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Blind jamming cancellation and signal recovery technique

using tensor method
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Abstract; To achieve the blind jamming cancellation and signal recovery under MIMO ( multiple-input multiple-output) system with intended

jamming attacks, a structure of dual-array-antenna receiver was proposed to achieve the blind jamming cancellation without the consideration of the

correlation between jamming and the transmitted signal. Data free of jamming have an obvious characteristic of tensor slice. They were stacked into

a 3-order tensor and then the CP decomposition was performed to recover the original signal directly without channel estimation. Compared with the

traditional method based on channel estimation, the tensor-based algorithm can avoid the error caused by channel estimation, which can largely

improve the recovery precision. Simulation results show that the tensor-based method achieves better recovery performance with less training

overhead than the traditional training sequence based channel estimation method.

Keywords: intended jamming attacks; multiple-input multiple-output system; dual-array-antenna; tensor decomposition; independence

T, C B E T, IR A Rl R R
AR B o TE BRI AR A R0E £ SE AL SR BT
THRG ARMELEA BB TR LT i3 2
g AL R LA R B E TR . 2 AL
H ( Multiple-Input Multiple-Output, MIMO ) & 4 1E
R 1o 1 i T 3 19 [ 82 e 1 A ) A 8k
AEETE. BURH MIMO SOR S EGRIL TR S
SEE . BEZ MR A2 AR 244 MIMO J# {5 &
G T

BE T PEEA P e Jie , R BRAE 2R 7 T
PHLLA KT HAEE RIS B o XA ARk
Ui % E (5 I TR E L5 S  THE S W
e s BARFN Z H A b T — i P 5 RIRAS
HMAE B BRI A AT B AR R L3

«  UrFsEHEE:2018 -03 - 10
EEW A : H&KRHE ERLWE5 H (20182X03001001 )

PLT I BT R o — A 2 8] 981 A
Tl 57 8% 4 43 B (fast Independent Component
Analysis, fastICA) B335 AT LUEE X MIMO AR 48 it
fra s EMGER T TIE S SRR EY
MIE S g B o B R T S S %
T fastICA W PR3 B 77 16 T LUK CIR KRR 5
A8 A S MR T4 b 2 B ok, TS sl &
FHIMH o EA R T T 515 5 A0 Tl
SERYMRE . TEBEA R Ge b, A AN [F]  dle i
OESHR R L VA AP E 3 €1 oI BN =Rl S OE5 A L YA
PR IR IR T 1050 AL B B TR0 B 5 X i
LRy 20 R FATEE B T E TR
' BRI A BRI MIMO R ZE, A fal K
2 bR MV BAIR T R AR OG0, AR AR T AN BE

YEE BN R (1974—) 5, W)IF RN, #0821+, 445 S0l E-mail : chenzhi@ uestc. edu. cn



32 e AN o 4

41

.
A H T H T AR KRR L b A 57
PR ABAERE Z AT I 20, XA I
B9 R GHE S B S PR AN RE N L, BER X 48Ty
B Z 2R AKJRBR

1 REGHER

AT MIMO R4, 2HLECA N, K
2, RKIBLECA N, RRZ, FAAE— B RERY)
YW Bk x, e CV F1y, e CM
FERAEL n B )& 2% RIS A B a1 £ L g e
C' R, R ETIRAEE M TR S S n
AN TN SR AE o Ty, ) DA R R IE

y,=Hx, +j.g+w, (1)

X H e CV B GEE,w, e CV I UEE
W R

RO G L, B 05 Xt e 5 s LA
KA WAGZ WG R — O AL, BAs G
el &y, R T 0 & j,.g TR A ik n) &
x,o —FIETECA X AR 7k mT LUK x, My,
B R . HEY TGS SANESS%
IR i AN PRS0 A SCER 1 —Fh T 20
FRTMGES 5A ME SRR NE T
il

TSR — bR R A L 51 R R UL,
B LR AL AT A2 J2 B PR ) [R] AR ASE [ 51)
Ko THRALH B2 TR s Kk TG 5
RSB Z 8] Ry 32 TR TCLAF1E . H0m
o DU T P BES R &R BN M B 3517 T8
S HRIFIE DR o

REHL s
z Al
h g
— 4
B H 5 h ¢
B
T
T — i A2

Bl REeHn
Fig.1 System model
K TIHBR T, B e S T T . A
BT I TR B 50 B T AR gy k) W3
LA EEAIL T — 5RO R R A T PRSI T
o R LB F1) R X ER 2R WS 5 1 LAl
PRI, K P 2H SRl BB &R ke , ATHBR T

oo BRI R R BAT LR Y 5k D) B
LERRFAL , ) R T 5 i 20 19 05 1 UK — A it
AR ST 5 A A5 AT R IS
Fo METRGHETEEAMA TR FEBEIKE I,
P RN BE A TR AR T T4

2 FHREEMETHME

2.1 FHEMREE

T T A5 5 B9 A7 AE I Z0 a7 T 3 06 w4
=2 g, T UL ] b ) A
PR S 26 R IR T4 s BEAL S T4, T R HL7E b
BILEF 221 1] 380 {3 402t & 326 KB 23 1405 s =K1
Yo, THALNE W@ (5 (518 , 0OS EAE LG 5 i
Tia) 308 5 AT 36 R Bl 28T, a2 e X T B 1)
THERZ — X TRIWA TR, 5§ T
5k 58 A AE ], R SO A RE 2 T 48 )
AT UL

10 B G RETAR H BTN« & LA U
BILIA) o7 B 11 7 PRI A 2 AR A B 3 % 5 TP LA
BRLREE
2.2 EXSE RSR &NTFt

TEAT BRI %0 4, [5) I X 42 SO 93 A I 91 K &
AL FIA2 () N, (R T OTEBGR , AW N, =3) 1l
REEREE, SR IHEN 117 () ™ (i) 1™ (6)
Fys" (i) 3™ () ps Y (i) o Hodryl (i) m =1,
2,n=1,2, N, R m AP RLL n AR K
LAE i MR RAE, ke =(g,8,8 1" 1
FTMHLBIES KL AL 58,87 =g, 45,
g IMRETMHLE 45 Kk A2 Wf5iE. H, =
(hyp) noon B R STHLENBE S R 2R AL A5 T8 4 B
H, = (h) y o SR STILBIRES) KL A2 [0 4
Meo HA TR .
v (i) =gij(i) +n{" (i)
(i) =g, j(i) +n” (i) (2)
(i) =gy j(i) +nyY (i)
vy (i) =giji) +ny" (i)
v (i) =g j(i) +ny” (i) (3)
v (i) =g5 (i) +nyY (i)
Horb i) i 2T 5 B R e n (i) k=
1,2,j=1,2,3 FR%5 bk DI RLHF j KL
i IF R ) B M 7 S SRR A 5 L (Received
Signal Ratio, RSR) 4y




3 ) R 2 SR SRR TR I TR S A5 KA HAR - 33

() g +ni(D) g
v (i) gl +nk() &

Pri = k=1’2’.“’3

(4)
AILAVRIL, R S TG S AR, TR
RPPAE 5 DRI = F MR 3 RSR AR B
WS TMGEEA K. CRBBE B R M e
%, ADFETUA 7 SR IR (B it P AS A4 B S A Ak, ik
FEIX B (E] P RSR (E AR FEA X R . A H
G5 M TR 5 R B AR e B, AN @ B 20 % 5
LN, CHBGRTTE, B N, =2) IR R& L% E 50
KA 2, (0) %, (1) o BB
() =hyyx (i) +hyox, (1) +g,j(0) +nf" (i)
(5)
" () =hiix, (D) +hiyx, (0) +glj (i) +n5" ()
(6)
LA ¢11%1§U,ﬂuﬁfmm?ﬁﬁﬁ{§%xﬂﬁﬁﬁ
1k, Bt 25 i 7] A HE 7%, RSR Y A8 AL v s R T
e i 155 150 B St S e 520
M A RMES 5 1R THAF7ER RSR
A AR AR B0 I B AR Tl . MR % RSR A9 J AR {k
L AT LA B 2t O T AT, R SO B Y
RSR {EI48A0 5 T35 8 A X ry fae (E, A it an
X SRR
D¢=diag(gp“,¢>22,go33) (7)
FE R SCHEATFHL 30 iR i AR o
2.3 —MEHNTZHRES X
AT A 4 FR g B s e g i s o, B
Khatri-Rao 5B 465" , 2% & 2 iR MIMO 2%,

BT B

V. vy
LY = m

K2 MIMO &4
Fig.2 MIMO system

HIEH M — 455 N N AR LA &
GIILREH C e C7 MR 2SI AR, Horh P oy
— N SF (AT 14 5000 28 2 1 4 % J T 5 1) - 1
B X, e CLY, e C U HS n AN RIUR 3%
BN BARAE R 5 S € C M RER N A IR i Y
RIEFFSHRE ;0 e C' "y B RS I o

F A T8 AR B2, BREAE VA I [6] i A

R PR KRS . A
Y =HX, +W, (8)
W, e C BRI MRS S 4, AR % Khatri-
Rao 25 B 2 1, 4 15 J5 RO BUHE 26 B X, BN F
I
X, =D, (A)C",n=172,- N
{ (9)
A=(OS)
Hr,D,(A) FRUSERE A 55 n 1708 AE N XT
FATCHIEEXT A AR I . 25 N SR B AR C Y 52
TEEE R . W PR PR E AT LS B 2 R I 3 5
RAG(P =N,) BUE R R R (P =1) R
RS, @R REFEME, Y N, A EET A
@=jﬁmdiagu,a,---,a~“'1> (10)

t

Forp BB Fy 9 (N, x N, B B S i e 728 fe
FEFE, o =exp (j2w/4N,) . N, RETEL A Y @ i
FC N, BN S AR A T e . Kral(9) U
AK(8) A

Y =HD, (A)C' +W, (11)
T LRI IR, S I AL C S R R
FFF O TEdom C A .

2.4 BHEXTHOETHIHE
Ayt g TR T E THmH. 4
YV eCVIRIYY e CV A BIRE ISR LR Al
FA2 TE5 n AW TR MR B R I . BT
ATPARR AR
Y =H D (A)C" +g""j" +W"  (12)
Y® =H,D, (A)C" +g@j" + W (13)
Hr g, =Uisasoodp 1 RETFHAGSAELE 0 A4
it P ASFIFBRIGRAE . W, R WL AR R 4]
RERAES n B [T A M R R B e
56 W /Ml N 2 i W S B 7 N L R D R
(7)) A EEXT AR, 454 RSR E XX (4) ,f:
D.g"” ~g"" (14)
RIEA(12) ~ (14) 40 F 2250407 .
Y, =Y\" -D Y
~(H,-D,H,)D,(A)C" +(W," -D W>)
(15)
IR, TE Y, o300 9 B, 2 i 22
W M P I, A
Y,~(H, -DH,)D, (A)C" (16)
FEAL AT A 58 AR R W ik - T
THeAE BB AT, TIE S A G
TSR N A TR 2, BRiaA T



34 e AN o 4

41

BD, (WA TREH
2.5 REXFHOEFHME
24 RSR (BRI ZUAS L, 7T LA 5 77178
F I T, s T 3 g B e g 2 T4 1 3
BRAEN RSR ., A4 — R T T AL W
TR AR D, LU Z PS5 R4 Bl
(RO . Rkt B n WOSHR IS (n +
1) IR AR ), B TEAL S5 n b, DU
Y" =H,D, (A)C" +g""j + W (17)
Y\, =H\D, (A)C" +g"j . + W,  (18)
Horb e AL, AR BIARZEES n WURIAS oo+ 1
W THAESAE P A TS BR 0 SRAE [ &, P&
fETE n Wi, 4 D,(A) =D, (A), X (17)H
A (18) 1L/ b3, 75 -
v' -y =gV Gy =) (W W,
(19)
X TREFIRLR A2 524 TR A .
Y - =g (=) (WD W)
(20)
TGS FE & T M SE R, 458
K(19) ~(20) 4 :

S -,
0, = = ~%L i=1,2,3

’

= ;
g
P SIS SHOP
=1

(21)

A B EXS AR D, , Z R 2.4 745

FREETUT AR BT L AT OGS 2, RIAT 3 Bk

PSP TR LER TS, AR 2R
AT BAT AR TR 956 T ok B AR IR R IR T

3 BEERRE

3.1 ZERREIFRIFAR

SEBR I S RS B PR
AR BN AEAR K . 5 N AN TR]EIT A s 6]
R AR AR S ], A RE AR BE A5 TEAE N A4~ (8] g
PIARFEAAS , R BEHIE RSR AETE N A ] g
WERFIGE o EA BT 2t T E Tl 2
T AT, N T fifp DRI R R L 1P, 25
SEIERANE

U)X RT3 - (RBAE AR SCRT [R] 7 Py AT
DA ST m AN [R] W o N A I (8] R 23 B+
TR AR — ek ARBE N =1 xm, BIVRT LS 43 A o
AERGr BRI m AW E. 25 R IY o)
o AL T, A X 4 8 0 e Bl o P A

B%) RSRAEHEAT TP

2) X FHELE AT A BB AE AR G [A] 7 Y
AL LA m A TR] T, D0 A% i om A P T8 o gl 5%
RIS R], BB N A R WA 38 58 M 1k
WCHLAE S A i) N AL T RT3 IR S AL
AR B RSR R E M T F — &80 T
el
3.2 ETFEEMITHNEERERE

158 D7 R E R AR R I 25 47, 4 i S 3 2ot
WZRIF AL T 8, 3 AR5 20 045 EAS THE
PREAF R A5 TEAG T 10158 25 23 W e AR 52K i 1
™ EE S TIN50 0 3 45 S B2 5 {5 1
FETFRCR . WP I, 5 B A TR B 8w, (H
FNGI Sz m. 2, N F50 8, I
RITE BRI AE R A5 T G TR B s . B A G o
K EEFINZRIT8Y , Y I 5 8055 T Rk REEL
i R BN G R A o R TGS AT, {53
it R G AN TR 22 |, IR AL AR R IR 52
RORANREIR B WU 2K, 4R 8 —FP A5 AR
EATHRZW T B
3.3 ETKENBNEERRE

WRAE R W IE L ML S 5 T
A (R BN 1107 ¥R B AT 15 IR S, 4758 704 i 12F
rfEiEflTh. AR B KW ST, 2R i AR
AR B B () FF 4 5 5 R R A S 0045, SR i
RRIEHE AN L o PRl , 42t — ol 35 T 7 o 0 i
PUEIRIR I 7 A A BT BRI S,
H AT — A5 18 bR o it 2 fie 1]
H WA EME

WX (16) G2 ¥, Fi i TR] Mot i I HE AR sk
HYeC "N MY R AFIYIR V(L2 0) =
Y. f:

Y(:,:,0)=(H, _szHz)D;(A)CT (22)

P YRS E8N, N N PR Y R N,
¥ CP 2 fiff ok L KA 20 A M — 2 1, Xk
i Y Ek N, 1 CP o, il s = A 536
W 22, AN PE R RS2 T, 20 0l % 1 T B
(H,-D,H,) A Cyftiit{a. FRAEE C 1
PR 0, SO AR A R R B A HE P AN
W tEs b T v MR BE AN L SR 2R BT I
GRIF N7 o PR R B — T 5 aR f 75 i S v A
M A S —17ooR o 1, Fellomxs th CP 73 g4
FIRFEFE A AL THE, B A — 2 E 1% 5 5 —
ATCEMATIH— AL AL B, B RE M A Mo PR 5 & 25 4
FE A JEMR 255560 S,



3 ) R 2 SR SRR TR I TR S A5 KA HAR 35

4 (HESH

TE F A BOE T 5 2 3 b (Jamming to
Signal Ratio,JSR) Jy#iLI{H 10 dB, RHIEACHE
B4 ( Quadrature Phase Shift Keying, QPSK) i1
F7 =2, il iR AT 5 2 (Symbol Error Rate, SER) /E
HPEREAG BEAE R , o3 =B o PR 7 FLEE 2R
4.1 HEXTHM

BN, =N, =4 H P=4,N =2000,3: 8000
AREA S . BUEM L ( Signal to Noise Ratio, SNR)
H[2,4,6,8,10,12,14,16,18,20,22,24,26,28,
30], iy dB. fE4S SNR R, HAE GE3t 100
AR5 2R 5, BOH-P (B A 7% SNR T )
BRI TR,

D5 B3 M- 2R 78 T R 5 (5 5 T
(SNR /T 10 dB) , 523155 D, B)J7 i FTBRARERS
FVRLF YIRS ROR  ARAE S BR AT LA%R B o 4 X
M OL, 24 SNR X F] 15 dB I, IRAF 5 F ik 3|
10 5%, 24 SNR i 18 dB B, JEAR AR 2 B
RS, SR UL, fERr e U T T AR T ik R
AR TR o
4.2 REXTF#H

HI PRSI O NI D, WO EAR, T
KB LF A VERE , ARAL TR 00, 75 ¥ P EH K
Ko, |Ri%& N, =N, =10 H P =8, N = 1500, 3t
15 000/MFEAS £, ZE 54 SNR T, FE A 4E3 T 100 1)
AT RIFC T, BOLFMEAE % SNR R iR
(iRcE

it THE 5 54 MG 5 R e i
B TP ST BRI TR Z — . e
PERERE , HAOR T2 T P yPERE. (H
JERTLAE F,SER Fifizg SNR 3 fin SR i s i . 24
SNR %% 33 dB i}, SER 1% 10 ° §4%; 24 SNR
5% 39 dB i}, SER #2310 °H 4, X T 40 dB
PLERIER L, BEA AR A SRS B

RUEPERETC A B2 TR S O, (H 7 2
ORI, B TR R i 07 BB v IR 4
PR IEAT L St o & TR SIS I 5 s
WAIRBELLTEAIRAY SNR IXFI LAY SER PERE
4.3 ETRER/RITNAE

58, BN GRS EE R 1 B i 9
R TS EE AT (R IE A T, ST AT 5 UK
S, Pk B S o TR AE Ak X TR
AT S8 HR, R ge Tt

1, N, =4 Wi Bt N 2R 91 3EA T 5 E i
i BEMEAT R SRS, D AR ANIE 3 Fiw.

DFE I3 B, FUBAR IR R iAE
ROR, NIEL 3 T LI RA , 7EAH R e T A A
[) G AT S RS D0, 5 T 548 0 Ml 1 3R
SR TR TARE Tk K, DI
el TN R I AEEAG T EIE , SO 2R 51
BN SE N SR 3 i {7 BCAE R AT L& B
ST SRR 1 D7 I5 VR REAH 25 L itk T2 T 5K
RO TTIE ARRRTE T 4 15 TR E I 2R
iR

10° T

101}
102}
a4
g 109}

10}

=1 FFI- R R T

10° |-k &- g WA TH

== LGP H-FE T 4h

e BT

o| NGB F - BT 4 ) ) ) ) )

0 5 10 15 20 25 30 35 40 45
SNR/dB

Kl 3 JSR 10 dB FAS[E]F#25 % SER - SNR Hijk
Fig.3 SER - SNR curves of different jamming
types when JSR equals 10 dB

10°

5 #ig

ARSCHR T — ol i XU 7 R L LS B
B s o AR AR TR AT i
FITF MIMO 3 {5 AR 5032 2R DA il 1 40 32
AHME SRR E . sl TPl
XHE 55 TR AR LA B K S A PR {5 38
PR ZEX KRG L s . 7 ELAS R AR,
Tk R I RE AN TR ST IR BER AL /N
ST T BB S IR . A Z AR TE
T 2T IR A PR 7 5 AL B T i, W]
REJCIE I R X SR ORI S I R K o 78
JREE AR R S R PRAE S — 5T

2 2% 3Lk ( References )

[1]  Sodagari S, Clancy T C. Efficient jamming attacks on MIMO
channels [ C]//Proceedings of IEEE International Conference
on Communications, 2012 852 —856.

(T4 186 )



- 186 -

e AN o 4

41

1999. (in Chinese)

O, SRR T R T B R R (] PE
4k, 2001, 13(4): 1 -6.
TONG Li, ZHOU Haiyin.
basing on the principal component parameter estimati()n[ J J .
Journal of Ballistics, 2001, 13(4): 1 —=6. (in Chinese)
WEL. W E M4 B S TR R G522 7 ki
FE[J]. ST S 244, 2013, 33(3) : 189 - 191.

XIE Yuzhen. The research of combining ridge and principal

A selecting variables algorithm

components estimate in separating guidance instrument
systematic error[ J]. Journal of Projectiles, Rockets, Missiles
and Guidance, 2013, 33(3): 189 —191. (in Chinese)
EICH, BtA, RN hS LHRESE B &N IEN
AT R N LT Bfad24, 2013, 25(3) : 28 - 33.
WANG Wenjun, DUAN Xiaojun, ZHU Jubo.

parameter regularization model for guidance instrumental error

Adaptive

separation and its application [ J ]. Journal of Ballistics,
2013, 25(3) : 28 —=33. (in Chinese)

oA, RS, RUNR, S — R SR 25 00 B R T
ELV] AR, 2017, 36(1) : 19 -24.

ZHAO Hua, HUANG Jiagui, LIANG Xiaohu, et al. A new
algorithm for guidance instrument error separation[ J]. Journal
of Spacecraft TT&C Technology, 2017, 36(1): 19 =24. (in
Chinese)

AR, sk, WIER, & WS IHPIGIR S B
RS SHATT]. RETRSHFHOR, 2007, 29(6)
931 -933, 937.

YANG Huabo, ZHANG Shifeng, HU Zhengdong, et al.

(LE4#% 35 W)

Akgun B, Krunz M, Koyluoglu O O. Pilot contamination
attacks in massive MIMO systems [ C]// Proceedings of IEEE
Conference on Communications and Network Security, 2017.
Gao J, Vorobyov S A, Jiang H. Efficient jamming strategies
on a MIMO Gaussian channel with known target signal
IEEE
Conference on Acoustics, Speech and Signal Processing,
2014 5700 -5704.

Zhu X T, Liu Y L, Zhang X K. A blind source separation-
based anti-jamming method by space pre-whitening [ C]//

covariance[ C]// Proceedings  of International

Proceedings of IEEE International Conference on Software
Engineering and Service Science, 2016 454 —457.

LiCJ, Zhu L D, Xie A H, et al. A novel blind source
separation algorithm and performance analysis of weak signal
against strong interference in passive radar systems [ J].
International Journal of Antennas and Propagation, 2016(3) .
1 -10.

Zhang J, Zhang H, Cui Z F. Dual-antenna-based blind joint
hostile jamming cancellation and multi-user detection for

uplink of asynchronous direct-sequence code-division multiple

[10]

[11]

[12]

[13]

[14]

[15]

(7]

(8]

[9]

[10]

[11]

Modeling and parameter estimation for initial launched
parameter error of warship-missile[ J].
and Electronics, 2007, 29 (6): 931 - 933, 937. (in
Chinese)

Trenkler G, Wei L. The Bayes estimator in a misspecified
linear regression model[ J]. Test, 1996, 5(1) . 113 -123.
Wei L S. The small-sample properties for the Bayes estimator

Systems Engineering

of regression  coefficients under  misspecified  prior

assumption[ J]. Chinese Journal of Applied Probability and
Statisties, 2000, 16(1): 71 =77.

Wang Z M, Yi D Y, Duan X J, et al. Measurement data
modeling and parameter estimation[ M]. USA. CRC Press,
2010 158 - 161.

FREE B RIS ) L TR LT].
MR 4511, 1985, 1(1) : 23 -30.

WANG Songgui. Optimality of principal components and a
new class of principal components estimates [ J ], Chinese
Journal of Applied Probability and Statistics, 1985, 1(1):
23 =30. (in Chinese)

Zhou X Y, Wang J Q, Wang Z M, et al. Optimal estimation
and precision analysis of measuring data fusion model [ J].
Advances in Systems Sciences and Applications, 2015,
15(3) . 248 -260.

Lopez C D C, Barz T, Korkel S, et al. Nonlinear ill-posed
problem analysis in model-based parameter estimation and
experimental design [ J]. Computers & Chemical Engineering,
2015, 77 24 —-42.

access systems [ J]. IET Communications, 2013, 7(10) .
911 -921.

Ling Q, Li T T. Modeling and detection of hostile jamming in
[ C 1//Proceedings
Processing Applications for Public Security and Forensics,
2007.

Xu W Y, Trappe W, Zhang Y Y, et al. The feasibility of

launching and  detecting

spread spectrum  systems of Signal

jamming attacks in  wireless
networks[ C]//Proceedings of ACM International Symposium
on Mobile Ad Hoc Networking and Computing, 2005:
46 -57.

Sidiropoulos N D, Budampati R S. Khatri-Rao space-time
codes[ J].
50(10) : 2396 —2407.

Hassibi B, Hochwald B M. How much training is needed in

IEEE Transactions on Signal Processing, 2002,

multiple-antenna wireless links? [J]. IEEE Transactions on
Information Theory, 2003, 49(4) : 951 —-963.

Kolda T G,
applications [ J]. Siam Review, 2009, 51(3) ; 455 —500.

Bader B W. Tensor decompositions and



