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ABSTRACT

One of the main purposes of this paper is to propose a high resoultion direction finding method
performing particularly well under the circumstances such as correlated sensor noises, very closely
spaced signal sources, and low signal-to-noise ratio (S /N), in array signal processing.

Furthermore, the other is to demonstrate the superiority of the proposed method for each cir-
cumstance described above, in comparison with the methods previousely developed.
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Hel g #3819, Spectral Estimation ProcessZ 3}
o7 A A & ALslTh [5,6,9,10]. 2, Sensor Ar-
ray2 B} 9o]2 Additive Noise?} 4191 Data2l
Spatial Power Spectrum®] 7}% o3l 28 &z
8 = Aol
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43 (Correlation) ©]\} Sensor NoiseZ3te] Abubzt
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Standard Eigenstructure-based % £-2 Sensor
Noise #9°] Uncorrelated %01 =% Bartlett,
ML, = AR EstimateEol v]a} @4 /M5 Res-
olution Limit & A|-&3tel, aFA|wr A"l 73 o)
A] o Sensor NoiseE-& A2 Correlated € 4= 9]
ol oh 9 w2 S /N B M 1 9l Mul-
tiple Source® o] wEef e ztg o Za] ojof &=
Bt FF WA si
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HANoR S/NG w5y a3E 714 & olate
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2-2. Signal 2} Noise 24

Wavefront

O% 1. Sensor Array & %8 %l sbys i sto) vl
Fig. 1. Configuration for a planewave impinging on the
sensor array
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& M3 wd st (19 1 #2), MR Sensord]
A Wrobi9) Signals & th-&3 qro] T H )
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xi(t) =7 HA Sensorel] 4 2| Addltlve Noise, 1=
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A = smexpliontn] +x (1), @)
4714,
T = (i=1) (D /c)sinn. 3

Q 702] SensorE ol ®WolE 2 Signal & Vector

Halg HA Lehl
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Ee

r(t) = A(8) s(t) +x(t), (5)
4714

ri(t) =[r(t), (t), ..., r(t)],
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Y40z FsA b o,

FoyT=[F2(w),Fw),... Fo*(w)]. (10)

ho=]
= ]
HE3te d4ge 348 sl “Delta Prod-

uct"g 2 2 E At AE w9
AAB=C < a, b,=c,, (11)
o 714

Matrix A,B,CE2 =5 5 29& 2,

olA|, A9 EAES 4HEH g @t
1) Pxg Matrix El th 3t :

(a) AAB=BAA

(b) AA(BAC) = (AAB)AC)

(c) (AAB)*=A*AB*

(d) (A+B)AC=(AAC)+ (BAC)

(e) IAI=1I

(f) (A)2%2=AAA

(g) (A+B)®=A%42(AAB)+B¥
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2) Px1 Matrix S°l th&lod :
(a) AR(A%)*=(AA)™
(b) (AAB)(CAD)*=(AC*) A(BD*)=(AD*) A (BC*)
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|
hg3he L el 9459 Aed g5 & & Aok

Qutzx 0 2 Source Signal I NoiseE2 A2 Un-
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442
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A EE A&

S-of a4 4(17)°]

A1
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[ ay) alzJ [ xlwxz*xlt]JAz

az ax
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a4y E[ S ]E[ xl 2]+a122E[522] [ xl 2]
+2a11ale[81]E[sz]E[(xl")z} = 0,

az 43

E[ (ASX.) A (ASX*)]IE :E[ (a11s1x12*+a1252x2‘)2]
=a112E[512]E[ ()Cg‘)z] + aIQZE[Szz]E[ (x_g‘)z]
+2a11a12E[51]E[Ssz[(xz')z] =),

pewlon mEj=1,2 39 gy
E[(ASX*) A(ASX*)];=0. O

oA 4(12) 9] ol A& FES ALH a3 2

Ly = E[(ASS*A*)42] 4 2E[ (ASS*A*) ] A (XX*)]
+2E[(ASX*) A (AS*A") ] +E[(XX*)*].  (19)

Source Signal Eo] A2 ¥ duw E[(ASS*A
“a2]e e e BYS Ax Aol AUk
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+‘L;1.% aiklz E[Sk12 5k22] (ajkz‘)z)
= [A:P2A2* Jii
A7) A Ay=A%P,=E[(88*)22] o ;

ll) kI:kz $k3=k4 oéu;“
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=
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(APA*) AE[XX*]
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2 ol g3ted ol the-g dur),
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(L) —Dx) ADy
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(25)
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¢l A} &= & Spectral Density Matrix7} ojzlc},
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olA] [15]91 1}9} %1 & Eigenstructure Algorithm
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o A 2

Mz, T FHEAE] M) SensorER T
A" Uniform Linear Arrayoi & 6,=38°, 6,=15°
waks ypxla T3t Additive Sensor
Noise 5& A& Uncorrelated ¥ o] 11 White
Gaussian¢] 7292 wzdo} olu, S/N= —3dB
o] 11 Sample Data ¢ 7R3 256 ot} o] -l
Aol E 1Y 20] YEb upe} o], MUSICE o
fouoe T £ EFLS AZHH A £t
2 st eAAE oA At WS
6,=8.7°, 8,=15.35°, 9] 4lH ez 2 o xE
Y2 =709 PeakE S ol &3 WA S}

tgols sdggdEe] o 24 de B¢
24 9, =8, ol 6,==13" ¢l A A MU-
SICT Aoty W& ALg8le] Eef 3zt g o &3
A7t 29 3 o vgy ok 88 ojddx S/N
= —3dB ©]i Sample Data?] A4+ 2568 AH&-3}
A}, ol T A MUSICE F719 =efudahz)
& nFeol ey AASAe, AJMPE WU 6,=
8, 9} 0,==13° 9| o Zo) QUMK 6,=8.7", % 0,=
13,4° o] |22 A, —3dBS] W& S/NollA] s+ s
Ee weurdzts 253 s HE o F U
o}

o

Spectra [dB)

Angle [ degree]

—e—o—e~ MUSIC
—H—e—¢- At ¥y

2] 2. S/N= —3dB, Sample Data 7R +=256, Sensor
F2=3 doj, MUSIC# At i & AL&-3te)
0,=8" 9 6, =15"% =& &} 5 Source Sig-
nal®] Tefwrdkzt o &

Fig. 22 MUSIC and proposed method spectra of
two sources, 6,=8 ¢ 6,=15", with 3
sensors at S /N = —3dB, N=256
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Spectra [dB]

Angle [ degree ]
—6—6—6~ MUSIC
R g Wy

a2l 3. S/N=—3dB, Sample Data 785=256,
Sensor £ 2 =3 Yuf, MUSIC 3} #H[<tE
WS AR, 0,8 & 6=13"2 T3t
= % Source Signal o] =2 uHekzt o &
Fig. 3. MUSIC and proposed method spectra of
two sources, &, =8" & 6,=13°, with 3
sensors at S /N = —3dB, N =256.

. =8 A&S0lM MUSIC 2 X 2HEl

areol Bl m
LN R
o] AolME 71Eel B G AFPHF NE
A1 MUSIC3 Alte wwsl 45 Beel A7)

2 E4% 48g nddte AgHz 8- A
A,

1) Sensorzt?] Gaussian NoiseE©] A& Uncorr-
elated 5o} U&u), S/Ne| ¥dle] W& zeftakzt
o &,

2) Sensorzt2] Gaussian NoiseE©] 4 2 Correlated
slo] glgwl, S/No| ¥l w& =gzt oS
3) A2 2438l 2+ Multiple Source 52| el aF
7} of| &

ol mE 4o oA 5 B
ek ARE wjAsy] st FAAHR Y
sto 2] 7}gstsl A ast Ax v e &) =43
Ak E3 olsl mE Aol oM MY FHE
Sensor 5 °] Wavelength o] vk(Half) 9| Ao 2 ¢
A5 w9 ¥ Uniform Linear Array & o] &3}o] 256
7§ ©] Sample Data® Ao AL-&atHt,
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B/ EEAROIN 38 EE N Bl w2t o 2y

3-2. Sensor 28| Gaussian Noise&EO| MZE
Uncorretated =0 UEW, S/ N2 Bi3lo]
e Eeiysrzt o
o§7]M & A& Uncorrelated o] 9+ Gaussian
Noiseg©] *7l¥l= Sensor5& ©| &3, &<
Source®] xejwrarzhs 7ate] HA Y g
a8 S/Ne &4=2AM F3tdcoh olw 00 3¥
180° 7}A] 0.02° vhe} W8} Al A 7k (F, Step Size =
0.02°)91Fdl o] Z+& FAHstd, MUSIC = At
Halo] MUSICo Bls 943 Tauazt o2&
stAg o] FHEAl vebdo & A wyE A}
gl 7§ wmeurdtztel o alE 2 EAE Yo
2 F7HA] Wy & vl wsts o
O3 49 F 194 Heule)l go], v F £712)
Hol 25 S/N o] F71g 55 HAlgtat ol &X71e
Lztel FFEAAE AT, Ak W o] MU-
SICe &l HA S/N& E3ld 43 AAE =
Qo] Wulslck E3] S/No] ol 0 dB ol &
e @ wolli= MUSICo] #gtd ol v)ste] <F
Tl 7t o Abe] RFEWRE HAE & 5 Ak

22t8] B2V} [degree]
P

—Q—0—0= MUSIC
—a—a—u- ALY Wy

2] 4. MUSICH Aot wy§ Abgstd 73
S/Ne| H3alo| we saudzt o] B F
#Hz}, Q=3°] 1 Sensor F7tollE @A
7 A&
Fig. 4. Standard deviation of the direction error in
terms of S/N for MUSIC and proposed
method with 3 uncorrelated sensors,

H 1. MUSIC# AM<te W& AH83te 73 S/N
o] Wl we ezt 9Ale] FFWUA,
Q=3 ©]i Sensor F&ztoll= AL ¢l
o

Table 1. Standard deviation of the direction error

in terms of S/N for MUSIC and
proposed method with 3 uncorrelated

Sensors.
¥ Mmusic | aermw
S /N[dB] e
-10.0 7.742 3.814
8.0 6.971 3.303
-6.0 5.768 2.799
4.0 4.443 2.327
2.0 3,254 1.923
0.0 2,334 1.565
2.0 1.725 1.324
10 1.258 1.144
6.0 1.087 0.991
8.0 0.894 0.856
10.0 0.755 0.738
12.0 0.642 0.633
14.0 0.551 0.543
16.0 0.473 0.463
18.0 0.406 0.396
20.0 0.349 0.338

3-3. Sensor Zt2] Gaussian Noise 0! MR
Correlated S0 USM, S/ N2 H3lof
e TefuiEzt ofE
o711 koAl ho] 0 ° ¥-E] 180° 7A] Step
SizeE 0.02° & 8ty MUSIC} AjQts v g AFE
& mefurakzte] 928 S/N9 g A Fated,
olflo)= X7}5= Sensor Gaussian NoiseE©]
SensorZho A2 dgH O T 40% Correlateds o]
Ae A&l tsiA ma st
EE o] A%z @Y Sourced] Eah ¥zt 91
9] Z+& 242t S /NS 2 A o &t HA gk
o] @ x}oll th§ EFBAE Lt
ojufell = Qtol| Ao} o], A <hEl Wy el MUSIC
of vHiafA 48 AHE ATt AL aY 5
B2 & Bl A & 4 Ak S/NeJ 0dB o] 4]
Aol & AltE Wlo] MUSICH) ®a)A 35317
ARk Fkg o] 9 Apo] zpo] 7t 2° o] E {-A| §hct
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AR S/N o] 0 dB ©]3t2 Wa{7tAl 5w Agte
g ol g3lH, S/NO Wzl AAH AoEA 9
I e AR 3}0 d&exE ZAES U 5 2
ct.

L

L)

Mo

T

of

=10 ) |'0 2‘0 30

SN [dB])

-0—0—0— MUSIC
———a—a— AoiE gy

a3l 5. MUSIC# AQte W8 Apgsle] 723t
S/N ¢ ¥z g =efugst o9 §
EF#z}, Q=3 o1 Sensor FE o= 40%
G2 TA 7 AL

Fig- 5. Standard deviation of the direction error in
terms of S/N for MUSIC and proposed
method with 40% sensor noises, Q=3,

E 2. MUSIC# Atd Wl At gsle] #3 S/N
o] Walol] w2 mefnrakzt o xfe) T FEWa),
Q=3 ©]1 Sensor F&7toll¥= 40% HaHebA
7t A&

Table 1. Standard deviation of the direction error
in terms of S/N for MUSIC and
proposed method with 40% correlated
sensors noises, Q=3.

14.22 0.740 0.569
16.22 0.618 0.488
18.22 0.518 0.419
20.22 0.435 0.357
22.22 0.366 0.306

i MUSIC A oF 5 =
S/N[dB] - L [} iz}
7.78 7.437 5.625
-5.78 6.561 4.411
-3.78 5.537 3.402
-1.78 4.525 2.407
0.22 3.628 1.750
2.22 2.834 1.457
4.22 2.181 1.247
6.22 | 1.702 1.067
8.22 1.354 0.914
10.22 1.002 0.784
12.22 0.894 0.669
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3-4. M2 2F&H U Multiple Source £ E2H
Wzt ol &

of thelo M=, Atd w3 MUSICE o] &3t
o v @3 H& S /Noll A4 Multiple Source% 2] =)
w3tz 041%-% S ANE HuwsHch =%

S/NE =3 o] fi, MUSICS o] &ata] e S /N
X = 7}71]—0] 2] 2] 8} Source 5 9] ol a7zt o
€ FaAelE 237 2A % A 88 Source
FE Qe WA ®E F7t 9] diol
el HH g0, =5 ¢ 8,=12° o] ey
& 7hxla me&d, S/N=10.9dB ©]il Sensorol
715 = Gaussian Noise %°] Sensor 7ol A&
Uncorrelated o] U+ A70e] Sensor & 7F3
Sensor Array & o] &3kad 300 2] 5 Q) oA &S
4=3) (30 Independent Runs) & Auprb {3 o Hof
Mt oA71A A o 4 lizel, AA ikt ol FA) el
S.&ke] @A —334 =3k r.m.s.(Root-
Mean-Square) 78 ¥l s, A <HEl WhHo] MU-
SIC o) nlal 2E Aol YA 943+ duts wa]
F=1t.

_>,: ﬂ’1° K
~o\

2w
—tt

A

’

E 3. MUSIC} At b 3 AHE-Ete] et 4 A
et eate] WX, FE83E romes, arel H
al, o7)A 6;=5°, 92312, Sensor & #}=3,
S /N=10.97dB, 30 Runs.

Table 1. Mean, std., and rms, value of the direc-
tion error of MUSIC and proposed
method for two sources 6,=5°, 6,=12",
with 3 uncorrelated sensor noises, S /N=
10.97dB, N=256, using 30 runs..

ys
=a47 =5 By=12°
i
MUSIC | Algreuh | MUSIC | Aleks)
oER(E]

229 Witx | 0.86 0.61 0.83 0.02

kel REHRH 021 0.07 0.35 0.10

ool rms. g 0.89 0.61 0.90 0.10
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