MEXKaHAJIbHOW YacCTOTHI (, PABHOW YaCTOTE MOYJIMPYIOIIETo paarnocurnaia, 1 AMMIL2, pabo-
TAIOLIETO B PEKUME I10/aBJICHUS Hecyllel [ 18] nns nomydyeHus paBHOMEPHON IBYXKOMIIOHEHT-
HOM TpeOEHKH C COCTaBISAIOIIMMU Ha yacToTax nmt)/2, rae ()/2 yactoTta ynpaBieHHUs MOIYIIS-
TOpOM, a {2 — UX pa3HOCTHAsI YAaCTOTA, & # — HOMEP CIEKTPaIbHOM COCTABIISIOICH.

dopmupoBaTesb rpeOSHKH HIDKHETO KaHaja, CTPYKTypa KoTopoi mpemioxena B {fkb},
cocront u3 AMMII3, pabGoTaromiero B peKuMe YMHOKEHHUS Pa3sHOCTHOM 4acTOThl A® MEXAY
JBYMSI COCTABIISIOIIMMHU MOTYJTUPYIOIIETO IBYXYaCTOTHOTO PaAHOCUTHANIA 1 2=0tA®/2, 11 10-
Jy4eHHUs] HEPAaBHOMEPHOT'O 110 Pa3HOCTHOM YacTOTE JBYXKOMIIOHEHTHON IpeOEHKHU C COCTABIISIO-
IMMH Ha 9acToTax n(mtAw/2).

[Ipenmnomnaras, 4To moje, U3ay4aeMoe Ja3epHbIM JUOJIOM U MOCTYIAOIIee Yepe3 OnTuye-

CKHii pa3sBeTBUTENb B AMIUIMTYIHOM Mojyisitope Maxa — Llennepa, pasro Ej, = Ege’ 0! (Eo —

aMIUIUTYIa; (0 — YIJIOBas YacTOTa HECYIEeH ), BBIXOIHOE H3ITYyYeHUE aMILTUTYIHOTO MOAYISATOpa
Maxa — llennepa MOKHO BBIPa3UTh CICAYIOIIUM 00pa3oM:

. 4o
Eout:E—én > Jn(m)[exp(j(p)+exp(—j(p)]cos[coo J_rn(o)iAco)]t, (8)

n=—oo
rae J, — Gynkums beccens nepsoro pona n-ro mopsinka; m=mly, , / Vi — MHIEKC MOIYISAIUH

HECYIIEH paJOYacTOTHBIMU CHTHAIAMH PaBHOM aMILTMTYJIBI Ha 4acToTax ®12; ¢ =71Vpc/Ve —
(a30BbIil CIBUT, BEI3BAHHBIN TTOCTOSIHHBIM HANPSHKEHUEM V/Dc, IPHIIOKEHHBIM K AJIEKTPOIY CMe-
IIEHUs] aMIUIMTYIHOTO Moayistopa Maxa — Llennepa; Vz — moiyBoJIHOBOE HaIlpspKEHHE aMILTU-
TygHOTO Moayisitopa Maxa — LleHepa uiu ero rnojyBOJIHOBOE HAMPSKEHUE.

[TocTtaBuM 3amauy IMONy4YeHUs NATUIIEMEHTHOM JIBYXKOMIIOHEHTHOW ONTHYECKOW TIpe-
OCHKM ¢ paBHBIMH aMIumMTyaamu Ey = Ey| = E4). JIng paBeHCTBa aMIUIUTY]T HEOOXOIUMO BbI-

MMOJIHUTH YCJIOBUSA JJISA YCTHBIX 1 HCUCTHBIX KOMIIOHCHT!

Jo(m) = J2(m);

Jo(m)[exp(jo)+exp(~jo)]=J1(m)[exp(jo)—exp(-jp)]. ©)

PaBencta B ¢popmynax (9) Bemonsstores npu m=1,84 u j=0,5.

[IpuBeneM cieKTpbl IBYXKOMIIOHEHTHON ONTHYECKON TpebeHkH (puc. 9, @) 1 AByX4acToT-
HBIX HECYIIMX B KaHAJIaX 4aCTOTHO-Pa3HECEHHOW MATHUAIEMEHTHON aHTeHHOU perieTku (puc. 9,
0). OnTHYecKue CUTHAIBI 00eHUX JBYXKOMIIOHEHTHBIX ONTHYECKHX IPEOCHOK Yepe3 OMTUYECKHM
00BbeTMHUTENb IOCTYNAIOT B IEMYJIBTUILIEKCOP, B KOTOPOM JAeATCA Ha N KaHAJIOB (B HaIlleM MpH-

MepeE MSITh), COOTBETCTBYIOIIMX YMCIly aHTEHH YaCTOTHO-Pa3HECEHHOM aHTeHHOH pemeTku: CH—
2, CH-1, CH+1, CH+2.

11
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Jlanee OHU OTHPABISAIOTCS HAa KaHAJbHBIE (DOTONMPHUEMHHKHU, B KOTOPHIX T'€HEPUPYIOTCS
JIBYX4YacTOTHBIE PaIUOHECYILIHE:

IcHxn =&1&2Rcos{2n £ £n(Af)]}¢ . ©9)

riae &1, — aMIUTMTYIHBIC BEJIMYUHBI, OTIPEIe/IIeMble OMCHUSMU aMILTUTY COCTaBIISIONINX 00CHX
JIByXKOMIIOHEHTHBIX ONTHYECKUX IPeOCHOK; R — 4yBCTBUTEIBLHOCTh GOTONPHUEMHHKA, [ =271/QQ,

A =2m/A0, |n|=|N].

8! a8 | | e

L - | | | " ol I

ol LI 4

| 1 1 1 1

! 1 1 1 1 >
030—20) Oy— Mo 0, tO c00+2c0

44 200 ..i‘*.ﬁco \ _;‘E‘ Ao 4lp 280

| | : :

1 ] | 1 >
coO—Zm (O PO O} O, o co0+2c0

| CHI-2) CH(-1) CH(0) CH(+1) CH(+2) |

a
P, ;[BM v v
201 CH(-/+2) CH(-/+1) CH(0) CH(+/-1) CH(+/-2)
., E—
------- - - -
-40 + 0.2 AB 40 AB
-60

3.996 3.998 4 4.002 4.004

o
Puc. 9. CriekTphl IByXKOMIIOHEHTHOM ONTHYECKON IT'PeOCHKH (a) U IBYXYaCTOTHBIX HECYIIUX (0)
B KaHaJax mATuaaeMeHTHo YPAP

£ ITn

Kak nokazano B popmysne (9) u Ha puc. 9, 6, cxema reHepupyeT curHai GoOpMHUPOBAHUS
JarpaMMBbl HATIPABICHHOCTH YaCTOTHO-PA3HECEHHON aHTEHHON PEIIeTKU C IICHTPAaTbHON 9acTo-
TOW f ¥ ¢ IBYMsI paJIMOHECYILIUMH CO CMEIlIeHUEeM YacToThl +Afi1 12Af ipu 6oiiee BEICOKOM YUCTOTE
cnektpa 40 1bM, 4TO B OCHOBHOM OOBSICHAETCS IPEUMYIIIECTBAMH UCIIOJIb30BaHUS B CXEME TaH-
JIEMHOTO aMIUTUTYIHO-(a30Boro Moayssropa [18, 19].
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CpaBHHTENBHBIN aHATH3 XaPAKTEPUCTHK (OPMHUPOBATENCH TBYXYACTOTHBIX PATUOHECY-
HIMX IS 9aCTOTHO-PA3HECEHHON aHTEHHOH PEIIETKH PaJMOTEXHUYECKOTO TPAaHCIIOPTHOTO JI0-
MEHa TMPOJEMOHCTPUPOBAIT MPEUMYIIECTBA PEATH3AIMU MPEIJIOKESHHOTO METO/Ia 10 CPABHEHUIO
C cymecTByromuMH nojaxoaamu (Tabi. 2).

Ta6mmma 2. CpaBHEHHE XapaKTEPUCTHK paqunoGoToHHBIX hopmupoBatenein [IH UPAP

OcHoBHBIC 2IIEMEHTHI (hopmupoBa- | CreKTpalbHAsS YH- Pazpemrenune o Pazpemrenne mo
TeJsl ByXKOMIIOHEHTHOW OITHYe- crota, 1bm TAITBHOCTH, M YTy, Tpan
CKOM rpeOeHKH

[Iste PDM-DPMZM [8] 35 40 20
Tpu aMIIUTYAHBIX MOIYIATOPA 233 45 ”
Maxa — Lenzaepa [7]

AMIUIMTYIHBIN MoaynaTop Maxa —

Llennepa, TaHAEMHBIA  aMIUIU-

TyTHO-(a30BbIi MOAYISATOP, aM- 40 30 15
IUIUTYIHBI Mopynarop Maxa —

Hennepa [13]

[TpenmymiecTBa MOIY4YEHHOTO PEIICHHUS.

1. CmereHre 4acTOThl U LIEHTPAIbHYIO YaCTOTY MOYKHO TMOKO HAacTpauBaTh peryiupoB-
KOI 4acTOT OIHOYACTOTHOI'O M JIBYXYAaCTOTHOro cUrHaia. ONTO3JEeKTPOHHAs HIMPOKOIOIOCHAs
XapaKTepUCTHKa 00ECIeYnBaeT MIMPOKOIMOIOCHYIO TeHEpalrIo AUarpaMMoo0pasyroNiX CUIHa-
JIOB YaCTOTHO-PA3HECEHHON aHTEHHOW PEIIeTKH, IMOBBIIIAs MPOCTPAHCTBEHHOE pa3pelieHue Cu-
cTembl cBs3M 5G.

2. bonbuiee yucio kaHajaoB U 0o0Jiee TOUHOE CKAaHUPOBAHUE MOTYT OBITh MOJYYEHO C T0-
MOIIbIO JBYXKOMIOHEHTHBIX ONTUYECKHX I'PEOCHOK C OOJBIINM KOJHMYECTBOM KOMIIOHEHT WA
IPUMEHEHHEM HECKOJIBKUX CXEM I'eHepalli JIBYXYaCTOTHBIX PAJMOHECYIIHX C PA3IMIHBIMH CMe-
HICHUSIMHU YaCTOTHI.

3akjao4eHue

B pabore npoBenéH aHanM3 KIIIOUEBbIX OIPaHUYEHUI COBPEMEHHBIX PaJUOIOKAIIMOHHBIX
CHCTEM, CBA3aHHBIX ¢ HeoOxoaumocThio 00padboTku CHIIT curuanos, obecriedeHneM KOrepeHT-
HOCTH M I10/1aBJIeHUEM (pa30Boro 1yma, a Takke npodiaemamu GopMHpoBaHUS Jydya B IIMPOKOIO-
nocHbIX ADAP.

[TokazaHo, YTO TpaAUIIMOHHBIE AJIEKTPOHHBIE PEIICHUS CTAIKUBAIOTCS ¢ QyHIaMEHTalb-
HbIMU OapbepaMy, TAKUMHU Kak «aHajorosblil 6apbep» AL u wactoTHsIi yBOJ styda. Pagnodo-
TOHMKA Npeasaraet 3p¢GeKTUBHbIE MEXaHU3MbI IPEOI0JICHUS ITUX OTPAHUYEHHH 32 CUET UCTIONb-
30BaHus (poToHHBIX ALIIT ¢ BpeMeHHO pacTsKKOM, ONTHUECKUX TeTepOIMHOB U (OopMHpOBaTE-
Jieil ¢ UICTUHHOM BpeMeHHOM 3aiepkKkoi. OTaenbHo npeanoxeHo popmuponanue J[H Ha 1ByX He-
cymux s YPAP.

PaccmoTpenHble MOAX0AbI JEMOHCTPUPYIOT OTEHIIMAT 3HAUUTEIHLHOTO TOBBIIIEHUS pa3-
pemraromei cnocoOHOCTH, YCTOMYMBOCTH K ToMexaM U sHeprodddextuBHoctu PJIC HoBoro mo-
KosieHus. JlanpHeiue ncciaenoBaHusl JOJKHBI ObITh HAlpaBlieHbl Ha MHTErpalnuio (POTOHHBIX
KOMITOHEHTOB B KOMITAaKTHbIE U HaAEKHbIE MOJIYNU ((DOTOHHBIE UHTETPAIbHbBIE CXEMBI), a TaKXKe
Ha pa3paboTKy CTaHAAPTOB UHTEP(DEHCOB 711 THOPUIHBIX PAAHO(POTOHHBIX CHCTEM.

Taxum 06pazom, pagroOTOHHKA SBISIETCS CTPATErMYECKUM HalpaBJIeHUEM Pa3BUTHS pa-
JMOJIOKAUK, 00ECIeUNBAIOIINM IIEpeX0/l K KOTHUTUBHBIM U aJJalITUBHBIM CUCTEMaM B YCIIOBHSIX
HEePErpyKEHHOTO CIIEKTPa CUTYAIIHOHHONW OOCTaHOBKH.
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A MULTI-CHANNEL ULTRA-WIDEBAND RECEIVER
FOR RADAR SYSTEMS.
ANALYSIS OF ELECTRONIC AND PHOTONIC SOLUTIONS

A.S. Belov, O.G. Morozov, G.S. Potapov, I.T. Sharipov

Kazan National Research Technical University named after A.N. Tupolev-KAI
10, K. Marx str., Kazan, 420111, Russian Federation

Abstract. This paper presents an analysis of electronic and photonic solutions for constructing multi-
channel ultra-wideband receiver channels for radar systems. The key challenges of modern radar are
formulated: the "analog barrier" of analog-to-digital converters (ADCs) during direct digitization of
wideband signals, phase noise of local oscillators and reference frequency distributions, detection of
small targets against the background of powerful reflection from the underlying surface, frequency
beam drift in wideband phased antenna arrays and the spectral coexistence of various systems in an
overloaded spectrum. It is shown that radio photonics - photonic ADCs with time stretching, optical
heterodyne sources and distribution of radio heterodyne radiation along the fiber, photonic beamformers
(BP) with a true time delay and optical spectral processing - provide physical mechanisms for
overcoming these limitations. A new direction for the development of radio photonics in the studied
area is proposed for consideration - frequency-separated antenna arrays for forming BPs using two
carriers and radio photonic formers for their implementation. The comparative advantages of photonic
and electronic solutions are discussed, as well as unresolved engineering challenges: hybrid ADC
frontends, integration and miniaturization of photonic integrated circuits, energy efficiency, and
interface standardization. The review concludes that the strategic inevitability of implementing
microwave photonic technologies in next-generation radars is imperative.

Keywords: microwave photonics, photonic ADC, optical local oscillator, phased array antenna, true

time delay, frequency-diversity antenna array, cognitive radar, low-probability-of-intercept signals,
spatiotemporal adaptive processing, spectral coexistence.
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