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Hole-Free Coprime Planar Array Design for Two-Dimensional DOA Estimation

LIU Jun', ZHANG Huale', FENG Bao’, BIAN Yuxiang’, HAN Shengxinlai®, ZHANG Xiaofei®
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University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: In response to the problem of holes in traditional coprime planar array (CPA) structures when
using difference coarray (DCA) for two-dimensional direction of arrival (DOA) estimation, this paper
proposes a hole-free coprime planar array (HFCPA) structure. The array is obtained by extending
hole-free coprime linear arrays along the x and y axes, and its DCA is a hole-free rectangular array.
Furthermore, this paper presents the optimal HFCPA structure to maximize the available continuous
degrees of freedom. Simulation results demonstrate the superiority of the proposed array structure over
existing coprime planar array structures in terms of the number of continuous degrees of freedom,
virtualization efficiency, and two-dimensional DOA estimation performance.
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Fig.1 Structure diagram of coprime planar array
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H,=H, UH.,, (6)
K
Hy={(x,y)|la=aM,+bM,,a=1,=1,0< a2, y<<(M, — 1)M,}
Ho,={(x,y)|lx=aM,y=bM,,a=1,b=>1,0<x,y<(M, — 1)M,}

Hy={(z,y)|z=aM,, y=0bM,,a=1,b=>1,0<z,y<(M,— 1) M,} o
7
H14:{(I,y)|y:aM2+le,a>1,b>1,O<I,y<(M1* 1)M2}
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Fig.2 CPA with M,=5 and M,=3 Fig.3 Difference coarray of CPA with M,=5 and M,=3
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subarrays, CADIS) B A FHE 4 Ly =T — N — M — | M/2) — 12 1|+ 4% A% i 1 8 0 ot K
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T, ={nM|0<n<N—1}
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H 2 (17) AT, Dypepa 5 GFLIA A, 6 1 HECPA f) 22 [ an et
7R AE TS . =l
2.3 BEXRLREREMREN 5 BE

fEE TR T, BT AT LU A M RN, R AR o
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Ty nl sE g S DOF, ;120 (18) 44

L7 ALl ST T B ) 22 [
DOF gypepp, = 2(T, +1— N, —|[M,/2])N, + 6M, — 1= Fig.7 Difference coarray of HFCPA
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1 2
maxE(r,—(Mf—l)/Hl) +6MJ.—1_((MJ.—(2T1.—21)) +96TI—440)/8 (19)
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MA<AT, —A5<<T,W,12<<T,<<15, M T,=13MT,= 140}, 7] L4 BB M, =4T, — 45=
THM,=4T, —45=11. BIFEX (15 ,L, =T, — N, — M, —|M,/2]|—1=1, 7 LG # N, <1 Al
N, <—4, % 53<M,<<N,FJE., Wit#H M, ha%, W R AR 3. Z5 R, #7 M, &5 %, I 5
RAEH 3.

24 M, AR E, H g A0 (B T A e 2 (20) 19 0 Ak 1) A 3]

max%(T].Jr 1—M,/2+ 1) +6M, — 1=((M,,—(2T,— 22)) + 96T, — 488)/8 (20)

subjectto 4<<M, <N,

WMA<AT, —48<<T, W}, 13<<T,<<16, Y T,= 14 T, =150}, a] LI HIEB M, =4T, —48=38

MM, =AT, —48=12, WX A5) L, =T, —N,— M, —|M,/2]—1=1, B EN,<1HN,<
5,1 X5 4<<M,<<N, FJG., Fe M, A EE W HEARA Ry 40 Z80U 25 M B8 W H B RAE R 4.

3 MEamERTEER
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ray , NPA) (E 8(d) ) FIA SCHr 2 19 HFCPA #E47 P BE L3, LASGUF BT 32 HE CPA 25 44 (9 40 f 1 .
3.1 EHE

AR SCHE Y B 81 HFCPA B9 B B4k 2 5 DCA Y 3% 2235 [l 2 (2U, + 1)X(2U,+ 1), o U, =
3M,+N.(T,+1—N,—[M,/2])—1,U,=3M,+N,(T,+1—N,—|M,/2])— 1, URA £k
ZJ5 DCA B HESEIE R (2T, — 1)X(2T, — 1); CPA (7 B B I8 50 B M cpa << Nepa) 76 BB 2 )5
DCA B % 223 Bl 2 (2N epp — 1075 CCPA FE 5 BLAG CPA 35 1 9 4 %1 8 B9 [ G ( Nepas KM cpy ) Hil
(KM cpas Nepy ) RS 78 22 BE v 1 B AL, Horp K=[ Nepa/Mepa ]+ 1, 78 1 4L Z J5 DCA B9 3% 421
Bl 2 (2U cepa + D)X (2U cpa + 1), HoH Uepn = Nepa + Mepa — 15 B 51 SIRCA 7E 8146 2 )5 DCA
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Fig.8 Examples of four types of array structures
E’J E@w ZUSIR(/\+1) (ZUSIRCA‘FI),/\EPUQIR(\ MN+M *IEJ’XEEKZENPAEE?H
’ﬂﬁZ}: DCA E/JL/%{EEIXE(ZUNI“\—’_ 1)><(2UNPA+ 1)»/\':':' U\JIA*N N2+N2 L%%lié‘m TKIEJ%
S S ELE S DOF (X He, B 38 1 AT, T $2 HFCPA 25/ i K48 T DCA 3% 4E DOF .

£1 AEESASHMELEEEE
Table 1 Achievable uniform DOF of different arrays

¥4 1) Mool E 1 #4E DOF Moo & 1 # 22 DOF
. T=289,M,=M,=3 T=169,M,=M,=3
HFCPA No— N — 8.7 — T, — 17 161161 No— N — 5.7 — T, — 13 97X 97
URA T=289,T,=17,T,=17 33X 33 T=169,T,=13,T,=13 25X 25
CCPA T=291,Mccon=28,Necpa = 15 45X 45 T=171,Mccpn=5,Neera = 12 33X 33
CPA T =289, Mcps=8,Nepr = 15 29X 29 T=169,Mcprn="5,Neps = 12 23X 23
SIRCA T=289,M,=3,N,=14 89X 89 T=169,M,=3,N,= 10 65X 65
NPA T=289,N,=7,N,= 10 159159 T=169,N,=4,N,=9 89 89

3.2 ERRE
S SLES I AL R0R
E.=upor/T (21)
K supor WBESI DCA g Al SEBLESE [ R BE, T DCA g UBE JC 80 9 O A [ [4: 41 14 1 U4k
ROCRX LI, BT LUE W) 3R TR [R] B, AR SCH 9 HE CPA 85 84 n] LA AS 5 8 19 J LA 00%
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3.3 "4 DOAfEITHENE

X} HECPA i 25 8] 3 1 79 3 F JiE % A 28 P 3R 09 2 8045 11 75 2 (Estimating signal parameter via
rotational invariance techniques, ESPRIT) % 2 i i+ — 4 DOA . f)f B b i HFCPA 2 0% & W 2
(M,=3,N,=4,T,=12)fM (M,=3,N,=4,T,=14), &G K=8 M5 /53l M (0,,¢,)=(5",
10%), (05, ¢, )=(10°,15"), (05, 5 )=(15",20°), (04, ¢,)=(20",25°), (05, p5)=(25°,30%), (04, s )=
(30°,35%),(0;, ¢p;)=(35",40") ,(0g, b5 )=(40°,45") A 2|1 {4 I, SNR = 10 dB, BRI %K 100, i & 200
o B 10 AT R FE B ) — 48 DOA AL T 25 R A b 730 A9 05 U8 05 ) B 2T, mT LA 31 S I 235 21 .

—o— HFCPA 50
—=— SIRCA sl
103 L CCPA
—— CPA i
—a— URA
+}§-|- —— NP 35
5102- & 307
= - & 25F
B R 201
10"+
< 2 < " 15F '
t—
, 10 ¢
100 ) L ) T T S R
169 625 1 369_1 681 2 809 5 ].0 ].5 20 25° 30 35 40 45
LBl Sorst e /)
K9 SRR AT L K110 HFCPA 4 DOA flit
Fig.9 Comparison of virtualization efficiency Fig.10 2D DOA estimation under HFCPA

3.4 ERAFIHE

R T Ak R BB 1 BRSSO R K

w(m):‘{(nl,nz)ésﬂnl*ﬂ2:m}‘ (22)

Ao SER SN BT B S BRI 2ZEFER RN DA R o (m ) 2 (8] 35 R m 1 FEIC 24 0 80
Herhvm =[m,, m, 1€ D, T4 /N BE T B A B /IR A R 0 10 9 T 2 5 AR (AR R 5 P S i

245 TN BES) E AR . R 20 LLE 32 1 B BE 3 HECPA (% B R i 1 & T URA
FINPA FEF A SIRCA R CCPA PEFIEE 2 . 3k & BN Sy 1 3k 30 T AL 22 M 0 H bR, #8 S0RD 25 T B
F5e S BN T T S 0 % AR B T 3K R KRR AR T BRI 1 9 1 R

F2 AEFES BRI
Table 2 Mutual coupling of different arrays

4 1) 4T SR w(0,1) w(1,0) w(1,1) w(1,—1)
T=289,M,=M,=3
HFCPA : 161X 161 51 51 9 9
N,=N,=8,T,=T,=17
URA T=289,T,=17,T,= 17 33X 33 272 272 256 256
NPA T=289,N,=7,N,= 10 159X 159 119 119 49 49
SIRCA T=289,M,=3,N,= 14 89X 89 38 38 4 4
CCPA T=291,Mcern =8, Neera = 15 45X 45 4 4 :

3.5 RMSEZXfEE
N T B UEAR B AR 4 R A E T R PERE & U3 7 MR 22 (Root mean square error, RMSE) */

((2((@,, ¢ +(0,,— 0, )2)>/c VK OO R BB URL, ¢, 55 4 UK B
i=1

RMSE = ZK]

k=1
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55 kA NI TT LA ¢ WAL 0, R 1 U T 85 & A AR 0, B, B C =500, B T A
HIL, Fe A AR SR i HECPA 5 SIRCA, URA A & CCPA 5 DOA il 114 fig i #F 2% F 25 [6] V-3 ES-
PRIT &3, Hoh R HI 9 URA \SIRCA F HFCPA B4y L4 7T S B[R], 149 144, th T34 S 80fd cC-
PA B FEICHECK 144, W 2% JE A 146 BT, HFCPAM BB A M, =3, N, =4, T, =12;M,=
3,N,=4,T,=12;SIRCA [ Z M, =4,N,=5, URAMBH A T,=T,=12. CCPAIZE N
Mepy=8,Nepa =9,

B 11 @R T i #& HFCPA 5 URA \SIRCA X CCPA B % 1 " Lt (Signal-to-noise ratio, SNR) 48 {k
1 RMSE X He o W 11 BT, 76 G4 PR 8L 100 A 0T, Bl 5 15 W EU (4 384, T 45 1 90 B AR A5 T B8 4
Al T2 R B A 34 5 AR R 22 R B T B R AE R MR 1L 0 dB Z 5 B B PR K- o B Ah , 7R 5 T8 Y £
LY LY HECPA 45 0 L LAl B 51 52 80 7 B8/ (1) RMSE . 3X 3% W] [7] 458 45 4 '~ HFCPA 45 14 (1) — 4
DOA fliiH1EfEf T URA SIRCA & CCPA.,

B 12 878 T HFCPA 5 URA (SIRCA 2 CCPA Bfi %5 P 411 8048 4k 19 RMSE X tb o an /&l 12 Jir
N PR RS R SNR = — 5 dB, B & PRS00 34 K, B B AR AR A5 T S A A AR 185 5 B 4 0 AR
B2 N B, B P EGA ) 200 28 4 . A 7R FE A RFAEIE Rl 9, HE CPA He H: Al [ 5] 3 B A

THF A 1R RE
10° 10'
—— HFCPA
—— SIRCA
] —— URA .
10' CCPA 1
e ~ 10°F —— HFCPA
! < —— SIRCA
g . —— URA
m 10° B CCPA
7] wn
: S |
10"
10° ! L L . L L 107? L 1 L L L
15 .10 -5 0 5 10 15 20 50 150 250 350 450 550 650
SNR / dB Snapshot
BI11 B A HAZ AL ) RMSE X L K12 B % A B9 RMSE X L
Fig.11 Comparison of RMSE versus SNR Fig.12 Comparison of RMSE versus snapshots
4 HFRiIE

AW T —F HFCPA M, B B2 )5 7T IS 2] AL A 2 15 . B e XL 5 B I Y
PIA T FERL S TE L CADIS , 8 J5 #0841 B IR 4B 78— S 3 T, i 45 26 B B F 1 401K 5 T2 il — 1~ HF CA L i
Jei (KT (36 B Jy ) 19 BEZ AR W 2 Bk HECA , X BE 45 2 19 T B HECPA 8t ml LLTE Bl JC FL R 9 25 [
DCA. AN, X F 45 7 oo B O, 45 17 AT AR A3 8 K% 2 DOF e £ HFCPA 2544 . R4 HF-
CPA Z5¥9 46 F h FE M PERE LA R KA T B J& 0 T3k 2 S FLIR B9 B By, 0 750 7 31 2% 40 3 1Y) 3% 252 ) 3
W TR 0 T AR i L A IS 23 kS AR ULy A5 L i — 2B ik R v . B O BB UE T HFC-
PATE# 2L [ B R SRR A 48 DOA A, T4 7 i 18 % URA .CCPA [SIRCA.
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