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Linearly constrained minimum variance broadband adaptive array

based on DFT interpolation

ZHU Wei-Jie SUN Jin-Cai ZHU Si-Yu

(College of Marine Engineering, Northwestern Polytechnical University, Xi’an 710072)

Abstract Based on the DFT interpolation method, an algorithm for linearly con-
strained minimum variance broadband adaptive array, whose beampattern is frequency
invariant, is presented. Firstly, relationship between weights of a discrete sensor array
and the sensitivity distribution of a continuous linear array, which has a property of
frequency invariant beam pattern, is presented. Then, by employing the relationship
between weights at a reference frequency and weights at an other frequency, weights at
the other frequency are given by using the DFT interpolation method. Lastly, the DF'T
interpolation method is applied to linearly constrained minimum variance broadband
adaptive array. The theoretical and simulation results show that the proposed algorithm
can solve the minimum variance beamforming problem and at the same time ensure the
beampattern frequency invariance.

Key words Frequency invariant beam pattern, DFT interpolation, Beamforming, LCMV

R 77 S A BRI R 7 10 T PR AR
FE RIS, R RHUR AR 12 gt
ERROTERIEFERET, MIUEAD 7 sy s 2 m T8 20w 5 i 1y

51

i

e A7



Tk, ERERS T R ERmERL T M
RS BRI S LA R M L, SRTE R 6
P PRE R AR S TR R 1, B, SR
R A BT SRRSO TR R, X
BRI ARSI ENE S Z, BEMNE
IR B4 B—Fp S R A R R 5 a5
AR, BREBRE B B TERERIFEN R
¥, DMEREFLATIREME T RS, W
HMARE /N EHEREHLE LCMVP! (Lin-
early Constrained Minimum Variance) A LAZE
REFEES T MM — EMRET, HHESEH
BT PR AR B,

RAW B EN SRR — A SRR
¥, POHX PR B &SN ESMUGE R T AW IO,
MEERW TN, KRS ETE. AT
el g M T4, ERFECEME
i EEE R TR B T DL — S e ]
WA (K ESHRBCE T T HESEA
S, XEMFERA RSN 8 REREH
SR T AARL. X B EN RSB IR
MAENZ AENABEEAR STAP (Space-Time
Adaptive Processing) . STAP K B e LI
St AT RAMH, HEHT A HERRRREE
mn, 1% STAP Fi=H R MSMEEm, &G
SR sea AR T — B ROMERE, MAE, BR
STAP B KRB LAZEARRISAE T 1 PR E 8 4
J5 B R, (BRI K MR SR
ARWmAFER, Hit, SEFHEESMHT
W W, mIEEWAT RE, FEFEEE
BB ESRATE AR,

RSO —FET DFT FHEM W B &
MEEFIEE T, SR RBEESERRT
R ENEERARNRY, MHEHRET
AN R BRI R THONRAHESEH X
THREASZ KRR, H DFT HEKGE
BE), FASTH LK KRR B &N
M BB E R, WA, ASTEERES
E TR RS EWEAR -, MRk
T BES AT LA SR B B T 87 (6] P9 R 5T

.18 -

WES,
2 EEREREARRRIT

2.1 ELRERERY BB RZAL

WA ESERENT « #i L, KAz L
XAER f RSB REER oz, ), &
Bz sb, BEA f WESERA s(z, f), WE
SR 2R B B A

v=[ @ pei )

FHIRTRAT 0 Fme, BAEE KT
W, W sz, f) ATRAERRN

S(.’Il,‘,f) — e—j27rfw/csin9 (2)

eI, SRR H R TTAL 6 AR [ e
¥, B SRS RE I M R B R %
Bp

10N =y= [ plag) eI

N 3)

A (3) KW, EENILT, RN

AR i 0 (9B, T AR 1 1
R, (R R AL

Sk (6] F5tk, AL R

plz, f) = fG(ef) (4)

O SR % B 1 R B R AN MR R AR b R L
WHE, HBE—BU T REEP IR G()
T B 0T 157 R B (6) P AR — X 1 B AR
(BRAHZE— [E5RAHAL), BY

o

,,.(9) — ,,.(0’ f) — / P(l'yf) . e—j27rf$/csin(9dl_

— /oo G(f) . e—j21r§/csin0d£ (5)

& (4) W (5) W, Gaf) BXT 2z M
XFREE, BIE# z f f TEBURERH G=f)
mofE, thatR, EE o Bk f MEE f8R
z, ¥ G(zf) EIMRMAL, A T2

23 % 1 #) (2004)



B R BEREESEARE, AWM
¥ r(0) RAEHFEANZEME,

B 1 4 T 9T I e ) SR R R
BB = (R, HA (a) IR fo IR
BEEY, (b) BN A WREEEE N
B L RILLAE Y, ARRERT § 58 H R
R i R B R B AT AREKIBR, RAEEE
BT 10 LRGSR T f1/ fo 1, TITEMNHH
LY RBUESR T AR AL

(a)

p(x, fo)

P )

B 1 A i TR SR R Y R R

2.2 SERPERYH DFT fHE

1 A I S R B A S 2 A i R
KA TR A PR TR B R A, Xt
FRFM RS, BEE-ERRETEANK
B HRIK PR R TR, HE, BH
RE3 1 By  PT LU 1 R R SR 546 Hh iy — P
PR, B EWHSES, N TEEHEAR
ARWEI N () B ECRE,  H R 51 WA R T LA R Ok

y = /—00 s(z, f) - fG(zf)dz (6)

MF— LS, (6) XBUFRRA (—a,
zh) o T ARG5S e N3 AL K B
B3, SR T « B R RBE R M
TEETCAR, AR, RYRERER 1, 5
m AL BIRA 2 (m = 0,1, , M~1), 5

i F A

m NETLEHE [ AEKRRERCY v, (f) =
FG(@f)oms,. BNEEHFEFIBIBUR BRSPS
5\ RBULRBIREE. RIS R E SRS
T, (6) AaTBUE R A

M-1

y~fo Y 8(@m f)G(@mf)

m=0
M-—1

= > s(@m, Hwn(f) )
m=0
X () WEITERSIERERNEH., 65
RN T I d5 0 ST R F T, U H e B
J SRR M N R A, BRI R R ORI
SO Homa 7 o B R AE, B

p(9,f) — l Z e—]Zﬂfzm/csmOw:n(f)

1=0
= |w¥(f)- a6, /)] (8)
KA w(f) = [wo(f) wi(f) - wa—1(N]7,
0(9, f) = [ejZWfTo(o) €j27rf7'1(9) . ejZfrer_l(O)]T’

Tm(0) N 0 HRAKFEBEERIT m §SBF K
ZIHBERRIER, HLUAIRERASE A, &
m AN EETLEV AR A (T Y ), M REZER T LA
RRH

Tm{0) = (Zm sinb + y,, cos 8)/c 9)

Hrp o 4P | ¥ HE R,

W H BT W BN BRI R fo
AR PR B R — B LI R A, TR e A
REWBORES fo AMEREELME. *
AL AR BT BB 2 OT %, RIAX
T R R fo ARBIRRE ) (fo)
(m=0,1,---, M - 1), X A FEHOCAT LA
ARFE—EGELREE fo AbrIFEM R B
HIRHE, B

w:;l(fo):p(:c»fl))iz:zm m:0717"',M—1
(10)
XFFHEH R R L, T fo &b

R RE wh(fo) HEBE. HEBAFHER
.19 .



RPRE N EELME R BERY oz, f) =
fG(af), HEFK fo kbt M AMETH, B

p(mm, fO) = .fOG(-Tme)
=w,(fo) m=0,1,--- .M ~1
(11)

HESRAL, 0 fi A, i@zgaﬁﬁﬁ T (m =

plem f0)= hGlanfi) = 2 1 G((jﬁ’“ ") fo)

= - fOG((amm) .fO) = - P(awma.fO)
(12)

Hpa=fi/fo., EXEH, fo bBREE
BRBAE o FRIEET fo REORBEREE
azn, BMEK) o £E, i o(em, fr) ERFER fiu &b
BEAFERRY w), (i), X P RINE 1
FioR. 88T fo AbB R BUERELE axm MIMER
RENH, R a6 R E 5 8,

BT G(&) fEEEMRNEE r(6) B —
XHEE MR, WEH DFT HEKFHE
LLERIE 46 {8 7 /5 19 854 5> 51 B 45 48 5] i 933
BAR, A B DFT WEMHE, &E
—lB¥ y = flo), HEREE M NSRES
(EMEA d) EREEH, B yn = flzm)
(m =0,1,-- M- 1), ATRKBEHELE
—& z RRMREE, H DFT HE8 5 %
T

(1) WRIBBEFEABXR, #EHESN
R EE N (N > M), @¥EFTUEN % 2 1
BHIKRE, DERESRIARA N FFT 5%,

(2) pogz2) {ym} (m = 0,1, M — 1)
MEECA M K DFT, BE8F5 (Y} (m =
0,1,--+, M —1);

3) Xt {Yo} HITHFLE, BF {Z.}
(nzo,l,---,N—l), KCF' {Zn} BB E I T

aw M OAEE W {(Z2.) = (Yo
Yare-1,0,--,0, Y0, Vg1 1,

T M A, W {2 = (Y,
1 1
YM/'Z—laEI/(M—l)/Zvow"'707—2_1/(M—1)/27

.20 -

Y(M—l)/2+1a"',YM—1};
(4 X {2} (n=0,1,--- N - 1) A%
A N K IDFT, 88 {zn} (n =0,1,--- ,N-1),
(3) BUFFL {2} Y5 = 3T PEIE N
Boy=f(z) KpERME, B y = f(2) ~ 2, Hrh
n = Round(AA; ) Round(-) FREVEHIRM

BY.
2.3 FWHERWMHBHX]

TR AT A R KES B E T H—a
AR T BOIMA R, 153 B £ ) 7 R B
SR B — S BRI IR A, HsL
BUAE A 2 Fim, FE I RO AL A8 AT LASK A
SRS IR SR, AT LIRS ik, %
TEFSEE %, B5ERA DFT G55 & 5
TCHIBCER 7 A T Fil, RERITS%
BRI, BRESENFHSHMHET
FIRUR B R R R EE T BB S AR T
HIRRS, HERANENE, FEEEIEL
e BB 2 KB SR WY, e S i
HAFSRT R R SR E,

Spald)

...... I

Wy (f)

5o(f) a(0)

[

wol [ wi(f)

y(@®

B2 BRI

A TR IR SRR, HPERIPETT
BIBE d R/NTEBE SREFESNRERK A
M—, Besh, A TREBERFRERN RS
BT KPR B RUEE 2L T (X 8]
ZW, EEEFENESHBRRIENZEH

23 % 1 17 (2004)



3 ZMURBNFERTEENET

KRR B M TGS WA K AT
W, R LR A

sT(fr-1)]"  (13)

S =[(s"(fo) sT(f1) -

s s(frx) = [s(@o, fr) s(x1, fr) -+ s(@Tpar-1,
FOIT . SHAHN, RNRFETHRRETE
A

W =[w’(fo) w(f1) - w'(fx-)IT. (14)

X, w(fi) = [wo(fr) wilfe) -+ wa—1(fi)]".

B A RN 26 T RO i8S R SR
AR T KB/ ML, B

mui/n WHR,,W subject to CEW =g (15)

R Res = E[S-S"], g =195 97 - g5_4]"
AW RE, C=cec cs-1] ALIRFE
B, BEWE—Flc; (1=12-,J 1) XPEK
B4 - AEHAR, Bl BRI RN
feo FHLA 6 B FIH B HIEE N g5, MITTEL

W =g,

(16)

Heej = [01x—1ym a7 (8, fr) O x—nyml” .
A TARREMBERIEES, BFEHE
554 MBS R TR, LIEkRE

FiZ A BARRSTE NS AR KA,

Epiﬁ?’#msza gj :g(]: 1v27"'7‘]—1) N
Rf# (15) 28, BIwT{83| B @M &R
WRR, Frost AH T (15) segmn B
W = RICICHR}C)™Yg  (17)
¥ (17) KERERER, &  IRERKREK

A W), WS i +1 RaERINREE N

Wi+ 1) = PW(E) — py(i)S3E) + W, (18)

Hth W, = ccfc)lg, P = 1-C
(CcHe)rC!, u HWHEF, y(i) = WHS(i)
R i

AFEFIEE @ AR,

B X R TR K B &N FE 5 AT AR A
R T R B TR, EX A&
FleisE BRA, 0 FH RS B T 58 0 ff
& K AT (S sERRR, B4FEIuR
# K AR EL), WA T—id1 M BT
HARAEES, FELOBEGOBERE MK %, X
SR ALBEROR T —E e AN, XM EE
R REFI B SR RETE BB (55 77 MR FFEE R i
FEAT LU T3 = AR T, (BB REIBR
B EBESR AR AR, B, HEBEGS
MBS AR EARATT R, Bl EIMIERE S
SERE,

EHEERFAHE TR EMR, AR
AR T R B E R E R R R, X B
BAMN B BAESH IR T ML R RN
I, REMNLEHRETHRALRHEEL
FEBR, Xk, TOURLUE R EA B KR
BEARE] M 4, T B AT DLRSR PR A9 E MR A
M), RUEALT FIWH 1 A 5 KB
.

4 HENHBR

B LIRS 16 A ARRBIRETTA R, B
TCIBEA WU 5 B R B RN B B — ¥,
fE SR LR EA 06~1.0, HERFES
frT 0° Jrm, f5¥tt SNR=0dB; FH AL T 10°
JiT), f&Ftb SIR=0dB ,

0 —
-10 \\

-20

R E /dB

-30

-40

50 0 50
HE/

B3 AT EREIN A RBRT BB

.21 -



WK E /4B

| \\
\
230 o‘\h f

i

B
il
=50 50

lf
#JIE/"
B 4 Frost JihBEIKIANFBE T KK

!

BiESH RIS 16 17, USSR
RN SHRER, E£SHHRT ALY
KENTEFHERIASERETHNEREY, H
IR F 1 = 1x107°, SR/5 TR E I T 15
AHEPETHINRYE. £ FW LB
W, A 16 AN ETH R BR EE R — Kk,
Wi 3 FrR, R ERBAE ST, 7
UEd, FRFETHEREEAMR, HH
ETHHRER TRENER (FBEENT
—30dB) , 4 45T Frost J5EEBEIHIA RS
RTHERE, S4REY, B Frost 7k

(LS 16 ;1)

Bret, BWREEAHNRIRE (TR

(¥ BAT) BERS AT LA, BERVNE BARE
g, AR K.

5 #Hhit

T A SRR e R KRR B B T, ER
TSNS 7 7 T IE L TR S B AT L
FARSCANE, B—MAEBNE BT A
(778, MR B EE AR T AL
BORTE R IR PE, IEEIE, HERMHEY,
R R AR A, TR BHER. A
RAE R B KR ETE G v B AR5 A A LB,
BAEMRGH—BE, A5, MXERERARIE
& PG E AR AME J5 A8 SRR R i KRR AE (H

.99 .

TR A RER, BEHREREA RS
ETBHRENERMFA, HLESMMRE
FEERATT AR, B LR RE,

5 #Hhit

ARG T —FRAHETRBORE K
VAR N R B AN, T EETESE
Bt /IN5 22 BROE ARG TR B BE AR5 AR RIBR T
P REEAMR, NTRIET R EZWAR
RS HARREE, o, EHENFEES
EPRT MRABARR DT ZEE, B
HHREHE WS T A ENE R ER,

2 % X ®
1 Van Veen B D, Buckley K M. IEEE ASSP Magazine,
1988, 5(2): 4~24.

2 Ma M T. Theory and Applications of antenna array.
New York, Wiley, 1974.

3 Monzingo R, Miller T. Introduction to adaptive ar-
rays. New York: Wiley and Sons, 1980. 60~64.

4 Gabriel W F. Proc. IEEE, 1992, 80: 152~162.

5 Frost O L. Proc. IEEE, 1972, 60(8): 926~935.

6 Ward D B, Kennedy R A, Williamson R C. J. Acoust.
Soc. Amer., 1995, 97(2): 1023~1034.

ALY, RIRER ARG B R E
PRJT M, BT R KRR I A T TR
5w, AFFEE—ENEE, XIUHEHE
FALEIfG T, MR R RHEE TR H ALK
HUE RN T OO R T IR R, R—F ]

T8 BAR T L At .
2 % X W

1 JohnA Stine. Beamforming Illustrations. Advanced

Digital Signal Processing. 31, July, 1977.
2 kBA BUNEEAR. dbE BERFHRM,

3 ERE. AWESAESE. B JUR M HARGH,
2000.
4 Kaveh M. IEEE Trans, Acoustic, Speech, Signal Pro-

cessing. 1979, ASSP-27:286~287.
5 Stoica P, Nehorai A. IEEE Trans: Acoustic, Speech,
Signal Processing. 1989, ASSP-37:720~741.

1995.

23 % 1 41 (2004)



