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DOA Estimation with Improved Semicircular Array in Coherent Environment
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Abstract: The preprocessing scheme of spatial smoothing could circumvent problems encountered in direction-of-arrival(DOA)
estimation of coherent signals. In this paper, we propose an array configuration method for identifying DOA of fully correlated
signals, which is based on uniform circular array and is able to obtain two-dimensional estimation results. The novel array, we call
“double semicircular array”, is constructed by dividing a uniform circular array into two identical parts and then combining them
end-to-end. Through spatial smoothing processing of data utilizing the array structure, rank loss of signal covariance matrix will be

avoided and DOA can be estimated. Simulation results illustrate that subarrays can resolve groups of coherent signals. Performance

of this scheme in conjunction with the eigenstructure technique are also described in it.

48T . DOA #it; MF)254; 2 HFE; MUSIC ik

Keywords: DOA estimation; array configuration; spatial smoothing; MUSIC technique

DOI: 10.12346/csai.v1i4.8165

15l8

i RILTAET, REM o FAEDE 17 (DOA) 4l
T PR A SR R R T Z B . g
MUSIC. ESPRIT Z4E N [ Ak 2 DOA i 115 i5#S e IR 1544
RIS SR, HETCES TS S Ik .
N TR 55 2 0F T i DOA A5t R s, R &2k
TP AR, e PR U s PR R P
B RSP B AR A SR, X BB FAAGE T4 R,
T MBS, TR AR T i 3k it
et R T T R BRI = AR T, (HE
RPN 2, S ok T 5 s T 4
B WS, AR — SRR I MRS S5 AR A TAH T

DOA 11, CEEHEH T —Fhil i Toeplitz 51 B4 5 A4 R 34T
155 DOA it 192% ESPRIT &k, (HHAN R A
FREETt. BLAh, HEIR LR R LMo N> 2P +1, Hf
N, P opile REGME oBUR S 540

N T RUART DOA bR, 8 SCHR H —Fh 3L T352)
(52 842 270 F) 7 200 B G B v, A RS, R L A
THEHEAT L -1 MHTE 5410 DOA fliit.

WXL, g5, ST M TR, JHHEH
TR B B 5 0] LUERf HES T DOA M. Hk, BRT
ZRMET ST UG S DOA fhiHHL, I ™
W BCEME SR T 7k, KI5, S T R P A

( Cramer-Rao, CRB) . 5, AT EIFA G A5,

(&R ] SMEEE (1994-) , Zo, PWREIPTSIEA, 8L, MFRNMEREEIRGCF, JL3EPTCRB—EEIAIE Mz & iy A 1A

SR F S TS

36



Computer Science and Artificial Intelligence

XHESCRIEIEAT T B4

teiescr, [o] , [o] Fule]” sramigemdehn b m it
YL,

2 FSHEE

TR — I SR AR M A2z FEIC L, M
TR TR, RS A R AR A SR 20 B A 1L
RIS E G nTLUFE L, B50E R RS
HEIEFES RIS IR — 2 KBRS s —F
Meoo, RS2 Ees i i a2k se 1 2 20 13
My LR

<y

B 1 a3 EETEE

RBA gk DI MALAT T IR 815855005 ASF =L
Wk, AN IT RSN 65,06 o IR AFRNE S X, 3k
IR :

x(t)= Zsl.(t)exp(ﬁ;rRsinHicos(zﬁi —y)JA)+n(t) (1)

i=1

i N
Hrpr, 7,~=27fﬁ, AFRETIE

AT IR AR N

x(1)=As(1)+n(1) @)

Horfr,
x(1)=[x,(1),%, (1), (1) ] 3)
()=, (1):8 (1), ()] )
n(r)=[n,(1)m, (1), ()] )
A=[a(6,4).a(6:0.)...a(6,.6;)] ©)

x(t) REEHH IS SR, AR M<K GRS 78
SERE, () S T R

a(0,0) FR5 ¢ AMESH TR R, ATLER N

a(0,.4,)= [exp[w,c cos(¢p— yo)],exp[wk cos(¢p— yl)],

; 7
...,exp[wk cos(¢—7,, )ﬂ

Hir, w, = j27Rsing, /A ,
AL 3R :
X=AS+N (8)
AR = PR S AR Y R R, s 515
SAAHIE, IF B Z WAAHIE, M o o IBA,
FEF i U 25 AT LAZROR O
R= E[XX”] —ARA" + o1 ©)

Hoh, R, =E[SS" | FRES Wy 25

(B3 E R H B A AR S, T LA A Sy
LA R R, IR R BN K, BAEA S,
BEMD, JEFF R WRAE4 00, 53 R BOREE S, A
£ L (LR A 1 5 T A R H A 2 4 22 A ) A
{8, ooy ) LR B R DORE A, SCBE LR
’11(+1 :ﬁ“mz :"‘:/11\4 =o’ s #Hﬁ%%d“ﬁ‘?ﬁﬁﬂi%%ﬁm
A WBITESS, XA AR N

a" (6.9)=0, k=K+1...M (10)

I, BT K AR R Y R T, Rk S
BRI, SHE M - K R R R FAs A,
WM Fos i, U R JRWRRA, R RS BE T2
T 3% 38 T AR 33 1 S8 E SR 94T DOA it

PRI, 95020 (5 B ) B 4% 8 2 25 i 7 6 S A T
DOA ffiit. [ 2 4t T3 F sk mpE, 1 MUSIC &
VAT 4k DOA f 455

Two-dimensional DOA Estimation Graph

0 -200

& 2 —4 DOA fHit&R

8 BT, (ML 10dB, 3 MHSIAE 540 A (-90° ,10° ) |
(0° , 50° ) F1(80° , 90° ) A, ]

3 fE FABGE F EIFFEITHTES DOA it
ORI, SEBRIRSET R SRS S RANT 1Y, ANB TR 14,
3E T 5 DOA M TSI PRI (IR 10 A — Al
RN K A 55005 HRAITH. QR
(ERPI S AT IR R ROCR , TR
LR ST
37



HEMBEE AT -

®1%&-Ea80 2022412 A

i=L....K

s (1) =a,s,(1)

an
VISR — M55 AT o A TIH—4k, T4
sk(t) =a,s, (t) (12)
FE[ls (0 |1, drstfeast, i
s(1)= [oclsl (1),058,(1),....a;s, (t)]T (13)
Re=aa” (14)
R=ARA"+c’I=A00”A"+6°1 (15)
Hrp a=[al,a2,.,.,ak]r o AT SR
e ae, - aa
R - a?al* az.az* az.aK* 16)
e ae, aga

ALV, WA K AMTTES, AR R N 1.
PR R B FMEH 4 =4 = =4, =0’ o K15
FERREUE TN R IR, AT TS ] i 4E R
INTAE SRR, (o RHEmEs e BIGAE 12500,
I, & MUSIC %55 THFAE M B T ik TE A T AR T
FISEBRBGATT 1]

FIEEEXA L, A TR R R E
TS Bk R b, s ) S O vk R A R TS S
DOA ity —ME 25k, Hib)di J.E.Evans {2111, J54
S.U.pillai 55 NSk . S&THISIBIMER SR IE AR Z,
M. Wax B4 HE 17—l 350 5 [ 46y K D18 2) 2R R 1Y)
Sk, AERE S BT ik A0 JRk, C.P.Mathews
TEHAb 27 WY ST Al b, 97 B ol 2% 50 JBR) o ) — 4
DOA it} J5 k. 7EIE3CH, BA @ BULFESIHA T, $ih
— BB T

subarray 1

,___________
<y

subarray 2 ~

b4

B 3 W4 [ e P 51 5 A

¥ 16 BETE S BRI P T, AR
AR SCT RERIRAE, W3 TR, 4 1< k<80,
A A5 10 5 AT LU T
SFEIEAE LERAMPRS, R0, 55— TR
38

SR LSRN

x, (1) = Xy, (t),xMH+2
2 2

=ADs(1)+n(r)
Horrar =15 TR, Thr T L2801,
TR, TR P T JE R D 2 — X AR, TR R

(1)seeexy (t)} -

D =diag{d,,d,,-,d,} (18)
d, = exp[ j27Rsin6,2cos ¢,/ 2] i=1,2,K (19
P, 5 AT I L BT 22 R AT LI g -

R, = ADR DA +o'T (20)

K BEASEZ 14 i 1 P75 22 AR R E SO P [ 1 [
M, B

— Rl +R2 _ AR AH 2
R—T—ARSA +01 (21)
Horh R FORBIEAE Sy 250, R8N
H
R -R +];RSD )

AEFIIIL T, 70 U — AR T35, WA R, 20
S, FHEALIED.

SR FUES PREMEHORA T AT S 4180, (5%
DT AR A 0.

W, B LR TIRH, KRB ALE

R, = %ZDO*‘)RSD”“’“ 23)
i=1
HAT LA S H -
le 1
_ s D
R, =1 D D] : (24)
X :
7R L-1
L L
gl e
R, =FF” (25)
o,
_ 1 L-1
F_W[C DC D C] (26)
R, =CC” 27

XS, WTLLE i T R B A 25, C 4 adg
A, FLIGH E[s (0 | 2700 1, 8T C om 4

C=ca
:c[al a, - O‘K]T (28)
Mo, ¢ B—AH R2E
= E“sl(t)ﬂ (29)
FXACAK TS



Computer Science and Artificial Intelligence

F=[C DC - D"'C]
a, 1 d d’ '
o * Lody d e T )
a1 40 42 - dt!
2cGV

SYRTECTT A, A AERE G R RRAY, PHILKERE F R
BTN V 9k, AR, SR V AT TS 2k
HBoh min(K,L) |,y FRERE R, 50005 5 A By
LA AT ARRIZEH DRI U R R AEA S, BT LU
PSS SERRA T, P, R T REMSTELS AT O
DU FRIE A2, JERE V Mk, BN L = K,

e T, TN — 53 B FEHR 43 P A2f
BIRE, A L =2 B R RIS RERS AN 0 1 4140 T3
B AN, A LASEAME R EIE TR, st LA
WL -1 T ES,

4 RAXFTRHES
R TR TR RN 2%, 1ESKA I
SUBA A Z N 5 IEE] 4 DOA i, HelilE LT

SHUR R =001 IR REH TR A
g:ﬁ
MKR| O
() an
1 R-1
exp{ L S x(r) - as(7)] () as(r)]
Hirp R FORPUAE X HIT RS, A
In/ =-MKRIn(7c”
1 & " (32)
j;%DU%AWﬂ[NO—MUﬂ
KT oo {5(0)2Res(0)} A {5(r) 2 ms (o)} 1y 5500
PIGr s R
oln/ MKR 18,
Py =" o7 +?§n (r)n(r) (33)
e 1, . 2 Y
ﬁ(r) p [A (r)+A (r)J—?Re[A n(r)] (34)
olnt 1 p o
ag(r)z?[—zA ( )+1A n (r)]z—zlm[A n(r)] (35)
Hdr=0,1,.,R-1,
oln/
Za AT LT A S
e 2& Lo
621. :?;Re{s[ (r)dan(r)} (36)
61n€ 7ZR{ d” )} (37)

EmnﬁﬁmﬁmAm%uﬂﬁ%QMW%ﬁ,mﬁ,

4 FERAERE A O I TUET 6 MRS S IEFTA K
AN ESHE, W15
Oln¢ 2 & p .
20 ?:(,R{ (r)Di'n(r)} (38)
oln/ 2 R Y .
a; _?Z::;Re{s (r)Dn(r)} (39)
Heh D, =[d,.dy.d, |, D,=[d,.d,..d, ].
I In s 26T A (iR SE0T S W -
Oln LA H H
6: 772R {s"(r)D"n(r)} (40)
Hrp,
D=[D, D,] )
RSN IR S
oln¢T | MKR
E{[aaz}}" o 42)
oms [ ome ]| 2 )
Hﬁ(}q)}[ﬁ(g)] ] —Re[4"4]5 @3)
ome [ome] | 2 .
Eﬂg(rl)]_ag(rz)} 1"02Im[A A}gfh (44
ome [ome || 2 ¢
Eﬂy(r])af(rz)} }_OJRC[A Als,, 45)
ol [[ome] | 2 .
EH%(rl)__ oa } }UZRQ[A Ds(r)] (46)
ome [ome] | 2 .
Hfﬁ(rl) { oa } }Uzlm[/‘ Ds(r)] (47)
Oln/ || Oln/ T 2 Rl )
EH e H > } 1 o R ()P"Ds(r)] )

Fisher {5 5 M E(l//l//T) , R sRi e Sy 2256
MR

(49)

Hr,
y'=ommL/o[o* 5(0) §(0) s(R-1) §(R-1) 7]
(50)

MG, SRS A FRom A -

CRB™ ZRZ:IRe[ r)D"P,Ds(r)] (51)

Hr,
P, =1-A(A"4) 4" 52)

5 fhE L

WICHE I BEE R, BRSO R 51 ARl

39



HEMBEE AT -

®1%&-Ea80 2022412 A

MRS, R MUSIC 3350 1) DOA flit1EfE.

B, HIE3AEMWESLL 750 | 95° MI115° A4FH]
Mg, Hor, BG5S —AHTE, 55— M5 5P
HAMST, {5M L (signal-to-noise, SNR) &y 0dB, RIAECH
1000, {7 B Al FH—A 15 [T 3550 15 [ i 35 1 9 45
Horp AR BIFEAS & 8 MR IT. IRIKSERE RIS DT EL
100 ¥R

Pl 4 2 DOA Al 45 R m R &, R IITER IRk 2
[ #4:5/E4 T DOA AT, RIEEAHTFIEEAH 55 R A,
WIS RS AR AT AL TR RE

65

y

o
@

Elevation /
E

s
o

-
“f %

.
35 . ! . . " . . .
0 75 80 85 90 95 100 105 110
Azimuth / ®

B 4 33 5HEFESE S DOA it &= E

115 120

P Hd 1R 22 ( root mean square error, RMSE ) 7] & L UIF,
THEAS LWL DOA 1T RR M PERE

RMSE = /%2(?—}/)2

Heb, 7A1Y 55 r Ik DOA ML ; N NFHEF
BT HAR L

TR RP I EER . —EWE S (80°
50° ) ABFTRBWFEY), BSHESEZBRM T E T —1
HTFMASES, AdfN (95° , 40° ) . XH, (a, b)
o FORASHMES IR, b FoRIF A

RS, DOA i A iIRZE S SNR ¢ R
WA s frR. X FBMEH MUSIC J7 %217 DOA {1,
75 W R 22 Bt A {5 8 LU 3 TR AEG - R Ry 245 M4 L 2 e
B, BT DOA fHERER RGN 7o Beoh, M{5H
O, AR ORI R R B R, AR, W&l 6
FR, BRI S B PR A AR b B R s A . D7 EL
SRR, 0 ST RBEE A YU T(5 %5 DOA fliit it
[, REAEHS R AP AIAGTTHIERE

(53)

40

10°
—*— Azimuth
iy —— Elevation
== CRB of Azimuth
T —<— CRB of Elevation

10" \\‘:‘\-q;
- \*\w-\;,_
8 =t
o
@
2 19 ]
e
= \‘\?\_\\
s ‘\\"V\-\\

=
5 F 4
10 I—
104 ; . ‘
0 5 10 15 20
SNR(dB)

S5HETFESHEGHTHARRERERILEZLE

10'

—+— Azimuth

—+— Elevation

i CRB of Azimuth
—— CRB of Elevation

— 3

1] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Snapshots

6 T ESZKHTHARRERRMHATLE

6 451t

H T 24 S SR SERRERBE oA 3 L, A A 5
FEAEAR T B, (LG50 IR M %25 T E R UEFT DOA
o B S BB TR TORTHES, AT LATRZE 5t
FFHIRAGHE 5 1 I, 0 PR A oA T4 i
17 DOA il WeAh, 1303 T ook K B K1) DOA
T R A RS I 4 2 (0 R A A B30 £
DOA fit, [FISE B F R 3E B R BT AR IR S PERE

S 3k

[1] Tie-Jun Shan, Wax, M, Kailath, T. On spatial smoothing for
direction-of-arrival estimation of coherent signals[J]. IEEE Trans.
acoust.speech Signal Processing,1985,33(4):806-811.

[2] Pillai, S. Unnikrishna, B. H. Kwon. Forward/Backward spatial
smoothing techniques for coherent signal Identification[J]. IEEE
Trans.acoust.speech Signal Processing,1989,37(1):8-15.

[3] Gonen, E., J. M. Mendel, M. C. Dogan. Applications of cumulants
to array processing. IV. Direction finding in coherent signals case[J].

IEEE Transactions on Signal Processing,2002,45(9):2265-2276.



