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IMPROVED MULTI-PHASE METHOD OF RANGE MEASURING

The mathematical model of multi-frequency phase method of range measuring, which allows use of harmonic sensing signals in
the frequency range from initial to the final. The essence of the model is to measure the significance of the vectors of total reflected signal
recording system of linear equations, finding the equation coefficients of power solutions which provide value vector signal reflected from
each object on the initial frequency and vector signal to increase the frequency. The values of the vectors used to separate the signals reflected
from each object and refine the results that can increase the accuracy of the measurement range of objects.
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Beryn

IMocTanoBka mpodiaemu. Bimomo nekinpbka OCHOBHHX METOJIB NAITBHOMETpii: IMIyJIbCHA, YacTOTHA,
(hazoBa Ta cKIagHUMU curHaiamu [ 1, 2].

Hait6ibII NOIMPEHUM € BUKOPUCTAHHS IMITyJIbCHI METOM. IX TOUHICTh Ta PO3iIbHA 31ATHICTh 3A/IEKUTH
BiJl TPHBAJOCTI 30HIAYIOUOTO IMITYyJIBCY i HOCIHHOI YaCTOTH. 3aCTOCYBaHHS YaCTOTHHX METOMIB BUMIipIOBAaHHSI
J03BOJISIE TIJBHIUMNTHA TOYHICTH INOJO JaJbHOCTI, alle¢ BUMara€ BHUKOPUCTAHHS IMUPOKOCMYTOBHX 30HIAYHOUHX
CUTHAJIIB Ta CKJIQJHOTO MaTeMaTUYHOTO anapary [1-3].

3 iHmoro 60Ky, Bimomi (a30Bi METOAW BUMIpPIOBAaHHS IANBHOCTI, SIKi TO3BOJSIOTH 3 BHCOKOKO TOYHICTIO
BH3HAYaTH BIICTaHI 10 OJHOTO 00’€KTy B OOMEXEHOMY YacTOTHOMY Aiama3oHi. [IppydaoMy TOYHICTH BUMIipIOBaHHS
NIOB’sI3aHa 13 YacTOTOIO 30H/IYIOYOTro CHrHally. Baromuii BHECOK B PO3BUTOK Teopii a3oBHX BHMipIOBaHb BHECIIH
BiTum3HsHI Ta 3akopaoHHI BueHi: M. K. Umux, C. I. ITatin, C. M. Mescokwit, 0. B. Ky, I1. I1. Opnarcekutii, 1. B.
TporwmmwH Ta ivmi [4-10].

IIpore, da3oBi BUMiprOBaHHS JaTBHOCTI € MPALC3JATHUMHU JIMIIIC 32 HASBHOCTI OJJHOTO 00’ €KTY, B OKPEMHX
BUMajaKkax IBoX. Lle cyTTeBO 3HIKY€E 00IaCTh BUKOPHCTAHHS IMX METOMIB y MPaKTHUIII.

Po3pobueni baraTouactoTHi (a30Bi METOAN AaIbHOMETPIl JO3BOJISIOTH BUMIPIOBATH BiACTaHI 10 Oaratbox
06°‘exTiB. CyTHICTH 6araTroyacTOTHOTO MiAXO/AY A0 BUMIPIOBaHHS JAJILHOCTI IOJISITAE y 30HAYBaHHI rapMOHIYHUMU
CHTHAJIAMH YaCTOTH SIKMX 30UIBIIYIOTHCS 3 PIBHOMIPDHUM KpOKOM. [IprioMy Kpok 3MiHM Y4acTOTH JOPIBHIOE MepIiiit
gacTorTi [11-14].

VY BHUIIAAKY YJIBTPa3BYKOBOrO ab0 PajiojOKAIliHHOTO 30HAYBAaHHS BHUHHKAE€ HEOOXIMHICTH MEPCHECCHHS
CIEKTpPY 30H/1yBaJbHUX CHTHAJIB B 00J1aCTh BUCOKMX 4acTOT. HociifHa yacToTa BU3HAYAETHCS (PI3MYHOIO IPUPOAOI0
CUTHAIIIB. 32 yIBTPa3BYKOBOTO JOCIHIIKEHHS, 3aCTOCOBYIOTHCSI CHTHANM Yy Aiama3zoHi dactoT Bix 1 mo 10 MI'm. 3a
panioNoKaIifHOTO JOCTI/UKEHHS 3aCTOCOBYIOThCS curHanmd B obmacti HBY. Jlns mepeHeceHHs  CIEKTpY
BUKOPHUCTOBYEThCsl amiutityqHa (AM) um GanancHa (BM)moapynsuis. B npomy BUmanky po3aijbHa 3AaTHICTh
BH3HAYAETHCS KPOKOM 3MiHHM 4acToTh [ |. 3a ymoBH 3actocyBanHA AM un BM mmipuHa criekTpy 30UThIIyeETHCS B
JBa pasd 3a IIMPUHY CHCKTPY 30HAYBAIGHOTO CHTHaNmy. [Insi 3BY)KEHHsS 4YaCTOTHOIO Miana3oHy IOLIIbHUM €
3aCTOCYBaHHS OJJHOCMYTOBOI MOIYJIALIT. Y IIbOMY BHITIQJIKy ITOYaTKOBA YaCTOTA BU3HAYAETHCSI HOCIHHOIO YacTOTOIO.
Kpox 3MiHM 9acTOTH MOKHA 3aJaBaTH BIATIOBIAHO O 33aHOI PO3OUTBHOI 3MaTHOCTI. B Takomy pasi HeoOXimHO
YIOCKOHAJIUTH MaTeMaTHYHHUH amapar 0araTo4acTOTHOro (ha3oBOro METOIY BHUMIPIOBaHHS JAIBHOCTI 00’€KTIB 3a
YMOBHM 3aCTOCYBaHHSI 30H/IyBaJbHOIO CHTHANYy B 00JIaCTI BHCOKHMX 4acTOT Oe3 3acTOCyBaHHS aMILIITYIHOI 4u
0ayaHCHOT MOJTYJISLIIT.

OcHoBHa 4yacTuHa. QOPMYBaHHS CITKM FAPMOHIYHHX 30HAYBAJBHHX CHTHAJIB B 00JIACTI BHCOKHX YacTOT
nepenbadae HacTymHi 3HaueHHs 4actotr: f,, fo+Af, f,+2Af, ..., fy+nAf . Ilicas npsMoro Ta 3B0OPOTHOrO

NOIIMPEHHS CHTHAIIB BiJ] BUNPOMIHIOBaYa 70 00‘€KTa Ta Ha3aja A0 MPUIMAILHOTO CEHCOPY YW aHTEHH, CHUTHAIN
BiOUTI Bif 00°€KTIB JOAAIOTHCS B PE3YNbTATi OTPUMYEMO OJMH TAPMOHIYHUH CUTHAJ SKAH MOYKHA OIICATH BUPA30OM:

~Josr —Jjoir ~J2r ~Jur
as, -e =a, -e +a, e ...a, -e , (1

e 7 — KUTbKICTh 00’ €KTIB; 7 — IOYaTKOBA YaCcTOTA.
dazoBuii 3CyB sKuii HaOyBae 30HIYBaIbHHW CHIHAN TWICHs MOLIMPEHHs 1O O0’€KTy 1 Haszajn o

HPUHMATFHOTO CEHCOPY TPONOPIIHHAN TanbHOCTI /, Ta MOTOYHIN YacToTi:
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4rl, 47, @
¢i = e ,
Aoy,
ne Vv, - WIBUIKICTb MOIIUPEHHS CUTHAMIB y CEpelOBHIII.

[Ticns 36inpmenns yactoty Ha Af (ha3oBuil 3¢yB BiIOUTOrO Bif OXHOTO 06‘€KTY HAOyBA€ 3HAUCHHS:

_Am, _ 4,
-

¢i+1 - ﬂ,
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’ 1, +4F), 3
ITicnst 36inbIIeHHS Ha k KPOKiB 1o acToTi Af , (pazosuii 3cyB Oy/ie MaTH 3HAYCHHS:
47, 4,
O = =—(f, +kaf), )
A v,
BpaxoBytoun Bupaszu (2) — (4), curHaiu B 3aJaHOMY Aiana3oHi 4acTOT OyIyTh ONUCYBaTHUCh CHCTEMOIO

.
PIBHSIHB:
47,

. N s
. — . n .
as, -e = Zai e ;
i=1
47,
. N —j—(f+0f)
a e JOs(r+1) :Za e Vi .
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i=1
Josin) _ N k)
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Gype ™ = a e
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21.]'[5{ CITPOLICHHA MAaTEMAaTUYHUX IICPETBOPCHL CUCTCMU (5) BBCJCMO ITO3HAYCHH:
A Lo IPs 1 _ . —J s (r+k)
br - aZr e 3°c br+k - aZ(r+k) e ’ (6)
S o— P L A
c,=e’", Ac,=e ", @)
3a TakMX NO3HAYeHb, CHCTEMY PIBHSHB (5) MOXHa 3amucary:
. N
br+1 = Zai "G, 'Aci;
i=1
N
— ; 2
br+2 _Zai'cz‘r 'Aci’ 8
i=1 )]

CKOpUCTABIIUCh MiJXOJOM, IO OyJIO 3alpoONOHOBaHO i 4ac Po3poOku OararodacToTHOro (hazoBOro
merony [12], 3HalinemMo 3HaYEHHS A, -c',.,, . 1 3HAXOMKCHHAS OCHOBHHX 3QJICXKHOCTEH 3aIUIIIEMO CUCTEMY PIBHIHHS

JUISL TPbOX 00‘€KTIB, MiCIsT 4OTO 3p0OMMO y3arajdbHEHHS. B TakoMy pasi cuctema piBHSHB (8) Habye CIpOIIEHOTo
BUTIIALY:

a,-c, 'Aci;

E@‘
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.M”’
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Po3B*s130K 1aHOT cUCTEMHU BiJHOCHO 3HAY€Hb 4, - c'l.r OyZIe HACTYIHUM:
a -6 = Aéz 'Aés 'By-+1 — (Aéz + Aé})'sz +br+3
C TR AG NG+ AG, Al + AGE = Aé NG AG,
a6 = ACl-A¢; - b.r+1 + (Aél +A¢ ) b.wz — b.r+3 . (10)
2T LA A + A, AG +AE — A, - A NG

Aé, -Aé, -b,,, —(Aé, + A¢,)-b,,, +b, .,

aa'ésr: X . rf] X ) f‘+2 B P

(— AC, - A, + AC, - A, + Ac; — Ac, - Ac, )Ac3l
[IponoBxylounm MaTeMaTWYHI IEPETBOPEHHS AHANOTIYHI 10 TMPOBEINCHUX I 9Yac PO3POOKH
0araTo4acToTHOrO (Pa30BOTO METOAY OTPHUMYEMO CHUCTEMY PIBHSHB JUIA 3HAXO/DKCHHS KOCQIIIEHTIB CTETICHEBOTO

PIBHSHHS:
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bty =b,,t,+b, 51, =b,;
by+2i1 - br+3i2 + br+4i3 =-b,.s; (11)
b, .ty =b, b, +b, 5t ==D, .
Jac
L=AC Ay NGy, 1, =AC A, + A, - Ay +AC, - Ay, £, =A¢, +A¢, +Ady . (12)

3HaioBIM Koe(illieHTH CTeneHeBoro piBHsHHS 3 cuctemu (11) Ta po3B‘s3aBIIM CTENEHEBE PIBHIHHS
MOYKHA 3HANTH 3HAYECHHSA Ac'1 ,Ac'2 ,Ac'3 . HacTymamM kpokoM € Te 1o y BiAmoBigHOCTI 10 BupasiB (3) Ta (7) MoxHa
3HAUTH JATBHOCTI KOKHOTO 00 €KTY.

SIKIO MiACTABUTH OTPHMAaHI 3HAYCHHS Y I[OYAaTKOBY CHCTeMY piBHAHb (9) MOXXKHA 3HAWTH 3HAYCHHS
BEKTODIiB 4, - C, . BOHM MpencTaBisiOTs COO0I0 BEKTOPH CHUTHANIB BigOWTI Bim 00‘€KTiB HAa IOYATKOBI 9acTOTI.
BpaxoByroun Te, 110 MOYAaTKOBAa YacTOTAa 3HAXOOUTHCA B 00JIaCTI BUCOKHMX YacTOT, NOBHHUII (ha3oBuii 3cyB Oyne
Ha0yBaTH BEJHMKUX 3Ha4YCHb. AJle BHKOPHCTOBYIOUH 3HAUCHHS JalbHOCTI OTPUMaHi y MOIEePEeAHBOMY KpOLli, MOXKHA

YTOYHUTH JATEHOCTI 00 ‘€KTIB.
Bupasu (12) cTaHOBISITE 0000 KOE(DII[IEHTH CTEIIEHEBOIO PiBHIHHS:

A — Y3AC + Yo Ac + Y, = 0. (13)
Po3B’s30k piBHstHHS (10) 1acTe 3MOTy OTpUMAaTH 3HAYECHHS @, (7 1 03!
. Im(A¢,) B Im(A¢é, ) ~ Im(Aé;)
D1 = arctanm s Opyin = arctanm s Opy3 = arctanm . (14)
3HadyeHHs (a30BUX 3CYBIB @1, @, 1 (3, JO3BOIAIOTH 3HANTH JaTHHOCTI JO KOKHOTO 00’ €KTY:
| = D11V , L, = P2V , I = D3V . (15)
"an(r+ar) 7 ax(f+20r) 0 ax(f +301)

[TincraBuBIIM 3HaUeHHS A¢ B CHCTEMY PIiBHAHB (5) MOXKHA 3HAWTH 3HAYEHHSA 4 - C;. , MOTYJIb LINX 3HAUCHb

ir»
€ aMILTITyIJaMH CUT'HAJIB BIIOUTUX BiJl 00 €KTIB.

3a HasgBHOCTI OLTBIIOT KiJTBKOCTI 00 ‘€KTIiB, pO3MIip CHCTEMH PiBHSIHB (6) 301IBIIy€THCS.

Awmmityna i ¢a3a cymapHHMX BiIOMTHX CHTHANIIB BUMIPIOETHCS BOJIBTMETPOM Ta (ha3oMETpOM. Y HACIiJIOK
HassBHOCTI TMOXMOOK BUMIPIOBAHHS, & TaKOX TOTO, L0 JUIS 3HAXOJDKEHHS NAIBbHOCTI HEOOXiTHO MPOBOJUTH
MaTeMaTH4HI TIEPETBOPEHHS, TMOXMOKHA BUMIpIOBaHHS (a30BOTO 3CYBY Ta aMIUTITyOd TapMOHIMHHUX CHTHATIB
TIEPETBOPIOIOTHCS B MMOXMOKM 3HAXOKEHHS (ha30BUX 3CYBIB Ta aMIUIITYl CUTHAJIB BiIOMTUX BiZl KOXXHOTO 00’ €KTY,
SKi BIUTMBAIOTh HA KIHICBHIA pPe3yJIbTaT BUMIPIOBaHb JalbHOCTI. Yepe3 HECTaOLIBHOCTI pOOOTH TEeHeparopa
CUTHANIIB BiAOyBa€ThCS HETOYHE 3aJaBaHHS YACTOTH 30HIYIOUOTO0 CHTHAIy a00 dacToTa Oyle IUTaBHO YH
cTpuOKONOiOHO 3MiHIOBaTHCh. TOMy, OBXXHMHA XBWJII TeX He OyAe BiINOBiAaTH 3agaHoMy 3HaueHHIO. Lle
NPU3BOJUTH A0 TOTO, IO CyMapHHH (a3oBUil 3CyB Ta aMIUNiTyAa BiAOMTOro CUTHaJTy Ha I 4acToTi Oyne
BIZPI3HSTUCH BiJl ICTHHHUX 3HauyeHb. P0O3MONIN NMOXMOKM BUMIPIOBAHHS LU(PPOBHX METOJMIB BHMIPIOBAHHS €
piBHOMipHMMH. TakoX HEOOXIZHO 3ayBaXMTH, IO BHUMIpIOBaHHS (a3 1 aMIUNTYJW CUTHAIY HPOBOAUTHCS
He3aJe)KHO. ToMy, pe3ysIbTaTi BUMIPIOBAaHHS € HE3aJICKHUMH OJTHE BiJl OJTHOTO.

Cucremy piBHsIHB (8) MOXKHA 3aITUCATH Y MATPUYHOMY BUPaKEHHI:

B=H.Y a7
Br+4 b,~+1 - b;~+2 br+3 yl
ae B= b.r+5 . H = _Br+2 6r+3 _6r+4 LY =|i].
b,.+6 br+3 - b;~+4 br+5 J>3

3HauCHHS BEKTOPY CTOBIMMKY B Ta H BH3HAuaeThes i3 moxuOkowo OB 1 OH . Ilicns poss3aHHs

cucreMu piBHSIHB (17) BiTHOCHO Y, ui 3HAUYCHHS TAKOX 3HAXOMATHCS i3 MOXHOkamu oY . Ilicis BiamoBimamx
IIePETBOPEHD ITOXHOKH SY GYLyTh MATH 3HAYCHHS:

OV = F (5B - oF -Y) (18)

BinmoBimHO 11l 3HAYCHHS MOXHOOK € MOXHUOKaMU KOS(II[iEHTIB CTEIICHEBOTO PIBHSHHSA, 10 MIPU3BOIUTH 10

NOXHUOKH PO3B‘si3aHHS PIBHSAHHA. TOMY SIK CTENEHEBI PIBHSHHS PO3B SI3YIOThCS YHCEIBHUMHU METOJAMH JUIsl CTETeHi

pIBHSIHHSA 5 1 BHIIE, OTKE y BIUIMB MTOXUOKH KOS(IIi€HTIB BiAMOBIAHUI YHCETPHOMY METOAY PO3B I3aHHS.
Amnani3 Bupazy (18) mokasye, mo HaiiMeHIIa MoxuOKa BU3HAYEHHS BiACTaHI OyzAe cHOCTepiraTuch, KOJIU

Oy/ayTh HAHMEHIIMMH OXUOKH CyMapHOTO BiIOMTOTO CHI'HATY Ta YKCJIO 00yMOBICHOCTI MaTpuii H .

PosrnsHyTi MOXMOKHM aHAMITHYHOTO 0araTo4acTOTHOrO (Pa30BOr0 METOAy BHMIPIOBAaHHS IalbHOCTI
00’€KTIB MEpPETBOPEHHS MOXMOKM BUMIPIOBAHHS 3HAUCHb BEKTOPIB CyMapHHX CHTHAJIB BiIOMTHX BiJ KOXXHOTO
00’eKTy B TOXMOKY BHUMIpIOBaHHS JajbHOCTI 00’ekTiB. [lepeTBOpeHHs] MOXHOOK BiOYBAa€ThCs BHACIINOK 3aIHCy
CUCTEMH JIHIIHUX PiBHSIHB, ii pO3B’sI3aHHS, IO A€ 3HAYCHHS KOS(IIi€HTIB CTENEHEBOTO PIBHSAHHS 13 BiIMOBITHUMH
roxuOkamMu. TakoX MpH po3B’si3aHHI CTEIIEHEBOTO PIBHAHHS MOXHOKH KOE(ILi€HTIB NEPETBOPIOIOTHCS B MMOXHOKH
3Ha4YeHb BEKTOPIB CUTHAJIIB BiIOUTHX Bl KO)KHOTO 00’ €KTY.

BucHoBknu
[IpoBeneHO yAOCKOHATIEHHS! aHATITHYHOTO 0araToyacTOTHOTO (ha30BOTO METOLY BHMIPIOBAHHS NAaJIbHOCTI Ta
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mapaMeTpiB 00’ €KTIB, SIKi TOJMTAIOTH Y PO3B’sI3aHHI CHCTEMH HEINHIHHUX PIBHAHB. sIKA OMHCYE 3aJISKHOCTI CyMapHOTO
BIZIONTOrO TAPMOHIYHOTO CHUTHAITy Ta CUTHANIB, BITOMTHX BiJl KO)KHOTO 00’€KTy Ha YacToTax 3 KpatHicTio 1:2:3:...:2N.
Jiis1 3amucy CHCTEMH PIBHSHB MPOBOAUTHCS 30HAYBaHHS N 00’€KTiB 2N CUTHAJIaMH B Jliara30Hi YacTOT BiJl MOYATKOBOI
JI0 KIHIIEBOi y Bifieo/iana3oHi, M0 TO3BOJISIE 3BY3UTH [iala3oH 30HAYBAJIGHUX CHTHANIB B /Ba pasu. Pe3ymbratom
PO3B’sI3aHHSI CHCTEMHU DIBHSHb € 3HAUCHHS BEKTOPIB TapMOHIUYHMX CHUTHANIB, BIIOWTHX BiJ KOXKHOTO O0’€KTy Ha
NPUPOCTaX YacTOTH 30HIYBAIGHOTO CHTHATY, BEKTOPH BIIOWTHMX CHHANIB Ha IOYATKOBil YacTOTI Ta aMILITYAd
BiOMTHX curHamiB. OTpUMaHi 3HA4YEHHsS JJO3BOJIIIOTh 3HAXOJAWTH JAJBbHOCTI O0‘€KTIB Ta yTOYHIOBATH NAJIBbHOCTI, a
TaKO’X 3HAXOIUTH KOC(ILliEHTH BIIOUTTS 00 €KTIB.
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