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The Study on Direction of Arrival Estimation in Smart Antenna

Abstract

With the fast development of telecommunication, the newly rising theories and
technologies are applied to achieve the higher quality communication and service including
smart antenna. Smart antenna takes advantages of the differences among the transmission
directions of the signals to separate signals with same frequency and time slot. It can enlarge
the communication capability enormously and be combined with other reusable technologies
to make full use of the limited spectrum sources. Besides, it can also restrain the fading
effects to improve the communication quality. But the precondition that smart antenna can
achieve directional transmission is the DOA estimation of the signals can be got correctly. So
the purpose of this paper is to use spatial spectrum estimation theories to get DOA
estimations.

Spatial spectrum estimation is a very important research direction of array signal
processing which develops based on spatial filtering and time domain spectrum estimation.
The biggest characteristic of spatial spectrum estimation is algorithms. On the basis of deep
understanding of the algorithms, the application of spatial spectrum estimation could be
realized. In this way, this paper studies and analyzes some of the algorithms and makes
improvement according to the feature of the array. The contents are as follows:

Firstly, the paper gives the introduction of the background and significance of the
research area as well as the history and the development now of spatial spectrum estimation;

Secondly, the basic principles of smart antennas are introduced including concepts,
structures, classifications and so on. Then the basic knowledge of spatial spectrum estimation
is studied, especially the array models, expressions and second-order statistics. These are the
bases to realize effective DOA estimations;

Thirdly, the paper focuses on the most common array-ULA. Making use of spatial
spectrum estimation knowledge, the paper introduces several DOA estimation algorithms, and
makes comparisons and analyses among different algorithms from the angles of signal and
noise ratio (SNR) and the correlation;

Fourthly, the paper also studies another important smart antenna array-UCA. Compared
with ULA, UCA has many advantages, but also some disadvantages for DOA estimation
because of its complicated array manifold. The paper studies several DOA estimation
algorithms for UCA. What’s more, according to the feature of UCA, improvement is made to
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UCA-RB-MUSIC algorithm and the interpolated array transformation is used to realize UCA
shifts to get DOA estimations. Simulations show the effectiveness of these algorithms.
At last, the plan for next step is made based on the summarization of the paper.

Key Words: DOA; ULA; UCA
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Fig. 2.4 Principle schematic diagram of smart antenna
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TEXFF R S PR AR HiFANE B SEH OGS —REHTH, W8
FBEEPHRBEHETE, X Q1) PHAGESERBRTUSR

s,(B-B,1)=s.(1)g.(8-B) (2.20)

Keh g, (8- B)R—ALL B, AL HHHE LRI (B i 4R B SEA S
HAEY), AW

[ &(B-B)ap=1 (2.21)

W5 SHERI AT LA it — B 4L

Xx(t)= BS(r)+ N(t) (2.22)

_14_



KEBT RERTZAI

RFHS(), N()RARQ7), BRMxNKEY, B

B=[b(ﬂ|) b(B,) - b(ﬁw)] (2.23)

b(8)=[ a(B),(8-5)do 2.24)

2R, SEESHHES e (B-B)N5(8-5)H, BE(B)=a(8), MEAH
WESENFRKE.
2.2.2 BIERM TSI EE
HARME LT RE:
1. FSEENTETHE, BT HREEPEE P& Mar .
2. BEFIA—FHERMILE, SETRGERL, BES5ES HATMY,
3. FSRBEAENEHES:
4. ARFFIMELBRBEAEMEERET, BEXEABUAESR—BTHR.
MHFRQD A EER, RIEERMO/LABR, EREFIRAKIENG =8k
R=E{XX"}=AE{SS"} 4" + E{NN"} = AR 4" + R, (2.25)

AH, R, R, AHAESHIZEENRE DT EERE, MTHEN O NEZREEA
B, B PR

R=ARA"+R, = AR A" +J*I (2. 26)
X RHTHIE A S RS
R=UZU" (2.27)
AF, UNFERRERE, KT Eagmms akEr mr.
4
| A (2.28)
| %"

EAFHRFEEHR LT RER:

-15_



BRERL T BIBOA T M vH BT AT

A2 22 A >, ==, =0 (2.29)
5E 3o T P A RE

A

X = % . (2. 30)
: .

j’NH

I, = A . (2.31)
. .

B, LZEREHHEFN, 7
Zy= OJI(M-NHM'-N) (2.32)

A, ZOAKFHEEARKN AR, Z, A/ MELEA SN A BHRERBENE
B H SHEERARBS: —REXFEENEAESTFERU=[e ¢ - e]:
ZRE/MEFEES NGB FERU, =[e,,, ey, - e, HT e AFFEEN M
MERE. XM, RQ2NWUH—FERMTER:
R=iﬂ.,e,e,"+ i Aee]
i=1 SN+
=[v; v,)zlvs U1 (2.33)
=U.v,zsUs:J +UN2NU:
BT R 7 (5 SIS 4 T X THHE T e — ek w1, e T
1EHEE.

I 2.1 W EERMXFEENNAOFERERENEREAHFEFIHRRAR
BRI Z E 2R —A406, B

span{e,,e,, -, €y} =span{a,,a,, -, @y} (2.34)

HE 22 FSTERAUERBTEMU,EX, BF A=0, KP
i=N+12,,M.

- 16 -
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W 2.3 RS FERU,S5RFFERU,HL
vUR+U U =1 (2. 35)
UgU,=1 , UU, =1 (2. 36)
WK 2.4 fESTFERU;. B FTERU, REF AL

U = A(A"4) A" (2.37)
U U =I-A(4"4)" A (2.38)

2.2.3 ZEhkfG it BRIENR

(1) BEFa7 = E

R34 B XHE SR R BIRICRBFARERI T E. JrmE—REHE:
—REBENSH A EEREN (AL RBE SRR, NBHETRE: H—LRHERH
B (ERESHER) .

MATHEE SERE R, NFE—REAOM TZRES], ERERENEET,
BIANFETH R FE R

x,=ge " I=12--- M (2.39)

AP, g AREMERE, 1 ARINELESESZENER. BB I BETHRER
w,» B2 B R R TTINAS B 46 AR 48 B RE S i SR B

Y=Y wge ™ I1=12,- .M (2. 40)

X L ARAEREH R — LR T RRZ MEES 75 B G(0) b

Yo
G(B)=mﬂ’|£_{lll’ol} (2.41)
WRAPw =1(1=1,2,--,M), XQ4) BABEHABEG,(0). TEHEZREEMHTF
LHNRE LA EEFIR 7T A
O WAL
BREHIRENRERL, BURENNMETHSE S REAMFETAL TR,
FRBESAR TN G, R ifaRr5EERET AN, WdXQ10F

..17_



BRRE TR R TR

7,= i(x,‘ sin6) = %(l—l)dsinﬂ (2.42)
X (2.40) 7T LALL T A
iw’go -Jor, _ ZW: g,e -J—(l-l)d-ms _i wg oe~,1: Y (2. 43)
=l 1=l
RKifp, p=279S00 ) SR B HIBE K. B (243w, =1(1=1,2,-, M) BT, R (2.43)

T L2

"j(H—l')ﬁ/Z Sin (Mﬂ/2)

YO = Mgoe MS]n(ﬂ/Z) (2. 44)
TROUBHAEMERNEESmE
_|sin(M B/2)
Go(6)=|> =% 57) (2. 45)
MR (243) hw, =00, g =279 Smef’ O (1=1,2,-, M) B, R (2.43) WL %
Y. =M oe}{M-IXﬂ'ﬁa)/l sm[M (ﬂ—ﬁd )/2] (2. 46)
o T8 Msin[(B-5,)/2]
FRAIB A% 6, HIREFI 7 A
G(a)JSi“[M(’B ~A.)/2] (2.47)

IMsin[(ﬂ-ﬂd)/Z]

B (2449 FQ46) T4, BEHERERERE NG, =0 NS SR, IE
RENXG, =0, FUH S =0, Bw =" =1,

T4 H 32 TS E R RE, FEThIFESRK, B2.7() AFESHE,
B2.7(b) B A 3005 RE, BT HREFH-30dBHTILLE KK,

@ HEREE

BRI BEMESG M MRS, UBRRMEGROHEE S, tﬁlﬂ‘]#ﬁﬂ]r m
RRMEKERESN, WaRQ10)7H, FSAFHEL I ETLIBRNSSERET
] fR A RE(z = 0) R

_18_



RIEH T REMEAR

7, = %(x,‘ cos@sin g + y, sin sin p) (2. 48)

Bk, w=1g, =187 R

M. iz conpsingry, sindsmels M, -/~ - i
G(B)= Y ooty _ §r DM (2. 49)
k=1 k=l

LE Tl e yaorfmR AR

e e e e % e .
Hemr

(a) ' ®)
B2.7 &EFAE QBFHEE O fEnk30° Mg mE
Fig. 2.7 Pattern for linear array (a) Static pattern (b) Weighted pattern pointing to 30°

WREAEZEHRER, Wak Q10078, FEAHBRL METLIENSS
HERETTRIFIREE(y=0) A

z, =%(x,, cos@sing+z, cos p) (2. 50)
Bk, w, =1,g, =187 B
G(6)= f:e"‘“”'""""“"’zf | (2.51)

(]

285 MK PRES DB EE, B2.9) 0 0) 45000 E2 88K FREEY
MEEE. EEFEORTEN16, FEuEER R, HPsmiEnhe=0,0=9.
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BHERE T RIS G THIRR

M2.8 KEHEHSIESET RAE
Fig. 2.8 Pattern for horizontally placed UCA

0 1 1 i : 1

1 1 Ll ] 1

! I 1 i i T 1

| b i it T Al : ----- 1---:—-——:

! o o

40 -~ ’ - L L L. 1L 1 0 " i 1 ' . M J

0 2 4 6 & 00 120 140 W0 10 T Y
#amr wPR-
(a) (b)

2.9 2.8 5 A BHEKEE () KF 5 R (b) EEH Ty F A
Fig. 2.9 Sections for pattem in Fig. 2.8 (a) horizontal pattern (b) upright pattern

(2) EEXRE

HAEANBTA, NT—REHES, R—ESHEARETFE KRS,
BRAEEESBT S EEETRIMMAIE, PAIEETEIAAE T HESHA
A1, XRKRZ A TR A AL

mE2. 1001w, ERESERNMER, dHETEE, AHNE, 0R8THESTHAM
g, v AFETRKAEER. MRXEZFERFESHHREE

_20_



JOEBE T RFRLFAr L

T= ds‘i:ne (2.52)

M P78 7 B o iR AR AL E

d sin _ 7"d'lillﬂ
poet = e 2 (2.53)
ﬁl:]:l, f;E‘PJDﬁﬁo
XNTEHES, HE
-128@

y=e 4 (2.549)

Hep, AHESHEK. Bk, REMERSHMLER, RTHRER 2.52) KHE58
XA, XHETREMTHRARNERRE,

I« >
2.10 DOA it REH
Fig. 2.10 Principle diagram of DOA estimation

BE-BEHERT, ¥ FEEEERIERn S, AETERNEEEZN B (2.10),
)

r=1(xcos€sin¢+ysin9sin¢+zcos¢) (2.55)
C

MERTTR, REMEZEEETRIMEEE, KT AEESOILA. HnA%E
FE2H.
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BRERE TR AR

3 ST EE G AR LERR

3.1 ZEFSHEMISIC) WL

3.1.1 3§y

DOA it BB A ) fE ot 2 0 5 Rl i b e B e 5 — X IR £ BB E S 2R AL
E(WEAMEERAEFSEETHTRA). RENLERS {MED Y DOA Eith
ERE M MUSICT i, MUSIC % E{5 5492 (Multiple Signal Classification) %
XHE. ERH R 0. Schmidt T 1979 FRHH-T 1986 FFEF KR ENK . MUSIC HiELH
ATESFZRMGETEEMELE, HEZEESEE, BTEERRRMESH
DOA.

3.1.2 WUSIC Mk
AT E Wi, FHEIHIETH DOA HFHE N
X(£)=A(8)s(s)+ N (7) 3.1
RESUBAR R T ZRERE
| R=E[Xx"]=AE[ss" | 4" +0’1
= AR A" +0*I
BT AT SREAEN, KW EERTIRNS5ES. RAEXNFARS, P
R RIESIHHEEN, ARA"RIZSH.

Xt R BATRLE A

(3.2)

R=UZU"+U L U" (3.3)

A U, £ B KRHE S NI R B IR BN T2 EIBME S F 26, T U, & h/MFIEE

X JOE £V 1 SR B TR R T (R B g 5 2 )
BHEAHT, HEZAPIMES FERERETERRMEERHN, BMESTZMR
TR ERES%EFERIERX

" (0)U, =0 (3.4)

28 MUSIC FEIERET ERX MR NN, BEEBHLFREBERLTR
K, BTUAEOR o E BRI T



REB T REFR AR

li 3.5)

h

EReb L. 3R TR AT DL 78 B0 B T A E R BRSO,
MTRENEE, o(0) 50, #FERLER, URERRG.H)HRRT, B, L
3k DOA BUBRMALERELAM, &

Buusic = arg, mina® (8) U, Uta(0) (3.6)
BTLL, MUSIC Mg ETARY
Poge = !
M 8" (0)0,Uha(0)
3.1.3 EFEHATHIMSIC NZE

MUSIC HxFEREEHTRE RFHLE, ARERSESHEHTHIEENERES
Bif. BASFESETEMETH, BAREMEEDTEREENRER |, BREXET
BIESFEAMNELRDTESHEE, RERATENSRRESSREFERANRELIETR,
M TR EB A THE S AR

FRE—REN R EMTEL A ERERRERF S EEFENKRERE
Bk (BPREAETERAEMER), NTTERGHESENS . BiXTHEHETHLE
HRATKYE: — LR LB, %—%%EIFWE&ER”“‘“ g9 N[ B bt i
Kb ik U PR 22 (8] -1 2,

T —FEHER TR IRE, BIMETRR0BIES

%(0)=Y,6)s. () +n(t) 1=12-M (3.8
AF, a(8)=e",5,=(I-1)dsing,[/c, M ABETHE, NHIESHERK. Kb, 448
SRBERIE, ¢ WiFHEIBER. S5, MTHIRHE, 44 = sing,i=1,2,N.

?EHMIH"JIF?%H‘JEEIIHE 3.1 i &I (M MBETT) ﬁ’ﬁﬁiﬁﬁfﬁﬂ‘]}’¢:}‘
El%“/l\?lﬁz( &%ﬁﬁﬂ?ﬁ)%?%’?ﬁ, % T3 kAT R IR R

X (‘) = [xk Lirt " Tprma ] = AD(k.l”(‘)*’"k () (3.9

(3.7




EHERA T HBIAS MR

Hep
A0 0
D= ? "jfz ? (3.10)
0 0 .
FRETFRMEIRI T ZER R
R, = AD"OR (D" 4" 4571 (3.11)
Low
l (1) )
)

1 *» (t) |

B31 AiRAZETFRAERER
Fig 3.1 Principle sketch for forward spatial smoothing algorithm

B 7 22 (6] PR PIMUSIC Fidnt ikt b 258 M AR S R B R & 7 B bh 7 2R
WISMER CBLEG, BRENAY A8 AT Eh T R

r=l - 1 1-1) O o, 2
R pgk, A[PgD( R (D )JA +0'l 312
= AR A" + o1
1 _ —n\H
H, £ D(i 1) D(l 1) .
B =250k, (")

T8 31 MRTFHEETHE m2N, W p> NEETRZRFREED 72 R

v 3 73: 0 L N

MPAELE 3.1 RIFE, TiRE 3.2 ST, RAG MRS TE,
Wi FRERNSE LR
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KIEHE T AFWIE2AARST

x:: (t)=[xu—£+l Xy T xu-m-m] (3.13)

HEXGCIDAACI) RO TR, WilHFEINMNTESEWE p-k+1 M FREFE
MFXER:

xt ., (8)= 0% (£) =04’ D5 (6)+ Omi (¢) (3.14)
KA, 0KmiRsZHmmEE. .

T e F7 e 7

()

x ()

-‘:-l (‘ )
| x, (1) N

3.2 EmZEEREERA
Fig3.2 Principle sketch for backward spatial smoothing algorithm

M|

—

B RSP 5E p—k +1 4 FRERT BT b 5 56 R Yy

R, =04 DR (D) (4°Q) 4071 (3.15)
XH A
Q4" = 4D (3.16)
el (3.15) s LB s in F e
R, =AD" IR i) gh 4 571 (3.17)
M5 2 R348 I A SR SR
ol p,,i, i ( gpw-ﬂksp(-w)} Tl (3.18)
= AR A" + o1



BRRRTHBEETREHTTR

£¢,m=%£nwm&pﬂ*ﬂ,wrﬁﬁﬁém$ﬁﬁ&,mﬁﬂsjﬁ#mu@
B FENEE.

EH 32 MEFHEETHB m2 N, WY px NI, J5 R 6 R EE N T £5E6 R
R

AR IR A 55 R B P, BN TR

R® =%(R‘+R") (3.19)

SEF U PR T ERT AR S T EERE TR, 2 ERNTRENNTE
MR MUSIC Skt T B EE M7, RATLLERXATF S K DOA fiit, RAE
BARTEIL&,

3.1.4 ROOT-MUSIC Bk

KR MUSIC (ROOT-MUSIC) P02 MUSIC HiEMERAKBRER, BEE
X, RERXEZMKAIBEFERNRY MUSIC BiEFHig#EER. ©R-H Barabell £
), KEXBHEE Pisarenko 7} . ROOT-MUSIC HERE L E L —1MR (3.20) Fis
K% K .

f(2)=¢"'p(z) i=N+1--- M (3. 20)
K o BEUE I EREEPDMFIEEN MK (M - N) MFERE, P
p(2)=[1 z - T (3.21)

BB LK E AT 2 = exp( joo) B, HECR RE TR MBSO T B4 E LB,
plexp(jo)) R— 1M ZEME Lo HEAEE. ARNTELAAREETR,
plexp(jo,)) = p, ARFGEEHTRARE, FTUECESREFEREIERZHN. B, THE
WA E XA

£(z)=p" ()0 Usp(2) (3.22)

R R RER AP HRETA KA RGESRBEEANE R BUNHE M, X5t
EARFAEENESR, Hnx (3.22) FELE:

f(2)=2""p" (") U UL p(2) (3.23)
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REEH TR -S4 3

SR £ (2) MO EH2(M -1), BRRBRILH (M -1)7H], DERRHELRE,
E (M —1) RHRFE N MRz, oz, EFRTFRAE L, B

z, =exp(jo,) i=L---, N (3.24)

ERE R REED Sy ZEESHT AN OER. EXENAP, HEEERFERE
#, AFEkXG)MUNITEETAMCEEMRINE. BRLIHK, M TEEHIRET

. A s .
()i:m-csm(i-ﬁarg{z,}) l=1,"',N (3. 25)

ROOT-MUSIC 5 5i#& H A MUSIC HEREE—EKN, AAdZ2A—4P%
FzHRBRARBESMER, NTTHARKRIRABEZELRE. OTRANGEE, kKiBf
WAATGETE A £, ahESEEsM R EARAREGESHR,

3.2 FEREARE FZ=18) (ESPRIT) Mi%

.21 3|8

T FZE) DOA M MEEAERKAE: MUSIC 28R ESPRITVA%E .
ESPRIT #2283 Roy H! Kailath 7E3C#R (7, 81 32 th#7. MUSIC 25 ik 2 F Bl
T MR A TR IEART, M ESPRIT XHERFRABREEDHEHERES
FER KRS AN, 5 MUSIC Bik4HH., ESPRIT XHARKAETHHE DS, IRE
e (A B kAT IR .

3.2.2 ESPRIT WA

EIRY R TFRTE MTHIEE, BELREEFR, ROEEN IR
AN EEBRABTEE, RENETRENERN T EBERT R LREMTL
. NEHTHIRTUERREIRLERET. HEFERFE— EERE, X4
[Al SE A1 BE S ik ) & 1R 4B T RE I M — B R X &R, B FREMBIA BEFE AR, W ESPRIT 5
BERRAR T XA TR AR5 AR LB 5/ DOA fiit.

ESPRIT HikREANBRRARFERITELHRANTE, AR FENEEAZ
2. BTHRMTHNSHEEERE, BTSN, TR~ ME5TE,
B TEMEE R - M ES, =12 N. BES - FREOZEEED X, ,
BAFREMEREIR D X, , I 6 i R 5 R AT



BRERA TR AR

X, =[a(8) - a(8,)]S+N,=4S+N, (3. 26)
X,=[a(8)e* - a(6,)e" |S+N,=A®S+N, (3.27)

AP, FREIRETRE A=A, TH2HEFRE 4, =40, HXP
& =diag[ e - ] (3. 28)

M EEREFER T, FERBORESOHR, MESHTAERRESE 4R
o, BT & R—ATAKE, FUTEIZEXMER, B

¢, =(27(Alsin, )/ 2 (3.29)
dEa, AERHMANTHRAMERIEXRS, RALTERARIXTRHRESH
ERNER. SRR TRMERRTEH, B

x=| X[l A |sen=as+n (3. 30)
| x,| [ 4® sAYE )

ARBEHT, A3 EANHTESRRE
R=E[XX"]=4ARA" +R, (3.31)
xf L RBATRE S T
R= gz,e,ef =UZUs +UZUx (3.32)
BRERPAEMBEEEWNTRRAL 224, > 4, == 4, » U I KIF AT A

WHERBREHIES TZER, U, A/MFEENNRERBOEFE TR, ST LR
tRin%E, X G3DEEDT:
R=US0"+0 L. U" (3.33)
HATT A AT &, bR FIRRAE 2 AR TP AR R B K RIS 5 15 18] 5 B F i A5k
BE S T2 E A%, W
span{U,} = span{:i(ﬂ)} (3.34)
R, FE—APE—MFETREET, E7



KER T KEBH-2AISST

U,=A(6)T (3. 35)
R EROEHX AT HERRIL, LA
U, [ AT

o -[%]- 2] @39

BAVEAUBE: hFE 1 ARERBRRHTFEMU, . hFHE 2 HRFEREK
RO FERU, SEFIRE A KRR TFER=5EHF, B

span{Uy, } = span{ A(6)} =span {Uy,} (3.37)
B4, BFENFEERFIRE ERRATM
A, =AD (3.38)
BFRAR G36) TAH M FREARFE S FEEMXRIT:
U,=UT'9T=U,¥ (3.39)

R (3.38) REL T B FREMBEFI R A MBI HER AN, K (3.39) RIRT BT EEHIRE5
BRBIE NS T 2R REEAZE.
WERFT A A4 RBERE, Wb (3.39) AR

& =TPT" (3. 40)

Bl B R W RS A R R — ST 0, TUAERET (95 FIR RAERE ¥ MAS(E
RE. —BR3 ERMEEARXRERY, RTUEZANAR 3.20)BAESHAL
.

3.2.3 tRAEESPRIT W%
BES S —RCV(LS) ER, R (339 MRP-REHEZNT

min AU, ARAR UP =y, +AU,, 3,41

B/ RENEERBEREMBER AU, RoTfe/, FRFEREARES. ATH
FILS iR, #HA (339 1AK G4 HE

min( £ (¥)) = min]AU, [ = min0,® - U, (3.42)

Xt ERXHATRAR



BEERKR T RBIEN AR

f(®)=|v,¥-U,| =UiU, -ULU, ¥ -9 USU, +P'USU ¥ (3.43)
ERXP Kk HSHEFET 0, B

#(¥)
¥

A (3.44) HIRF PR AT RE:
1. HU RN, R T 1 ES FERERSTE SR, W EAMEL
ME—f), WA EAKRD R

= -0, + U0 ¥ =0 (3.44)

y .
¥, =(UsUy ) UsUy, =(U,,) Uy, (3. 45)

2. JU,A#HEN, Blrank(Uy)<NH, BRRFSRZAIFEMTREHERM,
MY ZEBREZ®E, BRMNDEEEIFTETFFRASMNARAE, TTURXLMERT
PR, BRI REEEETHRERZE.

£F%F LS-ESPRIT HIdii#t 771 & TLS-ESPRITP, iX B AMLAER.

3.3 HftbZEighithi%

B 7 LR MUSIC HREKEFE FEMBHEERUREAE FERAIAE
RIfE S FEREHESN, BE-LTFAMNEGEEE. HPHEFREREGEZFREKX
L3R (ML) Bk AT 2R LE (WSF) Bk & £ % MUSIC (MD-MUSIC) Hi&% . &KX
145 (ML) Z2 ¥ ikt AR SHET Hidh —#HARANELRAMMGTHE CamEHEE
B RUR E 2 (DML FBEHLAER K BUR B (SMLPY) ,

55, BERRGSLERERKRRE, IAMFES LB 20T N A ER
ERA T RHEG T EAFHRBA . ML MNSEREREETEEFORBAHE
B, XRRETEHMELEME DOA HHHFHNA, WEAREBHEME
(SONFINPY) | 43 i 2 i 3% (RBFNNP) &4,

3.4 HHENMPBEMEGRAH

AL RIEIATHEHR, BRI EENA R, HEEE FRT
SHbG, EEAS AT R A |
LR FSETULAB R RR, HRBEMMTL, ASRTAEN 4/2, 9%



REE T AFHLFA

RHQPSKIS S, WA NMEN0, HENIMEAHEES, W% 521005
fﬁ‘%tb%)‘(ijNRﬂOlogm‘go s RS,

() HEEE

LR HEMUSICHE . MUSICEER—ME S B EMDOAM 8L, W TFMIL
BHESHRENSFHAITEE, BETEBLBATHESHE, HAEEESHE T
‘A EME SR TESHETMT,

B3.3(a) B I EMUSICEEN THBSLESHEAMAMETER. R\A%N
1000, SNR =10dB, ®f5S¥RGRIA L HIH 207,50 . EHI3 ML) EBLYFEETHALA
BMEEFMETER, BESEFANHNS10, REA4RE. AEFTTLE
HXHENSR: SEFHEAEZABKRRN, MUSICH SRS, BEEE K, HiHEE,
LIESHEABEMEBEER, (A28, BREMUSICHE SIS, SEEEN, SitdR
WE. XN BTHOAAEENELERSRLTOPFOERRL RSN, HikEERER
HEMAFLT, GURESARTHR.

(a) (b)
Bl 3.3 SNR=10dB, RN 1000 B ) MUSIC i (o) BE L5 S H A3
554 20,50 (b) BMALIE S WA AN 5,10
Fig3.3 MUSIC Spectrum when SNR =10dB and the snapshots are 1000 (a) the azimuths of the two
independent signals are 20°,50° (b) the azimuths of the two independent signals are5',10°
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FHERS T BBAT MG TR

3445 H =3 1000, SNR =10dB, W FESHE A2 5%10°,25 B,
MUSICH & (B £8) fIFIEMUSICE % (35 4) ffh & R . L&KM RERZEH
8, REFHOIHRTHEMSE, TELKKMETEREAERTESENERT, MUSIC
HEm2R%, FPedirhi. IRBTHTEEEGEED T EEENKERL, 7
SFZREH DT ESHER, AMEEERMGHESESE: s e FIREREEDh
HEHEABAIKE, FURE ERGETHETRES, BRET4FHETESEONE
HWRAR| 2M 13].

1 L 1
L] 10 15

n % % ® 4 8 ®
Il fer

3.4 SNR=10dB, HR¥%H 1000, FWHTESELLLAD NN 10,25 B,
MUSIC 5 (B 48) F1°Fif MUSIC HE (B 4) it 4R
Fig 3.4 Estimation results of MUSIC algorithm (dashed line) and smoothing MUSIC algorithm (solid line)
when SNR = 10dB ,the snapshots are 1000 and the azimuths of the two coherent signals are 10,25

(2) HE%ER 2

AR %8 ESPRIT Hik.

B 3.5 e H T RER LN, BMLESRAM A RKR10°,30° 8, MUSIC &
0 ESPRIT H M4 4 R HT iR E (RMSE) Bk, MERATLLEH, HEREHT,
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M ERFRBESFRGELRPRMNTUBLUTLER: MUSIC HiEkx FIEMTF
FEEKRERE MR HENTH DOA HitHE, ERMATHERNSHNE, T
5% EREEAES, ERAMRENLZMHEKX: ESPRIT HERES FEME
Hik, E9ERARMTEZAMXRRELANKEFSH DOA i, 5 MUSIC #
H, ESPRIT ZikmfSiHEIREXN, HERAEETHARSHFRERKMXRKET
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4 PRy SI[EIBE DOA fh it BIE

UCA 5 ULA Lt B W £ MR HRE, 2 5i4R BiR0 0T R 615 715 5 B 5 6L A F
MA%E, HE UCA FIREFIRE AR S Vandermode 544, XFEHEHF ULA B
FEAEEHERT UCA. ATHRX—HE, —#HFEEEXFREEPSS, BxRH
M A SRS UCA HIREFIR ATk S5 ULA FIBERREABAER, REFHT
51, 1 UCA-RB-MUSIC ##:, UCA-ESPRIT 8k, B—#k 2R iR 5 2 il
LTHANFFHRENNLE. FEFLHH —MIRIE UCA BEFIR S 558 3 M o
UCA-RB-MUSIC /i, A3 THEER, BETHEE, RFTHREERMERE:
b, BEXAE—RRHAEES TR SRR FEA 1-D DOA hitHE, HHERE
BLATHTESHAE. HEERIEHTHENE K.

4.1 HWRTETHNSIC Bk

4.1.1 EEMRAZE
FE—EERAE, SVNEERASKEAN E(g)H, BRI FE ERRKTS
FEE A

F(9)=$ f’E(¢)exp( jzfrcos(é-yi)]dé @.1

HFESERAEAT RN, HILE LRGN RTST MEBE DR 27 5 AMKAE
W%, BrUABORh T Lo A B R BRI

E(9)= ¥ c, exp(jks) (4.2)
St TFREIBREES’ E(8)=c, exp(jkg), XFRRTEIT M E N

F,(8)=j'J, (%r]exp(jkﬂ) (4.3)

KA, J () M kB Bessel AH. HRBREL, TEHMAXTHEET ¥#c, . H%
B=2xr{A, WEKZESHT REH

F(8)= i F,(6)= g 77 (B)exp(jk6) 4.9)
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BRERL T HigE T AR

M LE R R, LR MR B T 8 B T MR A RIS R R R
MR, FE—RELS BB T HFRENTS TS’ 8§ MESBEFY
— /BRI (phase mode) , B AKX AL R T — 200, HABAER
21

B A5 B BT DUE 1 R SR PR R AN, B— M MEEDSIEESFNT—
MUERR AL RA BB EERE . FitM TE S B R

E,(#)=E(2)s(¢) (4.5)

18 5(g) BT ERERETL A ¢ RN, ms(,a)ﬁ—ﬂﬁwﬁw%mmaw
Y

s#)=% 5(%%’:) 4.6)

jm—

RIEES5EAER, s(¢)ﬂﬂ§¥ﬁ%)ﬁ%ﬁ%%ﬂﬁﬁﬁﬂ@ﬁ, ERL T A -4
#, TRH. |

E,(9)=E(9)s(9)=E(#) L 3" exp(jibty) .7

2” jm-—o0

ST HIR E(9) E—BIRMA RE, () =exp(jkg) . B

E, (¢)=§J; 3 exp(j(k+iM)9) (4.8)
th R AT S — 4 BT
Ful#) == [T25 exp(i(k+iM)p)exp( B cos(6-4))d#

2 (Berp(h)+ 2 5 ey (B)e(i(k+iM)) 4.9

27 o [0
=F, +F,
¥ (4.9 SRR MBS EF, (O) L, TLEH: 3 TEERRE, E8y—38

RERFS, Ryl nlEd2R—MENEEES, IHRa9RME, hTRErR
M RBAREIR Y, EiHT MEPERT R & F, LSk, EBHELM )RR K R 3 H 5
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BARF, . EEAZHANAT, RINFEHARMALE, TAFEELHRSEN
.

RIEE—2K Bessel RBMIMATT A, M THE—WEN L, Hk>p8J,(f)=0. B
s, —MENEETTREPBRAAMELN K =| 8], FBRREE-MHIREEETLEE
IR XA -K,-K +1,---,0,--- K .

AT HAOERYBER, DRSEERETEE, NER 4.9 F8 F, &iEF
F, WERSHEOM, B k+iM|>p, -K<k<K,i#OKL, MBEHJ,,, (B)=0.
B b, HEM>2KH, SAaTLREF, 0. BRI, HOBEHAM S EEAME
FHGCARR KT ARE, FIEREFLLUE R AR ZEE.
4.1.2 UCAEEHaRY

PASE =R#50E S REATD-SCDMA B R F i8R STUCA T e R o, THAH
UCARIBEFIHRL, .
WE4BTR. FSAHEIM =8 ILHUCATD, FiARMBDASTHEOMe. B

B N AR EEAN S BER, SBENs, (1),5, (1) ENEHEAREN
FHBEN (6,0)(8n. ) - K, 0e(0,27), ¢e[ ) S R B0 T L i
%

x(t)= Za(@bqpk () +n(2) (4.10)

SRR a(6,p)=[" ... e"”'(a"")]T,g—z sing, 7,, _2;”,n=o,...,M_1,'»_-.,=
R B AT
x(1)=As(t)+n(?) (4.11)
x=[x(t), %, (N> A=[a(6,9),a (b, 0y)]
n=[n(t),n, (N5 s=[s,(t),,5, () (4.12)
Kb, B n ROENE, HEH O HINEETEEA,
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BRERE TR MG H TR

4.1 HHEEREE
Fig.4.] Sketch map for UCA

4.1.3 UCA-RB-MUSIC %

UCA-RB-MUSIC H7E6 Cherian P. Mathews T 1994 {E{2 1141, R E £ ) MUSIC
BEmE RS, EEEEHBRERERE FP % UCA ISR XE a(0,0) 5 H

HRZEREFITE b(6,0) . b(6,0) FEBABIS AT N BRI,
HASIARTHAHABRELORRERELF?, Fa(6,0)=a,(6.9)
a,(0,4) R0 EKIERE. % FP 2 §7 B TR0 — A BA O ERAEFI R R BT 0B
LERREREFIRE, BT F =W"F . B BEROERES.
Fi=CV" (4.13)
3o,

C, =diag[j"‘,...,f',j",f',...,j"‘] , V=Jﬁ7[w_x,...,w°,...,wx] (4.14)
] [} 1 N-1
wh =ﬁ[e”‘7’ et e ] (4.15)

R (4.14) K h BRI BRER, X,
a,(6,0)= F'a(6,0)=CV"a(0,0)=VMJI v(6) (4.16)



KR TRFERTEAIR

v(6)=[c7,....e 7,0 e",.... " (4.17)

J. =diag|:J,K [ TR X o TOF Y (=3 100 4 P T 8 (g)] (4.18)
WQ ALRER, REMAKTEI N, HETEIHO. ZH, o,(0,0) HiHL
Qs (6,0)=a.(0,p). ARBMF'F =1,
% a, =27i/(2K +1),ie[-K,K], K'=2K+1, W

W=%[V(a_x),...,v(a'o),...,v(ax)] (4.19)
WU ETBE . HEB=F'A, y(t)=F'x()=Bs(t)+F'n(s), WHHHFEEENL
R, =E[y(t)y" (:)]=BPB" +oI . B4
R=Re{R }=BP,B"+oI (4. 20)
K&, P =Re{P}. M RHATEEFLESBHFREZ R, ZFHTEERRTE
DOAfi 8.
4.2 UCA-ESPRIT Bk

SESPRITZE1-DAA EEAE T BT —FE, UCA-ESPRITCS 1 i 38 1o % 46 B BO45 1E
& 5% 5 IR A BFIDOAR .

¥ARLEX, 4
FP =C,F¥ (4.21)
FP e X (4.13) fims. RS
c, = diag{(-1)" - (-1)',L L1} (4.22)
WIEEISC, AHrarAE
2,(¢)=VMJ_»(6) (4.23)

Hep, J_=diag{J ,(5), I (s): ()T (6)s oI ()} o AT B A b 3R I M
K, =K'-2(K'=2K+D)AKR: o =A%, (¢),i=-1,0,1. EHEEFEAT, A0, AOQ
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a,(p) PREME A, BAINBRE—NEEKATENESE. KR, L0
o BIAIRLR AR . B Bessel RMIPER J,, (6)+J,.,(¢) =(2k/5)J, () » K| <K »
QIVECEC[Recd:iE S 3o

rd? = pa™ + y'a® (4.24)
HF, p=sinpe?, T=(A/nr)diag{-(K-1),---,-1,0,1,--,K -1},

4 A = F ARTERZEMKDOAEME, S RAEMESFEMR. B4.1.355T4,
FIH F, IHRHEMR R ST EERIEHESHRA LAEE i B LBk AMES T2ZR S .
XF, STUERRNS=BT, HPTR—AEEHETRERE. BITEREAESE M6
MXFEHF=CPF', KF cw HBEEE, BHRMNT LS 5
S =CWS=CWBT=AT, Fi\ESSEETH A FS BRERT .

S A=A, §V=AVg i=-1,01. BHIEAMTHXER 4 =D, &
D =diag (1) -+, (1) ,(-1)' (1) o (-1)"} o %R DQ N EHERE 3 LI HEREDS
HDQ. disY=A'TEUBH SO =pos, EHT HLERE. BIER 4249 TLUAE
BITAY = A0+ AV, o & = ding{p,, -y}« BRIEETFEMERHTLAEE

rs®® = st 4 sV = sV 1 postTy (4. 25)
HYv=T'9T. ERREHREAH
E¥ =15 (4. 26)
LR E=[sipes |, W[ . R (20 H—MEEFE, LWE
K=K-2>NHHH—RY. &=TVT', YHFTEEYOWNATE, B
p =singe i=1,.-. N . FEitW K IEE B IR B ZhACH 5 LA MR A

UCA-ESPRITH & K
1. KBERSHERT T ZEE R, ﬁ@Ji&KErﬁlmﬁ%Eﬁﬁ, =F"RF;

2. S Re(R | BT RHEBAEEMNE, MHAMEOREERFRHL 2> 1, %t
P TE B BN 5y SyoByars o8y » BB TN $=[5,-3,], BEFE@H



KEE T RFME AR

G =[8ya >8]
3.4 8, =C S, AETLLB S = A0S, i =10 HIHEHERE E =[,§“”‘:BQ§“"']=
4. AEIR EP =T8O mm b=, ¥, =[P,
5. WHH Y WIS 4,i=1,,N « BAFCARBDELBN G =sin™ (|4]),
g =arg(i)-
4.3 WA UCA-RB-MUSIC M3%
4.3.1 ¥H5BRKENBIHS

B E RS TRIGHE T AREEERE, BB THUCA RS
AEURH, HTRERTOLHNFRBRERN, LT

Yarsom =Y+ % m=12,-- M2 (4.27)
Br A
2,(0,0)=01..(6,0) m=12M/2 (4. 28)
BRI EFHHTIHN,2, - M/2,M, -, M/2+2,M/2+1], @
a(8.0)=14(6,0). .0 (6,0). 8 (6:2) 0 (Bo)] (429
BHA,
a(6.0)=02 (6.9.) (4.30)

4.3.2 Xiah UCA-RB-MUSIC 3%
A ERRRERE, X RFE - NEREREREF, 0T L R ERBLAES
B, F#4a =27i/(2K +1),ie[-K,K], B4%

FE . %% L o
e/"’-( . ‘.. lag

F,=ﬁ i L. ej. (4.31)
SMNr L L L gD

WB=F'A, BB YR, 4 y(1)=F'x(r)=Bs(r)+F'n(s), WEHHEEER
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R, =E[y(1)y"(r)]=BPB" +oF.F.

R=Re{R }=BP,B"+oF,F" (4.32)
% R BT LEHEESRTUBAMEERXNGES TR S RS TZ@G .

S=[s5-- 50 .G =[grrrr- > Brxer) (4.33)

XFE, MUSICER

1

5 (6.9)GG5(6.9) {4. 34)

5(6.¢)=

it xR 434 AT HRBE BRI LA BDOAK . RIMNMBIAEERE
UCAM-RB-MUSICH .

UCAM-RB-MUSICH ZH R:

1. %3 (4.29) BIBUFHERIE S x(7) BEATREH:

2. MRV BUERE F, LA S 80 x(¢) B3] (1)

3. KR y()Wth A ZAERE, HMHLRBATRALE

4. FRREFEEEEMUSICHE, HITHEFIE, BIIDOAMI.

Ma.13PHE), FP=W"F'=w"Cy". P, W"hH(2K+1)x(2K +1) T BHE,
C HQK+)xK+)MEX AR, VIR QK+)xNBrEEE, BEHHF TR
(N+D)x(2K +1) KA, 2NKx(2K +1)KEM, T F, =X (4.31) Fiw, BREARR,

H I UCAM-RB-MUSICE #: 5UCA-RB-MUSICH L ZEHH B & E AT T RE.

4.4 PRI EIEE TR DOA A EE

FEF A =R 35 B B T B H L 1-D UCA DOA flivt. T iR, f#
BUARTES, ER-REELRE 1-D fhit.

AR S R EA BAPIR BN REPHREYM A AET I FRR, BHE
AMFRIBEM S, Flma] LEEA 360 XI5 H 8 MFRIR, BMTRERS . BEE—
TFRE O, HFXE0 FUTA

O=[6, 6,+A8 6+2A8 - 6,-A8 6] (4. 35)

66 HeWMERAR, A0KFEK. REERREFINEEFIRE A
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A=[a(8) a(6,+A6) a(6,+246) - a(8)] (4. 36)
MER—X®O N, WIEEEFIRIFEFIRE S
A=[a(6) a6, +A8) &(6,+2460) - a(@)] (4.37)

J a(0) = [/ mtnen) ... rivusstoraeot T g\t T 5 SR BT 2 A — A
ERMERERE, 48

BA=A4=B=(44")" 44" (4. 38)

] 56 3+5 (4 - BA) if]FrobeniusiE B M 4 FIMRILLAE, MBXA LR/, REZ
ZEJERE B, HUTMMEREHE LR, EFHHEBIERE.
R SLERMEFIMNBIE T ZEE AR, BAHTEREN R, , NERTFEDTEER
B

R= iB,‘RBk“ = fs,, (4R, 4" +o'1)B"
= = (4.39)

K — —
=Y ARA" +5'B,B)

k=]

Ho, 4 ZBLIHEEFNFARE, KAABEINN . BARMTUBRXE
HIxEK:

Ai = AD, (4. 40)

ﬁq], Dk - diag{ejx(m,ﬁonnmﬁ),_”,ejx(Ax,thﬂxi'Ay.mﬂy)} R Axk , Ayk ﬁ%’liﬁ'\'%kﬁ\mﬁ
BEFIAE x 0 y S5 1 LB ERE . K (4.40) AN (4.39) W74
B . H H 2 & H
R _A[gpkx,pk ]A +0 ;s,,sk 4. 41)
= AR, A" +o* R,
BETFREiTaLE

~ B —_ )y ——_H2

R=R. RR, (4. 42)
RIEX R BATHRFEE 5
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BRARTRRA T AEHIIR

.

R=UZ0" (4. 43)
HE ®F-RDPBET M-NAMMHEERERE, BAREMUSICEEAEEN TR
170189 2 7 6f LL 18 BIDOAf A

$(6)=1/|a(e)" R."E| (4. 49)

a(8)"R.E,|.

TELFBATRIFIAREED S ERREBR, UL EREH S(9) =1/

BT (4.39) X EEFISAT T 2RI FREH, BRbETETURRMMIHETES.
BEARHTRAZBERSNZREFFRHISERERK, BARMLIRRLEHK, TTEL
HRBEXRR 2 A ARRREXR O, ~0, , %7 FlK MWL R (8] v+ 5 H Xf B () 32 e 3B
BB, FEFMIERAT. '
4.5 FHEAGENEGRS 4

EAFRERPHBRECIEHANHE SEN. ARIEDSEETEES /2, #
GARRTE, BRERFEERy = » TS ARWQPSKIES: B NIFE A0,

A
4sin(7/N)
FEHUNIBET AR, B R FEHE100K, ra“ﬁu:%msm:mmgm%,

(1) fHEZER1

#EUCA-ESPRIT5UCA-RB-MUSICH #:7£2-D DOAfh i F £ RE

@ %% UCA-ESPRIT HZRRAKELIITERE.

FH 19 i EBEEERE, BAERN 6. B4248HMESNR=0d4B, FHll
SE BTG R 2 50 (107,20°) . (30°,40° )i, {&iHE RMSE BEtRIA%ZE

LRyt . (2 BRHHA, O EAHEMA, (o) B Q) B HA4 ) B () B EEmR
KE. MNEPJLIEY, R\EXT UCA-ESPRIT HIZHEEREBRXHEWR, BAEKR
BaE BRI B RER AR HERHE 300 Hh— 4R, KRTHRALK 800
MG RBTREFATES.
® #EUCA-ESPRITS5UCA-RB-MUSICH H: b2 M b AR (L M B
RFsks T ARG SR RE, BAERN3. B4358 MR E H1000, FRL
15 SR R ARNA S HH (10,20), (307,407 ), f5FHERMSERSEURLLAEILAY



KER T REHH A

k. (). (b, (o). (2 HER 1 MEHE 2 B5 AR H IS 7HE RMSE B§
Fte sk . MBI LUE BB AR UM E SR AR LA Y nfs T4 R ER
KAHF, BRMEZTF, UCA-RB-MUSIC HikfitsdET M, FHRERLEK
K, UCA-RB-MUSIC HiZ&MI15 45 R F UCA-ESPRIT HikiR%; #47 UCA-ESPRIT
BEHRBETFATERT 2-D HBEEE, BUNIHESBREERBMGEIE rEEE

M,

-

_— -

Bl4.2 UCA-ESPRITHM.:fk it (ERMSEREHIA ML thek (a) 7562 A (b) BT A
()} F1(d) 45124 (a) 7 (b) B R ER IR A B
Fig. 4.2 RMSE curves of UCA-ESPRIT estimations at different snapshots
{a}azimuths (b)elevations {c)and{d)are separately the locally amplified figures for (a)and(b)
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DOAf it SR &M, S/ PONGIHE. RIVPEB T HHE. AERITUEH,
ZEGVERWBILEER, HRHES.
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Tab. 4.1 Estimation results for figure 4.4
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Tab. 42 Estimation results for figure 4.5
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