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AHHOTALUA
B cratee mpemmaraercs mudpoBoil MeTon (GOPMUPOBAHUS CYMMApHOTO U
Pa3HOCTHOTO  KAaHAJIOB  MOHOMMITYJIbCHOTO  paJMOJIOKaTOpa C  HCHOJIb30BAaHUEM
MaJIO3JIEMEHTHOW TUIOCKOM aHTEHHOM PELIETKH, I ONPEACICHUs a3UMyTa U yrila MecTa
oOwekra. [lomydeHna neneHramoHHas XapakKTepUCTHKa I JaHHOW aHTEHHOM pelieTKH, a
TaK)K€ J1aH BHJl JUarpaMMbl HAlpaBICHHOCTH B PA3JIUYHBIX IUIOCKOCTAX. OmnpenereHsl
XapaKTepUCTUKH  CHUTHAJbHO-TIPOCTPAHCTBEHHOW  OOCTAaHOBKM,  BIUSIONIME  HA

3 PeKTUBHOCTH PAOOTH MOHOUMITYJILCHOT'O paloIeIeHTaTopA.

KaroueBble ciaoBa: 1mudpoBas aHTEHHas pEIIETKa, CYMMapHO-Pa3HOCTHBIA METOJ
MEJICHTOBaHUsA, TICJICHTAI[MOHHAsT ~ XapaKTepUCTHKA, JaMarpaMMma  HalpaBiICHHOCTH,

MOHOHMHYHBCHBIﬁ IICJICHIaTOop.

B Hacrosmiee Bpems B 3ajjadyax pagudoJOKAllMM I[IUPOKOE MPUMEHEHHE HAXOAST

AHTCHHBIC CUCTCMBbI, BBITIOJTHCHHBIC B BUJIC I_[I/I(prBBIX CI)aSI/IPOBaHHBIX AHTCHHBIX PCHICTOK
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(LI®AP) [1-8]. TpaauimOHHO B MOHOMMITYJIbCHBIX CHCTEMax IEJICHTAllMA HCIOJB3YIOT
CYMMAapHO-Pa3HOCTHBI METO/I OLIEHKU a3UMYTa ¢ U yriia MecTa 6 uccieyeMoro o0ObeKra.
LHPAP no3Bossier 3a CYeT NPABWIBHO MOJ0OpaHHBIX BecOBbIX Kod(p¢uunentor (BK)
chopmupoBath cymmapHbii Uy u pasHocTHbiid Ux curaanst [9-14]. [lpuHnun nedctBus
JAHHOT'O METOJ[a OLIEHKH HaNpaBJIEHUS MPEIoIaraeT CpaBHEHUE aMILTUTY T CyMMapHOTo U
Pa3HOCTHOT'O CUTHAJIOB.

Paccmotpum cnoco0 nugposoro ¢popmuposanus curtanoB Uy m Ux Ha mpumepe
IIOCKON 16-TU 37IEMEHTHON AHTEHHOW PEIIeTKH, 3JIEMEHTHI KOTOPOM pacroyiOKEeHbI B

rtockoct X — Y.
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Pucynok 1 — Cxema pacnonoxenus snemeHToB [IOAP
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Curnan nocrynaromuii Ha Bxo1 [I®O AP 3aBUCHT OT a3uMyTa U yrjia MecTa, O3TOMY

pGBYJ'IBTI/Ip}IIOIHI/Iﬁ CHUI'HAJI C BBIXOAOB 2JICMCHTOB AHTCHHOU PECIICTKH MOKHO 3aIllMCaTb KaK

[15]:
v Nx—1Ny—1U .e[i(n—l)izﬂdx“;@cosq .e{i(m_lgﬂdyﬂzasm co} .
n=0 m=0 ’

rae Ny, Ny — KonMuecTBO 3JIeMEeHTOB, pacioiokeHHbIX 0 ocl OX u Oy COOTBETCTBEHHO;
U — ammuntya uCTOYHUKA CUTHAJIA;

dy, dy— paccrosiare Mexy anementamu LIOAP;

A — IUTMHA BOJIHBI CUTHAJIA.

Jlnst Toro 4ToOBI OIIGHWUTH a3UMYT @ M YroJ mecta 6 UCIONb3ys CyMMapHO-
Pa3HOCTHBIA METOJ, HEOOXOJUMO TIepenucaTtbh pe3yJbTUPYIOIIUN curHan Y I
a3UMyTaJbHOM TJIOCKOCTH W JIJI TJIOCKOCTH BO3BBIIIEHUSI B BUJie BekTopa. [IpencraBisis
AJIEMEHTHI aHTEHHBI B BUJE CTPOK M CTOJOIOB, mepeinem K JnHeitHomy Buny LIOAP nis
Kaxxoi iockocTr [16,17]. CurHam HeOOXOIUMBIH IS ONPEACACHHUS ¢ OyIET SBISATHCS
pesyabratoM cyMmbl cTtpok [IDAP, dopmyna (2). VYmnpoctum cocTapisioniye

OKCIIOHEHIUANBHBIX (PyHKIMHA Gopmysl (1), u 3amuiiem ux kak y(p,0).

Yo=| DUcwle0); DUcwl(d);  DUcvl(ed); YU vied) | @

k=15,9,13 k=2,6,10,14 k=3,711,15 k=4,812,16
rie K — Homep 3iieMeHTa aHTEHHOM PEIIeTKH.
Tenepp 3anumiemM curHami JJis ONEHKU 6, NI TOTO HEOOXOJUMO MPOCYMMHUPOBATH

CUTHAJIBI 10 CTOJOI[aM:
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Yy:[ YUwl.0); YU w(06); YU y(p06); ZUk-l//(coﬁ)],@)

k=1,2,3,4 k=5,6,7,8 k=9,10,11,12 k=13,14,15,16

Kak roBopusiocs Bbllle, CHOPMHUPOBATH CYMMApPHO-PA3HOCTHBIE CUTHAJIBI MOKHO
UCIIOJIb3Ysl BEKTOp BecoBbIX Koddpduuuentos. Bektop BK mnpencrasiaser coboi

KOMIIJICKCHBIC OTCYCTHI, I/IBMeHHIOIJ_[I/Iﬁ aMHHI/ITYI[HO-(i)aBOBBIC XapaKTCpUCTHUKHU CHUTHAJa

[18].

Jliist opMUpPOBaHUSI CyMMapHOTo (OMOPHOr0) CHrHanga HeoOxoauMmo 3amucaTh BK
KakK:

' (izTﬂdxsin%j . [2 i%simﬁo]. ((I—l)izTﬂdxsinqﬁoj
W, =[1; e ;e ;... e | (@)

rie | — nmuaa BektopoB Yy u Yy (B TaHHOM ciiyyae 4);
¢o — HaIlpaBJICHUE JIy4a Juarpammbl Hampasiennocta (JIH).

BK 17151 pa3HOCTHOTO CUTHAJIA BBITJISIAAT CJIEIYIOIIUM 00pa3oMm:

. (iﬂvysin%j_ ((I/Z)izfysin%j_ ((|/2+1)i2’szin¢oj ((H)i@sin%)

W,=|1 e , ... € , —e —-€ , (5)

Teneppr 1nsa curHanoB Yy u Yy Heob6xoaumo chopMHupoBaTb CyYMMapHbBIH WU

Pa3HOCTHBINA CUTHAJIBL:
Uy, =Y, -W, U, =YW,
_ _ (6)
U, =Y, W, U,=Y W,
[Ipomiecc OIEHKH YIJIOBBIX KOOPJIMHAT OOBEKTa COMNPSIKEH C MOCTPOCHHEM
NeJICHralMonHoW  xapakrepuctuku [19-25]. B ciywae, korma rtmaBubeid Jsiya JIH

oproroHayieH miockoctu LIOAP, a paccrosiHre MEX Ty dJIeMEHTAMU OJTMHAKOBO 10 ocu OX
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u Oy, TO HCJICHrauroHHasd XapaKTCPpUCTHKA IJIA aBI/IMYTaJ'IBHOI\/’I IIIIOCKOCTH H IIIIOCKOCTH

BO3BBLIIICHHS MOYKET OBITh 3aIlMCaHa KaK:

R(g)-Re{ 2 ~9)

W, V(¢ ) ’ (7)
rie V(p) — ynpaBIisSomui BEKTOP;
H — sapMuTOBO-COTIPSIKCHHE.
V(¢) _|1 e(izjzldsinqﬁj; e(Zizzdsinqﬁj; N e((l—l)izzdsinqﬁj; ©

I[J'ISI IMOJIYYCHHA OLICHKU a3UMYTa U yIJla MCCTa H€06XOJII/IMO BBIYUCIINTD:

(/b: R—l Re UAX
X

, )
6=R" Re Yy
2y

BrimosniHuM MozienupoBaHue paboThl MOHOUMITYJILCHOTO TEJIEeHTaTopa ¢ Hu(poBbIM
dbopMHUpOBaHUEM CYMMapHO-PA3HOCTHOTO CUTHAJIOB Ha 0a3ze MIOCKo 16-Tu 3ieMEeHTHOMN
LI®AP B mporpammuoii cpeae Matlab. JIH manHo# aHTeHHOM CHCTEMBI IIPEACTaBICHA Ha
pucyHke 2. MccrnenyeMblid CUTHAJI MOCTYIAeT HA BXOJ AHTEHHOM PEHIETKH B Ipejaenax
riaBaoro ayda JIH, ero mapametpsl npeacTaBieHsl B Tabumie 1.

Tabmumna 1

YTrn0BbIE KOOPAWHATHI, TP. OTHo1uIeHnE
Yacrora, MI1.

A3uMyT Yroa mecta cur"an/mywm, ab.

S) -13 20,5 35
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Az 0
EIO

Pucynok 2 — Jluarpamma HanpasieHHocta [{OAP

Power Spectrum (dB)
5
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Pucynok 3 — Cnektp curnana
B pe3ynbTaTe BBINOJHEHUS MOJIETUPOBAHUSA  TMOJY4YEHA  IEJICHTallMOHHAS

xapakTtepuctuka nanHoi moaenu LIOAP, pucyHok 4.
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Pucynok 4 — [leneHrannonHas xapakTepucTuka

Jliist Gonee HATJSAHON OLIEHKH paboThI MeJeHratopa ¢ nudpoBbM (POopMUPOBAHHEM

CYMMApPHOTI'O U Ppa3HOCTHOI'O CUTHAJIOB, ITOCTPOUM 3aBHUCUMOCTL CPCIAHCKBAAPATUICCKOI'O

orkioHenus (CKO) onpeaenenus yriioBbIX KOOPAUHAT OT OTHOLIECHUSI CUTHAI/TITYM.
(10)

®opmyna g pacuera CKO npeacraBieHa HUXKeE:

rjae N - 00beM BEIOOPKH;
Xi — 3HaUCHUE CIy4ailHOW BEJIMYMHBI HA 1-0i UTEpaIny;

M<X> — MaTeMaTUYCCKOEC OXKHUJAHHUEC.
KBagpaTnueckoe OTKIIOHEHHE XapaKTEPU3YeT pa30dpoc HEKOM CIydyailHOW BETUYUHBI

OTHOCHTEJIBHO €€ MaTeMarudeckoro oxxujganus [26]. OmHako TpH OrpaHHYECHHOM
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KOJINYCCTBEC BBI60pOK N, BMECTO MATCMATUYCCKOIO OXWUJAAHUsS HCIOJIB3YIOT CpEaHEC

apu(pMeTHIeCKoe:

>‘<=lixi , (11)

N4

Toraa ¢ yuetom BbilieckazaHHoro ypaBHenue (10) MoxxHO nepenucaTts:

oo \/li(xi X} (12)

A
Tabnuua 1.
3aBucumocth CKO OT OTHOIICHHS CUTHAN/IITYM
OtHorrenne curuan/urym, ab. A3uMyT, Tp. Yron mecra, Ip.
20,5 0,01 0,01
17,04 0,03 0,03
14,56 0,08 0,08
11,18 0,16 0,2
8,75 0,26 0,39
7,11 0,42 0,55
5,94 0,55 0,75
5,27 0,7 1,13
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CKO, rp.

Pucynok 5 — 3aBucumocts CKO 0T OTHOIICHUS CUTHAJ/TITYM

3akiiouenne
[TonyueHnHbsle pe3yabTaThl MOJEIHPOBAHUS TIOKAa3bIBAIOT, YTO TPUMEHEHHE
nrdpoBoi ha3supoBaHHON aHTEHHOMN PEIIETKH B MOHOMMITYJIBCHOM II€JICHraTOpPe CIIOCOOHO
00eCIeunTh KaueCTBEHHOE OIpEEICHHEe KOOPIWHAT WUCTOYHHWKA pajauousiaydeHus. llpu
3TOM IUQPPOBOI crtocod GOpPMUPOBAHUS CYMMAPHOTO M PA3HOCTHOTO CUTHAJIOB, TIO3BOJIUT
CHU3UTHh MaccorabapuTHBIC MOKA3aTEIN OTHOCUTEIIPHO aHAJIOTOBOM pealu3allii JTaHHOTO

TneJieHraTopa.
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Abstract

Digital technologies development at present allows improving radar systems, which
opens possibility for application of complex modern methods of digital signal processing. It
allows, in the first place, achieving the best results in radar systems operation, improving
therewith weight and size characteristics of the systems under development.

Thus, application of digital phased antennae arrays for direction finding problems
solving allows employing mathematical tools for angular characteristics estimations of the
object under study.

The article deals with a monopulse direction finder with the sum-difference direction-
finding method, accomplish based on the sixteen-element flat digital phased antennae array.
The idea of the sum-difference monopulse method consists in generating both sum and
difference signals to compare their amplitudes and angular coordinates estimation of the
object. In addition, there is a necessity in direction-finding characteristic estimation of the
antennae system to realize the said method.

Digital phased antenna array allows both sum and difference signals generation at the
expense of correctly selected weight factors, avoiding herewith the waveguide converters
application. The weight factors represent complex numbers able to change amplitude-phase

characteristics of the signals.
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To gain the possibility to estimate the azimuth and elevation angle of the place, the
elements of the flat antennae array should be represented in the form of rows and columns,
which will be nothing else but the linear antennae arrays. The two linear antennae arrays
will form two pairs of both sum and difference signals for the azimuthal plane and elevation
plane.

The result of the works was the monopulse direction finder simulation with the above-
described digital antenna array, during which the monopulse response curve and radiation
pattern were estimated. The sum and difference signals were generated, and the
corresponding weight coefficients were obtained.

The dependence of the root-mean-square deviation of angular coordinates on the
signal-to-noise ratio was plotted for more illustrative estimation of the direction finder with

digital sum and difference signals generation.

Keywords: digital antenna array, sum-difference direction-finding technique,

direction finding characteristic, direction pattern, monopulse direction finder.

References
1. Mezin B.K. Avtomaticheskaya radiopelengatsiya (Automatic radio direction finding),
Moscow, Sovetskoe radio, 1969, 216 p.
2. Zufrin A.M. Metody postroeniya sudovykh avtomaticheskikh uglomernykh system
(Methods for developing shipborne automatic goniometric systems), Leningrad,

Sudostroenie, 1970, 408 p.


http://trudymai.ru/

Tpyast MAU. Beimyck Ne 115 http://trudymai.ru/

3. Voskresenskii D.l., Ponomarev L.I., Filippov V.S. Vypuklye skaniruyushchie antenny

(Convex scanning antennas) Moscow, Sovetskoe radio, 1978, 304 p.

4. Seliktar Y. Space-Time Adaptive Monopulse Processing, Georgia Institute of
Technology, Atlanta, 1998, 39 p.

5. Malashin M.S. Tipovye raschety kharakteristik radiolokatsionnykh i
radionavigatsionnykh system (Typical calculations of radar and radio navigation systems
characteristics), Moscow, MAI, 1993, 100 p.

6. Vais S.N. Repina M.\V. Trudy MAI, 2014, no. 74. URL:

http://trudymai.ru/eng/published.php?1D=49333

7. Rhodes D. Introduction to Monopulse, MA, Artech House, 1980, 132 p.

8. Farina A. Antenna-Vased Signal Processing Techniques for Radar Systems, Artech Print
on Demand, 1992, 388 p.

9. Zaitsev G.V. Tsifrovaya obrabotka signalov v  mnogofunktsional'nykh
radiopelengatorakh. Metody. Algoritmy. Apparatura (Digital signal processing in
multifunctional direction finders. Methods. Algorithms. Equipment), Maoscow,
Radiotekhnika, 2015, 371 p.

10. Kuz'min S.Z. Tsifrovaya radiolokatsiya. Vvedenie v teoriyu (Digital radar. Introduction
to the theory), Kiev, KVITS, 2000, 428 p.

11. Lifanov A.S. Trudy MAI, 2003, no. 11. URL.:

http://trudymai.ru/eng/published.php?1D=34485

12. Barton D.K. Modern Radar System Analysis, Artech Print on Demand, 1988, 612 p.


http://trudymai.ru/
http://trudymai.ru/eng/published.php?ID=49333
http://trudymai.ru/eng/published.php?ID=34485

Tpyast MAU. Beimyck Ne 115 http://trudymai.ru/

13. Richards M. Fundamentals of Radar Signal Processing, McGraw-Hill Education, 2014,
656 p.

14. William L. Melvin, James A. Scheer. Principles of Modern Radar: Advanced
Techniques, Scitech Publishing, 2012, 872 p.

15. Kazarinov Yu.M. Radiotekhnicheskie sistemy (Radio engineering systems), Moscow,
Vysshaya shkola, 1990, 496 p.

16. Mahafza B.R. Radar Systems Analysis and Design Using MATLAB, Chapman and Hall,
2013, 772 p.

17. Richards M.A., Scheer J.A., Holm W.A. Principles of Modern Radar: VVolume |, Basic
Principles, SciTech Publishing, 2010, 924 p.

18. Chistyakov V.A. Trudy MAI, 2019, no. 109. URL.:

http://trudymai.ru/eng/published.php?1D=111394. DOI: 10.34759/trd-2019-109-15

19. Robert J M. Phased Array Antenna Handbook, Artech House Publishers, 2017, 506 p.
20. Harry L. Van Trees. Optimum Array Processing, New York, Wiley, 2002. 1400 p.

21. Vendik O.G., Marnes M.D. Antenny s elektricheskim skanirovaniem (Electrically
scanned antennas), Moscow, Sains-Press, 2002, 232 p.

22, Kondrat'eva S.G. Trudy MAI, 2012, no. 52. URL.:

http://trudymai.ru/eng/published.php?1D=29560

23. Ratynskii M.V. Porsev V.l. Monoimpul'snaya pelengatsiya v RLS s tsifrovymi FAR
(Monopulse direction finding in radar with digital phased array), Moscow, Radiotekhnika,

2019, 160 p.


http://trudymai.ru/
http://trudymai.ru/eng/published.php?ID=111394
Чистяков_eng_.docx
http://trudymai.ru/eng/published.php?ID=29560

Tpyast MAU. Beimyck Ne 115 http://trudymai.ru/

24. Grigor'ev L.N. Tsifrovoe formirovanie diagrammy napravlennosti v fazirovannykh
antennykh reshetkakh (Digital direction pattern forming in phased array antennas), Moscow,
Radiotekhnika, 2010, 144 p.

25. Samoilenko V.l1., Shishov Yu.A. Upravlenie fazirovannymi antennymi reshetkami
(Phased antennae arrays control), Moscow, Radio i svyaz', 1983, 240 p.

26. Zinin E.D., Mel'nikov G.A., Miloserdov A.S. Trudy MAI, 2014, no. 73. URL:

http://trudymai.ru/eng/published.php?1D=48566

27. Voskresenskii D.l. Kanashchenkov A.l. Aktivnye fazirovannye antennye reshetki
(Active phased array antennas), Moscow, Radiotekhnika, 2004, 488 p.

28. Alan J. Fenn. Adaptive Antennas and Phased Arrays for Radar and Communications,
Artech House, 2007, 410 p.

29. Borovkov A.A. Matematicheskaya statistika (Mathematical statistics), Saint Petersburg,

Lan’, 2010, 704 p.


http://trudymai.ru/
http://trudymai.ru/eng/published.php?ID=48566

