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Buinonnen ananu3z ucnonib306aHus KOCMU4eCKOU NOAAPUMEMPULECKOU CbeMKU 3eMHO NOBEPXHOCMU C
nomowvio PCA 0na usmepenus papadeesckoeo yena nosopoma niocko ROIApU3AYUOHHO20
9EKMPOMASHUMHO20 U3NYUEHUs HA Mpacce CRYMHUK-3eMiA-CRymMHUK U Kaiubposku padapa. [lokasano,
umo mexnuueckue xapaxmepucmuku PCA, nepemewenue paoapa 6o 6pems cvemku, 0CO6eHHOCHU
OMPAdHCEHUSL INEKMPOMASHUMHBIX 80IH OM WIEPOX0B8AMOTL 3eMHOU NOBEPXHOCU, d MAKHCE
MenKomMacumadHvle HeOOHOPOOHOCMU UOHOCHEPbl BUAIOM HA Pe3YIbMambl CONOCMABNIEHUs
paouonokayuonnvix uzoopasxcenuii na HV u VH nonapusayusx. B pesynemame écmaem eonpoc o
MOYHOCMU UBMEPEeHUs yela nogopoma niockocmu noaapusayuu cuenanra PCA us-3a sa¢hppexma gpapaoes,
Heobx00umo2o 0Jisl KanubposKu JUHEUHO NoasApu308annol noapumempuveckou PCA ¢ nomowwro
MemoouK, npeoniazaemuvix COGeMCKUMU U 3aPYOeHCHbIMU CReYUATUCAMU NPU 6bINOTHEHUU
PAOUONOKAYUOHHOU CHEMKU ¢ OOPMA KOCMUYECKO20 annapama 8 OIUHHOBOIHOBOM OUANA30HE.
Kntouesvie cnosa: paouonokamop ¢ CUHMe3Uupo8aHHOU anepmypotl, mexHu4ecKiue Xapakmepucmuru
paoapa,ckopocms Hocumeis, uonocgepa 3emnu, papadeesckuil y2oa N08OPOMa NIOCKOCMUNOIAPUIAYUU

Features of the reciprocity principle of HV and VH synthesized aperture radar images
of the Earth’s surface
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The analysis of the use of space polarimetric survey of the Earth's surface using the SAR for measuring
the Faraday angle of rotation of plane-polarizing electromagnetic radiation on the satellite-Earth-
satellite route and radar calibration is performed. It is shown that the technical characteristics of SAR,
the radar movement during the survey, the features of reflection of electromagnetic waves from rough
ground surface, as well as small-scale inhomogeneities of the ionosphere affect the results of mapping the
radar images on HV and VH polarizations. As a result, the question arises about the accuracy of
measuring the angle of rotation of the plane of polarization of the SAR signal due to the Faraday effect
required for calibration of linearly polarized polarimetric SAR using the methods proposed by Soviet and
foreign specialists when performing radar surveys from the spacecraft in the long-wave range.
Keywords: synthetic aperture radar, radar specifications, Earth's ionosphere, Faraday angle of rotation
of the polarization plane.

BBenenue

B nanHO#t paboTe paccMaTpuBaKOTCS BOMPOCH, KOTOPHIE B 3HAYMTEIHHOW CTENEHU
OTHOCATCA K aHaJm3y pesyanaTOB KOCMHUYCCKUX paI[I/IOHOKaLII/IOHHBIX CBEMOK C IIOMOIIIBIO
noJsipuMeTpruuecknx kocMuueckux PCA, pabotaronux B JJIMHHOBOJIHOBOM auanaszone. OHako
NpU aHallu3e pe3yJbTaTOB NOJIPUMETPUUYECKON CHEMKH 3€MHOM IMOBEPXHOCTHU padapami,
pa3MEIIeHHBIMA Ha OOPTY CaMOJIETHBIX HOCHUTENCH, BO3HUKAIOT aHAJIOTHYHBIE BOMpPOCH. [Ipu
BBIITOJIHCHUHN I/ICCJIGILOBaHI/If/’I OTpa)KCHI/I}I oT HOBerHOCTI/I 3CMHI/I, paSJII/I‘-IHI:IX O6’beKTOB C
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MOMOUIbIO  PATUOIOKAIMOHHBIX MOJSIPUMETPUUYECKHX KOMIUIEKCOB IPEAINOiaraeTcs, 4To
BBITNOJHACTCSI NPUHLMII B3aMMHOCTH, T.€. PaJMOJIOKALIMOHHOE OTPAKEHUE OT IMOBEPXHOCTHU
3emau Ha HV u VH nonspuzanusx uaeHtuyHbl. [laHHOE NpeArnosaoKeHUE OCHOBBIBACTCS Ha
BbIBOZax paboThi[1,2]. Ecim B 3KchepuMEHTax KpocC MOJSPU3AIMOHHBIC H3MEPEHHUS
OKa3bIBAIOTCS HE UJIEHTUYHBIMU, TO 3TOT 3(PPEKT CBAZBIBAIOT C TEM, YTO XapAaKTEPUCTUKH KaHaJa
Ha MIPUEM U U3JIy4YCHHE JJI TpakTa H monspusanuu OTIMYal0TCs OT XapaKTePUCTUK IS TpaKTa
V nonspusanuu. [Ipu qanpHe#ieM pacCMOTPEHUHN 3TH pa3inyusl yIUThIBAIOTCS. OTMETUM, YTO
aBTOpHI JaHHOM paboThl HE 001aalT HHPOPMAIHEH 0 MOATBEPKACHUH TPUHIIUIIA B3aUMHOCTH
JUISL JIETAIOLIUX PaJHOJOKAllMOHHBIX KOMIUIEKCOB. TeopeTnueckoe MOAEIMpPOBAaHUE OTPAKEHUS
(c y4yacTeM HEKOTOPBIX aBTOPOB JaHHOW pabOThl) B Cly4ae BO3MOXKHOIO MEPEOTPAKEHHSI
AIIEKTPOMArHUTHOTO M3JIy4eHHs] OT 3JEMEHTOB HMCCIIEIYyeMOro OOBEKTa, PacIlOJIOKEHHBIX Ha
PacCTOSHUSAX MPEBBIIIAIOIIUX JECATKU JJIMH BOJIH, HA JAaHHOM 3Tale UCCIeA0BaHUN MTOKA3bIBAET,
YTO MPUHLUI B3aUMHOCTH JUIS TAKUX CIIy4aeB TpeOyeT JONMOJHUTEIbHBIX UCCIICIOBAHUN.

[IpencraBum, uto PCA kocmuueckoro 0a3upoBaHMsS H3JIy4aeT BOJIHY JUHEHHOU
noJisipu3aluu. JTO M3IydeHHEe B HOHOchepe 3eMiu MOXKHO IPENCTAaBUTh B BUJAE JIBYX BOJIH
KPyroBOW mMojispu3alvui: OOBIKHOBEHHOH U  HEOOBIKHOBEHHOW. Tak Kak CKOpPOCTH
pacnpoCTpaHEHUsl 3TUX BOJIH B MOHOC(EpPE pas3inyaroTcsi, Ha BXOJ€ NPUEMHOr0 yCTpOMCTBa
MEXJIy HUMH BO3HHKAeT pa3HOCTh (a3. DTa pa3sHOCTh (a3 COOTBETCTBYET YIIy IOBOPOTa
IUTOCKOCTH TOJIIPU3AIMU JINHEHHO MOJIIPU30BaHHON BOJHBI ((hapaJeeBCKHil yroj MOBOPOTA)
U3JTy4aeMOro 3JCKTPOMArHUTHOro u3nydenus. B paborax [3,4] paccMaTpuBarOTCs BOMPOCH,
Kacarolyecsl yriia MOBOpOTa IUIOCKOCTH moiisipu3anuu curHana PCA B moHocdepe u3-3a
addexra dapanes. B yactHocTH, 3HAHHE Yria MOBOPOTa IIOCKOCTH MOJSPHU3AIUHU 32 CYET
(dapageeBCKOro BpalIeHUsT HEOOXOOUMO ISl  KaJMOpPOBKM JIMHEWHO MOJSPU30BAHHOMN
nonsipumerpudeckoir PCA, pasMemienHodi Ha OOpTy KOCMHYECKOrO — ammapara B
JUITMHHOBOJIHOBOM JIMaNia30He.

IIpo6aemsbl oTpa:xkenus IMMU ot noBepxHocTu 3eMiu

B cnyuae ucnonszoBanus nossipuMmerpudeckoil PCA Ha KOCMHUYECKOM HOCHUTENE aBTOPbI
[3,4] npemoXuiau OLEHMBATh (apaeeBCKUN yroyl TOBOPOTA IUIOCKOCTH TOJSPU3ALNH
MOCPEJICTBOM aHallM3a SKCIEPUMEHTAIbHONM KOMIUIEKCHOW MaTpUIbl MU3MEPEHUN B JIMHEHHOM
HOJISIPU3ALMOHHOM 0Oa3uce SAJs pa3IM4HbIX KOMOMHAIMK ropu3oHTansHoi (h) u BepTHKanbHOM

(V) monsipu3anmii cUrHajia Ha U3IY4EeHUH U IIpUeMe

S S
Paznmuune B paanosiokaniMoHHbIX u300paxkeHusx Ha HV u VH monspuszanmsx astopsl [3,4]
CBS3BLIBAIOT:
a) C anmnapaTypHbIMU MCKKEHUSAMH (C pa3IMuHBIMUA TEXHUUECKUMM XapakTepucTukamu N u
v tpakToB PCA);
0) ¢ MCKaXCHHUSIMH, BO3HHUKAIOIIMMH IPU PACITPOCTPAHECHUN DJICKTPOMATHUTHBIX BOJH Ha
y4acTKe CITyTHUK-3EMIISL:
B) C HMCKa)XCHUSMH, CBSI3aHHBIMH C T€OMETpHEH CheMKH. B KOHEYHOM HTOre OHH IO
pe3ynbTaTaM H3MEPEHUS KOMITIOHEHT MaTPHUIIBI SITPEIIOKUITH
1. MeroaMKy M0 KOMIICHCAIIMH Pa3HHIIBI XapaKTEPUCTHK TPAKTOB parosiokaTopa Ha h
U V MOJSIpU3alusX;
2. Tlpeamonoxwim, YTo, B KOHEYHOM cUeTe, COOJIOJaeTCs MPHUHIUI B3aUMHOCTH
OTpPaKCHHSI OT 3€MHOI MOBEPXHOCTH. B MaTpuiie oTpakeHus OT MOBEPXHOCTH 3EMITH

L
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3. Tlpenmonoxuiau, YTO W3-3a HEB3aMMHOCTH CpPEIbl PACIPOCTPAHCHUS CUTHAJIA
dapaseeBCKuii yroys MmoBOpoTa NpH pacmnpocTpaHeHuu curHama ot MC3  no
MOBEPXHOCTH 3€MJTU ¥ OOPATHO y/IBAMBACTCS.

Opnako mpH OTPaKEHUU DJIEKTPOMArHUTHOM BOJHBI OT IIEPOXOBATOM JUAIIEKTPHUYECKON
MOBEPXHOCTH BO3HUKAIOT 0COOCHHOCTH [5,6], KOTOpbIE MOT'YT HMOBIHUSATH Ha WHTEPIPETALMIO
pesyabratoB PCA. [lns mnpuMepa paccMOTPUM HCIIOJIB30BaHUE OTPaXEHUsS KPYroBOM
NOJISIpU3AIMU OT METaUIMYECKOW MOBEPXHOCTH M OT TPEXTPAaHHOTO YTOJKOBOTO OTpPasKaTels.
U3-3a oOpatumocTu (as3bl MpH OTPAKEHUU MPOUCXOAUT U3MEHEHHE HAlpaBjieHHs BpallleHus
KPYrOBOM MONApH3allMM Ha MNpOTHBOIONOXKHOE. Ilpu »TOM (hapageeBckuii yrom moBopoTa
wiockocTy mnomsipuzanud Ha Tpacce MKC-3emns-MKC neiictButensHo Obul Obl  paBeH
YIBOGHHOMY 3HaueHuio. B Toxe Bpemst ais ciaydas ABYTPAHHOI'O YrOJIKOBOI'O OTpakaTels
oOpatuMocTd (a3bl HE MPOUCXOAUT, U MPH OOPATHOM PACIIPOCTPAHEHHUH JOJIKHA MPOUCXOIUTH
KOMIICHCAIIMsI TIOBOPOTa Ha Tpacce CHyTHUK-3eMis. Mojenb OTpaKeHUsI OT MIEpOXOBAaTOU
36MHOM MOBEPXHOCTH MOXHO TIPEJICTaBUTh B BHUAE HaOOpa TpPEeXTpaHHBIX M JABYIPAaHHBIX
YTOJIKOBBIX OTpa)kaTesiel, UMEIOIINUX Pa3INYHbIC Pa3MEphI.

TpexrpaHHble yYrolKOBBIE OTpakaTelId TMPUH OTPAKEHUHM HE MEHSIOT IUIOCKOCTh
nossipuzanuu. Ho Tak kak Kpocc moJispu3aliioHHasi KOMIIOHEHTa B PEAIbHOCTH UMEET MECTO, K
MOJIeJIM TOBEPXHOCTH HE0OX0IuMO N00aBUTh HA0OP BYXIPAHHBIX YTOJIKOBBIX OTpaykaTeleH, y
KOTOpBIX peOdpa MOBEPHYTHI Ha YIOJI ¢ OTHOCUTEIBHO IIOCKOCTH pacnpocTpaHeHus. Ilpu stom
MaTpHIa OTPAXKEHUS OT HUX OyJIeT UMETh BU]I

L

,T.e. mpeanonoxxumu L, =L, ;

Cos(2a) Sin(2a)
°{ sin(2a) —Cos(2a)

UIpU o = +45° B MaTpUIIbl OyeT

0 Sin(2a)
°{ Sin(2a) 0

B 3aBHCHMOCTH OT KOJIMUYECTBA U Pa3MEpPOB YTOJIKOBBIX OTpa)kaTeslei M 3HaYeHHs yria « , yroi
MOBOPOTa TUIOCKOCTH MOJISIPU3allMU CHUTHaiIa Ha BXxoae mpuemHuka PCA mpu mpoxoxaeHuu
yepe3 nonochepy Ha tpacce MKC-3emsi-MKC MokeT oTinyaThCsi OT YABOSHHOTO 3HAYCHMS,
KaK MpeanojaratoT aBTopsl [3.4].

[TpuHIMIT B3aWMHOCTH B Matpuile L Takke MOXeT Hapymiatbes U3-3a TOTO, HYTO
COBOKYITHAasi MaTpHuIla paccesHusi (OpMHUpyeTcs 3a JBa dTala: Ha TMEpPBOM dTare H3JIydaeTcs
CHTHAJI Ha TOPH3OHTaNbHOW mosspu3anuu(H ),a mpueMHOEe YCTPOWCTBO OCYIIECTBIISIET
PETUCTPALIMIO HA TOPU3OHTAIBHONM U BEPTUKAILHON MOJSPU3AINK;, HA BTOPOM JTalle U3ITyqdaeTcs
CUTHAJI Ha BEepTUKAIbHOU nossipusaiuu (V ), MPUMHUHAIOTCS CUTHANBI KaK BEPTUKAIBHOM, TaK U
TOPU3OHTAILHOW TMOJSAPU3AIli, T.e. paJaHoJIOKalMOHHBIe wu300paxenus wa HVY u VH
MOJTYYalOTCS B pa3HOE BpeMs ¢ MHTEepBAIOM T (MEpHOAY MOCBUIKH MMITYJIBCOB). 3a 3TO BpeMsI
JIeTaTeNIbHBIN ammapar nepemernaeTcs Ha paccrosiuue L=VT | rae v - ckopocts Hocutens. Eciu
BEJIMYMHA TPOJIeTa MO Tpacce MPEBHIMIAET BEIHMUMHY pa3pelaronieil CoCOOHOCTH CTaHIIUHU, TO
KOMIUIEKCHBIE  PaJHoJIOKaIoHHble m300pakenus HaHV  u  VH nmomstpusanmsax  Oyayt
HE3aBHCHUMBIMH, W MIOJHIUMATH BOIIPOC 00 u3MepeHuu (hapaeeBCKOro yria moBopoTa MIOCKOCTH
IUIOCKO  TOJIIPHU30BAaHHOTO W3IYyYeHHs HE UMeeT cMbicina. KpoMe TOro, CHrHalbI,
coorBerctByromie HV u VH mnonspuszanmsm, mpoxomsr depes pasHbe MeIKOMacTaOHbIC
(GIIOKTyalluu HEOTHOPOTHOCTH MOoHOChephl. Takum oOpazoM, BeIUUCICHUE (DapaeeBCKOro yria
MOBOPOTA TIOCKO TOJSPU30BAHHOW BOJIHBI MO PE3yJbTaTaM HM3MEPEHUs MATPHUIIBI OTPAKEHUS
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SpaJMOJIOKAIMOHHOTO HW300paKeHUsI 3aBHCHT OT CKOPOCTH JIBIDKeHUs Hocutenss PCA, ot
CIIEKTPa MEJIKOMACIITAOHBIX HEOJHOPOAHOCTEH HOHOChEpHI [5,6], TEXHUYECKUX XapaKTEPUCTHK
noctpoenus PCA.

®opmupoBanne PJIN

Wndopmanus, nomydaemMas U3 pPagHoIOKAIMOHHOTO 30HAMPOBaHMS, (opMupyercs Ha
OCHOBE AJIEKTPOMAarHUTHBIX CUTHAJIOB, KOMILIEKCHBIX M0 cBoel mpupoze. [Ipu ucnonabzoBaHuu
PCA koMIUIEKCHOE paJMOJIOKAIIMOHHOE H300paKEHHUE COCTOUT U3 pPEaTbHOW M MHUMOM
KOMITOHEHT H300pakeHus. TOJIBKO TOCie HEKOTOpPOoM oO0pabOTKM OHO TMPEACTABISIETCS B
ynoOHOM 715 Hac hopmaTe, Kak MpaBuUiIo, B popMaTe aMIUIUTYAbl U HHTEHCUBHOCTH (CM. pHc. ).

PJIH & dopmare
HHTR HCHBHOCTH

Puc.1. PeanbHas 1 MEMMasa KoMIIOHeHTHI PJIN n300pakeHns y4acTKa 3eMHOM
nosepxnoct; PJIN B popmaTe aMIINTYABI U HHTEHCUBHOCTH MOCJ€e 00PadOTKHU peaIbHBIX
MHHMBIX H300pakeHuii (a — u3 padorsl [7,8], 6 — moJyueHHOE B HAIIMX IKCIEPHUMEHTAX).

Kax ormeuaercs B [7], B peanbHbIX U MHUMBIX KoMIoHeHTax PJIW u3o0paxkeHus TpyaHO
YBHUJIETh MOJIE3HYI0 MH(popManuoo. OIHAKO KOMIUIEKCHbIE KOMIIOHEHTBI MO3BOJISIOT MOJIYYUTh
PJIN B hopmaTe amrunTy sl puc. 2a, a Takoke PJIN B dopmare da3sr prc.20.

Puc.2. a) PJIM B nnana3one Pua HV u VH noasipuzanusx B popmarte amnautyast; 6) PJIN
B nuana3zone Pua HV u VH noasipuzaumusx B popmarte da3sbl.
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Puc. 3. ®parmentsi PJIN B P nuana3oHe CHATHI OTHOBPeMEHHO B 0THOM 3axone Ha HV u VH ¢
HHTEPBAJIOM, PABHBIM IEPUOAY OBTOPEHUSI 30HAMPYIOIIUX HMITYJ/IbCOB.

Ha mepsonii B3rmsg PJIM kak B Qopmare ammmutyabl, Tak U ¢asel Ha HV u VH
NOJIIPU3aLUAX UACHTUYHBI M, MOXKHO CKa3aTh, B3aUMHBIL. OJIHAKO BHUMATEIbHOE PACCMOTPEHHE
nokassiBaeT, yto PJIM Ha HV u VH nomspuzammsx B ¢popmare aMIumMTy sl HE WICHTHYHEL. B
Ka4yecTBe IpuMepa Ha puc.3. JUlsl CpaBHEHUs NPEACTaBJICHbI OAHU U Te ke (pparmentsl PJIN P
JMana3oHa, CHSATbIE OJHOBpEMEHHO B ogHOM 3axone Ha HV u VH c unrepBanom, paBHbBIM
HEepuoJly HOBTOPEHUS 30HIUPYIOLINX UMITYJIbCOB.

3akioueHue

AHamu3 (GopMHpOBaHUS PATUOJIOKAIMOHHBIX HM300paKCHUN IMOBEPXHOCTH 3E€MIIH  C
nomoibio PCA JUIMHHOBOJIHOBOTO AMana3oHa U3 KOCMOCA MOKa3bIBAET, YTO peaibHasl BEIMYMHA
(dapaseeBCKOro yria noBopoTa MIOCKOCTH MOJISIPU3AIUY JTUHEHHO MOJISPU30BAHHOTO U3ITYUSHUS
Ha Tpacce CIYTHUK-3eMIIs-CIyTHUK Oojee CIIoKHas, 4eM OIHUChIBaeTcss B paborax [3.4].
OCHOBHBIM CIEPKUBAIOIIUM (PAKTOPOM MPOBEPKHU MPABHIBHOCTH TEOPETUUECKUX MCCIIEIOBAHUMA
ABIISIETCS TO, YTO JIO HACTOSIIIETO BPEMEHH HE ObLTO HU OJHOTO0 KOCMHYECKOTO IKCIEPHUMEHTA C
nomotnbio JuHHOBOHOBOU PCA. Tlpu 3TOM ciemxyeT oOpaTuTh BHUMaHUE Ha HEOOXOJAMMOCTD
CO3/IaHMsI HA3€MHBIX MOJUTOHOB, 00OPYAOBAHHBIX HE TOJILKO TPEXTPAaHHBIMU M JBYTPAHHBIMU
YTOJIKOBBIMU OTpakaTesiMU, HO CIEUaIbHON paJlMOTEXHUYECKOH ammapaTypoi, padoTaroeit
coBMectHo ¢ PCA [6]. Ilpu wucnonb3oBaHWM caMOJETHBIX mnoispumerpuueckux PCA
OTCYTCTBYIOT (papasieeBCKUii MOBOPOT TJIOCKOCTH TOJISIPU3AIUMU JIMHEWHO TMOJSPU3AIMOHHOTO
curHana, 3pQeKxThsl CBI3aHHbIE C HEOAHOPOIHOCTHIO MOHOCGhEphl. OCHOBHBIMU (DaKTOpamu st
HapyIIeHUs TPUHIIMNA B3aUMHOCTH MATPHUIIBI OOpPAaTHOTO OTPAXECHHS MPEANOI0KHUTEIBHO
JOJIKHBI SIBIISITHCS HEUACHTUYHOCTh TpakToB H u V kaHaloB panapa, BeTUYHHA MEPEMEIICHUs
HOCHUTEIII 3a WMHTEpBaJ BpeMeHW moiydeHus uszoopaxenuit HV u VH (mepmoma mocwuiok
curHayioB Ha H u Vronspusaiusx).I OCHOBHBIM HESICHBIM BOIPOCOM OCTaeTcs: "BrimonHseTcs
au npuHimn B3auMHoctH Ha HV u VH nonspusamusx npu oTpakeHUH OT IIEPOXOBATHIX
noBepxHOCTEN?".

OCHOBHO# HEIOCTaTOK paboOT aBTOPOB [3,4] Mo MaHHOMY HANPABJICHUIO 3aKJIIOYACTCS B TOM,
YTO TEOPETUUYECKUE PACCMOTPEHMS BBIMIOJIHSIOTCS B OTPHIBE OT YCIOBHUM BBINIOJIHEHUS CHEMKH,
BO3MOXKHBIX  OCOOEHHOCTEH  OTPaKEHUSI DJIIEKTPOMATHUTHOTO  HM3IYyYE€HHUS OT 3EMHOU
MOBEPXHOCTU U TEXHUYECKUX XapaKTEPUCTUK PATUOIOKAIIMOHHON anmnapaTyphl.

Paboma ewvinonnena 3a cuem 6100cemHo20 QUHAHCUPOBANUSL 8 PAMKAX 20C3A0AHUS NO
meme 0030-2019-0008 “Kocmoc™.
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