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Research Progress on Spatial Spectrum Estimation

Based on Coprime Array
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(College of Electronic and Information Engineering, Nanjing University of Aeronautics &

Astronautics, Nanjing, 210016, China)

Abstract: Array signal processing technology is an important part in the field of signal processing, which
is widely used in radar, sonar and hydropower astronomy. Spatial spectrum estimation is a major re-
search hotspot in array signal processing and is confined to the arrays with inter-element spacing smaller
than half wavelength of the carrier wave to avoid ambiguous angles. Generally, the inter-element spac-
ing of coprime arrays is larger than hall wavelength. As a result, with fixed number of sensors, the
coprime arrays can obtain extended array aperture and hence the corresponding spectrum estimation
methods can achieve better direction of arrival estimation performance and resolution, where the targets
can be detected uniquely with coprime property. Therefore, the investigations of spatial spectrum esti-
mation with coprime arrays have aroused considerable attentions in array signal processing. In this pa-
per, we summarize the existing researches based on coprime linear array and coprime planar array and

analysis the advantages of the coprime array relative to the uniform array in expanding array aperture
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and increasing spatial degree of freedom. Simulation results validate the effectiveness and superiority of

the methods with coprime arrays.

Key words: coprime linear array; coprime planar array; spatial spectrum estimation; direction of arrival

estimation
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Fig. 1 Topological structure of coprime linear array

B P T BRSO 255 0 BT L

BANE KN ES
Ls={Gnd,|m =0,1,2,.M,—1} U
{mydy |m,=0,1,2,---,M, —1} D

Rz A K AR AN 5 5 A2

IR E AR b A AR S B L6 6, e
Ox I BEFI 4R IG5 AT LLR IR
x(t) =As () +n(t) (2)

R s(OREFERE . (D) NEFRE,A RITI
yiil 3

A=[a(0) a0, allx)] (3)
R a(@) =[1,e 5400 e o IFMDa-sinG T
RO R AL d R A G5 3 Sk B G ] B R 280 K
R 1 e ol Ny S 8 8 )

a](€k>:[1’e M, - d ;m(ﬂ,‘,)’.”’

e FEM, ~1) < My - 4 sino) T )
@, (0)=[1,e T 40 o

AU (4, 5) g i, TR R 21 3647 DOA
it J7 ] K 4

a0 ="[al (0).al 0)]" (6)

KH:az (00 H az (0 KBREE —AT IR 5 18 LAY

BT 1) R A

1.2 DOA fhit&E %
1.2.1 M7 &

PLF23 0] 28 B3k b i) ESPRIT 85345 8 4] fif
B 5 1k 3 2k IR A L R R B PR B S 2 A T RE
DOA fili v 45 R ARAR M ) M e 7 i G=1,2)1%
AR x (O T 28 R, = Elx, (1) -
xt' (O 1 E Iy 2R B R S 5 R BE T TS )
E . FHAAESFERAE M —1 45785 M, —1
TR E. ME, ., . HIE%REES
E\ E,,=T"'®T (D

Ko T B . @ = diag (e T e
¢ Ty L d g TR i M T B @ i
DOA {5 B . @t xf 2R (7) 48 i B 4E 43 1 )5 ik BE 15
F| DOA fhit{E . SR, B T B A+ B A9 B G ] BE
KFRW K AT B 21 DOA Ak 11 A7 75 M
JEEASEA] 0] A,
SCHRL13 95 i . DOA B 5 5 S50 {H Z [H] £7
T KRR
a(®) =a(0) (8)
KH 0 MBS 00 N ADIE . il bRl
27d;sinf/A— 27d;sind* /A= 2kx 1=1,.2 (9
128 CO) R Y T R B G IR B =M/
2 I BRI —4E T ) R S0 R (— 907, 907) L A g
|sind—sing* | <2, 0] DL () rh 4 T £ B9 B
WHELE[— (M, — 1), (M, — 1], XHRIE
5% PRBCIE L BT LA b SEBR A M AN BUE . 2 M,



638 7]

2O o= At

PNEIPNIE 549 B

ET 1R HAREUE Y O, BB A T 25 - A —
A R L G SE R 1 DOA f3H45 8. Y4
M; ERT 1, BB B ) 7 B 2377 4 M A
RO L H 5 X 7 ) B S A A ML

I3 8 s SCHR L3 T v 45 8 R 5 A~ B 15 81 1) A
[vi) B9 B A T B AR A SE B, T

REER T 0 9 W6 F B4 rhoA [RIE A1 8 A5 — S {E
0t W T P AT 2000 AR B AT A AR R . R 4 X
(DA HFEITCEC My W F 1 BTl d =
M,2/2 R Z K

sin(0,) — sin(0y) =2k, /M, (10)

Kby =— (M, — 1), — 1,1, (M, — 1),

[F] 28, BT M, (B 2 BESTIRBE d, =
M A/2 R FR K

sin(0,) — sin(0,) =2k, /M, (11)
Kk, =— (M, — 1)+, — 1,1, , (M, — 1)
45 (10, 1D AT 1%
%:?flf (12)
H 7 My M, B BB T LA AEAE koo ky fif
A A2) HoT .

JIF LA 5 48 2R HL SR W R A 1 B A B Y AR
[F) 119 ) 2 A (8 50 BB A5 3 o — 11 DOA {1145
1.2.2 BE#ALMT ik

R AR R AR U7 1k AR TE DOA Al 1 1Y
TS A AL v i B0k A2 TR FE RN G VL PR b X B
T 54 B2 DL BT B 7 Ak o A A
PR 725 6] E R RE B AT R 15 IR O R b v D
7o SCERL1A b B i R AL R oo ik D e B
b4 v R 9 SR i A R) I H R AT AL A R AROR
a] &l

i B .5 £ B 1) 1 [ — R [ R e B i)
My M, Ho MR M, B R BB
BRNES A PLRAR N LT IEA

x(t) =[x @ ,x; (] (13

e (O F x, (O 53 5K F B —F0 7 B i 20
FS MM, ERLBE T MRERRN alh) =
Lant (0.~ anr (00 17 R MUAE 5 19 U 7 22 5 5
R.. =E[x()x" (o) ] X057 220 B R AL 5 T 1%
z = vec(R,, )= B(4, .0, .0k )P + :H (14)
KH:P = [ol.0i,vok ] ol RN AE B NFS
RS 5 P38, P Al LB AR & B0 B8 15 5 40
M H=vec(D) . B 19 J7 1) FELBG m] LR 7R K
B, .0, .0k)=[a"(0,)Xa0),a"(0:)X

a(ez)a"'va*<6}<)®a<@}()] (15)

MECLS) Aral LA B 5 K 40 &5 19 /i £
FEALUT 3 F

ny)

(S
0<m,<M,—1, 0<m <M, —1 (16)
e*jzfdsin(f}k ) (M my | — M, my )
0<lmy, s my, <M,—1 a7
e iZ5dsin(0,) (Mym | —Mym, )

0oyt smy <M, —1 (18)
SCHRL 1448 o bR 2 = iy Rl 2 i L5
E—MESESIER
Sui, = { (Mymy —Mymy) ,0<<m, <M, — 1,
0<m, <M, —1} (19)
EAPETMEEFESERGS LM
(M, —1) =, My (M, — 1) T, HAR 3% 8607 4 o
) B Ry 2 i K T AR Y R % LR B 1
gy RS WS H % 2 E 4 OF WA e 1 P 5K
fifg . SCHRC 1A TAE B3Rl 2 b 38 0 7 | R 4
GEAE T — T M T B B M, A
My 2 s, Hodh My Fn M, B R, B
B % M, <M, ,

FEZ11

,_
—

J’ B2

M,

B2 M H R

Fig. 2 Topological structure of augmented coprime

linear array

SCHRL 14,23 148 B34 B ME M 20 A
ST - MM, - . MM, ], X
R B R CHCH 2M, -+ M, — 1 55 M 5 ] L3k
8 2M M, +1 1) H BB,

SCHRC14 A 23 8] F- 31 8 R 5 MUSIC 53
#E4T DOA fhith. i = & =z W E R AT HARE
BB HES IS AR A 2 R A MM, A+
ASPETTIER @ A W4 50 0 B2 OB 6 B o 4 3 P
ZEHBE Ry

R, =z,z! 20)
XiF I A B 3 B Ty 25 0 B RO 2 ] 45
B 1 MI szl
R*“*M71M2+1 ;} R, 21D



%5

AL 2D H 15 R, =R*, Hof
R:jai:Tmmmﬂ+ﬁm%><m>
A =diag(sl o5, 0 0%) Ay TR S E R E
HEHRE NS T M. Bk
PO AT 25 (8] 25 DOA Al 31503 4 B Oy 22 47 it
TE 3, SORE A e 45 2 E A 19 DOA 53T,
PLESPRIT 53 Jy 4], 38 2k xf 2 (22) v 15 )
(g R FRAE ) J5 45 245 5 725 ), A RS 5 1
25 B B HT M, M, 17 FE MM, 1745 20 A5 5 1
E ;M EL. MR TR P MRS o=
(E') " EL ilad Xt @ HBEAE 23 fift J5 15 21 00 58 A (5
REAT 2 IE A 19 DOA fhiT1A .
HE 0Lk B4 58 7 32k X Mg A vk A K i v
T A B R B Ry g HE T S ] 1 AR (]
I B 12 e R AR
T 25 2 () 285 ESPRIT 8L F JLA
J5 20 DOA 311 g b . A S0 B A /9 1 B
YR FH SRR 08 07 B SR VR Bk PR . (B S ]
WHE S A MR 0, =100, =20°, & 3 K1)
FLAC PR R 3 38 5 4R M P T B M= 11, 15 2% B
SRR D7 VM TR M, =6, M, =5, [l BUL I T
HH TR R TCE M, =3, M, =5, {R3F S ek
M Pedgl L=300 24 19 JUFN J5 1k bl %5 15 e
451 T 1 DOA {1+ GE
10°

._
<

RMSE/ (%)
S

1005 5 10 15 20
SNR /dB
B3 HERK P ORE T T I DOA Ml i 6
Fig. 3 DOA estimation performance under different

methods in coprime linear array

ATRLNE 3 A A — e BN L R T
1) DOA flitH PR REE T M AL M oT 7 i . T3
SIERIE T A B A £ W EAY B s R UL DT
Jrk ) DOA fliitPhfe e 2 .

A 25 TR 3 AR B T RO LR TR AE
WL SNR=0 dB Z& T, JLAfJ5 35 DOA fli it 1%
REREE DA KA AL TE 00 . BEE SRIAEA 3 I . JL

sk /N6 S B R A R A O 5T R 639
10°
—x— FERI
—— BTG
—a— 2R
é 10‘&’
\\\\\\r
¥
107

200 600 1 000 1400 1 800
Snapshot

B4 BB PR R ECT Bk vk RE

Fig. 4  Algorithm performance under different snap-

shots in coprime linear array

M7 T DOA fliatPERESRTE 10 Horp X T
G5 L 15T 1) m] LR A B 4 10 A B AL I 1
fiE.

YRR DO I R S o R NS N V& B
Mo R fLAe S 25 ) B e B2 03 Thn HL7E 500k
PERE b o B2 Mt B T S R

2 B EEGT
2.1 EFEEHRIMNEHSHEER

SCHRL20 T $i 3 1) “HL 5T ThT G 245 40 4 41 P 4 1
5 TR BT B 14 M 90 HE A 3500 52 % ML G2 8
A T B A BE o LB AT LA B A TR e O T
M1 M/ 2. Job. 719 1 2l oo ol My X
M, (¥ ST AR B TR 2 i MO RO M, XM,
DR RN o) e L R A D G E I g
BTG BEAS A & =M./ 2, F 14 2 7E X HlifnY
75 ) bR FEICRIBE ARy I, =MiA/2,

z

K5 HBWEEES A E

Fig. 5 Topological structure of coprime planar array

5 b A B L 5T L B O R R A
A WO A B A M BB T=M+ M — 1,
W e A A bl ) 6 B AT LSRR D R S



640 S

LIPS S

549 B

L.={(md, snd) | 0<im,n<M,—1}U
{(pd;sqdy) | 0<p.q=<M,—1} (23)
B 25 (A K AN A AH 56 1 25 4 05 TR A 3] 1
RTE BRI L O s g RRHT kA E IR A F0 7
sl .
ZIEH BT i G=1.2), HIE «
v Bl B FETT I O 10 R 5T LAy B3R OR

[ 1
efj%"z/’sinO& cosg,
a; (O tﬁk) =
2 .
Lequwﬁl)dl sin cosg,
- (24)
1
eﬂ%“dlsindk sing,,
a,, (O » b ) =
2
e i5 (M, —1)d, sind), sing,

B2 MK (24) AT LIS 2] F [ ¢ 78 « flAT y
Bl b T R Ay N R OR O AL = Lan (0, 40
a, Oy sps) s ay Oy g1 Ay = Lay, (005 $1) s
ay (0o ng) vty (O gi) 1
MIAE = B b i BT E 5 AT LASRIR
x, () =A,s@) +n,y (D) (25
Aeny (OR T 48 o Fh EFETHMS ., s(o €
CHUNFEE KRR, AT T 2 Hin9%E m D0 BEY 4%
WAE 5 AT AR R Ry
X, () =A@ 7 's(t) +n,, () (26)
Ao » = diag(e e ysindysing A e e
., (O m A3 FES MRS T AT A3 B A 7
MG S x. (DN

iad sinfy singyc /Ay
b

xq () A, n; (1)
X (1) A, D, n;, (1)
x, (1) = . = s(2) +
xa (O A, @Y% na, (1)
Q27

KD P WE T WA LIRS
x, (O=[A,OA, Is(O)+n,()=[a, b ,$ )X
a, (0, s¢1) s sa, Ok s px)Xa;, (O > ) | *
s()+n(D)=A;s()+n, (1) (28)
KA =A, OA, o0 (O RN T RS,
2.2 DOA fhit 7k
5 H R — R S BB R R DOA fliit
T3 AL G PP — b 2 RO 7 kL o5 — b 2
LR TT T
2.2.1 MEEMG &
DLy [|] 28 55 0 b f ESPRIT 5532 2 3], B3

T o g RSRY 7 kA 35 PR 7 [ Al 25
eAg DOA AL, it 5B @ 15 3] 9 (28) iy %
WA ARG Uy 2255 B R, = Elx; (O x/' (1) ], R AE
SR ERENE S T A E, = (A, ©A DT, T Nk
FEFE m o 5 5 A E, fET M, (M, — D AT RS
M;(M; —D4115 3] E, f1 E,. o 1 585 5L T (D
I @ , = E,, E,» FHES) i 5 30 2 FRAE 1 507
E2IIRVE: it I O S R R VA R R

FIFE 0 (555 Fasmdnl LK R A E, =
(A, AT, FIH] @, FFAE 3l J5 1) F5AE ) 575 3]
T, [ RE Y J5 i Ak 38, R RR AT 1 o i 1 Y A
Fi 507 LA A TR . SRR Y L EL
Wt E, 479 T J5 A8 i 2 00, X B R Se s 5
TR B ShUC I . P T B A PR TH 25 51 ot
B Ay T B Dy B4 S TR] B85 A s 7 B A R B
[) 7

SCHRC20 o 3 20 #E S 1 B 5 1T RO 1 g 1S 80
200 DOA G THRLE . 5 55T 2k B — 30, B 77 4=
JE T FE IO BE R T R SR AT . BB 25 1]
FAPEN (O s g) k=12, KO K ANJEART 2547
R IR A B E BT B, 00 g 23 BIAAREE £ N F
DS AA 1 A7 B0 AR o 25 T B i RS G
JCHIBEAR N d:=MA /208 4 F W « 76 = Bl J5 1)
Ay BT 18] b AR B WS B T i A - B AR A
2o KR H

Ag. Jr2/{17(:27-5//1d,sim/;,ecosﬁ;e (29)
A, + 2k, =2n/2d ;sing, sing, 30

K Ag, Ry Bl g5 o) b AR SR B 0 9 A0 A7 25 . Ag,
Sy y B T5 e AR SR TRl B AR 25 kL F R,
BHCXH N 0, €[0,n], g€ [0, /2], FTUA
—1<sing;cosf,<<1,0 < sing,sinf, << 1, W] k. FI
ke, Y RUAELIE B2 301

= [f—d’—éﬁ,i—éﬂ} (31)
A 2t A e

—d A¢y, d Ag,
( - ’ - 2
ks [ A 2n QA 21 } (32)

[F B, b, Ik, 3852 0<C (singicosf, ) +
(sin¢ksin9k)2<1 RIZ R, 2 d<<A/2 W, k, 1k,
HABIE . I A BE AL T A — AN A AETE A
BOBI . 24 d.=MA/2,M; 3 RT 1 1R,
k. Ak, HWEAS B 5 M, F1 M /2. B
JER (ko Ry FCX IS TSR 224> DOA iy BE 3 2
A (31,32) AH R I A — A S, HoAl
RO A

SCHRL20 TP s S 0L T B o0 Ze M e 1) o s A
H T o D B, B TR I ) A R AR T IS 0 e i 5 TR



%5

SR/ A < LSS v A (] 3 A T S 641

A WA B TB] 1 £ B O A o 8 31 AH [R] 19 L S5 A T HE
K3k BT B A RE AR H .

A (29,300, MEEITE R Ry d: = M;A/2
f, BL5E DOA ST BE O, . ¢, FIFFE @ A BRI A
JE(Gi0 s pina) Z BN LT R R
2k,

sing,cosf, — sing, ,cosd,., = M, (33)
. . . 2k,
sing,cosf, — sing; ,sinf; , = M 340

J

i =1.250F ko Bl ko B S 2 80 HBUE
JEHE R (—M, M) FI(—M,/2,M,;/2),

SR M — 3, % 08 A A G TR B B I
B o] VB AS 7 B b AR RE A5 B IE B DOA Ak 31
U B A7 AEAB R L 5 UE I A R P A HLR A —
AR AR A . SCERL20 128 MuF RN F -

BRI F B 1 RF R 2 7776 B4 ) A9l 3145
Oy ) (05 g2 o XEFFE 11 5 5 AR 20 (33,
3O

= - .- R 2k,
0, — sing,cosf,; = = (35)
Sing; cost, sing, cost, M,
e e 2k,
sing, sinf, — sing, sinf, :Mil? (36)

e ko, F Ry, O BB HOH IO S L )
(*Mz ’MZ)*D(7M2/27M2/2)0 IEJIEXd‘:‘F‘%% 2
A

singil cosl, — sin{bz cosl, = ks (37)

M,

sing, sinf, — sing, sind, — Zkay (38)

M,
ko T ko, O 8 B0 HOJ IOME Y 43 5 Ry
(7M19M1)$D(7M1/27M1/2)o

PR FRAT AT LAA 2
ki ks, kiy _ ko
M, M, M, M, (39)

T M, fil M, 85 BT R, Z0 2
Bio=ky, =0k, =k, =0, 01 0=0,=0,,4—
$1 =g BIFIE 1 AIFFE 2 o RAEE— AR £
JEAR A L I FLk B B o — IE 8 19 DOA il 11
{EL o DT T B3 1 2 4003000 ) 114 AR
2.2.2 BTk

BT B A R AR P T i S R T 2R B R AL
AW TC 7 v — 30, 24 (5 R T 5 TR e R L
5 25 Wy BN ¥ 22358 41 . X AR DOA il 3148 15 I
HE S JIT LA 3% LB B A A4 T SR I B v L R
55 R TR B — 3 SR A PR T E o A A T
NG

FL T TR, SCHRC22 42 0 ki 04k 7 12

s ARBE B o BhAT v BT oy A 2M X
2M,  F M XM, B A Y ) T e 1 [ 1 A
T2, HEETTREE 0N M, .d M, ,d F1M,.d .
M, d .d=21/2. M, Fl M., 5.} B My, fl M, B
RFE H M, <M, M, <M., , 43k 22] %1
B R M, = M,,= M,, M,,= M,,= M,,
MG STk 22 ], B s A K A A 5 %
WS RAGT R ERE . IFH 0., 40 AR £ A
& WA A A5 A s o X ow, = sindsing; » v, =
sinf, cosd, o B4 LAAS 371 1 I fE 5 oh

K
X () = D>a, (0 g)al Orr g5 () + Z, (1)
E=1

(40)
KRB L5 RN Rea, Gy ) =
a, (o) = [1, e e "M DM T g (0, ¢,) =
a,(ug) =[1, e, e ™M DM T e st B2 UM 5
Kb ARG S
x, (1) =vec(X, (1)) = (A, ©®A)s(t) +z, (1) (41)
XA, =la, (v).a, (v,),va, (v)]. A =
sa, Cu) ] [AIFERXTF [ 2 F
AHIF AR 3 W] A4S 3 1B 2 20005 5 78 R Ak G 1Y)
(EREP.]

x, (1) =vec(X, (1)) =(B,©OB,)s(t) + 2z, (1)

(42)
XHF:B, =[b, (v,).b, (v,)s+,b,(v,)], B, =
(b, Cuy) b, () oeeeob, Cu) 153 50 FBE 2 165K 1
J5 ] B 5 B S [RDRE A BT LK [ 2 1) R v
(T R AERARHA b, (O p) = b, (v) = [1,0,
e T ML T b (Ghngi) = by (w) = [1, e,
e My UMy T (41, 42) SR B J 25 50 [ A]

e

La, (u)sa, (uy) e

R,= E[x (OxI () ]=
(A,OADR.(B,OB)"+ z,,  (43)
R, =E[x,(D)x{'()]=
(B,®B,)R, (A, OA D"+ z, (44)
HHF:R,= E[s()s" ()] = diag(si 65,07 N
TR DR 4 PR X (43,4 K BAb G 1%
ri; =vec(Ry;) =C, (u,v)p (45)
ry =vec(Ry ) =Cy (uyv)p (46)
Hrp
C.(u,v) = (B,OB,) " ®(A,0A,) =[b; (u)®
b, (v)Xa, (u)Ra, (v) b (uy)
Xb; (v,)Xa, (u)Pa, (v,) ] 7
C. (usv) =(A,OA) " OB, OB,)=[a; (u)®
a; (o) @b, (u)) Db, (0, -

sa‘: (uk)



642 [

LIPS S

549 B

®a; (v)Xb, (w)Xb, (v,) ] 48
Jit AR B ) B A5 o
r=[rL.ri T=CCu,v)p 49
i A Ay 22 0 5B SOk 22 14 5
TRBEIE AT 5 (19 28400, 7T LS 2 Fi g
e AT
S;WI‘MZ ={(M,m, +M,m,) ,0<m, <M, —1,
0<<m,;<<2M,—1} (50)
W47, 48) Al LAAR B2, R 2200 &
T A B 0 51 4 G I8 U8 0 1 2 A 1 1Y
PR (5 B WoscEk 22 I R - 22 40 3 B R 08 HLR

[P S AR DDA sy
S ={ (M,,m,,+ M ym,,)—
(Mz.z-m11-+ szmly)} (51)

K0y, <M, — 1,0 my, <M,, —1,0<m,,
<2M,, —1,0<m,, <2M,,—1, \EFHLGD
E T2 B 1) 22 43 F5 5 A B AT, T LUK L AR 2
P22 53 46 AR B9 08 2 28 8L F B 5T 46 R » Sk
(227255 1 L J5 T o v 322 62 359 50 1 R 03 T S
M= (M, M, u, + M, M, 0.)d F| (M, M,,u, +
M M0 d . BT LAAH XS JRAT 0 T [ 55 T
(25 () PR BE A T 8 . 5 5 4 A ) g 2
FIAS 3 /Y 3% 22 0 &8 43 09 4959 18 FE A fe A% 4
DOA A 3H 502 34790 ) A [ 79 2 o 55 1 B R
AR R R B S BT DA SCHER 22 b S R T
H A R BE T T AR R B R oK 25 18] B fl B

(S +5°
8

o Sow =AM, M, +M, M,,—1,[ « ] hmE FH

13320 49) J5 [A) B3 4 [ — o, I ] 25 1) - 1
SRR X i S M TR A R AT A )R- 9 SCER (24 1 4
HE TR G 2 [R] - 3 050 S A /0N R T R A 2 ) T
W8 43 AT - 5 b P S B 0d B (M M g+
M, M 0 d JEER 5 KNS TP S B x (0 ik
WA NS B R, —ARA"+ 0 iy 2
Mo B2 H BT Y Iy 220 Rl

R}, = AD, " VD, DR (D, )"

(D, DHYMAT G (53)

XD, =diag (v, vy, 50,0, D, =diag (uy 5 u, »
o) 1<my omy <M M, . 5 — 4SS [P
AL A2 o KBRS [ 51 45 1) (14 TR 5 26 6 I A o B
Sy it

DOFy = [ (52)

M, M, M; M,

R:WZ >R, (54)

ny =1lm,=1

FHZC(54) 45 2 1 D Jr 22 40 1 L SR RE T R 15
A T] B FE 1 mT 20 R B Dy 2 R P il 2 5 25
F 3 22) ¥ 5 22 43 =X DT BT LA 25 ) 2
A DOA fhiit.

PAF25 () 2R 38 1 9 ESPRIT 539k 4y 5], 38 3k %of
RAFFIE Sy R A3 85 5 T4 8] E,, . 13 8] E,, 90
M, M, (M, M, — D A7 FilJg My M, (M, M, — D47 iy #4
B HRE Eypot B By o FTEHEFE @)= EpnEye o
SR FH 1) 18 B2 A A 7 0 vh 1 7 19 DOA Al I3
FHE o B S 05 02 AR S BT IR AR YR E,,
A AT B 0 W B A (B 15 B A 5 2 (R B
E,, . GG T E,. = E,, . FH E, 75 M, M,
(M, M, — DA FlJG My M, (M, M, — D47 By i 5 A 75
PEAR B y B 5 o7 0 A AE B O BB &M 507
P ff E SHUCEL . S A R 0L BE 5 X 5 L e [ By
P I DA B0 A TR R A R I 1) A

T4 A [ 2R A ESPRIT 8k N LR 7
2 DOA A THHERR L8 . AR SO BT 1 05 L35 5%
SR RIS O FORPPAR Sk pe . Bk A M 5 5
SIRANG RO p) = (5,159, (0 ) =
(57,15, & 6 D5 3L 2% 14 o 3% 58 ¥ 59 1 B B T
B MX N =4 X6, . J5i 4 @ A5 5 35 B ot 2K
M, =4, M, =3, {401k B 50 Jr 1% B 2k P B o0 5K
M, =2,M,=3, {RUELFEICEAIE, ik L=
300 21 T W JLFR 7 5 B & 5 MR L 2518 F 1) DOA
fli vt Re

10°

—— BTk
o e BRI
m 100 F
wl
2 »
10" F t
0° 50 5 10 15 20 25

SNR / dB

Pl 6 G B A [ 5 2 A DOA Al i1 fg
Fig. 6 DOA estimation performance under different

methods in coprime planar array

AL 6 A L A — R O . R R T
L1 DOA Al i+ REOL T He U046 M o0 07 3% . 1 T34
SR 7 ¥ S AE R B A £ R PR R UL B DT
Jr 9 DOA fli PR REAL 22

B 7 gty AR 6 AR [ A BT RO BT L 7EAS



%5

SR/ A < LSS v A (] 3 A T S

10 TSy
- L B

e RIS

~ :
LE]) 10—1 -\\D\B\\N

10

1000 1400 1 800

Snapshot

P 7 L J5TH] R R AS T R R S8 R

Algorithm performance under different snap-

, )
200 600

Fig. 7

shots in coprime planar array

etk SNR=10 dB Z&fFF . LA J7 % DOA i itk
FE Bl 3 PRAA R A 22 1R 13 DL

Li BRI 1O AU B R 2R AL A 5 =S
[CINSNE TN o Do e R K N = P A VYU e
1 HLAE S A RE L B — o R S AT A
1 P o

CHL TR M) R R4 [ ST i O vk A S 1)
JEE E A T AR B T S A R W B e R R A
5 A (9 T R A MACA 5 A8 BB A 15 5 5 BT LA
AL FE T 5 00 T 32 W fs 5 9 PR 2R A B 22
SR i ELB 3 S 2% R RH X T g A 7 1k

3 #RIE

ARG T 44 B B 51 =3 18]35 Al T 9 F 2
PEEE, EEPRA T A M AN A
WA BT, JF A 20 1T Al 0 B R P R R
DOA 1177 3 » A 45 ff AW 7 12 A 4004k 1 e s
L T eSS . LM EESIE AT .
iR RN 7 3 T Y L ) 1 S T A TR AR ik
PERE B0 T8 a8 2 2 [ 4] . fELR il O 7 1 R Y
H RS DOA Al 5k Wik 7 2 18] [ i 52 1 HE
AL FEICTT 5 R 9 55 M 51 DOA A3+ 55035 vl LA
P w2 ) By B HRTEAR ] A6 1R T LR R
JE B TR U5 1% O HLX TR UE 5 i pRAn AR
HARGRER . SR AR AR 7 ik ik 2 i U
EHETC I 7 % T I E R FE DOA i i1, B 51 K 26 1)
FLARAR BN 1A R 45 10 10 0 152 55 0 1) g
PR RS e SRR 7 ik ) 5 PR SRR SRR U TS
TR IR A 2% B R R AT BE— 2 i B 58 T 1
X HL 5 R ) 0 PR 45 ) A PR R0 LA ROH L R o 5
FIF MIMO T8 3K 1 i b B2 I 1) J5 B BF 57 A6 4
Jei — B A ] P A a2 2 {5 5 A B 114 T 5 AR R

643
S %k
L1] SR/ & TE TR R 4. B 51 {5 5 A0 3L A 3498 A 0z

(2]

(3]

(4]

L6]

7]

[8]

(9]

[10]

[11]

[12]

[13]

[M. db st 6 B Coll s At . 2013,

ZHANG Xiaofei, WANG Fei, CHEN Weihua. The-
ory and application of array signal processing[ M].
Beijing: National Defense Industry Press,2013.

. A AT ROR KA T A D] 1. -
132838 K2, 2005,

SHAN Zhiyong. Spatial spectrum estimation tech-
nique and its application[ D]. Shanghai: Shanghai Jiao
Tong University, 2005.

KRIM H, VIBERG M. Two decades of array signal
processing research: The parametric approach[]].
IEEE Signal Processing Magazine, 1996, 13 (4); 67-
94.

ZHANG Xiaofei, CAO Renzheng. Direction of arri-
val estimation: Introduction[ M]. New Jersey: John
Wiley & Sons. Inc., 2017
STOICA P, ARYE N. MUSIC,
hood, and Cramer-Rao bound[ J]. IEEE Transactions

maximum likeli-

on Acoustics Speech &. Signal Processing, 1989, 37
(5):720-741.

ROY R, KAILATH T. ESPRIT-estimation of signal
parameters via rotational invariance techniques[ ] ].
IEEE Trans ASSP. 1986,37(7):984-995.

WA TR AL AT iR DOA B[] &
BSE2,2013(8) :40-41.

HUANG Lei. Robust DOA algorithm based on array
aperture extension[ J ]. Information and Communica-
tion, 2013(8):40-41.

DOGAN M C, MENDEL J M. Applications of cu-
mulates to array processing Part 1. Aperture exten-
sion and array calibration[J]. IEEE Transactions on
Signal Processing, 1995,43(5):1200-1216.

PORAT B, FRIEDLANDER B. Direction finding al-
gorithm based on high-order statistics [J]. IEEE
Transactions on Signal Processing, 1991, 39 (9).
2016-2024.

YIN H, LIU H. Performance of space-division mul-
tiple-access ( SDMA ) with scheduling [ J ]. IEEE
Transactions on Wireless Communications, 2002, 1
(4):611-618.

HUANG K, ANDREWS J G, HEATH R W. Per-
formance of orthogonal beamforming for SDMA with
limited feedback[J]. IEEE Transactions on Vehicular
Technology, 2009,58(1) :152-164.
VAIDYANATHAN P P, PAL P. Sparse sensing
with co-prime samplers and arrays[J]. IEEE Trans-
actions on Signal Processing, 2011,59(2) :573-586.
ZHOU C, SHIZ, GU Y, et al. DECOM: DOA es-



644

Moa o=

i X K

¥ oF

549 B

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

timation with combined MUSIC for coprime array
[C]// International Conference on Wireless Commu-
nications &. Signal Processing. [S. 1. J:IEEE, 2013:
1-5.

PAL P, VAIDYANATHAN P P. Coprime sampling
and the music algorithm[ C]//Digital Signal Process-
ing Workshop and TEEE Signal Processing Education
Workshop. [S. 1. J:IEEE, 2011:289-294.

SHEN Q, LIU W, CUI W, et al. Low-complexity
compressive sensing based DOA estimation for co-
prime arrays[ C]//International Conference on Digital
Signal Processing. [S. 1. ]: IEEE, 2014.754-758.

JIA T, WANG H, SHEN X, et al. Direction of arrival
estimation with co-prime arrays via compressed sensing
methods[ C]// Oceans. [S.1. ]: IEEE, 2016:1-5.

LIU A, YANG Q, ZHANG X, et al. Direction-of-
arrival estimation for coprime array using compres-
sive sensing based array interpolation[ J]. Interna-
tional Journal of Antennas and propagation, 2017,
2017(3) :1-10.

HU Bin, LV Weihua, ZHANG Xiaofei. 2D-DOA es-
timation for coprime L-shaped arrays with propagator
method [ C]//4th National Conference on Electrical
Electronics and Computer Engineering ( NCEECE
2015). Xi'an: [s.n. ], 2015:1551-1556.
LIU S, YANG L S, WU D C, et al. Two-dimen-
sional DOA estimation using a co-prime symmetric
cross array [ J ]. Progress in Electromagnetics Re-
search C, 2014,54.67-74.

WU Q, SUN F, LAN P, et al. Two-dimensional di-
rection-of-arrival estimation for co-prime planar ar-
rays: A partial spectral search approach[J]. IEEE
Sensors Journal, 2016,16(14) :5660-5670.

ZHENG W, ZHANG X, SHI Z. Two-dimensional
direction of arrival estimation for coprime planar ar-
rays via a computationally efficient one-dimension
partial spectral search[J]. IET Radar Sonar and Nav-
igaion, 2017.

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

SHI Junpeng. HU Guoping, ZHANG Xiaofei, et al.
Sparsity-based 2-D DOA estimation for co-prime ar-
ray: From sum-difference co-array viewpoint [ J].
IEEE Transactions on Signal Processing, 2017, 65
(21) :5591-5604.

VAIDYANATHAN P P, PAL P. Sparse sensing
with coprime arrays[J]. Signals, Systems and Com-
puters, 2010,45(2):1405-1409.

CHEN Y M. On spatial smoothing for two-dimen-
sional direction-of-arrival estimation of coherent sig-
nals[ ] ].
1997, 45(7):1689-1696.

QIN S, ZHANG Y D, AMIN M G. Generalized

IEEE Transactions on Signal Processing,

coprime array configurations for direction-of-arrival
estimation[ J]. IEEE Transactions on Signal Process-
ing, 2015,63(6):1377-1390.

ZHENG W, ZHANG X, ZHAI H. A generalized
coprime planar array geometry for two-dimensional
DOA estimation[J]. IEEE Communications Letters,
2017,21(5),1075-1078.

WANG X, YANG S, WANG X, et al. Concurrent
exploration of MIMO radar and co-prime array for
faster and higher resolution scanning[ C]//2014 IEEE
48th Asilomar Conference on Signals, Systems and
Computers. [S.1. ]: IEEE, 2014:153-156.

LL1J, SHEN M, DING J. Direction of arrival estima-
tion for co-prime MIMO radar based on unitary root-
MUSIC[ C]//2nd International Conference on Wire-
less Communication and Sensor Network. [S. I J:
World Scientific, 2015:307-315.

LIJ, JIANG D, ZHANG X. DOA estimation based
on combined unitary ESPRIT for coprime MIMO ra-
dar[J].
(1):96-99.

JIA'Y, ZHONG X, GUO Y, et al. DOA and DOD
estimation based on bistatic MIMO radar with co-
prime array[ C]// Radar Conference. [S. 1. ]: IEEE,
2017:0394-0397.

IEEE Communications Letters, 2017, 21



%5

SR/ A < LSS v A (] 3 A T S

645




