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Abstract: In order to reduce the mutual coupling between sensors, a kind of co-prime nested array with
adjustable element spacing is proposed. The proposed array consists of two nested arrays with different
element spacing and the smallest intervals of two sub-arrays are determined by two co-prime positive
integers. As long as the positive integers are big enough, the smallest intervals of each sub-array can be far
more than half the wave length of incident signal, hence the reduction of the mutual coupling effect
between sensors to a negligible level. To eliminate the direction ambiguity caused by large element spacing,

a direction of arrival (DOA) estimation algorithm based on fourth-order cumulants is proposed to get
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unambiguous direction estimation. Compared with some classical self-correcting methods, the proposed
algorithm has a higher angle resolution and estimation precision. Simulation results have proved the
improved performance of proposed algorithm.,
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A FH I 3 R 2 e W s 1814 5 I 3 3k % 46 W45 5 10 A A B8R 35 I 8] 45 5 O 6 £ 18 3k 2 0 A il 3K 77 1)
(DOA, direction of arrivaD) ffiif. DOA iiH7ER @ F" ik A2 I HL T 0 T 45 SR A 36 )32 19 1%
Ao EAER. B A KA DOA flH 50k g i, Ko 4% 2 & fF %5 0 3¢ (MUSIC. multiple signal
classification) B ¥ g A48 123 [i] (ESPRIT, estimation of signal parameters via rotational invariance
techniques) BN £ 2 T (PM, propagator method) By L K i M 2 2kl (Hix sk i B
HE B XS S B A B R

X TR B Y ST E S Ry TR G A RE RO B T R BE AN BB AR i A TS S BRI . L R SRR Y
FH b, Y B e ] BEAR NS B T I ) B R A0 3t 4 L B B . Woang 55057 ) FH A B4 43 ik 114 7 105 B R B0
T HE R v 4 B 0T A8 3 — SN A0 5 R R B AN ek e 48 R AN BRI B R S B DOA A 1
Y e SR 50 3 43 v ] B G 0 5 SOBOHE B LR T — ol A R R0 L AR A b T I R 1 5 o K G 3 R Rk
AR R Ry P, Liu S50 8 43 v ] e o 2 ORI 19 D B 32 R L 4R 1 T —F B RS IE DOA il 1158
2 A LATRANR A FLAR I K o Cao G55 [RIRE A 2 AT b 1] B oo 42 OB , 38 18 7 — R B X RIS 5 19 ARG OE
DOA fliit5 k.

7 ) B3 ok T R LR SO R DOA Ak 3 5 52 W) {58 FH A i 4 471 A0 2 06 /) I G Ti) 5 R R0 1Y) o 2 5
25, W ITIA) Y BR800, 23 Bl A T B 5 T 9 583 5 214 [B) B A2 08 ORI, R 280 A T DL 2, BT LA TE 5 I
FRABONE I A1 AR H 2 O T i B T . i [ 91 1) 9 e [ ] LUBR 3k ASREHE 5 9 2 B i LA 25 2
VBT 5 M B B 51 1) B RN 2 S /N o DL R A s B 910 A LR B9 i R ) A X TR AR AR
B BB A B R Bt B 4 [ e 1) R B 384 I, ELRBAE A — 58 AR B 9B/ 17 o (E 2 0 AR X Al 3 s B Y 5
SEARTHER . N T ARAS HA i S K UL T Y K SR B L DR 22 B A 1Y) i /) R T[] R AR S BB B I SR S
PP, AR Li AR Shi AEU R T AT DL SE 4 T BR EORRVE FH 04 P A S5 K, AFLFE X2 [ 8 XoF 1Y R AL
W51 v 45 AR 22 1 LI o DT JC V6 AR50 B0 B 40100 IR AR 35 A5 L AT 3% 2 J 0BG OC 1) B 0L PR ) .k R s AR
R 22 28 ML 1 RS BE DOA Al TH SRR AR M 1 2 0 ] 73K 22 51

EFERM R 2 MRE TR N R R E RS2 A7 B /N ] FE R — o B R A R RO E
X 2 A PSR d /0 8] FE AT LGS R 5 A S B AN B o BT DL B R Y R R RO 8 T LUK B
P800 kN 1) AT LA 22 W R B B R K A R R B A A A, SO D) — R JE BT 9 DOA Al it EE . A
¥ 5 ) 2 OB 9 1Y B 3R AR e A — 1 O B SR B B R B L AR G 0 XA SR B Y 22 40 Ak BEAR 1R — AR
S, XAMFE S A 8] AT LA R — A BA 3% 22 0 0B ST R k8L A R T A E S S 1) T 4R AR T
BB DOA A THE . XTI Mg 28 BE 1, 7 38 [ )l 3 o 9 8 () i 39 56 4 T 2% B e ) B A 2K
LR HLS 237 A fg BERORE . AL T A MRS LT, B4R 00 MR 51 245 0 K B v HL A o v 1 ) 2 4 Bk e
IR TS 0

FFSU M A5 S “cum{ « 37 L J77 0L 1M7L e 107 QAL - 17 74 i R DU By R B L B L L
%k B, I kronecker R FLUH Moore-Penrose |7~ X idi, H (i, j) KR H 5 17,55 j SV EMILE,
HGj o, DFRRERER H M5 AT R% ) 17 .1 Fom K R,

1 BEEHERIIGEH

mE 1 iR, EEBREEIIH 2 N FREBAHR, B4 FETERREEIN Y NY REW, & d=1/
2. P A RRESWERK.E—NFEHELE N (N=N, +N)OMNEIT AN BIE N gd . 8 A FHEAE M
(M=M,+M,) NMETT,BNEEEN pd . EH ¢ Sp B—FNEENIEEH., A2 58T —19 THEERE
MEg gty , Hip g =3, p =4,



22 TR K FFHK % 14 K

qd (V,+2)qd (Vy+1)qd || pd (M+2)pd (M +1)pd
] ——— N [— ==
e o * o ®--——-—-———- ° e o * o ® - ° ®
1 2 N, 1 2 N1 Nl) 2 M, 1 2 M1 M,
T FH2
B1 ERHERT
Fig. 1 Co-prime nested array
[ J e o [ ] [ J [ J [ J [ J
0 3 6 18 27 31 35 51 63
FHE1 T2

B2 9TEEZHERKT

Fig. 2 9-element co-prime nested array

BHE AT HENE NI NS HEIT, K K DMRGEEATAES s (0 sk O IT 1 /85 510
0150, 500k o 2 0=L0,,0,, .01, A=2nd /X, A% BRIV, B 5 000T LR Ry
x(@)=A@)s@&) +n, &),
y(@)=B@)s(t)+n,(),
Ho.x (O =[x, @) san1 (DO ECY sy (D) =131 W s svu1 (D sy O] ECY 55 (1) =[5,
(1) seeys (O] eCH " FRAEEm B E S M E 0, (O =[n, (1) s snin (O JECY  Flny (1) =0y (1) 5+ snon (2]
ECY R 2ANTFHEZERM SR AM@)=[a(0,).,a@)]ECY* ;BO)=[b(0,),,b(0x)]E

(D

.2nqd . 2ngd . .2xqd . .2xqd .
MXK _ —i——sin 0, —i——(N1—Dsin0 —i——N1sin0 —i——(2N1+2)sin 0
C ; a(&;\,) [ 1’ PRETE 3 , e, e A 1 sin Ok R e 2 1sin O y i 1 sin O

e i , e,
v LNy~ DN +2)— 2]sin vy o N (N1 +2)—3Dsin 0 % b (0, ) = [ e ot B 1L Ay sin
b b b k b b b
~2mpd . . 2npd . ~2npd . .- 2npd .
e—l,%m\/ll—lwm],mok’ eﬂ[%mwmjxmak’ e—_%(zmx/nﬂ)vm]gmok’ ., e*z[¥<Mz<M1+2>—3>+Ao]smak 1T, A, =
2nqd
1 I:NZ(N1+2)_3:|°

2 2% L& W T LRI I B AN B S 4 W TT AR R

[A(O)} n, (1)
z(t)=M| , s(t) +| , (2)
B (0) n', (1)

H B @O Fn, () NERBO M, (OWMEM—1FF.MEC (M+N—1)X(M-+N —1) K H 56 4,
my; RANE L NEICSE A ITRI R B ma =1, 4% DRSS 5 A oTE R R TR
{8 wd W m =0, BV FRREN AT LA Z0 X6 T B 42 B 5 25 4, H OB B — X 0 R T o 19 T 28 B 50, {8 ] 3 B
HEB AR

2 DOA fHit&E xR

XoF T TR 4 A R T AL ) BT AN R LK IO Y R AU R A L B R AU AN B S . BT AR
5 B A P 25 18] 1 1 R0 R M T 7 B 114 B 7 22 R A R AR BBUAS 5 =S 18] . T T B 3K Bl R R ) B B 2 A L 4R
H — Bl HE T U B R AU B DOA A5k .

SR S OB B 4 B RIS 4 A PO R U A €, € cIY e ieanEn Tl e
CN2 N1+ —2]X [M2 (M1 +2) —2] .C, € M2 M1+ —2]X[N2 (N1 +2) —2] i C, € C[Mz (M1 +2) —2]X[M2 (M1 +2) 2] . X#T’EE%?%% 0]



% 14 X FLF AR ABG L ERERS AN S E ik 23

u:u1+uz(N1+2)v
v=v, +v,(N,+2),

u=u, +u, (M, +2), )
=9, +v,(M, +2),
Ho 1<u, .0, <N, +2,1<<u, .5, <M, +2,
R R (3).C, . C, . Cy,C, TG M2 20 2
C,(u,v)=cumix,@),x, @),x. @),x, )},
C,(u,v) =cumix,(@).x, ()sy. )y ()}, "
C,(w,v) =cum{y.(),ys ),z ()sx, @)},
C,(w,v) =cum{y.(t)ys )yl W)y ()},
H,a.b.eodasb.c.d i
a=N,+14+u,sb6=N,+2—u; Hu <N,+2,
a=N,b=N—u, —1; Moy, =N, +2,
c=N,+14+v,,d=N,+2—v;; Hov, <N, +2,
c=N,d=N —wv, —1; Moy, =N, +2,
a=M, +14+u,b=M, +2—u; Hu <M +2, )
a=M,b=M —u, —1; Mu, =M, +2,
c=M,+149,.d =M, +2—7v,; XHov, <M, +2,
t=M,d =M —7, —1; Mo =M, +2,
FIFHX 4 ASTURY BB C, i =1,2,3,4 0] DI 1E —A 23 B g [y 28 5560 4
e
C;, C,
(6)

|:A:|S XH FH
=5 ol I

Hor.A@ =[a0,),,a(@x)]ecCN™N 22K B (9)=[b(0,),,b(0x)]ECMMID2K G (g, )=
[l,e lzz(ldsinﬂk’...,e ,.Zr;h/r:\vz<wl+z> 3]sin Ok ]'1';5([%):[1’6 ’M,"-,e i[ZT;/MUMZ(N“+2)73)]Sin€k]T;SQ:diag{Sly
Szy"'vSK};S;?:CUm{S}QaS/: aS}: ,sk}vk:1,2,3,"',Ko &Xl *[]ZZ ﬁ%ﬂ%ﬂﬂxﬂﬁﬁﬁNg(Nl-ﬁ—Z)*?)??ﬂ

J& No (N, +2)—3 1714 B i 56

{Al =A(1:N,(N, +2)—3.:), .
A, =A(2:N,(N, +2)—2,:),
W B, 1 B, 5 W B WH M, (M, +2)—3 F5filJg M, (M, +2) — 3 17k ¥ 10 58 14
B, =B(1:M,(M, +2)—3,:),
{B2=B(2:MZ(M1+2)—2,:)0 ®
Wi A, LA, B, B, MK F: S
A, =A@,
{BZB](DZ, (9

2nqd

/ﬁ\:q: . D, :diag{eﬂz"%”smm Lerese Pa MIK Y @, :diag{e—;z’;—p"sinm yoee ’e—;z“/%"smax Y,
Xt C BEATRFAEAE A - C B K A KRR ARG 07 1 f2 AR B U, B O A 5 23 ) o LA A ] 3

T Wi /2
<
U[ }T, (10)

WU, i 2 A5, 250



24 TR K FFHK % 14 K

Ul :U_\(I:Nz(N1+2)*2’:)s

UsUyp =T '®,T,
SR, 3% BN RE 42458 ESPRIT B3k — 4 Gl X U\U L 8038 Uy U $EATRFIE (R 73 fif K AR B DOA A
A, Y pFL.qF#1 B I FRIEE 3 #245 20145 DOA Al 118 25 30 A B AR
Bl g 5p & EREE L — LTI 2 DB proq 13 prptqig=1. MBS
U\\U,, MU\ U, #1737 i8 55, 8 ] 45 5

(1D
Uz :U_‘(Nz(l\ll +2) _1:1‘\]2(]\71 +2) +M2(M1 +2) _4’:)0
PN U, PHEEUE 4 AHERE 530050 R
U11 :U)(l:l\jz(Nl +2) _39:)3
U12:U_\(2:N2<N1+2>*27:)9 (12)
U, =U,(N,(N; +2) —1:N,(N, +2)+M,(M, +2)—5,:),
U,, =U,(N,(N; +2):N, (N, +2)+M, (M, +2)—4,:),
HRAE 10 M AD) , /%
U1 :KT,
_ (13)
U, =BT,
ARG Lo A (13) , Al %0
Ui, :KlTv
Ulz :KzT’
_ (14
U, =BT,
U.,=B.T.
AL ESPRIT 8 % R (14) 7T 15
UUy, :Til‘plT;
{ (15)

ULU )" =T '@ T;
{<U$Uzz>'” =T '®!'T; (16
WY p, 8l g BB, E LW U =WLU,) "8 WUAU)" =WULU,) 7,
B A @ = @1 @4, AR (16) T AN
@ = diagle 1 M e e TN Jiagle T O e o O
:diag{e”'wsmﬂl L e ’efiwﬁmtm ! an
— diag{e "0 eer o i 0K )
SHFE E= WU WUAUD" iz (16)  (17) Tl
E=WHLU,)" (UsUp)"
(18)

=T '®!®)'T =T '@T,
BEE XS B AT HRAE (R 20 A o 0 7T A5 JCROMI A9 DOA . SR, 53X A 07 23845 19 DOA Al 698 52 4K
SRANE S T AR B %R AR5 Fas My e,
Pt 2 HEBIEFE B =In,nn 0@, ot =0,1,2, 0 .g —1.Ey, =Ly o0y 2 X, s =0,1,2,,p—1
HreeCe, € C" R AFHE - H1 AN 1L LE RO 2 M., FIHE,.E, % U, AU,
HEATY & M35 U e MU .00

g—1
Uncwl = zElIUlET :IK (0)’1‘;
t=0

p—1 (19)
Uso = > E,UE" =B(OT,

t=0

A \d:
%}JF Uncwl ’Uncw2 ,‘J:LE'_ Uncw



% 14 X FLF AR ABG L ERERS AN S E ik 25

Unewl A(B)
U, = =" T, (20)

Usewz B(0)
H A0 =[a0,),,a(0x)]ECTNNTD 2K B(9)=[D(0,),,b(0x)]ECIMM TV 2K q(0,)=
r, e*izqﬂlsinﬂk’ e e—lz’;’“’ [N NI+ =D =11 T € culNeVitn =210 5 gy = [ 1, e—zz"";ﬂ’ e,

2nd
—i——[p(M2(M1+2)—2)—1]sinr 7| T Mz (M1 +2)—2]X1
iz Jsin ] ec’t ] i

A0 FI B(O)BYLER AT L H L 3X 2 AN BE 5 7 5 5 W X5 187 149 1 #0024 371 2 S A7 LR 6% e DA R RS 5 1
23] U FAGHAS 50 A 23 B A REASTRY
X U o HEAT 13240 T 3R A5 H5 4 1F 324k 7] B U9, A 3 eR %L
1
a” (O U —U,., WU,D"a()’
WRE 0 E KA ol M IEH R e .

3 EXR®

Wt LA B AR SR X L TR S B ARIERE PR . B w =2, RIS PRS2 B [
JCRBA RN A L2 . IR B B R 1L B2 d 1 2 DT BERE R BN ¢2=0.9+0.47 ,
W AHZE 2d W) 2 B C EFRRECHN ¢3=0.5—0.35{, X FRATAEE, EGEE R FEEE R 0.1°, &M
R Ol 14 ST SIS FEDTI R R d o XF TR IS 1 N =7, M =8,k 2 T FEfffE— 13k
FHFETT, BT AR S B 2 14, 60T 2 4585 AR5 RSN I g =3, p =4, FEX A G D0 F FE3) ob B A7 B T i)
HRRON BE T LSS A g . RS AL LS, R DOA Al it R 3 07 iR 22 (RMSE, root mean square
error) 2R PEA L IO AG TS A 2 L 9 % RMSE 1922 L

e

S0 = 2D

J K N
RMSE = ;—JZZ Gy — 0.7 (22)

Hrh J =200 F75% Monte-Carlo SCB U0, F R 704 j YR B P 348 & M F 519 DOA .

S — 05 BT X L 4 R OAS [ B0A X AR B  3 BE R 0 F DR BCE 22 7E 500, 15 1 . SNR (signal noise
ratio) [E E7E 10 dB, &gk 4 ME S M5 m N 30°,40°,50°,60°, K 3(a) R THE %S Liu 2042 H
B A A . K 3(b) BIRAYJE Wang 281 Yel ' S BT R BE A S (0] 3 . A B 2 R He R e DL &
BB IEM Lin MEE BB 4 MME S X JF . i HAb 2 NI 4 ME S B X RORR 22 .
SRIGHE 4 MES T B 45°,50°,55°,60°, F1 BE R R s /N 31 5°, B 4() Bon B RS Liv AR
23 B 4(b) SR T Wang MFES N Ye BSIE 2 (38 . DL, ] LR BT IR AR BE S 4S 4 ME 5
JE A DX 43 AHHE 3 ANEIEIC B X X 4 NG5 . 3 LR 05 B K i 45 30T DL B s T 42 T 2k Xt
155 M Prfe B Bird e 3 Mk,

0 [} o O or
— WAk
e 2t Wang%ﬁ%
2 o JFRDOA 2_10| o fEMDOAs
x_ 2
= =
X —6f ,KH—ZO F
™" 200 75-60-45-30 15 0 15 30 45 60 75 90 050 275 60 4530 15 0 15 30 45 60 75 90
DOA/(°) DOA/(°)
i PR3 or e RoR
"'"Liuﬁ(‘]ﬁ:& A AW ""Ye%ﬁ% « 4 el |
S_10p © IESDOA '\ 27107 o EMDOAs '
pid #_ o0l
é 20 =
I I i i H_30 .
-30 L L L I L L L L L L L L | —40 I L L L L L L I L L L L )
-90 -75-60-45-30 -15 0 15 30 45 60 75 90 -90 -75-60-45-30 -15 0 15 30 45 60 75 90
DOA/(°) DOA/(°)
(a) A B S LinhE % (b) Wang5 Yefty Bk

B3 =EEXMEE(RERREA 10°)

Fig. 3 Spatial spectral comparison of four signals with 10°angular interval



26 TR K FFHK % 14 K

0 000 0
— W E % Wangf{

o o IEHIDOA o -3F o IEAfDOAs
T 2 =
Az 3T -10
E_, =
Ll R -15

-6 -20

—90 -75-60-45-30 -15 0 15 30 45 60 75 90 90 -75-60-45-30 -15 0 15 30 45 60 75 90
DOA/(°) DOA/(°)
0 0000 0 0080
- Linfty Bk ---- Yel®Hiik N

2 10 o IE#NDOA [ m -10F o IEHIDOAs
= s
$o #T 20
ey =
Z_20
gl . 30 el -

-30 -40

90 —75-60-45-30 15 0 15 30 45 60 75 90 90 —75-60-45-30 15 0 15 30 45 60 75 90
DOA/(°) DOA/(°)
(a) PR E B SLiuBE % (b) Wang 5 YelH 31k

B4 =HEEEE(REBRAD S

Fig. 4 Spatial spectral comparison of four signals with 5°angular interval

55 2R 0 ELSR T LG A4 AN [ B A AT ARE O RE . R SE SRR AE AR S BE B 4 BEOT RO O HEAT
XFE 0 LU 5 U A Bl s b 3 3 A, 7 MR 30°,40°,50°, BRI DT B E #E 500, B 5 R 4 A
P TR IR ZE BE AR R LU AR A 00 . SRS R 5 M LU T8 € A 2.5 dBL 181 6 Won 4 DSR4 J7 MR 22 Bl R
AR RS B0 . X 2 S L PR v R LR B, 800k B Al RS Tl 8 B e At 3 L . S A NI S vk
A LA B2 05 M L A A P, SR A e S s T S AT 6 v T A R A B A A A PR AR BT
WHERAF AP MRS T PERE . 285 2 205 FLSC M i 25 2R, 3000 08 S 1 A V1R 0 32 75 T 3 J2 ) JBE 1) 23 Bt )
AT EA LR A KOE DOA f i3,

—— ik
—A—YelH L
4 —+—LiufI5 5
+Wangﬁ4jﬁfi
& 10
K
3
R
Eiy
10! 1 1 L 1 1 )
-5 -2.5 0 2.5 5 7.5 10

{5 /dB

B S5 HM#MEZEHFRIREMBERIEOTH L
Fig. 5 RMSE of four methods versus SNR

5 =5 B R RT LE P SR SRR AR AR g, p BUEE 89 DOA ST RCR . S 1 B0z B JC [\ #E X DOA A
TR0 B A9 FE T LU0 LSS I A 5 R DT EL AR N, . AN 7 rpoal DL SR g =4, p =5 Il
R0 R R i A . NI A0 ELA SR T UK B, i i 09 55005 9 A8 2 A O I Jrc 18] B 1) 39 Jon S 005 315 5 12 1)
REAR . i o 2 B 08 A TR 0 B A B B 3 . SRS L BERE g . p BUIELAR I R I ) 8 IGF Y EL R AR
AR B3 R Y g =4, p =5 B BRI NN w =3 BYTEIE . I X T A R 010 A R R At 2 it —



%1 2 FLE AR I AR T E A ) A Ak

27

A B DU R LR S SN S T

10°1
—— gk
y —A—YelH 15
—+—Liuf 57k
) —o—Wang 5.
i
i
2
Iz
2
\
101 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800
PhE
6 4FBESEHFIRITERBRMEBOTUE L
Fig. 6 RMSE of four methods versus snapshots
—.—q=2 p=3
—b—qg=3 p=4
—0—(1:3 p:S
—a—g=4 p=5
< 100
& 10
=
2
s
"
A — —— N s
]071 Il 1 1 L J
- -2.5 0 2.5 7.5 10
{5 th/dB

E7 AEq,p THHFRREBRERILHTH L
Fig. 7 RMSE of proposed method versus SNR for different ¢ and p

4 LERIF

T d R PR EE M 1 B B T EL AR AR DOA A T R B2 0, 2 11— Fof T LR ;BRI A0 1 5 12 A 4
R T W) B LB FE A, SRS b 2 A ORI B 4 4 A 2L R ) B R 8 DR T LA B AR RN
I ELAF XT3 Ao 8] B A B0 488 11— o ] L SlE S A RSO A 75 20 B B DOA Al 583 L 7 0/ s ER AR FH A ] e
A RER AR DOA LT HERA A L AN 23 DR A [ BE A 38 RT3 Jl il 06 0 38 A A . 0 45 R 3R T I e 371 T 45 i
& DOA ATk e — 28 A /Y A A IE 53 1% B oA 5 v 09 4 1 RG At B2 R AR 2 0 98

SE Wk

[1]SulJ, Sheng Z G, Leung V C M, et al. Energy efficient tag identification algorithms for RFID: survey, motivation and

new design[J]. IEEE Wireless Communications, 2019, 26(3): 118-124.

[27JLiuS. Yang L S M, Chen Z X. et al. Low-complexity MUSIC-like algorithm with sparse array[J]. Wireless Personal



28 TR K FFHK % 14 K

Communications, 2016, 86(3): 1265-1279.

[3] BJAFR, MM, BB, 5. —F 40 E S s A et 2 BES 4R REL ] BF 5B 5. 2019, 41(9):
2137-2142.

Wang X D, Zhong Q, Yan H, et al. An improved MUSIC algorithm for two dimensional direction of arrival estimation
[J]. Journal of Electronics & Information Technology, 2019, 41(9); 2137-2142. (in Chinese)

L4 ] ERBD, XIFESE, SORA, &5 S PA0 A& T #2208 B b i — 48 DOA f53FLT]. iR, 2019, 59(8). 950-955.
Wang Y B, Liu D L, Zhang Z H, et al. Two-dimensional DOA estimation in uniform rectangular matrix under short
snapshots[ J]. Telecommunication Engineering, 2019, 59(8). 950-955. (in Chinese)

[5]LiuS, Yang L S, Li D, et al. Subspace extension algorithm for 2D DOA estimation with L-shaped sparse array[]].
Multidimensional Systems and Signal Processing, 2017, 28(1) . 315-327.

[ 6] LuoJ, Zhang G P, Yu K G. An automatically paired two-dimensional direction-of-arrival estimation method for two
parallel uniform linear arrays[J]. AEU - International Journal of Electronics and Communications, 2017, 72: 46-51.

L7 B8, T, IR, & Sm R RN O T 5 T 8RR 19 B8 77 A+ Ak T ] BN TR 584, 2017,
39(11), 2016-2021.

Jia] H, Yu] X, Liu K H, et al. A novel DOA estimation algorithm based on sparse representation under steering vector
mismatch[ J]. Computer Engineering and Science, 2017, 39(11), 2016-2021. (in Chinese)

[ 8] EMZ FaRKR M. WHREERMAMNTREE DOA M REHAKIE, TEBS E . 2004, 34(2): 229-240.
Wang B H, Wang Y L, Chen H. et al. Robust DOA estimation with uniform linear array under mutual coupling and self-
correction of mutual coupling[J]. Science China Ser. E, 2004, 34(2): 229-240. (in Chinese)

[9] YeZF, Liu C. On the resiliency of MUSIC direction finding against antenna sensor coupling[ J]. IEEE Transactions on
Antennas and Propagation, 2008, 56(2) . 371-380.

[10] Liu C, Ye Z F, Zhang Y F. DOA estimation based on fourth-order cumulants with unknown mutual coupling[J]. Signal
Processing, 2009, 89(9): 1839-1843.

[11] Cao SH, Xu D Y, Xu X, et al. DOA estimation for noncircular signals in the presence of mutual coupling[J]. Signal
Processing, 2014, 105: 12-16.

[12] LiJ, Li D, Jiang D, et al. Extended-aperture unitary root MUSIC-based DOA estimation for coprime array[]J]. IEEE
Communications Letters, 2018, 22(4): 752-755.

[13] Li J, Li Y, Zhang X. Two-dimensional off-grid DOA estimation using unfolded parallel coprime array[]]. IEEE
Communications Letters, 2018, 22(12): 2495-2498.

[14] Yang M, Sun L, Yuan X, et al. Improved nested array with hole-free DCA and more degrees of freedom[]]. Electronics
Letters, 2016, 52(25): 2068-2070.

[15] Tizuka Y, Ichige K. Extension of nested array for large aperture and high degree of freedom[]J]. IEICE Communications
Express, 2017, 6(6): 381-386.

[16] Liu S, Liu Q G, Zhao J, et al. Triple two-level nested array with improved degrees of freedom[]J]. Progress in
Electromagnetics Research B, 2019, 84. 135-151.

[17] Liu C L, Vaidyanathan P P. Super nested arrays: linear sparse arrays with reduced mutual coupling: part I: fundamentals
[J]. IEEE Transactions on Signal Processing, 2016, 64(15): 3997-4012.

[18] Liu C L, Vaidyanathan P P. Super nested arrays: linear sparse arrays with reduced mutual coupling: part II: high-order
extensions[ ] ]. IEEE Transactions on Signal Processing, 2016, 64(16): 4203-4217.

[19] LiuJ Y, Zhang Y M, Lu Y L, et al. Augmented nested arrays with enhanced DOF and reduced mutual coupling[]J]. IEEE
Transactions on Signal Processing, 2017, 65(21): 5549-5563.

[20] Shi ] P, Hu G P, Zhang X F, et al. Generalized nested array: optimization for degrees of freedom and mutual coupling
[J]. IEEE Communications Letters, 2018, 22(6): 1208-1211.

(€ F = S D)



