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PaduomexHuyeckue uamepeHusi

NpoBeAeHUE TILaTenbHbIX UCCNeAoBaHuit XapakTepUCTUK 1 Kanv-
GpoBka Ha COTNacoBaHHbLIX YPOBHAX HANPAXEHHOCTH UMIYNbCHO-
0 3NEeKTPUYECKOro nons.
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TPa KOMNEKTUBHOTO MONb30BAHUS BbICOKOTOUHBLIX U3MEPUTENL-
HbIX TexHomorwit B obnacTu (POTOHWKW, CO3[aHHOTO Ha Base
BHUUO®W, u npu nopaepxke MuHoBpHayku Poccun B pamkax
BbiNONHeHus cornawenusi Ne 14.595.21.0003 ot 28.08.2017 .
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OueHKa AanbHOCTI 1 paananbHOl CKOPOCTH 06beKToB
LIMPOKOMNONOCHON PaAVIONOKaUVOHHON CcTaHuwen B yCNOBUAX
MUrpaLy OTMETOK MO KaHanam AanbHOCTH

. 5. PA3AHLIEB, B. M. IMXAYEB

BoeHHbill y+ebHo-Hay HbIT ueHmp BoeHHo-8030yWHbIX Cun «BoeHHO-8030yWHas axademus
um. npogp. H. E. XKyxosckozo u fO. A. Mazapura», Bopoxex, Poccus, e-mail: kemel386@mail.ru

[MpednoxeH crocob, Mo3eonsoLYuL yeenuyUMs BpeMs KO2ePeHMHO20 HaKonneHUs OmpaxéHHbLIX 0m 0GLeKMOe cueHanos
OnA yeenuyeHus dansHocmu dedcmeus PpaduoroKayuoHHOU CakuuL ¢ HeNpepbISHLIM JIUHEHBIM YaCmOMHO-MOGYUPOBAHHBIM
U3NyYEHUEM 8 YCNIOSUAX MuSpayuL OmMemoK Nno KaHarnam dansHocmu. BeiuucneHs! dansHocme U paduasnsHas Ckopocik obb-
eKma npu yenosuu, 4mo UMeHeHue paccmosaHusA 80 He20 3a nepuod MoGYNALUL CYLUECMEEHHO NPEELILIaeM PasPEaroWy

CNOcOBHOCMb PAOUOMOKAULOHHOL CIMaHLYuU Mo OanbHOCMU. Mpoeedetra oue

HKa NOMEHUUANEHBIX MOYHOCME OUEHOK, Nped-

cmaaneHsl pesynsmambl 3KcrepumMeHmanbHol nposepku npednoxexHo2o crnocoba.

Knioweasie cnoaa: wupokononocHas PIIC, HenpepbieHbit yacmomHo-ModyuposaHHbili cugHan, dansHocms, paduanssan
CKOPOGME, NOMEHUUansHas MoYHOCMb, KO2EPEHMHOE HaKoMBeHUE, MUSPAaUUA OMMEMOK 110 KaHanam 0ansHoCmu.

The technique allowing to increase the time of coherent accumulation of received signals for the radar range increasing with
the following calculation target range and radial velocity is proposed. Here with the larget range change during the modulation
period of transmitted signal is considerably exceeding radar range resolution. The assessment of potential accuracy of range and
velocity estimation is carried out, and the results of experimental testing of the proposed technique are presented.

Key words: wide-band radar, FMCW, range, radial velocity, potential accuracy, coherent accumulation, range cell migration.

B HacTosliee BpeMs LWWPOKOMOMOCHbIE paawuonoKalnoH-
Hble cTaHuuu (PINC) HenpepblBHOrO n3ny4eHus c TNIMHENHBIM
YacTOTHO-MOAYNMPOBaHHEIM (NTYM) curHanom akTMBHO UCMONb-
3yl0T AnA 0BHAPYKEHWUA 1 M3MEPEHWA NapameTpoB ABUKEHWA

UamepumensHas mexHuka Ne 1 1, 2017

manorabapuTHbix GecnunoTHbX NeTaTencHbIX annaparos, a
TaKke B aBTOMOBWUIBHBIX CHCTEMax npeaoTspalleHus cron-
KHOBEHMSA W KOHTpona ckopocTk [1. 2] OCHOBHBIMW TEHAEGHUM-
AMW NO YBENUYEHNIO JaNbHOCTH SEHCTBUA TaKUX CUCTEM U, Kak
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Paduomexxuyeckue usmepeHus

S,(t)

Vo, Ry (l-/r e_snny{fl ="

Puc. 1. CTpykTypHas cxema PaAVONOKAUMOHHBIX CTaHLMI HenpepeiBHo-
O Many4YeHus:
MpY — npuémnoe ycTpoiicteo; [ldy — Nepegaiowee ycTpoiicTeo;
Cum — cmecutens; @HY ~ PUALTP HIKHIUX YacToT

CneacTsue, BpeMeHu Ha NpuHsATHe yNnpaensiowux pewexuni, se-
NAIOTCA NOBbILEHUE 3KBUBANEHTHO U3Ny4yaemMon MOLHOCTY 1
BPEMEHU KOrepeHTHOro Hakonnexua curianos [3]. OaHako nep-
BOE HanpaeneHue orpaHuyeHo PeleHunmMu MocyaapcTeeHHoil
KOMWCCWK no paauodacToTam, a BTOpOe — BpemeHem, B TedeHue
KOTOpOro onpeaenexue paccrosqus Ao obrekTa 3a nepuon 30H-
AVpOBaHUA He NpeBbiwaeT paspewatowei cnocobHoctu PNC
NO AanbHocTw, T. e. oTcyTeTRYeT MUrpaums oTMeToK no KaHanam
AaneHocTu [3, 4). Ina yerpamenus MUrpaLKMKM OTMETOK MOXHO
NPUMEHATL Cnocobbl, onucaHHbe B [5], Ho ux npakTuyeckoe
ucnonb3oBaHue saTpyaHseTcs us-aa OTCYTCTBUA TOYHLIX CBEe-
HWit O 3aKOHEe U3MeHeHus AankHocTty Ao o6bekTa.

Ans npeoponenus OrpaHuyeHun cywlecTeyowmx nogxonos
Ha BPeMSA KOrepeHTHOro Hakonnexus OTpaXEéHHbIX OT 0bbekToB
CWrHanoB 1 yBenuyeHus nansHocTyu Aeiictaus PNC Heobxoaumo
paspaborartk cnoco6 MSMEPEHUS NapaMeTpos ABUKEHUS OB Lek-
TOB (AanbLHOCTU 1 pagUansHok CKOPOCTH) B yCnoBUAX MUrpaLmy
OTMETOK No KaHanam AanLHOCTK, a Take OonpeaenvuTs TOYHOCT-
HbIE XapakTepucTUKU NpeanoxeHHoro cnocoba.

Pa6ota PIC ocHoeaHa Ha 30HAWPOBaHUU, Npuéme U aemo-
AYNAuun (Npu YMHOMEHUM Ha ONOPHLIA CUrHan nepeaaryumka)
OTPaXéHHbIX OT ob6bekTa CurHanos (puc. 1). Oemopynuposan-
HBIF CUTHaN PasHOCTHON YacToTh! Ss(t) B Tevenme otaensHoro
nepuoaa moaynauum T,, SOHAMPYIOLLETO CUrHanNa MOXHO onu-
CaTb CneayoLnM Beipax)eHnem [6]:

Sp(t]=Acexp{j2rr(for(r)+pr(f)r~pt(t)2/2+%)}+r}(r), (1)
te[0,7,],

rae A, —amnnutyga CurHana; j — MHumas eauHuLa; fo u=AF/T,,
Yo, AF — HavaneHas vacrora, CKOPOCTE M3MEHEHUA YacTOThI,
Cny4aitHas HavansHasn gasa u LMpUHa CnekTpa 30HAUPYIoLWEro
NYM-curHana, COOTBETCTBEHHO; T,, — nepuopn MOayNAuUMK 30H-
AvpyloLLero curHana; fw(!} — lAyCcoB LWyM B NPUEMHOM KaHane
C PaBHOMEPHOW CNEeKTPanbHOM NNOTHOCTbIO No: 1(t)=2R(t)/c -
Bpems 3anepxku, obycnosnexHoe pacnpocTtpaHeHuem curvana
Ao obvekTa u 0BpaTHo: R(t) — 3akoH nameHeHus AansHOCTH Ao
obvexTa; ¢ — ckopocTs ceera,

B GonbwwuHcTBE Cny4aes U3MeHeHWe paamansHoil cocTas-
nAWeR ckopocTn obbekTa Vp 3@ Nepuog 30HAMPOBaHUA SBNS-
ETCA HE3HAYUTENbHLIM, W MNOITOMY 3aKOH M3MEHEeHUS AansHocTu
R(t) MoxHO npuHaTh NUHENHLIM, T. €.

R(t)=Ry+v,t, 2)
rae R, — HavaneHas gansHocTs o6bekTa.
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C y4étom cbopmynei (2) BoipaxeHue (1) MoxHO nepenucarts
B Buae

S,[r):Aoexp{ 12700+ 0, +0,t2)} 4 n(t); (3)
©0=21Ry/c~2uRE [c +yy:
©,=2fv, [c-4pRyv, /e +2uR, /c;
O, =2uv, /c-2p vi /et

Cnaraemoe ©, onpenenser HavaneHyw a3y curvana, He-
33BUCSLLYIO OT BpeMeHu u MO3TOMY He yuuTbiBaemMyio B xoge
AaneHelwein o6paboTku. MpuHsB Bo BHUMaHKe Manyo senuym-
Hy cnaraembix 4uRyv, /c? u 2uv? /e? no oTHoweHuio K Apyrum
cnaraemeim, exopswmum e 9, ©,, BblpaxeHue (3) moxHo npeg-
CTaBUTb B COKPALLEHHOM hopme:

ép(t)=Aﬂ exp{jZn[fR‘,l+52£r’-‘]}+r}(r}, (4)

TR€ foy =fo +fy fo =2uR, /c; fa=21v, /¢ - ponneposckas yactota;
Hp=4uv, / c,

CyuwecTayiowme cnocobi [3, 4] onpenenenus Ry, v, ceopaT-
CA K OLeHKe vacTor f,, f, u OPWEHTUPOBaHbLI Ha KOpOTKWe (eau-
HUUBI MUNNnCeKYHA) 3Havenns T, MPU KOTOPLIX OTCyTCTRYET
MUrpauusa oTMeTOoK no kaHanam AaneHoctn, 1. e. T v, <&r. Toraa
3Ha4eHWe KBaapaTMYHOro (hasoBOro MHOXUTENs U3 BblpaXeHus
(4) npumet Bug

pp/2<2p8r/(T,,,c),

rae dr=c/(2Af) - Paspewaroulas cnocobHOCTb NO [4aNLHOCTH.

W3 Bbipaxenus (4) Cnepyet, 4To gBuxeHuwe obbexTa oby-
CroBenuBaeT nosieneHue B curHane Pa3HOCTHOI YyacToThl gonon-
HUTENbHOM /TYM, CKOPOCTL MaMeHeHUs YacToTL! H, KOTOpO# npo-
NOpUMOHankLHa paauanbHoil ckopocTH obbekTa V,, @ HavansHas
Hacrtora f, — pagmansHoii CKOPOCTU U HavankbHoIt JankHoCcTH [0
Hero. B atom cnyyae onpegeneHue v, R, MoxeT 6biTh OCHOBA-
HO Ha nsMepenusx w, fo,, 4yto oBecneunsaer WHBapWaHTHOCTb
Takoro noaxofa K AnNUTeNsHOCTU nepvoaa MoaynauMu 3oHaupy-
FOLLIEro CUrHana u MUrpauumn oTMeToK no kaHanam AansHocTy.

CoemecTtHo napameTpbl fz,, M, MOXHO OLEHUTH MeTogom
MakcuMansHoro Npaegonoaobua, koTopwiit CBOOMTCA K noucky
MONOXEHNA MakcumMyma aByMepHON KOPPensauuoHHON tyHKLUM
ANS PA3NUYHBIX 3HAYEHWIA f U CKOPOCTM M3MEHeHUS 4acToThl X,
3ranoHHoro JIYM-curkana [7):

8(1.m)=F{S, (08, ()} (®)

fip =al'g{:nax['s(f- “oﬁ}‘ ﬁ?n =argmax”.§(f. I.l,j:!. ()

roe S, (t 1) =exp{jnp,t?} - sTanoHHwIi curHan; f — Tekywas ya-
cTota; F — onepatop npeoBpa3osaHus Dypee; u,e[pmln,p,m,].
Hpmin: Hpmax — MP@HULIbI @NPUOPHOTO MHTEPBANa 3HaYeHuit napa-
MeTpa W, onpeaensieMble, COOTBETCTBEHHO, MUHUMANLHON W
MaKCUMansHOM PanuansHeIMKU CKOPOCTAMM Lenei CormnacHo Bbl-

HimepumensHas mexHuka Ne 11, 2017



PaduomexHu4yecKue usmepeHus

paxeHuio (4).

YeTpoicTBO, peanuayollee npoueaypb! (5).(6), conepxut N
KaHanoB. OTO KOMMUYECTBO PacCUMTLIBANT U3 ycnosus obecne-
yeHua TpebyemMoin TOHHOCTM OLEHKU A T. €.

Nzi“pma: _I“lpmln|/6{|:1p}|

roe u{a,} — cpepfHAs KBagpaTnyeckas owwbka (CKO) oueHkn na-
pameTpa i,

JlaHHoe ycTpOMCTBO NPeACTaBNeHo Ha puc. 2. MNony4yeHHble
OLEHKM fi,, Tz, NO3BONSIOT ONPEAETUTE 3HAUEHUS V, R, B cOOT-
BETCTBUW C BbIpaXeHUsMU

Vo =0,C/(4n); (7)
RO =RR5_R:1' (8)

tne Rey=FeC/(21); Re=frc/(21) — cmelienve no AanbHOCTH,
0BycnoBneHHoe A0MNNEepOBCKOR 4acTOTOM; f.=2fy,/c.

MoTeHuMankLHbie TOYHOCTH OLEHOK V,, R, 3aBMCAT OT NOTEH-
UManbHblX TOYHOCTEN OLEHOK nuHenHoro fp, W KBagpaTU4HOro
u, /2 hasosbix MHOXMUTEnNei yHKUMK (4), HKHUE rpaHuLbl AnC-
nepcuin KOTOpbIX COOTBETCTBYIOT YCNOBUIO Kpamepa-Pao [8]
OoNpeaensiTcs Kak

o?{3,} =90/(¢°Tuin?): o* {faa}=3/(4"Tid),

rne g% =2AT, /N,

S31(0)

X BM® [ s%,() = YO3C
) shnt Sain =
S.(D) o
o i
X BN® yrm A
=] — fRn

SO « s

> X B
syt

Puc. 2. CTpyKTypHas cxema u3Mep1Tens napamerpos A fﬁn:
B1® — BoicTpoe npeobpasosaHue Oypbe; YIMM — yCTPOWCTBO nowcka
nonokeHus Makcumyma; Y@3IC — yCTpoACTBO ¢hopMMpOBaHWA 3TANOH-
HbIX CUrHanose

nBM, KoathUUMEHT YCUNeHns aHTeHH 18 . CKkopoCTb aBTOMO-
6uns cocraenana okono 60 km/y. CurHans! Sp(t), OTpaXeHHbIE OT
ABWxKyleroca aBTomobuns, oundposbIBanucL aHanoro-ungpo-
BbiM nNpeobpa3osaTenem c yacToToN Auckpetuaauun 400 KMy v
paspagHocTeio 8 BUT, a 3atem obpabarsiBanck Ha N3BM. Cnektp
3aperucTpUpoBaHHoro curtana Sp (t) u ceveHns [ABYMEPHOM Kop-
pensUMOHHON tyHKWK (5) Npw p, =i, AN pasnuHHbIX HOMepoB
Nepuo/IoB 30HANPOBaHMA (B NEpecUeTe K NanbHOCTK) NnoKkasaHsb!
Ha puc. 3, a, 6, COOTBETCTBEHHO. )

B kaxaom nepuoae T, cnekTp curdana Sp(t) npeacraenser
coBoit cnektp NMYM-koneGanus (cMm. puc. 3, a) ¢ pesuauven

Coortsercrayioume CKO oueHok V,, Ry
C Y4ETOM NUHEMHOCTHU UX CBS3M C napame-
Tpamu fi,, fr, (cM. (7), (8)) BbIBOAATCA W3
creayloLnX BbIpaKeHW:

p)=—C _ [45.5(p )= DO [48
%} nT,AF\8q a{Ro) nAF? aqz'(g)

AHanua (9) nokasbiBaeT, 4TO yBenu-
yeHue BenwuwH T, u AF npueoguT K Npo-
NOPLNOHANEHOMY NOBLILIEHUIO TOYHOCTH
W3MEepeHWUs paauarbHoi ckopocTy 06b-
eKTa, a TOYHOCTb OLEeHUBaHWA AanbHOCTH
atoro of6bekTa NoBbILAETCA Nponopuwno- IF{S‘}I

HanbHO KBaapaTy LWMPKUHbLI CNeKTpa curka- 4
na AF. Kpome TOro, MeHbLUWE 3Ha4YeHns fy
oBecneunealoT Gonee BbICOKYID TOYHOCTb _
onpeneneHus paanbHocTM Ao obbekTa
BCMEACTBME YMEHbLUEHWs MNOrpeLHocTy
u3MepeHus JOoNNepoBCKOi YacToTel f.
[ns noaTeepxaeHus NonyvyeHHbIX pe-
3ynLTaToB aBTOPbl MPOBENW 3KCNEPUMEHT
o W3MEPEeHWI0 [anbHOCTU W CKOPOCTH
npuBnuxkatolerocs astomobuns  WKMpo-
kononocHon PIIC HenpepesiBHOrO U3ny-
yenua C-guanaszoHa, onucanHoin B [9].
Yenosus HabniogeHuit Beinu cneayowne:
f,=5,25 Ty, AF=500 My, T,=0,1 ¢, cpeA-
HAS MOLLHOCTb 30HAMpYtoLLero curkana 10
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Puc. 3. Cnektp curHana Sp(t) (a) u ceuexnn é(f. Hy ) NpK i, =i, (6) B NEpecyéTe K AansHoCTH:
1, 3,5, 7,9, 11 — HoMepa NnepUoAOB 30HANPOBaHNA
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Paduomex+uyeckue usmepeHus

OueHku B pasnuyHble NepuoaLl 30HAMPOBaHUA

MNapameTpsi
Homep
nepuoaa R

v, mic fou R.m Rep M Ry ™

1 16,6 581,4 17,4 292.8 2753

3 15,2 532,5 16,0 289,3 273,3

5 16,0 561,8 16.8 286,2 269,3

7 15,8 552,1 16,6 2829 266,3

9 16,6 5814 17,4 279.6 262,2

1 15,8 552,1 16,5 276,3 2597
CKO 1,85 18,90 0,57 0,13 0,92
MO 57,6 560,2 16,8 3,30° 312

MNpumedanue. 3rHakom * oTMeueHbl CKO n MO uameHeHui 3HaYeHuit co-
OTBETCTBYIOLUMX NapaMeTpos.

AF,=4AFv, [c. YMHOXeHWe curHana é,(t) Ha 3TanoHHbIA cur-
Han S, (t, u,) noseonser ycTpaHuTs AononHutensHyw JYM 1
OCYLLECTBUTL CKaTue cnekTpa (cMm. puc. 3, 6). 3To NpMBOAUT K
MOBLIWEHWUIO OTHOLWEHUS curHan—wym g2 B T, pas u, Kak cnep-
CTBUE, K yBENWYeHUo aansHocTu aeicteua PIC g 4T, pas [3].
Tak, Hanpumep, yBenuyeHue T.c¢ 2,5 mc go 0,1 ¢ cnocoberey-
€T YBENUYEeHWO MakcumanbHOW AansHocTW aenctems PIIC
B 2,5 pasa [5]. Takum 06pa3oM, yBenuieHue AanbHOCTY pen-
CTBuA, Hanpumep, ¢ 200 go 500 M npu v,=60...120 kM/M4 npu-
BEAET K YBENWYEHWIO 3anaca BpeMeHU Ha npuHsTHe ynpasens-
OWUX pelleHnid Ha 9-18 c.

OueHku V,, £, Ry, Re,, Ry, nonyueHHble NpeanoxeHHsIM crio-
coboM B paznuuHble nepuoas 30HAMPOBaHKA, a Takke ux CKO
1 Marematuieckue oxuganua (MO) npeacraeneHs: 8 Tabnuue.

CornacHo BsblpaxeHuio (9), noTeHUMansHble TOYHOCTH oue-
HOK 7, Ro npu q2=19...21 06 (cm. puc. 3, B) umeroT 3HayYeHus
o{7,}=04...0,5 M/c n o{R,}=0,42...0,53 m. B T0 xe Bpems CKO
8HanorM4HLIX OLIEHOK, MOMy4YeHHbIX B XOAEe 3KCNepuMeHTa
(cm. Tabnuuy), He npessbiwaiot 0,54 m/c 1 0,92 M, COOTBETCTEEH-
Ho. MoaTomy ¢ y4éTom dhnykTyauwmii OTpaXEHHOro CMrHana u no-
rpewHoctei obpabotku atn CKO MoxHO cuuTaTh cornacyowm-
MUCA C UX NOTEHUMANbHbLIMK 3HAYEHUAMM.

3akntoyenue. MpeanokeHHbIn cnocob OUEeHKW 0anbHOCTU U
PaauantHoOM CKOPOCTU OGLEKTOB NO3BONSIET YBENUUUTHL Bpems
KOMEpEHTHOMo HaKOMNMEHUA CUHaNoe [O 3HAYEHWN, KOraa U3MeHe-
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HWE paccToAknA o obbekTa 3a aTO BPEMS CYLLECTBEHHO NpPeBb-
WaeT paspeLwarulyto cnocobrocTe PIIC no pansHocTu. Yeenuye-
HWE BPEMEHWU KOrepeHTHOro HaKoNNeHus C eauHUL 40 AECATKOR
UNK COTEH MUNIMUCEKYHA NPU OrpaHUYeHUsX Ha SKBUBANEHTHYIO
U3Ny4aemyr MOLWHOCTb MNO3BOMKUT YBENWYUTH MaxKcumMansHyio
AaneHocTe aenctewnA PIIC B 1,5-2,5 pasa u, cooteeTcTBEHHO, 3a-
Nac BpeMeHU Ha NpuHsTUe YNpaBnAIoWmxX pewwenuii. MposenéH-
HbIE IKCNEPUMEHTaNbHbIE MCCNEN0BaHUA TOYHOCTH BbIAABAEMbIX
OUEHOK COornacyTes ¢ NoNyYeHHLIMK TEOPETUHECKMMI 3HAYEHU-
AMU U NOKA3bIBAKOT €0 NPaKTUYECKYK PeanvayemMocTb.
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