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Underdetermined direction of arrival estimation based
on spatial time-frequency distributions
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Abstract;In the field of array signal processing, direction of arrival ( DOA) estimation is a hotspot problem. Classical DOA estimation
methods usually require the number of sensor should be larger than the source signals’ (which the so-called over-determined case is). However,
what we encounter in practice is always the underdetermined case in which the number of source signal is larger than the sensors’. To solve the
problem, a multiple signal classification ( MUSIC) extension algorithm based on spatial time-frequency distribution was proposed to achieve the
underdetermined DOA estimation by expanding the dimension of the spatial time-frequency distributions matrices. Compared with the existing time-
frequency MUSIC, the proposed algorithm can be applied to both the over-determined and the underdetermined cases. The proposed algorithm also
has advantages over the existing underdetermined DOA estimation methods for it guarantees the estimation precision, relaxes the requirements for

source signal sparseness and lowers standards of the number of snapshots. Simulation results confirm the validity and high performance of the

proposed algorithm.

Key words: direction of arrival ; time-frequency distributions ; underdetermined

TEMEF 5 5 Ab FRUSR , 3% 5 1] ( Direction Of
Arrival, DOA) fili i Fmly | 5 ik M= 2 i) — A
HEWPRR, L5 DOA it ik, 2 EAF
5325 ( MUltiple Slgnal Classification, MUSIC) Jy
BB MUSIC g5 YR A MUSIC Jy
B RRAIIA R A IR A T R R
BT 5 61 4 — BRI M A
7, RMEICRZ R FE T BCE K T TE M IR G 5
M BEEPRINE S HEE T, X — KM IEA R
REM L o N, 7e ML A B & VR 45 L ]

«  UgFE HER.2014 -09 -28

Hh T TR O S A A A R R
A1, I BLGE T B A BT i A EL &, i 4%
M ESRERGT AR I ORI, (A ML e A
Wcise i T Il P Sl ey 2 4 W™ TR B 2 [ AH
HASHE R AR A GRS P b B2l st
F A ZARTR BRG], M T RO REREESE I, HL oo
BH M el 4 MU %, A il ) 5
PR e A AT BR A oo xR T RE 2 RS
1) DOA BEATALG T, BT B9 ] DL T T 058
A M T DOA ATk

E £ E : CEMEE [E 55250 % JF 08 4 % Bl H (2014K104B) 5 B 58 A SRBL2E 3L 4 B2 B3 H (61401490)
EE BN AR M (1985—) , 53 R N N, £ 58 4, E-mail ; iendwin@ 163. com;
WA GEEEE) 5B, 284%, 11, #1450, E-mail ; talden@ yahoo. com. ¢n



- 150 - B BE K 2= 2 i

537 &

UTAER  ARAR BT — 2838 N R e TR A A
(1) DOA A5k FER MR — 25T
B B Y K5 DOA LS SCik[9]
AUy 2R B 7 2256 14, % MUSIC 53k
PR 4-MUSIC 553k (4-MUSIC) , 2 T it —2P4%
= eSS Z AR IS 5 19 DOA A5 THRE T, SCHR
[ 10 JKf Uy SR AR 4 ) BT S AR Ao R A, 42
th T 2¢-MUSIC(q > 1) B3 JF5E40 0 7R A
[F) B S G5 A S AN 1) RE AU TR H o BRI S R i
SPU R T LG 3 7 A REAUL R 7T DA
JOERG A B2 m P R R R R A
HA ZA 2 B A A BE R IE S 19 A 1R
JE o o HA — U I AR 5 14 1) DOA Al
THE B, iR b 43 f# Al 1F 3 R ( Degenerate
Unmixing Estimation Technique, DUET ) Z& 4, fE i&
R TR A 2 (X By T S (Y AR
Sl PR SR G T A, RO B A —
WG F SAEH, HABAE S BE N 03X
TESE PRI I TP IEABETE 2 A2 o

ARSCHR Y 1 T 43 (8] I 73 A ( Spatial Time-
Frequency Distributions, STFD ) fj MUSIC % %
(STFD-MUSIC) , it o 47" Ji 55 [F] Ip A0 TR 45 4 07
SRR E ST B DOA fhit, % kAT
SRR T G 1, HLARE 8% R AR5 12 00 DA 5k
RIESKR

1 EEoH
ik N AER I ES S(e) =[5, (), -,
sy(8) TP ASF B H M A4 Y R 2R RS L,

M5 ST LLE A
X(1) = A(0)S(1) + V(1)

= iaksk(t) + V(1)

Hop X(1) = [x (), x,(0)]" F1 V(1) =
Loy (8) oo y0y (0) 17 02RO AT R i i B
W55 FER 0 = [6,,-,0,] RERKEES
MAGT A, IREGHE A0) = [a,(6,),,
ay(6y) ] Fon L AR, K 3 n]
PARIR N

ak<0k) — [1’e—jnsinek’_“,e—j(M—l)q-rsian]T (2)

A SCHIEFE I R 8 F 48 W 2 o0 N TS
SEHE BN > MR H AT 6.
1.1 ZFEEMS>HELRER

AR SCEE AU S 2 A IDULINAF 5 119 725 [1]
IS A1 53 A R S B R 1) 7 R 0L R, S IR R T

(1)

AT DOA ATt
23 AL A 3 Af R AN (3) (3K (4)

Dy (t,f) éfﬂXOL +7/2)X" (u -7/2) -
d(7,0)e ™ dudodr (3)
Dy (1,/) éﬂS(u +7/2)8"(u = 7/2) -

d(r,v)e w4y dedr (4)
He Dy (¢,/) e C"N (RIS R ESE)
FEWE 5 1 25 (8] B A o3 A L R, 56 (i) RA
I:DXX(tsf>:|ij = D,zixj(tsf>oEIE,DSS(l’f) ﬁ‘jﬁ/ﬁ’fg
T S R B A A KR B, B (4L)) BA
[Dys(1,/) 15 = D, (¢,0) o #3(1) fRAK(3)
CIECS
Dy (1) A [JASCu +7/2)8" (u - 7/2)4" -

d(r,v)e “imtwsal=w) @y dpd 7
= AMS(u +7/2)8"(u - 7/2) -

d(7,0)e P qudpdrA™ (5)
oz =C(4) F(S) , AR IS 5 25 (]
W53 AT R B 55 TR 5 18 72 [ BP0 G A 6 A 22 () )
KEFR, HFmm=(6)
Dy (t,f) :ADss(taf>AH (6)
H1 SCHR[ 18 ] 2 0, WA o 1) 2 (] I 430 3 A
FEFERIXT A ICRFR A B I A (auto-terms ) , HLFK H
T, XN X (0) FPARER S AME S 1Y ) &7
1M S% 1 70 R R hy B 5 ((cross-terms ) , X IV 45
ZAME T RS .
1.2 BEEREEH
N T RERETERS AU AL TH U455 19 DOA,
KT Wigner-Vill 534 o W], R BEIRAE 5l /2
DL &A%
BB 1 AR AP T E A 5 1 B IR S

ik 2: WAE S8 H N 508 B M W
JEN< VM (M-1)2/2 +1/4 +1/21)

R 2 P RIA SO E R & T — &
A AT B2 SO B B R R 5B
1.3 EiE#EiR
1.3.1 ARE%E

X FAEE B (1) e 2,(0Q FoR AN
ST L BENUE S X (o) B 23 8] BB 43 A1 4R 4 T LA
FIRN

Dy, (t,f) =AD(1,/)A" =AD(1,/)A" (7)
K, Dy (1) FoRXT FARERE, R R Dy (1,f) =




%5 4

AR A A IO R O TR A 1F R I T Al - 151

diag[ D, (t.f) -+, D, (t.) o

Jedltt B TR] s ] L, U] 2L S B
XA UG 19 DOA Adiato AT Ao vz J0) 4 =X
(8) Ffr7i .

trace { D (t,f) |
1D () 1

A ,Dy (1,f) = WDy (0, /) W (W Jy AL
W) trace{ - | RARHMERE, | - |, Ky F %L e
& SRR KPR OG0 { (— B 0. 85)

TEHEIRG T, HHX Dy (¢,f) #4773
S o3 i AT LR By s il 1 A5 5 9 DOA,
BAERGERG ZRMFT , ARE B R AL THIRAS
SH) DOA, KA 4 —FhREE T RE IR &
FAF T T A MR 3 (9 DOA fh31H5%
1.3.2 ATy 5 s 38

HRAEF(8) Bk iy N, >R 3 8 iS5
e (8) MEW R #k i KA~ B P80, W K A4~ 3 T3
SR I3 A1 R R 2 n 4 (9) B
Dy (1,f), =ADss(t’f) 1AH

>e, (t,f) e, (8)

DXX(t9f)i:ADSS(t’f>iAH (9)

Dy (t.f)« :ADss(taf)kAH
Hr, D (1,f), :diag[Dslsl(t,f) ,”',D‘q“ww(t,f) 1,
(i=1,-,K) Jpxi . th=(9) Zm, al LI
FE TIURN A8 LI FSCAIG 20 T 38 5 — o il 7 v e
DR FE s, AT DR B B IR R . TECE TR G 461
R BRI A3 T I AU B AT PR 4E L SRR AT
DOA A},
SR (10) 2 XA 8 5315 M C
C"PrE,
(©) o= 10uten ] [ 27
(10)
D e Hrh (D), =(D,),, (k
=1, K, m=1,-, M), 0 C n] LA N
(11) Fris e
C=(AOQA")D" (11)
XH,A0A47 =[a,(6,)®a; (6,),,ay(0,)®
ay (0y) ], Hrb =, O M@ 532 2 B0 e
Khatri-Rao FEFHF Kronecker JEfH, K I, Z A ok
TR RIE I 2 N > MO, dnfef B R R C SkAibat
I 0,
— PR, B N < min (M, K) . AR 3 STk
[19 ] e e 0, ¥ AE IS 5805 Mook

R 2 OGRS, N A OA ™ I D J2 51k
M. MAOCA™ Al D ZFWHRRN, EWE C i
FIEERAY O H. C Bk SE TIUE 5 NN,
1.3.3 FTERRKME A AT

SAE5ER) MUSIC J5 226101, AT DL E HxF | AH
B R, = CC" AT 25 5 (EL 43 i K AR AT M 75 7 2
], TEASCRE Y, BAME 5 125 [ FIgE 75 5 45
[ ] DA AT 2 R AT 37 S8 0 RS B
S R AT SRR I, 23 ] A Al TR BE S AR
7%, E s DOA (A THE5 . B, $2 X
JE AMRAFELG IR, i =1, K| FEATHRG X
LI 5 R AT 5125 RV RIE S 25 ), AHLL
B FE R LB Ty 5, A 2 A B Al T O i
A LA R] B O 3 8 125 ) A 1A A MR L 3 )V
J1o RFBEA XS A T 543 i B ARG FE R, =
CC" o) i 2 st (12)

R, =(AGA" )R, (AQA™)" =vAV" (12)
XH,R,, =D (D))", Ay M x M* X[, A
() N AR LR C RN & (5 25 f|] , M -
N AT R AR E M S 5[], B,
AT AR VR R ) MP — N 3 i) B i g
P23 [ R AG THEAE 5 1 DOA M4 Sk [ 20
HRBIFSE, Al A (13) Brzs A A e B0k AT
WA X1 o

JV.A) = XA - ViR VI (13)

20 (13) W E /NS, AT LUk TR 5 28
] 50 75 -3 il . ARy Ry, Hermitian [4, BF A
R 4B 5 123 [ B 16 4 5 2 e e 2
(] B 37 1] 4 S8 1E 2C . TEANK U, Span { V| =
Span{AQA™ |, Hrh V& N 4 (55 Fas s,
W AQA ™ H BT A Fl [ AR5V, F 3 [ 1E
22, M HE M - N 4l 725 () f 2k, Aok, B
fla,(6)®a’ (6,) ,1<i<N} w5 V, i
) IEAS , A R (14) R R
[a(0)®a" (0)]"V, (V,)"[a(0)®a"(0)] =0
(14)
e S2braz Al R o, o s S ) R o
okis R IEASPEHEAT DOA Afiit, inX(15) :
P(9) =1{[a(@)®a"(0)]"V, -
(V) "[a(@)®@a"(0)]] " (15)
M (IS) AT H, HE AR R R 3™ P(0) [ fir
AL XL B A TS A 1 3 A T LA G
— Y555 DOA,
L5 TR AR SCHT R Y 4 5 T 25 A A5 4 A
R SE TR A A< 1F T DOA A 11 % 0 38 3 4 B



<152 - ES I S = o

537 &

wmr .

1) 38 3o SR R £ 800, 5285 I B 53 7
Dy (1,0, SR IERE C, -+, Cy

2) FIF Cy oy Gy BRAE (C) (o =
(Co) JFEAR Y5 B M C, [RISR i C fo b
T2 R, = CC"  SRIG Xy 22 M M HE AT I &
sFAL T Vs

3)VFE— R T M2 i P(0) =
{la(0) ®a” (0)]"V, ( V\)'[a(0)®
a®(0)]} ", TR AL X R 0 £ B 52
SIS DOA it

2 AESH

2.1 FELEN

R T B R RE PR RE , 4 LA SR - 2400 )
Y5 iR ZEAE T bk M DOA (AkTTMERE, &
S B9 ey ¥ 5 AR 1% 2 (Root-Mean-Square
Error, RMSE) :

MC N

Y S [6.(n) - 6,17/ (N x MC)

K, N FRIEGE S E MC SRR RIEEZ K
WYKL 0, (n) 6, (955 n RS4RI A
A

2.2 fHEXK

P e AT, F 4 AR E 5 VR IR A
2OH B % 4> B k. 1000MHz, 1000. 1MHz,
1000. 4MHz, 1000. SMHz, fiZh 4 3 [ 2y 200kbit/s,
FAREAT R . —43°, —13°,26°,48°, i HLSLE 1
) 4 PR R TR E o 3 M S LI, i
FLSLES 5 rhRIUR O TR H 2 4 RS 1Y
BISIE M A BB TT ] FE OB A o B ACR A
FRATAE ORI E S R A B v, oo
52R 4% 5 S 350kHz,450kHz, 750kHz #i1 850kHz,
KA R 2MHz, fff EORE[ - 90°,90° ] 1y 28 5 LA
0. 1°[alFR 351 R AL A3 20 B i (R A B4 0, 3
17 500 RS R & 5 .

FEATF LS AR SO 5 4-MUSIC 503k
AT TVERE LU, T A AR SCARE 5 2 T A
FRE R DOA AR R T A, X &R A 5L 56
BB RS 5 76 B AU TS 1, AN Tl 2 Ao A3k
Mg Pk, 5 TR B DOA i TH5 0 Jo ik 58 A
55 DOA fiit

PR T {5 BSLER 25 B T (W e ( Signal to
Noise Ratio, SNR) 2 10dB, %4 S %053 518 1024

RMSE =

512 I}, AR 4-MUSIC LRI R 10 1)
P i) 2 WA G A T4 2R . BT 1 (a) AT L
BIMASCE A B P B BT 4 DR
W , BE % 1 M i 73 H% 1 0O S U5 5 59 DOA; ]
1(b) /& 4-MUSIC Sk =5 (A3, B P Bl 1 4 4
RECH 1, 058 RE 70 Bk th DO JR45 5 19 DOA,
R RVBEARET , W L (e) AT LUE A
SEIEATHOR AT LA 07 3t o0 B 1 U0 (19 DOA 5 iy [&]
1(d) H 4-MUSIC 535 9 25 [A) 3% E 35 C AR A
B, X L 23 B RS 5 DOA
0
-10 ,
20 i\ [‘\
-30 |
40| g]\ 1
-50 ‘31'! \\', Jh v J{‘H‘I“"_

-60

M fH/dB

=70

-80 ;,"“1 & A AR
-100 -50 0 50 100
DOA/(° )

(a) ARSCRE (1%01024)
(a) The proposed algorithm ( points 1024 )

0

-10

=20

-30

M E/dB

-40

500

-100 -50 0 50 100
DOA/(° )
(b)4-MUSIC ( /5% 1024)
(b) The 4-MUSIC algorithm ( points 1024 )

0 |
-10 1
20
-30
-40

E/dB

S50
-60
=70

SO} =

-90 = \\_/ =
-100 =50 0 50 100
DOA/(® )

() ARSI (1% 512)
(¢) The proposed algorithm ( points 512)




CRE SN, AF A5 I AR R VR A AR T B S U A 153 -
0 4-MUSICH 5 35 I F 15 HE B A
-10 - . —e— 4-MUSIC
= 7% —+— The proposed algorithm
—B- CRLB
m -20 6
s
Lg_sg
B 30 W
= J — § d
40 - .
-50 ¥ 2
/ | >\<
: Tl
-100 -50 0o 50 100 0 T 5 L
DOA/(® ) = 0 5 10 15 20 25 30
SNR/dB

(d)4-MUSIC( /5%(512)
(d) The 4-MUSIC algorithm ( points 512)

K1 ASCH B 4-MUSIC Bk a3 8] i
Fig.1 Spatial pseudo-spectrums of the proposed
and 4-MUSIC algorithm

K2 O 5 M e o 10dB I, A SO S
4-MUSICH 1k B~F-24710 i) ¥ J7 A R 22 RMSE Bt R
FERBUE AL £ (& CRLB e fi e & F
FR) o MIEIRal A i, BEE R AL R B A, -2
0 s 249 7 MR R 22 W =2 U/ 5 A [ A SRR RS
TE A SCRE B 2900 ) 75 R R 22 BE /)y, DOA
FhRS B2 BE 5 s AEAH ) 9 DOA AR 2R, A
SCRE T EERAE RO/ I g AR R] A A 1
AEZ5E T, A1 EL 4-MUSIC A9 &5 B REE Al 1T,
AR SCIRE 1425 ) s B30 3 A7 R P A 7 2 AR R A K
s

—€— 4-MUSIC
3.5% —¥— The proposed algorithm
—&— CRLB
3
2.5
S| 9\‘
S’ >
E \
15T D
e
1 I
: O 3
0.5 EEmemlhs g S i
0

128 256 384 512 640 768 896 1024

B2 AFEERFE BN RMSE 125
Fig.2 Estimation results of RMSE for

different sample points

Bl 3 R A S ESET 1024 (5L AN - 5dB
| 30dB A5k i, A SCH VL 5 4-MUSIC 53 19 °F
00wy 34 5 iR 25 RMSE B {5 b8 fh i 2. AL
BT AT LAE B 5 0 LU A A8 Ak, AR 1
Y0 1) 45 7 MR 5% 25 BT 43T CRLB, DOA ki -4 i
Wi 24 DOA il 45 B2 A [F] B, A SCAE s 1

B3 OR[E SNR i AkIH45 R (G845 1F)
Fig.3 Estimation results of RMSE for
different SNR (underdetermined )

RSN IR ZE R e, (1 <i<<2) AN E AT
[ BEL A i BV L Eleel't =081, % o =
0.000 3, & 4 25 T ASSCI LA 4-MUSIC 53519
P20 ) 24 05 KRR 22 RMSE it {5 W LE 728 £ 1
2o MR LI, A HE 4-MUSIC 553%, A 3C
SRV 5 DR 22 385 1V RE ) 0

10

—6— 4-MUSIC

—sk— The proposed algorithm
8 R —a—CRLB
& \ O

% t\ /” e
4
\k—”’ %
o
2 \'3\E
3\(;\55\_‘ .
9 5 0 5 10 15 20 25 30
SNR/dB

B4 OR[E SNR i AliH25 3R (5 I RES 5225 )
Fig.4 Estimation results of RMSE for
different SNR( model error)

Bl 5 D sRAE AR 1024 {5 IR LI - 5dB
) 30dB 224k, FEoekr il 5 H0 6 i, AR SCR A
55 4-MUSIC 533 1 ~F- 2300 7] 24 J5 AR % %% RMSE
BEEME LA h 2k . A543 18] 3 ME Rl LI
AT DOA Al 5805 m] LA R0 T 18 & FH
SE MR AR OR ™ i 1 33k 4 SE B Ve
B, I HLIG B o835, DOA il fE L b

ZHEE
3 #ig

M REIR G 2F T DOA it f i 1
— R T [ I ) A R . T ikl A



S154 - [ 7 B 4K ¥ O 937 %

25
—e—i/=3

——\N=6
X

1.5\\ —8—CRLB(M=6)
0.5 \\Es\

RMSE
/
o

© e o D
cs\ﬂ\‘ - -
0 il ad 2 —8——0
-5 0 5 10 15 20 25 30
SNR/dB

K5 R[EM SNR b Has 2R (Bl e 5,6)
Fig.5 Estimation results of RMSE for
different SNR (5 and 6 array elements)

Khatri-Rao 3¢ fH F1 Kronecker 3¢ X %} 2 ] B 45 15
GREREHATY R, LAE W JGE R G AR RN
€ DOA fliit gk b SR AT G X f ALY Jr vk
Ab P () IS ARURE R, S0 1 SR AR a4 e T
SEAEARAE W FE 25 R Y DOA it RE . i &
ZOR LW, P 4 L 1) DOA Al ik RE A T
4-MUSICH i, [R]i, B 5 Rk e 5w 3 m , B
FEFVERS DOA AT RBIE 2RI 3271

52 3 ik ( References)

[1]  Schmidt R O. Multiple emitter location and signal parameter
estimation [ J ]. IEEE Transactions on Antennas and
Propagation, 1986, 34(3) :276 —280.

[2]  Zhou Q C,Gao HT,Wang F, et al. Modified DOA estimation
methods with unknown source number based on projection pre-
transformation[ J]. Progress in Electromagnetics Research B,
2012, 38387 —403.

[3]  Zhou Q C, Gao H T, Wang F. A high resolution DOA
estimating method without estimating the number of sources[]J].
Progress in Electromagnetics Research C, 2012, 25:233 -
247.

[4]  Belouchrani A, Amin M G. Time-frequency MUSIC [ J ].
IEEE Signal Processing, Letters, 1999, 6(5) . 109 - 110.

[5] Ziskind I, Wax M. Maximum likelihood localization of
multiple sources by alternating projection [ J ]. IEEE
Transactions on Acoustics Speech & Signal Processing, 1988,
36(10) :1553 - 1560.

[6] Malioutov D, Cetin M, Willsky A S. A sparse signal
reconstruction perspective for source localization with sensor
arrays[ J ]. IEEE Transactions on Signal Processing, 2003,
53(8): 3010 -3022.

[7] Li J, Stoica P. Robust adaptive beamforming[ J]. Series in
Telecommunications & Signal Processing, 2006, 15 (7).
2345 -2348.

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Chevalier P, Albera L, Ferréol A, et al. On the virtual array
concept for higher order array processing [ J ]. IEEE
Transactions on Signal Processing, 2005, 53 (4).1254 -
1271.

Porat B, Friedlander B. Direction finding algorithms based on
high-order statistics [ J ]. IEEE Transactions on Signal
Processing, 1991, 39(9) :2016 —2024.

Chevalier P, Ferreol A, Albera L. High-resolution direction
finding from higher order statistics: the 2-MUSIC algorithm[ J ].
IEEE Transactions on Signal Processing, 2006, 54 (8) :2986
—-2997.

Rickard S, Dietrich F. DOA estimation of many W-disjoint
orthogonal sources from two mixtures using DUET [ C]//
Proceedings of the Tenth IEEE Workshop on Statistical Signal
and Array Processing, IEEE, 2000.311 -314.

Araki S, Sawada H, Mukai R, et al. DOA estimation for
multiple sparse sources with normalized observation vector
clustering [ C ]//Proceedings of 2006 IEEE International
Conference on Acoustics, Speech and Signal Processing,
ICASSP 2006, IEEE, 2006.

Zhang W Y, Rao B D. A two microphone-based approach for
source localization of multiple speech sources [ J]. IEEE
Transactions on Audio Speech & Language Processing, 2010,
18(8):1913 - 1928.

Zhou Z, Lu S J, Zhang E Y, et al. Underdetermined DOA
estimation of LFM signals[ C]// Proceedings of 2012 Second
International Conference on Instrumentation, Measurement,
Computer, Communication and Control ( IMCCC ), IEEE,
2012869 -872.

Lie J P, Ng B P, See C M S. Multiple UWB emitters DOA
estimation employing time hopping spread spectrum [ J ].
Progress in Electromagnetics Research, 2008, 78 83 —101.
T, WO, AR, S FET ISR AR A R 2
BAEEARM K E R G BHREE]. ERRHCR
R, 2013, 35(2) : 69 - 74.

WANG Xiang, HUANG Zhitao, REN Xiaotian, et al. Blind
identification of underdetermined mixtures based on detection
of time frequency single source point and cluster validation
technique [ J ]. Journal of National University of Defense
Technology, 2013, 35(2) . 69 —74. (in Chinese)

Lu F B, Huang Z T, Jiang W L. Underdetermined blind
separation of non-disjoint signals in time-frequency domain
based on matrix diagonalization[ J]. Signal Processing, 2011,
91(7) .1568 - 1577.

Belouchrani A, Amin M G, Thirion-Moreau N, et al. Source
separation and localization using time-frequency distributions
an overview [ J ]. IEEE Signal Processing Magazine, 2013,
30(6): 97 -107.

De Lathauwer L. A link between the canonical decomposition in
multilinear algebra and simultaneous matrix diagonalization[ ] ].
Siam Journal on Matrix Analysis and Applications, 2006, 28
(3) :642 - 666.

Golub G H, Van Loan C F. Matrix computation[ M]. 2nd
ed. USA :the John HopKins University Press, 1989.



