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Tlpeonazaiomes anzopummer bvicmpozo npeobpaszosanus Oypve (BIID) ons uucaa mouek, He pagnoo cme-
nenu 08yx. Beinoaneno cpasuenue ¢ ancopummom BII® no ocnosanuio 06a no uucty onepayuii, Heobxoou-
MbIX OJiA peanu3ayuy npoyeoypvl opMuposanus Xapakmepucmux HanpagieHHoCmu Memooom Oblcmpol
ceepmKu.

Algorithms of fast Fourier transformation (FFT) are proposed for a number of points not equal to degree
two. Comparison with FFT algorithm to base two is provided for a number of operations, which are neces-
sary for realization of procedure of beam forming by fast convolution method.

B pszpe runpoakycTH4eCKUX NPHIIOKEHUH BO3HHUKAET HEOOXOIUMOCTh B BBIYMCICHHUU
JTMCKpPETHBIX mpeoOpazoanuii dypee ([I1P), cBepTOK U KOPPEIAILMIA Pa3IMIHBIX MMOCICIO0-
BaTeNbHOCTEH MaHHBIX. Hampumep, mpouenypa ¢GopMUPOBaHUS XapaKTEPUCTUK HAIPABIICH-
Hoctu (DXH) i KpyriblX aHTEHHBIX PEIICTOK PEan3yeTCs METOIOM IUKIMYSCKONU CBEPT-
ku [1]. TpamuuuoHHO A1 pean3aliy dTHX MPeoOpa3oBaHUil UCTIONb3yeTcs anroput™ bIID
Kymu u Teroku [2] mo ocHOBaHHIO 1Ba (YHCIO TOYEK PAaBHO CTEMeHH ABYX). CBA3aHHBIC C
STHM OTPAaHUYCHHUS HA BBIOOp BapwaHTOB JIuH JI[1D MOXKeT MpUBOAUTH K HEOMPABIAHHOMY
pocty uncna apudmerndeckux onepanuii. C Ipyroi CTOPOHBI, CIOKUBIIUACS K HACTOSIIIEMY
BpPEMEHH MOAXO0/ K anmapaTHOW pealn3aluy NapaielbHbIX BEIYUCICHHUH 1e7aeT MPeAnouTh-
TEJIbHBIM HCIIOJIb30BAaHUE BEKTOPHBIX OTEpAIUid B TIPOTUBOBEC KIIACCUYECKON Orepanun «oa-
6ouka» BII®. C maTemaTnyeckoil TOUKH 3peHHUs OJHUM M3 BapUAHTOB armapara, OCHOBBI-
BAIOLLErOCsl Ha MPUMEHEHNHN MapaJlIeIbHBIX BEKTOPHBIX OMEpalui, IBIsSETCs anmnapaT KpoHe-
KepoBa (TeH30pHOr0) mpousBeaeHUs MaTpuil [3].

B nacrosimieit pabore npenmararotcst anroputmel BI1® nocnenoBarensHOCTEN JaHHBIX HE-
TPAJAUIIHOHHBIX JIMH (He PaBHOW CTENEHH JBYX). AJTOPHUTMBI MPEACTABICHBI B MATPUYHON
(dopMe, UTO MO3BOJISIET AJANTUPOBATH AITOPUTM ISl pA3JIMYHBIX BHIYMCIUTENBHBIX CPEJICTB.

JluckpetHoe npeobpazoBanue Pypwe onpenensiercs [4] popmyoi
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TIE W, = 7 — KOPEHb - CTEIIEHN U3 CIMHUIIBI, — JIJTMHA IpeoOpa3oBaHUA.
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dopmyity (1) MOKHO TIPEACTaBUTH B MATPUYHOM BHJIE
X =FX, (2)
rae Fy[K, j]= oY —marpuna JIII®, a N - nopsok marpuist 1.

BbricTpoe mpeobpazoBanne dypbe ocHOBaHO Ha (akTopuzauuu Marpunsl 1D Ha co-
MHOHTEIM CIeLHaTbHON CTPYKTYpbl. Takasi (hakTopH3aius ONMpeAeNseTcsl He CAWHCTBCH-
HBIM 00pa3oM M 3aBUCHUT OT criocoba pasnoxenus nopsiaka 11D Ha MHOKUTEIH.

3anuiieM OCHOBHOI BapuaHT anroputMa BII®D B o0uiem Buze, KOTAa MOPSI0K MaTPUIIbI
dypbe SBISETCS MPOU3BEACHUEM S HATYpPAIbHBIX YHCEN, OTIMYHBIX OT CAWHHMIBI, T. €.
N=n-...-n,. O6osnaunm A,=1; A =n-....n, mpu v=2,...,5+1; N, =N/A . Oue-
BunHO, uTo No=N, N;=1u N =n_,-...-n, npu v =1,...,5s-1. Torna [3]
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3necsh 1,i'=0,1,...,m-1, j,j'=0,1,...,n—1. B 4acTHOCTH, HETPYTHO 3aMETHUTh, YTO
W=, W=1, t™W=1, TY=1

m m m n n*

0 6 ocmanvubix Cydasix.

[lo onpenenenuto, MmaTpuie T( ) COOTBETCTBYET (mn -m-n +1) KOMIUIEKCHBIX YMHOXEHHH.
Torga urciio AEUCTBUTENBHBIX apU(PMETHIECKUX onepaunﬁ B anroput™me BII® (3) pasHo
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rae O(Fn ) — YUCJIO IEHCTBUTEIIBHBIX apI/I(l)MeTI/I‘IGCKI/IX onepauuii B anroput™me bIID maio-

ro nopsiaka N,. B ciywae tpamumumonHoro anroputMa BII® mo ocnoBanumio npa (N =2°,
A,=2"" N, =N / 2") 4HWciO JCUCTBHUTENBHBIX apH(DMETHYECKUX OmNepalnuidi  paBHO
5Nlog, N —6(N —1).

PaccmoTpumM cnyuait, korna nopsaok Matpuibl Oypbe siBISeTCS MPOU3BEICHHEM S HaTy-
paJIbHBIX MOMApPHO B3aMMHO MPOCTBIX YKCEN. DTOT BapuaHT anropurma bII® Ha3biBaeTcs ai-

ropuT™MOM MpocThiX MHOXKUTENEH (ATIM). @akTopusarus Matpuiisl II1D B 3TOM ciiydae BbI-
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rae Qr(;;) u P, ’ — Marpuisl nepecTaHoBOK, KOTOPBIE ONPEAEIISIOTCS O GopMyIam
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3necy k=0,1,...,mn-1,i=0,1,....m-1, j=0,1,...,n-1; <k>m — OCTaTOK OT JEJIEHUS YUCEIL

ecau K :<in+ j m>mn :
6 OCMANIbHBIX CLYYASX;
ecnu i = <k>m uj= <k>n ,

6 OCMAJllbHbIX CIIYUasx.

kK Ha M. B 4acTHOCTH, HETPYHO MPOBEPHUTH, YTO
Pn(n)zln’ Prr(11):|m’ Qr(nm)zlm’ Qr(11):|n'
Yucio neicTBUTENbHBIX apupmeTrnueckux onepauuii B AIIM paBHO
s O(F,
O(FN}:N-EZ—éT#).
v=l

Kak BugHO n3 nmocnenneit hopmynel, AIIM mo gucny apudmerndeckux onepanuid 3¢ dek-
tuBHe# anroputMma BII® (3). Oanako npexie, yeM nosb3oBatbes Gopmysaamu (3) u (4), He-
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00X0IMMO MUMETh JTOCTATOYHO OOJbINON Ha00p 3P dexkTuBHBIX anroputMoB bIID Manbix mo-
psiakoB N, . OAHUMU U3 TAKUX aJITOPUTMOB SIBJIAIOTCS Majble anropuTMbl Bunorpana [5].

®akropuszauus BuHorpana ocHoBaHa Ha npuBeneHun Marpulbl 11D k Buny
I:n,, = Cnvxm,, Bm,, A\nvxnv : (5)

3nece B, — nnaronanbHas mMarpuia ymHOoXeHus, A, u C . — OPsSMOYrOJIbHBIC MaTpH-

m\/
IIbl, COOTBETCTBYIOIME MPEACIOKCHUSM H IIOCTCIOXKEHHAM B anropurme BIID, snemeHTHI
xotopbix paBubl 0, 1 wm —1. @axropuszanus (5) nMeeT 1eIpl0 MUHUMH3HPOBATh YUCIIO yM-
HOKeHUH. UTOOBI MHUHHUMHU3MPOBATH YHCIIO CIIOXKEHMH, HYXKHO (DaKTOPU30BATh MATPHIIBI
A 1 C, . [6], T €. mepelitu k pasnoxenuro

F, =Cc%..cOcl B, A” AV _ AP (6)
npuuém [7] Cr(]f”) = A(]p) :
Comuosxurenn B (6) AP u C@ (p=01...,p,,0=01,...,q,) obraxatoT crexyrLUMU

CBOMCTBAMU: MX 3JIEMEHTHI MO-TIpekHeMy paBHbl 0, 1 wiu —1, HO B KaK/I0# CTPOKE TUX CO-
MHOKHTEJIECH COAEPKUTCS MUHUMYM OTIHYHBIX OT HYJIS 3JIEMEHTOB.

dakropusanus (6) onpenenseTcs He eIUHCTBCHHBIM 0Opa3om. B pabote [6] u [7] yka3a-
HBI TPOCTBIE COOOPaXKEHHsI, MO3BOJISIIONINE TOMYIUTh B pe3ysibTaTe (hakTopusanuio Oosee
rIIy0OKyI0, 4eM OOBIYHO, 3a cueT OoJiee MOJHOro ydeTa cummeTpur B Matpuie JIITD. Mar-

pHULIBI Aﬁ") u C(q) B OCHOBHOM CHMMETPHUYHBIC W 00JIAJIAI0T PETYJSPHOM CTPYyKTypor. Mar-
0

pHLIbI A(nv)xn u Cn «m, COJNEPIKAT CTPOKM, OTBEYAIOLUIUE COOTBETCTBEHHO 3a YBEIMYCHME U

YMEHBIIIEHHE MOPSAKA JUarOHAILHONU MaTPULIB Bmv .

B Ttabnume 1 npuBeaeHsl apupMeTHYECKUE XapaKTEPUCTHKH alropuTMoB BIID mambix
nopsiikoB. bosee moapoOHyto nHGOpMaIo MOKHO HalTH B [8].

Tabnuna 1. Anroputmsl BI1® manbix mopsako

n, | m | OfB,) | o(Al,) | o(ci) o(A”.c) o(F, )
2 | 2 - ~ - 4 4
3| 3 4 _ - (4+2)+(2+4)=1 16
4 | 4 - - - (4+4)+(4+4)=1 16
5| 6 10 2 4 (8+4+2)+ (2+4+8):28 44
6 | 6 8 - - (8+12+4)+(4+8)=36 44
7109 16 4 8 (12+16+2)+(2+16+12) =60 88
8 | 8 4 ~ - (12+12+4)+(12+12) =52 56
9 | 12 20 4 14 (16+16+2)+(16+16) =66 104
o* | 11 20 4 8 (16+16+2)+(8+16+16) =64 106
10 | 12 20 4 8 (16+20+8+4)+(4+8+16)=76 | 108
12 | 12 16 - - (20+20+8)+(8+20+20)=96 112
16 | 18 20 4 8 (28+28+12)+(12+28+28)=136 | 168




Anroputm  AIIM  (4) MOXHO yJIy4IIUTh, HCHOJB3ys pasnoxenue (6). Ilycts
M=m-....m,. O6osnaumm A,;=1; A =m-..m_, opu v=2,..,5+1; M =M/A
OueBunHo, uto My=M, M;=1u M =m ,-....m  opu v=1...,s-1. Torma

Fy =Crm By Avan - (7
JluaroHaynbHas MaTpuila yMHOKeHU# B (7) onpenensercs mo Gopmyiie
By =B, ®...0B,

v+l *

u coaepxkut 2M — H(Zm O(B )) YMHOKECHUM.

v=1l

Marpuria npeacioxxenuii B (7) onpezensercs mo GopmyJie

N :(li[ IA‘, ®A\Si)xnv ® IMvj[ﬁﬁ IAV ®A(1f) ® INVJPN
v=l

v=l p=1
Marpuiia nmocreinoxenuit B (7) onpenensercs mo Gopmyie

Crxm QNLHHI ®c®l, ](HI ®C!’ ®|NJ.

=1 a=q
Yucno neldCTBUTENBHBIX apuMeTHIECKUX onepannii B HoBoM AIIM paBHO

O(F,)=2M —li[(va -o(B, ))+O(A§Vp),cr§i‘))+ZS:(AVMVO(A$)XHV J+A,N,0(c ).
v=1 v=l

rae

o(Anc)-n-3 S

v=l| p=1l v gq=1 n v

Yucio onepanuii B anroputme bI1® (7) 3HaunTensHO MeHbIne, 4yeM B (4), moaToMy mpu
paspabotke 3¢pdextuBHoro anroputma bIID cremyer mons3oBathest cHavana Gopmysnoit (7),
3atem opmynamu (3) u (4).

Kak, ormMeuanocs Bbllle, OOHUM U3 NPUWIOKEHUNA anroputMoB BII® sBusercs peanusanus
npoueaypbl ®XH 1s KpyriibIX aHTEHHBIX PEHIETOK METOJIOM ITUKJINYecKor cBepTkH [1]. 3a-
MUIIEM aJrOpUTM OBICTPOI cBepTKH yepe3 anroputm bIID.

JluckpeTHas uKIndeckas cBeptka nmopsiika N ompenensercs [4] o popmyne

N-1

Bocnone3yemcs Teopemotii o0 cBepTke u npeactaBienuem 1D B marpuunom Buje (2):

y =Fy diag(H)F, x, H=Fh. (8)
O6parroe TP moxuo npeacrauts B Buge Fy =N~ (SyF)=N"(FS), rae S, — mar-
pula IepeCcTaHOBOK CIEAYIOIIETO BUA:

S, [i1] :{l, ecu i’ :<N —i>N ,

0 6 ocmanvubix ciyuasx.
3nech i,i'=0,1,...,N —1. Torna ¢popmyna (8) nmpuHUMAaET BHI
y:FNSNdiag(H)FN X, H=N"Fh.

Cnioco0Obl dakropusanu Matpunsl AT1® F, Obutn npuenens! Boime. Tak kak BekTop h

00bIYHO (UKCHUPOBaH, TO BEKTOp H MOXXHO BBIUMCIHTH 3apaHee. Takum o0Opa3om, 4UCIO
NEHCTBUTENBHBIX apU(PMETUYECKUX ONEpalliii B aITOPUTME CBEPTKHU PaBHO

O(N)=20(F,)+6N.



B uacTHOCTH, I adropuT™Ma 10 OCHOBAHHMIO J[BA YKCIIO JCHCTBUTEIBHBIX apu(METHIECKUX
onepauwmii pasro 10N log, N—6(N -2).

I
O

1M1 Ha OTCY

UYucno aeticTB. apudm. onepa

Ha puc. 1 npuBenens! rpaduku 3aBUCUMOCTH YHUCIIA JCHCTBUTEIBHBIX apu(METHUECKUX
orepanuil anropuTMa ObICTPON CBEPTKHU MO OCHOBAHUIO JIBA M alTOPUTMA OBICTPON CBEPTKHU
HETPaJUIIMOHHON JUTMHBI OT JJIUHBI CBepTKU. Kak BUAHO M3 TpaduKOB, aNropuTM OBICTpOU
CBEPTKHU HETPAAUIIMOHHON JTMHBI OKa3bIBaeTcs 3(PPEeKTUBHEH TPaTUIIMOHHOTO aJITOpUTMa B
cpeanem B 1,4 paza.
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Puc.1. BeraucnurensHas 3pGeKTUBHOCTD aJIrOPUTMOB OBICTPON CBEPTKHU.
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