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Abstract: With the continuous construction of new information infrastructures, multi-dimensional array signal pro-
cessing plays a fundamental role in the filed of radar, wireless communication, remote sensing and so on. Multidimensional
array signals contain rich spatial/temporal/frequentiol/polarization parametric information, offering great economic and so-
cial values. To deal with the problem of structural information loss inherent in traditional vector/matrix models, the tensor
algebra has been adopted to effectively retrieve multi-dimensional signal features. However, as the dimension of signals in-
creases, the tensor signal volume following the Nyquist sampling theorem exponentially expands. Unfortunately, computa-
tion resources of the system are approaching the physical limit, resulting in computational overload and high latency. Con-
cerning these issues, the sparse sensing theory has been developed to exploit the spatial sparsity of signals for sub-Nyquist
processing. The extension from one-dimensional sparse sensing to multi-dimensional sparse sensing becomes a promising
solution to efficient tensor signal processing. Meanwhile, by imposing structured sparse sensing paradigm such as coprime

and nested sensing, the performance of the system can be enhanced via augmented coarray signal processing. Thus, to pur-
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sue the high economy of multi-dimensional array signal processing, this paper endeavors to the research on Structured

Sparse Tensor Signal Processing for Sensor Arrays. In particular, the paper introduces the statistical theory of sub-Nyquist

tensor signals. By deriving the augmented coarray tensor model and devising the corresponding strategy of source identifi-

ability enhancement, this theory facilitates Nyquist matching in the virtual domain and underdetermined parameter estima-

tion. Based upon this theory, this paper introduces a coarray tensor completion algorithm for sparse array DOA estimation,

exploiting the full information of the discontinuous virtual array to achieve high accuracy and resolution. Meanwhile, this

paper introduces a coprime tensor weights optimization algorithm for sparse array beamforming, which yields a beampatten

with a sharper mainlobe and lower sidelobes, and increases the output signal-to-interference-plus-noise ratio. Furthermore,

this paper introduces a resource-efficient tensorized neural network for robust sparse tensor signal processing, which com-

pensates the performance deterioration for the model-driven methods in non-ideal conditions by efficiently learning tensor

signal features.

Key words: multi-dimensional array signal processing; tensor signal processing; structured sparse sensing; direction-

of-arrival estimation; beamforming
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5 lRl i, PR5E 5Kk AU AL PR IE 5 2 ) B 7E 2 4
oAb PR AU A AR T O i 1A AT A T 5 G
YA @, 2020 4F 8 H , IEEE Journal on Selected Topics
in Signal Processing 1 ) % 17 T L) “Tensor Decomposi-
tion for Signal Processing and Machine Learning” ki 3= 8
AL, PP T E SRR JE 2 H AR QRO A5 [
B2 B SCRE . XS SCHR Y, sk R T T S
YRR RPAE S I K A 28 0 25 D11 5 38 25 B R 178 OC B
HOE T H . il IEEE AR S AL B 2 ) % i <l 1T
T2z 2:2x+ Sidiropoulos 57 M B S HL T TR 24
2x+ Lathauwer #4255 M1 4 27 F 2017 4% & FAE IEEE
Transactions on Signal Processing ¥ 1) I ) 4% iR i SC
“Tensor Decomposition for Signal Processing and Machine
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ticles) HEAT RS AR 5 4% ; SCHRHE Y 1 5K B AL BRSO 2
Y A5 5 b B AR S TR M R 2 AR R T
Bt. 2023 4F 6 H , 1 IEEE & 8% 1451 5 2 3836 {5 5 4k
PR AR 2 Dy 2 AT SRTAT: 5 A7 RS IR 5 8 S0k R
1€ IEEE Signal Processing Magazine 3] T| - 19 25 48 3C
“Twenty-Five Years of Sensor Array and Multichannel Sig-
nal Processing: A Review of Progress to Date and Poten-
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2525 W R B 72 B (Nyquist Sampling Theorem ) , L4,
15 5 R 2% 22 k5K A (Sub-Nyquist Sampling) JIF 7
()55 3R TR B (Spatial Aliasing) i) 12, 3 — i PR 451
o Ak PR A R BUE 5 - FRAE R L T Al B/ T
A TR S PR B ST 5, LASE B 25 Sl s 2 S0 ke
55 RAE . SR EF T AL AT 58 8 TR AR X — o PR
AT Z2 YR AR TR A5 5 SRR (LA I I 5y 58 [ Loy
Bz B 1 Bellman By 7 41 Kz 18 “ 4 55 % YE” (Curse of Di-

mensionality) [R5, AR5, 78— A4 P B4 X ]
PILL0.01 8] B& 24 21 R A, 445 ) 100 A1 73 A1 1) R
FE R TS ZE BRI 3 3 2 J5 , LATRIRE 0.01 8] B 75 37 44
B X ] 1 50 SR FE I A5 3 09 s8R 100, J& 2k A
DRI 5 BRI 10* £ . “ 4k B RME” R R & B & 5
YRR, 28 2 TR R AR AR 5 M RLBDRE LU 35 500
)0 1G4S . SR, 5L 2R G i AR i 3t 10 5 g B R AN
E 18 I ) P R, S BORRUAR 5K 515 55 A S I A
b 3 I AE S A IR PR . PRI AR S Y R i S AL
TR Ry 3 T e 8 2B A T A7 M R S P A T ()
i
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RS — > T B S Sl i SR 9k 3 gt 4 K
KR W oo 8] B 52 B R 510 1) A i AL HE A L BERS R i s &2
R R AR G BR ], X s B TR RS 5 A
ROAL TR . R, B LW T BRARR S 8 A0 D03 it HE A1
193 5 i 451 (Coprime Array)' ™ #ZE M5 (Nested Ar-
ray) 45 2 GEAL (Systematic) F B FF 51 45 40, T E A1)
XFINE B A S et T T R U 5 (Aug-
mented Virtual Array) , DT SEBEZS Z8 3004 R DE e B9 S50
U (Coarray ) {5 = AL B, $2 T+ 515 B by B A2 (0] 9 B¢
BRAF IR REFR AR, e /0 B DT 1Y I
TATBAR PR I AR G s M R . R I R S A S Ak
B SEVARL IR) DA, LA — 4 2 0] A Ry FH AL il A B f
FERJAT TR &, Sy BB A T 5 A R ) R
SR TP AR SRR AL O R DT L ARl 2 i
7 K R AR BB B e A — 2 S R) 4 e 2 2 Yk
5] , RE A5 45 B 2 01 [ A 25 3 M5 5 1 SR A RIASE , 7 B 4
1 bR R GE sk RS S AL R 2 B OF 2 2 R U
BT Ah R B DR PR R GEIERE

25 LR T 2R SE S  m 2 TEE LR R RE
Wb PR SR HET A AE 5 Ak BT A 22 Ak 45 4 AL AR B
SRR PR R HL A FE 4 AT AT R B i e O 58 Herboik AR
BORZAERESE S A A 1B T A
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AT\ 22 HE 5 5K A5 S A B R R I A S A
B DL Ko R DG ST 1 A 5K A 5 A P A = AN T T, A
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R BI85 ] Y B BEF AT R AR | 2 T 45 4 i
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R IEFE i .
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P2 Z2ZERgh [ 1) S HC X R ) 25 4 K DL 51

adic (CP) 73 LA M Tucker 73 fif 45 . b W AETE o3BT
GRS K 5 A HOK % Harshman 04242 1 5K 4
(¥) PARAFAC BIE"" s B K2 Carroll 2042015 5] 1L
RSB ST B Chang W T CP M54, 2
PP Y R M ok & o0 i s T A B — sk 2, B
3 A W — R A 8 1) 2 R R P . Tucker 23 i AE S 75
— 2 LY B B AR 36 L O B A S I R
75t BE 2 Tk % 3R A3 3 Tucker 242 7E 1963 4F {2
5 CP A AN A (9 2 | Tucker 237 5 FL 45 vt
— PR — i, TR TR K i A TR AR R £ A
Al S I) AR OO Al FE R, R OG22 R
Fosfal . FEMLIERE I, Lathauwer 25 A2 Tucker 43 fi#
5% %ﬁj@r{ﬁﬁj\ﬁg(smgular Value Decomposition, SVD)
K, IR T T Tucker 73 i — 1> 5 R Wi U1 19 24 FR
155 B4 S5+ {8 43 f#% (Higher-Order Singular Value Decompo-
sition, HOSVD).
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G5 O WA 55 22 4 B 25 ISk B Ak DA B 22 305 8 25 4 7%
L5 . I AR 3 T i BB 2R TR v 3K 7 [
ATE BRI A5 R AR (5 (5 5 A R I
I8 Ty A& T R &, Sidiropoulos a N\l gd Sy
PARAFAC 5 % A A5 5 2 Kb 11 55 1 (Estimation
of Signal Parameters via Rotational Invariance Tech-
niques , ESPRIT) [A] 1 HK & , SC0 17 10 1] 41 51 B 91 114 5 i
PR Ty Al T, LA I 503 5K e A5 R AR LE T 4% Gt 4 BE AR
TP RE DB s Zheng B N OB T oy 229K i 22
D5, LB IR Z AU 520, 523 T AR 55 IGA T 19
it s Wi EMVS BES175 2T HOSVD Y Z H AR 50
2577 (MUltiple Signal Classification, MUSIC) " figfig Ay
R R B IR T I A T 14 43 B SRFIORS B2 . AR SR 1 1Y
£ B t %, Sidiropoulos 25 A4 4k 45 5K B A3 it LS %
WIE & , 5053 R T4 T B 4 A (0 o — PR 3, S B
AR S HHHRRE I 2 P 2R A A, T
) FH 2 i 2 M AR T3 AR AR I R T 8 1 T 5 5 %

JE, — ZR 90 T v 5 e R ROE A 1 A Ty 1
Pt Ty R 2 B R O T DU E A T ki A
J& , IF 51K G o i SRR LA S B v A A Ak TR) A 1
258 A/d- B3 AW INIIE /T =300 %, 2 &S o
e, 3T /N 25 JC W A2 I Y (Minimum Variance Dis-
tortionless Response, MVDR) #i | Y 5k & % o i 2
AR50 T d5e /N )% 2% (Minimum Mean Square Error,
MMSE )/ U ) e 0 SRR 25 °1 A B i T2t 2 e
/INJT 2% (Linear Constrained Minimum Variance, LCMV)
A DU £ ke e e TR RIE 28 4 ok I8 T EMVS B8
Z \ANMF AL DL R KI5 TS . A
BEFEAM -, 5K MVDR BB & n] L5 P JE i
AN FRBIRLE A AT B S R S USRS 5K
i MMSE I S8 g9t ) 22 00 A XA RO U 3
T, TERHUARE 5] I 245 17 rh R g S,

IR AR B KT 1) 22 4E R A 1Y 5K A - Ak RE AL
PR, T AE— ST 7] JCLGE 15 5 15 IR G v A Bk
BT SRR 5 A R S T O .
an, ok TRk R A A ) 4R S5 I AR 2 A 2
H (Multiple-Input and Multiple-Output, MIMO ) $ R 7E 35
ik Wi-Fi B sl (5 55 7 5t R A = ny S AR .
T MIMO R G MG F 1 () 22 223 [l Rk | [ A oF
FEH BARTE MIMO 5K 515 S AL B BRiE 507k . A
PR, Du %5 A0 JE T MIMO 75 3K 45 R WL B4
BT T AT PARAFAC BB 14 b B2 A BEAR 11057 5 5K
R 5K B PR AT AR B ok O TR W T AR
Yk B GE R AL FR A TR A DTN A A MIMO R
KA BT A SE PR TR SR L HETT, MIMO ik B4 51 T 5
EMVSAHZS A, HI T 58 B T 5kt B 1Y) e 1 s Ty
16 785 77 1) AR A S B0 A A #E MIMO 3 15 3
Srer B DA ZE K AR 1Y e R {5 BOR & e, L
et A it AR o TR B 10 T AR AR L, AT i
MIMO {75 18 FH 3 28 B A% i %o 0 1 S8 TR, k3 T
BB FEE AT sk e sy . Hoh B sk
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TRl R B ) A TR T A, B A E AT
fe I R FEAR AL, G — A WG i H R
Ty G210 Rl Bt AR DG A AR K e I AR A R A AR
AR 55 MIMO 38 15 WU R A5 5 M5 TR it — 2D Rl
PEH T ok AL B R AT IR A SR B T O AL
B U EEA e c XA iQ i o 3 €/ f TR U R ]
TR J o SR T ) ISAC RS, FE Tk R
A A5 T8/ H FRAR S B T L A G oy
B PR S R UE T 5K B b T B A AT 5 A T
i .

FIRBER K Z R I SRS RS R R G, MR A &
R R RO AR UK B A5 5 MR AFAE R S AR
RGN PERE ) A2 RAGEF A SRS . Ryt @t S 2
TR RSIEEE S N R 0E P NP QS S S W]
Iva) A 6 P 1) ) o e O AR R 5 07 vk R R R AR O R
BELEGRERK .

2.2 GRS SAhE

Wi 58 [ 9145 5 Ak BRI 92 1Y) R T T IR i O
B — U R S IR A e SRR, e NIUAR ST
T /INFLT 00O 250 i 2 g 2 i oy, L R I
REUIE 38 2o ) 2 B TG B /N T AR Bt K28 ) 3 o3 4 o
W) Bt R R o M i A 7 20, 728 KIEES £L A 14 []
It 2 i W O 9 8l 236 SR 3X R R 9 1) B e o 7
A [T B, 75 SR A2 2 BE A v 9 95 28 1 o B, FLTE
FR o B TR LI AR T T N R BRI . T —
YRS U2 2011 4F i B T 2% B¢ Vaidyanathan (4%
RBZE 5 L 0 LA S A1) R L R 8] AR R L
# ARG R BT S . Hodr BR RS B 2 S T
B2 e BB o R DU HE A 285 TR, LA AT A R
FIER BE RSO AR S IR O 3, 52 3 1 AR ORI T
b S e B OGE .

BERT R % 2 37 R SR A A5 5 Ak B Y 225 ) i 7 A5 R
(Rl SRS ) [, W58 & A Eik B R4
W R B BE A, B — R A ORI PE (Ambiguity-free)
14 5 B4 9 155 5 1R B e T A B 95107 s s ik B
LR LARI 43 R I B R T 5 [ 43 i (DECOM-
posed subarray , DECOM ) ) 5125 F1 3 K 00 35 b L 1) 7
. R B S 7 0 5 T S R B v 2 A R
B0 JIE X 7 AR A 5 D 22 0 7, O I F MUSIC
A B0 XF R 2/ T B S A5 IR S8 T R T R
JOT B G figt M — P 2 A Y 35 S S 5 R S AR e 7
AL, 37 ARSI VT T , 5292 (845 VR A A R0
X AL STy R B TR R L5 TR H A Tk R S
PR E R EE BT AU Ak B Ty v e Ok e A
GO RGeS X )R AL B 1 AN

M A5 5, IF R ] 25 ) - Sk A 3 1 X 0, T k4
Y5 2 W 0l ok 03 7 2 R R, DT 1R R UM MUSIC
J7 85 S B (Underdetermined ) {5 JRA% 110, 4 5 [
A1) e Xof g R UL R 270 1% i B P AR AR — i R 5
R F A PERE . A, KA ESR LA AL i FUA RS 51
LA BE S B AR BB R B R A1) AR
JE TR H R BN R B B A | 2 R i 5]
DA B X R A o 1) 7O

TE R B3 [ 50 1k 7 il At D7 T, S 1A ROR R
53t B 51) T Xof 7 I i 65 kg 40 R 91 ) 4 B A S R B R AL
(Sparse Recovery)@f&%ﬂi?&ﬁﬁﬁ*uiﬁ{%%ﬂ‘fi%%;
TERR B L SR, X 3 58 4% HE 3R 19 23 0] T 52 % ik
Frpe Al i, DT A P 42 R S T A 2 T ik
Jr AR RE 7T SR T A A T S R LR A B
% R 1 ) Esf, 438 M T S 5[] X A% i BEAS DR ( Bassis
Mismatch ) (] BRI 5K 1) [ A A 1R 22 , Zhou 25 N 7™1i%
T RFEETE MR AL (Gridless ) SR B HE 4L 14
PR A L, ST T R DL 2 R I S T S
P 3R 7 Akt . oAb, 28 R i P 91 3k T Ak
7 A A ESPRIT J7 3% | g #U3sk M Jy 25 46 o 1
FET LS R R S A B P 97 5 1 DL R B sh
L R 87) 14 B A0SR A5 5 b R 9 O

TR 5 [ 50 e RSB 7 T, o T A D A i B e HE
At Jir 2k 1) 391 B4 U5 D v i 2 ASEORYY (5] 8, Martino 45
NI DL o 2 e v 2 AN T 90 T X 38 5 114 43 A
R R, A TR T O o UL /N ) 2R D 1
TR e oG 1 DT A A8 i L o 2k R i R 7
1] €] (Beampattern) I %) i 06, 52 BT RS o 19 23 [B) 0
. TSR TR A R BB R AR T TR
PR BT 75 R e A, DDk AR A R L
(Signal-to-Interference—plus-Noise Ratio, SINR) 4 GE4 4L
IR, Zhou %5 N TR B L S BT 5 T4k
TR iy 2 e R A AR R T — R
B R B R A DR B ) SINR 8 3K U7 Al i
25 TR AR DR 25 AT IR B OB 58 22 S R e T IR 4%
RE 422 T BB PR BEAR IR . 3 b A i £k e I o O U
)55 S 455 R o B3R 2 A 0 DA B DL 25 i
T A TR M 25 A L RERS S I I AR O A R 5 (R
ST, 380 et %7 2 40042 470 A A i 1 008 i ik
G871, AR R ] SRS o 1 S R A R R T TR
TR B 7 2 R R 1 B R AIOR , i — 2D 4 S T SINR
PERE.

BAR FROE R E TR EEE S A R s S
5 AHREANTRZA) R % & — M w4 e 7 5, ok
A b 2 ) 22 A B AR SRR . BE A A L R AR
RGBT A% G — AR 15 P ) ) A i P )
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(an 37 v PR 9 L L R o 3] 4 )10 5 R R T 57
CAnSE 7 B RT3 45 ) 0 A . B0 B 2 AR
G B A5 5 b B F 5, AETEATS T P O d /R B Ao B 1Y
JRIZZH . e Z AL 5 b, AT A K 40
A B T5 O LUE J8n] T 22 R A 53 B 14 22 24 R 4D
BRAY 5 DA Sy B e Bl 1) B 970 4 o Ak PO 12 32 BR T2k
PEABORIE , o fik = RIE 14 e fg

2.3 HESVAEK . SHEEHTENRANRRKER

S4bIE

UL AR AH G AU [ A AU 5T 3 T i 22 3CH)
5 et T LS e 20 4 A A S A B RD R O AR B o
EREP OB TIUE o N WIS DO (P SLiN ot R {0k &5
SRR . 4N, 2 7T PR LI AR R GE i B
PEGEUR , Yang % N85 | 4 A% %t w8 )l 1% P 5 itk
(PN R P I BHPUR (N /3 S8 S S
TEEMEIK R, R 20 /% T i . Kanatsoulis 5 A i
w] Th B 4 17 3L 3k i 1% (functional Magnetic Resonance
Imaging, IMRT) W H , RS L1HE T IMRI 5K & ERERiXE
— AN TRITT R E 8 AT iR B R A R s 2
KRR, AR T I TR B 5K B CP 23 Y (MRT #1145
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