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BBenenne. C pa3BuTHEM anmapaTHBIX U BBIYUCIUTEIBHBIX CHUCTEM, MO3BOJIAIOIIUX
YIAYYIIUTh Ka4€CTBEHHBIE XapaKTEPUCTUKU pagapoB ¢ CUHTE3UPOBAHUEM allepTyphl IIPU UX
OTpaHHYEHHBIX TabapuTax, MOSBUIOCH MHOXKECTBO HOBBIX CHCTEM, Onaroaapsi KOTOPBIM
MO>KHO HCIIOJIB30BaTh 0OJIee JOCTYITHBIC M PACIpPOCTPAHEHHBIC TIOIBUKHBIC TUIAT(HOPMEI, Ta-
KM€ KaK aBTOMOOUITH, KBQJAPOKONTEPHI, OECIIUIOTHBIC JIETATEbHBIC alllapaThl.

IMocTanoBka npoodJemMbl. 13-32 HOBBIX TUTIOB IUIATHOPM BO3HUKAIOT JOMOJHUTEIIHHBIC
UCKaXCHUS, CBSI3aHHBIE C OCOOCHHOCTSIMH T€OMETPUYECKHUX MapaMeTpoB paboThl pajgapa U ¢
0oJjiee CUIbHBIMHU TPACKTOPHBIMU HecTaOMILHOCTAMHU. Takum 06pa30M, K HOBBIM CHUCTEMaM
pazapoB C CHHTE3UPOBAHUEM anepTyphl TOJDKHBI IPEIBIBIATHCS 0COObIe TPEOOBaHUS K MPO-
TPaMMHOM | K anmapaTHON YacTsAM, KOTOPhIE OTINYAIOTCS OT KIIACCUYECKUX CUCTEM.

Heab. CpaBHUTH alIrOpUTMbI, KOTOPBIE UCIOJIB3YIOTCS B COBPEMEHHBIX CHCTEMAaxX pa-
JAUOBUACHUA OJId MOJYYCHHA KAYCCTBCHHBIX PaJUOJTOKAIIMOHHBIX I/1306pa)K€HI/II>'I U KOTOPLIC
MOTYT UHTETPUPOBATHCA B MOABIKHBIE MIATHOPMBL.

Metoabl. B xauecTBe 06a30BOr0 aaropuTMa B3AT METOJI YaCTOTHOTO MACIITa0UPOBAHUS
U ero MoaudUuKaluy, BKIIOYas JTOMOJHUTENbHbIE JITOPUTMBI KOMIIEHCAIUU TPACKTOPHBIX
HecTaOmiIbHOCTEH. JIJIsi cpaBHEHMsI aJTOPUTMOB PACCMOTPEHBI T€OMETPUYECKUE TapaMeTphl
paboThl CUCTEMBI JUISI ABTOMOOMIIBHBIX U CAMOJIETHBIX CHCTEM U MPOBENECHO MMHTAIMOHHOE
MOACIIUPOBAHUEC C TOYCUHBIMU OTPAXKATCIIAMU IIPU PA3HBIX MMOKA3aTCIIAX AAJIBHOCTU U XapaK-
Tepe IBUKEHHUS MIATHOPMBI.

Pe3yabTaTsl. [loka3zano pa3iaudme paccMaTpUBaeMBbIX aJTOPUTMOB HA MpUMEpPE OJIOK-
cxeM u MareMatudeckux (opmyn. CoriacHo pe3yibTaTaM MOAETUPOBAHMUS, UCIIOIb30BAHUE
0a30BOro ajaropuTMa YacTOTHOTO MACIITAOMPOBAaHUS Ha PACCTOSHHUSAX, COOTBETCTBYIOIIUX
TCOMETPHUICCKUM ITapaMeTpam pa6OTLI aBTOMOOMJILHOM CUCTEMBI, MMPHUBOJUT K HCKAXCHHIO
OTKJIMKa BAOJH azumyTra. Kpome Toro, MOaudbUIIMPOBAaHHBIM aNTOPUTM KOMIICHCAIIUU Tpa-
€KTOPHBIX UCKAKEHUI MO3BOJISET KOPPEKTHO C(HOKYCHPOBATh LI€IH HA Pa3HOM 1ajIbHOCTH.

3akawouenue. [Ipeanaraemas koMOMHANMS MOIU(MUIIMPOBAHHBIX AalTOPUTMOB Tpa-
E€KTOPHBIX UCKAKEHUH W YaCTOTHOTO MaCIITaOMPOBAHUS MO3BOJISIET PAaBHOMEPHO C(HOKYCHPO-
BaTh U300paKEHHE MO BCEMY KaJpy M YIYUIIUTh KA4ECTBO N300pakeHHs B OIMKHEN 30HE.

ABtomoOuib, BITJIA, panuosunenue, PJIU, PCA, FMCW, FSA.

WccnenoBanust mpoBoasTcs npu puHaHCOBOW momnepkke MunmcrepctBa OOpa3zoBaHus W Hayku PO.
YaukansHbii naeHTadukaTop npoekra RFEMEFIS7815X0130.
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HAVYYHBIE N ITIPAKTUYECKHUE PA3PAGOTKHA

BBeneHue

C pa3BuTHMEM aIapaTHBIX W BBIYUCIUTEIBHBIX CHCTEM, MO3BOJSIOIINX
YIYYIIUTh KaYECTBEHHBIE XapAKTEPUCTUKU PAJapoB C CUHTE3UPOBAHHUEM allep-
Typbl (PCA) nipu ux orpaHuyeHHbIX rabapurax, HOSIBUIOCh MHOXECTBO HOBBIX
cucrem PCA [1-7], Giaromapst KOTOPBIM MOKHO HCIIOJIB30BaTh 00JIee JTOCTYII-
HBIE U PACHpPOCTPaHEHHBIC MOABIKHBIC TUIAT(HOPMBI, TaKWe KaK aBTOMOOWIIH,
OecrmoTHbIC JeTaTenbHble armmapathl (BITJIA), KBaapoKONTephl, Y4EM CaMOJICThI
U CIyTHUKU. Macmiral 3a1a4, KOTOpble MOTYT OBITh pElIeHBbI Oiarofaps TaKuM
crcreMaMm, KojoccaiieH [8]. ABTOMOOHIN CMOTYT ()OPMHUPOBATH PaJUOIOKAIIH-
oHHoe n3o0paxenue (PJIN) 60koBOro mpocTpaHCTBa 3a CUET CKOPOCTH aBTOMO-
OWJIsl, UCTIONB3YsI TOJIBKO OJHY aHTEHHYIO CUCTEMY, YTO YMEHbIIAET TPEOOBaAHUS
K rabaputam ycTpoiictsa [4, 5].

K HoBBIM cuctemam PCA n0MKHBI NPeAbABIATHCA 0COObIE TPEOOBaHUSI KaK
K IIPOrPaMMHOM, TaK M K allapaTHON 4acTAM, KOTOPbIE OTJIMYAIOTCS OT KJIacCH-
YecKUX cUcTeM. B mpumepax HapaOOTOK alropuTMOB M TOTOBBIX peajn3aluil
s MajorabapuTtHslx cucteM PCA MOXXHO BBIJICIMTH MCIOJIB30BAaHUE HEMpe-
peiBHOTO JIYM-curnana (Frequency Modulated Continuous Wave, FMCW), ai-
TOPUTMOB KOMIEHCAlMM TPACKTOPHBIX MCKAXEHUH U METOJIOB YaCTOTHOTO
macmrabuposanus (Frequency Scaling Algorithm, FSA) [9-13]. Ucnons3oBa-
Hue FMCW neiicTBUTENbHO MO3BOJsIET paboTaTh B OJNMDKHEH 30HE, a TaKKe
YMEHbIIIATh TPeOOBaHUS K apXUTEKType MUPpoBOit 00paboTku [6], B TO ke Bpe-
Ms CpeJId METOJIOB YaCTOTHOTO MaciiTabuposanus [12, 13] ectb Moaudukanuu,
7€ UCHOJB3YIOTCS pa3Hble (popmyiibl. B naHHOW cTaThe MOCTAaBIEHBI CIIETYIO-
1IMe 3a70a4u:

e cpaBuuTh anroput™m FSA u3 crateu [12] ¢ MogudunupoBaHHBIM aJro-
putMoM FSA u3 crareu [13] (manee FSA-M);

® [IPUMEHUTH AITOPUTM KOMIIEHCALIMHM TPAEKTOPHOI'O MCKAKEHUS U3 CTa-
U [12] nst anroputMoB FSA u FSA-M u cpaBHUTH XapaKTEPUCTUKH TOJTY-
YEHHBIX PaJINOJIOKAIIMOHHBIX U300paKeHUIT;

e cpaBHUTH Xapakrtepuctuku PJIM mipy pa3inyHbIX HAKIOHHBIX JAJIBHO-
CTSAX U A3MMYTAIbHBIX MOJIOKEHUAX TOUEYHBIX OTpa)KaTesiel JJisl BbIABICHUS
pPa3IUYHBIX TEOMETPUYECKUX UCKAKEHUMN.

B mepBoii wactu crareu npejicTtaBieHa reomeTpust pabotel PCA mpu uc-
MOJIb30BaHUU OecHIoTHOTO JietatensHoro anmnapara (BIIJIA) u aBromoOwms B
KayecTBe MaTdopMbl-HOcuTeNA. [lokazaHbl 0COOEHHOCTH W PA3NIUUYUS MEXKIY
HUMU. Bo BTOpO# yacTu KpaTko MPHUBOJIUTCA anroputMm oOpadbotku FSA u mo-
mupunupoBanHoro FSA-M. B TpeTheil yacTu naHbl pe3ysbTaTbl 00pabOTKH
CUTHAJIOB, MOJYYEHHBIX MPU MoJieaupoBanuu padotel PCA pa3inuuHbIMU METO-
JaMU CKATUS U KOMIIEHCALIUU PAJAMOJIOKAIMOHHOTO H300paxeHus. B koHie
IIPUBEICHBI BHIBOJIBI IO MOJIYYEHHBIM PE3YIbTATaM.
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1. FleomeTpusa pabotbl PCA

[IpeaBaputenbHO HEOOXOAMMO 3a/1aTh HAdallbHbIE YCIIOBUS, a JUJISI ATOTO
pPacCMOTpUM MIPUHITUI U TEOMETPHUIO padOThI pajapa ¢ CUHTE3UPOBAHUEM arep-
Typbl, BbIBelIeM (hOPMYITy, COOTBETCTBYIOIIYIO MPUHATOMY CHUTHANy IMOCIHE Te-
PEMHOXEHHUSI C OTIOPHBIM CUTHAJIOM.

[pennonoxum, 4to 30HIUpyromuii curran S;(t) wu3mydaercs B MOMEHT

BPEMEHHU T, MPU KOTOPOM JaJbHOCTh paBHa R(T) u Bo3Bpariaercs oOpaTHO B
IPUEMHOE YCTPOWCTBO B MOMEHT BPEMEHH T+ T4, IPOWUII pacCTOsSHUE
R(t+1ty). Takum oOpa3zoM, 3aJepKy ABOMHOIO pPACIpOCTPAHEHHs CHTHaja
MO>KHO BBIPa3UTh KaK

_ R(t)+R(t+1,)
- :

1)

d

rae R(r+rd):\/R§+V2-(r+rd —10)2;

C — CKOPOCTb CBETA;

V — CKOPOCTbH JBHKCHHS ILIAT(OPMBI.

VYupomaem ¢opmyny (1) depe3 KBagpaTHOE ypaBHEHHE, OIPaHHYHMBASIChH
KBaJpaTHYHBIMH YJICHAMH Pa3JIOKEHHUSA, W IOJIydaeM CJIACAYIOIIYI0 (opMyiTy
3HAYEHUS 3a0EPIKKH:

2
2 R(7:)+V2 T—71,)
C C
Ty (T) = V2 : (2)
s

C yaerom ¢opmyiibl (2) U UCIIOJBL30BAaHUS CUTHAJIA C JJMHEHHON 4aCTOTHOM
MOYJISAIIUEN TPUHATHIA CUTHAT MOYKHO BBIPA3UTh CIEIYIOLIUM 00pa3oM:

s, (t, 1) =0(7,. 1) - S, (t — Ty (T))'eXp[jznfO (t ~ g (T))]’

rae o(ty, I;) — 2ddexTrBHAS TIOMANb PacCesTHUS eI ¢ COOTBETCTBYIOIIMMH
KOOpJMHATAMU,;

f, —yacTora Hecylero KouebaHus;

s (t) = exp(jchrtz) — CHTHAJ C JIMHCHHOW YacTOTHON MOIYJISLIUCH, TJe
K, — ckOpoCTh M3MEHEeHHs YacTOThI, KOTOpas paccunuthiBaeTcs kak AF /T, rae
AF —moioca curuana;

T — MUTENBHOCTD OJTHOTO UMITYJbca (TIEPUO]] H3ITyUEHUS HMITYIIbCA).
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Korna ucnonezyercs FMCW, npuHATHIN CUTHAJI IEPEMHOKAETCS C ONOP-
HBIM KOMILIEKCHO-COMNPSI>KEHHBIM CUTHAJIOM:

Sref (t) = St* (t) ) eXp( J 27‘Cf0t)

ITocne NEPEMHOKCHUS C KOMIIJICKCHO-COIIPSPKCHHBIM CHIHAJIOM ITOJIYYUM
CUT'HaJI CJICAYIOIICTO BUA:

s, (t, T) = o(1,, 1) -exp[— j2nK, 4 (1) - t] X

3
xexp|—j2nf,t, (1)]- exp[—jZnKrri (r)]. ©

Paszbepem noapooduee popmyny (3). [lepBas skcroHeHTa opMupyeT rap-
MOHHYECKHI CHUTHAJ C YaCTOTOM, COOTBETCTBYIOIICH MPOU3BEICHHUIO 3aCPIKKH
14 (T) 1 ckopocT M3MeHeHus1 yacToTel K, M TakMM 00pa3oM OTBEYaeT 3a no-

JloJceHue yeau no oaarbHocmu. Bropas skcrnoHeHTa (hopMUpPYET JOIIIEPOBCKHIMA
CHEKTP BIOJIb a3UMyTa, U MO HEMY MOXHO OIPEACIIUTh NOJONCEHUe Yeau no
azumymy. TpeThsi SKCIIOHEHTA Ha3bIBACTCSl OCTATOYHOU BHUieo(da3zoit u B 00Ib-
IIMHCTBE CIy4acB KOMIICHCHPYETCs 32 HeHa00HoCThIo [14].

Paccmotpum paznuity mexay BIUJIA u aBToMoOuieM B kauecTBe MiaTGopMbl
JUIS. CHHTE3UPOBaHUSI anepTypbl. J{J1s JeMOHCTpaIK pa3HUIIBI B TEOMETPUH pado-
Tl PCA Ha aBTOMOOWIBHOM U caMOJIeTHOU maTdopme npuseaeH puc. 1. Jlomy-
CTHM, TapaMeTpbl aHTEHHOW CHUCTEMBI M BHICOTA MOJETA Ui CAMOJICTHOM ILaT-
(OpMBI COCTaBIIAIOT BEJIMYUHBI, PUBEICHHBIC B Ta0. 1.

h,

AR,

Puc. 1. I'eometpust pabotsl PCA a1 caMo€THOM ¥ aBTOMOOMIBHOM TI1aT(HOPMBI
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Tabnuna 1
I'eomeTpuyeckne mapamMeTpbl CAMOJIETHOIO U ABTOMOOMILHOTO PCA
ITapametp 3HaueHue

VYo HakJI0Ha aHTEHHOM CUCTEMBI, O , rpan 45°
[[IupuHbl TMarpaMMbl HATPABJICHHOCTH aHTEHHBI 15°

o a3umyty, 0, rpaa

[[IupuHbl TMarpaMMbl HATPABIECHHOCTH aHTEHHbI 15°

10 yriry Mecra, 0, rpax

Beicora camosierHol margopmsl, hy, m 1000
BricoTa aBTOMOOMIBHOM M1aTdopMsl, hy, M 2

Ecnn paccunrtaTs mMpuHYy 0030pa BIOJIb JAIbHOCTH YEpe3 yroj HaKIOHA
aHTeHHbI 1 mmpuny JIH no yriry Mecra, TO MOIy4YUTCS CIERYIOIIEE:

AR, =(h,/cos(8, +6,/2))—(h /cos(6, —6,/2)) =382 m.

PaccuntaTh JJIMHY CUHTE3UPOBAHUS allepTypPhl MOXKHO 0 opmyJie

L, =2-R,-tan(6/2) =372 m.

Kak BumgHO, pa3Mepsl 30H MO O0EMM KOOPAWHATaM COU3MEPHUMBI, UYTO
yIOOHO ISl MPEJCTaBICHUS KOHEYHOTO PaJAHOJOKAIMOHHOTO H300pakKeHHUS.
Ecnu ocraBuTh mapaMeTpbl aHTEHHOM CUCTEMBbI TAKUMH e, HO TMPU ITOM pac-
HOJIOXKUTH €€ Ha aBTOMOOMJIbHOM I1aTopMe BBICOTOH h, =2 M, TO mupHHA 00-

3opa O6yner AR; = 0,76 m. B pesynbpTaTe Ha KOHEUHOM H300paXEHUH pa3zMmep
M300pa)KeHusl Mo JaJbHOCTU COCTAaBUT Bcero 0,76 M, 4TO COBCEM HEMPAKTUYHO
JUIS TAHHOUW CUCTEMEL.

[ToaTOMy HEOOXOAUMO HCIIOJIB30BAaTh AHTEHHYIO CUCTEMY C OoJee Mupo-
KO TMarpaMMoi HampaBJICHHOCTH IO yIiy MECTa MPHU UCIOJIb30BAHUN aBTOMO-
OunpHOM TIaTGOPMBI WM TOM, KOTOpas MPEAroyiaracT Malylo BBICOTY CHUHTE-
3upoBaHus anTeHHbl. K npumepy, ecim B3ATh aHTeHHY ¢ mupuHou JIH mo yrmy
6, =80°, To AR, =21 M. B HEKOTOPBIX Cly4asX aHTEHHYIO CHUCTEMY pacIoJia-
raroT BBILIE 32 CYET JOMOJHUTENbHBIX KPEIJICHUH, KaK, Hanpumep, B [9, 7], 4To
HEYIUBUTENIBHO, €CJIM HAJIO TIOJYUYUTh JAHHBIE C TaJIbHUX 30H.

Teneps, korga chopMHpoBaHa MaTeMaTHyecKass MOJEIb MPUHUMAEMOTO
CUTHAJIa U T€OMETPUYECKHE OCOOEHHOCTH PabOThl, MPOBEIEM HMHUTALUOHHOE
MozenupoBanue padbotel PCA u 06paboTky nannbix anropurMamu FSA u FSA-
M npy HAIMYUHU TOYEYHOTO OTPAKATENs JJIsl CPABHEHHMSI IAPAMETPOB:

e paspematonieit ciocooHoctu (PC) no ganpHOCTH U a3UMYTY;

® OTHOIIEHUS ypOBHS O0KOBBIX JenecTkoB (YBJI) k rmaBHOMY;

® UHTErpajbHOTO OTHOIIEHUS Y BJI K rmaBHOMY.
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2. AnropntmMmbl 06paboTKKn

Kak y»xe roBopusoch, B KauecTBe airopurma o0paboTKy BO3bMEM JBE pea-
nu3anmu anroput™a FSA, 6110K-cXeMbl KOTOPBIX IpUBE/CHBI Ha puc. 2 [12, 13].

5,(£7) 5,(2.1)

@ H.n'.'(l (I‘ﬁ‘ran‘) H.-m'l (I‘ﬁrlﬁf)

FFTmo

AIMMVTY

@i H,(z.1.) H| [I:ﬁ}

FFTmo FFT oo
OAMBHOCTH NATBHOCTI

@* H,(f. 1) H,(f.1.)

IFFT mo IFFT oo
A ambHOCTH HATEHOCTH

ot 1) H (t.f.).Hy (1. 1.).
? H.?Rc[r-ﬁ}-Hm [If;]
FFT oo FFT o
OAMBHOCTH NATBHOCTI
v v
FET mo IFFT mo
S3FIMYTY FIMYTY
H.wl[r-:l"&r-:'} H.wl[r-:"ﬁ‘r-:l}
FFTmo FFT oo
AT ASHMYTY
H_(f.R,) H,_(f.R,).H;.(f.R,)

IFFT mo IFFT oo

S3FMYTY AHMYTY

v D
K oHeuHOE g T——
130 bpa eIt is0bpa exme

Puc. 2. bnok-cxema anroputmoB FSA (cneBa) u FSA-M (cripasa)
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[Tonnas napopmarus 06 3Tanax oOpabOTKU U (POPMYJIbI OMIOPHBIX CUTHA-
JIOB TIpuBeaeHBI B McTouHWKax [12, 13]. Hwxke ormeTuM (popMysibl, KOTOpbIE
UCTIONB3YIOTCSl JINOO IS OMHON MOAM(HUKAIINU, TUOO Il KOMIICHCAIUU Tpa-
CKTOPHBIX HECTAOMJIBHOCTEH, KOTOpas Takke ObUla paccMOTpeHa B paMKax
TOJIKO OJTHOW MOAM(HUKAIIH.

['maBHOM OCOOEHHOCTBIO AJITOPUTMOB C YACTOTHBIM MACIITa0OMPOBAHHEM
SIBIISIETCS. TO, YTO MUTPALIUIO TIO AATLHOCTHU JAJISl Pa3HBIX IeJiell MOKHO KOMIICH-
CHUpPOBaTh 0€3 MHTEPHOJISAILUHU IMyTeM MPOCTHIX MEPEMHOKEHUI. DTO Mpeumyiie-
CTBO JI€JlaeT JaHHBIM aJTOPUTM OoJee MPUBICKATEIbHBIM Ui HUHTETPALUU B
0JIOK 00paOOTKM CUTHAJIOB, TaK KakK OINEpaluy MEPEMHOKEHHS peaanu30BaTh
IpOIIe, YeM ONEPaliU C HHTEPIOISAIUCH.

BxoaHbIMU TaHHBIMU aJITOPUTMA SBJISIETCSI MACCUB CUTHAJIOB C BBIXO/IA TI€-
PEMHOXKHTEIS, coryiacHo dopmyiie (3).

AnroputMm FSA Bxmouaer B cedst cepun npeodpazoBanuii Pypee u ¢aszo-
Bbl€ NepeMHOKEeHUsI. Eciin 0TOpOCUTH ATanbl KOMIIEHCAIUU COOCTBEHHOTO JIBU-
KEHUsS TUIaT(QOPMBI, TO KIIOUEBBIE PA3IUYUs MEXKIY alTOPUTMAMU BHIPAKEHBI
clenyrouuMu GopMyiaMu.

@dyHKIMS YaCTOTHOTO MaciutadbupoBanus st FSA, kotopas youpaer no-
NIUIEPOBCKUE CIBUTH:

H, (t, f) =exp(—j-(2n- f,-t+m-K, -t*(1-D(f,,V)))),

rie  D(f,v)=y1-22-2/av?;
A — JUIMHA BOJIHBI,
f. —4acTroTa a3uMyTanbHON CETKH.

dopmyna 11 MmoauduupoBaHHoro anroputma FSA-M:
H (t, f.)=exp(—j-m- K, -t?(1-D(f,,V))).

B momuduinmpoBaHHOM alropuT™Me TOCTe OOpaTHOTO Mpeodpa3oBaHUS
dypbe TPOUCXOIUT MIEPEMHOKECHHE C eIle TPeMs PYHKITUSIMHU:
1) KOppEKITUH JOMIIIIEPOBCKOTO (hakTopa:

H;FC (t’ f‘c) - exp(_j ) 27[ f‘t ) D(f‘t’ V) t)’
2) CXKaTu: 110 JaJIbHOCTHU BTOPOI'O IIOPAAKA:

Hee (, f) =
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_ZTC'Rref Krz}b (Dz(ft’V)—l) 2'Rref 2
=exp| —J > : . | D(f,.,v)-t— o
c D (f..v) ¢
2n-R_ -K3.2% (D*(f.,v)-1 2.R_Y
exp _j T ref3 r ( (5’5 ) ) D(fr’v).t_ ref :
c D°(f.,v) ¢

3) byHKIMS TPYIIIOBOTO caBUTA (as3:

: 2-R
K o 1 1| D(f, V) t—=—" ||,

H (t, f)=exp| j- | —
BS( 1') p J ref D(fT,V) C

rae R — ONOpHAas NaabHOCTB.

Ha mocnegHem srtarne npoucXOoJuT MEpeMHOXKEHUE ¢ (YHKLIHEH coXpaHe-
HUs (asbl:

. An-R, f
HPPC(fr’ fr):exp J f

r

D(f.,v) )

rne f, —dacroTHas ceTka Mo JaJIbHOCTH.

PaccMoTprM 0COOEHHOCTH KOMIIEHCAIIMM COOCTBEHHOTO JBIIKCHHS pajia-
pa. AITOPUTMBI, pACCMOTPEHHBIC BBIIIIE, YYUTHIBAIH TOJIHKO PaBHOMEPHOE MpPsi-
MOJIMHEWHOE JIBIKeHUEe. B peanbHOl cutyanuu miatdopma OyieT HeOJHOKpaT-
HO OTKJIOHSITHCSA OT CBO€H HOMHHAJIBHOW TPACKTOPUHU, YTO CYIIECTBEHHO YXY/I-
[IUT KAYECTBO PAUOIOKAIIMOHHOTO N300paKEHNS.

Ha ocnome [12, 15] npennaraercsi CleayrOmUid aJrOpUTM KOMIICHCAITUH
cobcTBeHHOTO nBYKeHUs. [IpunsaTeiid curHan S, (t,T) mepemHoxaercs ¢ GyHK-

HUEHN CIEAYIOLIETO BUAA!

0y AT, +21-K -t-At , —

, (4)
—1TT - Kr . (2 ° Tref : A’cref - Atfef )

Hmcl(t’ATref ) =exp _j

rae At =2-AR /€ ARyt = Ryciual — Rigearr TA€ Racruar — HAKIIOHHAS J1ajb-

HOCTh OT TUIAT(OPMBI 10 TOUEUHOM IEIH C yYETOM U3BECTHBIX OTKJIOHCHHM TpH
JBH)KCHUH T1aT(HOPMBI,
Rigeas — WACAJIbHAS TPACKTOPUS BUKEHUS MIATGOPMBI ISl TOTO K€ MOJI0-

JKEHUS TOUYESYHOM IIEITH.
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Crnenyromuidi dTar BBITIOIHSAET JUdPEpPEeHIIMPOBAHHYI0 KOPPEKIIUIO MOCIIe
CKaTHUs IO JaJbHOCTH, T/ie HHGOpPMAIUS O MO3UIMN YCPEAHSAETCS BIOJIb BCETO
UMITYJIbCa. DTO YTBEpPKJICHHE OmMUpaeTcs Ha (akT, 4TO KOI/a JaHHbIE CKUMa-
IOTCS 110 AJIbHOCTH, KaXKJas sdeiika Mo JajdbHOCTH (OpMHUPYETCs W3 JaHHBIX,
KOTOpPBIC pacHpeaessItoTCs BI0JIb Bcero uMiyibsca. Koppektupyromas QyHKIus
PaCCUMTBHIBACTCS ISl KQXKIOM STYEUKH 10 TATbHOCTH:

Hmc2 (Tr’ATr) =

—wy AT, +21-K -1, -At, — - K- ATE + (5)
=€eX :
P +, - At, —2n-K, -1, - At + 1K AT

IIpencrasiieHHass METOAMKA CXOXa C TPAJULIMOHHON KOMIIEHCALUEW IBU-
YKEHUS, HO TIPH 3TOM 00JIaJaeT psIIOM NMPEUMYILEeCTB. Bo-niepBbIX, 3/1€Ch YUUTHI-
BAETCS JABIKCHHE BO BPEMS H3IIYUYEHHsI, YTO OUYECHb BAXKHO JJII MOLYJISLHH C
HernpepblBHBIM JIYM. Bo-BTOPBIX, KOPPEKIHS 3/1€Ch POUCXOIUT O€3 UCIIONIb30-
BAHUS MHTEPITOJISALUH.

Terepp BBINOJHUM UMUTALMOHHOE MOJEIIMPOBAHKE C ITapaMETpaMH, NMpH-
BEJICHHBIMHU B Ta0JI. 2.

Tabmuma 2
ITapameTpsbl Moae/IMpOBaHUS

[Tapamerp 3HaueHue
Tun MOIyJISINUMK CUTHAJIA JIUM
CKOpOCTh JABMKEHUS TIIATHOPMBI 100 xm/4
YacToTa Hecymero kojaeOaHus 10T
JUIMTenbHOCTh UMITYJIbCa 1 mMc
ITonoca nepectporiku JIUM 50 MI'u
KoopauHaTts! 1enei, [ 1aibHOCTh, M; a3UMYT, M] [650; 0], [20; 0], [300; 0], [100; 0]

CpaBHUM alropuT™Mbl C pa3sHbIMM MOJMU(HUKAIMAMH B TaKOW MOCIEq0Ba-
TEJIbHOCTH:

1) PJIN nenu nva 650 M, nonydenHoe mMetogamu FSA u FSA-M ¢ uneaib-
HOU TPACKTOPHOM KOPPEKLMEN;

2) PJIN uenu Ha 20 M, nonydenHoe Mmerogamu FSA u FSA-M ¢ uneanbHoi
TPACKTOPHOM KOPPEKLIUEN;

3) PJIX nByx uneneit va 100 m u 300 M, momydenHoe meromamu FSA u
FSA-M c rpy0oii TpaekTopHO# KOppekmueit, rae 100 M — omopHast JaIbHOCTS;

4) PJIN nByx meneit Ha 100 M m 300 M, monydeHHoe Metojmamu FSA u
FSA-M c npeanaraemoit TpaekTopHO# Koppekuuel, rae 100 m — onopHas naib-
HOCTb.
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3. MogenupoBaHue. Pe3ynbTaTtbl 06paboTku

PesynbTaThl MOACTMPOBAHUS MEPBBIX JIBYX ITYHKTOB ITOKa3aHbl HAa pUC. 3—6
u B Ta0II. 3.

PJIN. FSA PJIN. FSA-M
670 0 670 0
5 -5
__660 — 660
Z =
. -10 v -10
S 3]
% 650 s % 650 <
E i 3 ]
i 640 =
-20 B0 -20
630 -25 -25
-0.5 0 0.5 -0.5 0 0.5
AzumyT [M] AsumyT [M]

Puc. 3. PaguonokanuonHoe n300pakeHNe TOUCUHOM IENH, TTOJTydeHHOW MeTomamu FSA
(cneBa) u FSA-M (cmpaa) npu nansHOCTH 650 M

Cpessl PJIH Boab JaJILHOCTH

Cpesel PJIH Baosb asumyTa
-5
3 z 5
5 5
=S > 14|
.15 £ -10
2 E
220 z
- 15 ¢
25
630 640 650 660 670 -0.5 0 0.5
JansHocTh [M] AsumyT [M]
Puc. 4. Cpesst PJIU Toueunoit nenu (maibHOCTH 650 M) BAOIL JAIBHOCTHU (CIIEBA)
u a3umyrta (cnpasa) ans metonoB FSA u FSA-M
PJIN. FSA PJIA. FSA-M
40 0 40 0
-5 -5
30 30
Z Z
. -10 . -10
= =
320 820
2 -15 2 -15
: :
10 10
290) -20
0 25 0 25
0.5 0 0.5 0.5 0 0.5
AzumyT [M] AzumyT [M]

Puc. 5. PaguonokanuonHoe n300paXkeHUe TOUCYHOM IIEITH, TTOJTydeHHOW MeToamMu FSA
(cmeBa) u FSA-M (cnpaBa) npu nanbHOCTH 20 M
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0 Cpesbi PJIU Broab 1aabHOCTH 0 Cpessl PJIU Baos azumyTa
~ ; /*\‘5‘ r p ~ N
/R —FSA AN\ | —FSA
| -~ -FSA-M /W [ FsA-M
%\ EE yan \ I‘:‘. .-‘I“ \\' l;I
= E .10t IV Y
E E ‘-. ! \l I
= =z L P/
Z < [ ,
‘u' -157 \' ‘II I I' /
30t i ¥
0 10 20 30 40 -0.5 0 0.5
JaneHocTh [M] AszuMyT [M]
Puc. 6. Cpesbr PJIN ToueuHoii nenu (manmbHOCTh 20 M) BIOJIb JaTbHOCTH (CIEBa)
u azumyTa (crpasa) st MmetoaoB FSA u FSA-M
Tabmauua 3
Xapakrepuctuku PJIU, nonydyennnix meronamu FSA, FSA-M
NMPHU UMHUTAIMOHHOM MOJIeJIMPOBAHUM LieJieH TaJabHoCcTH HA 650 M u 20 m
XapakTepucTHKa FSA | FSA-M FSA | FSA-M
JlansHOCTh, M 650 20
PC no mansHOCTH 3,6 3,58 3,5 3,6
PC no azumyry 0,23 0,22 0,27 0.21
VBJI o manpHOCTH -7,2 7,2 —7 7.4
YBJI o azumyty 59 -6,8 5,7 -6,9
WNurerpanbusiii YBJI o nansHOCTH 51 55 4 5,6
Wurerpanbusiit YBJI no asumyry 1,4 1,6 1 1,5

[Tpu ananu3e TPacKTOPHOU HECTAOMIBLHOCTH OBLIO BBEAECHO CHHYCOMIAihb-
HO€ MCKa)KEHHE B JBIKEHUE IIATGOPMBI BIOJIb AaabHOCTH. OHO IPEACTaBICHO
Ha puc. 7. COOTBETCTBEHHO, B KaXIOM I-M HMMITyJbCE MPOU30MaeT (Ha30BbIi
CIIBUT, COOTBETCTBYIOIINN 3HAYCHUIO eXp(—j 4. pi- R(i)/k). C ydgerom TOTO,

YTO TPAECKTOpHUs M3BECTHA, CPaBHUM JiBa MOAXOAA [JIsl YCTPAaHEHHUS COOTBET-
CTBYIOIIMX (Da30BBIX MCKaKeHUU. [lepBhlil ciayyall — KIIaCCMYECKHM, JJIsl HETo
ucnonb3yercs Gopmyina (4), mwist Broporo (MoauUIMPOBAHHOTO) — (HOPMYJIBI
(4) u (5). OrmeTnM, 4TO B KauecTBe ONOPHOI OblIa BhiOpaHa naabHOCTH 100 M.
Ha puc. 8-11 u B Tabm. 4, 5 noka3aHbl pe3yJabTaThl MOJEIUPOBAHUS.
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3 -
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Puc. 7. TpaekropHast HeCTaOUIBHOCTD MIATHOPMBI
a
PJIN. FSA. 1 neasn. SC
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PJIN. FSA. 1 neas. MC
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JlansHOCTE [M]
S
S

-5
2
-10 A
S
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-15 =
<
=
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AsumyT [M] A3umyT [Mm]
0
PJIN. FSA. 2 nean. SC . PJIN. FSA. 2 neas. MC
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2,
]
3
<)
=
0
3
=

I[aanOCTb M

AzumyT [M]

4
- 10
ol ARARSE § T L BLAl 300
- 15
290 -
25 T 25
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Azumy'r [Mm]
Puc. 8 PaI[I/IOJIOKaI_II/IOHHBIC 1/1306pa>1<eH1/m TOYCYHLIX LECJICHU, ITOJTYYCHHBIC MCTOAOM FSA

9 9
HaXOANTMXCS Ha TO3UIMAX 110 JasibHocTH 100 M (a), 300 M (0), 1 momy4eHHbIE KJIaCCHYECKIM
(cneBa) 1 MOIM(UITMPOBAHHBIM (CIIPaBa) METOIOM KOMITEHCAIIUH TPACKTOPHBIX UCKAKEHHIMA
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a
PJIN. FSA-M. 1 nean. SC
120 0
i8
— 110
=
0 -10
5
2 100
é -15
<
=
90 20
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0
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-10
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320 0

&
310

-10
300

-15
290 55

) K 0 1

JansHOCTE [M]

-25

AzumyT [M]

Puc. 9. PagunonokannonHbie H300payKeHNsI TOUCUHBIX 11eNel, omydeHHbIe MeToioM FSA-M,
HaXOJIAIIMXCS Ha MO3UIUsX 1o aanbHocTH 100 M (a), 300 M (0), 1 momydeHHbIE KITAaCCUYECKUM
(creBa) 1 MOTUMUITPOBAHHBIM (CITPaBa) METOOM KOMIICHCAITUH TPACKTOPHBIX MCKaKEHHIH

Cpesnbl PJIN Broab ganbHocTH, 1 Beis

— FSA-sc

——-FSA-M-sc
FSA-mc

—— FSA-M-mc

Amnnutyaa [ab]
)
e

90 100
JansHocTh [M]

110 120

Amnnutyaa [ab]
o

Cpe3sbl PJIN Baoas azumyra. 1 neis

220 —FSA-sc
—— ~FSA-M-sc
25 FSA-mc
— FSA-M-mc
-2 -1 0 1 2

AsumyT [M]

Puc. 10. Cpe3ssr PJIU Toueunoit uenn (mansaocts 100 M), momydennsie Metogamu FSA
u FSA-M Bponb gansHOCTH (ClieBa) U a3uMyTa (CrpaBa) Tt KIIaCCHYECKOro MeToza (SC)
U JUTs1 MOAU(UITMPOBAHHOTO MeToa (IMC) KOMITEHCAIUU TPASKTOPHBIX MCKAXKEHUIH
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Cpessi PJIU B10ab 1a06HOCTH. 2 1ETh

Cpessi PJIU Broan
0 .

azumMyTa. 2 nejn

Al N

5 /\ A
g0 ! \ &
o] z B | j I o]
2157 Y =
Z b : &
5 . 5
<€ -25 <

-30| | FSA-M-mc| | FSA-M-mc|
290 300 310 320 2 -1 0 1 2

JaneHoCTh [M] A3umyT [M]
Puc. 11. Cpe3sst PJIU Toueunoit uenn (manpaocts 300 M), momydenHble MeTogamu FSA
u FSA-M Bposs nanbHOCTH (ClieBa) M a3uMyTa (CIipaBa) il KIIACCHYECKOTO MeTo 1a (SC)
U T MOTM(UIIMPOBAHHOTO MeToa (MC) KOMITCHCAITUU TPASKTOPHBIX UCKAXKCHHH

Tabmuua 4

Xapakrtepuctuku PJIU, nosxydyeHHbIX MeToqamu FSA
NPU UMUTALMOHHOM MOJEJIMPOBAHMH JJIsl TOYEYHBIX LeJel ¢ KIaCCH1eCKon
U MOAU(PUIIUPOBAHHOM KOMIIEHCALMEeH TPAEKTOPHBIX HCKAKEHU

Mapamerpsr Knaccuueckasa MoauduiupoBanHas
KOMIIEHCAIIUS KOMIIEHCALTUS
Howmep nenu 1-a nens 2-1 1eIb 1-1 nens 2-1 11eb
KoopanHate! nesneii mo aasHOCTH, M 100 300 100 300
PC no manvpHOCTH 3,6 3,62 3,6 3,65
PC no azumyry 0,22 0,3 0,21 0,21
VYBJI o nanpHOCTH -7,3 -6,9 —7,3 —7,2
YBJI no azumyty —6,8 2,1 -6,8 -6,8
WNurerpanbusiii YBJI o nankHOCTH 3,5 -9,7 3,5 -16,2
Wurerpansubiii YBJI o asumyty 1,35 0,03 1,32 1,6
Tabmmma 5

Xapakrtepuctuku PJIU, moayyennbix merogamu FSA-M
NP UMUTALMOHHOM MOACTHPOBAHUMA NJI TOYCIHBIX ue.neifl ¢ KJIaccH4ecKoii

U MOAM(PUIMPOBAHHON KOMIIEHCALMeH TPAEKTOPHBIX HCKAKEHU

Tapamerpsr Knaccuueckas MonudunupoBaHHas
KOMIICHCAITUS KOMIIEHCAITUS

Howmep nenu 1-a uens 2-4 1eIb 1-s nens 2-51 1eb
Koopaunats! nieneit no JaabHOCTH, M 100 300 100 300
PC 1o nansHOCTH 3,58 3,64 3,6 3,6
PC no azumyry 0,21 0,31 0,21 0,21
VYBJI no nanbHOCTH -7,3 -6,8 —7,25 —1,2
YBJI o azumyty -6,9 -2,1 -6,9 -7
WNurterpanbupiii YBJI mo nansHOCTH 3,6 11,4 3,6 -15
WNurterpanbubiii YBJI o asumyty 1,32 -0,27 1,3 1,7
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[To pe3ynbTaTaM MOJEIUPOBAHUS MOKHO CIETIATh CIEAYIOLINE BHIBOIBI.

Hcnonp3oBanue anroputMa FSA Ha paccTOSHUSX, COOTBETCTBYIOIINX T'€0-
METPUYECKUM MapaMeTpaM paboThl aBTOMOOUIBHOM CUCTEMBI, TPUBOIUT K pa3-
Ma3bIBAaHUIO OTKJIMKA TOYEYHOM LENN MPEUMYIIECTBEHHO BIOJIb a3MMYTAIbHOM
MJI0CKOCTU. Ecnu cpaBHUTH pe3yJIbTaThl, MOTy4YeHHbIE airoputMoM FSA-M, raoe
N300paKEHHE TIONYyUUIIOCh OoJiee (POKYCHPOBAHHBIM, TO pa3pemIaoias Croco0-
HOCTb [0 a3UMYTYy yiy4ylimiachk Ha 23 %, ypoBeHb OOKOBBIX JIETIECTKOB IO a3U-
MyTy ctain Huxke Ha 1,2 n1b. Yposens UYBJI o obeum ocsam cran Oosbliie npu
ucnoas3oBaHuu FSA-M, HO 3TO CBSI3aHHO C YMEHBIIIEHUEM pa3pemiaronieid cro-
cooHoctu. [lo nanbHOCTH TaKKe €CTh U3MEHEHUS, HO OHU HeCyIeCTBEHHBI. [Ipu
FeOMETPUYECKUX MapaMeTpax padoThl, COOTBETCTBYIOIIECH JIeTaTEILHOMY aria-
paTy, TakKe eCTh YJIydllIeHHuEe NPHU MCIOIb30BAHUN MOJAU(PHUIITPOBAHHOTO AJITO-
putMma FSA, HO HE 3HAaUUTEIBHOE.

Hcnonp3oBanue Moau(UIIMPOBAHHONW KOMIICHCAIIUU TPAEKTOPHBIX HCKaXKe-
HUIl, B OTJIMYME OT CTAaHIAPTHOM, MO3BOJSET KOPPEKTHO CHOKYCHPOBATH IIEIH,
HaXOJIAIIMECS Ha pa3HOM OTJICJICHHUH, KaK 3TO BUIHO Ha puc. 11. Yucnenno NYBJI
B MOJUGUITMPOBAHHOM CITy4ae JIsi BTOPOM 1IeIM CTAaHOBUTCS Jiyutiie Ha 6,5 1b npu
FSA u na 26,4 n1b — npu FSA-M. O6muit yposens UYBJI B MmoguduimpoBanaom
ciydae ajst oooux MetosioB FSA n FSA-M otnmyaercs Ha 1,2 nb. Takke HaOmro-
JaeTcsl yiydilieHre paspernatonieii cocoonoctu Ha 30 %.

3aknro4yeHue

[To pesynpTaTaM JaHHOW pabOTHI MPOBENCHBI UMUTAIIMOHHOE MOJIEITUPO-
BaHUC JBYX adroputMoB FSA (TpaauiiMOHHOTO W MOIUGHUIIMPOBAHHOTO) IS
o0pabotku curHajgoB B PCA u uX CpaBHHUTENbHBIN aHAJIN3 MO pa3pelIaroiei
CIIOCOOHOCTH, YPOBHIO OOKOBBIX JICTIECTKOB, UHTETPAIIbBHOMY YPOBHIO OOKOBBIX
aenecTkoB. [lo uToraMm MoaenupoBaHusI MOKHO CHIE€NIATh BBIBOJI, YTO MCIIOIB30-
BaHHE MOIU(PHUIIMPOBAHHOTO anroputMa FSA C yCIOXHEHHBIM aJrOPUTMOM
KOMITCHCAIIMA TPACKTOPHBIX MCKAXKEHUN TMO3BOJSET MOIYYUTh OoJiee Kade-
CTBEHHOE M C(HOKYCHPOBAHHOE M300paXKCHUE B HE3aBUCHUMOCTH OT T€OMETPHH-
YECKUX IMapaMeTpoOB pabOThl CHUCTEMBbI W BBIOOpA OIMOPHOW JANBHOCTH TIPH
YCTPAaHCHHH TPACKTOPHBIX MCKAKECHHH M TEM CaMBIM ITOJIXOJUT TSI UCTIOB30-
BaHMS Ha JTIOOBIX MIaTgopmax.
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Introduction. With the development of hardware and computer systems, which im-
prove qualitative characteristics of synthetic aperture radars, with their dimensions limited,
many new systems have appeared that allow using more accessible and widespread mobile
platforms such as a car, quadcopters, unmanned aerial vehicles (UAV).

Problem. The use of new types of platforms leads to additional distortions associated
with features of the geometry of the radar performance and more severe trajectory instabili-
ties. Thus, new synthetic aperture radar systems should have special requirements for both
software and hardware, which differ from classical systems.

Objective. The aim of the work is the comparison various algorithms that are used in
modern radiovision systems to obtain high-quality radar images that can be integrated into
various kinds of mobile platforms.

Methods. The method of frequency scaling and various modifications of this method
are taken as a basic algorithm, including additional algorithms for compensating trajectory
instabilities. For comparison of algorithms, the system geometry for automobiles and aircraft
systems are considered and simulations were performed with the presence of point reflectors
at different distances and the distortion of the platform motion.

Results. The difference of the considered algorithms in the form of flowcharts and
mathematical formulas is shown. Based on results of the simulation the use of the basic fre-
quency scaling algorithm at distances corresponding to the geometry of the automobile sys-
tem leads to the distortion of the response along the azimuth. In addition, the use of the modi-
fied algorithm for compensating trajectory distortion allows correct focusing the targets at dif-
ferent distances.

Conclusion. The proposed combination of modified algorithms of trajectory distortion
and frequency scaling allows focusing the image evenly throughout the frame and improving
the quality of the image in the near zone.

Automobile, UAV, radiovision, radiolocation image (RLI), synthetic aperture radars
(SAR), frequency modulated continuous wave (FMCW), frequency scaling algorithm (FSA).

The studies are being carried out with the financial support of the Ministry of Education and Science of
the Russian Federation. Unique identification number of the Project RFMEF157815X0130.
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Introduction

With the development of hardware and computer systems, which improve
qualitative characteristics of synthetic aperture radars (SAR) [1-7], with their
dimensions limited, many new systems have appeared that allow using more ac-
cessible and widespread mobile platforms such as a car, quadcopters, unmanned
aerial vehicles (UAV), in comparison with planes and satellites. The magnitude
of the tasks which can be solved by means of these systems is enormous [8].
Cars would be able to generate panoramic radiolocation images (RLI) at the ex-
pense of their speed, using only one antenna system, which would decrease size
requirements of the equipment [4, 5].

The new synthetic aperture radar systems should have special requirements
for both software and hardware, which differ from classical systems. In the con-
sidered examples of the existing elaborations of algorithms and those ready for
realisation in small-size SAR, one may point out the following [9—13]: the use
of frequency modulated continuous wave (FMCW), algorithms for compensat-
ing trajectory distortions, and frequency scaling algorithm (FSA). The use of
FMCW actually allows working in the near zone as well as decreases require-
ments for digital signal processing architecture [6], whereas among the frequen-
cy scaling methods [12, 13] there are different modifications, where different
formulae are used. Consequently, in the article the following objectives have
been set:

e to compare frequency scaling algorithm from the article [12] with the
modified frequency scaling algorithm from the article [13] (hereinafter FSA-M);

e to apply the algorithm for compensating trajectory distortions from the
article [12] for FSA and FSA-M and compare properties of the obtained radiolo-
cation images;

e to compare properties of the radiolocation images at different slant
ranges and azimuth position of point reflectors for detection of geometric distor-
tions.

The article is arranged as follows. In the first part, the geometry of SAR
performance is presented for the cases when UAV and cars are used as the bear-
ing platforms. Their peculiarities and differences are demonstrated as well. In
the second part, the processing algorithms of FSA and FSA-M are briefly dis-
cussed. In the third part, the results of processing of signals are shown, which
are obtained during simulation of SAR performance by virtue of different meth-
ods of compression and compensation of radiolocation image. In the end of the
article, the conclusion is given.

60



HAVYYHBIE N ITIPAKTUYECKHUE PA3PAGOTKHA

1. The geometry of SAR performance

First of all, it is necessary to set the source conditions, therefore let us con-
sider the principle and geometry of the synthetic-aperture radar performance, de-
rive formula, corresponding to the received signal after its multiplying by refer-
ence signal.

Let us suppose, that the sounding signals,(t) radiates in the moment of

timet at which the distance is R(t) and returns to the receiver in the moment of
timet+t,, covering the distanceR(t+t,). Thus, the delay of signal double
scattering may be expressed as:

_ R(n)+R(t+1y)
— - ,

1)

d

where R(r+rd)=\/R02+V2-(r+Td —To)z;

¢ — the speed of light;
v — the velocity of the moving platform.
Simplifying the formula (1) by quadratic equation, confining ourselves to
quadratic terms of expansion, we obtain the following formula of the delay val-

ue:
2[ R(T) + VZ(’E — ro)]

T (1) = —— CVZ . @)

1=z

Considering the formula (2) and the use of the linear frequency modulation
signal, the received signal may be expressed as follows:

S (t,7)= C7('50’ ro) "S5y (t Ty (’C))-EXD[]ZTEfO (t — Ty (T)):"

where o(ty, I;) — target cross-section with the corresponding coordinates;
f, — carrier wave frequency;
s, (t) =exp(jnK t?) — linear frequency modulation signal, where K, —

frequency slew rate, which is calculated as AF /T, where AF — signal band;
T — period of one pulse (period of pulse radiation).
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For the cases when FMCW is used, the received signal is multiplied by ref-
erence complex conjugate signal:

Sref (t) = St* (t) ) eXp(— J anot)

After multiplying by reference complex conjugate signal we obtain the fol-
lowing signal:

S, (t,7) = (t,, 1) -exp[— j2nK 14 (1) - t] X

3
xexp|—j2nf,t, (1)]- exp[—jZnKrrj (1:)]. ©

Let us analyse the formula (3) in detail. The first exponent forms harmonic
signal with the frequency corresponding to multiplication of delay t,(t) and the

frequency slew rate K, and thus, it is responsible for the location of the target

by range. The second exponent forms the Doppler spectrum along the azimuth
making it possible to determine the location of the target by azimuth. The third
exponent is called residual video phase and is compensated in most cases due to
its uselessness [14].

Let us analyse the difference between UAV and an automobile used as
platforms for aperture synthesis. To illustrate the difference in the geometry of
SAR on automobile and aircraft platforms, the fig. 1 is given below. Let us as-
sume that antenna system parameters and the height of the aircraft platform
make the following values, given in the table 1.

Fig. 1. The geometry of SAR on automobile and aircraft platforms

62



HAVYYHBIE N ITIPAKTUYECKHUE PA3PAGOTKHA

Table 1
Parameters of the geometry of aircraft and automobile SAR
Parameter Value
Antenna system look angle, 6, degrees 45°
Width of directional diagram by azimuth, 6, degrees 15°
Width of directional diagram by elevation, 0,, degrees 15°
Height of the aircraft platform, hy, m 1000
Height of the automobile platform, hy, m 2

Now, if we calculate the swath width along the range via antenna system
look angle and width of directional diagram by elevation, we obtain:

AR, =(h,/cos(6, +6,/2))—(h /cos(6, —6,/2)) =382 m.
If we calculate the length of aperture synthesis by the formula:
L, =2-R,-tan(6/2) =372 wm.

As it may be seen, the sizes of zones in both coordinates are commensurate,
which is convenient for displaying the final radiolocation image. If the parame-
ters of the antenna system remain the same, with the antenna system placed on
the automobile platform of 2 metres high (h, =2m), the width of the look will
be: AR, =0,76 m. As a result, in the final image the size of the image in terms of
range will be only 0,76 metres, which is absolutely impractical for this system.

Therefore, it is advisable to use an antenna system with a broader direc-
tional diagram by elevation when the automobile platform is used or any other
platform requiring low height of antenna synthesis. For instance, if we now take
an antenna with the directional diagram width by elevation 6,=80° then
AR, =21 m. In some cases the antenna system is installed higher by virtue of
additional fastenings, as it may be seen from [5, 7], which is not surprising when
it comes to receiving data from remote zones.

Now that we have formed the mathematical model of the received signal
and the geometry of the performance, let us carry out simulation of the SAR per-
formance and data processing by FSA and FSA-M algorithms with a point re-
flector for comparison of the following parameters:

e the azimuth and range resolution;

e the relation of the side lobes’ level to the main lobe one;

e integral relation of side lobes’ level to that of the main one.
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2. Processing algorithms

As it was previously mentioned, let us take two realisation of FSA algorithms
for processing algorithms. Their flowcharts are given in the fig. 2 [12, 13].

547 5(t1)

i (r.Arw) Hml(r.Arw.)

(¢, H, (t.f)

T/

=

LAl

HZ(fft) Hl(fft)
Range IFFT Range [FFT
H,(t.f,) H(1£)- Ho 1.1.)
stc(’-ft)-Hgg (Tft)
Range FFT Range FFT
X ¥
o [\ zimuth

Hmcl(rO‘ArO) Hmc:(roAro)

@ﬁ
@5

Azimuth FFT Azimuth FET]
(g)‘;Hm(ft?Rr) ®;HI (ft:Rr):H;PC(ft:
Azimuth Azimuth
IFFT IFFT
v v
Final image Final image

Fig. 2. Flowcharts of FSA (left) and FSA-M (right)
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It needs to pointed out straightaway that the full information about pro-
cessing stages is given in the sources [12, 13]. Below, the formulae used either
for one modification or for trajectory instabilities compensations, will be given.
The trajectory instability has also been considered within only one modification.

The main feature of frequency scaling algorithms consists in the range mi-
gration for different targets may be compensated without interpolation, only by
mere multiplication. This advantage makes this algorithm more attractive for in-
tegration into signal processing block, since multiplication operations are sim-
pler than interpolation ones.

The input data of the algorithm are the array of signals from the output of
the multiplier, according to the formula (3).

The FSA algorithm includes a series of Fast Fourier Transformation (FFT)
and phase multiplications. If we reject the stages of compensation of the plat-
form movement, the key differences between the algorithms will be:

Frequency scaling function for FSA, which removes Doppler oscillations,
has the following view:

H(t 1) =exp(—j-(2n- f -t+n-K, -t (1-D(f,,V)))),

where D( f,v)=y1-12- f2/4v?;
A — wavelength;
f. —azimuth grid frequency.
The formula for the modified FSA-M algorithm is of the following view:

HI(t, £.)=exp(—j - m-K, t*(1-D(f.,v)))

In the modified algorithm after Inverse Fast Fourier Transformation
(IFFT), the multiplication by three more functions takes place:
1) doppler factor correlation function:

HSFC (t, f) :exp(—j 2n- f_-D(f_,v) -t);
2) second range compression function:

H;RC (t, f‘r) =

21 R, -KZ2-A (D?(f,,v)-1) 2R, Y
=exp| —] " : SR | D(f_,v) - t— o
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ol R G0 (o2
b~ o D*(f.,v) v C ’

3) group phase shift function:

H;S (t’ f‘t) =

) 2-R
=exp j-4“ Kf-Rref- 1 D(f,v)-t——= ||,
C D(f_, V) C

where R,; — reference range.
At the final the multiplication by phase conservation phase:

4n-R., f
c D(f.,v) ’

H;PC(ft’ fr) :eXij

where f, —range frequency grid.

Let us analyse the peculiarities of the radar movement itself. The algo-
rithms mentioned above took into account only even, direct movement. Actual-
ly, the platform will often deviate from its nominal trajectory, which will result
in poor radiolocation image quality.

On the basis of [12, 15], the following algorithm of movement compensa-
tion is suggested. The receive signal s, (t,t) is multiplied by the function:

(0 AT +21-K, - t-AT —
Hmcl (t’ AFcref ) =exXp| —J 1 (4)

—1TC - KI’ . (2 : Tref : A’Cref o ATif )

where Aty =2-ARp /C; ARyt = Rygial — Rigearr Where Ryeyq — slant range

from platform to point target considering known deviations during platform
movement;
Riqeas — 1deal trajectory of platform movement for the same location of
the point target.
The next stage carries out differential correction after range compensation,
where the location information is averaged along the entire pulse. This statement
comes out of the fact that when all data are compressed by range, each cell in
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range is formed from data that is distributed along the entire pulse. Correction
function is calculated for each cell by range:

Hmcz(rr’ATr) =

| _(DO-A’Cr-I-ZTE'Kr'Tr'ATr_TE.Kr.ATS—F (5)
= ex |
Pl ) +a, - At, —2n- K, 1, At 41K - AT

The introduced method is similar to traditional movement compensation,
but has a number of advantages. Firstly, the movement during radiation is taken
into account, which is crucial for modulation with continuous chirp. Secondly,
the correction here takes place without interpolation.

Now, let us carry out imitation modelling with the parameters given in the
table 2.

Table 2
Modelling parameters

Parameter Value
Type of signal modulation chirp
Platform velocity 100 km/h
Carrier wave frequency 10 GHz
Period of pulse 1ms
Modification strip of chirp 50 MHz
Targets’ coordinates, [range, m; azimuth, m] [650, 0], [20; O], [300; 0], [100; 0]

Let us compare the algorithms with different modifications in the following
sequence:

1) radiolocation image of the target at the range of 650 metres, obtained
by methods FSA and FSA-M with an ideal trajectory correction;

2) radiolocation image of the target at the range of 20 metres, obtained
by FSA and FSA-M methods with an ideal trajectory correction;

3) radiolocation image of two targets at the range of 100 metres and
300 metres with a rough trajectory correction, where 100 metres is reference
range;

4) radiolocation image of two targets at the range of 100 metres and
300 metres obtained by means of FSA and FSA-M methods, with a proposed
trajectory, where 100 metres is reference range.
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3. Modelling. Processing results

The results of the modelling of the first two points are shown in the fig. 3-6

and the table 3.

Radiolocation image  FSA

Range in metres

670

660

650

640

630 q 2
-0.5 0 0.5

0

5

-15

Range in metres

b=
-~
=

>
=N
o

>
N
-
o

640

Radiolocation image

FSA-M

-0.5

0

Azimuth in metres

Azimuth in metres

0.5

Fig. 3. Radiolocation image of the point target obtained by FSA (left) and FSA-M (right)
methods at the range of 650 metres
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for FSA and FSA-M methods
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Fig. 5. Radiolocation image of the point target obtained by FSA (left) and FSA-M (right)
methods at the range of 20 metres
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Fig. 6. Point target RLI cut-offs (20 m range) along the range (left) and the azimuth (right)
for FSA and FSA-M methods

Table 3
RLI properties obtained by virtue of FSA and FSA-M
methods during imitation modelling of targets at the range
of 650 metres and 20 metres

Parameter FSA FSA-M FSA FSA-M
Range, m 650 20
Range resolution 3,6 3,58 3,5 3,6
Azimuth resolution 0,23 0,22 0,27 0,21
Range side lobes’ level —71,2 —7,2 -7 —7,4
Azimuth side lobes’ level 59 -6,8 5,7 -6,9
Integral range side lobes’ level 51 55 4 5,6
Integral azimuth side lobes’ level 1,4 1,6 1 15

During analysis of the trajectory instability, a sinusoidal distortion was de-
tected during motion of platform along the range. It is shown in the fig. 7. Con-
sequently, in each i-th pulse the phase shift will take place corresponding to the
valueexp(—j -4-pi- R(i)/k). On the assumption that the trajectory is known, let

us compare to approaches for elimination of phase distortions. The first case is a
classical one for which the formula (4) is used, whereas the formulae (4) and (5)
are used for the second one. It needs pointing out that 100 metres value has been
taken as a reference range. In the fig. 8-11 and in the tables 4, 5 the results of
the modelling are given.
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Fig. 9. Radiolocation images of point targets obtained by FSA-M method, at the range
of 100 m (a), 300 m (b), and obtained by classical method (left) and modified method (right)
of trajectory deviation compensation
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Table 4

Properties of RLI obtained by FSA methods during modelling for point targets
with classical and modified methods of trajectory distortion compensation

Parameters Classical compensation | Modified compensation
Number of target 1% target | 2" target | 1ttarget | 2" target
Range coordinates of targets, m 100 300 100 300
Range resolution 3,6 3,62 3,6 3,65
Azimuth resolution 0,22 0,3 0,21 0.21
Range side lobes’ level -7,3 -6,9 -7,3 —1,2
Azimuth side lobes’ level -6,8 2,1 -6,8 —6,8
Integral range side lobes’ level 3,5 -9,7 3,5 -16,2
Integral azimuth side lobes’ level 1,35 0,03 1,32 1,6

Table 5

Properties of RLI obtained by FSA-M methods during modelling for point targets
with classical and modified methods of trajectory distortion compensation

Parameters Classical compensation | Modified compensation
Number of target 1 target | 2" target | 1target | 2" target
Range coordinates of targets 100 m 300 m 100 m 300 m
Range resolution 3,58 3,64 3,6 3,6
Azimuth resolution 0,21 0,31 0,21 0,21
Range side lobes’ level 7,3 -6,8 —7,25 —7,2
Azimuth side lobes’ level -6,9 21 -6,9 —7
Integral range side lobes’ level 3,6 11,4 3,6 -15
Integral azimuth side lobes’ level 1,32 -0,27 1,3 1,7
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The results of the studies enable the following conclusions.

The use of FSA algorithm on ranges corresponding to the geometry of the au-
tomobile system performance leads to smearing the response of the point target ba-
sically along the azimuth surface. If we compare the results, obtained by virtue of
FSA-M algorithm, where the image was more sharp, the azimuth resolution im-
proved by 23 %, the azimuth side lobes’ level was lower by 1,2 dB. The level of
integral side lobes on both axis became bigger at FSA-M, but this is connected with
decrease of the resolution. As for the range, there are also some alterations, but they
are not that significant. The geometry of aircraft performance also demonstrates
improvements when the modified FSA algorithm is in use.

The application of the modified trajectory distortion compensation, in
comparison with the traditional one, enables focusing the target correctly, which
are in different planes, as it is shown in the fig. 11. Numerically, integral side
lobes in case of the modified one application for 2" target becomes better by 6,5
dB at FSA and 26,4 dB at FSA-M. The common level of integral side lobes in
the modified case for both FSA and FSA-M differs by 1,2 dB. The improvement
of resolution is also observed.

Conclusion

According to the results of the work conducted, the imitation modelling of
two algorithms FSA (traditional and modified) was carried out, for signal pro-
cessing of SAR. Also their comparative analysis was carried out on the subject
of resolution, integral level of side lobes and level of side lobes. The results of
the modelling gives us the opportunity to obtain a more detailed and sharp im-
age irrespective of the geometry of the system performance and choice of refer-
ence range while eliminating trajectory distortions. Therefor it will be suitable
for application on any platforms.
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