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Ipu neneHroBaHUy MEPEKPHIBAIOILUXCS 110 CIIEKTPY HCTOUYHMKOB LIMPOKOMOJIIOCHOTO CHTHAJA B
CHEKTPAIBHON 00JIacTH MpH (PHUKCHPOBAHHON KOH(PUTYpaLlUH aHTEHHOHN PEIIeTKH TpeOyeTcst ycTpa-
HEHHE HEOJJHO3HAYHOCTH aMIUIUTYIHO-(A30BBIX pacIpeieeHnil 1 pa3HocTel (a3, COOTBETCTBYIO-
LIUX PAa3IMYHBIM CIEKTPaabHbIM OTcYeTaM. COCTaBILIOLIMM CIIEKTpa OJHOILO U TOIO K€ CUTHAjIa
COOTBETCTBYIOT HEOJIMHAKOBBIE 3HAUCHUs PACCTOSHMA B JUIMHAX BOJH MEXy JJIEMCHTAMHU aHTEH-
HOH peleTKH, MPHUBOJAIINE K HEOJHO3HAYHOCTH OLEHOK B BBICOKOYACTOTHOM YacCTH CIIEKTpA.
B pabore mpemioxkeH METOA yCTpaHEHHs] HEOAHO3HAYHOCTH, COBMECTHMBIH C MHOTOCHTHAIIBHBIM
PEKUMOM IeNIeHroBaHusa Ha ocHoBe MeTonos noxanpocrpancts: MUSIC u ESPRIT. Ycrpanenue
HEOJJHO3HAYHOCTH MPOBEICHO KOPPEKIHMeH pa3sHOCTel (a3 MeXITy aHTEHHAMH JUISl KaXKIOTO CIEK-
TPaJbHOIO OTCUETA C YYETOM IPEIBAPUTEIBHOIO COOTHECEHUS] HEOAHO3HAUHBIX AMIUIUTYHO-
(ha30BBIX pacrpesieNicHHii B MHOTOCHTHAJIBHOM PEXHME K OJHO3HAYHBIM, MOIYYEHHBIM JJIsI HU3KO-
JacTOTHOM 00JIaCTH CIIEKTpa, 0 MakCUMyMy Koppersiiui. KoppexTrHoe aMrmuTyHO-(ha3oBoe pac-
IpesieJICHue A KaKAOro CIEKTPAIbHOTO OTCYETa BOCCTAHABIMBACTCS U3 CKOPPEKTHPOBAHHBIX
pasHocTel (a3 MeXLy aHTEHHaMH U UCTIONB3YETCS B KOPPEISLIMOHHBIX aJITOPUTMaX I1eJICHIOBaHUs.
IpencraBnens! pe3ynbTaThl IMUTALIHOHHOTO MOJEIMPOBAHUS 10 TIENIEHIOBAHUIO MSATH HCTOYHUKOB
3BYKOBOTO IIIMPOKOIIOJIOCHOTO CHTHAJIA C MTOMOIIBIO KBAIPaTHOW IIECTHAAIATHAIEMEHTHOH aHTEeH-
HOM pELIETKU C BHYTPCHHHM 3aIlOJIHCHHEM, IOJIYyYCHHBIE HAa OCHOBE IIPEUIOAKEHHOIO METOJa
YCTpaHEHUsI HEOJIHO3HAYHOCTH B MHOTOCUTHAJIbHOM pesknme 1o ESPRIT.
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JIACTH, YCTPaHEHHE HEOJHO3HAYHOCTH OLICHOK a3MMyTa U yIJla MecTa, aHTeHHasl PelieTKa, MHOTO-
cUTHaNIBHBIHN pexxum nenenrosanus, MUSIC, ESPRIT.
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u3-3a m3menennst A'(f)=A/A=Af/c — paccTosHus B JUIMHAX BOJH MEKIY COCEAHHMH

aHTEHHAMH, Pa3HECEHHBIMHU Ha A , HeIoIycTHMO (pOPMHUPOBATH OLIEHKY HaIpaBJICHU TIPH-

X0Jla CHTHAJIA LEMKOM II0 BCEMY CIIEKTPY, HOCKOJBKY HPOSBIAETCA HEOHO3HAYHOCTh aM-

IMTY 1HO-(a3oBbIX pacnpeaenenuii (ADP) pa3HbIX CNEKTPaTbHBIX COCTABIIAIOIHX.
W3meHeHue paccTOSHMI B AJAMHAX BOJH JUL1 MaKCUMAalbHOH f,,. U MUHUMAab-

HOM [ 9acToT A'(finax )/A (fmin) >1 MOKeT ObiTh CymiecTBeHHBIM. [list y3Komo-
nocroro paguocurtana A'(fpa)/A(fmin) =1. TodedHoe mneneHroBaHue B KaXIOM

cnektpanbHoM  orcuete (CO) mo3Boisger w30eKaTh BIMAHUS — 3aBUCHMOCTH
AN(f), f€[fmin> fmax] Ha GOpMEpOBaHue oLeHOK asumyTta 6 u yria mecra 3. [pu

AN (f)<0,5 ADP 0TCYeTOB — OJHO3HAYHOE U (HOPMHUPYIOTCS OTHO3HAYHBIE OLICHKH B
HH3KOYACTOTHOH YacTH CIEKTPa, HO TOYHOCTh oleHoK npu A’(f)< 0,3 MoxeT ObITh
HU3KON M HemocTaTouHoM, a mpu A’(f) > 0,5 mosBIsSETCS HEOJAHO3HAYHOCTH OLIEHOK,
Tpebyromas ycrpanenns. CIEKTpalIbHBIE OTCYETHL, M KoTopeix A'(f)< 0,5, Hasbl-
BaroTcs nanee oaHosHaunbiMu CO, cootserctBenHo CO, y kotopeix A’(f)>0,5, —

HCOJHO3HAYHbIMHU.

Jliis pemieHus 3TOM 3a7aul MPEIJIOKESHO HCIIONB30BaTh BUPTyalbHbie AP, 00pa3o-
BBIBATh IOAPEUIETKH U3 UMeroeiica AP, 11 KOTOPBIX paccTOSHHE B ONPEIEICHHOM
JMaIia30He 4acTOT MO3BOJISIET c(OPMHUPOBATH OJHO3HAYHBIE OLCHKH, IPe0Opa30BbIBATL
nmauable pom3BoiabHOrO CO Ha omHO3HA4YHEIM CO ¢ mOMOIIBI0 (DOKYCHPYIOMIUX Mat-
put [1-6]. OxnHako mpobiaeMa COCTOUT B TMOMCKE ITHX MATPHI] B YCIOBHUSAX alpHOPHOI
HEOIPEIEIIEHHOCTH.

B BrIcOKOuacToTHEIX CO TOYHOCTH (POPMHUPYEMBIX C YCTPAaHEHHEM HEOJHO3HAYHO-
CTH OIICHOK BO3pAacTaeT M0 CPABHEHHUIO C TOUHOCTBIO OIIEHOK AJIs ogHO3HauHBIX CO.

B onHOCHTHATIBHOM peXXHMeE HEOTHO3HAYHOCTh YCTPAHAETCs MMPOCTO, IIOCKOJIBKY BCe
BBIHOCHMEIE OIIEHKH B pa3HbIX CO COOTBETCTBYIOT TOJIBKO ogHOMY MPU.

JIsi MHOTOCHTHAIBHOTO PEXXHMa, IPEINONArarollero HaJIM4ue HECKONBKUX Mepe-
KPBIBAIOIIMXCSI IO CIIEKTPY CHTHAJIOB, I BceX HeopHo3HauHbIX CO Tpebyercs mpen-
BapUTEIbHOE YCTAHOBJIEHHE COOTBETCTBHUS BBIHECEHHBIX OLICHOK HECKOJIIBKUX MCTOYHH-
KOB olleHKaM B ojiHo3HauHbIX CO. Pemienue 3Toif 3a1a4n paccCMOTPEHO Aaliee.

1. TouyeuHoe nMejieHroBaHue

Tepmun moueunoe nenenzosanue [7] o3Ha4aeT (HOPMHUPOBAHUE OILCHOK a3uMyTa O
u yriaa mMecta B s kaxkmaoro n-ro CO HabIOdaeMbIX JAHHBIX OT M aHTEHH. n-i

OTCYET COOTBETCTBYET YacToTe f), = finin + (1= 1) (fiax = fmin)/N ,n =1, N, N — uuc-
10 CO.

WcXoqHBIMU TAaHHBIMU 11 MHOTOCHTHAIILHOTO PEXKMMA [IPU TOYSYHOM MEJICHIOBa-
HuW sBaseTcs marpuna u3 7 -x CO, chopmupoBaHHbIX I0 K > M HaOMIOACHUSIM:

[ ()iln )1 (.)iln )K
(6! )1 (61.)[{
(yrr;n )i N (J/m;1 K
Zn =7z v - 7= |, 1
Gl T Gy .
Ouh Owi
L (SM )1 (6M )K |

rae o, — OleHKa ypOBHS IlIyMa B m-KaHaie npuema, m=1,M .
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dy
Kaxastit CO v, = 2 5;Syap, (0;,8;)+Cpm, n=LN, m=1LM, rne d,— uucno
i=1

CUTHAJIBHBIX COCTaBILAIOIIMX OT pasHelx UPM B n-m otcuere; b; — sHepreTuueckuii

napameTp CurHama, S, — OTCYET CIEKTpa i-r0 CHrHana; d,,(0;,B;) — orkimuk

m-i aHTeHHBI Ha HAIIpaBJIeHUE NMPHX0Ja i-ro curHana 0;, B; mwst n-ro orcyera. Muoro-

CUTHAJIBHBIA PEXHMM OCHOBAH Ha pPa3llokKeHUU Marpullbl R, = E diag (A)EH mo co6-
T
]

crBeHHbiM Bektopam E=[E, ... E;/ ], E,, =[E,, ... E,ps]1 , m=1,M , u uncnam
AZ[}Ll }\’M]’ }\41 >"'>}\‘M .
Uwucno cobctBenHbix uncen (CY), IpeBhICHBIINX YCTAHOBJICHHBIH 10 mTyMoBbhiM CU

HIOPOT, COOTBETCTBYET YUCILy CUIHAJIOB, IpUCyTCTBYIomuUX B CO d, .

®dopMupoBaHUE OICHOK O i=1,d,, B 3aBUCUMOCTH OT OLIEHEHHOI'O YHCJa CUT-

ni»

HaloB U koHduryparmu AP npoBonurcs Ha ocHoBe metonoB MUSIC nnu ESPRIT [8].

2. YcTpaHeHHe HEOTHO3ZHAYHOCTH

B MHOTOCHTHAJTFHOM PEKMME TIPU HATUYMHI HECKOJBKHX CHTHAJIOB TpeOyeTcs ycTa-
HOBHUTH B3aUMHOe cooTBercTBue (akrudeckux ADP AP g, (0;,B;)=a,, (0;,5;)x

xal*,, ©;,8,), m=2,M ,n= I,_N, pasabix CO KaXII0TO CHTHAJIA.
ITpu ESPRIT daxrtuueckoe ADOP g, onpenenserca CU oneparopa noBopora, IpH

MUSIC kak oxunaemoe ADP, onpezensioliee CUrHAIbHOE OAIPOCTPAHCTBO, OPTOrO-
HaJbHOE IIYMOBOMY MOJIMPOCTPAHCTBY, T. €. MPU KOTOPOM JOCTHUTAIOTCI MaKCUMYyMBbl
TMeJIeHrallMoOHHON Xapaktepuctuku Mmepsl MUSIC.

Osxmnnaemoe ADP a,,(6, B), m=1,M , 6€[0..360°], B [0...90°], onpexensercs

koH(purypanueit AP, 3aBucut ot yactorsl (Homepa CO) U HarpaBJIeHUH NPUXOJa CHT-
Hana 0, 3 u MoxKeT OBITh 337aHO AaHAJIUTHYECCKH, PACCUUTAHO C MOMOIIBIO DIIEKTPOIH-

HAMHYECKOTO MOJICIINPOBAHUS, OLIEHEHO KAITMOPOBKOH.

Jlis ommosHaunsix CO (Al =A'(f,)<0,5) Bbumcnsiorcs ouenkd 0,;, B,

i=1,d,, v BRMUCIAIOTCS ycpeaHeHHble oneHku 6,,B; mo ogrosnaunsiM CO st mo-

BEIIICHHSI TOYHOCTH TIPH pacueTe OXHOAeMOTo pacmpeneieHus misi moboro CO:

= = = = % = =
Emn (9,-, B,) =a,, (9,-, B )aln (Gl-, Bl) . CoOTBETCTBHE YCTaHABIMBACTCS MaKCHMYMOM

_ % = = _ = =
KOppeIAIHH maX(gmn (0;.B:)&mn (9,-, B,-)) MEKIY &y (07, B;) M gy (9,-, Bi)'
Vcrpanenue HeoanosHaunoctu misi CO mpu A'(f) > 0,5 npoBoauTCs aHAIOrHYHO

YCTpaHEHUIO HEOJHO3HAYHOCTH B MHOT00a3MCHBIX JIMHEWHBIX AP [9]:

arg(émn(ei’ Bl)) = arg(gmn (ei’ Bl)) +

’

,-,E,'))AA," —arg (&, (6;.B;))

o

21

D)

arg gy, (
+27

, 2
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TAE  Zpn, (a El) = Ay, (6,-, E,- )afno (6,-, E,) — JTAJIOHHOE paclpeneieHue IS BbI-
OpanHoro oxgHosHauHoro CO ny, [ ] — Omwkaiimee nenoe. CxoppekruposanHoe ADP
&mn(0;, B;) =exp [j arg (&, (0;, B[))] .

OnHO3HAYHBIE OLIEHKH ém- BBIYUCIISIOTCS ¢ y4eToM KoHpurypauun AP moxcraHos-

KO# BBIYMCIIEHHOTO Mo (2) arg( 2 (0, Bi)) B COOTBETCTBYIOIIEE BBIPAXKCHUE, WIU

IIOMCKOM MaKCHUMyMa KOppeisauuud cKoppektupoBaHHoro A®P ¢ oxupaembiM

0, B; = max (arg(gn(ei’ B))gy (6 Bi))-
0e[0...360°1, Be[0...90°]

3. I/IJIJIIOCTpﬂIII/IH TOYCYHOTO MEJICHIOBAaHHUS HIMPOKOIMOJOCHOTO CUTHAJIA
C YCTPAaHEHHEM HECOAHO3HAYHOCTH

[IpumMep npUMEHEHHS TOYEYHOTO IIEJICHTOBAHWS 36YK0GbIX CUTHAIIOB (CKOPOCTH
3Byka B Bo3ayxe 330 m/c) B muamazone 500...2000 I'n xBagpatHoii 16-3memenTHOM AP
(puc. 1) ¢ BHYTpEHHUM 3arojHEHHEM, TTOAXOAAIIEH sl peali3alii MHOTOCUTHAIBHO-
ro pexuma Ha ocHoBe ESPRIT. PaccrosHne mexnay cocemHuMu mukpodonamu AP
A =16,7 cMm. I3MeHeHHe pacCcTOSAHUS MEXAy 3neMeHTaMu AP B IyMHAaX BOJH B 3aBU-
CHUMOCTH OT YacTOTHI N300pakeHO Ha pHc. 2, . B UMHTHPOBAHBI IATh HCTOYHUKOB,
W3ITyYaroIUX CIy4aiHbIi MIMPOKONOIOCHBIA CUTHAII C HampaeieHusMH npuxozaa (10°,
20°), (45°, 15°), (79°, 19°), (120°, 17°), (260°, 13°). AMIIUTYIHBIA CIIEKTP OIHOTO
CUrHajia NpuBelieH Ha puc. 2, 0.

Onenkn azumyta aus CO, cooTBeTcTBYOmue yactotam 10 900 ', sBistrores ogHO-
sHauHbIME IpA > 900 ', paccrosaue B mmHax A'(f >900 I'm) > 0,5 u nossuser-
cs1 TpeOyIoIasi yCTpaHeHUs! HEOJHO3HAYHOCTh OIICHOK (pucC. 2, 6).

[Toce B3aMMHOTO CONOCTaBJIEHHS OLIEHOK (ha30BBIX CABHIOB MEXIy aHTEHHAMH W
YCTpaHEHUS! HEOJHO3HAUYHOCTH B MHOTOCUTHAIIBHOM PEKMME IOJIyUCHbI OLIEHKH, MpU-
BEJICHHBIE Ha pHC. 2, 2.

Kak BumHO 13 puc. 2, 6, TOYHOCTH OIEHOK B BBICOKOYACTOTHOH OOJIACTH CHEKTpa
A’(f >900 I'm) > 0,5 BBIIIE, 9eM B HU3KOYACTOTHOM 0OIACTH, B KOTOPOH 00eCIIcUrBa-

€TCs OAHO3HAYHOCTh M3-3a BBIIIOIHEHUS yCIOBHS A <0.5.

Puc. 1 — Kondurypauust AP ¢ BHyTpeHHUM
3aI10JHEHHEM

Fig. 1 — Configuration of the antenna array with
internal filling
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Puc. 2 — TouedHoe TIEIEHrOBaHNE [IMPOKOMIOIOCHBIX HCTOYHHKOB 3ByKa A’
mo ESPRIT:

a — usmenenne A’ B MOJNOCE YACTOT, 3aHUMAEMBIX LIMPOKOMOIOCHBIM HCTOUYHHKOM

3BYKa; O — aMIUIUTYJIHbIH CIIEKTp IEJIEHI'yeMOro CUrHaya; 6 — OLEHKM a3umyTa 0e3

YCTPaHEHHsI HEOJJHO3HAYHOCTH (ha3; & — OLICHKH a3MMYTa C yCTPAHCHHEM HEOJJHO3HAU-
HOCTH (a3

Fig. 2 — Direction finding of wideband sound sources in spectral counts
with ESPRIT

a— A variation in a wideband sound source band; b — amplitude spectrum of a single
signal; ¢ — azimuth estimates without correction of phase ambiguity; d — azimuth
estimates with correction of phase ambiguity
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[IpuBeneHHBIH NpHMEp MOKA3bIBACT, YTO YCTPAHEHHE HEOAHO3HAYHOCTH MEJIECHTOBa-
HHS BBICOKOYACTOTHBIX COCTaBILFOLINX CIIEKTPA HA OCHOBE MCIIOIb30BAHMS OTHO3HATHBIX
OLICHOK HAlpaBJeHHI MPHX0Ja HU3KOYACTOTHBIX COCTAaBJIAIOIIMMH OOecIiednBaeT Ooee
BBICOKYIO TOYHOCTb II€JIEHTOBaHUs HICTOYHUKOB HIMPOKOIIOJIOCHOTO CUTHANA.

4. UntepBajiibHOE NeJIeHTOBAHUE

HeZ[OCTaTKOM TOYEYHOTr'O IEJCHIOBAHUS SIBJISIOTCS OOJIbIINE BLEIYHCIUTEILHEIE 3a-
TpaThbl. HJ'IH UX CHMXXCHUA AuaIria3oH CO MOxHO pa361/m> Ha UHTCPBAJIbI JJI1 KOTOPBIX

’

n
COXpaHsAETCs TPUMEPHO OJMHAKOBOE DPACCTOSHUE B JUIMHAX BOMH —==1. Ecmm

’
m

ny —n; +1>M , To MOKHO IPIMEHHUTh HHTEPBATBHOE IIEJCHTOBAHUE [ 7], A1 KOTOPOTO

¢dopmupyercs matpuna u3 scex CO unTepBana [ny...1n,]:

I Yiny Yin, |

(&) (B
Zy.m)k=| ¢ oL k=1.K.

Y Y,

Gar)e ()]

WHTepBanbHOE  TIEJICHrOBaHME  MOXKHO  peali30BaTh  0€3  HaKOIUICHHS

Rz = (an___n2 e Zy,..n, ),i{, T.€. 0 JaHHBIM, IOJYYEHHBIM IPH OJHOKPATHOM
K

HaOJIIO/ICHHH, U C HaKOILIeHHeM R, = Y (R;); JUIsl NOBBILICHHS TOYHOCTH OLICHHUBA-
k=1

Husg YK WPU. Jlanee BBIMOTHAIOTCSA TAaKUE K€ JEUCTBHA ¢ MaTpHLEd R;, Kak IIPH TO-

YCYHOM IICJICHI'OBaAHUH.

3akJjouenue

Pa3paboTaHHBIN METO TETICHIOBAHUS MIMPOKOITOJIOCHBIX CUTHAJIOB, HE YAOBJICTBO-
PAIOLIMX KJIACCHYECKOMY YCJIOBHUIO Y3KOIMOJIOCHOCTH, 332 CUET YCTPAHEHHs] HEOITHO3HAY-
Hoctn ADP, co3maBaeMbBIX pa3sHBIME CIEKTPaTbHBIMH COCTaBIAOmmUME B AP, 1 coor-
HECCHHEM OIICHOK HEOTHO3HAYHBIX aMIDIUTYIHO-(A30BBIX pacHpefelecHhid C OIHO-
3HAaYHBIMH B HHU3KOYACTOTHOH OOJACTH CHEKTpa, MO3BOJSET CPOPMHPOBATH OICHKH
HaTpaBJICHUH MPUXOMa, IEPEKPHIBAIOLINECS IO CIIEKTPY CUTHAJIOB Pa3HBIX MCTOUHHKOB
0e3 CyIIEeCTBEHHBIX MPeoOpa30BaHuil ¢ HAOIIOIAEMbIMHU JTAHHBIMH.
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ELIMINATION OF AMBIGUITY IN ESTIMATES OF THE
ARRIVAL DIRECTIONS OF BROADBAND SIGNALS IN MULTISIGNAL
BEARING MODE

Shevchenko M.E.!, Malyshev V.N.!, Sokolov S.S.!,
Osetrov A.V.!, Cherepanov A.S.2
1Saint Petersburg Electrotechnical University "LETI",
Saint Petersburg, Russia
2Peter the Great St. Petersburg Polytechnic University,
Saint Petersburg, Russia

Direction finding of wideband signals overlapping in the spectral domain by a fixed antenna
array requires the correction of steering vector ambiguity and phase differences corresponding to
different spectral components. The spectral components of the same signal correspond to unequal
values of the distance in wavelengths between the antennas in the array. A method of steering
vector ambiguity correction suitable for subspace methods such as MUSIC and ESPRIT is pro-
posed. The ambiguity in the presence of multiple signals is resolved by correcting phase diffe-
rences between antennas for each spectral component, with preliminary correlation of the ambig-
uous steering vector with unambiguous ones obtained for the low-frequency range of the spec-
trum using maximum correlation. The corrected steering vector for each spectral component is
obtained from the adjusted phase differences between the antennas and is used in the direction
finding correlation algorithm to obtain unambiguous estimates of the directions of arrival of the
wideband signals. Simulation results for direction finding of five sound wideband signals using
a square internally filled antenna array consisting of 16 antennas, based on ESPRIT with the pro-
posed method of ambiguity correction, are presented. The proposed method for correcting the
steering vector ambiguity caused by different spectral components of wideband signals in the
antenna array allows estimation of their directions of arrival, as is done for narrowband radio
signals.

Keywords: wideband signal, direction finding in the spectral domain, steering vector ambi-
guity, correction of azimuth and elevation estimate ambiguity, antenna array, MUSIC, ESPRIT.
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