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Abstract. The strong electromagnetic mutual coupling effect of a compact uniform circular array (UCA) will severe-
ly degrade the performance of beamforming ( BF) or direction-of-arrival (DoA) estimation. Based on the special circular
symmetry of a UCA,a new efficient and robust calibration method is proposed for the mutual coupling effect. Only one sin-
gle signal source and one trial are required to complete the calibration,and the direction of the signal source does not need to
be calibrated beforehand. First in discrete Fourier transform ( DFT) space, the mutual coupling matrix (MCM) is trans-
formed to be a centrosymmetric vector. Then in a prior 2D spatial angular domain, limited angle searching is carried out to
get the estimate of the parameters according to a novel objection function based on the symmetry. Comparative simulations
verify the effectiveness and robustness of the new algorithm and at the same time reveal that method based on rank reduction
(RARE) lacks robustness,and thus a simple and efficient approach for mutual coupling calibration is provided when UCA is
applied in radar, mobile communication system etc.

Key words; array signal processing; direction of arrival estimation; array calibration; uniform circular array; elec-

tromagnetic mutual coupling; rank reduction

1 == T S B T A R R 5 TSR Oy i
WL 2 27 18] 4 ( Uniform Circular Array, UCA )y F 4§

PRSI S b R 2 i 5 O B A TS g R, RELE 360 B2 5 s iy L3t L P AR I] 1 43 3

— AP R A T LR BRI PR T gy T L AR LR D A A, B AR E TR ABSY

M F 90 :2016-01-26 116 1 F 1 :2016-04-20 3 FE 448 : BEPFARL

HEGIH [ F AP G T BESTH RIS PP (No. 91438104) <715 [ 48K 3 (No. 61501066 ,No. 61571069 s T X 1 3 3 i B 52
FFRITH (No. estc2015jcyiA40003 ) P42HL TR K245 Ml 45 I J X A 150 T 4 5630 % T O 42 (No. TSN16-03 ) ¢ of 5 8 i S A
Tl 55 3% B 5 345 (No. CDJZR165505 )



09 M R AR sl e R A Y 4 2 [ A AR AE T T 21m

A Z . VF 2 2R IGE JT 1] ( Direction-of-Arrival ,
DoA) fitii1J7 ¥k 4N £ 815 573381 (MUltiple Slgnal Clas-
sification, MUSIC) ™/ | A3 5K 2 i) e i) e 4k A5 28 5
[f] 35 ( Estimation of Signal Parameters via Rotation Invari-
ant Technique , ESPRIT) " #51] F] F UCA i DoA 143}
B A% B3k i UCA-RB ( Real Beamspace ) -MUSIC" FI
UCA-ESPRIT"' | ) & 3 F # # ( RAnk REduction,
RARE) J7 3% ) UCA-RARE® 45 Bt 21 47 19 A 1145 2R
FEXT B D BT 43 B HOR (Manifold Separation
Technique ,MST ) th, 7] F§ F UCA AY — 4E F1 — 4 DoA
i

R T 22 1] ) P R 007 oK ™ S ) AR B 1k
ARG TTIERE , PRI R 20T B 90 A 7 A I 28 B i T 3%
IRASHEY R Y E RIS AT LA AT A 8 & DoA
ZRIE Al (32 Hos B K HAA 5 15 3 Ja BB 4
i, ANz SCHR RARE JEAEAS 3 T e 2 2413
W g SR R 3R TR A 1)/ K B LA Y
A2 T B9 A AR RS IE T ok i T
BT 194 155 W05 8 2 B I e, S BLUAR B, PR I AT ]
&t FURI) S5 15 R T R R O 52 55 [m] A 1115
SR ARS R Ik ELAE U7 1 TG0 o e
SR B AT T4 R e g %07 5L T UCA 1Y
X B, [ I Al i LR A SRy — A i S 8O I {HL SR
[10 )45t UCA TS 2 B TR £, RIS [=] 4040 £
ASHEO T, BRSO A 22 55, G Fh i 60 T MK
A S B ZFTAE () —ARF AV Ay 5 1, 145 SRk [ 16 ] i
T B —E JR R

TLARSEBR b B(5 1 S 80T DLR e 2 D 6 O i AT Ab
2, DR A T8 Y — S50k AT AAS BB A7 RAIE , 78 3 g Ol
TR TRATHT BT R o i B AR 4R —
TSR] AL R R UCA BLREAS IE Jy 2%, BV id 2o s~ {5
PREAA TE S 30 Ak 1 s F AR 28, OF BAG IR 7 I AN
BERIERE. [ A SCHR ) RARE J72:45 2/ ELAR 24K
P BAT R, 1T AR ST 2 07 85 A7 B0 ) 8 e e
TE SRR M L PR, 3l A5 AR SCER R A ARG AR D7 V8 N
H HTZ0A I RE T A0 A RS 3L T F 0 2 AR Al i
I
2 REGHEE

T ZE A AE IR T 01 (6, 0) NS 2] M JeH 5] 8
W b T P42, IR R i n] 3R

z2(k) =Ca(0,p)s(k) +n(k) ,k=1,--- K (1)

Horpr K R RAEH s (k) IG5 RAE a(0,0) HE T
BRE, ERAMTIERX

(a(6,9)),
2(m-D)mw

. 27rrsing
=——cos(
M

=f(0,¢:)mexp(1 s(0 )),m:l,---,M

(2)
BEAE A RS £(0, ), JEE m D RLHITTE (O,
@) AL 77 ) B R T, BT R BT AR ], BT A 1 R 26
O EA AR B 5 1 B, TR B R T R AR
AR, BRE £ (0, @) 5 (k) AN — DA RUE TR AEE,
R AR SR A %015 M L ( Signal-to-Noise Ratio, SNR)
VER O LA (5 M L 280, B & T %07 1 A 3R A
TR f(0,0), =1
C H HBH [ (MCM , Mutual Coupling Matrix) , & 4&
—AXIFRIE IR Toeplitz 4 [

o ¢ Cy 6
¢ Co Cnoa G
cee cee cee cee cee cee M
C= ,N=L7J
Cy Cyoy "7 Co Oy
L ¢ G Cyn-1 Co |

(3)
Hr| - |FURM FEE. MCM 7] DL BRI S5 A& ¢
FoR, A HEITCR
c=[cy e, ey e =1 (4)
XTSRRI A AR R e B, B3 B AT DU 35 Ha 5l 34
¥ (Electro-Motive Force , EMF) 18 5 [HT, 4% )5 #) T
I H8 & 5 ( Open Circuit Voltage, OCV ) 15 3| H #5145
RENT SRR b LR TR S RO 45 IR R, 7 B o
S RAL I
WAMEEGER (1) o (k) S e s i F e A
Eln(k)] =0,E[n(k)n(k)") =il (5)
3 REHEE
3.1 ESMBEEFZEMT
15 5 T P -3 ] — 3 3o Xof PIp Jy 2 4 B 1) AR
IR A R T O R OR AN T, i TR PR I S R
B TS [ P 2 R i AR AR RS IO 118 e AE 2R
i, BT LRk 5. R P O 22 o B —AN %
i, 2 JLREE R T IS B SR iE </ 1 IC R, =
Elz(k)z(k)"], A
g,=quj,,,qj:%iH,j=0,l,~-~ (6)
Ak g, RN HEFERRGERRE, ~RATIEETR
1 IFRHES R . R R 2R AT ISR R g, B
MESTER U, ESESRIERERLRN
U:=q=yCa(0,p) (7)



2172 W T

¥ W 2017 4

Hy —ASEE R T4 2R 75 1] U,
U =1-4(q"9) 'q"=1-4q" (8)
3.2 EFHBRMEBSEMGITAE
SCHRLO ] gt T2y R R B ROER I, B
tH ) RARE BB T UCA (9 E RSBt
A 1
c =ar§9‘r£aX7cHQ(0’¢)c (9)
Q(0,0) =T"(a(6,9))U, UT(a(f,p)) (10)
Hrp T(a) ¥ 5 R4 a Fe Al h— AR, A SC4h 138
T UCA BYHCHERL, 11 ] B3 WL 1 1 e ik =X
T(:,l)=a
T(:,m)=circshift@,m — 1)+ circshift@,1 -m) ,m =2,--- N

_ circshift(a,N) , N MfHEL
TG N+1)= {circshift(a,N)+circshift(a, -N), N &%
(11)

BeAh N = M/2 |. cireshift (a,m) BIGHBALREL, 25 m
> 0, MPKs Ot @ PEEREE AL m U545 m <O W f I [l {6 A
AVAN IR/ @

X)) H (6, 0) AT Z4E M R, R H
PR BRI A ¢ /BN TS BRI,
AL ¢ MR Q (0, @) HAT B Je/NRFAE (I 14 4 fiF
KA & ARSEH LT TR IA—1k, B

é‘ -2 min (12)

3.3 HEEEETNRENFIKESEE
ASCH SCHRL 16 ] R 5 311 345 e
SIE 1YY X TR FRIEI M C, H A FI R G

He=leg,er, ey, e ] F A

F=[WO,W1,“‘,WW[71] (13)
1 2mj 2 (M -1)\1"
:ﬁ[l,exp(lﬁ]),---,exp(l ](M ))] s
j=0,--- M-1 (14)
WA = FCF" & — X fibE X Mo %E B, =
Ay sm =0, M =1 T 2
B, =By-n,m=1,-- M-1 (15)
ER X TR C, B g oI R ¢ =

[eoreyymmney 10, M ELEAR R SCHk[ 18] ,A = FCF" )y

—Xf FA R HA TR

B =A ey = /ZO cjexp(iz}gm),mzo’...,M—l

(16)
RGN JEREA F=F F' =F" , T2

C MR RIRFRIE, B C = C" A W[ HHE K
{ﬁm =w, Cw, =(w, Cw, )" =w, Cw,

w;

- (17)
0=w, Cw j#m

TRA

By =Wy, Cw, =w Cw' = ,m=1,- M-1
(18)
TEW] 5E e
gl.fg 1 %‘%Eﬂ[ﬂl [ ,,31\471][‘ I%#*‘E‘Xd‘%gi%
B3R 1 A] A5 3 2 Ol B i ZZ 46 (Discrete Fourier
Transform, DFT) 43 [&] Hh () {55 7~ 25 (8] 4y
U =FU, =yFCa(0,p) =yFCF"Fa(0,p) =yAFa(0,¢)

(19)
XHT
AFa(0,p) =diag(Fa(0,0))B (20)
Hrp
B=LBy:Brs By ] = [ Ay, Ay e Ay 1T (21)
F AT 5

B =y 'diag”' (Fa(6,9))U, (22)
LR HE AT 71 (6,¢) , AT iE 5 2 (22) HA%

ff K fe B I g1 B 1 SR B C
C=F"AF =F"diag(B)F (23)
B TR IEAR 0 A5 ) IR A e A e, It
ANREMER A (6, ¢) MBUE , (HR IE S5 A S 4t TFH
KEMSERE L, B (0,¢) —E S TE LA TE J7
HUL ) — A2 AN, B 6, <0 <6, 0., <@ <
P TEUL XA SEIE J5 1045 B 38 7T LAGE 3 A5 18 B
RN ) MUSIC 353515, IG BT A 2850 BB AME i MU-
SIC % B AR AN FFHEA SR g, 20AT LR Ry 5
UE S 7 e L B R T R AR AT B Ak, T A
XA ZS [ 8N BRI R E 2 A BAR BB B
ﬁzargﬁmin; 1B, —ﬁw,j|,N=L%J (24)

B =diag”' (Fa(0,9))U,

s. t. 0., <0<80,.. (25)

Puin <P < Py

FIbR R RO 7S 7 23 0] £ RN 4R 15 B X AR 1 e
LIRS R S Al T NP BEA % & y N1
JA— AR AT 25 AR % W R DAT R AR I TR
IR

(1) FERBLE M A T5 18] B — R IE 52 56, B E A
ST R A FAIR (O s ) » (@i s P ) FFATE T
ORI M PRAA G 2 (k) k=1, K.

(2) S5 B A DIy R R = 3 2 ()"
(k) I AR AR5 5 T 2 LA 11 0, 48 9679

DFT 2 ] i 25 T-25 U, = FO..
(3) M4 Hbr e FiaX (24) A=l (25) 766l 19 £ 35k
AT 4 A A R, 3615 B oA, R (24) i T,

MU, (8 2 A B 3 75,



09 M R AR sl e R A Y 4 2 [ A AR AE T T 2173

(4) M Hs = (23) FRAF EARAE ME AT IR IH — b e
JLR
¢ Fldisg(B)F (26)
(F'diag(B)F) ,,
it € BT HRAS ARSI o, th T et € R
LA TR B R, DR IR AT T4t R b 5 3 e Al e
TRl BUC W — AR IIET N + 1 A IeEA
N ¢ At
c=C(1:N+1,1) (27)
FiE2 M C I — AP R EBCEEAIE N ¢
vt , Bp
. (CQ+1J)+CXM+1—L1))j:

C0:1’cj: 2

1,,N

(28)

AT B C A AR RN T 1 24 57 T e A5

R, FEARE MUSIC 53035 R A5 21 0 1F S 56 (9 1R A O

[6] , 6 75 1) J 3ok e SCRT 50 Tk = 2 0 A 1) e 0 A SR

TR A TEAR D5 160 B S 9 A X A Iy, I 3 7
B RS RGBT,

PR O P31 A I AT 30 5 5 6 Rl B AR, B B

AR IR A RESR R (HAFET RARE AURLIETT ¥4

B RAETT IR, R e X (0, @) , B # i 2

HEH 0(0,¢) , X B HEATHRHE 73 i SR AS fe /N R (L
AVRAIE o 5, T8 7 v Ul 23R B, A K3 —
AN R AN R R SRR, IR IHOBT T R RS T RARE 1Y
S IE J5 VA TRT B AL
4 FEXE

P 5 A IE 5 B A B A T S RO RS B RS 2, B
Ak TR 46 5o i 22 1 24 5 M 12 2% (Root Mean Square Er-
ror, RMSE). i T4 N RS H, H e LS5t
FY - g 24 e i 22 Y H 2 AR R 2

N
avr_abs_bias(¢) =% z |Ej—cj| (29)
=

T

N
avr_RMSE(¢) :% S /Y 1e(t) -l /T
j=1

(30)

o 7 g B RIS ¢ BB SR S e W
J A TABS RO TP

6= 2 c"(ﬁ,j:l,-'-,zv (31)

t=1

HE—A M =16 JUHYEE LI BN T RE AR
UCA, k4 r =07 A, {5 5 IR THEMEK /[ =
1. 032GHz, , Blig F HARSHNZ 1 fiR.

®1 EBESH (¢ =1)

(&) Cy C3 Cy Cs Cq &) Cg
-0.320417 0. 149641 0. 0435498 -0.0186772 —-0.0043959%4 -0.0373879 -0. 0542693 -0.0527588
+0. 187788i +0. 115298i -0.0680282i -0. 00929058 —-0.0157479i -0.0297006i -0.019243i -0.0171603i

41 BARERH 0 o
| s —o— R IE
I 6 (40°,90°) J5 o 1 7= 100 Yl Bt (K B

=1000) , %5 Y I BE A AG T R A6 5T 09 T 2 Bk
i RJE PR T YT R 52 bR AT 1 7E RLME
T b B+ 1Oy 2S5 (8 A N 2 00 A, B 6 e
(39°,41°) ,p e (89°,91°) H B P70 fii. Joii M
SRIE Dy £5°, AN EAE 0 e (35°,45°) ,0 e (85°,
95°) Ky =S (A M N R, [T 1 RIIAT 2 45 AR EI 1Y
- 24 246 %t i 22 RSP 2 RMSE il £ 1 L #9922 A6 15 0L
WEERKHFO. 17

SR WIR B K IE 7 IS B A 3T O 22 F AR T
RARE RAR AL IE J5 i 2 AR — B, R4 X6 i 22 T/, 3%
BAWPB A IE J7 A T 45 R O o, BAEIRAE R LR
FETFEE R B O R e, RARE J5 35 R IS 5 125 (6] Fin g 75
F S [AUAH EL DE S AR PR B, TR 7 3 U °F A 1) 25 A A
B T BAT S R 5, 01 3125 SR 3 WA AR A5 1 L X 1) %
PR X e 7 52 i g A A

BEAN T35 17 M O35 27 A i BB S Ul T
JE (i 22 ) AT W DO (B AR s (R MR LR 7k 27 1

—o—RARE ;%

T i 2

0 5 10 15 20 25 30 35 40
fZ1:EL/dB

BT BSREIERT, T2 40 06 i 22 I 17 1o L 2 Ak 155
COruE 1T EERAE SR O Uy s 27 TE R S Ul
HAREC T — P ((28) ).
42 ZARIEMRE

S B BAL TE T 2 B8 [ ¥ 3 18] B — 7 A BEARE— K
RIE SRR G -, B T =100, 8L A S A1 (3. 6
x1°,90°) ;¢ =1,-+-,100, 171 5 bR A S 1475 98 S 7E LA
FETT I G = 1° 0 F 0N 52 3 20 70 A1, e B 3



2174 G R 2017 4
10° 10"
—o— A ITTIE]
b/g\ﬁg —a— A2 & —6—o—4
\ —o—RAREJ; %
i ‘ —o— ATk
i —e— AT 2
4 10 S
’jﬁ 1@ —e—RAREJ %
2 =
= R
o o
o R
B 107k
10" ‘ ' : : : : ' 10° : ‘ ‘ ‘ : :
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
{5 Lk/dB {5 Lk/dB

2 HORARERS, PRI 22 (R e L R AR L

W
—o— AR TE]
—e— R H2

ﬁ —e—RAREJj %
=
®
]
" 02k
10'3 L L L L L L .‘
0 5 10 15 20 25 30 35 40

{5 LL/dB
E3 LA IEm, S35 i 22 it £ e e A 2R AR 1l

5 =50, JoE & Fm 4.1 95, [ 3, [ 4 45 2 F 2
246 08 i 22 F1°F- 327 RMSE it {518 EE 922 A D

R2 FESARAXMRERMNERSHEMAT (o =1)

K4 L mRERS, PRI R 2ERE(E IR LR AR T O

5 ELEE R 5 4.1 3 85 a5 AR SCHR AR IE D7 iR
VARG TRE B 0 2 R 5 P 7 T AR IS T 096 25 45
T T RARE VA0 RE 1F J7 845 30 i A 0 22 F0 3 77
MR R 2 Ak, 58 HL ISR Ry RARE J i ik /b
Fatadk. SCHRL 19 T 45 M AT 07 i 2 A i 2 1
A MR, LRI D A (2 TE LR A, BV 7E e 4 L s
AT E Q(0,0) das i A B dit, PRI A TS 2 T 4%
RIS R, X EWRE S AT ESE DoA [ i
%60, ) FSERE C e

Ca(9,p)=pCa(0,¢) (32)
o g —AH K DI AR 3% RARE J7 8 R85 T
FERA TR S BUE MG €. BRI A S5 (SNR =
30dB,K =1000) , % 2 51| tH T Ho o f w45 TR A S 44 i
FAHRE Al T 2 K 4

(6,9) K IE ¢ ¢ c3 ¢y Cs Co ¢ cg

I 0. 9994 ~0.9993 0. 9993 ~0.9993 0. 9993 ~0. 9994 0. 9993
(6.6177° ! +0.0001i | +0.0001i | —0.0000i | —0.0000i | +0.0000i | —-0.0000i | —-0.0000i | —0.0000i
90.5232°) — ~0.3200 0. 1494 0. 0439 ~0.0192 | -0.0040 | -0.0379 | =-0.0535 ~0.0535

s

+0.1866i | +0.1164i | —0.0690i | -0.0087i | —-0.0162i | —-0.0291i | —0.0197i | —0.0164i

~0.9988 0. 9985 ~0.9981 0. 9982 ~0.9982 0. 9981 ~0.9983 0. 9981
RARE J5ik . . . . . . . .
(31, 8166° +0.0004i | +0.0001i | —0.0000i | —0.0001i | +0.0001i | -0.0001i | +0.0000i | —0.0001i
89.2538°) - ~0.3189 0. 1469 0. 0467 ~0.0217 | -0.0011 | —0.0407 | —-0.0508 ~0.0562
+0.1899i | +0.1133i | —0.0653i | —0.0124i | —0.0127i | —-0.0331i | —0.0160i | —0.0208i

AT 8 N7 i B o T S T B
RARE J7 i I AR R IE B 19 RS SRUG T , IX R 7
AN 1R 2 3 i i P, iX BE I RARE J7 i 15
WSRO BATHBOETT AT 4. 1 Iy HSL 5
HAERWITE (40°,90°) B RE A 2 IE A 19 A TH45 4. M
ARSCHR WA IE DT IR AE P R 2 45 1 T IE Y A 2
Wit X R WH T 8E 0 BA R A fe . DR LX)

AT ORAN A 19 TR S Bt AR SO0 B AR B 45 i
IER Rl 45

WEAME T LA Y, e 2t Th i RS E ™ Jrid 17
T332 27 BEAR A DX, 0 DR O AR LS B B AR 5
B A T RAIE 5L 5, (EAE RS T 1o AR K, B ¢
Jrta) b RAE T — MBS, R T3k 27 B ik 17
PRI .



09 M R AR sl e R A Y 4 2 [ A AR AE T T 2175

4.3 FEIIRIERKBEEAEMGIHEE

W42 WG TSR T UCA BALIE , I X6 [R] B
AGTHT 3 A5 5 DoA it A G J5 181 4351 (35°,
45°),(45°,55°), (200°,70°) , A %% {5 M kb & 20dB,
20dB,30dB. [& 5 ~ 7 il 45t T R EIE M ET
RARE 47596 M 37 ¥ M IE 1 )5 9 MUSIC 3. 18] 5
WRE AL HRIE  IRATG A B IEH 19 DoA filiit;
K 6 Z45d RARE J7 AL IEJG B DoA Al 145 5% , i [&]
FUREAS B — > B R 35 0 5 100 285 AR SO AR B3 1 ) 79 3
TIEB R EEIRZS 1S (B 7) |, RS REHER AT ==
{5 5 ) DoA.

e
=

MUSIC #44
i
£

e
)

g 0 st i e
E5  REIESRIMUSICHE

1500~

MUSIC 4

J7 LR/ 00 4D /%

E6 HTFRARESIEKILG MIMUSICHE

MUSIC #18

200

100 40

20
J7 it Fii 1 BE 00 W

&7 ARSI EERE S fIMUSICHS

5 #ig

HET 5 B A A R R [ X AR AR SCHR I T — R
S0 R AR S B R A S IR A R AE T k. %0718
i B IR, — UK TR S B AL VR Al T RS
B, I BAR IR 0 JO/R SR w R , DR B A 7 1)
Y EABIRZERTY B AT G PR IE LB O B i)
RETT LR I RREAG T2 18], EL EAR 00 55 55 AN 1
WA AERA T R I ATAE R D A BEAG THE, PRI —
G N 2T NGRS 3 0L il W R A

S & 30k

i

[1] Hu H,Nickel U, Kulpa K. Advances in antenna array pro-
cessing for radar[ J]. International Journal of Antennas and
Propagation, 2013, vol. 2013, Article ID 416096, http.//
dx. doi. org/10. 1155/2013/416096.

[2] Hu H,Qi H M, Villano M, et al. Advances in antenna array
processing for radar 2014 [ J . International Journal of An-
tennas and Propagation, 2015, vol. 2015, Article ID
196910, http://dx. doi. org/ 10. 1155 /2015/ 196910.

[3] Schmidt R O. Multiple emitter location and signal parame-
ter estimation [ J |. IEEE Transactions on Antennas  and
Propagation, 1986 ,34(3) ;276 - 280.

[4] Roy R,Kailath T. ESPRIT-estimation of signal parameters
via rotational invariance techniques|[ J]. IEEE Transactions
on Acoustic Speech and Signal Processing, 1989,37(7) :
984 —995.

[5] Mathews C P, Zoltowski M D. Eigenstructure techniques
for 2-D angle estimation with uniform circular arrays[J].
IEEE Transactions on Signal Processing, 1994,42 (9) .
2395 -2407.

[6] Pesavento M,Bohme J F. Direction of arrival estimation in
uniform circular arrays composed of directional elements
[A]. Sensor Array and Multichannel Signal Processing
Workshop[ C]. Rosslyn; IEEE,2002.503 - 507.

[7] Belloni F, Richter A, Koivunen V. DoA estimation via
manifold separation for arbitrary array structures| J|. IEEE
Transactions on Signal Processing, 2007, 55 ( 10) ; 4800

-4810.

[8] Hua G,Wu J D,Zhu X C,et al. Efficient two-dimensional
direction finding via auxiliary-variable manifold separation
technique for arbitrary array structure [ J ]. Mathematical
Problems in Engineering, 2015, vol. 2015, Article ID
740513 ,http://dx. doi. org/10. 1155/2015/740513.

[9] Friedlander B, Weiss A J. Direction finding in the presence
of mutual coupling[ J]. IEEE Transactions on Antennas and
Propagation, 1991,39(3) ;273 - 284.

[10] Wang B H,Hui H T,Leong M S. Decoupled 2D direction



2176

LI

¥ W 2017 4

[11]

(12]

[13]

[14]

[15]

[16

[

[17]

of arrival estimation using compact uniform circular arrays
in the presence of elevation-dependent mutual coupling
[J]. IEEE Transactions on Antennas and Propagation,
2010,58(3) ;747 -1755.

Lin M, Yang L X. Blind calibration and DoA estimation
with uniform circular arrays in the presence of mutual
coupling [ J ]. IEEE Antennas and Wireless Propagation
Letters,2006,5(1) ;315 - 318.

Dai J,Bao X,Hu N, et al. A recursive RARE algorithm
for DoA estimation with unknown mutual coupling[J].
IEEE Antennas and Wireless Propagation Letters,2014,13
(5):1593 - 1596.

Wang M,Ma X C,Yan S F,et al. An auto-calibration al-
gorithm for uniform circular array with unknown mutual
coupling[ J]. IEEE Antennas and Wireless Propagation
Letters,2015,DOI:10. 1109/LAWP. 2015. 2425423.

See C M S. Sensor array calibration in the presence of
mutual coupling and unknown sensor gains and phases
[ J]. Electronics Letters,1994,30(5) :373 - 374.

Si W, Wu D, Liu L,Qu X, et al. Direction finding with
gain/phase errors and mutual coupling errors in the pres-
ence of auxiliary sensors[ J]. Mathematical Problems in
Engineering, 2014, vol. 2014, Article ID 429426, http.//
dx. doi. org/10. 1155/2014/429426.

Liu S, Yang L S, Yang S Z. Robust joint calibration of
mutual coupling and channel gain/phase inconsistency for
uniform circular array [ J]. IEEE Antennas and Wireless
Propagation Letters,2016,15(1) :1191 - 1195.

Gupta I J,Ksienski A A. Effect of mutual coupling on the
performance of adaptive arrays[ J |. IEEE Transactions on
Antennas and Propagation,1983,31(9) :785 -791.

[18] Ma Y L,Yang X Y,He Z Y, et al. Theoretical and practi-
cal solutions for high-order superdirectivity of circular
sensor arrays [ J]. IEEE Transactions on Industrial Elec-
tronics,2013,60(1) :203 —209.

[19] Gao D Y,Wang B H,Guo Y. Comments on “Blind cali-
bration and DoA estimation with uniform circular arrays in
the presence of mutual coupling” [ J]. IEEE Antennas and
Wireless Propagation Letters,2006,5(1) :566 —569.

1EEEN
x| # 51976 A AT R BN
WK AE LR Pe A B
-~ - 75 R BB 5 5 Ak B
T T Eomail155836@ 163, com

B B(EFEE) 57,1982 FlLTm
JIAE B BT BUNE ORI DEFE 5y 2 B 5E
D7 FE TR L AR 15 R 2% LR AT A DR A5 il
R4

E-mail ; liaoy@ cqu. edu. cn

BHEEE 1989 4R T E PR BN
PR {5 TR Be i - o0 A E =B

— J5 T AP TR .
] -y - ) . . .
£ ) E-mail ; xieyuanju@ 139. com
-
\



