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Annomayua — Ycnexu B obaactu coBpemenHoii CBY-
MHKPO3/1eKTPOHMKH CerofiHsi MO3BOJIHJIM CO3/1aTh HOBBIii
THI aHTeHHbIX pewéToxk (AP), MMeHyeMbIX «aHTeHHa Ha
KpHCTAL/Ie» H «AaHTeHHAa B KOpIYyce», KOTOpbIe 10 CYTH SIB-
JISIIOTCSI MHTErpajJbHBIMM MHKPOCXeMaMH W MHKpOcOOpKa-
mu. M3-3a pa3dpoca (a30BbIX XapaKTepPUCTHK KAHAJIOB Ta-
kX AP, 3TH pemiéTku Heo0X0AMMO KaTUOPOBATHL HE TOJbKO
Ha JTane WX H3rOTOBJEHHSI, HO H B NpoLecce IKCIIyaTaluu.
IIpu xkanuépoBKe Ha 3Tanme U3roToBJjeHuss AP mMoxkHO mpu-
MeHSITh CaMble pa3Hble AArOPUTMBbI, B TOM 4HcjIe TpeOylo-
e HAIHM4Msl 0e33X0BBIX KaMep M Joporocrosimero ¢aso-
MeTpuueckoro odopyaosanus. [lpu kaaudpoBke B mpouecce
kcuryaTanuu AP Heo6xoauMo MCNOJB30BaTh MPOCTHIE AJl-
TOPUTMBI, KOTOpble He TPeOYIOT CHeMHATBHBIX YCIOBHI H
cnenHanabHOro odopynoBanusi. K Takum aaropmrMam oTHo-
caTcst GecpazoBble ANrOpPHTMBI KAJUOPOBKH, KOTOpHIE OM-
peaensiioT ¢pa3pl CUIHAJIOB B KaHajJax AP KOCBEHHBIM cHo-
co0oM myTeM 00pa0OTKM 3HAYEeHMiIl BBIXOIHOH MOIIHOCTHU
AP, u3MepeHHBbIX NPH ONpeAeeHHbIX COCTOSIHUAX (Pa30BbIX
CABHIOB CHTHAJIOB B e€ KaHAJIAX, YCTAHABJIHBAaeMbIX C MO-
MOIBI0 WTATHBIX (pasospamaTeneii (PB). TounocTs ouen-
KH (a3bl ¢ MOMOMIBIO ITHX AJTOPHUTMOB 3aBHCHUT OT YHCJIA
pa3psagos ®B. B nHacrosiieii ctarbe mMyTéM MOJeIHPOBAHUSA
CpPaBHUBAIOTCA ciaeaylomme OGecazoBble AJTOPUTMBI Ka-
JHOPOBKH: ABAa AJITOPUTMAa HA OCHOBE MeTOAa BpAIIeHHS
BeKTOpa dJieKTpHuieckoro mousi yiementa (Rotating-Element
Electric Field Vector, REV), anropurmsl Copaca (Sorace) u
Jlepura (Leavitt), a Tak:ke TpH ajJropurmMa aBTOPOB Ha-
crosimiedi crarbu. OCO0EHHOCTHIO BCeX 3THX AJITOPUTMOB
SIBJIeTCSl TO, YTO OHHM He TPeOdYIT OTKJIOYEHHs KaHAJIO0B
AP, a Takike MOryT ObITh MCIIO/Ib30BaHbI He TOJIBKO A
KaIMOpoBKH AP, HO U UIA cJle:KeHMs 32 YIVIOBBIM MOJI0XKe-
HHEM HCTOYHHKA CHTHAJA ¢ MOMOIbIo AP.

Kniouesvle cnosa — aHTeHHasi pemIéTka, KaauOpoBKa aH-
TeHHBIX pelIéToK, ¢da3oBas KaaudpoBKa, Oecda3oBbie MeTO-
Il KAJTMOPOBKH.

l. BBEJEHUE

Ceromus antennbie pemétku (AP) [1] Bce wamne wuc-
MOJIB3YIOTCSI B KayeCTBE HAIPABIICHHBIX AHTEHH paJdo-
TEXHUYECKUX CHUCTEM pa3IMYHOTO Ha3HA4YeHHs. OTOMY
CIMOCOOCTBYIOT yCHEXH COBPEMEHHOH MHKPOAJIEKTPOHUKH
cBepxBbICOKMX 4acToT (CBY) m nmdpoBEIX YCTpOHCTB,
KOTOpbIE TO3BOJISIOT CO3/[aBaTh KOMITAKTHBIC U Ha/IS)KHbIC
HpUEeMO-TIEpeIaloIne TPAKThl KaHaJIoB U IM(POBBIE YCT-
poiictBa ympasnenus AP [2]-[5]. AP, kak MHOTOKaHATBHAS
aHTEHHas CUCTeMa, B HJeaje J0JDKHA UMETh WACHTHYHbIE
KaHaJbl, TaK Kak OOBIYHO OCHOBHas XapakTepucThka AP,

e€ nmarpamma HampasieHHocTH (/[IH), cuHTe3mpyercss Ha
OCHOBe ujeanpHoi Mozaenu AP.

OpHako, Ha TIPaKTHKE HWACHTUYHOCTH KaHaoB AP
obecrieunBaTh TPYIHO, TaK Kak Ooibimas yacte AP — 310
ananoroBass CBY-snextponnka. CoBpeMeHHas MPOMBIII-
JICHHOCTh HE BBIMYCKAET AKTUBHBIX U MACCHUBHBIX PaHO-
KOMIIOHCHTOB C HJCHTHYHBIMH XapaKTepHCTHKamH. Pasz-
OpOoC 3THUX XapaKTEPUCTHK PacTeT C POCTOM paboueii yac-
Torel. Kpome TOro, Ha HWACHTHYHOCTH TPUEMO-
nepealouX TPakToB AP BIUSET TOYHOCTh YCTAHOBKU U
Ka4yecTBO COCIMHEHHUS PaTHOKOMIIOHEHTOB. Bcé 3To mpu-
BOJIUT K pa30bpoCy XapaKTEPUCTHK KaHAIOB AP, OCHOBHBI-
MH U3 KOTOPBIX SBIITIOTCS (Da30BBIC XapaKTEPHCTUKH.

B cnyuqae, ecnmu AP m3roraBnmBaeTcst Ha JTUCKPETHBIX
PaJMOKOMIIOHEHTAX, TO Ui KOPPEKTHPOBKU XapaKTepH-
CTUK €€ KaHaJOB OOBIYHO HCIIONB3YETCS TPaIMIHOHHAS
pyuHas peryaupoBka. OnHako cerogus AP yxe npousBo-
JSITCSL ¥ B MHUKPOAJICSKTPOHHOM ucrojHeHun. OcBoeHHe
CBUY-MHKPOJICKTPOHHKHA ~MHJUIMMETPOBOTO  JTHAIa30Ha
JUIMH BOJIH TIO3BOJIWIIO co3aaBath AP HoBoro Tuma, nume-
HyeMBble «aHTCHHA HA KPHCTAIC» M «aHTCHHAs B KOPITY-
ce», KOTOpbIE, MO CYTH, SIBJISFOTCS MHTETPAIbHBIMA MHK-
pocxemamu u mukpocoopkamu [6], [7]. Pyunas perymu-
POBKa TakHX YCTPOICTB, Kak IpaBuio, ucKimoueHa. OHa-
KO MyTEM BHEIIHEro YIPAaBJICHHUS B HUX MOXXHO H3MEHSTh
(ba3y npuHMUMaeMbIX WIH IepeaBaeMbIX CHIHAJIOB C MO-
MOIIIBI0 BCTpOEHHBIX (hazoBparatenei (OB), n3navanbuo
NpeIHa3HAYCHHBIX U8 YIPaBICHHS NPOCTPaHCTBEHHBIM
nostoxeHnst yda (ocHoBHoro seriectka) JIH AP, ocymie-
CTBIISIS, TaKMM O0pa3oM, HEKOTOPYIO PEryJIMpOBKY STHX
YCTPOMCTB.

ABTOMaTHuecKas KOPPEKTHPOBKa (PAa30BBIX XapaKTe-
PUCTHK TpuUEMO-TIepeAaomux TpakToB AP, HasbiBaeTcs
KamOpoBkoi. Llenp kamMOpoBKM — cAenaTh 3TH XapakTe-
PUCTHKHN OJIM3KUMHU K JPYTr-ApyTy BO Beex KaHanax AP, a B
npeane oxuHakoBbIMU. [Ipm KanmOpoBke Ha 3Tare M3ro-
TOBJICHHS OOBIYHO OIICHMBACTCS M 3allOMHMHAETCs pazopoc
(a30BBIX XapaKTEPUCTUK KaHaloB AP, KOTOpbIi 3aTem
YUUTBIBACTCA IPU YIPABJICHUU PELIETKON B Ipouecce eé
SKCIUTyaTalHH.

OnHako W3-3a BIMSIHUSA (DaKTOPOB OKPYIXKAIOIIEH cpe-
IIBI, TIOCKOJEKY AP B OONBIIMHCTBE CITy4aeB SKCILTyaTH-
PYIOTCSI Ha OTKPBITOM BO3IyX€, U (DIyKTyalMy MUATAFOIINX
HaIpsDKEHUH, XapaKTePUCTUKH PaJTUOKOMIIOHEHTOB, HC-
MOJIE3yEMBIX IIPH TOCTpoeHNH AP, MOTYT IerpagupoBarth,
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YTO MPUBOIUT K M3MECHEHHIO (PAa30BBIX XapaKTEPHUCTHK €
kaHajoB. [loaTomy npu paspaboTke u nzroroBineHun AP,
BAXKHOM 3amadeil ABISETCA HE TOIBKO OOecIieueHne eé Ka-
JTUOpPOBKH, KakK IPaBWIO, NPOBOJMMON B CIIEIMAIBHBIX
nmoMemeHnsIX (0e39X0BBIX KaMepax) C HCIOJIh30BaHHEM
JIOpPOTOCTOSIIET0 (Pa30METPUUECKOr0 000pyJOBaHMUS, HO U
obecriedeHre BOZMOKHOCTH KaJHOPOBKH B TPOIIECCe IKC-
IUTyaTali, COBMEIIas 3ajady KaJuOpOBKM C 3ajaueii
YIPABJICHUS €€ JIydOM.

OCHOBHBIE COBPEMEHHBIE METOIBI M ANTOPUTMEBI Ka-
mmubpoBku AP MoxHo Haiitu B [8], [9]. DT0 TpaanumoHHEIE
METOMBI C HCIOJIb30BaHUEM (Da30METPUUIECKOro 000pyI10-
BaHusL; Koppersiimonnasie Metoasl [10], [11]; metomst, Ga-
3HUPYIOIIMECS Ha TPUHIMIAX aIalTABHON (DUIBTPAIUK
curnaios, [12], [13], a Takxe GechazoBbie METOIBI KaIHO-
poeku [14]-[24].

ANTOPUTMBI KaIMOPOBKHA Ha OCHOBE Oec(ha30BBIX Me-
TOAOB HE TpeOylT (Pa3oMETpUUECKOro 00OpyIOBaHHUS.
IIpr mx wucnonp3oBaHWK (pa3bl CHTHAJIOB B KaHaymax AP
OLICHUBAIOTCSI B pe3yJbTaTe 00pabOTKU KOHEYHOTO YHCIA
M3MEpEeHNH BBIXOJHOW MOIIHOCTH AP mpu onpeneneHHbIX
u3MeHeHusX (a3oBbix coctosHuii @B B kaHanax oTHocH-
TENFHO WX TEKYHINX 3HAYCHUH Mepes KalmnOpOBKOH. OTh
ITOPUTMBI SBISIIOTCS TPOCTBIMH, @ TIOTOMY MOTYT OBITH
UCIIOJIb30BAaHbl HE TOJBKO B 0E39XOBBIX Kamepax, HO W B
npouecce 3kcruryarauu AP. JlaHHbIE METOIBI pa3inya-
I0TCSl Tp€OYyEeMBbIM YHCIIOM M3MEPEHHUH MOIIHOCTH Ha OIWH
kaHa1 AP, MareMaTHIeCKUMH COOTHOLICHHSMH IUISL pac-
YyeTa OlICHMBAeMBIX (Da30BBIX CIBHIOB CHUTHAJIOB, a TaKKe
TOYHOCTBIO OIICHKH (pa3, 3aBHCSIIEH B OCHOBHOM OT YHCIIA
W3MEpeHUH MOIIHOCTH Ha OJWH KaHal M 4Hcia pa3psaoB
UCIOJIB3yEeMbIX JUCKpeTHBIX DB.

B HacTosmiel cratbe MyTEM MOJCIMPOBAHUS CPABHU-
BAIOTCS CIICIYIOIIUE ANTOPUTMbI KaIHOPOBKHU: [BAa ajro-
pUTMa Ha OCHOBE METOJa BpAIICHHs 3JIEMEHTa BEKTOpa
anektpuueckoro mons (Rotating-Element Electric Field
Vector, REV) [14], [15], anmroput™m Jlesuta (Leavitt) [18],
anroputm Copaca (Sorace) [19], a taxxe aBa anropurma
aBTOPOB Hacrostei crateu [16], [17], [20].

OCcoOEHHOCTBIO BCEX ATHUX AJITOPUTMOB SIBISETCS TO,
YTO OHH He TPeOYIOT OTKIIIOUEHHs KaHAJIOB, a 3HAYUT MO-
TYT OBITH MCHOJIB30BaHBI B OOJIBIIMHCTBE CYLIECTBYIOIIHX
AP. Kpome TOrO, OHH Taxke MOTYT OBITh HCIIOJIH30BaHBI
HE TOJBKO ISl KamnOpoBKU AP, HO M 1UIsl ciexeHus ¢ eé
MIOMOIIBIO 32 YTJIOBBIM IOJIOKEHHEM HCTOYHMKA CUTHAA.

CrpykrypHas cxema peansHod AP ¢ M snementramu
(anTeHHamu/kaHaaMu) mpuBeneHa Ha puc. 1. 3xecs, K, —

3AJIAYA KAJIMBPOBKU AP

KO3 GHUIUECHT YCUIICHUST WK OCJIa0JIeHHs], yCTaHABIIMBae-
MBIl yHpaBlIieMbIM YCWJIUTEIEM WM aTTEHI0ATOPOM, @,
— 3HaueHHWe (hazpl, ycTaHaBIMBaeMoe yrpasisieMbiM OB,
Sk, n Sy, — ciydaiiHble (QUKCHPOBaHHBIE KOIPOUIHEHT
nepenayu M (asa kaHaia, 00ycIIOBIEHHbIE pa30pocoM Xa-
PaKTEPUCTHK UCIIOIb3YEMBIX PaJIMOYaCTOTHBIX KOMIIOHEH-
TOB, TOYHOCTBIO UX YCTAHOBKH, Kaue€CTBOM COCAWHEHUS U
panoM npyrux npuyuH, m=12,.., M — HoMmep KaHa-
na AP.
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Puc. 1. AP ¢ HeoquHAKOBBIMH K03 (pHUIIEeHTAMY Nepeaayu
KaHAJIOB

Kommnekcuenii ko3dduimenT mepemadn kanama AP
OIIpeeNseTcs Kak

3h, =5k e’ . (1)

3amaua xanmuOpoBku AP dopMmymmpyercs clieayromuM
ob6pazom. TpebyeTcsi OLEHUTh BCE 3HAUCHHS BeNHYMH OK

, m=12,..,M, 1 3areM HUX CKOMIIEHCHUPOBaTh C MOMO-

IIBIO MTATHBIX PETyIMPYEMBIX YCHINTEICH WM aTTEeHIOa-
TOPOB, UCIOJIB3Ys HOBBIE 3HAUCHUS KO3(D(DUINEHTOB
(new) - km

m s 2

m

a TaKXKe OLCHHUTH BCE 3HAYCHUS U O\ U 3aTE€M HX CKOM-
MEHCHPOBaTh C TIOMOIIBIO MmTaTHeIX DB, Hcmons3ys Ho-
BbIC 3HaUCHUSA (a3

(new) _
" B

3)

Onepanun (2) u (3) obecrneynBarOT KOMIICHCAITUIO
Ppa3dopoCcoB KOMIUTIEKCHBIX KO3 uuneHToB nepenadn (1) u
(dhopmupoBanue ocHoBHOTO Jsienectka (iayua) JIH AP B co-

OTBCTCTBHUH CO 3HAYCHUAMU (ba30131>1x CABUI'OB ¢, , T.C.

_S\Vm +¢,.

¢dbopmuposanue JIH, cooTBeTcTBYIOIIEH HIeanbHOH AP.

Ha npaktuke amruiurynaas kanuOpoBku AP (2) uc-
HOJIB3yeTCs PEIKO, TaK Kak AJII 3TOro B cocTaBe AP momxk-
HBI OBITH YIIpaBIsiEMbIe ATTCHIOATOPHI, KOTOPHIE YMEHbB-
MIaF0T MOIIHOCTh MPUHUMAEMBIX WM MEpelaBaeMbIX CHI-
HaoB, a CBY-ycunurenu ¢ peryaupyeMbiM KodQpHImeH-
TOM yCUJIEHUS BCE elI€ ABJIAIOTCS JTOCTATOYHO CIIOKHBIMU
B NPOEKTHUPOBAHUM M M3rOTOBJIEHHUU ycTpoiicTBamu. On-
Hako ¢ momoisio coBpeMeHHBIX CAIIP ceromns Mo>kHO
CIIPOEKTUPOBaTh  aKTUBHble U  naccuBHple CBY-
yCTpOMCcTBa TakUM 00pa3oM, 4TOOBI MOCTE W3TOTOBJICHUS
pa3dpoc ux kK03 (HUIMEHTOB TIepeaayn He IPEBHIIIAN He-
CKOJIBKUX Je1r0en, 4YTO HEe3HAYUTENhbHO CKa3bIBaeTCsl Ha
ypoBHe ocHoBHOTO JemecTka JH u oTkmoneHmn (opmbl
sto#t JIH ot dhopmsl, 3aganHoi ipu mpoekTHpoBaHun AP.

B 10 xe Bpems, pa3dpoc da3 Oy,, B kaHamax AP mo-

KeT BappHpoBaThesi B mnpenenax or 0 mo 360°, Tak kak
pa3dpoc (Ha3oBEIX XapaKTEPUCTHUK PaJANOKOMIIOHEHTOB
pacreT ¢ poctoM gacToThl. Kpome Toro, pa3dpoc dusmde-
CKHX JUIMH JIMHUH Tepesiauy, COSUHSIONMIX aHTeHHbl AP



¢ TpUEMO-TIEPEAAIOIIIMHU YCTPOMUCTBAMHU M COEIMNHSIOIMINX
9TH YCTPONCTBA C CYMMATOPaMHU WM JCITUTEISIMU MOIIHO-
CTH HE TO3BOJIET OOECTEYNTh OJWHAKOBHIC 3HAYCHUS
Sy, BO Bcex KaHanax. [losromy ¢a3oBas kamubpoBka (3)

AP saBnsercs 00sa3aTeIbHOM.

Cormacuo [9], GechazoBbie aaropUTMBI KaTHOPOBKA
AP ocHOBaHBI Ha OTHOCHUTEJBHBIX aMIUIUTYIHBIX HU3Mepe-
HISX. B 3THX anropuTMmax oneHka ¢as3pl CHTHAJIA KaXI0TO
3 KaHainoB AP obecneunBaeTcss 3a CUET BO3MOKHOCTH
U3MEHATh (DazoBoe cocTosHME KaHaida AP ¢ momomibio
ynpasiasemoro @B. Paznuune paccMOTpPEHHBIX Aajlee ai-
TOPUTMOB KaJMOPOBKH 3aKIIOYaeTCS B Pa3HOM YHCIE H3-
MepeHUH BBIXOAHON MoiHocTH AP, KOTOphie 3aTeM Hc-
MOJIB3YIOTCSI B Pa3HBIX MATEMaTHUYECKUX BBIPAKEHUAX AJIS
oreHKH (a3, ¥ B TOYHOCTHU MOITy4aeMbIX pe3yapTaToB. Mc-
CJEeI0OBaHKME 3TUX AJTOPUTMOB M UX CPAaBHUTENIbHBIM aHa-
JIU3 SIBIISICTCS 1IEIBEO HACTOSINCH PabOTHI.

BEC®A30BBIE AJITOPUTMbI KAJTUGPOBKU AP

CeropHsi anropuT™Mbl KannOpoBku AP, 6azupyromuecs
Ha REV-metone [14], [15], sBnstorcst Hambonee mIMpoKo
UCTIONB3YEMBIMH Ha TpakTuke. [Ipn peanusanuy Takux
aJITOPUTMOB 3HAUCHUE OV, OLpEeIeTcs Kak

siny,,

—— 0 — |+km,
cosy, +R,

Sy, =arctg 4

rae k=0,+1, a KT — koppexTupylomuii 4neH K apkTaH-
TeHCYy, KOTOpPBIA NPUHUMAEeT BO BHUMaHHE PACIIOJIOKCHHE
BEKTOpa Ha KOMIUIEKCHOM TJIOCKOCTH.

ITponsBons m3MepeHHusa BBIXOAHOW MomHOCTH AP p,

npu kaxaom u3 L =2% cocrosmuit ®B kamubpyemoro
KaHaja MOXKHO BBIYHCIHUTH CJEIYIOIHe KOI(P(PHUIUCHTHI
a,, b, uc, kax

2 L1
a, = E P (5)
1=0
2 L-1
b, =P cos(1A9) , (6)
1=0
2
C, =T p sin(lAg) @)

rae Ag=2mn/L — war nepeximoyenus (assl KATHOPyeMo-

ro kanaia B REV-anroputmax, paBHBIH AUCKPETy KBAaHTO-
Bauus (hasel ¢ momoreio ®B, a B — yuncio paspsgos OB.

HUcnons3ys (5) — (7), BeIUUCISIIOTCS KOIDPHUITUSHTHI

a, +2a/b§ +c2
Y e

(®)
a, —2\b? +c?
u
R~y 1 ©
\/E+1
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U3 KOTOPBIX HAXOJUTCA Yrod ¥, , burypupyromuii B (4)

Am =—arctg(c, /b, ) +km, (10)
rae k=0,%1, a KT — xoppekTupytommii 4ieH K apkTaH-

TCHCY, KOTOpLIﬁ NMPUHHUMACT BO BHUMAHUC PACIIOJIOKCHUEC
BEKTOpa Ha KOMIIICKCHOM TIOCKOCTH.

bauskue k REV-anropurmam, anropurmsl Ha 0ase me-
toma aByx aiementoB (Measurement of Two Elements,
MTE) B [21], [22] B HacTosimieit paboTe He paccMaTpuBa-
IOTCS, TaK KaK XapaKTepu3yroTcs cpaBHuMon ¢ REV-
QITOPUTMAMH TOYHOCTBIO OLEHKH (Da3, OJHAKO MOTYT
OBITh MCIIOJIB30BAHbI JHIIb B AP crienmanbHOW KOHCTPYK-
LUK, NpeTyCMaTPUBAIONIEH BO3MOXHOCTh OTKIIIOUCHHUS
BCEX KaHAJIOB B MpoLEcce KATMOPOBKU, KPOME OTIOPHOTO U
Kannopyemoro.

U3 (5) u (6) cnenyert, uro TouHOCTE REV-anroputMoB
pactét ¢ pocToM L, Tak Kak B aHATUTHYCCKUX BBIPAKCHU-

AX Ui P, IPUCYTCTBYIOT OINMOKM KBaHTOBaHUA (a3 auc-

kpeTHBIX OB, KOoTOpHIE 32 cueT cymmupoBaHus B (5) u (6)
ycpenusitores. OHAKO 1IEHOW BBICOKOW TOYHOCTH OLEHKH
¢a3 ¢ momompro REV-anroputmoB siBisiercss Gounbnoe (
L=2%) uncno wm3MepeHmii BBIXOJHOH MOIIHOCTH Ha
oauH KaHai AP.

B 10 e Bpemst, B [20] 6buT0 MOKa3aHO, YTO ISl OLCH-
KA (a3 OCTATOYHO TMPOU3BECTU BCEr0 TPH H3IMEPCHUS
BbIXOAHOM MouHocTd AP mpu 1péx cocrosHusx ®©B B
KaIMOpyeMoM KaHalle. DTH COCTOSIHHSI, B OOILIEM ciydae
MOTYT OBITh NTPOU3BOJBHBIMH, HO HAWJIYYIIHE Pe3yIbTaThI
M0 TOYHOCTH OILICHKHU (pa3 TMOJIyYaroTCs, €CIH 3TH COCTOS-
HUS COBIAAAIOT C TUCKPETHHIMU cocTostHusIME DB 1 Mak-
CHUMaJIbHO OTJIMYAIOTCS APYT OT Apyra. B maHHBIX paboTax
mpeJyIaraeTcs MCIonb30Bath 3HaueHus ¢as 0, 90, 270° u
0, 90, 180°. Ouenku ¢a3 Sy, OPH HCIOIb30BAHUU ITHX
QJITOPUTMOB TOJYYAIOTCS B PE3YJILTATE PEHICHUS CHCTEMBI

JMHEWHBIX YpaBHEHHH, B KOTOPBIX (PUTYPHUPYIOT H3MEPEH-
HBI€ 3HAYCHHS MOIIHOCTH.

B [23], [24] Takxe paccMOTpEHBI alrOPUTMbI KaauoO-
POBKH, B KOTOPBIX PEIIAOTCSl CUCTEMbl ypaBHeHuit. OHa-
KO 3TH aJTOPUTMBI, TPEOYIOT peIIeHHsI CUCTEMbI HeJTHHEH-
HBIX ypaBHEHUI WM OTKIIOUCHMs KaHalloB AP, a motomy
B HACTOSIIIEH pabOTe HE PacCMaTPHUBAIOTCSL.

IIpu ucnons3oBanuu B anropurmax [20] da3oBbix co-
crosuuiit OB 0, 90, 270° 3HaueHue Sy, ompenesseTcs Kak

8, = (2n—1)-arccos| (P + Px — P )/(2PoPn ) |- (1)

rae N=0, ecnu Pgy > Prry, N=1, ecimu Pgy < Py U

1
P ZZ( Poo + Poro —
(12)

_\/4po Poo +4po Paro +2p90 Paro _4p§ - pgo - p§7o )’



1
Pr =Z( Poo + Paro +
(13)

+\/4po Poo +4p0 P27 +2p90 Paro _4p§ - pgo - p§70 )

3nech Py, Pgy U Py, — 3HAYEHHS BBIXOJHOM MOIIHO-

ctu AP npu usmenenun coctosiHus @B B xanubpyemom
kanaje Ha 0, 90 u 270°.

[Tpu ucnons3zoBanun B anropurMax [20] da3oBeix co-
crosauuit OB 0, 90, 180° 3Hauenue Oy, TaKKe onpenens-

ercs kak (11), rme N=0, ecmn Py > (P, + Py )/2
n=1,ecm py, < (P, + plSO)/Z u

1
P :Z(po+ Pigo —
(14)
4P Pag + 2Py Py + 4P Pag — P —4P% — Pl |
1
Pr ZZ( Pgo + Porg +
15)

+\/4po Poo +4po Paro +2p90 Paro _4p§ - pgo - p§7o )

31mech p,g, — 3Ha4EHMs BBIXOJIHOH MomHOcTH AP mpu

u3MeHeHnn coctosiHusd @B B kammbpyemMoM KaHaje Ha
180°.

B REV-amroput™e Taxke MOXHO HCIIONB30BAaTh TPHU
U3MepeHHs BBIXOJHOM MomHocTH Ha kaHan AP. Ecmun
L =3, To mar nepekirodeHus Gas3bl KaTHOPyeMOro KaHa-
na coctaBigeT 120°. OmgHako 3TO 3HAUEHUE HE COBIIAAET C
JCKPETHBIMU 3HA4YeHUsIMU (a3 ycraHaBinBaeMbix DB,
YTO B COBOKYITHOCTH C MaJIbIM 3HaueHHeM L cka3bIBaeTc,
Kak OyJeT Moka3aHo Jajblie, Ha TOYHOCTH OLIEHKH (a3 C
noMoIIeio ynpomiéaaoro REV-anroputma.

OCOOEHHOCTBIO BCEX PACCMOTPEHHBIX BBIIIE AaJro-
PHUTMOB SIBIISIETCSI HEOOXOAMMOCTh ITIPEBAPUTEIHHON He-
3HaYUTENbHOU (ha3upoBku AP, 4TO CBsI3aHO C HEOOXO.IH-
MOCTBIO HCKJIIOYCHUsI MHHUMBIX KOPHEH W3 I0Jyd4aeMbIX
BBIIIIE PEIUICHUM.

Heob6xoanmocTs npeasapuTenbHON (asupOBKH OTCYT-
CTBYET B pacCMaTpHBaeMBIX Hajiee TPEX anropurMax Ka-
mubpoBky. B HUX oTKirOueHHE KaHaioB AP He TpeOyeTcs.

ABTopamu Hactosiieil padotsl B [16], [17] Obu1 mpen-
JIOKEH alrOPUTM KalnOpOBKH AP, ¢ MOMOIIBI0 KOTOPOTO
3HaUeHMs (a3 CUTHAJIOB B €€ KaHajax OLIEHMBAIOTCS KaK
@y
m

an
nY -

(32) (41)
m_ — Fm
(12) (21)
m ~ Fm

(42)
+

p;gz) e
+ p¢

dy,, = arctg (16)

rae KOPPEeKTUPYIOIIMM 4ieH Km K apKraHreHcy umeer
Takoe jxe HazHa4yeHwue, Kak u B (4) u B (10).

B (16) ¢urypupyroT u3MepeHHbIe 3HaYSHUsI BBIXOIHON
MomrHocTH AP mpu m3MeHeHusx (a3 TOJBKO B Mapax Ka-
HasioB: Ha 0 m 180° B omopHOM KaHaje (IIPOM3BOJILHOM
KaHaJie, IPUHITOM 3a omopHbii) u Ha 0, 90, 180, 270° B
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KaXJ0M KanuOpyeMom kaHaie. J[aHHBI anropuTM Tpely-
eT 6(M —1) + 2 usMmepeHuil BbIX0JHOM MouHOCTH AP.

B [18] 6bu1 mpeactasnen anroputm Jleputa (Leavitt), B
KOTOpPOM HCIIONIB3YeTCS Takoe ke ypaBHenme kak (16).
OnHako ISl peayin3alny arOpuTMa HE0OXOIMMO BBIITOJI-
HATH OOJiee CIOXKHYIO IPOLEAypy W3MEeHeHus (a3, BKIIO-
yasi m3MeHeHus (a3 curnanoB Ha 180° u B He kamuOpye-
MBIX KaHanax AP. DTo ycroHseT npoueaypy yrpaBieHHEe
AP BO Bpems KanuOpOBKH, Tak Kak TpeOyeT M3MEHEHHUS
(a3 He B mape, a BO Bcex e€ 31IeMeHTax. TaKue N3MEHEHUS
(a3 00ycnaBiIMBarOT OOJBIIYIO MOTPEITHOCTH 3TOTO AJro-
puTMa IO cpaBHEHHIO ¢ anroputmoM [16], [17], Tak kak
ypaBHeHue (16) mpy HaJMYMK TOTPEIIHOCTEH B JANUCKPET-
HeIX OB cTaHOBHUTCS BEpHBIM JIMIIH TPUOIMKEHHO. AJITO-
putMm [18] taxke Tpedyer 6(M —1)+2 u3MepeHH BbI-

XOJHOHM MoIHOCTH AP.

Asroputm Copaca (Sorace) [19] xkamuGpoku AP mo
CYTH SIBIISIETCSl YIPOIIEHHON Bepcuell amroputMa [16],
[17]. C ero momormipio ¢a3bl B kaHanax AP oreHHBaIOTCS
KaK
@) _
m
11)
an _

(4
m
o+ k|
m

v, ~ arctg (17)

rjae KOPPEKTHUPYIOIIMH 4ieH KT K apKTaHreHcy HMeeT
TakKoe ke Ha3HaueHue, kak u B (4) u B (10).

B stom anropurMe m3meHeHns (a3 CHUTHAJIOB IIPOM3-
BOJIATCS TOJNBKO B Mapax KaHAJIOB, OJHAKO HCIONb3yeTcs
nipu 3ToM ik 3(M —1) +1 n3MepeHui BEIXOAHOHW MOIII-

Hoctu AP, B pesynbrare uero ypaBHernue (17) HOCHT JUIIb
NPUOIMKEHHBIH XapakTep MO CPaBHEHHIO C ypaBHEHHEM
(16), a 3HaYUT, TOYHOCTH JAHHOTO AJNTOPHTMAa HIDKE IO
cpaBHeHHo ¢ anroputMamu [16]-[18].

Takum 00pa3oM, Bce PAaCCMOTPEHHBIC B HACTOSIIEH
paboTe anropuTMel He TPEOYIOT OTKIIIOUYEHHsI KaHAJIOB IIPH
KaybpoBke AP, 4TO TO3BOJSIET HCMONB30BATh ITH Aro-
PUTMBI JUIsl KATMOPOBKH JIFOOBIX cyiiecTByromux AP. 3to
MOCITY>KHJIO OCHOBAHHEM IS QHAJIM3a TOYHOCTHBIX Xapak-
TEPUCTHUK 3THX AJITOPUTMOB, KaK MPEIANOYTUTEIbHBIX U1
MPaKTUYECKOr0 NpUMeHeHHs. Takoil aHanu3 paccMaTpH-
BaeTcs B CIEIYIOIIEM pa3Jiene.

Cremyer Takke OTMETHTb, YTO €CIIU HallpaBJICHUE OC-
HoBHoro Jenectka JJH AP He coBnagaer ¢ HampapieHHEM
HOpMaJH K amneprype AP, TO OIleHHBaeMbIil C IMOMOIIBIO
PacCMOTPEHHBIX AITOPUTMOB (DA30BBIl CIBHT COIECPIKHT
He TOJIBKO pa3dpoc (a3 oy, B KaHalaX, HO U IPOCTPAHCT-

BeHHbIH Haber (a3 v, , 00yCIOBICHHBIH r€éOMETPHIECKOH

KoHurypaueii AP u opueHTanuii MCTOYHHMKA CHUTHAla
[25]. OTu nBe (azoBbie COCTABISIONIME SIBISIOTCS Hepas-
JEeMUMBIMH. VIX KOMIIEHCAIHs ¢ TIOMOIIBI0 (pa30BBIX CIBH-
rOB, YCTaHABIHMBAEMbIX NUCKpeTHEIME DB, obecreunBaet
OJTHOBpPEMEHHO KamuOpoBKy AP 1 opreHTaInio 0OCHOBHOTO
neriectka JIH Ha MCTOYHHK CUTHANa B CITydae, €CIH YIIIO-
Basi OPHICHTAIMS] UICTOYHHUKA CUTHAJIA W yIJIOBas OpHUEHTa-
LU 3TOTO JISTIECTKA Pa3InIatOTCsL.
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Puc. 2. CKO ouenku asni: a) B=3; 6) B=4; B) B=5; r) B=6; r) B=7; 1) B=8

IV. CPABHEHUE TOYHOCTHU OLIEHKU ®A3 CUTHAJIOB C
I[TOMOILBIO PACCMOTPEHHbIX AJITOPUTMOB KAJIMEPOBKU

Jnst cpaBHeHUsT 3(PEKTUBHOCTH PACCMOTPEHHBIX ajl-
TOPUTMOB OBIJIO IPOBECHO MX KOMIBIOTEPHOE MOJIEINPO-
BaHue. Hixke Ha puc. 2 — puc. 4 npencraBieHbl HEKOTOPbIE
pe3yIbTaThl ATOTO MOJENHPOBAHMS I KaTHOPOBKH JTH-
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HelHbIX AP, cogepxamux M =8, 16, ..., 256 kaHaJIOB CO
ciy4aiiHeIMU Kod(unueHTamu oK, , pa3IHYaIONIMHUCS

JpyT oT Apyra B npezgenax —1...1 n1b, ¢ paBHOMepHO pac-
npeAenéHHbIMU cirydaiineiMu azamu Oy, =0...360° u c

TUMAYHBIM YHCIIOM pa3psiioB B =2, 3,...,8 npomsbliuieH-
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Puc. 3. CKO onenku ¢a3wi: a) B=3; 6) B=4; B) B=5;

HO BbImyckaeMbix PB. PaccrosiHne Mexmy coceaHUMH
BCCHANPABJICHHBIMH aHTeHHaMu AP pasusutocs A, /2, rae

7\0 — UIMHA BOJIHBI HECYILICTO palOCUTHAJIA.

VkazaHHBI BbINIe pa3dpoc 3HaueHUH oK, OOBIMHO He

KOMICHCUPYETCS, TaK KaK SBISCTCS HE3HAYHUTEIHHBIM.
Bennauna storo pasbpoca obecrieunBaeTcsi B pe3ysbTare
COOTBETCTBYIOIIETO MPOSKTHPOBAHUS MPUEMHBIX HIIH TIe-
penarIuX YCTPOMCTB, NPUCYTCTBYIOLIUMX B KaXKIOM U3
KaHAIOB AP, U TEXHOJOTHYECKUMH MPOIIECCAMHU, KOTOpPBIC
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r) B=6; n) B=7; x) B=8

UCTIONB3YIOTCs TpH m3rotoBieHnd AP. Uto e kacaercs
paszbpoca 3HaueHH ¢a3 Sy, , TO, KaK yxkKe yKa3bplBaJoCh,
Ha TIpaKTUKE €ro MHHHMH3HPOBAaTh, KakK IIPaBUIIO, HE
MPEAICTaBISIETCS BO3MOXKHBIM. DTOT pa30dpoc pacTeT ¢ yBe-
JIM4YeHueM paboueil wacTotel AP, mosTomy B oOriem ciy-
Yae 3HA4CHUsS Oy, MOTYT HAaXOJWTHCS B JUAINa30HE, yKa-

3aHHOM BBIIIC.

Ha puc. 2 HCIOJIB30BaHbI cjieayronmume 0003HAYCHHUS:
<<TeopeT.>> — TCOPETHYCCKOC 3HAYCHHUE CPECAHCKBAApPATHY-
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Puc. 4. IH B ycTaHOBHBUIEMCSI COCTOSIHHH, AJITOPATMBIL: a) Sorace; 6) Leavitt; B) 6+2 uzmepenuii.; r) Feomerp. 0-90-270; 1) REV,
0-10-240; ) REV, nosnblii

Hoii ommbku (CKO) ouenky 3nauenuii hazoBbIX cBUTOB  rhe §¢!" — cinyuaiinble (asbl KOMIIEKCHBIX KO QHUIHEH-

dy,, , kKoTopoe mis anroputMmoB [16], [17] ompenensercs " (nest)

TOB mnepefayn KaHauoB AP, 3o, OLICHKH 3TuX (a3,
KaK
MOJTy4EeHHBIE B N -OM YHCJICHHOM OSKCIIEPUMCHTE Kaluo-
= oBkn pemérkn, N=1,2,...,N. B (19), N — sto uncno
CKO(Teopem.) _ (T[/zB 1)2 /12’ (18) p p 3 11 ) ’ ( )!
CTATUCTHYECKH HE3aBUCHUMBIX 3KCIIEPUMEHTOB. B mMonemnu-
«6+2 wmamepennii» — CKO 3nadennii (asoBbIX COBMIOB  POBaHWH Hcronb3oBanocsk 3HadeHne N =1000. Ha puc. 2

dy,, , OUeHEHHBIX ¢ moMomuplo amroputMa [16], [17];  pesynbrarel ans anroput™ma «Ieomerp.0-90-180» He npen-
CTaBJICHBI, TaK KaK OHH COBIIANAIOT C PEe3yJbTaTaMH IJIs

«[eometp. 0-90-270» — CKO 3HaueHMit (a30BEIX CABHTOB
anroputma «I'eomerp.0-90-270.

Sy, , OIeHEHHEIX ¢ momomblo anroputMa [20]; «REV, 0-
120-240» — CKO 3HaueHuii (a3oBbIX CIBUIOB OV, , Ole- Ha puc. 4 moxasansr npumeps! JIH HexamuOpoBaHHBIX
U KQJIMOPOBAHHBIX C MOMOIIBIO PACCMOTPEHHBIX aJTOPHUT-
moB AP. 3nece F_... (0) — JIH uneansnoii AP 6e3 ormu-

u,

HEHHBIX ¢ TOMoIIbI0 ynpoméHHoro REV-anroputma, wnc-
MOJIB3YIOLIEr0 BCEr0 TPU M3MEPEHHUS! BBIXOJHOW MOIIHO-
cru AP, u «REV, nonnpiiiy — CKO 3nauennit gazoBbix  Gok B kanamax, F . (0) — IH AP npu Hanu4uu TOJb-

CABMIOB KO aMILTHTYHbIX omuOok, Fy. .- (0) — JIH AP npu Ha-
dvy,,, OLIEHEHHBIX ¢ HoMouIbio nonHoro REV-anropurma, — ©) - 1H
- peab-

HOW AP mpy HanW4YMy aMIUTUTYAHBIX U (pa30BBIX OMIMOOK,
Feamop. (0) — JAH xanubOposansoii AP. IlockonbKy B pac-

(est)
Ha puc. 2 nokasano CKO mexay oueHkamu dy,™ u CMaTPHUBAaEMBIX SKCIEPUMEHTaX aMIUIUTYIHAs KaJHnOpOBKa

UCTUHHBIMHU 3HAYECHUSIMHU S\Vm , I3BECTHBIMU B CIIy4ae MO- HE MIPOBOAMIACH, TO KOCBEHHO O Ka4i€CTBE KaﬂI/I6pOBKI/I
CBHUJICTENLCTBYET OIM30CTh TONMyOOH 1 cuHel kpuBbx JIH

Ha 5TOM pHUCYHKE.

JIMYAN TOJBKO (a3oBbIX OWKOOK, F,....

ucrionp3ytomero L = 2° u3Mepenmii BBIXOJHON MOIIHO-
ctu AP [14], [15].

nenuposanus. Oto CKO ompenemnsercs kak

N
‘ > (305 ~ 5ol )2 V.  3AKIIOYEHHE
CKO®® =) — 4| nlm=l NTY : (19) Takum 00paszoM, puc. 4 TNOATBEPKIAET PE3YJIbTATHI
puc. 2 ¥ puc. 3, 8 IMEHHO, YTO PACCMOTPEHHBIE ANTOPHUT-

MBI Oec(ha3oBoif KalIMOPOBKM MOXHO PACIIOJIOKHUTH IO
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KPUTEPHUIO YOBIBAIOIIETO KadecTBa CIEIYIOMUM 00pa3oM:
«REV, mnonHblit», «6+2 wnsmepenuit», «leomerp. 0-90-
270» (taxxe «[eomerp. 0-90-180»), «REV, 0-120-240»,
«Leavitt» u «Sorace». HecMoTpst Ha caMyr0 BBICOKYIO TOY-
HOCTh anroputma «REV, momHEIi», ero cI10)XKHOCT pacTeT
C POCTOM 4HCIIa pa3psIOB HCIOJIB3YEMBIX IHCKPETHBIX
©®B, mo3ToMy OJIHM3KOH aIBTEPHATHBON ITOMY AITOPUTMY
C TOYKH 3pPEHUS] TOYHOCTH M CIIOKHOCTH SIBJISICTCS ajro-
putM «6+2 w3MepeHHit». [lanmpHeiee yMeHBIICHHE
CJIOYKHOCTH KaJIMOPOBKH MOJKET OBITH JOCTHUTHYTO 32 CHET
ucronb3oBanus anroputMoB «l'eomerp. 0-90-270» wmm
«['eometp. 0-90-180» npu HE3HAUNTETHHOM YMEHBILICHUH
MX TOYHOCTH. HEecKosIbKO Xy/IIyl0 TOYHOCTH AEMOHCTpPH-
pyert anroput™ «REV, 0-120-240». To4HOCTh aqrOpUTMOB
«Leavitt» n «Sorace» camasi HU3Kas Cpelr PacCMOTPCH-
HBIX aITOPUTMOB U K TOMY YK€ YMEHBIIAETCS C POCTOM
yrcna eMeHToB AP. Tem He MeHee, Bce pPacCMOTPEHHBIE
ITOPUTMBI MOTYT OBITH HMCIOJIB30BaHBI JUISl KalTHOPOBKU
AP mpow3BONBEHOW TEOMETpHUIeCKOW KOH(UTYparuu Kak
TIOCJIe U3TOTOBJICHUS, TaK M B IIpoliecce 3KCIuTyaranuu. B
MOCJICIHEM CJTydae, 3TH aJITOPUTMBI TaKXKE ITO3BOJITIOT
OJHOBPEMCHHO BBINOJHATE U KaﬂHGpOBKy, " CICKCHHUC 3a
YTJIOBBIM TIOJIOKEHHEM HMCTOYHHMKA CHTHAJa B CIIydae €ro
nepeMenIeHns Wik nepeMenienus caMot AP. Anroputmsl
MO3BOJISIFOT KaJMOPOBaTh KaK NMPHEMHBIE, TaK U Iepeaaro-
mue AP.
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Abstract — The Antenna Arrays (AA) are often used as
directional antennas in the modern radio systems. The usage
became possible due to the achievements of the microwave
microelectronics, which allow the manufacturing of small-
sized and reliable receivers and transmitters, distributed
over the AA channels, and digital devices for the AA control.
In the ideal case, the AA as a sort of the multi-channel
system has to have identical channels, because the main
characteristic of the AA, that is the Radiation Pattern (RP),
is synthetized using the ideal model of the AA. However,
ensuring the AA channels identity is not a simple task,
because the main portion of the AA equipment is built using
analogue components. Unfortunately, the modern radio
industry does not produce the active and passive radio
frequency components with identical characteristics. The
characteristics variation grows with the operation frequency
growing. Besides, the identity of the AA channels also
depends on the accuracy and quality of the devices
assembling. All these factors lead to the variation of the AA
channel characteristics.

If the AA is produced using discrete components, its
characteristics can be improved by means of the traditional
manual adjustment. However, due to the achievements of the
modern microwave microelectronics a new sort of the AA
has also appeared today. These AA are called «antenna in
package» and «antenna in chip». Manual adjustments of
these AA is impossible because there is no physical access to
inside of these devices. However, the devices can be designed
in such way that some of the device characteristics can be
changed by means of the external electrical control.

The automatic correction of the AA channel characteristics
is called calibration. The purpose of the calibration is to
adjust the characteristics close to each other or even to make
the characteristics identical in all channels of the AA. After
the AA manufacturing and calibration, the measured
characteristics are saved and used during the AA field
operation.

However, due to the influence of the environment, because
the AA are usually used in the open-air, and the variation of
the supplied voltages, the characteristics of the AA
components may degrade. This may lead to the degradation
of the characteristics of the AA channels. Due to this reason,
it is important not only to calibrate the AA in the special
anechoic chambers by means of the expensive equipment
after the manufacturing, but also to provide the ability of
calibration during the AA operation.

During the calibration, it is required to adjust the AA signal
phases and amplitudes. However, the amplitude calibration
is rarely used, because the AA must have controllable
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attenuators that reduce the power of the received or
transmitted signals, or the microwave amplifiers with
adjustable gain, which are still quite complicated in the
design and the manufacturing. However, using the modern
CAD systems, it is possible to design the microwave devices
in such a way, that after the manufacturing, the spread of
their transmission coefficients does not exceed several
decibels. This does not significantly affect the level of the
main lobe of the RP and the deviation of the RP shape from
the one specified during the design of the AA. At the same
time, the spread in the phases in the AA channels may vary
from 0 to 360 °, since the spread in the phase characteristics
of the radio components increases with the frequency
increasing. In addition, the scatter of the physical lengths of
transmission lines connecting the AA antennas with the
receiving-transmitting devices and connecting these devices
with adders or power dividers does not ensure the same
values of the length in all channels. Therefore, the phase
calibration of the AA is mandatory.

Today there are a lot of phase calibration methods and
algorithms. They are the traditional methods, which use the
phase measurement equipment; the correlation methods; the
method, based on adaptive signal processing; and so-called
phase-less methods. The phase-less algorithms for the AA
calibration do not use the phase measurement equipment.
Using the algorithms, the AA channel phases are estimated
by means of the processing of the limited number of the AA
output power measurements. The measurements are con-
ducted under the specific changes of the AA channel phases
by means of phase-shifters (PS). The phases are changed
relative to PS states prior to the calibration. These
algorithms are simple. Thus, they can be used not only for
the AA calibration in the anechoic chambers, but also during
the AA field operation. The algorithms differ by the number
of power measurements per the AA channel, by the
mathematical relationships for phase estimates computation
and by the accuracy that depends on the number of the
power measurements and the number of bits of the PS in use.

In this paper, the following calibration algorithms are com-
pared: two algorithms based on the method of the Rotating-
Element Electric Field Vector (REV), algorithms of Sorace
and Leavitt, as well as three algorithms of the authors of this
paper. Using the simulation, it was demonstrated, that the
considered phase-less calibration algorithms can be arranged
according to the criterion of decreasing accuracy as follows:
the full REV; the paper authors’ one, that requires 6 + 2 AA
output power measurements per channel; two of the paper
authors’ ones, that require 3 of the AA output power
measurements per channel; the simplified REV, that
requires 3 of the AA output power measurements per
channel; Leavitt’s and Sorace’s ones. Despite the highest



accuracy of the full REV algorithm, its complexity grows
with the increase in the number of the discrete PS bits.
Therefore, close to this algorithm in terms of accuracy and
complexity are the paper authors’ algorithms. The simplified
REV algorithms demonstrate lower accuracy comparing to
the above mentioned algorithms. The accuracy of the
Leavitt’s and Sorace’s algorithms is the lowest among all the
considered algorithms and, moreover, the accuracy is
decreased with an increase in the number of AA channels.
Nevertheless, all the considered algorithms can be used to
calibrate AA of an arbitrary geo-metric configuration after
the manufacturing and during operation. In the latter case,
these algorithms also provide the simultaneous calibration of
the AA and the tracking of the angular position of the signal
source in the case of its movement or the movement of the
AA. A feature of all these algorithms is that they do not
require the AA channel disconnection. Thus, they can be
used not only for calibration of the AA, but also for tracking
of the angular position of the signal source.

Keywords — antenna array, array calibration, phase calibra-
tion, phase-less calibration.
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